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Flash photolytic photoionization of chlorpromazine hydrochloride has been investigated in several binary 
solvent systems, one component being always water. With changing solvent composition, the ionization yield in aer­
ated state shows a convex curve. Opposite roles of oxygen toward photoionization have been found in aqueous and 
organic solutions: i.e. the deaeration causes an efficient ionization in organic solvents, but practically no ionization in 
water. A change in the reaction mechanism has been suggested in the mixed solvent with water content of about 85 
%. It has been found that the photoionization proceeds monomolecularly via an excited state, the lifetime of which 
is far shorter than that of the lowest excited (TI-TI*) triplet state. 

The interest in the photoionization of chlorpromazine 
arises from its importance in photodynamic action and 
photoallergy side effects.1) I t is possible that both hy­
drophobic and hydrophillic interactions of biological 
systems influence the photochemical reaction of a sub­
strate (drug) bound into biopolymers or biomembranes. 
I t is considered to be important , for a comparison of a 
photobiological reaction in vivo with a model reaction in 
vitro, that solvent effects of water and organic solvents on 
the photochemical processes are clarified. We previ­
ously investigated the photooxidation of chlorpromazine 
and established that the formation of the cation radical 
from photoionization is the initial process in the oxida­
tive formation of the chlorpromazine sulfoxide as a 
photoproduct.2) However, the elucidation of the inter­
action of oxygen with the excited state remained to be 
investigated. The significant solvent effect found in 
that photooxidation prompted us to study in detail the 
photoionization process in binary mixed solvents. 

I t is the purpose of this paper to show that the char­
acteristic dependence of the photoionization upon the 
solvent composition is due to the change in the ionization 
mechanism. 

Exper imenta l 

Materials. Commercial chlorpromazine hydrochloride 
was purified by recrystallization from diethyl ether. 2-Chloro-
phenothiazine (Aldrich Chemical Co.) was chromatographed 
on a column of silica gel (Kiesel Gel 60, Merck and Co., Inc.), 
with benzene as the eluent, and was recrystallized twice 
from this solvent. JV-Methyl-2-chlorophenothiazine was pre­
pared by adding slowly methyl iodide to a 2-chloropheno-
thiazine anion, previously prepared from sodium hydride and 
2-chlorophenothiazine in dimethyl sulfoxide in a stream of 
nitrogen. The spectral-grade solvents!—dioxane, acetonitrile, 
and glycerol of Merck and Co., Inc., and G. R.-grade ethanol 
(Iwai kagaku Co., Ltd.)-i-were used without further purifica­
tion. The water was distilled twice in a Pyrex vessel. 

Apparatus and Procedure. Flash photolytic experiments 
were carried out with an Ushio UFP 105 photolysis apparatus, 
using a combination of UV-D25 and UV-29 or UV-2 only 
(Toshiba color filters). The intensity of the exciting light 
Was varied by the use of neutral filters or by the interchange 
of the electric capacitor. Absorption and emission measure­
ments were made with a Hitachi 356 two-wavelength spectro­
photometer and a Hitachi MPF-2 spectrofluorimeter. The 
absolute intensities of the flash light were determined by a 
ferric oxalate actinometer. 

R e s u l t s 

Photoionization in an Aerated Mixture of Water and Organic 
Solvent. The first absorption band of chlorproma­
zine (GPZ) has its Amax at 305—310 nm {e.g. in ethanol, 
308 nm) . Flash excitation was confined to this band by 
the use of coupled glass filters. As has been reported 
previously,2) the flash excitation of GPZ in aerated water 
gave a cation radical (GPZ f ) as a result of electron ejec­
tion, the molecular oxygen probably an electron accep­
tor. T h e formation of GPZ f was negligibly small in 
air-saturated ethanol. However, it is found in this 
ionization process that a mixture of water and ethanol 
(1 :1 ) exceeds the aqueous solution in efficiency by a 
factor of more than five. Figure 1 shows the ionization 
yield (CPZ + yield) for several solvent pairs: e thanol -
water, dioxane-water, acetonitrile-water, and glycerol-
water. The spectrum of CPZ* is not influenced in its 
shape or peak position by the solvents used. 
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Fig. 1. CPZ+ yields (absorbance at 515 nm) in the aerated 
mixed solvents. [CPZ]=2.0 X 10~4 M. {J ' Ethanol-
water. 0 : Glycerol-water. A : Dioxane-water. 
O : Acetonitrile-water. 

Transients in .the Deaerated State. T h e transient 
spectra obtained in the deaerated ethanol upon flash 
excitation are shown in Fig. 2. T h e transient absorption 
at 465 n m can safely be assigned to the (TI-TI*) triplet 
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Fig. 2. Transient absorption spectra obtained by the 
flash photolysis of the degassed ethanol solution of GPZ. 
[GPZ]=2 .0x l0-*M. a: 0 y.s (immediately after 
flash), b : 25 (xs, c: 175 [xs. 

state (3GPZ),2) while that a t 515 n m is in fair agreement 
with the spectrum of G P Z f . These two transients decay 
at different rates, and at 175 [is after the flash the absorp­
tion is practically all due to G P Z f . When the technique 
of argon gas bubbling was applied instead of degassing 
in vacuo, no appreciable change was observed in the 
transient species. T h e lifetime of 3GPZ in this case is, 
however, short (£d(Ar) : 5 . 8 x l 0 4 s _ 1 , kd (degassed): 
2.6 X 104 s - 1 ) , perhaps because of a quenching by resid­
ual oxygen in the solution. 

T h e flash photolysis of CPZ in dioxane, glycerol, and 
acetonitrile gave 3 GPZ and CPZ* similarly, but in an 
aqueous solution no transients were observed. 

Dependence of the Photoionization Yield on the Solvent 
Composition. T h e absorption increase of GPZ* at 
515 n m is coincident with the time profile of a flash, as is 
the case for the (TI-TC*) triplet state and the maximum 
value of the absorbance is used for the comparison of the 
relative ionization yields. T h e dependences of the yield 

[H a O],vol% 

Fig. 3. CPZ+ yields (absorbance at 515 nm) in the de­
gassed ( 0 ) , argon bubbled (Ç)), air saturated ( • ) , and 
oxygen bubbled ( 3 ) mixed solvents of ethanol and 
water. [GPZ]=2.0 X 1Q-* M. 

a 
a 

m 

1.0 

0.5 

n 

•"'•' 

\^1 

• ' * " 

. . . • • - • • 

' • • > 

•, 

* 

,£•:,..... X 
"D"";°;'"* i :i-: !^ 

50 100 

[H 2 0] , vol 

Fig. 4. CPZ* yields (absorbance at 515 nm) in dioxane-
water and acetonitrile-water. Dioxane—water, 0 ; 
argon bubbled, O i oxygen bubbled. Acetonitrile-
water, • ; argon bubbled, • ; air saturated. [CPZ] = 
2 .0x l0 -*M. 
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Fig. 5. CPZ* yields (absorbance at 514 nm) in glycerol-
water. (^ : Argon bubbled. • : Air saturated. Vis­
cosities (A) and quenching rate by oxygen, kdltt [Oa] 
(•) are also shown. 

of photoionization upon the solvent composition of the 
above solvent pairs are shown in Figs. 3—5, which 
illustrate a characteristic effect of the oxygen concentra­
tion on the ionization. T h e decay rates of the resultant 
GPZ+ are summarized in Tables 1—2, which confirm 
that the decay feature of GPZ+ is determined by the 
solvent composition, not by the oxygen concentration. 
T h e effects of the light intensity of the exciting flash were 
examined in anhydrous ethanol, ethanol, and e thanol-
water ( 1 : 1) in vacuo. T h e yields of C P Z f and that of 
3GPZ were directly proportional to the flashing light 
intensity. 

Reaction of ZCPZ with Water. T h e triplet-triplet 
absorption in organic solvents in vacuo decreased drasti­
cally upon the addition of water and was not observed at 
a concentration of 10% v/v in water. A linear relation-
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TABLE 1. DECAY CONSTANTS OF CHLORPROMAZINE CATION RADICAL (CPZ+) IN THE MIXED 

SOLVENT OF ETHANOL AND WATER 

Aobsd: 515 nm. [GPZ]=2.0x 10~* M. kx, k2f ed: first and second order rate constants in unit of s-1. 
e: molecular extinction coefficient, d: optical path length (10 cm). 

H 2 0 
vol % 

100 
85 
70 
55 
40 
25 
10 
0 

Degassed 

kjed kx 

— 
— 

1.8x10* 
1.1x10* 
1.5x10* 
2.2x10* 
3.0x10* 
3.6x10* 

« 1 0 s 

7.7x10» 
3 . 2 x l 0 3 

7 . 9 x l 0 2 

« 4 x 102 

« 2 x l 0 2 

« 7 x l 0 2 

— 

Ar-bubbled 

kjed 

— 
— 

1.4x10* 
1.1x10* 
1.8x10* 
3.5x10* 
2.3x10* 
3.0x10* 

* i 

« 1 0 s 

5.8X103 

3.4X103 

2.8X102 

« 2 x l 0 2 

« l x l O 2 

« 4 x 1 0 
— 

Air-saturated 

kjed 

— 
— 

« 3 x 1 0 * 
9 x10 s 

8 . 6 x l 0 3 

9 .2x10 s 

— 
— 

* i 

« 6 x l 0 3 

5 . 5 x l 0 3 

4 . 6 x l 0 3 

4 . 7 x l 0 3 

2.2X103 

— 
— 
— 

Cybubbled 

kjed 

— 
— 

« 4 x 1 0 * 
9 .2x10 s 

8 . 6 x l 0 3 

4.1x10* 
— 
— 

*! 
« 5 x l 0 3 

5 . 5 x l 0 3 

5.4X103 

5 . 3 x l 0 3 

1.6xl0 3 

— 
— 
— 

TABLE 2. SECOND ORDER DECAY RATE {kjed, s_1) 

OF GPZ+ IN GLYCEROL-WATER 

[CPZ]=2.0x 10 -*M. Aobsd: 515 nm. 

H 2 0 
vol % 

kjed 
(Ar) 

kjed 
(Air) 

85 
70 
55 
40 
25 
10 
0 

«10* 
1.2x10* 
3.5X103 

1.5xl0 3 

4 . 6 x l 0 2 

2 . 7 x l 0 2 

« 1 0 1 

«10* 
1.0x10* 
4 . 0 x l 0 3 

2 .1x10 s 

1.1x10 s 

3 . 2 x l 0 2 

2 . 0 x l 0 2 

0{ 

0.003 
EtOH, 25 

TABLE 3. VALUES OF 

°C 

0p 
0.4—0.6 

EPA, 77 K 

<Z>f, 0p, AND 0i 

0*) 

0.27(10.0) 0 
0.31(40.0) 0 

37(25.0) 
24(55.0) 

a) The concentration of water in vol % is shown in 
parentheses. 

ship of <D (SCPZ)-1 against [ H 2 0 ] was obtained. T h e 
yields and lifetimes of CPZ + , however, do not show such 
a sharp decrease upon the addition of water. 

Quantum Yields of Fluorescence, Phosphorescence and Photo­
ionization. A rough estimation of the quan tum 
yields of the fluorescence (0 f) , phosphorescence (0 p ) , 
and photoionization (0,) of GPZ was carried out (Table 
3). The quantum yield of photoionization was estimated 
in aerated glycerol using the reported value of the mo­
lecular extinction coefficient of CPZ+.3) The procedure 
is as follows. The exciting light absorbed by GPZ is 
given by: 

4 b 8 = j / „ W / f (A) (1 - e - « " ) 10s dX (1) 

where Iex(ty, /f(A), oc(A), c, and d are the light intensity 
of an exciting flash, the transmittance of the filter system, 
the absorption coefficient, the molar concentration of 
GPZ, and the optical path length respectively. T h e 
quantum yield (<0j) is estimated by: 

^ i ^ C P z W a b s * * ) (2) 
The quantum yields of fluorescence and phosphores­

cence were determined by comparing the emission from 
GPZ with that of quinine sulfate4) and that of triphenyl-
ene in EPA6) respectively. I t is obvious from Table 3 
that the value of ( 0 f + 0 p + 0 j ) does not exceed one. 

D i s c u s s i o n 

A comparison of the results in the presence of oxygen 
with the deaerated ones (Figs. 3 and 4) shows that oxy­
gen inhibits the ionization a t concentration smaller than 
60% v/v of water. The differences in the yields of CPZ + 

between the air-saturated and oxygen-bubbled solutions 
imply that the intermediate state responsible for the 
ionization is of a very short lifetime. An estimation of 
the lifetime of such an intermediate state is possible from 
the ratio of the ionization yield (ä>i(O2)/0i(air)), assum­
ing a diffusional quenching by oxygen. Several tens of 
nanoseconds were obtained for dioxane-water , and ca. 
200 nanoseconds for the ethanol-water system. Thus, 
the increase in the ionization efficiency with the increase 
in the water content in the aerated state (Fig. 1 ) may be 
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Fig. 6. Dependences of dielectric constant, viscosity and 
diffusional quenching rate by oxygen (kditt [Oa]) on the 
composition of the mixed solvents.8) Dielectric constant, 
• ; ethanol-water, O > dioxane-water. Viscosity, • ; 
ethanol-water, 0 ; dioxane-water. Quenching rate, 
[TJ; ethanol-water. 
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attr ibuted to the decrease in the quenching rate caused 
by the changes in the viscosity and oxygen concentration 
shown in Fig. 6.6) I t is quite reasonable that the differ­
ence in the ionization yield between air-saturatêd and 
argon-bubbled glycerol is quite small, since any diffu-
sional quenching of the intermediate state with oxygen 
should be entirely suppressed. I t may be said further 
that the efficiency of the photoionization in question is 
independent of the polarities and the hydrogen bonding 
abilities of the solvent employed. 

An oxygen-catalyzed photoionization öf a low yield 
prevails in the aqueous and nearly aqueous solutions. 
Either an electron transfer from the excited singlet state 
of CPZ to oxygen or a dissociation from the excited state 
of a charge-transfer complex (CPZ'+Oa*-) into CPZ* 
and 0 2 ~ is possible for such an ionization.7) T h e com-
plexation of CPZ with oxygen in water on the basis of 
Polarographie studies has been reported by Mar t in et 
a/.8) Autophotoionization from the excited state of such 
a change-transfer complex as (CPZ a+02*-)* can be 
expected to occur in polar solvents, and it is natural that 
this photoionization process becomes dominant with an 
increase in the water content. 

33 .3xl0 3 cm- 1 lummnm 
X . - • • " x 

20.6xl0 3 cm - i T*^ T*?. 

Mixed Sol. 

777777777T 

CTcpz-o2 

Water 

Org. Sol. 

Fig. 7. Assumed changes with solvent in the disposition 
of energy levels of CPZ. T,.**: Lowest (n-n*) triplet 
state. X : Intermediate state responsible for the ioniza­
tion. GTCPZ_0t: Excited state of charge transfer 
complex of CPZ with oxygen. Blue edge of the exciting 
light (///) is also shown. 

The ionization in the deaerated state poses a problem 
regarding the solvent effect on the ionization; that is, 
why does the ionization efficiency shows a steep drop at 
a H 2 0 concentration of more than 50—60% v/v. A 
possible explanation is that the intermediate species for 
the photoionization is labilized and becomes short in its 
lifetime upon the addition of water. T h e energy level 
diagram shown in Fig. 7 is likely to elucidate our ex­
perimental results. When the employed solvent is alco­
hol, the transient state (X) serves as a reactive one within 
the available photon energy, and oxygen acts as an 
inhibitor of the ionization. T h e excited state of a 
charge-transfer complex (CPZ'+CV - ) is expected to be 
located far above the excitation energy. In an aqueous 
solution, however, X possibly disposes a t a higher ener­
gy, and practically no ionization is observed in the 
absence of oxygen. T h e low solubility of 2-chloro-
phenothiazine in water (10 - 7 M , practically insoluble) 
predicts that the solvation of the aromatic moiety by an 
organic solvent dominates over an equimolar ratio in the 
mixed solvent employed. Thus , it may be considered 
that ionization retains its high yield until a water 
content of about 6 0 % . 

The fluorescence of CPZ shows a large Stokes shift in 
both organic and aqueous solutions; this suggests an 
increase in the coplanarity of the two benzene rings in 
the fluorescent state. Both 2-chlorophenothiazine and 
JV-methyl-2-chlorophenothiazine show the same loca­
tions as those of CPZ and a similar degree of Stokes shift 
in their fluorescence spectra. This excludes the possi­
bility that the emission of CPZ originates from its intra­
molecular exciplex state. The biphotonic pathway for 
the ionization is definitely excluded by the findings of the 
proportionalities of the CPZ + yield with the flash inten­
sities. Oxygen does not affected the fluorescence inten­
sity. 

T h e oxidation potentials of phenothiazine derivatives 
have been estimated from electrochemical anodic oxida­
tion: phenothiazine (PTH, 306 m V vs. NCE) , 2-chloro­
phenothiazine (354 mV) , and CPZ (473 mV) . These 
values were discussed by Malieu and Pullman9) in terms 
of the " H (Ä)-intra" and "Ff (Ä)-extra" configurations 
of P T H . T h e degree of conjugation of the benzene rings 
was proposed to be dependent upon these configurations. 
Fulton and Lyons10) gave the ionization potentials of 
several phenothiazine tranquilizers from their charge-
transfer bands, 6.96 eV for P T H and 7.38 eV for CPZ. 
The formation of the cation radical observed in the 
deaerated solutions, however, shows that the photo­
ionization occurs at about 4.1 eV, corresponding to the 
blue edge in an exciting flash light. Preliminary experi­
ments on the photoionization of .A/-methylphenothiazine 
and iV-methyl-2-chlorophenothiazine reveal that the 
photoionization proceeds more efficiently by chlorine 
substitution on the phenothiazine ring a t 2 position. 
Hence, it seems that the ease of oxidation in the excited 
state is not necessarily parallel to that in the ground 
state, and that a conformation of the excited state differ­
ent from that of the ground state may be a factor re­
sponsible for that. 

T h e photoionization of JV-methyl-2-chlorophenothia-
zine was examined with respect to the solvent depend-
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Fig. 8. Ionization yields in dioxane-50% v/v aqueous 
acetic acid. Comparison of CPZ with iV-methyl-2-
chlorophenothiazine. iV-Methyl-2-chlorophenothiazine, 
%; argon bubbled, O J a i r saturated. CPZ, • ; argon 
bubbled. 
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ence of ionization in a dioxane-50% v/v aqueous acetic 
acid solution (Fig. 8). The transients observed and 
their dynamic behaviors were the same as those of CPZ. 
Even though the electronic system of this compound was 
the same as that of CPZ, the ionization shows a linear 
relationship between the CPZ* yield and the solvent 
composition. I t is probable that the side-chain amine 
causes some modification of the ionization yield, as a 
result of the proximity of tetravalent nitrogen11) to the 
aromatic ring. The most suitable orientation for the 
ionization of the side-chain amine to the aromatic ring 
could be realized over a range of mixed solvents appro­
priately composed. 

A further investigation of the reaction of CPZ with 
water was warranted, since no transients were found 
from 3GPZ and since an internal quenching of 3GPZ by 
the side-chain amine is possible. A similar quenching 
of the acetone triplet by alkylamine has been reported.12) 
Neither the addition of 3-chloro-N,N-dimethylpropyI-
amine at 6.7 X 10_ 1 M nor that of triethylamine (10_ 1 

M) to an ethanol solution of CPZ caused any quenching 
of 3CPZ. The absorption spectra after the prolonged 
U V irradiation of CPZ in a deaerated aqueous solution 
indicated only the decomposition of CPZ. These 
results made it probable that the (n-n*) triplet of CPZ 
reacts with water in some degradative mode. 

Our tentative scheme for the photoionization of CPZ 
explains well the characteristic solvent dependence and 
quenching effect by oxygen, however, the lifetimes ob­
tained suggest that the intermediate state in question is 
not the excited state, but some transient species of a very 
short lifetime. Either a half-ionized state or a geminate 

ion pair may be possible for such a transient. Further 
investigations from this point of view are now in pro­
gress. 
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Excited States of iNT-Salicylidenealkylamines Chelating to Zinc(II) 
Takeshi OHNO, Shunji KATO, Akira TAKEUCHI, and Shoichiro YAMADA 

Institute of Chemistry, College of General Education, Osaka University, Toyonaka, Osaka 560 
(Received February 7, 1976) 

For several different forms of JV-salicylidenealkylamines (Schiff bases), the absorption and emission spectra, and 
the yields, lifetimes, and polarizations of the emissions were measured. Theneutral Schiff bases exist in two forms, the 
enolimine and the ketoamine, in an alcoholic solution. All anions of the Schiffbases emit a moderate fluorescence at 
room temperature and a strong fluorescence and a very weak phosphorescence at 77K. Chelating to Zn2+ and Be2+, 
they strongly emit a fluorescence and phosphorescence similar to those of the free anions. In the bis-bidentate 
complexes, the phosphorescence increases and the fluorescence decreases compared to those of the mono-bidentate 
complexes—this change in the emission yields may be due to the increase in the intersystem crossing rate, enhanced 
by an interaction between the ligands perpendicular to each other. 

I t is well known that many aromatic chelating rea­
gents, such as 8-quinolinol,1) JV-salicylideneanilines,2) 
/?-diketones,3> and azo dyes with a hydroxyl group at 
their ortho position,4) fluoresce strongly on coordinating 
to a light metal ion and that the first three of the above 
compounds phosphorescence at a lower temperature 
on coordinating to a heavy metal ion. W e (Ohno and 
Kato) recently proved that the excited states of the 
bidentate ligands (/?-diketones, 1,10-phenanthroline, 
and 2,2'-bipyridine) were influenced by the following 
coordination effects; (1) the metal-ligand bond(s) 
prevent(s) the excited state from undergoing internal 
conversion,5) (2) the metal-ligand bond(s) using a non-
bonding orbital raise (s) the levels of 1(n-?r*) and 3(n-
n*), followed by a change in the rates of the radiative 
and nonradiative processes,6) and (3) a weak ligand-
ligand interaction produces a larger spin-orbit interac­
tion5) and a derea l iza t ion of the excited state through 
the ligands, resulting in a decrease in the nonradiative 
transition rate.5»6) However, no strong molecular ex-
citon interaction in the bis- and tris-bidentate complexes 
was observed in the absorption spectra, even a t 4.2 K,7) 
contrary to the expectations based on the circular di-
chroic spectra.8) 

In order to confirm such coordination effects, the 
emissions of several JV-salicylidenealkylamine complexes 
were examined. 

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

Material. Bis ( JV-salicylideneisopropylaminato) zinc-
(II)9> (Zn(Sal-propyl)2), bis(JV-salicylidenemethylaminato)-
zinc(II) (Zn (Sal-methyl) 2), bis(iV-salicylidenecyclohexyl-
aminato)zinc(II) (Zn(Sal-ch)2), and (JVjiV'-disalicylidene-l^-
propanediaminato)zinc(II)x0> (Zn(Sal-pn)) were prepared 
from Zn(CH3COO)2-2HaO and salicylaldehyde and the 
appropriate amines. 

Free Ligands. JV-salicylidenecyclohexylamine (H-sal-
ch), iVjJV'-disalicylideneethylenediamine (H2-sal-en), and 
N- (3-methoxysalicyliden)methylamine (H-methoxy-sal-
methyl) were prepared from the appropriate amines and 
salicylaldehyde or 3-methoxysalicylaldehyde, and were purified 
by means of recrystallization or distillation. Zn(CH3COO)2« 
2H 2 0 was recrystallized from acetic acid, and Be40(CH3-
COO)6, from ethanol and then from chloroform. 

Measurements. The absorption and emission spectra, 
the quantum yields, the lifetimes, and the polarizations of the 
emissions were measured in the ways described in the preceding 
papers.6'8) 

Procedures. The free ligands were dissolved in a 
mixture of methanol and ethanol (1:4 by volume) or methyl-
cyclohexane, while the neutral complexes were dissolved 
(10-6—10-4 M) in the mixed solvent in which the com­
plexes did not practically dissociate. The solutions of the 
mono-bidentate complexes were prepared by dissolving the 
bis-bidentate complexes and an excess of Zn(CH3COO)2« 
2H 2 0 or Be40(CH3GOO)6. The Zn(Sal-ch)+ solution was 
prepared from H-sal-ch and an excess of Zn(GH3COO)2-
2H 2 0. 

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

Free Ligands. T h e near U V absorption spectra of 
H-sal-ch, H2-sal-en, and H-methoxy-sal-methyl in the 
mixed solvent of methanol and ethanol consist of two 
bands, as is shown in Fig. 1 ; one has the band peak at 

Emission 
Absorption 

v/103 cm-1 

Fig. 1. Absorption and emission spectra of H-sal-ch in a 
mixture of methanol and ethanol (1:4 by volume). 

•: The absorption spectrum at room temperature, 
: the absorption spectrum at 77 K, FK: the fluores­

cence spectrum at 77 K on excitation with 24.5 x 103 

cm - 1 light ( I ), and F E : the fluorescence spectrum at 
77 K on excitation with 31.5 x 103 cm-1 light ( j ). 

2 5 x l 0 3 c m - 1 (K-band) , and the other, a t 31.5 x l O 3 

c m - 1 (E-band). At 77 K, the intensity of the K-band 
increases and that of the E-band decreases. In meth-
ylcyclohexane, the E-band is intensified at room tem­
perature and the K-band is so weakened that it can 
barely be detected at 77 K (see Fig. 1). The observed 
changes in the band intensity with the solvents and the 
temperatures suggest the presence of an equilibrium 
between the ketoamine and the enolimine: 
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According to Hoffman et a/.,11) who have proposed a 
similar equilibrium for salicylideneisopropylamine in 
some solvents by measurements of I R and U V spectra, 
the K-band is attr ibutable to the ketoamine, and the 
E-band, to the enolimine. 

A weak and structureless fluorescence is observed 
when the ketoamine of H-sal-ch is excited at 77 K in 
both alcohol and methylcyclohexane. As the tempera­
ture is raised, the fluorescence fades and escapes from 
detection at room temperature (<PF<10~4). T h e enol­
imine at 77 K emits much weaker fluorescence (FE) with 
a very large Stokes shift (12000 c i n ^ ) , which has a 
spectrum a little different from the fluorescence (FK) of 
the ketoamine, as Fig. 1 shows. A similar situation may 
be seen in H2-sal-en and H-methoxy-sal-methyl (see 

T A B L E 1. T H E SPECTRAL DATA 

Compounds of , » > of 
abs. R.T.a> 77 K phospho. 

H-sal-ch enolimine 
H-sal-ch ketoamine 
Sal-ch 
H2-sal-en enolimine 
H2-sal-en ketoamine 
Sal-en 
H-methoxy-sal-methy] 
enolimine 
H-methoxy-sal-methyl 
ketoamine 
Zn(Sal-ch)+ 
Zn(Sal-ch)2 

Zn(Sal-propyl)+ 
Zn(Sal-propyl)2 

Zn(Sal-pn) 
Zn(Sal-methyl)+ 
Be(Sal-methyl)+ 

31600 
25100 
28400 
31750 
24700 
27900 

34000 

23900 

28200 
28300 
28200 
28200 
28000b> 
28500 

— 

— 
— 

22400 
— 
— 

21650 

— 

22400 
22400 
22700 
22600 
22200 
22700 
23400 

— 
21100 
24700 

— 
21600 
24200 

20000 

24600 
24600 
24200 
24400 
24100 
24700 
24100 

— 
— 

21500 
— 
— 

20800 

— 

21900 
21900 
21800 
21700 
21400 
21800 
22300 

a) Room temperature, b) Shoulder. 

Table 1). I t is probable that the fluorescence on the 
excitation of the enolimine may come from the kind of 
ketoamine, with some difference in the rotation of the 
C - N bond and/or the solvation from the directly excited 
ketoamine. In the cases of some (JV-nitrosalicylidene)-
anilines12) and iV-(2-hydroxynaphthylidene) aniline,13) 
which exist in an equilibrium with their ketoamines in 
the ground state, Becker and Richey considered the 
weak fluorescences with maxima different from those of 
the ketoamines to come from the kind of ketoamine with 
the anilino group and the salicylidene or the naphthyl-
idene group in different planes. 

When sodium ethoxide is added as a base to an H-sal-
ch ethanol solution, a new absorption band (vmax : 28400 
cm - 1 ) appears and both the K-band and the E-band 
disappear, as Fig. 2 shows. I n the case of H2-sal-en, 
the band peak is a t 27900 c m - 1 . This new band is 
undoubtedly attr ibutable to the anion. As is shown in 
Fig. 2, the anion emits a new fluorescence with v m a x : 

v / lO^m- 1 

Fig. 2. Absorption and emission spectra of Sal-ch in 
ethanol containing sodium ethoxide at 77 K and room 
temperature. 

:The absorption, fluorescence, and phosphorescence 
(the lower section) spectra of 77 K, and : the fluo­
rescence spectrum at room temperature. 

24700 c m - 1 a t 77 K and 22400 cm" 1 a t room tempera­
ture. The large red shift (2300 cm - 1 ) with a rise in the 
temperature is probably due to the reorientation of the 
solvent molecules around the excited molecule with a 
larger dipole moment . T h e absence of the intramole­
cular H-bonding allows large yields of the fluorescence: 
«s»10_1 a t 77 K and <s»10-2 at room temperature. More­
over, a weak phosphorescence with v0-o at 21500 c m - 1 

was observed by using the sector method (see Fig. 2). 
A similar situation is seen in the basic nonaqueous solu­
tion of H2-sal-en. 

In a 0.01 N N a O H methanol solution containing 2 0 % 
water, both the absorption and fluorescence spectra of 
H-sal-ch and H2-sal-en are different from those of the 
corresponding anions in the ethanol including sodiumc 
ethoxide; the vm a x of the absorption band is 26000 cm - 1 , 
and that of the fluorescence is 19200 c m - 1 a t room tem­
perature and 22500 c m - 1 at 77 K for both H-sal-ch and 
H2-sal-en. This behavior is the same as that of sali-
cylaldehyde in the same solvent ; therefore, it can be 
concluded that the species exhibiting these absorption 
and emission spectra is the salicylaldehyde anion. I t is 
thus probable that the spectra of H2-sal-en and H-sal-
methyl in the methanolic K O H which were reported by 
Water et a/.14> are the absorption spectra of the salicylal­
dehyde anion. 

Coordinating Forms of Sal-ch, Sal-propyl, and Sal-pn. 
When Z n ( C H 3 C O O ) 2 - 2 H 2 0 is added to an alcoholic 
solution of H-sal-ch, both the absorption and fluores­
cence spectra are changed into forms very similar to 
those of the anion (see Figs. 2 and 3). Moreover, the 
same spectrum is obtained for a Zn (Sal-ch) 2 ( 3 x l 0 - 5 

M) solution with an excess (10"3 M) of Z n ( C H 3 G O O ) 2 -
2 H 2 0 . I t may easily be concluded that the new band is 
due to the formation of Zn(Sal-ch)+. I t is noticeable 
that the coordinating Sal-ch has a broad asymmetric 
absorption band with a long tail on the higher-frequency 
side; this band may be supposed to consist of two differ­
ent transitions. 

O n the excitation of Zn(Sal-ch),+ a strong fluores­
cence is observed at room temperature and at 77 K. As 
Fig. 3 shows, the band peak of the fluorescence is red-



Takeshi OHNO, Shunji KATO, Akira TAKEUCHI, and Shoichiro YAMADA [Vol. 50, No. 1 

18 20 22 24 26 28 

r / l O ^ m - 1 

Fig. 3. Excitation polarization spectra of fluorescence, 
absorption and emission spectra of Zn(Sal-ch)+ and 
Zn(Sal-ch)2. 
The upper section consists of the absorption and emission 
spectra at 77 K. : Zn(Sal-ch)2, ——: Zn(Sal-ch)+ 
([Zn(Sal-ch)2]: 3 x l O - 5 M and Zn(GH3COO)2: IO-3 

M). 
The lower section consists of the fluorescence of Zn(Sal-
ch)+ at room temperature and the excitation polariza­
tion spectra of the fluorescence at 77 K. 

shifted from 24400 to 22400 c m - 1 by a rise in the 
temperature, as in the case of the anion. In addition to 
the fluorescence, there is observed a strong phosphores­
cence with a f0_0 value of 21800 cm - 1 , which is near to 
the weak phosphorescence of the anion. In the case of 
Sal-pn, the absorption, fluorescence, and phosphores­
cence spectra of the coordinating Sal-pn are similar to 
those of Sal-en, as Table 1 shows. Fur ther , all coordi­
nating Schiff bases, even a t room temperature, retain the 
high fluorescence yields obtained at 77 K. 

The high fluorescence yields of the coordinating Schiff 
bases m a y have two causes. O n e is tha t the electronic 
state of the ligand is not similar to those of the ketoamine 
and the enolimine, but to that of the anion. T h e other 
is the rigid chelation to the zinc ion, suppressing the 
internal conversion, which usually depresses the fluores-

---*z 

cence yields of the anions a t room temperature. The 
high phosphorescence yields may thus be caused not by 
a spin-orbit interaction due to the zinc ion, but by the 
formation of the rigid chelation, because the complex of 
the lighter metal ion—Be2+ has a yield similar to those 
of the Zn-complexes. 

Ligand-Ligand Interaction. In the cases of Be(Sal-
methyl)2 , Zn(Sal-ch)2 , and Zn(Sal-propyl)2 , the inter-
ligand interaction is considered not to be large because 
they have four coordinating atoms (2 N and 2 O) at the 
appexes of the tetrahedron, as has been shown by means 
of X-ray analysis in the case of Zn(Sal-propyl)2

15> (see 
Fig. 4-a). They have an asymmetric absorption band 
similar to those of the monobidentate complexes, as Fig. 
3 shows. The asymmetric band is resolved into two 
bands by measuring the excitation polarization spectrum 
of thé fluorescence of Zn(Sal-ch)2 .* 

TABLE 2. THE QUANTUM YIELDS AND THE RATE CONSTANTS 

FROM THE TRIPLET STATES AT 77 K 

Compounds 0F 0P &P/&F &T kr+kar kT kni 

0.38 0.93 0.59 1.45 0.93 0.52 
0.81 4.19 2.69 1.50 

0.41 Zn(Sal-ch)+ 
Zn(Sal-ch)2 

Zn-
(Sal-propyl)+ 
Zn-
(Sal-propyl)2 

Zn (Sal-pn) 
Zn-
(Sal-methyl)+ 
Zn-
(Sal-methyl)2 

Be (Sal-methyl) + — — 2.0 — 
Be (Sal-methyl) a — — 3.8 — 

0.19 0.52 2.7 

0.27 0.35 1.3 

0.12 0.41 3.3 

0.23 0.40 1.7 

0.35 0.31 

0.73 2.53 1.21 1.32 

0.88 3.91 1.82 2.09 

0.77 2.00 1.03 0.97 

0.88 0.65 — 

0.19 0.40 2.2 0.81 — 

Ligand-ligand interaction in the bis-bidentate com­
plexes is reflected in the yields and lifetimes of the emis­
sions. Their phosphorescence yields with shorter life­
times become larger by 0.06—0.14, as is shown in Table 
2, compared with the yields of the corresponding mono­
bidentate complexes. Assuming that the rate of inter­
nal conversion from the excited singlet state is much 
smaller than those of the fluorescence and the intersys-
tem crossing processes, the sum of the triplet yield (<0T) 
and the fluorescence yield (0P) becomes unity and the 
phosphorescence yield (0P) is expressed as <DF= 
0 T 'kTf{kr +knr) = ( 1 — <0P) krj(kT +knr), where kr is the rate 

Fig. 4. Intramolecular axes of the complexes of salicyl-
idenealkylamine (a) and Sal-pn (b). 

* The constant fluorescence polarization of the mono­
bidentate complex suggests that the emitting dipole lies 
between the two absorption dipoles. This idea is partly 
supported by the large separation between the maxima of the 
absorption and the fluorescence spectra, in addition to the 
structureless band shapes. While the intensity of the transi­
tion along the z-axis is multiplied by a factor of 2 on bis-
coordination, the intensity of the transition along the x-axis is 
multiplied by a factor of AJ2' Therefore, the transition 
without the z-component has a larger angle against the transi­
tion with x- and z-components in the bis-bidentate complex 
than in the mono-bidentate complex. If the higher absorption 
transition has no z-component and if the emitting has both 
components, x and z, the value of the fluorescence polarization 
is smaller on excitation to the higher excited state. 
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constant of the radiative process and where knT is the rate 
constant of the nonradiative process from the triplet 
state. Then, the values of kr and knr are calculated 
using the phosphorescence lifetime, (^-{-k^)'1. These 
values and <0T are shown in Table 2. 

The increases in 0T and kT are mainly caused by the 
increment in the spin-orbit coupling. Such an increase 
in the intersystem crossing rate (£S-,T) due to intramolec­
ular interaction has also been observed for some ß-
diketonato complexes,5) diphenylmethane, and triphen-
ylmethane.16) The values of kr and knr of Zn(Sal-ch)2 

and Zn (Sal-propyl) 2 are three times as large as those of 
Zn(Sal-ch)+ and Zn(Sal-propyl)+ respectively, as Table 
2 shows; therefore, the increase in the knr may come from 
the larger spin-orbit coupling. This is in contrast with 
the cases of the tris-/?-diketonato complexes and tri-
phenylmethane, where the ArS-,T values are larger and 
the knr values are smaller than those of the mono-/?-
diketonato complexes and toluene respectively. Even 
if the triplet dereal iza t ion through the two ligands of a 
Schiff base affects the knr, the effect will be canceled out 
by the chelation being less rigid than that in the mono-
bidentate complex, which emits phosphorescence several 
hundreds times as strongly as does the free anion. 

As for planar Zn(Sal-pn)17) (see Fig. 4-b), the absorp­
tion band in the near U V region has a shoulder on the 
lower-frequency side, as Fig. 5 shows. The shoulder 

Hs 

/ V / V r 
Î8 20 É 24 26 28 30 É 34 °̂ 

f/103 cm-1 

Fig. 5. Absorption and emission spectra of Zn(Sal-pn) in 
a mixture of methanol and ethanol at 77 K. 

indicates the existence of another transition, which was 
suggested by Bosnien10) on the basis of a Gaussian analy­
sis of the asymmetric absorption band observed at room 
temperature. Since the fluorescence polarization is 
constant from 2 6 x l 0 3 c m ~ 1 to 3 1 x l 0 3 c m _ 1 and is 
similar to that of Zn(Sal-ch)+, the existance of two 
transitions does not indicate a large exciton splitting. 
Probably, a weak interaction between the salicylidene-
amine groups makes observable a second band which is 
hidden in the mono-bidentate complex. 
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Kinetic Studies in the Selective Formation of Thymol from m-Cresol 
and Propylene in the Liquid Phase over "FeSOé-AkOa" Catalysts 
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Central Research Laboratory of Takasago Perfumery Co., Ltd., Kamata, Ohta-ku, Tokyo 144 
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The kinetics in a liquid-phase isopropylation of m-cresol (I) with 9—25 kg/cm2 of propylene (VI) was studied 
at 240—280 °C over catalysts prepared from FeS04 and y-Al203. The rates of the formation of thymol (II) and 
4-isopropyl-5-methylphenol (III) and the subsequent isopropylations of II and III were fitted to an irreversible, 
firstorder rate equation with respect to each starting material. All of the rate constants were roughly proportional 
to the 1.5th power of the surface acidity of \<Z.H9<$ of catalysts and the 2.2nd power of the pressure of VI. The 
apparent activation energies were 22 kcal/mol for Steps I—>II, II-^2,4-diisopropyl-5-methylphenol (V), and 
III—»V and 6.5 kcal/mol for Steps I—»III and II—>-2,6-diisopropyl-5-methylphenol (IV). 

For several years,1) we have been studying the devel­
opment of solid catalysts for the isopropylation of m-
cresol (I) with propylene (VI) in the liquid phase, trying 
to prepare thymol ( I I ) , which is an important starting 
material for menthol. y-Al203

2 '3) and some metal 
sulfates1,3) impregnated on y - A l 2 0 3 have been reported 
as catalysts of a high selectivity for thymol formation in 
the vapor3) and liquid phases.1 '2) However, the iso­
propylations over these catalysts are accompanied by 
multiple reaction steps; the Reaction Scheme below 
shows an example. So far as the isopropylation of I is 
concerned, there has been no systematic study of the 
reaction kinetics. In order to design a reactor, it is 
necessary to describe quantitatively the distribution of 
products under various reaction conditions. 

" F e S 0 4 - A l 2 0 3 " l a ) is an excellent catalyst which has a 
selectivity as high as y - A l 2 0 3 and a catalytic activity 100 
times as high as y -Al 2 0 3 . In this paper, the rates of the 
formation of I I and the by-prodücts over "FeS0 4 -A l 2 0 3 " 
catalysts will be determined, and then the apparent rate 
constants will be correlated to the surface acidity of the 
catalysts and the reaction conditions. 

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

Catalysts. A 47.3-g portion of FeS0 4 -7H 20 of a 
guaranteed reagent grade was dissolved in 150 ml of distilled 
water at 40—60 °C, and then a 75-g portion of y-Al203 

(Nikki Chemicals Co., Ltd.) of 100—200 mesh was stirred 
into the solution. After standing for 15—16 h, the solid was 
filtered and washed 3 times with 200 ml of distilled water. 
The resultant solid was dried on a water bath, calcined in a 
stream of dry air or dry nitrogen at 500 or 450 °C, and 
used as a catalyst. No particular caution was taken to 
exclude traces of moisture. The BET surface area of the y-
Al2Oa was 205 m2/g. In a series of preparetive runs, the 
resultant catalysts varied in their impregnated amounts of 
FeS04 ; these amounts were 8.7 wt% (Catalyst No. 2), 4.3 
wt% (No. 3), 5.0 wt% (No. 4), 5.9 wt% (No. 5), 4.3 wt% 
(No. 9), 4.1 wt% (No. 10). 

Surface Acidity of Catalysts. The acid-base strength 
distribution of catalysts were measured by a titration method.4> 

Isopropylation and the Analysis of the Products. Desired 
amounts of I (of guaranteed reagent grade) and of a 
catalyst were weighed into a reactor, which consisted of an 
autoclave with a capacity of 100 ml equipped with a magnetic 
stirrer and with gas inlet-outlet pipes. The pressure of VI 
(P) was kept constant at 9—25 kg/cm2 by the incremental 
addition of VI. The reaction temperature was 240—280 

°C and was kept constant within ± 2 °C. The amount of 
catalyst (W) was 2.5—25 wt% of the initial amount of I. 
After an appropriate reaction period, the reactor was cooled 
rapidly in a cold-water stream, and the unreacted VI was 
released. The reaction mixture was dissolved with ether, 
washed with water, dried over Na aS04 , and concentrated. 

The reaction mixture was analyzed by gas chromatography, 
using a Kotaki Model GU-21A on a 2 m x 5 mm <j> column 
packed with 20 wt% of silicone oil (D. C. 200) on Celite-545 
(60--80 mesh), at 165 °C and with 1.2 kg/cm2 of He as the 
carrier. Isopropyl benzoate was used as the internal stand­
ard. Some of the reaction mixture was fractionated into 
components by modified fractional gas chromatography, 
and each of the fractions was identified by IR absorption 
spectroscopy in a Nujol mull. 

Isopropylations of II or III were carried out in the same 
way as above. 

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

Rate Equations. T h e isopropylation of I was 
assumed to proceed via the following scheme. Ethers of 

( i ) x ^ 

(ID (iv) 

(III) (V) 

I and of the products were also formed, but the contents 
of isopropyl m-tolyl ether and of the total ethers in the 
reaction mixture were not more than 0.04 and 0.1 in 
mole fraction respectively. Therefore, their formation 
was excluded from the scheme. Figure 1 illustrates the 
composition-time plots of a reaction mixture. At 240— 
280 °C, the I content in the reaction mixture decreased 
monotonously with the time. 

T h e overall reaction was well expressed by a set of 
irreversible rate equations : 

dCJdß= -kC,= - ( * „ + *„,)£! (1) 

dCII/do = * I IC I-(A I V + *y)CI1 (2) 
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G (min) 

Fig. 1. Change in the composition of a reaction mixture 
with the reaction time at 260 °G, with 15 kg/cma of 
propylene. W of the catalyst (No. 3) was 15 wt%. 
O , I I ; A, H I ; A , IV; # , V; Q , I ; > calculated 
value. 

dCIU/d$ — ^mQ — ky' CUI 

dCIV/d0 = klv C„ 

dCv/dö = A;vCII + V Q I I 

(3) 

(4) 

(5) 

where 0, C, and k represent the time, the concentration 
of the species defined by the suffix, and the apparent 
rate constant shown in the Reaction Scheme. 

In each experimental run of the isopropylation using 
I, I I , or I I I as the starting material, a linear correlation 
was found between {—log(1— conversion)} and 0. 

Rate Constants. The apparent rate constants were 
determined as follows. 1) kn and km were determined 
from the slopes of the curves of CUJCQ and CmjC0 against 
0, a t 0 = 0 ; C0 denotes Cx at 0 = 0 . 2) Replacing the 
left-hand sides of Eqs. 2—5 with the slopes of the con­
centration-time curves of I I , I I I , IV , and V at any time, 
0, and applying the corresponding concentrations, the 
rate constants were obtained. Their values are presented 
in Figs. 2 and 4. 

Most of the compositions of the reaction mixtures 
which were calculated by integrating Eqs. 1 to 5 and by 

o" 

1-85 1-90 195 

( W T ) I O 3 

Fig. 2. Arrhenius plots of kn (O), *m (A), *iv (A), *v 
( # ) , and k'y ( • ) . W of the catalyst (No. 3) was 15 
wt% and propylene of 15 kg/cma was used. 

applying the rate constants at any time, 0, agreed within 
a deviation of less than 0.05 in mole fraction with the 
observed values over a full range of isopropylations, 
where the total conversion of I was from 0.17 to 0.95 in 
mole fraction. T h e composition-time curves in Fig. 1 
are the calculated ones. 

Each k value was proportional to the amount of 
catalyst (W). 

From the Arrhenius plots of the rate constants in Fig. 
2, the apparent activation energies in each step were 
determined to be 22 kcal/mol for Steps I—>II, I I -»V, 
and I I I - » V and 6.5 kcal/mol for Steps I—»-III and II—• 
IV. Probably, the rate-determining step was different 
between these two groups of reactions. From Fig. 2, 
the apparent pre-exponential factors are in the order of 
I - > I I > I I I - > V > I I - ^ V > I I - > I V > I - ^ I I I . 

Effect of the Pressure of Propylene. All of the rate 
constants were apparently proportional to the 2.2nd 
power of the pressure of V I (P). 

Effect of the Surface Acidity. The acid-strength 
distributions of the catalysts used in this study are shown 

Fig. 3. Acid strength distributions of catalysts, No. 2 
(A), No. 3 (A) , No. 4 « ) , No. 5 (O), No. 9 ( # ) , and 
No. 10 ( • ) • 

-08 -07 -0-6 -05 -04 

log (Acidity of 1 *^ *3 ) 

Fig. 4. Effect of the surface acidity of 1<.H0<,3, a, of 
catalysts on kn (Q), kIU (A), klv (A), *v (•)> and 
k'y ( • ) , at 260 °G, with 15 kg/cm2 of propylene. W 
was 15 wt%. 
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in Fig. 3. The acidity at any H0 value shows the amount 
of acidic sites whose acid strength is equal to or less than 
the HQ value. Over most of the catalyst surfaces, the 
amount of acidic sites was at a maximum at H0= 
1—4. 

The rate constants were not correlated with the total 
amount of acidic sites of HQ<L4, or with the amount of 
acidic sites of any H0 range other than \<LH0<L3. As is 
shown in Fig. 4, the rate constant in each step is similarly 
roughly proportional to the 1.5th power of the acidity of 
1<LHQ<.3. I t should be noticed that the efficient acidic 
sites seem not to be o f / / 0 < 1 bu t to be of l<7/ 0 <^3, this 
will be interpreted in the following section. 

Catalytic Actions. The isopropylation of I with V I 
has been reported to be catalyzed by solid acid catalysts 
via the formation of an isopropyl cation (HP+).3-5) T h e 
acidic sites of \<,H0<,3 will be Brönsted acidic sites and 
will protonate propylene. O n the other hand, phenols 
were regarded as being adsorbed on the basic site of 
catalysts with the O H group.3 '6 , 7 ) O n y -Al 2 0 3 used as 
the carrier, basic sites whose conjugate acids had H0 

values of less than 7 were observed.4) These basic sites 
are probably exposed on the present catalysts' surface.13) 
The ^-electron densities at C2- and exposit ions of the 
adsorbed /w-cresol are greater than those of m-cresol in 
the liquid phase.8) Hence, the isopropylation of I must 
take place between the adsorbed w-cresol and HP+ : 

HA + V I -

Ki 

B + I T=± 

VII + VIII 

[HP+ A"] (VII) (6) 

(7) 

II + HA + B (8) 

[I B] (VIII) 
k 

VII + VIII - ^ III + HA + B (9) 

where H A and B denote an acidic site of 1<,H0<,3 and 
a basic site which are adjacent to each other. A~, K, 
and k' denote the conjugate base of HA, an equilibrium 
constant, and a rate constant in the corresponding step 
respectively. A - will facilitate the isopropylation by 
accepting a proton from the G2- or Opposition subse­
quently to the attack of HP+. 

CH3 

ÛOH 
CH: 

CH3CHCHZ 

.OtfHCH2 11 

CH, 

A B A" ß A" A ( / A B B 
»-A BASIC SITE \ 

1—/S 

rH 

A BRÖNSTED ACIDIC SITE 
-A LEWIS ACIDIC SITE 

Because the C4-position of V I I is more remote from 
the surface than C2,

3-5) the migration of HP+ to C4 from 
the surface is less frequent than the direct attack of HP+ 
on C2. This is supported by the difference between the 
apparent pre-exponential factors of kn and km- The 
diffusion of HP+ has a lower activation energy than the 
surface reaction between HP+ and the Opposition of 
V I I I . This is supported by the difference between the 
apparent activation energies in Steps I—>II and I—*-III, 

which shows that the energy barrier in Step (9) is ca. 16 
kcal/mol lower than that in Step (8). 

Provided that the structures of the surface in the vici­
nity of B are almost the same, the amount of B will be 
proportional to the amount of HA. 

The reason why acidic sites of i/0<C 1 seemed to have 
no effect on the rate constants is either that they were 
Brönsted acidic sites which were not adjacent to B or 
that they were Lewis acidic sites. These Brönsted acidic 
sites protonate propylene as well as those of l<Çi/0<;3. 
If HP+ migrates rapidly and freely enough over the 
surface, HP+, which are formed at the Brönsted acidic 
sites of H0<,3, contribute to the activity of H P + as a 
whole. O n the other hand, if HP+ does not migrate, 
only the H A in the vicinity of B contributes to the activi­
ty of HP+, which affects the rate constants. Therefore, 
the activity of HP+ will be independent of the amount of 
H A over all the surface. In this case, the rate constants 
will be proportional to the amount of HA, which re­
presents the amount of the reaction loci where the iso­
propylation is catalyzed by a set of H A and B. The 
dependency of the rate constants on the acidity of 1<I 
H0<,3 by the 1.5th power suggests a restricted mobility 
of HP+. For clarifying the behavior of HP+ consistently 
with the behavior of propylene in gas- and liquid-phase, 
however, further investigations will be required inter­
preting the 2.2nd-power dependency of A; on the P value. 

Because the acid strengths of I, I I , and III are esti­
mated to be nearly equal,9) the differences among their 
heats of adsorption will not be substantial. As Steps 
II—>V and III—>V had apparent activation energies 
equal to that of Step I—>II, those steps must proceed via 
an activated state similar to that of V I I I at the Opposi­
tion of I I and the Opposition of III. The observed 
differences of the pre-exponential factors from that of 
Step I—>II suggest a disadvantage in the steric factors of 
Steps I I -*V and III—>V, e.g., a disadvantageous entropy 
change in the adsorption of I I because of the ortho-
isopropyl group. 

Between the competitive steps, II—•V and II—>IV, 
the relatively low activation energy and pre-exponential 
factor in Step II—»TV indicate that the Opposition of I I 
is sterically unfavored, like the Opposition of I. 

We are grateful to the Takasago Perfumery Co., Ltd., 
for its permission to publish this article. 
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A CNDO-type MO Method of the Third Transition Metal Complexes 
and the Electronic Structure of Methylmercury(II) Halides 
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Department of Industrial Chemistry, Faculty of Engineering, Kumamoto University, Kurokami, Kumamoto 860 
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The parameters of a CNDO-type SCF-MO method are determined for some 5d transition metal complexes such 
as IrCl6

3-, AuCl4
-, and HgCl4

2- by comparing the calculated transition energies of these complexes with their experi­
mental values. MO calculations with these established parameters are also carried out for IrBr6

3-, AuBr4
-, HgX4

2-, 
HgX2, and CH3HgX (X=C1, Br, and I). The transition energies and assignments obtained from MO calculations 
are in fair agreement with experimental ones, with a few exceptions. This MO method gives successful results for the 
electron density and the bond strength : ( 1 ) a linear relation is obtained between the calculated and observed net 
charges on the Hg atom of HgX2 and CH3HgX, and (2) similar linear relations are obtained between the bond index 
Eu_x values and the stretching force constant fil_x and between the EHg_c value and thefHg_c. Some discussion is 
presented for the Hg-C bonding character of the CH3HgX ; the Hg-C bond is mainly contributed from the covalent 
interaction of the 6s and 6p orbitals of the Hg atom with the 2s and 2p orbitals of the C atom. The contributions of 
the Hg 5d orbitals and the electrostatic interaction are rather small. 

There exist various organo-transition metal complexes 
which are interesting as model compounds of inter­
mediates formed in reactions catalyzed by transition 
metal complexes.1) These organometallic compounds 
have received many spectroscopic studies. There is, 
however, limited theoretical work on these complexes; 
such studies are especially few in the 5d organo-transi­
tion metal complexes.2-6) Theoretical work is necessary 
to understand and discuss the electronic structures of 
organometallic complexes. Furthermore, theoretical 
studies can give us useful information on unstable and 
unisolable intermediates.2-5 '7) Thus, we should investi­
gate a M O method powerful enough to achieve this 
purpose. 

One of the authors presented a CNDO-type M O 
method which gave successful results in M O calculations 
of Pt-complexes.5) By use of this method, he investi­
gated the reaction mechanism and ligand effect in the 
ethylene insertion reaction into the P t ( I I ) - H bond.5b) 
This M O method, therefore, can be expected to give us 
important information about organo-transition metal 
complexes. In the present study, we a t temp to estab­
lish the parameters of Hg,Au,and Ir atoms by comparing 
the calculated transition energies of these metal com­
plexes, such as HgCl4

2~, AuCl4~, and IrCl6
3 _ , with the 

observed ones. No M O calculation has been reported 
for H g X 4

2 - and I r X 6
3 - as far as we know; for AuCl 4

- , 
although an INDO-type M O calculation was carried 
out, neither d-d transition energies nor the bonding 
nature were discussed.6) 

Then, M O ' s of methylmercury(II) complexes are 
calculated by use of the established parameters. Al­
though these complexes have been investigated in detail 
by means of various spectroscopic instruments, such as 
I R and Raman, 8 - 1 4 ) NMR, 1 5 - 1 8 ) and UV19> spectro­
scopy, there has been reported only one theoretical 
work,3) in which the extended Hückel M O calculations 
were carried out and the ligand effect on the 1 9 9 Hg-H 
coupling constant was interpreted theoretically. In the 
present study, the electronic spectra, the electron densi­
ty, and the H g - C bonding character are investigated. 

Method, P a r a m e t e r s , and Geometr i e s 

Method and Parameters. The method used here is 
the CNDO-type approximate SCF-MO method which 
gave successful results in M O calculations of Pt com­
plexes.5) Details of this method are presented else­
where.20) Only the part of this method which concerns 
parametrization carried out in this work, is described 
here. T h e two-center Coulomb repulsion integrals are 
estimated by use of the modified Ohno's equation, which 
has been introduced in the previous paper :5a) 

y r s = 14.3986/(Ärs3 + </2)V* (1) 

14 .3986 / r f=0 .5 (y r r +y s s ) -« r (2) 

See Ref. 5 for the notation in the above equation. In 
the 3d and 4d transition metal series elements, values such 
as a4s, aip, a5s, and a5p are determined from the atomic 
spectra. I t has been found that there exist four linear 
relations between the atomic numbers and the ans values, 
and between the atomic numbers and anp ones (w=4 and 
5).21) In the 5d transition metal elements, those values 
can not be obtained from the atomic spectra because 
there is not enough data to estimate those values. Thus, 
in the Pt atom, they have been determined as para­
meters so that the calculated transition energies agree 
with the observed ones.5) In this work, the a6s and a6p 

values are also determined as parameters under consid­
eration of the following conditions; the aes and a6p 

values increase linearly with an increase in the atomic 
number, which is expected from the analogy to the 3d 
and 4d transition metal elements, and their two linear 
lines pass through the 1.5 and 2.5 eV5a) at the Pt atom 
respectively. The values of the parameters are listed in 
Table 1. 

Values of other parameters, such as the Wolfsberg-
Helmholz parameter, K, and the orbital exponents, are 
taken as well to be those in the case of the Pt com­
plexes.53) These parameters give good results for the 
transition energies, the electron densities, etc. 

Bond Index. The energy contribution of the AB 
bond to the total energy, EAB, is used as the bond in­
dex.5 '7 '22,23) T h e negative value means the bonding 
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TABLE 1. ORBITAL EXPONENTS, £r, VALENCE STATE IONIZATION POTENTIALS, IT, ONE-CENTER COULOMB 

REPULSION INTEGRALS, fTT, AND PARAMETERS OF MODIFIED O H N O ' S ECK, a 6 s , AND fl6p 

Atom Ir Pt Au Hg 

C r
a ) 

'«P 

5d 
6s6p 
5d 
6s 
6p 
5d 
6s 
6p 

5.796 0.6351b> 
2.557 0.5556 

2.504 
6.65eV*> 
8.16 
5.80 

H.54.V 
7.11 
5.92 
1.4.V 
2.4 

6.013 0.6331b> 
2.696 0.5516 

2.554 
8.24 
9.00 
4.20 

12.07 
7.24 
6.05 
1.5 
2.5 

6.163 0.6442b> 
2.794 0.5356 

2.602 
11.85 
9.22 
6.49 

12.60 
7.37 
6.18 
1.7 
2.7 

6.436 0.6667b> 
3.032 0.5401 

2.649 
15.66 
10.44 
5.00 

13.14f> 
7.49 
6.31 
1.8 
2.8 

a) H. Basch and H. B. Gray, Theor. Chim. Acta, 4, 367 (1966). b) For only the d-orbital, the double-^ type orbitals are 
used. These values are their coefficients, which are re-normalized values, since the contributions of the 3d and 4d 
Slater type orbitals are neglected in this work, c) The calculated values from the atomic spectra ( C E. Moore, "A-
tomic Energy Levels," Natl. Bur. Std. Circ, No. 467 (1958). d) The estimated value.75 e) In our previous paper,5) 

these values are over-estimated. By the use of these correct values, the electronic spectra of PtCl4
3_ are calculated suc­

cessfully, and the differences between the correct and the previous calculation are very small; for example 1B l g=1.97 
eV in the present calculation and 1.99 eV in our previous report, f ) R. D. Bach and H. F. Henneike, J. Am. Chem. 
Soc, 92, 5589 (1970). g) Ir's VSIP can not be calculated correctly from atomic spectra due to lack of experimental 
data. These values are estimated by assuming that the promotion energy from 3F4 state of Ir(I) to the d8 valence 
state is 1 eV. This assumption seems reasonable from considering that this energy is 0.87 eV for the isoelectronic 
Rh(I) atom. 

interaction between the A and the B atoms, and the 
large absolute value shows the large interaction. T h e 
formula representing the EAB under the used approxima­
tions has been given elsewhere.5) 

In order to investigate the detailed bonding character, 
the .£AB and Ejfè which approximately represent the 
covalent interaction are divided into the 2£ABGO )

J -EABCP Ĵ 
and isABCd)̂  as has been described in the previous 
paper;24) where the JEi'&V, in which the suffix ( l ) + ( 2 ) 
denotes the sum of £ A B + £ A B , represents approximately 
the contribution of the s orbital of the B atom to the 
covalent interaction between the A and B atoms, and 
the -EABCP)' and EABUP also represent similar meanings. 

Geometries. The I rX 6
3 " , AuX4~, HgX4

2~, and 
HgX 2 belong to O h , D 4 h , T d , and D^h symmetries, re­
spectively. The following bond lengths are employed 
in M O calculations: I r - C l = 2 . 4 7 A,25> I r - B r = 2 . 6 1 8 
A,26) Au-C1=2.42Â,2 5> A u - B r = 2 . 5 7 A,25) H g - C l (in 
HgCl4

2-)=2.50Â,2 7> Hg-Br (in HgBr 4
2 - )=2 .62 A,28> 

H g - I (in HgI 4
2 - )=2 .80Â, 2 9 ) Hg-Cl( in "HgCl2) =2 .252 

A,30> Hg-Br (in HgBr 2 )=2 .41 A,31> and Hg- I ( in Hg-
I 2 )=2.60Â. 2 9 ) The C H 3 H g X complex is known to 
have a linear structure. Its bond distance is taken as 
follows: for CH 3HgCl, H g - C = 2 . 0 5 2 A, H g - C l = 2 . 2 8 5 
A;32) for CH3HgBr, H g - C = 2 . 0 6 2 A, H g - B r = 2 . 4 0 5 
A;32) for CH 3 HgI , H g - C = 2 . 0 7 0 Â , H g - I = 2 . 5 8 8 A;32) 
for Hg(CH 3 ) 2 , Hg-C=2 .083Â; 3 3 > for GH 3 HgF, H g -
C=2 .040 A, and H g - F = 1.93 A.26) T h e methyl group 
is assumed to have the same structure in all the com­
plexes because the kinds of the ligand can scarcely cause 
any structural change: ^ H C H = 109.8° and C - H = 
1.096 A.33) 

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

Parametrization and Electronic Spectra. IrCl6
3~ and 

IrBr6
3~: By considering the Pt's <z6s(=1.5eV) and 

a 6 p ( = 2 . 5 eV), the following values of the a6s and a6p 

were examined in M O calculations of IrCl6
3~: « 6 s =1 .2 , 

1.4, and 1.6 eV, and « 6 p =2 .2 , 2.4, and 2.6 eV. Results 
are given in Table 2. 

In I rCl 6
3 - , various values of a6s and a6p give only a 

small effect on the transition energies. T h e first and 
the second small bands observed at 2.99 and 3.48 eV 
have been assigned to the 1 T l g and 1T2g.35) In the 
present M O calculations, the 1 T l g and 1 T 2 g transitions 
are calculated to be ca. 2.9 and 3.5 eV, respectively. 
The large band observed at 6.01 eV may be assigned to 
the 1 T l u transition calculated at 4.8 eV, since the 1 T l u 

one is the only allowed one. This transition is the 
charge-transfer (CT) one from the halogen's pK orbital 

77 
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Atomic 
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80 
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Fig. 1. The relations between the atomic number and 
the aRe and aRn values. 
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I r C V -

<*6s 

«6p 

^ 1 , 
i rT2 g 

' T . , 

A2 g 

% 

^ l . 

^ 

^ x » 

l r r l u 

1.2 
2 . 4 

2 .92 
2 .98 

3 .39 

3 .53 

3 .88 

4 . 1 3 

4 .69 

4 .89 

Shigeyoshi SAKAKI, Nobuo H A G I W A R A , Noriko IWASAKI, and Akira OHYOSHI 

1.4 

2 . 4 

2 .86 

2 .90 

3 .40 

3 .55 

3 .93 
4 .08 

4 .63 

4 .84 

(2.18)d> (2.22) 

4 .93 4 .87 

(0.23) 

6 .19 

(1.57) 

(0.23) 

6 .14 

(1.59) 

T A B L E 2. TRANSITION 

1.6 

2 . 4 

2 .81 

2 .86 

3 .40 

3 .56 

3 .88 

4 . 0 3 

4 .57 

4 .80 

(2.24) 

4 .81 

(0.23) 

6 .14 

(1.62) 

1.4 

2 .2 

2 .96 

3.01 

3 .38 

3.52 

4 .06 

4 .15 

4 .72 

4 .92 

(2.15) 

4 .96 

(0.23) 

6 .23 

(1.57) 

1.4 

2 . 6 

2 .78 

2 .84 

3 .41 

3 .56 

3.87 

4 .01 

4 . 5 3 

4 .78 

(2.29) 

4 . 7 8 

(0.23) 

6 .06 

(1.62) 

ENERGIES 

Obsdb> 

x T l g 

i rT2 g 

oddTr—; 

5a> OF IrCl6
8 

2 .99 

(76) c> 

3 .48 

(64) 

•d 6.01 

(28000) 

" AND IrBr6
3~ 

IrBr63-

a6s 1.4 

2 . 4 

x T l g 1.74 

^ 1.75 
xA2 g 3 .19 

*Eg 3 .30 

*T l g 3 .75 

^ 3.82 

x T l g 3 .95 

^ 4 .13 

(2.33) 
l r T l u 4 .35 

(0.22) 

*T l u 5 .39 

(1.93) 

Obsdb) 

^ 

irT2R 

oddjr— 

2 .78 

(230) 

3.20 

(200) 

• d e . 

oddTT—>deg 

odds—i • d e , 
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4 .56 

(1200) 

5.10 

(2000) 

5.94 

(6200) 

a) eV unit. The transitions which satisfy both the following conditions are omitted for simplicity: (1) the transition 
is above the first GT one; (2) its transition moment is zero. These transitions do not relate to the present discussion. 
b) Ref. 35. c) Molar extinction coefficient (M_ 1 cm - 1 ). d) Transition moment (Â). Transition moments are zero 
in other transitions. 

to the Ir 's 5d„ orbital. In all the calculations, these 
calculated transition energies roughly agree with the 
observed one, although the 1T1 U transition energy is 
smaller than the observed one by ca. 1.2 eV. 

Then, the a6s and a6p values can be determined. The 
small a6S and a6P values give better results for the ob­
served 1 T l g , 1 T 2 g , and 1 T l u transitions, as shown in Table 
2. The a6a and a6p values, however, are determined as 
1.4 and 2.4 eV respectively, by considering the linear 
relation between the atomic number and the «6s and 
a6p values (See Fig. 1, the previous discussion in method 

and parameter, and Ref. 49. This determination 
seems reasonable, since the calculated transition energies 
do not much depend on the a6s and a6p values. 

By using these values of a6s and a6p, transition energies 
of IrBr6

3~ are calculated, as is shown in Table 2. Three 
large bands are observed at 4.5—6 eV: the first is 
assigned to the transition from the weak ^-antibonding 
and weak o-bonding 3 t l u M O , mainly composed of the 
halogen's pK orbital, to the 2eg M O , mainly composed of 
the Ir 's 5d„ orbital; the second is that from the l t 2 u M O 
composed of the halogen's non-bonding pff orbital to the 

TABLE 3. TRANSITION ENERGIES1) OF AUC1 4 - AND AuBr4-

AuCU-

^ s 

«6p 

x B 2 g 

% 

xA2 g 
1A f t l 

x E g 

xB2 u 

^ 
x Bi* 

>K 

XEU 

XEU 

1.5 

2 . 7 

2 .82 
2 .83 

2 .84 

3 .08 

3 .24 

3 .44 

3.61 

3 .74 

3 .80 

1.7 

2 . 7 

2 .83 

2 .83 

2 .84 

3 .09 

3.22 

3 .45 

3 .59 

3 .74 

3.80 

(1.51)d> (1.50) 

3 .96 

(0.76) 

8 .24 

(0.35) 

3 .98 

(0.76) 

8 .20 

(0.35) 

1.9 

2 . 7 

2 .84 

2 . 8 4 

2 .85 

3 .10 

3.21 

3 .46 

3 .58 

3 .73 
3.81 

(1.49) 

4 .00 

(0.77) 
8 .16 

(0.35) 

1.7 

2 . 5 

2 .89 

2 .88 

2 .87 

3 .14 

3 .18 

3.51 

3 .56 

3.71 

3.81 

(1.48) 

4 .05 

(0.77) 

8 .03 

(0.36) 

1.7 

2 . 9 

2 .78 

2 .79 

2 .81 

3 .04 

3 .26 

3 .40 

3.62 
3 .76 

3 .79 

(1.53) 

3 .91 

(0.75) 

8.37 

(0.34) 

Obsdb> 

xA2 g 

x E g 

i E u + * A 2 u 

XEU 

XEU 

2.72 

(17.3)c> 

3.29 

(319) 

3.85e> 

(5750) 

5 .47 

(47800) 

7.07 

(-) 

*6s 

«6p 

x B 2 g 
XEg 

1 A t a 
xA2 g 
1 B 2 u 

XEg 

1E11 

JEU 

JEU 

XEU 

XEU 

AuBr 4 -

1.7 

2 . 7 

2 .23 

2 .37 

2 .50 

2 .52 

2 .80 

3.09 

3.11 

(1.64) 

3.42 
(0.95) 

6 .54 

(0.0) 

6.62 

(1.04) 

7.46 

(0.36) 

Obsdb> 

XEg 

1 E u + 1 A 2 u 

^ 

*K 

X A 2 U 

'K 

2 .23 

(300) c> 

2 .70 

(1560) 

3.15e> 

(4775) 

4 .85 

(48625) 

6 .24 

(14000) 

6.61 

(17700) 

6 .94 

(-) 
a) d) ; See footnote a and d of Table 2, respectively, b) Refs. 36 and 37. c) Molar extinction coefficient 
(M-1 cm-1), e) Ref. 39a. 
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2eg M O ; and the last is that from the weak n- and a-
bonding 2t l u M O , mainly composed of the halogen's 
p,r orbital, to the 2eg M O . T h e calculated transition 
energies roughly agree with experimental ones,35) but 
the calculated transition moments are unreasonable. 
For the first small band observed at 2.78 eV, the cal­
culated transition energy is smaller than the observed 
one. For the small band observed at 3.20 eV, there is 
an ambiguity whether the a T 2 g calculated at 1.75 eV or 
that at 3.82 eV should correspond to this band. Thus , 
although there is insufficiency in the 1 T l g and 1 T 2 g 

results, roughly good results are obtained for the C T 
bands.51) 

AuCl{- and AuBr^~'. The following values of the a6s 

and a6p were examined: a 6 s = 1 . 5 , 1.7, and 1.9 eV, and 
fl6p=2.5, 2.7, and 2.9 eV. The calculated transition 
energies are compared with the observed ones in Table 
3. 

The calculated transitin energies do not much depend 
on the a6s and a6p values.34) The transitions calculated 
at ca. 3.8, 4.0, and 8.2 eV seem to correspond to the 
observed bands at 3.85, 5.47,36>37> and 7.07 eV,36) re­
spectively.88) These assignments agree well with the 
experimental ones which have been proposed from the 
M C D study.37) The calculated transition energies also 
agree well with the experimental ones,36'37) but the 
second 1EU transition calculated at 4.0 eV is smaller than 
the experimental one by ca. 1.5 eV. 

The two bands observed at 2.72 and 3.29 eV have 
been assigned to the 1A2g and 1 E g transitions, respec-

TABLE 4. TRANSITION ENERGIES^ OF HgCl4
2 

<*6s 

«6p 

*E 
iT, 

iT, 
iT, 

1.6 
2.8 

5.60 
5.62 

(0.99)d> 
5.63 
6.04 

(0.42) 

1.8 2.0 1.8 1.8 
2.8 2.8 2.6 3.0 

5.52 5.43 5.47 5.57 
5.54 5.45 5.49 5.58 

(0.99) (1.0) (0.99) (0.98) 
5.56 5.48 5.51 5.61 
5.96 5.88 5.92 6.01 

(0.42) (0.41) (0.42) (0.41) 

Obsdb> 

!T, 5.28 
(39200)°) 

a) eV unit, b) Ref. 40. c) Extinction coefficient 
(M-1 cm-1), d) See footnote d of Table 2. 

tively.36) In our calculations, the 1A2g and x E g transi­
tions are calculated at ca. 2.8 and 3.2 eV, respectively, 
and the other four transitions, 1B 2 g , 1 E g , ^ ^ and 1 B 2 u 

are also calculated about 2.8—3.5 eV. Thus, detailed 
study should be carried out for the assignments of these 
transitions. 

Then, the values of the parameters a6s and a6p can be 
determined. With regard to the 1A2g transition observed 
at 2.72 eV, the small a6s and the large a6p values give a 
better result, whichever of the three transitions, 1 B 2 g , 
xE g , and 1A2 g (calculated at about 2.8 eV), correspond 
to this transition at 2.72 eV. O n the other hand, with 
regard to three 1EU transitions, the large a6s and the 
small a6p values give better results. Thus, the a6s and 
a6p values are determined as 1.7 and 2.7 eV, respectively. 

Using these determined values of a6s and a6p, a similar 
M O calculation was carried out for AuBr4~. The 

TABLE 5. TRANSITION ENERGIES1) OF HgX4
2-, HgX„ AND CH3HgX 

l^i 
iE 
iT, 

iT, 

'Eis 
% « 
^ 

xA lg 

% 

XE 
*E 
*Ax 

*E 

, 

CalcT 
5.19 
5.54 
7.52 

(1.75) 
7.70 
7.97 

Calcd 

5.76 
6.91 
7.36 

Calcd 

4.85 
4.85 
4.89 
(1.09)c> 
5.25 
(0.51) 

HgCl, 

ic) 

HgBr4
2-

Obsde> 

6.20f> 
(2300) d> 

CH3HgCl 

Obsdg> 

(1.73)b> 
8.01 

6.02f> 
(1480)d> 

Obsdb> 

4.90 
(41400) d> 

HgBr, 

Calcd 

4.26 
4.49 
6.39 
(2.04) 
7.30 
7.12 

Calcd 

4.73 
4.78 
4.97 
(1.23)c> 
5.04 
(0.47) 

Obsde> 

5.40f> 
(1400)d> 

CH3HgBr 

Calcd 

5.03 
6.69 
7.00 
(1.87)c> 
7.66 

Obsd*> 

5.93f) 
(3470)d) 

Hgl4
2" 

Calcd 

4.13 
4.32 
6.25 

(2.23) 
7.37 
6.92 

Calcd" 

4.82 
6.58 
6.92 

(1.98)c3 
7.73 

Obsdb> 

4.57 
(35400) d> 

Hgl2 

Obsde> 

4.63f> 
(3600) d> 

CH3HgI 

Obsd*> 

5.39f> 
' (3980) d> 

a) eV unit. a6s=1.8, a6p=2.8eV. b) Ref. 40. c) See footnote d of Table 2. d) Extinction coefficient 
(M_1 cm -1), e) Ref. 42. f) Although the accurate assignment has never been presented, this transition 
has been proposed as a CT one. g) Ref. 41. 
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results are also shown in Table 3. Calculated transition 
energies agree well with the observed ones, except for the 
second 1EU transition observed at 4.90 eV.36) Reason­
able assignments are also obtained,36 '37) except with the 
!A2u band observed a t 6.61 eV.39b> 

HgX^~ and HgX2 : Jus t as in the cases of the Ir and 
Au complexes, M O calculations of H g C l 4

2 - were carried 
out using various values of a6s and a6p: a6s = 1.6, 1.8, and 
2.0 eV, and a 6 p = 2 . 6 , 2.8, and 3.0 eV. Results are given 
in Table 4. 

One large band is observed at 5.28 eV, which is 
assigned to the 1 T 2 transition, since the 1 T 2 transition is 
the only allowed one in the T d symmetry.40) Also in our 
calculation, the *T2 transition is calculated at 5.6 eV; 
the calculated value fairly agrees with the experimental 
one. As the a6s value becomes large and the <z6p one 
becomes small, the calculated transition energy of the 
1 T 2 becomes small. Since this calculated value is slight­
ly larger than the observed one,40) the large value of the 
a6s and the small one of the a6p are preferable. T h e a6s 

and a6p values, however, are determined as 1.8 and 2.8 
eV respectively, by considering the expected linear rela­
tion between the atomic number and the a6s and a6p 

values, and also by considering the a6s and a6p values of 
the Ir, Pt, and Au atoms. This determination seems 
reasonable, since the calculated transition energy does 
not depend so greatly on the a6s and a6p values, and since 
fairly good agreement with the experimental results is 
obtained in all the calculations. 

By use of these values of a6s and a6p, M O calculations 
were carried out for H g X 4

2 _ ( X = B r and I ) , and HgX 2 

and C H 3 H g X (X = C1, Br, and I ) . Calculated transi­
tion energies are given in Table 5. Those of H g X 4

2 -

agree fairly well with the experimental ones,40) where 
the large band is considered as the XT2 transition as is 
that of HgCl 4

2 - . I t has been proposed previously that 
these bands are the C T transitions.40) T h e present 
calculation shows that these transitions are the *T2 C T 
ones from the 4t2 M O , mainly composed of halogen's p^ 
orbital, to the 3aj M O , mainly composed of the Hg's 6s 
orbital. 

In HgX 2 , the moderately large bands observed at 
4.5—6 eV are considered as the 1A 2 u transitions, since 
only this transition is allowed. Also, in the CH 3 HgX, 
the moderately large bands are observed at 5.4—6 eV, 
and these are considered as similar to the ^ j transitions. 
These 1A2 u and ^Aj transitions calculated at 6—7 eV, 
are larger than the observed ones by ca. 1.5 eV.41»42) 
The 1A2u transition of H g X 2 is the one electron transfer 
from the 2a l u M O to the 4a l g M O . Since the former 
M O is mainly composed of the halogen's p , orbital and 
the latter one mainly of the Hg's 6s orbital, this transi­
tion is the C T one, which agrees with the experimental 
proposal.42) T h e 1A1 transition of C H 3 H g X is the one 
electron transfer from the 4aj M O to the 5a! M O ; the 
former is largely contributed to from the p orbitals of the 
C and X atoms and the latter largely from the Hg's 6s 
orbital. Thus, this transition is also the C T one. 

As described above, the results of the electronic 
spectra are reasonable, with a few exceptions. The 
values of the parameters established above are listed in 
Table 1. T h e a6s and a6p values are plotted against the 

TABLE 6. 

Cmpound 

IrCV-
IrlV-
AuCl4-
AuBr4-
HgCV-
HgBr4

2-
Hgl4

2" 
HgCl2 

HgBr2 

Hgl2 

ELECTRON DISTRIBUTION OF IrX3 -

HgX4
2-, AND 

5d 

6.776 
6.812 
9.197 
9.327 
9.989 
9.989 
9.989 
9.933 
9.944 
9.955 

HgX2 

6s 

0.527 
0.560 
0.594 
0.612 
0.704 
0.783 
0.821 
0.915 
1.019 
1.059 

-,AuX4-, 

6p 

0.927 
0.963 
0.807 
0.807 
0.722 
0.755 
0.771 
0.456 
0.447 
0.455 

atomic number in Fig. 1, where a nearly linear relation 
is obtained. 

Electron Density. Electron densities are shown in 
Table 6. I t is reasonable for all the complexes that the 
electron density of the central metal atom increases with 
a decrease in the electronegativity of the halogen. 

O u r calculations show that the net charge of the Au 
atom is +0.401 e in AuCl4~ and +0 .254 e in AuBr4~, 
although these values have been reported to be negative 
from the Mössbauer spectroscopy:43) —0.24 e in KAuCl 4 

and —0.21 e in KAuBr4 . The authors wonder why the 
Mössbauer study reported that the net charge of the Au 
atom was —0.24 e in KAuCl 4 and +0 .41 e in Au Cl, 
although the formal net charge of the Au atom is + 3 in 
the former complex and + 1 in the latter one. Thus, 
these reported values should be re-investigated in more 
detail. 
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Fig. 2. The relation between the observed1) and the 
calculated net charges of the Hg atom in HgX2 and 
CH3HgX. O ; HgX2, x ; CH3HgX. a) Ref. 44. 

In H g X 4
2 - and HgX 2 , all the d orbitals seem to be of 

the non-bonding type, since they have about 10 elec­
trons. T h e H g - X bond is mainly contributed to from 
the 6s and 6p orbitals of the Hg atom. O u r calculated 
net charges of the Hg atom are compared with the 
estimated ones from the ESCA study,44) as is shown in 
Fig. 2. Although these two values do not agree with 
each other, a linear relation is obtained between these 
two values, and it should be further noted that its slope 
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is about 1.0. This result reveals that our method is at 
least qualitatively successful. 

The 35C1 N Q R studies of HgCl2 and CH 3 HgCl give 
the unbalance in the p-electron population on the CI 
atom, Up, which is defined in Ref. 44. From M O 
calculations, the Up values can be estimated: 0.526 for 
HgCl2 and 0.474 for CH 3 HgCl . These are in moderate­
ly good agreement with the experimental values: 0.402 
for HgCl2 and 0.383 for CH3HgCl.45> Since the quantity 
of Up depends upon the electron populations of the p„ 
and pn orbitals of the CI atom, it is suggested that the 
calculated electron distribution agrees with the experi­
mental one. 

-13-0 h 

-15-0 

10 1-5 20 25 
fMX (mdyn/Â) 

Fig. 3. The relation between the force constant /M_x
a ) 

and the EK_X values. 
a) HgX2 and HgX4

2-, Ref. 29; IrX6
3-, Ref. 46; CH3-

HgX, Ref. 8; AuX4~; Ref. 47. 

Bond Strength. The Eu_x values are compared 
with the M - X force constants in Fig. 3, since the force 
constant and isM-x approximately represent the bond 
strength. Three different linear relations are obtained : 
the first one concerning the HgX 2 , HgX 4

2 _ , and I rX 6
3 _ , 

the second concerning the CH 3 HgX, and the last con­
cerning the AuX4~. Generally speaking, the value of 
the force constant depends upon their calculation meth­
od. The force constants of H g X 2 and H g X 4

2 - were 
calculated with the simple method,29) those of I r X 6

3 _ 

were done with the generalized force field,46) those of 
CH 3 HgX were done with a simple valence force field,8) 
and those of AuX4~ were done with an Urey-Bradley 
force field.47) Thus, it seems reasonable that in all the 
calculations, a linear relation can not be obtained. I t 
should be noted that linear relations do exist between the 
Eu-x values and the M - X force constants which are 
calculated by use of the same force field, and the three 
lines have almost the same slopes. 

Similar relations are also obtained between the Eug_c 

values and the H g - C force constants,8) and between the 
-ËHg-c values and the H g - C dissociation energies of 
CH3HgX,4 8) as are shown in Figs. 4 and 5. Thus, our 

-140 
o 

LU 

-130 
24 2-5 26 27 

fHg-C (mdyn/Â) 

Fig. 4. The relation between the Hg-C force constant 
fug-c&) a n d t h e Eug-c value. 
a) Ref. 8. 

-13 6 
500 55-0 600 650 

DE (kcal/Mol) 
Fig. 5. The relation between the Hg-C dissociation 

energy, Z)E,
a> and the EHg_c values. 

a) Ref. 48. 

method gives successful results for the bond strength. 
Electronic Structure of CH^HgX. In this section, 

the electron distribution and bonding nature of the 
H g - C and H g - X of C H 3 H g X are investigated. Results 
are given in Table 7. 

First, the electron distribution is investigated in detail. 
The electron density of the 5d orbitals of the H g atom is 
ca. 10 e, suggesting that the 5d orbitals hardly contribute 
to the H g - C and H g - X bonds in these complexes as 
well. O n this point, a more detailed discussion will be 
presented in a following paragraph. T h e electron 
densities of the 6s and 6p orbitals of the H g atom increase 
in the order F < C l < B r < I < C H 3 . This order accords 
with the decreasing order of the halogen's electronega­
tivity. T h e electron density of the Hg atom in Hg(CH 3 ) 2 

is larger than that in CH 3 HgI by ca. 0.1 e, and larger 
than that in the corresponding dihalide H g X 2 by ca. 
0.1—0.2 e. These results suggest that the methyl anion 
tends to donate electrons more than the halogen anion 
by ca. 0.1 e. 

Then the nature of the H g - C and H g - X bonds will be 
investigated. As is shown in Table 7, the absolute 
values of E#$&% and 2 $ $ $ ^ are remarkably large, 
and those of E$$pc and £"gg-c are less than one-tenth 
of ^Hgct̂ -c+^HgcpS-c- Similar results are obtained with 
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TABLE 7. ELECTRONIC STRUCTURES OF CH3HgX 

X 

Electron 5d 
density 6s 

6p 

Net charge of the Hg atom 
CH3HgX 
HgX2 

F 

9.92 
0.99 
0.42 

0.68 

Cl 

9.93 
1.07 
0.51 

0.49 
0.70 

Br 

9.93 
1.10 
0.52 

0.45 
0.59 

I 

9.94 
1.11 
0.53 

0.42 
0.53 

CH3 

9.93 
1.15 
0.62 

0.30 

Hg-C -^HgCdJ-C 
EXD+C2) 

•c'Hg(s)-C 
ZLHg(p)-C 

^Hg-C 

-^Hg-C (total) 

- 1 . 1 7 
- 7 . 5 3 
- 5 . 0 0 
- 1 . 3 6 
-15.06 

- 0 . 6 8 
- 3 . 5 5 
- 6 . 3 2 
- 2 . 5 7 
-13.11 

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

- 1 4 . 5 2 

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

- 1 1 . 6 5 

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

- 1 4 . 2 3 

- 0 . 5 5 
- 4 . 1 0 
- 5 . 1 9 
- 0 . 8 5 

- 1 0 . 7 0 

- 0 . 9 8 
- 6 . 5 5 
- 5 . 6 0 
- 0 . 9 1 

- 1 4 . 0 4 

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

- 1 0 . 2 2 

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

- 1 3 . 7 0 

Hg-X •cHg(d)-X 
77(0+00 
•c'Hg(B)-X 

•C'Hg(p)-X 

E Hg-X(total) 

EAB: eV unit. 

regard to the H g - X bond. These results reveal 
that the H g - C and H g - X bonds are mainly con­
tributed to from the covalent interaction of the 6s 
and 6p orbitals of the H g atom with the C and X 
atoms. The 5d orbital of the Hg atom hardly contributes 
to these bonds, which is in conformity with the results 
that the 5d orbital has about 10 electrons, as has been 
described above. 

O u r M O method can give successful results for the 
electronic spectra, the electronic distribution, and the 
bond strength of the 5d transition metal complexes. I t 
has been ascertained that this M O method is also useful 
in studying the electronic structures and the bonding 
nature of organometallic complexes. 

These calculations were carried out with the F A C O M 
230-75 Computer of the Data Processing Center of 
Kyushu University. 
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Singlet Excitation Energy Transfer in the Vinyl Polymers with 
Pendant Carbazolyl Groups 

Akira ITAYA, Ken-ichi OKAMOTO, and Shigekazu KUSABAYASHI 

Department of Chemical Engineering, Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube 755 
(Received May 17, 1976) 

The migration of electronic excitation energy in films of poly(iV-vinylcarbazole) (PVCz) prepared by the radical 
and cationic polymerizations (PVCz (r) and PVCz(c) respectively), poly[2-(9-carbazolyl)ethyl vinyl ether] (PCz-
EVE), brominated PVCz(BPVCz), and poly(9-acryloylcarbazole) (PACz) has been studied by means of fluores­
cence-quenching experiments, using dimethyl terephthalate or perylene as a guest molecule. No clear difference in 
the concentration of the effective intrinsic trap sites was observed between PVCz(r) and PVCz(c) films. The 
concentration of the sandwich-like excimer site(cE) in a PVCz(r) film was nearly equal to that in a PVCz(c) film, 
while the concentration of the second excimer site (cs) in a PVGz(r) film was higher than that in a PVGz(c) film by a 
factor of about 1.6. The value of cE was much larger than that of cs for both films. The second excimer site seems 
to be a shallow trap. The number of carbazolyl chromophores covered by a singlet exciton during the lifetime was 
in the following order: PCzEVE>PVCz(r)«*PVCz(c)>PACz«*BPVCz. This order was explained by the concen­
tration of the intrinsic trap sites depending on the distance between neighboring Cz chromophores, the lifetime of 
the singlet exciton, and the concentration of extrinsic trap sites. 

Recently, the emission spectra of aromatic vinyl poly­
mers have been extensively investigated. Studies of 
singlet energy transfer and migration in vinyl polymer 
films with large aromatic rings are very important in 
understanding their electric and optical properties. 
Klöpffer1) has reported that the results of fluorescence-
quenching experiments in an amorphous PVCz film are 
consistent with a hopping model of monomer exciton 
migration, in which excitons can migrate in a polymer 
film and both excimer-forming sites and guest molecules 
act competitively as exciton traps. From a lifetime 
quenching observed in PVCz film doped with perylene, 
Powell et al.2) has recently proposed a model containing 
dimer sites besides guest molecules and excimer-forming 
sites. Concerning an undoped PVCz film, Offen et al.3) 
suggested the presence of a dimer site as a result of 
measuring the fluorescence decay time of PVCz films at 
77 K. Klöpffer et a/.4) showed that the two different 
types of the spectra were observed in the prompt fluores­
cence and phosphorescence at 77 K, independent of the 
polymerization methods. 

Recently, we have ourselves revealed, from the N M R 
spectra and the glass-transition temperatures, that PVCz 
prepared by the cationic polymerization has a higher 
isotacticity than the PVCz prepared by the radical poly­
merization (PVCz (c) and PVCz(r) respectively).5) I t 
has also been reported that the difference in the tacticity 
of PVCz is reflected in the fluorescence spectra in fluid 
and rigid solutions and that the concentration of the 
second excimer site in a syndiotactic-rich polymer 
(PVCz(r)) is higher than that in an isotactic-rich poly-
mer(PVCz(c)).6) Therefore, it is of interest to investi­
gate how the difference in the tacticity of PVCz samples 
affects the singlet-excitation-energy migration. The 
studies of singlet-excitation-energy migration in vinyl 
polymer films with carbazolyl(Cz) chromophores widely 
spaced on the skeletal chains is of interest in connection 
with that of PVCz films. 

In the present research, we investigated the migration 
of the electronic-excitation energy in films of PVCz(r) , 
PVCz(c) , brominated PVCz(BPVCz) , poly[2-(9-car-
bazolyl) ethyl vinyl ether] (PCzEVE), and poly(9-

acryloylcarbazole) (PACz) ; in the latter two polymers, 
the Cz chromophores are widely spaced on the skeletal 
chains by - 0 - C H 2 - C H 2 - , and - C O - bonds respective­
ly. Dimethyl terephthalate (DMTP) or perylene was 
used as the guest molecule. In the case of perylene, the 
long-range resonant energy transfer is somewhat possi­
ble.2'7) However, the long-range resonant energy 
transfer from a Cz chromophore to a D M T P molecule is 
quite impossible, because D M T P has no absorption in 
the wavelength region where the fluorescence of the 
PVCz film is observed.7) Therefore, the D M T P is very 
useful in studying the phenomenon of the single-exciton 
migration. 

Exper imenta l 

The vinyl polymers (PVCz (r), PVCz(c), BPVCz, PCzEVE, 
and PACz) were prepared by the methods described previ-
ously.8,9> The DMTP and perylene were recrystallized twice 
from benzene and subsequently sublimed in vacuo. Doped 
films were cast onto quartz or Pyrex glass plates from a 
dichloroethane solution of the polymer containing a certain 
amount of the dopant and dried in vacuo. The thickness of 
the film was about 4 [xm for PCzEVE and about 7 [xm for 
the other polymers. 

The fluorescence spectra were measured with the apparatus 
described in a previous paper.8) The spectra at 293 K were 
measured for the coated plates in vacuo (0.1 Torr). The 
spectra at 77 K were measured for the coated plates immersed 
in liquid nitrogen. PACz films were excited by 315 nm light, 
and the others, by 335 nm light. 

For the fluorescence-decay time measurements, the samples 
were excited with a N2 gas laser. The sample fluorescence 
was chosen with appropriate glass filters before being detected 
by a biplanar phototube R 617. Responses from the photo­
tube were led to a Tektronix 475 oscilloscope, and the decay 
curve was photographed. 

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

Fluorescence Spectra of the Vinyl Polymer Films with Pendant 
Carbazolyl Groups. T h e fluorescence spectra of 
PVCz(r) and PVCz(c) films are shown in Figs. 1 and 2. 
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The difference in the spectra between PVCz(r) and 
PVCz(c) films observed at 293 and 77 K is similar to 
that observed in a fluid solution.6) Tha t is, the fluores­
cence intensity in the shorter-wavelength region of a 
PVCz(r) film is larger than that of a PVCz(c) film. 
Therefore, the emission band in the shorter-wavelength 
region was assigned to the second excimer fluorescence, 
and that in the longer wavelength region, to the sand­
wich-like excimer fluorescence. The fluorescence spectra 
of both polymer films were resolved into two individual 

Wavelength/nm 

400 450 

TABLE 1. THE INTENSITY OF THE SECOND EXCIMER 

FLUORESCENCE RELATIVE TO THE SANDWICH-LIKE 

ONE ( / S / / E ) AND THE QUANTUM EFFICIENCIES 

OF T H E HOST FLUORESCENCE ( T ] H ) 

26 24 22 20 

Wave number/103 cm - 1 

Fig. 1. Fluorescence spectra and the resolution spectra of 
PVCz(r) films at 293 and 77 K. 
(1) 293 K, (2) 77 K, (3) the component of the sandwich­
like excimer fluorescence at 293 K, (4) the component of 
the second excimer fluorescence at 293 K, (5) the com­
ponent of the sandwich-like excimer fluorescence at 77 
K, (6) the component of the second excimer fluorescence 
at 77 K. 

Wavelength/nm 

400 450 

Wave number/103 cm - 1 

Fig. 2. Fluorescence spectra and the resolution spectra 
of PVCz (c) films at 293 and 77 K. 
(1) 293 K, (2) 77 K, (3) the component of the sandwich­
like excimer fluorescence at 293 K, (4) the component 
of the second excimer fluorescence at 293 K, (5) the 
component of the sandwich-like excimer fluorescence 
at 77 K, (6) the component of the second excimer fluo­
rescence at 77 K. 

Host 

PVCz(r) 
PVCz(c) 
PVCz(r)a> 
PVCz(c)a> 
PCzEVE 
PACz 
BPVCz 

hlh 
0.083 
0.013 
0.93 
0.55 

— 
— 
— 

?)H 

0.045 
0.041 
— 
— 

0.10 
0.0002 
0.001 

a) At 77 K. 

bands. The resolution spectra thus obtained are also 
shown in Figs. 1 and 2. The intensity of the second 
excimer fluorescence relative to the sandwich-like exci­
mer one and the fluorescence yields are listed in Table 1. 

The presence of two kinds of emitting species in the 
fluorescence of PVCz(r) and PVCz(c) was also clarified 
by measuring the fluorescence decay curves of the poly­
mers. The fluorescence decay curves of both polymer 
films in air at 293 K are clearly two-component ( 2 0 ^ 3 
and 6 ^ 1 ns) in the shorter wavelength region, but one-
component ( 2 2 i 2 ns) in the longer wavelength region. 
T h e intensity of the short-lived component relative to 
the long-lived one for a PVCz(r) film in the shorter 
wavelength region is larger than that for a PVCz(c) 
film. Therefore, the long- and short-lived components 
correspond to the sandwich-like excimer fluorescence 
and the second excimer one respectively. Similar results 
were also obtained at 77 K ; the long- and short-lived 
components are 1 7 ^ 2 and 6 ^ 2 ns respectively. These 
decay constants are roughly in agreement with the 
values reported by Powell et al. (20 and 10 ns).2) T h e 
lifetime of the sandwich-like excimer fluorescence of 
PVCz films is shorter than that of PVCz in a fluid solu­
tion {ca. 40—42 ns)6-10-11) and that of a PVCz film ob­
tained by Offen et al. (43 ns).3) 

T h e fluorescence spectra of a PCzEVE film undoped 
and doped with D M T P are shown in Fig. 3. A PCzEVE 
film shows only a broad, structureless fluorescence spec­
t rum with a peak at ca. 26050 cm - 1 . The fluorescence 
decay curves in air are one-component in both the 
shorter and longer wavelength regions (4—5 and 10—11 
ns respectively). A two-component decay curve is ob­
served in the medium wavelength region. This fact 
indicates that the two kinds of emitting species are 
present in a PCzEVE film at 293 K. Although the 
fluorescence spectrum of a PCzEVE film at 77 K has the 
structure, it does not seem to be the monomeric fluores­
cence of a Cz chromophore because of the large Stokes 
shift (1540 cm- 1 ) . 

The fluorescence spectra of PACz and BPVCz films 
undoped and doped with D M T P or perylene are shown 
in Fig. 4. The fluorescence efficiency of a PACz film is 
extremely low (Table 1 ) because of the presence of the 
intersystem crossing from the lowest 1TZ, TI* state to the 
lowest 3n, n* state due to a carbonyl group. A PACz 
film shows a fluorescence spectrum consisting of two 
components. The spectra of PACz and BPVCz films 
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Wavelength/nm 
400 450 500 

Wavelength/nm 
400 450 500 550 

Wave number/103 cm - 1 

Fig. 3. Fluorescence spectra of PCzEVE films doped with 
DMTP at 293 K. DMTP concentration; (1) 0, (2) 
4.44x10-*, (3) 8.88x10-*, and (4) 1.18xl0-2 (mol/ 
CzEVE unit mol). Fluorescence spectrum of the un-
doped film at 77 K is also given by a dotted line (5). 

Wave number/103 cm - 1 

Fig. 4. Fluorescence spectra of PACz and BPVCz films 
at 293 K. PACz films; (1) undoped, (2) doped with 
DMTP (2.32Xl0-2 ACz unit mol). BPVCz films; 
(1) undoped, (2) doped with perylene (5.9 x 10 -3 mol/ 
mol basic unit). 

change rapidly under irradiation by an exciting light. 
Singlet Excitation Energy Transfer in the Vinyl Polymers 

with Pendant Carbazolyl Groups. The fluorescence 
spectra of PVCz(r) , PVCz(c) , and PCzEVE films doped 
with D M T P or perylene at 77 K are shown in Fig. 5. 
In the case of every polymer film studied at 293 and 77 
K, by the doping of D M T P or perylene, the host fluores­
cence decreases and is replaced by the exciplex or guest 
fluorescence. T h e exciplex is formed between D M T P 
and a Cz chromophore. As D M T P has no absorption 
in the wavelength region where the host fluorescence of 
these polymers is observed, the dipole-dipole resonance 
cannot be responsible for the energy transfer to a D M T P 
molecule.7) In fact, no decrease in the fluorescence 
lifetimes of PVGz(r) films upon doping of D M T P is 
observed. T h a t is, the fluorescence lifetimes in the 
shorter-wavelength region of PVCz(r) films doped with 
a small amount of D M T P (ca. 3 x 10~3 mol/mol basic 
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Fig. 5. Fluorescence spectra of PVCz(r), PVCz(c) and 
PCzEVE films doped with DMTP or perylene at 77 K. 
(1) PVCz(r) doped with DMTP (3.26 x 10~3 mol/VCz 
unit mol), (2) PVCz(c) doped with DMTP (3.02 X 10~3 

mol/VCz unit mol), and (3) PCzEVE doped with pery­
lene (1.15 X 10-4 mol/CzEVE unit mol). 

unit) are 1 7 ± 3 and 5 ± 2 ns at 293 K and 1 9 ± 2 and 
6 ± 1 n s a t 77 K. 

In the present case, therefore, the hopping model of 
monomer-exciton migration is applicable at 293 and 
77 K. We should consider the case of the presence of 
two kinds of traps (for example; the sandwich-like ex-
cimer-forming sites, cE [mol/mol basic unit] , and the 
second excimer sites, cs [mol/mol basic unit] , in the case 
of a PVCz film) in a way similar to the treatment in Ref. 
1. Then, the quenching factor of host fluorescence, 
Qn, is expressed by the following equations : 

Ô.H = (1H.O - *)H)A)H = 0.66w/[l + 0.66n(cE + cs)], 

n = nj(ne + «,) 

where ns, ne, and «i are the relative probabilities (per 
unit time) of jumping, radiative, and nonradiative 
decay, where 7)H,o a n d vjH are the quan tum efficiencies of 
the host fluorescence in the absence and in the presence 
of the guest molecule in a concentration of c [mol/mol 
basic uni t ] , and where n is the number of jumps during 
the lifetime without any trapping sites. The quenching 
factor of monomer fluorescence, Q,M, may be expressed 
by: 

&M = 0 . 6 6 H ( C E - K ) . 

In the present case, where no monomer fluorescence can 

be observed, Q,M]H- Therefore, 

ÛH = cl(cE + cs). (1) 

T h e ratio of the fluorescence intensities guest/host {loiIn) 
is: 

IQIIK = criai (<WQB + V)B) » (2 ) 

where y]G is the quan tum efficiency of the guest fluores­
cence in the host film under direct excitation. The 
relative intensity of the second excimer fluorescence to 
the sandwich-like excimer one is expressed by 

IJh = W ' E I E - (3) 

Although the experimental values of Q,H scatter a little, 
the measurement of Q,H at various concentrations of a 
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TABLE 2. ENERGY TRANSFER BY THE EXCITON-DIFFUSION PROCESS IN POLYMER FILMS AT 293 AND 77 Ka> 

Host 

PVCz(r) 
PVCz(c) 
PVCz(r)b> 
PVCz(c)b> 
PCzEVE 
PACz 

BPVCz 

Guest 

DMTP 
DMTP 
DMTP 
DMTP 
DMTP 
DMTP 

Perylene 

*]o 

0.043 
0.039 
0.17 
0.15 
0.034 
0.004 

0.27 

(c E +c s )x l0 3 

(mol/mol 
basic unit) 

2.7 
2.2 
3.5 
3.2 
0.45 

24e> 
(25)f> 
(19)*> 

n' 

370 
450 
290 
310 

2200 
42e> 

(40)f> 
(52)*> 

(4/V) 
xlO-3 

0.39 
0.37 
0.22 
0.23 
1.0 
0.08 

14 

^E% 
XlO6 

10 

(ll)c> 
40 
43 
— 
— 

— 

«Ma 
xlO 5 

0.83 
(0.11)c> 
37 
23 
— 
— 

— 

L/Âd> 

67 
74 
60 
63 
— 
— 

— 
a) The errors in (cE+cs) and n' are ± 5 % at 293 K and ± 1 0 % at 77 K. The error in (/G//Hc) is ± 3 % . b) At 77 K. 
c) The values are less reliable because of the large error in the Is obtained by a resolution of the host fluorescence 
spectrum, d) L^an'1/2, where L is the mean exciton migration length and a is the interchromophore separation 
(3.5 Â). e) The value were obtained from the value of QH) on the assumption that the fluorescence in the shorter and 
longer wavelength regions is emitted by some intrinsic trap site and an excimer respectively, f) The values were ob­
tained from the ratio of (/G//Hc), on the assumption that the fluorescence in the shorter and longer wavelength regions 
is emitted by a monomer and an excimer respectively, g) The values were obtained in a way similar to that used in 
the treatment in Ref. 1, on the assumption that the host fluorescence is emitted by one trap site. 

10 U i » ' ' ' i 1 I ' ' • 'i 

o.i' ' I ' ' n i _i—i—i i M I ] 
10" 10 -2 

DMTP concentration [mol/mol basic unit] 

Fig. 6. Ratio of fluorescence intensities guest/host IQ/IH 

(1) and quenching factor of host fluorescence Q.H (2) as 
a function of guest concentration for PVCz(c)-DMTP 
system at 293 K. 

guest gives the values of cE-\-cs according to Eq. 1. The 
measurement of IQ/IH at various concentrations of a 
guest gives the values of cEt}E and csiQs according to Eqs. 
2 and 3, using the values of >]G and /S/^E in Tables 1 and 
2. Figure 6 shows the bilogarithmic plots of Q,H or / G / / H 

thus obtained and c, as example, in the case of the 
PVCz (c ) -DM T P system. T h e values thus obtained are 
listed in Table 2. 

In the case of the PVCz(r) and PVCz(c) films, the 
values of £E+£s> ÊTQE, and cs?)s are obtained by the meth­
od mentioned above. T h e value of £E+£s at 293 K is 
nearly equal to the value of cE obtained by Okamoto 
et al. in a P V C z ( r ) - D M T P system, on the assumption 
that the host fluorescence is emitted only from the sand­
wich-like excimer.7) The value of cE+<?s is almost the 
same for a PVCz(r) film and for a PVCz(c) film. T h e 
number of Cz chromophores covered by an exciton dur­
ing the lifetime in the presence of t rap sites (abbreviated 

hereafter to ri) is nearly equal to the reciprocal of the 
concentration of the traps, [ 1 / ( £ E + £ S ) ] - This number is 
almost the same for a PVCz(r) film and for a PVCz(c) 
film. The value of CE?)E is almost the same for a PVCz(r) 
film and for a PVCz(c) film, while the value of csy]s for 
a PVCz(r) film is higher than that for a PVCz(c) film. 
I t can safely be considered that the fluorescence efficien­
cies of each fluorescence (TQE and y)S) of PVCz(r) are 
equal to those of PVCz(c) . Therefore, the concentration 
of the sandwich-like excimer sites (cE) in a PVGz(r) film 
is nearly equal to that in a PVCz(c) film. O n the other 
hand, considering that the value of CSY]S for a PVCz(c) 
film at 293 K is less reliable, the concentration of the 
second excimer sites (cs) in a PVCz (r) film is higher than 
that in a PVCz(c) film by a factor of about 1.6. This 
difference in the value of cs does not clearly appear in the 
value of cE-\-cs. This fact suggests that the value of cE 

is larger than that of cs in both films. 

The values of cEt]E for PVCz(r) and PVCz(c) films 
obtained at 77 K are larger than those obtained at 293 K 
by a factor of 4. I t may safely be considered that the 
values of T)E and Y)S for a PVCz(r) film change with the 
temperature in a manner similar as that for a PVCz(c) 
film. T h e value of cE is considered to be determined by 
the casting tempera ture(!Tcas t) of the film because of the 
high glass-transition temperature of PVCz. Therefore, 
this increase in the value of cEv\E seems to be caused by a 
change in the value of Y)E. O n the other hand, the value 
of csris obtained at 77 K is much larger than that ob­
tained at 293 K. This increase in cSY)S with a decrease in 
the temperature is too large to be caused only by an 
increase in yjs. The value of cs might be considered to 
vary apparently with the measuring temperature. In 
the previous paper, we have reported that the second 
excimer has a small binding energy.6) Therefore, this 
increase in CST)S might be explained by the assumption 
that the second excimer site is a shallow trap. Tha t is, 
the second excimer site acts more effectively as a trap at 
low temperatures. 

I t has been reported in a previous paper that the 
concentration of the trap sites for a triplet exciton in a 
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PVCz(c) film is somewhat larger than that in a PVCz(r) 
film.8) O n the other hand, as has been mentioned above, 
the concentration of the trap sites for a singlet exciton in 
a PVCz(c) film is nearly equal to that in a PVCz(r) film. 
This suggests that the conformation of intrinsic t rap sites 
is not necessarily the same for singlet and for triplet 
excitons. This explanation might be supported by the 
presence of a conformational difference between the 
singlet and triplet excimers of l ,3-di( l-naphthyl)pro-
pane.12) 

The migration frequency, k'mig, for the triplet exciton 
was estimated from the following equation: 

*mig = GA/a 

where a is the interchromophore separation and A is the 
migration coefficient; the coefficients have been tabu­
lated in Ref. 8. Assuming that «2 = 3.5 À, then k'mig = 
6 x l 0 3 and 3.3 x103 s-1 for PVCz(r) and PVCz(c) 
films. Therefore, the number of Cz chromophores 
covered by the triplet exciton during the lifetime (2rdf) 
are 600 and 330 for PVCz(r) and PVCz(c) films respec­
tively. Although the conformation of intrinsic t rap 
sites seems to be different for singlet and triplet excitons, 
the number of the Cz chromophores covered by both 
excitons in both PVCz films during the lifetimes ranges 
from 300 to 600 and the mean exciton diffusion length 
ranges from 60 to 80 Â. 

The fluorescence of a PCzEVE film is also emitted 
from two kinds of traps, as has been mentioned above. 
The value of cE-\-cs for a PCzEVE film is much smaller 
than those for the PVCz(r) and PVCz(c) films. This 
suggests that it is difficult for Cz chromophores to form 
intrinsic t rap sites because of the large distance between 
neighboring Cz chromophores. T h e value of ri for a 
PCzEVE film is expected to be smaller than the values of 
ri for PVCz(r) and PVCz(c) films, judging from the 
large distance between neighboring Cz chromophores. 
However, even in the case of a PCzEVE film, Q_y^>\, 
that is, the singlet exciton migration is limited by the 
intrinsic t rap sites. Therefore, the value of ri for a 
PCzEVE film is larger than that for a PVCz film by a 
factor of ca. 5. 

In the cases of the PACz and BPVCz films, the emit­
ting species of the host fluorescence are ambiguous. 
Judging from the profile of the fluorescence spectrum of 

a PACz film, the broad fluorescence band with a peak at 
ca. 25000 c m - 1 might be assigned to the excimer fluores­
cence. The fluorescence band in the shorter wavelength 
region might be attr ibutable to a monomer or to some 
intrinsic t rap site. The host fluorescence of a BPVCz 
film is considered to be emitted from some trap site. 
Irrespective of the treatments used to obtain the value of 
ri (Table 2), the values of ri for both polymer films are 
very small. This may be attributable to the short exci­
ton lifetime because of the enhanced intersystem crossing 
and the presence of extrinsic t rap sites(photoproducts 
and/or impurities introduced during a bromination 
reaction). 

The number of Cz chromophores covered by a singlet 
exciton during the lifetime was in the following order; 
P C z E V E > P V C z ( r ) * P V C z ( c ) > P A C z ~ B P V C z . 

This work was supported in par t by a Scientific 
Research Grant of the Ministry of Education. 

References 

1 ) W. Klöpffer, J. Chem. Phys., 50, 2337(1969). 
2) R.C.Powell and Q.. Kim, J. Lumin., 6, 351 (1973); 

G. E. Venikouas and R. C. Powell, Chem. Phys. Lett., 34, 601 
(1975). 

3) P. C. Johnson and H. W. Offen, J. Chem. Phys., 55, 2945 
(1971). 

4) W. Klöpffer and D. Fischer, J. Polym. Sei., Part C, 
40, 43 (1973). 

5) K. Okamoto, M. Yamada, A. Itaya, T. Kimura, and 
S. Kusabayashi, Macromolecules, 9, 645 (1976). 

6) A. Itaya, K. Okamoto, and S. Kusabayashi, Bull. 
Chem. Soc. Jpn., 49, 2082 (1976). 

7) K. Okamoto, A. Yano, S. Kusabayashi, and H. Mikawa, 
Bull. Chem. Soc. Jpn., 47, 749 (1974). 

8) A. Itaya, K. Okamoto, and S. Kusabayashi, Bull. 
Chem. Soc. Jpn., 49, 2037 (1976). 

9) K. Okamoto, A. Itaya, and S. Kusabayashi, Polym. J., 
7, 662 (1975); J. Polym. Sei., Polym. Phys. Ed., 14, 869 (1976). 

10) G. E. Johnson, J. Chem. Phys., 62, 4697 ( 1975). 
11) M. Yokoyama, T. Tamamura, M. Atsumi, M. 

Yoshimura, Y. Shirota, and H. Mikawa, Macromolecules, 8, 
101 (1975). 
12) P. C. Subudhi and E. G. Lim, J. Chem. Phys., 63, 5491 

(1975). 



January, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (1), 27—30 (1977) 27 
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The fundamental N-H stretching absorptions of twenty nine A^iV'-dialkyl thioureas were observed in dilute 
solutions. The observed frequencies were classified into five groups assignable to the out, three different types of the 
trans, and the eis forms. The steric hindrance between the bulky /-butyl group and the thiocarbonyl sulfur, which 
is larger than for iV,iV-dialkylureas, was suggested to cause the out form. Dialkylthioureas of RTUtB type seem to 
exist to a great extent in the trans-out conformation in solutions. It is suggested that it is not the N-H group with the 
bulky f-butyl group but the N-H group in the opposite part which is out of the skeletal plane. The energy difference 
between the out and the trans forms was found to be A / / = 4 3 0 ± 100 cal mol -1. 

A number of studies have been carried out to elucidate 
the rotational isomerism of secondary amides in solutions 
in connection with the backbone-structures of poly­
peptides and proteins.2 '3) I t was disclosed that the 
steric hindrance between two substituents and the C=X 
group (X = 0 or S) plays an important par t in the 
isomerism. 

O n the other hand, some infrared studies of N,N'-
disubstituted ureas (RUR') and -thioureas (RTXJR') 
suggested the presence of trans-cis isomerism in solu-
tions.2'4,5) The isomeric conformations were considered 
to be the trans-trans and the trans-cis conformations since 
the cis-cis conformation was unlikely on steric grounds. 
Nevertheless, percentages of over 50% of the eis form6) 
were estimated for the ureas with bulky groups; s-
D/BU4) and .y-DPhU.2) For the corresponding thioureas 
with the sulfur atom larger in effective size than the 
oxygen atom, .y-D^BTU5) and j -DPhTU, 2 ) the percent­
ages of the eis form were estimated to be approximately 
50 and 4 5 % , respectively. 

H H 
i i 

N N / \ / \ 
R C R' 

ii 
X 

trans-trans 

H R> 
i i 

N N 
/ \ / \ 

R C H 
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trans-cis 

R R' 
i i 

N N / \ / \ 
H C H 

n 
X 
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In systematic infrared studies on RUR' in solutions a 
correlation was found between the N - H frequencies and 
R and R', the presence of a very small amount of a form 
differing from the trans form in RUR' being confirmed 
with either one £-butyl group or two.7-10) From an 
examination of the infrared spectra of trialkylureas 
(DRUR') in solutions it was suggested that the different 
form has the N - H group out of the skeletal plane (the 
out form) owing to the steric hindrance between the 
bulky substituents and the C = 0 group.11) This neces­
sitates a re-examination of the study of RTUR'. 

The purpose of this study is ( 1 ) to examine the appli­
cability of our established correlation to RTUR', (2) to 
confirm an increase in the amount of the out form caused 
by the larger steric hindrance in RTUR' with a sulfur 
atom than that in the corresponding RUR' with an 
oxygen atom, and (3) to obtain information on the out 
form. 

Exper imenta l 

Twenty nine RTXJR' were prepared by the standard method 
(addition of ÄCNS to Ä'NH2).

12) The crude samples were 
purified by repeated recrystallization from suitable solvents. 
The purified samples were identified by their melting points 
and infrared spectra. Each sample was examined as a 10~3 M 
solution in CC14 (2 cm NaCl cell) and as a 10~2 M solution in 
CS2 and in CHC13 (2 mm NaCl cell). Solvents of spectro­
scopic grade were used. 

The spectrometer, the experimental conditions in the record­
ing of the spectra, and the calibration of band-positions were 
the same as given previously.7) The spectra at different 
temperature were obtained with an electrically-heated and 
beam-transparent box in which the sample and the reference 
cells were placed and adjusted to each light axis. 

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

Two fundamental N - H stretching bands from two 
N - H links should appear in the infrared spectra of 
RTUR' in the absence of rotational isomerism. How­
ever, in some spectra one or two extra bands are ob­
served suggesting the rotational isomerism in solutions 
(Fig. 1). We examined some possibilities of over- and 
combination tones, and of Fermi resonance13) for the 
extra bands. I t was concluded from observation of the 
solution spectra of deuterated compounds that the extra 
bands are really the N - H fundamentals, and from com­
parison of the solution spectra with the solid spectra that 
there may be a little or no effect of Fermi resonance in 
such dilute solution.14) We classified the observed bands 
into five groups, A—E, according to wave number 
(Table 1). 

The trans N-H Bands. Although the N - H bands 
of RTUR', as a whole, are lower by about 15 c m - 1 than 
those of RUR', three of the classified five groups, B, C, 
and D, correspond to the three groups characteristic of 
a substituent of the trans-trans RUR';7) the N - H group 
with a methyl group shows the highest frequency band, 
the group with other pr imary alkyl groups exhibits 
medium one,15) and the group with branched alkyl 
groups shows the lowest one. 

In connection with such a correlation it can be under­
stood that, for example, the two bands of MTU^B result 
from two different types of N - H group; the higher com-
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TABLE 1. N-H STRETCHING FREQUENCIES OF JVJJV'-DIALKYLTHIOUREAS IN GC14 SOLUTION (O.OOIM) 

ÄNHCSNHR' 
R R' RTUR' 

Frequency (cm-

B C D E 

CH3-
CH3-
CH3-
CH3-
CH3-
CH3-
CH3-
C2H5-
C2H5-
C2H5-
C2H5-
C2H5-
C2H5-
n-C3H7-
n-C3H7-
n-C3H7-
n-C3H7-
n-C3H7-
Î - C 3 H 7 -

ï'-C3H7-
z-G3H7-
z-C3H7-
£-C3H7-
n-C4H9-
z-C4H9— 
Î - C 4 H 9 -

j-C4H9-
j-C4H9— 
/-C4H9-

C H 3 -
C 2 H 5 " 
n-C 3 H 7 -

;-C3H7-

{-C4H9— 

5-C4H9-

/ -C 4 H 9 -

G 2 H 5 -

n -C 3 H 7 -
Î ' - C 3 H 7 -

Ï - C 4 H 9 -

*-C 4H 9-

*-C4H8-

n -C 3 H 7 -

s*-C3H7-

z-C4H9-

j - G 4 H 9 -

/ -C 4 H 9 -

*-C3H7-

H - C 4 H 9 -

*-C4H9-

*-C 4H 9 -

/ -C 4 H 9 -

f-C4H9-

*'-C4H9-

f-C4H9-

*-C 4 H 9 -

/ -G 4 H 9 -

/ -C 4 H 9 -

RNHCSNHM 

j - D M T U 

M T U E 

M T U P 

M T U i P 

MTUfB 
M T U J B 

M T U / B 

j - D E T U 

E T U P 

ETUzP 

E T U Î B 

ETU^B 

ETUfB 

5-DPTU 

P T U i P 

P T U i B 

P T U J B 

P T U / B 

s-DiYTU 

fPTUB 

Î P T U Î B 

Z P T U J B 

iPTUtB 

B T U / B 

s-DiBTU 

iBTVtB 

s-DsBTU 

sBTUtB 

s-DtBTU 

3468m 

3456m 

3458m 

3446m 

3456m 

3467m 

3446m 

3452s 

3445s 
3447sh 3436s 

3442s. b 
3450s 
3443s 
3450s 
3446w 

3435s 
3435s 
3433s 
3436s 
3432s 

3435s 

3423s 

3422s 
3422s 

3422s 

342 lsh 
3420s 

3422s.b 
3436s 

3431s.b 

343lsh 
3437sh 

3439s 

3422s 
3422s 
3423s 
3423s 
3421s 
3420s 
3423s 

3423s 
3421s 
3420s 
3418s 

3425sh 
341lsh 

* * 
3400sh 
3427sh 
3399sh 
3398sh 
3414sh 
3415sh 
3400sh 
3413sh 
3399sh 
3399sh 
3414sh 
3401sh 

* * 
* * 

3399sh 
3402sh 
340 lsh 
3399sh 
3399sh 

* * 
* * 

3400sh 
3400sh 

* * 

DM N, 

3500 

DiPN 

3400 crrf1 3500 3400 cm-

Fig. 1. The infrared spectra in the N-H stretching region 
of ÄTUM (the solid line) and DATUM (the broken line) 
in CC14. R: see the abbreviations in Table 1; cH: 
cyclohexyl. 

ponent resulting from the N - H group with the methyl 
group, and the lower component from the N - H group 
with the 5-butyl group. In the case of the RTUR' 
showing only one band, the two components from the 
two different types of N - H group may be closer than 
those in the above example, or may overlap each other, 
thus appearing as only one band. This is suggested by 
the fact that RTUR' with only slightly different com­
ponents such as M T U P (combinations of the B and C 
groups) give a band with lower apparent optical density 
and with larger half-intensity width than RTUR' with 
overlapped components such as j - D M T U (combinations 
of two groups belonging to the same type), as shown 
in Fig. 1. 

I t is concluded that these three kinds of bands origi­
nate from the trans form, and that the established trans-
correlation for RUR' is applicable to RTUR'. 

Out N-H Bands. Band A appears at the highest 
frequency and with medium or strong intensity without 
exception in RTUR' with a i-butyl group or groups. I t 
probably corresponds to the very weak band at 3469 
c m - 1 of s-DtBU,7) to the bands of RUtB which appear 
newly when the solvent is changed from CC14 to CH-
Cl3,

8> and to the 3478 cm" 1 band of BcUUtB, being 
assignable to the out form.11) I t is suggested that the 
larger X atom of RTUtB enhances the steric hindrance 
between substituent and C=X group in comparison with 
RUtB since band A of RTUtB appears always and more 
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strongly than the corresponding band of RUtB. 
Taking into account the N - H frequencies of URUR' 

higher than those of RUR',11) the spectra of DRTUR' 
(broken lines, Fig. 1) indicate that D M T U M exist com­
pletely as the trans form, while DzPTUM and D r H T U M 
exist completely as the out form. It is concluded that 
the assignment of band A to the out form is reasonable 
from a steric point of view. 

Out-of-plane N-H Group. The out N - H frequen­
cies seem to be sensitive to the opposite alkyl group, R, 
in RTUtB; RTUtB with R=M or iB being the highest in 
frequency, R=other pr imary alkyls medium, and R= 
branched alkyls the lowest. The situation was the same 
for all three solvents.16) M T U / B shows three bands 
and a shoulder E (Fig. 2). We assign band A = t h e out, 
B = t h e trans methyl, and D = t h e trans /-butyl N - H ab­
sorptions. Band B (the trans methyl) is considerably 
weaker than band D (the trans /-butyl), although in the 
absence of isomerism the trans methyl band of RUR'9) 
and of secondary amides17) have larger molar extinction 
coefficients than the other trans bands. 

J L 
3500 3400 cm-1 

Fig. 2. Solvent effects on the infrared spectra of MTU/B. 

By changing the solvent from CC14 to CHC13 the 
intensity of band A seems to increase at the expense of 
the weak band B (Fig. 2). T h e two bands were ob­
served to be temperature dependent but in the opposite 
direction to each other. Other RTUtB with R=E, P, 
iB, and B were expected to show bands C and D. How­
ever, band C did not appear even as a shoulder. The 
component of band C is considered to be weakened by 
the appearance of band A. 

From the facts mentioned above it is suggested that it 
is not the N - H group with the bulky /-butyl group but 
the N - H group in the opposite part that is predominant­
ly out of the skeletal plane, though this seems to be 
unlikely. However, the suggestion may have validity 
if we consider that it is not the bulkiness of the substi­

tuent attached to the one N - H group, R'f but that of the 
opposite substituents, DR, in DRUR' that plays an im­
portant role in the rotational isomerism.11) This can be 
interpreted in terms of the steric hindrance between the 
/-butyl group and the sulfur atom, and of the stronger 
electron-releasing inductive effect of the /-butyl group. 
The hindrance may weaken the resonance effect of the 
skeleton. While the inductive effect, which would be 
expected to increase the electron density on the nitrogen 
atom, may strengthen the double-bond character on the 
N - C link with the /-butyl group more strongly than that 
on the other N - C link. Accordingly, these effects 
would make only the N - H link with the R group out-
of-plane (the trans-out conformation). 

T h e amount of the trans-out conformation was roughly 
estimated from band-intensity da ta ; (R in RTUtB, %) 
M or iB, 60% ; E, P, or B, 70% ; iP or sB, 7 5 % ; and tB 
(=s-DtBTU), 9 0 % . 

Energy Difference. We carried out the analysis on 
the trans-out equilibrium using the 3452 (the out) and 
3418 c m - 1 (the trans) bands of J - D / B T U in CC14 (15.5— 
85.3 °C). Each band-intensity curve was in good agree­
ment with the corresponding Lorentz curve calculated 
for bands A and D except for a slight deviation on the 
lower frequency side of band D. T h e presence of band 
E (O. D. <0 .05) and the slope of the overtone band near 
3150 cm" 1 (O. D. < 0 . 0 2 at 3400 cm-1) were analyzed 
to give the deviation. The energy difference between 
the out and the trans forms was found to be A / / = 4 3 0 z b 
100 cal mol - 1 from area-intensity data ( A / / = 3 8 0 ± 1 0 0 
cal m o l - 1 from peak-intensity data) . T h e AH value is 
consistent with the value 5 0 0 ^ 2 0 0 cal m o l - 1 of Rao 
et a/.5) for the cis-trans forms estimated in the first N - H 
overtone region. 

Band E. Most of the spectra of RTUR' have this 
band as a shoulder. By examining the solution spectra 
at different temperatures and concentrations, band E 
was confirmed to be no associated band, being assignable 
to the N - H vibration from a certain form in a rotational 
isomer, probably the eis form. Despite some uncertainty 
in frequency the band of RTUR' with both pr imary 
alkyl groups is slightly higher than that of the other 
RTUR'. 

The authors wish to express their thanks to Mr . M . 
Watanabe for his assistance. 
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Photochemistry in the Adsorbed Layer. VIII. Lifetimes of Excited Alkyl 
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The photolyses as well as the absorption spectra of adsorbed 3-methyl-2-butanone and 3-methyl-2-pentanone 
have been investigated in the presence and absence of nitrogen monoxide. The Stern-Volmer relationship was ap­
plied to the decrease in the rate of photolysis caused by addition of nitrogen monoxide. From the results together 
with those for acetone, 2-butanone, and 2-pentanone, it has been concluded that in the adsorbed layer the more blue 
shifted, i.e., the more strongly hydrogen bonded to the surface OH groups a ketone molecule, the shorter the lifetime 
of its excited state. It has been found that the lifetime of the alkyl radical on the surface increases with the decrease 
in its ionization potential, leading to the decrease in the strength of its interaction with the surface. Special features 
of the photolysis in the adsorbed layer have been described for 3-methyl-2-butanone photolysis. 

In spite of its importance in many problems,1) photo­
chemistry in the adsorbed layer appears to be one of the 
most unexploited fields in photochemistry. We have 
investigated the photolysis of alkyl ketones such as ace­
tone, 2-butanone, and 2-pentanone adsorbed on porous 
Vycor glass, as regards general characteristics of the 
photochemistry in the adsorbed layer, e. g., the enhanced 
type I selectivity for the ketones having y-hydrogen 
atoms, the importance of the reaction of the geminate 
radical pairs formed in the primary process, and the 
contribution of surface O H groups to the photochemical 
reactions.2-8) Some information on the relative life­
times of the excited triplet states as well as the radicals on 
the surface has been obtained from the effect of the addi­
tion of nitrogen monoxide upon the photolyses. In the 
present work, similar studies have been extended to 3-
methyl-2-butanone and 3-methyl-2-pentanone in order 
to obtain more general information on the relative life­
times of those species as well as the characteristics of the 
photolysis of adsorbed alkyl ketones. 

Exper imenta l 

Materials. Commercial compounds (Tokyo Kasei Co., 
Ltd., Grade SG) were purified by means of preparatory 
chromatography, and then vacuum distilled bulb-to-bulb. 
Only those fractions were used which contained less than 0.5% 
impurity as determined by means of a vapor-phase Chromato­
graph equipped with a flame ionization detector and a poly­
ethylene glycol 1500 column. Porous Vycor glass (Corning, 
No. 746685-7930) was used as an adsorbent. 

Apparatus and Procedure. Details of the apparatus and 
procedure used in the photolysis in the adsorbed layer were 
reported.2-8) A conventional vacuum system was used in 
conjunction with a special quartz cell capable of studying the 
spectra and photolysis in the adsorbed layer. The specimen 
of porous Vycor glass, which had been heated in oxygen to 
remove carbonaceous impurities, was introduced into the 

cell and degassed at 500 °C for 7 h. After a certain amount of 
ketone had been adsorbed on the specimen, photolysis was 
carried out using an ultra high pressure mercury lamp without 
filter. Gas phase photolysis was carried out in a cylindrical 
quartz cell under the same irradiation conditions. The 
analytical system consisted of three traps and a modified Ward 
still. The gaseous products were separated by fractional 
distillation and analyzed by gas-chromatography using a 
flame ionization detector. 

The absorption spectra of adsorbed ketones were determined 
with a Hitachi EPS 3T type spectrophotometer, measuring 
transmission through the sample. A quartz cell was placed 
just before the photomultiplier in order to minimize scattering 
error. Another porous Vycor glass sample was pretreated 
under the same conditions in a separate cell and used as a 
blank in the reference beam. The spectra of the adsorbed 
ketones increased in intensity proportional to the amounts 
adsorbed without changes in relative intensity for the bands 
from 250 to 340 nm. 

R e su i t s 

Photolysis of Adsorbed 3-Methyl-2-Butanone. The 
major products in the gas phase photolysis of 3-methyl-
2-butanone (3-M-2-B) are propylene, propane, and 
hexane (Table 1). The following processes can be 
proposed9 '10) for the formation of these products. 

f-C3H7COCH3 + hv • f-C3H7 + COCH3 

^ f-C3H7CO + CH3 

i-Ô8H7 + *-C3H7 • C3H6 + C3H8 or C6H14 (2) 

where reaction ( 1 ) is a-cleavage of alkyl ketones (type I 
reaction) and reaction (2) is disproportionation or com­
bination reaction of isopropyl radicals. The rate of 
propylene formation is larger than the rate of propane 
formation. Such behavior was found by Zaha and 
Noyes9) who attributed it to the occurrence of the follow­
ing reaction. 

T A B L E 1. 

Adsorbed layera> 

Vapor phaseb ) 

RELATIVE YIELD OF PRODUCTS FROM PHOTOLYSIS OF 3-METHYL-2-BUTANONE AT 25°C 

C H 4 C 2 H 6 C 3 H 6 C 3 H 8 C4H1 0 C6H1 4 

0.005 0.001 10.9 88 .7 < 0 . 0 0 1 < 0 . 0 0 1 

0.015 6 .50 42 .1 24 .1 5.80 19.4 

a) Amount of adsorbed 3-methyl-2-butanone, 8.5 X 10"5 mol/g. Conversion per h, 12—15%. 
Irradiation time, 15—30 min. b) 3-Methyl-2-butanone pressure, 13.0±0.5 Torr. 
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R + Î - C 3 H 7 C O C H 3 RH + C3H6 + CH3CO (3) 

where R stands for any radicals formed in the pr imary 
processes. 

In the adsorbed layer photolysis the rate of propane 
formation is much larger and that of propylene forma­
tion much smaller as compared to the corresponding 
values in the gas phase photolysis. Previous works4'6) 
on the photolysis of adsorbed acetone or 2-pentanone 
show that methane or propane arises from hydrogen 
abstraction from the surface O H groups by methyl or 
propyl radicals as well as the disproportionation of the 
geminate radical pairs such as 

CH3 + CH3CO • CH4 + CH2GO. 

The reaction of alkyl radicals formed in the pr imary 
process with the ketone molecules hardly takes place. A 
similar situation would be expected for the propane and 
propylene formation from the photolysis of adsorbed 
3-M-2-B. Thus , it can be concluded that in the ad­
sorbed layer the contribution of reaction (3) to the 
propylene formation is negligible, most part of propylene 
arising from disproportionation reaction of the geminate 
radical pairs. I t should be noted that the amounts of 
the radical recombination products such as ethane or 
hexane are very small in the adsorbed layer. Such 
behavior is one of the general characteristics of the 
photolysis of adsorbed alkyl ketones.4) 

In contrast to 3-M-2-B, 3-methyl-2-pentanone (3-M-
2-P) undergoes the type I I as well as the type I reaction, 
since it has a y-hydrogen atom. The most significant 
feature of its photolysis in the adsorbed layer is a marked 
enhanced type I selectivity as compared to that in the 
gas phase photolysis. Details were previously reported8) 
(Table 2). 

Effect of the Addition of Nitrogen Monoxide upon Photoly­
sis. In order to study the nature of the excited 
states as well as the radicals formed in the photolysis the 
effect of the addition of nitrogen monoxide on the pho­
tolysis of adsorbed 3-M-2-B and 3-M-2-P has been inves­
tigated. I n the photolysis of the latter the rate of 
ethylene formation decreases with increase in the nitro­
gen monoxide pressure, levelling off to a constant value 
(Fig. 1). Considering the fact that nitrogen monoxide 
is an efficient triplet quencher, the amount of quench-
able reaction (57%) can be at tr ibuted to reaction from 
the excited triplet state with the remainder of the reac­
tion (43%) occurring from the excited singlet state. A 
similar nonquenchable fraction of the ethylene forma­
tion (44%) has been obtained with the photolysis of 
adsorbed 2-pentanone in the presence of nitrogen 
monoxide.2) 

The rate of propane formation from 3-M-2-B as well 
as that of butane formation from 3-M-2-P decreases 
markedly with increasing nitrogen monoxide pressure, 

NO Pressure, Torr 

Fig. 1. Effect of nitrogen monoxide upon the rates of 
photolyses of 3-methyl-2-butanone and 3-methyl-2-
pentanone adsorbed on porous Vycor glass. 
The amounts of 3-methyl-2-butanone and 3-methyl-2-
pentanone adsorbed were 7.5 x 10~6 and 8.5 x 10~6 mol/ 
g, respectively. During the photolysis nitrogen monox­
ide was somewhat consumed; It was confirmed, how­
ever, that the resulting pressure decrease did not affect 
the value of the constants A and B in the Stern-Volmer 
equation, a: Ethylene (3-M-2-P), b : propane (3-M-2-
B), c: butane (3-M-2-P). 

finally approaching zero around 0.10 Torr for propane 
and 0.06 Torr for butane, as expected from the action of 
nitrogen monoxide as a radical scavenger (Fig. 1). In 
addition to such scavenging action, the decrease in the 
rate of formation is caused by quenching of the excited 
states with nitrogen monoxide. 

D i s c u s s i o n 

The photolysis of adsorbed 3-M-2-B and 3-M-2-P in 
the presence of nitrogen monoxide is as follows. Reac­
tions (3) and (7) are included only in the case of 3-M-2-
P. 

P + hv 

ft. 

*P > 

*P 

*P 

*P 

*P 

3p 

ft> 

K 

ftisc 

• * P 

P + heat 

R + COR' 

G2H4 + GH3GOGH3 

P + hv' 

3P (isc) 

P + heat 

(1) 

(2) 

(3) 

(4) 

(5) 

TABLE 2. 

Absorbed layera> 
Vapor phaseb) 

RELATIVE 

C2H4 

14.1 
73.3 

YIELD OF PRODUCTS FROM THE PHOTOLYSIS OF 

C3H8 

4.12 
3.15 

C4H8 

3.19 
1.14 

C4H10 

72.6 
12.2 

3 - M E T H Y L - 2 -

C 5
H 1 2 

2.90 
4.18 

PENTANONE AT 

GeHi4 

3.12 
6.01 

25°C 

type I/II 

6.0 
0.35 

a) Amount of adsorbed 3-methyl-2-pentanone, 4.5 x 10~5 mol/g. Conversion per h, 10—15%. Irradiation 
time, 15—30min. b) 3-Methyl-2-pentanone pressure, 18.0^0.5 Torr. The selectivity of type type I was 
identified as follows; I / H = ( 0 C , + 0 C 4 + 0 C . + 0C.)/0C,H.-
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TABLE 3. VALUES OF A (zk9) AND B (r'k^) FOR NITROGEN MONOXIDE QUENCHING (M-1) 

Acetonea) 2-Butanonea> 3-Methyl-
2-butanone 2-Pentanonea> 3-Methyl-

2-pentanone 

0.054x10« 
0 .95x l0 5 

0.24x10« 
3 . 6 x l 0 5 

4.9x10« 
2 . 2 x l 0 5 

6.1x10« 
5 .5x10 s 

7.0x10« 

a) Ref. 2. 

NO Pressure, Torr 

Fig. 2. Stern-Volmer plots for products quenching in the 
photolyses of 3-methyl-2-butanone and 3-methyl-2-
pentanone adsorbed on porous Vycor glass, a ; Ethylene 
(3-M-2-P), b ; propane (3-M-2-P), c; butane (3-M-2-P). 

3p 

3 P 

3p 

*. 
R + COR' 

C2H4 + CH3COCH3 

3P + NO 

R + [H] -

R + NO -

R + R'CO 

P + hv" 

P + NO 

R H 

RNO Stabilized 

(6) 

(7) 

(8) 

(9) 

(10) 

(H) 

—• Recombination or 

disproportionation products (12) 

The a-cleavage from the excited singlet state (reaction 
2) can be neglected,2) since there exists a striking differ­
ence in the reactivity of the excited singlet and triplet 
states toward a-cleavage of alkyl ketones.11) Thus, the 
following quadratic Stern-Volmer equation is obtained 
by the steady state treatment for propane formation from 
3-M-2-B and butane formation from 3-M-2-P. 

doKl = (1 +^[NO])( l +5[NO]) (I) 

where A=k9l(k&+k6+k^+k8), £ = * n / ( [ H ] * 1 0 + [ R ' C O ] -
^12)- £ £ a n d (£0 a r e m e r a t e s of propane or butane for­

mation in the presence and absence of nitrogen monox­
ide, respectively. The plot of Q0IQ, against nitrogen 
monoxide pressure is shown in Fig. 2. Constants A and 
B for both ketones are so determined to give the best fit 
to the experimental curves2) (Table 3). Values of A and 
B for other ketones are also given in Table 3. 

In the photolysis of 3-M-2-P, ethylene is formed from 
the singlet as well as the triplet state. The following 
equation holds for the rate of ethylene formation from 
the triplet state, which is determined by subtracting the 
nonquenchable amount of ethylene formed with nitro­
gen monoxide present from the total amount of ethylene 
formed without nitrogen monoxide present. 

Q .o /£=(1+^ ' [NO]) (II) 

where Q, a n d Q0 are the rates of ethylene formation from 
the excited triplet state in the presence and absence of 
nitrogen monoxide, respectively. From the slope of the 
Stern-Volmer plot (Fig. 2) the value of A' is found to be 
5.2 X 105 1/mol, in agreement with that obtained from 
equation (I) . This supports the assumption that the 
formation of propane and butane from the excited 
singlet state can be neglected. 

Lifetime of Excited Ketone Molecules. The wave­
lengths of maximum absorption of (n, 71*) transition of 
adsorbed 3-M-2-B and 3-M-2-P together with the cor­
responding values of other ketones3) are given in Table 

4.0 5.0 6.0 7.0 8.0 

Blue Shift, nm 

Fig. 3. The relationship between values of A and blue 
shift. The blue shift was identified as follows; AE= 
(̂ max on Vycor glass) - (Amax in heptane), 
a; 2-Butanone, b ; 3-M-2-B, c; 2-pentanone, d; 3-M-2-P. 

TABLE 4. WAVELENGTHS OF MAXIMUM ABSORPTION OF ALKYL KETONES 

ADSORBED ON POROUS VYCOR GLASS AT 25 °C (nm) 

Acetone 2-Butanone 3-Methyl-
2-butanone 2-Pentanone 3-Methyl-

2-pentanone 

^max. o n vycor glass 
Amax. in heptane 

262.0 
276.5 

270.0 
278.0 

276.0 
283.0 

273.0 
279.0 

280.0 
284.5 
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TABLE 5. RELATIVE LIFETIME OF THE ALKYL RADICALS IN THE ADSORBED LAYER (M -1) 

Methyl Ethyl Propyl Isopropyl 

[Vol. 50, No. 1 

j-Butyl 

B (T '* U ) 

Relative lifetime 
0.054x10« 

1 
0.24x10« 

11 
4.9x10« 

1100 
6.1x10« 

2800 
7.0x10« 

6400 

4. The blue shift of the (n, n*) bands decreases in the 
order acetone >2-bu tanone >3-M-2-B >2-pen tanone > 
3-M-2-P. Values of A also decrease in the same order 
(Table 3). A linear relation exists between the values of 
A and blue shift (Fig. 3). The magnitude of A is mainly 
determined by the rate of radiationless deactivation k5, 
i.e., Ar5^>(A;6+A:7+A:8).

2) Thus, the results confirms the 
conclusion that the more blue shifted the ketone mole­
cule, i.e., the more strongly hydrogen bonded to the 
surface O H groups, the more efficient the radiationless 
deactivation (A;5).

2) 

I t is well-known12) that there is a marked difference 
between the excited and ground states in the geometry, 
e. g., the ground state of H C H O is planar , while in its 
excited singlet state the C O bond makes an angle of 20° 
to the CH 2 plane. According to the work of Iwata and 
Morokuma,13) the hydrogen bond energy of H C H O 
with water depends upon the geometry in its excited (n, 
7i*) state, i.e., the extent to which the excited state is 
non-planar. The Franck-Condon principle shows that 
the rate of radiationless decay depends upon the vibra­
tional overlap factor.14) I t seems obvious that the over­
lap factor is expected to be larger the larger the differ­
ences in geometry between the ground and excited 
states. One explanation is as follows. In going from 
acetone to 3-M-2-P, the extent to which the excited (n, 
7i*) state is non-planar would decrease in the adsorbed 
layer, as reflected in the decrease in the strength of the 
hydrogen bond with the surface O H groups. Such a 
change in the excited state geometry would affect the 
rate of the radiationless decay. 

Lifetime of Adsorbed Alkyl Radicals. Values of B 
(T'kn), including the corresponding values for other 
ketones obtained previously,3) are given in Table 5. 
Although it is expected that in the adsorbed layer the 
reactivity of the radicals differs from that in the gas 
phase,15) it seems difficult to at t r ibute such a large differ­
ence in the B values only to the difference in ^n.2 '5) I t 
can be concluded that the alkyl radical lifetime increases 
in the order methyl<ethyl<Cpropyl<Osopropyl<0-butyl 
radicals in the adsorbed layer. Assuming that the rela­
tive reactivity of nitrogen monoxide toward the radicals 
in the adsorbed layer is approximately equal to that in 
the gas phase,15) it is possible to estimate the relative 
lifetime of the radicals in the adsorbed layer as seen in 
Table 5. In the photolysis of adsorbed alkyl ketones 
the lifetime of alkyl radicals is mainly determined by the 
rate of recombination of the geminate radical pairs, klx, 
the magnitude of which is expected to depend upon the 
surface mobility of the radicals.6) 

According to the work of Garbut t and Gesser,16) the 
radicals are stabilized on the surface of porous Vycor 
glass by charge-transfer interaction where radicals play 
the role as electron-donors and the surface O H groups as 
electron-acceptors. In such cases it would be expected 
that the stabilization energy, i.e., the adsorption energy 

Fig. 4. The relationship between log (lifetime) and ioniza­
tion potential (LP.) of alkyl radicals.17) 
a: Methyl, b : ethyl, c: propyl, d: isopropyl, e: s-butyl 
radical. 

of the radicals, -Ë^ds decreases with increasing the ioni­
zation potential of the donors (radicals). The lifetime 
of the radical on the surface should increase with the 
decrease in its surface mobility, which will decrease with 
increasing adsorption energy of the radical. I t is con­
cluded that in the adsorbed layer the lifetime of the radi­
cal will increase with the decrease in its ionization poten­
tial, i.e., with increasing strength of its interaction with 
surface. The results shown in Fig. 4 confirm the conclu­
sion. 
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The Vibrational Spectra of Tetracyanothiophene 
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The polarized infrared and far-infrared spectra of the tetracyanothiophene (TCNT) crystals were recorded by 
means of the normal and oblique incidence of radiation upon the (001) and (20Ï) sample planes. The Raman spec­
tra of the powdered sample and of a saturated solution in acetonitrile or 1,2-dichloroethane were also obtained. The 
observed bands were experimentally classified into the symmetry species of the free molecule (the point group C2v) 
under the assumption of an oriented gas model. Assignments of the observed bands to individual fundamental 
vibrations were carried out with the aid of the spectral data of the analogous molecules and the normal coordinate 
analysis of the in-plane vibrations, which was made with a modified Urey-Bradley force field. 

Although a number of vibrational studies have been 
carried out on such fully conjugated tetracyano com­
pounds as tetracyanoethylene (TCNE), 1 - 7 ) 7,7,8,8-tetra-
cyanoquinodimethane (TCNQJ, 8 - 1 1 ) and 1,2,4,5-tetra-
cyanobenzene (TCNB),12>13> little attention has been 
paid to the heterocyclic tetracyano compounds. T h e 
present paper will deal with the vibrational spectra of 
tetracyanothiophene ( T C N T ) , which was first synthesiz­
ed and physicochemically studied by Simmons and his 
co-workers.14) 

T h e infrared and far-infrared spectra of the oriented 
crystals were measured with a polarized radiation inci­
dent, not only normally, but also obliquely upon the 
(001) and (20T) sample planes. From the results ob­
tained, the observed bands were classified into three in­
frared-active species—al5 hx and b2—of the free molecule 
(the point group C2v) under the assumption of an orient­
ed gas model. In order to distinguish the lattice vibra­
tions from the molecular vibrations, the far-infrared 
spectrum of the molten sample was also obtained. The 
R a m a n spectra were recorded of the powdered sample 
and of solutions in acetonitrile and in 1,2-dichloro-
ethane. T h e observed values of the depolarization 
ratios in the solutions confirmed the previous findings 
regarding the classification of the corresponding infrared 
bands into totally symmetric (a-^ and non-totally sym­
metric species. 

T h e assignments of the observed bands to individual 
fundamental vibrations were made with the aid of the 
spectral data of the analogous molecules and the normal 
coordinate analysis. The analysis of the in-plane vibra­
tions was carried out using a modified Urey-Bradley 
force field. The agreements between the observed and 
calculated frequencies were satisfactory. 

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

A sample of TCNT was prepared by the method of Simmons 
and his co-workers ;14> tetracyano-1,4-dithiin was heated up to 
215 °C in 1,2,4-trichlorobenzene, and the products were 
recrystallized three times from benzene and then sublimed. 
The colorless crystalline needles of TCNT thus obtained melted 
at 201—202 °C, while the literature value is 198—199 °C. 
The ultraviolet spectrum,14) the results of the elemental analy­
sis, and the X-ray diffraction pattern15) of this sample were 
identical with those previously reported. The infrared 
spectrum of the powdered sample was also the same as that 
previously reported,14) except for the 700-cm-1 band, which is 
much weaker in our spectrum. Since this band is considered 

to be due to a trace of impurities, it may be concluded that 
our sample is of a higher purity than that of Simmons and his 
co-workers.14) 

The thin, oriented crystals used for infrared measurements 
were prepared by the slow, careful cooling of molten samples 
sandwiched between two potassium bromide plates with a 
small temperature gradient. The oriented crystals for far-
infrared measurements were obtained in the same way between 
two quartz plates. The crystal structure of TCNT has been 
reported by Rychnovsky and Britton15) to be a monoclinic 
system, a = 13.42, £=6.56, c=7.07Â and £=137°, with a 
space group of Pa-Cs

2 with two molecules in a unit cell. The 
present X-ray diffraction studies showed that the crystal 
planes developed were either the (001) or (20Ï) plane, depend­
ing upon the degree of temperature gradient during the crystal 
preparations. 

The infrared spectra between 4000 and 250 cm - 1 were 
recorded on a Perkin-Elmer model 521 grating spectrophoto­
meter. For far-infrared measurements between 400 and 30 
cm -1, a Hitachi model FIS-3 vacuum grating spectrophoto­
meter was used. The spectrum of the melt in this region was 
obtained for a sample sandwiched between two silicon plates. 
In this measurement the double-chopping method was used 
to eliminate the emission from the heated sample. The 
polarization measurements in the infrared and far-infrared 
regions were made with the aid of wire grid polarizers of the 
silver bromide substrate and of the polyethylene substrate 
respectively. The Raman spectra of powdered sample and of 
saturated solutions in acetonitrile and 1,2-dichloroethane at 
60 °C were recorded on a Japan Electron Optics Laboratory 
model JRS-Sl spectrophotometer equipped with an Ar+ laser 
as a light source for excitation. A Glan-Thomson prism and 
polaroid were used for measurements of the depolarization 
ratios in the solutions. 

Select ion R u l e s a n d O b s e r v e d Spectra 

The T C N T molecule has been reported to have the 
C2V molecular symmetry.15) The selection rules for the 
free molecule and for the molecules in the crystal are 
given in the correlation diagram of Table 1. The 
vibrations belonging to the ax and b 2 species are of the 
in-plane mode, while those belonging to the a2 and hx 

species are of the out-of-plane mode. Table 1 shows 
that each vibration of the free molecule splits in the 
crystal into two modes, which are both Raman- and 
infrared-active, and that there are nine lattice vibra­
tions-three translational and six rotational. 

The infrared spectra of the T C N T crystals obtained 
with the polarized radiation incident normally upon the 
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TABLE 1. CORRELATION DIAGRAM AND SELECTION RULES'1' OF TCNT 

Molecular group 
Co„ 

Site group 
Cx 

Factor group 

12 a i (R ,pandIR, Mz
b>)-

5 a2 (R, dp)-
5 b! (R, d p a n d I R , Mx

b>)— 
11 b2 (R, dp and IR, My

b>)— 

66 A 

-33A' (R and IR, Afac) 
(t+3r)c> 

-33A" (R and IR, Mh) 
(2t+3r)c> 

a) R, Raman-active; IR, infräred-active; p, polarized; dp, depolarized, b) For the molecular fixed 
axes x, y, and z, see Fig. 5. c) t, translational ; r, rotational. 

2500 500 2000 1500 1000 
Wavenumer, cm - 1 

Fig. 1. Polarized infrared spectra of TCNT crystals 
obtained on normal incidence of radition upon the (001) 
plane [A] and the (20Ï) plane [B]. 

•: Electric vector parallel to the b axis. 
: Electric vector perpendicular to the b axis. 

(001) and (20T) planes are given in Figs. 1A and IB 
respectively. The solid lines refer to the orientation of 
the electric vector parallel to the b axis, while the broken 
lines refer to the electric vector perpendicular to it. T h e 
fact that the factor-group splitting is scarcely observed 
in Fig. 1 suggests that the effects of the crystal field on 
the molecular vibrations are small. T h e agreement 
between the two solid lines in Figs. 1A and IB is fairly 
good, as expected, except for the relative intensity of the 
band at 1695 cm - 1 , which may be due to impurities. 

Although it is generally known that the observed 
bands can be classified into three infrared-active species— 
a l5 b l 5 and b2—by examining the dichroism in Figs. 1A 
and IB, there often appear some ambiguities which are 
due to imperfections in the crystals as well as to experi­
mental errors. To avoid these ambiguities, additional 
experimental data were introduced by the use of the 
tilting method, in which the sample plane was rotated in 
turn by certain angles about the b axis, and the polariz­
ed radiation with the electric vector parallel to the ac 
plane was incident upon the sample plane. The change 
in the relative intensities of the infrared bands of the 
a l5 bv and b 2 species with the change in the tilting angle 
was calculated from the crystal data15) under the as­
sumption of an oriented gas model. T h e results are 
given by the solid (aa), broken (bj), and dotted (b2) lines 
in Fig. 2 as a function of the angle, 0, between the a axis 

(001) (201)-

Fig. 2. Relative intensities of the infrared bands as a 
function of the angle 0 between the a axis and the electric 
vector of the polarized radiation. 
Q : 1512, O : 1443, A : 1406, # : 1233, A= 604, x : 504 
cm - 1 band. 

and the electric vector of the polarized radiation. The 
angles are measured in terms of the rotation which trans­
fers the a axis to the c axis through the obtuse angle. 

Experimental data were obtained from the samples of 
both the (001) and (20T) planes. The normal incidence 
of the polarized radiation upon the (001) and (20T) 
planes gives the data a t 0 = 0 ° and 0 = 72.3° in Fig. 2 
respectively. The peak intensities of the bands obtained 
at various angles of 0 for the (001) sample were normal­
ized in such a way that the observed intensities at 0 = 0 ° 
fit into the corresponding calculated values. The same 
normalization of the observed intensities was carried out 
on the basis of the values calculated at 0 = 72.3° for the 
(20T) sample. By the use of both the (001) and (20T) 
planes, experimental data could be obtained over a wide 
range of 0, from —30° to 100°. Although there are 
some departures of the experimental values from the 
calculated curves, a glance at the overall 0-dependence 
of the experimental values leads to unambiguous classifi­
cations of the most observed bands into the three in­
frared-active species. The results of this examination 
are summarized in Table 2. 

Figures 3A and 3B represent the far-infrared spectra 
of the T C N T crystals recorded on the normal incidence 
of radiation upon the (001) and (20T) planes respec­
tively. The solid lines refer to the orientation of the 
electric vector parallel to the b axis, while the broken 
lines refer to the electric vector perpendicular to it. T h e 
agreements between the two solid lines in Figs. 3A and 
3B are good. Figure 3C is the spectrum of T C N T in the 
molten state. T h e bands at 90, 83, 76, 74, 54, and 36 
c m - 1 in Fig. 3A or 3B disappear in Fig. 3C, suggesting 
that they are due to lattice vibrations. We observe 
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Crystal 

2258 sa> 
2247 s 
2239 vs 

2224 s 
2196 sh 
1695 w 

1512 s 
1443 m 
1406 w 
1303 w 

1233 m 
1152 vs 

983 s 
977 sh 

916 m 

896 m 
874 m 
859 w 

820 w 
796 m 
770 m 

7031 
698J w 

604 s 

530 s 
524 sh 
504 w 
487 vs 
481 s 
464 s 
436 m 
428 sh 
410 s 

374 w 

342 vw 
332 vw 

2261 m 

2 2 3 j m 

1881 
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146 m 
128 s 

125 s 
118s 
113 vs 
90 vw 

83 m 
76 w 
74 m 
58 w 
54 sh 

46 vw 
36 vw 

Infrared 

Melt 

218 m 

168 vs 

120 vs 

96 s 

57 w 

Jirc 

T A B L E 2. 

Species 

b» 

a i 

b 2 

a i 

a i 

b 2 

a x 

a x 

b 2 

b 2 

a i 

b 2 

a i 

a i 

a x 

b 2 

a i 

b 2 

a i 

b 2 

b 2 

b i 

b 2 

bx 

bx 
ai 
a i 

ax 

b 2 

a i 

bx 

b 2 

bx 

ax 

bx 

b 2 

ax 
ax 

A " 

A ' 

A ' 

A " 

ax 

A " 

bx 

A ' 
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INFRARED AND 

Powder 

2247 sh 
2242 vs 

2232 vs 

1510 w 
1444 vs 
1408 vs 

1232 m 

1153 w 

913 w 
900 w 

777 vw 

700 vw 

606 m 

525 s 
504 m 

484 m 

464 sh 

432 w 

411 w 

373 vw 

222 w 

184 w 

144 sh 

126 vs 
118sh 

76 sh 

59 vs 

48 sh 
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1444 vs 
1406 vs 

1232 m 
1154 w 

897 sh 
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485 w 
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467 sh 
430 w 

428 w 
411 w 

220 w 

T C N T 

Depolarization 

d p 

P 

d p 

P 

P 

d p 

P 

P 

d p 

P 

d p 

dp 

P 
P 

P 
dp 

P 

d p 
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Assignment1^ 

Via 

»1 

Vu 

»2 

Vlü+V17 = ' 

Via 

v3 

Vi 

v7 +v1H= 

Vu 

v& 

Vn 

Vu+v26= 
v3 -v7 = 

v6 

v-, +v21= 
Vj +VW = 
vn-v9 = 

va +vw= 
Vis 

vs + v 2 2 = 

v2i 

Vit 

v7 

vs +v2S= 
V25 

v« - v 9 = 

Vs 

2 v 2 2 = 

y2o 

v% 

V*ß 

V21 

^xo 

v 2 2 

v21 

Vs - ^ 1 0 = 

v^-vs = 
V23 

I ' l l 

^12 

v-i - v s = 

Vis 

2216 

1299 

9 7 9 

9 1 9 

8 6 7 

8 5 7 

8 2 2 

796 

6 8 7 

511 

4 8 7 

4 4 6 

132 

141 

61 

1 

a) The relative intensities of this column refer to those of the powder bands, because those of the crystal bands 
depend largely upon the direction of the electric vector of polarized radiation, b) See Tables 3 and 4. 
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A(OOI) 

r-jj 

B(20l) 

/ . . . À 

C(Melt) 

y-^ Cy/f 
7\\ f\f 
i / \ V" \ / ' 
V V / \ À / < 
V V VV; 

V 

. . . i • i • • i , .1 __i . i . . 

250 2 0 0 150 100 50 

W a v e n u m b e r , cm' 

Fig. 3. Polarized far-infrared spectra of TCNT crystals 
obtained on normal incidence of radition upon the (001 ) 
plane [A] and (201) plane [B]. 

•: Electric vector parallel to the b axis. 
: Electric vector perpendicular to the b axis. 

[C] Far-infrared spectrum of TCNT in the molten state. 

some frequency shifts of the bands with the phase change 
from crystal to melt. As is apparent from Table 1, the 
lattice bands at 90, 74, and 54 cm- 1 , found only in the 
solid lines of Figs. 3A and 3B, are to be assigned to the 
A" vibrations of the factor group, while the bands at 83, 
76, and 36 cm - 1 , found only in the broken lines, are to 
be assigned to the A ' vibrations. The classification of 
the far-infrared bands due to molecular vibrations into 
the respective species was also made by means of the 

in dichloroethone 
Mi— 

in ocetonitrile 
J i L 

-4- JK-J \-M 
2500 2100 500 1500 1000 

Wavenumber, cm - 1 

Fig. 4. [A] Raman spectra of TCNT in acetonitrile and 
in 1,2-dichloroethane. Bands marked with the arrow 
are due to solvents. 

•:/„, :IX. 
[B] Raman spectrum of TCNT powder. 

tilting method mentioned above. These results are 
given in Table 2. In this low-frequency region the 
factor-group splittings are observed at 226 and 223 cm" 1 

and at 188 and 181 cm- 1 . 
Figure 4A represents the R a m a n spectra of the aceto­

nitrile and the 1,2-dichloroethane solutions of T C N T . 
T h e bands marked with arrows are solvent bands. The 
solid and broken lines give the spectra of R a m a n scat­
terings with the electric vector parallel and perpen­
dicular to that of the exciting light respectively. T h e 
observed values of the depolarization ratios confirmed 
the previous results regarding the classification of the 
corresponding infrared bands into the totally symmetric 
(aj) and non-totally symmetric species (bj and b 2) , as is 
seen in Table 2. The R a m a n spectrum of the powdered 
sample is also given in Fig. 4B and Table 2. 

A s s i g n m e n t s 

In order to make the assignments of the observed 
bands to the individual fundamental vibrations, the 
following examinations were carried out besides the 
discussions in the previous section : (a) a comparison of 
the spectral data with those of the partly analogous 
molecules, such as TCNE, 1 - 7 ) TCNQ,,8-1 1) TCNB,12>13) 
thiophene16) and the bis(maleonitrile dithiolato) Ni(II) 
anion,17) and (b) the normal coordinate analysis of the 
in-plane vibrations mentioned in the next chapter. In 
the following discussions, the mean values of the infrared 
frequencies of the crystal and R a m a n frequencies of the 
powder are used as the observed frequencies when both 
were found. 

The assignments of the <xx bands at 2247, 2228, 1444, 
1407, 1153, and 525 c m - 1 and of the b 2 bands at 2258, 
2241, 1511, 1233, 983, 530, 223, and 126 cm" 1 were 
straightforward. 

T h e a! fundamental band v6, mainly due to the C - C 
stretching vibration, can be expected around 900 c m - 1 

by the normal coordinate analysis. Both the infrared 
bands at 916 and 896 cm- 1 , which have been determined 
by the tilting method to belong to the ax species, are 
assignable to this vibration. Of the corresponding 
R aman bands in the solution, the low-frequency one a t 
897 c m - 1 (900 c m - 1 for the powder) was found to be 
polarized, although the high-frequency band (913 c m - 1 

for the powder) could not be observed because of the 
band overlap with the strong solvent band. Further­
more, in the process of the normal coordinate analysis, 
where the refinement of the force constants was carried 
out to get a better agreement between the calculated 
and the observed values for the above-mentioned four­
teen bands which were assigned without ambiguities, it 
was found that the calculated frequency of the v9 vibra­
tion showed a tendency to decrease to ca. 900 c m - 1 . 
Therefore, the 898 cm" 1 band (on the average) was 
assigned to this vibration, and the 915-cm - 1 band, to the 
combination tone [ ^ ( a ^ — » ^ ^ ) = 9 1 9 c m - 1 (ax)]. 

T h r b 2 fundamental band v18 is thought to be present 
between 900 and 750 cm - 1 . In this region, three infrared 
bands at 874, 820, and 770 cm" 1 were found to belong to 
the b 2 species. Since, however, only one R a m a n band 
was observed at 777 cm - 1 , corresponding to the infrared 
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band at 770 cm - 1 , this band (774 c m - 1 on the average) 
was assigned to the v18 vibration, and the 874- and 820-
c m - 1 bands, to the combination tones [v7(a1)+v2 1(b2) = 
867 cm- 1 (b2) and *'16(b2)-*>9(a1)=822 c m - 1 (b2) re­
spectively] . 

In the region from 500 to 400 cm"1 , two ax fundamen­
tal bands, v8 and v9 are to be expected. Apparently, 
four infrared bands of the ax species and four correspond­
ing polarized Ra man bands were found in this region. 
Since there is no further experimental evidence on the 
basis of which to choose two of them as the fundamen­
tals, the assignments were carried out by reference to the 
tendency of the calculated frequency variation found in 
the refining process of the normal coordinate analysis, as 
has been mentioned above. Thus , the 464- and 411-
c m - 1 bands (on the average) were assigned to the v8 and 
v9 vibrations respectively. T h e 483-cm - 1 band (on the 
average) was attributed to the combination tone [v6-
(ax) — v9(ax) = 4 8 7 c m - 1 ( a ^ ] , and the 434-cm-1 band 
(on the average), to the overtone [2v2 2(b2)=446 c m - 1 

(ai)] . 
T h e b 2 fundamental band v20, mainly due to the G-G= 

N deformation vibration, can be expected in the same 
frequency region. Since only one infrared band of the 
b 2 species and the corresponding depolarized R a m a n 
band were observed in this region, this band (430 c m - 1 

on the average) was ascribed to the v20 fundamental 
vibration. 

The ax fundamental band v10, mainly due to the C=C-
S bending vibration, and the b 2 fundamental band v2X, 
mainly due to the C=C-C (ring) bending vibration, are 
to be expected between 400 and 300 c m - 1 . Only two 
infrared bands, at 342 and 332 c m - 1 , were observed in 
this region, except for the 374-cm - 1 , which belongs to the 
b x species. Therefore, these bands were assigned to the 
v21 and v10 vibrations respectively, although they are very 
weak. 

In the region from 150 to 100 c m - 1 , three infrared 
bands of the a.x species were observed at 146, 118, and 
113 cm- 1 . Correspondingly, two R a m a n bands were 
seen at 144 and 118 c m - 1 ; the latter seemed to include 
two components. By referring to the normal coordinate 
analysis, the 118- and 113-cm-1 bands were assigned to 
the vxl and v12 vibrations respectively. T h e 145-cm - 1 

band (on the average) was at tr ibuted to the combination 
tone O^aj )— v10(a1) = 132 cm" 1 ( a ^ j . 

A weak infrared band of the a.x species was observed 
at 58 c m - 1 for the crystal and at 57 c m - 1 for the melt, 
suggesting that it is due to the molecular vibration. 
Correspondingly, a very strong R a m a n band was ob­
served at 59 c m - 1 for the powdered sample. Since, 
however, no fundamental vibration belonging to the ax 

species was expected in this low-frequency region, it was 
assigned to the difference band [v7(a1)—v8(a1)=61 c m - 1 

(aj)]. T h e strong intensity of the R a m a n band may be 
interpreted in terms of the overlap with the lattive vibra­
tion band. 

In the region lower than 700 cm - 1 , seven infrared 
bands of the hx species were observed at 604, 504, 487, 
374, 185, 128, and 46 c m - 1 , while five hx out-of-plane 
fundamentals (v2i—»>28) were expected. Almost all of 
these infrared bands had corresponding R a m a n bands. 

The assignments of these bands were carried out tenta­
tively by comparison with the spectral data of the analo­
gous molecules. T h e 605- and 374-cm - 1 bands (on the 
average) were assigned without ambiguity to the v24 

(C-S torsion) and v2% (C-C=N deformation) vibrations 
respectively. 

Either one of the infrared bands at 504 and 487 c m - 1 

can be expected to be the fundamental C-C=N deforma­
tion band v25. T h e corresponding depolarized Raman 
bands were observed at 503 and 485 c m - 1 for the solu­
tion (504 and 484 c m - 1 for the powder). Since the 
infrared band at 487 c m - 1 was very much stronger than 
that at 504 cm - 1 , while the two R a m a n bands had 
nearly the same intensities, the 486-cm - 1 band (on the 
average) was assigned to the v25 vibration, and the 504 
c m - 1 band, to the combination tone [v8{a1)-{-v28(hl) = 
5 1 1 c m - 1 (bj)]. 

Although one fundamental vibration, v21, is thought to 
appear in the region from 200 to 100 cm - 1 , two infrared 
bands of the bx species were observed at 185 c m - 1 (the 
means value of the factor group splitting) and 128 cm - 1 . 
The former band was found to remain in the melt (168 
c m - 1 ) , while its corresponding R a m a n band was ob­
served a t 184 cm- 1 . For the latter band, however, the 
presence of an infrared band in the molten state and of a 
R aman band was not certain. Thus, the 185-cm - 1 

band was assigned to the v21 vibration, and the 128-cm - 1 

band, to the combination tone [^ (b^—v 8 (a 1 ) = 141 
c m - 1 ( D l ) ] . 

The lowest out-of-plane fundamental vibration, v28, 
seems to appear below 100 cm - 1 . T h e weak infrared 
band was observed at 46 c m - 1 for the crystal in both the 
solid and broken lines of Figs. 3A and 3B. Although 
the band could not be observed for the melt, the above 
fact may suggest that this is due to molecular vibra­
tion, because the lattice vibration should appear in 
either the solid or broken line. Furthermore, the use of 
the tilting method seemed to show that the crystal band 
at 46 c m - 1 belonged to the hx species. Thus, this band 
(47 c m - 1 on the average) was assigned to the v28 vibra­
tion. T h e corresponding R a m a n band was found at 
48 cm - 1 . No R a m a n bands assignable to the five a2 

out-of-plane fundamentals were observed. 

T h e observed infrared and R aman bands which have 
not been discussed yet were assigned to the overtone and 
combination tone according to the experimental results 
regarding the classification of the bands. The results of 
the discussion in this chapter are summarized in the last 
column of Table 2. T h e frequencies of the in-plane and 

bond-stretching angle- bending 

Fig. 5. In-plane internal coordinates of TCNT. 
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Symmetry 
species 

* i Vi 

»2 

»3 

v* 
^5 

^ 
^7 

^8 

^9 

*10 

Obsda> 
freq. 

(cm-1) 

2247 
2228 
1444 
1407 
1153 
898 
525 

464 

411 
332 

TABLE 3. 

Calcd 
freq. 

(Initial) 

2318 
2314 
1513 
1411 
1214 
919 
531 

505 

470 
315 
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IN-PLANE FUNDAMENTAL VIBRATIONS OF TCNT 

Calcd 
freq. 

(Final) 

2245 
2242 
1445 
1409 
1150 
894 
525 

461 

411 
332 

Dev.b) 
(%) 

- 0 . 1 
0.6 
0.1 
0.1 

- 0 . 3 
- 0 . 4 

0.0 

- 0 . 6 

0.0 
0.0 

P.E.D. (%)c>d> 

C=N (II) stretch. (73) 
C=N (I) stretch. (74) 
C=C stretch. (71) 
C-C (ring) stretch. (44) 
C-S stretch. (44) 
C-C (I) stretch. (27) 
C-C (II) stretch. (31), C-S stretch. (26) 

C-GsN(I) deform. (27), g>C-CN deform. (26) 

C-C=N(II) deform. (34) 
C=C-S bend. (39) 

Vu 

Vl2 

118 

113 

»!• 

774 

530 

135 

123 

124 

107 

* ia 

*14 

*15 

^16 

vvt 

2258 
2241 
1511 
1233 
983 

2319 
2313 
1551 
1247 
1059 

2245 
2242 
1509 
1231 
986 

897 

541 

773 

529 

5.1 

- 5 . 3 

- 0 . 6 
0.0 

- 0 . 1 
- 0 . 2 

0.3 

- 0 . 1 

- 0 . 2 

^20 

^21 

^22 

^23 

430 
342 
223 
126 

491 
387 
251 
126 

449 
342 
221 
118 

4.4 
0.0 
0.9 

- 6 . 3 

C-G=N(I) deform. (53), g>C-CN deform. (37) 

jj>C-CN deform. (47), C-G=N(II) deform. (46) 

C=N(II) stretch. (76) 
G=N(I) stretch. (76) 
C=C stretch. (63) 
C-C (I) stretch. (29), C-S stretch. (27) 
C-C (II) stretch. (41), C-S stretch. (29) 

^>C-CN deform. (37), G-G(I) stretch. (31) 

^ C - C N deform. (35), C-S stretch. (34) 

C-C=N(II) deform. (28) 
C=C-C (ring) bend. (39) 
C - C E N ( I ) deform. (40), C-G=N(II) deform. (37) 
G-GsN(I) deform. (30), C-C=N(II) deform. (29) 

a) The mean values of the frequencies are cited whenever both the infrared band of the crystal and Raman 
band of the powder are observed or when factor group splitting occurs, b) Dev.= 100 [v (Calcd)—y(Obsd)]/ 
v(Obsd). c) Only contributions greater than 25 per cent are included, d) The mark (I) refers to the C2-
C6=N10 and C3-C7=NU groups, and (II), to the C4-C8=N12 and C5-C9sN13 groups (see Fig. 5). 

out-of-plane fundamentals are listed in Tables 3 and 4 
respectively. 

N o r m a l Coordinate Ana lys i s o f 
In-plane Vibrat ions 

Wilson's GF matrix method18) was used for the normal 
coordinate analysis. T h e numerical calculations were 
carried out with the aid of a F A C O M 230-75 digital 
computer of Kyoto University Data Processing Center. 
The internal coordinates of T C N T are given in Fig. 5. 
The equilibrium bond lengths and bond angles adopted 

TABLE 4. OUT-OF-PLANE FUNDAMENTAL 

VIBRATIONS OF TCNT 

Symmetry 
species 

Observed 
frequencya) 

(cm"1) 
Assignment b) 

b x v24 

^25 

^26 

^27 

^28 

a) See footnote a 
Table 3. 

605 
486 1 
374 J 
185] 

47 J 
of Table 3. 

C-S torsion 
C - C E N (I and II) 

deformation 

g>C-CN and ^>C-CN 

deformation 

b) See footnote d of 

are the mean values of those determined by Rychnovsky 
and Britton:15) / 1 ° = / a ° = 1 . 7 1 A, / 8

0 = / 4 ° = 1 . 3 7 A, /6° = 
1.40 A, /6 = / 7 = / 8 = / 9 = 1 . 4 1 A, /10 =lu —/i2 = 
/ U ° = 1 . 1 7 A , a i ° = 8 9 . 1 0 a 2 ° = a 3 ° = 114.0°, a 4 ° = a 5 ° = 
111.3°, a e ° = a 7

0 = 1 2 1 . 4 ° , a 8 ° = a 9 ° = 124.6°, ^ 0 ° = ^ ! ° = 
125.4° and a 1 2 ° = a 1 3 ° = 123.3°. Furthermore, a14° = 
a 1 5 ° = a 1 6

o = a 1 7
o = 1 8 0 ° are assumed for the sake of 

simplicity. 
As the potential function for the in-plane vibrations, 

the modified Urey-Bradley force field (mod. UBFF) 
given by: 

2F(mod. UBFF) = 2F(UBFF) + 2a(A/3A/6 + A/4A/6) 

+ CÇ(A? f )
2 +2C' | ] (Afc ) f t 

was used. Here, qi is the equilibrium non-bonded 
distance between C6 and C8 atoms and between C7 and 
C9 atoms. F(UBFF) consists of terms with five bond-
stretching, seven angle-bending, and six non-bonded 
repulsion force constants; those constants are listed in 
the first column of Table 5. The force constant a is the 
coefficient of the cross terms between C=C and C - C 
(ring) stretching coordinates; it is introduced to take 
account of the presumed resonance interaction in the 
thiophene ring. The constant C is the coefficient of the 
eis non-bonded repulsion terms between two carbon 
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TABLE 5. FORCE CONSTANTS815 (mdyn/Â) OF TCNT 

K (C-S) 
K (C-C) 
K (C=N) 
tf(C=C) 
K (C-C, ring) 
H (C-S-C) 
i / (C=C-S) 
H (C=C-C, ring) 
H (C-C-S) 
H (C-C=C) 
H (C-C-C) 
H (C-C=N) 
F (C-S-C) 
F (C=C-S) 
F (C=C-C, ring) 
F (C-C-S) 
F (C-C=C) 
F (C-C-C) 
a 
C 

Force const 
(Initial) 

4.75 
4.58 

18.51 
5.05 
4.94 
0.16 
0.06 
0.15 
0.21 
0.29 
0.57 
0.19 
0.21 
0.25 
0.57 
0.22 
0.71 
0.48 

Force const 
(Final) 

47Ï5 
4.55 

17.41 
5.60 
4.27 
0.28 
0.05 
0.32 
0.29 
0.43 
0.14 
0.15 
0.11 
0.98 

- 0 . 1 3 
0.15 
0.14 
0.23 
0.41 
0.10 

Dispersion 

—*) 
0.24 
0.16 
0.14 
0.28 
0.41 
0.25 
0.21 
0.10 
0.13 
0.08 
0.00 
0.11 
0.31 
0.17 
0.10 
0.12 
0.06 

_ t > > 

_ b > 

a) The F'= - 0 .10 F and C"= - 0 . 1 C relations were 
assumed, b) Fixed. 

atoms. T h e C'= — 0. \C relation was assumed, as usual. 
For the first calculation, the values of the force con­

stants were transferred from the bis(maleonitrile di-
thiolato)Ni(II) anion,17) diethyl ether,19) TCNQ,9> and 
TCNB.12) These values are shown in the second column 
of Table 5, while the frequencies calculated with these 
values are given in the third column of Table 3. The 
agreements between the calculated and observed fre­
quencies are not very good. For the purpose of obtain­
ing a good agreement, after some refinements of the force 
constants by the trial-and-error method using the 
Jacobian matrix, repetitions of the calculations with 
several sets of force constants were carried out by the 
least-squares method. The converged set of the force 
constants and their dispersion values are given in Table 
5. The frequencies calculated with this set of force con­
stants are compared with the observed values in Table 3. 
T h e agreement is satisfactory. The last column of 
Table 3 represents the potential energy distribution. 

I t is apparent from Table 5 that the C-S and C - C 
(ring) single bonds acquire a partial double-bond 

character, while the C=C and C=N bonds, on the other 
hand, lose their double- and triple-bond characters re­
spectively. These facts, and the necessity of the cross 
terms with the a coefficient, suggest that the resonance 
takes place throughout the molecule of T C N T , as is to be 
expected from the configuration of the molecule. 

The authors wish to express their gratitude to Profes­
sor Shinzaburo Oka of this institute for his guidance in 
the preparation of T C N T . Thanks are also due to Dr. 
Soichi Hayashi and Mr. Junzo Umemura of this labora­
tory for their helpful discussion. 
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The chemical reactions of the cation radicals of some aromatic diamines with their parent molecules, aliphatic 
amines or sodium hydroxide have been studied spectroscopically. In the case of the cation radical of /»-phenylene-
diamine (PPD), the main products are Bandrowski's base (BB) and PPD, /»-benzoquinone diimine being found as an 
intermediate. This reaction are found essentially to be a disproportionation of PPD+ to BB and PPD in which bases 
added enhance the reaction rate. The thermodynamical quantities of the initial step of the reaction, proton transfer 
from PPD+, are estimated and the reaction mechanism is discussed. The reaction of the cation radical oîN,N,N',N'-
tetramethyl-/>-phenylenediamine (TMPD) with triethylamine (TEA) gives the parent molecule, TMPD. This reac­
tion is concluded to be caused by an electron transfer from TEA to TMPD+ followed by a reaction of TEA with a 
large negative free energy change. The reaction between the cation radical of iV,7V-dimethyl-/>-phenylenediamine 
and its parent molecule has also been studied. 

Cation radicals are expected to act as strong electron 
acceptors and interact with electron donating molecules. 
The charge resonance interaction between a cation radi­
cal and its parent molecule has been reported by several 
authors.1-4) We reported the charge transfer (GT) 
interactions between some aromatic diamine cation 
radicals and aliphatic amines.5) 

The coexistence of a cation radical and an electron 
donating neutral molecule leads not only to the complex 
formation but often to chemical reaction at room tem­
perature. For example, Würster 's cations, though 
known to be rather stable, react easily with some elec­
tron donors. An ethanol solution of the /»-phenylene-
diamine cation radical (PPD+) changes from yellow to 
blue by adding /»-phenylenediamine (PPD). Such 
chemical aspects of cation radicals have been relatively 
unexplored. 

We had been interested in the physical aspects of the 
C T interaction between a cation radical and a neutral 
molecule. Recently we started work on the chemical 
reactions involving cation radical, because we recogniz­
ed its importance for understanding the overall physical 
and chemical processes of these cation radicals which 
often play a substantial role as intermediates of various 
chemical reactions. 

Exper imenta l 

Preparation of Material. /»-phenylenediamine (PPD), 
AT,JV-dimethyl-/>-phenylenediamine (DMPD) and N,N,N',N'-
tetramethyl-jb-phenylenediamine (TMPD) were purified ac­
cording to the method described previously.5) Their cation 
radical salts were synthesized according to the literature.6) 

NH2 
\ _ 

Bandrowski's base (BB, H 2 N - / \ ~ N = < f ^ > = N - ^ f V 

NH2 

NH2, Nl,iV4-bis(jb-aminophenyl)-2,5-diamino-/>-benzoquinone 
diimine) was produced by oxidizing PPD with hexacyanofer-
rate (III) under mild alkaline conditions.7) Found: C, 67.33; 
H, 5.74; N, 25.9%. Calcd for C18H18N6: C, 67.90; H, 5.70; 
N, 26.40%. When DMPD was oxidized similarly, the 

* Present Address: Institute for Molecular Science, 
Okazaki, Aichi 444 

compound corresponding to iV-methylated Bandrowski's base 
N(CH3) 
\ 

(BB', ( C H 3 ) 2 N - ^ _ ^ - N = ^ _ ^ > = N - ^ _ ^ - N ( C H 3 ) 2 ) was 

NH2 

obtained. Found: C, 69.60; H, 7.12; N, 20.82%. Calcd 
for C24H28N6; C, 71.61; H, 7.51 ; N, 20.88%. Its electronic 
spectrum is quite similar to that of BB except for slight red shift 
and broadening. /»-Benzoquinone di-imine8) and 4,4'-bis 
(dimethylamino)azobenzene (AZ')9) were prepared according 
to the literature. Triethylenediamine (1,4-diazabicyclo-
[2.2.2]octane) was purified by recrystallization from ether and 
by sublimation under vacuum. Triethylamine of the com­
mercial GR grade was used without further treatment. 

Measurement. The infrared spectra were recorded 
with a Hitachi EPI-G3 grating infrared spectrophotometer 
or a Hitachi 215 grating infrared spectrophotometer. A 
Shimadzu Multipurpose recording spectrophotometer MPS-
50L was used for the measurements of the electronic absorption 
spectra. 

R e s u l t s 

The Reaction between PPD+Br~ and PPD. When 
an ethanol solution of /»-phenylenediamine bromide 
(PPD+Br-) and that of PPD were mixed, the color of the 
solution changed gradually from yellow to blue. Figure 
1 shows the electronic absorption spectra. T h e solution 
became acidic with the color change. O n evaporating 
the solvent, it yielded a blue precipitate, whose infrared 
(IR) spectrum showed prominent bands of /»-phenylene-
diamine monohydrobromide (PPD-HBr) . When the 
reaction mixture was neutralized with N a O H , it turned 
from blue to red. T h e main products separated by the 
thin layer chromatography (TLC) on silica gel with a 
1: 1 mixture of benzene and ether as a solvent were BB 
and PPD. A slight amount of 4, 4'-diaminoazobenzene 
(AZ) and a violet unknown substance were also separat­
ed as by-products. These were confirmed by compari­
son of their U V and I R spectra with those of the authen­
tic samples.10) In the case of AZ, the R{ values of T L C 
also agreed with that of the authentic sample. The 
yield of AZ was about 1/8 of BB in the mole ratio. 

An ethanol solution of BB turns from red to blue by 
adding a slight amount of mineral acid. T h e absorption 
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Fig. 1. The spectra of PPD+Br~-PPD system in ethanol 
at room temperature: •; a few minutes after mixing, 

; 50 minutes after mixing. 
(a) [PPD+Br-] = 3.51 x 10~4 M, [PPD] = 3.60 X 10~4 

M. For reference the spectrum of the proton ated 
Bandrowski's base in ethanol (-•-•-; [BB]/[HBr]= 1) 
is shown in this figure. 
(b) [PPD+Br-] = 4 .80xlO- 5 M, [PPD] = 5.45 X 10"5 

M. 

of BB around 470 nm (21300 cm"1) decreased by adding 
hydrobromic acid, while a new absorption appeared 
with a peak at 635 nm (15700 c m - 1 ) . The intensity of 
the latter band showed a maximum at the molar ratio of 
HBr to BB of 1.17, and began to decrease by further 
addition of HBr as shown in Fig. 2. Therefore, the 635 
nm band is assigned to the monoprotonated BB (BB-
H+). This was also confirmed from the fact that the 
elemental analysis of the precipitate obtained by con­
centrating the solution agreed with calculated values. 

40 30 20 

Wave number, 103 cm - 1 

Fig. 2. The electronic absorption spectra of Bandrowski's 
base in ethanol with various content of HBr. 
[HBr]/[BB]: (1), 0.0; (2), 0.34; (3), 0.69; (4), 1.17. 
The concentration of BB is constant; [BB] = 7.0x lO"5 

M. 

Found: C, 54.62; H , 4.78; N , 20.82%. Calcd for 
C18H19N6Br: G, 54.14; H, 4.80; N, 21.05%. When a 
solution of BB and HBr at the mole ratio of 1: 1 was 
neutralized by adding an ethanol solution of N a O H , it 
returned from blue to red, showing the spectrum of BB. 
Thus, the reaction is a reversible acid-base reaction. 

BB 
HBr 

NaOH 
BB-H+ 

As seen in Fig. 1, the absorption spectrum of the reac­
tion mixture in the longer wavelength region is quite 
similar to that of BB«H+ with regard to both the absorp­
tion shape and peak positions, showing that the blue 
color comes from BB«H+. 

The absorption at 245 nm (in Fig. lb) is attributable 
mainly to PPD and BB. This absorption increases a 
little with the progress of the reaction. T h e I R spectrum 
of the reaction products shows that PPD exists as a 
monoprotonated species (PPD-HBr) . 

The formation of BB was investigated spectroscopical-
ly varying the concentration of PPD and keeping the 
initial concentration of PPD+ constant. The amount of 
BB • H+ formed was found to be independent of the add­
ed PPD ranging from 0.28 to 7.46 molar equivalent to 
the PPD, though the rate of reaction increased with the 
concentration of PPD. The BB formed was about 1/6.5 
of PPD+ in molar quantity. 

Based on the above results, the following stoichio­
metric equation is set up. 

6PPD+Br- BB + 3PPD + 6HBr ;i) 

Since, this reaction is accelerated by added PPD, we add 
rather randomly 2 PPD, to both sides of Eq. 1. Then, 
we have 

6PPD+Br- + 2PPD BB + 5PPD + 6HBr (2) 

We mixed PPD+Br~ and PPD at the molar ratio of 6: 2, 
and, after the reaction was completed, compared the 
spectrum of the reaction mixture with that of a solution 
containing BB, PPD and HBr at the concentrations as 
given by Eq. 2. T h e absorption spectra of the two solu­
tions agreed very well with each other both in shape and 
in intensity (Fig. 3). This confirms that the stoichio-
metry of the reaction is like that of Eq. 1 or 2. As Eq. 
1 shows, this reaction is considered essentially to be a 
disproportionation of PPD+ to BB and PPD in which 

40 30 20 

Wave number, 103 cm - 1 

Fig. 3. The absorption spectrum of the reaction mixture 
of PPD+Br- (1.46X 10~4 M) and PPD (0.51 X 10~4 M) 
( •), and that of BB (0.24 x 10~4M), PPD (1.23x 
10-* M), and HBr (1.48 X 10~4 M) ( ). 
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bases added enhances the rate of reaction. 
When PPD was oxidized in ethanol with bromine, a 

blue solution was obtained. The blue precipitate formed 
from this solution showed the electronic and I R spectra 
quite similar to those of the products of the above reac­
tion, indicating the formation of the same products as 
the reaction between PPD+ and PPD. 

230 250 270 290 310 330 350 

Wavelength, nm 

Fig. 4. The absorption spectrum of the reaction mixture 
of PPD+Br- (0.866 x 10~4 M) and NaOH (1.99 x 10~4 

M) ( •), and the theoretically calculated one ( ) 
based on Eq. 3 and the spectral data of Fig. 5. 

The Reaction of PPD+Br* with NaOH and Aliphatic 
Amines in Ethanol. Figure 4 shows the absorption 
spectrum of the reaction mixture of an ethanol solution 
of PPD+Br- (0.866 X l 0 - 4 M ) and N a O H (1.99 X l0~ 4 

M). The dotted line shows the spectrum drawn by 
assuming the following dispropotionation reaction being 
completed. 

2PPDH PPD + HN= =NH + 2H+ 
(3) 

The spectrum was drawn using the absorption spectra of 
PPD and ^-benzoquinone diimine (Fig. 5). As seen in 
Fig. 4, the spectrum obtained experimentally agrees 
fairly well with the theoretically expected one, indicating 
that the reaction proceeds mainly as defined by Eq. 3. 

3.5 V 

y 2.oh 
te 
o o 

g 

210 230 250 270 290 330 350 

Wavelength, nm 

Fig. 5. The absorption spectra of /»-phenylenediamine 
( ) and/>-benzoquinone diimine ( •). 

The formation of the diimine was also observed when 
triethylamine was used instead of N a O H . The quanti ty 
in this case was about 8 0 % of the expected one. In the 
case where triethylenediamine was used, the quanti ty of 
the diimine formed was still less. In both cases of 
amines, the diimine was unstable and changed into 
Bandrowski's base having the absorption peak at 470 
nm, while it was fairly stable in the case of N a O H . 
When the amount of triethylamine was decreased to 
about 1/10 to 1/20 molar equivalent of PPD+Br~, the 
diimine was observed weakly, only as an absorption 
shoulder at 267 nm at the early stage of the reaction. 
Then the absorption spectra changed rapidly, showing 
the formation of BB • H+ with a peak at 635 nm. The 
spectrum in both the ultraviolet and visible regions 
agreed fairly well with that expected from Eq. 1, sug­
gesting that the reaction mechanism in this case is essen­
tially the same as in the case of the reaction between 
PPD+ and PPD. 

The Reaction between DMPD+CIO^ and DMPD. 
When an ethanol solution of iV,iV-dimethyl-/>-phenyl-
enediamine Perchlorate (DMPD+C10 4 - ) and that of 
D M P D were mixed, the color changed gradually from 
red (the color of the cation) to blue. Figure 6 shows the 
absorption spectra. After 4 days, the reaction mixture 
was neutralized with N a O H and was separated by T L C 
with the 3 : 1 mixture of benzene and ethanol. The 
main products separated were 4,4'-bis(dimethylamino)-
azobenzene(AZ'), 7V,7V-dimethylated Bandrowski's base 
(BB'), D M P D and an unknown substance (A m a x =590 
nm, 650 nm) . The latter two substances were produced 
more than BB' and AZ' . The amount of BB' formed 
was nearly equal to that of AZ ' . The absorption at 660 
nm which appeared in the course of the reaction (Fig. 6) 
might be at tr ibutable to the protonated species of BB' or 
AZ' . However it is not clear which contribution of the 
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Fig. 6. Spectroscopic course of the reaction in DMPD+ 
C104--DMPD system in ethanol. 
[DMPD+C104-] = 2.22 X 10~4 M, [DMPD] = 2.20 x 
10-4 M. 
(1) 4 min, (2) 14 min, (3) 44 min, (4) 170min after 
mixing. 



46 Tadayoshi SAKATA, Mitsuo HIROMOTO, Tomoko YAMAGOSHI, and Hiroshi TSUBOMÜRA [Vol. 50, No. 1 

two is larger, because both of the pro tonated species have 
their absorption peaks at the same wavelength, 660 nm. 
The absorption at 660 n m decreased again with time 
and new absorptions appear a t 590 nm and 650 nm, 
suggesting that BB'«H+ or AZ'«H+ reacts further. T h e 
similar phenomenon was observed, when D M P D was 
oxidized in ethanol with bromine. 

The Reaction between TMPD+C10A~ and Triethylamine 
(TEA) in Ethanol. When T E A was added to an 
ethanol solution of TMPD+G10 4~, the blue color charac­
teristic of T M P D + disappeared and the solution became 
colorless. The absorption spectrum after the reaction 
showed a strong band at 263 n m which agreed very well 
with that of T M P D both in shape and position. An 
ether extract from the reaction mixture gave a colorless 
crystalline solid whose I R spectrum agreed with that of 
T M P D . Moreover, when bromine was added to the 
reaction mixture, it turned blue, giving the absorption 

230 250 270 290 310 330 350 

Wavelength, nm 

Fig. 7. The absorption spectrum of the reaction mixture 
of TMPD (0.885 x 10"* M) and TEA (2.01 x 10-* M) 
at 3 h after mixing ( •), and the spectrum of TMPD 
(0.885 x 10-4 M) in EtOH ( ). 
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Fig. 8. Spectroscopic changes during the decomposition 
of PPD+Br- in a 1:2 (volume ratio) mixture of water 
and ethanol at room temperature. (1) 4 min, (2) 9 
min, (3) 13 min, (4) 31 min after mixing. 

spectrum of TMPD+. From the absorption intensity 
the amount of T M P D + recovered was determined to 
about 80% of TMPD+ before the reaction. This sug­
gests that 80% of TMPD+, at least, changes into T M P D 
by adding TEA. Figure 7 shows the spectrum of the 
reaction mixture together with the one which was ob­
tained by assuming 100% conversion of TMPD+, into 
T M P D . 

D i s c u s s i o n 

The Reaction o/PPD+Br- with PPD, NaOH and Alipha­
tic Amines. When two molar equivalents of N a O H , 
triethylamine or triethylenediamine was added to an 
ethanol solution of PPD+Br - , the formation of jfr-benzo-
quinone diimine was observed clearly as shown in Fig. 4. 
In the case of the reaction of PPD+ with triethylamine, 
the absorption intensity of the diimine in the region of 
256—265 nm became weak with decreasing amount of 
triethylamine. When it was decreased to 1/10 molar 
equivalents of PPD+, only a weak shoulder of the diimine 
was observed at about 270 nm. PPD+Br - decomposes 
easily in water showing the absorption of the diimine, 
though it is fairly stable in ethanol. Figure 8 shows the 
spectra of the solution in a water-ethanol mixture, eth­
anol being added to decrease the rate of decomposition. 
In the reaction between PPD+ and PPD, a shoulder at 
267 nm was observed immediately after the mixing and 
disappeared in a while, as shown in Fig. 1. From these 
results, this absorption is attr ibutable to />-benzoquinone 
diimine, which may be formed by a process shown 
below 

H,N 

2HN-

-NH, 
base 

or water 

HN-

'VNH, 

H N = / N=NH + H2N-

-NH, + base or H+ 

-NH, 

(4) 

(5) 

Let us estimate the Gibbs's free energy change AG4° 
for the Reaction 4 in the case without a base. I t can be 
estimated by using the following Born-Haber cycle. 

•R 

,RHs
+

olT 

solv i -"-solv *~ 

•RHj RH„ 

•Reas + *HE 

Here the cation radical of PPD is denoted as «RH+. 
AG4° is expressed approximately by the equation 

A4°G2 = -££(PPD + ) + S(PPD+) + D(N-H) 

+ J P * ( H . ) - S ( H + ) - S ( R . ) (6) 

where E^, S, D, and 7P
a represent adiabatic electron 

affinity, solvation energy, bond energy and adiabatic 
ionization energy, respectively. 

The following values are obtained from the litera­
tures. 

£*(PPD+) = 7|(PPD) = 6.8 eV.11) 

/J(H«) = 13.6 eV, Z>(N-H) = 4.0eV.12> 
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S(H+ in water) 3* 11.5 eV.13'1*) 

^(PPD"1- in water) is evaluated to be 2.2 eV using 
Born's equation with the dielectric constant of water at 
25 °G, 78.5, and the effective radius of PPD+, 3.24 Â.15> 
Though the value of S (R«) is not certain, it can be taken 
to be the order of 0.1 eV. When these values are sub­
stituted in Eq. 6, A6?4

0 (in water) of 1.2 eV is obtained. 
Since the solvation energy of a proton is smaller in 

ethanol than in water, AG4° is calculated to be larger in 
ethanol than in water. This explains the fact that PPD+-
Br_ is fairly stable in ethanol though it is unstable in 
water. 

I t is important that the values of AG4°, though derived 
approximately, are positive and fairly large both in 
water and ethanol. I t indicates that the equilibrium of 
Eq. 4 is inclined to the left and the concentration of the 
semiquinone R« is small. Nevertheless, the experimen­
tal fact that the diimine is formed easily from PPD+ in 
water or water-ethanol mixture indicates that the free 
energy change of the reaction of Eq. 3 is nagative. Since 
AG4° is positive, AG5°, the free energy for the formation 
of diimine from the semiquinone, must be a fairly large 
negative value to make up for AG4°. 

In the presence of bases (B), one must take account of 
the reaction, 

B + H+ «=± B-H+ (7) 

the standard free energy change for this reaction in 
water, AG7°, at 25 °C are obtained as follows:16) 

AG7°(PPD) = - 0 . 3 6 eV, AG7°(TEA) = - 0 . 6 0 eV 

AG7°(OH-)= - 0 . 8 3 eV 

The standard free energy change of Eq. 4, AG4°, in the 
presence of a base, is reduced from that in water estimat­
ed above by these amounts. 

Since the solvation energy of a proton is smaller in 
ethanol than in water, the equilibrium will shift to the 
right so that AG7° becomes smaller in ethanol. Fairly 
large negative values of AG7° are thought to be the rea­
son why the reaction is enhanced by the addition of 
bases. Experimentally, the rates of decrease of the 
visible absorption band of PPD+ at about 460 nm with 
various bases lie in the order OH~, T E A and PPD, in 
agreement with that of their basicities. 

In the actual reaction course, the interactions through 
the hydrogen bond are considered to be important . 
Since PPD+ is thought to be a strong proton donor, a 
hydrogen bond complex between PPD+ and PPD or 
aliphatic amines is formed. A proton will transfer 
easily through this hydrogen bond. The C T interaction 
between PPD+ and T E A was reported previously.5) 
Though we tried to find the dimer cation formed be­
tween PPD+ and PPD in ethanol, we could not find it 
spectroscopically in the temperature range from room 
temperature to about —50 °C. Therefore the dimer 
cation may not play an important role. 

With the addition of 2 molar equivalents of bases to an 
ethanol solution of PPD+Br - , the diimine produced 
reached about 100% of the theoretically expected quan­
tity in the case of N a O H , while in the case of T E A it was 
about 80% and in the case of PPD a trace amount was 
detected as a shoulder of the absorption spectrum (Fig. 
1). The diimine formed was stable in the case of N a O H , 

though in the case of both T E A and PPD it decomposed 
easily into Bandrowski's base. These observations can 
be explained as follows: Due to the relation, AG7°-
( P P D ) > A G 7 ° ( T E A ) > A G 7 ° ( O H - ) , the rate of the for­
mation of the diimine is in the order of OH~, T E A and 
PPD. Gorbett studied the reaction of jfr-benzoquinone 
diimine with PPD in water and discussed the mechanism 
of the formation of Bandrowski's base.17) According to 
his result, the rate of the reaction of the diimine with 
PPD increases greatly with lowering p H in the region of 
pH^>6.17) Since the basicity becomes lower in the order 
of PPD, TEA, and N a O H , the diimine formed is expect­
ed to be unstable in this order. The result is consistent 
with these expectations. 

T h e result of T L C shows that 4,4'-diaminoazoben-
zene (AZ) is formed at the molar ratio of about 1 /8 of 
BB. The following reaction is suggested for this. 

x j J J 

2H 2 N-V \ - N H • H 2 N - / ~ \ - N - N - / V N H 2 

— ^ - ^ H 2 N - / V N = N 7 \ - N H 2 (8) 

As is seen from the comparison of the molecular struc­
tures of AZ and BB, thus, AZ is formed by the bonding 
between the N atoms of the amino groups, while BB is 
formed by the bonding between the C atom of the ben­
zene ring and the N atom of the amino group. The fact 
that BB is formed more than AZ indicates that the C 
atom of the benzene ring is attacked more easily by the 
aminonitrogen, in the above reactions. 

TMPD+ClO^+triethy lamine (TEA). In this 
case, the first step of the reaction is considered to be an 
electron transfer. 

TMPD+ + TEA «=± TMPD + TEA+ (9) 

The cation radical of T E A (TEA+) produced is consid­
ered to be quite unstable and undergo further reac­
tion, causing the shift in the equilibrium of Eq. 9 to 
produce T M P D . 

T h e free energy change for the electron transfer reac­
tion of Eq. 9 can be expressed approximately by 

AG9° = /*(TEA) - £1(TMPD+) + AP (10) 

The following values are obtained from the literature. 

/J (TEA) = 7.5eV,18> 

££(TMPD+) = /£(TMPD) = 6.20 eV19> 

AP represents the difference of the polarization energy 
before and after the reaction and it is expressed as 

AP = P(TEA+) - P(TMPD+) 

The value is estimated to be —0.4 eV by using Born's 
equation, assuming 4.3 Â and 3.5 Â as the effective radii 
of T M P D + and TEA+, respectively. When these valuie 
are substituted in Eq. 10, AG9°=0.9 eV is obtained. 
Since it is a large positive value, it seems improbable 
that the electron transfer reaction proceeds to the right 
without the second step of TEA+ decomposition. 

DMPD+CIO^+DMPD. In this case, a large 
amount of A Z ' was produced. The formation of A Z ' 
and BB' would be explained by taking into considera­
tion the similar reactions with those for PPD+. However 
the reaction proceeds further to form an unknown 
product in this case. 
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Nature of Catalytically Active Sites over Solid Acids. II. Relationships 
between Acidic Properties of Silica-Alumina and Its Catalytic 

Activities for Olefin Polymerization 
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The influences of the degree of hydration of a silica-alumina surface on its Brönsted or Lewis acid content and on 
its catalytic activity for cis-2-butène polymerization were investigated at 30 °C as a function of the evacuation tem­
perature. The raise in the evacuation temperature, i.e., the decrease in the degree of hydration, gave rise to an 
increase in both the Lewis acid content and the catalytic activity but to a decrease in the Brönsted acid concent. A 
good linear relationship, which could not be extrapolated through the origin, was found between the Lewis acid con­
tent and the catalytic activity. Thus, the conclusion is drawn that only strong Lewis acid sites are active in olefin 
polymerization on silica-alumina at low temperature. 

Olefins such as propylene or butènes produce an irre­
versibly adsorbed species on silica-alumina1"6) or some 
Y zeolites7"9) at near room temperature. This species 
gives rise to I R absorption bands characteristic of satu­
rated hydrocarbons.4-8) Recently, the species has been 
proved to act as the proton-donating center in olefin 
isomerization10 '11) and to comprise branched oligomers 
having about four monomer units on the average.1 - 3) 
However, the nature of the active site for this polymeri­
zation still remains unsettled, in spite of several inten­
sive investigations.3,6,6 '8) 

In the previous study,12) we investigated this problem 
by using a series of silica-alumina samples whose Lewis 
acid sites were selectively poisoned in situ with pyridine 
to different extents, and concluded that strong Lewis 
acid sites were active in the polymerization on silica-
alumina at 30 °C. T h e present study intends to provide 
additional evidence for this conclusion by correlating 
the catalytic activities of partially hydrated silica-
aluminas with their acidic properties. 

Exper imenta l 

Materials and Apparatus. Silica-alumina (SA-1, 13% 
A1208) ,

13> pyridine,12) and cis-2 -butène12) were those used 
earlier. The IR cell and the preparation of the self-supporting 
20-mm diameter wafers of SA-1 are described in detail else­
where.12) 

Procedures. Partially hydrated samples were prepared 
as follows. After the wafer had been mounted in the sample 
holder and pretreated in a dry oxygen stream for 2 h at 450 °C, 
it was cooled to 150 °C for 1 h in an oxygen stream containing 
20—25 Torr of water vapor, and then evacuated in the IR 
cell for 2 h at different temperatures of 150—450 °G. 

The wafer was exposed to pyridine vapor at about 16 Torr 
for 1 h at room temperature, and evacuated for 1 h at 110 °C. 
The spectrum of chemisorbed pyridine was recorded. The 
peak absorbances of the 1460 and 1540 cm"1 bands due to 
Lewis- (LPY) and Brönsted-bound pyridine (BPY), respective­
ly, were taken as a measure of the total acid content for the 
corresponding acid type. 

The reaction was carried out in a closed circulation system 
including the IR cell as a reactor at an initial olefin pressure 
of 5 Torr and 30 °C. Its progress was followed in the same 
way as in the previous study.12) 

The IR spectrometer and the operating conditions have 
previously been described.12) Peak absorbances were all 

normalized so as to indicate the absorbance per unit optical 
thickness of the wafer. This normalized absorbance, AS/ W 
(cm2/g), corresponds to the quantity eMjW, where A and e are 
respectively the absorbance and the absorption coefficient of a 
band, M is the amount (mmol) of the responsible species, and 
S and W are the cross section (cm2) and the weight (g) of the 
wafer, respectively. 

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

Hydroxyl Groups on Surfaces. Figure 1 shows the 
I R spectra in the O - H stretching region of partially 
hydrated SA-1 samples. A sharp band at 3750 c m - 1 is 
due to isolated surface silanol groups, and a broad band 
around 3600 cm" 1 is due to hydrogen-bonded surface 
hydroxyl groups and adsorbed water.14) As the evacua­
tion temperature was raised, the 3600 c m - 1 band de­
creased in intensity and the 3750 c m - 1 band became 
more and more definite without a significant change in 
intensity. This fact implies that the adsorbed water is 
only slightly hydrogen-bonded to the isolated silanol 
groups.14) Since the original SA-1 had previously been 
calcined at 550 °C for 8 h, and every wafer was heated to 
450 °G before use, the wet oxygen treatment and the 
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Fig. 1. IR spectra of surface hydroxyl groups on SA-1. 
A sample was evacuated for 2 h at 150 (a), 200 (b), 300 
(c), or450°G(d) . 
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subsequent evacuation probably bring about no drastic 
structural changes of the surface, except for hydration. 
The intensity of the band around 3600 c m - 1 can there­
fore be taken as a qualitative measure of the degree of 
hydration of the surface. Thus, Fig. 1 indicates that a 
lowering in the evacuation temperature certainly results 
in an increase in the degree of hydration. 

20 h 

0 100 200 300 400 
Evacuation temperature, °C 

Fig. 2. Effect of evacuation temperature on surface acid 
content of Lewis (O) or Brönsted ( 0 ) type. 

Acid Contents. Figure 2 illustrates the effects of 
the evacuation temperature, or, in other words, those of 
the added water, on the acid contents of SA-1. As the 
evacuation temperature was raised, the Lewis acid con­
tent increased while the Brönsted acid content de­
creased. Different values have been reported for the 
ratio of absorption coefficients of the LPY band to the 
BPY band : euJe15i0** 115_17) or 2.6.18) For our catalyst 
it was evaluated to be approximately unity from the 
differences in peak intensities resulting from the con­
version of LPY to BPY upon dosing with quite small 
amounts of water. In view of this value, an increase in 
the Lewis acid content is compensated for with a de­
crease in the Brönsted acid content in the evacuation-
temperature range of 200 to 450 °C. This implies that 
one Brönsted acid site is converted into one Lewis acid 
site when the surface is dehydrated. When the evacua­
tion temperature was lowered from 200 to 150 °C, the 
Lewis acid content further decreased, while the Brönsted 
acid content remained approximately constant. I t is 
quite reasonable to expect that comparatively large 
amounts of added water poison acid sites of both the 
Lewis and Brönsted types. Hence, a further lowering 
in the evacuation temperature may effect a decrease in 
the Brönsted acid content as well as in the Lewis acid 
content. 

Polymerization Activity. cû-2-Butene produced, 
when it was introduced onto SA-1 a t 30 °C, the polymer­
ic species giving rise to I R absorption bands a t 2960, 
2930, and 2870 c m - 1 in the saturated C - H stretching 
region and at 1470, 1385, and 1370 c m - 1 in the saturated 
C - H bending region. The growth of each band occur­
red rapidly in the initial stage of the reaction, slowed 
down gradually, and finally ceased after 1—2 days. The 
peak intensity at 2960 c m - 1 was well proportional to the 
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Fig. 3. Effect of evacuation temperature on catalytic 
activity for cis-2-butène polymerization at 30 °G. 

amount of polymeric species formed.12) The intensity 
of this peak after 1 min was therefore taken as the initial 
activity. 

Figure 3 is a plot of the initial activity against the 
evacuation temperature; it indicates that the initial 
activity decreases as the evacuation temperature is 
lowered, in other words, that added water certainly acts 
as an inhibitor for the formation of the polymeric species. 
This suggests that the Brönsted acid site is inactive in the 
present reaction. I t can be seen from Figs. 2 and 3 that 
the influence of the evacuation temperature on the initial 
activity is similar to that on the Lewis acid content. 

3 6 9 " 17 20 23 26 

Amount of Lewis or Brönsted acid sites, cm2 g - 1 

Fig. 4. Correlation of surface acidity with catalytic ac­
tivity for as-2-butene polymerization at 30 °C. O : 

Lewis acidity, %: Brönsted acidity. 

Figure 4 shows correlations of the initial activity of 
SA-1 with its Lewis or Brönsted acid content. Since the 
initial activity decreases with an increase in the Brönsted 
acid content, this correlation is considered to be unrea­
sonable. O n the other hand, the initial activity decreases 
linearly with decreasing amounts of Lewis acid sites. 
This reasonable correlation probably indicates that the 
active acid site is of the Lewis type. Evidently, the 
straight line correlating the initial activity with the 
Lewis acid content does not extrapolate through the 
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origin. This is easily explained on the assumption that 
only par t of the Lewis acid sites are active. According 
to this interpretation, the majority of the active Lewis 
acid sites are those which can be liberated, as a result of 
desorption of water (or hydroxyl groups) from the sites, 
by raising the evacuation temperature from 150 to 450 
°G. Since such water probably is strongly adsorbed, 
the active Lewis acid sites are reasonably concluded to 
be high in acid strength. This conclusion agrees well 
with the previous one.12) 

In addition, the previous study12) showed that, in cis-
2-butene polymerization at the same temperature as in 
the present study, an upper limit for the amount of the 
active Lewis acid sites on SA-1 evacuated at 450 °G 
amounted to about 30% of the total Lewis acid content. 
The correlation in Fig. 4 may permit a similar estimate. 
The point of intersection of the solid straight line and the 
abscissa can be regarded as the point representing a 
sample whose active Lewis acid sites have been just 
blocked with added water. Accordingly, with respect 
to SA-1 evacuated at 450 °G, an upper limit for the 
amount of the active Lewis acid sites is again evaluated 
to be about 30% of the total Lewis acid content. Thus, 
we are again led to the conclusion that strong Lewis acid 
sites are active in olefin polymerization over silica-
alumina at the low temperature of 30 °G. 
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The emission properties of 9-ethylphenanthrene (EPh), poly(9-vinylphenanthrene) (PVPh), poly(9-phenan-
thryl methacrylate) (PPhMA), and poly[2-(9-phenanthryl)ethyl vinyl ether] were investigated in solution. These 
vinyl polymers showed no clear excimer fluorescence in the longer-wavelength region. Both the fluorescence 
quantum yield and the lifetime of PVPh decreased largely with an increase in temperature at higher temperatures. 
This suggests that PVPh forms an excimer which has a low fluorescence quantum yield. The fluorescence properties 
of PPhMA and PPhEVE, in which Ph chromophores are widely spaced on the skeletal chains, indicated little interac­
tion between neighboring Ph chromophores in the singlet state. This results from the nature of Ph, in whith it is 
difficult to form an excimer. The phosphorescence spectrum and its lifetime of PPhEVE indicated a presence 
of a weak interaction between neighboring Ph chromophores in the triplet state. PVPh and PPhEVE showed 
a delayed fluorescence resulting from a T-T annihilation between two migrating triplet excitons. 

Recently, emission spectra of aromatic vinyl polymers 
have been extensively investigated. I t is known that 
aromatic vinyl polymers exhibit excimer fluorescences in 
dilute solutions due to the interaction between neighbor­
ing chromophores. 

1-Ethylpyrene and 1-ethylnaphthalene show the 
excimer fluorescence in concentrated fluid solutions at 
room temperature. Poly(l-vinylpyrene)1 '2) and poly-
(1-vinylnaphthalene)3 - 5) show almost exclusively the 
excimer fluorescence in dilute solutions. Poly(l-pyren-
ylmethyl vinyl ether) (PPyMVE),1 '6) poly(l-naphthyl-
methyl vinyl ether) (PNMVE),6) and poly (1-naphthyl 
methacrylate) (PNMA),7) in which the pyrenyl and 
naphthyl chromophores are widely spaced on the skele­
tal chains by - 0 - C H 2 - a n d -CO—O- bonds, show both 
the structured monomer fluorescence and the excimer 
one in dilute solutions. O n the other hand, iV-ethyl-
carbazole (EGz) and 9-ethylacridine (EAcr) show no 
excimer fluorescence in concentrated solutions.1'8) Poly-
(iV-vinylcarbazole) (PVCz)8) and poly(9-vinylacridine) 
(PVAcr),1) however, show the excimer fluorescence. 
Poly[2-(iV-carbazolyl)ethyl vinyl ether] (PCzEVE), in 
which the carbazolyl chromophores are widely spaced 
on a skeletal chain by - 0 - C H 2 - C H 2 - bonds, shows a 
structureless fluorescence, which is different from both 
the monomeric structured fluorescence and the sand­
wich-like excimer one observed for the model com­
pounds and PVCz respectively. This implies the 
presence of the excited-state interactions among the 
carbazolyl chromophores in PCzEVE.9) 

Phenanthrene crystal has only two molecules per unit 
cell arranged with their molecular planes almost per­
pendicular. I t does not normally exhibit an excimer 
emission. However, this crystal under a high pressure 
does exhibit a broad emission with a peak at ca. 440 nm. 
This emission is assigned to the excimer fluorescence.10) 
Despite extensive studies of the prompt and delayed 
fluorescence of phenanthrene, no excimer fluorescence 
has been observed in this compound at room tempera­
ture.11) Studies of the emission of a phenanthrene 
sandwich dimer prepared by photolytic dissociation 
have also shown that phenanthrene does not form an 
excimer even under favorable condition.12) Therefore, 
it is of interest to investigate the emission spectra of the 
vinyl polymers, where the phenanthryl (Ph) chromo­

phores are directly connected to or widely spaced on the 
skeletal chains. 

In the present paper, we have investigated the spectro­
scopic behaviors of poly(9-vinylphenanthrene) (PVPh), 
poly(9-phenanthryl methacrylate) (PPhMA), and poiv­
ra-(9-phenanthryl) ethyl vinyl ether] (PPhEVE) ; in the 
latter two polymers, the phenanthryl chromophores are 
widely spaced on the skeletal chains by - C O - O - and 
- 0 - C H 2 - C H 2 - bonds respectively. 

Exper imenta l 

Syntheses of 9-Ethylphenanthrene(EPh) and PVPh. EPh 
and 9-vinylphenanthrene(VPh) were prepared according to 
the literature.13'14) The EPh was purified by recrystallization 
from methanol and sublimation in vacuo. The VPh was 
purified by recrystallization from ethanol and sublimation 
in vacuo. The PVPh was prepared by the polymerization of a 
0.4 M benzene solution of the purified VPh in the presence of 
0.2 mol% azobisisobutyronitrile in an evacuated sealed tube 
at 80 °C for 20 h and was reprecipitated three times from the 
benzene solution with methanol or hexane. The molecular 
weight measured by a vapor pressure osmometer was 3600. 
The degree of polymerization (Z)P) is about 18. 

Synthesis and Polymerization of 2-(9-Phenanthryl)ethyl Vinyl 
Ether (PhEVE). :2-(9-Phenanthryl) ethanol (PhEtOH) 
was prepared from purified phenanthrene according to the 
literature15) and purified by recrystallization from cyclohexane. 
The PhEVE was synthesized from the PhEtOH by the route 
similar to 2-(iV-carbazolyl) ethyl vinyl ether18) and was purified 
by recrystallization from ligroin and sublimation in vacuo. 
Yield, 30% ; mp 82.0—84.0 °C, IR(KBr-disk) : <5CH of vinyl 
ether 960 and 820 cm"1, NMR (CDC13) : 1.4—1.6 x (multiplet, 
two ring protons); 2.0—2.2 T (multiplet, one ring proton); 
2.3—2.7 T (multiplet, six ring protons) ; 3.5—3.8 x (quartet, 
-0 -CH=CH 2 ) ; 5.8—6.2 x (multiplet, -CH a -CH 2 -0-CH= 
CHa) ; 6.5—6.7 x (triplet, - C H a - C H a - 0 - ) . Found : G, 87.07; 
H, 6.52%. Calcd for G18H160 : G, 87.05; H, 6.51 %. 

The polymerization conditions are summarized in Table 1. 
The solvents were purified by ordinary methods. 

Synthesis and Polymerization of Phenanthryl Methacrylate (PhMA). 
9-Phenanthrol was prepared from the purified phenanthrene 
according to the literature.17) The PhMA was synthesized by 
reacting methacryl chloride with the 9-phenanthrol by the 
route similar to naphthyl methacrylate.18) The monomer 
was extracted with benzene, washed with water, and dried over 
Na2S04 . The PhMA was isolated by column chromatography 
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(silica gel, benzene); mp 53.5—55.0 °G, IR (KBr-disk); 
1715 (vc=0), 1615 (vc=c), 920 (<5C=C„2) cm-*, NMR (CDC13); 
1.35—1.61 T (quartet, two ring protons) ; 2.03—2.32 r (multi­
plet, two ring protons) ; 2.03—2.32 x (multiplet, two ring 
protons); 2.36—2.62 x (multiplet, five ring protons); 3.54 x 
(singlet, terminal vinyl pro ton (eis)); 4.22 x (singlet, terminal 
vinyl proton(trans)) ; 7.86 x (singlet, methyl protons). This 
monomer was very labile and was polymerized often during 
the purification. The PPhMA used for spectral measurements 
was prepared by a thermal polymerization and was reprecipi-
tated from the chloroform solution with methanol. This 
polymer was insoluble in some organic solvents, but soluble in 
chloroform. Found : C, 81.31 ; H, 5.40%. Calcd for C18H14-
0 2 ; G , 82.41; H, 5.39%. 

Method. The sample of PPhEVE (No. 5 in Table 1), 
which had the highest value of DP (87) was used for spectral 
measurements. All of the solvents used (tetrahydrofuran 
(THF), 2-methyltetrahydrofuran (MTHF), chloroform, and 
1,4-dioxane) were purified by the usual methods. Solutions 
were completely degassed by freeze-pump-thaw cycles. The 
emission spectra and fluorescence decay times were measured 
with the apparatus described in the previous paper.8) 

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

Polymerization ofPhEVE. The cationic polymeri­
zation results are shown in Table 1. T h e PPhEVE is 
obtained in fairly good yields at or below 0 °C. The 
yield decreases with an increase in the polymerization 
temperature above 0 °C. PhEVE is also polymerized 
by AlEtCl2 in high yields. The PPhEVE is soluble in 
some organic solvents, such as tetrahydrofuran and 1,2-
dichloroethane. 

The PPhEVE prepared in the present study has a 
comparatively high molecular weight (22000, DP=87). 
This value of £>P for PPhEVE is higher than the values 
for PCzEVE, PPyMVE, and P N M V E (33, 10, and 22, 
respectively).16-19) T h e rather low softening point (SP) 
of the PPhEVE suggests the enhanced flexibility of the 
skeletal chain as compared with the cases of PVPh (SP : 
209—218 °C, 25P=18) , P P y M V E (SP: 220—230 °C, 
DP=\0) and PCzEVE (SP: 137—148 °C,Z>P=33).16>19) 
The reason why the PPhEVE with the comparatively 
high ZXP has the low SP value is that phenanthryl chro-
mophores, being less bulky than carbazolyl and pyrenyl 
chromophores, are widely spaced on the skeletal chain. 

Emission Spectra. l,3-Di(iV-carbazolyl)propane 
and JV-vinylcarbazole oligomer (2xP=4) , of which the 
monomer compound (ECz) shows no excimer fluores­

cence, show excimer fluorescence in dilute solution at 
room temperature.7 '20"22) Therefore, the PVPh(Z>P= 
18) sample has sufficient molecular weight to be used in 
order to examine the possibility of excimer formation. 

Fluorescence spectra of PVPh, PPhMA, PPhEVE, 
and EPh in solutions at room temperature are shown in 
Fig. 1. The fluorescence spectrum of the concentrated 
EPh solution indicated that EPh does not form an exci­
mer, as is the case of phenanthrene. T h e fluorescence 
spectrum of PPhEVE is similar to that of EPh. Although 
the fluorescence spectra of PVPh and P P h M A are broad 
as compared with those of EPh and PPhEVE, no clear 
excimer fluorescence in the longer-wavelength region is 
observed for PVPh and PPhMA. Therefore, it is sug­
gested that the interaction between neighboring chromo­
phores in these polymers is much weaker than that ob­
served for other aromatic vinyl polymers. 

Fluorescence spectra of PVPh, PPhEVE, and EPh in 
rigid glasses at 77 K are shown in Fig. 2. T h e fluores­
cence band shifts to lower frequencies in the order of 
EPh, PPhEVE, and PVPh. T h e clear vibrational 
structure bands observed for PVPh and PPhEVE are 
similar to that for EPh and the fluorescence lifetimes of 
PVPh and P P h E V E are also much the same as that of 

Wavelength/nm 

400 

27 25 
Wave number/103 cm - 1 

Fig. 1. Normalized fluorescence spectra of (1) ; 
EPh, (2) •; PPhEVE, (3) ; PPhMA, and (4) 

; PVPh in solutions at room temperature. Solvents; 
(1), (2), (3); MTHF-THF (3: 2) mixture, (3); chloro­
form containing 1.0% ethanol. Excitation wavelength ; 
345 nm. 

TABLE 1. POLYMERIZATION OF PhEVEa> 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

Cat. 
mol % 

(BF3OEt2) 
to monomer 

5 
2 
1 

Temp 
°C 

55 
20 

0 
- 1 5 
- 4 0 
- 4 5 
- 6 0 
- 7 8 

Time 
h 

9 
9 
9 
4 
4 
4 
4 
9 

Conversion 
% 
28 
52 
73 
88 
92 
87 
90 
84 

SPb> 
°C 

115-
88-

103-

-125 
-100 
-110 

100—110 
115-
100-

-120 
-118 

110—115 
100--110 

Mol wtc> 

22000 

18000 

a) PhEVE, 0.2—0.5 g; monomer concentration, No. 6: 0.16 M, the others: 0.2 M; solvent, toluene, b) SP, 
softening point, c) Measured by a vapor pressure osmometer. 
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TABLE 2. SPECTROSCOPIC DATA OF VINYL POLYMERS WITH PENDANT 

PHENANTHRYL CHROMOPHORES IN M T H F - T H F 

Relative Fluorescence lifetimeb) /ns Phosphorescence 

EPh 
PPhEVE 
PPhMAa> 
PVPh 

yield at 20°C 

1.00 
0.85 
0.15 
0.17 

77 K 

59 
59 
— 
58 

-40°G 

50 
49 
— 
40 

24 °C 

50 
47 
16c> 

21c> 

50 °C 

48 
46 
15e> 
20e) 

lifetime/s 

4.4 
3.4 
— 
2.8 

a) Solvent: chloroform containing 1.0% ethanol. b) T h e fluorescence was observed through Toshiba U V -
D I C and UV-35 filters. Error is ± 2 ns. c) T h e initial fast decay component was observed. 

Wavelength/nm 

Wave number /10 3 c m - 1 

Fig. 2. Normalized fluorescence spectra of (1) EPh, (2) 
PPhEVE, and (3) PVPh in MTHF-THF rigid glasses 
at 77 K. Excitation wavelength; 330 nm. 

Wavelength/nm 

Wave number/103 cm - 1 

Fig. 3. Temperature dependence of fluorescence spectra 
of PVPh (5.1 x 10-4 M) in MTHF-THF solution. Ex­
citation wavelength; 310 nm. (1) - 1 3 0 , (2) - 8 6 . 5 , 
(3) - 37.7, (4) 6, and (5) 63.5 °G. The fluorescence (6) 
is 1.95 times the fluorescence (5). 

EPh at 77 K (Table 2). These facts suggest that there is 
little interaction between neighboring Ph chromophores 
in PPhEVE and PVPh in rigid glasses at 77 K. 

Table 2 shows the relative fluorescence quan tum 
yields, taking the value of EPh as unity, and the fluores-

Temperature/0 G 

Fig. 4. Temperature dependence of the fluorescence 
yields. The value of Y)/v]rt exhibits the ratio of the fluo­
rescence yield at some temperature to that at room 
temperature. (1) Q; EPh, (2) A ; PPhEVE, (3) • ; 
PPhMA, and (4) 0 ; PVPh. Solvent: (1), (2), (4); 
1,4-dioxane, (3); chloroform containing 1.0% ethanol. 
These values were uncorrected for decrease in density 
of solvents with an increase in temperature. 

cence lifetimes. The fluorescence quantum yields and 
lifetimes of PVPh and P P h M A at room temperature are 
much lower than those of EPh and PPhEVE. The decay 
curve of PVPh has an initial fast component. The 
fluorescence spectra of PVPh in M T H F - T H F solution 
at various temperatures are shown in Fig. 3. The 
fluorescence intensity decreases and the vibrational 
bands broaden with an increase in temperature. Tem­
perature dependences of the fluorescence yields are 
shown in Fig. 4. T h e changes observed for EPh, PPh­
EVE, and P P h M A are small and they show a similar 
tendency. O n the other hand, only PVPh shows a large 
decrease. T h e same tendency is observed for the tem­
perature dependence of the fluorescence lifetimes (Table 
2). Namely, the fluorescence lifetimes of EPh, PPh­
EVE, and PVPh in rigid glasses at 77 K are all equal. 
Only the lifetime of PVPh, however, decreases unusually 
with an increase in temperature. 

As mentioned above, the vibrational structure of 
fluorescence and its lifetimes of PVPh and PPhEVE are 
similar to those of EPh in rigid solutions at 77 K. How-
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ever, the phosphorescence of PVPh and PPhEVE is 
markedly different from that of EPh, as is shown in Fig. 
5. The phosphorescence band shifts to lower frequency 
and the vibrational structure broadens in the order of 
EPh, PPhEVE, and PVPh. The phosphorescence life­
time shortens in the same order (Table 2). T h e red 
shift of the phosphorescence band is much larger than 
that of the fluorescence. These facts indicate that an 
interaction between neighboring Ph chromophores in 
the triplet state is much larger than that in the singlet 
state in rigid glasses at 77 K. 

Wavelength/nm 

500 550 600 
—| 1 1 1 1 1 1 1 1 1—I—r 

Fig. 5. Phosphorescence spectra of ( 1 ) EPh, (2) PPhEVE, 
and (3) PVPh in MTHF-THF rigid glasses at 77 K. 
Excitation wavelength; 310 nm. 

The delayed emission, of which the position and pro­
file are the same as those observed for the normal fluores­
cence at 77 K, is observed for PVPh and PPhE V E in 
rigid glasses a t 77 K. The emission intensity depends 
quadratically on the phosphorescence intensity. T h e 
lifetime of this emission of PPhEVE is about 30 ms, 
while that of PVPh could not be determined because of 
the extremely low intensity. These facts indicate that 
this emission band can be assigned to the delayed fluores­
cence resulting from a T -T annihilation between two 
migrating triplet excitons. 

PPhEVE resembles EPh very closely i n fluorescence 
properties, forms no excimer, and does not show the 
anomalous fluorescence observed for PCzEVE.9) The 
fluorescence spectra of PPhMA is markedly different 
from that of EPh and its lifetime is very short. T h e 
temperature dependence of the fluorescence yield, how­
ever, is similar to those of EPh and PPhEVE. This 
indicate that PPhMA forms no excimer. T h e fluores­
cence properties observed for P P h M A seems to be more 
likely to be affected by the substituent groups ( - 0 - C O - ) . 
On the other hand, PPyMVE, P N M V E , and P N M A 
show the excimer fluorescence in dilute solutions at room 
temperature. Therefore, the failure of PPhEVE and 
PPhMA to form an excimer is considered to be at tr ibut­
able to the nature of Ph, which forms an excimer only 
with difficulty. 

Emission properties of PVPh indicate clearly that 

interaction between neighboring Ph chromophores in 
PVPh is strongest in these polymers studied. I t has 
been reported, from fluorescence yield and decay curve 
measurements, that phenanthrene does not show con­
centration quenching of fluorescence at room tempera­
ture.23 '24) Therefore, if PVPh forms no excimer, the 
fluorescence yield of PVPh is expected to be as large as 
that observed for EPh. T h e present result is not so. 
Namely, the fluorescence yield of PVPh is much lower 
than that of EPh (Table 2) and decreases largely with an 
increase in temperature (Fig. 4). These facts suggest 
that PVPh forms an excimer which has a low fluores­
cence quantum yield. This is reasonable from the fact 
that the phenanthrene excimer in the crystal state under 
a high pressure has a low fluorescence quan tum yield.10* 

As mentioned above, ECz, EAcr, and EPh show no 
excimer fluorescence in concentrated solutions a t room 
temperature. PVGz and PVAcr, however, show the 
excimer fluorescence in dilute solutions at room tem­
perature. I t is suggested from the above mentioned 
results that PVPh forms an excimer, although it does 
not show clearly an excimer fluorescence. Thus, the 
following conclusions were drawn: in the case of the 
vinyl polymers with the aromatic chromophores which 
form no excimer, an excimer is formed in the vinyl poly­
mers in which the aromatic chromophores are directly 
connected to the skeletal chains, but it is not formed in 
the vinyl polymers in which the aromatic chromophores 
are widely spaced on the skeletal chains. PCzEVE is 
considered to be rather a special case. 
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Reaction of Recoil 35S Atoms with Organic Compounds. Insertion 
Reaction of Recoil 35S Atoms into the C-H and the C-C Bond 

Kazuhiro NIISAWA and Ko TAKI 

Faculty of Industrial Hygiene, Kitasato University, Asamizodai, Sagamihara-shi, Kanagawa 228 

(Received Ju ly 7, 1976) 

T h e insertion reactions of recoil sulfur atoms produced by the nuclear transformation of 35Cl(n,p)35S process 
into the C - H bond of benzothiazole and the C - C bond of 2-methylbenzothiazole have been examined. I t has been 
found that the C - H insertion is a little easier than the C - C insertion by the energetic sulfur atoms, and that in 
thermal reaction the water used as a solvent seems to have some role in producing the C - H insertion product . 

Sulfur a t o m s g e n e r a t e d b y t h e photo lys i s of C O S r e a c t 
w i t h o r g a n i c c o m p o u n d s t o p r o d u c e in se r t i on a n d a d d i ­
t ion p r o d u c t s t o t h e C - H a n d t h e C = C d o u b l e b o n d s , 
such as t h e r e a c t i o n of G H 2 , o x y g e n a n d o t h e r c a r -
benes . 1 - 4 ) 

C h u r c h a n d R o w l a n d 5 ) h a v e s t u d i e d t h e in se r t i on 
r e a c t i o n of recoi l sulfur a t o m s i n t o t h e p r i m a r y a n d t h e 
s e c o n d a r y C - H b o n d in p r o p a n e m o l e c u l e t o d e t e r m i n e 
t h e sp in s tates of t h e recoi l sulfur a t o m s , a n d t h e y h a v e 
found t h a t t h e sulfur a t o m s in t h e t r i p l e t s t a t e h a v e 
inse r ted m a i n l y i n t o t h e s e c o n d a r y C - H b o n d . H o w ­
ever , t h e inse r t ion of d i r a d i c a l s i n t o t h e C - C b o n d h a s 
n o t b e e n r e p o r t e d . 

I n this s t u d y , t h e possibi l i ty of t h e i n se r t i on of recoi l 
sulfur a t o m s p r o d u c e d b y t h e n u c l e a r t r a n s f o r m a t i o n of 
3 5 Cl(n , p ) 3 5 S process i n t o t h e C - C b o n d w a s e x a m i n e d , 
w i t h t h e a i m of d e t e r m i n i n g , if poss ib le , t h e r a t i o of t h e 
inse r t ion r a t e of t h e C - H b o n d to t h e C - C b o n d . 

F o r t h e C - H a n d C - C b o n d s , t h e 2-pos i t ion b o n d of 
b e n z o t h i a z o l e ( C - H c o m p o u n d ) a n d t h e 2-pos i t ion b o n d 
of 2 - m e t h y l b e n z o t h i a z o l e ( C - C c o m p o u n d ) w e r e r e ­
spect ively used . T h e in se r t i on p r o d u c t of 3 5S a t o m s to 
t h e 2-pos i t ion of b e n z o t h i a z o l e as i n ( 1 ) l eads to 2 - m e r -
c a p t o b e n z o t h i a z o l e a n d t o t h e 2-pos i t ion of 2 - m e t h y l ­
b e n z o t h i a z o l e as i n (2) l eads to 2 - ( m e t h y l t h i o ) b e n z o ­
th iazo le . T h e s e c o m p o u n d s a r e w e l l - k n o w n a n d s t ab l e 
subs tances . 

+ 86S 

O | > - C H 3 + 35S 

• f C-H 

O I >-35S-H (1) 
\N-

- foYV 
Kc-c \ y \ N ^ 

35SCH„ 

Materials. 
thiazole and 

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

After the vacuum 
2-methylbenzothiazole 

distillation of 
(Tokyo Kasei 

(2) 

bezo-
Co.), 

hydrochloric acid was added. T h e n the hydrochlorides thus 
produced were purified by sublimation for benzothiazole and 
by recrystallization for 2-methylbenzothiazole. These starting 
materials were used as either an aqueous solution or a solid. 
Oxygen and nitrogen oxide (Takachiho Chem. Co.) were 
used as additives without further purification. 

Thermal Neutron Irradiation. The rma l neutron irradia­
tion of the starting material was performed in a quar tz ampoule 
(about 0.5 ml) at a neutron flux of 3 X 1013 or 7 X 1013 n/cm2/s 
for 20 min with J R R - 2 or J R R - 3 of the J a p a n Atomic Energy 
Research Institute. 

Separation, Purification, and Radioactivity Measurement of the 
Reaction Products. T h e separation and the purification 
were performed chromatographically and the radioactivity 
measurements of the products were carried out as previously 
described.8) 

Nearly all the experimental d a t a are averages of three runs; 
the errors are about 3 0 % through all runs. 

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

W h e n t h e reco i l sulfur a t o m s r e a c t w i t h o r g a n i c c o m ­
p o u n d s , m a n y r e a c t i o n p r o d u c t s l a b e l e d w i t h 3 5S m a y b e 
p r o d u c e d b y e i t h e r t h e e n e r g e t i c process o r t h e t h e r m a l 
one.7> I n o r d e r to d i s t ingu i sh b e t w e e n t h e t w o processes, 
r a d i c a l s cavenge r s s u c h as 0 2 a n d N O a r e a d d e d to t h e 
s a m p l e ; t h u s t h e t h e r m a l a t o m s a n d t h e i r r eac t ions m a y 
b e e l imina t ed . 7 ) 

I n th is e x p e r i m e n t , t h e t o t a l o r g a n i c y ie ld i n a q u e o u s 
so lu t ion w a s a b o u t 70%.8> 

The Effect of Scavengers. F r o m T a b l e s 1 a n d 2, t h e 
y ie ld of t h e C - 3 5 S - H p r o d u c t f rom t h e C - H c o m p o u n d 
in t h e a q u e o u s so lu t ion is c lea r ly i n h i b i t e d in t h e p res ­
e n c e of N O o r 0 2 . H o w e v e r , t h e y ie ld of t h e C - 3 5 S - C 
p r o d u c t f rom t h e C - C c o m p o u n d was n o t affected in t h e 
p r e s e n c e of t h e scavenge r . F r o m these resul ts , i t m a y 
b e sa id t h a t t h e C - H i n s e r t i o n t akes p l a c e i n b o t h t h e 
t h e r m a l a n d e n e r g e t i c r e a c t i o n , b u t t h e C - C inse r t ion 
t akes p l a c e o n l y in t h e e n e r g e t i c r e a c t i o n . T h i s expe r i -

T A B L E 1. RADIOCHEMICAL YIELD OF THE C - 3 5 S - H PRODUCT FROM THE C - H COMPOUND 

IN THE PRESENCE OF SCAVENGERS IN THE AQUEOUS SOLUTION 

Concentration 6.0 50.0 75.0 
\ O / u / 

Scavenger (Torr) 

Yield (%) 

o2 
NO 

i 

None 

None 
0.6 

10 
0.3 

^ 

300 
0.2 

' 
None 

None 
1.0 

15 

0.8 

94 

0.3 

116 

l.la> 
2.7b> 

150 

0.3 

' 
None 

None 
3.3 

" 

51 
0.3 

a) and b) show the yield obtained by the annealing after the thermal neutron irradiation. Annealing condition 
was at 95 °C for 1 h (a), or 120 °C for 1 h (b). 
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TABLE 2. RADIOCHEMICAL YIELD OF THE C-35S-H AND 

THE C - 3 6 S - C PRODUCT FROM THE G - G COMPOUND 

IN THE PRESENCE OF SCAVENGER AT THE 

CONCENTRATION OF 5 0 % 

Scavenger 
(Torr) 

Yield (%) 

o2 

C-35S-H 

C-35S-C 

None 

0.6 

0.2 

80 

0.3 

0.3 

100 

0.3 

150 

0.3 

0.2 

mental fact may not conflict with the results of the reac­
tions of the carbenes produced by the photochemical 
and thermal processes.1'2) 

The Effect of Solvents and Their Concentrations. The 
yield of the G-3 5S-G from the G-G compound shows a 
constant value in various concentrations of the aqueous 
solution and the solid. O n the other hand, the yields of 
the G- 3 5 S-H product from the G - H and the C - C com­
pounds are affected by the concentration of the aqueous 
solution, as shown in Fig. 1. But in the presence of 
scavengers, the yield is no longer affected by the solution 
concentration. Higher concentration of the C - H com­
pound give higher yields of the C- 3 5 S-H product. How­
ever, the energetic reaction is not affected by the con­
centration of the C - H compound. 

i3D0:@N>H - > © * * * f 

- / / 
.§ *©N>CH3 / / 
§20h / 
§ *©$><*, -©fiÄHi / , 

* r — - ç ^ \ *~~ i 
k-^^l * i- 4 

k — • ' — — j 1 1 1 1 i 1 i 

0 50 100 
(solid) 

Concentration (weight %) 
Fig. 1. Yields of the G-36S-H and the G-35S-G product 

from the C-H and the G-G compound in the aqueous 
solution. 

Organic Solutions.9) To elucidate the role of the 
solvent, various solvents such as methanol, benzene, and 
hexane were used. The results show that the yield of 
the C- 3 5 S-H and the G-3 5S-G were not affected in the 
presence of the scavenger nor by the variation of the 
concentration. 

From these results, it seems that only the energetic 
reaction occurs in the organic solution ; in this case ther­
mal sulfur atoms may react easily with the organic sol­
vent to give some other products.3 '4) Therefore, it is not 
suitable for the thermal reaction of recoil sulfur atoms to 
use the organic compounds as a solvent. Sulfur atoms 
seem to be more stable in water than the organic solu­
tions. 

The Annealing Effect on the Formation of the C-ZhS-H 
Product.10) After the neutron irradiation of the 
sample, the yield of the C- 3 5 S-H products from the G - H 

TABLE 3. RADIOCHEMICAL YIELDS OF THE C-36S-C AND 

THE G - 3 5 S - H PRODUCTS FROM THE C - G AND THE 

G - H COMPOUND IN VARIOUS ORGANIC SOLUTIONS 

Solvent 

Benzene 

Solvent 

Concentration 
(wt %) 

9.0 
51.0 
74.0 

Concentration 
(wt %) 

Scavenger 
NO (Torr) 

None 
None 
None 

Scavenger 
NO (Torr) 

Yield (%) 
C-36S-C product 

0.3 
0.3 
0.2 

Yield (%) 
C-35S-H product 

Benzene 17.0 None 0.5 
38.0 None 0.4 
79.0 None 0.5 

Hexane 61.0 None 0.3 
85 0.3 

Methanol 32.0 None 0.2 
16 0.3 

180 0.2 

/»-Dichlorobenzene was used as a chlorine source of 
the nuclear transformation in these organic systems. 

compound in the aqueous solution increases by anneal­
ing. The result is shown in Table 1. Although the 
mechanism of this effect is not clear, it may be consider­
ed that the sulfur atoms give some other intermediate 
with the G - H compound or with water, and then it 
becomes the C- 3 5 S-H product rather easily as a result 
of the annealing. I t seems that the water plays some 
role in the reaction, because the annealing effect is found 
only in the aqueous solution and not in the organic solu­
tions. 

The Radiation Effect on the Formation of the Products. 
Thiols are easily decomposed by the radicals induced by 
radiation in aqueous solution, as follows:11) 

H 2 0 -v/w» H + OH (3) 

R-SH + OH • RS + H 2 0 (4) 

R-SH + H • RS + H2 (5) 

The contribution of radiation to the formation and the 
decomposition of the product during the thermal neu­
tron irradiation could not be estimated exactly. But 
from the comparison of the rate constant for the decom­
position (£6)

12) with that for the formation (£7)
13) and the 

comparison of the number of the sulfur atoms produced 
(8 X 1012 atoms) by the nuclear transformation with the 
number of the hydrogen and hydroxyl radicals ( 4 x 1019 

species)14) formed, the insertion product may quite influ­
enced by the radiation.15) 

R -H + S —U R-SH (6) 

R-SH + H and OH • decomp (7) 

The rate of the R - S H formation may be roughly 
estimated as the difference of reactions 6 and 7 by 
the following equat ion: d [ R - S H ] / d * = £ 6 [ R - H ] [ S ] -
* 7 [ R - S H ] [ H a n d O H ] 

The ratio of the rate constant of the decomposition to 
that of the formation {k7/k6) is about 104. 

So, if the radiation effect can be neglected, the yield 
of the G- 3 5 S-H compound in the reaction of the recoil 
sulfur atoms may be about 10 times larger than the ex-
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perimental results of the C- 3 5 S-H yield. This assump­
tion may be supported by the experimental result that 
the sulfur atoms produced by the photolysis of C 0 3 5 S 
reacted with the G - H compound in the aqueous solution 
to give about 13% insertion product, based on the car­
bon monoxide produced. 

The Ratio of the Rate Constant for the C-H to the C-C Inser­
tion. Because of the low conversion of the reaction 
product, it can be considered that the ratio of the rate 
constant for the G - H to the G-C insertion may be equal 
to the ratio of the G- 3 5 S-H to the G-3 5S-G product yield. 

The ratio of the rate constant of insertion (KC-nl 
Kc-c) is about 1.5 in the energetic process. There are 
direct and indirect insertion reactions in the reaction of 
recoil sulfur atoms. One of the indirect insertion reac­
tion is the addition to the - N = C - double bond to form 
- N - G - H as described by Grovenstein.16) The other is 

S-
the formation of G-35S • intermediate by the reaction of 
energetic sulfur atoms with the G - H compound; this 
intermediate abstracts hydrogen from the surrounding 
molecules to form the G- 3 5 S-H product. 

The evidence for this reaction is shown by the forma­
tion of the G- 3 5 S-H product from the G-G compound, 
as is shown in T a b l e 2 and Fig. 1. Moreover, the hy­
drogen dissociation in the aqueous solution may be con­
cerned with the production of the C- 3 5 S-H, because the 
yield shows a higher value at the concentration of 7-5% 
than that of the solid state. In the reaction of carbon 
atoms using accelerated 14C+ ions with benzene, toluene 
and cycloheptatriene were formed as synthetic prod­
ucts.17) I t was assumed that the energetic methylene 
must be involved in this reaction and gives G - H and 
G-G insertion products. The C - H insertion yield is 
higher than the G-G insertion in their experiments. 

However, the photolytically generated 1 4CH 2 reacts 
with benzene to give toluene in which the methyl group 
is exclusively labeled ( C - H insertion product).18) And 
naturally it is possible that the relative populations of the 
spin states of the recoil sulfur atoms may decide the yield 
and radioactivity distribution of the insertion product. 

From these considerations, it may be concluded that 
the formation of the G-3 5S-C is a direct insertion, but 
the G- 3 5 S-H formation involves both direct and indirect 
insertion. 

The G- 3 5 S-H product gives a slightly higher yield 
than the C-3 5S-G in the aqueous solutions. 

The authors wish to express their appreciation to Dr. 
M. Matsui for his helpful discussion and suggestions on 
the effects of radiation. 
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The Infrared Band Shapes of Methyl Iodide in Solutions 
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The infrared band shapes of methyl iodide in solutions were simulated by the superposition of the Lorentzian 
functions. The a r type band was well repoduced by a single Lorentzian function. Its half-width was reasonably 
explained by the reorientational and vibrational relaxations. The e-type band was reproduced by two Lorentzian 
functions; one represents the central main peak of the band, while the other is much broader and appears like a back­
ground. The half-width of the former was nearly proportional to the Q-branch line spacing in the gas spectrum, 
while that of the latter seems to be related to the A^E-type Coriolis coupling. 

The infrared band shape of a molecule in the liquid 
phase contains information about the rotational dif­
fusion of the molecule.1-12) However, in order to get 
insight into the details, it is necessary to take into ac­
count the vibrational relaxation of the resonant-ex­
change9 '10) and translational-diffusion types,11'12) and 
the vibration-rotation interaction6) as well. T h e effect 
of other overlapping vibrational transition can not be 
neglected, either.11) 

I t is well-known that the e-type bands of methyl 
halides in the liquid phase have considerably greater 
widths than the a^ type bands. Jones and Sheppard13) 
at tr ibuted this fact to a large difference between the two 
kinds of moments of inertia of the molecules. They also 
suggested that the Coriolis interaction between the de­
generate vibration and the rotation about the three-fold 
axis was operative on the e-type band widths, since a 
considerable degree of rotational freedom about the 
three-fold axis remained in solutions. O n the other 
hand, Glass and Pullin14) and also Bulanin and Ton-
kov15) reported that no clear correlation was observed 
between various half-widths of the e-type bands and the 
Coriolis constants. Bulanin and Tonkov proposed that 
the broadening of the e-type band was caused, rather, by 
the splitting of the degenerate level as a result of the 
intermolecular force field. However, the observed 
splittings in a crystal16) resulting from the intermolecular 
force field are too small to explain the various half-
widths of the e-type bands in the liquid phase. Under 
these circumstances, more detailed analyses of the bands 
are necessary in order to clear up the character of the 
infrared band shape. In a previous paper we reported 
on the vz band of methyl iodide.11) In the present work, 
the simulation of the observed band shape by means of 
analytical functions has been extended to the eight a.x-
type transitions and the five e-type transitions of the 
same molecule in solutions. 

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

The infrared transmission was measured at room tempera­
ture with a JASCO DS-701G Spectrophotometer. The spec­
tral slit widths were set at 1.0—1.5 cm - 1 and about 2 cm - 1 

in the measurement of the ax- and e-type bands respectively. 
Under these conditions, no correction is needed for the effect 
of the finite slit width on the observed band-widths.17) Uncer­
tainties in the observed band-width were estimated, in the 
manner described in the previous report,11) to be ±0 .3 cm - 1 

Present address: Canon Inc., Torite, Ibaragi. 

and ± 1 cm - 1 for the ax- and e-bands respectively. The 
concentrations of methyl iodide in solutions were arranged 
between 0.4 and 2.3 mol/1. They are in the same concentra­
tion range as was employed in the previous work,11) where the 
observed band shapes in the i>3 region were almost independent 
of the concentrations. Therefore, the concentration-depend­
ence of band shapes was also ignored in the present work. 
Carbon disulfide and carbon tetrachloride were used as 
solvents. The two kinds of solutions yielded almost the same 
band-width wherever both solvents can be used for measure­
ments. 

D e c o m p o s i t i o n o f Bands 

T h e observed intensity was obtained by means of this 
equation : 

I(v) = In (T0/TUK1 - e x p {-hcvlkT))Y\ (1) 

where (T/T0)„ is the transmittance at wavenumber v 
and where T is the absolute temperature. The ob­
served values are indicated by small circles in Figs. 1—5. 
If the random-reorientation model is adopted for the 
ensemble of molecules, the band-shape function (1) for 
a single vibrational transition centered at v° is given by:1) 

I{v) ~tyKiW-m-\fy\H[{Ef-EMhc-{v-*n (2) 

From this equation, one can easily derive the following 
relationship : 

I(2v°-v) = exp (-hc(v-v°)lkT).I(v) (3) 

This is nothing but the condition of the detailed bal­
ance.18) Such a function, I(v), can be represented in 
terms of a symmetric function, Is(\v—v°\), as follows: 

I{v) = exp (hc(v-v0)j2kT)>Is(\v-v°\) (4) 

Here, Is{\v—v°\) represents the Fourier transform of a 
real autocorrelation function of the transition dipole 
moment. I t is widely accepted that the dipole correla­
tion function should show an exponential decay a t a 
long time in the liquid phase. I t follows from this that 
the central par t of the infrared band should be described 
by a Lorentzian profile. Thus, Is(\v—v°\) was assum­
ed to be Lorentzian. The observed intensity in a given 
region is, then, expressed in general by : 

m = ? e x p ( f c c - ^ y a r ) - ^ * ® ^ (5) 

where i>,°, a>,-, /», denote the band center, the half band­
width, and the peak height respectively for the i-th 
vibrational transition. T h e right-hand side of Eq. 5 is 
divergent on the high-frequency side. However, since 
the absorption regions in question were limited near the 
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T A B L E 1. BAND PARAMETERS OF THE ax-TYPE 

VIBRATIONS OF METHYL IODIDE 

f l 

p 2 

p2(0-*2) 
l2v2(l-*3) 

Vi 

2v3
a) 

["3(0-*l)a) 

k(l-^2)a> 

Solvent 

CS2 

CG14 

CC14 

CC14 

cs2 
csa 
cs2 
cs2 
cs2 
CC14 

cs2 
CC14 

Conen 
mol/1 

1.0 
1.0 
1.5 
1.5 
1.6 
1.6 
0.4 
2.3 
1.5 
1.5 
1.5 
1.5 

cm - 1 

2952.4 
2958.0 
2841.0 
2818.0 
2464.2 
2453.0 
1239.5 
1046.7 
526.8 
527.6 
520.2 
521.0 

cm - 1 

10.8 
10.7 
20.0 
18.3 
9.1 
9.0 
7.7 

13.2 
8.3 
8.3 
7.7 
8.3 

a) Reproduced from Ref. 11. 

band centers, no difficulty occurred in the band analysis. 
The parameter values fitted are summarized in Tables 1 
and 2. Practically, the parameter values adjusted for 
bands with half-widths smaller than 30 c m - 1 did not 
depend upon whether or not the exponential factor in 
Eq. 5 was ignored. Therefore, the values for the v3 

band in Table 1 are taken from the previous report, in 
which this factor was ignored.11) 

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

ax-Type Bands. The band shape of the funda­
mental aj-type vibration is well reproduced by a single 
Lorentzian function, except for slight deviations from 
the Lorentzian functions in the lower-frequency wings, 
as may be seen in Fig. 1. A similar deviation was also 
found for the v3 fundamental band.11) These deviations 
may be attributed to the vibration-rotation interaction, 
as was mentioned in the previous report on the v3 band. 

The doublet in the region from 2740 to 2900 cm- 1 was 
observed as parallel bands in the gas phase and was 
assigned to the Fermi doublet, 2v5 and vs-\-v5-{-v6, by 
Matsuura and Shimanouchi.19) The decomposition of 
the doublet was performed after subtracting the wings of 
the vx and Î>4 bands from the total absorption. T h e 
results are shown in Fig. 2a. 

In the absorption region of the 2v2 band, a small band 
is observed in the lower-frequency wing, as is shown in 
Fig. 2b. The best-fit parameter values of the two 
Lorentzian functions are va°=2464.2 c m - 1 , vb°=2453.0 
cm - 1 , o>a=9.1 cm - 1 , and cob=9.0 cm - 1 , and the ratio of 
band areas, /»b^b/A^a» 1S 0.095, where the subscripts a 

2980 2960 

a 

2940 

b 

1260 1240 1220 

Fig. 1. The infrared bands of methyl iodide in solutions: 
(a) vx in CC14, (b) v2 in CS2. 

: Observed; •: calculated. 

and b denote the 2v2 and the small band respectively. 
T h e small band may be assigned to the hot band transi­
tion, 2v2-\-vs—v3, since its half-width is nearly equal to 
that of 2v2 and since the area ratio is in agreement with 
the theoretical values, exp(— hcvjkJ") = 0 . 0 8 1 , at 7 = 
300 K. The anharmonicity constant was estimated 
using the relation x23—(vb°—v2i

0)l2 to be —5.6 cm - 1 . 
This value is nearly equal to the value of —5 c m - 1 ob­
tained by using another relation, x2S=(v2+v3) 
in a GC14 solution.20) Although such a non-zero x23 

should produce the v2-\-vz—v3 hot band at the frequency 
lower than that of the v2 fundamental by about 5 c m - 1 , 
it is impossible to resolve the observed band into the two 
components. However, the effect of the hot band on 
the parameter values obtained for the v2 fundamental 
band may be small and need not be taken into account 
in the following discussion. 

T h e band width of the overtone, 2v2, is larger than 
that of the fundamental, v2. This is probably due to the 
difference between contributions from the vibrational 
relaxation of the translational-diffusion type,12) as was 
pointed out in the case of the v3 transition.11) If there is 
no other cause of the band broadening, the width due to 
the vibrational relaxation is estimated to be a>2 (0—>-2) — 
co2(0-+l) = lA c m - 1 ; accordingly the width due to the 
reorientational relaxation becomes ft>2(0—>l) — 1.4 c m - 1 

T A B L E 2. BAND PARAMETERS OF C-TYPE VIBRATIONS OF METHYL IODIDE a ) 

Solvent Conen 
mol/1 v°(Ll) <a(Li) f°(L2) Û)(L 2 ) <ü(ap) »M/CK) 

"4 

Vi + Vt 

n 

CS2 

CC14 

CC14 

CC14 

CC14 

cs2 

1.5 
1.5 
2.3 
1.5 
1.5 
1.5 

3046 
3051 
2126.3 
1430.0 
1400.3 
881.3 

29 
27 
28 
31 
30 
24 

3029 
3042 

1418 

882 

200 
202 

171 

80 

76 
76 

43 

30 

0.060b> 

-0.016c> 

0.210d> 

31 
29 

30 
29 
30 

a) Frequencies in cm-1 unit, 
d) Taken from Ref. 27d. 

b) Taken from Ref. 27a. c) Average of C6=—0.242 and C36=°-210, see text. 



62 Shun-ichi IKAWA, Kohji FUKUSHI, Kenji FUJIWARA, and Masao KIMURA [Vol. 50, No. 1 

^ T 1 

2900 

if 
! 

fi 

2860 

\r i 1 ' 1 

Ï 

2820 

\ X " 

2780 

-sz'Tl 

a 

2740 

b 

2480 2470 
cm - 1 

2460 2450 

Fig. 2. The infrared bands of methyl iodide in solutions: 
(a) the region of the doublet 2v5 and v3+vb+vt in CC14, 
(b) the region of the 2v2 band in CS2. 
••»•: Observed; •: calculated, total; : cal­
culated, components. 

= 6 . 3 cm - 1 . In order to estimate the reorienta­
tional relaxation for the vx band, some R a m a n data is 
available. T h e width of the isotropic component of the 
Rama n vx band has been found to be 3.5 c m - 1 in CS2 

solutions (1.7 mol/1).21) This width may be considered 
to be due to the vibrational relaxation and to be transfer­
able to the infrared-band width.11 '22-25) Then, the band­
width of the infrared vx vibration due to the reorienta-
tional relaxation is estimated to be a>1(0->l)—3.5 
c m _ 1 = 7 . 3 c m - 1 . The widths of the vz band due to the 
reorientational and vibrational relaxations have pre­
viously been estimated to be 6.3 and 2.0 c m - 1 respec­
tively.11) 

T h e vibrational species of the same symmetry have 
transition dipole moments in the same direction in the 
molecular framework. Therefore, their band-widths 
based upon the reorientational relaxation should be 
identical to one another only if the effect of the vibra­
tion-rotation interaction is negligible. This is the case 
for the a r t y p e band of CH 3 I . The estimated band-
widths due to the reorientational relaxation, 7.3, 6.3, 
and 6.3 c m - 1 for the v1} v2, and vs vibrations respectively, 
agree approximately with one another in spite of a scat­
tering of the observed total widths, 10.8, 7.7, and 8.3 
cm-1.26) 

T h e band-widths of the Fermi doublet, 2vs and v3 + 
vs-\-ve, are much larger than those of the other aj-type 
bands. Matsuura and Shimanouchi19) have pointed 
out that the unperturbed {vs-\-v5-\-v6)° band behaves as 
a quasi-perpendicular band with an effective Coriolis 
constant of —0.47, whereas the unperturbed (2v5)° band 
has the normal profile of a parallel band. T h e band-
widths observed in solutions are intermediate between 

those of the a!-type and the e-type bands. I t is probable 
that the vibration-rotation interaction is operative in 
solutions and that , as a result, the broadenings of the 
components of this doublet are much larger than those 
of the other ax-type bands. 

e-Type Bands. The absorption region of the e-
type vibration is, as a rule, well reproduced by two 
Lorentzian functions. The narrower Lorentzian, de­
signated as v{L^}, and the broader one, designated as 
v(L2), represent the shape near the band center and a 
background-like absorption of a greater width respec­
tively. 

Fig. 3. The infrared absorption in the region from 2720 
to 3400 cm - 1 of methyl iodide in the carbon tetrachloride 
solution. 

: Observed; • : calculated, total; : cal­
culated, components. 

Figure 3 shows the absorption ranging from 2720 to 
3400 c m - 1 , of methyl iodide in carbon tetrachloride. In 
addit ion to the e-type v4 band, there appear three ax-
type bands, vx, 2v5, and v3+v5+v6. The absorption in 
this region is well reproduced by five Lorentzian func­
tions. I t should be noted that v4(L2) is much broader 
than the others and spreads all over the region. 

In the absorption region of v5, the combination band 
vA-\-v6 also appears. This region is well reproduced by 
three Lorentzian functions, as is shown in Fig. 4. It has 

1480 1440 • 1400 1360 

Fig. 4. The infrared absorption in the region of the Fermi 
doublet v5 and v3+v6 of methyl iodide in the carbon 
tetrachloride solution. 
o.ooo; Observed; : calculated, total; : calcula­
ted, components. 
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been established that the Fermi-resonance occurs be­
tween the Î>5 and v3+v6 bands.27) If the value of the 
Fermi-resonance parameter, W=KZh(ifJs/~2, in the solu­
tion is assumed to be equal to that in the gas phase, 10.4 
cm - 1 ,2 7 d) the unperturbed frequencies may be estimated 
to be 1426.5 and 1403.8 cm" 1 for v5° and (vz+v6)° re­
spectively. The value of the anharmonicity constant, 
#36, is, then, obtained to be as follows: x36= (vs-\-v6)°— 
v3—v9—— 4.8 c m - 1 . This value agrees with those ob­
tained in the gas phase, —5.627d) and —5 cm"1.270) 
Both the values of ÜT356 and #36 seem to be almost un­
changed on going from gas to solution. 

• • 

2180 2160 2140 2120 2100 2080 

cm"1 

Fig. 5. The infrared bands of methyl iodide in solutions: 
(a) v6 in CS2, (b) v2+v6 in CC14. 

: Observed; •: calculated, total; : cal­
culated, components. 

The region of the v6 vibration is simply reproduced by 
two Lorentzian functions, as is shown in Fig. 5a. T h e 
combination band, v2+ve, is much weaker than the other 
e-type bands studied in the present work. T h e back­
ground-like absorption in Fig. 5b looks nearly constant 
throughout the region. This is probably because of the 
overlap of the wings of the neighboring bands. I t is 
impossible to extract the v(L2) from the whole back­
ground. 

The shapes of i>4, v5, and 1>6 fundamental bands, each 
of which is composed of vÇL-^ and v(L2), are compared in 
Fig. 6. Their band-widths, co(ap), are very different 

Fig. 6. Comparison of the normalized shapes of the vA, 
ys, and v6 bands, each of which is composed of v(ht) and 
KL2). 

from each other, as is shown in Table 2. Nevertheless, 
the half-widths of VÇL-L), COÇL-L), are much less dispersive 
and in the order of ft)5(L1)>ca4(L1)>co6(L1), in accord­
ance with that of the Q-branch line spacings in the gas 
phase. The Q-branch line spacing of methyl iodide in 
the gas phase is nearly proportional to 1 — C, where C is 
the Goriolis coupling constant. The values of C have 
been reported to be 0.060,27a> -0.242,2 7 d> and 0.21027d> 
for vi} v5, and 1>6 respectively. If a strong Fermi reso­
nance occurs, the Q-branch line spacing of each 
Fermi component may be related to the mean value of 
C for the unperturbed vibrations, a t least in the region 
near the band center. Therefore, we tentatively adopt­
ed the value of C = (C5+C6)/2 for the Fermi doublet, by 
using C6 in place of C36. The values of a> (L^) divided 
by 1 — C are given in the last column in Table 2. They 
are constant; in other words, (oÇL^ is proportional to the 
Q-branch line spacing. 

T h e absorptions specified by v(L2) serve for the 
broadening of the observed bands ; the percentage of 
each v(L2) occupying the band area and the broadening 
are much larger for i>4 than v5 and v6. No definite con­
clusion can be drawn about their origin and precise 
shape at present. However, the v(L2) parts of the e-type 
bands seem to be related to the A r E - t y p e Coriolis coupl­
ing, with the intense nondegenerate band in the neigh­
borhood. The intensity perturbation due to the Ax-E-
type Coriolis coupling is approximately proportional to 
L / C / + 1 ) - * ( * + ! ) ] i n t h e S a s phase.28) This type of 
coupling probably intensifies the band-wing, even in the 
solutions. For methyl iodide, the separations between 
the degenerate bands and their nondegenerate intense 
neighbors are v4—^«»90 cm - 1 , ^ - ^ ^ n O c m - 1 , v2— 
i>6«»360 cm - 1 , and v6—v3*w350 c m - 1 . Therefore, the 
Aj-E-type Goriolis coupling may affect the Î>4 band most 
strongly and the v6 band most weakly. This is consistent 
with the observed order of the magnitudes for a>(L2). 

T h e authors wish to thank Professors Osamu 
Yonemitsu and Kozo Tanabe of Hokkaido University 
for their permission to use the J A S C O DS-701G infrared 
spectrophotometers. 
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A new statistical thermodynamic theory is presented for a model of liquid water, which consists of two com­
ponents, i.e., tetrahedrally-coordinated pentamers and non-hydrogen-bonded monomers. In the model the two com­
ponents are assumed to be immersed in a uniform background potential which results from electrostatic, induction, 
and dispersion forces between water molecules. A partition function is given without assuming any specified lattice. 
A translational partition function is written into a simple and explicit expression which is derived from the Lebowitz 
solution of the Perçus-Yevick equation for hard sphere mixtures. The mole fraction of each component and the den­
sity are determined by solving two equations, i.e., the condition of free energy minimization and the equation of state 
derived from the partition function, simultaneously. Various thermodynamic quantities are calculated and the 
values determined are compared with those observed. Some discussions are carried out, together with the criticism 
of the earlier theories. 

Various kinds of statistical thermodynamic theories of 
liquid water1 - 3) have been proposed for about a decade 
since the presentation of the earlier theory by Némethy 
and Scheraga (1962). M a n y new experimental results 
have also been accumulated for nearly the same period 
of time and added a great deal of contributions to the 
knowledge of the structure of liquid water,4) though no 
decisive conclusion about it has been obtained at pres­
ent.5) 

Concerning the structure theories of liquid water, the 
situations are diversified nowadays certainly, but, as to 
the theoretical methods and models used, several distin­
guishable features are found in the studies carried out 
recently. Those are classified into three groups: 1) 
lattice and cell theories, 2) applications of the recent 
progress in the theory of liquids, i.e., the Perçus-Yevick 
and H N C equations etc., 3) results in computer experi­
ments, i.e., molecular dynamics and Monte Carlo cal­
culations. 

Among the first group of studies we find lattice 
theories presented by Bell and others6) and by Fleming 
and Gibbs,7) a cell theory by Weissmann and Blum,8) 
and an order-disorder theory by the authors.9) Some of 
these theories6 '7 '9) treated the theme of the cooperative 
character in the structure of liquid water, that is, the 
cooperative formation and breakage of the hydrogen-
bonded structure, but the success of those is only qualita­
tive, subjected to the limitation which is associated with 
the essential nature of the lattice theory. The studies in 
line with the second group are mainly promoted by Ben-
Nairn and others.10) There seems to be a fair prospect 
of success of these theories, but the greatest problem lies 
in mathematical difficulties of solving integral equations 
for correlation functions. T h e most remarkable results 
in the third group are those of molecular dynamics given 
by R a h m a n and Stillinger.11) They have made impor­
tant contributions to the determination of the structure 
model for water. All the results described above give 
new possibilities, surely, to solve the important but diffi­
cult problem of the liquid structure of water. However, 
their successes remain to be qualitative and limited ones 
on the whole. 

From the quantitative view-point of results, recent 
two theories presented by Weres and Rice12) and by 
Scheraga and coworkers13) are intensely interesting. T h e 

former one is a kind of lattice theory and the latter one is 
based on a mixture model (cluster model). They made 
a further forward step to the quantitative explanation of 
the equilibrium behavior of water. However, they are 
too solid-like. For example, it has been found in the 
calculation by Weres and Rice that the value of configu-
rational entropy with respect to the arrangement of 
water molecules in basic cells remains quite unchanged 
throughout the temperature range from 0 to 100 °C. 
In the calculation by Scheraga et al. also, it has been 
found that £/vib>, the internal energy resulting from the 
intermolecular vibrational structure, increases from the 
value of 3.33 kcal/mol to 3.87 kcal/mol throughout the 
same range of temperature while £/trans.> the energy for 
translational motion, is very small, being within the 
range from 0.18 to 0.28 kcal/mol. These features of the 
two theories clearly show the too solid-like character, 
though it is found to be more intense in the theory by 
Weres and Rice than in the one by Scheraga et al. 

Thus, the authors have at tempted to propose a statisti­
cal thermodynamic theory of liquid water based on the 
recent progress in studies of liquids, in order to give the 
more adequate explanation of the properties of water. 
Details of the results are reported in the following sec­
tions. 

Descr ip t ion o f the M o d e l 

Since the proposition by Bernai and Fowler in 1933, 
the tetrahedral coordination has been considered to 
dominate in the local structure in liquid water. The 
results of X-ray studies from Morgan and Warren 's 
(1938) to the recent Narten, Danford, and Levy's14) has 
ascertained that the average coordination number in 
liquid water is slightly larger than four at ordinary tem­
peratures, indicating the predominance of the local 
tetrahedral geometry. Recent spectroscopical studies 
by Walrafen15) and others has also confirmed that the 
tetrahedrally-coordinated hydrogen-bonded configura­
tions with C2 v symmetry constitute most of the structures 
present in water. This feature should be taken into 
consideration firstly in the formulation of the theoretical 
model for water. 

In the recent presentation of a statistical thermody­
namic theory for water, Lentz, Hagler, and Scheraga 
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scribed in Appendix I . 
Cltrans. is expressed as 

Fig. 1. Tetrahedrally-coordinated pentamer. 

have used a model consisting of a distribution of small 
clusters from 1 to 9,13) admit t ing the criticisms against 
the earlier theory of Némethy and Scheraga16) (1962) 
that it used a model with very large clusters. 

I t is desirable that the basic model underlying a theory 
is as simple as possible if the theory can explain the be­
havior of the substance as objects with a sufficient accu­
racy. Thus, the authors assume that liquid water 
consists of two species which are tetrahedrally hydrogen-
bonded pentamers (Fig. 1) and unbonded monomers. 
T h e character of the structure supposed to be intrinsic of 
water is at tr ibuted to the presence of the pentamers, and 
liquid water is regarded as an equilibrium mixture of the 
monomers and the pentamers. 

In the formulation of the total partition function, we 
assume that attractive forces between molecules give rise 
to a uniform background potential, taking into considera­
tion the treatment made first by Longuet-Higgins and 
Widom for liquid Argon,17) by Scheraga and others 
for water,13»18) and by the authors for normal liquid.19) 
T h e magnitude of the background potential is deter­
mined by a direct calculation as described in later sec­
tions, while it was treated as an adjustable parameter in 
the calculation of Scheraga and others. 

In order to give a translational partition function we 
regard the two species as hard spheres with diameters 
/?! and R2 (Ri<iR2), respectively, which are immersed in 
the background potential, and the translational parti­
tion function is derived from the analytical solution of 
the Percus-Yevick equation for hard sphere mixtures. 
Its details are described later. 

T h e Part i t ion Funct ion 

For the model used the total parti t ion function is ex­
pressed as a product, 

Z = Q.trans. Q.rot. Q.lnt. Q.BG5 ( 1 ) 

in terms of the translational, rotational, internal, and 
background potential contribution, respectively. 

i) Translational Partition Function. W e can write 
the translational partition function Q,trans. a t given V 
and T for an assembly of Nx non-hydrogen-bonded 
monomers (the mass m1 and the diameter RJ and N2 

pentamers (the mass m2 and diameter R2). T h e formula 
is derived from the analytical and explicit solution of the 
generalized Percus-Yevick equation given first by 
Lebowitz.2 0 '2 1). T h e details of the derivation are de-

and 
(2) 

/ = (,_a expf-f ^ _L_ ( 2 Jrr-2^+x.)} 

where 
(3) 

vx = VfN, = Pl~\ v2 = VJN2 = p2~\ 

X = f PlR1* + ^P*R2*, Y = ^PlRt + ^p2R2, 

and the packing fraction is 

£ = ^PiRi* + f p*RJ. 

The Eqs. 2 and 3 are a generalization of Eqs. 4 and 6 
in the previous paper19) for an one component fluid into 
the formulas for a mixture of hard spheres, where £ cor­
responds toy in the paper. Equation 2 is seen to have a 
form identical with that given in the free volume theory 
in general. Thus, / = E q . 3 is defined as a generalized 
equivalent free volume fraction, which is similar to the 
case of an one component fluid.19) This is extended to 
the general case for an w-component fluid as described 
in Appendix I. In the presentation of our theory no 
lattice is assumed, and the theory derived is free from the 
criticism against the lattice theory in general in its 
application to liquids. 

ii) Rotational Partition Function. The contribu­
tion Q,rot. from the rotational motions to the total parti­
tion function becomes 

^(^T^-^'T' (4) 
where / ; ,A, ii,B, Ii,c, and at are the moment of inertia 
and symmetry factor, respectively, of an i-th particle. 
y is a reduction factor which results from the restriction 
of the over-all free rotation for a larger particle such as a 
pentamer. Though this factor y is expected to be smal­
ler than 1 for the pentamer, we take it as 1, for it is im­
possible to compute the reduced number of rotational 
configurations. Symmetry factors <sx and cr2

 a r e taken 
to be 2, as usual. 

Hi) Internal Partition Function. The internal 
partition function Q.int. 1S 

dint. = &vib. exp m (5) 

where Q,vib. 1S t n e contribution from the vibrational 
degrees of freedom from N2 pentamers and s is the 
energy of hydrogen bonding within pentamers. In each 
pentamer four hydrogen bonds are formed between the 
central molecule and four tetrahedrally-coordinated 
molecules. We write the vibrational contribution Q,v;b. 
as 

r ^ j exp(-hvji2kT) \ y 
•expi-hvjIkT)]} (6) 
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where vj is the frequency of intermolecular vibrational 
mode within a pentamer. 2 4 ( = 6 x 5 — 6 ) degrees of 
freedom are considered for the modes. 

iv) Backbround Potential. The contribution Q,BG 
from the uniform background potential term to the total 
partition function becomes 

ftBo = « p ( - C W * 2 T ) (7) 

As described in the previous section, each hard sphere 
molecule is assumed to be immersed in a uniform back­
ground potential UBQ, and no specific interactions are 
considered between hard spheres. UBO for a molecule 
is considered to result from the dipole-dipole, dipole-
induced dipole, and dispersion interactions between the 
molecule and all the other molecules as its medium. UBQ 

is expressed as inversely proportional to the volume of 
the liquid in the same way as Longuet-Higgins and 
Widon assumed,17) and is written into a simple form as 
UBQ=aN2IV, where a is a constant. This presupposes 
that, concerning electrostatic, induction, and dispersion 
interactions, water molecules behave similarly with each 
other, whether they are within pentamers or in unbond­
ed state. 

The dipolar interaction between permanent point 
dipoles is expressed as 

Ußß = ^ - [ s i n 0A sin 0B cos (0A - 0B) - 2 cos 0A cos 0B], (8) 

where R is the separation between a dipole A and a 
dipole B, 0A and 0B the polar angles for A and B (the line 
connecting A and B is regarded as a polar axis), and 0A 

and 0B the angles formed by the plane including the 
dipole and the polar axis with a reference plane. U^ is 
averaged for all configurations of two dipoles A and B 
with respects to angles 0A, 0B, 0A, and 0B, and the 
averaged value <CU,,f^> becomes a function of R only. 

<U^> = \umav(-U„lkT)ÛQ/\ap {-U„JkT)&Q, 

(9) 

where d ß = s i n 0A sin 0B d 0A d 0B d 0A d <f>B. 
The dipole-induced dipole interaction U,,a becomes 

where ä is a average molecular polarizability, and the 
dispersion interaction between two molecules is 

£W = -j^> ( i i ) 

The background potential C/BG is determined by inte­
gration of the sum of Eqs. 9, 10, and 11 multiplied by 
g(R). The g(R) is a molecular correlation function22) 
obtained from the observed radical distribution function 
by substracting intramolecular contributions. 

Then, Um is written as 

UBG = ^[<UM,> + U,a+UälBp.]g(R)47zfcdR. (12) 

A Monte Carlo method is used in the calculation of 
KUpt^. The details in the procedure of calculation of 
UBQ are described in Appendix I I . 

T h e r m o d y n a m i c Var iab le s 

In the present model the following equilibrium at 
given T is established in water, 

5(H20) <=> (H20)6 , (13) 

where the total number of water molecules N remains 
constant, 

N=N1 + 5N2. (14) 

The free energy F is obtained from the total partition 
function Z (Eq. 1). 

F= -kTlnZ, (15) 

where Nlt N2, and molar volume V° (density p) a t equili­
br ium are determined at given T and N from the condi­
tion of Z maximization and the equation of state derived 
from Z. Under the association equilibrium condition 
(Eqs. 13 and 14), the following relation holds.23) 

\w)r,w=\dT)r,wl,*: \w)r,K
=\dv),,„„„; (16) 

This relation simplifies the formulas for various thermo­
dynamic variables which are derived from Eq. 15. 

The equation of state is given as 

x {*1+Äa+|(Ä1^W)SA}] + «£ (17) 

where the first term in the right of Eq. 17 is the same as 
that derived by Lebowitz20) for hard sphere mixtures, 
and the second term comes from the background poten­
tial term. 

The entropy S is expressed24) as 

S = "Strans. + 5rot. + ^int.» O 8 ) 

Strans. = k In Q. t r a n s . + | - ( ^ + N2)k 

S r o t . = , H n £ r o t . + - | (JV1 + i\r2)* 

The internal energy U=F-\-TS is obtained from F 
and S as 

U=3(N1 + N2)kT+4Nie + hT*(pffi*^ + *Ç-. (19) 

Ctrans. = ^ o t . = ~(N1 +N2)kT 

"kin. = "trans. + "rot. 

tfHB = 4JV2fi 

T h e heat capacity a t constant pressure, Cp, is derived 
as follows, 

(10) SlTiU = * In £ v l b . + kT-3 In (I 
dT 

•!»*- = S„ 



68 Kiyoshi ARAKAWA, Kazuo TOKIWANO, and Kazumitsu KOJIMA [Vol. 50, No. 1 

« • " ' ^ • > ( £ ) , \9T)9 

\dT)p,Nl,„,+ \dNjp,r\dTJp,y
 + P\dT)p 

+ (Wm)j + [-i2Ar+4Ä+*r-(il^ü>,)] 

x ( # ) 
,(*L\ 

»*+pvëTi; 
(20) 

where (<7vib.) = (£Lvib.)1/JVa 1S a molecular vibrational 
partition function for a pentamer. 

N u m e r i c a l C o m p u t a t i o n s 

i) Determination of Molecular Parameters. For the 
purpose of calculating thermodynamic quantities, the 
following values of molecular parameters are used, 
which have been determined from various sources. The 
magnitudes of hard sphere diameters and moments of 
inertia are tabulated in Table 1. 

TABLE 1. MOLECULAR PARAMETERS 

Unbonded 
monomers Pentamers 

Diameter of hard spheres 
Ä!=3.10 A 

Polarizability ä 1.44x 10~24 cm3 

Dipole moment pi 1.84 D 

Moments of inertia (10-40 g cm2) 
7 l t A= 1.0220 
7 ^ = 1 . 9 1 8 7 
71>c=2.9376 

£ 2 =5 .50 A 
5.55 A 

O - H - O 
distance 2.82 A 

=72 .0=634.332 

The Rx is considered to correspond to the van der 
Waals diameter for water, which is used in the molecular 
dynamics calculation by Stillinger and Rahman.1 1) The 
magnitudes of moments of inertia for monomers are 
those determined by Benedict and others25) and cited by 
Eisenberg and Kauzmann.2 6) Those of moments of 
inertia for a pentamer are calculated for the configura­
tion shown in Fig. 1, where the hydrogen-bonded 
distance in liquid water is taken to be 2.82 A14»27) and 
the mass of four tetrahedrally-bonded molecules is 
assumed to be concentrated a t their centers of mass. 
Calculated values of the moments of inertia for three 
rectangular axes shown in Fig. 1, i.e., 72,A, 72,B, and 72.c 
are all equal in their magnitudes. This equality of these 
three moments of inertia shows high degree of symmetry 
of that configuration, which supports the idea that the 
pentamer is treated as a sphere in this work. Some un­
certainly attaches to the determination of R2. Lentz, 
Hagler and Scheraga13) used about 5.3—5.4 A as the 
values of R2 for a pentamer. They determined the value 
by measuring the displaced volume of "foil-wrapped 
space-filling models" (by immersion of the models into 
liquid). Their values are those for "clusters as compact 

as possible, consistent with a maximum value of hydro­
gen bonding", and supposed to be a little smaller than 
that for the pentamer shown in Fig. 1. Thus, we have 
carried out calculations for two values of R2) i.e. 5.50 
and 5.55 A. 

As to the energy of the formation of hydrogen-bond­
ing, the value of 2.5 kcal per mole of hydrogen bonds is 
used, various experimental sources of which are given in 
Table 2. This value of e is assumed to correspond to the 
energy for the process of hydrogen-bond breakage dur­
ing which the separation of the hydrogen-bonded pair of 
molecules remains nearly unchanged. The values de­
termined by various different experimental techniques 
are seen to agree with each other. Davis and Litovitz 
used the value of 2.55 kcal/mol in their calculation.27) 

TABLE 2. THE ENERGY OF HYDROGEN-BONDING 

Ra> 
IRb> 
R 
IR 
Nc> 
Average 

e 

2.55 

2.5 
2.4—2.5 
2.3 

«*2.5 
2.5 

e (kcal/mol) 

Authors 

Walrafen"> 
Worley and Klotz2*» 
Lindner15> 

Senior and Verrall29) 

Safford15> 

Bonding 

O - H - O 
O - H - O 
O-D-.-O 
O - D - O 
O - H - O 

a) R: Raman, b) IR: infrared, c) N: neutron scat­
tering. 

Concerning the assignment of the frequency vj, there 
is still some uncertainty. We have assigned the values 
tabulated in Table 3 to each normal mode frequency 
Vj(j=l—24), which are grouped as seen in the table. 
These values are taken from the sources13'15,30'31) cited in 
Table 3 and are used as rounded-up values. 

TABLE 3. NORMAL MODE FREQUENCIES 

VJ FOR PENTAMERS 

VJ (cm-1) Number of modesft) 

" L b ) 

* L ' 

* L " 

VT 

V 
n0r. 
"b 

V 

700 
550 
450 
200 
150 
100 
60 
40 

3 
4 
4 
3 
3 
2 
3 
2 

a) Refs. 13, 15, 30, 31. b) Suffix L, I / , L " are those 
for librational modes, T and T ' for translational 
ones, tor. for torsional one, and b and b ' for bending 
modes. 

ii) Determination of Mole Fraction xfor Hydrogen-Bond­
ed Molecules and the Density of Liquid Water. In ad­
vance of calculating various thermodynamic quantities 
we must determine the equilibrium distribution for Nx 

and N2 at given T and V for a given total number N of 
molecules (Eq. 14). This can be carried out using the 
condition of the maximization of Z with respect to N2) 

where the number of independent variables is only one 
under the condition of Eq. 14 for a given value of JV"and 
we take N2 for the independent variable for convenience. 
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Thus, 

dF \ = I dF 
,dNjViT \dN2 

From Eq. 14 for a constant value of N, 

(M.) =(M.) +(*L) (Mi.) = 0 . 

(Ml) = _ 5 
\dNjv>T 

Inserting this into the equation described above, we 
obtain 

\Wj»ltYtT
 = 5\dNï)»t,v,T ( 2 1 ) 

or A = 5/1* (21') 

where fix and j«2 is the chemical potential for each 
species, respectively. Eq. 21 (i.e. Eq. 21') is the condi­
tion of thermodynamic equilibrium between pentamers 
and unbonded monomers. 

In order to determine the density for the liquid theo­
retically, the equation of state, which is expressed as Eq. 
17, is used, where the left hand side (pV) is safely regard­
ed as zero under ordinary pressures (the so-called 
"vanishing external pressure condition"19 '32)). 

The two procedures for the determination of the mole 
fraction and the density (i.e. molar volume) must be 
carried out simultaneously, because the two kinds of 
values to be determined are interrelated to each other in 
the two equations. 

We use x=5N2/N as an independent variable instead 
of N2, which is the mole fraction for hydrogen-bonded 
molecules in water. The following two equations are 
used in the determination of x and V for practical use. 
Eq. 21 becomes 

( i - £ ) 2 r a ~ " ' 2 " a " ) (i-e)3J 

(24 cxp(-hvjl2kT) 1 _ 4e^ 
\jA\-cxp(-hvjjkT)j kT) 

+ 5 

+ 5 H^^r^VA,^}] = 0, (22) 
f = f T"[fil*(I-*)+Ä»*f] 

and, from Eq. 17 with the vanishing external pressure 
condition, we obtain 

+ ^V{XY(l-$) + XS}\ + UBQ = 0 (23) 

after some calculations (see Appendix I ) . For given 
values of various molecular parameters, the two simul-
tanious equations are solved numerically to determine 
the values of* and V (i.e., the density p). 

in) Numerical Calculations of Thermodynamic Variables. 
The computations of thermodynamic variables, F, U, S, 
Cp are carried out for each temperature, using the values 
of f/AB given in Appendix I I as well as those of x and V 
determined according to the procedures in the previous 
section. T h e values of F, U, S, Cp are tabulated in 
Table 4 for the case of i? 2 =5.50 Â, including observed 
values. T h e calculated values of x and p also are given 
in Table 5. 

W e have taken the state of ice at 0 K in its ground 
intermolecular and intramolecular vibrational levels as 
the thermodynamic standard states. T h e values of c7BG 

have been calculated employing the state of infinitely 
dilute vapor at 0 K as the zero of energy. Then, we 
have added the value of 11.3 —1.4=9.9 kcal/mol to 
those of U and F calculated from Eqs. 15 and 19, where 

T A B L E 4. CALCULATED AND EXPERIMENTAL THERMODYNAMIC PROPERTIES OF WATER 

Temp (°C) 

F 
(kcal/mol) 

U 
(kcal/mol) (cal/deg mol) (cal/deg mol) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

Calcd 

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

- 2 . 8 9 6 

- 3 . 0 9 6 

- 3 . 2 8 
- 3 . 4 7 

a) Ref. 13 and N.E. Den 

Obsda> 

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

;ey "Properties of 

Calcd 

3.30 
3.605 

3.89, 
4.17. 
4.42 
4.68 
4.956 

5.23 
5.50 
5.776 

6.03, 

Ordinary 

Obsda> 

2.71 
2.89 
3.07 
3.25 
3.43 
3.61 
3.79 
3.97 
4.15 
4.33 
4.52 

Calcd 

16.0, 
16.8, 
17.9 
19.0 
20.3 
21.7 
22.8 
23.7 
24.36 

24.9, 
25.4, 

f. Water Substances," ACS 1 

Obsda> 

15.2 
15.8 
16.4 
17.1 
17.6 
18.2 
18.8 
19.3 
19.8 
20.3 
20.8 

VIonograj 

Calcd 

29.6 
29.1 
28.4 
26.9 
25.2 
25.3 
26.2 
27.3 
27.8 
28.0 
28.1 

Obsdb> 

18.2 
18.1 
18.0 
18.0 
18.0 
18.0 
18.0 
18.0 
18.1 
18.1 
18.2 

)h, No. 81, Reinhold, 
New York (1940). b) G.S. Kell, J. Chem. Eng. Data, 12, 66 (1967). 
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TABLE 5. MOLE FRACTION OF HYDROGEN-BONDED 

MOLECULES X AND DENSITY P 

Temp (°C) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

X 

0.790 
0.729 
0.645 
0.529 
0.362 
0.200 
0.091 
0.040 
0.019 
0.009 
0.005 

P 

Galcd" 

1.147 
1.121 
1.089 
1.049 
0.996 
0.943 
0.901 
0.870 
0.847 
0.826 
0.808 

(g/cm3) 

Obsd 

0.9998 
0.9997 
0.9982 
0.9957 
0.9922 
0.9880 
0.9832 
0.9778 
0.9718 
0.9653 
0.9584 

11.3kcal/mol is the value of sublimation energy from 
ice at 0 K33) and 1.4 kcal/mol is the shift in intramole­
cular zero-point energy34) for the process of sublimation. 

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

i) Temperature Dependence ofx and p. Values of 
x calculated are plotted against temperature in Fig. 2, 
where the two calculations for R2=5.50 Â (Table 5) and 
for i? 2 =5.55 Â are given. T h e curves given in Fig. 2 
shows that magnitude of x, which is regarded as a 
measure of the "s t ruc ture" in liquid water, is large at 
lower temperatures (about 80% for R2=5.50 Â and 
about 60% for R2=5.55 Â) and decreases rapidly with 
increase of temperature. The inflection point where 
d2xjdT2=0 and the decreasing rate is maximum is about 
40 °G for £ 2 = 5 . 5 0 Â. This supports the idea that the 
structure of water varies a great deal a t about 40—50 
°G. I t is observed experimentally that compressibility 
becomes minimum near about the temperatures and 
also that the third peak of the radial distribution curve 
nearly disappeares above the temperatures.14»35) T h e 
rapid decrease of* at the temperatures is supposed to be 
associated with those observed facts. T h e calculation 
for i? 2 =5.50 Â is expected to give a more adequate result 
than that for R2=5.55 Â. 

* 0.4h 

40 60 

Temp, °C 

Fig. 2. The temperature dependence of mole fraction of 
hydrogen-bonded molecules. 

-:R2=5.50A, 
:i22=5.55Â. 

T h e mole fraction of unbroken hydrogen bonds, #HB> 
which is calculated from the value of #, is given in Table 
6, and is compared with the values of Lentz, Hagler and 
Scheraga13) (LHS) and those of Weres and Rice12) 
(WR) . Our values decrease more rapidly and are found 
to be smaller than those of L H S and W R . T h e values 
of W R are seen to be constant throughout the range of 
temperature from 0 to 100 °C, and those of LHS also 
are nearly constant. This is unreasonable, considering 
from the variation of various properties of water with 
temperature, i.e., the disappearance of some features in 
the radial distribution curve at higher temperatures, 
etc. The temperature dependence of xHB found in our 
work may be reasonably accepted as showing the beha­
vior of water, though the magnitudes are too small at 
higher temperatures. 

TABLE 6. MOLE FRACTION OF UNBROKEN 

HYDROGEN BONDS XHB 

Temp 
(°G) 

This work 
(Ä2=5.50A) LHS WR 

0 
20 
40 

100 

0.32 
0.26 
0.146 

0.002 

0.47 
0.46 
0.45 
0.43 

0.68a> 

a) Nearly constant from 0 to 100 °C. 

Values of p calculated are plotted against temperature 
in Fig. 3 in comparison with observed values. The tem­
perature dependence in the calculated p vs. T curve is 
seen to be too large compared with that observed. The 
curve becomes fairly flat a t about 0—10 °C range {R2= 
5.50 Â), though the temperature of maximum density 
(TMD) is not observed. 

Fig. 3. 

Temp, °C 

The temperature dependence of density p. 
:Ä 2=5.50A, 
:Ä 2=5.55A, 

O : observed values. 

In the recent study by Lentz, Hagler, and Scheraga13) 
they did not calculate the density and used the observed 
values as given ones in their calculation. Weres and 
Rice gave a calculated p vs. T curve (in Fig. 6 in their 
paper12)), bu t their values of p is determined only semi-
empirically as a direct result of their assumption that 
" the dimensions of the basic cell vary linearly with 
temperature ." 

In our calculation the density is determined theoreti­
cally without any additive assumptions by solving direct­
ly a simultaneous equation (Eqs. 22 and 23). The 
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agreement of the calculated values of p with observed 
ones is fairly good on the whole, which proves the essen­
tial usefulness of the procedures for the determination of 
p in this work. 

Fleming and Gibbs7> have presented a lattice gas 
theory of water and carried out a theoretical determina­
tion of p. Their values are found to be too large by a 
factor of 1.4. They also have not succeeded in giving 
T M D in the range of temperatures from 0 to 100 °G, 
though a possibility of the presence of T M D below 0 °C 
has been stated. T o give T M D in the calculated p vs. 
T curve is the problem of further studies. 

ii) Temperature Dependence of Thermodynamic Variables. 
The values of F, U, and £ are plotted against tempera­
ture in Figs. 4, 5, and 6, including the values calculated 
for the case of R2=5.55 Â and those observed for com­
parison. The calculated F vs. T curve is seen to be in 
good agreement with the observed curve. Concerning 
the S vs. T given in Fig. 6, the deviation from the ob­
served curve is small at lower temperatures, and it 
ascends more rapidly with temperature, being above the 
observed curve through all the range of temperatures 
from 0 to 100 °C. T h e behavior is similar to the U vs. 
T curve as given in Fig. 5. As clearly seen in Figs. 2—5, 
the calculation for R2=5.50 Â gives better results than 
that for i? 2 =5.55 À. 

_l I I 1 L_ 
20 40 60. 80 100 

Temp, °C 

Fig. 4. The temperature dependence of free energy F. 
:A2=5.50Â, 
:A2=5.55Â, 

O • observed values. 

_l i i | l_ 
20 40 60 80 100 

Temp, °C 

Fig. 5. The temperature dependence of internal energy 
U. 

:A2=5.50Â, 
:A2=5.55Â, 

O : observed values. 

20 40 60 80 100 

Temp, °C 

Fig. 6. The temperature depencence of entropy S. 
:A a=5.50Â, 
:A2=5.55Â, 

O > observed values. 

As expressed in Eqs. 18 and 19, the thermodynamic 
quantities calculated are regarded as consisting of several 
terms which are at tr ibuted to various kinds of degrees of 
freedom. Those are tabulated in Tables 7 and 8. I t is 
very interesting to investigate the variation of the con­
tribution from each degree of freedom with temperature, 
in order to compare the features of various theories. 

Thus , our results (Tables 7 and 8) are compared with 
those of LHS13> (Table 9) and WR12> (Table 10) in 

TABLE 7. VALUES OF VARIOUS TERMS 

IN Eq. 18 (cal/deg mol) 

Temp 
(°C) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

"trans. 

1.9 
2.75 

4.06 

5.6 
7.7 
9.85 

11.5 
12.6 
13.3 
13.85 

14.35 

•Srot. 

6.5 
6.85 

7.3 
7.9 
8.75 

9.65 
10.3 
10.6, 
10.8, 
11.0 
11.0, 

S i n t . a ) 

7.65 

7.25 

6.55 

5.5 
3.85 

2.2 
1.0 
0.4, 
0.2 
0.1 
O.O5 

•Stotal 

16.05 

16.8, 
17.9 
19.0 
20.3 
21.7 
22.8 
23.7 
24.35 

24.95 

25.45 

a) In our calculation 5 l n t . is identical with S, 

TABLE 8. VALUES OF VARIOUS TERMS 

Temp 
(°C) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

ukia. 

0.60 
0.705 

0.845 

1.04, 
1.325 

1.62 
1.84 
1.98 
2.075 

2.15 
2.2I5 

IN Eq. 19 

tfvtb. 

2.70 
2.54, 
2.30 
1.92, 
1.35 
0.76 
0.35, 
0.16 
0.07, 
0.03, 
0.02 

(kcal/mol) 

um 

- 1 . 5 8 
- 1 . 4 5 , 
- 1 . 2 9 
- 1 . 0 5 , 
- 0 . 7 2 , 
- 0 . 4 0 
- 0 . 1 8 
- 0 . 0 8 
- 0 . 0 4 
- 0 . 0 2 
- 0 . 0 1 

uBQ 

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

f'total 

3.30 
3.60, 
3.89, 
4.17, 
4.42 
4.68 
4.95, 
5.23 
5.50 
5.77, 
6.03, 

a) 9.9 kcal/mol has been added to the sum in order 
to obtain f/total. 
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TABLE 9. THERMODYNAMIC PROPERTIES CALCULATED 

BY LENTZ, HAGLER, AND SCHERAGA13) 

U (kcal/mol) 

£4in.a) 

^ v i b . 

C/HB 
TT b) 
'-'total 

S (cal/deg 

*\rans. 

•Srot. 

^vlb . 

^H 

"total 

mol) 

0°G 

0.542 
3.331 
2.541 
2.914 

4.16 
2.50 
8.73 
0.63 

16.02 

100 °G 

0.868 
3.866 
3.096 
4.331 

5.54 
3.14 

10.81 
0.53 

20.02 
a) £4in. = ^trans.+ ^rot.' D) The intermolecular zero 
point energy, 3.500 kcal/mol, has been substracted 
from the sum to obtain C/total. 

TABLE 10. THERMODYNAMIC PROPERTIES 

CALCULATED BY WERES AND RICE12) 

0°C 100 °C 

H=U (kcal/mol) 
Lattice 
Translational vib. 
Libra tional 
Nonbonded neighbor 
Long range 
Intramolecular 
zero point 

Totala> 

-8.296 
1 
2. 

-1 
-1 

729 
517 
325 
190 

-0.900 

3.835 

-8.088 
2.290 
2.858 

-1.271 
-1.166 

-0.694 

4.509 

S (cal/deg mol) 
Configurational 
Orientational 
Translational vib. 
Librational 
Nonbonded neighbor 
Vibrational 

Total 

4.48 
1.70 
7.12 
2.00 

- 1 . 1 7 
0.26 

14.39 

4.48 
1.69 
9.28 
3.44 

- 0 . 9 5 
0.26 

18.20 

a) The sublimation energy at 0 K, 11.3 kcal/mol, has 
been added to the sum to obtain f/total. 

details. I t is noticed that as to the entropy, each term 
in our theory corresponds to that in L H S theory when 
S-mt% of ours is regarded as equivalent to (Svib.+>SH) in 
LHS, and also noticed that it is not the case in the com­
parison with W R theory. 

I t is easily seen that the temperature dependence of 
entropy in our results is greater than that in W R and 
L H S theories. In the case of W R the calculated values 
of -Stotai are smaller than observed, being in sharp con­
trast to the authors ' values. At lower temperatures the 
largest contribution to .S^tai comes from the vibrational 
motion in all three theories, but the behaviors are differ­
ent at higher temperatures. In the authors calculation, 
•Strans. increases fairly rapidly and amounts to about a 
half of the total entropy at about 50—60 °C, while ^ t r a n s # 

in L H S theory increases only slightly with increasing 
temperature. As to the internal energy, the similar 
behavior is observed in the comparison between f/kin> 

in our calculation and that in LHS. 

We can see another noticeable feature in the com­
parison of Sviht and £/vîb>, the contributions from the 
vibrational degrees of freedom. They both decrease 
with increasing temperature in our calculation, while in 
the calculations by L H S as well as W R they increase on 
the contrary. 

From the two features described above, it is tentatively 
said that the theory of L H S as well as that of W R is 
possessed of too solid-like character so far as the tempera­
ture dependence of thermodynamic variables is con­
cerned. 

In the calculation of W R , the configurational entropy 
which is attr ibuted to the number of ways for the ar­
rangement of molecules within a basic unit cell is kept 
constant throughout the range of temperatures from 
0 to 100 °C. This is unreasonable, because it shows 
that the local structure in liquid water remains thor­
oughly unchanged with the variation of temperatures. 

In our calculation the magnitudes of Uv-lbt, S-lntt = 
<Svib,5 ^HB., and £trans. vary most rapidly at 40—50 °G 
with increasing temperature. This is ascribed to the 
rapid decrease of the mole fraction of water molecules 
forming pentamers, as seen in Fig. 2, at the tempera­
tures. 

iii) Heat Capacity. In using Eq. 20 for the 
calculation of Cp, the term p{dVjdT)p=pV<x. has been 
safely ignored in comparison with the term (dUjdT)Pi 

where pV<Cl cal/mol and the thermal expansion coeffi­
cient a;^10~3 deg. - 1 . Among the remaining terms in 
Eq. 20, the temperature derivatives of x=5N2jN and 
UBQ are determined graphically using the curves given 
in Figs. 2 and AII-2 , respectively, and the terms includ­
ing CÎvib. a r e calculated using Eq. 6. 

O u r values (the eighth column in Table 4) becomes 
27.35 cal/deg mol in the average throughout the range of 
temperatures, 0—100 °G, which is about 9 cal/deg mol 
larger than the average of C^>obsd. This is in sharp con­
trast to the feature found in the calculations of LHS13) 
and WR,12> where C^,.calcd is smaller than C^.obsd. 

I t is noted that a shallow minimum is observed at 
about 40 °C in the Cp.calcd vs. T relation in this work. 
This corresponds to the presence of a minimum at about 
35 °C in the Cp.ohsd vs. T relation. In the calculation of 
L H S and W R , Cp.caicd vs. T curves are monotonously 
increasing throughout the range of temperatures, 0— 
100 °G. T h e contribution to Cp from each degree of 
freedom can be determined from the corresponding 
values of internal energy (Eq. 19) given in Table 8. 
Each contribution averaged in the range 0—100 °G is 
shown in Table 11. 

TABLE 11. AVERAGE CONTRIBUTIONS TO THE 

TOTAL HEAT CAPACITY Cp (cal/deg mol) 

Kinetic 
Vibrational 
Hydrogen-Bonding 
Background Potential 
kp.total 

16.15 

- 2 6 . 8 
15.7 
22.3 
27.35 

iv) Equivalent Free Volume Fraction f. In the 
formulation of our theory we have used Eq. 2 as the 
translational partition function. The partition function 
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has a form which is similar in its appearance to the for­
mula used in cell theories of fluid mixtures. Then, we 
have defined f (Eq. 3) as an equivalent free volume 
fraction, which is a generalization of the authors ' pro­
position19) with respect to a pure liquid into multi-con-
ponent fluids. In our theory no lattice which is neces­
sary for cell theories is assumed. 

The translational partition function for hard sphere 
mixtures is shown as a comparatively simple explicit 
expression similar to usual free volume theories. This is 
expected to give a good promise for further use. 

We have calculated the values off according to Eq. 3 
and the values are compared with those calculated by 
Weissmann and Blum8) for water using the Monte Carlo 
method. The values are given in Table 12. O u r values 
are found to be larger than those of Weissmann and 
Blum. However, in their calculations, the contribu­
tion from the rotational degree of freedom is included, 
and the magnitude o f / is expected to be of nearly the 
same order compared with ours if that contribution to 
the phase integral is substracted as stated in their paper. 

TABLE 12. FREE VOLUME FRACTION/ 

AND PACKING FRACTION £ 

T
(
eo^P This work W ^ S n n - R 2 = 5 . 5 0 Â 5.55 Â 

4 5.80X10-6 0.60x10-7 0.64s 0.61 
50 7.14X10-3 0.34x10-« 0.50 0.48 

100 2.95X10-2 1 .19xl0- 6 0.42 0.42 

As for the magnitudes of the packing fraction £ given 
together in Table 12, the large value of £ at 4 °C is 
supposed to result from the too large value of p c a l c d ob­
tained a t the temperature.19 '36) 

Concluding R e m a r k s 

The purpose of this paper has been to formulate a 
statistical thermodynamic theory for liquid water with­
out using adjustable parameters to obtain the best fit 
with observed data as ordinarily carried out. We have 
used a model consisting of tetrahedrally hydrogen-bond­
ed pentamers and unbonded monomers which are im­
mersed in a uniform background potential. T h e feature 
in the theory and its results are outlined as follows : (a) 
the translational partition function for the model has 
been derived from the analytical solution of the Percus-
Yevick equation for hard sphere mixtures, (b) UBQ has 
been calculated directly as the sum of dipole-dipole, 
dipole-induced dipole, and dispersion interactions, (c) 
the mole fraction x of hydrogen-bonded species and the 
density p have been determined by solving a simultane­
ous equation numerically, and calculated values of p are 
found to be of the right order in their magnitudes, com­
pared with observed values, though the T M D is not 
observed, (d) the magnitude of x is found to be large 
(about 80%) at 0 °G which shows the predominance of 
the "structure" in liquid water at lower temperatures, 
(e) calculated thermodynamic properties are found to 
vary rapidly a t 40—50 °C with increase in temperature, 
which is attributed to the rapid decrease of x at the range 

of temperatures, (f ) the magnitude of x becomes very 
small above about 60 °G (Table 5). 

T h e success in the present theory, though it is quali­
tative and limited, has put a support to the so-called 
small cluster model, and the better fit of results with ob­
served data is expected through making some improve­
ments of the model used. T h e first of those is an intro­
duction of one more species, i.e. "hydrogen-bonded ring 
hexamer" as a structure unit. In that model, water is 
assumed to be a mixture of unbonded monomers, tetra-
hedrally-coordinated pentamers, and ring hexamers 
immersed in a uniform background potential. This 
three-component model is expected to improve the 
results. 

Appendix I. An Analytical Expression 
of the Partition Function for the 

Mixture of Hard Spheres 

For a system consisting of m components with number 
densities p{, i=l, m, 

F=G-pV = ^Naii -PV, (AI-1) 

where m is the chemical potential of the î-th species and Nt= 
ptV. The exact analytical solution of the generalized Perçus» 
Yevick equation for the mixture of hard spheres was given 
by Lebowitz, and the jut becomes, following Lebowitz and 
Rowlinson,20) 

^ = l n [ (2^J^]- l n ( 1 - f ) + f Ä ' 

where Rt is the diameter of a particle of the i-th species and 
ß=\/kT, and 

e-afftv-'-afAV- r=af"'Ä-
Substitution of Eq.AI-2 into Eq.AI-1 gives 

(AI-3) 

The equation of sate (Eq. 2.8 in Ref. 20) which was given 
associated with the generalized compressibility relation is 

» = 7T^[(j><)(I+f+f2) 

-fgft/M*.-w*l+*/+JWO} (AI-4) 

Using the relations, 

and 

f ^ P i P j i R i - R j Y R i R i = ™(Y$-x*), 
wë obtain from Eq. AI-4 

# = - f n ^ [ ( ? ^ ) ( 1 - e ) 2 + ^ ( Z r - Z 7 6 + AT3)]. (AI-5) 
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Inserting Eq. AI-5 into Eq. AI-3, we obtain 

(AI-6) 

From Eq. AI-6 we give the following partition function Z 
which is expressed as a form with the equivalent free volume 
fraction/for an m-component mixture of hard spheres, 

= Ti^rSlHH tvf\ 
(AI-7) 

where/has the form 

/ = ( l - £ ) e x p ["I" jj^yr(2XY-2XYc+X*ij, (AI-8) 

and vt= V/NiiV= Vß}Nt. 

For a one-component system, Eqs. AI-7 and AI-8 lead us 
to the same analytical expression as given in the previous paper 
by the two of the authors,19) in which the concept of an 
equivalent free volume was proposed on the basis of Wertheim's 
solution for the Perçus-Yevick equation of pure liquid. 

Appendix II. The Calculation of the 
Background Potential 

Two steps of numerical integrations are required in carrying 
out the calculation of the background potential UBG. The 
first step is the integration in obtaining < t / w > (Eq. 9), 
as follows, 

kT 

Xf/^sinÖAsinÖB/A \ \ \ d0Ad0Bdç>Adç>B 
/ Jo Jo Jo Jo 

I Yr 1 A B' ( ' 

< ^ > = \ \ \ \ d0Ad0Bdç>Adç5Bexp -
Jo Jo Jo Jo k 

• ) 

Xexp 

where 

Urt> = ~]p~[sin OA s i n OB c o s (0A - ^B) - 2 cos 0A cos 0B]. 

The numerical evaluation of multidimentional integral 
such as Eq. AII-1 is usually carried out by means of the 
Monte Carlo method which gives as an estimate for the 
integral the sum, 

l * r 
kT 

Uw{0kV<l>Kv0Bi,<f>BÙ 

kT 

j£/wsin0A<sin0Bf / 

I sin 9Ai sin 0B<, 

(AII-2) 

where M is the number of the points Xt (ÖA<, çiAi, ÖB<, 0Bt), and 
^At> $At> 0Bi,

 a n d ^B< a r e chosen at random in the range of 
integration. 

The error of such an estimate is of the order of M - 1 / 2 as a 
standard deviation. In carrying out the evaluation we have 
used the Monte Carlo method using the technique devised by 
Haselgrove.37> It is shown that the error in the method is 
convergent asymptotically to the order of 0(M _ 1 ) and 0(M~2) 

Fig. All-1. < t / w > vs. R curves at 25 °C. 
•: Exact, : approximated (Eq. AII-3). 

under certain conditions, and also shown that the method is 
superior to the usual Monte Carlo method. The magnitude 
of M has been taken as 15000, when the convergence in the 
integration is very well. 

The calculated values of (JJ^y for 25 °C are plotted against 
the separation R in Fig. AII-1, including the values calculated 
from the following approximate formula which should be 
used under the condition that kT is much greater than the 
difference of the maximum and minimum value of U^. 

^ "p> 3kT s " R« 
(AII-3) 

The curve for this approximate formula is observed to deviate 
from the exact curve discriminately within the range of R 
smaller than 4—5 Â. 

The second step is the numerical evaluation of the integral 
in Eq. 12, where the magnitudes of« and p are given in Table 1 
and the value of c is taken to be 60 x 10-60 erg cm6.38) 

Then, the background potential is 

40 60 

Temp, °C 

Fig. AII-2. The temperature dependence of UBO and 

• : ^ B G , : < £ / „ > 
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u*o - ^"j<u,Py+u,a+uâlapMR)^R2àR 

= <Ü^> + Ü,a + £/dlsp., (AII-4) 

where the value of R0 is taken to be 3.1 Â.3,11> We have 
estimated the integral by means of the Simpson rule. The 
values of UBQ and <Z7̂ i> thus calculated are given in Fig. 
AII-2. Throughout the_ range of_temperatures from 0°G to 
100 °C, the values of U^ and £/dlsp. are found to remain 
constant within the range of 0.34±0.01 and 2.05±0.05 kcal/ 
mol, respectively. 
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The ENDOR spectra of several alkylated biphenyl anions with para- and /rate-substitutions were observed, and 
the relation between the molecular size and the optimum temperature of orJAo-proton ENDOR were investigated in 
terms of the electron-nuclear dipole-dipoïe interaction. On the basis of the Stokes-Einstein model, a linear relation 
was found between the inverse of the effective radius and the cubic root of the y\j T value at the optimum temperature 
of the orfAo-proton ENDOR, under the assumption that the radical anion undergoes rotation accompanied by the sol­
vent shell. In this situation, the separation between the radical anion and the counter cation thus estimated is 
more than 8.3 A and the ion pair exists as a solvent-separated ion pair. 

I t is known that the opt imum E N D O R enhancement 
in a solution can usually be observed in the temperature 
region close to the freezing point of the solvent. I n 
identical physico-chemical environments, the opt imum 
temperature varies with the proton species, e.g., the 
aromatic protons and the aliphatic protons; the elec­
tron-nuclear hyperfine interaction affects a shift of the 
opt imum temperature. A larger spin density on aro­
matic carbon usually displaces the opt imum enhance­
ment toward higher temperatures. Such an effect is 
successfully interpreted under the assumption that the 
electron-nuclear dipole-dipole interaction (END) plays 
the dominant role in the relaxation process, when the 
Heisenberg spin-exchange interaction in negligible in 
dilute solution systems j1) that is, the desaturation of the 
ESR by N M R exciation is most effectively established 
when the lattice-induced nuclear-spin transition proba­
bility, Wn, has a certain value comparable to the lattice-
induced electron-spin transition probability, We. Wn 

is proportional to the molecular rotational correlation 
time, TB , and the square of spin density. T h e T B value 
can be also related to the molecular volume and, there­
fore, the molecular volume, as well as the spin density, 
should affect the opt imum temperature for E N D O R 
enhancement. 

Alkylated biphenyls with meta- or^am-substituents are 
some of the most suitable systems for investigating this 
point, because the spin densities a t the or/Ao-pösition are 
only slightly perturbed by alkyl substitution,2) and 
E N D O R observation has already been established.3_5> 
In the present paper, the relation between the molecular 
radius and the temperature dependence of the E N D O R 
enhancement is investigated for anion radicals such as 
biphenyl (BP), 4,4'-bitolyl (p-Me), 4,4'-diethylbiphenyl 
(p-Et), 4,4'-di-*-butylbiphenyl (p-Bu), 3,3',5,5'-tetra-
methylbiphenyl (m-Me), and 3,3',5,5'-tetra-£-butylbi-
phenyl (m-Bu). T h e effective radii of the solvated radi­
cal anions are estimated and the structures of the ion-
pairs are discussed. 

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

Commercial biphenyl was recrystallized from ethanol and 
the alkylbiphenyls employed was synthesized and purified in 
the manner described in a previous paper.6) 

The anion radicals were prepared by reduction with potas­
sium metal in 1,2-dimethoxyethane (DME). The ENDOR 
spectra were recorded using a JEOL-type ES-EDX-1 spectrom­
eter for a constant rate of microwave output (3.2 mW) from 
a JES-ME3-ESR spectrometer. The operating power of 
NMR excitation was maintained constant (120 W). The 
viscosity of the solvent for all temperatures was calculated 
using the formula given in the table.7) 

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

Hyperfine Coupling Constants and Optimum Temperature of 
the ENDOR Signal Intensity. Figure 1 shows the 
E N D O R spectra of biphenyl and the 3,3',5,5'-tetra-£-
butylbiphenyl anion radical. With reference to the 
previous work, the signals for the biphenyl anion radical 
observed at 14.43, 17.63, and 21.46 M H z can be easily 
assigned to the meta-, ortho-, and para-ring protons. The 
E N D O R spectrum of the 3,3',5,5'-tetra-*-butylbiphenyl 
anions clearly resolved the f-butyl proton splittings, 
which have never been detected in previous ESR stud­
ies.8) T h e proton hyperfine splittings for the alkylbi­
phenyls determined in the same manner are summarized 
in Table 1, where it is seen that the magnitude of the 
ortho-ring proton splitting more or less close to that of the 
biphenyl anion radicals. A typical example of the tem­
perature dependence of the E N D O R intensities (F) are 
shown in Fig. 2. For biphenyl anion radicals, the maxi­
m u m E N D O R signals for the meta-, ortho-, and para-ring 
protons appear at —95, —90, and —80 °C, respectively, 
in order of increasing spin densities; that is, Pm^PoKpp-

For 9,10-anthraquinone, similar effects due to the 
different spin densities have already been studied by 
Kotake and Kuwata , who demonstrated the importance 

TABLE 1. PROTON HYPERFINE COUPLING CONSTANTS FOR 

ALKYLBIPHENYL ANION RADICALS (IN G ) 

BP 
p-Me 
p-Et 
p-Bu 
m-Me 
m-Bu 

0 

2.66 
2.73 
2.70 
2.71 
2.53 
2.59 

m 

0.41 
0.47 
0.44 
0.46 
0.31a> 
0.06c> 

P 
5.31 
5.76a> 
3.76b> 
0.11c> 
4.90 
5.14 

a) Methyl proton, b) Ethyl proton, c) Butyl proton. 
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of the E N D mechanism.9) A similar tendency was also 
seen for the para- and ortAo-positions of the 3,3',5,5'-tetra-
f-butylbiphenyl anion radical, except for the anomalous 
optimum temperature of the f-butyl proton, which has 
often been reported for the hindered phenoxyl radi-

Vw^^w 

(b) 

(C) 

1 2 1 3 14 15 16 17 

MHz 
18 19 20 21 22 23 

Fig. 1. The ENDOR spectra of biphenyl (a) and 3,3',-
5,5'-tetra-J-butylbiphenyl anion radical (b). (a) and 
(b) were observed at —78 °C. (c) is the ENDOR of 
j&ara-protons of 3,3',5,5'-tetra-f-butylbiphenyl observed 
at - 4 0 °C. 

10 

s*. 

5 

m - B u 

t * \ B P 

if y \ ' 
• i A \ 

10 20 30 
•n/T 

Fig. 2. Temperature dependence of the ENDOR en­
hancement for biphenyl and 3,3',5,5'-tetra-/-butylbi-
phenyl anion radicals. 

: para, • : ortho, : meta. 
F denotes the ENDOR enhancement calculated to be 
^ ^ E N D O R A W ) where 7ENDOR and /ESR are the peak 
height of the ENDOR and ESR signal at any tempera­
ture. 

cals.10) In the case of 3,3',5,5'-tetra-J-b'utylbiphenyl, 
however, the opt imum temperatures for both the para-
and orfAo-positions (—40 °C, —73 °C) were displaced to 
higher temperatures in comparison with those (—80 °C, 
- 9 5 °C) for biphenyl. Actually, the E N D O R of the 
para-ring proton of biphenyl anion radicals was clearly 
recorded at — 78 °C, but that of 3,3',5,5'-tetra-i-butyl-
biphenyl could hardly be detected and the signal inten­
sity gradually increased with elevation of the observing 
temperature, up to —40 °C. 

Because the spin densities on the para- and the ortho-
positions are close together in both radicals, alterations 
of the opt imum temperature could be attr ibuted to the 
differences of the molecular radii. This is true, because 
the opt imum temperature of the ortho-proton E N D O R 
increases with an increase in the number of substituents 
and their spherical bulkiness as shown in Table 2. 

TABLE 2. 

BP 

- 9 5 

p-Bu 

- 7 9 

OPTIMUM TEMPERATURES (°C) 

orfAo-PROTON ENDOR 

p-Me 

- 8 7 

m-Me 

- 8 6 

p-Et 

- 8 6 

OF 

m -Bu 

-73 

Molecular Radius and Optimum Temperature. Unde r 
ordinary E N D O R conditions in solution, the electron-
spin transition probability, We, and that of the nuclear 
spin, Wni can be expressed as functions of the rotational 
correlation time, TR , as follows:1) 

W6 = il(l/TB), (1) 

Wn = Brn (2) 

Where A is the constant related to the magnitude of the 
^-factor and hyperfine anisotropics, and B is related to 
that of hyperfine anisotopy only. According to the 
E N D approximation, opt imum E N D O R enhancement 
is observed when the ratio 

b = WJWe = {fllA)xf (3) 

has a certain value. Because B is proportional to the 
expectation value of the E N D term over the molecular 
wave function, the rotational correlation time at the 
opt imum E N D O R enhancement, TRpt, should become 
shorter for an increase of the spin density on the carbon 
atom to which the observing proton is bonded. In 
alkylbiphenyl anion radicals studied here, TRP\ corre­
sponding to the opt imum E N D O R of the ortho-ring 
proton may have a constant value for each anion radical, 
because the spin densities, p2*, at the orfAo-position have 
more or less the same values regardless of the alkyl sub­
stitutions. O n the other hand, TRP1, can be expressed 
by the Stokes-Einstein relationship: 

TR' opt = ^w{rilT) 
opt - (4) 

One may thus expect that a linear relation holds be­
tween the inverse of the effective radius, 1/r, and the 
cubic root of the (r\jT) value calculated for the opt imum 
temperature of the ortho-proton E N D O R . If the radical 
ions are subject to a tumbling motion accompanied by 
the solvent shell, which has an averaged thickness, rSi 

the following relation can be derived ; 

(r'+rs)/(r+rË) = WjT')-1IZMT)-^, (5) 



78 Kazuhiko ISHIZU, Masayoshi OHNISHI, and Hideo SHIKATA [Vol. 50, No. 1 

Where r and r' are the averaged radius of the alkylbi-
phenyl and the biphenyl anion radical, respectively, and 
7) and 7)' are the viscosity coefficient at the opt imum 
E N D O R temperature for the derivative ( 7") and for the 
biphenyl anion radical (T). T h e averaged radii, r, of 
the alkylated biphenyl, which is regarded to be an 
ellipsoid, were calculated by taking the geometrical 
average of the three axes a, b , and c. The length of each 
axis was estimated using the following interatomic bond 
distances R and bond angles 6 :n> 

Äc_c(aromatic) = 1.40 Â, ÄCl_Cl,(bridgehead) = 1.49 A, 
Äc_c(aliphatic) = 1.54 A, Ä c - H = 1 -08 A, 
08p.= 12O°and0Bp.= lO9°. 

T h e total length of each shorter and longer axes a and b 
was estimated by summing the V a n der Waals radii of 
the ring, the aliphatic (1.20 Â) and terminal methyl 
protons (2.00 A), and the thickness of the phenyl group, 
c, was assumed to be 3.40 A. As is shown in Fig. 3, a 

1.4 

-̂  
C~* 

K, 
3 12 

K. 
3 

1.0 

rs-o 

rs=i.o 
/ y 

/ '' / s 
/ y rs=2.4 ' S 

S ' S^ 
>' ' y'S*«^ rs=4.o 

m-Me/V'/ „--*''* 
p -Me//iV>^VBu 

B P i ^ P-Et 
^^ 

- i 1 1 1— 
1.0 1.2 1.4 1.6 

r'/r 

Fig. 3. Relation between the molecular radii and the 
cubic root of TJ/T value. 

linear rotation can be seen between the (rjr') and the 
[(TJ/'T)J(TJ'/T')]1/3 values of each derivative, and rs is 
thus estimated to be 2.4 A, as calculated from the slope 
of the plot. T h e rotational correlation times of the 
anions at the opt imum E N D O R , TRpt, calculated using 
the effective radius r-j-r, have more or less constant 
values, which are close to 1.0 X 10~9 s, as summarized in 
Table 3. 

TABLE 3. MOLECULAR RADII, MOLECULAR VOLUMES 

AND ROTATIONAL CORRELATION TIMES AT 

OPTIMUM E N D O R ENHANCEMENT 

BP p-Me p-Et p-Bu m-Me m-Bu 

r (10-8 cm) 3ÏÏ6 
V (10-24 cm) 132 
Tgpt(10-9s) 1.08 

3.36 
159 
0.98 

3.79 
228 
1.28 

4.16 
307 
1.19 

3.60 4.69 
200 432 
1.05 1.07 

The TRpt values were calculated assuming that the 
thickness of the solvent shell is 2.4 A 

Since the TRpt value thus determined may contain 
inaccuracies at t r ibutable to the crude estimation of the 
molecular volume and neglect of the contribution due to 
the anisotropic rotational diffusion,12) the numerical 
values cannot be taken too seriously. Nevertheless, the 
large effective radius of the anion radical demonstrated 
here, is quite interesting, because this suggests that the 
distance between the radical anion and the alkali metal 
cation should be large, a t least 8.3 A in the case of bi-
phenyl _ -K+ system, in which case the radius of K+ is 
assumed to be 1.5 A.13) Previous N M R studies of the 
biphenyl~-K+ system confirmed that the interaction 
between the anion and the cation is rather weak in 
D M E , and the ion pair is considered to be a solvent 
separated ion pair.14) According to conductance studies 
of biphenyl--Na+ ion pairs in D M E , the dissociation 
energy is reduced by lowering the temperature, that is, 
A # 2 0 . c = - 2 . 5 kcal and A i / - 5 5 ° c = 0 kcal.15) This means 
that the cation and the anion are completely separated 
by the solvent molecules at low temperature. Indeed, 
no important change was observed in the temperature 
dependence of the E N D O R enhancement for the bi­
phenyl anion radical, even through the alkali metal 
cation is replaced by sodium in the present investigation. 
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The hydrocracking of tetralin was carried out over supported nickel-tungsten (NiO 3%, WOa 20%) on silica-
alumina, alumina, and silica catalysts at a hydrogen pressure of 100 atm and in the temperature range from 325 to 
375 °C. The total conversion of tetralin and the product composition of hydrocracking were measured for the cata­
lysts. The influence of pretreatment of the catalysts with H2 and H2S on the conversion and product composition 
was investigated for each catalyst. The hydrocracking of decalin was also carried out under the same conditions. It 
is found that the hydrocracking of tetralin proceeds along two reaction paths: (A) hydrogénation to decalin followed 
by conversion to methylperhydroindenes and C10-naphthenes, (B) isomerization to methylindans followed by crack­
ing to butylbenzene. The selectivity of each reaction path and the catalytic properties are discussed. 

Catalytic hydrocracking is of considerable importance 
in petroleum refining. In the course of the commercial 
growth of the petroleum industry, the chemistry of hy­
drocracking over various catalysts has been studied with 
pure hydrocarbons. Most hydrocracking catalysts of 
commercial interest are of dual nature, consisting of both 
a hydrogenation-dehydrogenation component and an 
acidic support. 

Recently, the chemistry of hydrocracking of typically 
pure hydrocarbons has been reviewed by Langlois and 
Sullivan,1) and the mechanism for hydrocracking of 
polynuclear aromatic hydrocarbons on silica-alumina 
based dual-functional catalysts (CoS, MoS 2 , NiS, WS 2 , 
etc.) has been investigated by Qader.2) Hydrocracking 
is found to proceed through sequential hydrogénation, 
isomerization and cracking reactions. Also, the reac­
tion is found to follow first-order kinetics and the data 
are found compatible with the dual-site mechanism of 
Langmuir-Hinshellwood. 

Sullivan et a/.3) have found considerable cyclization of 
the side chain when certain aromatic hydrocarbons 
(phenanthrene, anthracene, pyrene, etc.) are hydrocrack-
ed over a nickel sulfide on silica-alumina catalyst. T h e 
product is found to be predominantly tetrahydronaph-
thalene (tetralin) of lower moleculer weight than that of 
the reactant. 

In this paper, the hydrocracking of tetralin was car­
ried out as a test reaction to clarify the selectivity of hy­
drocracking catalysts. Supported nickel-tungsten on 
silica-alumina, alumina and silica catalysts were used. 
Effect of the carrier in the supported catalysts on the 
selectivity of hydrocracking was observed to significant 
extent. Also, the product composition changed exten­
sively with catalyst pretreatment. O n sulfiding the 
silica-alumina supported catalyst with H 2S, the princi­
pal reaction was found to be the hydrogénation to per-
hydronaphthalene (decalin), which was further convert­
ed to methylperhydroindenes and G10-naphthenes. 
While for the catalysts pre treated with H2 , isomerization 
to methylindans and cracking to butylbenzene occurred 
predominantly. 

T h e selectivity of each reaction path seems to depend 
on the relative strength of the acidic and hydrogénation 
components on the catalysts. 

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

Equipment. The experiments were performed in a 
continuous flow system with a fixed bed reactor, a flow 
diagram of which is shown in Fig. 1. The catalyst (16—32 
mesh, 5 ml) was supported inside a 12 mm i.d. by 680-mm 
long stainless-steel tube which was surrounded by an electric 
furnace. The catalyst temperature was measured by a 
chromel-alumel thermocouple located in a thermowell in the 
catalyst bed. 

A 

T 
cm 

0) 

c 

B 

Fig. 1. Reaction apparatus. 
A: Reactant vessel, B: plunger pump, C , C : non return 
valve, D: reactor, E: furnace, F : catalyst bed, G: ther­
mocouple, H : separator, 1,1': D.P. cell, J : level control 
valve, K : reservoir, L : pressure control valve, M : stand­
ard pressure vessel, N ; six way valve, O: gas Chromato­
graph, P: gas meter, Q : gas purifier, R: flow control 
valve. 

Tetralin or decalin was fed by a plunger pump, and purified 
hydrogen was fed through a needle valve. The effluent from 
the reactor was taken to a gas-liquid separator. The liquid 
from the separator was automatically effluent by a revel control 
valve. The gas, passing through a six-way valve, was meas­
ured with a gas meter. Both the gas and liquid were analyzed 
by a gas Chromatograph. 

The reaction was carried out in the temperature range from 
325 to 375 °C at a pressure of 100 atm. The liquid hourly 
space velocity (LHSV) was 8 per h and the molar ratio of 
hydrogen to the hydrocarbon was 10. In order to collect 
products representative of steady-state reaction conditions, the 
first hour was taken as off-stream time for bringing the reaction 
system to a steady state. 
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Analysis. The products were analyzed with a Hitachi 
Model K-53 gas Chromatograph with flame-ionization detectors 
and with a squalan capillary column (90 m X 0.25 mm) at 
90 °G. In the identification of each product on the chro-
matogram, the information4»5) from the capillary gas chro­
matographic method for determining the C3-C12 hydrocarbons 
in full-range moter gasolins was applied. 

The peak areas in the chromatograms were measured with a 
Hewlett-Packerd Model 3380A reporting integrator. 

Catalysts and Chemicals. The catalysts consisted of 
supported nickel-tungsten (3% NiO, 20% W0 3 ) on com­
mercial alumina (Ketjenfine pure alumina), silica-alumina 
(25% A1203, Nikki Kagaku N 633H) and silica carriers. 
These catalysts were prepared by impregnating the carriers 
with a solution of nickel nitrate and ammonium paratungstate. 
The impregnated materials were oven-dried and calcined in 
air at 500 °C for 10 h. 

Prior to reaction, they were reduced in flowing hydrogen at 
500 °C for 16 h. In some experiments, they were sulfided with 
10% H2S in H2 after the reduction. 

Surface areas, determined by the standard BET method, 
were 226 m2/g for the silica-alumina supported catalyst, 
186 m2/g for the alumina-supported catalyst, 156 m2/g for the 
silica-supported catalyst. 

Tetralin and decalin were commercial extra-pure reagents 
(Kokusan Kagaku, 99% purity) and were used without further 
purification. The decalin consisted of 54% /raiu-decalin and 
45% w-decalin. 

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

Product Composition and Reaction Path. The total 
conversions of tetralin and the product compositions for 
hydrocracking on a nickel-tungsten-silica-alumina 
catalyst pretreated with H2S are shown in Table 1. At 

TABLE 1. HYDROCRACKING OF TETRALIN ON A SULFIDED 

NICKEL-TUNGSTEN-SILICA-ALUMINA CATALYST 

Hydrogen pressure, 100 atm; LHSV, 8; HJTetralin, 10. 

Temperature °C 

Total conversion mol % 

325 

9.8 

350 

13.2 

Product composition mol/100 mol charge 
C6-Compounds 
C10-Naphthenes 
Methylperhydroindenes 
Butylbenzene 
Methylindans 
Decalin 
Tetralin 
Naphthalene 

0.2 
0.8 
2.2 
0.6 
0.3 
4.4 

90.2 
0.8 

0.8 
1.9 
2.4 
0.9 
0.7 
5.2 

87.4 
1.3 

375 

22.6 

2.2 
7.3 
3.4 
1.7 
1.7 
4.5 

77.4 
1.5 

a temperature of 325 °C, the main product is decalin, 
and the other products are divided into methylindans, 
methylperhydroindenes, C1 0-naphthenes, (^-com­
pounds,6) butylbenzene, and naphthalene. T h e selec-
tivities of each product (the ratio of the yield to the total 
conversion) were calculated from this table and are 
shown in Fig. 2. At higher temperatures,7) the selec­
tivity for decalin and methylperhydroindenes decreased, 
whereas both the yields and selectivities of other prod­
ucts increased. 

In Table 2, the conversions and the product composi­
tions for the hydrocracking of decalin are shown under 

o.ioh 

0.05 

« 0.4 

in 

0.3 

0.2 

0.1 

Co-Compounds 

o 

Decalin """""'V. 

\ Cio-Naphthenes 

325 350 375 

Temperature, °C 

Fig. 2. Selectivity for hydrocracking of tetralin. 

TABLE 2. HYDROCRACKING OF DECALIN ON A SULFIDED 

NICKEL-TUNGSTEN-SILICA-ALUMINA CATALYST 

Hydrogen pressure, 100 atm; LHSV, 8; H2/Decalin, 10. 

Temperature °C 325 350 375 

Total conversion mol % 6.3 18.2 33.5 

Product composition mol/100 mol charge 
C10-Naphthenes 2.6 10.8 22.5 
Methylperhydroindenes 3.7 7.4 11.0 
Decalin 93.7 81.2 66.5 

the same conditions and catalyst as for the tetralin reac­
tion (in Table 1). T h e principal products are methyl­
perhydroindenes and C10-naphthenes. 

From a comparison of the above product compositions 
for the hydrocracking of tetralin and decalin, it is sug­
gested that hydrogénation to decalin occurred predomi­
nantly in the first step during the reaction at a lower 
temperature and then the isomerization of decalin to 
methylperhydroindenes occurred in the second step. 
Then the methylperhydroindenes were further convert­
ed to C10-naphthenes in the third step. At higher tem­
peratures, the isomerization to methylindans and crack­
ing to butylbenzene also occurred to a significant extent. 

These data indicate that the hydrocracking of tetralin 
is divided into two types of reaction paths as shown in 

CH3 C4H» 

0 0 — O z ^ C ^ " " 
Decalin Methylperhydro- C,0-Naphthenes 

indenes 

Tetralin ^ s , 

- H , 

OU Naphthalene 

Fig. 3. 

\B 

\ C,H9 
A CH, Ï 

Methylindans Butylbenzene Benzene 

Mechanism of hydrocracking of tetralin. 
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TABLE 3. HYDROCRACKING OF TETRALIN ON SUPPORTED NICKEL-TUNGSTEN CATALYSTS 

Hydrogen pressure, 100 atm; Temperature, 350 °C; LHSV, 8; H2/Tetralin, 10. 

Catalysts 

Pretreatment 

Total conversion mol % 

Nickel-Tungsten-
Silica-Alumina 

H2S 

13.2 

Product composition mol/100 mol charge 
C6-Compounds 
C10-Naphthenes 
Methylperhydroindenes 
Butylbenzene 
Methylindans 
Decalin 
Tetralin 
Naphthalene 

0.8 
1.9 
2.4 
0.9 
0.7 
5.2 

87.4 
1.3 

H2 

7.6 

2.0 
0.5 
0.5 
0.7 
1.2 
1.7 

92.4 
1.1 

Nickel--Tungsten-
Alumina 

H2S 

35.4 

— 
0.9 
— 
— 
— 

34.2 
64.6 

0.3 

H2 

17.5 

1.2 
3.2 
2.5 
2.6 
1.9 
5.3 

82.1 
0.8 

Nickel 
< 

H2S 

24.0 

— 
— 
— 
— 
— 

23.8 
76.0 
0.2 

-Tungsten-
Silica 

H2 

0.4 

— 
— 
— 
— 
— 

0.2 
99.6 
0.2 

Silica-
Alumina 

H2 

4.0 

— 
— 
— 

0.6 
1.7 
— 

96.0 
1.8 

Fig. 3 : (A) hydrogénation to decalin followed by con­
version to methylperhydroindenes and C1 0-naphthenes, 
and (B) isomerization to methylindans and cracking to 
butylbenzene followed by conversion to benzene. 

Effect of Pretreatment and Carriers of Catalysts. In 
the hydrocracking of tetralin, the influence of pretreat­
ment of the supported nickel-tungsten catalysts with H 2 

and H2S on the product composition was investigated. 
In Table 3, the conversions of tetralin and the product 
compositions on three supported catalysts, silica-alu­
mina-, alumina-, and silica-supported catalysts, were 
measured at 350 °C. T h e conversion of tetralin and 
the product composition for each sulfided catalyst 
were quite different from those of the reduced catalyst. 
The conversion on the reduced catalyst was lower than 
that on the sulfided catalyst in each case. 

The decalin yield on the silica-alumina supported 
catalyst treated with H2S was higher than that on the 
reduced catalyst, and the yield of methylperhydroin­
denes and C10-naphthenes were also higher. However, 
the yield of methylindans and C6-compounds on the 
reduced catalyst were higher than those on the sulfided 
catalyst. 

In the hydrocracking of decalin, the influence of the 
pretreatment of these catalysts on the decalin conversion 
was investigated. In Table 4, the conversions on the 
silica-alumina- and alumina-supported catalysts treat-

TABLE 4. HYDROCRACKING OF DECALIN ON SUPPORTED 

NICKEL-TUNGSTEN CATALYSTS 

Hydrogen pressure, 100 atm, Temperature, 350 °C, 
LHSV, 8, H2/Decalin, 10. 

Nickel- Nickel-
Tungsten- rp , Silica-

Silica- A^Î™;!!!! Alumina 
Alumina A l u m m a 

Catalysts 

Pretreatment HoS H9 HoS H, H, 

Total conversion 
mol % 6.3 42.4 — 36.2 7.0 

Product composition mol/100 mol charge 
C10-Naphthenes 2.6 29.0 23.8 2.0 
M < W " • A 3.7 13.2 N

t° 12.3 5.0 
perhydromdenes reaction 
Decalin 93.7 57.6 63.8 93.0 

ed with H 2 and H2S are compared. The conversion on 
the silica-alumina-supported catalyst treated with H 2 

was about seven times that on the catalyst treated with 
H 2S. O n the alumina-supported catalyst, the reaction 
was extensively inhibited by the sulfidation. The con­
version for the silica-alumina catalyst alone was com­
parable to that on the sulfided silica-alumina-supported 
catalyst. 

From the above observation for hydrocracking on 
these catalysts, the selectivity of catalysts is discussed in 
relation to several recent reports. 

Selectivity of Hydrocracking Catalysts. Some data 
have been reported on tetralin hydrocracking over 
nickel sulfide on silica-alumina catalysts. 

Flinn et al.8) have reported that ring opening and hy­
drogénation are the predominant reactions at 68 a tm 
and 412 °C, and light alkanes are produced with a high 
ratio of branched to unbranched alkanes. 

Sullivan et al.3) have reported that the fused bicyclic 
cycloalkanes as main products are produced by the hy­
drocracking of tetralin a t 288 °C and 82 a tm. 

However, the reaction pa th of the hydrocracking was 
not discussed in these reports. 

TABLE 5. SELECTIVITY FOR HYDROCRACKING OF TETRALIN 

ON SUPPORTED NICKEL-TUNGSTEN CATALYSTS 

Catalysts Tunkten- N i c k e l _ N i c k e l " 
«•I- _ Tungsten- Tungsten-

A1 . Alumina Silica Alumina 

Pretreatment 

Total conversion 
mol % 

H2S 

13.2 

H2 

7.6 

H2S H2 

35.4 17.5 

H2S 

24.0 

Selectivity 
Path A 
C10-Naphthenes 
Methyl­
perhydroindenes 
Decalin 
PathB 
C6-Compounds 
Methylindans 
Butylbenzene 
Naphthalene 

0.74 
0.15 

0.19 

0.40 
0.17 
0.06 
0.05 
0.06 
0.09 

0.36 
0.07 

0.07 

0.22 
0.50 
0.26 
0.15 
0.09 
0.14 

0.98 
0.02 

— 

0.96 
— 
— 
— 
— 

0.02 

0.64 
0.18 

0.15 

0.31 
0.31 
0.06 
0.10 
0.15 
0.05 

0.99 

0.99 

0.01 
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In the present paper, it was demonstrated that the 
hydrocracking of tetralin proceeds along two reaction 
paths (A and B) as shown in Fig. 3. According to the 
mechanisms, the selectivity calculated from the product 
composition in Table 3 are shown in Table 5. T h e 
selectivity for all naphthenes produced for path A was 
0.74 on the sulfided silica-alumina supported catalyst, 
whereas it was 0.36 on the reduced catalyst. O n the 
alumina-supported catalyst treated with H 2S and H 2 , 
the selectivities were 0.98 and 0.64, respectively. T h e 
selectivity for the sulfided silica-supported catalyst was 
0.99. 

The total conversion of tetralin on each catalyst treat­
ed with H2S was generally higher than that on the re­
duced catalyst. As shown in Table 4, the activity of the 
sulfided catalyst for decalin hydrocracking was lower 
than that of the reduced catalyst. 

I t is suggested from the above observations that the 
active sites for hydrogénation of tetralin on the catalyst 
are produced by means of sulfidation, while the acid sites 
producing isomerization and the cracking of tetralin and 
decalin are decreased upon sulfidation. 

Langlois et fl/.9> have found that, with sulfiding a nickel 
on silica-alumina catalyst, the total conversion of decane 
hydrocracking greatly increased and the predominant 
reaction changed from isomerization to cracking. They 
postulated that the catalyst before sulfidation contained 
both nickel metal and nickel salts a t the silica-alumina 
acid site, and upon sulfidation the nickel metal was con­
verted to nickel sulfide, and the H 2S reacted with the 
nickel-silica-alumina salt to regenerate the original 
strong acid sites of the silica-alumina support. 

In this paper, it is suggested that on the silica-alumina 
supported catalyst treated with H 2 S, the original acid 
sites of the silica-alumina carrier are effective for the 
isomerization and cracking of tetralin. Also, by reduc­
ing the catalyst, acidic sites are formed on the surface of 
the supported tungsten oxide. Upon sulfidation of the 
alumina supported catalyst, no hydrocracking of decalin 
occurs. However, the hydrocracking activity of the 
reduced catalyst is higher. Therefore, the acidic pro­
perties of the catalyst are assumed to be formed by re­
duction with H 2 . 

T h e sulfidation of tungsten oxide supported on silica-
alumina catalysts has been studied by Massoth and 
Bidlack.10) Supported catalysts and bulk W 0 3 were 
sulfided with mixture of H 2S and H 2 a t temperatures 
between 260 and 594 °G and at a H 2S partial pressure 
of 0.1—5 atm. Studies of partially reacted samples 
show the sulfided species to be WS 2 and the unconverted 

oxide to be W2 0O5 8 , suggesting that partial reduction 
precedes sulfidation. T h e salient findings of their study 
are : ( 1 ) reduction of bulk W 0 3 by H 2 proceeds rapidly 
to W 2 0 O 5 8 and then more slowly to W metal, (2) the 
sulfidation of bulk W 0 3 by H 2 S - H 2 mixtures proceeds 
rapidly through the formation of W2 0O5 8 , followed by a 
slower reaction to WS 2 , and (3) the mechanisms of sulfi­
dation for bulk and supported W 0 3 are similar. 

T h e catalytic structure of nickel-tungsten sulfide as a 
hydrogénation catalyst has been investigated by Voor-
hoeve11) using the ESR technique. It was concluded 
that the active sites for benzene hydrogénation in a wide 
variety of tungsten-disulfide based catalysts are tungsten 
ions, probably in the trivalent state. Nickel appears to 
have an indirect influence on the hydrogénation activity 
in N i - W - S rather than acting as the active center. 

I t is apparent that the state of tungsten on the sulfided 
catalyst surface in the present study is probably attribut­
able to WS 2 . According to the above conclusions re­
ported by Voorhoeve,11) it is apparent that the active 
sites for the hydrogénation of tetralin are the tungsten 
ions of tungsten disulfide crystals on the catalyst. 

O n the reduced alumina-supported catalyst, the 
acidic catalyzed isomerization and cracking activity is 
attributed to the acidic hydroxyl groups over the partial­
ly-reduced surface of tungsten oxide supported on 
alumina. 

Appreciation is expressed to Dr. T. Kabe for a signifi­
cant contribution to this work and to Mr. T. Hasegawa 
for assistance with the experimental work. 
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The distribution coefficients, K, for 1-butanol, 1-pentanol, 1-hexanol, and 1-heptanol between the sodium 
dodecyl sulfate (SDS) micellar and aqueous phases were measured directly, with the gas chromatographic technique 
was used to measure the vapor pressure of the alcohols. The standard free energy change of penetration, AGp°, of the 
alcohol from the aqueous to the micellar phase was obtained using the equation : AGp°=-RTlnK. There is a linear 
relation between AGp° and the carbon number of the alcohol. 

The change in the standard free energy of an alcohol 
for a transition from the aqueous to the micellar phase, 
AGp°, is indispensable to the study of solubilization of 
additives in surfactant solutions. In spite of the neces­
sity of evaluating AGp°, no values of AGp° have yet been 
reported for an aqueous alcohol solution. Though 
Kaufman1) and Dalen, Gerritsma, and Wijkstra2) have 
reported the solubilization of organic additives in organ­
ic solvents, they were unable to calculate the distribution 
coefficient because of a lack of an accurate knowledge of 
the critical micelle concentration (CMC) in the organic 
solvent. 

Concerning the effect of alcohol on decreasing the 
CMC, Ward3) and Herzfed, Corrin, and Harkins4) have 
pointed out the importance of evaluating AGp°. 
Shirahama and Kashiwabara5) have discussed thermo-
dynamically the relation between AGP° and the C M C 
decrease of systems containing alcohol. However, since 
the AGp° were not measured but were estimated values 
deduced from the physical constants of the alcohols, the 
theoretical equation does not correspond to their experi­
mental results. Thus, an experimental determination 
of the AGp° values would be useful in their thermody-
namical discussion. 

In this paper, experimental work on the distribution 
coefficients is reported. These experiments are thought 
to be very important for the discussion of the interaction 
of surfactants and additives. The distribution coeffici­
ents were evaluated by measuring the vapor pressure 
of the alcohol in an aqueous alcohol solutions both in the 
presence and absence of sodium dodecyl sulfate (SDS) 
employing a gas Chromatograph. This technique, to 
the best of the authors ' knowledge, has not yet been 
applied to this kind of problem. 

Exper imenta l 

Method. 5 ml vapor samples equilibrated with alcohol 
solutions were introduced from a gas loop by means of a 
six-way sampling valve into a Shimadzu GC-3BF gas Chro­
matograph equipped with a flame ion detector. Helium was 
used as the carrier gas at flow rates of 50, 80, and 100 ml/min 
through a 3 mm X 2 m column. The column packing was 5 
or 10% polyethylene glycol 6000 on a 30—60 mesh Flusin T 
support, and 5% Versamid 900 on a 60—80 mesh Uniport 
KS support. The operating temperature was 120—160 °G. 

The experimental arrangement for the gas chromatographic 
measurements is shown in Fig. 1. The measuring process was 
similar to the reported by Kaufman.1) To prevent foam 
from overflowing to the outer part of the bottle, the helium was 
passed for four minutes in order to saturate the vapor, which 

Fig. 1. Experimental arrangement for measuring vapor 
pressure by gas Chromatograph. 
(1) : Helium cylinder for saturator, (2) : helium cylinder 
for gas Chromatograph, (3) : thermostat, (4) : saturator, 
(5) : ribbon heater, (6) : sampling loop, (7) : sampling 
valve, (8): gas Chromatograph, (9): flow meters, (10): 
ballast. 
(Solid lines in the sampling valve denote a standby posi­
tion; dotted lines denote a sampling position.) 

was then introduced into the gas Chromatograph. The 
helium flow was stopped for twelve minutes in order to reduce 
the quantity of foam. The sampling procedure was stand­
ardized to allow a uniform 1.5 min period for the valve in the 
sampling position. 

The 1-butanol, 1-pentanol, 1-hexanol, and 1-heptanol peaks 
were well-resolved, symmetrical and only slightly tailed. 

The measurement of the electric conductivity of the SDS 
solution was made using a Towa Denpa Co., Ltd. Model CG-
201 PL universal bridge. An electric conductivity cell of the 
dip type was bright-platinized and immersed in a 100-ml 
polyethylene beaker which was maintained at 25 °C in a 
thermostat. 

The SDS concentration was varied by adding portions of a 
concentrated SDS solution containing an alcohol. 

Materials. Wako Pure Chemical Industries, Ltd. SDS 
for biochemical use was carefully dried in a vacuum for 
twenty hours. The 1-butanol, 1-pentanol, 1-hexanol, and 
1-heptanol of high purity (higher than 99%) were used. The 
water used was passed through a Nihon Millipore Co., Ltd. 
Milli-Q2 Systems until its specific conductivity fell below 10~7 

ß - 1 cm-1. 

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

Figure 2 displays two curves obtained directly from 
the gas chromatographic measurements. In Fig. 2, 
1-heptanol is shown as an example. T h e upper or 
calibration curve represents the data taken from a series 
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2 A 6 8 
Conen of 1-heptanol (mmol/l) 

Fig. 2. Calibration curve for the aqueous 1-heptanol 
solution and typical results for the same solution in the 
presence of SDS (at 25 °C). 
(A): 1-Heptanol fraction remaining in the aqueous 
phase, (B) : 1-heptanol fraction existing in the micellar 
phase. 

of solutions without SDS, while the lower curve shows 
the data for a similar solution to which a specific amount 
of SDS was added. 

For the purposes of this study, it is unnecessary to 
know the absolute concentration of the alcohol in the 
vapor phase, provided that a relationship between the 
peak area and the compositions of the solutions has once 
been established. Owing to the self association of the 
alcohol in the solution, the slopes of the curves decrease 
as the concentration of the alcohol increases. 

The horizontal separation between the two curves at 
any ordinate represents A and B. B corresponds to the 
alcohol fraction existing in the micellar phase and A to 
the alcohol fraction remaining in the aqueous phase. 
From these curves, the distribution coefficient was cal­
culated from the following equations : 

7 a = (18xi4)/1000, (1) 

X^BKS-CMCiCJ+B), (2) 

and K = XJY&, (3) 

where Ya is the molar fraction of the alcohol in the aque­
ous phase, Xa the molar fraction of the alcohol in the 
micellar phase, S the total concentration of SDS added, 
Ca the concentration of the alcohol in the solution, C M C 
(Ca) the C M C of SDS in the presence of the alcohol, and 
K the distribution coefficient of the alcohol (the ratio of 
the concentration in the micellar phase to that in the 
aqueous phase). 

In Fig. 3, the molar fractions of the alcohol|( 1-heptan­
ol, for example) in the micellar phase are plotted 
against the mole fractions of the alcohol in the aqueous 
phase. The amount of SDS was 40 mmol/l. From 
these results, we evaluated the distribution coefficients 
using the least-squares method. 

The values of K and AGp° calculated from 

AGp° = -RTlnK (4) 

are shown in Table 1. 
Some work1-2) has been reported on the solubilization 

of organic additives by surfactant micelles in organic 
solvents. Kaufman1) has given the solubilization ratios 

1 2 3 
Mole fraction of 1-heptanol in 
the aqueous phase (x10 ) 

Fig. 3. Distribution of 1-heptanol between the aqueous 
and the micellar phases (at 25 °C). 

TABLE 1. THE DISTRIBUTION COEFFICIENTS (K) 

OF ALCOHOL BETWEEN THE AQUEOUS AND 

MICELLAR PHASES AND THE STANDARD 

FREE ENERGY CHANGES OF PENET­

RATION OF THE ALCOHOLS 

(AGp°) (at 25 °C) 

1-Butanol 1-Pentanol 1-Hexanol 1-Heptanol 

3.00X102 7.22X102 2 .25x10 s 6 .02x l0 3 

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

K 
AGP° 

(kcal/mol) 

computed for the sodium, cesium, barium, magnesium, 
and zinc salts of 1,8- dinonyl-4-naphthalene sulfonic acid 
as a function of methanol, propylamine, and acetic acid 
in toluene. However, because an accurate value of the 
C M C was inacessible for organic solvents containing 
organic additives, no concentration of micellized surfac­
tant was reported. Therefore, an accurate distribu­
tion coefficient could not be obtained, because the total 
surfactant concentration was employed instead of the 
micellized surfactant concentration. 

TABLE 2. CMC VALUES FOR SDS IN WATER TO 

WHICH A SMALL AMOUNT OF ALCOHOL 

WAS ADDED (at 25 °C) 

Alcohol concn 

Pure water 
1 -Butanol 

1-Pentanol 

1-Hexanol 

1-Heptanol 

(mmol/l) 

43.74 
116.9 
204.4 

15.41 
31.15 
64.45 
2.683 
5.584 
9.227 
0.7354 
1.918 
3.178 

CMC (mmol/l) 

8.01 
6.96 
5.32 
4.18 
6.86 
5.70 
4.17 
7.32 
6.61 
5.89 
7.54 
6.89 
6.45 

Since, in this experiment, accurate values of the C M C 
using the conductivity method were obtained, as given 
in Table 2, it is now possible to evaluate the distribution 
coefficients. O u r results for the C M C values both in 
pure water and in the presence of 1-butanol agree ap-
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proximately with those of Shirahama and Kashiwa-
bara.5>l 

As shown in Table 1, AGp° is a linear function of the 
carbon number of the alcohol. As the carbon number 
of the alcohol increases, the AGp° decreases. Similarly, 
the standard free energy change of micellization, AGm°, 
decreases as the carbon number of the surfactant in­
creases.6) This can be understood since an increase in 
the carbon number of the alcohol is expected to result in 
an increased hydrophobic interaction with the surfactant 
micelles. In other words, penetration of the alcohol into 
the micellar phase becomes more favorable for an in­
crease in the carbon number of the alcohol. Thus, it is 
reasonable that this tendency of the AGp° to decrease 
parallels the tendency of solubility of the alcohol in water 
to decrease. 

AGp° is linearly related to the carbon number of the 
alcohol as follows : 

AGP°= -0.60n - 0 . 9 5 , (5) 

where n is the carbon number of the alcohol. 
The increment of AGP° per methylene group is —0.60 

kcal/mol. Kresheck and Hargraves6) have investigated 
the AGm° of the sodium octyl-, decyl-, and dodecyl sulfate 
series and found that the increment of the AG m

c per 
methylene group was approximately from —0.55 to 
—0.32 kcal/mol. T h e absolute value of the increment 
of the AGp ° per methylene group is a little larger than 
that of the AGm° per methylene group. 

Mankowich7) has reported on the solubilization of 
Orange O T in aqueous sodium dodecyl benzene sul-
phonate solutions. In his paper, the standard free 
energy changes of the solubilization of Orange O T from 
the non-micellar phase to the micellar phase were re­
ported to be from —5.4 to —5.8 kcal/mol in the range 
25—50 °G. In his method, the solubilities of Orange O T 
both above the C M C and at the C M C were measured. 
The concentration (mol/1) of Orange O T in the micellar 
phase was calculated from the solubility of Orange O T 
above the C M C , and the concentration (mol/1) of 
Orange O T in the non-micellar phase was calculated 
from the solubility of Orange O T at the C M C . Then, 
the standard free energy change was computed from 
these two concentrations. However, his method is in­
convenient for evaluating AGp°, because the solubilities 

of 1-butanol, 1-pentanol, 1-hexanol, and 1-heptanol are 
much higher than that of Orange O T , and the C M C 
values are altered in the presence of the alcohols. 

Aveyard and Lawrence8) and Larsen and Magid9) 
reported the standard enthalpy change of penetration, 
AHp°, of the alcohol from the aqueous phase to the 
micellar phase obtained using the calorimetric method. 
If the AHp° of their results (1-butanol: 0.5 kcal/mol, 
1-pentanol: 0.4 kcal/mol, 1-hexanol: 0.4 kcal/mol) are 
employed, it is possible to estimate the standard entropy 
change of penetration, ASP°, of the alcohol using the 
following equation : 

AGP° = AHP° - TASP°. (6) 

T h e results are 13.0, 14.4, and 18.7 cal/mol K for 
1 -butanol, 1 -pentanol, and 1 -hexanol, respectively. From 
these results, it may be considered that penetration of the 
alcohol from the aqueous to the micellar phases exhibits 
entropy dependence rather than enthalpy dependence. 
This is similar to the case of micellization of surfactants, 
namely, penetration of the alcohol from the aqueous to 
the micellar phases may be attr ibuted to the release of 
the compact iceberg structure of water molecules around 
the hydrophobic parts of the alcohol. 
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Mo0 3 , Si02 , and S i0 2 -Mo0 3 of different compositions were prepared and their surface and catalytic properties 
examined. A large number of acid sites were generated by mixing SiOa with Mo0 3 , while each component oxide by 
itself did not exhibit any appreciable acidic properties. The oxidizing property of M o 0 3 was enhanced by mixing 
with Si02 . No new compounds were detected in the oxide mixture by X-ray diffraction. The activity for depoly-
merization of 2,4,6-trimethyl-l,3,5-trioxane correlated well with the surface acidity. In the isomerization of 1-bu­
tène, both M0O3 and S i0 2 -Mo0 3 were active. The active sites on M0O3 were poisoned by C 0 2 but not by NH3, 
while those on S i0 2 -Mo0 3 were poisoned by NH3 but not by C0 2 . 

Among the metal oxides most widely used as a com­
ponent of the multicomponent metal oxide catalysts is 
M0O3, which is usually mixed with other oxides such as 
S i 0 2 , A1203 , B i 2 0 3 , and S n 0 2 . M a n y metal oxides are 
known to exhibit acidic properties when they are mixed 
with other oxides.1,2) The acidic sites play an important 
role not only in reactions recognized as acid-base cata­
lyzed reactions, but also in those of other types. For 
instance, the selectivity in the oxidation of olefins de­
pends strongly on the surface acid-base properties.3-6) 
However, the acid-base properties of the catalysts con­
taining M o 0 3 as a component oxide have not been sub­
jected to extensive study except for M o 0 3 - A l 2 0 3 . 7 ) 

We have prepared S i 0 2 - M o 0 3 in various molar ratios 
and examined their acid-base properties. Two typical 
acid-base catalyzed reactions, depolymerization of 2,4,-
6-trimethyl-l,3,5-trioxane and isomerization of butènes, 
were studied. 

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

Catalyst Preparation. SiOa and M o 0 3 were prepared by 
precipitation from an isopropanol solution of ethyl orthosilicate 
and an aqueous solution of ammonium molybdate, respective­
ly, with nitric acid followed by aging at 70—80 °C for 16 h 
and drying at 110 °G for 24 h. 

S i0 2 -Mo0 3 was prepared as follows. A mixture of ethyl 
orthosilicate and 10% aqueous solution of ammonium 
molybdate was dissolved in isopropanol. To the solution was 
added dilute nitric acid (pH= 1) and the solution was heated 
at 70—80 °C for 16 h to facilitate gelation. The resulting 
gel was dried at 110 °C for 24 h. Amounts of the reagents 
are given in Table 1. 

TABLE 1. AMOUNTS OF REAGENTS USED FOR THE 

PREPARATION OF M o 0 3 ~ S i 0 2 WITH 

DIFFERENT COMPOSITIONS 

Composition 
mol ratio 

(Mo0 3 : SiOa) 

(C2H5)4Si04 
ml 

(NH4)6Mo7024-
4 H , 0 

(GH3)2-
GHOH 

ml 

Mo0 3 

9: 1 
1: 1 
1:9 
Si02 

0 
13.2 
167 
402 
400 

160 
159 
129 
35.3 

0 
14 
170 
400 
400 

dicinnamilideneacetone (pK&= — 3.0), /»-(phenylazo)diphenyl-
amine (1.5), Dimethyl Yellow (3.3), Methyl Red (4.8), and 
Neutral Red (6.8). The existence of basic sites was monitored 
by dropping a series of benzene solutions of nitroaniline 
indicators onto a sample. 

Surface Area, X-Ray Analysis, D TA, and TG, ESR Measurements. 
Specific surface areas were determined by applying the BET 
equation to nitrogen adsorption isotherms at —196 °C. X-
Ray diffraction patterns were recorded on a Toshiba ADG-301 
with a powdered sample over the range of 20=10°—60°. 
CuKcc was used as the radiation source. 

DTA and TG were performed on a Rigakudenki standard 
model over the range from room temperature to 720 °G. 
The rate of temperature rise was 20 °C/min. 

For ESR measurements, 20 mg of the sample in a cell with a 
breakable seal was evacuated at the desired temperature for 3 h 
and sealed off. ESR spectra of these samples were measured at 
— 196 °C and room temperature. After recording the spectra, 
samples were exposed to butène, oxygen, nitrobenzene or a 
benzene solution of perylene through a breakable seal. All 
the spectra were measured on a Varian E-4 ESR spectrometer. 

Reaction Procedure. The benzene solution of 2,4,6-trimethyl-
1,3,5-trioxane (paraldehyde) (0.0495 mol/1) was used as a 
reactant for the depolymerization of paraldehyde. Powdered 
catalyst was calcined at 500 ° G for 3 h in air. To 40 ml of the 
reactant in a 100 ml flask with a cap was added 0.24 g of 
catalyst followed by magnetic stirring at 30 °C. Portions of 
the reaction mixture were periodically withdrawn from the 
system and subjected to analysis of acetaldehyde by the follow­
ing method. Excess amount of 0.1 N NaHS0 3 was added to 
10 ml of reaction mixture to form a complex with acetaldehyde. 
After titration of residual NaHSO s with I2, the NaHSOg-
acetaldehyde complex was dissociated by the addition of 
NaHC0 3 . The amount of NaHS0 3 required for the forma­
tion of the complex was determined by titration with I2. 

A microcatalytic pulse reactor was employed for the iso­
merization of butènes. The catalyst was sieved to 20—35 
mesh and calcined at 500 °C for 3 h. A quarter grams of the 
catalyst was placed in the reactor and pretreated at 500°C 
under a helium stream for 1 h prior to reaction. All the 
reactions were carried out at 250 °G. Butène (ca. 40fA mol) was 
introduced into a helium carrier ahead of the catalyst by 
manipulating a stop cock. Effluent products were directly 
introduced into a gas chromatographic column for analysis. 
The flow rate of the carrier was kept constant (1.1 ml/s). In 
some experiments, C 0 2 or NH3 was introduced in order to 
examine a poisoning effect after reaching a steady activity, 
which was usually attained after 7 or 8 injections. 

Acidity and Basicity Measurements. Acidity was measured 
at 55 °C by titration of the suspension in benzene with 0.1 N 
butylamine benzene solution. The indicators used were 

R e s u l t s 

Surface Area, X-Ray, DTA, and TG. The specific 
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TABLE 2. SPECIFIC SURFACE AREA (m2/g) OF 

Mo0 3 -Si0 2 AFTER CALCINATION 

AT VARIOUS TEMPERATURES a ) 

Composition 
(Mo03 : Si02) 

M o 0 3 

9: 1 
1: 1 
1:9 
SiOa 

Calcination 

300 

4.5 
5.4 

143 
440 
— 

400 

4.8 
4.5 

92 
376 
— 

temperature, 

500 

4.3 
4.0 

81 
240 
520 

°C 

600 

2.8 
2.2 

40 
93 

375 

a) Before measurement, sample was evacuated at 
150—170 °C for 1 h. 

surface areas ot catalysts are given in Table 2. They 
decrease with an increase in percentage of M o 0 3 and 
with a rise in calcination temperature. 

X-Ray diffraction patterns show that all the peaks 
obtained for S i 0 2 - M o 0 3 of different compositions 
calcined at 400, 500, and 600 °C are due to those of 
M o 0 3 , strong peaks being observed at 20=10.17 , 19.90, 
and 29.80°. The samples calcined at 300 °G did not 
show this set of peaks. The peak intensity increases with 
a rise in calcination temperature and with an increase in 
M o 0 3 content in S i 0 2 - M o 0 3 . No peaks other than 
those ascribed to M o 0 3 were found. 

Si02 

SiOz-MoC^O:!) 

100 200 300 
Temperature, °C 

Fig. 1. DTA-TG curves of catalysts. 
TG, broken line. 

400 500 

DTA, solid line; 

DTA-TG curves are shown in Fig. 1. All the samples 
show endothermic peaks by D T A around 50—200 °C 
with loss of weight. These peaks can be ascribed to 
desorption of physically adsorbed water. The samples 
containing M o 0 3 show exothermic peaks around 400 
°C also accompanied a weight loss. 

ESR. S i 0 2 - M o 0 3 and M o 0 3 show ESR signals 
assigned to Mo5+. The signal for S i 0 2 - M o 0 3 (9: 1) 
after evacuation at 500 °G is shown in Fig. 2. O n ex-

50 G 

Fig. 2. ESR signal of S i0 2 -Mo0 3 (9:1) evacuated at 
500 °C. 

posure to nitrobenzene, the amplitude of the signal de­
creased considerably but no signal for nitrobenzene 
anion radical was observed. O n admission of a ben­
zene solution of perylene, a strong signal appeared which 
could be assigned to perylene cation radical. The 
signals observed for S i 0 2 - M o 0 3 9 : 1 and 1: 1 showed 
hyperfine splitting into nine peaks. O n the other hand, 
the signals for S i 0 2 - M o 0 3 ( 1 :9 ) and M o 0 3 were broad 
singlets. The variation of the integrated signal ampli­
tude of perylene cation radicals with composition is 
shown in Fig. 3. 

0 10 90 100 50 

Mole 7. of M0O3 
Numbers of perylene cation radicals on Si(D2-Fig. 3. 

M o 0 3 of different composition, 
evacuated at 500 °C. 

Catalysts had been 

Admission of butène at 200 °G to S i 0 2 - M o 0 3 (9 :1) 
evacuated a t 500 °G resulted in an increase in the signal 
ampli tude of Mo 5 + , and the successive admission of 0 2 

after the excess butène had been trapped in liquid nitro­
gen resulted in a decrease in the amplitude of the Mo 5 + 

signal and the production of O 2 - . 
Acidity. Figure 4 shows the acidity of S i 0 2 - M o -

0 3 having compositions of 9: 1, 1: 1, and 1: 9 as well as 
that of SiO a and M o 0 3 , when calcined at 500 °C in air. 
Although S i 0 2 and M o 0 3 showed negligible amounts of 
acid sites stronger than i / 0 = 3 . 3 , S i 0 2 - M o 0 3 with com­
position 9: 1 and 1: 1 showed considerable amounts of 
these acid sites. Change in calcination temperature 
caused no great change in acidity. An example is shown 
in Fig. 5 for S i 0 2 - M o 0 3 (9: 1). 

Depolymerization of 2,4,6-Timethyl-l,3,5-trioxane. 
T h e reaction rate equation was of first order in concen-
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0 10 50 90 100 
Mole % of Mo03 

Fig. 4. Acidity of S i0 2 -Mo0 3 of different composition. 
i/o = - 3 . 0 (O), + 1.5 (D), +3.3 (A), +4.8 ( # ) , +6.8 

O). 

300 600 400 500 
Calcination temperature, ^C 

Fig. 5. Changes in acidity of S i0 2 -Mo0 3 (9: 1) with 
calcination temperature # „ = — 3.0 (O), +1-5 ( • ) , 
+ 3.3 (A), + 4 . 8 ( # ) , + 6 . 8 ( 3 ) . 

tration of reactant. Activity of the catalyst was expres­
sed by a first order ra te constant, k, per unit weight of 
catalyst. T h e variation of the activity with composition 
is shown in Fig. 6, where the catalysts are calcined at 
500 °C in air. A similarity in the change in activity to 
that in acidity with composition of the catalyst suggests 
that the acid sites are active sites for the decomposition 
of 2,4,6-trimethyl-l,3,5-trioxane to produce acetalde-
hyde. T h e activity of the catalysts is more than 10 times 
greater than that of N i S 0 4 and GuS04 .7) 

Isomerization of Butène. The conversion of cis-2-
butene over M o 0 3 and S i 0 2 - M o 0 3 (9 :1 ) is plotted 
against the pulse number in Figs. 7 and 8. |The decrease 
in conversion with the pulse number is greater for M o 0 3 

than S i 0 2 - M o 0 3 (9: 1). After the conversion had 

50 90 100 
Mole °/o of M0O3 

Fig. 6. Variation of activity for depolymerization of 
2,4,6-trimethyl-l,3,5-trioxane with composition. 

Pulse number 
Fig. 7. Activity decrease in isomerization of cis-2-butène 

with pulse number and with NH3 or COa addition over 
M0O3. 

"0 5 10 
Pulse number 

Fig. 8. Activity decrease in isomerization of cis-2 -butène 
with pulse number and with NH3 or C 0 2 addition over 
S i0 2 -Mo0 3 (9:1). 

at tained a constant value, C 0 2 or N H 3 was introduced. 
The active sites of M o 0 3 were poisoned by C 0 2 , but 
not substantially by NH 3 . O n the other hand, the active 
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50 h r x ^ ^ 

'§ 20 H/ ^ V \ K 

à 10ï ^ ^ \ . 
Q 5 — i 1 i r 

0 10 50 90 100 
Mole % of M0O3 

Fig. 9. Initial activity (O) and steady state activity ( 0 ) 
for isomerization of m-2-butene. 

sites of S i 0 2 - M o 0 3 were poisoned by NH 3 , but not by 

co2. 
The conversion at the first pulse and that after several 

pulses (the constant conversion) are shown in Fig. 9. 
Except for M o 0 3 , the change in conversion with the 
composition of catalyst is similar to that in acidity. 

D i s c u s s i o n 

Mixing of SiO a and M0O3 gave rise to new surface 
and catalytic properties not found in either component 
oxide, though X-ray and D T A - T G data showed no 
formation of a new compound. Of these properties 
acidity is important. A good correlation of acidity with 
activity for depolymerization of 2,4,6-trimethyl-1,3,5-
trioxane indicates that the active sites for the reaction are 
the acid sites generated by mixing SiO a and M o 0 3 . 

For the isomerization of butène, M o 0 3 showed con­
siderable activity though it had no acidic sites stronger 
than / / 0 = 4 . 8 . The catalyst was not poisoned by NH 3 . 
Thus, the active sites are not acidic. Since C 0 2 is an 
acidic molecule and can be adsorbed on basic sites, and 

C 0 2 actually poisons the catalyst, the active sites on 
M o 0 3 for the butène isomerization seem to be basic. 
O n the other hand, the activity of the mixed oxides cor­
relates with the acidity and N H 3 poisons the active sites. 
Thus, the active sites on S i 0 2 - M o 0 3 are suggested to be 
acidic sites and the reaction proceeds via a carbenium 
ion mechanism. 

An increase in the ampli tude of the ESR signal for 
M o 5 + by the admission of butène to S i 0 2 - M o 0 3 (9 :1 ) 
indicates that reduction occurred during the course of 
isomerization of butène. T h e activity also decreased 
with successive pulses. I t seems that the active sites 
become less active by reduction. T h e mechanism of 
generation of acid sites in a mixed oxide was proposed 
by one of the authros,1»2) and the concept can be applied 
to the S i 0 2 - M o 0 3 system. Acid sites are caused by the 
excess positive charge on Si4 + in the S i 0 2 - M o 0 3 . The 
reduction of M o 6 + reduces the excess positive charge on 
Si4+ by the transfer of negative charge to Si4+ through 
oxygen bridging. This weakens the strength of acid 
sites or eliminates the acid sites. 
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5-Bromocytosine and phthaloyl-DL-glutamic acid co-crystallize from their aqueous solution in space group PÏ, 
with dimensions oîa= 10.578(2), b= 19.640 (4),c=9.890 (3)A,a=88.13 (2), £=107.86 (3), y= 104.26 (1)°. Two 
molecular complexes and one water molecule are in an asymmetric unit. The structure was solved by the heavy 
atom method and refined by a block-diagonal least-squares method. The 5-bromocytosine molecule binds with y-
carboxyl group of the amino acid through NH- • O and OH- • O hydrogen bonds. In spite of largely different mo­
lecular environment in the crystal from that of 5-bromocytosine :iV-tosyl-L-glutamic acid complex, the mode of 
interaction between the nucleotide base and the amino acid is the same. Thus, it is suggested that the present geo­
metry is a typical binding mode between cytosine and acidic side group of amino acid. 

The present structure determination is a par t of the 
serial studies on specific binding patterns of nucleotide 
base-amino acid interactions. 

As reported in Part I I on the 5-bromocytosine :N-
tosyl-L-glutamic acid complex (BCTG),1) we have found 
a specific hydrogen bond of cytosine with y-carboxyl 
group of glutamic acid, not with a-carboxyl group. In 
cytidine:JV-benzyloxycarbonyl-L-glutamic acid complex 
dihydrate,2) on the other hand, cytosine binds with a-
carboxyl group of glutamic acid. As a-carboxyl group 
is used for peptide bond formation in protein except for 
its C-terminal, the hydrogen bonds between cytosine and 
y-carboxyl group may represent a more general mode of 
interaction. So, it must be examined whether the 
interaction mode found in BCTG complex is preserved 
or not, when the molecular environment in a crystal is 
altered. We have investigated this by the structure 
analysis of the title complex which has a different N-
protective group of glutamic acid from BCTG. 

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

Plate crystals were obtained from an aqueous solution 
containing equimolar quantities of the two components. 
The complex formation was confirmed by IR spectroscopy 
and an elementary analysis of these crystals. Found: C, 
43.12; H, 3.39; N, 12.28%. Galcd for C4H4N3OBr. 
G 1 3 H u N0 6 . l /2H aO: C, 42.87; H, 3.39; N, 11.77%. Diffrac­
tion pattern of the crystal indicated the crystal system to be 
triclinic. The unit-cell dimensions were determined by 
least-squares calculations from 89 reflexions recorded on 
equator Weissenberg photographs about the three different 

TABLE 1. CRYSTAL DATA 

5-Bromocytosine: phthaloyl-DL-glutamic acid 
hemihydrate 

G4H4N3OBr • C 1 3 H u N0 6 • 1/2H20 
F.W. = 476.2 
Crystal system: triclinic 
Space group : PÏ 
a = 1 0 . 5 7 8 ( 2 ) A £=19.640 (4) Â c=9.890 (3) A 
a=88 .13(2)° £=107.86(3)° y=104.26( l )° 
£7=1893.3 (7) A3 Z = 4 
JD X = 1.671 gem- 3 £>m=1.69gcm- 3 

ft (CuiCa) = 38.11 cm-1 

axes, calibration being made with superposed silicon lines 
(a=5.43075 A). These results are listed in Table 1. 

Diffraction data were collected on equi-inclination Weissen­
berg photographs (0kl-7kl and M0-M7) using Ni-filtered GuKx 
radiation and the intensities were measured by a TV densi­
tometer.3) The crystals used for the a- and c-axis rotations 
were 0.1 X 0.2x0.3 mm and 0.07 x 0.19 X 0.36 mm in size, 
respectively. Corrections were made for Lorentz and 
polarization effects and spot size, but not for absorption. A 
total of 7649 independent reflexions was obtained, of which 
zero-reflexions numbered 3908. The N(z) test4) indicated 
the crystal to be centro-symmetric : this is reasonable because 
the amino acid derivatives is racemic, thus the space group 
being decided to be PÏ. The density, measured by flotation 
in a CHBr3-CCl4 mixture, indicated that there are two 
molecular complexes and one water molecule in an asymmetric 
unit. 

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

a n d Ref inement 

The structure was solved by the heavy atom method, 
and refined by a block-diagonal least-squares method, 
the minimized function being Y\w&F2 where AF= 
lî ol — \FC\. In this refinement, the zero-reflexions 
were assumed to have the value of | F 0 | m i n (=4 .31) . 
The zero-reflexions for which |FC | values were smaller 
than l^olmin were omitted in each cycle of refinement. 
The weight function used was as follows: w=exp(—as2— 
bt2-cst-ds-et-f) for | F 0 | > | F 0 | m i n , where s=\F0\ and 
/=sin0/A; w=\l<AF2> for \F0\ = \F0\min. The coef­
ficients, a—f, were evaluated by least-squares a t each 
cycle of the structure refinement so that < w A F 2 > = l. 
The refinement was terminated when the maximum 
shift of parameters was less than 0.04<r and 0.06<r for 
positional and thermal parameters, respectively. At 
the final cycle, the coefficients of weight function were 
0.00006012, 23.72, - 0 . 0 5 1 5 8 , 0.04557, - 2 1 . 3 5 , and 
5.304, respectively, and weight for l ^ m i n w a s 0.0763. 
T h e final value of R is 0.13 (JÇW=0.11). For reflexions 
of |FJ>3<7 ( « J - I / V W ) , R is 0.078. The comparison 
between observed and calculated structure factors is 
given in Table 2.5> Atomic scattering factors used were 
taken from "Internat ional Tables for X-Ray Crystallo­
graphy."6) The final positional and thermal para­
meters are given in Table 3. 
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T A B L E 3. FINAL POSITIONAL AND THERMAL PARAMETERS 

Standard deviations are given in parentheses. T h e temperature factor has the form 
exp[-(ßnh2+ß22k2+ß33l2+ßi2flk+ßi3fll+ß23kl)~\- All parameters have been multi­
plied by 10*. 

Atom 

N(1A) 
G (2 A) 
N(3A) 
C(4A) 
C(5A) 
G(6A) 
0(2A) 
N(4A) 
Br(5A) 
N(1B) 
G(2B) 
N(3B) 
C(4B) 
C(5B) 
C(6B) 
0(2B) 
N(4B) 
Br(5B) 
0(3A) 
0(4A) 
C(7A) 
C(8A) 
C(9A) 
C(10A) 
C(11A) 
0(5A) 
0(6A) 
N(5A) 
G(12A) 
C(13A) 
0(7A) 
0(8A) 
C(14A) 
G(15A) 
G(16A) 
C(17A) 
G(18A) 
C(19A) 
0(3B) 
0(4B) 
C(7B) 
G(8B) 
G(9B) 
C(10B) 
G(11B) 
0(5B) 
0(6B) 
N(5B) 
G(12B) 
C(13B) 
0(7B) 
0(8B) 
G(14B) 
C(15B) 
C(16B) 
C(17B) 
C(18B) 
G(19B) 
0(9) 

X 

-5030(7) 
-4185(8) 
-3009(6) 
-2623(7) 
-3498(8) 
-4695(8) 
-4612(5) 
-1408(7) 
-2979(1) 

2738(7) 
1906(8) 
631(6) 
147(8) 
992(8) 

2277(8) 
2412(6) 

-1124(7) 
324(1) 

-6109(7) 
-4113(7) 
-5336(8) 
-5644(8) 
-4460(9) 
-3510(9) 
-4175(8) 
-3493(7) 
-5212(7) 
-6893(7) 
-8141(9) 
-7027(8) 
-8303(7) 
-6090(6) 
-9106(8) 

-10423(9) 
-11105(9) 
-10458(9) 
-9101(8) 
-8448(8) 

3892(6) 
2956(6) 
3077(7) 
2148(7) 
2112(8) 
1299(9) 
1970(8) 
1096(6) 
3177(6) 

780(6) 
113(8) 

1(8) 
594(6) 
373(7) 

-1251(7) 
-2345(10) 
-3528(10) 
-3562(10) 
-2459(10) 
-1307(8) 

3512(6) 

y 

732(3) 
332(4) 
337(3) 
753(4) 

1153(4) 
1125(4) 
-54(3) 
777(4) 

1711(0) 
-278(3) 

120(4) 
26(3) 

-469(4) 
-896(4) 
-790(4) 

574(3) 
-543(4) 

-1569(0) 
-4305(3) 
-3543(3) 
-3740(4) 
-3147(4) 
-2769(4) 
-2135(5) 
-1537(4) 
-1074(4) 
-1475(4) 
-3428(3) 
-3236(4) 
-3963(4) 
-2807(4) 
-4208(3) 
-3649(4) 
-3643(5) 
-4105(5) 
-4549(5) 
-4552(4) 
-4097(4) 

4443(3) 
4386(3) 
4145(4) 
3414(4) 
3148(4) 
2384(4) 
1894(4) 
1303(3) 
2014(3) 
3392(3) 
2932(4) 
3838(4) 
2505(3) 
4296(3) 
3087(4; 
2769(5) 
3040(7) 
3576(7) 
3906(6) 
3631(4, 
4493(3; 

z 
6337(8) 
7115(9) 
6883(8) 
5895(9) 
5043(8) 
5285(10) 
8042(7) 
5741(9) 
3616(1) 
8361(8) 
7563(9) 
7603(8) 
8427(9) 
9241(9) 
9184(9) 
6810(7) 
8446(9) 

10424(1) 
8387(8) 
8568(9) 
8744(9) 
9482(9) 

10761(10) 
10386(12) 
9923(10) 
9235(10) 

10126(9) 
9846(8) 
9241(10) 

10794(9) 
8333(8) 

11459(7) 
9944(8) 
9801(9) 

10616(10) 
11532(9) 
11675(9) 
10854(9) 
5505(8) 
7247(7) 
6086(8) 
5626(9) 
4179(9) 
3827(10) 
4817(10) 
4943(8) 
5451(10) 
5681(7) 
6508(9) 
4945(9) 
7264(7) 
4203(8) 
6217(9) 
6711(11) 
6202(13) 
5297(12) 
4833(12) 
5289(9) 
2602(7) 

In 
85(7) 
80(8) 
77(6) 
80(8) 
90(8) 

100(9) 
90(6) 
89(7) 

124(1) 
91(7) 
98(8) 
86(7) 
88(8) 
95(8) 

102(9) 
111(6) 
97(8) 

116(1) 
138(8) 
111(7) 
94(8) 
77(8) 

116(10) 
98(9) 
83(8) 

117(7) 
109(7) 
94(7) 

108(9) 
95(8) 

128(8) 
108(6) 
96(8) 

100(9) 
109(10) 
102(9) 
106(9) 
92(8) 

110(7) 
110(7) 
77(7) 
74(7) 

103(9) 
115(10) 
92(8) 
95(6) 
70(6) 
79(6) 
89(8) 
93(8) 

131(7) 
140(8) 
72(7) 

108(10) 
91(10) 
90(10) 
92(10) 
80(8) 

127(7) 

#22 

26(2) 
20(2) 
24(2) 
23(2) 
24(2) 
26(2) 
28(2) 
34(2) 
27(0) 
26(2) 
20(2) 
24(2) 
27(2) 
42(2) 
24(2) 
27(2) 
33(2) 
30(0) 
26(2) 
32(2) 
27(2) 
27(2) 
24(2) 
30(3) 
26(2) 
35(2) 
41(2) 
20(2) 
24(2) 
22(2) 
39(2) 
26(2) 
24(2) 
33(3) 
37(3) 
32(3) 
25(2) 
22(2) 
35(2) 
31(2) 
26(2) 
25(2) 
23(2) 
24(2) 
25(2) 
26(2) 
31(2) 
21(2) 
19(2) 
24(2) 
31(2) 
34(2) 
26(2) 
39(3) 
54(4) 
61(5) 
52(4) 
28(2) 
29(2) 

#33 

162(11) 
139(11) 
134(9) 
129(11) 
100(10) 
131(11) 
159(8) 
174(11) 
123(1) 
148(10) 
140(11) 
145(9) 
126(11) 
107(10) 
131(11) 
179(9) 
185(12) 
165(1) 
171(10) 
222(12) 
111(10) 
129(11) 
129(11) 
192(15) 
153(12) 
287(14) 
251(13) 
137(9) 
134(11) 
127(11) 
176(10) 
157(9) 
101(10) 
111(11) 
128(12) 
111(11) 
99(10) 

114(10) 
169(10) 
136(8) 
94(9) 

128(10) 
115(10) 
134(11) 
163(13) 
209(11) 
294(14) 
118(8) 
121(10) 
125(11) 
180(10) 
179(10) 
135(11) 
156(14) 
188(16) 
168(16) 
174(15) 
121(11) 
147(8) 

#12 

31(6) 
14(6) 
18(5) 
24(6) 
18(6) 
30(7) 
29(5) 
39(7) 
27(1) 
33(6) 
29(6) 
35(6) 
24(7) 
32(7) 
30(7) 
38(5) 
46(7) 
33(1) 

- 3 ( 6 ) 
10(6) 
19(7) 
7(7) 

15(7) 
20(8) 
25(7) 
52(6) 
60(7) 
22(5) 
29(7) 
22(7) 
54(7) 
40(5) 
21(7) 
30(8) 
38(8) 
23(8) 
15(7) 
24(6) 

-15(6) 
9(5) 

18(6) 
33(6) 
6(7) 

26(7) 
23(7) 
14(5) 
26(5) 
23(5) 

7(6) 
34(7) 
51(6) 
57(6) 

1(6) 
-13(9) 

33(10) 
54(11) 
62(10) 
32(7) 
37(6) 

#13 

84(14) 
61(15) 
68(13) 
58(15) 
54(14) 
49(16) 

101(12) 
106(15) 
91(2) 
98(14) 
78(16) 
82(13) 
87(16) 
42(15) 
75(16) 

129(13) 
121(16) 
117(2) 
120(14) 
136(15) 
57(15) 
69(15) 
39(17) 
51(19) 
44(16) 

188(17) 
138(16) 

77(13) 
78(17) 
57(15) 
99(14) 
83(12) 
60(15) 
48(16) 
70(17) 
64(16) 
65(15) 
68(15) 

110(14) 
88(12) 
25(13) 
79(14) 
63(16) 
49(17) 

113(17) 
111(13) 
53(15) 
69(12) 
76(15) 
48(15) 

147(14) 
119(15) 
75(15) 

125(20) 
85(20) 
45(20) 
25(19) 
25(15) 
76(13) 

#23 

48(7) 
21(7) 
30(6) 
20(7) 
25(7) 
27(8) 
52(6) 
54(8) 
32(1) 
39(7) 
34(8) 
49(7) 
28(8) 
19(7) 
27(8) 
76(6) 
62(8) 
58(1) 

-6 (6 ) 
- 4 ( 8 ) 
23(8) 
21(8) 
12(8) 
34(10) 
19(8) 
88(9) 
53(9) 
40(6) 
28(8) 
21(8) 
94(8) 
60(6) 
18(7) 
14(8) 
9(9) 
4(8) 

10(7) 
11(7) 
8(7) 

- 2 ( 6 ) 
14(7) 
42(7) 
21(7) 
19(8) 
37(8) 
51(7) 
50(8) 
33(6) 
18(7) 
23(7) 
74(7) 
72(7) 

-17(8) 
-49(10) 
-52(13) 

-6(14) 
-7(12) 

8(8) 
22(6) 
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R e s u l t s and D i s c u s s i o n s 

Bond lengths and angles of the two independent 
molecules are listed in Table 4. The values for corre­
sponding bonds are in good agreement, and their 
averages are given in Fig. 1. The effects of bromine 
substitution on the bond lengths and angles of pyrimi-
dine ring is not so large; somewhat longer C ( 2 ) - 0 ( 2 ) 
bond and shorter C(2)-N(3) bond are observed as com­

pared with the authentic values of neutral cytosine,7) but 
these should be at tr ibutable partly to the effects of strong 
hydrogen bonds involving 0 ( 2 ) (Table 5), which are 
also observed in BCTG complex.1) The crystallograph-
ically independent molecules are shown in Fig. 2. 

The molecules are arranged in layers parallel to the 
(021) plane (Fig. 3). As shown in Fig. 4, four a-carboxyl 
groups and two water molecules constitute a 14-mem-
bered ring around the center of symmetry at 1/2, 1/2, 
1/2 by hydrogen bonds, 0 ( 4 A ) H - 0 ( 9 ) , 0 ( 9 ) H - 0 

TABLE 4. BOND LENGTHS AND ANGLES OF THE TWO INDEPENDENT MOLECULES 

Bond lengths (//Â) 

N( l ) -C(2) 
N(3)-C(4) 
C(5)-C(6) 
C(2) -0 (2) 
C (5)-Br(5) 

C(7) -0 (3 ) 
C(7)-C(8) 
C(8)-C(9) 
C(10) -C( l l ) 
C ( l l ) - 0 ( 6 ) 

N(5)-C(12) 
C(12)-C(14) 
C(14)-C(19) 
G(15)-C(16) 
C(17)-C(18) 
C(12)-0(7) 

Bond angles (çty°) 

C(2) -N( l ) -G(6) 
N ( l ) - C ( 2 ) - 0 ( 2 ) 
N( l ) -C(2 ) -N(3) 
0 (2 ) -C(2) -N(3) 
G(2)-N(3)-C(4) 
N(3)-C(4)-C(5) 
N (3)-G (4)-N (4) 
C(5)-C(4)-N(4) 
C(4) -C(5) -C(6) 
G(4)-C(5)-Br(5) 
C (6)-C (5)-Br(5) 
G(5) -C(6) -N( l ) 

0 ( 3 ) - C ( 7 ) - 0 ( 4 ) 
0 (3 ) -G(7) -G(8) 
0 (4 ) -C(7 ) -G(8 ) 
C(7)-C(8)-N(5) 
C (7)-G (8)-C (9) 
N(5)-C(8)-C(9) 
G(8)-C(9)-C(10) 
C ( 9 ) - C ( 1 0 ) - C ( l l ) 
C(10)- ( l l ) -O(5) 
C(10) -C( l l ) -O(6 ) 
0 ( 5 ) - C ( l l ) - 0 ( 6 ) 

Standard deviations are given in parentheses. 
Molecule 

^ _ 
A 

1.38(1) 
1.35(1) 
1.35(1) 
1.29(1) 
1.891(8) 

1.19(1) 
1.54(1) 
1.53(1) 
1.50(1) 
1.21(1) 

1.41(1) 
1.48(1) 
1.39(1) 
1.41(1) 
1.40(1) 
1.21(1) 

B 

1-37(1) 
1.35(1) 
1.34(1) 
1.27(1) 
1.887(8) 

1.20(1) 
1.52(1) 
1.53(1) 
1.50(1) 
1.20(1) 

1.41(1) 
1.49(1) 
1.39(1) 
1.42(2) 
1.39(2) 
1.21(1) 

Molecule 
, " 

A 

120.4(7) 
116.5(7) 
120.9(7) 
122.6(8) 
119.5(7) 
120.6(7) 
118.2(8) 
121.2(8) 
118.4(8) 
120.4(6) 
121.2(6) 
120.1(8) 

124.6(8) 
123.9(8) 
111.4(7) 
108.8(7) 
114.8(7) 
112.1(7) 
114.0(8) 
112.8(8) 
111.8(8) 
125.5(9) 
122.8(8) 

\ 
B 

121.4(7) " 
117.2(8) 
120.4(8) 
122.5(8) 
119.8(7) 
120.5(8) 
117.9(8) 
121.7(8) 
118.6(8) 
120.1(6) 
121.2(6) 
119.3(8) 

124.2(8) 
123.7(8) 
111.9(7) 
109.8(6) 
113.8(7) 
111.7(7) 
112.3(7) 
111.8(8) 
113.1(8) 
124.7(9) 
122.2(9) 

G(2)-N(3) 
C(4)-C(5) 
C(6) -N( l ) 
C (4)-N (4) 

G(7)-0(4) 
C(8)-N(5) 
C (9)-C (10) 
C ( l l ) - 0 ( 5 ) 

N(5)-C(13) 
G(13)-C(19) 
C(14)-C(15) 
C(16)-C(17) 
G(18)-C(19) 
C(13)-0(8) 

C(8)-N(5)-C(12) 
C(8)-N(5)-G(13) 
G(12)-N(5)-G(13) 
N(5)-G(12)-C(14) 
N(5)-G(12)-0(7) 
G(14)-C(12)-0(7) 
N(5)-G(13)-C(19) 
N(5)-G(13)-0(8) 
G(19)-C(13)-0(8) 
C(12)-C(14)-G(15) 
C(12)-C(14)-G(19) 
C(15)-C(14)-C(19) 
C(13)-G(19)-G(14) 
G(13)-C(19)-G(18) 
G(14)-G(19)-G(18) 
G(14)-C(15)-C(16) 
G(15)-C(16)-C(17) 
C(16)-C(17)-C(18) 
C(17)-G(18)-G(19) 

Molecule 

A 

1.33(1) 
1.42(1) 
1.36(1) 
1.33(1) 

1.32(1) 
1.45(1) 
1.51(1) 
1.32(1) 

1.40(1) 
1.48(1) 
1.36(1) 
1.38(1) 
1.39(1) 
1.21(1) 

B 

1.33(1) 
1.43(1) 
1.36(1) 
1.32(1) 

1.31(1) 
1.46(1) 
1.53(1) 
1.32(1) 

1.39(1) 
1.48(1) 
1.39(1) 
1.36(2) 
1.40(1) 
1.21(1) 

Molecule 
^ ^ 

A 

125.4(7) 
123.3(7) 
111.2(7) 
106.0(7) 
123.7(8) 
130.3(8) 
106.1(7) 
123.3(8) 
130.4(8) 
130.3(8) 
108.1(7) 
121.7(8) 
108.4(7) 
130.2(8) 
121.4(8) 
117.7(8) 
121.2(9) 
120.9(9) 
117.2(8) 

: ^ 
B 

124.1(7) 
123.5(7) 
112.4(7) 
105.4(7) 
124.8(8) 
129.8(8) 
105.5(7) 
124.8(8) 
129.7(8) 
129.9(8) 
107.8(7) 
122.3(8) 
108.9(7) 
129.7(9) 
121.4(9) 
115.6(9) 
121.2(11) 
123.2(11) 
116.1(10) 
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Fig. 1. The average bond lengths (//Â) and angles (çty°) of the two independent 
5-bromocytosine and phthaloylglutamic acid molecules. 

TABLE 5. DISTANCES AND ANGLES OF HYDROGEN BONDS 

(CH---0 contacts are also listed in this table.) 

Distance (//Â) 
N(lA).--0(2B)a 2.83 
N(4B)-.-N(3A)e 3.00 
0(5A)-..0(2A)C 2.64 
0(9)..-0(3B)c 2.78 
C(6A)».0(6B)a 3.21 

Angle (0/°) 
N(lA)..-0(2B)a-C(2B)a 

N(lB)...0(2A)b-C(2A)b 

N(4A)..-N(3B)C-C(2B)C 

N(4B)..-N(3A)C-C(2A)C 

N(4A)-..0(5B)C-C(11B)C 

N(4B)...0(5A)e-C(llA)c 

0(5A)-..0(2A)C-G(2A)C 

C(11A)-0(5A).--0(2A)C 

0(5B)..-0(2B)c...N(lA)b 

C(7B)-0(4B)...0(3A)d 

0(9).--0(8A)f-C(13A)f 

C(5A)-C(6A).~0(6B)a 

C(5B)-C(6B).-0(6A)b 

126.1 
125.5 
123.7 
123.4 
141.8 
149.6 
122.1 
117.5 
106.1 
128.2 
122.8 
145.2 
140.6 

N(lB)..-0(2A)b 2.84 
N(4A).--0(5B)e 2.93 
0(5B)-..0(2B)C 2.58 
0(4A).-.0(9) e 2.53 
C(6B).--0(6A)b 3.14 

C(2A)-N(lA)-0(2B) a 

G(2B)-N(lB)--.0(2A)b 

N(4A)..-N(3B)C-C(4B)C 

N(4B)-..N(3A)e-C(4A)c 

N(4A).--0(5B)c-.-0(2B)c 

N(4B)...0(5A)c-.-0(2A)c 

0(5A)-N(4B)C--N(3A)C 

0(5B)..-0(2B)C-C(2B)C 

C(llB)-0(5B).--0(2B)e 

0(9)-.-0(3B)c-C(7B)c 

C(6A).--0(6B)a-C(llB)a 

C(6B)..-0(6A)b-C(llA)b 

117.2 
116.6 
116.3 
117.0 
92.0 
92.8 
76.7 

126.2 
108.4 
127.4 
127.9 
147.0 

N(4A)..-N(3B)C 3.03 
N(4B)...0(5A)e 2.80 
0(4B)..-0(3A)d 2.67 
0(9)..-0(8A) f 2.75 

C(6A)-N(lA)-..0(2B)a 

G(6B)-N(lB)..-0(2A)b 

C(4A)-N(4A)-N(3B)C 

C(4B)-N(4B)...N(3A)C 

C(4A)-N(4A)..-0(5B)C 

C(4B)-N(4B)...0(5A)C 

0(5A)."0(2A)c .--N(lB)a 

0(5B)...N(4A)C..-N(3B)C 

0(4B).-.0(3A)d-G(7A)d 

C(7A)-0(4A)-0(9) e 

N(1A)-G(6A)... 0(6B)a 

N(lB)-C(6B)...0(6A)b 

122.0 
121.8 
124.0 
125.3 
159.3 
158.0 
109.1 
75.2 

158.0 
113.4 
88.2 
99.7 

a: at — l+x,y, z. b : at \+x,y, z. cztx,y,z. d: at \+x, \+y, z. e: at — x, —y, 1 — z. f: at l + x, 1+y, —1 + 2. 

(3B), and 0 ( 4 B ) H - 0 ( 3 A ) . Distance of 0 ( 4 A ) -
0 ( 9 ) is fairly shorter than those of the other O H - - 0 
hydrogen bonds (Table 5). Similar short 0 - - 0 
distances are also observed in oxalic acid dihydrate 
(2.512 Â)8) and pyromellitic acid dihydrate (2.549 Â).9> 
Furthermore, this ring is connected with those in the 
neighboring unit-cells by the hydrogen bond between 
water molecule and 0 ( 8 ) atom of phthaloyl group in the 
A molecule, to complete a three-dimensional network. 
The structure is further stabilized by the overlapping of 
the phthaloyl groups; the dihedral angle between the 
mean planes of the two independent phthaloyl groups is 
5.1° and the spacing is about 3.4 Â. 

The hydrogen bonding arrangements in the layer is 
illustrated in Fig. 5, relevant distances and angles being 
listed in Table 5. T h e 5-bromocytosine molecules are 
linked by the hydrogen bonds, N ( 1 A ) H - 0 ( 2 B ) , N 
( 1 B ) H - 0 ( 2 A ) , N ( 4 A ) H - N ( 3 B ) , and N ( 4 B ) H - N 
(3A), to form a ribbon elongated along [100] direction. 
To the r ibbon, y-carboxyl group of a glutamic acid is 
bound through hydrogen bonds in which 0 ( 5 ) atom is a 
donor to 0 ( 2 ) of 5-bromocytosine and at the same time 
an acceptor from N(4) of the neighboring base. In 
addition, 0 ( 6 ) seems to make a G H - - 0 type interaction 
with G(6) of the base A' . T h e other crystallographical-
ly independent glutamic acid also interacts to the ribbon 
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Fig. 2. A stereoscopic view of 5-bromocytosine : phthaloylglutamic acid. 
Thermal ellipsoids are drawn at the 50% probability level. 

.—o 

Fig. 3. A stereoscopic view of the crystal structure. 

in the same way. I t is interesting to note that amino 
acids bound to one cytosine's ribbon are the same optical 
isomers. 

As seen from the hydrogen bond scheme described 
above, the N(3) atom of cytosine is not protonated; the 
G(2)-N(3)-G(4) bond angle of cytosine 119.6° is close 
to unprotonated form,7) and the distances and angles of 
a- and y-carboxyl groups of glutamic acid correspond to 
those of undissociated acid. 

Each pyrimidine ring is planar within 0.02 Â and 

each bromine a tom also lies in the plane. The dihedral 
angle between these mean planes is 11.5°. 

The conformations of two glutamic acids A and B are 
different to each other mainly in torsions around the 
C(7)-C(8) and C(8)-C(9) bonds, as shown in Table 6. 
In the molecule A, the C(8)-N(5) bond is nearly parallel 
to a-carboxyl plane and the torsion angle of G(7) -C(8) -
G(9)-G(10) is a nearly right angle, while in the molecule 
B, the G(8)-C(9) bond is parallel to a-carboxyl plane 
and C(7), C(8), C(9), and C(10) are nearly coplanar. 



January, 1977] Crystal Structure of 5-Bromocytosine :Phthaloyl-DL-glutamic Acid 95 

Fig. 4. The hydrogen bonding network around the center 
of symmetry at 1/2, 1/2, 1/2 viewed along the a axis. 

The side chains of glutamic acids are folded by the rota­
tions around C(9)-C(10) bonds, in contrast to the ex­
tended form found in B C T G complex.1) 

As described above, the present crystal structure is 
different from that of BCTG in a mode of interlayer 
interaction, in hydrogen bonds of the a-carboxyl groups, 
and in the conformations of glutamic acids. In spite of 
these differences, binding scheme between 5-bromocyto-
sine and y-carboxyl group of glutamic acid is the same 
as that of BCTG, suggesting that this binding is a 
typical mode between 5-bromocytosine and the acidic 
amino acid. 

The other type of complex formation between cyto­
sine and glutamic acid has been reported for cytidine: 
JV-benzyloxycarbonyl-L-glutamic acid complex dihy-
drate,2) in which cytosine moiety interacts with dissoci­
ated a-carboxyl group. Such a difference may be attri-

N(3) / Ö 
0(2) 0(6) 

0(3) 

[1 00] 

Fig. 5. A projection of one layer of 5-bromocytosine: 
phthaloyl-DL-glutamic acid onto the (021) plane. This 
illustrates the hydrogen bonding arrangement in the 
complex. The crystallographically independent mole­
cules are labeled as A and B. 

TABLE 6. TORSION ANGLES OF THE TWO 

INDEPENDENT GLUTAMIC ACID 

0(3 ) -C(7 ) -C(8 ) -N(5 ) 
0 (4 ) -C(7 ) -C(8 ) -N(5 ) 
C(7)-C(8)-N(5)-C(12) 
C(7)-C(8)-N(5)-C(13) 
C(9)-C(8)-N(5)-C(12) 
C(9)-C(8)-N(5)-C(13) 
0 (3 ) -C(7 ) -C(8 ) -C(9 ) 
0 (4 ) -C(7 ) -C(8 ) -C(9 ) 
N(5)-C(8)-C(9)-C(10) 
C (7)-C (8)-C (9)-C (10) 
C (8 ) -C (9 ) -C (1 0 ) -C ( l l ) 
C (9 ) -C(10 ) -C( l l ) -O(5 ) 
C(9 ) -C(10) -C( l l ) -O(6 ) 

Molecule 

A 

8.8° 
- 1 7 1 . 1 
- 1 1 3 . 0 

62.8 
119.0 

- 6 5 . 2 
135.0 

- 4 4 . 6 
- 1 4 4 . 8 

90.4 
69.0 

- 1 6 2 . 4 
16.9 

B 

-138 .3° 
46.4 

- 1 2 1 . 4 
56.9 

111.4 
- 7 0 . 3 
- 1 2 . 3 

172.4 
- 6 1 . 3 

173.7 
- 6 5 . 5 

154.3 
- 2 5 . 4 

(a) (b) (C) 

Fig. 6. The hydrogen bond scheme of (a) present and BCTG complexes, (b) cytosine : resorcylic acid 2: 1 
complex monohydrate, and (c) a model of interaction between acidic side group of amino acid and the 
Watson-Crick G : C pair. 
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buted to the bromine substitution at C(5) of cytosine. 
Bromine at C(5) decreases the basicity of cytosine, so 
that a protonation to N(3) is inhibited; pKa of 5-bromo-
cytosine is 3.04 while those of cytosine and cytidine are 
4.61 and 4.1,10) respectively. In cytidine :iV-benzyl-
oxycarbonyl-L-glutamic acid, cytosine base is protonated 
and then hydrogen-bonded with stronger acid, <x-
carboxyl group of glutamic acid, while in the present 
and B C T G complexes, the protonation of the base is 
inhibited so that it becomes possible to interact with 
milder y-carboxyl group. This argument is supported 
by the recent structure analysis of cytosine rphthaloyl-
DL-glutamic acid complex,11) in which cytosine binds 
with a-carboxyl group of glutamic acid. 

Schematic drawing of complex molecules found in the 
present and B C T G complexes in Fig. 6(a) shows that the 
mode of three parallel hydrogen bonds of cytosine re­
sembles the triple hydrogen bond in the Watson-Crick 
guanine:cytosine pair. A similar feature is also found 
in cytosine : resorcylic acid 2 : 1 complex monohydrate12) 
(Fig. 6(b)) , in which the triple hydrogen bond is formed 
between neutral and protonated cytosines; furthermore, 
dissociated carboxyl group of resorcylic acid binds 
through a hydrogen bond to cytosine in the same geo­
metry as those in the present and B C T G complexes. 
Thus, if the base on the right side in Fig. 6 (a) and (b) is 
replaced by guanine as in Fig. 6(c), it might provide a 
model of interaction between paired cytosine and acidic 
side group of amino acid. Recently, some model build­
ing13,14) concerning mutual recognition between double 
helical nucleic acid and protein have been reported, but 
the present model is the first one based on the observed 
interaction between nucleotide base and amino acid in 
the crystal. I t is known that elongation factors T u and 
G, and initiation factor F 2 in protein synthesis are all 

acidic protein. Therefore, the present structure might 
be effected if some acidic side groups of these factors 
would interact with tRNA, mRNA, and rRNA. 

Part of the cost of this research was met by a Scientific 
Research Grant from the Ministry of Education to which 
the authors ' thanks are due. 
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On the basis of the second-order Jahn-Teller theorem, we propose a criterion for predicting the stable ground-
state geometrical structures of open-shell conjugated hydrocarbons. It is found that in contrast with the cases of the 
parent closed-shell hydrocarbons no molecular symmetry reduction occurs in the ion radicals of the CTOHm_2 cata-
condensed nonalternant hydrocarbons, such as pentalene and heptalene. On the other hand, it is revealed that the 
ion radicals of fulvalene systems suffer the molecular symmetry reduction from D2h to C2v. In addition, the electron­
ic spectra were calculated using the stable geometrical structures obtained by use of the semiempirical open-shell 
SCF MO method. 

It is well known that the ground states of odd cyclic 
polyene radicals, e.g. the cyclopentadienyl radical, and 
ion radicals of even cyclic polyenes, e.g. the benzene 
positive ion, are unstable in the fully symmetrical nu­
clear arrangements and undergo the first-order J a h n -
Teller distortions.1) Further, the closed-shell CWHOT_2 

cata-condensed nonalternant hydrocarbons, considered 
to be formed by the introduction of a cross-link between 
the two carbon atoms of like parity in even cyclic poly­
enes with 4n ^-electrons, such as pentalene and hep­
talene, are found to suffer the second-order (pseudo) 
Jahn-Teller effects in the fully symmetrical nuclear 
arrangements and to be unstable with respect to the nu­
clear deformation of bond alternation type.2) O u r 
present interest is to examine whether the second-order 
Jahn-Teller distortions occur or not in the ground states 
of the ion radicals of CmHOT_2 cata-condensed nonalter­
nant systems. 

In order to predict the stable molecular shapes of 
closed-shell conjugated hydrocarbons, we have proposed 
a symmetry rule on the basis of the so-called pseudo 
Jahn-Teller theorem,3 - 5) assuming that only the lowest-

OOCOCO 
r4 ir in* 

>^c>^ChO 
iv- vr 

OOoo 
V I I " viir 

<0 > L, 
IX 

X XI 

Fig. 1. Carbon skeletons and choice of axes for some 
open-shell conjugated hydrocarbons. The + or — sign 
of the superscript refers to the cation or the anion radical, 
respectively. I : Pentalene, II : heptalene, III : azulene, 
IV: triafulvalene, V: pentafulvalene, VI : heptafulva-
lene, VII : nonafulvalene, VIII: naphthalene, IX: 
pentadienyl radical, X : benzyl radical, XI : allyl radical. 

lying excited state plays a dominant role for the problem 
of a molecular symmetry reduction. In spite of the very 
drastic approximation, this rule has been shown to hold 
for a large number of conjugated hydrocarbons.2 , 3 , 6 - 8) 

In this paper, we derive a criterion for a molecular 
symmetry reduction in open-shell conjugated systems, 
and examine the stable molecular shapes of some ion 
radicals of (a) C m H m _ 2 cata-condensed nonalternant 
systems, (b) C 4 M + 2 H 4 M fulvalene systems, and (c) alter­
nant systems (Fig. 1). Moreover, we calculate the 
electronic spectra using the stable geometrical structures 
obtained by use of the open-shell SCF M O method. 

Theoret ica l 

The Second-order Jahn-Teller Effect. The method 
for predicting the stable molecular shapes of conjugated 
hydrocarbons is based on the second-order Jahn-Tel ler 
theorem. First we assume a fully symmetrical nuclear 
arrangement as the unperturbed nuclear configuration 
for an open-shell conjugated hydrocarbon. We further 
assume that in the unperturbed nuclear configuration all 
the fully symmetrical bond distortions take place until 
the first-order energy equilibrium is reached. T h e 
unperturbed doublet electronic wavefunctions <pQ, <px, 
'"•> ̂ «j •'• a n <3 the corresponding eigenvalues EQ, Elt 

•••, En, ••• are assumed to be known. We now distort 
the nuclei from the fully symmetrical (first-order) nu­
clear arrangement by means of the iih normal coordi­
nate of nuclear motion Q -̂. O n the basis of the same 
approximation as used previously,3) the energy of the 
ground state after the deformation may be written as 

E(dt) = EQ + TH-S 
l<<ft.lwaft«)olfl.>r 

(En-E0) 
.}«. 

where k and v represent the force constant for an sp2 hy­
bridized G-C a-bond and the operator of one electron 
nuclear-electron potential energy, respectively. 

According to the above equation, the curvature of 
E(Qi) with respect to the nuclear deformation Q,,-, 
that is, {^ -2 I ] [<^ | (3 Z ; / 3a ! - )o l ^o> l 2 / ( ^n -^o )> 3 can be 
identified as the force constant for the nuclear deforma­
tion Qi. If a given matrix element <0J(dy/dQ,/)o l-
<p^> is nonvanishing and the associated energy gap 
En—E0 is sufficiently small, the force constant can be 
negative and the initial nuclear configuration would be 
unstable with respect to the nuclear deformation Q,,-. 
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Such a nuclear deformation is called the pseudo, or the 
second-order Jahn-Tel ler effect. 

Criterion for a Molecular Symmetry Reduction. In 
order to estimate the value of the force constant, we 
make the following approximation : the infinite sum over 
the excited states is replaced by one term corresponding 
to the lowest excited state, <px. It has been shown that 
this approximation is amply justified at least in the 
closed-shell conjugated hydrocarbons.2 '3 , 6 - 8) 

We now focus our attention on the matr ix element, 
<01 | (3o/3Q^1)o |0o>, called the relaxability of the 
molecule along the nuclear displacement Q,«.9) I t 1S 

obvious from the symmetry argument that this integral 
is nonvanishing, only if the symmetry of the direct 
product r(<pQ) xr{<p^) is identical with that of the nu­
clear deformation Q,,-. We can thus determine the 
symmetry of nuclear deformation effective for the molec­
ular symmetry reduction. I t should be noted that in 
the closed-shell systems the ground state is, in principle, 
totally symmetric, the symmetry of nuclear deformation 
Qi is identical with that of the lowest excited singlet state. 

In order to calculate electronic states of open-shell 
conjugated hydrocarbons, we employ Longuet-Higgins 
and Pople's method.10) According to their method, a 
doublet ground state wavefunction is written as 

<Po = \<Pl¥l '" <Pm-Jpm-X<Pm\ 

where <pm is the molecular orbital of an odd a electron. 
As the main electron configuration of the lowest excited 
doublet state, the following two types of electron excita­
tion are possible : 
(i) T h e excitation of the ß electron in <pm-\ to <pm, which 
gives rise to the doublet wavefunction 

4>A = \<Pl<Pl--'<Pm-l<Pm<Pm\ 

(ii) The excitation of the odd electron to <pm+1, which 
gives rise to the doublet wavefunction 

<PB = \<Pi<Pi — <Pm-xV>m-i<Pm+i\ 

Since (3z;/dQ,,-)0 is the one-electron operator, the ma­
trix element <C<Pi\{dvldQ,ï)o\<I,£> 1S reduced to J/00i" 
(dz>/3Q^)0dT, where pQ1 is the so-called transition density. 
T h e value of this integral may become very large if the 
transition density is localized in the regions near nuclei 
which are involved in the motion. T h e transition den­
sity between the ground and the lowest excited doublet 
state is given by £>OT-i£>OT, if the latter state is $Ai or (pm-
p m + 1 i f i t i s ^ B . 

I t should be noted in this connection that for closed-
shell systems the transition density between the ground 
and the lowest excited singlet state corresponding to the 
orbital j u m p <Pr+<pj, in which <p-t and <Pj are respectively 
the highest occupied and the lowest vacant molecular 
orbitals, is given by s/ T <Pi<Pj. Therefore, in so far as the 
transition densities for both open and closed-shell sys­
tems are assumed not to vary significantly according to 
the molecular orbitals concerned, the square of the 
matrix element, K^iK^/SQ^iOol^o^l2» f ° r open-shell 
systems should be about one half as that for closed-shell 
systems. As for closed-shell systems, it should be kept 
in mind that the following criterion3) for the molecular 
symmetry reduction holds for a variety of molecules : if 
the lowest excitation energy of a molecule, calculated 
assuming the full molecular symmetry, is smaller than 

ca. 1.2 eV, the force constant for a certain antisymmetri-
cal nuclear vibration should be negative, and the mole­
cule would be distorted into a less symmetrical nuclear 
arrangement. 

From the above arguments, we may now draw a cri­
terion for a molecular symmetry reduction in open-shell 
conjugated hydrocarbons, which states: if the lowest 
doublet excitation energy of a given molecule, calculated 
assuming the full molecular symmetry, is smaller than a 
critical value, ca. 0.6 eV, the initial nuclear arrangement 
is unstable with respect to a certain antisymmetrical 
G-G nuclear deformation, and the molecule would be 
distorted into a less symmetrical nuclear arrangement. 
As to the actual type of nuclear deformation Qj, it is 
predicted by examining the distributions of the transi­
tion density p01. 

Since it is based on the second-order Jahn-Teller 
theorem, the above criterion gives only the type of the 
most favorable bond distortion. In order to obtain the 
equilibrium G-G bond-length at which the nuclei of the 
real molecule will settle, we use the semiempirical open-
shell SGF M O method in conjunction with the variable 
bond-length technique.11 '12) 

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

In Table 1 are listed the lowest excitation energies, 
calculated by using the semiempirical open-shell SGF 

T A B L E 1. T H E LOWEST EXCITATION ENERGIES AND 

SYMMETRIES OF THE GROUND AND THE LOWEST 

EXCITED DOUBLET STATES OF OPEN-SHELL 

CONJUGATED HYDROCARBONS 

Molecule (Point group and 
ground state symmetry) 

Pentalene+ (D2h, B3u)
a> 

Pentalene- (D2h, Au) 
Azulene+ (C2v,A2) 
Azulene- (G2v, Bx) 
Heptalene+ (D2h, B2g) 
Heptalene - (D2h, Blg) 
Nonalene+ (D2h, B3u) 
Nonalene - (D2h, Au) 
Triafulvalene+ (D2h, B3u) 
Triafulvalene- (D2h, Blg) 
Pentafulvalene+ (D2h, Au) 
Pentafulvalene- (D2h, B2g) 
Heptafulvalene+ (D2h, B3u) 
Heptafulvalene- (D2h, Blg) 
Nonafulvalene+ (D2h3 Au) 
Nonafulvalene- (D2h, B2g) 
Odd linear polyene radicals 
C3H5 (C2v, A2) 
C5H7 (C2v, Bx) 
C7H9 (G2v, A2) 
CgHu (C2v, Bx) 
CiiH13 (C2v, A2) 
Ci7H19 (C2v, Bj) 
Benzyl radical(C2v, Bx) 
Naphthalene+ (D2h,Au) 
Naphthalene- (D2h, B2g) 

Lowest Excited State 

A£(eV) 

Ü50 
1.77 
1.31 
1.18 
1.19 
1.02 
0.78 
0.99 
1.55 
0.44 
0.47 
1.22 
1.22 
0.35 
0.31 
1.17 

3.05 
2.10 
1.95 
1.59 
1.49 
1.37 
2.54 
0.90 
0.90 

Symmetry 

Au 

B3u 

Bx 
Aa 

Bx, 
B2g 

Au 

B3U 

Au 

Au 

Bx, 
B l g 

Au 

Au 

B l g 

Bxg 

Bx 

A2 

Bx 
A2 

Bx 
A2 

Bx 
B3u 

B l s 

a) T h e + or — sign refers to the cation or the anion 
radical, respectively. 
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M O CI method and the symmetries of the ground and 
the lowest excited doublet states at the fully symmetrical 
nuclear arrangements. 

The Ion Radicals of CmHm_2 Cata-condensed Nonalternant 
Systems. I t is found in a previous paper2) that in the 
C 4 M H 4 M _ 2 closed-shell systems which has a cross-link be­
tween the two carbon atoms of like parity all the lowest 
excitation energies calculated assuming the fully sym­
metrical structures are significantly smaller than the 
critical value, which results in the molecular symmetry 
reduction accompanied by a marked double-bond fixa­
tion in the peripheral carbon skeleton. O n the other 
hand, in C 4 M + 2 H 4 M with a cross-link between the two car­
bon atoms of like parity the lowest excitation energies are 
predicted to be considerably larger than the critical 
value for small members and a molecular symmetry 
reduction would not occur until the number of carbon 
atoms increases to a certain value. Pentalene (1-meth-
ylpentalene) and heptalene, both having 4« carbon 
atoms, have successfully been synthesized by Bloch et 
a/.13) and Dauben and Bertelli,14* respectively, and are 
known to exhibit the polyolefinic characters. The 
theoretical studies on both molecules revealed that at 
the fully symmetric D 2 h configuration the lowest excited 
singlet state (B3g) is nearly degenerate with the ground 
state (Ag) and therefore the stable geometrical structure 
is predicted to be of C2 h symmetry, showing a marked 
double-bond fixation in the periphery. 

In the cation radicals of pentalene, heptalene, and 
nonalene, the distributions of the transition densities are 
of b 3 g symmetry and they have a tendency to distort into 
a skew structure corresponding to one of the Kekulé type 
structures (Fig. 2). However, since the energy gaps of 
these radicals are considerably larger than the critical 
value, ca. 0.6 eV, we cannot expect such a molecular 
symmetry reduction as observed in the parent closed-
shell hydrocarbons. 

( b 2 > 

Fig. 2. Symmetries and distributions of the two-center 
components of transition densities (̂ >0i)- The + or — 
sign of the superscript written after the parentheses refers 
to the cation or the anion radical, respectively. 

Moreover, in the anion radicals of the above mole­
cules, the situation is the same as that seen in the cation 
radicals, i.e., no molecular symmetry reduction occurs. 

In the cation and anion radicals of azulene belonging 
to C 4 M + 2 H 4 M system, there is no possibility of a molecular 
symmetry reduction from C2V to C s through the nuclear 
deformation of b 2 symmetry, because of the relatively 

large energy gap. 
Results of SCF M O calculations agree that all these 

ion radicals, independent of the number of carbon atoms, 
undergo no molecular symmetry reduction (Fig. 3). 

< D 2 h > + ( C 2 v > 

Fig. 3. Molecular symmetry groups and C-C bond 
lengths (in Â unit). 

TABLE 2. TRANSITION ENERGIES AND INTENSITIES 

Molecule 
(Point group) 

Transi­
tion 
Symme­
try 

AE 
(eV) 

/ 
(c.g.s) 

Obsd (eV) 

Azulene+ (C2v) 

Azulene- (C2v) 

Benzyl radical 
(C2V) 

Naphthalene-1-

(D2h) 

Bx 
A2 

Bx 
Bx 
A2 

A2 

A2 

A2 

Bx 
Bx 
Bx 
Bx 
A2 

A2 

Bx 
Aa 

Bx 
A2 

Bx 
B3u 
Big 
B,„ 

31 
37 
42 
23 
83 
34 
18 
49 
82 
99 
56 
93 
18 
53 
54 
63 
21 
32 
33 

0.90 

B 

Naphthalene-
(D2h) 

i g B 
B3u 

Au 

Au 

B i g 

74 
35 
30 
50 
27 
96 

0.90 
1.74 
2.35 
3.30 
3.50 

0.002 
0.002 1 
0.003 J 
0.036 1 
0.088 J 
0.012 
0.003 
0.014^ 
0.003 [ 
0.091 J 
0.002 
0.000 
0.031 
0,023 

0.0001 
0.000 J 
0.000 1 
0.127 J 
0.675 
forb. 
0.097 
0.005 
0.185 1 
forb. J 
0.175 
0.487 
forb. 
0.097 
0.005 
0.185 1 
forb. J 

4.27 0.175 

4.96 0.487 

1.40a> 

2.60 

3.37 

1.41») 

2.80 

4.25 

2.74 (0.003)b> 

3.90 (0.025) 

1.74a> 
2.51 

3.16 

4.00 

1.10a> 
1.49 
2.64 

3.32 

3.79 
4.21 

a) Ref. 15. b) Refs. 21 and 22. 
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I t should be noted that using the fully symmetric C2v 
geometrical structures obtained, we can well reproduce 
the observed electronic spectra15) for both ion radicals of 
azulene (Table 2). 

The Ion Radicals ofFulvalene Systems. Of fulvalene 
systems, C4„+2H4w , pentafulvalene ( n = 2 ) , heptafulva-
lene ( n = 3 ) , and the ion radicals of heptafulvalene have 
been prepared, and their U V and ESR spectra have 
been reported.16»17) Sevilla et al. have found that in the 
cation radical of heptafulvalene the unpaired spin densi­
ty is delocalized throughout the molecule, while in the 
anion radical, the spin density is localized essentially on 
a single seven-membered ring. In a previous paper18) 
we have explained the origin of the sharp contrast be­
tween the spin density distributions of the cation and 
anion radicals of heptafulvalene, by examining the ener­
getically favorable molecular symmetry groups and C-C 
nuclear arrangements, using the open-shell SCF M O 
method (Fig. 3). 

In the cation radicals of triafulvalene (n=\) and hep­
tafulvalene (n=3), the ground state is of B3 u symmetry 
and the lowest excited doublet state is of A u one in the 
fully symmetric D 2 h configuration. The associated 
energy gaps of interest (1.55 and 1.22 eV, respectively) 
are considerably larger than the critical value, so that we 
cannot expect the molecular symmetry reduction to 
occur from D 2 h to G2h through the nuclear deformation 
of b 3 g symmetry. O n the other hand, in the anion radi­
cals for both molecules, the ground state is of B l g sym­
metry and the lowest excited state, nearly degenerate 
with the ground state, is of A u one. I t is therefore ex­
pected that in the anion radicals the molecular sym­
metry reduction occurs from D 2 h to C2 v through the nu­
clear deformation of b l u symmetry. Of the several 
nuclear deformation with the b l u symmetry, the one 
actually effective for the molecular symmetry reduction 
is predicted by examining the distributions of the transi­
tion density shown in Fig. 2. 

Further, in the cation radicals of pentafulvalene 
(n=2) and nonafulvalene ( n = 4 ) , the lowest excited state 
(B lg) is very close to the ground state (Au) . Both ion 
radicals are predicted to undergo the second-order J a h n -
Teller distortions from D 2 h to G2v through the nuclear 
deformation of b l u symmetry, whereas in the anion radi­
cals, the situation is found to be the same as that seen in 
the cation radicals of triafulvalene and heptafulvalene. 

From the above results, we can deduce the following 
rules concerning the molecular symmetry reduction in 
the ion radicals of C 4 M + 2 H 4 M fulvalene systems: (i) When 
n is odd, a molecular symmetry reduction occurs in the 
anion radicals, while (ii) when n is even, it occurs in the 
cation radicals. These rules are interpreted in terms of 
Hückel M O energy level diagrams as follows: if n is odd, 
the lowest vacant molecular orbitals of fulvalene systems, 
whose symmetries are b l g and au , are accidentally de­
generate with each other. O n the other hand, if n is 
even, the highest occupied molecular orbitals of b l g and 
au symmetries are also accidentally degenerate. Hence 
for anion radicals of case (i), there are two ways of as­
signing one electron to the doubly degenerate molecular 
orbitals, which results in the degeneracy of the ground 
state in the simple one-electron picture. If we take into 

account the electron repulsion, this degeneracy is re­
moved, but the energy gap between the two split states is 
still small as can be seen in Table 1. In a similar man­
ner, for cation radicals of case (ii), there also occurs the 
degeneracy of the ground state in the one-electron ap­
proximation. 

The Odd Alternant and Other Ion Radicals. As to 
C 2 M + 1 H 2 M + 3 odd linear polyene radicals, we deal with 
those with n=\ to 8. In smaller systems, the energy 
gaps are significantly larger than the critical value, and 
there would be no possibility for the molecular symmetry 
reduction to occur. However, since as n increases, the 
energy gap tends to decrease and since in the hypotheti­
cal infinite odd cyclic polyene radical, which is mathe­
matically equivalent to the infinite odd linear polyene 
radical,19,20) the nuclear distortion of bond alternation 
type should certainly occur, it may be expected that in 
molecules with n larger than a certain limiting value 
there is a possibility of the second-order Jahn-Teller 
distortions to take place through the nuclear deforma­
tion of bond alternation type (Fig. 2). 

In benzyl radical, the symmetry of the lowest excited 
state is the same as that of the ground state and the 
second excited state is located at the appreciably higher 
region, i.e., 2.63 eV, so that there is no possibility for the 
molecular symmetry reduction to occur. 

In the cation and anion radicals of naphthalene, they 
undergo no molecular symmetry reduction, since the 
calculated energy gaps are larger than the critical value. 

Results of SGF M O calculations support the above 
predictions, and the transition energies calculated at the 
fully symmetric D 2 h configurations for both ion radicals 
of naphthalene and those at the fully symmetric C2v con­
figuration of benzyl radical reproduce well the respective 
observed transition energies (Table 2).15'21'22) 

Conclus ion 

The problem of a molecular symmetry reduction in 
the open-shell conjugated systems are discussed on the 
basis of the second-order Jahn-Tel ler theorem. In con­
trast with the cases of the parent closed-shell hydrocar­
bons, the ion radicals of GmHOT_2 cata-condensed nonal-
ternant hydrocarbons having 4« carbon atoms undergo 
no pseudo Jahn-Tel ler distortions. In the ion radicals 
of fulvalene systems, C 4 M + 2 H 4 M , a molecular symmetry 
reduction from D 2 h to G2v occurs in the cation radicals if 
n is even, and in the anion radicals if« is odd. I t is found 
further that in odd linear polyene radicals, C2n+iîÏ2n+3> 
with n larger than a certain critical value the nuclear 
configuration with the full molecular symmetry group 
should be unstable with respect to the nuclear deforma­
tion of bond alternation type. 

Finally, it should be noted that the success of the pre­
dictions based on the energy-gap law is due to the as­
sumption that the transition density does not vary signifi­
cantly according to the molecular orbitals concerned, 
i.e., the value of the matrix element, <^il(dz>/dQ,,)0|-
<I>^>, called the relaxability of the molecule along the 
nuclear displacement is almost constant from molecule 
to molecule. In view of the good agreement between 
theory and experiment obtained in this paper, we believe 
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that this assumption does hold at least for a variety of 
conjugated hydrocarbons considered in this paper. 

The numerical calculation was carried out at Tohoku 
University with an NEAG 2200-700 electronic com­
puter. 
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Vibration Spectra and Rotational Isomerism of Chain Molecules. II.1) 
Butane, Pentane, Hexane, Pentane-e?i2, and Hexane-rfi4 
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The Raman spectra of butane, pentane, hexane, pentane-</12, and hexane-</14 and infrared spectra of pentane-c?12 

and hexane-rf14 were measured for the liquid and solid states. The rotational isomerism of normal paraffins was studied 
on the basis of the spectral observations and the normal coordinate calculations. The spectra of the deuterated com­
pounds were useful in the confirmation of the less stable isomers and the establishment of the local symmetry force 
field of normal paraffins. The enthalpy differences among the rotational isomers were studied on pentane and 
hexane, which yielded some important data for the study of the conformations and properties of longer 
hydrocarbons. 

The study of the vibrational spectra and rotational 
isomerism of normal paraffins was started by Mizushima 
and coworkers2) and Sheppard and coworkers3) about 
thirty years ago. 

More recently, Snyder et al.4) treated this problem by 
the use of the newly observed infrared data and normal 
coordinate analysis and obtained the refined valence 
force field that could correlate the calculated frequencies 
with the observed frequencies satisfactorily for various iso­
mers of normal paraffins. As the result, it has become 
clear that some bands that had been used for the deter­
mination of the enthalpy differences are possibly assigned 
to more than one vibrations of one form or different 
forms. T h e enthalpy difference between the trans-gauche 
(TG) and the trans-trans (TT) forms and that between 
the gauche-gauche (GG) and the T G forms of pentane 
have been estimated to be 600 ± 1 0 0 cal/mol and 670 ^ 
100 cal/mol, respectively.40) 

Verma et al.5) studied the temperature dependence of 
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Fig. 1. Raman spectra of butane. 
(a) Liquid ( - 7 0 °C), b) solid. 
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* Present address: Department of Chemical Engineering 
and Chemical Technology, Imperial College, London SW7 
2BY, England. 

the R a m a n spectra of gaseous butane, 2-methylbutane 
and 2,3-dimethylbutane. They could resolve the Raman 
bands which had been observed as single bands and 
obtained the enthalpy difference of 966 ± 5 4 cal/mol 
between the G and T forms of butane. 

In pursuit of the studies on the vibration spectra and 
rotational isomerism of chain molecules,1»6»7) we investi­
gated the vibration spectra of normal paraffins and per-
deuterated normal paraffins and obtained the refined 
local symmetry force field that explained the frequencies 

1400 1200 1000 800 600 400 

Wave number (cm-1) 

Fig. 2. Raman spectra of pentane. 
(a) Liquid (25 °C), (b) liquid ( -106°C) , (c) solid 
( -176°G) . 
The temperature dependence of the intensities of the 
bands a through e was examined (see text and Tables 
6 and 7). 
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Fig. 3. Raman spectra of pentanew/12. 
(a) Liquid (23 °C), (b) liquid ( -100 °C), (c) solid. 
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Wave number (cm-1) 

Fig. 5. Raman spectra of hexane-d14. 
(a) Liquid (23 °G), (b) liquid ( - 9 5 °G), (c) solid. 

1400 1200 1000 800 600 400 
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Fig. 4. Raman spectra of hexane. 
(a) Liquid (23 °C), (b) liquid ( - 8 8 °G), (c) solid ( -153 
°G). 
The temperature dependence of the intensities of the 
bands f through m was examined (see text and Tables 6 
and 7). 

of both species. In the course of the research, several 
new findings including the identification of the less stable 
rotational isomers and the determination of the enthalpy 
differences among the isomers of pentane and hexane in 
the liquid state have been obtained. T h e present paper 
describes the rotational isomerism and vibrational as­
signments of butane, pentane, hexane, pentane-rf12, and 
hexane-</14. 

Exper imenta l 

Butane (stated purity of 98%) was supplied by Tokyo 
Kasei Kogyo Co., Ltd. and was used without further purifica­
tion. Highly pure samples (stated purity of 99.9%) of pentane 
and hexane were purchased from Tokyo Kagaku Seiki Co., 
Ltd. and were distilled prior to the measurements. Pentane-
dl2 and hexane-rf14 (stated purity of 98%) were obtained 
from Merck, Sharp, and Dohme of Canada and were trans­
ferred to ampoule Raman cells by the use of a vacuum system. 
The spectrometers used are the same as those in the previous 
study.x> 

The Raman spectra were recorded in the region below 
1600 cm -1. The measurements of the spectra at low tem­
peratures were performed in the same way as that in a previous 
study.8) Liquid nitrogen and liquid-nitrogen cooled ethanol 
were used as the cooling agent. For the determination of the 
enthalpy difference, the Raman spectra were recorded twice 
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1400 1000 800 600 
Wave number (cm"-1) 

Fig. 6. Infrared spectra of pentane-</12. 
(a) Liquid, (b) solid. 
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Fig. 7. Infrared spectra of hexane-ûf14. 
(a) Liquid, (b) solid. 
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Fig. 8. Comparison of the observed spectra and calcu­
lated frequencies of pentane-rf12. 

at each of ten different temperatures between — 111 and 23 °G 
for pentane and at each of eight different temperatures between 
— 89 and 23 °C for hexane. 

Infrared spectra of pentane-üf12 and hexane-ü?14 in the solid 
and liquid states were measured in the region 1600—400 cm -1. 

N o r m a l Coordinate T r e a t m e n t 

T h e normal coordinate treatment of normal paraffin 
molecules was carried out in a way similar to the case 
of the ethers.1) T h e molecules treated a re : butane, 
pentane, hexane, pentane-*/12, hexane-<f14, poly (ethylene), 
and poly (ethylene-^). Detailed results including struc­
tural parameters, symmetry coordinates, and force 
constants are reported in a separate paper.9) 

A total of 45 force constants of normal paraffins were 
determined from 254 R a m a n and infrared frequencies of 
14 forms of the seven molecular species.** 

** Some of the observed frequencies were assigned to more 
than one vibrations of the same isomer or different isomers. 
However each of these frequencies was counted as one. 
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TABLE 1. OBSERVED RAMAN FREQUENCIES OF 

BUTANE IN C M - 1 AND ASSIGNMENTS815 

TABLE 2. OBSERVED RAMAN FREQUENCIES OF 

PENT ANE IN C M 4 AND ASSIGNMENTS11) 

Liquid ( - 7 0 °C) Solid Assignment 

1474 VW, 
1463 VW, 
1455 W 

1441 W 

1360VW 
1343VW 
1303 VW 
1281 VW 
1181 VW 
1168VW 

1150W 
1076 VW 
1058 M 

979 VW 
956 VW 
837 VS 
829 M 

789 VW 
430 M 
323 VW 

shb>c> 
shb>c> 

1475 VWb> 

1464 VW") 
1454 V W 

1438 V W 

1377 V W 
1360VW 

1304 W 

1182W 

1153 VW 

1059 S 

838 VS 

805 VW 

428 W 

} 

Liquid 
(-106°C) 

Solid 
(-176°C) Assignment 

CH3 ip-d-deform (T) 

CH3 op-d-deform (T, G) 
GH2 scis (T), 
GH3 ip-d-deform (G) 
CH3 s-deform (T) 
CH2 wag (T) 
CH2 wag (G) 
GH2 twist (T) 
CH2 twist (G) 
CH2 rock (T) 
CH2 rock (G) 
CH3 ip-rock (T) 
CC stretch (G) 
CG stretch (T) 
CH3 ip-rock (G) 
CC stretch (G) 
CC stretch (T) 
CC stretch (G) 
CH3 op-rock (T) 
CH3 op-rock (G) 
CCC deform (T) 
CCC deform (G) 

a) There is a possibility that the bands observed only 
in the solid state are components of crystal field split­
tings. For the notation and definition of the local 
symmetry coordinates, see Ref. 10. VS: very strong, 
S: strong, M: medium, W: weak, VW: very weak, 
sh: shoulder, b) The two Raman bands are due to 
the Fermi resonance between the CH3 ip-d-deform 
vibration (ag) and the overtone of the CH2 rocking 
vibration (au). c) Observed at —140 °C. 

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

Figures 1—7 show the R a m a n and infrared spectra in 
the liquid and solid states of the molecules. I n Figs. 2 
and 4, the comparatively isolated bands for which the 
dependence of the relative intensities on temperature has 
been examined are identified by letters a through e for 
pentane and f through m for hexane. The observed 
frequencies and the assignments based on the calculated 
potential-energy distributions are listed in Tables 1—5. 
In the column of assignment in each table, the conforma­
tion symbol given by boldface indicates that the corre­
sponding frequency is definitely assigned to the rota­
tional isomer based solely on the experimental result or 
almost definitely assigned based on the combined results 
of the experiments and normal vibration calculations. 
The apparent enthalpy differences calculated by assum­
ing that the intensity of each of the bands is due to one 
rotational isomer are tabulated in Table 6 and possible 
assignments of the bands a through m are listed in Table 
7. Part of the observed spectra and calculated frequen­
cies of pentane-rf12 are compared in Fig. 8. 

Butane (See Fig. 1 and Table 1). Verma et al.5) 
studied the R a m a n spectra of this molecule in the gase-

1526VW 

1465 W, sh 
1458 M 
1450 W, shb> 
1438 M 
1379 VW 
1365 VW 
1343 VW 

1303 W 

1265 VW 
1238 VW 
1179VW 
1167VW 
1146 M 
1140VW, sh 
1075 W 
1068 W 
1038 W 
1027 W 
1015 VW 
992 VW 
986 VW 
920 VW 
909 VW 
900 VW 

868 S 

841 M 
766 W 
733 VW 
471 W 
403 VS 
337 W 
276VWb> 

190 VW 

1527 VW 
1473 M 
1467 M 
1454 M 

1442 W 
1378 VW 
1365 VW 

1303 M 

1239 VW 
1182 VW 

1146 M 

1066 M 
1039 W 
1027 VW 

982 VW 
921 VW 

870 S 

857 VW 

760 VW 

409 VS 

265 VW 
203 VW 
86 VW, ! 
80 W 

2 X CH2 rock (a2) (TT) 
CH2 scis (TT) 
CH3 op-d-deform (TT) 
CH3 ip-d-deform (TT) 
CH3 ip-d-deform (TG) 
CH2 scis (TT) 
CH3 s-deform (TT, TG) 
CH2 wag (TT, TG) 
CH2 wag (TG) 
CH2 twist (TT), 
CH2 wag (TG) 
CH2 twist (TG) 
CH2 twist (TT, TG) 
CH2 rock (TT) 
CH2 rock (TG) 
CH3 ip-rock (TT) 
CH3 ip-rock (TG) 
CC stretch (TG) 
CG stretch (TT) 
CC stretch (TT) 
CC stretch (TT, TG) 
CH3 op-rock (TG) 
CG stretch (TG) 
CH3 op-rock (TT) 
CC stretch (TT) 
CH3 ip-rock (TG) 
CH3 ip-rock (GG) 
CH3 ip-rock (TT), 
CH3 op-rock (TG) 
CH3 op-rock (TT) 
CC stretch (TG) 
CH2 rock (TT, TG) 
CH2 rock (TG) 
CCC deform (TG) 
CCC deform (TT) 
CCC deform (TG) 
CCC deform (TG) 

ICCC deform, torsions 

\ Lattice vibrations 

a) The observed bands are assigned to the individual 
vibrations of the TT and TG forms. The vibration 
of the GG form is identified in the table when the 
band is assigned only to this form. There is a possibi­
lity that the bands observed only in the solid state are 
components of crystal field splittings. For the nota­
tion and definition of the local symmetry coordinates, 
see Ref. 10. VS: very strong, S: strong, M: me­
dium, W: weak, VW: very weak, sh: shoulder. 
b) Observed at room temperature. 

ous and solid states for the purpose of determining the 
enthalpy difference between the rotational isomers, but 
reported only the spectra in the regions 900—750 c m - 1 

and 450—300 c m - 1 . Figure 1 and Table 1 give the 
R a m a n frequency data below 1600 c m - 1 obtained in the 
present measurements and the assignments. T h e band 
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at 421 c m - 1 observed and assigned to the G form by 
Verma et a/.5) is missing in the spectrum in the liquid 
state at —70 °C. By comparison of the relative inten­
sities of the band and other gauche bands, this band is 
assigned to a hot band or combination band of the T 
form. The two bands at 842 and 833 c m - 1 observed in 
the gaseous state5> are also resolved at 837 and 829 c m - 1 

in the liquid state at — 70 °G. T h e bands at 1475 and 
1464 c m - 1 observed in the solid state may be due to 
the Fermi resonance between the C H 3 ip-d-deformation 
vibration (ag) and the overtone of the C H 2 rocking 

vibration (au) . 
Pentane and Pentane-d12 (See Figs. 2, 3, 6 and 5, and 

Tables 2 and 3). The possible conformations are 
T T , T G , G G , and GG' , of which G G ' may be the least 
stable because of the steric hindrance. The spectra in 
the solid state are consistent with the calculated frequen­
cies for the T T form. The spectra in the liquid state are 
mostly explained by the coexistence of the T T and T G 
forms. The intensities of the bands a t 659 and 592 c m - 1 

of pentane-äf12 observed at room temperature decrease 
significantly on cooling compared with those of the T G 

T A B L E 3. OBSERVED FREQUENCIES OF PENTANE-</12 IN c m - 1 AND ASSIGNMENTS^ 

Liquid 

Raman 
(-100°C) 

1307 VW") 
1292 VW") 
1247VW, shb> 
1238 VW 
1230 VW 
1184W 

1142VW, sh 
1135 M 
1125 M 

1088 VW, sh 
1074 VW, sh 
1057 M 

984 VW, sh 
968 M 

953 M 
942 VW, sh 
934 W 

873 VW 
863 VW 
853 VW 
842 W 

810 VWb> 
802 VW 
764 W 
753 VW, sh 
730 VW 
723 VW 
629 VS 
659 VW, sh 
641 VW 

592 VW 

i 

Infrared 

1310 VW, shb> 
1294 VWb> 
1254 Wb> 

1233 VW 
1185W 
1156 VW 
1143 VW 

1124W 

1090 VS 
1079 VW, sh 
1057 VS 

1036 VW, sh 
1020 VW") 
1008 VW, sh 

970 VW 

957 VW 

881 VW 
867 VW 

820 VW, shb> 
808 W, bb> 
794 VW, sh 
767 VW 

732 VW 
726 VW 
695 W 

643 VW, sh 
638 VW 
589 VW 

Solid 

Raman 

1307 VWb> 
1290 VW") 
1247 VW") 
1238 VW 

1184 VW 

1135 M 

1119VW 

1062 M 
1055 W, sh 
1050 W 

982 VW, sh 
976 VS 

937 VS 

882 VW 

862 VW 

838 W 

693 S 

635 VW 

v 

Infrared 

1312 VWb> 
1295 VWb> 
1252 VWb> 
1242 VW 

1184 VW 

1119VW 
1092 VS 

1059 VS 

1049 VS 

1013 VW 
1002 VW") 

975 VW 
967 VW 

896 VW, shb> 
879 VW 

857 VW 

728 VW 

695 VW 

635 W 

Assignment 

CC stretch (TT) 
CC stretch (TG) 
CC stretch (TT, TG) 
CC stretch (GG) 
CC stretch (TG) 
CC stretch (TT) 
CD2 scis (TG) 
CD2 scis (TT) 
CD2 scis (TT) 
CD2 scis (TG) 
CD3 s-deform (TT, TG) 
CD3 s-deform (TT) 
CD3 d-deform (TT) 
CD2 wag (TG) 

CD2 wag (TT) 

CD2 rock (TT, TG) 
CD2 scis (TT), CD3 op-rock (TT, TG) 
CD2 twist (TT) 
CD2 twist (TG) 
CD2 scis (TG) 
CD2 twist (TT, TG) 

CC stretch (TT) 
CC stretch (TG) 
CD2 wag (TT) 
CDa wag (TG) 
CD2 wag (TT) 

CD2 twist (GG) 
CD2 wag (TG) 
CD2 twist (TG) 
CD3 ip-rock (TT) 
CD3 ip-rock (TG) 
CD3 ip-rock (TT, TG) 
CD2 rock (GG) 
CD3 op-rock (TG) 
CD3 op-rock (TT) 
CD3 op-rock (GG) 
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Table 3. (Continued) 

Liquid Solid 

Raman 
- 1 0 0 °G) 

575 VW 

542 VW 
530 VW 
397 VW 
358 VS 
287 VW 
233 VW 

157 VW 

Infrared 

576 VW 

542 M 
528 M 

Raman 

529 VW 

362 VS 

195 VW 
172 VW 

69 W 

Infrared 

550 VW 

522 VS 

Assignment 

CD2 rock (TG) 
GD2 rock (TT) 
CD2 rock (TG) 
GD2 rock (TT) 
CCC deform (TG) 
CGC deform (TT) 
CCC deform (TG) 
CGC deform (TG) 

• GCG deform, torsi< 

Lattice vibration 

a) The observed bands are assigned to the individual vibrations of the TT and TG forms. The vibration of the 
GG form is identified in the table when the band is assigned only to this form. There is a possibility that the 
bands observed only in the solid state are components of crystal field splittings. For the notation and definition 
of the local symmetry coordinates, see Ref. 10. VS: very strong, S: strong, M: medium, W: weak, VW: very 
weak, sh : shoulder, b : broad, b) Assigned to the partially deuterated compounds or origin unknown. 

TABLE 4. OBSERVED RAMAN FREQUENCIES OF HEXANE IN cm-1 AND ASSIGNMENTS** 

Liquid 
(-88 °G) 

Solid 
( -153 °C) 

Assignment 

1489 VW 

1457 S 

1450 VW, sh 

1438 S 

1380 V W 

1365 V W 
1343 V W 
1315 VW, sh 

1302 S 

1280 V W 

1250 VW 
1222 VW 
1178VW 
1167VW 

1143 M 

1080 W 
1065 M 
1057 VW, sh 

1039 W 

1007 W 

1489 W 
1480 VW 
1466 S 

1456 S 

1450 VW, sh 

1440 W 

1383 VW 

1370 VW 

1301 VS 

1280 VW 
1265 VWb> 

1179 VW 

1143 S 

1064 M 

1008 W 

GH2 scis (TTT, TTG, TGT) 
2xCH 2 rock (bg) (TTT) 
CH3 op-d-deform (TTT) 
CH3 ip-d-deform (TTT, TTG), 
CH2 scis (TGT) 
2 X CH2 rock (au) (TTT) 
GH2 scis (TTT, TTG), 
GH3 ip-d-deform (TGT) 
GH3 s-deform (TTT, TTG, 
TGT) 
GH2 wag (TTT, TTG, TGT) 
CH2 wag (TTG) 
CH2 wag (GTG) 
GH2 twist (TTT, TTG), 
CH2 wag (TTT, TGT) 
GH2 twist (TTT, TTG) 

CH2 wag (TTG) 
CH3 op-rock (TTG, TGT) 
CH2 rock (TTT) 
CH2 rock (TTG, TGT) 
CH3 ip-rock (TTT), 
CC stretch (TGT) 
GC stretch (TTG, TGT) 
CC stretch (TTT) 
CC stretch (TTG) 
CC stretch (TTG), 
GH3 ip-rock (TGT) 
CC stretch (TTT, TGT), 
GH2 twist (TTG) 

Liquid 
( - 8 8 °C) 

Solid 
(-153°C) 

Assignment 

975 VW 
952 VW 

899 VS 

891 M 
870 M 
824 M 
811 VW 
794 VW 
758 VW 
746 VW 

727 VW 
520 VW 
488 VW, b 
456 VW 
402 W 
372 VS 
332 W 
320 VW 
305 VW 
240 VW, b 

900 VW, sh 

898 M 

739 VW 

376 VS 

313W 
251 VW 
175 VW 

81 M 

72 S 

J 

CC Stretch (TTG) 
CC stretch (GTG, GTG') 
CH3 ip-rock (TTT) 
CH3 op-rock (TTT, TTG, 
TGT) 
CH3 ip-rock (TTG) 
CC stretch (TTG) 
CC stretch (TGT) 
CH2 rock (TGT) 
CH2 rock (TTG) 
CH2 rock (TTG) 
CH2 rock (TGT) 
CH2 rock (TTT) 
CH2 rock (TTG, TGT) 
CCC deform (TGT) 
CCC deform (TGG, GTG) 
CCC deform (TTG) 
CCC deform (TTG) 
CCC deform (TTT) 
CCC deform (TGT) 
CCC deform (TTG) 
CCC deform (TTT) 

Torsions 

Out-of-plane rotatory lattice 
vibra tionc) 

In-plane rotatory lattice 
vibra tionc) 

a) The observed bands are assigned to the individual vibrations of the TTT, TTG, and TGT forms. The vibrations 
of the TGG, GTG, and GTG' forms are identified in the table when the bands are assigned to these forms but not 
to the TTT, TTG, or TGT form. The crystal structure of hexane is PI (d 1 ) , Z = 1 [N. Norman and H. Mathisen, 
Acta Chem. Scand., 15, 1755 (1961)]. Accordingly, no crystal field splitting is expected in the spectrum of the solid 
state. For the notation and definition of the local symmetry coordinates, see Ref. 10. VS: very strong, S: strong, M: 
medium, W: weak, VW: very weak, sh: shoulder, b : broad, b) Origin unknown, c) H. Takeuchi, T. Shimanouchi, 
M. Tasumi, G. Vergüten, and G. Fleury, Chem. Phys. Lett., 28, 449 (1974). 
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TABLE 5. OBSERVED FREQUENCIES OF HEXANE-Ö^ IN cm-1 AND ASSIGNMENTS^ 

[Vol. 50, No. 1 

Liquid Solid 

Raman 
( - 9 5 °C) 

Infrared Raman Infrared 
Assignment 

1309 VWb) 
1293 VWb) 

1246 W 
1241 VW 
1232 VW 

1201 VW 

1179VW 
1166VW 
1152 S 

1138VW 

1130 S 

1080 VW 
1070 VWb) 

1057 S 

991 VW 

1306 V W ) 
1293 Wb) 

1242 VW 

1214W 
1201 M 
1190Wb) 

1162W 

1139W 

1115W 
1090 VS 

1070 W, shb) 

1057 VS 

1042 VW 

1004 VWb) 

987 W 
981 W 

1307 VW") 
1290 VW") 
1252 VWb) 
1245 VW 

1186VWb) 

1151 M 
1144VWb) 

1135VW, shb) 
1127W 
1118 VW, shb) 

1058 M 

1053 W 
1045 W 

1017 VWb) 

992 VW 

1309 VW") 
1294 VWb> 

1214VW 

1115W 
1092 VS 

1070 Sb) 

1059 VS 

1054 VS 

1005 VWb> 

988 W 
980 VW, sh 

975 S 

964 M 

982 VS 

957 M 
951 M 
936 M 

889 VW 

880 VW 
873 VW 
854 VW 
846 W 
839 W 
803 VWb) 

771 VW 
760 W 

727 VW, sh 

709 S 
695 W 

959 M 

933 VW 

892 VW 

872 VW 
856 VW 

773 W 
760 W 
752 VW, sh 

719M 

935 M 
925 VWb) 

881 VWb> 

871 VW 

833 W 

795 VW» 

704 M 

960 W 

893 VW 

853 W 

726 W 
717 S 

CC stretch (TTT) 
CC stretch (TTG) 
CC stretch (TGT) 
CC stretch (TTT, TGT) 
CC stretch (TTG) 

CC stretch (TGG, GTG, GTG') 
CC stretch (TTG) 
CC stretch (TTT), CD2 scis (TGT) 

CD2 scis (TTG) 

CD2 scis (TTT, TGT), CC stretch (TTG, TGT) 

CC stretch (TTT) 
CD2 scis (TTT) 
CD2 scis (TTG, TGT) 

CD2 scis (TTT, TTG, TGT), CD3 s-deform (TTT, 
TTG, TGT) 
CD3 d-deform (TTT) 
CD3 s-deform (TTT) 
CD3 d-deform (TTT) 
CD3 d-deform (TTG, TGT) 

CD2 rock (TTT) 
CD2 wag (TTT), CD2 rock (TTG) 
CD2 rock (TTT, TGT) 
CD2 scis (TTT), CD2 twist (TTT), CD2 rock (TTG, 
TGT) 
CD2 twist (TTG, TGT) 
CD2 twist (TTT) 
CD2 twist (TGT) 
CD2 twist (TTG, TGT), CD2 scis (TTG) 
CD2 twist (TTT, TTG, TGT) 

CD2 wag (TTT), CC stretch (TGT) 

CC stretch (TTG) 
CC stretch (TTT), CD2 wag (TTG) 
CD2 wag (TTT, TGT) 
CD2 wag (TGT) 
CD2 wag (TTT, TTG) 

CD2 wag (TGT) 
CD2 wag (TTG) 
CD2 twist (TTG, TGT) 
CD2 wag (GTG') 
CD2 twist (TTT) 
CD3 ip-rock (TTT, TTG) 
CD3 ip-rock (TTT, TTG, TGT) 
CD3 ip-rock (TGT) 
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Table 5. (Continued) 

109 

Liguid Solid 

Raman 
( -95 °C) Infrared Raman Infrared 

Assignment 

665 VW 
655 VW 
638 VW 

594 VW 
570 VW 

595 W 
569 M 

438 VW 

408 VW 
385 VW 
350 VW 
335 VS 
294 VW 
270 VW, sh 
263 VW 
179VW, b 

666 VW 

540 W, sh 

532 S 
524 S 

425 W 
405 W 

538 VW 

338 VS 

266 VW 
176 VW 
73 W 
63 M 

605 VW") 
592 M 

553 VWb> 

536VWb> 

520 VS 

401 VW 

GD3 op-rock (TTT, TTG) 
CD3 op-rock (TGT) 
CD3 op-rock (TGT) 

GD3 op-rock (TTT, TTG) 
GD2 rock (TTG) 

GD2 rock (TGT) 
CD2 rock (TTT) 

CD2 rock (TTG) 
CD2 rock (TTT) 
CCC deform (TGT) 
CGC deform (TGG) 
CCC deform (TTT, GTG, GTG') 
CCC deform (TTG) 
CCC deform (TTG) 
CCC deform (TTT) 
CCC deform (TGT) 
CCC deform (TTG) 
CCC deform (TTT) 
Torsion 
Out-of-plane rotatory lattice vibrationc) 

In-plane rotatory lattice vibration0* 

a) The observed bands are assigned to the individual vibrations of the TTT, TTG, and TGT forms. The 
vibrations of the TGG, GTG, and GTG' forms are identified in the table when the bands are assigned to 
these forms but not to the TTT, TTG, or TGT form. The crystal structure of hexane is PI (C^), Z = 1 [N. 
Norman and H. Mathisen, Acta Chem. Scand., 15, 1755 (1961)]. Accordingly, no crystal field splitting is ex­
pected in the spectra of the solid state. For the notation and definition of the local symmetry coordinates, see 
Ref. 10. VS: very strong, S: strong, M: medium, W: weak, VW: very weak, sh: shoulder, b : broad, b) As­
signed to the partially deuterated compounds or origin unknown. c) H. Takeuchi, T. Shimanouchi, M. 
Tasumi, G. Vergüten, and G. Fleury, Chem. Phys. Lett., 28, 449 (1974). 

TABLE 6. APPARENT ENTHALPY DIFFERENCES IN cal/mol 

Molecule 

Pentane 

Hexane 

Band 

X 

b 
b 
a 
e 

f 
f 
h 
j 
m 

pair 

y 

a 
c 
c 
d 

g 
h 
i 
k 
1 

A//x_/> 

581(28) 
574(31) 

17(34) 
619(20) 

600(11) 
370(50) 

3(56) 
52(18) 

661(51) 

a) AHx_y=Hx-Hr 

standard deviation. 
The value in parentheses is the 

bands. These bands are explained only by the calculated 
frequencies of the G G form. Hence, it is certain that 
the GG form exists at room temperature to some extent. 

Hexane and Hexane-du (See Figs. 4, 5, and 7 and Tables 4 
and 5). The spectra in the solid state are explained 

T A B L E 7. POSSIBLE ASSIGNMENTS OF THE BANDS USED IN 

THE CALCULATION OF ENTHALPY DIFFERENCES 

Molecule 3*fm*n ^ ^ band (cm-1) 

Pentane 

Hexane 

Possible 
assignments 

a 
b 
c 
d 
e 

f 
g 
h 
i 
j 
k 
1 
m 

337 
403 
471 
841 
868 

372 
402 
456 
520 
824 
870 
952 
975 

TG 
TT, GG 
TG, GG 
TG, GG 
TT, TG, GG 

TTT, GTGa> 
TTG, TGGa> 
TTG 
TGT 
TGT, TGG 
TTG, GTG, GTG 
GTG, GTG' 
TTG, TGG 

a) The value of the enthalpy difference between the 
TTT and TTG forms depends on the relative 
amounts of the contributions from these forms to the 
intensities of the bands f and g (see text). 
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by the calculated frequencies for the T T T form. Among 
the liquid-state bands that are due to forms other than 
the T T T form, the bands at 456 and 520 cm" 1 of hexane 
and the bands at 350 and 294 c m - 1 of hexane-rf14 are 
assigned only to the T T G and T G T forms, respectively. 
The temperature dependence of the intensity of the 
R a m a n band at 952 c m - 1 of hexane is much more signifi­
cant than those of the above bands. Since this 
frequency matches the calculated frequencies for the 
G T G and G T G ' forms, the existence of one or both of 
these forms is evident. 

Enthalpy Differences (See Figs. 2 and 4 and Tables 6 and 
7). Pentane : As the intensity of the band b in the 
solid state is very strong, the contribution, if any, from 
the vibration of the G G form to this band in the liquid 
state may be small. Hence, the apparent enthalpy 
difference obtained for the band pair of b and a, 581 cal/ 
mol, may be a good approximate value of the enthalpy 
difference between the T G and T T forms. 

Hexane : I t is evident from the value of A / / j _ h that 
the T G T form is as stable as the T T G form. T h e great 
difference between the values of A//g_ f and A//h_ f indi­
cates the fair amount of the contribution from the T G G 
form to the band g. From these values, it is apparent 
that the enthalpy difference between the T T G and T T T 
forms lies in the range between 400 and 600 cal/mol. 
However, since the relative amount of the contribution 
from the G T G form to the band fis considered to be far 
less than that from the T G G form to the band g, it may 
be safely concluded that the enthalpy difference between 
the T T G and T T T forms is on the side of 400 cal/mol. 
Moreover, by assuming that the T G G , G T G , and G T G ' 
forms are approximately of the same stability, it may be 
concluded from the value of AH^m that the G T G form 
is less stable than the T T G form by 650 cal/mol. 

I n conclusion, the present study shows that the T G T 
form is as stable as the T T G form in the liquid state of 

hexane and that A//TTG_TTT (400 cal/mol) of hexane is 
less than A//TG_TT (600 cal/mol) of pentane. These 
results add to the data for the understanding of the stable 
structure and properties of longer hydrocarbon mole­
cules. I t is to be noted that these enthalpy-difference 
values are appreciably smaller than A//G_T (966 cal/ 
mol) reported for gaseous butane.5) 
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Vibration Spectra and Rotational Isomerism of Chain Molecules. III.1) 
Ethyl Methyl Sulfide and Deuterium Compounds 

Masaaki SAKAKIBARA, Hiroatsu MATSUURA, Issei HARADA, and Takehiko SHIMANOUCHI 

Department of Chemistry, Faculty of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received July 26, 1976) 

The Raman spectra of ethyl methyl sulfide and its three deuterated compounds CD3SC2H5, CH3SCH2CD3, and 
GH3SC2D6 were measured for the liquid and crystalline states. The Raman spectra of the undeuterated species in 
the gaseous state were measured at different temperatures. The normal vibration frequencies were calculated by 
using a consistent set of force constants for aliphatic sulfides. The combination of the spectral observations of the 
deuterated compounds and the normal vibration calculations showed that only the gauche form exists in the crystal­
line state and the trans and gauche forms coexist in the liquid and gaseous states. The enthalpy difference between 
the gauche and trans forms in the gaseous state, AH0_T, was obtained as —30±50 cal/mol. 

Ethyl methyl sulfide is the simplest sulfide with one 
internal rotation axis associated with the rotational iso­
merism. I t has long been accepted that this molecule 
takes the trans form in the crystalline state and the trans 
and gauche forms in the liquid and gaseous states, al­
though some ambiguities have been left out.2) 

Recently, Nogami et a/.3> compared the spectra of 
ethyl methyl sulfide with those of related molecules and 
reached the conclusion tha t the crystalline ethyl methyl 
sulfide takes the gauche form but not the trans form as 
had been thought. 

In the series of studies to establish the intramolecular 
force field as well as to clarify the existing rotational 
isomers of chain molecules,1 '4-6) we have investigated 
the R a m a n spectra of ethyl methyl sulfide and its deuter­
ium compounds of CD3SC2H5 , CH 3 SCH 2 CD 3 , and 
CH 3SC 2D 5 and determined the rotational isomerism and 
vibrational assignments for these molecules. T h e tem­
perature dependence of the R a m a n spectra of the un­
deuterated species in the gaseous state has also been 
examined. T h e results are reported in the present paper. 

Exper imenta l a n d Calculat ion 

The deuterium compounds were prepared from sodium 

1000 500 

Wave number (cm-1) 

Fig. 1. Raman spectra of CH3SC2H6 

a: Liquid, b : crystal. 

salts of appropriate thiols and deuterium compounds of methyl 
iodide or ethyl bromide and the undeuterated compound was 
purchased from Tokyo Kasei Kogyo Co., Ltd. All of the 
samples were purified by fractional distillations. The Raman 
spectra were recorded on a JEOL JRS-400D spectrometer. 
The Raman spectra in the gaseous state were measured at 
five different temperatures between 21 and 112°C. Tem­
perature measurements of the vapor in the laser beam were 
made by using nitrogen gas as a thermometer.7) 

The Raman spectra in the liquid and crystalline states in the 
region below 1500 cm"1 are shown in Figs. 1—4. The Raman 
spectra and the calculated frequencies in the 400—150 cm - 1 

region are compared in Fig. 5.* The gaseous-state Raman 
spectrum of the undeuterated species is shown in Fig. 6. The 

Wave number (cm-1) 

Fig. 2. Raman spectra of CD8SC2H6. 
a: Liquid, b : crystal. 

* The relative intensities of the low-frequency bands 
(below 400 cm -1) in the crystalline-state spectra are often 
found to vary depending on the condition of solidification 
(compare Figs. 1—4 and 5). It is certain that only one isomer 
exists in the crystalline state as is evident from the complete 
disapperance of some of the bands in the GS stretching vibra­
tion region. One possible explanation of the above observa­
tions is that the sample is composed of partially oriented 
crystallites and gives different intensity patterns due to the 
different orientation with respect to the polarization direction 
of the incident light. 
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500 1500 1000 

Wave number (cm - 1 ) 

Fig. 3. R a m a n spectra of C H 3 S C H 2 C D 3 . 
a : Liquid, b : crystal. 

1500 1000 500 

Wave number (cm - 1 ) 

Fig. 4. R a m a n spectra of CH 3 SC 2 D 5 . 
a : Liquid, b : crystal. 
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Fig. 5. R a m a n spectra and calculated frequencies in the 
400—150 c m - 1 region. 
a: CH 3 SC 2 H 5 , b : CD 3 SC a H 5 , c : CH 3 SCH a GD 3 , d : 
CH 3 SC 2 D 5 . 

1500 1000 500 

Wave number (cm - 1 ) 

Fig. 6. R a m a n spectrum of CH 3 SC a H 6 in the gaseous 
state (120 Tor r ) . 

T A B L E 1. OBSERVED RAMAN FREQUENCIES AND 

VIBRATIONAL ASSIGNMENTS OF CH 3 SC 2 H 5 

Observed R a m a n frequency 
(cm- 1 ) 1 ' 

Assignment1*' 

Liquid Crystal 

1455 VW, sh 

1444 VW 

1427 VW 

1377 VW 

1320 VW 

1267 VW 

1251 VW 

1065 VW 

1060 VW, sh 

1044VW 

982 VW 

973 VW 

960 VW, sh 

955 VW, sh 

948 VW, sh 

785 VW 

758 VW 

725 M 

678 M 

653 VS 

353 W 

273 VW 

232 VW, sh 
211 VW 

1461 VW, sh 

1457 VW 

1444 VW 

1431 VW 

1376 VW 

1326 VW 

1272 VW 

1257 VW 

1060 VW 

1049 VW 

968 VW 

962 VW 

948 VW 

764 VW 

/ 723 S 
\ 717 VW 

f 656 VS 
\ 651 VW 

355 VW 

294 W 

232 VW 

184 VW 
133 VW 

95 W 
83 VW 
71 W 
59 M 

47 VW 

CH3 ip-d-deform 

CH3 op-d-deform 

CH3 ip-d-deform 

GH3 op-d-deform, CH2 scis 

CH3 s-deform 

CH3 s-deform 

CH2 wag 

CH2 twist 

CH3 ip-rock (T) 

CH3 ip-rock (G) 

CH3 op-rock (G, T) 

CC stretch (T) 

CC stretch (G) 

CH3 ip-rock (G, T) 

CH3 op-rock (T) 

CH3 op-rock (G) 

CH2 rock (T) 

CH2 rock (G) 

CH3-S stretch (G, T) 

S-CH2 stretch (T) 

S-CH2 stretch (G) 

SCC deform, CSC bend 
(G,T) 

CSC bend, CC torsion 
(G), CC torsion (T) 

CC torsion, CSC bend (G) 

CSC bend, SCC deform (T) 

Torsions (G) and 
lattice vibrations 

a) VS : very strong, S : strong, M : medium, W : weak, 
V W : very weak, sh: shoulder, b) For the notation 
and definition of the local symmetry coordinates, see 
Ref. 8. 
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TABLE 2. OBSERVED RAMAN FREQUENCIES AND 

VIBRATIONAL ASSIGNMENTS OF C D 3 S C 2 H 5 

Observed Raman frequency 
(cm-1)11) Assignment1^ 

T A B L E 3. OBSERVED RAMAN FREQUENCIES AND VIBRA­

TIONAL ASSIGNMENTS OF C H 3 S C H 2 C D 3 

Observed Raman frequency 
( c m"1 ) & ) Assignment") 

Liquid Crystal Liquid Crystal 

1454VW 
1426 VW 
1378 VW 
1278 VW 
1266 VW 
1063 VW, sh 
1056 VW 
1049 VW, sh 

1040 VW 

1013 VW 

983 VW 
971 VW 
789 VW 
761 VW 
728 VW, sh 
720 VW 
698 W 
648 M 
639 VS 

345 VW 

263 VW 

215 VW, sh 
200 VW 

a), b) See a 

1462 VW 
1457 VW 
1431 VW 
1376VW 
1282 VW 
1268 VW 

1056 VW, sh 
1052 W 

( 1042 VW 

| 1038 VW 

1014 VW 

968 VW 
793 VW 

731 VW 
726 VW 
698 M 

641 VS 

349 VW 

285 VW 

221 VW 

142 VW 
116VW 
88 VW 
77 VW 
68 VW 
57 VW 
46 VW 

and b, respective 

observed frequencies and assign 
calculated potential-energy distri 

CH3 ip-d-deform 
CH3 op-d-deform 
CH2 scis 
CH3 s-deform 
CH2 wag 
CH2 twist 
CH3 ip-rock (T) 
CH3 ip-rock (G) 
CD3 ip-d-deform (G, T) 
CD3 op-d-deform (G, T) 
CD3 s-deform (G), 
CH3 op-rock (T) 
CH3 op-rock (G), 
CD3 s-deform (T) 
CC stretch (T) 
CC stretch (G) 
CH2 rock (G, T) 
CD3 ip-rock (T) 
CD3 ip-rock (G) 
CD3 op-rock (G, T) 
CD3-S stretch (G, T) 
S-CH2 stretch (T) 
S-CH2 stretch (G) 
SCC deform, CSC bend 
(G,T) 
CC torsion, CSC bend (G)> 
CC torsion (T) 
CSC bend, CC torsion (G) 
CSC bend, SCC deform (T) 

, Torsions (G) and lattice 
vibrations 

Jy, of Table 1. 

ments on the basis of the 
butions are listed in Tables 

1444VW 
1432 VW 
1425 VW 
1321 VW 
1263 VW 
1244 VW 
1210 VW 
1127VW 
1115VW 

1052 VW 

985 VW 

955 VW 

932 VW, sh 
924 VW 
917 VW, sh 
863 VW, sh 
851 VW 
724 M, sh 

719 S 

692 VW 
651 VW 
628 M 
617 VS 

329 W 

258 VW 

200 VW 

1446VW 
1431 VW 
1425 VW 
1326VW 
1269 VW 

1219VW 

1115 VW 
1060 VW 

1054VW 

988 VW 

963 VW 

928 W 
915 VW 

848 VW 

J 719 S 
1 712 VW 

657 VW 

618 VS 

327 W 

272 VW 

176VW 
125 VW 
95 VW 
85 VW 
80 VW 
67 VW 
56 M 
48 VW 

CH3 ip-d-deform 
CH3 op-d-deform 
CH2 scis 
CH3 s-deform 
CH2 wag (G) 
CH2 wag (T) 
CH2 twist (G, T) 
CD3 s-deform (T) 
CD3 s-deform (G) 
CD3 ip-d-deform (G) 
CD3 op-d-deform (G, T), 
CD3 ip-d-deform (T) 
CH3 ip-rock (G) 
CH3 op-rock (G, T), CH3 

ip-rock (T), CH2 rock (T) 
CC stretch (T) 
CH2 rock (G) 
CC stretch (G) 
CD3 ip-rock (T) 
CD3 ip-rock (G) 
CH3-S stretch (T) 
CH3-S stretch (G) 

Origin unknown 
CD3 op-rock (G, T) 
S-CH2 stretch (T) 
S-CH2 stretch (G) 
CSC bend, SCC deform 
(G,T) 
CSC bend, SCC deform 
(G) 
CSC bend, SCC deform 
(T), CC torsion (T) 
CC torsion (G) 

I Torsions (G) and lattice 
vibrations 

1—4. 
The normal vibration frequencies were calculated by using 

a consistent set of force constants for aliphatic sulfides.5) 
Detailed results of the calculations and the force constants are 
reported in a separate paper.6) 

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

Spectra below 400 cm-1 and Rotational Isomerism. In 
the frequency region below 400 cm - 1 , five normal vibra­
tions are expected for each isotopic species, two skeletal 
deformation (bending) and three torsional vibrations. 
As seen from Fig. 5, the frequencies calculated for the 
trans and gauche forms of CH 3 SC 2 H 5 or CD 3SC 2H 5 are 
not much different from each other. O n the other hand, 
CH 3 SCH 2 CD 3 and CH 3 SC 2 D 5 give the frequencies 
which are distinctly different between the two forms. 

a), b) See a and b, respectively, of Table 1. 

T h e comparison between the observed and calculated 
frequencies of these isotopic species shows clearly that the 
crystalline-state spectra are explained only by the 
gauche form and the liquid-state spectra by the trans 
and gauche forms. Thus, the R a m a n spectra of the 
deuterium compounds are found to be important in 
studying the rotational isomerism of ethyl methyl sulfide. 

As shown in Tables 1—4, the SCC deformation and 
CSC bending modes are highly coupled in all of the 
isotopic species. Such vibrational couplings are known 
to yield conformation-sensitive frequencies. However, 
the frequencies of the trans and gauche forms of CH 3 -
SC 2 H 5 or CD 3 SC 2 H 5 resemble each other (Fig. 5). This 
is explained by a further coupling of the CSC bending 
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TABLE 4. OBSERVED RAMAN FREQUENCIES AND 

VIBRATIONAL ASSIGNMENTS OF CH3SC2D5 

Observed Raman frequency 
(cm-1)1 ' 

Liquid 

1442 VW, sh 
1430 VW 
1320 VW 
1140VW, sh 
1138VW 
1067 VW, sh 

1050 VW 

1044VW 
1025 VW 
978 VW 

968 VW 

960 VW, sh 

887 W 
786 VW, sh 
770 VW 
723 W 

716M 

622 M 

612 VS 

564 VW 

322 W 

244 VW 

200 VW 

Crystal 

1442 VW 
1431 VW 
1325 VW 

1135VW 
1067 VW, sh 

f 1055 VW 
1 1052 VW 

1046 VW 
1025 VW 
982 VW 

f 975 VW 
1 970 VW 

962 VW 

894 VW 
786 VW 
767 VW 

J 714 S 
\ 711VW 

f 613 VS 
\ 607 VW 

569 VW 

319W 

254 VW 

178VW 
117VW 
85 VW, sh ' 
78 W 
66 VW 
55 M 
45 VW 

Assignment^ 

CH3 ip-d-deform 
CH3 op-d-deform 
CH3 s-deform 
CC stretch (T) 
CC stretch (G) 
CD2 scis (G, T) 

CD3 op-d-deform (G, T) 

CD3 ip-d-deform (G, T) 
CD3 s-deform (G, T) 
CH3 ip-rock (G) 
CH3 op-rock (G), CH3 
ip-rock (T) 
CD3 op-rock (G, T), 
CH3 op-rock (T) 
CD3 ip-rock (G, T) 
CD2 twist (G, T) 
CD2 wag (G, T) 
CH3-S stretch (T) 

CH3-S stretch (G) 

S-CD2 stretch (T) 

S-CD2 stretch (G) 

CD2 rock (G) 
CSC bend, SCC deform 
(G,T) 
CSC bend, SCC deform(G) 
CSC bend, SCC deform 
(T), CC torsion (T) 
CC torsion (G) 

Torsions (G) and lattice 
vibrations 

a), b) See a and b, respectively, of Table 1. 

mode with the C H 2 - C H 3 torsional mode in the gauche 
form of these isotopic species. This coupling is removed, 
however, in C H 3 S C H 2 C D 3 or CH 3 SC 2 D 5 owing to the 
downward frequency shift of the C H 2 - C D 3 or C D 2 - C D 3 

torsional vibration. 
T h e calculated frequencies of the C H 3 - S torsion 

(160—150 cm- 1 ) , the CD 3 -S torsion (120—110 cm"1) 
and the S -CH 2 or S-CD 2 torsion (lower than 100 cm"1) 
do not differ between the trans and gauche forms. 

I t is noted for all of the isotopic species that the 
R a m a n band at 270—250 c m - 1 shifts appreciably to 
higher frequency in going from the liquid to the crystal­
line state. T h e magni tude of the shift is larger for the 
vibration with a larger contribution from the C - C 
torsional mode. This large difference between the 
frequencies of the two states have led previously to mis­
interpretation of the spectra.2b> T h e shifting of this band 
is confirmed in the present study by observing the 

R a m a n spectra of the liquid state at several low tempera­
tures; namely the observed frequency is higher at lower 
temperature and approaches the crystalline-state value. 
I t is also noted that the gauche bands of CH 3 SC 2 H 5 at 
232 c m - 1 and of CD 3 SC 2 H 5 at 215 cm- 1 are clearly 
resolved in the low-temperature spectra (Fig. 5). 

Sectra in Higher-Frequency Regions. In the 800— 
600 c m - 1 region, the bands due to the C-S stretching, 
C H 2 rocking and C D 3 rocking vibrations are expected. 
The C-S stretching vibration is known to give rise to 
much stronger R aman bands than the rocking vibrations. 

In the crystalline state, all of the isotopic species ex­
hibit two strong R a m a n bands separated by 70—100 
c m - 1 (Figs. 1—4). T h e results of the normal coordinate 
treatment indicate that the higher-frequency band is 
assigned to the C H 3 - S (CD3-S) stretching vibration and 
the lower-frequency band to the S-CH 2 (S-CD2) 
stretching vibration, respectively, of the gauche isomer. 

T h e 678 c m - 1 R a m a n band of liquid CH 3SC 2H 5 

which disappears on crystallization is assigned to the 
S-CH 2 stretching vibration of the trans isomer. O n the 
other hand, the CH 3 -S stretching vibration of the trans 
form has been considered to overlap with the gauche 
band at 725 cm - 1 .3) This assignment is confirmed by 
the present experimental observation that the corre­
sponding bands for CH 3 SCH 2 CD 3 and CH 3 SC 2 D 5 are 
split into two components in the liquid state. I t is seen 
from the observed spectra of the various isotopic species 
that the C-S stretching frequencies of the trans form are 
slightly higher than those of the gauche form. 

The vibrational assignments in other frequency re­
gions have also been established in this study on the basis 
of the systematic t reatment of normal coordinates (see 
Tables 1—4). T h e observed R a m a n frequencies of the 
deuterated species were found to be important in deter­
mining the force field of aliphatic sulfides.5) 

Enthalpy Difference in the Gaseous State. The en­
thalpy difference between the gauche and trans forms in 
the gaseous state, A//G_T, has been determined to be 
— 3 0 ^ 5 0 cal/mol through the analysis of the tempera­
ture dependence of the intensities of the band pairs at 
682 {trans) and 657 c m - 1 (gauche) of the undeuterated 
species. I t is of interest to compare the A//G_T values 
of butane, ethyl methyl ether, and ethyl methyl sulfide. 
They are 966±54,7> 1500±200,9> and - 3 0 ± 5 0 cal/mol, 
respectively. The differences in the bond nature of 
C C - X C (X=C, O, S) groups, as is evident from the 
above values of enthalpy difference together with those 
of XC-CY ( F = C , O, S) groups, yield a variety of the 
structures and properties of longer chain molecules. 
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The Effect of Axial Ligands on the Reductions of Co(III) Complexes 
with a Macrocyclic Schiff-base Ligand by Fe(edta)2-

Yoshimi KURIMURA, Hiroshi SAITO, Ikuko NAKAJIMA, and Yuki FUJII 

Department of Chemistry, Ibaraki University, Bunkyo, Mito, Ibaraki 310 
(Received March 11, 1976) 

The second-order rate constants for the reduction of cobalt(III) complexes with a macrocylic Scbiff-base ligand, 
Co(dop)L2

2+ (dop= Ar,Ar'-bis(2-hydroxyimino-l-methylpropylidene)-l,3-propanediamine and L = primary amine), 
by Fe (edta)2- are very sensitive to the nature of the axial ligands. The rate increases with a decreases in the basicity 
of the axial ligands : the order is methylamine, ethylamine, 2-aminoethanol, toluidine, aniline, and bromoaniline 
derivatives. It is shown that there is a linear relationship between the logarithmic second-order rate constant and 
the pK& of the axial primary amine ligand. Among the series of primary amine derivatives, the differences in the free 
energy of the activation for the reduction can be considered to be mainly dependent upon those in the enthalpy of the 
activation for the bond stretching of the Co-N (axial ligand) prior to the electron-transfer. 

Various kinetic and thermodynamic properties of 
cobalt(III) complexes with macrocyclic Schiff-base 
ligands have been well studied in view of the similarities 
of numerous chemical properties of these with those of 
the derivatives of coenzyme B12.1-16) In the ligand-
substitution process of such complexes it is demonstrated 
that the reactive sites are essentially those in the axial 
ligand resulting from a very high stability of the coordi­
nation bonds between the cobalt (111) ion and the equa­
torial ligands.15) 

HoC 

C*2 L 

Fig. 1. Co(dop)La
2+. 

In the redox process of the cobalt (III )-macrocyclic-
ligand complexes, a linear relationship has been found 
between the Polarographie halfwave potential of the 
first reduction wave and the pK value of the axial 
Lewis base ligands of the Co(salen)L2+(salen=iV,# '-
disalicylidene-ethylenediamine) and Co(dop)L2

2+ (dop 
= JV,iV'-bis(2-hydroxyimino-l -methylpropylidene)-l , 3-
propanediamine).14) The rate constants for the outer-
sphere oxidation of C o " ( N 4 ) X 2 ( N 4 = a tetradentate 
macrocyclic ligand) have been shown to be experi­
mentally correlated to the standard free energy of the 
reactions.17) There have been few investigations con­
cerning the effect of the nature of the axial and equa­
torial ligands on the rate of the reductions of the cobalt-
(III) complexes with a macrocyclic Schiff-base ligand. 

We wish now to report and discuss the influence of 
axial ligands on the reduction rate of the cobalt (III) 
complex ions of the Co(dop)L2

2 + type by Fe (edta) 2 - . 
The Fe (ed ta ) 2 - has been shown to be a good reducing 
agent for several cobalt (I II) complexes in the neutral 
p H region, and the mechanisms of these reductions have 
been investigated.18) 

Exper imenta l 

Materials. [Co(dop)Cl2] was prepared after the 
literature procedure.19) Complexes of the [Co(dop)L2]-
(C104)2 type were synthesized by a manner similar to that 
used in the preparation of [Co(dop)(NH3)2](C104)2 described 
elesewhere.19) The analytical data of the cobalt(III) chelates 
prepared are presented in Table 1. The NMR spectra were 
recorded in DMSO-dg, with tetramethylsilane as the internal 
standard. The /raw-structure of all the chelates were con­
firmed by their NMR spectra (Table 2). The buffer com­
ponents, inorganic salts, and disodium salt of ethylenediamine-
iV,iV,7V/,iVv-tetraacetic acid were of a guaranteed grade and 
were used without further purification. The iron (I I) chelate 
solution was prepared by a manner similar to that described 
previously.18) The solutions of the iron(II) chelate and the 
cobalt(III) complexes were adjusted to the described pH and 
ionic strength by the use of acetate-buffer and potassium-
chloride solutions respectively. 

Kinetic Measurements. The reduction of the cobalt(III) 

TABLE 1. ANALYTICAL DATA OF [Co(dop)L2](C104)2 

Found (Calcd) % 

C H N 

Cl-a> 
CH3NH2 

C2H5NH2 

HOC2H4NH2 

C6H5NH2 

CH3C6H4NH2 

BrC6H4NH2 

35.78(35.73) 
27.55(27.92) 
30.33(30.68) 
29.18(29.09) 
40.08(40.42) 
42.03(42.21) 
39.94(32-84) 

20(4.98) 
16(5.23) 
79(5.66) 
39(5.38) 
27(4.87) 
41(5.24) 
36(3.72) 

15.18(15.07) 
14.79(15.03) 
14.01(13.63) 
13.58(13.57) 
12.24(12.30) 
11.79(11.81) 
9.89 (9.99) 

a) [Co(dop)Cl2]. 

TABLE 2. NMR SPECTRAL DATA OF [Co(dop)L2]-

(C104)2 IN DMSO-4, 

ô /ppm 

L 

CH3NH2 

C2H5NH2 

HO(CH2)2NH2 

C6H5NH2 

CH3C6H4NH2 

BrC6H4NH2 

(-CH2-)3*> 

^ 3 . 8 5 
^ 3 . 9 
^ 3 . 9 
«*4.0 
«*4.0 
«*4.1 

a) Broad signal. 

CH3X / O -
3)C=N / 

2.58 
2.58 
2.60 
2.55 
2.54 
2.64 

CHy=N^~ 
2.48 
2.48 
2.48 
2.24 
2.24 
2.32 



January, 1977] Fe(edta)2- Reductions of Co(III) Complexes with Macrocyclic Schiff Base Ligand 117 

complexes by the iron (J I) chelate were carried out under an 
atmosphere of nitrogen which had been purified by passing 
it through acidic chromium(II) ion solutions. Kinetic runs 
were made under pseudo-first-order conditions in which the 
concentration of the iron(II) calculate was at least twenty 
times that of cobalt(III). For relatively slow reactions, the 
rate was monitored by the measurement of the absorption 
change («»500 nm) of the reaction mixture in a thermostated 
cell compartment of a Union Giken SM-101 spectrophoto­
meter. The cobalt(III) and the iron(II) chelate solutions 
were mixed by means of a Union Giken MX-7 mixing 
apparatus. Reaction which were too rapid to be followed by 
the conventional technique were studied with a Yanagimoto 
SPS-1 stopped-flow spectrophotometer. The spectral change 
of the reaction mixture, shown in Fig. 2, was observed by 
means of a Union Giken RA-1300 rapid-scan spectrophoto­
meter. 

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

It was estimated from the known values of the forma­
tion constants of the iron(II) chelate species20) that the 
predominant species of the iron(II) chelate in the reac­
tion mixture was the normal form of Fe (ed ta ) 2 - under 
the conditions employed. T h e i ron(III) chelate species 
produced in the reaction mixture by the oxidation of 
Fe(ed ta ) 2 - could also be estimated to be the normal form 
of Fe(edta) - .2 0) A gradual increase in the absorbance 
at about 510 nm due to the cobalt(II) chelate was ob­
served upon the addition of a solution of the iron(II) 
chelate to that of the cobalt (I II) chelate under a nitro­
gen atmosphere. In the wave-length region between 

500 600 

Wavelength/nm 

Fig. 2. Spectral change of the reaction mixture. 
Initial concentrations: [Co(dop)L a

2 +] 0 =1.0x 10"« M , 
L=2-aminoethanol, [Fe(edta)2"]0= 1.0 X ÎO"3 M, 
pH=5.0, ^=0 .2 , room temp, Scan time: 20 nm/s, 
a: initial stage, b : 110 s, c: 240 s, d: 420 s, e: 720 s, f: 
1200 s, g: final stage. 

500 and 600 nm, the molar extinction coefficients of the 
cobalt ( I I I ) , i ron(I I ) , and i ron(III ) in the reaction mix­
ture were very small compared with that of the cobalt-
(II) chelate under the present conditions. An example 
of the spectral change for Co(dop)(HOC 2H 4NH 2 ) 2

2+ is 
presented in Fig. 2. I t is considered that the reductions 
of cobalt(III) chelates by Fe (ed t a ) 2 - all give a product 
of the cobalt (I I) which has a square planar configura­
tion. I t has been reported that the cobalt (I ^ - m a c r o -
cyclic Schiff-base complexes with a square planar con­
figuration have one or two absorption peaks (log e = 
103—104) in the visible region.22 '23) 

TABLE 3. RATE CONSTANTS FOR THE Fe(edta)2-

REDUCTIONS OF C o ( d o p ) L 2
2 + 

AT// = 0.2 AND25°Ca> 

L Ä / M - i s - 1 

CH,NH9 

C2H5NH2 

HOC2H4NH2 

C,HKNH9 

CH3C6H4NH2 

BrCfiFLNH9 

( 6 . 8 ± 0 . 5 ) x l 0 - 2 

7 .1x l0 - 2 b ) 
( 1 . 4 ± 0 . 0 6 ) x l 0 - 1 

1.9±0.04 
1.9C> 
2.0d> 

( 3 . 4 ± 0 . 0 5 ) x l 0 3 

3.1xl0 3 e> 
3.2xl0 3 f > 
( 1 . 3 ± 0 . 0 4 ) x l 0 3 

( 5 . 3 ± 0 . 5 ) x l 0 3 

a) Unless otherwise stated, the experimental condi­
tions were [Co(dop)L2

2+]0= l.Ox 10-*M, [Fe(II)]0= 
2.0X 10-3M, [X] f =0M ([X]f is the concentration of 
free amine), and pH=5.0. b) [X] f/[Go(III)]0= 
100. c) pH=4.5 . d) pH=5.4. e) [Fe(II)]0/[Co-
(III)]0=48. f) [Fe(II)]0/[Go(III)]0=98. 

Plots of log(A„ — At) vs. t ime were linear for at least 
three half-lives for the saturated amine derivatives and 
two half-lives for the aromatic amine derivatives, where 
A*, is the absorbance when the reaction is completed and 
At, that at time t. T h e second-order rate constants can 
be calculated by means of this equat ion: £=2 .303 Xm/ 
[Fe(II ) ] , where m is the value of the slope of the straight 
line. The second-order rate constants for the pr imary 
amine derivatives are summarized in Table 3. The 
second-order rate constants were kept essentially constant 
by varying the initial concentration of the iron (I I) 
chelate from 2.0 x l O " 3 to 1 . 0 x l 0 - 2 M ; they were in­
dependent of the hydrogen-ion concentration in the p H 
region between 4.5 and 5.4. A rate law consistent with 
the experimental results is given by: 

d[Co(II)]/d/ = *[Co(III)] [Fe(edta)2-] ( 1 ) 

where k is the second-order rate constant. 
I t may safely be assumed that the rate constants ob­

tained correspond to those of Reaction 2, because the 
reaction is first-order with respect to the concentration 
of the iron(II) chelate and the rate is not affected by the 
initial addition of the corresponding free amine to the 
reaction mixture: 

Co(dop)L2
2+ + Fe(edta)2- <=* 

Co(dop)L2
+ + Fe(edta)- (2) 

Co(dop)L2
+ « = * Co(dop)+ + 2L (3) 
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Tha t is, the rate-determining step of the reaction is 
Reaction 2, not the ligand-substitution process repre­
sented by 3. 

The rate data summarized in Table 3 show that the 
rate is very sensitive to the nature of the axial ligands : 
the value of the rate constants vary from 6.8 X 10~2 M - 1 

s_ 1 for methylamine to 5.3 X 103 M _ 1 s - 1 for bromo-
aniline. The reduction rate is enhanced by a decrease 
in the donor ability of the axial Lewis-base ligand. For 
a series of runs while varying the axial ligands, a linear 
relationship between the logarithmic rate constant and 
the pKa of the amines was found to hold for the reactions 
investigated (Fig. 3). 

4h 

ho 

o 

Oh 

- 2 h 

- v 

Br 

- @ 
NH2 

p 

r i 

© 
/ N H 2 C H , 

L 

@" 
NH2 

-v HOC2HANH2 

\ / C 2 H 5 N H 2 

C H 3 N H 2 - ^ \ 

1 1 ! 
10 12 

P * a 
Fig. 3. Relationship between pA"a of axial amine ligand 

and logarithmic rate constant of the reduction of Co-
(dop)L2

2+ by Fe(edta)2-. 

Based on the Franck-Condon principle, for the reduc­
tions of the cobalt(III) complexes, the reorganization of 
the cobalt(III) complex would occur prior to the elec­
tron-transfer to lower the energy level of the acceptor 
orbital, which may be dz. one.24-26) In the present case, 
the amounts of free energy for the reorganization may be 
considered to be dependent upon that for stretching the 
axial ligands, since the free energy for the reorganization 
of these ligands would be small as compared with that of 
the equatorial tetradentate ligand, which is tightly coor­
dinated to the cobal t (III) ion. Such bond stretching 
energy may increase with an increase in the bond 
strength between the cobalt ( III) ion and the donor atom 
of the pr imary amine. It is considered that the C o - N 
(axial ligand) bond is strengthened when the value of 
pKa of the amine increases, since it has substantially the 
a bonding nature. I t might be concluded that the linear 
relationship shown in Fig. 3 holds in the electron-transfer 
reactions, since the predominant factor controlling the 
activation free energy is the free energy for the reorgani-

TABLE 4. ACTIVATION PARAMETERS FOR THE 

REDUCTION OF C o ( d o p ) L a
2 + 

L 

CH3NH2 

C2H5NH3 

HOC2H4NH2 

C6H5NH2 

CH3C6H4NH2 

BrC6H4NH2 

AH*/kcal mol-1 

22.9 
23.9 
18.4 
16.2 
17.5 
15.0 

A£#/e.u. 

8.6 
18.0 
13.2 
12.0 
13.7 
10.0 

zation of the axial ligands. 
The activation parameters for the reactions obtained 

from the temperature dependence of the rate constant 
are presented in Table 4. The relatively small variation 
in the activation entropy as compared with that in the 
activation enthalpy seems to indicate that the large 
change in the rate constant upon the variation in the 
axial ligands is mostly at tr ibutable to the relatively large 
variation in the activation enthalpy. 
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Synthesis and Magnetic Properties of Iron(III) Complexes with 
Several Quadridentate Schiff Bases1) 
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Department of Chemistry, Faculty of Science, Kyushu University, Fukuoka 812 
(Received May 29, 1976) 

New iron(III) complexes containing quadridentate Schiff bases, [Fe(L)AB]n+, were prepared, where H2L 
represents a quadridentate Schiff base, and A and B, unidentate ligands, such as imidazole, pyridine derivatives, and 
cyanide ions. The magnetic moments of the complexes are in the range of 1.9—6.0 B.M. at room temperature. 
Based on the magnetic susceptibilities at various temperatures (90—295 K), these compleses were classified into four 
types: (1) high-spin (£=5/2), (2) low-spin (S= 1/2), (3) intermediate spin (5=3/2), and (4) cross-over complexes, the 
last of which have a ligand-field strength near the cross-over point of high-spin and low-spin types. From the ESR 
spectra obtained, the existence of a spin-equilibrium was established for the cross-over complexes. 

I ron(II I ) complexes have a (3d)5 electronic configura­
tion and the energy levels in the octahedral ligand field 
have been calculated by Tanabe and Sugano.2) Ac­
cording to their diagram, three types of i ron(I I I ) com­
plexes can be expected in the octahedral field, depending 
upon the strength of the ligand field, that is, high-spin 
(S=5j2), low-spin (S=\/2), and cross-over complexes, 
the last of which have a ligand-field strength near the 
cross-over point of high-spin and low-spin types. In 
fact, complexes of these types are known for six-coordi­
nated i ron(III) complexes.3) 

For the i ron(III) complexes of porphyrin derivatives 
(abbreviated as H 2por) , [Fe(por)AB]M+ , the magnetic 
moments depend greatly upon the axial ligands, A and 
B, and fall in the range of 2.2—5.9 B.M. at room tem­
perature. In seeking to explain the variation in magnet­
ic moments, some authors have claimed the existence of 
a spin-equilibrium of two spin states in these porphyrin 
derivatives.4) However, Harris has carried out numerous 
calculations on the magnetic properties of iron (III) 
complexes with tetragonal symmetry and concluded 
that the anomalous magnetic behavior of heme deriva­
tives should be elucidated in terms of "spin-mixed 
states."5 '6) For the interpretation of the magnetic pro­
perties of the cross-over complexes in more detail, sys­
tematic data on many other complexes are necessary. 
Accordingly, we have at tempted to prepare i ron(III ) 
complexes with a tetragonal symmetry, by the use of 
quadridentate Schiff bases (abbreviated as H 2L) as the 
planar ligands. The prepared complexes have the 
general formula of [Fe(L)AB]M+ , where A and B are 
unidentate ligands, such as imidazole, pyridine deriva­
tives, and cyanide ions. 

The Schiff bases and other ligands used in this study 
are listed in Tables 1 and 2 with their abbreviations, 
while the structural formulas of their representative 

TABLE 1. ABBREVIATIONS OF THE SCHIFF BASES 

(Skeletal structures are depicted in Fig. 1.) 

TABLE 2. ABBREVIATIONS OF THE UNIDENTATE LIGANDS 

Type X R Abbrevia­
tion (L) 

(a) 

(b) 

H 
H 

3-CH30 

—CH2CH2— 
1,2-C6H4 

—CH2CH2— 
—CiH2C<H2— 

—CH2CH2— 

CH3 

C6H5 

salen 
salphen 
vanen 
acen 
bzacen 

Ligands 

Imidazole 
Pyridine 
4-Aminopyridine 
/?-Picoline 
y-Picoline 

Abbreviation 

im 

py 
apy 
£"Pic 
y-pic 

Type (a) 

Type(b) 

Fig. 1. Iron(III) Schiff base complexes (cf. Table 1). 

Schiff bases are shown in Fig. 1. 

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

Preparations. The quadridentate Schiff bases used in 
this study were prepared according to the methods described 
in the literatures.7) 

[Fe( salen) CI] : This complex was prepared according to 
the method of Pfeiffer et al.s> 

[Fe(acen)Cr\: The H2acen ligand (1.1 g) dissolved in 
absolute methanol (20 ml), was added to anhydrous iron(III) 
chloride (0.8 g) dissolved in absolute methanol (20 ml). To 
this mixture, triethylamine ( 1.0 g) was then added. The 
resulting solution was warmed at 60 °G for ten minutes and 
subsequently allowed to stand for five hours at room tempera­
ture. The purple crystals yielded were filtered and washed 
with cold absolute methanol. 

[Fe(salen)(im)^B(ph)x: The [Fe(salen)Cl] complex was 
suspended in absolute methanol (40 ml), and then imidazole 
(0.6 g) was added to this solution. The solution was warmed 
at 60 °G for ten minutes and then filtered. Sodium tetra-
phenylborate (0.7 g) dissolved in absolute methanol (10 ml) 
was added to the filtrate, and the solution was allowed to 
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stand overnight at room temperature. The reddish-brown 
crystals separated were filtered and washed with cold ethanol. 

[Fe(vanen)(im)2]B(ph)4 and [Fe(salphen)(im)2\B(ph)i: 
These complexes were prepared according to a procedure 
similar to that described for [Fe(salen)(im)2]B(ph)4. 

\Fe(acm)(im)AB(ph)to [Fe(acen)(py)2\B(ph)ii [Fe(acen)(ß-
pic)i\B(ph)i> [Fe(acen)(apy)^\ClOi, and [Fe(acen) (y-ipic)2]-
ClOi : These complexes were prepared according to a method 
similar to that described above, except that [Fe(acen)Cl] was 
used, instead of [Fe(salen)Gl], and NaC104 instead of NaB-

(ph)4. 
[Fe(salen) CN) • CH3OH: Sodium cyanide (0.05 g) dissolved 

in absolute methanol (15 ml) was added to an absolute 
methanol solution (15 ml) of [Fe(salen)(im)2]B(ph)4(0.8 g). 
This solution was allowed to stand five hours at room tem­
perature. The black precipitate thus yielded was filtered and 
washed with absolute methanol. 

Na[Fe(salen) (CN) 2] • CH3OH: Sodium cyanide (0.1 g) 
dissolved in absolute methanol (15 ml) was added to an 
absolute methanol solution containing 0.55 gram of [Fe-
(salen)O], and then the solution was warmed at 60 °C for 
ten minutes. The solution was evaporated under reduced 
pressure, and the dicyano complex thus separated was 
recrystallized from hot absolute methanol. The green 
crystals thus obtained were filtered and washed with absolute 
ethanol. 

Na[Fe(acen)(CN)2\ and [Fe(bzacen)(im)CN]: These com­
plexes were prepared by methods similar to those described for 
Na[Fe(salen)(CN)a] and [Fe(salen)GN] .CH3OH respectively. 

[Fe( bzacen) (im) 2]B(ph)i: To a hot absolute methanol 
solution (40 ml) of anhydrous ferric chloride (0.85 g), H2 

bzacen (1.73 g) and imidazole (2.00 g) were added, the 
solution was then warmed at 60 °G for ten minutes and filtered. 
To this filtrate, NaB(ph)4 (1.0 g) was added, and the solution 
was allowed to stand for five hours. The dark green crystals 
thus precipitated were filtered and washed with cold absolute 
methanol. 

Measurements. Magnetic susceptibilities were measured 
over the range from the temperature of liquid nitrogen to 
room temperature by the Faraday method, Pascal's constants 
being used for diamagnetic correction. Mercury(II) tetra-
thiocyanatocobaltate(II), HgCo(NCS)4 was employed 
as the standard for magnetic susceptibility. The effective 

magnetic moments at room temperature were calculated 
from the expression: 

Ä f f = 2.828V"T^l 

where %A is the susceptibility per gram atom of iron. 
The ESR spectra of polycrystalline samples and DMSO-

frozen solutions were measured with a JEOL ESR spectrometer 
model, JES-ME-3X using an X-band. DPPH was used as 
the standard marker. 

The absorption spectra were measured with a recording 
spectrophotometer model, Hitachi EPS-2, at room tempera­
ture. 

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

Characterization of New Complexes. Table 3 gives 
the analytical data, color, and magnetic moments of the 
complexes. T h e structures of the new complexes are 
assumed to be trans (A, B)-[Fe(L)AB]M+, because the 
quadridentate Schiff bases used in this study prefer the 
planar coordination, furthermore, Na[Fe(salen)(CN)2] 
shows only one sharp band, at 2105 cm - 1 , in the infrared 
spectrum. 

The magnetic moments of the complexes depend 
greatly on the Schiff bases and axial ligands ; they fall in 
the range of 1.9—6.0 B.M. at room temperature. O n 
the basis of magnetic susceptibilities at various tempera­
tures (90—295 K) , the 1—3 and 4—8 complexes are 
high-spin and low-spin types, respectively. The 9—13 
complexes show intermediate magnetic moments (2.5— 
5.0 B.M.) between high-spin and low-spin values; ac­
cordingly, they may be assumed to be cross-over com­
plexes. T h e interpretation of the magnetic data on the 
assumption of a dimeric structure such as [Fe(salen)-
Cl]2

9) is impossible, because all the complexes can 
assume six-coordination without any bridged structure. 

Judging from the magnetic data of the series [Fe(L)-
(im)2]M+ complexes shown in Table 3, the spin-pairing 
abilities of planar Schiff bases appear to be of the follow­
ing order: H 2 acen>H 2 bzacen>H 2 sa l en^H 2 sa lphen . 
Thus, it was revealed that a small change in the planar 

TABLE 3. ANALYTICAL DATA AND MAGNETIC MOMENTS 

No. 

(1) 
(2) 
(3) 

(4) 

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

(9) 

(10) 

( H ) 

(12) 

(13) 

Complexes 

[Fe(salen)(im)2]B(ph)4 

[Fe(salphen) (im)2]B(ph)4 

[Fe(acen)Cl] 
Na[Fe(salen)(CN)2] -CH3OH 
Na[Fe(acen)(CN)2] 

[Fe(acen)(im)2]B(ph)4 

[Fe(acen)(apy)2]C104 

[Fe (bzacen) (im) CN] 
[Fe (vanen) (im) 2] B (ph) 4 

[Fe(bzacen) (im)2]B(ph)4 

[Fe(acen)(py)2]B(ph)4 

[Fe(acen) (/?-pic)a]C104 

[Fe(acen)(y-pic)2]B(ph)4 

C 

Calcd (Found) 

71.06(71.57) 
72.74(72.42) 
45.96(45.84) 
53.17(53.24) 
47.61(46.65) 
68.77(68.35) 
46.70(46.22) 
62.91(62.56) 
68.83(68.65) 

72.82(72.31) 

73.12(72.36) 

51.13(50.52) 

73.56(73.09) 

H 

Calcd (Found) 

5.44(5.50) 
5.13(5.04) 
5.79(5.79) 
4.23(4.21) 
5.14(5.26) 
6.32(6.36) 
5.34(5.29) 
5.28(5.31) 
5.54(5.61) 

5.88(5.88) 

6.40(6.35) 

5.72(5.66) 

6.69(6.62) 

N 

Calcd (Found) 

10.81(10.84) 
10.18(10.06) 
8.93( 8.89) 

13.05(13.22) 
15.86(15.40) 
11.46(11.46) 
14.85(14.68) 
14.11(13.84) 
10.03(10.03) 

9.80( 9.87) 

7.42( 7.38) 

9.94( 9.87) 

7.16( 7.11) 

Color 

brown 
brown 
purple 
green 
green 
green 
green 
green 
dark purpli 
brownish 
green 
green 

brownish 
green 
brownish 
green 

Magnetic 
(B. 

295 K 

5.89 
5.97 
5.85 
1.87 
2.11 
2.17 
2.29 
1.99 

e 5.03 

4.79 

3.31 

2.51 

3.64 

moments 
M.) 

80 K 

5^37 
5.58 
5.56 
1.74 
2.00 
1.91 
2.14 
1.80 
3.57 

2.23 

2.30 

1.93 

2.04 
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103G 

Fig. 2. Powder ESR spectra of [Fe(vanen)(im)a]B(ph)4 

(X-band). 
1: 244 K, 2: 184 K, 3: 77 K. 

ligands exerts a large effect on the electronic configura­
tion of the ground state of the i ron(III ) ion. From the 
magnetic data of the series of acen complexes shown in 
Table 3, the order of spin-pairing ability is: C N > 
imidazole>apy>/?-pic>py>y-pic . The order of the 
pyridine derivatives agrees with neither the order of 
basicity of pyridine nitrogen nor the spectrochemical 
series. These facts suggest that the choice of the spin 
state of [Fe(L)AB]M+ depends not only on the ligand 
field strength, but also on the crystal lattice energy and 
the steric effect of the ligands. 

Cross-over Complexes. In Fig. 2, the ESR spectra 
of [Fe(vanen)(im)2]B(ph)4 at various temperatures are 
shown. In Fig. 3, the ESR spectra of [Fe(salen)(im)2]-
B(ph)4(high-spin type) and Na[Fe(salen)(CN)2] (low-
spin type) are shown. In the ESR spectrum of [Fe­
ta len) (im) 2]B(ph)4 , some absorptions are observed over 
the wide range of 1000—3000 G. This is characteristic 
of high-spin complexes.10»11) O n the other hand, in the 

case of Na[Fe(salen)(GN)2] , some peaks are observed at 
about 3000 gauss. The small anisotropy of g-values 
suggests that the electronic configuration of the ground 
state is (dxz)2(dyz)2(dxy)1 .12) 

In the ESR spectra of [Fe(vanen)(im)2]B(ph)4 and 
[Fe(bzacen)(im)2]B(ph)4 ,1) some peaks are observed at 
about 3000 gauss and in the range of 1000—2700 G. As 
the temperature is lowered, the relative intensities of the 
absorptions change dramatically, as may be seen in Fig. 
2, although the positions of the absorptions do not 
change. This fact indicates two or more spin states 
exists in these complexes in the temperature range in­
vestigated; undoubtedly one of them is £ = 1 / 2 . 

Harris5-6) investigated the magnetic properties of 
heme derivatives and concluded that the magnetic be­
havior of complexes with intermediate magnetic 
moments at room temperature should be explained in 
terms of "spin-mixed states." However, the presently 
obtained ESR spectra are not compatible with his pre­
diction. Rather , the magnetic behavior of the 9—13 
complexes should be interpreted in terms of a spin-
equilibrium between two or more spin states. We 
further at tempted to confirm the spin-equilibrium by 
the use of the Mössbauer spectra. However, clear peaks 
were not observed for high-spin complexes; therefore, 
the existence of spin-equilibrium could not be verified by 
the Mössbauer spectra. 

Absorption Spectra. As shown in Table 3, the 
colors of the low-spin complexes differ from those of the 
high-spin complexes. In general, the Lambert-Beer 
law can not be applied to solutions of these complexes, 
probably because of the partial dissociation of axial 
ligands. Therefore, a small excess of axial ligands was 
added to the methanol solutions of the complexes. In 
Fig. 4, the absorption spectra of [Fe(salen)(im)2]B(ph)4 , 
Na[Fe(acen)(CN) 2 ] , and [Fe(bzacen)(im)2]B(ph)4 are 
shown. The low-spin Schiff base complexes are gener­
ally green or blue, perhaps because of the absorptions at 

Fig. 3. Powder ESR spectra (X-band, at 244 K). 
1: [Fe(salen)(im)2]B(ph)4 (high-spin complex), 
2: Na[Fe(salen)(CN)2] (low-spin complex). 

15 20 25 

Wave number (103 cm -1) 

Fig. 4. Absorption spectra of iron(III) Schiff base com­
plexes (at 295 K, in methanol solution). 
1 : Na[Fe(acen)(CN)2] (low-spin type, 1.9 X lO"4 M), 
2: [Fe(salen)(im)2]B(ph)4 (high-spin type, 2.7x JO"4 

M), 
3: [Fe(bzacen)(im)2]B(ph)4 (cross-over complex, 4.4 X 
10-4M). 
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1 4 — 1 6 x l 0 3 c m - 1 (log e*>3). Such absorptions are 
not observed for high-spin complexes. These bands 
may be attr ibuted to the charge-transfer transitions 
between metal and Schiff bases, because this absorption 
is independent of axial ligands. O n the other hand, the 
absorption spectrum of [Fe(bzacen)(im)2]B(ph)4 seems 
to be a superposition of high-spin and low-spin types; 
this is consistent with the results of the ESR spectra. 
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Gas Chromatographic Studies of the Thermal Decompositions of Hexa-
ammine-, Chloropentaammine-, and /rons-Dichlorotetraammine-

cobalt(III) Chloride in the Solid State 
Sukeo ONODERA* 

Department of Chemistry, Faculty of Science, Tokyo University of Science, Kagurasaka, Shinjuku-ku, Tokyo 162 
(Received June 2, 1976) 

This paper will describe gas chromatographic studies of the thermal decomposition of cobalt(III) ammine com­
plexes in the solid state. The sample is pyrolyzed in a chamber in a helium atmosphere at a heating rate of 1 °C/min. 
The evolved products are directly led into a chromatographic separation column at periodic intervals of 10 °C. The 
preliminary gaseous product for these compound is ammonia. The gas evolution (GE) curves for each compound 
could be made as function of the temperature on the basis of the various gas chromatograms. These GE curves show 
two maximum peaks; the first is a sharp peak at about 250 °C, while the second is a broad peak in the 280—340 °C 
temperature range. The combination of these GE curves with the results of TG and DTA studies allows more com­
plete interpretations of the thermal-decomposition reactions of the cobalt(III) ammine complexes. 

Thermogravimetric analysis (TG) and differential 
thermal analysis (DTA) have been widely used by ear­
lier investigators for studying the thermal-decomposition 
reactions of some transition metal complexes. These 
techniques gives information concerning the weight loss 
or the thermal changes in the compounds during the 
thermal reactions, but they do not give information on 
the species and the composition of the produced gases. 

When the metal complexes are heated under various 
experimental conditions, volatile ligands or their gaseous 
decomposition product are usually liberated from the 
compounds. Thus, gas evolution analysis (GEA) is 
required for the above reactions in order to obtain exact 
information on the decomposition processes of the com­
pounds. The combination of GEA with a T G or D T A 
apparatus allows more complete interpretations of their 
curves. 

The simultaneous measurements of T G and D T A 
have been reported by Logers, Yamada and Zinn,1) and, 
those of D T A and GEA, by Ayres and Bens,2) Langer 
and Gohlke,3) and Wendlandt et al.*) 

In earlier studies by Wendlandt et a/.,4) GEA curves 
were obtained by the use of a thermister thermal con­
ductivity cell, and the composition of the pyrolyzed gases 
was determined by such conventional techniques as 
mass spectrometry, gas chromatography, and infrared 
absorption spectroscopy. Further works by Wendlandt 
et al.3) have reported the method of leading the evolved 
product gases directly into a mass spectrometer for 
studying the thermal decomposition reactions of [Gu-
( N H 3 ) 4 ] S 0 4 - H 2 0 , some metal-cupferron chelates, and 
halogenopentaamminecobalt ( I I I ) complexes. 

This paper will describe a method of leading the 
evolved product gases directly into a gas Chromatograph, 
the so-called pyrolysis-gas Chromatograph, for studying 
the thermal decomposition reactions of some chloro-
ammine cobalt(III) complexes in the temperature range 
of 25—400 °C; on the basis of the GEA curves, the 
stoichiometrics of the thermal-decomposition reactions 
of these compounds will be presented. 

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

Materials. The hexaammine-,8> chloropentaammine-,7) 
and frarc^-dichlorotetraamminecobalt(III) chloride8) were 
prepared according to the methods given in the literature. 
They were identified by the measurements of the infrared 
absorption spectra. Sample ranging in perticle size between 
100—200 mesh were used in these studies. These chloro-
ammine cobalt(III) chlorides were selected because they are 
the ammine complexes most extensively studied by earlier 
workers. 

* Present adress: Faculty of Pharmaceutical Science, 
Tokyo University of Science, Ichigaya-funagawara, Shinjuku-
ku, Tokyo 162. 

Fig. 1. Schematic diagram of pyrolysis-gas chromato­
graphic apparatus. 
A: Helium cylinder. B: Pressure regulator. C: Stop 
valve. D: Gas sampler. E: Pyrolysis chamber. F : 
Furnace. G: Slide transformer. H : Temperature 
recorder. I : AC voltage stabilizer. J : Gas Chromato­
graph. K : Reference column. L : Separation column. 
M: Thermistor thermal conductivity cell. N : Gas 
chromatogram recorder. 

GEA Apparatus. A schematic diagram of the GEA 
apparatus is given in Fig. 1, while the pyrolysis part of the 
apparatus is illustrated in Fig. 2. 

The GEA apparatus consisted of a pyrolysis chamber (E), 
a furnace(F), a furnace temperature controller(G), a sample 
temperature recorder (H), and a Shimadzu model GC-2C gas 
Chromatograph (J) with a thermal conductivity detector (M). 
Helium from a cylinder (A) and a pressure regulator (B) was 
passed through into reference column (K), into the pyrolysis 
chamber (E), and then into a separation column(L) packed 
with a 20% Silicon oil SF-96 on Fluoro Pack-80 (60—80 
mesh) in a Teflon tube 5 m long by 0.3 cm in diameter. 

The pyrolysis chamber consisted of a U-type Pyrex glass 
tube 15 cm long by 0.4 cm in diameter, which was terminated 
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He to GC 

I. ..I 
gas sampler 

-|—4-way stop cock 

[«-Meta l clanp 

-U-type pyrex tube 

TUttr 

Furnace 

- Glass wool 
- Sample 

Thermocuple 

Fig. 2. Pyrolysis part of the apparatus. 

on both ends by a 0.4-cm-inner-diameter "0" - r ing joint 
(silicon gem). Two " O " -ring joints were attached to the 
joint of the gas sampler of the gas Chromatograph by means of 
a metal clamp. The Pyrex tube was electrically heated by 
Nichrom wire enclosed in the furnace. The furnace was 
made by an asbestos tube, 15 cm long by 4.0 cm in diameter, 
which was wound by Nichrom heater wire and then insulated 
by additional asbestos paper so as to make a layer about 
1.0 cm thick. The temperature of the wall of the Pyrex tube 
was measured by means of a chromel-alumel thermocouple. 
The pyrolysis temperature rise was controlled by means of the 
transformer (G). 

The glass tubing from the pyrolysis chamber to the gas 
sampler of the gas Chromatograph was maintained at about 
60 °C by means of external heating jackets. 

Procedure for Pyrolysis of Sample. Twenty mg of a 
sample was placed in the Pyrex tube and fixed with glass wool. 
The air in the system was swept out with a helium gas at a 
flow rate of 40 ml/min for about 30 min. During this time, 
gas-chromatographic conditions were allowed to be stabilized. 

After the flow of helium had been directly passed through 
into the gas sampler by the changing of the stop cock, the 
heating of the furnace was begun. Usually, a furnace heating 
rate of 1 °C/min was employed, but this could be varied at 
will. The temperature-rising curve was recorded on the 

2 4 6 i 

Retention time (min) 
10 

Fig. 3. Gas chromatogram of nitrogen (1), ammonia 
(2) and water (3) using 20% silicon SF-96 on fluoro 
Pack-80. 

strip-chart recorder (H). 
Procedure for the Analysis of the Gaseous Products. The 

gaseous products evolved during the above pyrolysis procedure 
were quickly swept into the chromatographic separation 
column at periodic intervals of 10 °C by changing the stop cock. 
Thus, the various gas-chromatographic patterns for the evolved 
gases could be obtained as a function of the temperature. 

The peaks appearing on the gas chromatograms were 
identified by the use of the retention times of various pure 
substances which may be expected to be formed during the 
decomposition of the sample. From the peak areas of the 
various peaks, the amount of the decomposition product could 
be ascertained as a function of the temperature. The chro­
matographic patterns for various pure substances are shown in 
Fig. 3. 

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

The GEA curves of the cobalt(III) ammine complexes 
in the temperature range of 25—400 °G in a helium 
atmosphere are given in Fig. 4, while the data on gase­
ous decomposition products are summarized in Table 1. 
These results were reproducible under the experimental 
conditions employed in the present work. 

100 200 300 

Tempetature (°C) 
400 

Fig. 4. Gas evolution curves for [Co(NH3)6]Cl3 (A), 
[CoCl(NH3)5]Cl2(B) and /nzw-[CoCl2(NH3)4]Cl(C) in 
helium atmosphere. 
N 2 ; , N H 3 ; - 0 - O - 0 - . 

TABLE 1. DATA ON GASEOUS DECOMPOSITION PRODUCTS 

Compound 
Moles of 
NH3/mol 

of compound 

Moles of 
N2/mol 

of compound 

[Co(NH3)6]Cl3 

[CoCl(NH3)5]Cl2 

[CoCl2(NH3)JCl 

4.75 
3.80 
2.70 

0.18 
0.15 
0.15 

[Co(NHJ6]Cls. Clark, Quick, and Harkins9) 
have reported that the evolution of ammonia from this 
compound in vacuo began at about 173 °C, while a sub­
limate of ammonium chloride was observed at 181 °C. 
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They also confirmed, on the basis of an analysis of a solid 
mixture and the gaseous products (for ammonia only), 
that the stoichiometry of the thermal dissociation of this 
compound given as; 

6[Co(NH3)6]Cl3 • 
6CoCla + 6NH4C1 + N2 + 28NH3 (1) 

The T G curves of this compound in a nitrogen atmos­
phere reported by Watt10) and by Tanaka and Nanjo11) 
indicated that the first mass-loss (evolution of ammonia) 
began at about 250 °G. O n the other hand, the D T A 
curves of this compound in a helium or nitrogen atmos­
phere reported by Wendlandt12) and Watt10) show that 
the endothermic peak began at about 200 °C, resulting 
in a peak with a ATm-m of 280 °C, and that this was fol­
lowed by a second broad endothermic peak in the 300— 
375 °C temperature range. 

The GEA curve given in Fig. 4A shows that the 
evolution of ammonia from this compound began at 
about 200 °C, the maximum intensity for gas evolution 
being obtained at 250 °C, and that this was followed by 
a second broad peak in the 280—340 °C temperature 
range. These temperature ranges and the number of 
peaks observed in this curve are in agreement with those 
appearing on the D T A curves reported by Watt10) and 
Wendlandt,12) but the first and second peak maxima 
were somewhat lower than those appearing on the D T A 
curves.10'12) 

The stoichiometry of the thermal decomposition of 
this compound, based on the data given in Table 1, 
agrees with that previously proposed by Clark et al.,9) 
Watt,10) and Wendlandt,12) as given in Eq. 1. 

[CoCl(NH3)5]Cl2. The T G curves of this com­
pound have been reported by a number of investigators. 
Wendlandt13) found that the compound began to loss 
mass at 180 °C. However, the T G curves reported by 
Kawakubo14) and Watt10) indicated that the mass-loss 
of this compound began at 200 °C. 

The DTA curves for this compound have been report­
ed by Lavanov et al.,15) Kawakubo,14) Watt10) and 
Wendlandt and Smith.16) The D T A curves in a nitro­
gen atmosphere reported by the above investigators 
contained two endothermic peaks; the first began at 
about 200 °C, with a A!Tm;n value of about 280 °C, while 
second began with a A!Tm;n value of about 320 °C. 

Watt10) confirmed, from his T G and D T A curves and 
an analysis of the gaseous decomposition products, that 
the over-all reaction leading to the formation of CoCl2 

is: 

6[CoCl(NH3)5]Gl2 • 
6CoCl2 + 6NH4C1 + N2 + 22NH3 (2) 

The GEA curve given in Fig. 4B shows that the evolu­
tion of ammonia from this compound began at about 
200 °C, the corresponding maximum intensity for gas 
evolution being found at about 250 °C, and that this was 
followed by a second broad peak in the 280—320 °C 
temperature range. These temperature ranges and the 
number of peaks observed in this curve are in agreement 
with those appearing on the D T A curves reported by 
Watt10) and Wendlandt and Smith.16) 

The stoichiometry of the thermal decompositions of 
this compound, based on the data given in Table 1, 

agrees with that previously proposed by Watt1*) and 
Wendlandt and Smith16) as given in Eq. 2. 

trans-lCoCl^NHJ^CL Ocone et al.11) have 
reported the T G curves for eis- and trans-types of this 
compound in a nitrogen atmosphere. The curve for the 
trans-type indicated that the mass-loss began at 181 °C, 
corresponding to the loss of three moles of ammonia in 
the over all reaction. Also, the curve for the trans-type 
of this compound was essentially in agreement with that 
obtained by Watt.10)' 

T h e D T A curve for the trans-type of this compound in 
nitrogen reported by Watt10) was very similar to that for 
[CoCl(NH3)5]Cl2 , exhibiting well-defined endothermal 
minima at 283 and 347 °C. Watt10) also confirmed, 
from his T G and D T A curves, and based on an analysis 
of the gaseous decomposition products, that the stoichio­
metry of the thermal dissociation reaction of this com­
pound given as: 

6[CoCl2(NH3)4]Cl • 

6CoCl2 + 6NH4C1 + Na + 16NH3 (3) 

The GEA curve given in Fig. 4C shows that the ther­
mal decomposition of this compound begins with the 
evolution of ammonia at about 180 °C, the maximum 
intensity of the gas evolution appearing at 250 °C, and 
that this followed by a second broad peak in the 280— 
340 °C temperature range. These temperature ranges 
and the number of the peaks observed in this curve are 
in agreement with those appearing on the D T A curves 
reported by earlier researchers.10 '11) 

The stoichiometry of the thermal dissociation of this 
compound, based on the data given in Table 1, agrees 
with that previously proposed by Watt10) given in Eq. 3. 

From the GEA curves in Fig. 4 and the results obtain­
ed by earlier investigators,10 '11 '18-20) it may be seen that 
the starting of the thermal decomposition reactions of 
chloroammine cobalt(III) chlorides in a helium atmos­
phere at a slow heating rate takes place by means of the 
following competition reactions: 

. [Co inCl(NH3)6]Cl2 + NH3 

[Coni(NH3)6]Cl3 -<T 
^ low ammine cobalt(II) complexes 

. [CoinCl2(NH3)4]Cl + NH3 

[ComCl(NH3)5]Cl2 - < " 
^ low ammine cobalt (I I) complexes 

- [CoinCl3(NH3)3] + NH3 
[CoIIICl2(NH3)4]Cl - < f 

^ low ammine cobalt (I I) complexes 

Although the peak maximum temperature is depend­
ent upon the furnace heating rate, the sample size, the 
carrier gas flow rate, the furnace atmosphere, and so on, 
the use of simultaneous GEA-gas chromatographic anal­
ysis gives exact data concerning the thermal decomposi­
tion reactions of metal complexes. 

The author wishes to thank Professor Masaakira 
Iguchi, Tokyo University of Science, for his valuable 
advice. 
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Binuclear Metal Complexes. XVI.1) Hetero Metal Binuclear Complexes 
with N,iV'-Bis(3-carboxysalicylidene)ethylenediamine2) 
Hisashi OKAWA, YUZO NISHIDA, Mitsunori TANAKA,* and Sigeo KIDA 

Department of Chemistry, Faculty of Science, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812 
^Faculty of Education, Kagawa University, Takamatsu, Kagawa 760 

(Received June 17, 1976) 

Hetero metal binuclear complexes, MM' (fsaen)-nH20 (M=Cu(II ) and Ni(II); M '=Cu( I I ) , Ni(II), Co(II), 
Fe(II), and Mn(II) ; n= 1—3), with iV,JV'-bis(3-carboxysalicylidene)ethylenediamine (H4fsaen) have been synthesiz­
ed and characterized, where M and M' denote the metal ion coordinated by the N2Oa-coordinating atoms and the 
04-coordinating atoms, respectively. The magnetism of CuNi(fsean)«3H20 and CuCo(fsaen) ' 3H 2 0 is explained 
in terms of the Heisenberg model. The magnetism of NiCu(fsaen) -HaO, NiCo(fsaen) -2H20, and NiMn(fsaen) • 
2H 2 0 obeys the Curie-Weiss law, demonstrating the binuclear structure to be composed of one diamagnetic nickel-
(II) and one paramagnetic M'(II) ions. CuFe(fsaen)-2HaO, NiFe(fsaen)-2H20, and CuMn (fsaen). H 2 0 each 
shows unusual magnetic property. 

Binuclear metal complexes containing two different 
metal ions are of interest in connection with spin-ex­
change and charge-transfer between metal ions and in 
the domain of metalloenzymes and homogeneous cataly­
sis. One method for the synthesis of hetero metal bi­
nuclear and polynuclear complexes is to use the reaction 
of a simple metal salt with a metal chelate ligand such as 
a quadridentate Schiff base complex3-5) or a sulfur-
ligand complex.6»7) Binuclear and polynuclear com­
plexes such as V( rV)0-Cu( I I ) 3 ' 4 > and C u ( I I ) - M ( I I ) -
Cu(II)5) have been obtained by this method. The suc­
cess in synthesizing hetero metal binuclear complexes 
depends on the stability of the starting metal chelate and 
the solubility of the hetero metal complex. Thus , appli­
cation of this method to other hetero metal polynuclear 
complexes is limited. 

Another method for obtaining hetero metal binuclear 
complexes is to use a step-wise reaction of two different 
metal ions with a coordinatively selective binucleating 
ligand, in which two coordinating sites differ from each 
other in the ligand field strength or in the stereochemi­
stry of coordination. A few such ligands have recently 
been reported.1'8»9) 

In previous papers of this series,1»8) it was shown that 
the Schiff bases derived from 3-formylsalicylic acid and 
diamines are binucleating ligands with coordinative 
selectivity. They formed a hetero metal complex of 
Gu(II)-Ni(II ) 8 ) and binuclear nickel(II) complexes 
with one diamagnetic and one paramagnetic nickel(II) 
ions.1) This report deals with the synthesis and char­
acterization of hetero metal binuclear complexes with 
iV,iV-bis(3-carboxysalicylidene)ethylenediamine (ab­
breviated to H 4 fsaen). T h e complexes are represented 
by MM'(fsaen) - n H 2 0 (M(I I ) = Gu(II) and Ni(II) ; M ' = 
Gu(II ) , Ni ( I I ) , Co(I I ) , Fe ( I I ) , and M n ( I I ) ; n = l — 3 ) , 

Fig. 1. 

where M is an " ins ide" metal ion coordinated by the 
N 2 0 2 -coordinat ing atoms and M ' is an "outside" metal 
ion coordinated by the 0 4 -coordinat ing atoms (Fig. I ) . 
A par t of this work has been reported,8) which is the first 
report on hetero metal binuclear complexes with H 4 

fsaen. Recently some hetero metal binuclear complexes 
such as C u ( I I ) - U ( V I ) 0 2 and N i ( I I ) - T h ( I V ) were ob­
tained using H 4 fsaen.10) However, no hetero metal 
binuclear complexes with first transition metal ions have 
been obtained. 

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

Syntheses. The syntheses of mononuclear complexes, 
Gu(H2fsaen).0.5H2O and Ni(H2fsaen)-0.5H2O, have been 
described in the previous paper.1) 

CuNi(fsaen).3H%0. Cu(H2fsaen).0.5HaO (107 mg) 
was dissolved in an aqueous solution (50 ml) of lithium hydro­
xide monohydrate (21 mg) by warming. A small amount of 
insoluble particles was separated by filtration. To this 
solution was added an aqueous solution (10 ml) of nickel(II) 
chloride hexahydrate (60 mg) and the resulting red-purple 
solution was left to stand overnight at room temperature to 
give reddish purple prisms, which were collected, washed with 
water, and dried over P2Os in a vacuum desiccator. 

Found: G, 40.65; H, 3.45; N, 5.27; Gu, 12.27; Ni, 10.74%. 
Galcd for C18H12N206CuNi • 3H 2 0 : G, 40.90; H, 3.43; N, 
5.30; Cu, 12.02; Ni, 11.10%. 

CuCo(fsaen) -3H20. To an aqueous solution prepared 
from Cu(H2fsaen)»0.5H2O (107 mg) and lithium hydroxide 
monohydrate (21 mg), was added an aqueous solution (10 ml) 
of cobalt(II) chloride hexahydrate (80 mg) to give a red-
purple solution. After the reaction mixture was left to 
stand overnight at room temperature, purple prisms separated 
were collected, washed with water, and dried over P 2 0 6 in 
vacuo. 

Found: C, 40.94; H, 3.58; N, 5.32; Go, 11.41; Cu, 12.28%. 
Galcd for C18H12N206CoGu • 3HaO : G, 40.88; H, 3.43; N, 
5.30; Co., 11.14; Gu, 12.02%. 

CuFe(fsaen) • 2H20. This complex was obtained as 
yellowish brown prisms by reacting Cu(H2fsaen)'0.5H2O 
(107 mg) with iron(II) sulfate heptahydrate (70 mg) in the 
presence of lithium hydroxide monohydrate (21 mg). 

Found: C, 42.25; H, 3.18; N, 5.50; Gu, 12.60; Fe, 10.65%. 
Galcd for C1 8H1 2N206CuF e .2H20: C, 42.58; H, 3.18; N, 
5.52; Cu, 12.52; Fe, 11.00%. 

CuMn(fsaen) -H20. This complex was obtained as 
pink-purple prisms by reacting Cu(H2fsaen) -0.5H2O (107 mg) 
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Fig. 2. Electronic spectra of ( )CuNi(fsaen) -3H20, 
( )CuGo(fsaen) • 3HaO, ( )CuFe(fsaen) -2H20, 
and ( )CuMn(fsaen).H20. 
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-)NiCu(fsaen).H20, Fig. 3. Electronic spectra of i 
( )NiCo(fsaen).2HaO, ( )NiFe(fsaen).2H20, 
and ( )NiMn(fsaen).2H20. 

TABLE 1. MAGNETIC MOMENTS OF COMPLEXES 

AT ROOM TEMPERATURE 

with manganese(II) sulfate hexahydrate (65 mg) in the 
presence of lithium hydroxide monohydrate (21 mg). 

Found: C, 44.06; H, 2.63; N, 5.72; Cu, 12.52; Mn, 11.51%. 
Calcd for C1 8H1 2N a06CuMn.H20: G, 44.23; H, 2.89; N, 
5.73; Cu, 13.00; Mn, 11.24%. 

NiCu(fsaen) -H20. Ni(H2fsaen) -0.5H2O (106 mg) was 
dissolved in an aqueous solution (60 ml) of lithium hydroxide 
monohydrate (21 mg) by warming. To the resulting red 
solution was added an aqueous solution (10 ml) of copper(II) 
chloride dihydrate (34 mg). Immediately pinkish orange 
prisms separated. After the reaction mixture had been 
warmed at 50 °C for 10 min, the product was isolated, washed 
with water, and dried over P2Os in vacuo. 

Found: C, 43.53; H, 2.52; N, 5.62; Cu, 12.72; Ni, 12.30%. 
Calcd for C18H12N206CuNi• H a O: C, 43.89; H, 2.86; N, 
5.69; Cu, 12.90; Ni, 11.92%. 

NiCo(fsaen) -2H20. This complex was obtained as 
yellowish brown micro-crystals from Ni(H2fsaen) ^.SHoO 
(106 mg), cobalt(II) chloride hexahydrate (65 mg) and 
lithium hydroxide monohydrate (21 mg). 

Found: C, 43.13; H, 2.92; N, 5.67; Co, 11.98; Ni, 12.16%. 
Calcd for C1 8H1 2N206CoNi.2H20: C, 42.73; H, 3.19; N, 
5.54; Co, 11.65; Ni, 11.60%. 

NiFe(fsaen) '2H%0. This complex was obtained as 
reddish orange micro-crystals from Ni(H2fsaen) -O.SHaO 
(106 mg) and iron(II) sulfate heptahydrate (70 mg) in the 
presence of lithium hydroxide monohydrate (21 mg). 

Found: C, 43.24; H, 2.75; N, 5.49; Fe, 11.46; Ni, 12.02%. 
Calcd for C18H12N206FeNi-2H20: C, 42.99; H, 3.21; N, 
5.57; Fe, 11.11; Ni, 11.67%. 

NiMn(fsaen) -2H20. This complex was obtained as 
yellow needles from Ni(H2fsaen) «0.5H2O (106 mg), manga-
nese(II) sulfate hexahydrate (65 mg) and lithium hydroxide 
monohydrate (21 mg). 

Found: C, 42.74; H, 2.82; N, 5.45; Mn, 10.91; Ni, 11.31%. 
Calcd for C1 8H1 2N206MnNi-2H20: C, 43.07; H, 3.22; 
N, 5.58; Mn, 10.95; Ni, 11.70%. 

Measurements. C, H, and N elemental analyses were 
carried out at the Service Center of Elemental Analysis, 
Kyushu University. Metal analyses were carried out with a 
Shimadzu Atomic Absorption-Flame Spectrophotometer Model 
AA-610S. The aqueous solution for the measurement was 
prepared by thermally decomposing a complex in the presence 
of sulfuric acid and dissolving the resulting metal sulfate in 
dilute hydrochloric acid or sulfuric acid. Infrared spectra 
were measured with a Hitachi Infrared Spectrophotometer 
Model 215 on a KBr disk. Electronic spectra were measured 
with a Shimadzu Multipurpose Spectrophotometer Model 
MSP-5000 by the reflection on a powder sample. Magnetic 
susceptivility was measured by the Faraday method, where 
diamagnetic correction was carried out by means of Pascal's 
constants. 

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

Infrared spectra of the complexes resemble each other 
and are similar to those of Cu2(fsaen)-3H20 and Ni2-
(fsaen) • 3 H 2 0 , whose binuclear structures have been 
characterized.1) No band was found in the region 
1750—1650 c m - 1 . Instead a broad and strong band 
was found around 1550 c m - 1 , which is at t r ibutable to 
the coordinated carboxylate group. 

Because of the low solubility of the complexes in most 
solvents, the electronic spectra were measured by reflec­
tion on a solid sample. T h e electronic spectra are given 
in Figs. 2 and 3. T h e room temperature magnetic 

Äff (7 (K) ) 
(Bohr magneton) 

CuNi(fsaen)-3H20 3.05a>(292.6) JVa=200x 10-« e.m.u. 
CuCo(fsaen).3H20 4.76a>(295.4) iVa=450x 10-« e.m.u. 
CuFe(fsaen) • 2H 2 0 2.76b> (297.8) 
CuMn(fsaen) • H 2 0 5.17b> (293.2) 
NiCu(fsaen)-H20 1.87a>(294.7) Nx= 60x 10-« e.m.u. 
NiCo(fsaen) -2H20 5.15a>(293.1) iVa=400x 10-« e.m.u. 
NiFe(fsaen) • 2H 2 0 2.29b> (297.8) 
NiMn(fsaen).2H20 5.71b>(293.0) 

a) Magnetic moment was calculated by the equation 
i"eff=2.828v/(zM-iVa) T using the estimated JVa given 
in the Table, b) Calculated by the equation pett= 
2 .82V&T" . 

moments of the complexes are given in Table 1. 
The electronic spectrum of GuNi(fsaen)-3H 20 pos­

sesses ligand field bands (9500, 16000, and 19000 cm-1) 
in the visible region. T h e band a t 19000 c m - 1 seems 
substantially the same as the band found for Gu(H2-
fsaen)-0.5H2O and tentatively assigned to the "inside" 
copper(II ) . " T h e bands a t 9500 and 16000 cm"1 , on the 
other hand, may be assigned to the nickel(II) in an 
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octahedral environment. The molar magnetic moment 
of this complex is subnormal (3.05 Bohr magnetons 
(MB)). I t has been shown1) that this magnetic behavior 
can be explained on the basis of the Heisenberg model 
by the equation, 

7 - Ns2ß2 io+exp(-3y/*:r) 
*M 4kT 2 + exp(-3J/kT) "*" K) 

where J is the exchange integral, k the Boltzmann con­
stant, N the Avogadro number , ß the Bohr magneton 
and g the Lande ^-factor. T h e magnetic parameters, 
J> £ave> a n d Net ( temperature-independent paramagnet­
ism), determined from the best fit of the experimental 
Xu values to the Eq. 1 are —75 cm"1 , 2.19 and 200 X 
10 - 6 e.m.u./mol, respectively.1) 

The electronic spectrum of CuCo(fsaen)-3H 2 0 shows 
the ligand field bands at 8300, 11000, 17000, and 19200 
cm - 1 . The band at 19200 c m - 1 is at tr ibuted to the 
copper(II) in the "inside" coordination site. T h e re­
maining bands may be assigned to the cobalt(II) ion. 
The spectrum resembles that of hexaaquacobal t ( II) . 
Therefore, coordination of water molecule to the cobalt-
(II) from an apical direction is presumed. O n assuming 
an octahedral configuration around the cobal t ( I I ) , the 
band at 8300, 11000, and 17000 c m - 1 are assigned to the 
4 T 2 g ^ 4 T l g , 2Eg<-4T lg, and 4 A 2 g <- 4 T l g transitions, re­
spectively. The transition 4 T l g (P)«- 4 T l g (F) can be 
superposed by the band of the copper(II) ion. 

The magnetic moment for a cobalt (I I) ion under 
octahedral symmetry is, in general, larger than the spin-
only value because of the contribution from an orbital 
angular momentum, and is in the range 4.3—5.2 MB-
The magnetic moment of CuCo(fsaen)-3H 2 Ois4.76# B 

which seems common to a magnetically noninteracting 
Cu(I I ) -Go(I I ) system if we take into account the 1.85 
MB of Cu(H2fsaen)-0.5H2O. However, the magnetic 
moment of this complex markedly depends on tempera­
ture, indicating the spin-spin exchange interaction be­
tween the metal ions (Fig. 4) . Based on the Heisenberg 
model, spin-spin coupling between copper(II) ( ^ = 1 / 2 ) 

100 200 

r(K) 
300 

Fig. 4. Variations of molar susceptibility and inverse 
molar susceptibility for CuCo(fsaen) • 3H2Ö as a function 
of temperature. 

and cobalt(II) ( J 2 = 3 / 2 ) would result in two spin states, 
s=\ and s=2. T h e spin-quintet state is separated by 
—4J f rom the supposed spin-triplet ground state, where 
J is the exchange integral. T h e molar magnetic sus­
ceptibility for this system is expressed by the equation, 

ZM = kT 
lO + 2cxp(-4JjkT) 
5 + 3exp {-AJjkT) (2) 

As is seen in Fig. 4, the magnetic susceptibility (and the 
inverse magnetic susceptibility) is in accordance with the 
theoretical value when average g-value, J and No. are 
estimated at 2.45, —35 c m - 1 and 450 X 10"6 e.m.u./mol, 
respectively. I t is likely that the orbital contribution 
from the cobalt (I I) to the total magnetic susceptibility is 
small. This implies that the geometry around the cobalt-
(II) is not exactly octahedral. The 4 T l g ground state of 
cobalt(II) in an octahedral environment should split 
into two or three states under a low symmetry. If the 
first excited state were thermally accessible, the tempera­
ture dependence of magnetic susceptibility would be­
come much complicated, and could not be interpreted in 
terms of Eq. 2. Thus , the ground state for the cobalt(II) 
in CuCo(fsaen)-3H 2 0 is orbitally singlet and the first 
excited state is above the ground state more than 1000 
cm- 1 . According to Sinn11) the orbital contribution to 
magnetic susceptibility of a poly-nuclear cluster, in 
general, can be ignored. Thus the geometry around the 
cobalt in CuCo(fsaen)-3H 2 0 is pseudo-octahedral; it is 
supposed that the water molecules in the apical positions 
are elongated. 

Electronic spectrum of GuFe(fsaen)-2H 2 0 shows a 
band at 22000 c m - 1 in addit ion to the band (19000 
cm- 1) at tr ibutable to the " inside" copper(II ) . In 
general, high-spin iron (I I) in an octahedral crystal field 
should show the spin-allowed transition 5E g<- 5T 2 g 

around 11000 c m - 1 . However, such a band could not 
be found for CuFe(fsaen) - 2 H 2 0 . T h e molar magnetic 
moment decreases with lowering of temperature from 
2.76 MB at 297.8 K to 1.90 MB at 79.9 K (Table 2). This 
behavior can not be explained in terms of the spin-ex­
change interaction between a copper(II) and a high-spin 
i ron(I I ) . I t might be possible to explain the magnetism 
in terms of a spin-equilibrium between high-spin (or 
intermediate-spin) and low-spin states of i ron(I I ) . Based 
on this assumption, the band at 22000 c m - 1 is at tr ibuta­
ble to a low-spin i ron(I I ) . However, most i ron(II) 
cross-over complexes are restricted to those containing 
imine-nitrogen ligands12"18) and no iron(II) cross-over 
complex with only oxygen-ligands has yet been obtain­
ed. 

In the spectrum of CuMn(fsaen)-H a O no character­
istic band was found except the band a t 19400 cm"1 , 
which is at tr ibutable to the "inside" copper(I I ) . This 
seems natural since a high-spin manganese(II) shows no 
spin-allowed d-d transition. „ T h e molar magnetic mo­
ment is 5.17 MB which is much lower than the value ex­
pected for only high-spin manganese(II) . This indicates 
an antiferromagnetic spin-exchange interaction between 
copper(II) and manganese(II) . 

In composition, color, infrared spectrum, electronic 
spectrum and magnetic property NiCu( fsaen) -H 2 0 
differs from GuNi(fsaen)-3H 2 0. T h e reflectance spec-
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TABLE 2. TEMPERATURE DEPENDENCE OF MOLAR suscEPTiBiLiTY(e.m.u./mol) AND EFFECTIVE 

MAGNETIC MOMENT (ßB) FOR CuFe(fsaen)-2H20 AND NiFe(fsaen)-2HaO 

CuFe(fsaen).2H20 
T{K) 79.7 102.2 122.3 146.4 167.2 188.1 207.6 226.0 246.1 265.2 284.1 297.8 

Z M - 1 0 6 5678 5202 4780 4455 4221 4018 3821 3660 3510 3401 3304 3203 
H,„ 1.90 2.06 2.16 2.28 2.38 2.46 2.52 2.57 2.63 2.69 2.74 2.76 

NiFe(fsaen).2H20 
T(K) 80.6 100.1 119.2 128.9 147.2 167.9 188.3 208.1 227.7 247.8 268.0 297.8 
XjflO« 3384 3048 2810 2684 2606 2547 2483 2401 2349 2295 2256 2198 
Men 1-48 1.56 1.64 1.66 1.75 1.85 1.93 2.00 2.07 2.13 2.20 2.29 

0 100 200 

T(K) 

Fig. 5. The inverse magnetic susceptibilities for (O) 
NiCu(fsaen).H20 and ( # ) NiCo(fsaen).2H20. 

t rum of NiCu(fsaen) -H 2 0 possesses two ligand field 
bands a t 12000 and 19000 cm"1 . T h e first band seems 
to be essentially the same as the band ( 13400 cm - 1 ) 
found for Cu 2 ( fsaen)-2H 2 0. T h e bands at 12000 and 
19100 c m - 1 are tentatively assigned to the "outs ide" 
copper(II) and the " ins ide" nickel(II), respectively. 
T h e molar magnetic moment at room temperature is 
1.87 MB and the inverse magnetic susceptibility obeys the 
Curie-Weiss law in the temperature range 78—300 K. 
Spectral and magnetic properties indicate tha t NiCu-
( fsaen)-H 2 0 is composed of one diamagnetic nickel(II) 
and one copper(II) ions. 

T h e electronic spectrum of NiCo(fsaen)-2H 2 0 re­
sembles that of CuCo(fsaen) -3H 2 0. Therefore, the 
assignment of the ligand field bands was tentatively done 
by an assumption of a pseudo-octahedral configuration 
around the cobalt(II) ; 8100 ( 4T 2 g<- 4T l g ) , 12000 (2Eg<-
4 T l g ) , 16200 (4A2 g<-4T l g) , and 19500 c m - 1 ( 4 T l g (P )^ -
4 T l g ( F ) ) . T h e band at 19500 c m - 1 may be overlapped 
by the band due to the " ins ide" nickel(II) . T h e sup­
posed structure of planar nickel (II)-octahedral cobalt-
(II) is supported by magnetic measurements. T h e 
magnetic moment at room temperature is 5.15 MB, which 
is common to high-spin cobalt(II) complexes. The plot 
of the inverse magnetic susceptibility against tempera­

ture obeys the Curie-Weiss law as is shown in Fig. 5. 
NiFe(fsaen)-2H 2 0 resembles CuFe(fsaen) • 2 H 2 0 in 

spectral and magnetic properties. The magnetic sus­
ceptibility and magnetic moments at various tempera­
ture are given in Table 2. Since the electronic spectrum 
indicates that the nickel(II) has a planar configuration, 
unusual magnetic property of this complex is attributed 
to the i ron(I I ) . 

From the electronic spectrum it is apparent that the 
configuration around the nickel(II) in NiMn(fsaen)-
2 H 2 0 is also planar. T h e fact that the room tempera­
ture magnetic moment is 5.71 MB which is common to 
high-spin manganese(II) supports the binuclear struc­
ture composed of planar nickel (I I) and high-spin raan-
ganese(II) . 

Consequently the nickel(II) in NiM'(fsaen)-/zH20 is 
always planar . This finding is compatible with the fact 
that the "inside" nickel(II) is always diamagnetic in 
Ni 2 ( fsaen)-3H 20 and its homologues. The ligand field 
band due to the "inside" metal ion in the present com­
plexes shifts to higher energy as compared with the band 
of the corresponding monomeric complex. This implies 
that the binuclear complex formation enhances the 
coplanarity of the " inside" metal plane.19) 
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A New Spectrophotometric Method for the Determination of Some 
Reducible Compounds by the Reduction with Chromium(II) Ion 
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Department of Chemistry, Faculty of Science, Kanazawa University, Kanazawa 920 
(Received July 6, 1976) 

A number of reducible compounds, such as nitrates, nitrites, nitro, nitroso, azoxy compounds, aldehydes, carbon 
tetrachloride, oximes, and chloramine T, can be determined by reducing them with chromium(II) ion prepared in an 
aqueous solution in a special vessel and measuring the absorbance of the resulting chromium(III) in the solution. In 
this reducing process, nitrate and nitrite are reduced to hydroxylamine quantitatively in hydrochloric acid at room 
temperature; carbon tetrachloride, nitrobenzene, and chloramine T each consume definite amounts of chromium (II) 
in an acidic medium at room temperature; propionaldehyde and azoxybenzene react with the reagent only in a basic 
solution; dimethylglyoxime and l-nitroso-2-naphthol react only under heating at 80 °C in an basic medium. The 
absorbance of the resulting chromium(III) ion in the presence of the excess chromium(II) is found to obey Beer's law 
at the wavelengths of 410—425 nm over the range of 4 x 10~3—8x 10~2 mol/1 of chromium (II I). This concentra­
tion range corresponds to about 10~5—10~4 mol of the reducible compounds mentioned above. A rapid and 
precise method has been established with few disadvantages. 

Although the spectrophorometric method for nitrite 
with Griess-Romijin reagent1) is strikingly simple and 
accurate, for nitrate we have few methods of accurate 
determination. Most of the spectrophotometric methods 
for nitrate are based on the nitration of some organic 
reagents ; these are often difficult to perform, since some 
methods are only applicable to a solid nitrate sample 
{e.g., the phenoldisulfonic acid method2 - 6)) and others 
give hardly linear calibration curves at the wavelengths 
of maximal absorption of the colored compound {e.g., 
the brucine method 7 - 8 ) ) . This may be caused by the 
fact that nitration is apt to be affected by the presence of 
chloride, bromide, or nitrite, and also by other experi­
mental conditions. 

O n the other hand, both nitrate and nitrite were also 
found to be readily reduced to hydroxylamine by low 
valence ions such as Cr(II) .9) I t has also been known 
that some organic compounds containing nitro,10-12) 
nitroso,11) and diazo groups11) react with some low 
valence ions such as Cr ( I I ) , T i ( I I I ) , and V ( I I ) ; further­
more, chloroform, carbon tetrachloride,13) and oximes14) 
are also reducible with these ions. In the titrimetric 
process a sample is put into a solution containing an 
excess of these ions and allowed to react perfectly under 
an opt imum condition of acidity or temperature ; then 
the unconsumed reducing agent is back-titrated with 
i ron(III) standard solution using thiocyanate as an indi­
cator. In this case, however, the color change a t the 
end point was not precisely detectable. Chromium(II ) 
ions are preferred as a reducing agent because the blue 
color changes to green by the oxidation, so if we can 
measure the absorbance of the green color of chromium-
(III ) resulting after the reduction of the sample, even 
minute amounts of the above inorganic and organic 
compounds could be determined spectrophotometrical-

This paper describes a rapid and simple method based 
on the above principle with some devices to prevent the 
oxidation of the remaining chromium(II) by air : we 
use a new air-shielded vessel that resembles the ordinary 

* Present address: Department of Chemistry, Faculty of 
Science, Tokyo Metropolitan University, Setagaya-ku, Tokyo 
158. 

reductor vessel with liquid amalgam. The vessel is also 
useful for pipetting an aliquot of the solution for measur­
ing the absorbance of chromium ( I I I ) . The absorbance 
at the wavelength of 420 nm gives the concentration of 
chromium(II I ) and is not affected by the excess chro-
mium( I I ) . Beer's law is obeyed over the range of 4 x 
1 0 - 3 - 8 x 10 - 2 mol/1 of chromium(II I ) . 

Exper imenta l 

Reagents. Potassium dichromate standard solution (0.1 M) : 
Potassium dichromate of the guaranteed reagent grade (29.422 
g) was dissolved in 1000 ml of 1.5 M hydrochloric acid. This 
solution was diluted again with 1.5 M hydrochloric acid to 
prepare 0.01 M solution. 

Standard Nitrate. Stock Solution (0.03 M): Potassium 
nitrate of the guaranteed reagent grade was dried, weighed 
(3.033 g), and dissolved in 1000 ml of distilled water. A 
standard nitrate solution in desired concentration was prepared 
by diluting the stock solution appropriately. 

Standard Nitrite Stock Solution (0.18M): In distilled water 
12.42 g of sodium nitrite of the guaranteed reagent grade was 
dissolved and the solution was diluted to 1000 ml. A 100 ml 
portion of the solution was diluted again to 1000 ml with 
distilled water and standardized as follows:15) 50 ml of the 0.05 
M potassium permanganate solution, 1 ml of concentrated 
sulfuric acid, and 50.00 ml of the sodium nitrite solution were 
taken in a glass-stoppered bottle. The reaction was made to 
proceed completely under occasional shaking for 15 min, then 
2 g of potassium iodide were put into the solution. The 
liberated iodine was titrated with 0.025 M sodium thiosulfate 
standard solution using starch as an indicator. From the 
amount of potassium permanganate consumed by the sodium 
nitrite the concentration of the standard solution of nitrite was 
determined. A standard solution of a suitable concentration 
was prepared by diluting the stock standard solution. 

Zinc Amalgam: 3—4 g of mossy zinc metal were washed 
with 1 M sulfuric acid and the metal pieces were put into 100 
g of mercury placed in a porcelain casserole; then they were 
covered with 20 ml of 1 M sulfuric acid. The casserole was 
placed on a boiling water-bath to amalgamate the zinc with the 
mercury under occasional stirring; the liquid zinc amalgam 
thus prepared was separated from the solid by means of a 
separating funnel. The liquid zinc amalgam was stored in a 
glass stoppered bottle which contained 1 M sulfuric acid, 
enough to cover the amalgam. 
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Organic Compounds: Carbon tetrachloride, chloroform, 
nitrobenzene, and propionaldehyde, all of the guaranteed 
reagent grade, were submitted to analysis without any purifica­
tion. 

Chloramine T: 0.845 g of chloramine T (guaranteed 
reagent grade) was dissolved in 10 ml of distilled water. 

Dimethylglyoxime: 0.363 g of dimethylglyoxime was dis­
solved in 20 ml of 3 M sodium hydroxide. 

l-Nitroso-2-naphthol: 0.733 g of l-nitroso-2-naphthol (guar­
anteed reagent grade) was dissolved in 20 ml of benzene. 

Other Chemicals: Sulfuric acid, sodium hydrogensulfide, 
and amidosulfuric acid were of the guaranteed reagent grade. 

Apparatus. A Hitachi 239 type digital spectrophoto­
meter and Hitachi 323 type recording spectrophotometer with 
1 cm glass cells were used. 

The devised reductor is shown in Fig. 1, where (A) is a 
300-ml glass vessel similar to a separating funnel, with the 
glass stopcock (E), fitted with a 10-ml glass reservior (C) 
through a rubber tube (B). (F) is the sample inlet. 

Fig. 1. Amalgam reductor. 
A: Amalgam reductor, B: rubber tube, C: glass re­
servior, D: N2-gas inlet, E: stopcock, F : sample inlet 
and outlet. 

Procedure. The liquid zinc amalgam was introduced 
into the vessel (A) through the inlet (D) and dropped into the 
reservoir to fill out (C) up to the upper level of the stopcock 
(E). After the stopcock (E) was closed, and excess of the 
amalgam was rejected through (D) by turning the vessel 
upside down. The vessel was then returned to the normal 
position. For the determination of nitrate and nitrite, 10 ml 
of 0.02 M potassium dichromate solution (in 1.5 M hydro­
chloric acid) was pipetted into the reductor. Nitrogen gas 
was introduced through an alkaline pyrogallol washing solution 
into the reductor for 2—3 min to displace the air in the vessel 
completely; the gas flowed through the vessel from (D) to 
(F); (F) and (D) were then closed respectively with small 
silicon rubber stoppers. The zinc amalgam in the reservoir 
(C) was transferred back to the reductor by'turning the vessel 
upside down, the stopcock (E) was closed, and the reductor 
was shaken for about 5 min till the orange color of the solution 
completely changed to sky blue. After the vessel was returned 
to normal, the zinc amalgam was completely restored 
to the reservoir through the cock (E) by pushing on the side of 
the rubber tube (B) with one's fingers; then the stopcock (E) 
was sclosed. Ten milliliters of a sample solution were intro-

Fig. 2. New designed air-shielded vessel. 
A : Air-shielded vessel made of 500 ml polyethylene 
bottle, B: N2-gas inlet, C: N2-gas outlet, D: 10 ml glass 
injector, E: absorption cell, F : base, made of wood. 

duced through the inlet (F), under the passage of nitrogen gas 
from (D) through the vessel. The reductor was shaken for 
about 5 min. About 5 ml of the solution were carefully sucked 
up into a 10-ml injector through the silicone rubber stopper and 
transferred into a 1-cm glass cell placed in a newly designed 
enclosed vessel, in Fig. 2, which was filled with nitrogen gas 
from the continuous passage of the gas. The cell was closed 
with a glass cover plate to protect it from the air. The 
absorbance of chromium(III) in the solution was measured at 
420 nm with distilled water as the reference. 

Carbon tetrachloride, nitrobenzene, and chloramine T were 
found to react with chromium(II) ion in 1.5 M hydrochloric 
acid solution at room temperature. A suitable amount of the 
sample was introduced to the chromium(II) solution by 
means of a microsyringe through the inlet rubber stopper (F). 
After the reductor was shaken for 30 min, the absorbance of the 
resulting chromium(III) was measured. 

Propionaldehyde and azoxybenzene were reduced very 
slowly in acidic solution at room temperature, whereas they 
react smoothly in a weak alkaline solution. Five milliliters of 
3 M sodium hydroxide solution were slowly introduced with a 
pipette through (F) into the reductor containing 10 ml of 
0.02 M chromium(II) under nitrogen gas flow, and at that 
time a greyish blue precipitate appeared in the solution. A 
suitable amount of the sample solution was injected into the 
reductor with a microsyringe through the rubber stopper (F). 
After the reductor was shaken for about 30 min, the solution 
was made acidic by adding 5 ml of 6 M hydrochloric acid with 
a pipette through (F) under nitrogen gas flow. The absor­
bance of the resulting chromium(III) was measured in the same 
way as described above. 

Dimethylglyoxime and l-nitroso-2-naphthol react with 
chromium(II) ions in a weak alkaline solution at 80 °C. 
After 5 ml of 3 M sodium hydroxide was introduced into the 
reductor which contained chromium(II) solution, a suitable 
amount of the sample was injected with a microsyringe in 
the same way as above. Then, the reductor was warmed at 
80 °C in a thermostat for about 30 min. After the reductor 
was cooled to room temperature, the solution was made 
acidic with 5 ml of 6 M hydrochloric acid, and the absorbance 
of the resulting chromium (I II) was measured. 

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

Absorption Curves of Chromium(H) and Chromium (III). 
Twenty milliliters of 0.01 M potassium dichromate solu­
tion were reduced to chromium(II) with zinc amalgam 
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Fig. 3. Absorption spectra of chromium (II) and chro-
mium(III) (0.02 M of metals in 1.5 M hydrochloric 
acid). 
(a): Chrornium(III), (b) : chromium(II). 

in the reductor according to the above procedure, and 
the absorption spectrum of a portion of the resulting 
chromium(II) solution was measured using a recording 
spectrophotometer. T h e solution which remained in 
the reductor was allowed to come in contact with air in 
order to change chromium(II) to chromium(II I ) com­
pletely; then the absorption spectrum of this solution 
was measured. As shown in Fig. 3, the absorption 
spectra exhibit the absorption maxima at 420 n m and 
590 n m for chromium (III ) and at 690 n m for chromium 
(II) . From this figure it can be seen that the ab­
sorption maxima of the chromium(II I ) are isolated from 
that of chromium (II) and the spectrophotometric deter­
mination of the former is unaffected by the latter. These 
absorption curves almost coincide with those determined 
by Kranz and Duczmal16) in 0.5 M sulfuric acid. Al­
though it has been pointed out that chromium (111) 
forms a wide variety of complex ions, depending on the 
concentration of chromium, p H , and other ionic species 
present, the complication due to polynuclear compounds 
of chromium (111) is minimized in an acidic solution such 
as 1.0—1.5 M and the chromium(II I ) ion species seem 
rather invariable. 

Calibration Curve for Chromium (III). T h e chro-
mium(I I I ) solutions in various concentrations were pre­
pared in a similar way to that described above: chro­
mium (VI) of varying concentrations was reduced to 
chromium(II) with zinc amalgam and oxidized to 
chromium(II I ) by exposing the solution to air. T h e 
absorbances of the resulting solutions were measured a t 
420 n m with a spectrophotometer. Beer's law was obey­
ed over the range of 4 x 10 3 — 8 x 1 0 2 mol/1 of chromi-
u m ( I I I ) , with notably higher precision in the range of 
4 x l 0 " 3 - 2 x 10-2 mol/1. 

TABLE 1. RELATIONSHIP BETWEEN ABSORBANCE 

OF Cr (III) AT 420 nm AND CONCENTRATION 

OF NITRATE AND NITRITE 

Nitrate ~ Cr (III) Nitrite T T Cr(III) 
taken*) „ , , „ " produced taken11' , " produced 
10-« mol S O r b a n c e 10-' mol lO^mol S O r b a n c e 10-* mol 

2.4 
3.6 
4.8 
6.0 
6.5 

0.159 
0.238 
0.318 
0.399 
0.435 

14.1 
21.2 
28.2 
35.7 
38.9 

3.6 
5.4 
7.2 
9.0 

0.158 
0.243 
0.318 
0.403 

14.0 
21.7 
28.4 
36.0 

Nitrate and Nitrite. In Table 1 are shown the 
relations between the concentration of nitrate and nitrite 
ions and the absorbances measured. From this data it 
is found that 1 mol of nitrate oxidized exactly 6 mol of 
chromium(II) to chromium(II I ) , and nitrite exactly 
4 mol. Therefore, the reactions can be written as fol­
lows: 

N 0 3 - + 6Cr2+ + 7H+ • NH2OH + 6Cr3+ + 2H 2 0 

N 0 2 - + 4Cr2+ + 5H+ • NH2OH + 4Cr8+ + H 2 0 

Hydroxylamine may be the final product, because no 
further reduction was found when an aqueous solution 
of hydroxylamine was put in the chromium(II) solution. 

Determination of nitrate and nitrite in their mixture : 
From the above equations, under the present conditions 
6.67 X l 0 " 4 - 3 . 3 x l 0 - 3 mol/1 of nitrate and 1.00 x 
1 0 - 3 - 5 . 0 0 X 10-3 mol/1 of nitrite will be determined by 
measuring the absorbance of the resulting chromium-
( I I I ) . Therefore, if both nitrate and nitrite are present 
in a sample solution, their sum can be determined by the 
method. Then, if the nitrite can be removed from the 
sample by an appropriate reagent, the nitrate alone may 
be determined by this method. Thus the nitrite could 
be calculated as the difference between the total and the 
nitrate. Brasted17) reported that nitrite was decomposed 
by amidosulfuric acid in the following process : 

NaNOa + HS03NH2 • N2 + NaHS0 4 + H 2 0 

In the present study this reaction was employed. A 
definite volume of a sample solution containing both 
nitrate and nitrite was put into an Erlenmeyer flask and 
a suitable amount of amidosulfuric acid (solid) was add­
ed to decompose the nitrite. When the violent evolu­
tion of gas bubbles ceased, an aliquot of the solution was 
submitted to the reduction with chromium (I I) ions, 
followed by the spectrophotometric measurement of the 
resulting chromium(III ) ions. When the reaction 
between nitrite and amidosulfuric acid was performed in 
the air, the value of the resulting nitrate was often higher 
than the theoretical one, and was subject to wide fluctua­
tions in every case. This fact is assumed to be caused by 
the following side reactions : 

2 N 0 2 - + 2H+ 

2N2Os + 0 2 -

2NOa + H 2 0 

-> N 2 0 3 + H 2 0 

4N0 2 

• N H 0 3 + H N 0 2 

a) Both nitrate and nitrite ions are present in 30 ml 
of the solution, respectively. 

Thus , an appreciable amount of nitrate may be pro­
duced and consumes chromium(II) ions, yielding a 
higher value in the determination of the nitrate. The 
decomposable percentage of sodium nitrite varies with 
the concentration of the salt taken initially: about 2 % of 
nitrite for 0.1—0.3 mol/1 and about 10% for above 0.5 
mol/1 are decomposed in the way described above. In 
order to overcome this difficulty, the nitrite was decom­
posed under a nitrogen atmosphere in a glass-stoppered 
Erlenmeyer flask. T h e results indicated that satisfactory 
analyses were possible with solutions containing as much 
as 0.4 g sodium nitrite, bu t the concentration should not 
exceed 0.25 mol/1 N 0 2 ~ . Moreover, it was found that 
the amidosulfuric acid treatment did not affect nitrate 
ions in the range of concentration between 6.67 X 10~4 

and 3.33 X 10~3 mol/1, and the chromium(II) reduction 
process could also be carried out without any trouble. 
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TABLE 2. DETERMINATION OF NITRATE AND NITRITE IN THEIR MIXTURE 

No. N O , - taken NO a
_ taken Absorbance for Absorbance for 

10-6 mol 10-6 mol ( N 0 3 - + N 0 2 - ) (NO,-) 
N 0 3 - found 

10-6 mol 
N 0 2 - found 

10-5 mol 

1 
2 
3 
4 
5 

1.80 
1.80 
2.40 
1.80 
1.80 

1.80 
2.70 
3.60 
2.01 
1.96 

0.203 
0.242 
0.320 
0.105 
0.102 

0.122 
0.125 
0.165 
0.126 
0.123 

1.82 
1.85 
2.44 
1.85 
1.83 

1.78 
2.61 
3.49 
2.05 
2.22 

Therefore, one part of nitrate can be determined in the 
presence of about 350 parts of nitrite. T h e results for 
samples containing various amounts of nitrate and 
nitrite are shown in Table 2. Samples 4 and 5 in the 
table were diluted 10 and 100 times, respectively, prior 
to the determination of nitrite. A small amount of 
nitrite ions can be removed by the amidosulfuric acid 
method even in the air. 

Determination of Nitrate Ions Present as Impurities in a 
Commercial Sodium Nitrite Reagent: I t is well known that 
bulk nitrite reagents being used in the laboratory are not 
so stable and always contain some nitrate after the ex­
posure to the air. By the method proposed so far, it is 
impossible to determine a small amount of nitrate con­
tained in such a large amount of nitrite, since nitrite 
interferes with the determination of nitrate in many 
cases. Hence there have not been any reports on this 
subject. As described above, it seems possible to deter­
mine the nitrate impurity in a commercial sodium nitrite 
by the present method. 

0.345 g of dried, ground sodium nitrite was weighed 
accuralately and dissolved in 20 ml of distilled water in 
a 200-ml glass-stoppered Erlenmeyer flask. After nitro­
gen gas was introduced into the flask sufficiently to 
replace the air, about 2 g of amidosulfuric acid were put 
in the flask. After 2—3 min the flask was warmed on a 
water bath (about 60 °G) for 5—10 min to make the 
reaction complete. T h e solution was diluted to 25 ml 
with distilled water in a measuring flask. Ten milliliters 
of an aliquot was taken in the reductor containing 10 
ml of 0.04 M chromium(II) solution and the procedure 
was carried out as described in the Procedure section. 

TABLE 3. DETERMINATION OF NITRATE IONS IN A 

COMMERCIAL SODIUM NITRITE REAGENT 

NaN0 2 taken g 

0.34503 
0.34493 
0.34514 
0.34544 

N 0 3 - found g 

0.00333 
0.00341 
0.00336 
0.00324 

N 0 3 - content % 

0.97 
0.99 
0.97 
0.94 

The results obtained are shown in Table 3. I t was 
found that the nitrite reagent contained about 0.97% of 
nitrate. These results agree with that obtained by the 
gravimetric method with nitron carried out as follows: 
1.380 g of sodium nitrite was dissolved in 100 ml of di­
stilled water. 1.80 X 10~4 mol of nitrate was also added 
in order to obtain the precipitate of nitron which was 
filterable in the conventional manner . T h e solution was 
divided into four nearly equal portions (ca. 25 ml), 
which were put in four separate Erlenmeyer flasks. Two 
grams of amidosulfuric acid were added in each flask. 

After the nitrite was removed, each solution was collect­
ed together in a beaker, 10% nitron solution (in 5 % 
acetic acid) was added in the solution, and the beaker 
was cooled in an ice ba th to precipitate the nitron nitrate 
completely. T h e precipitate was filtered off onto a 
previously weighed glass-fiber filter paper (Toyo Roshi, 
GB-100), washed, dried at 110 °G for about 3 h, and 
weighed. This value coincided with that obtained by 
the recommended reduction method; the latter method 
is accurate and more simple and rapid than the former 
gravimetric one. 

Interferences: Some oxidizing salts, such as chlorate, 
bromate, periodate, iodate, selenate, and selenite, oxi­
dize chromium(II) to chromium(II I ) and thus interfere 
with this method; Perchlorate, chloride, bromide, io­
dide, sulfate, and arsenate ions do not (Table 4). Some 
metal ions, such as copper(II) and i ron( I I I ) , also inter­
fere. Chlorate, bromate, and periodate and iodate ions 
are reduced to chloride, bromide, and iodide with chro­
mium (II) ion, while selenate and selenite and copper-
(II) ions are reduced to their metals and iron (III) ion to 
iron(II) ion. However, periodate and iodate can be 
reduced by the addition of a small amount of hydrogen-
sulfite to their 0.01 M hydrochloric acid solution; excess 
hydrogensulfite can be removed by gently boiling the 
solution. In this case, however, if the sample solution is 

TABLE 4. EFFECT OF DIVERSE SUBSTANCES 

Substance Concentration, ppm Effect 

Cu2+ 
Fe3+ 
K+, Na+ 
As0 4

3 -
Cl-, Br-, I -
Cl2 

C103-, Br0 3 - , I 0 3 -
cio4-
co3

2-
io 4 -
Se03

2-, Se0 4
2 -

so3
2-

so4
2-

PO4
3-

Carbon tetrachloride 
Nitrobenzene 
Chloramine T 
Alcohol 
Ester 
Ketone 
Aldehyde 
Sufamic acid 
Urea 

100 
40 

large amount 
2000 

large amount 
small amount 

400 
large amount 
large amount 

70 
10 

small amount 
large amount 
large amount 
small amount 
small amount 
small amount 
large amount 
large amount 
large amount 
large amount 
large amount 
large amount 

positive 
positive 
none 
none 
none 
positive 
positive 
none 
none 
positive 
positive 
positive 
none 
none 
positive 
positive 
positive 
none 
none 
none 
none 
none 
none 
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more acidic than 0.1 M, a loss of nitrite occurs along 
with the evolution of gaseous nitric oxide. Nitrite and 
nitrate are not affected at all by the hydrogensulfite 
treatment under the present conditions. Some inter­
fering metal ions, such as copper(II) and i ron(I I I ) , can 
be removed by passing the sample solution through a 
column of cation exchange resin, Dowex 50 W X 8 in 
hydrogen form, 100—200 mesh. Chlorate, selenate, 
and selenite ions can not be removed by any treatment, 
but as these ions seem to exist in commençai nitrites in 
only trace concentrations, and therefore except for some 
special cases, they may not give a serious error to the 
determination on a semi-micro scale. 

Determination of Organic Compounds. The recom­
mended procedures were carried out as described in the 
Procedure section. In the case of azoxybenzene, it is 
reduced with chromium(II) ions and gives azobenzene 
as a precipitate. Then, after acidifying the solution, the 

TABLE 5. DETERMINATION OF ORGANIC COMPOUNDS 

Sample taken 
10-4 mol 

Cr(III) 
produced 
10-4mol 

(1) Carbon tetrachloride 
0.21 
0.31 
0.52 
0.63 
0.94 

0.85 
1.25 
2.05 
2.57 
3.74 

(2) Nitrobenzene 
0.20 
0.29 
0.39 
0.49 
0.64 

0.90 
1.33 
1.75 
2.23 
2.88 

(3) Chloramine T 
0.30 
0.61 
0.91 
1.21 
1.51 

0.62 
1.24 
1.83 
2.38 
2.90 

(4) Propionaldehyde 
0.55 
0.96 
1.37 
1.78 

1.01 
1.93 
2.71 
3.58 

(5) Azoxybenzene 
0.39 
0.79 
0.98 
1.38 

0.77 
1.65 
2.11 
3.82 

(6) Dimethylglyoxime 
0.16 
0.31 
0.39 
0.47 

(7) l-Nitroso-2 
0.21 
0.42 
0.63 
0.74 

1.33 
2.48 
3.06 
3.55 

-naphthol 
0.97 
2.05 
3.13 
3.38 

Mol ratio of 
Cr(III)/ 
Sample 

4.05 
4.03 
3.94 
4.08 
3.98 

4.50 
4.51 
4.49 
4.55 
4.50 

2.07 
2.03 
2.01 
1.97 
1.92 

1.84 
2.01 
1.98 
2.00 

1.97 
2.09 
2.35 
2.04 

8.31 
8.00 
7.85 
7.77 

4.63 
4.88 
4.97 
4.57 

Wavelength 
used for 

abs. meas., nm 

410 

420 

425 

420 

410 
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Fig. 4. Absorption spectra of chromium(III) complexes 
resulted by reaction between chromium (II) and some 
organic compounds. 
(a) : Carbon tetrachloride, nitrobenzene, and chloramine 
T, (b) : propionaldehyde, azoxybenzene, and dimethyl­
glyoxime, (c) : l-nitroso-2-naphthol, (d) : /»-benzoqui-
none and propiophenone oxime. 

solution must be filtered through a dried absorbent cot­
ton on the funnel to remove the precipitate, the filtrate 
is then received in a photometric cell. T h e results ob­
tained are shown in Table 5 (1)—(7) together with the 
wavelength at which the measurement of the absorbance 
should be made. 

T h e absorption spectra of the resulting chromium-
(III) complex solutions are shown in Fig. 4. The spectra 
for carbon tetrachloride, nitrobenzene, and chloramine 
T (a) are very close to the standard one (Fig. 3), while 
those for propionaldehyde, azoxybenzene, and dimethyl­
glyoxime (b) somewhat deviate from the standard one. 
O n the other hand, the absorption spectra for 1-nitroso-
2-naphthol (c) and j&-benzoquinone and propiophenone 
oxime (d) exhibit another strong absorption peak a t a 
wavelength shorter than 400 nm, which contributes to 
the absorption of chromium(II I ) at 420 nm. This ab­
sorption may be attr ibuted to the reaction product in the 
solution. Consequently, the determined values are 
higher than the theoretical one, but in the case of 1-
nitroso-2-naphthol an approximately linear relationship 
exists between the concentration of the sample and the 
absorbance of the resulting solution. Therefore, the 
determination of l-nitroso-2-naphthol can be performed 
satisfactorily (Table 5(7)). However, in the case of 
/»-benzoquinone and propiophenone oxime, the absor­
bance at about 420 n m is difficult to measure because 
the absorption peak is hindered by a strong absorption 
at a wavelength shorter than 400 nm. T h e absorption 
at 420 nm very quickly decreases, so the determination 
is impossible. 

According to Kiba and Terada,13) carbon tetrachlo­
ride and chloroform were assumed to be reduced to 
methane by chromium(II) ions. However, in the 
present study, as the results of the gaschromatographic 
measurement of the resulting aqueous solution and of the 
gas phase remained after the reaction in the reductor, it 
was found that tetrachloroethylene could be detected in 
the solution and carbon monooxide in the gas phase, but 
not any methane a t all. T h e mechanism for this reac-
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tion remains still obscure. 
Carbon tetrabromide also can be determined in the 

same way, while chloroform reacts completely with chro-
mium(II) under heating at 80 °G. 

From the results in Table 5, which shows the mol 
number of chromium(II I ) produced by oxidation of 
chromium(II) with 1 mol of the sample, the reaction 
stoichiometry can be speculated about : 

Nitrobenzene: 

C6H5NOa + 6Cra+ + 6H+ • 

C«H6NH2 + 6Cr*+ + 2HaO 

Although 1 mol of nitrobenzene oxidized only 4.5 mol of 
chromium(II) , aniline was detected as a reaction prod­
uct by gaschromatographic measurements. Consequent­
ly, it may be assumed that this reaction will proceed to 
the extent of 7 5 % under these conditions. However, as 
an exact linear relationship was obtained between the 
concentration of the sample and the absorbance of the 
resulting chromium (III) solution, determination of 
nitrobenzene should be carried out satisfactorily in the 
range of 10"5—2 X 10"4 mol. 

Time (h) 

Fig. 5. Change of the absorbance of chromium(III) at 
410 nm on the elapse of time. 
— O — : l-Nitroso-2-naphthol, —%—: azoxybenzene. 

Chloramine T : 

CH3C8H4S02N.ClNa + 2Cr2+ + 2H+ • 

CH3CeH4S02NH2 + 2Cr8+ + Na+ + Cl" 

Propionaldehyde : 

CH8CH2CHO + 2Cr(OH)3 + 2HaO • 

CH3CH2CH2OH + 2Cr(OH)j 

Azoxybenzene: 

C6H6N(0)=NC6H5 + Cr(OH)2 + H aO • 

C6H6N=NC6H5 + 2Cr(OH)3 

Dimethylglyoxime : 

t(CH3)C=NOH]2 + 8Cr(OH)2 + 6H 2 0 > 

[(CH3)CHNH2]2 + 8Cr(OH)3 

l-Nitroso-2-naphthol : 

C10H6(OH)NO + 4Cr(OH)a + 3HaO > 

C10H6(OH)NH2 + 4Cr(OH)3 

As shown in Fig. 5, the reaction of the last three com­
pounds is not fast, so the contents must be kept standing 
for about 3, 1, and 6—7 h, to obtain invariable results 
for azoxybenzene, dimethylglyoxime, and l-nitroso-2-
naphthol, respectively. 
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Synthesis and X-Ray Structure of Triethylenetetramine-
palladium(II) Complex 
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The triethylenetetraminepalladium(II) Perchlorate and the potassium triethylenetetraminepalladium(II )tris-
(hexafluorophosphate) were prepared; the X-ray structure analysis has been carried out for the latter compound. 
The crystal of [Pd(trien)](PF6)2-KPF6 is orthorhombic, with space group Pbca: a=21.645 (5), £=20.873 (5), 
c=9.541 (2) Â, and Z = 8 . The structure has been determined from X-ray diffractometer data and refined to R= 
0.091 (1166 reflections). The Pd atom has a planar coordination of 4N atoms disposed in a somewhat trapezoidal 
form. The complex cation has a pseudo symmetry plane which is perpendicular to the 4 N plane and bisects the 
H2N-Pd-NH2 angle. In the quadridentate triethylenetetramine ligand, each of the terminal H2N-CH2-CH2-
N H - fragments forms a 5-membered chelate ring with the asymmetric envelope conformation, whereas the chelate 
ring formed by the middle -NH-CH 2 -CH 2 -NH- fragment has the symmetric envelope conformation. The 
electronic spectrum of [Pd(trien)]2+ is presented. 

A number of metal chelates, in particular Co (I I I ) 
chelates, of the triethylenetetramine (trien) have been 
prepared and characterized as regards various proper­
ties. In 1949 Jonassen et al. synthesized the Magnus-
type [Pd (trien) ] [PdCl 4 ] , which was the first isolated salt 
of the [Pd(tr ien)] 2 + ion.1) However, no detailed studies 
have yet been made of the complex cation. We report 
here the synthesis, electronic spectrum, and X-ray struc­
ture of the Pd( I I ) chelate of the trien. 

Exper imenta l 

Preparation of the Compounds. [Pd( trien) ] (PFJ 2 • KPF6 : 
Triethylenetetramine (58 mg) was added with stirring to a 
solution of K2PdCl4 (107 mg) in 10 ml of water. An orange 
precipitate was formed but it dissolved immediately. The 
yellow solution was warmed at 50 °G for 1 h, then AgPF6 

(345 mg) dissolved in 5 ml of water was added to the solution. 
The mixture was stirred for another 0.5 h in the dark and 
then filtered to remove AgCl. The filtrate was evaporated to 
dryness under reduced pressure and the residue was dissolved 
in 10 ml of ethanol. After filtering off the precipitated KPF6, 
the filtrate was concentrated to 2 ml, to which 5 ml of water 
was added. The resulting solution was allowed to stand for 
5 days at room temperature. It turned pasty, and yellow 
needle-like crystals separated out. These crystals were washed 
with small amounts of cold ethanol and water. Recrystal-
lization was made from ethanol-water solution. Yield, 33%. 

Found: G, 9.84; H, 2.40; N, 7.48%. Calcd for C„H18N4-
PdKP3F18: C, 9.92; H, 2.50; N, 7.71%. 

[Pd(trien)](ClOJ2: Triethylenetetramine (202 mg) was 
added to a solution of [Pd(NH3)4](C104)2 (515 mg) in 10 ml 
of water. The solution was stirred at 50 °G for 2 h and then 
filtered. The filtrate was evaporated to 5 ml under reduced 
pressure and the concentrated solution was allowed to stand 
for 5 days at room temperature. Yellow needle-like crystals 
were obtained and these were recrystallized from water. 
Yield, 55%. 

Found: C, 15.57; H, 4.12; N, 12.18%. Calcd for C6H18-
N4Pd08Cl2: C, 15.96; H, 4.03; N, 12.41%. 

X-Ray Data Measurement. Crystal Data: G6H18N4-
PdKP3F18, F.W. = 726.7, Orthorhombic, a=21.645 (5), b= 
20.873 (5), c=9.541 (2) A, £7=4311 (3) A3, Z)m=2.18, Z = 8 , 
Z>c=2.23g cm-3. //(Mo/Ta)=15.0cm-1, MoKa. radiation 
(4=0.71069 A), Space group Pbca. The space group and the 
approximate cell dimensions were determined from oscillation 

and Weissenberg photographs taken with CuKa. radiation. 
The cell dimensions were refined by the least-spuares analysis 
of 38 0 values accurately measured on a Philips PW 1100 four 
circle diffractometer with MoKa radiation. 

Data Collection: Intensity data for one octant of the 
reciprocal space were collected by the eo-20 scan technique with 
graphite-monochromated MoKa, radiation; the dimensions of 
the specimen used were 0.13x0.10x0.11 mm. A scan speed 
of 0.017° s-1 in a), a scan width (0.8+0.2 tan 0)°, and stationary 
background measurements of 20 s were chosen. A total of 
1166 reflections having intensity It—2/^I^>Ih was collected in 
the range of 6°<[20<;5OO (It : intensity (counts/s) measured at 
the peak of reflection during the scan; Ib: mean background 
intensity (counts/s) obtained from preliminary background 
measurements of 5 s at each side of the scan). The number 
of the reflections collected is no more than ca. 27% ofthat of 
the reciprocal lattice points investigated in the data collection. 
Three standard reflections (10 0 0, 0 8 0, 0 0 2), monitored 
every 4 h throughout the data collection, showed no significant 
variation in intensity. Intensity data were processed by the 
use of the computer program of Hornstra and Stubbe.2) No 
absorption correction was applied. 

Structure Determination and Refinement. The crystal 
structure was solved by the heavy atom technique. The 
positional and thermal parameters were refined by the block-
diagonal least-squares method, with anisotropic temperature 
factors used for Pd, K, and P atoms. The minimized function 
was 5 J Z « ( F 0 — | F C | ) 2 . A weighting scheme of the type 
suggested by Hughes3) was applied using a;=0.70 for F0<^ 
Fmia3 w=l for F m l n ^ F 0 ^ F m a x , and w={FmJF0)* for F 0 > 
Fm a x ; i ?

m l n=11.0 and Fm a x=31.2 were found to be optimum. 
The final R was 0.091 ( Ä ' = Q > ( ^ o - | ^ c | ) 2 /&^o 2 ] 1 / 2 = 
0.117). The temperature factors for lighter atoms, especially 
those for F atoms, are rather high. This is indicative of the 
disorder in die arrangment of those atoms. In the final cycle 
of the refinement all parameter shifts were <^(1/5)<J. The 
atomic coordinates and the temperature factors are listed in 
Table 1, along with their estimated standard deviations. A 
complete list of the observed and calculated structure factors is 
preserved by the Chemical Society of Japan (Document No. 
7702). 

Atomic scattering factors of neutral Pd, P, F, N, and C, and 
K+ were taken from Ref. 4. The real part of the anomalous 
dispersion correction was applied for the Pd atom. Computer 
programs used in the calculations were as follows: RSSFR-4 
(Fourier synthesis), HBLS-4 (least-squares calculation), and 
DAPH (interatomic distances and angles, least-squares 
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TABLE 1. T H E ATOMIC COORDINATES AND 

TEMPERATURE FACTORS 

Pd 
N(l) 
N(2) 
N(3) 
N(4) 
C(l) 
G(2) 
C(3) 
C(4) 
C(5) 
G(6) 
K 
P(l) 
P(2) 
P(3) 
F(l) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 
F(7) 
F(8) 
F(9) 
F(10) 
F(l l) 
F(12) 
F(13) 
F(14) 
F(15) 
F(16) 
F(17) 
F(18) 

X 

0.1521(1) 
0.222(1) 
0.139(1) 
0.088(1) 
0.156(1) 
0.226(1) 
0.197(1) 
0.103(2) 
0.072(2) 
0.098(2) 
0.110(1) 
0.4121(3) 
0.0313(3) 
0.2781(4) 
0.4008(5) 

-0.009(1) 
-0.022(1) 

0.019(1) 
0.088(1) 
0.048(1) 
0.073(2) 
0.240(1) 
0.258(1) 
0.338(1) 
0.295(1) 
0.217(1) 
0.315(1) 
0.451(1) 
0.424(1) 
0.351(1) 
0.374(1) 
0.447(1) 
0.353(1) 

y 

0.1000(1) 
0.122(1) 
0.022(1) 
0.065(1) 
0.173(1) 
0.063(2) 
0.006(2) 

-0.025(2) 
0.001(2) 
0.087(2) 
0.157(2) 
0.2526(4) 
0.1700(3) 
0.3037(4) 
0.0898(5) 
0.223(1) 
0.146(1) 
0.117(1) 
0.191(1) 
0.219(1) 
0.120(2) 
0.263(1) 
0.367(1) 
0.294(1) 
0.237(1) 
0.307(1) 
0.338(1) 
0.058(1) 
0.047(1) 
0.119(1) 
0.131(2) 
0.143(1) 
0.036(1) 

z 

0.1658(3) 
0.026(3) 
0.048(3) 
0.286(3) 
0.315(3) 

-0.077(3) 
-0.012(4) 

0.124(4) 
0.245(4) 
0.428(4) 
0.430(4) 
0.3696(7) 

-0.1442(9) 
0.1424(9) 
0.1602(11) 

-0.085(3) 
-0.240(3) 
-0.039(3) 
-0.053(3) 
-0.263(3) 
-0.210(4) 

0.033(2) 
0.076(3) 
0.064(3) 
0.221(3) 
0.240(3) 
0.253(3) 
0.071(2) 
0.290(3) 
0.256(3) 
0.038(3) 
0.200(3) 
0.128(3) 

5/Â2 

aö 
5.0(5) 
5.3(6) 
5.7(6) 
5.5(5) 
6.0(8) 
6.1(8) 
7.1(9) 
8.0(1.0) 
8.2(1.0) 
6.0(8) 

a) 
a) 
a) 
a) 

13.4(9) 
10.0(6) 
13.3(9) 
10.3(6) 
10.1(6) 
16.5(1.1) 
8.6(5) 

11.7(7) 
12.0(7) 
12.0(7) 
9.7(6) 

11.2(7) 
9.3(6) 

12.0(8) 
13.8(8) 
14.2(9) 
14.7(9) 
13.0(8) 

a) Anisotropic temperature factors ( X 104) in the form 
e x p [ - (B^tf+B^k* + B33l* + B12hk + B13hl + B23kl)], 
with parameters : 

-Bu B22 # 3 3 •#12 -#13 # 2 3 

Pd 27.5(5) 21.5(4) 139(3) -13(1) 29(3) -14(3) 
K 27(2) 35(2) 117(10) -7 (4 ) 15(7) 34(9) 
P(l) 22(2) 17(2) 122(11) 4(3) 7(9) 17(8) 
P(2) 21(2) 31(2) 115(11) 8(4) 1(9) -34(9) 
P(3) 43(2) 37(3) 158(13) 20(5) 26(13) -14(13) 

planes, and coordinates of H atoms), all of which were 
adapted to the FACOM 270—30 computer at Osaka City 
University. 

In order to confirm the structure, further least-squares calcu­
lations were carried out by the use of the anisotropic tempera­
ture factors for all atoms, here the weighting scheme w= 
(7.6+Fo+0.013Fo

2)-1 was employed. The R and R' reached 
0.054 and 0.072, respectively. The difference Fourier map 
calculated at this point showed no peaks^>0.55 e A - 3 . Of 
the residual peaks, nine could be identified as H atoms. 

Electronic Spectra and Electric Conductivity. The absorp­
tion spectra were recorded at room temperature using a 
Hitachi EPS-3T Recording Spectrophotometer. The electric 
conductivity was measured in water by means of an MY-8 
apparatus of the Yanagimoto Seisakusho, Ltd. 

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

The projection and elevations of the complex cation 
are shown in Figs. 1 and 2, respectively. T h e Pd atom 
is surrounded by 4 N atoms disposed in trapezoidal form. 
T h e complex has a pseudo mirror plane which is per­
pendicular to the plane defined by the 4 N atoms and 
bisects the N ( l ) - P d - N ( 4 ) angle. T h e 5-membered 
chelate rings A and C assume the asymmetric envelope 
conformation, whereas the middle ring B has the sym­
metric one: the - N H - C H 2 - C H 2 - N H - fragment in B 
has an almost eclipsed conformation, with the torsional 
angle of 9°. This conformation of the trien ligand is 
essentially identical with that found in [Cu(SCN)-
( trien)] (NCS),5> though the corresponding torsional 
angle in the Gu complex (49°) is rather large as compar­
ed with that of the Pd complex. In the present [Pd-
(tr ien)]2 + all C atoms lie on the upper side of the 4 N 
plane, while the Pd atom deviates slightly downward 
from the plane, by 0.06 Â. T h e F(4) a tom is in close 
contact with the Pd atom, at a distance of 3.15 Â. The 
equations of some least-squares planes are given in Table 
2. 

C(6) 

Fig. 1. Projection of the [Pd (trien) ]2+. 

N(l) 
Pd N(4) 

(>(*) 

NO) 

F (4)0 
Fig. 2. Elevations of the [Pd (trien) ]2+. 
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TABLE 2. TABLE 3. BOND LENGTHS (/) AND ANGLES (ci) 

1) Equations of planes in the form AX+ B Y+CZ=D^ Ijk $/° 

B C D Pd-N m 2.07(2) Nm-Pd-N(2) 86fl 

Plane (1) 
N(l) , N(2), N(3), 
N(4) 

Plane (2) 
N(l) , G(l), C(2) 

Plane (3) 
N(2), C(2), C(l) 

Plane (4) 
N(2), C(3), C(4) 

Plane (5) 
N(3), C(4), C(3) 

Plane (6) 
N(3), C(5), C(6) 

Plane (7) 
N(4), C(6), C(5) 

2) Deviations (/) of 

- 0 . 6 6 8 

- 0 . 8 8 4 

- 0 . 4 5 2 

- 0 . 8 0 0 

- 0 . 7 2 7 

- 0 . 9 8 0 

- 0 . 7 5 1 

0.514 

0.260 

- 0 . 2 0 9 

0.211 

0.355 

0.163 

0.135 

- 0 . 5 3 8 

- 0 . 3 8 9 

- 0 . 8 6 7 

- 0 . 5 6 3 

- 0 . 5 8 8 

0.112 

- 0 . 6 4 6 

atoms from the plane (1) 

- 2 . 0 3 

- 3 . 6 8 

- 1 . 8 5 

- 2 . 5 6 

- 2 . 5 6 

- 1 . 3 3 

- 3 . 9 9 

N(l) 
N(2) 
N(3) 
N(4) 
Pd 

l/k 

- 0 . 0 1 
0.01 

- 0 . 0 1 
0.01 
0.05 

G(l) 
G(2) 
G(3) 
C(4) 
C(5) 
C(6) 

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

3) Torsional angles (0) in N -

N(l)-C(l)-C(2)-N(2) 
N(2)-C(3)-C(4)-N(3) 
N(3)-C(5)-C(6)-N(4) 

C-C-N fragments 

tr 
47 

9 
47 

a) The X, Y, and Z coordinates in Â are referred to 
the crystallographic axes. 

I I I I I I 
Fig. 3. Possible conformers for a planar disposition of 

the trien ligand. 

Bosnich et al. studied the strain energy in the metal 
chelates of the trien which has a planar disposition. 
They suggested that the most stable conformations of the 
ligand are those shown in Figs. 3 I and II.6) T h e con-
former I has C s symmetry, while the symmetries of the 
conformers I I and I I I are G2. T h e conformations of 
trien in the Pd and Cu complexes can be classified as I. 
The conformation I I has not yet been found in the crys­
tal structures of the trien complexes. Although the con-
former I I I was predicted to be less stable than I and I I , 
it is believed that in (+)D-/m«j ,-[GoGl2(trien)]+ the 
chelating ligand assumes the conformation III.7) 

T h e bond lengths and angles are given in Table 3. 
The N ( l ) - P d - N ( 4 ) bond angle is somewhat larger than 
90°, showing considerable strain in the complex. How-

Pd-N(l) 
Pd-N(2) 
Pd-N(3) 
Pd-N(4) 
N(l)-C(l) 
N(2)-C(2) 
N(2)-C(3) 
N(3)-C(4) 
N(3)-C(5) 
N(4)-G(6) 
C(l)-C(2) 
C(3)-C(4) 
C(5)-C(6) 

Pd---F(4) 

P-F 

2.07(2) 
2.00(3) 
1.95(3) 
2.08(2) 
1.57(4) 
1.42(4) 
1.44(4) 
1.43(5) 
1.45(5) 
1.53(4) 
1.49(5) 
1.44(6) 
1.48(5) 

3.15(3) 

1.51—1.62(4) 

N(l)-Pd-N(2) 
N(2)-Pd-N(3) 
N(3)-Pd-N(4) 
N(4)-Pd-N(l) 
Pd-N(l)-C(l) 
Pd-N(2)-G(2) 
Pd-N(2)-C(3) 
Pd-N(3)-C(4) 
Pd-N(3)-C(5) 
Pd-N(4)-C(6) 
N(l)-C(l)-C(2) 
N(2)-G(2)-C(l) 
N(2)-C(3)-C(4) 
N(3)-C(4)-C(3) 
N(3)-C(5)-G(6) 
N(4)-C(6)-C(5) 

86(1) 
85(1) 
85(1) 

104(1) 
105(2) 
107(2) 
110(2) 
111(2) 
108(2) 
108(2) 
111(3) 
110(3) 
113(3) 
117(3) 
111(3) 
108(3) 

ever, it is comparable to those in the [Cu(SCN) (trien)]-
(NGS) (98.9°)5) and (-)D-*ra^-[Co(N0 2) 2(L-3,8-di-
metrien)](G104) (101.60).8) The bond length of P d - N 
(primary amino group) seems to be somewhat longer 
than that of the P d - N (secondary) : the mean value of 
the former is 2.08 Â, whereas that of the latter is 1.98 
Â. However, such a difference in metal-nitrogen bonds 
is less pronounced in the Go complex,8) and is not found 
in the Cu one.5) 

The crystal structure viewed down the c axis is shown 
in Fig. 4. A K+ ion is surrounded octahedrally by 6 
PF6~ ions, 1 OF atoms of which are in contact with the 
K+ ion at distances varying from 2.64 to 3.27 Â. There 
are some weak N-H---F hydrogen bonds in the crystal. 
The N---F distances are listed in Table 4, along with 
some important interatomic distances. Both of the N H 2 

Fig. 4. Crystal structure of the [Pd(trien)](PF6)2-KPF6 

viewed down the c axis. Atoms drawn by thin lines 
are those of the equivalent position (x,y, z), while those 
shown by the thick lines belong to (x, \j2—y, \f2-\-z). 

file:///f2-/-z
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TABLE 4. SELECTED INTERATOMIC DISTANCES (I) 

Atom ljk of Positions80 of 

A B A B H-.-B A B 

N(l)-Hb> 
N(l) -H 
N(4)-H 

K 
K 
K 
K 
K 
K 
K 
K 
K 
K 

F(7) 
F( l l ) 
F(7) 

F(l) 
F(l) 
F(2) 
F(5) 
F(9) 
F(10) 
F(12) 
F(15) 
F(16) 
F(17) 

2.97(3) 
3.12(3) 
3.07(3) 

3.24(3) 
2.74(3) 
2.84(3) 
3.16(3) 
2.64(3) 
2.93(3) 
2.98(3) 
3.27(3) 
3.02(3) 
2.90(3) 

2.24 1 
2.30 ] 
2.29 ] 

1 
4 
4 

2 
3 
2 
2 
4 
1 
1 
1 
4 

I 1 

a) Numerals refer to the following equivalent positions : 
1: (x,y, z); 2: (1/2+*, 1/2-y, - * ) ; 3: (1/2+*, y, 
lj2 — z); 4: (*, 1/2-7, 1/2 + ^:). b) The coordinates 
of the H atoms were calculated on the assumption that 
the N-H bond length is 1.03 Â. 

3h 

2h 

il l i I i I 
30 40 50 

(£/103) cm-1 

Fig. 5. Absorption spectra of the Pd(II) complexes of 
trien in aqueous solutions. [Pd(trien)](PF6)2«KPF6: 

; [Pd(trien)](C104)2: . 

groups participate in the hydrogen bonding, while none 
of the - N H - groups do. 

Figure 5 shows the electronic spectra of the trieth-
ylenetetraminepalladium(II) perchlorate and the po­
tassium triethylenetetraminepalladium(II) tris(hexaflu-
orophosphate) in an aqueous solution. These spectra 
agree with each other and indicate that the species in the 
solution are identical. The spectra of these compounds 
resemble those of [Pd(NH3)4](C104)2

9> and [Pd(R-
pn)2]Cl2.10) Accordingly, on the basis of D 4 h symmetry 
the absorption band at 33.7 X 103 c m - 1 may be assigned 

to the transitions ^ - ^ - ^ A g g , 1 E g , and 1Blg.9> The peak 
position of the trien complex is almost equal to that of 
the ammine complex, but is displaced to a slightly lower 
energy relative to the band maximum of the R-pn com­
plex. However, the absorption in the present complexes 
is about three times as intense as those in the complexes 
cited for comparison. T h e ion pairing which gives a 
5-coordinate complex sometimes results in an enhance­
ment of the absorption intensity.11) T h e molar conduct­
ance of the perchlorate is 250 o h m - 1 cm2 m o l - 1 a t 25 
°C in 5.90 X 10~4 M aqueous solution. T h e concentra­
tion of this solution is almost equal to those of the solu­
tions used for the measurements of the spectra. The 
value of conductance is typical for a 1: 2 electrolyte : 
there seems to be no appreciable interaction between the 
cation and the anion in 10 - 3 —10 - 4 M solution. 

The PdN 4 chromophore in the [Pd(NH3)4]2+ and 
[Pd(i?-pn)2]2+ have an effective symmetry of D 4 h , and 
therefore the d—>d transition is Laporte-forbidden. O n 
the other hand, the configuration of 4 N atoms in the 
[Pd (tr ien)]2 + is trapezoidal and the symmetry of the 
chromophore can be regarded as C2 v . Since this group 
contains no inversion center, Laporte 's rule is relaxed. 
Furthermore, symmetry considerations imply that the 
G2v symmetry is favorable to the mixing of d—»d transi­
tions with some allowed transitions through configura­
tion interaction, as compared with the case of D 4 h sym­
metry. Some of these might be responsible for the en­
hancement of the intensities in the ligand fields bands. 
T h e orbitals in the plane of the ligator atoms are most 
sensitive to the change of the disposition of these atoms. 
Consequently, the intensity of the a1(dx y)—»b^d^yi) 
transition may be the most enhanced of the d—xl transi­
tions. 

This research was supported by a Grant-in-Aid for 
Scientific Research from the Ministry of Education. 
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Studies on Mixed Chelates. VI. Mixed Copper(II) Chelates with 
JV,iV,iV\iV'-Tetraethylethylenedianiine and Various ^S-Diketones 

Yutaka FUKUDA, Yukiko MIURA, and Kozo SONE 

Department of Chemistry, Faculty of Science, Ochanomizu University, Otsuka, Tokyo 112 
(Received July 27, 1976) 

Ten new mixed copper(II) chelates containing iVji^iV^iV^tetraethylethylenediamine and various /S-diketones 
were prepared and the cause of the large variations of vmax values observed in the visible absorption spectra of their 
organic solutions was discussed in comparison with similar variations of the corresponding tetramethyl chelates. 

In previous papers,1,2) the authors reported on the 
mixed copper(II) chelates containing N,N,N',N'-tetra.-
methylethylenediamine(tmen) and various /3-diketonate 
ions. I t was found that the position of the d-d band of 
such chelates depends remarkably upon the coordination 
ability of the solvent and counter anion, and upon the 
nature of the substituent groups in the diketonate ions. 
T h e present study on the preparation and spectra of the 
corresponding chelates containing N,N,N' ,N'-tetra.ethyl-
ethylenediamine(teen) was undertaken to see how the 
bulkiness of the iV-alkyl groups affects the structure and 
spectra of these types of chelates. 

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

Preparation of the Chelates. (I) [Cu(teen)acd\ClO4: Ace­
tone solutions of Cu(C104)2-6H20 and aca* (10 mmol each) 
were mixed together with teen** (15 mmol) with vigorous 
stirring. After the mixture had been filtered and concen­
trated, an excess of diethyl ether was added. Crystals of the 
chelate began to separate out when the vessel wall was 
scratched with a glass rod. They were washed with an ace-
tone-diethyl ether mixture and dried in a vacuum. 

(II) Other Chelates: Acetone solutions of Cu(C104)a-6H20 
(or Cu(N03)2-3H20) and a /?-diketone (10 mmol each) were 
mixed together with teen (15 mmol) as in (I), and the filtered 
mixture was evaporated to dryness. The raw chelate thus 
obtained was purified by repeated crystallization from 1,2-di-
chloroethane, and dried in a vacuum. 

The colors, magnetic moments, and analytical data of the 
new chelates are listed in Table 1. All the chelate Perchlo­
rates and nitrates are apparently similar to the tmen chelates 
reported before; however it was impossible to prepare [Gu-
(teen)hfa]N03> and a green chelate [Cu(teen)hfa2] was 

obtained instead. 
papers.1»2) 

For the physical measurements cf. previous 

D i s c u s s i o n 

Electronic Spectra. As in the case of the correspond­
ing tmen chelates, all the teen chelates obtained are 
fairly soluble in a variety of organic solvents. Measure­
ments of the visible absorption spectra in solution, and 
the reflection spectra in the solid state, revealed a close 
resemblance between these spectra and those of the cor­
responding tmen chelates. Here again it seems that the 
position of the d-d band depends on two factors, (1) the 
nature of the substituent groups in the ^-diketonate ions, 
which controls the magnitude of the in-plane ligand field 
strength, and (2) the strength of the axial bonds formed 
between the central copper(II) and the counter anions 
or solvent molecules. 

T h e data in organic solutions are of special interest. 
Fig. 1 shows some examples of the obtained spectra, 
i.e., the spectra of [Cu(teen)aca]C10 4 in five solvents. 
T h e variations of the vmax value of the d-d band of each 
chelate in organic solutions are summarized in Fig. 2. 

The spectral variations among the chelate Perchlor­
ates are especially similar to those of the corresponding 
tmen chelates. Thus the vmax value for each chelate 
decreases in the following order of solvent, 

1,2-C2H4C12 > acetone > MeOH > DMF > DMSO 

and the v m a x value in one particular solvent decreases in 
the following order of the ß-diketonate ion, 

dpm ^> aca ^> bza ^> dbm ^> hfa 

just as in the case of the tmen chelates. 

TABLE 1. COLORS, 

No. Chelate 

1 [Cu (teen) dpm] G104 

2 [Cu(teen)aca] G104 

3 [Cu(teen)bza]C104 

4 [Cu(teen)dbm]G104 

5 [Cu(teen)hfa]C104 

6 [Cu(teen)dpm]N03 

7 [Cu (teen) bza] N 0 3 

8 [Cu(teen)dbm]N03 

9 [Cu(teen)tfa]N03 

10 [Cu(teen)hfa2] 

ANALYTICAL DATA,a> MAGNETIC MOMENTS AND MOLAR CONDUCTIVITIES OF THE CHELATES 

Color 

Wine 
Wine 
Wine 
Wine 
Blue 
Blue 
Green 
Wine 
Blue 
Green 

a) Calculated values in parentheses. 

c% 
47.64(48.54) 
41.24(41.47) 
47.75(48.28) 
52.90(53.65) 
33.29(33.16) 
52.68(52.31) 
52.25(52.33) 
57.41(57.62) 
39.67(39.95) 
37.12(36.95) 

H% 

8.37(8.54) 
7.01(7.19) 
6.81(6.69) 
6.37(6.31) 
4.94(4.82) 
9.37(9.20) 
7.07(7.25) 
6.78(6.78) 
6.10(6.26) 
3.69(4.04) 

N% 

5.49(5.39) 
6.42(6.45) 
5.67(5.63) 
4.98(5.01) 
5.01(5.16) 
8.88(8.72) 
9.38(9.15) 
8.14(8.06) 
9.15(9.32) 
4.14(4.31) 

b) 1 X 10-3M solution in 1,2-dichloroethane at 25 °C. 

Äff (B.M.) 

1.71 
1.76 
1.77 
1.71 
1.73 
1.79 
1.76 
1.77 
1.81 
1.81 

Aj> 

32.3 
34.4 
31.6 
31.2 
9.3 

25.1 
20.2 
21.9 

6.6 
— 

* Abbreviations for the names of the diketonate ions are 
the same as those given in Part V of this series.3) 

** Aldrich Chemical Co., Milwaukee, USA. 
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25 10 20 15 
v/103 (cm-1) 

Fig. 1. Electronic absorption spectra of [Cu(teen)aca]-
C104 in various solvents. {Cf. also Fig. 2). 
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Fig. 2. Variations of the vmax values of the chelates [Cu-
(teen)/?-dik]X in various solvents. [A]: X=C10 4 , 
[ B ] : X = N 0 3 . The solvents studied in Figs. 1 and 2 
are: DMSO(I), DMF(II), MeOH(III), acetone (IV) 
and 1,2-dichloroethane (V); concn » 5 m M . 

The variations among the chelate nitrates seem to be 
more complicated, poor solubility and the appearance 
of shoulder-like curves sometimes hindering the correct 
locating of the bands. However, it can be recognized 
that the vmax in 1,2-dichloroethane and acetone decrease 
drastically in going from dpm to tfa, probably for the 
same reason as that for a similar spectral anomaly ob­
served among the spectra of the tmen chelates in 1,2-
dichloroethane, i.e., the coordination of N 0 3 ~ to the 
chelate cation. 

The general features shown in Fig. 2 are thus fairly 
similar to the corresponding figure of the tmen chelates,2) 
but the spectra of the teen chelates seem to be more sen­
sitive to the changes of solvent, anion and substituent 
groups. For example, in going from D M S O to 1,2-

dichloroethane, the vmax of [Cu (tmen) dpm] C10 4 

changes from 16600 to 18900 cm- 1 , while that of 
[Cu( teen)dpm]C10 4 changes from 15800 to 20400 
c m - 1 . One can also compare the complicated pattern 
of Fig. 2 [B] with the corresponding figure of the tmen 
chelates, which looks more regular except for the above-
mentioned anomaly of 1,2-dichloroethane solutions. 

This spectral sensitivity of the teen chelates seems 
strange, since the four bulky JV-ethyl groups in teen can 
be expected to hinder the approach of the solvents and 
anions more strongly than the JV-methyl groups of tmen, 
so that the electronic structure of the teen chelate should 
be more insensitive to the changes of environment. In 
fact, the mixed nickel (I I) chelates of teen and /?-di-
ketonate ions were found to be much more reluctant to 
combine with solvent molecules and change from square 
planar to octahedral than the corresponding tmen 
chelates.3) 

T h e cause of this spectral sensitivity might be found in 
the fact that copper(II ) , unlike nickel(II), tends to form 
axial bonds even with ligands lying far away from it, and 
even when they lie considerably outside the z-axis. T h a t 
is, the axial bonds are considerably elastic or flexible in 
nature.4) 

I t is thus conceivable that the above-mentioned steric 
hindrance in the teen chelates works only when the 
coordination ability of the solvent or anion is very low 
and the in-plane l.f.s. is sufficiently large; in such a case 
a highly planar chelate structure will result, and its vmax 

may be higher than that of its tmen analogue. O n the 
other hand, when the coordination ability of the solvent 
or anion becomes higher and the in-plane l.f.s. lower, the 
steric hindrance will be readily overcome, and a more or 
less deformed tetragonal structure will result. T h e 
effective l.f.s. in such a structure may be somewhat 
weaker, and its vm a x lower, than that of its tmen analo­
gue, because there will be larger interligand repulsions 
and structural deformations in the teen system. The 
observed larger spectral variations among the teen 
chelates may be a reflection of all these effects. 

I t should be added that the chelate [Cu(teen)hfa2] 
shows only a small variation of vmax in various solvents 

aca 

hfa 

1300 1100 900 
, - 1 cm" 

Fig. 3. IR spectra of [Cu(teen)/?-dik]C104 in Nujol mulls. 
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(14080 to 14580 c m - 1 in D M S O , methanol and 
1,2-dichloroethane) probably owing to its 6-coordinate 
structure which somewhat resembles the chelate [Gu bip 
hfa2] reported by Veidis et al.5) 

Evidence of Perchlorate Coordination. The data in 
Fig. 2 suggest that, in 1,2-dichloroethane with very poor 
coordination ability, and with hfa with the weakest 
l.f.s. among the diketonate ions used, even G 1 0 4

- gets 
coordinated to some extent, since the vmax of [Cu(teen)-
hfa]G104 in this solvent is remarkably low and nearly 
the same as that of the same chelate in acetone. This 
leads further to the supposition that the same kind of 
Perchlorate coordination will also occur in the crystals 
of this chelate. T h e conductivity data in Table 1, and 
the fact that the I R main peak of G10 4

_ which appears 
single in other chelates is apparently split in the spec­
t rum of this chelate (Fig. 3) support these suppositions. 

Similar observations have been made on the tmen sys­
tem.2) 

The authors are grateful to Dr. Ichiro Fujita and Mrs. 
Etsuko Fujita, Georgia Institute of Technology (Atlanta, 
USA), for the supply of a sample of teen. 
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Optical Resolution and Ternary System Solubility Isotherms of 
Cobalt(III) Complex Salts 

Yoichi SHIMURA and Katsuyuki TSUTSUI 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received July 28, 1976) 

The characteristics of three-component phase diagrams consisting of water and a pair of enantiomeric or 
diastereomeric cobalt(III) complex salts have been clarified experimentally by constructing the solubility isotherms 
of the following 6 ternary systems at 25 °C: HaO-zl-[Co(ox)(en)2]X-yl-[Co(ox)(en)2]X, where X stands for Gl-, 
I-, (Ä,Ä)-C4H5Oe-, Zl-[Co(edta)]-, 72[Sb2{(Ä,Ä)-C4H206}2]2- or rf-C10H14OBrSO3-. It has been found that the 
latter two anions form an active racemate, ra^-[Co(ox)(en)2]2[Sb2-[(i?,Ä)-G4H206}2]«5H20 and ra£-[Co(ox)(en)2]-
(rf-C10H14OBrSOs)-H2O, respectively. Solubility of the [Co(ox)(en)2]+ salts containing optically active counter-
ions was determined at 5—60 °G in water. 

T h e solubility isotherm for a multi-component system 
consisting of an optically inactive solvent and a pair of 
enantiomers or diastereomers seems to give useful infor­
mation on optical resolution.1»2) However, no such 
isotherm seems to have been reported for the system of 
metal complexes and water. T h e present paper deals 
with some solubility isotherms for the ternary systems, 
H 20-zl-[Co(ox)(en) 2]X-yl-[Co(ox)(en) 2]X, where X 
stands for univalent anions such as (a) CI - , (b) I~, (c) 
(Ä,Ä)-C4H5O a- , (d) zHCo(ed t a ) ] - , (e) V2[Sb2{ (* ,* ) -
C 4 H 2 0 6 } 2 ] 2 - or (f) rf-C10H14OBrSO3-. T h e monohy­
drate and tetrahydrate of the chloride (a) are sponta­
neously resolved,3-5^ but the iodide (b) forms a solid race-
mic compound.4) Anions (c) and (d) represent the suc­
cessful cases of optical resolution, and (e) and (f ) the 
unsuccessful ones. 

Experimental 

Materials. [Co(ox)(en)2]I: Racemic chloride mono-
hydrate was prepared by the method of Dwyer et a/.6) and was 
optically resolved by two kinds of resolving agents: (+)589-
(R,R)-tartrate(1 —) ion (abbreviated to rf-C4H606

_), which 
gave the vl(+)589 iodide through the less soluble diastereomer 
^l-[Co(ox)(en)2](rf-G4H506).H20,7)andzl(+)546-[Co(edta)]-, 
which gave the J(— )589 iodide through the less soluble 
diastereomer Zl-[Co(ox)(en)2] .J-[Co(edta)].HaO. The A-
(+)s89 iodide showed Ae5 2 3=+2.55 (lit,7) Ae5 2 0=+2.64), and 
the A{-\m iodide - 2 . 5 3 . 

[Co(ox)(en)2]Cl-H20: The recemic complex was also 
prepared by the method of Dwyer et al. The yK+)589

 a n d 
A(—)589 isomers were obtained from the corresponding 
iodides by treating with AgCl; Ae523=+2.57 and —2.60, 
respectively. 

lCo(ox)(en)2\(d-CiH5OJ'nH20: The ^-complex salt 
monohydrate was obtained by the method of Jordan et al.,^ 
and recrystallized from water; Ae5 2 3=+2.60 (lit,7) Ae520= 
+2.65). Found: G, 27.46; H, 5.36; N, 12.89%. Calcd for 
^-[Co(ox)(en)2](rf-C4H606).H20: C, 27.65; H, 5.35; N, 12.90 
%. The Zl-complex salt 2.5-hydrate was separated by the 
method of Froebe8) from the filtrate from the ^1-complex 
diastereomer in the procedure of Jordan et al.7> and purified by 
repeated recrystallizations from hot water; AeB23= —2.67, 
the yield was almost 1/10 of the corresponding yl-complex 
diastereomer. Found: C, 26.20; H, 5.67; N, 11.95%. 
Calcd for J-[Co(ox)(en)2](rf-C4H606).2.5H20: C, 26.03; 
H. 5.69; N, 12.15%. 

[Co(ox) (en) 2]2[5i2(d-CJi2OJ 2] • nH20 : The diastereomers 
were obtained by the reaction of an aqueous suspension (0.1 

mol, 50 °C) of y((+)589- or A{—)589-[Co(ox)(en)2]I, or rac-
[Co(ox)(en)2]Cl-H20 with freshly prepared silver antimony-
(III) (+)589-tartrate, which was precipitated in advance from 
a cold aqueous solution of tatar emetic K2[Sb2(rf-C4H206)2] • 
3H 2 0 (0.05 mol) by adding the equivalent amount of silver 
nitrate solution. Recrystallization was carried out from warm 
water; Ae523 per the complex cation was +2.59, —2.48, and 0 
for the A-, A-, and rac-complex diastereomers, respectively. 
Found: C, 19.82; H, 4.04; N, 9.58%. Calcd for >[Co(ox)-
(en)2]2[Sb2(rf-C4H206)2].6H20: C, 20.39; H, 4.12; N, 9.51%. 
Found: C, 20.56; H, 3.85; N, 9.56%. Calcd for J-[Co(ox)-
(en)2]2[Sb2(rf-C4H206)2].4H20: C, 21.03; H, 3.89; N, 9.81%. 
Found: C, 20.21; H, 4.02; N, 9.76%. Calcd for rac-[Co-
(ox)(en)2]2[Sb2(rf-C4H206)2].5H20: C, 20.71; H, 4.00; N, 
9.66%. 

[Co (ox) (en) 2] (di-CwHuOBrSOz) • n//2 0 : Ammonium 
( + )589-(li?,3S,4£,7Ä)-3-bromocamphor-9-sulfonate (the anion 
is abbreviated to rf-C10H14OBrSO3~) was converted into silver 
salt by treatment with silver nitrate in a cold aqueous solution. 
The ^ (+) 5 8 9 - or J(—)589-[Co(ox)(en)2]I, or rac-[Co(ox)(en)2]-
C1-H20 was suspended in warm water and treated with Ag-
(a'-C10H14OBrSO3). The diastereomers obtained were re-
crystallized from warm water; Ae523= +2.54, —2.58, and 0 for 
the A-, A-, and rat-complex diastereomers, respectively. Anal. 
Found: C, 31.56; H, 5.42; N, 9.83%. Calcd for ,4-[Co(ox)-
(en)2](rf-C10H14OBrSO3).H2O: C, 32.27; H, 5.43; N, 9.41%. 
Found: C, 30.74; H, 5.66; N, 9.01%. Calcd for Zl-[Co(ox)-
(en)2](rf-C10H14OBrSO3).2.5H2O: C, 30.87; H, 5.68; N, 
9.00%. Found: C, 32.00; H, 5.46; N, 9.52%. Calcd for 
r^-[Co(ox)(en)2](^-C10H14OBrSO3).H2O: C, 32.27, H, 5.43; 
N, 9.41%. 

\Co(ox)(en)i\'^-\Co(edta)'\-rvH2P'. The less soluble dia­
stereomer was obtained by the method of Dwyêr et a/.;6) 
[a]589= —550° (lit,6) +550° for the enantiomer trihydrate). 
Found: C, 30.30; H, 4.77; N, 13.35%. Calcd for zl-[Co-
(ox)(en)2].zl-[Co(edta)]-H20: C, 30.39; H, 4.78; N, 13.29%. 

The more soluble diastereomer was prepared from ^ - [ C O -

TABLE 1. ABSORPTION AND CIRCULAR DICHROISM 

MAXIMUM VALUES OF [ C o ( o x ) ( e n ) 2 ] X SALTS 

USED FOR CALCULATION OF SOLUBILITY 

X e at 497 nm Afi at 523 nm 
Cl 1 TÎ7 ±2 .60 
I - 122 ± 2 . 5 5 
</-C4H506- 123 ±2 .67 
l/2[Sb2(^-C4H206)2]2- 116 ±2 .59 
ß'-C10H14OBrSO3 - 119 ± 2 . 5 8 
J-[Co(edta)]- 398a> — 

a) at 524 nm. 
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Temp 
(°G) 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

TABLE 2. 

1 

0.98 
1.14 
1.37 
1.62 
1.87 
2.16 
2.54 
3.05 
3.47 
4.01 
4.59 
5.21 

SOLUBILITY 

2 

2.93 
3.46 
4.10 
4.79 
5.60 
6.57 
7.74 
8.92 

10.5 
— 

13.5 
15.5 

OF THE 

(gram! 

3 

1.21 
1.46 
1.86 
2.21 
2.79 
3.47 
4.24 
5.26 
6.38 
7.97 
9.58 

11.2 

[Go(ox)(en)2]+ SALTS CONTAINING OPTICALLY ACTIVE COUNTER-IONS 

5 of anhydrous salt 

4 

0.291 
0.341 
0.403 
0.475 
0.556 
0.657 
0.766 
0.864 
1.01 
1.14 
1.26 
1.35 

5 

3.59 
4.12 
4.80 
5.43 
6.25 
7.15 
8.21 
9.50 

10.98 
12.66 
14.54 
16.78 

in 100 grams of water) 

No. of salta> 

6 

2758 
2.73 
3.00 
3.30 
3.67 
3.92 
4.40 
4.76 
5.27 
5.85 
6.50 
7.17 

7 

0.907 
1.04 
1.20 
1.35 
1.53 
1.75 
2.03 
2.30 
2.57 
2.94 
3.35 
3.79 

8 

3.88 
4.25 
4.67 
5.09 
5.53 
6.09 
6.86 
7.54 
8.33 
9.19 

10.3 
11.7 

9 

— 
1.76b> 
2.13 
2.49 
2.97 
3.50 
4.02 

10 

4.39 
4.83 
5.31 
5.76 
6.42 

11 

3.00 
3.20 
3.52 
3.78 
4.23 
4.58 
5.09 
5.57 
6.10 
6.82 
7.59 
8.36 

a) 1 : A-[Co(ox) (en)a](rf-C4H606) .H aO, 2 : Zl-[Co(ox) (en)2](rf-C4H506) .2.5HaO, 3 : >[Co(ox) (en)2] -A-[Co-
(edta)].2.5H20, 4: zl-[Co(ox)(en)2].J-[Co(edta)].H20, 5: >[Co(ox)(en)2]2[Sb2(rf-C4H2Ofl)2].6H20, 6: A-
[Co(ox)(en)2]2[Sb2(rf-C4H206)2]-4H20, 7: r^-[Co(ox)(en)2]2[Sb2(^-C4H206)2].5H20, 8: ^-[Co(ox)(en)2](rf-
C10H14OBrSO3) H 2 0 , 9: J-[Co(ox)(en)2](rf-C10H14OBrSO3) .4H 2 0, 10: zl-[Co(ox) (en)2](</-C10H14OBrSO3) • 
2.5H20, 11 : rao[Co(ox) (en)2] (</-C10H14OBrSO3) .H aO. b) At 8 °G. 

(ox)(en)2]I and zl-Ag[Co(edta)], the latter being obtained 
by the method given by Maricondi and Douglas.9) Recrys-
tallization was carried out from warm water; Zle538=-J-2.25. 
Found: C, 28.42; H, 5.07; N, 12.53%. Galcd for A-[Co(ox)-
(en)2].zl-[Co(edta)].3H20: G, 28.75; H, 5.13; N, 12.57%. 

Measurements. Mutual solubility of the A and A 
complex salts in water was measured at 25 °C as follows : A 
mixed aqueous solution of the A and A complex salts containing 
an excess of the solid complex salt(s) in a conical flask was 
stirred mechanically for about 2 h at 25 °G in a thermostat 
regulated within ±0.1 °C. After the resulting saturated 
solution had been left to stand for a while, a portion of the 
supernatant solution was sucked into a weighing bottle through 
a cotton plug and then weighed. This was diluted to a 
known volume, and its optical density and CD were measured 
at the wave lengths 497 and 523 nm, respectively, except for 
the case of X=J-[Co(edta)] - . The optical density value is 
related to the total amount of enantiomers (or diastereomers) 
and the CD value the difference in amounts of A and A com­
plexes, since no counter ions influence the absorption or CD 
spectra in the visible region regardless of whether they are 
optically active or not. Thus, the absorption and CD maxi­
mum values of the complex salts (Table 1) enable us to 
calculate the amounts of both A and A complexes separately. 

In the case of X=Zl-[Co(edta)]_, the total amount of 
diastereomers was calculated from the observed optical density 
at 524 nm, where the absorption maximum of [Co (ox) (en) 2 ] -
[Co(edta)] salt lies, and the difference in the amount of 
diastereomers from the observed CD at 538 nm, where the CD 
curve of Zl-[Co(edta)]_ ion intersects the zero line; the com­
plex salt has a value of Ae=±2 .25 at this wavelength. The 
observed CD value at 561 nm, where the CD curve of A-
[Co(ox)(en)2]«Zl-[Co(edta)] diastereomer intersects the zero 
line, was also used for calculation of the dissolved amount of the 
A - [Co (ox) (en) 2] • A - [Co (edta) ] diastereomer. 

The solid phases were identified from the elemental analyses 
and measurements of CD or optical rotation (solvent: H 2 0 ) . 
The solubility of complexes in water at 5—60 °C (Table 2) was 
determined in the same way as previously reported.4) Optical 
densities were measured with a Jasco UVIDEC-1 spectro­
photometer, CD with a Jasco MOE-1 spectropolarimeter, and 
optical rotation with a Jasco DIP-4 digital polarimeter. 

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

T h e ternary system data obtained are given in Table 
3 and Figs. 1—6. In the triangular isotherms the top 
par t ( H 2 0 corner) is enlarged for the sake of convenience 
and the tie lines omitted. 

<- 5 0 D 

Fig. 1. Solubility isotherm of the ternary system HaO-
(A)-zl-[Co(ox)(en)2]Cl(B)-,4-[Co(ox)(en)2]Cl(C) at 25 
°C. The solid phase B' or C is monohydrate of B or 
C, respectively. 

Spontaneous Resolution. \Co(ox)(en)^\Cl: Figure 
1 shows the ternary phase diagram at 25 °C for the sys­
tem consisting of A and A isomers of chloride and water. 
One invariant point P is found. The triangular area 
P B ' C represents the compositions consisting of A chlo­
ride monohydrate, A chloride monohydrate and a 
saturated solution of composition P, which is identical 
to a saturated solution of the racemic complex. This is 
the case of spontaneous resolution. The molar solubility 
in point P should be identical to or larger t h a n V T / 2 of 
that in point Q or R.4) 
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TABLE 3. SOLUBILITY IN THE TERNARY SYSTEMS, 

H20-^-[Co(ox)(en)2]X-yl-[Go(ox)(en)2]X, AT 25°C 

X 

c i - < 

I - ( 
* \ 

</-C4H608- < 

J-[Co-
(edta)]-

l/2[Sb2(</-
C4H20,)2]*-

</-C10H14-
OBrS03- \ 

Liquid phase 
composition 

(wt %) 

J-salt 

2.43 
2.17 
1.99 

^ 1.91 

0.41 
0.40 
0.21 
0.13 
0.08 
0.05 
0.02 
0.01 
0.01 

^0 

5.29 
5.07 
4.99 

3.79 
2.73 
1.43 

^0.03 

0.52 
0.41 
0.36 
0.29 
0.26 
0.20 

^0 

3.51 
3.51 

2.46 
1.45 
0.89 
0.61 
0.48 
0.17 
0.12 
0.12 

^0 

r 2 .88 
2.78 
2.70 

2.35 
1.90 
1.40 
1.10 
0.88 
0.92 

^0.06 

^l-salt 

~~Ö 
0.62 
1.36 
1.91 

0 
0.01 
0.02 
0.06 
0.10 
0.15 
0.24 
0.34 
0.40 
0.41 

0 
0.64 
1.06 

1.09 
1.23 
1.48 
1.92 

0.04 
0.39 
0.67 
1.26 
1.70 
2.68 

2.72 

0.04 
0.20 

0.24 
0.39 
0.68 
0.90 
1.25 
3.51 
5.08 
5.73 

5.75 

0 
1.18 
1.48 

1.81 
2.33 
2.98 
3.65 
4.35 
4.70 

5.12 

Solid phase 

J - [ ] X . H a O 
J - [ ] X - H 2 0 
J - [ ] X . H 2 0 
J - [ ] X . H 2 0 + > [ ] X . H 2 0 

J - [ ] X 
A-[ ]X+rac-[ ]X 
rac-l ]X 
rac-l ]X 
rac-l ]X 
rac-l ]X 
rac-l ]X 
rac-\_ ]X 
A-l ] X + m * [ ]X 
M]X 

J - [ ] X . 2 . 5 H a O 
J - [ ] X - 2 . 5 H 2 0 
J - [ ] X . 2 . 5 H a O + 

> [ ] - H 2 0 
, 1 - [ ]X .H 2 0 
^ l - [ ]X .H 2 0 
^ l - [ ]X .H 2 0 
> [ ] X - H 2 0 

J - [ ] X . H 2 0 
J - [ ] X . H 2 0 
J - [ ] X . H 2 0 
J - [ ] X - H 2 0 
J - [ ] X . H 2 0 
J - [ ] X - H 2 0 + 

> [ ] X - 2 . 5 H 2 0 
^ ( - [ ] X . 2 . 5 H 2 0 

A-l ]X -2H20 
J - [ ] X - 2 H 2 0 + 

r « o [ ] X . 2 . 5 H 2 0 
rao[]X.2.5H20 
rac-[]X.2.5H 20 
rac-[]X.2.5H 20 
r ao [ ]X-2 .5H 2 0 
rac-[]X.2.5H 20 
rat-[]X.2.5H aO 
r a o [ ] X . 2 . 5 H 2 0 
^ ( - [ ] X . 3 H 2 0 + 

mc-[]X.2.5H aO 
^1-[]X.3H20 

J - [ ] X . 4 H 2 0 
J - [ ] X . 4 H 2 0 
J - [ ] X . 4 H 2 0 + 

rac-l ] X - H 2 0 
rac-l]X-H20 
r a o [ ] X . H 2 0 
rac-[]X.H20 
rac-l ] X - H 2 0 
rac-l]X-HzO 
^ ( - [ ] X . H 2 0 + 

rac-l ] X - H 2 0 
J - [ ] X - H 2 0 

Fig. 2. Solubility isotherm of the ternary system H 2 0 -
(A)-zl-[Co(ox)(en)2]I(B)->[Co(ox)(en)2]I(C) at 25 
°C. 

Formation of Racemic Compound. \Co(ox)(en)^I\ 
Figure 2 shows the case of A and A isomers of iodide and 
water. Two invariant points Pj and P2 appear, the 
curve P ^ P a representing the solubility of the racemic 
compound A - [ Co (ox) (en) 2] I • A- [Co (ox) (en) 2] I (D). 
The solubility curve of the A or A complex, Q P j or RP 2 , 
is greatly suppressed in the diagram. 

Optical Resolution by Solubility Difference between Dia-
stereomers. lCo(ox)(en)^X(X—d-C/LHh06- and A-
lCo(edta)]-): T h e optically active [Co(ox)(en)2]+ ion 
was first obtained by the substitution reaction10) of opti­
cally active m-[CoCl2(en)2]+ with oxalate ion, or by 
preferential crystallization by seeding11) some optically 
active complex salts into a concentrated aqueous solu­
tion of the racemic bromide [Co(ox) (en) 2]Br. T h e 
optical resolution through its diastereomer was first per­
formed by Dwyer et Ö/.6) with the use of optically active 
[Co(edta)]~ ion as the resolving agent. Later, Jo rdan 
et al?} reported a fine procedure of resolution through 
the (+) 5 8 9 - tar t ra te(1—) diastereomer, [Co(ox) (en)2]-
(</-C4H5Oe). 

Figure 3 shows the isotherm for the complex of X = 
rf-C4H506~. Invariant point P appears near the right 

Fig. 3. Solubility isotherm of the ternary system H 2 0 -
(A)-J-[Co(ox) (en)2](</-C4H506) (B)-^(-[Co(ox) (en)a] (d-
C4H506) (C) at 25 °C. The solid phase B' is 2.5 
hydrate of B, and C' monohydrate of C. 
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Fig. 4. Solubility isotherm of the ternary system H 2 0-
(A)-zl-[Co(ox)(en)2] .zl-[Co(edta)](B)->[Co(ox)(en)2] • 
zl-[Co(edta)](C) at 25 °C. The solid phase B' is 
monohydrate of B, and C 2.5 hydrate of C. 

hand side. If an aqueous solution of equimolar mixture 
of the two diastereomers is concentrated a t this tempera­
ture, the less soluble diastereomer A-[Co(ox)(en)^\(d-
C 4 H 5 0 6 ) ' H 2 0 would crystallize out first and the solu­
tion composition would change along the solubility 
curve EP. The solid phase consists of both the diastereo­
mers at P. Figure 4 shows the case of X = z l - [ C o ( e d t a ) ] - , 
the invariant point P appearing near the left hand side. 
I t is expected that the nearer the invariant point to the 
right or left hand side, the higher the relative yield of the 
less soluble diastereomer. T h e relative composition of 
the saturated solution a t point P is A : A=3.75: 50 and 
50: 10.6 for the X = J - [ C o ( e d t a ) ] - and X=</ -C 4 H 5 O e - , 
respectively. 

Fig. 5. Solubility isotherm of the ternary system H 2 0 -
(A)-zl-[Co(ox) (en)2] (rf-C10H14OBrSO3) (B)-A-[Co(ox)-
(en)2] (rf-C10H14OBrSO3) (G) at 25 °C. The solid phase 
B' is tetrahydrate of B, C' monohydrate of G, and 
D' w-[Co(ox) (en)2] (rf-C10H14OBrSO3) -H 2 0 . 

Optically Active Racemate Formed between Diastereomers. 
[Co(ox) (en)2]X (X^UlSb^d-C^OJ^- and d-C10Hu-
OBrS03~) : Figure 5 shows the isotherm for the system 
consisting of A and A diastereomers of the (+)58&-(l^>-
3£,4£,7i?)-3-bromocamphor-9-sulfonate salt and water. 
Two invariant points Pj and P 2 appear, the curve P iEP 2 

representing the solubility of a new solid compound 

formed between the two diastereomers. This solid com­
pound was isolated from the system and characterized by 
elemental analysis, visible and ultraviolet absorption, 
CD, O R D , and I R spectra. I t was confirmed that the 
compound is an optically active racemate, A -[Co (ox)-
(en) 2] (d- C1 0H1 4OBrSO3) • A - [Co(ox) (en)2] (d- C1 0H1 4O-
BrS0 3 ) • 2 H 2 0 = rac-[Co (ox)(en)2] (d- C1 0H1 4OBrSO3) • 
H 2 0 . T h e same compound was obtained by treating 
ra£-[Co(ox)(en)2]Cl«H20 with silver rf-bromocamphor-
sulfonate (see Experimental) . If an aqueous solution of 
this active racemate is concentrated at 25 °C, its com­
position would change along AE (Fig. 5) and the race-
mate monohydrate (D') would crystallize out at point 
E. Thus the separation of A and A diastereomers by 
fractional crystallization is impossible, though the solu­
bility of the two diastereomers in water differs greatly 
(Table 2). 

Fig. 6. Solubility isotherm of the ternary system HaO-
(A)-zl-[Co(ox) (en)2]2[Sb2(</-C4H206)2] (B)-^-[Go(ox)-
(en)2]2[Sb2(rf-C4H206)2](C) at 25 °C. The solid phase 
B' is tetrahydrate of B, C' hexahydrate of C, and 
D' ™-[Co(ox)(en)2]2[Sb2(rf-C4H206)2] -5H20. 

Figure 6 shows the case of X=V2[Sb2(</-C4H206)2]2- . 
Here, the solubility curve of the active racemate is 
spread over a wide region and those of the pure A and 
A diastereomers are much suppressed. The racemate 
has the composition J - [Co(ox)(en) 2 ] -J - [Co(ox)(en) 2 ] ' 
[Sb 2 ( r f -C 4H 20 6 ) 2 ] -5H 20=rat-[Co(ox)(en) 2 ] 2 [Sb 2 ( r f -C 4 -
H 2 0 6 ) 2 ] . 5 H 2 0 . 

I t is generally thought that the so-called inadequate 
resolving agent is the one which gives a pair of diastereo­
mers with a smaller difference in solubility. The present 
solubility data, however, show that the formation of an 
optically active racemate is also an important cause for 
unsuccessful optical resolution. A few such active race-
mates have been reported: a d-tartrate(2—) racemate, 
rac- [Co (en) 2 ( 1,10-phenanthroline) ] 2 (d- C4H4O e) 3 • 9 H 2 0 , 
which has been named by Jaeger12) a "part ial race-
moid." 

Temperature Dependence of Solubility in Water. Ta ­
ble 2 shows temperature dependence of solubility of the 
[Co(ox)(en)2]+ salts containing optically active counter 
ions in water. Most of the salts show a temperature 
dependence similar to that of the halide salts.4) Thus 
the solubility at 25 and 60 °C is 1.5—2 and 3—5 times 
larger than that at 5 °C, respectively. An exceptional 
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case is found in y(-[Co(ox)(en)2]-zl-[Co(edta)]-2.5H20, 
its solubility at 60 °C being about 9 times greater than 
that at 5 °C. T h e solubility difference between the A 
and A diastereomers of zl-[Co(edta)]~ salt becomes very 
large at higher temperatures. 

The solubility curve of Zl-[Co(ox)(en)2](</-C10H14-
OBrSO a) has an inflection point at about 35 °G, where 
the solid phase changes from 4-hydrate (below 35 °C) to 
2.5-hydrate (above 35 °C). However, no such inflec­
tion was found in the corresponding A diastereomer or 
the active racemate. T h e solid phases of both salts con­
sist of the monohydrate in 5—60 °C. 
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Kinetic Studies of the Inversion of ^2-frait8-2-Butene in Platinum(II) 
Complexes Containing Various Amino Carboxylates 

Yoshiro TERM, Hiroaki KIDO, Kazuo KASHIWABARA,* Junnosuke FUJITA,* and Kazuo SAITO 

Chemistry Department, Faculty of Science, Tohoku University, Sendai 980 
(Received August 9, 1976) 

Platinum(II) complexes containing S,S- or R,R-trans-2-butene and various L-amino carboxylate, i.e. cis(N, 
olefin) [PtCl (i,-prolma.té)(S,S-trans-2-butene)] and trans(N,o\eûn) [PtCl (L-am)^^- or R,R-trans-2-butene)], were 
synthesized (L-am=L-prolinate, iV-methyl-L-prolinate, N-benzyl-L-prolinate, L-alaninate and L-valinate). The 
kinetics of the inversion reaction of the coordinated S,S- or R,R-trans-2-butene was investigated in acetone in the pres­
ence of an excess of trans-2-butène at 8.0 °C. Second order rate law was obeyed with respect to the concentrations 
of the complex and free olefin, and no solvent path was observed. In the trans(N,o\efin) complexes, interactions 
steric around the coordinated nitrogen atoms seems to be responsible in determining the ease of inversion via an 
associative mechanism. On the other hand, smaller rate for the cis(N,olefm) complex than the corresponding 
trans isomer seems to be due to the trans effect. 

T h e substitution reaction of various olefins for the 
7j2-/rflnj-2-butene in [PtCl(L-pro)(.S,,<S,-/rön.y-2-butene)] (L-
pro=L-prol inate) in acetone gave a variety of rate 
and activation entropy,1»2) and we pointed out the 
importance of the steric effect between the nucleophilic 
olefin and the coordinated amino carboxylate and/or 
olefin.1) This paper deals with further kinetic studies 
of the exchange of trans-2-butene with inversion of 
configuration by use of eis (^olefin) [PtCl (L-pro)(S,S-
trans-2-butene)'] and various trans (N,oleûn)[PtCl{L-am) 
(S,S- or R,R-trans-2-butene)] in acetone, where L-am 
stands for various amino carboxylates, i.e. L-prolinate, 
JV-methyl-L-prolinate (JV-Me-L-pro), iV-benzyl-L-proli-
nate (iV-Bz-L-pro), L-alaninate (L-ala), and L-valinate 
(L-val). 

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

Materials. JV-Methyl- and JV-benzyl-L-proline were 
prepared from L-proline.3) Guaranteed grade L-proline, 
L-alanine and L-valine and pure grade trans-2-butène (Nihon 
Tokushu Gas Co.) were used without further purification. 

Preparation of the Complexes: The trans (N, olefin) com­
plexes, trans(N, olefin)[PtCl(L-am) (olefin)] (olefin=ethylene 
and trans-2-butcné) were synthesized by the reported methods.4) 
The eis complex cis(N, olefin) [PtCl (L-pro)(C2H4)] was pre­
pared by a new method with tin(II) chloride as a catalyst. 
Three mol dm"3 hydrochloric acid (15 cm3) and K[PtCl2(L-
pro)](2g)5) were sealed in a 50 cm3 flask with a rubber 

stopper, and nitrogen was bubbled for 30 min. A suspension 
of ca. 30 mg tin(II) chloride dihydrate in deoxygenated water 
(2—3 cm3) was added with a syringe and ethylene was bubbled 
slowly with a vigorous stirring. Colorless crystals precipitated 
within 20 min. After 30 min the flask was cooled by ice, and 
the precipitate was filtered off, washed with water, air-dried at 
room temperature, and recrystallized from iV,iV-dimethyl-
formamide (DMF) or acetonitrile (AN). Yield ca. 67%. 
cis(N, olefin) [PtCl(L-pro)(toww-2-butene)] was obtained by 
replacing the coordinated ethylene by trans-2 -butène in AN, 
and recrystallized from AN by adding diethyl ether. 

All the trans-2 -butène complexes were resolved by repeated 
fractional recrystallization until the CD spectra remained 
unchanged in a mixture of acetone and petroleum ether 
(trans complex) or of AN and diethyl ether (eis complex). 

Identification of Geometrical Isomers: Elemental analysis of 
carbon, hydrogen, and nitrogen of all the new complexes 
agreed with the calculated values as shown in Table 1. It was 
claimed that the trans(N, olefin) complexes are pale-yellow and 
cis(N, olefin) complexes are colorless.4) The present new 
complexes seem to obey this empirical rule, when the geometri­
cal isomerism of the prepared complexes is assigned on the 
basis of the route of synthesis (for the formation of the eis 
complexes vide infra). The pale-yellow and colorless [PtCl(L-
pro) (trans-2-butène)] gave IR absorption at 350 and 340 cm -1, 
respectively, which can be assigned to Pt-Cl stretching vibra­
tion. This correspondence is also in accord with the empirical 
rule.4) The trans complexes are soluble in acetone, AN, and 
DMF, whereas the eis complexes are very sparingly soluble in 
acetone and AN and soluble in DMF. Thus the geometrical 

TABLE 1. ANALYTICAL DATA OF THE NEW COMPLEXES, trans(N, olefin) [PtCl(L-am) (olefin)] 

L-am 

L-ala 

L-val 

JV-Me-L-pro 

N-Bz-L-pro 

L-pro 
cis(N, olefin) 

{ 
{ 
{ 
{ 

Olefin 

trans-2-Butene 
Ethylene 

trans-2-Butene 
Ethylene 

trans-2 -Butène 
Ethylene 

ftww-2-Butene 
Ethylene 

trans-2-Butene 

c/% 
Calcd 

22.43 
22.43 
26.84 
24.84 
28.95 
36.33 
39.15 
22.56 
26.97 

Found 

22.51 
22.46 
26.74 
24.81 
28.84 
36.30 
39.17 
22.41 
26.74 

Calcd 

3.77 
3.77 
4.50 
3.65 
4.37 
3.93 
4.52 
3.25 
4.02 

H/% 

Found 

3.72 
3.83 
4.48 
3.65 
4.48 
3.91 
4.50 
3.25 
3.97 

Calcd 

3.74 
3.74 
3.48 
3.62 
3.38 
3.03 
2.85 
3.76 
3.50 

N/% 

Found 

3.71 
3.76 
3.51 
3.59 
3.35 
2.85 
2.63 
3.82 
3.39 

* Present Address : Department of Chemistry, Faculty of Science, Nagoya University, Nagoya 464. 
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isomers can be distinguished by the color of crystals, synthetic 
route, IR absorption, and solubility. 

Kinetic Runs. The decrease in CD strength of the 
complexes with time was recorded in acetone by the following 
method. The complexes were dissolved in acetone to give ca. 
10 - 3 moldm - 3 solution, cooled and mixed with cold trans-2-
butene in acetone (10-2 to 1 mol dm - 3) . The solution was 
placed in a cell box of a spectrometer, which had been 
cooled to 8.0+0.3 °C, and the decrease in CD strength at the 
CD peak (360—385 nm) was continuously recorded. The rate 
of decrease obeyed the first order kinetic law and the observed 
rate constant AobBd is expressed by Eq. 1. 

Aobsd = " t o [ («*-a- ) / («o-«-) ] / ' (1) 
Where oc's are the CD strength at the time denoted by the 
suffices. The concentrations of the complex and free olefin 
at 8.0 °C were calculated by taking the density of acetone into 
consideration. 

Measurements. The CD spectra were recorded with a 
JASCO Model ORD/UV-5 Spectrometer with CD attach­
ment. Visible and UV spectra and IR spectra were recorded 
with a Hitachi 323 and a JASCO DS-403 G, respectively, 
A Komatsu-Yamato Coolnics thermostat was used for ke­
eping the temperature at 8.0 °C. 

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

Preparation of cis(N,oleßri)[PtCl(L-pro)(tra,ns-2-butene)]. 
eis(N, olefin)- complexes of plat inum (II) containing 
prochiral olefin have been known only for the type 
[ P t C ^ S - or Ä-a-methylbenzylamine) (£,£- or R,R-trans-
2-butène)].6) We have succeeded in preparing cis(N, 
olefin) [PtCl(L-pro)(/ra7U-2-butene)] by the substitution 
of trans-2-butene for the ethylene in eis(N,o\eûn)[PtCl(L-
pro)(C2H4)] in AN. Several m(^,olef in)[PtCl(am)-
(C2H4)] had been prepared by the reaction of amino 
carboxylate with [P tC l 4 ] 2 - followed by the action of 
concentrated hydrochloric acid and ethylene in aqueous 
solution. However, the corresponding L-prolinate 
complex was not obtained by this method.4) 

We have found that tin (I I) chloride was a useful 
catalyst for the synthesis of «V(iV,olefin)[PtCl(L-pro)-
(C2H4)] . Belluco et al. studied the mechanism of the 
catalytic action of t in(II) chloride in the substitution 
of aquo-soluble olefins for the chloride in [P tCl 4 ] 2 - in 
hydrochloric acid.7) They considered the formation of 
some reactive intermediates containing S n C l 3

- ligand. 
In the present synthesis, [PtCl 3(L-proH)] _ (L-proH is 
coordinated as a unidentate on nitrogen) may have 
been formed from [PtCl2 (L-pro)]-,5) and reacted with 
tin (II) chloride in deoxygenated concentrated hydro­
chloric acid solution, to give m-[P tCl 2 (L-proH)(C 2 H 4 ) ] -

via similar intermediates containing SnCl3~. This eis 
complex must be in equilibrium with m(iV,olefin)-
[PtCl(L-pro)(C2H4)] in aqueous solution and the less 
soluble latter complex was precipitated as colorless 
crystals. T h e corresponding L-alaninato complex cis(N, 
olefin) [PtCl(L-ala)(C2H4)] was not obtained by this 
method, presumably because of its solubility in aqueous 
solution. 

UV Absorption and CD Spectra. Spectral data of 
U V absorption of all the trans complexes give d-d 
transition absorption around 25000 c m - 1 , whereas the 
eis complexes at ca. 28000 c m - 1 (Table 2). T h e CD 

TABLE 2. THE UV ABSORPTION SPECTRAL DATA OF trans-

AND cis(N, olefin) [PtCl(L-am) (olefin)] IN ETHANOL 

Olefin Absorption maxima/103 cm - 1 (loge) 

, o TT ca. 2 5 * 
trans- 1 ^ ^ (1.6—1. 

Complex 1 trans- ca. 25* 
1 2-Butene (1.5) 

ca. 28* 
cis-

Complex 
^ n 4 (1.5) 
trans- ca. 28* 

*• 2-Butene (1.5) 

* shoulder 

8) 
ca. 33.5 

(~3) 
35—36* 

(~3) 
ca. 35* 

(2.9) 
ca. 33.5* 

(2.4) 

37—38 
(3.2—3.3) 
ca. 39* 
(3.1—3.3) 
ca. 38 

(3.3) 
ca. 39* 

(3.3) 

maxima of all the trans complexes in this region are 
26.0—27.0 X 103 cm- 1 , and that of the eis complex is at 
27.8 X 103 c m - 1 . T h e diastereoisomers with plus CD 
in this region are assigned to S,S- and those with minus 
CD to / ^ - con f igu ra t i on of coordinated fom.y-2-butene, 
in accordance with Scott and Wrixon's empirical rule.8) 

TABLE 3. THE Ae VALUES OF CD MAXIMA IN d-d REGION 

OF THE COMPLETELY RESOLVED trans (N, olefin) [PtCl 
(L-am) (S,S- or RfR-trans^-hutene)] AND THAT 

OF THE CORRESPONDING ETHYLENE 

COMPLEXES IN ETHANOL 

L-am ^(CDmax) Aß(C4H8) A ^ H , ) ^ ^ Q 

lO^m-1 (a,c) (b,c) 4 8 

L-ala 
L-val 
L-pro 
JV-Me-L-pro 
JV-Bz-L-pro 
L-prof) 

27.0 
26.7 
27.0 
26.3 
26.0 
27.8 

+ 1.13 
- 1 . 0 
+ 1.05 
- 1 . 0 6 
+ 1.00 
+ 1.14 

0 
0 

- 0 . 0 5 
+0 .02 
- 0 . 1 9 
+0 .12 

+ 1.13 
- 1 . 0 
+ 1.10 
- 1 . 0 8 
+ 1.19 
+ 1.02 

S,S 
R,R 

s,s 
R,R 

s,s 
s,s 

a) Ae value of the *ranj-2-butene complex b) Ae value 
of the ethylene complex, c) at the CD maxima of the 
trans-2-butène complexes at ca. 27000 cm-1, d) Ae 
(trans-2-hutene complex)-Ae(C2H4 complex), e) abso­
lute configuration of coordinated trans-2 -butène, f ) eis 
(N, olefin) [PtCl(L-pro) (olefin)]. 

Table 3 gives the CD strength of all the completely 
resolved complexes a t the peak of the trans-2-butene 
complexes in the d-d transition band region. These 
complexes are the diastereoisomers first crystallized on 
fractional crystallization. I t also shows the difference 
in CD strength between the trans-2-butene- and the 
ethylene complexes at the wave length mentioned above. 
T h e <5Ae is almost equal for all the complexes, suggesting 
that the contribution of asymmetrically coordinated 
trans-2-butene to the CD strength is not affected by the 
variety of the coordinated amino carboxylates. 

Kinetics of the Inversion of trans-2-Butene. When 
frww-2-butene was added to the trans- and eis(N,olefin)-
[PtCl(L-am) (S,S- or RiR-trans-2-butene)'] complexes in 
acetone at 8.0 °C, the U V absorption remained unchang­
ed for at least two days, whereas the CD strength at the 
peak in 360—385 nm region decreased obeying Eq. 1. 
This reaction should be the substitution with inversion 
of trans-2-butene ligand, i.e. the epimerization of the 
complex on the substitution. 

T h e kobs increased linearly with increase in free 
trans-2-butene concentration to give Eq. 2. 
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ôbsd = A2[fr«w-2-butene] (2) 

T h e k2 is related to the rate constant of the inversion 
reaction, k2

iny, by the relation A;2 = 2A:2
inv. However, 

the k2 values are used in the following discussion. By 
use of cw-2-butene in place of Jran.y-2-butene as nucleo-
phile the same relation holds. Absence of intercept on 
the kohsd vs. free ligand concentration diagram indicates 
no participation of the solvent molecule in the rate 
determining process. 

trans(N,olefin) Complexes: T h e second order rate 
constant decreases in the following sequence as the 
amino carboxylate was changed. (Table 4). 

TABLE 4. RATE CONSTANTS OF THE EPIMERIZATION 

REACTION OF trans(N, olefin) [PtCl(L-am) (S,.?- or 
R,R-trans-2-butene)~\ IN ACETONE AT 8.0 °C 

L-am Config.a> Added olefin A^/lO^s-1 mol-1 dm3 

L-ala S,S trans-2-Butene 30 ± 3 
L-val R,R trans-2-Butene 39 ± 4 
L-pro S,S trans-2-Butene 9.7 ± 0.6b>c> 
L-pro R,R trans-2-Butene 7.6 ± 0.3 
L-pro S,S m-2-Butene 350 ±13b>d> 
iV-Me-L-pro R,R fom.y-2-Butene 0 .54± 0.01 
JV-Me-L-pro R,R m-2-Butene 26 ± 5d> 
JV-Bz-L-pro R,R trans-2-Butene < 0 . 0 1 
L-proe) S,S fra;w-2-Butene < 0 . 3 

a) Configuration of coordinated /ra>w-2-butene. b) Ref. 
1. c) The datum was obtained by the different method 
(see Ref. 1). d) The rate is not epimerization, but 
substitution rate, e) cis(N, olefin) [PtCl(L-pro) {S,S-trans-
2-butene)]. 

L-val, L-ala > L-pro > JV-Me-L-pro > JV-Bz-L-pro (3) 

No appreciable difference is seen between the rate for 
the L-alaninato and L-valinato complex, indicating little 
influence of the substituents on the asymmetric carbon 
atoms. Hence, the discussion is to be made among 
complexes containing various substituents on the 
coordinated nitrogen atom. 

T h e difference among k2 values can be interpreted 
either by the electronic or the steric effect brought 
about by the amino carboxylates. T h e most important 
electronic effect affecting the rate of substitution reac­
tion around square p lanar complexes is the trans effect. 
Various factors can give influence upon this effect, but 
the basicity of the nitrogen atom should be looked upon 
as predominating in the present complexes. L-Proline 
has larger pKa (10.64 a t 25 °C) than L-alanine and 
L-valine (9.64 and 9.72, respectively), and the L-proli-
nato complex gives much smaller k2 than the L-alaninato-
and L-valinato complexes do. O n the other hand, N-
methyl-L-proline can be expected to be more basic 
than iV-benzyl-L-proline (because pKa of methylamine 
and benzylamine are 10.68 and ca. 9.6, respectively 
at 25 °C), but the k2 value of iV-methyl-L-prolinato 
complex is larger than that of iV-benzyl-L-prolinato 
complex. Thus no regular relationship is observed 
between the basicity of the amino nitrogen and the 
second order rate constant, suggesting that the electronic 
effect is not very impor tant in determining the ease of 
inversion of frmr-2-butene. 

Parametrization of steric effect is far more difficult. 
We will use the overall bulkiness of ligands around the 
plat inum (II) ion as influencing the ease of formation 
of the transition state with coordination number 5 
containing two moles of fom.y-2-butene. T h e k2 values 
do not differ much by use of a pair of diastereomers 
containing R,R- and Sß-trans^-butene. Thus, our 
tentative representation of the overall bulkiness by 
molecular model studies would not be very inappro­
priate. Studies with molecular models indicate that the 
bulkiness of the coordinated amino carboxylate around 
the pla t inum(II) ion increases in the sequence of Fig. 1. 
This sequence is equal to the sequence (3). Thus, 
presence of bulky substituents on the nitrogen atom may 
hinder the formation of the transition state with coordi­
nation number 5, to result in slower substitution of the 
olefin. 

-N ' ' " ' - N ' ^ ~ -N 'C" _N'C" 
XH N N H N -CH 3

 N^CH2C6H5 

L-vat { L-pro <A/-Me-L-pro (/V-Bz-L-pro 
Fig. 1. Sequence of the bulkiness of the coordinated amino 

nitrogen. 

Moreover, Table 4 includes the rate of substitution 
of cw-2-butene for the coordinated /ran.î-2-butene. cis-2-
Butene is not prochiral and its substitution always brings 
about decrease in CD strength,1) so that the rate indicates 
the ease of substitution. When the L-prolinato and the 
iV-methyl-L-prolinato complexes are compared, the ratio 
of their k2 values is almost equal for both the substitution 
of a.y-2-butene and the inversion of trans-2-butene. This 
fact suggests that the bulkiness of the coordinated amino 
carboxylate affects the rate of the substitution of cis-2-
butene in a similar manner . 

cis(N,olefin) Complex: Studies with molecular models 
suggest no significant difference in overall bulkiness 
around the pla t inum(II) ion between the aV(iV,olefin)-
and the trans(Niolefin)-L-prolinato complexes. O n the 
other hand, a significant difference in electronic effect 
is expected, since the pKa value of the carboxylate 
oxygen (1.99 at 25 °C) is far smaller than that of the 
nitrogen (loc. cit.). Such a difference is reflected in the 
frequency of P t -C l streching vibration; i.e. the cis(Nr 

olefin) complex with nitrogen trans to chloride gives an 
I R absorption peak a t 340 c m - 1 , whereas trans (N&leûn) 
with the oxygen trans to chloride a t 350 cm - 1 . Thus a 
basic ligand at the trans position seems to make the 
P t -C l bond loose. T h e nature of metal-l igand bond 
between P t ( I I ) and 7]2-olefin should be significantly 
different from that between Pt( I I ) and chloride. 
However, the ease of exchange of olefins in [PtCl(L-
am) (olefin)] seems to be mainly governed by the 
strength of a-bond between Pt( I I ) and olefin.2) trans-2 
Butene-Pt( I I ) bond can be made loose by the trans 
influence of basic nitrogen in the trans (N,olefin) complex, 
so that the k2 value becomes greater than that of the 
eis (N,olefin) complex. 

T h e authors ' thanks are due to the Takeda Science 
Foundation for financial support. 
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Studies on Mixed Chelates. VII. Mixed Nickel(II) Chelates Containing 
N9N'- or JV,JV-Dialkylethylenediamines and Acetylacetone 

NGUYEN Thi Nga, Yutaka FUKUDA, and Kozo SONE 

Department of Chemistry, Faculty of Science, Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo 112 
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Twelve mixed nickel(II) chelates with N,N'- or JV,iV-dimethyl (or diethyl)ethylenediamines and acetylacetonate 
ion (acac) were prepared, and their properties were compared with those of the similar chelates with N,N,N',N'-
tetramethyl(or tetraethyl)ethylenediamine. With the decrease of the number and bulkiness of the JV-alkyl groups 
in the diamine, the tendency of forming 6-coordinated mixed chelates remarkably increases. The chelates of the 
type [Ni (diamine) (acac) ]X, formed when X is B(Ph)4, which are essentially similar to the corresponding chelates 
with N, N,N',N'-tetraalkylethylenediamines, but more apt to combine with solvent molecules and to go over into 
6-coordinated structures than the latter. 

In the previous papers,1»2) the authors reported that 
JVjiV^iV'jiV'-tetramethylethylenediamine (tmen) and 
various /S-diketonate ions form two kinds of nickel(II) 
chelates, i.e., the blue, 6-coordinate, high-spin [Ni(tmen)-
( jö-dik)(OH2)2]C104 , [Ni( tmen)((£-dik)N0 3 ] and [Ni-
(tmen) (/?-dik) 2] and red, planar 4-coordinate, low-spin 
[Ni(tmen)(£-dik)]C104 and [Ni(tmen)(£-dik)]B(Ph)4 , 
and an equilibrium is established in organic solutions 
of the latter chelates : 

[Ni(tmen)QS-dik)]+ + 2Solv. <=> 
Red 

[Ni(tmen) (0-dik) (Solv.)2]+ 

Blue 

(Solv.=solvent molecule). They also studied the 
chelates containing iV,iV,JV',iV'-tetraethylethylenedi-
amine (teen) instead of tmen and found generally 
similar results, but here the planar chelates are more 
reluctant to go over into 6-coordinate structures, owing 
to the increased steric hindrance of the larger N-alkyl 
groups. 

In this paper the authors will report on the prepara­
tion and properties of similar mixed chelates containing 
iV,iV'-dimethyl, JV,JV-dimethyl, JV,iV'-diethyl, and N,N-
diethylethylenediamines (abbreviated as sym-dmen, 
unsym-dmen, sym-deen and unsym-deen,3) respectively) 
and acetylacetonate ion (acac). 

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

Preparation of the Chelates. Chelates of the Type [Ni-
(diamine)(acac)2](No. I—No. IV in Table 1): To an aqueous 
solution of Ni(C104)2 .6H20 (10 mmol), acetylacetone (20 
mmol) and an aqueous solution of Na2G03 (5 mmol) are added 
with stirring. The precipitate formed is dissolved in methanol, 
and dmen or deen (10 mmol) is added. A blue solution is 
obtained, from which blue crystals separate out upon con­
centration and standing. They are recrystallized from 1,2-
dichloroethane. 

The sym-dmen and sym-deen chelates prepared in this way 
contain one molecule of crystal water, but the unsym-dmen 
and unsym-deen chelates are anhydrous. 

Chelates of the Type [Ni(diamine)t(acac)~\C104 (No. V—No. 
VIII): To a methanolic solution of Ni(C104)2 .6H20 (10 
mmol), acetylacetone (10 mmol), Na 2 C0 3 (5 mmol), and 
dmen or deen (10 mmol) are added in succession. The blue 
solution is filtered, concentrated and let stand, until crystals 
separate out, which are recrystallized from 1,2-dichloroethane. 

Chelates of the Type [Ni ( diamine)( acac)]B(Ph)i( No. IX— 
No. XII): To a methanolic solution of Ni(N03)2-6H20 
(10 mmol), acetylacetone (10 mmol), Na2COa (5 mmol) and 
sym- or unsym-dmen (10 mmol) are added with stirring in 
succession. The blue solution is evaporated to driness, and 
the residue is dissolved in 1,2-dichloroethane and filtered. To 
this solution, which is expected to contain [Ni (dmen) (acac)-
N0 3 ] (cf. the preparations of [Ni (tmen) (acac) N03] and 
[Ni (teen)(acac)N03] reported before1»2)), NaB(Ph)4(14 mmol) 
is added. A red solution is obtained, which is filtered, con­
centrated and let stand, until red crystals separate out, which 
are recrystallized from 1,2-dichloroethane. 

The chelates with sym- and unsym-deen are more difficult 
to prepare. Their 1,2-dichloroethane solutions can be 
obtained in the same way, but they become syrupy upon 
concentration. Precipitating with diethyl ether, powder-like 
mixed chelates can be obtained from them. 

Physical Measurements. The methods and instruments 
used in this study were the same as those in the previous 
studies of this series.1'2) 

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

T h e formulas, colors, compositions, and effective 
magnetic moments of the obtained chelates are shown 
in Table 1. I t is clear that the blue chelates, No. I— 
No. V I I I , are all high-spin, and the red ones, No. I X — 
No. X I I , are all low-spin, and each of them should be 
formulated as shown. The small magnetic moments 
of the red chelates are probably due to impurities, 
since all of them were rather difficult to prepare and 
purify, and may contain small amounts of high spin 
chelates. 

Formation and Preparation of the Chelates. 
Although it was tried to get all kinds of mixed chelates 
corresponding to those obtained before,1'2) it was found 
that, with the four dialkyl diamines used in this study, 
the formation of the chelate species [Ni (diamine) (acac) 2] 
and [Ni(diamine)2(acac)]+, i.e., blue, 6-coordinate, high-
spin chelates containing three typical chelating ligands, 
seems to be strongly favored in the reaction mixtures, 
even when their compositions differ considerably from 
those of such chelates (cf. Experimental) , so that only 
these chelates (the latter in the form of the Perchlorates) 
could be obtained readily in crystalline state. Only 
in the case where the counter anion is tetraphenyl-
borate, red, planar 4-coordinate and low-spin chelates 
[Ni(diamine)(acac)]B(Ph)4 were obtained with some 
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T A B L E 1. COLORS, COMPOSITIONS^, AND MAGNETIC MOMENTS OF THE CHELATES OBTAINED 

No. Chelate Color G% H % N % A f f ß - M . ) 

I [Ni (sym-dmen) (acac) 2] • H 2 0 
I I [Ni (unsym-dmen) (acac) 2] 

I I I [Ni(sym-deen) (acac) 2] • H 2 0 
I V [Ni (unsy m-deen) (acac) 2] 

V [Ni (sym-dmen) 2 (acac) ]C10 4 

V I [Ni (unsym-dmen) 2 (acac) ]C10 4 

V I I [Ni(sym-deen)2(acac)]C104 

V I I I [Ni(unsym-deen)2(acac)]C104 

I X [Ni(sym-dmen)(acac)]B(Ph)4 

X [Ni(unsym-dmen)(acac)]B(Ph)4 

X I [Ni(sym-deen)(acac)]B(Ph)4 

X I I [Ni(unsym-deen)(acac)]B(Ph)4 

Blue 
Blue 

Blue 
Blue 
Bluish 
Violet 
Blue 
Blue 
Blue 
Red 
Red 
Red 
Red 

46.11(46.30) 
48.48(48.73) 

49.51(49.12) 
51.87(51.50) 

36.07(36.01) 

35.68(36.01) 
41.86(41.70) 
41.28(41.70) 
69.41(70.13) 

69.14(70.13) 
70.02(70.86) 
68.14(70.86) 

8.10(7.79) 
7.78(7.59) 

8.31(8.26) 
8.03(8.10) 

7.40(7.22) 

7.44(7.22) 
8.45(8.03) 
8.28(8.03) 
6.80(6.96) 

6.87(6.96) 
7.46(7.31) 
7.25(7.31) 

7.64( 7.72) 
8.08( 8.12) 

7.36( 7.16) 
7.59( 7.51) 

12.93(12.92) 

12.32(12.92) 
11.35(11.44) 
11.11(11.44) 
4.96( 4.95) 

4.69( 4.72) 
4.60( 4.72) 
4.53( 4.72) 

3.09 

3.37 

3.13 
3.13 

3.05 

3.10 

3.12 
3.12 
0.34 

0.52 
0.75 
0.32 

a) Calculated values in parentheses. 

difficulty.* 
I t m a y b e n o t e d t h a t t h e che la tes of t h e t y p e [Ni -

( d i a m i n e ) 2 ( a c a c ) ] X c a n b e p r e p a r e d w i t h d m e n ' s a n d 
d e e n ' s b u t n o t w i t h t m e n a n d t een , w h i l e those of t h e 
t y p e [Ni (d i amine ) (acac) 2] c a n b e p r e p a r e d w i t h a n y of 
these d i a m i n e s . T h i s is u n d o u b t e d l y d u e to t h e fact t h a t 
t h e s tab i l i ty of a f o r m e r t y p e c h e l a t e d e p e n d s c r i t i ca l ly 
o n t h e m a g n i t u d e of t h e l a r g e s te r ic r epu l s i on b e t w e e n 
t w o b u l k y d i a m i n e s in i t , w h i l e t h a t of a l a t t e r t y p e 
che l a t e does n o t d e p e n d so s t rong ly o n t h e bulk iness 
of t h e d i a m i n e s ince a c a c is a l i g a n d of m u c h sma l l e r 
s ter ic r e q u i r e m e n t . 

Electronic Spectra. As in t h e case of t h e t m e n a n d 
t een che la tes , a l l these che la tes a r e so lub le i n m o s t 
o r g a n i c solvents . T h e vmax a n d e m a x va lues i n t h e 
e lec t ronic spec t r a of s u c h so lu t ions , a n d t h e v m a x va lues 
i n t h e reflect ion spec t r a of t h e solid che la t e s , a r e s u m ­
m a r i z e d in T a b l e s 2 a n d 3 . 

T h e fea tures of these s p e c t r a a r e i n g e n e r a l v e r y 
s imi lar to those of t h e t m e n - a n d t e e n - c o n t a i n i n g 
chelates.1»2) Al l t h e h i g h - s p i n che la t e s s h o w t w o w e a k 
b a n d s i n t h e vis ible a n d n e a r in f ra red reg ions , w h i c h 
m o v e on ly l i t t le i n g o i n g f rom t h e solid to t h e so lu t ions 

T A B L E 2. vm a x /(103cm-1) AND em a x
a ) OF THE 

HIGH-SPIN CHELATES OBTAINED 

No. 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

a) 

Solid 

16.81 

16.56 

16.56 

16.61 

17.24 

17.01 

16.92 

C1CH2CH2C1 

10.00(12.8) 
16.53( 7.8) 
9.80(14.8) 

16.47(11.1) 
9.85(12.4) 

16.53( 7.8) 

9.62(11.1) 
16.31( 7.1) 
10.59(10.6) 
17.35( 8.4) 
9.70(11.5) 

17.18( 7.6) 
20.49( 7.9) 

10.34(10.9) 
17.09( 9.2) 

8.42(13.1) 

16.95( 5.7) 
20.53( 3.5) 

In parentheses. 

Ethanol 

10.13(10.8) 
16.84( 7.4) 
9.83(10.8) 

16.50( 7.4) 
9.97(10.7) 

16.64( 7.4) 
9.57( 9.7) 

16.26( 6.9) 
10.49 

17.21 
9.76(11.2) 

16.84( 7.2) 

10.26 

16.92 

8.46 

16.72 
20.92 vw 

DMF 

10.05(11.8) 

16.75( 7.7) 
9.80(12.3) 

16.42( 8.5) 
9.90(11.8) 

16.56( 7.7) 
9.62(10.1) 

16.29( 7.0) 
10.58(11.2) 
17.30( 8.7) 
9.80(11.7) 

16.81( 7.6) 

10.21(11.8) 

16.95( 8.5) 

8.66( 9.8) 

16.61( 6.2) 

T A B L E 3. »'max/(103cm"1) A N D smax a > O F T H E LOW-SPIN CHELATES OBTAINED 

No. Solid C1CH2CH2C1 Acetone Ethanol D M F 

I X 

X 

X I 

X I I 

20.58 

20.36 

20.66 

20.70 

20.88(113) 

20.75(120) 

20.79(110) 

20.62(122) 

10.00 ( 9.6) 
16.61 ( 9 .0) 
20 .70 ( 8.4) 

9 .39 ( 8.0) 
16.08 (10.5) 
21 .37 (13.4) 

9 .90 ( 8.1) 
16.56 ( 9 .6) 

20.62 (19.6) 
7.38 b(10.0) 

15.72b(16.1) 
20 .92 (36.0) 

10.12( 8.5) 
16.47( 6.5) 

9.80(11.5) 
16.39( 9.2) 

9.90( 8.7) 
16.13( 9 .5) 
20 .58 sh 

9.40( 7. 
16.23( 7. 
2 0 . 8 8 s h 

.0) 

1) 

10.18(9.4) 
16.64(7.6) 

9 .83(9 .9) 
16.34(7.7) 

9 .98(8 .8) 
16.64(8.7) 
20 .49 vw 

9.62(8 .1) 
16.29(7.6) 

a) In parentheses, b) These very low values may be taken as an indication for the large interligand repulsion 
in the chelate [Ni(unsym-deen) (acac) (acetone) 2] which weakens the Ni-acetone bonds so much. 

* T h e possibility tha t the chelates X and X I I with unsym-
diamines are, in fact, Schiff base chelates, e.g., [Ni{NR2-
(CH2) 2N=C(CH 3 )CHCOCH3> (OH 2 ) ]B(Ph) 4 with the same 

compositions as the mixed chelates, can be ruled out, because 
the N M R spectra of these chelates are clearly in support of 
the mixed chelate formulation.4) 



156 NGUYEN Thi Nga, Yutaka FUKUDA, and Kozo SONE [Vol. 50, No. 1 

in various solvents.** This fact shows that the structures 
of these 6-coordinate chelates are stable enough in 
solution and not influenced sensitively by the solvents 
used. 

Comparison of the spectra in 1,2-dichloroethane, in 
which the interaction with the solutes will be the least, 
shows that, in each of the two series of the 6-coordinate 
chelates, the vmax of the two bands decrease in the order 
(1) of the diamines: 

sym-dmen ]> sym-deen >; unsym-dmen 

^> unsym-deen (1) 

indicating that the ligand field strength (l.f.s.) in these 
chelates also decreases in this order. I t may also be 
noted that, among the chelates of the type [Ni (diamine) 2-
(acac)]X, the decrease in vmax is quite large (10590 c m - 1 

to 8420 c m - 1 in v1} which is a direct measure of lODq), 
while among those of the type [Ni (diamine) (acac)2] it is 
much smaller (10000 to 9620 in »>•,), showing that the 
l.f.s in a former type chelate is much more sensitive to 
the steric change of its diamine than that in a latter 
type one, in comformity with the view on their ease of 
formation mentioned above. 

O n the other hand, the spectra of the red, 4-coordinate 
and low-spin chelates are influenced strongly by the 
solvent, bu t the mode of the spectral change observed is 
essentially the same as that observed among the corres­
ponding chelates of tmen or teen, indicat ing that here 
again the equilibrium 

[Ni(diamine)(acac)]+ + 2Solv. ^ » 
I 

[Ni(diamine) (acac) (Solv.)2]+ 

II 

is established in solution, which is shifted from the left 
hand side to the right as follows (Figs. 1 and 2) : 
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K c y \~-
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P/103 cm-1 

Fig. 1. Electronic spectra of the chelate IX in three sol­
vents. 
A: 1,2-Dichloroethane; B: acetone; G: DMF. 
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Fig. 2. Comparison of the electronic spectra of the 
chelates IX—XII in acetone. 

TABLE 4. PERCENTAGES OF [Ni (diamine) (acac) ] + , REMAIN­

ING UNSOLVATED IN THE EQUILIBRIUM MIXTURES PRODUCED 

BY DISSOLVING THE CHELATES I X X I I AND THEIR tmen-

AND teen- CONTAINING ANALOGUES IN ACETONE 

IX 7.5% 
X 11.0 
XI 18.0 
XII 30.4 

a) Cf. Réf. 2. 

1,2-dichloroethane — 

«»100% I 

[Ni(tmen) (acac)]B(Ph)4
a> 21 % 

[Ni(teen)(acac)]B(Ph)4
a> 82 

-+ Acetone • Ethanol » DMF 

I + 11 «100% II 

Increase in II (dearease in I) • 

As in the case of the teen chelates,2) it is possible to 
calculate the percentages of I in the equilibrium mix­
tures. From the data in Fig. 1, the values in Table 4 
are obtained. T h e values for the corresponding tmen 
and teen chelates are also shown. I t can be seen that 
the tendencies of these chelates to combine with solvent 
molecules and to go over into 6-coordinate structures 
decrease in the order: 

sym-dmen ^> unsym-dmen ^> sym-deen «s 

tmen ^> unsym-deen ^> teen (2) 

I t is interesting to note that this order (2) is nearly 
the same as the order (1) of the decreasing l.f.s. in 
octahedral chelates. * * * The relative positions of tmen 
and teen in the order (1), which can be found by 
comparing the data of the chelates of the type [Ni-
(diamine)(acac)2] with those of [Ni(tmen) (acac) 2] and 
[Ni(teen)(acac)2],1 '2) are also nearly the same as their 
positions in the order (2), except that tmen lies between 
teen and unsym-deen. 

* * The solid reflection spectra could be measured only up to 
700 nm so that the first band is lacking in them. 

*** In fact, there is also a slight shift of vmax values of the 
planar [Ni(diamine)(acac)]B(Ph)„ chelates in 1,2-dichloro­
ethane in the order (1), showing that here too the l.f.s. de­
creases in this order. 
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These facts can be understood as follows: the total 
volume of the iV-alkyl groups in a diamine increase 
naturally in the order: 

teen ^> unsym-deen, sym-deen ^> unsym-dmen, sym-dmen 

The position of tmen in this series will be somewhere 
near the deen's. Now if it is assumed that the amount 
of steric hindrance, which a neighboring ligand suffers 
from such groups in an unsym-diamine chelate, is 
somewhat larger than that in its sym-diamine analogue, 
the order (1) or (2) can be taken as the inverse order 
of such steric hindrance in each case. Thus the order 
(1) indicates that the l.f.s. in an octahedral chelate is 
weakened owing to the increasing interligand repulsion, 
and the order (2) that the coordination of solvent 
molecules above and below a planar chelate is hindered 
more and more owing to the increasing ligand-solvent 
repulsion. 

I t is also of interest to note that a weak band at 20000 
to 21000 c m - 1 is observed in some spectra of the 
chelates V I and V I I I , indicating the formation of the 
species [Ni(diamine)(acac)]+, or, in other words, the 
dissociation of a diamine molecule from the chelate 
cation, in solvents of lower coordination ability. Only 
the chelates of the type [Ni (diamine)2(acac)]X (and not 
those of the type [Ni (diamine) (acac)2]) show such a 
band, and only the unsym-diamine chelates do so, 

TABLE 5. EXAMPLES OF yCOj vc_c, AND AV IN 

THE TWO TYPES OF CHELATES ( c m 4 ) 

helate 

II 
IV 
V 
VI 
XI 
XII 

ĉo 

1604 
1596 
1597 
1586 
1578 
1570 

»"0 = 0 

1514 
1516 
1525 
1507 
1528 
1525 

Av 
90 
80 
72 
79 
50 
45 

suggesting that here also interligand repulsion is playing 
a role. 

Infrared Spectra. As in the case of the tmen and 
teen chelates, there are two strong bands at 1500—1600 
cm - 1 , which are ascribed to the C=C and C = 0 vibrations 
of acac, and their separations (Ai>) are much larger in 
the 6-coordinate chelates than in 4-coordinate ones 
(Table 5). I t was also found that G104~ ions are not 
coordinated. In addition, there is N - H stretching 
absorption at ca. 3200 c m - 1 , which is a single peak in 
the sym-, but split into two or three peaks in unsym-
diamine chelates. T h e hydrated chelates show also 
O - H stretching absorption superposed on it, broadening 
the peak considerably. 

In conclusion it can be said that, in going from 
tmen and teen to the dmen's and deen's, both the 
l.f.s. in octahedral chelates and their ease of formation 
(either from component ligands, or from a planar 
chelate and solvent molecules) remarkably increase, 
owing to the decrease in steric hindrance caused by the 
JV-alkyl groups. 
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The single-stage separation factors for boron isotopes between an ion-exchange resin and an external solution 
were determined, using an ion-exchange breakthrough operation. The lighter isotope boron-10 was considerably 
enriched in the anion-exchange resin phase. The separation factor was very much influenced by the boric acid con­
centration in the external solution, but not as much influenced by the kind of the anion exchange resin used and ope­
ration temperature. The separation factor increased with a decrease in the boric acid concentration of external solu­
tion from 1.008 (0.501 mol/l)to 1.016 (0.010 mol/1). The value of the separation factors obtained experimentally 
were compared with those estimated on the basis of the theory of the two-phase distribution of isotopes. 

Naturally occurring boron contains 19.8% boron-10 
and 80 .2% boron-11. The absorption cross section of 
natural boron for thermal neutrons is 752 barns ; for 
pure boron-10 and boron-11, the corresponding values 
are 3837 and 0.005 barns, respectively.1) This means 
that isotopically pure boron-10 is five times more 
effective as a neutron shield than natural boron. T h e 
large cross section of boron-10 for thermal neutrons and 
the a particle emission subsequent to neutron capture 
have suggested the possible use of boron compounds 
(enriched in boron-10) for neutron therapy of malignant 
tissue. This kind of nuclear approach is being actively 
pursued in the world, especially for treatment of brain 
tumors2) and melanotic cancer.3) In view of this charac­
teristic of boron-10, it is not surprising that a demand 
for the separation of boron isotopes arose in very early 
stage of the nuclear era. 

T h e first experiment on ion-exchange separation of 
boron isotopes had been done by Makishima and 
coworkers in 1959.4) In this experiment, boric acid 
solution was passed through a column packed with a 
strong-base anion exchange resin (Amberlite CG-400-
I) in hydroxide form. The boric acid concentration 
and the atomic fraction of boron-10 in each fraction 
of the effluent were measured. I t was found that the 
lighter isotope boron-10 was enriched in the resin phase, 
and that the values of the single-stage separation 
factors were 1.010 for aqueous 0.03 mol/1 boric acid, 
and 1.016 for 0.1 mol/1 boric acid in 8% glycerol-water 
solution. Large-scale experiments stimulated by 
Makishima's work were carried out in France5) and 
Spain.6) Nowadays, at the Isobor company in France 
isotopically pure boron-10 and 11 are being produced 
from natural boron by means of ion-exchange chro­
matography, using a strong-base anion exchange resin. 

The present authors have pointed out that this 
process can be greatly improved by using a weak-base 
resin in free-base form or a strong-base resin in fluoride 
form, and thus dispensing with regeneration of the resin 
in the column.7 - 9) In these experiments, a high porosity 
type weak-base anion exchange resin (Diaion W A 21) 
in the free-base form, and a gel type strong-base anion 
exchange resin (Diaion SA 20A) in the fluoride form 
were used. An aqueous solution containing 5 mmol of 
boric acid was passed through columns packed with 
these resins, and the borate band formed in the column 
was eluted with pure water. I t was found tha t : 

(1) Boron-10 was considerably enriched in the rear 

part of the band, and depleted in the frontal part. 
(2) The boric acid charged to the column was 

completely eluted with pure water. 
The remarkable feature of this separation system is 

that it is scarcely necessary to regenerate the resin in the 
column. Recently, one of the authors has discussed 
the further possibility of ion-exchange separation of 
isotopes, giving the case of boron isotopes as an 
example.10) 

The purpose of the present research is to determine 
the effects of temperature, the concentration of boric 
acid charged to the column, and the kind of resin used, 
on the single-stage separation factor of boron isotopes 
between the resin and the external solution phases. 

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

The ion-exchange resins used were Diaion WA 21, WA 30, 
WA 10, PA 312, SA 20A, and PK 224. Diaion WA 21 is a 
high porosity type weak-base anion exchange resin with 
primary and secondary amine groups. Diaion WA 30 is a 
high porosity type weak-base anion exchange resin with 
tertiary amine groups. Diaion WA 10 is a gel type weak-base 
anion exchange resin with tertiary amine groups. Diaion PA-
312 is a porous type strong-base anion exchange resin with 
quaternary amine groups. Diaion SA 20A is a gel type 
strong-base anion exchange resin with quaternary amine 
groups. Diaion PK 224 is a porous type strong-acid cation 
exchange resin with sulfonic groups. It is known that the 
increasing order of resin-basicity is as follows: 

Diaion WA 21 < Diaion WA 10 < Diaion WA 30 

< Diaion SA 20A < Diaion PA 312 

The boric acid used in these experiments was recrystallized 
twice from aqueous solution. The other chemicals were 
analytical grade materials used without further purification. 

Equilibrium Experiment. The columns used were about 
20 cm in length and 1 cm in diameter, surrounded by a jacket 
through which water from a thermostat was circulated so that 
the columns were maintained at constant temperature within 
±0.2 °C. The resins described above were packed in the 
columns, and subjected to chloride-hydroxide or sodium-
hydrogen cycles in a usual manner to ensure regeneration and 
uniform packing. The columns were thoroughly washed with 
distilled water after converting the resins into the hydroxide 
or the hydrogen forms. A boric acid solution was placed in a 
reservoir above the columns which was connected to the 
columns with a polyolefin tube. In order to establish isotopic 
equilibrium between the resin in the column and the boric 
acid solution, the amount of boric acid charged to the column 
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was more than 50 times the total exchange capacity of the col­
umn. The flow rate of the boric acid solution was controlled 
with a screw cock at the bottom of the column. 

After equilibrium was established between the resin and the 
external solution phases, some samples of the resin in the 
column were extracted with a pipette, filtered through a 
sintered glass disk with suction for 10 min, and weighed. 
Then the boric acid absorbed by the resin was eluted with pure 
water or other suitable eluting agents, and the concentration of 
boric acid in the effluent was measured with a Varian Tectron 
Model 1100 flame photometer and the amount of boric acid 
absorbed by the resin was calculated. The resin was weighed 
after being dried in an air bath with autometic controller at 
50—60 °C for about 48 h and kept in a desiccator (with silica 
gel as a drying agent) for 24 h. 

The isotopic analysis of boric acid absorbed by the resin was 
carried out using a Varian Mat CH 5 mass spectrometer by 
means of the surface ionization method.11) The mass peaks 
used were those at m/e 88 (Na2

10BO2+) and 89 (Na2
nB02+). 

This mass region was repeatedly scanned about 40 times for 
each sample, and the ratio of peak heights at m/e 88 to m/e 89 
was calculated as an average of these scans. The atomic 
fraction of boron-10 was determined from the ratio of the 
peak-heights. The standard deviation of the isotopic analysis 
of boron-10 was less than ±0.0002 in every case. Some other 
samples of the resin in the column, in equilibrium with the 
external solution of boric acid, were pipetted together with the 
external solution into eight test tubes. A few drops of an 
indicator were added to each of these test tubes. The indica­
tors used were methyl red, phenol red, thymol blue, Phenol­
phthalein, cresolphthalein, thynolphthalein, alizarin yellow R. 
and the Kolthoff's universal indicator. The pH of the resin 
phase was roughly estimated by comparing the color of the resin 
with that of standard buffer solutions. 

Breakthrough Experiment. A boric acid solution was 
passed through the same column as used in the equilibrium 
experiment. The superficial velocity of the boric acid solution 
was 13 ml h - 1 cm -2. A number of 20 ml fractions of the 
effluent were successively collected in 20 ml measuring flasks, 
and the boric acid concentration and the atomic fraction of 
boron-10 in these fractions were determined by the methods 
used in the equilibrium experiment. 

Resu l t s and D i s c u s s i o n 

The results obtained from the equilibrium and 
breakthrough experiments are summarized in Table 1 
along with the experimental conditions. Some examples 
of the elution graphs obtained from the breakthrough 
experiment are shown in Figs. 1 through 4. The ÎÏ.S 
shown in Table 1 is the single-stage separation factor 
for boron isotopes between the resin and the external 
solution phases, denned in the following equation: 

10ç _ Total amount of boron-10 in the resin phase 
11 Total amount of boron-11 in the resin phase 

Total amount of boron-11 in the 
external solution phase 
Total amount of boron-10 in the 
external solution phase 

(i: 

In the case of the equilibrium experiment, the first term 
of the right hand side of Eq. 1 is the value of isotope 
ratio measured for the boric acid absorbed by the 
resin at the equilibrium, and the second term is that 
of the external solution which is simply the natural 

isotope ratio. In the case of the breakthrough experi­
ment, US can be calculated from the experimental data 
by means of the following equation,12) 

I + £ 
1 

{Ro-Ri)-fi (2) 
Äo(l-Äo) 

where Q is the total amount of boron in the resin phase 
(mmol), RQ the atomic fraction of boron-10 in the feed 
solution, Ri the atomic fraction of boron-10 in fraction 
i of the effluent, and ft the total amount of boron 
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Fig. 1. Breakthrough graph. 
Column: Diaion WA 21, free-base form, 20—50 mesh, 
1 cmX 10 cm bed. 
Load: 0.00999 mol/1 boric acid. 
Temperature: 25 °C. 
Flow rate: 13 ml h - 1 cm -1 . 
| 1 : Boric acid concentration in each effluent fraction 
(mol/1). 
A : Atomic fraction of bor on-10 in each effluent fraction. 
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Fig. 2. Breakthrough graph. 
Column, temperature, flow rate, I I, and A : same 
as shown in Fig. 1. 
Load: 0.105 mol/1 boric acid. 
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Fig. 3. Breakthrough graph. 
Column, temperature, flow rate, 1 j , and A : same 
as shown in Fig. 1. 
Load : 0.496 mol/1 boric acid. 

isotopes in fraction i (mmol). In some cases of Diaion 
W A 21 and Diaion W A 10, both equilibrium and 
breakthrough experiments were carried out. T h e values 
of US obtained from the equilibrium experiment agreed 
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Fig. 4. 
Column, flow rate, 1 |, and A : same as shown in 
Fig. l . 
Temperature: 40 °C 
Load: 0.102 mol/1 boric acid. 

well with those obtained from the breakthrough experi­
ment. T h e values of US shown in Table 1 are average 
values of US obtained from both experiments. In other 

TABLE 1. EXPERIMENTAL RESULTS AND CONDITIONS 

T: Temperature, "S: single-stage separation factor, q: amount of boron absorbed in resin phase, 
W: weight fraction of water in resin phase, M : boric acid concentration in resin phase. 

Run 

r~ 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Resin 

Diaion WA 21 

Diaion WA 10 

Diaion WA 30 

Diaion PA 312 

Diaion SA 20A 

Diaion PK224 

T 
(°G) 

40 

25 

5 

40 

25 

5 
25 

25 

25 

25 

Load 
B(OH)3 
(mol/1) 

0.00945 
0.102 
0.494 
0.0107 
0.102 
0.518 
0.0104 
0.106 
0.511 
0.00945 
0.105 
0.496 
0.0101 
0.0991 
0.501 
0.511 
0.00999 
0.493 
0.0104 
0.109 
0.501 
0.106 
0.511 
0.106 
0.498 

Experi­
mental 
value 

1.014 
1.011 
1.008 
1.017 
1.013 
1.011 
1.023 
1.014 
1.011 
1.014 
1.011 
1.008 
1.016 
1.013 
1.009 
1.013 
1.017 
1.009 
1.019 
1.010 
1.007 
1.011 
1.010 
1.000 
1.000 

»£ 

Calculated 
value 
(PH) 

1.0184(11.0), 
1.0126(10.0) 
1.0073 (8.5), 
1.0192(11.0) 
1.0094 (9.5), 
1.0061 (8.0), 

1.0185(11.5), 
1.0132(10.0), 
1.0080 (9.0) 
1.0192(11.0), 
1.0131(10.0) 
1.0065 (8.5), 

1.0193(11.5) 
1.0072 (9.0) 
1.0176(12.0), 
1.0107(10.0) 
1.0062 (8.0), 
1.0177(12.0), 
1.0107(10.0) 
1.000 (3.0), 
1.000 (3.0), 

1.0185(11.5) 

1.0080 (9.0) 

1.0122(10.0) 
1.0065 (8.5) 

1.0186(12.0) 
1.0161(10.5) 

1.0193(11.5) 

1.0072 (9.0) 

1.0190(13.0) 

1.0065 (8.5) 
1.0190(13.0) 

1.000 (4.0) 
1.000 (4.0) 

(mmol/g-
dry resin 

0.03 
0.69 
8.3 
0.06 
1.6 

10.0 
0.08 
3.4 

11.0 
0.10 
1.6 

17.0 
0.08 
2.5 

19.0 
20.0 

0.20 
7.8 
5.7 
9.9 

13.0 
7.1 

16.0 
0.05 
0.25 

W 
) 

0.39 
0.43 
0.49 
0.40 
0.43 
0.47 
0.47 
0.47 
0.49 
0.66 
0.69 
0.69 
0.63 
0.68 
0.69 
0.70 
0.50 
0.56 
0.57 
0.51 
0.48 
0.64 
0.65 
0.45 
0.43 

M 
(mol/1) 

0.05 
0.91 
8.6 
0.09 
2.1 

11.0 
0.09 
3.8 

11.0 
0.05 
0.72 
7.6 
0.05 
1.2 
8.5 
8.6 
0.20 
6.1 
4.3 
9.5 

14.0 
4.0 
8.6 
0.06 
0.33 

pHof 
resin phase 

11—11.5 
10 

8.5—9 
11 

9.5—10 
8—8.5 

10.5—11 
9.5 
8 

11.5—12 
10—10.5 

9 
11—11.5 
10 

8.5—9 
8.5 

11.5 
9 

>12 
10 
8—8.5 
12 
10 

< 4 
< 4 
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cases using Diaion WA 21, Diaion W A 10, and other 
resins, the values of US were determined from the 
equilibrium experiment only. Of the other symbols 
in Table 1, q is the mass concentration of boron absorbed 
in the resin phase (mmol/g-dry resin), and W is the 
weight fraction of water in the resin phase, defined as 

where WT is the weight of the dry resin, and Ww the 
weight of water in the resin. M is the molar concentra­
tion of boric acid in the resin phase, which can be 
calculated by means of the following equation : 

M = \-W 
W 

X q (4) 

The following can be seen from Table 1 and Figs. 1—4 
under the present experimental conditions : 

(1) The lighter isotope boron-10 is considerably 
enriched in the anion exchange resin phase, while in 
the case of the cation exchange resin no isotope effect 
is found within our limits of experimental accuracy. 

(2) The separation factor is very much influenced 
by the boric acid concentration in the external solution, 
but not so much influenced by the kind of anion ex­
change resins used nor by the operating temperature. 
The separation factor increases with a decrease in the 
boric acid concentration. 

(3) T h e amount of boron absorbed in the weak-base 
anion exchange resins (Diaion W A 21 and 10) increases 
with a decrease in temperature at a certain concentra­
tion of boric acid in the external solution. 

(4) The amount of boron absorbed in the weak-base 
anion exchange resins (Diaion W A 21, 10, and 30) 
increases remarkably with an increase of the boric acid 
concentration in the external solution, while in the case 
of the strong-base anion exchange resins (Diaion PA 
312 and SA 20A) it reaches the maximum value at the 
relatively low concentration of boric acid. 

(5) T h e boric acid concentration in the anion 
exchange resin phase is very high; that is, at an operating 
temperature of 25 °G, when the boric acid concentration 
in external solution is 0.5 mol/1 its value reaches about 
10mol/l in the resin. 

(6) The p H of the anion exchange resin phase in 
equilibrium with the external solution shows a con­
siderably higher value (8—12) than that of boric acid 
solutions; 4.9 at 0.01 mol/1, 4.7 at 0.1 mol/1, 4.3 at 
0.5 mol/1. 

(7) The breakthrough graph is influenced effectively 
by the boric acid concentration of the external solution 
and operating temperature: Its features become 
sharper with a decrease in the boric acid concentration 
of the external solution and with an increase in the 
operating temperature. 

The values of the separation factor obtained from the 
present research agree closely with those obtained for a 
strong-base anion exchange resin by Rosset and cowor­
kers5): 1.018 at 0.0098 mol/1; 1.014 at 0.103 mol/1; 1.011 
at 0.249 mol/1; 1.009 at 0.555 mol/1 boric acid. This 
would seem to confirm the correctness of the present 
results. 

The boron-isotope exchange reaction, 

10B(OH)3 + "B(OH)4- = «B(OH)8 + 10B(OH)4~, (5) 

occurs in aqueous solutions of boric acid. T h e isotope 
effect between a trigonal planar structure (B(OH)3) 
and a tetrahedral structure13,14) (B(OH)4~) as calculated 
from spectroscopic data on molecular vibrations, based 
on statistical mechanics with quan tum corrections, is 
remarkable.7 ,15 '16) 

T h e value of equil ibrium constant is 1.0194 at 298.1 
K as shown in Table 2. This means that boron-10 is 
enriched in the anionic species B(OH)4~. 

It has been reported by Ingri17) that the main species 
formed in aqueous solutions of boric acid are B(OH) 3 , 
B (OH) 4 - , B 3 0 3 ( O H ) 4 - , B 3 0 3 (OH) 5 2- . T h a t is, the 
following equilibria exist in the solutions : 

B(OH)3 + OH" = B(OH)4- (6) 

3B(OH)3 + OH" = B303(OH)4- + 3HaO (7) 

3B(OH)3 + 2 0 H - = B303(OH)5
2- + 3HaO (8) 

where K1} K2, and K3 are the stability constants; the 
respective values at 25 °C are log ^ = 5 . 2 7 , log K2=7A\, 
and log _K3= 11.67. T h e distribution of the hydrolyzed 

> 

i 
a '$ V 

OH 
CO 

-* 
u 

's 

I 

0.8 

0.6 

0.4 

0.2 

n 

B(OH)3^ \ 

B 3 0 3 ( O H ) 4 - ^ / \ 

i ..... i .^/s. ^^L 

AB(OH) 4 ~ 

\ A B303(OH)5
2-

6 

pH 

10 12 14 

Fig. 5. The calculated distribution of the hydrolyzed 
species in aqueous solution of boric acid. 
Total boron concentration : 0.5 mol/1. 
Temperature: 25 °C. 

T A B L E 2. CALCULATED REDUCED PARTITION FUNCTION 

RATIOS FOR B( 1 6 OH) 3 AND B( 1 6 OH) 4 - , AND 

EQUILIBRIUM CONSTANTS FOR BORON 

ISOTOPE EXCHANGE REACTION 

BETWEEN B( 1 8 OH) 3 

AND B ( l e O H ) 4 -

/B(ie0H)3: Reduced partition function ratio for B("OH)3 . 
/B(1 6OH)4

: Reduced partition function ratio for B(16OH)4. 
™K: Equilibrium constant for boron isotope exchange 

reaction between B(16OH)3 and B(16OH)4~. 

Temperature 
(K) 

273.1 
278.1 
288.1 
298.1 
313.1 
323.1 
333.1 

/ B ( 1 8 O H ) 3 

1.2315 
1.2248 
1.2123 
1.2008 
1.1852 
1.1758 
1.1671 

/ B ( 1 8 O H ) 4 

1.2066 
1.2003 
1.1887 
1.1780 
1.1635 
1.1549 
1.1468 

il-1»-

1.0206 
1.0204 
1.0199 
1.0194 
1.0187 
1.0181 
1.0177 
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species in the boric acid solution, calculated at the total 
boron concentration of 0.5 mol/1 from the values of the 
stability constants described above, is represented 
graphically in Fig. 5. Figure 5 shows that the main 
species are B(OH) 3 at p H less than 6, B(OH) 3 and B 3 0 3 -
( O H ) 4 - in the p H range 7—8, B(OH) 3 , B 3 0 3 ( O H ) 4 - , 
and B ( O H ) 4 - in the p H range 8—9, B(OH) 3 , B 3 0 3 -
( O H ) 4 - , B ( O H ) 4 - B 3 0 3 ( O H ) 5

2 - in the p H range 9—10, 
and B(OH) 4 ~ at p H greater than 10. As mentioned 
above, in aqueous solution B ( O H ) 3 has a trigonal planar 
structure and B(OH) 4 ~ has a tetrahedral structure. I t 
has been also reported18) that polyborate ions, B 3 0 3 -
( O H ) 4

- and B 3 0 3 (OH) 5
2 ~, have both trigonal planar 

and tetrahedral structure: B 3 0 3 ( O H ) 4
- is composed of 

two triangular groups and a tetrahedral group joined 
by three common oxygen atoms; B 3 0 3 ( O H ) 5

2 _ is 
composed of a triangular group and two tetrahedral 
groups joined by three common oxygen atoms (Fig. 6). 

US = {r [B(OH) 3 ] +«TB(OH)€-] +10[B3O3(OH)4-] 

H'CL 0 H 

I 
O 
H 

HO' 
-B-\ OH 

0 
H 

1.37 A (B-0 bond length) 1.48 Â (B-0 bond length) 
B(OH), B(OH)4 

H O 

' B \ 

7^0 

O 
I 

0' 

HO 

B303(0H)4-

t ) H 

H 0 — B -OH 

Y 
HO " OH 

B303(0H)5
2-

Fig. 6. Structure of boron species. 

From the facts mentioned above, the main species 
present in the anion exchange resin phase in equilibrium 
with the external solution, could be B ( O H ) 4

_ , B 3 0 3 -
(OH) 4~, and B 3 0 3 ( O H ) 5

2 - , while the main species in 
the external solution phase is B ( O H ) 3 only. Conse­
quently, the high value of the separation factor for boron 
isotopes between the two phases is caused by the struc­
ture change between boron species existing in the two 
phases: from trigonal planar structure to tetrahedral 
structure. T h e high concentration of boric acid in the 
resin phase may be caused by the formation of poly­
borate anions. I n the case of the cation exchange resin, 
the only species present in the two phases is B(OH) 3 , 
and therefore, the value of the separation factor is 
approximately unity. 

The separation factor (iiS) for boron isotopes between 
the anion exchange resin and the external solution 
phases can be estimated on the basis of the theory of the 
two phase distribution of isotopes proposed by 
Kakihana,1 9 '2 0) that is, expressed by the following 
equation,7) 

+ io[B303(OHy-])/(11[B(OH)3] + 11[B(OH)4-] 

+ "[B303(OH)4-] +1 1[B303(OH)^-])} 

X (»[B(OH)3]/»[B(OH)3]) (9) 

= [^'«B(OH). + / B ( O H ) . * / B ( O H ) . - * ^ ' 'B(OH)T 

~h/B(OH), '-^BiOiCOH)«-* •^"B,0,<OH)r 

+ . / B ( O H ) , ' •FßTo.COH).«- * "^''B.O.COH),«-] 

X/BCOH), V K O H ) I ( 1 0 ) 

where the bracket [ ] denotes the molar concentration 
of boron isotopes involved in the corresponding species, 
the symbol the resin phase, X the atomic fraction of a 
given boron isotope in the form of the specified chemical 
species, f the reduced partition function ratio, and F 
the reduced partition function ratio of polyborate anion. 
Since the difference of the reduced partition function 
ratios of the same chemical species between the resin 
and the external solution phase is very small, we 
can make the approximations /B(OH),=/B(OH)„ ./B(OH)«- = 

./B(OH>,~, ^B,O,(OH).~=-FB,O,(OH).~, ^B,O,(OH),8-=-PB,O,(OH),2~". 

T h e atomic fraction of boron isotope in a chemical 
species can be approximated by the mole fraction of the 
corresponding chemical species.21) As mentioned above, 
B 3 0 3 ( O H ) 4 ~ is composed of two triangular groups and 
a tetrahedral group joined by three common oxygen 
atoms, while B 3 0 3 (OH) 5

2 ~ a triangular group and two 
tetrahedral groups joined by three common oxygen 
atoms. Therefore, the reduced partition function ratios 
can be approximated by the following equations, 

B.Oi(OH), 
_ V B ( O H ) i " h ^ 

E- _ J B ( O H ) I " t ~ 2 / B ( O H ) . ~ 
^B.O.COH),«- — Ö 

Equation 10 is reduced to 

n S = Z K O H ) , +yB<OH),VB(OH).~'-^B(OH)4~ 

(n: 

(12) 

+ / i BCOH), " I 3 ) 
'X, B.O.COH).-

i f . I /BCOH),+2/B(OH),-I , y i\<x\ 
+ / B ( O H ) / 1 Ö [ AB,0,(OH),«- \ 1 0 ) 

Thus, US is calculated as a function of p H and boric 
acid concentration in the resin phase from Eq. 13, 
using the stability constants of boron species determined 
by Ingri and the calculated reduced partition function 
ratios for B ( O H ) 3 and B ( O H ) 4 " (Fig. 7 and Table 1). 
It is apparent from Fig. 7 and the calculated values of 
iJS in Table H.*.: 

(1) T h e calculated separation factor increases with 
an increase of the boric acid concentration in the resin 
at p H below 8.7, but has the contrary tendency at p H 
above 8.7, and is independent of the boric acid concent­
ration in the resin at p H 8.7. T h e formation of poly­
borate anions containing the tetrahedral groups may 
contribute to the high values of the separation factor 
at p H below 8.7. 

(2) The calculated separation factors show roughly 
agreement with those obtained experimentally. The 
discrepancy between the calculated values and the 
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Fig. 7. Separation factor of boron isotopes calculated as 
a function of pH and boric acid concentration in resin 
phase at 25 °G. 

: The total boron concentration of 0.05 mol/1. 
: The total boron concentration of 1.20 mol/1. 
: The total boron concentration of 8.50 mol/1. 

experimental values may be caused mainly by the 
insufficient accuracy of the resin-phase p H measurement 
and the use of the stability constants in such a high 
concentration range (up to 10 molarity), and subsidiarily 
by the use of the approximate values of the reduced 
partition function ratio for the polyborate ion. 1Î.S was 
also calculated at 40 °G by the use of the stability 
constants of boron species determined by Mesmer22) 
(Table 1), and the values had a same tendency as 
these of ItS at 25 °C. 

The separation system of boron isotopes by means of 
weak-base anion exchange resins such as Diaion W A 21 
may indeed be one of the best separation systems, 
because the separation factor is as high as that for the 
system using a strong-base anion exchange resin, the 
boric acid charged to the column is absorbed in the 
resin to a high concentration, and it can be completely 
eluted with pure water. T h e advantages of the boric 
acid charged to the column being easily eluted with 
pure water are that it is scarcely necessary to regenerate 
the resin in the column, and that the boric acid is free 
from contamination by any other chemicals. 

The authors would like to express their thanks to 
Professor Y. Marcus of the Hebrew University of 

Jerusalem for his valuable discussions and to Professor 
I. Okada for his kind comments and to Mr . D. Dickeson 
of the University of Washington of the U . S. A. for 
reading the manuscript. 

References 

1) D. Hunghes and J . Harvey, "U.S.At. Energy Comm. 
Rpt. BNL-325" 2nd ed (1964). 

2) H. Hatanaka and T. Watanabe, Igaku No Ayumi, 76, 
181 (1971). 

3) Y. Mishima, Pigment Cell. 1, 215 (1973). 
4) Y. Yoneda, T. Uchijima, and S. Makishima, / . Phys. 

Chem., 63, 2057 (1956). 
5) R. Rosset, H. Fould, M. Chemla, H. Labrousse, J. 

Hure, and B. Tremillon, Bull. Soc. Chim. Fr., 1964, 607. 
6) M. M. Urgell, J . Iglesias, J. Casas, J. M. Saviron, and 

M. Quintanilla, Third United Nations International Con­
ference on the Peaceful Uses of Atomic Energy, A/CONF, 
28/Spain May (1964), p. 491. 

7) The doctorate thesis of M. Kotaka, "Chromatographic 
Separation of Boron and Nitrogen Isotopes Using Pure Water 
as Eluent," Tokyo Institute of Technology, 1973. 

8) T. Hirao, M. Kotaka, and H. Kakihana, Nippon 
Kagaku Kaishi, 1973, 1477. 

9) M. Kotaka, K. Murayama, and H. Kakihana, Nippon 
Kagaku Kaishi, 1973, 1482. 

10) H. Kakihana, J. Chromatogr., 102, 47 (1974). 
11) M. Nomura, M. Okamoto, and H. Kakihana, Shituryo 

Bunseki, 21, 277 (1973). 
12) H. Kakihana and T. Kanzaki, Bull. Tokyo Inst, Tech., 

90, 77 (1969). 
13) W. H. Zachariasen, Acta Crystallogr., 7, 305 (1954). 
14) W. H. Zachariasen, Acta Crystallogr., 16, 385 (1963). 
15) The doctorate thesis of Y. Yato, "Isotope Effects in 

Isotope-Exchange Reaction and Equilibrium between Two 
Phases," Tokyo Institute of Technology, 1971. 

16) M. Kotaka and H. Kakihana, manuscript in prepara­
tion. 

17) N. Ingri, Svensk Kemisk Tidskift, 75,4 ( 1963). 
18) E. Muetterties, "The Chemistry of Boron and Its 

Compounds," John Wiley and Sons, Inc., New York (1967). 
19) H. Kakihana, K. Takahashi, and Y. Yato, / . Nucl. 

Sei. Tech., 5, 93 (1968). 
20) H. Kakihana and M. Aida, Bull. Tokyo Inst. Tech., 116, 

39 (1973). 
21) H. Kakihana, Nippon Kagaku Zasshi, 89, 734 ( 1968). 
22) R. E. Mesmer, C. F. Base, Jr., and F. H. Sweeton, 

Inorg. Chem., 11, 537 (1972). 



164 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (1 ) , 164 168 (1977) [ V o l . 5 0 , N o . 1 

The Conformations of Nickel(II) Complexes with edda-Type Optically 
Active Polyamino Carboxylic Acids in Aqueous Solutions 

Tasuku MURAKAMI, Ichiro HIRAKO, and Masahiro HATANO 

Chemical Research Institute of Non-Aqueous Solutions, Tohoku University, 2-1-1 Katahira, Sendai 980 
(Received August 30, 1976) 

Circular dichroism (CD) and proton magnetic resonance (PMR) spectra of nickel(II) complexes containing a 
series of ethylenediamine-JV,JV'-diacetic acid (H2edda)-type optically active quadridentate ligands were measured 
in aqueous solutions. The epro complex which is an edda-type optically active ligand containing L-proline residues 
is found to exhibit the same CD spectrum as complexes of other edda-type ligands containing L-alanine, L-valine, L-
phenylalanine, and L-serine residues. The CD and PMR spectra of the mixed complexes of these edda-type ligands 
having an oxalate ion was also measured. From the CD and PMR spectral data, it is concluded that these 
complexes stereospecifically take the A-s-cis form in solution. The large contact shift observed for the a 
protons of the amino acidate moieties indicates that the substituent groups become axial to the chelate plane. 

In a previous paper,1) we reported the preparation 
and solid state character of nickel(II) complexes having 
a series of ethylenediamine-iVjN'-diacetic acid (H2edda)-
type optically active polyamino carboxylic acids, as is 
shown in Fig. 1 ;2) the stretching frequencies of the 
coordinated carboxylate groups and the thermal 
stability suggested that the structure of the edda-type 
complexes in the solid state is different from that of 
bis(amino acidato) complexes. In this paper, we wish 
to report the circular dichroism (CD) and proton 
magnetic resonance (PMR) spectra measured in order 
to obtain information about the structure of the nickel-
(II) complexes with the edda-type optically active 
ligands in aqueous solutions. 

HOOCÇHNHCH2CH2NHÇHCOOH 

R R 

R = H H2edda 
R = CH3 H2eddp 
R = CH(CH3)2 H2eddv 
R = CH2C6H5 H2eddc 
R = CH20H H2eddh 

r\ N C H 2 C H 2 N ^ 

COOH COOH 
H2epro 

Fig. 1. The edda-type polyamino carboxylic acids. Ex­
cept for H2edda these acids possess two asymmetric 
carbon atoms with the S configuration. 

Since the investigation of Milner and Pratt,4) P M R 
studies have been found to be very useful for the confor­
mational analysis of chelate rings in paramagnetic 
nickel(II) complexes.5-9) However, most of subsequent 
work has involved optically inactive nickel (I I) com­
plexes. As is well-known, CD is an effective technique 
for the conformational analysis of optically active 
complexes. T h e combination of P M R and CD should 
lead to a more detailed understanding of the stereo­
chemistry of paramagnetic nickel(II) complexes with 
optically active ligands. 

Cobal t(III) complexes containing edda and its 
analogs have been extensively studied.10-13) Schoen-
berg et al.,u) have prepared cobalt(III) complexes with 
eddp, which is an optically active edda-type acid (see 
Fig. 1), and obtained the A-s-cis and A-s-cis isomers 
as main products and a small amount of the A-uns-cis 
isomer.15-16) Since the yields of the two s-cis isomers 
were nearly equal, the stereospecificity of eddp does 
not appear to be very large. In the case of the nickel (I I) 
ion, however, eddp-type quadridentate ligands may form 
only the most stable isomer in solution due to the labile 
characteristic of the nickel (I I) ion. Thus, there is the 
possibility of displaying their essential stereospecificity 
by forming labile complexes. One of the purposes 
of this paper is to clarify this problem. Especially, 
the epro ion has two pyrrolidinyl groups in its interior 
(Fig. 1) and hence is expected to coordinate to a metal 
ion with a large stereospecificity. Even for the copper(II) 
ion, the epro ion is reported to coordinate with an uns-cis 
configuration.3) T h e conformations of the nickel (II) 
complexes with these edda-type ligands are discussed 
on the basis of the CD and P M R spectra. 

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

Materials. The edda-type optically active polyamino 
carboxylic acids shown in Fig. 1 and their nickel (II) complexes 
were prepared as described in a previous paper.1) Mixed 
ligand complexes of these acids having an oxalate ion were 
prepared by adding an amount of sodium oxalate two times in 
excess to the complex solutions.17) Sodium 3-(trimethylsilyl)-
1-propanesulfonate (TMS*) was used as an internal reference 
for the chemical-shift measurements for the PMR. 

Samples for PMR measurements were prepared as follows. 
The isolated complex was dissolved in D 2 0 (99.75%). To 
reduce the size of the HDO signal, the solution was evaporated 
to dryness at 50 °C, and dried solid was again dissolved in 
D 2 0 . After this procedure had been repeated, the dried 
solid was dissolved in D 2 0 containing TMS*. The final 
concentration of each solution was about 0.02 M. In the case 
of complexes mixed having an oxalate ion, the complex 
solutions containing amount of sodium oxalate two times in 
excess were similarly treated. The concentration was about 
0.2 M. 

Measurements. Absorption spectra from the near-
infrared to the near-ultraviolet regions were measured with a 
Hitachi EPS-3T spectrophotometer. CD spectra from 250 
to 1200 nm were measured with a Jasco J-20A recording 
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spectropolarimeter (250—1000 nm) and a Jasco J-200 grating 
spectropolarimeter (900—1200 nm). The PMR spectra were 
obtained with a Varian CFT-20 spectrometer at 80 MHz. To 
obtain high signal-to-noise ratios for PMR, each signal was 
repeatedly accumulated using a Fourier transform (FT) 
technique or a water-eliminated FT technique. 

Resu l t s a n d D i s c u s s i o n 

Figure 2 shows the absorption and CD spectra of 
[Ni (eddp)(H 2 0) 2 ] , [Ni (eddh) (H 2 0) 2 ] , and [Ni(epro)-
(H 2 0) 2 ] in the region of 7000 to 38000 cm- 1 . These 
complexes exhibit CD curves with similar shapes, which 
have a large negative band in the first (lowest energy) 
absorption band region, two negative bands in the 
second absorption region, and two bands of oppsite 
sign in the third absorption region. T h e diaquanickel-
(II) complexes of eddv and eddc also exhibit analogous 
CD spectra. Of the diaquabis(L-amino acidato)nickel-
(II) complexes, on the other hand, it has been reported 
that only the L-prolinato complex exhibits a quite 
different CD spectrum from those of other L-amino 
acidato complexes in methanol18) and water.19) This is 
considered to be due mostly to the large contribution 
of the asymmetric secondary nitrogen atom of proline 
to the optical activity. Therefore, the fact that the 
CD spectrum of the epro complex containing the two 
proline residues is the same as those of other eddp-type 
complexes is very interesting. This will be significant 
in the discussion of the structure of these complexes. 

Fig. 2. Absorption and CD spectra of [Ni(eddp) (H20)2] 
( ), [Ni(eddh)(H20)2] (- ), and [Ni(epro)(H2-
0) 2 ] ( ) in aqueous solutions. 

For the edda-type complexes, three geometrical 
isomers, trans, s-cis, and uns-cis, are possible and further 
there are two optical isomers of A and A for both the 
s-cis and uns-cis forms. Considering the asymmetry of 
chelate rings, the number of possible conformations 
increases to many more. Contributions to the CD 
spectrum observed for the octahedral nickel (I I) com­

plexes having edda-type optically active quadridentate 
ligands arise from (i) the configurational effect based 
on the arrangement of chelate rings around the nickel 
ion, (ii) the vicinal effect of the asymmetric nitrogen, 
(iii) the conformational effect of the central ethylene-
diamine (en)-type chelate ring, (iv) the conformational 
effect of the amino acidate chelate ring, and (v) the 
vicinal effect of the asymmetric carbon. Of these five 
effects, the contributions from the absolute configuration 
around the nickel ion and the asymmetric nitrogen are 
expected to be much more significant. Therefore, the 
similarity of the CD spectra observed for all the edda-
type complexes suggests that these complexes have at 
least the same absolute configuration and an asym­
metric nitrogen atom with the same configuration. 

Fig. 3. Absorption and CD spectra of [Ni(eddp)(ox)]2~ 
( ), [Ni(eddh)(ox)]2- ( ), and [Ni(epro)(ox)]2-
( ) in aqueous solutions. 

The edda-type polyamino carboxylic acids appear 
primarily to have the particular character that they 
hardly coordinate to a metal ion in a plane.12) For 
example, so far, no cobalt (111) complex with an edda-
type acid in the planar configuration has been reported. 
Only s-cis and uns-cis isomers have actually been obtain­
ed.1 0 - 1 4 '2 0 - 2 2) This also appears to be the case for the 
nickel(II) complexes. The fact that the CD spectra of 
the nickel(II) complexes are not so greatly influenced 
when mixed complexes having an oxalate ion are 
formed (Fig. 3) indicates that these complexes are of 
the m- type form to which the oxalate ion can coordinate 
without changing the configuration of the quadridentate 
ligands. 

Among the edda-type ligands, especially the epro ion 
which has two pyrrolidinyl rings is expected to coordi­
nate with large stereospecificity. Even to the copper(II) 
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Fig. 4. Schematic drawing of the A-s-cis and A-uns-cis 
forms possible for the epro complex. 

ion, which is generally thought to form planar complexes, 
epro appears to coordinate with a A-uns-cis configura­
tion.3) In addition, some tetraamines, which have two 
pyrrolidinyl groups in their interior as well as epro, 
do not form planar species of nickel (II) ions, but form 
only octahedral species.23-25) An examination of the 
molecular models shows that the possible eis forms for 
epro are only two, A-s-cis and A-uns-cis, because of the 
rigid pyrrolidine rings. These two forms are illustrated 
in Fig. 4. T h e configuration of all the tertiary nitrogen 
atoms is i?.26) T h e central en-like chelate ring is a ô 
gauche in the A-s-cis form, while it appears to be an 
envelope in the A-uns-cis form. T h e epro complex will 
exist in either the A-s-cis or the A-uns-cis form in solution. 
Therefore, other eddp-type complexes are also con­
sidered to have a structures similar to either of these 
two forms on the basis of the similarity of the CD 
spectra. 

T h e P M R spectra of [Ni (eddp) (H 2 0) 2 ] and [Ni-
(eddh) (H 2 0) 2 ] , and complexes of these mixed with 
oxalate ions in D 2 0 are shown in Fig. 5. T h e signal due 
to the residual H D O of the solvent is not shown. The 
large peak at about —5.5 ppm observed for the eddp 
complex is assigned to the methyl protons on the basis 

,". A J. 

A 

. À 
-120 ppm -80 -40 0 

Fig. 5. PMR spectra of (a) [Ni(eddp)(H20)2], (b) [Ni-
(eddp)(ox)]»-, (c) [Ni(eddh)(H20)2], and (d) [Ni-
(eddh)(ox)]2" in DaO at 34 °C. The chemical shift is 
relative to the internal standard, TMS*. The signal 
from the residual HDO of the solvent is not shown. The 
signals with the sign (*) overlap with the signal of HDO. 

of its relative area. T h e methylene protons in the 
hydroxymethyl group of the eddh complex appear at 
— 7.2 ppm. Three other broad peaks, with almost the 
same intensity, observed at lower fields for each complex 
correspond to the central ethylene protons and the a 
protons in the amino acidate moieties, assuming the 
assignments for the edda complex.6) Since the protons 
of the ethylene linkage of the edda complex were found 
to appear at —26 and —116 ppm, the a proton of the 
eddp complex could be assigned to either of the two 
bands a t —126 and —103 ppm. Similarly, the a proton 
of the eddh complex corresponds to either of the two 
peaks at —121 and —102 ppm. The other of these 
two peaks is assigned to the equatorial protons of the 
ethylene linkage. In any case, the a protons of the eddp 
and eddh complexes would appear at a field lower 
than —100 ppm. This is significant when examining the 
ring conformation, as will be described below. 

The coordination of an oxalate ion appears to have 
some influence on the contact shifts of the ethylene and 
a protons (Fig. 5) ; in the eddh complex the signal of 
the equatorial proton of the ethylene moiety and that 
of the a proton approach each other, and in the eddp 
complex the two signals overlap to become a single 
broad band. Since the coordination of an oxalate ion 
does not change the configuration of the quadridentate 
ligand, this finding suggests that the coordinated oxalate 
ion might change the magnetic environment around 
the protons, or might even affect detailed conformations 
of the chelate rings. 

T h e simplicity of the P M R spectra suggests that the 
eddp and eddh complexes exist not as equilibrium 
mixtures, but almost all in s-cis form. In the s-cis form, 
there is a C2-symmetry axis passing through the central 
ethylene linkage and the nickel atom which makes the 
two chelate rings of the amino acidate equivalent. 
Consequently, it may be concluded that the nickel (I I) 
complexes of edda-type optically active ligands are of 
A-s-cis-ty^e absolute configuration. The CD spectra 
observed for mixed complexes having an oxalate ion 
afford some evidence to support this conclusion. As 
can be seen in Fig. 3, a new positive CD band emerges 
at higher wavenumbers in the first adsorption-band 
region when mixed complexes are formed. This CD 
pattern in the first absorption region, with negative and 
positive components from low wavenumbers, is charac­
teristic of the absolute A configuration.27-29) Tha t the 
mixed complexes clearly indicate the J - type CD spectra 
is probably attr ibutable to an increase in ^d-type ring 
pairing due to the addition of the oxalate chelate ring. 
Tha t is to say, the contribution of the /4-type configura-
tional effect to the optical activity becomes relatively 
greater. 

As described above, the P M R and CD spectral data 
indicate that these edda-type optically active ligands 
should stereospecifically ccordinate to a nickel (I I) ion 
to form only the A-s-cis isomer in solution. Then, the 
steric factor for which ligands other than epro are 
forced to coordinate with the A-s-cis form must be 
examined. T h e four possible s-cis forms for the eddp-
type complexes are depicted in Fig. 6. The symbols 
ô and X represent the gauche form of the central en-type 
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Fig. 6. Schematic drawing of the cis-type structures 
possible for the eddp-type complexes. 

chelate ring. The substituent groups are denoted by R . 
The configuration of the secondary nitrogen atoms is 
R in the A-s-cis forms and S in the A-s-cis forms. 

In the A-s-cis forms, both substituent groups are axial 
to the N - N i - O chelate plane but point away from the 
central en-like chelate r'mg(exo), while in the A-s-cis 
forms, they point toward the central chelate r'mg(endo). 
Since the interaction between the non-bonding atoms 
is probably smaller in the ^co-form than in the R e ­
form,30) the A-s-cis form is considered to be thermo-
dynamically more stable than the A-s-cis form. This 
may be the reason why these quadridentate ligands 
coordinate to a labile nickel(II) ion to form stereo-
specifically the A-s-cis isomer. For the cobalt (III) 
complex of eddp, however, both A-s-cis and A-s-cis 
isomers are obtained with almost the same yield, and 
hence the stereospecificity of eddp is not so large toward 
the inert cobalt(III) ion.14) Thus , it can be said that 
the eddp-type ligands display their essential stereo­
specificity by forming labile nickel (I I) complexes. 

As has been pointed out by many other inves­
tigators, 4-7.31-33) the contact shift of the a protons in the 
amino acidate chelate ring depends on the relative 
axial-equatorial nature of the protons, that is, on the 
dihedral angle between the planes of the N i - N - C and 
N - C - H groups ; the equatorial proton appears at a very 
low value of the field (ca. — 100 ppm) while the axial 
proton appears a t a field higher than —40 ppm. The 
a protons of the eddp and eddh complexes are observed 
at fields lower than — 100 ppm, indicating that the a 
protons are equatorial and hence the substituent groups 
are axial. Thus, this P M R finding supports the expec­
tation that these complexes should be of A-s-cis form. 

From an empirical correlation between the dihedral 
angle and the contact shift,5) the a protons observed at 

Fig. 7. The ring conformations in the A-s-cis forms as 
viewed from the Ni-N bond axis, ô and X represent the 
conformations of the central en-type chelate ring. R 
designates the substituent groups. Another amino 
acidate chelate ring is not shown for clarity. 

about — 100 ppm for the eddp and eddh complexes are 
considered to be on a pseudo-gauche form of the amino 
acidate chelates. Figure 7 shows the ring conformations 
of the two A-s-cis forms illustrated in Fig. 6 as viewed 
from the N i - N bond axis. T h e lower amino acidate 
chelate ring is omitted for clarity. T h e ô and X symbols 
represent the conformation of the central en-type chelate 
ring. In the case of the X conformation, the amino 
acidate ring becomes a highly strained envelope and, 
moreover, the substituent group designated as R 
closely approaches the neighboring coordination site. 
Therefore, the X form is considered to be very unstable. 
In the ô form, on the other hand, the amino acidate 
ring is pseudo-gauche (X). The observed contact shift 
is indicative of the ô form, in fair agreement with the 
relative stability expected for the two forms. 

In conclusion, the eddp-type ligands would stereo-
specifically coordinate to the nickel (II) ion to form the 
A-s-cis isomer, in which the secondary nitrogen atoms 
are in an R configuration and the central en-type 
chelate ring is à-gauche. This structure is exactly the 
same as the A-s-cis form expected for the epro complex 
except for the minor difference between the secondary 
and tertiary nitrogens. Thus, it can be said that the 
stereospecificity of eddp-type ligands is identical to that 
of epro containing L-proline residues. 

The authors wish to thank Dr. K. Aoki of the NEG-
Varian Co., Ltd., for the P M R measurements. T h e 
authors also acknowledge the Mitsubishi Foundation 
for the gift of the Jasco J-200 grating spectropolarimeter 
used in these studies. 
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Starting from 1,2: 5,6-di-O-isopropylidene-a-D-allofuranose (3a), the sugar portion of octosyl acids A and B 
(la and lb) was synthesised, though with some protecting groups. Compound 7a, thus obtained, was found to be 
acid-liable, and treatment of 7a in a dilute hydrochloric acid in methanol resulted in furanose-ring opening, 
affording an isopropylidene compound 8. 

Octosyl acids A, B, and C, which have been isolated 
from the fermentation broth of a polyoxin-producing 
microorganism Streptomyces cacaoi var. asoensis,1* have 
been reported to have the structures l a , l b , and 2 by 
Isono, Crain, and McClosky.2) 

HOCxT"0 

l a R = G O O H 
l b R = CH2OH 

These compounds are considered to be carbo-ana-
logues of cyclic AMP, 2 ' and exploitation of a synthetic 
route to them may also contribute to the synthesis of 
other cyclic A M P analogues. We wish to report here 
the synthesis of the sugar portion of octosyl acids A and 
B with some protecting groups. 

1,2: 5,6-Di-0-isopropylidene-a-D-allofuranose(3a)3) 
was chosen as the starting material. Reaction of 3a 
with methyl bromoacetate in the presence of sodium 
hydride in tetrahydrofuran afforded the methyl ester 3b . 
Similarly, the ethyl ester 3c was prepared. 

To construct the bicyclic skeleton of octosyl acids, 
bond formation between the carbon at 3 - 0 and C6 in 3c 
is necessary; for this purpose, an at tempt was made to 
convert 3c to a malonic acid derivative 3d in order to 
activate the carbon atom at 3 - 0 in 3c. 

Reaction of the ester 3c with diethyl carbonate in the 
presence of one equivalent of sodium hydride in reflux-
ing tetrahydrofuran afforded two products, which were 
separated by silica gel chromatography. The less polar 
compound, which was indistinguishable from the start­
ing material on T L C , was actually found to be the required 
malonic acid derivative 3d, showing two carbonyl bands 
at 1770 and 1740 c m - 1 in the I R spectrum, a mass frag­
ment ion at mje 403 corresponding to M+—CH 3 , and a 
singlet a Ô 4.78 in the N M R spectrum corresponding to 
one methine proton at 3-O-C. The more polar com­
pound was found to be a Claisen condensation product 
4, showing a mass fragment ion at mje 631 corresponding 
to M+—CH3 . Though 4 was homogeneous on T L C , and 
the N M R spectrum showed a methine proton singlet at 
à 4.78, the anomeric proton signal appeared as a mul­
tiplet (ô 5.68—5.88), suggesting that 4 was a mixture of 

the stereoisomers at the carbon a tom flanked by two 
carbonyl groups. The yield ratio of 3d to 4 varied mark­
edly in several experiments, though the latter was pre­
dominant in every case. However, if the reaction was 
carried out in refluxing diethyl carbonate (bp 127 °C) 
instead of refluxing tetrahydrofuran (bp 66 °C), the 
formation of 3d was predominant and the ratio of 3d to 
4 was found constantly to be 9 : 1. O n the contrary, 4 
was formed exclusively when the reaction was carried 
out at 0 °C. 

Treatment of 3d in 70% acetic acid at 37 °C for 3 h 
was effective in obtaining the monoacetonated com­
pound 5a in a good yield. Reaction of 5a with an equi-
molar amount of tosyl chloride afforded the 6-0-tosylate 
5b almost exclusively ; a small amount of the ditosylate 
5d as well as the starting material were also isolated from 
the reaction mixture. With excess tosyl chloride, the 
ditosylate 5d was formed exclusively. Reaction of 5b 
with acetic anhydride in pyridine afforded the acetyl 
tosyl compound 5c, whose proton signal at C-5 appeared 
in a lower field (ô 5.31) than that of 5 b (<5 3.8), showing 
the correctness of the assignment of 5b as the 5-hydroxy 
compound. 

The monotosylate 5 b was treated with an equimolar 
amount of sodium hydride in tetrahydrofuran at room 
temperature to give two products, which were separated 
by silica gel chromatography. The less polar one was 
the epoxy compound 6a , the N M R spectrum of which 
still showed a singlet at ô 4.68, corresponding to one 
methine proton of the malonic acid moiety. T h e shifts 
of the proton signals at C 5 and C6 in 6a to higher fields 
showed the formation of an epoxide ring. T h e mass 
spectrum of 6a showed intense peaks at mje 345, 302, and 
169 corresponding to M + - C H 3 , M + - C H 3 - C H 2 C H -
( - 0 - ) , and M + - C H 3 - ( C 2 H 5 O O C ) 2 C H O - H . 

The more polar one was found to have the same molec­
ular formula as 6a (M+— C H 3 mje 345) and was identified 
as the required 7a, which showed an I R absorption at 
3500 c m - 1 corresponding to a hydroxyl group. The 
methine proton signal at à 4.68 in the N M R spectrum in 
5b was lost 7a, showing the bond formation between 
3-O-C and C6. The yield ratio of 6a to 7a was 1/2 to 
1/3 throughout several experiments. Attempts at the 
conversion of 6a to 7a in the presence of varying amounts 
of sodium hydride (0.1 to 1.0 equivalent) failed, sug­
gesting that the reaction to 6a and 7a from 5b proceeded 
independently. 

Similarly, the ditosylate 5d and the acetyl tosylate 5c 
were converted into two ring-formation compounds, 7c 
and 7b . In the latter case, the reaction conditions were 
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more vigorous (under reflux in tetrahydrofuran for 2 
days) than in the former case (at room temperature in 
tetrahydrofuran for 20 h) . 

H3Cv0 
H3CACH 

CHn 
CH3 

n3^y^ 
KcrxH 

o XH-CH3 

U i CH3 

3a R = H 
3 b R = CH3OOCH2 

3c R=C 2 H 5 OOCH 2 

3dR=(C 2H 5OOG) 2GH 
3e R=NCCH 2 

H 3 C v 0 n 

H3C
A0H 

COOCzH-

0 
I 

CH2 

0 
0 - j - C H 3 

CH3 

R2—1 

R3— 
/-<K 

0 * 
Ri 

^ 0 
H-CH3 

CH3 

5a Ri 
5b Rx 

R3 
5c Ri 

R3 
5 d R i 
5e Rx 

5f Ri 
R3 

5 g R x 

R3 

5 h R x 

5i Rj 
5j R. 
5k Ri 
51 Rj 

= (G2H6OOC)2CH, R2, R 3 = O H 
= (C2H5OOC)2CH, R2=/>-CH3CsH4S03, 
= OH 
= (C2H5OOC)2CH, R2=/>-CH3C6H4S03, 
= CH3COa 

= (C2H5OOC)2CH, R2, R3=/>-CH3C6H4S03 

= C2H5OOCCH2, R2, R3 = OH 
= C2H6OOCCH2, R2=/,-CH3C6H4S03, 
= OH 
= C2H6OOCCH2, R2=/>-CH3C6H4S03, 
= C6H6C02 

= C2H5OOCCH2, R2, R3=/>-CH3C6H4S03 

= C2H6OOCCH2, R2 = I, R3 = C6H6C302 

= NCCH2, R2, R3 = OH 
= NCCH2, R2=/>-CH3C6H4S03, R3 = OH 
= NCGH2, R2, R3=/>-CH3C6H4S03 

0 

CH3 

6aR=(C 2 H 5 OOC) 2 CH 
6bR=C 2 H 6 OOCCH 2 

6c R = NCCHa 

Attempts were made to construct the bicyclic system 
of octosyl acids by intramolecular cyclization of the 
monocarboxylic acid ethyl ester 5f and its cyanomethyl 
analogue 5k. As in the case of the tosylate 5b , the 
tosylate 5f was prepared from the partially deacetonated 
product 5e of 3 c ; 5e was also converted into the di-
tosylate 5h with excess tosyl chloride. 

The cyanomethyl derivative 3e was obtained in a 
moderate yield on treatment of 3a with chloroaceto-
nitrile or bromoacetonitrile in the presence of sodium 
hydride. Partial deacetonation of 3e in 70% acetic acid 
afforded 5 j , which was then converted to the mono- and 
ditosylate, 5k and 51. 

The ester 5f and the nitrile 5k gave exclusively the 

epoxy compounds 6 b and 6c ; the required products 
were not obtained. 

T h e benzoyl tosylate 5g, the ditosylate 5h and the 
iodo compound 5i, which had been prepared from 5h by 
treatment with sodium iodide in ethyl methyl ketone, 
were found to be inert to sodium hydride or lithium bis-
(trimethylsil) amide at room temperature or under re­
flux. These results were somewhat surprising, because, 
as has been mentioned previously, the diacetonated com­
pound 3c was converted into 4 even at 0 °C by treatment 
with sodium hydride. 

C2H500C 

COOCzH-

7 a R = H 
CH3 7 b R = G H 3 C O 

CH3 7c R=/>-CH3C6H4S02 

Attempts at acetolysis of 7a, followed by reaction with 
bis(trimethylsilyl) uracil using a SnCl4 catalyst4) to ob­
tain a nucleoside related to octosyl acids, failed. The 
failure may be attr ibutable to the susceptibility of the 
3,7-anhydrooctose skeleton of 7a to acids, which was also 
shown by the following results: in a dilute methanolic 
solution of hydrochloric acid (0.01 M) 7a was converted 
into the ring-opened acetonate 8, and under more vigor­
ous conditions (0.5 M) the deacetonated product 9 was 
obtained. We feel now that the binding of the aglycon 
should be prior to the formation of the bicyclic system of 
the sugar portion in the synthesis of octosyl acids. 

HsCaOOCsA^T^X^) 
0CH3 

C00C2H5 °~JH
 3 

8 

H 

HsCzOOC <w-0 0 H 0CH3 

^ - Ö ÖH 
G00C2H5 

9 

0CH : 

Exper imenta l 

1,2:5,6-Di-O - isopropylidene- 3-Q-ethoxycarbonylmethyl-a.-v>-al-
lofuranose (3c). Sodium hydride (550 mg, 23 mmol), 
freshly prepared from a commercially available oil-coated 
product (NaH content, 50%) by washing with hexane, was 
added to a solution of 3a (5.2 g, 20 mmol) in dry tetrahydro­
furan (20 mmol). After the evolution of hydrogen had 
ceased, the mixture was cooled to 0 °C and ethyl bromoacetate 
(5 g, 30 mmol) was added dropwise. The mixture was 
stirred overnight at room temperature. The remaining sodium 
hydride was quenched by adding ethanol at 0 °C, and a few 
drops of acetic acid were added to keep the mixture acidic 
during processing. After the mixture had been concentrated, 
it was distributed between ethyl acetate and water. The 
organic layer was washed with water and then concentrated 
to dryness to give a crude product, which was crystallized 
from hexane; yield, 5.8 g (84%); mp 89—90 °C; v^r 1750 
cm-1; M + - C H 3 ro/«331; NMR (100 MHz, CDC13) <5: 1.30 
(t, 3H, ethyl ester J = 7 Hz), 1.38 and 1.46 (2s, 6H, two 
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methyls of one isopropylidene group), 1.38 and 1.58 (2s, 6H, 
two methyls of one isopylropyidene group), 4.78 (t, 1H, H-2, 
J l f 2 = 4 H z , y 2 > 3=4Hz), 5.76 (s, 1H, H - l , / l i 8 = 4 Hz). 

Found: C, 55.87; H, 7.69%. Galcd for C16H20O8: C, 
55.48; H, 7.57%. 

l,2:5,6-Di-0-isopropylidene-3-0-methoxycarbonylmethyl-OL-D-al-
lofuranose (3b). Compound 3a (5.2 g, 20 mmol) was 
treated with methyl bromoacetate (4.6 g, 30 mmol) and 
sodium hydride (550 mg, 23 mmol) in dry tetrahydrofuran 
(50 ml) as has been described in the preceding section. The 
product was crystallized from hexane; yield, 4.7 g (70%). 
Silica gel chromatography, developed with a mixture of 
benzene and ethyl acetate (2: 1), gave an analytically pure 
sample; mp 80—81 °C; v& 1760 cm-1; M + - C H 3 m/e 317; 
NMR (100 MHz, CDC13) Ô: 1.36 and 1.46 (2s, 6H, two 
methyls of one isopropylidene group), 1.36 and 1.58 (2s, 6H, 
two methyls of one isopropyridene group), 3.75 (s, 3H, methyl 
ester), 4.76 (t, 1H, H-2, Jltl=4 Hz, ya.8 = 4 Hz), 5.76 (d, 1H, 
H - l , y i > 2 = 4 H z ) . 

Found : C, 54.06 ; H, 7.16%. Calcd for C15H24Os : C, 54.21 ; 
H, 7.28%. 

3-0-Bis(ethoxycarbony I) methyl-1,2:5,6-di-O -isopropylidene-cc-n-
allofuranose (3d). A suspension of sodium hydride 
(500 mg, 20 mmol) in diethyl carbonate (150 ml) previously 
dried over sodium was heated to reflux, and then the reaction 
vessel was taken off from the heater. Immediately, the ester 
3c (6.92 g, 20 mmol) was added portionwise. The mixture 
was further heated under reflux for 2 h and cooled to — 15 °G. 
Ethanol (10 ml) and then acetic acid (2 ml) were added and 
the mixture was concentrated below 35 °C. 

Silica gel chromatography of the ethyl acetate extracts, 
developed with mixtures of benzene and ethyl acetate (2—1 : 
1), afforded 6.6 g (80%) of the main product as a syrup, which 
was subsequently crystallized from ether and hexane; yield, 
5.50 g ; mp 50—51 °C; 1770 and 1740 cm-1; M + - C H 3 m/e 
403; NMR (100 MHz, CDC13) Ô: 4.70 (t, 1H, H-2, / 1 > 2 = 4 Hz, 
y2 3 = 4 Hz), 4.80 (s, 1H, H5C2OOCCHCOOC2H6), 5.80 (d, 
1H, H-l, 7 ^ = 4 Hz). 

Found: G, 54.71; H, 7.19%. Calcd for C1(JH30O10: G, 
54.53; H, 7.23%. 

From the reaction mixture was also isolated the Claisen 
condensation product 4, which was more polar than 3d; 
yield, 0.70 g. 

The Claisen Condensation Product 4. The ester 3c (500 
mg, 1.45 mmol) was treated with sodium hydride (40 mg, 
1.65 mmol) in tetrahydrofuran (30 ml) first at 0 °C for 8 h 
and at room temperature for 16 h. The mixture was cooled 
again at 0 °C. After ethanol ( 1 ml) and a few drops of acetic 
acid had been added, it was concentrated and the product was 
extracted with ethyl acetate. Silica gel chromatography 
developed with a mixture of benzene and ethyl acetate (1: 1) 
afforded 310 mg (70%) of a syrup, which was fractionally 
precipitated from ethyl acetate and hexane for analysis; 
*S8T 1740 cm-1; M + - C H 3 m/e 631 ; NMR (100 MHz, CDC13) 
Ö: 4.72 (s, 1H, OCHCOOC2H5), 5.68—5.88 (m, 2H, two 
anomeric protons). 

Found: C, 55.72; H, 7.17%. Galcd for C30H46O15: G, 
55.73; H, 6.98%. 

The same reaction was carried out in a mixture of tetrahy­
drofuran and diethyl carbonate (9: 1) at room temperature. 
However, no trace of 3d could be detected as was shown by IR. 
Note that the separation of 3d from 3c on TLC was unsucessful 
by any combination of solvents. 

3-O-Bis (ethoxycarbonyl) methyl- l,2-0-isopropylidene-a.-v>-allqfura-
nose (5a). A solution of 3d (1.9 g) in 70% acetic 
acid (100 ml) was allowed to stand at 37 °C for 3 h and was 
evaporated to dryness keeping the temperature below 37 °G. 

To the residue was added an ice-cooled solution of sodium 
hydrogencarbonate, and the products were extracted with 
chloroform. TLC showed the presence of trace amounts of 
the starting material as well as one major and one minor 
product, the latter presumably being the di-deacetonated 
product, 3-0-bis(ethoxycarbonyl)methyl-D-allose. 

The major one was isolated by silica gel chromatography, 
developed first with a mixture of benzene and ethyl acetate 
(1:1) and then with ethyl acetate; yield, 1.4 g (82%). For 
further purification it was fractionally precipitated from 
benzene and hexane to give a syrup, which, on standing, was 
gradually converted into a solid melting at 53 °C; v& 1773 
and 1738 cm"1; M + - C H 3 m/e 363; NMR (100 MHz, CDC13) 
<5: 1.32 (t, 6H, ethyl ester, / = 7 H z ) , 1.35 and 1.56 (two s, 
6H, two isopropylidene methyls), 4.64 (t, 1H, H-2, 7 ^ = 4 Hz, 
J2 3=4 Hz), 4.74 (s, 1H, H6C2OOCCHCOOC2H5),' 5.80 (d, 
l H , H - l , y i > 2 = 4 H z ) . 

Found: C, 51.07; H, 6.58%. Calcd for C16H26O10: C, 
50.79; H, 6.93%. 

3-O-Bis (ethoxycarbonyl) methyl-1,2-0 -isopropylidene- 6- O -tosyl-
a-D-allofuranose (5b). Tosyl chloride (0.8 g, 4.2 mmol) 
was added all at once to a solution of 5a (1.4 g, 3.7 mmol) in 
pyridine (50 ml) cooled at —15 °C, after which the mixture 
was allowed to stand at room temperature overnight. An 
ice-cooled solution of sodium hydrogencarbonate was added 
and the products were extracted with ethyl acetate. The 
main product was isolated by silica gel chromatography, 
developed with a mixture of benzene and ethyl acetate (2: 1) ; 
yield, 1.35 g (70%); M - C H 3 m/e 517; NMR (100 MHz, 
CDCI3) Ô: 1.30 (t, 6H, ethyl ester, J =7 Hz), 1.32 and 1.52 
(two s, 6H, two isopropylidene methyls), 2.44 (s, 3H, one 
methyl of the tosyl group), 4.67 (s, 1H, H6C2OOCCHCOO-
C2H5), 5.72 (d, 1H, H-l, y i > 2 =4Hz) , 7.33 and 7.82 (two d, 
4H, four aromatic protons of the tosyl group, Jortho—9 Hz). 

Found: C, 51.93; H, 6.00; S, 5.97%. Cacld for C23H32-
0 1 2 S: C, 51.87; H, 6.06; S, 6.02%. 

3-O-Bis (ethoxycarbonyl) methyl-5,6-di- O -tosyl-1,2- O-isopropyli-
dene-cc-D-allofuranose (5d). Treatment of 5a (500 mg) 
with tosyl chloride (1 g) in pyridine (20 ml) at 37 °C for 2 
days afforded a single product. The pyridine was removed by 
evaporation, and an ice-cooled solution of sodium hydrogen­
carbonate was added. Extraction with ethyl acetate and 
silica gel chromatography, developed with a mixture of benzene 
and ethyl acetate (4: 1), gave a syrup; yield, 700 mg; NMR 
(100 MHz, CDCI3) Ö: 1.23 and 1.28 (two t, 6H, ethyl ester), 
1.27 and 1.43 (two s, 6H, two isopropylidene methyls), 2.41 
(s, 6H, two methyls of the tosyl group), 4.51 (t, 1H, H-2), 4.59 
(s, 1H, H6C2OOCCHCOOC2H5), 5.11 (m, 1H, H-5), 5.46 
(d, 1H, H-l, ^ , , = 4 Hz). 

Found: C, 53.05; H, 5.49; S, 9.01%. Calcd for C30H38-
01 4S2 : C, 52.47; H, 5.58; S, 9.34%. 

5-0-Acetyl-3- O -bis (ethoxycarbonyl) methyl-1,2-O-isopropylidene-
6-0-tosyl-y.-T>-allqfuranose (5c). A solution of 5b (700 mg) 
in a mixture of acetic anhydride (5 ml) and pyridine (2 ml) 
was allowed to stand at 37 °C for 3 h ; after it was evaporated 
to dryness, the product was precipitated from ether and 
hexane to give a syrup; yield, 650 mg; NMR (100 MHz, 
CDCI3) Ô: 1.30 (t, 6H, ethyl ester, / = 7 H z ) , 1.32 and 1.52 
(two s, 6H, two isopropylidene methyls), 2.03 (s, 3H, acetyl), 
2.44 (s, 3H, one methyl of the tosyl group), 4.62 (t, 1H, H-2, 
J l f 2 = 4 H z , / 2 > 3 = 4 H z ) , 4.64 (s, 1H, H5C2OOCCHCOO-
C2H5), 5.31 (q, 1H, H-5), 5.70 (d, 1H, H-l, J 1 > 2 =4Hz) , 7.35 
and 7.82 (two d, 4H, four aromatic protons of the tosyl group, 
Jortho=9 H z ) . 

Found : C, 52.36 ; H, 6.11 ; S, 5.56%. Calcd for C35H34Ol3S : 
C, 52.25; H, 5.96; S, 5.58%. 

5,6-Anhydro- 3-O-bis (ethoxycarbonyl) methyl-1,2-O-isopropylidene-
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a.-D-alloforanose (6a) and 3,7-Anhydro-7-bis(C-ethoxycarbonyl)-
6-deoxy-l,2-0-isopropylidem-a.-T>-allo-heptose (7a). T o a 
solution of 5 b (700 mg, 1.3 mmol) in dry tetrahydrofuran 
(20 ml) , cooled at —15 °C, has been added sodium hydride 
(34 mg, 1.4 mmol) . After the mixture h a d been stirred for 
20 h at room temperature , it was cooled again to —15 °C. 
Ethanol (1 ml) was added to quench the remaining sodium 
hydride, and acetic acid ( 1 ml) was added to keep the reaction 
mixture acidic during processing. Concentration, extraction 
with ethyl acetate, and developing on a silica gel column with 
mixtures of benzene and ethyl acetate ( 4 — 1 : 1) afforded two 
products. 

T h e less polar compound (132 mg) was identified as the 
epoxide 6a and was obtained as a syrup by precipitation from 
benzene and hexane ; M S (75 eV) m/e: 345 ( M + - G H 8 ) , 
302 ( M + - C H 3 - C H 2 C H ( - 0 - ) ) , 169 ( M + - C H 3 - H 6 C 2 -
O O C C H ( 0 ) C O O C 2 H 5 - H ) , 127 ( M + - C H 3 - H 5 C 2 O O C C H -
( 0 ) C O O C 2 H 6 - C H 2 C H ( - 0 - ) ) ; N M R (100 M H z , CDC13) 
ô 1.31 and 1.38 (two t, 6H, ethyl ester, 7 = 7 Hz) , 1.36 and 
1.56 (two s, 6H, two isopropylidene methyls), 2.82 (t, 1H, 
H a -6 , Joem=4.5 Hz , 7 5 .6a=4.5 Hz) , 3.10 (q, IH , H b-6, Jgem= 
4.5 Hz, 7 5 > 6 b = 3 Hz) , 3.32 (m, IH , H-5) , 3.81 (q, IH , H-3 , 
7 3 ( 4 = 8 H z ' , 7 2 > 3 = 4 H z ) , 4.28 and 4.29 (two q, 4 H , two 
methylenes of the ester groups, J=l Hz) , 4.41 (q, I H , H-4, 
7 3 ( 4 = 8 H z , 7 4 , 6 = 2 H z ) , 4.63 (t, I H , H-2 , 7 i . 2 = 4 Hz, 
7 2 3 = 4 H z ) , 4.68 (s, I H , H 5 C 2 O O C C H C O O C 2 H 5 ) , 5.80 
( d ; i H , H - l , 7 i . 2 = 4 H z ) . 

Found : C, 53.10; H , 6 .48%. Calcd for C 1 6 H 2 4 0 9 : C, 
53.33; H , 6 . 7 1 % . 

T h e more polar compound (387 mg) was obtained as a 
syrup by precipitation from benzene and hexane and was 
identified as 7 a : I R (KBr) c m - 1 : 3500 ( O H ) , 1770, sh and 
1743 ( C O ) ; M + - C H 3 m/e 345 (intense); N M R (100 M H z , 
CDC13) (3: 1.27 and 1.29 (two t, 6H , ethyl ester), 1.37 and 1.59 
(two s, 6H, two isopropylidene methyls), 2.15 (broad, I H , 
O H ) , 2.31 and 2.77 (two dd, 2H, H a -6 and H b -6 , 75.6*= 3 Hz , 
7 5 > 6 b = 4 H z , Jgem=l5Hz), 3.92 (dd, I H , H-4, 7 3 . 4 = 12 Hz, 
7 4 5 = 3 Hz) , 4.29 (q, 4H , two methylenes of the ester groups, 
7 = 7 H z ) , 4.35 (dd, I H , H-3 , 7 2 . 3 = 4 Hz, 7 3 > 4 = 12 Hz) , 4.49 
(broad, I H , H-5) , (4.79 (t, I H , H-2, 7 i . 2 = 4 H z , 7 2 t 3 = 4 Hz) , 
5.77(d, I H , H - l , 7 1 > 2 = 4 H z ) . 

Found : C, 53.64; H , 6 .67%. Calcd for C 1 6 H 2 4 0 9 : C, 
53.33; H , 6 . 7 1 % . 

5-0-Acetyl-3, 7-anhydro- 7-bis(C-ethoxycarbonyl)-6-deoxy-l, 2-0-
isopropylidene-a.-n-allo-heptose (7b). A mixture of 5c 
(535 mg, 0.93 mmol) and sodium hydride (30 mg, 1.3 mmol) 
in dry tetrahydrofuran (10 ml) was refluxed for 2 days and 
cooled to —15 °C. Ethanol (0.5 ml) and a few drops of 
acetic acid were added, and the mixture was concentrated. 
T h e product was extracted with ethyl acetate and purified by 
silica gel chromatography, developed with a mixture of benzene 
and ethyl acetate (2: 1); yield, 255 mg. For analysis it was 
fractionally precipitated from ethyl acetate and hexane to give 
a syrup; M + - C H 3 m/e 387 (intense): N M R (100 M H z , 
CDC13) Ô: 1.26 and 1.30 (two t, 6H, ethyl ester, 7 = 7 Hz) , 
1.35 and 1.58 (two s, 6H , two isopropylidene methyls), 2.00 
(s, 3H, acetyl), 2.39 and 2.90 (two dd, 2H , H a -6 and H b-6, 
7 5 ) 6 a = 3 H z , 7 6 , 6 b = 4 H z , 7 f f e m = 1 5 H z ) , 3.95 (dd, I H , H-4, 
7 3 ( 4 = 1 0 H z , 7 4 > 5 = 3 H z ) , 4.1—4.5 (m, 5H, H-3 and four 
methylene protons of the ester groups), 4.80 (t, I H , H-2 , 
7 1 2 = 4 H z , 7 , 3 = 4 Hz) , 5.52 (m, I H , H-5) , 5.78 (d, I H , 
H - l , 7 1 > 2 = 4 H z ) . 

Found : C, 53.91; H , 6 .55%. Calcd for C l b H 2 6 O 1 0 ; C, 
53.72; H , 6 . 5 1 % . 

3, 7-Anhydro-7-bis (C-ethoxycarbonyl)- 6-deoxy-1,2- O -isopropyli-
dene-6-O-tosyl-a.-D-allo-heptose (7c). A mixture of 5d 
(710 mg, 1.03 mmol) and sodium hydride (38 mg, 1.5 mmol) 

in dry tetrahydrofuran (20 ml) was stirred at room tem­
perature overnight and was treated as has been described in 
the preceding section. Silica gel chromatography, developed 
with a mixture of benzene and ethyl acetate (4: 1) followed 
by crystallization from ethyl acetate and hexane, afforded 
318 mg of 7 c ; m p 146—147 °C ; M S (75 eV) m/e: 499 
( M + - C H 3 ) , 427 ( M + - C H 3 - C O O C 2 H 5 + H ) , 342 (M+ 
- C H 3 C 6 H 4 S 0 3 H ) ; N M R (100 M H z , CDC13) <5: 1.26 and 
1.31 (two t, 6H, ethyl ester), 1.33 and 1.52 (two s, 6H, two 
isopropylidene methyls), 2.42, (s, 3H, tosyl), 2.46 and 3.06 (two 
dd, 2H, H a-6 and H b -6 , 7 6 l , a = 3 Hz, y B . 6 b = 4 H z , y , 8 w = 1 5 
Hz) , 3.82 (dd, I H , H-4, 7 3 > 4 = 1 0 H z , 7 4 > 5 = 3 Hz) , 4.1—4.5 
(m, 5H, H-3 and four methylene protons of the ester groups), 
4.72 (t, IH , H-2, 7 1 , 2 = 4 H z , 7 2 , 3 = 4 H z ) , 5.09 (broad, IH , 
H-5) , 5.54 (d, IH , H - l , 7 1 > 2 = 4 H z ) . 

Found : C, 53 .61; H , 5.83; S, 6 .33%. Calcd for C23H30-
O u S : C, 53.68, H , 5.88; S, 6 .23%. 

3-O-Ethoxycarbonylmethyl-1,2-O-isopropylidene- a - D - allofaranose 
(Se). A solution of 3c (5 g, 14.5 mmol) in 70% acetic 
acid (100 ml) was allowed to stand at 37 °C for 3 h and was 
evaporated to dryness. An ice-cooled solution of sodium 
hydrogencarbonate was added, and the product was extracted 
with chloroform. T L C showed the presence of one major 
product as well as a small amoun t of the starting material and a 
by-product, the latter being presumably the di-deacetonated 
product , 3-O-ethoxycarbonylmethyl-D-allose. 

Silica gel chromatography, developed with a mixture of 
ethyl acetate and methanol (9: 1), afforded 2.51 g (8.2 mmol, 
57%) of 5e, which was fractionally precipitated from benzene 
and hexane for analysis; M + - C H 3 m/e 291 ; N M R (100 M H z , 
CDC13) Ô: 1.30 (t, 3H, ethyl ester, 7 = 7 Hz) , 1.36 and 1.58 
(2s. 6 H , two isopropylidene methyls), 4.68 (t, IH , H-2, 7 i 2 = 4 
Hz, 7 2 . 3 = 4 Hz) , 5.77 (d, IH , H - l , JXA=A Hz) . 

Found : C, 50.99; H , 7 .18%. Calcd for C13H2„Ofc: C, 50.97; 
H , 7.24%. 

3-O-Ethoxycarbonylmethyl-l,2-0-isopropylidene-6-0-tosyl-cL-D-
allofuranose (5f). Compound 5e (828 mg, 2.7 mmol) was 
treated with tosyl chloride (420 mg, 2.7 mmol) much as in 
the preparat ion of 5b . T h e main product was isolated by 
silica gel chromatography, developed with mixtures of benzene 
and ethyl acetate ( 2 — 1 : 1); it was obtained as a syrup from 
ethyl acetate and hexane ; yield, 810 m g ; I R (KBr) cm" 1 : 3470 
( O H ) , 1735 (ester); M + - C H 3 m/e 445; N M R (100 M H z , 
CDC13) 6: 1.26 (t, 3H, ethyl ester, 7 = 7 Hz) , 1.33 and 1.52 
(2s, 6H, two isopropylidene methyls), 2.42 (Is, 3H, methyl of 
the tosyl group) , 5.71 (d, I H , H - l , 7 i . 2 = 4 Hz) , 7.32 and 7.80 
(two d, 4H , four aromatic protons of the tosyl group). 

Found : C, 52.23; H , 5.95; S, 6 .95%. Calcd for C20H28-
O 1 0 S: C, 52.16; H , 6.13; S, 6 .96%. 

5,6-Di-0-tosyl-3-0-ethoxycarbonylmethyl-l,2-0-isopropylidene-a.-
D-allofuranose (5h). Compound 5e (306 mg, 1 mmol) 
was treated with tosyl chloride (760 mg, 4 mmol) much as in 
the preparat ion of 5d. Silica gel chromatography, developed 
with mixtures of benzene and ethyl acetate ( 4 — 1 : 1), afforded 
450 mg of the product , which was crystallized from ethyl ace­
tate and hexane ; m p 115—116 °C ; N M R (100 M H z , CDC13) 
Ô: 1.26 (t, 3H, ethyl ester, 7 = 7 Hz) , 1.31 and 1.48 (2s, 6H, 
two isopropylidene methyls), 2.44 (s, 6H, two methyls of the 
tosyl group) , 4.58 (t, I H , H-2, 7 1 > 2 = 4 H z , 7 2 ( 3 = 4 H z ) , 5.07 
(m, I H , H-5), 5.47 (d, I H , H - l , 7 1 ( 2 = 4 H z ) , 7.33 and 7.72 
(two d, 4H, four aromatic protons of one tosyl group, Jortho=8 
Hz) , 7.33 and 7.76 (two d, 4H, four aromatic protons of one 
tosyl group, Jortho=8 Hz ) . 

Found : C, 52.79; H , 5.56; S, 10.42%. Calcd for C27H34-
0 1 2 S 2 : C, 52.75: H , 5.58; S, 10.43%. 

5- O -Benzoyl- 3- O -ethoxycarbonylmethyl-1,2-0- isopropylidene-6-
O-tosyl-cc-D-allofuranose (5g). T o a solution of 5f (3 g, 
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6.6 mmol) in pyridine (50 ml), cooled at —15 °C, was added 
benzoyl chloride (3 g, 21 mmol), after which the solution was 
stirred for 1 h at room temperature. An ice-cooled solution 
of sodium hydrogencarbonate was added, and the product 
was extracted with ethyl acetate. Precipitation from ether 
and hexane afforded 3.10 g of a syrup (83%); M + - C H 3 

mje 549; NMR (100 MHz, CDC13) Ô: 1.20 (t, 3H, ethyl ester, 
J=l Hz), 1.32 and 1.55 (2s, 6H, two isopropylidene methyls), 
2.34 (s, 3H, methyl of the tosyl group), 4.68 (t, 3H, H-2, 
y i ( 2 = 4 H z , y 2 > 3 =4Hz) , 5.5—5.7 (m, 2H, H-l and H-5), 
7.18 and 7.72 (2d, 4H aromatic protons of the tosyl group, 
yo r ( f e ,=8 Hz), 7.3—7.6 (m, 3H, meta and para protons of the 
benzoyl group), 7.94 (dd, 2H, ortho protons of the benzoyl 
group, Jortho=8 Hz, Jmeta= 1.5 Hz). 

Found: C, 57.51; H, 5.73; S, 5.48%. Calcd for C27H32-
O n S : C, 57.43; H, 5.71; S, 5.68%. 

5-0- Bewyl-z6-deoxy-3- O - ethoxycarbonylmethyl-6- iodo-l,2-0-
isopropylidene-ct-v>-allofuranose (5i). A solution of 5g 
(2.46 g, 4.6 mmol) and sodium iodide (3 g, 20 mmol) in ethyl 
methyl ketone (50 ml) was refluxed for 17 h. After the solvent 
had been evaporated to dryness, the residue was distributed 
between water and ethyl acetate. The organic layer was 
washed with an aqueous solution of sodium hydrogensulfite. 
TLC showed the formation of a sigle product, which was 
isolated by silica gel chromatograpy developed with mixtures 
of benzene and ethyl acetate (9—4: 1) yield, 1.65 g. For 
analysis it was fractionally precipitated from ether and 
hexane. It gradually decomposed at 56 °C in vacuo', MS 
(75 eV) mfe: 505 (M+-CH 3 ) , 393 (M+-1) ; NMR (100 MHz, 
CDC13) Ô: 1.20 (t, 3H, ethyl ester, J = 7 H z ) , 1.34 and 1.59 
(two s, 6H, two isopropylidene methyls), 4.71 (t, 1H, H-2, 
y u = 4 H z , y 2 t 3 =4Hz) , 5.35 (q, 1H, H-5, y 4 . 5 =6 Hz, 
y 5 , 6 =6Hz) , 5.71 (d, 1H, H-l , y 1 > 2 =4Hz) , 7.3—7.7 (m, 3H, 
meta and para protons of the benzoyl group), 8.08 (dd, 2H, 
ortho protons of the benzoyl group, Jortiw=% Hz, Jmeta=l-$ 
Hz). 

Found: C, 46.98; H, 4.95; I, 23.76%. Calcd for C20H25-
0 8 I : G, 47.20; H, 5.09; I, 32.75%. 

5,6-Anhydro-3-0-ethoxycarbonylmethyl-l,2-0-isopropylidene-a.-D-
allofuranose (6b). A mixture of 5f (689 mg, 1.5 mmol) 
and sodium hydride (36 mg, 1.5 mmol) in dry terahydromran 
(10 ml) was refluxed for 2 h and then cooled to —15 °C. 
Ethanol ( 1 ml) and a few drops of acetic acid were added, and 
the mixture was concentrated to dryness. The product was 
extracted with chloroform, and crystallized from ether and 
hexane; yield, 227 mg; mp [55—57 °C; v^ft 1755 cm-1; MS 
(75 eV) mfe: 273 (M+-CH,) , 169 ( M + - C H 3 - C 2 H 5 0 0 -
C C H 2 0 - H ) , 127 ( M + - C H 3 - C 2 H 6 O O C C H 2 0 - C H 2 C H -
(-0- ) ) ; NMR (100 MHz, CDG13) Ô: 1.32 (t, 3H, ethyl ester, 
J=l Hz), 1.39 and 1.60 (2s, 6H two isopropylidene methyls), 
2.84 (t, 1H, Ha-6, y 6 , 6 a =5Hz, 7 ^ = 5 Hz), 3.01 (q, 1H, 
Hb-6, y 5 , 6 b =3Hz, y„ e m =5Hz) , 3.26 (m, 1H, H-5), 3.82 (q, 
1H, H-4, y 3 > 4=9Hz, y 4 , 6 =5Hz) , 4.71 (t, 1H, H-2, / 1 > 2 = 4 
Hz, A 3 = 4 H z ) , 5.79 (d, 1H, H-l, 7 ^ = 4 Hz). 

Found: G, 54.28; H, 6.81%. Calcd for C13H20O7; C, 54.16; 
H, 6.99%. 

3-O-Cyanomethyl-J, 2:5,6-di- O - isopropylidene-a. - D - allofuranose 
(3e). To a stirred mixture of 3a (19.5 g, 7.5 mmol) and 
sodium hydride (1.8 g, 7.5 mmol) in dry tetrahydrofuran 
(200 ml), cooled at —15 °C, was added bromoacetonitrile 
(10 g, 8.3 mmol) dropwise. The mixture gradually became 
dark and was stirred at room temperature for 3 h. Ethanol 
(10 ml) was added at 0 °C to quench any remaining sodium 
hydride. After concentration of the mixture, the products 
were extracted with ethyl actate. TLC showed the presence of 
one major product as well as a few minor ones. Silica gel 
chromatography, developed with mixtures of benzene and 

ethyl actate (4—2: 1), and crystallization from ethyl actate and 
hexane, afforded 7.5 g (33%) of 3e: mp 109 °C. Similarly, 
from 13 g of 3a and 10 g of chloroacetonitrile, 5.1 g of 3e was 
obtained; M+—CH3 m/e 284 (base peak); NMR (100 MHz, 
CDG13) Ô: 1.36 and 1.49 (2s, 6H,two methyls of one isopro-
pylidne group), 1.36 and 1.57 (2s, 6H two methyls of one iso­
propylidene group), 4.41 and 4.54 (two d, 2H, OCH2CN, 
Jgem= 16 Hz), 5.81 (d, 1H, H-l, y l t 2 = 4 Hz). 

Found: C, 55.78; H, 6.96; N, 4.56%. Calcd for C14H21 

0 6 N : C, 56.17; H, 7.07; N, 4.68%. 
3-O-Cyanomethyl-1,2-O-isopropylidene-cc-n-allofuranose (5j). 

A solution of 3e (1 g) in 70% acetic acid (50 ml) was allowed 
to stand at room temperature overnight and was concentrated 
below 37 °C to dryness. The residue was well dried over 
phosphorous pentoxide and sodium hydroxide; it was subse­
quently chromatographed on silica gel developed with ethyl 
acetate and with a mixture of ethyl acetate and methanol 
(9: 1) to give a syrup; yield, 730 mg (76%); MS (75 eV) 
mje: 244 (M+-CH 3 ) , 198 (M+-HOCH 2 CHOH); NMR 
(100 MHz, CDC13) ô: 1.36 and 1.55 (two s, 6H, two isopro­
pylidene methyls), 5.84 (d, 1H, H-l, Jut=4 Hz). 

Found: C, 50.68; H, 6.52; N, 5.21%. Calcd for CnH17-
N 0 6 : C, 50.96; H, 6.61; N, 5.40%. 

3-O-Cyanometkyl-l, 2-O-isopropylidene -6-O- tosyl - a - D - allofura­
nose (5k) and 3-0-Cyanomethyl-5,6-di-0 -tosyl- 1,2-O-isopro-
pylidene-OL-D-allofuranose (51). A mixture of 5j (1.84 g, 
7.1 mmol) and tosyl chloride (2.6 g, 13.6 mmol) in pyridine 
(30 ml) was allowed to stand at room temperature overnight, 
and ice water was added. TLC of the chloroform extract 
showed the formation of two products, which were separated 
by silica gel chromatography developed with mixtures of 
benzene and ethyl acetate (4—1: 1). 

The less polar compound, identified as the ditosylate 51, was 
obtained as a syrup ( 1.3 g) by precipitation from benzene 
and hexane; M + - C H 3 mje 552; NMR (100 MHz, CDC13) 
ô: 1.32 and 1.49 (2s, 6H, two isopropylidene methyls), 2.43 
(s, 6H, methyls of two tosyl groups), 4.35 (s, 2H, OCH2CN), 
4.69 (t, 1H, H-2, 71 > 2=4 Hz, 72 > 3=4 Hz), 4.90 (m, 1H, H-5), 
5.55 (d, 1H, H-l , 7^2=4 Hz). 

Found: C, 52.72; H, 5.15; N, 2.48; S, 11.11%. Calcd for 
C25H29O10NS2: C, 52.90; H, 5.15; N, 2.47; S, 11.30%. 

The more polar compound, identified as the monotosylate 
5k, was obtained as a syrup by precipitation from benzene 
and hexane; M + - C H 3 mje 398; NMR (100 MHz, CDC13) 
ô: 1.34 and 1.52 (two s, 6H, two isopropylidene methyls), 
2.44 (s, 3H, methyl of the tosyl group), 4.35 and 4.43 (two d, 
2H, OCH2CN, 7 = 1 6 Hz), 4.72 (t, 1H, H-2, J1A=4 Hz, 
J 2 ) 3 = 4 H z ) , 5.77 (d, 1H, H-l , J l i 2 = 4 H z ) , 7.34 and 7.80 
(2d, 4H four aromatic protons of the tosyl group, f0rtho=8 
Hz). 

Found: C, 52.26; H, 5.63; N, 3.23; S, 7.53%. Calcd for 
C18H2308NS: C, 52.29; H, 5.61 ; N, 3.39; S, 7.76%. 

5,6- Anhydro- 3-0 -cyanomethyl-1,2-O-isopropylidene- a - D -allo­
furanose (6c). A mixture of 5k (306 mg, 0.74 mmol) and 
sodium hydride (21 mg, 0.87 mmol) in dry tetrahydrofuran 
(10 ml) was stirred at room temperature for 20 h. TLC 
showed the formation of a single product. Ethanol (1 ml) 
and a few drops of acetic acid were added, and, after the mix­
ture had been concentrated, the product was extracted with 
ethyl acetate. Precipitation from ether and hexane afforded 
152 mg of a syrup; MS (75 eV) m/e: 226 (M+-CH 3 ) , 169 
( M + - C H 3 - C N C H 2 0 - H ) , 127 ( M + - C H 3 - C N C H 2 0 -
CH 2CH(-0-)) , NMR (100 MHz, CDC13 «5: 1.35 and 1.54 
(2s, 6H two isopropylidene methyls), 2.73 (q, 1H, Ha-6, 
y 5 , 6 a =3Hz, Jçem=5Uz), 2.88 (t, 1H, Hb-6, y5 > 6 b=5 Hz, 
fgem=5 Hz), 3.20 (q, 1H, H-5), 3.88 (q, 1H, H-3, J 2 > 3 =4 Hz, 
y 3 , 4 =8 Hz), 4.08 (q, 1H, H-4, / 3 , 4 = 8 Hz, /4 > B=3.5 Hz), 4.38 
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and 4.47 (two d, 2H, OCH2GN, Jgem=16Hz), 4.72 (t, 1H, 
H-2, / 1 > 2 =4Hz,y 2 > 3=4H 2 ) ,5 .82 (d, l H , H - I , / l i 2 = 4 H z ) . 

Found: C, 54.65; H, 6.25; N, 5.71%. Calcd for CUH15-
N 0 6 : C, 54.76; H, 6.27; N, 5.81%. 

Methyl 3,7-Anhydro-7-bis(C-ethoxycarbonyl)-6-deoxy-l,2-0-
isopropylidene-D-allo-heptoside (8). A solution of 7a (270 
mg) in methanol containing dry HCl (0.01 M, 10 ml) was 
allowed to stand at room temperature for 7 h and concentrated 
while keeping the temperature below 40 °C. An ice-cooled 
solution of sodium hydrogencarbonate was added, and the 
product was extracted with ethyl acetate. Silica gel chromatog­
raphy, developed with a mixture of benzene and ethyl acetate 
(1: 1), and crystallization from benzene and hexane afforded 
177 mg of 8; mp 90 °C; MS (75 eV) m/e: 377 (M+-CH 3 ) , 
361 (M+-OCH 3 ) ; NMR (100 MHz, CDC13) Ô: 1.23 and 1.29 
(two t, 6H, ethyl ester J=l Hz), 1.47 and 1.49 (two s, 6H, 
two isopropylidene methvls), 2.23 and 2.76 (two dd, 2H, Ha-6 
a n d H b . 6 , / 6 . 6 a = 3 H z , ) M b = 4 H z , / „ e m = 1 5 H z ) , 3.41 (s, 
3H, OGH3), 5.33 (d, 1H, H-l, y l p t = l Hz). 

Found: C, 50.61; H, 7.08%. Calcd for C17H2sO10: C, 
50.29; H, 6.63%. 

3,7-Anhydro- 7-bis(C-ethoxycarbonyl)-6-deoxy-v-allo-heptose 
Dimethyl Acetal (9). A solution of 7a (193 mg) in 
methanol containing dry HCl (0.5 M, 10 ml) was allowed to 
stand at room temperature overnight; subsequently it was 
concentrated while keeping the temperature below 40 °C. 
An ice-cooled solution of sodium hydrogencarbonate was 

added, and the product was extracted with ethyl acetate. 
Silica gel chromatography, developed with ethyl acetate 
followed by a mixture of ethyl acetate and methanol (9: 1), 
afforded 60 mg of an amorphous solid. For analysis it was 
fractionally precipitated from ethyl acetate and hexane. It 
showed no definite mp; NMR (100 MHz, CDC13) (5: 1.25 and 
1.29 (two t, 6H, ethyl ester, J=l Hz), 2.21 and 2.77 (two dd, 
2H, Ha-6 and Hb-6, y6 ,6 l l=3 Hz, J 6 , 6 b =4Hz, / „ e m = 1 5 Hz), 
3.44 and 3.76 (two s, 6H, 20CH3) . 

Found: C, 49.11; H, 6.90%. Calcd for C15H26O10: C, 
49.17; H, 7.15%. 
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Kazutaka ARAI and Michinori ÖKI* 
Department of Chemistry, Faculty of Science, The University of Tokyo, Tokyo 113 

(Received May 15, 1976) 

Exchange processes of diastereotopic protons of oc-chlorodibenzyl sulfides were observed by means of dynamic 
nuclear magnetic resonance. Polar effects of solvents and substituent effects on the ease of the exchange process of 
protons in />,/>'-disubstituted a-chlorodibenzyl sulfides indicate that the process occurs with the dissociation of the 
compounds into benzylic cations and chloride ion. It is possible to measure the rates of ionic dissocation by observ­
ing the change in the line shape of signals in *H NMR spectra. The scope of the method is discussed. 

In a previous paper a report was given on the observa­
tion of ionic dissociation of 2-chloropolythianes (1) by 
dynamic nuclear magnetic resonance technique.1) In 
this case, inversion of the six-membered ring is the re­
quired process to average the chemical shifts of the 
protons in question. Thus, the energetics of the ring 
inversion might be included in the energetics of ionic 
dissociation, when the compound requires small energy 
for the dissociation. 

HA CI 

x y+ cr HA. 

HB CI 

W) 

We have undertaken an extension of the above tech­
nique in order to generalize the method for determina­
tion of the rates and/or energetics for ionic dissociation 
of certain organic compounds. Since the ionic dissocia­
tion is a crucial step in S^l reactions, a knowledge of the 
rates of ionization would help understand such reactions. 

For application of dynamic N M R technique, the com­
pound should satisfy the following three conditions, a) 

. It can produce a stable cation since N M R technique can 
detect neither very slow nor very fast exchange processes, 
b) I t possesses a pair of diastereotopic protons, c) I t 
is desirably an acyclic compound, direct measurement of 
the rates of ionization being possible, since ring inversion 
is not necessary for the averaging of protons. 

Suitable samples are a-chloro sulfides since they 
produce stable cations due to the presence of sulfur 
atoms, as confirmed for chloropolythianes. After several 
trials we found that a-chlorodibenzyl sulfides (2) satisfy 
the conditions: the cation produced receives additional 
stabilization due to the presence of a benzene ring. This 
paper describes the determination of free energies for 
ionic dissociation of these compounds and discusses the 
effects of substituents and solvents on ionic dissociation. 

X - / ~ \ - C H 2 - S - C H - / V x 

CI 
(2) 

Exper imenta l 

Syntheses. The compounds required for the measure­
ments were prepared by chlorination of substituted dibenzyl 
sulfides (3) with iV-chlorosuccinimide. All the sulfides were 

known compounds but two were prepared by modified meth­
ods. 

X —C< H.O- ö —Cixd. - X 
<y 

NCI 

(3) 

X - / ~ ~ \ - C H 2 - S - C H - / _ \ - X 

(2) 
Bis(p-chlorobenzyl) Sulfide (3, X=Cl). To a metha-

nolic solution of sodium methoxide prepared from 4.0 g (0.17 
mol) of sodium and 150 ml of methanol was added 25 g 
(0.16 mol) of/>-chlorophenylmethanethiol and then 25 g (0.16 
mol) of /»-chlorobenzyl chloride during a 10 min period with 
stirring. The resulting mixture was heated under reflux for 3 h 
and the solvent was evaporated under reduced pressure. The 
residue was taken up in benzene and washed with 6 M sodium 
hydroxide and then with water. After drying over magnesium 
sulfate, the solvent was evaporated in vacuo and the residue was 
kept overnight at —5 °C to induce crystallization. Washing 
twice with small amounts of hexane gave pure 3 ( X = Q ) , 
mp 42 °G (lit,2) mp 42 °C), in 90% yield. 

Bis(p-methylbenzyl) Sulfide (3, X=CHS), mp 77 °G (lit,3) 
mp 76 °C), was prepared similarly in 90% yield. 

1H NMR spectral data of the sulfides are summarized in 
Table 1. 

TABLE 1. 1H NMR SPECTRAL DATA OF p,p'-

DISUBSTITUTED DIBENZYL SULFIDES ( 3 ) 

IN CARBON TETRACHLORIDE (Ô) 

Substituent Benzylic Aromatic 
(X) CH2 H 

Others 

H4> 
CH3 

CI 
NOa

5>a) 

3.49 
3.44 
3.46 
3.69 

7.18(10H, s) 
7.05 (8H, s) 
7.18 (8H, s) 
7.44 and 8.21 
( 7 = 9 . 0 Hz) 

2.31(6H, s) 

a) Data with a GDC13 solution. 

. Chlorination of p,p'-Disubslituted Dibenzyl Sulfides. To a 
solution of 1.0 g of a />,/>'-disubstituted dibenzyl sulfide in 
10 ml of carbon tetrachloride was added 1.1 equivalents of 
powdered iV-chlorosuccinimide at 35 °C with stirring during a 
5 min period under nitrogen atmosphere. Stirring was 
continued for 1—2 h after completion of the addition. The 
reaction mixture was filtered in order to remove insoluble 
materials, contact with moisture being avoided as completely 
as possible. From 1H NMR spectral data of the filtrate, the 
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purity and yield of />,/>'-disubstituted a-chlorodibenzyl sulfides 
were estimated to be 90—95% and 85—90%, respectively. 

The nitro compound; being sparingly soluble in carbon 
tetrachloride, was chlorinated in benzene by essentially the 
same procedure. 

1H NMR spectral data of the />,/>'-disubstituted a-chloro­
dibenzyl sulfides are given in Table 2. 

TABLE 2. *H NMR SPECTRAL DATA OF p,p'-

DISUBSTITUTED a-CHLORODIBENZYL SULFIDES 

(2) IN CARBON TETRACHLORIDE (<5) 

Substi­
tuent 
(X) 

H«) 

CH3 

Cl 

NCV> 

Ben-
zylic 

Ô 

3.88 
3.98 
3.79 
3.93 
3.80 
3.99 

4.07 
4.20 

CH2 

7 

15 

ca. 13 

13.5 

13.5 

Methine Aromatic 
H H 

5.69 

5.67 

5.63 

5.87 

7.30 
(ÎOH, m) 
6.9—7.4 
(8H, m) 
7.29 
(8H, s) 
7.50—7.70b> 
8.15—8.35 
(8H, double q) 

Others 

2.39(3H, s) 
2.32(3H, s) 

a) Data with a CDC13 solution, b) It was impossible 
to determine which of the two pairs at the higher 
field forms the AB quartet with a pair of signals at 
the lower field. The coupling constants for the two 
AB quartets were 9.0 Hz. 

Benzenethiolyses ofp&'-Disubstituted a-Chlorodibenzyl Sulfides. 
The solutions of />,/>'-disubstituted a-chlorodibenzyl sulfides 
obtained above were treated with 2—3 equivalents of benzene-
thiol at room temperature for 8—10 h and the resulting 

X -/^VcH2-S-CH 
_ CI 

(2) 

- X 
C.H.SH 

X - - C H 2 - S - C H - / ~ ~ Y - X 

SCflH6
 = 

(4) 

mixture was evaporated in vacuo Chromatography of the re­
sidue on silica gel afforded pure />,/>'-disubstituted a-phenyl-
thiodibenzyl sulfides (4). The pertinent data are summarized 
in Table 3. 

XH NMR Measurement. *H NMR spectra were recorded 
on a Hitachi R 20B spectrometer, operating at 60 MHz, with a 
temperature variation accessory. The temperature reading 
was calibrated by measuring the chemical shift difference 
between methylene and hydroxy protons of ethylene glycol for 
the higher temperatures and that between methyl and 
hydroxy protons of methanol for the lower temperatures. 

Kinetic Parameters, The rate constants of the exchange 
processes at the coalescence temperature were obtained by 
application of the following equation," where 7AB is the 
coupling constant of the diastereotopic protons and AvAB the 
chemical shift difference of these protons. 

= ^ i+Ai*, (1) 

Free enrgies of activation at the coalescence temperature were 
obtained by substituting ka into the following equation. 

AG? = 4.57rcjl0.319 + log^p] 

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

(2) 

Confirmation of the Structure ofp&'-DisubstitutedoL-Chloro-
dibenzyl Sulfides. Since the />,/>'-disubstituted a-
chlorodibenzyl sulfides (2), key compounds in this paper, 
are reactive toward moisture, their structures must be 
confirmed by other means. This is accomplished by a) 
the chemical method and b) *£[ N M R spectral data. In 
a ) , since the method of preparation is generally applied 
to a-chlorination of sulfides,8) a chlorine atom is expected 
to enter a t a benzylic position. T h e ease of reaction of 
these compounds with benzenethiol is supporting evi­
dence for the structure, since other normal halides would 
not be so reactive as these compounds. T h e substituted 
a-phenylthiodibenzyl sulfides (4) are analyzed correctly. 
I n b) the two benzylic protons turn to a methine proton 

TABLE 3. MELTING POINTS, *H NMR DATA (CCI4, Ô), AND ANALYTICAL DATA OF 

/>,/>'-DISUBSTITUTED a-PHENYLTHIODIBENZYL SULFIDES (4) 

Substituent 
(X) 

H 

CH3 

Cl 

N 0 2 

Mp 
(°C) 

Oil 

Oil 

61 — 

136.5—] 

62 

137 

C 
H 
S 

C 
H 
S 
C 
H 
Cl 
S 

c 
H 
N 
S 

Found Calcd 
(%) 

74.56 
5.62 

19.99 

75.08 
6.25 

18.00 
61.16 
4.03 

18.17 
16.27 
57.97 
4.17 
6.87 

15.45 

74.49 
5.63 

19.88 

75.38 
6.33 

18.29 
61.38 
4.12 

18.12 
16.38 
58.24 

3.91 
6.79 

15.55 

CH2 

3.66 
3.85 
(7=13.0) 
3.67 
3.83 
(7=13.0) 

3.65 
3.83 
(7=13.0) 

3.89 
4.08 
(7=13.5) 

1H NMR data 

CH Arom. H 

7.11(5H, s) 
4.74 7.15(5H, bs) 

7.21 (5H, bs) 

4.75 7.0 —7.3 
(13H, m) 

4 7 0 7 .15-7 .25 
(13H, m) 

7.24(5H, s) 
4 8 8 7.30—7.55*> 

8.05—8.30a> 
(8H, double q) 

Others 

2.28(3H, s) 
2.30(3H,s) 

a) See Table 2, footnote b. The coupling constants for the two AB quartets were 9.0 Hz. 
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-rc 

4.0 3.8 3.6 Ô 

Fig. 1. Temperature dependence of the signals at ö ca. 
4 in the spectrum of a-chlorodibenzyl sulfide in 1-chlo-
ronaphthalene. 

which gives a signal at a low field. In addition, the 
benzylic protons in the chloro compounds 2 and in 
phenylthio compounds 4 give AB quartets : it would not 
be possible to explain if a chiral center were not present 
in the proximity of these protons. 

Dynamic NMR and the Rate Process. T h e XH 
N M R spectra of the chlorides 2 were found to be de­
pendent on solvents and temperature. Typical examples 
of temperature-dependence of the spectra are shown in 
Fig. 1. Since a quartet signal of a diastereotopic pair of 
protons does not usually coalesce below 200 °G, the 
temperature-dependent spectra suggest that a certain 
exchange process involving bond breaking takes place 
under these conditions. T h e process should be such 
that chirality due to asymmetric carbon is lost. 

Survey of solvent and substituent effects on the coales­
cence temperature and free energies of activation will 
shed light on the nature of the process. The tempera­
ture dependence of the spectra of a-chlorodibenzyl sul-

TABLE 4. SOLVENT EFFECTS ON THE EXCHANGE 

PROCESS OF PROTONS IN «-CHLOROD1BENZYL 

SULFIDE (2 , X = H ) 

Solvent 

CC14 

C«H6 

CHC13 

CDCI3 
m-Cl2C6H4 

C10H7C1*> 
C8H5C1 
o-C^CjH^ 
C8H5N02 

e 

2.24 
2.27 
4.81 
— 

5.04 
5.04 
5.62 
9.93 

34.8 

T0 

(°G) 
> 8 0 
> 7 0 

37 
17 
82 
55 
55 
42 

<o 

JAB 
(Hz) 
13.5 
13.5 
14 
14 
14 
13 
13 
13.5 

(13) 

AvAB 
(Hz) 

5.5 
16 
6 
6 
7 

10 
8 
5 

(8) 

. AG*C 
(kcal/mol) 

> 1 7 . 8 
>17 .2 

15.5 
14.5 
17.8 
16.5 
16.5 
15.8 

« 1 3 . 6 ) b> 

fide was investigated in various solvents. The results 
are given in Table 4. Nitrobenzene showed no tendency 
of line broadening even at 0 °G. The coalescence tem­
perature is lower when the solvent is more polar, the free 
energies of activation being lower. The cases of chloro­
form and deuteriochloroform are exceptions. We wish 
to at tr ibute this anomaly to the hydrogen bond effect. 
Chloroform is known to form hydrogen bond9) which 
should stabilize an anion.10) No such stabilization is 
expected in the other solvents used. Deuteriochloro­
form would stabilize the anion to a greater extent, since 
deuterium compounds are known to form a stronger hy­
drogen bond than the corresponding 1H compounds.11) 

T h e results obtained by changing the solvent are con­
sistent with the idea that the loss of the chiral center is of 
polar nature. Heterolysis of the G-S bond requires 
much energy. Then, in principle, the following two 
modes of dissociation are possible. 

ArCH2SCHAr 
1 

Gl 

ArCH2SCHAr 
1 

CI 

ArCH2SCHAr + Cl~ (3) 

ArCH2SCAr + H + (4) 

CI 

a) 1-Chloronaphthalene. b) JAB and AvAB in 
chlorobenzene are diverted. 

Although it may seem that Eq. 3 is a more plausible 
process, Eq. 4 may not be ruled out without convincing 
evidence. Such evidence should be provided when the 
substituent effect is examined : if the process is represent­
ed by Eq. 3, electron-releasing groups should facilitate 
the exchange, and the reverse is true if the process is re­
presented by Eq. 4. 

The results of changing the substituent are given in 
Table 5, in which <rm values are included as a measure of 
electron-donating or electron-withdrawing ability. The 
results are in line with the idea that the electron-donat­
ing substituent facilitates the process. Thus the exchange 
of proton spins occurs following Eq. 3. 

Rate Constants of the Ionic Dissociation. Although 
the planar cation itself erases the non-equivalency of the 
GH 2 protons due to its planar structure, we observe no 
N M R spectra of the cation because of its transient na­
ture. Thus the equivalency of the methylene protons at 
a higher temperature is caused by the rapid mixing of 
one stereoisomer with another. T h e mixing or inter-
conversion of one stereoisomer with another can occur in 
one or more of the following steps. If the compound 
dissociates into a free cation and a free anion, recombi­
nation to produce the mother compound would proceed 
from either side of the plane of the cation, thus produc­
ing a 1: 1 mixture of the enantiomers. If the cation 
undergoes internal rotation about the S-C+ axis while 
the anion remains immobile, the stereoisomer is formed, 
or else, the anion will recombine with the cation from 
the other side than that where the former departed. 
These cases are possible when the ions form a loose ion 
pair. If the ions form a tight ion pair, it is not possible 
to invert the stereochemistry directly. However, we 
might consider the cation to be of pyramidal shape and 
inversion of the pyramid followed by recombination with 
an anion derived from another molecule leads to the 
formation of a stereoisomer. 

I t is difficult to determine to what extent the above 
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TABLE 5. FREE ENERGY OF ACTIVATION FOR THE EXCHANGE PROCESS AND 

FOR THE IONIC DISSOCIATION OF />,/>'-DISUBSTITUTED 

A-CHLORODIBENZYL SULFIDES (2) 

Substituent 

CH3 

H 
Cl 
N 0 2 

^ m 

- 0 . 0 7 
0.00 
0.37 
0.71 

o-Cl2C6H4 

T0 ro 

- 2 1 
42 

101 

solution 

AG*C 
(kcal/mol) 

(Eachange) 

12.5 
15.8 
18.8 

AG*C 
(kcal/mol) 

/ Ionic \ 
\dissociation / 

12.2 
15.4 
18.3 

rc(°c) 

<oa> 
<0a> 
40 

100 

CflH6NOa solution 

AG*C 
(kcal/mol) 

(Exchange) 

<13.6a> 
<13.6a> 

15.7 
18.8 

AG*0 
(kcal/mol) 

/ Ionic \ 
\dissociation / 

< 1 3 . 4 
< 1 3 . 4 

15.3 
18.3 

a) The signal due to benzyl protons of />,/>'-dimethyl-a-chlorodibenzyl sulfide was sharper than 
that of a-chlorodibenzyl sulfide. 

factors are responsible. T o a first approximation, how­
ever, we may take a model in which the probability of 
the ion pairs returning to the original stereochemistry 
and forming the other stereochemistry are 50: 50 as a 
result of many factors. T h e rate of the dissociation of 
the chloride 2 must then be twice the rate of the ex­
change process. T h e results are included in Table 5. 

I t is of interest that the barriers to the ionic dissocia­
tion of these compounds are comparable to or smaller 
than that of triphenylmethyl chloride. T h e enthalpy 
and the entropy of activation for the reaction of tri­
phenylmethyl chloride in aqueous acetone were report­
ed to be 12.5 kcal/mol and — 17e.u . at temperatures 
between —34 °C and —14 °C.12> T h e free energy of 
activation is then calculated to be ca. 17 kcal/mol a t 
about —20 °C. If we assume this to be the pure S^\ 
reaction, the energy should correspond to that for ionic 
dissociation. Since the polarity of the solvent is high in 
this case, the ionic dissociation of the chloro compound 2 
may be taken as an easy one. The enthalpy and entropy 
of activation for the exchange process of chloride ion in 
benzene are reported to be 12.4 kcal/mol and — 39 e.u. 
respectively, a t 50 ° G for triphenylmethyl chloride13) 
and the free energy is calculated as 25 kcal/mol a t tha t 
temperature. 

Conclusion. The method described here for deter­
mining the rates of ionic dissociation seems to be of value 
in kinetic studies. For the tranditional chemical method, 
racemization or isotope exchange had to be used. This 
necessitates an optically active compound or isotopically 
enriched ions. As an example, the rate of ionization of 
triphenylmethyl chloride was estimated from the ex­
change of the chloro group with isotopically labelled 
tetraalkylammonium chloride,13) but the method is 
hampered by the fact tha t the concentration of the am­
monium chloride affects the rates. The method describ­
ed here needs no expensive isotopes, optical isomers nor a 
nucleophile to react. Thus the rate of ionization can be 
obtained without perturbation of the excess of other 
materials. Since the ionization of an organic compound 
into a stable cation and an anion is an important step in 
S^\ reactions and many stable cations show substantial 
barriers for reaction with another anion,14) dynamic 
N M R method provides an important means for under­
standing such a reaction. 

If a compound possesses a good leaving group at a 

chiral or prochiral center and diastereotopic protons 
close to the center, and produces a fairly stable carboni-
u m ion, then the rates of the dissociation can be deter­
mined by dynamic N M R technique.15) As one example, 
the case of a-chlorodibenzyl sulfides is presented. 
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The intramolecular OH---JZ bonding, the probable conformations, and the internal rotation in two series of [n]-
paracyclophanols, I (1—4) and II (5—8), are investigated by means of IR, UV, and PMR spectroscopies. The IR 
results indicate that (1) there is the OH--7Ï bonding in 1, 2, 3, 5, and 7 in CC14, and (2) the integrated intensity ratio 
of the 7r-bonded OH species to the free OH, (AJA{), hardly changes in going from 1 to 3, while it decreases in going 
from 5 to 7. The ratio is, then, related to both AH and AS. In the PMR spectra, aliphatic-proton signals are 
assigned by means of the spin-decoupling and/or the shift-reagent technique; the results agree with those predicted, 
with a few exceptions. In the aromatic region, 3, 4, and 8 show singlets, while the others show AB-like quartets. 
These results are discussed in relation to the internal rotation of the benzene ring and/or the alkylene chain. 

Intramolecular hydrogen bondings have been observ­
ed in many systems of open chains and medium-size 
rings,2) and the spectral shifts of the bonded O H bands 
have been measured. There have, though, been sur­
prisingly few reports on thermodynamic measurements 
for the intramolecular hydrogen-bond formations, and 
these have been for only a few acylic systems of /?-phenyl-
alkanols,3) 1,3-diols,4) and co-methoxyalkanols.6) Only 
the last system has been examined in relation to the 
alkylene-chain length. In this system, the loss of entropy 
accompanying the hydrogen-bond formation increases 
greatly with the increasing chain length, but the enthal­
py term hardly changes at all. 

In the present work, we will examine the intramolecu­
lar OH- ~n bonding in two series of [«] paracyclophanols, 
I and I I , by means of I R spectroscopy, and thermody­
namic parameters, AH and AS, for the hydrogen-bond 
formation will be obtained from measurements of the 
temperature dependence of the V0H spectra. 

r (CH2)m- : 
/ \ I/OH 
IOJ C 

I — (CH2)ro 1 

TH = 4—7 

Series I : R = H 
Series I I : R = GH3 

The reasons why paracyclophanols are selected are 
that their conformations are partially fixed around the 
benzene rings and that at least some of them are expect­
ed to be internally hydrogen-bonded with a relatively 
slight loss of entropy. 

O n the other hand, there have been presented several 

experimental or theoretical approaches to estimate the 
probable conformations of [5]—[12]paracyclophane 
compounds. These include an examination of molecu­
lar models,6) a free-electron model calculation,7) X-ray 
diffraction,8'9) and a force-field calculation.10) 

In the present work concerning probable conforma­
tions in Series I and I I , the degrees of bending of the 
benzene rings are predicted by a comparison of the U V 
spectral shifts with the theory,11) and the magnitudes of 
magnetic shielding for the aliphatic protons are estimat­
ed by a calculation using the Johnson and Bovey meth­
od.12) Furthermore, the P M R spectra of the aromatic 
protons are simulated by assuming an A2B2 type of 
proton system, and the internal rotation of the benzene 
rings and/or the alkylene chains is discussed. 

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

Samples. All the paracyclophanols examined were 
unknown compounds, except for [9]paracyclophane-5-ol,13> 
1. [ll]Paracyclophane-6-ol, 2, and its 6-methyl derivative, 
6, were prepared by the LiAlH4 reduction or by the 
Grignard reaction of the corresponding ketone, which had 
itself been obtained by the Dieckmann reaction14) of dimethyl 
benzene-1,4-dihexanoate. The others were similarly obtained 
from the corresponding known ketones.13'1*) The alcohols 
thus obtained were purified by recrystallization from hexane; 
their melting points and analytical results are summarized in 
Table 1. 

IR Spectra. The von spectra were recorded on a 
JASCO DS-403G spectrometer; the solvent used was CC14, 
and the concentrations selected were ca. 0.003 mol/1 or less so 
as to give apparent peak intensities of ca. 1.4 and to avoid an 
intermolecular association (cell length: 50 mm). The tern-

No. 

I 

II 

,1 
2 
3 u 
f5 

6 
7 
18 

TABLE 1 

Compound 

m 

4 
5 
6 
7 
4 
5 
6 
7 

M E L T I N G 

R 

H 
H 
H 
H 
CH3 

CH3 

CH3 

CH3 

POINTS A N D ANALYTICAL DATA OF THE PARACYCLOPHANOLS 

Mp, °C 
(Uncorrected) 

111 —111.5 
60.0— 61.0 
51.5— 52.0 
79.6— 80.2 
43.2— 43.7 

101.0—101.6 
ca. 76a> 

88.0— 89.0 

Calcd 

C 

82.87 
83.15 
83.38 
82.70 
83.02 
83.27 
83.48 

(%) 

H 

10.64 
11.02 
11.33 
10.41 
10.84 
11.18 
11.47 

Found 

C 

83.33 
83.09 
83.49 
82.68 
83.38 
83.25 
83.14 

(%) 

H 

10.76 
10.95 
11.18 
10.32 
11.00 
11.16 
11.37 

a) A waxy solid which was homogeneous according to its GC and TLG and according to its PMR spectrum, 
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perature dependence of the spectra was also examined at 
different temperatures ranging from 10 to 60 °C (error: ^ 1 °G 
in each case) ; correction was made for the thermal expansion 
of the solvent at each temperature. The calculated spectral 
slit width was 1.5 cm - 1 at about 3600 cm -1 . 

UV Spectra. Measured in concentrations of ca. 0.002 
mol/1 in hexane, using a Hitachi EPS-3T spectrometer. 

PMR Spectra. Recorded in concentrations of 5—10 
w/v% in GC14 on a JEOL JNM4H-100 spectrometer operating 
at 100 MHz; TMS was used as an internal reference and a lock 
signal. Dilution experiments were carried out in the con­
centration range of 1—20 w/v%, and the chemical shifts for 
concentration-dependent protons were obtained at an infinite 
dilution. Lanthanoid-induced shift measurements were 
performed by the step-by-step addition of either Pr(fod)3 

or Eu(fod)3 to CDG13 solutions of substrates in the molar-
ratio ranges of 0—0.6, until enough magnitudes of the induced 
shifts were obtained to assign the proton signals. The tem­
perature dependence of the aromatic proton spectra was 
examined in dimethyl-rf6 sulfoxide or acetone-</6 which proved 
to be suitable for obtaining an appropriately high resolution 
at the higher or lower temperatures examined. 

The above measurements were carried out at room tem­
perature (ca. 25 °C) unless otherwise noted. 

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

IR Spectra. Three paracyclophanols, 4, 6, and 8, 
show single, unsymmetric or symmetric O H bands 
characteristic of the monomers of ordinary secondary or 
tertiary alkanols.15> T h e other paracyclophanols show 
doublets, which are ascribed to the presence of at least 
two O H species, free and internally bonded, but to other 
causes such as Fermi resonance, overtone, conforma­
tional heterogeneity, or intermolecular association. If 
the latter causes were predominant , 4, 6, and 8 could be 
expected to show similar doublets. Each doublet can 
be graphically separated into two almost symmetric 
bands; the higher-frequency band corresponds to the 
free O H group, so the lower-frequency one should then 
be assigned to the jr-bonded one. T h e integrated inten­
sity of each band is calculated using the following equa­
t ion: 

A = {nßel) In (/0//)maxAv l /2 (in 1 mol"* cm"2) 

T h e spectra of 1, 4, and 5 are shown in Fig. 1 as typi­
cal examples, and the results are summarized in Table 2. 

3550 3600 3650 

Fig. 1. OH spectra of 1,4, and 5 in CC14 at room tempera­
ture. 

TABLE 2. IR DATA OF THE PARACYCLOPHANOLS 

AT ca. 25 °C 

Com­
pound 
No. (cm-i) 

Av l /a 
(cm-1) 

4 x l 0 - 8 

(1 mol-1 

cm-2) 
AJAt» 

/l 

I 
2 

3 

u 
/5 

III < 
6 
7 

u 

3628.0 
3608.0 
3627.5 
3606.8 
3630.0 
3609.0 
3625.0 
3616.3 
3578.0 
3616.9 
3616.9 
3566.9 
3616.9 

19.6 
12.6 
20.7 
15.1 
21.3 
16.6 
21.0 
17.1 
26.1 
14.4 
17.0 
18.7 
15.5 

2.850 
0.769 
2.802 
0.645 
2.443 
0.805 
3.833 
2.068 
5.178 
2.876 
2.634 
0.354 
3.022 

0.27 

0.23 

0.33 

2.5 

0.13 

a) Ab and At denote the integrated intensities of 
bonded and free OH bands respectively. 

T h e A values for 1, 2, and 3 may be less accurate than 
those for the others, because their doublet-components 
so overlap that it is not easy to separate them. O n 
raising the temperature, Von becomes slightly higher and 
the sum of Ab and A{ becomes smaller, as is usually ob­
served.16) From these data, the thermodynamic param­
eters can then be calculated using the following equa­
tion:16) 

In AJAt = -AH/RT+ {AS/R-In a) 

where a is the ratio of the true molecular extinction 
coefficients of the bonded and the free O H groups. Good 
linear relationships are obtained between In Ab/Af and 
\/T, as Fig. 2 shows. T h e results are summarized in 
Table 3. 

I t can be seen in Table 2 that, in Series I (1—3), the 
shifts (AÎ>0H) of the 7r-bonded O H frequencies from the 

2.0 

1.0 

-1.0 

3.1 3.3 

i/rxio3 
3.5 

Fig. 2. Linear relationship between in AJAt and \/T. 
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corresponding free O H ones are almost the same, ca. 20 
cm - 1 , comparable to those in a-phenylalkanols.17) In 
Series I I (5 and 7), AV0H is ca. 40 or 50 c m - 1 ; these values 
correspond to those inj?- and y-phenylalkanols.8»18) T h e 
difference in AV0H must be related to the distance (r) 
between the 7r-bonded O H group and the jr-site.2) How­
ever, the relationship between AI>0H and r can not be 
examined in the present case, because the paracyclo-
phanols are in very complicated conformations with 
sterically unfavorable dihedral and bond angles9'10) and 
the geometries of the internally bonded conformations 
can not be estimated. 

As an approximate measure of the r, one may assume 
a magnitude of magnetic shielding for the O H proton. 
However, the observed magnitude (A<50H=<5ref.oH—<5OH) 
is not related to the Av0s, probably because each <3 is the 
weight-average for all the O H species in all conforma­
tions. 

An inspection of Table 3 reveals that, in Series I, both 
— A / / a n d —AS* tend to increase in going from 1 to 3 and 
are, therefore, contributable to the AhjA{ ratio. In 
Series I I also, the ratio is related to A / / and AS, because 
—AH decreases in going from 5 to 7, while —AS in­
creases. In this connection, it is noteworthy in Table 2 
that, in I and I I , the AhIAf ratios alternate with m. The 
alternation in I is noticeable and is at tr ibutable to the 
A / / ' s , but not to the AS"s, because —AH in 5 is greater 
than that in 1 and —AH in 7 is less than that in 3, while 
the AS's in 5 and 7 are almost the same as those in 1 and 
3. In 6, AS is expected to be not greatly different from 
the AS* in 3 ; therefore, the absence of hydrogen bonding 
should be attributable to AH, which would be negligibly 
small or be positive in sign. 

TABLE 3. THERMODYNAMIC DATA FOR THE INTERNALLY 

BONDED PARACYCLOPHANOLS 

Com- —AH 
pound (kcal/ 

No. mol) 

-(AS/R -ASa> 
— Ina) (e.u.) 

-AI 
(kcal/ 
mol) 

RI 
(kcal/ 
mol) 

0 .4±0 .1 2 .1±0 .1 4.2 0.94 0.54 

M? 

1.2±0.1 
1.3±0.2 
1.4±0.1 
0 .5±0 .1 

3 .6±0 .1 
3 .3±0 .1 
1.5±0.1 
3 .8±0 .2 

7.2 
6.6 
3.0 
7.6 

0.95 
0.95 
1.22 
1.42 

- 0 . 2 5 
- 0 . 3 5 
- 0 , 1 8 

0.92 

a) Approximate values, assuming a=l.16> 

We will now discuss the AH by separating it into its 
two components : the interaction between the O H group 
and the ^-site (AI) and the combined interactions be­
tween the other non-bonded atoms (RI). AI can be 
approximately estimated from AV0H, using the Joesten 
and Drago equation19) for intermolecular hydrogen 
bonds : 

- ^ / ± 0 . 5 ( k c a l / m o l ) = 0.016AvOH + 0.63 

The values of AI and RI calculated in this manner are 
also listed in Table 3. T h e accuracy of these values is 
considerably poor, but it is at least possible to ascertain 
the tendency of their change through the whole series. 
Of interest is the fact that, in I and I I , —AH is inversely 
proportional to RI. In other words, the OH---71 bond 
formation is less exothermic in 1, but more exothermic in 

2 and 3, than expected, because RI increases in 1 but 
decreases in 2 and 3. This means that, the longer the 
alkylene chain is, the more feasible it is for the conforma­
tional change in forming the hydrogen bond to occur; 
this could be a reflection of the theoretical results10) that, 
in [5]—[10]paracyclophanes, the conformation is less 
strained when the alkylene chain is longer. 

In Series I I , the reverse is true and the O H ' - T T bond 
formation is more exothermic in 5, but much less exo­
thermic in 7, than expected. This may be explained in 
terms of the flexibility of the alkylene chain being more 
decreased in I I than in I. Because of the methyl group 
attached to the central bridge atom, the alkylene chains 
in I I are more rigid than those in I. Taking this expec­
tation together with the Ah/At ratios into consideration, 
it seems reasonable that the conformation of 5 is so fixed 
that the OH~-TZ bond formation is accompanied by only 
a slight change in i ? / a n d that the conformation of 6 is so 
fixed that the hydrogen-bond formation requires an ex­
cessively large increase in RI. T h e large RI in 7, as 
compared to that in 3, may similarly be explained in 
terms of the less flexible conformation. This is support­
ed by the observation that the internal rotation of the 
benzene ring and/or the alkylene chain is more restricted 
in 7 than in 3, as will be described later. An examina­
tion of molecular models indicates tha t the G - O H bond 
in 5 is situated inside the alkylene loop, with its O - H 
toward the face of the benzene ring, while the C - O H 
bonds in the other paracyclophanols must be in such 
conformations as to be less favorable for the O H - ' - T Z 
interaction. 

TABLE 4. UV DATA IN HEXANE SOLUTIONS 

(log e) 

II 

, 1 
| 2 

I3 
u 

5 
6 
7 
8 
9b> 

10 c> 

12d> 

4 
5 
6 
7 
4 
5 
6 
7 

270.8(2.57) 
268.0(2.56) 
266.2(2.65) 
266.0(2.66) 
271.5(2.54) 
267.3(2.57) 
265.3(2.61) 
265.5(2.57) 
271 (3) 
268 (2) 
265 (2) 

225.5(2.85) 
222.5(2.85) 
220.5(2.89) 
220.5(2.88) 

a) 

*) 
a) 

a) 
224 (3) 
223 (3) 
214 (3) 

a) Not observed, b) [9]Paracyclophane. c) [10]-
Paracyclophane. d) /»-Diethylbenzene. The data 
for b), c), and d) are taken from Ref. 9. 

UV Spectra. T h e spectra of 1—8 are quite similar 
to those of the corresponding [n]paracyclophanes;20>21) 
hence, the O H and/or GH 3 substituents at the central 
bridge carbon and also the OH-'TI; bonding involved 
seem to have no detectable effect on the electronic transi­
tions. Table 4 lists the spectral properties of the 1st and 
2nd electronic transitions. As m decreases from 7 to 4, 
the absorption maxima shift toward longer wavelengths 
with lower intensities. This tendency is associated with 
an increasing bending of the benzene ring from planari-
ty,9»20) the extent of which is related to the magnitude of 
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T A B L E 5. CHEMICAL SHIFTS FOR THE ALIPHATIC PROTONS OF PARACYCLOPHANOLS 

IN CC14 AT ROOM TEMPERATURE (in p p m from T M S downfield)a> 

No 

1 

2 

3 

4 

5 

6 

7 

8 

gb) 

I I e ) 

13d> 
14«) 

OH 

0.26 

0.04 

0.53 

0.09 

0.54 

0.53 

0.63 

0.68 
0.37 

- 0 . 5 5 
0.41 

0.49 

0.50 

0.33 

0.57 

0.50 

0.76 
0.67 

CH 

2.70 

2.55 

2.80 

2.72 

3.00 

2.98 

3.40 

3.48 

3.68 

CH3 

0.74 

0.77 
0.88 

0.89 

0.90 

0.93 

1.00 

0.91 

1.08 

1 

2.57 
(t, 4H) 

2.61 

2.60 
(t, 4H) 

2.59 

2.58 
(t, 4H) 

2.57 

2.59 
(t, 4H) 

2.59 
2.60 

(t, 4H) 
2.61 
2.60 

(t, 4H) 
2.56 

2.58 
(t, 4H) 

2.57 

2.58 
(t, 4H) 

2.60 
2.58 

(t, 4H) 
2.61 
2.55 
2.59 
1.50e> 
1.40e> 

2 

1.45 
(m, 4H) 

1.44 

1.61 
(m, 4H) 
. 1.49 

1.60 
(m, 4H) 

1.62 

1.60 
(m, 4H) 

1.56 
1.52 

(m, 4H) 
1.44 
1.63 

(m,4H) 
1.52 

1.60 
(m, 4H) 

1.55 

1.60 
(m, 4H) 

1.57 
1.42 

(m, 4H) 
1.44 
1.55 
1.49 
1.33') 
1.33f> 

CH2 

3 

1.00 
(m, 4H) 

0.95 

1.23 
(m, 4H) 

1.12 
1 

1.12 
1 

1.23 
0.99 

(m, 4H) 
0.95 
1.22 

(m, 4H) 
.1.28 

1 

1. 
(bm 

1.08 
1 

1.24 
0.96 

(m, 4H) 
0.95 
1.18 
1.12 

at the position of 

4 

0.60 
(m, 4H) 

0.55 
1 

5 6 

1 

0.82 
(m, 8H) 

0.90 0.80 
1 

1.10 (range: 0.95—1.30) 
(bm, 16H) 

1.13 1.15 1.19 

1.15 (range: 0.9—1.4) 
(bm, 20H) 

1.25 1.18 1.17 
0.40 

(m, 4H) 
0.45 
0.45 

(m, 4H) 1 
0.36 

1 

'12 
,8H) 

1.27 

0.82 
(m, 4H) 

0.82 
1 1 

1.00 
(bm, 8H) 

1.22 1.08 

1.12 (range: 0.75—1.38) 
(bm, 20H) 

1.30 1.28 1.08 
0.60 

(m, 4H) 
0.55 
0.79 
0.90 

0.33 
(m, 2H) 

0.44 
0.79 0.68 
0.80 0.65 

7 

1 

1.33 

i 

1.16 

a) The numerical data in the upper row: observed; those in the lower row: predicted. In parentheses, t=triplet, 
m=multiplet, bm=broad multiplet, and the number of protons are cited, b) [9] Paracyclophane. c) [11]-
Paracyclophane; the observed values are taken from the data presented at the 8th symposium on Structural 
Organic Chemistry, Kyoto, October 1975, No. 1A03 (T. Kamata, T. Inoue, and S. Misumi). d) Cyclooctadecanol. 
e) CH2 at the a-position to OH. f ) CH2's other than e). g) 1-Methylcyclooctadecanol. 

the red shift from the Amax of j&-diethylbenzene.n> Ac­
cording to this relationship, the angles of bending of the 
benzene rings in I and I I are equal to those in the parent 
hydrocarbons11) and may be less than 5 degrees with 
m = 6 and 7, equal to ca. 5° with m = 5 , and ca. 15° with 
m=4.2 2) 

PMR Spectra. In the aliphatic region, the O H , 
CH, and GH 3 signals could easily be confirmed by their 
characteristic patterns, chemical shifts, relative inten­
sities, and/or concentration-dependence. For the CH 2 

signals, 1 and 2 (and also 9, for comparison) were first 
examined by spin-decoupling. T h e signals thus assigned 
showed lanthanoid-induced shifts (LIS) obeying the 
general rule23) that, in alkanols, CH 2 groups at greater 
distances from their positions of at tachment to an O H 
group have smaller L I S values. For this reason, the 
GH 2 signals of the other paracyclophanols were assigned 
by means of the shift-reagent technique. T h e results 

are summarized in Table 5, while the spectra of 1, 3 , and 
5 are shown in Fig. 3 as typical examples. 

A calculation was then made using the Johnson and 
Bovey method12) in order to estimate the probable con­
formations. T h e magnitudes of chemical shielding for 
the 1-CH2 and the other protons were assumed to be 
equal to the averaged chemical shifts (Ô: 2.11 ppm) for 
the 3-GH2 groups of cycloheptene and cyclooctene and 
to those for the corresponding protons in 13 and 14 re­
spectively. T h e magnitudes of shielding for all the 
aliphatic protons by the ^-current were predicted by 
constructing molecular models24) to establish the proba­
ble conformation of the alkylene bridge and by measur­
ing the positions of the protons involved. After this 
procedure has been repeated several times, the average 
positions were finally obtained. T h e angles of bending 
of the benzene rings were taken as 15 and 5 degrees for 
only m = 4 and 5 respectively. However, the Johnson 
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5 4 3 

Compound 1 

J B D 

-4 1 1 1 i i 

Compound 3 
1 0 

ppm 

J 

7 6 5 4 3 2 1 0 

Compound 5 ppm 

Fig. 3. PMR spectra of 1, 3, and 5 in CC14 at room tem­
perature. A: five-fold expanded spectrum; B: calcu­
lated spectrum; C: in DMSO-i6 at 130 °C; D: in ace­
tone-^ at —60 °C. 

and Bovey method was employed with no modification, 
because there was no appreciable effect of the ring bend­
ing upon the aromatic proton resonance (see Table 6). 
Furthermore, the three possible rotamers of the O H 
group around the C - O axis were assumed to be equal in 
population, but the proportion of the rotamers which 
would be able to interact with the 7Z-site was taken to be 
equal to the ^4b/(^4b-f-^4f) ratio, when the paracyclopha-
nol in question was internally bonded. T h e values thus 

TABLE 6. PMR DATA OF THE AROMATIC PROTONS 

IN PARACYCLOPHANOLS IN C C 1 4 AND THE 

PARAMETERS USED IN SIMULATION 

No. <5 A<5A_B JAB (para) JAB (meta) 
(ppm) (Hz) (Hz) (Hz) 

-CH2 

f-, 1 4-CH2 

1 0 

ppm 

1 
2 
3 
4 
5 
6 
7 
8 
9a> 

Hb) 

15c> 

7.03(q) 
7.01(q) 
6.99(s) 
6.98(s) 
7.05(q) 
7.01(q) 
6.97(q) 
6.97(s) 
7.07(s) 
7.03(s) 
6.99(s) 

2.6 
7.0 
0 
— 
2.8 
2.2 
2.0 
0 

0.2 
0.2 
0.2 
— 
0.2 
0.2 
0.2 
0.2 

1.2 
1.2 
1.2 
— 
1.2 
1.2 
1.2 
1.2 

a), b) The same compounds as those in Table 5. 
c) />-Diethylbenzene. 

H (OH) 

Fig. 4. Projection of the least-crowded conformations of 
1—8 (shown by means of alkylene-bridge frameworks). 

predicted are summarized in Table 5. They are in 
fairly good agreement with the observed ones, except for 
the O H protons of 1, 2, and 5. Figure 4 shows the con­
formations constructed in the above manner , where 1, 2, 
4, and 8 each have two conformers with respect to the 
positions of O H and H or CH 3 , while the others have 
only one conformer. T h e conformations of 1 and 2 
were used in the calculation of 9 and 11 for comparison. 
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Fig. 5. Plots of m vs. A<5. A : GH; # : CH3; X : OH in 
Series I ; 0 : O H i n Series II . 

Of particular interest in Table 5 are the ^-current 
shieldings (A<5=<5ref —<3) for O H , GH, and C H 3 a t the 
central bridge carbons. Figure 5 indicates the plots of 
Ab vs. m. I n both Series I and I I , except for the pair 
with m=4, the A<50H'S and A<5CH, lie on almost the same 
curve; therefore, A(50H is not related to the population of 
the ^-bonded O H species involved. In other words, a 
possible deshielding for the O H proton by the ^-bonding 
is not detectable,25) probably because of the relatively 
low population of the 7r-bonded O H species. In the 
case of m = 4 , however, the A<50H for 5 is less by 0.2 ppm 
than that for 1 (0.5 ppm) . T h e reason for this is not 
clear, but the much higher population of the TT-bonded 
O H species in 5 might be, a t least in part , responsible for 
it. 

In the aromatic region, simple AB-like quartets were 
observed for the lower paracyclophanols, but not for the 
higher homologs which showed sharp singlets, as could 
be confirmed by their five- or ten-fold expanded spectra. 
The results are listed in Table 6. In order to elucidate 
the difference, the temperature dependence of the 
spectra of 1 and 3 was examined in dimethyl-</6 sulfoxide 
and acetone-rf6 respectively. O n warming, the quartet 
of 1 changed to a broad triplet and coalesced into a rela­
tively broad singlet a t 130 °C (Tc), which thereafter 
further changed to a sharp singlet. O n the other hand, 
the singlet of 3 changed, in the course of cooling down to 
—65 °C, to a broad singlet a t —47 °G (Tc) and then 
split into a broad doublet which was further transformed 
to a broad quartet at —60 °G. These phenomena may 
be associated with the internal rotation of the benzene 
ring and/or the alkylene chain, as in substituted para-
cyclophanes,26) paracyclophenes,27) and similar hetera-
phanes.28) T h a t is, the signal splitting may be due to 
the spin-coupling of the aromatic protons rendered 
distinguishable on the N M R time scale by the slow rota­
tion of the benzene ring and/or the alkylene chain (or by 
inhibition of the rotation). In the case of 1, the rota­
tion is slow at room temperature because of the shorter 
alkylene bridge, but on warming it becomes so fast as to 
render the protons indistinguishable. Contrary, in 3 
the rotation is fast at room temperature because of the 
longer alkylene bridge, while on cooling it becomes so 
slow as to render them distinguishable. T h e internal 

rotation is expected to be more restricted in I I than in I, 
because the methyl group at the central bridge carbon in 
I I will play a role in restricting the rotation. In fact, 3 
shows a singlet, while 7 shows a quartet . The free 
energy barriers, AG*, to rotation are 22.4 in 1 and 12.3 
kcal/mol in 3, as can be estimated by putting the ob­
served A<5 (2.6 for 1 and 3 Hz for 3) and Tc into the 
Galder and Garra t t equation;29) they are reasonable 
compared with those in other cyclophanes.26»28) 

T h e cause of the simple AB-like splitting is the closer 
approach of the G - O bond to the protons on one side of 
the benzene ring, as is shown below: 

H 

( A ) 

HA~l^o / "T~HB *. HA ^ 

( B) 

Here, two forms of B interconvert so fast as to render the 
two pairs of H A /H B and HA ' /HB ' indistinguishable on 
the N M R time scale. In A and B, if HA and HA» are 
immersed in the deshielding cone of the G - O bond, they 
may be expected to be slightly deshielded compared 
with H B and HB ' . I t is, then, safe to assume that the 
aromatic proton system is an A2B2 type, and that the 
two JAB'S (meta and para) have small, but significant, 
values. These assumptions may explain the observed 
resonance pattern, because a rather complicated AA'BB' 
pattern would otherwise be expected. A computer 
simulation, performed under these assumptions, gave 
a good agreement with the observed results. The three 
typical examples are shown in Fig. 3, and the chemical-
shift differences (A<5A_B) and the J values used are listed 
in Table 6. 

T h e authors wish to thank Dr. Shoichi Kondo of our 
university for his valuable suggestions and assistance in 
the computer simulation and also Messrs Mitsuo 
Yoshifuji and Yasuo Ishitomo of our university for their 
assistance in the synthesis of the compounds. 
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Steroidal m-diol monoacetates (1,9,11, and 13) were refluxed with zinc powder in acetic acid to give the corre­
sponding olefins (2,10,12, and 14) in good yield. Under the reaction conditions, no reaction occurred with diol 
diacetates ( lb : R1 = R2 = H, R3 = R4 = Ac and l m : Rx = C6H5, R2 = H, R3 = R4=Ac) and trans-diol monoacetates 
(15 and 16). Acyclic erythro and threo diol monoacetates (17 and 19) underwent highly stereoselective reduction 
affording 18 and 20, respectively. The olefin-forming elimination proceeded with ^«-elimination of a cyclic 
orthoacetate intermediate (21). The effect of some metals on the reduction and the behavior of a number of esters 
(26) and orthoesters (27) were also investigated. 

In connection with mechanistic studies on the Serini 
reaction,1»2) the addition of a catalytic amount of acetic 
acid accelerate was reported to the Serini rearrange­
ment.2) During the course of an investigation of the 
effect of acetic acid on the rearrangement, it was found 
that increase in the amount of acetic acid resulted in the 
formation of olefinic products. Thus, treatment of 16,-
17-dihydroxy steroid monoacetates (1) with zinc powder 
in toluene in the presence of an excess acetic acid at 130 
°C for 8 h gave the olefinic compounds (2) as a major 
product and a trace of the Serini rearrangement prod­
ucts (3). T h e finding has led to an investigation of the 
reductive elimination of diol monoesters to olefins. This 
paper describes the scope of this new reaction using a 
variety of steroidal diol monoesters. 

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

The solution of steroidal 16,17-m-diol monoacetates 
(l)2) in acetic acid was refluxed with freshly activated 
zinc powder3) under nitrogen for 4—6 h. After removal 
of the zinc by filtration, the filtrates were extracted with 
ether to give the corresponding steroidal 16-enes (2). Of 
various cis-diol monoacetates, secondary-tertiary diol 
monoesters were smoothly converted into olefins in high 
yields, together with a small amount « 5 % ) of the de­
hydrated compounds (4) as a by-product. Secondary-
secondary diol monoacetates were reduced in lower yield 
and a large amount of diacetate ( l b : R 1 = R 2 = H, R 3 = 
R 4 = A c ) was formed.4) The corresponding diacetates 

( l b and l m : R ^ C g H g , R 2 = f l , R 3 = R 4 = A c ) were 
not affected under the reaction conditions.6) 

In order to investigate the participation of the neigh­
bouring double bond, 16a-vinyl-16/?,17/?-diol 17-mono-
acetate (li)2) was heated with zinc in acetic acid to 
afford 16-vinyl-16-ene (2i) in 2 5 % yield, coupled with 
16ß-vinyl-17/9-acetate (5), its 16a-isomer (6) and (E)-
16-ethylidene-17ß-acetate (7) in 22, 26, and 17% yields, 
respectively. The (E) -configuration of 16-ethylidene 
group in 7 was confirmed by the conversion (hydrolysis 
and then oxidation) of 7 into the known (E)- 16-ethyli­
dene- 17-one derivative.2) An allenium ion intermediate 
(8) leading to the formation of 5, 6, and 7 may be involv­
ed in this reaction. T h e results are summarized in 
Table 1 and the spectral data of 2 are given in Table 2. 

In the androstane series, cis-diol monoacetates 92) and 
l l 8 ) were treated with zinc in acetic acid to give the 
corresponding steroidal olefins 10 and 12, respectively, 
without elimination of the 3/9-acetyl group. Diol mono-
acetate (13)2) having a 4-en-3-one system was refluxed 
with zinc in acetic acid to give 3,16-diene (14) accom­
panied by concomitant Clemmensen type reduction9) 
of the system. 

O n the other hand, when trans-diol monoacetates (15 
and 16)2) were refluxed with zinc in acetic acid for a 
prolonged reaction time, most of the starting materials 
were recovered unchanged, along with a small amount 
« 5 % ) of the olefinic products (2e: R ^ H , R2 = Me, 
and 21: R ^ C « ! ^ , R 2 = H ) even after 56 h. 

T h e following results demonstrate that the olefin-

MeO 
jy-

OAc 

jy r ^ 

OAc 

^ J A T ^ ) A C 

Scheme 1. 
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MeO 

OAc H OAc 

Scheme 2. 

TABLE 1. REDUCTIVE ELIMINATION OF 16,17-DIHYDROXYSTEROID MONOACETATES (1) TO /418-STEROIDS (2) 

Acetates 
la> 

a 
b 
c 
dd) 
e 
f 

g 
h 
i 

3 
k 
1 
m 

H 
H 
D 
Me 
H 
Et 
Et 
Et 

Ri 

CH=CH2 

CH2CH=CH2 

(CH2); 

C«H8 

C6H5 

äC!H=Cri2 

R2 

H 
H 
H 
H 
Me 
H 
H 
D 
H 
H 
H 
H 
H 

R3 

Ac 
Ac 
Ac 
H 
Ac 
H 
Ac 
H 
H 
H 
H 
H 
Ac 

R4 

H 
Ac 
H 
Ac 
H 
Ac 
H 
Ac 
Ac 
Ac 
Ac 
Ac 
Ac 

Reaction 
time 
(h) 

6 
56 
6 
4 
4 
4 
4 
6 
2 
4 
4 
4 

56 

Products 
2 

ae> 
— 
c 
d 
e 
f 
f 
h 
i 

j 
k 
1 
— 

Mp 
(°G) 

63 
— 
63 

100 
123 
74 
74 
74 

111 
48 

oil6) 
154 
— 

Yield") 
(%) 

7 
— 
19 
85 
88 
92 
74 
83 
25 
86 
88 
87 
— 

a) Ref. 2. b) The yields given are based on recrystallized products from CH3OH. c) L. Cagliati and 
M. Magi, Tetrahedron, 19, 1127 (1963). d) H.Mori and K. Yasuda, Yakugaku Zasshi,W, 330 (1960). 
e) Crystallization was unsuccessful. 

A1«-
Steroids 

2 

d 
e 

f 
h 
ja) 

j 
k 
ld) 

Ri 

Me 
H 

Et 
Et 
CH=CH2 

GH2 CH=CH2 

(CH2)2CH=CH2 

C6H6 

R2 

H 
Me 

H 
D 
H 

H 
H 
H 

IR 
(KBr) 
„J16 

(cm-1) 
1625 
1625 

1630 
1635 
1630") 

1625 
1630") 
1625 

TABLE 2. 

18-Me 
(3H, s) 

0.78 
0.74 

0.78 
0.78 
0.81 

0.80 
0.79 
0.91 

SPECTRAL DATA OF J 1 6 -STEROIDS (2) 

'H-NMR (CDC13) ô (ppm) 

O-Me 17-H Ar-H 
(3H, s) (1H, S) (3H, m) 

3.77 
3.72 

3.77 
3.77 
3.70 

3.77 
3.78 
3.73 

5.50 6.6—7.3 
— 6.6—7.3 

5.52 6.6—7.3 
— 6.6—7.3 

5.78 6.6—7.3 

5.53 6.6—7.3 
5.55 6.6—7.3 
6.25 6.6—7.3 

Others 

1.73(3H, s, 16-Me) 
1.65(3H, s, 17-Me), 
5.27(1H, m, 16-H) 
1.02(3H, t , / = 7 Hz, Me) 
1.02(3H, t, 7 = 7 Hz, Me) 
4.96(1H, d, 7 = 1 1 Hz, =CH). 
5.04(1H, d, 7 = 1 7 Hz, =CH). 
6.2—6.6(1H, m, -CH=)C> 
4.8—6.4(3H, m, -GH=CH2) 
4.8—6.4(3H, m, -CH=CH2) 
7.26(5H, m, Ar) 

MS 

M+ 

282 
282 

296 
297 

,294 
1 

308 
322 
344 

(mie) 

Others 

267, 253 
267, 253 

281, 267 
282, 268 
279, 265 

293, 267 
307, 281 
329, 213 

a) UV (EtOH) Amax nm (e) : 221 (12000), 231 (16500), 236 (14000). b) Overlapped with terminal olefinic band. 
c) Overlapped with aromatic protons, d) UV (EtOH) Ämax nm (e) : 220 (13000), 258 (9800). 

forming elimination of acyclic erythro and threo diol 
monoacetates proceeded stereoselectively and in good 
yield. 17a,20a-Diol monoacetate (17), when treated 
with zinc in acetic acid for 8 h at 120 °G, afforded stereo­
selectively (93%) (Z)-17-ethylidene derivative (18)10) 

in 9 2 % yield, whereas 20/?-epimer (19) gave stereoselec­
tively (94%) (£)-17-ethylidene isomer (20) ll> in 9 3 % 
yield. 

T h e results suggest that the dideoxygenation reaction 
proceeds with reductive «V-elimination of a cyclic ortho-
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OAc 

AcO 

1 0 

E t 

AcO a5° 
OH : 

AcO 

OAc 1 2 

OAc 

MeO 

C ^ 
Ik 

OAc 

MeO 

1 5 1 6 

Scheme 3. 

MeO 

-> 

MeO 
1 7 

MeO 

.OH 

• > 

1 9 20 

Scheme 4. 

acetate intermediate (21),2) which is in accord with the 
recent ^«-elimination1 2 - 1 4) of 1,3-dioxolan derivatives. 

T h e explanation is supported by the following results. 
T h e cyclic orthoacetate (23), prepared from diol (22)2) 
and trimethyl orthoacetate,15) was refluxed with zinc in 
acetic acid to yield 2f in 9 3 % yield. I t should be noted 
that heating of 23 with acetic acid gave (Z)- l 6-ethyli­
dene-17/?-acetate (24)16) via / ^^ -e l imina t ion of meth­
anol quantitatively. Furthermore, t reatment of 23 
under the conditions of the Serini reaction (zinc in 

toluene)1) gave 16^-ethyl-17-one (25) and 24 in 8 3 % 
yield with a ratio of 1: 5. Assignment of the configura­
tion of 16-ethylidene group in 24 was made by compari­
son of the N M R spectrum with that of (E)-l6-ethylidene 
isomer (7). 

I n order to investigate the behavior of esters other 
than acetates, several esters were subjected to the 
reaction conditions. T h e esters (26) were smoothly 
converted into the olefin (2f) in a range of 70— 
90% yield. This means that the reaction is not restrict-
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21 

Scheme 5. 

MeO 

OCOR 

26 

<-
MeO 

o-AfRi 

27 

MeO 

OAc 

> 2 f + 2k + 25 

Scheme 6. 

T A B L E 3. REDUCTIVE ELIMINATION OF 16,17-DIHYDROXYSTEROID MONOESTERS (26) AND 

THE CORRESPONDING ORTHOESTERS ( 2 7 ) TO J 1 8 - S T E R O I D ( 2 F ) 

Esters 
26 R 

M p 
(°C) 

React ion Yielda> 
t i m e ( h ) (%) 

Or tho-
estersb> 

27 

M p 
(°C) R , R , 

Reaction Yield1 ' 
t i m e ( h ) (%) 

a 
b 
c 

H 
Et 
C6H5 

133—134 
89 

137-138 

4 
6 
6 

67 
91 
83 

a 
b 
c 
d 
e 

116—118 
104—106 

oil 
oil 
oil 

H 
H 
Me 
Et 
C6H5 

Me 
Et 
Et 
Et 
Et 

4 
4 
4 
4 
6 

69 
70 
92 
90 
86 

a) The yields given are based on recrystallized product from C H 3 O H . b) Isomeric mixture of 1,3-dioxolan 
derivatives was used. 
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Scheme 7. 

TABLE 4. EFFECT OF METAL ON THE REDUCTION OF 

16,17-DIHYDROXYSTEROID MONOACETATE ( IF) 

Metal 
used 

Zn 
Sna> 

Mgb> 

Al»> 

Solvent 

AcOH 
AcOH 
AcOH-Toluene 
(1:3) 
AcOH-Toluene 
(1:3) 

Reaction 
time (h) 

4 
6 

2 

2 

Products (%)c> 

2f 24 25 

92 
24 

trace 

7 

2 
17 

3 

5 

trace 
40 

7 

12 

a) Sn dust was activated by washing with 5% HCl. 
b) Mg and Al powders were washed with 3% NaOH 
and then water, c) Isolated yield. 

ed to acetate. T h e corresponding orthoesters (27) were 
also reduced into the olefin (2f ) in a good yield. The 
results are summarized in Table 3. 

The olefin-formihg elimination of diol monoesters was 
also effected by the use of activated tin powder, but con­
siderable amount of by-products were formed. Other 
metal powders such as magnesium and aluminium gave 
no satisfactory results. T h e effect of metals on the reduc­
tion is shown in Table 4. W e see tha t zinc is the most 
suitable reducing agent in this reaction. 

T h e new dideoxygenation reaction is restricted to the 
case in which one hydroxyl group is tertiary. However, 
the reaction m a y be of general applicability to the 
stereoselective synthesis of trisubstituted olefins (29) from 
diastereomeric trisubstituted 1,2-glycol monoesters (28). 

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

All melting points were determined on a micro hot-stage 
apparatus and were uncorrected. UV spectra were measured 
in EtOH on a Hitachi EPS-3T spectrophotometer, IR spectra 
on a Hitachi 215 spectrophotometer. NMR spectra were 
determined on a Varian HA-100 spectrometer using CDC13 

as a solvent, chemical shifts (ô) being given in ppm relative to 
internal TMS. The mass spectra were determined oïi a 
Hitachi RMU^6D mass spectrometer equipped with a direct 
inlet system. Silicagel GF254 (E. Merck) was used for TLG 
analysis. 

Reaction of Diol Monoacetates with Zinc in Acetic Acid. General 
Procedure: To a solution of 1 in acetic acid was added 
a 5—10 fold mol of freshly activated zinc powder. The mix­
ture was refluxed on an oil bath (at 150 °G) with stirring under 
nitrogen for 2—6 h. After cooling, ether was added and the 
solid was removed by filtration. The ether was successively 
washed with satd NaHC0 3 aq solution, water and satd NaCl 
aq solution, followed by drying, and then concentrated to give 

crude crystals. Recrystallization from MeOH afforded pure 
2. The mother liquor was treated with column chromatog 
raphy using silica gel (E. Merck) : eluted with benzene : ether 

• (5: 1) to give 4 in 2—5% yield. The mps of 2 are given in 
Table 1 and IR, UV and NMR spectral data in Table 2 
The results of elemental analyses are as follows. 

16-Methyl-3-methoxyestra-l,3,5(10),16-tetraene (2d). 
Found: C, 85.09; H, 9.29%. Calcd for C20H26O: C, 85.05 
H,9.28%. 

17-Methyl-3-methoxyestra-l,3,5( 10) ,16-tetraene (2e). 
Found: G, 85.01; H, 9.30%. Calcd for G>0H26O: G, 85.05 
H, 9.28%. 

16-Ethyl-3-methoxyestra-1,3,5(10),! 6-tetraene (2f). 
Found: C, 85.07; H, 9.63%. Calcd for C01H280: C, 85.08 
H, 9.52%. 

16-Ethyl-17-deuterio-3-methoxyestra-l,3,5(10),16-tetraene (2h) 
Found : C, 84.81 ; H, 9.80%. Calcd for C2lH27DO : C, 84.79 
H, 9.83%. 

16-Vinyl-3-meihoxyestra-l,3,5( 10) ,16-tetraene (2i). 
Found: C, 85.58; H, 8.90%. Calcd for C21H„60: C, 85.66 
H, 8.90%. 

16-Allyl- 3-methoxyestra-1,3,5(10),16-tetraene (2j). 
Found: C, 85.70; H, 9.23%. Calcd for C22H280: C, 85.66 
H, 9.15%. 

16- (3-Butenyl) -3-methoxyestra-l, 3,5'( 10) ,16-tetraene 
Calcd for G„H™0 

(2k). 
C, 85.66 Found: C, 85.80; H, 9.40%. 

H, 9.38%. 
16-Phenyl-3-methoxyestra-l,3,5( 10) ,16-tetraene (21). 

Found: C, 87.14; H, 8.20%. Calcd for C2 5H2 S0: C, 87.16 
H, 8.19%. 

Reaction of li with Zinc in Acetic Acid. To a solution 
of l i (2.4 g) in acetic acid (25 ml) was added activated zinc 
powder (4.8 g). The mixture was refluxed under nitrogen 
for 2 h with stirring. Work-up of the reaction mixture in the 
same way as for 2 gave a mixture of the products which were 
separated by preparative TLC impregnated with AgN03 

(developed with hexane: ether 5:1). The product with Rf 

value 0.89 was 2i (477 mg). The other products with Rt 

values 0.47, 0.43 and 0.33 were 5 (505 mg), 7 (390 mg) and 6 
(597 mg), respectively. 

17ß-Acetoxy-16ß-vinyl-3-methoxyestra-l,3,5(10)-triene (5). 
Mp 107—108 °C (from petroleum ether); IR (KBr) 1730, 
1640, 1610 cm-1; NMR 0.83 (3H, s, 18-Me), 1.96 (3H, s, 
OAc), 3.73 (3H, s, OMej, 4.72 (1H, d, 7 = 9 Hz, 17a-H),16> 
5.0—6.2 (3H, m, vinyl H), 6.6—7.3 (3H, m, Ar) ; MS mje 354 
(M+), 312, 294. Found: C, 77.90; H, 8.62%. Calcd for 
C23H30O3: C, 77.93; H, 8.53%. 

17ß-Acetoxy-16x-vinyl-3-methoxyestra-l,3,5(10)-triene (6). 
Mp 109 °C; IR (KBr) 1730, 1640, 1610 cm-1; NMR 0.86 
(3H, s, 18-Me), 1.98 (3H, s, OAc), 3.73 (3H, s, OMe), 4.50 
(1H, d, J = 7 Hz, Ha-H),1«) 4.9—6.2 (3H, m, vinyl H), 
6.6—7.3 (3H, m, Ar); MS m/e 354 (M+), 312, 294. Found: 
C, 77.99; H, 8.52%. Calcd for C23H30O3: C, 77.93; H, 8.53%. 

/ 7ß-Acetoxy- (E)-l 6-ethylidene- 3-methoxyes tra-1,3,5(10) -triene 
(7). Mp 99—100 °C; IR (KBr) 1730 cm"1; NMR 0.75 
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(3H, s, 18-Me), 1.50 (3H, d, 7 = 7 Hz, =CMe), 2.14 (3H, s, 
OAc), 3.75 (3H, s, OMe), 5.27 (IH, s, 17<x-H), 5.2—5.3 (IH, 
m, =CH), 6.6—7.3 (3H, m, Ar); MS m/e 354 (M+), 312, 294. 
Found: C, 77.85; H, 8.31%. Calcd for C23H30O3: C, 77.93; 
H, 8.53%. 

3ß-Acetoxy-16-ethylandrosla-5,16-diene (10). Reaction of 
9 (3.5 g) with zinc powder (8 g) in acetic acid (25 ml) was 
carried out by the same procedure as for 2: 10 (2.6 g), mp 
128 °C; IR (KBr) 1730, 1625 cm"1; NMR 0.78 (3H, s, 18-Me), 
1.00 (3H, t, / = 6 Hz, Me), 1.05 (3H, s, 19-Me), 2.01 (3H, s, 
OAc), 4.4—4.8 (IH, m, 3a-H), 5.3—5.5 (2H, m, 6-H and 
16-H); MS m/e 342 (M+), 327, 282, 267. Found: C, 80.60; 
H, 10.01%. Calcd for C23H3402 : C, 80.65 ; H, 10.01 %. 

Stereoselective Conversion of 17%,20-Dihydroxy Monoacetates 
(17 and 19) into (Z)- and (E)-17-Ethylidene Derivatives (18 and 
20). Reaction of diol monoacetates (17 and 19) with zinc 
in acetic acid was carried out by the same procedure as for 1. 
The purity of the products was estimated by gas chromatog­
raphy on a column with 10% OV-17 (2 m, 265 °C). 

Preparation of Orthoesters.15) General Procedure: To a 
solution of diol (22) in CH2C13 was added trialkyl orthoester 
and a catalytic amount of/»-TsOH. After being stirred at 
room temperature for 2 h, the reaction mixture was poured 
into 5% NaHC0 3 aq solution and extracted with CH2C12. 
The extracts were washed with water, dried, and concentrated 
to give a resinous material. Recrystallization from petroleum 
ether gave the steroidal orthoesters. The following compounds 
were prepared. 

Methyl Orthoacetate of 22 (23). Mp 63 °C; IR (KBr) 
1610 cm-1; NMR 0.86 (3H, s, 18-Me), 1.04 (3H, t, J=l Hz, 
Me), 1.57 (3H, s, Me), 3.25 (3H, s, OMe), 3.73 (3H, s, OMe), 
3.84 (IH, s, 17a-H), 6.6—7.3 (3H, m, Ar); MS m\e 386 (M+), 
354, 312. Found: C, 74.60; H, 8.80%. Calcd for C24H34-
0 4 : C, 74.57; H, 8.87%. 

Methyl Orthoformate of 22 (27a). IR (KBr) 1610 cm"1; 
NMR 0.83 (3H, s, 18-Me), 1.01 (3H, t, 7 = 7 Hz, Me), 3.27 
(3H, s, OMe), 3.71 (3H, s, OMe), 3.86 (IH, s, 17<x-H), 5.74 
(IH, s, -OCHO-) , 6.6—7.3 (3H, m, Ar); MS m/e 372 (M+), 
344, 341. Found: C, 74.20; H, 8.60%. Calcd for C23H32-
0 4 : C, 74.16; H, 8.66%. 

Ethyl Orthoformate of 22 (27b). IR (KBr) 1610 cm"1; 
NMR 0.82 (3H, s, 18-Me), 1.00 (3H, t, J =6 Hz, Me1), 1.20 
(3H, t, 7 = 7 Hz, Me), 3.52 (2H, q, 7 = 7 Hz, -CH 2 - j , 3.73 
(3H, s, OMe), 3.78 (IH, s, 17a-H), 5.73 (IH, s, -OCHO-) , 
6.6—7.3 (3H, m, Ar) ; MS m/e 386 (M+), 357, 341. Found: C, 
74.59; H, 8.90%. Calcd for C24H3404: C, 74.57; H, 8.87%. 

Ethyl Orthoacetate of 22 (27c). IR (Neat) 1610 cm-1; 
NMR 0.87 (3H, s, 18-Me), 3.56 (2H, q, 7 = 7 Hz, -CH2-) , 
3.72 (3H, s, OMe), 3.80 (IH, s, 17a-H), 6.6—7.3 (3H, m, Ar); 
MS m/e 400 (M+, C26H3604 requires: 400), 385, 354. 

Ethyl Orthopropionate of 22 (27d). IR (Neat) 1610 
cm-1; NMR 0.86 (3H, s, 18-Me), 3.60 (2H, q, 7 = 7 Hz, 
-CH2-) , 3.71 (3H, s, OMe), 3.84 (IH, s, 17a-H), 6.6—7.3 (3H, 
m, Ar) ; MS m/e 414 (M+, C26H3804 requires : 414), 399, 368. 

Ethyl Orthobenzoate") of 22 (27e). IR (Neat) 1615, 
1610 cm-1; NMR 0.90 (3H, s, 18-Me), 3.70 (3H, s, OMe), 3.72 
(2H, q, 7 = 7 Hz, -CH2-) , 3.93 (IH, s, 17a-H), 6.6—7.6 
(8H, m, Ar); MS m/e 462 (M+, C30H33O4 requires : 462), 447, 
434. 

Treatment of Orthoesters with Zinc in Acetic Acid. General 
Procedure : To a solution of orthoester (0.4 g) in acetic 
acid (5 ml) was added activated zinc powder (1.3 g). The 
mixture was refluxed under nitrogen for 4—6 h with stirring. 
Work-up of the reaction mixture gave 2f which was crystallized 
from MeOH. 

17ß-Acetoxy- (Z) -16-ethylidene-3-methoxyestra-1,3,5(10) -triene 
(24). A solution of 23 (0.34 g) in acetic acid (10 ml) 

was heated under reflux for 30 min. The solvent was 
evaporated under reduced pressure to give crude crystals. 
Recrystallization from ether: hexane (5:1) afforded 24 (0.3 g), 
mp 161—162 °C; IR (KBr) 1730, 1610 cm-1; NMR 0.81 (3H, 
s, 18-Me), 1.56 (3H, d, 7 = 7 Hz, =CMe), 2.11 (3H, s, OAc), 
3.75 (3H, s, OMe), 5.24 (IH, s, 17a-H), 5.49 (IH, m, =CH), 
6.6—7.3 (3H, m, Ar); MS m/e 354 (M+), 312, 297, 294. 
Found : C, 77.85 ; H, 8.31 %. Calcd for C23H30O3 : C, 77.93 ; 
H, 8.53%. 

Treatment of 23 under the Conditions of the Serini Reaction. 
To a solution of 23 (0.77 g) in dried toluene was added freshly 
activated zinc powder. The mixture was refluxed for 6 h with 
stirring. Zinc was removed by filtration. The filtrates were 
evaporated under vacuum to give a residue which was 
separated by preparative TLC (developed with benzene: 
ether 10: 1). The product with higher Rf value (0.42) was 24 
(490 mg). The other product with Rt value (0.33) was 
160-ethyl-3-methoxyestra-l,3,5(lO)-trien-17-one (25)2> (86 
mg). 

17ß-Formyloxy-16ß-hydroxy-16a-ethyl-3-methoxyestra-l, 3,5(10)-
triene (26a). Formylation of 22 with AcaO-HCOOH 
gave 26a: IR (KBr) 3500, 1720, 1610 cm-1; NMR 0.97 
(3H, s, 18-Me), 3.71 (3H, s, OMe), 4.59 (IH, s, 17a-H), 
6.6—7.3 (3H, m, Ar), 8.15 (IH, s, CHO); MS m/e 358 (M+), 
312. Found: C, 73.76; H, 8.43%. Calcd for C22H30O4: 
C, 73.71 ; H , 8.44%. 

17ß-Propionyloxy- 16ß-hydroxy- 16a -ethyl- 3-methoxyestra-l, 3,5-
(10)-triene (26b). Treatment of 22 with propionic 
anhydride in pyridine gave 26b: IR (KBr) 3500, 1730, 1610 
cm-1; NMR 0.98 (3H, s, 18-Me), 3.75 (3H, s, OMe), 4.58 
(IH, s, 17a-H), 6.6—7.3 (3H, m, Ar) ; MS m/e 386 (M+), 357, 
312. Found: C, 74.59; H, 8.80%. Calcd for C24H3404: 
C, 74.57; H, 8.87%. 

17ß- Benzoyloxy- 16ß-hydroxy- 16a.-ethyl- 2-methoxyestra-1,3,5-
(10) -triene (26c). Treatment of 22 with benzoyl chloride 
in pyridine afforded 26c: IR (KBr) 3350, 1695, 1610, 1600 
cm-1; NMR 0.95 (3H, t, 7 = 7 Hz, Me), 1.08 (3H, s, 18-Me), 
3.74 (3H, s, OMe), 4.85 (IH, s, 17a-H), 6.6—7.3 (3H, m, 
Ar), 7.4—8.3 (5H, m, Ar); MS m/e 434 (M+), 312. Found: C, 
77.40; H, 7.80%. Calcd for C28H3404: C, 77.39; H, 7.89%. 

Reaction of 26 with Zinc in Acetic Acid. General Procedure: 
To a solution of 26 in acetic acid was added freshly activated 
zinc powder. The mixture was refluxed under nitrogen for 
4—6 h with stirring. Work-up by the usual procedure gave 
2f. 

Reaction of If with Tin in Acetic Acid. To a solution of 
If (1.2 g) in acetic acid (15 ml) was added tin powder (3 g) 
which had been washed with acid. The mixture was heated 
under reflux for 6 h. To the cooled solution was added ether 
(200 ml) and the solid was removed by filtration. The 
filtrate was washed with satd NaHC0 3 aq, satd NaCl aq 
solution in succession and then dried. The ether was concen­
trated to give a residue which was separated by preparative 
TLC using benzene: ether (10: 1) as an eluent. The product 
with R{ value 0.86 was 2f (229 mg). The other products with 
Rt values 0.42 and 0.33 were 24 (194 mg) and 25 (403 mg), 
respectively. 

T h e author would like to thank Drs. E. Ohmura , H . 
Morimoto, T . Miki, and K. Hiraga of this Division for 
their advice and encouragement. 
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Seven 2-hydroxy-4-methoxybenzophenones were oxidized with manganese (I II) acetate to give 9-xanthenones 
(24—65%). 2-Hydroxy-3',4,4',6-tetramethoxybenzophenone gave l,3,6,7-tetramethoxy-9-xanthenone in a 5% 
yield. 2-Hydroxy-3',4,4',5-tetramethoxybenzophenone yielded 2,5-dihydroxy-3',4,4'-trimethoxybenzophenone 
(9%). The oxidation of the 2-hydroxybenzophenones with lead tetraacetate also gave the 9-xanthenones, but in 
poor yields. 

In a previous paper,1) it has been reported that the 
reactions of 2-hydroxy-4-methoxy- and 2-hydroxy-4,4'-
dimethoxybenzophenones with metal salts gave rise to 
dimeric compounds and 2,5-dihydroxybenzophenones. 
I t was also reported that 2-hydroxy-2',4,4'-trimethoxy-
and 2-hydroxy-3',4,4'-trimethoxybenzophenones yield­
ed 3,6-dimethoxy- and 2,3,6-trimethoxy-9-xanthenones 
respectively. We have now continued our investiga­
tion of the reaction in the hope that this can lead to a 
new synthesis of 9-xanthenones. 

The 2-hydroxybenzophenones were prepared by the 
known method,2) while the reactions of the 2-hydroxy­
benzophenones with manganese(III) acetate and lead 
tetraacetate were carried out in boiling acetic acid. T h e 
structures of the reaction products were determined by 
examining their IR , N M R , and mass spectra, and by 
elemental analyses. 

When 2-hydroxy-2',4,5'-trimethoxybenzophenone 
(le) was oxidized with manganese(III) acetate, 2,6-di-
methoxy-9-xanthenone ( l ib ) (65%) was obtained. This 
indicates that an intramolecular coupling between the 
hydroxyl group and the carbon (2') in l e took place and 
that the 2'-methoxyl group on that position was remov­
ed. 

When l e was oxidized with lead tetraacetate, 2,6-di-
methoxy-l-methyl-9-xanthenone (He) (3%) and 1-
acetoxymethyl-2,6-dimethoxy-9-xanthenone (Hie) 
(6%) were obtained, together with l i b (11%). T h e 
N M R spectrum of l i e in C F 3 C O O H showed the pres­
ence of a methyl group {à 2.96 (s, 3H)} , two methoxyl 
groups {(5 4.10 (s, 3H) and à 4.15 (s, 3H)} , three aromat­
ic protons {Ô 7.24 (d, J=2 Hz) , Ô 7.34 (dd, J=9, 2 Hz) 
and ô 8.45 (d, J =9 Hz)} , and two aromatic protons {Ô 
7.78 (d) and 7.99 (d), AB system, J=9 Hz} . T h e 
methyl group at ô 2.96 can be located at the 1-position 
on the basis of its extraordinary lower shift3) and on the 
basis of the presence of the lower-field doublet a t ô 8.45 
(J=9 Hz) as a result of the hydrogen adjacent to the 
carbonyl group. T h e presence of the aromatic AB 
system {J=9 Hz) further confirmd the H e structure. A 
similar methylation of aromatic compounds and the 
acetoxylation of an aromatic methyl group have been 
reported in the reaction of lead tetraacetate.4) T h e 
oxidation of 2-hydroxy-2',4-dimethoxybenzophenone 
(la) and 2-hydroxy-2',4,4'-trimethoxybenzophenone 
(Ic), both with a 2'-methoxyl group, gave 3-methoxy-9-

* Present address: Tokushima Factory, Taiho Co., 
Ltd., Hiraishi, Kawauchi-machi, Tokushima 771-01. 

xanthenone (Ha) (49% with M n ( O A c ) 3 and 16% with 
Pb(OAc)4) and 3,6-dimethoxy-9-xanthenone ( l ie) 
(45% with M n ( O A c ) 3 and 12% with Pb(OAc) 4 , with 
the loss of the 2'-methoxyl group, respectively. In the 
oxidation of Ic with manganese(IH) acetate, I V (9%) 
was isolated; however, its structure could not be deter­
mined. 

When 2-hydroxy - 3 ' , 4 ,4 ' , 5'- tetramethoxybenzophe-
none (If) was subjected to oxidation with manganese-
(III) acetate, 2,3,4,6-tetramethoxy-9-xanthenone (Ilf) 
was obtained in a 4 8 % yield, whereas the oxidation of If 
with lead tetraacetate afforded H f in only a 7 % yield, 
plus l-acetoxymethyl-2,3,4,6-tetramethoxy-9-xanthenone 
( IHf) (6%). 2-Hydroxy-3',4-dimethoxybenzophenone 
(lb) and 2-hydroxy-3',4,4'-trimethoxybenzophenone 
(Id) gave l i b (24%) and 2,3,6-trimethoxy-9-xanthe-
none (Hd) (40%,) respectively, showing that the coupl­
ing occurred preferentially a t the less hindered position. 

When 2,4'-dihydroxy-3',4,5'-trimethoxybenzophe-
none (Ig) was oxidized with manganese (III) acetate, 
2,6-dimethoxy-/>-benzoquinone (V) (13%) was the only 
isolable product. There were many unidentified 
compounds in the reaction mixture, suggesting that the 
oxidation of dihydroxybenzophenones is not useful for 
the synthesis of 9-xanthenone. A monoacetate of Ig, 
2 - hydroxy- 4 '- acetoxy-3',4,5'- trimethoxybenzophenone 
(Ih) , did, however, give 3-acetoxy-2,4,6-trimethoxy-9-
xanthenone ( I lh) (31%). This may indicate that hy-
droxy-9-xanthenones can be prepared from dihydroxy­
benzophenones via their acetate. 

T h e manganese (HI) acetate oxidation of 2-hydroxy-
3',4,4' ,6-tetramethoxybenzophenone (Ii), which pos­
sesses a phloroglucinol nucleus, yielded 1,3,6,7-tetra-
methoxy-9-xanthenone (Hi) (5%) and 2,6-dimethoxy-
3-(3,4-dimethoxybenzoyl)-/>-benzoquinone (Vli) (5%,). 
T h e lead tetraacetate oxidation of Ii afforded H i in a 
better yield (11%), plus V l i (7%) and 2,6-dimethoxy-3-
(3,4-dimethoxybenzoyl)-5-methyl-/>-benzoquinone(VIi') 
(7%) . A similar methylation is often observed in the 
reaction of a quinone with lead tetraacetate.4) 

Finally, we examined the oxidation of 2-hydroxy-3',-
4,4' ,5-tetramethoxybenzophenone (Ij). 2,5-Dihydroxy-
3',4,4'-trimethoxybenzophenone (Ik) (9%) was obtain­
ed, together with many unidentified products. 

Although 9-xanthenones have been synthesized in a 
number of ways, i.e., by the dehydration of 2,2'-dihy­
droxybenzophenones,2) the base-catalysed cyclization of 
2-hydroxy-2 /-methoxybenzophenones,5) the cyclization 
of o-phenoxybenzoic acids,6) and the oxidative couplings 
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TABLE 1. THE REACTION OF 2-HYDROXYBENZOPHENONES WITH MANGANESE (III) 
ACETATE AND LEAD TETRAACETATE IN BOILING ACETIC ACID 

Substrate 

j -
l a 

l b 

Ic1) 

Ic 

Id1) 

l e 
l e 

If 

If 

Ig 
Ih 

Ii 

Ii 
Ij9) 

React ion conditions 

Reagent 

M n ( O A c ) 3 

Pb(OAc) 4 

M n ( O A c ) 3 

M n ( O A c ) 3 

Pb(OAc) 4 

M n ( O A c ) 3 

M n ( O A c ) 3 

Pb(OAc) 4 

M n ( O A c ) 3 

Pb(OAc) 4 

M n ( O A c ) 3 

M n ( O A c ) 3 

M n ( O A c ) 3 

Pb(OAc) 4 

M n ( O A c ) 3 

Molar 
ratio 

ÏÏ4 
1:3 
1:4 

1:4 

1:3 
1:4 

1:5 
1:3 

1:5 

1:3 

1:5 
1:4 

1:5 
1:3 

1:4 

T ime 
(min) 

180 

120 

120 

180 

120 

90 

180 
150 

240 

120 

240 

120 

60 

100 

120 

9-Xanthenone 

Ha1 0) (49) 

I I a (16) 

I I b " ) (24) 

Ile1) (45) 

I l e (12) 

l id 1 ) (40) 

I I b (65) 
I I b (11), IIe(3) 

I l f (48) 

I l f (7) 

I l h (31) 

I l i (5) 

Ili12) (11) 

Products (yield, %) 

Acetoxymethyl- Q u i n o n e 

9-xanthenone ^ 

IIIe(6) 

I I I f (6) 

V (13) 

V l i (5) 

V l i (7), VIi ' (7) 

Benzo-
phenone 

Ik(9) 

etc. 

IV(9) 

of polyhydroxybenzophenones with potassium per­
manganate,6) potassium ferricyanide7) and dichlorodi-
cyano-/>-benzoquinone,8> it is now demonstrated that 9-
xanthenones can be synthesized from 2-hydroxy-4-meth-
oxy- and 2-hydroxy-4,6-dimethoxybenzophenones in 
moderate yields, by the reaction of manganese (III) 
acetate, bu t not from 2-hydroxy-4,5-dimethoxybenzo-
phenone. Acetoxy-9-xanthenones, which could not be 

R 2 O R 3 

""rèAor-
CHto'\y-o \ / s R 5 H A. 

la R i = R 2 = R 4 = R 5 = R 6 = H , 
R3 = OCH3 

lb R i = R a = R 3 = R 5 = R 6 = H , 
R 4 = O C H 3 

Ic R i = R 2 = R 4 = R 6 = H , 
R 3 = R s = O C H 3 

Id R i = R 2 = R 3 = R 6 = H , 
R4 = R5 = OCH3 

le R 1 = R 2 = R 4 = R 6 = H , 
R3=Ro = OGH3 

If R i = R 2 = R 3 = H , 
R4 = R5=Re = OCH3 

Ig R i = R 2 = R 3 = H , 
R 4 = R 6 = O C H 3 , R5 = O H 

Ih R i = R 2 = R 3 = H , 
R 4 = R e = O C H 3 , R 5 = O A c 

Ii R i = R 3 = R 6 = H , 
R2 = R4 = R5 = OGH3 

Ij R 2 = R 3 = R e = H , 
R 1 = R 4 = R5 = OCH3 

Ik R 2 = R 3 = R 8 = H , 
Ri = OH, R 4 = R 5 = O G H 3 

CH3O O 

WSS) 
G H 3 0 / X / ^ o \ / N O C H 3 

R O C H 3 

Vli R = H 
Vl i ' R = G H 3 

R s O R j 

fèAcY" 
C H 3 O / \ / ^ O / \ / X R 3 

H a 
IIb 

I l e 

l id 

I le 

Ilf 

I lh 

Hi 

Hie 

Ulf 

1 

R* 

R i = R 2 = R3 = R4=R5=H 
R i = R 3 = R 4 = R 5 = H , 
R2 = OCH3 

R i = R 2 = R 4 = R 5 = H , 
R 3 = O G H 3 

R i = R 4 = R 5 = H , 
R 2 = R 3 = OCH3 

R3 = R4 = R5 = H, 
Ri = GH3, R2 = OGH3 

R1 = R5 = H, 
R 2 = R 3 = R 4 = OGH3 

R i = R 5 = H , 
R a = R 4 = O C H 3 , R3 = OAc 
R 1 = R 4 = H , 
R 2 = R 3 = R 5 = O C H 3 

R 3 =R4=R5=H, 
Ri = CH2OAc, R 2 = O G H 3 

R 2 = R 3 = R 4 = O C H 3 , 
Ri=GH 2 OAc, R 5 = H 

O 

G H 3 O N / \ / O G H 3 

II II 
II 

0 

V 

obtained by the previous methods, can also be prepared 
by the oxidation of 2-hydroxyacetoxybenzophenones. 

Exper imenta l 

All the 1H NMR spectra were recorded for the deuterio-
chloroform solution, unless otherwise stated, with a Hitachi 
R 24 NMR spectrometer, with tetramethylsilane as the 
internal reference. The IR spectra were recorded for the 
chloroform solution with a JASCO IRA-1 grating spectrome­
ter, while the UV spectra were measured for the methanol 
solution with a Hitachi EPS-3T spectrophotometer. The 
mass spectrum was recorded with a Hitachi RMU-6M spec­
trometer. The melting points were determined with a 
Yanagimoto hot-stage apparatus and were uncorrected. 

Preparations of 2-Hydroxybenzophenones (Ia,Ib,Ie—Ii). 
The 2-hydroxybenzophenones (la lb, le, and Ig) were prepared 
by the reaction of 3-methoxyphenol (8 mmol) and a benzoic 
acid (8 mmol) with phosphoryl chloride (7 ml) containing 
fused zinc chloride (3 g), with heating at 65—70 °C for 2 h. 
The reaction mixture was poured into water and extracted 
with chloroform. After the removal of the chloroform, the 
crude 2-hydroxybenzophenone was purified on a silica gel 
column (Wakogel C 100) (100 g), eluting with benzene, 
followed by recrystallization from methanol. 

2-Hydroxy-2',4-dimethoxybenzophenone (la) : Mp 88.5—89 °C, 
68%, rmax: 1630 cm-1 (C=0), Am8X (e): 286 (14400) and 325 
nm (9550), Ö: 3.75 (s, OCH3), 3.81 (s, OGH3), 6.15—6.5 (m, 
2H), 6.8—7.6 Cm, 5H), and 12.6 (s, OH). Found: G, 69.68; 
H, 5.37%. Galcd for C15H1404: C, 69.75; H, 5.46%. 

2-Hydroxy-3',4-dimetkoxybenzophenone (lb): Bp0>3 165—170 
°C (bath temp). 54%, vm&x: 1630 cm-1 (C=0), Amax (e): 292 
(8970) and 325 nm (6780), Ô: 3.81 (s, 2xOCH 3 ) , 6.2—6.5 
(m, 2H), 6.9—7.6 (m, 5H) and 12.4 (s, OH). Found: C, 
69.55; H, 5.47%. Galcd for C15H1404: C, 69.75; H, 5.46%. 

2-Hydroxy-2',4,5'-trimethoxybenzophenone (le): Mp 110°C, 
2 1 % , » W 1628 cm-1 (C=0), Amax (e): 230 (s) (12300), 287 
(15000) and 327 nm (9700), Ô : 3.66 (s, OCH3), 3.72 (s, OCH3), 
3.79 (s, OCH3), 6.2—6.5 (m, 2H), 6.7—7.3 (m, 4H) and 12.5 
(broad s, OH). Found: G, 66.65; H, 5.57%. Galcd for 
C16H1606: C, 66.66; H, 5.59%. 

2,4'-Dihydroxy-3'i4,5'-trimethoxybenzophenone (Ig) : Ig was 
prepared by the reaction of 3-methoxyphenol (8 mmol) and 
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3,4,5-trimethoxybenzoic acid (8 mmol) • with phosphoryl 
chloride (7 ml) containing fused zinc chloride (3g) ; mp 
142-143 °C, 32%, * „ „ : 1620 cm"1 (C=0), Amax (e): 241 (s) 
(10900), 920 (11400) and 344 nm (14600), Ô: 3,79 (s, OCH3), 
3.84 (s, 2 X OGH3), 6.0 (broad s, OH), 6.2—6.45 (ih, H(3) and 
HfB)), 6.84 (s, H ( 2 0 and H ( 6 0 ) , 7.45 (d, 7 = 8 . 5 H z , H ( e )) and 
12.5 (broad s, OH). Found: C, 63.24; H, 5.36%. Galcd 
for C16H1606: C, 63.15; H, 5.30%. 

2-Hydroxy-3',4,4',5,-tetramethoxybenzophenone (If): A mix­
ture of Ig (6 g), dimethyl sulfate {3 ml), potassium carbonate 
(5 g), and acetone (50 ml) was heated under reflux for 30 min. 
After the removal of the acetone, the resulting mixture was 
extracted with benzene. The benzene was evaporated w 
vacuo, and the resulting liquid was allowed to crystallize from 
methanol to give If (3.6 g, 57%); mp 106—107 °G, vmax: 
1630 cm-1 (G=0), Amax (e) : 293 (16300) and 328 nm (15200), 
Ô: 3.81 (s, OCH3), 3.84 («, 2 X ÖCH3), 3.88 <s, OCH3), 6.25— 
6.55 (m, H(3) and H ( 5 )) , 6.83 (s, H ( 2 0 and H ( e 0 ) , 7.50 (d, 
7=8 ;5Hz , H(6)) and 12.50 (s, OH), Found: C, 64.11; H, 
5.77%. Galcd for C17H1806 : C, 64.14; H, 5.74%. 

2-Hydroxy-4'-acetoxy-3,,4,5'-trimethoxybenzophenone (Ih) : A 
mixture of Ig (1.30 g), acetic anhydride (480 mg), and pyridine 
(8 ml) was kept at room temperature for 24 h. The reaction 
mixture was then poured into water, and the resulting 
precipitates were collected and recrystallized from ethanol to 
give Ih (1.18g, 80%); mp 124-125 °G, W : 1630 (CMD) 
and 1770 cm"1 (OAc), Amax (e): 294 (13500) and 325 nm 
(11100), Ô: 2.37 (s, OAc), 3.88 (s, 3xOCH 3 ) , 6.3—6.8 (m, 
H(3) and H ( 6 )) , 6.93 (s, H(2,> and H ( 6 0 ) , 7.65 (d, 7 = 8 . 5 Hz, 
H(6)) and 12.40 (s, OH). Found: C, 62.24; H, 5.51%. 
Calcd for C18H1807: G, 62.42; H, 5.24%. 

2-Hydroxy-3',4,4f ,6-tetramethoxybenzophenone (Ii): A mixture 
of 3,5-dimethoxyphenol (4 g), 3,4-dimethoxybenzoyl chloride 
(5.5 g), aluminium chloride (12 g), and ether (50 ml) was 
stirred at room temperature for 48 h. By working up in a 
similar manner to the above, Ii (4.0 g, 49%) was obtained; 
mp 134 °C, W : 1625 cm-* (C=0), ;.max («): 233 (21900), 
286 (11900) and 313 nm (12600), Ô: 3.55 (s, OCH3), 3.86 
(s, OCH3), 3.90 (s, OCH3), 3.95 (s, OCH3), 5.99 (d, 1H) and 
6.19 (d, IH) (AB system, 7 A B =2.0Hz) , 6.19 (d, 7 = 8 . 5 Hz, 
H ( B 0) , 6.75—6.90 (m, H ( 2 0 and H ( 6 0 ) , and 11.60 (s, OH). 
Found: G, 64.22; H, 5.75%. Galcd for G17H18Oe: G, 64.14; 
H, 5.70%. 

Oxidation of 2-Hydroxybenzophenones (la—Ii) with Manganese 
(III) Acetate. A mixture of 2-hydroxybenzophenone 
(1 mmol), manganese(III) acetate dihydrate13) (4 or 5 mmol), 
and acetic acid (30 ml) was heated under reflux for the period 
of time shown in the Table. After the removal of the acetic 
acid in vacuo, the resulting solid was triturated with water 
and extracted with chloroform. The chloroform was removed 
in vacuo and the resulting products were purified on TLC 
(Wakogel B 10) and by recrystallization. 

la gave 3-methoxy-9-xanthenone (IIa); mp 125—126 °G 
(EtOH) (lit,10) mp 128—129 °G), 49%, vm&x: 1660 cm"1 

(C=0), Amax (e): 239 (44100), 270 (12000) and 303 nm 
(17300), «5: 3.85 (s, OGH3), 6.7—7.0 (m, 2H), 7.1—7.85 (m, 
3H) and 8.1—8.45 (m, 2H). 

lb yielded 2,6-dimethoxy-9-xanthenone ( l ib) ; mp 162 °C 
(EtOH) (lit,11) mp 163.5—164.5 °G), 24%, rmax: 1650 cm-1 

(C=0), Amax (e): 243 (36500) and 312 nm (15700), «5: 3.88 
(s, 2xOCH 3 ) , 6.7—7.0 (m, H (5) and H ( 7 )) , 7.0—7.5 (m, 
H(3) and H ( 4 )), 7.63 (d, 7 = 2 Hz, H(1)) and 8.20 (d, 7 = 8 Hz, 
H ( 8 ) ) -

Ic gave 3,6-dimethoxy-9-xanthenone (lie) [mp 185 °C (Et­
OH) (lit,1) mp 182—183 °C), 45%) and IV (mp 157 °G 
(benzene), 9%, vmtx: 1650, 1698 and 1758 cm-1, Amax (c): 229 
(24500), 267 (17400) and 290 nm (9670), Ô: 3,75 (s, OGH s), 

3.82 (s, OGH3), 5.50 (d, 7 = 2 Hz, IH), 6.16 (dd, J= 10, 2 Hz, 
IH), 6.40 (d, 7 = 2 Hz, IH), 6.64 (dd, 7 = 8 . 2 Hz, IH), 6.80 
(d, 7 = 10 Hz, IH) and 7,81 (d, 7 = 8 Hz, IH) , mfe: 288 (M+), 
150, 122 a n l 107. Found: G, 62.45; H, 4.21%. Galcd for 
C15H12Otf: G, 62.50; H, 4.20%]. 

Id yielded 2,3,6-trimethoxy-9-xänthenone (Hd); mp 216— 
217 °G (EtOH) (lit,1) mp 216—217 °C), 40%. 

Ie gave l i b ; mp 162 °G, 65%. 
If yielded 2,3,4,6-tetramethoxy-9-xanthenone (Ilf)î mri 

130 °C (EtOH), 48%, Vmax: 1655 cm"1 (C=0), -*max (e): 246 
(38600), 272 (14000) and 313 (21100), «5: 3.92 (s, 2xOCH 3 ) , 
4.00 (s, OCH3), 4.02 (s, OGH3), 6.75—7.05 (m, H (5) and 
H ( 7 )) , 7,46 (s, H(1)) and 8.14 (d, 7^=8.5 Hz* H ( 8 )) . Found: C, 
64.35; H, 5.02%. Calcd for C17H16Oe: C, 64.55; H, 5.10%. 

Ig yielded 2,6-dimethoxy-/>-benzoquinöne (V) ; mp 255 °G 
(EtOH) lit,") mp 255—256 °C), 12%, j>max: 1660 and 1720 
cm-1, «5: 3.82 (s, 2xOGH 3 ) and>5;87 (s, H (3) and H ( 5 )) . 

In gave 3-atetoxy-2,4,6-trimethoxy-9-xanthenone (Hh) ; 
mp 166—167 °G (EtOH), 31%, vmax: 1660 (G=Ö) and 1772 
cm-1 (OAc), Amax (e): 247 (34000), 274 (12900) and 312 nm 
(16100), Ô: 2.43 (s, OAc), 3.93 (s, 2 x OGH3), 4.08 (s, OGH3), 
6.9—7.1 (m, H (5) and H ( 7 )), 7.57 (s, H(1)) 8.22 (d, 7 = 8 . 5 Hz, 
H ( 8 )) . Found: C, 62.74; H, 4.59%. Galcd for C18H1607: 
C, 62.79; H, 4.68%. 

I i : yielded l,3,6,7"-tetramethoxy-9-xanthenone (Hi) (mp 
202 °C (benzene) (lit,12) mp 185—190 °G), 5%, vmax: 1650 
cm-1 (G=0), Amax (e): 256 (33100), 270 (s) (7100), 305 (11300) 
and 351 nm (9000), Ô: 3.86 (s, OGH3), 3.94 (s, 3xOGH 3 ) , 
6.30 (d, IH) and 6.42 (d, IH) (AB system, 7 = 2 Hz, H (2) and 
H U ) ) , 6.76 (s, H ( 5 )), and 7.62 (s, H ( 8 ) ) ] , and 2,6-dimethoxy-3-
(3,4-dimethoxybenzoyl)-/»-benzoquinone (Vli) [mp 161 °G 
(benzene), 5%, ymax: 1655, 1688 and 1718 cm"1, Amax (e) : 236 
(17600) and 289 nm (16200), Ô: 3.85 (s, 2xOCH 3 ) , 3.95 (s, 
2 X OCH3), 5.90 (s, H ( 5 )) , 6.85 (d, 7=8.5Hz, H ( B 0) , 7.38 (dd, 
7 = 8 . 5 , 2 Hz, H ( 6 0) and 7.55 (d, 7 = 2 Hz, H ( 2 0 ) . Found: C, 
61.15; H, 4.89%. Galcd for C1 7H1 607: G, 61.44; H, 4.85%]. 

Ij gave 2,5-dihydroxy-3',4,4'-trimethoxybenzophenone (Ik) ; 
mp 208—209 °C (EtOH), 9%, »max: 1630 cm-1 (C=0), Amax 

(e): 239 (14800), 253 (14600), 287 (10600), and 372 nm 
(9850), Ô: 3.95 (s, OCH3), 3.97 (s, 2xOCH 3 ) , 5.24 (s, OH), 
6.58 (s, H ( 3 )) , 6.95 (d, 7 = 8 . 5 Hz, H ( 5 0 ) , 7.23 (s, H ( 6 )), 7 . 2 -
7.45 (m, H ( 2 0 and H ( 8 0) and 12.30 (s, OH). Found: C, 
G, 63.06; H, 5.30%. Galcd for G16H1606: G, 63.15; H, 5.30 

%. 
Oxidation of 2-Hydroxybenzophenones (la, le, le, If, and Ii) with 

Lead Tetraacetate. A mixture of a 2-hydroxybenzo­
phenone (5 mmol), lead tetraacetate15) (15 mmol), and acetic 
acid (30 ml) was heated under reflux for the period of time 
shown in the Table. After the removal of the acetic acid in 
vacuo, the resulting products were triturated with 2M-hydro-
chloric acid and then extracted with chloroform. The chloro­
form solution was washed with aqueous sodium hydrogencar-
bonate, and the chloroform was evaporated again in vacuo to 
give crude products which were purified on TLG (Wakogel B 
10) and by recrystallization. la gave Ha ; mp 125—126 °G 
(EtOH), 16%. Ic yielded He; mp 185 °C (EtOH), 12%. 
Ie gave l i b (mp 162 °C (EtOH), 11%), 2,6-dimethoxy-l-
methyl-9-xanthenone (He) [mp 173 °G (EtOH), 3%, vmax: 
1655 cm-1 (G=0), Amax (e): 244 (34300), 273 (s) (12200), 
309 (13300), and 355 nm (4600), Found: G, 70.92; H, 5.25%. 
Galcd for G16H1404: G, 71.10; H, 5.22%], and l-acetoxy-
methyl-2,6-dimethoxy-9-xanthenone (Hie) [mp 196 °G (ben­
zene-light petroleum), 6%, vmax: 1660 (C=0) and 1745 cm - 1 

(OAc), Amax (e): 242 (38200), 271 (s) (8900), 314 (14200) and 
359 nm (5700), Ô: 2.05 (s, OAc), 3.87 (s, 2xOGH 3 ) , 5.85 
(s, 2H, -GH2-) , 6.75 (d, 7 = 2 Hz, H ( 5 )), 6.85 (dd, 7 = 8 . 5 , 2 
Hz, H ( 7 )) , 7.30 (d, IH) and 7.43 (d, IH) (AB system, JAB= 
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8 Hz, H (3) and H U ) ) , and 8.12 (d, 7 = 8 . 5 Hz, H ( 8 )) . Found: 
G, 65.88; H, 4.93%. Calcd for C18H16Oe: C, 65.85; H, 
5.19%]. If gave Hf [mp 130 °C (EtOH), 7%] and 1-
acetoxymethyl-2,3,4,6-tetramethoxy-9-xanthenone (II|£ ) [mp 
120—121 °C (benzene), 6%, rm a x : 1660 (C=0) and mSjcm- 1 

(OAc), Amax (e): 248 (36500), 275 (10200), and 311 nm 
(17500), <5: 2.05 (s, OAc), 3.86 (s, 2 X OCH3), 4.03 (s, OCH3), 
4.06 (s, OCH3), 5.72 (s, -CH 2 - ) , 6.80 (d, 7 = 2 Hz, H ( 5 )), 
6.80 (dd, 7=8 .5 , 2 Hz, H (7)) and 8.00 (d, 7 = 8 . 5 Hz, H (8 )). 
Found : C, 61.58 ; H, 5.21 %. Calcd for C20Ha0O8 : C, 61.85 ; 
H, 5.19%]. Ii yielded Hi (mp 202 °C (benzene), 11%), 
Vli (mp 161 °C (benzene), 7%0), and 2,6-dinipthoxy-3-
(3,4-dimethoxybenzoyl)-5-methyl-/>-benzoquinone (Vli') [mp 
118—120 °C (benzene), 7% vmax: 1650 and 1690 cm-1, 
Amax (e): 236 (17800) and 288 nm (19000), S: 1.95 (s, CH3), 
3.82 (s, OCH3), 3.94 (s, 2xOCH 3 ) , 4.01 (s, OCH3), 6.86 (d, 
7 = 8 . 5 Hz, H (5 ( )), 7.35 (dd, 7 = 8 . 5 , 2 Hz, H ( o 0) rand 7.65 (d, 
7 = 2 Hz, H ( 9 0 ) . Found: C, 62.44; H, 5.34%. Calcd for 
C 1 8H 1 80 7 :C, 62.42: H, 5.24%]. 
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(Received June 18, 1976) 

Sodium l-benzyl-l,4-dihydronicotinamide-4-sulfinate (BNA-S02Na) reacts with various halogen compounds, 
YZCHBr, through the cleavage of the carbon-sulfur bond to give sulfones, (YZCH)2S02, in Y = P h or PhCH=GH 
and Z = H ; toww-stilbene in Y = P h and Z = CH(Br)Ph or CH(OCH3)Ph; and the reduction products, YZCH2 and 
(YZCH)2, in Y=Ph , Z=Br, and Y = H , Z = PhCO. The BNA-S02Na is converted to l-benzylnicotinamide 
bromide, while sulfur dioxide or sulfite ions are formed. 

Sodium 1 -benzyl-1,4-dihydronicotinamide-4-sulfinate 
(BNA-SOaNa) is a bright-yellow intermediate isolated 
in the course of the reduction of 1 -benzylnicotinamide 
chloride (BNA+C1-) with sodium dithionite to 1-benzyl-
1,4-dihydronicotinamide (BNAH).1) The BNA-SO aNa 
was characterized by N M R spectroscopy as an addition 
compound with the sulfinate group at the 4-position of 
BNAH. 2> 

H SOaNa 

/CONH2 Na js,o4 / \ / G O N H 2 Hao 

H H 

CH2Ph 

BNA+C1-

CH2Ph 

BNA-SOaNa 

s/ 

CH2Ph 

BNAH 

CONFL 

The reaction of BNA-SO aNa with organic compounds 
has not yet been reported except for the reduction of 
pyridinium salts to dihydropyridines.1) O n the other 
hand, the reducing agents with a sulfinate group, such 
as sodium dithionite,3) sodium hydroxymethanesulfi-
nate,4) and thiourea dioxide,5) are well known. In view 
of the reducing action of these agents and BNAH, BNA-
SOaNa might also serve as a reducing agent with the 
cleavage of the carbon-sulfur bond of BNA-S0 2 Na. O u r 
interest in the reactivity of BNA-SO aNa has led us to 
examine the reactions of BNA-S0 2 Na with organic 
halogen compounds, of which the carbon-halogen bond 
reductions with metals6) and metal complexes7) and by 
electrolysis8) have been studied extensively. In this 
paper, we wish to report on the reactions of BNA-S0 2 Na 
with halogen compounds which have a phenyl, cinnam-
yl, or carbonyl group at the same carbon position as that 
of the halogen atom. 

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

Formation of Sulfones. As Table 1 shows, the reac­
tion of BNA-S0 2 Na with benzyl bromide (1) in metha­
nol or JV,JV-dimethylformamide (DMF) at 60 °G afford­
ed dibenzyl sulfone, together with BNA+Br-. This 
reaction did not occur at 25 °C. T h e reduction products, 
such as toluene and 1,2-diphenylethane, were not ob­
tained a t all. Thus, the carbon-sulfur bond of BNA-
SO aNa was cleaved by the action of 1 to form BNA+Br - . 
The production of dibenzyl sulfone with BNA+Br - in 
equimolar amounts indicates that the Na+ or BNA+ salt 
of phenybnethanesulfinic acid (2) is formed as an inter­
mediate, and that it then reacts with 1 to give dibenzyl 
sulfone : 

PhCH2Br + BNA-SO,Na 

PhCH2S02-Na+ (or BNA+) + BNA+ (or Na + )Br 

• PhCH2SOaGH2Ph + BNA+Br- + NaBr 

A substitution by the sulfinate group was found to take 
place in the reaction of BNA-S0 2 Na with 1,3-dibromo-
1-phenylpropane (3). As Table 1 shows, a cyclic sul­
finate (4) was produced by ring-closure in amounts 
corresponding approximately to those of BNA+Br - : 

Br 

PhCHCH2CH2Br + BNA-S02Na • 
3 

CH2 

PhCH 

so-o 
GH, + BNA+Br" + NaBr 

Ginnamyl bromide (5) also reacted with BNA-SO aNa 
in 80 vol% aqueous acetone or D M F , even at 25 °G, to 
give dicinnamyl sulfone in a high yield, together with 
BNA+Br - , as Table 1 shows. 

TABLE 1. REACTIONS OF BNA-SOaNa WITH 1, 3, AND 5a> 

Halogen 
compd 

1 
1 
3 
3 
5 

5 

Reaction 
conditions 

MeOH, 60 °C, 6 h 
DMF, 60 °C, 3 h 
EtOH, 60 °G, 3 h 
DMF, 60 °C, 3 h 
(CH3)2GO-H20 (4:1) 
25 °C, 3 h 
DMF, 25 °G, 3 h 

- S 0 2 - or 
- S O - O - °/c 

67 
69 
55 
64 
83 

99 

BNA+Br-
> b ) 0 / o b , 

62 
C) 

64 
71 
86 

96 

a) BNA-S02Na; 5—5.1 mmol. Solvent ; 50 cm3. BNA-
S02Na/halogen compd molar ratio; l. b) Based on 
the halogen compound (2 X product or BNA+Br- (mol)/ 
halogen compd (mol) X 100). The products obtained 
from 1, 3, and 5 are dibenzyl sulfone, 4, and dicinnamyl 
sulfone respectively, c) Identified, but not quantified. 

Formation of Olefins. When a solution of dl or 
mwo-l,2-dibromo-l,2-diphenylethane {dl or meso-6) in 
ethanol containing BNA-S0 2 Na was heated at 60 °G, 
the dl and meso-6 were converted to /rarc.r-stilbene in high 
yields, as Table 2 shows. O n the other hand, m-stil-
bene was not obtained a t all. The BNA-SO aNa was 
converted to BNA+Br - with the generation of sulfur 
dioxide. T h e addition of water to the reaction system 
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(80 vol% aqueous ethanol) did not affect the yield of 
trans-stilbene. When D M F was used as the solvent, the 
reaction occurred rapidly, even at 20 °C. Furthermore, 
the isomerization of m-stilbene to trans-stilbene was not 
observed under the reaction conditions. 

threo-1 -Bromo-2-methoxy-1,2-diphenylethane (threo-7) 
reacted also with BNA-SÔ2Na in ethanol and D M F at 
60 °C to give, selectively, trans-stilbene, although the 
reaction took place slowly (Table 2). Thus, BNA-S0 2 -
Na underwent the debromination of the dl and meso-6 
and threo-7, resulting selectively, in trans-stilbene, with 
BNA+Br - and sulfur dioxide also formed. 

Br Br 
i 

PhCH-CHPh + BNA-SOaNa 
dl and meso-

Ph H 
XC=CM- BNA+Br" 

H Ph 

+ SO, + NaBr 

TABLE 2. REACTIONS OF BNA-SOzNa WITH 

dl AND meso-6 AND threo-7*ï 

6 or 7 Molar 
ratiob> 

Product, % 

Solvent PhCH= BNA+ 
CHPh Br- SO, 

dl°-> 

dl 
meso 
meso 
threoAï 
threo 

1 
1 
2 
2 
2 
1 

EtOH 
DMF 
EtOH 
DMF 
EtOH 
DMF 

73e> 
76 
94 
99 
48») 
39«) 

80 
78 
_ f ) 

—J) 

— 
— 

57 
_ ' ) 
50 
_ '> 
— 
— 

a) 6 or 7; 3 mmol. Solvent; 50 cm8. Reaction time; 
2 h. Temperature; 60 °C. The yields were calculated 
by means of product (mol)/6 or 7 (mol) x 100. b) 
BNA-SOaNa/6 or 7. c) In the case of the molar ratio 
of 2, trans-stilbene was obtained in a 100% yield, d) 
Reaction time; 3 h. e) Recovery % of dl-6; 27%. f) 
Identified, but not quantified, g) Recovery % of threo-
7; 40% (EtOH) and 55% (DMF). 

In order to investigate whether or not the existence of 
the phenyl group in wV-dibromides is required for de­
bromination, the reactions of BNA-SO aNa with trans-
1,2-dibromocyclohexane (8) and trans-l-phenyl- 1,2-di-
bromocyclohexane (9) in ethanol at 60 °C were carried 
out. The 8 was recovered unchanged after a reaction 
of 6 h, but the 9 was converted to 1-phenylcyclohexene 
in a 77% yield after 2 h. BNA+Br - was obtained in a 
8 6 % yield, together with 90% of the sulfur dioxide. 
Thus, the phenyl group attached to the carbon atom 
with the bromine atom favors the debromination of vic-
dibromides by BNA-SO aNa. 

Br 

Br 

/Br 

The debromination of dl and meso-6 by many dehalo-
genating agents has been studied extensively.9) Among 
these reagents, the benzenesulfinate ion has been known 
to undergo the debromination of dl-6 to give ôî-stilbene 
as the major product.9) Thus, the reactivity of BNA-

S 0 2 N a to dl-6 would differ essentially from that of the 
benzenesulfinate ion. 

Reduction. Benzylidene dibromide (10) was con­
verted to dl-6 and trans-stilbene by the action of BNA-
SOaNa in water-free D M F at 20 °G, as Table 3 shows. 
This reaction was accompanied by the conversion of 
BNA-S0 2 Na to BNA+Br - and sulfur dioxide. When 
the molar ratio of BNA-S0 2 Na to 10 was 2, trans-stilbene 
was obtained as the only product. The trans-stilbene 
must be produced by the debromination of dl-6 by BNA-
S 0 2 N a , as has been described above. In 80 vol% 
aqueous methanol, however, dibenzyl sulfone was ob­
tained without any formation of dl-6 or trans-stilbene. 
Thus, it is possible that the formation of 1 is the interven­
ing process in the conversion of 10 to dibenzyl sulfone 
and that, in the process, BNA-S0 2 Na undergoes the 
two-electron reduction of 10 to give 1. In an aprotic 
solvent, the PhCHBr produced by the two-electron 
reduction could react with 10 to give dl-6. 

PhCH(Br)2 

10 

BNA-S02Na 

H , 0 

10 

[1] 

dl-6 

(PhCH2)2S02 

PhCH=CHPh 
DMF 

TABLE 3. REACTION OF BNA-SO,Na WITH 10a> 

Reaction conditionsb> Product, %c> 

DMF, 20 °G, 3 h (1) 
DMF, 20 °G, 3 h (2) 
MeOH-H aO (80%), 
60 °C, 3 h (2) 

dl-6 (26); PhCH=CHPh (36) 
PhCH=CHPh (69) 

(PhCH2)2S02 (36) 

a) 10; 5—6 mmol. Solvent; 50 cm8, b) The parentheses 
represent the molar ratio of BNA-S02Na to 10. c) Based 
on 10 (2 X product (mol)/10 (mol) X 100. BNA+Br- and 
sulfur dioxide were identified, but not quantified. 

a-Bromoacetophenone (11) was reduced with BNA-
S 0 2 N a in 80 vol% aqueous methanol at 30 °C to give 
acetophenone in a good yield, as Table 4 shows. In the 
reaction, BNA+Br - and a sulfite ion were produced from 
BNA-S0 2 Na in amounts corresponding to those of aceto­
phenone. No further reduction of acetophenone with 
BNA-S0 2 Na occurred a t all. As BNA-S0 2 Na is known 
to be converted to BNAH and a sulfite ion by the action 
of water, there is a possibility that BNAH acts as a reduc­
ing agent. Therefore, the reduction of 11 with BNAH 
was carried out under similar conditions. Consequently, 
it was found that the rate of the reduction by BNAH is 
much slower than that by BNA-S0 2 Na : the reduction of 
11 with BNAH in 80 vol% aqueous methanol at 25 °G 
gave acetophenone in a 16% yield after a reaction of 24 
h. Furthermore, the reaction of 11 with BNA-S0 2 Na 
was carried out using water-free D M F as the solvent. As 
Table 4 shows, 1,2-dibenzoylethane was obtained as the 
reduction product in a high yield, without any formation 
of 2,4-diphenylfuran, which is produced in the dehalo-
genation of 11 with Gr(II) or Gu(I) salt10) in D M F or 
D M S O . BNA-S0 2 Na was converted to BNA+Br - with 
the generation of sulfur dioxide. The selective forma­
tion of acetophenone or 1,2-dibenzoylethane suggests 
that the reaction of 11 with BNA-S0 2 Na proceeds via 
the formation of 12, which reacts as a carbanion, PhCO-
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TABLE 4. 

YZCHBr 

Y Z 

REACTIONS OF BNA-SOaNa WITH OC-BROMO CARBONYL COMPOUNDS^ 

Reaction conditions» Reduction BNA+Br-
product, % % 

so3
2-, 

so 2 % 
H 
H 
Ph 
Ph 
EtOCO 

PhCO 
PhGO 
PhCO 
EtOCO 
EtOCO 

M-W, 30 °C, 6 h 
DMF, 30 °C, 3 h 
M-W, 20 °C, 3 h 
M-W, 25 °C, 6 h 
M-W, 20 °C, 6 h 

PhCOCHg (67) 
(PhCOCH2)2 (80) 
PhCOCH2Ph (82) 
PhCH2COaEt (82) 
CH2(COOEt)2 (81) 

67 
86 
89 
88 
79 

61 
c) 

c) 

84 
75 

a) YZCHBr; 3—5 mmol. Solvent; 50 cm3. BNA-SOaNa/YZCHBr molar ratio= 1. b) 
M-W represents 80 vol% MeOH-H aO. c) Identified, but not quantified. 

C H 2
- , followed by a reaction with water to give aceto-

phenone or with 11 in D M F to give 1,2-dibenzoylethane. 

PhCOCH2Br 

11 

BNA-SO,Na 

HaO 

[PhCOCH2-S02Na] — | 

12 
DMF 

PhCOCH, 

(PhCOCH2)2 

a-Bromodeoxybenzoin, ethyl a-bromophenylacetate, 
and diethyl a-bromomalonate were all reduced with 
BNA-S0 2 Na in 80 vol% aqueous methanol at 20 °G to 
the corresponding parent carbonyl compounds in high 
yields. These reactions were accompanied by the for­
mation of equimolar amounts of BNA+Br - and a sulfite 
ion. Thus, the carbonyl group attached to the carbon 
atom with a bromine atom favors the reductive d e n o m i ­
nation by BNA-S0 2 Na. 

Exper imenta l 

Materials. All the halogen compounds, except for 1, 
were prepared according to the methods described in the 
literature.11) The BNA-SOaNa was prepared from BNA+C1-
and sodium dithionite (85—90% purity) according to the 
method reported by Biellmann and Callot,1) and was purified 
in the following manner : BNA-S02Na was dissolved in a 1 M 
sodium hydroxide solution at 40 °C, and the solution was 
allowed to cool to 0 °C to give yellow crystals. After the 
mixture had then been filtered under nitrogen, the crystals 
were washed with cold water and dried under a reduced 
pressure of 1 Torr for 4—6 h. All the procedures were 
carried out in an atmosphere of nitrogen. The purified 
BNA-S02Na was immediately submitted to the reactions 
with halogen compounds. The UV and NMR spectra (1 M 
sodium hydroxide solution) of the BNA-SOaNa used here were 
identical with those reported by Caughey and Schellenberg.2) 

Reactions of BNA-S02Na. Benzyl Bromide (1) : To a 
solution of 5.05 mmol of 1 in 50 cm3 of methanol, we added 
5.13 mmol of BNA-S02Na. The suspension was stirred under 
nitrogen at 60 °C for 6 h. After the methanol had then been 
removed in vacuo, the residue was suspended in 150 cm3 of 
benzene, and heated under reflux, and the mixture was 
filtered. The benzene solution was concentrated to 10—15 
cm3. The concentrate was submitted to chromatography on 
silica gel. Elution with benzene gave 0.42 g (67%) of dibenzyl 
sulfone; mp 149—150 °C (lit, 12> 149.5—150 °G). Its IR 
spectrum was identical with that of the authentic specimen. 
IR (KBr): 1110 and 1300 cm"1 (SOa). The precipitate was 
then added to 50 cm3 of methanol, and heated under reflux, 

and the mixture was filtered. After methanol removal in 
vacuo, the residue was again added to 50 cm3 of acetone con­
taining a small amount of ethanol and refluxed. The insoluble 
material was separated from the solution by filtration. The 
removal of the solvent in vacuo gave 0.45 g (62%) of BNA+Br-; 
mp 207—209 °C. Its melting point and IR spectrum were 
identical with those of the authentic specimen prepared from 1 
and nicotinamide. Similar procedures were used in the 
experiment employing DMF as a solvent. 

1,3-Dibromo-l-phenylpropane (3) : The reaction of BNA-
S02Na (5.05 mmol) with 3 (5.11 mmol) was carried out, 
employing ethanol (50 cm3) as the solvent, under conditions 
similar to those used in the case of 1. The reaction products 
were isolated in a manner similar to that described above to 
yield 0.5 g (55%) of 4 and 0.93 g (64%) of BNA+Br~. The 4 
exhibited NMR (CC14) signals at (5=2.6 (m, 2H, CH2), 4.3 
(m, 2H, CHaO), 4.9 (m, 1H, CH), and 7.3 ppm (s, 5H, aro­
matic protons), and an IR (KBr) peak at 1120 cm-1 (S02). 
MS, m/e, 182 (parent peak). 

Found: C, 59.02; H, 5.66%. Calcd for C8H10SO2: C 
59.33; H, 5.53%. 

Cinnamyl Bromide (5) : A solution of 5.03 mmol of 5 and 
5.09 mmol of BNA-S02Na in 50 cm3 of DMF was stirred under 
nitrogen at 25 °C for 3 h. The reaction mixture was then 
poured into 300 cm3 of water to give 0.74 g (99%) of dicinna-
myl sulfone; mp 199—200 °C: NMR (CC14) 0=3.72 (d, 
CH2S02) (total 4H), 6.40 (m, =CH) (total 2H), and 7.14 
ppm (s, C„H6CH=) (total 12H); IR (KBr) 970 (HC=CH) and 
1050 and 1180 cm"1 (S02) ; MS, m/e; 64 (S02), 117 (C6H5-
CH=CHCH2), and 234 [(C6H5CH=CHCH2)2]. 

Found: C, 72.53; H, 6.17%. Calcd for C1 8H l sS02 : C, 
72.46; H, 6.08%. 

After the water and DMF had been removed in vacuo, the 
residue was extracted with methanol to yield 0.71 g (96%) of 
BNA+Br_ in a manner similar to that described above. 

vic-Dibromides (dl and meso-ö, 8, and 9) and threo-7: A 
typical experiment was as follows : to a solution of 3 mmol of 
dl-6 in 50 cm3 of ethanol, we added 3.04 mmol of BNA-S02Na. 
The mixture was stirred at 60 °C for 2 h while nitrogen was 
being bubbled through the solution. The sulfur dioxide thus 
evolved was absorbed by 50 cm3 of a 1 M sodium hydroxide 
solution. To the alkaline solution we added 20 cm3 of a 30% 
hydrogen peroxide solution, and then an excess of a barium 
chloride solution. The precipitate of barium sulfate was 
obtained by filtration. Yield: 0.4 g (57%). After the ethanol 
had been removed in vacuo, the residue was extracted with ether. 
The material, which was insoluble in ether, was then added to 
methanol. BNA+Br- was isolated from the methanol solution 
by procedures similar to those used in the case of 1. Yield: 0.71 
g (80%). The crude product obtained by the evaporation of 
the ethereal phase was chromatographed on silica gel to yield 
/rflfw-stilbene (0.394 g, 73%) (mp 118—120 °C), and dl-6 
(0.28 g, 27% recovery). Similar procedures were used for 



200 Hiroo INOUE, Nobuaki INOGUCHI, and Eiji IMOTO [Vol. 50, No. 1 

the reactions of BNA-SOaNa with meso-6, threo-7, 8, and 9. 
Benzylidene Dibromide (10). DMF Solvent: To a 

solution of 6.06 mmol of 10 in 50 cm3 of DMF, we added 6.07 
mmol of BNA-SC*2Na. The solution was stirred under 
nitrogen for 3 h at 20 °C, poured into 300 cm3 of water, and 
extracted with ether. After the removal of the water and 
DMF from the aqueous layer, BNA+Br- was isolated in a 75% 
yield by procedures similar to those used in the case of 1. The 
ethereal extract was dried on magnesium sulfate, and the 
ether was removed. The residue was submitted to chromato­
graphy on alumina. Elution with hexane and benzene gave 
0.195 g (36%) of «ra^-stilbene and 0.26 g (26%) of dl-\,2-
dibromo-1,2-diphenylethane respectively. 

80 Vol% Aqueous Methanol: To a solution of 5.04 mmol of 10 
in 50 cm3 of 80 vol% aqueous methanol, we added 10.1 mmol 
of BNA-S02Na. The solution was then stirred under 
nitrogen for 3 h at 60 °C. After methanol removal in vacuo, 
50 cm3 of water was added to the concentrate. The resulting 
solution, containing the precipitate, was extracted with ether. 
The ethereal extract was dried over magnesium sulfate. The 
subsequent removal of the ether gave 0.22 g (36%) of dibenzyl 
sulfone. 

a-Halo Ketones and Esters: A typical experiment was as 
follows: A solution of a mixture of 3.02 mmol of 11 and 3.01 
mmol of BNA-SOaNa in 50 cm3 of 80 vol% aqueous methanol 
was stirred under nitrogen at 30 °C for 6 h. Then water 
(200 cm3) was added, and the resulting solution was extracted 
with benzene. The benzene phase was dried over magnesium 
sulfate, and the benzene was then removed. The residue was 
chromatographed on silica gel to yield 0.244 g (67%) of 
acetophenone. The aqueous phase, containing a sulfite ion, 
was acidified by means of 30 vol% hydrobromic acid to bring 
about the evolution of sulfur dioxide. The sulfur dioxide 
thus evolved was absorbed by a 1 M sodium hydroxide 
solution and determined in a manner similar to that described 
above. Yield of sulfite ions: 6 1 % . The crude product 
obtained by solvent evaporation was determined by the method 
described above to contain 0.59 g (67%) of BNA+Br". 
Similar procedures were used for the reactions of BNA-SOaNa 
with a-bromodeoxybenzoin, ethyl a-bromophenylacetate, and 
ethyl a-bromomalonate. 

The reaction of BNA-S02Na (5.05 mmol) with 11 (5 mmol) 
in DMF (50 cm3) at 30 °C for 3 h yielded 0.48 g (80%) of 
1,2-dibenzoylethane (mp 143—144 °G (lit,13> 145 °G)), and 
0.62 g (86%) of BNA+Br-. 1,2-Dibenzoylethane exhibited an 
IR (KBr) peak at 1675 cm"1 (C=0). (Found: C, 80.88; 

H, 5.88%. Calcd for C18H1402: C, 80.64; H, 5.92%). 
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Synthesis of Corticotropin Peptides. XIV. The Synthesis of Two 
Octadecapeptides Corresponding to the Amino Acid Sequence 

22—39 of Porcine and Human Corticotropins* 
Kunio WATANABE and Ken INOUYE 

Shionogi Research Laboratory, Shionogi & Co., Ltd., Fukushima-ku, Osaka 553 
(Received June 29, 1976) 

The syntheses are described of two octadecapeptides, H-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-Leu-Ala-
Glu-Ala-Phe-Pro-Leu-Glu-Phe-OH (Ip) and H-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-Ser-Ala-GIu-Ala-
Phe-Pro-Leu-Glu-Phe-OH (Ih), corresponding to a tryptic fragment (positions 22—39) of porcine corticotropin 
(ap-ACTH) and that of human hormone (ah-ACTH), respectively. The porcine peptide and the corresponding hu­
man peptide are prepared simultaneously by an identical synthetic procedure except for the introduction of amino 
acid residue in position 31. Synthetic peptide Ip is compared with the authentic ap-AGTH (22—39), which has been 
isolated from a tryptic hydrolysate of natural ap-ACTH, in terms of chemical and physicochemical properties to 
establish their identity. These data as well as those obtained with human peptide Ih prove the satisfactory synthesis 
of the two octadecapeptides. 

In corticotropin (AGTH) lysine 21 is the only basic 
amino acid residue in the C-terminal half of the hor­
mone molecule (Fig. 1). Thus, the tryptic hydrolysis of 
A C T H yields a peptide fragment comprising the amino 
acid residues 22—39 of the hormone;7) H - V a l - T y r - P r o -
Asn-Gly-Ala-Glu-Asp-Glu-Leu - Ala - Glu - Ala - P h e -
P r o - L e u - G l u - P h e - O H (Ip) from porcine A G T H 
(Op-ACTH)8) and H - V a l - T y r - P r o - A s n - G l y - A l a - G l u -
Asp-Glu -Se r -Ala -Glu -Ala -Phe - Pro - Leu - Glu - P h e -
O H (Ih) from human A G T H (ah-ACTH).8> The 
present paper describes the synthesis of octadecapep­
tides Ip and Ih , which has been performed as a step 
of our total synthesis of <xp-ACTH and <xh-ACTH.9> 
T h e porcine peptide and the corresponding human 
peptide were prepared in parallel and there was employ­
ed an identical synthetic procedure except for the 
introduction of the amino acid residue in position 31, 
which makes the only structural difference between the 
two mammalian hormones. 

ap-ACTH : 
ah-ACTH: 

ap-ACTH: 
ah-ACTH: 

ap-ACTH: 
ah-ACTH: 

ap-ACTH : 
ah-ACTH: 

ap-ACTH: 
ah-ACTH: 

1 2 3 4 5 6 7 8 
H-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-
H-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-

9 10 11 12 13 14 15 16 17 
Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-
Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-

18 19 20 21 22 23 24 25 26 
Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-
Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-

27 28 29 30 31 32 33 34 35 
Ala-Glu-Asp-Glu-Leu-Ala-Glu-Ala-Phe-
Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-Phe-

36 37 38 39 
Pro-Leu-Glu-Phe-OH 
Pro-Leu-Glu-Phe-OH 

Fig. 1. Primary structures of porcine corticotropin (ap-
ACTH)1"*) and human corticotropin (ah-AGTH).4"6) 

* All the amino acid residues mentioned in this communi­
cation are of the L-configuration. Abbreviations used are 
those recommended by the IUPAC-IUB Commission of 
Biochemical Nomenclature [Biochemistry, 5, 2485 (1966); 
ibid., 6, 362 (1967); ibid., 11, 1726 (1972)]. 

Z-Ala-Glu(OBu t)-Ala-Phe-Pro-Leu-Glu(OBu t)-
Phe-OBu« (VIII)10> 

JH2/Pd 

I Z-Leu-ONp or Z-Ser-N3 

Z-R-Ala-Glu(OBu t)-Ala-Phe-Pro-Leu-Glu(OBu t)-
Phe-OBu* (IXp: R = Leu, IXh: R = Ser) 

H2/Pd 

Z-Glu(OBu4)-ONp 

Z-Glu(OBu*)-R-Ala-Glu(OBu t)-Ala-Phe-Pro-Leu-
GlutOBu^-Phe-OBu« (Xp: R = Leu, Xh: R = Ser) 

H2/Pd 

| Z-Asp(OBu*)-ONp 

Z-Asp (OBue)-Glu(OBuE)-R-Ala-Glu (OBu')-Ala-Phe-
Pro-Leu-Glu(OBu t)-Phe-OBu t (XIp: R = Leu, Xlh : 
R = Ser) 

H2/Pd 

Z-Glu(OBu*)-ONp 

Z-Glu(OBu t)-Asp(OBu*)-Glu(OBu t)-R-Ala-Glu(OBu t)-
Ala-Phe-Pro-Leu-Glu(OBu t)-Phe-OBu* (XIIp: R = Leu, 
X I I h : R = Ser) 

Fig. 2. Synthesis of amino acid sequence 28—39 of 
ap-ACTH and ah-ACTH. 

Protected dodecapeptides X I I p and X H h , corre­
sponding to positions 28—39 of Op - A C T H and <xh-ACTH, 
respectively, were synthesized as shown in Fig. 2, in 
which the carboxyl groups were protected as their 
i-butyl esters and the a-amino function was temporarily 
blocked by a benzyloxycarbonyl group in combination 
with the subsequent deblocking by catalytic hydrogenol-
ysis. T h e coupling reactions to lead to the production 
of porcine peptide X I I p were carried out in a step-by-
step manner by the j&-nitrophenyl ester method through­
out, following the strategy employed by Schwyzer and 
Sieber10) in their synthesis of the originally proposed 
amino acid sequence of porcine ACTH.1-2) This was 
also applied to our present synthesis of human peptide 
X H h with an exception of serine 31 which was introduc-
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ed by the azide procedure rather than the active ester 
method. Among the intermediate compounds involved 
in the synthesis of X I I p and X l l h , compounds I I , I I I , 
IV and V I I (for structures see Experimental) were 
obtained in crystalline form. Compounds V I I I and I X h 
separated out of the medium during the coupling reac­
tion. They were amorphous but easily purified by 
reprecipitation. In the other cases the coupling product 
had to be chromatographed on a silica gel column for 
purification, in which methanol-chloroform systems 
were successfully employed as solvent. 

A further extension of the peptide chain at the N-
terminal of X I I h produced a tridecapeptide Z-Ala-Glu-
( O B u 0 - A s p ( O B u ' ) - G l u ( O B u ' ) - S e r - A l a - G l u ( O B u ' ) -
Ala -Phe-Pro -Leu-Glu (OBu ' ) -Phe -OBu ' , but its low 
solubility did not allow us to perform chromatographic 
purification. Therefore, we synthesized a hexapeptide 
derivative corresponding to the amino acid residues in 
positions 22—27 and combined it with dodecapeptides 
X I I p and X l l h to obtain the desired octadecapeptides. 
The synthesis of this hexapeptide, Z - V a l - T y r - P r o - A s n -
G l y - A l a - N H N H 2 ( X I X ) , was carried out as illustrated 
in Fig. 3. Starting with the dicyclohexylcarbodiimide 
(DGC)-mediated coupling of Z - A l a - O H with /-butyl 
carbazate, the step-by-step lengthening of peptide chain 
yielded a tetrapeptide *-butoxycarbonyl (Boc)-hydrazide 
(XVI) . The benzyloxycarbonyl (Z) group of X V I was 
removed by catalytic hydrogenolysis and the resulting 
Na-free compound was coupled with Z - V a l - T y r - N 3 , 
derived from the corresponding hydrazide11»12) by the 
treatment with an alkyl nitrite in an anhydrous acid 
solution,13) to give a crystalline hexapeptide derivative 
(XVI I I ) in a moderate yield. The subsequent treatment 

Z-Ala-OH 

| Boc-NHNH2, DCC 

Z-Ala-NHNH-Boc (XIII) 

| H a / P d 

I Z-Gly-OH, DCC 

Z-Gly-Ala-NHNH-Boc (XIV) 

j H2/Pd 

I Z-Asn-ONp 

Z-Asn-Gly-Ala-NHNH-Boc (XV) 

} H2/Pd 

I Z-Pro-ONp 

Z-Pro-Asn-Gly-Ala-NHNH-Boc (XVI) 

I H 2 / P d 

I Z-Val-Tyr-NHNH2
U>12> 

Z-Val-Tyr-Pro-Asn-Gly-Ala-NHNH-Boc (XVIII) 

I HCl/AcOH (+anisole) 

Z-Val-Tyr-Pro-Asn-Gly-Ala-NHNH2. HCl (XIX) 
HCl/AcOH 

XVI • Z-Pro-Asn-Gly-Ala-NHNH2.HCl (XVII) 
Fig. 3. Synthesis of amino acid sequence 22—27 of 

ACTH. 

of X V I I I with hydrogen chloride in acetic acid to 
remove the Boc group gave the hydrazide hydrochloride 
( X I X ) . 

Hydrazide X I X obtained above was treated with an 
alkyl nitrite,13) and the resulting azide was allowed to 
react with the JVa-free dodecapeptides, derived from 
X I I p and X l l h by catalytic hydrogenolysis, to give the 
protected octadecapeptides ( X X I p and X X I h ) . The 
partially purified preparations of X X I p and X X I h 
were submitted to catalytic hydrogenolysis and the 
products were purified on silica gel columns with ethyl 
acetate-acetic acid-water (4: 1: 1 ) as solvent to give 
the JWfree octadecapeptides H - V a l - T y r - P r o - A s n -
Gly -Ala -Glu (OBu ' ) -Asp(OBu ' ) -Glu (OBu ' ) -Leu-Ala -

G l u ( O B u O - A l a - P h e - P r o - L e u - G l u ( O B u ' ) - P h e - O B u ' 
(XXI Ip ) and H - V a l - T y r - P r o - A s n - G l y - A l a - G l u -
( O B u 0 - A s p ( O B u ' ) - G l u ( O B u ' ) - S e r - A l a - G l u ( O B u ' ) -
A l a - P h e - P r o - L e u - G l u ( O B u ' ) - P h e - O B u ' (XXI Ih ) . 
Compounds X X I I p and X X I I h have proved to serve 
as intermediates for the total synthesis of Op-ACTH and 
oth-ACTH, respectively.9) 

Octadecapeptide X X I I h was also synthesized by an 
alternative route, in which dodecapeptide X l l h was 
acylated consecutively with Z-Pro-Asn-Gly-Ala-N 3 , 
derived from X V I I (Fig. 3), and Z - V a l - T y r - N 3 in 
combination with the removal of the Na-Z group by 
catalytic hydrogenolysis. The azides were prepared 
from the corresponding hydrazides by means of the 
alkyl nitrite procedure.13) 

Partially protected peptides X X I I p and X X I I h 
obtained above were deprotected with trifluoroacetic 
acid in the presence of 2-mercaptoethanol followed by 
treatment with Amberlite CG-400 (acetate form) to 
liberate the free octadecapeptides a p -ACTH (22—39) 
(Ip) and a h-ACTH(22—39) (Ih), respectively. The 
crude preparations of Ip and Ih were purified by parti­
tion chromatography on a column of Sephadex LH-20 
with 1-butanol-acetic acid-water (4: 1:2) as solvent. 
The synthetic octadecapeptides thus obtained were 
found to be homogeneous in T L C and their acid hydroly-
sates contained the constituent amino acids in the ratios 
predicted by theory except for tyrosine, whose recovery 
was 70—80% as compared with the other amino acids. 

In order to obtain the authentic sample of oCp-ACTH-
(22—39), a purified preparation of natural ah-ACTH9) 
was submitted to tryptic hydrolysis a t p H 8.2 and 37 CC 
for 60 min. The desired octadecapeptide was isolated 
from the hydrolysate by chromatography on a column 
of silica gel with ethyl acetate-acetic acid-water ( 4 : 1 : 1) 
as solvent. This was further purified by partition 
chromatography on a Sephadex LH-20 column with 
1 -butanol-acetic acid-water (4: 1: 2) as solvent. Thin-
layer chromatography and amino acid analysis revealed 
the homogeneity of the preparation obtained above, 
although the tyrosine content was found to be con­
siderably lower than the theoretical value. The low 
tyrosine content was also observed with the synthetic 
peptides as described above.14) The synthetic porcine 
peptide (Ip) was found to be identical with this authentic 
octadecapeptide in T L C and in optical rotation within 
the precision of measurement. I t is known that aspara-
gine 25 is the only site of alkaline deamidation in the 
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A G T H molecule; the Asn-Gly bond (positions 25—26) 
being transformed into the Asp-a//?-Gly bond by way 
of the formation of a succinimide intermediate.15) Upon 
treatment with 0.1 M ammonia at 37 °C overnight, the 
authentic ap-ACTH(22—39) and synthetic peptide 
Ip yielded an identical product which was clearly distin­
guished from the intact peptide in T L C with 1-butanol-
acetic acid-water (4: 1: 2) as solvent. Thus, the 
identity between the synthetic peptide and the authentic 
sample from natural origin has now been established 
on a sound basis. This would also prove the satisfactory 
synthesis of human peptide Ih, since peptide Ih was 
prepared in parallel with Ip using the identical synthetic 
procedure and conditions except for the introduction 
of serine 31 in place of leucine 31 in Ip . 

H u m a n peptide I h was found to be more soluble in 
aqueous acetic acid than porcine peptide Ip and also 
found to be distinguishable from Ip in T L C with 1-
butanol-acetic acid-water (4: 1:2) as solvent ( Ip , Rf = 
0.27; Ih, £ f = 0 . 2 2 ) . These observations may be 
explained as a reflection of the structural difference 
between Ip and Ih. 

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

Thin-layer chromatography (TLC) was performed on silica 
gel plates (Kieselgel GF254 or precoated Kieselgel 60F254, 
Merck) with the following solvent systems: A, chloroform-
methanol (8:2); B, chloroform-methanol-acetic acid(95: 5: 
3); C, chloroform-methanol-acetic acid (90: 10:3); D, ethyl 
acetate-acetic acid-water (4: 1: 1); E, 1-butanol-acetic acid-
water (4: 1:2). 

Z-GlufOBiSJ-Phe-OBu* (II). Z-Glu(OBu*)-OH 
[derived from the dicyclohexylamine salt (14.3 g, 27.6 mmol) 
in the usual manner]16) and H-Phe-OBu* (6.1 g, 27.6 mmol)17) 
were coupled with dicyclohexylcarbodiimide (DCC; 5.7 g, 
27.6 mmol) in ethyl acetate-dichloromethane (1: 1) to give 
II, which was crystallized from ether-petroleum ether; yield 
12.4 g (83%), mp 132—134 °C, [a]2

D
2 -17 .5±0.3° (c 2.0, 

methanol), -14 .1 ±0.3° (c 2.0, 95% ethanol). TLC: 
a single component (sulfuric acid) in system B. Found: 
C, 66.43; H, 7.42; N, 5.41%. Lit, mp 131.5—132.5 °C, [a]D 

-14.0±0.5° (c 2, 95% ethanol);10) mp 131.0—131.5 °C, [a]2
D

2 

-11.2° [c0.99, iV,iV-dimethylformamide (DMF)].18) 
Z-Leu-GlutOBttj-Phe-OBtt (III). Compound II 

(11.5 g, 21.2 mmol) was hydrogenolyzed over palladium in 
methanol containing acetic acid to give the JVa-free dipeptide 
ester, which was coupled with Z-Leu-ONp (8.2 g, 21.2 mmol) 
in DMF. The product was crystallized from ethyl acetate-
ether; yield 13.1 g (94%), mp 109—110 °C, [a]g -25 .5±0.4° 
(c 2.0, 95% ethanol). TLC: a single component (sulfuric 
acid) in system C. Found: C, 65.98; H, 7.82; N, 6.52%. 
Lit, mp 116—117.5°C, [a]D -26 .3±0.6° (c 2.0, 95% 
ethanol);10) mp 113—115 °C, [a]2

D
2 -14.3° (c 1.04, DMF).18) 

Z-Pro-Leu-GlufOBiSJ-Phe-OBu1 (IV). Compound 
III (7.60 g, 11.6 mmol) was hydrogenolyzed to give the Na-
free tripeptide ester, which was coupled with Z-Pro-ONp 
(4.30 g, 11.6 mmol) in DMF. The product was crystallized 
from ether; yield 8.00 g (92%), mp 160—161°C, [a]2

D' 
-58.7±0.5° (c 2.0, 95% ethanol). TLC : a single component 
(sulfuric acid) in system C. Found: C, 65.68; H, 7.79; N, 
7.38%. Lit, mp 152—153 °C, [a]D -56 .8±0.6° (c 2, 95% 
ethanol).10) 

Z-Phe-Pro-Leu-GlufOBitj-Phe-OBu* (V). Com­
pound IV (12.4 g, 16.5 mmol) was hydrogenolyzed to give the 

JV"-free tetrapeptide ester, which was coupled with Z-Phe-
ONp (6.94 g, 16.5 mmol) in DMF. The crude product was 
purified on a column of silica gel (100 g, Kieselgel H, Merck) 
with 2% methanol in chloroform as solvent; yield 14.75 g 
(97.5%), [oc]2D

8 -54 .8±1.0° {c 1.0, methanol). TLC: a 
single component (sulfuric acid) in system C. Found: C, 66.76; 
H, 7.53; N, 7.87%. Lit, [<x]D not given.10) 

Z-Ala-Phe-Pro-Leu-GlufOBiSJ-Phe-OBu1 ( VI). 
Compound V (14.1 g, 15.7 mmol) was hydrogenolyzed to 
give the JV-free pentapeptide ester, which was coupled with 
Z-Ala-ONp (5.40 g, 15.7 mmol) in DMF. The crude pro­
duct was purified on a silica gel column with 1 % methanol in 
chloroform as solvent; yield 11.9 g (77%), [a]2

D
2 -67 .9±1.1° 

(c 1.0, methanol). TLC: a single component (sulfuric acid) 
in system G. Found: C, 64.74; H, 7.55; N, 8.60%. Lit, 
[a]D not given;10) [a]2

D
2 -38.6° (c 1.01, DMF).18) 

Z-GlufOBu^-Ala-Phe-Pro-Leu-GlufOBu^-Phe-OBu* (VII). 
Compound VI (5.80 g, 5.9 mmol) was hydrogenolyzed to 
give the iV-free hexapeptide ester, which was coupled 
with Z-Glu(OBu«)-ONp (2.74 g, 5.9 mmol) in DMF. 
The product was crystallized from ethyl acetate-ether; 
yield 5.30 g (78%), mp 178—180 °C, [<x]2D

4 -64 .8±1.1° 
(c 1.0 methanol). TLC: a single component (sulfuric acid) in 
system C. Found: C, 64.01; H, 7.73; N, 8.51%. Lit, mp 
172—173 °C, [a]D not given;10) mp 168—170 °C decomp., 
[a]2

D' -34.4° (c 1.03, DMF).18) 
Z-Ala-Glu(OBti)-Ala-Phe-Pro-Leu-Glu(OB\f)-Phe- OBu* 

(VIII). Compound VII (4.0 g, 3.64 mmol) was hydro­
genolyzed to give the JV'-free heptapeptide ester, which was 
coupled with Z-Ala-ONp (1.25 g, 3.64 mmol) in ethyl 
acetate. The product which had separated was filtered off 
and reprecipitated from ethyl acetate-ether; yield 4.02 g 
(90%), mp 145—147 °C, [a]2

D
4 -63 .8±1.0° (c 1.0, methanol). 

TLC : a single component (sulfuric acid) in system C. Found : 
C, 62.82; H, 7.68; N, 9.30%. Lit, no data given;10) mp 
185—186 °C decomp., [a]2

D
8 -34.9° (c 1.05, DMF).18) 

Z-Leu-Ala-Glu(OBr£)-Ala-Phe-Pro-Leu-Glu(OBu!-)-Phe-
OBu1 (IXp). Compound VIII (2.45 g, 2.0 mmol) was 
hydrogenolyzed to give the JVa-free octapeptide ester, which 
was coupled with Z-Leu-ONp (0.85 g, 3.3 mmol) in DMF-
ethyl acetate (1:2). The crude product was purified on a 
silica gel column (70 g) with 3% methanol in chloroform as 
solvent; yield 2.40 g (90%), mp 125—130 °C, [a]2

D
s - 60 .0 

±1-0° (c 1.0, methanol). TLC: a single component (sulfuric 
acid) in system C. Found: G, 63.17; H, 7.73; N, 9.29%. 
Lit, no data given.10) 

ZSer-Ala-GlufOBiSJ-Ala-Phe-Pro-Leu-GlufOBu^-Phe-
OBu* (IXh). The Wa-octapeptide ester, derived from 
VIII (2.65 g, 2.2 mmol) as above, and Z-Ser-N3 [derived 
from the corresponding hydrazide (0.84 g, 3.3 mmol) by 
the treatment with nitrous acid in the usual manner] were 
coupled in ethyl acetate at 4 °C overnight. The product 
which had separated was filtered off and reprecipitated from 
ethyl acetate-ether; yield 2.60 g (90%), mp 187—189 °C, 
[a]2

D
4 - 55 .9 ±1-0° (c 1.0, methanol). TLC: a single compo­

nent (sulfuric acid) in system C. Found: C, 61.99; H, 7.63; 
N, 9.45%. Lit, no data given;15) mp 181—183 °C decomp., 
[a]2

D
s -32.9° (c 1.04, DMF).18) 

Z-GlufOBu^-Leu-Ala-GlufOBu^-Ala-Phe-Pro-Leu-Glu-
(OBu^-Phe-OBu1 (Xp). Compound IXp (2.37 g, 1.8 
mmol) was hydrogenolyzed over palladium in acetic acid to 
give the .W-free nonapeptide ester. This was then coupled 
with Z-Glu(OBu*)-ONp (0.82 g, 1.8 mmol) in DMF in the 
presence of triethylamine (0.25 ml, 1.8 mmol) at 4 °C over­
night. The crude product was purified on a silica gel column 
(70 g) with 3% methanol in chloroform as solvent; yield 2.32 g 
(86%), mp 185—190 °C, [a]2

D
5 -57 .4±0.9° (c 1.0, methanol). 
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TLC : single component (sulfuric acid) in system C. 
Found: C, 62.71; H, 7.79; N, 9.03%. Calcd for C 8 0 H m -

N10O19: C, 63.05; H, 7.81; N, 9.19%. 
Z-GlufOBu'j-Ser-Ala- Glu(OBu%)-Ala-Phe-Pro-Leu- Glu-

(OBut)-Phe-OBui (Xh). Compound IXh (2.62 g, 2.0 
mmol) was hydrogenolyzed to give the JV-free non apeptide 
ester, which was coupled with Z-Glu(OBu*)-ONp (0.92 g, 
2.0 mmol) in DMF. The crude product was purified on a 
silica gel column with 3—5% methanol in chloroform as 
solvent; yield 2.60 g (90%), mp 135—137 °C, [a]2

D
4 - 4 8 . 9 

±0.9° (c 1.0, methanol). TLC: a single component (sulfuric 
acid) in system C. Found: C, 61.20; H, 7.48; N, 9.45%. 
Lit, no data given;15) mp 189—190 °C decomp., [a]2

D
3 -29.7° 

(c 0.98, DMF).18) 
Z- Asp(OBux)-Glu(OBtf)-Leu- Ala-Glu(OBux)- Ala-Phe-

Pro-Uu-Glu(OBul)-Phe-OBul (XIp). Compound Xp 
(2.00 g, 1.32 mmol) was hydrogenolyzed over palladium in 
acetic acid to give the JV-free decapeptide ester. This was 
then coupled with Z-Asp(OBu*)-ONp (0.59 g, 1.32 mmol) in 
DMF in the presence of triethylamine (0.20 ml, 1.43 mmol) at 
4 °C for 2.5 days. The crude product was purified on a 
silica gel column (70 g) with 3% methanol in chloroform as 
solvent; yield 2.10 g (94%), mp 224—225 °C decomp., [a]2

D
6 

-48 .9±0.9° (c 1.0, methanol). 
Found: C, 61.91; H, 7.67; N, 8.84%. Calcd for C 8 s H m -

H n 0 2 2 : C, 62.35; H, 7.79; N, 9.09%. 
Z-Asp(OBut)-Glu(OBut)Ser-Ala-Glu(OBut)-Ala-Phe-Pro-

Leu-GlufOBu'J-Phe-OBu' (Xlh). Compound Xh (2.80 
g, 1.87 mmol) was hydrogenolyzed to give the JVa-free 
decapeptide ester, which was coupled with Z-Asp(OBu*)-
ONp (0.84 g, 1.87 mmol) in DMF. The crude product was 
purified on a silica gel column with 5% methanol in chloroform 
as solvent; yield 2.98 g (96%), mp 193—195 °C decomp., 
[a]2,» -48 .1 ±0.5° (c 1.0, methanol). TLC: a single com­
ponent (sulfuric acid) in system C. Found: C, 60.80; H, 
7.65; N, 8.94%. Lit, no data given;15) mp 194—195 °C 
decomp., [a]2

D
8 -29.8° (c 1.05, DMF).18) 

Z-Glu(OBut)-Asp(OBut)-Glu(OBut)-Leu-Ala-Glu(OBut)-
Ala-Phe-Pro-Leu-Glu(OBut)-Phe-OBui (XIIp). Com­
pound XIp (2.00 g, 1.18 mmol) was hydrogenolyzed over 
palladium in acetic acid to give the JV-free undecapeptide 
ester. This was then coupled with Z-Glu(OBu*)-ONp 
(0.55 g, 1.20 mmol) in DMF in the presence of triethylamine 
(0.20 ml, 1.43 mmol) at 4 °C for 2.5 days. The crude product 
was purified on a silica gel column (50 g) with 3% methanol 
in chloroform as solvent; yield 2.10 g (95%), mp 230 °C 
decomp., [a]" —41.2±0.8° (c 1.0, methanol). Amino acid 
ratios in acid hydrolysate (theoretical values are given in 
parentheses): Asp 0.92 (1), Glu 3.89 (4), Pro 0.92 (1), Ala 
1.95 (2), Leu 2.00 (2), Phe 1.82 (2). 

Found: C, 61.55; H, 7.82; N, 8.91%. Calcd for C97H146-
N1 202 5 : C, 61.96; H, 7.83; N, 8.94%. 

Z-GlufOBiSj-AspfOBtSJ-GlufOBiSj-Ser-Ala-GlufOBu*)-
Ala-Phe-Pro-Leu-Glu(OBut)-Phe-OBui (Xllh). Com­
pound Xlh (2.10 g, 1.26 mmol) was hydrogenolyzed to give 
the JV-free undecapeptide ester, which was coupled with 
Z-Glu(OBu«)-ONp (0.58 g, 1.27 mmol) in DMF. The 
crude product was purified on a silica gel column with 4% 
methanol in chloroform as solvent; yield 2.10 g (94%), mp 
220—221 °C decomp., [a]1*/ -26 .9±0.7° (c 1.0, DMF). 
TLC: a single component (sulfuric acid) in system C. Amino 
acid ratios in acid hydrolysate: Asp 1.00 (1), Ser 0.91 (1), Glu 
4.11 (4), Pro 1.07 (1), Ala 2.04 (2), Leu 1.00 (1), Phe 1.89 (2). 
Found: C, 60.77; H, 7.55; N, 8.97%. Lit, no data given;15) 
mp 215—216 °C decomp., [<x]2D

3 -27.2° (c 1.07, DMF).18) 
Z-Ala-NHNH-Boc (XIII). Z-Ala-OH (11.15 g, 50 

mmol) and f-butyl carbazate (6.60 g, 50 mmol) were dissolved 

in ethyl acetate (100 ml) and to this was added DCC (10.35 g, 
50 mmol) at 0 °C with ethyl acetate as solvent. The mixture 
was stirred at 4 °C overnight followed by evaporation in 
vacuo. The residue was submitted to a silica gel column (150 
g) with 2% methanol in chloroform as solvent. The fractions 
(17g/tube) were examined by TLC in system C and those con­
taining the desired compound as a single component (tubes 
39—70) were combined and evaporated in vacuo to give a 
residue which was crystallized from ether-petroleum ether; 
yield 15.9 g (94%), mp 93—95 °C, [a]2D* -48.2±0.9° (c 1.0, 
methanol). 

Found: C, 55.84; H, 6.60; N, 12.34%. Calcd for C16H23-
N 3 0 5 : C, 56.96; H, 6.87; N, 12.46%. 

Z-Gly-Ala-NHNH-Boc (XIV). Compound XIII 
(3.37 g, 10 mmol) was hydrogenolyzed over palladium in 
methanol. The resulting JV-free compound and Z-Gly-OH 
(2.09 g, 10 mmol) were coupled with DCC (2.06 g, 10 mmol) 
in ethyl acetate (40 ml) at 4 °C overnight. The reaction 
mixture was worked up in the usual manner to isolate the 
crystalline product, which was recrystallized from aqueous 
methanol; yield 4.10 g (99%), mp 110—112 °C, [<x]2D

2 -45 .8 
±0.9° (c 1.0, methanol). 

Found: C, 52.60; H, 7.00; N, 13.38%. Calcd for C18H26-
N 4 0 6 - H 2 0 : C, 52.42; H, 6.84; N, 13.59%. 

Z-Asn-Gly-Ala-NHNH-Boc (XV). Compound XIV 
(3.94 g, 9.6 mmol) was hydrogenolyzed over palladium in 
methanol. The resulting JV-free dipeptide derivative was 
then coupled with Z-Asn-ONp (3.87 g, 10 mmol) in DMF 
(10 ml) at 4 °C overnight. The product isolated as amorphous 
solid was reprecipitated from methanol-ether; yield 4.50 g 
(92%), mp 146—149 °C decomp., [a]2

D
8 -24.6±0.7° (c 1.0, 

methanol). 
Found: C, 52.13; H, 6.52; N, 15.89%. Calcd for C22H3,-

N 6 0 8 : C, 51.96; H, 6.34; N, 16.53%. 
Z-Pro-Asn-Gly-Ala-NHNH-Boc (XVI). Compound 

XV (4.30 g, 8.5 mmol) was hydrogenolyzed over palladium 
in methanol containing acetic acid to give the JV-free tripeptide 
derivative, which was coupled with Z-Pro-ONp (3.13 g, 8.5 
mmol) in DMF. The product, dissolved in water-saturated 
1-butanol-ethyl acetate (1: 1), was washed with IM acetic 
acid followed by evaporation in vacuo. The residue was 
precipitated from ethyl acetate-ether (2:1) and then from 
methanol-ethyl acetate (1:3) to give XVI in pure form; 
yield 4.40 g (83%), mp 145—147 °C, [<x]V -68 .1 ±1-1° (c 
1.0, methanol). TLC: a single component (sufuric acid) 
in system A. 

Found: C, 51.52; H, 6.63; N, 15.53%. Calcd for C27H39-
N 7 0 9 -H a O: C, 52.00; H, 6.63; N, 15.72%. 

Z-Pro-Asn-Gly-Ala-NHNH2 • HCl (XVII). Com­
pound XVI (4.70 g) was treated with IM hydrogen chloride 
in acetic acid (50 ml) at room temperature for 60 min followed 
by evaporation in vacuo. The residue was triturated with 
ethyl acetate-ether (1:1) and the resulting precipitates were 
filtered off and reprecipitated from ethanol (30 ml) two times; 
yield 2.75 g (65%), mp 145—147 °C decomp., [a]2

D
4 -63 .9 

±1.5° (c0.7, methanol). 
Found: C, 47.83; H, 6.15; N, 17.28; CI, 5.71%. Calcd 

for C2 2H3 1N707 .HC1.H20: C, 47.18; H, 6.12; N, 17.51; 
CI, 6.33%. 

Z-Val- Tyr-Pro-Asn-Gly-Ala-NHNH-Boc (XVIII). 
Compound XVI (2.33 g, 3.7 mmol) was hydrogenolyzed 
over palladium in methanol to give H-Pro-Asn-Gly-Ala-
NHNH-Boc (1.96 g) as amorphous solid. 

A solution of Z-Val-Tyr-NHNH2 (1.76 g, 4.1 mmol)11-12) 
in DMF (18 ml) was chilled to - 1 5 20 °C and 3.66 M 
hydrogen chloride in dioxane (4.5 ml) was introduced. To 
this was added dropwise isopentyl nitrite (0.59 ml, 4.5 mmol) 
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and the mixture was stirred at the same temperature for 10 
min. The resulting azide solution was chilled to —40 50 °C 
and there were added triethylamine (2.9 ml, 20.6 mmol) and 
the iVa-free tetrapeptide derivative obtained above with 
DMF (20 ml) as solvent. The bath was removed and the 
temperature was allowed to rise to 4 °C at which the reaction 
mixture was stirred for 20 h followed by evaporation in vacuo. 
The residue was shaken with a mixture of 1-butanol-ethyl 
acetate (1: 1,20ml) and IM acetic acid (20 ml). The organic 
phase separated was further washed with IM acetic acid three 
times followed by evaporation in vacuo. The residue was then 
chromatographed on a silica gel column (70 g) with 15% 
methanol in chloroform as solvent. The fractions (7 g/tube) 
were examined by TLC (system A) and those containing the 
desired compound as a single component were combined and 
evaporated in vacuo to give a residue which was crystallized 
from ethyl acetate; yield 1.8 g (56%), mp 166—167 °C 
decomp., [<x]2D* -66 .4±1.0° (c 1.0, methanol). 

Found: C, 55.89; H, 6.85; N, 14.34%. Calcd for C41H5T-
N 9 0 1 2 : C, 56.74; H, 6.62; N, 14.53%. 

Z- Val- Tyr-Pro-Asn-Gly-Ala-NHNH2. HCl (XIX). 
Compound XVIII (1.80 g) was treated with IM hydrogen 
chloride in acetic acid at room temperature for 60 min 
in the presence of anisole (0.2 ml) as scavenger. The 
solvent was evaporated in vacuo to give a residue which was 
triturated with ether; yield 1.70 g, mp 143—145 °C. Amino 
acid ratios in acid hydrolysate: NH3 0.99 (1), Asp 1.04 (1), 
Pro 0.89 (1), Gly 1.04 (1), Ala 1.04 (1), Val 1.00 (1), Tyr 0.87 

(1). 
Z-Pro-Asn-Gly-Ala-Glu(OBut)-Asp(OBut)-Glu(OBut)-

Ser-A la-Glu ( OBux) -A la -Phe - Pro - Leu - Glu ( OBu1) - Phe - OBu* 
(XX). Compound Xl lh (1.20g, 0.65 mmol) was 
hydrogenolyzed over palladium in acetic acid to give the Na-
free dodecapeptide ester. A solution of XVII (0.56 g, 1.0 
mmol) in tetrahydrofuran containing IM hydrochloric acid 
(1.5 ml) was chilled in an ice bath and 2 M sodium nitrite 
(0.55 ml) was added. The mixture was stirred at 0 °C for 
4 min. To this were then introduced ice-cold ethyl acetate 
(20 ml) and ice-cold 50% potassium carbonate (8 ml). The 
organic phase separated was dried over magnesium sulfate at 
0 °C and was combined with a DMF solution of the dodecapep­
tide ester obtained above. The mixture was concentrated in 
vacuo at a bath temperature of 5—10 °C to remove ethyl 
acetate and was stirred at 4 °C for 20 h. The product which 
was precipitated by the addition of ether and petroleum 
ether was lyophilized from acetic acid. The resulting soft 
powder was suspended in aqueous ethanol and the insoluble 
precipitates were filtered off (1.1 g). Reprecipitation from a 
mixture of methanol (40 ml) and water (20 ml) afforded 
hexadecapeptide XX; yield 0.88 g (62%), [aft* -20 .6±0.6° 
(c 1.0, DMF). TLC: almost homogeneous (ninhydrin, 
after pretreatment with hydrobromic acid) in systems A and 
E. Amino acid ratios in acid hydrolysate: NH3 0.93 (1), 
Asp 1.94 (2), Ser 0.95 (1), Pro 1.96 (2), Glu 4.01 (4), Gly 
0.98 (1), Ala 3.00 (3), Leu 1.07 (1), Phe 2.15 (2). 

H-Val-Tyr-Pro-Asn-Gly-Ala-Glu(OBtf) -Asp(OBul)-Glu-
(OBu^-Leu-Ala-GlufOBu^-Ala-Phe-Pro-Leu-GlufOBu1)-
Phe-OBu* (XXIIp). Compound XIIp (0.98 g, 0.52 
mmol) was hydrogenolyzed over palladium in acetic acid to 
give the JVa-free dodecapeptide ester. 

A solution of XIX (0.45 g, 0.57 mmol) in DMF (5 ml) was 
chilled to - 2 0 30 °C and 3.66 M hydrogen chloride in 
dioxane (0.47 ml) was introduced. To this was added drop-
wise isopentyl nitrite (0.082 ml, 0.63 mmol) and the mixture 
was stirred at the same temperature for 10 min. The azide 
solution thus obtained was chilled to —40 50 °C and 
triethylamine (0.4 ml, 2.87 mmol) was added. This was then 

combined with a DMF solution of the -Af-free dodecapeptide 
obtained above and the mixture was stirred for 24 h, while 
the temperature was allowed to rise to 4 °C. After the solvent 
had been removed by evaporation in vacuo the residue was 
triturated and washed with water and lyophilized from acetic 
acid. The resulting powder was suspended in 50% ethanol 
and the insoluble precipitates were filtered off, washed and 
dried to give the protected octadecapeptide (XXIp, 1.09 g, 
84%), which was almost homogeneous in TLC in system A; 
mp 232—233 °C decomp. 

Compound XXIp ( 1.40 g) prepared as described above was 
hydrogenolyzed over palladium in acetic acid. The resulting 
JVa-free peptide was purified on silica gel columns (150—250 g, 
Kieselgel 60, Merck) with ethyl acetate-acetic acid-water 
(4 :1:1) as solvent. The resulting pure material was 
lyophilized from acetic acid; yield 1.09 g (67%), [a]2^5 -37 .0 
±0.7° (c 1.0, acetic acid). TLC: a single component (nin­
hydrin) in system D. Amino acid ratios in acid hydrolysate: 
NH3 0.90 (1), Asp 1.90 (2), Glu 3.95 (4), Pro 1.96 (2), Gly 
1.04 (1), Ala 2.97 (3), Val 0.95 (1), Leu 2.00 (2), Tyr 0.86 (1), 
Phe 1.90 (2). 

H-Val-Tyr-Pro-Asn-Gly-Ala-Glu(OBul)-Asp(OBu*)-Glu-
( OBu'J-Ser-Ala-Glu ( OBu1) -Ala-Phe-Pro- Leu - Glu ( OBu*) Phe-
OBu" (XXIIh). a) By (22—23) + (24— 39): Com­
pound XX (0.83 g, 0.38 mmol) was hydrogenolyzed over 
palladium in acetic acid to give the JVa-free hexadecapeptide 
ester. This was then coupled with Z-Val-Tyr-N3 [derived 
from the corresponding hydrazide (0.21 g, 0.5 mmol)11'12' 
by the treatment with nitrous acid in the usual manner] in 
DMF at 4 °C for 2.5 days. The product was repeatedly 
precipitated from ethanol-water to give a partially purified 
preparation of the protected octadecapeptide (XXIh, 0.77g). 

Compound XXIh obtained above was hydrogenolyzed over 
palladium in acetic acid and the resulting iV-free peptide 
was purified on silica gel columns in the manner described 
above for XXIIp. The pure material was lyophilized from 
acetic acid; yield 0.39 g (43%). TLC: a single component 
(ninhydrin) in system D. 

b) By (22—27)+ (28—39). Compound Xl lh (1.06 g, 
0.57 mmol) was hydrogenolyzed over palladium in acetic acid 
to give the JVa-free dodecapeptide ester. This was then 
coupled with the acyl hexapeptide azide [derived from XIX 
(0.52 g, 0.65 mmol) in exactly the same manner as described 
above] in DMF in the presence of triethylamine (0.45 ml, 
3.25 mmol) at 4 °C for 24 h. The crude product was 
lyophilized from acetic acid and the resulting powder was 
suspended in 50% ethanol and the insoluble material was 
collected to give XXIh (1.20 g, 87%), which was almost 
homogeneous in TLC in system A; mp 224—225 °C decomp. 

Compound XXIh (2.20 g) prepared as described above 
was hydrogenolyzed over palladium in acetic acid. The 
resulting JV"-free peptide was purified on silica gel columns as 
described above; yield 1.71 g (70%,), [a]2^5 -34 .3±0.7° (c 
1.0, acetic acid). TLC: a single component (ninhydrin) in 
system D. Amino acid ratios in acid hydrolysate: NH3 

0.91 (1), Asp 1.99 (2), Ser 0.87 (1), Glu 4.01 (4), Pro 1.78 (2), 
Gly 1.04 (1), Ala 3.09 (3), Val 0.99 (1), Leu 1.00 (1), Tyr 
0.90 (1), Phe 1.98 (2). 

H- Val- Tyr-Pro-Asn-Gly-Ala- Glu - Asp - Glu - Leu - Ala - Glu-
Ala-Phe-Pro-Leu-Glu-Phe-OH (Ip). a) Synthetic Prepara­
tion: Compound XXIIp (100 mg) was dissolved in trifluoro-
acetic acid (1 ml) together with 2-mercaptoethanol (0.1 ml) 
and the mixture was kept at room temperature for 60 min. 
The precipitates which formed upon addition of ether were 
filtered off and dissolved in 3 M acetic acid (5 ml). The 
aqueous solution was passed through a column (0.9 X 7 cm) 
of Amberlite CG-400 (acetate form) with additional portions 
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of 3 M acetic acid and the eluates combined were lyophilized. 
The product was then submitted to partition chromatography 
on a column of Sephadex LH-20 (3.0 X 70 cm) with 1-butanol-
acetic acid-water (4: 1:2) as solvent. Five-ml fractions were 
collected and their absorption at 275 nm was measured. 
The fractions corresponding to a main peak (tubes 36—60) 
were pooled and evaporated in vacuo at a bath temperature of 
45 °G. Lyophilization of the residue from acetic acid 
afforded Ip ; yield 60 mg, [<x]2D

2 —41.6±2.0° (c 0.4, acetic acid) 
TLG: a single component (ninhydrin) in system E. Amino 
acid ratios in acid hydrolysate: NH3 1.24 (1), Asp 2.00 
(2), Glu 3.83 (4), Pro 2.09 (2), Gly 1.12 (1), Ala 2.99 (3), Val 
0.93 (1), Leu 2.03 (2), Tyr 0.70 (1), Phe 2.00 (2). 

b) Isolation from Natural ctp-ACTH. To a solution of the 
purified natural ap-ACTH (ca. 15 mg)9> in 0.2 M ammonium 
hydrogencarbonate (pH 8.2, 3.75 ml) was added 0.51 ml of 
0.2% trypsin (chymotrypsin-free, in 0.001 M hydrochloric 
acid) and the mixture was incubated at 37 °G for 60 min. 
After addition of acetic acid (0.25 ml) the mixture was lyo­
philized. The tryptic hydrolysate thus obtained was sub­
mitted to chromatography on a column of silica gel (5 g, 
Kieselgel H, Merck) with ethyl acetate-acetic acid-water 
(4: 1: 1) as solvent. One half-ml fractions were collected 
and their absorption at 275 nm was measured. The 
fractions corresponding to a peak (tubes 16—22) were com­
bined, evaporated in vacuo at a bath temperature of 40 °C and 
lyophilized from acetic acid (5 mg). This was further 
purified on a Sephadex LH-20 column (3.0 X 74 cm) with 1-
butanol-acetic acid-water (4 :1 :2) as solvent. Five-ml 
fractions were collected and their absorption at 275 nm was 
measured to reveal the presence of a single component. The 
fractions corresponding to the peak (tubes 25—29) were 
combined and evaporated in vacuo, and the residue was lyo­
philized from acetic acid; yield 4 mg, [a]" —42.7±3.5° (c 
0.2, acetic acid). TLG: a single component (ninhydrin) 
in system E. Amino acid ratios in acid hydrolysate: NH3 

1.11 (1), Asp 2.01 (2), Glu 3.90 (4), Pro 1.91 (2), Gly 1.05 
(1), Ala 2.95 (3), Val 0.96 (1), Leu 2.00 (2), Tyr 0.81 (1), 
Phe 1.83 (2). 

H- Val- Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-
Phe-Pro-Leu-Glu-Phe-OH (Ih). Compound XXIIh 
(100 mg) was treated with trifluoroacetic acid (1 ml) at room 
temperature for 60 min in the presence of 2-mercaptoethanol 
(0.1 ml). The precipitates which formed upon addition of 
ether were passed through an Amberlite CG-400 column with 
IM acetic acid as solvent, followed by purification on a 
Sephadex LH-20 column with 1-butanol-acetic acid-water 
(4: 1: 2) as solvent in exactly the same manner as described 
above for Ip ; yield 70 mg, [a]2

D
a — 41.4±1.6° (c 0.5, acetic 

acid). TLC: a single component (ninhydrin) in system E. 
Amino acid ratios in acid hydrolysate: NHa 1.31 (1), Asp 
2.03 (2), Ser 0.93 (1), Glu 3.98 (4), Pro 2.20 (2), Gly 1.08 (1), 
Ala 3.00 (3), Val 0.95 (1), Leu 1.00 (1), Tyr 0.78 (1), Phe 2.03 
(2). 
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Synthesis of Corticotropin Peptides. XV. The Synthesis of an Undecapeptide 
and a Nonapeptide Derivatives Related to the Amino Acid 

Sequence 11—21 of Corticotropin* 
Ken INOUYE and Kunio WATANABE 

Shionogi Research Laboratory, Shionogi & Co., Ltd., Fukushima-ku, Osaka 553 
(Received June 29, 1976) 

An undecapeptide derivative, Z-Lys(Mhoc)-Pro-Val-Gly-Lys(Mhoc)-Lys(Mhoc)-Arg-Arg-Pro-Val-Lys-
(Mhoc)-NHNH2, corresponding to the amino acid sequence 11—21 of corticotropin (ACTH)is synthesized. In the 
course of the synthesis a key intermediate H-Arg(N02)-Arg(N02)-Pro-OH is derived from Z-Arg(NOa)-Arg-
(NOa)-Pro-OBzl by the treatment with hydrogen bromide in acetic acid. This procedure eliminates the danger of 
racemization associated with the use of alkali for saponification. The synthesis is also described of a nonapeptide 
derivative, Z-Lys(Mhoc)-Pro-Val-Gly-Lys(Mhoc)-Lys(Mhoc)-Arg(N02)-Arg(N02)-Pro-OH (amino acid 
sequence 11—19 of ACTH), in which a new protecting group, 9-methyl-9-fluorenyloxycarbonyl (Mfoc), is utilized 
for the temporary protection of an a-amino function. 

In the preceding paper1) we described the syntheses 
of the amino acid sequence 22—39 of porcine corticotro­
pin ((Xp-ACTH) and that of the human hormone 
(a^-ACTH). In the present communication we wish 
to report the synthesis of an undecapeptide derivative, 
Z-Lys (Mhoc)-Pro-Val - Gly - Lys (Mhoc) - Lys (Mhoc) -
Arg-Arg-Pro -Va l -Lys (Mhoc) -NHNH 2 (VII) , and a 
nonapeptide derivative, Z -Lys (Mhoc) -Pro -Va l -Gly -
L y s ( M h o c ) - L y s ( M h o c ) - A r g ( N 0 2 ) - A r g ( N 0 2 ) - P r o - O H 
(XI) , corresponding to the amino acid sequences 
11—21 and 11—19, respectively, of A C T H which has 
been performed as a step of the total synthesis of 0Cp-
A C T H and ah-ACTH.2> 

Synthesis of Undecapeptide Derivative VII. The 
synthetic procedure of undecapeptide V I I is outlined in 
Fig. 1. The e-amino function of lysines and the guanidino 
function of arginines were protected by the 1-methyl­
cyclohexyloxycarbonyl (Mhoc) group and by the nitro 
group, respectively. The Mhoc group is much the same 
as the i-butoxycarbonyl (Boc) group in susceptibility 
toward acid reagents.3) T h e dicyclohexylcarbodiimide 
(DCC)-mediated coupling of Boc -Arg (NO a ) -OH with 
proline benzyl ester yielded a dipeptide (I), which was 
purified on a silica gel column with a chloroform-
methanol system as solvent. Compound I was treated 
with trifluoroacetic acid and the resulting iVa-free 
peptide was allowed to react with the pentachlorophenyl 
ester4) of Z - A r g ( N 0 2 ) - O H . The product was purified 
by chromatography to give a tripeptide (II) in a 70% 
yield. Compound I I was treated with hydrogen bromide 
in acetic acid for the simultaneous removal of benzyloxy-
carbonyl (Z) and benzyl ester groups to yield I I I . This 
was then coupled with Z-Lys(Mhoc)-OSu s ) to give a 
tetrapeptide (IV) in an 8 2 % yield after chromatographic 
purification on a silica gel column with a chroloroform-
methanol-acetic acid system as solvent. 

A dipeptide derivative Z-Val -Lys(Mhoc)-OMe 5 ) was 

* All the amino acid residues mentioned in this communi­
cation are of the L-configuration. Abbreviations used are 
those recommended by the IUPAC-IUB Commission of 
Biochemical Nomenclature [Biochemistry, 5, 2485 (1966); ibid., 
6, 362 (1967); ibid., 11, 1726 (1972)], and include Mhoc: 
1-methylcyclohexyloxycarbonyl, Mfoc: 9-methyl-9-fluorenyl-
oxycarbonyl, and HO Pep: pentachlorophenol. 

H-Pro-OBzl 

| Boc-Arg(NOa)-OH, DCC 

Boc-Arg(N02)-Pro-OBzl (I) 

| CF3COOH 

H-Arg(N02)-Pro-OBzl 

J Z-Arg(N02)-OPcp4> 

Z-Arg(N02)-Arg(N02)-Pro-OBzl (II) 

I HBr/AcOH 

H-Arg(N02)-Arg(N02)-Pro-OH (III) 

J Z-Lys(Mhoc)-OSu6> 

Z-Lys(Mhoc)-Arg(N02)-Arg(N02)-Pro-OH (IV) 

I H-Val-Lys(Mhoc)-OMe, DCC (+HOBt) 

Z-Lys (Mhoc) -Arg (N02) -Arg (N02) -Pro-Val-
Lys(Mhoc)-OMe (V) 

J H 2 / P d 

H-Lys (Mhoc) -Arg-Arg-Pro-Val-Lys (Mhoc) -OMe 

Jz-Lys(Mhoc)-Pro-Val-Gly-Lys(Mhoc)-N3
5> 

Z-Lys(Mhoc)-Pro-Val-Gly-Lys(Mhoc)-Lys(Mhoc)-
Arg-Arg-Pro-Val-Lys(Mhoc)-OMe (VI) 

I NH2NH2 

Z-Lys (Mhoc) -Pro-Val-Gly-Lys (Mhoc) -Lys (Mhoc) -
Arg-Arg-Pro-Val-Lys(Mhoc)-NHNHa (VII) 

Fig. 1. Synthesis of amino acid sequence 11—21 of 
ACTH. 
Mhoc: 1-methylcyclohexyloxycarbonyl; HOPcp: 
pentachlorophenol. 

hydrogenolyzed to remove its Z group and the product 
was coupled with IV by the D C C method in the presence 
of 1-hydroxybenzotriazole (HOBt)6) to produce a 
hexapeptide (V) in an excellent yield. Catalytic 
hydrogenolysis of V yielded H-Lys (Mhoc) -Arg-Arg-
Pro -Va l -Lys (Mhoc) -OMe. This compound, which was 
found to be homogeneous in T L C and found to have no 
appreciable absorption owing to the presence of nitro 
group, was allowed to react with the azide derived from 
Z-Lys(Mhoc) -Pro-Val -Gly-Lys(Mhoc) -NHNH 2

5 ) in 
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the usual manner. T h e product was purified on a 
silica gel column with chloroform-methanol-acetic acid 
systems as solvent to give an undecapeptide ester (VI) 
in a pure form. The hydrazinolysis of ester V I yielded 
the desired undecapeptide hydrazide (VII) whose 
sufficient purity was confirmed by T L C and elemental 
analysis. The acid hydrolysates of V I and V I I 
were also found to contain the constituent amino acids 
in the correct ratios expected by theory. 

In the above synthesis of V I I the three peptide 
subunits, which were respectively synthesized in the 
step-by-step manner from their C-terminal, were 
connected by the azide procedure and the D C G - H O B t 
method6) to form a Lys-Lys bond and a Pro-Val bond, 
respectively. In addition, there was not employed any 
alkaline treatment throughout the synthesis. Thus, the 
cause of racemization associated with chemical processes 
was fully eliminated. Compound V I I has successfully 
been employed as an intermediate in the total synthesis 
of ocp-ACTH and ah-ACTH.2> 

Synthesis of Nonapeptide Derivative XL T h e synthetic 
route to X I was illustrated in Fig. 2. In introducing a 
lysine residue to position 16, its ^"-protect ing group was 
required to be the one selectively removable in the 
presence of the iV^-Mhoc and the iV°-nitro groups. A 
purpose of the present synthesis is to examine if a new 
protecting group 9-methyl-9-fluorenyloxycarbonyl 
(Mfoc), which has been introduced by us recently,3) 
meets this requirement. 

Z-Arg(N02)-Arg(NOa)-Pro-OMe6> 

| HBr/AcOH 

H-Arg(N02)-Arg(NOa)-Pro-OMe 

I Mfoc-Lys(Mhoc)-ONp (VIII) 

Mfoc-Lys(Mhoc)-Arg(N02)-Arg(N02)-Pro-OMe (IX) 

I 20% HCOOH/AcOH 

H-Lys(Mhoc)-Arg(N02)-Arg(N02)-Pro-OMe 

| Z-Lys(Mhoc) -Pro-Val-Gly-Lys(Mhoc)-N3
5> 

Z-Lys(Mhoc)-Pro-Val-Gly-Lys(Mhoc)-Lys(Mhoc)-
Arg(N02)-Arg(N02)-Pro-OMe (X) 

JOH-
Z-Lys (Mhoc)-Pro-Val-Gly-Lys (Mhoc) -Lys ( Mhoc) -
Arg(N02)-Arg(N02)-Pro-OH (XI) 

Fig. 2. Synthesis of amino acid sequence 11—19 of 
ACTH. 
Mhoc: 1-methylcyclohexyloxycarbonyl; Mfoc: 9-
methy 1-9-fluoreny loxycarbony 1. 

First, H-Lys(Mhoc) -OH 3 ) was acylated with 9-
methyl-9-fluorenyl azidoformate3) in the presence of 
Tri ton B (benzyltrimethylammonium hydroxide) as base 
and under anhydrous conditions7) to give Mfoc-Lys-
(Mhoc) -OH, from which the jô-nitrophenyl ester (VIII ) 
was derived by the D C C method in the usual manner. 
A tripeptide derivative Z - A r g ( N 0 2 ) - A r g ( N 0 2 ) - P r o -
OMe5) was treated with hydrogen bromide in acetic 
acid and the resulting JV°-free compound isolated in the 
form of acetic acid salt was allowed to react with V I I I . 
T h e product was purified on a silica gel column with a 

chloroform-methanol system as solvent to give a tetra-
peptide (IX) in pure form. The subsequent treatment of 
I X with 20% formic acid in acetic acid achieved the 
selective removal of the Na-MSoc group. The removal 
was complete within 7 h, in which any appreciable 
cleavage of the Mhoc group was not observed. The 
iVa-free tetrapeptide thus obtained was then coupled 
with the pentapeptide azide, derived from Z-Lys-
(Mhoc)-Pro-Val -Gly-Lys(Mhoc)-NHNH 2

5 ) by the 
treatment with nitrous acid in the usual manner, to 
give a protected nonapeptide ester (X) in an excellent 
yield. In the final step ester X was saponified with 
alkali under the same conditions as those employed for 
the saponification of Z-Lys(Mhoc) -Arg(N0 2 ) -Arg-
( N 0 2 ) - P r o - O M e , in which no appreciable racemization 
seemed to occur,5) and the product was purified on a 
silica gel column with a chloroform-methanol system as 
solvent to give the desired compound (XI) . The 
purity of X I was confirmed by T L C and elemental 
analysis. Nonapeptide X I has been utilized as 
an intermediate in our first synthesis of ah-ACTH.2) 

Exper imenta l 

Thin-layer chromatography (TLC) was performed on silica 
gel plates (Kieselgel GF254 or precoated Kieselgel 60F254, 
Merck) with the following solvent systems: A, chloroform-
methanol (85: 15); B, chloroform-methanol (3:1); C, 
chloroform-methanol-acetic acid (90: 10: 3); D, chloroform-
methanol-acetic acid (80: 20: 3) ; E, ethyl acetate-acetic 
acid-water (4: 1: 1); F, 1-butanol-acetic acid-water (4: 1:2). 

Boc-Arg(N02)-Pro-OBzl (I). An aqueous solution of 
H-Pro-OBzl-HCl (2.42 g, 10 mmol) was treated with 50% 
potassium carbonate (5 ml) at 0 °C in the presence of dichloro-
methane. The organic phase separated was dried over 
magnesium sulfate and evaporated in vacuo at a bath tem­
perature of 20 °G. The resulting proline ester free base and 
Boc-Arg(N02)-OH (3.19 g, 10 mmol) were coupled with 
dicyclohexylcarbodiimide (DCC; 2.06 g, 10 mmol) in N,N-
dimethylformamide (DMF)-ethyl acetate in the presence of 
1-hydroxybenzotriazole (HOBt; 1.35 g, 10 mmol) at 4 °C; for 
20 h. The crude product was purified on a column of silica 
gel (100 g, Kieselgel H, Merck) with chloroform-methanol 
(93: 7) as solvent. The fractions (10 g/tube) were examined 
by TLC in system A and those containing the desired com­
pound as a single component (tubes 62—70) were combined 
and evaporated in vacuo to afford I as a sirupy residue. 

Z-Arg(N02)-Arg(N02)-Pro-OBzl (II). Compound I 
obtained above was treated with trifluoroacetic acid (10 
ml) at room temperature for 60 min. The precipitates 
which separated upon addition of ether were dissolved in 
DMF (30 ml) together with HOBt (1.3 g, 10 mmol) and 
triethylamine (1.4 ml, 10 mmol) and to this was added Z -
Arg(NOa)-OPcp (6.0 g, 10 mmol)4» at 0 °C. The mixture 
was stirred at 4 °C overnight followed by evaporation in vacuo 
at a bath temperature of 45 °C. The oily residue was dis­
solved in aqueous ethyl acetate and the solution was washed 
with IM acetic acid and evaporated in vacuo. The crude 
product thus obtained was submitted to a silica gel column 
(140 g, Kieselgel H, Merck) with chloroform-methanol (90: 
10) as solvent. The fractions (12 g/tube) were examined by 
TLC in system A and those containing the desired product as 
a single component (tubes 41—60) were combined and 
evaporated in vacuo. The residue was precipitated from 
ethyl acetate-ether; yield 5.35 g (70%), [a]2

D
6 -48.4±0.9° 
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(c 1.0, methanol). 
Found: C, 51.79; H, 6.04; N, 20.17%. Calcd for C33H4B-

N u O u : C, 51.49; H, 5.63; N, 20.02%. 
Z-Lys(Mhoc)-Arg(N02)-Arg(N02)-Pro-OH (IV). 

Compound II (1.49 g, 1.93 mmol) was treated with 25% 
hydrogen bromide in acetic acid (20 ml) at room temperature 
for 3 h. The precipitates which separated upon addition of 
ether were dissolved in DMF (10 ml) together with triethyl-
amine (1.33 ml, 9.7 mmol) and to the resulting solution was 
added Z-Lys(Mhoc)-OSu5> prepared from the dicyclohexyl-
amine salt of Z-Lys(Mhoc)-OH (1.16 g, 1.93 mmol).3) The 
mixture was kept at 4 °C for 2.5 days followed by evaporation 
in vacuo. To the residue were added 1-butanol-ethyl acetate 
(1: 1, 20 ml) and IM acetic acid (20 ml), and the mixture was 
shaken vigorously. The organic phase separated was 
evaporated in vacuo (1.6 g). This was purified on a column of 
silica gel (70 g, Kieselgel H, Merck) with chloroform-
methanol-acetic acid (80: 20: 3) as solvent to give IV in 
pure form; yield 1.50 g (82%), mp 138—140 °C, [a]2

D
s - 37 .5 

±0.8° (c 1.0, methanol). 
Z-Lys (Mhoc)-Arg (N02)-Arg (NOJ-Pro-Val-Lys (Mhoc)-

OMe (V). A solution of Z-Val-Lys(Mhoc)-OMe 
(0.54 g, 1 mmol)6) in 10% acetic acid in methanol was 
submitted to hydrogenolysis over palladium for 2 h followed 
by evaporation in vacuo. The residue was dissolved in dichlo-
romethane and the solution was shaken with 50% potassium 
carbonate at 0 °C. The organic phase was dried over mag­
nesium sulfate at 0 °C and evaporated in vacuo at a bath 
temperature of 20 °C. The resulting dipeptide ester free 
base and IV (0.94 g, 1 mmol) were coupled with DCC 
(0.41 g, 2 mmol) in DMF in the presence of HOBt (0.27 g, 2 
mmol). The reaction was allowed to proceed at 4 °C for 2.5 
days. The crude product was repeatedly precipitated from 
methanol-ether to give a pure preparation of V; yield 1.26 g 
(95%), mp 125—130 °C, [a]s

D
6 -55 .6±0.9° (c 1.0, methanol). 

TLC: homogeneous (sulfuric acid) in system D. 
Found: C, 53.63; H, 7.48; N, 17.13%. Calcd for C59H96-

N 1 6 0 1 7 -H 2 0: C, 53.70; H, 7.49; N, 16.99%. 
Z-Lys (Mhoc) -Pro- Val-Gly-Lys (Mhoc) -Lys (Mhoc) -Arg-Arg-

Pro-Val-Lys(Mhoc)-OMe (VI). Compound V (0.90 
g, 0.69 mmol) was hydrogenolyzed over palladium in acetic 
acid to give the partially deblocked hexapeptide ester (acetate) ; 
no appreciable absorption at 275 nm. TLC : homogeneous 
(ninhydrin and Sakaguchi reagents) in system F. 

An ethyl acetate solution of the azide, derived from Z -
Lys(Mhoc)-Pro-Val-Gly-Lys(Mhoc)-NHNH2 (0.73 g, 0.76 
mmol) in the same manner as described previously,5) was 
combined with a solution of the hexapeptide ester obtained 
above and triethylamine (0.5 ml, 3.5 mmol) in DMF (3 ml). 
The mixture was, after removal of ethyl acetate by evaporation 
at a bath temperature of 5 °C, stirred at 4 °C for 2.5 days. 
After addition of another quantity of the pentapeptide azide, 
freshly prepared from the hydrazide (0.33 g, 0.35 mmol), the 
mixture was stirred for one more day followed by evaporation in 
vacuo. The residue was dissolved in aqueous ethyl acetate and 
the solution was washed with IM acetic acid and evaporated. 
The crude product thus obtained ( 1.50 g) was then purified 
on a silica gel column (50 g, Kieselgel 60, Merck) with 
chloroform-methanol-acetic acid system (90: 10:3, 100 ml; 
80: 20: 3, 100 ml; 60: 40: 3, 200 ml) as solvent to give a pure 
preparation of VI; yield 1.04 g (76%), mp 129—130 °C, 
[a]2D* -58 .7±1.0° (c 1.0, methanol). TLC: a single com-
ponent (ninhydrin, after preheating at 150 °C) in systems D, 
E, and F. Amino acid ratios in acid hydrolysate (theoretical 
values are given in parentheses): Lys 4.00 (4), Arg 1.92 (2), 
Pro 1.84 (2), Gly 1.00 (1), Val 2.01 (2). 

Z-Lys (Mhoc)-Pro-Val-Gly-Lys (Mhoc)-Lys (Mhoc)-Arg-

Arg-Pro- Val-Lys (Mhoc) -NHNH2 ( VII). Compound 
VI (0.98 g, 0.49 mmol) was treated with hydrazine hydrate 
(0.25 ml) in DMF (5 ml) at 37 °C for 40 h. The solvent 
was evaporated in vacuo. To the resulting residue were added 
IM acetic acid (15 ml) and 1-butanol-ethyl acetate (1 :1 , 
15 ml) and the mixture was shaken vigorously. The organic 
phase was separated and evaporated in vacuo (0.95 g). A 
0.85 g portion of this product was dissolved in aqueous 
ethyl acetate and the solution was repeatedly extracted with 1 
M acetic acid. The aqueous solutions combined were 
lyophilized to afford VI I ; yield 0.79 g (90%), [a]24

D
5 -55 .4 

±1.1° (c 0.9, methanol). TLC: almost homogeneous (nin­
hydrin, after preheating at 150 °C) in system F. Amino 
acid ratios in acid hydrolysate: Lys 4.07 (4), Arg 2.01 (2), 
Pro 1.95 (2), Gly 1.00 (1), Val 2.10 (2). 

Found: C, 55.49; H, 8.41; N, 14.78%. Calcd for C97H165-
N a 302 1 .2CH3COOH.4H aO: C, 55.60; H, 8.36; N, 14.77%. 

Mfoc-Lys(Mhoc)-ONp (VIII). JV'-Mhoc-lysine (1.43 
g, 5 mmol)3) and 40% benzyltrimethylammonium hydroxide 
in methanol (Triton B, 2.4 ml) were dissolved in DMF (4 ml) 
and the solvent was evaporated in vacuo at a bath temperature 
of 45 °C. The residue was redissolved in DMF (10 ml) and 
9-methyl-9-fluorenyl azido-formate (1.85 g, 7 mmol)3) was 
added. The reaction mixture was stirred at 4 °C for 24 h 
followed by evaporation in vacuo. The residue was dissolved 
in ethyl acetate and the solution was washed with IM citric 
acid and water, dried over magnesium sulfate and evaporat­
ed in vacuo. The residue was purified on a column of silica 
gel (50 g, Kieselgel H, Merck) with chloroform-methanol 
(95:5) as solvent to give Mfoc-Lys(Mhoc)-OH as an oil; 
yield 1.65 g (59%). 

The diacyllysine thus obtained was dissolved in ethyl 
acetate along with jö-nitrophenol (0.42 g, 3 mmol) and to this 
was added DCC (0.62 g, 3 mmol). The mixture was stirred 
at 4 °C for 20 h followed by evaporation in vacuo. The 
resulting oily residue was precipitated from methanol-petrol-
eum ether to give VII I ; yield 1.95 g (97%). This was used 
for the subsequent coupling reaction without further purifica­
tion. 

Mfoc-Lys(Mhoc)-Arg( NOJ-Arg( NOJ-Pro-OMe (IX). 
Z-Arg(N02)-Arg(N02)-Pro-OMe (2.05 g, 3 mmol)5) was 
treated with 28% hydrogen bromide in acetic acid (10 ml) at 
room temperature for 60 min. The precipitates which formed 
upon addition of ether (1.40 g) were dissolved in water (10 ml) 
and Amberlite CG-400 (acetate form, wet vol. 10 ml) was 
added. The mixture was shaken for 30 min and then 
filtered off. The filtrate was evaporated to give a residue 
which was dried over sodium hydroxide pellets and phos­
phorus pentoxide in vacuo (1.30 g). 

The tripeptide methyl ester obtained above was allowed 
to react with VIII (1.95 g, 2.88 mmol) in DMF (5 ml) in the 
present of triethylamine (0.6 ml, 4.4 mmol) at 4 °C for 24 h. 
The crude product was chromatographed on a column of 
silica gel (70 g, Kieselgel H, Merck) with chloroform-methanol 
(95: 5) as solvent to give IX in pure form; yield 2.10 g (92%) 
mp 135—140 °C decomp., [a]2

D
s - 60 .9± l -0° (c 1.0, methanol). 

TLC : homogeneous (sulfuric acid) in system A. 
Found: C, 54.55; H, 6.66; N, 17.15%. Calcd for C47H67-

N 1 3 0 1 3 -H 2 0 : C, 54.27; H, 6.69; N, 17.51%. 
Z-Lys (Mhoc) -Pro- Val-Gly-Lys (Mhoc) -Lys (Mhoc) - Arg-

(NOJ-Arg(NOJ-Pro-OMe (X). Compound IX (0.52 
g, 0.5 mmol) was dissolved in 20% formic acid in acetic acid 
(6 ml) and the solution was allowed to stand at room tem­
perature for 7 h. The solvent was evaporated and the 
residue was triturated with ether. The resulting precipitates 
were filtered off and dried over potassium hydroxide pellets 
in vacuo. To this were added ethyl acetate (15 ml) and IM 



210 Ken INOUYE and Kunio WATANABE [Vol. 50, No. 1 

acetic acid (15 ml) and the mixture was shaken vigorously. 
T h e organic phase was extracted again with I M acetic acid. 
T h e combined aqueous solution was washed with ethyl 
acetate, concentrated in vacuo and lyophilized. 

T h e iVa-free tetrapeptide obtained above was dissolved in 
D M F and triethylamine (0.07 ml, 0.5 mmol) was added. T o 
this was added an ethyl acetate solution of Z - L y s ( M h o c ) -
Pro -Va l -Gly-Lys (Mhoc) -N 3 , derived from the corresponding 
hydrazide (0.72 g, 0.75 mmol),6 ) and the mixture was concen­
trated in vacuo at a ba th temperature of 0—5 °C to remove ethyl 
acetate. The resulting solution was stirred at 4 °C for 20 h 
followed by evaporation in vacuo. T h e precipitates which 
formed upon addition of ether were reprecipitated from ethyl 
acetate to yield X in pu re form; yield 0.83 g (96%), m p 130— 
135 °C, [a]2

D
s - 5 2 . 7 ± 0 . 9 ° (c 1.0, methanol) . T L C : homo­

geneous (ninhydrin, after pret reatment with hydrobromic acid) 
in system A. 

Found : C, 55.71 ; H , 7.68; N, 15.37%. Calcd for C8 0H l 3 0-
N a 0 O 2 2 : C, 55.73; H , 7.60; N, 16.25%. 

Z-Lys (Mhoc) -Pro- Val-Gly-Lys(Mhoc)-Lys(Mhoc) - Arg-
(NOJ-Arg(N02)-Pro-OH (XI). Compound X (0.83 g, 
0.48 mmol) in methanol (2 ml) was treated with 2 M sodium 
hydroxide (0.48 ml) at room temperature for 2 h. T h e 
mixture was neutralized by the addition of ice-cold I M hydro­
chloric acid (0.96 ml) and then diluted with water. This 
was repeatedly extracted with 1-butanol-ethyl acetate ( 1 : 1). 
T h e organic solutions were combined, washed three times with 

water and evaporated in vacuo. T h e residue was chromatog-
raphed on a column of silica gel (30 g, Kieselgel 60, Merck) 
with chloroform-methanol (95: 5) as solvent for the first 20 
fractions (10 ml/tube) and with chloroform-methanol (80: 20) 
for the rest. T h e fractions containing the desired product as a 
single component (tubes 37—55), as examined by T L C in 
system B, were combined and evaporated in vacuo. T h e 
residue was solidified by tri tutation with ether to afford X I ; 
yield 0.43 g (50%), m p 160—170 °C, [a]24^ - 3 5 . 5 ± 0 . 8 ° 
(c 1.0, methanol) . T L C : homogeneous (ninhydrin, after pre­
t reatment with hydrobromic acid) in system B. 

Found : C, 53.12; H, 7.53; N , 15.40%. Calcd for C79H128-
N a o O a a - 4 H a O : C, 53.24; H, 7.69; N, 15.72%. 
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Synthesis of Corticotropin Peptides. XVI. The Total Syntheses 
of Porcine and Human Corticotropins* 
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Shionogi Research Laboratory, Shionogi & Co., Ltd., Fukushima-ku, Osaka 553 
(Received June 29, 1976) 

The syntheses are described of two nonatriacontapeptides corresponding to the primary structure of porcine 
corticotropin (<xp-ACTH) and that of human hormone (ah-ACTH). The porcine peptide is synthesized by assembl­
ing three fragment peptides corresponding to AGTH(1—10), ACTH(11—21) and ap-ACTH (22—39). The 
Synthetic product is compared with natural ap-ACTH in terms of chemical, physicochemical, and biological proper­
ties to establish their identity. The human peptide is synthesized via two different routes, one of which is the same as 
that employed for the synthesis of porcine peptide. The two synthetic preparations of human peptide are not only 
indistinguishable from each other, but also very similar to ap-ACTH in various items of physicochemical measure­
ments and in the in vivo steroidogenesis assay. The collected data prove the satisfactory synthesis of <xh-ACTH as well 
as <xp-ACTH. 

The thirty-nine amino acid sequence of porcine 
corticotropin (a p-ACTH) was first proposed by 
Shepherd et al.1) in 1956 and its total synthesis was 
accomplished by Schwyzer and Sieber2) in 1963. The 
primary structure tentatively proposed for the human 
hormone (ah-ACTH)3> was synthesized by Bajusz et al.*) 
in 1967. 

Natural a p -ACTH was known to be deamidated upon 
mild alkaline treatment.5) Recently, it has also been 
found by Grâf et al.6) and Riniker et al.1) that the natural 
preparations of a p -ACTH and ah-ACTH undergo 
deamidation at the same rate in dilute aqueous 
ammonia. However, the synthetic product of ap-
ACTH2-7) and that of ah-ACTH4 '6> were stable under 
the same conditions. These synthetic peptides contained 
a single amide group in the form of Gin 30. The 
inconsistency observed between the natural and the 
synthetic preparations prompted them to reexamine the 
structures of these two mammalian hormones. As a 
result, the primary structure of a p -ACTH was revised 

1 2 3 4 5 6 7 8 
ap-ACTH (Ip) : H-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-
ah-ACTH (Ih) : H-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-

9 10 11 12 13 14 15 16 17 
(Ip) : Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-
(Ih) : Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-

18 19 20 21 22 23 24 25 26 

(Ip) : Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-

(Ih) : Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly— 

27 28 29 30 31 32 33 34 35 

(Ip) : Ala-Glu-Asp-Glu-Leu-Ala-Glu-Ala-Phe-

(Ih) : Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-Phe-

36 37 38 39 

(Ip) : Pro-Leu-Glu-Phe-OH 

(Ih) : Pro-Leu-Glu-Phe-OH 

Fig. 1. Primary structures of porcine corticotropin 
(ap-ACTH)1»6»7* and human corticotropin (ah-
ACTH).8»7»8) 

* All the amino acid residues mentioned in this communica­
tion are of the L-configuration. Abbreviations used are those 
recommended by the IUPAC-IUB Commission of Biochemical 
Nomenclature {Biochemistry, 5, 2585 (1966); ibid., 6. 362 
(1967); ibid., 11, 1726 (1972)], and include Mhoc: 1-methyl-
cyclohexyloxycarbonyl. 

in 1971.6>7) At the same time, the correct amino acid 
sequence 22—39 (a tryptic fragment) of a h - A C T H was 
also presented.7) Subsequent to the above revisions, the 
1—20 sequence of a h - A C T H , which had been proposed 
only on the homology with the hormones from other 
species, was confirmed by Bennett et al.8) Figure 1 shows 
the amino acid sequences of porcine and human hor­
mones thus established; note that the only structural 
difference between the two mammal ian hormones 
resides in position 31, Leu in a p - A C T H and Ser in 
ah-ACTH, and that these structures contain a single 
amide group in the form of Asn 25. The synthesis of 
the revised structure of a h - A C T H was reported by 
Sieber et al.9) Kisfaludy et al.10) and Nishimura et al.11) 
A solid-phase synthesis was described by Yamashiro 
and Li.12) Very recently Yajima et al. have accomplished 
the synthesis of ap-ACTH.1 3) We wish now to report 
the total syntheses of a p - A C T H and a h - A C T H perform­
ed on the basis of our own strategy. 

In the preceding papers, we described the synthesis of 
an undecapeptide derivative corresponding to A C T H -
(11— 21),14> and that of octadecapeptides, a p - A C T H -
(22—39) and ah-ACTH(22—39).1 5) The two octa­
decapeptides were obtained simultaneously with an 
identical synthetic procedure, except for the introduction 
of the amino acid residue in position 31. The fully 
deblocked porcine peptide was identified with the 
a p-ACTH(22—39) isolated from a tryptict digest of 

(22—39)—! 

( 1—10): Boc-Ser-Tyr-Ser-Met-Glu(OBu t)-His-Phe-
Arg-Trp-Gly-OH (II)16) 

(11—21) : Z-Lys(Mhoc)-Pro-Val-Gly-Lys(Mhoc)-
Lys (Mhoc) - Arg-Arg-Pro-Val-Lys ( Mhoc) -
NHNH2 (III)14> 

(22—39) : H-Val-Tyr-Pro-Asn-GIy-Ala-Glu(OBu')-
Asp (OBu«) -Glu (OBuO-R-Ala-Glu (OBu*) -
Ala-Phe-Pro-Leu-Glu(OBu t)-Phe-OBu t 

(IVp: R = Leu, IVh: R = Ser)"> 

Fig. 2. Outlined route for the synthesis of ap-ACTH and 
ah-ACTH (route A). Z: benzyloxycarbonyl, Boc: t-
butoxycarbonyl, BuÉ: f-butyl, Mhoc: 1-methylcyclo-
hexyloxycarbonyl, HOSu : iV-hydroxysuccinimide. 
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1. DCC 
2. H2/Pd 

1. HOSu ester 
2. HF 

(1-39) 

ah-ACTH 

( i - i o ) 

(11-19) 

(20—21)— !• A z i d e 

^ U Al' 2. H,/Pd 
(22—39)—' 

(11—19) : Z-Lys(Mhoc)-Pro-Val-Gly-Lys(Mhoc)-Lys-
(Mhoc)-Arg(N02)-Arg(N02)-Pro-OH (V)14) 

(20—21) : Z-Val-Lys(Mhoc)-NHNH2
19c> 

Fig. 3. Alternative synthesis of ah-ACTH (route B). Z: 
benzyloxycarbonyl, Mhoc: 1-methylcyclohexyloxycar-
bonyl, HOSu: JV-hydroxysuccinimide, DCC: dicyclo-
hexylcarbodiimide. 
For (1—10) and (22—39), see Fig. 2. 

natural ocp-ACTH.15) This proved the satisfactory 
synthesis of porcine peptide and that of human peptide 
as well. The synthesis of the decapeptide derivative 
corresponding to ACTH(1—10) was reported prev­
iously.16) The present paper describes the formation 
of the nonatriacontapeptides, corresponding to ap-
A C T H and a ^ A C T H , from these fragment peptides 
according to the route illustrated in Fig. 2. An 
alternative synthesis of ah-ACTH is also described, 
in which a nonapeptide derivative corresponding to 
ACTH(11—19)14> is utilized as an intermediate (Fig. 3). 

Synthesis of Porcine Hormone, OL^-ACTH (Ip). The 
synthesis started with the coupling of the C-terminal 
octadecapeptide derivative ( IVp, Fig. 2) and the 
undecapeptide azide, derived from I I I (Fig. 2) by the 
treatment with an alkyl nitrite in an anhydrous acid 
solution,17) to give a nonacosapeptide Z -Lys (Mhoc ) -
P r o - V a l - G l y - L y s ( M h o c ) - Lys (Mhoc) - A r g - A r g - P r o -
Val - Lys (Mhoc) - Val - Tyr - Pro - Asn - Gly - Ala - Glu -
(OBu* )-Asp(OBu' ) -Glu(OBu ' ) - L e u - A la - Glu(OBu' ) -
A l a - P h e - P r o - L e u - G l u ( O B u ' ) - P h e - O B u ' ( IXp) . T h e 
crude preparation of I X p was purified by partition 
chromatography on a column of Sephadex LH-20 with 
1-butanol-acetic acid-water (4: 1:2) as solvent. The 
sufficient purity was confirmed by T L G and by amino 
acid analysis of the acid hydrolysate. The yield was 6 4 % . 
Compound I X p thus obtained was then submitted to 
catalytic hydrogenolysis and the product was chromatog-
raphed on a silica gel column with ethyl acetate-acetic 
acid-water ( 4 : 1 : 1 ) as solvent to give the iVa-free 
nonacosapeptide (Xp) corresponding to a p - A C T H -
(11—39). 

The protected decapeptide ( I I , Fig. 2) corresponding 
to ACTH(1—10) was synthesized as reported pre­
viously,16) except that in the azide couplings involved 
B o c - S e r - T y r - N H N H 2 and Boc -Se r -Ty r -Se r -Me t -
NHNH,, were converted into the corresponding azides 
by the treatment with an alkyl nitrite,17) instead of 
nitrous acid formerly used, to improve the coupling 
yields significantly. T h e crude preparation of I I was 
purified on a silica gel column with ethyl acetate-acetic 
acid-water ( 4 : 1 : 1 ) as solvent. The final reaction 
connecting the N-terminal decapeptide with the rest 
of the molecule of a p - A C T H was performed by the N-
hydroxysuccinimide (HOSu) ester method.18) T h e same 
procedure had been employed in our synthesis of the 
A C T H peptides with shorter chain lengths.19) The 

decapeptide active ester derived from II was allowed to 
react with X p obtained above to give a protected 
nonatriacontapeptide B o c - S e r - T y r - S e r - M e t - G l u -
( O B u ' ) - H i s - P h e - A r g - T r p - G l y - Lys(Mhoc)- P r o - V a l -
Gly-Lys (Mhoc) - Lys (Mhoc) - Arg - Arg - Pro -Va l - Lys-
( M h o c ) - V a l - T y r - P r o - A s n - G l y - A l a - Glu(OBu' )-Asp-
( O B u ' ) - G l u ( O B u ' ) - L e u - A l a - G l u ( O B u ' ) - A l a - P h e -
Pro -Leu-Glu (OBu ' ) -Phe -OBu ' . The crude product 
was, without purification, deprotected with trifluoro-
acetic acid in the presence of anisole and 2-mercapto-
ethanol as scavengers, followed by the treatment with 
Amberlite CG-400 (acetate form). Purification of the 
product was achieved by repeated chromatography on a 
carboxymethyl cellulose column using an ammonium 
acetate buffer with a linear concentration gradient of 
0—0.4 M (Figs. 4 and 5). The synthetic a p -ACTH (Ip) 
thus obtained was found to be homogeneous in T L C 
and its acid hydrolysate contained the constituent amino 
acids in the ratios predicted by theory with an exception 
of t ryptophan. The Tyr /Trp ratio in intact Ip was 2.06, 

100 

TUBE NUMBER 

Fig. 4. Carboxymethyl cellulose column chromatog­
raphy of crude synthetic ap-ACTH: sample, 0.46 g ; 
column, CM-52 (Whatman), 2.1x22 cm; buffer, 0— 
0.4 M ammonium acetate (pH 6.5), 1800 ml; fractiona­
tion, 9 ml/tube. 

TUBE NUMBER 

Fig. 5. Rechromatography of partially purified synthetic 
ap-ACTH on a carboxymethyl cellulose column : sample, 
0.15 g, derived from Fig. 4 (for details see Experimen­
tal); column, CM-52 (Whatman), 2.8x22 cm; buffer, 
0—0.4 M ammonium acetate (pH 6.5), 1800 ml; frac­
tionation, 9 ml/tube. 



January, 1977] Total Syntheses of Porcine and Human Corticotropins 213 

as determined spectrophotometrically.20) T h e overall 
yield of Ip for the final coupling, deprotection and 
purification processes was 2 6 % , when the molecular 
weight of 5050, estimated from ultraviolet absorption 
on the assumption that E\*m= 17.7 (at AUxH c l=276 nm) 
for 100% peptide content,9) was employed. 

An authentic sample of ocp-ACTH to be compared 
with the synthetic peptide was obtained by purification 
of a commercial preparation from porcine origin. The 
crude preparation (Sigma)21) was submitted to chro­
matography on a column of carboxymethyl cellulose, in 
which 0.1 M sodium acetate (pH 6.2) was used as a 
buffer and the elution of peptide was effected by 
increasing the concentration of sodium chloride added 
to the buffer. T h e fractions containing the desired 
material were combined and passed through an Amber-
lite XAD-2 column to remove inorganic salts. The 
peptide remained on the column was eluted with a 
mixture of ethanol-0.1 M acetic acid (1 :1 ) quanti ta­
tively. The purified porcine hormone was found to 
be homogeneous in T L G and amino acid analysis also 
confirmed its sufficient purity. The Tyr /Trp ratio in 
intact peptide was 1.94, as determined spectrophoto­
metrically.20) 

The synthetic peptide (Ip) and the natural hormone, 
obtained as described above, were indistinguishable 
from each other by electrophoresis on Polyacrylamide 
gel at p H 4.Ö (Fig. 6)22) and p H 9.4 (Fig. 7)23) and by 
TLG (cellulose) with 1-butanol-acetic ac id-pyr id ine-
water ( 3 0 : 6 : 2 0 : 2 4 ) as solvent. The ultraviolet 
absorption spectra of the synthetic and natural prepara­
tions were identical within the precision of measure­
ments. The optical rotatory dispersion and circular 
dichroism spectra of the synthetic peptide were virtually 

1 2 3 
Fig. 7. Electrophoresis of ap-ACTH and ah-ACTH pre­

parations on 7.5% Polyacrylamide gel at pH 9.4: 1, 
natural ap-ACTH, 20 [xg; 2, synthetic ap-ACTH, 20 |xg; 
3, synthetic ah-ACTH, 20 \ig. Detection, by staining 
with Amido-Black 10B. 

T A B L E 1. 

A (nm) 

O P T I C A L ROTATORY DISPERSION OF NATURAL 

AND SYNTHETIC CORTICOTROPINS245 

Natural Synthetic Synthetic 
ap-ACTH ap-AGTH ah-ACTH 

450 
400 
350 
300 
250 
240 
230 

- 2 1 1 
- 3 0 9 
- 4 0 7 
- 7 2 2 

-1660 
-2160 
-2920 

- 2 1 6 
-313 
-433 
-753 

-1760 
-2330 
-3050 

- 2 1 9 
- 2 9 6 
- 3 8 9 
- 6 9 2 

-1560 
-1940 
-2790 

1 2 3 

Fig. 6. Electrophoresis of ap-ACTH and ah-ACTH pre­
parations on 15% Polyacrylamide gel at pH 4.0: 1, 
natural ap-ACTH, 60 [xg; 2, synthetic ap-ACTH, 60 
|xg; 3, synthetic ah-AGTH, 60 [xg. Detection, by stain­
ing with Amido-Black 10B. 

T A B L E 2. CIRCULAR DICHROISM OF NATURAL 

AND SYNTHETIC CORTICOTROPINS245 

A (nm) 

310 
287 
260 
239 
233 
232 

Natural 
ap-ACTH 

0 
- 3 7 

0 
- 2 8 0 

— 
0 

Synthetic 
ap-ACTH 

0 
- 4 3 

0 
- 2 8 3 

— 
0 

Synthetic 
ah-ACTH 

0 
- 3 3 

0 
- 2 1 0 

0 
— 

identical with those of the natural hormone as shown in 
Tables 1 and 2.24> 

Electrophoretic patterns of a tryptic hydrolysate of 
the synthetic material were identical with those obtained 
with the natural hormone. The tryptic digestion 
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[substrate: enzyme = 50 (w/w)] was carried out at p H 
8.2 and 37 °G for 60 min and the electrophoresis on a 
cellulose plate (Cellulose F, Merck) was performed at 
p H 6.9 in 0.1 M collidîne acetate. Recently, it has been 
shown that natural a p - A C T H undergoes alkaline 
deamidation at the asparagine residue in position 25 
to form the corresponding aspartyl-a//?-peptide6 '7) 
which can be distinguished from the intact hormone 
by electrophoresis on Polyacrylamide gel at p H 9.6> 
This was equally observed with our synthetic and 
natural preparations of porcine A C T H , when they were 
treated with 0.1 M ammonia at 37 °C according to 
Grâf et a/.6) Their electrophoretic patterns are not 
shown here, since they were virtually the same as those 
obtained with our synthetic human hormone which are 
shown in Fig. 12. 

Finally, the synthetic material and the authentic 
porcine hormone were compared for the in vivo steroido­
genic activity to demonstrate that the former was as 
active as the latter, when the assays were performed 
by a method based on the elevated levels of 11 -hydroxy-
corticosteroids in the adrenal venous blood of the 
hypophysectomized rat in response to intravenous 
administration of a test sample (Table 3).25> 

TABLE 3. In vivo STEROIDOGENIC ACTIVITY OF NATURAL 

AND SYNTHETIC CORTICOTROPINS255 

Peptide Activity8^ 
(units/mg) 

ap-AGTH 

ah-AGTH 

Natural 
Synthetic 
Synthetic (route A)b> 
Synthetic (route B)e> 

94.2 
98.1 
98.6 
98.7 

a) The Third USP Corticotropin Reference Standard 
was used as reference, b) See Fig. 2. c) See Fig. 3. 

In view of the correspondence between our synthetic 
0Cp-ACTH and the natural hormone in terms of chemical, 
physicochemical and biological properties, we conclude 
that their identity has now been established. 

Synthesis of Human Hormone, OLP-ACTH (Ih). The 
human hormone was synthesized by two different routes 
A (Fig. 2) and B (Fig. 3). Route A is exactly the same 
as that employed for the synthesis of the porcine hor­
mone, except that the octadecapeptide derivative (IVh, 
Fig. 2) was used as a starting material. The intermediate 
nonacosapeptide, Z - L y s ( M h o c ) - P r o - V a l - G l y - L y s -
( M h o c ) - L y s ( M h o c ) - A r g - A r g - P r o - V a l - L y s ( M h o c ) -
V a l - T y r - P r o - A s n - Gly - Ala - Glu (OBu') - Asp ( O B u ' ) -
Glu(OBu' ) - Ser - Ala - Glu(OBu ' ) - Ala - Phe - P r o -
L e u - G l u ( O B u ' ) - P h e - O B u ' ( IXh) , corresponding to 
a h - A G T H ( l l — 3 9 ) was obtained in a 6 3 % yield after 
purification on a Sephadex LH-20 column. Catalytic 
hydrogenolysis of I X h yielded the JV"-free peptide, which 
was coupled with the decapeptide (II) by the H O S u 
ester method18) to give a protected nonatriacontapeptide 
B o c - S e r - T y r - S e r - M e t - G l u ( O B u / ) - H i s - P h e - A r g - T r p -
Gly-Lys(Mhoc) -Pro-Val -Gly-Lys(Mhoc) -Lys(Mhoc) -
Arg-Arg-Pro-Va l -Lys (Mhoc) - V a l - T y r - P r o - A s n - G l y -
Ala-Glu (OBu')-Asp (OBuO-Glu (OBu ' ) -Se r -Ala -Glu-
(OBuO-Ala -Phe-Pro -Leu-Glu (OBuO-Phe-OBu, . The 
crude product was deblocked with trifluoroacetic acid 

TUBE NUMBER 

Fig. 8. Carboxymethyl cellulose column chromatog­
raphy of crude ah-ACTH synthesized via route A: 
sample, 0.45 g ; column, CM-52 (Whatman), 2.1x22 
cm; buffer, 0—0.4 M ammonium acetate (pH 6.5), 1800 
ml; fractionation, 9 ml/tube. 

Fig. 9. Rechromatography of partially purified synthetic 
<xh-ACTH on a carboxymethyl cellulose column : sample, 
0.13 g, derived from Fig. 8 (for details see Experimen­
tal); column, CM-52 (Whatman), 2.8x22 cm; buffer, 
0—0.4 M ammonium acetate (pH 6.5), 1800 ml; frac­
tionation, 9 ml/tube. 

and the resulting free peptide isolated in the form of 
acetate was purified on carboxymethyl cellulose columns 
(Figs, 8 and 9). T h e synthetic a h - A C T H (Ih) thus 
obtained by route A behaved as a single component in 
T L G and its acid hydrolysate was found to contain 
the constituent amino acids in correct ratios with an 
exception of tryptophan. The Tyr /Trp ratio in intact Ih 
was 1.98, as determined spectrophotometrically,20) The 
overall yield of Ih for the final coupling, deprotection and 
purification processes was 21 .5%, when the molecular 
weight of 4960, estimated from ultraviolet absorption 
on the assumption that E}?m=l7.7 (at Amaf C 1=276 nm) 
for 100% peptide content,9) was employed. 

Route B, shown in Fig. 3, represents an alternative 
synthesis of a h - A C T H . First, the JVa-free octadecapep­
tide (IVh, Fig. 2) was acylated with Z-Va l -Lys (Mhoc) -
N3 , derived from the corresponding hydrazide (Fig. 3)19c) 
by the treatment with nitrous acid in the usual manner, 
to give a protected eicosapeptide (VI) in a 9 1 % yield. 
Compound V I was submitted to catalytic hydrogenolysis 
and the resulting iVa-free eicosapeptide was coupled 
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with nonapeptide V (Fig. 3) corresponding to A C T H -
(11—19) by means of D C C in the presence of 1-hydroxy-
benzotriazole.26) The product was purified on a silica 
gel column with chloroform-methanol (9: 1) as solvent 
to afford a nonacosapeptide, Z-Lys( M h o c ) - P r o - V a l -
G ly -Lys (Mhoc) - L y s (Mhoc) - A r g ( N 0 2 ) - A r g ( N O , ) -
Pro-Val-Lys (Mhoc) -Va l -Tyr -P ro -Asn- Gly-Ala-Glu-
(OBu')-Asp (OBuO - G l u (OBuO - S e r - A l a - G l u (OBu*)-
Ala -Phe -Pro -Leu-Glu (OBu ' ) -Phe -OBu ' (VII ) , in a 
47% yield. Simultaneous removal of the benzyloxy-
carbonyl (Z) and two nitro groups from V I I was 
attempted by catalytic hydrogenolysis. However, the 
reaction gave a product which was reactive to ninhydrin 
but not to the Sakaguchi reagent. T h e product was 
also found to have a maximum absorption at 270 nm 
(£1^1=62.3). These observations strongly suggest that 
the nitro groups had remained almost intact even after 
extensive hydrogenolysis. The JVa-free nonacosapeptide 
(VIII) thus obtained was then allowed to react with the 
H O S u ester of decapeptide I I (Fig. 2) to give a protected 

nonatriacontapeptide Boc - Ser - Tyr - Ser - Met - Glu-
(OBu ' ) - H i s - P h e - A r g - T r p - G l y - L y s (Mhoc) - P r o - V a l -
G l y - L y s (Mhoc) - L y s (Mhoc) - A r g (N0 2 ) - A r g (N0 2 ) -
P ro -Va l -Lys (Mhoc ) -Va l -Ty r -P ro -Asn -Gly -Ala -G lu -
(OBuO - Asp(OBuO - G l u ( O B u ' ) - S e r - A l a - G l u ( O B u ' ) -
Ala-Phe-Pro-Leu-Glu(OBu ' ) -Phe-OBu>. The crude 
product was deprotected by the hydrogen fluoride 
treatment in the presence of anisole as scavenger27) to 
liberate <xh-ACTH as the hydrofluoride. This was treated 
with Amberlite CG-400 (acetate) in the usual manner. 
The crude material was purified by chromatography on a 
carboxymethyl cellulose column using an ammonium 
acetate buffer (Figs. 10 and 11). T h e puri ty of a h - A C T H 
(Ih) thus synthesized by route B was confirmed by T L C 
and by amino acid analysis. The overall yield of Ih 
for the final coupling, deprotection and purification 
processes was 2 9 % , as based on the molecular weight 
of 4960 which was determined spectrophotometrically. 

T h e two synthetic preparations of ah-ACTH obtained 
above were indistinguishable from each other by 
chromatographic and electrophoretic behavior. Their 
ultraviolet absorption spectra and optical rotations were 
virtually identical. In addition, they exhibited an 
identical adrenal-stimulating potency, when assayed for 
the in vivo steroidogenic activity, as shown in Table 3.25> 

Figures 6 and 7 exhibit the electrophoretic patterns 
of the synthetic human hormone on Polyacrylamide gel 
a t p H 4.0 and p H 9.4, respectively, in which those of 
the porcine hormone preparations are also shown for 
comparison. There is no significant difference between 
the two mammal ian hormones. O u r synthetic prepara­
tions of ah-ACTH obtained above were treated with 
0.1 M ammonia at 37 °C according to Graf et a/.6> 
and the product was submitted to Polyacrylamide gel 
electrophoresis at p H 9. A typical result is shown in 

Fig. 10. Carboxymethyl cellulose column chromato­
graphy of crude <xh-ACTH synthesized via route B : sam­
ple, 0.34 g; column, CM-52 (Whatman), 2.1x28 cm; 
buffer, 0—0.6 M ammonium acetate (pH 6.5), 2000 ml; 
fractionation, 10 ml/tube. 

TUBE NUMBER 

Fig. 11. Rechromatography of partially purified syn­
thetic <xh-ACTH on a carboxymethyl cellulose column: 
sample, 0.13 g, derived from tubes 75—87 in Fig. 10; 
column, CM-52 (Whatman), 2.1x28 cm; buffer, 0— 
0.4 M ammonium acetate (pH 6.5), 2000 ml; fractiona­
tion, 10 ml/tube. 

20 

Fig. 12. Electrophoretic patterns of synthetic <xh-ACTH 
after 0, 2, and 20 h of incubation in 0.1 M ammonia 
at 37 °C: electrophoresis, on 7.5% Polyacrylamide gel 
at pH 9.4; detection, by staining with Amido-Black 
10B. 
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Figure 12, in which the electrophoretic patterns demon­
strate that the synthetic hormone is mostly converted 
into the deamidated form in 2 h and the complete 
conversion is attained within 20 h. Virtually the 
same patterns were obtained with our synthetic as well 
as natural preparations of a p - A C T H as described above. 
These results clearly indicate that the labile Asn 25 is 
present intact in our synthetic preparations of both 
oCp-ACTH and a h -ACTH. T h e optical rotatory disper­
sion and circular dichroism of synthetic a h - A C T H were 
very similar to those of the a p - A C T H preparations as 
shown in Tables 1 and 2.24> In addition, the in vivo 
steroidogenic potencies of the synthetic ah-ACTH 
preparations were identical with those of the natural 
and synthetic preparations of porcine hormone (Table 
3). These close similarities observed between the 
synthetic a^-ACTH and the porcine hormone are 
consistent with the fact that the primary structure of 
a h - A C T H is identical with that of a p - A C T H except for 
Ser 31 (Fig. 1 ). Although there is no direct evidence to 
support the identity of our synthetic ajj-ACTH with the 
natural human hormone, the above observations may 
allow us to conclude that our synthesis of a h - A C T H has 
been accomplished satisfactorily. 

Exper imenta l 

Thin-layer chromatography was performed on "silica gel" 
plates (Kieselgel GF254 or precoated Kieselgel 60F254, Merck) 
or "cellulose" plates (precoated Cellulose G254, Merck) with 
the following solvent systems : A chloroform-methanol (85 : 
15) ; B, ethyl acetate-acetic acid-water (4: 1: 1) ; C, 1-butanol-
acetic acid-water (4: 1: 2) ; D, 1-butanol-acetic acid-pyridine-
water (30:6:20:24) . 

Z-Val-Lys(Mhoc)-Val- Tyr-Pro-Asn-Gly-Ala-Glu (OBu1)-
Asp(OBut)-Glu(OBui)-Ser-Ala-Glu(OBu%)-Ala-Phe-Pro-Leu-
GlufOBu'J-Phe-OBu1 (VI). Compound IVh (Fig. 2; 
0.39 g, 0.016 mmol)15) was dissolved in dimethyl sulfoxide 
(DMSO)-iV,iV-dimethylformamide (DMF) (4: 1, 2.5 ml) and 
to this was added a solution of Z-Val-Lys(Mhoc)-N3 [derived 
from the corresponding hydrazide (Fig. 3; 0.22 g, 0.4 mmol)19c) 
by the treatment with nitrous acid in the usual manner] in 
ediyl acetate (10 ml). The mixture was concentrated in 
vacuo at a bath temperature of 5—10 °C to remove ethyl 
acetate and then stirred at 4 °C overnight. The precipitates 
which formed upon addition of water were filtered off, washed 
thoroughly with water and lyophilized from acetic acid. The 
resulting powder was suspended in ethyl acetate (30 ml) and 
the suspension was kept at room temperature overnight. The 
insoluble precipitates were filtered off and dried in vacuo to give 
VI ; wt 0.41 g (91%), [cc]^» -16 .3±1.5° (c 0.4, DMF). 
TLC (silica gel) : almost homogeneous (ninhydrin, after pre-
treatment with hydrobromic acid) in system A. Amino acid 
ratios in acid hydrolysate (theoretical values are presented in 
parentheses): Asp 2.00 (2), Ser 0.69 (1), Glu 3.89 (4), Pro 
2.23 (2), Gly 1.09 (1), Ala 2.98 (3), Val 2.01 (2), Leu 1.00 (1), 
Tyr0.61 (1), Phe 1.90 (2). 

Z-Lys(Mhoc)-Pro- Val-Gly-Lys (Mhoc) -Lys (Mhoc) -Arg-
(NOJ -Arg(N02) -Pro- Val-Lys (Mhoc) - Val- Tyr-Pro- Asn- Gly-
Ala-Glu(OBux)-Asp (OBiï)-Glu (OBux) -Ser-Ala-Glu (OBu1)-
Ala-Phe-Pro-Leu-Glu ( OBu^-Phe-OBu1 ( VII). Com­
pound VI (0.40 g, 0.14 mmol) was hydrogenolyzed palladium 
in water-saturated 1-butanol for 20 b. The solvent was 
removed by evaporation in vacuo at a bath temperature of 
45 °C and the residue was treated with ether to yield the Na-

free eicosapeptide derivative as an amorphous powder. This 
was dissolved in DMF (5 ml) along with V (Fig. 3 ; 0.25 g, 
0.14mmol)14> and 1-hydroxybenzotriazole (0.080 g, 0.6 
mmol), and dicyclohexylcarbodiimide (DCC, 0.12 g, 0.6 
mmole) was added. The reaction mixture was stirred at 4 °C 
for 2 days followed by evaporation in vacuo. The residue was 
treated with ethyl acetate and the insoluble material was 
filtered off and dried in vacuo (0.53 g). The crude product 
thus obtained was chromatographed on a column of silica gel 
(30 g, Kieselgel H, Merck) with chloroform-methanol (90: 10) 
as solvent. Five-g fractions were collected and they were 
examined by TLC (silica gel, in system A, and sulfuric acid for 
detection). Tubes 21—50 were pooled and rechromatog-
raphed in almost the same manner as above. The fractions 
containing the desired product as a single component were 
combined and evaporated in vacuo to give a residue which was 
solidified by trituration with ether; wt 0.30 g (47%), mp 
200—205 °C decomp., [a]2

D
5 - 5 0 . 5 ± 1.8° (c 0.5, acetic acid). 

H-Lys (Mhoc) -Pro- Val-Gly-Lys (Mhoc) - Lys (Mhoc)-Arg-
(N02) -Arg (NO»J-Pro- Val-Lys (Mhoc) - Val- Tyr-Pro-Asn-
Gly-Ala-Glu (OBux) -Asp (OBu')-Glu (OBux) -Ser-Ala-Glu-
(OBu^-Ala-Phe-Pro-Leu-GlufOBu^-Phe-OBif (VIII). 
Compound VII (0.30 g) was hydrogenolyzed over palladium in 
acetic acid (10 ml) for 24 h. The catalyst was filtered off and 
the filtrate was lyophilized to give the product which was 
almost homogeneous in TLC (silica gel, in system B, and 
ninhydrin as reagent for detection). The product was 
unreactive to the Sakaguchi reagent wt. 0.29 g, A^jg1 270 nm 
{E\°gm 62.3). Amino acid ratios in acid hydrolysate: Lys 
4.50 (4),28> Arg 1.67 (2),28> Asp 1.99 (2), Ser 0.91 (1), Glu 
3.94 (4), Pro 4.23 (4), Gly 2.06 (2), Ala 3.02 (3), Val 3.00 
(3), Leu 0.94 (1), Tyr 0.74 (1), Phe 1.93 (2). 

Z-Lys (Mhoc) -Pro- Val-Gly-Lys (Mhoc) -Lys (Mhoc) -Arg-Arg-
Pro- Val - Lys (Mhoc) - Val- Tyr-Pro- Asn- Gly - Ala- Glu ( OBu1) -
Asp ( OBu1) -Glu ( OBu1) -Leu -Ala-Glu ( OBu1) -Ala-Phe-Pro - Leu-
Glu ( OBu1 )-Phe- OBu1) (IXp). Compound III (Fig. 
2; 0.33 g, 0.15 mmol)14) was dissolved in a mixture of 
DMSO-DMF (1:3 , 4 ml). The solution was chilled to 
- 2 0 30 °C and 3.66 M hydrogen chloride in dioxane (0.41 
ml) was added. To this was then added isopentyl nitrite 
(0.022 ml, 0.165 mmol) and the mixture was stirred at —20— 
— 30 °C for 15 min. The resulting azide solution was 
neutralized with triethylamine (0.23 ml, 1.65 mmol) at —40— 
— 50 °C and combined with a solution of IVp (Fig. 2; 0.24 g, 
0.1 mmol)15) in DMSO-DMF (1:4, 2.5 ml). The reaction 
mixture was stirred at 4 °C for 2 days and then evaporated 
in vacuo at a bath temperature of 45 °C to give a residue which 
was triturated with water. The crude product (0.54 g) was 
submitted to partition chromatography on a column (2.8 X 75 
cm) of Sephadex LH-20 with 1-butanol-acetic acid-water 
(4: 1:2) as solvent. Three-ml fractions were collected and 
those containing the desired product as a single component 
(tubes 46—56), as examined by TLC (silica gel, in system C), 
were combined, evaporated in vacuo at a bath temperature of 
45 °C and lyophilized from acetic acid (0.21 g). Tubes 57—61 
were combined and rechromatographed in the same manner as 
above to give an additional quantity of the pure peptide (0.08 
g). Thus, the total yield of IXp amounted to 0.29 g 
(64%); [<x]V -49 .6±1.0° {c 0.9, acetic acid). Amino acid 
ratios in acid hydrolysate: Lys 3.94 (4), NH3 1.50 (1), Arg 
2.00 (2), Asp 1.90 (2), Glu 4.07 (4), Pro 4.01 (4), Gly 1.94 (2), 
Ala 2.96 (3), Val 2.89 (3), Leu 2.00 (2), Tyr 0.87 (1), Phe 1.96 

(2). 
Z-Lys (Mhoc) -Pro- Val-Gly-Lys (Mhoc) -Lys (Mhoc) -Arg-Arg-

Pro- Val-Lys (Mhoc)- Val- Tyr-Pro-Asn-Gly-Ala-Glu (OBu1)-
Asp (OBé) -Glu ( OBu1) -Ser-Ala-Glu ( OBu1) - Ala-Phe-Pro - Leu-
Glu(OBut)-Phe-OBui (IXh). Compound III (Fig. 
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2 ; 0.33 g, 0.15 mmol)1 4 ) was converted into the corre­
sponding azide by the t reatment with isopentyl nitrite in an 
acid solution in the same manner as described above. T h e 
azide solution [in D M S O - D M F ( 1 : 3, 4 ml)] was neutralized 
with triethylamine (0.23 ml, 1.65 mmol) at —40 50 °C and 
combined with a solution of I V h (Fig. 2 ; 0.23 g, 0.1 mmol)15> 
in D M S O - D M F ( 1 : 3 , 4 ml) . T h e reaction was allowed to 
proceed at 4 °G for 2 days. T h e crude product (0.53 g) was 
purified by partition chromatography on a column of Sephadex 
LH-20 with 1-butanol-acetic ac id-water (4: 1:2) as solvent, 
in the manner described above for I X p , to give I X h ; wt 
0.28 g (63%), [a]2 3^ - 4 7 . 3 ± 1.0° (c 0.8, acetic acid). Amino 
acid ratios in acid hydrolysate: Lys 3.98 (4), N H 3 1.48 (1), 
Arg 2.00 (2), Asp 1.99 (2), Ser 0.86 (1), Glu 4.03 (4), Pro 4.11 
(4), Gly 2.04 (2), Ala 3.06 (3), V a l 3.09 (3), Leu 1.00 (1), 
T y r 0 . 9 1 (1), Phe 1.92 (2). 

H-Lys (Mhoc) -Pro-Val-Gly-Lys (Mhoc) -Lys (Mhoc) -Arg-Arg-
Pro- Val-Lys (Mhoc) - Val- Tyr-Pro-Asn-Gly-Ala-GlufOBi?)-
Asp(OBut)-Glu(OBut)-Leu-Ala-Glu(OBut) - Ala-Phe-Pro-Leu-
Glu(OBut)-Phe-OBui (Xp). Compound I X p (0.53 
g) was hydrogenolyzed over pa l lad ium in acetic acid 
for 2 days. The catalyst was filtered off and the filtrate 
was lyophilized. The product was chromatographed on a 
column of silica gel [50 g, Kieselgel 60 (100—230 mesh), 
Merck] with ethyl acetate-acet ic ac id-water ( 4 : 1 : 1 ) as 
solvent. Three-ml fractions were collected and examined by 
T L C (silica gel, in system C) . T h e fractions containing 
the desired product as a single component (tubes 3 3 — 
40) were combined, evaporated in vacuo and lyophilized 
from acetic acid (0.20 g). Tubes 13—32, containing the 
starting material which had remained intact, were combined, 
evaporated in vacuo and hydrogenolyzed for 24 h. This was 
combined with tubes 41—47 and chromatographed in the 
same manner as described above to give an addit ional 
quanti ty of X p from tubes 44—60 (0.14 g). T h e total yield 
amounted to 0.34 g ( 6 5 % ) ; [a]£ - 4 6 . 8 ± 1 . 4 ° (c 0.6, acetic 
acid). Amino acid ratios in acid hydrolysate: Lys 4.00 (4), 
N H 3 1.38 (1), Arg 2.08 (2), Asp 2.00 (2), Glu 4.24 (4), Pro 
3.99 (4), Gly 2.08 (2), Ala 3.07 (3), Val 2.94 (3), Leu 2.00 
(2), T y r 0 . 9 6 (1), Phe 2.00 (2). 

H-Lys (Mhoc) -Pro- Val-Gly-Lys (Mhoc) -Lys (Mhoc) -Arg-Arg-
Pro- Val- Lys (Mhoc) - Val- Tyr - Pro-Asn - Gly- Ala- Glu ( OBé) -
AsptOBu^-GlutOBu^Ser-Ala-GluÇOBéï-Ala-Phe-Pro-Leu-
GluÇOBu^-Phe-OBu* (Xh). Compound I X h (0.45 g) 
was hydrogenolyzed over pal ladium in acetic acid for 2 
days. T h e product was chromatographed on a silica gel 
column [70 g, Kieselgel 60 (100—230 mesh), Merck] in 
exactly the same manner as described above for X p . T h e 
desired product was obtained from tubes 56—77 (0.12 g). 
Tubes 11—55 combined were evaporated and the residue was 
hydrogenolyzed again. This was rechromatographed as 
above to give an additional quant i ty of X h (0.24 g). T h e 
total yield amounted to 0.36 g ( 8 2 % ) ; [a]2

D
55 - 4 1 . 5 ± 1 . 6 ° 

(c 0.5, acetic acid). Amino acid ratios in acid hydrolysate: 
Lys 3.89 (4), N H 3 1.17 (1), Arg 1.97 (2), Asp 2.09 (2), Ser 
0.98 (1), Glu 4.28 (4), Pro 4.36 (4), Gly 2.13 (2), Ala 3.13 (3), 
Val 3.03 (3), Leu 1.00 (1), Tyr 0.96 (1), Phe 2.06 (2). 

H-Ser- Tyr -Ser-Met -Glu -His -Phe -Arg-Trp- Gly- Lys- Pro-
Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys- Val- Tyr-Pro-Asn-Gly-
Ala-Glu-Asp-Glu-Leu-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe-OH, 
ocp-ACTH (ip). A solution of I I (Fig. 2 ; 0.15 g, 0.09 
mmol) in D M F (2 ml) was chilled in an ice-bath and 1M hydro­
chloric acid (0.2 ml) was added. This was introduced into 
an ice-cold mixture of ethyl acetate-ether ( 1 : 1, 50 ml) and the 
resulting precipitates were collected by filtration, washed with 
ether and dried in vacuo. The decapeptide hydrochloride 
thus obtained was dissolved in D M F (3 ml) together with 

A^hydroxysuccinimide (0.041 g, 0.36 mmol) and D C C (0.080 
g, 0.39 mmol) was added. T h e mixture was stirred at 4 °C for 
20 h, after which it was introduced into ethyl acetate-ether 
( 1 : 1 , 70 ml) . T h e precipitates which formed were filtered 
off, washed with ethyl acetate and ether, and dried in vacuo to 
give the decapeptide active ester hydrochloride. 

Compound X p (0.30 g, 0.069 mmol) was dissolved in D M F 
(5 ml) and to this was added the active ester obtained above. 
T h e mixture was stirred at room temperature for 20 h. Re ­
moval of the solvent by evaporation in vacuo followed by 
t reatment with ether yielded a crude preparat ion of the pro­
tected nonatr iacontapept ide (0.46 g). T h e crude product 
obtained above was then treated with trifluoroacetic acid (5 
ml) at room temperature for 90 min in the presence of anisole 
(0.46 ml) and 2-mercaptoethanol (0.46 ml) . T h e precipitates 
which formed upon addition of ether were filtered off, washed 
with ether and dried in vacuo. T h e crude deblocked pept ide 
thus obtained was dissolved in water and the solution was 
passed through a column (1.5 x 11 cm) of Amberli te CG-400 
(acetate). The column was washed with addit ional portions 
of water. The aqueous solutions combined were lyophilized 
to give a crude preparat ion of I p (0.46 g) . 

The crude peptide was submitted to chromatography on a 
column of carboxymethyl cellulose with an ammonium acetate 
buffer (Fig. 4) . T h e fractions corresponding to a major peak 
(tubes 98—117) were combined, evaporated in vacuo a t a ba th 
temperature of 45 °C and lyophilized to a constant weight 
(0.12 g). Tubes 81—97 and 118—140 were combined and 
rechromatographed in the same manner as above. T h e 
fractions corresponding to the peak of desired peptide were 
combined, evaporated and lyophilized (0.03 g). These 
preparat ions were combined (0.15 g) and chromatographed 
again on a carboxymethyl cellulose column (Fig. 5). T h e 
fractions corresponding to a major peak (tubes 119—130) were 
combined, evaporated and lyophilized to give a pure prepara­
tion of I p ; wt 0.090 g (26%) , [a]2

D
5 - 8 8 . 0 ± 2 . 4 ° (c 0.5, 2 % 

acetic acid). Lit, [a]2
D

7 - 8 0 . 2 ° (c 0.3, 1% acetic acid).13) 
^ H C 1 276 n m (£}fm 16.0), J £ * i 8 S 289 n m ( £ ^ 1 0 . 3 ) ; 
^ M N E O H 282.5 n m ( £ } * m 17.7), 289 n m (£J*m 18.2). T L C 
(cellulose) : homogeneous to ninhydrin and the Ehrlich reagent 
in system D. Amino acid ratios in acid hydrolysate: Lys 3.73 
(4), His 1.09 (1), Arg 2.79 (3), Asp 1.97 (2), Ser 1.91 (2), 
Glu 5.26 (5), Pro 4.53 (4), Gly 3.11 (3), Ala 3.00 (3), Val 3.02 
(3), Met 1.04 (1), Leu 2.00 (2), T y r 2.08 (2), Phe 3.07 (3). 
The Tyr /T rp ratio in intact I p was 2.06, as determined spectro-
photometrically.20) 

H-Ser - Tyr -Ser -Met -Glu -His -Phe -Arg - Trp -Gly -Lys -Pro-
Val-Gly-Lys-Lys-Arg -Arg-Pro- Val -Lys- Val- Tyr-Pro-Asn-Gly-
Ala-Glu-Asp -Glu-Ser -Ala-Glu-Ala-Phe-Pro-Leu-Glu -Phe-OH, 
<xh-ACTH (Ih). a) From Compound Xh: In the same 
manner as described above for a p - A C T H (Ip) , the JV-hydroxy-
succinimide ester hydrochloride, derived from I I (Fig. 2 ; 
0.16 g, 0.1 mmol) , was coupled with X h (0.33 g, 0.075 mmol) 
in D M F (5 ml) at room temperature for 20 h to give the 
protected nonatr iacontapeptide (0.46 g). This was submitted 
to deprotection with trifluoroacetic acid (5 ml) at room tem­
perature for 90 min in the presence of anisole (0.46 ml) and 
and 2-mercaptoethanol (0.46 ml) and the product was 
treated with Amberlite CG-400 (acetate) in water to give a 
crude preparat ion of Ih (0.45 g). 

T h e crude peptide was chromatographed on a carboxy­
methyl cellulose column using an ammonium acetate buffer 
(Fig. 8). The fractions corresponding to a major peak 
(tubes 93—111) were combined, evaporated in vacuo and 
lyophilized (0.11 g). Tubes 81—92 and 112—140 were 
combined and rechromatographed in the same manner as 
above to afford an additional quant i ty of the desired peptide 
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(0.02 g). These preparations combined (0.13 g) were chro-
matographed again on a carboxymethyl cellulose column 
(Fig. 9) and the fractions corresponding to a major peak 
(tubes 119—130) were combined, evaporated and lyophilized 
to give a pure preparation of Ih; wt 0.080 g (21.5%), [a]2

D
5 

-87 .2±2.8° (c 0.5, 2% acetic acid). Lit, [a]2
D

4 -87.6° 
{c 0.26, 2% acetic acid).11) ^ H c l 276 nm (E\%m 16.2), 
« u i 3 ä 2 8 9 n m {E\%m 10.6); A ^ N a 0 H 282.5 nm {E\%m 17.3), 
289 nm (£;*m 18.0). TLC (cellulose): homogeneous to 
ninhydrin and the Ehrlich reagent in system D. Amino acid 
ratios in acid hydrolysate: Lys 4.02 (4), His 1.00 (1), Arg 
3.23 (3), Asp 2.04 (2), Ser 2.84 (3), Glu 5.08 (5), Pro 4.42 
(4), Gly 3.14 (3), Ala 3.05 (3), Val 3.13 (3), Met 0.98 (1), 
Leu 1.00 (1), Tyr 2.01 (2), Phe 3.03 (3). The Tyr/Trp ratio 
in intact Ih was 1.98, as determined spectrophotometrically.20) 

b) From Compound VIII. To a solution of VIII (0.31 g, 
0.069 mmol) in DMF (5 ml) was added the JV-hydroxysuccini-
mide ester hydrochloride, derived from II (0.14 g, 0.089 mmol) 
in the same manner as described above. The mixture was 
stirred at room temperature for 20 h and then introduced to 
ethyl acetate-ether (1: 1, 50 ml) to afford a crude preparation 
of the protected nonatriacontapeptide (0.43 g). This was then 
treated with being hydrogen fluoride (20 ml) at 0 °C for 60 min 
in the presence of anisole (0.5 ml) in the usual manner.27) 
Hydrogen fluoride was evaporated in vacuo at 0 °C. The 
resulting residue was dissolved in ice-cold water and the solu­
tion was, after being washed with chloroform, passed through a 
column (1.4x14 cm) of Amberlite CG-400 (acetate). The 
column was washed with additional portions of water. The 
aqueous solutions combined were lyophilized to give a crude 
preparation of Ih (0.34 g). 

The crude product thus obtained was chromatographed on a 
column of carboxymethyl cellulose using an ammonium 
acetate buffer (Fig. 10). The fractions corresponding to a 
major peak (tubes 75—87) were combined, concentrated and 
lyophilized (0.13 g). This was again chromatographed on a 
carboxymethyl cellulose column in almost the same manner as 
above (Fig. 11). The fractions corresponding to a single 
peak (tubes 101—112) were combined and evaporated in 
vacuo. Repeated lyophilization of the residue yielded the 
desired Ih as colorless fluffy powder: wt 0.100 g (29%), [a]2

D
4 

-86 .5±4.0° (c 0.3, 2% acetic acid). A ^ H C 1 276 nm (£J*m 

16.0), J&&SS 289 nm (E\*m 10.0); A^Naoa 282.5 nm (£Jfm 

17.0), 289 nm {E\%
cm 17.6). TLC (cellulose): homogeneous to 

ninhydrin and the Ehrlich reagent in system D. Amino acid 
ratios in acid hydrolysate: Lys 3.75 (4), His 1.14 (1), Arg 
2.88 (3), Asp 1.96 (2), Ser 2.51 (3), Glu 4.91 (5), Pro 4.10 
(4), Gly 3.12 (3), Ala 2.87 (3), Val 2.97 (3), Met 0.97 (1), 
Leu 1.00 (1), Tyr 1.99 (2), Phe 2.96 (3). The Tyr/Trp ratio 
in intact Ih was 1.97, as determined spectrophotometrically.20) 

Purification of Natural a.p-ACTH. A commercial prepa­
ration of <xp-ACTH (45 mg)21) was chromatographed for 
purification on a column (1.7x10 cm) of carboxymethyl 
cellulose (CM-52, Whatman) with a 0.1 M sodium acetate 
buffer (pH 6.2, 1000 ml). The elution was performed by 
increasing the sodium chloride concentration of buffer 
linearly from 0 to 0.2 M. Five-ml fractions were collected 
and their absorption at 280 nm was measured. The fractions 
corresponding to a major peak (tubes 63—75) were combined 
and passed through a column (1.1x7 cm) of Amberlite 
XAD-2, which had been equilibrated with 0.1 M acetic acid, 
at a flow rate of 35 ml/h. The column was washed with 0.1 M 
acetic acid (100 ml) and the peptide adsorbed on the column 
was then eluted with ethanol-0.1M acetic acid (1: 1). Ten mi-
fractions were collected and those corresponding to a single 
peak (tubes 19—33) were combined, evaporated in vacuo at 
a bath temperature of 45 °C and lyophilized; wt 18 mg 

(recovery 40%),29) [a]» -84 .6±3.5° (c 0.4, 2% acetic 
acid). ^ H C 1 276 nm {E\*m 15.5), ^ i S 289 nm (E\*m 

10.3); « ™ 282.5 nm (E\%m 16.8), 289 nm (£}* a 17.2). 
TLC (cellulose) : homogeneous to ninhydrin and the Ehrlich 
reagent in system D. Amino acid ratios in acid hydrolysate: 
Lys 3.84 (4), His 1.05 (1), Arg 2.90 (3), Asp 2.05 (2), Ser 1.79 
(2), Glu 4.96 (5), Pro 3.82 (4), Gly 3.11 (3), Ala 3.04 (3), Val 
3.00 (3), Met 1.02 (1), Leu 2.06 (2), Tyr 1.98 (2), Phe 3.00 
(3). The Tyr/Trp ratio in intact hormone was 1.94 as 
determined spectrophotometrically.20) 

The authors wish to thank Dr. Akira Tanaka and Mr. 
Kunihiro Odaguchi for biological assays and Dr. Kaoru 
Kur iyama and Mr. Tatsuo Iwata for the measurements 
of optical rotatory dispersion and circular dichroism 
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The treatment of various kinds of alkane- and arenethiols with thallium(III) acetate in chloroform at 20—30 °C 
readily affords the corresponding disulfides almost quantitatively, without affecting other functional groups, such as 
the hydroxyl, amino, and carboxyl in the thiols. Under similar conditions, the reaction of thiobenzoic S-acid with 
thallium(III) acetate gives thallium(III) thiobenzoate, while that of thioacetic S-acid yields diacetyl disulfide and 
thallium (I) thioacetate. 

I t is generally known that a large variety of metal 
ions and oxides oxidize thiols to disulfides.1) However, 
al though the oxidation with lead(IV) acetate has been 
fully studied,2 '3) there have been no reports on that with 
thal l ium(III) salt, which is also a good oxidizing reagent 
and which shows some resemblance to lead (IV) salt 
in many organic reactions.4) We wish now to describe 
a facile oxidation of thiols to disulfides with thal l ium(III) 
acetate. 

TABLE 1. T H E OXIDATION OF BUTANETHIOL WITH 

VARIOUS OXIDANTS IN CHLOROFORMA) 

Yield ( °/ )b) Oxidant n-BuSH Temp Time f -D OQ 
(mmol) (mmol) (°C) (h) ^ B ™ ^ 

Tl(OAc)3 

Tl(OAc)3 

T1203 

TlOAc 
Hg(OAc)2 

Pb(OAc)4 

10 
5 
5 

10 
5 
5 

30 
10 
15 
10 
20 
20 
10 

25—35 
20—27 
26—34 
25—27 
20—27 
20—27 

20 

104c>d> 

100e) 

61 

30 

32 

74 

trace 

a) CHClg (15 ml) , b) Based on the amount of oxidant 
charged and determined by G L C . c) Isolated yield, d) 
T l O A c (91%) was isolated, e) T lOAc (95%) was iso­
lated as T1G1 by the addition of aq NaCl to the reaction 
mixture. 

First, the oxidation of 1-butanethiol was examined 
with various thallium salts and lead(IV) and mercury-
(II) acetate as oxidants in chloroform. The results are 
shown in Table 1. I t is clear that thal l ium(III) acetate 
is a more effective reagent than lead (IV) and mercury-
(II) acetate for disulfide formation, and also that the 
stoichiometric reduction of thallium (III) acetate to 
thall ium(I) one occurs thus (Scheme 1): 

2RSH + Tl(OAc)3 • RSSR + TlOAc + 2AcOH (1) 

Since thal l ium(III ) acetate was revealed to be a good 
oxidizing reagent for disulfides, the reaction was applied 
to various alkane- and arenethiols. I t was found that 
the oxidation proceeded almost quantitatively without 
affecting other functional groups, such as the hydroxyl, 
amino, and carboxyl in the thiols. Some typical results 
are summarized in Table 2, together with some data 
obtained using lead(IV) acetate. In the case of 2-methyl-
2-propanethiol, the oxidation with thal l ium(III) acetate 
gave disulfide selectively, while a further oxidized 
compound, sulfone, was obtained as the major product 

TABLE 2. THE OXIDATION OF THIOL WITH THALLIUM (III) 
AND LEAD ( I V ) ACETATESa) 

Yield (%) of RSSRb> 
oxidant RSH 

R 
Time 
(h) 

Tl(OAc)3 Pb(OAc), 

72-Bu 
t-Bu 
t-Bu 
i-Pr 
H O C H a C H a 

E t 0 2 C C H 2 

Ph 
o-H2NC6H4 

o - H 0 2 C C 6 H 4 

S 
_'/ 

P h C H 2 

( L ) - H 0 2 C C H ( N H 2 ) C H 2 

100c> 
73 

100°) 
100c> 
80 
76 

100 
100 
100 

100 

89 
68 

74c> 

37c>d>(46) 
(76) 
(91) 
66 

(88) 
(29) 
(95) 

(81) 

(89) 
4e) 

* T o whom correspondence should be addressed. 

a) R S H (10 mmol), M ( O A c ) n (5 mmol), CHC1 3 (15 ml) at 
20—30 °C. b) Isolated yield unless otherwise stated. 
T h e values in parentheses are from Ref. 2. c) Deter­
mined by G L C . d) Other product : *-BuS02S-*-Bu (50% 
yield), e) More than 9 0 % of the lead (IV) salt was re­
covered (by iodometry). 

by the use of lead(IV) acetate. In the case of o-amino-
benzenethiol, it has been reported that the oxidation 
with lead(IV) acetate gave disulfide in a low yield, 
probably because of the oxidation of the amino group 
by lead(IV) salt.2) The oxidation with thall ium(III) 
acetate, however, yielded only disulfide quantitatively. 
In the case of L-cysteine, the oxidation by lead(IV) 
acetate was very slow compared to that by thallium(III) 
acetate under nearly the same reaction conditions. 

In the oxidation of arenethiols, when the reaction was 
carried out in the presence of more than two equivalents 
of thiols to one of thal l ium(III) acetate, yellow thallium-
(I) thiolate was formed as well as disulfide, as has 
previously been reported in the cases with lead (IV) 
acetate3) (See Experimental section). T h e stoichiometry 
(using three mol of thiols) is shown in Scheme 2. O n 
the other hand, in the cases of alkanethiols, no such 
thiolate was formed and thallium(I) salt was obtained 
as the acetate. 

3ArSH + Tl(OAc)3 • ArSSAr + TISAr + 3AcOH (2) 

Although thiocarboxylic .S-acids have reacted with 
lead(IV) acetate to yield diacetyl disulfides,2'3) the 
reaction of them with thal l ium(III) acetate gave slightly 
different results. Tha t is, the reaction of thiobenzoic 
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.S-acid with thal l ium(III) acetate in chloroform at room 
temperature resulted in the formation of thal l ium(III) 
thiobenzoate in a good yield (Scheme 3), while that of 
thioacetic .S-acid gave diacetyl disulfide and thallium (I) 
thioacetate (Scheme 4). In the latter case, unstable 
thall ium(III) thioacetate seemed to be formed at first; 
it then decomposed to give the products. In fact, 
thallium (111) thiobenzoate also decomposed to thallium-
(I) salt and dibenzoyl disulfide upon heating in chloro­
form or carbon tetrachloride, or even upon standing at 
room temperature for several days. 

3PhCOSH + Tl(OAc)3 • 
Tl(SCOPh)3 + 3AcOH (3) 

3GH3COSH + Tl(OAc)3 • 
TlSCOCH3 + (CH3COS)2 + 3AcOH (4) 

Exper imenta l 

The NMR spectra were taken with a Varian EM-360 
spectrometer, using GDC13 as the solvent. The IR and mass 
spectra were recorded on Hitachi EPI-S2 and JEOL JMS-
01SG spectrometers respectively. The GLC analyses were 
carried out on a Shimadzu 4BMPF apparatus, using an 
EGSS-X (30%)-Chromosorb W (1 m or 3 m) column. 
Commercial organic and inorganic materials were used without 
further purification. The thallium(III) acetate was prepared 
from thallium(III) oxide and acetic acid.5) 

Reaction of Thiols with Tl(OAc)3. The following is a 
typical example. To a stirred chloroform (15 ml) solution 
of 1-butanethiol (2.7 g, 30 mmol) we added solid thallium(III) 
acetate (3.81 g, 10 mmol) in several portions at 25 °C over a 
10-min period. The reaction was exothermic, and the tem­
perature rose to 35 °C during the addition. The resulting 
yellowish orange mixture was stirred for 1 h. The subsequent 
evaporation of the chloroform by means of a vacuum evapo­
rator at room temperature left white thallium (I) acetate (2.4 g, 
9.1 mmol; mp 130 °G) and organic products, the latter of 
which was distilled to afford acetic acid (0.5 g, 8.3 mmol; 
bp 25—35°C/22 Torr) and dibutyl disulfide (1.85 g, 10.4 
mmol; bp 110—118 °C/22 Torr). 

Reaction of Benzenethiol with Tl(OAc)z. To a chloroform 
(15 ml) solution of benzenethiol (3.3 g, 30 mmol) we added 
several portions of solid thallium(III) acetate (3.81 g, 10 
mmol) at 25 °C over a 10-min period. The temperature of 
the mixture rose to 30 °C during the addition, and a yellow 
solid of thallium(I) benzenethiolate was precipitated. After 
1 h, the solid was filtered off [C6H6ST1, 2.90 g, 9.3 mmol, 93% 
yield; mp 255—260 °C (lit,6) mp 258—260 °G)] and the filtrate 
was concentrated to give diphenyl disulfide [2.18 g, 10 mmol, 
100% yield; mp 59—60 °C (lit,2) mp 59—61 °C)]. When 
benzenethiol (20 ml) was added, drop by drop, to a suspension 
of thallium(III) acetate (10 mmol) in chloroform (15 ml), 
diphenyl disulfide and thallium(I) acetate were obtained 
quantitatively. The further addition of the thiol in this case 
resulted in the formation of thallium(I) benzenethiolate 
instead of the acetate. 

Reaction of Thiobenzoic S-Acid with Tl(OAc)^. The 
addition of thallium(III) acetate (1.15 g, 3 mmol) to a 
chloroform (8 ml) solution of thiobenzoic S-acid (1.38 g, 10 
mmol) at 20—25 °C readily afforded a yellow heterogeneous 
mixture. After 20 mins' stirring a yellow solid was filtered 
off and washed with ether. It was revealed to be thallium-
(III) thiobenzoate [1.55 g, 2.5 mmol, 84% yield; mp (decomp) 
113—114 °C]. IR (hexachlorobutadiene and paraffin mulls), 
3070 (w), 1660 (s), 1630 (m), 1590 (m), 1575(m), 1445 (m), 

1310 (w), 1195 (s), 1170 (s), 1000 (w), 900 (s), 890 (s), 765 (m), 
and 675 (s) cm"1. Found: C, 41.10; H, 2.51%. Calcd for 
C21H1503S3T1: G, 40.95; H, 2.45%. Dibenzoyl disulfide 
was not detected in the organic extract. 

By heating thallium(III) thiobenzoate (0.61 g, 1 mmol) in 
CC14 (15 ml) under reflux for 3 h, dibenzoyl disulfide [0.24 g, 
0.88 mmol, mp 125 °C (lit,») mp 125—127 °C)] and thallium-
(I) thiobenzoate (0.33 g, 0.97 mmol) were isolated. The 
latter thallium(I) salt was also prepared by the reaction of 
equimolar amounts of thallium(I) acetate and thiobenzoic 
acid in ethanol at room temperature for 2 h: mp (decomp) 
200—202 °G; Found: C, 24.52; H, 1.30%. Calcd for C7H5-
OST1: C, 24.60; H, 1.46%. 

Reaction of Thioacetic S-Acid with Tl(OAc)3. To a 
stirred chloroform (10 ml) solution of thioacetic S-acid (1.14 g, 
15 mmol), we added several portions of solid thallium(III) 
acetate (1.90 g, 5 mmol) at 25—30 °C. The color of the 
mixture soon became bright yellow and then gradually 
changed to pale yellow. After 5 h, a pale yellow solid was 
filtered off. It was revealed to be thallium(I) thioacetate (1.35 
g, 4.82 mmol, 96% yield; mp 76—78 °C). IR (hexachloro­
butadiene and paraffin mulls), 1645 (s), 1638(s), 1565 (s), 
1545 (sh), 1410 (w), 1348 (m), 1150 (w), 1130 (m), 1110 (s), 
950 (m), and 865 (m) cm"1. Found: C, 8.64; H, 1.21%. 
Calcd for C2H3OSTl: C, 8.60; H, 1.08%. The evaporation 
of chloroform from the organic filtrate left 0.4 g of a residue 
which was revealed by NMR to consist of almost pure diacetyl 
disulfide. The distillation of the residue, accompanied by a 
slight decomposition, gave diacetyl disulfide (0.2 g, 1.33 mmol, 
27% yield; bp 40—65 °C/3 Torr), the NMR and IR spectra 
being identical with those of an authentic sample prepared by 
the oxidation with Pb(OAc)4.

2> 
Reaction of 2-Methyl-2-propanethiol with Pb(OAc)^. The 

oxidation of 2-methyl-2-propanethiol (0.9 g, 10 mmol) with 
lead(IV) acetate [2.46 g (90% purity), 5 mmol] in chloroform 
(15 ml) was carried out at 25—30 °C for 5 h, as in the case 
with thallium(III) acetate. The lead(II) acetate thus formed 
(1.40 g, 4.31 mmol) was filtered off, and the subsequent GLC 
analysis of the filtrate revealed the presence of di-f-butyl 
disulfide (1.85 mmol, 37% yield) and S-f-butyl 2-methyl-2-
propanethiosulfonate, f-BuS02S-*-Bu (2.50 mmol, 50% 
yield). Even when the reaction was stopped within 1 h, the 
yield of each compound was nearly the same to that described 
above. The reaction with P b 0 2 in place of Pb(OAc)4 was 
sluggish, and only disulfide was formed. Pure thiosulfonate 
was isolated by the distillation of the filtrate after the solvent 
had been removed. Thiosulfonate: bp 122 °C/35 Torr; 
NMR à 1.37 (s); MS, {m/e) 210 (M+); IR 1362 (s, vas S02) , 
1165 (s, vs S0 2 ) ; Found: C, 45.59; H, 8.92%. Calcd for 
C8H1802S2: C, 45.68; H, 8.62%. Disulfide: NMR Ô 1.30 
(s); MS, (m/e) 178 (M+). 
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Under UV irradiation in the presence of an inorganic base, aqueous formaldehyde was found to give penta-
erythritol and 2-hydroxymethylglycerol as the main products, accompanied by the concomitant formation of a 
mixture of sugars and sugar alcohols. The results indicate that this photochemical formose reaction is considerably 
different in product distribution from the thermal formose reaction using the Ga(OH)2 catalyst. The detailed 
examination of the photochemical formose reaction was carried out in the presence of Na2G03 , and a possible scheme 
for the formation of pentaerythritol and 2-hydroxymethylglycerol is proposed. 

The formose reaction, which is essentially the auto-
condensation of formaldehyde by a base catalyst, 
resulting in the formation of a complex mixture of 
monosaccharides, has been studied by many inves­
tigators. Among various inorganic and organic bases, 
Ca (OH) 2 has been recognized as an excellent catalyst, 
for this reaction,1-4) while the mechanism of the sugar 
formation has been discussed mainly in terms of the 
aldol condensation between formaldehyde and lower 
saccharide intermediates.4_7> In the majority of the 
reports, the complexity of this reaction has been 
emphasized. The number of products amounts to more 
than 30,8> and this complexity has made it difficult to 
utilize the method for common carbohydrate resources. 

Formose can also be synthesized photochemically. 
The photochemical sugar formation from formaldehyde 
was found by Moore et a/.,9> who observed the sugar 
formation under sunlight or irradiation by a mercury 
lamp in the presence of FeCl3 or uran ium compounds as 
sensitizer. Since Baly et a/.10'11) reported that the 
irradiation of 4 0 % formalin with ultraviolet light in 
the presence of C a C O a gives reducing sugars in ca. an 
8% yield, no significant report on the photochemical 
formose reaction has appeared. The purpose of the 
present work is to obtain further information on the 
effect of additives on the product distribution in the 
photochemical formose reaction as well as to contribute 
to the elucidation of the mechanism. 

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

Materials. Aqueous formaldehyde solutions were pre­
pared from paraformaldehyde (Merck Co.) .12) All of the inor­
ganic bases used as catalysts were of an analytical grade. 

Irradiation Procedure. An aqueous formaldehyde solu­
tion (230 ml) containing 15 g of a basic catalyst was irradiated 
internally with a 450-W high-pressure mercury lamp in a 
Pyrex tube equipped with a water jacket under stirring in 
air. The temperature of the solution was maintained at 
28—30 °C. After irradiation, the reaction mixture was 
slightly acidified with 1 M HCl. The formaldehyde con­
sumption and the sugar yield were determined by the methods 
described in an earlier paper.12) The amount of the organic 
acids was determined for acidified 10 ml aliquots by back 
titration with 2 M KOH. 

Thermal Formose Reaction. The reaction was carried out 
by the method previously described.12) The sugar products 
were trimethylsilylated and analyzed by gas chromatography 
(Fig- 1). 

Gas Chromatography. The reaction mixture was evap­
orated to dryness in vacuo at 40 °G by the repeated addition 
and concentration of water in order to remove formaldehyde as 
possible. The residue was trimethylsilylated in the usual 
manner13) and extracted with chloroform. A Shimadzu GG-
5A Chromatograph, equipped with a hydrogen-flame ionization 
detector, was used under the following conditions : coiled glass 
column of 3 m by 0.3 in. o.d., adsorber, 5% silicon gum SE-30 
on 60—80 mesh Chromosorb-W; nitrogen flow rate, 60 ml/min; 
temperature, 100—250 °G, rising at the rate of 4 °C/min. 

Separation and Identification of Products. An aqueous 
solution (230 ml) containing formaldehyde (55.2 g) and 
Na 2C0 3 (15.0 g) was irradiated as above for 50 h. The 
consumption of formaldehyde, the sugar yield, and the yield 
of organic acid (as formic acid) were determined to be 42.8, 
7.5, and 2.5% respectively, based on the starting formalde­
hyde. The reaction mixture was then passed through columns 
of Amberlite IR 120(H) (120 ml) and Amberlite IRA400 
(OH) (500 ml) successively, after which the columns were 
washed with water (200 and 500 ml respectively). The 
whole eluate was concentrated in vacuo to dryness by the 
repeated addition and concentration of water in order to 
remove the formaldehyde. The residue was dissolved in water 
(50 ml) and diluted with acetone (50 ml) to separate penta-
erythritol(I), corresponding to the GLC peak 9 (Fig. 2) (8.8 g; 
38% based on the consumed formaldehyde) as colorless 
crystals (mp 255—256 °C), which were identical with an 
authentic sample (IR). 

The mother liquor was evaporated to a sirup which was 
chromatographed in 2 g portions as follows. On the top of a 
column (20 cm by 2.8 cm o.d.) packed with dry cellulose 
powder, the sample, which had been mixed with a small 
amount of cellulose powder (Whatman CF-11) and dried in a 
desiccator, was placed; it was eluted successively with the 
following solvents: acetone, 500 ml; acetone-methanol (9: 1, 
v/v), 300 ml; acetone-methanol (8: 2, v/v), 300 ml; acetone-
methanol (7:3, v/v), 200 ml; acetone-methanol (5:5, v/v), 
200 ml; methanol, 100 ml. The eluate was then collected in 
50 ml portions and was analyzed by GLC and PPG. All 
the eluates were then divided into two fractions. Fraction 
A consisted of products corresponding to GLC peaks 1, 2, 3, 4, 
5, 6, and 10 (Fig. 2) and amounted to 3.0 g (13%, based on the 
consumed formaldehyde) ; the second fraction consisted mainly 
of a product corresponding to the GLC peak 7 (2.8 g; 12%, 
based on the consumed formaldehyde). Part of the latter 
fraction was purified by paper chromatography as follows: 
Toyo filter paper No. 50; the upper layer of a mixture of 1-
butanol-acetic acid-water (4: 1:5) as the developing solvent; 
detection by an ammoniacal silver nitrate solution.14) The 
chromatogram was extracted with methanol to give 2-hydroxy­
methylglycerol (II) (GLC peak 7) as a colorless sirup; it was 
identified from its spectral and analytical data: IR (KBr) 
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3400, 2950, 1460, 1120, 1040, 910 cm-1; MS 122, 91, 73, 61, 
45 m/e; Found: C, 39.43; H, 8.16%. Calcd for G4H10O4: G, 
39.34; H, 8.25%. The acetate of 2-hydroxymethylglycerol, 
NMR (GDC13) 2.07 (9H, s), 2.08 (3H, s), 4.13 (6H, s). 

Amberlite IRA400 (OH) which had been treated with the 
total reaction mixture was washed with 0.2 M HCl (1 liter), 
and the washings was concentrated in vacuo (Fraction B), (8.5 
g; 37%, based on the consumed formaldehyde). Fraction B 
consisted of products corresponding to GLC peaks (Fig. 2) 
8, 14,15,20,21,23,24,27, 29, and organic acids. 

Formation of 2-Hydroxymethylglycerol(II) from Glycolaldehyde 
and Formaldehyde. An aqueous formaldehyde solution 
(30 ml; 1.7 g) containing 0.75 g of glycolaldehyde and 0.48 g 
of Na2C03 was stirred at 30 °C without irradiation. At 
intervals an aliquot was taken up and slightly acidified (pH, 
5—6) with 1 M HCl to stop the reaction. The reaction 
mixture was evaporated to dryness as above, and the residue 
was trimethylsilylated and analyzed by gas chromatography. 
The results are shown in Fig. 6. 

Photochemical Formation of Pentaerythritol (I). To 20 ml 
of an aqueous solution of 2-hydroxymethylglycerol (II), coned 
formalin, Na2C03 , and water were added so as to bring the 
concentrations of II, formaldehyde, and Na a C0 8 to 0.1 M, 
6M, and 0.62 M respectively, and the final volume to 25 ml. 
A quartz tube containing the solution was irradiated externally 
with a 450-W high-pressure mercury lamp at 30 °G. At 
intervals an aliquot was taken up and analyzed as above. The 
results are shown in Fig. 7. 

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

The sugar yields in the photochemical formose reac­
tions with various catalysts are summarized in Table 1. 

TABLE 1. EFFECT OF INORGANIC BASE CATALYST ON 

THE PHOTOCHEMICAL FORMOSE REACTION** 

Inorganic Concentration Sugar yield 
base of base (M) as glucose (%) 

CaCC-a ÔT86 5^8 
Ca(OH)2 0.88 5.2 
Na2C03 0.62 8.7 
NaHC0 3 0.78 4.5 
NaOH 1.63 2.0 
Mg(OH)2 1.12 6.4 

a) Light source, 450-W high-pressure mercury lamp 
(Pyrex); irradiation time, 72 h; [HCHO] = 12.3M; 
temperature, 30 °C. 

In the absence of a basic catalyst, the consumption of 
formaldehyde became negligible under U V irradiation 
for 50 h. When CaCO a was used as the catalyst, the 
sugar yield (5.8%) was lower than that (8%) reported 
by Baly.11) The discrepancy between these two experi­
mental results might be at tr ibuted to differences in the 
irradiation conditions. The sugar yield was relatively 
high when N a 2 C 0 3 was used. The gas chromatogram 
of the trimethylsilylated products obtained by the use 
of the N a 2 C 0 3 catalyst is shown in Fig. 2. I t is apparent 
that the product distribution of the photochemically 
synthesized formose is simpler than that of the formose 
prepared by the usual thermal method (Fig. 1). In 
experiments with the other catalysts listed in Table 1, 
the GLC patterns were similar to that of Fig. 2, but the 
product corresponding to peak 9 was obtained in the 

24 

H 1 15 I 

ft fei *J 
pi 

1 1 1 _ i 
0 10 20 30 

Time (mln) 

Fig. 1. Gas chromatogram of TMS derivatives of ther-
mosynthesized formose. 
[HCHO]=2 .0M; [Ca(OH)2] = 0.2 M; Temp, 60 
°G; Total volume; 880 ml.12) 
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Fig. 2. Gas chromatogram of TMS derivatives of photo­
chemically synthesized formose. 
[HCHO] = 8.0 M; [Na2CO3] = 0.62 M; Temp, 30 °C; 
Light source, 450-W high-pressure mercury lamp; 
Irradiation time, 50 h; Total volume, 230 ml. 

highest yield in case of the N a 2 C 0 3 catalyst. Therefore, 
the detailed studies of the photochemical formose 
reactions were made using the N a 2 C 0 3 catalyst. 

T h e main products, corresponding to G L C peaks 7 
and 9 of Fig. 2, were separated and identified as 2-
hydroxymethylglycerol (II) and pentaerythritol (I) 
respectively. The compound I formed amounts to ca. 
4 0 % of the total products (by GLC) , and the I I , to 
1 3 % . Fractions A and B are most probably sugar 
alcohols and sugars respectively, judging from their 
behavior in the Benedict test (A : negative ; B : positive) 
and the adsorption on the IRA400(OH) resin. 

The formaldehyde consumption and the sugar yield 
in the photochemical formose reaction were found to 
depend on the formaldehyde concentration, which is 
shown in Fig. 3. At higher formaldehyde concentrations, 
both the formaldehyde consumption and the sugar yield 
increase. At concentrations less than 3 M, the reaction 
proceeded very slowly under a high-pressure mercury 
lamp (Pyrex), resulting in a formaldehyde consumption 
of less than 10% and a negligible formation of the 
sugars. However, when a 10-W low-pressure mercury 
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4 8 12 
HCHO concentration (M) 

Fig. 3. Effect of HCHO concentrations on the HCHO 
consumption and the sugar yield. 
[Na2CO3] = 0.62M; Temp, 30 °C; Light source, 
450-W high-pressure mercury lamp; Irradiation time, 
72 h; Total volume, 230 ml; A> HCHO consumption; 
O J Sugar yield. 

lamp (quartz tube) was used a t a 2 M formaldehyde 
concentration, the consumption of formaldehyde and 
the sugar yield were raised to 70 and 5.4 % respective­
ly. T h e gas chromatogram of the products exhibited 
more than 30 peaks, and no selective formation of I and 
I I was observed. 

The sugar yield (usually ca. 50%) in the Ca(OH) 2 -
catalyzed formose reaction, in which the Cannizzaro 
reaction competes with the sugar formation,5-6) is known 
to improve upon the addition of methanol because of 
its inhibitory action on the Cannizzaro reaction. 15> The 
fact that the sugar yield was low regardless of the 
formaldehyde concentrations in the photochemical 
formose reaction (Fig. 3) may be ascribed to the accumu­
lation of formic acid resulting from the Cannizzaro 
reaction, as may be seen in the decrease in the p H in the 
course of the reaction (Fig. 5). However, the addition 
of methanol to the photochemical reaction system 

10 20 30 40 
Time (h) 

50 

Fig. 4. Effect of methanol addition on the HCHO con­
sumption. 
[HCHO] = 8.0 M ; [Na2C03] = 0.62 M; Temp, 30 °G; 
Light source, 450-W high-pressure mercury lamp; 
[MeOH] (v/v) : Q, 0% ; A, 50%; Q , 100%. 
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Fig. 5. Time course of the photochemical formose reac­
tion. 
[HCHO] = 8.0 M ; [Na2COs] = 0.62 M ; Temp, 30 °C; 
Light source, 450-W high-pressure mercury lamp; 
Total volume, 230 ml; 3 , pH; A) HCHO consump­
tion; V , Organic acid (as formic acid); Ç), Penta-
erythritol; • , 2-hydroxymethylglycerol; A , HCHO 
consumption by dark reaction. 

resulted in a decrease in the formaldehyde consumption 
rate (Fig. 4), and the sugar yield became negligible. 
This shows that methanol has rather an inhibitory 
effect on the photochemical formose reaction. 

The time course of a typical run of the photochemical 
formose reaction is shown in Fig. 5. In the earlier 
stages of the reaction, the yield of pentaerythritol (I) is 
equal to that of 2-hydroxymethylglycerol ( I I ) , but after 
40 h the former appreciably exceeds the latter. A 
lowering of the p H due to the formation of organic 
acids was also observed. In a control experiment 
without U V irradiation, formaldehyde was consumed 
only to a small extent, and it was converted into organic 
acids nearly quantitatively by the Cannizzaro reaction. 

Mechanistic Consideration. The compound I is 
usually prepared by treating acetaldehyde with about 
five equivalents of formaldehyde in an aqueous C a ( O H ) 2 

suspension. The reactions proceeds via the addition of 
three molecules of formaldehyde to acetaldehyde, 
followed by the Cannizzaro reaction of tris(hydroxy-
methyl)acetaldehyde, leading to I.16) An at tempt was 
made to detect acetaldehyde in the present photoreaction 
mixture with morpholine and sodium nitroprusside,17) 
but acetaldehyde could not be detected in any stage 
of the reaction. T h e gaseous material evolved during 
the reaction was found by GLC analysis to be 0 2 and 
C O a derived from the N a 2 C 0 3 catalyst. 

O n the basis of the facts that glycolaldehyde is a 
product of the first step of the thermal formose synthesis 
using basic catalysts,18) and that 2-hydroxymethyl­
glycerol is detected in the final products by GC-MS,19) 
the photochemical formose reaction must be : formal­
dehyde -> glycolaldehyde ( I I I ) —• 2 - hydroxymethylgly-
cerol ( I l )^pen tae ry th r i to l (I) . The following experi­
ments support this sequence. 

When an aqueous solution of glycolaldehyde (0.42 M) , 
formaldehyde (1.9 M ) , and N a 2 C 0 3 (0.15 M) was 
allowed to stand a t 30 °C, I I was formed in ca. a 30% 
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Fig. 6. Formation of 2-hydroxymethylglycerol from 
glycolaldehyde and formaldehyde. 
[HCHO]=1.9M; [Glycolaldehyde]=0.42 M ; [Na2-
CO 3 ]=0.15M; Temp, 30 °C; Total volume, 30 ml; 
A J HGHO consumption; • , 2-hydroxymethylglycer­
ol; Q, Pentaerythritol ; Products analysis, GLG of 
TMS derivatives. 
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Fig. 7. Photochemical formation of pentaerythritol 
from 2-hydroxymethylglycerol and formaldehyde. 
[HGHO]=6.0 M ; [2-hydroxymethylglycerol] = 0.1 
M; [Na2CO3] = 0.62 M; Temp, 30 °G; Light source, 
450-W high-pressure mercury lamp; Total volume, 25 
ml; A » HCHO consumption; Q, Pentaerythritol; 
• , 2-hydroxymethylglycerol; Aj HGHO consumption 
in the absence of Na2G03 (pH=6.6); Product analysis, 
GLC of TMS derivatives. 

yield (by GLC) , while formaldehyde was consumed, but 
no formation of I was detected (Fig. 6). The compound 
I I I disappeared rapidly at an early stage of this reaction 
and was no longer detectable by G L C analysis after 
30 min. O n the other hand, when an aqueous solution 
of glycolaldehyde and formaldehyde at the same 
concentrations was irradiated for 20 h in the absence of 
N a 2 C 0 3 , the consumption of formaldehyde was less 
than that in the thermal Na 2C0 3 -catalyzed reaction 
(ca. 30%) , and neither I I nor I was formed. These 
results indicate that, in the presence of a base and 
formaldehyde, glycolaldehyde (III) smoothly gives rise 
to 2-hydroxymethylglycerol (II) by means of a reaction 
in the dark. 

The lack of pentaerythritol formation in the experi­
ment shown in Fig. 6 suggests that the step of pentaery­

thritol formation in the photochemical formose reaction 
might require U V irradiation. This was shown by a 
photochemical formation from I I (0.1 M) in the 
presence of formaldehyde (6 M) and N a 2 C 0 3 (0.62 M) 
(Fig. 7). In the course of irradiation, pentaerythritol 
(I) increases with a decrease in the formaldehyde and 
I I ; when U V irradiation was omitted or when the 
reaction was carried out at p H 5, little formaldehyde 
was consumed and the formation of I was not observed. 
At a low concentration of formaldehyde (0.6 M) , the 
yield of I decreases dramatically under a 20 h 
irradiation. 

Now, the pathway of the formation of I and I I from 
formaldehyde under U V irradiation in the presence of a 
base catalyst can be formulated as is shown in the 
following scheme: 

(1) HGHO + H 2 0 <=± GH2(OH)2 

hv 

HCHO <==* HGHO* 

HGHO* + CH2(OH)2 • 

• CH2OH + .GH(OH)2 

• CH2OH + -CH(OH)2 > 

HOCH2CHO (III) + H 2 0 

(2) HOCH2CHO + 2HCHO 

GH2OH 

HO-G-GHO + HGHO 

GH2OH 

B-
GH2OH 

• HO-G-CHO 
aIdol I 

condensation G H 2 O H 

(IV) 

B-

cross Cannizzaro reaction 

GHoOH 

HO-G-GH2OH + HCOOH 

CH2OH 

(II) 

CH2OH 

(3) HCHO* + HO-C-CH 2OH • 

CH2OH 
• CHOH 

CH2OH + HO-C-CH 2OH 

CH2OH 

(V) 

CHO 
- H -

• CHOH 

HO-C-CH 2 OH 

CH2OH 

(V) 

-> HO-C-CH.OH 

- O H 

CH2OH 

(IV) 

CHOH 

C-GH2OH 

GH2OH 

CHO 

HG-GH2OH 

CH2OH 

(VI) 
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CHO 

HO-C-CH 2OH + HGHO 

CH2OH 

B-

(IV) CH2OH 

HO-C-CH aOH + HCOOH 

CH2OH 

(II) 

CHO 
B • HOH2C-C-CH2OH 

CH2OH 

(VU) 

B-

GHO 

HC-CH2OH + HGHO -

CH2OH 

(VI) 

CHO 

HOH2C-C-CH2OH + HCHO • 

CH2OH 
(VII) CH2OH 

HOH2C-C-CH2OH + HCOOH 

GH2OH 

(I) 

( 1 ) The first step is the formation of glycolaldehyde 
(III) from formaldehyde with light, as has already been 
reported by Pribram.20) An n-n* excited state of 
formaldehyde [ Ä x 288 n m (log e 1.13)21>] abstracts 
hydrogen from its hydra ted form,82) methanediol; this 
is followed by the coupling of the two radical species. 

(2) The second step may consist of thermal processes. 
In the presence of a base, glycolaldehyde (III) smoothly 
undergoes aldol condensation with formaldehyde, follow­
ed by a cross-Cannizzaro reaction between 2-formylgly-
cerol (IV) and formaldehyde to yield 2-hydroxy-
methylglycerol ( I I ) . 

(3) The final step probably involves a photochemical 
process. An excited state of formaldehyde may abstract 
hydrogen from a methylene group of I I , giving a 
substituted hydroxymethyl radical (V). The radical may 
then undergo ^-scission to yield either 2-formylglycerol 
(IV) or bis (hydroxymethyl) acetaldehyde (VI) . T h e 
oxygen evolved during the reaction may come from the 
hydroxyl radicals. In the presence of a base and formal­
dehyde, the former (IV) undergoes a cross-Cannizzaro 

reaction to revert back to I I . The latter (VI) undergoes 
an aldol condensation with formaldehyde, followed by 
a cross-Cannizzaro reaction of the tris (hydroxymethyl)-
acetaldehyde (VII) thus formed, to yield, finally, 
pentaerythritol (I) . 
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The Synthesis of Dimethyl dJ-3-Ethyl-4-methyl-l,2-cyclo-
pentanedicarboxylates1) 

Shosuke ITO and Yoshimasa HIRATA 
Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya 464 

(Received July 6, 1976) 

The four 3,4-cù-stereoisomers of dimethyl <//-3-ethyl-4-methyl-l,2-cyclopentanedicarboxylates (la., lb , lc, and 
Id) have been synthesized and their configurations established. A comparison of the spectral data and the GLC 
behaviors has shown that the corresponding ester, one of the key degradation products of ikarugamycin, has the r-1, 
t-2, c-3, c-4-configuration ( la) . The r-1, t-2, c-3, f-4-stereoisomer (If) has also been prepared. 

Ikarugamycin2) is an antibiotic with a unique as-
hydrindacene skeleton. O n permanganate oxidation 
followed by esterification it yielded a monocyclic ester 
1, C 8 H 1 4 (C0 2 Me) 2 , along with a number of esters.2b) 

The structure of the ester 1 was determined as dimethyl 
3-ethyl-4-methyl-l,2-cyclopentanedicarboxylate by spec­
tral data and the concomitant formation of dimethyl 
2-ethyl-3-methylglutarate.2b) Furthermore, the r-1, t-2, 
c-3, c-4 stereochemistry was suggested by the facts: the 
configuration of the ethyl and methyl groups in the 
isolated dimethyl 2-ethyl-3-methylglutarate was erythro, 
and the base-catalyzed equilibration of the ester 1 
resulted in the recovery of 1 as the major product.2b) 

--CO2MC 

CO.Me 

w / V ^ C O . M e --C02Me 

X02Me ^C02Me 

la lb lc 

>C02Me 

Id 

r" 

. / V ^ C C k M e 

XOsMe 

r^ 

~cr C02Me 

C02Me 

le 

Since the ester 1 contained four of the nine asym­
metric carbons in ikarugamycin, it became necessary to 
unequivocally confirm the relative configuration of the 
ester 1 through its synthesis. We describe here the 
synthesis and the stereochemistry of the four isomeric 
3,4-cis- 3 -ethyl- 4 -methyl-1,2-cyclopentanedicarboxylates 
( l a , l b , l c , and I d ) . Two 3,4-£ra«.5-stereoisomers ( l e 
and I f ) were also prepared. 

2a: R = G 0 2 H 
2b: R = C H 2 O H 
2c: R=CH 2 OTs 
2d: R=GH 2 GN 
2e: R = C H 2 C 0 2 H 
2f: R=CHBrCO„Me 

There have been extensive works on the synthesis of 
nepetic acids, 3-methyl-1,2-cyclopentanedicarboxylic 
acids.3) However, none of them seemed applicable for 
the synthesis of 3,4-disubstituted 1,2-cyclopentanedicar­
boxylic acids. T h e cyclization reaction by McDonald 
and Reitz4) appeared to be the most convincing method 
for our purpose. As the starting material was chosen 
2-ethyl-3-methylglutaric acid (2a) which was prepared 
by a known method5) as a mixture ( 1 : 2 ratio) of erythro-

and jAreo-isomers. 
Lithium aluminum hydride reduction of the acid 2a 

gave a diol 2b . T h e corresponding ditosylate (2c) was 
treated with sodium cyanide in dimethyl sulfoxide to 
yield a dinitrile 2d, which was then hydrolyzed with 
potassium hydroxide in aqueous ethylene glycol to give 
a dicarboxylic acid 2e. Bromoesterification6) of 2e 
yielded a dibromo diester 2f, whose structure was 
confirmed by the mass spectrum and elemental analysis 
(see Experimental) . The cyclization of 2f with sodium 
hydride in iV,iV-dimethylformamide4) proceeded 
smoothly, giving the two expected cyclopentene deriva­
tives 3a and 3 b in 5 : 7 ratio. They were separated 
without difficulty by chromatography on silver nitrate 
impregnated silica gel followed by preparative gas-liquid 
chromatography (GLC). In order to confirm the 
relative configurations of the ethyl and methyl groups 
in the esters (3a and 3b) , the latter (3b) was submitted 
to ozonolysis and yielded £Ara>-2-ethyl-3-methylglutaric 
acid.7) 

CO.Me 

r^ 

CO.Me 

COzMe 

3b 

Hydrogénation of the unsaturated 3,4-m-ester (3a) 
proved to be very difficult. However, this was overcome 
by repeating hydrogénation in acetic acid over platinum 
oxide. T h e products, free of unsaturated esters, were 
separated by preparative GLC, giving three saturated 
esters I d , la ,8) and le8) in 33, 7, and 1 3 % yields, 
respectively. 

O n equilibration by heating with methanolic sodium 
methoxide, the ester I d disappeared to give the isomeric 
ester l a as the major product, along with two new esters 
l b and l c (ratio of l a , l b , and l c ; 8 9 : 2 : 9 ) . This indicates 
that the isomer l a has the most stable r-1, t-2, c-3, c-4-
configuration.9) 

The two isomeric 1,2-m-esters ( l c and Id ) were also 
prepared via their anhydrides (4a and 4b) as follows. 
The ester I d was equilibrated, hydrolyzed, and then 
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treated under reflux with acetic anhydride containing 
j&-toluenesulfonic acid. Preparative G L C of the product 
afforded the 2,3-/rarc.y-anhydride (4a) and the 2,3-cis-
anhydride (4b) in 4 : 1 ratio. Methanolysis of 4a and 4 b 
followed by esterification with diazomethane gave the 
corresponding esters ( l c and I d ) , respectively. Thus, 
the second most stable isomer l c must have the r-1, c-2, 
t-3, J-4-configuration and the least stable isomer I d the 
r-1 , c-2, c-3, c-4-configuration. 

T h e remaining isomer whose configuration was to be 
confirmed was then the r -1 , t-2, t-3, /-4-ester ( l b ) . I t 
was prepared from the anhydride 4 b by essentially the 
same method as used for the preparation of ^-3-methyl-
r-1 , ^-2-cyclopentanedicarboxylicacid.10) T h e anhydride 
(4b) was converted to a mixture of half methyl esters, 
which was equilibrated with base and esterified. The 
product consisted mostly of the ester l b which was 
isolated in 5 0 % yield by preparative GLC. 

Thus, all of the four stereoisomers of dimethyl 3,4-cis-
3-ethyl-4-methyl-1,2-cyclopentanedicarboxylates were 
prepared with high purities and their stereochemistry 
established. 

Consequently, the isomer l e , obtained by the catalytic 
hydrogénation of 3a (described above), must have 
3,4-£ra«.y-configuration.8> In fact, equilibration of l e 
yielded predominantly the sixth isomer I f whose stereo­
chemistry was most likely r -1 , t-2, c-3, t-4. 

A comparison of the I R and N M R spectra and 
retention times on G L C showed that the ester 1, obtained 
from ikarugamycin, was identical with the synthetic 
sample of dimethyl c-3-ethyl-c-4-methyl-r-l,£-2-cyclo-
pentanedicarboxylate ( l a ) . 

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

The IR spectra were taken on a JASGO IR-S spectro­
photometer and the UV spectra on a Perkin-Elmer 202 UV-
VIS spectrophotometer. The NMR spectra were recorded on 
Nihondenshi JNM-C60H and 4H-100 spectrometers using 
CG14 as the solvent; the chemical shifts are given in ppm 
relative to the internal TMS, and the coupling constants given 
in Hz. The mass spectra were obtained with a Hitachi RMU-
6D spectrometer, operating with an ionization energy of 70 eV. 
The preparative gas-liquid chromatography (GLC) were 
carried out on a Varian 1828-4 instrument, using a column 
packed with 10% OV-17 on Chromosorb W at 170 °C. 

Synthesis of Dimethyl 2,6-Dibromo-3-ethyl-4-methylpimelate (2f). 
(a) 3-Ethyl-4-methyl-l,5-pentanediol (2b) : A solution of 2-
ethyl-3-methylglutaric acid (2a: 17.4 g) in ether (100 ml) was 
added dropwise during 2 h to a stirred suspension of lithium 
aluminum hydride (11.2g) in ether (200 ml) at 0 °C. The 
mixture was stirred at room temperature for an additional 4 h. 
After cooling to 0 °C ethyl acetate (20 ml) and then water 
were carefully added. After 1 h a mixture of ice-water (150 
ml) and coned sulfuric acid (45 ml) was added and the 
mixture was extracted with ether (600 ml). The ether extract 
was washed with saturated sodium hydrogen carbonate solu­
tion and saturated sodium chloride solution, and dried over 
magnesium sulfate. Evaporation of the solvent afforded 12.2 g 
(83%) of a colorless oil, vgS' 3670, 3600—3200 cm"1. 

(b) Ditosylate (2c) of 2b: To a stirred solution of p-
toluenesulfonyl chloride (38.2 g) in pyridine (70 ml) at 0 °C 
was added dropwise a solution of the diol 2b (12.1 g) in 
pyridine (20 ml) during 20 min. After standing at 5 °C for 

18 h the mixture was poured into ice-water (200 ml) and 
extracted with chloroform (500 ml). The chloroform extract 
was washed with coned hydrochloric acid (100 ml) and water, 
and then dried over sodium sulfate. Evaporation of the solvent 
gave 31.9 g (84%) of a colorless oil, v™£> 1603, 1360, 1170 
cm -1. The crude ditosylate was immediately used for the 
next experiment without a further purification. 

(c) 3-Ethyl-4-methylpimelonitrile (2d) : A mixture of the 
ditosylate 2c (31.9 g) and sodium cyanide (10.3 g) in dimethyl 
sulfoxide (350 ml) was heated with stirring at 100 °C for 2 h 
under an atmosphere of nitrogen. After cooling the mixture 
was poured into a solution of ammonium chloride (40 g) in 
water (400 ml) and extracted with dichloromethane (800 ml). 
The dichloromethane extract was washed throughly with 
water and dried over sodium sulfate. Removal of the solvent 
gave a reddish residue, which was distilled to furnish 8,7 g 
(76%) of 2d as a pale pink oil: bp 132—155 °C/3 mmHg; 
v£2i 2260, 1427 cm-1; m/e 165 (M+4-1), 163 (M+-1) . 
Found: G, 73.22; H, 10.27; N, 17.06%. Calcd for G10H16N2: 
C, 73.12; H, 9.82; N, 17.06%. 

(d) 3-Ethyl-4-methylpimelic Acid (2e) : A mixture of the 
nitrile 2d (9.8 g) and potassium hydroxide (32 g) in ethylene 
glycol (225 ml)-water (25 ml) was heated with stirring at 
110 °C for 16 h. After cooling the mixture was poured into 
ice-water (200 ml) and extracted with benzene (200 ml). 
The aqueous layer was acidified with coned hydrochloric 
acid (60 ml) and extracted throughly with chloroform (600 
ml). The chloroform extract was washed with water and 
dried over sodium sulfate. Evaporation of the solvent left 
7.3 g (62%) of 2e as a pale yellow viscous oil, ?£?£'' 1713 cm -1, 
which was used for the next experiment without a further 
purification. 

(e) Dimethyl 2,6-Dibromo-3-ethyl-4-methylpimelate (2f) : The 
dicarboxylic acid 2e (8.7 g) was heated with thionyl chloride 
(20 ml) under reflux for 2 h and then bromine (5 ml) was 
added dropwise to the mixture at 90 °C during 1 h. After 
heating the mixture for 17 h at 90 °C, it was cooled, poured 
into methanol (60 ml), and kept for 1 h at room temperature. 
The mixture was then diluted with water and extracted with 
ethyl acetate (250 ml). The ethyl acetate extract was washed 
successively with saturated sodium hydrogen sulfite solution, 
saturated sodium hydrogencarbonate solution, water, and 
then saturated sodium chloride solution. The extract was 
dried over sodium sulfate and the solvent evaporated under 
reduced pressure. The reddish residue was distilled to give 
12.3 g of a pale brown oil, bp 153—171 °C/4 mmHg, which 
was then chromatographed on silica gel (200 g). Elution 
with hexane-ether (6: 1) gave 9.4 g (38%) of 2f as a pale 
yellow oil: wg* 1753 cm"1; m/e 359, 357, 355 (M+-OMe), 
309, 307 (M+-Br). Found: C, 37.18; H, 4.29%. Calcd 
for C12H16C>4Br2: C, 37.52; H, 4.20%. 

Dimethyl eis- and trans-3-ethyl-4-methyl-l-cyclopentene-l,2-dicar-
boxylates (3a and 3b). To a stirred solution of sodium 
hydride (55% mineral oil dispersion; 445mg) in iV,iV-dimethyl-
formamide (8 ml) at 0 °C was added dropwise a solution of the 
dibromodiester 2f (1.97 g) in N,iV-dimetriylforrnamide (8 ml). 
The mixture was stirred at 0 °C for 1 h and at room tem­
perature for another 2 h. Aqueous 10% potassium hydroxide 
(10 ml) was then added and the mixture was stirred at 0 °C 
for 1 h and at room temperature for 14 h. The mixture was 
extracted with ether to remove the mineral oil and the ether 
extract was washed with water. The combined aqueous 
layer was acidified with 6M hydrochloric acid and extracted 
with ethyl acetate (200 ml). The ethyl acetate extract was 
washed throughly with water, saturated sodium chloride 
solution, and dried over sodium sulfate. Evaporation of the 
solvent gave a mixture of dicarboxylic acid, which was then 
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esterified with diazomethane and the product distilled to 
yield a mixture (966 mg) of 3a and 3b, bp 150 °C/6 mmHg. 
The unsaturated esters were roughly separated by column 
chromatography on 13% silver nitrate impregnated silica gel 
(18 g) with hexane-ethyl acetate (6: 1) as an eluent. Further 
purification by preparative GLG furnished 283 mg (25%) of 
3a and 392 mg (35%) of 3b as colorless oil. 

Unsaturated 3,4-cis-Dimethyl Ester (3aJ: v^ 1728, 1642 
cm-1; ^S°H 235 nm (e 6300); m/e 226 (M+), 195, 166; Ô 0.91 
(3H, t, 6.8), 1.01 (3H, d, 6.3), 1.5 (2H, m), 2.2—3.1 (4H, m), 
3.65 (3H, s), 3.68 (3H, s). Found: G, 63.40; H, 8.14%. 
Calcd for C12H1804: C, 63.70; H, 8.02%. 

Unsaturated 3,4-trans-Dimethyl Ester (3b): v™<x 1727, 
1646 cm-1; AXH 235 nm (e 5700); m/e 226 (M+), 195, 166; 
Ô 0.90 (3H, t, 6.8), 1.10 (3H, d, 6.9), 1.3—2.7 (6H, m), 3.64 
(3H, s), 3.65 (3H, s). Found: G, 63.84; H, 7.93%. Calcd 
for G12H1804: G, 63.70; H, 8.02%. 

0zonulysis of Unsaturated 3,4-tra.ns-Dimethyl Ester (3b). The 
ester 3b (72 mg) in dichloromethane (4 ml) was saturated 
with ozone (5 min) at —70 °G. To it 10% sodium hydroxide 
(2 ml) and 35% hydrogen peroxide (2 ml) were added, and 
the mixture was vigorously stirred for 20 hr at room tern 
perature. After extraction with ether the aqueous layer was 
acidified with 6 M hydrochloric acid and extracted with ether 
(30 ml). The crude acid (49 mg) obtained was crystallized 
from ether-hexane, giving 21 mg (38%) of threo-2-eth.y\-3-
methylglutaric acid, mp 98—99 °G. The IR spectrum of this 
acid was identical with that of an authentic sample, mp 
99—100 °C.7> 

Catalytic Hydrogénation of Unsaturated 3,4-cis-Dimethyl Ester 
(3a) : Preparation of Dimethyl Esters la, Id, and If. A 
solution of 3a (123 mg) in acetic acid (5 ml) was hydrogenated 
for 40 h in the presence of platinum oxide (57 mg). The 
catalyst was filtered and the acetic acid was evaporated under 
reduced pressure. Although the oil obtained was free of the 
starting material 3a (GLC), it contained isomeric unsaturated 
ester (s) (IR and mass spectra). Therefore, it was again 
hydrogenated for 12 h in acetic acid (4 ml) over platinum 
oxide (54 mg). The resulting mixture of saturated esters was 
separated by preparative GLC into three dimethyl esters, la , 
Id, and le. 

Dimethyl c-3-Ethyl-c-4-methyl-r-l, t-2-Cyclopentanedicarboxylate 
(la) : 8.8 mg (7%) ; i»<£i 1742 cm-*; m/e 228 (M+), 168,109; 
Ô 0.87 (3H, d, 6.8), 0.90 (3H, t, 7.0), 1.2—2.4 (6H, m), 2.81 
(1H, t, 8.0), 3.11 (1H, ddd, 9.0, 8.0, 7.2), 3.61 (3H, s), 3.62 
(3H, s). Found: C, 62.73, H, 9.20%. Calcd for C l 2H,0O4: 
C, 63.13; H, 8.83%. 

Dimethyl c-3-Ethyl-c-4-methyl-r-l, c-2-Cyclopentanedicarboxylate 
(Id): 40.9 mg (33%); v%& 1746 cm-1; m/e 228 (M+), 168, 
109; Ô0.93 (3H, d, 5.8), 0.95 (3H, t, 7.5), 1.4 (2H, m), 1.9—2.5 
(4H, m), 2.82 (1H, m), 3.10 (1H, t, 6.6), 3.60 (6H, s). 

3,4-trans-Dimethyl Ester (le): 16.2 mg (13%); »ggjj 1742 
cm-1; m/e 228 (M+), 168, 109; ô 1.02 (3H, d, 5.9), 1.02 (3H, 
t, 7.1), 1.0—2.5 (6H, m), 3.2 (2H, m), 3.62 (6H, s). 

Base-catalyzed Equilibration of Id Formation of Dimethyl 
Esters la, lb, and lc. A solution of Id (72 mg) in 1 M 
sodium methoxide-methanol (5 ml) was heated under reflux 
for 8 h. The methanol was removed under reduced 
pressure, the residue was acidified with 6 M hydrochloric 
acid and extracted with ethyl acetate (30 ml). The ethyl 
acetate extract was dried over sodium sulfate and concentrated 
to give an oil, from which three dimethyl esters, la , l b , and lc, 
were isolated by preparative GLC. 

r-1, t-2, c-3,c-4-Dimethyl Ester (la): 36.9 mg (51%). 
r-1, t-2, t-3, t-4-Dimethyl Ester (lb) : 0.8 mg (1%) (described 

later). 
Dimethyl t-3-Ethyl-t-4-methyl-r-4,c-2-cyclopentanedicarboxylate 

(lc): 3.8 mg (5%): v«* 1747 cm"1; m/e 228 (M+), 168, 
109; ô 0.85 (3H, d, 7.0), 0.93 (3H, t, 7.2), 1.2—1.7 (3H, m), 
2.0—2.5 (3H, m), 2.72 (1H, dd, 10.0, 8.4), 3.10 (1H, dt, 10.0, 
8.0), 3,58 (3H, s), 3.59 (3H, s). 

Acid Anhydrides 4a and 4b. Preparation of Dimethyl Esters le 
and Id. The diester Id (40 mg) was heated with 1 M 
sodium methoxide-methanol (5 ml) under reflux for 12 h. 
Water (1 ml) was added and the mixture was heated under 
reflux for an additional 2 h. The methanol was evaporated, 
the aqueous solution was acidified with 6 M hydrochloric acid 
and extracted with ethyl acetate (50 ml). The ethyl acetate 
extract was dried over sodium sulfate and evaporated to 
dryness, yielding a mixture of dicarboxylic acids (33 mg). The 
oily mixture was dissolved in xylene (1 ml), to which acetic 
anhydride (1 ml) and /»-toluenesulfonic acid (3 mg) were 
added. The mixture was heated at 140 °C for 14 h and then 
concentrated under reduced pressure. The residue was 
subjected to preparative GLC, giving two isomeric acid 
anhydrides 4a and 4b 

t-3-Ethyl-t-4-methyl-r-l, c-2-Cyclopentanedicarboxylic Anhydride 
(4a) : 11.2 mg (35%); v£gi 1865, 1791 cm-1; m/e 182 (M+), 
154, 140, 110, 81; ô 0.96 (3H, d, 5.6), 1.02 (3H, t, 6.0), 1.0— 
2.5 (6H, m), 2.9—3.6 (2H, m). 

c-3-Ethyl-c-4-methyl-x-l', c-2-Cyclopentanedicarboxylic Anhydride 
(4b): 2.5 mg (8%); »£& 1865, 1790 cm-1; m/e 182 (M+), 
154, 140, 110, 81 ; Ô 0.82 (3H, d, 6.3), 1.05 (3H, t, 7.0), 1.1—2.6 
(6H, m), 2.9—3.8 (3H, m). 

The r-1, c-2, t-3, f-4-acid anhydride (4a; 9.7 mg) was 
treated with methanol followed by diazomethane. Purifica­
tion by preparative GLC gave 8.4 mg (69%) of the correspond­
ing dimethyl ester (le). A similar treatment of the r-1, c-2, 
c-3, tf-4-anhydride (4b) yielded the corresponding ester (Id). 

Preparation of r-1, t-2, t-3, t-4-Dimethyl Ester (lb). A 
solution of r-1, c-2, c-3, r-4-acid anhydride (4b; 27.3 mg) in 
methanol (1 ml) was heated under reflux for 1 h. Evapora­
tion of the methanol gave a mixture of monocarboxylic acids, 
vmCai 1744, 1706 cm -1. It was heated with 1 M sodium 
methoxide-methanol (2 ml) under reflux for 2 h. The 
methanol was evaporated, the residue was acidified with 
dil hydrochloric acid, and extracted with ethyl acetate. 
The extract was dried over sodium sulfate and evaporated 
to dryness, leaving an oil, which was esterified with diazometh­
ane. A mixture of the dimethyl esters l a and l b was formed, 
which was separated by preparative GLC, yielding 17.2 mg 
(50%) of dimethyl t-3-ethyl-t-4-methyl-r-l, t-2-cyclopentanedicar-
boxylate (lb) in 97% purity (contaminated by 3% of l a ) : v££U 
1742 cm-1; m/e 228 (M+), 168, 109; «3 0.89 (3H3 t, 6.8), 0.92 
(3H, d, 6.8), 1.3 (2H, m), 1.85 (2H, m), 2.2 (2H, m), 3.3 
(2H, m), 3.64 (3H, s), 3.66 (3H, s). A mixture (3.4 mg) of 
l a and l b was also obtained. 

Base-catalyzed Equilibration of le: Preparation of Dimethyl 
Ester If. The 3,4-fran.y-dimethyl ester l e (11.3mg) was 
equilibrated in the same way as used for the equilibration of Id. 
Preparative GLC of the resulting mixture gave 5.3 mg (47%) 
of dimethyl c-3-ethyl-t-4-methyl-r-l, t-2-cyclopentanedicarboxylate 
(If) : »>£S!i 1743 cm-1; m/e 228 (M+), 168, 109; ô 0.90 (3H, t, 
6.8), 1.02 (3H, d, 6.0), 1.1—2.2 (6H, m), 2.5—3.3 (2H, m), 
3.63 (3H, s), 3.64 (3H, s). A mixture (0.8 mg) of If and other 
isomers was also obtained. 
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The synthesis of Tyrocidine A (TA), an antibiotic cyclic decapeptide, was achieved by a revised conventional 
method. Two analogs of TA, 6-glycine-TA and 7-glycine-TA, were synthesized by a similar method to investigate 
the contribution of L-phenylalanine6 and D-phenylalanine7 residues in TA to its antibacterial activity. The 
properties of synthetic TA were identical to natural TA. The antibacterial activities of the two analogs were weaker 
when compared with TA; the activity of 6-glycine-TA being weaker than 7-glycine-TA. The three cyclic 
peptides synthesized were subjected to droplet countercurrent chromatography (DCCC) and optical rotatory disper­
sion (ORD), and the elucidation of the difference in the activities between the two analogs was followed with DCCC 
and ORD. 

Tyrocidine A (TA) is an antibiotic cyclic peptide 
isolated from Bacillus brevis and its structure has been 
proposed to be that of 18a (Fig. 1). I t is of interest to 
note that the pentapeptide sequence, L-Val-L-Orn-L-
Leu-D-Phe-L-Pro, is found in gramicidin S (GS). In 
1966, Ohno et al. synthesized a cyclic peptide corres­
ponding to the sequence of T A by a conventional 
solution-phase method, and showed the synthetic 
peptide to be identical to natural TA.2) Recently, we 
synthesized T A and its analogs by a solid-phase 
method.3) As has been generally recognized for a solid-
phase method, we observed that the procedure to 
synthesize the cyclic peptides, including TA, was easier 
compared with a solution-phase method; however the 
purity of the T A synthesized was inferior to that syn­
thesized by the solution-phase method.3) In the present 
study, therefore, we selected the solution-phase method 
for peptide synthesis. 

1 2 3 4 5 

i-»L-Val-L-Orn-L-Leu-D-Phe-L-Pro-

L-L_Tyr-L-Gln-L-Asn—Y—X«-
10 9 

TA (18a) 
[Glyfl]-TA (18b) 
[Gly7]-TA (18c) 

8 7 

X 
L-Phe 
Gly 
L-Phe 

6 

Y 
D-Phe 
D-Phe 
Gly 

Fig. 1. Structure of TA and its analogs. 

First we intended to synthesize pure T A through a 
revised route in a solution-phase method. In the 
previous paper,2) Ohno et al. cyclized a decapeptide 
active intermediate, H-Phe 6 -D-Phe -Asn -Gln -Tyr -Va l -

Orn(Z) -Leu-D-Phe-Pro 5 -ONp, 4 ) as the key step. Re­
cently, we carried out the cyclization reaction of a 
pentapeptide via several active intermediates and 
observed that the azide and JV-hydroxysuccinimide 
intermediates were excellent ones in regards to high 
yield, experimental simplicity and absence of racemiza-
tion.5) By applying a mechanism of biosynthetic 
cyclization, Tanaka et a/.6) and Abe et al.1) indicated that 
GS and its analogs could be obtained in excellent yields 
by the cyclization reaction of linear peptides. In B. 
brevis, T A is biosynthesized with the cyclization of a 
linear decapeptide ( H - D - P h e 4 - P r o - P h e - D - P h e - A s n -
G l n - T y r - V a l - O r n - L e u 3 - O H ) . 7 ) Considering the facts 
previously mentioned, a route of T A synthesis was chosen 
which would place a L-Leu3 residue a t the C-terminal 
and which would activate the carboxyl as an azide as 
shown in Fig. 2. As described later, the route was 
effective, giving pure T A in good yield. 

Second, we intended to clarify the contribution of 
L-Phe6 and D-Phe7 residues in the T A molecule to its 
biological activity. For this purpose, we designed the 
following syntheses of two analogs, [Gly 6]-TA and 
[Gly 7 ] -TA (Fig. 1). T h e route for syntheses of these 
analogs was similar to that of T A synthesis shown in 
Fig. 2. The present paper reports the syntheses, and 
physicochemical and antibacterial properties of T A and 
its analogs. 

For the syntheses of the three cyclic peptides (18a—c), 
a hexapeptide ester (13) was prepared by stepwise 
elongation from the carboxyl toward the amino end, 
and this same component (13) was used throughout 
the syntheses (Fig. 2). Boc-tetrapeptide-hydrazides 

TABLE 1. ANTIBACTERIAL ACTIVITY OF CYCLIC PEPTIDES (Minimum inhibitory concentration, u.g/mla)) 

Compound Escherichia 
coli 

Staphylcoccus 
aureus 

Bacillus 
subtilis 

Mycobacterium 
Takeo 

GS 
Natural TA 
Synthetic TA (18a) 
[Gly6]-TA (18b) 
[Gly']-TA (18c) 

a) The assays were 

> 5 0 ( > 5 0 ) 
> 5 0 ( > 5 0 ) 
> 5 0 ( > 5 0 ) 
> 5 0 ( > 5 0 ) 
> 5 0 ( > 5 0 ) 

carried out with a 
represent the concentration with a synth 

5 (10) 
20 (50) 
20 (20) 

> 5 0 ( > 5 0 ) 
50 (50) 

bouillon agar medium. 
etic agar medium. 

5 ( 5 ) 
10(10) 
10(10) 
50(50) 
20(20) 

Numbers in 

> 5 0 ( > 5 0 ) 
> 5 0 ( > 5 0 ) 
> 5 0 ( > 5 0 ) 
> 5 0 ( > 5 0 ) 
> 5 0 ( > 5 0 ) 

parentheses 

Present address : Laboratory of Molecular Biophysics, University of Alabama, Birmingham, Alabama, U. S. A. 
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B z l 
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-ONp H-

10 
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-ONp H- O E t - H C l 
(7-HC1) 

B z l 

(8) 
B z l 

( 9 ' T F A ) 

k 
(10) 

(11 ) 

-OEt 

OEt•TFA 

B z l 

V. 

OEt 

B z l 

NHNH, 

B z l 

K N 3 H-

V-
B z l 

(12 ) 

J/Ü 
( 1 3 - H C l ) 

B z l 

j / 

V 

V 

B z l 

B z l 

B z l 
V 

B z l 

• O E t ' H C l 

•OEt 

- O E f H C l 

-OEt 

•NHNH, 

NHNH^*2HC1 

• ) -HCl 
( 1 8 a - c - H C l ) 

Fig. 2. Synthesis of TA and its analogs, a, -Phe8-D-Phe7-; b , -Gly6-D-Phe7-; c, -Phe6-Gly7-. 

(6a—c) were also prepared by stepwise elongation. 
Boc-decapeptide ester (14a—c) was prepared by the 
coupling of 13 and each azide derived from 6a—c ; and 
a protected cyclic decapeptide (17a—c) was prepared 
by the cyclization reaction of each decapeptide azide 
derived from 16a—c. 

For the syntheses of T A (18a) and its analogs (18b— 
c), 17a—c were subjected to hydrogenolysis, and the 
cyclic peptides were obtained as crystalline hydro­
chlorides (18a—c-HCl) . In a previous paper,8) we 
indicated that droplet countercurrent chromatography 
(DCCC) was very effective in the isolation of a desired 
peptide in a mixture of compounds of similar structures. 
Here, we applied D C C C for the detection of possible 
impurities in synthetic T A and the analogs. As shown 
in Fig. 3, each cyclic peptide (18a—c) gave a single 
peak without any additional peaks due to impurities.9) 
The synthetic T A gave a single peak at the same 
position as natural TA. It is of interest to note that 18c 
eluted faster than 18b because 18c is more hydrophobic 

in the organic phase in D C C C in spite of the fact that 
18b or 18c is an analog which replaced only one Phe 
residue (position 6 or 7) with a Gly residue. The 
homogeneity of 18a—c was further ascertained by paper 
and thin-layer chromatographies, paper electrophoresis, 
and elemental and amino acid analyses. 

T h e antibacterial activities of 18a—c toward several 
microorganisms were tested, the results shown in Table 
1. I t was proved that the specific activity of synthetic TA 
was identical to that of natural TA. Both analogs 
(18b;—c) exhibited weak activity against S. aureus and 
B. subtilis; the results indicating that the aromatic side 
chain of Phe residue at position 6 and 7 was important 
for full activity, but not quite essential. At the beginning 
of this study, we expected that [Gly 7 ] -TA (18c) which 
the D-Phe7 residue is replaced might possess weaker 
activity than [GIy6]-TA (18b) which the L-Phe6 is 
replaced because we assumed that the D-configuration 
at position 7 was more meaningful than L at position 6. 
Contrary to our expectation, the activity of 18c was 
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Fig. 3. Droplet countercurrent chromatography of the 
cyclic peptides. nTA, natural TA; sTA, synthetic 
TA (18a). 
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Fig. 4. ORD curves of the cyclic peptides. Solvent: 
I, 50% EtOH; II , 6 M urea in 50% EtOH. -, 
nTA and sTA; , [Gly6]-TA (18b); , [Gly7]-
TA (18c); , GS. 

slightly greater than 18b (Table 1). We can give no 
definite explanation for the difference of specific activities 
between 18b and 18c from the standpoint of molecular 
structure, but we can show by the D C C C results tha t 
hydrophobicity of 18c is greater than 18b and is close 
to T A (Fig. 3). 

The O R D curves of the peptides in 50% ethanol are 
shown in Fig. 4-1. The curve of synthetic T A was 
identical with that of natural TA. The negative troughs 
of the two analogs were shallower than that of TA, but 
the position at 233 n m was similar to T A and GS. 
In a solution of 6 M urea, causing denaturation of some 
polypeptides, the position of the troughs of the two 
analogs shifted slightly to 229 nm while that of T A and 

GS remained constant. We showed that conformations 
of the analogs are different (Fig. 4-1) from T A and more 
flexible (Fig. 4-II) than TA, and consequently the 
biological activities of the two analogs are lower than 
TA. 

Exper imenta l 

Melting points were uncorrected. TLG was performed on 
Merck silica gel G with the following solvent systems: Rt

x> 
BuOH-AcOH-pyridine-H20 (15: 3: 10: 12, v/v); £ f

2, CH-
Gl3-MeOH (5 :1 , v/v); Äf

3, BuOH-AcOH-H20 ( 4 : 1 : 5 , 
v/v). Paper chromatography was performed on Toyo Roshi 
No. 52 with the following solvent systems: Äf

4, same solvent 
as that used for R{

x; Rf
5, BuOH-formic acid-HaO (15: 3: 2, 

v/v). Optical rotations were determined with a Union high 
sensitivity Polarimeter PM-71. 

Boc-Phe-v-Phe-OEt (la). To a chilled solution of 
Boc-Phe-OH (3.98 g, 15 mmol) and Et3N (2.1 ml, 15 mmol) 
in THF (22 ml) was added isobutyl chloroformate (1.97 ml, 
15 mmol) at — 5 °G. After 10 min, a chilled solution of 
H-D-Phe-OEt.HGl (3.45 g, 15 mmol) and Et3N (2.1ml, 
15 mmol) in CHC13 (22 ml) was added. The mixture was 
left to stand at room temperature overnight, evaporated in 
vacuo, and the oily residue was dissolved in AcOEt. The 
solution was washed successively with 4% NaHC0 3 , 10% 
citric acid and water, dried (Na2S04), and evaporated. The 
resulting solid was recrystallized from EtOH-ether-petroleum 
ether; yield, 4.82 g (73%); mp 91— 93 °C; [<x]2D

s +1.6° (c I, 
MeOH) ; Rt

x 0.98, Rt* 0.90. 
Found : G, 68.34; H, 7.35; N, 6.35%. Calcd for C25H3205-

N2: G, 68.16; H, 7.32; N, 6.36%. 
Boc-Gly-v-Phe-OEt (lb). This was prepared from 

Boc-Gly-OH (3.50 g) and H-D-Phe-OEt-HGl (4.59 g) as 
described for the preparation of la ; yield of oil, 6.42 g (92%); 
Rt

x 0.89, R{* 0.69. 
Boc-Phe-Gly-OEt (lc). This was prepared from 

Boc-Phe-OH (3.90 g) and H-Gly-OEt. HCl (2.05 g) as 
described for the preparation of la ; yield, 3.64 g (71%); 
mp 100—101 °G (lit, mp 89.5—90 °C,10> 88—89.5 °GU>) ; 
[a]2

D
s -5 .0° (c 2, EtOH) (lit, [a]2

D
5 -4.3°,1 0 ) -4 .2° n>); Rt

x 

0.86, Äf
2 0.62. 

H-Phe-v-Phe-OEt-HCl (2a-HCl). Compound la 
(4.41 g, 10 mmol) was dissolved in 0.1 M hydrogen chloride 
in formic acid (120 ml). After being left to stand at room 
temperature for 20 min, the solution was evaporated to dryness, 
and the resulting solid was collected by filtration with the 
aid of ether-petroleum ether. The product was recrystallized 
from EtOH-ether-petroleum ether; yield, 3.56 g (94%); mp 
103—106 °G; [a]2

D
s +14.0° (c 0.5, MeOH); R,x 0.87, Äf

2 0.86. 
Found: C, 63.40; H, 6.72; N, 7.37%. Galcd for C20H25-

OäN2Gl: C, 63.74; H, 6.69; N, 7.43%. 
H-Gly-n-Phe-OEt-HCl (2b-HCl). Compound l b 

(3.68 g, 10.5 mmol) was treated with 0.1 M hydrogen chloride 
in formic acid (126 ml) as described for the preparation of 
2a.HCl; yield, 2.60 g (86%); mp 131—134 °G; [a]2

D
s -11.2° 

(c 1, MeOH); Rt
x 0.72, Rt

2 0.24. 
Found: G, 54.25; H, 6.71; N, 9.62%. Calcd for C13H19-

03N2C1: C, 54.45; H, 6.68; N, 9.77%. 
H-Ph-Gly-OEt-HCl (2c-HCl). This was prepared 

from lc (3.50 g) as described for the preparation of 2a 'HCl ; 
yield of oil, 2.80 g (98%); Rx 0.75, R* 0.25. 

Boc-Pro-Phe-n-Phe-OEt (3a). Boc-Pro-OH (1.94 g, 
9 mmol) and 2a-HCl (3.39 g, 9 mmol) were coupled by the 
mixed anhydride method as described for the preparation of 
la . The product was recrystallized from AcOEt-ether-petro-
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leum ether; yield, 2.95 g (61%); mp 103—105 °C; [a]2
D

5 

-48.0° (c 1, MeOH) : R,1 0.96, R2 0.81. 
Found: C, 66.83; H, 7.40; N, 7.86%. Calcd for C30H39-

0 6N 3 : C, 67.02; H, 7.31; N, 7.82%. 
Boc-Pro-Gly-T>-Phe-OEt (3b). This was prepared 

from Boc-Pro-OH (1.72 g) and 2b-HCl (2.29 g) as described 
above; yield, 2.81 g (78%); mp 117—119 °C; [a]2

D
5 -45.0° 

(c 1, MeOH) ; R* 0.88, Rt
2 0.76. 

Found: C, 62.12; H, 7.43; N, 9.42%. Calcd for C23H33-
0 6N 3 : C, 61.72; H, 7.43; N, 9.39%. 

Boc-Pro-Phe-Gly-OEt (3c). This was prepared from 
Boc-Pro-OH (2.0 g) and 2 c H C l (2.66 g); yield, 2.88 g 
(69%); mp 109—111 °C; [a]2

D
5 -54.4° {c 0.25, MeOH); R* 

0.82, R{
2 0.50. 

Found: C, 61.42; H, 7.22; N, 9.32%. Calcd for C23H33-
09N3 : C, 61.72; H, 7.43; N, 9.39%. 

H-Pro-Phe-n-Phe-OEt. HCl (4a • HCl). Compound 3a 
(2.16 g, 4.02 mmol) was dissolved in 3.5 M hydrogen chloride 
in dioxane (34.3 ml). After being left to stand at room tem­
perature for 2 h, the solution was evaporated, and the resulting 
hygroscopic solid was collected by filtration with the aid of 
ether-petroleum ether. The product was recrystallized from 
EtOH-ether-petroleum ether; yield, 1.37 g (72%) ; mp 93 °C; 
[a]2

D
s -23.0° (c 0.5, MeOH); R* 0.72, Rt

2 0.52. 
Found: C, 63.74; H, 7.07; N, 8.56%. Calcd for C25H32-

04N3C1: C, 63.35; H, 6.81; N, 8.87%. 
H-Pro-Gly-n-Phe-OEt• HCl (4b • HCl). Compound 3b 

(2.51 g, 5.6 mmol) was treated with 3.5 M hydrogen chloride in 
dioxane (48.0 ml) as described above; yield of oil, 2.0 g (93%) ; 
Rt1 0.78, Rt

2 0.30. 
H-Pro-Phe-Gly-OEt-HCl (4cHCl). This was pre­

pared from 3c (2.73 g) as described above; yield of oil, 1.96 g 
(84%) iRt1 0.79, Rt

2 0.52. 
Boc-v-Phe-Pro-Phe-n-Phe-OEt (5a). Boc-D-Phe-

OH (0.76 g, 2.86 mmol) and 4a.HCl (1.36 g, 2.86 mmol) were 
coupled by the mixed anhydride method as described for the 
preparation of l a ; yield of oil, 1.81 g (92%) ; Rt*0.94, Rf

2 0.70. 
Boc-v-Phe-Pro-Gly-v-Phe-OEt (5b). This was pre­

pared from Boc-D-Phe-OH (1.38 g) and 4b-HCl (2.0 g) as 
described above. The product was recrystallized from 
AcOEt-ether-petroleum ether; yield, 2.08 g (67%); mp 
128—130 °C; [oc]2D

s -36.2° {c 1, MeOH); Rt* 0.82, Rt
2 0.53. 

Found: C, 63.86; H, 7.02; N, 9.39%. Calcd for C32H42-
07N4- l /2 H 2 0 : C, 63.66; H, 7.18; N, 9.28%. 

Boc-n-Phe-Pro-Phe-Gly-OEt (5c). This was prepared 
from Boc-D-Phe-OH (1.35 g) and 4c-HCl (1.96 g) as described 
above; yield, 2.28 g (75%); mp 139—141 °C; [a]2

D
s -72.6° (c 1, 

MeOH) ; Ä,i 0.86, R{
2 0.66. 

Found: C, 63.29; H, 7.29; N, 9.35%. Calcd for C32H42-
0 7 N 4 .1 /2H 2 0: C, 63.66; H, 7.18; N, 9.28%. 

Boc-v-Phe-Pro-Phe-n-Phe-NHNH2 (6a). A solution 
of 5a (0.685 g, 1 mmol) and hydrazine hydrate (2.9 ml, 
60 mmol) in MeOH (12 ml) was allowed to stand at 36 °C 
for 12 h. The solution was evaporated, water was added, 
and the resulting solid was collected. The product was 
recrystallized from MeOH-water; yield, 0.302 g (45%); mp 
117—120 °C; [a]2

D
s -67.0° (c 0.2, MeOH); Äf* 0.89, R{

2 0-83. 
Found: C, 64.20; H, 6.85; N, 11.93%. Calcd for C37H46-

0 6 N 6 - H 2 0 : C, 64.51; H, 7.02; N, 12.20%. 
Boc-v>-Phe-Pro-Gly-n-Phe-NHNH2 (6b). Compound 

5b (0.357 g) was treated with hydrazine hydrate (0.58 ml) in 
MeOH (5 ml) as described above. The solution was eva­
porated, and the residue was dissolved in AcOEt. The 
solution was washed with a small volume of water, dried 
(Na2S04), and evaporated. The residual oil was crystallized 
by the addition of ether-petroleum ether; yield, 0.264 g 
(76%); mp 100—102 °C; [a]2

D
5 - 6 .0° (c 1, MeOH); R,1 0.87, 

Rf
2 0.74. 
Found: C, 60.39; H, 6.97; N, 14.32%. Calcd for C30H40-

0 6 N 6 H 2 0 : C, 60.18; H, 7.07; N, 14.04%. 
Boc-v-Phe-Pro-Phe-Gly-NHNH2 (6c). This was pre­

pared from 5c (0.357 g) and hydrazine hydrate (0.58 ml) as 
described above; yield, 0.284 g (82%); mp 110—113 °C; [<x]2D

6 

-73.0° (c 1, MeOH); Ä,1 0.94, Rf 0.69. 
Found: C, 60.01; H, 6.92; N, 13.89%. Calcd for C30H40-

0 6 N 6 . H 2 0 : C, 60.18; H, 7.07; N, 14.04%. 
H-Tyr(Bzl)-OEt.HCl (7-HCl). To a solution of 

H-Tyr(Bzl)-OH12> (2.71 g, 10 mmol) in EtOH (20 ml) was 
added SOCl2 (0.872 ml, 12 mmol). The reaction mixture was 
stirred at 40 °C for 0.5 h and at room temperature overnight, 
and evaporated. The resulting oil was crystallized by the 
addition of ether-petroleum ether; yield, 2.34 g (70%); mp 
190—192 °C; [<x]2D

5 +7.1° (c 1, MeOH) ; Rf0.75, R2 0.74. 
Found: C, 63.95; H, 6.68; N, 4.17%. Calcd for C18H22-

03NC1: C, 64.37; H, 6.60; N, 4.17%. 
Boc-Gln-Tyr(Bzl)-OEt (8). To a solution of 7-HCl 

(2.02 g, 6 mmol) and Et3N (0.924 ml, 6.6 mmol) in DMF (70 
ml) were added Boc-Gln-ONp (2.20 g, 6 mmol) and 1-
hydroxybenzotriazole (0.081 g, 0.6 mmol). After being left 
to stand at room temperature for 12 h, several drops of l-(2-
aminoethyl)piperazine13) were added. The solution was 
diluted with water (2 1), and the resulting solid was collected, 
washed with 10% citric acid, 4% NaHCOa, and water; 
yield, 2.82 g (89%) ; mp 138—141 °C; [a]2

D
s -3 .9° (c 1, DMF) ; 

Ä,1 0.96, Rt
2 0.80. 

Found: C, 63.56; H, 7.16; N, 7.85%. Calcd for C28H37-
07N3 : C, 63.74; H, 7.07; N, 7.97%. 

H-Gln-Tyr(Bzl)-OEt>TFA (9- TFA). A solution of 
8 (1.58 g, 3 mmol) in TFA (30 ml) was allowed to stand at 
room temperature for 10 min and evaporated. The resulting 
oil was solidified by the addition of ether-petroleum ether. 
The product was recrystallized from EtOH-ether-petroleum 
ether; yield, 1.48 g (91%); mp 112—116 °C; [<x]2D

s +14.6° 
(c 1, MeOH), R^ 0.80, Rf 0.57. 

Found: C, 55.37; H, 5.75; N, 7.52%. Calcd for C25H30-
07N3F3 : C, 55.45; H, 5.58; N, 7.76%. 

Boc-Asn-Gln-Tyr(Bzl)-OEt (10). Boc-Asn-ONp 
(0.897 g) was coupled with 9-TFA (1.38 g), Et3N (0.391 ml), 
and 1-hydroxybenzotriazole (0.034 g) as described for the 
preparation of 8. The product was recrystallized fromDMF-
ether; yield, 1.31 g (80%); mp 240—241 °C (dec); [a]2

D
5 

-22 .0° (c 0.6, DMF) ; Rf 0.91, Rf 0.72. 
Found: C, 59.70; H, 6.88; N, 10.91%. Calcd for C32H43-

09N5 : C, 59.89; H, 6.75; N, 10.91%. 
Boc-Asn-Gln-Tyr(Bzl)-NHNH2 (11). A solution of 

10 (1.28 g, 3 mmol) and hydrazine hydrate (1.94 ml, 40 mmol) 
in DMF (40 ml) was allowed to stand at room temperature 
overnight. The solution was evaporated, water (1000 ml) 
was added, and the resulting solid was collected; yield, 1.09 g 
(87%); mp 215—216 °C (dec); [a]2

D
s -41.0° (c 1, DMF); Rf 

0.72, Rf 0.16. 
Found: C, 56.54; H, 6.70; N, 15.35%. Calcd for C30H41-

0 8 N 7 .1 /2H 2 0: C, 56.59; H, 6.65; N, 15.40%. 
Boc-Asn-Gln- Tyr(Bzl)- Val-Orn(Z)-Leu-OEt (12). 

To a solution of 11 (1.06 g, 1.69 mmol) in DMF (15 ml) was 
added 3.5 M hydrogen chloride in dioxane (1.49 ml) and iso-
pentyl nitrite14) (0.262 ml, 1.86 mmol) at - 5 0 °C. After 
being left to stand at —20 °C for 10 min, the solution was 
cooled to —60 °C and neutralized with Et3N (0.731 ml, 5.22 
mmol). To this solution was added a chilled solution of 
H-Val-Orn(Z)-Leu-OEt.HCl (1.10 g, 2.02 mmol)1) and 
Et3N (0.283 ml, 2.02 mmol) in DMF (8 ml). The reaction 
mixture was allowed to stir at 0 °C for 3 days and evaporated. 
After the addition of 0.02 M citric acid (300 ml), the solid was 
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collected and washed with water; yield, 1.59 g (85%); mp 
279—281 °C (dec); [a]2

D
5 -41.0° (c 0.2, DMF); R* 0.84, 

Äf
2 0.67. 
Found: C, 60.37; H, 7.30; N, 11.28%. Calcd for C56H79-

0 l t N 9 . l . /2H 2 0: C, 60.52; H, 7.26; N, 11.34%. 
H-Asn-Gln- Tyr(Bzl)- Val- Orn(Z)-Leu- OEt. HCl (13-

HCl). Compound 12 (1.70 g, 1.54 mmol) was treated 
with 0.1 M hydrogen chloride in formic acid (23 ml) as 
described for the preparation of 2a-HCl; yield, 1.48 g (92%); 
mp 265—267 °C (dec); [a]2

D
5 -29.0° (c 0.2, DMF); R{

1 0.81, 
Äf

2 0.34. 
Found: C, 58.01; H, 6.95; N, 11.78%. Calcd for C51H72-

012N9C1-H20: C, 57.97; H, 7.06; N, 11.93%. 
Boc-v-Phe-Pro-Phe-T>-Phe-Asn-Gln-Tyr(Bzl)-Val-Orn(Z)-

Leu-OEt (14a). Compound 6a (0.257 g, 0.383 mmol) 
and 13-HCl (0.437 g, 0.421 mmol) were coupled by the 
azide method as described for the preparation of 12; yield, 
0.522 g (83%); mp 243—245 °C (dec); [a]2

D
5 -29.0° (c 0.5, 

AcOH) iRf1 0.98, R{
2 0.58. 

Found: C, 61.33; H, 6.80; N, 10.54%. Calcd for C88H113-
01 8N1 3-4H20: C, 61.70; H, 7.12; N, 10.63%. 

Boc-v-Phe-Pro-Gly-r>-Phe -Asn -Gin - Tyr (Bzl)-Val-Orn (Z) -
Leu-OEt (14b). This was prepared from 6b (0.222 g) 
and 13-HCl (0.418 g) as described above; yield, 0.482 g 
(81%); mp 253—255 °C (dec); [a]2

D
5 -27.0° {c 1, AcOH); 

R;1 0.98, Äf
2 0.63. 

Found: C, 60.26; H, 6.92; N, 11.36%. Calcd for C81H107-
01 8N1 3-3H20: C, 60.62; H, 7.10; N, 11.35%. 

Boc-v-Phe-Pro -Phe -Gly -Asn - Gin - Tyr (Bzl) - Val- Orn (Z) -
Leu-OEt (14c). This was prepared from 6c (0.222 g) 
and 13-HCl (0.418 g) ; yield, 0.505 g (85%) ; mp 252—254 °C 
(dec) ; [a]2

D
5 -43.0° (c 0.5, AcOH) ; Rt

l 0.98, Rt
2 0.64. 

Found : C, 61.26 ; H, 7.01 ; N, 11.51 %. Calcd for C81H107-
01 8N1 3-2H20: C, 61.31; H, 7.05; N, 11.47%. 

Boc-v-Phe-Pro-Phe-n-Phe -Asn -Gin - Tyr (Bzl) - Val-Orn (Z) -
Leu-NHNH2 (15a). Compound 14a (0.523 g, 0.319 
mmol) was treated with hydrazine hydrate (1.55 ml, 31.9 
mmol) as described for the preparation of 11; yield, 0.42 g 
(81%); mp 252—254 °C (dec); [a]2

D
5 -28.0° (c 0.5, AcOH); 

Ri 0.91, Rt
2 0.41. 

Found: C, 60.51 ; H, 6.81 ; N, 12.22%. Calcd for C86H1U-
01 7N1 5-4H20: C, 60.79; H, 7.06; N, 12.37%. 

Boc-n-Phe-Pro-Gly-D-Phe-A m -Gin - Tyr (Bzl) - Val-Orn (Z)-
Leu-NHNH2 (15b). This was prepared from 14b 
(0.183 g) and hydrazine hydrate (0.572 ml) as described above ; 
yield, 0.162 g (90%); mp 254—255 °C (dec); [a]2

D
5 -27 .0° 

{c 1, AcOH) ; Ri 0.90, R* 0.30. 
Found: C, 59.41 ; H, 6.93; N, 13.55%. Calcd for C79H105-

01 7N1 5-3H20: C, 59.65; H, 7.03; N, 13.21%. 
Boc-T>-Phe -Pro - Phe - Gly -Asn -Gin - Tyr (Bzl) - Val-Orn (Z) -

Leu-NHNH2 (15c). This was prepared from 14c 
(0.476 g) and hydrazine hydrate (1.49 ml); yield, 0.437 g 
(93%); mp 254—256 °C (dec); [a]2

D
5 -29.0° (c 0.5, AcOH); 

i V 0.92, R{
2 0.36. 

Found: C, 60.02; H, 6.86; N, 13.38%. Calcd for C79H105-
0 1 7N 1 5 .2H 20: C, 60.33; H, 6.99; N, 13.36%. 

H-n-Phe-Pro-Phe-B-Phe-Asn - Gin - Tyr (Bzl) - Val- Orn (Z) -
Leu-NHNH2 • 2HCI (16a • 2HCI). Compound 15a (0.163 
g, 0.1 mmol) was treated with 0.1 M hydrogen chloride in 
formic acid (1.5 ml) as desctibed for the preparation of 2a-
HCl; yield, 0.147 g (92%); mp 235—237 °C (dec); [a]2

D
5 

-35.0° {c 0.5, AcOH); Ä,1 0.85, R* 0.38. 
Found: C, 59.81 ; H, 6.75; N, 12.83%. Calcd for C81H105-

015N1BC12.H20: C, 60.14; H, 6.67; N, 12.99%. 
H-n-Phe-Pro-Gly-n-Phe-Asn-Gln-Tyr (Bzl)-Val-Orn (Z)-

Leu-NHNH2-2HCl (16b-2HCl). This was prepared 
from 15b (0.141 g) as described above; yield, 0.129 g (93%); 

mp 237—240 °C (dec) ; [oc]2D
5 -15.0° (c 0.2, AcOH) ; R* 0.83, 

Rf* 0.38. 
Found: C, 57.99; H, 6.72; N, 13.37%. Calcd for C74H99-

015N15C12-H20: C, 58.18; H, 6.66; N, 13.75%. 
H-v-Phe-Pro-Phe-Gly-Asn-Gln-Tyr(Bzl)-Val-Orn(Z)-Leu-

NHNH2>2HCl (16c-2HCl). This was prepared from 
15c (0.17 g) as described above; yield, 0.148 g (88%); mp 
238—241 °C (dec); [a]2

D
5 -63.0° (c 0.5, AcOH); R* 0.87, 

Rt
2 0.44. 
Found: C, 58.12; H, 6.65; N, 13.40%. Calcd for C7,H99-

015N15C12 .H20: C, 58.18; H, 6.66; N, 13.75%. 
cyclo(-T>-Phe-Pro-Phe-v>-Phe-Asn - Gin-Tyr (Bzl)-Val- Orn-

(Z)-Leu-) (17a). Compound 16a.2HCl (146 mg, 0.091 
mmol) was dissolved in a mixture of DMF (4 ml), AcOH (0.2 
ml) and 1 M HCl (0.19 ml). To the solution at - 1 0 °C was 
added 1 M NaN0 2 (0.096 ml). After being left to stand at 
—10 °C for 15 min, the solution was added into pyridine 
( 100 ml) at — 5 °C. The solution was allowed to stir at — 5 °C 
for 3 h and at 0 °C for 45 h, and evaporated. The residue was 
dissolved in a mixture (100 ml) of MeOH-dioxane-water 
( 5 : 3 : 1), an insoluble material being removed by filtration. 
The filtrate was passed successively through columns (1.5 x 12 
cm) of Amberlite IRC-50 (H+ form) and Amberlite IR-45 
( O H - form). The effluent (250 ml) was evaporated, and the 
resulting solid was collected by filtration with the aid of water; 
yield, 68 mg (50%); mp 245—248 °C (dec); [<x]2D

5 - 9 5 ° 
(c 0.1, DMF); Ä / 0.98, Rt

2 0.70, R{
3 0.74. 

Found: C, 62.57; H, 6.78; N, 12.01%; mol wt, 1493.15> 
Calcd for C8 1H9 901 5N1 3 .3H20: C, 62.81; H, 6.83; N, 11.76%; 
mol wt, 1549. 

cyclo(-v-Phe-Pro-Gly-T>-Phe-Asn-Gln-Tyr (Bzl)-Val- Orn-
(Z)-Leu-) (17b). This was prepared from 16b-2HCl 
(133 mg) as described above; yield, 65 mg (52%); mp 236— 
239 °C (dec); [a]2

D
5 - 8 3 ° (c 0.1, DMF); R* 0.95, Rf* 0.64, 

Rf
3 0.74. 
Found: C, 60.90; H, 6.92; N, 12.32%; mol wt, 1475. 

Calcd for C7 4H9 301 5N1 3 .3H20: C, 60.93; H, 6.84; N, 12.48% ; 
mol wt, 1459. 

cyclo (-T>-Phe-Pro-Phe-Gly-Asn-Gln- Tyr (Bzl)-Val-Orn- (Z) -
Leu-) (17c). This was prepared from 16c-2HCl (156 
mg); yield, 83 mg (57%); mp 232—235 °C (dec); [a]2

D
5 

- 8 5 ° (c 0.1, DMF) ; R,1 0.98, Rt
2 0.64, Äf

3 0.79. 
Found: C, 61.23; H, 6.69; N, 12.50% ; mol wt, 1445. Calcd 

for C74H93015N13-3H20: C, 60.93; H, 6.84; N, 12.48%; 
mol wt, 1459. 

cyclo (-n-Phe-Pro-Phe-n-Phe-Asn-Gln-Tyr-Val-Orn-Leu-)* 
HCl (18a-HCl). A solution of 17a (60 mg, 0.04 
mmol) in 0.43 M hydrogen chloride (0.14 ml) in MeOH 
was hydrogenated in the presence of Pd black. After 20 h, 
the filtrate was evaporated, and the resulting crystals were 
collected by filtration with the aid of ether; yield of air-dried 
product (18a.HC1.7HX>), 48 mg (92%); mp 240—243 °C 
(dec); [a]2

D
5 - 1 1 1 0 (c o".14, 50% EtOH) (lit. [a]2

D
s - 1 H ° , 1 6 ) 

-112°8>) ; Ä / 0.78, R{* 0.03, Äf
4 0.98, £ f

5 0.87. Amino acid 
ratios in acid hydrolysate; Asp 1.02, Glu 1.00, Pro 0.93, Val 
0.99, Leu 1.02, Tyr 0.92, Phe 3.19, Orn 0.96. 

Found: C, 55.78; H, 6.79; N, 12.25%. Calcd for C66H87-
01 3N1 3-HC1.7H20: C, 55.32; H, 7.17; N, 12.71%. 

cyclo(-o-Phe-Pro-Gly-v-Phe-Asn-Gln-Tyr-Val-Orn-Leu-) • 
HCl (18b-HCl). This was prepared from 17b (56 mg) 
as described above; yield of air-dried product (18b-HCl' 
8H20), 46 mg (94%); mp 232—234 °C (dec); [a]» - 9 5 ° 
(c 6.17, 50% EtOH); R{

x 0.77, R{
2 0.03, Äf

4 0.96, Äf
5 0.85. 

Amino acid ratios in acid hydrolysate; Asp 1.00, Glu 1.00, 
Pro 0.97, Gly 1.03, Val 1.05, Leu 1.04, Tyr 1.04, Phe 1.93, 
Orn 1.02. 

Found: C, 51.74; H, 6.96; N, 13.74%. Calcd for C59H81-
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01 3N1 3 .HC1.8H20: C, 52.07; H, 7.26; N, 13.38%. 
cyclo{-T>-Phe-Pro-Phe-Gly-Asn-Gln~ Tyr- Val- Orn-Leu-) . HCl 

(18c»HCl). This was prepared from 17c (70 mg); yield 
of air-dried product (18c.HCl-7HaO), 56 mg (92%); mp 
230—232 °C (dec); [oc]2D

5 - 9 8 ° (c 0.14, 50% EtOH); Rt* 
0.97, Rf

2 0.03, Äf
4 0.97, Rt

5 0.85. Amino acid ratios in 
acid hydrolysate; Asp 1.03, Glu 1.00, Pro 1.06, Gly 1.06, 
Val 1.11, Leu 1.09, Tyr 1.00, Phe 1.93, Orn 1.06. 

Found: G, 52.31 ; H, 6.93; N, 13.95%. Calcd for C59H8l-
01 3N1 3 .HC1.7H20: C, 52.76; H, 7.21; N, 13.56%. 

Droplet Countercurrent Chromatography. An apparatus 
made by Seikagaku Kogyo Co., Tokyo, was used. It consists 
of 300 columns of glass tubing (0.24 X 60 cm) connected by 
teflon tubing (I. D., 0.05 cm). The solvent used was CHC13-
MeOH-0.1 M HCl (19: 19: 12, v/v).17> The upper phase of 
the solvent was loaded into 150 glass columns as the stationary 
phase. The 5 mg samples each of 18a—c and natural TA 
were dissolved in the lower phase (1 ml) and placed at the top 
of first column. The lower phase, as the moving phase, was 
pumped with nitrogen pressure through the top of the first 
column at a flow rate of 15 ml/h. Fractions (4 g) from the 
last column were collected and their absorbances were 
determined at 280 nm. The results are shown in Fig. 3. 

Paper Electrophoresis. This was carried out with Toyo 
Roshi No. 52 and a solvent system of formic acid-ACOH-
MeOH-water (1:3:6:10, v/v; pH 1.8) for 2.5h at 500v/30cm. 
Fig. 5. showed that each of 18a—c revealed a single spot. 

GS * 

nTA * 

sTA x 

18b x 

18c x 

• 

• 

• 

^ 

m 

Distance (cm) 
Fig. 5. Paper electrophoresis of the cyclic peptides. 

Microbiological Assays,1*) ORD Measurements. These 
were carried out as described in a previous paper,1) the results 
being shown in Table 1 and Fig. 4. 

The authors wish to express their thanks to Dr. T. Kato, 
Dr. M. Ohno, Dr. M. Waki, and Mr. K. Sato of this laboratory 
for their helpful discussions and assistances. 
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The Reaction of Nucleophilic Reagents at the ^-Position 
of 3-Bromo-4-nitropyridine iV-Oxides 

Eizo MATSUMURA and Masahiro ARIGA 

Department of Chemistry, Osaka Kyoiku University, Tennoji-ku Osaka 543 
(Received July 16, 1976) 

The reactions of S-bromo-^nitrp^-Rj-e-R^ö-X-pyridine iV-oxides ( la : R ^ H , R 2 =Me, X = H ; l b : R 1 = R a = 
Me, X = H ; l c : R X = R 2 = H , X=Br) with diethyl sodiomalonate, ethyl sodiocyanoacetate, and ethyl sodioaceto-
acetate have been carried out. The treatment of la, l b , and l c with diethyl sodiomalonate gives 3-[bis(ethoxycar-
bonyl) methyl]-4-nitro-2-R1-6-R2-5-X-pyridine iV-oxides (2a, 2b, and 2c) and 4-[bis (ethoxycarbonyl) methyl]-3,5-
dibromopyridine iV-oxide (3c). With ethyl sodiocyanoacetate, 3-[cyano(ethoxycarbonyl)methyl]-4-nitro-2-R1-6-R2-
pyridine iV-oxides (4a and 4b) and 4-[cyano(ethoxycarbonyl)methyl]-3,5-dibromopyridine JV-oxide (5c) are 
obtained. With ethyl sodioacetoacetate, l a and l c give 3-[acetyl(ethoxycarbonyl)methyl]-6-methyl-4-nitropyri-
dine iV-oxide (6a) and/or 3-ethoxycarbonyl-2-methyl-6-R1-7-X-furo[3,2-c]pyridine iV-oxides (7a and 7c), but l b 
is unaffected by ethyl sodioacetoacetate under the given conditions. The electronic and steric effects of methyl and 
bromo groups for the reactions are discussed. 

The nucleophilic substitution reactions of pyridine 
homologues and their iV-oxides have widely been studied 
for a long time,1 - 4) but these studies dealt almost 
exclusively with the a or y-position of the ring, with only 
a few exceptions.5-7^ 

In the previous paper8) of this series, the authors 
reported the nucleophilic substitution at the ^-position 
of the pyridine ring. Thus , 3-bromo-4-nitropyridine 
iV-oxide reacted with diethyl sodiomalonate, ethyl 
sodiocyanoacetate, and ethyl sodioacetoacetate to yield 
3-[bis(ethoxycarbonyl) methyl]-4-nitropyridine iV-oxide, 
3-[cyano(ethoxycarbonyl)methyl]- 4 - nitropyridine N-
oxide, and 3-[acetyl (ethoxycarbonyl) methyl]-4-nitro-
pyridine iV-oxide, respectively, and with ethyl sodio­
acetoacetate, when treated at a higher temperature, to 
yield 3-ethoxycarbonyl-2-methylfuro[3,2-c]pyridine N-
oxide; the ring closure reaction was assumed to occur 
at the y-position of the pyridine ring by the intramolec­
ular nucleophilic attack of the mesomeric 0-anion, 
which was produced by the loss of a proton from the 
substituted 3-methyl group of the intermediate, 3-
[acetyl(ethoxycarbonyl)methyl] -4-nitropyridine iV-oxide. 

N 0 2 

/ V RCHCOOC2Hj 

II I — > 

i 
O 

N 0 2 O — / C H s 

A / C H R C O O C 2 H 5 / \ / x C O O C 2 H 5 

II I + II I 

i i 
o o 

R = COOC2H5, CN, COCH3 

It seems of interest to investigate further the scope of 
this reaction. This paper deals with the reactions of the 
above nucleophiles with 3-bromo-6-methyl - 4-nitro­
pyridine iV-oxide ( l a ) , 3-bromo-2,6-dimethyl-4-nitro-
pyridine iV-oxide ( l b ) , and 3,5-dibromo-4-nitropyridine 
iV-oxide ( lc ) . With the former two, the reactivity may 
be weakened by the inductive effects of the methyl 
groups located ortho and/or para to the site of the 

substitution, and the steric effect of the 2-methyl group 
also should be taken into consideration in the case of l b . 
With the latter, the resonance effect of the nitro group 
may be enfeebled by steric compression, and it is 
supposed that the nitro group, itself, may also be 
displaced by a nucleophilic substitution reaction. 

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

O n the treatment of 3-bromo-6-methyl-4-nitropyri-
dine JV-oxide ( l a ) , 3-bromo-2,6-dimethyl-4-nitropyri-
dine iV-oxide ( l b ) , and 3,5-dibromo-4-nitropyridine 
JV-oxide ( lc) with diethyl sodiomalonate in diethyl 
carbonate at 50 °G, 3-substituted products, 3-[bis-
(ethoxycarbonyl) methyl] -6-methyl-4-nitropyridine N-
oxide (2a), 3-[bis (ethoxycarbonyl) methyl]-2,6-dimethyl-
4-nitropyridine iV-oxide (2b), and 3- [bis (ethoxycarbon­
yl) methyl] -5-bromo-4- nitropyridine iV-oxide (2c), 
respectively, were obtained in good yields. These were 
analogous to the results of the reaction of 3-bromo-4-
nitropyridine iV-oxide with diethyl sodiomalonate in our 
previous paper.8) Besides, in the case of the reaction of 
l c , a small amount of 3c was isolated in addition to 2c. 
The compound, 3c, had the empilical formula C12H13-
NO sBr2 . The N M R spectra of 3c showed nearly the 
same pat tern as that of 2c with exception of the para­
magnetic shift of the methin proton in 0.68 ppm. The 
I R spectra of 3c indicated the existence of a carbonyl 
group ( 1746 cm - 1 ) and an iV-oxide ( 1260 c m - 1 ) , and the 
lack of a nitro group. O n the basis of these data, 3c 
was proved to be 4-[bis(ethoxycarbonyl)methyl]-3,5-
dibromopyridine iV-oxide (3c). 

The fact that the 4-substituted product, 3c, was 
given, though in poor yield, indicated that the potential 
ability of the 4-nitro group as a leaving group was 
promoted by the inductive effect of the two bromine 
atoms, seated in both ortho places, on the nitro group. 

The reactions of l a , l b , and l c with ethyl sodiocyano­
acetate were performed at different temperature in 
pyridine. At 5 °G, 3-[cyano (ethoxycarbonyl) methyl]-6-
methyl-4-nitropyridine JV-oxide (4a) was obtained from 
l a in a good yield, but at this temperature, l b gave 
3- [cyano (ethoxycarbonyl)methyl]-2,6-dimethyl - 4-nitro­
pyridine iV-oxide (4b) in only 3 2 % yield, and l c was 
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Xs 

N 0 2 
i 

,Br a CH(COOC„H,)2 

I 
O 

l ( a , b , c ) 

NO, 

X s 

GH(COOGaH6)2 

Br s /CH(COOC aH6)2 Brx 

': + ii i 
R/^N^NRj \ N ^ 

i Ï 
O O 

2 ( a , b , c ) 3c 
a: R! = H, R2 = Me, X = H 
b : R 1 = R 2 = Me, X = H 
c: R1 = R2 = H, X = Br 

TABLE 1. REACTIONS WITH DIETHYL SODIOMALONATE 

Substrates 0 Q V Solvent 
Products 

(Yields %) 

l a 50 5 

l b 50 5 

l c 50 5 

Diethyl 
carbonate 
Diethyl 
carbonate 
Diethyl 
carbonate 

2a (97.3) 

2b (87.1) 

2c (88.9) 
3c ( 2.2) 

recovered intact. At 50 °C l b was converted to 4b in a 
satisfactory yield, but l c was still unaffected, l c berely 
underwent the reaction a t 75 °G to give 3,5-dibromo-4-
[cyano(ethoxycarbonyl)methyl]pyridine iV-oxide (5c). 
However, 5-bromo-3-[cyano(ethoxycarbonyl)methyl]-4-
nitropyridine iV-oxide (4c), analogous to 4a and 4b, 
was not obtained. The yield of 5c was not enhanced 
even if the reaction temperature was raised. 

With ethyl sodioacetoacetate, l a gave 3-[acetyl-
(ethoxycarbonyl)methyl]-6-methyl-4-nitropyridine N-
oxide (6a) at the lower temperature (35 °C), and when 
the reaction was followed by further treatment at the 
higher temperature (75 °G), the anticipated 3-ethoxy-

carbonyl-2,6-dimethylfuro[3,2-c]pyridine iV-oxide (7a) 
was obtained. The identity of both products was 
confirmed by the IR , N M R , and elemental analytical 
data, and by analogy with the results in the previous 
paper.8) Similarly, 7-bromo-3-ethoxycarbonyl-2-meth-
ylfuro[3,2-c]pyridine iV-oxide (7c) was easily obtained 
by treatment of l c with ethyl sodioacetoacetate at 
35 °G, and 5-bromo-3- [acetyl(ethoxycarbonyl) methyl]-
4-nitropyridine iV-oxide (6c), analogous to 6a, was not 
isolated even under the mild conditions in which a part 
of l c was recovered. The reaction of l b with ethyl 
sodioacetoacetate was examined under several condi­
tions, but resulted in either the recovery of the starting 
material or the formation of resinous matters. 

Examination of the above results as a whole reveals 
that l a is more liable to undergo the reaction with the 
anions than l b . Thus, whereas l a can be allowed to 
react under as mild conditions as 3-bromo-4-nitropyri-
dine iV-oxide8) allows, l b required more severe condi­
tions to give the same results. These facts are consistent 
with the results which are expected by considering the 
electronic effects of the second substituents (2 and/or 
6-methyl groups). The inductive and steric effects of 
the 2-methyl group of l b appear to play an important 
role in preventing the formation of the 3-substituted 
product on treatment with ethyl sodioacetoacetate. The 
nucleophilicity of ethyl sodioacetoacetate is intermediate 
between those of ethyl sodiomalonate and ethyl sodio-
cyanoacetate (the pKa value of these esters are about 11, 
13, and 9, respectively). The steric requirement of ethyl 
sodioacetoacetate is also located between those for the 
other (stericaly favorable - C N , > - C O C H 3 , > - C O O C 2 -
H 5 ) . Taking into account the operation of these charac­
ters a and effects, the lower reactivity of l b with ethyl 
sodioacetoacetate may be reasonable. 

I t appears that 7a and 7c are formed via 6a and 6c, as 
shown in the following scheme. This is quite analogous 
to the formation of 3-ethoxycarbonyl-2-methylfuro[3,2-
c]pyridine iV-oxide in the previous paper.8) This account 
is supported by the facts that 3-[acetyl (ethoxycarbonyl) -
methyl]-4-nitropyridine iV-oxide was converted to 

NOa 

XXA/Br 

R / \ N ^ R X 

i 
O 

1 (a, b , c) 

CH(CN)COOCaH, 

N 0 2 

X \ / X / C H ( C N ) COOC2H5 

II I + 
R / ^ N ^ R ! i 

O 

4 ( a , b ) 

CH(CN)COOC2H5 

B i \ / \ / B r u 
i 
O 

5c a: RX = H, R2 = Me, X = H; b : R1 = R2 = Me, X = H; c: R1 = R 2 = H , X = Br 

TABLE 2. REACTIONS WITH ETHYL SODIOCYANOACETATE 

Substrates 

l a 
l b 
l b 
l b 
l c 
l c 
l c 
l c 
l c 

Temp °C 

5 
5 
5 

50 
5 

50 
75 
95 
75 

Time h 

5 
5 

10 
5 
5 
5 

10 
5 
5 

Solvents 

Pyridine 
Pyridine 
Pyridine 
Pyridine 
Pyridine 
Pyridine 
Pyridine 
Pyridine 
DMF 

4a 
4b 
4b 
4b 

Products (Yields %) 

(91.5) 
(32.1) . 
(48.8) 
(93.0) 

5c 
5c 
5c 

(14, 
(13, 
(12. 

•1) 

•2) 

0) 

l b (59.0) 
l b (43.0) 

l c (88.0) 
l c (84.0) 
l c (78.0) 
l c (48.0) 
l c (69.0) 
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TABLE 3. REACTIONS WITH ETHYL SODIOACETOACETATE 

Substrates Temp °G Time h Solvents Products (Yield %) 

la 

la 

lb 
lb 
lb 
lb 
lb 
lb 
lc 
lc 
lc 
lc 

35 
35 
75 
35 
60 
90 
90 
110 
130 
35 
50 

5—10 
35 

5 
5 
5 
5 
5 
10 
10 
10 
10 
5 
5 
5 
5 

Diethyl carbonate 

Diethyl carbonate 

Diethyl carbonate 
Diethyl carbonate 
Diethyl carbonate 
Pyridine 
Pyridine 
DMF 
Diethyl carbonate 
Diethyl carbonate 
Diethyl carbonate 
Pyridine 

6a (86.8) 

7a (94.2) 

7c (68.6) 
7c (94.4) 
7c (41.2) 
7c (63.6) 

l b (89.0) 
l b (78.0) 
l b (74.0) 
l b (75.0) 
l b (54.0) 
l b (38.0) 
l c ( 5.0) 

l c (43.0) 
l c ( 6.0) 

3-ethoxycarbonyl-2-methylfuro[3,2- £]pyridine JV-oxide 
either by treating with dilute ethanolic sodium ethoxide 
or only the prolonged storage. 

NO, 

l ( a , c ) 
CH(COCH,)COOC,H. X x / \ / C H ( C O C H 3 ) C O O C 2 H 6 

R/^N*-

o 
6 (a, c) 

/ Y ^ O C O C H a 
x syV/C 

| | \COC2H6 
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O — / G H » 

XNA/ sCOOC2H5 

O CH3 

O.N O 

X v / V C 
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i 
O 

0 , N O—/ 

COOC,HK 

CH3 

XsAJI 
-NQ.- R , / \ N / 

\COOC,HK 

o_ 
R / \ N ^ 

Ï 
O 

7(a , c ) 

a: R2 = Me, X = H; b : R2 = H, X = B r 

O n reaction of l c with ethyl sodioacetoacetate, an 
anticipated 6c as an intermediate for 7c was not isolated 
even under the mild conditions in which the starting 
material was recovered as shown in Table 3. This 
result may be interpreted as follows. The nitro group 
in the anticipated product, 6c, was not coplanar with 
the pyridine ring on account of the steric hindrance by a 
bromine atom and newly introduced group situated a t 
both ortho positions to the nitro group, and 6c, even if 

formed, becomes labile and converts to 7c as soon as 
it is formed. 

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

All the melting points were uncorrected. The IR spectra 
were obtained on a Hitachi Infrared Spectrophotometer, 
EPI-S2, as Nujol mulls with the exception of some liquid 
samples. The NMR spectra were recorded on a Hitachi High 
Resolution NMR Spectrometer, 20-B, with TMS as the 
internal standard. 

3-Bromo-6-methyl-4-nitropyridine N-Oxide (la). 3-
Bromo-6-methylpyridine9) was treated according to the 
manner described in our paper8) to give 3-bromo-6-methyl-
pyridine iV-oxide (mp 117.5—118 °G) in 86.8% yield. 3-
Bromo-6-methyl-4-nitropyridine iV-oxide (la) (mp 137.5— 
138 °G) was obtained from 3-bromo-6-methylpyridine N-
oxide by application of Jujo's method10) in 76.3% yield. 

3-Bromo-2,6-dimethyl-4-nitropyridine N-Oxide (lb). 3-
Bromo-2,6-dimethylpyridine11) was managed in the same 
manner as above to give 3-bromo-2,6-dimethyl-4-nitropyridine 
JV-oxide l b (mp 111.5—113 °C) in 64.8% total yield. 

3,5-Dibromo-4-nitropyridine N-Oxide (lc). 3,5-Dibro-
mopyridine12) was treated as above to give 3,5-dibromopyridine 
iV-oxide in 93.5% yield. The iV-oxide was treated as reported 
in the literature13) to give 3,5-dibromo-4-nitropyridine JV-
oxide l c in 91.3% yield. 

General Procedure of the Reaction of la, lb, and lc. To a 
solution of the pyridine 1 in a three necked flask were added 
three equimolar amounts of sodium salt in appropriate solvents 
dropwise over a period of an hour, at 15—20 °C with few 
exceptions, then the mixture were stirred at the required 
temperature for 5—10 h. The solvent was evaporated under 
reduced pressure, and the solution were neutralized with dil 
hydrochloric acid to pH 3—4; when diethyl carbonate is 
used as a solvent, the evaporation of the solvent may be 
omitted. The resulting mixture was extracted with chloro­
form. After drying over anhydrous sodium sulfate the solvent 
was distilled off, and the residual oil disolved in a small 
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amount of chloroform and refined through a silica gel (Wakogel 
C-300) column. 

The Reaction of la with Diethyl Sodiomalonate. A diethyl 
carbonate solution of 1.0 g of 3-bromo-6-methyl-4-nitropy-
ridine iV-oxide ( l a ) was treated as general procedure with a 
solution of diethyl sodiomalonate which had been formed from 
0.3 g of sodium and 2.2 g diethyl malonate in 50 ml of diethyl 
carbonate. After the elution of diethyl malonate with 
chloroform on the chlomatograph, evaporation of the ethereal 
elute gave 1.30 g of 3-[bis(ethoxycarbonyl)methyl]-6-methyl-
4-nitropyridine iV-oxide (2a) as an oily syrup. Found : C, 
49.90; H , 4.92; N, 8 .37%; Calcd for C 1 3 H 1 B N 2 0 7 : C, 50.00; 
H , 5.16; N, 8.97%. I R : 1750cm- 1 (G=0) , 1525 and 1345 
( N 0 2 ) , 1240 ( N - > 0 ) . N M R (CDG13): Ô 1.27 (6H, t) 4.25 
(4H, q) , 2.52 (3H, s), 5.26 (1H, s), 8.02 (1H, s), 8.25 (1H, s). 

The Reaction of lb with Diethyl Sodiomalonate. From 
1.0 g of 3-bromo-2,6-dimethyl-4-nitropyridine iV-oxide ( l b ) , 
1.15 g of 3-[bis(ethoxycarbonyl)methyl]-2,6-dimethyl-4-
nitropyridine iV-oxide (2b) was obtained as an oily syrup. 
Found : C, 51.66 ; H , 5.70 ; N , 8.19%. Calcd for C 1 4 H , 8 N 2 0 7 : 
C, 51.38; H , 5.54, N . 8.56%. I R : 1745 cm" 1 ( C = 0 ) , 1530 
and 1340 ( N 0 2 ) , 1245 ( N - > 0 ) . N M R (CDC13): Ô 1.26 
(6H, t) , 4.24 (4H, q) , 2.54 (3H, s), 2.58 (3H, s), 5.21 (1H, s), 
7.84 (1H, s). 

The Reaction of 1c with Diethyl Sodiomalonate. F rom the 
reaction of 1.0 g of l c with diethyl sodiomalonate, 1.12 g of 
3- [bis (ethoxycarbonyl) methyl] -5-bromo-4-nitropyridine N-
oxide (2c) was obtained from ethereal elution; m p 79—80 °C 
(acetone-diisopropyl ether) . Found : C, 38.08; H , 3.37; 
N, 7.16%. Calcd for C l a H 1 3 N a 0 7 B r : C, 38.22; H , 3.47; 
N , 7 .43%. I R : 1760 c m - 1 (G=0) , 1560 and 1355 (NO a ) , 
1240 ( N - * 0 ) . N M R (CDC13): Ô 1.29 (6H, t) , 4.26 (4H, q ) , 
5.64 (1H, s), 8.37 (2H, s). From the succesive acetone-ether 
elution was obtained 0.03 g of 4-[bis(ethoxycarbonyl)methyl]-
3,5-dibromopyridine JV-oxide (3c); m p 124—125 °C (diiso-
propyl ether) . Found : C, 34.72; H , 3.04; N, 3 .16%; Calcd 
for C 1 2 H 1 3 N0 5 Br 2 : C, 35.02; H , 3.16; N, 3 .40%. I R : 1746 
c m - 1 ( G = 0 ) , 1254 ( N - > 0 ) . N M R (CDG13): «5 1.28 (6H, t) , 
4.26 (4H, q) , 5.32 (1H, s), 8.40 (2H, s). 

The Reaction of la with Ethyl Sodiocyanoacetate. From 1.0 
g of l a , 1.04 g of 3-[cyano(ethoxycarbonyl)methyl]-6-methyI-
4-nitropyridine iV-oxide (4a) was obta ined: m p 177—177.5 °C 
(ethanol). Found : C, 49.62; H , 4 .01 ; N, 15.63%. Calcd 
for C n H n N A : C, 49 .81 ; H , 4.18; N, 15.84%. I R : 2230 
c m - 1 (CN) , 1746 (G=0) , 1260 ( N - > 0 ) . N M R (CDC13): 
ô 1.33 (3H, t) , 4.32 (2H, q) , 2.52 (3H, s), 5.51 (1H, s), 8.13 
(1H, s) 8.43 (1H, s). 

The Reaction of lb with Ethyl Sodiocyanoacetate. Under 
the suitable conditions, 50 °C, 3-[cyano(ethoxycarbonyl)-
methyl]-2,6-dimethyl-4-nitropyridine iV-oxide (4b) was obtain­
ed in 93 .0% yield: m p 118.5—119.0 °C (acetone-diisopropyl 
ether). Found : C, 51.53; H , 4.46; N, 14.80%. Calcd for 
C 1 2 H 1 3 N 3 0 5 : C, 51.61 ; H , 4 .69; N, 14.80%. I R : 2224 c m - 1 

(CN), 1745 ( C = 0 ) , 1530 and 1342 ( N 0 2 ) , 1270 ( N - * 0 ) . 
N M R (CDC13): Ö 1.32 (3H, t ) , 2.54 (3H, s), 2.60 (3H, s), 
4.30 (3H, q) , 6.50 (1H, s), 7.97 (1H, s). T h e starting 
material , l b , when it was recovered, was obtained from 
chloroform elution following after the reagemt. 

The Reaction of lc with Ethyl Sodiocyanoacetate. In this 
case ethyl sodiocyanoacetate was added at 75 °C over a 
period of 5 h, then the mixture was managed according 
to the general procedure. From 1.0 g of 3,5-dibromo-4-
nitropyridine iV-oxide ( l c ) , after the collection of unreacted 
l c from ether-acetone elution 0.18 g of 4-[cyano(ethoxy­
carbonyl) methyl]-3,5-dibromopyridine iV-oxide (5c) was 
obta ined: m p 182—183 °C (ethanol). Found : C, 33.14; H , 
2.29; N, 7.84%. Calcd for C 1 0H 8N 2O 3Br 2 : C, 33.00; H, 2.22; 

N, 7.70%. I R : 2235 c m - 1 (CN), 1745 (C=0 ) , 1246 ( N - > 0 ) . 
N M R (CDCL,): ô 1.33 (3H, t) , 4.32 (2H, q) , 5.52 (1H, s), 
8.30 (1H, s). 

The Reaction of la with Ethyl Sodioaçetoacetate at 35 °C. 
O n e gram of l a was treated with ethyl sodioaçetoacetate 
according to the general procedure; the reaction temperature 
was kept at 35 °G for 5 h, and from ethereal elution 1.05 g of 
3 -[ acetyl (ethoxycarbonyl) methyl ] - 6 -methyl- 4 -nitropyridine 
iV-oxide (6a) was obtained as yellow leaflets; m p 106—107 °C 
(diethyl ether) . Found : C, 51.18; H, 4.87; N, 9.78%. 
Calcd for C 1 2 H 1 4 N 2 0 6 : C, 51.08; H , 5.00; N, 9 .93%. I R : 
1720 c m - 1 ( C = 0 ) , 1730 (G=0) , 1560 and 1335 (NO,) , 1260 
( N - » 0 ) . ' - N M R (CDC13): ô 1.12 (3IT, t) , 1.93 (3H, s), 2.54 
(3H, s), 4.11 (2H, m) , 7.96 (1H, s), 8.04 (1H, s), 12.98 (1H, s). 

The Reaction of la with Ethyl Sodioaçetoacetate at 75 °C. 
T h e reaction mixture of the above reaction was further 
heated at 75 °C for an additional 5 h. T h e resulting mixture 
was treated by the same procedure, and from the alcoholic 
elute, 0.9 g of 3-ethoxycarbonyl-2,6-dimethylfuro[3,2-c]-
pyridine iV-oxide (7a) was obtained as colorless prisms; m p 
120—121 °C (ethanol). Found : C, 61.44; H, 5.58; N, 5.57%. 
Calcd for C 1 2 H 1 3 N 0 4 : C, 61.27; H , 5.58; N, 5 .95%. I R : 
1720 c m - 1 ( C = 6 ) , 1246 ( N - » 0 ) . N M R (GDC13): ô 1.42 
(3H, t) , 2.58 (3H, s), 2.74 (3H, s), 4.38 (2H, q) , 7.28 ( lH,s) , 
8.83 (1H, s). 

The Reaction of lc with Ethyl Sodioaçetoacetate. When 
the reaction was carried out at 50 °C, 7-bromo-3-ethoxycar-
bonyl-2-methylfuro[3,2-c]pyridine iV-oxide (7c) was obtained 
from ethanol elution as colourless prisms; m p 194—195 °C 
(acetone). Found : C, 44.07; H , 3.24; N, 4 .48%. Calcd 
for C n H 1 0 N O 4 B r : C, 44.02; H , 3.36; N, 4 .67%. I R : 1705 
c m - 1 (G=0) , 1250 ( N - > 0 ) . N M R (CDC13): ô I A3 (3H, t) , 
2.83 (3H, s), 4.42 (2H, q) , 8.28 (1H, s), 8.70 (1H, s). 

3-Ethoxycarbonyl-2-methyl[3,2-c]pyridinè N-Oxide. The 
mixture of 0.5 g of 3-[acetyl(ethoxycarbonyl)methyl]-4-
nitropyridine iV-oxide and 0.2 g of sodium ethoxide in 100 ml 
of ethanol was heated at 50 °C for 5 h. The deep violet 
color of the mixture faded with time. The solvent was 
evaporated, and the residue was neutralized with dil hydro­
chloric acid to p H 4, then extracted with chloroform. After 
drying over anhydrous sodium sulfate, evaporation of thé 
solvent gave 0.22 g (53.4%) of 3-ethoxycarbonyl-2-methylfuro-
[3,2-c]pyridine iV-oxide, semihydrate; m p 150 °C, which was 
identified by mixed melting point determination and by 
comparing the I R and N M R spectra da t a with those of an 
authentic sample.8) 
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New Method for Synthesis of Various Types of Suhstituted 
2(5J9>Furanones 

Kiyoshi IWAI, Hiroshi KOSUGI, Hisashi U D A , and Mikio KAWAI 

Chemical Research Institute of Non-Aqueous Solutions, Tohoku University, Katahira-2, Sendai 980 

(Received July 20, 1976) 

A combination of the reaction of dianions of (phenylthio) acetic acid and its homologs with epoxides, the conju­
gate addition reaction of 3-phenylthio-2-(5i/)-furanones with carbanion species, and the a-alkylation reaction of 
a-phenylthio-y-butyrolactones is shown to provide a general method for the synthesis of a variety of substituted a-
phenylthio-y-butyrolactones. Oxidation of these a-phenylthiolactones to the corresponding sulfoxides, followed by 
pyrolysis furnishes all the types of substituted (3-, 4-, and 5-mono-; 3,4-, 3,5- 4,5-, and 5,5-di-; 3,4,5-tri-) 2(5//)-
furanones in good overall yields. 

Recently a number of methods for the synthesis of 
2(5//)-furanones (y-crotonolactones, 2-buten-4-olides, 
A^-butenolides) have been reported,1) in view of their 
abundance in nature2) and usefulness as synthetic 
intermediates. l d '3 ) Concerning the synthesis of natural 
products by the application of photocycloaddition 
reactions of 2(5//)-furanones to olefins,3f) we became 
interested in the development of a convenient method 
for the synthesis of a variety of 2(5//)-furanones.4) 

R e s u l t s 

T h e method includes a-phenylthio-y-butyrolactones 
1 as the key intermediate. (Phenylthio)acetic acid (2a) 
might be suitable as the starting material for the con­
struction of the G-2, 3 unit in 2(5//)-furanones (indicated 
by a dotted line in 1). T h e phenyl thio group was 
chosen since it appears (1) to facilitate the generation 
of the adjacent carbanion species which would have 
sufficient nucleophilicity to react with epoxides or alkyl 

R' 

. SPh 

4£ PhSCHC02H 
I 
R 

»TNLi 
PhSCC02 

R 

a : R = H 
b : R = Me 
c : R = Et 

halides before or after the construction of y-lactone 
ring, and (2) to be oxidized easily to the sulfinyl group 
which would be further transformed into other useful 
intermediary functional groups (vinyl sulfide or 
sulfoxide) through the Pummerer rearrangement and 
serve as a facile eliminating group to produce a double 
bond in the final products. 

T h e dianion 3a was easily prepared by treating 2 a 
with lithium diisopropylamide, and reacted smoothly 
with methyl iodide and ethyl bromide to give a-(phenyl-
thio) propionic acid (2b) and -butyric acid (2c) in 
quantitative yields, respectively.5) T h e homologous 
acids 2 b and 2c also produced the corresponding 
dianions 3 b and 3c in the same manner . 

T h e reactions of the dianions 3 with epoxides 4 and 
subsequent transformation into 5-mono- and 3,5-disub-
stituted 2(5//)-furanones are shown in Scheme 1. T h e 
reactions of 3 with propylene oxide (4a), 1-hexene oxide 
(4b), or styrene oxide (4c) proceeded smoothly to give 
the corresponding phenylthiobutyrolactones 5 in excel-

V 
J-+SVI, 

[0] 

4 , a : R'=Me 
b : R'=n-Bu 
c : R'=Ph 

/R 

I—e-soph 
R < 0 > 0 
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a : R=H,R'=Me 
b : R=H,R'=n-Bu 
c : R=H,R'=Ph 
d : R=Me,R'=n-Bu 
e : R=Et,R'=n-Bu 

Scheme 1. 

lent yields. Each lactone 5 was obtained as a mixture 
of stereoisomers. O n treatment of 5 with m-chloro-
perbenzoic acid, hydrogen peroxide, or sodium 
periodate, the corresponding sulfoxides 6 were obtained 
quantitatively and were pyrolyzed (at ca. 110 °G for 
6a—c and ca. 70 °G for 6d, e) to give 5-mono- and 
3,5-disubstituted 2(5//)-furanones 7 in high yields. I t 
should be noted that, in the cases of 6d and 6e, a double 
bond was exclusively introduced into an endocyclic 
position, neither a-methylene- nor a-ethylidene- y-
butyrolactone being detected. l g) 

In a similar way, the use of methylenecyclohexane 
oxide (1,1-disubstituted epoxide) or cyclohexene oxide 
(symmetrical 1,2-disubstituted epoxide) gave 5,5-penta-
methylene-2(5//)-furanone (8) (5,5-disubstituted) and 
4,5-tetramethylene-2(5//)-furanone (9) (4,5-disubstitut-
ed), respectively. 
_ An at tempt to use the anion of the ester of 2a, PhS-
G H C 0 2 E t , for the reaction with 4a gave an unsatisfac­
tory result, 5 a being obtained in a low (30%) yield. 
Thus, the present a-phenylthio carboxylic acid dianion 
procedure would be very useful for the synthesis of 
5-mono, 3,5-di, 5,5-di, and 4,5-di (the same substitu-
ents)-substituted 2(5//)-furanone derivatives, because of 
ready availability of the starting materials, simple 
operation of the reactions, and high yield of the products. 

Among the number of methods for the synthesis of 
2(5i/)-furanones,1) the procedure for 4-substituted 
derivatives has so far been very limited. Thus the 
development of a convenient synthetic method for them 
would be of considerable interest. 

In order to introduce a substituent to the G-4 position 
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of 2(5//)-furanone system, we adopted the 1,4-conjugate 
addition reaction of 3-phenylthio- (13) or 3-phenyl-
sulfinyl-2(5//)-furanones (18). T h e preparat ion of 13 
was satisfactorily accomplished in two ways through 
the intermediates 12: one by the Pummerer rearrange­
ment6) of a-phenylsulfinyl-y-butyrolactones (10 and 6a) 
and the subsequent elimination of acetic acid by heating 
in acetic anhydride (60—70 °C and then 150 °C) (86 
and 9 3 % overall) and the other by the chlorination of 
a-phenylthio-y-butyrolactones (11 and 5a) with sulfuryl 
chloride, followed by dehydrochlorination (93 and 8 8 % 
overall) (Scheme 2). Phenylthiofuranones 13 thus 
obtained underwent conjugate addition with li thium 
dialkylcuprates (dialkyl=dimethyl , dibutyl, or divinyl) 
to give the adducts 14a—f in good yields. These could 
be converted into the expected 4-mono- and 4,5-disub-
stituted 2(5//)-furanones 15a—f in good yields. 
Combined use of the Grignard reagent and cuprous 
iodide for the conjugate addition gave an unsatisfactory 
result (low yields of 14 due to formation of a considerable 
amount of by-products). 

In contrast to the successful addition of dialkylcuprate 
to 13, the reaction of 13a with other enolates (diethyl 

malonate, ethyl valerate, or cyclopentanone) did not 
necessarily give good results, the low yields of the 
adducts : 60% for 14g, 1 1 % for 16, and 5 7 % for 17, 
presumably because of an unfavorable equilibrium 
(Scheme 3). Hence, the more effective stabilization of 
the a-anion in the adducts would favor the equilibraticn 
to the adduct side, facilitating the conjugate addition 
reaction of enolates. In fact, 3-phenylsulfinyl-2(5//)-
furanone (18) underwent smoothly the conjugate addi­
tion with the enolates of ethyl valerate and cyclopen­
tanone to give the desired adducts 19 and 20, respec­
tively, in good yields.7) Unlike 13a, 18 also reacted 
with ethyl 2-oxocyclohexanecarboxylate to afford a 30% 
yield of the adduct 21 . Pyrolysis of 19 and 21 furnished 
the 4-substituted 2(5//)-furanones 22 and 23, respec­
tively, in good yields, but the 2(5//)-furanone 24 derived 
from 20 was extremely unstable, polymerizing during 
the course of isolation. T h e reaction of 13a with ethyl 
2-oxocyclohexanecarboxylate produced only the poly­
mers of 13a itself, which would arise from self-addition 
of the 5-anion of 13a (such as 25). Actually, the dimer 
26 was isolated in the reaction of 13b in 3 8 % yield. 

The preferential abstraction of the 5-hydrogen atom 
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N / X _ / s P h 

O 
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Scheme 3. 
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was also observed in the reaction of 13a with an enamine. 
T h e reaction of 13a with 1-morpholino-l-cyclopentene 
gave, in addition to a 2 2 % yield of 17, 5-cyclopentyl-
idene-3-phenylthio-2(5//)-furanone (27) (30%), which 
would be formed through the reaction of the 5-anion 
of 13a with the protonated enamine and the subsequent 
elimination of morpholine as depicted in Scheme 4. 
T h e 5-methyl derivative 13b gave only the conjugate 
addition product 28 in low yield. 

I • \7 

a : R-H 
SPh 

13-

LN ) ,SPh 

0 
6 SPh 

0 

27 /~<SPh 
b : R = Me Me-Co>0 

28 

Scheme 4. 

Finally, the application of a-alkylation to the a-
phenylthio- y-butyrolactones, lg> through the subsequent 
oxidation and dehydrosulfenylation, led to the remaining 
3-mono-, 3,4-di-, and 3,4,5-trisubstituted 2 (5 / / ) -
furanone derivatives. Typical examples are shown in 
Scheme 5. 
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3) 4 

11,R'=R2=H 
Ma.R^H.R'-Me 
M d . R ^ R ^ M e 

Rl .Me 

b r R ^ H . R ^ M e 
c l R ' - R ' ^ M e 

Scheme 5. 

T h e procedures we gave provide useful methods for 
the synthesis of all types of substituted 2(5//)-furanones 
starting from readily available substances through 
simple and high-yield operations. 

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

All the melting points were taken on a Yamato melting 
point apparatus and are uncorrected. Distillation of the liquid 
products was usually carried out evaporatively using a modified 
sublimation apparatus and the oil bath temperatures were 
recorded. IR spectra were taken on a Hitachi EPI-S2 or G2 
spectrometer. NMR spectra were obtained on a JEOL C-
60HL (60 MHz) instrument using TMS as an internal 
standard. Reported values are given in the <5 scale. Both 
spectra were recorded in CC14 solution unless otherwise stated. 
Elementary analyses were carried out in the microanalytical 
laboratory of this Institute. Progress of all the reactions was 
followed by TLG, silica gel (Merck GF254 Typ 60). The 
developing solvent system was petroleum ether-ether mixture, 
visualization being effected with a fluorescent lamp or coned 
H 2 S0 4 spray. 

Generation of the Dianion (3) of (Phenylthio) acetic Acid and its 

Homologs (2). To a solution of freshly prepared lithium 
diisopropylamide (0.02 mol) in THF-ether was added drop-
wise a solution of (phenylthio)acetic acid (2a)8> (1.68g, 0.01 
mol) in THF (7 ml) at 0 °G under nitrogen. The mixture was 
stirred at 0—4 °C for 1 h. An aliquout (3 ml) was taken with 
a syringe and quenched with D 2 0. Incorporation of one 
deuterium atom at the a-position in the recovered 2a (acidifica­
tion and extraction) was confirmed from the NMR spectrum: 
ô 3.58 (1H, s). 

In the same manner, solutions of the dianions (3b) and 
(3c) of the propionic (2b) and butyric acid derivatives (2c) 
could be prepared. 

Alkylation of the Dianion (3a). A solution of excess 
methyl iodide (17.6 g) in THF (5 ml) was added dropwise at 
— 60 70 °C to a solution of the dianion (3a) (0.01 mol) under 
nitrogen, and the mixture was stirred overnight and warmed 
gradually to room temperature. A saturated solution of 
NH4C1 and then 30% H 2S0 4 (to Congo Red) were added, and 
the mixture was extracted with GHG13. The combined 
extracts were washed with saturated brine and freed from 
the solvent. A small amount of ether was added to the residue 
and the insoluble material was removed by filtration. Evapo­
ration of the solvent, and distillation (100—140 °G/<1 Torr) 
of the pale yellow oil remaining afforded 1.70 g (93%) of 
oc-(phenylthio)propionic acid (2b). NMR 1.50 (3H, d, 
J = 7 H z , -CHCH3), 3.60 (1H, q, J = 7 H z , -CHCH3), 
7.10—7.60 (5H, m, Ph), and 12.0 (1H, s, COOH). 

In the same manner, the alkylation of 3a with ethyl bromide 
gave a-(phenylthio) butyric acid (2c) in 99% yield. Bp 100— 
140 °G/<1 Torr; NMR 1.55 (3H, t, 7=7 .5 Hz, -CH2CH3), 
1.60—2.15 (2H, m, -CHCH2CH3), 3.47 (1H, t, J = 7 . 2 H z , 
-CHCH2-) , 7.10—7.60 (5H, m, Ph), and 11.4 (1H, s, COOH). 

Compound 2b was also prepared by the reaction of ethyl 
oc-bromopropionate with sodium thiophenolate as in the prep­
aration of 2a. To a stirred slurry of sodium thiophenolate 
( 1.4 g) in THF (20 ml) was added a solution of ethyl a-
bromopropionate (1.18 g) in THF (10 ml) at 0 °C, and the 
mixture was stirred at room temperature for 6 h. After the 
removal of inorganic salt and solvent, distillation of the 
residual oil gave 2.0 g (95%) of ethyl a-(phenylthio) propionate. 
A mixture of this ester (1.8 g) and aqueous potassium hydroxide 
(720 mg in 10 ml) was heated under reflux for 3 h. At this 
stage the mixture became homogeneous. The cooled mixture 
was acidified with 30% H 2S0 4 turing to Congo Red and 
extracted with ether. The combined extracts were washed 
with saturated brine and dried. After evaporation of the 
solvent, distillation of the residue afforded 1.56 g (99%) of 2b. 

General Procedure for Reaction of the Dianions (3) with Epoxides. 
To a solution of dianion 3 was added a solution of the freshly 
purified epoxide (a slightly excess molar amount except 
propylene oxide) in dry THF at ca. —60 °C under nitrogen, 
and the reaction mixture was stirred at this temperature for 
1 h and then gradually warmed to room temperature within a 
period of ca. 15 h. For 1 g of an epoxide, ca. 3 ml of THF was 
used. Aqueous NH4C1 was added to the mixture and the 
solvent was then removed under reduced pressure. The 
residue was poured into a mixture of ether and dil H2SO., 
(sufficient amount for neutralization), and the water layer was 
thoroughly extracted with ether. The combined ether layers 
were washed with water and saturated brine, and dried. 
After removal of the solvent, the residual oil was heated in 
benzene {ca. 10 ml for 1 g) containing a trace of coned 
H 2S0 4 under reflux for 3 h using a water-separator. The 
cooled reaction mixture was diluted with ether and successively 
washed with dil NaOH, water, and saturated brine. Removal 
of the solvent gave a mixture of eis and trans y-substituted oe-
phenylthio-y-butyrolactones (5) in 70—94% yield, which 
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were usually separable by chromatography on silica gel using 
petroleum ether-ether as an eluting agent. In the cases of 
5d and 5e, the extraction was carried out with CHC13 , and the 
concentration of the extracts at 80 °G under ordinary pressure 
resulted in complete lactonization. 

General Procedure for Oxidation of(x-Phenylthio-y-butyrolactones. 
T o a solution of the a-phenylthiolactone derivative in CH2C12 

(ca. 20 ml for 1 g of the lactone) was added a solution of m-
chloroperbenzoic acid (MGPBA, 8 5 % , 1.0—1.2 equiv) in 
GH2G12 (ca. 30 ml for 1 g of the peracid) at 0 °G. The 
reaction mixture was stirred a t 0 °C for 0.5—1 h, diluted with 
CH2C12 , successively washed with dil N a H C O a solution and 
saturated brine, and dried. Evaporat ion of the solvent under 
reduced pressure left the a-phenylsulfinyl-y-butyrolactone 
derivative in nearly quanti tat ive yield. 

T h e a-phenylthiolactone derivative was treated at room 
temperature with either N a I 0 4 (ca. 1.2 equiv) in 40—50% 
methanol (ca. 20 ml for 1 g of the lactone) for 12 h or 3 0 % 
hydrogen peroxide (ca. 2 ml) in 5 0 % methanol for 4 days, and 
the usual work-up (extraction with GH2G12) gave also the 
a-phenylsulfinyllactone derivative (6) in excellent yield. In 
all cases, the sample thus obtained was sufficiently pure for 
the subsequent pyrolysis. 

General Procedure for Pyrolysis ofa.-Phenylsulfinyl-y-butyrolactones. 
A solution of the a-phenylsulfinyllactone derivative in toluene 
(10—20 ml for 1 g of the lactone) or in pyridine (ca. 5 ml) was 
heated under reflux for 0.5—1 h. After removal of the 
solvent under reduced pressure, the residue was chromato-
graphed on silica gel using petroleum ether-ether as an eluting 
agent to give the 2(5/ /)-furanone derivative, which was 
purified by evaporative distillation. 

aL-Phenylthio-y-butyrolactone (11). A solution of a-
bromo-y-butyrolactone») (15.1 g) in T H F (30 ml) was added 
dropwise to a suspension of sodium thiophenolate (12.1 g) 
in T H F (70 ml) at room temperature , and the reaction mixture 
was stirred for 2 days. After the removal of insoluble mater ia l 
and solvent, distillation (165—175 °G/1 Torr) of the 
residual oil afforded 17.1 g (96%) of 11. Found : C, 61.56; 
H, 5.20%. Galcd for C 1 0 H 1 0 O 2 S: C, 61.85; H , 5 .15%. 

«.-Phenylsulfinyl-y-butyrolactone (10), yield 8 6 % ( N a I 0 4 ) : 
m p 100—104 °C from CHC13-CC14 . Found : G, 57 .11; H , 
4 .82%. Calcd for G 1 0H 1 0O 3S: C, 57.14; H , 4.80%.10> 

3-Phenylthio-2(5H)-furanone (13a). (a) A solution of 
10 (4.4 g) in acetic anhydride (25 ml) was heated at 60—70 °C 
overnight and then refluxed for 2 h. After the removal of 
acetic anhydride and acetic acid under reduced pressure, the 
residue was recrystallized from ethanol to give 3.3 g (86%) of 
13a; m p 57.5—59 °G; I R (CHC13) 1760 and 1600 c m - 1 ; 
N M R (GDC13) 4.84 (2H, d, 7 = 2 . 2 Hz) , 6.75 (1H, t, 7 = 2 . 2 
Hz) , and 7.40—7.80 (5H, m ) . Found : C, 62.57; H , 4 . 0 5 % . 
Galcd for G 1 0 H 8 O 2 S: C, 62.50; H, 4 .20%. When the 
reaction was stopped at the stage of 70 °C heating, a small 
amount of a-acetoxy-a-phenylthio-y-butyrolactone (12, R X = H . 
X = O A c ) was isolated. 

(b) A solution of sulfuryl chloride (9.8 g) in CC14 (30 ml) was 
added dropwise (1 h) to a solution of 11 (11.9 g) in CC14 (70 
ml) at 0 °C under nitrogen. T h e reaction mixture was 
stirred at 0 °C for 2 h, poured into aqueous N a H C 0 3 , and 
extracted with CH2C12 . T h e combined extracts were successi­
vely washed with N a H C 0 3 solution, water, and saturated 
brine, and dried. Evaporation of the solvent under reduced 
pressure left 13.2 g of a-chloro-a-phenylthio-y-butyrolactone 
(12, R 1 = H , X = G 1 ) . T h e crude product , dissolved in T H F 
(60 ml) , was added to a mixture of LiBr (17 g) and L i 2 C 0 3 

(13 g) in T H F (60 ml) at room temperature . T h e reaction 
mixture was refluxed for 30 min under nitrogen. After the 
removal of inorganic salts and solvent, the residue was 

dissolved in CH2G12 , and the solution was washed with N a H -
C 0 3 solution and saturated brine, and dried. Evaporat ion of 
the solvent gave 9.94 g (93 % ) of 13a. 

5-Methyl-3-phenylthio-2(5U)-furanone (13b). This com­
pound was prepared from either of 6a or 5a as in the preceding 
experiment, (a) from 6a. Yield 9 3 % ; (b) from 5a. Yield 
8 8 % . Bp 160—170°G/1 T o r r ; I R 1770 and 1600 c m 1 ; 
N M R 1.35 (3H, d, 7 = 6 . 8 Hz) , 4.98 (1H, dq , 7 = 1 . 5 and 
6.8 Hz) , 6.60 (1H, d, 7 = 1.5 Hz) , and 7.20—7.80 (5H, m ) . 
Found : G, 63 .71; H , 5 .15%. Calcd for C n H 1 0 O 2 S : C, 
64.07; H, 4 .89%. 

General Procedure for the Reaction of 13 with Lithium Dialkyl-
cuprates. T o a freshly prepared solution of l i thium 
dimethyl, dibutyl, or divinylcuprate11) (2 equiv) in ether or 
e ther-hexane was added dropwise a solution of 13 in ether 
(60 ml for ca. 1.5 g) under nitrogen. T h e reaction tempera­
ture and time for each cuprate are as follows : 0 °G for 2—3 h 
for dimethylcuprate; — 78 °C for 3—4 h for dibutylcuprate ; 
— 60 50 °C for 1.5—2 h for divinylcuprate. T h e reaction 
mixture was poured into a cold NH4C1 solution and thoroughly 
extracted with ether. T h e combined extracts were washed 
with water and saturated brine, and dried. After removal of 
the solvent, the residual oil was chromatographed on silica gel 
using petroleum ether-ether as an eluting agent. Yields of 
14 were 75—100%. 

ß-[Bis(ethoxycarbonyl)methyl\-CL-phenylthio-y-butyrolactone (I4g). 
A mixture of diethyl malonate (350 mg) and lithium hydride 
(25 mg) in T H F (15 ml) was stirred a t room temperature for 
30 min under nitrogen. T o this solution was added a solution 
of 13a (384 mg) in T H F (10 ml) at room temperature , and 
the reaction mixture was stirred for 2 h and then refluxed for 
30 min. T h e cooled mixture was poured into a cold NH4C1 
solution and the solvent was removed under reduced pressure. 
T h e organic residue was extracted with ether. T h e extract 
was washed with saturated brine and evaporated. T h e oil 
remaining was chromatographed on silica gel (10 g) using 
petroleum ether-ether to give 423 mg (60%) of 14g. 

ß- ( 1-Ethoxycarbonylbutyl) -a.-phenylthio-y-butyrolactone (16). 
T o a solution of li thium diisopropylamide (1 equiv) 
in T H F (10 ml) was added a solution of ethyl valerate 
(390 mg) in T H F (10 ml) at - 7 8 °C under nitrogen, and the 
mixture was stirred at — 78 °C for 1 h. A solution of 13a 
(576 mg) in T H F (10 ml) was added to this solution, and the 
reaction mixture was stirred at — 78 °G for 20 h and then 
warmed to room temperature within a period of 8 h. A cold 
NH4G1 solution was added, and the mixture was extracted 
with CH2C12 . T h e extracts were washed with water and 
saturated brine, and dried. After removal of the solvent, 
chromatography of the residual oil on silica gel (100 g) using 
1: 1 petroleum ether-ether as an eluent gave 110 mg (11%) of 
16 accompanied by the recovery of 140 mg of 13a. 

ß-(2-Oxocyclopentyl)-a-phenylthio-y-butyrolactone (17). A 
solution of cyclopentanone (280 mg) in T H F (10 ml) was 
added to a solution of l i thium diisopropylamide (1 equiv), and 
the mixture was stirred for 1 h. T o this solution was added a 
solution of 13a (576 mg) in T H F (15 ml) , and the reaction 
mixture was stirred for 4 h. All the operations were carried 
out at — 78 °C under nitrogen. A cold NH4C1 solution was 
added to the mixture, and the solvent was removed under 
reduced pressure. The residue was extracted with CH2C12 . 
T h e combined extracts were washed with saturated brine. 
After removal of the solvent, the residual oil was chromato­
graphed on silica gel (100 g) using 2 : 1 petroleum ether-ether 
as an eluent to give 500 mg (57%) of 17. 

y-Methyl-ß- (2-oxocyclopentyl) -a-phenylthio-y-butyrolactone (28). 
T h e reaction of 13b with cyclopentanone or its morpholine 
enamine was carried out in the same manner as 13a. Yields: 
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6 4 % (cyclopentanone) and 3 1 % (enamine). 
3-Phenylsulfinyl-2(5H)-furanone (18). Oxidat ion of 13a 

was carried out using MCPBA ( - 2 0 10 °C for 1 h) and 
work-up was carried out as described earlier. Yield. 8 0 % . 
M p 86—88 °C from ether. I R (GHG13) 1770 c m - 1 ; N M R 
( C D C y 5.00 (2H, br. s), 7.50—8.00 (5H, m) , and 8.10 ( I H , 
br. s). Found : C, 57.62; H , 4 . 0 1 % . Calcd for C 1 0 H 8 O 3 S: 
C, 57.69; H, 3.87%. 

ß- ( 1-Ethoxycarbonylbutyl) -cc-phenylsulßnyl-y-butyrolactone ( 19). 
T h e reaction of 18 with ethyl valerate was carried out in the 
same manner as for 13a except for quenching at — 78 °C 
Yield 8 3 % . T h e compound was also obtained by MCPBA 
oxidation of 16. 

ß- (2-Oxocyclopentyl) -ct-phenylsulfinyl-y-butyrolactone (20). 
T h e reaction of 18 with cyclopentanone was carried out in 
the same manne r as for 13a. Yield 8 2 % . 

ß- ( l-Ethoxycarbonyl-2-oxocyclohexyl) -cc-phenylsulfinyl-y-butyrolac-
tone (21). T o a solution of l i thium diisopropyl amide (1 equiv) 
in T H F (15 ml) was added a solution of ethyl 2-oxocyclo-
hexanecarboxylate (425 mg) in T H F (15 ml) , and the mixture 
was stirred for 1 h. A solution of 18 (520 mg) in T H F ( 15 ml) 
was added to the above enolate solution, and the reaction 
mixture was stirred for 3 h. All the operations were carried 
out at — 78 °C under nitrogen. A cold NH4C1 solution was 
added, and the solvent was removed under reduced pressure. 
T h e residue was extracted with CH2C12 , and the combined 
extracts were washed with saturated brine. After removal 
of the solvent under reduced pressure, the residue was 
chromatographed on silica gel (80 g) using 1: 5 petroleum 
ether-ether as an eluent to give 280 mg (30%,) of 21 . 

Reaction of 13b with Ethyl 2-Oxocyclohexanecarboxylate. T o 
a solution of the enolate of ethyl 2-oxocyclohexanecarboxylate 
(374 mg) in T H F , prepared according to the manne r described 
earlier, was added a solution of 13b (412 mg) in T H F (10 ml) 
at —50 °G under nitrogen, and the reaction mixture was 
gradually warmed to —20 °C within a period of 3 h under 
stirring. Aqueous NH4G1 was added, and the solvent was 
removed under reduced pressure. T h e organic residue was 
extracted with ether, and the extracts were washed with 
saturated brine and dried. After removal of the solvent, the 
residue was chromatographed on silica gel (60 g) using 1: 1 
petroleum ether-ether as an eluent to give 155 mg (38%) of 
2,2 '-dimethyl-4,4 '-bis(phenylthio)-2,2 ' , 3 ' , 4 ' , 5 ,5 ' -hexahydro-
2,3'-bifuran-5,5'-dione (26), b p 200 °G/1 T o r r ; I R (CHC13) 
1760 c m - 1 ; N M R (GDC13) 1.20 (3H, d, 7 = 6 . 8 Hz) , 1.43 (3H, 
s), 2.30 ( I H , dd, 7 = 6 . 8 and 8.2 Hz) , 3.35 ( I H , d, 7 = 8 . 2 Hz) , 
4.48 ( I H , q u i n t , 7 = 6.8 Hz) , 6.05 ( I H , s) and 7.20—7.80 (10H, 
m ) . Found : C, 63.88 ; H , 5.01 %. Calcd for C 2 2H 2 0O 4S 2 : C, 
64.07; H , 4 .89%. 

5-Cyclopentylidene-3-phenylthio-2(5H)-furanone (27). T o 
a solution of 1-morpholino-l-cyclopentene (306 mg)12> in 
M e C N (5 ml) was added a solution of 13a (384 mg) in M e C N 
(5 ml) at room temperature under nitrogen, and the reaction 
mixture was stirred at room temperature for 5 h. Dilute H C l 
(2 M , 10 ml) was added, and the resulting solution was stirred 
for 1 h, then poured into water, and extracted with ether. 
T h e combined extracts were washed with water several times 
and then saturated brine. After removal of the solvent, the 
residue was chromatographed on preparat ive T L C of silica 
gel with 1: 1 petroleum ether-ether to give 120 mg (22%) of 
17 and 165 mg (30%) of 27, m p 138—139 °C from e thanol ; 
I R (CDC13) 1750 c m - 1 ; N M R (CDC13) 1.40—2.00 (4H, m ) , 
2.20—2.80 (4H, m) , 6.85 ( I H , s), and 7.50 (5H, m ) . Found : 
C, 69.55; H , 5 .48%. Calcd for C 1 5 H 1 4 0 2 S : C, 69.75; H , 
5.46%. 

Methylation of tx-Phenylthio-y-butyrolactones. A solution 
of the a-phenylthiobutyrolactone derivative (11, 14a, 14d) in 

T H F (10 ml for 1 g) was added to a solution of lithium 
diisopropylamide (1.3 equiv) in T H F at — 60 °C under 
nitrogen. After being stirred for 1 h, methyl iodide (large 
excess) was added, and the mixture was stirred at — 60 °C 
overnight. T h e usual work-up (quenching, extraction, 
distillation) gave the a-methylated product in quantitative 
yield. 

cn-Phenylthio-y-butyrolactones. All the a-phenylthio-y-
butyrolactones (5, 14, 16, 17, the y,y-pentamethylene-, ß,y-
tetramethylene-, a-methyl, a,/?-dimethyl-, and a,/?,y-trimethyl-
derivatives) gave satisfactory analytical and spectral results. 

Yield (from the corresponding <x-phenylthio-y-butyrolactones), Bps 
(Torr), vco, Proton Chemical Shifts, and Analytical Data of 2-
( 5H) -Furanones. 

5-Methyl- (7a) (ß-Angelica Lactone). 7 4 % . Identified 
with the authentic sample.13) 

5-Butyl- (7b). 8 2 % . 130—140 °C/2. 1770 cm"1 . 
Ô 0.70—2.00 (9H, m) , 4.80—5.20 ( I H , m) , 6.00 ( IH , dd, J= 
1.5 and 6 Hz) , and 7.55 ( I H , dd, J= 1.5 and 6 Hz) . Found: 
C, 67.94; H , 8 .28%. Calcd for C 8 H 1 2 0 2 : C, 68.54; H , 8 .63%. 

5-Phenyl- (7c). 5 7 % , in addition to 2 3 % of 2 ( 3 # > 
isomer, after chromatographic separation. 90—120 °C/1. 
1790, 1760, and 1700 cm- 1 . Ô 5.90 ( I H , t, 7 = 2 . 3 Hz) , 
6.10 ( I H , dd, 7 = 2 . 3 and 6 Hz) , 7.30 (5H, s), and 7.45 ( IH , 
dd, 7 = 2 . 3 and 6 Hz) . Found : C, 75.15; H , 5 .01%. Calcd 
for C 1 0 H 8 O 2 : C, 74.99; H , 5 .03%. 

5-Butyl-3-methyl- (7d). 6 3 % . 90— 110°C/1. 1760 
cm- 1 . <5 0.70—1.80 (9H, m) , 1.87 (3H, t, 7 = 2 . 3 Hz) , 4.65— 
5.00 ( I H , m) , and 7.15 ( I H , m ) . Found : C, 70.27; H , 9 .01%. 
Calcd for C 9H 1 4Cy. C, 70.10; H , 9 .15%. 

5-Butyl-3-ethyl- (7e). 7 8 % (in this case the pyrolysis 
was carried out in boiling CC14 containing 2-mercaptobenzo-
thiazole).14) 70—90 °C/1. 1760 c m 1 . «5 0.70—2.00 (9H, 
m) , 1.13 (3H, t, 7 = 7 . 5 Hz) , 2.25 (2H, tq, 7 = 1.6 and 7.5 Hz) , 
4.65—5.00 ( I H , m ) , and 7.05 ( I H , dt, 7 = 1 . 6 and 1.6 Hz) . 
Found: C, 71.49; H, 9 .49%. Calcd for C 1 0 H 1 6 O 2 : C, 71.39; 
H 9.59%. 

'5,5-Pentamethylene- (8). 8 3 % . 130—140 °C/4. 1770 
cm- 1 , ô 1.70 (10H, br. s), 5.92 ( I H , d, 7 = 6 Hz) , and 7.52 
( I H , d, 7 = 6 Hz) . Found : C, 71.24; H, 7 .68%. Calcd for 
C 9 H 1 2 0 2 : C, 71.02; H, 7 .95%. 

4,5-Tetramethylene- (9). 8 2 % . 70—90 °C/1 . 1780 and 
1760 cm- 1 , ô 0.90—3.10 (8H, m) , 4.40—4.90 ( I H , m) , and 
5.60 ( I H , m ) . Found : C, 69.68; H , 7 .08%. Calcd for 
C 8 H 1 0 O 2 : C, 69.54; H, 7 .30%. 

4-Methyl- (15a). 87%,. Identified with the authentic 
sample.15^ 

4-Butyl- (15b). 8 0 % . 140 °G/1. 1780 and 1750 
cm- 1 , ô 0.95 (7H, m ) , 2.45 (2H, br. t, 7 = 7 . 2 Hz) , 4.75 (2H, 
br. s), and 5.75 ( I H , br. s). Found : C, 68.51; H , 8.79%. 
Calcd for C 8 H ] 2 0 2 : C, 68.54; H , 8 .63%. 

4-Vinyl- (15c).16) 5 1 % . 1780 and 1760 (CHG13) 
cm- 1 . Ô (CDGI3) 5.06 (2H, br. d, 7 = 1 . 5 Hz) , 5.70 ( I H , d, 
7 = 10.5 Hz) , 5.70 ( I H , d, 7 = 18 Hz) , 6.05 ( I H , br. t, J= 
1.5 Hz) , and 6.82 ( I H , dd, 7 = 1 0 . 5 and 18 Hz) . This 
compound is unstable, and decomposed partially on distilla­
tion. T h e sample, which was chromatographically and 
spectroscopically homogeneous, did not give satisfactory 
analytical results. 

4,5-Dimethyl- (15d). 8 7 % . 85 °C/1 . 1780 and 1760 
cm"1 , ô 1.40 (3H, d, 7 = 7 . 1 Hz) , 2.08 (3H, br. s), 4.95 ( I H , 
br. q. 7 = 7 . 1 Hz) , and 5.75 ( I H , br. s). Found : C, 64.59; 
H, 6 .80%. Calcd for C 6 H 8 0 2 : C, 64.27; H , 7.19%. 

4-Butyl-5-methyl- (15e). 8 2 % . 140 °C/1 . 1770 cm"1 . 
ô 0.95—1.19 (7H, m) , 1.36 (3H, d, 7 = 6 . 8 Hz) , 2.10— 
2.60 (2H, m) 4.90 (1H, br. q, 7 = 6 . 8 Hz) , and 5.67 (1H, br. s). 
Found : C, 69.87; H , 8 .98%. Calcd for C 9 H 1 4 0 2 : G, 70.10; 
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H, 9.15%. 
5-Methyl-4-vinyl- (ISf). 89%. 1780 and 1760 cm-1. 

Ô 1.55 (3H, d, 7 = 7 . 5 Hz), 5.30 (1H, q, 7 = 7 . 5 Hz), 5.72 
(1H, d, 7 = 18 Hz), 5.75 (1H, d, 7 = 10.5 Hz), 6.07 (1H, s), 
and 6.73 (1H, dd, J= 10.5 and 18 Hz). The thermal property 
of 15£ is similar to that of 15c. 

4-[Bis(ethoxycarbony I) methyl]- (ISg). 68%. 140—160 
°C/1. 1780, 1750, and 1740 cm"1, ô 1.30 (6H, t, 7 = 7 Hz), 
4.30 (4H, q, 7 = 7 Hz), 4.70 (1H, br. s), 5.02 (2H, d, 7 = 2 . 3 
Hz), and 6.20 (1H, br. s). Found: C, 54.68; H, 5.72%. 
Calcd for C u H 1 4 0 6 : C, 54.54; H, 5.83%. 

4-(l-Ethoxycarbonylbutyl)- (22). 90%. 140—150°C/1. 
1780, 1750, and 1735 cm-1, ô 0.70—2.10 (7H, m), 1.30 (3H, 
t, 7=7 .2 Hz), 3.50 (IH, br. t, 7 = 7 . 5 Hz), 4.15 (2H, q, 7 = 
7.2 Hz), 4.80 (2H, br. d, 7 - 1 . 9 Hz), and 5.87 (IH, br. s). 
Found: C, 62.22; H, 7.75%. Calcd for G u H 1 6 0 4 : G, 62.25; 
H, 7.60%. 

4-(l-Ethoxycarbonyl-2-oxocyclohexyl)- (23). 83%. 160 
°C/1. 1780, 1750, and 1720 (CHC13) cm"1, ô (GDC13) 
1.30 (3H, t, 7 = 7 . 5 Hz), 1.10—3.00 (8H, m), 4.32 (2H, q, 
7=7 .5 Hz), 4.80 (IH, dd, 7 = 1 8 and 2.1 Hz), 5.10 (IH, dd, 
7 = 1 8 and 2.1Hz), and 6.00 (IH, m). Found: C, 61.48; 
H, 6.45%. Calcd for C13H1605: C, 61.89; H, 6.39%. 

3-Methyl- (29a). 65%. Identified with the authentic 
sample.18'17) 

3,4-Dimethyl- (29b). 75%, in addition to 8% of the 
exo-methylene isomer. 70 °C/1. 1760 cm-1. ô 1.75 (3H, 
br. s), 2.02 (3H, br. s), and 4.60 (2H, br. s). Found : C, 64.18 ; 
H, 7.51%. Calcd for C6H802 : C, 64.27; H, 7.19%. 

3,4,5-Trimethyl- (29c). 93%. 60—80 °C/1. 1760 
cm-1. Ô 1.38 (3H, d, 7 = 6 . 8 Hz), 1.77 (3H, br. s), 2.00 (3H, 
br. s), and 4.78 (1H, br. q, 7 = 6 . 8 Hz). Found: C, 66.73; 
H, 8.03%. Calcd for C7H10O2: C, 66.64; H, 7.99%. 
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I t was found tha t cation radicals were formed from a number of substrates bearing a /»-dimethylaminophenyl 
group, such as iV,iV,Ar/,iV/-tetramethyl-/>-phenylenediamine (TMPD) and A^A^iV ' - t e t r amethy lbenz id ine (TMB), 
by reactions with o-sulfobenzoic anhydride (o-AH). T h e systems, bis(/»-dimethylaminophenyl)methane (BMM) 
and tris (/»-dimethylaminophenyl) methane ( T M M ) with o-AH, gave their cations in the presence of oxygen, showing 
tha t the oxygen eliminates the hydrogen atoms of the cation radicals derived from B M M and T M M . T h e reac­
tions of iVjiV-dimethylaniline (DMA) with o-AH gave rise to isolations of B M M and JV-methylaniline, along with the 
formations of the cation radical of T M B and the crystal violet cation (TMM+) . T h e mechanisms of the reactions are 
proposed. 

Cation radicals are familiar as transient species in 
mass spectrometry or anodic oxidation.1) However, 
the chemical behaviors of cation radicals have not, until 
recently, received much attention.2) Previously, we 
reported that the radical cations of some aromatic 
hydrocarbons, triethylamine, triphenylamine or N-
vinylcarbazole arose in liquid sulfur dioxide in the 
presence of oxygen ; in these cases, the existence of the 
radical cations was proved from the electronic or ESR 
spectra and from the chemical follow-up reactions.3) 
The values of the electron affinity and the dielectric 
constant of liquid sulfur dioxide are not so much higher 
than those of the usual acceptors or polar solvents. 
Hence, sulfur dioxide probably plays a role of a polari-
zable electrophilic reagent, using the available 3d 
orbitals of the sulfur atom, rather than that of a polar 
solvent. Keeping these consideration in mind, we have 
examined the reaction of some sulfones with substrates 
possessing a />-dimethylaminophenyl group. I t was 
found that mixed sulfonic-carboxylic anhydrides provid­
ed a convenient means of generating cation radicals 
from the substrates. 

Results and Discussion 

Formation of Cation Radicals and Cations. In the 
reactions of iV,#,JV',JV'-tetramethyl-/>-phenylenediamine 
( T M P D ) , ^,JV,7V',^'-tetramethylbenzidine (TMB) and 
tetrakis(/>-dimethylaminophenyl) ethylene (TMPE) with 
o-sulfobenzoic anhydride (o-AH) in acetonitrile, the 
formations of their cation radicals were investigated 
spectrophotometrically. The absorption maxima in the 
340—1400 nm range for the cation radicals or dication 
are summarized in Table 1, being compared with those 
reported by some authors. 

These values were in fair agreement with those 
reported,4 - 1 1) though the peak positions for T M P E 
shifted slightly. The reaction of T M P E with o-AH in 
acetonitrile underwent double electron transfer to form 
the diamagnetic dication (TMPE 2 + ) , whose absorption 
band was in essential agreement with that observed in 
the reaction of T M P E with iodine in acetonitrile.11) 
These results are coincident with those reported by 
Foster and Thomson:12) that the ease of the complete 

T A B L E 1. ABSORPTION MAXIMA OF CATION SPECIES 

Cation species (nm) Medium Method of prepn. Ref. 

( M e a N - ^ O > " N M e 2 ) + 

(TMPD*) 

566 615 
569 619 
575 625 
575 635 
560 606 
575 615 

438 458 
910 1050 
436 458 
900 1050 
435 458 

472 

472 

472 

CH3CN 
CH3CN 
(C2H5)2CHCH3

a> 
CCl4

a> 
H 2 0 
EPAa>b> 

GH3CN 

(C2H5)20 
CCl4

a> 
CH3GN 

Chem 
Chemc> 
Photo 

y-
Chemd> 
Photo 

Chem 

Cheme> 

7-
Anodic 

This work 
4 
5 
6 
7 
8 

This work 

9 
6 

10 

( M e 2 N - < ^ o ) > — < ( c T > - N M e a ) t 

(TMB*) 

[(Me2N-<^5)>)2C=C«g>-NMe2)2]
 +S 

~~ (TMPE+2) 

489 

469 

534 

540 

640—900 

650—900 

C H 3 C N 

CH 3CH 2G1 

Chem 

Chem 
This work 

11 

a) These experiments were carried out at —196 °C. b) Mixture solvent; e ther : isopentane: ethanol 5 : 5 : 2 
(volume rat io) . c—f) In the preparat ions, c) tetrachloro- or tetrabromo-o-benzoquinone, d) perchloric acid, 
e) tris (/»-bromophenyl) ammonium Perchlorate, and f) iodine were used as acceptors. 

* Present address: Dai Nippon Ink and Chemicals Industr ial Co., Ltd., Takaishi , Osaka 592. 
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TABLE 2. ABSORPTION MAXIMA OF CATIONS 

Cation Solvent (nm) Ref. 

(Me2N-<^y>)2CH+ 

(BMM+) 

(Me2N-<g>)3C+ 
(TMM+) 

CH3CN 
H 2 0 
acid C2H5OH 
C2H5OH 

CH3CN 
H 2 0 
dil HCl 
C2H5OH 
CH3OH 

560 (sh) 607 
608 

560 (sh) 610 
605 

550 (sh) 592 
542 (sh) 590 

599 
545 (sh) 591 
550 (sh) 590 

This work 
15 
16 
17 

This work 
18 
15 
16 
19 

electron transfer is T M P E > T M P D > T M B . 
An investigation by ESR also was undertaken for the 

reaction of T M P D with o-AH in acetonitrile. The 
hyperfme coupling constants of T M P D + were assigned 
as follows: Ö C H 3 = 6 . 6 5 G; aN = 6.85 G; a r i n g H = 1 . 9 8 G. 
These couplings are very similar to those reported by 
Carrington13) and Taft.14) 

The reactions of bis (/»-dime thylaminophenyl) methane 
(BMM) and tris(/>-dimethylaminophenyl)methane 
(TMM) with o-AH were investigated spectrophoto-
metrically in acetonitrile. The absorption maxima 
observed are due to those of bis(/>-dimethylaminophen-
yl) methyl cation (BMM+) and tris(/»-dimethylamino-
phenyl) methyl cation (TMM+, Crystal Violet cation) 
by reference to the literature values (Table 2). These 
cations are to be derived from the corresponding cation 
radicals (BMM f and TMM1") : the cation radicals are 
then able to release a hydrogen atom to afford highly 
stabilized BMM+ and T M M + respectively. 

TABLE 3. EFFECT OF OXYGEN ON FORMATION 

OF CATION SPECIES 

Amine 

TMPD 
TMM 

Cation 
species 

TMPD* 
TMM+ 

Yield (mol %)a> 

undegassed degassed 

20 18 
59 29 

a) Calculated from molar extinction coefficients. 
TMPD+: I . lx l0 4 at615nm. 7 > TMM+: 1.1 xlO5 

at 592 nm.18»19) 

An intervention of oxygen, here, was considered 
important for the elimination of the hydrogen atoms. 
Influences of oxygen on the formation of such cation 
species have not been investigated to date, though they 
have been mentioned in Refs. 2b and 9. And so, the 
reactions with o-AH were carried out under a degassed 
condition. As shown in Table 3, the reaction of T M M 
with o-AH gave a decreased yield of the cation under a 
degassed atmosphere, in contrast to that of T M P D . 
Effects of oxygen on the formation rates of the cation 
species were also studied for the reactions of T M P D , 
BMM, and T M M with o-AH in acetonitrile (Fig. 1). 
The formation rates of the cations were remarkably 
accelerated in the presence of oxygen, in contrast to 
those of the cation radical ( T M P D f ) . These results 
show that the cations are formed from the cation 
radicals, which are derived from B M M and T M M which 
have some available hydrogen atoms, by hydrogen 

1 2 3 4 5 6 7 
tjh 

Fig. 1. Effect of oxygen on the rate of formation of ca­
tion species in acetonitrile at 8 °C. [TMPD], [BMM], 
and [TMM]: 7 .6xlO- 3 M, [o-AH]: 1.3xlO-3M. 
3 : TMPD+, O : BMM+, # : TMM+. - — : under 
undegassed, : under degassed. 

,so2 

CO' 
(Me2N-/(A) CHR + | O T '"o \ \ — / /2 \ / \ r n / 

BMM R = H 

TMM R = / o V - N M e , 

[(Me2N-<b^>)2CHR]t + ( Q 
CO 

o, 

( M e 2 N - / ( 5 \ ) CR + HOO. 

BMM+ 607 nm 

TMM + 592 nm 

^-o2 + I O J 
2 \ / ^ C 0 2 H 

Scheme 1. 

abstraction with oxygen (Scheme 1). To explain the 
retarded formation of the cations under the degassed 
atmosphere, a following alternative pathway can be 
considered: the cation radicals (BMM + and T M M + ) 
give their protons to the counter anion radical shown 
in Scheme 1, and are transformed into the radicals 
(BMM-and T M M - ) , which are then oxidized by o-AH 
to the highly stabilized cations (BMM+ and TMM+) . 
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Reaction of N,N-Dimetkylaniline with o-AH. N,N-
Dimethylaniline (DMA) has no blocked /><zra-position 
in contrast to the amines used so far. Studies of the 
cation radical (DMA 1 ) formation from D M A have been 
done by many researchers.215»9»19-23) In their studies,2b»19) 
it was recognized that the cation radical converted to 
tris (/>-dimethylaminophenyl) methyl cation (Crystal 
Violet cation). However, none of the reports clarified 
the reaction path to the Crystal Violet cation from the 
cation radical (DMA+ ) a t all. 

TABLE 4. EQUIMOLECULAR REACTIONS BETWEEN 

D M A AND ANHYDRIDES 

Amine 

DMA 

DMA 

Anhydride 

IOI o 
N ^ A C O / 

CH2S02N 

1 o 
CH3CH-CO/ 

Medium 

CH3CN 
CH3GN 
G6H6 

CH3CN 

b b 

o2 
N2 

o2 

o2 

Yield 

BMM 

49 
10 
20 

45 

13 

(%)a) 

NHGH3 

20 
6 
4 

12 

7 

a) Calculated based on triple the molar quantity of the 
amine used. 

An equimolar amount of D M A and o-AH was allowed 
to react in a solvent. Table 4 shows the results. These 
products are the same as those obtained from the 
gamma-radiolysis20) of D M A . This fact and the forma­
tion of T M B + , as described below in detail, suggest 
that D M A + is formed in this reaction. A reaction of 
D M A with ß-sulfoisobutyric anhydride (/9-AH) also 
gave the same products as the reaction with o-AH 
(Table 4). 

IOI o 

(CH 3 ) 2 N-<b)> , [(CH3)2N-<Qo)>j- • 

DMA 
HGH2N . 

N - < 0 
civ 

1 

DMA 

-H* CH, / 

CH3X 

N - < O >-CH 2N-< O 

DMBA CH 

IOI o 
\ / ^ C C K 

i I 
(CH3)2N-</5)>-CH2 / ^ 

3 

DMA I -H+ 

( C H 3 ) 2 N - < g > - C H 2 - < g > - N ( C H 3 ) 2 

BMM 

„scv 
.O. 
\ / \ C O N - < O 

2 CHa 

hydrolysis 

i 
CH, / \ / S o 3 -

N-<ro> + 10 
H / X — / \ X x C 0 2 H 

Scheme 2. 

The mechanism for this reaction, outlined in Scheme 
2, is similar to that reported previously by Grodowski 
and Latowski21) from the study of the photoxidation of 
D M A with bromobenzene. A hydrogen atom of the 
cation radical derived from D M A is abstracted by 
oxygen to give iV-methylanilinomethyl cation (1). This 
cation attacks the jbara-position of unoxidized D M A 
to afford iV-(/>-dimethylaminobenzyl)-JV-methylaniline 
(DMBA). In a subsequent reaction step, DMBA is 
decomposed by sulfonic carboxylic anhydride giving the 
anilide derivative (2) and p-dimethylaminobenzyl cation 
(3). This carbocation (3), in the presence of DMA, 
forms the isolated product B M M . The anilide deriva­
tive 2 is hydrolyzed by treatment in an alkali solution 
to yield iV-methylaniline. O n the other hand, when 
D M A was treated with o-AH in the presence of authentic 
DMBA, the same products, B M M and iV-methylaniline, 
were also obtained. In this reaction, it was confirmed 
by means of N M R and thin-layer chromatography that 
the DMBA used had been consumed completely. These 
results support the reaction mechanism shown in 
Scheme 2. 

Wavelength (nm) 

Fig. 2. Spectroscopic course of the reaction of DMA 
with o-AH in acetonitrile. [DMA]=4.1 x 10~2 M, 
[o-AH]=4.1 X 10-2 M. After mixing : 
(a) 1, 10 min; 2, 20 min; 3, 30min; 4,40min; 5, 60min; 
(b) 6, 110 min; 7, 160 min; 8,210 min; 
(c) 9, 300 min; 10, 420 min; 11, 540 min; 12, 660 min; 
13, 900 min. 
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Reaction Course from DMA to TMM+. In the 
reaction of D M A with o-AH, it was confirmed by the 
optical spectra that J^iVjiV^JV^-tetramethylbenzidine 
cation radical (TMB+) and Crystal Violet cation (TMM+) 
were formed. When an acetonitrile solution of D M A 
was mixed with an acetonitrile solution of o-AH, the 
reaction mixture rapidly assumed a yellowish-green 
color, then turned to a green color (stage 1 ). The green 
color gradually changed to a bluish-green color (stage 2) 
and finally to a purple color (stage 3). Figure 2 shows 
the absorption spectra of the reaction mixture of D M A 
and o-AH corresponding to stages 1,2, and 3. 

The addition of an acetonitrile solution of o-AH to an 
acetonitrile solution of D M A gave rise to a new series 
of absorptions in the visible region at 438, 458, and 472 
nm, due to the TMB+, and at 607 nm due to BMM+. 
In addition, a new absorption at 408 nm was also 
observed. This band was assigned to a dication (4) 
protonated at one nitrogen atom of BMM+, because the 
same absorption band was also obtained by the addition 
of o-sulfobenzoic acid to an acetonitrile solution of 
BMM+, which had been prepared by the reaction of 
B M M and o-AH. 

M e 2 N - < ^ 0 ^ > - C H - ^ 5 ) > - N M e 2 

A 4 

In stage 1, each of these absorptions due to T M B + , 
BMM+, and the dication (4) increased in intensity over 
a period of one hour, as shown in Fig. 2a. In stage 2 
(Fig. 2b), it was observed that the intensity of the 
absorption at 592 nm due to T M M + increased while 
those of T M B + and BMM+ decreased, showing the 
isosbestic points at 426, 490, and 602 nm. In stage 3 
(Fig. 2c), the absorption of T M M + showed further 
increased intensity, with an isosbestic point at 490 nm, 
with the lapse of time, while the absorptions in the 
430—480 nm region, on the contrary, decreased in 
intensity. Such spectral changes were observed as well 
by the use of ß-AH instead of o-AH. 

From these changes of the absorption spectra, it is 
suggested that the oxidation of D M A to T M M + by the 
sulfonic carboxylic anhydrides proceeds through BMM+ 
and T M B + . O n the other hand, the addition of D M A 
to the solution of BMM+, which had been prepared 
by the reaction of B M M with o-AH in acetonitrile, 
showed a new absorption band at 592 nm due to T M M + , 
together with a decrease in the intensity of the absorption 
at 607 nm due to BMM+. The presence of the isosbestic 
point at 490 nm, in Fig. 2c, shows that a one-electron 
transfer reaction occurs between T M M and T M B + . 
This was confirmed also from the result that the spectrum 
of a mixture of T M M and T M B + , which had come from 
the reaction of T M B with o-AH in acetonitrile, changed 
with the isosbestic point at 492 nm, as shown in Fig. 3. 

Finally, we here propose a mechanism for the oxida­
tion of D M A to T M M + by the sulfonic carboxylic 
anhydrides, as shown in Scheme 3, which is different 

400 500 600 

Wavelength (nm) 
700 

Fig. 3. Spectroscopic course of the reaction of TMB* 
with TMM in acetonitrile. 0, TMB* alone. After 
addition of T M M : 1, immediately; 2, 10 min; 3,20 
min; 4, 30 min; 5, 40 min; 6, 50 min; 7, 60 min. 

Me2N-<^0 > - CH2-<T O V N M e 2 

BMM 

I -e, -H 
j, or -2e, -H+ 

Me 2 N-<^5^>-CH- /o )> -NMe 2 

B M M + 607 nm 

DMA I -H+ 

(MC^I-/Q\) C H 
\ \ / / 3 

TMM 

- H or 
-H+, - e 

-u 

Scheme 2 
loi o 

/ / — \ \+ \ / s C O ' 
Me2N-< O > * " Me2N-< O 

\ \ / l - e 

DMA - e , -2H+ 
or - H , -H+ 

M e 2 N - / o " > — < ( 0 ) > - N M e 2 

TMB 

( M e 2 N - < g > - < g > - N M e )* 

TMBt 438, 458, and 472 nm 

I 
( M e 2 N - < g > ) 3 C + J ? J _ 1 [ ( M e . N - ^ g ^ C H p Me 2 N-<(Ö)>-<(o)>-NMe 2 

TMM + 592 nm 

DMA 

TMB 

Scheme 3. 
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from the mechanism proposed in the system of D M A 
and chloranil.24) The BMM+ derived from B M M 
attacks the jtara-position of the unoxidized D M A , 
giving T M M . Alternatively, the cation radical of D M A 
dimerizes or reacts with the parent to form TMB*. 
Then, the one-electron transfer reaction between T M M 
and T M B + occurs to afford T M M + . 

Reaction of Triphenylamine with o-AH. A reaction of 
triphenylamine with o-AH was studied spectrophoto-
metrically in a similar manner. An absorption band 
appeared at 480 nm. This broad band is apparently 
due to the iV,JV,i^',i\^'-tetraphenylbenzidine cation 
radical (5), whose spectral assignment has been reported 
by Hasegawa,25) Dollish, and Hall.26) 

/Ph x ,-^ - . / P h U 
N - < 0 > - < 0 > - N 

5 

T r i p h e n y l a m i n e is n o t b locked a t t h e j&ara-positions 
a n d d o e s n ' t c o n t a i n a l ab i l e h y d r o g e n a t o m such as t h e 
JV-methyl g r o u p of D M A . T h u s , t h e c a t i o n r a d i c a l 
d e r i v e d f rom t r i p h e n y l a m i n e r e c o m b i n e s o r reac t s w i t h 
t h e p a r e n t exclusively a t t h e /mra -pos i t ion to g ive t h e 
c a t i o n r a d i c a l 5. 

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

T h e optical absorption spectra in the 340—740 n m and 
650—1400 n m ranges were recorded on a Union SM-401 and a 
Shimadzu MPS-50L recording spectrophotometer. T h e 
quartz cell used was 1.0 cm in length. If necessary, each, of 
the sample solutions of an electron donor and an acceptor was 
mixed into the cell after repeated freeze-pump-thaw-cycles. 
T h e N M R spectra were obtained on a Var ian EM-360 (60 
MHz) analytical spectrometer with tetramethylsilane as an 
internal s tandard . T h e I R and ESR spectra were taken on an 
Hitachi EP-S and a J E O L J E S - N E 2 X instrument. Gas 
chromatography was done on a Yanagimoto G C G - 5 D H unit, 
employing as adsorbent 10% Apiezon Grease M on Celite 
(60—80 mesh). 

Solvents. Acetonitrile, benzene, and dioxane were 
used after the commercial reagents were purified according to 
the published directions.27) 

Materials. o-Sulfobenzoic anhydr ide (o-AH) was pre­
pared from acid ammonium o-sulfobenzoate,28) which had 
been obtained by the hydrolysis of o-sulfobenzoic imide 
(saccharin insoluble);29) m p 127 °C (lit,28) 128 °C). T h e 
preparat ion of ß-sulfoisobutyric anhydride (/?-AH) was the 
same as that reported by Kharasch et al.30) N,N,N',N'-
Tetramethyl-/>-phenylenediamine (TMPD) was obtained by 
alkalizing an aqueous solution of its dihydrochloride salt with a 
potassium hydroxide aqueous solution. T h e amine was 
purified by means of sublimation; m p 51 °C (lit,31) 51 °C). 
T h e white crystalline solid thus obtained was kept at about 
- 2 0 °C in the dark until used. iV,iV,iV',JV'-Tetramethyl-
benzidine (TMB) was recrystallized twice from 1-pentanol; 
m p 196 °C (lit,12) 196 °C). Tetrakis(/»-dimethylamino-
phenyl) ethylene (TMPE) was prepared according to the 
method given in the literature,32) and recrystallized from a 
benzene-ligroin mixture ; m p 314.5—315.0 °C (lit,32-33) 
314—316 °C). Bis and tris(/>-dimethylaminophenyl)methanes 
(BMM and T M M ) respectively were recrystallized twice 
from ethanol. B M M : m p 90 °C (lit,34) 91 °C). T M M : m p 
176 °C (lit,35-36) 177—178 °C). JV,iV"-Dimethylaniline (DMA) 
was refluxed with acetic anhydride, followed by neutralization, 

separation of the organic layer, and repeated distillation under 
reduced pressure. T h e colorless oil was dried over pellets of 
sodium hydroxide, and distilled in vacuo before use. Tri­
phenylamine was recrystallized from absolute ether, followed 
by recrystallization from ethanol ; m p 127 °C (lit,37) 128 °C). 
iV-(/)-Dimethylaminobenzyl)-iV-methylaniline (DMBA) was 
prepared in the following way. A solution of benzoyl peroxide 
(12 g) in benzene (100 ml) was added dropwise to a solution 
D M A (24 g) in benzene (20 ml) with stirring, keeping the 
temperature at 25 °C. T h e reaction mixture was refluxed for 
14 h. T h e benzene solution was washed with a sodium 
hydroxide solution, followed by washing with water and 
drying with sodium sulfate. Then the benzene and unchanged 
D M A were removed by distillation under a pressure of 2 
Torr . T h e residue (6 g) was chromatographed on alumina 
(90 g) , and DMBA (1.5 g) was eluted with light petroleum 
ether. T h e white crystal was recrystallized from ethanol ; mp 
67.5—68.0 °C (lit,23) 68 °C). N M R (CCI,, Ö): 2.80 (s, 6H, 
- C H 3 ) , 2.85 (s, 3H, - C H 3 ) , 4.30 (s, 2H, - C H 2 - ) and 6.50— 
7.20 (m, 9H, aromt . ) . 

Reaction of DMA with Sulfonic Carboxylic Anhydrides. A 
solution of 3 g of D M A in an absolute solvent (25 ml) was added 
to an equimolecular solution of sulfonic carboxylic anhydride 
in the absolute solvent (25 ml) . The reaction mixture, 
protected in the usual way from atmospheric moisture, was 
stirred for a week in the dark at room temperature. The 
reaction mixture was evaporated to a deep green syrup under 
reduced pressure. A sodium hydroxide solution was added 
to the residue and an insoluble oily substance was extracted 
with ether; the ether extract was dried over sodium hydroxide. 
Removal of the solvent gave a brown crystalline residue, which 
was recrystallized from ethanol. The IR, N M R , and mass 
spectra of this product were identical with those of the authentic 
sample, B M M . O n the other hand , after the alkali aqueous 
solution was heated at about 90 °C for 6 h, the solution was 
extracted with ether. Concentration of the ether solution gave 
an oily substance, which was analyzed by the use of gas 
chromatography. T h e I R and N M R spectra of the product 
were identical with those of the authentic sample, JV-methyl-
aniline. 

Reaction of DMA with o-AH in the Presence of DMBA. A 
solution of o-AH (38.5 mg) in anhydrous acetonitrile (2 ml) 
was added to a solution of D M A (20 mg) and DMBA (8.6 mg) 
in absolute acetonitrile (2 ml) . T h e reaction mixture was 
introduced into a cell and then sealed. T h e visible spectrum 
of the final product was identical to that of T M M + , whose 
yield was five times that of the reaction in the absence of 
DMBA. A procedure similar to tha t described above was 
carried out. 
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Synthesis of Alanyl-1-aminoethanesulfonic Acid1) 
Tetsuo SHIBA, Kenichi MIYOSHI, and Shoichi KUSUMOTO 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received August 14, 1976) 

For the purpose of the verification of an expectation that the structural analogs of D-alanyl-D-alanine which 
participates in the biosynthesis of cell wall peptides might inhibit the growth of microorganisms, alanyl-1-aminoeth-
anesulfonic acid was synthesized by the mixed anhydride method. Four diastereomers were separated and 
their absolute configurations were deduced on the basis of X-ray analysis. None of these dipeptide analogs and 
their benzyloxycarbonyl or ?-butoxycarbonyl derivatives showed appreciable activity against E. coli. 

a-Amino sulfonic acids can often act as antagonists of 
a-amino carboxylic acids. In 1941, Mcllwain2) prepared 
several a-amino sulfonic acids which were found to 
possess antimicrobial activities. Thereafter, another 
author reported antivial activity of some amino sulfonic 
acids.3) T h e analogy between amino carboxylic acid 
and amino sulfonic acid in biological effect was also 
proved in meaty taste of y-sulfonic acid analog of L-
glutamic acid.4) In this line, an activity as antagonist 
will be expected in a structural analog of a biologically 
significant peptide where one of the component amino 
acids is replaced with the corresponding amino sulfonic 
acid. 

From studies on the biosynthesis of bacterial cell 
wall,5) it has been revealed that D-alanyl-D-alanine is 
incorporated as a dipeptide unit into a peptidoglycan 
precursor in an early step and the C-terminal D-alanine 
residue finally splits off for completion of the network 
structure of the peptidoglycan through transpeptidation. 
If an amino sulfonic acid peptide acts as an antagonist of 
D-alanyl-D-alanine, it may possibly inhibit either the 
incorporation of the dipeptide or the formation of the 
cross linkage of the peptide chain.6) 

O n the basis of above consideration, we planned to 
prepare the compounds in which one alanine residue of 
the dipeptide is replaced with 1-aminoethanesulfonic 
acid (Aes) (1).7) In this paper, the synthesis and sepa­
ration of four stereoisomers of alanyl-1 -aminoethane-
sulfonic acid (4 and 6) are described. 

GH3 

H 2N-GH-S0 3H 

1 

CFL CH, 

H 2 N-CH-CO-NH-GH-S0 3 H 

4 ,6 

Although Frankel and Moses8) reported the prepara­
tion of some (iV-benzyloxycarbonylglycyl) amino sulfonic 
acids, problems remained to be solved on the stereo­
chemistry of amino sulfonic acids. Mild conditions for 
deprotection also seemed to have to be investigated. 

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

As a preliminary experiment, benzyloxycarbonyl 
derivative of 1-aminoethanesulfonic acid (1) was pre­
pared in order to examine the chemical properties of 
acylated a-amino sulfonic acid and to investigate the 
method of deprotection. l-(Benzyloxycarbonylamino)-
ethanesulfonic acid (2) was isolated as crystalline anili-
nium salt which was readily characterized.9) Isolation 
of this sulfonic acid (2) as its sodium salt was not pre­
ferable since removal of inorganic salt from it became 

very difficult because of the similar solubilities in water. 
When benzyloxycarbonyl derivative was hydrogenolyz-
ed in the presence of palladium catalyst, free 1-amino­
ethanesulfonic acid (1) was obtained, though in a low 
yield (12%). This indicates that the amino sulfonic 
acid structure can survive more or less through hydro-
genolysis depending on the reaction conditions. Thus, 
the benzyloxycarbonyl group could be used as appro­
priate protecting group for the synthesis of the amino 
sulfonic acid peptides. 

In a similar manner to the usual peptide synthesis, 
benzyloxycarbonyl-D-alanine was coupled with sodium 
salt of 1-aminoethanesulfonic acid (1) using ethyl chloro­
forma te to afford benzyloxycarbonyl- D-alanyl-1-
aminoethanesulfonic acid (3), which was isolated as 
crystalline anilinium salt. Since racemic 1 was em­
ployed as the starting material, the product (3) should 
be a mixture of diastereomers, i.e., benzyloxycarbonyl-
D-alanyl-D- 1-aminoethanesulfonic acid and its D-L iso­
mer.10) However, this product showed no sign of 
heterogenity either on T L C or on recrystallization. 

Catalytic hydrogenolysis of 3 gave free D-alanyl-
1-aminoethanesulfonic acid (4) by removal of the 
benzyloxycarbonyl group in a good yield. This product 
(4) showed two ninhydrin positive spots on T L C or 
paper chromatography (PC). Both components (4a 
and 4b) which were separated each other by preparative 
PC had the same molecular formula and thus could be 
assigned to be the diastereoisomers of D-alanyl-1-amino­
ethanesulfonic acid, though the configurations of the 
amino sulfonic acid residues were not clarified at this 
stage. 

In order to confirm this result, the same reactions were 
carried out starting from benzyloxycarbonyl-L-alanine. 
Thus, deprotection of benzyloxycarbonyl-L-alanyl-1-
aminoethanesulfonic acid (5) followed by separation 
with preparative PC afforded the diastereomers of L-
alanyl-1-aminoethanesulfonic acid (6a and 6b) . Puri­
ties of 6a and 6 b were well monitored by means of N M R 
spectra, since slight but distinct differences of chemical 
shifts between the two compounds are observed at the 
protons of L-alanine residues (see experimental section). 
The N M R spectrum of the deprotection product (6) be­
fore separation corresponds to that expected for a 1:1 
mixture of 6a and 6b . 

X-Ray analysis of 6a11) established the R configura­
tion for the asymmetric carbon atom of the 1-amino­
ethanesulfonic acid residue in this diastereomeric form 
by taking account of the S configuration of the L-alanine 
residue in the same molecule as reference. If D, L re-
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TABLE 1. PHYSICAL CONSTANTS AND STEREOCHEMISTRY 

OF DIASTEREOMERS OF ALANYL-1-AMINO-

ETHANESULFONIC ACID 

4a 
4b 
6a 
6b 

Mp (dec) 
°G 

230 
213 
234 
213 

RfonPCa> 

0.23 
0.27 
0.23 
0.27 

[a]Sb> 

+ 134° 
-175° 
-128° 
+ 171° 

Configuration of 

Ala 

Ä ( D ) 

A (D) 

S (L) 
S (L) 

Aesc> 

S 
R 

(D)*> 

to 
£ 6 > ( L ) 

S (P) 
a) Toyo No. 51 filter paper, 1-butanol-acetic acid-water 
4: 1: 2. b) c 0.5 in 0.5 M HCl. c) Aes: 1-amino-
ethanesulfonic acid. d) See Ref. 10 in the text. e) 
Determined by X-ray analysis. 

presentation for amino acid is applied to the configura­
tion of aminoethanesulfonic acid, 6a should be termed 
as L-alanyl-L-1 -aminoethanesulfonic acid. Accordingly, 
the stereostructures of the other three "dipeptides" were 
unequivocally assigned by comparison of their physical 
constants each other. These results are summarized in 
Table 1. 

Consequently, we could thus obtain two pairs of 
optically active alanyl-1-aminoethanesulfonic acids and 
determine their absolute configurations. Furthermore, 
it was also revealed that the configuration of the a-
carbon a tom in an a-amino sulfonic acid residue is 
retained stable if its amino group is acylated, although it 
is generally accepted that a-amino sulfonic acids are un­
stable, thus being readily dissociated to the parent alde­
hydes, ammonia and bisulfite in aqueous solution. 
There has been reported only one case of securing an 
optically active a-amino sulfonic acid derivative by 
Neelakantan so far.12) O n reaction of ephedrine with 
sodium hydrogen sulfite adduct of benzaldehyde, he 
obtained one of the two possible diastereomers of the 
amino sulfonic acid derivative and another isomer could 
not be obtained which was immediately transformed via 
intramolecular cyclization. Therefore, our result in this 
investigation would be the first and significant example 
in the determination of stereochemistry of a-amino sul­
fonic acid. 

For further synthesis of more complex peptide analogs 
containing amino sulfonic acid, applicability of other 
protecting groups should be examined. f-Butoxycar-
bonyl group was shown to be satisfactorily useful. Thus, 
/-butoxycarbonyl-D and L-alanines were condensed 
with 1-aminoethanesulfonic acid (1) to yield J-butoxy-
carbonyl-D and L-alanyl-1 -aminoethanesulfonic acids 
(7 and 8) respectively. Removal of ^-butoxycarbonyl 
group was carried out by means of dry hydrogen chlo­
ride in ethyl acetate. From the anilinium salt of 8 was 
obtained free L-alanyl-1-aminoethanesulfonic acid (6), 
which was identified by means of T L C and I R spectra 
with the sample obtained above by hydrogenolysis of 
benzyloxycarbonyl-L-alanyl-1 -aminoethanesulfonic acid 
(5). When the anilinium salt of the benzyloxycarbonyl 
derivative (5) was treated with anhydrous hydrogen 
bromide in acetic acid, the protecting group was readily 
removed and the product was identified with 6 by T L C . 
However, separation of pure substance from contami­
nating anilinium bromide was hardly effected. 

Finally, antimicrobial activity was tested for the four 
diastereomers of alanyl-1-aminoethanesulfonic acid (4a, 
4b , 6a, and 6b) and sodium salts of benzyloxycarbonyl-
as well as £-butoxycarbonyl-D and L-alanyl-1 -
aminoethanesulfonic acids (3, 5, 7, and 8) . 
Unfortunately, none of them showed appreciable activi­
ty against E. coli in a modified Henderson-Snell medium 
free from alanine even in high concentrations of 500— 
1000 (xg/ml. 

Experimental 1 3 ) 

1-Aminoethanesulfonic Acid (1). This compound was 
prepared through the reaction of acetaldehyde either with 
ammonium sulfite24) or with sodium hydrogen sulfite and 
ammonia;14) mp 171—172 °C dec. Use of the former reagent 
was more convenient though the yield was somewhat lower 
than the latter. The product was used to the following coupl­
ing reaction without recrystallization because of its lability 
toward decomposition on heating or even on standing at room 
temperature in an aqueous solution. 

l-(Benzyloxycarbonylamino)ethanesulfonic Acid (2) Anilinium Salt. 
To an ice-cooled solution of 1 (1.25 g, 10 mmol) and Na 2C0 3 

(1.17 g, 11 mmol) in water (10 ml), there was added ben­
zyloxycarbonyl chloride (2.1 g, 12 mmol) dropwise with stirr­
ing. Stirring was continued at room temperature overnight 
and excess of the chloride was extracted with ether. After the 
aqueous layer was concentrated in vacuo, aniline (0.93 g, 10 
mmol) was added and the mixture was adjusted to pH 6 with 
6 M HCl under ice cooling. The crystalline anilinium salt of 
2 was collected by filtration; yield 1.35 g (38%). Recrystalli­
zation was effected from methanol-ether; mp 164—166 °C 
dec. 

Found: C, 54.34; H, 5.68; N, 7.91; S, 9.09%. Calcd for 
C16H20O5N2S: C, 54.53; H, 5.72; N, 7.95; S, 9.10%. 

Hydrogenolytic Deprotection of 2. The anilinium salt of 
2 (0.70 g, 2 mmol) was dissolved in methanol (20 ml), and hy-
drogenolyzed in the presence of Pd black and acetic acid (0.12 
ml, 2 mmol) at room temperature. After 3 h, the catalyst and 
the white precipitates formed were filtered and the latter were 
extracted with water at 40 °C. The aqueous extract was con­
centrated in vacuo and allowed to stand in a refrigerator to form 
colorless crystals; yield, 30 mg (12%); mp 170—172 °C dec. 
The IR spectrum of this product was completely identical with 
that of 1. 

Benzyloxycarbonyl-T>-alanyl-T>i,-l-aminoethanesulfonic Acid (3) 
Anilinium Salt. Ethyl chloroformate (0.24 ml, 2.5 
mmol) was added to a solution of benzyloxycarbonyl-D-
alanine (0.53 g, 2.4 mmol) and N-methylmorpholine (0.29 ml, 
2.6 mmol) in anhydrous tetrahydrofuran (5 ml) at —13 °C 
with stirring. After 10 min, a solution of 1 (0.45 g, 3.6 mmol) 
in 2 M aqueous NaOH (1.8 ml) was added dropwise during 
5 min, while the mixture was stirred at — 13 °C. Stirring was 
continued at this temperature for further 3 h. After tetrahy­
drofuran was evaporated in vacuo, the mixture was diluted with 
water, treated with aniline (0.35 ml, 3.8 mmol) and adjusted 
to pH 6 with 2 M HCl under ice cooling. The crystals of 
anilinium salt of 3 were filtered; yield, 0.47 g (46%). Recrys­
tallization was effected from methanol-ether; mp 201—204 °C 
dec. 

Found: C, 53.88; H, 5.94; N, 9.93; S, 7.67%. Calcd for 
C19H2506N3S: C, 53.88; H, 5.95; N, 9.92; S, 7.57%. 

T>-Alanyl-VL-1-aminoethanesulfonic Acid (4). The 
anilinium salt of 3 (1.27 g, 3.0 mmol) was dissolved in metha­
nol and hydrogenolyzed in the presence of Pd black at room 
temperature. After the catalyst was filtered off and solvent 
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was evaporated in vacuo, the residue was recrystallized from 
wate r -methano l -e the r ; yield, 0.46 g ( 7 7 % ) ; m p 220—224 °C 
dec; R{ 0.23, 0.27 (Toyo No. 51 filter paper , 1-butanol-acetic 
ac id-water 4 : 1 :2) . 

Separation of n-Alanyl-v and i.-1-aminoethanesulfonic Acids 
(4a and 4b). T h e mixture (400 mg) of the diastereomers 
(4) obtained above was dissolved in a small amount of water 
and subjected to a preparat ive P C on Toyo No. 50 filter paper 
( 4 0 x 4 0 cm, 4 pieces) by developing twice with 1-butanol-
acetic ac id-water (4: 1:2) . T h e three portions of a ninhy-
drin positive band were extracted with water separately. From 
each extract, pure 4a (75 mg) , pure 4 b (40 mg) , and a mixture 
of them (105 mg) were obtained respectively by crystallization 
from water -methanol -e ther . 

n-Alanyl-D-l-aminoethanesulfonic Acid (4a) : Physical con­
stants; see Table 1. 

Found : G, 27.70; H , 6.62; N , 13.07; S, 14.85%. Calcd for 
C 5 H 1 2 0 4 N 2 S . H 2 0 : G, 28.03; H , 6.59; N , 13.08; S, 14.97%. 

n-Alanyl-L-1-aminoethanesulfonic Acid (4b) : Physical con­
stants; see Table 1. 

Found : C, 29.91 ; H , 6.11 ; N , 13.98; S, 15.86%. Calcd for 
C 5 H 1 2 0 4 N 2 S - 1 / 4 H 2 0 : C, 29.92; H , 6.28; N, 13.96; S, 15.97%. 

Benzyloxycarbonyl-i.-alanyl-T>i.-l-aminoethanesulfonic Acid (5) 
Anilinium Salt. Ethyl chloroformate (1.60 ml, 17 mmol) 
was added to a solution of benzyloxycarbonyl-L-alanine (3.40 
g, 15 mmol) and iV-methylmorpholine (1.80 ml, 16 mmol) in 
anhydrous tetrahydrofuran (35 ml) a t — 9 °C with stirring. 
After 8 min, there was added a solution of 1 (2.50 g, 20 mmol) 
in 1.5 M aqueous N a O H ( 13 ml) with stirring at - 9 °C. T h e 
mixture was stirred at room tempera ture for 3 h. T h e product 
was converted into its anilinium salt as described above for 3 
and recrystallized from methanol -e ther ; yield 1.90 g ( 3 0 % ) ; 
m p 193—194 °C dec. Its I R spectrum was identical with tha t 
of the anilinium salt of 3 . 

Found : C, 53 .51; H , 5.82; N , 9.92; S, 7.56%. Calcd for 
C 1 9 H 2 5 0 6 N 3 S : C, 53.88; H , 5.95; N , 9.92; S, 7 .57%. 

~L-Alanyl-ni,-l-aminoethanesulfonic Acid (6). T h e anili­
n ium salt of 5 (1.27 g, 3.0 mmol) was hydrogenolyzed as 
described above for 4 and the product was recrystallized from 
wate r -methanol -e ther ; yield 0.58 g (97%,); m p 224—226 °C 
dec. N M R 1 5 ) : a 1.51 (3H, d, J - 7 , C H 3 of Aes), 1.55 and 
1.57 (each 1.5H, d, J=7, C H 3 of Ala) , 4.11 and 4.12 (each 
0.5H, q, J=7, C H of Ala) , 5.02 (1H, q, J=7, C H of Aes). 
T h e I R spectrum was identical with that of 4. 

Found : C, 29.99; H , 6 .23; N , 13.88; S, 16.10%. Calcd for 
C 5 H 1 2 0 4 N 2 S . l / 4 H 2 0 : C, 29.92; H , 6.28; N , 13.96; S, 15.97%. 

Separation of *L-Alanyl-\, and Tt-1-aminoethanesulfonic Acids (6a 
and 6b). T h e mixture (400 mg) of the diastereomers 
obtained above was subjected to preparat ive P C as described 
for 4a and 4b , affording pure 6a (130 mg) , pure 6 b (130 mg) , 
and a mixture of them (90 mg) . 

L.-Alanyl-L-1-aminoethanesulfonic Acid (6a) : Physical con­
stants ; see Tab le 1. NMR1 5>: Ô 1.51 (3H, d, J=7, C H 3 of 
Aes), 1.57 (3H, d, J=7, C H 3 of Ala) , 4.12 (1H, q, J=7, C H of 
Ala) , 5.02 (1H, q, J=7, C H of Aes). 

Found : C, 27.88; H , 6.66; N , 13.01 ; S, 14.72%. Calcd for 
C 5 H 1 2 0 4 N 2 S - H 2 0 : C, 28.03; H , 6.59; N, 13.08; S, 14.97%. 

i.-Alanyl-Ti-1-aminoethanesulfonic Acid (6b) : Physical con­
stants ; see Tab le 1. N M R 1 6 ) : <5 1.51 (3H, d, J=7, C H 3 of 
Aes), 1.55 (3H, d, J=7, C H 3 of Ala) , 4.11 (1H, q, 7 = 7 , C H of 
Ala) , 5.02 (1H, q, J=7, C H of Aes). 

Found : C, 29.95; H , 6.24; N , 14.11 ; S, 15.97%. Calcd for 
C 5 H 1 2 0 4 N 2 S . l / 4 H 2 0 : C, 29.92; H , 6.28; N, 13.96; S, 15.97%. 

t-Butoxycarbonyl-Tt-alanyl-TH.-1-aminoethanesulfonic Acid (7). 
Ethyl chloroformate (0.53 ml, 5.5 mmol) was added 
to a solution of f-butoxycarbonyl-D-alanine (0.95 g, 5.0 
mmol) and iV-methylmorpholine (0.60 ml, 5.5 mmol) in 

anhydrous tetrahydrofuran (15 ml) at — 8 °C with stirring. 
After 10 min, there was added a solution of 1 (0.95 g, 7.6 
mmol) in 1 M aqueous N a O H (7.5 ml) dropwise with stirring 
at —8 °C. Stirring was continued at this temperature for 1 h 
and at room temperature for further 3 h. Tetrahydrofuran 
was removed in vacuo and the product was isolated as its anili­
n ium salt as described for 3 and recrystallized from methanol -
ether; yield, 0.84 g (43%,); m p 163 °C dec. An analytical 
sample was further recrystallized from the same solvents; m p 
179—181 ° C d e c . 

Found : C, 49.09; H , 7.02; N, 10.77; S, 8.22%. Calcd for 
C 1 6 H 2 7 0«N 3 S: C, 49.34; H , 6.99; N , 10.79; S, 8 .23%. 

t-Butoxycarbonyl-L-alanyl-DL-1-aminoethanesulfonic Acid (8). 
This compound was prepared as described above for 
7 by using f-butoxycarbonyl-L-alanine (0.95 g, 5.0 mmol) 
in place of ?-butoxycarbonyl-D-alanine. The product was 
isolated as its anilinium salt; yield, 0.50 g (26%) ; m p 
162—166 °C dec. Its I R spectrum was identical with that 
of the anilinium salt of 7. 

Deprotection of 8. T o a suspension of anilinium salt of 
8 (100 mg, 0.26 mmol) in ethyl acetate (3 ml) , there was added 
a saturated solution of dry hydrogen chloride in ethyl acetate 
(2 ml) . While the mixture was stirred at room temperature 
for 90 min, the initial crystals dissolved and the product 
separated out. T h e latter was collected by filtration and re­
crystallized from water -methanol -e ther ; yield, 20 mg (40%) ; 
m p 220—223 °C dec. Its I R spectrum was identical with that 
of 6. 

Sodium Salts of 3, 5, 7, and 8. These compounds were 
prepared by dissolving the corresponding anilinium salt in 
water containing one equivalent of N a O H , followed by extrac­
tion with ether and evaporation of the aqueous phases in vacuo. 

T h e a u t h o r s a r e d e e p l y i n d e b t e d to Prof. M . K a k u d o 
a n d his coworke r s , P r o t e i n R e s e a r c h I n s t i t u t e , O s a k a 
U n i v e r s i t y for X - r a y analys is a n d to D a i i c h i Se iyaku 
C o . , L t d . for t h e test of a n t i m i c r o b i a l ac t iv i ty . 
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Deacylations and Syntheses of Some 9-Acylfluorenes 
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Deacylations of substituted 9-acetyl-, 9-propionyl-, 9-benzoyl-fluorene, and 9-fluorenyl 9-methyl-9-fluorenyl 
ketones were studied; the reactivity of deacylation was enhanced by the substitution of the 9-hydrogen atom on 9-
acetylfluorene. The reaction of 9-acetylfluorene with ethyl nitrate afforded 9-fl«-nitrofluorene. 

Deacylation promoted by a base has been known 
already to occur in the active methylene to which an acyl 
group is attached. In fluorene derivatives, 9-benzoyl-
fluorene (1) gave fluorene (2) and benzoic acid,1) and 
9-chloro-9-acetylfluorene (3) afforded 9,9'-bifluorenyl 
(4).2) T h e present work deals with the deacylation of 
9-acylfluorenes in order to clarify the reactivities on the 
9-carbon atom of fluorenes. 

Deacetylation of 9-acetylfluorene (5)3> yielded 2 and 
ethyl acetate; the yield of 2 increased (28—96%) with 
the increase of base concentration (1—20%) and with 
the extension of the reaction time (1—10h) . T h e 
deacetylation may be explained by the nucleophilic 
attack of ethoxide anion on the cationic carbon atom of 
carbonyl in 5 to form the intermediary carbanion (A) as 
the reverse-Glaisen-type condensation (Scheme 1). 

The deacylation of some 9-acylfluorenes was carried 
out as shown in Table 1. T h e substituent effect in the 
deacylation of 9-propionyl- (6),4> 2-ethyl-9-acetyl- (7), 
and 2-bromo-9-acetylfluorene (8) was observed to be less 
significant in comparison with that of 5. T h e reaction 
of 9,9-dibenzoylfluorene (9)5) with base afforded 1, 
which was further converted to 2 by debenzoylation. 

T h e elimination was accelerated remarkably in the 
deacetylation of 3, 9-methyl- (10) ,6) and 9-hydroxy-9-
acetylfluorene (11).7) T h e ethoxide anion may be able 
to attack on the two positions of 5, that is, the 9-carbon 

and the carbonyl carbon atoms. The 9-acetylfluoren-
9-ide anion would be stabilized by resonance as enolate 
anion and 5 is less reactive under these conditions. The 
substitution on the 9-position of 5 prevents the attack on 
this position and results in the significant formation of 
the elimination product. 

The reaction of 5 with ethyl nitrate in the presence of 
sodium ethoxide gave pure 9-aa-nitrofluorene8) in good 
yield. T h e ethoxide anion removes a proton from the 
9-position on the 5. T h e resulting carbanion may 
afford the intermediary 9-nitro-9-acetylfluorene by an 
attack of ethyl nitrate, and this was converted to 9-aci-
nitrofluorene by the action of a second ethoxide anion 
and by the tautomeric effect of the nitro group (Scheme 

T h e deacetylation of the substrate containing an 
electron-attracting group proceeds more readily than 
that having an electron-releasing group. Actually, the 
progress of the deacylations for 3 and also for 10 was 
followed by means of gas chromatography; the 10 still 
remained in a considerable amount (37%) at the reac­
tion step in which all the 3 had been consumed. Chlo­
ride 3 gave 9,9'-bifluorenylidene (46%) and 4 (trace), 
and the ethylene was reduced to 4 under similar condi­
tions. 

T h e reactivity of the carbonyl group in 9-/-butyl-9-
acetylfluorene (12) is hindered by the bulky substituent 

JCH-C 
,CH3 T0Et^ 

Scheme 1. 

:OEt 

Scheme 2. 

IOI 

EtO CHS 

f 
I 

H 

Scheme 3. 

V 
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* To whom inquiries should be addressed. 
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TABLE 1. CHARACTERIZATION AND DEACYLATION OF 9-ACYLFLUORENES 

Compound 

5 
6 

7 

8 
9 
1 

10 
11 
12 
13 

Characterization 

!H-NMR chemical shift8) 
<5(ppm);/(Hz) 

1.60 (-CH3);4.78 QCH-) 
0.78 ( -CH 3 3 y=6 .3 ) ; 1.75(-CH2-); 
4.64 (>CH-) 
1.26 (-CH3, y = 6.0) ; 1.46 (-COCH3) 
2.67 (-CH2-) ;4.59 (>CH-) 
1.65 (-CH3) ;4.75 (>CH-) 

5.37 (>CH-) 
1.37 (-CH3); 1.57 (-COCH3) 
1.54 (-CH3) ;4.78 (-OH) 
0.99 (-CH3); 1.36 (-COCH3) 
2.19 (-CH3); 2.87 (-CH2-, 7 = 4 . 8 ) ; 
4.45 (>CH-) 

v(C=0) on IR 
spectrum (cm-1) 

1698 

1700 

' 1701 

1698 
1680 
1681 
1702 
1700 
1699 
1707 

Deacylation 

Fluorene 
% 

42(2) 

42(2) 

45 (2-Ethyl-) 

55 (2-Bromo-)b> 
23(1); 26(2) 
66(2) 
94 (9-Methyl-) 
96 (9-Hydroxy-) 
34 (9-f-Butyl-) 

Recovd 
% 
45 

38 

45 

26 
trace 
trace 
57 
99 

a) Measured in CDC13 or CC14. b) In addition, 2-bromo-9-acetyl-9-hydroxyfluorene (2%, mp 
154—155 °C, IR: (OH) 3460; (C=0) 1704cm-1) and 2,2'-dibromo-9,9'-diacetyl-9 9'-bifluo-
renyl (0.3%, mp 238—240 °C, IR: (C=0) 1705 cm-1) were isolated. 

TABLE 2. CHARACTERIZATION AND DEACYLATION OF 9-ACYLFLUORENES 

Compound 

Characterization Deacylation 

XH-NMR chemical shift 
ô (ppm) (Solvent) 

v (C=0) on IR Time 
spectrum (cm-1) h 

Products 
(%) 

16 

16 

18 

19 

1.78 (-CH3); 4.52 (>CH-) 
(Pyridine-^) 

1.69 (-CH3); 1.04 (-CH3, 
7 = 7 . 0 H z ) ; 3 . 9 7 ( - C H 2 - ) 
(CC14) 
3.63 (-CH3);4.71 (>CH-) 
(CC14) 

1700 1 2 (31); 17 (10); 18 (31); 9-Methyl-
fluorene (9) ; Recovd (42) 

10 2 (58); 17(22); 18 (30); 
9-Methylfluorene (41) 

1721 10 9-Methylfluorene ( 18) ; 17 ( 14) ; 
Recovd (67) 

1729 10 2 (8) ; 20 (57) ; Ethyl ester of 20 ( 10) 

from the approach of an attacking ethoxide ion, there­
fore, the yield of 9-*-butylfluorene9> decreased. No 
deacetylation was observed in the cases of 9-acetonyl-
fluorene (13)10> and 2-acetylfluorene.11) This finding 
shows that deacylation occurs when the acyl group is 
attached directly to the active 9-position of fluorenes. 
The anomalous lower field (2.19 ppm) of the methyl 
chemical shift of 13 compared with that (1.60 ppm) of 5 
is ascribed to the predominant conformation of 13 and 
5 ; the mobile methyl group of 13 may be located further 
away from the shield zone of the aromatic rings than that 
of 5. 

The reaction of 9,9'-diacetyl-9,9'-bifluorenyl (14)2) 
afforded dehydrate compound 15 accompanied by 4 
(Scheme 3) ; 15 would be formed by the intramolecular 
aldol-type condensation. 

The same reaction of 9-fluorenyl 9-methyl-9-fluorenyl 
ketone (16) yielded 2, 9-methylfluorene, 9-methylflu-
orene-9-carboxylic acid (17),12> and its ethyl ester 
(18) ,13> as summarized in Table 2. T h e ester 18 gave 
9-methylfluorene and 17. Similarly, methyl fluorenyl-
9-carboxylate (19) yielded 2, the corresponding car-
boxylic acid (20), and its ethyl ester. The ratio of the 
yields of these products indicates that 16 cleaves into 9-
fluorenide anion and 18, but not into 9-methylfluoren-
9-ide anion and an ester of 20 ; this may be at tr ibuted to 

the stability of the 9-fluorenide anion formed, which is 
greater than that of the methyl derivative. 

Experimental 

All the melting points are uncorrected. The instruments 
used in this experiment have been described elsewhere.11) 

Deacylation of 9-Acylfluorene. General Procedure: Sodium 
metal (1.15 g) was treated with 33 ml of dry ethanol, then 
5 mmol of substrate was added, and the mixture was refluxed 
for 10 h under an atmosphere of dry nitrogen. Upon cooling, 
the reaction mixture was poured into 150 ml of 3 % hydro­
chloric acid and the resulting precipitate was purified by a 
combination of alumina-column chromatography, vacuum 
sublimation, and recrystallization. 

Reaction of 14 with Sodium Ethoxide. A 2.070 g portion 
of 14 was refluxed with 3.4 g of sodium ethoxide in 330 ml of 
dry benzene for 10 h to give 0.450 g of 3-methyl-4,5-bis(2,2'-
biphenylylene)-2-cyclopenten-l-one (15), 0.012 g of 4, and 
0.010 g of fluorenone. Mp of 15: 233.5—234.5 °C. IR: 
(C=0) 1694 cm-1. Mass: m/e 396 (M+), 381, and 352. NMR 
(benzene-tf6) : Ô 1.29 (3H, s), 6.47 (1H, s), and 6.65—7.35 
(16H, m) ppm. Found: C, 90.96; H, 5.17%. Calcd for 
C30H20O: C, 90.88; H, 5.09%. 

Reaction of 5 with Ethyl Nitrate. A soln of 2.08 g of 5, 
1.82 g of ethyl nitrate, and 0.68 g of sodium ethoxide in 20 ml 
of dry ethanol was refluxed for 2 h. Upon cooling, 100 ml of 
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benzene and 150 ml of water were added to the reaction 
mixture and the aqueous layer was neutralized with hydro­
chloric acid to yield 1.53 g of 9-a«'-nitrofluorene, mp 154 °C 
(dec). IR: (OH) 2770; (NO,) 1653, 1441 cm-1. 

2-Ethyl-9-acetylfluorene (7). Compd 7 was prepared by 
means of the same procedure as used for 5 in a 34% yield, bp 
142—144 °C/2 Torr (uncorr.). Mass: m/e 236 (M+). 

2,4-Dinitrophenylhydrazone, mp 200—202 °C. IR: (NH) 
3320; (NO,) 1614, 1589 cm"1. Found: G, 66.68; H, 4.95; N, 
13.58%. Calcd for C23H20O4N4: C, 66.33; H, 4.84; N, 
13.46%. 

2-Bromo-9-acetylfluorene (8). The title compd was ob­
tained by the same method as described above, yield 30%, mp 
66—67 °C. Mass: m/e 288, 286 (M+), 245, 243, and 207. 
Found: C, 62.95; H, 3.64%. Calcd for C15HuOBr: C, 62.74; 
H, 3.86%. 

9-t-Butyl-9-acetylfluorene (12). Compd 12 was obtained 
by a procedure similar to that of 10 in a 39% yield, mp 76.5— 
77 °C. Mass: m/e 264 (M+), 249, 221, 208, 206, 191, and 165. 
Found: C, 86.73; H, 7.77%. Calcd for C19H20O: C, 86.32; 
H, 7.63%. 

9-Acetonylfluorene (13). This compd was synthesized by 
the reaction of a-(9-fluorenyl) acetyl chloride with methyl-
magnesium iodide in the presence of cadmium chloride: yield 
58%, mp 62—63 °C (lit,10) mp 57 °C). Mass: m/e 222 (M+), 
179, and 165. 

9-Fluorenyl 9-Methyl-9-fluorenyl Ketone (16). To a soln 
of 9-methyl-9-lithiofluorene (prepared from 0.96 g of lithium 
chips, 9.4 g of butyl bromide, and 10.3 g of 9-methylfluorene in 
100 ml of xylene) was added dropwise 12.0 g of 9-fluorenyl-
carbonyl chloride in 60 ml of xylene at 0 °C with stirring for 

30 min, then the mixture was boiled for 1 h to afford 6.45 g of 
16, mp 226—227.5 °C. Mass: m/e 372 (M+), 179, and 165. 
Found: C, 90.27; H, 5.57%. Calcd for C28H20O: C, 90.29; 
H,5 .41%. 
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Oxidation of Cinnamyl Alcohol with Peracetic Acid in Acidic Solvents1) 
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Peracetic acid oxidation of cinnamyl alcohol (1) in tetrahydrofuran(THF) at room temperature has been found 
to give phenylacetic acid(2), benzaldehyde(4) and cinnamyl acetate(5) as major products. A probable first-formed 
intermediate, 2,3-epoxy-3-phenyl-l-propanol(7), was detected as its derivative (l-phenyl-l,2,3-propanetriol), and 
also a probable second intermediate, l-hydroxy-3-phenyl-2-propanone (3), was detected. 3 was found to be 
converted to 2 by the Baeyer-Villiger reaction. On the other hand, the peracetic acid oxidation of 1 in methanol gave 
a methanolysis product of oxirane ring, 3-methoxy-3-phenyl-l,2-propanediol (6a), a small amount of a rearrangement 
product and benzaldehyde. The peracid oxidation of 1 in various solvents was also studied. A probable reaction 
mechanism is discussed. 

We have previously reported that peracid oxidation of 
vitamin A alcohol, Me 3 C 6 H 6 -CH=CH-CMe=CH-CH= 
C H - C M e = C H - C H 2 O H , yielded 11,12-epoxy-vitamin 

•CK 
A aldehyde, M e 3 C 6 H 6 - C H = C H - C M e = C H - C H - C H -
C M e = C H - C H O , via oxidation of pr imary alcohol group 
to aldehyde as well as epoxidation of an ethylenic bond.2) 
In the present paper, we intended to study the peracetic 
acid oxidation of cinnamyl alcohol (1), which have an 
a,p°-unsaturated alcohol group. 

The present study showed that the peracid oxidation 
of 1 had a behaviour different from that of vitamin A 
alcohol. In this paper we wish to report the mechanism 
of peracid oxidation of 1 which was speculated from the 
products of an assumed intermediary epoxide, 2,3-
epoxy-3-phenyl-l-propanol (7). 

I t was reported that the perbenzoic acid oxidation of 
in CHClg at 0 °C gave 7, which could be converted to 
phenylacetaldehyde, formaldehyde and l-hydroxy-3-
phenyl-2-propanone (3) on pyrolysis in the presence of 
kieselguhr,3-5) but resinous material on pyrolysis in the 
presence of H 2 S 0 4 or ZnCl2.3»4) The pyrolysis products 
of 7 and the migratory apti tude of the epoxide rearrange­
ment were studied only in the absence of peracid at high 
temperature3»6-8) and little was known on the peracid 
oxidation of 1 and the subsequent reactions in solution 
and a t lower temperature. 

Also peracid oxidation of oc,/5-unsaturated secondary 
alcohol was reported to yield the epoxides and its deriva­
tive,9«10) but no report is available on the mechanism of 
formation of these derivatives. 

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

Oxidation of cinnamyl alcohol(l) with an equivalent 
of peracetic acid in tetrahydrofuran(THF) and in some 
solvents containing acetic acid at room temperature gave 
a distribution of products as shown in Table 1. In addi­
tion of products listed in the table, a trace of cinnamalde­
hyde, P h C H = C H C H O , and significant amounts of 
unknown products were formed but the expected prod-

/CK 
ucts, 2,3-epoxy-3-phenylpropanal, P h C H - C H C H O ( 8 ) , 
was not detected. Most of these products were identi­
fied by the comparison of I R and N M R spectra and 
GLC peaks with those of the corresponding authentic 
specimens. 

A trace of cinnamaldehyde formed during this oxida­
tion cannot be the precursor to 8, because the peracetic 
acid oxidation of cinnamaldehyde did not proceed under 
these conditions. Furthermore, we observed that 8 was 
very unstable, thus 8 could not be synthesised by oxida­
tion of cinnamaldehyde by H 2 0 2 or £-BuOOH even 
according to the reported procedure in alkaline media11) 
as described in Experimental part . In the case of oxida­
tion of vitamin A alcohol, the steric selectivity of attack­
ing site seems to play an important role,2) thus the ob­
served oxidation of unsaturated alcohol to epoxy alde­
hyde can occur because of the chemical driving force for 
the formation of its a^-unsa tura ted aldehyde in acidic 
media. Whereas, the peracetic acid oxidation of cin­
namyl alcohol (1) to 8 is unfavourable because of the 

TABLE 1. SOLVENT EFFECT ON THE YIELDS OF PRODUCTS IN THE PERACETIC 

ACID OXIDATION OF CINNAMYL ALCOHOL (1 ) 

Solvent 

THF 
Ether 
Benzene 
Cyclohexanea) 

CH2C12 

Methanol 

Reaction 
time 

h 

66 
54 
54 
54 
24 
24 

Conversion 
% 

65.2 
61.5 
60.3 
70.4 
75.4 
52.7 

2 

19.2 
13.9 
24.1 
trace 
28.9 
3.4 

3b> 

6.2 
1.8 
7.9 
— 

6.7 
— 

Product % 

4 

16.0 
14.6 
13.4 
4.6 

15.3 
1.2 

5 

17.0 
16.3 
14.1 
39.7 
14.3 
5.2 

6a 

— 
— 
— 
— 
— 

63.5 

6b 

— 
— 
— 
— 
— 

trace 

a) Heterogeneous system. b) The yield of 3 was the value corrected for the amounts of 3 derived 
from GLC pyrolysis of 7. 
2; PhCH2C02H. 3; PhCH2COCH2OH. 4; PhCHO. 5; PhCH=CHCH2OAc. 6a; PhCH(OMe)-
CH(OH)CH2OH. 6b; PhCH(OH)CH(OMe)CH2OH. 
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H-mig. 

fission at A — 

'W 
Ph — C H - C H - f CH2OH ^ _ + fission at B -\ 

CH,OH-mig. 

H-mig. 

Ph-mig. 

fission at C 

-• PhCH2COCH2OH 
3 

PhCH(GH2OH)CHO 

PhCOCH,CH,OH 

-> PhCH(GH2OH)CHO 

- PhCH2GHQ + CH 2 0 

Scheme 1. 

faster ring opening of its intermediate epoxide 7 as 
discussed below. 

l-Hydroxy-3-phenyl-2-propanone (3) should be a 
rearrangement product of the initially formed 2,3-epoxy-
3-phenyl-l-propanol (7) from 1 as shown in Eq. ( l a ) . 
T h e epoxide (7) may afford by fissions at A and B three 
isomers, and by fission at C, products of cleavage at C-G 
as shown in Scheme 1, but actually the catalytic pyroly-
sis of 7 was reported to give phenylacetaldehyde, form­
aldehyde and 3, which may be products of radical 
reactions.3»4) Also our pyrolysis of alternatively synthe-
sised 7 a t 200—250 °C at the injection temperature of 
GLG yielded phenylacetaldehyde (25%) and 3 (29%) 
and unknown products. O n the other hand, during the 
column chromatography with silica gel (S i0 2 «xH 2 0) , 7 
was completely changed to give 1-phenyl-1,2,3-propane-
triol, P h C H ( O H ) C H ( O H ) C H 2 O H , and no phenylacet­
aldehyde and 3 was detected by G L C . The present 
peracetic acid oxidation of 1 gave 3 and a little phenyl­
acetaldehyde, which were identified by GLC, but 1-
phenylpropane-l,2,3-triol was obtained instead of phen­
ylacetaldehyde by the column chromatography with 
silica gel. The above fact suggests that 7 is a pr imary 
intermediate formed in this oxidation and that 7 is con­
verted to 3 by the following ionic path (Eq. la) which 
involves no radical species. 

H-OAc 

/ ° \ AcOH / ° \ 
PhCH-CHCH2OH <=± [PhCH-CHCH2OH] 

7 7a 

O - H - O A c 

• [PhCH---CHCH2OH] • 

9a 

PhCH2GOCH2OH + AcOH (la) 

3 

O - H -OAc 

-//-» [PhCïfc-CHCH2OH] > 

9b 

PhCOCH2GH2OH + AcOH ( 1 b) 

7a — 

O n account of the more resonance derea l iza t ion of 
the positive charge in 9a3 the pathway (Eq. la) via 9a 
leading to 3 should be favoured rather than the pathway 
(Eq. lb) via 9 b leading to /Miydroxypropiophenone. 

T h e authentic 3 , which was prepared alternative­

l y / ' 1 ^ gave phenylacetic acid (2) on the peracetic acid 
oxidation under similar conditions. Hence, 3 may be 
an intermediate in the formation of 2 from 1. Three 
paths from 3 (Eqs. 3a—c) are conceivable for this oxida­
tion, but the Baeyer-Villiger reaction of Eq. 3a is 
negligible because of the formation of little benzyl alco­
hol which is fairly stable under these conditions as evi­
denced in Experimental part . Further, the autoxidation 
of 3(Eq. 3c) is less probable, because peracetic acid is 
necessary for this reaction forming 2 which proceeds 
even under N2 . Hence, 2 is probably formed via Eq. 
3b alone, where the preferential migration of methylol 
group of 10 occurs. T h e Taft er* values are 0.225 for 
benzyl group and 0.555 for hydroxymethyl group.13) In 

O OH 
ll B-V reaction | 

PhCH,CCH,OH • - • [PhCH2-C-CH2OH] (2) I 2 V J V J J . J . 2 \ 

3 
AcOOH 

OOAc 
10 

o 
PhCH,-mig. H 

10 • [PhCH2OCCH2OH] 

—U PhCH2OH + HOCH2C02H (3a) 

O 
CH,OH-mig. H 

10 . • [PhCH2GOGH2OH] 
HsO 

O 

PhCH2C02H + CH 2 0 (3b) 
2 

ai r autoxidn. 
3 v [PhCH2CGHO] • PhCH2C02H (3c) 

2 

most Baeyer-Villiger reactions, a more electron-releasing 
group tends to migrate preferentially, but in this case the 
more electron-attracting hydroxymethyl group must 
migrate. This migration of methylol group may be due 
to the formation of hydrogen bonding which facilitates 
O - O fission in the transition state of migration as shown 
in 11. The similar migration of an electron-attracting 
phenyl group was reported for acetophenone, where 

OH 

P h C H „ - C - C H 9 - 0 

O 
\ o o 

\ '/ 
G 

Me' u 

H 
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TABLE 2. EFFECT OF MOLAR RATIO OF REACTANTS (PhCH=CHCH2OH : AcOOH) 

Solvent 

THF 
THF 
Ether 
Ether 
Benzene 
Benzene 

Mole ratioa> 

1 
1 
1 
1 
1 
1 

1 
:2 

1 
2 
1 
2 

Reaction 
time 

h 

66 
35 
54 
24 
54 
24 

Conversion 
% 

65.2 
75.4 
61.5 
78.6 
60.3 
73.5 

2 

19.2 
38.5 
13.9 
29.7 
24.1 
32.4 

Product 

3 b > 

6.2 
5.2 
1.8 
4.3 
7.9 

10.5 

% 

4 

16.0 
5.3 

14.6 
8.7 

13.2 
10.2 

5 

17.0 
14.0 
16.3 
16.8 
14.1 
13.2 

a) Ratio of cinnamyl alcohol (1) and peracetic acid, 
in the same way as Table 1. 

b) The value for 3 was determined 

AcOO-

bridged phenonium ion assists the migration.14) 
T h e formation of benzaldehyde (4) can also be ex­

plained by assuming the H-bonded neutral intermediate 
7a, which is cleaved to give 4 by the addition of peracetic 
acid to its oxirane ring (Eq. 4) in view of the acid cataly­
sis as will be discussed below. The similar mechanism 
was reported for the peracetic acid oxidation of ketene.15) 

H-OAc 

° 6 
/ \ AcOH > \ 

PhCH-GHGH2OH <=± [PhCH-CHCH2OH] 
7 7a 

OH 

[PhCH-CHCH2OH] • 

OOAc 
PhCHO + OHCCH2OH + AcOH (4) 

4 
Observed products and pathways in various solvents 

for the oxidation of 1 are shown in Scheme 2. T h e 
structure of 6a was supported by comparison with 1,3-
dimethoxy-l-phenyl-2-propanol (14) which was pre­
pared by peracid oxidation of cinnamyl methyl ether 
(13) in M e O H . 

The yield of phenylacetic acid (2) from 1 increases 
with increasing amount of peracetic acid, while the yield 
of benzaldehyde (4) decreases (Table 2). O n the other 
hand, when a small amount of mineral acid is added to a 
mixture of 7 and peracetic acid, the yield ratio [4]/[2] 

increases significantly. T h e above facts may be ex­
plained as follows: (i) In the presence of mineral 
acid, benzaldehyde (4) should be obtained as a major 
product via 12 (Eq. 7b), because the greater electro-

PhCH=CHCH2OH — 

1 

O 

PhCH-CHCH aOH — 

7 

AcOOH 

o 
AcOOH / \ 

. v PViflW fTHfTR O H 
7 

AcOH 
. > P h f T H fTRfTH D A r 

- H 2 0 
5 

(5a) 

(5b) 

PhCHO + OHCCH2OH 
in T H F 

o 
rear r . n 

• PhCH2CCH2OH -
in T H F „ B-V reaction 

3 

+ AcOH (6a) = (4) 

AcOOH, H.O 

PhCH2C02H + CH 2 0 (6b) 

in MeOH 
PhCH (OMe) CH (OH) CH2OH 

6a 

Scheme 2. 

(6c) 

I 
[PhCH-CHCH2OH] 

7b 

OH 

[PhCH-CHCH2OH] 
+ 

12 

I 

O 
rearr . H AcOOH 

• PhCH2CCH2OH - • PhCH2C02H 
3 2 

AcOOH 
OH 

i I 
» [PhCH-CHCH2OH] - • PhCHO 

H+ OOAc 

(7a) 

(7b) 

O 
PhCH-CHCH2OH 

II AcOH 

H-OAc 

À 
[PhCH-CHCH2OH] 

7a 

O—H—OAc 

[PhCH-=CHCH2OH] 

9a 

O 
rearr . n AcOOH 

> PhCH2CCH2OH > PhCH2C02H (8a) 
3 2 

OH 
AcOOH | 

- • [PhCH-CHCH2OH] ~> PhCHO 
OOAc 4 

(8b) 
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philicity of 12 than that of 7a accelerates an attack of 
nucleophiles on 12 and thus favours this addition (Eq. 
7b) rather than the rearrangement (Eq. 7a). (ii) In 
the absence of mineral acid, the precursor of 2, PhCH 2 -
C O C H 2 O H ( 3 ) , is probably formed as a main product 
via neutral intermediate 7a (Eq. 8a), because the car-
bonium ion from 7a, if formed, is very unstable and 
hence the rearrangement (Eq. 8a) is preferred to an 
attack of nucleophiles (AcOO~, A c O O H ) on 9a. T h e 
decrease of the yield of 4 with increasing amount of 
peracid seems to be curious, but the increase would 
accelerate the Baeyer-Villiger reaction (Eq. 8a) more 
than the G-C cleavage (Eq. 8b), which does not involve 
peracid in the rate-determining step. T h e increase of 
acidity on addition of mineral acid promotes the forma­
tion of 7 b and increases the yield of 4 by the acceleration 
of an attack of peracid on 12. Whereas, in the absence 
of mineral acid, there is formed no 7 b but H-bonded 7a, 
which is much weaker electrophile and thus the rate 
of Eq. (8a) going to 3 is much faster than the rate of Eq. 
(8b) going to 4, and then the increase of concentration of 
peracid increases the ratio of [2]/[4]. 

Exper imenta l 

Mps were measured by a Yanagimoto micro-melting point 
apparatus and they were corrected. IR spectra were measured 
by a Perkin-Elmer Model 337 grating infrared spectrophoto­
meter. GLC analysis was carried out by a Yanagimoto gas 
Chromatograph with FID, Model GCG-550F, employing two 
sorts of 2 mx2 .5 mm columns (one of which was packed with 
2.5% PEG-20M on Chamelite GS of 80—100 mesh and 
another packed with 13% DEGS on Chromosorb W of 80— 
100 mesh), using N2 as a carrier gas. NMR spectra were 
recorded by a Japan Electron Optic Laboratory Co., C60 HL 
NMR instrument. The yield of products are listed in Table 1. 

Materials. Peracetic acid was prepared by the reaction 
of AcaO (205 g) with 60% aq. H 2 0 2 (50 g) added with coned 
H 2S0 4 (0.5 ml) at 35—40 °C.16> The peracid concentration 
was 3.0—3.1 M in average. THF was purified by distillation 
over Na, bp 66 °G/760 Torr. 2,3-Epoxy-3-phenyl-l-propanol, 

A 
PhCH-CHCH2OH (7), was obtained by the oxidation of cin­
namyl alcohol (1) (0.105 mol) with perbenzoic acid (0.105 
mol) in CHC13 at 0 °C in a yield of 38% : bp 117.5—118.5 °C/ 
1.5 Torr (lit,17) 117—118 °G/1.5 Torr), IR (liquid film): 
3450—3350, 2920, 2860, 1240, 1025, 880, 750, and 700 cm"1; 
NMR (CC14): Ô 3.17 (1H, m, 2-H), 3.65 (1H, s, OH), 3.80 
(1H, d, 7 = 6 Hz, 3-H), 3.88 (2H, d, / = 3 Hz, 1-H), and 7.40 
(5H, s, aromatic). l-Hydroxy-3-phenyl-2-propanone, Ph-
CH2COCH2OH (3), was synthesised by the reaction of HO-
CH2CN (19.7 g) with PhCH,MgCl in ether and recrystallized 
from ethanol-petroleum ether,4,12) in a yield of 5% based on 
the used nitrile, mp 49.5—50.5 °C (lit,*) mp 47—48 °C), IR 
(KBr disk): 3450—3350, 1720, 750, and 695cm"1; NMR 
(GDGlj): ô 3.08 (1H, s, OH), 3.35 (2H, s, 3-H), 4.18 (2H, s, 
1-H), and 7.17 (5H, s, aromatic). Cinnamyl methyl ether, 
PhCH=CHCH2OMe (13), was obtained by the reaction of 
cinnamyl alcohol (1) (25 g) with Me2S04 and NaNH2 in ether 
in a yield of 78%, bp 115—117 °C/20 Torr (lit,18) 111— 
112.5 °C/15Torr), IR (liquid film): 2815, 965, 742, and 690 
cm-1; NMR (CC14) : ô 3.26 (3H, s, OMe), 3.97 (2H, d, J=l 
Hz, 1-H), 6.10 (1H, m, 2-H), 6.55 (1H, d, 7 = 1 6 Hz, 3-H), 
and 7.20 (5H, s, aromatic). Cinnamyl acetate, PhCH=CH-
CH2OAc (5), was prepared by the acetylation of 1 with Ac20, 

(68%), bp 104—106 °G/3 Torr (lit,19) 141 °C/18 Torr). 
Oxidation of Cinnamyl Alcohol (1). Product Isolation. For 

the reaction of 1 with peracetic acid, 1 (4.33 X 10_a mol) was 
treated with peracetic acid (4.31 X 10~2 mol) in THF (100 ml) 
at room temperature. The produced solution was condensed 
under vacuum (50 °C at 30 Torr), and the residue was chro-
matographed on a 60 X 2 cm column slurry packed with silica 
gel (benzene and benzene-ethyl acetate). The first substance 
eluted was benzaldehyde (4) and the second was cinnamyl 
acetate (5). The third was colourless crystals, l-hydroxy-3-
pheny 1-2-propanone (3), and the fourth was recovered 1 and 
the fifth was colorless crystals, phenylacetic acid (2), mp and 
mmp 77—78 °C. The sixth was a colourless liquid, which was 
identified to be l-phenyl-l,2,3-propanetriol, IR (liquid film): 
3400—3300, 2920, 2860, 1460, 1100, 1025, 760, and 695 cm-1; 
NMR (CDGls): ô 3.30 (1H, m, 2-H), 3.58 (2H, d, 1-H), 4.25 
(3H, s, OH), 4.62 (1H, d, 3-H), and 7.25 (5H, s, aromatic). 

Oxidation of 1 in Methanol. Product Isolation. The 
similar oxidation of 1 in MeOH and the similar work up gave 
products which were chromatographed through a 60 X 2 cm 
column of silica gel and developed by the gradient method of 
benzene-ethyl acetate. The first eluted substance was benz­
aldehyde (4) (trace). The second one was cinnamyl acetate 
(5) and the third was recovered 1 and the fourth was phenyl­
acetic acid (2). The fifth was 3-methoxy-3-phenyl-l,2-pro-
panediol (6a) which was identified by IR and NMR spectra, 
IR (liquid film) : 3450—3350, 2820, 1200, 760, and 700 cm-1; 
NMR (CC1J : ô 3.06 (3H, s, OMe), 3.47 (2H, s, 1-H), 3.58 
(1H, m, 2-H), 3.89 (2H, s, OH), 4.00 (1H, d, J = 7 Hz, 3-H), 
and 7.20 (5H, s, aromatic). Found: G, 66.21; H, 7.74%. 
Calcd for C10H14O3: C, 65.91 ; H, 7.74%. The sixth was 2-
methoxy-1-phenyl-1,3-propanediol (6b) which was identified 
by IR and NMR spectra, IR (liquid film) : 3450—3400, 2815, 
1210, 760, and 700 cm-1; NMR (CC14) : ô 3.15 (3H, s, OMe), 
3.30 (2H, d, 1-H), 3.66 (1H, m, 2-H), 3.83 (2H, s, OH), 4.19 
(1H, d, 3-H), and 7.30 (5H, s, aromatic). 

The peracetic acid oxidation of cinnamyl methyl ether (13) 
in MeOH affords l,3-dimethoxy-l-phenyl-2-propanol (14). 
The comparison of NMR spectra of PhCH(OMe)CH(OH)-
CH2OH (6a) with those of PhCH(OH)CH(OMe)CH2OH 
(6b) and 14 confirms the structure of 6a and 6b. 

In addition, the structure of 6a was assured by the structure 
of product (15) by H2S04-catalysed dehydration of 6a; i.e., 
15 was identified to be l-methoxy-l-phenyl-2-propanone, 
PhCH(OMe)COMe, IR (liquid film): 1715, 755, and 700 
cm-1; NMR (GC14) : <5 2.05 (3H, s, 3-H), 3.35 (3H, s, OMe), 
4.48 (1H, s, 1-H), and 7.27 (5H, s, aromatic). 

Oxidation of Cinnamyl Methyl Ether (13) in Methanol. The 
similar oxidation of 13 and the similar work up afforded 1,3-
dimethoxy-l-phenyl-2-propanol (14), which was identified by 
IR and NMR spectra, IR (liquid film) : 3450—3400, 2820, 
1200, 1140, 755, and 695 cm-1; NMR (CC1J: ô 2.60 (1H, s, 
OH), 3.16 (3H, s, 3-OMe), 3.27 (3H, s, 1-OMe), 3.30 (2H, d, 
7 = 7 Hz, 1-H), 3.76 (1H, m, 2-H), 4.08 (1H, d, 7 = 7 Hz, 
3-H), and 7.22 (5H, s, aromatic). 

Oxidation of l-Hydroxy-3-phenyl-2-propanone (3). Two 
THF solutions of 3, one of which contained peracetic acid but 
the other no peracid, were warmed to 20 °C for 24 h and the 
resulting solutions were analysed similarly by GLC. In this 
experiment, the former gave phenylacetic acid (2) but the 
latter did not. Also two THF solutions of 3 and peracetic 
acid, one of which was filled with air and the other filled with 
N2 after deaerated under — 78 °C, were warmed to 20 °C for 
24 h and the products were analysed similarly. Both of them 
gave 2 in a good yield. Therefore, 2 was formed from the 
reaction of 3 with peracetic acid and no autoxidation occurs 
during the reaction. 
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Pyrolysis of 2,3-Epoxy-3-phenyl-l-propanol (7). 7 was 
pyrolysed at 200—250 °C at the injection temperature of G L C . 
Phenylacetaldehyde and 3 were obtained in yields of 25 and 
2 9 % , respectively, together with two unknown products. In 
the present pyrolysis, neither phenylacetic acid (2) nor benz-
aldehyde (4) was formed. Further, phenylacetaldehyde was 
not oxidised to form 2 during this pyrolysis. 

Column Chromatography of 2,3-Epoxy-3-phenyl-l-propanol (7). 
7 was chromatographed on a 60 X 2 cm column slurry packed 
with silica gel. A large portion of the substance eluted with 
benzene-ethyl acetate (50: 50) was a colourless liquid and it 
was identified to be 1-phenyl-1,2,3-propanetriol by I R and 
N M R spectra. In this column chromatography 7 was not 
recovered and a small amount of unknown material was ob­
tained. Further, neither phenylacetaldehyde nor 3 was ob­
tained. 

Oxidation of 2,3-Epoxy-3-phenyl-l-propanol (7). 7 was 
oxidised similarly with peracetic acid in T H F at room tem­
perature for 24 h and the formation of 2 and 4 established by 
GLC, since the pyrolysis of 7 at 200—250 °C gave neither 2 nor 
4 thus their contamination could be avoided. By the reaction 
with an equivalent of peracetic âcid 7 yielded 2 and 4 in yields 
of 16 and 12%, respectively. Whereas the reaction with 
two equivalents of peracid gave 2 and 4 in yields of 24 and 
1 3 % , respectively. O n addition of a small amount of mineral 
acid, the peracid oxidation of 7 gave 2 (8%) and 4 (32%) . 

Oxidation of Benzyl Alcohol in THF. Benzyl alcohol was 
treated with peracetic acid in T H F at room temperature by a 
work u p similar to the oxidation of 1, the resulting products 
were identified by G L C using two columns by comparing those 
of authentic samples. T h e products and their yields were 
shown in Table 3. 

T A B L E 3. T H E PERACETIC ACID OXIDATION OF 

BENZYL ALCOHOL IN T H F 

R^ c t i o nConversion 
time 0 / 

h / o 

24 23.8 
48 34.0 

Product % 

PhCHO (4) PhC0 2 H PhCH2OAc 

8.8(1.5)a> 2.4 88.7 
10.3(1.7)a> 2.5 87.2 

a) Yield by autoxidation. 

Oxidation of Cinnamaldehyde. Cinnamaldehyde was 
oxidised with method (1) H 2 0 2 in aq. M e O H at p H 8—8.5 

and method (2) *-BuOOH in M e O H at p H 10.5 ± 0 . 2 , where 
p H was controlled with a glass electrode p H meter. T h e 
reaction solution was condensed under N 2 in vacuo and distilled. 
In both methods 1 and 2, a considerable amount of c innamal­
dehyde was recovered and unknown products were obtained. 
Further , an a t tempt to oxidise cinnamaldehyde with peracetic 
acid in T H F under conditions similar to tha t for 1 gave mostly 
recovered starting material . 

T h e a u t h o r s a r e gra te fu l to D r . K . T a k a g i for his 

helpful discussions. 
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Synthesis of Taxodione, Royleanone, Cryptojaponol, and Methyl 
ll-Hydroxy-12-methoxy-7-oxoabieta-8,ll>13-trien-18-oate 
Takashi MATSUMOTO, Yasuo OHSUGA, Shogo HARADA, and Kenji FUKUI 

Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
(Received August 30, 1976) 

Oxidation at the C-l 1 position of methyl 12-hydroxyabieta-8,ll,13-trien-18-oate (II) and ferruginol (XXXII) 
were successfully carried out using benzoyl peroxide, and the resulting phenols (VII and XXXVII) were further 
converted into taxodione (III), royleanone (IV), cryptojaponol (V), and methyl 11-hydroxy-12-methoxy-7-
oxoabieta-8,1 l,13-trien-18-oate (VI). 

There have been reported the isolation and structural 
elucidation of many naturally-occurring tricyclic diter-
penes possessing an abietane skeleton. As a par t of our 
synthetic studies on natura l terpenes, we at tempted the 
conversion of (—)-abietic acid (I) which was easily ob­
tained from pine rosin, into several 11-oxygénated tri­
cyclic diterpenes. This paper1) describes the conversion 
of methyl 12-hydroxyabieta-8,ll,13-trien-18-oate (II)2) 
prepared from I into taxodione (III)3 '4) which has shown 
significant tumor-inhibiting activity, royleanone(IV),3 - 7) 
cyptojaponol (V),4-8,9) and methyl 11-hydroxy-12-
methoxy-7-oxoabieta-8,11,13-trien-18-oate (VI) .10) Since 
( —)-abietic acid (I) has already been synthesized, the 
present conversion can be regarded as the total syn­
theses of these natural compounds ( I I I , IV, V, and VI ) . 

C02Me 

OMe OMe 

The oxidation of I I with benzoyl peroxide in refluxing 
chloroform afforded a phenol (VII ) , with three dienones 
(VI I I , IX , and X) as minor products. The structures 
of these products (VI I—X) were assigned on the basis of 
the following evidence. The phenol (VII) responded 
positively to the Gibbs test15) which suggested the pres­
ence of an aromatic proton para to a phenolic hydroxyl 
group. The oxidation of V I I with m-chloroperbenzoic 
acid gave a benzoyloxy-jfr-benzoquinone (XI) which was 
hydrolyzed to give the corresponding hydroxy-/?-benzo-
quinone (XI I ) . The N M R spectrum of V I I showed a 
signal at à 6.57 ppm due to G 1 4 -H, while for those of X I 
and X I I no corresponding signal was observed. Thus, 
the structure of V I I was identified to be methyl 12-ben-
zoyloxy-11 -hydroxyabieta-8,11,13-trien-18-oate.16) The 
treatment of V I I I , I X , and X with lithium a luminum 
hydride in refluxed ether gave the same product, abieta-
8,11,13-trien-12,18-diol (XIII).1 7 '1 8) This suggests that 
each of these dienones has an oxygen-function at the 

C-l2 position. From the I R and U V spectra (see Ex­
perimental section) of these dienones, it is obvious that 
I X and X were ortho-substituted dienones,19) while V I I I 
was a para-substituted dienone.19) T h e N M R spectrum 
of I X was also very similar to that of X, and both I X and 
X showed two non-equivalent secondary methyl group 
signals at ô 0.93 and 1.15 ppm and at à 0.92 and 1.15 
ppm, respectively. O n the other hand, V I I I showed 
an equivalent signal at ô 1.05 p p m due to the methyls of 
the isopropyl group. Thus, I X and X should be epi-
meric isomers with respect to the C-l3 position. Hy­
drolysis of the para-dienone V I I I in aqueous methanol 
with potassium carbonate under reflux gave the corre­
sponding alcohol (XIV) . In the N M R spectrum of 
X I V , the downfield shift of the signal (Ô 1.42 ppm) due 
to the methyl group at the C-10 position relative to the 
corresponding signal (<5 1.12 ppm) for V I I I (or ô 1.17 
ppm for II) suggested a l,3-diaxial-«V-relationship be­
tween the methyl group and the hydroxyl group at the 
C-8 position. Thus, the benzoyloxyl group in V I I I was 
stereochemically assigned to be the ^-configuration. In 
order to determine the stereochemistry of the benzoyl­
oxyl group at the C- l3 position in the ortho-dienones I X 
and X , the following thermal rearrangements were car­
ried out. A solution of X in toluene was refluxed for 
2 h to give V I I (18%) together with the starting sub­
stance (X : 80%) . However, a similar treatment of I X 
gave V I I (14%) and V I I I (16%) along with I X (67%). 
From this rearrangement of I X into V I I I , the stereo­
chemical structure of the benzoyloxyl group in I X was 
assigned to be the ^-configuration, and therefore, that in 
X to be the a-configuration. The methylation of V I I 
in refluxing methanol with dimethyl sulfate in the pres­
ence of aqueous potassium hydroxide gave a monometh-
yl ether (XV) which responded positively to the Gibbs 
test. X V was further methylated with dimethyl sulfate 
and anhydrous potassium carbonate in refluxing methyl 
ethyl ketones to give methyl 11,12-dimethoxyabieta-
8,11,13-trien-18-oate (XVI) which was oxidized with 
chromium trioxide in acetic acid to afford the corre­
sponding 7-oxo compound (XVII ) along with a small 
amount of methyl 12-methoxy-1 l,14-dioxoabieta-8,12-
dien-18-oate ( X V I I I ) . This quinone (XVII I ) was 
also obtained by the oxidation of X V with m-chloroper-
benzoic acid in a moderate yield. The demethylation 
of X V I I I with hydrochloric acid afforded X I I . Sub­
sequently, the conversion of a methoxycarbonyl group 
at the C-4 position in X V I into a methyl group was car­
ried out in the following manner. The ester X V I was 
reduced with lithium aluminum hydride to give the 
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corresponding alcohol (XIX) which by oxidation with 
a chromium trioxide-pyridine complex gave an aldehyde 
(XX) . Huang-Minion reduction of X X gave 11,12-
dimethoxyabieta-8,ll ,13-triene (XXI).8-11 '80) T h e con­
version of X X I into taxodione ( I I I ) via 11,12-dimeth-
oxyabieta-6,8,ll ,13-tetraene (XXIV) has been achieved 
by Mori and Matsui.11) In the present study, X X I V 
was prepared by an alternate method. T h e oxidation 
of X X I with chromium trioxide gave 11,12-dimethoxy-
abieta-8,ll ,13-trien-7-one (XXII)8-9) together with a 
small amount of royleanone methyl ether (XXIII ) 5 ) 
which was demethylated to give royleanone (IV). The 
reduction of X X I I with lithium aluminum hydride gave 
the corresponding alcohol which was immediately de­
hydrated with /»-toluenesulfonic acid in refluxing toluene 
to give XXIV.1 1) T h e conversion of V I I and X V into 
VI was also carried out as follows. Acetylation of V I I 
with isopropenyl acetate in the presence of /»-toluenesul-
fonic acid gave an acetate (XXV),16) which was then 
submitted to oxidation with chromium trioxide in acetic 
acid to give the corresponding 7-oxo derivative 
(XXVI) . " ) Alkaline hydrolysis of X X V I , followed by 
methylation with diazomethane gave V I . This phenol 
(VI) was also obtained from X V by a similar treatment 
via an acetate ( X X V I I ) and a ketone ( X X V I I I ) . 
Methyl 1 l-hydroxy-6,12-dioxoabieta-7,9(l l),13-trien-
18-oate ( X X I X ) , a taxodione analogue, was also synthe­
sized from X X V L The reduction of a carbonyl group 
in X X V I with sodium borohydride arid subsequent de­
hydration of the resulting alcohol gave a tetraene deriva­
tive (XXX) which was then oxidized with m-chloroper-
benzoic acid to give a 6-oxo derivative ( X X X I ) . Alka­
line hydrolysis of X X X I followed by oxidation gave 
X X I X . 

Next, the above benzoyl peroxide oxidation was appli­
ed to ferruginol ( X X X I I ) which was prepared in the 
following manner. The treatment of I I with benzyl 
chloride in refluxing i^iV-dimethylformamide in the 
presence of anhydrous potassium carbonate gave a ben­
zyl ether ( X X X I I I ) , which, on reduction with lithium 
aluminum hydride followed by oxidation of the resulting 
alcohol (XXXIV) with a chromium trioxide-pyridine 
complex, yielded a formyl derivative ( X X X V ) . Huang-
Minion reduction of X X X V gave ferruginol benzyl 
ether ( X X X V I ) which was then hydrogenolyzed using 
P d - C in acetic acid to give ferruginol ( X X X I I ) . The 
oxidation of X X X I I with benzoyl peroxide in chloro-

9. OCOPh 

VII R=C02Me,R=H.F^COPh 

XV R=C02Me.R=H,R"Me 

XVI R=002Me,R=R'=Me 

XIX R=CH2OH, R-R=Me 

XX R=CHO,R'=R=Me 

XXI R=R'=R"=Me 

XXV R=002Me,R=Ac,R''COPh 

XXVII R^COgMe. f ^AcR^Me 

XXXVII R=Me,R=H,R"COPh 

XLIII R -Me .R ' -Ac . t fCOPh 

XLVIII R-Me,R' -R"COPh 

VIII R=C02Me,R=COPh 

XIV R.C02Me,R'-H 

XXXIX R-Me,R=COPh 

XLI R=Me, R=H 

IX R=C0 2Me 

X L R=Me 

0 OCOPh 

XI R=C02Me,Rk:OPh 
XII R = C 0 2 M e , R i H 

XVI» R - C 0 2 M e , R = M e 

XXIII R = R - M e 

XLII R = M e , R = C 0 P h 

XIII R^CHgOH.R^H 

XXX« R=Me, R^H 

XXXIII R - C O ^ R - O ^ P h 
XXXIV R-CHgOhUR'CHgPh 

XXXV R=CHO,R=CH2Ph 

XVII R=C0 2 Me.R=R=Me 

XXII R=R=R=Me 

XXVI R ^ C O ^ e . R - A c P Ä O P h 

XXVIII R-C02Me,RîAc,R"Me 

XLIV R-Me,R'=Ac,R=COPh 

XXXVI R=Me ,R=CH 2 Ph XUX R = M e , R=R=COPh 

OCOPh 

X R=C0 2Me 

XXXVIII R=Me 

'•R * %R ° 

XXIV R = R'=R'=Me XXXI RKX^Me.R^Ac .R^COPh 

XXX R=C02Me,R'Ac,R' 'cOPh XLVII R=Me.R=Ac, R-COPh 

XLV R=Me,R=Ac,R=COPh LI R=Me, R=R=COPh 

L R = M e , R'=R=COPh 

form at room temperature gave a phenol ( X X X V I I ) 
and three dienones ( X X X V I I I - X L ) , whose structures 
were also assigned on the basis of spectral and chemical 
studies (see Experimental section), as in the case of 
V I I — X . The phenol X X X V I I was easily converted 
into royleanone (IV) by m-chloroperbenzoic acid oxida­
tion and subsequent alkaline hydrolysis via royleanone 
benzoate (XLI I ) . Further, acetylation of X X X V I I 
gave an acetate (XLII I ) and this was then oxidized with 
chromium trioxide in acetic acid to give the correspond­
ing 7-oxo compound (XLIV) . T h e hydrolysis of X L I V 
followed by methylation with diazomethane gave 
cryptojaponol (V). Finally, taxodione ( I I I ) was also 
synthesized from the ketone X L I V via a tetraene (XLV) , 
an epoxide (XLVI) , and a 6-oxo compound (XLVI I ) , 
and from the phenol X X X V I I via a dibenzoate 
(XLVIII) ,2 1) a 7-oxo compound ( X L I X ) , a tetraene 
(L), and a 6-oxo compound (LI) . 

Exper imenta l 

All melting points are uncorrected. The IR and UV spectra 
were taken in chloroform and ethanol, respectively. The 
NMR spectra were obtained in carbon tetrachloride at 60 
MHz with tetramethylsilane as an internal standard, unless 
otherwise stated. The chemical shifts are presented in the à 
values; s: singlet, bs: broad singlet, d: doublet, bd: broad 
doublet, dd: double doublet, t: triplet, m: multiplet. The 
optical rotations were measured in chloroform using a Yanaco 
OR-50D. Column chromatography was performed using 
Merck silica gel (0.063 mm). 

Oxidation of Methyl 12-Hydroxyabieta-8,11,13-trien-l8-oate (II) 
with Benzoyl Peroxide. A solution of the phenol II (5.00 g) 
and benzoyl peroxide (3.70 g) in chloroform (60 ml) was gent­
ly refluxed for 2 h in a stream of nitrogen. The solution was 
diluted with ether containing a small amount of acetic acid, 
and washed successively with aqueous potassium iodide, 
aqueous sodium thiosulfate, aqueous sodium hydrogencar-
bonate, and water. After drying over sodium sulfate, the 
solvent was evaporated and the residue was chromatographed 
on silica gel using benzene and benzene-ether (97: 3 and 
95: 5) as eluents, giving four products (VII—X). 

a) : Methyl 12-benzoyloxy-11 -hydroxyabieta-8,11,13-



268 Takashi MATSUMOTO, Yasuo OHSUGA, Shogo HARADA, and Kenji FUKUI [Vol. 50, No. 1 

trien-18-oate (VII: 61%), which responded positively to the 
Gibbs test;15) mp 155—157 °C (from methanol), [a]D +83.1°, 
IR: 3575, 3375, 1735, 1718 cm"1, NMR: 1.16 and 1.19 (each 
d and J = 7 Hz, -CH(CH3)2), 1.29 (s, C4-CH3), 1.38 (s, 
C10-CH3), 3.64 (s, -C0 2 CH 3 ) , 5.26 (s, -OH) , 6.57 (s, C14-H), 
7.4—8.2 (m, -C8H5). Found: C, 74.86; H, 7.71%. Calcd 
for C28H3405: C, 74.64; H, 7.61%. 

b) : Methyl 8/S-benzoyloxy-12-oxoabieta-9 ( 11 ), 13-dien-18-
oate (VIII: 2%); mp 157—158.5 °C (from methanol), [<x]D 

-81.8° , IR: 1722, 1668, 1638 cm-1, UV: Amax 236 nm (e 
18600), NMR: 1.05 (d, 7 = 7 Hz, -CH(CH3)2), 1.12 (s, C10-
CH3), 1.22 (s, C4-CH3), 3.65 (s, -C0 2 CH 3 ) , 6.11 and 6.25 
(each s, C u - H and G14-H), 7.2—8.1 (m, -C6H5). Found: 
C, 74.46; H, 7.67%. Calcd for C28H3405: C, 74.64; H, 7.61%. 

c) : Methyl 13/5-benzoyloxy-12-oxoabieta-8 ( 14) ,9 ( 11 ) -
dien-18-oate (IX: 6%); mp 140—141 °C (from methanol), 
[a]D -196° , IR: 1715, 1663 cm-1, UV: Amax nm (e) 232 
(19800), 321 (2280), NMR (CDC13): 0.93 and 1.15 (each d 
and 7 = 7 Hz, -CH(CH3)2), 1.28 (s, C4-CH3 and C10-CH3), 
3.68 (s, -C0 2CH 3 ) , 5.92 (bs, C14-H), 6.07 (s, C U -H) , 7.2—8.2 
(m, -C6H5). Found: C, 74.37; H, 7.65%. Calcd for C.,s-
H 3 4 0 5 : C , 74.64; H, 7.61%. 

d): Methyl 13<x-benzoyloxy-12-oxoabieta-8(14),9(l 1)-
dien-18-oate (X: 11%); mp 167—168 °C (from methanol), 
[oc]D +280°, IR: 1715, 1663 cm-1, UV: Amax nm (e) 232 
(19700), 321 (2740), NMR (CDC13): 0.92 and 1.15 (each d 
and 7 = 7 Hz, -CH(CH3)2), 1.23 and 1.29 (each s, C4-CH3 

and C10-CH3), 3.67 (s, -C0 2 CH 3 ) , 5.90 (bs, C14-H), 6.07 (s, 
C u -H) , 7.2—8.2 (m, -C6H5). Found: C, 74.34; H, 7.75%. 
Calcd for C28H3405: C, 74.64; H, 7.61%. 

Methyl 12-Ben zoyloxy-11,14-dioxoabieta- 8,12-dien-18-oate 
(XI). A solution of VII (360 mg) and m-chloroperben-
zoic acid (290 mg) in dichloromethane (15 ml) was allowed to 
stand at room temperature for 22 h and then diluted with 
ether. The solution was washed successively with aqueous 
potassium iodide, aqueous sodium thiosulfate, aqueous sodium 
hydrogencarbonate, and water. After drying over sodium 
sulfate, the solvent was evaporated and the crude product was 
purified by column chromatography on silica gel using benzene 
as the eluent producing the recovered VII (104 mg: 29%) and 
a quinone (XI) (166 mg: 45%), which was recrystallized from 
ethanol; mp 121—123 °C, [a]D +32.4°, IR: 1740, 1720, 1658, 
1646 sh, 1602 cm-1, UV: Amax nm (e) 235.5 (17300), 264.5 
(17700), NMR: 1.22 (s, C4-CH3), 1.22 and 1.25 (each d and 
7 = 7 Hz, -CH(CH3)2), 1.30 (s, C10-CH3), 3.64 (s, -C0 2 CH 3 ) , 
7.4—8.3 (m, -C6H5). Found: C, 72.39; H, 7.02%. Calcd 
for C28H32Oe: C, 72.39; H, 6.94%. 

Methyl 12-Hydroxy-11,14-dioxoabieta-8J 2-dien-18-oate (XII). 
a): A mixture of XI (HOmg), sodium hydrogencarbonate 
(500 mg), water (4 ml), and methanol (20 ml) was refluxed for 
1 h. After removal of the solvent, the residue was extracted 
with ether, washed with water, and then dried over sodium 
sulfate. The crude product was chromatographed on silica gel 
(20 g) using benzene-ether (99: 1) as the eluent to give XII 
(53 mg; 62%), which was recrystallized from petroleum ether; 
mp 149—150 °C, [a]D +93.1°, IR: 3375, 1720, 1640, 1633, 
1603 cm-1, NMR: 1.20 (d, 7 = 7 Hz, -CH(CH3)2), 1.22 (s, 
C4-CH3), 1.28 (s, C10-CH3), 3.66 (s, -C0 2 CH 3 ) , 7.15 (s, 
-OH) . Found: C, 69.95; H, 7.77%. Calcd for C21H2805: 
C, 69.97; H, 7.83%. 

b) : A mixture of methyl 12-methoxy-ll,14-dioxoabieta-
8,12-dien-18-oate (XVIII: 113 mg) and concentrated hydro­
chloric acid (5 ml) in methanol (15 ml) was refluxed for 15 h. 
After the usual work-up, the product was purified using column 
chromatography and subsequent crystallization to give XII 
(mp 149—150 °C) which was shown to be identical to a sample 
of a) from a comparison of the IR and NMR spectra. 

Reductions of Dienones ( VIII, IX, and X) with Lithium Alumi­
num Hydride. a) : A mixture of VIII (100 mg) and lithi­
um aluminum hydride (100 mg) in dry ether (15 ml) was re­
fluxed for 1.5 h. After the usual work-up, the product was 
recrystallized from a mixture of acetone and petroleum ether to 
give abieta-8,ll,13-trien-12,18-diol (XIII : 60 mg),17-18) mp 
180—181 °C, [a]D +72.1° (ethanol), which was identical to an 
authentic sample prepared from II by lithium aluminum hy­
dride reduction. Found: C, 79.71; H, 10.05%. Calcd for 
C20H30O2: C, 79.42; H, 10.00%. 

b) : Each of the benzoates (IX and X) was also reduced 
with lithium aluminum hydride as described in a) above 
producing XIII . 

Methyl 8ß-Hydroxy-12-oxoabieta-9(11),13-dien-18-oate (XIV). 
A mixture of VIII (65 mg), potassium carbonate (200 mg), 

water (2 ml), and methanol (8 ml) was refluxed for 2 h. After 
the usual work-up, the crude product was chromatographed on 
silica gel (20 g) using benzene-ether (9: 1) as the eluent to give 
XIV (46 mg: 92%) which was recrystallized from a mixture of 
ether and petroleum ether; mp 74—77 °C, [a]D -60.0°, IR: 
3588, 3413, 1720, 1665, 1635 cm-1, UV: Amax 241 nm (e 
12900), NMR: 1.00 and 1.04 (each d and 7 = 7 Hz, -CH-
(CH3)2), 1.27 (s, C4-CH3), 1.42 (s, C10-CH3), 3.64 (s, 
-C02CH3),5.81 and 6.28 (each s, C u - H and C14-H). 

Thermal Rearrangement of Dienones (IX and X). a)'. A 
solution of IX (100 mg) in toluene (3 ml) was refluxed for 2 h 
and the crude product, after evaporation of the solvent, was 
purified by column chromatography on silica gel (20 g) using 
benzene-ether (99: 1) as the eluent giving VII (14 mg: 14%), 
VIII (16 mg: 16%), and the recovered IX (67 mg: 67%). 

b) : A solution of X (130 mg) in toluene (3 ml) was re­
fluxed for 2 h. Chromatographic purification gave VII 
(23 mg: 18%) and the recovered X (103 mg: 80%). 

Methyl 11-Hydroxy- 12-methoxyabieta-8,ll, 13-trien-18-oate 
(XV). A mixture of VII (2.5 g), 30% aqueous potassium 
hydroxide (4.5 ml), and methanol (50 ml) was refluxed for 
10 min in a stream of nitrogen. To the cold solution, dimethyl 
sulfate (4.5 ml) was added and the mixture was refluxed for 
4.5 h. The reaction mixture was further treated with 30% 
aqueous potassium hydroxide under reflux for 20 min, cooled, 
acidified with dilute hydrochloric acid, and then extracted 
with ether. After the usual work-up, the product was chro­
matographed on silica gel (300 g) using benzene as the eluent 
and recrystallized from methanol giving XV (1.6 g : 80%), mp 
146—147 °C, [a]D +68.8°, IR: 3500, 1720 cm-1, NMR: 1.20 
(d, 7 = 7 Hz, -CH(CH3)2), 1.24 (s, C4-CH3), 1.32 (s, C10-
CH3), 3.61 (s, -C0 2CH 3 ) , 3.69 (s, -OCH3) , 5.85 (s, -OH) , 
6.30 (s, C14-H). Found: C, 73.07; H, 8.96%. Calcd for 
C22H3204: C, 73.30; H, 8.95%. The phenol XV responded 
positively to the Gibbs test.15) 

Methyl 11,12-Dimethoxyabieta- 8,11,13-trien-18-oate (XVI). 
A mixture of XV (136 mg), anhydrous potassium carbonate 
(5 g), dimethyl sulfate (0.6 ml), and methyl ethyl ketone 
(20 ml) was refluxed for 24 h. After the usual work-up, the 
product was chromatographed on silica gel (30 g) using ben­
zene as the eluent and recrystallized from methanol giving 
XVI (134 mg: 95%), mp 92—92.5 °C, [a]D +82.8°, NMR: 
1.16 and 1.18 (each d and 7 = 7 Hz, -CH(CH3)2), 1.24 (s, 
C4-CH3), 1.30 (s, C10-CH3), 3.60 (s, -C0 2CH 3 ) , 3.68 and 
3.79 (each s, 2-OCH3), 6.46 (s, C14-H). Found: C, 73.80; 
H, 9.14%. Calcd for C23H3404: C, 73.76; H, 9.15%. 

Methyl 12-Methoxy-ll, 14-dioxoabieta-8,12-dien-18-oate 
(XVIII). A solution of XV (210 mg) and m-chloroper-
benzoic acid (220 mg) in dichloromethane (10 ml) was treated 
as described above for XI. The crude product was purified by 
column chromatography on silica gel (20 g) with benzene 
giving XVIII (128mg: 59%) which was recrystallized from 
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petroleum ether; mp 139—140 °C, [a]D -70.7° , IR: 1718, 
1653, 1638, 1600 cm-1, NMR: 1.16 (bd, J =7 Hz, -CH-
(CH3)2), 1.20 (s, C4-CH3), 1.30 (s, C10-CH3), 3.58 (s, - C 0 2 -
CH3), 3.82 (s, -OCH3) . Found: C, 70.85; H, 8.16%. Calcd 
for C22H30O5: C, 70.56; H, 8.08%. 

Oxidation of XVI with Chromium Trioxide. A mixture of 
XVI (183 mg) and chromium trioxide (90 mg) in acetic acid 
(4 ml) was allowed to stand at room temperature for 18 h and 
then diluted with ether. The mixture was washed successively 
with water, aqueous sodium hydrogencarbonate, and water. 
After removal of the solvent, the residue was chromatographed 
on silica gel (20 g) using benzene-ether (97: 3) as the eluent to 
give a quinone (29 mg: 16%) which was shown to be identical 
to XVIII from IR and NMR spectral comparisons. Further 
elution gave a ketone (XVII) (147 mg: 77%) which was re-
crystallized from petroleum ether; mp 101.5—102 °C, [<x]D 

+48.1°, IR: 1720, 1675 cm-1, NMR: 1.22 and 1.26 (each d 
and 7 = 7 Hz, -CH(GH3)2), 1.30 (s, C4-CH3), 1.39 (s, C ] 0-
CH3), 3.62 (s, -C0 2CH 3 ) , 3.77 and 3.78 (each s, 2-OCH3), 
7.60 (s, C14-H). Found: C, 70.84; H, 8.53%. Calcd for 
C2 3H3 205 :C, 71.10; H, 8.30%. 

ll,12-Dimethoxyabieta-8,ll,13-trien-18-ol (XIX). A 
mixture of XVI (393 mg) in dry ether (10 ml) and lithium 
aluminum hydride (80 mg) was refluxed for 2 h. After the 
usual work-up, the product was chromatographed on silica gel 
(40 g) using benzene-ether (99: 1) as the eluent to give an 
alcohol (XIX: 380 mg), [a]D +79.7°, IR: 3620, 3450 cm-1, 
NMR: 0.81 (s, C4-CH3), 1.13 and 1.18 (each d a n d / = 6.5 Hz, 
-CH(CH3)2), 1.28 (s, C10-CH3), 3.65 and 3.75 (each s, 2-
OCH3), 6.42 (s, C14-H). 

ll,12-Dimethoxyabieta-8,ll,13-triene (XXI). a): A 
solution of XIX (380 mg) in pyridine (6 ml) was added to the 
Sarett reagent prepared from chromium trioxide (450 mg) and 
pyridine (6 ml). The mixture was stirred at room tempera­
ture for 50 min and then filtered. The filtrate was acidified 
with dilute hydrochloric acid, extracted with ether, and the 
extract was washed with brine. The crude product was puri­
fied by column chromatography on silica gel (40 g) using 
hexane-benzene (1:9) as the eluent to give an aldehyde (XX) 
(234 mg: 62%), [a]D +73.5°, IR: 1718 cm-1, NMR: 1.13 (s, 
C4-CH3), 1.16 and 1.18 (each d and J=7 Hz, -CH(CH3)2), 
1.32 (s, C10-CH3), 3.68 and 3.78 (each s, 2-OCH3), 6.47 (s, 
C14-H), 9.17 (s ,-CHO). 

b) : A mixture of XX (234 mg) in diethylene glycol (6 ml) 
and 80% hydrazine hydrate (0.6 ml) was refluxed for 2 h and 
powdered sodium hydroxide (0.6 g) was then added. The 
mixture was heated at 200 °C for 3 h, cooled, extracted with 
ether, and the extract was washed with brine. Removal of the 
solvent and subsequent chromatography on silica gel (20 g) 
using hexane-benzene (1:9) as the eluent gave XXI (179 mg: 
80%); mp 89.5—90.5 °C, [<x]D +92.0° (EtOH), NMR (CD-
Cl3): 0.93 (s, -C(CH3)2), 1.18 and 1.21 (each d and J=7 Hz, 
-CH(CH3)2), 1.30 (s, C10-CH3), 3.70 and 3.78 (each s, 2-
OCH3), 6.55 (s, C14-H). Found: C, 79.74; H, 10.25%. Calcd 
for C22H3402: C, 79.95; H, 10.37%. 

Oxidation of XXI with Chromium Trioxide. A solution of 
XXI (570 mg) and chromium trioxide (300 mg) in acetic acid 
(20 ml) was allowed to stand at room temperature for 48 h. 
After the mixture had been treated as described above, the 
product was chromatographed on silica gel (150 g) and eluted 
with benzene to give a small amount of royleanone methyl 
ether (XXIII)5) (19 mg: 3%) which was recrystallized from 
methanol; mp 117.5—118.5 °C, [a]D -113° , IR: 1654, 1643, 
1602 cm-1, NMR: 0.92 (s, -C(CH3)2), 1.17 and 1.19 (each d 
and 7 = 7 Hz, -CH(CH3)2), 1.30 (s, C10-CH3), 3.86 (s, 
-OCH3). 

Further elution with benzene-ether (98:2) gave 11,12-di-

methoxyabieta-8,11,13-trien-7-one (XXII)8 '9) (406 mg: 
64%); [a]D +35.5°, IR: 1672 cm-1, NMR: 1.00 (s, 
-C(CH3)2), 1.21 and 1.27 (each d and / = 7 Hz, -CH(CH3)2), 
1.38 (s, C10-CH3), 3.80 (s, 2-OCH3), 7.60 (s, C14-H). 

ll,12-Dimethoxyabieta-6,8,ll,13-tetraene (XXIV). A 
mixture of XXII (203 mg) in dry ether (10 ml) and lithium 
aluminum hydride (40 mg) was refluxed for 2 h. After the 
usual work-up, the crude alcohol was further treated under 
reflux with /»-toluenesulfonic acid (20 mg) in toluene (20 ml) 
for 3 h, and then cooled. After the addition of sodium hy­
drogencarbonate, the mixture was stirred for 30 min, filtered, 
and the filtrate was evaporated. The crude product was 
chromatographed on silica gel (50 g) using hexane-ben­
zene (1 : 1) as the eluent producing XXIV11) (165 mg: 85%), 
[a]D -99.6° , NMR (CDC13): 0.96 and 1.03 (each s, 
-C(CH3)2), 1.13 (s, C10-CH3), 1.18 and 1.22 (each d and 
/ = 7 Hz, -CH(CH3)2), 2.19 (t, 7 = 3 Hz, C5-H), 3.77 (s, 
2-OCH3), 5.86 (dd, / = 3 and 9 Hz, C6-H), 6.41 (dd, / = 3 
and 9 Hz, C7-H), 6.63 (s, C14-H). Found: C, 80.18; H, 
9.88%. Calcd for C22H3202 : C, 80.44; H, 9.83%. 

Methyl H-Acetoxy-12-benzoyloxyabieta-8,ll,13-trien-18-oate 
(XXV). A mixture of VII (300 mg) in toluene (4 ml), 
/>-toluenesulfonic acid (30 mg), and isopropenyl acetate (0.6 
ml) was refluxed for 5 h. After the usual work-up, the product 
was recrystallized from methanol containing a small amount of 
acetone producing XXV (300 mg: 92%), mp 191—192 °C, 
[<x]D +88.7°, IR: 1763, 1740, 1720 cm-1, NMR: 1.78 (s, 
-OCOCH3) . Found: C, 72.92; H, 7.36%. Calcd for C30-
H 3 6 0 6 : C , 73.14; H, 7.37%. 

Methyl 11-Acetoxy-l 2-benzoyloxy-7-oxoabieta-8,l1,13-trien-18-
oate (XXVI). A mixture of XXV (700 mg) and chro­
mium trioxide (350 mg) in acetic acid was allowed to stand at 
room temperature for 26 h. The crude product was chro­
matographed on silica gel (70 g) and eluted with benzene-
ether (95: 5) giving XXVI (586 mg: 82%), mp 178—180 °C 
(from methanol), [a]D +72.0°, IR: 1765, 1738, 1720, 1682 
cm-1, NMR: 7.95 (s, C14-H). Found: C, 70.85; H, 6.71%. 
Calcd for C30H34O7: C, 71.13; H, 6.77%. 

Methyl 11-Hydroxy-12-methoxy- 7-oxoab ieta- 8,11,13-trien-18-
oate (VI): a) : A mixture of XXVI (135 mg) in meth­
anol (7 ml) and 30% aqueous potassium hydroxide (0.6 ml) 
was refluxed for 2 h in a stream of nitrogen. After removal of 
the solvent, the residue was acidified, extracted with ether, and 
the extract was washed with water. The crude product was 
methylated with diazomethane and then chromatographed on 
silica gel (20 g) using benzene-ether (99: 1) as the eluent 
giving VI10) (68 mg: 68%), which was recrystallized from 
petroleum ether containing a small amount of acetone; mp 
202.5—203.5 °C, [a]D +33.8°, IR (CC14): 3500, 1730, 1685, 
1607 cm-1, NMR (CDC13): 1.25 (d, J=1 Hz, -CH(CH3)2), 
1.32 (s, C4-CH3), 1.41 (s, C10-CH3), 3.62 (s, -C0 2CH 3 ) , 3.78 
(s, -OCH3) , 6.13 (s, -OH) , 7.59 (s, C u - H ) . Found: C, 
70.51 ; H, 8.12%. Calcd for C22H30OB: C, 70.56; H, 8.08%. 

b) : Similarly, XV (109 mg) was acetylated with isopro­
penyl acetate (0.1 ml) and /»-toluenesulfonic acid (10 mg) in 
toluene (5 ml) giving the corresponding acetate (XXVII) 
(94 mg: 77%), IR: 1760, 1720 cm-1. 

Oxidation of XXVII (94 mg) with chromium trioxide (50 
mg) in acetic acid (3 ml) gave methyl ll-acetoxy-12-methoxy-
7-oxoabieta-8,ll,13-trien-18-oate (XXVIII) (71 mg: 73%), 
IR: 1760, 1720, 1680 cm"1, which was then hydrolyzed under 
reflux for 2 h with 30% aqueous potassium hydroxide (0.3 ml) 
in methanol (7 ml) yielding VI (44 mg : 69% ). IR and NMR 
spectra of the synthetic VI were identical with those of a 
natural sample. 

Methyl 1 l-Acetoxy-12-benzqyloxyabieta- 6,8,11,13-tetraen-18-
oate (XXX). A mixture of XXVI (1.26 g) in methanol 
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(20 ml) and sodium borohydride (190 mg) was allowed to 
stand at 0 °C for 3.5 h. After the usual work-up, the crude 
alcohol (1.26 g) was refluxed with />-toluenesulfonic acid (130 
mg) in toluene (40 ml) for 1.5 h. The product was chromato-
graphed on silica gel (120 g) using benzene-ether (99: 1) as the 
eluent giving XXX (1.11 g: 91%), which was recrystallized 
from ethanol; mp 128—129 °C, [oc]D +29.3°, IR: 1758, 1735, 
1720 cm-1, NMR: 3.03 (t, 7=2 .5 Hz, C5-H), 5.59 (dd, 7 = 2 . 5 
and 9.5 Hz, C6-H), 6.42 (dd, 7 = 2 . 5 and 9.5 Hz, C7-H). 
Found: C, 73.36; H, 6.99%. Calcd for C30H34O6: C, 73.45; 
H, 6.99%. 

Methyl 11-Acetoxy-12-ben zoyloxy- 6-oxoabieta- 8,11,13-trien-18-
oate (XXXI). A mixture of XXX (210 mg) in dichloro-
methane (20 ml) and m-chloroperbenzoic acid (88 mg) was 
allowed to stand at 0 °C for 4 h, and then extracted with ether. 
The ether extract was washed with aqueous sodium hydrogen-
carbonate and water. Evaporation of the solvent and sub­
sequent chromatography on silica gel (20 g) using benzene-
ether (98: 2) as the eluent gave XXXI (46 mg: 22%), which 
was recrystallized from a mixture of acetone and methanol; 
mp 253—255 °C, [<x]D +164°, IR: 1760, 1732, 1725, 1710 sh 
cm-1, NMR (CDClg): 1.23 and 1.25 (each d and 7 = 7 Hz, 
-CH(CH3)2), 1.28 and 1.47 (each s, C4-CH3 and C10-CH3), 
1.96 (s,-OCOCH3), 3.48 (s, C5-H), 3.65 (s, -C0 2 CH 3 ) , 3.71 
(s, -COCH2-) , 7.00 (s, C14-H), 7.3—8.4 (m, -C6H5). Found: 
C, 70.85; H, 6.81%. Calcd for C30H34O7: C, 71.13; H, 6.77%. 

Methyl ll-Hydroxy-6,12-dioxoabieta-7,9{ll),13-trien-18-oate 
(XXIX). A mixture of XXXI (298 mg) in methanol (54 
ml), sodium hydrogencarbonate (200 mg), and water (6 ml) 
was refluxed for 40 min, and then extracted with ether. The 
extract was washed with water, dried over sodium sulfate, and 
evaporated. The crude product was chromatographed on 
silica gel (20 g) using benzene-ether (99: 1) as the eluent 
giving XXIX (127 mg: 61%), which was recrystallized from 
methanol; mp 57.5—59 °C, [a]D -80.3° , IR: 3345, 1723, 
1667, 1642, 1627, 1617, 1600 cm-1, UV: Amax nm (e) 325 
(20000), 335 (21400), 405 (3020), NMR: 1.22 (d, 7 = 7 Hz, 
-CH(CH3)2), 1.32 (s, C4-CH3), 1.46 (s, C10-CH3), 3.49 (s, 
C5-H), 3.66 (s, -C0 2 CH 3 ) , 6.21 (s, C7-H), 6.92 (s, C14-H), 
7.62 (s, -OH) . 

Methyl 12-Benzyloxyabieta-8,ll,13-trien-18-oate (XXXIII). 
A mixture of II (500 mg) in iV,JV-dimethylformamide (2 ml), 
benzyl chloride (250 mg), and anhydrous potassium carbonate 
(2 g) was refluxed with stirring for 1 h, cooled, diluted with 
ether, and then acidified with dilute hydrochloric acid. The 
ether solution was washed with brine, dried over sodium sul­
fate, and evaporated. The residue was chromatographed on 
silica gel using benzene as the eluent giving XXXIII (617 mg: 
97%), which was recrystallized from ethanol, mp 76.5—77 °C, 
[<x]D +70.4°. Found: C, 80.13; H, 8.57%. Calcd for C28-
H 3 6 0 3 : C , 79.96; H, 8.63%. 

12-Benzyloxyabieta-8,U,13-trien-18-one (XXXV). A 
mixture of XXXIII (4.60 g) in dry ether (50 ml) and lithium 
aluminum hydride (1.0 g) was refluxed for 4 h. After the 
usual work-up, the crude alcohol XXXIV (4.05 g) in pyridine 
(40 ml) was oxidized at room temperature for 1.5 h with 
Sarett reagent prepared from chromium trioxide (3.09 g) and 
pyridine (30 ml). The product was recrystallized from ethanol 
giving XXXV (2.13 g: 69%), mp 135—136.5 °C, [a]D 

+ 73.9°, IR: 1720 cm-1, NMR: 9.15 (s, -CHO). Found: C, 
82.83; H, 8.64%. Calcd for C27H3402: C, 83.03; H, 8.78%. 

12-Benzyloxyabieta-8,ll,13-triene (Ferruginol Benzyl Ether) 
(XXXVI). A mixture of XXXV (2.06 g) in diethylene 
glycol (62 ml) and 80% hydrazine hydrate (8.2 ml) was re­
fluxed for 2 h. After the addition of powdered sodium hy­
droxide (8.2 g), the mixture was further heated at 195—200 °C 
for 3 h. After the usual work-up, the product was purified by 

column chromatography on silica gel (200 g) using hexane-
benzene (1:3) as the eluent giving XXXVI (1.82 g : 92%), 
which was recrystallized from ethanol, mp 63—64 °C, [a]D 

+ 68.2°. Found: C, 86.37; H, 9.80%. Calcd for C27H360: 
C, 86.11; H, 9.64%. 

Ferruginol (XXXII). A mixture of XXXVI (2.26 g) in 
acetic acid (150 ml), 5% Pd-C (750 mg), and concentrated 
hydrochloric acid (1.0 ml) was stirred at room temperature for 
ca. 3 h in an atmosphere of hydrogen. After the usual work­
up, the product was chromatographed on silica gel (150 g) 
using hexane-benzene (2:3) as the eluent giving XXXII 
(1.69 g: 98%), [a]D +57.5°, IR: 3605, 3350 cm"1, NMR: 0.90 
and 0.92 (each s, -C(CH3)2), 1.08 (s, C10-CH3), 1.17 (d, 7 = 7 
Hz, -CH(CH3)2), 5.18 (s, -OH) , 6.37 and 6.65 (each s, C u - H 
and C14-H). 

Oxidation of Ferruginol (XXXII) with Benzoyl Peroxide. A 
solution of XXXII (5.73 g) and benzoyl peroxide (5.60 g) in 
chloroform (30 ml) was allowed to stand at room temperature 
for 4 h. The crude product was purified by column chro­
matography on silica gel giving four products (XXXVII-XL). 

a) : 12-Benzoyloxyabieta-8,11,13-trien-11 -ol (XXXVII : 
44%), which responded positively to Gibbs test;15) mp 132.5— 
133 °C, (from petroleum ether), [a]D +81.2°, IR: 3575, 3350, 
1740 cm-1, NMR: 0.97 (s, -C(CH3)2), 1.17 and 1.19 (each d 
and 7 = 7 Hz, -CH(CH3)2), 1.33 (s, C10-CH3), 5.17 (s, -OH), 
6.50 (s, C14-H), 7.4—8.3 (m, -C6H5). Found: C, 80.02; H, 
8.56%. Calcd for C27H3403: C, 79.76; H, 8.43%. 

b): 12-Oxoabieta-8(14),9(ll)-dien-13a-yl benzoate 
(XXXVIII : 6%); mp 134.5—135.5 °C (from methanol), 
[a]D +270°, IR: 1714, 1664 cm-1, UV: Amax nm (e) 233 
(15400), 321 (2230), NMR: 0.90 and 1.11 (each d and 7 = 7 
Hz, -CH(CH3)2), 0.96 (s, -C(CH3)2), 1.19 (s, C10-CH3), 5.81 
and 5.89 (each s, C n - H and C14-H), 7.2—8.1 (m, -C6H6). 
Found: C, 79.56; H, 8.55%. Calcd for C27H3403: C, 79.76; 
H, 8.43%. 

c) : 12-Oxoabieta-9(l l),13-dien-8£-yl benzoate (XXXIX: 
2%); mp 139—140 °C (from methanol), [a]D -119° , IR: 
1721, 1665, 1630 cm-1, UV: Amax 235 nm (e 20900), NMR: 
0.92 (s, -C(CH3)2), 1.05 (d, 7 = 7 Hz, -CH(CH3)2), 1.11 (s, 
C10-CH3), 6.09 and 6.26 (each s, C n - H and C14-H). Found : 
C, 79.60; H, 8.51%. Calcd for C27H3403: C, 79.76; H, 8.43%. 

d): 12-Oxoabieta-8(14),9(ll)-dien-13/5-yl benzoate (XL: 
3%); mp 135—136 °C (from methanol), [a]D -214° , IR: 
1715, 1663 cm-1, UV: Amax nm (e) 233 (17000), 321 (2350), 
NMR: 0.88 and 1.11 (each d and 7 = 7 Hz, -CH(CH3)2), 0.94 
and 0.97 (each s, -C(CH3)2), 1.27 (s, C10-CH3), 5.80 and 5.88 
(each s, C n - H and C14-H), 7.2—8.1 (m, -C6H5). Found : C, 
80.03; H, 8.63%. Calcd for C27H3403: C, 79.76; H, 8.43%. 

Reduction of XXXVIII, XXXIX, and XL with Lithium Alumi­
num Hydride. A mixture of XXXVIII (83 mg) in dry 
ether (5 ml) and lithium aluminum hydride (100 mg) was 
refluxed for 1.5 h. After the usual work-up, the product was 
purified by column chromatography to give ferruginol 
(XXXII) (53mg:91%). 

By similar treatments, XXXIX and XL were also converted 
to XXXII . 

Thermal Rearrangement of Dienones (XXXVIII and XL). 
a) : A solution of XXXVIII ( 119 mg) in toluene (5 ml) was 

refluxed for 2 h, and then evaporated. The residue was chro­
matographed on silica gel to give XXXVII (8 mg: 7%) and 
the recovered XXXVIII (106 mg: 89%). 

b) : A similar treatment of XL (129 mg) in refluxing tolu­
ene (5 ml) for 2 h gave XXXVII (22 mg: 17%), XXXIX 
(15 mg: 12%), and the recovered XL (86 mg: 67%). 

8ß-Hydroxyabieta-9(ll),13-dien-12-one (XLI). A mix­
ture of XXXIX (90 mg) in methanol (16 ml), anhydrous 
potassium carbonate (200 mg), and water (2 ml) was refluxed 



January, 1977] Taxodione, Royleanone, Cryptojaponol, and Related Compound 271 

for 2 h and the solvent was removed in a vacuum. After the 
residue had been extracted with ether, the extract was washed 
with water, dried, and then evaporated. The crude product 
was chromatographed on silica gel (20 g) using benzene-ether 
(95: 5) as the eluent to give the recovered XXXIX (14 mg: 
16%) and an alcohol (XLI) (56 mg: 83%), which was re-
crystallized from methanol, mp 181—182.5 °C, [<x]D -142° , 
IR: 3580, 3400, 1662, 1630 cm"1, UV: Amax 242 nm (e 12700), 
NMR (CDClg): 0.90 and 0.95 (each s, -C(CH3)2), 1.05 (d, 
7 = 7 Hz, -CH(CH3)2), 1.38 (s, C10-CH3), 1.86 (s, -OH) , 5.98 
and 6.38 (each s, C n - H and C14-H). Found: C, 79.40; H, 
10.12%. Calcd for C20H30O2: C, 79.42 ; H, 10.00%. 

12-Benzoyloxyabieta-8,12-dien-ll,14-dione (Royleanone Benzoate) 
(XLII). A solution of XXXVII (205 mg) and m-chloro-
perbenzoic acid (155 mg) in dichloromethane (7 ml) was al­
lowed to stand at room temperature for 25 h. After the usual 
work-up, the crude product was chromatographed on silica gel 
(30 g) using hexane-benzene ( 1: 1 ) as the eluent to give the 
recovered XXXVII (78 mg: 38%) and XLII (100 mg: 45%), 
which was recrystallized from ethanol; mp 196—197 °C, [a]D 

+ 52.3°, IR: 1740, 1659 cm-1, UV: Am9X nm (e) 235 (15900), 
265 (16400), NMR: 0.93 (s, -C(CH3)2), 1.24 (d, 7 = 7 Hz, 
-CH(CH3)2), 1.28 (s, C10-CH3), 7.4—8.2 (m,-C6H5). Found: 
C, 76.88; H, 7.66%. Calcd for C27H3204: C, 77.11; H, 
7.67%. 

Royleanone (IV). a) : A mixture of the benzoate XLII 
(96 mg) in methanol (40 ml), sodium hydrogencarbonate 
(300 mg), and water (7 ml) was refluxed for 1 h. After 
removal of the solvent under vacuum, the residue was extract­
ed with ether and the extract was washed with water, dried, 
and then evaporated. The crude product was chromato­
graphed on silica gel using benzene as the eluent to give 
royleanone (IV)5) (62 mg: 84%), which was recrystallized 
fromhexane; mp 181.5—183 °C, [oc]D +137°, IR: 3375, 1674, 
1636, 1602 cm-1, UV: Amax nm (e) 277 (14100), 403 (440), 
NMR: 0.95 (s, -C(CH,)a), 1.20 (d, 7 = 7 Hz, -CH(CH3)2), 
1.26 (s, C10-CH3), 7.16 (s, -OH) . Found: C, 76.21 ; H, 9.04%. 
Calcd for C20H28O3: C, 75.91 ; H, 8.92%. 

b): A solution of the methyl ether XXIII (31.8 mg) in 
methanol (5 ml) and 10% hydrochloric acid (1.0 ml) was re-
fluxed for 16 h. After the usual work-up, the product was 
purified by column chromatography to give royleanone (IV) 
(11.7mg: 38%), mp 180.5—182 °C. The IR and NMR 
spectra of the synthetic royleanone were identical to those of a 
natural sample. 

1 l-Acetoxy-12-benzoyloxyabieta-8,l 1,13-triene (XLIII). A 
solution of XXXVII (710 mg) in dry toluene (10 ml), p-tohx-
enesulfonic acid (40 mg), and isopropenyl acetate (2 ml) was 
refluxed for 5 h. After the usual work-up, the crude product 
was chromatographed on silica gel (70 g) using benzene as the 
eluent to give XLIII (730 mg: 93%), which was recrystallized 
from methanol; mp 179—179.5 °C, [a]D +80.0°, IR: 1760, 
1738 cm-1, NMR: 0.91 and 0.96 (each s -C(CH3)2), 1.18 and 
1.20 (each d and 7 = 7 Hz, -CH(CH3)2), 1.26 (s, C10-CH3), 
1.81 (s, -OCOCH3), 6.82 (s, C14-H), 7.2—8.3 (m, -C6H5). 
Found: C, 77.36; H, 8.01%. Calcd for C29H3604: C, 77.64; 
H, 8.09%. 

11-Acetoxy-l 2-benzoyloxyabieta-8,ll,13-trien-7-one (XLIV). 
A solution of XLIII (985 mg) in acetic acid (20 ml) was 
oxidized with chromium trioxide (450 mg) at room tempera­
ture for 22 h. The product was purified by column chromato­
graphy on silica gel (100 g) using benzene-ether (99: 1) as the 
eluent to give XLIV (833 mg: 82%), which was recrystallized 
from ethanol; mp 160—162 °C, [a]D +56.9°, IR: 1768, 1740, 
1680 cm-1, NMR: 0.98 (s, -C(CH3)2), 1.25 and 1.29 (each d 
and 7 = 7 Hz, -CH(CH3)2), 1.34 (s, C10-CH3), 1.87 (s, 
-OCOCH3), 7.5—8.3 (m, -C6H5), 7.98 (s, C14-H). Found: 

C, 75.54; H, 7.44%. Calcd for C29H3405: C, 75.30; H, 
7.41%. 

Cryptojaponol (V). A mixture of XLIV (250 mg) in 
methanol (18 ml), sodium hydrogencarbonate (600 mg), and 
water (2 ml) was refluxed for 1 h. After the usual work-up, 
the crude product was methylated with diazomethane and 
then purified by column chromatography on silica gel (20 g) 
using benzene-ether (99: 1) as the eluent to give cryptojaponol 
(V)8,9>(145 mg: 81%), which was recrystallized from meth­
anol; mp 205—206.6 °C, [a]D +20.0°, IR: 3505, 1670, 1605 
cm-1, NMR: 0.98 (s, -C(CH3)2), 1.26 (d, 7 = 7 Hz, -CH-
(CH3)2), 1.39 (s, C10-CH3), 3.77 (s, -OCH3) , 6.02 (s, -OH) , 
7.48 (s, C14-H). Found: C, 76.09; H, 9.13%. Calcd for 
C21H30O3: C, 76.32; H, 9.15%. 

1 l-Acetoxy-12-benzoyloxyabieta-6,8,l1,13-tetraene (XLV). 
A solution of XLIV (263 mg) and sodium borohydride (120 
mg) in methanol (7 ml) was allowed to stand at 0 °C for 4 h. 
After the usual work-up, the product (251 mg) was dehydrated 
with /»-toluenesulfonic acid (90 mg) in dry toluene (15 ml) 
under reflux for 3.5 h to afford a tetraene derivative along with 
the corresponding 11 -hydroxy-12-benzoyloxy derivative. The 
above mixture was then acetylated with isopropenyl acetate 
( 1 ml) in the presence of /»-toluenesulfonic acid (20 mg) in 
refluxing toluene (10 ml) and chromatographed on silica gel to 
give XLV (148 mg: 56%), which was recrystallized from 
methanol; mp 157—158 °C, [oc]D -80.8° , IR: 1758, 1737 
cm-1, NMR: 0.98 and 1.02 (each s, -C(CH3)2), 1.15 (s, C10-
CH3), 1.20 and 1.24 (each d and 7 = 7 Hz, -CH(CH3)2), 1.84 
(s, -OCOCH3), 2.32 (t, 7 = 2 . 5 Hz, C6-H), 5.92 (dd, 7 = 2 . 5 
and 9.5 Hz, C6-H), 6.48 (dd, 7 = 2 . 5 and 9.5 Hz, C7-H), 6.84 
(s, C14-H), 7.4—8.3 (m, -C6H5). Found: C, 78.15; H, 
7.59%,. Calcd for C29H3404: C, 77.99; H, 7.67%,. 

1l-Acetoxy-12-benzoyloxyabieta-8,l 1,13-trien-6-one (XL VII). 
A solution of XLV (589 mg) and w-chloroperbenzoic acid 
(320 mg) in dichloromethane (10 ml) was allowed to stand at 
room temperature for 24 h. After the usual work-up, the 
crude epoxide was chromatographed on silica gel (60 g) using 
benzene-ether (99: 1) as the eluent to give XLVII (475 mg: 
78%), which was recrystallized from methanol; 222—224 °C, 
( [ a ] D + l l l ° , IR: 1762, 1740, 1717 cm-1, NMR : 1.05 and 1.30 
each s, -C(CH3)2), 1.19 and 1.23 (each d and 7 = 7 Hz, -CH-
(CH3)2), 1.30 (s, C10-CH3), 1.87 (s, -OCOCH3) , 2.64 (s, 
C6-H), 3.60 (bs, -COCH2-) , 6.90 (s, C14-H), 7.5—8.3 (m, 
-C6H5). Found: C, 75.06; H, 7.54%. Calcd for C29H34Oö: 
C, 75.30; H, 7.41%. 

The above crude epoxide was recrystallized from a mixture 
of acetone and petroleum ether giving pure epoxide (XLVI), 
mp 199—201 °C, [a]D +6.5°, IR: 1765, 1740 cm-1, NMR 
(CDCI3): 1.13 (s, -C(CH3)2), 1.21 and 1.26 (each d and 7 = 7 
Hz,-CH(CH3)2) , 1.33 (s, C10-CH3), 1.93 (s,-OCOCH3), 3.54 
(t, 7 = 4 . 5 Hz, C6-H), 3.92 (d, 7 = 4 . 5 Hz, C7-H), 7.38 (s, 
C14-H), 7.4—8.3 (m, -C6H5). Found: C, 75.45; H, 7.49%. 
Calcd for C2SH3405: C, 75.30; H, 7.41%. 

11,12-Bis (benzoyloxy) abieta-8,11,13-triene (XLVIII). A 
solution of XXXVII (244 mg), benzoyl chloride (0.2 ml), and 
pyridine (4 ml) was heated at 80—100 °C for 2 h. The 
product was purified by column chromatography on silica gel 
using benzene as the eluent to give XLVIII21) (279 mg: 91%,), 
which was recrystallized from a mixture of acetone and petrole­
um ether; mp 207—208 °C, [a]D +76.2°, IR: 1735 cm-1, 
NMR: 0.92 and 0.97 (each s, -C(CH3)2), 1.22 (d, 7 = 7 Hz, 
-CH(CH3)2), 1.28 (s, C10-CH3), 6.90 (s, C14-H), 7.0—8.1 (m, 
2-C6H5). Found : C, 79.82 ; H, 7.53%. Calcd for C34H3804 : 
C, 79.97; H, 7.50%. 

ll,12-Bis(benzoyloxy)abieta-8,ll,13-trien-7-one (XLIX). 
A solution of XLVIII (8.40 g) in acetic acid (300 ml) was 
oxidized at room temperature for 24 h with chromium trioxide 
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(7.0 g). The crude product was purified by chromatography 
on silica gel (300 g) using benzene as the eluent to give XLIX 
(6.15 g : 69%), which was recrystalhzed from methanol; mp 
150—151 °C, [a]D +23°, IR: 1742, 1682 cm-1, NMR: 8.03 
(s, C14-H). Found: C, 77.56; H, 6.94%. Calcd for C34H36-
0 5 : C, 77.83; H, 6.92%. 

ll,12-Bis(benzqyloxy)abieta-6,8,ll,13-tetraene (L). A 
solution of XLIX (5.55 g) in methanol (120 ml) was reduced 
at 0 °C for 4 h with sodium borohydride (1.2 g). The crude 
alcohol was then dehydrated for 2 h with/»-toluenesulfonic acid 
(1.8 g) in refluxing toluene (100 ml). The product was puri­
fied by chromatography on silica gel (300 g) using hexane-
benzene (1: 9) as the eluent to give L (4.40 g: 76%), which 
was recrystalhzed from a mixture of acetone and methanol; 
mp 182.5—183 °C, [a]D -308° , IR: 1740 cm-1, NMR: 2.33 
(t, 7 = 3 Hz, C5-H), 5.96 (dd, J=3 and 9.5 Hz, C6-H), 6.52 
(dd, y = 3 and 9.5 Hz, C7-H). Found: C, 80.55; H, 7.24%. 
Calcd for C34H3604: C, 80.28; H, 7.13%. 

/ l,12-Bis(benzoyloxy)abieta-8,l l,13-trien-6-one (LI). A 
solution of L (501 mg) in chloroform (5 ml) was treated at 
room temperature for 3 h with m-chloroperbenzoic acid (207 
mg). The epoxide was chromatographed on silica gel (50 g) 
using benzene-ether (98: 2) as the eluent to give LI (340 mg: 
66%), which was recrystallized from a mixture of acetone and 
methanol; mp 207—208 °C, [a]D +58.3°, IR: 1740, 1718 
cm-1, NMR: 1.04 and 1.30 (each s, -C(CH3)2), 1.25 (d, J=l 
Hz, -CH(CH3)2), 1.30 (s, C10-GH3), 2.65 (s, C5-H), 3.64 (bs, 
-COCH2-) , 6.93 (s, C14-H), 7.0—8.1 (m, 2-C6H5). Found: 
C, 78.12; H, 7.03%. Calcd for C34H3605: C, 77.83; H, 6.92%,-

Taxodione (III). a) : A mixture of XLVII (150 mg) 
in methanol (10 ml), sodium hydrogencarbonate (450 mg), 
and water ( 1 ml) was refluxed for 1 h. The crude phenol was 
chromatographed on silica gel (20 g) using benzene as the 
eluent to give taxodione (HI) (62 mg: 60%), which was re-
crystallized from petroleum ether; mp 97.5—98 °C, [a]D 

+40°, IR: 3345, 1671, 1642, 1626, 1614, 1598 cm-1, UV: 
Amax nm (e) 323 (23400), 335 (24500), 405 (3240), Mass: m/e 
314 (M+), NMR (CDC13): 1.12 and 1.27 (each s, -C(CH3)2), 
1.18 (d, J = 7 Hz, -CH(GH,)a), 1.27 (s, C10-CH3), 2.61 (s, 
C5-H), 2.96 (m, -CH(CH3)2), 6.20 (s, C7-H), 6.87 (s, C14-H), 
7.57 (s, -OH) . Found: C, 76.23; H, 8.39%. Calcd for 
C20H26Cv C, 76.40; H, 8.34%. 

b) : A mixture of LI (340 mg) in methanol (25 ml), sodium 
hydrogencarbonate (1.0 g), and water (7 ml) was treated as 
described under a) above to give taxodione (III) (120 mg: 
59%). The IR and NMR spectra of the synthetic taxodione 
were identical with those of a natural sample. 

T h e authors are grateful to Arakawa Rinsan Kogyo 
Co., Ltd. for a generous gift of rosin. Thanks are also 
due to Professor S. Morris Kupchan , University of 

Virginia, to Professor O. E. Edwards, National Research 
Council, Ot tawa, and to Professor J . F. Biellmann, Insti­
tute of Louis Pasteur, for kindly supplying the natural 
samples and their spectra. 
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The Temperature and Solvent Effects on the AlCh-catalyzed 
Cyclization of 3,3'-Diphenyl-2,2'-biindenyl-l,r-dione 

Fumio TODA and Yozo TODO 

Department of Industrial Chemistry, Faculty of Engineering, Ehime University, Matsuyama 790 
(Received August 30, 1976) 

Upon the AlCl3-catalyzed cyclization of the title biindenone (1) into benz[c]indeno[2,l-a]fluorene-13,14-dione 
(2) and 3,3': 3,3'-di(0-phenylene)-2,2'-biindenylidene-l,r-dione (3), the 2 : 3 ratio increased when the reaction 
temperature was raised and decreased when the polarity of the solvent was increased. 

During the course of our study of the AlCl3-catalyzed 
cyclization of the title biindenone (1) into benz[c]-
indeno[2,l-a]fluorene-13,14-dione (2) and 3,3':3,3'-di-
(o-phenylene) -2,2 '-biindenylidene-1,1 '-dione (3), we 
found that the 2 : 3 ratio is remarkably affected by the 
reaction temperature and the polarity of the solvent. 

Results 

T h e yields of the products under various reaction con­
ditions are summarized in Table 1. Of the products, 
2—6, 21* and 62> are known compounds. T h e spectral 
and analytical data of 3, 3,3'-(o-phenylene)-3,3'-diphen-
y 1-2,2'-biindenylidene-l,l '-dione (4a), and its halo de­
rivatives (4b—c and 5b—c) are summarized in Table 2. 

TABLE 1. REACTION CONDITIONS AND YIELDS OF PRODUCTS^ 

Reaction conditions 

Solvent 

C6H6 

csa 

C6H5Br 

C6H5C1 

CH2C12 

C6H5N02 

Dielectric 
constant 

2.3 

2.6 

5.4 

5.6 

8.9 

34.8 

Reaction 
temperature 

(°C) 

20 
80 
20 
46 
20 
80 
20 
80 
20 
40 
20 
80 

2 

38 
74 
22 
49 
20 
49 
12 
30 

89 

3 

6 

8 
14 
8 

16 
70 

60 
60 

Yields (%) of products 

4 

37 (4a) 

£}<*> 
> > 

5 

12 (5b) 

22 (5c) 

6 

28 
28 

a) The yields are based on the product of the reaction which was carried out for 3 h; within this 
period all the reactions were completed. 

TABLE 2. MELTING POINTS, AND SPECTRAL AND ANALYTICAL DATA OF 3, 4, AND 5a> 

Compound Mp (°G) vg*1 (cm-1) A%£h nm («X 10~2) m je (rel intensity) 
Found (Calcd) (%] 

C H 

4a 

5b 

5c 

292 

>310 

4b 276—277 

4c 295—296 

>310 

>310 

1710 (G=0) 
1640 (C=C) 
1710 (C=0) 
1645 (C=C) 
1720 (C=0) 
1640 (C=C) 
820 (1,4-C6H4) 

1720 (G=0) 
1640 (C=C) 
820 (1,4-C.H,: 
1720 (C=0) 
1640 (G=C) 

1720 (C=0) 
1640 (C=C) 

296(375), 308(70), 
409(91), 464(16) 

298(196) 

296(191) 

298(176) 

297(194) 

294(182) 

408 (M+, 100), 380 ( M + - C O , 30), 87.95 3.87 
332 (M+-C 6 H 4 , 85), 176 (C14H8+, 30) (88.22 3.95) 
486(M+, 100), 409 (M+-Ph , 33), 88.63 4.36 
381 (409-CO, 40), 332 (409-Ph, 10) (88.86 4.56) 
564 (M+, 100), 566 ((M+2)+, 98), 76.24 3.55 
485 (M+-Br, 50), 409 (M+-C6H4Br, (76.46 3.74) 
20), 381 (409-CO, 40), 
520 (M+, 100), 522 ((M-f 2)+, 33), 82.79 3.82 
485 (M+-C1, 45), 409 (M+-C6H4C1, 20) (82.99 4.06) 

564 (M+, 100), 566 ((M+2)+, 98), 76.31 3.66 
485 (M+-Br, 50), 409 (M+-C6H4Br, (76.46 3.74) 
20), 381 (409-CO, 20) 
520 (M+, 100), 522((M+2)+, 33) 82.71 3.97 
485 ( M + - CI, 45), 409 (M+ - C6H4C1, 20) (82.99 4.06) 

a) All the melting points are uncorrected. The mass spectra were measured with an ionization energy of 75 
eV. The NMR spectra showed aromatic protons only. 
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0 0 

2 3 4 + 5 

T h e structures of 4 and 5 were characterized by com­
paring their spectral data with those of 7.2) The struc­
ture of 3 was mainly characterized by means of the mass 
spectrum, which showed the fragmentation of the ben-
zyne from the molecular ion and the formation of an 
anthracene cation radical (Table 2). T h e U V spectral 
bands of 3 in the remarkably longer-wave length region 
are presumably due to its internal strain. Of the halo­
gen-substituted products (4b—c and 5b—c) , 4 b and 4c 
were identified as 4-halo derivatives on the basis of their 
I R bands of 1,4-disubstituted benzene (820 cm- 1 ) . 
Therefore, 5b and 5c are probably 2-halo derivatives. 

D i s c u s s i o n 

Temperature Effect. In the cases of all the reactions 
except in nitrobenzene with an extremely high dielectric 
constant, the 2 : 3 ratio increased when the reaction tem­
perature was raised. This was remarkable in dichloro-
methane, the products a t 20 and 40 °C being 3 and 2 re­
spectively. Of course, no thermal conversion of 3 into 
2 under the conditions described in Table 1 was observ­
ed. T h e temperature effect can be interpreted as fol­
lows: there are two competing reaction pathways, lead­
ing to 2 and 3 respectively. One of them proceeds 
through the elimination of the benzenide anion and 
AlClg from 10, which was formed by an intramolecular 
cyclization of the AlCl3-coordinated intermediate (8), 
giving 2 (Path (a)). Another one proceeds through the 
further coordination of A1C13 to 10 (Path (b) ) ; cycliza­
tion followed by the ketonization of the resulting inter­

mediate (11) finally affords 3. Such a dehydrogenating 
ketonization of vinyl alcohol has long been known to 
occur under the influence of A1C13.

3> At higher tem­
peratures, Path (a) would be much more accelerated 
than would Path (b). Because of the increase in the 
steric and then the electrostatic repulsions at higher tem­
peratures, 11 is less favored and Path (b) is relatively 
retarded. A similar interpretation has recently been 
reported with regard to the AlGl3-catalyzed dimeriza-
tion of indenone in boiling dichloromethane (40 °G) and 
ethylene chloride (83 °C), which afford endo and exo 
head-to-tail dimers respectively.4) 

T h e formation of 4 and 5 can be interpreted in terms 
of arylation on 11. At 80 °C, the yields of 4 and 5 de­
creased. Again, this is due to the retardation of Path 
(b) for the reason presented above. In addition, the 
approach of the 2-position of halobenzene to the cationic 
center of 11 is fully inhibited at 80 °C because of the 
large steric repulsion. 

The additional pathway which proceeds via 9 (Path 
(c)) could also be applied to the interpretation of the 
formation of 3—5. However, this would be unreasona­
ble, because the cyclization of 9 to 11 should overcome 
large electrostatic and steric repulsions in a transition 
state. The pathway of the formation of 6 is not clear. 
Although the ketonization of 10 can give 6, this consider­
ation disagrees with the finding that the yield of 6 is not 
affected by the reaction temperature. If 6 is derived 
directly from 10, the yield of 6 should decrease at higher 
temperatures, because the yield of 2 increases when the 
temperature is raised. 

Solvent Effect. Both the 2 : 3 ratio and the ratio of 
2 to the total of 3, 4, and 5 at 20 °G decreased as the 
polarity of the solvent increases. This is remarkable in 
the cases of the reactions in dichloromethane and nitro­
benzene; in both cases 3 was the sole isolable product. 
Especially, nitrobenzene of an extremely high dielectric 
constant strongly controlled the reaction causing it to 
proceed through Path (b) even at 80 °C and to produce 
3 only. I n a polar solvent, 11 would be stabilized by 
solvation, and thus Path (b) would be enhanced. If 9 
is formed in this reaction, 9 would also be stabilized by 
the polar solvent. Nevertheless, there still remains the 
question of why 6 was formed only in the reaction in 
carbon disulfide. 

Exper imenta l 

Preparation of 1. A mixture of 2,3-bis(diphenylmeth-
ylene)succinyl chloride5) (10 g), benzene (50 ml), ether (50 
ml), and A1C13 (5 g) was stirred at room temperature for 3 h. 
The reaction mixture was decomposed with water, and then 
extracted with benzene. The benzene solution was washed 
with water and dried over anhyd Na2S04 . The crude crystals 
left after the evaporation of the solvent were recrystallized from 
AcOEt to afford 1 as red prisms; 7 g (82%) : mp 214 °C (lit,6) 
mp213—2'14°C). 

General Procedure of the AlClA-catalyzed Cyclization of 1. A 
mixture of 1 (0.5 g), the solvent (50 ml), and A1C13 (2 g) was 
stirred for 3 h. The reaction mixture was decomposed with 
water and then extracted with benzene. During the extrac­
tion, 2 was crystallized out as orange needles; it was then 
recrystallized from AcOEt to afford a pure sample of 2; mp 
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306—308 °C (lit,1) mp 309—310 °C). The benzene solution 
was washed with water and dried over anhyd Na2S04 . The 
crude crystals left after the evaporation of the solvent were 
recrystallized from AcOEt to afford 3 or 4. In the cases of the 
reaction in halobenzene, 3, 4, and 5 were separated by frac­
tional recrystallization from AcOEt. In the cases of the reac­
tion in carbon disulfide, 3 and 6 were separated mechanically. 
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Studies on the Nitration of m-Cresol. A New Selective Method 
for the Preparation of 3-Methyl-6-nitrophenol 
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Research Department, Pesticides Division, Institute for Biological Science, Sumitomo Chemical Co., Ltd., 

Takatsukasa, Takarazuka, Hyogo 665 
(Received August 30, 1976) 

A new selective method for the nitration of m-cresol has been established. 3-Methyl-6-nitrophenol was most 
efficiently prepared by nitration of 3-methyl-4-sulfophenyl carbonate or phosphate and subsequent hydrolysis and 
desulfonation. Steric effects on the attacks of sulfonium or nitronium ion to the phosphate are discussed. 

Certain mononitro derivatives of m-cresol are impor­
tant intermediates for the preparation of organophos-
phorus pesticides such as Fenitrothion (0 ,0-dimethyl 
0-(3-methyl-4-nitrophenyl) phosphorothioate)1) and 
herbicide Metacrephos (0-ethyl JV-.y-butyl 0-(3-methyl-
6-nitrophenyl) phosphoramidothioate).2) T h e prepar­
ative value of direct nitration of m-cresol is limited due to 
a number of side reactions, i.e., non-selective isomer for­
mation together with oxidation with nitric acid and poor 
yield.3) Various modifications were studied in order to 
overcome the defects of direct nitration.4 - 7) Nitration 
after the introduction of a suitable protecting functional 
group to the hydroxyl group was the most common 
procedure. As an example, tri-m-tolyl phosphate was 
nitrated with a mixed acid, followed by hydrolysis, to 
yield 3-methyl-4-nitrophenol selectively.6) 4-Hydroxy-
6-methyl-l,3-benzenedisulfonic acid was nitrated and 
the subsequent desulfonation gave 3-methyl-2-nitro-

phenol in a good yield.7) However, no report seems to 
have been given on an efficient method for selective pre­
paration of 3-methyl-6-nitrophenol in a high yield. 

This paper describes the formation of the three isomers 
of mononitro-3-methylphenols under various conditions, 
establishing a new selective method for the preparation 
of 3-methyl-6-nitrophenol. The mechanism of the 
formation of the product is also discussed. 

R e s u l t s 

Syntheses of the Three Isomers of Mononitro-3-methylphenol. 
The results are given in Table 1. When m-cresol was 
sulfonated at 120 °G for 2 h with a slight excess of sul­
furic acid, nitrated with a mixed acid and then desul-
fonated with diluted sulfuric acid, 3-methyl-6-nitro-
phenol (6-nitro isomer) was obtained as the major 
product and 3-methyl-2-nitrophenol (2-nitro isomer) as 

TABLE 1. DISTRIBUTION OF ISOMERS OF NITRO-3-METHYLPHENOLS OBTAINED FROM SEVERAL STARTING 

MATERIALS BY SULFONATION AND NITRATION UNDER VARIOUS CONDITIONS 

Sulfonation conditions Yield (%) 

No. 
Substrate 96% Temp Time 

H 2S0 4 (°C) (h) 
Total 2-Isomer 4-Isomer 6-Isomer . 

isomer 

H a G/ 

H 3G/ 

H3C 

< > 

< > 

1.10 120 62.0 14.6 4.4 33.0 

OH 

OH 

- 0 4 - B 

6.80 20—30 24 

a on Direct 
nitration 

86.7 72.8 4.8 4.0 

8.7 

5.7 

50.7 i.7 18.2 9.1 12.0 

O 

0 4 - C 

O o 
HaCX 

O 
, n 

- 0 4 - P 

H a G/ 
O 

- 0 4 - P 

H 3 G/ 

6.80 

6.80 

6.80 

6.80 

6.80 

20—30 24 76.8 59.4 1.5 11.2 3.0 

Direct 
nitration 80.0 3.2 66.4 10.4 — 

20—30 24 92.5 6.7 1.8 67.2 6.4 

Direct 
nitration 95.0 1.9 86.5 6.6 — 

20—30 24 89.6 7.6 3.7 76.7 1.0 
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TABLE 2. NITRO ISOMER DISTRIBUTION UNDRE DIFFERENT SULFONATION CONDITIONS 

No 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Sulfonating reagent 
(molar ratio)a) 

90% H 2S0 4 (6.8) 
96% H 2 S0 4 (6.8) 

100% H 2S0 4 (6.8) 
110% H 2S0 4 (6.8) 
96%H 2 SO 4 (3 .0) 
96% H 2S0 4 (4.0) 
96% H 2S0 4 (5.0) 
96% H 2S0 4 (6.8) 
96% H 2S0 4 (10.0) 
96% H 2S0 4 (6.8) 
96% H 2S0 4 (6.8) 
96% H 2S0 4 (6.8) 

Temp 
(°G) 

70 
70 
70 
25 
30 
30 
30 
30 
30 
80 

100 
120 

Time 
(h) 

4 
5 
1 
0.5 

20 
20 
20 
20 
20 

0.5 
0.5 
0.5 

Total 

81.3 
86.5 
87.3 
85.6 
60.7 
81.3 
84.3 
89.5 
90.0 
81.7 
86.9 
72.1 

Yield 

2-Isomer 

11.8 
8.6 
7.5 
8.1 
6.8 
8.7 
9.7 
8.7 
9.1 
8.5 
9.7 

16.9 

(%) 

4-Isomer 

4.7 
2.7 
3.3 
3.0 
5.4 
4.1 
3.7 
3.6 
2.5 
2.5 
4.2 
1.6 

6-Isomer 

61.8 
72.2 
71.6 
69.8 
43.9 
65.4 
68.3 
74.4 
74.4 
66.9 
69.8 
52.3 

a) Molar ratio; sulfuric acid/tri-wz-tolyl phosphate. 

TABLE 3. NITRO ISOMER DISTRIBUTION IN SULFONATION FOLLOWED BY NITRATION OF 

TRI-M-TOLYL PHOSPHATE UNDER DIFFERENT RATIO OF NITRIC ACIDA) 

No. 

1 
2 
3 
4 

Molar ratiob) 

3.00 
3.15 
3.30 
3.60 

Total 

81.7 
87.3 
90.1 
87.1 

2-Isomer 

9.2 
8.9 
7.4 
2.5 

Yield 

4-Isomer 

2.0 
3.3 
2.8 
2.3 

(%) 

6-Isomer 

67.7 
71.8 
73.9 
73.1 

2,6-Isomer 

0.1 
0.4 
2.0 
5.0 

4,6-Isomer 

0.2 
1.1 
2.1 
3.6 

a) A mixture of tri-m-tolyl phosphate (0,5 mol) and 96% H 2 S0 4 (10 mol) was kept at 20—30 
°C for 24 h. The resulting solution was divided into 4 portions. Mixed acid (70% HN0 3 , 
calculated amount plus 96% H2S04 , 2 equiv. weight) was added dropwise to each portion at 
- 5 — 0 °C. b) Molar ratio; 70% HN03/tri-m-tolyl phosphate. 

a minor one. The ratio of formation of the 2- to the 6-
nitro isomer was about 1:2. When a large excess of 
sulfuric acid was used, the 2-nitro isomer was obtained 
as the major product. Direct nitration of m-cresol with 
a mixed acid at —5—0 °G yielded about 5 0 % of nitro-
3-methylphenols and dinitro isomers accounted for 12%. 
Although tri-m-tolyl borate appeared to be a poor sub­
strate owing to its rapid hydrolytic nature, the yield of 
the nitro isomers was 76.8%, the 2-nitro isomer being a 
main product.8) Direct nitration of di-m-tolyl carbonate 
or tri-m-tolyl phosphate gave 3-methyl-4-nitrophenol 
(4-nitro isomer) as the major product (Nos. 5 and 7). In 
contrast, when both compounds were sulfonated, nitrat­
ed and followed by hydrolysis and desulfonation, the 6-
nitro isomer was a predominant product (Nos. 6 and 8). 
The yield of the 6-nitro isomer from tri-m-tolyl phos­
phate was higher in comparison with that of the car­
bonate. 

Selective Synthesis of the 6-Nitro Isomer. We see 
from Table 1 that tri-m-tolyl phosphate is the most 
favorable substrate for the preparation of the 6-nitro 
isomer. The following opt imum conditions for selective 
preparation of the 6-nitro isomer were selected (Table 
2). 9 6 % Sulfuric acid was a better sulfonating reagent 
than 90% sulfuric acid or 10% oleum. We see from 
Table 3 that a small excess of nitric acid to the tolyl 
phosphate was effective for the most selective formation 
of the 6-nitro isomer (for No. 4, the ratio of the mono-
nitro isomer was 1: 1: 28). Pure 6-nitro isomer was 

obtained from the crude mixture by dissociation extrac­
tion with a dilute alkaline solution.9) 

Identification of the Sulfonated Intermediates. All 
attempts to isolate the intermediates such as sulfo-m-tolyl 
phosphate or nitro-sulfo-m-tolyl phosphate after sulfona­
tion or nitration were unsuccessful since they hydrolyze 
too easily. After nitration, the reaction mixture was 
poured onto ice and allowed to stand at room tempera­
ture for 48 h to give a yellow solid product. The 
product was extremely soluble in water and identical 
(mp and N M R ) with an authentic specimen of 4-hy-
droxy-2-methyl-5-nitrobenzenesulfonic acid.10) Desul­
fonation of the sulfonated nitrophenol with 6 0 % sul­
furic acid gave the 6-nitro isomer. 4-Hydroxy-2-meth-
yl-5-nitrobenzenesulfonic acid (87.2%) and 4-hydroxy-
2-methyl-3-nitrobenzenesulfonic acid (10.7%) were also 
detected by H L G analysis. 3-Methyl-4-nitrophenol 
was detected in the dephosphorylated solution by T L G 
on silica gel and quantitatively determined by GLG. 

D i s c u s s i o n 

The 4-nitro isomer was a dominant product of direct 
nitration of di-m-tolyl carbonate and tri-m-tolyl phos­
phate.4 '6) Hawor th and Lapworth reported that the 4-
position of m-cresol was predominantly sulfonated at 
120 °C. n ) This was confirmed by the fact that the o-
nitro isomers, viz., 2- and 6-nitro isomers, occurred 
after subsequent nitration in a 1:2 ratio. 
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The use of a large excess of sulfuric acid at low tem­
perature resulted in the selective formation of the 2-nitro 
isomer. This seems to be due to the formation of 4-hy-
droxy-6-methyl-l,3-benzenedisulfonic acid as an inter­
mediate. 

O n the other hand, when the carbonate or the phos­
phate was monosulfonated, nitrated and followed by 
hydrolysis and desulfonation, the 6-nitro isomer was 
selectively obtained. 

j o , 

TABLE 4. PHYSICAL AND SPECTRAL DATA OF 

NITRO-3-METHYLPHENOLS 

3 » u 2 
I ( I I I ) 

" • S Q ^ T - H03sQ0H — * %JW 

CffHlOj C M ! 0 2 CH77!02 
(ÏV) 

°iO°x M°2 

R : m-tolyl, nitro-m-tolyl, or nitro-sulfo-m-tolyl group 

Fig. 1. 

Selective formation of the 6-nitro isomer from tri-m-
tolyl phosphate can be illustrated by the reaction sequ­
ence shown in Fig. 1. Tri-m-tolyl phosphate is sulfonat­
ed to give the 4-sulfo derivative (I), which is nitrated to 
yield the corresponding 6-nitro derivative (II) and 2-
nitro derivative ( I I I ) . I t appears that attack of a nitro-
nium ion takes place predominantly at the 6-position of 
I, since the 2-position of I is apparently hindered by the 
bulky ditolyloxyphosphinyl group and the 3-methyl 
group which may be inclined toward the 2-position by a 
buttressing effect from the 4-sulfonyl group. T h e 
higher selectivity of the nitration at the 6-position in the 
4-sulfonated intermediates may be due to the peculiar 
geometry. A small excess of nitronium ion predomi­
nantly attacks the 6-position of the intermediate ( III) to 
give the dinitro derivative ( IV) . IV is hydrolyzed, 
followed by desulfonation, to yield 2,6-dinitro-3-methyl-
phenol. T h e unaffected m-tolyl group of the phosphate 
is directly nitrated to give the 4-nitro derivative (V), 
which undergoes nitration to give the 4,6-dinitro deriva­
tive (VI)'. Hydrolysis of V I produces 4,6-dinitro-3-
methylphenol. 

In conclusion, the present method of nitration after 
the specifically controlled sulfonation to the phosphate 
or the carbonate of m-cresol can provide the respective 
o-nitro derivatives in high yields in a convenient "one-
pot-procedure." 3-Methyl-6-nitrophenol in particular 
can be efficiently prepared. 

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

Materials. Di-wz-tolyl carbonate and tri-m-tolyl borate 
were prepared according to the procedures previously report­
ed.4'8) Tri-m-tolyl phosphate (99% pure) and m-cresol (98% 
pure) were prepared at Sumitomo Chemical Go. Ltd., Oita 
Works and used without further purification. Authentic 

Compound Mpa> (°C) ptfa 

3-Methyl-2-nitro-
phenol 

3-Methyl-4-nitro-
phenol 

3-Methyl-6-nitro-
phenol 

2,4-Dinitro-
3-methylphenol 

4,6-Dinitro-
3-methylphenol 

2,6-Dinitro-
3 -methy lphenol 

2,4,6-Trinitro-
3 -methy lphenol 

41 ( 39) 

129(129) 

55( 54) 

130( 74) b> 

65( 64) 

100(101) 

110(110)c> 

7.20 

7.08 

7.63 

4.81 

4.60 

4.00 

3.73c) 

UVin EtOH 

X max (nm) log e 

212 
235 
270 
208 
232 
308 
213 
283 
351 
207 
291 
370 
212 
260 
310 
211 
278 
337 
212 

> 254 
348 

4.08 
3.29 
3.25 
4.02 
3.93 
3.96 
4.17 
3.83 
3.55 
4.16 
3.84 
3.55 
4.13 
4.12 
3.71 
4.22 
3.80 
3.52 
4.22 
3.98 
4.02 

a) ( ) value cited from Ref. 10. 
c) Determined in 5% EtOH. 

b) See Experimental. 

specimens of 3-methyl-2-nitrophenol, 3-methyl-4-nitrophenol, 
3-methyl-6-nitrophenol, 4,6-dinitro-3-methylphenol, 2,6-di-
nitro-3-methylphenol and 2,4,6-trinitro-3-methylphenol were 
prepared by the method given in the respective references.3»10) 
2,4-Dinitro-3-methylphenol was prepared by nitration of 
3-methyl-2-nitrophenol in acetic acid, whose melting point was 
quite different from that in the literature.10) Mp 130 °C (lit, 
74 °C). Found: C, 42.56; H, 3.25; N, 14.20%. Calcd for 
C7H6N205: C, 42.43; H, 3.06; N, 14.14%. Physical and 
spectral data of these nitrophenols are given in Table 4. The 
following sulfonated nitro-3-methylphenols were prepared.10) 
4-Hydroxy-2-methyl-5-nitrobenzenesulfonic acid, mp 131— 
132 °C, NMR (D 2 0) : 2.60 (3H, s, CH3), 7.10 (IH, S, H-5), 
and 8.50 (IH, s, H-2). 4-Hydroxy-2-methyl-3-nitrobenzene-
sulfonic acid, mp 78—79 °C, NMR (D,0) : 2.50 (3H, s, CH,), 
7.00 (IH, d, H-6, 7 = 9 . 0 Hz), and 7.90 (IH, d, H-5, J=9.0 
Hz). 

Analysis. Identification and quantitative analysis of 
the nitro isomers were carried out on a GLC(Yanagimoto 
G-80 or Yanagimoto GCG-550 F, FID détecter) and a GC-
Mass spectrometer (Shimadzu LKB-9000). Products were 
identified with authentic samples by GC retention time on at 
least two different columns (2% XE-60 on chromosorb W, 
3 mm X 1.5 m, glass column programmed at 110—220 °C; 
10% PEG-20M on Chromosorb W, 3 mmx 1.0 m, glass colu­
mn programmed at 150—200 °C; 2% FFAP on Shimalite 
TPA, 3 m m x 1.0 m, glass column programmed at 170—200 
°C). Neither 2,4-dinitro-3-methylphenol nor 2,4,6-trinitro-
3-methylphenol were detected under the conditions described 
above. Mass spectra of peaks obtained from GLC were 
determined at 70 eV as follows; 3-methyl-6-nitrophenol (m/e 
153 M+), 3-methyl-2-nitrophenol (m/e 153 M+), 3-methyl-4-
nitrophenol (m/e 153 M+), 2,6-dinitro-3-methylphenol (m/e 
198 M+) and 4,6-dinitro-3-methyl-phenol (m/e 198 M+). 4-
Methyl-3-nitrophenol (m/e 153 M+) was obtained among other 
minor products by the nitration of /»-cresol, a major impurity 
in the starting material. The sulfonated ni tro-3-methyl-
phenols formed as intermediates were analyzed as follows. The 
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reaction mixture occurring after nitration was poured onto ice 
and then neutralized with aqueous sodium hydroxide to pH 
7.40. One [d of the solution was subjected to HLG. Operat­
ing conditions are follows; instrument, Shimadzu Du Pont 830 
liquid Chromatograph; column SAX 2 mmX 1.0 m ; column 
temp, 40 °C ; column pressure, 70 kg/cm2 ; mobile phase, 
distilled water at pH 7.40 with 0.2 M NaNO s ; detector, UV 
photometer at 254 nm; flow rate, 1 ml/min; retention time 
4-hydroxy-2-methyl-5-nitrobenzenesulfonic acid (4.0 min', 4-
hydroxy-2-methyl-3-nitrobenzenesulfonic acid (6.0 min). 
Concentrations of sulfuric acid and nitric acid were determined 
by alkaline titration or specific gravity. p/fa values of the 
nitro isomers were measured by alkaline titration on a pH 
meter. UV was recorded with a Shimazu double beam 
spectrophotometer UV-200. NMR was recorded on a Hitachi 
NMR spectrometer R-20B (60 Mz). 

Preparation of the Mononitro-3-methylphenols. A typical 
procedure for preparation of the mononitro-3-methylphenols 
is as follows (see No. 8, Table 1). A mixture of 96% sulfuric 
acid (200 g, 2.0 mol) and tri-m-tolyl phosphate (36.8 g, 0.1 
mol) was kept under stirring at 20—30 °G for 24 h. A mixed 
acid consisting of 70% nitric acid (28.0 g, 0.315 mol) and 96% 
sulfuric acid (50.0 g 0.5 mol) was added to the solution at 
—5—0 °C. After 2 h, the reaction mixture was poured onto 
ice (150 g). The resulting solution was heated and distilled 
with steam at 140—170 °C until no oily distillate was detected 
in the steam condensate. The distillate was extracted 3 times 
with 50 ml portions of chloroform. The combined chloro­
form extract dried over anhydrous sodium sulfate, chloroform 

was evaporated in vacuo. The yellow residue (41.0 g) was 
subjected to GLC for analysis. The crude mixture was again 
distilled with steam at 100 °C. The distillate dissolved in 
100 ml of toluene was washed 3 times with 100 ml portions of 
0.8% aqueous sodium hydroxide. Removal of toluene gave 
pure 3-methyl-6-nitrophenol (26.0 g). In experiments Nos. 
3, 5, and 7 in Table 1 the mixed acid was added to the reaction 
mixture immediately after the starting material had been 
mixed with 96% sulfuric acid. The reaction conditions are 
summarized in Tables 1, 2, and 3. 
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Synthesis of a Peptide Lactone, iV-(3-Hydroxypicolinyl)-threonyl-D-
leucyl-prolylsarcosyl-leucyl-alanyl-alanine Threonine Lactone 

Hideki KINOSHITA and Hiroshi KOTAKE 

Department of Chemistry, Faculty of Science, Kanazawa University, Kanazawa 920 
(Received September 3, 1976) 

The synthesis of a peptide lactone, iV-(3-hydroxypicolinyl)-threonyl-D-leucyl-prolylsarcosyl-leucyl-alanyl-
alanine Threonine Lactone (21) is described. The f-butoxycarbonyl group off-butyl O-(f-butoxycarbonyl-alanyl)-
JV-benzyloxycarbonyl-threonyl-D-leucyl-prolylsarcosinate (12) was deblocked selectively with formic acid in good 
yield. The coupling of 12 with the azide derived from f-butoxycarbonyl-leucyl-alanine hydrazide (15) with 
isopentyl nitrite gave a heptapeptide ester 17. Deblocking, cyclization, and hydrogénation gave a heptapeptide lac­
tone 20 which was coupled with 3-hydroxypicolinic acid yielding 21. 

In a previous paper,1) it was reported that the J-but-
oxycarbonyl group was cleaved selectively in the pres­
ence of the /-butyl ester group using 8 5 % formic acid 
and the application of this selective deprotection method 
for the synthesis of peptides. 

In this paper, the usefulness of this method for the 
synthesis of the peptide lactone2) is reported. 

In the past several years, the structures of a number of 
new antibiotics have been reported in the literature with 
the common feature of a lactone that is formed from the 
carboxyl function of an amino acid with the hydroxyl 
group of an amino acid. Moreover, in most of the cases, 
the amino function of the latter is acylated by a hetero­
cyclic acid.3 - 6) Examples of this class of compounds are 
the antibiotic actinomycin,7) etamycin,5) echinomycin,8) 
etc. Synthetic approaches in this field of naturally 
occurring peptide lactone antibiotics have been limited 
only to actinomycin9-11) and etamycin.12) 

Because of the difficulties of synthesis, the authors are 
interested in finding a new method of synthesizing this 
class of peptides in the utility of the selective deblocking 
method1) described previously. For this purpose an 
a t tempt was made to synthesize a pept ide lactone 21 as 
a model (Fig. 1). 
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Fig. 1. 

In the synthesis of a peptide lactone, it is usual to pre­
pare initially the ester bond followed by cyclization by 
the formation of an amide bond. For example, in the 
case of 6-proline-staphylomycin S13) and etamycin,12) 
initially the linear peptide ester containing a 3-hydroxy­
picolinic acid moiety was prepared and then cyclization 

was provided by the amide bond formation. However 
a new route was designed in which the formation of pep­
tide lactone 19 is obtained by cyclization of the linear 
peptide ester 18 and finally a 3-hydroxypicolinic acid 
moiety is introduced into the amino group of threonine, 
as illustrated in Scheme 2. This synthetic approach has 
not been reported in the literature to date as far as the 
present authors are aware, because it is necessary to use 
various protecting groups in this case. 

The amide bond between sarcosine and leucine was 
selected for the cyclization step because of the stability of 
sarcosine toward racemization. For this approach, it 
was necessary to synthesize a chain that would include 
the desired ester bond between alanine and threonine 
(Scheme 2). 

T h e preparation of the deprotected tripeptide (/-butyl 
D-leucyl-prolylsarcosinate (10)) was attempted in two 
different ways. Catalytic hydrogénation of /-butyl 
benzyloxycarbonyl-D-leucyl-prolylsarcosinate (3) derived 
from the coupling of benzyloxycarbonyl-D-leucyl-pro-
line (2) with /-butyl sarcosinate, gave a tripeptide ester 
10, but D-leucyl-proline anhydride (4) was always pro­
duced as a by-product (Scheme 1). Therefore, it was 
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Scheme 1. 

thought that the selective deblocking method1) may be 
superior for this purpose. The cleavage of the /-butoxy-
carbonyl group of the protected dipeptide ester 7 by 
formic acid gave a dipeptide ester 8 in a 90% yield, 
which was condensed with /-butoxycarbonyl-D-leucine 
to give the desired protected tripeptide ester 9 in a 9 6 % 
yield. Alternatively, compound 9 was obtained only in 
the low yield of 59% by coupling of /-butoxycarbonyl-D-
leucyl-proline (6) with /-butyl sarcosinate. The cleav-
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age of the J-butoxycarbonyl group of the protected tri-
peptide ester 9 by formic acid gave a tripeptide ester 10 
in an 86% yield with no by-products such as anhydride. 

The formation of the ester bond between alanine and 
threonine was mediated by the mixed anhydride meth­
od. T h e product was separated from the reaction mix­
ture by gel filtration on Sephadex LH-20 to give the 
desired ester 11 in a 64% yield, which was isolated as 
dicyclohexylammonium salt. T h e coupling of the pep­
tide 11 with the tripeptide /-butyl ester 10 using the 
mixed anhydride method gave the pentapeptide ester 12 
in an 80% yield. 

The selective cleavage of compound 12 by formic acid, 
a key step in the elongation of the peptide bond to the 
N-terminus, was realized successfully to give the desired 
deprotected pentapeptide ester 13 in good yield of 
87%, which was condensed with the azide 16 derived 

from /-butoxycarbonyl-leucyl-alanine hydrazide (15) 
with isopentyl nitrite14> to give a 91 % yield of the desired 
heptapeptide ester 17. A short treatment of the linear 
heptapeptide ester 17 with anhydrous trifluoroacetic 
acid is sufficient to remove both of the amino- and the 
carboxyl-protecting groups to give a trifluoroacetate 18 
in a 9 3 % yield. After neutralization with triethylamine, 
cyclization of the deprotected peptide ester was achieved 
in a highly dilute solution using five times excess amounts 
of ED CI and iV-hydroxysuccinimide,15) followed by 
separation of the reaction mixture by preparative T L C 
to give the desired peptide lactone 19 in good yield 
(45%). A mass spectrum of compound 19 showed the 
expected molecular weight. Debenzyloxycarbonyla-
tion of the heptapeptide lactone 19 was carried out in an 
acidic medium containing hydrogen chloride to avoid 
intramolecular acylation, the so-called 0 - > N acyl 

Boc-Ala-OH + Z-Thr-OH 

I M . A . 

Boc-Ala-n 

Boc-Pro-Sar-OBu11 (7) Boc-D-Leu-Pro-OEt (5) 

IHC02H JOH 

H-Pro-Sar-OBu1" (8) Boc-D-Leu-Pro-OH (6) 

I M.A. , Boc-D-Leu-OH I 

Boc-D-Leu-Pro-Sar-OBut (9) < 1 

JHC02H 
Z-Thr-OH (11) + H-D-Leu-Pro-Sar-0But(10) 

M.A. 

Boc-Ala—I 

Z-Thr-D-Leu-Pro-Sar-ORu (12) 

1 HC02H 

Boc-Leu-Ala-OMe (14) 

|N 2H 4 

Boc-Leu-Ala-N2H3 (15) 

I HCl, i-Amyl-ONO 

Boc-Leu-Ala-N3 (16) + H-Ala—| 
Z-Thr-D-Leu-Pro-Sar-OBu11 (13) 

1 
Boc-Leu-Ala-Ala , 

Z-Thr-D-Leu-Pro-Sar-OBu11 (l7) 

trifluoroacetic acid (TFA) 
TFA-H-Leu-Ala-Ala . 

Z-Thr-D-Leu-Pro-Sar-OH (18) 
1) triethylamine 
2) EDCI, HOSu 

Z - T h r - D - L e u - P r o - S a r -

L (19) •A la -Ala -Leu 

JH2/Pd, HCl 

( % 2 - T h r - D - L e u - P r o _ S a r — I 
CI0 ! 

•Ala-Ala-Leu ' (20) 
i^yoBzi 

|l) S CO2H, HOBt, DCCD, triethylamine 

2) H2/Pd 

H y p i c - T h r - D - L e u - P r o - S a r -

iir-

L 

J 
A l a - A l a - L e u ' (21) 

Scheme 2. Synthesis of Peptide Lactone. 

L 



282 Hideki KINOSHITA and Hiroshi KOTAKE [Vol. 50, No. 1 

migration.16-18) 
T h e introduction of a 3-hydroxypicolinic acid moiety 

to the iV-terminus was at first carried out by the reaction 
of the deprotected cyclic peptide 20 with the 3-benzyl-
oxypicolinic acid /»-nitrophenyl ester19) with slow neu­
tralization, followed by catalytic hydrogénation giving 
only a poor yield of the desired acylated peptide lactone 
(20%). Alternatively, condensation of the heptapep-
tide lactone 20 with the active ester, derived from 
3-benzyloxypicolinic acid19) and H O B t using dicyclo-
hexylcarbodiimide under the same reaction conditions 
(as described above) gave the desired cyclic octapeptide 
ester 21 in good yield (68%). The presence of 3-hy­
droxypicolinic acid was confirmed by spectroscopical-
ryi2,i3) and by the color reaction20) of the hydrolysate 
with an aqueous ferric chloride solution. 

As mentioned above, the selective deblocking method 
has proved useful for the synthesis of a peptide lactone. 

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

All melting points are uncorrected. The NMR, IR, and 
UV spectra were recorded on a JEOL JNH-60, a JASCO 
IRA-1 spectrometer and a Union Giken SM-401 spectrometer, 
respectively. The optical rotation values were measured with 
a JASCO DIP-SL Polarimeter. 

Z-n-Leu-Pro-OEt (1). To a solution of benzyloxy-
carbonyl-D-leucine (13.3 g, 0.05 mol) and ethyl prolinate 
hydrochloride (7.57 g, 0.05 mol) in chloroform (80 ml), tri-
ethylamine (5.5 g, 0.055 mol) was added at 0 °C, followed, 
after 1 h, by dicyclohexylcarbodiimide (10.3 g, 0.05 mol). The 
reaction mixture was stirred for 3 h below 0 °C and allowed to 
stand overnight at room temperature. After a precipitate of 
dicyclohexylurea was filtered off, the nitrate was concentrated 
to dryness under reduced pressure. The residue was dissolved in 
ethyl acetate and the organic layer was washed with lM-hydro-
chloric acid, 10% sodium hydrogencarbonate and water, and 
dried over anhydrous sodium sulfate. The solvent was removed 
in vacuo to give an oily product. Yield, 16.3 g (83.6%). 

Z-v-Leu-Pro-OH (2). To a solution of 1 (16.3 g, 
41.8 mmol) in EtOH (50 ml), 46 ml of IM-aqueous sodium 
hydroxide was added with stirring at 0 °C for 3 h, followed by 
standing overnight at room temperature. The EtOH was 
removed in vacuo and water was added to the reaction mixture. 
The aqueous residue was extracted with ethyl acetate, and the 
alkaline aqueous layer was adjusted to pH 3 to afford a crude 
crystalline product (12.9 g, 81.2%) with a melting point of 
98—102 °C, which was recrystallized from ethyl acetate-
hexane. Yield, 10.81 g (68%); mp 103—104 °C; [a]2

D
7 -21.3° 

(1.05, absEtOH). Found: C, 60.03; H, 7.38; N, 7.21%. 
Calcd for C1 9H2 605N2-H20: C, 59.98; H, 7.38; N, 7.36%. 

Z-n-Leu-Pro-Sar-OBu* (3). To a solution of 2 (7.24 g, 
0.02 mol) in dry tetrahydrofuran (40 ml) was added triethyl-
amine (2.02 g, 0.02 mol), followed, after 2 min, by isobutyl 
chloroformate (2.73 g, 0.02 mol) at —15 °C with stirring. A 
solution of f-butyl sarcosinate (2.90 g, 0.02 mol) in dry tetra­
hydrofuran (20 ml) was added. The solution was stirred for 
2 h below 0 °C and allowed to stand overnight. The solvent 
was evaporated under reduced pressure and the residual oil 
was partitioned between ethyl acetate and water. The organic 
layer was washed with 1 M-hydrochloric acid, 10% sodium hy­
drogencarbonate and water, and dried over anhydrous sodium 
sulfate. The ethyl acetate was evaporated in vacuo to give an 
oily product. Yield, 8.30 g (84.9%). M+ 489. 

Boc-D-Leu-Pro-OEt (5). J-Butoxycarbonyl-D-leucine 

monohydrate (8.34 g, 33.5 mmol) was dissolved in ethyl ace­
tate (30 ml) and dry tetrahydrofuran (15 ml), and then to this 
solution was added dicyclohexylcarbodiimide (6.89 g, 33.5 
mmol) at 0 °G. After 20 min, a solution of ethyl prolinate 
(4.97 g, 33.5 mmol) in ethyl acetate (10 ml) was added for a 
period of 20 min and the reaction mixture was stirred for 2 h 
at 0 °C and allowed to stand overnight at room temperature. 
After dicyclohexylurea was filtered off, the filtrate was con­
centrated to dryness in vacuo and the residue was dissolved in 
ethyl acetate. The organic layer was washed with 1 M-hydro­
chloric acid, 10% sodium hydrogencarbonate and water, and 
dried over anhydrous sodium sulfate. The solvent was removed 
in vacuo to give an oily product. Yield, 10.8 g (90.6%). 

Boc-T>-Leu-Pro-OH (6). To a solution of 5 (10.8 g, 
30.3 mmol) in EtOH (31 ml) was added 32 ml of IM-aqueous 
sodium hydroxide (32 mmol) for a period of 40 min with stirr­
ing at - 2 °C. The solution was stirred for 2.5 h below 0 °C 
and allowed to stand overnight. The EtOH was removed 
in vacuo and water was added to the reaction mixture. The 
aqueous residue was treated with ethyl acetate, and the alka­
line aqueous layer was adjusted to pH 3 to afford an oily 
product, which was extracted with ethyl acetate. The ethyl 
acetate was removed in vacuo to give an oily product in quanti­
tative yield, which was isolated in the form of a crystalline 
substance, dicyclohexylammonium salt, from ethyl acetate-
hexane; 12.58 g (81.6%); mp 168.0—170.5 °C. Recrystalli-
zation from ethyl acetate gave a pure crystalline product with 
a melting point of 172—173 °C; yield, 11.98 g (77.7%); 
[a]S -23.0° (1.02, abs EtOH). Found: C, 65.91; H, 9.92; 
N, 8.17%. Calcd for C28H61OfiN3: C, 65.97; H, 9.92; N, 
8.24%. 

For the conversion to the free acid, the dicyclohexylammo­
nium salt 3.50 g (6.87 mmol) was dissolved in a mixture of 
water and ethyl acetate. After the acidification with 1 M-hy­
drochloric acid (8 ml) the precipitate of dicyclohexylammo­
nium hydrochloride was filtered off. The ethyl acetate extract 
was dried over anhydrous sodium sulfate and concentrated to 
dryness in vacuo. Yield, 2.24 g (99.6%). 

Boc-Pro-Sar-OBu1 (7). To a solution of f-butoxycar-
bonyl proline (1.29 g, 6 mmol) in dry tetrahydrofuran (5 ml) 
and ethyl acetate (10 ml) were added f-butyl sarcosinate (870 
mg, 6 mmol) and dicyclohexylcarbodiimide ( 1.24 g, 6 mmol) 
with stirring at 0 °C. The reaction mixture was allowed to 
stand overnight at room temperature. The dicyclohexylurea 
precipitate was filtered off and the filtrate was concentrated to 
dryness in vacuo. The residue was dissolved in ethyl acetate 
and the organic layer was washed with 1 M-hydrochloric acid, 
10% sodium hydrogencarbonate and water. After drying 
over anhydrous sodium sulfate, the solvent was removed in 
vacuo. A crude crystalline substance (1.66 g, 80%) with a 
melting point of 70—75 °C was obtained, which was recrystal­
lized from heptane. Yield, 1.48 g (72.7%); mp 73—75 °C. 
The second crop was obtained from the main solution, 60 mg; 
mp 72—73 °C. Total yield, 1.54 g (76.8%); [a]2D° -52.1° 
(1.06, abs EtOH); NMR (CC1J: Ô 1.37 (s, 9H), 1.44 (s, 9H). 
Found : C, 59.63 ; H, 9.02 ; N, 8.08%. Calcd for C17H30O5N2 : 
C, 59.62; H, 8.83; N, 8.18%. 

H-Pro-Sal-OBu1 (8). Compound 7 (300 mg, 0.877 
mmol) was dissolved in 7 ml of 85% formic acid, and after the 
solution had been maintained for 4.5 h at 19 °C, the solvent 
was removed in vacuo. The residual oil was dissolved in chloro­
form and ammonia was passed through the solution. The 
precipitate of ammonium formate was filtered off and the 
nitrate was concentrated to dryness in vacuo. The residue was 
dissolved in ethyl acetate and an insoluble material was 
filtered off. The organic layer was dried over anhydrous 
sodium sulfate and removed in vacuo to give an oily product. 
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Yield, 190 mg (89.6%) ; NMR (GC14) : Ô 1.45 (s, 9H). 
Boc-n-Leu-Pro-Sar-OBu* (9). Method A: To a solu­

tion of 6 (2.24 g, 6.84 mmol) in dry tetrahydrofuran (15 ml) 
was added triethylamine (690 mg, 6.84 mmol) and the mixture 
was cooled to —15 °G. To the solution, isobutyl chloroformate 
(934 mg, 6.84 mmol) was added followed, after 5 min, by a 
solution off-butyl sarcosinate (1.00 g, 6.89 mmol) in dry tetra­
hydrofuran (1 ml). The reaction mixture was stirred for 2 h 
at 0 °C and allowed to stand overnight at room temperature. 
The solvent was removed in vacuo and the residue was partition­
ed between ethyl acetate and water, the organic layer was 
washed with 1 M-hydrochloric acid, 10% sodium hydrogencar­
bonate and water, and then dried over anhydrous sodium 
sulfate. The ethyl acetate was removed in vacuo to give a crude 
oil, which was subjected to column chromatography on silica 
gel using hexane-ethyl acetate (2: 1 v/v). Yield, 1.83 g 
(58.8%). NMR (CC14) : Ô 1.38 (s, 9H), 1.43 (s, 9H) ; M+ 455. 

Method B: To a stirred solution of f-butoxycarbonyl-D-
leucine monohydrate (195 mg, 0.783 mmol) in dry tetrahydro­
furan (2 ml) at —10 °C, was added triethylamine (79 mg, 
0.783 mmol) followed by isobutyl chloroformate (107 mg, 
0.783 mmol). After 5 min a solution of 8 (190 mg, 0.783 
mmol) in dry tetrahydrofuran (1ml) was stirred for 3.5 h 
below 0 °C and allowed to stand overnight at room tempera­
ture. The solvent was evaporated in vacuo and the residue was 
partitioned between ethyl acetate and water. The ethyl ace­
tate layer was washed with 1 M-hydrochloric acid, 10% sodium 
hydrogencarbonate and water. After drying over anhydrous 
sodium sulfate, the ethyl acetate was removed in vacuo to give a 
pure oil. Yield, 340 mg (95.7%). The physical properties 
of this oil were similar to those of the product obtained accord­
ing to method A. 

H-n-Leu-Pro-Sar-OBu1 (10). Catalytic Hydrogénation 
Method'. Catalytic hydrogénation of 3 (1.00 g, 2.04 mmol) 
with palladium (50 mg) in EtOH (25 ml) afforded the desired 
tripeptide (10) contaminated with a ninhydrin-negative com­
pound. It was found that this compound was D-leucyl-
proline anhydride (4), which was confirmed by its IR spectrum 
and elemental analysis, mp 148—149 °G; [aJJJ —105.5° (0.50, 
abs EtOH). Found: C, 62.67; H, 8.44; N, 13.04%. Calcd 
for CnH1 802N2 : C, 62.83; H, 8.63; N, 13.32%. 

Selective Cleavage Method: Compound 9 (3.36 g, 7.41 mmol) 
was dissolved in 100 ml of 85% formic acid, and after the solu­
tion had been maintained for 3.5 h at 18 °C, the solvent was 
removed in vacuo. The residual oil was dissolved in chloro­
form, and ammonia was passed through it. After a short 
cooling, the precipitate was filtered off and the filtrate was 
evaporated in vacuo. The residual oil was dissolved in ethyl 
acetate and an insoluble material was filtered off. The organic 
layer was dried over anhydrous sodium sulfate. The solvent 
was removed in vacuo to give an oily product. Yield, 2.24 g 
(85.9%). NMR (CC14) : ô 1.44 (s, 9H) ; M+ 355. 

Boc-Ala—I 

Z-Thr-OH(ll). f-Butoxycarbonyl-alanine (7.56 
g, 40 mmol) and triethylamine (4.04 g, 40 mmol) were dis­
solved in dry tetrahydrofuran (12 ml), and the solution was 
cooled to — 5 °C. Isobutyl chloroformate (5.44 g, 40 mmol) 
was added, followed, after 5 min of stirring in the cold bath, by 
a solution of benzyloxycarbonyl threonine (20.24 g, 80 mmol) 
and triethylamine (12.12 g, 120 mmol) in dry tetrahydrofuran 
(80 ml). The reaction mixture was allowed to stand with 
stirring at room temperature. The salt was filtered off and 
washed well with ethyl acetate. The filtrate was concentrated 
to dryness, and the residual oil was partitioned between ethyl 
acetate and water. The ethyl acetate layer was washed with 
1 M-hydrochloric acid and water and dried over anhydrous 

sodium sulfate. The ethyl acetate was evaporated in vacuo to 
afford an oily product. The crude reaction mixture so obtain­
ed was separated by gel filtration on Sephadex LH-20, using 
chloroform as the elution solvent to give the desired product 
(16 g), which was isolated in the form of a crystalline product, 
dicyclohexylammonium salt, from ethyl acetate. Yield, 15.45 
g (63.8%) with a melting point of 165—166 °C; [a]'D

2 -10.5° 
(1.04, abs EtOH). Found: C, 63.15; H, 8.62; N, 6.83%. 
Calcd for C32H6108N3: C, 63.45; H, 8.49; N, 6.93%. 

Boc-Ala—I 

Z-Thr-n-Leu-Pro-Sar-OBu1 (12). Triethylamine 
(674 mg, 6.67 mmol) and 11 (2.83 g, 6.67 mmol) were dis­
solved in dry tetrahydrofuran (30 ml) and the solution was 
cooled to —15 °C with stirring. Isobutyl chloroformate (911 
mg, 6.67 mmol) was added, followed, after 5 min of stirring in 
the cold bath, by a solution of 10 (2.24 g, 6.36 mmol) in dry 
tetrahydrofuran (20 ml). The reaction mixture was kept at 
- 1 0 °C for 1 h, then at 0 °C for 1.5 h and allowed to stand 
overnight at room temperature. The residual oil was parti­
tioned between ethyl acetate and water. The ethyl acetate 
layer was washed with 1 M-hydrochloric acid, 10% sodium 
hydrogencarbonate and water and dried over anhydrous 
sodium sulfate. Evaporation afforded a crude oily product 
(4.51 g) and this oil was subjected to column chromatography 
on silica gel using ethyl acetate-hexane (2: 1 v/v) to give an 
80% yield of the desired product (3.88 g); [a]2

D
8 -36.4° (1.20, 

abs EtOH); NMR (CC14) : ô 1.37 (s, 9H), 1.47 (s, 9H) ; M+ 761. 
Found: C, 59.60; H, 7.91 ; N, 8.95%. Calcd for C38H69Ou-
N 5 .1 /2H 20: C, 59.20; H, 7.84; N, 9.06%. Amino acid analy­
sis showed the presence of threonine, sarcosine, proline, leucine 
and alanine in ratios of 0.8: 1.2: 1.3: 0.8: 1.0. 

Boc-Leu-Ala-OMe (14). Methyl alaninate hydro­
chloride (3.14 g, 25 mmol) was suspended in chloroform (30 
ml), followed by the addition of triethylamine (2.78 g, 27.5 
mmol) at 0 °C. To the solution, dicyclohexylcarbodiimide 
(5.15 g, 25 mmol) were added. After cooling in a cold bath 
for 2 h, the reaction mixture was allowed to stand overnight. 
Dicyclohexylurea was filtered off and the organic layer was 
washed with 1 M-hydrochloric acid, 10% sodium hydrogencar­
bonate and water and dried over anhydrous sodium sulfate. 
The solvent was removed in vacuo to give a crystalline sub­
stance, (6.80 g, 86%) with a melting point of 113—115 °C, 
which was recrystallized from benzene-hexane. Yield, 6.36 g 
(80.5%); mp 113—115 °C; [<x]2D

8 -48.3° (1.20, abs MeOH). 
Found: C, 57.10; H, 8.84; N, 8.67%. Calcd for C16H2806N2: 
C, 56.94; H. 8.92; N, 8.85%. 

Boc-Leu-Âla-N2H3 (15). To a solution of 14 (3.9 g, 
12.3 mmol), was added hydrazine monohydrate (2.4 g, 48 
mmol) in MeOH (10 ml), and the solution was allowed to 
stand overnight at room temperature. Evaporation in vacuo 
afforded the crude product (3.77 g, 96.7%) with a melting 
point of 175—177 °C, which was recrystallized from ethyl 
acetate. Yield, 3.46 g (88.7%); mp 178—179 °C; [<x]2D

4 

-51.9° (0.94, abs MeOH). Found: C, 52.90; H, 8.89; N, 
17.37%. Calcd for C14H2804N4: C, 53.14; H, 8.92; N, 
17.74%. 

H-Ala—| 

Z-Thr-D-Leu-Pro-Sar-OBu' (13). Compound 12 
(1.20 g, 1.58 mmol) was dissolved in 60 ml of 85% formic 
acid and then the solution was maintained for 2 h at 18— 
19 °C. The solvent was removed in vacuo and the residual 
oil was partitioned between ethyl acetate and water. Sodium 
hydrogencarbonate was added to the aqueous layer producing 
alkaline solution, and the isolated oil was extracted with ethyl 
acetate. After drying the solvent was removed in vacuo to give 
the desired product. Yield, 900 mg (86.5%); NMR (CC14) : 
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Ö 1.47 (s, 9H) ;M+661 . 
Boc-Leu-A la-Ala—i 

Z-Thr-v-Leu-Pro-Sar-OBu1 (17). To a 
solution of 15 (1.062 g, 3.36 mmol) in dry JV,JV-dimethyl-
formamide (18 ml) was added 2.18 ml of 4.62 M-HCl in 
dioxane (10.08 mmol) at —50 °C, followed by isopentyl nitrite 
(0.47 ml, 3.36 mmol). After the temperature had been raised 
to —20 °C and kept there for 30 min, the solution was again 
cooled to —50 °C, and triethylamine (1.01 g, 10.08 mmol) was 
added. A solution of 13 (2.22 g, 3.36 mmol) in dry JV,JV-di-
methylformamide (10 ml) was added dropwise at — 20 °C. 
After stirring at 0 °C for 70 h, the solvent was removed in vacuo 
and the residual oil was partitioned between ethyl acetate and 
water. The ethyl acetate layer was washed with lM-hydro-
chloric acid, 10% sodium hydrogencarbonate and water. The 
solvent was evaporated to dryness under reduced pressure to 
give a crude product. The crude oil was subjected to column 
chromatography on silica gel using benzene-MeOH (20: 1 
v/v) to afford a 90.5% yield of the desired pure product (2.88 
g); [a] g -37.5° (1.04, abs EtOH); NMR (CCLJ : Ô 1.38 (s, 
9H), 1.44 (s, 9H). Found: C, 59.05; H, 8.03; N, 10.53%. 
Calcd for C4 7H7 50 ] 3N7 .1/2H20: C, 59.09; H, 7.92; N, 
10.27%. Amino acid analysis showed the presence of threo­
nine, sarcosine, proline, alanine and leucine in ratios of 0.8 : 
0.7: 1.0:2.0: 1.5. 

Z- Thr-D-Leu-Pro-Sar—. 
\-Ala-Ala-Leu I <19>' Compound 17 (1.10 g, 

1.16 mmol) was dissolved in 15 ml of trifluoroacetic acid and 
allowed to stand for 1 h at room temperature. Excess tri­
fluoroacetic acid was removed in vacuo and the residue was tri­
turated with dry ether to give a salt (18) in a 92.3% yield 
(975 mg). The salt (600 mg, 0.664 mmol) was suspended in 
dry dichloromethane (10 ml) and triethylamine (133 mg,1.32 
mmol) was added with ice cooling, after 50 min, followed by 
evaporation and drying under reduced pressure. The residue 
was taken up in 1.2 1 of dry dichloromethane and cooled to 0 °C. 
iV-Hydroxysuccinimide (381 mg, 3.32 mmol) was added and 
after a short delay, a solution of EDCI (515 mg, 3.32 mmol) in 
dry dichloromethane (10 ml) was added. The reaction mix­
ture was stirred for 30 h at 0 °C and then the stirring was con­
tinued for 60 h at 5 °C. The solution was evaporated in vacuo 
and the residue was partitioned with ethyl acetate and water. 
The organic layer was washed with 0.1 M hydrochloric acid, 
10% sodium hydrogencarbonate and water, dried over an­
hydrous sodium sulfate, and evaporated. The product was 
subjected to preparative TLC first using ethyl acetate-EtOH 
(6: 1 v/v) and once more using benzene-EtOH (5: 2 v/v). The 
desired product was obtained in a 44.5% yield (233 mg) which 
was recrystallized from ethyl acetate-hexane to give a crystal­
line product with a melting point of 176—178 °C. Yield, 
224 mg; [aft +59.7° (1.17, abs EtOH); M+ 771. Found: 
C, 58.01 ; H, 7.60; N, 12.41%. Calcd for C 3 8 H 5 7 O n N 7 .H 2 0: 
C, 57.78; H, 7.27; N, 12.41%. 

Hypic- Thr-n-Leu-Pro-Sar—. 
\-Ala-Ala-Leu 1 <21>- Compound 19 

(70 mg, 0.09 mmol) was dissolved in abs EtOH (15 ml) con­
taining 0.04 ml of 4.62 M-HCl in dioxane and hydrogenated 
for 1 h over 10% palladium on charcoal (30 mg). The catalyst 
was filtered off and the solution was evaporated in vacuo to give 
a salt (20). 3-Benzyloxypicolinic acid sesquihydrate hydro­
chloride19) (30 mg, 0.1 mmol) was suspended in 2 ml of di­
chloromethane followed by the addition of triethylamine (40 
mg) with ice cooling. After 1 h the solution was evaporated 

in vacuo and dried. The residue was taken up in 1 ml of dry 
tetrahydrofuran followed by the addition of HOBt (13.5 mg, 
0.1 mmol) and dicyclohexylcarbodiimide (20.6 mg, 0.1 mmol) 
and stirring for 1 h at 0 °C. To the solution prepared above 
was added a solution of 20 in tetrahydrofuran (1 ml) and a 
solution of triethylamine (9.1 mg, 0.09 mmol) in dry tetrahy­
drofuran (5 ml) was added dropwise over a 2.5 h period. The 
reaction mixture was stirred for 5 h at room temperature and 
evaporated. The residue was subjected to preparative TLC 
using benzene-EtOH (100: 35 v/v) to give the protected 
product in a 68.1% yield (52 mg), which was hydrogenated for 
1 h over 10% palladium on charcoal (40 mg). After filtration 
of the catalyst the solvent was evaporated in vacuo to give the 
desired product in a 64.5% yield (44 mg); [>]£ +40.8° (0.98, 
CH2C12); IR (KBr): 1740, 1630, 1520 cm"1; *max 304 nm 
(log e 3.77).12>13> Found: C, 54.87; H, 7.12; N, 14.44%. 
Calcd for C36H54O10N8.3/2H2O: C, 55.01 ; H, 7.31 ; N, 14.25%. 
The product showed a single spot using various solvents with 
TLC. Amino acid analysis showed the presence of threonine, 
sarcosine, proline, leucine, and alanine in ratios of 0.9: 1.0: 
1.0:1.9:2.0. 
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The reactions of benzyne with substituted benzenes (anisole, chlorobenzene, methyl benzoate, benzylidyne 
trifluoride and toluene) giving the Diels-Alder adducts were investigated, where two positionally isomeric adducts 
were possible, i.e., a geminal-para adduct (1,4-adduct with respect to the substituent) and an ortho-meta adduct 
(2,5-adduct). From the competition reactions, relative reactivities of benzyne to substituted benzenes were 
estimated for the 1,4-addition and 2,5-addition. Markedly different substituent effects were observed. For the 1,4-
addition, large negative p value (— 1.79) was observed, but for the 2,5-addition, substituent effect was small. From 
benzyne and toluene, o-benzylbiphenyl (13) and 2-benzyl-3-phenylbenzo[5,6]bicyclo[2.2.2]octatriene (14) were ob­
tained as the successive "ene" products together with the normal Diels-Alder adducts. 

Reactions of halogenated benzynes with substituted 
benzenes were studied well where the Diels-Alder ad­
ducts were obtained in good yield.1) But the reactions 
of benzyne with substituted benzenes have been scarcely 
studied probably because of the low reactivity. Only 
the reactions of benzyne, generated from the thermolysis 
of benzenediazonium-2-carboxylate, with benzene2-3) 
and some alkylbenzenes4) and that, generated from the 
pyrolysis of phthalic anhydride, with o-dichloroben-
zene5) have been reported. Stiles reported that the 
reaction of benzyne with benzene gave three one to one 
adducts, biphenyl, benzöcyclooctene and benzobicyclo-
[2.2.2]octatriene, together with a two to one adduct 15.2) 
Friedman, however, showed that the former two prod­
ucts were formed only in the presence of a catalytic 
amount of silver cation and their formations were reduc­
ed to near zero in the reaction where the starting ben-
zenediazonium-2-carboxylate was prepared from an-
thranilic acid( l ) and pentyl nitrite in the absence of a 
silver salt.3»6) W e also reported that the addition of 
several metal salts changed the products of the reaction 
of benzyne with benzene.7) 

In this paper we report the products and the relative 
reactivities of substituted benzenes treated with benzyne, 
generated from benzenediazonium-2-carboxylate, in the 
absence of a metal salt. 

R e s u l t s 

The thermolysis of benzenediazonium-2-carboxylate 

TABLE 1. T H E PRODUCT COMPOSITIONS OF THE REACTIONS 

OF BENZYNE WITH SUBSTITUTED BENZENESA> 

Substrate 
(ml) 

Anisole 
(500) 

Chlorobenzene __ 
(500) 

Methyl benzoate 
(225) 

Benzylidyne 
trifluoride (75) 
Toluene 

(500) 

1 
(g) 

10 

— 3 -

3 

3 

3 

Product 

3 4 
82.9 17.1 

3L. __Ü__ 
17.8 44.4 

8 
« 1 0 0 

9 
« 1 0 0 

10 11 
13.9 28.4 

compositions 
(%) 

_ _ 7 
37.8 

12 13 14 
4.1 37.1 16.5 

a) The product compositions were determined by means 
of gas chromatography (PEG 20M and Silicon DC 550 
columns) and/or NMR spectroscopy. 

•NH2 -N 1-AmOMO ^ V1"2 ±_ 

1 2 

0CH3 OCH3 

+ 

3 4 

6—c& * or 
5 6 

CO2CH3 

Ô — OCT901 

1 r-%^u-ci 
+ 

CF3 

CF3 

( i ) 

( 2 ) 

( 3 ) 

( 4 ) 

(5) 

CHs ^ ÇH3 CH3 

D • 03rCH,+ Q 
10 11 12 

f^VCHJh *^Vr^CH»Ph + UU + 
13ph "ir^ph ( 6 ) 

Scheme 1. The products of the reactions of benzyne 
with substituted benzenes.9) 

(2) was carried out in a substituted benzene (anisole, 
chlorobenzene, methyl benzoate, benzylidyne trifluoride 
or toluene). The products are shown in Scheme 1 and 
their compositions are listed in Table l.8) 

T h e reaction of benzyne with anisole gave 1-methoxy-
benzo[2,3]bicycT6[2.2.2]octatriene(3) and benzobicyclo-
[2.2.2]octadienone(4) in 25(32) and 6 (8 )% yields, re­
spectively, on the basis of anthranilic acid used (yields in 
the parentheses were based on benzyne generated).10) 
4 was determined on the basis of its I R spectrum identi­
cal with that reported in literature11) in every detail. 

Chlorobenzene gave l-chlorobenzo[2,3]bicyclo-
[2.2.2]octatriene(5), 2-chlorobenzo[5,6]bicyclo[2.2.2]-
octatriene (6) and compound 7 together with biphen-
ylene(19% of the total products)9) and phenyl benzoate 
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H(6.70, d) 

( 8 . 1 2 , a pa ir of t ) 
. 1 6 , m) 

. 3 7 , 
pa ir of m) 

( 7 . 3 2 , m)H 

Fig. 1. H1 NMR spectra of 7 and 15 (r-value). Ab­
breviations are: d, doublet; t, triplet; m, multiplet; 
br, broad. 

(4% of the total products).9) T h e molecular peak of 
mass spectrum of 7 was observed at 264 {mje) with rela­
tive intensity 12, indicating that 7 was the two to one 
adduct of benzyne and chlorobenzene. The 60 M H z 
N M R spectrum of 7 in GC14 consisted of aromatic ab­
sorptions as a multiplet at 2.55—3.05 x (8H) and alipha­
tic absorptions at 6.70 T(doublet, 1H), 6.80 r (broad 
doublet, 1H), 7.16 T(multiplet, 1H), 7.32 r(multiplet, 
1H), and 8.12 r (a pair of triplet, 1H). No olefinic 
proton was observed. T h e 60 M H z spin-decoupling 
experiments showed that the original signal at 8.12 T 
was coupled with the signal a t 6.70 x with J value of 
7.2 Hz and also coupled with the signal at 6.80 x wi th 
y value of 1.8 Hz. T h e N M R spectrum of 7 compared 
with that of unsubstituted compound 152b> is shown in 
Fig. 1. Observed N M R spectrum of 7 was fully inter­
preted on the basis of the assigned structure. 

Methyl benzoate gave 2-methoxycarbonylbenzo[5,6]-
bicyclo[2.2.2]octatriene (8), biphenylene and phenyl 
benzoate. No 1-substituted benzobicyclo[2.2.2]octa-

triene was obtained in a detectable amount . 
From benzylidyne trifluoride, 2-trifluoromethylbenzo-

[5,6]bicyclo[2.2.2]octatriene (9), biphenylene and phen­
yl benzoate were obtained. 

From toluene, three products, l-methylbenzo[2,3]-
bicyclo[2.2.2]octatriene (10), 2-methylbenzo[5,6]bicy-
clo[2.2.2]octatriene (11) and o-benzylbiphenyl (13) 
were obtained as was reported elswhere.4) In addition, 
unknown compounds 12 and 14 were obtained. Struc­
ture of 12 was tentatively determined as shown in 
Scheme 1 on the basis of N M R spectrum which consisted 
of the signals at 8.95 r(singlet), 7.4 r (broad singlet), and 
7.0 r (b road singlet). T h e molecular peak of the mass 
spectrum of 14 was observed at 320 {mje) indicating 14 to 
be the three to one adduct of benzyne and toluene. Its 
N M R spectrum showed the olefinic multiplet at 3.06— 
3.25 T ( 2 H ) and aliphatic signals at 4.99 x (doublet of 
doublet, 1H), 5.50 x (doublet of doublet, 1H), and 
6.40 x (AB quartet , 2H) . According to the decoupling 
experiment, no appreciable coupling was observed be­
tween the signals at 4.99 and 5.50 x. The most probable 
structure of 14 and N M R assignment are shown in Fig. 
2. 

The N M R spectra of other benzobicyclo[2.2.2]octa-
triene derivatives are summarized in Table 2. 

Competition reactions were carried out to estimate the 
relative reactivities of benzyne toward substituted ben­
zenes. In each run, 0.5 g of anthranilic acid and 20— 
30 g of substituted benzenes were used. Results are 
shown in Table 3. 

TABLE 2. *H NMR SPECTRA OF BENZOBICYCLO[2.2.2]OCTATRIENE DERIVATIVES8^ 

3 

5 

6 

8 

9 

10 

11 

ids R1 

OCH3 

CI 

H 

H 

H 

CH3 

H 

R2 

H 

H 

Cl 

C0 2 CH 3 

CF3 

H 

CH3 

R1 H1 

6.25 5.35 
( O ( t t ) 

— 5.21 
(m) 

5.13—5.45 
(m) 

4.50— 4.95— 
4.73 5.24 

(m) (m) 

4.95—5.23 
(m) 

8.04 5.26 
( s ) (m) 
5.46— 5.24— 

5.72 5.46 
(m) (m) 

R2 

6.30 

8.12 
(m) 

i5 

3.58 
(dd) 

il " 
T-value 

H2 H» 

2.75—3.25 
(m) 

2.65—3.40 
(m) 

2.85—3.35 
(m) 

H4 

2.95—3.45 
(m) 

2.90—3.40 
(m) 

3.76 
(m) 

3.27 
(dd) 

H6 

2.65—3.25 
(m) 

3.65— 
3.90 

(m) 

H« H ' 

2.75—3.25 
(m) 

2.65—3.40 
(m) 

2.80—3.30 
(m) 

2.85—3.35 
(m) 

H8 

2.65— 
2.83 

(m) 
2.40— 

2.60 
(m) 

a) With 1% TMS as an internai standard, 5—10% in CC14, 60 MHz. Abbreviations are: s, singlet; d, doublet; 
dd, doublet of doublet; tt, triplet of triplet; m, multiplet. 
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Aromatic H : 2.65—3.06 r (m, 14H) 
H3, H4 : 3.06—3.25 r (m, 2H) 
H2 : 4.99 T (dd, 1H), A M I « = 5 . 4 Hz, 7 H . . H . = 2 . 8 H Z 

H1 : 5.50 r(dd, 1H), JU,,H. = 5A Hz, yH , i H ,=2.6 Hz 
H5, H6 : 6.40 x (center, AB quartet, 2H), , /HMI«= 16.5 Hz 

Fig. 2. The NMR spectrum of 14. With 1% TMS as 
an internal standard, 10% in CC14, 60 MHz. Ab­
breviations are: dd, doublet of doublet; m, multiplet. 

TABLE 3. COMPETITION REACTIONS OF A SERIES OF 

SUBSTITUTED BENZENE TOWARD BENZYNEA) 

Run Substrate (g) 
Ratio of products 
derived from two AB/&H

b) 

substrates 

1 

2 

3 

4 

5C> 

/Benzene (30) 
[Anisole (20) 
/Benzene (25) 
[Toluene (25) 
/Benzene (20) 
[Chlorobenzene (30) 
{Benzene (20) 
[Benzylidyne 
trifluoride (30) 

/Chlorobenzene (20) 
[Methyl benzoate (30) 

1 
3.82 

1 
3.61 

1 
0.862 

1 

0.466 

1 
1.45 

1 
7.93 

1 
4.25 

1 
0.794 

1 

0.580 

0.794 
0.993 

a) The products from benzene were benzobicyclo[2.2.2]-
octatriene (16) and 15. b) Relative reactivities of sub­
stituted benzenes to benzene. c) Product compositions 
derived from chlorobenzene were slightly changed from 
those shown in Table 1 to 5, 6.1% and 6 + 7 , 93.9%. 
The cause of these differences was not clear but it may 
be due to solvent effect. 

D i s c u s s i o n 

Regioselectivity of the Diels-Alder Addition. T h e 
reaction of benzyne with substituted benzene gave the 
Diels-Alder adducts12) where two positional isomers were 
possible, a geminal-para adduct( l ,4-addi t ion; Eq. 7) 
and an ortho-meta adduct (2,5-addition; Eq. 8) with 
respect to a substituent. 

^cx 1,4-addition 

2,5-addition 03X 

(7) 

X (8) 

The isomer compositions are shown in Table 4.13> As 
shown in the table, the predominant product was sys­
tematically changed from the 1,4-adduct for anisole to 
the 2,5-adduct for methyl benzoate or benzylidyne tri­
fluoride depending on the electron-donating (withdraw­
ing) property of substituent.14) If the steric factor alone 
is important, it should reduce the amount of the 1,4-

TABLE 4. THE ISOMER COMPOSITIONS OF THE 

DIELS-ALDER ADDUCTS (%) 

Substrate 

Anisole 
Toluene 
Chlorobenzene 
Methyl benzoate 
Benzylidene trifluoride 

1,4-Adduct 

82.9 
28.6 
17.8 

«*0 
«*0 

2,5-Adduct 

17.1 
71.4 
82.2 

«*100 
^ 1 0 0 

TABLE 5. T H E RELATIVE REACTIVITIES OF BENZYNE TOWARD 

SUBSTITUTED BENZENES WITH RESPECT TO 1,4-

ADDITION AND 2,5-ADDITIONA) 

Substituent OCH3 CH3 H 

1,4-Addition 19.1 2.32 1 
2,5-Addition 2.36 2.90 1 

CI C0 2 CH 3 

0.436 «»0 
0.973 1.49 

CF3 

«,0 
0.870 

a) Statistical factors are corrected. 

adduct relative to the 2,5-adduct.15) But our results 
indicated that the regioselectivity of the Diels-Alder 
addition could not be so simply explained as only the 
steric repulsion in the transition state was important 
{vide infra). 

The Relative Reactivities of Benzyne toward Substituted 
Benzenes. The relative reactivities of benzyne 
toward substituted benzenes were estimated from the 
competition experiments. In Table 5, the relative reac­
tivities of benzyne toward substituted benzenes with 
respect to 1,4-addition and 2,5-addition are shown. The 
reactivity of 1,4-addition changed more than 40-fold 
with changing a substituent, while that of 2,5-addition 
changed only 3.5-fold. Hammet t plots of the relative 
reactivities of 1,4-addition and 2,5-addition of benzyne 
toward substituted benzenes are shown in Figs. 3 and 4, 
respectively. For 1,4-addition, the plot of the loga­
rithms of the relative reactivities vs. o-p+ gave a straight 
line and the reaction constant, p, was estimated to be 
— 1.79. A comparison of p values for several reactions 
is made in Table 6. As is seen, the absolute value of the 
present p is much smaller than that for the nitration of 
substituted benzenes but slightly larger than that for 
cationic phenylation of substituted benzenes.19) This 
fact indicates that some positive charge may be induced 
in benzyne in the transition state of 1,4-addition. 

1.6 

1.2 

0 .8 -

0 .4 -

0-

- 0 . 4 

- 0 . 8 -

V 

1 1 _ 

0CH3 

CH3(X 

\ 

— 1 1 . 1 1 
-0.8 -0.4 0.4 

V 
Fig. 3. Hammett plots for 1,4-addition. 



288 Iwao TABUSHI, Hidenori YAMADA, Zenichi YOSHIDA, and Ryohei ODA [Vol. 50, No. 1 

CO^CH, 

-0.2 0 0.2 

Op 

0.4 

Fig. 4. Hammett plots for 2,5-addition. 

TABLE 6. REACTION CONSTANTS FOR SEVERAL 

REACTIONS OF SUBSTITUTED BENZENES 

Reagent 
Kind of 

Product substituent p 
constant 

Reference 

HN0 3 -H 2 S0 4 ^ . X 
(in CH 3N0 2 or °2

N-f ? a+ 

Ac20, 25 °C) 

PhN2+BF4- (40 °C) f~\-J~\* c+ 

(PhCO2)2(80°C) < 0 ^ O " X CT-
x 

Benzyne (~45 °C) f V h ap< 

- 6 . 5 3 16 

- 1 . 0 17 

0.05 18 

— 1.79 this work 

To a marked contrast, for 2,5-addition, no clear cor­
relation was observed between logarithms of the relative 
reactivities and crp, although some electrophilic nature of 
benzyne may be seen from Fig. 4. And present sub­
stituent effect seems to be similar to that of the radical 
decomposition of symmetrically disubstituted benzoyl 
peroxide.20) 

A possible explanation of these results can be made by 
a concerted mechanism of benzyne with substituted ben­
zenes. Most stable electronic state of benzyne is con­
sidered to be a nonbonding diradical.21) But benzyne is 
also considered to be strongly polarized in the transition 
state of the reactions with the nucleophiles22) as shown 
for the case of alcohol (Eq. 9). In the transition state of 

oe- a -=- etr* - a: (9) 

1,4-addition, because of the steric repulsion between sub­
stituent of substituted benzene and hydrogen of benzyne, 
two bond formations may be unequal. Therefore, the 
charges are induced in benzyne in the transition state as 
shown in Fig. 5 and the large substituent effect is ob­
served. O n the contrary, for 2,5-addition, this steric 
repulsion can be negligible, and two bond formations 
may be equal. Therefore, relatively small charges are 

less advanced 
bond formation1 

more advanced 
bond formation 

almost equal 
bond formation 

1,4-addition 2,5-addition 

Fig. 5. Unequal bond formations of 1,4-addition and 
almost equal bond formations of 2,5-addition in the 
transition states. 

induced in benzyne in the transition state (Fig. 5) and 
the substituent effect appears small. This mechanism 
also explains the substituent effect of 2,5-addition to be 
similar to those of the radical reactions. Radical or 
cationic two step mechanism can neither explain both 
substituent effects of 1,4- and 2,5-additions satisfactorily 
at the same time, nor explain no formation of 1,2-ad-
duct(benzocyclooctene derivative). 

Double "Ene" Reaction of Benzyne with Toluene. 
Toluene gave, together with the normal Diels-Alder 
adducts, the abnormal products o-benzylbiphenyl (13) 
and 2-benzyl-3-phenylbenzo [5,6] bicyclo [2.2.2] octatri-
ene (14). T h e formation of 13 was explained by the 
successive " e n e " reactions of two benzyne molecules to 
one toluene molecule4) as shown in Eq. 10. The forma-

CH„ CH„ CH2Ph 

- u (10) 

13 

CH, 

•Ph 
H 

Ph 

11 14 :n) 
tion of 14 can be also explained by the successive "ene" 
reactions of two benzyne molecules to one molecule of 
11 (Eq. II).23) The fact that intermediates proposed 
here could not be isolated may be due to the fast second 
" e n e " reactions. The reactions of halogenated benzynes 
with toluene gave exclusively the Diels-Alder adducts.1) 
Thus, there is a remarkable difference between benzyne 
and halogenated benzyne. 

Exper imenta l 

Benzenediazonîum-2-carboxylate (2). Benzenediazonium-
2-carboxylate (2) was prepared by the Friedman's method.8) 
To a stirring soin of 3 g of anthranilic acid (1) in 20 ml of tetra-
hydrofuran (THF) in the presence of a catalytic amount of 
trichloroacetic acid was added dropwise 5 g of isopentyl nitrite. 
The mixture was stirred for 1 h and then cooled with ice bath. 
After the pale yellow solid of 2 was precipitated, upper liquid 
was carefully pipetted out, and immediately cold THF was 
added to the ppt. The mixture was stirred for a moment and 
kept standing with external cooling until the ppt was settled. 
Then, the upper THF layer was again removed from the ppt 
this procedure was repeated until the THF layer became prac-
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tically colorless (3—4 times). Then the ppt was similarly 
washed with dichloromethane twice to remove THF.10) The 
ppt, benzenediazonium-2-carboxylate (2), thus obtained was 
used directly for the reaction. 

General Procedure of the Reaction of Benzyne with a Substituted 
Benzene. A mixture of benzenediazonium-2-carboxylate 
(2), prepared from 3—10 g of anthranilic acid (1), and 75— 
500 ml of a substituted benzene was stirred at about 45 °C. 
After gas evolution had ceased (20—48 h), the mixture was 
washed with aq sodium hydrogencarbonate soin and water, 
dried and then coned. The residue was analyzed by gas chro­
matography (Silicon DC 550, PEG 20M and Golay column of 
silicon oil). After distillation of the mixture, products were 
separated by preparative gas chromatography and identified 
by means of their IR, NMR, and mass spectra. 

Reaction of Benzyne with Anisole. Anisole used for the 
reaction was dried on sodium. Gas chromatographic analysis 
of the coned crude mixture showed the presence of two prod­
ucts, l-methoxybenzo[2,3]bicyclo[2.2.2]octatriene (3) and 
benzobicyclo[2.2.2]octadienone (4). Distillation of the coned 
crude mixture at 55—66 °C/0.7 Torr afforded the mixture of 
3 and 4. They were separated by preparative gas chromato­
graphy (PEG 20 M). 3 was a colorless oil, n£ 1.5840; MS, 
mje (rel intensity) 184 (M+, 90), 169 (100), 158 (24), 141 (87), 
115 (84), and 94 (37); IR (neat), 1330, 1080, 1015, 860, 745, 
695, and 680 cm-1. Calcd for C13H iaO : C, 84.75 ; H, 6.57%. 
Found: C, 84.52; H, 6.82%. 

4 was the known compd and its IR spectrum was completely 
consistent with the reported one.11) 

Gas evolution was measured in the reaction of 2, prepared 
from 1 g (7.30 mmol) of 1, with 200 ml of anisole at 48 °C for 
9 h, which amounted to 268 ml on water at 16.2 °C, indicating 
that 5.62 mmol of benzyne to be generated (77% based on 1 
used). Gas chromatographic analysis of the crude mixture 
calibrated with the weighed internal standard (biphenyl) 
showed that the yields of 3 and 4 were 25 (32) and 6 (8)%, 
respectively based on 1 used (yields in the parentheses were 
based on benzyne generated). 

Reaction of Benzyne with Chlorobenzene. The coned crude 
mixture was analyzed by gas chromatography on PEG 20 M 
which revealed the presence of l-chlorobenzo[2,3]bicyclo-
[2.2.2]octatriene (5), 2-chlorobenzo[5,6]bicyclo[2.2.2]octa-
triene (6) and a compd 7 together with phenyl benzoate (4% 
of the total products), biphenylene (19% of the total products) 
and a small amount of ester not yet characterized. The 
distillate of the mixture at 70—73 °C/7 Torr consisted of 
5, 6, biphenylene and phenyl benzoate. Isolations of 5 and 6 
were carried out by preparative gas chromatography. 5 was 
obtained as white crystals, mp 47—48 °C, from ether; MS, 
m/e (rel intensity) 190 (M+2, 12), 188 (M+, 35), 162 (14), 
154 (18), 153 (100), 152 (39), 151 (19), 127 (16), and 126 (10); 
IR (neat), 1450, 1320, 990, 830, 750, and 685 cm"1. Calcd 
for C12H8C1: C, 76.40; H, 4.81; CI, 18.79%. Found: C, 
76.24; H, 5.08; CI, 18.59%. 

6 was obtained as white crystals, mp 47 °C, from ether; MS, 
m/e (rel intensity) 190 ( M + 2 , 17), 188 (M+, 41), 154 (27), 
153 (100), 152 (100), 151 (27), 128 (14), 127 (18), and 126 
(13) ; IR (neat), 1460, 1305, 1005, 820, 810, 750, and 710 cm-1. 
Calcd for C12H9C1: C, 76.40; H, 4.81; CI, 18.79%. Found: 
C, 76.20; H, 4.77; CI, 18.58%. 

The distillate of the mixture at 116—130 °C/0.9 Torr 
afforded 7 which was further purified through a column of 
silica gel (eluted with petroleum ether) and with recrystalliza-
tion from hexane, mp 128 °C; MS, m/e (rel intensity) 266 
(M+2, 4), 264 (M+, 12), 230 (23), 229 (100), 228 (53), 227 
(13), 226 (23), 114 (24), 113 (18), 102 (12), and 101 (14); IR 
(neat), 1490, 1460, 1290, 1250, and 750 cm-1. Calcd for 

C18H13C1: C, 81.66; H, 4.95; CI, 13.39%. Found: C, 81.95; 
H, 5.13; CI, 13.67%. 

Reaction of Benzyne with Methyl Benzoate. Gas chromato­
graphic analysis (Silicon DC 550) of the coned crude mixture 
showed the presence of 2-methoxycarbonylbenzo[5,6]bicyclo-
[2.2.2]octatriene (8) together with biphenylene (21% of the 
total products) and phenyl benzoate (25% of the total prod­
ucts) . Distilled 8 at 82—90 °C/4 Torr was further purified by 
preparative gas chromatography, followed by recrystallization 
from hexane, mp 63.5 °C; MS, mje (rel intensity) 212 (M+, 
58), 169 (12), 154 (20), 153 (100), 152 (70), 151 (19), 128 (20), 
and 127 (20); IR (neat), 1700, 1240, 1200, 1060, 725, and 690 
cm-1. Calcd for C1 4H,202 : C, 79.23; H, 5.70; O, 15.08%. 
Found: C, 78.94; H, 5.62; O, 14.79%. 

Reaction of Benzyne with Benzotrifluoride. Gas chromato­
graphic analysis (PEG 20 M) of the coned crude mixture 
showed the presence of 2-trifluoromethylbenzo[5,6]bicyclo-
[2.2.2]octatriene (9) together with biphenylene (45% of the 
total products) and phenyl benzoate (18% of the total prod­
ucts). Preparative gas chromatography of the distillate at 
64—67 °C/3 Torr afforded 9 as a colorless oil, nJJ 1.5092; MS, 
mje (rel intensity) 222 (M+, 100), 201 (17), 196 (16), 154 (31), 
153 (95), 152 (76), 151 (28), 146 (22), 128 (44), and 127 (19); 
IR (neat), 1465, 1340, 1260, 1150, 1110, 1015, 740, and 685 
cm-1. Calcd for C13H9F3: C, 70.27; H, 4.08; F, 25.65%. 
Found: C, 70.81; H, 4.35; F, 25.27%. 

Reaction of Benzyne with Toluene. The mixture of 2, 
prepared from 3 g of 1, and 500 ml of toluene in 500 ml of 
dichloromethane was refluxed for 2 days. After usual work­
up, gas chromatographic analysis (PEG 20 M) of the coned 
crude mixture showed the presence of l-methylbenzo[2,3]-
bicyclo[2.2.2]octatriene (10), 2-methylbenzo[5,6]bicyclo-
[2.2.2]octatriene (11), small amounts of biphenylene (9% of 
the total products) and phenyl benzoate (4% of the total 
products), together with o-benzylbiphenyl (13) and 12. The 
distillate at 68—69 °C/17 Torr consisted of 10 and 11 which 
were separated by preparative gas chromatography. 10 and 
11 were reported elsewhere but their properties were not 
described.4) 10 was a colorless oil; MS, m/e (rel intensity) 
168 (M+, 96), 167 (68), 165 (36), 153 (100), 152 (49), 149 (81), 
141 (45), 128 (73), and 115 (41); IR (neat), 1460, 1445, 1330, 
1010, 920, 740, 700, and 680 cm-1. 11 was a colorless oil ; MS, 
m/e (rel intensity) 168 (M+, 100), 167 (71), 155 (38), 153 (97), 
152 (54), 149 (62), 141 (45), 128 (85), and 115 (84); IR (neat), 
1460, 1310, 805, 735, and 670 cm"1. 

The distillate at 64— 74 °C/8 Torr consisted of biphenylene, 
phenyl benzoate and small amounts of 10 and 11. 

The distillate at 70—110 °C/0.8 Torr consisted of 12, 13, 
and 14 in a ratio of 1: 9: 4. The mixture was chromatograph-
ed through a column of silica gel. Elution with hexane gave a 
mixture of 12 and 13. 13 was purified by recrystallization 
from carbon tetrachloride, melted at 54—55 °C (lit,24) 54— 
56 °C). Although 12 was not purified, its structure was ten­
tatively determined on the basis of the NMR spectrum of the 
mixture of 12 and 13 (12 was isolated satisfactorily neither by 
gas chromatography nor by column chromatography). Fur­
ther elution with a mixture of hexane and benzene gave 14, 
recrystallized from hexane; mp 69—71 °C; MS, m/e (rel 
intensity) 320 (M+, 41), 229 (100), 228 (25), 129 (37), 128 (98), 
116 (40), 115 (40), and 105 (28); IR (neat), 1460, 1450, 740, 
and 690 cm-1. Calcd for C26H20: C, 93.71; H, 6.29%. 
Found: C, 93.53; H, 6.07%. 

Even if dichloromethane as a solvent was not used, the 
products and product composition were scarcely changed. 

Competition Reactions of a Series of Substituted Benzenes toward 
Benzyne. Competition reactions of a series of substituted 
benzenes toward benzyne were carried out using 2, prepared 
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from 0.5 g of 1, and the following combinations of substituted 
benzenes: A) benzene 25 g, toluene 25 g ; B) benzene 30 g, 
anisole 20 g ; C) benzene 20 g, chlorobenzene 30 g ; D) 
benzene 20 g, benzylidyne trifluoride 30 g ; E) chloroben­
zene 20 g, methyl benzoate 30 g. Relative reactivities were 
estimated from the calibrated gas chromatographic analysis 
and/or NMR analysis of the crude mixtures. 
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The presence of silver Perchlorate changed the products in the reaction of benzyne with substituted benzene 
(anisole, toluene, chlorobenzene or methyl benzoate) to increase biphenyl and/or benzylidyne trifluoride derivatives 
by the sacrifice of benzobicyclo[2.2.2]octatriene derivatives. In the case of toluene, o-methylbiphenyl (15) and 6-
methylbenzocyclooctene (14) were considered to be formed via common intermediate. These results were well ex­
plained by an assumption of benzyne-silver cation complex. From competition experiments, it was concluded 
that benzyne-silver cation complex assumed here had a stronger electrophilicity than benzyne itself. 

In the previous paper, we reported the reactions of 
benzyne with substituted benzenes in the absence of a 
silver salt to yield benzobicyclo[2.2.2]octatriene deriva­
tives.1) Stiles et al. reported the reaction of benzyne with 
benzene giving biphenyl (1), benzocyclooctene (2), 
benzobicyclo[2.2.2]octatriene (3) and one two to one 
adduct 4.2) The addition of Ag+ in the reaction of ben­
zyne with benzene was reported by Friedman to increase 
1 and 2 by the sacrifice of 3.3) We also reported that the 
addition of Hg+, Hg2+, Sn2+, Co2+, or V3+ changed the 
product distribution in the reaction of benzyne with 
benzene.4) Friedman proposed a cationic mechanism of 
benzyne-silver cation complex to explain the change of 
the product distribution in the reaction of benzyne with 
benzene in the presence of a silver salt (Eq. 1).3> Vedejs 

H 

A.? 

^^Ö-^fCW) 
-A; 

(i; 

et al. supported the cationic nature of benzyne-silver 
cation complex from the result of the reaction of benzyne 
with cyclooctatetraene in the presence of a silver salt.5) 

In this paper, we wish to report the products and the 
relative reactivities of substituted benzenes treated with 
benzyne in the presence of silver Perchlorate and to 
discuss the nature of benzyne in the presence of silver 
cation. 

R e s u l t s 

T h e thermolysis of benzenediazonium-2-carboxylate 
(6), prepared from anthranilic acid (5), was carried out 
in an excess of substituted benzene (anisole, toluene, 
chlorobenzene, methyl benzoate or benzylidyne triflu­
oride) in the presence of silver Perchlorate. T h e 
products are shown in Scheme 1 and the product com­
positions in the typical runs are summarized in Table 1. 

T h e reaction of benzyne with anisole in the presence 
of silver Perchlorate gave methoxybiphenyls (9—11), 
l-methoxybenzo[2,3]bicyclo[2.2.2]octatriene (7) and 
benzobicyclo[2.2.2]octadienone (8) but did not give 
benzocyclooctene derivatives. 

Toluene gave methylbiphenyls (15—17), 1-methyl-
benzo[2,3]bicyclo[2.2.2]octatriene (12), 2-methylbenzo-
[5,6]bicyclo[2.2.2]octatriene (13) and hydrocarbon 14. 
14 was a colorless oil and the molecular peak of its mass 
spectrum was observed a t 168 (m[e), indicating 14 to be 
an one to one adduct of benzyne and toluene. I R 
spectrum of this compound was similar to that of benzo­
cyclooctene (2)6> in the range of 850—650 cm"1 . N M R 
spectrum of 14 in GC14 with 100 M H z showed the ratio 
of aromatic, olefinic and aliphatic protons to be 4 : 3 : 3. 
These observations may indicate 14 to be one of methyl-
benzocyclooctenes. For comparison, N M R spectra of 
14 and 27) are shown in Table 2. Only 6-methylbenzo-
cyclooctene can well explain the N M R spectrum of 14. 

TABLE 1. THE PRODUCT COMPOSITIONS OF THE REACTIONS OF BENZYNE WITH SUBSTITUTED 

BENZENES IN THE PRESENCE OF SILVER PERCHLORATE1^ 

Substrate (ml) 5(g) AgC104(mg) Product composition (% 

Anisole(500) 

Toluene(170) 

Chlorobenzene(200) 

Methyl benzoate(50) 

Benzylidyne trifluoride(50) 

3 

3 

1 

1 

1 

75.0 

35.7 

166 

115.7 

301 

7 
10.3 
12 
3.3 
18 
1.5 

24 
7.5 
27 
100 

8 
2.7 
13 
7.8 
19 
11.1 
25 
59.6 

9 
74.5 
14 
7.7 
20 
68.0 
26 
32.9 

10 
1.4 
15 
54.3 
21 
15.8 

11 
11.1 
16 
18.6 
22 
1.0 

17 
8.1 
23 
2.6 

a) The product compositions were determined by means of gas chromatography (PEG 20M and Silicon DC 550). 
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Scheme 1. The products of the reactions of benzyne with substituted benzenes in the 
presence of silver Perchlorate. 

T h e yields of 1 2 + 1 3 , 1 4 , 1 5 , 16, and 17 were 2, 4, 31, 10, 
and 5 % , respectively, based on benzyne generated. 

From chlorobenzene, l-chlorobenzo[2,3]bicyclo-
[2.2.2]octatriene (18), 2-chlorobenzo[5,6]bicyclo[2.2.2]-
octatriene (19), chlorobiphenyls (21—23) and com­
pound 20 were obtained. O n the basis of the N M R 
spectrum (Table 2), 20 was determined to be 6-chloro-
benzocyclooctene. 

In the case of methyl benzoate, the decomposition of 
benzenediazonium-2-carboxylate (6) was markedly re­
tarded by silver Perchlorate. Heat ing of a mixture of 6 
prepared from 1 g of 5, 50 ml of methyl benzoate and 
115 mg of silver Perchlorate a t 55 °C for 13 h did not 
decompose the precipitates of 6 appreciably and addi­
tional heating of the mixture a t 90 °G for 9 h gave only 
small amounts of products. Gas chromatographic 
analysis of the reaction mixture showed the presence of 
six products, methylbenzo[5,6]bicyclo[2.2.2]octatriene-
2-carboxylate (24), methyl 3-biphenylcarboxylate (26), 

compound 25, one undetermined compound, phenyl 
benzoate and phenyl salicylate.2) T h e latter two 
products were not the products from benzyne and 
methyl benzoate,1) and the undetermined compound 
was not considered to be a one to one adduct of ben­
zyne and methyl benzoate because of its long retention 
time in gas chromatography. Compound 25 was con­
sidered tcr be benzocyclooctene derivative based on the 
N M R and I R spectra, and we determined 25 to be 
methyl 6-benzocyclooctenecarboxylate, tentatively 
(Table 2). 

From benzylidyne trifluoride, only 2-trifluoromethyl-
benzo[5,6]bicyclo[2.2.2]octatriene (27), biphenylene 
and phenyl benzoate were obtained, but biphenyl or 
benzocyclooctene derivatives were not obtained. 

T h e effects of the concentration of silver Perchlorate 
on the distributions of the products of biphenyl and/or 
benzocyclooctene derivatives were examined, in the 
cases of anisole, toluene and chlorobenzene. T h e results 
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TABLE 2. NMR SPECTRA OF 14,a> 20,a> 25,8> AND 2b> 

Compound Proton Chemical shift (T) 

H1, H2 

H8, H* 
H5, H« 

2.95—3.3 (m, 4H) 
3 .74 (d ,y H l f O H i =1 .2Hz , lH) 
3.52 ( d , / H i f H . = 11.7 Hz, 1H) 
4.03 (brd, IH) 
4.24 (brs, 2H) 
8.12 (d, 3H) 

2.7—3.2 (m, 4H) 
3.29 (s, IH) 
3 . 4 0 ( d , / H i f H . = 10.9Hz, IH) 
3.92 (brd, IH) 
4.10 (brs, 2H) 

2.7—3.2 (m, 4H) 
2.30 (s, IH) 
3.45 (d, 7 ^ = 1 1 . 6 Hz, IH) 
3.8—4.15 (m, 3H) 
6.21 (s, 3H) 

3.39,3.51 
3.94,4.06 
4.13 

a) With 1% TMS as an internal standard in CC14, 60 
MHz (14 and 20) or 100 MHz (25). Abbreviations are: 
s, singlet; d, doublet; m, multiplet; br, broad, b) The 
values reported in Ref. 7, 100 MHz. 

TABLE 3. THE EFFECT OF THE CONCENTRATION OF SILVER 

PERCHLORATE ON THE DISTRIBUTION OF METHOXY-

BIPHENYLS IN THE REACTION OF BENZYNE 

WITH ANISOLE 

Run 

1 
2a) 

3a> 

5 

g 

3 

1 

1 

Anisole 
ml 

500 

33 

25 

AgC10 4 /5 
mg/g 

25 

28 

47 

Distribution (%) 

0-(9) 

85.7 
86.4 
91.6 

m-(10) p-(ll) 

1.6 12.7 
1.3 12.3 
0 8.4 

a) Result from competition reaction with benzene. 

are shown in Tables 3—5. 
Competition reactions were carried out to investigate 

the relative reactivities of benzyne toward substituted 
benzenes in the presence of silver Perchlorate. T h e 
relative reactivities were calculated from the amounts of 
biphenyl and benzocyclooctene derivatives produced, 
since they were considered to be the products concerned 
with silver Perchlorate (vide infra). T h e results are 
shown in Table 6. 

D i s c u s s i o n 

In the presence of silver Perchlorate, the reactions of 
benzyne with anisole, toluene, chlorobenzene and meth­
yl benzoate, as well as benzene,3) gave predominantly 
biphenyl and/or benzocyclooctene derivatives, in mark­
ed contrast to the results in the absence of silver Per­
chlorate where the main products were benzobicyclo-
[2.2.2]octatriene derivatives.1) In the case of benzyli-
dyne trifluoride having a strong electron-withdrawing 

TABLE 4. THE EFFECT OF THE CONCENTRATION OF SILVER PERCHLORATE ON THE DISTRIBUTION 

OF METHYLBIPHENYLS AND 4-METHYL-1,2-BENZOCYCLOOCTEENE IN THE 

REACTION OF BENZYNE WITH TOLUENE 

Run 

1 
2 a) 

3 
4 
5 
6a> 

5 

g 

3 
1 
3 
1 
2 
1 

Toluene 
ml 

170 
100 
500 
200 
200 
50 

AgC10 4 /5 
mg/g 

11.9 

16.2 
18.3 
21 
27 
40 

14 

8.6 
16.9 
27.9 
18.8 
7.2 
9.4 

0.(15) 

61.3 
55.0 
43.4 
56.2 
62.4 
61.2 

Distribution 

14+15 

69.9 
71.9 
71.3 
75.0 
69.6 
70.6 

(%) 

m-(16) 

20.9 
19 2 
19.4 
15.1 
19.5 
20.0 

p-(17) 

9.3 
8.9 
9.4 
9.9 

10.9 
9.4 

a) Result from competition reaction with benzene. 

TABLE 5. THE EFFECT OF THE CONCENTRATION OF SILVER PERCHLORATE ON THE DISTRIBUTION 

OF CHLOROBIPHENYLS AND 6-CHLOROBENZOCYCLOOCTENE IN THE REACTION 

OF BENZYNE WITH CHLOROBENZENE 

Run 

1 
2 
3 
4 
5a> 

5 
g 

1 
3 
1 
1 
1 

Chlorobenzene 
ml 

150 
400 
150 
150 
400 

AgC104/5 
mg/g 

9.1 
29 
53 

165.3 
329 

20 

73.3 
68.4 
78.3 
82.0 
77.8 

o-(2l) 

25.0 
28.4 
18.9 
18.0 
18.0 

Distribution (%) 

20+21 

98.3 
96.8 
97.2 

100 
95.8 

m-(22) 

0 
1.1 
0.9 
0 
1.2 

p-(23) 

1.7 
2.1 
1.9 
0 
3.0 

a) Result from competition reaction with benzene. 
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TABLE 6. RELATIVE REACTIVITIES OF SUBSTITUTED 

BENZENES TO BENZENE TOWARD BENZYNE IN THE 

PRESENCE OF SILVER PERCHLORATE 

Substituted 
benzene ml Benzene 

ml 
AgC104 

mg W > 
PhOCH3 

PhOCH3 

PhCH3 

PhCH3 

PhCl 
PhCl 

25 100 1 47.3 5.17 
33 99 1 28.0 5.26 

100 100 1 16.2 2.39 
25 100 1 40.0 3.10 

400 20 1 329 0.0662 
200 10 1 166 0.0711 

a) Relative reactivity of substituted benzene to benzene. 

group, silver Perchlorate did not change the product. 
Thus, it is concluded that silver cation catalyzes the 
formations of biphenyl and/or benzocyclooctene deriva­
tives in the reactions of benzyne with substituted ben­
zenes, unless the substituent is a strong electron-with­
drawing group such as CF3 . 

For toluene, the distribution of 6-methylbenzocyclo-
octene (14) and o-methylbiphenyl (15) was affected by 
the concentration of silver Perchlorate, but the sum of 14 
and 15 was almost constant (Table 4). This may in­
dicate that 6-methylbenzocyclooctene and o-methylbi­
phenyl are formed via a common intermediate. Similar 
situation was observed in the distribution of 6-chloroben-
zocyclooctene (20) and o-chlorobiphenyl (21) in the case 
of chlorobenzene (Table 5). These observations can be 
well explained by benzyne-silver cation complex pro­
posed by Friedman3) (Eq. 1). Namely benzyne-silver 
cation complex attacks ortho position of a substituted 
benzene(toluene or chlorobenzene) forming the common 
intermediate 28 and then leaving of silver cation to­
gether with carbon-carbon bond formation gives 6-sub-
stituted benzocyclooctene (Eq. 9) or leaving of silver 
cation together with proton transfer gives o-substituted 
biphenyl (Eq. 8). In this mechanism the formation of 
5-substituted benzocyclooctene is also possible, but it 
may be inhibited by the steric effect of a substituent. 
There is no satisfactory explanation of the effect of the 
concentration of silver perchlorate on the distribution of 
14 and 15. 

Orientations of Benzyne-Silver Cation Complex to Substituted 
Benzenes. In the case of toluene, both of 6-methyl­
benzocyclooctene (14) and o-methylbiphenyl (15) should 
be included in ortho oriented products, since they were 
considered to be formed via the common intermediate. 
Similar situation was present in 6-chlorobenzocyclo-
octene (20) and o-chlorobiphenyl (21) from chloroben­
zene. Table 7 shows the orientations of benzyne-silver 
cation complex to anisole, toluene and chlorobenzene, 

TABLE 8. THE RELATIVE REACTIVITIES OF BENZYNE-SILVER 

CATION COMPLEX TOWARD THE ORTHO POSITIONS 

OF SUBSTITUTED BENZENES (F0) 

Substituent OCH, CH, H Cl 

16.5 7.6 0.247 

together with those of phenyl cation8) and phenyl radi­
cal.9-11) Obviously, the orientations of benzyne-silver 
cation complex were mostly ortho and very different 
from those of phenyl cation and phenyl radical. There­
fore, we can not discuss the nature of benzyne-silver 
cation complex only from the distribution of the prod­
ucts from substituted benzene, although Friedman sug­
gested that the distribution of isomeric methylbiphenyls 
should reveal the nature of benzyne-silver cation com­
plex.3) 

Relative Reactivities of Benzyne-Silver Cation Complex 
toward Substituted Benzenes. From Tables 6 and 7, 
the relative reactivities of benzyne-silver cation complex 
toward the ortho positions of substituted benzenes 
(partial rate factor, F0) were estimated (Table 8).12) As 
is seen, F0 changed about 65-fold with changing substi­
tuent from CI to O C H 3 . Hammet t plots of log F0 vs. 
a p

+ are shown in Fig. 1. A linear relationship was 
roughly observed between log F0 and o*p

+, and the reac­
tion constant, p, was estimated to be —2.0. A compari­
son of p values for several reactions is made in Table 9. 
The absolute value of the present p is much smaller than 
that for nitration of substituted benzenes but twice as 
large as that for cationic phenylation of substituted ben­
zenes and slightly larger than that for 1,4-addition of 

Fig. 1. The Hammett plots for ortho addition reactions 
of benzyne-silver cation complex to substituted ben­
zenes. 

TABLE 7. ORIENTATIONS OF BENZYNE-SILVER CATION COMPLEX, 

PHENYL CATION AND PHENYL RADICAL 

Reagent 

Benzyne-Ag+ (45 °C)a) 
PhN2+BF4- (in DMSO, 40 °C)b) 
(PhCOa)2 (80 °C) 

0 

88 
56.4 
67°) 

PI1OCH3 

m 

1 
12.1 
28e) 

P 
11 
31.8 

5e) 

0 

71 
47.3 
66.5d) 

PhCH3 

m 

19 
21.1 
19.2d) 

P 
10 
31.6 
14.3d) 

0 

98 
42.8 
50.1e) 

PhCl 

m 

0.5 
24.0 
31.6e) 

P 
1.5 

27.8 
18.3e) 

a) This work, b) Ref. 8. c) Ref. 9). d) Ref. 10. e) Ref. 11. 
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TABLE 9. REACTION CONSTANTS FOR SEVERAL 

REACTIONS OF SUBSTITUTED BENZENES 

Reagent 
Kind of 

Product substituent 
constant 

HN0 3 -H 2 S0 4 ^ - ^ X 
(in CH3N02 or V : ^ L ? 
Ac20, 25 °C) 

PhN2+BF4-
(40 °C) 

(PhCOa)2 

(80 °C) 

Benzyne 
(«*45 °C) 

Benzyne-Ag+ 
(**45 °C) 

^ ^ x 

o^x 

Oj) 
op cö 

o+ 

a+ 

<*m 

V 

< 

P * 

- 6 . 5 3 

- 1 . 0 

0.05 

- 1 . 7 9 

- 2 . 0 

Leference 

13 

14 

9, 15 

1 

This 
work 

TABLE 10. PERCENTAGES OF THE FORMATIONS OF 6-SUBSTI-

TUTED BENZOCYCLOOCTENE ( 6 - B C O T ) AND O-SUBSTITUTED 

BIPHENYL (O-BP) IN THE REACTION OF BENZYNE-SILVER 

CATION COMPLEX WITH SUBSTITUTED BENZENE 

Substituent OCH3 

4-BCOT 0 
o-BP 100 

a) Refs. 2 and 3. 
c) Biphenyl (1). 

CH3 Ha> CI 

10—39 29—46b> 70—92 
90—61 71—54c> 30— 8 

b) Benzocyclooctene (2). 

benzyne to substituted benzenes. Thus, it is concluded 
that benzyne-silver cation complex has a larger electro-
philicity than phenyl cation and benzyne itself. This 
supports the cationic mechanism proposed by Friedman 
(Eq. 1).»> 

Substituent Effect on the Formation of Benzocyclooctene vs. 
Biphenyl Derivatives. Table 10 shows the percentages 
of 6-substituted benzocyclooctene (6-BCOT) and o-
substituted biphenyl (o-BP) from the reactions of ben­
zyne-silver cation complex with substituted benzenes, 
together with those of benzocyclooctene and biphenyl 
from benzene. Obviously, the formation of 6-BCOT or 
o-BP depends on the electron-donating (or electron-
withdrawing) nature of a substituent of a substituted 
benzene. Namely, anisole having an electron-donating 
substituent gave exclusively o-methoxybiphenyl, while 
chlorobenzene having an electron-withdrawing substi­
tuent gave predominantly 6-chlorobenzocyclooctene. 
These results can be explained by the following way. 

(8) 

OO^ftÔ (9) 

An electron-donating substituent stabilizes the inter­
mediate cyclohexadienyl cation 28 and may reduce the 
electrophilicity of the cation to the carbon attached to 
silver. Thus, elimination of silver cation with proton 
transfer becomes predominant to increase the formation 
of o-substituted biphenyl (Eq. 8). O n the other hand, 
an electron-withdrawing substituent may be reduce the 
electrophilicity of the cation 28 and elimination of silver 
cation with cyclization becomes more predominant to 
increase the formation of 6-substituted benzocyclooctene 
(Eq. 9). A very strong electron-withdrawing substituent 
like CF 3 destabilizes the intermediate cyclohexadienyl 
cation and the cation may not be formed. Thus, the 
fact that benzylidyne trifluoride did not give biphenyl or 
benzocyclooctene derivatives could be understood. 

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

General Procedure of the Reaction of Benzyne with Substituted 
Benzene in the Presence of Silver Perchlorate. Benzenediazo-
nium-2-carboxylate (6), prepared from 1—3 g of anthranilic 
acid (5) by the method described elsewhere,1) was stirred in 
25—500 ml of a substituted benzene in the presence of a proper 
amount of silver Perchlorate at about 45 °C. After gas evolu­
tion had ceased (20—64 h), the mixture was washed with aq 
sodium hydrogencarbonate soin and water, and dried on 
calcium chloride. After removal of the most of substituted 
benzene, the residue was analyzed by gas chromatography 
(PEG 20 M, Silicon DC 550). 

Reaction of Benzyne with Anisole in the Presence of Silver Perchlo­
rate. After the treatment as described above, gas chro­
matographic analysis (PEG 20 M, Silicon DC 550) of the 
coned crude mixture showed the presence of 1-methoxybenzo-
[2,3]bicyclo[2.2.2]octatriene (7), benzobicyclo[2.2.2]octadi-
enone (8), methoxybiphenyls (9—11) and a small amount of 
phenyl benzoate (6% of the total products). All products 
were consistent with the authentic samples on the basis of the 
IR spectra and the retention times on gas chromatography, 
respectively. 

Reaction of Benzyne with Toluene in the Presence of Siloer Perchlo­
rate. After the treatment as described above, gas chro­
matographic analysis (PEG 20 M, Silicon DC 550) of the 
coned crude mixture revealed the presence of 1-methylbenzo-
[2,3]bicyclo[2.2.2]octatriene (12). 2-methylbenzo[5,6]bicyclo-
[2.2.21octatriene (13), methylbiphenyls (15—17) and 4-meth-
yl-l,2-benzocyclooctene (14). 14 was isolated by preparative 
gas chromatography (PEG 20 M) from the distillate of the 
crude mixture at 57 °C/8 Torr. 14 was a colorless oil: MS, 
m/e (rel intensity) 168 (M+, 92), 167 (49), 165 (28), 153 (100), 
152 (50), 141 (21), 128 (44), and 115 (30); IR (neat), 1490, 
1430, 830, 790, 760, 725, and 690 cm-1. 

Other products were all consistent with the authentic sam­
ples on the basis of the IR spectra and the retention times on 
gas chromatography (PEG 20 M, Silicon DC 550), respec­
tively. 

In another experiment using 6 prepared from 2 g (14.6 
mmol) of 5, 200 ml of toluene and 54 mg of silver Perchlorate, 
evolution of 14.4 mmol of gases (N2 and C0 2 , 50% yield of 
benzyne based on 5 used) was observed. Gas chromatograph­
ic analysis of the crude mixture added with weighed diphenyl-
methane indicated the yields of 12+13, 14, 15, 16, and 17 to 
be 2, 4, 31, 10, and 5%, respectively, based on benzyne gener­
ated. 

Reaction of Benzyne with Chlorobenzene in the Presence of Silver 
Perchlorate. Gas chromatographic analysis (PEG 20 M) 
of the coned crude mixture indicated the presence of 1-chloro-
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benzo[2,3]bicyclo[2.2.2]octatriene (18), 2-chlorobenzo[5,6]-
bicyclo[2.2.2]octatriene (19), 6-chlorobenzocyclooctene (20) 
and chlorobiphenyls (21—23) together with phenyl benzoate 
(10—20% of the total products). After distillation of the 
crude mixture at 47—53 °C/3 Torr, 20 was isolated by pre­
parative gas chromatography (PEG 20 M) as a pale yellow oil: 
ng 1.6226; MS, m/e (rel intensity) 190 (M+2 , 16), 188 (M+, 
47), 154 (28), 153 (100), 152 (58), 151 (36), 150 (14), 128 
(11), 127 (14), and 126 (13); IR (neat), 1495, 1100, 830, 
795, 770, and 725 cm-1. Calcd for C12H9C1: C, 76.40; H, 
4.81; CI, 18.79%. Found: G, 76.38; H, 4.74; CI, 18.52%. 

Other products were all consistent with the authentic sam­
ples on the basis of the IR spectra and the retention times on 
gas chromatography (PEG 20 M), respectively. 

Reaction of Benzyne with Methyl Benzoate in the Presence of Silver 
Perchlorate. A mixture of 6 prepared from 1 g of 5, 116 
mg of silver Perchlorate and 50 ml of methyl benzoate was 
heated at 55 °C for 13 h and then 90 °C for 9 h, but only small 
amount of 6 was decomposed. The most of methyl benzoate 
was distilled off at 100 °C using 10 cm of packed column and 
then the residue was dissolved in ether. The ether soin was 
washed with aq ammonia and sat sodium chloride soin and 
dried on sodium sulfate, and then coned. Gas chromato­
graphic analysis (Silicon DC 550) of the residue showed six 
peaks. First three peaks were due to phenyl benzoate (29% 
of the total products), 2-methoxycarbonylbenzo[5,6]bicyclo-
[2.2.2]octatriene (24) (3% of the total products) and phenyl 
salicylate (13% of the total products), in the order of retention 
time. These products were all consistent with the authentic 
samples on the basis of the IR spectra and the retention times 
on gas chromatography (Silicon DC 550), respectively. The 
fourth peak (22% of the total products) was tentatively deter­
mined to be that of methyl 6-benzocyclooctenecarboxylate (25) 
which was isolated by preparative gas chromatography (Silicon 
DC 550) after column chromatography through silica gel with 
benzene. 25 was a pale yellow oil: IR (neat), 1715, 1240, 
1065, 800, 755, 730, and 710 cm-1. The fifth peak was that of 
methyl 3-biphenylcarboxylate (26) which was consistent with 
authentic sample on the basis of the IR spectrum and the 
retention time on gas chromatography. The last peak (20% 
of the total products) had a 2—3 times longer retention time 
than the other five peaks. This compd had a IR absorption 
at 1730 cm - 1 but the structure was uncertain. 

Reaction of Benzyne with Benzylidyne Trifluoride in the Presence of 
Silver Perchlorate. Reaction of 6 prepared from 1 g of 5, 
with 50 ml of benzylidyne trifluoride in the presence of 301 mg 
of silver Perchlorate gave 2-trifluoromethylbenzo[5,6]bicyclo-

[2.2.2]octatriene (27) (30% of the total products), biphenylene 
(38% of the total products) and phenyl benzoate (32% of the 
total products). All products were consistent with authentic 
samples based on the IR spectra and the retention times on gas 
chromatography (PEG 20 M, Silicon DC 550). 

Competition Reactions of a Series of Substituted Benzenes toward 
Benzyne in the Presence of Silver Perchlorate. Competition 
reactions of a series of substituted benzenes toward benzyne in 
the presence of silver Perchlorate were carried out under usual 
conditions. Relative reactivities of substituted benzenes were 
estimated from the calibrated gas chromatographic analyses 
(PEG 20 M, Silicon DC 550) of the crude reaction mixtures. 
The results are shown in Table 6. 
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Synopsis. The fluorescence of 9-aminoacridine is 
completely quenched when bound to poly (dG)«poly (dC), 
the quantum yield of fluorescence being nearly equal to 
that of free dye when bound to poly d(A-T). The dye bound 
to DNA shows a weak fluorescence for which the AT pair is 
responsible. 

The interaction of 9-aminoacridine (9-AA) with DNA 
is of special interest because of its strong mutagenic 
activity.1) In a previous paper,2) it was reported that 
the fluorescence of 9-AA bound to DNA is almost 
completely quenched. In order to elucidate the interac­
tion between 9-AA and the binding sites, fluorescence 
properties of 9-AA bound to DNA, poly d (A-T) and 
poly (dG)-poly (dC) were examined as a function of 
nucleotide to dye (PjD) ratio. 

Exper imenta l 

9-AA (Tokyo Kasei) was purified by repeated crystallization 
and chromatography. Calf thymus DNA (Worthington 
Biochemical Corporation), poly d(A-T) and poly (dG) «poly 
(dC) (Miles Laboratories) were used. 

Fluorescence and fluorescence-excitation (FE) spectra were 
measured with a Hitachi MPF-2A fluorescence spectrophoto­
meter. Both spectra were corrected for the sensitivity of the 
detector system and the spectral-energy distribution of the 
exciting light. The fluorescence quantum yields were 
measured according to the method of Parker and Rees.3> 
Fluorescence lifetimes were determined by the phase-shift 
measurements.2) All the measurements were carried out in a 
0.005 M phosphate buffer (pH 6.9) at 25 °C. 

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

The results of fluorescence lifetimes (r) and quan tum 
yields (0F) of 9-AA bound to DNA, poly d (A-T) and 
poly (dG)-poly (dC) are summarized in Table 1. T h e 
fluorescence of 9-AA is remarkably quenched when 
bound to DNA or poly (dG)-poly (dC), whereas the 
fluorescence quantum yield is approximately equal to 
that of free dye when bound to poly d ( A - T ) . T h e 
fluorescence and FE spectra of 9-AA bound to poly­
nucleotides were examined to obtain information on the 
fluorescing species. The fluorescence spectra of 9-AA 
bound to DNA and poly d (A-T) are almost the same, 
showing a red shift when compared to that of free dye 
(Fig. 1). We see tha t the fluorescence and FE spectra 
of 9-AA bound to poly (dG)-poly (dC) are superim­
posable on the corresponding fluorescence and FE 
spectra of free dye, respectively. Each FE spectrum was 
the same as the corresponding absorption spectrum 
except for 9-AA-poly (dG)-poly (dC) system. T h e 

TABLE 1. FLUORESCENCE LIFETIMES (T) AND 

QUANTUM YIELDS (0F) OF 9 -AA BOUND 

TO POLYNUCLEOTIDES 

Poty Poly (dG) • 
DNA d(A-T) poly (dC) 

0 
590 
250 
200 
100 
50 
20 
10a> 

t(ns) 

17.5 
14.9 

15.1 
15.4 
14.8 
15.0 
15.5 

0 F 

0.98 
0.03 

0.03 
0.03 
0.035 

0.035 

0.07 

t(ns) 

17.5 

34 

37 
38 
38 
29 

0 F 

0.98 

0.82 

0.81 
0.81 
0.77 
0.74 

fluorescence lifetimes of 9-AA-poly (dG)-poly (dC) 
system are almost the same as the lifetime of free dye 
(Table 1). In view of these findings, the following 

a) The contribution of free dye is not negligible. 

^ 0 

0 
350 400 450 500 550 

inm; Wavelength 

Normalized corrected fluorescence (- -) and Fig. 1. 
FE ( ) spectra of 9-AA (6.0 X 10-« M) in 0.005 M 
phosphate buffer (pH 6.9) at 25 °C: (1) free, (2) 
bound to DNA (P/D=590), (3) bound to poly d(A-T) 
(P/Z>=250) and (4) bound to poly (dG).poly (dC) 
{PjD—50). The excitation and emission wavelengths 
were 390 and 460 nm, respectively. 
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conclusions can be drawn : ( 1 ) the fluorescence of 9-AA-
poly (dG) 'poly (dC) system originates from free dye 
present in solutions;4) the GG pair completely quenches 
the fluorescence of bound dye; (2) the A T pair is 
responsible for a weak fluorescence of 9-AA bound to 
DNA. 

O n the other hand, the fluorescence lifetime (34—38 
ns) of 9-AA bound to poly d (A-T) is about twice that 
of free dye (Table 1). O u r value is in agreement with 
the value obtained by nanosecond pulse fluorometry.6) 
Such a long lifetime, however, seems to be reasonable 
on the basis of the strong hypochromicity of bound dye. 
The area under the absorption spectrum of bound dye 
plotted against wave number is reduced to about half 
the corresponding value of free dye. According to the 
method of Strickler and Berg,6> the radiative lifetimes 
(T0) of free 9-AA and 9-AA bound to poly d ( A - T ) were 
calculated to be 17 and 37 ns, respectively. T h e T/T0 

value is approximately equal to the corresponding $ F 

value for both free and bound dye. 

The results of 9-AA bound to DNA are somewhat 
surprising when compared to those of proflavine (PF). 
If PF is intercalated between adjacent A T pairs of DNA, 
the fluorescence quan tum yield is nearly equal to that 
of PF bound to poly d(A-T).2 '7~9> However, the GC 
pair in the vicinity of bound PF gives rise to an almost 
complete quenching of the fluorescence.2,7-9> From the 
results, it seems that 9-AA behaves similarly to PF with 
respect to the fluorescence properties. If this is the case, 

the fluorescence quan tum yield of 9-AA bound to DNA 
should be about 0.3 in the case of calf thymus DNA 
(GC content of 42%).2'10> Contrary to expectation, the 
observed quan tum yield is much smaller (Table 1). 
The reason why the behavior of 9-AA is different from 
that of PF is not clear. 
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Synopsis. Measurements of the excited-state dipole 
moments for picrates of pyridine and methylpyridines have 
been carried out by spectrophotometry. The contribution 
of the dative structure ?F(D+A-) in the excited state of these 
picrates is larger than the contribution of W(D+A~) in the 
ground state. 

The excited-state dipole moments of electron donor -
acceptor (EDA) complexes provide valuable information 
on the nature of binding in the excited state of the 
complexes. Recently, Rao and Dwivedi1) have inves­
tigated the excited-state dipole moments of several EDA 
complexes by using the expression of McRae2) to describe 
solvent shifts of electronic spectra. In the case of weak 
EDA complexes, they have observed red shifts of the C T 
bands and have concluded that the excited-state dipole 
moments fie are larger than the ground-state dipole 
moments //g. In the case of strong EDA complexes, 
they have observed solvent blue shifts and He(.ps. A 
lower //e compared to \xg in strong EDA complexes was 
indeed a new observation. 

Under these circumstances, it seems important to 
obtain experimental knowledge concerning the excited-
state dipole moments of strong EDA complexes. We 
used picrates of pyridine, 2-methylpyridine, 3-methyl-
pyridine, and 4-methylpyridine as strong EDA com­
plexes. The purpose of our research was to determine 
the fie of these picrates from solvent shifts of electronic 
spectra and to investigate the contribution of the dative 
structures y (D+A-) and y (D-A+) in the excited-states 
of such strong EDA complexes. 

Exper imenta l 

Materials and Their Purification. According to the 
procedure described by Raman and Soundararajan,3> picrates 
of pyridine, 2-methylpyridine, 3-methylpyridine, and 4-me­
thylpyridine were synthesized. All four picrates were 
recrystallized from ethyl alcohol three times. The 1: 1 
complexes precipitated from the solution.4) The solvents used 
were carefully purified according to the descriptions in Ref. 5. 

Measurements. The dielectric contants were determined 
with a home-made resonance-method apparatus. The 
refractive indices were measured by means of a Pulfrich 
refractometer. The dielectric constant (e) and the refractive 
index (nD) at the sodium D line of the solvents agreed with the 
values cited in Ref. 5. The densities of the solutions were 
measured by the use of a pycnometer for volatile liquids. The 
absorption spectra were taken with a Shimadzu UV-200 
recording spectrophotometer equipped with a thermostated 
cell holder. Matched pairs of stopped silica cells of 1 cm path 
lengths were used. All measurements were made on deaerated 
samples at 20 °C. 

Determination of Excited-state Dipole Moments. When two 
polar solvents I and II of similar «D are used, the solvent shifts 
(Av) of electronic spectra can be simplified from the expression 

of McRae2) in the following manner: 

Av = vmax (I) - vmax (II) 

= c { [ ( « - i ) / ( « + 2 ) ] I - [(8-\)Ks+2)]uy (i) 

The constant C is given by Eq. 2 : 

C={21hc)lns{tis-tie)la*] (2) 

where a is the cabity radius in Onsager's theory6) of the reaction 
field and is estimated from the molal volume on the assumption 
of the spherical radius of the complexes. 

Rao and Dwivedi1) have shown that the acetonitrile-diethyl 
ether solvent system can be used to obtain fie of EDA complexes 
from Eq. 1. When we used this solvent system, all four 
picrates dissociated completely into their donor and acceptor 
components in acetonitrile.7) Instead of the acetonitrile-
diethyl ether solvent system, we employed the acetone-diethyl 
ether solvent system. The validity of this solvent system was 
confirmed from the fact that the fi6 value, 9.8 D, for the 
hexamethylbenzene-chloranil complex was almost identical 
to the value, 10.0 D1), obtained in the acetonitrile-diethyl ether 
solvent system. 

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

The absorption spectra of pyridine picrate are shown 
in Fig. 1. T h e absorption band around 410 n m was 
assigned as the C T band of the picrate. The method of 
continuous variation was employed at 410 nm to 
establish the stoichiometry of the complex in the 
solvent. When the sum of the pyridine and picric acid 
concentrations was kept constant at 6.70 X 10 - 3 M , the 
J o b curves showed a distinct maximum for equal 
concentrations of donor and acceptor, characteristic of 
a 1: 1 complex (see Fig. 2). The results thus obtained 
for the picrates of three methylpyridines were the same 
as the above results for pyridine picrate. Since the I R 
spectra of the four picrates are the same as the I R 
spectra of the complexes between 2,4,6-trinitroanisole 
and pyridine and the three methylpyridines, and the 
complexes show the C T bands at almost the same 

\ 
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Fig. 1. The absorption spectra of pyridine picrate in 
diethyl ether at 30 °G. The dashed line shows the best 
fit of Gauss-curve for the GT band. 



300 N O T E S [Vol. 50, No. 1 

[Pa]/([Pa] + [Py]) 

Fig. 2. The continuous variation of pyridine picrate in 
diethyl ether at 410 nm. The sum of the pyridine (Py) 
and picric acid (Pa) concentrations was kept constant 
a t6 .70x lO- 3 M. 

A (nm) 

Fig. 3. The absorption spectra of 2,4,6-trinitroanisole-
pyridine in diethyl ether at 30 °C. The dashed line 
shows the best fit of Gauss-curve for the GT band. 

wavelength as the C T band of pyridine picrate (e.g., 
see Figs. 1 and 3), all four picrates are not p ro ton-
transfer-typed complexes but EDA complexes. The 
C T bands of all four picrates were analyzed assuming 
Gauss-type absorption bands with the method described 

TABLE 1. EXCITED STATE DIPOLE MOMENTS 

Complex vCT(cm-1) C a fig fiB 

(in ether) (cm-1) (Â)a> (D)b> (D) 

Pyridine picrate 
2 -Methy lpyr idine 
picrate 
3-Methylpyridine 
picrate 
4-Methylpyridine 
picrate 

24750 - 5 4 2 4.30 8.70 9.6 

24670 - 4 7 6 4.25 9.25 10.1 

24650 - 6 1 0 4.41 9.55 10.4 

24690 - 5 9 6 4.33 9.60 10.4 

a) Estimated from the apparent molal volume in 1,4-
dioxane. b) Measured in 1,4-dioxane. See Ref. 3. 

by Badoz et a/.8> [e.g., see Fig. 1). The results are 
summarized in Table 1. 

As the wave function We for the excited state is given 
by Eq. 3,D 

W6 = CyP(DA) + C2SP-(D+A-) + C3?T(D-A+) 

+ C4?P(D*A) + C6gr(DA*) (3) 

the ue of the complex is proportional to |Cî—Cï|. 
I t is concluded from the pe thus obtained that 

the contribution of the dative structure ^ ( D + A - ) 
in the excited state of the present picrates is larger than 
the contribution of 3 r(D_A+) is negligible even in the 
excited state of strong complexes such as the present 
complexes. 

The differences of the ground state dipole moments 
between pyridine picrate and the picrates of 2-methyl-
pyridine, 3-methylpyridine, and 4-methylpyridine are 
0.55, 0.85, and 0.90 D, respectively. The differences of 
the excited-state dipole moments between pyridine 
picrate and the three picrates of methylpyridines are 
0.5, 0.8, and 0.8 D, respectively. From these facts, it is 
concluded that the methyl groups of methylpyridines 
do not play any decisive role in the excited state on CT 
excitation. 

T h e authors are greatly indebted to Professor Hitoshi 
Takeshita of Kyushü University for the elemental 
analysis. One of the present authors (H. Y.) especially 
wishes to thank Professor F. Yoneda of Kumamoto 
University for the supply of 2,4,6-trinitroanisole. 
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Synopsis. The reaction of H atoms, produced by the 
photolysis of HI, has been studied in c-C6H12-n-C6H12 mixtures 
at 77K. H atoms in c-C6H12 matrix react more effectively with 
solute n-C6H12 than with solvent c-C6H12, while H atoms in 
n-C5H12 matrix react more effectively with solute c-C6H12 than 
with solvent H-C5H1 2 . 

Recently, quite interesting phenomena have been 
reported concerning the hydrogen atom abstraction 
reaction by H atoms in the solid alkane at 77 K.x> 
When H atoms are produced at 77 K by the photolysis 
of a hydrogen halide or the radiolysis of a solvent 
alkane, such as neopentane, the H atoms react selectively 
with the solute alkane which exists in the neopentane 
matrix as an additive. The experimental bases of the 
selective hydrogen atom abstraction reaction by H atoms 
were described fully in a previous paper. lb> The same 
selective reaction has been found also in the matrices 
of 2,2,3,3-tetramethylbutane, isobutane, and cyclo­
propane.10) The selective hydrogen atom abstraction 
reaction by H atoms has proposed new problems in 
reaction kinetics in the solid phase at 77 K. When H 
atoms are hot, we must assume that they migrate a long 
distance at 77 K through the alkane crystal without 
losing their kinetic energies. When H atoms are thermal, 
we must assume that the activation energy for the 
hydrogen atom abstraction reaction is nearly zero in the 
alkane matrix at 77 K, though the value amounts to 
7—10 kcal/mol in the gas phase.2»3* 

The previous examples of this reaction have the 
following characteristics : H atoms react selectively with 
the solute alkane, denoted as B, in the solvent alkane, 
denoted as A, where the combination of B in A is fixed. 
The selective reaction was not observed in the reverse 
combination, i.e. A in B. Here we will report a new 
type of combination in the case of cyclohexane and 
normal pentane mixtures. When A contains a small 
amount of B, H atoms react selectively with B. O n the 
contrary, when B contains A, H atoms react selectively 
with A. 

Exper imenta l 

Experimental procedures were identical with those described 
in the previous studies.1) Cyclohexane, ^>99.7 mol%, and 
pentane, ^>99 mol%, were passed through a 1-m column 
packed with freshly activated alumina and then distilled on a 
vacuum line before use. UV illumination was provided by a 
Toshiba medium-pressure mercury lamp at 77 K. The esr 

measurement was done at 77 K on a JES-ME-3 esr spectro 
meter. 

40 G 

* Correspondence should be sent to Tetsuo Miyazaki. 
His present address is Department of Synthetic Chemistry, 
Faculty of Engineering, Nagoya University, Chikusa-ku, 
Nagoya 464. 

Fig. 1. a : ESR spectrum of UV-illuminated c-C6H12-HI 
(0.5 mol %) at 77 K. b : ESR spectrum of UV-illu­
minated oC6H12-n-C6H12 (5%)-HI (0.5%) at 77 K. 
c: ESR spectrum of UV-illuminated w-C5H12-HI 
(0.5%) at 77 K. d : ESR spectrum of UV-illuminated 
n-C6H12-c-C6H12 (5%)-HI(0.5%) at 77 K. e: Simu­
lated ESR spectrum of a mixture of C5HU radicals 
(60%) and c-C6Hu radicals (40%). The relative 
sensitivities of the spectrometer for a, b, c, and d are 
approximately the same. The microwave power is 
0.2 mW and the modulation width is 5 G. The area of 
double integration of the first-derivative ESR signal of 
each radical was used for simulation of the mixed spec­
tra of the two radicals. 
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R e s u l t s a n d D i s c u s s i o n 

Figure l a is the ESR spectrum obtained by U V -
illumination of c-C6H1 2-HI (0.5 mol%) a t 77 K. The 
spectrum is consistent with the reported spectrum for 
cyclohexyl radical.4) T h e H atom produced by the 
photolysis of H I abstracts the hydrogen atom from 
cyclohexane to produce a cyclohexyl radical. W h e n 
c-C6H12 containing n-C5H12 (5 mol%) and H I (0.5 
mol %) is illuminated at 77 K by ultraviolet light, quite 
a different esr spectrum is obtained (Fig. l b ) . Figure lc 
shows the esr spectrum obtained by the photolysis of 
ra-C5H12-HI (0.5 mol %•) at 77 K. The H atom produc­
ed by the photolysis of H I abstracts the H atom from 
w-C5H12 to produce a C5H1X radical. The spectrum of 
Fig. lc is ascribed to a pentyl radical.5) I t is clear that 
the spectrum of Fig. l b contains largely the spectrum 
due to the G 5 H n radical. T h e spectrum of Fig. l b is 
ascribed to a mixture of G 5 H n radicals, indicated by 
| , and c-C6H11 radicals, indicated by {J- • Therefore 

the H atoms produced by the photolysis of H I in 
cyclohexane react effectively with solute pentane to form 
G 5 H n radicals. 

When TZ-C5H1 2 containing c-C6H12 (5 mol %) and H I 
(0.5 mol %) is illuminated at 77 K by ultraviolet light, 
the esr spectrum of Fig. Id is obtained. This spectrum 
is different from that of Fig. lc which is obtained by 
the photolysis of w-G5H1 2-HI (0.5 mol % ) . The simulat­
ed spectrum of a mixture of G 5 H n radical (60%) and 
c -C 6 H n radical (40%) is shown in Fig. le . T h e spectrum 
of Fig. Id is approximately similar to that of Fig. le . 
^ and | in Fig. Id represent C 5 H n and c -C 6 H u 

radicals respectively. Therefore H atoms produced by 
the photolysis of H I in w-C5H12 react effectively with 
the solute cyclohexane to form cyclohexyl radicals. 

In order to obtain the ratio of the solute radical yield 
to the total radical yield, the esr spectrum in the photo­
lysis of c-C6H1 2-w-C5H1 2-HI mixture is compared with 
the simulated spectrum of the mixture of c -C 6 H n and 
C 5 H n radicals. T h e formations of the solute radicals 
in £-C6H12 and n-G5H12 matrices are shown in Fig. 2 
and 3 respectively. In both cases the fraction of solute 
radical yield is much higher than the concentration 
of the solute. Therefore, it is concluded that H atoms 
in the c-C6H12 matr ix react more effectively with solute 
TZ-C5H1 2 than with solvent c-G6H12 (Fig. 2), while H 
atoms in the n-C5H1 2 matr ix react more effectively 
with solute c-C6H12 than with solvent n-G5H12 (Fig. 3). 

a? 100 

x" 50f m o 
«•-
o 
c 
o 

Concentration of n-C5H|2. mol % 

Fig. 2. Formation of solute pentyl radical in the photoly­
sis of c-C6H12-HI (0.5 mol %) against concentration of 
w-C6H12. 

55 | 0 0 | 1 

Concentration of c-CgHig. mol % 

Fig. 3. Formation of solute cyclohexyl radical in the 
photolysis of n-G5H12-HI (0.5 mol %) against concen­
tration of c-C6H12. 

T h e solute alkane may form some active sites in the 
solid alkane at 77 K and be subjected selectively to H 
atom attack. 

References 

1) a) T. Wakayama, T. Miyazaki, K. Fueki, and Z. Kuri, 
J. Phys. Chem., 77, 2365 (1973); b) T. Miyazaki and 
T. Hirayama, ibid., 79, 566 (1975); c) T. Miyazaki, K. 
Kinugawa, M. Eguchi, and S. M. L. Guedes, Bull. Chem. Soc. 
jpn., 49, 2970 (1976). 

2) B. A. Thrush, Prog. React. Kinet., 3, 89 (1965). 
3) T. Kagiya, Y. Sumida, I. Inoue, and F. S. Dyachkovskii, 

Bull. Chem. Soc. Jpn., 42, 1812 (1969). 
4) a) B. Smaller and M. S. Matheson, J. Chem., Phys., 28, 

1169 (1958); b) R. W. Fessenden and R. H. Schuler, ibid., 
39,2147 (1963). 

5) R. S. Alger, T. H. Anderson, and L. A. Webb, J. Chem. 
Phys., 30, 695 (1959). 



January, 1977] N O T E S 303 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 5 0 ( 1 ) , 3 0 3 3 0 4 (1977) 

Calculation of Directly-Bonded Nuclear Spin-Spin Coupling-
Constants with Localized Orbitals 

Kimihiko HIRAO and Hiroshi K A T O * 
Department of Chemistry, Shiga University of Medical Science, Seta, Otsu 520-21 

^Department of General Education, Nagoya University, Chikusa-ku, Nagoya 464 
(Received August 28, 1976) 

Synopsis. The directly-bonded nuclear spin-spin 
coupling constants were calculated by a perturbation method 
involving the summing over singly-excited states using localized 
orbitals. It is shown that a localized representation of orbitals 
in the perturbation expansion can be of considerable value both 
for interpretative purposes and for assessing the rate at which 
the Pertubation expansion converges. 

Although the Hartree-Fock (HF) variational condi­
tion selects the occupied and virtual manifolds, it does 
not completely determine the individual orbitals belong­
ing to each manifold.1) This orbital ambiguity yields 
the possibility of obtaining a new set of orbitals, within 
unitary transformations, which may be more suitable for 
the investigation of a particular physical problem than 
the original set of canonical molecular orbitals ( C M O ) . 
The most interesting case is that of a transformation in 
which the orbitals are localized as much as possible. 

One can employ the perturbation theory starting with 
a wave function constructed from localized molecular 
orbitals (LMO) as easily as C M O constructed wave 
functions. There is a theoretical advantage in using 
L M O - rather than CMO-based wave functions, since the 
L M O can often be chosen to be localized in a particular 
region of space, whereas the C M O are usually delocaliz-
ed. If the perturbation can be expressed as a series of 
local perturbations which affect only a relatively small 
region of space, then there may be some advantages in 
choosing the original orbitals to reflect this localiza­
tion.2-3) 

The second-order property of a system may be cal­
culated in the perturbation approach employing a 
summing over excited states from the second-order 
energy E(2) or the first-order wave function V(1) : 

£(2) = <y0 | i / ' |yci)> 

r « = J}'CnWn, Cn = <Wo\Hf\¥^KE.-En) (1) 
n 

where H' is the operator describing the perturbation and 
{¥n} is a complete set of eigenfunctions of the zeroth-
order Hamiltonian HQ with the set of eigenvalues {.En} 

H0¥n = EnWn (n=0, 1, . . . ) . (2) 

Here the sum in Eq. 1 is over an infinite number of ex­
cited states. However, since it is impossible to obtain a 
set of exact wave functions satisfying Eq. 2, some approxi­
mation must be introduced. T h e most frequent ap­
proximation to Eq. 1 is to replace ¥0 by the H F wave 
function and Wn by singly-excited configurations, cutting 
off from the sum other excited configurations. To this 
approximation, Ei2) depends on the unitary transforma­
tion of the singly-excited configurations. I t would be 
expected that an L M O set would guarantee a more 
rapid convergence of the perturbation expansion than a 
C M O set. 

TABLE 1. RESULTS OF JAB (HZ) FOR THE DIRECTLY-

B O N D E D NUCLEI IN SOME HYDROCARBONS FOR 

I N D O - M O CALCULATIONS 

Molecule 

CH 
CH4 

eft 

CSH4 

C.H, 

CC 
C,H, 

C*H4 

C2H2 

coupling 
CMOb> 
LMOc> 
FPM") 
CMO 
LMO 
FPM 
CMO 
LMO 

«-«•> 
FPM 
CMO 
LMO 
o-jr 
FPM 

coupling 
CMO 
LMO 
FPM 
CMO 
LMO 
C*7l 

FPM 
CMO 
LMO 
<s-n 
FPM 

Fermi 

64.6 
117.1 
121.0 
57.8 

112.2 
119.8 
80.1 

132.8 
133.3 
150.2 
141.9 
186.1 
189.4 
226.4 

6.6 
27.2 
18.6 
20;8 
71.6 
45.6 
36.7 
56. L 

141.1 
75.8 
73.4 

Spin dipolar 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0.0 

0 .4 
0.2 
0.6 
1.4 
0.5 
1.9 
2 .4 
4 .2 
2 .2 
4 .5 
4 .6 

Orbital 

0.0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

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

6.1 
1.4 
7.0 
7.4 

Total 

64.6 
117.1 
121.0 
57.8 

112.2 
119.8 
80.1 

132.8 
133.3 
150.2 
141.9 
186.1 
189.4 
226.4 

6.2 
26.2 
18.3 
16.8 
68.9 
43.1 
35.7 
66.5 

144.7 
87.3 
85.4 

Exptl.*' 

125 

125 

156.2 

249 

34.6 

67 .6 

171.5 

a) R.M.Lynden Bell and N. Sheppard, Proc. R. Soc. London, Ser. A, 269, 385 
(1962). b) CMO-SOSP results, c) unconstrained LMO-SOSP results, d) FP 
results, e) a-n constrained LMO-SOSP results. 

In order to test the L M O effects, model calculations 
were made of nuclear spin-spin coupling constants using 
INDO-MO 4 ) and the sum-over-singly excited-state 
perturbation (SOSP) method. Computat ional details 
have been described in a previous paper.5) T h e L M O 
are obtained by minimizing the off-diagonal exchange 
energy according to the Edminton-Ruedenberg proce­
dure.6) The virtual orbitals were also transformed in 
the same manner . The calculated nuclear spin-spin 
coupling constants are summarized in Table 1. In the 
table, L M O denotes the SOSP values with a complete 
L M O set (i.e., banana-type CC bonding orbitals are 
obtained for C2H4 and C2H2) and G-TZ denotes the results 
of o-TZ constrained L M O . In order to examine the 
refinement of L M O perturbation approximation, the 
coupling constants calculated with the SOSP method 
using C M O and those using the finite perturbation (FP) 
method7) are also listed. I t is to be noted here that the 
F P treatment which is equivalent to the coupled H F 
perturbation theory is the most accurate of the three 
different approaches, since in the F P approximation 
some doubly-excited states, in addition to the singly-
excited states, can be included in the perturbed wave 
function.8) 

T h e L M O and G-TI results for C H coupling constants 
show a significant shift towards the F P results. Especial­
ly L M O values for C H 4 and C 2H 6 (saturated molecules) 
are in good agreement with the FP values. The Fermi 
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contributions calculated using the F P method are always 
larger than those obtained using the SOSP method. I t 
has been suggested that the difference in the second-
order properties calculated by the FP method and those 
by the SOSP method is essentially due to the fact that in 
the FP treatment one cannot introduce singly-excited 
states without introducing at the same time doubly-
excited states in a restricted manner.8) T h a t is, if we 
take the Wn to be singly-excited triplet states, zW^a, for 
spin-dependent perturbations like the Fermi interaction, 
the approximate equation for Cj a in Eq. 1 is 

Cto = - < ^ o l # T ^ a > / ( 3 A i ^ a ) (3) 

in the SOSP method. Here 3AE^a is the triplet excita­
tion energy. O n the other hand, in the F P approxima­
tion, C i a takes the first-order form 

Cla = - < n i ^ ' l 3 ^ a > / ( 3 A ^ a - i C l a ) 3 (4) 

where the exchange integral K-m comes from the doubly-
excited configuration. Taking this into consideration, 
the reproduced trend in the GH coupling which is that 
the L M O - S O S P results are shifted from the G M O -
SOSP results toward the F P values, would indicate that 
an L M O set gives a more rapid convergence of the per­
turbation expansion than a C M O set. 

In GG couplings, G-TI constrained L M O results are 
also shifted towards the FP results, al though the former 
exceed the latter in magnitude, while unconstrained 
L M O values are somewhat too large. 

A comparison with the F P results indicates that 
better results would be obtained for G2H4 and G2H2 

with G-TI constrained L M O than those obtained with 
banana-type L M O , al though the latter agree well 
with the experimental results. I n view of the energy 
localization criterion, the banana-type L M O are more 
localized than the G-TI constrained L M O . Nevertheless, 
maintaining the cr-jr constraint and hence using less 
localized orbitals appears to be a better starting point of 
the perturbation expansion based on H F wave functions. 

Next, let us examine the electronic origin of the coupl-

TABLE 2. CONTRIBUTIONS OF "local" TRANSITIONS 
TO THE FERMI TERM 

Molecule 

CIÏ 
CH, 
C,H, 
C»H4 

C.H, 

coupling 
" LMO 

LMO 
LMO 
a-jr 
LMO 
c-n 

CC coupling 
CaH. 
C,H4 

Ç»H, 

LMO 
LMO 

O-JI 

LMO 

ts-n 

Local 
transitions') 

co (2.67)b>~»â* (3/38) 
o> (2.81) - x y * (3.40) 
m (2.09) - x u * ( 2 . 7 7 ) 
m (1.95) ->a>*(2.61) 
o>(1.19) -ww*(1.69) 
<u(0.97) - M U * ( 1 . 4 3 ) 

a (2.67) _ » B * (2.73) 
^ ( 3 . 6 0 ) - ^ * ( 4 . 0 5 ) 
^ ( 3 . 6 0 ) - > V ( 4 - 0 5 ) 

sumc> 
a (1.47) -*a* (1.68) 
Jx(3.75) - > V ( 4 . 6 4 ) 
A, (3.75) ->; 2 *(4.64) 

sum 
a (0.72) -+<j* (1.09) 

Transition 
energy 

(eV) 

16.74 
16.95 
17.44 
17.61 
18.21 
18.49 

22.92 
18.59 
19.93 

28.84 
18.29 
19.55 

33.09 

Contribution 
of local 

.transition 
(Hz) 

117.3 
112.3 
130.0 
134.8 
176.5 
193.2 

31.8 
23.1 
21.5 
89.2 
52.2 
20.3 
19.0 

174.6 
86.4 

Total 
Fermi 
term 
(Hz) 

117.1 
112.2 
132.8 
133.3 
186,1 
189.4 

27.2 

71.6 
45 .6 

141.1 
75.8 

a) Explanation of notation: m-^co* the transition from a CH bonding orbital 
to the corresponding antibonding orbital, <j—>a* .the transition from a CC 
bonding orbital to an antibonding orbital in o-wt constrained LMO form, X—*• 
A* the transition from CC banana type orbitals to the corresponding antibond­
ing orbitals in unconstrained LMO form, b) Carbon atom hybrids of CH and 
CC bonds (sp*) are shown in parenthesis, c) The sum denotes the sum over 
local transitions (i.e. sum=2{(Al-^A1*) + (A1-*Ai!*)} in C2H4 and sum=3{(A1-+ 
Ai*)+2(A1-*>la*)}inCJH3). 

ing mechanisms. In the conventional perturbation 
theory with delocalized orbitals, the calculated result 
are determined by a very complicated cancellation of a 
number of large values and hence it is not easy to inter­
pret the results. However, the L M O perturbation 
theory allows an easier qualitative interpretation of the 
results. As summarized in Table 2, the Fermi term for 
the GH couplings are determined by only one transition 
from the localized GH bonding orbital to the corre­
sponding antibonding orbital. Tha t is, the GH coupl­
ing can be expressed as a "local" contribution. The 
same is true for CG couplings. In the G-TI constrained 
L M O perturbation method, the transition from a 
localized CC bonding orbital to an antibonding orbital 
determines the Fermi term of the CG coupling. For the 
perturbation with banana-type orbitals, the transitions 
from banana-type C C bonding orbitals to the corre­
sponding antibonding orbitals play an important role. 
Moreover, each contribution has the same sign, imply­
ing that there is no partial cancellation. Thus, the 
results can always be expressed as the sum of "local" 
contributions. Namely, the L M O perturbation results 
are useful for describing local properties and are of con­
ceptual simplicity. This is an essential advantage in 
employing L M O perturbation theory. From this point 
of view, the G-TI constrained L M O appear to be more 
suitable than the unconstrained L M O . 

In this note, the advantages of the L M O in perturba­
tion theory were stressed, using the case of directly-
bonded nuclear spin-spin coupling constants as an 
example and it was shown that a localized representa­
tion of orbitals in the perturbation expansion can be of 
considerable value both for interpretative purposes and 
in assessing the rate at which perturbation expansion 
converges. T h e G-TI constrained L M O for unsaturated 
molecules seem to be, in every respect, better than the 
banana-type orbitals as a starting point for the perturba­
tion expansion. The success of L M O perturbation 
theory in describing local properties should provide a 
justification of the additivity of such bond properties as 
the polarizability and the susceptibility. 

T h e authors are indebted to Professor T . Yonezawa 
for his interest in this work. 
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Synopsis. The Raman spectra of dialkyl selenides 
were measured in the liquid and solid states. The most 
intense Raman lines observed in the 500—700 cm - 1 region 
were assigned to the C-Se stretching vibrations. Correlations 
of the C-Se stretching frequencies to the molecular conforma­
tions were found. 

Recently, the rotational isomers about the G-Se bond 
have been confirmed in our laboratory to exist in ethyl 
methyl selenide and isopropyl methyl selenide.1) For 
dialkyl disulfides2) and dialkyl sulfides3) of a homologous 
series, useful correlations of the C-S stretching frequen­
cies to the molecular conformations about the G-G 
bonds adjacent to the C-S bond have been found, simi­
lar to the G-Cl stretching frequencies of alkyl chlorides.4) 

In the present note, therefore, we will study the G-Se 
stretching frequencies of dialkyl selenides in relation to 
their molecular conformations. 

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

The R a m a n spectra of dimethyl selenide, ethyl methyl 
selenide, isopropyl methyl selenide, diethyl selenide, 
methyl propyl selenide, and j -butyl methyl selenide are 
measured in the liquid and solid states. For these sele­
nides, the C-Se stretching vibrations are expected in the 
region of 600 c m - 1 on the basis of the assignments of 
dimethyl selenide.6) T h e most intense R a m a n lines 
assigned to the G-Se stretching vibrations are observed 

in the 500—700 c m - 1 region ; the other vibrations are 
not expected in this region. Figure 1 shows the liquid 
and solid spectra in this region, together with the results 
of the corresponding dialkyl sulfides.6-8) Although 
only two R a m a n lines are expected for one isomer, too 
many R a m a n lines are observed in the liquid state for 
these selenides except for dimethyl selenide. Rotational 
isomers, therefore, coexist in the liquid state, and only 
one isomer persists in the solid state. For ethyl methyl 
selenide, isopropyl methyl selenide, and diethyl selenide, 
the patterns of the spectral changes from the liquid to the 
solid states are the same as those of the sulfides. I t is 
estimated that the gauche (G) form for ethyl methyl sele­
nide, the molecular form with the Cx symmetry for iso­
propyl methyl selenide, and the T T form for diethyl 
selenide persist in the solid state, in analogy with the 
cases of the corresponding sulfides.6-8) For methyl 
propyl selenide, the CH 3 -Se stretching vibrations of all 
the isomers may be assigned to the R a m a n line a t 591 
cm - 1 . T h e GH 3 -Se stretching vibration is considered 
to be less affected by a residual par t of a molecule, be­
cause the frequency difference between the C-Se stretch­
ing vibrations of dimethyl selenide (14 cm - 1 ) is consid­
erably smaller than that of dimethyl sulfide (53 cm - 1) 5) 
and for methyl propyl selenide the R a m a n intensity at 
591 c m - 1 is relatively strong, in comparison with that of 
methyl propyl sulfides.9) For methyl propyl selenide, 
by analogy with the case of methyl propyl sulfide pre-

MeSeMe EtSeMe EtSeEt 

J I 

UL 

n-PrSeMe sec-BuSeMe 

yo 

GT 
-I GG 

1 y 

Liquid 
(-150K) 

I in 

700 600 500 700 600 500 700 600 500 700 600 500 

MeSMe Et S Me 1-PrSMe EtSEt 
700 600 500 

n-PrSMe 

TTHTrtlGG 

800 700 600 SO0 600 800 700 800 700 600 800 700 600 

Wave number/cm-1 

Fig. 1. The Raman spectra of the C-Se stretching vibrations of the dialkyl sele­
nides in the liquid and solid states, together with the results of the dialkyl sulfides. 
Solid and dotted lines indicate the Raman lines persisting and disappearing in 
the solid state respectively. 
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TABLE 1. CHARACTERISTIC C-Se STRETCHING FREQUENCIES (cm-1) OF DIALKYL SELENIDES 

Molecules v (CH3-Se) 
v (-CH2-Se) v (>CH-Se) 

•PH ™H PH PC PC PH PC~~PC S H H - P H S H H - P C S C H - P H S C H - P C 

v (>C-Se) 
A -UVTU 

CH3SeCH3 

(_jH3oeCi.H.2C_-i.H.3 

(CH3CH2)2Se 
CH3SeCH2CH2CH3 

CH3SeCH(CH3)2 

CH3SeCH(CH3) CH2CH3 

((CH3)3C)2Se12> 

Alkyl bromides1«» 

588*, 602* — — — — — — — — — 
597* 562* 577 — — — — — — — 
— 559, 568 581* _ _ _ _ _ _ _ _ 
591* 559 576 646* 660 — — — — — 
595* — — — _ 5 3 9 555* _ _ _ 
595 — — — — 535 549 618 632 — 
— — — — — _ _ _ _ 527 
588—602 559—581 646—660 535—555 618—632 527 

611 557—617 635—649 529—588 608—617 506—524 

viously investigated in detail,9) it is estimated that the T G as confirmed by gas-chromatographic analysis. All the 
( -CH—CH—Se-) form persists in the solid state and boiling points are uncorrected. CH3SeCH3: bp 57 °C (report-
that the T T , T G , G T , and G G forms coexist in the liquid ed bp") 56—57 °C) ; NMR (CC14) : Ô 1.93 (6H, s, Se (CH3)2). 
state. At present, the solid spectrum of ^-butyl methyl G2H5SeCH3: bp 85 °C; NMR (CC14) : Ô 1.37 (3H, t, J=l Hz, 
selenide is not obtained. However, the rotational iso- C H 2 C H 3 ) , 1.91 (3H, s, SeCH3), 2.48 (2H, q, J=l Hz, SeCH2). 
mers may coexist in the liquid state, since the changes in ^ } * S e \ b P 1 0 8 ° C ( r e P o r t e d b P U ) 1 0 7 ~ 1 0 8 °C) i N M R 

the R a m i n intensities are observed at different tempera- f % * 1-38 (™£Jf ^ Se (CH^CH )2), 2 52 (4H q, 

tures. T h e most intense R a m a n line at 595 cm"* may J-J. f\ , ^T^ AT %» nS,r4T Too ^ 
u • J * *u nrs c * * u- -u *• r n *u (GC14) : ô 1.40 (6H, d, J= 7 Hz, CH(CH3)2), 1.92 (3H, s, 
be assigned to the CH 3 -Se s retching vibrations of all the S e ( m 2 9 6 ( 1 R ^ J=J ^ g e C H ) C3H7SeCH3: 
isomers, in a manner similar to that used for methyl b p n 3 o C ; N M R { œ ^ . ô og9 ( 3 H j ^ y _ ? Hz> c ^ C H , ) , 

propyl selenide. ! 6 5 ( 2 H, sex, / = 7 Hz, CH2CH3), 1.90 (3H, s, SeCH3), 2.46 
Table 1 summarizes the observed frequencies of the ( 2 H , t, 7 = 7 Hz, SeCH2). j-C4H9SeCH3: bp 128 °C; NMR 

R a m a n lines due to the C-Se stretching vibrations of the (CC14) : ô 0.97 (3H, t, J=7 Hz, CH2CH3), 1.36 (3H, d, / = 
dialkyl selenides in the liquid state; asterisks indicate the 7 Hz, CHCH3), 1.57 (2H, quintet, J=7 Hz, CH2CH3), 1.87 
R a m a n lines persisting in the solid state. T h e PH , P c , (3H, s, SeCH3), 2.75 (1H, sex, J = 7 Hz, SeCH). 
SHHJ SCH, and T H HH values in this table are the same as The Raman spectra were recorded on a JEOL Raman 
those used in previous papers.2 '4) For the notation of Spectrometer (Model JRS-400D) with an argon-ion laser, 
the molecular form, the first symbol refers to the internal F<>r measurements of the solid spectra, samples in ampoules 
rotation about the G-G bond adjacent to the G-Se bond, w e r e h e l d o n a c o P P e r b l o c k c o o l e d w i t h l i ( l u i d nitrogen in a 
and the second symbol, to that about the G-Se bond. vacuum. 
T h e frequency differences in the C-Se stretching vibra­
tions caused by the conformation about the G-G bond 
adjacent to the G-Se bond (83—85 cm - 1 ) a re larger 
than those caused by the conformation about the C-Se 
bond (14—22 cm- 1 ) . O n the other hand, for the G-S 
stretching vibrations, the frequency differences about the 
C-C bond have been reported to be 51—105 c m - 1 , 
which are similar in magni tude to those in the case of the 
selenides; those about the C-S bond are 26—35 c m - 1 , a 
little larger than those of the selenides.2'3) T h e char­
acteristic GH 3 -Se stretching vibrations are observed in 
the 588—602 c m - 1 region of dimethyl selenide. In the 
case of the pr imary selenides, the G-Se stretching vibra­
tions due to the PH and P c forms about the G-C bond lie 
in the regions of 559—581 c m - 1 and 646—660 c m - 1 

respectively. For the secondary selenides, the C-Se 
stretching vibrations due to the SHH and SCH forms about 
the C-G bond lie in the regions of 535—555 c m - 1 and 
618—632 c m - 1 respectively. T h e observed frequencies 
for the dialkyl selenides, in general, correspond very well 
to the C-Br stretching frequencies of alkyl bromides,10) 
much as in the case between dialkyl sulfides and alkyl 
chlorides.3) 

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

The samples were prepared according to the methods pre­
viously reported11) and were purified by fractional distillation. 
The resulting purities were estimated to be higher than 98%, 

T h e authors are grateful to Dr. Sachihico Imai of 
Hiroshima University for the N M R measurements. 
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Synopsis. The thermal decomposition of N3P3-
(NH2)6 .H20 and N4P4(NH2)8 .H20 and their fireproofing 
effects for cellulose have been investigated by means of DTA 
and TG. These compounds dehydrated at 113 and 124 °C 
and deammonated at 265 and 271 °G. The activation 
energies of the dehydration and deammonation were 27 and 
42 kcal/mol in the trimer, and 37 and 40 kcal/mol in the 
tetramer. The cellulose impregnated with either of these 
compounds flamed up at lower temperatures than did the 
pure cellulose, but its carbonized product remakably resisted 
combustion. 

The amidated derivatives of the lower polymers of 
phosphorus dichloride nitride have drawn interest as 
fireproof materials.2 '3) T h e present authors had pre­
pared N3P3(NH2)6

4) and N4P4(NH2)8
5> and investigated 

their hydrolysis behaviors under various conditions.6-7) 
In this study, the thermal decomposition of N 3P 3 (NH 2 ) 6 -
H 2 0 and N 4 P 4 (NH 2 ) 8 «H 2 0 was investigated by means 
of the differential thermal analysis (DTA) and thermo-
gravimetric (TG) measurements; the incombustibility of 
the cellulose impregnated with either of these com­
pounds was also examined and compared with that of 
the pure cellulose. 

Exper imenta l 

N3P3(NH2)8 .H20 and N4P4(NH2)8 .H20 for the DTA and 
TG measurements were prepared by the procedures reported 
previously.4'6) DTA and TG were performed simultaneously 
by the use of macro-type and micro-type thermal analysers. 
The conditions of the thermal analysis are indicated along with 
Figs. 1 and 3. The cellulose impregnated with NnPn(NH2)2n 

(n=3,4) was formed as follows: a filter paper (Toyo Roshi Co., 
Ltd. No. 5B) was immersed in an aqueous solution of NnPn-
(NH2)an («=3,4). It was drawn up, pressed, and dryed. 
The incombustibility was also examined by using the micro-
thermal analyser. 

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

The D T A and T G curves for trimeric and tetrameric 
phosphorus diamide nitride are shown in Fig. 1. In the 
D T A curve for N 3 P 3 ( N H 2 ) 6 - H 2 0 , endothermic peaks 
appeared at 113 and 265 °G: these seemed to be due to 
the dehydration of the water of crystallization and the 
deammonation from the amido-groups. In the D T A 
curve for N 4 P 4 ( N H 2 ) 8 - H 2 0 , two endothermic peaks 
also appeared. T h e height of the first peak was lower 
than that of the trimer variety, and was shifted to the 
higher temperature side. Therefore, it may be expect­
ed that the water of crystallization of the tetramer is 
bound more strongly than in the case of the trimer. O n 
the other hand, the weight losses in two steps, which 

Fig. 1. DTA and TG curves for trimeric and tetrameric 
phosphorus diamide nitride. 
Sample: 100 mg, heating rate: 5 °G/min, DTA: ±250 
(xV, current gas: N2 gas 0.3 1/min. 

proved the dehydration and deammonation, were re­
cognizable on each T G curve. T h e activation energies 
in these reactions were calculated in accordance with 
Kissinger's method.8) T h e peak temperatures (Tmax) 
related to the reactions were measured a t the heating 
rates (0) of 5, 10, 20, and 40 °G/min. T h e activation 
energies, which were obtained from the relation between 
the reciprocal of the Tmax and the log ^ / T ^ a x shown 
in Fig. 2, were 27 and 37 kcal/mol for the dehydrations 
in N 3 P 3 ( N H 2 ) 6 - H 2 0 and N 4 P 4 ( N H 2 ) 8 - H 2 0 , and 42 and 
40 kcal/mol for their deammonations. I t had already 
been known that the lower polymers of phosphorus 
diamide nitride decomposed at the elevated tempera­
tures, and then were converted into phospham (PN2-
H)M.4) In this study, it was confirmed by the use of the 
thermal analyser that a heating product of N„PM-
(NH 2 ) 2 M -H 2 0 ( « = 3 , 4) lost weight quickly at 800 °G, 
melted a t about 900 °G, and immediately sublimed in 
nitrogen gas, although it burned in air. 

10V(Tmax/K) 

Fig. 2. Relation between l / r m a x . 10 3 and log (0. T-*, 
A : N3P3(NH2)6 .H20, Q : N4P4(NH2)8.HaO. 

: Dehydration, • ; deammonation. 
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A so s 

T/°C 

Fig. 3. DTA and TG curves for cellulose and cellulose 
including N4P4(NH2)8. 
Sample: 20 mg, heating rate: 10 °G/min, DTA: ±100 
fxV, current gas: air 150 ml/min, : cellulose, : 
cellulose impregnated with N4P4(NH2)8 (P: 2.9%). 

T h e D T A and T G curves for the filter paper of pure 
cellulose and that treated with the aqueous solution of 
N 4 P 4 (NH 2 ) 8 are shown in Fig. 3. In the D T A curve for 
the pure cellulose, exothermic peaks appeared at 333 
and 461 °G. T h e cellulose flamed up at the tempera­
ture of the first peak. T h e weight loss reached 7 9 % at 
350 °C, and a carbonized product was incinerated com­
pletely at 500 °G. In the D T A curve for the cellulose 

including N 4 P 4 (NH 2 ) 8 , two exothermic peaks also ap­
peared at 261 and 461 °G. T h e first peak shifted to the 
lower temperature side compared with that of the pure 
cellulose. In this case, the weight of the carbonized 
residue increased with the increase of the content of 
phosphorus in it. When the samples of cellulose includ­
ing 2.0, 2,9, and 3.7% P were heated at 500 °C, the 
weight % of the residues were 11, 20, and 2 5 % , respec­
tively. T h e fireproofing effects of the trimer and tetra-
mer varieties were almost the same. From the present 
results, it may be concluded that these compounds 
effectively retard the combustion of the cellulose. 
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Synopsis. By usual and high-pressure techniques, a 
series of PbTi03-Pb(Ni1/2W1/2)03 solid solution was formed 
with a perovskite structure. With an increase in the Pb-
(Ni1/2W1/2)03 content, the Curie point shifted to lower 
temperatures and the degree of tetragonality decreased. The 
thermal-expansions were also measured, showing anomalies at 
the Curie point. 

PbTiOg is a ferroelectric perovskite with a high Curie 
point of 490 ""C.1) However, its inability to produce 
dense PbTiOg ceramics and the relatively high conduc­
tivity of pure PbTiOg ceramics have restricted its useful­
ness.2) O n the other hand, Pb(Ni i / 2 Wi/ 2 )0 3 has been 
synthesized only by high-pressure technique, and it has 
been suggested that it exhibits an antiferroelectric be­
havior.3) T h e corresponding perovskites, Pb(Mg1/2-
W i / 2 ) 0 3 and Pb(Co1 /2Wi/2)03 , have been prepared by 
usual solid-state reactions, and solid-solution series were 
formed over the whole composition range in the PbTi-
0 3 -Pb(Mg 1 / 2 W 1 / 2 )0 3 and P b T i 0 3 - P b ( C o 1 / 2 W l / 2 ) 0 3 

systems.4»5) Much attention has been paid, from the 
physical and crystallographic points of view, to how solid 
solutions between P b T i 0 3 and Pb(Ni! / 2 Wi/ 2 )0 3 are 
formed. The present paper will report on the structural, 
dielectric, and thermal-expansion properties of this 
system. 

Exper imenta l 

For the sample preparations, PbO, TiOa , NiO, and WO, of 
high purities were used. Prefiring was done at 800 °C for 
3 h in air. When the samples were then fired at temperatures 
of 850—1000 °C for 2 h, dense bodies were obtained. For 
samples which were not obtained as a single phase, high-
pressure and high-temperature experiments (850 °C, 30 kb, 
1 h) were made using a tetrahedral anvil apparatus. The 
sample was sealed by thin platinum foil to avoid contamination 
of the sample during the run. The sample container also 
served as a heating element. The room-temperature structure 
and the lattice constants of the samples were determined by the 
X-ray diffraction technique. The dielectric properties were 
measured on an universal bridge at 1 kHz. The thermal ex­
pansions of the sintered 0.7 cm-diameter specimen were 
measured with an automatic-plotting fused-quartz dilatometer. 

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

In the PbT i0 3 -Pb (Ni i / 2 Wi/ 2 )0 3 system, tetragonal 
perovskite solid solutions were formed as a single phase 
up to the composition containing 50 m o l % Pb(Nii/2-
Wi / a )0 3 , although Pb(Ni 1 / a Wi/ 2 )0 3 was not synthesized 
by usual solid-state reaction. Superstructural lines 
were not observed in powder X-ray patterns. The 
lattice constants and the tetragonality (cja—l) are 

4.20 

PbTiO Pb(Ni,W,)Os 

mol % 

Fig. 1. Lattice constants and the tetragonality in the 
PbTi03-Pb(Ni l / 2W l / 3)03 system. 
0 : sample obtained by usual solid state reaction. 
0 : sample obtained by high pressure reaction. 

shown in Fig. 1. T h e tetragonality is continuously 
decreased by the substitution of the l/2Ni + l /2W ions 
for the T i ions. In a 60 mo l% Pb(Ni 1 / 2W 1 / 2)0 3 sample, 
other phases were observed to be formed in small 
amounts besides a cubic perovskite phase. T h e sub­
stitutional limitation of Pb(Nii / 2 W!/ 2 )0 3 for PbTiOg, as 
estimated from the dependence of the tetragonality on 
the composition, was ca. 5 6 m o l % . In fact, a sample 
with this composition showed a single-phase pattern 
with the cubic perovskite structure, and its lattice con­
stant was in good agreement with that in the sample 
with 60 mo l% Pb(Nii / 2Wi/ 2 )0 3 . For samples contain-

6000 

-200 -100 500 "T5Ö 200 300 

Temperature/°G 

Fig. 2. Temperature dependence of dielectric constant 
in the PbTi0 3-Pb(Ni l / 2W l / 2)0 3 system. Numbers on 
curves refer to Pb^Nij/aW^Og content in mole per­
cent. 
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ing more than 60 mol% Pb(Nii / aWi/ 2 )0 3 , a high-
pressure technique was applied. Consequently, all 
the samples showed single-phase patterns of cubic 
perovskite. T h e lattice constant gradually increases 
with the increase in Pb(Ni 1 / 2Wi/ 2)0 3 , as is shown 
in Fig. 1. Superstructural lines indicating the N a C l -
type ordering were observed for samples containing 
70 mol% P b ( N i l / 2 W l / 2 ) 0 3 . 

Figure 2 shows the temperature dependence of the 
dielectric constant from —190 to 500 °C. High values 
of the dielectric constant are noticeable in these samples. 
A dielectric-constant peak characteristic of the ferroelec­
tric substance was observed for each sample. With the 
increase in Pb(Nii / 2Wi/ 2 )0 3 , the sharp peak shifted to 
lower temperatures. This is at tr ibuted to the decrease 
in tetragonal distortion. T h e loss tangent for these 
samples was less than 0.05 below 200 °C and then rapid­
ly increased with the temperature. 

200 400 

Temperature/°G 

600 

Fig. 3. Linear thermal-expansion curves in the PbTi0 3 -
Pb(Ni1/2W1/2)03 system. Numbers on curves refer to 
Pb(Ni1/2W1/2)03 content in mole percent and the 
symbol P means a sample of PbTi0 3 with 0.1 mol % 
CaF2. 

T h e thermal-expansion curves are shown in Fig. 3. 
Tien and Carlson have reported that P b T i 0 3 with a 
0.1 mol% addition of CaF 2 shows a net length expan­
sion through a net length contraction at the Curie 
point.6) Such a tendency appeared in these samples. 
With an increase in the Pb (Ni 1 / 2Wi/ 2)0 3 content, the 
dilatometric anomaly also shifted to lower temperatures 
and the total quanti ty of contraction at the transition 
temperature became significantly lower. T h e phase-
transition temperature obtained by dielectric and dilato­
metric measurements agree well. T h e linear thermal-
expansion coefficients above the transition temperature 
were of the same order of magni tude, 10 - 5 per °C, for all 

10 20 30 40 50 

Pb(Ni l / 2W l / 2)03 mol % 

Fig. 4. Dependence of the Curie point on composition 
of PbTi03-Pb(Ni l / 2W l / 2)03 solid solutions. 

the samples. 
I t may be concluded from these results that solid 

solutions containing less than 50 mol% Pb(Nii / 2Wi/ 2 )0 3 

are transformed from a tetragonal (ferroelectric) to a 
cubic (paraelectric) structure at the transition tempera­
ture. In this range of compositions, the arrangements 
of the cations in the octahedrally coordinated positions 
are at random, and the combination of Ni2 + and W 6 + 

ions lowers the Curie point as is shown in Fig. 4. In 
samples containing more than 70 mol% Pb(Ni!/2Wi/2)-
0 3 , the Ni 2 + and W 6 + ions show a partial ordering of the 
same type as in Pb(Nii/2Wi/2)03 .3) With the increase 
in Pb(Nii / 2Wi/ 2)0 3 , the intensities of the superstructural 
lines increase and the lattice expands. This expansion 
is probably due to an increase in the mean size of the 
cations occupying oxygen octahedra (according to 
Shannon et a/.,7»8) the ionic sizes of Ti 4 + , Ni2+, and W6+ 
ions being 0.605 Â, 0.69 Â, and 0.60 À respectively). 
T h e dielectric anomaly would exist below room tem­
perature, since perovskite solid solutions obtained by 
high-pressure technique are cubic a t room temperature. 

T h e structural and dielectric properties of this system 
have a tendency similar to those of the P b T i 0 3 -
P b ( M g l / 2 W l / 2 ) 0 3 and P b T i 0 3 - P b ( C o l / 2 W l / 2 ) 0 3 sys­
tems.4»5) 
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Chizuko SHIBATA, Mitsuru YAMAZAKI,* and Tsugio TAKEUCHI 
Department of Synthetic Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya 464 

* Department of Medical Analysis, School of Pharmacy, Hokuriku University, Kanagawa-cho, Kanazawa 920-11 
(Received July 9, 1976) 

Synopsis. 13C NMR was applied to the determination 
of the vinyl content in polybutadiene by means of the internal 
standard method. Under optimum experimental conditions, 
it was found that 13G NMR is applicable to the quantitative 
analysis of polymer by use of acetonitrile as an internal 
standard. 

Exper imenta l 

13G NMR spectra were obtained at 25.2 MHz on a Varian 
XL-100-15 spectrometer equipped with a VFT-100 Fourier 
Transform accessory. All the samples had natural isotopic 
abundance. Noise decoupling of the proton was achieved 
with a V-3508 decoupler modified to hold its frequency in a 
field to the frequency ofthe master crystal ofthe spectrometer. 
1,2-addition polybutadiene and the blends of 1,2-addition 
polybutadiene and 1,4-cis polybutadiene were used as samples 
(supplied by Asahi Chemical Co., Ltd.). The sample 
temperature was maintained at about 37 °C. The samples 
were dissolved in CDC13 (analytical grade) for field/frequency 
in 12 mm tubes. TMS and acetonitrile were added to the 
polymer solution (1—6 wt%) as a chemical shift and an 
internal standard, respectively. Acetonitrile was selected as an 
internal standard from the fact that the peak height of methyl 
carbon of acetonitrile added is comparable to that of the 
carbon in question and the error in weighing acetonitrile is 
small. The optimum conditions for polymer analysis were 
determined by changing pules width, pulse delay and dynamic 
range, so as to get the best signal to noise ratio (s/n). 

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

T h e peaks were assigned by comparison of the 
decoupled and coupled spectra. 

In order to select the opt imum conditions for analysis, 
first only the pulse width was changed to see the pulse 
width effect on s/n, the other conditions being kept 
constant. The results are shown in Fig. 1. s/n decreased 

rapidly above 130 u,s pulse width where spins would flip 
over 90 degree. 100 LLS was therefore taken as the 
appropriate pulse width.2) 

T h e pulse delay effect on s/n measured is shown in 
Fig. 2. We see that a 2.4 s pulse delay is long enough to 
relax the methylene carbon in the main chain, but not 
the vinyl carbon. In this study, 2.4 s pulse delay was 
used for pulse delay. 

T h e dynamic range effect on s/n is shown in Fig. 3. 
I t was found that s/n has a maximum around 1 V/cm. 
This (1 V/cm) was used for dynamic range. T h e other 
conditions are follows : sweep width 5000 Hz, acquisition 
time 0.4 s, data points 4096. Three factors can be 

PD(s) 

Fig. 2. Effect of pulse delay on sjn. 

50 100 

pw (us) 

Fig. 1. Effect of pulse width on s/n. 

(V/cm) 

Fig. 3. Effect of dynamic range on sjn. 
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ftî 
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Fig. 4. Relation of 13G NMR signal intensity to sample 
weight. 
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3 4 

TABLE 1. RESULTS OF 13G NMR METHOD APPLIED 

TO 1,2-ADDITION POLYBUTADIENE IN BLEND 

Vinyl content 

Galcd (%) 
«G NMR (%) 

Relative error (%) 

Gm 

cv 
Gm 

Gv 

1 

56.1 
56.5 
55.4 

0.71 
1.24 

Sample 

2 

68.4 
73.4 
74.6 

7.31 
9.06 

number 

3 

78.7 
77.4 
77.4 

1.65 
1.65 

4 

81.6 
86.0 
94.0 

5.39 
15.2 

considered to effect 13G signal intensity. They are 
relaxation time, Nuclear Overhauser Effect and polymer 
concentration. Relaxation time in the case of polymer 
is generally so short3) that it can be neglected. T h e 

plots of intensity ratio (7CI//CH8CN and /CS//CH3CN) 
observed vs. polybutadiene weight are given in Fig. 4. 
By calculating the error statistically, standard devia­
tions were found to be 0.10 except for the sample having 
the lowest concentration with standard deviation 0.15. 
T h e plots of the intensity ratio are linear. If the degree 
of N O E depends upon the polymer concentration, the 
relation (Fig. 4) would not be linear. I t can be concluded 
that N O E is independent of polymer concentration at 
least in the range of the concentration examined. Since 
signal intensity is now known to depend upon only 
polymer concentration, quantitative analysis of poly­
butadiene can be expected. 

Results of the determination of vinyl content in the 
physical blends between 1,2-addition polybutadiene and 
1,4-cis polybutadiene are summarized in Table 1. Each 
sample is determined on the basis of two different 
relations, one obtained by the plots of intensity ratio 
^(^Ci/ZcHsCN, Gil methylene carbon) and the other by 
the plots of i?3(/c3//cH,cN, C3 ; vinyl carbon) in Fig. 4. 
T h e result determined by means of methylene carbon is 
found to be applicable to quantitative analysis, but not 
that by means of vinyl carbon. This might be explained 
in terms of experimental conditions suitable for meth­
ylene carbon described under pulse delay conditions. 
I t was confirmed that the internal standard method 
using acetonitrile is applicable to quantitative analysis 
by 13G N M R under suitable conditions, since N O E is 
independent of polymer concentration. 
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Synopsis. Mixed chelates [Cu(diamine)(acac)]X 
(diamine: N,N'- and JV,iV-dialkylethylenediamines) were 
studied. Two such chelates with diethyl ligands were 
obtained in crystalline state, while the formation of chelate 
cations [Cu(diamine)(acac)]+ in 80% dioxane was studied 
with dimethyl ligands, and their formation constants estimated. 
The importance of steric effect in the bis-diamine chelates on 
the ease of formation of this type of chelate was pointed out. 

The authors have studied the mixed chelates of the type 
[Cu(diamine) (acac)]X, with diamines such as 2,2'-
bipyridine, 1,10-phenanthroline, and JVjJVjiV^iV'-tetra-
methyl- and tetraethylethylenediamines (bpy, phen, 
tmen and teen; acac=acetylacetonate ion)1 - 4) and 
observed that (i) they are formed quite easily in appro­
priate organic solutions, i.e., their formation constants 
are quite high; (ii) the vm a x values of their d-d band 
often do not obey the rule of Kida5>, which says that the 
»Wx °f a mixed chelate CuAB is the mean of the values 
of its parent chelates CuA2 and CuB 2 ; and (iii) the î>max 

of the tmen and teen chelates are influenced strongly 
by the nature of the solvents used. 

Extending these studies, the authors studied similar 
mixed chelates with iV,JV'-dimethyl, iV,JV-dimethyl-, 
iVjiV'-diethyl- and JV,iV-diethylethylenediamines (ab­
breviated as sym-dmen, unsym-dmen, sym-deen and 
unsym-deen, respectively). 

Exper imenta l 

Preparation of the Chelates. [Cu(sym-deen)(acac)]G104 

and [Cu(unsym-deen)(acac)]C104 are prepared as follows. 
Cu(C104)2«6H20 (5 mmol) is dissolved in ethanol, and acetyl­
acetone (5 mmol), Na2C03 (2.5 mmol) and deen (5 mmol) are 
added successively. The crystals which separate out from the 
mixture are recrystallized from ethanol. 

Physical Measurements. The methods and instruments 
used in this work were the same as those in the previous papers 
of this series.1-4) 

TABLE 1. COLORS, COMPOSITIONS^ AND MAGNETIC MOMENTS OF THE CHELATES 

No. 

I 

II 

No. 

Chelate 

[Cu (sym-deen) (acac) ] C104 

[Cu (unsym-deen) (acac)]C104 

Color 

Reddbh 
violet 
Reddish 
violet 

a) Calculated values in parentheses. 

TABLE 2. vmax/103 cm-1 AND emax (IN PARENTHESES) 

CH3N02 C1CH2CH2C1 GH3CN H 2 0 

G % 

35.46 
(34.92) 
34.79 

(34.92) 

H % 

6.58 
(6.13) 
6.18 

(6.13) 

N % 

7.52 
(7.40) 
7.39 

(7.40) 

OF THE CHELATES IN VARIOUS SOLVENTS 

80%- •Dioxane DMF 

Ihtt (B.M.) 

1.83 

1.81 

DMSO 

I 18.18(87) 17.79(83) 17.12 (92) 16.69 (85) 16.69 (93) 16.56 (92) 16.37 (98) 
II 18.28(95) 17.64(98) 17.09(106) 16.50(103) 16.47(108) 16.39(108) 16.05(117) 

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

Crystalline Chelates. Although it was tried to 
prepare the chelates with all the four diamines, using 
several anions of low coordination power, it was found 
that many of such chelates are very hard to crystallize, 
and only the two in Table 1 could be obtained with 
sufficient purity, which are apparently very similar to 
the chelate [Cu (tmen) (acac) ]C10 4 studied before. 

T h e values of î>max in their electronic spectra (Table 2) 
show a strong solvent effect, which is comparable to that 
observed with [Cu(tmen)(acac)]G104 ,1 '2) and that the 
unsym-deen chelate is a little more sensitive than the 
sym-deen chelate toward solvent change. 

Fig. 1. Electronic spectra of the mixtures of [Cu(sym-
dmen)a](C104)2(CuA2) and [Cu(acac)2](CuB2) in 
80% dioxane at 18 °C. Total chelate concentration 
0.91 x 10-2 M, cell thickness 1 cm. The ratio [CuA2] : 
[CuB2] in each sample is 10: 0 (Curve 10), 9: 1, 8: 2, 
7 :3 , 6 :4, 5 :5 (Curve 5), 4 :6 , 3 :7 , 2 : 8 , 1:9, and 
0: 10 (Curve 0). 
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Stability Studies in Solution. The formation of the 
mixed chelates were also studied in solution. [Cu(sym-
(or unsym-)dmen)2](C104)2 and [Cu(acac)2] were 
dissolved in 8 0 % dioxane (v/v), and the method of 
continuous variation was applied to the visible spectra 
of their mixtures (Fig. 1). The plots clearly indicate 
the formation of 1: 1 mixed chelates in solution, with 
formation constant À"([CuAB]2/[CuA2][CuB2]) estimat­
ed to be 500—600 at 18 °C. The same method applied 
to the system [Cu(sym-deen)2](C104)2-[Cu(acac)2] 
yielded similar results with a still higher value of K(ca. 
2500 at 18 °C). 

Although the accuracy of this estimation is not high,6) 
comparison of these values with the K of [Cu(en) (acac)]+ 
in 7 5 % dioxane reported formerly by Kida (2.6)5> 
clearly shows that K increases strongly with the increase 
in the bulkiness of the JV-alkyl groups in the diamine.* 
Now the expression for K can be written as follows : 

K = ( ^ A B * ^ B A ) / ( ^ 2 A * % B ) 

Here * A B =[CuAB]/ [CuA][B] , *BA = [CuAB]/[CuB][A], 
*2A = [CuA 2] / [CuA][A], and * 2 B =[CuB 2 ] / [CuB][B] . 

If A and B are identified with a diamine (en, dmen or 
deen) and acac, respectively, the data in the literature 
(cf. Table 3) show that £2A decreases remarkably in 

TABLE 3. VALUES OF k2 FOR VARIOUS DIAMINES 

(25 °G, 7->0) ') 

Diamine k2A Diamine k2A 

en 9.07 sym-deen 5.57 
sym-dmen 6.94 unsym-deen 5.47 
unsym-dmen 6.83 

going from en to dmen's and deen's (to ca. 1/150 and 
1 /3500 of the original value, respectively), owing to the 
increasing interligand repulsion in the bis-chelate. O n 
the other hand, k2B is naturally independent of A, and 
model study indicates that the interligand repulsion in 
CuAB will be nearly absent, so that the changes of kAB 

and kßA accompanying the change in A will be small. 
Thus it can be expected that the value of K is determined 
chiefly by l/k2A, which increases about 150 and 3500 
times in going from en to dmen's and deen's, respec­
tively. T h e changes observed among the experimental 
values of K given above (ca. 200 and 1000 times) are 
not far from this expectation. These considerations thus 
give further support to the previously expressed view 
that the stability of the bpy-, phen- and tmen-contam­

ing mixed chelates is, to a large part , due to such an 
effect.1) 

I t may be added that, if it is assumed that the spectra 
of the solutions containing the parent chelates in 1: 1 
ratio are very nearly those of the mixed chelates them­
selves (the fairly large K values support this view), their 
vmax values satisfy Kida's rule approximately, indicating 
that the interligand repulsion in the bis-diamine 
chelates is not so strong to distort them remarkably from 
common tetragonal symmetry** (Table 4). 

TABLE 4. vmax/103 cm - 1 OF THE CHELATES 

[Cu (diamine) 2 ] 2 + AND [Cu (diamine)-
(acac)]+ IN 80% DIOXANE 

Diamine vmax (bis-chelate) vmax (mixed chelate) 

sym-dmen 17.61 16.98(16.87a) 
unsym-dmen 17.73 16.75(16.93) 
sym-deen 17.24 16.69(16.69) 
unsym-deen 17.04 16.50(16.59) 

a) Values calculated with Kida's rule (vmax for 
[Cu(acac)2] : 16130 cm-1) are in parentheses. 
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Synopsis. The photoaddition reaction of ace-
naphthenequinone and 1,2-naphthoquinone to cycloheptatriene 
was investigated. In contrast to acyclic oc-diketones, various 
cycloadducts were formed from both quinones; the former 
giving the (2 + 2)^-, and (2+ 6)^-cycloadducts together with 
the ene-product, and the latter the (2 + 6)TT-, (4+2)TT-, and 
(4+4)^-cycloadducts. 

A report was given on the results of the photoaddition 
reaction of cycloheptatriene (tropylidene, 1) to some 
acyclic a-diketones.2) The adduct solely isolated was 
found to be 7-tropyl-oc-ketol derivative, an ene-product 
in every case. T h e absence of any cycloadducts is of 
interest. For comparison, we have examined the 
reaction of 1 to another type of 1,2-diketo derivatives, 
cyclic a-diketones. 

Irradiation of a dioxane solution of acenaphthene-
quinone (2) and 1 by means of a 500 W tungsten lamp 
gave three products (3, 4, and 5) which were isolated 
by silica gel column chromatography. The first product 
(3, 18% yield) was shown to be a ( 6 + 2 ) rc-adduct from 
the NMR 3 ) [ô: 2.69 (Ha, d, 7 = 1 2 . 0 Hz) , 2.96 (Hd, dd, 
7 = 7 . 6 , 6.0 Hz) , 3.61 (Hb, ddd, 7 = 1 2 . 0 , 8.0, 6.0 Hz) , 
4.90 (He, ddm, 7 = 8 . 0 , 6.0 Hz) , 5.48 (He, dm, 7 = 7 . 6 
Hz), 6.00 (3H, m) , and 7.85 (6H, m)] spectral analysis; 
the coupling patterns of the protons Ha , H b , He and 
Hd ruled out other possibilitits. Furthermore, the 
appearance of an isolated signal due to H e from the 
rest of the olefinic proton signals provided an evidence 
for its stereochemistry.4) 

The second product (4, 37%) , colorless crystals, was a 
( 2 + 2 ) 7r-adduct since the N M R [(5: 2.73 (Ha, ddm, J= 
11.5, 4.5 Hz) , 3.18 (Hb, tdm, 7 = 1 1 . 5 , 2.5 Hz) , 4.14 
(Hd, dt, 7 = 8 . 0 , 2.0 Hz) , 5.31 (He, dd, 7 = 1 1 . 5 , 2.0 Hz) , 
5.57 (He, ddd, 7 = 1 1 . 5 , 8.0, 4.5 Hz) , 5.6—6.1 (3H, m) , 
and 7.6—8.1 (6H, m)] spectrum showed a signal 

&• Ö* 

ascribable to the proton of ethereal carbon (He), being 
spin-coupled to methylene protons (Ha and Hb) and 
also to Hd . T h e signal for He appearing in a higher field 
than for the rest of the protons is utilized to deduce the 
stereochemistry. 

The third product (5, 38%) , yellow crystals, was 
found to be the ene-product by the N M R [ô: 2.26 (1H, 
t, 7 = 6 . 0 Hz) , 5.01 (1H, dd, 7 = 9 . 5 , 6.0 Hz) , 5.57 (1H, 
dd, 7 = 9 . 5 , 6.0 Hz) , 6.17 (2H, m) , 6.62 (2H, t, 7 = 3 . 0 
Hz) , and 7.4—8.3 (6H, m)] spectrum. 

When irradiation was carried out under aerial 
conditions, the products were formed in nearly the same 
ratio as above, although the main product in this case 
was 1,8-naphthalenedicarboxylic anhydride (31.3%). 

These products must be formed independently, since 
3 and 4 were quite stable for further irradiation, but 5 
gradually decomposed into 7,7'-bitropyl (6),5) 2-
hydroxyacenaphthenenone (7),6) and the starting 
material (2). A similar transformation has been observed 
in the irradiation of the ene-products derived from 1 
and some benzil derivatives.2) No interconversion of the 
products (3, 4, and 5) occurred. 

1,2-Naphthoquinone (8) and 1 were similarly irradiat­
ed in benzene by use of a 500 W tungsten lamp, the 
products isolated after the column chromatography 
being a ( 4 + 2 ) ^-adduct (9, colorless crystals), a pair 
of ( 4 + 4 ) ^-isomers (10 and 11, pale yellow oils), a pair 
of ( 6 + 2 ) jr-adducts (12 and 13 yellow oils) and another 
( 6 + 2 ) rc-adduct (14, a yellow oil). No ene-product was 
detectable. 

9, 10, and 11 showed neither v0n nor vc=o in their 
I R spectra, indicating them to be cyclic ethers. The 
splitting patterns of the proton signals of j/?3-carbon in 
the N M R of 9 [Ô: 2.74 (2H, m) , 4.24 (1H, td, 7 = 8 . 0 , 
4.6 Hz) , 4.66 (1H, d, 7 = 8 . 0 Hz) , 5.95 (4H, m) , 7.03 
(1H, dd, 7 = 8 . 0 , 3.8 Hz) , 7.28 (3H, m) , 7.64 (1H, dd, 
7 = 8 . 0 , 2.5 Hz) , and 8.01 (1H, dd, 7 = 8 . 0 , 2.5 Hz)] 
was compatible to a ( 4 + 2 ) ^-structure. 10 and 11 
were stereoisomers which could be separated by h igh-
pressure liquid chromatography. By catalytic reduction, 
they were converted into the same tetrahydro derivative 
(15) which differs from the tetrahydro derivative (16) 
of 9. Thus , 10 and 11 were deduced to be the ( 4 + 4 ) n-
adducts. Although the N M R spectra of 10 [<5: 2.55 
(Ha, dm, 7 = 1 6 . 0 Hz) , 2.92 (Hb, dddd, 7 = 1 6 . 0 , 9.0, 
3.0, 1.5 Hz) , 4.63 (He, dt, 7 = 9 . 0 , 3.0 Hz) , 4.81 (1H, 
br. s), 5.93 (4H, m) , 6.94 (1H, d, 7 = 9 . 5 Hz) , 7.32 
(3H, m) , and 7.5—8.0 (2H, m)] and 11 [Ô: 2.48 (Ha, 
dm, 7 = 1 6 . 0 Hz) , 2.83 (Hb, ddm, 7 = 1 6 . 0 , 8.0 Hz) , 4.51 
(He, dt, 7 = 8 . 0 , 3.0 Hz) , 4.85 (1H, br. s), 5-88 (4H, 
m) , 6.97 (1H, d, 7 = 9 . 5 Hz) , 7.28 (3H, m) , and 7.5—8.1 
(2H, m)] closely resembled each other, locations of the 
methylene group were tentatively assigned as depicted 
from the difference in chemical shifts of Ha , H b , and He . 
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T h e N M R spectra of 12 and 13 were considerably 
different: 12 [Ô: 2.53 (Ha, d, 7 = 1 1 . 5 Hz) , 2.71 (Hb, dt, 
7 = 1 1 . 5 , 6.0 Hz) , 2.88 (Hd, td, 7 = 6 . 0 , 1.5 Hz) , 4.78 
(He, tm, 7 = 6 . 0 Hz) , 5.40 (He, m) , 5.84 (3H, m) , 6.32 
(2H, s), and 7.42 (4H, m)] revealed a high field shift 
for one of the olefinic protons (He) ; in contrast, 13 
[ô: 2.35 (Ha, dt, 7 = 1 2 . 0 , 3.0 Hz) , 2.96 (Hb and Hd , 
overlapped m) , 4.86 (He, ddm, 7 = 7 . 0 , 6.5 Hz) , 5.90 
(4H, m) , 6.50 (2H, s), and 7.40 (4H, m)] revealed 
combined signals for olefinic protons. T h e absence of 
a,jtf-unsaturated carbonyl group was also clear from the 
chemical shifts of the vinylic protons. Furthermore, the 
difference in chemical shift between each proton of 
methylene groups, on*.—<5Hb'. 0.18 for 12, and 0.61 for 
13, was interpreted in terms of the magnetic anisotropy 
of the carbonyl group on H b . Thus, the stereochemistry 
for 12 and 13 was determined as depicted. 

The structure of another type of ( 6 + 2 ) rc-adduct 
(14) was also clarified from the N M R [ô: 2Al (1H, d, 
7 = 1 2 . 0 Hz) , 2.86 (1H, dt, 7 = 1 2 . 0 , 5.8 Hz) , 3.24 (1H, 
dd, 7 = 8 . 0 , 5.8 Hz) , 4.88 (1H, tm, 7 = 6 . 0 Hz) , 4.98 
(He, tm, 7 = 8 . 0 Hz) , 5.7—6.2 (3H, m) , 6.01 (1H, d, 
10.0 Hz) , 7.36 (1H, d, 7 = 10.0 Hz) , and 7.0—8.4 (4H, 
m)] spectrum. T h e presence of a,/?-unsaturated carbonyl 
group in 14 is clear from the signals appearing at ô: 6.01 
and 7.36. T h e isolated signal for He , revealing a high 
field shift, suggests the stereochemistry as depicted. 

Formation of the ( 6 + 2 ) rc-adducts resembles the mode 
of reaction of 1 with jfr-quinones. However, no cyclo­
addition took place at the C=G par t of the quinones in 
contrast to the case with jfr-quinones. I t is of interest 
that conjugated olefins, generally regarded to be good 
triplet quenchers, afforded various types of cycloadducts 
by irradiations with visible light.1) 

Exper imenta l 

Photoaddition Reaction of Cycloheptatriene (1) with Acenaphthene-
quinone (2) : Formation of the Cycloadducts (3, and 4) and the 
Ene-Product (5). A dioxane solution (30 ml) of 1 (2 ml) 
and 2 (220 mg) was externally irradiated by means of a 500 W 
tungsten lamp under nitrogen atmosphere for 18 h. After 
evaporation of the solvent, the residue was fractionated by 
silica gel column chromatography; 6 was obtained as colorless 
crystals from the least polar fractions, mp 61—63 °C (lit,6) 
61—62 °C), 17 mg. With the use of benzene as an eluent, 
three products were obtained consecutively. First, pale 
yellow crystals (3) were eluted, mp 123—125 °G (from 
ethanol), 23.2 mg [Found: C, 83.12; H, 5.17%. Calcd for 
C ] qH1 402 : C, 83.20; H, 5.15%. AJSÏÏ1: 225 nm (e: 55600), 
255.5 (sh., 13800), 308 (6600), 348 (4700)]. Then, colorless 
crystals (4), mp 163—164 °G (from methanol), 47.6 mg 
[Found: C, 82.91; H, 5.15%. A»£H: 227 nm (e: 29000), 
285 (2700), 319 (2500), 347 (2200)], and pale yellow crystals 
(5), mp 146—147 °G (from methanol), 48.6 mg [Found: C, 
83.29; H, 5.10%. A**?: 223 nm (e: 47500), 256 (14700), 
321 (5100), 345 (4700). v: 3570, 1735 cm"1] were obtained 
along with recovered 2 (134 mg). 

Photoaddition Reaction ofl with 2 in the Presence of Oxygen. 
A dioxane solution (16 ml) of 1 (0.5 ml) and 2 (464 mg) was 
irradiated with a tungsten lamp as above but under aerial 
conditions for 18.5 h. After evaporation of the solvent, the 
mixture was washed with a small amount of cold chloroform 
to recover unreacted 2 (278 mg) from the less soluble portion. 

Silica gel column chromatography of the soluble portion 
afforded 3 (38.2 mg), 4 (74.0 mg), colorless crystals, mp 
274—275 °C (identified as 1,8-naphthalenedicarboxylic anhy­
dride, 64.5 mg), and 5 (50.1 mg). 

Further Irradiation of 3 and 4. 3 (25 mg/3 ml of dioxane) 
and 4 (33 mg/4 ml of dioxane) were separately irradiated 
with a tungsten lamp for 9 h. No reaction took place accor­
ding to the NMR analysis. 

Further Irradiation of 5. 5 (15 mg) was dissolved in 
benzene (10 ml) and irradiated with a tungsten lamp for 17 h. 
By preparative thin layer chromatography, regenerated 2 
(*1 mg) and 7 («*1 mg, mp 236—238 °C (lit,6) 238—239 °C)) 
were isolated together with 6 which was characterized by gas-
liquid chromatographic analysis. 

Photoaddition Reaction of 1 and 1,2'Naphthoquinone (8) : 
Formation of Cycloadducts (9, 10, 11, 12, 13, and 14). A 
benzene solution (25 ml) of 1 (1ml) and 8 (780 mg) was 
irradiated by means of a 500 W tungsten lamp for 70 h. The 
product mixture was then separated by silica gel column 
chromatography. After elution of 6 (9 mg), 9 (colorless 
crystals, mp 93—94 °C from methanol, 113 mg) [Found: G, 
81.29; H, 5.74%. Galcd for G17H1402: G, 81.58; H, 5.64%. 
A*S°H: 242 nm (e: 38200)], an oily mixture of 10 and 11 (233 
mg), 12 (a colorless oil, bp 120 °C/0.5 Torr (bath temp), 
14 mg) [Found: m/e: 250.09509 (M+). Calcd for G17H1402: 
m/e: 250.09938. A™»: 238 nm (e: 24200), 275 (sh., 7100)]. 
13 (a colorless oil, bp 120 °C/0.5 Torr (bath temp), 72.2 mg) 
[Found: m/e: 250.09987. A£e

a°
H: 240 nm (e: 40800), 275 

(7290)], and 14 (a colorless oil, bp 120 °C/0.5 Torr (bath 
temp), 47.5 mg) [Found: m/e: 250.10205. <l°x

H:238nm (e: 
14000)] were obtained by elution with benzene. 

Preparative Liquid Chromatographic Separation of a Mixture of 10 
and 11. The mixture was fractionated by Micropolasil 
column (2 m) with chloroform: hexane (5:95) using ALG 
202/401 Model of Waters Co., from less polar fractions, a 
colorless oil (10) [Found: m/e: 250.09433. -C™: 220.5 nm 
(e: 24600), 241.5 (38400)] was obtained and from more 
polar fractions a colorless oil (11) [Found: m/e: 250.10009. 
A££H: 219.5 nm (e: 25500), 241.7 (43000)]. 

Catalytic Reduction of 10. 10 (12 mg) was dissolved in 
ethyl acetate (2 ml) and reduced by palladium carbon (5%, 
4mg). After the usual work-up, a tetrahydro-derivative (15, 
8 mg) was obtained as a colorless oil [Found: m/tf=254.13292. 
Galcd for C1 7H ] 802 : 254.13068.], whose homogeneity was 
confirmed by liquid chromatographic analysis. 

Catalytic Reduction of 11. Similarly, 11 (25.8 mg) was 
reduced to give a colorless oil (26 mg) which was identical with 
15 in IR and liquid chromatographic comparison. 

Catalytic Reduction of 9. 9 (25.6 mg) was dissolved in 
ethanol (4 ml) and dioxane (1 ml) and reduced by palladium 
carbon (5%, 7.5 mg). Isolation by the usual work-up afforded 
colorless crystals, mp 120—121 °G (from methanol) (16), 17 mg 
[Found: G, 79.79; H, 7.18%. Calcd for C1 7H l 802 : C, 80.28; 
H, 7.13%]. 
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Synopsis. The absolute rate constants for hydrogen 
abstraction from cumene, /»-cymene, and tetralin by jfr-chloro-
phenylthiyl radical have been determined by means of flash-
photolysis and kinetic absorption spectrophotometry. The 
results are discussed in comparison with those reported for 
other types of free radicals. 

Thiyl radical can abstract hydrogen atom from 
hydrocarbons1 '2) containing reactive hydrogen atom and 
also from compounds containing functional groups such 
as aldehyde and alcohol.1) However, few kinetic studies 
on these reactions have been carried out because of the 
difficulty of elimination of the reverse reaction under 
the usual steady state reaction conditions : 

R S . + R'H « = • RSH + R' . (1) 
ft-H 

This difficulty has been overcome by using t r i t ium-
labeled thiol as a solvent2) for obtaining the relative 
rate constants for hydrogen abstraction in the case of the 
cyclohexylthiyl radical. 

We have determined the absolute rate constants for 
hydrogen abstraction from some hydrocarbons by p-
chlorophenylthiyl radical by following the decay of a 
short-lived and a very small amount of the free thiyl 
radical by means of flash-photolysis and kinetic absorp­
tion spectrophotometry;3) this can effectively eliminate 
such a reverse reaction. T h e flash apparatus delivered 
a flash with an energy of 125 J from xenon-filled lamps. 
The flash exhibited a half-peak duration of 10 (JLS. 

300 340 380 420 460 500 540 

Wavtlength. nm 
Fig. 1. Electronic spectrum of/»-chlorophenylthiyl radi­

cal produced by flash photolysis of/»-chlorophenylthiol. 

Figure 1 shows the absorption spectrum of/»-chloro-
phenylthiyl radical in cyclohexane recorded after 40 [is 
of the flash. The same spectrum has been reported by 
Thyrion,4) and Tagami et al.5> T h e decay of the p-
chlorophenylthiyl radical has been followed by monitor­
ing the absorbance at 500 nm. The behavior of the 
decay observed for /»-chlorophenylthiyl radical in solu­
tions can be divided into the following three patterns. 

(a) In cyclohexane and toluene solutions the thiyl 
radical decays according to second-order kinetics, 
indicating the occurrence of recombination of the thiyl 
radical in both the solvents : 

2RS-
h 

RS-SR (2) 

TABLE 1. DECAY KINETICS OF /»-CHLOROPHENYLTHIYL 

RADICAL IN VARIOUS HYDROCARBONS (23 ° C ) 

Solvent Decay order Rate constant (1 mol-1 s-1) 

Cyclohexane 

Cyclohexane 

Toluene 

Ethylbenzene 
Tetralin 
Cumene 
/»-Cymene 

2nd 

2nd 

2nd 

2* t/«=4.1 xl06 a> 
2kt = 1 . 4 xl09 a> 
2kJe=4A xlO6 

2kt = 1 . 2 xl09 b> 
2* t /e=4.8 xlO6 

2kt = 1 . 4 xl09 b> 
2 nd—1 st — 
1st 
1st 
1st 

kH = 1 . 5 0 x l 0 2 

kH = 1 . 2 0 x l 0 3 

kH = 1.42xl0 3 

a) Ref. 4, the rate constant 
radical, b) Calculated by 
e5> (280 dm3/mol cm at 5 
chlorophenylthiyl radical. 

for the phenylthiyl 
using the reported 

10 nm) for the p-

T h e relevant second-order rate constants determined 
are given in Table 1. A similar recombination rate 
constant was reported for phenylthiyl radical in cyclo­
hexane4) (Table 1). (b) T h e decay in large excess of 
tetralin, cumene, and jb-cymene, obeys pseudo first-order 
kinetics, (c) In the ethylbenzene solution, competitive 
reactions between the pseudo first-order reaction 
(hydrogen abstraction from the solvent, the forward 
reaction in Eq. 1) and recombination take place. The 
pseudo first-order rate constants were reduced to 
absolute second-order rate constants per reactive 
hydrogen atom. These results are also given in Table 1. 

Ingold gave the absolute rate constants for hydrogen 

TABLE 2. ABSOLUTE RATE CONSTANTS FOR 

HYDROGEN ABSTRACTION FROM CUMENE 

BY SHORT-LIVED RADICALS 

Radical Absolute rate constant 
kH (1 mol-1 s-1) 

OH-
Br-
C6H5. 
*-C4H90-
/>-ClC6H4S. 
C13C 
f-C 4H 900. 
-CH2(C6H5 )CH-C> 

Diffusion controlleda) 

1.2X107 (40°C)a> 
~ 1 0 7 (60°C)a> 

4 . 3 x l 0 4 (40°C)a> 
1 .2x l0 3 (23°C)b> 
1.3xlO2 (40°C)a> 
S^x lO-^SO^) 1 1 ) 
1.3xlO-3(60°C)a> 

a) Ref. 6. b) This work, c) Polystyryl radical. 
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abstraction by a variety of radicals.6) These absolute 
rate constants for a-hydrogen atom abstraction from 
cumene by various types of free radicals are summarized 
together with ours in Table 2. W e see that the^-chloro-
phenylthiyl radical abstracts about 30 times faster than 
the trichloromethyl radical, and about 20 times slower 
than the f-butoxyl radical at 23 °G. Activation energies6) 
of 6 kcal/mol and 12 kcal/mol, in the abstraction of 
/-butoxyl and trichloromethyl radicals, respectively, from 
toluene, were used in the calculation of the rate constants 
at 23 °C. Zwet and Kooyman reported that the triphen-
ylmethylthiyl radical is more reactive in hydrogen 
abstraction reactions than the trichloromethyl radical, 
but less reactive than the f-butoxyl radical or chlorine 
atom.8) Their findings agree with ours. T h e slightly 
greater reactivity toward />-cymene than cumene (Table 
1) is reasonable in the light of electrophilicity of the 
thiyl radicals.2 '7) 

T h e authors wish to thank Asst. Prof. Dr. H . Kokubun 
and Dr. K. Kikuchi, Tohoku University, for their 

introduction to flash photolysis technique and for the 
use of the apparatus . 
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Synopsis. The heptacyclic propellanes, 8 and 9, 
having two propellane rings in each molecule, were synthesized 
by the stepwise photocycloaddition of bicyclo[4.3.0]non-l(6)-
en-7-one (1) to cyclohexadiene or cyclooctadiene followed by 
the Wolff-Kishner reduction of the resulting propellanones 6 
and 7. The photosolvolytic behavior of some of the cyclo-
adducts is also described. 

As part of a study of the synthesis of polycyclic 
propellanes,1) we report that the tetracyclic trans-fused 
cycloadduct (4 or 5) was easily derived from the photo­
cycloaddition of bicyclo[4.3.0]non-l(6)-en-7-one (1) to 
cyclohexene or cyclooctene.2) T h e present investigation 
was undertaken to synthesize some new heptacyclic 
propellanes, having two propellane rings in each 
molecule, by a similar but stepwise photocycloaddition 
between the enone (1) and two kinds of alicyclic dienes. 

First, 1 was irradiated in the presence of 10 molar 
excess of 1,4-cyclohexadiene or 1,5-cyclooctadiene 
through a Pyrex filter, until it was almost consumed, 
giving the sole cycloadduct, 2 or 3, respectively in 74% 
or 80% yield. Catalytic hydrogénation of 2 and 3 over 
Pd/G led to the formation of 4 and 5, respectively, 
compounds identical with the cycloadducts. The 
stereochemistry around the junction of the cyclobutane 
ring in the compounds 2, 3 , and 4 has been determined 
to be trans by means of X-ray analysis.3) Next, the 
cycloadduct (2 or 3) was irradiated with 4 molar excess 
of the enone (1), under similar conditions to those 
described above, to afford the heptacyclic cycloadduct, 
6 or 7, respectively in 2 5 % or 31 % yield. Thus, it seems 
reasonable to assume that the stereochemistry about the 
second cyclobutane ring in 6 and 7 is also trans, though 
the stereochemical relation between two bicyclo[4.3.0]-
nonan-7-one skeltons in each molecule is still uncertain. 
Finally, the heptacyclic propellanes (8 and 9), having 
two propellane rings in each molecule, were obtained 

(CH,)_(cyn 

oâ 
CD 

XO& (™2>n 

o \L-i 

(1) X 

j . , 
(2) n-1 

(3) n-2 

(6) X-0, n-1 

(7) X-0, n-2 

(8) X-H2, n-1 

(9) X-H,, n-2 

(4) R=-(CH2)4-

H2>6-

by the Wolff-Kishner reduction of the corresponding 
propellanones (6 and 7), in 3 7 % and 56% yields, 
respectively.4) 

Photolyses of the propellanones 2, 4, 6, and 7 were 
carried out, in an at tempt to transform the cycloadducts 
of [4.3.2]propellane system into polycyclic compounds 
of another system. Photolyses of 2 and 4 in aqueous 
dioxane gave the acids, 10 and 11, respectively, almost 
quantitatively. Irradiation of 4, 6, and 7 in methanol 
gave the esters 12, 13, and 14, respectively. 

(2) 

(4) 

hv 

.,. ô 
or MeOH 

-» ^-Hs ^ (A^ 
(10) R=-CH2CH=CHCH2-, X-H 

(11) R=-(CH2)4- , X-H 

(12) R—(CH2)4-, X-Me 

(6) 

(7) 

(13) n-1 

(14) n=2 

Exper imenta l 

(1) 

"2'4 
(5) R— (CH,),-

Bicyclo[4.3.0]non-1(6) -en-7-one(1). Enone 
prepared according to the procedure of Dev.5) 

Photocycloaddition of 1 with 1,4-Cyclohexadiene. A solution 
of 1 (0.800 g, 5.88 mmol) in 1,4-cyclohexadiene (59 mmol) was 
irradiated through a Pyrex filter under nitrogen at room tem­
perature until enone (1) was almost comsumed. After 
removal of the diene, distillation gave 0.938 g of the cyclo­
adduct (2) (74%), as the sole adduct (GLPC). Recrystalliza-
tion from methanol gave an analytical sample, mp 80—81 °G; 
vmax 1725, 660 cm-1; ô (CC14) 0.60—2.65 (m, 18H), 6.55 (s, 
2H); m/e 216 (M+), 137; 2,4-dinitrophenylhydrazone, mp 
174—175 °C; Found: C, 63.47; H, 6.03; N, 14.30%. 
Calcd for C21H2404N4: C, 63.62; H, 6.10; N, 14.13%. 

Photocycloaddition of 1 with 1,5-Cyclooctadiene. A solution 
of 1 (0.493 g, 3.62 mmol) in 1,5-cyclooctadiene (36 mmol) 
was irradiated and work-up as above gave 0.711 g of 
the cycloadduct (3) (80%), mp 88—89.5 °C; vmax 1715, 
725 cm-1; ô (CCLJ 0.60—1.75 (m, 14H), 1.90—2.50 (m, 8H), 
6.40—6.65 (m, 2H); m/e 244 (M+), 137; Found: G, 83.59; H, 
9.95%. Calcd for G17H240: G, 83.55; H, 9.90%. 

Photocycloaddition of 1 with 2. A solution of 1 (2.825 g, 
28.1 mmol) and 2 (1.355 g, 6.27 mmol) in 50 ml of pentane 
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was irradiated as above. After removal of the solvent, the 
residue was chromatographed on silica gel. The benzene 
eluate was collected and recrystallized from ethanol to give 
0.55 g of the cycloadduct (6) (25% based on 2 used), mp 265— 
267 °C; vm&x 1720 cm-1; Ô (CC14) 0.60—2.40 (m, 28H), 2.40— 
2.70 (m, 4H); m/e 352 (M+), 137; Found: C, 81.41; H, 9.05%. 
Calcd for C24H3202: C, 81.77; H, 9.15%. 

Photocycloaddition of 1 with 3. A solution of 1 (5.20 g, 
38.2 mmol) and 3 (2.39 g, 9.80 mmol) in 50 ml of pentane 
was irradiated and work-up as above gave 1.15 g of the 
cycloadduct (7) (35% based on 3 used), mp 239—240 °C; vmax 

1715 cm-1; ô (CDC1,) 0.40—2.30 (m, 32H), 2.30—2.70 (m, 
4H); m/e 380 (M+), 137; Found: C, 81.79; H, 9.56%. Galcd 
for C26H3602: C, 82.06; H, 9.54%. 

Wolff-Kishner Reduction of 6 and 7. The Wolff-Kishner 
reduction of 6 and 7 was carried out according to the procedure 
of Huang-Minion.6) The products were isolated by vacuum 
distillation and purified by preparative GLPC. They showed 
no carbonyl absorption in infrared spectra. Reduction of 6 
gave 8 (37%), mp 173—175 °C; ô (GG14) 0.70—2.30 (m) : 
m/e 324 (M+), 122; Found: C, 88.81; H, 11.43%. Calcd for 
C24H36: C, 88.82; H, 11.18%. Reduction of 7 gave 9 (56%), 
mp 132—134 °C; ô (CC14) 0.70—2.00 (m); m/e 352 (M+), 
122; Found: C, 88.16; H, 11.77%. Calcd for C26H40: C, 
88.56; H, 11.44%. 

Photolysis of 2 and 4 in Aqueous Dioxane. A solution of 
2 or 4 in 90% aq dioxane irradiated in a quartz vessel until 
the ketone was almost consumed. After removal of the 
solvent, distillation gave the acid, 10 or 11, respectively. 
Recrystallization from hexane gave an analytical sample. 
10 (78%); mp 97—99 °C; vmax 3050, 1700, 660 cm-1; ô 
(CC14) 0.80—2.50 (m, 19H), 5.65 (s, 2H), 10.30—11.60 
(broad s, 1H); m/e 234(M+). 11 (84%); mp 100—101 °C; 
»'max 3°50, 1700 cm-1; m/e 236 (M+); Found: C, 76.10; H, 

10.25%. Calcd for C15H2402: C, 76.22; H, 10.24%. Cata­
lytic hydrogénation of 10 over Pd/C gave 11. 

Photolysis of 4, 6, and 7 in Methanol. ' A solution of 
4 or 6 or 7 in methanol was irradiated as above. After 
removal of the solvent, the ester (12) was isolated by distillation, 
and esters (13 and 14) were isolated by column Chromatograph 
on silica gel. 12 (86%) ; *raax 1740 cm-1; ô (CC14) 0.80—2.30 
(m, 23H), 3.55 (s, 3H); m/e 250 (M+); Found: C, 77.06; H, 
10.75%. Calcd for C16H2602: C, 76.75; H, 10.74%. 13 
(43%); mp 159—161 °C; i>max 1730 cm-1; <5 (CC14) 0.90—2.40 
(m, 34H), 3.60 (s, 6H); m/e 416 (M+); Found: C, 74.81; H, 
9.72%. Calcd for C26H40O4: C, 74.96; H, 9.68%. 14 
(35%); vmax 1740 cm-1; ô (CC14) 0.80—2.40 (m, 38H), 3.60 
(s, 6H); m/e 444 (M+). 

We are grateful to Prof. N. Kasai and co-workers for 
the X-ray analysis. 
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Synopsis. Heating of polyalkyliodobenzenes with 
copper(I) thiocyanate in phosphoric tris-dimethylamide at 
180—190 °C for a short period of time gives the corresponding 
bis (polyalkylphenyl) disulfides in high yields. 

Although the reaction of aryl halides with copper (I) 
thiocyanate was reported as early as in 1920 to yield a 
mixture of aryl cyanide, arenethiol, diaryl sulfide, and 
diaryl disulfide rather than the expected aryl thio-
cyanates,2) no attempts seem to have been made so far 
to extend the original work to synthetic purpose. This 
is probably due to the incomplete conversion coupled 
with the tedious work-up involved in the separation of 
the products.3) 

We have found, however, that this reaction can be 
modified to provide a simple two-step method for the 
conversion of polyalkylbenzenes into the corresponding 
diaryl disulfides, which are otherwise less easy of access. 
Reported preparation of bis(polyalkylphenyl) disulfides 
is based on the mild oxidation of polyalkylbenzene-
thiols,4) the action of sulfur monochloride on polyalkyl­
benzenes,5) and the reaction of the diazonium com­
pounds of polyalkylanilines with sodium polysulfide.6) 
Almost all these procedures, however, suffer from either 

difficulty of access to appropriate starting materials or 
the lack of generality. 

A mixture of a polyalkyliodobenzene and copper(I) 
thiocyanate (mole ratio, ca. 1.0: 1.1) in phosphoric tris-
dimethylamide was heated in an oil bath and kept at 
180—190 °C for a short period of time until the mixture 
turned dark and homogeneous. After cooling, the thick 
mixture was diluted with water and the precipitate 
was filtered off and extracted with hexane or benzene, 
giving the corresponding diaryl disulfides in good yields. 
Neither the replacement of iodoarene by bromoarene 
nor the use of other dipolar aprotic solvents such as 
JV-methyl-2-pyrrolidone and iV,iV-dimethylformamide 
gave better results. 

This method of preparation of diaryl disulfides has 
certain advantages, complementing the existing methods 
for disulfide synthesis: 1) I t is a two-step synthesis 
from hydrocarbon. Each operation is quite simple and 
overall process can be carried out in half a day. 2) 
Starting materials are easily available and reagents are 
cheap. 3) Products are pure and yields are good, 
although no attempts have yet been made to optimize 
them. 

TABLE 1. PHYSICAL PROPERTIES OF SOME BIS (POLYMETHYLPHENYL) DISULFIDES 

Disulfide 

Bis (2,3,4-trimethylphenyl) 
disulfide 

Bis (2,4,6-trimethylphenyl) 
disulfide 

Bis (2,3,4,6-tetramethyl-
phenyl) disulfide 

Bis (2,3,5,6-tetramethyl-
phenyl) disulfide 

Bis (pentamethylphenyl) 
disulfide 

Mp 
(°C) 

128—130 

126—128 
(lit, 125)4> 

90—91 

99—101 
(lit, 

100—101)4: 

190—193 

Yielda> 
(%) 

91 

89 

83 

81 

87 

P M R s 

CH3 

2.19(1) 
2.27(1) 
2.38(1) 

2.23(2) 
2.25(1) 

2.10(1) 
2.17(2) 
2.24(1) 

2.12(2) 
2.15(2) 

2.16(2) 
2.22(3) 

pectra (<5)b> 

Aromatic 
H 

6 . 9 1 ( d ) 
7 .32(d ) 
7 = 7 . 5 Hz 

6.82 

6.84 

6.90 

IRC> 
spectra 
(cm-*) 

795 
812 

1005 
1148 
715 
850 
862 

1032 
1298 
718 
862 

1012 
1290 
718 
872 

1000 

1008 
1062 
1285 

Elemental analysis (%) 

Found 
C 

71.3 

71.8 

72.8 

72.7 

73.6 

Found Galcd Galcd 
H C H 

7.4 71.5 7.3 

7.5 71.5 7.3 

8.0 72.7 7.9 

8.0 72.7 7.9 

8.5 73.7 8.4 

a) Based on the isolated product, b) Numerals in parentheses refer to the number of methyl groups. 
c) Principal peaks in the region 650—1350 cm-1, 
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Mes 

Me/ 

/Me 

\ M e 

VHio, M e x y \ / M e 

£S& Me/V^Me 
l h (80—87%) 

Me Me 
CuSCN 

HMPA , 
180—190°C , , / \ , 
5—10 min M e M e 

Me Me 

-S—S 

Me7 Me 

(67-81%) 

Exper imenta l 

All melting points were determined on a hot stage and are 
uncorrected. The PMR spectra were recorded on a Varian 
T-60 spectrometer using deuteriochloroform solutions and 
TMS as internal standard. The IR spectra were measured in 
Nujol mulls with a Hitachi 215 spectrophotometer. 

Iodoarenes were prepared by the direct iodination of arènes 
with iodine/periodic acid.7) The structures of all the products 
were characterized by PMR and IR spectroscopy and ele­
mental analysis. Physical properties and yields of some bis-
(polymethylphenyl) disulfides obtained are given in Table 1. 

The general procedure is illustrated below with the prepara­
tion of bis(2,3,4-trimethylphenyl) disulfide from 4-iodo-l,2,3-tri-
methylbenzene : 

A mixture of 4-iodo-l,2,3-trimethylbenzene (3.8 g), copper 

(I) thiocyanate (2.0 g), and phosphoric tris-dimethylamide 
(6 ml) was stirred and heated in an oil bath. At 180—190 °G 
the mixture rapidly turned dark and homogeneous. Heating 
was then stopped and the mixture was allowed to cool with 
stirring. The black viscous mixture was diluted with water 
and the precipitated solid was collected by filtration and 
washed thoroughly with water. It was sucked as dry as possible 
and then placed in a filter thimble and extracted with hexane 
with a Soxhlet extractor. The extract was evaporated and the 
residue was crystallized from ethanol to give bis(2,3,4-tri-
methylphenyl) disulfide as fine prisms, mp 127—129 °C. 
Yield, 2.12 g (91%). 
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Synopsis. UV irradiation of a toluene solution of 
ethyl chloroacetate under N2 gave an isomeric mixture of 
ethyl tolylacetates: ortho, 5.2%, meta, 9.6%, para, 0.9% and a 
trace of diethyl succinate. The reaction under air increased 
the yields of all the products. Addition of A1G13 also increased 
the yields, especially that of ortho; i. e.; 17.9%; meta, 26.5%; 
para, 10.6%. 

In the ordinary aromatic Friedel-Crafts reaction of 
carboxylic acids and esters, the site of electrophilic 
reagents is a carbonyl carbon a tom because of the 
addition of A1C13 to carbonyl; thus the aromatic 
substitution by C H 2 C O O H or C H 2 C O O R is usually 
difficult and only a few reports are available on this sort 
of reaction.2) However, U V irradiation can overcome 
this difficulty, the following examples being reported; 
ethoxycarbonylmethylation of benzene (PhH) giving 
PhCH2COOEt3> and carbamolymethylation of phenols 
(ArH) giving ArCH2CONH2 .4> The present note deals 
with the ethoxycarbonylmethylation of toluene with 
ethyl chloroacetate and a disccussion on its orientation. 

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

Irradiation of 0.3 M ethyl chloroacetate solution in 
toluene under N 2 atmosphere for 40 h gave ethyl 
tolylacetates, the yields being ortho (I) , 5.2% ; meta ( I I ) , 
9.6% and para ( I I I ) , 0 .9%. A trace of diethyl succinate 
(IV) and an unidentified product were also observed by 
GLC. Consumption of the chloroacetate was 2 5 % . 

G6H6CH3 + ClCH2C02Et 
hv 

o-CH3C6H4CH2COOEt, ro-CH3C6H4CH2COOEt, 
(I) (II) 

/>-CH3C6H4CH2COOEt, CH2COOEt etc. 

(HI) CH2COOEt 
(IV) 

The same reaction under air gave higher yields; I, 
16 .5%; I I , 18 .8%; I I I , 13 .8%; IV, 4 . 5 % . Consumption 
of C lCH 2 COOEt was 3 5 % . This effect of oxygen 
suggests the acceleration of the radical fission of C1CH2-
C O O E t to CI- and - C H 2 C O O E t radicals by CI- a tom 
abstraction by molecular oxygen or other radicals. This 
indicates that molecular oxygen itself and/or radicals 
derived from the photo-oxidation of organic materials 
can induce the radical abstraction of CI a tom as suggest­
ed from the alkyl-halogen fission of some alkyl halides5) 
and from the behavior in the S0 2 C1 2 chlorination in 
the presence of these radicals.6) 

Addition of A1C13 (3.0 g) to the same mixture of 
ClCH 2 COOEt (5.5 g) and toluene (150 ml) under N 2 

for 40 h increased the yields of tolylacetates, especially 

ortho and pa ra : I, 17.9%; I I , 2 6 . 5 % ; I I I , 10.6%; IV, 
trace, where 72% of C l C H 2 C O O E t was photolyzed. 
Unidentified products in these cases seem to be the 
same one in view of its G L C peak. Hydrogen chloride 
was detected in all cases by silver nitrate test. 

The yields with toluene were much higher than the 
reported yield with benzene affording P h C H 2 C O O E t 
(2 .5% without AlCL and 11.5% with A1C13).

3) In a 
previous paper3) it was postulated that the attacking 
species may be a radical «CH 2 COOEt in the absence 
of A lCl 3 and a cation-like species Al i-Cl3-"C1---C i +H2-
C O O E t in the presence of A1C13 for this type of reaction. 
The observed effect of C H 3 may imply the stabilization 
of the transition state by hyperconjugation, which can 
delocalize both odd electron (V) and positive charge 
(VI) . 

CH, CH,H. 

H 

GH9GOOEt 

H 

GH, 

H 

CHLCOOEt 

(V) 

GH2H 

H 

CH9GOOEt 

CH2COOEt 

(VI) 

However, the yield of I I I (para) is much lower, and 
the yield of I I (meta) much higher than that expected 
from the hyperconjugation. This suggests the different 
charge distribution in the TC-TC* singlet excited aromatics 
as evidenced in the H-D exchange reaction of aroma­
tics,7) which prefers ortho and meta substitution of 
radical and electrophilic reagents to para substitution; 
The negative charge is more localized a t ortho and 
meta position to CH 3 . T h e observed increase of contents 
of I I I and IV under oxygen can be explained in terms 
of the tendency to statistical orientation due to higher 
concentration of radical • C H 2 C O O E t , while the increase 
of I I I by addition of A1C13 can be ascribed to the leveling 
of isomer distribution to the thermodynamic equilibrium 
in the presence of A1C13 as observed in ordinary Friedel-
Crafts alkylation.8) 

Exper imenta l 

Materials. Ethyl o-, m- and /»-tolylacetates were 
prepared by H2S04-catalyzed esterification of the correspond­
ing tolylacetic acids. Boiling points: o, 103—104 °C/5 Torr 
(lit,9) bp 236—238 °G); m, 104—105 °G/6 Torr (lit,9) bp 
228—229 °G) ; p, 98—99 °C/4 Torr (lit,9) bp 240 °C). Diethyl 
succinate, bp 104—105 °C/15 Torr (lit,3) bp 108 °C/19 Torr). 
Commercial ethyl chloroacetate of guaranteed grade was 
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used,, bp 52—53 °C/21 Torr. 
A Typical Procedure. A mixture of ethyl chloroacetate 

(5.5 g) and toluene (150 ml) was irradiated with a 300 W 
high pressure Hg lamp in a quartz tube (3 X 30 cm) for 40 h 
at 20 °G. The tube and the lamp were immersed in a water 
bath at a distance of 5 cm. 

Identification of the products was carried out by comparison 
of GLG peaks with those of the authentic samples. GLG 
analysis was carried out with a column (4 mm x 1.2 m) 
packed with Apiezon Grease L (15wt%) on Celite 545 of 
80—100 mesh and a column (4 mm X 1.5 m) packed with PEG 
(10wt%) on Ghromosorb WAN using N2 as a carrier gas 
(40ml/min) at 80—250 °C (8 °G/min). Ethyl acetate was 
used as an internal standard. 
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Synopsis. Pummerer reaction of highly functionaliz-
ed sulfoxides were examined under various modified conditions. 
The results indicated that added base and/or neighboring 
acetoxyl group accelerated the reaction. 

In the course of our synthetic work on illudins,2) we 
found a base catalyzed and a neighboring group partici­
pated acceleration of Pummerer reaction whose utility 
for organic synthesis increased recently.3) 

1 X = < ] 2 X = <\ 5 X = Y = H 7 X = Z - OAc, Y=H 

6 X = OAc, Y = H 9 X = Y = OAc 

3 X - < ™ 3 4 X = < ™ 3 
1 • 0„CCH„0CH, 

PhC0CH(0Ac)SCH3 

11 

1 °K 

«D 

According to the mechanism proposed by Oae and 
Kise,4) the acceleration of the reaction by base was 
expected and in fact effect of pyridine on simple sulf­
oxides was recently reported.5) In our work highly 
functionalized sulfoxides, 1, 3 , 6, and 8 smoothly under­
went Pummerer reaction by addition of pyridine, while 
without pyridine they did not undergo the reaction 
under mild reaction conditions or gave no normal reac­
tion products, which were key intermediates for our 
synthesis,2) even under more drastic conditions. 

Another new observation is an acceleration of the 
reaction by neighboring group participation. T h e 

reaction with sulfoxides 5 and 6 showed clearly the 
effect of acetoxyl group on their cyclopentane rings. 
The mode of participation is not clear at present but 
migration of acetoxyl group through transition like 
12 was excluded by the experiment employing methoxy-
acetic anhydride (8—>9). The results were summarized 
in Table 1. 

Further study revealed that the Pummerer reaction 
was markedly accelerated by the addition of mercuric 
chloride as shown in the Table l.6) 

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

Sulfoxide (10) was obtained from ethyl benzoate according 
to Corey's procedure11*. Other sulfoxides were synthesized 
during our synthetic work and their physical and analytical 
data appeared in the references indicated. 

NMR spectra were measured at 100 MHz on a JEOL 
Model JNM-4H-100 spectrometer using TMS as an internal 
standard. IR spectra were taken on a HITACHI Model 
EPI-G3 spectrometer with NaCl optics. 

Acetic anhydride used in this work was purified by fractional 
distillation. Pyridine was dried over potassium hydroxide and 
distilled before use. 

Pummerer Reaction without Pyridine. A mixture of 100 
mg of sulfoxide and 2.8 ml of acetic anhydride was heated to 
reflux for 2 h. The mixture was concentrated in vacuo and 
the residue was dissolved in chloroform. The solution was 
washed with saturated sodium hydrogencarbonate solution 
and brine and dried over anhydrous sodium sulfate. Removal 
of the solvent gave a practically pure product.—2, 4, and 11. 

The Reaction with Pyridine. A mixture of 100 mg of 
sulfoxide, 2.8 ml of acetic anhydride and 4.0 ml of pyridine 
was allowed to stand for 1 week at room temperature. The 
mixture was concentrated in vacuo at ambient temperature 
and the residue was stirred with water for 30 min and 
extracted three times with chloroform. The combined 
extracts were washed with sodium hydrogencarbonate solution 
and brine and dried over sodium sulfate. After removal of 

TABLE 1. VARIOUS CONDITIONS OF THE PUMMERER REACTION 

Sulfoxides 

17) 

38> 
52b> 
g2C) 

82e> 

10 

Products 

2') 
4 

— 
72c) 

92e) 

11 

AcaO/r.t./l week 

recovered 
recovered 
recovered 
recovered 

— 
recovered** 

Yields (%) under 

Ac20/reflux/2 h 

79a) 
>95b> 

complex mixture95 

complex mixture 
— 

>95b> 

various conditions 

AcaO-Py/r.t./l week 

85a.« 
>90b»g> 

recovered 
70a»g> 
65a>c>d> 

>95b>e> 

Ac 2 0-HgCl 2 / r . t . / 3 h 

75a> 
>90b> 

— 
— 
— 
95b> 

a) Isolated yield (by column chromatography on silica gel). b) Based on N M R analysis, c) Methoxyacetic 
anhydride was used instead of A c 2 0 . d) T h e reaction was completed in 2 days, e) T h e reaction was 
completed in 3 days, f) After 3 days, g) T h e starting sulfoxide remained in shorter reaction t ime (TLC 
analysis). 
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the solvent the product obtained was practically pure.—2, 4, 
and 11. 

In the case of the reactions with 6 and 8 the product was 
purified by chromatography on silica gel. 

In the reaction with sulfoxide 8 methoxyacetic anhydride 
was used instead of acetic anhydride and in this case the reac­
tion was completed in 2 days. The reaction time was 3 days 
with 10. 

The Reaction with Mercuric Cholride. A mixture of 100 
mg of sulfoxide, 2.8 ml of acetic anhydride and 180 mg of 
mercuric chloride was stirred at room temperature for 3 h. 
The mixture was then poured into large volume of water with 
vigorous stirring and extracted with chloroform. The 
extracts were washed with 2% aqueous EDTA solution and 
water and dried over sodium sulfate. Removal of the solvent 
gave a practically pure product.—4 and 11. 

A pure sample of 2 was obtained through chromatography 
on silica gel. 

1-Methylthio-l-acetoxy- 3, 3-dimethyl-4-ethylenedioxy- 2-pentanone 
(4). IR(neat) 1745, 1705, 1220, and 1035cm-1; NMR 
Ô (CC14) 1.18, 1.19 (each 3H, s., C(CH3)2), 1.31 (3H, s., 
OGGH3), 2.05, 2.09 (each 3H, s., SGH3, and OGOGH3), 3.94 
(4H, b.s., OCH2CH20), and 6.56 (1H, s., SGHO); Anal. 
Found: G, 52.37; H, 7.26%. Galcd for G12H20O5S: C, 52.16; 
H, 7.30%. 

2-Methylthio-2-acetoxyacetophenone (11). IR (neat) 3050, 
1745, 1685, 1595, 1580, 1225, 750, and 690 cm-1; NMR Ô 
(GG14) 2.01, 2.13 (each 3H, s., SCH3 and OGOCH3), 6.70 
(1H, s., SGHO), centered at 7.45 and 7.95 (3H, and 2H 
respectively, m., arom. H) ; Anal. Found: G, 58.93; H, 
5.35%. Galcd for C n H 1 2 0 3 S: G, 58.93; H, 5.40%. 

Physical and analytical data of other compounds appeared 
in the references indicated. 
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Synopsis. The reaction of anthraquinone oxime with 
chlorine in the presence or absence of a catalyst was investigat­
ed. In concentrated sulfuric acid, the direct chlorination of 
anthraquinone oxime takes place easily at 100 °C. The chlo­
rination occurs selectively in the ß-position in the absence of a 
catalyst and in the a-position in the presence of palladium 
acetate. 

Selective aromatic substitution is an important subject 
in organic synthetic chemistry. In the case of anthra­
quinone, there have been much investigations of selective 
sulfonation, whereas few investigations have been made 
of direct chlorination. I t has been generally impossible 
to carry out the direct chlorination of anthraquinone 
selectively.1'2) 

In the present paper, we will report that the chlorina­
tion of anthraquinone proceeds selectively when anthra­
quinone is used as a form of its oxime, and that the 
chlorination occurs selectively in the a-position in the 
presence of palladium acetate and in the /?-position 
in the absence of a catalyst. 

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

The reaction of anthraquinone oxime with chlorine 
in sulfuric acid, followed by the hydrolysis of the 
product, led to the formation of chloroanthraquinones 
without any accompanying Beckmann-type rearrange­
ment. Table 1 shows the results obtained from reactions 
in the presence of various kinds of catalysts. In experi­
ments using palladium salt catalysts at 100 °G, with 
palladium acetate chlorination occurred predominantly 
in the a-position of anthraquinone, whereas with 
palladium sulfate in the /^-position, and with palladium 
chloride the chlorination proceeded with a low selec­
tivity. The activity of palladium sulfate and chloride 

TABLE 1. DIRECT CHLORINATION OF ANTHRAQUINONE OXIME 

(Anthraquinone oxime, 4.48 mmol ; Chlorine, 
10 ml/min; H2S04 , 10 ml; Reaction temp, 

100 °C; Reaction time, 2 h) 

AQ-
oxime 

Yielda> 
Catalyst ofAQs 

Composition of the 
product") % 

g g AQe> Jf,, £{e) Others 

monoc> Pd(OAc)2 0.20 0.85 84 15 1 
mono PdS04

h> 
mono PdCl2 

0.20 0.92 85 1 11 

mono 
mono 
did> 
mono 

FeCl3 

I2 

I2 

none 

0.20 0.85 91 3 6 
0.20 0.89 96 1 3 
0.10 0.94 72 17 7 
0.10 0.86 97 2 1 
— 0.90 92 1 6 

a) Yield of free anthraquinone and chlorinated 
anthraquinones obtained by the hydrolysis of the 
product of the chlorination of anthraquinone oxime. 
b) Product obtained by the hydrolysis of the product 
of the chlorination of anthraquinone oxime. c) 
Monoxime. d) Dioxime. e) Anthraquinone. f) 1-
Chloroanthraquinone. g) 2-Chloroanthraquinone. 
h) Reaction time, 6 h. 

was, probably because of their lower solubility in 
sulfuric acid, always lower than that of palladium 
acetate. In the reaction without a catalyst it is note­
worthy that /^-substitution was predominant . From this 
fact, it may be assumed that most of the ^-substitution 
observed in the experiments with palladium sulfate and 
chloride occurred independently of the catalysts. Ferric 
chloride, which is known to be a useful catalyst for 
chlorination, was not effective in the present reactions. 
Iodine showed a catalytic activity, but the chlorination 
proceeded with a low selectivity. 

TABLE 2. CHLORINATION OF ANTHRAQUINONE OXIME IN THE PRESENCE OF PALLADIUM ACETATE 

(Anthraquinone oxime, 4.48 mmol; Chlorine, 10 ml/min; Pd(OAc)2, 0.20 g) 

Run 
No. 

1 
2«) 
3 
4 
5«) 
6 
7 
8 
9 

AQ-
oxime 

monoc) 

mono 
mono 
mono 
mono 
mono 
did> 
AQ!> 
mono 

Reaction 
temp 
°C 

100 
100 
120 
150 
100 
100 
100 
100 
100 

Reaction R S Q 
time 2 , 4 

h m l 

2 5 
4 5 
2 5 
2 5 

12 5 
4 10 
4 10 
4 10 
4 10h> 

Yields 
of AQs 

g 
0.81 
0.95 
0.83 
0.87 
0.95 
0.85 
0.61 
1.10 
0.83 

AQf) 

73.0 

52.4 

6O.3 

24.6 

29.2 

69.1 

83. 2 

58.2 

93 . 8 

l-f) 

24.3 

40.3 

33. 5 

36.3 

35.5 

28. t 

15.9 

2 3 . . 
6.2 

Composition of product^ ° 

2-

o.« 
0-6 

1-8 
3 . 3 

2-2 

1-5 

0.7 

4-4 

+ 

1,4-

1-2 

2. 2 

1-5 
3 . 9 

5. 3 

+ 
+ 
2-7 

1,5-

0-7 

2. 2 

0 . 5 
3 . 9 

4 - 6 

+ 
+ 
2-7 

1,8-

+ 
l-o 
0-6 

6.3 

4 - 5 

2 - 3 

/o 

1,6-

+ 
+ 
1-9 

1-5 

0.9 

1,7-

+ 
+ 
4 . 8 

3-4 

2 - 0 

1,2-

+ 

l-o 
1-7 

0-7 

a)—e) The symbols are the same as in Table 1. f) 1-Chloroanthraquinone. The other chloroanthraquinones 
are shown similarly. The numerical symbol indicates the position of the chlorosubstituent. g) As the catalyst 
0.40 g of Pd(OAc)2 was used, h) Tetrachloroethylene was used instead of sulfuric acid. 
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TABLE 3. CHLORINATION OF ANTHRAQUINONE OXIME WITHOUT A CATALYST 

(Anthraquinone oxime, 4.48 mmol; H2S04 , 10 ml; Chlorine, 10 ml/min) 

Run 
No. 

AQ-
oxime 

Reaction 
temp 

°C 

Reaction 
time 

h 

Yields 
of AQs 

g 

Composition of productb) 

AQ?: 1-Clf> 2-C1 1,6- 1,7-

0-5 

1-9 

+ 
4.« 

1,2-

o.6 
1-3 

1.« 

2,6-

o.9 
2-1 

1-9 

2-3 

4-8 
O.« 

2,7-

o.8 
2-5 

2-5 
3.7 
6.2 
o.9 

2,3-

0-3 

l-i 

l-i 
0.9 
2-1 

+ 

10 
)1 
12 
13 
14 
15 
16*> 
17 

monoc) 

mono 
mono 
mono 
did> 
di 
mono 
AQe> 

100 
100 
100 
150 
100 
150 
100 
100 

2 
6 
12 
2 
6 
2 

4 

0.90 
0.92 
0.94 
0.89 
0.88 
0.71 
0.94 
0.92 

92. x 
71-5 
53.2 

46.5 

72.0 

50.8 

41-3 

97.5 

0-6 

1-5 

3-5 
7.a 
+ 
0.9 

23.4 

2-0 

6.2 
19. x 
30.2 

27.2 

19. x 

32.4 

14.2 
0-5 

0., 
1., 

2.. 

a)—e) The symbols are the same as in Table 1. f) The same as in Table 2. g) The reaction was carried out 
without a catalyst for 6 hours, and then 0.20 g of palladium acetate was added to the reaction mixture and the 
reaction was continued for a further 4 h. 

More detailed research was done in order to elucidate 
the difference between reactions in the presence of 
palladium acetate and in the absence of a catalyst. 
Table 2 shows the results of the chlorination using 
palladium acetate as the catalyst. As is clear from the 
comparison of the results of R u n No. 6 with those o 
No. 8, the a-selectivity of the chlorination of anthra­
quinone oxime is much higher than that of the chlorina­
tion of free anthraquinone. T h e chlorination of the 
oxime, as may be seen from the results of No. 2, tends 
to stop at the stage of monochlorination to give 1-chloro-
anthraquinone with a high selectivity, and this greatly 
differs from the chlorination of free anthraquinone.3) 
As to the effect of the temperature, the selectivity for 
a-substitution decreases with the rise in the reaction 
temperature. Anthraquinone dioxime (No. 7) shows a 
similar selectivity for a-substitution, although the 
reactivity of the dioxime is lower than that of the 
monoxime. 

I t is well known that pal ladium coordinates with 
nitrogen more strongly than with oxygen.4) In the 
reaction with palladium acetate, it seems reasonable, 
therefore, to think that pal ladium interacts with the 
nitrogen of the oxime and, because of this interaction, 
chlorination occurs selectively in the a-position neighbor­
ing the C = N - O H group. 

The results of the chlorination in the absence of a 
catalyst are shown in Table 3. In the reaction of 
anthraquinone monoxime and chlorine without a 
catalyst at 100 °C chlorination occurred predominantly 
in the /?-position; this is in contrast to the reaction with 
palladium acetate and the reaction of free anthraquinone 
without a catalyst (No. 17). As for the dioxime, chlorina­
tion occurred exclusively in the ^-position at 100 °C, 
and a similar result was obtained even at 150 °C. In 
the reaction of the monoxime at 150 9 C, however, an 
increase in a-chlorinated products was observed. T h e 
a-chlorination in this case, in view of the results described 
above, seems to have occurred at the opposite side of the 
C = N - O H group. 

In the experiment of R u n No. 16, ^-chlorination was 
at first carried out in the absence of a catalyst, and then 
a-chlorination was carried out in the presence of 
palladium acetate. As a result, the formation of a 
comparatively great amount of 1,7-dichloroanthra-

quinone was observed. This result seems to suggest 
that the /?-chlorination in the absence of a catalyst 
tends to occur on the same side of the C = N - O H group. 
Although the mechanism in which the chlorination of 
anthraquinone oxime in the absence of a catalyst occurs 
selectively in the /^-position is not clear at present, the 
contribution of the ^ ^ - o r i e n t a t i o n of =N+- formed in the 
G=N-OH group in sulfuric acid seems to be possible. 

Exper imenta l 

Anthraquinone mono and dioxime were prepared according 
to the methods described in the literature.5»6) Reagent-grade 
coned sulfuric acid (95%) was used without further treatment. 
The products were analyzed by means of high-speed liquid 
chromatography in a manner similar to that described in a 
preceding paper:2) column, Zorbax-Sil 25 cm; eluent, pentane 
(containing 0.02% MeOH); flow rate, 100 ml/h, (90 kg/cm2); 
temperature, 20 °C; detector, UV-254 nm. 

Chlorination of Anthraquinone Oxime. Anthraquinone 
monoxime ( 1 g, 4.48 mmol) was dissolved in 5 ml of coned 
sulfuric acid, and then 0.20 g of palladium acetate was added, 
the mixture was thereafter heated for two hours at 100 °C with 
stirring under a flow of chlorine (10 ml/min). The reaction 
mixture was then poured into ice water and filtered. The 
precipitate was treated with a mixture of 7 ml of coned hydro­
chloric acid and 10 ml of formalin for 5 h on a water bath in 
order to hydrolyze the oxime. The mixture was filtered, and 
the residue was washed repeatedly with water and dried at 
100 °C. The product was passed through a short active 
alumina column, using dichloromethane as the eluent, in order 
to separate the undecomposed oxime and by-products. A 
part of the product was analyzed by HLC. 
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Synopsis. Perfluoro-2,5-dimethyl-3,4-hexanedione 
and aromatic or aliphatic amines gave the respective 1: 1 
adducts in good yields. With excess amounts of aliphatic 
amines or basic aromatic amines such as /»-anisidine, the per-
fluorodiketone gave oxamides. With o-phenylenediamine, it 
gave 2,3-dihydroxyquinoxaline. 

In an earlier communication,1) we reported on the 
nucleophilic reactions of heptafluoro-1-methylethyl 
phenyl ketone, which resulted in the formation of 
benzoic acid derivatives and heptafluoropropane. This 
made a contrast to trifluoromethyl and pentafluoroethyl 
phenyl ketones, which are known to form 1: 1 adducts 
with nucleophiles. 

substance is, however, very hygroscopic and is readily 
reconverted into 2. 

OH 
RNHa | 

(CF3)2CF-C—C-CF(CF3)2 • (CF3)2CF-C—C-CF(CF3)2 
n ii i ii 

O O RNH O 

1 RNH, ^ ^ 2 
, ^ - ^ ( - 2 C F a C H F C F 3 ) 

o 
R N H - C — C - N H R 

H 
O 

4 

Ii 
O 

(CF3)2CF-C—C-CF(CF3)2 
II 

RN 

NuH 
Nu 

Ph-C-R f — 
II 

O 
NuH 

-> Ph-C-R f (Rf = CF3or G2F5) 

OH 

-* P h - C - N u + R f H (Rf = CF(CF3)2) 

O 

The above fact reveals the enhanced leaving ability 
of the heptafluoro-1-methylethyl group. This charac­
teristic is presumably ascribable to the high stability 
of the heptafluoro-1-methylethanide anion as a leaving 
group and to the bulkiness of that group as a substituent. 
In this paper we wish to report on similar reactions 
of perfluoro-2,5-dimethyl-3,4-hexanedione, 1, an a-
diketone carrying two heptafluoro-1-methylethyl groups 
on both sides. 

The reaction of 1 with an equimolar amount of aniline 
in diethyl ether easily gave a 1: 1 adduct , 2 (R = Ph) . 
When a solution of this adduct in chloroform was heated, 
a dehydrated product, an imine, 3, was formed; this 

Other aromatic amines, such as /»-toluidine, />-chloro-
aniline, />-anisidine, and a-naphthylamine, as well as 
aliphatic amines, such as butylamine and benzylamine, 
all gave the corresponding 1: 1 adducts (Table 1 ). 

Whereas perfluorobiacetyl is known to form both 1: 1 
and 2 : 1 adducts with nucleophiles,2) 1 did not give a 
2 : 1 adduct even when an excess of aniline was used. 
With more basic aromatic amines, however, it gave 
oxamides, 4, by releasing two molecules of heptafluoro­
propane. For example, when 3.3 equivalents of p-
anisidine were allowed to react with 1 at room tempera­
ture for 48 h, iV,iV'-bis(/>-methoxyphenyl)oxamide was 
obtained quantitatively. 

While neither bis(heptafluoro-l-methylethyl) ketone3) 
nor heptafluoro-1-methylethyl phenyl ketone1) forms an 
addition product such as hydrate or hemiacetal, probab­
ly because of their steric effect, 1 is enough released from 
that effect, as is shown above. T h e addition of the 
additional molecule of the amines to the carbonyl group 

TABLE 1. PREPARATION AND PROPERTIES OF 1: 1-ADDUCTS (2) 

Preparation Properties of 2 

R-NH, * J o l e , Time Yield Mp 

Ä 1 oo <%> (°c> 
IR (cm-1) 19F NMR (<3ppm)a> Found (Calcd) (%) 

NH OH c=o CF„ CFa CF C H N 

1.0 3 93 133— ™Qn 3150— 1 7 1 f t 

2.0 3 97 134 ôôyu 3250 1 / 1 U 

1.0 1.5 100 1 2 7 - i ^ 3390 3 1 3 2 ^ 1710 

2.2 5.5 81 1 2 3 ~ 3390 3 3 ^ ~ 1720 

1.0 0.75 100 \Hc) 3390 3 1 g - m o 

2.2 3 90 ^ 3380 3 2 ^ ~ 1710 

1.0 2 88 6 9 ^ - 3435 ^ 1700 

1.0 1 79 9 1 ~ 3400 3 1 3 ^ 1700 

PhNH2 

^-MeC6H4NH2 

/>-ClC6H4NH2 

/>-MeOC6H4NH2 

a-C10H7NH2 

rc-BuNH2 

PhCH2NH2 

- 9 . 7 5 - 7 . 8 0 +95 .7 

- 9 . 9 0 - 7 . 8 0 + 9 5 . 4 

- 9 . 9 0 - 7 . 8 0 + 9 5 . 4 

- 9 . 5 0 - 7 . 7 0 +95 .6 

- 1 0 . 2 0 - 8 . 3 0 +94 .7 

- 1 1 . 2 5 - 8 . 2 5 +95 .1 

- 9 . 9 0 - 7 . 9 5 + 9 4 . 8 

34.72 1 
(34.52) (1 
36.24 1 

(35.94)(1 
32.17 1 

(32.24) (1 
35.08 1 

(34.83)(1 
40.38 1 

(40.24) (1 
30.94 2 

(30.85) (2 
35.83 1 

(35.95) (1 

.39 2.80 

.45)(2.88) 

.56 2.90 

.81) (2.79) 

.24 2.70 

.16)(2.69) 

.69 2.68 

.75)(2.70) 

.70 2.60 

.69) (2.61) 

.56 3.14 

.37)(3.00) 

.67 3.02 

.81)(2.99) 

a) The chemical shifts are given in ô ppm upfield from ext. CF,COaH. 
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of 2, however, brought about C - C bond cleavage to 
afford oxamides. Naturally, aliphatic amines, such as 
methyl, butyl and benzylamines, reacted much faster 
than aromatic amines, and when an excess amount was 
used, they gave oxamides directly (Table 2). 

TABLE 2. PREPARATION OF OXAMIDES, 4 

RNH2 

/>-MeOC6H4NH2 

MeNH2 

n-BuNH2 

PhCH2NH2 

Mole ratio of 
RNH2/1 

3.3 
large excessb) 

2.2 
2.2 

Time 
(h) 

48 
2 
2 
2 

Yielda> 
(%) 
100 
86 
84 

100 

Mp 
(°C) 

256—257 
215—217 
152—154 
220—221 

a) All the products were identified with authentic com­
pounds by a comparison of the mps and IR spectra. 
b) Methylamine gas was bubbled into an ethereal solution 
o f l . 

A similar reactivity of the perfluoro diketone 1 was 
also observed in the cyclization reaction with o-phenyl-
enediamine. Perfluorobiacetyl2) and perfluorooctane-
4,5-dione4) are known to react with o-phenylenediamine 
to give 2,3-bis(perfluoroalkyl)quinoxalines. 

/ \ / N H 2 / \ / N N N / R f 

R f - C — C - R f + f O l >\0\ I + 2H 2 0 
^ N H 2 v A N ^ R f 

ii 
O 

n 

o Rf = CF3or«-C3F7 

In contrast to these diones, we found that the reaction 
between 1 and o-phenylenediamine provides a 1:1 
adduct, which is then converted into 2,3-dihydroxy-
quinoxaline by heating in a solvent. 

X \ / N H 2 

(CF3)2CF-C—C-CF(CF3)2 + [ O I • 

HO O 
II 

(CF3)2CF-C —C-CF(CF3)2 

HN NH2 

\ / 

,OH 
+ 2CF3CHFCF3 

^X)H 

This result indicates again the leaving ability of the 
heptafluoro-1-methylethyl group as an anion, charac­
terizing the reaction mode of heptafluoro-1-methylethyl 
ketones. 

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

Perfluoro-2,5-dimethyl-3,4-hexanedione (1). This com­
pound was prepared by a modification of the method of Smith 

et a/.3) They made hexafluoropropene to react directly with 
oxalyl difluoride, which had been prepared from oxalyl di­
chloride. The difluoride, however, is a poisonous gas and can 
not be handled safely. Therefore, we used oxalyl dichloride as 
the starting material and made the difluoride generate in situ. 
Oxalyl dichloride (7.4 g, 58.3 mmol), finely ground dry potas­
sium fluoride (33.8 g, 583 mmol), and acetonitrile (60 ml) 
were put into a glass tube vessel equipped with a mechanical 
stirrer. Liquefied hexafluoropropene (175 mmol) was added 
to the vessel at — 70 °C. After having been sealed, the vessel 
was brought to room temperature. The whole was then heat­
ed for 9 h under mechanical stirring in an oil bath kept at 
75—80 °C. Thereafter, the lower layer of the reaction con­
tents was separated and subjected to distillation to give 1 
(6.0 g, 26%) (bp 91—93 °C) and bis (perfluoro- 1-methylethyl) 
ketone (4.3 g, 20%) (bp 72—73 °C). 

Reaction of the Perfluoro Diketone 1 with Aniline. A solu­
tion of aniline (0.12 g, 1.3 mmol) in diethyl ether (1 ml) was 
added, drop by drop, to the diketone 1 (0.5 g, 1.3 mmol) at 
0 °C. After 3 h of stirring at room temperature, the crystals 
which had come out were collected, giving the 1: 1 adduct 2 
(R=Ph) (0.57 g, 93%). Recrystallization from chloroform 
afforded the pure material (mp 133—134°C). Reactions 
with other aromatic amines were carried out in similar man­
ners. 

Reaction of 1 with Excess Butylamine. A solution of 
butylamine (0.16 g, 2.2 mmol) in diethyl ether (4 ml) was 
added, drop by drop, to perfluoro diketone 1 (0.4 g, 1.0 mmol) 
at 0 °C. After 2 h of stirring at room temperature, the separat­
ed crystals were collected to give N,N'-dibutyloxamide (0.17 g, 
85%), 4 (R=«-Bu). Reactions with other amines to give 
oxamides, 4, were carried out in similar manners. The 
products thus obtained were identified with the authentic 
samples by a comparison of the melting points and IR spectra. 

Reaction of 1 with o-Phenylenediamine. A solution of o-
phenylenediamine (0.076 g, 0.7 mmol) in acetonitrile (0.5 ml) 
was added to perfluoro diketone 1 (0.25 g, 0.64 mmol) at 0 °C. 
After 30 min of stirring at room temperature, it was filtered to 
give a 1: 1 adduct (0.27 g, 85%) (mp >300 °C). IR: 3400— 
3500 (OH), 3350, 3300 (NH), 1705 (C=0) cm-1. 

A solution of the 1: 1 adduct in ethanol was refluxed for 1 h, 
and the separated crystals were collected to give 2,3-dihydroxy-
quinoxaline (mp ^>300 °C), in an 84% yield. This product 
was identified with an authentic sample by means of its IR 
spectrum. 
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Solvent effects upon fluorescence quantum yields, fluorescence rise and/or decay curves of j&-(CH3)2NC6H4-
(CH2)n-(9-anthryl) (»=1, 2, 3) and/>-(CH8)2NCeH4-(CHa)B-(l-pyrenyl) ( n = l , 2, 3) have been investigated 
in detail. It is concluded that the sandwich structure is not necessary for the intramolecular charge transfer 
in polar solvents and that the mechanism of intramolecular heteroexcimer formation in polar solvents is 
different from that in nonpolar solvents. 

Studies on the structures and dynamic behavior of 
electron donor-acceptor systems in excited states are im­
portant for understanding primary processes of photo­
chemical reactions. We have examined the intramolec­
ular exciplex (heteroexcimer and excimer) systems in 
order to clarify the electronic structures and mechanisms 
of the dynamic behavior of exciplex systems, such as 
fluorescence quenching due to the electron transfer 
reaction as well as the fluorescent exciplex formation. 
In a previous paper,1) solvent shifts of the fluorescence 
bands and an analysis of results by a theoretical 
method were reported for the following intramolecular 
heteroexcimer systems: ^ ( C H 3 ) 2 N G 6 H 4 - ( C H 2 ) 7 l - ( l -
pyrenyl) ( » = 1 , 2, 3, abbreviated as PB) and p-
(CH 3 ) 2 NC 6 H 4 - (CH 2 ) n - (9-anthryl) ( n = l , 2, 3, ab­
breviated as AB) . 

We have measured the solvent effects upon fluo­
rescence quantum yields as well as fluorescence rise 
and/or decay curves of these compounds. From the 
results the mechanisms of intramolecular charge trans­
fer and the fluorescent heteroexcimer formation will be 
discussed in the following. 

Exper imenta l 

Absorption spectra were measured with a Gary 15 spec­
trophotometer. Fluorescence quantum spectra were meas­
ured with an Aminco-Bowman spectrophotofluorometer 
calibrated by using a standard tungsten lamp. The fluo­
rescence rise and decay curves as well as the time resolved fluo­
rescence spectra were observed on an apparatus consisting 
of a Bausch & Lomb high intensity monochromator, 1P28 
photomultiplier, Tektronix 661 sampling oscilloscope, and a 
pulsed nitrogen gas laser of ca. 1 kW peak power. 

The preparation of An and P„ will be reported elsewhere. 
Spectrograde hexane, decalin, dibutyl ether, tetrahydrofuran 
(THF), 2-propanol, acetone, and acetonitrile were used 
without further purification. Butylacetate and isobutyl 
alcohol (chromatographic reagents) were used without 
purification. GR-grade diethyl ether and methanol were 
used without further purification. 1-Pentanol was dried 
over calcium oxide and distilled. Butyronitrile was dried 
over calcium hydride and distilled carefully with phosphorus 
pentoxide. All solutions were deaerated by freeze-pump-
thaw cycles. For the measurement of temperature effects 
upon the fluorescence rise and decay curves and the time 
resolved fluorescence spectra as well as the steady state fluo­
rescence spectra, the temperature of a solution in a cuvette 
placed in a metal dewar with quartz windows was control­
led by a constant flow of cold nitrogen gas. The temperature 
of the sample was measured with a thermocouple placed 
in the sample tube. 

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

A. Solvent Effects upon Fluorescence Quantum Yields. 
Absorption spectra of Alt A2, A3, P l 5 P2 , and P 3 show 
no indication of the ground state interaction. Excita­
tion for the fluorescence measurements was made at 
the absorption band of the pyrene or anthracene moi­
ety. For the evaluation of relative fluorescence yields 
of A n and P n in various solvents, their fluorescence 
quan tum spectra were measured using solutions with 
equal absorbance (0.45) at the wavelengths of the ex­
citation, 345 nm for P n and 368 nm for An. Since the 
LE (local excited state) fluorescence band of pyrene or 
anthracene moiety frequently overlaps the intramolec­
ular H E (heteroexcimer) fluorescence band, it is neces­
sary to subtract the L E b a n d from the observed spectra 
for the evaluation of the H E fluorescence yield. For 
this purpose, LE fluorescence spectra of hexane solutions 
of A1? A2, 9-ethylanthracene, Pj and 1-ethylpyrene were 
used, respectively, for the spectra of A1} A2, A3, P1? and 
P2 as well as P 3 in various solvents. We have employed 
this procedure instead of using the same LE spectra 
throughout the P n or A„ series, since the vibrational 
structures of the spectra appear to depend a little upon 
the number of methylene chains as indicated in Fig. 1 
for A1 and A2. A continued ultraviolet irradiation of 
solutions of A n and P n brings out a decrease in the 
absorption intensity of the aromatic hydrocarbon moi­
ety as well as an increase in the LE fluorescence in­
tensity and a decrease in the H E fluorescence intensity. 
Accordingly, freshly prepared solutions were used always 
for quantitative measurements. Practically no change 
in absorption and fluorescence intensities was observed 
during the course of measurements. Fluorescence 
quan tum yields were determined, using 9,10-diphen-
ylanthracene as a standard.2) The values obtained are 
given in Table 1, where 0 L E is the quan tum yield of 
the L E fluorescence and @BE that of the H E fluorescence. 

A1} A2, and Px in nonpolar solvents such as hexane 
and decalin show the LE fluorescence of anthracene or 
pyrene part , and the H E fluorescence can be observed 
only in polar solvents.1'3»4) The result is explained as 
follows.1) Because of the large separation between do­
nor and acceptor groups, the stabilization energy of the 
charge transfer state due to the coulomb interaction 
between the pair in these compounds may be smaller 
than in the case of A 3 or P 3 where the sandwich type 
conformation is possible. However, since their dipole 
moments in the charge transfer state are much larger 
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T A B L E 1. FLUORESCENCE QUANTUM YIELD OF INTRAMOLECULAR H E SYSTEMS 

Solvent 
Pi Ax A, 

0t 0T 0HI 0, 0, 0, 0, 0, 0, 0, 0, 

Hexane 0.61 

Decalin 0 .60 

Dibutyl ether 0 .09 

Diethyl ether 0 .006 

Butyl acetate 0 .003 

T H F 

Isobutyl 

alcohol 

Acetone 
Methyl 

alcohol 

Aceto-
nitrile 

0.005 

0.002 

0.006 

0.002 

0.17 

0 .07 0 

0 .05 0 

0.04 0 

0.030 

0.020 

0.004, 

0 .13 

0 . 0 9 ! 

0 . 0 1 , 

0 . 0 2 ! 

O.Olo 

0 . 0 1 7 

0 . 0 1 0 

0 . 0 1 0 

0.009 

0 . 1 3 3 

0 . 1 0 , 

0 .09 6 

0 . 1 2 ! 

0 .15 4 

0 . 1 5 , 

0 .03 x 

0.001 

O.Olo 
0 .007 3 

0 .003 8 

0.004 7 

O.OOlo 

0 .003 8 

0 .003 5 

O.OOli 

0 .40 3 

0.24 4 

0 . 2 6 ! 

0 .26 3 

0 .15 4 

0.083 

0.034 

0.005, 

0.25 
0.1, 
0.02 
0.004 
0.0004 

0.0005 

0.0005 

0.0005 

0.02 2 

0.008 

0 .004 

0.001 

0.0005 

0.0008 

0 .4 3 

0 . 5 2 

0 . 3 4 

0 .09 

O.OI3 

O.Oli 

0 . 0 1 , 

0 .009 

0 . 3 4 

0 . 1 2 

0.06 5 

0.07 

0.004 

0.0030 

O.I3 
0 .2 5 

O.I4 

0 .03i 

0 . 0 1 , 

0 .004 

O.OI4 

0 . 0 1 , 

0 . 3 2 

0 .2 5 

0 .2 3 

0 .2 2 

0.1« 

O . l ! 

0 . 0 1 , 

0 .003 

0 .002 0.004 0 0 .008 0.0001 0 . 0 0 1 , 0 .004 0 0 .0003 0 .0003 0 .006 0.0004 0.007 « 0 

A/nm 

Fig. 1. Fluorescence spectra of A1 (1) and A2 (2) in 
hexane at room tempera ture . 

t h a n those of t h e s a n d w i c h t y p e h e t e r o e x c i m e r s , t h e 
so lva t ion i n a p o l a r so lven t m a y b e v e r y effective for 
t h e s t ab i l i za t ion of t h e c h a r g e t ransfer s t a t e . T h u s , t h e 
level i nve r s ion b e t w e e n t h e L E a n d t h e c h a r g e t rans fe r 
s t a t e m a y ar ise a n d t h e H E fluorescence wi l l c o m p e t e 
w i t h t h e L E fluorescence in p o l a r so lvents . 

R o u g h l y s p e a k i n g , 0 L E as we l l as 0 H E d e c r e a s e w i t h 
i n c r e a s i n g so lven t p o l a r i t y . P r e s u m a b l y , d e a c t i v a t i o n 
processes l e a d i n g to t h e g r o u n d s t a t e o r t o s o m e n o n -
fluorescent p r o d u c t s a r e c o n s i d e r a b l e i n s t r ong ly p o l a r 
solvents . I n t h e case of Alf b o t h # L E a n d # H E a r e m u c h 
sma l l e r t h a n those of t h e o t h e r sys tems in p o l a r so lvents . 
T h u s t h e d e a c t i v a t i o n processes c o m p e t i n g w i t h t h e H E 
f o r m a t i o n a r e p r e d o m i n a n t in t h e case of A j i n p o l a r 
solvents . 

A l t h o u g h t h e fluorescence y ie lds d e c r e a s e w i t h in ­
crease in so lvent p o l a r i t y , # H E v a lue s of t h e p r e s e n t 
i n t r a m o l e c u l a r H E sys tems i n p o l a r so lvents a r e m u c h 
l a r g e r as c o m p a r e d w i t h t h e i n t e r m o l e c u l a r case . As 
a n e x a m p l e , # H E of P 3 i n p y r i d i n e is 0.073) as c o m p a r e d 
w i t h 0 .015 of p y r e n e - i ^ N - d i m e t h y l a n i l i n e ( D M A ) in ­
t e r m o l e c u l a r H E . 5 ) T h e o b s e r v e d va lues of P 3 i n a c e ­
t o n e a n d ace ton i t r i l e a r e 0 .034 a n d 0 .004 , respec t ive ly , 
w h i l e n o H E fluorescence c a n b e o b s e r v e d i n these 
solvents in t h e case of t h e i n t e r m o l e c u l a r sys t em. 

T h e a b o v e resul ts w e r e explained 3» 4) as d u e to t h e 
fact t h a t i t is difficult for ion ic d issoc ia t ion f rom t h e 
n o n r e l a x e d e l ec t ron t rans fe r s t a t e , w h i c h is a d o m i n a n t 
process in t h e case of t h e i n t e r m o l e c u l a r H E sys tem in 
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Fig. 2. Tempera tu re dependence of J L E and 7 H E of P 3 

in decalin (solid line) and 2-propanol (dotted line). 

p o l a r solvents , 6 ' 7 ) to o c c u r in t h e case of t h e i n t r a m o ­
l e c u l a r H E . 

A l t h o u g h t h e ion ic " d i s s o c i a t i o n " is n o t possible , t h e 
f o r m a t i o n of non- f luorescen t i n t r a m o l e c u l a r ion-pa i r s 
f rom t h e L E s t a t e o r t h e n o n - r e l a x e d e l ec t ron t ransfer 
s t a t e m a y n o t b e p r o h i b i t e d in p o l a r solvents . T h i s 
seems to resu l t i n t h e dec rease of H E fluorescence y ie ld 
w i t h i n c r e a s i n g so lvent p o l a r i t y as de sc r ibed a b o v e . 

F o r d e t a i l e d s tud ies of t h e i n t r a m o l e c u l a r H E fo rma­
t ion processes , it is necessa ry to conf i rm, especial ly in 
t h e case of t h e sys tem c a p a b l e of f o r m i n g s a n d w i c h t y p e 
of H E , w h e t h e r t h e H E is f o r m e d b y t h e d y n a m i c p r o ­
cess o r n o t . I t is poss ible t h a t w e a k i n t r a m o l e c u l a r 
c o m p l e x e s a r e f o r m e d a t l ow t e m p e r a t u r e in t h e g r o u n d 
s t a t e l e a d i n g to i m m e d i a t e f o r m a t i o n of fluorescent H E 
s ta t e u n d e r exc i t a t ion . 8 ) 

F o r th is p u r p o s e , t e m p e r a t u r e effects u p o n fluores­
c e n c e in t ens i ty of P 3 w e r e e x a m i n e d . As i n d i c a t e d in 
F ig . 2 , t h e in t ens i ty of t h e L E fluorescence (/L E) in­
creases w i t h d e c r e a s i n g t e m p e r a t u r e , a p p r o a c h i n g a con­
s t a n t v a l u e a t sufficiently low t e m p e r a t u r e b o t h in 
d e c a l i n a n d i s o p r o p a n o l . T h i s suggests t h a t t h e 
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TABLE 2. FLUORESCENCE RISE AND DECAY TIMES OF INTRAMOLECULAR HE SYSTEMS (in units of ns) 

Solvent 

Hexane 
Decalin 

Dibutyl ether 
Diethyl ether 
Butyl acetate 
THF 
Isobutyl 

alcohol 
Acetone 
Methyl 

alcohol 
Acetonitrile 

P i 

TLE 

156 
120 

19.3 
9.3 
3.1 
4 

4 

3.6 

3 

4 

T H E 

— 
— 

20.8 
9.3 

10.8 
11 

9 

10 

4.5 

7.5 

P2 

TLE 

120 
5.6 &92 

3.9 
3.8 & 85 

3.8 
4.4 

4.2 

4.3 

3.5 

3.9 

T H E 

101 
3.3a>, 
101 
80 
82 
76 
72 

21 

8.5 

= 2 

3.5 

P3 

TLE 

4.5 & 86 
7.5 & 90 

6 
3 
4 

T H E 

87 
7.5a>, 
90 

116 
141 
134 

5 4.5, 86 

4.4 

3 

5 

63 

23.5 

~ 2 

T L E 

4.8 
6.7 

7.0 
7.3 

7.5b> 

3 

7.5b> 

8.5b> 

Ax 

T H E 

— 
— 

7.5 
8.9 

11 

4.5 

4 

« 5 

A2 

TLE 

9.5 
12 

«=3 &48 
~ 3 & 112 

51 

< 2 

8.5b> 

8.8b> 

T H E 

— 
— 

48 
120 

83 

= 2 

5 

« 3 

A3 

T L E 

3.3 
4.8 

~ 3 
< 2 

9b> 

T H E 

130 
130 

121 
200 

150 

40 

9 

« 3 

a) Rise time of the HE fluorescene detected by the present apparatus, b) The values might be the lifetimes of 
the photoproducts. 

intramolecular donor-acceptor interaction arises mainly 
by the dynamic process in the excited state. In ac­
cordance with this behavior of LE fluorescence, the 
intensity of the H E fluorescence (/HE) decreases with 
temperature lowering. 

B. Effects of Solvent Polarity and Temperature upon Fluores­
cence Rise and Decay Processes. Fluorescence rise and 
decay curves were measured at both wavelengths of LE 
and H E fluorescence bands. Typical two-component 
decay curve measured at the LE band and correspond­
ing rise and decay curves measured at the H E band were 
confirmed in the case of several systems in nonpolar or 
slightly polar solvents. These kind of rise and decay 
curves are common in the case of intermolecular excimer 
and H E systems. 

A possible kinetic scheme for the formation and de­
composition processes of an intramolecular H E in non-
polar solvents can be written as follows. 

A*..-D ? 

U 
A - D <-

(A--D+) 

u 
(A.D) 

a: 

Assuming a ^-function excitation, the time dependences 
of the LE and H E fluorescence intensities are given by 
the following equations. 

WO = 

wo = 

(A2-A0 

/ Q * I 

+ (X-A 1 )exp(-A 2 0> 

-{exp(-A10 - exp( -A 2 0} 

where 

} = l / 2 [ ^ + r + { ( F - Z ) 2 + 4^2}V2] 

(2) 

(3) 

(4) 

X=kx + kt + kl 

Y=k2 + kt' + A,' 

h = W O ) 

By means of Eqs. 2 and 3, the short lived component 

Fig. 3. Semilogarithmic plots of / L E ( 0 and 7 H E ( 0 of 
P3 in decalin at room temperature. 

(2) : W 0 

•exp (-A^) - /H E(0 

in the decay curve of the LE fluorescence and the rise 
time of H E fluorescence were evaluated graphically 
from the semilogarithmic plots of I(t) as indicated in 
Fig. 3. However, in moderately as well as strongly 
polar solvents, it was difficult to observe the two-compo­
nent decay of the LE fluorescence or the rise curve of 
the H E fluorescence. T h e results of fluorescence rise 
and decay times at room temperature are given in 
Table 2. 

In the case of Alt A2, and P1} although the fluores­
cence spectrum of hexane solution is identical with that 
of the decalin solution, the fluorescence lifetime of hex­
ane solution differs from that of the decalin solution. 
This seems to suggest that, even in the case of these 
systems in nonpotar solvents, the H E state is attained 
transiently from the thermally excited LE state, bu t will 
decompose immediately by the back charge transfer 
process of k2. 
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Fig. 4. Temperature effects upon fluorescence rise and 

decay times of P2 and P3 in decalin. 
A . Rise and decay times of HE fluorescence. 

O : Rise time of P2, # : rise time of P3, • : decay 
time of P2, • : decay time of P3. 
ôbsd f° r P 2 : 500 nm, Aobsd for P3: 550 nm. 

B . Decay times of two-component LE fluorescence. 
A : Long life component of P2, 0 : long life com­
ponent of P3, A : short life component of Pa, # : 
short life component of P3. 
ôbsd = 400nm for both P2 and P3. 

Lewis and Ware9) reported a special case of the H E 
system where the quenching process of the LE fluores­
cence could not be explained without assuming the 
transient H E formation though no H E emission was 
obseved as in the above case. They estimated the 
lifetime of the transient H E by analyzing the effect of 
the quencher concentration upon the decay process of 
the LE fluorescence. In the present case, however, it 
is not possible to examine such a concentration effect. 

With the increase in solvent polarity, the H E state may 
be stabilized and the rate constant kx will increase. 
When the H E state is placed at the same energy as the 
LE state of pyrene or anthracene part and no extensive 
change of the geometrical structure is necessary, it is 
plausible that the H E formation and decomposition re­
action becomes so rapid that the equilibrium between 
LE and H E state is attained approximately. If the 
equilibrium is attained, both the L E and H E fluorescence 
will show the single exponential decay with the same 
decay time. T h e behavior of Ai as well as P t in ethers 
seems to correspond to this case. 

Typical two-component decay represented by Eq. 2 
was observed in cases of P2 and P 3 in hexane as well as 
decalin, and A2 in ethers at room temperature. T h e 
rise and decay times of P 3 H E in decalin were X2~

x— 
7.5 ns and ^ 1

- 1 = 9 0 ns, agreeing respectively with those 
obtained by measuring the two-component decay of the 
LE fluorescence. T h e temperature effect on the rise 
and decay curves of P2 and P 3 in decalin was examined, 
the results being shown in Fig. 4. T h e observed decay 
curves can be reproduced by Eq. 2 in the temperature 
range 300—210 K. Thus , it has been confirmed that 
the HE's of P2 and P 3 in decalin are formed by the 
dynamic process in the excited state even at low tem­
peratures. Although A2

 1S a function of various rate con­
stants, it seems to be close to kv Thus , the formation 
process of the H E state does not seem to be so fast as 
in the case of the intermolecular H E . T h e result may 

t / n s 

Fig. 5. Fluorescence rise curves of P3 HE in 1-pentanol 
(1) and decalin (2) at room temperature. 

be due to the hindered rotations about GH 2 -GH 2 bonds 
which are necessary to form a sandwich type HE, and 
also due to somewhat large solvent viscosity of decalin. 
As an example, values A 2

- 1 =25 ns at 263 K, and 58 ns 
at 223 K were obtained in the case of P 3 in decalin. 
Thus, the temperature lowering makes the process of 
conformational change very slow. It is possible that 
both the hindered rotation itself and the solvent visco­
sity can be affected by the change of temperature. I t 
is not clear which of these is more effective for retarding 
the conformational change. 

I n contrast to the above results, the rise time of P 3 

H E fluorescence at room temperature is shorter than 
2 ns (the rise time of the exciting laser pulse) both in 
1-pentanol and 2-propanol, though these solvents are 
more viscous than decalin. T h e rise curve of P 3 H E 
in 1-pentanol is shown in Fig. 5 together with that in 
decalin. T h e result suggests that the mechanism of H E 
formation in polar solvents differs from that in nonpolar 
solvents. Presumably, orientational fluctuations of sur­
rounding solvent dipoles and a slight approach of the 
two moieties of P 3 may induce the electron transfer with­
out taking the sandwich type of structure. 

In order to clarify the behavior of H E in polar sol­
vents, temperature effects upon the fluorescence rise and 
decay curves of P l 5 P2 , and P 3 in 2apropanol have been 
examined. T h e results are shown in Fig. 6. The rise 
times of H E fluorescence in the range from room tem­
perature to ca. 160 K are much shorter than those of 
P2 and P 3 HE ' s in decalin solution. Thus, the H E for­
mation process in 2-propanol is much faster than that 
in decalin not only at room temperature but also at 
low temperatures. T h e decay time of the H E fluores­
cence of Pj and P2 is ca. 10 ns at room temperature, 
slightly increasing at low temperatures. 

In the case of P 3 H E , the decay of H E fluorescence 
above 250 K can be represented by a single exponential 
curve, but not so below 250 K. By subtracting the 
slow component from the decay curve, the residual part 
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Fig. 6. Temperature effects upon fluorescence rise and 
decay times of Px, P2 and P3 in 2-propanol. 

O: P l5 ®: P2, • : P3-
A . Decay times of LE fluorescence. Aobgd=400 nm. 
B . Rise times of HE fluorescence. Aobsd = 550 nm. 
C . Decay times of HE fluorescence. Aobgd = 550nm. 
The time scale for the long life component of P3 is 
indicated on the right hand side ordinate. 

can be represented approximately by an exponential 
decay, as indicated in Fig. 7. Moreover, below 220 K, 
it was possible to observe the rise time of the H E flu­
orescence in 2-propanol with the present apparatus. 
The observed decay time of the fast component of the 
LE fluorescence at low temperatures does not agree 
with the rise time of the H E fluorescence. Similar 
results were obtained in 1-pentanol and butyronitrile. 

As indicated in Fig. 6-C, the decay time of the fast 
component of the H E fluorescence of P 3 observed below 
250 K shows a temperature dependence similar to that 
of the fluorescence decay times of I>

1 and P2 HE's . 
The result suggests that, at low temperatures, there 
are two kinds of HE's of P 3 which have decay times 
differing from each other, one of which seems to have 
a structure similar to that of Px or P2 H E . 

O n the other hand, according to the result of recent 
laser photolysis studies,10) the absorption spectrum of 
P2 H E in 2-propanol was very close to the superposition 
of the absorption bands of pyrene anion and N,N-
dimethylaniline cation, while a very broad absorption 
band with peak around 500 nm was observed in the 
case of the P 3 H E in 2-propanol. As regards the above 
argument concerning two kinds of HE's , we have meas­
ured time-resolved absorption spectra of P 3 H E in 2-
propanol at 210 K. Corresponding to the result of 
fluorescence measurements, the short-life and long-life 
components of the time-resolved absorption spectra were 
similar respectively to the spectrum of P2 H E and P 3 

H E in 2-propanol at room temperature. Thus, the 
existence of two kinds of HE's of P 3 at low tempera­
tures, one similar to Pi or P2 H E and the other analo-

Fig. 7. Fluorescence decay function of P3 HE observed 
at 550 nm in 2-propanol at 223 K. 

gous to the P 3 H E at room temperature, has been 
confirmed. 

However, according to our measurement of the time-
resolved fluorescence spectra of P 3 H E , the spectrum 
of the slow component of the decay curve was approxi­
mately the same as that of the fast component. The 
result seems to indicate that these H E states with dif­
ferent lifetimes emit fluorescence at approximately the 
same wavelength region. Actually, the fact that the 
fluorescence band maxima of P l 5 P2 , and P 3 in 2-
propanol at room temperature are ca. 585, 585, and 
590 nm, respectively,1) indicates that a small dif­
ference in the geometrical structure of the H E does 
not appreciably affect the wavelength of the H E fluo­
rescence in these polar solvents. Therefore, there seems 
to be a possibility that many kinds of HE's with dif­
ferent geometrical structures in polar solvents have 
similar fluorescence spectra and the H E fluorescence de­
cay curve consists of many exponential curves with 
different decay times, which might be revealed by a 
more accurate measurement. 

In the above interpretation, the non-fluorescent ion-
pair does not play an important role in the formation 
process of the H E state. Nevertheless, it seems plausi­
ble that some non-fluorescent ion-pairs are formed in 
polar solvents, as discussed in A in relation to the 
solvent effect upon the H E fluorescence yield. Namely, 
several kinds of HE 's as well as the non-fluorescent ion-
pairs may be formed from the L E state or the non-
relaxed GT state in polar solvents. Actually, forma­
tion of a species which might be identified with the 
non-fluorescent ion-pair was observed in the case of P 3 

in acetonitrile.3) 
We see from the tables that both the H E fluorescence 

yield and decay time of the present systems decrease 
with increase of the solvent polarity, the extent of the 
decrease of the yield being a little larger. T h e result is 
comprehensible on the basis of the above discussion. 
T h e formation of the non-fluorescent ion-pair from the 
LE state or the non-relaxed C T state may be enhanced 
with increase of the solvent polarity. The result can 
also be interpreted by assuming the solvent-induced 
change of electronic and geometrical structures of the 
HE.3»5) However, the interpretation does not seem to 
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be supported by the above results of fluorescence decay 
curve measurements at low temperatures and their 
explanation. 

It is described in A that the fluorescence yields of 
the present intramolecular HE's are much higher as 
compared with those of the intermolecular systems. 
However, the difference between the intra- and inter­
molecular systems is not restricted to the fluorescence 
yield. T h e fluorescence lifetimes of these intramolec­
ular HE's are much longer than those of the intermolec­
ular systems. As an example, the fluorescence life­
time of P 3 H E in pyridine is 100 ns3) as compared with 
the value 30 ns of the pyrene-DMA intermolecular 
HE.5) Although the fluorescence of the pyrene-DMA 
intermolecular H E cannot be observed in acetone pro­
bably due to the predominant ionic dissociation from 
both the non-relaxed G T state and the H E state, the 
H E fluorescence of P 3 with lifetime of 63 ns can be 
observed easily in the same solvent. Thus , once the 
H E of P 3 is formed, it seems to be difficult for the 
quenching process to the non-fluorescent ion-pair to 
take place even in such a strongly polar solvent as 
acetone. A more or less analogous circumstance can 
be observed in the other systems. 

In view of the above results, it should be noted that 
the exceptionally high fluorescence quan tum yield and 
long lifetime of the intermolecular H E systems in al­
cohol solutions11) can be ascribed to some mechanism 
involving the hydrogen bonding between the surround­
ing solvent molecules which prevents the ionic dissocia­
tion. 

T h e authors ' thanks are due to Mr . Tadashi Tokuda 

for his assistance in the measurements of the fluores­
cence spectra of P„. 
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The amounts of adsorbed water and the isosteric heats for water vapor adsorption on fine crystals of KBr treated 
with various amounts of potassium oleate (KOI) were measured. In the adsorption isotherm of untreated KBr, 
a slight stepped rise of the amount adsorbed was observed, and this step is considered to be due to the two-dimen­
sional condensation of water molecules adsorbed on the uniform surfaces of KBr particles. The monolayer capacity, 
determined from the adsorption isotherm of KBr by the point B method, agreed with the value calculated according 
to an adsorptive structure based on the two assumptions that all the surfaces of the KBr particles consist of (100) 
planes and that one water molecule is adsorbed per regularly distributed Br~ site. 

A small amount of pre-adsorbed KOI was recognized to prevent the water vapor adsorption on KBr, and con­
versely, this effect disappeared with increasing KOI content while the hygroscopicity of the sample increased 
markedly. This abnormal increase in the adsorbed amount suggests that the adsorbed water molecules penetrate 
into the multilayer films of KOI on the KBr. 

In order to change the surface properties of powder 
particles, the surface is often modified by coating with 
some material such as surfactants. Studies of the ef­
fect of the coating on surface properties and of the 
mechanism of the coating are instructive in many 
powder industries. In the present paper, data of the 
water vapor adsorption isotherms and isosteric heats 
of adsorption on KBr powders coated with various 
amounts of potassium oleate ( K O I ) are described, and 
the relationship between the water vapor affinity of 
KBr and the KOI concentration, the amount adsorbed 
on the surface per unit KBr surface area, was investi­
gated to clarify the surface properties of the bromide. 
These experimental results will be available for re­
search on the moisture-proofing and caking of powder 
materials. 

Exper imenta l 

Materials. A potassium bromide sample was pre­
pared by twice recrystallizing special-grade reagent KBr 
using distilled water. An aqueous solution of KBr (30wt%, 
ca. 100 ml) was poured with stirring into ethyl alcohol {ca. 
500 ml) cooled to —80 90 °C. The bromide thus ob­
tained was filtered and washed four times with absolute 
ethyl alcohol and then dried at a reduced pressure of 10~3 

Torr. This precipitate was observed by microscopy to be 
very small cubic crystals (2—7 \i). 

Ground powders of KBr were prepared by pulverization 
of the recrystallized KBr in a ball-mill for 1 h. 

Potassium oleate (special-grade reagent) was purified 
twice with absolute ethyl alcohol and also dried at reduced 
pressure. 

Potassium Oleate Coating. A mixed solvent of CC14-
C2H5OH in a volume ratio of 5 : 1 (50 ml) including an 
adequate amount of KOI was stirred for 5—6 min after 
KBr (30 g) had been added to the solvent, and the salt thus 
treated was filtered and dried at reduced pressure. A stand­
ard sample was prepared by immersing KBr in a mixed 
solvent which was free of KOI. The amount of KOI adsorbed 
on the surface of KBr particles was estimated by measuring 
the UV absorbance at 250 mfx after the adsorptive measure­
ment had been completed. Ethyl alcohol and carbon tet-

* Present address: National Research Institute for 
Pollution and Resources; Kawaguchi, Kawaguchi-shi, Sai-
tama 332. 

Fig. 1. Schematic diagram of apparatus for measure­
ment of water vapor and nitrogen adsorptions. 
A: Sample tube, B: mercury manometer, C, D: 
water vapor or nitrogen reservoir, E: water reser­
voir, F : greaseless cock, G: vacuum line. 

rachloride were dehydrated with metal Mg and silica-gel, 
respectively, and then distilled prior to use. 

Adsorption Measurement. Figure 1 shows the schematic 
diagram of a volumetric apparatus for water vapor and 
nitrogen adsorption. The equilibrium pressure of the water 
vapor and nitrogen were measured using a mercury mano­
meter and a reading magnifier having a resolution of 10-2 mm. 

Surface Area. The specific surface areas of the samples 
were determined by applying the BET equation to the nitro­
gen-adsorption data obtained at 77 K, assuming the cross-
sectional area of a nitrogen molecule to be 16.2 Â2. 

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

Water Vapor Adsorption. The specific surface area 
of the standard sample was estimated to be ca. 0.24 
m2 /g, and this value agreed roughly with the surface 
area measured for KBr powder untreated with the 
above solvent. The water vapor adsorption isotherms 
for this standard and the ground powders of KBr 
are illustrated in Fig. 2. In the adsorption isotherms, 
slight stepped rises of the amount of adsorbed water are 
observed in the relative vapor pressure range of 0.075 
to 0.13, excepting the case of ground KBr. More 
remarkable steps in the water adsorption isotherms 
have been observed for NaCl, KCl,2»3) and NaBr.4> 
The relative pressures, at which the steps appear in the 
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Fig. 2. Water vapor adsorption isotherms of KBr. 
A: at 35 °G, B: at 30 °C, C: at 25 °C, D: Ground 
KBr at 20 °G. 
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Fig. 3. Isosteric heat of water vapor adsorption on 
KBr. 
— AHh: Heat of liquefaction of water vapor. 

isotherms described previously, are higher than that 
determined for KBr. Disagreements in the relative 
pressures at which the step appears may be ascribable 
to the difference in the adsorption mechanisms of water 
molecules between the above salts and KBr. 

Isosteric Heat of Adsorption. Figure 3 indicates 
the isosteric heats of adsorption calculated from the 
isotherms given in Fig. 2. A peak is seen in the isosteric 
heat curve at V=0.17 ml STP/m 2 . This value cor­
responds closely to the monolayer capacity estimated 
by the point B method. O n the other hand, the BET 
plot for the isotherm in Fig. 2 was found to be linear 
in the relative pressure range of 0.03 to 0.3, and it 
gave a monolayer capacity which is 1.37 times the value 
obtained at point B. However, no changes which are 
expected to suggest monolayer completion were observ­
ed in the isotherm and the isosteric heat curve at 
about F = 0 . 1 7 X 1.37 ml STP/m 2 . If the surfaces of all 
KBr particles consist of (100) planes and one water 
molecule is adsorbed on one B r - site of the surface, the 
amount of monolayer adsorption is calculated to be 
0.171 ml STP/m 2 . This value is almost equal to that 
obtained by the point B method. From these results, 
the adsorption mechanism of water vapor on a KBr 
surface and the characteristics of the adsorption iso­
therm and isosteric heat curves will be interpreted as 

follows. Water molecules are adsorbed on- B r - sites 
in a ratio of 1 : 1. An interaction force induced by 
hydrogenbonding among the adsorbed water molecules 
increases with the amount adsorbed, and reaches a max­
imum value at a coverage of 0 = 1 . The peak in the 
isosteric heat curve appears due to the effect of hydro­
genbonding. Moreover, the slight stepped rise observed 
in the adsorption isotherm of the recrystallized KBr is 
considered to be due to the two-dimensional condensa­
tion of water molecules adsorbed on the uniform sur­
faces of the salt, since monolayer adsorption was formed 
at the end of the step. O n the other hand, the stepped 
rise disappears in the isotherm of ground KBr owing 
to the inhomogeneity of its surface. 

Lad5) has obtained a water vapor adsorption isotherm 
on cleaved NaCl crystals, and its isotherm suggests an 
adsorptive structure, which is a hydrogen-bonded first 
layer with one molecule of water for two Gl~ sites. 
According to this result, two hydrogen atoms in a 
water molecule are considered to attach to two adjacent 
Cl~ sites. Therefore, the adsorption characteristics of 
water vapor on an alkali halide are considerably affect­
ed by the distance between the two adjacent anions, 
the electronegativities and the ionic radii of the chemical 
elements involved. The difference between the water 
vapor adsorption mechanisms of NaCl and KBr may be 
mainly due to the differences in their lattice spacings 
and in the electronegativities of the elements of which 
the surface is composed. The distance between the two 
Br ions is larger than that between CI ions, and the 
electronegativity of bromine is smaller than that of 
chlorine. Hence, the two hydrogen atoms in a water 
molecule do not fit onto the two adjacent B r - sites of 
KBr. 

Effect of Potassium Oleate Coating. The effects of 
the concentration of the pre-adsorbed KOI on the 
water adsorption isotherm and the isosteric heat of 
adsorption are shown in Figs. 4 and 5, respectively. 
T h e slight stepped rise declined gradually with in­
creasing KOI concentration. Moreover, no peak which 
was expected to appear for a coverage 0 = 1 was ob­
served in the heat curve of adsorption on KBr coated 
with KOI. Therefore, the disappearance of the step 
is thought to be due to increasing inhomogeneity of 
the component and the geometric structure of the solid 
surface containing adsorbed KOI. This interpreta­
tion is compatible with the result obtained using ground 

TABLE 1. WATER VAPOR AFFINITIES OF KBr SAMPLES 

COATED WITH POTASSIUM OLEATE 

Samplea> 

A 
B 
C 
D 
E 
F 
H 

Oleate 
concen­
tration 
Cmg/m«) 

0 
0.472 
0.576 
0.579 
0.597 
1.193 
5.25 

Vra 
(ml STP/m2) 

0.236 
0.238 
0.225 
0.209 
0.231 
0.269 
0.35 

C 

8.46 
6.11 
7.36 
9.11 
8.58 
9.17 

25.6 

•SH2O/'S'N'2 

0.69 
0.69 
0.65 
0.60 
0.67 
0.78 
1.0 

a) The symbols are the same as those in Fig. 4. 
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Fig. 4. Water vapor adsorption isotherms of KBr 
coated with KOI at 35 °C. 
KOI concentration (mg/m2) : A; Zero, B; 0.463, G; 
0.576, D; 0.579, E; 0.597, F; 1.19, G; 2.99, H ; 5.25, 

G) 
HI at 30 °C. 
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Fig. 5. Isosteric heat of water vapor adsorption on 
KBr coated with KOI. 
KOI concentration (mg/m2): A; Zero, B; 0.463, F ; 
1.19, H; 5.25. 

KBr. In addition, the pre-adsorbed KOI is believed 
to prevent the interaction between the adsorbed water 
molecules induced by the hydrophobic property of K O I 
and to eliminate a peak in the isosteric heat curves. 

Pre-adsorption of KOI, in a certain concentration range 
and for a given surface coverage, weakened slightly the 
subsequent adsorption of water vapor, whereas at 
higher concentrations this trend was reversed and the 
amount adsorbed began to increase markedly. 

Water vapor affinity, one of the surface properties 
of solids, is often expressed by the ratio PSHSO/SN2, where 
£H2O and SN2 are surface areas determined using H 2 0 
and N 2 as adsorbates, respectively, assuming cross-sec­
tional areas of 10.6 Â2 for H 2 0 and 16.2 Â2 for N2 . 
These values for KBr at various concentrations of pre-
adsorbed KOI and C values obtained from the water 
vapor BET plots are summarized in Table 1. T h e 
slight effect of the pre-adsorbed K O I on the prevention 

1 2 3 4 5 

W7(mg/m2) 

Fig. 6. Effect of KOI concentration on the amount 
of adsorbed water measured under fixed relative 
water vapor pressures. 
P/P0: I ; 0.01, I I ; 0.05, I I I ; 0.10, IV; 0.15, V; 
0.20, VI ; 0.25. 
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Fig. 7. Water vapor adsorption isotherm of KOI par­
ticles at 20 °C. 

of water vapor adsorption is observed for low con­
centrations of KOI, whereas at higher concentrations 
the water vapor affinity increases. The change in the 
isosteric heats of adsorption with increasing K O I con­
centration prove this tendency. 

The relationship between the K O I concentration and 
the amount of adsorbed water at a fixed water vapor 
pressure is given in Fig. 6. The KOI concentration 
available for preventing water vapor adsorption is deter­
mined from the curve in Fig. 6 to be about 0.46 mg/m2 . 
If the amount of pre-adsorbed K O I required to cover 
the surfaces of KBr particles with a complete monolayer 
corresponds to a value of 0.46 mg/m2 , the resulting 
cross-sectional area of K O I is calculated to be 120 Â2. 
However, this value is larger than the 45—50 Â2 obtain­
ed by Adam6) based on the structure of the liquid 
condensed film formed on the surface of an aqueous 
solution. T h e former value can probably be explained 
under the assumption that a hydrocarbon chain in the 
K O I molecule lies across the KBr surface. In such a 
case, the cross-sectional area of K O I is estimated from 
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the molecular structure to be 130—150 Â2. This value 
is close to the above-stated value ( 120 Â2) . 

Table 1 indicates that at higher K O I concentrations 
the hygroscopicity of the sample increases with the K O I 
concentration, and this tendency seems ascribable to the 
penetration of water molecules into the ionic layers of 
KOI films adsorbed in a multilayer which may be of 
laminar form. A similar effect of KOI7) has been ob­
served in the case of adsorption on C a C O s pre-adsorbed 
KOI. The water-vapor adsorption isotherm on KOI 
powder itself is illustrated in Fig. 7. The amount of 
adsorbed water per unit KOI surface area is consider­
ably larger than that estimated to be the physical ad­
sorption of water vapor on a K O I surface. Therefore, 
most of the adsorbed water molecules are thought to 
penetrate into KOI particles. A similar observation 
was reported by Gross and Bauer8) in their study of 
water-vapor adsorption on a luminum soaps. They con­
cluded that water molecules penetrate into the soap 
crystallites and undergo hydrogen bonding at recur­
ring A l - O linkages.8) O n the basis of these results, 
the abnormal increase in hygroscopicity of the sample 

can be reasonably explained by assuming the penetra­
tion of the adsorbed water molecules into KOI films on 
the surface of KBr. 
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Based on the Elsasser model, a formula for the mean absorption applicable to the pressure effect of the non-
dispersive infrared gas analyser has been derived. The formula is generalized by removing the assumption in 
the Elsasser model that the total absorption coefficient, the half width and the spectral distance are constant. 

In previous papers,1,2) a formula was given for the 
mean absorption corresponding to the screening percent 
for the infrared ray due to the null balance shutter 
of the analyser as a function of the partial pressure 
of absorber p&, the total pressure P and the cell length 
/. Many similar formulas, often empirical, have 
been reported,3 - 6) but it is difficult to determine the 
coefficients in the formulas either experimentally or 
theoretically. There are two theories concerning the 
derivation of the formulas : total absorption by Laden-
burg and Reiche,7) and mean absorption by Elsasser.8) 
The Lorentz type absorption coefficient is assumed 
in both theories. However the method for approximate 
evaluation of the following integral, 

f{l-exp(-k(v)l)}dv 

viz. total absorption, is different. 
The Elsasser theory is based on the three assump­

tions that the following are constant: i) the total 
absorption coefficient ocm, ii) the half width of the 
line ôm and the spectral distance of the vibrational 
rotational line dm. When assumption i) was removed, 
it was possible to obtain a good quantitative com­
parison between the theory and experiment.2) In 
this paper, the formula is generalized by removing 
the remaining assumptions. 

Apparatus 

The apparatus and the principle of measurement 
have been reported.2) 

Theoret ica l 

Half Width of Absorption Lines. According to 
the classical kinetic theory of gases, the collision width 
of the line is given by2) 

0 = ir?N>{D^ [vH-k^Y (1) 

where Nt is the number density of a molecule of the 
gas of ith type, D&i the sum of the optical collision 
diameters of the absorbing molecule and the molecule 
of the ith type, ma the mass of the absorbing molecule 
and mt the mass of the ith type of molecule. For 
binary mixtures, Eq. 1 becomes 

1 - -J~^4-iï Ô = 
\n 

(2nkT)1/2 N„ 
vi/a 

\ rnBrnh J J . 
(2) 

It is not necessarily correct that the half width is 
common to all the lines according to Eqs. 1 and 2. 

I t was found that each line differs slightly in half 
width.9) From quantum mechanics10) the half width 
of the line is not constant since the colliding molecules 
exert different interaction due to the intermolecular 
force on each vibrational rotational energy level of 
the absorbing molecule. 

Taking the above situation into consideration, it 
is better to express Eq. 2 as follows. 

i r / 2 y/2 

+ ^ ib)i(i±!!*.f] (3) 

where the subscript m is the number of the line. {D&,&)m 

and(Z) a ,b)m should be determined quan tum mechanical­
ly. The first term of Eq. 3 explains the effect the 
collisions between absorbing molecules exert on the 
half width of the mth line, and the second the effect 
the collisions between the foreign and absorbing mole­
cules exert on the mth line. Expressing Nt in term 
of partial pressure, Eq. 3 becomes 

ôm = 

where 

4TT 

2TT y / 2 

~Tnn) [(Ca,a)m^>a+(Ca,b)] 

kT ( G a , a ) l P* + 
(Ca,b)i 

(Ca.a), 
(4) 

(C a < a ) m = (Z>E,a)i(2/ma)V« 

and 

(5) 

(6) 

(Ca,b)m = (Ai,b)i(raa + mb/»»a»*l>)1/a 

Here the notation ô0m is defined by 

ô0m is the constant independent of pressure if the 
temperature is constant. Though it is not necessarily 
obvious that the ratio of (Z)a,a)m to (Da>b)m is constant, 
its ratio is assumed to be constant according to the 
method in the previous papers.1»2) Then the fol­
lowing relation can be assumed 

(Ca,a)m = / 2mb V / 2 ( (*>»•>)» j * 

(Ca,b)m V »*a + »*b / ( (D f t l b ) m ) 

= B( = const) 

where B is the so-called self-broadening coefficient. 
As a result, the half width of the line can be expressed 
by 

ôm = ôomPe (7) 

where Pe is the effective pressure defined by 

Pe=Ps.+ (UB)pb. (8) 

The difference in the half width of each line is taken 
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consideration by Eq. !.. Namely dm should be under­
stood for ô of Eq. 2 to be extended. The theoretical 
expressions obtained in the previous papers,1«2) however, 

must not be altered, except that ôJ =——(-r^r ) (Ca,a) J 

in the definition of k0m is simply replaced by <50m of 
Eq. 6. 

#o»Aw SÊ Ami (13) 
it is determined from Eqs. 6 and 12 with use of the 
molecular constants as follows. 

1 / 2% V/s 
)l/2. Wvm\fim 

3hckT 
(14) 

Total Absorption Coefficient of the Line, ccx The 
total absorption coefficient of the mth line is deter­
mined by means of the integral of the absorption 
coefficient which is ordinarily approximated by the 
following Lorentz type function in the infrared region. 

*-w = -18ë-'»i^i v^ '+a- (9) 

where fim is the matrix element of the dipole moment. 
The total absorption coefficient is, therefore, 

O n the other hand, t is approximately connected with 
the maximum extinction Em as follows.2) 

Em = /(am<5m/)V2/fl (15) 

where a is the slit width in c m - 1 and / the cell length. 
For the simple component of the absorbing gas, Eq. 
15 becomes 

Em = tfaMMWPJa. (16) 

From Eqs. 13 and 16, we have 

aEm 
t = (17) 

-1: 
km(v)dv 

4nNt 

3HC VmlMml 
Ô, 

-d» (10) 
(v-vm)* + ôl 

I t is evident that «0m is proportional to the number 
density of absorber NA. N& is rewritten by the partial 
pressure p& and we have 

<Xl* — aom^a- (11) 

oc0m is directly related to the Einstein transition pro­
bability except for the numerical constant. 

By substituting N&=pJkT into Eq. 10, oc0m 

pressed by the molecular constants as follows. 

_ 4 7 T 2 » m ^ O T | 2 

a ° r o _ ZhckT 

u v p . 
Here the quantity k0m should be defined by 

*o» = El!{±{dJayPU} (18) 

which can be evaluated from the maximum intensity 
of the absorption spectrum corresponding to the condi­
tions of measurement. dm is the spectral distance of 
the mth line. kQm was defined with use of the mean 
spectral distance instead of rfm.1,2) From Eqs. 17 and 
18, the parameter t can be determined by the following 
approximate relation. 

- 2dnyJ- (19) 
is ex-

(12) 

I t was assumed that am—const in the Elsasser model. 
However, <xm is not constant in this paper. 

Extension of the Definition of k0m and the Approximate 
Expression for the Parameter t Determinable from the True 
Slit Function. If we denote the product of a0m and 

by l0 

Theoretical Extension of the Mean Absorption to the 
Molecules with Two Absorption Regions. The mean 
absorption of the molecules with a single absorption 
region should be extended to the molecules with weak 
bands such as the combination or the overtone band 
other than the fundamental one. In this case, the 
intensity of the infrared source h and the mean spectral 
distance differ between both band regions. The 
expression for the mean absorption to be evaluated 
is as follows. 

S fV'lf{l-exp(-km(v)l)}dv+ S r'lc{\-^V{-km>{v)l)}dv 
m = \Ju' m' = \Ju" 

Ifnd'+Icn'd' 

x corresponds to the screening percent of the incident 
light due to the null balance shutter of the infrared 
gas analyser, v', u'', v" and u" are vm-\-d'l2, vm — d'j2, 
vm>+d"\2 and vm<-d"\2. d' and d" are the widths of 
rectangles in each region by which the shape of absorp­
tion lines of the condenser microphone detector is 
approximated. By putt ing IJIf = r (the ratio of the 
intensity of the infrared source in both regions) and 
n—n', the following expression is obtained for the 
high pressure near atmospheric pressure. 

S (-Pe«')"/»!-{<Ao«/ JD
a)B>av+r ,<(*om'/-D / a)B>av} 

X — n = 0 

(20) 

1 + r ' 

where 
l/D = (2/0 • {djd'), \\U = (2/0 • {djd"), 
r' — rd"ld' and w=pj. 

(21) 

(22) 

k0m and k0m' are determined with use of the mean 
spectral distance d over both regions. 

kom = EU{4{d/a)*pJ} 

and 

kom> = Ei,i{4{d/aypj}. 

< >av denotes the normal average over m or m'. 
When d'=d", Eq. 20 is simplified as follows for the 

low pressure, 

x = J < A f f ) a r + K * i f r ) a T W ^ / s ( 2 3 ) 

and for the high pressure in the exponential form, 

x - 1 - expF- (2xlB>)'( <*°™>»v + K*W>av \p^w 

{2nlD*y (/<«.>av + r<«„>a. 
+ 2! 1 + r 
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N^om/av T ^ o m v « 

1+r 
(PeWY 

(2n/D*)* j / < £ , ) „ +r<*j.,)aT 0>av\ 

- < 

3! IV 1+r 
X^om/av +r \Aom' /av \ / \ ^ o w / a v + r\":om'/ 

+ 2 

1+r 

\*0TO/av + r\kom'/t 

•H" 1+r 
' > a v \ 

1 + r ( i » 3 + (24) 

Eqs. 23 and 24 explain the mean absorption of the 
molecules with two absorption regions, and are reduced 
to the expressions for the single absorption region if 
r approaches 0. 

Extension to the Case in which the Assumption that the 
Spectral Distance is Constant is Removed. The present 
study is based on the Elsasser model. However the 
spectral distance is actually assumed to vary quadrat i -
cally according to the number of the line m. Taking 
this situation into consideration, a more precise expres­
sion for the mean absorption is obtained as follows.2) 

y = 

n fv 

S / 0 -
1=1 J u 

exp(-km(v)l)}dv 

S 4, 
(25) 

where v is vm-\-dml2, and u is vm — dm/2. With use 
of the extended mean fractional transmission 

Tm = --f" 
m dm J u 

y is given by 

exp -
(«Jn)ôt 

{v-vm)* + dl 
l\dv, (26) 

y=\ -
2-1 -* m""n 
m 

= 1 - <T™> (27) 

where (Tm) should be interpreted as ETmdmjEdm. 
For the region of low pressure, Tm is 

Tm = 1 - 2(*mÔJ)V*ldm (28) 

and then 

S(am«5m/)V» 
J> = 2-

= 2-

S 4 
m*nàJld*)V* 

(29) 

Thus y is reduced to the normal average. O n the 
other hand, we have for the region of high pressure 

2exp(-27Wcm<5mZA£M» y = \ -
£ 4 

^{(2nocmôml/d>m)-(2nocmômlld*mr/2+.:} 
(30) 

Thus the value of y can be obtained when the following 
expressions are calculated 

2X*màJdl)lEdm, "Z(zmöm/dl)*dJ^dm, etc. 

For the sake of convenience, gCm is defined by 

gom = (31) 

g0m is a constant characteristic of each line. g0m is 
connected with k0m of Eq. 18 by the relation 

gom = (2/0 2 *om-

With use of g0m, Eq. 30 becomes 

y = \ - expj-27r<^om>Pe.w 

+ -^«gL}-(gomy)(pewy 
2! 

(2rc)3 

3! ««?-> - KgLXgomy+2<gomy) ( / » 3 + 

where 

<gL> = Hdm 

(33) 

(34) 

Eq. 33 was obtained without the three assumptions 
in the Elsasser model. 

Application to the Infrared Gas Analyser. The 
above method can immediately be applied to the 
infrared gas analyser. T h e shape of the spectral 
lines of the condenser microphone detector is ap­
proximated by the rectangular lines with unit height 
and the width dm', which is not necessarily constant. 
T h e following expression corresponds to the absorp­
tion intensity of the sample gas in the nondispersive 
infrared gas analyser, and is of the same form as that 
of mean absorption. 

/ , ° ° / , { l - e x p ( - S M î O Z ) } { l - e x p ( - èk'm(p)l')}dv 
JO m = l m = l 

/ : 
/*{l-exp(-EAm ' ( iOZ')}d»' 

(35) 

According to the above approximation, x is reduced 
to Eq. 25 if dm is regarded as dm>. x becomes 

* = 2<£;,r>iV/2">1/2 (36) 
for low pressure, and 

x = 1 - exp{ - 2n(gomyPeW 

(2/r)2 

+ 2! 

(2K) 

- « ^ > - < ^ m > 2 ) ( P e ^ ) 2 } 

- -^f-(<^>-3<^><^>+2<J?;m>«)(i>e^)3+... | 

(37) 

for high pressure, where 

gom = 

aowA 
d'1 and <&£> = (38) 

Hdm ' 

Usually g'0m can not be calculated if the value of d'm 

is not known. However, g'Qm can be calculated if 
d'Jdm=const. If we put (d'Jdm) • (*/2) = D, x agrees 
with the results2) which are obtained when r approaches 
0 in Eqs. 23 and 24. 

When dm'jdm is not constant, x can not be expressed 
with use of the correction factor D because of the 
following relation 

s ^ w : ngUdjd^d: 
<*:> = 2X 

D2n^Kmdm 

T.dm 

"Ed; 

(39) 

It is possible to extend Eqs. 36 and 37 to the cases 
of molecules with more than two absorption regions 
if (g'omny i s regarded as 
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\gom) = 

where 
,, 

gom' = °W 
do, 

SXI + rSX 

<W 
" 2 • 

:+••• 

Conclusion 

(40) 

(41) 

It was found that the original expressions2) hold 
good even if the assumption that <50 is constant is re­
moved. However k0m (=ocQm ôjd2) should be regarded 
as a0m(5CTO/öf2. The ambiguous parameter t2) was 
approximately determined in the explicit form with 
use of the molecular constants. I t is concluded that 
the molecules with more than two absorption regions 
have the same pressure dependence as the molecules 
with a single absorption region. A more general 
formula was obtained for the mean absorption with 
use of the constant g0m without the three assumptions 
in the Elsasser model. I t can be concluded that in 

general x can not be expressed with use of a correction 
factor D. 
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Electronic Structures and Spectra of Azulenophenalenes 
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The ground-state electronic properties and electronic spectra of azuleno [5, 6, 7-cd] phenalene (I) and azuleno-
[1, 2, 3-cd]phenalene(II), which are isomers of the potent carcinogen benzo[a]pyrene (III), have been investigated 
by using the SCF screened potential MO CI method in combination with the variable bond-length technique. 
From the calculated G-G bond lengths and the position dependence of the SCF screened potential, it may be 
concluded that molecules I, II, and III are all both aromatic and polyolefinic. The electronic spectra of I, II, 
and III predicted using the screened potential are in better agreement with the experimental values than those 
calculated using the bare potential. 

Since the molecular geometries of azuleno [5,6,7-
a/]phenalene (I) and azuleno[1,2,3-cûf]phenalene (II) 
resemble that of the potent carcinogen benzo[a]pyrene 
( I I I ) , the electronic structures and spectra of I, I I , 
and I I I have been of interest. Molecule I, which 
was recently synthesized by Ju tz and Kirchlechner,1) 
was found to be carcinogenic.2) Very recently, Mura ta 
et a/.-3> have synthesized molecule I I . 

Fischer and Ege4) have applied the SCF M O method 
based on the Pariser-Parr-Pople approximation to I 
and have calculated its electronic structures and spectra. 
Using the LCI-SGF M O method, Zahradnik5) has 
investigated the electronic spectra of I and I I . Germer 
and Becker6) and Pancir and Zahradnik7) have studied 
theoretically the electronic spectra of I I I , but they 
did not mention the aromaticities and carcinogenicities 
of I, I I , or I I I . Recently, Thulstrup et al.8) have 
measured the magnetic circular dichroism (MCD) 
spectrum of I and assigned its absorption spectrum. 
Very recently, Tajiri et al.9) have measured the M G D 
spectrum of I I and interpreted its complicated absorp­
tion bands. 

The purpose of this paper is to investigate theoretical­
ly the ground-state electronic properties and electronic 
spectra of I, I I , and I I I by using the SCF screened 
potential M O GI method in combination with the 
variable bond-length technique,10 '11) which is known 
to reproduce well the electronic structures of large 
conjugated molecules. I t is possible to use the results 
of such calculations to deepen our understanding of the 
aromatic characteristics and carcinogenicities of I, 
I I , and I I I . 

M e t h o d o f Calculat ion 

A procedure that combines the SCF screened poten­
tial with the variable bond-length technique11) is used 
in the Pariser-Parr-Pople SGF M O CI method.12»13) 
At each step of the SGF calculation, the new bond 
lengths are obtained from the corresponding bond 
orders.14) The screened potential is evaluated by 
using the bare potential obtained from the new bond 
lengths. The bare potential is calculated using the 
Mataga-Nishimoto formula.15) This screened poten­
tial is used in the calculation of the next step. The 
calculation is repeated until self-consistency is reached. 
The screened potential for the CI calculation of the 
five low-lying singlet excitations is calculated by omit­
ting the low-lying subset of configurations in Eq. 8 

I ii m 

Fig. 1. Numbering of atoms. 

of Ref. 10. T h e SGF calculation of the ground state 
is made by using the full effective interaction. 

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

Ground-state n-Electronic Properties. The calculated 
charge densities, free valence, and bond lengths are 
summarized in Table 1. The greatest nucleophilic 
reactivity is predicted at the 6 and 10 atoms in I and 
the 6 and 10 atoms in I I . The greatest electrophilic 
reactivity is expected at the 7 and 9 positions in I 
and the 15 and 16 positions in I I . T h e results for I 
agree with those of Fischer and Ege4) and Thulstrup 
et Ö/.8) T h e calculated charge densities for I I I indicate 
that the Coulson-Rushbrooke theorem,16) which states 
that, in alternant hydrocarbons, the 7r-electron den­
sities for all the carbon atoms are unity, does not hold 
for I I I , when the screened potential is used. T h e 
technique of 1 3 C-NMR and ESCA17) is capable of 
resolving the small charge differences in I I I . 

From the viewpoint of carcinogenic activity, let us 
discuss the reactivity for the addition reactions of 
I, I I , and I I I . The sum of the free valences for the 
two positions of the K-region,18) F4+F5=Fn-\-FVi~ 
0.942 in I I , is smaller than F 4 + F 5 = 0 . 9 8 3 in I I I , 
which is the strong carcinogen, but is comparable to 
the sum F 4 + F 5 = F n - { - F 1 2 = 0 . 9 4 8 in I, which has 
carcinogenicity. 

As for the bond lengths, it is of interest to note that 
the bond lengths of the azulene nucleus of I and I I 
are almost the same as those of the free azulene mole­
cule and that the bond lengths of the naphthalene 
nucleus of I I I are almost the same as those of the free 
naphthalene molecule. Two isolated G-C double 
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TABLE 1. CHARGE DENSITIES, FREE VALENCE NUMBERS, AND BOND LENGTHS 

Mole­
cule Atom ^har.f density 

Free 
valence Bond Bond 

length (Â) 
Mole­
cule Atom Charge 

density 
Free 

valence Bond Bond 
length (A) 

I I 

1 
2 
4 
5 
6 
7 
8 

14 
15 
17 
18 
19 

1 
2 
4 
5 
6 
7 
8 

14 
15 
17 
18 
19 

1.017 
0.977 
0.993 
0.986 
0.927 
1.135 
1.010 
0.980 
0.994 
0.951 
1.004 
0.997 

1.042 
0.984 
1.038 
0.977 
0.894 
1.010 
0.909 
0.983 
1.103 
1.008 
0.999 
1.004 

0.440 
0.395 
0.480 
0.470 
0.493 
0.478 
0.421 
0.152 
0.171 
0.177 
0.140 
0.188 

0.443 
0.394 
0.480 
0.462 
0.461 
0.440 
0.148 
0.148 
0.198 
0.160 
0.142 
0.213 

1— 2 
1—13 

13—18 
4—14 
4— 5 
5—15 

15—17 
17—18 
6—15 
6—19 

19—20 
7—19 
7— 8 

1— 2 
1—13 

13—18 
4—14 
4— 5 
5—15 

15—17 
17—18 
6—19 
6— 7 
7— 8 

19—20 
15—19 

1.396 
1.404 
1.415 
1.447 
1.361 
1.445 
1.419 
1.433 
1.406 
1.403 
1.461 
1.409 
1.398 

1.396 
1.405 
1.415 
1.445 
1.362 
1.442 
1.417 
1.434 
1.404 
1.399 
1.400 
1.457 
1.416 

I I I 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

1.016 
0.988 
1.021 
0.993 
0.994 
1.034 
1.001 
0.993 
1.001 
0.994 
0.992 
0.998 
0.992 
0.988 
0.983 
1.001 
1.005 
1.002 
0.994 
1.008 

0.441 
0.396 
0.439 
0.491 
0.492 
0.491 
0.448 
0.418 
0.422 
0.442 
0.455 
0.468 
0.139 
0.166 
0.171 
0.178 
0.158 
0.145 
0.158 
0.145 

1— 2 
1—13 
2— 3 
3—14 
4—14 
4— 5 
5—15 

15—17 
6—15 
6—19 
7—19 
7— 8 
8— 9 
9—10 

19—20 
10—20 
11—12 
11—16 
12—13 
16—17 
16—20 
14—18 
13—18 
17—18 

1.388 
1.411 
1.404 
1.396 
1.454 
1.355 
1.454 
1.432 
1.383 
1.426 
1.428 
1.373 
1.423 
1.374 
1.407 
1.426 
1.364 
1.439 
1.441 
1.399 
1.433 
1.419 
1.410 
1.436 

(a) (b) 

t' \ 

(c) 

r ' V * \ 7 CO7 

8 § 

1 2 

Number 

1 2 3 

Number 

V - < 

U 

9 9 

1 2 3 

Number 

Fig. 2. The SCF screened potentials in azuleno[5,6,7-cd]phenalene plotted versus the 
number; (a) the azulene nucleus, (b) the benzene ring (A or B), and (c) the ben­
zene ring (C). 

bonds exist in the benzene rings (A and B) of the 
phenalenyl moiety for I , I I , and I I I . T h e bond 
lengths of the benzene ring (C) in I, I I , and I I I are 
composed of two vinyl molecules and 6-phenylazulene, 
2-phenvlazulene, and 2-phenylnaphthalene, respective-

iy. 
Position Dependence of SCF Screened Potential. 

Terasaka et al.11) divided the SCF screened potentials 
V into the following groups: V1X, V12, V13,-~; V22, 
V2Z, V2i,•••;•••• I n Fig- 2, the SCF screened poten­
tials in each group of I are plotted versus a number 

that indicates the kinds of screened potential, that 
is, 0 : one-center potentials Vu, V22, V33,-~; 1: the 
nearest two-center potentials V12, V23, V3i,---; etc. 
The results in I I and I I I are shown in Figs. 3 and 4, 
respectively. In the azulene nucleus of I and I I , at 
each of the numbers the various screened potentials 
are almost the same as those of the free azulene molecule 
(see Fig. 9 of Ref. 11). In the naphthalene nucleus 
of I I I , a tendency similar to that in the free naphthalene 
molecule appears (see Fig. 8 of Ref. 11). In the free 
naphthalene molecule, there is a fairly clear double-
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> 

(a) 

4\-

3b 

(b) (c) 

5 h 

4h 

3h 

1 2 3 0 

Number 

1 2 3 0 

Number 

xy 

1 2 3 

Number 

Fig. 3. The SCF screened potentials in azuleno[l,2,3-a/]phenalene plotted versus the 
number; (a) the azulene nucleus, (b) the benzene ring (A or B), and (c) the 
benzene ring (G). 

(a) 

> c <u 6 

fi 5 

3h 

r' "•» 

CO 

e 8 

(c) 

4h 

3h 

c 
(d) 

VS 7 
A...» 

3h 

f * 
V \ 

u 

8 

e 8 

Number Number Number Number 

Fig. 4. The SCF screened potentials in benzo[<z]pyrene plotted versus the number; (a) 
the naphthalene nucleus, (b) the benzene ring (A), (c) the benzene ring (B), and 
the benzene ring (C). 

bond fixation, so that the characteristics of the screen­
ed potential are the same as those of the polyene 
(«=10) (see Fig. 8 of Ref. 11). T h e SCF screened 
potential is very sensitive to a bond alternation. There 
are two kinds of screening (screening and anti-screen­
ing) at the odd numbers in molecules such as polyene, 
in which there exists a strong bond alternation.11) 
The characteristics of the screened potential of the 
benzene rings (A and B) in the phenalenyl moiety of 
I, I I , and I I I presented in Figs. 2(b), 3(b), 4(b) , and 
4(c) shows trends similar to those of the polyene. T h e 
screened potential of the benzene ring (G) of I, I I , and 
I I I shows a tendency similar to that of the free azulene 
molecule. From the above results, it may be concluded 
that the azulene nucleus of I and I I and the benzene 
ring (C) in the phenalenyl moiety of I, I I , and I I I 
are aromatic, but the naphthalene nucleus of I I I and 
the benzene rings (A and B) in the phenalenyl moiety 
of I, I I , and I I I are polyolefinic. Molecules I, I I , 
and I I I may have both aromatic and polyolefinic 
characters. 

Electronic Spectra. Table 2 shows the transition 

energies and oscillator strengths calculated by using 
the SCF screened potential (SP) in combination with 
the variable bond-length SCF technique, along with 
those calculated assuming the bare potential (BP). I t 
may be noted that the calculated excitation energies 
and oscillator strengths using the screened potential 
are in better agreement with the experimental values 
than those calculated using the bare potential. The 
spectral results calculated for I by Fischer and Ege4) 
and by Thulstrup et al.,*) for I and I I by Zahradnik,5) 
for I I by Tajiri et al.*) and for I I I by Germer and 
Becker6) and by Pancir and Zahradnik7) are in fairly 
good agreement with the present results obtained using 
the SCF screened potential. 

One of the present authors (H. Y.) especially wishes 
to thank Professor I . Mura ta of Osaka University for 
providing him with copies of the ultraviolet absorption 
spectra of azuleno[l,2,3-«/]phenalene and to thank 
Dr. Y. Fujimura of Tohoku University for his fruitful 
discussions. 
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TABLE 2. TRANSITION ENERGIES (AE(eV)) AND 

INTENSITIES ( / ) 

Mole­
cule 

I 

11 

III 

AE 

1.98 
2.82 
3.66 
4.15 
4.16 
1.91 
2.81 
3.76 
3.89 
3.46 
3.49 
4.42 
4.52 
4.68 

Theoretical 

BP 

f 
0.035 
0.52 
0.044 
0.26 
2.16 
0.022 
0.57 
0.075 
1.99 
0.89 
0.000 
0.000 
0.088 
1.26 

a) Taken from Ref. 
Taken from Ref. 6. 

SP 

AE 

1.83 
2.72 
3.49 
3.78 
3.88 
1.74 
2.54 

3.60 
3.18 
3.39 
4.30 
4.39 
4.62 

/ 

0.031 
0.37 
0.021 
0.25 
1.89 
0.033 
0.68 

1.58 
0.000 
0.68 
0.006 
0.030 
1.16 

Experimental 

AE 

1.65 (/=0.01)a> 
2.75 ( /=0 .4 ) a ) 
3.35*) 
3.66 (/=0.3) a> 
3.84 (/=1.6) a> 
1.63 (loge = 2.52)b) 
2.60 (loge=4.69)b> 

3.53 (loge = 4.85)b> 
3.07 (loge = 3.61)c> 
3.22 (log£=4.44)c> 

4.18 (loge=4.76)c> 
4.67 (loge = 4.64)c> 

8. b) Taken from Ref. 3. c) 
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Thermal Dissociation of iV,A^-Dimethylformamide-Tetracyanoethylene and 
Dimethyl Sulfoxide-Tetracyanoethylene Complexes into Ions 
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Ionic dissociation of A^N-dimethylformamide (DMF)-tetracyanoethylene (TCNE) and dimethyl sulfoxide 
(DMSO)-TGNE electron donor-acceptor (EDA) complexes was studied by means of optical absorption and 
electron spin resonance measurements. Upon dissolving TCNE into DMF or DMSO, essentially all the 
TCNE became complexed with the electron-donationg solvent; charge-transfer bands with maxima at 310 and 380 
nm were found for DMF-TCNE and DMSO-TCNE complexes, respectively. The CT bands were transformed 
slowly in the dark into the band of TCNE - . This transformation proceeded quantitatively and indicated the 
dissociation of the EDA complexes into ions. The rate of the ionic dissociation was determined by following a 
first-order growth of the ESR spectrum of TCNE- at various temperatures: *=108-9 exp(79/RT) for the DMF-
TCNE complex and *=106-3 exp(59/i?T) for the DMSO-TCNE complex, in units of s and kj/mol. Dissolved 
oxygen was found not only to react chemically with the complex to form a new stable species, but also to quench 
physically the ionic dissociation. Upon evacuating the oxygen, the survival fraction of the complex was found 
to start dissociation again. It is suggested that the ionic dissociation arises from a long-lived precursor state, pro­
bably the triplet state of the complex. 

Since the very early work of Kainer and Uberle 
showing the formation of ions on dissolving N,N,N',N'-
tetramethyl-p-phenylenediamine-chloranil solid com­
plex in acetonitrile,1) the role of electron donor-ac­
ceptor (EDA) complexes in chemical reactions has 
been subject of spectroscopic study.2> The role in 
photoinduced reactions has been extensively studied 
mostly by a flash photolysis technique: selective 
excitation at charge-transfer (CT) band or bands of 
constituent molecules has facilitated the elucidation 
of the molecular mechanism in the reactions. The 
photoinduced formation of ions from donor-acceptor 
pairs in solution has been shown to occur through an 
excited state of the EDA complexes and/or through 
an exciplex.3) However, ion formation without light 
has been studied comparatively little, and its molecular 
mechanism has not been fully elucidated.4-9) 

T C N E , one of the strongest organic acceptors, has 
been known to form readily its radical anion ( T C N E - ) 
when photoilluminated in fluid or rigid etherial solvents 
such as tetrahydrofuran (THF) which have an electron-
donating nature.7»10-13) Stewart et al. further found 
the formation of T C N E - in the absence of light upon 
mixing T C N E in more polar solvents such as dimethyl 
sulfoxide (DMSO) and iV,iV-dimethylacetamide 
(DMA).6-7) The concentration of T C N E - was found 
to reach a maximum within a few minutes, before 
starting the measurements, and then to decay slowly. 
They proposed, in adopting the mechanism presented 
by Calvin for the T H F - T C N E complex.12) that the 
"prompt ESR signal of T C N E - " arises from the thermal 
population of the C T triplet state, which then decays 
to give the ground state EDA complex between solvent 
and T C N E or to give ions. T h e slow decay was 
explained by recombination of ions to give the com­
plex. These authors seem to have assumed that the 
observed T C N E - is the precusor of the complex rather 
than its product. Later, Keys and Carper found that 
in degassed solutions T C N E - was very stable and its 
concentration increased slowly after its prompt forma­
tion.8) These observations were again interpreted 
on the basis of Stewart's view. 

Recently, we also studied the formation without 
light of T C N E - in D M S O by the ESR method14) 
and found a difference in its kinetical features from those 
reported previously.6-7) We found no prompt forma­
tion of T C N E - . Its concentration increased fol­
lowing a first-order kinetics during the whole period 
of reaction in the dark. The result suggested, in contrast 
to Stewart's view, the thermal dissociation of D M S O -
T C N E complex into ions which is unexpectedly slow. 
T h e previous investigation is extended here and the 
formation of T C N E - is studied in either D M S O or 
iVjiV-dimethylformamide (DMF) by means of not 
only the ESR technique but also optical absorption 
measurements. 

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

TCNE of analytical grade was purified by recrystalliza-
tion from anhydrous methylene dichloride and by sublima­
tion under vacuum several times. DMF of spectroscopic 
grade was dried under vacuum with calcium hydride and 
then with barium oxide baked beforehand at ca. 650 K over­
night, degassed by a freezing-pumping-thawing technique, 
and kept in the dark. DMSO of spectroscopic grade was 
dried with calcium hydride, degassed and treated with molec­
ular sieves baked beforehand under vacuum, and kept in 
the dark. 

TCNE was dissolved in DMF or DMSO within a closed 
glass system with an optical absorption cell or an ESR sample 
tube through a break seal under vacuum better than 1 x 10 -5 

Torr, and subjected to measurements. These procedures 
were carried out cautiously in total darkness. The optical 
absorption spectrum of the solution was recorded with a 
conventional recording spectrophotometer (Hitachi, Model 
EPS-3T) at room temperature (298±1 K) between intermit­
tent warmings at a fixed temperature. Electron spin re­
sonance (ESR) measurements were carried out with a con­
ventional X-band spectrometer (JEOL, Model JES-ME-2X) 
equipped with a variable temperature accessary (Model 
JES-VT). The reaction temperature in the ESR resonant 
cavity was thus controlled within an uncertainty of 0.5 K. 
Absolute concentrations of TCNE~ formed in the solutions 
were determined from their ESR spectral intensities, as 
compared with the intensity of the TCNE - authentically 
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generated by reducing TCNE with sodium metal in ace-
tonitrile.15) 

R e s u l t s 

Optical Absorption Studies. Immediately after 
dissolving T C N E into D M F , an optical absorption 
band with a broad structureless shape was observed 
at about 310 nm, as shown in Fig. 1, where neither 
T G N E nor D M F gives an absorption. A similar 
band was observed at about 380 n m for D M S O solvent, 
as shown in Fig. 2. The shift of absorption maximum 
from 310 to 380 nm seems to correspond to the dif­
ference in ionization potential and in dielectric con­
stant between D M F and D M S O . These bands are 
attr ibuted to a charge-transfer transition and indicate 
the formation of EDA complexes between solvents 
and T C N E . The GT band of the D M S O - T G N E 
complex was reported to have an absorption maximum 
at 372 n m in carbon tetrachloride.6) The band of the 
D M F - T C N E complex has not been reported. T h e 
310 nm band in Fig. 1 is very similar to that of the 

0.5 F 

350 400 
WAVELENGTH , nm 

450 

Fig. 1. Optical absorption spectra of DMF-TCNE 
observed at 298 K (1) immediately after mixing TCNE 
(3.OX 10_4mol dm -3) in DMF under vacuum and 
after warming at 323 K for (2) 90, (3) 150, (4) 250 
(5) 350 min. Optical path: 0.5 cm. 

350 500 400 450 

WAVELENGTH , nm 

Fig. 2. Optical absorption spectra of DMSO-TCNE 
observed at 298 K (1) immediately after (2) 15, (3) 
50, (4) 110 and (5) 280 min after mixing TCNE 
(6. OX 10_4moldm-3) in DMSO under vacuum. 
Optical path: 0.2 cm. 

D M A - T C N E complex, which shows an absorption 
maximum at 298 nm.7) 

Figure 1 shows changes in the absorption spectrum 
when the solution of T C N E in D M F was warmed to 
323 K : the GT band of the D M F - T C N E complex 
decayed slowly, while a new band appeared, extending 
from 350 to 500 nm. T h e new band has a vibrational 
structure which is essentially the same as that previously 
attr ibuted to T C N E - which was chemically generated 
in acetonitrile.15) T h e isosbestic point at 350 nm very 
probably indicates that ionic dissociation of the EDA 
complex proceeds quantitatively to give negative 
and positive ions, though no positive ions could be 
detected. Figure 2 shows similar results observed 
for the T C N E - D M S O system. An isosbestic point 
at 410 nm indicates the ionic dissociation of the D M S O -
T G N E complex into ions. For this complex, the 
dissociation was found to be accelerated even by the 
analyzing light. 

The growth of the absorption band of T C N E - was 
completely inhibited in the solution prepared in an 
open cell or in the presence of oxygen in a sealed cell, 
but an absorption band at about 300 nm was found 
to grow instead. This is clearly demonstrated in Fig. 
3 for a solution of T G N E in D M S O under the pressure 
controlled to be 1 X 10 - 3 Torr , higher than that for the 
usual sample preparation. An isosbestic point at 
340 nm indicates the quantitative transformation, in 
the presence of oxygen, of the EDA complex into 
another unidentified product. Although this trans­
formation is as slow as the ionic dissociation observed 
in the absence of oxygen (see Fig. 2), the EDA com­
plex does not dissociate into ions but is transformed 
exclusively into the unidentified product. Upon eva­
cuating oxygen (or air), a survival fraction of the EDA 
complexes was found to start the dissociation into ions, 
but the unidentified product, once formed, was too 
stable to revert to the original complex. 

ESR Studies. The formation of TCNE~ in 
D M F or D M S O was evidenced also by the ESR method. 
The signal recorded from the solutions was exclusively 
due to the ESR spectrum of T C N E - , which was es­
sentially the same as that of T G N E - generated by 
reducing T C N E with alkali metal.16-17) The spectrum 

300 400 

WAVELENGTH, n m 

500 

Fig. 3. Optical absorption spectra of unidentified 
product prepared by mixing TCNE (1.0XlO_4mol 
dm -3) in DMSO under atmospheric pressure of 1 X 
10"3Torr and observed at 298 K (1) 5, (2) 35, (3) 60, 
(4) 100 and (5) 140 min after the mixing. Optical 
path : 0.2 cm. 
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consisted of 11 hyperfine lines equally spaced with a 
separation of 0.165 m T . Each hyperfine line was 
very narrow with a width, AHmsl, of 0.008 m T . The 
kinetical features of the formation of T C N E - were 
followed by observing the intensity of its spectrum at 
several temperatures. The advantage of ESR studies 
is that quantitative measurements can be readily made 
for T C N E - without any effect from light. 

Figure 4 shows the formation of T C N E - in D M F . 
The T C N E - concentration increased slowly at a 
temperature-dependent rate and then tended to an 
asymptotic value, which was identical with the con­
centration of T C N E added in the solution. The 
observed time-concentration curves agreed well with a 
first order reaction, and the rate constant was indepen­
dent of the concentration of T C N E . T C N E ~ was 
very stable in the dark and no decay was observed 

1000 2000 3000 
TIME, min 

Fig. 4. Increase of the concentration at various tem­
peratures of TCNE- formed from TCNE (7.0X10-3 

mol dm -3) mixed in DMF under vacuum determined 
by ESR. O, 318 K; * , 313 K; O, 308 K; 3 , 
308 K; 3 , 303 K; ©, 298 K. 

-3.5F 

-4.0 

-4.5 

-5.0 F 

3.1 3.2 3.3 

K T , 10 3 K - 1 

Fig. 5. Arrhenius plot of the first-order rate constant, 
k, for the formation of TCNE- (A) in DMF-TCNE, 
and (B) DMSO-TCNE systems in the dark deter­
mined by ESR. 

during a few weeks. Nor was any decay found even 
when the solution was exposed to air. T h e observed 
first order rate constant, k, is shown as a function of 
reciprocal temperature in Fig. 5, which gives a good 
Arrhenius relation with an activation energy of 79 k j / 
mol and frequency factor of 108-9s~1 . 

T h e time-concentration curves for the formation 
of T C N E - in D M S O were already reported.14) The 
observed kinetical features were essentially the same 
as those in D M F , except that the rate of the anion 
formation was larger in D M S O . T h e dashed curve 
in Fig. 6 shows the formation at 303 K under white 
light from a tungsten lamp, which is much quicker 
than that in the dark at the same temperature, as shown 
by a solid curve. I t was found that even room light 
gives a large amount of T C N E - during the procedure 
of dissolving T C N E into D M S O . The activation 
energy and the frequency factor in D M S O in the dark 
were previously reported to be 59 kj/mol and 10 6 - 3 s - 1 , 

100 400 500 200 300 
TIME , min 

Fig. 6. Growth of the concentration of TCNE- formed 
from TCNE (7.0X 10"3 mol dm"3) in DMSO (solid 
line) in the dark and (dashed line) under light from 
an incandescent lamp both at 303 K determined by 
ESR. 

TIME , min 

Fig. 7. Growth of the concentration of TCNE" # in 
DMSO-TCNE prepared under vacuum and O in 
DMSO-TCNE prepared under 760 Torr of oxygen 
both at 303 K determined by ESR. A indicates the 
period of introducing 760 Torr of oxygen into the 
solution and B indicates the period of evacuating 
oxygen from the solution. The concentration of 
added TCNE was 7.0X 1Q-3 mol dm~3. 
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respectively.14^ 
Figure 7 shows the effect of oxygen studied by ESR. 

When oxygen was introduced into the solution during 
ESR measurements, the formation of T C N E - became 
inhibited, as shown by closed circles. O n re-evacuating 
the oxygen, the formation started again, but the forma­
tion rate was smaller than before. The solution prepar­
ed under 1 atm of oxygen gave no T C N E - , but it 
was found to form when the dissolved oxygen was 
removed by evacuation, as shown by the open circles. 
These results indicate the physical quenching of the 
T C N E - formation and the chemical elimination of 
the precursor of the radical anion by the oxygen dis­
solved in the solution. 

D i s c u s s i o n 

Formation of EDA Complexes. C T bands have 
been studied for the EDA complexes between several 
electron donors and TCNE.6 '7 '18»19) The molar extinc­
tion coefficient at the absorption maximum at 372 nm 
and the equilibrium constant were reported for the 
complex formation for the D M S O - T C N E system in 
carbon tetrachloride to be 973 m o l - 1 dm 3 c m - 1 and 
95.4 dm 3 mol- 1 , respectively, at 298 K. The C T band 
of the D M S O - T C N E complex was found in the pre­
sent investigation to develop before starting the measure­
ments of the absorption spectrum (see Fig. 2). Its 
absorption maximum lay at a slightly longer wavelength, 
380 nm. The shift in wavelength is at t r ibuted to a 
larger dielectric constant for the present donor-solvent, 
D M S O , compared with that of carbon tetrachloride. 
Adopting the reported equilibrium constant, the 
uncomplexed fraction of T C N E is estimated to be as 
small as 7.5 X 10~4. Thus, it is concluded that es­
sentially all the T C N E becomes complexed with D M S O 
immediately after mixing the former into the latter. 
I t should be noted that the present results, shown in 
Fig. 2, indicate an extinction coefficient of 7500 mol - 1 -
dm 3 c m - 1 for the D M S O - T C N E complex (in D M S O 
solution), much larger than that reported previously. 
This large extinction coefficient is substantiated by the 
isosbestic point at 410 nm and the reported extinction 
coefficient of 6200 m o l - 1 dm 3 c m - 1 at 407 n m for 
T C N E - . 6 ) Nevertheless, the conclusion of complete 
complex formation is tenable, even if the equilibrium 
constant is presumed to be one-tenth as small as that 
reported. As a matter of fact the equilibrium constant 
was reported to be 83.5 dm 3 m o l - 1 for the D M A -
T C N E complex,7) which seems to be very similar 
in nature to the D M S O - T C N E complex. 

Although the spectroscopic data have not been 
reported for the D M F - T C N E pair, D M F is a rather 
strong electron donor.22) Therefore, all the T C N E 
may safely be assumed to form initially the complex 
with D M F . Assuming a complete complex formation, 
the molar extinction coefficient is estimated from spec­
tral curve 1 in Fig. 1 for the D M F - T C N E complex 
to be 2900 mol" 1 dm 3 cm" 1 at 310 nm. 

Ionic Dissociation of EDA Complex. The present 
optical absorption studies reveal the growth of an 
absorption band at 350—500 nm due to T C N E -

simultaneously with the decay of the C T band due to 

the EDA complexes (see Figs. 1 and 2). The ESR 
observation (Figs. 4 and 6) also indicates the slow 
formation of T C N E - . I t is concluded that the D M F -
T C N E and D M S O - T C N E complexes dissociate into 
ions in the dark. I t should be emphasized that the 
formation of T C N E - occurs after the completion of 
complex formation between T C N E and solvent. The 
observation of an isosbestic point appeared in the 
optical absorption studies and the asymptotic value 
of the T C N E - concentration indicate that the com­
plexes dissociate quantitatively into ions. 

The radical cation of D M S O and also that of D M F 
should be formed simultaneously with the T C N E -

formation, but no cationic species could be detected 
either by the optical absorption measurements or by 
the ESR technique, as reported previously.6-8 '10-14) 
Absence of an ESR spectrum due to DMSO+ has 
been interpreted as due to a rapid spin exchange between 
D M S O + and the remaining DMSO.6) However, 
such an interpretation seems highly inconceivable, 
because it turns out that such a rapid exchanging spin 
(positive hole) has a lifetime as long as that of T C N E - , 
which was found to be more than several weeks in the 
present investigation. DMSO+ might be transformed 
readily into a stable diamagnetic cation, which no 
longer reacts with T C N E - and causes the stability 
of T C N E - , as suggested by Achiba and Kimura for 
2-methyltetrahydrofuran-TCNE system.20) Both ac­
ceptor radical anion and donor radical cation were 
observed by ESR for 2,3-dichloro-5,6-dicyano-/>-ben-
zoquinone and /»-phenylendiamine and N,N,N',N'-
tetramethyl-p-phenylenediamine in acetonitrile.21) 

The formation of T C N E - in D M S O and D M A in 
the dark was studied previously by ESR, but the observ­
ed kinetical features differ from those in the present 
investigation. Stewart et al. reported that the forma­
tion is completed promptly before starting the measure­
ments (within a few minutes).6 '7) Keys and Carper 
observed that, in addition to the prompt development 
of the ESR spectrum of T C N E - , its intensity still 
increases slowly to an asymptotic value, though they 
gave no interpretation for the difference between these 
two modes of the formation of T C N E - . 8 ) The present 
investigation indicates no prompt formation of T C N E - . 
Taking account of the striking effect of light in ac­
celerating the T C N E - formation (see Fig. 6), the 
prompt formation reported previously seems to result 
from this light effect. 

O n the basis of the observed total participation of 
T C N E in the EDA complexes and the subsequent 
exponential growth of the concentration of T C N E - , 
the formation of T C N E - is attributed simply to dis­
sociation of the complexes into ions. The apparent 
activation energy was found to be as large as 0.82 eV 
(79kJ/mol) and 0.61 eV (59 kj/mol) for the dissocia­
tion of the D M F - T C N E and the D M S O - T C N E 
complexes, respectively. As far as we know, this is 
the first example where the thermal ionic dissociation 
of EDA complex has been evidenced and its rate con­
stant determined. Recently, Farrell and Ngô studied 
the spontaneous formation of T C N E - in iV,i\f-dimethyl-
an i l ine-TCNE system and found it apparently slow.23) 
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However, they interpreted this slow formation by as­
suming the competition between an essentially fast 
formation of T C N E - and its fast disappearance. The 
ionic dissociation of EDA complex in the dark is really 
a slow process, at least in the D M F - T C N E and D M S O -
TCNE. systems. 

Effect of Dissolved Oxygen. Stewart et al. observed 
the slow decay of the ESR signal of T C N E - by a second-
order process and explained it by a recombination of 
ions.6'7) Later, Keys and Carper found that careful 
exclusion of oxygen affects the ESR signal and that 
it persists for a period as long as a month in the dark. 
They also observed that introduction of oxygen kills 
the signal.8) However, the present observations in­
dicate that T C N E - is stable either in the absence or 
in the presence of oxygen, if it is once generated. The 
reason is not known for the difference in the observed 
stability of T C N E - when oxygen is introduced. 

An important finding here is the reversible inhibi­
tion of the ionic dissociation of the complexes by the 
introduction of oxygen. Figure 3 indicates that the 
D M S O - T C N E complex is transformed by a trace of 
oxygen into another species giving an absorption band 
at about 300 nm, which is not identified but presumed 
to be a ternary complex of D M S O , T C N E , and oxygen. 
Although this unidentified species develops as slowly 
as the T C N E - formation in the absence of oxygen, the 
latter does not proceed at all in the presence of oxygen. 
This indicates that dissolved oxygen not only chemically 
reacts with the D M S O - T C N E complex but also 
physically quenches the precursor of T C N E - . The 
formation of T C N E - on re-evacuation, shown in 
Fig. 7, also indicates the quenching of the precursor 
by oxygen in the closed cell. 

Assuming that oxygen at low pressure (10~3 Torr) 
is totally dissolved in the solution, the concentration of 
oxygen is roughly estimated to be 10~ 6 moldm - 3 . If 
one further assumes that the quenching is a diffusion-
controlled process with a rate constant of 10 1 0 mol - 1 -
dm 3 s - 1 , the lifetime of the precursor is estimated to be 
as long as 10 - 4 s or more. The efficient quenching 
by a trace of oxygen supports the view that the thermal 
ionic dissociation of the complexes occurs through their 
lowest triplet state. I t would be inconceivable that 
there exists any long-lived transient intermediate 
other than the triplet state complex, which is thermally 
accessible, is quenched by oxygen, and acts as a precursor 
of T C N E " . 

Based on the kinetic features of formation and decay 
of T C N E - , Ilten and Calvin proposed a molecular 
mechanism for the photoinduced ionic dissociation of 
the T H F - T C N E complex, where T C N E - results from 
a long-lived triplet state of the complex populated by 
intersystem crossing from a photoexcited singlet state.12) 
Later, the involvement of the triplet state has been 
reported for the photoinduced ionic dissociation of 
other EDA complexes as well.13 '24-26) Stewart et al. 
proposed a similar triplet state mechanism for the forma­
tion of T C N E - in the dark from D M S O - T C N E and 
D M A - T C N E pairs, on the basis of experimental 
observations different from those in the present in­
vestigation.6-8) They assumed that the high enthalpy 

of complex formation leads to an appreciably populated 
triplet state of the complexes, during complex formation, 
from which the ionic dissociation occurs. In contrast, 
the present investigation reveals that the triplet state 
is populated by a slow thermal process long after the 
complex formation. 

In conclusion, we can formulate the simplified reac­
tion scheme for the thermal ionic dissociation of the 
D M F - T C N E and D M S O - T C N E complexes as 

D. A ;=4± 3(D. A)* —*-> D+ + A - , (1) 

on the basis of the present observation, where D and 
A denote the electron donor ( D M F or D M S O ) and the 
acceptor (TCNE) , respectively. Naturally kx is much 
smaller than k_x. If k_x<k2, the observed first-
order rate constant, k, for the formation of acceptor 
anion is given by kx and the thermal activation to 
3 (D. A ) * is the rate-determinant step of the anion forma­
tion. The observed activation energy (see Fig. 5) 
corresponds to the energy separation between 3 (D. A)* 
and D. A. If k_x>k2 on the other hand, k is given 
by kjcjk^, and the rate-determinant step is the dis­
sociation of 3 (D. A)* . In this case, the activation 
energy seems to give the upper limit of the energy 
separation. The most crucial question which might 
arise about the triplet state of the EDA complexes is 
whether it lies so low as to be populated thermally. 
Unfortunately, there appear to be no results, either 
experimental or theoretical, in the literature which 
could answer this question, and there is an obvious 
need for data (in particular energy and lifetime) on 
3 (D. A)* to substantiate the above reaction scheme. 
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The acidity and basicity of a series of T i0 2 -V 2 0 5 -P 2 0 5 (atomic ratio Ti : V : P = 9 : 1 : x) catalysts with 
different P 2 0 6 contents (x=0—18), were measured by studying the adsorption of the basic and acidic molecules 
in the gas phase, using both the static and pulse methods. T i0 2 -V 2 0 5 (V/Ti= 1/9) is rather basic, but this catalyst 
can be modified from basic to acidic by the introduction of P 20 5 . The vapor-phase oxidation of butadiene and 
1-butène, which were chosen as electron-donor-type reactants, and that of acetic acid, as an acidic reactant, were 
carried out in the presence of an excess of air, and then the relationship between the catalytic behavior and the 
acid-base properties was investigated. The results support an earlier proposal that the activity and selectivity in 
mild oxidation can be interpreted in terms of the acid-base properties of the catalyst and the reactant. 

T i O a is an amphoteric oxide and its acid-base pro­
perties are significantly modified by the introduction of 
a small quantity of additive.1 '2) The acidic sites and 
electron donating sites of T i O a and their variation with 
pretreatment or in combination with several oxides have 
also been studied, in connection with active sites for 
the isomerization of butène, by Tanabe et al.3~^ 

In a preceding report,6) the acid-base properties of 
T i 0 2 - V 2 0 5 and T i 0 2 - M o 0 3 binary systems and their 
correlation with oxidation activities were studied. I t 
was found that the basic character of the systems is 
greatly enhanced by the addition of a small amount 
of such acidic elements as M o 0 3 and V 2 0 5 to T i 0 2 and, 
therefore, the binary systems are sufficiently basic at 
M o < 2 0 or V < 1 0 a t o m % . O n the other hand, it has 
been reported that (1) the addition of P 2 0 5 to T i O a 

sharply increases the acidity,1) unlike the case in 
which P 2 0 5 is added to Sn02,7> and that (2) T i O a -
P 2 0 5 catalysts containing a large amount of P 2 0 5 

are highly acidic and are active as polymerization 
catalysts.8) 

This evidence led to the prediction that the acid-base 
character of Ti0 2 -conta ining mixed oxide catalysts 
can be modified by controlling the amounts of either 
the V 2 0 5 or the P 2 0 - added. 

The present paper is the second par t of an investiga­
tion of the oxidation activity of the TiO a-based catal­
ysts. An attempt was made to ascertain how the ad­
dition of various amounts of P 2 0 5 to T i 0 2 - V 2 0 5 

(amount ratio V / T i = l / 9 ) modifies the acid-base pro­
perties and how these properties are correlated with 
the oxidation activity and selectivity. 

Exper imenta l 

Catalysts. The catalysts used in this study were of 
the T i0 2 -V 2 0 5 -P 2 0 6 series (atomic ratio Ti : V : P = 9 : 1 : 
x), with eight different amounts of P 2 0 5 (x=0—18). They 
were prepared by the procedures described in a preceding 
report.6) 

Procedures. The acidity of the T i0 2 -V 2 0 5 -P 2 0 5 

catalysts were determined both by the amount of NH3 ir­
reversibly adsorbed (static method) and by that of the pyridine 
required to completely poison the isomerization activity for 
1-butène (pulse method). The basicity was determined by 
the amount of C 0 2 irreversibly adsorbed, using the static 
method. The technique used in these measurements has 
also been described earlier.6'7'9) 

The vapor-phase oxidation of 1-butène, 1,3-butadiene, 
and acetic acid and the isomerization of 1-butène were 
carried out in the presence of an excess of air, in an ordinary 
continuous-flow-type reaction system. The reactor and 
the experimental procedures were the same as those employed 
previously.1'6'7»9) 

R e s u l t s 

Surface Areas. The surface areas of the T i 0 2 -
V 2 0 5 - P 2 0 5 catalysts were checked by the BET method 
using nitrogen at —196 °C. The results are shown in 
Table 1. The surface area increases gradually for an 
increase in the P 2 O s content (x), but decreases when 
the P 2 0 5 content becomes too high (#=18) . 

Acidity. T h e acidity per unit surface area of the 
T i 0 2 - V 2 0 5 - P 2 0 5 catalysts, as determined by the a-
mounts of N H 3 irreversibly adsorbed at 20, 200, and 
250 °C, are plotted in Fig. 1 as a function of the P 2 0 5 

content (x). These results indicate that the P2O s-poor 
catalysts have a fair amount of acidic sites of weak acid 
strength, as has been pointed out in a previous paper.6) 
The acidity obtained by the amount of pyridine re­
quired to completely poison the isomerization activity 
for 1-butène at 160 °C is also plotted in Fig. 2. Par­
allels were found between the amounts of N H 3 obtained 
by means of the static method and those of pyridine 
obtained by means of the pulse method, which proves 
the validity of these results. 

I t is found, as was expected, that the acidity of T i O a -
V 2 0 5 - P 2 0 5 catalysts increases for an increase in the 
P 2 0 5 content. 

Basicity. The basicity per unit surface area of 
the T i 0 2 - V 2 0 5 - P 2 0 3 catalysts, as determined by the 
amount of C O a irreversibly adsorbed at 20 °G, is plotted 
in Fig. 3 as a function of the P 2 O s content (x). I t is 
also demonstrated that the basicity of the catalysts 

TABLE 1. SURFACE AREA OF THE T i 0 2 - V 2 0 5 - P a 0 5 

(atomic ratio Ti : V : P = 9 : 1 : x) CATALYSTS USED 

P 3 0 6 content Surface area P a 0 5 content Surface area 
* (m2/g) x (m»/g) 

0 23.8 2.0 39.1 
0.2 24.0 4.0 42.4 
0.5 35.0 9.0 46.2 
1.0 37.3 18.0 25.3 
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Fig. 1. Acidity of T i0 2 -V 2 0 5 -P 2 0 6 (9 : 1 : x) as a 
function of the P 2 0 5 content (x). I. Irreversible 
adsorption of NH3 at 20 °C: A, at 200 °C: O, at 
250 °G: • . 

1 
v 

.3 

I 

Fig. 2. Acidity of T i0 2 -V 2 0 5 -P a 0 6 (9 : 1 : x) as a 
function of the P 2 0 5 content (x). II. Pyridine 
required to poison the isomerization activity for 1-
butene at 160 °C (pulse method). 

gradually decreases for an increase in the P 2 0 5 content. 
Isomerization Activity for Butène. The relation­

ship between the catalytic activity for isomerization 
and the acid-base properties was investigated. The 
reaction was carried out at 0.67 mol % 1-butène in 
air and at 250 °C by changing the catalyst amounts 
in the range of 1.0 to 10 g. As a measure of the isomer­
ization activity, the ratio of (cis-2-butene^-trans-2-
butene) /( 1 -butène -f- m-2-butene+trans-2-bu.tene) corre­
sponding to 1 m2 of the catalyst, I, was adopted, much 
as in the cases reported previously.6'7-9) 

T h e results are plotted in Fig. 4 as a function of the 
acidity of the catalyst, i. e., the amount of pyridine 
required to poison the isomerization activity. A rough-

1 3 
CS 

O 
u 

0 0.2 0.4 0.8 1.6 3.2 6.4 13 -26 

Fig. 3. Basicity of T i0 2 -V 2 0 5 -P 2 0 5 (9 : 1 : *) as a 
function of the P2Ö5 content (x). Irreversible adsorp­
tion of C 0 2 at 20 °C. 

0.2 0.4 0.6 0.8 1.0 

Pyridine (fxmol/m2-cat) 
1.2 

Fig. 4. Relation between the isomerization activity fcr 
1-butène (I) and the acidity (amount of pyridine 
required to poison the isomerization of 1-butène). 
J=(m-2-C4H8 + /r«w-2-C4H8)/(l-G4H8'-+a>-2-C,H84-
trans-2-CiHg) corresponding to 1 m2 of the catalyst, 
r = 2 5 0 ° G , 1-C4H8 = 0.67 mol % in air. 

ly proportional relationship was obtained between the 
isomerization activity and acidity. 

Oxidation Activity for Olefin. Butadiene was d i e ­
sen as an electron-donor-type (basic) reactant and was 
oxidized in an excess of air (0.67 m o l % of butadiene 
in air) by changing the amounts of the catalyst from 
3 to 20 g. The initial rate of the overall consumption 
of butadiene at 295 °C, rB (mol/h m2-cat), was adopted 
as a measure of the oxidation activity, much as in the 
cases reported previouly.6'7-9) This is plotted in Fig. 5 
as a function of the P 2 0 5 content (x). 

T h e activity first increases with the P 2 0 5 content, 
reaches a maximum at about # = 0 . 4 , and then de­
creases again to a very low value. 

Oxidation Activity for an Acidic Compound. Acetic 
acid was chosen as the acidic reactant, and it was 
oxidized in an excess of air (1.5 mol % of acetic acid 
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Fig. 5. The oxidation activity for butadiene (rB) as a 
function of the P a 0 6 content (#). 
Butadiene = 0.67 mol% in air, r = 2 9 5 ° C . 

0.2 0,4 0.6 0.8 1.0 

C 0 2 ads. ((Amol/m2-cat) 

Fig. 6. Relation between the oxidation activity for 
acetic acid (rA) and the basicity (amount of G0 2 

irreversibly adsorbed). 
Acetic acid = 1.5mol% in air, r = 3 2 5 ° C . 

in air). The initial rate of oxidation to G 0 2 at 325 °C, 
rA (mol/h m2-cat), was adopted as a measure of the 
oxidation activity. I t is plotted in Fig. 6 as a function 
of the basicity of the catalyst, i. e., the amount of G 0 2 

irreversibly adsorebed. The activity steadily increases 
with an increase in the basicity of the catalyst. 

Selectivity in the Oxidation of an Olefin. The 
partial oxidation reactions are divided into two types 
in terms of the acid-base properties of the pro­
ducts :M,'.Mo> 

Type 1 : Basic reactant-*acidic product 
Type 2: Basic reactant-»basic product 

Both the selectivity of butadiene to maleic anhydride 
at 40—50% conversion and that of 1-butène to but­
adiene at 30—40% conversion, which were chosen as 
model reactions of Types 1 and 2, respectively, are 
plotted in Fig. 7 as a function of the P 2 O s content (x). 

The results indicate that the "base-formation" re­
action is favored by a rather basic catalyst and that the 
"acid-formation" reaction is favored by an acidic ca-

0 0.2 0.4 0.8 1.6 3.2 6.4 13 26 

X 

Fig. 7. Selectivity as a function of the P 2 0 5 content 

O : Selectivity of butadiene to maleic anhydride, # : 
selectivity of 1-butène to butadiene. 

talyst, as expected on the basis of earlier studies. ii6.7,Mo) 

D i s c u s s i o n 

Generally speaking, to be active in oxidation re­
actions, a catalyst must participate in the following 
two processes: 

(1) activation of reactant molecules, and 
(2) activation of oxygen. 

When a catalyst is potent in the activation of oxygen, 
/. e., has an oxidizing power which depends on two 
factors : (a) the number of oxidizing sites, and (b) the 
mobility of oxygen at a site, the oxidation reaction 
takes place without requiring activation of the react­
ant, therefore, the catalytic activity is controlled only 
by the activation of oxygen and the reaction proceeds 
non-selectively toward C 0 2 and H 2 0 . This is the 
case of deep oxidation over such metal oxides as NiO, 
Go 3 0 4 , C r 2 0 3 , M n 0 2 , and CuO. O n the other hand, 
when the oxidizing power of a catalyst is not so 
strong, the reaction requires activation of the react­
ant as well as of oxygen, and, therefore, the differ­
ence in the mode or degree of this reactant-activation 
brings about the selectivity of the catalyst. Thus, 
it can be said that a requirement for an effective 
catalyst for any selective oxidation is a "modera te" 
oxidizing power, as has been pointed out bv Sachtler 
et al.11) 

In studies on selective oxidations, many attempts have 
been made to disclose the active component in mixed 
oxide catalysts and to interpret the catalytic behaviors 
in connection with a particular structure (including 
electronic structure) of the metal oxides, as has been 
reviewed.12) 

Recently, the present author has proposed, from a 
different point of view, that it is the acid-base pro­
perties of the catalyst as well as the oxygen mobility 
which are directly responsible for the catalytic actions, 
although a change in the structure may naturally cause 
a change in these properties.6 '7,9 '10) T h e acidic sites, 
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probably consisting of metal ions with a particularly 
high electron affinity, play a role in electron transfer 
from the reactant of the sites, resulting in the forma­
tion of a cationic intermediate and a reduced metal 
ion,13) i. e., the acidic sites contribute to the activation 
of the reactant. O n the other hand, the basic sites, 
owing to their ability to donate electron to oxygen, 
contribute to adsorb and activate the gaseous oxygen 
and also to reoxidize the reduced metal ions, that is, the 
basic sites are connected with the oxidizing sites, prob­
ably consisting of lattice oxygen, O2 - .9 '1 0) Explana­
tions of the role of each component in the catalytic 
action of such binary oxide systems as Cu-Sb,14) Bi -
Mo,13 '15) and others16-17) appear to be based essentially 
on the same notion as that stated above, although the 
structure and generation of acidic and basic sites cannot 
be explained at present. 

Let us now discuss the experimental results from this 
viewpoint. T i 0 2 - V 2 0 5 ( V / T i = l / 9 ) is rather basic, 
although it has a fair amount of acidic sites of weak 
acid strength. The addition of P 2 0 5 to T i 0 2 - V 2 0 5 

gradually decreases the basicity and increases the a-
cidity. Therefore, the ternary system containing a 
large amount of P 2 0 5 is highly acidic but scarcely basic. 

The oxidation activity for basic compounds, such 
as butadiene, is maximum at # = a b o u t 0.4 and is not 
correlated with the acidity of the catalyst, unlike M o 0 3 -
or V 2 0 5 -based catalysts.6-7'9'10) These results can be 
interpreted as follows. When the P 2 0 5 content is low 
and the basic sites which are connected with the oxidiz­
ing sites, are sufficiently numerous, the oxidation activ­
ity is dependent mainly on the activation of the basic 
reactant (olefin) over the acidic sites. However, when, 
the P 2 0 5 content is high and the oxidizing sites are 
strongly extinguished by the P 2 0 5 , the oxidation activ­
ity is then limited by the activation of oxygen but not 
by that of the reactant. I t should be noted that the 
T i 0 2 - P 2 0 5 system containing a large amount of P 2 0 5 

is inactive as an oxidation catalyst, due to the lack of 
oxidizing power, though it is highly acidic.18) The same 
phenomenon was observed in the case of W 0 3 - P 2 0 5 -
XwOTO (XwOTO = different metal oxides) catalysts, where 
the high oxidizing power of NiO, Go 3 0 4 , and M n O a 

is completely extinguished by W 0 3 - P 2 0 5 . 1 9 ) 

O n the other hand, in the case of the oxidation of 
an acidic compound, such as acetic acid, the activa­
tion of the reactant as well as of oxygen takes place on 
the basic sites, owing to the electron-donating ability 
to the electron-acceptor-type compounds, acetic acid 
and oxygen.9,10) This view is consistent with the experi­
mental results shown in Fig. 6. 

As regards the selectivity, the results obtained from 
the T i 0 2 - V 2 0 5 - P 2 0 5 system also support an earlier 

proposal that a requirement for an effective catalyst 
in "acid-formation" reactions is an acidic character and 
that a requirement for a catalyst to be effective in 
"base-formation" reactions is a moderate character both 
as an acid and a base.1 '6 '7 '9 '10) 

Conclus ion 

The character of the T i 0 2 - V 2 0 5 - P 2 0 5 ternary cat­
alysts can be modified from basic to acidic by control­
ling the P 2 0 5 content. 

The catalytic behavior of the T i 0 2 - V 2 0 5 - P 2 0 5 sys­
tem supports an earlier proposal that the activity and 
selectivity in mild oxidations can be interpreted in 
terms of the acid-base properties of the catalyst and the 
reactant. T h e acidic sites contribute to the activa­
tion of electron-donor-type reactants, while the basic 
sites are connected with the oxidizing sites and they 
also contribute to the activation of acidic reactants. 
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Infrared and Raman spectra of ethyleneurea and its C,C- and iV,iV'-deuterated compounds have been meas­
ured. The fundamental frequencies have been assigned by referring to isotopic frequency shifts and Raman de­
polarization ratios. A normal coordinate analysis has been carried out for the infrared active vibrations of a pla­
nar G2V molecular model. A Urey-Bradley potential function supplemented by valence type constants for the out-
of-plane deformation and the torsional coordinates has been used. The calculated frequencies based on a refined 
set of force constants agree well with the observed. 

As a part of our serial studies on the vibrational 
spectra and the force field of urea derivatives,1 '2) the 
present work has been undertaken to deal with the 
infrared and R a m a n spectra of ethyleneurea and its 
C,C- and N,N'-deuterated derivatives. I t has been 
known that the group vibrations of monosubstituted 
amides, R - C O N H - R ' , are quite sensitive to the relative 
positions of the C O and the N H bonds.3) The GN 
stretching and the N H in-plane deformation vibrations 
in the trans structure couple appreciably with each 
other, giving rise to the characteristic amide I I and 
I I I frequencies, while those in the eis structure do not. 
An analogous coupling has been found for JV-alkyl-
and JV,iV'-dialkylureas which have at least one N H 
bond at the trans position of the C O bond.4) In this 
respect, the behavior of the CN stretching and the 
N H in-plane deformation vibrations in the absence 
of the trans - C O N H - structure in ethyleneurea is of 
interest as a clue to the correlation between the vibra­
tional spectra and the structure of urea derivatives. 

Exper imenta l 

Materials. Ethyleneurea (EU-dQ) was obtained from 
Tokyo Kasei Go. and was recrystallized twice from ethanol 
and then once from ethylacetate. For the preparation of 
the C,C"-deuterated ethyleneurea (EU-</4), 1 ml of ethylene 
glycol-</4 (Merck AG., 99%) was heated gradually with 
ca. 4 g of urea from 150 to 240 °C during 4 h.5> The 
resulting resinous solid was pyrolized at 240—270 °G 
under reduced pressure, and EU-</4 was distilled from the 
solid as it decomposed. The crystallization from ethylacetate 
gave ca. 0.21 g of EU-</4. No indication of the re-exchange 
of deuterium by hydrogen in this process was detected in 
the infrared and the Raman spectra of this sample. The 
JVjiV'-undeuterated compounds were converted into the 
corresponding iV,JV'-deuterated compounds (EU-</2

 a n d EU-
d6) by the exchange reaction with heavy water. 

Measurements. The infrared spectra were recorded on 
a JASGO IR-A2 grating infrared spectrophotometer (4000 
—400 cm -1). The measurements were made for Nujol and 
hexachlorobutadiene mulls, and the observed absorption 
frequencies were calibrated with the standard absorptions 
of indene, polystyrene and ammonia. The Raman spectra 
were recorded on a JEOL S-l laser Raman spectrophotometer 
by using the excitation line 488.0 nm of a Coherent 52G 
Ar+ laser. The measurements were made for fine crystalline 
powder sealed in 1 mm capillary tubes, and the observed 
Raman frequencies were calibrated with the spontaneous 
emission lines of the Ar+ laser. The depolarization measure­
ments were made for the aqueous solutions of EU-</0 and 

EU-rf4 and for the solutions of EU-*/a and EU-</6 in heavy 
water. The spectral slitwidth was 12.7 cm - 1 for all the 
measurements. 

The infrared spectra are shown in Figs. 1 and 2, and the 
Raman spectra in Figs. 3 and 4. The observed frequencies 
are listed in Table 1 together with approximate band in­
tensities and assignments. 

Vibrat iona l A s s i g n m e n t s 

T h e crystal structure of ethyleneurea has not been 
determined to date. We may assume, however, that 
ethyleneurea takes the planar C2 v configuration in the 
crystal, since the X-ray analysis has shown that an 
analogous compound, ethylenethiourea, takes approx­
imately this configuration.6) O n this assumption, 
EU-fi?0 and its deuterated compounds should contain 
30 normal vibrations which are classified as 10ax + 
öa- j+eb j+gba . 

In the infrared spectrum, the N H stretching band of 
E\J-dQ appears as a doublet but that of EU-rf4 does 
not. Contrarily, the N D stretching band splits for 
EU-rf6 but not for EU-c?2- This result indicates that 
the splittings observed for EU-d0 and EU-d6 can be 
attributed neither to the presence of two N H or N D 
bonds nor to the crystal field splitting but to anharmonic 
resonances. Possible candidates of the summation 
tones participating mainly in the weaker components 
of the doublets are 1 4 2 3 + 2 x 9 9 1 (or 1376+991 + 
1041)«3415 c m - 1 for EU-d0 and 1243 + 1169«2415 
c m - 1 for EU-rf6. 

In the R a m a n spectra of EU-dQ and EU-do in aqueous 
solution, two strong and polarized bands appear at 
3005 and 2908 cm"1 . These bands are attr ibuted to 
the aj C H 2 stretching vibration and the overtone of the 
ax C H 2 bending vibration involved in a Fermi resonance. 
Similarly, aqueous solutions of EU-rf4 and EU-d& show 
two strong R a m a n bands at 2185 and 2145 c m - 1 

attributable to a resonance diad involving the a.x 

CD 2 stretching vibration. The b x and the b 2 CH 2 

stretching vibrations of EU-dQ seem to g ve weak R a m a n 
bands at 2980 and 2915 c m - 1 , respectively, observed 
only when the incident and the scattered lights are 
polarized perpendicularly to each other. These bands 
are hidden by the strong a t bands in the ordinary 
R a m a n spectrum. 

T h e strong infrared band around 1660 c m - 1 observed 
for EU-dQ and EU-rf4 arises obviously from the C = 0 
stretching vibration. The corresponding R a m a n band 
is polarized in the solution spectra as expected from the 
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T A B L E 1. OBSERVED FREQUENCIES (cm - 1 ) AND ASSIGNMENTS 

IR 

Solid 

3285 s 
3000 sh 
— 

2960 m 
— 

2900 m 
1668vs 
1502 s 
1485 m 
1451 s 
1423 m 
— 

1274vs 
1207 vw 
1105 m 
1041 w 
991 vw 
933 vw 
768 m 
703 s 

660 sh 
511 m 
— 

3303 vs 
— 

2215 w 
— 

2125 w 
2090 sh 
1660vs 
1425 s 
1377 m 
1176 m 
1145 vw 
1122 w 
1088 m 
1053 w 
924 m 

901 w 
785 sh 
771 m 
688 s 

660 sh 
619 vw 
503 m 

' 

Raman 

Solid 

3310 m 
— 
— 

2972 s 
— 

2913 s 
1662 m 
1522 m 
1493 w 
1450 vw 
— 

1385 w 
— 

1207 m 
1112 w 
1045 m 
1000 s 
934 vs 
— 
712 m 

— 
502 w 
250 sh 

3300 w 
— 

2230 s 
2140 vs 
— 

2100 vw 
1654 w 
— 

1376 m 
— 

1140 m 
— 

1082 sh 
1069 m 
928 vs 
— 
791 m 
— 
703 w 

— 
595 vw 
490 vw 
225 vw 

^ 
Solutio m 

EU-</0 

— 
3005 s 
2980 vw 

— 
2915 vw 
2908 s 
1665 w 
— 

1495 vw 
— 

1420 sh 
— 
— 

1215 w 
1101 w 
— 

1000 m 
934 vs 
— 
717 m 

— 
— 
230 vw 

P 
dp 

dp 

P 
P 

dp 

P 

P 
P 

P 

dp 

EU-</4 

— 
2250 w 
2185 m 
2145 s 

— 
2120sh 
1665 w 

— 
1360vw 
1175vw 
1130 w 
— 

1090sh 
1070 m 
925 vs 
— 
787 w 
— 
707 w 

— 
— 
490 w 

dp 

P 
P 

P 
P 

P 

dp 

P 
P 

P 

P 

Assignments 

*>NH(al3 b2) 
2xb2£CH2(A1) 
»CH.Cbx) 
2XalJSCH2(A1) 
*CH2(b2) 
vCHtM 
vGO + vGNiaj) 

/?CH2(b2) 
£CH2(a i) 
*-CN(b2) 
<5NH(b2) 
(5NH(ai) 
wCH2(b2) 
œGH2(a1)5 fCHaCbi) 
vCN(a0 
*C'N(b2) 
vCN(ai) 
j>C'C'(ai) 
TrGOCbi) 
ÖNGN + vG'N(a l), 
TrNH + rCNCb!) 
äNC'C' + äCNC'(ba) 
<5CO(b2) 
T C N + T T N H ^ ) 

j>NH(ai, b2) 

»CD.fo) 
2xb2coGD2(A1) 
*CD2(ai) 
*CD2(b2) 
2Xa1vGN(A1) 
vGO + vGNfa) 
j>CN(b2), c5NH(b2) 
<5NH(ai) 
£CD2 + vC'N(b2) 
^GD2(a i) 
vG'ISi + vC'G'ia.,) 
œCD2(b2) 
vGNfaj) 
î-G'C' + vGN(a1) 
ö)CD2(b2), fGD2(b1) 
coCDa + vC'C'ta!) 
TrGOCbj) 
ÖNCN + i'C'NCa!), 
TrNH + rGNCbO 

/0CD2(b1) 
dNC'C' + dCNC'tba) 
(5CO(b2) 
T G N + ^ N H ^ O 

IR 

Solid 

3000 vw 
— 

2955 m 
— 

2900 sh 
2460 s 
1652 vs 
1502 s 
1485 m 
1445 s 
1274 vs 
1250 sh 
1202 vw 
1178m 
1017 vw 
925 vw 
897 vw 

850 vw 

764 s 
694 s 
650 sh 
510 sh 
497 s 
— 

2472 s 
— 

2213 m 
— 

2125 w 
2088 w 
1637 vs 
1410 vs 
1243 m 
1169 m 
1134vw 
1098 m 
1051 m 
911 sh 
901 w 
850 vw 
830 w 
— 
766 m 
689 m 
650 sh 
595 w 
505 sh 
491 s 

Raman 

Solid 

— 
— 

2972 m 
— 

2913 vs 
2487 w 
1647 m 
1522 m 
1494 m 
1438 w 
1273 w 
— 

1209 vw 
1190sh 
1025 m 
933 vs 
908 m 

875 sh 

693 s 
— 
— 
— 
250 vw 

2513 w 
— 

2230 s 
2143 m 
— 

2098 m 
1636 m 
1420 vw 
1248 w 
1165 vw 
1130 m 
1089 m 
— 
928 s 
— 
863 m 
840 m 
786 m 
740 vw 
687 s 
— 
592 vw 
— 
475 vw 
225 sh 

Solutio m 

EU-</2 

3005 s 
2980 vw 
— 

2915 vw 
2908 s 

— 
1645 m 
— 

1498 m 
1445 w 
— 
— 

1210 vw 
— 

1015 w 
939 vs 
— 

— 

695 m 
— 
— 
— 
230 w 

P 
dp 

dp 

P 

P 

P 
dp 

P 

dp 

P 

P 

dp 

EU-</6 

— 
2250 w 
2185 m 
2145 s 
2135 vw 
2105 w 
1640 m 
— 

1242 m 
1165vw 
1120 m 
1087 m 
— 
928 vs 
— 
862 m 
835 sh 
778 w 

690 s 
— 
— 
— 
485 vw 
210vw 

dp 

P 
P 
dp 

P 
P 

P 

P 
dp 

P 

P 
dp 

P 

P 

Assignments 

2xb20CH2(A1) 

yCKtQh) 
2Xa10CH2(A1) 
*CH2(b2) 
"CH2(ai) 
i>ND(a15 b2) 
vCO + vCN(ai) 
/?CH2(b2) 
/?CH2(ai) 
vCN(b2) 
coGH2(b2) 
wCH2 + <5ND(ai) 
coCH2(ai), /CH2(b1) 
(5ND + vC'N(b2) 
vG'C' + vC/N(a1) 
vCN + vC'CiaJ 
(5ND + *>C'N(b2), 
pGH2(bx) 
OND + vC'CiaJ 

nGOibJ 
^NCN+vG'N(a1) 
<5NC'C' + <5CNC'(b2) 
roND + TGN(bO 
<5CO(b2) 
T C N + T T N D ^ ) 

*ND(aiJ b2) 

v C D ^ ) 
2xb2)SCD2(A1) 

vCD.fo) 
*>CD2(b2) 
2xb2coGD2(A1) 
vCO + vCN(ai) 
*CN(b2) 
(5ND + vC'N(a1) 
vC'N + <5ND(b2) 

iffCD2 + i'C/C'(a1) 
/?CD2(b2), »CNfo) 
coCD2(b2) 
vGN(ai) 
iGD2(b1) 
(5ND + coGD2(a1) 
œCD2 + (5ND(b2) 
(oGB^ + vG'G'iaj) 
nGOÇbj) 
(5NGN + »-G'N(a1) 
pCDzibJ 
<5NC'C' + (5CNC'(b2) 
TrND + TCNCbJ 
<5CO(b2) 
TCN + 7rND(b1) 

a) vs, very s trong; s, s t rong; m, m e d i u m ; w, weak; vw, very weak: 
polarized, c) v, s tretching; ß, bending; co, wagging; t, twisting; p, 
plane deformation; T, torsion. 

sh, shoulder. b) p , polarized; dp , de-
rocking; ô, in-plane deformation; n, out-of-
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4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 

Wave number 

Fig. 1. Infrared spectra of EU-</„ (- ) and EU-d2 ( ). 

600 em-' 

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6 0 0 cnr< 

Wave number 

Fig. 2. Infrared spectra of EU-i4 ( ) and EU-</6 ( ). 

3600 3400 3200 3000 2800 2600 2400 2200 2000 IBOO 1600 1400 1200 1000 800 600 400 200 cm-> 

Wave number 

Fig. 3. Raman spectra of EU-rf0 (above) and EU-</2 (below). 

3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 I20O 1000 800 6 0 0 400 200 cm-« 

Wave number 

Fig. 4. Raman spectra of EU-</4 (above) and EU-*/6 (below). 
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assignment. A slight low-frequency shift was observed 
for this band on the JV,iV'-deuteration, revealing a 
small coupling between the C = 0 stretching and the 
ax N H in-plane deformation vibrations. 

In the infrared and R a m a n spectra of EU-d0 and 
EU-d2, the bands due to the C H 2 bending vibrations 
around 1500 c m - 1 and those due to the C H 2 wagging 
vibrations around 1270 and 1200 c m - 1 were easily 
assigned because they disappeared on the C,C-deutera-
tion. According to the normal coordinate analysis, 
the b x C H 2 twisting vibration may also contribute 
to the bands around 1200 c m - 1 . T h e infrared and 
the R a m a n bands due to the C H 2 rocking vibrations 
of EU-d0 and EXJ-d2, and those due to the GD 2 bending, 
wagging, twisting and rocking vibrations of EU-d4 

and EU-d6 were not obvious and we picked them up 
tentatively by referring to the calculated frequencies 
for the initial force constants. 

In contrast to the cases of methylurea2»7) and N,N'-
dimethylurea,8) EV-d0 and EU-rf4 show no infrared 
bands in the region between 1550 and 1510 c m - 1 

where the amide I I frequency is expected. Instead, 
EXJ-d0 shows a strong infrared band at 1451 c m - 1 , 
which persists on the JV,iV'-deuteration with a small 
low-frequency shift, and a weak band at 1423 c m - 1 

which disappears on the i\^,iV'-deuteration. From 
analogy with urea1»9) and m-monosubstituted ami­
des,3»10) the 1451 c m - 1 and the 1423 c m - 1 bands are 
assigned to the CN stretching and the N H in-plane 
deformation vibrations, respectively, in the b 2 species. 
The a.x N H in-plane deformation vibration is thought 
to give rise to the R a m a n band at 1385 cm- 1 . For 
E U - 4 the infrared absorptions due to the CN stretch­
ing and the N H in-plane deformation vibrations in 
the b 2 species seem to overlap at 1425 c m - 1 , and the 
ax N H in-plane deformation band appears around 
1377 c m - 1 both in the infrared and the R a m a n spectra. 
For EU-rf2, and EU-</6, the ax and the b 2 N D in-plane 
deformation vibrations are likely to contribute to the 
R a m a n band around 900 c m - 1 and the infrared band 
around 1200 c m - 1 , respectively. A weak R a m a n 
band was observed at 1360 c m - 1 for EU-rf2 but was 
left unassigned since no fundamental frequencies were 
expected around this frequency. 

In the infrared spectrum, EU-d0 shows four bands 
at 1105, 1041, 991, and 933 cm" 1 at tr ibutable to the 
skeletal stretching vibrations. From intensities and 
depolarization ratios of the corresponding R a m a n 
bands, the 1105, 991, and 933 c m - 1 bands are assigned 
to the ax species and the 1041 c m - 1 band to the b 2 

species. Shifts of these bands on the N,N'- and the 
C,C'-deuterations suggest that the skeletal stretching 
vibrations couple complicatedly with the CD 2 and 
the N D deformation vibrations. Particularly, one of 
the aj skeletal stretching vibrations couples strongly 
with the ax N D in-plane deformation vibration, and 
gives rise to an infrared band around 1240 c m - 1 for 
EU-<4 and EU-</6. 

In the R a m a n spectrum between 800 and 400 c m - 1 , 
E\J-dQ shows two bands at 712 and 502 c m - 1 which 
persist on both the JV,iV'- and the C,C'-deuterations 
without large frequency shifts. Based on the depolariza­
tion ratio, the 712 c m - 1 and the 502 c m - 1 bands were 

TABLE 2. PRODUCT AND SUM RULES 

oduct rulea> 

ax theor. 
obsdb> 

b2 theor. 
obsdb> 

bj theor. 
obsdb> 

d0/d2 

1.975 
1.988 
1.934 
1.957 
1.396 
1.394°) 

doid, 

2.761 
2.626 
2.653 
2.609 
2.625 
2.683 

d0/d6 

5.458 
5.304 
5.139 
5.249 
3.665 
3.678 

Sum rule«1) M{d0-d2) AA(</4-</6) AA(rf0-rf4) Al(d2-d6) 

ax
b) 3.443 3.434 3.290 3.294 

b2
b) 3.452 3.493 3.356 3.385 

b!b> 0.150°) 0.133 

a) dildj = Ilv(El]-di)/Ilv(EU-dJ). b) The observed fre­
quencies in Table 5 were used, c) The unobserved 
fundamental frequency in the bt species was replaced 
by the calculated frequency, 898 cm -1, d) AA.(dt — dj) = 
10-B X 4TT V { a (EU-rf<) - a (EU-^) }/N ( 10~5 s~2), where 
c is the velocity of light and N is the Avogadro 
number. 

assigned to skeletal vibrations in the ax and the b 2 

species, respectively. In the infrared spectra, the 
corresponding bands around 700 c m - 1 of EU-d0 and 
EU-rf4 and around 500 c m - 1 of EV-d2 and EV-d6 are 
markedly broadened and intensified by overlapping 
absorptions due to the N H and the N D out-of-plane 
deformation vibrations, respectively, in the b x species. 
EU-d0 shows an infrared band at 768 c m - 1 which is 
almost insensitive to both the N,N'- and the C,C-
deuterations and is assigned to the G = 0 out-of-plane 
deformation vibration. The weak R a m a n band at 
250 c m - 1 of EU-d0 and EXJ-d2 is depolarized in the 
solution spectra and shifts to 225 c m - 1 on the C,C-
deuteration. This band is thus assigned reasonably 
to the bx skeletal torsional vibration. Throughout 
whole the investigated region of infrared and Raman 
spectra, no bands assignable to the a2 species are 
observed for any of EXJ-d0, EU-d2, EU-</4, and EU-d0. 

In order to check isotopic consistency in the as­
signment, the product rule11) and the sum rule12) 
were applied to the observed fundamental frequencies 
after correcting a few for anharmonic resonances. The 
results are given in Table 2. Denoting the sum of 
the squared frequencies of the isotope A over the species 
r by ff(A, r), we may write the sum rule relations as 

o(EU-d0, ax) - o(EU-d2, ax) 

= <7(EU-</4,ai) - ff(EU-rf„a!) 

and similar expressions for the b 2 and the b x species. 
According to the modified sum rule for symmetrical 
isotopic molecules,13) one more independent relation 

<;(EU-4 ax) - ff(EU-</25ai) 

= a(EV-d0, b2) - <7(EU-</2, b2) 

holds provided that the force field includes no interac­
tion terms between the two N H groups, and similarly 
we have 

ff(EU< ax) - <7(EU-</45 ax) 

= ff(EU-</2,b2) - a(EV-d6,b2) 

in the absence of interaction terms between the two 
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CH 2 groups. In support of the assignments, all 
these relations are satisfied fairly well by the observed 
frequencies. 

N o r m a l Coordinate Ana lys i s 

Based on the assumed symmetry of the point group 
C2 v , the G matrices were set up by using structure 

H 126.5° 

0.99A^H 

Fig. 5. Structural parameters and internal coordinates. 

TABLE 3. OUT-OF-PLANE INTERNAL COORDINATES OF 

THE -NHCONH- GROUP 

Coordinate 

S^An^ 
S^An^ 
S3 = A(T124 + T126 + T324 + T326)/4 

St = A S (rieJ + r26j)l6 
.7=8,9,12 

St = AxJ» 
Sa = A(T136 + T137 + T235 + T237)/4 

S7 = A S (T67i + T37y)/6 
j= 10-12 

description11) 

nCO 
TtNH 

T G N 

T N C ' 

TTNH 

T G N 

T N C ' 

a) See footnote c), Table 1. b) The out-of-plane 
deformation coordinates were defined to be positive 
when the end atoms (O for Sx and H for S2 and Sg) 
move toward the observer from the plane of Fig. 5. 

parameters transferred from the crystallographic data 
for urea14) and ethylenethiourea,6) the former being 
referred to only with respect to the C = 0 bond-length. 
They are shown in Fig. 5. The tetrahedral redundancy 
around each C H 2 group was eliminated analytically 
by introducing an orthogonal set of local symmetry 
coordinates.15) The out-of-plane vibrations of the 
- N H G O N H - group were described by the N H and 
the GO out-of-plane deformation coordinates and the 
internal rotation coordinates16) around the C - N and 
the N - G ' bonds (Table 3). The redundant coordinates 
associated with the ring (2 in a1? 1 in b 2 and 2 in bt) were 
eliminated numerically on diagonalizing the G ma­
trices.17) 

A simple Urey-Bradley force field including 25 force 
constants was employed for the a t and the b 2 vibra­
tions. The initial values of the force constants were 
transferred from methylurea.2) O n refining the force 
constants, the observed frequencies were mostly taken 
from the infrared data . In the first step of the refine­
ment, the stretching and the bending constants were 
adjusted by referring to the Jacobian matrix elements, 
and then by the least squares method in which ^T(NH) 
and K(CR) were fixed. In the next step, the stretch­
ing and the bending constants were fixed at the final 
values in the above process, and the repulsion constants 
were refined by the least squares method. Finally, 
the force constants except K(NH), K(CU), H(NC'C) 
and F ( H C ' H ) were refined by the least squares method, 
the last two being fixed because of large uncertainties. 

T h e potential function for the b x vibrations was 
written as the sum of a simple Urey-Bradley type 
force field for the GH 2 group and a valence type force 
field for the torsional and the out-of-plane deformation 
vibrations. The values of the Urey-Bradley type 
constants were transferred from the converged set 
obtained in the treatment of the at and the b 2 vibra­
tions. The values of the diagonal constants were 
taken initially to be the observed frequency parameters 
divided by the corresponding G matrix elements for 
EU-d0. These diagonal constants were adjusted first 
by referring to the Jacobian matrix elements and then 
by the least squares method. T h e off-diagonal con­
stants / ( O T N H , T C ' N ) and / ( ? r N H , TICO), were then 

added with the initial values zero, and all the constants 
were refined by the least squares method. 

TABLE 4. FORCE CONSTANTS 

Urey-Bradly type constants (i 

KÇNH) 

K{G'C) 

J f (NC 'H) 

/ / ( C N C ) 

^ ( C ' C ' H ) 

F (GNH) 

5-50 

2.307 0 (0 .170 8 ) 

0 .175 7 (0 .037 7 ) 

0 .092 9 (0 .091 8 ) 

0 .340 2 (0 .031 3 ) 

0 .492 0 (0 .141 2 ) 

n mdyn/Â) 

K(CH) 

/T(C=0) 

/ / ( N C ' C ) 

H (NGN) 

FÇNG'H) 

F ( C N C ' ) 

4 . 4 4 

5 .892 0 (0 .444 3 ) 

0 .308! 

1.1080(0.2717) 

0 .482 4 (0 .041 8 ) 

0 .849 0 (0 .277 4 ) 

Ä"(GN) 
/ / ( H G ' H ) 

/ / ( G ' N H ) 

/ / ( N G O ) 

F ( N C ' C ' ) 

F ( N C N ) 

5.0590(0.1278) a> 

0 .382! (0.0063) 

0 .200 6 (0 .046 3 ) 

0 .171 3 (0 ,060 3 ) 

0 .421 0 (0 .084 2 ) 

0 .669 0 (0 .216 0 ) 

A" ( N C ) 

/ / ( C ' C ' H ) 

/ / ( G N H ) 

F ( H G ' H ) 

F ( C ' N H ) 

F ( N G O ) 

2 .734 0 (0 .172 6 ) 

0 .201 4 (0 .028 2 ) 

0 .275 8 (0 .070 0 ) 

0 .084 7 

0.358 0 (0 .079 7 ) 

1.6440(0.1868) 

*(C) 0.0136(0.0339) mdynÂ 

Valence type constants (in mdyn Â/rad2)b) 

/ ( T T N H , TTNH) 0 .123 4 (0 .022 2 ) a ) / ( T N C , T N C ' ) 0 . 0 4 6 8 ( 0 . 0 3 3 O ) 

/ ( T G N , T G N ) 0.473 9(0.077 2) / ( T T N H , T N C ' ) 0 . 0 3 4 O ( 0 . 0 1 3 2 ) 

f(nCO, nCO) 0 .796i (0 .014 4 ) 

/ ( T T N H , ^ C O ) 0.0813(0.008!) 

a) ( ) ; dispersion, b) The relevant internal coordinates are shown in the parentheses ; n, out-of-plane deforma­
tion coordinate; T, internal rotation coordinate. 
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TABLE 5. 

Yutaka SAITO and Katsunosuke MACHIDA 

FUNDAMENTAL FREQUENCIES 

(GH2NH)2GO 

Obsd 

3303a> 
2900 
1668 
1485 
1385 
1207 
1105 
991 
933 
703 

3303a> 
2915 

1502 
1451 
1423 
1273 
1041 

660 
511 

2980 
1207 

768 
703 
250 

Galcd 

3299 
2915 
1669 
1496 
1376 
1212 
1111 
1000 
928 
703 

3296 
2925 
1499 
1438 
1417 
1277 
1029 
653 
512 

3006 

1160 
898 
770 
699 
243 

(CH2ND), 

Obsd 

2900 
2460 
1652 
1485 

1250 
1202 
1017 
925 
850 
694 

2915 
2460 
1502 
1445 
1274 
1178 

897 
650 
497 

2980 
1202 
897 
764 
510 
250 

OF ETHYLENEUREA AND ITS DEUTERATED 

&Ö 

Galcd 

2916 
2415 

1645 
1494 
1261 
1187 
1022 
929 
857 
697 

2925 
2406 
1498 
1430 
1279 
1177 
917 
643 
500 

3006 

1160 
896 
769 
503 
243 

(GD2NH)2GO 

Obsd 

3303 
2125 

1660 
1377 
1145 
1122 
1053 
924 
785 
688 

3303 
2125 
1425 
1425 
1176 
1088 

901 
619 
503 

2250 
901 
771 
688 
660 
225 

Calcd 

3299 
2096 
1667 
1375 
1146 
1123 

1049 
910 
787 
685 

3296 

2110 
1433 
1417 
1158 
1073 
894 
620 
502 

2243 

852 
765 
707 
655 
231 

[Vol. 

DERIVATIVES 

(CD2ND), 

Obsd 

2460b> 
2125 
1637 
1243 
1134 
1098 
911 
850 
786 
689 

2460b) 
2125 
1410 
1169 

1098 
1051 
830 
595 
491 

2250 
901 
766 
650 
505 
225 

50, No. 2 

^œ 
Calcd 

2415 
2096 
1643 

1239 
1135 
1093 
905 
862 
783 
681 

2406 
2110 
1427 

1201 
1104 

1050 
830 
612 
492 

2243 
852 
764 
664 
502 
230 

a) The value for EU-</4 was used as the unperturbed frequency, 
perturbed frequency. 

b) The value for EU-</2 was used as the un-

The final values of the force constants are listed in 
Table 4. The magnitudes of the stretching constants 
are reasonable in comparison with the corresponding 
constants of urea,1«9) methylurea2) and diketopipera-
zine,17>18) being correlated well with the assumed bond-
lengths. For the bl vibrations, both the diagonal and 
the off-diagonal force constants are of comparable 
magnitudes with the corresponding constants of methyl-
urea.2) The frequencies calculated from the final set 
of force constants are shown in Table 5. The agree­
ment between the observed and the calculated fre­
quencies is excellent throughout the four isotopic 
ethyleneureas. 

I t is well known for amide and urea derivatives 
containing a trans - C O N H - group that the N H in-
plane deformation and the GN stretching vibrations 
couple strongly with each other and give rise to the 
amide I I and I I I bands in infrared spectra.3>4> Ac­
cording to the present calculation, such a coupling 
does not occur for EU-rf0 and ELW 4 which contain a 
- N H G O N H - group in the cis-cis conformation (Table 1 ). 

The authors wish to thank Mrs. Yuko Inamoto for 
her technical assistance. The calculation in this 
work was performed on a F A G O M 230-60 computer 
at the Data Processing Center, Kyoto University. 

References 

1) Y. Saito, K. Machida, and T. Uno, Spectrochim. Acta, 

27A, 991 (1971). 
2) Y. Saito, K. Machida, and T. Uno, Spectrochim. Acta, 

31A, 1237 (1975). 
3) T. Miyazawa, T. Shimanouchi, and S. Mizushima, 

J. Chem. Phys., 24, 408 (1956). 
4) Y. Mido, Spectrochim. Acta, 28A, 1503 (1972). 
5) C. E. Schweitzer, J. Org. Chem., 15, 475 (1950). 
6) P. J . Wheatley, Acta Crystallogr., 6, 369 (1953). 
7) Y. Mido and H. Murata, Nippon Kagaku Zasshi, 90, 

254 (1969). 
8) Y. Mido and H. Murata, Bull. Chem. Soc. Jpn., 42, 

3372 (1969). 
9) A. Yamaguchi, T. Miyazawa, T. Shimanouchi, and 

S. Mizushima, Spectrochim. Acta, 10, 170 (1957). 
10) K. Fukushima, Y. Ideguchi, and T. Miyazawa, Bull. 

Chem. Soc. Jpn., 36, 1301 (1963). 
11) O. Redlich, Z. Phys. Chem., B28, 371 (1935). 
12) J . C. Decius and E. B. Wilson, Jr., J. Chem. Phys., 

19, 1409 (1951). 
13) K. Machida, J. Chem. Phys., 38, 1360 (1963). 
14) J . E. Worham, Jr., H. A. Levy, and S. W. Peterson, 

Acta Crystallogr., 10, 319 (1957). 
15) T. Onishi and T. Shimanouchi, Spectrochim. Acta, 20, 

325 (1964). 
16) T. Miyazawa and K. Fukushima, J. Mol. Spectrosc, 

3, 308 (1965). 
17) K. Fukushima, Y. Ideguchi, and T. Miyazawa, Bull. 

Chem. Soc. Jpn., 37, 349 (1964). 
18) M. Asai, K. Noda, and A. Sado, Spectrochim. Acta, 

30A, 1147 (1974). 



February, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (2), 365—367 (1977) 365 

Electron-Capture Reaction of Halogenated Benzenes in MTHF Glass at 77 K 
Toshinari SHIMOKAWA and Takeshi SAWAI 

Tokyo Metropolitan Isotope Research Center, Fukazawa, Setagaya, Tokyo 158 
(Received August 30, 1976) 

The relative electron-capture efficiency of a number of halogenated benzenes was determined by means of 
competition with biphenyl as a reference material in glassy MTHF at 77 K. It was observed that the efficiency 
increased as the number of chlorine-atom substitutions on the benzene ring increased. Similar results were ob­
tained for brominated benzenes. An excellent linear correlation is found between the logarithm of the efficiency 
and the Polarographie reduction potential of a series of chlorinated benzenes. Moreover, a semilog plot of the 
efficiency vs. electron affinity of monohalogenated benzenes is apparently linear. The mechanisms of the electron-
capture reaction are also discussed. 

The study of the radiolysis of organic halogen com­
pounds has advanced greatly in the last decade. These 
compounds have often been used as electron scavengers, 
because there is an effective way for examining ionic 
reactions in irradiated glass. Knowledge of the re­
activity of organic halogen compounds with electrons 
is necessary for understanding and formulating the 
kinetics of the reaction process. 

In spite of the many investigations on electron-
capture reactions, the effect of halogen atom substitu­
tion in benzene is not fully understood. 

In the present work, the relative efficiencies of elec­
tron capture by halogenated benzenes were determined 
in terms of the decrease in O D at 410 nm for biphenyl 
anions in glassy M T H F at 77 K. 

Exper imenta l 

Reagents of special and guaranteed grade from Tokyo 
Kasei Co., Ltd. were used as received, except for 2-methyl-
tetrahydrofuran (MTHF). The MTHF was purified by 
passage through a column of activated alumina. An MTHF 
solution of about 0.04 M biphenyl containing various hal­
ogenated benzenes was placed into a spectrosil vessel (10x 
10 mm) and dissolved oxygen was purged by bubbling ni­
trogen gas prior to irradiation. The sample was immersed 
in liquid nitrogen during the irradiation with 60Co y-ray. 
Measurement of the optical absorption was carried out at 
77 K with a Cary 14R spectrophotometer. 

The dose rate was determined by the Fricke dosimetry 
method to be 2.0 X 1018 eV/g h and the irradiation dose 
was about 5.0xl01 7eV/g for all samples. 

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

It is well known that biphenyl is an appropriate 
scavenger for the electrons generated by irradiation in 
organic glasses at 77 K, because its reactivity with 
electrons is very fast, £ = 4 x 109 M ^ s - 1 , and moreover, 
the biphenyl anion is identifiable in an absorption 
spectrum by a high absorption coefficient in the near-
U V region. Hamill and his coworkers have used bi­
phenyl as a reference material for determining the 
reactivity of some solutes with electrons in glassy 
media.1) The competitive reaction of biphenyl with 
the solute for electrons is, in general, as follows: 

expression : 

-> G12H10 

-> Product 

e + C12H10 

e~ + Solute 

Assuming that the electron capture reaction is a simple 
competitive process, the biphenyl-anion optical density 
in various solute concentration is given by the following 

OD° 
OD = 1 + 

*s [S] 
(i; 

where O D ° and O D represent the optical densities 
of the biphenyl anion (410 nm) in the absence and 
in the presence of the solute, respectively, KB and 
K$2 are the electron-capture coefficients of a given 
solute and of biphenyl, respectively, [s] and [02] are 
the concentrations of a given solute and of biphenyl, 
respectively. The O D at 410 nm decreased with an 
increase in the concentration of chlorinated benzenes. 

Arai et al. have shown recently by the low-tem­
perature pulse radiolysis of halogenated compounds in 
ethanol glass that a strong absorption based on product 
negative ions appears in the visible to U V region.2) 
In 1,2,3-trichlorobenzene, for example, there is no 
absorption for ^ > 3 8 0 nm, but below ca. 360 nm a 
strong absorption is observed (Amax ^ 3 2 0 nm) . If the 
absorption of negative ions of the halogenated benzenes 
used in our experiments affects that of biphenyl (espe­
cially at ^ m a x = 4 1 0 n m ) , then Eq. 1 is not suitable. 

Then, competitive experiments were carried out after 
confirming that no absorption of solute anions was 
observed in the region around 410 nm. 

T h e plot of O D ° / O D for constant biphenyl con­
centration (0.04 M) should be a straight line as a 
function of the solute concentration. Figure 1 shows 
a plot of O D ° / O D vs. [s]/[>2] obtained in an M T H F 
solution of monochlorobenzene, 1,2-dichlorobenzene, 
and 1,2,4-trichlorobenzene at 77 K. T h e slope of the 
line in Fig. 1 corresponds to the relative electron-

Q 
O 
o 

Q 
O 

0.5 1.0 

Fig. 1. Plot of OD°/OD vs. [s]/[0a] in irradiated 
MTHF glass at 77 K. 

- O - : 1,2,4-C6H3C13, - # - : l,3-G6H4Cla, - A - : 
C6H&C1. 
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TABLE 1. T H E RELATIVE ELECTRON CAPTURE EFFICIENCIES 

OF HALOGENATED BENZENES, Y-BHC, 

AND HEXACHLOROETHANE 

No. 

Î 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Material 

C6H5G1 
1,2-C6H4C1, 
1,3-C6H4Cl2 

1,4-C6H4C12 

1,2,4-C6H3C13 

1,2,3-C6H3C13 

1,3,5-C6H3Cl.j 
1,2,3,4-C6H2C14 

1,2,3,5-C6H2G14 

1,2,4,5-C6H,C14 

C6HG15 

G6Cle 

C6H5Br 
l,4-C6H4Br2 

l,3,5-C6H3Br3 

C6H5F 
C6H5I 
y-BHG 
C2C16 

- ^ s / ^ 2 

0L49 
1.12 
1.09 
1.03 
1.88 
2.02 
2.55 
3.42 
2.90 
3.62 
6.60 
4.42 
0.84 
1.30 
2.78 
0.05 
0.88 
3.39 
4.04 

capture efficiency (KJK</,2). Such competitive experi­
ments were carried out for a number of chlorinated 
and brominated benzenes, as well as fluorobenzene 
and iodobenzene. The results are tabulated in Table 1. 
As can be seen in Table 1, the electron-capture coef­
ficient (Ks) increases generally with an incraese in 
the number of chlorine or bromine atoms substituted 
on the benzene ring. While, no difference in the 
efficiency of the di-, tri-, and tetrachlorobenzene isomers 
was observed, the order of the reactivity for mono-
halogenated benzene is fluoro<chloro<bromo< iodo­
benzene, which is the same as that for hyd rated elec­
trons in aqueous solutions.3) 

The electron-capture reaction for an aromatic com­
pound is shown in the following scheme as formulated 
for monohalogenated benzene.4) 

T h e initial addition of an electron to the aromatic 
compound appears to occur predominantly by reac­
tion process (b).5) Therefore, the initial process for 
chlorinated benzenes is preferably the interaction of 
the jr-orbital system of the benzene ring with the elec­
tron. Studier and Har t have suggested that the re­
action of benzene with the electron is similar to reaction 
process (b).6) However, the direct interaction for the 
substituent halogen atom on the benzene ring, which 
corresponds to reaction process (a), may be possible. 
In the case of monohalogenated benzene, the order 
of the relative electron-capture efficiencies may be ex­
plained by the effect of net electron-withdrawing, which 
is estimated from Hammet t ' s parameters, oI and oR, 
of substituent halogen atoms on the benzene ring. ax 

and on represent Hammet t ' s parameters for inductive 
and resonant (mesomeric) effects, respectively. 7) 

The decrease in the relative electron-capture effici­
ency for hexachlorobenzene in comparison with pen-
tachlorobenzene would be attr ibuted to a great extent 
to shielding of the jr-orbital system by substituent chlo­
rine atoms on the benzene ring. The value of the 
efficiency for hexachlorobenzene is similar to that of 
aliphatic hexachloro-compounds, such as hexachloro-
ethane and y-BHG. This fact indicates that the n-
orbital system of hexachlorobenzene provides a lower 
contribution to electron capture than that of other 
chlorinated benzenes. 

Ghristodouleas and Hamill have found that the rela­
tive electron-capture efficiency of aromatic hydro­
carbons, such as phenanthrene, is correlated to the 
Polarographie reduction potential.8) I t was found that 
the relative electron-capture efficiencies in the present 
results can also be roughly correlated with the reduc­
tion potential of the various monohalogenated benzene 
derivatives, which have been determined in aprotic 
solvents by Sease et ß/.9) Recently, Tsuji has deter­
mined the reduction potential of a series of chlorinated 
benzenes by the differential pulse Polarographie method 
and shown that the value increased proportionally 
with the number of substituted chlorine atoms on the 
benzene ring from mono- to hexachlorobenzene.10) 
And also no difference in the reduction potential for 
isomers of polychlorinated benzenes was observed.11) 
The results of the relative electron-capture efficiencies 
for isomers are in accord with the trend of the Polaro­
graphie reduction potential. 

Figure 2 shows a semilogarithmic plot of the relative 
electron-capture efficiency vs. the reduction potential 
of chlorinated benzenes. Interestingly, the plot, as 
shown in Fig. 2, is very linearly from mono- to pen-
tachlorobenzene, except for hexachlorobenzene. 

The relationship between the logarithm of the elec­
tron-capture efficiency and the reduction potential from 
mono- to pentachlorobenzene can be expressed by 
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Fig. 2. Plot of log KJK;2 vs. reduction potential 
(Ered.) of a series of chlorinated benzenes. The 
values of reduction potential for penta- and mono-
chlorobenzene estimated from the secondary peak 
of hexachlorobenzene and 1,2-dichlorobenzene 
measurements, respectively. Key is shown in 
Table 1. 
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following equation, which is plotted in Fig. 2 : 
log KB/Kft =aETeA. + b (2) 

where Z?red# is the reduction potential, and a and b are 
constants. Nenner and Schulz have accurately meas­
ured the electron affinity using electron transmission 
spectroscopy.12) They indicated that a good correla­
tion between the Polarographie reversible electrode 
potential and the electron affinity was observed. T h e 
reversible electrode potential for halogenated benzenes 
cannot be obtained from the usual Polarographie meas­
urement, because dissociation preferentially occurs prior 
to the reversible reaction. However, it is clear that 
the reversible electrode potential is related to the reduc­
tion potential of halogenated compounds.12) Thus, 
the logarithm of the relative electron-capture efficien­
cy may be linear as a function of the quasi-electron 
affinity which is estimated from the Polarographie 
reduction potential. Therefore, a similar relation to 
that shown in Fig. 2 can be expected for accurate elec­
tron affinities. A semilog plot of the relative electron 
capture efficiency vs. the electron affinity12) of mono-
halogenated benzenes is shown in Fig. 3. Figure 3 
shows that the relative electron-capture efficiencies for 
halogenated benzenes are given as a function of the 
electron affinity as has been mentioned for the reactiv­
ity of many compounds with hydrated electrons by 
Anbar and Hart.13) 

Wentworth and his coworkers have proposed that 
the relation between the electron-capture coefficient 
and the electron affinity in gas phase can be shown 
to be14) 

log KTW = log A + log kjku + EAIRT (3) 

where A is composed fundamental constants, including 
the mass of the electron, kh and kH are the rate constant 
for neutralization of negative ions and electrons, res­
pectively and EA is the electron affinity. Thus, the 
relative electron-capture efficiency would be given by 
following expression: 

log KJKfa = log(*L)B - log(kL)^ 
+ (EA)JRT - (EA)H/RT (4) 

where the subscripts 4>% and s refer to biphenyl and 
solute, respectively. Assuming that the rate of neu­
tralization is very slow at a low temperature of 77 K, 
Eq. 4 can be rewritten as follows: 

-1.0 -0.5 
EA (eV) 

Fig. 3. Plot of log Ks/K^2 vs. electron affinity of 
monohalogenated benzenes. 

log KJKH = (EA)JRT - (EA)+JRT, (5) 

where (EA)^2jRT is constant at 77 K. Equation 5 
indicates that a linear relationship between log KJK#3 

and (EA)B, and that the slope is dependent on the 
temperature. The semilog-linearity in Fig. 3 can ap­
parently be explained by Eq. 5. According to Eq. 5, 
the slope is given by l/RT, which has a value of 150. 
However, the slope of the line in Fig. 3 is about 3.5. 
Since such a great difference between the observed 
slope (Fig. 3) and the slope calculated from Eq. 5 is 
observed, a treatment similar to that in the gas phase 
may not be applicable at low temperatures. 

O n the other hand, Miller has emphasized that the 
tunneling mechanism for the electron-capture reaction 
is of importance in glassy media and has suggested that 
the electron affinity is a predominant factor in deter­
mining whether or not the tunneling reaction can 
occur.15) Namiki et al. have pointed out that the 
scavenging efficincy is linear as a function of the adia-
batic electron affinity of the acceptor in alcoholic 
glasses.16) They discussed the electron-capture process 
on the basis of the tunneling model. This considera­
tion is interesting, but until recently only limited data 
had been available on accurate electron affinities of a 
series of halogenated benzenes in order to conform the 
relationship between the relative electron-capture ef­
ficiency and the electron affinity. For a more detailed 
explanation on this relationship, measurements of the 
efficiencies for many kinds of substituted benzenes will 
be necessary. 

The authors indebted to Dr. Keiichi Tsuji, The 
Institute of Physical and Chemical Research, for pro­
viding the Polarographie data on the polychlorinated 
benzenes and for useful advice. The authors are also 
grateful to Dr. Teruko Sawai for helpful discussions. 
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The Interaction of Bovine Plasma Albumin with Cationic Detergent. 
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Department of Synthetic Chemistry, Faculty of Engineering, Gifu University, Kagamigahara, Gifu 504 
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Binding isotherms were determined at pH 6.9 for systems of bovine plasma albumin (BPA) and cationic de­
tergents at 25° G and 5 °G. Detergents used were: hexadecyltrimethylammonium bromide (HTAB), tetra-
decyltrimethylammonium bromide (TTAB), dodecyltrimethylammonium bromide (DTAB) and decyltrimethylam-
monium bromide (DeTAB). Binding affinity of the cationic detergent to BPA increased with the increase in the 
carbon number of the detergent, and with the increase in temperature. The first five detergent ions were bound 
to BPA statistically at 25 °C, and succeeding detergent ions were bound cooperatively. Thermodynamic para­
meters indicated that the statistical binding was caused mainly by the hydrophobic bonding. Measurements of 
— [a]233 and — [a]313 at pH 5.2 revealed that the conformation of BPA changed when it complexed with the cationic 
detergent. The conformation of BPA changed slightly when 5—8 HT AB or TTAB's were bound, and a second 
large conformational change occurred when 15—20 of these detergent ions were bound. DTAB and DeTAB 
caused only the first conformational change. Thus HT AB and TT AB are stronger unfolders of BPA than DTAB 
and DeTAB. The UV difference spectrum of the complex BPA-TTAB showed a red shift of the peak of Try 
residue {e.g. 292 nm), being in contrast to the blue shift of the same peak in the complex BPA-sodium dodecyl 
sulfate. It is suggested that BPA is unfolded, at least, in the NHa terminal half by binding with cationic detergent. 

In a previous paper,1) it was reported that the binding 
of cationic detergent to BPA (bovine plasma albumin) 
at p H 9 induced the SH-S-S exchange reaction of 
BPA, forming a series of aggregates of BPA. The 
exchange reaction occurred at lower concentration of 
the detergent, when the carbon number of detergent 
was higher. I t was suggested that the first step of 
the reaction is the unfolding of BPA by the cationic 
detergent. 

This time studies were made on the binding behavior 
of cationic detergents to BPA and on the conformational 
change of BPA caused by the cationic detergent. 
Studies were made by equilibrium dialysis, by measur­
ing the optical rotations at 233 and 313 nm, and by 
measuring the U V difference spectrum. Some aspects 
of the unfolding of BPA by the cationic detergent 
were made clear at p H 5.2 and 6.9. Cationic deter­
gents used were: 

hexadecyltrimethylammonium bromide (HTAB), 
tetradecyltrimethylammonium bromide (TTAB), 
dodecyltrimethylammonium bromide (DTAB), and 
decyltrirnethylammonium bromide (DeTAB). 

So far, several works have been made on the interac­
tion between BPA and cationic detergents. 1_5> 

Exper imenta l 

Materials. Crystallized BPA (Armour, Lot No. M-
72603) was used. A part of the experiment was performed 
using BPA whose SH group was blocked by iodoacetamide. 
The blocking was made at room temperature and pH 8.0 
(in 0.1MKG1+KOH) for 3 h. Then the solution was 
dialyzed against the deionized water at 5 °C for more than 
24 h or passed through the Sephadex G-25 gel (Pharmacia 
Fine Chemicals, Lot No. 0063) column. Frequently, con­
taminants were removed by filtering the solution through 
Millipore filter (HATF, 02500). The concentration of BPA 
was determined spectrophotometrically using the value 
£ ^ = 6 . 6 7 at 279 nm. 

Buffers used were: phosphate buffer at pH 6.9 and ionic 
strength 0.1, and Na2B407-HGl buffer at pH 9.0 and ionic 

strength 0.025 (sometimes the ionic strength was raised to 
0.1 by adding KCl). BPA was also dissolved in 0.1 M 
KCl; the isoionic point was pH 5.2. 

Cationic detergents used were the same samples as those 
described in a previous paper.1) 

Equilibrium Dialysis. The Visking tube (20/30) was 
heated in a half saturated solution of NaHCOa at 90 °G for 
1 h, then the tubings were rinsed well with deionized water. 
Five ml of 0.5% BPA was dialyzed against 25 ml of detergent 
solution. The dialysis was conducted for 65 h at 5 and 
25 °C. 

Determination of the Cationic Detergent. The determina­
tion was carried out following the method of Few and 
Ottewill.6* The method involves the procedure to extract 
the detergent-Orange II complex in the aqueous phase by 
the organic solvent. In the present work, the extraction 
solvent was dichloromethane instead of chloroform. The 
optimum conditions for the extraction were: concentration 
of the complex is to be in the range 9 x 10~6 and 3x 10~5 

mol/1, and the mol ratio of Orange II to detergent is to be in 
the range 1—3. When the concentration of the detergent 
in the sample solution was higher than the optimum value, 
the solution was diluted by the same buffer as was used for 
the sample solution. The extinction coefficient of the com­
plex at 485 nm was 1.80 X 10* mol - 1 cm - 1 in presence or 
absence of ethanol (antifoaming agent), and was 2.20x10* 
mol - 1 cm - 1 in aqueous phase. The extinction coefficient of 
the complex in distilled water was equal to that of Orange 
II . 

Optical Rotation. The optical rotation was measured 
using 0.2% BPA at various concentrations of detergent. The 
1 mm cell and 10 mm cell were used to measure the optical 
activity at 233 and 313 nm, respectively. To increase the 
sensitivity of the measurements, compensation by means of 
sucrose was employed.7) The temperature was kept constant 
at 25±0.2 °C. The apparatus was a Jasco spectropolari-
meter, model ORD/CD/UV-5. 

Difference Spectrum. The difference spectrum was 
measured using 0.15% BPA in presence of various amounts 
of detergent. Using 10 mm cell, the spectrum was recorded 
in the range 275—350 nm. The temperature of the cell 
was kept constant at 25±0.2 °C. The apparatus was a 
Hitachi EPS-3 spectrophotometer. 
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R e s u l t s and D i s c u s s i o n 

Equilibrium Dialysis. a) Binding Isotherms at pH 
6.9: In Fig. 1 are shown binding isotherms of the 
systems of BPA and each one of the detergents, HTAB, 
TTAB, DTAB, or DeTAB at p H 6.9 and 25 °C. All 
of the curves consist of two par ts : one of which lies 
in the lower concentration of the detergent and has 
a small slope and the other is the curve having a large 
slope. I t is known later that the binding of the deter­
gent to BPA is statistical in the lower concentration 
region of the detergent, and that it is cooperative 
in the higher concentration region. The whole binding 
isotherm shifts to the left with the increase in the carbon 
number of the detergent. In other words, the binding 
occurs at lower concentrations of detergent, when the 
detergent with higher carbon number is used. This 
suggests that the hydrophobic group of the detergent 
is more effective than the charged group for the BPA-
cationic detergent interaction. 

5 4 3 2 1 
- l o g C 

Fig. 1. Binding isotherms of the systems of BPA and 
cationic detergents at pH 6.9, ionic strength 0.1 and 
25 °C. C: equilibrium concentration of detergent 
(mol/1), r: number of detergents bound to BPA. 
O: HTAB-BPA, ©: TTAB-BPA, 3 : DTAB-BPA, 
• : DeTAB-BPA. 

When the temperature is increased, the binding 
isotherm shifts to the left, indicating that the binding 
is increased with the increase in temperature, i.e., 
the binding is endothermic. The result agrees with 
that by calorimetric measurement by Jones et al.5) 
The effect of temperature is shown in Fig. 2. 

T h e binding isotherm was analyzed by the Scatchard 
equation.8) 

r/C = k0n — k0r :i) 

where, C: equilibrium concentration of detergent, n: 
maximum number of the binding sites, r: average 
number of the detergent ions bound and k0: intrinsic 
binding constant. The application of the equation 
to the system BPA-TTAB, as an example, is given in 
Fig. 2. There are two straight lines with a break. 
T h e one is that for 25 °G, and the other is that for 
5 °G. The straight line with a negative slope satisfies 
the Eq. 1, meaning that the binding is statistical. 
The straight line with a positive slope gives a negative 
value of kQ; the meaning is that the binding is coopera­
tive. 

Figure 2 shows that rB,max is 5.5 at 25 °G.* If the 
straight line with a negative slope is extended, it is 
found that the maximum number of sites n should be 
8. T h e value of rs>max is 4 at 5 °G. Values of r s ,max 

for other detergents are given in Table 1. I t was 
difficult to find accurate values for DeTAB. This 
might be due to the difficulty in analytical procedure. 

b) Statistical Binding: As is seen in Table 1, rs>max 

does not depend on the carbon number of the detergent, 
i.e., it is 4 at 5 °C and 5 at 25 °C. T h e value agrees 
with the value 4 by Nozaki et al.V for tetradecyltri-
methylammonium chloride at p H 5.6 and 24 °C 
within the experimental error, and agrees also with 
the value 6 by Few et al.2) at the isoionic point and 
20 °G for DTAB. When 4 or 5 cationic detergent 
ions are bound to BPA, slight unfolding occurs in 
BPA as is described later, thus rSimax is constant, i. e., 
more binding sites with high affinity are destroyed 
when unfolding occurs. If the unfolding does not 
occur before all the n sites are occupied, rSimax would 
be equal to n. 

The value of rs>max is 4—5 for the cationic detergents 
with C12 and C14, but it is 8—10 for the anionic deter­
gents with G12 and C14.

9>10> (Decker and Foster9) 
reported that r s m a x = n = 1 0 for sodium dodecylben-
zenesulfonate.) Such a difference in numericals exists 
between the cationic and anionic detergent bindings. 
I t is well known that the BPA unfolds when the number 
of anionic detergents bound exceeds the value of 
r 10) 
' s .max* 

c) Thermodynamic Properties of Statistical Binding: 
In Table 1 are given values of kQ and thermodynamic 
parameters — AF, AS, and AH for the interactions. 
I t is seen that H>0 and AS>0, and that T AS>AH. 
This indicates that the binding of the cationic detergent 

* The notation rs means the maximum number of 

Fig. 2. Scatchard plot for the system BPA-TTAB. 
O: 25 °C, • : 5 °C. 

the detergent ions bound statistically. As is known 
from Eq. 1, the crossing point of the straight line 
with a negative slope and the abscissa gives the value 
of n. The break of the straight line in Fig. 2 is 
named r„ to distinguish it from n. 
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TABLE 1. THERMODYNAMIC PARAMETERS FOR BPA-CATIONIG DETERGENT INTERACTIONS 

Detergent 

HTAB 

TTAB 

DTAB 

Temp 
°G 

25 
5 

25 
5 

25 

5 
4 

5.5 
4 

1/mol 

8.7X10* 
5.2x10* 

1.3x10* 
8.2X103 

9.7X102 

- A F 
kcal/mol 

6.7 
5.8 

5.5 
5.0 

3.9 

AH 
kcal/mol 

AS 
e. u. 

4.0 

3.5 

36 

30 

to BPA is entropie. This means that the interaction 
between the detergent and the solvent molecule is 
replaced by the interaction between the detergent 
and BPA, i. e., that hydrophobic bonds are formed. 
It is known from Table 1 that — AF is 600—800 cal/ 
mol per C H 2 residue of the detergent. T h e value 
agrees with 700 cal/mol per C H 2 residue, which is 
obtained when GH 2 is transferred from the aqueous 
phase to the organic solvent.11) 

Literature survey10 ,12-14) indicates that the free 
energy change — AF is larger when the anionic deter­
gent (with sulfate or sulfonate) or fatty acid is bound 
to BPA than when the cationic detergent is bound, 
if the length of the hydrocarbon chain is the same in 
the range G10—C16. Tanford15) has pointed out that 
both the ionic and hydrophobic interactions take part 
in the anionic detergent binding at p H 6.8, and at­
tributed half of — AF to the ionic interaction. If 
— AF for the anionic detergent with G12 is compared 
with tha t for the cationic detergent with C12, there 
is a difference by 3—4 kcal, which is almost the same as 
— A F estimated for ionic interaction.15) Thus, it is 
concluded that the contribution of the ionic interaction 
is smaller in the cationic detergent binding than in the 
anionic detergent binding. In other words, the 
hydrophobic bonding is the main force in the cationic 
detergent binding.16) 

d) Cooperative Binding: I t is clear in Fig. 1 
that the cooperative binding also depends on the 
length of the hydrocarbon chain of the detergent. 
T h e change in the standard free energy accompanying 
the cooperative binding is given by the equation 
AF=R T In X, where X is the mid-point of the two 
extreme equilibrium concentrations for the region in 
which the cooperative binding occurs.15) T h e value 
of — A F w a s calculated for T T A B and DTAB at 25°C 
using the equilibrium concentration at which 85 de­
tergent ions were bound.17) The highest number of de­
tergent ions bound was 170 for these two detergents 
(Fig. 1). I t was found that — A F was 2.9 kcal/mol 
for DTAB binding and that it was 4.2 kcal/mol for 
T T A B binding. These figures lead to the conclusion 
that the free energy change was 650 cal/mol per C H 2 

residue; the value is almost the same as that for the 
statistical binding. Thus, the hydrophobic bonding 
is also the main force in the cooperative binding. 

e) Binding Isotherm at the Isoionic Point: The 
binding isotherm of the system BPA-DTAB at 25° C 
and p H 5.2 (in 0.1M KCl) was the same as that at 
p H 6.9; rs>max was 5 and k0 was also the same within 
the experimental error. When r was less than 70, the 
isotherm at p H 5.2 lay on that at p H 6.9. When it 

10 100 
Molar mixing ratio 

Fig. 3. —[a]333 vs. molar mixing ratio (detergent/ 
BPA). pH 5.2 in 0.1 M KCl and 25 °G. O: 
HTAB-BPA, € : TTAB-BPA, 3 : DTAB-BPA, • : 
DeTAB-BPA. 

Molar mixing ratio 

Fig. 4. —[a]3i3 vs. molar mixing ratio (detergent/ 
BPA). pH 5.2 in 0.1 M KCl and 25 °G. O : HTAB-
BPA, € : TTAB-BPA, 3 : DTAB-BPA, • : DeTAB-
BPA. 

was more than 70, the isotherm at p H 5.2 located 
upper than that at p H 6.9. The highest number of 
the detergent ions bound was slightly less, i. e., 140. 

Optical Rotation. a) Unfolding of BPA by Cationic 
Detergent at pH 5.2: Optical rotations were measured 
at the isoionic point of BPA in 0.1 M KCl (pH 5.2). 
Values of — [a] 2 3 3 and — [a]3 1 3 are given as a function of 
the molar mixing ratio (detergent/BPA) in Figs. 3 
and 4, respectively. I t is clear in these figures that 
the BPA is disorganized by the binding of particular 
numbers of the detergent. Figure 3 shows how the 
helix content18) in BPA decreases by the binding of 
the detergent. Detergent with higher carbon number 
is more effective in the range G10—G14; TTAB and 
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HTAB seem to have almost the same ability to unfold 
the BPA. Figure 4 shows how the tertiary structure19) 
of BPA is disorganized by the cationic detergent. 

In Figs. 3 and 4, it is seen that — [a] 2 3 3 and — [a]3 1 3 

are constant in the region of TTAB/BPA=20—40. 
If the data of equilibrium dialysis are combined, the 
complexes formed in this region are found to be AD 5 — 
AD 1 6 (A: BPA and D : cationic detergent). When 
the molar mixing ratio exceeds 40, both of the rotations 
decrease remarkably and continuously, attaining to a 
constant. Since — [a]2 3 3 is 6700 at the molar mixing 
ratio 120, i.e., for AD6 0 , it is found that the helix of 
BPA was destructed by 40 % by binding of 60 cationic 
detergents.20) In the region of H T A B / B P A = 10—25, 
— [a] 233 and — [a]3 1 3 are constant. The compositions 
of the complexes are AD8—AD2 0 . When the mixing 
ratio exceeds 25, values begin to decrease. 

For DTAB, — [a] 2 3 3 begins to decrease at AD 7 and 
attains constant at AD 4 0 : —[a] 313 drops at AD 7 and at­
tains constant at AD2 0 . This means that the helix 
content of BPA decreases, keeping the tertiary struc­
ture constant, when r is more than 20. Almost the 
same is true for DeTAB. When 7 DeTAB are bound 
to BPA, both the helical content and the tertiary 
structure begin to decrease. 

In conclusion, the ability for the cationic detergent 
to destruct BPA is in the order: H T A B ^ T T A B > 
DTAB > DeTAB.21) 

b) Unfolding of BPA at pH 6.9 and 9.0: Changes 
in — [a]2 3 3 and — [a]3 1 3 with the molar mixing ratio 
TTAB/BPA were measured for SH blocked BPA at 
p H 6.9 and 9.0. Results are given in Fig. 5 by the 
expression —[a] 233 vs- —[a]3i3- Measurements were 
made using SH blocked BPA at these pH's to prevent 
the SH-S-S exchange reaction. 

Difference Spectra. In Fig. 6 are shown difference 
spectra of SH blocked BPA in presence of T T AB at 
p H 6.9. When the concentration of T T A B is low, 
peaks are observed at 275, 283, 292, and 298 nm, and 
troughs at 277, 287, 295, and 305 nm, i.e., the red shift 
occurs. Especially, peak at 292 nm is large. Peaks 
increase their magnitudes with the increase in the 
amount of TTAB. Peak at 292 nm is caused by Try, 
those at 275 and 283 nm are caused by Try and Tyr, 
and peak at 298 n m would be caused by Try. T h e 
environment of Try residue, and probably that of Tyr 
residue also, seem to change when some detergents 
are bound to BPA. 

Generally, the blue shift occurs when the protein 
is denatured, or when the buried chromophore in the 
protein is exposed to the aqueous solvent. The bind­
ing of alkyl sulfate, whose carbon number is more 
than 12, to BPA causes conformational change in BPA. 
The blue shift of peak at 292 nm (Try residue) occurs 
when smaller number of detergents are bound, and 
the blue shift of peak at 288 nm (Tyr residue) occurs 
when larger number of detergents are bound.22»23) 
In the present study, however, the red shift was observed 
in a wider range of molar mixing ratio. This suggests 
that the cationic detergent unfolds BPA in such a way 
as to prevent the Try residue from exposing to the 
aqueous phase, 

The same red shift was observed also at the isoionic 

- [ « ] 313 

Fig. 5. Relations between — [a]233 and — [a]313. O: 
BPA-TTAB complexes at pH 5.2 in 0.1 M KCl. 
a: AD0, b : AD15, and c: AD60. (ADj. means the 
composition of the complex.) : SH blocked BPA-
TTAB complexes at pH 6.9. : SH blocked 
BPA-TTAB complexes at pH 9. 

X 

•a 

290 310 

Wavelength (nm) 

Fig. 6. UV difference spectrum of BPA-TTAB com­
plexes. pH 6.9, ionic strength 0.1 and 25 °G. 
Sample: SH blocked BPA plus TTAB. Reference: 
SH blocked BPA. Molar mixing ratio are 20 ( ), 
30 (-A-), 50 ( -0 - ) and 60 ( ). 

point. 
General Discussion. As was described above, 

T T A B and H T A B were bound to BPA statistically 
up to r=5 at p H 6.9 and 5.2. When r was more than 
5, the cooperative binding occurred accompanying a 
conformational change in BPA. Measurements of 
optical rotation revealed that the second unfolding 
begins to occur at r = 2 0 . 

Studying the BPA solution by the small angle X-ray 
scattering, Luzzati et a/.24) suggested that the BPA is 
composed of the N H 2 terminal half which is compact 
and the G O O H terminal half which is rather loose. 
Recently, Hilak et al.2b) supported this model by stud­
ying the fragments of BPA produced by the pepsin 
digestion and by measuring the optical rotation of 
each fragment in the N - F transition region. I t is 
known that two Try residues are involved in the com-
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pact N H 2 terminal half.26) This time it has been found 
that the cationic detergent binding changes the en­
vironment of Try residue. This suggests that the 
compact N H 2 terminal half, at least, is unfolded by 
binding with the cationic detergent. 

In the previous paper.1) it was reported that the 
SH-S-S exchange reaction begins to occur between 
BPA molecules when 5 mol of T T A B are added to 
1 mol of BPA at p H 9. In the present study, it has 
been found at p H 6.9 that the BPA is unfolded when 
r is more than 5. The BPA at p H 9 is unfolded by the 
N - B transition and by the binding of cationic deter­
gent.27) 

The SH group is also in the compact N H 2 terminal 
half,25) and locates in the crevice, its depth being 
at least 9.5 A.29) If the BPA is unfolded, some of 
the S-S bond will be exposed,30) and the crevice will 
be broken to expose the SH group. Thus the SH-S-S 
exchange reaction will take place easier at the alkaline 
p H in presence of the cationic detergent. In a recent 
study in our laboratory, it was deduced that the S-S 
bond is more reactive when it is surrounded by the 
cationic detergent.32) 

This work was supported by Grant of the Ministry 
of Education, J a p a n . 

References 

1) K. Aoki and K. Hiramatsu, Anal. Biochem., 60, 213 
(1974). 

2) A. V. Few, R. H. Ottewill, and H. G. Parreira, Biochim. 
Biophys. Acta, 18, 136 (1955). 

3) S. Kaneshina, M. Tanaka, T. Kondo, T. Mizuno, 
and K. Aoki, Bull. Chem. Soc. Jpn., 46, 2735 (1973). 

4) Y. Nozaki, J . A. Reynolds, and G. Tanford, J. Biol. 
Chem., 249, 4452 (1974). 

5) M. N. Jones, H. A. Skinner, and E. Tipping, Biochem. 
J., 147, 229 (1975). 

6) A. V. Few and R. H. Ottewill, J. Colloid Sei., 11, 
34 (1956). 

7) B. J . M. Harmsen, S. H. De Bruin, L. H. M. Janssen, 
J. F. Rodrigues de Miranda, and G. A. J . Van Os, Bio­
chemistry, 10, 3217 (1971). 

8) G. Scatchard, Ann. N. Y. Acad. Sei., 51, 660 (1949). 
9) R. V. Decker and J . F. Foster, Biochemistry, 5, 1243 

(1966). 
10) J. A. Reynolds, S. Herbert, H. Polet, and J . Steinhardt, 

Biochemistry, 6, 937 (1967). 
11) G. Tanford, J. Am. Chem. Soc, 84, 4240 (1962). 
12) J . Reynolds, S. Herbert, and J. Steinhardt, Biochem­

istry, 7, 1357 (1968). 
13) D. S. Goodman, J. Am. Chem. Soc, 80, 3892 (1958). 
14) A. A. Spector, J . E. Fletcher, and J . D. Ashbrook, 

Biochemistry, 10, 3229 (1971). 
15) G. Tanford, "The Hydrophobic Effect," Wiley Inter­

national Publication, New York (1973), p. 135. 
16) Tanford15) insisted that the free energy change for the 

interaction between BPA and the anionic detergent is con­
stant when the carbon number of the detergent is more 
than 10. His explanation for the interaction is that the 
hydrophobic part of the detergent binds to a hydrophobic 

surface patch or patches of BPA. In contrast, the free 
energy change for the present interaction increased with the 
increase in the carbon number of cationic detergent up to 
the carbon number 16. Thus the above explanation by 
Tanford can not be applied. Our explanation is that the 
hydrocarbon part of the cationic detergent is buried into 
the hydrophobic crevice of BPA. 

17) The equilibrium concentration of the detergent at 
the highest number of binding is equal to its critical micelle 
concentration (CMC) in phosphate buffer of pH 6.9, ionic 
strength 0.1 and 25 °C. The CMC is 1.6x 10~3 mol/1 for 
TTAB and 1.2 X 10"2 mol/1 for DTAB. When the equilibrium 
concentration of the detergent is higher than the CMC, 
the micelle is formed in the solution. 

18) B. Jirgensons, "Optical Activity of Proteins and Other 
Macromolecules," 2nd ed, Springer-Verlag, Berlin, Heidel­
berg, New York (1973), p. 67. 

19) W. J. Leonard, Jr. and J . F. Foster, J. Biol. Chem., 
236, 2662 (1961). 
20) In Fig. 3, it is seen that the conformational change 

of BPA by TTAB finishes almost completely at AD60. 
However, the complex AD60 is formed around the mid-point 
of the binding isotherm in the region of cooperative binding 
in Fig. 1. This means that binding of more than 60 TTAB 
does not induce additional unfolding in BPA. The same is 
true for other detergents. A similar result to this was obtained 
by Nozaki et alS> 
21) Raynolds et a/.10) studied the conformational change 

of BPA caused by a series of anionic detergents whose carbon 
numbers are different. They stated that the detergent whose 
carbon number is less than 10 binds to BPA cooperatively 
without the conformational change in BPA, and that the 
detergent whose carbon number is more than 12 binds to 
BPA cooperatively inducing the conformational change in 
BPA. In the present study, cationic detergents induced the 
conformational change, when the carbon number was more 
than 10. 
22) G. G. Bigelow and M. Sonenberg, Biochemistry, 1, 

197 (1962). 
23) J. Steinhardt, J . G. Leidy, and J. P. Mooney, Biochem­

istry, 11, 1809 (1972). 
24) V. Luzzati, J . Witz, and A. Nicolaieff, J. Mol. Biol., 

3, 379 (1961). 
25) M. G. Hilak, B. J . M. Harmsen, W. G. M. Braam, 

J . J . M. Joordens, and G. A. J . Van Os, Int. J. Pept. Prot. 
Res., 6, 95 (1974). 
26) W. G. M. Braam, M. G. Hilak, B. J . M. Harmsen, 

and G. A. J . Van Os, Int. J. Pept. Prot. Res., 6, 21 (1974). 
27) When TTAB is added to BPA at pH 9.0, - [ a ] 2 M 

changes remarkably and — [a]313 changes slightly, giving 
almost perpendicular straight line without a break in Fig. 6. 
This is because the BPA in the B form unfolds.28) 
28) W. J . Leonald, Jr., K. K. Vijai, and J . F. Foster, 

J. Biol. Chem., 238, 1984 (1963). 
29) H. H. Hall, R. Chang, and L. J . Kaplan, Biochim. 

Biophys. Acta, 400, 132 (1975). 
30) Kolthoff and Tan31) state that a few S-S bonds are 

on the surface of BPA molecule at pH 7. 
31) I. M. Kolthoff and B. H. Tan, J. Am. Chem. Soc, 

87, 2717 (1965). 
32) K. Hiramatsu, Biochim. Biophys. Acta, in press. 

"Cleavage of the S-S bond in 5,5'-dithiobis-(2-nitrobenzoic 
acid) in presence of cationic detergent. An approach to 
the cleavage of S-S bond in bovine plasma albumin." 



February, 1977] BULLETIN OP THE CHEMICAL SOCIETY OP JAPAN, VOL. 50 (2), 373—375 (1977) 373 

Molecular Structure of Molybdenum Tetrafluoride Oxide Studied 
by Gas Electron Diffraction 
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The molecular structure of molybdenum tetrafluoride oxide was determined to be square-pyramidal by a 
sector-microphotometer method of gas electron diffraction. The following molecular parameters were obtained 
by a least-squares method: rg(Mo-F) = 1.836±0.003 Â, rg(Mo-0) = 1.650±0.007 Â, and rg(F---F(s))=2.522± 
0.005 Â. The molecular structure is similar to those of WC140 and MoCl40, but significantly different from those 
of XeF40 and IF5. The molecular intensities calculated using the TFD or RHFS phase angle for molybdenum 
atom were in disagreement with the observed ones. 

The molecular structures of W G 1 4 0 / ) MoCl 4 0, 2 ) 
XeF 4 0 ,M) IF?,4 '5) BrF5,4) and C1F5

4) were reported to be 
square-pyramidal in gas phases, but the oxygen-metal-
chlorine angles in WC1 4 0 and M o G l 4 0 differ signifi­
cantly from the corresponding angles in the other com­
pounds. Although the M o F 4 0 molecule in the solid 
state is octahedral in consequence of bridging through 
fluorine atoms,6) the molecule in the gas phase is 
monomeric with C4 v symmetry as predicted from spec­
troscopic studies.6-8) The present study was under­
taken in order to determine the structure of gaseous 
M o F 4 0 by means of gas electron diffraction. I t is 
interesting to compare the molecular structure of 
M o F 4 0 with those of M o C l 4 0 and other square-
pyramidal molecules. Seip and Seip noted from the 
electron diffraction analysis of MoF6

9) that the ob­
served cut-off point for M o - F pair disagrees with the 
theoretical value. This problem was also checked in 
the present study. 

Exper imenta l 

The chlorine atoms in molybdenum tetrachloride oxide 
which was prepared by the method described before10) were 
substituted with fluorine atoms by the reaction with anhy­
drous hydrogen fluoride.11) The sample was purified by 
repeated sublimations in vacuo. It was vaporized at 70— 
80 °C, and electron-diffraction photographs were taken with 
an r3-sector at the camera distance of 144 mm. The ac­
celerating voltage was 40 kV, the exposure time 30 s, and the 
electron-beam current 0.8 [i.A. The pressure of the diffrac­
tion chamber was below 3x 10 -5 Torr during a photographic 
exposure. The electron wavelength was calibrated by gold 
powder patterns. The lattice constant of gold was cali­
brated by means of X-ray diffraction, and checked by electron 
diffraction studies of thallium chloride12) and carbon disul­
fide.13) Photographs were recorded on Fuji process hard 
plates, and the photographic densities of four plates were 
measured with a digital microphotometer at intervals of 
0.4 mm. The intensities of each plate were used independ­
ently for the structure analysis. The electron diffraction 
unit and digital microphotometer used in the present study 
were described elsewhere.14) 

Analys i s 

Intensities were leveled by the theoretical background 
which was calculated by using the elastic scattering 
factors of Kimura et 0/.15) and the inelastic scattering 
factors of Cromer and Mann.16) T h e leveled intensities 

were obtained in a range s=5.3—32.0 Â - 1 at intervals 
Aj=3t/10. 

The radial distribution curve is shown in Fig. 1. 
The Ntj functions which fit j ^ / * 1 7 ) in a whole range of 
scattering angle were as follows; 

#MO-F = 1.097 + 0.104exp (-0.0034^2) 

iVMo_0 = 1 . 1 1 8 + 0.153 exp( -0 .0089 s2) 

NF...F = 1.355 + 0.713 exp ( -0 .0057 s2) 

NF...0 = 1.380 + 0.814 exp ( -0 .0072 J2) 

The radial distribution curve suggests that the molec­
ular structure of M o F 4 0 is square-pyramidal. 

The index of resolution, r ( M o - F ) , r ( M o - O ) , r(F---
F(s)), and five root-mean-square amplitudes / ( M o - F ) , 
/ ( M o - O ) , / ( F - F ( s ) ) , / ( F - F ( l ) ) , and / ( F - O ) were 
determined by the least-squares calculations2-18'19) with 
the assumption of C4 v symmetry. Asymmetry param­
eters for bonded distances were estimated by a 
diatomic molecule approximation20) to be 1 .2x l0~ 6 

and 0.6 X 10 - 6 Â3 for M o - F and M o - O , respectively. 
The parameter, a, in the Morse function was assumed 
to be 2.0 Â - 1 . T h e asymmetry parameters for non-
bonded distances were ignored. 

At the first stage of analysis a large difference between 
the observed and theoretical molecular intensities was 
found in the range j = 2 2 — 3 2 Â"1 , as shown in Fig. 2. 
The cut-off point for M o - F pair is observed at s=23.2 
± 0 . 6 Â- 1 , but the theoretical value is 5=27 .0 A- 1 . 

Fig. 1. Experimental radial distribution, f(r), and the 
difference between the experimental and theoretical 
ones, Af(r). A damping function of exp(—0.0020 sz) 
was used. 
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TABLE 1. RESULTS OF LEAST-SQUARES ANALYSES (IN Â) 

Fig. 2. The observed minus theoretical molecular 
intensities. The observed values were an average of 
intensities from four plates, and the theoretical ones 
in (A), (B), and (C) curves were calculated by 
using parameters of (A), (B), and (C) in Table 1, 
respectively. The broken curves show the limits of 
error in the sM{s). 
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Fig. 3. Observed and theoretical molecular intensities. 
Typical observed values are shown in dots, and the 
best-fit theoretical ones are shown in the solid curve. 
The lower solid and broken curves represent the 
residuals and the limits of error, respectively, in the 
sM{s). 

T h e phase angles, y, obtained from the Thomas-Fermi-
Dirac (TFD) and Hartree-Fock (HF) potentials15) were 
used for molybdenum and fluorine atoms, respectively. 
The phase angle from the relativistic Hartree-Fock-
Slater (RHFS) potential21) was also used for molybde­
num atom, and the theoretical cut-off point is s= 
26.1 Â - 1 . The disagreemen t between the observed and 
theoretical molecular intensities may be due to the 
uncertainty in molybdenum phase angle, ^Mo, used in 
the anlysis. The theoretical cut-off point for P d - F 
pair calculated using the T F D phase angle for pal­
ladium atom is ^=23 .7 Â - 1 , in agreement with the 
observed value for the M o - F pair. Since the absolute 
value of atomic scattering factor, \f\, for molybdenum 
atom had a negligible effect on molecular parameters, 
the analysis using | / M o | and y]pi for molybdenum atom 

(A)b> (B)b> (C)b> 

rg(Mo-F) 
rg(Mo-0) 
rB(F...F(s)) 
/(Mo-F) 
/(Mo-O) 
Z(F...F(s)) 
Z(F...F(1)) 
/(F...O) 

1.838 (2) 
1.654 (7) 
2.524 (4) 
0.059 (3) 
0.045(21) 
0.098 (8) 
0.084(14) 
0.101(10) 
0.978(36) 

1.836 (1) 
1.649 (6) 
2.519 (4) 
0.057 (3) 
0.040(16) 
0.100 (7) 
0.086(12) 
0.104 (8) 
1.019(43) 

1.836 (1) 
1.650 (5) 
2.522 (3) 
0.046 (3) 
0.034(10) 
0.098 (5) 
0.084 (9) 
0.101 (7) 
0.979(38) 

Estimated random errors (2.5a) are shown in paren­
theses (XlO3). a) The index of resolution, R, is 
dimensionless. b) (A), (B), and (C) are the results 
of analyses using TFD / M o , RHFS fMo, and TFD 
!ĴMo I a n d >?pd> respectively, for molybdenum atom. 

TABLE 2. DISTANCES AND MEAN AMPLITUDES (IN Â) 

Mo-F 
Mo-O 
F...F(s) 
F - F ( l ) 
F - O 
ZOMoF 
ZFMoF 

1.836±0.003 
1.650±0.007 
2.522±0.005 
3.563±0.008 
2.752±0.009 
103.8±0.6° 
86 .7±0 .3° 

0.046±0.013 
0.034±0.015 
0.098±0.005 
0.084±0.009 
0.101 ±0.008 

was carried out, and the calculated intensities gave the 
best fit to the observed ones. The results of least-
squares analyses, where the T F D and R H F S phase 
angles of molybdenum and the T F D phase angle of 
palladium were used, are listed in Table 1. 

The final results of the analysis are given in Table 2, 
where parameter values were obtained from the analysis 
using palladium phase angle for molybdenum atom. 
Random errors were given by 2.5 times the larger of 
ox and Ö -

2 .19 '22) The uncertainty in phase angle for 
molybdenum atom was taken into account as systematic 
errors in bond distances and amplitudes. The error 
in lattice constant of a reference material (0.06%) 
and the errors in measurements of diffraction patterns 
of the reference (0.09%) and of the camera distance 
(0.04%) were also taken into account as systematic 
errors in bond distances. The correlation matrix23) is 
given in Table 3, and the best-fit theoretical inten­
sity curve is shown in Fig. 3.24) The least-squares 
calculations were carried out by use of a F A C O M 
230-60 computer at the Nagoya University Comput­
ing Center. 

D i s c u s s i o n 

T h e phase angle for molybdenum was not sensit '.^e 
to the distances of the atomic pairs relating to molybde­
num, but was considerably sensitive to the amplitudes 
as shown in Table 1. The M o - F and M o - O ampli­
tudes obtained using 3j>Pd in place of r]Uo were in fair 
agreement with 0.040 and 0.035 Â calculated from the 
M o - F and M o - O vibrational frequencies,7'25) re­
spectively. The analysis using ypi gave the smallest 
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TABLE 3. CORRELATION MATRIX FOR MOLECULAR PARAMETERS OF MoF4O
a> 

r(Mo-F) r(Mo-O) r (F-F(s) ) /(Mo-F) /(Mo-O) / (F-F(s)) / ( F - F ( l ) ) Z(F-O) Ä 

r(Mo-F) 
r(Mo-O) 
r(F».F(s)) 
/(Mo-F) 
/(Mo-O) 
/ (F-F(s)) 
/ (F -F ( l ) ) 
/ ( F - O ) 

1.0 0.13 
1.0 

0.38 
0.54 
1.0 

0.05 
- 0 . 1 1 
- 0 . 1 6 

1.0 

- 0 . 2 6 
- 0 . 0 7 
- 0 . 1 6 

0.34 
1.0 

0.04 
- 0 . 2 1 
- 0 . 0 5 

0.24 
0.06 
1.0 

0.02 
- 0 . 0 7 
- 0 . 0 6 

0.09 
0.01 
0.06 
1.0 

0.08 
- 0 . 1 2 

0.03 
0.19 
0.04 
0.62 
0.04 
1.0 

0.13 
- 0 . 5 0 
- 0 . 3 6 

0.65 
0.15 
0.39 
0.15 
0.30 
1.0 

a) The elements are denned as pij=Bt}-
1l(Bii-*xBJj-

1)1/2. 

standard deviations for parameters. The cut-off point 
for M o - F pair, ,y=23.2 Â - 1 , obtained at the accelerat­
ing voltage of 40 kV in the present study is estimated 
to be equivalent to about 22 Â - 1 at 35 kV by use of 
the formula.26) This value is in good agreement with 
22.2rfcO.4A-1 from the experiment of MoF 6 at 35 kV.9> 

The molecular structure of M o F 4 0 is square-pyram­
idal in the gas phase, but in the crystal state6) it is 
distorted by bridging of fluorine to another molecule 
and forms a nearly octahedral arrangement around a 
molybdenum atom. The M o - F and M o - O distances 
in the crystal, 1.81—1.84 and 1.62—1.65Â, respec­
tively, are in agreement with the corresponding dis­
tances in the gas phase. However, the average O M o F 
(terminal) angle in the crystal, 100.4°, is a little smaller 
than that in the gas phase because of an octahedral 
arrangement. 

The gaseous M o F 4 0 has the same structure as the 
gaseous WCI4O1) or MoCl 4 0, 2 ) but it is apparently 
distinguished from those of XeF 4 0 3 ' 4 ) and IF5

4>5) with 
respect to the X M Y angle, where M is a central atom. 
The angles of the latter molecules are about 90° or 
less, and can be explained by considering the repulsions 
between bonding electron pairs and a nonbonding 
electron pair of central atoms.27) 

There are only small differences between M o F 4 0 
and M o C l 4 0 with respect to M o - O distance and O M X 
angle. However, the M o - F distance, 1.836±0.003 Â, 
is shorter than the Mo-Cl distance, 2.279±0.003 Â, 
by about 0.44 Â. The force constant for the M o - O 
bond in M o F 4 0 is estimated to be 8.6 mdyn/Â from 
the frequency of M o - O stretching vibration in the gas 
phase7) and is nearly equal to that in M o C l 4 0 , 8.29 
mdyn/Â.2) The distance and force constant for the 
M o - O bond in gaseous M o F 4 0 give a good fit to the 
correlation curve between them,28) and its bond order 
is estimated to be 3. The M o - F distance in M o F 4 0 
is greater than that in MoF 6 (1.820±0.003 Â9)) by 
about 1 %. The lengthening of the M o - F distance may 
be interpreted as the effect of the M o - O multiple bond. 

The author thanks Professor Shuzo Shibata for his 
kind advice and helpful discussions. He is also 
indebted to Dr. Shunji Nagase of the Government 
Industrial Research Institute for preparation of the 
sample. 
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The equilibrium geometric parameters determined for XC=Y radicals (HC=0, GH3C=0, NHaG=0, and 
HC=CH2) are not characterized by their bond lengths but by their X-C-Y angles, which are wide compared 
with the angles in their parent molecules (XHC=Y). The %s character of the a orbitals on the G atom in XHG 
=Y was found to be conserved in the %s character and the s-orbital spin density of the same atom in XG=Y rad­
icals: there are linear relationships between them. Some notable features of the unpaired-electron distribution 
on the frameworks of XG=Y radicals are also discussed in connection with the electronic properties of the a radicals. 

T h e conformations and electronic structures of para­
magnetic species containing an odd electron in their 
a orbitals {e.g., a-type" radicals such as vinyl, formyl, 
and phenyl) have been the object of only limited 
experimental and MO-theoretical investigations. Con­
cerning the conformations of the a radicals, the equilib­
r ium geometric parameters have hitherto been given 
only for simple o radicals such as H O O , 1 ) even 
though, in connection with the electronic structures of 
the o radicals, the nuclear hyperfine constants of several 
a radicals (G6H5 , CH 2=CX, or X C = 0 , where X - H , 
CH 3 , OGH 3 , etc.) have already been obtained by ESR 
observations.2) 

O n the other hand, the distribution of unpaired 
electrons on the frameworks of o radicals such as 
vinyl, formyl, and phenyl has been discussed on the 
basis of their electronic structures obtained by the 
EHMÖ, 3 ) CNDO,4) or INDO 5 ) computations with as­
sumed bond lengths and angles; but the first two 
methods are not capable of.giving a proper account of 
the .contribution of spin polarization to the unpaired 
electron density because they neglect interelectron re­
pulsions (in the E H M O ) or about atomic exchange 
integrals (in the C N D O ) . 

In the present paper, using the semiempirical I N D O 
method,6) the conformations of some a radicals of 
XG=Y ( H C = 0 , C H 3 C = 0 , N H 2 C = 0 , and HC=CH2) 
are characterized by comparing them with those of 
the parent molecules of XHC=Y; the unpaired elec­
tron distributions are also discussed in connection 
with their conformations and electronic properties. 

so as to minimize the total energy until they become 
identical; then, the optimized conformations of the 
XG=Y radicals were recalculated by changing all their 
geometric parameters in the magnitude of ±0 .01 Â 
and ± 1 ° as a check on the reliability of the optimiza­
tion results. In the above optimizations, some as­
sumed bond lengths ( r N H = 1 . 0 Â in N H 2 C = 0 and 
r O H = 1 . 0 8 Â in GH 3 G=0) and angles ( Z C N H = 1 2 0 ° 
in N H 2 G = 0 and Z H C H = 109.5° in CH 3 G=0) were 
used to shorten the computation time. 

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

Optimized Conformations. The computed equi­
librium geometric parameters of the XG=Y radicals 
(HG=0 , GH 3 G=0, N H 2 C = 0 , and HC=GH2) are 
summarized in Table 1, together with those (obtained 
by the I N D O calculations) of the parent molecules of 
XHG=Y ( H G H O , G H 3 C H O , N H 2 G H O , and H2G= 
GH 2 ) . T h e difference in the bond lengths between 
XC=Y and XHC=Y was very small (within 0.04 Â) 
in their respective frameworks, but the computed bond 
angles (0) of the former were too large (by 7.42—37.4°) 
as compared with those of the latter. The optimized 
bond angle (0) of XG=Y seems to be overestimated. 
The experimental 0 value, for example, for H G = 0 
(0=119.5O 1)) is too small as compared with the calcu­
lated one (0=131°) , even though some overestimations 
of the bond angle (0) of XHG=Y have been seen, rang­
ing from 2.1° in N H 2 C H O (expt l= 121.5° »>) to 3° in 

M e t h o d o f Calculat ion 

The integrations a n d parametrizations involved in 
the I N D O method, which is relatively reliable for bond 
angles but less so for bond lengths,*,7> have been de­
scribed in detail in Ref. 6, so they will not be repeated 
here. In the I N D O - U H F computations the annihila­
tion procedure was not carried out, because the an­
nihilation has little effect on the electron density 
distribution8) and because, in the conventional evalua­
tion of the hyperfine splitting constants (#N), the best 
fitting proportionality constants to the experimental 
tfN values have been determined on the basis of the 
computed spin densities without the annihilation.5) 

The geometric parameters of XC=Y radicals ( H C = 0 , 
GH 3 G=0, N H 2 C = 0 , and HC=CH 2 ) shown in Fig. 
1 were first determined by changing them in turn 

H. .-<) 109.5" 

08À \
lU9.t 

1.08À 

Fig. 1. Geometric parameters for the conformational 
ODtimization. 

file:///lU9.t
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TABLE 1. OPTIMIZED GEOMETRIC PARAMETERS FOR THE XC=Y RADICALS 

XC=Y 

HG=0 

CH3C=0 

NH2C=0 

HC=GH2 

y/À 

1.12 
(1.12) 

1.44 
(1.44) 

1.35 
(1.343) 

1.10 
(1.11) 

Ylk 

1.23 
(1.25) 

1.23 
(1.26) 

1.26 
(1.243) 

1.27 
(1.31) 

0/deg 

131 
(115) 

142 

(124) 
131 

(1,23.6) 

161.7 
(124.3) 

co/deg 

0 

(0) 

0 
(0) 

0 

(0) 

Y'/k 

1.12 
(1.11) 

Çtydeg 

107.4 
(111.4) 

Values in parentheses are those for the parent XHC=Y molecules, and the underlined values are the ones fixed 
(taken from Ref. 9) for the calculations. 

C H 3 C H O (expt l=121° 9 ) ) and H 2 C=CH 2 ( exp t l= 
121.3° io)). At any rate, the I N D O computations tend 
to give overestimated bond angles (0) for the XG=Y 
radicals, because the widening of the bond angle (0) 
unilaterally decreases the electron and nuclear repul­
sions. For example, the widening of the bond angle in 
H C = 0 from 0=115° (corresponding to that in H C H O ) 
to 131° (corresponding to that in H C = 0 ) monoto­
nously decreased the electron and nuclear repulsions 
(En and EN respectively) from 28.827 to 28.724 
a. u. in Eu and from 13.816 to 13.700 a. u. in EK, 
with a monotonous decrease in the one-electron 
attraction (£,) from - 6 7 . 4 4 1 to - 6 7 . 2 2 9 a. u. 
The balance in the repulsions and the attraction 
energies, therefore, gave the rather large bond angle 
(0=131°) for H G = 0 . In this sense, it can be said that 
the underestimation of the electron repulsions, which 
is the usual trend of the I N D O calculations,5-11) gave 
bond angles (0) to the XG=Y radicals which were too 
large. 

Next we discuss the change in the energetical stabili­
ty of the XC=Y radicals by the internal rotation of 
the X or Y group around the C - C bond in C H 3 G = 0 
or HG=GH2 and around the C-N bond in N H 2 G = 0 . 
The rotation angle (co) for the energetically most stable 
and unstable conformations are given in Fig. 2, together 
with the rotation barriers. In the most stable or 
unstable conformations of XHG=Y and XC=Y, the 
rotation angles (co) were just the same between the 
respective parent molecules and the o radicals, but the 
rotation barriers of the XG=Y radicals were rather low 
in comparison with those of the XHC=Y molecules 
(0.345 kcal/mol for C H 3 C H O , 23.11 kcal/mol for 
N H 2 C H O , and 105.22 kcal/mol for H 2C=CH 2) . The 
I N D O computations without polycenter interelcctron 
repulsions usually result in low rotation barriers (for 
instance, the calculated barrier (0.345 kcal/mol) for 
CHgCHO was too low as compared with the experi­
mental value of 1.16 kcal/mol13)), but the number 
(105.22 kcal/mol) for H 2C=CH 2 ( r c c =1 .31 Â at co=0° 
was stretched to r c c = 1 . 3 8 Â in the triplet state con­
formation at co = 90°) was computed to be too high 
in comparison with the experimental number of 65.0 
kcal/mol.12) The overestimated rotation barrier for 
H2C=CH2 is probably due to the incomplete optimiza­
tion of its geometric parameters, such as rCH and Z CGH, 
at co = 90°. The decrease in the Ex term by the rotation 

Most s tab le Most unstable 

(M 
0 

Rotation 
b a r r i e r 
(kcal/mol) 

0.08 

Fig. 2. The most stable and unstable conformers 
CH3G=0, NH3C=0, and HC=CHa. 

of 

from co = 0° to co = 90° (or co = 60° in GH 3 G=0 and 
C H 3 C H O ) made both species (XC=Y and XHC=Y) 
more unstable, and this seems to be directly related 
to the decrease in the contribution of the n conjuga­
tion (including the pseudo one in C H 3 C = 0 or CHg­
C H O ) between the C - C or C - N bond to the stabiliza­
tion of XC=Y or XHC=Y (see Table 2). 

Electron Distribution and Spin Density. The po^ 
larization (charge distribution) in the XC=Y radi­
cals was not so markedly different from that in the 
XHC=Y molecules, as seen from the computed atomic 
charge densities and dipole moments of XC=Y and 
XHC=Y in Table 3, but one slight difference is that 
XC=Y have a less positively charged C 1 atom and a 
less negatively charged O, C, or N atoms attached to 
the C1, in comparison with XHC=Y. T h i s was 
mainly caused by the electron shift from the neighbor­
ing atoms to the C 1 through the, ^-bonding orbitals 
during the widening of the bond angle (0) in the XC= 
Y radicals. The hybridizations (spn) of the o orbitals 
on the C 1 atom, n = 1 . 3 5 (HC=0) —1.75 (HC=CH2) 
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TABLE 2. ENERGY CONTRIBUTION TERMS AND OVERLAP POPULATIONS FOR THE MOST STABLE AND UNSTABLE 

CONFORMERS OF THE X C = Y RADICALS 

XC=Y 

CH3G=0 

NH2C=0 

HC=CH2 

Values in 

Conformer Ei/a.u. 

a 

b 

a 

b 

a 

b 

-119.781 
(-130.451) 
-119.774 

(-130.440) 

-127.473 
(-139.746) 
-127.430 

(-139.558) 

-53 .617 
(-61.445) 
-53 .612 

(-60.446) 

£„/a.u. 

52.270 
(57.100) 
52.265 

(57.094) 

56.225 
(61.780) 
56.237 

(61.683) 

22.122 
(25.507) 
22.125 

(25.145) 

£N/a.u. 

34.228 
(39.156) 
34.226 

(39.151) 

34.439 
(40.247) 
34.410 

(40.194) 

15.891 
(19.370) 
15.891 

(18.901) 

parentheses are those for the parent XHG=Y molecules. 

TABLE 3. 

HC=Y 

H O O 

HG=GH2 

GH3C=0 

NH2G=0 

Atom 

C1 

O 
H 

G1 

C2 

H1 

H2 

H3 

C1 

C2 

O 
Hi 
H2 

H3 

G1 

N 
O 
H 1 

H2 

CHARGE AND SPIN DISTRIBUTIONS AND 

Charge 
density 

3.846(3.789) 
6.152(6.188) 
1.002(1.011) 

4.085(4.003) 
3.965(4.003) 
0.948(0.999) 
1.007(0.999) 
0.995(0.999) 

3.861(3.674) 
3.973(4.011) 
6.210(6.286) 
1.002(0.995) 
0.977(0.985) 
0.977(0.985) 

3.809(3.550) 
5.163(5.236) 
6.270(6.384) 
0.876(0.876) 
0.882(0.871) 

Dipole 
moment 

(D) 

1.49(2.10) 

0.33(0.0) 

2.59(2.86) 

3.71(3.90) 

Total/a.u. 
i 

(-

(-

(-

(-

(-

( -

•33.2825 

-34.1954) 
33.2824 

-34.1949) 

-36.809 
-37.719) 
36.783 

-37.681) 

-15.604 
16.568) 

-15.596 
16.400) 

Overlap population 
of n conjugation 

C-C(or C-N) 

0.0632 
(0.0641) 
0.0634 

(0.0642) 

0.1204 
(0.1081) 
0.0571 

(0.0578) 

0.3018 
(0.2835) 
0.2770 

(0.0978) 

c=o 
0.1866 

(0.1851) 
0.1863 

(0.1850) 

0.1462 
(0.1706) 
0.1779 

(0.1899) 

PHYSICOCHEMICAL CONSTANTS FOR THE X C = Y RADICALS 

Ps 

0.1726 
0.0051 
0.1549 

0.0661 
-0 .0368 
-0 .0281 

0.2245 
0.1630 

0.1276 
0.0080 
0.0062 
0.0796 
0.0057 
0.0057 

0.1647 
0.0308 
0.0058 

-0 .0026 
0.0704 

Pv 

0.3932 
0.2742 

0.8171 
-0.2059 

0.4918 
0.0007 
0.2747 

0.3034 
0.0151 
0.4124 

Total 

0.5658 
0.2793 
0.1549 

0.8832 
-0 .2427 
-0 .0281 

0.2245 
0.1630 

0.6194 
0.0087 
0.2809 
0.0796 
0.0057 
0.0057 

0.4681 
0.0459 
0.4182 

-0 .0026 
0.0704 

MG) 
calcd 

141.58 
4.54 

83.63 

54.24 
- 3 0 . 1 5 
- 1 5 . 1 6 
121.20 
87.99 

104.67 
6.56 
5.48 

42.99 
3.05 
3.05 

135.06 
11.67 
5.18 

- 1 . 4 0 
38.01 

obsd 

134.5 

136.5 

107.57 
- 8 . 5 5 
13.39 
65.0 
37.0 

5.3 

21.6 

1.15 
30.45 

Values in parentheses are those for the XHC=Y molecules. 

in XG=Y and n=1 .62 ( H C H O ) —1.80 (H2C=CH2) 
in XHG=Y, were also almost the same magnitude in 
the radicals and the parent molecules. Strictly speak­
ing the order of the %s character of the G1 ff-orbitals 
in XC=Y, HG=O(42.50%) > N H 2 0 0 ( 4 1 . 4 3 % ) > 
CH 3 G=0(38 .69%)>HC=GH 2 (37 .62%) , was well re­
flected in that in XHC=Y, H C H O ( 3 8 . 1 0 % ) > 
NH 2 CHO(37 .50%) > GH 3 GHO(36.76%) > H2G=CH2 

(35.69%), and there is a completely linear correla­
tion between the above %s characters of XC=Y 
and XHC=Y (Fig. 3). Thus, the %s chracter of 
the ff-orbitals on the C 1 a tom in XHG=Y was con­
served in the same G1 a tom of XC=Y, and this is in 
harmony with the fact that the %s character of the G 

atom in X Y Z C H molecules (X, Y, or Z=subst i tuent) 
is conserved in the same atom of X Y Z C radicals.14) 

In regard to the spin distribution in the XG=Y 
radicals, the total spin densities (Table 3) chiefly spread 
over the C 1 atom (46.6% in N H 2 G = 0 —61 .9% in 
GH 3 C=0) and the C^bound oxygen or carbon (G2) 
atom (15.7% in HG=CH 2 — 4 1 . 6 % in N H 2 C = 0 ) . 
Such a spin distribution was predominantly recognized 
on the p orbitals (especially, on the p orbital conjugat­
ing with the C 1 unpaired-electron orbital) of the O or 
G2 atom or of the C 1 a tom per se, and the spin densities 
on the G1 p-orbitals, pp, follow the order of HG=GH2 

> C H 3 G = 0 > H C = 0 > N H 2 C = 0 . The above order is 
just the same as that in the bond order of the 
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CJ 

G1 %s character of X H C = Y 
Fig. 3. Linear relationship of the G1 %s character 

of XHC=Y with the G1 %s character of XC=Y and 
with the pB of C1 in XG=Y. 

i> c d 

Fig. 4. Spin density contour maps for HC=GH2 and 
NH2C=0. 

pseudo yr-orbital between the G1 and O (or C2) p-
orbitals; that is, HC=CH 2 (0 .472)>CH 3 C=O(0.375)> 
H C = 0 (0.359) > N H 2 C = 0 (0.352), where the values 
in parentheses are the bond orders. This suggests 
that the direct spin polarization from the G1 atom 
to the neighboring one through the rc-type bonding 
decreases with increasing the bond order. In this 
respect, the internal rotation increasing the bond order 
of the pseudo ^-conjugation in the C ^ C 2 (HG=GH2) 
or O - N (NH 2 G=0) bond resulted in the increase of 
the spin density of the C 1 a tom (especially, that on the 
C 1 p-orbital). 

On the other hand, the spin density of the C 1 s-
orbital, pB, was directly related to the hybridization on 
the C 1 ff-orbitals. Specifically, the pB values show a 
linear dipendence on the %s character of the C 1 a-
orbitals (Fig. 3) and follow the order of H C = 0 > 
N H 2 G = 0 > C H 3 C = 0 > H C = C H 2 . This is also in har­
mony with the fact that the hyperfine splitting con­
stant, aN, (reflecting the p6 value) of the carbon atom 
in the X Y Z C radical correlates linearly with the y c

1 3
H 

coupling constant (reflecting the %s character of the 
G13 atom) of the X Y Z G H molecule.14) 

I t should be noted that the computed spin density 
of the hydrogen trans to the site of the unpaired-electron 

orbital on the C 1 a tom in HC=CH a , C H 3 C = 0 , or 
N H 2 C = 0 was considerably larger than that of the 
hydrogen eis to the above orbital. This trend was 
also seen in the ESR observations: the #N value of 
the trans hydrogen in HC=CH 2 , N H 2 C = 0 , or H2G= 
C C H 3 (trans H = ( + ) 57.89 G15> and eis H = ( + ) 3 2 . 9 2 
G15)) is larger than that of the eis hydrogen. In view 
of the fact that the internal rotation from co=0° to 
(o=90° monotonously decreased the spin density of 
the trans hydrogen in HG=GH 2 or N H 2 G = 0 , with 
equivalent spin densities for H 2 and H 3 in HC=CH 2 H 3 

or for H 1 and H 2 in N H 1 H 2 G = 0 at to=90° , the pre­
dominant interaction of the C 1 unpaired-electron orbi­
tal with the trans H s-orbital rather than with the eis 
H s-orbital presumably caused the spin polarization 
to be stronger for the trans H atom. Such circum­
stances of the spin polarization (or of the spin derea l iza­
tion) may also be understandable from the contour 
m a p of the spin distribution in HC=CH 2 or NH. ,C=0 
(Fig. 4). 

Finally, we will briefly point out the hyperfine split­
ting constants, aN, of the present XC=Y radicals 
(Table 3). T h e aN values computed with the best 
proportionality constants5) did not show satisfactorily 
good coincidence with the observed aN values, and 
those for !H, 1 3C, 14N, and 1 7 0 had almost the same 
accuracy of agreement with the observed ones. Here, 
no characteristic feature of the calculated aN values for 
the present XC=Y radicals was recognized in terms of 
a coincidence between the I N D O computation results 
and the E S R observations. 
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Vibration Spectra and Rotational Isomerism of Chain Molecules. IV.1} 

Diethyl Sulfide, Ethyl Propyl Sulfide, and Butyl Methyl Sulfide 
Masahiro O H T A , Yoshiki O G A W A , Hiroatsu MATSUURA, Issei HARADA, and Takehiko SHIMANOUCHI 

Department of Chemistry, Faculty of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received October 26, 1976) 

The Raman and infrared spectra of diethyl sulfide, ethyl propyl sulfide and butyl methyl sulfide were measured 
for the gaseous, liquid, glassy and crystalline states. The normal vibration frequencies were calculated, a consistent 
set of force constants explaining the frequencies of basic aliphatic sulfides being assumed. The rotational isomerism 
was studied and the following conclusions were obtained. ( 1 ) Only the all-trans form exists in the crystalline state. 
(2) Many forms coexist in the liquid state and most of them persist in the glassy state even at the liquid nitrogen 
temperature. (3) In the liquid state, the gauche conformation about the S-G axis is more stable than the trans con­
formation, and the gauche conformation about the C-G axis directly adjoining the S-C axis is as stable as the trans 
conformation. These results confirm that the repulsive force between nonbonded hydrogen atoms is one of the 
important factors influencing the stability of molecualr conformations. The stable conformations of the sulfide 
molecules were correlated with those of polythioether chains. 

I n previous papers,1 - 3) we compared the R a m a n 
and infrared spectra of unbranched ethers, paraffins 
and ethyl methyl sulfide in the crystalline, glassy, 
liquid and gaseous states with the results of normal 
vibration calculations and determined the rotational 
isomers existing in each state. 

In the present paper, the same method is applied 
to unbranched sulfide molecules. T h e results also show 
that the method is useful in the study of rotational 
isomerism. The stable forms of these sulfide molecules 
do not always correspond to those of the ethers. The 
factors stabilizing the isomers will be discussed. 

The stable conformations of some sulfides1»4-12) and 
polythioethers13-15) have already been studied. The 
present results will be correlated with the former 
conclusions. 

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

Diethyl sulfide, ethyl propyl sulfide and butyl methyl 
sulfide were purchased from Tokyo Kasei Kogyo Co., Ltd. 
and were distilled prior to the measurements. The Raman 
spectra were measured for the liquid, glassy and crystalline 
states and the infrared spectra for the gaseous, liquid, glassy 
and crystalline states. The spectrometers described in the 
previous study2) are used. 

The Raman spectra were recorded in the region below 
1600 cm -1 . The spectra in the liquid state were measured 
at room and lower temperatures. The glassy state for the 
Raman measurements was obtained by putting into liquid 
nitrogen the sample enclosed in an ampoule and cooling 
it rapidly, and the crystalline state by cooling the sample 
slowly with liquid nitrogen. The crystallization of diethyl 
sulfide was very rapid and the Raman spectra in the glassy 
state could not be measured. 

The infrared spectra in the gaseous state were measured 
with a 10 cm gas cell in the region 1600—600 cm -1 . For the 
measurements of the infrared spectra in the liquid state, 
0.05 and 0.025 mm fixed cells with KBr windows were 
used in the region 1600—400 cm -1, and a variable thickness 
cell with KRS-5 windows in the region 700—250 cm"1. 
The glassy state for the infrared measurements were obtained 
by depositing the sample onto a cooled window of KBr or 
KRS-5, and the crystalline state by annealing the glass 
several times. For the measurements in the region 700— 
250 cm -1, the spectrometer was flushed with dry air to get 
rid of water vapor absorptions, 

N o r m a l Coordinate T r e a t m e n t 

The normal coordinate treatment of the unbranched 
sulfides was carried out in a way similar to the case 
of the ethers.2) Detailed results including structural 
parameters, symmetry coordinates and force constants 
are reported in a separate paper.16) 

A total of 70 force constants associated with the sul­
fide group were determined from 446 R aman and 
infrared frequencies of 31 forms of 11 molecular species. 
Table 1 shows the procedure of the least-squares refine­
ment of the force constants. 

R e s u l t s 

Figures 1—9 show the R a m a n and infrared spectra 
of the sulfides in the various states. The observed 
frequencies and the assignment based on the calculated 
potential-energy distributions are listed in Tables 2—4. 

The observed spectra were analyzed with reference 
to the results of the normal coordinate treatment. The 
following spectral features are observed for the three 
sulfides studied in this work. (1) The spectra in the 
various states are distinctly different, especially in the 
500—200 c m - 1 region of the skeletal deformation 
vibrations and in the 800—600 c m - 1 region of the G-S 
stretching and the methylene rocking vibrations. (2) 
The spectral pattern of the crystalline state is the sim­
plest and the number of the observed bands is the smal­
lest. (3) In the glassy state, many bands are observed 
in addition to those which persist in the crystalline 
state. (4) The liquid-state spectra have essentially the 
same numbers of bands as those in the glassy-state 
spectra. However, their relative band intensities and 
widths are considerably different between the two states. 

In the following subsections, the rotational isomer­
ism of the individual sulfides is described. 

Diethyl Sulfide. Since this molecule has two G-S 
axes associated with the rotational isomerism, there are 
four possible isomers, T T , T G , GG, and GG' , as given 
in Table 1 of Part I of this series.2) The observed and 
calculated frequencies in the 900—200 c m - 1 region are 
compared in Fig. 3. 

The spectra in the crystalline state show that only 
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TABLE 1. PROCEDURE OF THE LEAST-SQUARES CALCULATION 

Step CH3SC2H5*) C2H5SC2H5
b> CH3SG3H7

C) C2H5SC3H7
b> CH3SC4H9

b> CH3SC2H4SCH3
d> 

1 

2 

3 
4 

5 

T ( 7) 

G (20) 

T T (27) 

TG ( 8) 

GG ( 4) 

TT (25) 

TG ( 4) 

GT (25) 

GG (16) 

T T T (32) 

TGT (17) 

GTT ( 5) 

GGT ( 9) 

GGG( 7) 

TTT (30) 

GTT ( 9) 

TGT ( 9) 

GGT ( 9) 

GTG'(26) 
TTT ( 3) 

TTG ( 9) 

TGG ( 7) 

GGG ( 8) 

6 CD3SCaH5e> T ( 5), G (20)' 

CH3SG2D5f) T ( 5), G (20) 

7 (-SCH2CH2SCH2CH2-)ne> GTG'G'TG(28) 

CH3SCH2CD3
e> T ( 7), G (20) 

<-SCD2CD2SGD2CD2-)ng) GTG'G'TG (25) 

The least-squares calculation begins with the simplest sulfides given in the first step and the first set of force 
constants is determined so as to give the best fit between the observed and calculated frequencies. This set of 
force constants gives the definite vibrational assignments of the sulfides given in the second step and the second 
set of force constants is subsequently determined from the observed frequencies in this step in addition to those 
in the first step. By repeating this procedure, the final set of force constants is obtained. The figures in paren­
theses give the numbers of observed frequencies used for the least-squares calculation. The observed frequencies 
of the CH and CD stretching vibrations are not included in the calculation and accordingly the force constants 
associated with these vibrations are not refined. The results of the following references are utilized in the least-
squares calculation, a) Refs. 1, 5, and 17. b) This study, c) Refs. 8 and 12. d) Ref. 18. e) Ref. 1. f) Refs. 
1 and 6. g) Réf. 13. 

1600 1200 800 400 
Wave number(crrr') 

Fig. 1. Raman spectra of diethyl sulfide. 
a: Liquid (room temperature), b : liquid ( —100 °G), 
c: crystal (liquid nitrogen temperature). 
Following symbols are used in Figs. 1—9. 

*: Emission line of Ar+, O : librational infrared 
band of HgO, X : impurity, A : origin unknown. 
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Fig. 2. Infrared spectra of diethyl sulfide, 
a: Gas, b : liquid, c: glass, d.* crystal. 
The symbol is explained in the caption of Fig. 1. 

the T T form exists. T h é number of the observed bands 
is just what is expected for one form. The frequencies 
of the skeletal deformation bands, 343 and 332 cm - 1 , 
can only be explained by the T T form. 

The glassy- and liquid-state spectra show that the 
T T , T G , and G G forms coexist. The temperature de­
pendence of the liquid-state R a m a n spectra, combined 
with the results of the normal vibration calculations, 
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IR 

[Y*—^ 

TT 

IR 

285 
oo r-

900 500 200 900 
Wave number (cm-1) 

500 200 

Fig. 3. Comparison of the calculated and observed 
frequencies of diethyl sulfide in the 900—200 cm - 1 

region. 
a: Liquid, b : glass, c: crystal. 
The filled circles denote the CS stretching vibrations. 
The symbols in the Raman spectrum of the crystal­
line state are explained in the caption of Fig. 1. 

J V ^ J ^ A ^ ^ L A 7 L A ^ U L J L J Ï L _ > U 

1600 1200 800 400 
Wave number (cm - 1 ) 

Fig. 4. Raman spectra of ethyl propyl sulfide. 
a: Liquid (room temperature), b : glass (liquid nitro­
gen temperature), c: crystal (liquid nitrogen tem­
perature). 
The symbols are explained in the caption of Fig. 1. 

indicates that the bands at 766, 658, 384, and 307 c m - 1 

are assigned to the T G form and those at 739, 641, 
370 (a shoulder of the 384 c m - 1 band) , and 315 c m - 1 

(a shoulder of the 307 c m - 1 band) are assigned to the 
G G form. I t should be noted that the assignment of 
the 739 c m - 1 band, which has not been made clearly 
in previous studies, is now established. 

Existence of the G G ' form is uncertain, since all of 
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Fig. 5. Infrared spectra of ethyl propyl sulfide, 
a: Liquid, b : glass, c: crystal. 
The symbols are explained in the caption of Fig. 1. 

1000 
Wave number (cm-1) 

600500 200 1000 600 500 200 

Fig. 6. Comparison of the calculated and observed 
Raman frequencies of ethyl propyl sulfide in the 
1000—600 and 500—175 cm-1 regions, 
a: Liquid (room temperature), b : liquid ( — 90 °C), 
c: glass (liquid nitrogen temperature), d: crystal 
(liquid nitrogen temperature). 
The filled circles denote the CS stretching vibrations. 

the calculated frequencies of this form are almost 
coincident with those of the other forms, T T , T G , and 
GG. However, the distance between the two terminal 
methyl groups seems to be too short for this form to 
be stable. I n fact, for methyl propyl sulfide, the G G ' 
form is found to be very unlikely as will be described 
later. 

The enthalpy differences between the G G and T G 
forms and between the T T and T G forms in the liquid 
state were determined from the relative R a m a n in­
tensities at eight different temperatures between —90 
and 23 °C. The intensity ratios of the 641 and 658 
c m - 1 bands and of the 334 and 384 c m - 1 bands gave 
the enthalpy differences A / / G a _ T Q = 4 0 ± 5 0 cal/mol an4 
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1000 
Wave number(cmrl) 

GOO 500 200 1000 

1200 800 400 
Wave number(cm"') 

Fig. 7. Raman spectra of butyl methyl sulfide. 
a: Liquid (room temperature), b : glass (liquid nitro­
gen temperature), c: crystal (liquid nitrogen tem­
perature). 
The symbols are explained in the caption of Fig. 1. 

'600 900 200 
Wave number (cm"1) 

Fig. 8. Infrared spectra of butyl methyl sulfide, 
a: Liquid, b : glass, c: crystal. 
The symbols are explained in the caption of Fig. 1. 

A/ / T T _ T G =460±100 cal/mol, respectively. 
The infrared spectrum of gaseous diethyl sulfide is 

essentially the same as that of the liquid. This observa­
tion suggests that the T T , T G , and G G forms coexist 
in the gaseous state. 

Ethyl Propyl Sulfide. This molecule has fourteen 
possible rotational isomers as listed in Table 1 of Part 
I.2) Of these, T G G ' , G G ' T , GGG' , GG 'G , and G G ' G ' 
are rejected because of the same reason as stated above 
for diethyl sulfide. 

Figure 6 shows that the observed R a m a n spectrum 
in the crystalline state is explained by the T T T form 
only. The spectra in the glassy and liquid states 
exhibit much more bands than those in the crystalline 

600 500 

GGT 
TGT 

U_5/ Sill—SAJ 

Fig. 9. Comparison of the calculated and observed 
Raman frequencies of butyl methyl sulfide in the 
1000—600 and 500—175 cm-1 regions, 
a: Liquid (room temperature), b : liquid ( — 90 °C), 
c: glass (liquid nitrogen temperature), d: crystal 
(liquid nitrogen temperature). 
The filled circles denote the CS stretching vibrations. 
The symbol in the spectrum of the crystalline state 
is explained in the caption of Fig. 1. 

state, suggesting the coexistence of many rotational 
isomers. The temperature dependence of the Raman 
intensities and the comparison with the calculated re­
sults indicate that the observed spectra in these states 
are explained by the T T T , G G T , T G T , G T T , GGG, 
T T G , and T G G forms and either one or both of the 
G T G , and G T G ' forms. 

The comparison of the R a m a n spectrum in the 
glassy state and that in the liquid state at room tem­
perature shows that the intensities of the bands at 783, 
740, 658, 412, 383, 372, and 356 cm" 1 are enhanced in 
the glassy state. In the liquid state, these bands are 
also stronger at lower temperatures. Examinations of 
the experimental and calculated results indicate that 
the bands at 658 and 383 c m - 1 are assigned to the 
G G T form, those at 783 and 412 c m - 1 to the T G T 
form, those at 372 and 356 c m - 1 to the G T T form, and 
that at 740 cm" 1 to the G G T , T G T , and G T T forms. 
The bands at 676 and 670 c m - 1 are assigned to the 
T G T and G T T forms, respectively, on the basis of 
the facts that the intensity of the former band increases 
at lower temperatures relative to the intensity of the 
latter band and that corresponding intensity varia­
tions are observed for the band pair of the 412 c m - 1 

band ( T G T form) and the 372 or 356 c m - 1 band 
( G T T form). 

The observed spectra show that the intensities of 
some other bands such as those at 800, 788, 688, 683, 
651, 440, 432, 425, 363, and 340 cm- 1 decrease in the 
glassy state as compared with the liquid state at room 
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Gasc> 

I R 

1450 S, vb 

1382 M, b 

1324 V W , sh 

1287 M , s h 

1260 V S , b 

1236 VW, sh 

1076 W , b 

1044 V W , b 

976 M , b 

967 M, sh 

784 W 

773 W 

735 VW, sh 

698 V W , sh 

691 V W 

648 V W 

639 V W 
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OBSERVED 

Observed freq 

Liquid 

R 

1456 W , b 

1431 V W 

1382 V W 

1273 V W , b 

1252 V W 

1236 V W , sh 

1077 V W 

1047 W 

1018 V W 

979 V W 

782 V W 

766 V W 

695 M 

689 W, sh 

658 VS 

641 VS 

384 V W 

370 V W , sh 

349 V W , sh 

334 W 

3 1 5 V W , s h 

307 W 

260 V W 

187 V W 

I R 

1463 S,sh 

1456 V S , b 

1436 M 

1375 S 

1278 M , sh 

1260 VS 

1248 M, sh 

1076 W 

1048 V W 

980 M , sh 

973 S 

783 M 

764 W 

739 V W 

695 V W 

689 VW, sh 

657 V W 

639 V W 

381 V W 

342 V W 

328 V W 

302 V W 

275 V W 

263 V W 

243 V W 

FREQUENCIES 

uency (cm - 1 ) 

Glass 

I R 

1478 V W 

(1459VS,sh 
(1448 VS 

1424 M 

1372 S 

1322 V W 

1285 W , s h 

1262 VS 

1254 S,sh 

1079 M 

1 0 4 8 W 

1032 V W 

1 0 1 4 V W 

9 9 4 V W , s h 

982 M , sh 
971 VS 

797 V S 
784 V S 

765 M 

739 W 

692 M 

656 W 

639 W 

384 V W 

349 V W 

335 W 

303 V W 
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A N D VIBRATIONAL ASSIGNMENTS OF DIETHYL SULFIDE 

a) 

Crystal 

R 

1483 V W 

1466VW 

1455 V W 
1449VW 

1382VW 

1 3 7 2 V W 

J 1 2 9 8 V W 
\ 1 2 8 4 V W 

1255 V W 

1235 V W 

1082 V W 

1044VW 

1026 V W 

988 W 

810 VW) 
792 VWJ 

695 VS 

I R 

1478 V W 

1458 S 

1454 S, sh 
1450 S 

1444 S 

1438 S 

1380 S, sh 

1375 S 

1326 V W , b 

1299 V W 
1286VS 

1 2 6 4 W , s h 

1256VS 

1244W 

1238 V W 

1 0 8 0 V W 

1042 V W 

1028 V W 

993 S 

986 S 

798 V W 

693 S 

683 VW, sh 

343 S 

294 V W 

267 V W 

253 V W 

1 7 8 V W 
171 V W 
147 V W 

348 V W 

332 W 

294 V W 

273 V W 

262 V W 

1 2 6 V W , s h 
11 R \r\\i 
1 I D V W 

104 W 
72 V W 
55 V W 
48 V W / 

Assignment0) 

C H 3 ip-d-deform 

GH 3 ip-d-deform 

C H 3 op-d-deform 
C H 3 op-d-deform 

C H 2 scis 

C H 2 scis 

GH 3 s-deform 

C H 3 s-deform 

Origin unknown 

G H , wag (TT , T G , GG) 
C H 2 wag (TT , T G , GG) 

C H 2 twist (TT , T G , GG) 

C H 2 twist (TT , T G ? GG) 

Origin unknown 

Origin unknown 

C C stretch (TT , TG) 

C H 3 ip-rock (TT, T G , GG) , 

C H 3 op-rock (TT) , CC Stretch (GG) 

C H 3 op-rock (TG, GG) 

C H 3 op-rock (TT) 

C H 3 op-rock (TG, GG) 

C H 3 ip-rock (TT) 

CC stretch (TT , GG) , C H 3 ip-rock (TG) 

C C stretch (TG) , C H 3 ip-rock (GG) 

[CH 2 rock (TT) 
1CH2 rock (TT , T G , GG) 

C H 2 rock (TG) 

C H 2 rock (GG) 

CS stretch (TT , T G , GG) 

CS stretch (TT) 

CS stretch (TG) 

CS stretch (GG) 

SCC deform (TG) 

SCC deform (GG) 

SCC deform (TT) 

SCC deform (TT) 

SCC deform (GG) 

SCC deform (TG) 

Origin unknown 

C H 3 torsion (TT , T G , GG) 

C H 3 torsion (TT) 

C H 3 torsion (TG, GG) 

CSC bend (TG, GG) 

CSC bend (TT) , torsions (TT) 
and lattice vibrations 

file:///1284VW
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TABLE 2. (Continued) 
a) VS: very strong, S: strong, M: medium, W: weak, VW: very weak, vb: very broad, b : broad, sh: shoulder. 
The broadness of the band shapes in the liquid state does not always allow us to correlate the individual bands 
in the glassy or crystalline state to those in the liquid state. Only approximate correlations are made in such 
cases, b) The band is assigned preferentially to the isomer(s) given by boldface. For the notation and defini­
tion of the local symmetry coordinates, see Ref. 19. c) Some of the infrared bands in the gaseous state have 
rotational structures. However, only the frequencies of the band centers are listed in the table. 

TABLE 3. OBSERVED FREQUENCIES AND VIBRATIONAL ASSIGNMENTS OF ETHYL PROPYL SULFIDE 

Observed frequency (cm-1)1) 

Liquid Glass Crystal Assignment13) 

R IR R IR R IR 

1473 W, sh 1472 VW, sh 1489 VW 1474 W CH2 scis 
1457 VS 1465 VW, sh 1464 VS, sh 1465 VW 1463 VS, sh CH3 ip-d-deform 

1452 M,vb 1451 VS 1457 W, b 1457 VS 1452 W 1456 VS CH3 op-d-deform 
1449W,sh 1446VS 1449 W 1446VS,sh CH3 ip-d-deform 

1440 S,sh 1440VW,sh 1440 VS CH2 scis 

1430 M sh 1423 M sh 1424 W sh Jl434M,sh 1431 VW 1424 S,sh CH2 scis (TTT, GTT, GGG) 
l*SUM,sh l ^ M . s n l 4 ^ W , s h | 1 4 1 7 S CH2 scis (TGT, GGT) 
1381 VW 1375VS 1375VW (1374 M,sh 1379VWrsh CH3 s-deform 
i t f f i v w u / a v a 14/SVVV j 1 3 7 0 S 1376VW 1366S CH3 s-deform, CH2 wag (GGG) 
1335VW 1339W 1335 VW 1335VW 1332 VW 1333VW CH2 wag (TTT, TGT, GTT, GGT) 
1298W 1298 M 1293VW 1295 VW 1290 VW 1286W CH2 twist (TTT, TGT, GTT, GGT, 

GGG) 
1270 VW ) 6 1269 VW 1271 S \ CH2 wag (TGT, GTT, GGT, GGG) 
l266VW,sh[ 1 Z D * a i^osvvv u / i a \1263VW 1266 VS CH2 twist (TTT, TGT, GTT, GGT, 

GGG), CH2 wag (TTT) 
1250VW,sh 1248VW CH2 wag (TGT, GGT) 
1239 VW 1238 S 1237 VW 1237 VS j î o o r w w u 1224 M CH2. wag (TTT, GTT) 

1225VW,sh 
1219 W 1220VW,sh 1222VW,sh CH2 twist (TGT, GTT, GGT), 

CH2 wag (GGG) 
1213VW 1213VW 1210VW 1212 VW,sh CH2 twist (TTT) 
1120VW,sh 1116VW 1122 VW 1118VW CC stretch (TTG) 
1100VW,sh HOOVW.sh 1100VW,sh 1101 W 1100W 1100 M CH3 ip-rock (TTT, GTT) 
1092 VW 1090 VW 1093 W 1093 M CH3 ip-rock (TGT, GGT), 

CC stretch (GGG) 
1080 VW . 1076 VW 1079 VW 1078 W 1078 VW 1073 VW CH2 rock (TTT, TGT, GTT, GGT) 
1056 VW, sh 1056 VW, sh 1056 VW, sh 1056 VW, sh CH3 ip-rock (TGT, GTT, GGT, GGG) 
1047 M 1049 VW 1047 W 1050 VW 1047 VW 1049 VS CH3 ip-rock (TTT, GGG) 

1036VW,sh 1038 VW 1036 VW 1039 W,sh CC stretch (TTT), CH3 op-rock (TGT) 
1030 M 1030VW,sh 1030 S 1030VW,sh CC stretch (TGT, GTT, GGT, GGG) 
1022VW,sh 1023VW,sh 1020VW,sh 1021 VW 1023 VW 1024W CH3 op-rock (TTT, GTT, GGT, GGG) 

981VW,sh 981VW,sh 982 W 982 M 984 VW J 9 7 6 M ' S h c c Wretch (TTT, TGT) 

972 VW 972 M 972 W 972 S CC stretch (GTT, GGT, GGG) 
954VW,sh 954 VW Origin unknown 

899 VW 898 W 900 VW 899 S 900 VW 898 W CC stretch (TTT, GTT, GGT) 
892 VW 890W,sh 892VW,sh 890VW,sh CC stretch (TGT, GGG) 
862 VW, sh 863 VW, sh 860 VW, sh 864 VW 860 VW CH3 op-rock (TTT) 
852 VW 849VW,sh 847 VW 846VW,sh CH3 op-rock (GTT) 
836 VW 835 VW 835 VW 833 W CH3 op-rock (TGT, GGT, GGG) 
800 VW, sh 800 VW, sh 800 VW, sh 800 VW, sh CH2 rock (TTG, GTG or GTG') 

788W l 7 o f i W (788VW,sh ) 7 R f i Q (788VW \l^YS CH2 rock (TTT, GGG) 786 W J786S f88VW 17.78 S 
780VW,sh K l783W J ( CH2 rock (TGT) 
764 VW 760 VW 765 VW 762 M 767 M 766 S CS stretch (TTT), 

\ 

CH2 rock (GTT, GGT, GGG) 

file:///1263VW
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Liqv 

R 

740 M 

723 VW, sh 
693 M, sh 
688 M, sh 
683 M, sh 
675 S 
670 S 
658 VS 
651 VS,sh 
636 S 
440 VW, sh 
432 VW 
425 VW, sh 
411 VW 
392 VW, sh 
383 W 
372W,sh 1 
363W,sh ] 
355 W 
340 W 
321 VW,sh 
307 S 
295 W, sh 
285 M 
277 VW, sh 

225 W, sh 

200 W, b 

Observed frequency (cm -1)a 

lid 

IR 

740 W 

724VW,sh 

685 VW, b 

657 VW 

634 VW 
440 VW, sh 
428 VW, b 

411 VW,sh 

385 VW, sh 

366 VW, sh 

351 VW 

302 VW 

277 VW 

Glass 

R IR 

740 S 

723 VW, sh 
695 W 
688 W, sh 
683 W, sh 
676 S 
670 M 
658 VS 
651 M,sh 
636 M 
442 VW, sh 
433 VW 
425 VW, sh 
412 VW 
392 VW, sh 
383 W 

J372 VW 
(363 VW, sh 
356 W 
340 VW, sh 
321 VW,sh 
309 M 
295 W, sh 
288 W 
277 VW, sh 
255 VW 
245 VW, sh 

240 VW, sh 
225 VW, b 
213VW,b 
200 VW, sh 

740 S, b 

723 M 
690 VW 

675 VW 

657 VW 

634 VW 

424 VW, b 

384 VW, b 

351 VW 

303 VW 

277 VW 

244 VW 

Cryst al 

R IR 

iAi 17TA7 | 7 4 7 M , s h 
7 4 1 V W 1736 VS 

699 M 694 W 

391 VW 385 VW 

311 VS 307 VW 

275 VW 279 VW 

250 VW 243 VW 

148 VW N, 

132VW 
107 VW,sh 
92 M 
70 W 

) 

58 VW ) 

Assignment15) 

CH2 rock (TTT, GTT), 
GS stretch (TGT, GTT, GGT) 
CHa rock (TGT, GGT) 
CS stretch (TTT, GGG) 
GS stretch (TTG, TGG, GTG or GTG') 
CS stretch (TTG) 
CS stretch (TGT) 
CS stretch (GTT) 
GS stretch (GGT) 
CS stretch (TGG, GTG or GTG') 
CS stretch (GGG) 
CGC deform (GTG or GTG) 
CCC deform (GGG, TTG) 
CCC deform (TGG) 
CSC bend (TGT) 
CCC deform (TTT) 
CSC bend (GGT) 
CSC bend (GTT) 
CSC bend (GGG, TGG) 
CCC deform (GTT) 
SCC deform (TTG, GTG or GTG) 
SCC deform (GGT) 
SCC deform (TTT), CCC deform (TGT) 
SCC deform (GGG) 
CCC deform (GGT), SCC deform (GTT) 
SCC deform (TTT) 
CH3 torsion (TGT, GGG) 
CH3 torsion (TTT, GTT), 
SCC deform (TGT) 
CH3 torsion (GGT) 
CH3 torsion (TTT, TGT, GTT, GGT) 
CH3 torsion (GGG) 
CH3 torsion (TGT, GGT) 

CSC bend (TTT), torsions (TTT) 
and lattice vibrations 

a), b) See a) and b), respectively, of Table 2. 

temperature. Of these, the band at 788 c m - 1 is as­
signed to the G G G form, that at 683 c m - 1 to the T T G 
form, that at 425 cm" 1 to the T G G form, that at 440 
c m - 1 to either one or both of the G T G and G T G ' 
forms, that at 432 cm" 1 to both of the G G G and T T G 
forms, and that at 363 c m - 1 to both of the G G G and 
T G G forms. The existence of the G G G form is evi­
dent from the result that the band at 636 c m - 1 is as­
signed exclusively to this form. The following bands 
are assigned to all or any of the molecular forms given 
in parentheses: 800 and 342 cm- 1 (TTG, G T G , and 
G T G ' ) , 688 cm- 1 (TGG, G T G , G T G ' , and T T G ) , and 
6.51 cm- 1 (TGG, GTG, and G T G ' ) . 

The relative stabilities of the rotational isomers exist­
ing in the liquid state are determined from the depen­
dence of the band intensities on temperature (Fig. 6) 
and the band assignment mentioned above; (1) the 
G G T and T G T forms have almost the same stability 
and are the most stable, (2) the third stable isomer is 
the G T T form, which is followed by the T T T and 
G G G forms having nearly equal stability to each other, 
and (3) the T T G , G T G , G T G ' , and T G G forms are less 
stable than the forms given above, but the relative 
stabilities among these forms are not clear. 

T h e above conclusion obtained from the Raman 
spectra is also consistent with the change of the infrared 
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T A B L E 4. OBSERVED FREQUENCIES AND VIBRATIONAL ASSIGNMENT OF BUTYL METHYL SULFIDE 

Observed frequency (cm_1)a> 

Liquid 

R 

1462VW,sh 

1445 M,sh 

1429 W,sh 

1381 VW 

1360VW 
1345VW 
1324VW 
1305VW 

1296VW 
1278 VW 

1228VW 
1203 VW 
1193VW 
1169VW,sh 
1125VW,sh 

1101 W 
1082 VW 
1058VW,sh 
1053 W 
1012 VW 
1001 VW,sh 
980 VW, sh 

966 VW, b 

918VW,sh 

903 VW, sh 
897 W 
878 VW, sh 
872 W 
813 VW 
800 VW, sh 
793 VW 

765 VW, sh 
753 M 

IR 

1464 VS 
1458VS,sh 
1452VS,sh 
1435 VS 
1432 VS 

1424 VS 

1418 S,sh 

1378 S 

1354VW 
1341 VW 
1321 VW 
1302W 

1296 W 
1276 S 

1227 S 
1204 VW 
1193 VW 
1169 VW 

1108 VW, sh 
1100W 
1083 W 
1058 W 
1051 W 
1012 VW, sh 
998 VW 
980 W, sh 

968 M, sh 

959 S 

916 VW 

901 W 
894 W 
877 VW 
870 VW, sh 
812 VW 
800 VW, sh 
788 VW 

756 VW, sh 
748 M 

Glass 

R 

1555 VW 
1470 VW, sh 

1457 W,sh 

1448 M 
1443 W,sh 

1422 W 

1380 VW 

1360 VW 

1323 VW 
1305 VW 

1297 VW, sh 
1278 VW 

1229 VW 
1206 VW 
1194VW,sh 

1126 VW 
1110W,sh 
1104W 
1086 VW 
1061 VW, sh 
1053 W 
1015 VW 
1002 W 
978 VW, sh 

970 VW 

962 VW 

918VW,sh 

903 VW, sh 
896 M 

1875 VW 

815 VW 
800 VW, sh 
795 VW 
775 VW, sh 
765 VW, sh 
756 M 

IR 

1465 VS 
1458VS,sh 
1452 VS 
1436 S 
1432 VS 
1428 S 
1422 S 

1419S 

1375 M 

1356 VW 

1323 VW 
1304 M 

1297 W,sh 
1277 M 
1264W 
1226 VS 
1208W 

1108W,sh 
1101 M 
1086 M 
1059 W 
1051 W 
1014 VW 
995 VW 
978 VW, sh 

968 S 
(963 S 
(956 S 
916 VW 

899 W, sh 
894 W 
(873 VW 
(867 VW 

794 VW 
776 VW 
766 W 
756 W, sh 
749 M 

Cry 

R 

1476 VW 
1461 VW 
1454 VW 

rstal 

IR 

1476 VW, sh 
1464 M 
1458 M, sh 

1446 VW, sh 1451 M 
1441 W 
1429 W 

1380 VW 

1359 VW 

1325 VW 

1301 VW 
1276 VW 

1225 VW 
1201 VW 

1106W 

1054 VW 
1017 VW 

968 VW 

914VW 

895 M 

788 VW 

764 M 

1442 M 
1432 W 

11424 M, sh 
(1418 M 
J1376W 
(1372 W,sh 
1356VW 

1320VW 

1302W 

1263VW 
1220 S 
1201 VW 

1107W 

1056 W 
1017 VW 

964 W, sh 
957 W 

910 VW 

892 VW 

764 W 

Assignment15) 

Origin unknown 
CH2 scis 
CH2 scis 
CH3 op-d-deform 
CH3 ip-d-deform 
GH3 ip-d-deform 
CH3 op-d-deform 
GH3 op-d-deform (GTT) 
GH2 scis (GTT) 

GH2 scis 

CH3 s-deform, 
CH2 wag (TGT, GGT) 
CH2 wag (TTT, GTT) 
CH2 wag (TGG or GGG) 
GH3 s-deform, CH2 wag (TGT) 
GH2 twist (TTT, GTT, TGT, GGT), 
CH2 wag (GGT) 
CH2 wag (TTT, GTT) 
GH2 twist (TTT, GTT, TGT, GGT) 
Origin unknown 
CH2 wag (TTT, GTT) 
CH2 rock (TTT, GTT, TGT) 
CH2 rock (GGT) 
CH2 wag (TGT, GGT) 
GG stretch (TGG or GGG) 
CC stretch (TTT) 
GC stretch (GTT, TGT, GGT) 
CH2 twist (TTT, GTT, TGT, GGT) 
CC stretch (TTG, GTG or GTG') 
CC stretch (TTT, GTT, TGT, GGT) 
CC stretch (TTT, GTT) 
CC stretch (TGT, GGT) 
CH3 ip-rock (TGG, GGG, TTG, 
GTG or GTG') 
CH3 ip-rock (TTT, GTT, TGT, GGT) 
CH3 op-rock (TTT, TGT, GGT) 
CH3 op-rock (GTT) 
CH3 op-rock (TTT), 
CH3 ip-rock (TGT, GGT) 
CH3 op-rock (GTT) 
CH3 ip-rock (TTT, GTT) 
CH3 op-rock (GGT) 
CH3 op-rock (TGT) 
CH2 rock (TGT) 
CH2 rock (TTG, GTG, GTG' or GGG) 
CH2 rock (TTT, GGT) 
CHa rock (GTT) 
CS stretch (TTT) 
CS stretch (GTT) 
CH2 rock (TGT, GGT) 
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TABLE 4. (Continued) 

Liquid 

R 

725 VS 

719VS,sh 
697 VS 
672 M 
654 S 
489 VW, sh 
481 VW 
463 VW 
438 VW 
425 VW, sh 
406 VW 
370 VW, sh 
353 M 
333 W, sh 
320 W 
295 W 
277 W, sh 
267 W 
258 W 

250 W, sh 

220 VW 

IR 

729 W, sh 
724 M 
718W,sh 
697 W 
671 VW 
650 VW 

1480 VW 

460 VW 

430 VW 
402 VW 
366 VW 
350 VW 
328 VW 
316 VW 
303 VW 

Observed frequency (cm -1)a 

Glass 

R 

725 M 

720 M, sh 
700 VS 
675 VW 
654 M 

J489VW 
(478 VW 
463 VW 
443 W 
425 VW 
404 VW 

352 M 
333 VW, sh 
319 W 
295 VW, sh 
277 W 
269 VW, sh 
258 VW, sh 

250 VW 

221 VW 

IR 

J-729S 

720 M, sh 
699 M 
672 VW 
651 VW 

420 VW 
399 VW 

352 VW 

) 

Gryste 

R 

(735 VW 
719 VS 

430 VW 

321 M 

(260 M 
(253 W, sh 

205 VW \ 
189VW 
159VW,sh 
147 VW 
137 VW 
124VW 
108 VW 
75 VW 
64 VW / 

il 

IR 

726 VS 
716M 

426 VW 

316VW 

> 

Assignment0) 

GS stretch (TGT, GGT) 
GH2 rock (TTT, GTT) 
CS stretch (TTT) 
CS stretch (GTT) 
CS stretch (TGT) 
GS stretch (GGT) 
GCG deform (TGT) 
CGC deform (GGT, TGG) 
CCC deform (GGG) 
CCC deform (TTG, GTG or GTG') 
CCC deform (TTT) 
CGC deform (GTT) 
CCC deform (TGG or GGG) 
SCC deform (GTT) 
CSC bend (GGT) 
CCC deform (TTT) 
CCC deform (TGT, GGT) 
CSC bend (GTT) 
CSC bend (TGT) 
CSC bend (TGG) 

CSC bend (TTT) 

CH3 torsion 

SCC deform (TTT), torsions (TTT) 
and lattice vibrations 

a), b) See a) and b), respectively, of Table 2. 

spectra in the various states. 
Butyl Methyl Sulfide. This molecule has four­

teen possible rotational isomers. T h e existence of the 
G G ' T , GG'G, and G G ' G ' forms are unlikely, but the 
T G G ' and G G G ' forms are not ruled out, since unlike 
the G G ' sequence of the C S - G - C G part in ethyl 
propyl sulfide, the G G ' sequence of the S G - C - G C 
part is not expected to give rise to very large steric 
hindrance. 

Figure 9 shows that only the T T T form exists in the 
crystalline state. In the glassy and liquid states, the 
spectra exhibit many bands to be assigned to various 
rotational isomers. I t is evident, however, that the G T T 
and T T T forms exist in these states. The relative 
intensities of the bands at 756, 700, 404, 352, and 
277 c m - 1 increase in going from the liquid state at 
room temperature to the glassy state. These bands 
are all explained by the calculated frequencies of G T T 
form. 

The remaining many bands in the glassy and liquid 

states imply the coexistence of additional isomers. 
However, the1 assignment of the observed bands to 
individual isomers is not always straightforward, because 
each of the observed R aman bands corresponds to 
calculated frequencies of two or more isomers. I t is 
likely that the trans conformation about the G H 2 C H 2 -
GH 2 GH 3 axis in this molecule is appreciably more 
stable than the gauche conformation as suggested from 
the conformational stabilities of normal paraffin mole­
cules.3) The molecular forms with the trans conforma­
tion about this axis are the T G T and G G T form 
besides the T T T and G T T forms mentioned above 
Most of the bands which persist in the glassy state 
but are not assigned to the G T T and T T T forms 
are explained by the calculated frequencies of the 
T G T and G G T forms; namely the bands at 815, 
675, 489, and 269 cm- 1 are assigned to the T G T 
form, those at 795, 654, 478, and 333 cm" 1 to the 
G G T form and those at 875 and 725 cm- 1 to both 
of the T G T and G G T forms. 
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TABLE 5. ROTATIONAL ISOMERISM OF THE SULFIDES 

389 

Liquid 

Glass 

Crystal 

CH3SC2H5a> 

G T 

— 

G 

C2H5SG2H5 

TT TG 
GG 

TT TG 
GG 

TT 

CH3SC3IV) 

TT GT 
TG GG 

TT GT 
TG GG 

TTC> GTC> 
GGC> 

C2H5SG3H7 

TTT GGT TGT 
GGG TTG TGG 
GTG' 
TTT GGT TGT 
GGG TTG TGG 
GTG' 

TTT 

GTT 
GTG 

GTT 
GTG 

TTT 
TTG 
GTG' 
TTT 
TTG 
GTG' 

CH^SC^Hj, 

GTT TGT GGT 
TGG GGG GTG 
(TGG') (GGG) 

GTT TGT GGT 
TGG GGG GTG 
(TGG') (GGG') 

TTT 

The isomers given by boldface are confirmed to exist. The existence of the isomers in parentheses is uncertain. 
For more details, see text, a) Refs. 1 and 7. b) Ref. 8. c) Three different crystal modifications have been 
identified. For more details, see Ref. 8. 

In addition to the bands mentioned above, the liquid-
and glassy-state R a m a n spectra have several other 
bands such as those at 980, 800, 463, 438, and 370 cm"1 . 
Spectral observations indicate that the intensities of 
these bands decrease more sharply than those of t r e 
above-mentioned bands when temperature is lowered. 
With reference to the calculated frequencies, the 463 
c m - 1 band is assigned to the G G G form, the 370 c m - 1 

band to either one or both of the T G G and G G G forms, 
the 800 and 438 cm- 1 bands to all or any of the T T G , 
G T G and G T G ' forms, and the 980 c m - 1 band to 
all or any of the T T G , T G G , and G T G forms. T h e 
calculated frequencies of the T G G ' and G G G ' forms 
are almost coincident with those of the other forms. 
This situation makes it difficult to confirm the ex­
istence of these forms in the liquid or glassy state. 

As mentioned above, the examinations of the ex­
perimental and calculated results show that the rela­
tively strong bands which retain most of their intensities 
in the low-temperature liquid and glassy states are 
reasonably explained by the isomers with the trans 
GH2GH2—CH2CH3 axis and the other bands which lose 
their intensities largely in these states are explained by 
the isomers with the gauche C H 2 C H 2 - C H 2 C H 3 axis. 
These interpretations justify the statement made earlier 
that the trans conformation about this axis is more 
stable than the gauche conformation. 

The relative stabilities of the rotational isomers exist­
ing in the liquid state are found from the temperature 
dependence of the R a m a n intensities; (1) the G T T 
form is the most stable, (2) the T T T , G G T , and T G T 
forms follow in order, and (3) the forms having the 
gauche CH 2 CH 2 -CH. ,CH a axis are less stable than the 
above-mentioned forms. 

The above conclusion is also consistent with the re­
sults of the infrared spectra. 

Rotational Isomerism. In Table 5, the rotational 
isomerism of the three sulfides studied in this work 
and of ethyl methyl sulfide and methyl propyl sulfide 
is summarized. 

Ethyl methyl sulfide has long been accepted to take 
the T form in the crystalline state and the T and G 
forms in the liquid state.4-6»10) However, the recent 
studies by Nogami et al.1) and by Sakakibara et al.1) 
showed that the bands of the crystalline state are as­
signed to the G form but not to the T form. 

The rotational isomerism of methyl propyl sulfide 

was studied by Nogami et al.8) They found three crys­
tal modifications with the molecular conformations of 
G T , T T , and GG, respectively. In the liquid and 
glassy states, an additional isomer of the T G form 
coexists with the three isomers. They obtained no 
experimental evidence for the existence of the G G ' 
form. The comparison of their spectra with the present 
results of the normal coordinate treatment indicates 
that the existence of this form may safely be ruled out. 

The vibrational spectra of diethyl sulfide have been 
studied by several investigators.6»9) Their conclusions 
on the rotational isomerism agree essentially with the 
present one, although the existence of the G G form in 
the liquid state has once been questioned.10) 

The rotational isomerism of ethyl propyl sulfide and 
butyl methyl sulfide has been discussed previously by 
Ohsaku.11) He showed that these molecules in the 
crystalline state take the trans conformation about the 
C - C axis adjacent to the S-C axis, but did not deter­
mine whole molecular conformations. 

Discussion 

The following results were obtained for the three 
sulfides studied in this work. (1) Only the all-trans 
form exists in the crystalline state. (2) Many forms 
coexist in the liquid state. Most of them persist in 
the glassy state even at the liquid nitrogen temperature. 
(3) In the liquid state, the forms with the gauche C-S 
axes are more stable than those with the trans C-S 
axes. (4) The gauche conformation about the G-G 
axis directly adjoining the S-C axis is appreciably 
stable and is only slightly less stable than the cor­
responding trans conformation. 

For the C-C and C - O axes in unbranched paraffins 
and ethers, the trans conformation has been found to 
be more stable than the gauche conformation.2»3) 
However, the above results indicate that the con­
formational stability about the C-S axis is remarkably 
different from that of the C - C or C - O axis. For 
diethyl sulfide, the T G and G G forms were found to 
be more stable than the T T form by 400—450 cal /mol 
in the liquid state. The stability of the gauche con­
formation about the C-S axis over that of the trans 
conformation was also observed for ethyl propyl sulfide 
and butyl methyl sulfide. In addition to these ex­
perimental evidences, it has been found that the G 
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form of ethyl methyl sulfide is more stable than the T 
form by 140±50 cal/mol in the liquid state7) and by 
3 0 ± 5 0 cal/mol in the gaseous state,1) and that the 
G T form of methyl propyl sulfide is the most stable 
isomer in the liquid state.12) Thus, it is now estab­
lished that the gauche G-S axis in unbranched sulfides 
is more stable than the trans G-S axis but the stability 
difference between them is not large. 

The stable existence of the gauche C-S axis con­
trasts with the gauche C - O axis which is far less stable. 
One of the possible factors making this difference is 
the longer G-S bond length (about 1.8 A) than the 
C - O bond length (about 1.4 A) , as has been discussed 
by Tadokoro et a/.13a) When the GjS-CaCg axis takes 
the gauche conformation, the distance between non-
bonded hydrogen atoms attached to Gx and C3 is 2 . 1 — 
2.2 A, which is 0.4—0.5 A longer than the corresponding 
distance in ethers. This fact suggests that the repulsive 
forces between the nonbonded hydrogen atoms in the 
sulfides are much weaker than those in the ethers 
and that this effect is responsible for making the gauche 
G-S conformation stable. 

The relative stability of the gauche conformation 
about the S C - C C axis was found to be much higher 
than that of the gauche conformation about the G C -
CG axis. This is explained by less significant nonbond­
ed interactions as in the case of the gauche O G - G C 
axis in the ethers.2) Indeed, methyl propyl sulfide takes 
the G G form in a metastable crystal modification.8) 

The above discussions on the conformational stability 
indicate that the S-G axis and the C - C axis adjacent to 
the S-C axis are susceptible of taking the trans and 
gauche conformations without large stability differences 
and accordingly the energy differences among various 
rotational isomers are small. These results are in 
accord with the experimental facts observed for all 
of the sulfides so far studied that many isomers coexist 
in the glassy state and that methyl propyl sulfide has 
the three crystal modifications with the molecular con­
formations of GT , T T , and GG.8) 

I t is noticed for the three sulfides studied in this work 
that the most stable isomer in the liquid or glassy 
state does not exist in the crystalline state. This fact 
suggests that intermolecular forces play a more im­
portant role for stabilizing the molecular conformation 
in the crystal. 

I t is of interest to compare the molecular conforma­
tions of the unbranched sulfides with the chain con­
formations of polythioethers. According to the X-ray 
diffraction studies, poly(thioethylene)(-SGH2CH ; i-)n 

takes the G T G ' G ' T G conformation for the series 
of S - C - C - S - C - C - S bonds13) and poly(thiotrimethyl-
ene ) ( -SCH 2 CH 2 CH 2 - ) „ takes the G G G G conforma­
tion for the series of S - C - G - C - S bonds.14) I t should 
be noted that S-C axes in these polymers are all in 
the gauche conformation and the C-C axes adjacent 
to the S-C axes in the latter polymer are in the gauche 

conformation. These chain conformations are con­
sistent with those of the shorter sulfides as described 
in this paper. 
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Note added i n proof 

Erra tum in Table 3 of Par t II.3) For 629 listed in 
the column of R a m a n (—100°C) of Liquid read 692. 
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The Preparation and Stereochemistry of Optically Active Cobalt(III) Complexes 
with 3,3'-Dimethyl-2,2'-bipyridine and Bis(diamines) or Tetramines 
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Bis(en), trien, tren and bis(jR,Ä-chxn) cobalt(III) complexes of 3,3'-dimethyl-2,2'-bipyridine (dmbpy) have 
been prepared and resolved. The dissymmetric conformation of dmbpy arising from the non-coplanarity of the two 
pyridine rings is maintained in the inert complexes. 3,3'-Dimethyl-2,2'-bipyridine coordinates to the cobalt(III) 
ion with a stereospecific conformation depending on the configuration. The absorption and circular dichroism 
(CD) spectra of the dmbpy complexes were compared with those of the corresponding 2,2'-bipyridine (bpy) com­
plexes. 

Although bpy is one of the most extensively studied 
chelating agents,1) little work has been done on its 
3,3'-dimethyl derivative. O n the basis of molecular 
models, it seems that metal chelate of the dmbpy has 
considerable strain caused by its puckered conforma­
tion. Gagle J r . and Smith2) reported that dmbpy 
forms an iron(II) complex in an aqueous solution, 
but its absorption intensity of 526 nm is only one-
fifth of that of the bpy complex. They explained this 
by considering a twisted conformation of the dmbpy 
moiety in contrast with the planar chelate ring of bpy. 
So far no metal complex of dmbpy has been isolated. 
We have been succeeded in preparing several cobalt 
(III) complexes containing this ligand. A par t of the 
study has been reported briefly.3) 

Twisted conformation of dmbpy can give atrope 
isomerism such as biphenyl derivatives,4) but the isomers 
were not isolated presumably because of its rapid 
racemization. The conformation of the ligand might 
be fixed by an inert metal complex formation. Only 
a limited number of metal chelates involving such an 
isomerism are known.5»6) 

This paper deals with the preparation and resolu­
tion of several cobalt(III) complexes of dmbpy. T h e 
stereochemistry of the complexes is discussed. 

Exper imenta l 

Materials. 3,3'-Dimethyl-2,2'-bipyridine: 3-Methylpyri-
dine was refluxed with sodium amide in xylene7) and the 
resulting 2-amino-3-methylpyridine was converted into 2-
bromo-3-methylpyridine by means of the Sandmeyer re­
action.8) Condensation of the bromo compound by 
Ullmann reaction yielded 3,3'-dimethyl-2,2'-bipyridine.9> 
Found : C, 78.42 ; H, 6.65 ; N, 15.09%. Galcd for C12H12N2 : 
G, 78.23; H, 6.75; N. 15,21%. 

2,2'',2"-Triaminotriethy lamine (tren). This was prepared 
according to the method given in literatures.10-11) 

\Co(dmbpy)z\(ClOi)z. Air was bubbled through a 
mixture of CoCl2-6H20 (2.38 g in 50 ml of water), dmbpy 
(5.52 g in 10 ml of ethanol) and activated charcoal (1.0 g) 
for 12 h. The solution was filtered and the filtrate was 
warmed at 60 °G for 30 min with 10 ml of concentrated 
hydrochloric acid. Sodium Perchlorate (4.0 g in 10 ml of 
water) was added to the cooled solution. The resulting 
yellow precipitate was filtered off, washed with a small 
amount of water, ethanol and ether, and recrystallized from 
hot water. Found: C, 47.22; H, 3.95; N, 8.94%. Galcd 
for G36H36N6012CoCl3: G, 47.50; H, 3.96; N, 9.24%. 

[CofttenjfdmbpyflfClOJz-éHzO. A mixture of [Go-
(dmbpy)3](G104)3 (1.82 g in 50 ml of water), 0.3 g of 2,2',2".-

triaminotriethylamine (tren) and activated charcoal (0.5 g) 
was warmed at 60 °C for 10 min and filtered. A few drops 
of concentrated hydrochloric acid was added to the filtrate. 
The solution was diluted 20 times with water and poured 
onto a SP-Sephadex G-25 column (0 2.5x25 cm). The 
adsorbed orange band was washed with water and eluted 
with 0.2 M hydrochloric acid. The eluate of the orange 
band was collected, evaporated to dryness, dissolved in 10 ml 
of water, treated with 1 g of sodium Perchlorate in 5 ml of 
water and stored in a refrigerator overnight. Orange crys­
tals were filtered off and washed with ethanol-water (1 : 1), 
ethanol and then ether. 
Found: C, 28.11; H, 5.03; N, 11.02%. Calcd for G18-
H38N6016GoGl3: C, 28.43; H, 5.00; N, 11.05%. 

Partial Resolution of \Co(tren) (dmbpy)^(C10^)Z-4H%0. 
About 200 mg of [Co(tren) (dmbpy)] (C104)3-4H20 was 

adsorbed on a column containing SP-Sephadex C-25 (<f> 
2.5x75 cm), and the band was eluted with 0.1 M aqueous 
solution of potassium (+)D-tartratoantimonate (Ill)for frac­
tionation into thirteen portions. The last fraction was 
adsorbed again on a SP-Sephadex C-25 column (çS 2.5 X 
20 cm) and eluted with 0.2 M hydrochloric acid. The eluate 
was evaporated to dryness and dissolved in a small amount 
of water, the circular dichroism spectrum being recorded 
(Fig. 5). The concentration of the complex ion was determin­
ed by visible absorbance of the solution. The circular 
dichroism curve of the first part of the fractions showed a 
pattern enantiomeric to that of the last fraction. 

[Co (en) 2 (dmbpy) ] CI (CIO J 2H20. A mixture of trans-
[GoGl2(en)2]Cl (4.0 g in 40 ml of water), dmbpy (2.0 g in 
10 ml of ethanol) and activated charcoal (0.5 g) was warmed 
at 60 °C for 1 h, then filtered. To the filtrate was added 
20 ml of 1 M hydrochloric acid. The solution was diluted 
with water and poured onto the SP-Sephadex G-25 
column (0 5.5x30 cm). The adsorbed band was washed 
with water, then eluted with 0.2 M hydrochloric acid. The 
orange band was eluted off and the eluate was evaporated 
to dryness. The dried residue was dissolved in 40 ml of 
water and the solution was filtered. After the addition of 
sodium Perchlorate (5 g in 10 ml of water), the solution was 
allowed to stand for 1 h at room temperature. Orange 
crystals obtained were collected, washed with cold water, 
ethanol and ether, and recrystallized from hot water. 
Found: C, 31.25; H, 4.94; N, 13.62%. Galcd for C16-
H22N609CoCl3: C, 31.17; H, 4.87; N, 13.64%. 

Resolution of[Co(en)2(dmbpy)]Cl(ClOJ2-H20. Method I: 
A mixture of [Co(en)2(dmbpy)]Cl(C104)2-H20 (3.0 g in50ml 
of water) and K3[Co(L,-cysu)3]

12) (cysu=cysteinsulfinate) (1.4 
g in 20 ml of water )was heated at 80 °C on a water bath 
for 10 min, filtered, and left to stand for 3 h at room tempera­
ture. Needlelike yellow crystals of ( + )D_diastereomer which 
appeared were filtered and washed with water, ethanol and 
then ether. Yield 2.0 g. (The filtrate free from the ( + )D-
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isomer was stored in order to obtain ( —)D-isomer.) The 
( + )D-diastereomer was recrystallized twice from hot water. 
The CD strength at 485 nm did not change on repeated 
recrystallization. Pure ( + )D-diastereomer in 20 ml of 
water was treated with 10 ml of 2 M hydrochloric acid. 
Yellow precipitate of H3[Co(L-cysu)3] was filtered off, and 
the solution was treated with 2.0 g of sodium Perchlorate in 
5 ml of water, and stored in a refrigerator overnight. 
Needlelike orange crystals were collected and recrystallized 
from water. Yield 0.8 g. Found: G, 31.24; H, 4.98; N, 
13.77%. Galcd for C16H22N609CoCl3: C, 31.17; H, 4.87; 
N, 13.64%. 

The filtrate free from the ( + )D~isomer was evaporated 
to 10 ml. The precipitate was filtered off, and 2 ml of 6 M 
hydrochloric acid was added to the filtrate. Yellow pre­
cipitate of H3[Co(L-cysu)3] was filtered off. The filtrate 
was treated with sodium Perchlorate (2.0 g in 5 ml of water), 
and stored in a refrigerator. Needlelike orange crystals 
were collected and recrystallized twice from hot water. 
Yield 0.3 g. 

Found: G, 31.22; H, 4.87; N, 13.66%. Galcd for 
C16H22N609GoCl3: G, 31.17; H, 4.87; N, 13.64%. 

Method II: An aqueous solution of the racemic complex 
(about 8 mg) was poured on a SP-Sephadex C-25 co­
lumn (<j> 1.3x110 cm) and the adsorbed orange band 
was eluted with 0.15 M aqueous solution of potassium ( + )D_ 

tartratoantimonate(III) at a rate of 0.47 ml per min. The 
eluate was fractionated into 5 ml portions and the absorption 
spectrum of each fraction was checked (330 nm). Only two 
isomers were obtained (Fig. 2a). The ( + )D-isomer was 
eluted faster than the ( — )D-isomer. 

cis-a-[Co(trien)(dmbpy)~\Cl(ClOi)2- This complex was 
prepared according to a method similar to that for [Co-
ten) 2 (dmbpy)] CI (C104)2-H20. A mixture of m-a-[CoCl2-
(trien)]Cl13> (4.4 g in 30 ml of water), dmbpy (2.0 g in 5 ml 
of ethanol) and activated charcoal (1 g) was warmed at 
70 °G for 20 min, and filtered. The filtrate was acidified 
with 1 M hydrochloric acid and treated with 5 g of sodium 
Perchlorate in 10 ml of water. Orange crystals appeared 
within a minute. They were filtered off after 30 min and 
washed with a small amount of ice-water, ethanol and then 
ether, and recrystallized from hot water. Yield 4.8 g. 

Found: G, 34.43; H, 4.84; N, 13.03%. Galcd for 
C18H30N6O8CoCl3: G, 34.64; H, 4.85; N, 13.47%. 

Resolution of cis-a-[Co(fràn)(û?m%)]a(C704)2. This 
complex was resolved by a method similar to that for [Co-
(en)2(dmbpy)]Cl(C104)2-H20 with K3[Go(L-cysu)3] as re­
solving agent. Two optical isomers were obtained. The 
CD curve showed that they are enantiomeric to each other. 
A chromatographic method similar to that for [Co(en)2-
(dmbpy)]3+ was also employed. An aqueous solution of 
18 mg of the complex was poured on a SP-Sephadex 
C-25 column (^ 1.3x110 cm) and the adsorbed band was 
eluted with a 0.15 M potassium ( + )D-tartratoantimonate-
(III) as the eluent. The eluate was fractionated into 5 ml 
portions and their absorption spectra (280 nm) was checked. 
Figure 2b shows that two well separated bands were obtained. 
The ( + )D - i s o r n r e w a s eluted faster than the ( —)D-isomer. 
The CD curves show that these isomers are enantiomeric 
to each other. 

(—)i,lCo(R,R-chxn)2(dmbpy)~\(ClOJ3. This complex 
was prepared by a method similar to that for [Co(en)2-
(dmbpy)]Cl(C104)2-H20. A mixture of trans-[CoC\2(R,R-
chxn)2]C104(chxn=cyclohexanediamine) (1.0 g in 20 ml of 
water), dmbpy (0.5 g in 10 ml of ethanol) and activated 
charcoal (0.5 g) was warmed at 70 °C for 15 min, filtered 
and treated with 10 ml of 1 M hydrochloric acid. The 

solution was diluted with water 10 times in volume and 
poured on a column of SP-Sephadex C-25 (0 3.0x30 cm). 
The adsorbed band was eluted with 0.2 M hydrochloric 
acid. All the fractions showed equal absorption and CD 
patterns. They were collected and evaporated to dryness. 
The residue was dissolved in 20 ml of water, filtered, treated 
with 1.5 g of sodium Perchlorate in 10 ml of water and stored 
in a refrigerator overnight. Orange crystals were filtered 
off and washed with a small volume of water, ethanol and 
ether and then air dried. 

Found: C, 37.35; H, 5.54; N, 10.97%. Calcd for 
C24H40N6O12CoCl3: C, 37.47; H, 5.20; N, 10.97%. 

(—)D [Co (R,R-chxn) 2 (bpy) ] (CIO J 3. The procedure was 
similar to that for the (—)D[Co(Ä,Ä-chxn)2(dmbpy)](C104)3 

using bpy instead of dmbpy. A mixture of 1.2 g of trans-
[CoCl2(Ä,Ä-chxn)2]G104 in 25 ml of water. 0.5 g of bpy in 
10 ml of ethanol and 0.5 g of activated charcoal was heated 
at 60 °C for 15 min, filtered, acidified with 10 ml of 1 M 
hydrochloric acid, diluted with water and poured onto 
a column containing SP-Sephadex C-25. The adsorbed 
orange band was eluted with 0.2 M hyrochloric acid. Abosrp-
tion and CD spectra of the fractions were checked. Fractions 
giving similar spectral data were collected and evaporated 
to dryness. The residue was dissloved in 20 ml of water. 
The solution was filtered, and treated with 1.5 g of sodium 
Perchlorate in 10 ml of water. The orange crystals were 
filtered off and washed with a small volume of ice-water, 
ethanol and ether, and recrystallized from water. Yield 
0.65 g. 

Found: C, 35.59; H, 4.93; N, 11.31%. Calcd for 
C22H36N6012CoCl3: C, 35.62; H, 4.89; N, 11.33%. 

Measurements. Absorption and CD spectra were 
recorded on a Shimadzu Double 40-R spectrophotometer 
and a Jasco J-20 spectropolarimeter, respectively, at room 
temperature. PMR spectra were recorded with a JNM-PMX 
60 spectrometer using DSS as an internal standard. Infrared 
specrta were recorded over the NaCl region with a Hitachi 
Model 285 infrared spectrometer. The complexes, ( + )D~ 
[Co(en)2(dmbpy)]Cl(C104)2-H20, ( + )D[Co(trien)(dmbpy)]-
C1(C104)2 and (-)D[Co(Ä,Ä-chxn)2(dmbpy)](C104)3 were 
converted into their bromide by use of the anion exchanger 
Dowex 1-X8 in bromide form, for the measurement of PMR 
and infrared spectra. Most of the measurements were made 
at 25 °C. 

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

Preparation and Stereochemistry. The cobalt(III) 
complexes, [Co (dmbpy) 3 ] 3 + , [Go (tren) (dmbpy) ]3+, 
[Co(en)2(dmbpy)]3+, [Co(trien) (dmbpy)] 3+, and [Go-
(i?,A-chxn)2(dmbpy)]3+ were characterized by elemen­
tal analysis, absorption, CD and P M R spectra. Among 
these complexes, the tren complex has no chiral con­
figuration around the cobalt(III) ion and the optical 
activity in this complex arises exclusively from the twisted 
conformation of the dmbpy chelate. [Co (tren)-
(dmbpy) ] 3 + was partially resolved by column chroma­
tography, and the CD spectrum in the visible region 
remained unchanged at room temperature for several 
days. This indicates that the dmbpy chelate of this 
complex is twisted and takes a nonconvertible con­
formation. 

The bis(en), trien, bis(A,i?-chxn) complexes have 
two kinds of dissymmetry; the configurational dis­
symmetry, A and A, and conformational dissymmetry, 
ô and X (Fig. 1). Consequently, four optical isomers 
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TABLE 1. ABSORPTION (AB) AND CIRCULAR DICHROISM 

(CD) SPECTRAL DATA IN 103cm~1, (loge) AND fo — er) 

X (R) -conformation <5 ( S) -conformation 

Fig. 1. Two conformations of dmbpy chelates. 
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Fig. 2. a) Elution curve of [Co(en)2(dmbpy)]3+ ion. 
Plots of absorbance at 330 nm (path length = 1 . 0 cm) 
vs. the ratio of the eluate volume (v) to the bed 
volume (i>t=146ml). 
b) Elution curve of «Va-[Co(trien)(dmbpy)]3+ ion. 
Plots of absorbance at 280 nm (path length = 1.0 cm) 
vs. the ratio of the eluate volume (v) to the bed 
volume (v —146 ml). 

(a) 

4.0 3.0 2.0 1.0 0 

ppm 
Fig. 3. The PMR spectra of a) [Co(en)2(dmbpy)]Br3 

b) aVa-[Co (trien) (dmpy)]Br3 c) (-)D[Go(Ä,Ä-
chxn)2(dmbpy)]Br3 in D 2 0. 

A(A-dmbpy) A(<5-dmbpy) 

Fig. 4. Schematic structues of A-[Co(en)2(A-dmbpy)]3+ 

and A-[Co(en)2(<5-dmbpy)]3+ ions. 

Complex AB CD 

( + )„[Go(tren) 
(dmbpy)]3+ 

( + )D[Co(en)2-
(bpy)]3+ 

20.83(2.23) 

31.75(3.99) 

43.86(4.58) 

19.80(+ 0.022) 
2 2 . 2 2 ( - 0.018) 
28 .57(4 0.58) 
31.25(4- 0.20) 

21.74(1.99) 20 .70(4 3.02) 
ca. 31.25(4.03) 3 2 . 4 7 ( - 6.64) 

32.46(4.12) ca. 45 .87(-24.83) 
45.87(4.68) 49.50(428.87) 

;4)D[Co(en)2-
(dmbpy)]3+ 

21.28(2.21) 
30.30(3.77) 
33.67(3.91) 

44.24(4.73) 

( + )D-«J-a[Co(trien)- 21.05(2.29) 
(dmbpy)]3+ 30.30(3.67) 

34.01(3.91) 

43.48(4.76) 

(-)D[Go(Ä,Ä-chxn)a- 21.28(2.07) 
(bpy)]3+ 32.26(4.11) 

45.05(4.64) 

(-)D[Go(Ä,Ä-chxn)2- 21.10(2.17) 
(dmbpy)]3+ ca. 30.49(3.82) 

31.75(3.88) 
32.79(3.90) 

44.14(4.72) 

21 .05(4 7.45) 
2 8 . 1 7 ( - 5.84) 
3 3 . 7 8 ( - 4.72) 
39.37( —21.11) 
47.17(435.70) 

20 .74(4 7.23) 
28.17(— 4.14) 
3 0 . 1 2 ( - 6.02) 
3 1 . 5 5 ( - 6.20) 
40.81 ( -18.53) 
48.08(446.30) 

2 0 . 5 3 ( - 3.31) 
32 .26(4 9.29) 
40.98(442.72) 
48.54(-34.49) 

2 0 . 8 3 ( - 7.12) 
27 .78(4 5.41) 
30 .03(4 5.41) 
33 .78(4 7.33) 
40.48(451.80) 
46.72(-61.50) 

are possible for each complex. In addition to the 
optical isomers, the trien complex has geometric isomers, 
i.e. cis-x and cis-ß. They can usually be distinguished 
by their I R spectra in the 990—1090 c m - 1 region; 
while cis-x complexes show two strong absorption bands 
in this region, cis-ß complexes give four bands.15) 
T h e I R spectrum of [Go(trien)(dmbpy)]Br3 shows 
two strong band in this region and hence the complex 
can be assigned to cis-x isomer. 

The en and trien complexes were resolved by chem­
ical and chromatographic methods. T h e CD spectra 
of the two isomers of the chemically resolved en (or 
trien) complex showed symmetrical curves to each other 
over all the wavelengths, indicating that they are a 
pair of enantiomers. The en and trien complexes 
were adsorbed on a column of SP-Sephadex G-25 
and eluted with 0.15 M potassium (4-)D-tartratoant-
imonate(III ) solution. Figure 2 shows their elution 
curves. No indication for the presence of more than 
two isomers was found in both chemical and chroma­
tographic resolution. O n the other hand, [Go(i?,i?-
chxn) 2(dmbpy)](G10 4) 3 yielded only ( — )D-isomer 
stereospecifically (see Experimental). The P M R spectra 
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H+0.02 

30 40 
ÎJXlO^m-1 

Fig. 5. Absorption (AB) and CD spectra of ( + )D-
[Co(tren) (dmbpy )]3+. 

30 40 

iJXKPcm-1 

Fig. 7. AB and CD spectra of ( + )D-«Va-[Co(trien)-
(dmbpy)]3^. 

20 30 40 

9X 103 c m - 1 

Fig. 6. A B a n d C D spec t ra of ( + ) D [ C o ( e n ) 2 ( b p y ) ] 3 + 

( ) a nd ( + )D[Co(en)2(dmbpy)F+ ( ). 

of en, trien and R,R-chxn complexes show only one 
methyl signal at ca. 2.5 ppm (Fig. 3). The results also 
support the view that the dmbpy coordinates stereo-
specifically to the central cobal t(III) ion in the given 
configuration. 

Recently, Douglas et a/.5) and Tan imura et a/.6) 
prepared and resolved a series of cobalt (I II) complexes 
of 2,2'-diaminobiphenyl (dabp). T h e bidentate ligand 
dabp also takes a non-coplanar conformation upon 
coordination as dmbpy does. They reported that the 
conformation of the dabp chelates depends on the 
configuration of the complexes. The crystal structure 
of A-[Co(-ß-pn)2(dabp)]G]3 has been determined by 
X-ray analysis, the conformation of the dabp chelate 
being found to be A.6) 

Figure 4 gives a schematic representation of the two 
possible structures of A-[Co(en)2(dmbpy)]3+. In the 
A(A-dmbpy) arrangements, the pyridine rings are twist-

H+5.0 

H-5.0 

20 30 40 

9X10» cm-1 

Fig. 8. AB and CD spectra of (-)D[Co(Ä,Ä-chxn)a-
(bpy)]3+ ( ) and (-)D[Co(Ä,JR-chxn)2(dmbpy)]3+ 
( )• 

ed into open faces of the octahedron, i.e., the faces 
are not occupied by en chelates. The interaction be­
tween jr-electron cloud of bipyridine rings and ethyl-
enediamine protons of A(A-dmbpy) seems to be less 
than A(ö-dmbpy). T h e same relationship holds fcr 
A(ô-dmbpy) and yl(^-dmbpy). 

i?-Diamine such as R-pn or R,R-chxn takes the 
X-gauche conformation upon coordination. 15-l6> Thus, 
the structure of the stereospecifically formed (-- )D[Co 
(A,A-chxn)2(dmbpy)]3+ should be either A(M,<5-dmbpy) 
or A(AA,^-dmbpy). The absolute configuration was 
assigned to A from the CD sign of the first d-d region.17) 
Molecular model studies suggest that the 2 C - 2 C bond 
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in A-dmbpy chelate is parallel to the pseudo-three fold 
axis whereas it is oblique in ô-dmbpy. The stability 
of these two isomers might differ. The tris(Z?-diamine) 
cobalt(III) complexes have two optical isomers A-
(XXX){lei) and A(XXX)(ob) in which the lei isomer of 
[Co(Ä-pn)3]3+- is known to be more stable than the ob 
isomer.10) I t is likely that the dmbpy chelate takes 
X conformation in ( — )D[Go (Ä,Ä-chxn)2 (dmbpy)]3+. 
This agrees with the molecular model consideration 
for the [Co(en) 2(dmbpy) ]3+- (Fig. 4) 

Absorption Spectra. The absorption and CD spec­
tra of all the [Co(N)6]3+ type complexes are shown 
in Figs. 5—8. Their band locations and intensities 
are given in Table 1. The first absorption band 
maxima of the dmbpy complexes have higher inten­
sities and appear at longer wavelength as compared 
with ( + )D[Co(en)2(bpy)]3+ or ( —)D[Co(Ä,Ä-chxn)2 

(bpy)]3+. The absorption peaks in 25000—35000 cm" 1 

region might be related to the electronic transitions 
of the coordinated dmbpy or bpy.18> The intensities 
of these bands of the dmbpy complexes are always 
lower and the band patterns are broader as compared 
with those of the bpy complexes. These effects are 
presumably due to a torsional strain and inhibition of 
resonance of the dmbpy chelate.19* 

CD Spectra. Two component Cotton effects, a 
positive and a negative peaks from longer to shorter 
wavelength are observed in the visible region of the 
(4-)D[Co(tren)(dmbpy)]3+ (Fig. 5). Two positive 
Cotton effects are observed in the region 28000— 
35000 cm - 1 . T h e origin of the optical activity of this 
complex is due to the twisted conformation of the 
dmbpy chelate. The absolute conformation of the 
ligand cannot be assigned from the CD spectra at 
present. 

A strong CD band is observed for each ( + )D[Cc-
(en)2(dmbpy)]3 + , eis « - ( + ) D [ C o (trien) (dmbpy)] 3 + and 
( — )D [Co (Ä,Ä-chxn)2 (dmbpy) ]3+ in the first absorp­
tion region (Figs. 6—8). Their CD magnitudes are 
greater than those of the bpy complexes. T h e CD sign 
of a cobalt(III) complex in the first absorption band 
is known to depend on the absolute configuration cf 
the complex.17) Thus, the absolute configurations of 
(+)D[Co(en) 2(dmbpy)] 3+, ( + )D[Co(trien)(dmbpy)]3+, 
and ( — )D[Co(Jff,i2-chxn)2(dmbpy)]3+ are assigned to 
A, A and A, respectively. While the CD spectra of 
bpy complexes gave one component Cotton effect in 
the region 25000—35000 cm - 1 , the dmbpy complexes 
showed broad and split peaks. The absolute conforma­

tion of the twisted dmbpy can not be assigned at pre­
sent from the CD patterns in these region. 

The authors wish to thank Professor Kazuo Saito 
of Tohoku University, and Professor Junnosuke Fujita 
and Dr. Kazuo Kashiwabara of Nagoya University 
for their helpful suggestions and discussions. 
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Note added in proof 

The structure of ( + )D[Co(en)2(dmbpy)]Cl(C104)2.H20 
was determined recently by X-ray crystal analysis. The 
configuration of the complex and the conformation of 
dmbpy were found to be A and ô, respectively. (S. Sato 
and Y. Saito, private communication) 

We are grateful to Dr. S. Sato and Professor Y. Saito, 
the University of Tokyo, for providing us with this informa­
tion prior to publication. 
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Determination of Chlorine in Rocks, Soils and Organic Materials by Heating 
Powdered Sample in Strong Phosphoric Acid, and Some Additional 

Investigations on the Related Reactions 
Kikuo TERADA, Saburo HIRAKAWA, and Toshiyasu K I B A 

Department of Chemistry, Faculty of Science, Kanazawa University, Kanazawa, Ishikawa 920 
(Received July 12, 1976) 

The decomposition of several salts in strong phosphoric acid (SPA) was examined. These halides were de­
composed and hydrogen halides evolved by heating the samples with SPA at various temperatures. Based on these 
data an adequate reagent was chosen for the efficient separation of various elements which can form volatile halides. 
The recommended distillation condition was applied to determine the chlorine content in solid samples, such as 
rocks, soils or some organic materials. The sample was heated in an SPA medium and a distillate of hydrogen 
chloride was absorbed in a sodium hydroxide solution. The solution was subjected to volumetric analysis with 
a silver nitrate solution for chlorine in the range of 10-2 to 10-4 mol and to spectrophotometric determination with 
mercury thiocyanate for elements less than 10-4 mol. Furthermore, from the results of X-ray diffraction measure­
ments of the original and the SPA-treated samples, it was confirmed that the main crystal structure of a rock sam­
ple could be decomposed by heating with SPA. The chlorine analysis was performed for Japan Geological Survey 
standard rocks, JG-1 and JB-1, and a synthesized complex compound. 

It is known that some metallic and ammonium salts 
of acids of low boiling point could readily be decompos­
ed in strong phosphoric acid by heating and evolve 
gaseous acid quantitatively.1* Sulfides and halides fall 
in this category, and, based on this various applica­
tions have been developed for the determination of 
sulfur.2"12) 

O n the other hand, when an element having a 
volatile halide is present in a sample, an exchange 
reaction may occur in the strong phosphoric acid 
medium, if the sample is heated together with the al­
kali halide in the medium. In the previous papers,13«14) 
the present authors reported that when selenium-
containing samples of rocks, soils, or sediments are 
heated with ammonium chloride or ammonium bromide 
in SPA, selenium(IV) tetrachloride or tetrabromide, 
respectively, evolve quantitatively from the sample. 

The decomposition of metal halides and the evolu­
tion of hydrogen halide may be expressed as 

X - + H n P m Oi • HX + H ^ P ^ O r (1) 
and the succeeding reaction with selenium(IV) and 
(VI) compounds is 

H2Se03 + 4HX > SeX4 + 3HaO (2) 
In Eq. 1, the evolved hydrogen halide may be in an 
extremely reactive gaseous state. To accomplish the 
two reactions successfully for the quantitative recovery 
of selenium from a sample, Reaction 1 should proceed 
concurrently with Reaction 2 ; Therefore, the forming 
rate of the active hydrogen halide upon heating of 
the SPA medium may be the first important practical 
factor, and the boiling temperature of the selenium 
halide and the rate of Reaction 2 may be the second. 

The present authors investigated the above factors 
in detail with the aim of extending the SPA-analytical 
method to the determination of halogens in solid sam­
ples such as rocks, soils, and organic materials and 
to the rapid separation of selenium and arsenic15) as 
halides in solid samples. 

Exper imenta l 

Reagents. Strong Phosphoric Acid (SPA) : Commercial 
ortho-phosphoric acid of extra pure reagent grade was de­

hydrated as described previously.13'16) The syrupy liquid 
obtained was stored in a closed vessel. 

Silver Nitrate Standard Solution (M/70). Mercury Thio­
cyanate Solution: Mercury(II) nitrate (5 g) was dissolved in 
200 ml of 0.5 M nitric acid; 3 ml of a saturated ammonium 
iron(III) sulfate solution in 1 M nitric acid was added; the 
solution was titrated with a 4% potassium thiocyanate solu­
tion with continuous shaking until the color changed to pale 
orange; the white crystalline precipitate thus obtained was 
filtered through a glass filter, washed well with distilled water 
and dried in air; 0.3 g of this reagent was dissolved in 100 ml 
of ethanol and stored in a dark bottle. This solution is 
stable for several months. 

Ammonium Iron(HI) Sulfate Solution: Six grams of dode-
cahydrated salt of guaranteed reagent grade was dissolved 
in 100 ml of 6 M nitric acid. 

Standard Chloride Solution: Sodium chloride of guaranteed 
reagent grade (2.013 g) was dissolved in distilled water in a 
1-liter measuring flask. This solution was diluted for use. 

Other Chemicals: Ammonium chloride, bromide, and 
iodide, potassium chloride, bromide, and iodide, sodium 
chloride, bromide, and iodide, hydrochloric acid, sodium 
hydroxide and fluorescein were all of guaranteed reagent 
grade. 

Apparatus. Electric conductivity measurements: a 
conductivity outfit, Model MY-7 (Yanagimoto Seisakusho 
Co.) connected to a conductivity cell, Model CDC-121 (M 
& S Instr. Co., Inc.). 

A photo-electric spectrophotometer (Hirama Rika Ken-
kyujo), Type 6 and 1-cm glass cell. 

A Hitachi-Horiba glass electrode pH meter, Model M-3. 
The reaction vessel used was the same as that described 

previously13) and was connected to an absorption tube or a 
conductivity cell. 

Procedure. Sodium chloride in amounts of 5 x l 0 - 4 

— 2 x l 0 - 3 m o l was placed in the reaction vessel and about 
30 g of SPA was added. Twenty milliliters of a sodium 
hydroxide solution was placed in the absorption tube and 
all joints were connected as shown in Fig. 1. The air was 
aspirated slowly from the last outlet tube by means of a 
suction pump and the reaction vessel was heated on an elec­
tric heater to start the reaction. The reaction rate was 
followed every 2—3 min by measuring the electric conductiv­
ity of the absorption solution using a flow-type conductivity 
cell. The temperature of the reaction medium was recorded 
at the same time. The evolving hydrogen chloride in the 
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Fig. 1. Apparatus for successive conductivity measure­
ment for SPA-distillate absorbing solution. 
A: Washing bottle, B: reaction vessel, G: absorption 
tube, D: conductivity outfit, E: flow-type conductity 
cell, H: electric heater, R: ribbon heater, T : ther­
mometer. 
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Fig. 2. Conductometric titration curve. 
Sodium hydroxide was titrated with hydrochloric 
acid. 

absorption solution was determined from the conductivity 
value obtained. The relationship between the evolving 
hydrogen chloride and the electric conductivity was obtained 
using the titration curve (Fig. 2) which was constructed on 
the basis of the titration of 20 ml of a M/20 sodium hydroxide 
solution with 1 M hydrochloric acid. In the case of de­
composing bromide or iodide salts, hydrobromic acid or 
hydroiodic acid were used in place of hydrochloric acid in 
the above procedure. 

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

Decomposition of Various Halide in SPA. Figures 3, 4, 
and 5 show decomposition curves for several chlorides, 
bromides and iodides in SPA media. In the figures, the 
open circles represent the amounts of hydrogen halide 
trapped in the absorption solution after each heating 
period as determined by the conductivity measurements 
and the filled-in circles the temperature of the reaction 
medium after the same periods. I t is clear that the 
decomposition of chloride salts is initiated at about 
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Fig. 3. SPA-decomposition curves for cloride salts. 
—O—: Amount of hydrogen chloride in absorption 
solution, — # — : temperature change of SPA-medium. 
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Fig. 5. SPA-decomposition curves for iodide salts. 

TABLE 1. DECOMPOSITION TEMPERATURE OF VARIOUS 

HALIDE SALTS IN S P A MEDIA 

Salt 

NaCl 
KCl 
NH4C1 
NaBr 
KBr 
NH4Br 
Nal 
KI 
NH4I 

Temperature 

Start 

100 
50 
50 

230 
180 
180 
180 
80 

100 

of decomposition, °C 

Finish 

200 
230 
160 
290 
280 
260 
260 
230 
240 

110, 50, and 50 °C and the evolution of hydrogen 
chloride may be completed at 200, 230, and 160 °G, 
for the sodium, potassium, and ammonium salts, re­
spectively. In the case of the bromides, the sodium 
salt was most resistant to decomposition, and the am­
monium salt reacted with SPA more easily than did 
the others. For the iodides, again the sodium salt 
was most resistant to SPA action, whereas the potas­
sium salt was most easily decomposed. T h e results 
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are summarized in Table 1. However, it should be 
noted that there is a certain time lag between the 
hydrogen halide generation and its arrival in the absorp­
tion solution. Furthermore, the present results may 
fluctuate to some extent depending on the heating 
time and also on the amounts of halide salts used. 
The difficulty in detecting halide ions in amounts less 
than 2 X 10 - 5 mol in 20 ml of the absorption solution 
makes it necessary to delay the measurement until 
the evolved hydrogen halide gas has accumulated in 
detectable amounts in the solution. Therefore, a delay 
is unavoidable in the response of the hydrogen halide 
gas evolution and the completion of the decomposing 
reaction. Therefore, the data shown in Figs. 3, 4, 
and 5 are strictly valid only under the present experi­
mental conditions. 

But it may be possible to present a discussion based 
on the present results which may be not differ too 
much from those obtained for arbitrary experimental 
conditions. As suggested above, a complete distilla­
tion of a certain element in gaseous halide form from 
the SPA medium would be expected to occur when 
decomposition of the halide reagent added to the sample 
i.i the reaction vessel begins as the increasing tem­
perature approaches the boiling point of the halide 
of the element concerned and ceases at temperatures 
above the boiling point. Thus, from the present re­
sults it may be possible to predict which reagent is 
suitable for use in the distillation of a given element by 
evolution as a gaseous halide from an SPA medium. 

Distillation of Selenium and Arsenic as Halides. As 
previously reported,13) selenium(IV) and (VI) can be 
distilled as tetrabromide from bromide-SPA at about 
250 °C. The sublimation temperature of the selenium 
tetrabromide is known to be 196 °G. Therefore, so­
dium chloride and ammonium chloride are presumed 
to be unsuitable for the distillation of selenium since 
hydrogen chloride gas will evaporate off before the 
temperature reaches the sublimation point of seleniun 
tetrachloride. In fact, ammonium and sodium chlo­
rides distill selenium incompletely (50—80%). 

O n the other hand, ammonium bromide was found 
to be the most useful for this purpose, although the 
sublimation temperature of selenium (IV) tetrabromide 
is still unknown. This temperature may fall between 
200 and 250 °G, because the boiling point of a metal 
bromide in an aqueous solution is generally higher 
than that of the corresponding chloride. 

For arsenic ( I I I ) , the boiling point of arsenic (II I) 
chloride and bromide are known to be 130.4 and 
221 °G, respectively.17) Thus the chloride would be 
expected to be the most adequate form for distillation 
from the SPA medium. Therefore, sodium and po­
tassium chlorides may be useful for this purpose. As 
shown in Fig. 6, the distillation of arsenic(III) was 
complete in the sodium chloride-SPA reagent solution 
when the temperature reached 180 °G and a slightly 
lower recovery was observed when potassium chloride 
was used.15) On the other hand ; the recovery of arsenic 
by ammonium bromide was incomplete as expected. 

Another example is the distillation of germanium. 
T h e boiling points of germanium(IV) chloride and 
bromide are known to be 84 and 185.9 °C, respec-

o'~-

< 
UM 

o 
u 
<u 
> o 
H 
rf 

100 

80 

60 

40 

0 

y/ .••••'* 

./" 
/ D 

I 

I 

)) i P , J i— i i 1 J 1 1 i—1 
11 100 200 300 

Temperature (°C) 

Fig. 6. Recovery of arsenic at various temperatures 
of various SPA-reagents media. 
—O—: NaCl, — A - - : KCl, D : NH4G1, 
. . . • ••• : NH4Br. 

f=o=-

^0 
Fig. 7. SPA distillation apparatus for determination of 

halogen. 
A: Washing bottle, B: reaction vessel, C: absorption 
tube, H: electric heater, R: ribbon heater, T : ther­
mometer. 

tively.17) Therefore, ammonium or potassium chloride 
may be suitably employed for the distillation of ger­
manium in tetrachloride form, whereas all bromides 
are useless. Tin( IV) can also be distilled as tin(IV) 
chloride (bp 114 °G) or bromide (bp 202 °G) from 
ammonium chloride-SPA and ammonium bromide-
SPA media. 

Further predictions will be made for the distillation 
of the other volatile metal halides, for example, chro­
mium, niobium, rhenium, and antimony.18) Further 
details and applications of the present study will be 
given elsewhere. 

Determination of Chloride in Solid Samples. In 
general, the analysis of chlorine content in rocks, soils, 
and minerals requires an alkaline or carbonate fusion 
treatment of the sample, followed by extraction with 
hot water or nitric acid. The fusion process is tedious 
and may cause unexpected losses of the element or 
contamination of the element from the reagents used 
and from the instruments. Furthermore, matrix con­
stituents occasionally interfere with the determination 
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TABLE 2. VOLUMETRIC DETERMINATION OF CHLORIDE 

AFTER S P A DISTILLATION 

Gl- added, mola> Cl~ found, mol 

l x i o - 3 l . o ix io - 3 

1.00 
1.02 
1.00 

1X10-* 1.01 X 10-* 
0.98 
1.02 
0.99 
0.98 

a) CI - was added as NaCl. 

TABLE 3. SPECTROPHOTOMETRY DETERMINATION OF 

CHLORIDE AFTER S P A DISTILLATION 

CI- added, mola> Cl~ found, mol 

3.4X10-5 3.2X10-5 

3.1 
3.5 

3.3 

5.0X10-6 4.8X10-6 

4.7 
5.2 
4.9 

a) Gl- was added as NaCl. 

of chloride in low concentrations. Thus, it is desirable 
to separate chlorine from the matrix more rapidly and 
effectively. 

As mentioned above, many chloride compounds were 
quantitatively decomposed and chloride was distilled off 
as hydrogen chloride from SPA media by heating to 
about 250 °C. Therefore, the present method seems 
to be applicable to the determination of chlorine in 
chloride or other halide form in solid materials, such 
as rocks, minerals, soils, biological materials, and com­
plex compounds. 

The apparatus used is shown in Fig. 7. The pro­
cedure is as follows. A suitable amount of the sample 
(0.5—1.0 g) was placed in the reaction vessel (B), and 
about 30 g of SPA was added. An accurately-deter­
mined amount of 20 ml of a 0.05 M sodium hydroxide 
solution was put into the absorption tube (C), which 
was placed in a wider test tube containing cooling water. 
Then all joints were connected as shown in the figure. 
(A) is a gas-washing bottle containing a 0.1 M silver 
nitrate solution. Air was aspirated slowly from the 
last outlet tube and the reaction vessel was heated 
with an electric heater until the temperature of the 
contents reached about 250 °C. Around the cap of 
the reaction vessel was wound a ribbon heater to avoid 
trapping of hydrogen chloride at this point during 
distillation. 

After distillation, the absorption and the washing 
solutions were combined and subjected to chloride 
measurement. For chlorides in the range of 10 - 3 to 
10 - 4 mol, titration was performed with a silver nitrate 
standard solution using fluorescein as an indicator! 
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Fig. 8. X-Ray diffraction pattern for standard rocks 
and SPA treated standard rocks, 
a: JG-1, b : JB-1. 
A : Original rock sample, B : SPA treated rock sample. 

For chlorides less than 10 - 4 mol, the determination was 
made spectrophotometrically using mercury thiocya-
nate19> as follows : after distillation, 4 ml of an am­
monium iron (III) sulfate solution and 2 ml of a mer­
cury thiocyanate solution were added to the absorp­
tion solution. This solution was mixed well by shak­
ing, and then the absorption was measured at a wave­
length of 460 nm. In this case, the volume of the 
absorption solution during distillation appeared to 
remain unchanged. From Tables 2 and 3, which 
indicate the results it is clear that the determination 
of chlorides in the concentration range of 10 - 6 —10 - 2 

mol can be performed very satisfactorily. 
Decomposition of Rock Samples in SPA Media. 

When organic compounds or complex materials, such 
as complex compounds, hair, or rice, are heated in an 
SPA medium with decomposition of the materials to 
carbon, chlorine can be evolved as hydrogen chloride. 
However, a problem remained as to whether or not 
rock samples could be decomposed. Therefore, in the 
present study, experiments were carried out to clarify 
this problem. 

J a p a n Geological Survey standard rocks, JG-1 and 

and 
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TABLE 4. CHLORINE CONTENTS OF STANDARD ROCKS, 

JG-1 AND JB-1 

JG-1, ppm 

53 
57 
50 
58 
52 

av 54±4 

200 
57 
67(5) 

JB-1, ppm 

178 
160 
168 
175 
164 

169±10 

— 
190 
167(5) 

Reference 

Present results 

Sen Gupta (1971) 
Akaiwa et al. (1973) 
Terashima (1974) 

TABLE 5. DETERMINATION OF CHLORINE IN trans-

[CoCl2en2]H502Cl2 AFTER SPA DISTILLATION 

Sample taken, 

100.9 
99.5 

100.4 

m g a ) 

Found 

38.4 
38.1 
38.3 

Gl, mg 

Galcd 

38.7 
38.3 
38.5 

a) The sample was dried at 100 °C for 1 h. 

JB-1 , were subjected to treatment with SPA and the 
remaining white residue were washed with distilled 
water to remove any phosphoric acid. Then, X-ray 
diffraction patterns of these crystals was examined and 
compared with the X-ray diffraction patterns of the 
original rock samples. T h e X-ray patterns obtained 
are shown in Fig. 8. The peaks due to quartz and 
feldspar in the original JG-1 sample completely disap­
peared after the treatment, and new peaks appeared. 
Also, in the case of JB-1 , entirely different patterns 
were observed for the original and the SPA-treated 
samples. These new X-ray patterns were assigned to 
Si 3 (P0 4 ) 4 . From the results, it can be confirmed that 
the original crystalline structure of silicate minerals in 
a rock sample is decomposed and then converted into 
a new crystalline structure whose composition in­
cludes SPA and silica. Therefore, it is reasonable to 
conclude that chlorine can also be completely liberated 
from a rock sample during decomposition due to heat­
ing of the sample in SPA. 

In Table 4, the analytical results obtained by the 
present method for the standard rocks, JG-1 and JB-1 , 
are compared with those reported by Sen Gupta,20) 
Akaiwa21^ and Terashima.22) The present results are 
in good agreement with those of Akaiwa andTerashima. 
T h e value reported by Sen Gupta appears to be too 
high. 

A determination was also carried out for a synthe­
sized complex compound, the structure of which was 
reported to be [CoCl2en2]H502Cl2.23> The data are 
shown in Table 5. The observed chlorine content 
coincides fairly well with the calculated result. 

Support of a part of this work by the Ministry of 
Education is gratefully acknowledged. 
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Spectral Studies on the Interaction between Oxovanadium(IV) /3-Diketonates 
and Organic Solvents 
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T h e effect of temperature on the visible absorption spectra of oxovanadium(IV) /?-diketonates [VO (/?-dik)2] 
(/?-dik=aca, bza, tfa, and dpm*) were studied in organic solvents. T h e results together with the spectral and 
thermogravimetric da ta of the pyridine and dioxane adducts of these chelates lead to the conclusion that the ease of 
taking up a solvent molecule to form a six-coordinate solvated chelate in solution increases in the order : VO(tfa) 2 > 
V O ( b z a ) 2 = V O ( a c a ) 2 > V O ( d p m ) 2 . Various proofs for the existence of a polymeric structure of VO(tfa)2 , which 
was formerly indicated on the basis of its I R spectrum, were found. 

T h e visible a b s o r p t i o n s p e c t r u m of o x o v a n a d i u m -
( I V ) a c e t y l a c e t o n a t e ( V O (aca ) 2 ) in a n o r g a n i c solvent 
changes r e m a r k a b l y w i t h solvent.1 _ 3> T h i s is e x p l a i n e d 
o n t h e a s s u m p t i o n t h a t t h e s q u a r e p y r a m i d a l five-
c o o r d i n a t e d s t r u c t u r e of t h e o r ig ina l c h e l a t e is m o r e 
o r less t r a n s f o r m e d i n t o a n o c t a h e d r a l s i x - coo rd ina t ed 
o n e b y t h e c o o r d i n a t i o n of a so lvent m o l e c u r e , a n d 
t h a t t h e spec t ra l c h a n g e obse rved is t h e ref lect ion of 
t h e deg ree of this s t r u c t u a l c h a n g e . 

0 0 0 

Increase in D N of the solvent (S) —»• 
Increase in A i . n —> 

A c c o r d i n g t o Se ib in et Ö / . , 1 _ 3 > t h e difference b e ­
t w e e n t h e w a v e n u m b e r s of t h e t w o visible b a n d s of 
this che l a t e ( A i n ) serves as a g o o d m e a s u r e of t h e 
deg ree of this c h a n g e ; w h e n t h e c o o r d i n a t i o n ab i l i t y 
of t h e solvent ( w h i c h m a y b e expressed b y t h e d o n o r 
n u m b e r ( D N ) of G u t m a n ) 4 ) is ve ry low (e.g., in 1,2-
d i c h l o r o e t h a n e o r n i t r o m e t h a n e ) a n d t h e c h e l a t e 
n e a r l y r e t a ins its o r ig ina l s t r u c t u r e in so lu t ion , A I i H 

is in t h e v ic in i ty of 1—2 k K , b u t it increases w i t h t h e 
D N of t h e solvent used , r e a c h i n g 4 — 5 k K in D M S O 
a n d p y r i d i n e . I t w a s also p o i n t e d o u t t h a t t h e r e is a 
fairly g o o d l i nea r r e l a t i onsh ip b e t w e e n A I ( I I a n d D N . 4 ) 

A l t h o u g h these r e l a t ions , w h i c h w e sha l l cal l t h e 
S e l b i n - G u t m a n n ru l e , w e r e wel l e s t ab l i shed in t h e 
case of V O ( a c a ) 2 , p u b l i s h e d d a t a o n o t h e r /?-di-
ke tona te s of V 0 2 + s eem t o b e r a t h e r s can ty . W e 
h a v e t r i ed to conf i rm t h e a p p l i c a b i l i t y of this r u l e 
to t h r e e such che la tes . 

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

Preparations. VO(aca ) 2 and VO(tfa) 2 were prepared 
by the method of Rowe and Jones,5) and VO(bza ) 2 and 
V O ( d p m ) 2 by that of Seibin et alF> Their identity was 
confirmed by means of their I R spectra which agreed well 
with the data published. 

VO(aca)2py and VO(tfa)2py: VO(aca ) 2 or VO(tfa) 2 

* Abbreviations; /7-dik=a /?-diketonate ion, a c a = 
acetylacetonate ion, bza=benzoylace tonate ion, t f a = t r i -
fluoroacetylaceto.iate ion, dpm=dip iva loy lmethana te ion, 
pv=pyr id ine ? and d iox=dioxane . k K = 1 0 3 c r a _ 1 . 

was dissolved in pyridine and the mixture was evaporated 
at low temperature (ca. 77 K) under reduced pressure. 
T h e concentrated solution was then allowed to stand at 
0 °C. After 12 h, green microcrystals of the pyridine adduct 
separated out in the case of VO(aca ) 2 , but it took about a 
month to get similar crystals of VO(tfa)2py. They were 
filtered and dried in a vacuum. 

VO(bza)2py: VO(bza ) 2 was dissolved in pyridine and 
the mixture was refluxed for 2 h, and then allowed to stand 
at room temp for 12 h. T h e solution was then evaporated 
under reduced pressure at 70 °G. T h e brown microcrystals 
which separated out were filtered and dried in a vacuum. 

VO(aca)2diox, and VO (tfa) 2diox : These adducts were 
prepared as in the case of VO(bza) 2 py, using dioxane 
insted of pyridine. 

T h e results of elementary analyses are given in Tab le 1. 
Solvents and Reagents. All the solvents and reagents 

used were of "Ex t ra P u r e " or "Spec t ro" Grade . 
Measurements. T h e I R spectra between 400 c m - 1 

and 4000 c m - 1 were determined with Nujol mulls between 
caesium bromide plates using a J A S C O I R - G spectrophotom­
eter. T h e electronic spectra of the solutions were recorded 
with a Shimadzu D-40R Spectrophotometer, using 50, 10, 
and 5 m m quartz cells, and Dewar-equipped cells described 
by Iwasaki et al.7) T h e reflectance spectra of solid samples 
between 300 and 700 nm were recorded with the same 
spectrophotometer and those between 700 and 800 nm 
were recorded with a Hitachi EPS-3T spectrophotometer, 
using reflectance at tachments and M g O discs as reference. 
Thermogravimetr ic analyses of the adducts were carried out 
with a Shinku Riko TGD-3000 Differential Thermal Micro-
balance with a heating rate of 5 °C/min in a nitrogen stream 
(flow ra te : 50 ml/min) , using ca. 30 mg of the sample in 
each measurement. 

T A B L E 1. 

Adduct 

ELEMENTARY ANALYSES OF T H E ADDUCTS 

Found (Calcd) % 

G N H 

VO(aca) 2 py 

VO(bza) 2 py 

VO(tfa)2py 

VO(aca)2dioxa> 

VO(tfa)2dioxa> 

52 .32(51 .74) 

62 .77(62 .56) 

39 .21(39 .84) 

42 .48(47 .60) 

33 .59(36 .45) 

4 .07 (4 .19 ) 

3 .07 (3 .15 ) 

2 .85 (3 .09 ) 

5 .57(5 .49) 

4 .76 (5 .23 ) 

3 .22 (2 .90) 

5 .59(6 .28) 

3 .36 (3 .50) 

a) These adducts slowly decompose on standing, losing 
dioxane, and revert to the parent complexes, making 
agreement with calculation less satisfactory. T h e values 
for carbon were deduced from the da ta of the thermo­
gravimetric analyses. 
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R e s u l t s and D i s c u s s i o n 

Thermochromism of VO(ß-dik)2 in Organic Solvents. 
When the four chelates VO(aca) 2 , VO(bza) 2 , V O -

(tfa)2, and V O ( d p m ) 2 are dissolved in various solvents 
at room temperature, and the observed values of A I H 

are plotted against DN of the solvents (Fig. 1), the 
Selbin-Gutmann relation holds quite well in the case of 
VO(aca ) 2 and VO(bza) 2 , but apparently not for the 
other two chelates.** For the sake of clarification, 
the influence of temperature on the spectra (thermo­
chromism) was studied. The results for VO(aca ) 2 

are summarized in Fig. 2. A similar figure is obtained 
for VO(bza) 2 . The A I > n values increase with DN 
at each observed temperature, but decrease more or 
less distinctly with increasing temperature, showing 
that the bonding of solvent molecule at the bottom of 
the pyramid is gradually loosened and the complex 
becomes more "five-coordinated" on heating. In 
the course of these spectral changes no distinct isosbestic 
point was observed,*** so it seems that they are due 
not to the shift of the simple solvation equilibrium of 

VO(aca)2 + S = VO(aca)2.S 

type, but to the gradual structure change of the 
dissolved species. 

Figure 3 shows the results for VO(dpm) 2 . The curves 
go down with the rise of temperature, but only the 
curves for pyridine and D M F , i.e., those for solvents 
with especially high DN, lie high above, while those 
for chloroform, nitromethane and acetonitrile lie close 
to each other near the abscissa. This suggests that 
the chelate is less easily solvated in solution, and the 
solvents with lower DN are not bound effectively by 
it, so that there is only little spectral difference be­
tween their solutions. This reluctance for solvation 
is probably the result of the electron-donating effect 
of C(GH 3 ) 3 groups in dpm, which strengthens the 
V - O bonds in the chelate rings and reduces the 
positive charge of vanadium and the steric effect 
caused by the same groups. 

Figure 4 shows the results for VO(tfa)2 . Since 
all the curves flock closely together, the scale for A I t I I 

is expanded twice in comparison with that shown in 

** Alcoholic solutions poses some problems. The Ai,n-
values of VO(aca)2 and VO(bza)2 in methanol are much 
higher than expected from the DN scale. However, as 
stated by Gutman concerning values in aqueous solution, 
this may be explained by the formation of the hydrogen bond 
( V = 0 - H - O R ) , in addition to the coordinate bond to 
vanadium (0=V---OHR), by the solvent. The values 
°f A I . I I in other alcohols at room temperature are nearly 
the same as that in methanol. On the other hand, all the 
chelates studied are not stable in alcoholic solutions against 
oxidation, becoming brownish within several hours. In the 
case of VO(dpm)2, this color change begins within several 
minutes, making it impossible to measure the spectra. 

*** An apparent isosbestic point was found to appear 
in acetonitrile and nitromethane at lower temperature. 
Moreover, a drastic reversible color change from blue to 
pink took place when VO(aca)2 was dissolved in acetonitrile 
or nitromethane and frozen in liquid nitrogen, but this 
was not observed with the other chelates. The nature of 
these phenomena is not clear. 

Ml s ' ' ' ' 

2 3 4 5 
A I . I I (kK) 

Fig. 1. The relation between DN and Ai,n at room 
temperature; concentration: 1 X 10~2 mol/1. 

Fig. 2. Thermochromism of VO(aca)2 in some organic 
solvents; cell thickness: 5 mm, concentration: 1 X 10-2 

mol/1. 
<-> and O on the ordinate axis correspond, respec­
tively, to the A I . I I values of the chelate and its 
pyridine adduct in solid state. 

Figs. 2 and 3. We see that pyridine, D M F , methanol, 
and acetonitrile form octahedral solvates nearly equally 
well. Nitromethane also does so at lower temperature, 
but the solvation becomes remarkably weaker at higher 
temperature. Thus it is clear that this chelate, in 
contrast to VO(dpm) 2 , is more easily solvated, probably 
owing to the electron-withdrawing effect of tfa which 
weakens the V - O bonds in the chelate rings. 

I t seems strange that even in chloroform, which is a 
very poor donor, a six-coordinated complex species 
seems to be formed with VO(tfa)2 . However, the 
A I f I I of V O (tfa) 2 in chloroform was found to be notably 
dependent on its concentration, changing from ca. 
3.4 to 2.9 in going from 1 x 10"1 to 4 x l f J - 3 M . 
This leads one to suppose that there is a monomer-
polymer equilibrium (1) in this solution, and the 

cool 

n VO(tfa)2 ^ = ± [VO(tfa)2]n (1) 
heat 

Monomer Polymer with 0=V<-0=V bonds 
5-coordinated 6-coordinated 
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-40 -20 0 20 40 60 80 
Temp (°C) 

Fig. 3. Thermochromism of VO(dpm)2; the conditions 
are the same as in the case of VO(aca)2. 

-40 -20 0 20 40 60 80 
Temp (°C) 

Fig. 4. Thermochromism of VO(tfa)2; the conditions 
are the same as in the case of VO(aca)2. 

observed changes of A i n with temperature and con­
centration are, in fact, due to the shifts of this equilib­
rium, t This view is also supported by the view of 
Al-Niami et Ö/.13) who observed that the infrared spec­
trum of VO(tfa)2 indicates its polymeric structure, 
with the molecules forming chains of 0=V<-0=V<-
O V . Thus it seems possible that a similar kind of 
association occurs in a non-coordinating solvent like 
chloroform, to various degrees, according to the tem­
perature and concentration. 

In most cases, Band I (i.e., that of the red side) 
shifts toward bh.e and Band I I toward red with in­
creasing temperature, the first shift being much larger. 
In terms of the Ballhausen-Gray8> M O scheme with 

t No such strong dependence of Ai.n on concentration 
was observed with other solvents. 

the assumption that Band I is 2B2-2E and Band I I 
is ^a^Bi,1 1 '1 3-1 5) Band I is due to the excitation of an 
electron from a nonbonding orbital (b2) to a ^-anti-
bonding one (eï) , and its blue shift means the cor­
responding stabilization of err, i. e., that the 7r-bond 
formation between the vanadium dxz and dyz and 
oxygen p x and p y orbitals in the V = 0 group is enhanced 
with the rise of temperature and in non-coordinating 
solvents. O n the other hand, Band I I is due to the 
excitation of the same electron to a ff-antibonding 
orbital (b ï ) , its red shift indicating the corresponding 
instabilization of b l 5 leading to the weakening of V-
aca coordinate bonds. These relations are all com­
patible with the view that the complex changes gradual­
ly from an octahedral structure to a tetragonal pyrami­
dal one upon heating and with a decrease in solvent 
polarity. 

Comparison of the Thermochromism Data with Some 
Properties of Solid Adducts. In order to see the 
difference in the ease of solvation among the chelates, 
their pyridine, dioxane and D M F adducts were pre­
pared, and a comparison was made between some of 
their properties and the data of thermochromism. 
Adducts of the compositions VO(aca) 2py, [VO(aca) 2 ] 2 -
diox, VO(/9-dik)2-4-methylpyndine N-oxide have been 
reported.12-14) We have prepared the monopyridine 
adducts of VO(aca) 2 , VO(bza) 2 , and VO(tfa) 2 and 
monodioxane adducts of VO(aca) 2 , VO(tfa)2 , the 
pyridine adduct of VO(dpm) 2 , the dioxane adduct 
of VO(bza) 2 , and D M F adducts being obtained only 
paste-like samples. The method of preparation for 
VO(aca) 2py (cf. Experimental) seemed to be better 
than that given in literature, since a product which was 
analytically quite pure could be obtained with nearly 
theoretical yield. 

It was pointed out formerly that all the parent 
chelates show a V = 0 streching band between 950 
and 1000 c m - 1 in their I R spectra, except for 
VO(tfa)2 which shows the same band at 925 c m - 1 

owing to its polymeric six-coordinated structure.6»13) 
From the data given in Table 2, we see that, on adduct 
formation, the v value of this band for VO(aca ) 2 and 
VO(bza) 2 decreases, but that for VO(tfa) 2 increases, 
approaching from each side. This indicates that 
the polymeric structure of VO(tfa) 2 is destroyed by 
adduct formation, and the strength of the V - O bond 
in the resulting adduct becomes nearly the same as 
that in other adducts. T h e dioxane in the adducts 
seems to be held more loosely than pyridine, since the 
v values of the dioxane adducts lie between those of 
the parent chelates and those of the pyridine adducts. 
The thermal instability of the dioxane adducts (Table 
1, footnote) supports this view. 

The solid reflectance spectra of the parent chelates 
and adducts are also of interest. The A i n of V O -
(aca)2, VO(bza) 2 , and V O ( d p m ) 2 are 1.5—2,6) and in 
the neighborhood of the values for their chloroform 
solutions at room temperature. As expected, the 
A I f I I values of the adducts are much higher, Band 
I shifting to red and Band I I to blue. However, the 
A i n ofVO(tfa) 2 is 4.44 and even larger than that for 
its pyridine adduct (3.9, with Band I shifting to blue) . 
The fact that VO(tfa)2 is six-coordinate in its solid 
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TABLE 2. V=0 AND V-O STRETCHING FREQUENCIES (cm-1) AND j>max AND A I , H FROM 

SOLID REFLECTANCE SPECTRA ( k K ) 

Complex 

VO(aca)2 

VO(aca)2-py 

VO(aca2-diox 

VO(bza)2 

VO(bza)2-py 

VO(bza)2-diox 

VO(tfa)2 

VO(tfa)2.py 

VO(tfa)2-diox 

VO(dpm)2 

VO(dpm)2.py 

V=Ob) 

992 

962 

980 

994 

948 

(975) 

925 

958 

987 

1000 

(961) 

v-o>b> 

602 

590 

598 

565 

550 

(555) 

592 
588 

592 

648 

(632) 

v\ 

14.59 

12.84 

13.51 

14.52 

12.90 

13.03 
13.39 

13.64 

14.83 

v?t 

16.12—16.80 bf 

17.36 

16.52—18.98 bf 

15.74—16-26 bf 

17.70 

17.47 

17.27 

16.20—18.80 bf 

16.50 

Vtu 

25.00sh 

25.32sh 

24.39 

27.77sh 

21.14 

23.80 sh 

22.72 

22.65 

22.00 

Ai,„ 

1.53—2.21 

4.52 

3.01—5.47 

1.22—1.74 

4.8 

4.44 

3.88 

2.56—5.16 

1.67 

o 

V 

8 

o 
Ö 

o 

a) /?-diketonate oxygen, b) Values in parentheses are those obtained with paste-like samples, c) bf: broad or 
flat, sh: shoulder. 

similar to that of VO(aca) 2py after evolution of pyridine, 
that of VO(tfa)2 differing a great deal. Evaporation 
takes place at a much higher temperature (>256 °G), 
and a strong endothermic peak appears at 209 °C, 
suggesting that the intermolecular 0 = V < - 0 = V bonds 
must be broken, or essentially weakened, in advance 
of evaporation. 

From the results it can be concluded that the ease 
of solvation among the chelates studied increases in the 
order : V O (tfa) 2 > V O (bza)2 « V O (aca) a > V O (dpm) 2, 
and the Selbin-Gutman rule on the relation between 
A i n and DN ceases to hold at one or the other 
end of this series, i. e. when the chelate is too apt, 
or too reluctant, to be solvated and become six-
coordinate. The data also offer various new proofs 
for the polymeric nature of solid VO(tfa)2 , which was 
formerly indicated on the basis of its infrared spectrum 
by Al-Niami et al. 

The authors wish to express their sincere thanks to 
Dr. Kenzo Nagase, Tohoku University, for earring 
out thermogravimetric measurements, and to Prof. 
Yukio Kondo, St. Paul's University, for use of the 
Hitachi EPS-3T spectrophotometer. 
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owing to polymerization is evident. 
The AJJJ values in the solid spectra of the adducts 

are indicated on the ordinate axis in Figs. 2 and 4. 
We see that, in each case, this value corresponds ap­
proximately to the low-temperature limit of the curve 
for the corresponding solution, supporting the idea 
that the chelate in solution tends to be more 6-co-
ordinate with the fall of temperature. 

The pyridine adducts were also studied thermogravi-
metrically. VO(aca) 2 py liberates pyridine at 5 3 — 
120 °C, and the remaining parent chelate sublimes 
at a higher temperature ( > 1 5 9 ° C ) . A similar result 
was obtained with VO(bza) 2 py. O n the other hand, 
VO(tfa)2py melts at 74 °G without evolution of pyridine, 
and begins to evaporate only at 196 °G, showing that 
pyridine is more firmly held in this adduct than in 
the other two (Fig. 5). The curve for VO(aca ) 2 is 
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A Potentiometrie Study on Complex Formation of Cadmium(II) 
and Lead(II) Ions with Ethylenediaminetetraacetic Acid 

Noboru OYAMA, Hiroaki MATSUDA, and Hitoshi O H T A K I 

Department of Electronic Chemistry, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 152 
(Received August 23, 1976) 

The complex formation of cadmium(II) and lead(II) ions with ethylenediaminetetraacetic acid (EDTA) 
has been studied potentiometrically in a 1.0 M NaC104 medium at 25.0 °G by using glass and metal-amalgam 
electrodes. The results were explained in terms of the formation of the complexes of MHgL with q=3, 2, 1, and 
0 for both metals. The corresponding formation constants were determined: for the Cd-EDTA system, log 
01O1=14.25±O.O2, log 0 m = 17.41 ±0.02, log &21=19.71±0.02 and log 0131 = 21.35±O.O2; for the Pb-EDTA 
system, log ß101= 16.50±0.05, log £ m =19 .78±0 .02 , log jff121=21.35±0.02 and log £131=22.50±0.02, where 
^par=[MpHaLr<

2*+«-40+]/[M2+p[H+]3[L4-]r and L denotes the unprotonated molecule of EDTA. The pro­
tonation constants of unprotonated EDTA were found to be log 0O11=8.63±O.O2, log ß021= 14.99±0.02, log ß031= 
17.63±0.02, log #>4i=19-87±0.02, log ß,51=21.54±0.02, and log £061 = 22.70±0.02. 

In a previous work1) we determined the formation con­
stants of protonated complexes of the type M H g L with 
? = 2 , 1 and ?=3 ,2 ,1 in the C d ( I I ) - and Pb(II)-iV-(2-
hydroxyethyl) ethylenediamine - N,N',N' - triacetate (H3-
hedta) systems, respectively. Since H E D T A is regarded 
as a monohydroxyethyl derivative of EDTA, the for­
mation of complexes similar to the H E D T A complexes 
is expected in the Cd (I I ) - and Pb ( I I ) - E D T A systems. 
The results of studies on electrode reactions in Cd ( I I ) -
and P b ( I I ) - E D T A solutions suggest that the protonated 
complexes M H 3 L ( ç = l , 2, and 3) participate in the 
charge transfer processes at the electrode surface.2»3) 
The formation constants of unprotonated and mono-
protonated me ta l -EDTA ( 1 : 1 ) complexes have been 
determined4) in the bulk of these solutions, but those 
of diprotonated and triprotonated complexes have not 
been reported except by Sudmeier and Reilley,5) who 
evaluated the formation constant of the diprotonated 
complex for the G d ( I I ) - E D T A system. 

T h e present work, as a continuation of the previous 
study,1) has been carried out to study the formation of 
protonated complexes in these systems. 

S y m b o l s 

h Concentration of hydrogen ion at equilibrium 
m Concentration of metal ion at equilibrium 
H Analytical excess of hydrogen ion in a test solu­

tion 
M Cd(II) or Pb(II) 
c M Total concentration of M 
L Ethylenediaminetetraacetate anion (edta4-) 
cL Total concentration of L 
/ Concentration of free L 
X Degree of neutralization of H4L: 

- / / + [ H ] - [ O H ] 

CL 

p Number of metal atoms bound to complexes 
q Number of protons bound to complexes 
r Number of ligands bound to complexes 
ßpqr Equilibrium constant for the reaction 

pM + qU + rL = M„H3L r 

n Formation function of the ligand HWL 
Eg, Em Emf of the cells defined by the subscripts and 

Eqs. 1 and 2 in Ref. 1. 
Ej(h,m) Liquid junction potential as a function of h and m 
[ ] Concentration 
All charges are omitted for the sake of convenience. 

Exper imenta l 

Reagents. Disodium ethylenediaminetetraacetate (reagent 
grade, Dojindo Laboratories) was recrystallized twice, dried 
at ca. 85 °C and then stored in a desiccator over silica gel. 

Cadmium(II) Perchlorate, lead(II) Perchlorate, sodium hydroxide, 
and perchloric acid solutions were prepared by the methods 
described in the preceding paper.1) 

Sodium Perchlorate was prepared according to Biedermann 
and Ciavatta.6) 

Cadmium- and lead-amalgams were prepared from cad-
mium(II) Perchlorate and lead(II) nitrate solutions, respec­
tively, by electrolysis with a Metrohm E211A coulometer. 
The metal content of the amalgams was about 3% (weight). 

Apparatus. A Potentiometrie cell similar to the one 
previously employed was used. A digital pH/mV meter (Orion 
Research, Model 801) and a digital voltmeter (Takeda Riken, 
Model TR-6656) were used for Potentiometrie measurements 
in combination with glass and amalgam electrodes, an Ag-
AgCl electrode being used as a reference. 

Emf Measurements. The method of emf measurements 
was essentially the same as that employed previously.1) 

When c c d > 0.0025 M, titration was interrupted in the 
pH range 1.7—2.3, since white precipitates which might 
be CdH2L° separated out. In such cases no stable emf's 
could be recorded. The emf of the amalgam electrode 
usually required 15 min to attain a constant value and was 
measured within an accuracy of ±0.02 mV in the pH range 
1.0—2.0 and ±0.1 mV in the pH range 2.0—3.5. At pH 
above 3.5 the emf's became unstable. The emf of the glass 
electrode cell became constant after about 5 min and was 
determined within an accuracy of ±0.1 mV over the pH 
range 1.0—10.0. 

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

Evaluation of Protonation Constants of EDTA. 
Overall pro to nation constants of the E D T A base, ß0ni, 
were determined from the formation function n. A 
generalized least squares method was applied in order 
to make the error squares sum f /=S(t t—« c a i c d ) 2 a 

minimum for the set of overall protonation constants, 

ßon> ßo2i> ßosv ßon> A)5i> a n d ßtnv T h l s calculation 
was performed with an electronic computer H I T A C 
8700. räcalcd and n denote, respectively, 

_ ^2nßonlh» 
«jalcd — "=J 

:i) 
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4 5 6 7 8 9 10 

— log (h/mol dm - 3) 

Fig. 1. Degrees of neutralization, X, of ethylene-
diaminetetraacetic acid (EDTA) solutions for the 
Gd(II)-EDTA systems. 

( • ) : cCd = 0 .0M, cL = 0.01351 M, 
(O): cCd = 0.002526 M, cL = 0.005002 M, 
(A): cCd = 0.002408 M, cL = 0.009567 M, 
(D): cCä = 0.008018 M, cL = 0.01186M. 

Solid lines are the values of X calculated by the 
use of the stability constants in Table 1. 

2 3 4 5 6 7 8 9 10 

— log (A/mol dm - 3) 

Fig. 2. Degrees of neutralization, X, of EDTA solu­
tions for the Pb(II)-EDTA systems. 

(V): 
O): 
(A): 
(A): 

cPb = 0 .0M, cL = 0.01351 M, 
cPb=0.001839 M, cL = 0.007247 M, 
cPb = 0.004601 M*, cL = 0.009455 M*, 
cPb = 0.005067 M, cL = 0.005060 M, 
cpb=0.01517 M*, cL = 0.007603 M*. 

Solid lines are the values of X calculated by the 
use of the stability constants in Table 1. 
*: cpb and ch are the initial concentration of the 
metal and the ligand, and cPb and cL are slightly 
changed during the course of titration by the ad­
dition of the titrants. 

and 

4cIj+H-h+(Kwlh) 
(2) 

where K^ is the autoprotolysis constant of water in 
1.0 M NaC10 4 solution, lO"13-95.7) The protonation 
constants thus obtained were log /? 0 1 1=8.63±0.02, log 
/?0 2 1=14.99±0.02, log /?0 3 1=17.63±0.02, log ßon= 
19.87±0.02, logj80 6 1=21.54±0.02, and log £ O 6 l =22.70 
±0 .02 . Anderegg reported the values of log ß011 = 
8.85, log/?0 2 1=15.13, log ßon= 17.43, log ^041 = 19.63, 
log/90 6 1=21.03, and log/8 0 e l =20.19 in a 1.0 M 
NaG10 4 medium at 20 °C.7> 

2 3 
— log (A/mol dm - 3) 

Fig. 3. Relationships between rj and —log A for the 
Gd(II) and Pb(II) systems. 
Symbols are the same as those in Figs. 1 and 2, 
respectively. Solid lines are curves calculated by 
the use of the stability constants in Table 1. 

Determination of the Composition and the Stability Constants 
of Complexes. Titrat ion curves of the C d ( I I ) - and 
P b ( I I ) - E D T A solution are shown in Figs. 1 and 2, 
respectively. In Fig. 3, the quanti ty 9 = log (cM/m), 
which is a measure of the degree of complexation of 
the metal ion M , is plotted against —log h. We see 
that 9 > 0 at —log A = 1 . 2 . This shows that the com­
plex formation reaction takes place between the metal 
ions and E D T A even in the most acidic solution. 

Since E D T A is an analog of H E D T A , the data 
obtained in the E D T A systems may be treated in the 
same manner as that used in calculation of the for­
mation constants of the H E D T A complexes. Poly­
nuclear or polyligand complexes may be neglected.1* 
As a first approach to analysis of the data, we assume 
that the complex formation reaction can be written as 

M2 + + qH+ + V- = MHgL<«-2>+ (3) 

from which we obtain 

ex = m + S [MH5L] 
1=0 

cv = / + S [HnL] + f j [MHgL] 
«=1 q=0 

(4) 

(5) 

Insertion of Eq. 4 into Eq. 5 and rearrangement lead to 

/ = ( « L - « k + « ) / ( l + S W ) (6) 
n=l 

A function F 0 is defined as follows: 

F0 = (Cil- m)/ml = S [MH tL]/m/ = E/fmA* (7) 
q=0 ?=0 

The plot of log F0 against —log h is shown in Fig. 4 
for both systems of C d ( I I ) - and P b ( I I ) - E D T A except 
for the case £M>cL. In each system a single curve 
was obtained regardless of variations of cu, cL and £M/cL. 
This supports the assumption that neither polynuclear 
nor polyligand species is formed. In the case cM^£L, 
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TABLE 1. STABILITY CONSTANTS OF THE Cd(II)- and Pb(II)-EDTA COMPLEXES (\ogßpqr) 

logÄii = 8.63±0.02, logÄ 8 1 =14.99±0.02, logß,3 1=17.63±0.02, 
log^04i = 19.87±0.02, log/?051=21.54±0.02, logfl,61 = 22.70±0.02 

Complexes 

Gd(II) 
Pb(II) 

ML2-

14.25±0.02 
16.50±0.05 

MHL-

17.41±0.02 
19.78±0.02 

MH2L° 

19.71±0.02 
21.35±0.02 

MH3L+ 

21.35±0.02 
22.50±0.02 

1 2 3 

— log (A/mol dm - 3) 

Fig. 4. Plot of log F0 against — log'A for both systems. 
Each solid line is the curve calculated with the 
Values of the stability constants in Table 1. 

0 1 2 3 4 

Q 

Fig. 6. Plot of log ÄHMH«L( = log {[MHjL] / [MH r l L]-
[H]}) and logXH

H»L( = log{[HnL]/[H7l_1L][H]» 
against the number of protons within the complexes 
q and the ligand n. 
O: EDTA, ( 3 ) : Cd(II)-EDTA complexes, ( # ) : 
Pb(II)-EDTA complexes, ( • ) : HEDTA, ((J): 
Cd(II)-HEDTA complexes, ( • ) : Pb(II)-HEDTA 
complexes. 

2 3 

— log (A/mol dm - 3) 

100 

80 h 

5" 60 

\n 40 

— \ 

\pbH3L / 

Ls^y^i^—. 

PbHL / 
PbL 

1 ^ ^ 

(b) 

^=at f f j 

20h 

"0 1 2 3 4 5 10 

— log (A/mol dm - 3) 

Fig. 5. The distribution of metal-EDTA complexes 
vs. - l o g A (cM = 0.001M, cL = 0 .01M). 
(a): for the Gd(II)-EDTA system. 
(b): for the Pb(II)-EDTA system. 

the value of the term (cL—c^+m) in Eq. 6 becomes too 
small to use the data for the calculation of F0. 

From the plot of F0 against h, we obtained the for­
mation constant ß101, ßxll, ß121, and ß131 for both systems 
according to the procedure reported.1) By using the 
values of ßlql thus obtained as the initial values, the 
formation constants of the complexes were refined by 
a generalized least squares method. The method 
was applied to make the error squares sum U= 
S{log F0—log F 0 i C a l e d } 2 minimum for the set of the 
formation constants over the p H range 1.2—3, 
where i^caicd denotes the value of F0 calculated for a 
particular set of the formation constants. The results 
are given in Table 1. 

Since the metal amalgam electrodes did not function 
well in a high p H range, the data in the high p H range 
were not analyzed. However, the constants reproduced 
the experimental results fairly well over the whole p H 
range (solid lines, Figs. 1 and 2). 

The distribution of the C d ( I I ) - and P b ( I I ) - E D T A 
complexes are graphically represented in Fig. 5. 

The stepwise protonation constant of the species 
M H g L is defined as ^ H

M H « L = [ M H a L ] / [ M H a _ 1 L ] [ H ] . 
The values of log /TH

MH«L are plotted against the number 
of protons within the complex q, together with the 
values o f log t f H

H » L ( = l o g [H.L] / [H l t . 1 L][H])aga ins t 
«(Fig. 6). The values of log #H

H»L of the H E D T A and 

file:///pbH3L
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TABLE 2. STABILITY CONSTANTS OF THE COMPLEXES DEFINED 

BY log *H4L
MH*L=log {[MHgL]/[M] [HgL]} 

EDTA HEDTA 

iogX»L logjcgg1^ logicgs11 iogb?L \ogK«y log Kiiy~~ logxg?^' tog*s&L' 
Gd(II) 14.25 8.78 4.72 3.72 13.21 6.41 1.96 — 
Pb(II) 16.50 11.15 6.36 4.87 14.83 7.77 3.17 1.61 

EDTA molecules first steeply decreased with n. Accord­
ing to the N M R and infrared spectrophotometric 
measurements,8»9) the first two protons (to form H L 
and H2L) are located on the nitrogen atoms of the 
EDTA and H E D T A molecules. We see that the pro­
tonation of the amino groups of the ligands brings 
about a significant change in the values of the pro­
tonation constants. The protonation on the carboxylic 
groups results in the relatively small change in the 
i^H

H»L values. The stepwise protonation constants 
tfHMH8L ( ? = = l j 2, and 3) of the C d ( I I ) - and P b ( I I ) -
H E D T A and EDTA complexes are close to the values 
of A"H

H»L with n=3, 4, and 5 of the corresponding ligands. 
Thus we conclude that protonation of the complexes 
occurs on the acetate groups with the cleavage of the 
metal-oxygen bonds within the complexes with a de­
crease in p H , while the strong metal-nitrogen bonds 
are hardly influenced by the hydrogen-ion concentra­
tion over the p H range examined. 

Another kind of formation constants of the complexes 
may be defined as log #H8LM H«L=log[MH3L]/[M]-
[H g L] , which is calculated from the values of ßlql and 
ßCnl. The values are given in Table 2. The values 
of # L

M L of the C d ( I I ) - and P b ( I I ) - E D T A complexes 
are larger than those of the H E D T A complexes, as 
expected from the simple chelate theory, because the 
former ligand is sexidentate, whereas the latter quin-
quidentate. Nevertheless, the Ä"HL

MHL values of the 
EDTA complexes are smaller than the KL

,MIj' (L' = 
hed ta 3 - anion) values of the H E D T A complexes, the 
ligand H L ( L = e d t a 4 - a n i o n ) being expected to act as 
a quinquidentate ligand. The same tendency was 
found in the complex formation of the M H 2 L of E D T A 
and the M H L ' of H E D T A (Table 2). However, a 
comparison between the formation constants of the 
M H 3 L complex of E D T A and the M H 2 L ' complex 
of H E D T A leads to the opposite result. 

The protons within the protonated ligands H L and 
H 2 L are located at the nitrogen atoms of the amino 
groups of the ligands. O n the other hand, the protons 
of the protonated metal complexes M H g L are combined 
with the acetate groups. Thus the free energy change 
defined by the equation L G,

MHgL= — RT In # H Î L M H « L 

should include the free energy change of the intramolec­
ular rearrangement of protons from the amino groups 
to the acetate groups. In the M H L complex of EDTA, 
the free energy change accompanied by the transfer 
of one proton from a nitrogen atom to an oxygen atom 
is needed as compared with the corresponding value 

of the M L ' complex of H E D T A . Since the entropy 
change for the complex formation of M H L from M 
and H L ( L = e d t a 4 _ ) is nearly equal to that of M L ' 
from M and L ' (L' = hedta 3 - ) as reported by Brunetti 
et al.,10) the difference between # L ' M L ' and # H L M H L is 
mainly due to the difference in the enthalpy change 
of the proton transfer reaction from a nitrogen atom 
to an acetate group in the latter case. In the for­
mat ion of M H 2 L of EDTA, two protons must move 
from the amino groups to the acetate groups, while the 
transfer of only one proton is required in the complex 
formation M H L ' with M and H L ' . In contrast to 
the case considered above, the two proton transfer 
reaction is always accompanied by the complex for­
mation of M H g L from M and H g L ( ^ 2 ) of either 
H E D T A or E D T A molecule. T h e free energy change 
of the intramolecular rearrangement of protons in the 
complex formation of M H 3 L of E D T A may not largely 
differ from that of the M H 2 L ' complex of H E D T A . 
The difference between 7CH3LMH3L and # H 2 L ' M H ' L ' (Table 
2) cannot be explained in terms of the enthalpy changes 
in the chelate formation. The contribution of the 
hydroxyethyl group to the chelate formation might 
stabilize the M H 2 L ' complex, and therefore ^ H 2 L ' M H 2 L ' 
would be larger than ^ H 3 L M H 3 L . The difference may 
be attr ibuted to the entropy difference in the intra­
molecular rearrangement of the protons of the ligands, 
but we have no evidence to clarify the phenomenon. 
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The thermal behavior of the guest molecule trapped in the clathrate compounds, M(diam)M'(CN)4-2C6H6, 
where M and M'~ are bivalent metal atoms and diam is two ammonia molecules or one molecule of diamine, and 
the structural changes of the host lattice upon heating were studied by means of derivatographic and isothermal 
measurements. In Cd(NH3)2Ni(CN)4-2C6H6, the elimination of guest benzene molecules was found to proceed in 
two steps. X-Ray powder diffraction patterns suggest that the skeleton of the host is preserved, at least during 
the first liberation of 1 mol of benzene, but the skeleton collapses after the complete liberation of benzene and 
ammonia. The host skeleton of Cd(en)Ni(CN)4-2C6H6 was preserved till the liberation of 75% of benzene. 
The activation energies were a little larger than the respective enthalpy changes. The replacement of M '=Ni 
by Pd or of M ' = C d by Hg in the clathrate compounds, if M and diamine are the same, scarcely changes the ac­
tivation energy for the liberation of the guest molecule, but the replacement of M and diamine by other ones some­
what changes the activation energy. 

A well-known clathrate compound, Ni(NH3)2Ni-
(CN) 4 -2C 6 H 6 , was first prepared by Hofmann and 
Küspert in 1897.1) They pointed out that the ben­
zene molecule in this compound is retained firmly as 
a guest in the host lattice, and its elimination cannot 
be detected at room temperature under ordinary pres­
sure. Anysley et al.*> reported, however, that the 
benzene molecule can be removed slowly in vacuo 
even at room temperature without the liberation of 
ammonia from the lattice. The crystal structure of 
this clathrate compound was determined by means of 
X-ray diffraction by Powell and Rayner,3-4) 

By replacing both or either one of the nickel ions 
in Ni(NH 3 ) 2 Ni(CN) 4 -2C 6 H 6 by other bivalent metal 
ions which can form hexacoordinated, octahedral and 
tetracoordinated, square planar complexes, various 
modified compounds have been prepared and their 
structures were confirmed to be similar to that of 
N i (NH 3 ) 2 Ni(CN) 4 -2C 6 rV- io ) 

In analogous clathrate compounds such as Cd(en)-
Ni (CN) 4 -2C 6 H 6

u ) the ethylenediamine molecule links 
both cadmium ions in upper and lower adjacent layers, 
forming three-dimensional host lattice network.12 '13) 

All the compounds containing the square planar 
M ' (GN) 4 ( M ' = N i or Pd) moiety may be referred to 
"Hofmann-type clathrates." Recently, another new 
type of clathrate compounds containing tetrahedral 
M ' (GN) 4 moiety was prepared by Iwamoto and others 
and the crystal structures were determined.1 4 - 1 6) 
These compounds are called "Iwamoto-type clathrates" 
to distinguish them from the Hofmann-type ones. 

Aynsley et al. examined the thermal decomposition 
of Ni(NH 3 ) 2 Ni(CN) 4 -2C 6 H 6 , and found that the 
elimination of benzene proceeds in the zeroth order,2) 
which indicates that the rate determining step is the 
escape of benzene molecule from the surface of the 
clathrate. O n the other hand, it is known that the 
rate of the escape of benzene varies with the kind of 
metal atom constituting the host lattice.2) The present 
study was undertaken (1) to investigate the thermal 
liberation processes of benzene molecule from the host 
lattices in the two types of clathrate compound and 
(2) to see what effect is induced by the variation of 

the host lattices. 

Exper imenta l 

Preparation of Clathrate Compounds. The clathrate 
compounds M(diam)M'(CN)4-2C6H6, where M is Gd, Ni 
or Cu, (diam) is (NH3)2, ethylenediamine or trimethylenedi-
amine and M' is Ni, Pd, Cd, and Hg, were prepared5-7>u>14) 
and their characterization was carried out by measuring 
both IR spectra and X-ray powder diffraction patterns. 

Gd[Ni(CN)4] was prepared by a method similar to that 
for Zn[Ni(GN)4], and dried at 70 °G for 2 h. The compound 
was used as the reference material to examine the final product 
by the thermal decomposition of Cd(NH3)2Ni(CN)4-2C6H6. 

Found: C, 17.74; N, 20.39%. Calcd for Cd[Ni(CN)4]: 
C, 17.45; N, 20.35%. 

One of the compounds corresponding to the host lattice 
which has lost the guest molecule Cu(NH3)2Ni(CN)4, was 
obtained by keeping the mother clathrate Cu(NH3)2Ni(CN)4-
2C6H6 to stand in an ambient atmosphere for a few days.17) 

Measurements. The derivatograms for these compounds 
were obtained with a MOM Derivatograph Typ-OD-102. 
0.5 or 0.4 g of sample was used in each run. All the measure­
ments were carried out under a constant flow of nitrogen 
stream with a heating rate of 1 K min -1. The enthalpy 
changes, AH, were evaluated by the analysis of DTA peak 
in the derivatogram.18) 

The isothermal measurements were carried out with a 
Shimadzu TM-1A Thermanobalance in static air. 

The infrared and far infrared absorption spectra in the 
Nujol and HGB mull states were measured with JASGO 
IRA-2 and IR-F infrared spectrophotometers, respectively. 

The X-ray powder diffraction patterns were recorded with 
a Rigaku-denki Geiger-flex X-ray Analyser, using GuKoc 
ray (A = 1.5405 Â) filtered with a nickel plate. 

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

Hofmann-type Clathrate Compounds. Derivatography: 
The derivatograms of Cd(NH 3 ) 2 Ni(CN) 4 -2C 6 H 6 (I) , 
Cd(NH 3 ) 2 Pd(CN) 4 -2C 6 H 6 ( I I ) , Gd(en)Ni(GN) 4 .2C 6H 6 

( I I I ) , and Cd(en)Pd(CN) 4 -2C 6 H 6 (IV) are shown 
in Fig. 1. The T G curve of compound I indicates that 
the mass loss of 1 mol of benzene was observed until 
130 °G, and then another 1 mol of benzene and 2 
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Fig. 2. Derivatograms of compounds (V) Cu(NH3)2-
Ni(GN)4.2G6H6 ( ), (VI) Cu(NH3)2Pd(CN)4. 
2G6H6 ( ), (VII) Ni(NH3)2Ni(CN)4-2C6H6 ( ) 
and (VIII) Ni(NH3)2Pd(GN)4.2C6H6 ( ). 

mol of ammonia were lost successively in the higher 
temperature region 135—200 °C, no further mass loss 
being detectable up to the decomposition point. The 
elemental analysis for the product obtained by heating 
I at 200 °Cis as follows: Found: C, 17.52; N, 20.00%. 
Galcd for CdNi(CN) 4 : G, 17.45; N, 20 .35%. The 
DTA curve gives two endothermic peaks corresponding 
to the discrete mass loss steps. 

Compound I I gives only one mass loss step in T G , 
but shows two split endothermic peaks in DTA. I t 
seems that two benzene molecules are eliminated in 
two overlapping steps. 

O n the other hand, compounds I I I and IV lose the 

4000 3000 2000 1500 1000 700 

Wave number (cm-1) 

Fig. 3. IR spectra of compound (I) (A), the product 
obtained by heating (I) at 130 °G (B), that obtained 
at 200 °G (C) and of Cd[Ni(GN)4] (D). 

benzene molecules in one step up to 130 °G and 140 °G, 
respectively, each giving an endothermic peak at the 
corresponding region in the D T A curve. Ethylene-
diamine was not liberated until the decomposition point. 
The elemental analysis for the product obtained by 
heating compound I I I at 140 °G is as follows: Found: 
G, 21.67; H , 2.49; N , 24 .35%. Galcd for Cd(en)-
Ni (CN) 4 : G, 21.48; H , 2.39; 25 .06%. 

Figure 2 shows the derivatograms of Cu(NH 3 ) 2 -
Ni(CN) 4 -2C 6 H 6 (V), Cu(NH 3 ) 2 Pd(CN) 4 -2C 6 H 6 (VI) , 
Ni (NH 3 ) 2 Ni(CN) 4 -2C 6 H 6 (VII) and Ni(NH 3 ) 2Pd-
(CN) 4 -2C 6 H 6 (VI I I ) . In compound V, the T G curve 
shows two steps of mass loss at 130 °C and at 130— 
175 °G, the corresponding discrete peaks appearing 
in the D T A curve. From the results of infrared absorp­
tion spectral measurements, the first step is considered 
to correspond to the elimination of 2 mol of benzene 
and the second to the liberation of ammonia. The 
total weight loss due to the escape of all the benzene 
and ammonia is also observed in compound V I , the 
separation of their two processes not being clear. 

Both compounds V I I and V I I I lost all benzene in 
one step. The weight remained constant till 250 °G 
at which the partial liberation of ammonia was ob­
served just before the decomposition point. 

IR and Far-IR Spectra. In order to clarify the 
structural change at several stages upon heating, 
changes in the infrared and far-infrared absorption 
spectra and X-ray diffraction patterns were measured 
for compounds I and I I I . 

The infrared absorption spectra of compound I 
heated at various temperatures are shown in Fig. 3, 
together with that of Cd[Ni(CN) 4 ] , which is expected 
to be formed by heating compound I. The spectrum 
of I in which one mole of benzene is lost at 130 °C 
is similar to that of the starting compound at room 
temperature except for the weakened bands assigned 
to benzene at 3072, 3055, 3019, 1972, 1872, and 1479 
cm"1 ,1 4 ) At 200 °C, however, the bands assigned to 
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Fig. 5. X-Ray diffraction patterns of compound (III) 
(A), the product obtained by heating (III) at 120 
°G (B) and that obtained at 140 °C (G). 

benzene and to ammonia disappear, and the G=N 
stretching vibration band is shifted to ca. 20 c m - 1 

higher. The spectrum coincides with that of Cd-
[Ni(CN) 4] . This supports the elimination processes 
of benzene and ammonia . 

In compound I I I , the bands assigned to benzene 
disappear completely at 140 °C, accompanied by the 
elimination of benzene at this temperature. So far 
as the ethylenediamine is concerned, the band due to 
N H 2 wagging mode (ca. 1089 cm - 1 ) disappears and 
two new bands (ca. 1120, 1065 cm - 1 ) appear upon 
heating. The results suggest that the structure of 
ethylenediamine molecule bridging between the layers 
of M ( C N ) 4 network changes to some extent. T h e 
fact that the band due to C H 2 rocking vibration at 
856 c m - 1 still remains after heating suggests that the 
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Fig. 6. The plots of weight loss vs. time for compound 
(I). 
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Fig. 7. The plot of weight loss vs. time for compound 
(III). 
O : 55°C, • : 80 °C, 3 : 89 °C, • : 100°G, • : 
119°C. 

trans configuration of ethylenediamine remains un­
changed.19) 

X-Ray Powder Diffraction Patterns. The X-ray 
powder diffraction patterns for compound I obtained 
in each heating step are shown in Fig. 4. The pattern 
obtained at 130 °G shows no change from that at room 
temperature, but at 200 °C the pattern completely 
changes to give a similar one to that of Cd[Ni(CN) 4 ] . 
This suggests that the crystal lattice of compound I 
at room temperature is retained even when one mole 
of benzene is lost but the lattice is deformed at first 
when another one mole of benzene and ammonia 
are liberated. 

The change in the X-ray patterns for compound I I I 
is shown in Fig. 5. The pattern at room temperature 
remains till 120 °G at which 7 5 % of benzene is removed, 
but it becomes quite different at 140 °G at which the 
residual benzene is completely evolved. 

Isothermal Kinetics. The weight losses of the 
compounds versus time of heating at various temperatures 
for compounds I and I I I are plotted in Figs. 6 and 7, 
respectively. 

In compound I the elimination of 1 mol of benzene 
proceeds in the zeroth order at least at temperature 
below 130 °G, but above 130 °G the remaining ben­
zene and ammonia are liberated more slowly also in 
the zeroth order aftçr l mol of benzene is removed, 
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TABLE 1. ENTHALPY CHANGES AH AND ACTIVATION 

ENERGIES E& IN THE ELIMINATION OF BENZENE 

MOLECULE FROM CLATHRATE COMPOUNDS 

Compound Atfk jmol- 1 £ a kJmol -

I Cd(NH3)2Ni(CN)4.2C6H5 

II Cd(NH3)2Pd(CN)4-2C6H6 

III Cd(en)Ni(CN)4.2C6H6 

IV Cd(en)Pd(CN)4-2C6H6 

V Cu(NH3)2Ni(CN)4-2C6He 

VI Cu(NH3)2Pd(CN)4-2C6H6 

VII Ni(NH3)2Ni(CN)4-2C6H6 

VIII Ni(NH3)2Pd(CN)4-2C6H6 

59 

55 

50 
50 

55 
55 

75.6 
(1st step) 

71.0 
(2nd step) 

74.8 
(1st step) 

51.2 
51.7 
65.9 
67.2 
67.2 
67.6 

The results suggest that 2 mol of benzene are liberat­
ed in two different mechanisms. However, since 
the two guest benzene molecules cannot be distinguished 
from each other in their structure, it is considered 
that a thermally metastable intermediate might be 
formed after the loss of one mole of benzene retaining 
the initial host lattice. 

O n the other hand, the elimination of benzene from 
the clathrate I I I is considered to proceed in the zeroth 
order up to 8 0 % removal of benzene as seen in Fig. 7. 

The rate constant k for the elimination of benzene 
was obtained from the slope of the lines shown in 
Figs. 6 and 7. The activation energies Ea were cal­
culated from the Arrhenius plots (Table 1). The 
enthalpy changes AH, calculated by the analysis of 
the DTA curve, are also given. 

The enthalpy changes are about 55 k j m o l - 1 in all 
the clathrates and the activation energy values are 
relatively similar to one another within 66—75 k j m o l - 1 

except for those of I I I and IV. This suggests that 
the elimination process is analogous to that of the 
vaporization of the liquid so that the migration of the 
benzene molecule within the lattice is comparatively 
easy and the rate determining step is the escape of the 
benzene from the surface, giving the zeroth order. 

From a comparison of E& values we see that the 
replacement of the tetracoordinated metal atom from 
nickel to palladium causes no appreciable change. 
On the other hand, replacement of the hexacoordinat-
ed metal or amine with others gives rise to some changes 
in E& values. 

The values for compounds I I I and IV which contain 
ethylenediamine as the diamine are slightly smaller 
than those for other compounds which contain am­
monia as the diamine. I t can be seen that the steric 
repulsion between ethylenediamine and the benzene 
molecule makes it unstable for benzene to exist in the 
cavity of the host lattice, owing to the replacement 
of a more bulky ethylenediamine instead of two am­
monia molecules. 

Iwamoto-type Clathrate Compounds. Derivatography: 
The derivatograms of Cd(NH 3 ) 2 Hg(CN) 4 -2C 6 H 6 ( IX) , 
Cd(en)Hg(CN) 4 -2C 6 H 6 (X), Gd(en)Cd(CN) 4 -2C 6 H 6 

(XI) , and Gd( tn)Hg(CN) 4 -2C 6 H 6 (XII) are shown 
in Fig. 8. I X gives two steps of mass loss up to 120 °G 
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Fig. 8. Derivatograms of compounds (IX) Cd(NH3)2-
Hg(CN)4-2C6H6 ( ), (X) Cd(en)Hg(CN)4.2C6H6 

( ), (XI) Cd(en)Cd(CN)4-2C6H6 ( ) and 
(XII) Cd(tn)Hg(CN)4.2C6H6 ( ). 
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Fig. 9. IR spectra of Compounds (IX) (A), the prod­
uct obtained by heating (IX) at 120 °C (B) and that 
obtained at 150 °C (C). 

and 120—150 °G in T G and two endothermic peaks 
corresponding to each step in D T A curve. From the 
infrared absorption spectra, it seems that the first step 
of mass loss is due to the elimination of 2 mol of ben­
zene and the second to the liberation of ammonia, 
resembling the elimination process in compound V. 

O n the other hand, X , X I , and X I I lose all benzene 
molecules in one step until about 135 °G. 

IR Spectra. T h e infrared absorption spectra of 
compound I X at several heating steps are shown in 
Fig. 9. The absorption peaks due to benzene at 
1479, 1042, 690, and 672 c m - 1 disappear upon heating 
at 120 °G and those due to the N H 3 vibration mode 
at 1592 and 1089 c m - 1 disappear upon heating at 
150 °C with the shift of VCBN at 2150 cm" 1 to about 
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35 c m - 1 higher. 
X-Ray Powder Diffraction Patterns. The X-ray 

powder diffraction patterns a t several heating setps 
for compound I X are shown in Fig. 10. The pattern 
obtained by heating at 110 °C where 7 0 % of benzene 
is removed shows no appreciable change, whereas the 
one at 150 °C shows a remarkable change. This 
suggests that the removal of 7 0 % of benzene from the 
clathrate I X causes no essential change of structure 
in the host skeleton of the mother clathrate, but the 
removal of the residual benzene and ammonia gives 
rise to a structural change. Such a tendency is also 
observed in compounds X — X I I . 

Isothermal Kinetics. Isothermal studies were car­
ried out in the same way as those for Hofmann-type 
clathrates. The enthalpy changes (AH) and activa­
tion energies (E&) are given in Table 2. 

The value of each activation energy is close to that 
of the corresponding enthalpy change. The activa­
tion energy values of Iwamoto-type clathrates are 
similar to those of Hofmann-type ones, the elimination 
of benzene proceeding in one step. There are two 
different kinds of cavities in Iwamoto-type clathrates. 
However, they cannot be distinguished from each 
other as regards thermal behavior of the guest mole­
cules. From this point of view, Iwamoto-type clath­
rates are analogous to Hofmann-type ones with 
regard to the state of the guest benzene molecules. 
The activation energy of compound X I I gave a some-

TABLE 2. ENTHALPY CHANGES AH AND ACTIVATION 

ENERGIES E& IN THE ELIMINATION OF BENZENE 

MOLECULE FROM CLATHRATE COMPOUNDS 

Compound AH kj mol-1 E& kj mol-1 

IX Cd(NH3)2Hg(CN)4-2G6H6 

X Gd(en)Hg(GN)4.2G6H6 

XI Cd(en)Cd(GN)4-2G6H6 

XII Cd(tn)Hg(CN)4.2G6H6 

63 
67 
67 
42 

76.4 
74.3 
75.6 
65.1 

what small value. This might be due to the relatively 
larger repulsion between bulky trimethylenediamine 
and benzene than that between ethyl enediamine and 
benzene. 
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Cobalt(III) complexes with a series of aliphatic a-hydroxyimino ketone (moH) and pyridine (py) were obtained 
as fine crystals. The aliphatic a-hydroxyimino ketones used are R-C(=0)-C(=NOH)-R' where R = CH3 or 
C2H5 and R '=CH 3 , C2H5, /-C3H7, n-C3H7 or COCH3. These complexes are formulated as [Co(mo)2(py)2]C104. 
The PMR spectral investigation shows that the proton resonances of the alkyl group bound to the hydroxyimino 
group are shifted toward higher fields upon complex formation. This unusual upfield shift is accounted for by 
consideration of the specific configuration and ring-current of the pyridine in the complex. 

The a-hydroxyimino ketones, R - C ( = 0 ) - C ( = N O H ) -
R', abbreviated as moH, are known to react with 
transition metal ions.1) The specific cobalt com­
plexes studied have been reported as having the formula 
Co n i (mo) 3 . In the case where R and/or R ' are saturat­
ed alkyl groups, the a-hydroxyimino ketones appear 
to produce less stable complexes than aromatic a-
hydroxyimino ketones with phenyl or 2-furyl groups. 
Thus, in respect to the aliphatic a-hydroxyimino ketone 
complexes, their synthesis and characterization appear 
to remain equivocal. 

In the present paper, the method of preparation 
of the crystalline cobalt (I II) complexes of aliphatic 
a-hydroxyimino ketones having the formula [Co(mo)2-
(py)2]C104 , where py is pyridine, is described. The 
P M R spectral behavior is discussed in terms of a 
specific steric configuration of alkyl groups of the com­
plexes in solution. 

Exper imenta l 

Preparation. The a-hydroxyimino ketones were pre­
pared by the hydroxyimination reaction of the methylene 
group of the corresponding ketone with isopentyl nitrite.2) 

Gobalt(III) complexes were obtained by the following 
general procedure : to 50 ml of a tetrahydrofuran solution 
of 0.01 mol of a-hydroxyimino ketone and 0.005 mol of 
Co(C104)26H20 was added 0.01 mol of pyridine. The mixture 
was stirred in air at room temperature for 2 h. The pre­
cipitate separated was collected on a glass filter, and then 
recrystallized from ethanol. Table 1 shows the analytical 
data for the complexes thus obtained. The same procedure 
using ammonia or aniline as a base resulted in no precipita­
tion of any similar complex. 

Measurement. PMR spectra were recorded with a 
Japan Electron Optics Model JNM-PS-100 spectrometer at 

a frequency of 100 MHz and/or a JNM-3H spectrometer 
at 60 MHz, at an ambient probe temperature of 20 °C. 
The chemical shifts were determined in ppm using TMS 
as an internal standard. 

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

T h e results of elemental analysis, as listed in Table 
1, show that the composition of the complexes cor­
responds closely to the formula, [ C o { R - C ( = 0 ) - C -
(=NO)-R'} 2(py) 2]C10 4 . These complexes are diamag-
netic, which suggests that cobal t(III) complexes were 
obtained. 

The P M R spectra of free biacetyl monoxime (R = 
R ' = GH3) and its complex are given in Fig. 1. The 
free ligand exhibits three singlet signals at 2.00, 2.39, 
and 9.83 p p m ; these are readily assigned to the GH?, 
CHS, and N O H protons on the basis of published data,3) 
respectively. The complex has two signals for the 
CH? singlet and the CH* singlet (at 1.95 and 2.53 ppm, 
respectively) and no signal for the N O H proton, which 
indicates that the two biacetyl monoximato ligand s 
are equivalent. It should be noted that upon complex 
formation, the resonances of the H " and H a protons 
are shifted in opposite directions, that is, the r l " signal 
is shifted toward higher fields, whereas the H a signal 
is shifted toward lower fields. 

In general, it is considered that the coordination of 
the functional group as >G=NO~ or >C=0 bound 
to an alkyl group accompanies either no appreciable 
or only a small downfield shift of the alkyl proton 
resonance. This P M R spectral characteristic has been 
shown in the case of Com(2,4-pentanedionato)3

4> and 
frflttj-[Com(dimethylglyoximato)2(py)X] (X = N O l or 
halide ions).5) The downfield shift of the alkyl proton 

TABLE 1. ANALYTICAL DATA OF THE COMPLEXES, [Go{R-C(=0)-G(=NO)-R ,}2(py)2]C104
a) 

R 

CH3 

CH3 

CH3 

GH3 

CH3 

GH3CH2 

Complex 

R' 

CH3 

CH2GH3 

(_jH2Ljrl2dH3 

GH(CH3)2 

GOGH3 

CH3 

C 

41. .71 
44.29 
46. 
46. 
41. 
43. 

11 
.11 
75 
37 

Found % 

H 

4.34 
4.85 
5.28 
5.82 
4.06 
4.79 

~~N 

10.76 
9.94 
9.80 
9.46 
9.31 

10.17 

G 

41. 
44. 

85 
10 

45.97 
45.97 
41. 
44. 

,95 
10 

Calcd % 

H 

4.26 
4.77 
5.24 
5.24 
3.84 
4.77 

N 

10.84 
10.28 
9.77 
9.77 
9.78 

10.28 

a) py = pyridine. 
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TABLE 2. PMR DATA FOR FREE- AND COORDINATED-HYDROXYIMINO KETONES 

R 

CHI 

CHS 

GH» 

GH; 

GH; 
CH*CH* 

R' 

CH« 

CH?CH^ 

CH?CHfCH£ 

CH«(CHf)2 

COCHf 
GH« 

Solvent 

GDG13 

d6-DMSO 
Py 
HaO> 
GDGI3 
J6-DMSO 
GDGI3 
4--DMSO 
CDC13 

</6-DMSO 
CDClg 
rf6-DMSO 

R 

2.39s 
2.32 s 
2.45 s 
2.35 s 
2.38 s 
2.29 s 
2.39 s 
2.29 s 
2.38 s 
2.26s 
2.43 se) 
— 1 

-C(-C 

H b 

.15 t 

Chemical shift, ppm 

))-G(=NOH)-R' 

H" 

2.00 s 
1.83 s 
2.15s 
1.86 s 
2.55q 

_ o ) 

2.54 t 
2.40 t 
3.45m 
3.31m 

1.98 s 

H" 

1.05 t 
0.91 t 
1.50m 
1.38m 
1.24d 
1.13d 
2.43 s«) 

Hr 

0.93 t 
0.82 t 

[Co{R-C(=0)-G(=NO)-R'}2(py)2]G104 

H* 

2.53 s 
2.52 s 
2.54s 
2.42 sb) 
2.55 s 
2.55 s 
2.54 s 
2.55 s 
2.55 s 
2.56 s 
2.90 s 
2.83q 1 

Hb 

17 t 

H» H> H r 

1.95 s 
1.68 s 
1.90 s 
1.84sb> 
2.38q 0.66 t 
2.29q 0.54 t 
2 .34t 1.13m 0.46 t 
2.31 t 1.05m 0.35 t 
—d> 0.93 d 

3.30m 0.83d 
2.33 s 

1.89 s 

s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet. 
a) Sodium 3-trimethylsilylpropanesulfonate is used as an external reference, b) Obtained for the sodium salt, c) 
Obscured by the solvent signal, d) An accurate value is not obtained due to low solubility, e) H a and H^ are 
observed as one signal. 

NOH 

•w*v*J|» *t>*htf>i+'y** x»nSK*>r'"lVW««*» 

I % » M . I * H * * * * * •>MI» IM«V '<>"»*W^* ' *>* 

10 9.5 
4 II—I-

2.5 

ô, ppm 

Fig. 1. PMR spectra in GDG13. 
(1): CH;-C(=0)-C(=NOH)-CHJ. 
(2) : [Co{CH!-C(=0)-C(=NO)-CH?}2(py)2]C104. 

resonance may be interpreted as follows. The electron 
density on the coordinated atom decreases, which causes 
a decrease in the shielding of the alkyl protons. The 
observed downfield shift of the H a signal by coordina­
tion is consistent with the above interpretation. O n 
the other hand, the upheld shift for the H ° signal is 
unexpected. There is no appreciable difference be­
tween the H a chemical shift values of biacetyl monoxi-
mato anion and the neutral biacetyl monoxime, as 
shown in Table 2. This fact implies that it is im­
probable that the unusual upheld shift is caused by 
the negative charge on the functional group. 

The similar spectral behavior of the upheld shift 
for the R ' proton is also observed in the case of 3-
hydroxyimino-2,4-pentanedione (R = G H | and R ' = 
C O C H f ) . The free 3-hydroxyimino-2,4-pentanedione 
in GDG13 has one singlet at 2.43 ppm, as shown in 
Fig. 2. Patel and Haldar6) have reported that the 
signal near 2.43 ppm is split into two peaks in dioxane, 

NOH 

JL. (1) 

CHÎ1 

CH3 

Py 

rh**i«tTriiirtfi**+r'*'*iHs^ 
(2) j\ 

(3) 
Jfty^Hïrt/Vlw^VitV^MWMV^ IP 

CH? 

PWMWM 

11 10 

ô, ppm 

Fig. 2. PMR spectra in GDC13. 
(1): CHS-G(=0)-G(=NOH)-C(=0)-CH3\ 
(2): [Co{CHS-C(=0)-C(=NO)-C(=0)-CH;}2-

(py)2]C104. 
(3): Co{CH^-G(=0)-G(=NO)-C(=0)-CH3}3 . 

Both phenomena stated above can be explained by 
the rate of bond switching in hydrogen bonding between 
hydroxyimino-hydrogen and two carbonyl-oxygens. 
In the solution of CDC13, the bond switching time 
is shorter than the measurement time. One resonace 
signal is then obtained in the present case. The tris-
complex, Co i n(3-hydroxyimino-2,4-pentanedionato)3 , 
exhibits two singlets a t 2.40 and 2.79 ppm and the 
bis-complex, [Co111 (3-hydroxyimino-2,4-pentanedio-
nato)2(py)2]C104 , also gives rise to two singlets at 2.33 
and 2.90 ppm. The singlet at 2.33 ppm for the bis-
complex is shifted toward higher fields by 0.1 ppm 
than that of the free ligand and is assigned to the 
G O C H 3 protons considering its similarity to the upheld 
shift of the H " proton signal in biacetyl monoxime. 

The upheld shift of the R ' proton resonance is also 
confirmed in the P M R spectra of a series of #-hy-



February, 1977] Synthesis and PMR Study of [Co(a-hydroxyimino ketone)2(py)2]C104 417 

Fig. 3. Proposed limiting structure for [Co{CH*-
C(=0)-C(=NO)-CH2CHfCH£}2(py)2]C104. 

0 1 2 3 
Distance, Â 

Fig. 4. Amount of the upfield shift caused by coordina­
tion and vertical distance of the alkyl carbon atom 
from the metal-chelate plane for [Co{CHg-C(=0)-
G(=NO)-GHïGH|GHÏ},(py)JG104 . 

: in CDG13, : in </6-DMSO. 

TABLE 3. UPFIELD SHIFT OF THE R' PROTON SIGNAL 

FROM FREE LIGANDS CAUSED BY COMPLEX FORMATION 

droxyimino ketones with such R ' groups as C2H5 , i-
C3H7 , and re-C3H7. From the P M R data presented 
in Tables 2 and 3, it is found that upon complex for­
mation, the amount of the upfield shift for the R ' 
proton resonances increases in the following order: 
H « < H * < H r . O n the other hand, the H b proton signal 
in R = C H S CHS is shifted to lower fields upon coordina­
tion, as expected. 

In order to interpret the above upfield shift for the 
R ' proton resonances, it is proposed that the R ' group 
in the complex is situated so as to experience a strong 
shielding effect due to the magnetic anisotropy—the 
pyridine ring-current. A similar shielding effect has 
been pointed out for the methylene proton resonance 
of 1,4-polymethylenebenzene analogues, where the 
methylene groups are above the phenyl ring.7) Hill 
and Morallee8) have reported that the resonances of 
the bridging methylene protons are shifted toward higher 
fields by the axial coordination of pyridine with RCo-
(bae), where R = a n alkyl group and b a e = a bis(acety-
lacetone)ethylenediiminato anion. This upfield shift 
is attributed to the ring-current effect of the coordinated 
pyridine. Abott and Martel9) have shown that the 
2-CH3 signal of the bis(pyridoxylideneserinato)Al(III) 
complex is found to be as much as 100 Hz higher 
than that of the 2-CH3 of the free Schiff base. 

I t is beyond the aim of this study to describe the 
conclusive structure of [Co(mo)2(py)2]C104 .10) Figure 
3 shows the limiting structure for R '=/z-C 3 H 7 , where 
the alkyl group experiences most strongly the shielding 
effect of the pyridine. The framework molecular model 
suggests that the free rotation of the R ' group is not 
restricted sterically. For the 1,2-dioximato chelates, 
it has been suggested that the d^-orbitals of the metal 
interact with both p, t-orbitals of the chelate ligand 
and the pyridine which perpendicularly coordinates 
with the metal-chelate plane.11) I t is also possible to 
expect a similar interaction of the p* (pyridine)-, d* (co­
balt)-, and p,r(hydroxyiminato nitrogen)-orbitals for 
the pyridine conformation in [Co(mo)2(py)2]C104 given 
in Fig. 3. Consequently, the pyridine occupies the 
position in which the pyridine plane is perpendicular 
to the Go-N(hydroxyiminato nitrogen) bonding. The 
pyridine plane then faces the R ' group and an upfield 
shift of the R ' proton resonances is obtained. Because 
the carbon atom of the hydroxyimino group is sp2-
hybridized, the CH? carbon atom is drawn on the 
xy-plane. 

It is scarcely possible to evaluate the exact distance 
between the pyridine and the alkyl group of the complex 
in solution. The vertical distance of the alkyl carbon 
from the xy-plane is, therefore, estimated using the 
molecular model framework and is tentatively plotted 
versus the amount of upfield shift of the R ' = CH?CHf-
CHÏ proton resonance caused by coordination (Fig. 4). 
Figure 4 suggests that the shielding effect by the pyridine 
increases in the order: H " < H ^ < H r . T h e distance 
between the GH 3 carbon atom and the center of the 
pyridine ring is about 2.8 Â at its distance of closest 
approach, as shown in Fig. 3. In the case of 1,4-
polymethylenebenzene analogues,7) it is seen from the 
molecular model that the methylene carbons are verti­
cally situated at about 2 Â above the phenyl ring. 

Amount of upfield shift 
R R'a) in GDCI3, Hz*) 

H" H* H r 

C _ _ _ _ 
CHS CH?GHf 12 24 
CHS CH«CHfCH£ 11 22 29 
CHS CH«(CHf)2 19 
CH* COGHf 6 

a) For the general formula, refer to Table 1. 
b) The data were obtained at 60 MHz. 

As summarized in Table 3, upon complex formation, 
the upfield shift of the H " or H^ signal for R ' = CH?CHf 
is nearly equal to that of the corresponding signal for 
R ' = C H ? G H ? G H L O n the other hand, the upfield 
shift of the H*3 signal for R ' = C O C H f (6 Hz) is smaller 
than that of the H? signal for R ' = C 2 H 5 or ra-C3H7 (22 
to 24 Hz) . This result is interpreted as follows. The 
H s protons in C O C H f are farther from the pyridine 
than in G2H5 and «-C3H7, because the CHf group is 
bound to the sp2-carbonyl carbon atom. The small 
upfield shift of 6 Hz is obtained as a result of the decrease 
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in t h e sh ie ld ing effect b y t h e p y r i d i n e . C o m p a r e d 
w i t h t h e upf ie ld shift of t h e H a s igna l for R ' = G 2 H 5 o r 
n - C 3 H 7 , t h a t of t h e H " s ignal for R ' = C H £ is r a t h e r 
sma l l . 
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6-Chloro-2,6-dimethyloctane to the Corresponding Alkane 
Tsutomu NONAKA, Tetsuro O T A , * and Keijiro O D O 

Department of Electronic Chemistry, The Graduate School, Tokyo Institute of Technology 
Ookayama, Meguro-ku, Tokyo 152 

(Received May 1, 1976) 

In order to clarify the mechanism of electroreduction of aliphatic halides, optically active 6-chloro-2,6-di-
methyloctane(I), in which an {R)-{ — )-enantiomer was present in excess, was electrolyzed at a mercury cathode 
in various organic solvents. An (R)-( — )-enantiomer was also present in excess in the 2,6-dimethyloctane(II) 
which was obtained. This result indicates that the reduction of I to II proceeds with an excess of the inversion of 
the absolute configuration of the starting halide. In this paper, the stereochemistry of a radical intermediate formed 
at an initial stage in the course of reduction is discussed. 

A number of studies of the mechanism of electro-
reduction of organic halogen compounds have been 
performed from electrochemical and organic chemical 
aspects.1) In recent years there has been a great deal 
of interest shown in the sterochemistry of the electro-
reduction of aliphatic halides.2) Most of studies in 
this field have dealt with the geometrical isomerism 
of reactant, intermediate, and/or product, while studies 
dealing with optical isomerism have been very rare. 

Czochralska3) electrolyzed optically active 2-phenyl-2-
chloropropionic acid (I II) at a mercury cathode in 9 0 % 
ethanol containing tertaethylammonium chloride as a 
supporting electrolyte and obtained optically active 
2-phenylpropionic acid, in which the absolute con­
figuration had been inverted, in a high optical yield. 
At almost the same time, Annino et al.*) also found 
that the electrolytic reduction of optically active cy-
clopropyl bromides ( IVa—IVd) at a mercury cathode in 
9 5 % ethanol are stereochemically controlled by the 
substituent at the asymmetric carbon. While the reduc­
tions of IVa and IVb proceed with the inversion of 
configuration, the reductions of IVc and IVd proceed 
with its retention. These facts are very interesting, 
though the halides used are not typical tertiary alkyl 
halides. 

GOOH 

CH3-C-GI 
1 

Ph 

III Ph 
Ph 

IVa: R = COOH 
R IVb: R = GOOGH3 
Br IVc: R = COO" 

IVd: R = CH, 

For the first investigation of the substiuent effect, 
a tertiary halide having as simple as possible substituents 
should be used. 3-Halo-3-methylhexane is such an alkyl 
halide, but its optical resolution is very difficult. In 
this work, (/?)-( — )-6-chloro-2,6-dimethyloctane(I) 
derived from natural /-linalool was used as the second 
best sample, because no optical resolution was necessary 
and the absolute configurations of I and the corre­
sponding alkane were known. 

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

Electrolytic results are summarized in Table 1. 
The electrolytic products consisted of optical isomers 

* Present address: Asahi Chemical Industry Co., Ltd., 
Chemical Administration, Yako 1-3-1, Kawasaki-ku, Kawa­
saki 210. 

of an alkane and a small amount of an optically inactive 
alkene. The alkane was confirmed to be 2,6-dimethyl-
octane, in which an (/?)-( — )-enantiomer is in excess, 
by its physical properties. O n the other hand, although 
the molecular structure of the alkene(m/tf=140) could 
not be confimed, its retention volume in gas chromatog­
raphy was equal to that of the dehydration product 
of tetrahydrolinalool in hot anhydrous formic acid. 

T h e optical rotation of I used in this work was 
[a]o—0.34°. The accurate optical purity could not 
be estimated because optically pure I has never been 
prepared. The above value cf optical rotation is 
obtained in the region between 545) and 12%6) of 
optical purity. O n the other hand, the optical rotation 
of optically pure I I is known to be [a]2D° 7.32°.6> 
Therefore, the optical yield of I I could be shown only 
by giving its upper and lower limits. 

As shown in Table 1, I with [a]2
D

3 —0.34° gave I I 
with minus values of optical rotation, which range 
from —0.01 to —0.34°, under a variety of electrolytic 
conditions such as cathode material, solvent, and proton 
donor. Since I7) and II6) with minus values are in 
(R) -configuration, it is concluded that the reduction 
proceeds with an excess of the inversion of the absolute 
configuration of I. In the case of a lead cathode, the 
racemization may be regarded as exclusive. 

CH, GH3 

3 XCH-(CH2)3-C-CH2-CH3 + 2e + 2H+ 
C H / ^ 

CH3 

C H / 

CH3 
NCH-(CH2)3-C-CH2-CH3 + HCl 

CH, 
II 

An essential conclusion drawn from the results of 
Czochralska3) was that the electrolytic reduction of 
alkyl halides proceeds in an »SN2 type mechanism 
initiated by the attack of an electron to a halogen atom. 
However, the results of Annino et al.*) cannot be 
explained by such a mechanism. Since the attack on 
a halogen is also confirmed through the fact that 
bridgehead bicyclic halides are reducible at a mercury 
cathode,8) there would be no doubt about this point 
at least in the case of a mercury cathode. 

Elving and Pullman9) generalized the reduction 
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Solvent 

M e O 

E t O H 

E t O H 
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E t O H 
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M e C N 
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T A B L E 1. 
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ELECTROLYTIC RESULTS 

Proton Cathode d e n s i T 
donor material A -,, Z 

A/dm 2 

— 

— 

— 

A c O H 

Et 3 NHBr 

— 

— 

— 

H g 2 . 6 

H g 1.6 

P b 1.2 

H g 2 . 0 

H g 0 . 8 

H g 2 . 0 

H g 0 .9 
H g 2 . 0 

a) [(optical puri ty of product)/(optical puri ty 

\ 
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radical 

B 1 P 

planar 
radical 

and Keijiro ô b ô 

» OF 6-GHLORO-2,6-DIMETHYLOCTANE WITH 

Cathode Quant i ty of 
potential electricity 

V vs. passed 
Ag/AgCl X10 6 , C/mol 

- 2 . 2 0 2 .30 

- 2 . 1 5 2 .30 

- 1 . 8 5 2 .00 

- 1 . 5 5 2 .00 

- 1 . 6 5 1.95 

- 2 . 4 0 2 .45 

- 2 . 2 5 2 .35 

- 2 . 2 0 2 .30 

4 . 4 

2 . 9 

1.7 

2 .7 

2 . 3 

2 .7 

1.9 

1.9 

of reactant)] X 100%. b) Upper 

\r~ ) ^ -
pyramidal 

anion 

FTC" 
planar 
anion 
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> 
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yield, 

w 
90 

54 

87 

47 

96 

84 

76 

[Vol 

[aj2D
3 - 0 . 3 4 ° 

•nethyloctane 

:al [a]s
D

3 

% deg 

- 0 . 0 8 ± 0 . 0 1 

- 0 . 0 4 ± 0 . 0 1 

- 0 . 0 1 ± 0 . 0 1 

- 0 . 1 2 ± 0 . 0 1 

- 0 . 1 2 ± 0 . 0 2 

- 0 . 3 4 ± 0 . 0 1 

- 0 . 3 1 ± 0 . 0 4 

- 0 . 0 5 ± 0 . 0 1 

limit—lower limit. 
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Fig. 1. Schematic mechanisms for the configurational retention and inversion in the electro-
reduction of alkyl halide to the corresponding alkane. 

mechanism of alkyl halides as follows: 

R-X 
-x-

[R-] — > [R-J R-H 

where [R-] and [R~] represent electrode complexes 
or adsorbed species on an electrode surface. 

T h e present paper will employ the steric form of 
a radical derived from a tertiary alkyl halide in order 
to rationalize the apparently complicated results of the 
electroreductions of optically active halides such as I, 
I I I , and IVa—IVd. 

I t is well known that the steric form of a carbon 
radical can vary from being almost completely planar 
to being pyramidal with the kind of substituent, al­
though the former is energetically more unstable than 
the latter.10) While a small alkyl radical, such as 
the methyl radical, is undoubtedly almost planar,11) 
there has been no reliable information about the 
planarity of a large tertiary alkyl radical such as meth-
ylethyl-l-(4-methyl)hexylmethyl radical from I. O n 
the other hand, small cyclic alkyl radicals, especially 
cyclopropyl radicals, are undoubtedly pyramidal.12) 
The planarity of a radical would be favored by sub-
stituents having a 7r-electron system, such as phenyl 
or carbonyl groups, because of the favorable interaction 
between the two electron orbitals paralleled to each 
other: the p orbital of an unpaired electron of the 
planar radical and the n electron orbital of the sub­
stituent. 

According to the above viewpoint, the radicals from 
I I I , IVa, and IVb would be planar, while the radical 

from IVd would be pyramidal. The radical from IVc 
would be planar in a free environment, but it would 
be pyramidal in the adsorbed state on a cathode surface 
because of the electrostatic repulsion of a carboxylate 
anion from a negatively polarized cathode surface. 
Although the steric form of the radical from I is am­
biguous, it may be acceptable that such a radical 
could be at least a very shallow pyramid, even if not 
a plane, considering the fact that an optically active 
staring compound gave a completely racemized product 
in a homogeneous reaction involving methylethyl-1-
(2-methyl)propylmethyl radical, which resembles the 
radical from I, as an intermediate.13) The configura­
tional stability of the radical would be increased by 
the adsorption on an electrode or by the formation of 
an electrode complex. Generally, a carbanion is con-
figurationally more stable than the corresponding rad­
ical. T h e stability of a carbanion would be increased 
by a counter cation in the immediate vicinity, while it 
would be decreased by solvation, especially of the 
solvent insertion type, to the cation. 

As shown in Fig. 1, a pyramidal radical would result 
in a carbanion which retained its configuration by the 
introduction of the second electron to the sp3 orbital 
of an unpaired electron. O n the other hand, the 
introduction of the second electron to the p orbital 
of a planar radical would intermediately give a very 
unstable planar carbanion, which would be immediately 
converted into an ordinary carbanion having the invert­
ed pyramidal from. This inversion is thought to be 
due to a steep potential gradient in the immediate 
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vicinty of the cathode. Figure 1 illustrates extreme 
cases where either retention or inversion occurs ex­
clusively. 

In conclusion, it can be actually supposed that the 
path " B " is slightly predominant in the reduction of 
I, since the radical intermediate is not a complete 
plane but a shallow pyramid. Steric hindrance be­
tween the three alkyl groups and a cathode is alleviated 
in a pyramidal radical. Also, the path " B " is more 
predominant in the cases of I I I , IVa, and IVb , since 
their radicals are almost planar even on a cathode. 
One reason for being planar may be that the p-n 
interaction described previously is so strong that the 
contribution of the steric hindrance is more than 
canceled. In the cases of IVc and IVd, the path 
" A " is predominant, since nothing causes the cor­
responding cyclopropyl radicals to be planar. 

While the steric configuration of the alkane formed 
would be mainly controlled by the steric form of an 
intermediate radical on a cathode, the optical yield 
would be controlled not only by the configurational 
stabilities of the radical and the carbanion intermediates 
but also by the protonation rate of the latter. The 
fact that proton donors such as acetic acid and tri-
ethylamine hydrobromide added in ethanolic catholyte 
increased the optical yield may partially support the 
above discussion. 

The solvent effect on the optical yield of I I can be 
explained as due to the difference of the proton-donating 
force to the carbanion intermediate, except for the case 
of D M F . The reduction in D M F afforded I I with 
an optical rotation equal to one in the case of methanol, 
though D M F is not only weaker in proton-donating force 
but also stronger in solvating force to a counter cation 
of the carbanion intermediate than methanol. There 
has been no clear explanation of the solvent effect. 

Exper imenat l 

(R)-( — )-6-Chloro-2,6-dimethyloctane(I). I was prepar­
ed from a commercial natural /-linalool with [a]3

D
3—14.0° 

(lit,6) [a]2D° -14.47°), by the literature method.6) Bp 83— 
84°C/15 Torr (lit,6) 90.2—91.3 °C/21 Torr), «2

D
6 1.4342 

(lit,6) 1.4346), and [a]2
D

3 -0 .34° (lit,6) [a]2
D

5 -0.42°). 
Electrolytic Procedure. An H-type cell divided by a 

sintered glass diaphragm was used. The cathode was a 
mercury pool (diameter, 4 cm) or a lead plate ( 4 x 3 cm). 
The catholyte and the anolyte were 50 ml of dried organic 
solvent (methanol, ethanol, DMF, or acetonitrile) containing 
9.95 g of tetraethylammonium chloride as a supporting electro­
lyte. After nitrogen gas was introduced to the catholyte for 
one hour in order to remove the oxygen in the solvent, 2.65 g 
(0.015 mol) of I, and also 0.01 mol of a proton donor (acetic 
acid or triethylamine hydrobromide) if necessary, were added 
to the catholyte. A constant current was supplied, which 

was turned off when the cell voltage rose to above 20 V or 
when vigorous hydrogen evolution was observed. The 
temperature of the catholyte was maintained below 20 °C 
during the electrolysis. 

Analysis and Isolation of 2,6-Dimethyloctane. After the 
electrolysis a large volume of water was added to the catholyte. 
The separating oil was extracted with ether and the ether 
extract was dried with anhydrous sodium sulfate. The 
ethereal solution was analyzed by gas chromatography 
(apeazone grease L, 100 °C). In the gas-chromatogram, 
three peaks (corresponding to II, alkene, and unreacted I) 
appeared. 

After the gas chromatographic analysis, the ethereal solu­
tion was shaken with concentrated sulfuric acid in order 
to remove the alkene. The ethereal solution was concentrated 
by evaporation and the residual oil was distilled under reduced 
pressure. Gas-chromatographically pure II was obtained 
as the main fraction: bp 60—62 °G/30 Torr (lit,6) 99— 
100°C/121 Torr); n% 1.4091 (lit,6) 1.4087); mass spectrum 
{m/e) 142(M+); IR spectrum (cm"1) 2880, 1460, and 1375 
as principal absorption bands. No absorption band ap­
peared at 1653 or 888 cm - 1 related to a double bond in 
terminal position.6) 

The optical rotation was measured in ethanol by Perkin-
Elmer Micro-Polarimeter Model 141. 

T h e authors with to express their thanks to Dr. T. 
Fuchigami of the Tokyo Institute of Technology for 
his helpful discussion. 

References 

1) J . Casanova and L. Ebcrson, "The Chemistry of the 
Carbon-Halogen Bond," ed by S. Patai, Interscience Pub­
lishers, New York (1973), p. 979. 

2) K. P. Butin, Usp. Khim., 40, 1058 (1971); Russ. Chem. 
Rev., 40, 525 (1971). 

3) B. Czochralska, Chem. Phys. Lett., 1, 239 (1967). 
4) R. Annino, R. E. Erickson, J . Michalovic, and B. 

McKay, J. Am. Chem. Soc, 88, 4424 (1966). 
5) D. B. Denney and R. Dileone, J. Org. Chem., 26, 984 

(1961). 
6) P. E. Verkade, K. S. Vries, and B. M. Wepster, Reel. 

Trav. Chim. Pays-Bas, 83, 367 (1964). 
7) V. Prelog and E. Watanabe, Justus Liebigs Ann. Chem., 

603, 1 (1957). 
8) L. Horner and H. Böder, Chem. Ber., 101, 4179 (1968). 
9) P. J. Elving and B. Pullman, Adv. Chem. Phys., 3, 1 

(1961). 
10) A. D. Walsh, J. Chem. Soc, 1953, 2296. 
11) G. Herzberg, Proc. R. Soc. London, Ser. A, 262, 291 

(1961). 
12) R. W. Fessenden and R. H. Shuler, J. Chem. Phys., 

39, 2147 (1963); T. Yonezawa, T. Kawamura, and H. 
Kato, Bull. Chem. Soc. Jpn., 43, 74 (1970). 

13) W. v. E. Doering, M. Färber, M. Sprecher, and K. 
B. Wiberg, J. Am. Chem. Soc, 74, 3000 (1952). 



422 BULLETIN OP THE CHEMICAL SOCIETY OP JAPAN, VOL. 50 (2), 422—424 (1977) [Vol. 50, No. 2 

Synthesis of Tuftsin and Its Analogs 
Sukekatsu NOZAKI, Kazuhito HISATSUNE, and Ichiro MURAMATSU* 

Department of Microbiology, Faculty of Pharmaceutical Sciences, Josai University, Sakado, Saitama 350-02 
*Department of Chemistry, College of Science, Rikkyo University, Nishi-Ikebukuro, Tokyo 171 

(Received June 17, 1976) 

Tuftsin, a phagocytosis stimulating peptide, was synthesized according to a liquid phase method together with 
its four analogs, H-Thr-Arg-Pro-Arg-OH (2), H-Thr-Lys-Pro-Lys-OH (3), H-Thr-Arg-Pro-Lys-OH (4), 
and H-Arg-Pro-Lys-Thr-OH (5). 

Tuftsin (1), a tetrapeptide containing two basic 
amino acids, lysine and arginine, was isolated from the 
enzymatic digest of y-globulin1) and synthesized ac­
cording to Merrifield's solid phase method by Nishioka 
et al.2) They also synthesized two analogs of 1 lacking 
N- or C-terminal amino acid of the original peptide, 
viz., H - L y s - P r o - A r g - O H and H - T h r - L y s - P r o - O H , 
and another analog having an additional proline, 
H - T h r - L y s - P r o - P r o - A r g - O H . 3 ) None of these ana­
logs exhibited the phagocytosis stimulating activity, 
but the pentapeptide, H - T h r - L y s - P r o - P r o - A r g - O H , 
strongly inhibited tuftsin activity. This indicates that 
a certain restriction of the primary structure is required 
for biological activity to appear. However, the rela­
tionship between structure and activity is still unclarifi-
ed. In order to investigate the effect of the replacement 
of lysine by arginine, or arginine by lysine, we synthesiz­
ed the following tuftsin analogs (2—5) as well as 1 
by a liquid phase method. 2, i.e., [2-arginine]-tuftsin, 
and 3, i.e., [4-lysine]-tuftsin are analogs in which either 
one of the two basic amino acids is replaced by the 
other. 4, i.e., [2-arginine, 4-lysine]-tuftsin has a 
sequence in which the positions of lysine and arginine 
are exchanged. 5, the analog with the retro sequence 
of 1, was also synthesized in order to see the effect of 
alternation of the primary structure. 

The synthesis of 1 and its analogs is summarized in 
Charts 1—5. Benzyl ester was employed for the 
protection of carboxyl functions of C-terminal amino 
acids. In each step of the peptide elongation, t-

Thr 

Cbz_Li 

butoxycarbonyl amino acids were used as the acylating 
reagent except in the final stages of the elongation. 
The f-butoxycarbonyl group was removed by HCl/ 
T H F or trifluoroacetic acid treatment prior to the 
next coupling. The e-amino group of lysine and the 
guanidyl group of arginine were protected by benzyl-
oxycarbonyl and nitro group, respectively. A mixed 
anhydride method was employed for the coupling 
reaction except at the introduction of iVa-£-butoxy-
carbonyl, Ng-nitro arginine, when the dicyclohexyl 
carbodiimide/iV-hydroxy-l//-benzotriazole method4) was 
used. Some of the intermediates were obtained as 
oily substance with a trace of impurities detectable 

Thr Arg Pro 

Cbzli 

Thr 

CbzlOH 

Arg 

Chart 2. Preparation of 2. 

Lys Pro Lye 

Chart 1. Preparation of 1. Chart 3. Preparation of 3. 
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Thr Arg P r o Lys 

CbzlOH 

Arg 

Cbz 

Chart 4. Preparat ion of 4. 

P ro Lys Thr 

lOBz l 

BOCJJ 

I 
NO, 

.OH H 

1) DCC/HOBt 

2) H 2 /Pd 

OBzl 

.OBzl 

Chart 5. Preparat ion of 5. 

o n T L C . H o w e v e r , n o fu r the r t r ia ls for c rys ta l l iza­
t ion n o r pur i f i ca t ion w e r e c a r r i e d ou t , s ince a n ion 
e x c h a n g e c h r o m a t o g r a p h y w a s e x p e c t e d to b e ef­
fective for t h e pur i f i ca t ion of t h e bas ic p e p t i d e s f inally 
o b t a i n e d . I n t h e final s tages of t h e c o n s t r u c t i o n of 
t h e pep t ides , b e n z y l o x y c a r b o n y l a m i n o ac ids w e r e 
used for a cy l a t i on . T h e p r o t e c t e d t e t r a p e p t i d e s w e r e 
h y d r o g e n a t e d in t h e p r e s e n c e of p a l l a d i u m b l a c k in 
o r d e r to r e m o v e a l l t h e b l o c k i n g g r o u p s . 

T h e resu l t ing free p e p t i d e s w e r e pur i f ied b y ca r -
b o x y m e t h y l cel lulose (Se rva , o r W h a t m a n C M - 5 2 ) 
c h r o m a t o g r a p h y us ing a l i n e a r g r a d i e n t of a m m o n i u m 
a c e t a t e buffer ( 0 — 0 . 4 M , p H 7.0) . 2 a n d 3 c o u l d b e 
pur i f ied sat isfactori ly, b u t n o t t h e o t h e r a n a l o g s o r 1. 
T h e l a t t e r p e p t i d e s g a v e n o r e a s o n a b l e resul ts o n a m i n o 
ac id analys is af ter a c i d hydro lys i s , a l t h o u g h e a c h of 
t h e m s h o w e d i n d i v i d u a l l y a single spo t o n T L C (Avicel -
cellulose, 1 - b u t a n o l - p y r i d i n e - a c e t i c a c i d - w a t e r , 16 : 
10 : 3 : 12) a n d e lec t rophores i s (Avicel-cel lulose, p H 
1.9, 4 0 V / c m ) . Al l efforts to r e m o v e t h e i m p u r i t i e s 
b y t h e c a r b o x y m e t h y l cel lulose c o l u m n w e r e u n s u c ­
cessful. F u r t h e r pu r i f i ca t ion of 4 , 5 , a n d 1 w a s suc­
cessfully c a r r i e d o u t o n a D o w e x 50 W x 4 c o l u m n w i t h 
a l i nea r g r a d i e n t of p y r i d i n i u m a c e t a t e buffer ( 0 . 6 — 
2.0 M , p H 4 . 2 — 6 . 1 ) . T h e h i g h l y pur i f i ed p r o d u c t s 

w e r e de sa l t ed b y a Biogel P -2 c o l u m n a n d w e r e lyo-
ph i l i zed to g ive h y g r o s c o p i c solids. 

Phagocy tos i s s t i m u l a t i n g ac t iv i t ies of t h e syn the t i c 
p e p t i d e s w e r e m e a s u r e d a c c o r d i n g to t h e l i t e ra tu re . 5 ) 
C o m p o u n d s 2 , 3 , 4 , a n d 1 s h o w e d b io log ica l ac t iv i ty . 
F o r t h e a p p e a r a n c e of b io log ica l ac t iv i ty , s o m e a l t e r n a ­
t ion m i g h t b e a l l o w e d in t h e p r i m a r y s t r u c t u r e of 
tuftsin, w h e r e t h e bas ic a m i n o ac ids a t pos i t ions 2 a n d 
4 a r e e x c h a n g e a b l e w i t h e a c h o t h e r w i t h o u t abo l i sh ing 
t h e b io log ica l p o t e n c y . 

E x p e r i m e n t a l 6 ) 

Amino acid analyses were carried out with a JLC-6AS 
automatic analyzer ( J E O L ) after acid hydrolysis in HCl of 
constant bp (110 °C, 16 h ) . T h e theoretical values of amino 
acid ratios are shown in parentheses after each result. I n 
T L C , Merck silicagel-precoated plate (S) and Avicel 
cellulose-precoated plate (C) were used with the following 
solvent systems: chloroform-methanol, 99 : 1 (a), 98 : 2 
(b), 9 5 : 5 (c), 9 0 : 1 0 (d ) ; 1-butanol-acetic ac id-water 
4 : 1 : 1 (e) ; 2 -butanol -7M ammonia-e thanol , 1 : 4 : 2 
(f), 1-butanol-pyridine-acetic acid-water , 16 : 10 : 3 : 12 
(g). All the Rt values are the results of T L C . T h e prop­
erties and analytical results of the intermediates obtained 
in solid are as follows: B o c - A r g ( N 0 2 ) - P r o - A r g ( N 0 2 ) -
OBzl: m p 89—111°C, yield 6 5 % , R{ (S, c) 0.34. [a] 2 
- 3 1 . 1 ° (c 1.00, D M F ) . Found : C, 48.95; H , 6.64; N , 
21 .37%. Calcd for C 2 9 H 4 5 O 1 0 N n ; C, 49.22; H , 6 .41 ; N , 
21 .77%. B o c - T h r - A r g ( N 0 2 ) - P r o - A r g ( N 0 2 ) - O B z l (6) ; m p 
88—124 °C, yield 9 2 % , Ä f(S, d) 0.50. [a]1' - 2 9 . 0 ° (c 
1.00, D M F ) . Found : C, 50.50; H , 6.13; N, 19 .61%. 
Calcd for C 3 6H 5 0O 1 2N 1 2 • H 2 0 : C, 50 .23; H , 6.09; N , 
19.52%. T h e following intermediates were obtained as 
oily products and were used without crystallization (yield, 

Äf). 
B o c - P r o - A r g ( N 0 2 ) - O B z l : 9 8 % , (S, e) 0.44. Boc-

Pro-Lys(Cbz) -OBzl : 95%,, (S, a) 0.48. Boc-Lys(Cbz) -
Pro-Lys(Cbz) -OBzl : 7 4 % , (S, a) 0.19. C b z - T h r - L y s -
(Cbz)-Pro-Lys(Cbz)-OBzl (7) : 8 5 % , (S, b) 0.29, (S, c) 
0.82. Boc -Arg (N0 2 ) -P ro -Lys (Cbz ) -OBz l : 100%, (S, c) 
0.79. C b z - T h r - A r g ( N 0 2 ) - P r o - L y s ( C b z ) - O B z l (8) : 9 0 % , 
(S, c) 0.30. Boc-Lys (Cbz) -Thr -OBzl : 9 9 % , (S, b) 0.70. 
Boc -P ro -Lys (Cbz ) -Thr -OBz l : 9 8 % , (S, b) 0.33. C b z -
A r g ( N 0 2 ) - P r o - L y s ( C b z ) - T h r - O B z l (9) : 8 5 % , (S, c) 0.36. 
Boc -Lys (Cbz ) -P ro -Arg (N0 2 ) -OBz l : 6 8 % , (S, c) 0.49. 
C b z - T h r - L y s ( C b z ) - P r o - A r g ( N 0 2 ) - O B z l (10) : 9 0 % , (S, c) 
0.41. 

Preparation of 1. 10 (12.0 g) was hydrogenated in a 
mixture of D M F (100 ml) , water (20 ml) and acetic acid 
(3.5 ml) in the presence of Pd black. After hydrogénation 
for 12 h, the mixture was diluted with additional solvent; 
D M F (200 ml) , water (50 ml) and acetic acid (3 ml) . Hydro­
génation was continued for 17 h more, the catalyst being 
removed after the addition of D M F (300 ml) . T h e solvent 
was evaporated in vacuo and the residue was dissolved in water. 
T h e water-insoluble parts were removed by filtration. A 
half of the filtrate was applied to a CM-cellulose (Serva) 
column (3.7 X 42 cm) , which was eluted with a linear gradient 
of ammonium acetate (pH 7.0, 0—0.4 M, 800 ml each). 
The fractions from 1092 ml to 1248 ml were combined, con­
centrated and desalted by means of a Biogel P-2 column 
( 3 . 5 x 3 5 cm, 4 % acetic acid). Lyophilization of the desalted 
fractions gave 1.01 g of the product . A par t of the product 
was applied to a Dowex 50 W x 4 column ( 2 . 2 x 3 0 cm), 
which was eluted with a linear gradient of pyridinium acetate 
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(0.6 M pyridine, pH 4.2—2.0 M pyridine, pH 6.1, 800 ml 
each). The fractions from 954 ml to 1425 ml were combined, 
desalted by means of Biogel column (3.5 X 35 cm) and lyo-
philized. £ f(S, f) 0.28, (G, g) 0.20. [a]2

D
4 -60.5° (c 0.95, 

5% acetic acid), (lit,7) [a]2
D

2 -60.8° , 5% acetic acid). 
Amino acid ratios: Thr 1.01 (1), Pro 0.99 (1), Lys 1.02 
(1), Arg 0.97 (1). 

Found: C, 47.36; H, 8.00; N, 17.27%. Calcd for 
C2 1H4 0O6N8-2CH3COOHH2O: C, 47.01; H, 7.89; N, 
17.54%. 

Preparation of 2. 6 (0.50 g) was hydrogenated on a 
mixture of ethanol (60 ml), water (60 ml) and 1 M acetic 
acid (6 ml) in the presence of Pd black. After removal of 
the catalyst, the solvent was evaporated in vacuo. The crude 
tetrapeptide obtained was applied to a CM-cellulose (What­
man GM-52) column (2.0x44 cm), which was eluted with a 
linear gradient of ammonium acetate (pH 7.0, 0—0.4 M, 
400 ml each). The fractions from 470 ml to 520 ml were 
combined and concentrated. After being desalted with 
Biogel P-2 column (3.5 x 35 cm) and lyophilized, 0.22 g of the 
desired peptide was obtained. R{ (S, f) 0.04, (G, g) 0.27, 
(S, g) 0.12. [a]2

D
4 -56.6° (c 0.90, 5% acetic acid). Amino 

acid ratios: Thr 1.06 (1), Pro 0.96 (1), Arg 1.98 (2). 
Found: G, 45.22; H, 7.83; N, 20.58%. Calcd for 

C21H40O6N10-2GH3COOH-H2O: C, 45.04; H, 7.56; N, 
21.01%. 

Preparation of 3. 7 was treated in a way similar to 
that for the preparation of 2, CM-cellulose (Serva) being 
used in the ion exchange chromatography. Rf (S, f) 0.57, 
(C, g) 0.21, (S, g) 0.10. [a]2D< -66.7° (c 1.02, 5% acetic 
acid). Amino acid ratios: Thr 1.01 (1), Pro 0.95 (1), 
Lys 2.04 (2). 

Found: C, 49.30; H, 8.66; N, 13.55%. Calcd for C21-
H40O6N6 • 2CH3COOH• H 2 0 : G, 49.17; H, 8.25; N, 13.76%. 

Preparation of 4. 8 was hydrogenated in a mixture of 
ethanol, water and acetic acid. The product was purified 
as in the preparation of 1. Rf (S, f) 0.27, (C, g) 0.19. [a]24 

-62.6° {c 0.92, 5% acetic acid). Amino acid ratios: Thr 
0.99 (1), Pro 1.00 (1), Lys 1.00 (1), Arg 1.00 (1). 

Found: C, 47.02; H, 8.19; N, 17.25%. Calcd for 

C21H40O6N8-2CH3COOH-H2O: C, 47.01; H, 7.89; N, 
17.54%. 

Preparation of 5. 9 was treated as described in the 
preparation of 4. Rt (S, f ) 0.26, (C, g) 0.25, (S, g) 0.04. 
[<X]D —58.0° (c 0.87, 5% acetic acid). Amino acid ratios: 
Thr 0.99 (1), Pro 1.00 (1), Lys 1.02 (1), Arg 0.98 (1). 

Found: C, 47.14; H, 7.79; N, 17.56%. Calcd for 
C 2 :H 4 0O 6N 82CH 3COOH.H 2O: C, 47.01; H, 7.89; N, 
17.54%. 

The authors are indebted to the members of Research 
Laboratories of Toyo Jozo Co., Ltd. for the elemental 
analyses. They also thank Miss Keiko Kobayashi 
for the biological measurement, Mr. Yoshiaki Motoki 
for the amino acid analyses and to Mr. Yuji Watanabe 
for his assistance. 
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The carbon-nitrogen bond in iV,iV-diaryl- and dialkyl-thioureas or -ureas was easily cleaved by the re ta l ­
iation of thioureas or ureas using butyllithium, followed by the addition of an excess of carbon disulfide or 1,3-
dithiolan-2-thione in tetrahydrofuran under reflux, to afford about two mol of the corresponding isothiocyanates per 
mol of the thioureas or ureas used. Instead of butyllithium, ethylmagnesium bromide was also effective in such a 
type of carbon-nitrogen bond fission of the (thio) ureas in refluxing tetrahydrofuran, and in this case the addition of 
carbon disulfide was not required. To explain these results, a six-centered decomposition of the dilithium salt of 
iV-dithiocarboxy(thio)urea in the reaction using butyllithium was tentatively proposed, while a four-centered 
mechanism seems applicable to the reaction using ethylmagnesium bromide. 

The carbon-nitrogen bond in ureas or thioureas is 
difficult to cleave. In many instances, extreme condi­
tions such as thermal decomposition with or without 
very concentrated acid have been applied. In such 
cases, the yield of isothiocyanate (2) is, in principle, 
less than one mol from one mol of 1, and the reported 
yield of 2 is rather low (based on Eq. I).1) 

A 

RNHCSNHR > RNGS + RNH2 (1) 
1 2 3 

We have previously established a novel method for 
the preparation of aryl and alkyl isothiocyanates under 
moderate reaction conditions using amine, carbon 
disulfide, and butyllithium or a Grignard reagent.2 '3) 
The scheme for the reaction was proposed (Eq. 2 ; 
X=S) 2 >: 

S S 
1) BuLi il BuLi n 

RNH, > RNHCXLi > RN(Li)CXLi 

are summarized in Table 1. 

RN(Li)C(S)N(Li)R + 2CS2 -

cs2 

2) CSX 

RNCS + Li2GS2X (2) 

An anologous type of reaction for iV,iV'-substituted 
thiourea ( X = N R in 5) appear to be an interesting 
process for carbon-nitrogen bond fission, affording two 
mol of isothiocyanate from 1 mol of thiourea. In 
this report, we will describe a new method for the 
preparation of isothiocyanates by breaking the carbon-
nitrogen bond in JV,iV'-disubstituted thioureas or ureas 
using butyllithium or a Grignard reagent, and carbon 
disulfide or l,3-dithiolan-2-thione in anhydrous tetra­
hydrofuran (THF) . Moreover, the reaction using 
butylithium will be compared with that using ethyl­
magnesium bromide from several mechanistic points 
of view. 

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

Preparation of Isothiocyanates Using Butyllithium. 
iV,iV'-Dilithio-7V,iV'-diphenylthiourea (7; R = P h ) , di­
rectly prepared from one mol of thiourea and two mol 
of butyllithium, was reacted with an excess of carbon 
disulfide for 3 h under a refluxing temperature of 
T H F to give 1.45 mol of phenyl isothiocyanate (72% 
yield, based on Eq. 3 ; Direct Method) . The yield 
of isothiocyanates obtained from various thioureas 

8 
-• 2RNGS + Li2CS3 (3) 

2 9 

The results in Table 1 indicate that aromatic iso­
thiocyanates were easily obtained by the distillation 
of the reaction mixture of the aryl-substituted ureas 
(7; R = a r o m . ) with 8. O n the contrary, the yields 
of aliphatic isothiocyanates were low in the correspond­
ing reactions of alkyl-substituted thioureas (7; R = 
aliph.) with 8, and some amounts of the corresponding 
carbodiimides were found to be formed under the 
reaction conditions used. 

Furthermore, the yields of isothiocyanates were 
increased when butyllithium and 8 were added step-
by-step to the solution of the thiourea (Step-by-step 
Method) : the mono-lithiothiourea formed by the reac­
tion of 1 with one mol of butyllithium reacted with 
one mol of 8 with a slight exotherm, and the reaction 
mixture was treated with the second mole of butyl­
lithium, followed by a reaction with 8 under reflux 
(see Note c in Table 1). The better results were 
obtained probably because of the higher degree of 
metallation of 1 needed to form 10a or 10b. The 

TABLE 1. YIELDS OF ISOTHIOCYANATES (RNCS) FROM 

THE REACTION OF THIOUREAS ( ( R N H ) 2 C S ) , 

BUTYLLITHTUM, AND CARBON DISLFIDEa> 

Thiourea 

R in thiourea 

C6H5 

0-CH3C6H4 

p-CH3C6Hi 

2,6-(CH3)2G6Ha 

a-Naphthyl 
C2H5 

(CH3)3C 
Gyclohexyl 

Yield of RNCS 

% 
73(93)c> 
82 
73 

; 91 
82c> 
40 
43d> 
41d) 

Bp 

°G/Torr 

95—100/ 5 
104—105/10 
105—108/10 
114—116/10 
108—112/0.1 
72— 74/100 
73— 76/50 
73— 74/20 

»•N=C = S 

cm - 1 

2070 
2070 
2070 
2080 
2090 
2090 
2090 
2090 

a) The JV,iV-dilithiothiourea, prepared in situ using 
two mol of butyllithium, was reacted with mol of 
carbon disulfide for 3 h in refluxing THF (Direct 
Method), b) Based on Eq. 3. c) The yield obtained 
by the Step-by-step Method (see Experimental), d) 
Accompanied by the formation of carbodiimide. 
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results from other thioureas by the Step-by-stçp Method 
are shown in Table 1. 

T o discuss the reaction course, the reaction of N,N'-
di(o-tolyl) thiourea was precisely examined. The thio­
urea was treated with an equivalent of butyllithium 
to evolve one mol of butane, suggesting the formation 
of iV-lithio-N,iV-di(o-toryl)thiourea. The reaction mix­
ture was allowed to react with one mol of carbon 
disulfide at room temperature with a slight exotherm, 
followed by a reaction with the second mole of butyl-
lithium to evolve about one mol of butane. The total 
amount of butane evolved during the metallation 
reactions was almost twice the amount of 1 used. T h e 
reaction mixture was then stirred below room tem­
perature to afford a heterogeneous solution con­
taining the carbodiimide 11 (R=o-tolyl) and dilithium 
trithiocarbonate 9.4> The formation of carbodiimide 
was also observed in the initial stage of the reaction 
by the Direct Method below room temperature. The 
carbodiimide (11 ; R=o-tolyl) was separated from 
dilithium trithiocarbonate4) by filtration. However, 
without filtration, a heterogeneous reaction mixture 
containing 11 and 9 was heated under reflux for 3 h 
to give a homogeneous solution. I t showed the charac­
teristic %= c=s band of the isothiocyanate (2; R = o -
tolyl) at 2070 cm - 1 . The reaction mixture was sub­
sequently distilled to afford 2 (R=o-tolyl) and a residue, 
which reacted with 1,2-dibromoethane in T H F to 
form 2-(o-tolylimino)-l,3-dithiolane. The detection of 
the latter suggests the reaction of 12a with 1,2-dibro-
moethane. Compound 12a (or 12b) has been reported 
to react rapidly with 8 below room temperature to 
afford 2 and 9.4) 

Judging from these results, it seems that the reaction 
by the Step-by-step or Direct Method probably pro­
ceed via 10a to form 11 and 9 in the initial stage of the 
reaction below room temperature. However, in the 
final stage of the reaction at room temperature or 
under reflux in T H F , 11 and 9 will be converted to 
2 and 12a (or 12b), probably via 10a or 10b. The 
unstable intermediates, 10a and 10b, could not be 
characterized, but their identification is supported by 
the fact that 11 (R=o-tolyl) reacted with 9 for 4 h 
under reflux to give 2 in an almost quantitative yield. 
In the next step, 12a (or 12b) reacted with 8 to afford 
2 and 9. The reaction course are tentatively shown by 
Eqs. 4, 5, and 6. 

M +2BuLi 
RNHCNHR 

- 2 B u H 

LiNR 
RN-C-SLi; 

7a 

Li S Li 
! II I 

:RN-C-NR 

7b 

(4) 

7a 

7b 

+ cs2 

SL, 

RN=C (.S 

7N^Li 

R 10a 

k-2 

R SLi 

ISP-Li 

R / 10b 

k-: 
^RN=C=NR+Li2CS3 

I I 

(5) 

RNCS + 12a + 12b 
2 

RIM=C(SLi)2^= 

I2a 

Li S Ï 
±: RN-C-SLiJ-

12b 

k5 
-fCS2 

fast 
2 + U2CS3 (6) 

9 

T h e fact that the characteristic vN = c = N band appeared 
in the initial stage of all the reactions using both the 
Direct and Step-by-step Methods below room tem­
perature suggests that the rate constant, k2, in Eq. 
5 is much larger than £4 or k_2- From 7a (or 7b) with 
bulky groups, such as o-tolyl, 2,6-xylyl, or cyclohexyl, 
the corresponding carbodiimide, 11, was isolated, pro­
bably because of a steric effect (smaller k_2)> while 
only 2 was isolated in the reaction of 7a (or 7b) with 
less bulky groups, such as phenyl or ^-tolyl, probably 
because of the larger k_2 value. 

In the reaction of Eq. 3, l,3-dithiolan-2-thione was 
also used instead of carbon disulfide. It reacted with 
an equivalent amount of 7 ( R = P h ) for 5 h in T H F 
under reflux to afford phenyl isothiocyanate in a 6 7 % 
yield (Eq. 7). 

U S Li 
i H i 

PhN-C-NPh + 

7 

CH2-SN 

CH2-S
/ 

13 

t=S * 2PhNCS + LiSC^SLi 

2 14 

(7) 

Preparation of Isothiocyanate Using Ethylmagnesium Bro­
mide. The thermal decomposition of the dilithio-
thiourea 7, (R = Ph), did not afford 2 but small amount 
of diphenylcarbodiimide and a resinous product were 
found to be formed. On the other hand, N,N'-hi&-
(bromomagnesio)-iV,JV /-diphenylthiourea 15 ( R = P h ) 
was thermally decomposed at about 140 °C to afford 
the isothiocyanate (2; R = P h ; 3 5 % yield) and the 
iV,iV'-bis(bromomagnesio) amine 16, which reacted exo-
thermically with carbon disulfide to give an additional 
yield of 2 (38%). Table 2 shows the results of the 
reaction of 15 with an excess amount of carbon disulfide. 
The yields were moderate, but the purity of the iso-
thiocyanates obtained was better than when butyl-
lithium was used. 

RNHCNHR 
+ 2EtMgBr 

- 2 E t H 
RN') ^NMgBr 

NMgBr 

15 

2+ RN(MgBr)2 

16 

2 + (BrMg)2S * -

k7 
+ cs2 

(8) 

TABLE 2. YIELDS OF ISOTHIOCYANATES FROM THE 

REACTION OF THIOUREAS, ( ( R N H ) 2 C S ) , ETHYLMAGNE­

SIUM BROMIDE, AND CARBON DISULFIDE 

Thiourea 

R in thiourea 

G6H5 

/»-GH3C6H4 

G2H5 

Reaction condition 

Temp/°C Time/h 

a 
a 
a 

40 
8 

34 

Yield of RNCS 

%b) 

65 
51 
48 

a) The iV,iV-bis(bromomagnesio)thiourea, prepared in 
situ using two mol of EtMgBr, was reacted with an 
excess of carbon disulfide in refluxing THF. b) Based 
on Eq. 8. 
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As has already been mentioned, dilithio-thiourea 
was easily decomposed by the addition of carbon 
disulfide, while the thermal decomposition of bis-
(bromomagnesio)-compound (k6 in Eq. 8) was not 
accelerated by the addition of carbon disulfide. How­
ever, the carbon disulfide used in the following step 
(#7) is effective in improving the yield of 2. These 
results suggest that 15 is thermally decomposed via a 
four-centered mechanism to give 2 and 16, which is 
then converted to 2 by the action of the added carbon 
disulfide, as was shown in Eq. 8. 

Carbon-Nitrogen Bond Fission of Urea. Carbon-
nitrogen bonds are generally stable. However, we 
found that these bonds are easily cleaved by the reac­
tion of carbon disulfide and butyllithium or a Grignard 
reagent in anhydrous T H F . For example, N,N'-
diphenylurea was allowed to react with two mol of 
butyllithium to form the iV,A^'-dilithio-derivative, 18 
(R = Ph), and butane. Compound 18 was treated 
with an excess of carbon disulfide for 30 min in T H F 
at room temperature. The reaction mixture showed 
the characteristic band of isothiocyanate at 2090 cm - 1 . 
After the reaction mixture had been refluxed for 3 h, 
phenyl isothiocyanate, 2, was obtained in an 8 0 % yield 
(based on Eq. 9). 

+2BuLi I ii I +CS2 

RNHCNHR _2 B u H* RN-C-NR : 

0 
II 

17 

LiS 

0 
19 

\ 

-^ RN=C(SLi)2 + [RNCO) 

12 20 

(9) 

+ cs2 2 + 9 

R= Ph , + Li2CS3 

20 
-"LigCSaO" 

• * 2 

-» l/n [RNC0]n 

In the reaction of aryl ureas, the corresponding 
isothiocyanates were formed in good yields, because 
aryl isocyanates reacted with dilithium trithiocarbonate 
to form isothiocyanates. Thus, two mol of 2 ( R = 
Ph) was obtained from one mol of iV,iV-diphenylurea. 
On the other hand, the yield of ethyl isothiocyanate v/as 
low in the reaction of an alkyl-substituted urea, (EtNH) 2-
CO, probably because of the base-catalyzed oligo-
merization of the ethyl isocyanate formed as an in­
termediate. At present, the mechanism of carbon-
nitrogen bond fission in urea may tentatively depicted 
analogously to the case of thiourea. 

A Grignard reagent, EtMgBr, was sometimes used 
in the carbon-nitrogen bond fission in alkyl- and aryl-
substituted ureas instead of the butyllithium shown in 
Eq. 9, but the yields of isothiocyanates were low. 

Exper imenta l 

All the melting and boiling points are uncorrected. The 
IR and NMR spectra were recorded with a JAS GO IRA-1 

spectrometer, and a Hitachi Perkin-Elmer R-24 spectrom­
eter, respectively. The iV,JV'-disubstitued thioureas (1; 
(RNH)2GS) used were prepared mainly from amines and 
carbon disulfide by the reported methods5-7) ; mp (R) : 
154—155 (Ph), 160—163 (o-tolyl), 189—190 (/»-tolyl), 230— 
232 (2, 6-xylyl), 206—207 (a-naphtyl), 131—132 (t-
butyl), and 187—188 °C (cyclohexyl). The 1, 3-dithiolan-
2-thione (13),8> butyllithium in petroleum ether, and ethyl-
magnesium bromide in THF were prepared by the usual 
methods. The ureas, thioureas, carbon disulfide, 1, 2-
dibromoethane, and THF were dried before use. All the 
reactions were carried out under a dry nitrogen atmosphere. 

Reaction of Carbon Disulfide with N,N'-Dilithio-N,'N'-di-
phenylthiourea (7; R=Ph) (Direct Method). In a flask 
equipped with a mechanical stirrer, a condencer, a dropping 
funnel, and a nitrogen inlet, butyllithium (60 mmol) was 
slowly introduced into a solution of the thiourea (1; R = Ph; 
6.3 g, 27 mmol) in THF (50 cm3) under cooling with a 
water bath to form, directly, 7 (R=Ph) . Carbon disulfide 
(4.5 g ; 60 mmol) was then added to the solution and the 
mixture was refluxed for 3 h. After the evaporation of the 
solvent, the residue was distilled in a vacuum to afford phenyl 
isothiocyanate (2: R = P h ) in a 72% yield (5.3 g, 39 mmol); 
bp 95— 100 °G/15 Torr. The IR and NMR spectra coincided 
well with those of an authentic sample.3) The results for 
other thioureas are summarized in Table 1. 

Step-by-step Reaction of N,N'-Di-o-tolylthiourea (J; R=o-
CH3C6HJ with Butyllithium and Carbon Disulfide (Step-by-
step Method). JV,iV-Di-o-tolylthiourea (1; R=o-CH3-
C6H4; 6.3 g, 27 mmol in 50 cm3 of THF) was allowed 
to react with butyllithium (30 mmol), accompanied by the 
evolution of butane (28 mmol). To the solution of the 
mono-lithio thiourea thus prepared, carbon disulfide (2.2 g, 
30 mmol in 3 cm3 of THF) was added slowly under cooling 
with an ice bath. The homogeneous reaction mixture was 
subsequently treated again with an additional amount of 
butyllithium (30 mmol) at room temperature, thus evolving 
more butane (25 mmol). The total amount of butane formed 
in the metallation reaction was twice the amount of thiourea 
used. However, the structure of the unstabe intermediate 
(or trandition state), 10a or 10b, could not be established 
even by spectroscopic methods such as IR and NMR. After 
the addition of butyllithium for 10 min, the reaction mixture 
became a heterogeneous solution to form 11 (R=o-CH3C6H4) 
and 9,4) the former being detected by the v N - c = N band at 
2145 cm - 1 in the IR spectrum of the mixture. In the follow­
ing step, carbon disulfide (2.2 g, 30 mmol) was added to 
the heterogeneous solution and the mixture was stirred for 
30 min at room temperature to give a semi-transparent 
solution, which showed the vN = c = s band of 2(R=o-CH3G6H4) 
at 2070 cm-1 and the J>N = G = N band of 11 at 2145 cm"1. The 
mixture was heated for further 3 h to convert the 11 to 2. 
After the evaporation out öf the solvent of THF and pet­
roleum ether the residue was distilled under a vacuum to 
afford o-tolyl isothiocyanate in a 92% yield (6.8 g, 50 mmol). 

Reaction of 8 with 12 (R=o-CHâC6Hi) Prepared in situ. 
A heterogeneous solution containing 11 and 9 was prepared 
from JV.JV'-di-o-tolylthiourea (1; R=o-CH3C6H4; 6.3 g; 27 
mmol), butyllithium (30 + 30 mmol), and carbon disulfide 
(30 mmol) by the Step-by-step Method described above; 
when it was then heated for 3 h, the mixture became almost 
homogeneous. After evaporation of the solvent, the mixture 
was distilled to afford 2 (3.7 g, 25 mmol) and a residue 
containing 12 (R = o-CH3G6H4). After the residue had been 
treated with an excess of carbon disulfide with an exotherm, 
the distillation of the reaction mixture gave 2 (3.4 g, 23 mmol) 
and 9. The latter was detected by the IR method (fCs3

-2 
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935 cm- 1 ) . 
Detection of 12 (R=o-CHsCeHJ. The distillation 

residue containing 12, prepared by the method described 
above, was treated with an excess of 1,2-dibromoethane 
to form 2-(o-tolylimino)-l,3-dithiolane, which was identified 
by a comparison of its I R and N M R spectra with those of 
an authentic sample.9> 

Reaction of Carbodiimide (R=o-CHsC6Hi) with 9. 
Compound 11 ( R = o - C H 3 C 6 H 4 ; 3.4 g) was allowed to react 
with powders of anhydrous dilithium tri thiocarbonate (9; 
30 mmol, 3.7 g) for 3 h under reflux of T H F containing 
carbon disulfide (20 cm3) ; the reaction mixture was then 
distilled to give 2 (R=o-GH 3 G 6 H 4 ) in an almost quanti tat ive 
yield (6.1 g, 9 0 % ) . 

Reaction of Carbon Disulfide with N,N'-Dilithio-N,'N'-di-
t-butyl)thiourea (7; R=(CHZ)ZC). Compound 7 ( R = 
(CH 3 ) 3 C); 25 mmol) , prepared in situ by the Direct Method, 
was allowed to react with carbon disulfide (4.0 g, 55 mmol) 
in T H F under reflux, after which the mixture was distilled 
to afford J-butyl isothiocyanate (2.5 g, 43%) and di-t-
butylcarbodiimide (1.0 g, 2 5 % ) ; b p 70—72 °C/10 T o r r ; I R 
(neat) 2094 c m - 1 ( v N = 0 = N ) ; N M R (CCLJ 0 = 1 . 2 0 p p m (s, 18, 
CH 3 ) . 

Reaction of Dithiolan-2-thione with N,N'-Dilithio-N,N'-
Diphenylthiourea (7; R=Ph). Compound 7 ( R = P h ; 45 
mmol) was allowed to react with l,3-dithiolan-2-thione (13; 
6.1 g, 45 mmol) for 5 h in T H F under reflux, after which 
the mixture was distilled to afford 2 ( R = P h ) in a 6 7 % yield 
8.0 g, 60 mmol) . 

After the t reatment of the distillation residue with dilute 
hydrochloric acid, 1, 2-ethandithiol was detected in the residue 
by gas-chromatographic analysis. 

Thermal Decomposition of 'H,'H,-Bis{bromomagnesio)-l>i,W-
diphenylthiourea (15; R=Ph). Compound 15 ( R = P h ) , 
prepared from iV,iV-diphenylthiourea (5.8 g, 25 mmol) and 
ethylmagnesium bromide (55 mmol) in T H F , was pyrolyzed 
in a flask at about 140 °C; the mixture was then distilled to 
afford phenyl isothiocyanate in a 3 5 % yield (1.2 g ) ; b p 
95—97 °C/10 Torr . T h e distillation residue was allowed to 
react exothermically with excess carbon disulfide (6 cm3) 
in 20 cm3 of T H F , and then heated for 2 h at 140 °C ; T h e 
mixture was subsequently distilled to afford phenyl isothiocy­
anate in a 3 8 % yield (1.3 g ) ; bp 95—99 °C/10 Tor r . 

Hydrogen sulfide gas was vigorously evolved when the 
residue of the second distillation was treated with dilute acid. 

Reaction of N,N'-Bis(bromomagnesio)-N,N'-di-p-tolylthiourea 
(15; R=p-CH3C6Hi) in the Presence of Carbon Disulfide. 
(A) Compound 15 ( R = P h ) , prepared in situ from N,N'-
di-/»-tolylthiourea (6.4 g, 25 mmol) and ethylmagnesium 
bromide (55 mmol) , was treated with an excess of carbon 
disulfide (3.8 g, 50 mmol) in T H F for 1 h under reflux; the 
reaction mixture was then distilled to afford /»-tolyl isothiocy­
anate in a 3 3 % yield (2.5 g) . T h e residue was treated 
again with carbon disulfide (6 cm3) for 2 h under reflux, 
and then distilled to afford p-tolyl isothiocyanate in a 16% 
yield (1.2 g) . (B) Compound 15 (20 mmol) , prepared as 

has been described above, was treated with an excess of 
carbon disulfide (10 cm3) in T H F under reflux. After the 
evaporation of the solvent and an excess of carbon disulfide, 
the residue was distilled in a vacuum to afford the correspond­
ing isothiocyanate. T h e results are summarized in Table 2. 

Reaction of Carbon Disulfide with the N,W-Dilithiourea (18). 
(A) Using Butyllithium: Compound 18 ( R = P h ) was 

prepared in situ from iV,iV'-diphenylurea (17, R = P h ; 6.4 g, 
30 mmol) and butylli thium (66 mmol) in 50 cm3 of T H F 
under cooling by ice-water, and subsequently reacted with 
carbon disulfide (6 cm3) for 30 min at room temperature 
The reaction mixture showed the t > N - c - s band at 2070 c m - 1 

in the I R spectrum. After refluxing for 3 h, phenyl iso­
thiocyanate was isolated by distillation in an 8 0 % yield 
(6.5 g ) ; b p 94—96 °G/15 Torr . 

In the same manner described above, ethyl isothiocyanate 
was obtained in a 4 4 % yield ( 1.2 g, 13 mmol) from a reaction 
using JV,JV'-diethylurea (17, R = E t ; 3.5 g, 30 mmol ) ; 78— 
91 ° C / 9 0 T o r r ; I R (neat) 2090 cm" 1 ( v N = 0 = s ) ; N M R (CCLJ 
<5=L36 (t, 3, J = 7 . 1 Hz , CH 3) and 3.60 ppm (q, 2, 7 = 7 . 1 
Hz, CH 2 ) . T h e distillation residue showed the band at 1745 
(^c = o) a n d at 1690 c m - 1 in the I R spectrum. 

(B) Using Ethylmagensium Bromide: i\T,iV-Bis(bromomag-
nesio)-iV,iV'-diphenylurea prepared in situ from the urea (17, 
R = P h ; 6.4 g, 30 mmol) and ethylmagnesium bromide (66 
mmol) was allowed to react with an excess of carbon disulfide 
(12 cm3) for 1 h at 45 °C ; the mixture was then distilled to 
give phenyl isothiocyanate in a 4 4 % yield (3.5 g) . 

Reaction of Phenyl Jsocyanate with Dilithium Trithiocarbonate. 
Phenyl isocyanate (2.4 g, 20 mmol) reacted with dilithium 
tri thiocarbonate powders (2.7 g, 22 mmol) in T H F (50 cm3) 
with stirring for 4 h under reflux ; it was subsequently distilled 
to afford phenyl isothiocyanate in a 6 5 % yield (1.8 g) . 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p o r t e d b y a G r a n t -
i n -Aid for Sei. R e s . f rom t h e M i n i s t r y of E d u c a t i o n 
( N o . 0 5 5 1 2 6 ) . 
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12,13-Epoxy-C-nor-Z>-homosteroids. in ." The Synthesis and Stereochemistry 
of 17-Oxygenated 12,13-Epoxyetiojervanes2) 

Akio M U R A I , Noriaki IWASA, Masami TAKEDA, Hiroshi SASAMORI, and Tadashi MASAMUNE 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received July 10, 1976) 

The synthesis of several 17-oxygenated 12,13-epoxyetiojervanes is described. Jervine (1) was degraded by a 
known procedure into trienone (10), which on hydride reduction afforded 1 la- and 1 Iß- alcohols (11 and 12). The 
respective alcohols were submitted to the Lemieux-Johnson oxidation to give zl12-17-oxo-l 1 -alcohols (13 and 14), 
which were reduced under the Birch conditions to yield J12-17-ketone (15). Epoxidation of these alcohols and 
ketone produced the aimed epoxides (18—24). The structure and configuration of these epoxides and the synthetic 
intermediates were determined on the basis of the chemical and spectral evidence. 

In the previous papers3) we reported the synthesis 
and reaction of 11-oxygenated 17a-acetyl-12,13-epo­
xyetiojervanes. As a continuing study aimed at the 
preparation of biologically active normal steroids 
from jervine and other available alkaloids, we have 
been working on the synthesis and reaction of other 
types of 12,13-epoxyetiojervanes. In this Part we 
describe the synthesis and stereochemistry of 17-
oxygenated 12,13-epoxyetiojervanes. 

As the first step for the synthesis, it was undertaken 
to prepare 17-oxo-zl12-etiojervanes, important interme­
diates for the objective epoxy compounds. Jervine 
(1) was degraded by a known procedure, via trienone4) 
(2a), into Zl12-ll,17-diketone5) (3), which on treatment 
with zinc and acetic acid afforded 11,17-diketone5> 
(4), a known compound with established configura­
tions,6) in a 6 7 % yield together with a small amount 
(3%) of lla-hydroxy-zl12-17-ketone (5), mp 249— 
250.5 °G. The a-hydroxy configuration at C n of the 
latter (5) was deduced from facile conversion (82%) 
into its 3,11-diacetate (5a), m p 168—170 °C, under 
mild conditions. The major product (4) was then 
transformed, via the corresponding 17-ethylene acetal, 
amorphous, into a known compound, 3/3-hydroxy-
11,17-diketone 17-acetal7) (6), in an 8 1 % yield, which 
on reduction with sodium in isopropyl alcohol gave 
3/5,1 la-diol (7), mp 157—159 °G, in a 6 9 % yield. 

7 b R = R'=Ac 

The assigned a-configuration to the 11 -hydroxyl group 
cf 7 was based on the chemical shift (ô 0.98) of the 
19-methyl protons ((5calcd 0.99 for l l a - O H and 1.26 
for 11/S-OH).8) Acetylation of 3/3,1 la-diol (7) under 
controlled conditions (0 °C, 1.5 h) effected mono-
acetylation to give, after chromatography, 3-mono-
acetate (7a), mp 235—236 °C, in a 5 7 % yield with 
3,11-diacetate (7b), mp 172—173 °C (12%), and the 
starting diol (7) (8%) . T h e 3-monoacetate (7a) was 
smoothly deacetalized with jfr-toluenesulfonic acid in 
aqueous acetone to yield 17-ketone (8), mp 216.5— 
217.5 °G, and was also oxidized with chromic acid 
to 11-ketone (6a), mp 188—190 °G, in good yields, 
respectively. The latter (6a) proved to be identical 
with a known compound with established configura­
tions,6'7) indicating that each of compounds 6—8 
possesses a /8-oriented hydrogen atom at G12. 

8 R = A c 9 S = SA, R = H 
9a S = SA, R - A c 
15 S = SB 

Compound 8, 17-oxo-11 a-alcohol, when treated 
with phosphoryl chloride and pyridine, underwent 
dehydration with concomitant double bond migration 
to give J1 2-17-ketone (9a), mp 172—173 °C, in a low 
yield (38%), which was readily hydrolyzed with base 
( K O H ) to the corresponding 3/5-alcohol (9), mp 174— 
175 °G, quantitatively. In accordance with the for­
mula, compound 9a exhibited absorption maxima at 
246 n m (s 12000) and at 1665 c m - 1 in the U V and 
I R spectra and displayed two three-proton singlets 
due to the 19- and 18-methyl protons at ô 1.04 and 
1.73 in the N M R spectrum. This A12- 17-ketone (9a) 
was also obtained by treatment of lla-acetoxy-zl12-
17-ketone (5a) with zinc and acetic acid in a 7 3 % yield. 
Likewise, 11 a-hydroxy-17-ketone 17-acetal (7a), when 
treated with phosphoryl chloride under the same condi­
tions as 17-ketone (8) and then with hydrochloric acid 
in aqueous dioxane, was converted into A12-17-ketone 
(9) in a 7 4 % yield. Compound 9 is one of the most 
important intermediates for preparation of the aimed 
12,13-epoxides. However, the afore-mentioned pro­
cess involved 11 steps and the over-all yield from jervine 
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amounted to only 4 % . In order to improve the yield 
of compound 9 or its analogues, we searched an al­
ternate route. 

3/S-Hydroxy-trienone4) (2) was transformed via a 
known process into 3-oxo-trienone 3-acetal9) (10), which 
was treated with aluminium hydride in tetrahydro-
furan. The reduction proceeded without saturation 
of the double bonds10) and, after chromatography, 
gave the corresponding 11a- and ll/?-alcohols (11 and 
12), m p 142—144 and 138—141 °C, in 59 and 
2 1 % yields, respectively. The configurations of C n 

in these alcohols were assigned as shown in the formulas 
on the basis of chemical shifts of the protons at G19 

and C n ; 19-CH3, Ô 1.10 for 11 and 1.30 for 12;3a'8> 
H at G u , «5 4.66 (d J=7 Hz) for 11 and 4.90 (d J= 
7 Hz) for 12.3a) T h e result is interesting in the sense 
that the hydride reduction has led to predominant 
formation of 1 la-alcohol (11), and we have such a 
precedent.3a> The 1 la-alcohol (11) was readily con­
verted into its 11-acetate ( H a ) , mp 171—174 °G, 
quantitatively, which on oxidation with sodium 
periodate in 7 5 % aqueous dioxane (the Lemieux-
Johnson oxidation)11) afforded lla-acetoxy-zl12-17-ke-
tone (13a), mp 189—191 °G, in a 7 1 % yield. This 
17-ketone (13a) was also obtained by the Lemieux-

Johnson oxidation of 1 la-alcohol (11) into 1 la-hydroxy-
A12- 17-ketone (13), m p 186—188 °G, followed by 
acetylation in a 7 0 % yield. Likewise, ll/?-alcohol 
(12) was oxidized under the same conditions as 11 to 
give 11/S-hydroxy-zl12- 17-ketone (14), m p 169—170 °G 
in a 5 2 % yield. These 11^-alcohols (12 and 14) were 
not converted into the respective 11-acetates under 
the same conditions as the corresponding 11 a-alcohols 
(11 and 13). An at tempted reduction to remove the 
oxygen functions at C n of l la-acetoxy- or 11/^-hydro­
xy-/!12-17-ketone (13a or 14) with zinc and acetic 
acid12> produced a multi-component mixture contain­
ing 3-deacetalized compounds. However, the Birch 
reduction of these compounds (13a and 14) effected 
the relevant reduction to give a desirable product, 
Zl12-17-ketone (15), m p 163—165 °G, in 86 and 7 3 % 
yields, respectively. The over-all yield of 15 amounted 
to 19%. 

11 110-H, R = H 
11a 110-H, R = A c 
12 l la-H, R = H 

13 110-H, R = H 
13a 110-H, R = A c 
14 l la-H, R = H 

16 17£-H, R = H 
16a 17^-H, R = Ac 
17 17a-H, R = H 
17a 17a-H, R = Ac 

Reduction of Zl12-17-ketone (15) with sodium boro-
hydride produced Zl12-17a-alcohol (16), mp 132— 
133 °G, in a 9 5 % yield as a sole isolable compound. 
O n the other hand, when aluminium hydride was used 
as the reduction reagent, its 17-epimer, Zl12-17/?-alcohol 
(17), m p 92—94 °G, was obtained in a 6 % yield along 
with the 17a-epimer (16) (88%). The configurations 
of 17-hydroxyl groups were drawn from the optical 
rotations and spectral patterns of protons at G17; [a]D 

- 2 5 . 7 ° for 16 and - 7 7 . 3 ° for 17;13> H at G17, à 4.12 
(br W H = 1 8 H z ) for 16 and 3.96 (br Wn=8 Hz) for 
17.14) These zl12-17-alcohols (16 and 17) were readily 
transformed into the respective 17-acetates (16a and 
17a), mp 142—143 and 138—141 °C, quantita­
tively; H at C17, Ô 5.35 for 16a and 5.21 for 17a.14) 
Prior to epoxidation of the 12,13-double bond, it was 
desirable to modify the A5-3-ketone 3-acetal grouping 
into a Zl4-3-carbonyl system, which leads to decrease 
of electrophilicity of the 5,6-double bond. However, 
all attempts to hydrolyze the 3-acetal group under 
various conditions (with j&-toluenesulfonic acid in 
aqueous acetone under reflux or at room temperature, 
with anhydrous magnesium sulfate in wet benzene,15) 
with trityl tetrafluoroborate in dry dichloromethane,16) 
and so on) failed, giving complex mixtures. This 
suggested that the relevant epoxidation must be car­
ried out under carefully controlled conditions. 

Epoxidation of Zl12-17a-alcohol (16) with perbenzoic 
acid in benzene afforded 12a,13a-epoxy-17a-alcohol 
(18), mp 158—161 °G, as a main product (75%) with 
small amounts (3 and 6%) of 12/?,13/9-epoxy- and 
5/9,60,12a, 13a-diepoxy-17a-alcohols (19 and 20), mp 
136—138 and 123—125 °C. The major product 
(18) was also obtained by oxidation of 16 with i-butyl 
hydroperoxide in the presence of bis(acetylacetonato)-
oxovanadium(IV) in a 5 7 % yield as a sole compound, 
which could be isolated from complex mixtures. The 
12a, 13a- and 12ß, 13/?-epoxy configurations were assign­
ed to compounds 18 and 19 on the premise that (i) 
peracid epoxidation of olefins takes place by an elec-
trophilic attack mainly from a less-hindered (a) side,17) 
and (ii) epoxidation of allyl alcohols in the presence 
of the transition metal leads to preferential formation 
of epoxides with the group at the same side as the 
hydroxyl group.18) O n the other hand, the epoxy-
configurations of diepoxide (20) were deduced as shown 
by the formula from the chemical shift of 19-methyl 
protons; <50bsd 0.99, <5calcd 0.81 for 5a,6a,12a,13a-
diepoxide and 1.02 for 5/?,6£,l2a, 13a-diepoxide.3a'8'19> 
Compound 18 was then converted into 17-acetate 
(18a), m p 212—213 °C, and oxidized with chromium-
(VI) oxide in pyridine to 12a, 13a-epoxy- 17-ketone 
(21), mp 139—140 °C, in good yields.20) The latter 
(21) was also produced by direct oxidation of A12- 17-
ketone (15) with hydrogen peroxide in alkaline aqueous 
methanol in an 8 6 % yield. Reduction of the 17-ketone 
(21) produced two 17-epimeric alcohols, the original 
17a-alcohol (18) and 12a,13a-epoxy-17£-alcohol (22), 
m p 144—146 °G, which were isolated in 65 and 2 5 % 
yields from the mixture. The latter (22) readily formed 
17-acetate (22a), m p 144—147 °G, quantitatively. 
The N M R spectra of these 17-epimeric alcohols were 
in good accord with the assigned configurations: H 
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at G17, Ô 3.76 (br WH=2S Hz) for 18 and 4.06 (br 
WH = 7 Hz) for 22; Ô 5.04 (do d y = 1 0 and 5 Hz) for 
18a and 5.16 (br f f H = 6 H z ) for 22a. 

18 17/S-H, R = H 
18a 17/9-H, R=Ac 

22 17o-H, R = H 
22q 17a-H, R=Ac 

19 17£-H, R = H 
19a 17/8-H, R=Ac 

23 17o-H, R=H 
23a 17o-H, R=Ac 

21 S=SB 

25 S = SA,R = H 

Epoxidation of zl12-17ß-alcohol (17) with £-butyl 
hydroperoxide in the presence of bis(acetylacetonato)-
oxovanadium(IV)18> proceeded smoothly to give a 
new epoxide, 12/5,13/?-epoxy-17ß-alcohol (23), mp 
130—132 °G, in an 8 3 % yield, which formed 17-
acetate (23a), mp 132—135 °C, in a good yield. Oxida­
tion of 23 with chromium(VI) oxide in pyridine af­
forded 12/M3/5-epoxy-17-ketone (24), m p 184—186 °C, 
in an 8 0 % yield, which was reconverted by treatment 
with sodium borohydride into the original 17/?-alcohol 
(23) only in a 3 8 % yield, the major product being 
12ß, 13/5-epoxy-17a-alcohol (50 % ) . The latter was read­
ily converted into 17-acetate (19a), m p 142—144 °G, 
and was naturally identical with the afore-mentioned 
epoxy-alcohol (19). A series of these reactions cor­
relating all 17-hydroxy- and 17-oxo-12,13-epoxides 
(18—24) were consistent with the assigned epoxy con­
figurations to the respective compounds. Confirmatory 
evidence was presented by comparison of the O R D 
curves of two epoxy-ketones (21 and 24), which ex­
hibited negative and positive Cotton effects (a = — 119° 
and +125°) , respectively (Fig. 1). 

Finally we examined collectively the chemical shifts 
of 19-methyl protons of etiojervanes described in this 
paper. We now add the contributions of new func­
tional groups shown in Table 1 to Table 2 in the Ref. 8. 
These data, coupled with those in Table 1 of the 
Ref. 3a, would be valuable in confirming certain stereo­
chemical points as well as promoting the structure 
determination of new derivatives. For example, 3ß-
hydroxy-zl12-17-ketone (9) was oxidized with hydrogen 
peroxide in an alkaline solution to give 12a,13a-epoxy-
17-ketone (25), mp 173.5—175 °C, in a 5 7 % yield. 
This epoxide (25) exhibited the O R D curve with a 
negative Cotton effect ( a = — 99°) and the N M R 
signal due to the 19-methyl protons at ô 1.02; <5calcd 

Fig. 1. 

TABLE 1. T H E CONTRIBUTION (A<5) OF FUNCTIONAL 

GROUPS TO THE CHEMICAL SHIFT OF THE 19-METHYL 

PROTONS OF ETIOJERVANES 

Groups A-Ta> 
Reference shifts 0.74a> 
Functional groups (No of examples) A<5b> 

B-Ta> 
0.79a> 
A<5b> 

110-OH, A12, A17 w 
l la-OH, A12, A17<20> 
lla-OAc, A12, A17<20> 
110-OH, A12, 1 7 = 0 
l la-OH, A12, 17 = O 
lla-OAc, A12, 17 = 0 
12j5,13jS-0-c> 
12a,13a-0-c> 
12jS,13jS-0-, 17 = 0 
12a,13a-0-, 17 = 0 

(1) 
(1) 
(1) 
(1) 
(2) 
(2) 
(5) 
(5) 
(1) 
(2) 

0.32 
0.12 
0.16 
0.34 
0.16 
0.20 
0.06 
— 

0.12 
— 

— 
— 
— 
— 
— 
— 
— 

-0.01d> 
— 

-0.02d> 

a) Cf., Table 2 in Ref. 8. b) "A(5" means deshielding 
effect, c) The abbreviations "\2ß,\3ß-0- and 12a, 
13a-0-" denote "12j8,13£-epoxy and 12a, 13a-epoxy", 
respectively, d) The negative sign means "up-field 
shift". 

1.00 for 12a,13a-epoxide and 1.09 for 12ß,13£-epoxide. 

Experimental 

All the mps were uncorrected. The homogenity of each 
compd was always checked by TLG over silica gel (Wakogel 
B-5) with various solvent systems, and the spots were devel­
oped with cerium(IV) sulfate in dil sulfuric acid and/or iodine. 
The optical rotations, ORD curves, UV and IR spectra 
were measured in chloroform, dioxane, ethanol, and Nujol, 
respectively, unless otherwise stated. The NMR spectra 
were obtained in chloroform-*/ at 100 MHz, and the chemical 
shifts were given in (5-values, TMS being used as an internal 
reference. The abbreviations "s, d, t, q, br, do, and sh" 
in the NMR and IR spectra denote "singlet, doublet, triplet, 
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quartet , broad, double, and shoulder," respectively. 

3ß-Hydroxy-12ß-etiojerv-5-ene-ll,l7-dione 3-Acetate (4), 3ß,-
11a-Dihydroxyetiojerva-5,12-dien-17-one 3-Acetate (5), and Its 
3,11-Diacetate (5a). A soln of 3/?-hydroxyetiojerva-5,-
12-diene-ll,17-dione 3-acetate5) (3, 22 g) in glacial acetic 
acid (1730 ml) was heated with zinc powder (27.5 g) at 90 °C 
for 30 min under stirring, when the yellow soln had become 
colorless. T h e reaction mixture was worked up according to 
the known procedure5) to give crystalline residue (32 g), 
showing two spots, which was separated by chromatography 
over alumina (Merck, s tandard, 340 g). Eluates with 
benzene-hexane (3 : 1), benzene, and benzene-ether ( 3 : 1 ) 
afforded 4 ( 1 4 . 8 g ) , m p 164—166 °G (diisopropyl ether) 
(lit,4) 171—172 °G). Eluates with chloroform gave 5 (0.65 
g), m p 246—248 °G (acetone), which was recrystallized from 
acetone for analysis; m p 249—250.5 °G and [ a ] D — 61°; 
M S , m/e 344 (M+) ; U V , Am a x 249 n m (e 15000); I R , *>max 

3495, 1722, 1648 (br) , 1250, 1041, and 1031 c m - 1 ; N M R , 
Ô 1.14, 1.90, and 2.07 (each 3H, s, 19- and 18-CH3, and 
O C O G H 3 ) , 4.67 ( I H , br W H = 2 4 H z , H at G3), 4.73 ( I H , d 
7 = 7 Hz , H at G n ) , and 5.46 ( I H , br WB= 10 Hz , H at G6). 
Found : C, 73.24; H , 8.19%. Galcd for G 2 1 H 2 8 0 4 :C , 73.22; 
H, 8.19%. 

A soln of 5 (1.44 g) in acetic anhydride ( A c 2 0 , 7.2 ml) 
and pyridine (Py, 14.4 ml) was allowed to stand at room 
temp for 24 h. T h e reaction mixture was poured into ice-
water and extracted with chloroform. T h e chloroform soln 
was washed with 2 M hydrochloric acid, 5 % aq sodium 
hydrogencarbonate and water, dried over anhyd sodium 
sulfate, and evaporated to leave amorphous residue (2.02 g) , 
which was crystallized from acetone to yield 5 a (1.33 g), m p 
167—170°G. This was recrystallized for analysis from 
acetone; m p 168—170 °G and [ a ] D - 9 3 ° ; M S , m/e 326 
( M + - C H 3 C O O H ) , 284, 266, and 2 5 1 ; U V , A m a x 2 4 4 n m 
(e 15000); I R * m a x 1724, 1670, 1249, 1238, 1042, and 1033 
c m - 1 ; N M R , Ô 1.19 and 1.68 (each 3H, s, 19- and 18-CH,), 
2.05 and 2.07 (each 3H, s, 2 0 C O C H 3 ) , 4.63, and 5.47 (each 
I H , br W H = 2 2 and 9.5 Hz , 2 H at G3 and G6), and 6.12 
( I H , d 7 = 8 Hz, H at G n ) . Found : C, 71.38: H , 7 . 8 1 % . 
Galcd for G 2 3 H 3 0 O 5 : C, 71.48; H , 7.82%. 

3ß-Hydroxy-12ß-etiojerv-5-ene-17,77-dione 1/'-Ethylene Acetal 
(6). A soln of 4 (20 g) in ethylene glycol (80 ml) was 
refluxed with /»-toluenesulfonic acid (PTS, 1.0 g) in benzene 
(1600 ml) for 21 h, water being removed with a Dean-Stark 
apparatus . After being cooled, the soln was worked up as 
usual to leave crude acetal (23.7 g), which, without purifica­
tion, was refluxed in methanol (670 ml) containing potassium 
hydroxide (70 g) for 1 h under nitrogen. T h e reaction 
mixture was worked up as usual to leave crystalline residue, 
which was recrystallized from hexane-benzene to give 6 
(16.3 g), m p 160—162 °G (lit,7) 165—167 °G). 

3ß,11 u-Dihydroxy-12ß-etiojerv-5-en-17-one 17-Ethylene Acetal 
(7), Its 3-Acetate (7a), and 3,11-Diacetate (7b). T o a 
refluxing soln of 6 (10.0 g) in isopropyl alcohol (1400 ml) 
was added in small protions sodium metal (51 g) during 2 h. 
T h e mixture was further refluxed for 20 min under stirring, 
when it had become homogeneous. After being cooled, 
the mixture was combined with water (300 ml) and con­
centrated under reduced pressure to leave oily residue, which 
was mixed with water and extracted with chloroform. T h e 
extracts were worked up as usual to leave amorphous residue, 
which on tri turation with aq ethanol afforded 7 (6.98 g) , 
m p 156—158 °G. This was recrystallized from the same 
solvent mixture for analysis; m p 157—159 °C and [a ] D —34°; 
M S , mje 348 (M+), 330, 315, 286, and 259; IR , *>max 3370, 
1089, and 1050 cm" 1 ; N M R , ô 0.94 (3H, d 7 = 7 Hz, 18-
CH 3 ) , 0.98 (3H, s, 19-CH3), 3.48 (1H, br Wn=26 Hz , H 

at G3), 3.94 (4H, s, O C H 2 G H 2 0 ) , 4.05 and 5.32 (each 1H, 
br W H = 8 and 10 Hz , 2 H at G n and G6). Found: G, 
70.65; H , 9 .39%. Galcd for C 2 1 H 3 2 0 4 - C 2 H 5 O H : G, 
70.01; H , 9 . 7 1 % . 

Gompd 7 (125 mg) was dissolved in Py (1.26 ml) and 
A c 2 0 (0.33 ml) under cooling with ice and then allowed to 
stand at room temp for 1.5 h. After being poured into ice-
water, the mixture was extracted with chloroform. The ex­
tracts were worked u p as usual to leave oily residue (164 mg), 
showing three spots on T L G , which was separated by chro­
matography over silica gel (Merck, 9 g ) . Eluates with 
benzene-ether ( 5 : 1 ) were crystallized and recrystallized 
from hexane to give 7b (18 mg) , m p 172—173 °C and [a ] D 

- 1 5 ° ; M S , m/e 432 (M+), 372, 357, 312, and 297; IR , 
"ma* 1731, 1240 (br) , 1086, 1043, and 1018 cm" 1 ; N M R , ô 
0.77 (3H, d 7 = 6 Hz, 18-GH3), 1.07 (3H, s, 19-GH3), 2.00 
and 2.02 (each 3H, s, 2 0 C O C H 3 ) , 3.92 (4H, s, O C H 2 C H 2 0 ) , 
4.53 (1H, br Wn=20 Hz, H a t G3), and 5.37 (2H, br WH= 
10 Hz, 2 H at G n and G6). Found : G, 69.24; H , 8.27%. 
Galcd for G 2 5 H 3 6 0 6 : C, 69.42; H , 8.39%. 

Eluates with benzene-ether ( 3 : 1 ) were crystallized and 
recrystallized from diisopropyl ether to give 7a (80 mg), m p 
235—236 °G and [ a ] D - 4 3 ° ; M S , m/e 390 (M+), 330, 268, 
and 242; I R , *>max 3540, 1725, 1253, 1085, 1035, and 1023 
c m - 1 ; N M R , ô 0.95 (3H, d 7 = 6 . 5 Hz , 18-GH3), 1.00 (3H, 
s, 19-GH3), 2.01 (3H, s, O C O C H 3 ) , 3.94 (4H, s, O C H 2 C H 2 0 ) 
4.10, 4.60, and 5.38 (each 1H, br WH=9, 22, and 9 Hz, 3H 
at G n , G3, and G6). Found : C, 70.84; H , 8 .83%. Galcd 
for G 2 3 H 3 4 0 5 : G, 70.74; H , 8 .78%. Eluates with benzene-
ether ( 1 : 1 ) were crystallized and recrystallized from aq 
ethanol to give the starting material (7, 10 mg), m p 156— 
158 °C, which was identical with an authentic sample. 

T o a pasty mixture, prepared by addition of chromium-
(VI) oxide (500 mg) into Py (5 ml) at 0 °G under stirring, 
was added a soln of 7a (20 mg) in Py (0.8 ml) , and the whole 
mixture was stirred at room temp for 22 h. T h e reaction 
mixture was worked up as usual to yield an oily material, 
which was purified by chromatography over silica gel (Merck, 
1 g) . Eluates with benzene-ether ( 5 : 1 ) afforded 12/?-
etiojerv-5-en-3/?-ol-ll,17-dione 3-acetate 17-ethylene acetal 
(6a, 10 mg), m p 188—190 °C (diisopropyl ether), which 
was identical with an authentic sample6,7) ( IR, N M R , TLG, 
and mixed mp) . 

3ß,11oc-Dihydroxy-12ß-etiojerv-5-en-17-one 3-Acetate (8). 
A soln of 7a (1.91 g) in acetone (300 ml) and water (30 ml) 
was refluxed with P T S (150 mg) for 3 h under stirring. The 
soln was worked up as usual to leave crystalline residue 
(1.68 g), showing a single spot, which was recrystallized 
from acetone to give 8 (1.61 g) , m p 216.5—217.5 °G and 
[a ] D - 1 3 9 ° ; M S , m/e 286 (base, M+ - G H 3 G O O H ) , 271, 
268, and 253 ; IR , vm ax 3615, 1728, 1696, 1250, and 1036 c m - 1 ; 
N M R , ô 1.03 (3H, s, 19-CH3), 1.11 (3H, d 7 = 6 Hz, 18-CH3), 
2.06 (3H, s, O G O C H 3 ) , 4.13 (1H, do d 7 = 4 and 6 Hz, H 
at G u ) , 4.63 and 5.43 (each 1H, br Wn = 23 and 9 Hz, 2 H 
at G3 and G6). Found : G, 72.97; H , 8 .73%. Calcd for 
G 2 1 H 3 0 O 4 : C, 72.80; H , 8 .73%. 

3ß-Hydroxyetiojerva-5,12-dien-17-one 3-Acetate (9a). 
(i) Compd 5 a (204 mg) , dissolved in glacial acetic acid 
(14 ml) , was stirred vigorously with zinc powder (440 mg) 
at 90 °G for 30 min. T h e mixture, after being cooled, was 
filtered to remove excess of the zinc powder, which was 
washed with chloroform. T h e filtrate and chloroform 
washings were combined, evaporated, diluted with water, 
and then extracted with chloroform. The extracts were 
worked up as usual to leave an amorphous substance (172 
mg), which was crystallized from acetone to yield 9a (127mg), 
m p 172—173°C. This was recrystallized for analysis from 
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acetone; m p 172—173 °G and [ a ] D - 9 3 . 4 ° ; M S , m/e 328 
(M+), 268, 253; U V , Amax 246 n m (e 12000); I R , i>max 1731, 
1665, 1248, and 1035 c m - 1 ; N M R , Ô 1.04, 1.73, and 2.05 
(each 3H, s, 19- and 18-GH3, and O C O C H 3 ) , 4.66 and 5.45 
(each IH , br WH = 2l and 9 Hz, 2 H at G3 and C6) . Found : 
G, 76.96; H , 8.52%. Calcd for " C ^ H ^ O a : C, 76.79; H, 
8.59%. 

(ii) T o a soln of 8 (1.5 g) in dry Py (39 ml) , cooled at 
0 °G, was added dropwise phosphoryl chloride (POGl3 , 
freshly distilled, 1.95 ml) during 1 min under stirring, and 
the mixture was kept at room temp for 9 min. T h e reaction 
mixture was poured into ice-water (ca. 500 ml) and ex­
tracted with chlorofrom, and the chloroform soln was worked 
up as usual to give a crystalline substance, which was recrys-
tallized from acetone to give 9a (540 mg), m p 172—173 °C, 
identical with an authentic sample. 

3ß-Hydroxyetiojerva-5,12-dien-l7-one (9). (i) Gompd 
9a (6.49 g) was refluxed in methanol (160 ml) containing 
5 % potassium hydroxide for 1 h under nitrogen. T h e re­
action mixture was worked up as usual to leave a crystalline 
substance (6.04 g), which was purified by chromatography 
over silica gel (Merck, 60 g) . Eluates with benzene - ether 
(1 : 3) afforded 9 (5.07 g), m p 172—174 °C (acetone), which 
was recrystallized for analysis from acetone; m p 174—175 °G 
and [a ] D - 1 0 6 ° ; M S , m/e 286 (M+), 268, and 253 ; U V , 
l m i s 246 n m (e 12000); IR , v m a x 3440, 1643, and 1065 c m - 1 ; 
N M R , ô 1.03 and 1.73 (each 3H, s, 19- and 18-CH3), 3.57 
and 5.42 (each I H , br WK=23 and 9 Hz, 2 H at G3 and C6) . 
Found: G, 79.70; H, 9.14%. Galcd for G 1 9 H 2 6 0 2 : G, 
79.68; H , 9 .15%. 

(ii) A soln of 7a (5.68 g) in Py (57 ml) was treated with 
POCl 3 (5.7 ml) at room temp for 12 min (cf., dehydration of 
8) . T h e reaction mixture was worked up as mentioned 
above to leave an amorphous material (5.62 g) , which was 
dissolved in dioxane (300 ml) and water (110 ml) , and treated 
with coned hydrochloric acid (25 ml) at room temp for 25 h 
under stirring. The mixture was concentrated to 200 ml 
below 65 °C under reduced pressure, diluted with water, 
and then allowed to stand overnight, when crystalline sub­
stances (3.75 g) precipitated. These were collected by filtra­
tion and recrystallized from acetone to yield 9 (3.09 g), 
m p 169—170°G, identical with an authentic sample. 

11 oc-Hydroxy-17-ethyletiojerva-5,12,17(20) -trien-3-one 3-Ethylene 
acetal (11), Its 11-Acetate (Ha), audits 11ß-Ol Epimer (12). 
(i) T o an ice-cooled, stirred suspended mixture of l i thium 
aluminium hydride (LAH, 3.40 g) in dry tetrahydrofuran 
( T H F , 120 ml) was added dropwise 9 5 % sulfuric acid (2.3 ml) 
under a stream of nitrogen, and the mixture was further 
stirred at room temp for 1 h and then kept in a refrigerator. 
The supernatant T H F soin contained 0.75 M aluminium 
hydride. T o a soln of 17-ethyletiojerva-5,12,17(20)-
tr iene-3,l l-dione 3-ethylene acetal9) (10, 5.0 g) in T H F 
(60 ml) cooled with ice was added slowly the above T H F soin 
(25 ml) under stirring, and the whole mixture was stirred 
at room temp for 3 h. After addition of ethanol and 6 M 
aq ammonia to decompose excess of the hydride, the reaction 
mixture was filtered to remove aluminium hydroxide, which 
was washed with ethanol. T h e filtrate and ethanol washings 
were combined, concentrated, diluted with water, and ex­
tracted with chloroform. T h e extracts were washed with 
water, dried, and evaporated to leave oily residue, which was 
separated by chromatography over alumina (Merck, 200 g). 
Eluates with benzene-ether ( 3 : 1 and 2 : 1 ) gave the starting 
trienone (10, 77 mg) . Eluates with benzene-ether ( 1 : 1 ) 
afforded crystalline substances, which were collected by 
filtration and recrystallized from benzene-ether to yield 12 
(1.06 g), m p 138—141 °C and [ a ] D - 2 . 0 ° ; M S , m/e 356 

(M+), 341, 338, and 323; U V , Am a x 260 (sh), 252, and 244 
(sh) nm (e 7000, 11000, and 10000); I R , *>max 3540, 1110, 
and 1095 c m - 1 ; N M R , ô 1.30 and 1.93 (each 3H, s, 19-
and 18-GH3), 1.72 (3H, d 7 = 7 Hz, 21-GH3) , 3.96 (4H, 
s, O G H 2 C H 2 0 ) , 4.90 ( I H , d 7 = 7 Hz, H at C u ) , 5.30 ( I H , 
br W H = H Hz, H at C6) , and 5.60 ( I H , q 7 = 7 Hz, H at 
C20). Found : G, 77.54; H , 8.99%. Galcd for C 2 3 H 3 2 0 3 : 
G, 77.49; H, 9 .05%. 

Eluates with ether afforded 11 (2.96 g), m p 142—144 °G 
and [ a ] D + 6 . 9 ° ; M S , m/e 356 (M+), 341, 338, 323, and 
239; U V , Am a x 258 (sh), 250, and 242 (sh) n m (e 7000, 10000, 
and 9000); IR , v m a x 3350, 1110, and 992 c m - 1 ; N M R , ô 
1.10 and 1.90 (each 3H, s, 19- and 18-GH3), 1.72 (3H, d 
7 = 7 Hz, 21-GH3) , 3.96 (4H, s, O G H 2 G H 2 0 ) , 4.66 ( I H , 
d 7 = 7 Hz, H at G n ) , 5.36 ( I H , br Wn=U Hz , H at G6), 
and 5.56 ( I H , q 7 = 7 Hz, H at C2 0). Found : C, 77.58; 
H , 9.10%. Calcd for G 2 3 H 3 2 0 3 : G, 77.49; H , 9 .05%. 

(ii) Gompd 11 (205 mg) was treated with Ac a O (1ml ) 
and Py (2 ml) at room temp overnight under stirring. T h e 
reaction mixture was worked u p as usual to give 11a (228 mg) , 
m p 171—174 °C (benzene-ether) and [a ] D - 3 7 . 5 ° ; M S , 
m/e 398 (M+), 338, and 323; U V , Am a x 259 (sh), 250, and 
244 (sh) n m (e 9500, 14800, and 13600); I R , i>max 1720, 
1245, 1108, and 1092 c m - 1 ; N M R , ô 1.16 and 1.72 (each 
3H, s, 19- and 18-CH3), 1.69 (3H, d 7 = 7 Hz, 21-CH 3 ) , 
2.03 (3H, s, O C O C H 3 ) , 3.96 (4H, s, O G H 2 C H 2 0 ) , 5.37 
( I H , br Wn=l2 Hz, H at G6), 5.60 ( I H , q 7 = 7 Hz, H at 
C20), and 6.10 ( I H , d 7 = 7 Hz, H at C n ) . Found : C, 
75.01; H , 8 .43%. Galcd for G 2 5 H 3 4 0 4 : G, 75.34; H, 
8.60%. 

11 oc-Hydroxyetiojerva-5,12-diene-3,17-dione 3-Ethylene Acetal 
(13a) and Its 11-Acetate (13a). (i) A soln of 11a (850 
mg) in 7 5 % aq dioxane (70 ml) was stirred with osmium 
tetraoxide in dioxane (0.74 ml) ( O s 0 4 : d i o x a n e = 1.0 g : 
80 ml) at room temp for 30 min, when the colorless soln 
gradually became dark-brown. T o the soln was added 
sodium periodate (0.88 g) during 30 min, and the mixture 
was stirred at room temp for 22 h, when white precipitates 
separated out and were removed by filtration. T h e filtrate 
was concentrated, diluted with water, and extracted with 
chloroform repeatedly. T h e chloroform soln was washed 
with water, dried and evaporated to leave amorphous residue, 
which was purified by chromatography over silica gel (Merck, 
34 g) with mixtures of benzene and ether to give 13a (584 
mg) , m p 189—191 °G (benzene-ether) and [a ] D - 7 9 . 7 ° ; 
M S , m/e 386 (M+) and 326; U V , A m a x 244 n m (e 11000); 
IR , *W* 1732, 1658, 1240, and 1093 cm" 1 ; N M R , ô 1.18, 
1.66, and 2.06 (each 3H, s, 19- and 18-GH3, and O C O C H 3 ) , 
3.97 (4H, s, O G H 2 G H 2 0 ) , 5.40 ( I H , br Wu=9Hz, H at 
G6), and 6.10 ( I H , d 7 = 7 Hz, H at G n ) . Found : C, 
71.03; H , 7 .38%. Galcd for C 2 3 H 3 0 O 5 : G, 71.48; H , 
7.82%. 

(ii) Gompd 11 (2.20 g) was oxidized in the same manner 
as 11a to give 13 (1.48 g), m p 186—188 °G (benzene-ether) 
and [a ] D - 4 4 . 1 ° ; M S , m/e 344 (M+) ; U V , Am a x 249 n m 
(e 12000) ; IR , v m a x 3480, 1665, 1110, and 1095 c m - 1 ; N M R , 
ô 1.14 and 1.90 (each 3H, s, 19- and 18-CH3), 3.98 (4H, 
s, O C H J C H J O ) , 4.78 ( I H , d 7 = 7 Hz, H at G n ) , and 5.43 

( I H , br W H = 1 0 H z , H at G6). Found : G, 73.30; H, 
8.10%. Galcd for G 2 1 H 2 8 0 4 : G, 73.22; H , 8.19%. 

Gompd 13 (4.16 g) was treated with A c 2 0 (21ml) and 
Py (42 ml) at room temp overnight under stirring to give 
13a (4.64 g) , which was identical with an authentic sample. 

11 ß-Hydroxyetiojerva-5,12-diene-3,17-dione 3-Ethylene Acetal 
(14). T h e Lemieux-Johnson oxidation of 12 (105 mg) 
was carried out in the same manner as that of 11 and gave 
14 (51 mg) , m p 169—170 °G (benzene-ether) ; M S , m/e 344 
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(M+) ; U V , A m a x 247 n m (e 10600); I R , r m a x 3360, 1640, 
1118, and 1100 c m - 1 ; N M R , Ô 1.32 and 1.90 (each 3H, s, 
19- and 18-CH3), 3.98 (4H, s, O G H a G H 2 0 ) , 5.00 (1H, d 
7 = 7 Hz, H at C n ) , and 5.30 (1H, br WH = 10 Hz, H at C6) . 
Found : C, 73.45; H , 8.40%. Galcd for CniU2S04: C, 
73.22; H , 8.19%. 

Etiojerva-5,12-diene-3,17-dione 3-Ethylene Acetal (15). 
(i) T o a blue-colored soin of lithium (2.0 g) in liquid ammonia 
(ca. 300 ml) cooled with Dry Ice-Acetone was added 13a 
(4.7 g) in T H F (15 ml) , and the mixture was stirred at the 
temp for 15 min. T h e reaction mixture, on addition of 
ammonium chloride (20 g), became colorless and was then 
allowed to stand at room temp to remove the ammonia . 
T h e residue was submitted to filtration to remove ammonium 
chloride, the latter being washed with ethanol. T h e filtrate 
and ethanol washings were combined, concentrated, diluted 
with water, and extracted with chloroform, repeatedly. The 
extracts were worked up as usual to give crystalline residue, 
which on recrystallization from ether yielded 15 (3.43 g), 
m p 163—165 °C and [o] D - 8 1 . 5 ° ; M S , m/e 328 (M+) ; 
U V , Am a x 247 n m (e 9200); I R , v m a x 1658 and 1110 c m - 1 ; 
N M R , ô 1.06 and 1.73 (each 3H, s, 19- and 18-CH3), 3.98 
(4H, s, O C H 2 C H 2 0 ) , and 5.42 (1H, br W H = 1 0 H z , H at 
C6) . Found : G, 76.65; H , 8 .68%. Galcd for C 2 1 H 2 8 0 3 : 
G, 76.79; H , 8.59%. 

(ii) T h e Birch reduction of 14 (8.00 g) was carried out 
in the same manner as that of 13a and produced 15 (5.58 g), 
which was identical with the afore-mentioned sample. 

17<x-Hydroxyetiojerva-5,7 2-dien-3-one 3-Ethylene Acetal (16), 
Its 77ß-Ol Epimer (17), and Their 17-Acetates (16a and 17a). 
(i) A soin of 15 (1.00 g) in methanol (100 ml) was stirred 
with sodium borohydride ( 1.8 g) at room temp for 35 min. 
After addition of a small amount of acetic acid, the mixture 
was neutralized with 5 % aq sodium hydrogencarbonate, 
concentrated, diluted with water, and extracted with chlo­
roform, repeatedly. The chloroform soin gave crystalline 
residue, which was recrystallized from ether to yield 16 (950 
mg) , m p 132—133 °G and [ a ] D - 2 5 . 7 ° ; M S , m/e 330 
(M+) and 312; IR , v m a x 3360, 1110, and 1090 c m - 1 ; N M R , 
Ô 0.98 and 1.65 (each 3H, s, 19- and 18-CH3), 3.94 (4H, 
s, O G H 2 G H 2 0 ) , 4.12 and 5.35 (each 1H, br WB=18 and 
10 Hz, 2 H at G17 and C6) . Found : G, 75.93; H , 9.12%. 
Galcd for G 2 1 H 3 0 O 3 : G, 76.32; H , 9 .15%. 

Compd 16 (0.11 g) was treated with A c 2 0 (0.7 ml) and 
Py (1.4 ml) at room temp for 1 d under stirring to give 16a 
(0.12 g) , m p 142—143 °G (benzene-ether) and [ a ] D - 1 0 . 6 ° ; 
M S , m/e 372 (M+) and 312; I R , i>max 1734, 1237, 1107, 1092, 
1019, and 976 c m - 1 ; N M R , ô 0.99, 1.54, and 2.06 (each 3H, 
s, 19- and I8-CH3, and O C O G H 3 ) , 3.94 (4H, s, O C H 2 C H 2 0 ) , 
and 5.35 (2H, br W H = 1 0 H z , 2 H at G6 and G17). Found : 
G, 74.05; H , 8.62%. Galcd for G 2 3 H 3 2 0 4 : G, 74.16; H , 
8.66%. 

(ii) T o an ice-cooled and stirred soin of L A H (0.8 g) in 
T H F (40 ml) was added dropwise coned sulfuric acid (0.7 
ml) under a stream of nitrogen, and the mixture was then 
kept in a refrigerator. T o a soln of 15 (2.00 g) in T H F 
(20 ml) was added slowly the above supernatant T H F soin 
(25 ml) under nitrogen, and the whole mixture was stirred 
at room temp for 2 h. T h e mixture, after being worked u p 
as described before, gave amorphous residue, which was 
separated by chromatography over silica gel (Merck, 65 g). 
Eluates with benzene-ether ( 2 : 1 ) afforded a mixture, show­
ing two spots, which was further separated by preparat ive 
T L C over silica gel (Wakogel B-5, 35 plates of 20 X 20 cm2) 
with benzene-ether ( 2 : 1 ) . A less polar fraction afforded 
17 (0.11 g) , m p 92—94 °G (benzene-ether) and [ a ] D - 7 7 . 3 ° ; 
M S , mje 330 (M+), 312, and 297; I R , * m a x 3500,3260, 
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1190, 1035, 1015, and 970 c m - 1 ; N M R , ô 0.98 and 1.71 
(each 3H, s, 19- and 18-CH3), 3.94 (5H, s, O C H 2 C H 2 0 
and H at G17), and 5.36 (1H, br W ^ l O H z , H at G,)'. 
Found : C, 75.93; H , 9 .34%. Calcd for G 2 1H 3 0O 3 : C, 
76.32; H , 9 .15%. A more polar fraction afforded 16 (1.77 g), 
which was obtained from eluates with benzene-ether ( 1 : 1 ) 
and ether, and proved to be identical with an authentic 
sample. 

Gompd 17 (14 mg) was acetylated with A c 2 0 (0.4 ml) 
and Py (0.8 ml) at room temp for 3 d to give 17a (15 mg), 
m p 138—141 °C (acetone) and [ a ] D - 8 9 . 7 ° ; M S , m/e 372 
(M+) and 312; IR , v m a x 1738, 1238, 1108, 1090, 1020, and 
957 c m - 1 ; N M R , ô 1.00, 1.59, and 2.05 (each 3H, s, 19- and 
I8-GH3, and OCOGH3) , 3.95 (4H, s, O C H 2 C H 2 0 ) , 5.21 
and 5.39 (each 1H, br W „ = 8 and 10 Hz, 2 H at G17 and 
G6). Found : G, 74.18; H , 8 .63%. Galcd for G 2 3 H 3 2 0 4 : 
C, 74.16; H , 8.66%. 

Epoxidation of 16. (i) T o a soln of 16 (100 mg) in 
dry benzene ( 10 ml) was added perbenzoic acid (50 mg, 
purity 9 5 % ) , and the mixture was stirred at room temp for 
30 min. After addition of 5 % aq sodium thiosulfate, the 
mixture was concentrated and shaken with water and chlo­
roform. T h e chloroform soln was washed with 5 % aq sodium 
hydrogencarbonate and water, dried and evaporated to leave 
amorphous residue, which was separated by chromato­
graphy over silica gel (Merck, 4.0 g). Eluates with benzene-
ether ( 3 : 1 ) gave a crystalline substance ( 4 m g ) , which was 
recrystallized from benzene to give 17a-hydroxy-l2/?, 13/?-
epoxyetiojerv-5-en-3-one 3-ethylene acetal (19), m p 136— 
138 °C and [a ] D - 6 3 . 8 ° ; M S , m/e 346 (M+) and 328; 
IR , "max 3500, 1106, and 1022 c m - 1 ; N M R , ô 1.04 and 1.40 
(each 3H, s, 19- and I8-CH3), 3.96 (5H, s, O G H 2 G H 2 0 
and H at G17), and 5.36 (1H, br W H = 1 0 H z , H at G6). 
Found : G, 72.48; H , 8 .75%. Galcd for G 2 1 H 3 0 O 4 : G, 
72.80; H , 8 .73%. 

Eluates with benzene-ether ( 2 : 1 ) gave the 12a, 13a-
epoxy epimer (18, 75 mg) , which was recrystallized for 
analysis from benzene-ether : m p 158—161 °G and [a] D 

- 5 7 . 0 ° ; M S , m/e 346 (M+) and 328; IR , *>max 3440, 1110, 
1100, and 1035 c m - 1 ; N M R , ô 1.00 and 1.40 (each 3H, 
s, 19- and 18-GH3), 3.76 (1H, br Wn=28 Hz , H at G17), 
3.96 (4H, s, O C H 2 G H 2 0 ) , and 5.38 (1H, br W H = H H z , 
H at G6). Found : G, 72.89; H , 8.74%. Calcd for C21H30 

0 4 : C, 72.80; H , 8.73%,• Eluates with benzene-ether 
( 1 : 1 ) afforded the 5&6y?,12a,13a-diepoxide (20, 10 mg) , 
m p 123—125 °C (benzene-ether) and [ a ] D - 2 8 . 6 ° ; M S , 
m/e 362 (M+) and 347; I R , vm&x 3460, 1100, 1040, and 957 
c m - 1 ; N M R , ô 0.99 and 1.38 (each 3H, s, 19- and 18-CH,), 
3.14 and 3.72 (each 1H, br WH=5 and 24 Hz, 2 H at C6 and 
G17), and 3.90 (4H, s, O C H 2 C H 2 0 ) . Found : C. 69.44; 
H , 8.43%>. Calcd for C 2 1 H 3 0 O 5 : G, 69.58; H , 8.34%,. 

Gompd 18 (300 mg) and 19 (10 mg) were treated with 
A c 2 0 and Py (1.5 and 3 ml, and 0.15 and 0.3 ml) to give 
the respective acetates (18a, 276 mg and 19a, 8 mg) . Gompd 
18a, m p 212—213 °C (acetone) and [ a ] D - 4 4 . 7 ° ; M S , 
m/e 388 (M+) and 328; I R , *>max 1737, 1240, 1107, 1092, and 
1030 c m - 1 ; N M R , ô 1.00, 1.26, and 2.12 (each 3H, s, 19-
and I8-CH3, and O G O C H 3 ) , 3.96 (4H, s, O C H , C H 2 0 ) , 
5.04 (1H, do d 7 = 5 and 10 Hz, H at G17), and 5.37 (1H, 
br ^ H = 1 0 H Z , H at C8) . Found : G, 70.82; H , 8 .31%. 
Galcd for G 2 3 H 3 2 0 5 : G, 71.10; H , 8.30%. Compd 19a, 
m p 142—144 °C (ether) and [ a ] D - 5 3 . 0 ° ; MS, mje 388 
(M+) and 328; I R (CHC13), i>max 1732, 1248, 1110, 1095, 
and 1025 c m - 1 ; N M R , ô 1.04, 1.29, and 2.06 (each 3H, s, 
19- and I8-CH3, and O C O C H 3 ) , 3.96 (4H, s, O G H 2 C H 2 0 ) , 
5.04 and 5.37 (each 1H, br 1 4 ^ = 1 4 and 10 Hz , 2 H at G17 

a n d C 6 ) . Found : C, 70.34; H , 8 .83%. Galcd for C 2 3 H 3 2 0 5 -
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0.5 ( G 2 H 5 ) 2 0 : G, 70.56; H , 8.76%. 
(ii) T o a refluxing, green-colored soin of 16 (200 mg) 

in dry benzene (3 ml) containing bis(acetylacetonato)-
oxovanadium(IV) (2.7 mg) was added rapidly /-butyl hydro­
peroxide (0.12 ml) , when the soin became yellow-colored. 
The soin was then refluxed for 20 min and cooled. The 
reaction mixture was washed with 5 % aq sodium hydro-
gensulfite, until the mixture became colorless, and then with 
water, dried and evaporated to leave a resinous material , 
which was purified by chromatography over silica gel (Merck, 
8.0 g) to yield 18 (120 mg), m p 157—159 °G, from eluates 
with benzene-ether (1 : 2 ) . This was identical with the 
afore-mentioned sample. 

72<x,13oc-Epoxyetiojerv-4-ene-3,l7-dione 3-Ethylene Acetal (21). 
(i) A soln of 15 (200 mg) in methanol (14 ml) , containing 
4 M aq sodium hydroxide (0.4 ml) and 3 0 % aq hydrogen 
peroxide (0.8 ml) , was allowed to stand in a refrigerator for 
3 d. The reaction mixture was concentrated and shaken with 
water and chloroform, and the chloroform soln was washed 
with 5 % aq sodium thiosulfate and water, dried and evapo­
rated to give amorphous residue, which was purified by 
chromatography over silica gel (Merck, 7.0 g) . Eluates 
with benzene-ether ( 2 : 1 ) gave a crystalline substance, 
which was recrystallized from benzene-ether to give 21 
(180 mg), m p 139—140 °C and [ a ] D - 6 7 . 1 ° ; O R D (dioxane), 
[0]lTsh - 5 6 0 0 ° , [<P]S5,âk +6300° , fl=-119°; M S , mje 
344 (M+); IR , vmKX 1712, 1211, 1117, 1102, 1032, 974, and 
943 cm- 1 ; N M R , Ô 1.00 and 1.34 (each 3H, s, 19- and 18-
CH 3 ) , 3.96 (4H, s, O C H 2 C H 2 0 ) , and 5.38 (1H, br Wn= 
10 Hz, H at C6). Found : C, 73.22; H , 8 .25%. Galcd 
for C 2 1 H 2 8 0 4 : G, 73.22; H , 8.19%. 

(ii) A soln of 18 (50 mg) in Py (2 ml) was mixed with a 
suspended mixture of chromium(VI) oxide (0.5 g) in Py 
(5 ml) , and then stirred at room temp for 5 h. The reaction 
mixture was filtered through Florisil (3.0 g) , which was washed 
with ether. T h e filtrate was diluted with water and ex­
tracted with ether. T h e ether soln and ether washings 
were combined and worked up as usual to give 21 (45 mg) , 
m p 139—142 °C (ether), which was identical with the afore­
mentioned sample. 

Reduction of 21 with Sodium Borohydride. A soln ox 
21 (330 mg) in methanol (38 ml) was treated with sodium 
borohydride (660 mg) at room temp for 20 min. T h e 
reaction mixture was worked u p as usual to give a mixture 
of alcohols, which was separated into two fractions by chro­
matography over silica gel (Merck, 10 g). A less-polar 
fraction eluted with benzene-ether ( 2 : 1 ) gave 12a,13a-
epoxyetiojerv-5-en-17/?-ol-3-one 3-ethylene acetal (22, 82 mg) , 
m p 144—146 °G (benzene) and [ a ] D —63.1°; M S , mje 
346 (M+) and 328; IR , vm&x 3480, 1120, 1103, 1033, 1003, 
and 970 c m - 1 ; N M R , Ô 1.00 and 1.38 (each 3H, s, 19- and 
18-GH3), 3.94 (4H, s, O G H 2 C H 2 0 ) , 4.06 and 5.37 (each 1H, 
br WH=7 and 10 Hz, 2 H at G17 and G6). Found : G, 73.03; 
H , 8.76%. Galcd for C 2 1 H 3 0 O 4 : G, 72.80; H , 8 .73%. 
A more-polar fraction eluted with benzene-ether ( 1 : 1 and 
1 : 2 ) gave 17a-alcohol (18, 215 mg) , m p 159—162 °C 
(benzene), which was identical with the sample described 
above. 

Gompd 22 (45 mg) was treated with A c 2 0 (0.5 ml) and 
Py (1.0 ml) to give 17-acetate (22a, 45 mg) , m p 144—147 °G 
(ether) and [ a ] D - 3 9 . 7 ° ; M S , m/e 388 (M+) and 328; I R , 
"max 1742, 1237, 1098, 1028, 1010, and 968 c m - 1 ; N M R , 
ô 1.02, 1.26, and 2.09 (each 3H, s, 19- and 18-CH3, and 
O C O C H 3 ) , 3.93 (4H, s, O C H 2 G H 2 0 ) , 5.16 and 5.34 (each 
1H, br WH=6 and 10 Hz, 2 H at C17 and C6) . Found : 
C, 71.33; H , 8.20%. Galcd for G 2 3 H 3 2 0 5 : C, 71.10; 
H , 8.30%. 

Epoxidation of 17. Gompd 17 (80 mg) was oxidized 
with f-butyl hydroperoxide (0.05 ml) in the presence of 
bis(acetylacetonato)oxovanadium(IV) (2 mg) under reflux 
for 20 min. T h e reaction mixture was worked u p as described 
before to yield 12/?,13/?-epoxyetiojerv-5-en-17/?-ol-3-one 
3-ethylene acetal (23, 55 mg) , m p 130—132° C (ether) and 
[ a ] D - 5 8 . 4 ° ; M S , mje 346 (M+) and 328; I R (GHC13), 
"max 3570, 1110, 1062, 1024, 990, and 9 7 2 c m ~ 1 ; N M R , ô 
1.04 and 1.45 (each 3H, s, 19- and 18-GH3), 3.81 (1H, br 
W H = 1 2 H Z , H at C17), 3.96 (4H, s, O C H 2 C H a O ) , and 

5.40 (1H, br W H = 1 0 H z , H at G6). Found : C, 72.48; 
H, 8 .75%. Calcd for G 2 1 H 3 0 O 4 : C, 72.80; H , 8 .73%. 

Compd 23 (14 mg) was treated with A c 2 0 (0.15 ml) and 
Py (0.3 ml) to give 17-acetate (23a, 11 mg)~ m p 132—135 °G 
(ether) and [ a ] D - 3 8 . 0 ° ; M S , mje 388 (M+), 360, 345, 
and 328 c m - 1 ; I R (GHG13), *>max 1733, 1245, 1110, 1090, 
1025, and 973 c m - 1 ; N M R , ô 1.06, 1.37, and 2.14 (each 3H, 
s, 19- and 18-GH3, and O C O G H 3 ) , 3.98 (4H, s, O G H 2 G H 2 0 ) , 
5.14 and 5.40 (each 1H, br WK=\2 and 10 Hz , 2 H at G17 

and G6). Found : G, 70.68; H , 7 .99%. Calcd for G2S-
H 3 2 O s : G, 71.10; H, 8.30%. 

72ß,13ß-Epoxyetiojerv-5-ene-3,77-dione 3-Ethylene Acetal (24). 
Compd 23 (30 mg) in Py (2 ml) was oxidized with chromium 
(VI) oxide (0.35 g) in Py (3.5 ml) at room temp for 4 h. 
T h e reaction mixture was worked u p as usual to give an 
amorphous substance, which was purified by preparative 
T L G over silica gel (Wakogel B-5, 3 plates) with benzene-
ether (2 : 1) to give 24 (24 mg) , m p 184—186 °C (ether) 
and [ a ] D - 1 3 . 4 ° ; O R D (dioxane), [0]lirsh - 8 5 0 0 ° , [0]*s7

k 

+ 4000°, a = + 125°; M S , mje 344 (M+) ; I R (CHG13), 
"max 1706, 1230, 1110, 1090, and 1028 cm" 1 ; N M R , ô 1.10 
and 1.42 (each 3H, s, 19- and 18-GH3), 3.96 (4H, s, O G H 2 C H 2 -
O ) , and 5.39 (1H, br W H = 1 0 H z , H at C6). Found : G, 
72.89; H , 8 .45%. Galcd for C 2 1 H 2 8 0 4 : C, 73.22; H , 
8 .15%. 

Reduction of 24 with Sodium Borohydride. Gompd 24 
(18 mg) was treated with sodium borohyride (36 mg) in 
methanol (4 ml) at room temp for 30 min. T h e reaction 
mixture was worked u p as described before to give amor­
phous residue, which was separated into two fractions by 
preparative T L G over silica gel (Wakogel B-5, 2 plates) 
with benzene-ether (5 : 1). Less and more polar fractions 
gave 23 ( 9 m g ) , m p 133—135 °C (ether) and 19 (7 mg) , 
m p 136—138 °G (diisopropyl ether) , respectively, which were 
identical with the corresponding authentic sample. 

3ß-Hydroxy-72<x,13oc-epoxyetiojerv-5-en-17-one (25). A 
soln of 9 (295 mg) in methanol (28 ml) was mixed with 3 0 % 
aq hydrogen peroxide ( 1.64 ml) in 4 M aq sodium hydroxide 
(0.84 ml) , and then allowed to stand in a refrigerator (5 °C) 
for 46 h. The reaction mixture was concentrated, diluted 
with water, and extracted with chloroform. The chloro­
form soln was worked up as usual to leave amorphous residue 
(249 mg) , showing a single spot, which on trituration with 
acetone crystallized, and was then recrystallized from acetone 
to give 25 (177 mg) , m p 173.5—175 °G and [ a ] D - 9 2 . 3 ° ; 
O R D (dioxane), [0y3T

sh - 5 5 3 0 ° , [ 0 ] ? 8 r + 4 4 1 0 ° , a = 
- 9 9 . 4 ° ; M S , mje 302 (M+), 284, and 269; I R , *>mas 3480, 
1703, and 1062 c m - 1 ; N M R , ô 1.02 and 1.37 (each 3H, s, 
19- and 18-GH3), 3.59 and 5.43 (each 1H, br WH=24 and 
10 Hz, 2 H at C 3 and G6). Found : G, 75.23; H , 8 .61%. 
Calcd for C 1 8 H 2 ß 0 3 : C, 75.46; H , 8.67%. 
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12,13-Epoxy-C-nor-D-homosteroids. IV.1* The Reaction of 11-Oxygenated 
17a-Acetyl-12a:,13a-epoxyetiojervanes with Boron Trifluoride Etherate2) 

Akio M U R A I , Hiroshi SASAMORI, and Tadashi MASAMUNE 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received July 10, 1976) 

The titled compounds were treated with boron trifluoride etherate in benzene at room temperature. 11a-
Hydroxy-12a,13a-epoxide (1) underwent rapid cleavage of the epoxy ring at both C13 and C12 to give lla-hydro-
xy-13/?-fluoro-12a-alcohol (2), 13a-hydroxy-12/?H-11 -ketone (3), 17-deacetyl-zl12-11-ketone (4), and an aceto-
phenone derivative (5) in comparative yields. The same acid treatment of 1 la-acetoxy-12a,13a-epoxide (la) 
yielded 1 la-acetoxy-13/?-fluoro-12a-alcohol (2a) as a single isolable product, while that of 11-unsubstituted 
12a,13a-epoxide (16) afforded 12/?-fluoro-13a-alcohol (17) besides 5, a major product. Evidently, compounds 
2a and 17 are products formed by the epoxy ring opening at C13 and G12, respectively. Interestingly, com­
pounds 2 and 2a, when treated with bases, produced a rearranged 13a-pregnane derivative (12) via 1 la, 12a-
dihydroxy-A13(17>-20-ketone (10), in good yields. On the other hand, the epoxy cleavage of 1 l-oxo-12a,13a-
epoxide (13) led to predominant formation of rearranged products, bicyclo[3.3.1]nonane-2,9-dione and hydro-
oxepin derivatives (14 and 15). It is emphasized that the epoxy cleavage reactions proceeded more slowly and 
took place at C13 rather than at G12 with increase of electronegativity of the 11-substituents. 

In the previous paper3) we reported the synthesis 
and stereochemistry of 17a-acetyl-12,13-epoxyetiojer-
vanes. As a continuing study aimed at the prepara­
tion of biologically active normal steroids from jervine, 
we have examined reactions of several 11-oxygenated 
17a-acetyl-12a,13a-epoxyetiojervanes with boron tri­
fluoride etherate, keeping in mind the Goxon and 
coworkers' result, a low yield of formation of hecogenin 
acetate by the acid treatment of the corresponding 
12a,13a-epoxy-C-nor-Z)-homospirostan.4) Contrary to 
the expectation, the reactions have not led to the 
desirable rearrangement but have resulted in formation 
of many compounds including interesting rearranged 
products such as bicyclo[3.3.1]nonane-2,9-dione and 
hydrooxepin derivatives.5) 

Treatment of 17a-acetyl-12a, 13a-epoxyetiojerv-4-en-
lla-ol-3-one (1), the most readily available 12,13-
epoxides, with boron trifluoride etherate in benzene 
at room temperature for 30 s afforded a multi-
component mixture, from which four compounds (2—5) 
were isolated after careful chromatography in 20, 10, 
10, and 1 1 % yields, respectively. The major product 
(2), mp 153—155 °G, was assigned structure 2 on the 
following evidence. The mass [mje 364 (M+), 346, 
345, 344, 326 ( M + - H F - H 2 0 ) , and 301 ( M + - H F 
- C O G H 3 ) ] and N M R spectra [Ô 2.37 (3H, s, 21-CH3) , 
3.34 (2H, br WB = 28 Hz, H at G17 and O H ) and 5.96 
(1H, s, OH) ] revealed the presence of one fluorine 
atom, one acetyl (at C17) and two hydroxyl groups. 
These spectra, as coupled with the U V [Amax 239 nm 
(e 10000)] and I R spectral data (*max 1703 cm- 1 ) , 
indicated that the A ring and 17-side chain remained 
unchanged. The N M R spectrum also exhibited two 
three-proton singlets due to the 19- and 18-methyl 
protons at ô 1.26 and 1.50, a one-proton singlet (H at 
C4) at ô 5.76 and also one doublet (J =8 Hz) due to 
a proton on the carbon atom (at G u ) bearing the 
hydroxyl group at ô 4.02. Compound 2, when ace-
tylated with acetic anhydride at room temperature 
and also oxidized with the Jones reagent, was converted 
into the corresponding monoacetate and hydroxy ketone 
(2a and 6), mp 140—142 and 188—190 °G, in 95 
and 8 5 % yields, respectively. The latter (6) dis-. 

played a strong absorption maximum at 1753 c m - 1 

in the I R spectrum, proving that the secondary hydroxyl 
group in question existed in a five-membered G ring. 
These facts were consistent with the assigned formula 
(2) and also with an alternate formula (2'). Com­
pound 2 was then treated with periodic acid in aqueous 
dicxane at room temperature for 18 h, when one 
mole of the acid had been consumed. The resulting 
single product, mp 128—130 °C, isolated in a 7 5 % yield, 
was formulated as lactol (7) rather than keto aldehyde 
(8) on the spectral data (Exp). Moreover, compound 
2 readily formed the corresponding acetonide (9), 
oil, by treatment with acetone and acid (HC104) at 
room temperature in a quantitative yield. All these 
results indicate that the compound is represented by 
structure 2 with a cw-glycol partial formula, excluding 
the alternate structure (2'), and also establish the 
previously assigned 12a, 13a-epoxy configuration to the 
starting epoxide (1). 

1 R = H 
la R = Ac 
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The configuration of the fluorine atom at G13 was 
deduced from analogous examples4»6) as well as con­
sideration of the 11-carbonyl frequency of hydroxy 
ketone (6) as discussed below. The relevant absorp­
tion maximum was observed at a higher wave number 
( y M I 1753 cm-1) than that (vm&x ca. 1735 cm-1) of 
usual ll-oxo-12a-etiojervanes without any substituent 
at G12. The Dreiding model indicates that the D 
ring of 6 would probably adopt a half-chair or a twist-
boat (bowsprit and flagpole at C14 and G17) con­
formation with both the 17a-acetyl and 13ß-fluoro 
substituents pseudo-equatorial. If the D ring assumes 
another twist-boat form (bowsprit-flagpole at G13 and 
G15), the pseudo-equatorial 17a-acetyl group would 
readily form hydrogen-bonding with the 12a-hy-
droxyl group and show the absorption maximum at 
a lower wave number than at the observed (vmax 

1715 cm- 1 ) . With either one of the afore-mentioned 
conformations with the fluorine atom pseudo-equato­
rial, the carbon-fluorine and 11-carbonyl bonds were 
located to be 1,3-diaxial-like and hence the carbonyl 
absorption would be susceptible to hypsochromic effect 
owing to the nearby dipole (C-F bond) . Furthermore 
the 12a-hydroxyl group was disposed almost per­
pendicular to the 11 -carbonyl bond and would exert 
no influence on the frequency in question. This 
presumption is reasonable and supports the above 
/3-assignment to the fluorine atom. Here we em­
phasize that fluorohydrin (2) would result from a 
nucleophilic attack of a fluoride anion, probably con­
tained in the reagent,6b> to the epoxy ring at C13. 

11 a-Hydroxy-fluorohydrin (2) was then treated with 
potassium carbonate in aqueous methanol at room 
temperature for 1 h. Contrary to the expectation that 
the starting epoxide (1) would be regenerated, com­
pound 2 underwent dehydrofluorination to give zl13(17)-
20-ketone (10), mp 173—174 °C, in a quantitative 
yield, which on treatment with acetone and acid 
(HG104) formed the corresponding- acetonide (11), oil, 
in a good yield. The latter (11) was also obtained 
by treatment of acetonide 9 with potassium carbonate 
under the same conditions as mentioned above. In 
accordance with the assigned structures, compound 
10 exhibited an absorption maximum at 245 nm (e 
17000) and two three-proton singlets due to the 19-
and 18-methyl protons at «5 1.20 and 1.87 in the U V and 
N M R spectra, and compound 11 showed absorption 
maxima at 1383 and 1372 c m - 1 and two three-proton 
singlets due to the acetonide methyl protons at à 1.50 
and 1.56 in the I R and N M R spectra. However, 
prolonged treatment of fluorohydrin 2 or the <x,ß-
unsaturated ketone (10) with the base (K 2 G0 3 ) af­
forded a new compound (12), mp 164—166 °C, in 
low yields (7—28%) along with the unsaturated ketone 
(10). This new nompound could be obtained from 
the starting fluorohydrin (2), zl13(17)-20-ketone (10) and 
also 11-acetoxy-fluorohydrin (2a) by treatment with 
potassium hydroxide in ethanol at room temperature 
for ca. 2 h in quantitative yields. 

Compound 12 had the same molecular formula 
C2 1H2 8Ö4 as the a,/S-unsaturated ketone (10). The 
mass spectrum suggested the presence of hydroxyl and 
acetyl groups at m/e 344 (M+), 326 ( M + - H 2 0 ) , 311, 

and 301 (base, M + - C O C H 3 ) . However, the N M R 
spectrum exhibited three three-proton singlets at ô 1.25, 
1.37, and 1.60, the former two singlets being assignable 
to the 19- and probably 18-methyl protons but the 
last (<5 1.60) being not attributed to the acetyl methyl 
protons. This singlet would be ascribed to methyl 
protons of a partial formula C H 3 - ( C ) ( O H ) - 0 - , 7 ) in 
which (C) denotes a quarternary carbon. The I R 
spectrum displayed three absorption maxima at 1714, 
1665, and 1614 cm- 1 in the double bond region and 
also due to (a) hydroxyl group(s) at 3600 and 3440 cm - 1 . 
The above two absorptions (1665 and 1614 cm-1) 
revealed the existence of the zl4-3-carbonyl system, 
which was supported by the U V [Amax 237 nm (e 
10000)] and N M R spectra [Ô 5.69 (1H, s, H at C4)] . 
Hence, the remaining oxygen atom would have to 
constitute a carbonyl group (vmax 1714 cm - 1 ) on a 
straight chain or a six-membered ring. Moreover, a 
one-proton singlet was observed at a low field (ô 4.33), 
which was ascribed to a proton on the carbon atom 
flanked by a carbonyl group and an oxygen atom. 
These facts, combined with the chemical shift (<5 1.25 
or 1.37) of the 19-methyl protons, indicate that the 
compound is represented most favorably by the 13a-
pregnane formula (12) with an oxo group at C n and 
a hemi-acetal group formed by the 12-hydroxyl and 
17-acetyl groups. Presumably, formation of the 13a-
pregnane (12) (Scheme 1) would take place via (i) 
intramolecular Michael addition of a carbanion at C14, 
generated by cleavage of the bond at C1 2-C1 4 , into a 
partially positive /S-carbon at C13 of the a,/?-unsaturated 
carbonyl system (zJ13<17)-20-one) and (ii) subsequent 
tautomerization at C u and C12 as well as epimerization 
at C17 of the resulting 13a-pregnane derivative (iii) 
followed by conversion into the hemi-acetal structure. 

Scheme 1. Pathway for formation of 13a-pregnane (12). 

The second product (3) mp 175.0—176.5 °C, had 
the same molecular formula C 2 1 H 2 8 0 4 as the starting 
epoxide (1) and was formulated as structure 3. In 
good accord with the structure, the I R spectrum 
revealed the presence of five-membered carbonyl and 
hydroxyl groups at 1732 and 3480 cm - 1 , and the N M R 
spectrum showed two three-proton singlets at ô 1.20 
and 1.58, which could be attributed to the 19- and 
18-methyl protons. These chemical shifts indicate that 
the hydroxyl group is attached to the carbon at C13, 



February, 1977] Reaction of l7a-Acetyl-12a,l3a-epoxyetiojervanes with Acid 439 

and also that the C and D rings are trans-fused (12ßH) 
(I9-CH3, <50b8d 1.20; <5cald 1.21 for 12/9H, and 1.26 for 
12aH).8> In view of the fact that the corresponding 
12-epimer (12aH) was not isolated, compound 3 would 
probably be formed by cleavage of the epoxide ring 
at G12 with concomitant hydride shift of the ß-oriented 
hydrogen at C n to the carbon atom at C12. 

molecular formula of G 1 9 H 2 4 0 2 , indicative of elimina­
tion of a C 2 H 4 0 2 ( C H 3 G O + O H ) moiety from the 
starting epoxide (1) and was assigned formula 4. 
Removal of the 17-acetyl group was revealed by the 
absence of a three-proton singlet near ô 2.3 in the N M R 
spectrum. The U V and I R specta [Amax 247 nm (e 
13000), and vm a x 1708 and 1639 cm- 1 ] showed the 
presence of a new a,/?-unsaturated carbonyl group (zl12-
11-one) besides the zl4-3-carbonyl system (vmax 1668 
and 1639 c m - 1 ) . This was confirmed by appearance 
of two three-proton singlets due to 19- and 18-methyl 
protons at <5 1.24 and 2.15 as well as a one-proton 
singlet (H at G4) at <5 5.77 in the N M R spectrum. 
This compound (4) was also produced by treatment 
of hydroxy ketone (3) with base (KOH) in refluxing 
methanol though in a low yield. The transformation 
of hydroxy ketone (3) into zl12-l 1-ketone (4) evidently 
takes place by retro-aldol reaction, initiated by attack 
of hydroxide ion to the acetyl carbonyl group, and 
subsequent migration of the resulting double bond 
(at C1 3-C1 7) . O n the other hand, the a,/?-unsaturated 
ketone (4) was not obtained by the boron trifluoride 
treatment (including work-up) of hydroxy ketone (3) 
under the same conditions as those for formation of 
the compround (4) from epoxide 1. Probably, for­
mation of compound 4 would be formed by initial 
cleavage of the epoxy ring at G13 followed by degrada­
tion of the resulting cationic glycol via several pathways 
as shown in Scheme 2. 

The fourth product (5), mp 143—145 °G, was as­
signed reasonably a substituted acetophenone structure 

Scheme 2. Pathway for formation of A12-11 -ketone (4)., 

(5) on the basis of the spectral data (Exp). We only 
mention that the chemical shift (<5 1.32) of 19-methyl 
protons was in good accord with that of the corre­
sponding veratramine derivatives.9) 

lla-Acetoxy-12a,13a-epoxide ( l a ) , 11-acetate of 1 la-
alcohol 1, was similarly treated with boron trifluoride 
etherate in benzene at room temperature. T h e reaction 
proceeded slowly and afforded fluorohydrin, as an only 
isolable product in a 6 0 % yield, after 15 min, when 
the starting epoxide ( l a ) was recovered unchanged in 
a 10% yield. The sole product, m p 143—145 °C, was 
identified as 11-acetate (2a) of the l la-hydroxy-
fluorohydrin (2) as described before. I t should be 
noted that no product, considered to be formed by 
initial cleavage of the epoxy ring at G12, was isolated, 
when the starting epoxide passed from 1 la-alcohol (1) 
to 1 la-acetate ( l a ) . 

l l-Oxo-12a,13a-epoxide (13) was then treated with 
excess of the Lewis acid under almost the same con­
ditions as mentioned above. The epoxide cleavage 
proceeded only slowly and, after 140 min, gave a com­
plex mixture, from which three compounds (6, 14, and 
15) were isolated by column chromatogrphy in 25, 20, 
and 2 0 % yields, respectively. The first product, m p 
190.5—191.5 °G, was identified as 11-oxo-fluorohydrin 
(6). The second product (14), mp 227—228 °C, had 
the same molecular formula G 2 1 H 2 6 0 4 as the starting 
epoxide (13). The mass \_m\e 342 (M+) and 299(M+ 
- C O C H 3 ) ] , U V [Amax 234 nm (« 14000)], I R [,max 

1667 and 1619 c m - 1 ] , and N M R spectra [Ô 2.19 (3H, 
s, 21-CH3) and 5.72 (1H, s, H at C4)] indicated that 
the 17-acetyl and /l4-3-carbonyl groups were left un­
changed. In view of the absence of a hydroxyl group 
(no absorption near 3400 c m - 1 ) , the remaining two 
oxygen atoms would have to exist as two carbonyl 
groups, which were observed as two absorption bands 
at 1742 and 1716 c m - 1 , the latter being overlapping 
with that of the acetyl carbonyl group. T h e mass 
spectrum [m/e 271 (M+—GH 3 CO —GO)] suggested that 
one of the two carbonyl groups would be readily 
removable. The N M R spectrum also exhibited two 
three-proton singlets due to the 19- and 18-methyl 
protons at relatively low fields (ô 1.07 and 1.48) as 
well as a broad one-proton signal ( P f H = 8 H z ) at ô 
3.54 besides that (20 Hz) due to the 17/S-proton at 
ô 3.18. The signal (ô 3.54) would be attributed to a 
proton on the carbon atom (C14) adjacent to the car­
bonyl group. All these spectral da ta revealed the 
presence of a bicyclo[3.3.1]nonane-2,9-dione10) moiety 
and hence the compound was formulated most favorably 
as structure 14. 

The third product, m p 198—200 °G, also had the 
same molecular formula G 2 1 H 2 6 0 4 as the starting 
epoxide (13) and was assigned formual 15 on the basis 
of the following spectral data. The U V spectrum 
[ l m a ï 245 nm (e 14000)] showed that an a,/?-unsaturated 
carbonyl or an analogous system was newly formed 
besides the original zl4-3-carbonyl group [ô 5.78 (1H, 
s, H at C4)] . The mass spectrum, unlike those of 
other 17-acetyletiojervanes, displayed a fragmenta­
tion peak caused by removal of a GH 2 CO moiety 
at mje 300 instead of that (M+—CH 3 CO) at mje 299, 
but the N M R spectrum still exhibited a six-proton 

file:///_m/e
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Scheme 3. Pathway for formation of compounds 14 
and 15. 

singlet at ô 2.10, which was assignable to the 18-methyl 
and acetyl-methyl protons. T h e I R spectrum revealed 
the presence of two carbonyl groups, besides the zl4-3-
carbonyl group (vma3C 1674 and 1618 c m - 1 ) , at higher 
wave numbers (?m a x 1750 and 1714 cm - 1 ) as compared 
with those of five-membered carbonyl and 17-acetyl 
groups of usual 17-acetyl-l 1-oxoetiojervanes (vmax ca., 
1735 and 1705 c m - 1 ) . These carbonyl absorptions, 
coupled with an absorption due to a vinyl ether at 
1044 cm - 1 , were ascribed to a-alkoxy five-membered 
carbonyl and vinylogous ester carbonyl groups, re­
spectively. Moreover, a broad one-proton doublet (J 
= 10 Hz) was observed at <5 5.42 along with a 19-
methyl proton singlet at ô 1.23. The relevant low 
field peak could be assigned to a proton on the carbon 
atom flanked by a carbonyl group and an oxygen 
atom. These results indicated the existence of a partial 

formula O C ( a t G 1 1 ) - G H - 0 - G ( G H 8 ) = G - C ( = 0 ) C H 8 , 
which led to assignment of formula 15 to the com­
pound. 

The formation of these two compounds (14 and 
15) was rationalized as described in Scheme 3.11) 
While we have analogous precedents12) regarding the 
novel elimination-rearrangement involving the G-C 
bond cleavage of an epoxide ring of the 1 l-oxo-12,13-
epoxide (13) to give the seven-membered ether ring 
compound (15), the transformation of epoxide 13 into 
compound 14, a rearrangement of a,/3-epoxy-carbonyl 
system into a bicyclo[3.3.1]nonane-2,9-dione system 
under acidic conditions, is most noteworthy and would 
probably be the first example as for such rearrange­
ments. I t should be emphasized that all these products 
again resulted from cleavage of the epoxide ring at 
G13, apart from that whether the respective reactions 
are concerted or step-wise. 

The same treatment of 11-unsubstituted 12a, 13a-
epoxide (16) only for 30 s produced two compounds 
(5 and 17) in 60 and 12% yields, the starting epoxide 
(16) being not detected on TLG. T h e major product, 

mp 141—143 °G, was identified as acetophenone (5), 
and would be formed by cleavage of the epoxide ring 
at C13 and/or G12 followed by dehydration and de-
hydrogenation. The minor product (17) had a mole­
cular formula of C 2 1 H 2 9 0 3 F and was assigned 12/?-
fluoro-13a-hydroxy structure (17) on the basis of the 
following facts, (i) The molecular formula and spec­
tral data indicated product 17 to be a fluorohydrin 
formed by simple cleavage of the epoxy ring, (ii) The 
product (17) underwent no dehydrofluorination, the 
starting material being recovered unchanged, under 
the same basic (K 2 G0 3 ) conditions as those under which 
13jö-fluoro-12a-alcohols (2 and 2a) were readily con­
verted into zl13<17)-20-ketone (10). (iii) 13/9-Fluoro-
12a-hydroxy-etiojervanes and C-nor-Z)-homospirostan4) 
(2, 2a, 6, and 18) exhibited signals due to the 18-
methyl protons at ô 1.50, 1.58, 1.47, and 1.58, respec­
tively, which 12a-fluoro-13ß-hydroxy-C-nor-Z)-homospi-
rostan4) (19) and the product in question displayed 
the corresponding signals at higher fields, ô 1.27 and 
1.29. Moreover, compounds 2, 2a, and 6 showed 
signals due to the protons at G17 near ô 3.30 (WK= 
24—20 Hz) , ô 3.34, 3.30, and 3.27, respectively, while 
compound 17 displayed the 17-proton at <5 2.89 {WH — 
18 Hz) . All these facts revealed that the substituent 
at G13 in product 17 was not a fluorine atom but a 
hydroxyl group, and hence the product (17) is repre­
sented favorably by structure 17. This structure was 
also supported by the O R D curves; 17, a = + 9 0 ° ; 
17a-acetyl-12/?-etiojervan-3/?-ol 3-acetate13) and its 12a-
epimer14) (20 and 21), a = + 5 3 ° and +34°.15) Com­
pound 17 evidently resulted from the epoxide ring 
cleavage at G12. In summary, we again emphasize 
that the epoxide opening reactions proceeded more 
slowly and took place at C13 rather than at C12 with 
increase of electronegativity of the 11-substituents. 

Exper imenta l 

All the melting points were uncorrected. The homogenity 
of each compound was always checked by TLG on silica 
gel (Wakogel B-5) with various solvent systems, and the spots 
were developed with cerium(IV) sulfate in dil sulfuric acid 
and/or iodine. The optical rotations, UV, and IR spectra 
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were measured in chloroform, ethanol, and chloroform, 
respectively, unless otherwise stated. T h e N M R spectra 
were obtained in deuterochloroform at 100 M H z , and the 
chemical shifts were given in d-values, T M S being used as an 
internal reference. T h e abbreviations "s , d, and b r " in the 
N M R spectra denote "singlet, doublet, and b road" , respective-

ly. 
Treatment of 17 cc-Acetyl-12a, 13<x-epoxy-11 oc-hydroxyetiojerv- 4-en-

3-one (1) with Boron Trifluoride Etherate (BF3). A solu­
tion of 1 (900 mg) in anhydrous benzene (93 ml) was stirred 
with BF3 (2 ml) , freshly distilled over calcium hydride, at 
room temperature (temp.) for 30 s. T h e solution was 
mixed with ether (50 ml) , washed with 5 % aqueous sodium 
hydrogencarbonate ( N a H G 0 3 ) and water, dried over an­
hydrous sodium sulfate, and evaporated to leave amorphous 
residue (877 mg) , which was chroma tographed over silica 
gel (Merck 70—230 mesh, 26 g) with mixtures of benzene 
and ether. Benzene-ether ( 5 : 1 ) eluates gave etiojerva-
4,12-diene-3,ll-dione (4, 74 mg) , m p 112—115 °C (from 
hexane-methanol) and [ a ] D + 9 7 ° ; M S , m/e 284 (M+) and 
269; U V , IR , and N M R , in the text. Found : C, 79.98; 
H , 8.58%. Galcd for G 1 9 H 2 4 0 2 : C, 80.24; H , 8 . 5 1 % . 

Benzene-ether ( 3 : 1 ) eluates gave 17-acetyletiojerva-
4,12,14,16-tetraen-3-one (5, 92 mg) , m p 143—145 °C (from 
hexane-acetone) and [a ] D + 1 4 8 ° ; M S , m/e 308 (M+), 293, 
and 265; U V , Am a x 295 nm (e 4000) and 239 (13000); I R 
(Nujol), vm&x no O H , 1680—1650 (broad) , and 1615 cm" 1 ; 
N M R , Ô 1.32, 2.42, and 2.56 (each 3H, s, 19-, 18-, and 21-
CH 3 ) , and 5.85 ( I H , s, H at G4), 7.04 and 7.56 (each I H , 
ABq 7 = 8 Hz, 2 H at G15 and C16). Found : G, 81.55; H , 
7 .73%. Galcd for C 2 1 H 2 4 O a : C, 81.78; H , 7.84%. 

Benzene-ether ( 2 : 1 ) eluates afforded 17a-acetyl-13a-
hydroxy-12/?-etiojerv-4-ene-3,ll-dione (3, 90 mg), m p 175.0— 
176.5 °C (from isopropyl ether-acetone) and [a ] D + 2 6 ° ; 
MS, m/e 344 (M+), 326, and 3 0 1 ; U V ( M e O H ) , A m a x 

236 n m (e 14,000); I R (Nujol), vmàX 3480, 1732, 1692, 1675, 
and 1610 c m - 1 ; N M R , <5 1.20, 1.58, and 2.25 (each 3H, s, 
19-, 18-, and 21-CH3) , 4.01 ( I H , s, O H ) , and 5.78 ( I H , s, 
H at G4). Found : C, 73.06; H , 8 .27%. Galcd for C21-
H 2 8 0 4 : C, 73.22; H , 8.19%. 

Benzene-ether (1 : 1) eluates afforded 17a-acetyl-l la,12a-
dihydroxy-13/?-fluoro-13-epietiojerv-4-en-3-one (2, 180 mg) , 
m p 153—155 °C (from ether) and [a ] D + 3 8 ° ; M S and U V 
(MeOH) , in the text; I R (Nujol), v m a x 3400—3480 (broad), 
1703, 1660, and 1610 c m - 1 ; N M R , in the text. Found : 
C, 69.53; H , 8 .15%. Galcd for C 2 1 H 2 9 0 4 F : C, 69.20; H , 
8.02%. 

Compound 3 ( 1 5 mg) was refluxed in methanol containing 
5 % potassium hydroxide. After being cooled, the mixture 
was made neutral with 10% aqueous acetic acid, evaporated 
and shaken with water and chloroform. T h e chloroform 
solution was washed with water, dried and evaporated to 
leave amorphous residue (13 mg) , which was separated by 
preparative T L C over silica gel (Wakogel B-5F, one plate 
with 20 X 20 cm2) with a 3 : 1 mixture of benzene and ether 
to yield 4 (4 mg) , m p 112—114°G. This was identical 
with the afore-mentioned sample in I R , N M R , and T L G . 

Treatment of 17a-Acetyl-12a,13a.-epoxy-11 cc-hydroxyetiojerv-4-en-
3-one 11-Acetate (la) with BF3. A solution of l a (196 mg) 
in anhydrous benzene (18 ml) was stirred with BF3 (0.4 ml) 
at room temp for 15 min. T h e reaction mixture was worked 
up as described above to leave amorphous residue (206 mg), 
showing one major and one minor spot, which was separated 
by chromatography over silica gel (7 g) . T h e major fraction, 
eluted with benzene-ether ( 3 : 1 ) afforded 11 -acetoxy-fiuoro-
hydrin (2a, 103 mg) , m p 143—145 °G (from isopropyl e ther -
acetone) and [a ] D + 7 5 ° ; M S , m/e 406 (M+), 388, 386, 

346, 326, and 283 ; U V , A m a x 238 n m (e 10000); IR , j>max 

3420, 1737, 1717, 1663, 1614, and 1243 c m - 1 ; N M R , Ô 1.24, 
1.58, 2.32, and 2.12 (each 3H, s, 19-, 18-, 21-CH3 , and 
O C O C H 3 ) , 3.30 and 5.42 (each I H , br WH=24 and 12 Hz , 
2 H at C17 and G n ) , 5.56 and 5.75 (each I H , s, O H and H 
at G4). T h e minor fraction, eluted with benzene-ether 
(1 : 1), gave acetate (20 mg) , m p 198—200 °C (from ether) , 
which was identified as the starting epoxide ( l a ) ( IR, N M R , 
T L C , and mixed mp) . 

Treatment of 17oc-Acetyl-12oc,13oc-epoxyetiojerv-4-en-3,11-dione 
(13) with BF3. Compound 13 (180 mg) in benzene 
(20 ml) was treated with BF 3 (0.28 ml) at room temp for 
140 min. T h e reaction mixture was worked u p as mentioned 
above to leave amorphous residue (182 mg), which was 
separated into three fractions by preparat ive T L C over silica 
gel (Wakogel B-5F, 9 plates) with a 3 : 1 mixture of benzene 
and ether. A most mobile fraction gave a crystalline sub­
stance, which was recrystallized from isopropyl e ther-acetone 
to yield a bicyclo[3.3.1]nonane-2,9-dione derivative (14, 
35 mg) , m p 227—228 °C and [ a ] D + 9 5 ° ; M S , I R (Nujol), 
and N M R , in the text. Found : C, 73.26; H , 7.66%,. 
Calcd for C 2 1 H 2 6 0 4 : C, 73.66; H , 7.66%. 

A middle fraction afforded 11-oxo-fiuorohydrin (6, 47 mg) , 
m p 190.5—191.5 °C (from isopropyl ether-acetone) and 
[a] D + 1 8 2 ° ; M S , m/e 362 (M+), 342, 319, and 299; U V , 
A m a x 2 3 4 n m (e 12,000); I R , î ' m a x 3380, 1753, 1699, 1644, 
and 1615 c m - 1 ; N M R , <5 1.21, 1.47, and 2.33 (each 3H, s, 
19-, 18-, and 21-CH 3 ) , 3.24 ( I H , br H / H = 2 0 H z , H at C1 7), 
5.72 and 5.77 (each I H , s, O H and H at C4) . Found : C, 
69.38; H , 7 .58%. Calcd for C 2 1 H 2 7 0 4 F : G, 69.62; H, 
7-51%. 

A least mobile fraction gave an oxepin derivative (15, 
35 mg) , m p 198—200 °G (from isopropyl ether) and [ a ] D 

+ 160.5°; M S , m/e 342 (M+), 300 (M+ - C H 2 C O ) , 282, 
and 267; U V , I R (Nujol), and N M R , in the text. F o u n d : 
G, 73.36; H , 7.69%. Galcd for G 2 1 H 2 6 0 4 : C, 73.66; H , 7.66%, • 

Treatment of 17oc-Acetyl-12a,13oc-epoxyetiojerv-4-en-3-one (16) 
with BF3. Compound 16 (500 mg) in benzene (50 ml) 
was stirred with BF 3 (0.72 ml) at room temp for 30 s. 
T h e reaction mixture was worked u p as usual to leave an 
amorphous material , which was separated into two fractions 
by chromatography over silica gel (Merck 70—230 mesh, 
30 g) with benzene-ether mixtures. Eluates with benzene-
ether ( 5 : 1 ) gave a crystalline substance (284 mg) , m p 
141—143 °C (from hexane-acetone) , which was identical 
with acetophenone (5) in I R , N M R , T L G , and mixed mp . 
Eluates with benzene-ether ( 3 : 1 ) afforded 17a-acetyl-12ß-
fluoro-13a-hydroxyetiojerv-4-en-3-one (17, 66 mg) , m p 157— 
159 °C (from ether) and [ a ] D + 8 3 ° ; O R D , [ 0 ] j y k +4750° , 
[Q]USU'U - 4 2 5 0 ° , a = + 90°; M S , m/e 348 (M+), 333, 
328, and 310; U V , >lmax 237 n m (e 10000); I R , i>max 3460, 
1696, 1657, and 1616 c m - 1 ; N M R , <5 1.17, 1.25, and 2.26 
(each 3H, s, 19-, 18-, and 21-CH 3 ) , 2.89 ( I H , br Wn= 
18 Hz, H at G17), 4.32 and 5.75 (each I H , s, O H and H at 
C4) . Found : C, 72.19; H , 8.54%. Calcd for G 2 1 H 2 9 0 3 F : 
C, 72.38; H , 8.39%. 

Oxidation of Fluorohydrin 2. (i) A solution of 2 (20 mg) 
in dry acetone (3 ml) was stirred with the Jones reagent 
(0.2 ml) for 2 h under cooling with ice. After addition of 
ethanol to decompose excess of the reagent, the solution was 
evaporated and shaken with water and chloroform. T h e 
chloroform solution was worked up as usual to leave a crystal­
line substance, showing a single spot, which was recrystal­
lized from isopropyl ether-acetone to give 11 -oxo-fiuoro­
hydrin (6, 16 mg) , m p 188—190 °G, which was identical 
with the above-mentioned sample in I R , N M R , T L C , and 
mixed m p . 
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(ii) A solution of 2 (20 mg) in dioxane (1.5 ml) was stirred 
with periodic acid (50 mg as H I 0 4 - 2 H 2 0 ) in water (0.5 ml) 
at room temp for 18 h. T h e solution was diluted with water, 
extracted with chloroform, and the chloroform solution, 
after being worked up as usual, gave a crystalline material , 
showing a single spot. This was recrystallized from ether 
to give lactol (7, 14 mg) , m p 128—130 °C ; M S , mje 362 
(M+), 347, and 342; I R , vm&x 3570, 3440, 1715, 1665, and 
1615 c m - 1 ; N M R , Ô 1.24, 1.33, and 2.26 (each 3H, s, 19-, 
18-, and 21-CH 3 ) , 3.70 (1H, s, O H ) , 5.40 (1H, d J=8Hz, 
H at G n ) , and 5.73 (1H, s, H at G4), and no absorption near 
Ô 1.0. 

11-Acetate (2a) and 11,12-Acetonide (9) of Fluorohydrin 2. 
(i) Compound 2 (15 mg) was treated with acetic anhydride 
(0.15 ml) and pyridine (0.3 ml) at room temp for 24 h under 
stirring. T h e reaction mixture was worked u p as usual to 
give 2a (17 mg) , m p 140—142 °G (from isopropyl e ther -
acetone), which was identical with the sample obtained from 
l a ( IR, N M R , and mixed m p ) . 

(ii) A solution of 2 (10 mg) in acetone (2 ml) was stirred 
with 6 0 % aqueous perchloric acid (0.1 ml) for 1.5 h. T h e 
solution was made alkaline with 5 % aqueous N a H C 0 3 , 
evaporated and extracted with chloroform. T h e chloroform 
solution, after being worked up as usual, gave acetonide (9), 
oil, showing a single spot on T L G ; M S , mfe 405 ( M + + 1 ) , 
389, and 384; I R , v m a x 1715, 1664,1614, 1384, and 1373 c m - 1 ; 
N M R , <5 1.23, 1.40, 1.53, and 2.26 (3H, 6H , 3H, and 3H, 
each s, 19-, 18-, and 21-CH3 , and acetonide 2 C H 3 or vice 
versa), 4.71 (1H, br W H = 1 2 H z , H at G n ) , and 5.76 (1H, 
s, H at C4) . 

Alkali Treatment of 11-Hydroxy-fluorohydrin (2), Its 11-Acetate 
(2a), and Its 11,12-Acetonide (9). (i) Compound 2a 
(18 mg) was stirred with potassium carbonate (200 mg) 
in a mixture of methanol (6 ml) and water (2 ml) at room 
temp for 2 h under nitrogen. T h e reaction mixture, after 
being worked u p as usual, left amorphous residue (17.5 mg) , 
showing two spots, which was separated into two fractions 
by preparative T L C over silica gel (Wakogel B-5F, one plate) . 
A less polar fraction gave a crystalline substance, which on 
recrystallization from hexane-acetone afforded zl13<17)-20-
ketone (10, 10 mg) , m p 173—174 °C and [a] D - 2 6 ° ; M S , 
mje 344 (M+), 326, 311, and 301 ; U V , in the text; I R , v m a x 

3620, 3440, 1680 (shoulder), 1662, and 1613 cm" 1 ; N M R , 
ô 1.20, 1.87, and 2.29 (each 3H, s, 19-, 18-, and 21-CH 3) , 
3.32 (2H, br, s, 2 0 H ) , 3.61 (1H, br WH=15 Hz , H at C n ) , 
and 5.78 (1H, s, H at C4) . Found : C, 72.89; H , 8.12%. 
Calcd for C 2 1 H 2 8 0 4 : C, 73.22; H , 8.19%. A more polar 
fraction was identified as 13a-pregnane (12, 1 mg) , by com­
parison with the sample described later (MS and T L C ) . 

When compound 2a (12.8 mg) was treated with the base 
under the same conditions for 1 h as mentioned above, the 
product (10 mg) , m p 170—172 °C, showed a single spot and 
was identified as 10. 

Compound 10 (7.3 mg) was stirred with acetone (2 ml) 
containing perchloric acid (60%, 0.1 ml) at room temp for 
1 h. T h e mixture was worked u p as usual to leave oily 
residue, showing a single spot, which was purified by prepara­
tive T L C to yield acetonide (11, 8.0 mg) , oil and [ a ] D —43°; 
M S , mje 384 (M+), 369, and 326; U V , Am a x 241 n m (e 
16000); I R , vm&x no O H , 1664, 1615, 1383, and 1372 c m - 1 ; 
N M R , ô 1.16, 1.50, 1.56, 1.86 and 2.30 (each 3H, 19-, 18-, 
and 2I -CH3, acetonide 2CH 3 , or vice versa), 4.18 (1H, d J= 
8 Hz , H at C n ) , and 5.80 (1H, s, H at C4) . This acetonide 
(11, 16 mg) was obtained by t reatment of 9 (17 mg) with 
potassium carbonate. 

(ii) A solution of 2a (20 mg) in ethanol (5 ml) containing 

5 % potassium hydroxide was stirred at room temp for 100 min. 
T h e solution was made neutral with 10% aqueous acetic 
acid under cooling, evaporated below 40 °C, and shaken 
with water and chloroform. T h e chloroform solution was 
worked up as usual to leave an oily material, showing a single 
spot, which was purified by preparative T L C to give a 13a-
pregnane derivative (12, 13 mg) , m p 164—166 °C (isopropyl 
ether-acetone) and [a ] D + 6 4 ° ; M S , U V , I R , and N M R , 
in the text; N M R (C5D5N), <3 1.30, 1.58, and 1.74 ( each3H, 
s, 19-, 18-, and 21-CH 3) , 4.50 and 5.76 (each 1H, s, 2 H at 
C12 and C4).

16> 

Found : C, 73.08; H , 8.12%. Calcd for C 2 1 H 2 8 0 4 : 
C, 73.22; H , 8.19%. 

Trea tment of 2 (5.3 mg) and 10 (4.7 mg) with potassium 
hydroxide under almost the same conditions as mentioned 
above afforded 12 (5.0 and 4.7 mg, respectively), and that 
of 10 (9.7 mg) with potassium carbonate also gave 12 (2.7 mg) 
along with the starting material (10, 4.7 mg) after preparative 
T L C . 
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The Reactions of 1,3-Indandiones and l,3(2#)-Phenalenediones 
with Lead Tetraacetate 
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The reaction of 1,3-indandione with lead tetraacetate gave phthalic anhydride and 2,2-diacetoxy-l,3-indandi-
one. The reaction of 2,2-dihydroxy-l,3-indandione gave phthalic anhydride. The reactions of l,3(2//)-phena-
lenedione and 2,3-dihydroxy-l-phenalenone yielded acenaphthenequinone and 1,8-naphthalenedicarboxylic 
anhydride. The reactions of acenaphthenequinone and 2,2-dihydroxy-l,3-phenalenedione gave 1,8-naphtha-
lenedicarboxylic anhydride with higher yields. The reactions of [2-14C]-labeled compounds showed that the middle 
carbon atom was lost. 

Mckillop and his co-workers1) have reported that 
the reaction of chalcones with thal l ium(III) nitrate 
gave benzils with the loss of one carbon atom. Roberts 
et al.2) reported that the decarbonylation of 1,3-diphenyl-
1,2,3-propanetrione with cupric acetate in refluxing 
acetic acid yielded benzil with the loss of the center 
carbonyl group, as evidenced by the decarbonylation 
of the 14C-labeled trione. Moriyama3) also reported 
that the oxidation of 2-acetoxy-l,3-diphenyl-l,3-pro-
panedione-2-14C with lead tetraacetate gave inactive 
benzil and active carbon dioxide, again indicating 
that the middle carbon was lost. However, the oxida­
tion of /?-hydroxychalcone-a-14C with lead tetraacetate 
gave radioactive benzil (the relative specific radioactivity 
was 0.53) and carbon dioxide (the relative specific 
radioactivity was 0.06 as bar ium carbonate), thus 
suggesting that binary reaction mechanisms may 
operate in this case. We therefore examined the reac­
tions of 1,3-indandiones and l ,3(2//)-phenalenediones 
with lead tetraacetate, which are cyclic analogues to 
the l,3-diphenyl-l,3-propanediones, in the hope of 
clarifying the reaction pathways. 

Scheme 1. 

R e s u l t s 

When 1,3-indandione (I)4) was oxidized with lead 
tetraacetate in boiling benzene, two compounds (III-
(7%) and IV(12%)) were obtained. T h e N M R 
spectrum of III (C1 3H1 0O6 ; mp 174—175 °C) indicated 
the presence of two acetoxyl groups [Ô 2.14(s, 6H)] and 
aromatic protons [ô 7.98 (m, 4H) ] . The I R spectrum 
of this compound suggested the presence of two carbonyl 
groups |>m a x 1745 (CO) and 1765 c m - 1 (OAc)] . These 
spectroscopic properties indicated that this product 
has the structure of 2,2-diacetoxy-1,3-indandione. The 
second compound (IV) was found to be phthalic 

anhydride, which was identified by comparison of its 
I R spectrum and its melting point with those of an 
authentic specimen. 

C<x 
E=OH 
I=0Ac 

The yields of I I I and I V were slightly improved by 
increasing the amount of lead tetraacetate. These 
results are shown in Table 1. 

The reaction of 2,2-dihydroxy- 1,3-indandione (II)5) 
with lead tetraacetate in boiling benzene gave only 
I V (43%). 

The reaction of l ,3(2//)-phenalenedione (VI)6) with 
lead tetraacetate in various molar ratios in boiling 
acetic acid gave two products ( IX , m p 272—273 °C 
and X , mp 259—260 °G). I X and X were shown to be 
1,8-naphthalenedicarboxylic anhydride and acenaph­
thenequinone respectively, by comparison of their 
melting points and their I R spectra with those of 
authentic specimens. 

When 2,3-dihydroxy-l-phenalenone (VIII)6) was 
oxidized with one equivalent of lead tetraacetate in 
boiling acetic acid, two compounds ( IX and X) were 
obtained. However, when V I I I was oxidized with 
three equivalents of lead tetraacetate, only I X was 
obtained. 

T h e reaction of 2,2-dihydroxy-l,3-phenalenedione 
(VII)7) with lead tetraacetate in boiling acetic acid 
gave I X as the sole product. 

TABLE 1. OXIDATIONS OF 1,3-INDANDIONE (I) AND 2,2-

DIHYDROXY- 1,3-INDANDIONE ( I I ) WITH LEAD 

TETRAACETATE IN BOILING BENZENE 

Com­
pound 

I 
I 
I 
II 
II 
II 

Reaction 

Molar 
ratio 

1 : 2 
1 : 3 
1 : 4 
1 : 1 
1 : 2 
1 : 3 

a) Not measured. 

conditions 

Time 
(min) 

20 
20 
20 
20 
20 
20 

Products 

(Isolated yield, 
III IV 

4.8 
5.7 
6.8 

3.4 
4.1 

12.0 
23.4 
37.5 
43.2 

%) 
co2 

a ) 
a ) 

29.6 

a ) 
a ) 

17.0 
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TABLE 2. OXIDATION OF 1,3(2//)-PHENALENEDIONES 

(VI, VII, VIII) AND ACENAPQUINONE(X) WITH 

LEAD TETRAACETATE IN BOILING ACETIC ACID 

Com­
pound 

V I 

V I 

V I 

X 

V I I 

V I I 

V I I 

VIII 
VIII 
VIII 

Reaction conditions 

Molar 
ratio 

1 : 1 
1 : 2 
1 : 3 
1 : 1 
1 : 1 
1 : 2 
1 : 3 
1 : 1 
1 : 2 
1 : 3 

a) Not measured. 

Time 
(min) 

10 

10 

30 

20 

5 

5 

15 

5 

10 

15 

Products 

(Isolated yield, 
IX X 

a ) 

a ) 

a ) 

70 

68 

68 

62 

a ) 

21 

62 

3 .2 

2 . 3 

1.8 

14 

%) 
G0 2 

6 .2 

a ) 

a ) 

a ) 

2 .9 

a ) 

a ) 

a ) 

a ) 

57 

The oxidation of acenaphthenequinone with one 
equivalent of lead tetraacetate in boiling acetic acid 
gave I X (70%) after 20 min. T h e yields of the pro­
ducts obtained by the above reactions are summarized 
in Table 2. 

In order to establish the nature of the decarbonylation 
reaction, the reactions were repeated using [2-14C]-
labeled compounds, i.e., [2-14C]-I, [2-14C]-II, [2-14C]-
VI , [2-14C]-VII, and [2-1 4C]-VIII. The results are 
summarized in Schemes 2 and 3. 

l,3-Indandione-2-14C was synthesized by the reaction 
of diethyl phthalate with ethyl acetate-2-14C. When 
l,3-indandione-2-14C was oxidized with lead tetra­
acetate, radioactive IV (the relative specific radio­
activity was 0.17) and carbon dioxide (the relative 
specific radioactivity was 0.28 as bar ium carbonate) 
were obtained. O n the other hand, the oxidation of 
2,2-dihydroxy-l,3-indandione-2-14C gave inactive I V 
and active carbon dioxide (the relative specific radio­
activity was 0.71 as bar ium carbonate) (Scheme 2). 

l,3(2//)-Phenalenedione-2-1 4C was synthesized by 
the reaction of 1,8-naphthalenedicarboxylic anhydride 
with diethyl malonate-2-14C. When l ,3(2/ / ) -phena-
lenedione-2-14C was oxidized with lead tetraacetate, 
radioactive X (the relative specific radioactivity was 
0.19) and carbon dioxide (the relative specific radio­
activity was 0.13 as bar ium carbonate) were obtained. 
When 2,3-dihydroxy-l-phenalenone-2-14C was oxidized 
with lead tetraacetate, radioactive I X (the relative 
specific radioactivity was 0.13) and carbon dioxide 
the relative specific radioactivity was 0,60 as bar ium 

•*CH3COOC2H5« "c^COONa* C2H50H 

:o*co2 
Ba(0H)2 •Bat03 

0-28t 

;o*to2-
Ba(0H)2 

•Ba'COj 

071*C 

Scheme 2. Synthesis and decarbonylation reactions of 
l,3-indandiones[2-14C](the figures under the formulae 
refer to the specific activities of the compounds rela­
tive to 1,3-indandione). 

IX*tH2(C02Et)2 

Pb(0Ac)4 

Ba*C03 

0-80t 

*C0<3 

Ba*C03 

0-60*C 

Scheme 3. Synthesis and decarbonylation reactions 
of l,3(2//)-phenalenediones[2-14C](the figures under 
the formulae refer to the specific activities of the 
compounds relative to l,3(2//)-phenalenedione). 

carbonate) were obtained. The oxidation of 2,2-
dihydroxy-l,3-phenalenedione-2-14C gave inactive I X 
and active carbon dioxide (the relative specific radio-
cativity was 0.80) (Scheme 3). 

D i s c u s s i o n 

The conversion of I to I I I can readily be explained 
in terms of successive acetoxylations at the a-carbon 
adjacent to the carbonyl group. T h e conversion of 
I to IV involves the loss of 8 3 % of C(2), suggesting 
that there may be binary reaction pathways. 

In the case of the reaction of I I with lead tetraacetate, 
the yield of IV was increased by increasing the molar 
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ratio of the oxidant. From the tracer experiment, 
it was shown that the decarbonylation of C(2) is in­
volved in the oxidation of I I with lead tetraacetate, 
as indicated by the complete loss of the radioactivity. 

When V I was oxidized with lead tetraacetate, the 
yield of X was decreased by increasing the molar ratio 
of the oxidant. I t seems that X is an intermediate, 
as the oxidation of X with one equivalent of lead 
tetraacetate gave I X in better yield (70%). However 
a longer reaction time (20 min) was needed to consume 
the lead tetraacetate than in the case of V I . There­
fore, we must eliminate the possibility that the reaction 
proceeds via X. The experiment on the 14C-labeled 
compound showed that the reaction pathway involved 
the decarbonylation of G(2) atoms by 8 1 % . 

The oxidation of VIII with one equivalent of lead 
tetraacetate gave both I X and X, but that with three 
equivalents of lead tetraacetate gave only I X (62%) . 
The experiment on the 14C-labeled compound again 
indicated that the decarbonylation of G (2) was involved 
by 8 7 % in this case. 

The oxidation of VII gave I X (68%) without redox 
disproportionation, which was reported to occur in 
the reactions of VII6) in boiling water or at high tem­
perature, and completed by one equivalent of the 
oxidant. This reaction pathway involved the com­
plete loss of G (2) atoms as shown by the tracer ex­
periment (Scheme 4). 

Scheme 4. The loss of the carbon (2-position) in 1,3-
diones. 

The above data indicate that the reaction pathway 
for the oxidation of the 1,3-diones and the enediol 
are fairly complicated ones, as indicated by the pres­
ence of the portion of the radioactivity in the product. 

In the case of trione, on the other hand, on change 
in the yields of I V in the oxidation of I I was observed 
when acetic acid was used as a solvent. The oxida­
tions of V I I I required only one equivalent of the 
oxidant and lost the C(2) completely. The above 
two facts suggest that the radical mechanism is 
favored in this case. However, no conclusive evidence 
is available to distinguish the radical and ionic mecha­
nisms which operate in the reaction. 

Exper imenta l 

The NMR spectra were recorded for the deuteriochloroform 
and trifluoroacetic acid solutions with a Hitachi R 24 NMR 
spectrometer, with tetramethylsilane as an internal reference. 
The IR spectra were recorded for the chloroform solution and 
KBr disk with a JASCO IRA-1 grating spectrometer. The 
melting points were determined with a Yanagimoto hot-
stage apparatus. The radioactivities were recorded, for 

samples crystallized to a constant specific radioactivity, with 
an Aloka liquid scintillation spectrometer. The scintillator 
consisted of DPO(6g), POPOP (0.275 g), and naphthalene 
(Dojin Laboratories, Kumamoto) dissolved in dioxane. 
Barium carbonate samples were suspended in a gel made 
up with 4% W/V CAB-O-SIL (Beckmann Instruments 
Inc., U.S.A.). Sample counts were repeated twice; the 
maximum observed error was within 0.5%. 

Oxidations of 1,3-Indandiones with Lead Tetraacetate. The 
typical procedure of the oxidation of 1,3-indandiones is as 
follows. A mixture of 1,3-indandione (2 mmol), lead tetra­
acetate (4—8 mmol), and benzene (30 ml) was heated under 
reflux for the period of time shown in Table 1. Nitrogen 
was passed through the reaction mixture, and the evolved 
gases were passed into saturated aqueous barium hydroxide, 
aqueous potassium permanganate, and again saturated 
aqueous barium hydroxide. The precipitated barium car­
bonate was collected by centrifugation, washed with water, 
and dried. After the removal of insoluble materials by filtra­
tion, the benzene was evaporated in vacuo and the products 
were purified on TLG with chloroform as an eluting solvent. 
I gave 2,2-diacetoxy-1,3-indandione (III), mp 174—175 °C, 
6.8%, (Found: C, 59.34; H, 3.99%. Calcd for G13H10O6: 
G, 59.54; H, 3.84%, Ô: 7.98 (m, 4H) and 2.14 (s, 6H, 
OAc), vm&x: 1745 and 1750 cm-1), phthalic anhydride 
(IV) (mp 130—131 °C) and carbon dioxide. II yielded 
IV (mp 130—131 °C) and carbon dioxide. 

Oxidation of 7,3(2H)-Phenalenediones with Lead Tetraacetate. 
A typical procedure of the oxidation of l,3(27/)-phenalene-
diones is as follows. A mixture of l,3(2//)-phenalenedione 
(2 mmol), lead tetraacetate (2—6 mmol), and hot acetic 
acid (30 ml) was heated under reflux for a period of time 
shown in Table 2. The carbon dioxide which evolved was 
converted to barium carbonate as described previously. 
After the removal of the acetic acid in vacuo, the residue was 
treated with 2M hydrochloric acid (60 ml) and extracted 
with chloroform. The chloroform solution was dried over 
sodium sulfate and evapolated under reduced pressure, and 
the products were separated on TLC with chloroform as an 
eluting solvent, giving the 1,8-naphthalenedicarboxylic an­
hydride (IX) (mp 272—273 °G) and/or acenaphthenequi-
none (X) (mp 259—260 °C). VII yielded IX (mp 272— 
273 °C) and carbon dioxide. VIII yielded IX (mp 272— 
273 °G), carbon dioxide and/or X (mp 259—260 °C). 

Oxidation of Acenaphthenequinone (X). A mixture of 
acenaphthenequinone (2 mmol), lead tetraacetate (2 mmol), 
and acetic acid (30 ml) was heated under reflux for 20 min. 
After cooling, the crystals which precipitated were collected 
by filtration, giving IX (mp 272—273 °G). 

1,3-Indandione-2-uC Into a mixture of diethyl phtha-
late (72 g) and powdered sodium (14.3 g) was dropped 
ethyl acetate-2-14C (70 g) (which was prepared from acetic-
2-14C acid (250 [xCi, Radiochemical Centre, Amersham, 
England) in absolute ethyl alcohol ( 1.43 g) over a period 
about 90 min). The material in the flask was refluxed gently 
during the addition of ethyl acetate mixture. The heating 
was continued for 6 h, and ether (30 ml) was added after 
cooling. As much of the sodium salt as possible was col­
lected on a filter and then washed with ether, using as small 
a volume as possible. The total yield of the dry, yellow 
sodium salt was 55 g (71%). The sodium salt (55 g) was 
added to hot water (750 ml). The solution was cooled to 
70 °C and under vigorous agitation the sodium salt was 
decomposed with a sulfuric acid solution (three parts of 
concentrated sulfuric acid and one part of water) (50 ml). 
The mixture was cooled to 15 °C and filtered. The 1,3-
indandione thus obtained was a pale yellow solid (mp 127—• 
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129 °G, 29 g, 6 1 . 3 % , specific radioactivity 0.176 jxGi/mmol). 
2,2-Dihydroxy-7,3-indandione-2-uC. T o 1,3-indandione-

2-14C (5 g) dissolved in dilute sodium hydroxide (200 ml) 
was added sodium nitrite (2.5 g) ; then the mixture was cool­
ed to 0 °C. Hydrochloric acid was added dropwise until 
the solution became distinctly acidic, whereupon the ice-
bath was removed and the mixture was stirred for 30 min at 
room temperature . T h e solution was filtered and a yellow 
amorphous powder (5.9 g, 100%) was obtained. T h e oxime 
was recrystallized from acetic acid and formed yellowish 
green plates; m p 200—201 °G (decomp.). A mixture of 
selenious acid and the oxime (5 g) was refluxed for 3 h, and 
the clear solution was cooled to room temperature and saturat­
ed with sulfur dioxide. T h e solid which separated was 
filtered off and the filtrate was concentrated by distillation to 
ca. 50 ml and filtered. T h e filtrate was boiled with active 
carbon, filtered again, concentrated to 20 ml, and allowed 
to stand at room temperature . T h e crude 2,2-dihydroxy-l ,3-
indandione-2-1 4C was filtered, and the mother liquor was 
concentrated to obtain a second c rop ; total yield 3.7 g (73%) . 
It was purified by recrystallization from hot water with the 
aid of active carbon. Long colorless prisms of 2,2-dihydroxy-
l,3-indandione-2-14C were obtained, m p 241—243 °G (de­
comp.) . T h e specific radioactivity was 0.178 [xCi/mmol. 

7,3(2H)-Phenalenedione-2-liG. T o a stirred mixture of 
diethyl malonate-2-1 4C (75 ml, 250 fi.Ci, Radiochemical 
Centre, Amersham, England) and 1,8-naphthalenedicar-
boxylic anhydride (25 g) was added zinc chloride (25 g) ; 
then the mixture was heated to ca. 170—175 °G for 6 h. T h e 
cooled reaction mass, after the addition of hot water (50 ml) , 
was crushed to a powder and filtered. T h e residue was 
stirred with aqueous ammonia (one par t of ammonia and 
four parts of water, 250 ml) for 15 min, and filtered. T h e 
filtrate was treated with active carbon, again filtered, and 
acidified with acetic acid. T h e solution was allowed to 
stand at room temperature for one hour, and filtered. T h e 
crystals obtained were washed with water, m p 254 °C (de­
comp.) (20.0 g, 8 1 % , specific radioactivity 0.369 {xCi/mmol). 

2,3-Dihydroxy-7-phenalenone-2-uG. 1,3 (2H) -Phenalene-
dione-2-14C (9.8 g) was dissolved in dilute sodium hydroxide 
( 5 % , 200 ml) . After the addition of sodium nitrite (3.8 g) , 
the mixture was cooled to 0 °C. Hydrochloric acid (17%) 
was added dropwise until the solution became distinctly 
acidic, whereupon the ice-bath was removed and the mixture 
was stirred for 30 min at room temperature . T h e solution 
was filtered and then washed with water and dried in vacuo, 
yielding the oxime (11.25 g, ca. 100%). T h e oxime (2.25 g) 
was dissolved into a mixture of acetic acid (10 ml) , formalin 
(6.5 ml, 4 0 % ) , and hydrochloric acid (2 ml) . T h e mixture 
was refluxed for 4 h, and the solution was cooled and water 
(30 ml) was added. T h e solution was filtered to obtain 
2,3-dihydroxy-l-phenalenone-2-1 4C (1.7 g, 8 0 % , m p 256 °C 
(xylene)). T h e specific radioactivity could not be obtained 

because of the deep coloration of the sample solution. 
2,2-Dihydroxy-7,3-phenalenedione-2-uC. A mixture of 1,3-

(2//)-phenalenedione-2-1 4C (1.96 g), sodium chloride (0.7 g), 
acetic acid (20 ml) , and nitric acid (5 ml) was heated at 
100 °C and stirred for 10 min. After cooling, the precipitates 
were collected, washed with ether, and dried. This gave 
2-chloro-2-nitro-l,3-phenalenedione-2-14C (1.8 g, 6 9 % ) . The 
compound (1.0 g) was heated in nitrobenzene (10 ml) at 
140 °C for 15 min ; then the solution was cooled and the 
precipitates were washed with ether. This gave 2,2-dihydro-
xy-l,3-phenalenedione-2-1 4C (0.62 g, 8 1 % , m p 263 °C (de­
comp.) , specific radioactivity 0.367 (zCi/mmol). 

Oxidation of \2-XiG\-Compounds by Lead Tetraacetate. 
[2 -14C] -Compounds were oxidized by the method described 
previously for the oxidation of the unlabeled compounds. 

l ,3-Indandione-2-1 4C (292 mg) gave phthalic anhydride, 
m p 129—131 °C (35.6 mg, 12%, specific radioactivity 0.030 
fzCi/mmol), and carbon dioxide, which was converted to 
bar ium carbonate (116.7 mg, 29 .6%, specific radioactivity 
0.048 jiCi/mmol). 

2,2-Dihydroxy-l,3-indandione-2-1 4C (356 mg) gave phthalic 
anhydride, m p 129 °C (127.7 mg, 43 .2%, no radioactivity), 
and carbon dioxide, which was converted to bar ium carbonate 
(67.5 mg, 17%, specific radioactivity 0.124/jCi/mmol). 

l ,3(2//)-Phenalenedione-2-1 4C (329 mg) gave acenaph-
thenequinone, m p 260 °C (11.5 mg, 3 .2%, specific radio­
activity 0.071 (i,Ci/mmol), and carbon dioxide, which was 
converted to bar ium carbonate (24.3 mg, 6 .2%, specific 
radioactivity 0.049 [xCi/mmol). 

2,3-Dihydroxy-l-phenalenone-2-1 4C (424 mg) gave 1,8-
naphthalenedicarboxylic anhydride, m p 274 °C (247.3 mg, 
62 .4%, specific radioactivity 0.049 {xCi/mmol), and carbon 
dioxide, which was converted to bar ium carbonate (225.5 
mg> 5 7 % , specific radioactivity 0.222 [xCi/mmol). 

2,2-Dihydroxy-l,3-phenalenedione-2-1 4C (456 mg) gave 1,8-
naphthalenedicarboxylic anhydride, m p 274 °C (270 mg, 
6 8 % , no radioactivity), and carbon dioxide, which was 
converted to bar ium carbonate (11.47mg, 2 .9%, specific 
radioactivity 0.299 [i,Ci/mmol). 
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Reaction of Dimethyl Sulf oxide-Trifluoroacetic Anhydride 
with Anilines, Phenols, and Thiophenols 

Yuji HIRAKI , Masahiro KAMIYA, Rikuhei TANIKAGA, Noboru O N O , and Aritsune K A J I 

Department of Chemistry, Faculty of Science, Kyoto University, Kitashirakawa, Sakyo-ku, Kyoto 606 
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The reaction of dimethyl sulfoxide-trifluoroacetic anhydride complex with anilines, phenols, and thiophe­
nols was studied, and the following results were obtained. ( 1 ) The yields of a methylthiomethylated product were 
improved with anilines. The reaction proceeded without significant amount of tar, the unreacted anilines being 
easily recovered. (2) Selective ortfAo-methylthiomethylation took place with phenols in good yields at lower 
temperature, />ara-methylthiomethylation occurring at higher temperature. (3) Methylthiomethylation took 
place with thiophenols on a sulfur atom of thiophenol at room temperature in a simple process. 

Sulfides and sulfoxides are activated with electro­
philes to produce the reactive sulfonium salts. These 
electrophiles include dicyclohexylcarbodiimide-}-acid,1) 
acetic anhydride,2) acetyl chloride,3) phosphorus 
pentoxide, polyphosphoric acid,4) sulfur trioxide-py-
ridine,5) diphenylketene-/?-tolylimine-f acid,6) etc. 

By employing sulfides activated with chlorine or 
N-chlorosuccinimide, Corey and Kim7) carried out 
the mild oxidation of aliphatic alcohols to ketones. 
Gassman and co-workers8-10) described ortho-methyl-
thiomethylation of anilines by using JV-chloro-
anilines and dialkyl sulfide. However, N-chloroanilines 
with electron-donating groups are unstable and easily 
oxidized to tar. Thus the reaction does not proceed 
without disturbance even though the improved di­
methyl sulfide-chlorine method11) is employed. Si­
milar difficulties arise with the or/Ao-methylthiometh-
ylation of phenols. 

As for the reaction of activated sulfoxides, Claus 
and coworkers12,13) reported that dimethyl sulfoxide 
and phosphorus pentoxide complex reacted with 
anilines to produce JV-arylsulfimides. The dimethyl 
sulfoxide-phosphorus pentoxide system presented dif­
ficulties in purification of the product during the 
course of work-up. Swern and co-workers14) also 
succeeded in preparing sulfimides by employing di­
methyl sulfoxide-trifluoroacetic anhydride. Burdon 
and Moffatt15,16) reported acid-catalyzed ortho-meth-
ylthiomethylation of phenols with dimethyl sul­
foxide, dicyclohexylcarbodiimide, and anhydrous or-
thophosphoric acid. The yields were moderate, 1,3-
benzoxathian and phenyldicyclohexyl urea being pro­
duced as by-products. 

Dimethyl sulfoxide-trifluoroacetic anhydride system 
is expected to overcome these difficulties and improve 
the yields in alkylation of the anilines and the phenols 
owing to a good leaving group, i.e. trifluoroacetate. 

No report has been found concerning the reaction 
of thiophenol with the activated sulfoxide and sulfide, 
except for the formation of diphenyl disulfide with 
dimethyl sulfide and dicyclohexylcarbodiimide.15) The 
dimethyl sulfoxide-trifluoroacetic anhydride complex 
reacted with a variety of the substituted thiophenols 
to give methylthiomethyl phenyl sulfide in good yields. 

Resu l t s and D i s c u s s i o n 

Trifluoroacetic anhydride (TFAA) reacts with di­
methyl sulfoxide (DMSO) readily to afford the complex 

I at low temperature as formulated in Eq. 1. In 
methylene chloride as solvent, it appears as a white 
precipitate (see Experimental) . Trifluoroacetoxyl 
group on the sulfur a tom facilitates the substitution 
of sulfur atom being attacked by nucleophiles. 

GF3-G=0 

CFL-S-CFL + O 
< - 3 5 ° C 

II 

o CF,-C=0 

CH3—S—CH3 

6-C-CF 3 
II 

o 
(I) 

CF ,C0 9 - ;i) 

ortho-Methylthiomethylation of Aniline. In gen­
eral, the 'activated D M S O ' reacts with a variety of 
anilines to afford azasulfonium compounds (2) followed 
by conversion into ylids (5) on treatment with base.10) 
The ylid rearranges smoothly at lower temperature 
to the desired »-substituted aniline via Sommelet-
Hauser type rearrangement as shown in Scheme 1. 
Alternatively, it may also be possible that the treatment 
of base leads to the abstraction of hydrogen on N atom 
of compound 2 to afford sulfimide (3), which rear­
ranges to the corresponding product (6) in base. O n 
the other hand, compound 2 is anticipated to decom­
pose back to the starting aniline (1). If this process 

CH3-^-CH3 

0-jj-CF3 CF3C02 

0 

( I ) 

-_+/CH 3 Na0CH3 

X C H 3 In CH30H 
HN-V 

,CH, 

X 

+2CF3C02" 

+CH3SCH3 

rCHoSCH, 

Scheme 1. 
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is involved, a complete conversion can not be con­
sidered to be at tained. 

NH2 

A TFAA 

X X/ 

NHGOCF s 

A 

7 

(2) 

Substituted anilines ( X = N 0 2 , GN, C 0 2 C H 3 , Cl, 
GH3 , OGH 3 ) were alkylated on the ortho position with 
1.2 equivalent of the complex I. In each case, the 
reaction proceeded without significant amount of tar, 
the unreacted aniline being easily recovered as shown 
in Table 1. 

TABLE 1. O^AO-METHYLTHIOMETHYLATION 

OF />ara-SUBSTITUTED ANILINES 

Gompd X 
Yield (%)•> R e c o y e r e d 

a J n anilines (%) 

l a 
l b 
lc 
Id 
l e 
If 

lg 

N 0 2 

CN 
G02GH3 

Gl 
H 
GH3 

OGH3 

55 
52 
49 
67 
54 
45 
27 

5 
2 

— 
9 
1 

16 
7 

40 
46 
33 
11 
45 
33 
66 

a) Isolated yield based on the starting anilines. 

In the case of anilines substituted by the strong elec­
tron-withdrawing group (i.e. /?-nitroaniline), sulfimide 
3 is preferred to the ylid form, since the hydrogen of the 
amino group is prone to be abstrated rather than the 
methyl hydrogen, and required to be refluxed with 
triethylamine in dry toluene to cause o-alkylation. 
O n the other hand, it is enough to keep the reaction 
mixture below room temperature in the case of the 
rearrangement of azasulfonium compounds derived 
from anilines substituted by electron-donating group 
(i.e. jfr-toluidine and />-anisidine). 

Sodium methoxide in absolute methanol was employ­
ed in each rearrangement of the azasulfonium com­
pounds. JV-Trifluoroacetylation took place instead 
of the desired rearrangement, when the compound 
derived from/>-anisidine was treated with triethylamine. 
Potassium i-butoxide in T H F was examined in a 
similar procedure to give JV-trifluoroacetylation prod­
uct, but the yield of o-alkylation decreased to a few 
%. Methanol is presumed to facilitate the protona­
tion and counter anion exchang12) from 3 to 5 through 
structure 4, and 5 rearranges spontaneously even at 
low temperature below — 50 °G. 

In step 1, trifluoroacetic acid is generated, and is 
thought to protonate the aniline, while the protonated 
aniline is considered not to attack complex I. 
Attempts were made to remove the acid generated. 
In the presence of one equivalent of 2,6-lutidine, p-
chloroaniline was reacted with the complex followed 
by the usual procedure. GLG analysis shows the form­
ation of o-substitution product (20%) and acylation 
product (27%) , and recovery of unreacted aniline 

(30%), indicating that 2,6-lutidine was not effective. 
In the same manner, /»-toluidine was reacted in the 
presence of potassium carbonate. GLC analysis sug­
gests that acylation predominated. Two equivalent 
of/»-chloroaniline to the complex I afforded o-substitut-
ed product in 4 5 % yield, attempts being unsuccessful. 

Trifluoroacetylation took place as the sole side reac­
tion (Eq. 2). However, it was possible to depress 
it with a choice of solvent system. Trifluoroacetylation 
is more unfavorable than the alkylation of aniline in a 
less polar solvent, though the process of alkylation is 
complicated. Less polar solvent (toluene) was pre­
ferred to methylene chloride in the reaction of jfr-anisi-
dine which has higher basicity; Methylene chloride-
acetonitrile ( l / l = v / v ) solvent was preferred in the 
reaction of/?-chloroaniline which is less basic (Table 2). 

o-Monosubstituted anilines were also alkylated on 
the ortho position in a similar manner . Table 3 gives 
the yields of o-alkylation of the o-monosubstituted 
anilines. Methylene chloride-acetonitrile ( l / l = v / v ) 
was used as the solvent, toluene being used in the case 
of o-anisidine. o-Anisidine was alkylated in 5 2 % yield 
in toluene as compared with 2 4 % in methylene chloride. 

TABLE 2. 

Gompd X Solvent Yield(%)a> 
of 6 

7/(Recovered 
aniline + 7) 

XlOO 

Id 

If 

lg 

Gl 

CH3 

CH2C12 
CH2Cl2-CH3CNb> 

CH3CN 

CH2C12 
CH2Cl2-CH3CNb> 

GH3GN 

( Toluene 
OGH3 \ GH2G12 

(CH2Cl2-CH3CNb> 

21 
67 
40 

39 
45 
14 

27 
23 
23 

24 
25 
29 

15 
33 
37 

10 
9 

24 

a) Isolated yield based on the starting anilines. 
b) l / l=v /v . 

TABLE 3 . or/Ao-METHYLTHlOMETHYLATION 

NH2 

Y \ / X 
II 1 

8 

Compd 

8a 
8b 
8c 
8d 

OF orfAo-SUBSTITUTED ANILINES 

1) DMSO-TFAA 
» 

2) NaOCH3 in abs. CH3OH 

NH2 NHGOCF3 

Y\A/GH2SCH3 Y x / \ 
II 1 + II 1 

9 10 

Y 

N 0 2 

Cl 
GH3 

OGH3 

Yield (%)a> Recovered 
, » . anilines 
9 10 (%) 

41 8 40 
71 19 trace 
48 15 25 
52 11 37 

a) Isolated yield based on the starting anilines. 
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Methylthiomethylation of the Phenols. To a solution 

of the DMSO-TFAA complex formed below - 6 0 °C 
was added the substituted phenol 11 to produce oxy­
sulfonium compound 12, followed by conversion into 
ortAo-alkylated phenols 13 and 14 through the ylid 
intermediate on treatment with base. Scheme 2 shows 
the reaction path. 

O H 
/CH3 

o-s+ 
/ % , DMSO-TFAA / S s 3 

l i 

R X / 
12 

O H 

+ GFoGOoH 

OH 
i 

Base /Ny,CH2SCH3 CH3SCH2\/^\/CH2SCH3 

— > II I + II I 
R X / R X / 

13 14 

Scheme 2. 

Various substituted phenols were alkylated as shown 
in Table 4, yields higher than those of the precedent 
works being marked.15»20) 

When the DMSO-TFAA complex and phenol were 
treated with sodium methoxide in absolute methanol, 
the desired product 13 was not obtained. Triethyl-
amine was found to be the suitable base. In the reac­
tion quenched 7 min after addition of the base, 0.5 
equivalent of complex I to phenol marked a higher 
yield than one equivalent. This indicates that phenol 
was protonated and blocked by trifluoroacetic acid 
generated in the course of the reaction. It was thus 
necessary to eliminate the acid. 2,6-Lutidine, which 
has little nucleophilicity and is able to trap proton, 
was considered to be effective. Table 5 gives the 
yield from o-cresol and the effect of 2,6-lutidine. In 
the absence of triethylamine, 2,6-lutidine did not work 
as the base in the rearrangement, but a combination of 
2,6-lutidine and triethylamine was recognized to be a 
good base. Optimum yield was attained in methylene 
chloride-hexane (1/1 = v/v). 

On the other hand, phenol reacted with DMSO-
TFAA in acetonitrile at room temperature to produce 
viscous liquid instantaneously. NMR analysis (in 
CDG13) showed a singlet (6H) at Ô 2.68 and a multi­
plet (4H) at ô 7.24—7.36. The liquid was refluxed 
with triethylamine in acetonitrile for 5 h to afford 4-
methylthiomethylphenol in 2 3 % yield (Eq. 3): NMR 
(CCLJ «5=1.84 (s, 3), 3.44 (s, 2), and 6.44— 7.08 ppm 
(q, 4). Anisol which also produced viscous liquid in 

T A B L E 4 . orfAo-METHYLTHlOMETHYLATlON 

OF SUBSTITUTED PHENOLS 

Gompd R 

11a 
lib 
lie 
lid 
lie 
llf 

4-OCH3 

4-CH3 

H 

4-G1 

2-GH3 

2,4-CH3 

Yield 

13 

55 
33 
39 
43 
49b) 
41 

(%)a) 

14 

14 
5 

— 
11 

a) Isolased yield based on TFAA. 
b) Determined by GLPG. 

a similar procedure was refluxed in acetonitrile with 
triethylamine to afford 4-methylthiomethylanisol (Eq. 
4). The yield was low, but unreacted anisol was 
recovered: NMR (CCLJ «5=1.88 (s, 3), 3.46 (s, 2), 
3.64 (s, 3), 6.56—7.01 (q, 4). 

OH 

A 
11 1 
\ ^ 

l i e 

I) DMSO-TFAA, 
r. t. 

2) Et3N, in 
CH 3 CN, reflux 

OH 

A 
V 91%*+ V 1 

GH2SGH3 

OH 

A / G H 2 S G H 3 

9%* 

OGH3 

A 
11 1 

1) DMSO-TFAA, 
r. t. 

2) Et3N, in 
CH 3CN, reflux 

15 13c 
(conversion 35%) 

OCH3 

A 
CH2SCH3 

16 

(3) 

(4) 

Hirose and Ukai reported on the conversion of 
dimethyl-j&-hydroxyphenylsulfonium Perchlorate 17 into 
methyl /?-hydroxyphenyl sulfide (18) by heating in an 
aqueous saturated potassium chloride solution.17) The 
acetonitrile solution of DMSO-TFAA and phenol was 
refluxed in an aqueous saturated potassium chloride 
solution for 5 h. No methyl /»-hydroxyphenyl sulfide 
was detected. Dimethyl-/>-hydroxyphenylsulfonium 
Perchlorate was prepared according to the method of 
Hirose and Ukai,17) and treated with triethylamine 
in acetonitrile at room temperature. The sole product 
was identified with methyl jfr-hydroxyphenyl sulfide 
18. The results exclude the possibility of oxysulfonium 
intermediate 12 and dimethyl-/>-hydroxyphenylsulfo-

* Yield was determined as 
by Raney-Ni. 

cresol after desulfurization 

TABLE 5. 

Gompd R 
Reaction 
time (h) 

Base 
2,6-Lutidine 

(equiv) 
Solvent 

Yield (%) 
of 13 

lie 
lie 
lie 
lie 
lie 

H 

2-GH3 

2-GH3 

2-GH3 

2-CH, 

14 
3 
3 
3 
3 

NaOGH3 

Et3N 

Et3N 

Et,N 

0 
0 
1.2 
1.2 
1.2 

GH2G12 

CH2C12 

GH2G12 

GH2G12 

CH2C12-Hexanea> 

0 
19 
40 

0 
49 

a) l/l=v/v. 
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nium intermediate in the para alkylation reaction of 
phenol. I t seems that methylmethylenesulfonium cat­
ion (Pummerer type intermediate) is the attacking 
species to phenol and anisol. 

Methylthiomethylation on Sulfur Atom of Thiophenols. 
Complex I reacted with thiophenol below —50 °C 
under the usual conditions. Thiophenol was oxidized 
to give diphenyl disulfide, D M S O being reduced to 
dimethyl sulfide quantitatively. I t is assumed that 
dimethylphenylthiosulfonium species was attacked by 
unreacted thiophenol along path a as shown in Scheme 
3. 

CH3-S-CH3 
Q + TFAA 

f • 1 

CH3-S-CH3 

OCOCF3 

path a 

\ 

LI 3LU2 * 

' ( i ) 

SH 

M 
M* 

= = = IH3-Ù-LH2« 

path b 

\ 

*CH 3 -S-CH 2
+ I 

CF3C02 - ( I I } 

SH 

Û I X 
CH3-S-CH3 SCK2SCH3 

20 

CH3SCH3 + 

Scheme 3. Generation of the Pummere type inter­
mediate. 

O n the other hand, complex I is expected to be trans­
formed into carbonium ion following deprotonation 
(Pummerer type intermediate) ( I I ) . Trifluoroacetoxy 
anion (the counter anion) in the complex I has very 
weak nucleophilicity. Thus a certain nucleophile is 
considered to be able to t rap this intermediate 
carbonium ion. /?-Methylthiophenol gave methylth-
iomethyl jfr-methylphenyl sulfide 20 in good yield 
(59% isolated) and bis(/?-methylphenyl) disulfide ( 2 1 % 
yield) in a simple procedure : TFAA and thiophenols 

T A B L E 

Gompd 

19a 
19b 
19c 

6. METHYLTHIOMETHYLATION OF THIOPHENOL 

SH 

/ X 
NX 

R 
19 

DMSO-TFAA 

CI-IjCN, r. t. 

R 

CI 
H 
CH3 

SCH2SCH3 -<:> 

R 
20 

Yield») of 20 (%) 

55 
59 
59 

a) Isolated yield by preparative thin layer chromato­
graphy. 

were added to an acetonitrile solution of D M S O 
successively at room temperature, and the reaction 
mixture was evaporated. T h e reaction was completed 
instantaneously, and dimethyl sulfide and trifluoroacctic 
acid formed were removed by evaporation of the sol­
vent. No additional base was required. The yield 
decreased from 59 to 21 % in the presence of tri-
ethylamine, because of the decomposition of com­
plex I . 

Several substituted thiophenols were alkylated (Table 
6). D M S O - T F A A complex is^the effectivel reagent 
for methylthiomethylation. 

Exper imenta l 

Preparation of 4-Chloro-2-methylthiomethylaniline (6d) from p-
Chloroaniline. (Procedure A) Dimethyl sulfoxide ( 1.4 g, 
18 mmol) was dissolved in 20 ml of dry methylene chloride-
acetonitrile ( l / l=v /v) , and the solution was stirred with a 
magnetic stirrer under nitrogen atmosphere and cooled below 
— 70 °G in a Dry Ice-acetone bath. Trifluoroacetic an­
hydride (TFAA, 2.5 g, 12 mmol) was added dropwise to the 
solution maintained below —30 °C. The reaction was 
exothermic and a white precipitate immediately appeared. 
To the solution was gradually added /»-chloroaniline ( 1.28 g, 
10 mmol) in 10 ml of acetonitrile. A white precipitate soon 
disappeared and the solution which became homogeneous 
was kept stirring for 5 h. Sodium methoxide (30 mmol) 
in 15 ml of absolute methanol was added to the reaction 
mixture dropwise below —50 °C. The solution was allowed 
to warm to room temperature and was kept overnight (ca. 
12 h). The resulting mixture was diluted with 40 ml of 
10% aqueous sodium hydroxide. The organic layer was 
separated, the aqueous phase extracted three times with 
70 ml portions of methylene chloride, and the organic layers 
were combined with the original organic phase, dried over 
anhydrous magnesium sulfate, filtered, and concentrated 
in vacuo to yield yellow oil. The resulting oil was dissolved 
in 100 ml of acetonitrile with 5 ml of triethylamine, and 
refluxed for 15 h. The solution was evaporated in order 
to remove the solvent and triethylamine to give a brown oil. 
Column chromatography on silica gel gave acylated aniline, p-
chloroaniline, and 4-chloro-2-methylthiomethylaniline: 1.27 
g isolated (eluant: benzene-hexane= 1/1, v/v) ; mp 79— 
80 °C (lit, mp 78—79°C12>); NMR (CC14) 0=2.00 (s, 3), 
3.62 (s, 2), 4.07 (s, 2), 6.5—7.1 (m, 3) (identical with the 
lit12)). 

Preparation of 4-Nitro-2-methylthiomethylaniline (6a) from p-
Nitroaniline. (Procedure B) DMSO (1.4 g, 18 mmol) in 
90 ml of dry methylene chloride-acetonitrile (1/1= v/v) was 
stirred and kept below — 70 °C in a Dry Ice-acetone bath 
under nitrogen atmosphere. TFAA (2.5 g, 12 mmol) was 
added dropwise to the solution maintained below — 30 °C 
throughout the course of addition. No white precipitate 
appeared. To the solution was gradually added /»-nitroaniline 
(1.38 g, 10 mmol) and DMSO (3 ml) dissolved in 20 ml of 
acetonitrile. It was kept stirring for 7 h, and sodium methox­
ide (50 mmol) in 25 ml of absolute methanol was added 
dropwise below —40 °C. The reaction mixture was allowed 
to warm to room temperature and kept overnight ( 10 h). 
After the usual workup, yellow crystals and oil were obtained. 
They were dissolved in 100 ml of dry toluene with 5 ml of 
triethylamine, and refluxed for two days. This solution was 
evaporated to give crude solid. Column chromatography 
on silica gel gave 4-nitro-2-methylthiomethylaniline : 0.99 g 
isolated (eluant : benzene) ; mp 75—76 °C (lit, mp 75— 
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77°C12>); N M R (GDG13) (5=2.06 (s, 3), 3.72 (s, 2), 4.92 
(s, 2), 6.64—8.12 (m, 3) (identical with lit12)). T h e crystals 
obtained before reflux were identified with JV-nitrophenyl 
dimethyl sulfimide: m p 164—167 °G (lit, m p 166—167 
°C14>); N M R (CDGlj) (5=2.72 (s, 3), 6.66—8.04 (q, 4) 
(identical with lit14)). 

Preparation of 4-Methyl-2-methylthiomethylaniline (6f) from p -
Toluidine. (Procedure C) D M S O - T F A A complex was 
prepared in 20 ml of methylene chloride and acetonitrile 
from 18 mmol of D M S O and 12 mmol of T F A A as described 
in procedure A. /»-Toluidine (1.07 g, 10 mmol) in 10 ml of 
acetonitrile was added dropwise below — 50 °G. T h e solu­
tion was stirred for 3 h. Sodium methoxide (30 mmol) in 
absolute methanol 15 ml was added slowly, and the solution 
was kept overnight at room temperature (ca. 10 h) . The 
usual work-up gave a dark oil. Column chromatography 
on silica gel gave 4-methyl-2-methylthiomethylaniline: 0.752 
g isolated (eluant: benzene -hexane= 1/1, v /v) ; mp 4 3 — 
44 °G (lit, m p 42—45°C 1 2 ) ) ; N M R (CCLJ (5=1.91 (s, 3), 
2.21 (s, 3), 3.58 (s, 2), 3.79 (s, 2), 6.42—6.86 (m, 3) (identical 
with values in lit12)). 

Preparation of 2-Methylthiomethylaniline (6e) from Aniline. 
The reaction was carried out according to procedure A. 
Methylene chloride (20 ml) solution of the D M S O - T F A A 
complex ( D M S O 36 mmol and TFAA 24 mmol) and 20 ml 
of methylene chloride solution of aniline (20 mmol) were 
employed. Column chromatography on silica gel gave 2-
methylthiomethylaniline : 0.83 g isolated (eluant : benzene-
h e x a n e = l / l , v /v) ; N M R (CC14) (5=1.94 (s, 3), 3.64 (s, 2), 
4.01 (s, 2) 6.60—7.12 (m, 4) (identical with lit12)), and 
JV-trifluoroacetylaniline 7e : M S (20 eV), m/e, 189; N M R 
(CDC13) 0=7.14—7.50 (m, 5), 7.80 (s, 1); I R (KBr) 
1710 cm- 1 ; m p 90.0—90.5 °C. 

Preparation of 4-Methoxy-2-methylthiomethylaniline (6g) from p -
Anisidine. T h e reaction was carried out according to 
procedure C. T h e D M S O - T F A A complex was prepared 
in dry toluene. Column chromatography on silica gel 
gave 4-methoxy-2-methylthiomethylaniline : 0.49 g (eluant : 
benzene-hexane) ; N M R (CCLJ 0 = 1 . 9 2 (s, 3), 3.53 (s, 2), 
3.63 (s, 3), 3.68 (s, 2), 6.46 (s, 3) (identical with lit10)). 

Preparation of 4-Cyano-2-methylthiomethylaniline (6b) from p -
Cyanoaniline. T h e reaction was carried out according 
to procedure B. Column chromatography on silica gel gave 
4-cyano-2-methylthiomethylaniline : 0.94 g isolated ; mp 84— 
86 °C; N M R (CDC13) (5=2.00 (s, 3), 3.68 (s, 2) , 4.7 (s, 2), 
6.5—7.2 (m, 3) (identical with values in lit18)). 

Preparation of 4-Carbomethoxy-2-methylthiomethylaniline (6c) 
from p-Carbomethoxy aniline. T h e reaction was carried 
out according to procedure B. Column chromatography on 
silica gel gave starting aniline, acylated aniline, and 4-carbo-
methoxy-2-methylthiomethylaniline : 1.03 g isolated (eluant : 
benzene); mp 85—87 °C; N M R (GDG13) 0 = 2 . 0 0 (s, 3), 
3.80 (s, 2) , 3.82 (s, 3), 4.80 (s, 2), 7.4—8.0 (m, 3) (identical 
with values in lit18)). 

Preparation of 6-Chloro-2-methylthiomethylaniline (9b) from o-
Chloroaniline. T h e reaction was carried out according 
to procedure A. T h e oil obtained after quenching with 
10% aqueous sodium hydroxide was refluxed in 100 ml 
acetonitrile with 5 ml of triethylamine for 10 h. Column 
chromatography on silica gel gave 6-chloro-2-methylthio-
methylaniline: 1.33 g isolated (eluant: benzene -hexane= 
1/1, v /v) ; N M R (CC14) (5=1.85 (s, 3), 3.57 (s, 2), 4.48 (s, 2) , 
6.51—7.18 (m, 4) (identical with values in lit12)). 

Preparation of 6-Methoxy-2-methylthiomelhylaniline (9d) from 
o-Anisidine. D M S O (1.4 g) was dissolved in 100 ml of dry 
toluene, and the solution was cooled below — 70 °C in a Dry 
Ice-acetone bath under nitrogen atmosphere. T F A A (2.5 

g) was added. Methylene chloride solution of o-anisidine (10 
mmol) was added dropwise. T h e precipitate soon disap­
peared, and the solution was kept standing for 5 h. Sodium 
methoxide (30 mmol) in 15 ml of methanol was added below 
— 50 °C. The cooling ba th was removed in order to warm 
the reaction mixture upto room temperature . After quench­
ing with 10% aqueous sodium hydroxide, the reaction 
mixture was dissolved in 100 ml of acetonitrile and refluxed 
for several hours with 5 ml of triethylamine. Preparative 
thin layer chromatography (Merck Silica gel 60 PE254) gave 
6-methoxy-2-methylthiomethylaniline : 0.95 g isolated (eluant : 
b e n z e n e - h e x a n e = l / l , v /v) ; N M R (CC14) 0 = 1 . 8 7 (s, 3), 3.57 
(s, 2), 3.76 (s, 3), 4.04 (s, 2), 6.56—7.16 (m, 3) ; M S (20 
eV), m je, 183. 

Preparation of 6-Nitro-2-methylthiomethylaniline (9a) from 
o-Nitroaniline. T h e reaction was carried out according 
to procedure B. Column chromatography on silica gel gave 
6-nitro-2-methylthiomethylaniline: 0.812 g isolated (eluant: 
b e n z e n e - h e x a n e = l / l , v /v) ; m p 80—82 °C; N M R (CDC13) 
0 = 2 . 0 0 (s, 3), 3.70 (s, 2) , 6.5—7.2 (m, 3), 8.0 (s, 2 ) ; MS 
(20 eV), m/e, 198, 151, and 105. 

Preparation of 6-Methyl-2-methylthiomethylaniline (9c) from o-
Toluidine. T h e reaction was carried out according to 
procedure A. Preparative thin layer chromatography (Merck 
Silica gel 60 PE254) gave 6-methyl-2-methylthiomethylaniline: 
0.802 g isolated (eluant: benzene-hexane = 1/2, v /v ) ; N M R 
(CC14) (5=1.86 (s, 3), 2.08 (s, 3), 3.53 (s, 2), 3.90 (s, 2), 
6.56—7.16 (m, 3) (identical with values in lit12)). 

Preparation of 2-Methylthiomethylphenol (13c) from Phenol. 
(General Procedure) D M S O - T F A A complex was prepared 
from D M S O (28 mmol) and T F A A (14 mmol) in 10 ml of 
dry methylene chloride below — 60 °C. White precipitate 
appeared immediately. Phenol (2.7 g, 29 mmol) and 2,6-
lutidine (1.6 g 15 mmol) dissolved in 4.5 ml of D M S O and 
10 ml of methylene chloride was added dropwise, and the 
solution was stirred for 3 h. After triethylamine (2 ml) 
had been added, the solution was allowed to warm up to 
room temperature overnight. T h e reaction mixture was 
poured into 70 ml of dil. hydrochloric acid, the organic 
layers were separated, and the aqueous phase was extracted 
three times with 50 ml portions of methylene chloride. The 
organic layers were combined, and dried over magnesium 
sulfate, filtered, and concentrated in vacuo. Column chro­
matography on silica gel gave 2-methylthiomethylphenol: 
0.452 g isolated (eluant: benzene-hexane = 1/1, v /v) ; N M R 
(CCLJ 0 = 1 . 8 6 (s, 3), 3.58 (s, 2), 6.40—6.96 (m, 4) (identical 
with values in lit19)); I R (neat), 3350cm" 1 ( O - H ) . 

Preparation of 4-Methyl-2-methylthiomethylphenol (13b) from 
p-Cresol. T h e reaction was carried out according to 
the general procedure. /»-Cresol (0.99 g) , D M S O (0.7 ml) , 
and TFAA ( 1.04 g) were employed. T h e resulting oil was 
purified by preparative thin layer chromatography (Merck 
Silica gel 60 PF2 5 4) , which gave 0.28 g of mono substituted 
cresol and 0.06 g of disubstituted cresol (eluant : benzene-
hexane = 1 / 1 , v/v). 4 - methyl - 2 - methylthiomethylphenol : 
N M R (CCLJ (5= 1.88 (s, 3), 2.18 (s, 3), 3.58 (s, 2), 6.52 (m, 3) 
(identical with values in lit20)); I R (neat), 3350 cm" 1 ( O - H ) 
4-methyl-2,6-bismethylthiomethylphenol: N M R (CCLJ ô= 
1.92 (s, 6), 2.20 (s, 3), 3.62 (s, 4) , 6.78 (s, 2 ) ; I R (neat), 
3300 c m - 1 ( O - H ) . 

Preparation of 4-Chloro-2-methylthiomethylphenol (13d) from 
p-Chlorophenol. The reaction was carried out according 
to general procedure. D M S O (0.4 ml) , T F A A (0.50 g) , 
and /»-chlorophenol (0.75 g) were employed. T h e resulting 
oil was separated by preparative thin layer chromatography 
(Merck Silica gel PF2 5 4 , e luant : benzene-hexane = 1/1, 
v/v) to give 0.20 g of 4-chloro-2-methylthiomethylphenol:21) 
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N M R (CG14) (5=1.96 (s, 3), 3.62 (s, 2), 6.96—7.20 (m, 3) ; 
I R (neat), 3310 cm" 1 ( O - H ) , and 0.06 g of 4-chloro-2,6-
bis(methylthiomethyl)phenol: N M R (CC14) 0 = 1 . 9 2 (s, 6), 
3.60 (s, 4) , 6.96 (s, 2 ) ; I R (neat), 3290 cm" 1 ( O - H ) 

Preparation of 4-Methoxy-2-methylthiomethylphenol (13a) from 
p-Methoxyphenol. T h e reaction was carried out ac­
cording to general procedure. D M S O (6 mmol) , T F A A 
(2.3 mmol) , and /»-methoxyphenol (5 mmol) were employed. 
Preparative thin layer chromatography (Merck Silica gel 
60 PF2 5 4 , e luant : benzene -hexane= 1/1, v/v) gave 4-
methoxy-2,6-bis(methylthiomethyl)phenol (0.08g) and 4-meth-
oxy-2-methylthiomethylphenol (0.23 g) . Mono-alkylated 
product:2 1) N M R (GG14) 0 = 1 . 9 4 (s, 3), 3.64 (s, 2), 3.68 
(s, 3), 6.52—6.80 (m, 3) ; I R (neat), 3340 c m - 1 ( O - H ) di-
alkylated product : N M R (GC14) <5=1.98 (s, 6) , 3.68 (s, 4), 
3.74 (s, 3), 6.60 (s, 2 ) ; I R (neat), 3340 c m - 1 ( O - H ) 

Preparation of 2-Methyl-6-methylthiomethylphenol (13e) from 
o-Cresol. T h e reaction was carried out according to 
general procedure. D M S O (10 mmol) , T F A A (6 mmol) , 
and o-cresol (5 mmol) were used. Column chromatography 
on silica gel (eluant: benzene -hexane= 1/1, v/v) gave 6-
methyl-2-methylthiomethylphenol (0.412 g) :ao> N M R 
(CC14) 0 = 1 . 9 2 (s, 3), 2.24 (s, 3), 3.64 (s, 2) , 6.56—7.00 
(m, 3 ) ; I R (neat), 3360 cm" 1 ( O - H ) . 

Praparation of 2,4-Dimethyl-6-methylthiomethylphenol ( 13f) from 
2,4-Xylenol. According to the general procedure, 2,4-
xylenol was converted into methylthiomethylated phenol. 
D M S O (20 mmol) , T F A A (12 mmol) , and 2,4-xylenol 
(10 mmol) were used. T h e resulting oil was separated by 
column chromatography on silica gel (eluant: benzene-
h e x a n e = l / l , v/v) to give 0.75 g of 4,6-dimethyl-2-methyl-
thiomethylphenol:2") N M R (CC14) 0 = 1 . 8 8 (s, 3), 2.14 
(s, 6), 3.60 (s, 2), 6.24—6.76 (m, 2 ) ; I R (neat), 3350 cm" 1 

( O - H ) . 
Reaction of Dimethyl-p-hydroxyphenylsulfonium Perchlorate with 

Triethylamine. Dimethyl-/>-hydroxyphenylsulfonium Per­
chlorate was prepared by the method17) of Hirose and Ukai ; 
7 8 % yield, m p 158—159 °G (lit, m p 155—157 °G); N M R 
(GD3CN-CDG13) 0 = 3 . 0 6 (s, 6), 7.00—7.75 (q, 4) . 

Triethylamine was added to 20 ml acetonitrile solution 
of dimethyl-/>-hydroxyphenylsulfonium Perchlorate at room 
temperature . White precipitates appeared instantaneously. 
After evaporation of the solvent, the reaction mixture was 
washed with 100 ml of water and extracted three times with 
60 ml portions of chloroform. T h e organic phase was dried 
over anhydrous magnesium sulfate and concentrated in 
vacuo to yield white crystals which were identified with methyl 
/»-hydroxyphenyl sulfide: m p 85—86 °C (lit, m p 86— 
87 °C17>); N M R (CC14) 0 = 2 . 3 8 (s, 3), 4.18 (s, 1), 6 .61— 
7.17 (q, 4) . 

Preparation of Methylthiomethyl Phenyl Sulfide (20b) from 
Thiophenol. (General Procedure) D M S O (10 mmol) wa 
dissolved in 10 ml of dry acetonitrile at room temperature . 
T F A A (2.1 g, 10 mmol) in 5 ml acetonitrile was added to 
the solution at room temperature with stirring. Thiophenol 
(10 mmol) was added. T h e reaction was completed instan­
taneously, and the reaction mixture was evaporated in order 
to remove the solvent. T h e resulting yellow liquid was 
separated by preparat ive thin layer chromatography (Merck 
Silica gel 60 PF2 5 4 , e luant : hexane) to give methylthio­
methyl phenyl sulfide (1.0 g, 5 9 % yield): N M R (CG14) 
0 = 2 . 1 9 (s, 3), 3.95 (s, 2) , 7.12—7.46 (m, 5 ) ; M S (20 eV), 
m je, 170 and 61 . 

Preparation of Methylthiomethyl p-Chlorophenyl Sulfide (20c) 
from p-Chlorothiophenol. T h e reaction was carried out 
according to general procedure. Preparative thin layer 
chromatography (Merck Silica gel 60 PF2 5 4 , e luant : hexane) 
gave methylthiomethyl /»-chlorophenyl sulfide: 0 .94g iso­
lated: N M R (CC1J 0 = 2 . 1 8 (s, 3), 3.93 (s, 2), 7.30 (s, 4 ) ; 
MS (20 eV), m/e, 204 and 61 . 

Preparation of Methylthiomethyl p-Methylphenyl Sulfide (20c) 
from p-Methylthiophenol. T h e reaction was carried out 
according to general procedure. Preparative thin layer 
chromatography (Merck Silica gel 60 PF3 5 4 , eluant : hexane) 
gave methylthiomethyl />-methyIphenyl sulfide: 1.1 g iso­
lated; N M R (GG14) 0 = 2 . 1 6 (s, 3), 2.31 (s, 3), 3.82 (s, 2), 
6.98—7.29 (q, 4 ) ; M S (20 eV), m/e, 184 and 61 . 

T h i s w o r k w a s p a r t i a l l y s u p p o r t e d b y a G r a n t - i n -
A i d for Sc ience R e s e a r c h f rom t h e M i n i s t r y of E d u c a ­
t i on ( N o . 043017 1 9 7 5 — 6 ) . 
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Seven-membered iV-Heterocycles. XIII.1' Rearrangement of 7-Benzyl-4-hydroxy 
ß^^jO-tetraliydro-SÄ-pyrimido[4,5-rf]azepines to 7-Benzyl-4-vinyl-

6,7-dihydro-5Ä.pyrrolo[2,3-rf]pyrimidines 
Hiroshi YAMAMOTO, Heizan KAWAMOTO, Shiro MOROSAWA, and Akira YOKOO 

Department of Chemistry, Faculty of Science, Okayama University, Tsushima, Okayama 700 
(Received July 26, 1976) 

The title pyrimidoazepines when treated with phosphoryl chloride underwent rearrangement to the vinyl-
pyrrolo-pyrimidines via probable intermediates 5-(2-benzylaminoethyl)-4-chloro-6-vinylpyrimidines. Reduction 
and subsequent dehydrogenation of the products led to the preparation of 4-ethyl-7i/-pyrrolo[2,3-fif]pyrimidines 
and their 5,6-dihydro derivatives. The structures are discussed on the basis of pK& values, UV and NMR spectra. 

Tetrahydroazepines fused with various heterocycles 
have been actively synthesized in recent years mainly 
because of their pharmacological usefulness.2) We have 
reported3) the synthesis of a variety of substituted 4-
hydroxy-6,7,8,9-tetrahydro-5//-pyrimido [4,5-Û?] azepines 
(e.g. 1) by the condensation of iV-substituted 5-ethoxy-
carbonyl-l-azacycloheptan-4-ones with various form-
amidine derivatives. These 4-hydroxypyrimidoazepines 
have been converted to the versatile 4-chloro derivatives 
by the usual method4) (i.e. with POCl 3 in the presence 
of PhNEt 2 as a catalyst), leading to the preparation of 
6,7,8,9-tetrahydro-5//-pyrimido[4,5-ûf] azepines bearing 
various substituents at the 2,4,7-positions.3) 

O n carrying out the above chlorination without 
catalyst, however, we had noticed a considerable 
decrease in the yield of the desired 4-chloro com­
pounds along with the simultaneous formation of a 
certain by-product. We wish to report here the 
structure of the by-product which was found to form 
through a rare type of rearrangement, since such a 
ring transposition of heterocycles has been a topic of 
current interest.5) 

The present investigation showed that refluxing l a in 
POGl 3 (without PhNEt2) for 2—5 h also gave the 
expected 4-chloro compound3) 2a in a reasonable 
yield (60—70%). The U V spectra of the monocat-
ions of 2a and its dechlorinated derivative6) 3 did not 
differ appreciably from those of the neutral species 
(see Table 1). This implied that the first protonation 
took place on the azepine ring nitrogen in 2a and 3 
(cf. U V spectra and pA"a values of pyrimidine7 '8) and 
benzylamine9 '10) ). 

Prolonged heating of l a (e.g. for 34 h) with POCl 3 

and subsequent chromatographic separation of the 
reaction mixture over alumina, however, resulted in 
formation of 2a (40%) and a minor amount of intensely 
blue-fluorescent (under U V light) colorless prisms. 
The latter compound had the molecular formula C l ö-
H 1 5N 3 (thus its yield was 30%) . The I R spectrum 
indicated absence of O H , N H , or C = 0 group but 
showed characteristic absorptions at 1635, 980, and 
930 cm - 1 , indicative of the presence of a vinyl group. 
In contrast to 2a and 3 the by-product had the longest 
wavelength U V absorption maximum at 324 nm which, 
on protonation (pK& 5.94), showed a hypsochromic 
shift of ca. 20 nm with an increased intensity (Table 
1); this is reminiscent of the U V spectra of 4-amino-
pyrimidines (see below). Since 4-vinylpyrimidine has 
been reported11) to exhibit a strong, blue fluorescence 
under U V light, the presence of a vinyl group attached 

to a 4-aminopyrimidine nucleus was thought to account 
for the intense fluorescence and the U V of the by­
product. The N M R spectrum of the by-product 
markedly differed from that of 2a (Table 2) in the 
following respects: 1) a down-field shift (1.0 ppm) of 
the benzyl methylene singlet (at ô 4.59) of the by­
product and 2) splitting of the complex azepine ring 
methylene absorptions (8H) of 2a into a quasi-A2B2 

methylene signal (4H; centered at ô 3.20) and a typical 
ABX vinyl signal (at Ô 6.60, 6.28, and 5.54). The 
remaining absorptions in the spectrum of the by­
product were two singlets at ô 7.27 (5H; Ph) and 8.39 
( 1H ; pyrimidine ring proton) ; no deuterium-exchange­
able proton was present. Combination of these spectral 
data led to the structure 4a 7-benzyl-4-vinyl-6,7-
dihydro-5//-pyrrolo[2,3-d]pyrimidine for the by-prod­
uct ; the assignments of the N M R signals are shown 
in Table 2. 

Heat ing the 2-methylpyrimido-azepine ( l b ) with 
POCI3 analogously produced a mixture of the chloro 
compound3) (2b) and the similar rearranged product 
(4b) ; yields of 2 b and 4b (from l b ) vs. reaction time 
are shown in Table 3. T h e U V and N M R spectra 
of 2b and 4b , which closely resembled those of 2a 
and 4a, respectively, were consistent with the structures 
(see Tables 1 and 2). The pA"a of 4b (6.95) was one 
unit higher than that of 4a, while the pÄ"a difference 
between 2 b and 2a was 0.35. This can be explained 
in terms of the large base-strengthening effect of a 
methyl group (usually 0.8 unit) when it is a- or y- to 
ionizing nitrogen.12) 

T h e 2-phenyl derivative l c , made by the condensa­
tion of l-benzyl-5-ethoxycarbonyl-l-azacycloheptan-4-
one with benzamidine, gave only the 4-chloro compound 
2c in good yield when treated with boiling POCl 3 for 
2—5 h. Heating of l c with POCl 3 at an elevated 
temperature (160 °C) in a sealed tube, however, pro­
duced the similar rearranged product 4c in 3 8 % yield; 
the physical properties of 4c, recorded in Tables 1 
and 2, were in conformity with the structure. The 
same reaction of the 2-amino compound3) I d with 
POCl 3 yielded a mixture of several intractable prod­
ucts.13) 

T h e structure 4a was confirmed by examining the 
spectra of the hydrogenated derivative 5a readily 
obtainable as colorless prisms with the molecular 
formula of C15H17N3 . Its I R and N M R spectra (Table 
2) clearly showed the conversion of the vinyl group of 
4a to an ethyl group, indicating the structure 7-benzyl-
4-ethy 1-6,7-dihydro-5//-pyrrolo[2,3-d]pyrimidine for 5a, 
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Compound 

2 a 

3 

2 b 

2c 

4 a 

4 b 

4c 

5a 

5 b 

5c 

6 b 

7-Deaza-

purine1) 

6 d 

6e 

6f 

Species0) 

+ 
0 

+ + 
+ 
0 

+ 
0 

+ 
0 

+ 

0 

+ 

0 

+ 
0 

+ 
0 

+ 
0 

+ 
0 

+ 
0 

— 

+ 
0 

+ 
0 

+ 
0 

+ 
0 

— 

Hiroshi YAMAMOTO 

T A B L E 

, Heizan KAWAMOTO, Shiro MOROSAWA, and Akira YOKOO 

1. IONIZATION 

Ionization in water (20° 

P*à 
6 . 7 0 ± 0 . 0 5 

0 . 6 5 ± 0 . 1 

7 . 0 5 ± 0 . 0 5 

7 . 0 5 ± 0 . 0 4 

7.0e) 

5 . 9 4 ± 0 . 0 3 

6 .95-H0.05 

5 .40±0 .03e> 

6 . 6 8 ± 0 . 0 2 

7 . 7 5 ± 0 . 0 2 

6 .20±0 .02e> 

5 . 1 0 ± 0 . 0 2 

13 .3 ± 0 . 1 h > 
j) 

j) 

5 . 9 1 ± 0 . 0 3 
k) 

4 . 2 4 ± 0 . 0 1 s ) 

4 . 8 8 ± 0 . 0 4 

13 .4 ± 0 . 1 h > 

Conen (M) 

3 . 9 X 1 0 - 6 

6 . 7 X 1 0 - 5 

6 . 7 X 1 0 - 5 

2 . 2 X 1 0 - 4 

3 . 1 X 1 0 - 5 

7 . 0 X 1 0 - 5 

4 . 6 X 1 0 " 5 

1 .9X10" 5 

6 . 2 X 1 0 " 5 

4 . 0 X 1 0 - 5 

4 . 5 X 1 0 " 6 

6 . 6 X 1 0 - 5 

6 . 6 X 1 0 - 5 

5 . 4 X 1 0 - 5 

1 . 9 X 1 0 - 5 

2 . 0 X 1 0 - 5 

2 . 0 X 1 0 - 5 

CONSTANTS 

G) 

A.w.l.d) 

230 

254 

227 

234 

230 

295 

291 

238 

280 

277 

261 

271 

280 

288 

257 

272 

270 

AND U V SPECTRAa> 

Spectroscopy 

A m a x (nm) lo 

252, 

253, 

254 

251, 

253, 

261, 

262, 

262, 
265, 

298, 

330, 

225, 

324, 
226, 

305, 

220, 
249, 

245, 

240, 

279 

261, 

277 

263, 

258, 

247, 

226, 

221 , 

231, 

225, 

271 

273 

227, 

222, 

255, 

257, 

250, 

250, 

263, 

257, 

258, 

255, 

255, 

267, 

268 

267, 

268, 

305, 

345 

229, 

330, 
235, 

315, 

227, 

265, 

261, 

291, 

265, 

285 

275 

271, 

271, 

273, 

279, 

265, 

274, 

270, 

303 

302 

298 

291 

332 

261 

263 

268 

273 

291 

293 

315, 

270, 

349 
296, 

328 

236, 

325 

307 

338 

286 

312 

297 

283 

313 

299 

303 

280 

3.66, 

3.69, 

3.75 

3.60, 

3 .62 , 

3 .67, 

3 .67, 

4 .30 , 
4 . 3 8 , 

4.12, 

3.96, 

4 .29 , 
3 .87, 
4.20, 

4 .12 , 

4 . 3 5 , 

4.11, 

4.23, 

4 . 5 5 , 

4 .23 

4.11, 

4 . 2 3 

4 . 0 8 , 

4 .47 , 

4 . 4 1 , 

4 . 4 3 , 

4 .40 , 

4 . 3 5 , 

4 .44 , 

3 .60 

3 .59 

4 .44 , 

4 . 4 2 , 

4 . 4 5 , 

4 .44 , 

4 . 4 1 , 

4 . 4 1 , 

4 .36 , 

[Vol 

ä> in water 

g e 

3 .70, 

3 .73 , 

3.56, 

3.61, 

3.56 

3.59 

4.28, 

4.37, 

4 . 1 3 . 

3.65 

4 .29 , 

3.85, 
4.08, 

4.10, 

4.32, 

3.96, 

4 . 3 1 , 

3 .89 , 

4 .12 , 

3.87 

4.35 

4 .10 , 

3 .52 , 
3 .66 , 

3 . 7 1 , 

3 .49 , 

3 .52 , 

3.63, 

4 . 0 4 

4 .12 

4 .10 

4 .05 

3.65 

3.62 

3.66 

2 .94 

2.99 

3.73 

3.84 

4.10, 

3.90, 

3.58 
4 . 1 1 , 

3.97 

4.27, 

3.94 

4 .07 

3 .84 

3.78 

3.73 

3.37 

3.62 

3.26 

3 .18 

3 .35 

3 .66 

50, No. 2 

~ P H 

3 .8 

8 .9 

- 1 . 3 

4 . 9 

9 .8 

1.7 
9.1 

3 .6 

EtOH f> 

2 .9 

9 .0 

2 .7 

9 .5 

2 .0 

EtOH f> 

3 .8 

9 .8 

1.5 

10.0 

2 .0 

EtOHO 

2 .0 

8.7 

15 

1 

6 .8 

N a O H 

3 .0 

9 .0 

2 .0 

EtOH f> 

2 . 0 

7 .7 

15 

a) Measured with a Hitachi EPS 3T Recording Spectrophotometer, b) Inflections in italics, c) Dication ( + + ) , 
monocation ( + ), neutral species (0), monoanion ( — ). d) Analytical wavelength in nm {cf. Ref. 23). e) Ap-
prox. value because the neutral species is hardly soluble in water, f) In 95 v/v% ethanol. g) In 0.01 M buffers 
containing 25 v/v% ethanol because the neutral species is hardly soluble in the buffers alone, h) Approx. i) 
From Ref. 16. j) No pA"a values have been reported, k) The acidic p7Ca>14. 

The close resemblance of the U V of 5a (\>K& 6.68; 
Table 1) to those of structurally similar 4-dimethyl-
aminopyrimidine {pK& 6.35)14) further supported the 
structure; the longest wavelength absorption maxima 
of the neutral species of both compounds showed about 
7 nm hypsochromic shift (with increased intensities) 
on protonation. The 2-methyl- and 2-phenyl-4-vinyl-
pyrrolo-pyrimidine 4b and 4c were also readily reduced 
to the 4-ethyl derivatives 5b and 5c, respectively. 
Those spectral properties evidently supported the 
structures (see Tables 1 and 2 for U V and N M R 
spectra). 

Synthesis of a variety of substituted pyrrolo[2,3-öf]-
pyrimidines ("7-deazapurines") and their 5,6-dihydro 
derivatives has been drawing an increasing interest 
in view of their biological importance recently.15) 
When our dihydropyrrolopyrimidine 5a was heated 
in decalin in the presence of 10% P d - C , a mixture of 
7-benzyl-4-ethyl-7//-pyrrolo[2,3-fi?]pyrimidine (6a) and 
the debenzylated derivative (6b) (in 27 and 3 3 % 
yields, respectively) was produced, the latter (6b) 
being presumably derived from 6a by reduction with 
the hydrogen absorbed on the catalyst. The fully 
aromatic structures for 6a and 6b were confirmed by 
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l e 

2af) 

2bf> 

2c 

4a 

4 b 

4c 

5a 

5 b 

5c 

6a 

6 b 

6c 

6d 

6e 

6f 

H-2 

7 . 2 5 — 7 . 6 m 

8.25 m (2H)°: 

8.59 s 

2 .53 s s) 

7 . 3 0 — 7 . 5 6 m 

8 . 4 1 m (2H)c: 

8 .39 s 

2 .53 s s) 

7 .30—7.55 m 

8 .40—8.65 m 

8.23 s 

2 .38 se) 

7 .30—7.55 m 

8 .35—8.55 m 

8.85 s 

8 .88 s 

2 .78 s s) 

2.85 s s) 

7 . 2 0 — 7 . 5 5 m 

8 .45—8.70 m 

7 .45—7.65 m 

8 .35—8.60 m 

Rearrangement of Pyrimido[4,5-<i]azepines to Pyrrolo[2,3-t/]pyrimidines 

(3H)0 
i 

(3H)C> 
) 

(3H)C) 

(2H)C> 

(3H)C> 

(2H)C> 

(3H)C> 

(2H)«> 

(3H)C> 

(2H)<=> 

T A B L E 2. 

H-4 

— 

— 

— 

— 

5 . 5 4 d d ( 7 = 9 . 1 , 

6 . 2 8 d d ( 7 = 1 7 . 0 , 

6 . 6 0 d d ( 7 = 1 7 . 0 , 

5 . 5 4 d d ( 7 = 1 0 . 0 , 

6.27 dd ( 7 = 1 7 . 0 , 

6 . 5 9 d d ( 7 = 1 7 . 0 , 

5 . 5 8 d d ( 7 = 8 . 5 , 

6 . 4 9 d d ( 7 = 1 6 . 5 , 

6 . 7 0 d d ( 7 = 1 6 . 5 , 

1.18 t ( 7 = 7 . 5 ) » ) 

2 .42 q ( 7 = 7 . 5 ) n > 

1.18 t ( 7 = 7 . 3 ) » > 

2 .41 q ( 7 = 7 . 3 ) - ) 

1.28 t ( 7 = 7.5)»> 

2 . 5 9 q ( 7 = 7 . 5 ) - > 

1.41 t ( 7 = 7 . 5 ) » ) 

3 . 0 6 q ( 7 = 7 . 5 ) - ) 

1.44 t ( 7 = 7 . 5 ) » ) 

3 . 1 2 q ( 7 = 7 . 5 ) - ) 

1.39 t ( 7 = 7 . 5 ) » > 

3 . 0 3 q ( 7 = 7 . 5 ) - ) 

1.40 t ( 7 = 7 . 5 ) » ) 

3 . 0 5 q ( 7 = 7 . 5 ) n ) 

1.45 t ( 7 = 7 . 5 ) » ) 

3 . 0 4 q ( 7 = 7 . 5 ) - ) 

1.48 t ( 7 = 7 . 5 ) » ) 

3 . 1 5 q ( 7 = 7 . 5 ) - ) 

X H - N M R SPECTRAa> 

Ö-Valuesb) for 
_. 

3.5)h) 

3.5)1) 

9.1)J') 

3 .0)h) 

3.0)1) 

10.0)J) 

4 .5) h ) 

4.5)1) 

8.5)J) 

N 

H2-5,9 

2 .85—3.20 m 

2 . 9 — 3 . 2 m 

2 . 8 5 — 3 . 2 m 

2 . 9 5 — 3 . 4 m 

2 . 8 — 3 . 1 8 m k ) 

2 . 7 3 —3 .1 3 mk> 

2 .80—3.20 mk> 

2 .65—3.1 m k ) 

2 .65—3.1 m k ) 

2 .75—3.15 mk> 

6 .58 d°> 

7 = 3 . 5 

6 .64d°) 

7 = 3 . 5 

6 .50 d°> 

7 = 3 . 4 

6 .56 d°> 

7 = 3 . 4 

6 .42 d°> 

7 = 3 . 5 

6.57 dd°> 

7 = 3 . 5 , 1.5 

H2-6,8 

2 . 0 5 — 2 . 8 5 m 

2 .45—2.76 m 

2 . 4 — 2 . 7 5 m 

2 . 5 — 2 . 8 5 m 

3 .22—3.7 m1) 

3 .25—3.65 m1) 

3 .35—3.75 m1) 

3 .2 — 3 . 6 m1) 

3 . 2 — 3 . 6 m1) 

3 .30—3.70 m1) 

7.12dP) 

7 = 3 . 5 

7 .38 bd*) 

7 = 3 . 5 

6 .99 dP) 

7 = 3 . 4 

7 .26 bdi) 

7 = 3 . 4 

6 .94 d^ 

7 = 3 . 5 

7.14dd<i) 

7 = 3 . 5 , 2 . 0 
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^ 
H-7 

3 .67 s (2H)d> 

7 .35 s (5H)e) 

3 .58 s (2H)d) 

7 .25 s (5H)°) 

3 .56 s (2H)d> 

7 .25 s (5H)e> 

3 . 6 3 s ( 2 H ) d > 

7 .34 s (5H)e> 

4 .59 s (2H)d> 

7.27 s (5H)°> 

4 .60 s (2H)d> 

7 .29 s (5H)e> 

4 .72 s (2H)d) 

7 .34 s (2H)e> 

4 .52 s (2H)d> 

7 .23 s (5H)e> 

4 .53 s (2H)d) 

7 .23 s (5H)°) 

4 .71 s (2H)d> 

7 .34 s (5H)e) 

5.47 s (2H)d) 

7 .29 s (5H)<0 

1 2 . 1 0 m r ) 

5 .41 s (2H)d) 

7 .26 s (5H)e) 

12.80 mr> 

5 .45 s (2H)d) 

7 .23 s (5H)e) 

12.40 m r ) 

a) Measured with a Hitachi High Resolution NMR Spectrometer, R-20A (60 MHz), b) In CDC13 with TMS 
as an internai standard, except for compounds 2a, 2b, and 6e (in CG14). Suffixes: b, broad; s, singlet; d, 
doublet; dd, double doublet; t, triplet; q, quartet; m, multiplet; J, coupling constants (Hz), c) For G6/f5-2. 
d) For PhC/f2-7. e) For C6//5CHa-7. f) Values from Ref. 3 for comparison, g) For Me-2. h, i) For CHS= 
CH-4 (trans and eis with respect to the nucleus, respectively), j) CH2=G//-4. k) For H2-5. 1) For H2-6. m) 
For C//3CH2-4. n) For CH3Ci/2-4. o) For H-5. p) For H-6. q) For H-6. Becomes doublet on D 2 0 
exchange, r) For H-7; D 2 0 exchangeable. 

the down-field shifts of the coupled doublets ( 1H each, 
7 = 3 . 5 Hz) due to H-5 and 6 and of the benzyl meth­
ylene singlet (in the case of 6a) in the N M R spectra 
(see Table 2). The U V spectra of 6b (Table 1) re­
sembled those of the parent substance16) (Table 1) 
and of pyrrolo[2,3-t?]pyrimidine ("9-deazapurine"),17) 
but differed slightly from those of purine18) by having 
an extra absorption band in 285—315 nm region. 
The basic and acidic pK& values of 6b were in the 
similar order to those of 9-deazapurine (p^Ta 4.24, 
13.16).17) The 2-methyl compound 5 b also gave a 
mixture of 6c and 6d in 10 and 8 0 % yields, respectively; 
the physical properties of those products shown in 

Tables 1 and 2 were similar to those of 6a and 6b . 
The 2-phenyl compound 5c produced likewise 6e 
and 6f (in 31 and 6 4 % yields, respectively). 

A Reaction Pathway for the Formation of the Rearrange­
ment Products 4. I t was found that the 4-chloro 
compounds 2a—c also produced mainly 4a—c, when 
heated with POCl 3 . The compound 4b was obtained 
on heating the monohydrochloride of 2b at 130 °G in 
iV,iV-dimethylformamide. Thus the rearrangement 
products 4a—c were most likely formed through 
the protonated tetrahydropyrimido-azepines 7, which 
afforded the ring-opened intermediate 5-(2-benzyl-
aminoethyl)-4-chloro-6-vinylpyrimidines (8) through 
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O CI 

PhCH2N* 5 || , 23|x> > PhGH2N 

(1) R 
a: H 
b : Me 
c: Ph 
d: NH2 

PhGH2N || | 

(3) 

(2) R 
a: H 
b : Me 
c: Ph 

R + 

CH=GH2 

Is 7 II 1 SID 

PhGH2 

(4) R 
a: H 
b : Me 
c: Ph 

Et 
/ ^ N 

II II l R 

R' 
(6) R 

a: H 
b : H 
c: Me GH2Ph 
d: Me H 
e: Ph CH2Ph 
f: Ph H 

Scheme 1. 

Pd-G 

R' 
CH2Ph 
H 

H2/Pd-C 

Et 

I II l R 

PhGH2 

(5) R 
a: H 
b : Me 
c: Ph 

TABLE 3. ISOLATED YIELDS OF 2b AND 4b FROM l b 

Chlorinating 
agents 

React. 
time (h) 

2b (%) 4b (%) 

POCl3 + PhNEt2 

POCl3 

POCl3 

POCL 

2 
5 
8 

13 

70 
50 
25 

0 

10 
20 
40 
45 

CI 
H- + / - \ / ^ N _ H -

2a—c > PhCH2NH || U 

(7) 

CI 
/ - \ / ^ N -HCl 

PhCH2NH || | w > 4a—c 

(8) 

Scheme 2. 

Hofmann-type degradation19) (or retrograde Michael 
reaction20)). This ring-opening would preferably take 
place at the N(7)-G(8) [not N('7)-C(6)] bond of 7, be­
cause the G (9) methylene group (which is a- and y- to 
the pyrimidine ring nitrogens) is expected to be more 
acidic than that of C(5).21) The intermediate 8 would 
then yield the final products 4a—c by the intramolecular 
cyclization between the 5-(2-benzylaminoethyl) and 
4-chloro groups of the pyrimidine ring (Scheme 2). 
4-Vinylpyrimidines have been reported11) to poly­
merize easily. The main reason for the moderate 
yields thus far of the rearranged products 4a—c ap­
peared to be likewise a facile addition polymerization 
of the vinyl functional group of the products (or of the 
intermediate 8), since a considerable amount of a 
colorless rubberlike substance always accompanied 
during the preparation and purification of 4 a — c . 

Many rearrangements have been known5) involving 
fission of a heterocyclic ring and ring closure in the 

alternative direction catalyzed by base, heat, light or 
miscellaneous reagents. The present rearrangement 
seems, to our knowledge, to be a rare example of acid-
catalyzed thermal ring transposition of fused hetero­
s e s . 2 2 ) 

Exper imenta l 

The microanalyses were carried out in this department 
using a Yanagimoto CHN Corder, MT-2. The solid ma­
terials for the analysis were dried over P 2 0 5 for 2—4 h at 
25 °C/20 Torr unless otherwise specified. Each of the analyt­
ical samples gave a single spot on thin-layer chromatography 
(silica gel and alumina). The IR spectra were taken with a 
JASCO IRA-1 Diffraction Grating IR Spectrophotometer. 
The measurements of ionization constants were carried out 
spectrophotometrically in 0.01 M buffers by the usual 
method.23) 

The Reaction of la with Phosphoryl Chloride. A mixture 
of 1.0 g of l a and 15 ml of POCl3 was refluxed under N2 

for 34 h. After evaporation of the POCl3 at 40 °G/15 Torr, 
the residue was triturated with 20 ml of cold water, then 
diluted with 20 ml of cold chloroform. The aqueous layer 
was carefully brought to pH 8 with Na 2C0 3 at 5 °C. After 
separation, the aq. layer was extracted with CHC13. The 
combined organic layer was washed with brine, dried over 
K2C03 , and evaporated in vacuo, giving 1.14 g of a brown 
viscous liquid, which consisted mainly of 2a and 4a (in a 
ratio of 3 : 2 by NMR; the ratio was 9 : 1 after 9 hours' 
refluxing). This was chromatographed over alumina (Merck, 
Activity I ; 60 g) and eluted with benzene (which was gradual­
ly changed up to 20% ether/benzene), giving first 0.48 g 
(40%) of 2a as colorless prisms (from benzene/light petroleum, 
bp 30—70 °C), mp 65—67 °C (lit,3) 67—68 °C), then 0.28 g 
(30%) of 4a as colorless prisms (from ether/light petroleum), 
mp 71— 73 °C. IR (CHG13): 1635, 1592, 1582, 1320, 
980, 930, and 855 cm-1. Found: C, 76.02; H, 6.50; N, 
17.53%. Calcd for C15H15N3: C, 75.91; H, 6.37; N, 
17.71%. 

7-Benzyl-6,7,8,9-tetrahydro-5H-pyrimido[4,5-d]azepine (3). 
A suspension of 100 mg of 2a and 100 mg of sodium acetate 
in 5 ml of abs. EtOH was hydrogenated over 30 mg of 10% 
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P d - C under atmospheric pressure, followed by the usual 
work-up procedure, giving 65 mg (74%) of 3 as colorless 
prisms (from light petroleum), m p 65—66 °G (lit,3) 66.5— 
67.5 °G). 

The Reaction of lb with Phosphoryl Chloride. O n e gram 
of l b was refluxed in 15 ml of POCl 3 and the same procedure 
as that described for l a was followed; the reaction time and 
the isolated yields of the products are shown in Table 3 . 
The chloropyrimidoazepine (2b) was a colorless liquid 
(bp 170°C/0.7 Torr3)) , which gave the monohydrochloride 
with HGl/ether as colorless flakes (from E t O H ) , m p 204— 
205 °C dec. Found (for material dried at 80 °C) : C, 
59.18; H , 6.09; N, 12.97%. Calcd for C18H18N3C1 • HCl : 
G, 59.28; H , 5 .91; N, 12.96%. 

The pyrrolo-pyrimidine 4 b was colorless needles (from 
benzene/light petroleum), m p 96—97 °C. I R (CHG13) : 
1635, 1590, 1390, 1340, 980, and 930 cm- 1 . Found : C, 
76.58; H, 6.92; N, 16.30%. Galcd for G1 6H1 7N3 : C, 
76.45; H , 6.82; N, 16.72%. 

The Reaction of 2b Hydrochloride with Phosphoryl Chloride. 
A suspension of 100 mg of 2 b hydrochloride in 2 ml of P O C l 3 

was refluxed under N 2 for 12 h, followed by the same pro­
cedure as above, giving 80 mg of the crude reaction mixture 
as an amber liquid, which consisted mainly of unreacted 
2b and the rearranged 4 b in a ratio of 8 : 2 (by N M R ) . 

Heating of 2b Hydrochloride in N^-Dimethylformamide. A 
solution of 0.32 g of 2 b hydrochloride in 10 ml of dry D M F 
was heated under N 2 at 130 °C for 5 h. T h e volatile was 
removed at 80 °G/15 Tor r and the residue was dissolved 
in a cold mixture of GHG13 and 5 % aq N a H G 0 3 (10 : 10 ml) . 
After separation, the aq layer was extracted with CHG13 . 
The combined organic layer was dried over K 2 C 0 3 and 
evaporated in vacuo, giving a pale amber liquid (0.48 g). 
This was chromatographed over silica gel (40 g) into 15 ml 
fractions with CHC1 3 (which was gradually changed up to 
2 % M e O H / C H C l 3 ) as an eluent. T h e fractions 8—22 
gave 0.10 g (43%) of a colorless solid which consisted mostly 
of 4 b (by N M R ) . Recrystallization from benzene/light 
petroleum afforded pure 4 b as colorless prisms, m p 94—95 °G. 

7-Benzyl-4-hydroxy-2-phenyl-6,7,8,9-tetrahydro-5H -pyrimido[4,5-
d]azepine (lc). T o a cold solution of 1.15 g of sodium 
in 60 ml of dry M e O H were added 3.12 g of l-benzyl-5-
ethoxycarbonyl-l-azacycloheptan-4-one hydrochloride24) and 
2.62 g of benzamidine hydrochloride (monohydrate) . The 
mixture was refluxed under N 2 for 4.5 h. After evaporation 
of the solvent in vacuo, the residue tr i turated with 80 ml of 
cold water was carefully taken to p H 6 with cold 6M-HC1 
and stirred at 25 °C for 1 h. T h e precipitate was collected 
and recrystallized from 8 0 % E t O H , giving 2.50 g (75%) of 
l c as pale yellow needles, m p 197—199 °G. I R (GHC13) : 
3400—3000, 1630, 1600, and 1500 cm" 1 . Found (for material 
dried at 80 °C) : C, 75.41; H , 6.57; N , 12.62%. Calcd 
for C 2 1 H 2 1 N 3 0 : G, 75.10; H , 6.39; N, 12.68%. 

7-Benzyl-4-chloro-2-phenyl - 6,7,8,9 - tetrahydro - 5 H -pyrimido [4,5-
d]azepine (2c). A mixture of 0.42 g of l c and 15 ml of 
POCl 3 was refluxed under N 2 for 5 h. T h e volatile was 
removed in vacuo and the residue was tr i turated in 50 ml of 
cold water. T h e mixture was taken to p H 9 with N a 2 C 0 3 

at 5 °C and extracted with benzene. T h e dried (over K 2 G 0 3 ) 
extract was evaporated in vacuo, giving 0 .37g (81%) of 2c 
as colorless prisms, m p 117—119°G, after recrystallization 
from benzene/light petroleum. I R (CHG13) : 1560, 1520, 
and 1359 cm. - 1 Found : C, 72.33; H , 6.06; N, 12.03%. 
Calcd for C2 1H2 0N3C1: C, 72.08; H , 5.76; N , 12.06%. 

7-Benzyl-2-phenyl-4-vinyl- 6,7- dihydro - 5 H -pyrrolo [2,3-d]pyrimi-
dine (4c). A suspension of 0.33 g of l c in 20 ml of POCl 3 

was heated in a sealed tube at 160—170 °G for 13 h. T h e 

same procedure described above for 4a and 4 b was followed, 
giving the crude reaction mixture which contained mostly 
4c and a trace of 2c . Chromatographic purification over 
a lumina (25 g) with GHC13 as an eluent gave 0.12 g (38%) of 
4c as pale yellow prisms (from benzene/light petroleum), 
m p 145—146 °C. I R (CHC13) : 1635, 1580, 1560, 1370, 
1350, 1320, 980, 930, and 880 cm- 1 . Found : G, 80.56; 
H , 6.23; N , 13.16%. Calcd for C2 1H1 9N3 : C, 80.48; 
H , 6 .11; N, 13 .41%. 

7-Benzyl-4-ethyl-6,7-dihydro-5ti-pyrrolo [2,3-d]pyrimidine (5a). 
T h e vinyl compound 4a (60 mg) was hydrogenated in 4 ml 
of abs. E t O H over 30 mg of 10% P d - C . T h e usual work­
up procedure yielded 49 mg (81%) of 5a as colorless prisms 
(from light petroleum), m p 41—42 °C. Found : C, 75.42; 
H, 7.20; N , 17 .31%. Calcd for C 1 5H 1 7N 3 : C, 75.28; H, 
7.16; N, 17.56%. 

7-Benzyl-4-ethyl-2-methyl-6,7- dihydro - 5 H -pyrrolo [2,3- d]pyrimi-
dine (5b). T h e vinyl compound 4 b (100 mg) was 
similarly hydrogenated, giving 81 mg (80%) of 5 b as colorless 
prisms (from light petroleum), m p 72—73 °C. Found : 
C, 75.46; H , 7.67; N, 16.10%. Galcd for G1 6H1 9N3 : C, 
75.85; H , 7.56; N, 16.59%. T h e picrate : yellow prisms 
(from E t O H ) , m p 138—139 °G. Found : C, 54.65; H , 
4.54; N , 16 .81%. Calcd for C 2 2 H 2 2 N 6 0 7 : C, 54.77; H , 
4.60; N , 17.42%. 

7-Benzyl-4-ethyl-2-phenyl- 6,7- dihydro - 5 H -pyrrolo [2,3-d]pyrimi-
dine (5c). T h e similar hydrogénation of 100 mg of 4c 
gave 85 mg (85%) of 5c as colorless needles (from ether/ 
light petroleum), m p 89—90 °C. Found : C, 79.69; H, 
6.84; N , 13.07%. Calcd for C 2 1H 2 1N 3 : G, 79.96; H , 
6.72; N, 13.32%. 

Dehydrogenation of 5a. A mixture of 60 mg of 5 a 
and 30 mg of 10% P d - C was refluxed in 1 ml of dry decalin 
under N 2 for 17 h. The catalyst was filtered off and washed 
with hot benzene. T h e filtrate combined with washings 
was concentrated at 20 °C/15 Tor r to ca. 1 ml and set aside 
at 0 °C overnight, depositing 8 mg of 4-ethylpyrrolo[2,3-d]-
pyrimidine (6b). T h e filtrate was chromatographed 
over silica gel (5.5 g) and eluted with benzene, then with 
CHG13 (which was gradually changed u p to 2 % M e O H / 
CHG13), giving first 17 mg (27%) of /7-benzyl-4-ethylpyrrolo-
[2,3-d]pyrimidine (6a) as a colorless liquid, then 5 mg of more 
6 b as a colorless crystalline powder. Recrystallization of 
the latter (6b ; 3 3 % total yield) from benzene/light petroleum 
gave colorless needles, m p 99—100 °C. I R (CHC13) : 3430, 
3200, 3150, 1580, 1345, and 890 cm- 1 . Found : C, 65.53; 
H , 6.44; N , 28 .55%. Calcd. for G 8 H 9 N 3 : C, 65.28; H , 
6.16; N, 28 .55%. T h e benzyl compound 6a gave the picrate 
as yellow prisms (from E t O H ) , m p 153—154 °C. Found : 
C, 54.28; H, 3.92; N, 18 .31%. Calcd for C 2 1 H 1 8 N 6 0 7 : 
C, 54.08; H , 3.89; N , 18.02%. 

Dehydrogenation of 5b. A mixture of 70 mg of 5b , 
40 mg of 10% P d - C , and 1.2 ml of dry decalin was refluxed 
under N 2 for 10 h. T h e similar work-up procedure as above 
was followed, giving 36 mg (80%) of 4-ethyl-2-methylpyrrolo-
[2,3-dJpyrimidine (6d) and 7 mg (10%) of the 7-benzyl deriv­
ative (6c). The latter was a colorless liquid. I R (CHC13) : 
2910, 2840, 1580, 1440, and 1400 cm- 1 . I t gave the picrate 
as yellow prisms (from E t O H ) , m p 137—138 °C. Found : 
C, 55.33; H , 4.20; N, 17.63%. Calcd for G 2 2 H 2 0 N 6 O 7 : 
C, 55.00; H , 4.20; N , 17.49%. 

The former (6d) was colorless needles (from benzene/ 
light petroleum), m p 141—142 °G. I R (CHC13) : 3460, 
3120, 1580, 1390, and 885 cm- 1 . Found : C, 67.30; H, 
7.22; N, 26 .32%. Calcd for C 9 H n N 3 : G, 67.05; H , 6.88; 
N, 26 .07%. 

Dehydrogenation of 5c. Fifty milligrams of 5c upon 
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similar dehydrogenaticn gave 15 mg (64%) of 4-ethyl-2-
phenylpyrrolo[2,3-d]pyrimidine (6f) and l O i r g (31%) of the 
7-benzyl derivative (6e). T h e latter (6e) was colorless 
needles (from light petroleum), m p 46—47 °G. I R (CHG13) : 
1600, 1575, 1560, 1390, and 1370 cm" 1 . Found : C, 80 .11; 
H , 6.24; N , 13.17%. Calcd for G2 1H1 9N3 : G, 80.48; H , 
6 .11; N, 13 .41%. T h e former (6f) was colorless needles 
(from ether/light petroleum), m p 139—140 °C. I R (CHG13) : 
3480, 3200, 3140, 1580, 1380, 900, 800, and 690 cm"1 . Found : 
C, 74.91; H , 5.96; N, 18.49%. Calcd for C1 4H1 3N3 : C, 
75.31; H , 5.87; N, 18.82%. 
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Synthesis of Ripariochromene B and C1} 
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Condensation of 7-hydroxy-2,2-dimethylchroman with benzoyloxyacetonitrile gave 7-hydroxy-6-benzoyl-
oxyacetyl-2,2-dimethylchroman (3) which was converted into 7-hydroxy-6-acetoxyacetyl-2,2-dimethylchroman 
(7) in four steps. Dehydrogenation of 7 with DDQ, in dried toluene afforded ripariochromene B (1). Ripario­
chromene B was also synthesized by oxidative cyclization of 2,4-dihydroxy-5-(3-methyl-2-butenyl)-ö)-acetoxy-
acetophenone (13) which was prepared from resorcinol and acetoxyacetonitrile in two steps. Ripariochromene G 
(2) was synthesized from resorcinol by the same method as that described above. 

Ripariochromene B and ripariochromene G have 
recently been isolated from Australian Eupatorium 
riparium Regel along with several other chromenes, and 
these structures have been determined to be respec­
tively 7-hydroxy-6-acetoxyacetyl-2,2-dimethylchromene 
(1) and 7-hydroxy-6-isobutyryloxyacetyl-2,2-dimethyl-
chromene (2) which have an acyloxyacetyl substituent 
at the 6-position on the basis of spectral evidence.2) 
In the present paper, the syntheses of 1 and 2 are 
reported to confirm the proposed structures of natural 
ripariochromene B and G. 

\ / ° \ / X / O R 2 

1 II V V ^ O C ^ O R ! 

(1) R ^ C H g C O 
(2) R1=(GH3)2GHCO 
(8) R ^ R ^ C H a C O 
(11) R1=(CH3)2CHCO 

Fig. 1. 

R2 = H 
R2 = H 

R2 = GH3GO 

The condensation of 7-hydroxy-2,2-dimethylchro-
man3) with benzoyloxyacetonitrile in the presence of 
freshly-fused zinc chloride gave 7-hydroxy-6-benzoyl-
oxyacetyl-2,2-dimethylchroman (3), which produced 
a dark-brown reaction in the ferric chloride color test. 
Chroman 3 was easily converted into a 7-(benzyloxy) 
chroman derivative (4) upon treatment with benzyl 
chloride. Compound 4 was hydrolyzed with diluted 
hydrochloric acid in ethanol to give a 6-(hydroxyacetyl) 
chroman derivative (5) which showed absorption bands 
attributable to an alcoholic hydroxyl group in the I R 
spectrum and no proton signals from the benzoyl group 
in the N M R spectrum. The hydrolysis of 4 with a 
diluted alkali, however, did not afford the desired 
chroman derivative 5. Compound 5, after being con­
verted into a 6-(acetoxyacetyl) chroman derivative (6) 

> / O N / \ / O R 2 

X / V ^ C O C H a O R i 

(3) 
(4) 
(5) 
(6) 
(7) 
(9) 

Ri = C6H5CO 
R ^ C ^ C O 
R1==H 
R ^ C H a C O 
R ^ C H a C O 
R1=(CH3)2GHCO 

(10) R1 = (CH3)2CHGO 

Fig. 2. 

R2 = H 
R2

 = C6H5CH2 

R2 = G6H5CH2 

R2 = G6H5CH2 

R2 = H 
R2 = G6H5GH2 

R2 = H 

with acetyl chloride in a large quanti ty of pyridine 
cooled by ice, was subjected to hydrogenolysis over 
palladium on charcoal in methanol to afford a 7-
(hydroxy) chroman derivative (dihydroripariochromene 
B) (7), which produced a light-brown reaction in the 
ferric chloride color test and indicated an intramolecular 
hydrogen-bonded hydroxyl group in the N M R spec­
trum. The dehydrogenation4 - 6) of 7 with boiling in 
DDQ, (2,3-dichloro-5,6-dicyano-j&-benzoquinone) in 
dried toluene afforded the desired chromene (1) (mp 
146—147 °G) (lit, mp 145—146 °C).2) This compound 
was further converted into the acetate of ripariochro­
mene B (8). 

According to the procedure described above, 5 was 
treated with isobutyryl chloride to give a 6-(isobutyryl-
oxyacetyl) chroman derivative (9). T h e subsequent 
hydrogenolysis of 9 afforded a 7-(hydroxy) chroman 
derivative (dihydroripariochromene C) (10). The de­
hydrogenation of 10 with DDQ, gave the desired 
chromene (2) (mp 109.5—110.5 °G) (lit, mp 109— 
110 °C).2) Chromene 2 was also converted into the 
acetate of ripariochromene C (11). 

Chromenes 1 and 2 thus synthesized were respec­
tively confirmed to be identical to natural ripariochro­
mene B and C on the basis of a mixed melting-point 
determination and N M R , IR, and U V spectral com­
parisons. 

In order to provide an alternate approach to the 
synthesis of chromenes 1 and 2, another route was 
investigated. T h e condensation of resorcinol with 
acetoxyacetonitrile or isobutyryloxyacetonitrile in the 
presence of freshly-fused zinc chloride easily gave 
co-(acyloxy)acetophenones (12) or (16), respectively, 
which showed a positive reaction in the ferric chloride 
color test and was supported by I R and N M R spectra. 
The BFg-catalyzed condensation of 2-methyl-3-buten-
2-oP) with 12 or 16 afforded 3- or 5-(3-methyl-2-
butenyl)-co-(acyloxy)acetophenones (13 and 14) or 
(17 and 18), respectively, which were isolated by column 
chromatography. All these compounds showed pos­
itive reactions in the ferric chloride color test, and 
these structures were supported by N M R spectra. T h e 
major product 13 or 17, in each condensation, was 
boiled with DDQ, in dried toluene for conversion into 
chromene 1 or 2, which was confirmed to be identical 
with the ripariochromene B or G synthesized above, 
respectively. The minor products 14 and 18 in the 
condensation were similary treated to give compounds 
15 and 19, whose structures were revealed by their 
N M R spectra to be chromenes. 
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H O X / / \ > O H 

B|| 111 
X / ^ O C H a O R i 

6 

(12) R x = C H 3 C O 
(16) R 1 = : ( G H 3 ) 2 G H G O 

H O x A / O H 

R 2
/ V / N G O C H 2 0 R i 

(13) R ^ G H a G O 
R 2 = ( C H 3 ) 2 C = C H C H 2 

(17) R 1 = (GH 3 ) > CHGO 
R 2 = ( C H 3 ) 2 C = C H C H 2 

R 2 

H O . A / O H 

X / ^ G O C H a O R i 

R 1 = G H 3 G O (14) 

(18) 

R 2 = ( C H 3 ) 2 C = C H C H 2 

R 1 = ( G H 3 ) 2 C H C O 
R 2 — (CH 3 ) 2 C=CHCH 2 

Fig. 3. 

}\ II I 
X / N y ^ G O G H j O R ! 

(1) R 1 = G H s G O 
(2) R 1 = (GH 3 ) 2 CHCO 

O v ^ N / O H 

X / ^ O G H a O R i 

(15) R ^ C H g C O 
(19) R 1 = (GH 3 ) 2 CHGO 

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

All the melting points are uncorrected. T h e I R spectra 
were taken on a Hitachi 215 Spectrophotometer and the U V 
spectra on a Hitachi 124 Spectrophotometer. T h e N M R 
spectra were measured with a J O E L PS-100 Spectrometer 
(.100 M H z ) , using tetramethylsilane as an internal s tandard 
(ô, p p m ) . Column chromatography was carried out on 
Kieselgel 60 (70—230 mesh) (Merck). 

7-Hydroxy-6-benzoyloxyacetyl-2,2-dimethylchroman (3). 7-
Hydroxy-2,2-dimethylchroman (10.6 g) , anhydrous ben-
zoyloxyacetonitrile (14.5 g) , and freshly-fused zinc chloride 
(4 g) were successively added in dried ether (60 ml) , and 
a rapid stream of dried hydrogen chloride was bubbled 
into the mixture with stirring and cooling in an ice-salt 
ba th for 7 h. T h e reaction mixture was allowed to stand 
for 24 h in a refrigerator, and then the solvent was decanted. 
T h e residual solid, after being washed with dried ether 
(80 ml) , was boiled in water (80 ml) for 1 h and cooled to 
give a white precipitate, which was collected and recrystal­
lized from methanol as colorless needles (3) (15.2 g, 7 5 % ) : 
m p 141—142 °C; I R « 1720, 1665 cm" 1 ; N M R (CDG13) 
«5 1.36 (s, 6H, 2 X G H 3 ) , 1.83 (t, 2H, 7 = 7 Hz, C 3 - H ) , 2.73 
(t, 2H, 7 = 7 Hz, C 4 - H ) , 5.48 (s, 2H, CH 2 ) , 6.32 (s, IH , 
arom. H ) , 7.3—7.6 (m, 4H, arom. H ) , 8.0—8.3 (m, 2H, 
arom. H ) , 11.66 (s, O H ) . Found : C, 70.55; H , 5 .85%. 
Galcd for G 2 0 H 2 0 O 5 : C, 70.57; H, 5 .92%. 

7-Benzyloxy-6-benzoyloxyacetyl-2,2-dimethylchroman (4). 
Compound 3 (10.2 g) , benzyl chloride (7.0 g), potassium 
iodide (9.0 g) , and dried potassium carbonate (15.0 g) were 
successively added to dried acetone (150 ml) . After the 
mixture was heated under reflux for 7 h, the solvent was 
evaporated under reduced pressure, and the residual substance 
was poured into cold water. T h e white precipitate thus 
formed was collected and recrystallized from ethanol to 
give colorless needles (4) (11.6 g, 9 0 % ) : m p 146—147 °C; 
I R v™ 1725, 1662 c m - 1 ; N M R (CDC13) «5 1.36 (s, 6H, 
2 X C H 3 ) , 1.83 (t, 2H, 7 = 7 Hz, C 3 - H ) , 2.73 (t, 2H, 7 = 7 Hz , 
C 4 - H ) , 5.11 (s, 2H, CH 2 C 6 H 5 ) , 5.34 (s, 2H, CH 2 ) , 6.45 
(s, I H , C 8 - H ) , 7.3—7.6 (m, 8H. arom. H ) , 7.79 (s, I H , 
C 5 - H ) , 8.0—8.2 (m, 2H, arom. H ) . Found : C, 75.36; 
H , 6 .04%. Calcd for C 2 7 H 2 e 0 5 : C, 75.33; H , 6 .09%. 

7-Benzyloxy-6-hydroxyacetyl-2,2-dimethylchroman (5). 
Compound 4 (8.6 g) with ca. 18% hydrochloric acid (80 ml) 
in ethanol (400 ml) was refluxed for 8 h, and then the organic 
solvent was removed under reduced pressure. T h e precip­
itate was recrystallized from methanol to give colorless 

needles (5) (2.7 g, 4 0 % ) : m p 142—143 °C; I R v^ 3480, 
1643cm- 1 ; N M R (GDG1,) «5 1.37 (s, 6H, 2 x C H 3 ) , 1.83 
(t, 2H, J = 7 Hz , G 8 -H) , 2.75 (t, 2H, 7 = 7 Hz, C 4 - H ) , 4.63 
(s, 2H, CH 2 ) , 5.05 (s, 2H, CH 2 C 6 H 5 ) , 6.43 (s, I H , C 8 - H ) , 
7.36 (s, 5H, arom. H ) , 7.87 (s, IH , C 5 - H ) . Found: C, 
73.63; H , 6 .74%. Calcd for C 2 0 H 2 2 O 4 : C, 73.60; H, 
6 .79%. 

7-Benzyloxy-6-acetoxyacetyl-2,2-dimethylchroman (6). T o a 
solution of 5 ( 1.0 g) in dried pyridine (25 ml) was added 
acetyl chloride (1.5 ml) drop by drop with stirring and 
cooling in an ice bath, and the mixture was stirred with 
cooling for 6 h. T h e reacted mixture was poured into ice-
cold water (20 ml) to give a white precipitate, which was 
collected and recrystallized from methanol as colorless needles 
(6) (0.76 g, 6 5 % ) : m p 111—112 °C; I R v™ 1740, 1662 
c m - 1 ; N M R (CDC13) Ô 1.32 (s, 6H, 2 x C H 3 ) , 1.78 (t, 2H, 
7 = 7 Hz, C 3 - H ) , 2.72 (t, 2H , 7 = 7 Hz, C 4 - H ) , 2.14 (s, 
3H, C H 3 C O ) , 5.06 and 5.10 (each s, 2H, CH 2 C 6 H 5 and 
C O C H a O ) , 6.41 (s, I H , C 8 - H ) , 7.41 (s, 5H, arom. H ) , 
7.76 (s, I H , C 5 - H ) . Found : C, 71.90; H , 6 .68%. Calcd 
for C 2 2 H 2 4 0 5 : C, 71.72; H , 6 .57%. 

7-Hydroxy-6-acetoxyacetyl-2,2-dimethylchroman (Dihydroripario-
chromene B) (7). Compound 6 (0.74 g) was hydro-
genated over pal ladium on charcoal (10% ; 0.18 g) in methanol 
until the uptake of hydrogen ceased. T h e solvent was 
removed under reduced pressure, and the residue was re­
crystallized from methanol to give colorless plates (7) (0.37 
g, 7 0 % ) : m p 131—132 °C; I R vg* 1745, 1645 c m - 1 ; 
N M R (CDC13) Ô 1.34 (s, 6H, 2 x C H 3 ) , 1.81 (t, 2H, 7 = 7 Hz, 
C 3 - H ) , 2.71 (t, 2H, 7 = 7 Hz, C 4 - H ) , 2.21 (s, 3H, C H 3 C O ) , 
5.24 (s, 2H, CH 2 ) , 6.31 (s, I H , C 8 - H ) , 7.30 (s, IH , C 5 - H ) , 
11.80 (s, O H ) . Found : C, 64.87; H , 6.59%. Calcd for 
C 1 5 H 1 8 0 5 : C, 64.73; H , 6 .52%. 

7-Hydroxy-6-acetoxyacetyl-2,2-dimethylchromene ( Ripariochromene 
B) (1). A mixture of 7 (0.11 g) and DDQ, (0.10 
g) in dried toluene (50 ml) was heated under reflux for 
10 h, and then the solvent was removed under reduced 
pressure. T h e residual substance was purified by column 
chromatography over silica gel with chloroform to give 
chromene 1, which was recrystallized from carbon tetra­
chloride as colorless needles (40 mg, 40%) : m p 146—147 °C 
(no depression in a mixed melting-point determination with 
natural r ipariochromene B) ; I R v™ 1750, 1652 cm" 1 ; U V 
C n m (log e) 257 (4.51), 286 (3.95), 347 (3.85). N M R 
(CDCI3) ô 1.41 (s, 6H, 2 x C H 3 ) , 2.20 (s, 3H, C H 3 C O ) , 5.20 
(s, 2H, CH„), 5.54 (d, I H , 7 = 9 Hz, C 3 - H ) , 6.23 (d, IH , 
7 = 9 Hz, C 4 - H ) , 6.30 (s, I H , G 8 -H) , 7.15 (s, IH , C 5 - H ) , 
12.20 (s, O H ) . Found : C, 65.09; H, 5.79%. Calcd for 
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C 1 5 H 1 6 0 6 : G, 65.21; H , 5 .84%. 
7-Acetoxy-6-acetoxyacetyl-2,2-dimethylchromene (Acetate of Ripa­

riochromene B) (8). After a mixture of 1 (54 mg) , acetic 
anhydride (1 ml) , and pyridine had been allowed to stand 
over 24 h at room temperature, cold water was added to 
the mixture and it was again allowed to stand overnight in 
a refrigerator. T h e mixture was extracted with ether and 
the ethereal solution was washed with a saturated aqueous 
solution of sodium chloride, dried over sodium sulfate, and 
the solvent was evaporated. T h e residue was recrystallized 
from a mixture of benzene and hexane to give colorless 
needles (8) (58 mg, 9 3 % ) : m p 109—110 °G; I R v** 1770, 
1735, 1675 c m - 1 ; N M R (GDC13) Ô 1.46 (s, 6H, 2 x G H 3 ) , 
2.19 (s, 3H, GH 3 GO), 2.35 (s, 3H, C 7 - G H 3 C O ) , 5.10 (s, 2H , 
GH 2 ) , 5.64 (d, 1H, 7 = 1 0 Hz, G 3 - H ) , 6.29 (d, 1H, 7 = 1 0 H z , 
G 4 -H) , 6.53 (s, 1H, C 8 - H ) , 7.46 (s, 1H, C 5 - H ) . F o u n d : 
G, 64.25; H, 5 .68%. Calcd for G 1 7 H 1 8 0 6 : G, 64.14; H , 
5.70%. 

7-Benzyloxy-6-isobutyryloxyacetyl- 2,2-dimethylchroman (9). 
Isobutyryl chloride ( 1.5 ml) was added to a solution of 5 
(0.86 g) in dried pyridine (25 ml) . After stirring in an ice 
bath for 10 h, the mixture was worked up in the same manner , 
as in the case of 6, to give chroman 9, which was recrystallized 
from methanol as colorless needles (0.76 g, 7 3 % ) : m p 9 3 — 
94 °G; I R v™ 1740, 1680 c m - 1 ; N M R (CDC13) Ô 1.23 [d, 
6H, 7 - 7 Hz, (CH 3 ) 2 CH] , 1.32 (s, 6H, 2 x C H 3 ) , 1.77 (t, 
2H, 7 = 7 Hz, G 3 -H) , 2.71 (t, 2H, 7 = 7 Hz, C 4 - H ) , 2.65 
[m, 1H, (CH 3 ) 2 CH] , 5.06 and 5.09 (each s, 2H, CH 2 C 6 H 6 

and C O C H 2 0 ) , 6.40 (s, 1H, C„-H) , 7.40 (s, 5H, arom. 
H ) , 6.77 (s, 1H, C 6 - H ) . Found : C, 72.86; H , 6 .84%. 
Galcd for C 2 4 H 2 8 0 6 : G, 72.70; H , 7 .12%. 

7-Hydroxy-6-isobutyryloxyacetyl-2,2-dimethylchroman (Dihydro-
ripariochromene C) (10). Compound 9 (0.44 g) was hy-
drogenated over pal ladium on charcoal and the reacted 
mixture was worked up in the same manner , as in the case 
of 7, to give colorless plates (10) (0.26 g, 7 0 % ) : m p 113— 
114°C; I R v™ 1738, 1640 c m - 1 ; N M R (CDC13) ô 1.24 
[d, 6H, 7 = 7 Hz, (GH 3 ) 2 CH], 1.33 (s, 6H, 2 x G H 3 ) , 1.80 
(t, 2H, 7 = 7 Hz, C 3 - H ) , 2.70 (t, 2H, 7 = 7 Hz, G 4 -H) , ca. 
2.67 [m, 1H, (CH 3 ) 2 CH] , 5.22 (s, 2H, CH 2 ) , 6.30 (s, 1H, 
G 8 -H) , 7.30 (s, 1H, C 6 - H ) , 11.80 (s, O H ) . Found : G, 
66.62; H , 7.50%. Galcd for G 1 7 H 2 2 0 5 : C, 66.65; H , 
7.24%. 

7-Hydroxy-6-isobutyryloxyacetyl-2,2-dimethylchromene (Ripario­
chromene C) (2). A mixture of 10 (102 mg), D D Q , (85 
mg) , and dried toluene (30 ml) was heated under reflux for 
9 h . T h e reacted mixture was worked up in the same manner , 
as in the case of 1, to give chromene 2, which was recrystal­
lized from carbon tetrachloride as colorless needles (30 mg, 
3 0 % ) : m p 109.5—110.5 °C (no depression in a mixed mel­
ting-point determination with natural r ipariochromene C ) ; 
I R v$j* 1740, 1645 c m - 1 ; U V ffnm (log e) 257 (4.39), 
287 (3.77), 348 (3.72); N M R (CDC13) ô 1.26 [d, 6H, 7 = 
7 Hz, (GH 3 ) 2 CH], 1.45 (s, 6H, 2 X CH 3 ) , 2.73 [m, 1H, (CH 3 ) 2 -
C H ] , 5.24 (s, 2H, GH 2 ) , 5.57 (d, 1H, 7 = 9 Hz, C 3 - H ) , 6.25 
(d, 1H, 7 = 9 Hz, C 4 - H ) , 6.33 (s, 1H, C 8 - H ) , 7.18 (s, 1H, 
C 5 - H ) , 12.05 (s, O H ) . Found : C, 67.37; H , 6 .58%. 
Calcd for C 1 7 H 2 0 O 5 : C, 67.09; H , 6 .62%. 

7-Acetoxy-6-isobutyryloxyacetyl-2,2-dimethylchromene (Acetate of 
Ripariochromene C) (11). A mixture of 2 (54 mg) , 
acetic anhydride (1 ml) , and pyridine was worked up in the 
same manner , as in the case of 8, to give colorless needles 
(11) (56 mg, 9 1 % ) : m p 124—125 °C; I R « 1775, 1740, 
1685 cm- 1 ; N M R (CDC13) ô 1.24 [d, 6H, 7 = 7 Hz, (CH 3 ) 2 -
C H ] , 1.46 (s, 6H, 2 x C H 3 ) , 2.35 (s, 3H, C H 3 C O ) , 2.70 
[m, 1H, (CH 3 ) 2 CH] , 5.07 (s, 2H, CH 2 ) , 5.63 (d, 1H, 7 = 
10 Hz , C 3 - H ) , 6.29 (d, 1H, 7 = 10 Hz , C 4 - H ) , 6.52 (s, 1H, 

C 8 - H ) , 7.48 (s, 1H, C 6 - H ) . Found : C, 65.88; H , 6.32%. 
Calcd for C 1 9 H 2 2 0 6 : C, 65.88; H , 6 .40%. 

2,4-Dihydroxy-o)-(acetoxy)acetophenone (12). Resorcionl 
(20 g) , acetoxyacetonitrile (26.5 g) , and zinc chloride (8 g) 
were successively added to dried ether (100 ml) , and a rapid 
stream of dried hydrogen chloride was bubbled into the 
mixture with stirring in an ice-salt ba th for 2 h. T h e mixture, 
after being treated in the same manner as in the case of 
3, was heated in water -methanol (1 : 9 ; 300 ml) for 1.5 h 
at 60 °C, and the solvent was distilled out under reduced 
pressure. T h e residue was recrystallized from chloroform to 
give colorless plates (12) (15 g, 4 0 % ) , producing a light-brown 
reaction in the ferric chloride color test: m p 167—168°C; 
I R v™* 1740, 1610 c m - 1 ; N M R (DMSO) ô 2.13 (s, 3H , 
C H 3 C O ) , 5.24 (s, 2H, CH 2 ) , 6.30 (bs, 1H, C 3 - H ) , 6.35 
[q, 1H, ( 7 = 2 . 5 , 9 Hz) C 5 - H ] , 7.68 (d, 1H, 7 = 9 Hz, C 6 - H ) , 
10.63 (s, C 4 - O H ) , 11.54 (s, C 2 - O H ) . Found : C, 57.03; 
H , 4 .77%. Calcd for C 1 0 H 1 0 O 5 : C, 57.14; H , 4 .80%. 

5- (3-Methyl-2-butenyl)-2,4-dihydroxy-oy- (acetoxy)acetophenone 
(13) and 3-(3-Methyl-2-butenyl)-2,4-dihydroxy-co-(acetoxy)aceto-

phenone (14). T o a mixed solution of 12 (5.0 g) and 
boron trifluoride etherate (3.3 g) in dried dioxane (70 ml) 
was gradually added a solution of 2-methyl-3-buten-2-ol 
(2.1 g) in dried dioxane (15 ml) and the mixture was heated 
at 50—60 °C for 3 h. T h e reacted mixture was cooled to 
room temperature, poured into cold water, and taken up 
in ether. T h e ethereal solution was washed with an aqueous 
solution of sodium hydrogen carbonate, dried over sodium 
sulfate, and the solvent was evaporated to give a yellow oil, 
which was chromatographed over a silica-gel column with 
chloroform with separation of compounds A ( i? f=0.19) and 
B ( i2 f=0.07) . Compound B was recrystallized from benzene 
as colorless needles (13) (1.8 g, 2 0 % ) : m p 129—130 °C ; 
I R ygg 1740, 1630 c m - 1 ; N M R (GDG1,) ô 1.77 (bs, 6H , 
2 X C H 3 ) , 2.23 (s, 3H, G H 3 C O ) , 3.24 (d, 2H, 7 = 7 Hz, 
C H , C H = ) , 5.248> (s, 2H, CH 2 ) , ca. 5.248> [1H, (CH3)2C= 
C H ] , 6.31 (s, 2H, C 3 - H , C 4 - O H ) , 7.25 (s, 1H, C 6 - H ) , 11.93 
(s, C 2 - O H ) . Found : C, 64.77; H, 6 . 4 3 % . Calcd for 
C 1 5 H 1 8 0 5 : C, 64.73; H , 6 .52%. 

Compound A was recrystallized from benzene as colorless 
needles (14) (0.4 g, 6 % ) , producing a positive reaction in 
the ferric chloride color test: m p 147—148 °C; I R v*j* 
1725, 1630 c m - 1 ; N M R (CDC13) ô 1.74 (s, 3H) and 1.80 
(s, 3H) [ (CH 3 ) 2 C=CH] , 2.22 (s, 3H, C H 3 C O ) , 3.39 (d, 
2H, 7 = 7 Hz, CH 2 CH=) , 5.228> (s, 2H, CH 2 ) , ca. 5.228> 
[1H, (CH 3 ) 2 C=CH] , 6.32 (d, 1H, 7 = 9 Hz, C 5 - H ) , 6.37 
(s, C 4 - O H ) , 7.83 (d, 1H, 7 = 9 Hz , C 6 - H ) , 12.45 (s, C 2 - O H ) . 
Found : C, 64.68; H , 6 . 4 1 % . Calcd for C 1 6 H 1 8 0 6 : C, 
64.73; H , 6 .52%. 

Another Synthesis of Ripariochromene B (1). A mixture 
of 13 (0.30 g) , D D Q , (0.32 g) , and dried toluene (120 ml) 
was heated under reflux for 2 h. T h e reacted mixture was 
worked u p in the same manner as in the case of chromene 1. 
T h e chromene thus obtained was recrystallized from carbon 
tetrachloride as colorless needles (1) (0.18 g, 6 5 % ) : m p 
146—147 °C (no depression in a mixed melting-point deter­
mination with the ripariochromene B synthesized above). 

5-Hydroxy-6-acetoxyacetyl-2,2-dimethylchromene (15). A 
mixture of 14 (57 mg) , DDQ, (68 mg) , and dried toluene 
(20 ml) was worked u p in the same manner described above. 
T h e chromene thus obtained was crystallized from petroleum 
ether (35—40 °C) as colorless prisms (15) (24 mg, 4 2 % ) : 
m p 117—118.5 °C ; I R « 1755, 1660 cm" 1 ; N M R (CDC13) 
<5 1.44 (s, 6H, 2 x C H 3 ) , 2.21 (s, 3H, C H 3 C O ) , 5.23 (s, 2H, 
CH 2 ) , 5.56 (d, 1H, 7 = 10 Hz , C 3 - H ) , 6.32 (d, 1H, 7 = 1 0 
Hz, C 4 - H ) , 6.67 (d, 1H, 7 = 10 Hz, C 8 - H ) , 7.38 (d, 1H, 
7 = 10 Hz , C 7 - H ) , 12.32 (s, O H ) . Found : C, 65.10; H , 



462 Masao TSUKAYAMA [Vol. 50, No. 2 

5.90%. Galcd for C 1 5 H 1 6 0 5 : G, 65 .21; H , 5 .84%. 
2,4-Dihydroxy-co- ( isobutyryloxy ) acetophenone (16). A 

mixture of resorcinol (10 .4g) , isobutyryloxyacetonitrile (18 
g), and zinc chloride (6 g) in dried ether (200 ml) was worked 
u p in the same manner as in the case of 12 to give colorless 
prisms (16) (10g , 4 0 % ) : m p 116—117 °G; I R v™ 1710, 
1635 c m - i ; N M R (DMSO) Ô 1.15 [d, 6H, J=l Hz, (CH 3) 2-
C H ] , 2.63 [m, 1H, ( C H 3 ) 2 C H ] , 5.23 (s, 2H, GH a ) , 6.28 
(bs, 1H, G 3 - H ) , 6.33 [q, 1H, ( 7 = 2 . 5 , 9 Hz) C 5 - H ] , 7.68 
[d, 1H, ( 7 = 9 Hz) C , - H ] , 10.57 (s, G 4 - O H ) , 11.46 (s, C 2 - O H ) . 
Found : G, 60.46; H , 5 .74%. Galcd for C 1 2 H 1 4 0 5 : C, 
60.50; H , 5.92%. 

5- (3-Methyl-2-butenyl) -2,4-dihydroxy-co- (isobutyryloxy) aceto­
phenone (17) and 3-(3-Methyl-2-butenyl)-2,4-dihydroxy-to-
(isobutyryloxy) acetophenone (18). A mixed solution of 16 
(8.0 g) , boron trifluoride etherate (3.6 g) , and 2-methyl-3-
buten-2-ol (2.1 g) in dried dioxane (150 ml) was worked u p 
in the same manner as in the case of 13 to give 17 and 18. 
Compound 17 was recrystallized from benzene as colorless 
needles (1.8 g. 2 0 % ) : m p 122—123 °G; I R v*& 1720, 
1650 c m - 1 ; N M R (GDG1,) Ô 1.27 [d, 6H , 7 = 7 Hz , (CH 3 ) 2 -
G H ] , 1.74 [bs, 6H, (CH 3 ) 2 C=CH] , 2.74 [m, 1H, (CH 3 ) 2 CH] , 
3.23 [d, 2H, 7 = 7 Hz, C H 2 C H = ] , 5.238> (s, 2H, CH 2 ) , 
ca. 5.238> [1H, (GH 3 ) 2 C=GH], 6.29 (s, 1H, G 3 - H ) , 6.47 
(s, C 4 - O H ) , 7.25 (s, 1H, C 6 - H ) , 11.96 (s, G 2 - O H ) . Found : 
C, 66.88; H , 7 .29%. Calcd for G 1 7 H 2 2 0 5 : G, 66.65; H , 
7 .24%. 

Recrystallization of 18 from benzene gave colorless needles 
(0 .4g, 5 % ) : m p 147—148 °C; I R vg* 1713, 1625 cm" 1 ; 
N M R (CDCI3) ô 1.25 [d, 6H, 7 = 7 Hz, ( C H 3 ) 2 C H ] , 1.73 
(s, 3H) and 1.79 (s, 3H) [ (GH 3 ) 2 G=CH], 2.73 [m, 1H, 
(GH,) a CHJ, 3.40 (d, 2H , 7 = 7 Hz , CH 2 GH=) , 5.248> (s, 
2H, GH 2 ) , ca. 5.24») [1H, (CH 3 ) 2 C=CH] , 6.35 (d, 1H, 
7 = 9 Hz, C 5 - H ) , 6.39 (s, G 4 - O H ) , 7.36 (d, 1H, 7 = 9 Hz, 
Gtf-H), 12.45 (s, G 2 - O H ) . Found : C, 66.50; H , 7.12%. 
Calcd for C 1 7 H 2 2 0 5 : C, 66.65; H , 7.24%. 

Another Synthesis of Ripariochromene C (2). A mixture 
of 17 (0.30 g) , D D Q (0.29 g) , and dried toluene (120 ml) 
was worked up in the manner described above to give color­
less needles (2) (0.18 g, 6 0 % ) : m p 109.5—110.5 °C (no 

depression in a mixed melting-point determination with the 
ripariochromene C synthesized above). 

5-Hydroxy-6-isobutyryloxy acetyl-2,2-dimethylchromene ( 19). 
A mixture of 18 (102 mg), D D Q , (113 mg) , and dried toluene 
(120 ml) was worked up in the manner described above tc 
give colorless prisms (19) (53 mg, 5 2 % ) : m p 72—73.5 °C; 
I R v** 1735, 1640 c m - 1 ; N M R (CDC13) Ô 1.26 [d, 6H, 
7 = 7 Hz , (CH 3 ) 2 CH] , 1.44 (s, 6H, 2 x C H 3 ) , 2.73 [m, 1H. 
(CH 3 ) 2 CH] , 5.22 (s, 2H, CH 2 ) , 5.55 (d, 1H, 7 = 10 Hz, 
C 3 - H ) , 6.32 (d, 1H, 7 = 10 Hz , C 4 - H ) , 6.68 (d, 1H, 7 = 10 Hz , 
C 8 - H ) , 7.38 (d, 1H, 7 = 10 Hz, C 7 - H ) , 12.33 (s, O H ) . 
Found : C, 67.36; H, 6.72%. Calcd for C 1 7 H 2 0 O 5 : C, 
67.09; H , 6.62%. 

T h e a u t h o r wishes to express his d e e p g r a t i t u d e to 
Professor S h û i c h i H a y a s h i a n d D r . M i t s u r u N a k a y a m a , 
H i r o s h i m a U n i v e r s i t y , for t he i r g u i d a n c e a n d e n c o u r ­
a g e m e n t t h r o u g h o u t t h e course of this w o r k , a n d also 
t o D r . T h o r l e i f A n t h o n s e n , N o r w a y In s t i t u t e of 
T e c h n o l o g y , for s u p p l y i n g t h e s amp le s of n a t u r a l 
r i p a r i o c h r o m e n e B a n d G. 
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Skeletal Rearrangement of Furanoeremophilane-6ß,10jS-diol into Farfugin A, 
Farfugin B, and G-tfeAl-ChloropentyU-Sjo-dimethylbenzofuran^ 
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Treatment of furanoeremophilane-6/?,10/?-diol (1; R = H) with phosphoryl chloride in pyridine at 110 °C gave 
farfugin A (2; yield: 23%), farfugin B (3; y: 34%), and 6-[(4#)-4-chloropentyl]-3,5-dimethylbenzofuran (4; 
y: 15%). A mechanism of formation of these three compounds (2, 3, and 4) is discussed. 

Furanoeremophilane-G&lOß-diol ( 1 ; R = H ) 2 ) is a 
sesquiterpene of eremophilane-type isolated from Ligu-
laria japonica Less., while farfugin A (2)3) and farfugin 
B (3)3> are benzofuran derivatives contained in Farfu-
gium japonicum (L.) Ki tam. In connection with a 
structure investigation of 1 (R = H ) , we found that 
farfugin A, farfugin B, and another benzofuran (4) 
were formed on dehydration of 1 ( R = H ) with pho­
sphoryl chloride. In the present paper we wish to 
report the mechanism of these skeletal rearrangements. 

The diol ( 1 ; R = H ) was treated with phosphoryl 
chloride in pyridine at 110°C under nitrogen to give 
three benzofuran derivatives (2, 3, and 4). T h e two 
products, 2 (yield: 23%) , mp 78—79 °G, [ a ] D +32° 
(EtOH), and 3 (y: 34%) , an oil, proved to be iden­
tical with farfugin A (2) and farfugin B (3), respectively. 
The molecular formula C1 5H1 9OCl of the third product 
(4; y: 15%), an oil, [a]D—20° (E tOH) , was deter­
mined by elemental analysis and mass spectrometry. 
The U V spectrum of 4 is superimposable with that of 3 ; 
this suggests the presence of a benzofuran moiety in 4 
similar to that in 3. T h e I R spectrum of 4 indicates 
the presence of a C-Cl group (795 cm - 1 ) and the 
absence of a trans - C H = C H - system. The P M R 
spectrum of 4 shows a doublet (J=7.5 Hz) at ô 1.50 
due to a secondary methyl (CH 3 -CHC1-) and a mul­
tiplet at ô 4.0 due to a proton on the chlorine-bearing 
carbon (CH 3 -CHC1-) , while a multiplet at ô 5.453b) 
due to a trans olefin system ( -CH=GH-) observed 
for 3 is absent. The other P M R spectral data of 3 are 
closely related to those of 4. T h e observation shown 
above led to the structure 4 for the third product. 
The absolute configuration at the chlorine-substituted 
carbon in 4 (with negative sign of [a]D) was deduced 
to be (R) by application of Brewster rule.4) 

A similar treatment of 10/?-hydroxy-6ß-methoxy-
furanoeremophilane ( 1 ; R=CH 3 ) 2 > and 6/?-acetoxy-10/5-
hydroxyfuranoeremophilane ( 1 ; R = A c ) 2 ) yielded also 
the three benzofuran derivatives (2, 3 , and 4) (detected 
b y T L C ) . When 1 ( R = H ) was treated with trace of 
hydrochloric acid in acetone at room temperature, the 
formation of these compounds (2, 3, and 4) was observed 
by T L C examination along with tarry products. 

The fact that both 2 and 4 are optically active is of 
interest in view of the mechanism of these skeletal 
rearrangements. The absolute configuration at G(4) of 
the diol ( 1 ; R—H) and the absolute stereochemistry 
at G(9) of farfugin A (2) have recently been reported 
to be both (£).2b»5) T h e configuration of the migrating 
center was thus shown to be retained before and after 
the transformation. The formation of 2 from 1 would 
be explained by two successive 1,2-alkyl shifts involving 

a spiro intermediate (B),6) or by a 1,5-sigmatropic 
shift7> via 5 and 6 (X = POCl 2 or other phosphate esters) 
(Scheme 1). 

Scheme 1. 

Reduction of furanoeremophil-9-en-6-one (7)2b) with 
lithium aluminium hydride gave the corresponding 
alcohol (8), which was treated with phosphoryl chloride 
under the same conditions described for 1 ( R = H ) . 
T h e three benzofuran derivatives (2, 3, and 4) were 
fairly obtained in a similar ratio to that observed for 
the rearrangement products of 1 ( R = H ) . This fact 
strongly suggests that these three benzofurans are formed 
from an intermediate cyclohexadienyl cation (A),8) 
which could be produced from 8 by elimination of a 
hydroxyl (or its equivalents). T h e pathway through 
the cation A would thus be favorable rather than the 
route involving 1,5-sigmatropic shift. 

The presence of two stage 1,2-alkyl shifts through a 
spiro intermediate in the dienone-phenol rearrangement 
of a cyclohexadienyl cation has elegantly been demon­
strated.9 '10) In an acid-catalyzed dienone-phenol rear-
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rangement the medium affects the products.11 '12) A 
preferential migration, especially favored under the 
anhydrous conditions, of the more highly substituted 
carbon atom in the rearrangement was demonstra­
ted.9-12) 

The mechanism of the rearrangement of 1 into 2, 3, 
and 4 could therefore be well rationalized as follows. 
T h e elimination of hydroxyls (or their equivalents) 
from 1 would give rise to the cyclohexadienyl cation 
A (depicted as D) , which would then suffer rearrange­
ments to form the three benzofuran derivatives (2, 3, 
and 4). (a) A migration of C(4)-C(5) bond in A gives a 
spiro intermediate (B)9-11) which would be further 
rearranged into another cation (C). An elimination 
of a proton from C affords farfugin A (2) whose con­
figuration at G(9) is (S) (pathway a) . Two processes 
could account for the formation of both 4 and 3. (b 
and/or b ') A SN2 type substitution by C I - is effected 
at the secondary methyl carbon of A (path b) and/or 
of B (path b') with concomitant aromatization of ring 
B. These pathway would give the (4\ß)-4-chloropentyl 
side chain in 4. (c and/or c') An abstraction of G(3 a)-H 
from A with aromatization of ring B would lead to a 
formation of the /ran.y-3-pentenyl side chain3b) in far­
fugin B (3) (path c). An alternative route involving 
an elimination of G(2)-H from B accompanied with 
aromatization could produce a mixture of isomers with 
the eis and trans side chains. T h e cis-isomer would 
then isomerize under the reaction conditions to give 3 
(path c'). A choice between the two routes (between 
b and b ' , and between c and c') for each formation of 
4 and 3, remained undecided (cf. D and Scheme 1). 

In the rearrangement of the diol ( 1 ; R = H ) , ben­
zofuran derivatives such as 913) and 10 might be ex­
pected to be produced form A and B, respectively. 
This was, however, contrary to the observation. This 
evidence could be interpreted by the preferential 
migration (or bond-scission) of the more highly sub­
stituted carbon atom9 - 1 2) (C(4) of A, or C Q ) of B), 
whose rearrangement would be especially pronounced 
in anhydrous conditions (POCl3-pyridine) , to afford 
2 (3, and 4). 

In conclusion, the conversion of 1 into 2, 3, and 4 
can be best explained by an intermediacy of the cyclo­
hexadienyl cation A as in the case of dienone-phenol 
rearrangement.14) 

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

IR spectra were measured using a Hitachi EPI-G2 spectro­
meter. Optical rotation was measured on a JASGO DIL-SL 
Polarimeter. Mass spectra were taken on a Hitachi RMU-
6-Tokugata mass spectrometer with a direct inlet system 
operating at 70 eV. PMR spectra were measured using a 

JEOL PS-100 (100 MHz). Thin layer chromatography 
(TLG) was carried out on Kieselgel PF254 (E. Merck, Darm­
stadt). For column chromatography Wakogel 200 (Wako 
Pure Chemical Go.) was used. All mps were determined on 
a hot block and reported uncorrected. 

Treatment of Furanoermophilane-6ß,10ß-diol (1 : R=H) with 
Phosphoryl Chloride. To a solution of the diol (1 : R = 
H; 67 mg)2> in pyridine (2 ml), phosphoryl chloride (0.2 ml) 
was added dropwise with stirring, and the mixture was heated 
under nitrogen at 110°C (bath temperature) for 1 h. The 
cooled reaction mixture was poured into a mixture of ice 
and water and extracted with ether. The organic layer 
was washed with 2 M hydrochloric acid and then with water, 
dried over anhydrous sodium sulfate, and evaporated to give 
a residue, which was chromatographed on a column of 
silica gel. Elution with petroleum ether gave farfugin A 
(2; 13 mg; y: 23%) and farfugin B (3; 19 mg; y: 34%) 
successively. These compounds (2 and 3) proved to be 
identical (by IR, UV, PMR, TLG, and mass spectrometry) 
with natural farfugin A3b> and farfugin B3b> respectively. 
Further elution with the same solvent yielded 6-[(4i?)-4-
chloropentyl]-3,5-dimethylbenzofuran (4; 10 mg; y: 15%), 
an oil, [a]D - 2 0 ° (c 1.0, EtOH) ; IR (liquid) 1630, 1580, 
1132, 1090, and 795 cm-1; UV (EtOH) Amax 252 nm (e 
10600), 258 (sh), 276 (sh), 282 (3400), 285 (3300), and 292 
(3800); PMR (GDG13) Ô 1.50 (3H, d, J= 7.5 Hz; CH3-
GHG1-), 2.19 (3H, d, 7=1 .2 Hz; C(3)-CH3), 2.40 (3H, s; 
C (5)-CH3), ca. 4.0 (1H, m; GH3-GHC1-), ca. 1.1—13 (3H, 
G (2)-H, G(4)-H, and C (7 )-H), and ca. 2.5—3.0 [6H,-(GH2)3-] ; 
mass spectrum mje 252 and 250 (M+ ; in an intensity ratio 
of ca. 1 : 3) and 159 (base peak). Found: G, 71.70; 
H, 7.58; Gl, 14.42%. Galcd for G15HlflOGl: G, 71.84; 
H, 7.64; Gl, 14.14%. Other benzofuran derivatives such as 
9 and 10 were not obtained. 

Gas chromatographic examination before effecting the 
column chromatographic separation showed that the ratio 
of these products (2, 3, and 4) was 1.0 : 1.5 : 0.4 based on 
the integrated area of the peak for each product [column: 
Diasolid H-523, 5(mra)xl.5(ra); column temperature: 170 
°G ; detection : FID ; carrier gas : N2, 66 ml/min ; instru­
ment: Shimadzu GG-4A PF| . 

Treatment of 10ß-Hydroxy-6ß-methoxyfuranoeremophilane (1 : R= 
CH.3) and 6ß-Acetoxy-10ß-hydroxyfuranoeremophilane (1 : R=Ac) 
with Phosphoryl Chloride. A methoxy alcohol (1; R = 
GH3; 5 mg)2> or an acetoxy alcohol (1; R = A c ; 5 mg)2) 
was treated with phosphoryl chloride (0.05 ml) in pyridine 
(0.5 ml) at 110 °G for 1 h. In each case the reaction mixture 
gave, after the work-up described above, a residue which 
was shown to be a mixture of the three benzofuran derivatives 
(2, 3, and 4) by TLG examination. 

Acid-Catalyzed Rearrangement of the Diol (1; R—H). 
To a solution of the diol (1; R = H ; 5 mg)2) in dry acetone 
(0.5 ml) was added a drop of concentrated hydrochloric 
acid at room temperature. The reaction mixture was 
treated as usual to give a residue, which was examined by 
TLG to show the formation of the three benzofurans (2, 3, 
and 4) and of tarry products formed probably by degrada­
tion of the furan ring. 

Reduction of Furanoeremophil-9-en-6-one (7) with Lithium 
Aluminium Hydride and Successive Treatment with Phosphoryl 
Chloride. Lithium aluminium hydride (100 mg) was 
added to a solution of the ketone (7; 40 mg)2b) in ether (10 ml), 
and the mixture was stirred under nitrogen at room temper­
ature for 1 h. The excess of lithium aluminium hydride 
was decomposed with water, and the mixture was extracted 
with ether. The ethereal layer was washed with water and 
brine, and then dried over anhydrous sodium sulfate. On 
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removal of the solvent, an unstable oily alcohol (8; v0n 3500 
:m _ 1 ; one spot on TLC) was obtained, which without further 
characterization was dissolved in pyridine (0.5 ml) . After 
addition of phosphoryl chloride (0.1 ml) , the resulting mix­
ture was heated under nitrogen at 110°G for 1 h. T h e 
reaction mixture was treated as usual to give a residue, 
which was subjected to separation by preparative T L G to 
afford the three benzofurans (2, 3, and 4) . T h e ratio of these 
products (2, 3, and 4) was determined to be 1.0 : 1.3 : 0.3 
by gas chromatography (under the same conditions mentioned 
above) before effecting the T L C separation. 
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The treatment of 1,1-diiodoethane with copper powder in the presence of 1-heptene gave a 1.3 : 1 mixture of 
eis- and frans-l-methyl-2-pentylcyclopropane in 11% yield. The treatment in the presence of cyclohexene gave a 
1 : 1.7 mixture of endo- and e#0-7-methylbicyclo[4.1.O]heptane in 32% yield, together with 1 -ethylcyclohexene in 8% 
yield, which was shown to be derived mainly from isomerization of the endo-isomer. These reactions were concluded 
to proceed via organocopper intermediate rather than free methylcarbene. The treatment of 1,1-diiodoethane 
with copper powder in the presence of alkylbenzene gave a mixture of o- and /»-ethyl(alkyl)benzene contrary 
to the corresponding reaction of methylcarbenoid of zinc which gave cycloheptatriene derivatives. 

This paper describes an a-elimination of iodine from 
1,1-diiodoethane by the reaction with copper powder. 
Although a-elimination reactions provide the best 
route to most classes of carbenes and carbenoids,1) 
only a few publications are available on the a-elimina­
tion of halogen from 1,1-dihaloalkane. Alkyl- and 
dialkylcarbenes are distinguished from other classes 
of carbenes by the predominance of intramolecular 
reactions leading to olefins and cyclopropane derivatives. 
Kirmse and Wächtershäuser2) reported that the treat­
ment of 1,1-diiodoalkane with sodium, lithium, and 
magnesium afforded predominantly cyclopropane de­
rivatives, whereas the treatment with zinc and copper 
produced olefins via rearrangements of the Wagner-
Meerwein type, but these workers did not refer to the 
a-elimination of 1,1-diiodoethane. The a-elimination 
of iodine from 1,1 -diiodoalkane by zinc-copper couple 
was reported to give predominantly olefins.3) The 
reaction of 1,1-diiodoethane with zinc-copper couple 
was reported to give ethylene.4) 

T h e a-elimination reactions of 1,1-dihaloalkanes in 
the presence of olefins give the corresponding cyclo­
propane derivatives by intermolecular cycloaddition 
of alkylcarbene or carbenoid to olefins.4-6) Previously 
we have proposed an improved method for preparing 
methylsubstituted cyclopropane derivatives by the 
reaction of olefins with 1,1-diiodoethane and diethyl-
zinc.7) 

N C = C / + CH3CHI2 + Et2Zn 
/ \ 

CH, 

o: 

Recently we found that the reaction of diiodomethane 
with copper powder in the presence of olefins gave the 
corresponding cyclopropane derivatives in good yields.8) 

N C = C / + CH2I2 + 2Gu A / x + 2CuI (2) 
GH2 

As an extension of this work, we have investigated the 
reaction of 1,1-diiodoethane with copper powder in 
the presence of olefins and/or alkylbenzenes. 

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

The reaction of 1,1-diiodoethane with copper powder 

was carried out in toluene at 75 °C for 24 h. Gas 
chromatographic analysis of the liquid layer showed 
that 7 4 % of 1,1-diiodoethane remained unchanged 
in the reaction mixture under the conditions. In the 
gaseous products was shown the formation of ethylene 
in 2 % yield, but ethane was not detected. The ex­
perimental results indicate that 1,1-diiodoethane reacted 
with copper powder under the conditions. Methyl­
carbene or methylcarbenoid of copper would be reactive 
intermediates. T h e absence of ethane in the gaseous 
products indicates that the methylcarbene or car­
benoid did not undergo the hydrogen abstraction under 
the conditions. 

The treatment of 1,1-diiodoethane with copper 
powder in the presence of 1-heptene gave a 1.3 : 1 
mixture of eis- and ïran.î-l-methyl-2-pentylcyclopropane 
in 11 % yield based on the olefin. 

n-G5HuCH=GH2 + CH3CHI2 + Cu > 

n-CJÏ i l 

H 

G 
/ \ 

CH, 

G 

CH, 

H 

n-C K Hi 

+ 
H 

\ 
G 

/ \ CH, 

G 

H 

GH, 

(3) 

Isomeric olefins were not detected in the reaction mix­
ture which would be expected from the insertion of 
free methylcarbene into C - H bonds. Therefore, the 
a-elimination of iodine from l, l -diiodoethane by copper 
powder may proceed via an organocopper intermediate 
(methylcarbenoid of copper) rather than free methyl­
carbene. 

Since the m-isomer 1 was obtained predominantly 
over the trans-isomer 2, the methylcarbenoid of copper 
was concluded to show essentially the .yw-selectivity9) 
in the cycloaddition with olefins as the methylcarbenoid 
of zinc.7) 

1,1-Diiodoethane was allowed to react with copper 
powder in the presence of cyclohexene to give a 1 : 1.7 
mixture of endo- and ^xo-7-methylbicyclo[4.1.0] heptane 
in 3 2 % yield, together with 1 -ethylcyclohexene (5) 
in 8 % yield based on the olefin. 

/ \ 
| || + CH3CHI2 + Cu • > 

V 
CH3 H GH2CH3 

\y 
i / \ w + i i / \ ^H 

\y 
CH, + 

* To whom correspondence should be addressed. 5 

(4) 
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TABLE 1. FORMATIOM OF ETHYL(ALKYL)BENZENE BY REACTION (5) 

467 

R 

H 
GH3 

CH3CH2 

Copper 
(mmol) 

72.0 
18.0 
72.0 

Alkyl benzene 
(ml) 

15.0 
4.0 

15.0 

1,1 -Diiodoethane 
(mmol) 

32.0 
8.1 

31.3 

Temp 
(°G) 

75 
100 
125 

Time 

17 day 
95 h 
40 h 

Yield 
(%)a) 

1 
3 

27 

Isomer ratio 
(Plo) 

2.1 
2.4 

a) Based on 1,1-diiodoethane. 

Heating of an isolated mixture (77 : 23) of 3 and 5 
in the presence of copper (I) iodide gave a 4 : 96 mix­
ture of 3 and 5. O n the other hand, the exo-isomer 
4 did not isomerize to 5 under the conditions. There­
fore, 5 was concluded to be derived mainly from the 
isomerization of 3 during the reaction (Eq. 4) rather 
than the insertion of free methylcarbene into C - H 
bonds. When 5 was supposed to be completely derived 
from the isomerization of 3, the reaction (Eq. 4) was 
led to give a nearly equimolar amount of 3 and 4. 
In any case, the endo-isomer 3 did not predominate over 
the &vo-isomer 4 in the reaction (Eq. 4), contrary to 
the corresponding reaction of methylcarbenoid of 
zinc. The reaction (Eq. 1) with cyclohexene gave a 
1.5 : 1 mixture of 3 and 4.7> 

In order to compare the behavior of the organocop-
per intermediate (methylcarbenoid of copper) with 
that of the methylcarbenoid of zinc generated from 
1,1-diiodoethane and diethylzinc in the reaction with 
alkylbenzene, we also studied on the reaction of 1,1-
diiodoethane and copper powder in the presence of 
alkylbenzene. 

1,1-Diiodoethane was found to react with copper 
powder in alkylbenzene to give mixtures of o- (6) and 
j?>-ethyl (alkyl)benzene (7) as are given in Table 1. 
m-Ethyl (alkyl) benzene was not significantly detected 
in the reaction mixture (see experimental for details). 
Cycloheptatriene derivatives were not detected in the 
above reaction mixtures. 

R 

A 
i ii v + CFLCHL + Cu 

R R 

/A/GH2CH3 J \ 
I II + I II 

V V 
I 

GHnGH, 

(5) 

These experimental results form a sharp contrast 
with those observed in the reaction of methylcarbenoid of 
zinc with alkylbenzene. In the latter reaction, the 
ring expansion reaction was predominant to afford 
cycloheptatriene derivatives.10) 

The reaction of the methylcarbenoid of zinc with 
naphthalene gave 7-methyl-2,3-benzobicyclo [4.1.0]-
hepta-2,4-diene (8).10> O n the other hand, the treat­
ment of 1,1-diiodoethane and copper powder in the 
presence of naphthalene in ethylbenzene gave a-ethyl-
naphthalene in 12% yield at 125 °C based on naphtha­
lene together with o- and jb-diethylbenzene. ß-Eihy\-
naphthalene and 8 were not detected in the reaction 
mixture. 

S\/\ 
+ CH3CHI2 + Cu 

CH2CH3 

i II i (6) 

Since cycloheptatriene derivatives and 8 were not 
formed by the reactions (Eqs. 5 and 6), the following 
route should be excluded: the cycloaddition of the 
methylcarbenoid of copper to the aromatic carbon-
carbon unsaturated bond to afford bicyclo[4.1.0]-
hepta-2,4-diene derivatives followed by isomerization 
to ethylbenzene derivatives. The ortho-para orienta­
tion in the reaction (Eq. 5) and the predominant 
formation of a-ethylnaphthalene in the reaction (Eq. 
6) show the electrophilHc nature of the reaction of 
1,1-diiodoethane and copper powder with alkylbenzene 
to afford ethylbenzene derivatives, but further experi­
ments are required to discuss the mechanism of the 
substitution. 

Exper imenta l 

Gas chromatographic analyses were carried out on a 
Shimadzu GC-4A or GG-4B gas Chromatograph. NMR 
spectra were obtained with a Varian Model T-60-A spectrom­
eter using carbon tetrachloride as the solvent and tetrameth-
ylsilane as the internal standard. IR spectra were recorded 
on a Hitachi Model 215 or Japan Spectroscopic Model 
402 G spectrophotometer. 

Materials. 1,1-Diiodoethane was prepared according 
to the procedure of Letsinger and Kammeyer.11) Diethyl­
zinc was prepared according to the procedure of Holler.12) 
Active zinc-copper couple was prepared according to the 
procedure of Shank and Shechter.13) The ordinary com­
mercial grade of copper powder (particle size was 5—15 (JL) 
provided by Nakarai Chemicals Ltd., Kyoto was used without 
further purification. Olefins, alkylbenzenes, and solvents 
were purified by distillation. Nitrogen was purified by 
being passed through a tube containing copper turnings in a 
furnace at 170 °C. Authentic samples of ethylene and 
ethane were prepared by hydrolyses of vinylmagnesium 
bromide and ethylmagnesium bromide, respectively. Au­
thentic samples of 1,14> 2,14> 3,7> and 47) were prepared by 
conventional methods, respectively. Commercial authentic 
samples and other chemicals were used without further 
purification. 

Reaction of 1,1-Diiodoethane with Copper Powder. Cop­
per powder (2.28 g, 36.0 mmol) was allowed to react with a 
small amount (0.10 g, 0.4 mmol) of iodine in 4.0 ml of toluene 
at room temperature in a flask equipped with a gas bur-
rette and a magnetic stirrer. After the brown color of iodine 
disappeared, 1,1-diiodoethane (4.51 g, 16.0 mmol) was added, 
and the mixture was heated at 75 °C for 24 h with stirring. 
The total amount of the evolved gas was determined by the 
gas burrette, and the gaseous products were analyzed by gas 
chromatography. The liquid layer was also analyzed by 
gas chromatography after elimination of the inorganic ma-
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terials from the reaction mixture by filtration. Results are 
given in the text. 

Reaction of 1,1 -Diiodoethane with Copper Powder in the Presence 
of 1-Heptene. Copper powder (2.28 g, 36.0 mmol) was 
allowed to react with a small amount (0.10 g, 0.4 mmol) of 
iodine in 6.0 ml of toluene at room temperature in a flask 
equipped with a reflux condenser and a magnetic stirrer. 
After the brown color of iodine disappeared, 1,1-diiodoethane 
(4.31 g, 15.3 mmol) and 1-heptene (0.88 g, 9.0 mmol) were 
added, and the mixture was heated at 85 °C for 91 h with 
stirring. After the reaction, inorganic materials were removed 
by filtration, and the organic layer was analyzed by gas chro­
matography. Yields were determined by the gas chromatog­
raphic analyses of the reaction mixture. The structures 
of the products 1 and 2 were determined by comparison of 
their retention times with those of authentic samples in gas 
chromatography using two types of different liquid phase, 
i.e., Silicone D C 550 and Apiezon Grease L. Results are 
given in the text. 

Reaction of 1,1 -Diiodoethane with Copper Powder in the Presence 
of Cyclohexene. Copper powder (3.42 g, 54.0 mmol) , 
iodine (0.15 g, 0.6 mmol) , 1,1-diiodoethane (7.03 g, 24.9 
mmol) , and cyclohexene (1.04 g, 12.7 mmol) were reacted 
in 9.0 ml of benzene at 75 °C for 304 h in a similar way. 
Yields were determined by gas chromatographic analyses 
of the reaction mixture. Products 3, 4, and 5 were isolated 
by collection from the organic layer by gas chromatography. 
Structures of 3 and 4 were determined by comparison of 
their I R spectra with those of authentic samples. T h e 
structure of 5 was determined by its N M R spectrum. N M R 
(CCLJ T : 4.68 (1 H, m ) , 7.7—8.8 (8 H , m) , 8.09 (2 H, 
q, J=l Hz) , and 9.01 (3 H, t, J=l Hz) . 

A 77 : 23 mixture of 3 and 5 (0.14 g, 1.2 mmol) collected 
by gas chromatography was heated at 75 °C for 40 h in the 
presence of copper(I) iodide (0.95 g, 2.5 mmol) in 2.5 ml 
of benzene. Gas chromatographic analysis of this reaction 
mixture showed the presence of a 4 : 96 mixture of 3 and 5, 
and 4 was not detected in this reaction mixture. 

An isolated sample of 4 (0.09 g, 0.8 mmol) collected by 
gas chromatography was heated at 75 °C for 40 h in the 
presence of copper (I) iodide (0.65 g, 1.7 mmol) in 1.7 ml 
of benzene. Gas chromatographic analysis of this reaction 
mixture showed the presence of 4 without 3 and 5. 

Reaction of 1,1 -Diiodoethane with Copper Powder in the Presence 
of Alkylbenzene. T h e reaction of 1,1-diiodoethane with 
copper powder in the presence of alkylbenzene was carried 

out in a similar way. Products were isolated by collection 
from the organic layer by gas chromatography. Structures 
were determined by comparison of their I R spectra with 
those of authentic samples. Yields were determined by gas 
chromatographic analyses of the reaction mixture. Results 
are given in the text. 

Reaction of 1,1 -Diiodoethane with Copper Powder in the Presence 
of Naphthalene. T h e reaction of copper powder (3.82 g, 
60.0 mmol) , 1,1-diiodoethane (8.12 g, 28.8 mmol), iodine 
(0.20 g, 0.8 mmol) , and naphthalene (2.56 g, 20.0 mmol) 
was carried out in 10.0 ml of ethylbenzene at 125 °C for 22 h. 
Gas chromatographic analysis of the reaction mixture showed 
the formation of a-ethylnaphthalene in 12% yield based on 
naphthalene, together with o- and /»-diethylbenzene. The 
sturcture of a-ethylnaphthalene was determined by com­
parison of the I R spectrum of an isolated sample collected 
by gas chromatography with that of an authentic sample. 
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Dendropanoxide (1) was synthesized by the reaction of 3/?,4/7-epoxyfriedelane (19) with boron trifluoride ether-
ate in ether at —10 °C. In the rearrangement reaction, 4a-fluorofriedelan-3/?-ol (20), D : B-friedo-olean-5(10)-
en-3/?-ol (21), /?-amyrin (22), and D : B-friedo-olean-5-en-3/?-ol (23) were also produced. 

A triterpene oxide, named dendropanoxide,2) isolated 
from Dendropanax trifidus Makino { = Gilibertia trifida 
Makino, Araliaceae) is also known as epoxyglutinane3) 
and campanulin4) and distributed in a number of 
plants of Araliaceae and Ericaceae families.5) Al­
though two alternative structures, D : B-friedo-olean-
3,10-oxide (1)3>4>6> and D : B-friedo-olean-3,5-oxide 
(2),2'3»5) had been proposed, the D : B-friedo-olean-
3/3,10/S-oxide structure (1) was recently assigned for 
this triterpene oxide by X-ray study.7) 

From an interest in biogenetic relationship between 
dendropanoxide (2) and friedelin (3),8) conversion of 
3 into 1 was attempted. Dendropanoxide (1) may 
arise by the following biogenetic pathways.9) An 
alunusane (glutinane) type intermediate (4) may be 
derived by a sequence of 1,2-shifts of methyl groups 
and a hydrogen atom from a protonated /?-amyrin 
type intermediate (5) which is originated from squalene. 
A cationic center at G-10 of the resulting intermediate 
(4) then may suffer an attack by an oxygen atom of 
the C-3 hydroxyl group from /3-side, followed by depro-
tonation in the last step to give dendropanoxide (1). 

It has been reported that friedel-3-ene (6) affords 
only 3a,4a-epoxyfriedelane (7)10) on epoxydation be­
cause of a preferential attack of oxidizing reagents 
from a-side, and that a treatment of the a-epoxide (7) 

with stannic chloride10a) or boron trifluoride etherate10b) 
gave D : B-friedo-olean-5(10)-en-3a-ol (8),10) olean-
12-en-3a-ol (9),10b) 18a//-olean-12-en-3a-ol (10),10b) ole-
an-13(18)-en-3a-ol ( l l) ,1 0 b) and 18a//-A-neo-oleana-
3(5),12-diene (12).10b) 

Recently Hadley and Halsall11) reported a boron 
trifluoride-catalyzed rearrangement of epoxides (13 
and 14) to give five-membered oxides (15 and 16, 
respectively) in both norlabdane and decalin series. 
I n connection with a study on the rearrangement of 
tetramethyldecalin derivatives, we found also the 
formation of a five-membered oxide (17) by a similar 
treatment of an epoxide (18).12> It is therefore sug­
gested that a treatment of 3/7,4/5-epoxyfriedelane (19) 
with boron trifluoride etherate would produce, by 
epoxide opening followed by 1,2-methyl shift, the 
intermediate cation (4) (or its equivalent species) 
which would then afford dendropanoxide (1). In 
the case of shionane derivatives, a conversion of 3/9,4/9-
epoxyshionane into dihydrobaccharis oxide was re-
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cently achieved.13) In the present paper, the formation 
of dendropanoxide (1) as well as 4<x-fluorofriedelan-
3/S-ol (20), D :B-friedo-olean-5(10)-en-3/8-ol (21), ß-
amyrin (22), and D : B-friedo-olean-5-en-30-ol (23) 
by treatment of 3/5,4/9-epoxyfriedelane (19) with boron 
trifluoride etherate is described. 

K R=H 16 R = H 

18 R = PhC0 17 R=PhC0 

I t was reported that 3jö,4/?-epoxyshionane was formed 
as a minor product together with 3a,4a-epoxyshionane 
on epoxidation of shion-3-ene.14> Friedelin (3) was 
transformed via friedelan-3/3-ol8a>b> into friedel-3-ene 
(6)8a»b) by the known procedures. Epoxidation of 
6 with m-chloroperbenzoic acid gave two epoxides in a 
ratio of about 2 : 1 . One epoxide, m p 234—236 °C, 
obtained as a major product, was shown to be identical 
with 3a,4a-epoxyfriedelane (7).10) The other one, 
C3 0H5 0O, m p 237—250 °G,* therefore, is corresponding 
to 3/?,4/?-epoxyfriedelane (19), whose structure was 
supported by the spectral data ( IR, P M R , and mass 
spectra) and the elemental analysis. Neither hydroxyl 
nor carbonyl group was observed in the I R spectrum. 
The P M R spectrum showed a multiplet ( W1/2 3 Hz) 
signal at ô 2.9014) due to the methine proton attached 
to a carbon atom (G-3) on the epoxide ring terminus; 
the corresponding signal of 3a,4a-epoxide (7) appeared 
at Ô 2.86. 

Treatment of 3/5,4/?-epoxyfriedelane (19) with boron 
trifluoride etherate in ether at —10 °G gave a complex 
mixture, which showed four spots on silver nitrate-
impregnated silica gel T L C besides a spot attr ibuted to 
the starting epoxide (19). The reaction mixture was 

* Due to thermal fragility, no sharp melting point was 
observed (Cf. Experimental). 

separated by silver nitrate-impregnated silica gel 
column chromatography and by subsequent separation 
procedures described below into five components 
( a - e ) . 

The least polar component a (yield: ca. 22%) was 
an oxide, C 3 0H 5 0O, mp 206—208 °G, [a]D + 7 1 ° , and 
was found to be identical in all respects with dendro­
panoxide (1), obtained by isolation from Dendropanax 
trifidus Makino according to Kimura 's procedure2), 
and with authentic D : B-friedo-olean-3ß,10ß-oxide (1), 
isolated from Rhododendron macrophyllum by Block and 
Gonstantine.5 '6) The second component b (y: ca. 
1.7%) was identified to be the starting /5-epoxide (19). 

The third component c (y : ca. 21 %) was a fluoride, 
C 3 0H 5 1OF, m p 223.5—224.5 °C. The presence of a 
secondary hydroxyl group was shown by the P M R 
spectrum (Ô 3.72, 1H, dt, J = 6 and 3 Hz) and by the 
I R spectrum (3450, 1100, and 1030 cm- 1 ) . The 
fluoro alcohol was treated with potassium hydroxide 
in ethanol under reflux temperature to generate the 
starting /3-epoxide (19). These observations led to the 
conclusion that the fluoro alcohol should be formulated 
as 4a-fluorofriedelan-3jö-ol (20). The formation of a 
fluorohydrin in the reaction of an epoxide with boron 
trifluoride etherate is often encountered15). 

The fourth component d (y: ca. 23%) was found 
to be a mixture of three compounds. T h e mixture 
was subjected to fractional recrystallization from ace­
tone to afford an alcohol, C3 0H5 0O, mp 236.5—237.5 °C. 
The physical and spectral data were completely identi­
cal with those of authentic D : B-friedo-olean-5(10)-
en-3/9-ol (21 ),2-6) prepared by isomerization of dendro­
panoxide (1) with hydrochloric acid in ethanol,2-6) 
and of the specimen derived from friedelin (3) by the 
known procedure.16) O n evaporation of the solvent, 
the mother liquor of the fractional recrystallization gave 
a residue. Although a separation of the residue by 
T L C under various conditions was attempted, it was not 
satisfactorily achieved. Then the residue was examined 
by high performance liquid chromatography (HPLG) 
and three peaks were detected at 18.0, 19.7, and 20.5 
min, the shortest one of which was shown to be at­
tributed to D : B-friedo-olean-5(10)-en-3/9-ol (21). In 
the P M R spectrum of the residue obtained from the 
mother liquor, two signals due to olefinic protons at 
ô 5.20 and 4.87 besides tertiary methyl signals at <5 
0.76—1.20 were observed. The mass spectrum showed 
two prominent peaks at m\e 218 and 205 with 
relative intensities 100 and 4 6 % , respectively, to­
gether with the molecular ion peak at mje 426. I t 
is well known that a characteristic peak at mje 218 
due to a retro-Diels-Alder fragmentation is observed 
in pentacyclic zJ12-triterpenes such as ß- or a-amyrin.17) 
From this fact as well as the P M R spectrum, in which 
an olefin proton of /9-amyrin resonates at ô 5.20, it 
was concluded that one component in the residue must 
be /5-amyrin itself. The validity of the conclusion was 
verified by direct comparison of the retention time 
(20.5 min) with that of authentic /?-amyrin (22) in the 
H P L C examination. T h e structure of the third com­
pound present in the residue of the mother liquor is 
left undetermined because of lack of the material and 
of difficulty of the separation. 



February, 1977] Backbone Rearrangement of 3/?,4/?-Epoxyfriedelane 471 

The most polar component e (y: ca. 14%), eluted 
from the column, C3 0H5 0O, m p 208.5—209.5 °C, 
[<x]D +63 .8° , proved to be identical with the authentic 
D : B-friedo-olean-5-en-3/?-ol (23)3>5'6) prepared by the 
reaction of 4a-bromofriedelin with silver acetate16) 
and also by the isomerization of dendropanoxide (1) 
with boron trifluoride.5'6* 

The A-ring of the /^-epoxide (19) is suggested to be 
in a conformation depicted as in 24. The formation 
of dendropanoxide (1) from 19 can be explained by 
a mechanism involving a non-concerted process. T h e 
conversion of friedelin (3) into dendropanoxide (1) 
via the /^-epoxide (19) was thus achieved. 

Exper imenta l 

General Procedure. Melting points were determined 
on a Mel-temp capillary melting point apparatus (Laboratory 
Devices) and are uncorrected. Infrared (IR) spectra were 
determined on a Hitachi EPI-G2 infrared spectrometer. 
Mass spectra were measured using a Hitachi RMU-6 mass 
spectrometer operating at 70 eV with a direct inlet system. 
High resolution mass spectra were measured using a Hitachi 
RMH-2 mass spectrometer operating at 70 eV. Proton 
magnetic resonance (PMR) spectra were measured in a 
deuteriochloroform solution using a JEOL JNM PS-100 
(100 MHz) or a Hitachi R-20B (60 MHz) spectrometer. 
Chemical shifts are expressed in ô value downfield from TMS 
as an internal standard and coupling constants in Hz. Optical 
rotation was measured with a JASCO DIP-SL Polarimeter. 
High performance liquid chromatography (HPLC) analyses 
were determined on a Waters liquid Chromatograph model 
ALG-GPS 202—401. Analytical and preparative thin layer 
chromatographies (TLG) were carried out on Kieselgel G 
nach Stahl (E. Merck) and Kieselgel 60 PF254 (E. Merck), 
respectively. Column chromatography was carried out on 
Wakogel C-200 (Wako Pure Chem. Ind.). 

Preparation of 3ß,4ß-Epoxyfriedelane (19). To a solu­
tion of friedel-3-ene (6; 1.97 g) in benzene, m-chloroper-
benzoic acid (1.74 g) in benzene was added with stirring at 
room temperature, and the solution was allowed to stand 
overnight. The reaction was stopped by addition of 10% 
sodium sulfite solution and the organic layer was washed 
with saturated sodium hydrogencarbonate solution and 
then with brine. After drying over sodium sulfate, evapora­
tion of the solvent gave a residue, which was chromatographed 
on silica gel to afford 3a,4a-epoxide (7; 1.06 g), mp 234— 
236 °G, [IR (KBr) 865 cm-1; PMR Ô 0.82, 0.95, 1.07, 1.18, 
1.19 (each 3H, s, *-CH3), 1.00 (9H, 3x*-CH3), and 2.86 
(1H, t, J=2.5 Hz, C(3)-H); mass spectrum m/e 426] and 
3jff,4/?-epoxide (19; 0.49 g) as colorless needles (crystallized 
from acetone). The epoxide (19) showed no sharp melting 
point; on heating in a capillary, it began to melt at 237— 
240 °C and melted completely at 250 °C. In a sealed tube, 
it sublimed at 245—250 °C. IR (KBr) 1000, 890, 790, 
and 760 cm-1; PMR ô 0.80, 0.96, 1.07 (each 3H, s, *-CH3), 
1.01 (9H, s, 3x*-CH3), 1.18 (6H, s, 2x*-CH3), and 2.90 
(1H, m, Wr/2 3 Hz, G(3)-H); mass spectrum m/e 426 (M+, 
42%), 411 (33), 408 (8), 393 (8), 218 (100), and 205 (83); 
Found: C, 84.54; H, 11.88%. Calcd for C30H50O: G, 
84.44; H, 11.81%. 

Reaction of 3ß,4ß-Epoxyfriedelane (19) with Boron Trifluoride 
Etherate. To a solution of 3/?,4/?-epoxide (19; 300 mg) 
in anhydrous ether (200 ml) kept at —10 °C, boron trifluoride 
etherate (4 ml) was added with stirring, and the progress 
of the reaction was monitored by TLC. After 30 min, the 

starting material was almost consumed and the reaction was 
stopped by addition of a saturated potassium hydroxide 
methanolic solution (200 ml). The usual treatment gave a 
residue, which was subjected to column chromatography on 
silica gel (70 g) impregnated with silver nitrate (12 g) and 
the following solvents were used (each fraction 100 ml) : 
frs 1 and 2, petroleum ether; frs 3—5, petroleum ether-
benzene ( 5 : 1 ) ; frs 6—8, ( 4 : 1 ) ; frs 9—15, ( 3 : 1 ) ; frs 16— 
21, (2 : 1); frs 22—41, ( 1 : 1 ) ; frs 42—47, (1 : 2); frs 48—57, 
benzene; frs 58—63, benzene-ether (3 : 1). 

Fractions 9—15, on evaporation of the solvents, afforded 
dendropanoxide (1; component a; 65 mg), mp 206—208 °C 
(recrystallized from acetone), mixed mp 206—208 °C; IR 
(KBr) 1100, 1010, 995, 980, and 955 cm-1; PMR ô 0.91, 
0.95, 0.97, 1.00, 1.02, 1.15, 1.17, 1.20 (each 3H, s, f-CH3), 
and 3.75 (1H, d, 7 = 4 . 8 Hz, G ( 3 )-H); [a]D +71° {c 0.97, 
CHC13); mass spectrum m/e 426 (M+, 15%), 411 (65), 344 
(8), 343 (8), 205 (24), and 137 (100). Found: C, 84.64; 
H, 12.01%. Calcd for C30HB0O.: G, 84.44; H, 11.81%. 

Fractions 25 and 27—30 yielded 3/?,4/?-epoxide (19; com­
ponent b ; 5 mg) and 4a-fluorofriedelan-3/?-ol (20; component 
c), respectively, on evaporation of the solvents. 

Fractions 31—39 were evaporated to give a mixture, which 
was separated by column chromatography on silver nitrate-
impregnated silica gel (10 g) into the fluoro alcohol (20; 
component c) and a component d. The fluoro alcohol 
(20) obtained from fractions 27—30 and fractions 31—39 
were combined and weighed 64 mg, mp 223.5—224.5 °C 
(recrystallized from chloroform-methanol) ; IR (KBr) 3450, 
1100, and 1030 cm-1; PMR ô 0.88, 0.96, 1.18 (each 3H, s, 
*-CH3), 1.00, 1.02 (each 6H, s, 2x*-CH3), and 3.72 (1H, dt, 
y = 6 and 3 Hz, C(3)-H); mass spectrum m/e 446 (M+, 15%), 
431 (18), 426 (20), 411 (14), 293 (36), 273 (36), and 205 (100) ; 
MW 446.3977 (by high resolution mass spectrometry). Calcd 
for G30H51OF : MW 446.3922. 

A residue obtained from fractions 40—57 contained com­
ponent d (by TLC examination). This residue and the com­
ponent d from fractions 31—39 were combined (in total, 
weighed about 70 mg), and fractionally recrystallized from 
acetone to give D : B-friedo-olean-5(10)-en-3/?-ol (21; com­
ponent dx; 38 mg), mp 236.5—237.5 °C; IR (KBr) 3450, 
1630, and 1040 cm"1; PMR Ô 0.95, 1.02 (each 9H, s, 3x 
*-CH3), 1.05, 1.20 (each 3H, s, /-GH3), 3.45 (1H, dd, J =9.5 
and 4.5 Hz, C(3)-H), and the absence of olefinic proton signal; 
mass spectrum m/e 426 (M+, 17%), 411 (17), 408 (11), 393 
(7), and 205 (100). Found: C, 84.72; H, 12.08%. Calcd 
for C30H50O: C, 84.44; H, 11.81%. 

The mother liquors of fractional crystallization were com­
bined and evaporated to give a residue, which was examined 
by PMR, mass spectrometry, and HPLC: PMR ô 5.20 
and 4.87 (olefinic protons); mass spectrum m/e 218 (100%) 
and m/e 205 (46%,); HPLC ((x-porasil, elution with 10% 
ether-hexane at flow rate 1.0 ml/min) 18.0, 19.7, and 20.5 min. 
The retention times of D : B-friedo-olean-5(10)-en-3^-ol (21) 
and /?-amyrin (22) under the same conditions were 18.0 and 
20.5 min, respectively. Therefore, the presence of /?-amyrin 
(22; component d2) in the mother liquor received support. 
The structure of the third component (d3 ; with retention time 
19.7 min) contained in the mother liquor remains undetermin­
ed. 

On evaporation of the solvents, fractions 58—63 gave 
D : B-friedo-olean-5-en-3jff-ol (23; 41 mg), mp 208.5—209.5 
°G (crystallized from chloroform-methanol) ; IR (KBr) 3450, 
1630, 1095, and 825 cm"1; PMR ô 0.87, 0.97, 1.06, 1.11 
1.18 (each 3H, s, *-CH3), 1.02 (6H, s, 2x*-CH3), 3.45 (1H, 
m, WJ2 6 Hz, C(3)-H), and 5.63 (1H, dd, ' J=4 and 
1.8 Hz, C(6 )-H); [a]D +63.8° (c 1.1, CHC13); mass spectrum 
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m/e 426 (M+, 4%), 411 (2), 408 (2), 393 (2), 274 (100), 259 
(66), and 205 (45). Found: G, 84.25; H, 11.99%. Calcd 
for C30H50O: C, 84.44; H, 11.81%. 

Treatment of 4a-Fluorofriedelan-3ß-ol (20) with Base. 4a-
Fluorofriedelan-3/?-ol (20; 44 mg) in 5% potassium hydro­
xide ethanolic solution (20 ml) was heated under reflux for 
21h. The usual work-up and recrystallization from acetone 
gave 3/?,4/?-epoxyfriedelane (19; 17 mg). 

Isomerization of Dendropanoxide (1). (a) With Hydro­
chloric Acid in Ethanol: Dendropanoxide (1; 103 mg) was 
dissolved in ethanol (20 ml) and cone hydrochloric acid 
(0.8 ml). The solution was heated under reflux for 30 min 
and then left at room temperature overnight. The reaction 
mixture, after the usual treatment, was purified by preparative 
TLC to afford D : B-friedo-olean-5(10)-en-3£-ol (21; 55 mg). 

(b) With Boron Trifluoride Ether ate: Boron trifluoride 
etherate (1.4 ml) was added to dendropanoxide (1; 631 mg) 
in ether (110 ml) at room temperature and the reaction 
mixture was allowed to stand at room temperature for 22 h. 
Work-up in a usual manner and a separation by column 
chromatography on 20% silver nitrate-impregnated silica gel 
using benzene as eluent gave D : B-friedo-olean-5(10)-en-3/?-
ol (21; 417 mg) and D : B-friedo-olean-5-en-3£-ol (23; 
50 mg). 

The authors wish to thank Professor J . H . Block and 
Professor G. H . Gonstantine, J r . , Oregon State Uni­
versity, for a generous gift of the authentic sample of 
D : B-friedo-olean-3ß,10/5-oxide (1) and also Dr. 
Hidehiro Ishizuka and Dr. Kazuyuki Aizawa for the 
measurements of P M R (100 MHz) spectra and high 
resolution mass spectra, respectively. 
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Mechanism of the Chemiluminescence of Lucigen in. II. The Charge-transfer 
Structure of Lucigenin and Reduction of 10,10'-Dimethyl-9,9Mbiacridinium 
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Lucigenin (lOjlO'-dimethyl-g^'-biacridinium dinitrate, DBA2+2NOl) was found to be a CT complex between 
DBA2+ and N03~. In the reaction of lucigenin with several nucleophiles in the absence of molecular oxygen or 
oxidizing agents the following four types of products were obtained, depending upon the relative power of the 
nucleophiles to donate electrons to DBA2+: (1) salts of DBA2+ (DBA2+2X-) which are the CT complex between 
DBA2+ and the nucleophiles, such as CI-, Br~, SCN~, and I- , (2) the cation radical DBAt produced by 
one-electron transfer from nucleophiles, such as C6H5COCH2- and CH3COCH2~, to DBA2+, (3) the biradical 
DBA? produced by two-electron transfer from nucleophiles such as O H - , CN~, CC13~, and C6H5S - and (4) 
10,10'-dimethyl-9,9'-bi(dihydroacridinylidene) produced from DBA?. Only the nucleophiles of (3), which 
produced DBA? brought about the luminescence of lucigenin in the presence of oxygen, and DBA? also showed 
luminescence in organic solvents in the presence of oxygen. From these findings it was concluded that the first 
process of the chemiluminescent reaction of lucigenin was the electron transfer reduction of DBA2+ by the 
nucleophiles to form the biradical DBA?. 

Numerous studies concerning the mechanism of the 
chemiluminescenec of lucigenin(DBA2 +2N03~, 1) with 
hydrogen peroxide in an aqueous alkaline solution have 
been carried out.1) I t has been established that N-
methylacridone, the end product of the luminescence, 
is a light emitter.18) Totter has suggested a mechanism 
for the luminescence involving two successive, two equi­
valent reductions and autoxidation. From the results of 
an ESR study Janzen and collaborators have proposed2) 
the mechanism shown in Scheme 1 involving JV-methyl-

CH3 NO? CH3 CH3 
i i i 

3 4* 

Scheme 1. 

acridone ketyl, 3. Maeda and Hayashi have previously 
reported that crystals of 1 exhibited a weak ESR absorp­
tion,3*) and Maeda, Hayamizu, and Hayashi have shown 
that an aqueous sodium hydroxide solution of 1 pro­
duced a compound313) with the same U V and I R spectra 
as 10,10'-dimethyl-9,9'-bi(dihydroacridinylidene), 5, 
but in contrast to 5, the product exhibited an ESR 
absorption both in solid state and in solution and lumines­
cence with molecular oxygen in solutions of organic 
solvents. These findings suggest a radical mechanism 
of the luminescence involving a reduction process of 
1 by a hydroxide ion. In order to obtain further infor­

mation on the radical mechanism of the chemilumnes-
cence of 1, its reactions with the various nucleophiles 
shown in Table 1 were studied. This paper deals 
with the results of the reactions and discusses the 
mehanism involving a reduction process of DBA2 + . 

GH3 

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

Measurements. Measurements of electronic absorption 
spectra were carried out using a Shimadzu UV 200 spectro­
photometer with oxygen-free solutions which were purged 
with prepurified nitrogen. The IR spectra were measured 
on a JASCO IR-G infrared spectrophotometer. The ESR 
spectra and spin concentrations were obtained by a JES 
p-10 type ESR spectrometer (100 kHz modulation) equipped 
with a JES 1D-2 type integrator with deaerated solutions and 
solids. The proton NMR spectra were measured with a 
JEM C-60-HL NMR spectrometer. The fluorescence 
spectra were obtained with a Hitachi EPF-2A fluorescence 
spectrophotometer with deaerated solutions. 

Materials. Lucigenin, 1, was synthesized by the 
method of Decker and Dunnant4) from JV-methylacridone 
which was obtained from acridine. Purification of 1 was 
achieved by recrystallization from water and then ethanol 
to give amber crystals. NMR(D aO); ô 5.07(6H, s, iV-CH3), 
Ô 7.26—8.52 (16H, m, aryl proton). 10,10'-Dimethyl-9,9'-
bi(dihydroacridinylidene), 5, was prepared by the reduction 
of iV-methylacridone with zinc and acetic acid, and recrystal-
lized from pyridine to give lemon yellow fine crystals. 

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

T h e addition of aqueous solutions containing the 
nucleophiles of group (a) in Table 1 to an aqueous 
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TABLE 1. THE CHEMILUMINESCENCE OF AN AQUEOUS SOLUTION 

OF 1 (DBA2+2N07) UPON THE ADDITION OF AQUEOUS 

SOLUTIONS OF NUCLEOPHILES IN THE PRESENCE OF OXYGEN 

Nucleophile Chemi- Nucleophile Chemi-
(a) luminescence (b) luminescence 

(G2H5)3N 
NH3 

NH2NH2H20 
CH3COCH7 
CH3SOCH7 

CCI7 
O H -

*-BuO-
CN-

s2-
C6H6S-

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

4- : Chemiluminescent ; — : Non-chemiluminescent 
Concentration of 1: 1 X 10-4 mol I-1. 

solution of 1 in the presence of oxygen brought about 
the luminescence of 1, but the addition of the nucleo­
philes of group (b) in Table 1 under the same conditions 
did not result in any luminescence. O n the other hand, 
a D M F solution of 1 exhibited luminescnce in the 
presence of oxygen with or without the nucleophiles 
of group (b) in Table 1. In order to obtain some 
information about the difference in behavior between 
the nucleophiles of group (a) and (b) of Table 1 for 
the chemiluminescence of 1, reactions of these nucleo­
philes with 1 were studied in oxygen-free solutions in 
which no luminescence was exhibited. I t was found 
that the following four types of products, DBA2+2X~, 
D B A t X " , DBA?, and DBA, 5, were produced, de­
pending upon the kind of nucleophiles and reaction 
conditions, as described below. 

/ . Salts of 10,10'-Dimethyl-9y9'-biacridinium Dication, 
DBAi+ 2X~. When solids of potassium or sodium 
salts of Gl", B r - , S C N - , and I - , the nucleophiles of 
group (b) in Table 1, were added to an aqueous solution 
of 1 ( l x l 0 ~ 2 m o l l - 1) in amounts equivalent to twice 
the molar quanti ty of 1, salts of DBA 2 + with the nucleo-
philic anions added, DBA2+2C1"(6), DBA2+2Br-(7), 
DBA2+ 2SCN-(8) , and DBA2+ 2I~(9), as by elemental 
analysis of CI, Br, S, and I, were separated out. T h e 
colors of salts 1, 6, and 7 were amber, while the colors 
of salts 8 and 9 were orange and dark red, respectively. 
The deepened colors of salts 8 and 9 caused by the 
replacement of N 0 3 ~ by S C N - or I~, which has 
a larger nucleophilicity5) than N 0 3 ~ , suggest the for­
mation of a GT complex between DBA 2 + and SCN~ 
or I - , as has been reported for the salts of pyridinium,6) 
tropylium7) a n d quinolinium8) cations. 

T h e crystals of 1 exhibited weak ESR absorption (g= 
2.003, the line width was 12.5 G) and those of 6, 7, 8, 
and 9 also exhibited weak ESR absorpt ion(g=2.003). 
T h e spin concentrations of 1, 8, and 9 are shown in 
Table 2. T h e intensities of these signals increased two 
or three times upon irradiation with an incandescent 
lamp for about 1 h and reverted to their original 
intensities after standing in the dark at room tem­
perature. These findings suggest that lucigenin is also 

TABLE 2. THE SPIN CONCENTRATIONS AND COLORS 

OF THE CT COMPLEXES DBA2+2X~ MEASURED 

IN THE ABSENCE OF THE LIGHT 

X - Spin mol - 1 Color 

NOT 7 x l 0 1 8 amber 
SCN" 1.5X1019 orange 

I - lx lO 2 0 dark red 

the C T complex 1' shown below, although the degree 
of charge transfer was less than those in 8 and 9. 

Confirmation of the C T structure of these salts was 
carried out by measurements of their absorption spec­
tra. For example, the absorption spectra of 9 measured 
in mixed solvents of D M S O , CHG13, and CH2C12 showed 
a broad band in a longer wavelength region than 500 
nm, which was not observed in water, as shown in 
Fig. 1. The band was attributed to charge transfer 
from I'- to DBA2+, since the absorbance of the band 
was intensified for a decrease in the polarity of the 
mixed solvent and disappeared in water. This fact 
appears to indicate a shift of equilibrium in solutions, 
shown in Scheme 2, which favors an ionic species in 
polar solvents. Comparison of the C T absorption of 1, 
6, 7, 8, and 9 measured in ethanol, D M S O , and D M F , 

Fig. 1. The variation of the absorption spectrum of 
9 with decreasing the polarity of solvents. 

1 
2 
3 
4 
5 
6 

ncen 

Solvents (vol%) 

CH.2CI2 

50 
50 
50 
50 
0 
0 

CHCI3 
20 
15 
10 
5 
0 
0 

DMSO 
30 
35 
40 
45 

100 
0 

Ltration of 9: 2 .0XlO- 4moll 

H 2 0 
0 
0 
0 
0 
0 

100 
- 1 

1 
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CH 
l-?I°i 

TABTE 3. THE SPIN CONCENTRATIONS AND COLORS OF THE 

G T COMPLEXES OBTAINED FROM 1 AND NUCLEOPHILES 

Scheme 2. 

< 

Fig. 2. 

500 600 

Wavelength (nm) 

The absorption spectra of DBA2+2X" 

1 
2 
3 
4 

x-
I -
SCN-
N 0 3 -
N 0 3 -

9 
8 
1 
1 

Solvent 
DMF 
DMF 
DMF 
H 2 0 

Concentration of DBA2+2X~ : 1.0 X 10~3 mol l"1. 

respectively, showed that the degree of charge transfer 
from the nucleophiles to DBA2+ increased in the follow­
ing order, N 0 3 - < C 1 - « B r - < S C N - < I " and for a 
decrease in the Z value9) of the solvents, H 2 0 < e t h a n o l < 
D M S C K D M F . The spectra of the salts of 1, 8, and 
9 observed in D M F are shown in Fig. 2. 

The formation of similar GT complexes of DBA2 + 

was also observed in oxygen-free solutions in reactions 
of 1 with the nucleophiles of group (a) in Table 1. 
By the evaporation of a solvent immediately after adding 
to an aqueous solution of 1 ( 7 . 8 x l 0 _ 3 m o l 1_1) the 
nucleophiles in amounts equivalent to twice the molar 
quantity of 1, crystals of various C T complexes of 
DBA2 + containing the added nucleophiles were ob­
tained. After treatment of the crystals with benzene 
to remove the small quantity of a by-porduct, a reduc­
tion product which appeared later, the C T complexes 
were purified by recrystallization from water and then 
from ethanol. T h e absorption spectra of these com­
plexes measured in water agreed with those of 1, 8, and 
9 in the shorter wavelength region below 500 nm, but 
showed an additional weak broad band in the longer 
wavelength region above 500 nm. The broad band 
is considered to be due to charge transfer between 
nucleophiles and DBA2 + , because the absorbance of 

Nucleo-
phile 

Spin 
mol - 1 

Type of the fine 
Color structure of the ESR 

spectrum in Fig. 3 

(C2H5)3N 
CH3COCH7 

CCI7 
C6H5COCHi 

NH3 

C6H5S -

CN-
O H -

t-BuO-

lXlO20 

2 x l ( P 
4 x l 0 2 0 

4 x l 0 2 0 

6 x l 0 2 0 

7X1020 

9 x l 0 2 0 

4 x l 0 2 1 

2 x l 0 2 2 

brown 
brown 
brown 

bluish brown 
reddish brown 
reddish brown 
orange brown 
reddish brown 
reddish brown 

B 
B 
B 
B 
B 
A 
A 
A 
A 

the band measured in water was intensified in D M F . 
These complexes exhibited strong ESR absorptions 
(g=2.003) both in solid state (line widths were about 
11.4 G) and in oxygen-free solutions of D M F and C6H6 . 
T h e colors and spin concentrations of the ESR abosrp-
tion in solid state are shown in Table 3. T h e inten­
sities of the ESR signals increased upon irradiation and 
reverted to the original intensities after standing in the 
dark at room temperature. These properties of the 
complexes are comparable to those of 1, 8, and 9, al­
though the degrees of charge transfer from the nucleo­
philes of group (a) in Table 1 to DBA 2 + are larger 
than those from SGN" and I~ (the nucleophiles of group 
(b) in Table 1) and N 0 3 " . ESR spectra of the C T 
complexes containing the nucleophiles of group (a) 
in Table 1 measured in oxygen-free solutions showed 
fine structures which are classified into two groups, 
A and B, shown in Fig. 3. Although it is now dif­
ficult to explain the two types of the fine structures, 
it is observed that (1) the C T complexes which ex­
hibited a spectrum of type A (the spacing was 1.6 G) 
had spin concentrations larger than those of the GT 
complexes which exhibited a spectrum of type B (the 
spacing was 3.0 G) as shown in Table 3 and (2) fine 
structure of type A is similar to that of the E S R spec­
trum24) which was attr ibuted to the radical cation of 
DBA 2 + produced by the one-electron reduction of 
DBA2 + . From these findings it is conceivable that both 
in solid state a n d in less polar solvents, the equilibrium 

Fig. 3. Two types of ESR spectra of DBA2+2X~ in 
the oxygen-free DMF solution. 
X - showing type A: C6H5S-, CN", OH-, /-BuO". 
X - showing typeB: (C2H5)3N, CH3COCH3-, CGI,-, 

C6H5COCH2-, NH3. 



476 Koko MAEDA, Toshi KASHIWABARA, and Mizue TOKUYAMA [Vol. 50, No. 2 

shown in Scheme 2 might be further shifted more to 
the right-hand side in C T complexes having a fine 
structure of type A than in C T complexes having a 
fine structure of type B. Counter anions in C T com­
plexes having a structure of type A, C6H5S~, C N _ , 
O H - , and £-BuO~, might have a larger electron-donat­
ing power than the neutral or anionic nucleophiles in 
C T complexes having a structure of type B, (C2H5)3N, 
C H 3 C O C H 2 - , CC13- , C 6 H 5 C O C H 2 - , and N H 3 . 

II. 10,10' -Dimethyl-9,9' -bi{dihydroacridinyl) Biradical 
DBA* and 10,10'-Dimethyl-9,9'-bi(dihydroacridinylidene) 
Produced by Two-electron Transfer from Nucleophiles to 
DBA2+. Although aqueous solutions of 1, 8, 
and 9 did not exhibit chemiluminescence in the 
presence of oxygen or hydrogen peroxide, the ad­
dition of nucleophiles of group (a) in Table 1 to 
these solutions produced luminescence. Luminescence 
of the salts was also observed in aqueous solutions 
containing organic solvents such as ethanol, D M S O , 
D M F , and pyridine in the presence of oxygen or 
hydrogen peroxide. I t has already been reported 
by Janzen2) that the addition of the potassium or 
sodium salts of the nucleophiles, C N _ , t-BuO~, and 
S2 _ , included in group (a) in Table 1, to solutions of 
1 in D M S O , D M F , or aqueous D M S O in the presence 
of oxygen resulted in luminescence, as in the case of 
the addition of O H - , and radical 10 corresponding to 
ketyl radical 3 was formed as an intermediate. If the 
mechanism involving 3 or 10 is correct, the nucleophiles 

CH3 

A / N v A 
O l I O I X : CN, t-BnO, S~ 

of group (a) in Table 1 which exhibited luminescence 
in the presence of oxygen, might produce a radical 
corresponding to 10 in oxygen-free solutions via the 
addition at the 9,9'-positions of DBA2+. This assump­
tion was examined by measuring the variation of the 
absorption spectrum of 1 for the addition of the nucleo­
philes of group (a) in Table 1. When various amounts 
of the nucleophiles were added to a solution of 1 (1.6 x 
10 - 4 mol I"1) in oxygen-free aqueous ethanol (50 : 50 
vol%) , a new broad band appeared in the wavelength 
range longer than 500 nm, and the absorbance of the 
band increased with an increase in the nucleophile 
amount . Two examples are shown in Figs. 4 and 5. 
The broad band can reasonably be attributed to charge 
transfer in the salts formed between DBA2+ and the 
nucleophiles. When the nucleophiles were added to a 
more dilute solution of 1 (8 x 10 - 5 mol 1_1) in oxygen-
free aqueous ethanol, the mixture gradually turned 
reddish brown and then became turbid owing to the 
formation of an insoluble product. T h e evolution of 
the absorption spectrum of 1 was followed in dilute 
solutions of 1 until turbidity appeared. No broad 
C T band was observed, but each spectrum showed a 
decrease in the absorbance of the band of DBA2+ at 
370 nm accompanied by the increase of a band at 
423 n m and two isosbestic points near 380 and 480 nm. 
The time-resolved absorption spectra of mixtures of 

400 500 

Wavelength (nm) 

Fig. 4. The variation of the absorption spectrum of 1 
with increasing the amount of (C2H5)3N added. 
Solvent: C 2H 5OH-H 20 (50 : 50vol%). 
Concentration of 1: 1.6X 10~4 mol l~x. 
Concentration of (C2H5)3N: 0, 5.1XlO~2 

moll-1 , l .OXlO^moll" 1 , 2.0X 
lO^mol l - 1 . 

The spectra were measured immediately after mixing 
of (C2H5)3N. 

500 600 

Wavelength (nm) 

Fig. 5. The variation of the absorption spectrum of 
1 with increasing the amount of f-BuOK added. 
Solvent: C 2H 5OH-H 20 (50 : 50vol%). 
Concentration of 1: 1.6 X 10~4 mol 1_1. 
Concentration of f-BuOK: 0, l . lX lO" 2 

moll"1, l . SXlO^mol l - 1 , 1.6X 
10-» moll-1 . 

The spectra were measured immediately after mixing 
of f-BuOK. 

1 and (C2H5)3N and CN~(NaCN) are shown in Figs. 
6 and 7 as examples. A similar variation of the U V 
spectrum of 1 was also observed by mixing the nucleo­
philes in aqueous D M F and in aqueous pyridine. 
The variations in these solvents were faster than those in 
the aqueous ethanol, although they were similar. The 
absorption maximum at 423 nm shown in Figs. 6 and 
7 agrees with that of 10,10'-dimethyl-9,9'-bi(dihydro-
acridinylidene), 5. These facts and the formation of 
the C T complexes described above appear to show that 
the reaction of DBA 2 + with the nucleophiles was the 
reduction of DBA 2 + with the nucleophiles by electron 
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2.0 r 

J3 

2.0 h 

400 450 

Wavelength (nm) 

Fig. 6. The time-resolved absorption spectra of a 
mixture of 1 and (C2H5)3N. 
Solvent: C 2H 5OH-H 20 (50 : 50vol%). 
Concentration of 1: 8.0X 10 -5 mol 1-1. 
Concentration of (C2H5)3N: 2.5X 10~2 mol l-1. 
1 : Before mixing, 2: 1 min after mixing, 3: 6 min 
after mixing, 4: 11 min after mixing, 5: 20 min 
after mixing. 

transfer via the formation of C T complexes rather than 
the formation of a radical 10 via the formation of 
pinacol 2.10> 

The reduction of DBA2+ with the nucleophiles was 
further confirmed on the basis of the following reaction. 
When sodium benzenethiolate (8 X 10~4 mol) was added 
to an aqueous solution of 1 ( 4 x l 0 ~ 4 m o l in 45 ml) 
over 2 h with stirring in nitrogen, orange yellow fine 
crystals of the reduction product (83%) were separated 
out. The crystals were filtered and diphenyl disulfide 
(mp 60.5—61.5 °C from ethanol, 82%) , the amount 
of which was comparable to that of the reduction 
product, was isolated from the filtrate. The crystals 
showed an absorption spectrum with a maximum at 
423 nm in benzene and a green fluorescence in benzene 
with a maximum at 504 nm. These spectra and the 

1.0 h 

0 

r A 

II 
r 

L i 

1 1 
2 
3 
4 

J 5 

J5 
U 
3 
2 

1 1 

— i i „ , i 

1 
2 
3 
4 
5 

A\ i 
5 

4 
3 
2 
1 

350 500 

of 

400 450 

Wavelength (nm) 
Fig. 7. The time-resolved absorption spectra 

mixture of 1 and NaCN. 
Solvent: C 2 H 5 OH-H 2 0 (50 : 50vol%). 
Concentration of 1: 8.0 X 10 -5 mol l"1. 
Concentration of NaCN: 1 .Ox 10~2 mol l"1. 
1 : Before mixing, 2: 5 min after mixing, 3: 8 min 
after mixing, 
after mixing. 

4: 13 min after mixing, 5: 20 min. 

I R spectrum agreed with those of 5. The crystals 
decomposed at 360 °C and the results of elemental 
analysis11) corresponded to 5. However, the crystals 
exhibited an ESR absorption (g=2.003) in both solid 
state and solution. The spin concentration in solid 
state was 6 x l 0 2 0 spin mol - 1 . Repeated recrystalliza-
tion of the crystals from pyridine or benzene even­
tually gave lemon yellow crystals which exhibited no 
ESR absorption and were identified to be 5. From 
these facts it is believed that the crystals were a mixture 
of 5 and a radical which is reasonably assumed to 
be biradical 10,10'-dimethyl-9,9'-bi(dihydroacridinyl), 
l l . 1 2 ) I t appears that 5 was produced from biradical 
11 by bonding of the two spins and diphenyl disulfide 
was produced by dimerization of phenylthiyl radicals 
formed by one-electron oxidation of benzenethiolate 

CH3 NO* 

A / N ^ A 
I O I O I O I 

CH3 

A / N X A 
I O I I O I 

2C 6 H 5 S-

I O I O I O I 
\ / x N / \ / 

CH, NOT 

11 

Scheme 3. 
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TABLE 4. T H E YIELDS OF THE REDUCTION PRODUCTS 

OF DBA2+ OBTAINED FROM 1 AND NUCLEOPHILES 

Nucleophile Yield (%) 

(G2H5)3N 70 
C6H5S- 83 
t-BuO- 84 
O H - 86 
S2- 92 
CN- 93 

anions by DBA2+, as shown in Scheme 3. Because the 
ESR spectrum of 11 measured in C 6 H 6 showed no 
signals at tr ibutable to a triplet state, it appears that 
there was little interaction between the two spins, and 
the two dihydroacridinyl groups in biradical 11 were 
twisted about the C 9-G 9 ' bond. A similar reduction 
product of DBA2+ was isolated by the addition of 
other nucleophiles, as shown in Table 4, and it ex­
hibited an ESR absorption which had a spin con­
centration of (5—10) X 1020 spin mol - 1 , depending upon 
the kind of nucleophile and the reduction condition. 
T h e spin concentration showed that the amount of 
biradical 11 included in the reduction product was 
little. Ghemiluminescence was visually observed in the 
reduction product in organic solvents such as ethanol, 
benzene and pyridine in the presence of oxygen,13) 
while no luminescence was observed in a pure sample 
of 5 under the same conditions. Therefore, when 
sodium dithionite (Na 2 S 2 0 4 ) which has a strong re­
ducing power was used as a nucleophile, the reduction 
product isolated (88%) was mostly 5 and exhibited 
hardly any ESR absorption or chemiluminescence. 
Thus, it is reasonable to consider that the chemilumi­
nescence of the reduction products is connected with 
the oxygenation of biradical 11 . 

No reduction of DBA2+ in water occurred by N 0 3 ~ 
and the nucleophiles of group (b) in Table 1, but 
occurred upon irradiation. When a dilute aqueous 
solution of 1 ((5—10) X 10~4 mol 1_1) was irradiated with 
a high-pressure mercury lamp or an incandescent lamp 
in a nitrogen atomosphere, a solid product was gradually 
deposited on the wall of the reaction vessel. For 
example, the yield of the product was about 10 % after 
irradiation hy a 400 watt high-pressure mercury lamp 
for 25 h. The reduction product obtained photo-
chemically exhibited luminescence in organic solvents 
in the presence of oxygen in a manner similar to the 
reduction products obtained by the chemical reduction 
of DBA2+ described above. T h e reduction of DBA2+ 
under irradiation with N 0 3 ~ and I " in 1 and 9 in both 
ethanol and D M S O was followed by observing the 
variation of the absorption spectra of DBA2+, respec­
tively. T h e variation of the spectrum of 1 in ethanol 
shown in Fig. 8 is similar to those shown in Figs. 6 and 
7.14) I t is believed that because the electron-donating 
powers of nucleophiles N 0 3

- and I "(group (b) in 
Table 1) are weaker than those of nucleophiles of 
group (a) in Table 1, the former does not reduce DBA 2 + 

without irradiation in water, but the latter does reduce 
DBA2 + without irradiation by the electron transfer 
mechanism, As described above, a D M F solution of 

Wavelngth (nm) 

Fig. 8. The variation of the absorption spectrum of 
1 in ethanol under irradiation. 
Irradiation : A 400 watt high-pressure mercury lamp. 
Concentration of 1: 6.1 X 10~4 mol 1"1. 
1 : Before irradiation, 2 : after irradiation for 1 min, 
3: after irradiation for 3 min, 4: after irradiation 
for 5 min. 

1 exhibited luminescence in the presence of oxygen 
without any other nucleophiles. This fact can be 
explained in terms of the electron-donating power 
of N O 3 - which is stronger in D M F than in water. 
Therefore, in the D M F solution of 1 the equilibrium 
of Scheme 2 was shifted greatly to the right-hand 
side. This explanation is further supported by the 
fact that a D M F solution of 1 exhibited a green fluores­
cence visually similar to that of 1 in water, but , in con­
trast to the fluorescence in water, the excitation spec­
t rum of the fluorescence in D M F was not consistent 
with the absorption spectrum of DBA2+, but was 
consistent with that of 5, the reduction product of 1. 

III. Cation Radical DBA* Produced by One-electron 
Transfer from Nucleophiles to DBA*+. I t has pre­
viously been reported3b> that an aqueous solution of 
1 containing acetone turned blue upon the addition 
of aqueous sodium hydroxide. It was found that a 
similar blue color also appeared in aqueous alkaline 
solutions of 1 containing R G O C H 3 in which R was 
C6H5 , C2H5 , and H . I t appears that the blue color 
is due to a substance produced by the reduction of 
DBA2+ with R C O C H 2 - which was formed from 
R C O C H 3 and O H - . For example, upon the addi­
tion of an ethanolic solution of acetophenone (1.74 g 
in 15 ml) containing aqueous sodium hydroxide (1 ml 
of 0.3 mol 1_1) to an aqueous solution of 1 (0.25 g in 
45 ml) with stirring in nitrogen the solution turned 
blue. After 2 h, the solvent was evaporated under 
reduced pressure. When the residue was repeatedly 
extracted with water and washed with a small amount 
of benzene, a blue compound was obtained. The 
residue was soluble in benzene, pyridine, D M F , and 
ethanol and exhibited a strong ESR absorption in 
both solid state and solution (g=2.003) . By evap­
orating the combined aqueous extracts a salt of DBA2 + 

involving C 6 H 5 C O C H 2 - as a counter ion(0.111 g) was 
obtained, which was recrystallized from water giving 
bluish-brown crystals. T h e salt showed an absorption 
spectrum having a C T absorption band in the longer 
wavelength range below 500 n m and showed an ESR 
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0.5 h 

500 600 

Wavelength (nm) 

Fig. 9. The absorption spectrum of 12 in benzene 
and the ESR spectrum in oxygen-free DMF. 

absorption both in solid state and solution. T h e ESR 
spectrum of the salt measured in an oxygen-free D M F 
solution was similar to the ESR spectrum of type B 
shown in Fig. 3. 

The absorption spectrum of the blue compound 12 
in benzene and the ESR spectrum in oxygen-free D M F 
are shown in Fig. 9. The absorption spectrum of 12 is 
different from that of the salt of DBA2 + , but resembled 
those of methylviologen cation radical 1315> and bi-
isoquinolinium cation radical 14,16) which were one-
electron reduction products of the parent dications, 
methylviologen and biisoquinolinium, respectively, 
although the absorption maxima of 12 (blue; 600, 630, 
and 680 nm in benzene) are shifted to wavelengths 
longer than those of 13 (royal b lue; 560, 610, and 670 
nm in CH3GN15)) and 14 (orange red; 460, 500, 
and 538 nm in CH3OH16>). Similarly to 13 which 
was reoxidized to the original dication by oxygen or 
iodine, 12 was also reoxidized to the original dication 
DBA2 + in both D M F and methanol upon the addition 
of an equimolar amount of iodine, because a residue 
obtained by evaporation of the solvents showed an 
absorption spectrum in water which agreed with that 
of DBA2 + . When 12 was chromatographed on silica 

gel using benzene as the eluent in nitrogen atmosphere, 
the blue color of 12 on silica gel faded and 5 was iso­
lated as yellow crystals from the eluate. In addition, 
a small amount of solid which was identified to be a 
salt of DBA2 + by comparing its absorption spectrum 
with that of DBA2 + , was isolated when water was used 
as the second eluent. From these findings it can 
reasonably be assumed that the blue compound 12 is 
the one-electron reduction product of DBA2 + , DBA+ 
C 6 H 5 COCH 2 ~. The cation radical corresponds to 13 
and 14, which have a common partial structure, 15. The 

GH3 

Yoï 

II II 
/ \ N / \ 

CH3 

15 

results of the elemental analysis of DBA+C 6 H 5 COCH 2 -
(Found: C; 84.84, H ; 5.70, N ; 5 .78%. Calcd for 
C 3 6 H 2 9 N 2 0 : C, 85.54, H ; 5.74; N ; 5.55%) and its 
I R spectrum, which appears to be the superposed 
spectra of 5 and acetophenone, also supported the 
structure of 12 for the blue compound. The formation 
of 5 and DBA2 + from 12 by chromatography on silica 
gel was considered to be due to the disproportionation 
reaction shown in Scheme 4. T h e blue color observed 
in the reaction of DBA2+ with G H 3 G O C H 2 - , C2H5-
C O C H 2 " , and H G O C H 2 " , which were formed from 
the corresponding ketones or acetaldehyde and hydrox­
ide ion, was also attr ibuted to the formation of the 
cation radical DBAt . 

The rate of formation of 12 in solutions depended 
upon the reaction conditions, such as the kind of 
solvents and the concentrations of DBA 2 + and C6H5-
C O G H 2

_ . When the concentrations of 1 and C6H5-
COCH 2 ~ were rather high, the absorption spectrum of 

• Cz-HqCOCHp 

Scheme 4. 
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Fig. 10. 
DBA2+ with 
G6H5GOCH2-. 
Solvent: G 2H 5OH-H 20 (50 : 50vol%). 
Concentration of 1: 1.6X 10~4 mol l-1. 
Concentration of C6H5COCH3: 8.4X 10~2 mol l"1. 
Concentration of NaOH added into the solution of 
C8H5COCH3: 

0, 4 .7X10-4moll"1 , 1.8X10-3 

moll-1 , 2 . 3 x l 0 - 3 m o l l - 1 , 3 .0x l0~ 3 

mol l-1. 
The spectra were measured immediately after mixing 
of 1 and C6H5COCH2-. 
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Fig. 11. The time-resolved absorption spectra of the 

mixture of 1 and C6H5COCH2-. 
Solvent: C 2 H 5 OH-H 2 0 (50 : 50vol%). 
Concentration of 1: 8.0X 10~5 moll-1 . 
Concentration of C6H5COCH3: 8.4X 10~2 mol l"1. 
Concentration of NaOH added into the solution of 
C6H5COCH3: ö .OXlO^moll - 1 . 

Before mixing, immediately after mixing, 
10 min after mixing, 40 min after 

mixing. 

12 immediately appeared after mixing solutions of 1 
and the nucleophiles, as shown Fig. 10. However, 
when the concentration of the nucleophiles was lower, 
GT absorption appeared immediately after mixing and 
then the absorption spectrum gradually changed to 
that of 12, as is shown in Fig. 11. 

In order to explain the fact that only nucleophile 
R C O C H 2

_ formed the cation radical DBAt, one- and 

CH 

/ \ / N - + 

I O I O J O I 

DBA2^ DBAt 

Scheme 5. 

two-electron half-wave reduction potentials of DBA2 + 

in 1, shown in Scheme 5, were measured polaro-
graphically17) to be —0.035 and —0.43 V, respectively. 
In a manner similar to methylviologen dication*18) 
and biisoquinolinium dication**'16) the reduction poten­
tials showed that the one-electron reduction in the 
first step from the dication to the corresponding cation 
radical 12 occurred more easily than that in the second 
step from the cation radical, 12, to 5. Although most 
of the oxidation-reduction potentials of the nucleophiles 
used in the present study are not known, it is reasonable 
to assume that the electron-donating power of nucleo­
philes R C O G H 2 - to DBA2+ was stronger than those 
of N 0 3 ~ , S C N - , and I - which gave C T complexes in 
an aqueous solution, but weaker than these of C N - , 
O H - , and CC1 3 - which gave DBA2+ as a reduction 
product. Therefore, the nucleophile R C O C H 2 - formed 
the cation radical DBAt because of the difficulty in 
the second reduction step from DBAt to the two-
electron reduction product. 

The results obtained in I, I I , and I I I are summarized 
below and the mechanism of the chemiluminescence 
of lucigenin, 1, is reasonably concluded to be that 
described below. 

C H 3 - r ^ O ^ > - < ^ 0 ^ - G H 3 -

x-x~_ ~x-
CH3-N~^>-<^5^+-CH3 

~x-
13 

C H 3 - N _ V 
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1. Lucigenin(DBA2+2N03-) is a C T complex be­
tween DBA2+ and N 0 3 ~ . Nucleophiles, such as C I - , 
Br - , S C N - , and I - , give C T complexes upon their 
introduction into an aqueous solution of 1. 

2. The first process of the chemiluminescent reac­
tion of 1 in an aqueous solution in the presence of 
oxygen is a reduction-oxidation reaction in which DBA2+ 
is reduced by two-electron transfer from O H ~ to the 
biradical DBA? via the cation radical DBA*. The 
biradical forms dioxetane19) by oxygenation and then 
produces excited iV-methylacridone, the light emitter. 
The mechanism of the chemiluminescence of 1 is shown 
in Scheme 6. 

OH- OH- o2 
DBA2+2NOl • (DBAt) > DBA! • dioxetane 

1 cation radical 11 

>• iV-methylacridone* > hv + iV-methylacridone 
4* 4 

Scheme 6. 

3. Several nucleophiles which have strong electron-
donating powers, such as C N - , £-BuO - , C6H5S~, CC13~ 
and NH 3 , also give the biradical which exhibits lumines­
cence in organic solvents in the presence of oxygen. 
Nucleophiles which have weak electron-donating pow­
ers, such as C 6 H 5 C O C H 2 - and C H 3 C O C H 2 - , give 
cation radicals by one-electron transfer via C T com­
plexes, but do not produce the biradical, and con­
sequently exhibit no luminescence in the presence of 
oxygen. 

The authors wish to express their deep grati tude to 
Professor Emeritus Taro Hayashi. of Ochanomizu 
University for helpful discussions throughout this 
investigation. They wish also to express their grati tude 
to Dr. Hiroshi Midorikawa of the Institute of Physical 
and Chemical Research, Tokyo for his kind help, and 
to Dr. Kikuko Hayamizu of the National Chemical 
Laboratory for Industry, Tokyo, and Mrs. Makiko 
Onishi for their experimental assistance in the early 
stages of this investigation. This work was partially 
supported by a grant for Scientific Research from the 
Ministry of Education (No. 964095). 

References 

la) K. Gleu and W. Petsch, Angew. Chem., 45, 57 (1935); 
lb) H. Decker and W. Petsch, J. Prakt. Chem., 143, 211 
(1935); lc) B. Tamamushi and H. Akiyama, Trans. Faraday 
Soc, 35, 491 (1939); Id) H. Kautsky and K. H. Kaiser, 
Naturwissenschaften, 31, 505 (1943); le) A. V. Kariakin, 
Opt. Spektrosk. 7, 75 (1959); If) J . R. Totter, V .J . Medina, 
and J. L. Scoseria, J. Biol. Chem., 235, 238 (1960); lg) 
J . R. Totter, Photochem. PhotobioL, 3, 231 (1964); lh) F. 
McCapra and P. G. Richardson, Tetrahedron Lett., 1964, 
3167; li) J. R. Totter and G. E. Philbrook, Photochem. 
PhotobioL, 5, 177 (1966); lj) F. McCapra and R. A. Hann, 

Chem. Commun., 1969, 442. 
2a) E. G. Janzen, J. B. Pickett, J . W. Happ, and W. 

DeAngelis, J. Org. Chem., 35, 88 (1970); 2b) J . W. Happ and 
E. G. Janzen, ibid., 35, 96 (1970); 2c) J . W. Happ, E. G. 
Janzen, and B. G. Rudy, ibid., 35, 3382 (1970). 

3a) K. Maeda and T. Hayashi, Bull. Chem. Soc. Jpn., 
40, 169 (1967); 3b) K. Maeda, K. Hayamizu, and T. Hayashi, 
The 17th Annual Meeting of the Chemical Society of 
Japan, Tokyo, April 1964. 

4) H. Decker and G. Dunnant, Ber., 42, 117 (1909). 
5) C. G. Swain and C. B. Scott, J. Am. Chem. Soc, 75, 

141 (1953). 
6) E. M. Kosower and P. E. Klindinst, J. Am. Chem. 

Soc, 78, 3493 (1956). 
7) W. von E. Doering and N. H. Knox, J. Am. Chem. 

Soc, 79, 352 (1957); K. M. Harmon, F. E. Cummings, 
D. A. Davie, and D. J . Diestler, ibid., 84, 120 (1962). 

8) S. Sakamoto, Y. Kai, N. Yasuoka, N, Kasai, M. 
Kakudo, and H. Mikawa, Chem. Commun., 1969, 176. 

9) E. M. Kosower, J. Am. Chem. Soc, 80, 3253, 3261 (1958). 
10) If pinacol 2 were formed in a first process and then 

changed to iV-methylacridone ketyl 3, as shown in Scheme 
1, an absorption spectrum due to pinacol 2 must appear in 
the wavelength region below that of 5. In fact, the absorp­
tion spectrum of 10-methyl-9-phenyl-9,10-dihydro-9-acridinol, 
which is considered to have an absorption spectrum similar 
to that of 2, showed only a maximum at 285 nm in ethanol. 

11) Found: C, 86.72, H ; 5.66, N; 7.34%. Calcd for 
5, C28H22N2: C; 87.02; H; 5.74; N; 7.24%. 

12) It appears that the biradical corresponds to a biradical 
which was suggested by Tamamushi and Akiyamalc) in 1939 
to be the product in the primary reaction in the proposed 
reaction mechanism of the chemiluminescence of 1, on the 
basis of their finding, i. e. the formation of a brownish substance 
upon the warming or irradiation of a dilute alkaline solution 
of 1. 

13) Details of the chemilumunescence spectrum will be 
reported in a future publication. 

14) When the photochemical reactions of 1 in both ethanol 
and DMSO were carried out for 2 h, a new compound which 
was determined to be a cyclization product of 11 was produced 
by further photolysis of 11 in the solutions. The new com­
pound will be reported in a future publication. 

15) E. M. Kosower and J. L. Cotter, J. Am. Chem. Soc, 
86, 5524 (1964). 

16) C. A. Heller, R. A. Henty, and J . M. Fritsch, "Chem­
iluminescence and Bioluminescence," ed by M. J . Cormier, 
D. M. Hercules, and J . Lee, Plenum Press, New York, 
London (1973), p. 249. 

17) The measurement of the reduction potentials of 1 by 
a Polarographie method was carried out by Professor Kazuo 
Nakada of the University of Electro-Communications. 
The potentials were measured versus a mercury electrode 
in DMF with tetramethylammonium iodide as the supporting 
electrolyte. 

18) R. M. Flofson and R. L. Edsberg, Can. J. Chem., 
35, 646 (1957). 

19) F. McCapra and R. A. Hann, Chem. Commun., 1969, 
442. 



482 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (2), 482—486 (1977) [Vol. 50, No. 2 

ESR Studies of Dibenzenesulfenamidyl Radicals0 
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Dibenzenesulfenamidyl radicals (2) were generated by the oxidation of dibenzenesulfenamides (1), and their 
ESR and visible spectra were measured. The ESR spectra were split into a 1 : 1 : 1 triplet by the interaction 
with the nitrogen nucleus (aN= 11.26—11.49 G); in some spectra, each of the triplet was further split by the in­
teraction with the ring protons (ao_H=ap_H=0.48—0.70, am-K=0A8—0.22 G). The g-values lay in the range of 
2.0080—2.0083. From the results, it was concluded that the unpaired electron is distributed mainly on the nitrogen 
and the two sulfur atoms. Kinetic studies of the decay of 2 indicated that 2 decays with second-order kinetics and is 
not sensitive to the atmospheric oxygen. 

A number of nitrogen-centered free radicals have so 
far been prepared, and extensive ESR studies for such 
radicals have been undertaken.2) Some of them can 
be readily isolated as pure crystals: 2,2-diphenyl-l-
picrylhydrazyl (DPPH),3) 3,4-dihydro-2,4,6-triphenyl-
2/7-1,2,4,5-tetrazin-l-yl (1,3,5-triphenylverdazyl),4) etc. 

About fifty years ago, Lecher et al. reported that 
dibenzenesulfenamide ( l a ) in benzene gives a purple 
solution on treatment with lead dioxide or silver oxide.5) 
They inferred from the coloration that a new class of 
nitrogen-centered free radicals, dibenzenesulfenamidyl 
radical (2a), had been generated. This radical possesses 
an interesting structure in which two divalent sulfur 
atoms are adjacent to the radical center. Barton 
et al. have recently found that tribenzenesulfenamide 
(3a) affords 2a on photolysis or pyrolysis.6) ESR 
studies on dibenzenesulfenamidyl radicals (2), however, 
have been rare. In this paper, the authors wish to 
report a detailed ESR investigation of 2. 

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

Generation of Radicals. Eighteen dibenzenesul­
fenamides (1) were prepared according to a procedure 
similar to that in the literature.5) The compounds 
1 in benzene all afforded immediately a purple solution 
on treatment with lead dioxide and potassium carbonate, 
and the solution showed a strong ESR signal. The 
ESR parameters for the radicals are listed in the table. 
The radicals are also generated by the photolysis of 
1, with or without the assistance of di-^-butyl peroxide. 
In general, nitrogen-centered free radicals are easily 
converted to the corresponding nitroxide radicals. How­
ever, even if the present radicals were treated under 
exposure to the atmosphere, the corresponding nitro­
xide radicals were not detected. T h e compounds 1 were 
not oxidized to 2 by the atmospheric oxygen, but they 
were subject to photolysis under exposure to the sunlight 
to give 2. 

Visible Spectra of Radicals. I t is important to 
prove that the radicals 2 are responsible for the 
purple colors. For example, a visible spectrum of 
2a in benzene shows a Amax at 538 nm, which is respon­
sible for the purple color. The absorbance at this 
point was plotted against the intensity of the ESR 
signal (Fig. 1 ). The good linearity of the plot indicates 
that the purple color is at tr ibutable to the radical. 
T h e absorption maxima of 2 are summarized in the 
table. 

Z-f \ _ S - N H - S - / V z - ^ > 

Y2 X2 X2 Y2 

1 

z-^_ys-N-s^_yz 
Y2 X2 X2 Y2 

2 

a: X 1 = X a = Y I = Y „ = Z = H 
b : X 1 = X 2 = Y 1 = Y 2 = H, Z = CH3 

c: X 1 = X 2 = Y 1 = Y 2 - H , Z = C(CH3)3 

d: X1 = X 2 = Y 1 = Y 2 = H, Z = N 0 2 

e: X 1 = X 2 = Y 1 = Y 2 = H , Z = F 
f: X 1 = X 2 = Y 1 = Y 2 = H , Z = G1 
g: X 1 = X 2 = Y 1 = Y 2 = H , Z = Br 
h : X 1 = X 2 = Y 1 = Z = H, Y2 = C1 
i : X 1 = X 2 = Y 1 = Z = H, Y2 = Br 
j : X 1 = Y 1 = Y 2 = Z = H , X2 = GH3 

k: X ^ Y ^ Y ^ Z ^ H , X2 = G1 
1: X 1 = Y 1 = Y a = Z = H, X2 = Br 

m : X j = Y j = Y 2 = H, X 2 = Z = GH3 

n : X 1 = Y 1 = Y a = H, X2 = CH3, Z = G1 
o: X 1 = Y 1 = Y 2 = H, X2 = Z = C1 
p : X 1 = Y 2 = Z = H, X 2 =Y 2 = C1 
q: X 1 = Y 1 = Z = H, X 2 = Y 1 = G1 
r: X 1 = X2 = Z = H, YX=Y2 = C1 

ESR Spectra of Radicals. The ESR spectra of 2 
were recorded in degassed benzene in order to make 
them well-resolved. The radical 2a gave a broad 
1 : 1 : 1 triplet spectrum, indicating that the splitting 
is due to the interaction with the nitrogen nucleus. For 
the radical, the reported value of aN is 11.4 G (in cyclo-
hexane),6) which is in good agreement with this ex­
perimental value. The j&am-substituted radicals, 2b 
and 2d, also gave a similarly broad 1 : 1 : 1 triplet 
spectrum. O n the other hand, in the cases of 2c, 2f, 
2g, and 2o, each of the triplet was further split by 
the interaction with the ring protons, although the 
splittings were not well-resolved (Fig. 2). In the 
spectra of 2h, 2i, 2k, 21, and 2p—r, however, the split­
tings were well-resolved (Figs. 3 and 4), and thus the 
values of an were easily determined. The spectra of 
2e, 2 j , 2 m , and 2n were split by the interaction with 
the fluorine nuclei and the methyl protons, respective­
ly. However, the spectra were complicated due to 
superposition with the splittings due to the ring protons, 
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TABLE. ESR AND VISIBLE SPECTRAL DATA OF DIBENZENE-

SULFENAMIDYL RADICALS (2) IN BENZENE 

AT ROOM TEMPERATURE 

Radical 

2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 
2i 

2j 
2k 
21 
2m 
2n 
2o 

2p 
2q 
2r 

Coupling constant 

11.41 
11.45 
11.45 
11.26 
11.49 
11.37 
11.37 
11.40 
11.40 
11.36 
11.29 
11.27 
11.44 
11.36 
11.29 
11.27 
11.30 
11.40 

0.48 

0.56 
0.56 
0.57 
0.57 

0.67 
0.67 

0.62 
0.70 
0.70 
0.58 

0.20 

0.22 

0.21 

0.21 
0.18 
— 

(G) 

— 
— 
— 
— 
— 
— 

0.57 
0.57 

0.67 
0.67 

— 
0.70 
0.70 
0.58 

£-Value 

2.0082 
2.0082 
2.0082 
2.0080 
2.0082 
2.0082 
2.0083 
2.0081 
2.0081 
2.0083 
2.0081 
2.0081 
2.0083 
2.0083 
2.0082 
2.0080 
2.0080 
2.0080 

(nm) 

538 
545 
541 
497 
531 
543. 
544 
535 
537 
557 
559 
558 
561 
568 
569 
559 
558 
531 

0 1 2 3 4 
Intensity in ESR signal (relative units) 

Fig. 1. Plot of ESR signal intensity vs. optical density 
(538 nm) for dibenzenesulfenamidyl radical (2a) in 
benzene at 23 °G. 

Fig. 3. The ESR spectrum of 2,2',5,5'-tetrachloro-
benzenesulfenamidyl radical (2q). in benzene at room 
temperature. 

Fig. 2. The ESR spectrum of 4,4'-di-f-butyldiben-
zenesulfenamidyl radical (2c) in benzene at room 
temperature, 

Fig. 4. The ESR spectrum of 3,3',5,5'-tetrachlorodiben-
zenesulfenamidyl radical (2r) in benzene at room 
temperature. 

and thus poorly resolved. Consequently, the values 
of <2H and öN of the radicals could not be determined. 

As found in the table, the values of <zN lie in the range 
of 11.26 to 11.49 G and are almost uninfluenced by 
the substituents. The values of ÖH are very small, 
indicating that the spin densities of the rings are not 
large. The unpaired electron is, therefore, distributed 
mainly on the nitrogen and the two sulfur atoms. 
The g-values of 2 lie in the range of 2.0080 to 2.0083 ;7) 
these are large for a nitrogen-centered free radical.8) 
This can be explained in terms of the presence of sulfur 
atoms possessing a large spin-orbit coupling parameter 
in the jr-system.9) 

Decay Kinetic Studies of Radicals. The radicals 2 
are rather long-lived in non-polar solents such as 
benzene and hexane, and give diaryl disulfide and 
nitrogen in quantitative yields as final decomposition 
products. Kinetic studies of the decay of 2 were 
undertaken at 23 °G in the dark. The results are 
illustrated in Fig. 5. 

According to Barton et a/.,6) a small quanti ty of 3a 
is generated by the coupling reaction of 2a with 
phenylthiyl radical in the course of decomposition of 
2a. Since 3a already decomposes at relatively low 
temperature (78 °G) into the original radicals, 2a and 
phenylthiyl radical, if tribenzenesulfenamides (3) are 
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400 1440 200 300 
Time (min) 

Fig. 5. Decay plots of dibenzenesulfenamidyl radicals 
at 23 °G. 
O ; Dibenzenesulfenamidyl radical (2a) in degassed 
benzene, # ; 2a in benzene exposed to the atmosphere, 
3 ; 4,4'-dichlorodibenzenesulfenamidyl radical (2f) in 
degassed benzene, C ; 4,4'-dinitrodibenzenesulfen-
amidylradical (2d) in degassed benzene. 

g e n e r a t e d in t h e p r e s e n t k ine t i c sys tem, t h e ana lyses 

of t h e k ine t i c s tud ies m a y b e c o m e difficult. 

A r - S - N - S - A r 
i 

S 
i 

Ar 
3 (3a: Ar = C6H5) 

I n o r d e r to e x a m i n e w h e t h e r 3 w a s g e n e r a t e d o r 
n o t in t h e p r e s e n t sys tem, t h i n l a y e r c h r o m a t o g r a p h i c 
ana lys is w a s p e r f o r m e d for e v e r y so lu t ion af ter t h e 
k ine t i c m e a s u r e m e n t w a s c o m p l e t e d . T h e s u b s t a n c e 
3 , h o w e v e r , w a s n o t d e t e c t e d a t a l l . F u r t h e r m o r e , t h e 
b e n z e n e so lu t ion of 0 .015 mol /1 of 3 a g a v e o n l y 3.0 x 
J O " 6 mol /1 of 2 a a t 2 3 ° C i n t h e d a r k ( t h e c o n c e n t r a ­
t i on of l a u sed for t h e k ine t i c i nves t i ga t ion w a s 0 .054 
mol /1) . F r o m these resul ts , i t seems t h a t 3 scarce ly 
affects t h e p r e s e n t k ine t i c s tud ies . 

F r o m t h e figure, i t w a s f o u n d t h a t t h e r a d i c a l s 2 
d e c a y w i t h s e c o n d - o r d e r k ine t ics ( t he r a t e c o n s t a n t 2 a : 
1.1, 2 d : 6 .8 , 2 e : 2 .0 1/mol s) a n d a r e n o t sensi t ive 
t o t h e a t m o s p h e r i c o x y g e n . T h e d e c a y r a t e s dec rease 
i n t h e o r d e r of 2 d > 2 e > 2 a , i n d i c a t i n g t h a t i n t r o d u c ­
t i on of e l e c t r o n - w i t h d r a w i n g g r o u p s des tab i l izes t h e 
rad ica ls . 2 ) T h i s m a y b e e x p l a i n e d as fol lows: e lect­
r o n - w i t h d r a w i n g g r o u p s s tab i l i ze t h e c o r r e s p o n d i n g 
h y d r a z i n e s b y r e d u c i n g t h e d i p o l a r r epu l s ion b e t w e e n 
t h e n i r o g e n a toms . 1 0 ) T h e h y d r a z i n e s h a v e n o t ye t 
b e e n i so la ted , i n sp i te of m a n y a t t emp t s , 5 ) p r o b a b l y 
b e c a u s e t h e y a r e v e r y u n s t a b l e . 

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

All melting points were uncorrected. I R and visible 
spectra were recorded on a Jasco Model I R - G Spectrom­
eter and a Hitachi Recording Spectrometer Model ESP-3T, 

respectively. Th in layer chromatographic analyses were 
performed on alumina (Merck Art 1064), using hexane as 
eluent, and detected by UV-irradiat ion. 

ESR Measurement. ESR spectra were recorded with 
a J E S - M E 3 X Spectrometer, equipped with 100 kHz field 
modulation, at room temperature (23 °C). 

Sample preparat ion was performed as follows: a) diben-
zenesulfenamide (1 , 10 mg) was treated with lead dioxide 
(0.5 g) and potassium carbonate (0.5 g) in benzene (1.0 ml) , 
and the inorganic compounds were removed by filtration. 
0.4 ml of the filtrate was placed in an ESR tube and degas­
sed by three freeze-and-thaw cycles, and then sealed; b) a 
solution of 1 (5 mg) and di-^-butyl peroxide (0.02 ml) in 
benzene (0.4 ml) was placed in an ESR tube and degassed 
as above, and then sealed. E S R spectra were recorded under 
UV-irradiat ion from a distance of 40 cm using a high pressure 
mercury l amp ( JES-UV-1 , 100 W ) . 

Kinetic Studies. Sample preparat ion was performed 
according to the procedure b (di-f-butyl peroxide was not 
added) . T h e solution was UV-irradiated for ca. 3 min 
as described above, and the lamp was turned off. Decay 
rates of radicals were measured a t 23 °G in the dark by 
monitoring the intensity of the ESR signals. Integrations 
of E S R signals were achieved with a Model JES-ID-2 In­
tegrator, using a benzene solution of 3,4-dihydro-2,4,6-
triphenyl-2if-l,2,4,5-tetrazin-l-yl4> as a standard. 

Materials. T h e benzene used for the ESR measurements 
was purified by the usual method : it was shaken with coned 
sulfuric acid, and washed with dilute potassium carbonate 
and then water. After drying over anhydrous magnesium 
sulfate, it was distilled from sodium wire. Commercially 
available di-f-butyl peroxide, benzenethiol, 2-methyl-, 4-
methyl-, 4-f-butyl-, and 4-chlorobenzenethiols were used 
without further purification. 4-Fluoro-, 4-bromo-, 2,4-
dimethyl-, and 2,4-dichlorobenzenethiols were prepared by 
treatment of the appropriate benzenes with chlorosulfonic 
acid, followed by reduction with zinc dust and sulfuric 
acid.11-12) 2-Chloro-, 2-bromo-, 3-chloro-, 3-bromo-, 2-methyl-
4-chloro-, 2,3-dichloro-, 2,5-dichloro-, and 3,5-dichloroben-
zenethiols were prepared from the appropriate diazotized 
anilines.13) 4-Nitrobenzenethiol was prepared by the pro­
cedure of Price et a/.u) 

All dibenzenesulfenamides (1) except 4,4'-dinitrodibenzene-
sulfenamide ( Id ) were prepared according to a procedure 
similar to that in the literature;15) I d was obtained by a 
modified method. A typical procedure for the preparation 
of 1 is described below. 

Dibenzenesulfenamide (la). Chlorine gas was passed 
into dry chlorofrom (200 ml) at —5—0 °C. T o the solution 
was added dropwise benzenethiol (25 g, 0.23 mol) over a 
period of 1 h, and for an additional 1 h the gas was passed 
at the same temperature . After chloroform was evaporated, 
the resulting red oil was distilled, giving pure benzenesulfenyl 
chloride ; 56—57 °C/3 Torr , 24.7 g (0.17 mol). Ammonia gas 
was passed into dry ether (600 ml) at —40 50 °C under 
stirring. T o the solution was added dropwise the sulfenyl 
chloride in dry ether (200 ml) over a period of 2 h. After 
completion of the addition, the passing of ammonia gas 
was stopped, and the temperature was gradually raised to 
room temperature . T h e formed ammonium chloride was 
filtered off, and ether was evaporated, giving purple crystals, 
which were recrystallized from hexane; m p 127—128 °C 
lit,15) 127—128 °C), 11.8 g (0.051 mol, 6 0 % ) . 

2-Methyl-(87—88 °C/4 Tor r ) , 4-methyl-(76—78 °C/3 Torr) , 
4-*-butyl-(124—126 °C/7 Tor r ) , and 2,4-dimethylbenzene-
sulfenyl chlorides (76—78 °C/3 Torr) were purified by 
distillation. O n the other hand, the other sulfenyl chlorides 
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were used for the following steps without any purification 
after the removal of chloroform. 

4,4'-Dltoluenesulfenamide (lb). M p 98—100 °C (petro­
leum ether), 2 9 % . I R (KBr) : 3 2 7 0 c m - 1 (NH) . Found : 
C, 64.18; H , 5.97; N , 5 .55%. Galcd for C 1 4 H 1 5 NS a : G, 
64.37; H, 5.77; N, 5 .36%. 

4,4'-Di-t-butyldibenzenesulfenamide (lc). M p 89—91 °G 
(petroleum ether), 2 8 % . I R (KBr) : 3270 c m - 1 (NH) . 
Found : G, 69.75 ; H , 7.67 ; N, 4.21 % . Galcd for G2 0H2 7NS2 : 
C, 69.50; H , 7.89; N , 4 . 0 5 % . 

4,4'-Difluorodibenzenesulfenamide (le). M p 127—129 °G 
(hexane), 5 4 % . I R (KBr) : 3 2 7 0 c m - 1 (NH) . Found : C, 
53.33; H , 3.14; N, 5 .24%. Calcd for G 1 2H 9NF 2S 2 : G, 
53.51, H , 3.37; N, 5.20%. 

4,4'-Dichlorodibenzenesulfenamide (If). M p 132—133 °G 
(benzene-hexane, lit,16) 137—140 °G), 7 1 % . 

4,4'-Dibromodibenzenesulfenamide (lg). M p 138—139 
°G (methanol), 5 3 % . I R (KBr) : 3270 c m - 1 (NH) . Found 
G, 36.87; H, 2.37; N, 3.70%. Calcd for G1 2H9NBr2S2 : G, 
36.85; H , 2.32; N , 3 .58%. 

3,3'-Dichlorodibenzenesulfenamide (lh). M p 122—123 
°G (benzene-hexane), 2 4 % . I R (KBr) : 3 2 7 0 c m " 1 (NH) . 
Found: G, 47.49; H, 2.95; N , 4 . 8 3 % . Galcd for C1 2H9-
NG12S2: G, 47.68; H, 3 .01; N, 4 .64%. 

3,3'-Dibromodibenzenesulfenamide (li). M p 115—117 °G 
(benzene-hexane), 2 4 % . I R (KBr) : 3270 c m - 1 (NH) . 
Found : G, 37.11 ; H , 2.23 ; N, 3.77%. Galcd for C1 2H9NBr2-
S2 : G, 36.85; H , 2.32; N, 3 .58%. 

2,2'-Ditoluenesulfenamide (Ij). M p 128—130 °C (petro­
leum ether), 3 9 % . I R (KBr) : 3 2 7 0 c m - 1 ( N H ) . Found : 
G, 64.27; H, 5.72; N, 5 . 31%. Calcd for G 1 4H 1 5NS 2 : C, 
64.37; H , 5.77; N, 5.36%. 

2,2'-Dichlorodibenzenesulfenamide (Ik). After the re­
moval of ether from the filtrate, to the residue (oil) hexane 
was added, giving crystalline I k , which was recrystallized 
from methanol, and benzene-hexane; m p 167—169 °G, 2 1 % . 
I R (KBr) : 3270 cm" 1 (NH) . Found : C, 47.57; H , 2.95; 
N, 4 .72%. Galcd for G12H9NC12S2: G, 47.68; H , 3 .01 ; 
N, 4 .64%. 

2,2'-Dibromodibenzenesulfenamide (11). After the re­
moval of ether from the filtrate, to the residue (oil) hexane 
was added, giving crystalline 11, which was recrystallized 
from methanol, and benzene-hexane; m p 173—174 °G, 3 1 % . 
I R (KBr) : 3 2 7 0 c m - 1 (NH) . Found : G, 36.86; H , 2 .25; 
N , 3 .61%. Calcd for C I 2 H 9 NBr 2 S 2 : C, 36.85; H , 2.32; 
N, 3.58%. 

2,2',4,4'-Dixylenesulfenamide (lm). M p 116—118 °C 
(petroleum ether), 4 9 % . I R (KBr) : 3 2 7 0 c m - 1 (NH) . 
Found : C, 66.33 ; H , 6.65 ; N, 5 .05%. Galcd for C1 6H1 9NS2 : 
C, 66.39; H, 6.62; N , 4 .84%. 

2,2'-Dimethyl-4,4'-dichlorodibenzenesulfenamide (In). M p 
144—146 °G (chloroform), 4 8 % . I R (KBr) : 3270 cm" 1 

(NH) . Found: C, 50.63; H , 3.90; N , 4 . 2 1 % . Galcd for 
C14H13NC12S2: C, 50.91; H , 3.98; N , 4 .24%. 

2,2',4,4'-Tetrachlorodibenzenesulfenamide (lo). After the 
removal of ether from the filtrate, the crystalline residue 
was refluxed in methanol (100 ml) for 10 min (not soluble 
completely) and cooled. T h e crystals separated were filtered 
and recystallized from benzene; m p 185—186 °G, 2 3 % . I R 
(KBr) : 3270 c m - 1 (NH) . Found: G, 38.75; H , 1.86; 
N, 3 .78%. Galcd for C12H7NG14S2: C, 38.83; H , 1.91; 
N , 3.76%. 

2,2',3,3'- Tetrachlorodibenzenesulfenamide (lp). After the 
removal of ether from the filtrate, to the oily residue hexane 
was added, giving crude l p , which was filtered, and refluxed 
in methanol (50 ml) for 10 min (not soluble completely) 
and cooled. T h e crystals separated were filtered and 

recrystallized from benzene-hexane; m p 197—198 °G, 2 6 % . 
I R (KBr) : 3 2 7 0 c m - 1 (NH) . F o u n d : G, 38.94; H , 1.91; 
N , 3 .76%. Galcd for C O N C I S . , : C, 38.83; H , 1.91; N, 
3 .76%. 

2,2',5,5'-Tetrachlorodibenzenesulfenamied (lq). After the 
removal of ether from the filtrate, to t he oily residue hexane 
was added, giving crude l q , which was filtered, and refluxed 
in methanol (50 ml) for 10 min (not soluble completely) 
and cooled. T h e crystals separated were filtered and re­
crystallized from benzene-hexane; m p 197—198 °C, 2 0 % . 
I R (KBr) : 3 2 7 0 c m - 1 (NH) . Found : G, 39.06; H , 1.73; 
N , 3 .72%. Galcd for G1 2H7NC14S2: G, 38.83; H , 1.91; 
N, 3.76%. 

3,3',5,5'-Tetrachlorodibenzenesulfenamide (lr). M p 185— 
186 °G (benzene-chloroform), 16%. I R (KBr) : 3270 cm" 1 

(NH) . Found : C, 38.75; H , 1.86; N , 3 .78%. Calcd for 
G12H7NG14S2: C, 38.83; H , 1.91; N , 3 .76%. 

4,4'-Dinitrodibenzenesulfenamide (Id). By a procedure 
similar to l a , 4-nitrobenzenethiol was treated with chlorine 
and ammonia gases. After the removal of ether from the 
filtrate, the obtained residue was recrystallized from benzene-
hexane, giving 4-nitrobenzenesulfenamide; m p 104—106 °G 
(lit,17) 103 °C), 4 9 % . 

4-Nitrobenzenesulfenyl chloride, which was prepared from 
5.5 g (0.032 mol) of 4-nitrobenzenethiol, was added dropwise 
at —10 5 °C under stirring to a solution of 4-nitroben­
zenesulfenamide (5.5 g, 0.032 mol) and triethylamine (4.0 g) 
in acetonitrile (100 ml) . After completion of the addition, 
the reaction mixture was stirred for an additional 30 min at 
0 °C, and filtered. After the removal of acetonitrile, the 
resulting residue was recrystallized repeatedly from methanol, 
giving yellow brown needles [it was very difficult to obtain 
pure crystals of I d , because bis (4-nitrophenyl) disulfide was 
always contamina ted] ; m p 167—169 °G (lit,17) 155 °C), 0.30 
g (9.3 mmol, 3 .2%). I R (KBr) ; 3270 c m - 1 ( N H ) . Found : 
C, 44.64; H, 2.64; N, 12.88%. Calcd for C 1 2 H 9 N 3 0 4 S 2 : 
C, 44.57; H, 2.89; N , 13.00%. 

Tribenzenesulfenamide (3a). T h e compound was pre­
pared according to the literature,6) m p 62—64 °C (lit,6) 
68 °C). 

References 

1) Presented in par t at the 28th Annual Meeting of the 
Chemical Society of J a p a n , Tokyo, April 1—4, 1973 (Pref. 
Abst., p . 1198), and for a preliminary report, see Y. Miura , 
N . Makita , and M . Kinoshita, Tetrahedron Lett., 1975, 127. 

2) (a) A. R. Forrester, J . M . Hay, and R. H . Thomson, 
"Organic Chemistry of Stable Free Radicals ," Academic 
Press, New York, N . Y. (1968); (b) S. F. Nelsen, "Free 
Radicals ," Vol. I I , ed by J . K . Kochi, J o h n & Wiley, New 
York, N . Y. (1973), p . 527; (c) W. C. Danen and F. A. 
Neugebauer, Angew. Chem., 87, 823 (1975). 

3) S. Goldschmidt and K. Rer.n, Ber., 55, 628 (1922). 
4) R. K u h n and H . Tr ischmann, Monatsh. Chem., 95, 

457 (1964). 
5) H . Lecher, K. Kökerle, and P. Stöcklin, Ber., 58, 

423 (1925). 
6) D . H . R. Barton, I. A. Blair, P. D. Magnus, and 

R. K. Norris, J. Chem. Soc, Perkin Trans. 1, 1973, 1031. 
7) U . Schmidt, K. H . Kabitzke, and K. Markau , Angew. 

Chem., 76, 376 (1964). 
8) For example, the g-value of diphenylamino radical 

is 2.0032; F. A. Neugebauer and S. Bamberger, Chem. Ber., 
107, 2362 (1974). 

9) T h e spin-orbit coupling parameter of sulfur is 382 
c m - 1 ; D. S. McGlure, J. Chem. Phys., 20, 682 (1952). 



486 Yozo MHJRA, Noboru MAKTTA, and Masayoshi KINOSÎÎITA [Vol. 50, No. 2 

10) G. N. Lewis and D. Lipkin, J. Am, Chem. Soc, 63, 14) G. G. Price and G. W. Stacy, J. Am. Chem. Soc, 68, 
3232 (1941). 498 (1946). 

11) R. Adams and G. S. Marvel, Org. Synth., Coll. Vol. 15) H. Lecher, F. Holschneider, K. Köberle, W. Speer, 
I, 504 (1956). and P. Stöcklin, Ber., 58, 409 (1925). 

12) E. H. Huntress and F. H. Garten, J. Am. Chem. Soc, 16) T. Mukaiyama, T. Taguchi, and M. Nishi,, Bull. 
62, 511 (1940). Chem. Soc. Jpn., 44, 2797 (1971). 

13) D. S. Tarbell and D. K. Fukushima, Org. Synth., 17) T. Zincke and S. Lenhardt, Justus Liebigs Ann. Chem., 
Coll. Vol. I l l , 809 (1955). 400, 1 (1913). 



February, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (2), 487—490 (1977) 487 

A Synthesis of 3'-Deoxybutirosin B 
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3'-Deoxybutirosin B (13) was prepared from 3'-deoxyparomamine (1), D-ribose and (5)-4-amino-2-hydro-
xybutyric acid (AHBA). The synthesis involves replacement of the 6'-hydroxy 1 group of 3'-deoxyparomamine 
with azido group, 1,6-carbamate ring formation, condensation with tri-0-(/>-nitrobenzoyl)-a,/?-D-ribofuranosyl 
bromide, selective cleavage of the carbamate ring, and acylation of the free amino group at G-l with AHBA. 

In a previous paper,1) we described the synthesis 
of 3'-deoxybutirosin B (13), a compound having a 
remarkable activity against resistant bacteria, starting 
from ribostamycin. In this paper we describe a 
second synthesis of 13 by condensation of a 3'-deoxy-
paromamine derivative with a protected ribosyl bro­
mide. The starting material 3'-deoxyparomamine2) 
(1) is conveniently obtained by hydrolysis of livido-
mycins,3) an antibiotic complex produced by strepto-
myces lividus. 

For attaining the synthesis, three key steps were 
required: 1) replacement of the 6'-hydroxyl group 
with an amino group, 2) selective ribosylation of the 
5-hydroxyl group, and 3) selective amidation of the 
1-amino group with ($)-4-amino-2-hydroxybutyric acid. 
The step (1) was performed by selective 6'-0-tosyla-
tion of a paromamine derivative followed by azidation 
and hydrogénation. For the step (2) the preparation 
of a 3'-deoxyparomamine derivative having a free 
hydroxyl group only at C-5 was required. For this 
purpose cyclic 1,6-carbamate4) formation was utilized. 
I to et a/.5) have reported the synthesis of ribostamycin 
by condensation of an O-benzoylribosyl chloride with a 
neamine derivative bearing two free hydroxyl groups 
at C-5 and C-6 to give 5-O-ribosyl glycoside as the 
major product. O n the other hand, Hanessian et 
a/.6) have obtained a 6-O-ribosyl glycoside almost 
quantitatively by condensation of the ribosyl chloride 
with a protected paromamine derivative having two 
free hydroxyl groups at C-5 and C-6. In our experi­
ences,13) the 6-hydroxyl group is observed to be more 
reactive than the 5-hydroxyl group, therefore, we 
designed to protect the 6-hydroxyl group by cyclic 
1,6-carbamate formation. The 1,6-carbamate sug­
gested another advantage that the space around the 
5-hydroxyl group is extended by the formation of the 
cyclic carbamate, favouring the 5-O-glycosylation, 
while commonly used 6-O-acyl groups may exert steric 
hindrance on the 5-hydroxyl group. For the step 
(3), the cyclic 1,6-carbamate was again useful because 
it is preferentially cleaved4) to give the free amino 
group at C- l . 

T r i - iV-benzyloxycarbonyl- 3'-deoxy paromamine (2) 
obtained by treatment of 3'-deoxyparomamine2) (1) 
with benzyl chloroformate was tosylated. In spite 
of the presence of four hydroxyl groups in 2, the 6 ' -0-
tosyl derivative (3) was isolated in a yield of 6 8 % . 
The position of the group was indicated by the difficulty 
of tritylation of 3. Treatment of 3 with sodium azide 
in 7V,iV-dimethylformamide (DMF) gave the 6'-azido 
derivative (4) quantitatively. Reaction of 4 with 
sodium hydride in D M F in a manner as described in 

previous papers1 '4 '7) gave the cyclic carbamate deriv­
ative (5) in a yield of 8 0 % . The presence of a car­
bamate group was confirmed by its I R spectrum.8) 
Since 5 has two hydroxyl groups at C-5 and 4 ' , the 
hydroxyl group at C-4' was protected in advance. 
For the purpose we utilized a-naphthoyl group, a bulky 
one, expecting its regioselective effect. The 4 ' -0 -
(a-naphthoyl) derivative (6) was obtained in a yield 
of 6 5 % . T h e structure of 6 was confirmed by acidic 
hydrolysis of the mesyl derivative (14) of 6. Hydrol­
ysis of 6 gave 2-deoxystreptamine, whereas hydrol­
ysis of 14 did not give 2-deoxystreptamine, indicating 
that the hydroxyl at C-5 of 2-deoxystreptamine moiety 
was mesylated. 

The 5-O-ribosylation of 6 was next studied. Among 
the protected ribosyl halogenides tested, the anomeric 
mixture (ca. 1 : 1 ) of 2,3,5-tri-0-(/>-nitrobenzoyl)-D-
ribofuranosyl bromide (8), which was prepared via 
methyl 2,3,5-tri- 0- (p-ni trobenzoyl) -ß- D-ribofuranoside 
(7), was found suitable for the coupling partner to 6, 
because 8 is stable to recrystallization from benzene 
and can be kept for months. The corresponding O-
acetyl and O-benzoyl bromide were less stable. In 
addition, the presence of the jö-nitrobenzoyl group at 
C-2 may be convenient in the glycoside formation in 
preventing9) the formation of undesirable orthoester. 
After completion of our work, Khadem et a/.12) have 
reported the syntheses of 7 and 8 in the /5-anomeric 
form by a method similar to ours. Condensation of 6 
with 8 was carried out in dichloromethane in the 
presence of mercuric cyanide. In this reaction, the 
use of fairly decreased amount of dichloromethane 
(7—10 times v/w for 8) was required to raise the yield 
of the condensation product (9). The use of benzene-
dioxane, or nitromethane as the solvent or the use of 
A g 2 C 0 3 - A g C 1 0 4 as the catalyst also decreased the 
yield. 

Cleavage of the 1,6-carbamate as well as that of 
O-acyl groups was performed by use of a limited amount 
of bar ium hydroxide in dioxane, as reported in previous 
papers,1»4»7) to give 11. When, sodium />-methoxy-
benzylate was used as the base in this reaction, the 
1,6-carbamate was cleaved to give the l-iV-(/>-methox-
ybenzyloxycarbonyl) derivative (10). T h e 1-iV-pro-
tecting group was selectively removed by the action 
of trifluoroacetic acid10) in methoxybenzene to give 
11 in high yield. T h e use of boiling acetic acid10) 
decreased the yield of 11. 

(S) - 4 - Benzyloxycarbonylamido - 2 - hydroxybutyryl11) 
group was then introduced to the free amino group at 
C-l by JV-hydroxysuccinimide ester method. Catalytic 
hydrogenolysis of the iV-benzyloxycarbonyl groups 
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and the 6'-azido group of the amide (12) gave the 
3'-deoxybutirosin B (13) in overall yield of ca. 6 % based 
on 1. T h e P M R spectrum of 13 was superimposable 
with that of 3'-deoxybutirosin B prepared1) from ri-
bostamycin. 

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

Thin-layer chromatography (TLC) was carried out on 
Wakogel B-5 with sulfuric acid spray for detection. For 
column chromatography, silica gel (Wakogel G-200) was used. 

1,3,2'- Tri-N-benzyloxycarbonyl-3'-deoxyparomamine (2). 
A sample of 3'-deoxyparomamine2) (1) was treated with 
benzyl chloroformate in a similar manner as reported7) in 
benzyloxycarbonylation of lividomycin A to give a solid of 
2 almost quantitatively, [a]2

D
2 +43° (c 0.5, dioxane). 

Found: G, 60.70; H, 6.06; N, 5.63%. Galcd for C36-

H43N3012: G, 60.92; H, 6.11; N, 5.92%. 
1,3,2'- Tri-N- benzyloxycarbonyl-3' - deoxy -6'-0- tosylparomamine 

(3). To an ice-cold solution of 2 (9.78 g) in pyridine 
(200 ml), anhydrous /»-toluenesulfonyl chloride (12.7 g, 5 
mol equivalent for 2) was added and the solution was kept 
at —10 °G overnight. The solution showed, on TLC with 
chloroform-ethanol (12 : 1), a major spot at R{ 0.53 and 
other several slight spots. After addition of water (2.5 ml), 
the solution was concentrated to give a yellow syrup. The 
chloroform solution (500 ml) of the syrup was washed with 
aqueous potassium hydrogensulfate, aqueous sodium hydro-
gencarbonate and water, dried (Na2S04), and concentrated 
to give a slightly yellow syrup, which was recrystallized from 
hot dioxane-hexane to give colorless needles, 8.04 g (68%), 
mp 185—186 °G, [a]2,1 +33° (c 1, dioxane); PMR (GDG13-
pyridine-</5) «5: 2.33 (3H s, GH3(Ts)). 

Found: G, 59.89; H, 5.70; N, 4.87; S, 3.72%. Galcd 
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for C 4 3 H 4 9 N 3 O u S : G, 59.78; H , 5.72; N , 4.86; S, 3 . 7 1 % . 
6'-Azido-1,3,2,-tri-N-benzyloxycarbonyl-3,,6/ -dideoxyparomamine 

(4). A mixture of 3 (5.46 g) and sodium azide (4.2 g) 
in D M F (100 ml) was agitated at 60 °C for 7 h. Either 
prolonged or shorter reaction at that temperature decreased 
the yield of 4. T h e solution showed, on T L G with chloro-
form-ethanol (12 : 1), a single spot at R{ 0.50. Filtration fol­
lowed by concentration of the filtrate with additions of toluene 
gave a solid, which was dissolved in dioxane and, after filtra­
tion, the solution was concentrated to give a solid, 4.51 g 
(97%), [a]2

D
3 + 9 0 ° (c 0.5, dioxane); I R (KBr) : 2100 (N3), 

1690 c m - 1 (carbamate) . 

Found: G, 58.87; H , 5.78; N, 11.20%. Galcd for 
G 3 6 H 4 2 N 6 O n : G, 58.85; H , 5.76; N , 11.44%. 

6'- A zido -3,2'-di-N- benzyloxycarbonyl - 3',6' - dideoxyparomamine 
1,6-Carbamate (5). T o an ice-cold solution of 4 (1.11 g) 
in D M F (22 ml) , 5 0 % oily sodium hydride (240 mg) was 
added and the mixture was vigorously stirred for 2.5 h in 
the cold under the atmosphere of nitrogen. T h e solution 
showed, on T L G with chloroform-ethanol (15 : 1), a single 
spot at Rt 0.2. After addition of acetic acid (0.35 ml) , the 
resulting pale-brown gelatinous mixture was poured into 
water (400 ml) . After the mixture had been kept in a 
refrigerator overnight, it was filtered, and the solid was 
washed with water. After drying, the solid was reprecipitat-
ed from dioxane-hexane to give a solid, 0.75 g (80%) . 
[a]a

D° + 7 3 ° (c 1, d ioxane); I R (KBr) : 2100, 1760 (cyclic 
carbamate) , 1700 c m - 1 . 

Found: G, 55.67; H, 5.50; N , 12 .91%. Galcd for 
G2 9H3 4N6O1 0 : G, 55.59; H , 5.47; N , 13 .41%. 

6'-Azido- 3,2' -di-N- benzyloxycarbonyl-3',6' - dideoxy -4'-0-(a-
naphthoyl)paromamine 1,6-Carbamate (6). T o a cold 
solution of 5 (1.03 g) in dry pyridine (20 ml) in ice-salt bath , 
a-naphthoyl chloride (370 mg, 1.2 mol equivalent for 5) 
was added and the solution was kept at —10 °G overnight. 
O n T L G with chloroform-ethanol (20 : 1), the solution 
showed spots at Rt 0.12 (slight, 5 ) , 0.33 (major, 6) , 0.40 (slight, 
5-O-oc-naphthoyl isomer?) and 0.57 (slight, di-O-a-naphthoyl 
isomer?). Working up in a usual manner gave a crude 
solid, which was chromatographed over silica gel with ben­
zene-ethyl acetate (3 : 2, gradually changed to 1 : 1) to give 
a solid of 6, 826 mg (65%), [a]s

D
8 + 9 8 ° (c 1, dioxane); I R 

(KBr) : 2100, 1750, 1730 cm- 1 . 
Found: G, 61.42; H , 5.24; N , 10.49%. Galcd for 

G 4 0 H 4 0 N 6 O u : G, 61.53; H , 5.17; N, 10.76%. 

6'-Azido-3,2' -di-N- benzyloxycarbonyl - 3',6' - dideoxy -4'-0-(<x-
naphthoyl)-5-0-[2,3,5 -tri-O - (p-nitrobenzoyl) -ß-v-ribofuranosyl\ 
paromamine 1,6-Carbamate (9). T o a suspension of 6 
(108 mg) in dichloromethane (2.0 ml) , calcium sulfate 
(Drierite, 600 mg, reactivated at 250 °G), mercuric cyanide 
(350 mg, dried at 90 °G in vacuo) and 8 (330 mg, 3.85 mol. 
equivalent for 6) were added and the mixture was vigorously 
stirred at room temperature overnight. O n T L G with chloro­
form-ethanol (30 : 1), the solution showed spots of R{ 0.27 
(major), 0.23 (slight), and 0.19 (minor, a-anomeric isomer?), 
which were of all non-reducing ability (checked by triphenyl-
tetrazolium chloride reagent) . After filtration, the solution 
was washed with aqueous sodium hydrogencarbonate and 
water, dried (Na 2 S0 4 ) , and concentrated. T h e resulting 
solid was chromatographed over silica gel with chloroform-
ethyl acetate (3 : 2) to give a solid of 9, 119mg (66%), m p 
136—138 °G, [a]2

D
2 + 2 5 ° (c 1, chloroform); I R (KBr) : 

2100, 1770 (cyclic carbamate) , 1730, 1530, and 1350 c m - 1 

(NO,) . 

Found: G, 58.04; H , 4.32; N , 8.99%. Galcd for G66-
H 5 7 N 9 0 2 4 : G, 58.28; H , 4.22; N, 9 .27%. 

6'-Azido-3,2'-di-N-benzyloxycarbonyl-3,,6/-dideoxy- 7 - N - (p-

methoxybenzyloxycarbonyl) -5-0 - (ß-n- ribofuranosyl) paromamine 
(10). T o a solution of 9 (444 mg) in dioxane (40 ml) 
containing /»-methoxybenzylalcohol (8.8 ml dried over Molec­
ular Sieves 4A), 1 M sodium /»-methoxybenzylate in the 
same alcohol ( 1.6 ml) was added and the solution was kept 
overnight at room temperature . O n T L C with chloroform-
ethanol (10 : 1), the solution showed a single spot at Rt 

0.26. After addition of acetic acid (0.1 ml) , the solution was 
concentrated and the syrup was dissolved in chloroform (150 
ml) . The solution was washed several times with water 
and concentrated to give a syrup. Evaporation ( 110 °G, 
0.02 Torr) of the /»-methoxybenzylalcohol remained in the 
syrup gave a thick syrup, which was chromatographed over 
silica gel firstly with chloroform (to elute the alcohol remained) 
and then with chloroform-ehtanol (12 : 1) to give a colorless 
solid of 10, 175 mg (60%) , m p 96—98 °G, [a] S + 3 8 ° (c 
1, chloroform); I R (KBr) : 2100, 1695, 1520cm- 1 ; P M R 
(GDC13) Ô: 3.69 (3H s, C / / 3 O C 6 H 4 ) . 

Found : G, 56.12; H , 5.76; N, 9 .08%. Galcd for C4 2H6 2-
N 6 0 1 6 : G, 56.24; H , 5.84; N , 9 .37%. 

6'-Azido-3,2'-di-N-benzyloxycarbonyl-1 -N-[(S) -4-benzyloxycar-
bonylamido -2- hydroxybutyryl] - 3' ,6' - dideoxy -5-0-(ß-i>- ribofura­
nosyl) paromamine (12). A. From 9. T o a solution 
of 9 (94 mg) in dioxane (4.4 ml) , 0.05 M bar ium hydroxide 
solution (1.5 ml, 1 mol equivalent for 9) was added and the 
mixture was stirred at 60 °G for 30 min. T o the resulting 
neutral solution, additional aliquots of the bar ium hydroxide 
solution (1.5 m i x 2) were added at intervals and the mixture 
was treated as above. O n T L G with chloroform-ethanol 
(7 : 2) , the solution showed a major spot at i?f 0.15. In t ro­
duction of carbon dioxide followed by filtration and concentra­
tion of the filtrate gave a residue, which was extracted with 
dioxane and the dioxane-soluble product (crude 11, 65 mg) 
was isolated. 

T o a solution of the crude 11 in T H F (0.8 ml) , JV-hydrox-
ysuccinimide ester11) (32 mg) of (5)-4-benzyloxycarbonyl-
amido-2-hydroxybutyric acid and triethylamine (ca. 11 mg) 
were added and the solution was stirred at 0 °C for 1 h and 
then kept at room temperature overnight. O n T L G with 
chloroform-methanol (7 : 1), the solution showed a major 
spot at Rt 0.31 and the spot at Rt 0.05 (11) almost disap­
peared. The solution was concentrated and the chloroform 
solution of the residue was washed successively with aqueous 
potassium hydrogensulfate, aqueous sodium hydrogencar­
bonate and water, dried ( N a 2 S 0 4 ) , and concentrated. T h e 
residue was then chromatographed over silica gel with chloro­
form-methanol (20 : 1) to give 12, 24 mg (36% based on 9) , 
m p 94—96 °G, [a]2

D
a + 1 9 ° (c 0.25, chloroform); I R (KBr) : 

2100, 1700, 1530 cm- 1 . 

Found : G, 55.62; H , 5 .81 ; N , 9 .95%. Galcd for G45-
H 5 7 N 7 0 1 7 : C, 55.84; H , 5.94; N , 10 .13%. 

B. From 10. T o a cold suspension (in ice-salt bath) 
of 10 (142 mg) in methoxybenzene (0.13 mg) , trifluoroacetic 
acid (0.8 ml) was added and the mixture was stirred in the 
cold for a while. T h e resulting clear solution was kept in 
the cold for further 30 min. O n T L G with chloroform-ethanol 
(7 : 2) , the solution showed majorly a ninhydrin-positive spot 
(11, Rt 0.15). Concentration of the solution in vacuo fol­
lowed by addition of methanolic ammonia to the concentrate 
until weakly alkaline gave a gelatinous mixture, which was 
chromatographed over silica gel with chloroform-ethanol 
(10 : 1) to give a solid of 11, 102 mg (88%) . Reaction of 
the solid with the active ester in a similar manner as described 
in A gave 12, 71 mg (58%) . 

3'-Deoxybutirosin B (13). T o a solution of 12 (64 mg) 
in dioxane (1.2 ml) , water (1.0 ml) and a drop of acetic 
acid was added and the mixture was hydrogenated with 
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palladium black under an atmospheric pressure of hydrogen. 
Concentration of the solution gave a solid, which was chro­
ma tographed over GM-Sephadex G-25 (NH4 form) with 
0—0.4 M ammonia with gradient increase in concentration 
to give 13 as monocarbonate, 25 mg (63%), mp 147—149 °G, 
[<x]2D

3 +29° (c 1, water); IR (KBr): 1640, 1565cm"1. 
Found: G, 44.22; H, 7.27; N, 11.71%. Calcd for 

G2 1H4 1N6Ou .H aG03: G, 43.92; H, 7.20; H, 11.64%. 
Methyl 2,3,5-Tri-0-(p-nitrobenzoyl)-ß-r>-ribofuranoside (7), 

To an ice-cold solution of D-ribose (2.0 g) in dry methanol 
(40 ml), 1 M methanolic hydrogen chloride (4.5 ml) was 
gradually added and the solution was kept at room temperature 
for 1 h. On TLG with benzene-ethanol (1 : 1), the solution 
showed spots at Rf 0.63 (major, ^-riboside) and 0.44 (slight) 
(cf. D-ribose, Rt 0.54). Pyridine (12 ml) was added and the 
solution was concentrated with additions of toluene to give a 
syrup. To the solution of the syrup in pyridine (44 ml), 
/»-nitrobenzoyl chloride (8.15 g) was added and the solution 
was kept at room temperature overnight. Water (1 ml) was 
added and the solution was concentrated. The chloroform 
solution of the syrup was successively washed with aqueous 
potassium hydrogensulfate, aqueous sodium hydrogencar-
bonate and water, dried (Na2S04), and concentrated. Rer 
crystallization of the solid from acetone gave pale-yellow 
needles, 4.9 g (60%), mp 169—170.5 °G, [a]2

D
7 +80° (c 1, 

choroform) [lit,12>: mp 169.5—170°G (from acetone-petro­
leum ether), [a]2D° +79.7° (c 1.38, GHG13)]; IR (KBr): 1735, 
1525, 1350 (N02) cm"1; PMR (GDG13) Ô: 3.53 (3H s, 
OGH3), 5.32 (1H s, H-1). 

Found: G, 53.23; H, 3.56; N, 7.03%. Calcd for C27-
H21N3014: G, 53.03; H, 3.46; N, 6.87%. 

2,3,5-Tri-0-(p-nitrobenzoyl)-a,ß-ribofuranosyl Bromide (8). 
To an ice-cold solution of 7 (210 mg) in dichloromethane 
(1.1 ml), hydrogen bromide saturated in acetic acid (1.1 ml) 
was added and the solution was kept at room temperature 
for 1 h in the dark place. The solution was concentrated 
in vacuo and the resulting syrup was again dissolved in di­
chloromethane (20 ml). The solution was successively wash­
ed, as fast as possible, with water, aqueous sodium hydrogen 
carbonate, water again, dried (Na2S04) and concentrated 
to give a pale-yellow solid. Recrystallization from benzene 
gave almost colorless needles, 170mg (75%), mp 105— 
112 °G, [a]2

D
3 +61° [c 1, chloroform) [/?-anomer:12> mp 100— 

105 °G (from CH2G12), [a]2D° +55.4° (c 1.58, CHG13)]; PMR 
(CDGI3) Ô: 6.56 {ca. 0.5 H s, jff-H-1), 6.94 [ca. 0.5 H d, J= 
4.5 Hz, a-H-1), 6.32 {ca. 3H s, C6H6). 

Found: C, 49.85; H, 3.17; N, 5.87; Br, 10.88%. Calcd 
for G26H18BrN3013-l/2G6H6: C, 49.80; H, 3.03; N, 6.01; 

Br, 11.43%. 
6'-A zidoS^-di-N- benzyloxycarbonyl - 3', 6' - dideoxy -5-0- mesyl-

4'-0-(a-naphthoyl)paromamine 1,6-Carbamate (14). To a 
solution of 6 (60 mg) in dry pyridine (2 ml), methanesulfonyl 
chloride (60 mg) was added and the solution was kept at 
room temperature for 4 h. The solution showed on TLC with 
chloroform-methanol (30 : 1) an single spot at Rt 0.48. Isola­
tion of the product in a usual manner gave a solid of 14, 
58 mg (88%); [a]2D* + 8 6 ° {c 0.5, chlorofrom); IR (KBr): 
1180 (vsS02), 1350 (vasS02), 1770 cm-1; PMR, <5 of S02-
GH3: 3.10 (GDGI3), 3.21 (CDGl3-CD3OD= 1 : 1), 3.39 
(G5D5N). 

Found: G, 57.11; H, 5.00; N, 9.57; S, 3.44%. Calcd 
for C41H42N6013S: G, 57.33; H, 4.93; N, 9.79; S, 3.73%. 

The authors are grateful to Professor Hamao 
Umezawa, Jpirector of Institute of Microbial Chemistry, 
for his support and encouragement. 
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The intermediate of the photo-dehydrobromination of 9-(a-bromopropionyl) anthracene (I) to yield 9-anthryl 
vinyl ketone (IV) was detected by its electronic spectrum upon photolysis in polar solvent matrixes at 77 K. 
Approximately 80% of the initial photo-products is trapped as the intermediate. The remainder is observed as 
the final product IV formed directly from I. The intermediate is stable only below ca. 83 K in EPA. Above 
this temperature, it decomposes rapidly to form IV. No intermediate was detected for this reaction in the non-
polar solvent matrixes at 77 K. Instead, a conformational change of IV with temperature was noticed. Based on 
the temperature and solvent effects on the stability of the intermediate, a loose structure where a hydrogen bromide 
is almost completely eliminated via a concerted mechanism is postulated for the intermediate. This is supported by 
the evidence that the main electrochemical reduction product of I is only 9-propionylanthracene. The temperature 
effects on the other photochemical reactions of I are also discussed in relation to the allowed molecular motions in 
rigid matrixes. 

According to the previous results reported by the 
present author et a/.,1'2) the mechanisms of the intra­
molecular photochemical reactions of 9-(a-bromopro-
pionyl)anthracene (I) can be summarized as follows: 

(1) . ku> (2) 
—> Intermediate (a) > 

A (3) 

2-Methyl-l-aceanthrenone (II) 
(4) 

(5) 

9-Bromoanthracene (III) 

9-Anthryl vinyl ketone (IV). 

The intermediate (a) to give I I was rather stable and 
was readily detectable by its UV-absorption spec­
trum.1»3) 

The present detailed study of Reaction (5) in several 
matrixes at low temperatures has revealed that an 
intermediate to yield IV can also be detected spectro-
scopically at 77 K. Its stability is strongly dependent 
upon not only the temperature but also the nature 
of the matrix. Although no absorption due to the 
intermediate to give I V was detected in the non-
polar solvent matrixes, an apparently different spectral 
change from that observed in the polar solvent matrixes 
was observed upon gradually softening the matrixes 
after the photolysis. This observation is explicable 
in terms of the presence of a second elementary process 
prior to giving IV, implying that Reaction (5) should 
involve at least one more transient state other than 
the newly found intermediate.. These findings are 
of significance, since they will give us additional in­
formation as to the mechanism of the photo-dehydro-
halogenation of oc-haloketones.4-6) A plausible struc­
ture of the intermediate will be given below, referring 
to the evidence demonstrated by the electrolysis of I. 

Taken together with the previous results,1-3) the 
present results also demonstrate that each of the Reac­
tions (1) to (5) (revised (5), see below) shows a different 
temperature dependence. This appears to reflect a 
difference in the ease of the molecular motions which 
accompany each reaction mentioned above. Since 
the photochemistry of I involves rather a wide variety 
of molecular, motions, it is expected that the present 
photochemical reactions will also provide the possibility 
of predicting what kind of molecular motion is allowed 

or prohibited in rigid matrixes upon photo-excitation. 

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

Materials. The preparation and purification of I have 
been described elsewhere.1) Methylcyclohexane (MCH), 
isopentane (IP), ethanol (ET), diethyl ether, triethylamine 
(TEA), and 2-methyltetrahydrofuran (MTHF) were of a 
guaranteed grade from the Nakarai Chem. Co., Ltd. and 
were used after an ordinary distillation on a 30-cm Widmer 
column. Acetonitrile (AGN), a solvent used for the electrol­
ysis of I, was repeatedly distilled over anhydrous alumin­
ium chloride, sodium carbonate, and finally calcium 
hydride according to the method of Walter and Ramaley.7) 
Dry tetrabutylammonium Perchlorate (TBAP) or potassium 
Perchlorate was used as a supporting electrolyte (ca. 0.1 M). 

Procedures. The electonic absorption spectra at the 
controlled low temperatures were recorded in the same 
way as has previously been described.8) For photolysis at 
low temperatures, a glass gas-inlet pipe at the bottom of a 
transparent Pyrex Dewar vessel, in which a reaction cell 
was set, was attached directly to the inlet of a metal 
Dewar vessel which served as a liquid-nitrogen reservoir. 
From the bottom of the Pyrex Dewar vessel, boiled cold 
nitrogen gas was admitted by means of a power résister in 
order to control the temperature in the range of 90—200 
K. After the thermal equilibrium had been attained, the 
temperature was measured with a copper-constantan thermo­
couple which was directly immersed in the reaction cell. 
Photolysis at 77 K was performed by immersing the reac­
tion cell directly in a transparent Pyrex Dewar vessel 
containing liquid nitrogen. The reaction cells were made 
of quartz and were 1.0 and 0.2 cm in path length. When 
the matrixes were unstable toward temperature variation, 
the cells of the smaller path length were employed. The 
irradiation source was an Ushio 100 W medium-pressure 
mercury-arc lamp. A Pyrex Dewar vessel or a water-cooled 
jacket made of Pyrex glass served as a glass cut-off filter. 
Since the photolysis of I is essentially independent of 
whether or not the solution is deaerated, the sample solu­
tions were not degassed unless otherwise stated. 

A conventional H-shaped electrolysis cell, the center of 
which was separated into two compartments by means of 
a sintered glass-plate, was employed to electrolyze I at a 
constant potential. Working and auxiliary electrodes were 
platinum plates of 2 X 2 cm. A reference-electrode (silver 
wire) compartment was isolated from the solution to be 
electrolyzed by means of a glass frit. The solutions were 
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deaerated by bubbling dry nitrogen gas through. To control 
the potential, a Hokuto Denko Model HA 101 potentiostat and 
a Hewlett Packard Model 3300 A function generator were 
used. Electrolysis products were analyzed by column 
chromatography on silica gel with benzene after removing 
the solvent and were identified by comparison (IR- and 
UV-absorption spectra) with the authentic samples. 

For the studies of the cyclic voltammograms of I under 
a thoroughly degassed and dried condition, a cell similar 
to that which had previously been prepared for EGL ob­
servation was used.9> 

R e s u l t s 

Photolysis at Low Temperatures. Figure 1 shows 
the absorption spectra of I before and after photolysis 
in EPA (diethyl ether, isopentane, and ethanol, 5 : 5 : 2 
by volume) at 77 K. All the spectra were taken at 
77 K. As is shown in Fig. l b , the absorption of I 
disappears with irradiation and, instead, we obtain the 
red-shifted broad band superposed upon by the sharp 
band with peaks at 364 and 384 nm. The absorbances 
of these broad and sharp bands increase only with 
irradiation and, after the thorough consumption of 
the reactant (spectrum (b)), continued irradiation 
causes no further spectral change at 77 K. Upon 
warming the matrix, however, the broad band disap­
pears and changes into a sharp spectrum with the 
0-0 band at 384 nm (spectrum (c)). Since IV is the 
sole photolysis product in EPA at 77 K, as has previously 
been verified,1»2) the (c) spectrum is solely due to IV. 

J5 L 

Wavelength (nm) 

Fig. 1. Photolysis of I (7.1 x 10~5 M) in EPA at 77 K. 
(a) Before irradiation, (b) after irradiation for 3 h, 
(c) the spectrum observed at 77 K immediately after 
warming the sample with the (b) spectrum to room 
temperature. The (c) spectrum is due to IV. For 
the sake of clarity, the base line (right-hand side) of 
each spectrum is shifted by an appropriate amount of 
absorbance in Figs. 1,3,4, and 5, 

< 

Temperature (K) 

Fig. 2. Change in the absorbance (at 395 nm) of the 
intermediate with temperature. 
A rise in the absorbance at around 123 K is caused 
by the opacity of the matrix on softening. This figure 
shows that the intermediate is stable only below 82— 
83 K. Temperature-rise time: ca. 4 min (77—83 
K) ; ca. 5 min (83—123 K). 

Therefore, the broad band on the longer-wavelength 
side can reasonably be attributed to an intermediate 
(hereafter called intermediate (b)) to give IV. 

Figure 2 shows how labile the intermediate (b) is 
against a rise in the temperature. The change in the 
absorbance of the intermediate formed in EPA was 
monitored at 395 nm against the temperature by 
allowing the matrix to grow warmer, and was displayed 
on an X-Y recorder. From this curve it is apparent 
that the intermediate (b) is stable only below 82— 
83 K. In fact, no absorption due to the intermediate 
(b) was observed during the photolysis of I in EPA 
at 93 K. At 77 K, however, the intermediate was 
very stable and no absorption change was observed 
after allowing the photolyzed solution to stand in the 
dark at 77 K for several hours. A similar phenomenon 
was also observed in other transparent-matrix-forming 
polar (or slightly polar) solvents such as M T H F , ET , 
and T E A . 

T h e presence of the small sharp peaks before warming 
the matrix, as is shown in Fig. l b , implies that a part 
of the photoeliminated hydrogen bromide molecules can 
escape from the solvent cage, probably because of 
excess excitation energy, and that IV is formed directly 
from I. The percentage of this escape is calculated 
to be ca. 20 %10) in EPA and does not differ significantly 
in M T H F , E T , TEA, and in EPA. 

In contrast, in a non-polar and rather soft M G H I P 
matrix (methylcyclohexane and isopentane, 3:1 by 
volume),11) no absorption similar to that which was 
observed in EPA was detected, in spite of almost a 
100% yield of IV.2) T h e results of the spectral change 
upon photolysis are shown in Fig. 3. The (c) spectrum 
was obtained at 77 K once after warming the photo­
lyzed solution with the (b) spectrum to room tem­
perature. Although the absorption due to the in-
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3 

Wavelength (nm) 

Fig. 3. Photolysis of I (5.3 X 10~5 M) in MCHIP at 77 K. 
(a) Before irradiation, (b) after irradiation for 3 h, (c) 
the spectrum observed at 77 K immediately after 
warming the sample with the (b) spectrum to room 
temperature. The (c) spectrum is due to IV. No 
absorption due to the intermediate (b) is observ­
able.11'13) 
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Fig. 4. Temperature dependence of the absorption 
spectrum of the photo-product formed in MCHIP at 
77 K. 
(a) 77 K, (b) 98 K, (c) 114K, (d) 127 K, (e) 144 K. 
The (e) spectrum apparently differs in the sharpness 
of the bands from the other spectra. 

termediate (b) cannot be observed in M C H I P , the 
absorption spectra of the photolyzed solution appar­
ently differ between before and after softening the 
matrix. 

Figure 4 shows at what temperature this spectral 
change occurs. After thorough photolysis in M C H I P 
at 77 K, the absorption spectra were recorded upon 
warming the matrix to several constant temperatures. 
In the neighborhood of 140 K, a rather broad band 
is seen to change into a sharp band with a greater 
molar extinction coefficient. Since the medium at 
these temperatures is fluid enough to allow free mo­
lecular motions,12) the observed spectral change can­
not be explained in terms of a change in the rigidity 
of the matrix with temperature. A possible cause of 
this spectral change will be discussed later,13) in rela­
tion to a conformational change in IV . 

A similar spectral change was also detected during 
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Fig. 5. Absorption spectra of the photo-products of I 
formed at several low tempratures. 
(a) Immediately after photolysis; 
(b) after warming to room temperature. 
The samples were photolyzed at the indicated tempera­
tures and their spectra were observed at 77 K (Fig. 5a) 
and were then warmed once to room temperature be­
fore the second observation at 77 K (Fig. 5b). All 
the spectra in Fig. 5b are sharper in shape than the 
corresponding spectra in Fig. 5a, The small peaks at 
418 nm are due to II,2'8) 
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the photolysis of I in M C H I P at temperatures higher 
than 77 K. The results are shown in Fig.5. Com­
paring Fig. 5a with 5b, a difference in the sharpness of 
the bands can be seen particularly at 383 nm. 

In the first instance, a radical species derived from 
the homolysis of the C-Br bond may be considered as 
an appropriate candidate for the intermediate (b). 
However, no ESR signal was observed upon photol­
ysis at 77 K in either polar- or non-polar-solvent 
matrixes. Thus , Reaction (5) does not appear to in­
volve a radical mechanism but to proceed via a con­
certed elimination mechanism.6) 

In order to confirm this from a different point of 
view, the electrolysis of I was carried out. 

Electrolysis. The cyclic voltammograms of I 
before and after electrolysis at a constant potential 
are shown in Fig. 6. A similar result was obtained 
under a thoroughly degassed and dried condition. 

0.5V vs. AR wire 

Fig. 6. Cyclic voltammograms of I (2 .7xlO - 3 M) and 
its electrolysis products in ACN. 
(a) Before electrolysis; 
(b) after electrolysis for 30 min at the constant potential 
indicated by the arrow. Supporting electrolyte: TBAP, 
Sweep rate : 86 mV/s. 

Based on product analysis by column chromatography, 
the main electrolysis product was only 9-propionyl-
anthracene (V, 9-CH 3 CH 2 CO-A, more than 9 5 % 
of the detected products), a product of bromine atom 
replacement. Thus , the first and second peaks in 
Fig.6a correspond to the reduction-wave peaks of I 
and V respectively.14) T h e fact that the loss of a bro­
mide ion from the [I]"7" anion radical is rapid is dem­
onstrated by the absence of an anodic wave of the re-
oxidation of [ I ] ~ . This is the case even at low tem­
peratures where the anion radical might be stabilized.16) 
Similar results were obtained with both TBAP and 
potassium perchlorate, the latter of which has no hy­
drogen atom to donate. 

Referring to the previously reported reduction re­
action mechanism of organic halides,17) the present 
result may be interpreted by the following mechanism; 

I + e [I]"7" 9-GH3CHGO-A + Br-, 
solvent 

9-CH3GHCO-A > V, 
V + e - [V]"7" -> rapid follow-up 

reactions.15) 

A 9-CH3CHCO-A radical, formed as a result of bro­
mide ion elimination, immediately abstracts a hy­
drogen atom from the solvent to give V,18) but not IV. 
Thus , the intermediacy of the ketonyl radical in the 
photolysis of I may reasonably be ruled out. In con­
sidering the detailed mechanism of Reaction (5), 
it is noteworthy that none of the main photolysis 
products1) was found in the electrolysis products; the 
photochemistry of I in ACN is essentially the same as 
that in E T or in M C H . 

Discussion 

A Postulated Structure of the Intermediate (b). 
Summarizing the above-mentioned facts, Reaction (5) 
may be rewritten as follows: 

(5') _ (5") 
—* Intermediate (b) — 

I 
Unstable conformer 

(5 '") -+ IV 

conformational change 

Each process, of course, depends on the nature of the 
matrix. 

We must now consider the structure of the inter­
mediate (b) and the origin of the conformational change 
indicated in the above scheme. Based on the facts 
that no ESR signal was detected and that the main 
electrolysis product was solely V, a radical species 

such as 9 -CH 3 CHCO-A can safely be excluded as an 
appropriate intermediate to give IV. Taking into 
account the fact that the intermediate is very labile 
toward a rise in the temperature from 77 K, completely 
unstable in soft matrixes, and gives a single product 
I V upon sofetening the matrix, a structure in which 
dehydrobromination has almost been completed ap­
pears to be most appropriate as a structure of the in­
termediate (b). A postulated structure is dipicted 
in Fig. 7a. The dotted-line bonds will be much weaker 
than the broken-line bonds. This structure is reminis­
cent of the structure frequently referred to as the four-
membered ^«-elimination transition state in the py-
rolytic dehydrohalogenation reactions of organic hal­
ides.6,20) Its loose structure could explain the broad 
absorption spectrum of the intermediate. Although 
the intermediacy of a tight radical pair formed as a 
result of homolysis of the C-Br bond may not be ruled 

H 

H 
/ ( .^° 

rvvs H^r^H 

( a ) ^y 

A 
(b ) 

Fig. 7. A plausible conformation of the intermediate 
(b) (Fig. (a)) and two conformers of IV (Fig. (b)). 
It is not obvious which conformer is more stable. 
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out completely, we may expect, in such a case, the 
formation of V in an appreciable amount 2 1 ) T o the 
author's knowledge, this is the first case where an 
intermediate of photo-dehydrohalogenation has been 
detected by its electronic absorption spectrum. 

Figure 7b shows two possible conformers of IV. 
Acrylaldehyde serves as the simplest model compound 
for the substituent of I V and .y-fra?2.y-acrylaldehyde is 
reported to be more stable than .y-m-acrylaldehyde.22) 
Thus, the conformational change in the substituent of 
IV from eis to trans or vice versa may give rise to the 
observed spectral change at around 140 K, where the 
potential barrier of the conformational change will 
come to be surmounted. The reason for the absence of 
a similar change in EPA or in M T H F may be that 
interactions between I or I V and solvent molecules 
(hydrogen-bonding, etc.)2V can preferentially stabilize 
one of the conformers. 

Allowed Molecular Motions in the Rigid Matrixes. 
It is very important and instructive to know what kinds 
of molecular motions are allowed in rigid matrixes, 
particularly upon photo-excitation. However, there are 
few such related works, except for detailed studies of 
cis-trans photoisomerization at low temperatures.24) 
Fortunately, the present results provide the possibility 
of investigating a wide variety of allowed molecular 
motions in matrixes by observing the temperatures 
at which the photochemical and follow-up dark re­
actions of I are prohibited. T h e sequence of the pro­
hibition of the present reactions is as follows, in in­
creasing order: 

(5') (77 K) < (2) (77 K, very slow) < (5") (85 K) < 

(4)D < (1) (100 K) < (5'") (140 K) < (3)1) 

In parentheses are given the approximate lowest tem­
peratures where the indicated reactions can still be 
observed. The first inequality means that the photo-
dehydrobromination from the intermediate (a) is 
very slow, though detected at 77 K, as compared with 
Reaction (5').25) Reactions (3), (5"), and (5'") are ther­
mal reactions, the last of which is observed in M C H I P . 
From the above sequence, it can be said tha t : 
i) The elimination of small molecules (e.g., H X , 
N2 , C 0 2 ) which is not accompanied by a large 
structural change will occur readily even at 77 K.26,27) 
In the hard matrixes, however, the eliminated mol­
ecules cannot be expelled out of the solvent cage, 
but stay very near to the parent pieces; in a fortunate 
case, the intermediate(s) will be detected, 
ii) A large rotational motion of a group equal to or 
greater than an acetyl (or propionyl) group is strongly 
prohibited at 77 K.2) 

iii) Compared with photochemical reactions, the 
corresponding thermal reactions (i.e., the reaction to 
yield the same product(s)) are generally retarded much 
faster upon cooling, as is demonstrated by a comparison 
of Reactions (2) and (3).1) This does not mean that the 
local heating due to irradiation may be of some help 
to the photolysis of I in the frozen matrixes. 

Even for photochemical reactions, some amount of 
activation energy is necessary, and hence the prohi­
bition of photochemical reactions in frozen matrixes 
does not always mean the prohibition of the necessary 

molecular motion due to the matrix rigidity. HenÊe, if 
a photolytic reaction which belongs to item i) cannot 
be detected in frozen matrixes, the activation energy 
of that reaction may be said to play a dominant role 
in the prohibition. O n the basis of the temperature 
effect on its reaction, every photochemical reaction 
reported herewith seems principally rigidity-controlled 
and Reactions (3) and (5'") are activation-energy 
controlled. 
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The Volumetric Behavior of Nitrobenzene in Electron Donating Solvents 
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The excess volumes of 18 binary solutions containing nitrobenzene as a weak electron acceptor and various 
mono- and polysubstituted aromatic donors were evaluated at 25 °C. The partial molal volume of nitrobenzene in 
these solvents was also evaluated. There is no quantitative correlation between the volumetric behavior of the 
solutions and the electron donor acceptor abilities of the solution constituents. The results, however, clearly 
prove that isomers of higher cohesive energy affect the volumetric behavior of solutions less than their lower cohesive 
energy counterparts. An attempt is made to interpret this observation in terms of the steric effect and the cohe­
sive energy of donors. 

It is well known that solutions with strong specific 
interactions, such as H 2 0 + H G 1 , H 2 0 + H 2 S 0 4 , H a O + 
H N 0 3 , acetone+chloroform, methylaceta te+chloro­
form, wa te r+hydraz ine and many others frequently 
exhibit negative deviations from ideal behavior (G E < 
0, ^ < 1 ) . 2 ) There are systems for which the reasons 
for negative deviations from ideal behavior are not 
as obvious as in the above mentioned solutions. The 
2,3-dimethyl-2-butene + c a r b o n tetrachloride solution is 
a good example of this kind of a system.3) By com­
paring the negative GE values of this system with the 
positive GE values of the very similar 2,3-dimethyl-
2-butene+tetrachloroethylene system one must con­
clude that the diametrically different thermodynamic 
behavior of the two solutions is due to charge transfer 
interactions in the C 2 ( C H 3 ) 4 + C C 1 4 system. The 
chlorines in the CC14 molecule have the ability to 
withdraw ^-electrons from the electron rich double bond 
of the donor molecule [(CH3)2C=C(CH3)2] ; this charge 
transfer interaction may eventually lead to complex 
formation between the donor and acceptor molecules. 
The chlorines in the C2C14 molecule do not possess 
such ability. These chlorines saturate themselves 
with electrons by withdrawing them from the double 
bond of the C2G14 molecule itself. Consequently, the 
G2C14 molecule cannot act as an electron acceptor 
and is unable to participate in complex formation. 
The partially double bond character of the G-Cl 
bond in the G2G14 molecule (the C-Gl bond is shorter 
than in the CG14 molecule) gives strong support for 
such interpretation. 

Electron charge transfer interactions account for 
the thermodynamic behavior in far more numerous 
systems than suspected in the past. Deviations of 
solutions from ideal behavior is frequently due to charge 
transfer interactions between the solution constituents. 
Complex formation in binary mixtures of carbon 
tetrachloride with aromatic donor molecules has been 
extensively studied and is well established.3-10) T h e 
great majority of these systems exhibit positive GB 

values in spite of the charge transfer interaction in the 
solution. This seems to be contradictory and can be 
explained by the following reasoning. When only 
charge transfer interactions exist in a solution, or when 
these interactions control the behavior of a solution, 
then GE is expected to be negative. The discrepancy 
arises from the practical impossibility of separating the 
specific and nonspecific interactions in solutions from 
each other. There is no rigorous method, theoretical 

or experimental, which can quantitively distinguish the 
contributions to thermodynamic behavior of liquid 
solutions due to specific and nonspecific interactions. 
Data appearing recently in the literature11-13) in­
dicate that simultaneous thermodynamic and structural 
investigtions might yield some qualitative insight into 
this extremely important problem. 

This work is concerned with the excess volumes and 
partial molal volumes of nitrobenzene (electron ac­
ceptor) in 18 eletron donating solvents. 

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

T h e purity of the chemicals employed in this in-
vestigtion, the experimental technique used for density 
measurements, and the density versus concentration 
da ta were reported elsewhere.14) 

The molar volumes of the solutions, v, evaluated 
from experimental densities, d, by using the formula 

x^Mi + x^Mz 
(1) 

where Mi and x^ are the molecular weight and mole 
fraction of the two solution constituents, were fitted by 
a least-squares method to a polynomial of the form: 

«=o 
(2) 

The number of constants necessary to obtain the 
best fit was chosen so that the deviation of the ex­
perimental molar volumes from the correlated volumes 
was within the limit of experimental error (±0 .003 
cm3 mo l - 1 ) . Most systems required four constants to 
obtain such accuracy. The constants for the 18 sys­
tems are summarized in Table 1. The slight fluc­
tuation in the molar volume of pure nitrobenzene 
(v2=b0) is explained by the fact that for each system 
a freshly distilled and dried sample was used. I t was 
practically impossible to obtain samples exactly of the 
same purity. The average value of b0= 102.723 cm3 

m o l - 1 is, however, very close to the literature value.15) 
The assumption was made that in dilute donor 

solutions the specific interactions control the behavior 
of the solutions. If this assumption was correct then 

measure of charge transfer interactions, at least in 
dilute solutions. As the data in Table 1 indicate, 
the systems with little of no specific interactions at all 

the constant bA could be considered as a 
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TABLE 1. COEFFICIENTS OF EQ. 2 EXPRESSING THE DEPENDENCE OF MOLAR VOLUME 

OF THE SOLUTION (cm3 mol-1) ON THE DONOR MOLE FRACTION AT 25.00rfc0.01 °G 

System by K 
Benzene + nitrobenzene 
Toluene + nitrobenzene 
o -Xylene + nitrobenzene 
p -Xylene + nitrobenzene 
m -Xylene + nitrobenzene 
Ethylbenzene + nitrobenzene 
Styrene + nitrobenzene 
w-Propylbenzene + nitrobenzene 
Isopropylbenzene + nitrobenzene 
1,2,4-Trimethylbenzene + nitrobenzene 
1,3,5-Trimethylbenzene + nitrobenzene 
Butylbenzene + nitrobenzene 
Isobutylbenzene + nitrobenzene 

1,2,3,4-Tetramethylbenzene 
+ nitrobenzene 

Bromobene + nitrobenzene 
Benzonitrile + nitrobenzene 
Ghlorobenzene + nitrobenzene 
Aniline + nitrobenzene 

102.722 
102.731 
102.736 
102.725 
102.723 
102.729 
102.719 
102.722 
102.719 
102.717 
102.720 
102.721 
102.717 

102.719 
102.727 
102.723 
102.719 
102.723 

-13 .604 
3.1129 

17.710 
20.214 
19.646 
19.426 
12.531 
36.645 
36.361 
34.344 
35-799 
53.405 
54.365 

46.204 
2.9179 

-0 .0480 
-0 .7958 

-10 .106 

-0 .3065 
0.4169 
0.2216 

-0 .0297 
0.3139 
0.2608 

-0 .5439 
0.1057 

-0 .0904 
0.0712 
0.7479 
0.1712 
0.420 

-0 .0232 
-0 .1823 

0.3749 
0.0917 

-0 .8458 

0.5798 
0.5852 
0.5180 
1.0025 
0.7646 
0.6382 
0.7682 
0.6148 
0.9898 
0.7207 
0.4975 
0.4436 
0.5387 

0.3286 
— 
— 

0.1892 
-0 .2468 

a) Average value 102.723 cm3 mol_ 

have very small bL values (bromobenzene+ni t ro­
benzene, chlorobenzene +ni t robenzene, and benzo­
nitrile +ni t robenzene) . T h e small bx values of these 
systems may, however, also result from the fact that 
their molar volume ratios v.Jv1 (see Table 2) are 
very close to unity. Because of this and also because 
the other 15 systems do not show any obvious cor­
relations between complex formation and the bx values, 
the assumption made above cannot be recommended 
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Fig. 1. Excess volume as a function of donor mole frac­
tion at 25 °C. Systems: /»-xylene(1), 1,3,5-trimethyl-
benzene(2), toluene(5), isobutylbenzene(6), o-xylene 
(10), n-butylbenzene(ll), benzene(13), chlorobenzene 
(16), bromobenzene(17), aniline (18). Nitrobenzene 
is the acceptor in all the solutions. 

(see further discussion). The volume of mixing per 
mole of solution for the 18 systems was calculated 
from the formula: 

= *i*i[(-*i—1*3)~ -y-(*i-*.)] (3) 

where b% and bs are the constants listed in Table 1, 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

-0 .1 

- 0 . 2 

-0 .3 

k ' ] ~1 1—1—1—T" 

^ \ i 5 _^y 

\ \ 9 S // I 

\ \^S / // 

X B ^ / 3 
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Fig. 2. Excess volume as a function of donor mole 
fraction at 25 °C. Systems: m-xylene(3), isoproyl-
benzene(4), ethylbenzene(8), 1,2,4-trimethylbenzene 
(7), ra-proplybenzene(9), styrene(12), 1,2,3,4-tetra-
methylbenzene(14), benzonitrile(15). Nitrobenzene is 
the acceptor in all the solutions. 



February, 1977] Volumetric Behavior of Nitrobenzene in Electron Donating Solvents 499 

vx and z>2 are the molar volumes of the donor and 
acceptor respectively, and xx and .v2 are their respective 
mole fractions. The yE vs. xx data for 18 systems are 
shown in Figs. 1 and 2, respectively. T h e binary systems 
containing bromobenzene, chlorobenzene and ben-
zonitrile are again readily distinguishable from all 
the other solutions. The bz values of these systems are 
very small and consequently their vE vs. xx curves 
are symmetrical. The curves representing the other 
systems, except the one for the aniline system, are 
more or less skewed, depending on their bz values, 
and have minima between ^ = 0 . 4 and ^ = 0 . 5 . The 
skewed shape is indicative of specific interactions. 
The bromobenzene, chlorobenzene and benzonitrile 
systems seem to be the only solutions within this group 
with little or no specific interactions at all. The 
question of how much specific interaction there is in a 
solution cannot be answered from the shape of the 
Curve alone. Only qualitative observations can be 
made from these curves and from the data listed in 
Table 2. Some of them are as follows: 

1. The longer the chain of the substituent on the 
donor the smaller is |y E | . In the series of donors, 
toluene, ethylbenzene, propylbenzene and butylben­
zene, the toluene system exhibits the largest and the 
butylbenzene system the smallest This is just 
the opposite of the conclusion for N M R studies that 
the longer the chain of the substituent on the donor 
the greater the extent of complexation in the solution. 

The difference in vE for the toluene and ethylben­

zene systems in 0.020 cm3 m o l - 1 at equimolar con­
centration. For the ethylbenzene and propylbenzene 
systems the difference amounts to 0.045 cm3 m o l - 1 

and remains very much the same for the «-propyl­
benzene and butylbenzene systems. 

2. The vE VS. mole fraction da ta indicate that 
the branched donors have a more profound effect on 
|Ü E | than do the unbranched donors: 

K o p r o p y l - ü p r o p y O = (»faobutyl ~ l & t y l ) = 0 . 0 9 5 O i l 3 m o f " 1 

3. The monosubstituted ethylbenzene affects yE 

less than its disubstituted isomers, m- and /»-xylenes 
(for o-xylene see below). This is in agreement with 
N M R measurements, according to which polysub-
stituted donors are superior to their monosubstituted 
counterparts in complex formation. 

4. Donors having substituents in neighboring 
(ortho) positions have in general a smaller effect on 
VE than similar donors with substituents in non-
neighboring . positions. T h e o-xylene system when 
compared with the other two xylene systems illustrates 
this fact. This is also seen from comparison of the 
1,2,4-trimethylbenzene and the 1,3,5-trimethylbenzene 
systems. T h e relatively small \v%\ values of the 1,2,3, 
4-tetramethylbenzene system very clearly proves the 
"neighboring substituent effect". T h e steric effect of 
the ortho substituted donors, as well as their stronger 
intermolecular forces, indicated by higher en­
thalpies of vaporization, may be responsible for the 
diametrically different volumetric behavior of the 

T A B L E 2. COMPARISON OF SOME CHARACTERISTIC PROPERTIES OF T H E DIFFERENT SYSTEMS 

Donora> 

wo-Butylbenzene 
«-Butylbenzene 
1,2,3,4-Tetramethylbenzene 
1,2,3,5-Tetramethylbenzene 

wo -Propylbenzene 
«-Propylbenzene 
1,3,5-Trimethylbenzene 
1,2,4-Trimethylbenzene 
1,2,3-Trimethylbenzene 

/»-Xylene 
m-Xylene 
o-Xylene 
Ethylbenzene 
Styrene 

Toluene 

Benzonitrile 
Chlorobenzene 
Bromobenzene 
Aniline 

Benzene 

H 
cm3 mol - 1 

158.041 
156.741 
149.228 

— 
139.979 
140.088 
139.764 
137.853 

— 
123.911 
123.448 
121.185 
123.054 
115.475 

106.846 

103.050 
102.204 
105.463 
91.530 

89.391 

*vap 

cal g_ 1 

— 
— 

80.2 
78.0C> 

77.6 
79.1 
80.6 
81.5 
83.2C> 

84.9 
85.3 
86.5 
84.3 
90.0 

— 
— 
— 
— 
— 

— 

»2 

1.538 
1.526 
1.452 

— 
1.362 
1.363 
1.360 
1.342 

— 
1.206 
1.200 
1.178 
1.200 
1.124 

1.040 

1.003 
0.998 
1.026 
0.890 

0.870 

( — ) 
cm3 moi - 1 

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

— 
- 1 . 3 9 
- 1 . 0 3 
- 1 . 4 9 
- 1 . 1 5 

— 
- 1 . 4 8 
- 1 . 4 6 
- 1 . 0 0 
- 1 . 2 2 
- 0 . 6 1 

- 1 . 2 9 

- 0 . 3 8 
- 0 . 3 7 
+ 0.18 
+ 1.22 

- 0 . 5 8 

( ^ 2 - g 3 ) ^ l ^ l b ) 

cm3 mol - 1 

- 1 . 5 0 4 
- 1 . 0 6 0 
- 0 . 6 3 8 

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

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

- 1 . 5 7 8 

- 0 . 3 7 5 
- 0 . 4 7 4 
+0.186 
+ 1.343 

- 0 . 8 5 4 

a) In all the systems nitrobenzene is the acceptor, b) The average value v2— 102.723 cm3 mol-1, c) Given just 
for comparison. 1,2,3,5-Tetramethylbenzene has lower cohesion energy than 1,2,3,4-tetramethylbenzene. 1,2,4-Tri-
methylbenzene has lower cohesion energy than 1,2,3-trimethylbenzene. The specific enthalpies of vaporization 
were evaluated from vapor pressure-temperature data at the respective boiling points of the donors. 
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ortho substituted donor solutions. T h e heat of va­
porization per gram, /vap, for some of the donors is 
listed in Table 2. As these data indicate, donors 
having substituents in neighboring positions exhibit 
larger /vap values; consequently they must have larger 
intermolecular forces and exhibit smaller molar volumes. 

I t may be argued that |yE | values will depend on 
both the electron donor ability of the base and the 
intermolecular forces in the base. 

Addition of acceptor molecules to the pure donor 
will result in charge transfer interaction and conse­
quently in a lowering of the volume of the solution. 
Due to these interactions it might be reasonable to 
expect that the distance between the donor and ac­
ceptor molecules will be shorter than between two 
donor molecules. N M R measurements show that 
the three xylene isomers have approximately the same 
donor ability and therefore it is expected that the 
lowering of the molar volume of the solution caused 
by charge transfer interactions will be the same re­
gardless of whether or not the donor is ortho or non 
ortho substituted. 

The ortho substituted donors, due to their larger 
cohesive forces, represent more densely packed solv­
ents (see vx in Table 2). For donor and acceptor 
molecules to interact they must approach each other. 
Molécules of the solvent must separate from each 
other in order to make space for the approaching ni­
trobenzene molecule. Because of the closer packing 
of molecules in the ortho substituted donors, relatively 
larger separation is required. Thus, the volume 
increase in these solvents will be larger than in the 
other donors. The charge transfer interaction effect 
and the separation effect when combined together 
will therefore result in smaller | VE | values for the ortho 
substituted solvents. 

Similar arguments can also be used for the other 
systems studied and especially for the ethylbenzene 
and styrene systems. T h e relatively high cohesion 
energy in styrene is probably responsible for the un­
expectedly smaller |yE | value for the styrene-nitro-
benzene system. 

5. There is no obvious correlation between |yE | 
and vxjv2. For the three isomeric xylenes vx\v2 is 
approximately the same and yet |yE | of the o-xylene 
system differs significantly from \vE\ of the other 
two xylene systems. The chlorobenzene and toluene 
systems have very close vxjv2 values and yet their 
|Ö E | differ substantially. Similar conclusions can 
be made for the C9H1 2 isomeric solutions and for the 
C10H14 isomeric solutions (see Table 2). 

6. There is no obvious correlation between \vE\ 
and the polarity of the donor molecules. Systems 
containing the polar m-xylene and the nonpolar p-
xylene exhibit roughly the same |yE | values. Solu­
tions of nonpolar 1,3,5-trinitrobezne seem to be more 
nonideal than solutions of polar 1,2,4-trimethylbenzene. 

7. Of the 18 systems presented here only the two 
containing bromobenzene and aniline exhibit positive 
VE values. The large positive values of vE for the 
aniline system (0.305 cm3 m o l - 1 at xx=x2=0.5) is prob­
ably due to some structure breaking in the aniline. 
Aniline is known as a highly associated liquid. The 

nitrobenzene molecules break some of the bulky an­
iline conglomerates into smaller units and separate 
them from each other. Consequently, there is a vol­
ume increase during mixing. 

A number of methods have been suggested for the 
determination of partial molal volumes from density 
measurements.16 '17) In this investigation we have 
used a method which establishes an empirical equation 
to describe the experimental molar volumes of the 
solution as a function of mole fraction 

v = b0 + blXl + b2xx
2 + V i 3 (2) 

where y2=£0 . I t is then simple to evaluate the de­
rivatives at any point and therefore to determine the 
partial molal quantity. In this way we obtain for 
the partial molal volume of the acceptor (nitrobenzene) 

v2 = v2 - b2xx
2 - 2£3*i3 (4) 

The constants b2 and bz are those listed in Table 1. 
The function v2—v2 for the 18 systems is plotted 

against xx in Fig. 3. The limiting values of v2—v2 for 
xx-+l, listed in Table 2, are of theoretical significance. 
Fr iedman and Sheraga18) derived a very simple but 
illustrative theory that evaluates the contribution of 
nonpolar groups to the partial molal volume in dilute 
aqueous alcoholic solutions from the limiting values. 
We were unable to apply this theory to our systems. 

The presence of an inflection point on the vE vs. xx 

1.5 r 

Fig. 3. Partial molal volume of nitrobenzene in elec­
tron donating slovents as function of donor mole 
fraction at 25 °C. Systems: jfr-xylene(l), isopropyl-
benzene(2), m-xylene(3), l,3,5-trimethylbenzene(4), 
toluene(5), ethylbenzene (6), 1,2,4-trimethylbenzene 
(7), isobutylbenzene(8), n-propylbenzene(9), o-xy­
lene (10), n-butylbenzene(ll), styrene(12), benzene(13) 
1,2,3,4-tertamethylbenzene (14), chlorobenzene ( 15), 
benzonitrile(16), bromobenzene(17), aniline (18). 
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curve indicates the occurrence of extrema on the partial 
molal volume vs. xx curves (minimum for one com­
ponent and maximum for the other component). 
No such inflection points were observed for our 
systems. Consequently, no extrema are expected 
on the v2 vs. x± curves. Frequently, such extrema 
occur in the limits of low (x^O) and high concentra­
tions (#!—>1). We investigaed these regions thoroughly 
and found no evidence of extrema for these systems. 

Since there is direct relationship between yE and 
v2, all the conclusions drawn from the excess volumes 
apply equally to the partial molal volumes. 

The senior author wishes to thank the J a p a n Society 
for the Promotion of Science for the financial support 
given him during his 3 months stay in J a p a n . 
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Condensed State Spectra and Phase Transitions of Charge 
Transfer Autocomplexes 
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Institute of Organic Synthesis, Latvian Academy of Sciences, Riga 226006, U. S. S. R. 
(Received January 8, 1976) 

The results of a spectroscopic study of super-cooled melts and crystalline layers of charge-transfer auto-
complexes are reported. Samples obtained by sublimation in vacuo or by melting of the complex between 
transparent plates undergo a "liquid-solid" phase transition. Amorphous films produce absorption bands 
identical with those obtained from solutions, Whereas crystalline layers are colored depending on intermolecu-
lar CT interaction. In some cases transparent crystalline films with pronounced optical anisotropy were 
obtained. 

Vacuum-sublimed solijd thin films are widely used 
for studying optical and electrophysical properties of 
organic compounds. Difficulties encountered in such 
studies are connected with the fact that the state of 
organic mat ter changes with time. Polychromism 
and polymorphism in donor-acceptor compounds (also 
in monomolecular ones) have been reported in a num­
ber of cases.1-11) Only few of these have, however, 
been analysed from a structural point of view.3 '6 '7,10) 
Another difficulty arises in connection with the fact 
tha t thin-layer samples are liable not only to polymor­
phic transitions of the Cfcrystal-crystal" type, but also 
to "supercooled amorphous phase - crystal" transi­
tions. Melting has been also found to produce con­
siderable changes in the optical properties of certain 
donor-acceptor compounds.12»15) 

Polychromie changes of 2,4-dinitro-4'-diethylaminodi-
phenylamine and 2,4,6-trinitro-4'-diethylaminodiphen-
ylamine have been reported previously.2) The pres­
ent work deals with a spectroscopic study of phase 
states, as well as of charge-transfer phenomena of mo­
lecular donor-acceptor autocomplexes (AC),particularly 
in thin-layer condensed films. Molecular autocom­
plexes of the naphthoquinone and nitroaryl series 
I , I I , I I I have been investigated. 

O 

A À / R i 
IO I II / - x 
X / v y ^ C H , - N -<^0)>-R3 

I 

a ) R ^ C i ; R 2 ^ C 2 H 5 ; R3 = Br. 
b ) RX = C1; R2 = C2H5; R3 = H. 
c ) R1 = Clj R2—""Grl3; R3 = Cri3. 
d ) R ^ C H , ; R 2 ^ C H 3 ; R3 = OCH3. 
e ) R ^ C H , ; R2 = CH3; R3 = CH3. 

O 

/\A/Ci 
\ / \ / N S r -CH 2CH 2 -N-< O > 

II I I \ / 
O COCH3 C2H5 

II 

_ / N 0 2 

O aN-<^o)>-(CH> )»-N-<(o)>-OCH3 
" N O , CH3 ~~ 

III 

a ) n = \, b ) « = 2. 

Thin layers of these compounds were obtained by 
sublimation or melting in vacuo.3) In this procedure 
the majority of compounds condense on the base in an 
unstable form, deposited as an amorphous, usually 
sticky, transparent and homogeneous film. Mechan­
ical interference or standing leads to transition of the 
layers in to a final, stable form. Both forms have 
been examined by means of electron diffraction pattern. 

Amorphous layers have been recently obtained 
even for naphthacene,16) whereas production of so-
called specular non-crystalline dye layers from solu­
tion is well known. In our pase the amorphous 
layers obtained may be considered as unstable super­
cooled melts. The optical density and hence the 
extinction coefficient of such layers can be calculated 
within a certain error, accounting for a 1.1-fold 
expansion of most cyclic organic compounds on 
melting (Ref. 17 as well as calculations based on 
available data on specific volume changes of many 
substances on melting). 

Amorphous films of complexes I and I I crystallize 
after a certain time. A change of color of the film 
can be observed with phase transition and formation 
of fissures. Free parts of the base appearing between 
crystallites can be observed by means of a microscope. 
This necessitates in some cases great care in securing 
conditions for minimum light scattering in the final 
crystalline layer (cf. Experimental). 

Let us first consider visible absorption in naph­
thoquinone AG. Figure l a and Table 1, as well as 
the shape of experimental curves18) show close simi­
larity between the absorption curves of solutions and 
those of amorphous layers of the substances. It can 
be inferred that the long wavelength band of amor­
phous films is most likely due to inter molecular 
n-jr* or Ti-71* (in the case of II) charge transfer, as is in 
the case for liquid18 '19) or solid20) solutions of these 
compounds. There is, however, a general increase 
in intensity ever the whole visible spectrum in the 
case of non-crystalline layers. 

This is apparently due to the fact that in sublimed 
layers the molecules are free from a solvent shell and 
thus may possess a somewhat different donor or ac­
ceptor ability of their molecular fragments, as well 
as different conditions of intermolecular orbital overlap. 

The spectra of crystalline naphthoquinone auto-
complex films show further increase in visible absorp­
tion (Figs. 2—3 and Table 1). X-Ray data on 
complex Ic21) and on the prototype of autocomplexes 
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)) • lo 'cm* 

Fig. 1. Absorption of naphthoquinone-type AC la and some model compounds. 
A, curves: a—la in benzene, b—sublimed amorphous film. 
B, C—accordingly 2-methyl-l,4-naphthoquinone and 2-chloro-l,4-naphthoquinone, 
a—in benzene, b—crystalline layer from a melt. 

TABLE 1. OPTICAL CHARACTERISTICS OF THE SOLUTIONS 

AND SUBLIMATED LAYERS OF AUTOCOMPLEXES 

Compound 

la 
lb 
Ic 
Id 

le 

Solut ion 

'max 

17.3 
16.7 
16.7 
18.4 

^ 23.5 
18.5 

« 2 3 . 5 
II 18.8 
I l ia «27 i 
I l lb 20.6 

8 

490 
410 
410 
185 
150 
225 
170 

1700 
1250 
1490 

Amorphous 
layer 

''max 

17.5 
17.0 
16.8 
19.0 
23.0 
19.0 
23 
18.3 
24.0 
19.8 

8 

«1050a> 
«680 
«890 
«600 
«600 
«550 
«530 

«1850 
«2800 
«6060b> 

Crystalline 
layer 

''max 

of Fig. 
16.0 
18.7 
19.0 

17.8 

17.8 

19.3 

s 

3B 
«1160 
«4000 
«850 

«810 

«3650 

«7070b> 

fmax in cm_1X 10-3, e—molar extinction coefficient, i— 
inflexion. Bands with i>max 27 X 103 cm - 1 are cited only. 
a) Supercooled melt between two glass plates. b) 
Sublimed films with a different degree of crystallinity. 

Id, e22) show a packing of molecular donor and ac­
ceptor fragments in infinite stacks of type DAD ADA..., 
as is usual for binary GTC. This leads to the con­

clusion that the observed changes in absorption with 
phase transition of the autocomplexes is due to the 
appearance of an additional band of intermolecular 
charge transfer ( ICT) . A phase transition alone 
could not have produced such considerable changes 
in visible absorption. This is seen clearly from a 
comparison of U V spectra obtained from solutions 
and from solid layers of 2-chloro- and 2-methy 1-1,4-
naphthoquinones which correspond to the acceptor 
fragments of autocomplexes la—e (Fig. 3B, C). Some 
possible differences in simple van der Waals inter­
molecular interactions in amorphous and crystalline 
states should not be neglected, but these would be 
considerably small. 

The position of the I C T band of the crystal can be 
determined from differential spectra and depends 
only very little on absorption background (Figs. 2 and 
3A). The intensity of the I T C band peak which char­
acterizes electronic transitions in the crystal can only 
be approximately estimated, owing to different light 
scattering in the crystalline and the corresponding 
amorphous film. Each sample may also contain, in 
addition to its basic phase, inclusion of the other phase. 
Thus the accuracy of intensity measurements is es­
timated to be within ± 5 % . Intermolecular charge 

Y 4000 b ^ 
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1 1 1 
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\ \ 
\ \ 
\ \ 

\ \ \ \ \ \ , O 

1 1 1 1 

B 
b 

^ § 0 0 ^ ^ \ 

ŝ  a \ 

-400 \ V 
c N^" 

i i i i I i~, 

C 

b 

- 6 0 0 . / a \ 

V'V] 
-200 „ - " \ J 
— i i i i i i 

24 20 16 24 20 16 24 20 16 
l)- 10?cm 

Fig. 2. Absorption of crystalline and amorphous films of naphthoquinone autocomplexes. 
A—Ic; B—Id; C—le. 
Curves: a—amorphous film, b—crystalline layer, c—differential curves "b"—"a". For 
Ic v m a x = 19000 cm-1, e = 3200; for Id vm a x = 20000 cm"1, e = 260; le—j>mas= 16600 cm-1, 
e = 350. All the samples were obtained by sublimation technique. 
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20 16 

V • lu'cni"1 

Fig. 3. Absorption of crystalline and amorphous films of naphthoquinone autocomplexes. 
A—layers from II obtained by sublimation. 
Curves: a—amorphous film, b—crystalline layer, c—differential spectrm "b"—"a", vmiiX 

= 17800 cm-i, e = 3100. 
B—from layers la obtained by melting. 
Curves: a—amorphous film, b—the same film in a day, c—absorption of the large-
grained layer, d—differential spectrum "b"—"a", r m a x = 14000 cm -1, e—differential 
spectrum "c"—"a". Ordinate in arbitrary units. 
C—layers from lb. 
Curves: a—amorphous sublimed layer, b—fine-crystalline sublimed layer, c—large-grained 
layer from the melt, d—differential spectrum "b"—"a", v m a x = « 15800 cm"1, e—differential 
spectrum "c"—"a". For curves a, b, d on the ordinate—extinction coefficient, for 
curves c, e the absorption is given in arbitrary units. 

transfer in AG Ic is primarily caused crystallographic-
ally. It was shown that23,24) in crystalline auto-
complex I I we might expect intramoleclar donor-
acceptor interaction but the orientation of the nearest 
planes of donor and acceptor fragments of adjoining 
molecules in the crystal should not favor intermolec-
ular charge transfer. Hence, the very high intensity 
of the CTG band in the differential spectrum (Fig. 
3A, curve c) may be due either to compression of the 
horseshoe-shaped molecules I I in the process of crys­
tallization of the amorphous phase, or to additional 
intermolecular interaction within the crystal, e. g. 
through contacts C - O . . . Gl. In the case of Ic and 
I I the interatomic distances of adjacent molecules in 
the lattice are practically equal to those caused by 
van der Waals interaction21 ,23); nevertheless distinct 
n.-7i* charge transfer is suggested for analogous halo-
genquinones by de Gaultier et al.25) 

I t could be shown in the case of autocomplexes Ia,b 
that the optical properties of crystalline films largely 
depend on the mode of preparation. Crystallization 
of a melt of l a between glass plates, or fast sublimation 
of l b leads to the formation of blue microcrystalline 
layers. Their spectra clearly show an I G T band in 
the region of (14—16) X 103 c m - 1 (Figs. 3 B, C, curves 
b , d) . 

A crystalline melt of quinone l a between a quartz 
and a mica plate, or that of an analogue of l b between 
glass plates has much larger crystalline particles. These 
particles are, in the case of a layer of la , distributed 
non-homogeneously, and the sample is always unevenly 
colored. Violet and blue patches can be observed 
simultaneously. The resultant spectrum is shown 

in Fig. 3Bc. These shades merge into each other on a 
change in the angle of vision, or on observing the film 
through a polarizing microscope with a white light 
source and a rotating object-table. Quinone l b pro­
duces a more homogeneous layer, and change of the 
angle of vision leads to a change of shade of the whole 
sample. At the same time, the band in the region 
( 1 4 — 1 6 ) x l 0 3 c m _ 1 is less characteristic of this com­
pound, unlike the other analogue of la , as can be 
seen from curves " c " in Figs. 3B, G and from the 
corresponding differential spectra " c " —"a" . 

I t follows that in microcrystalline samples of AG Ia,b 
the orientation of separate single crystals, and, hence, 
that of the planes of molecular donor-acceptor pairs, 
with respect to the plane of the base is essentially dif­
ferent from the one in the macrocrystalline sample of 
quinone l b . The inhomogeneous macrocrystalline 
sample of l a shows a non-uniform distribution of single 
crystals both with respect to orientation and to location 
within the area of the film. 

The absorption spectrum of a siblimed nitroaryl 
AG I l i a film has a bathochromically shifted long wave 
(length) edge, as compared to that of solution (Fig. 
4A, curves a, b) . Analysis of first Gaussian components 
shows that the low-frequency absorption edge is shifted 
towards lower energy values by at least 4 x l 0 3 

c m - 1 . This indicates a high microcrystal inclusion 
or oligomolecular associate percentage in a "freshly" 
sublimed film, intermolecular interaction taking place 
between each part of such inclusions. Thus the well 
defined 22.5 x 103 c m - 1 band in the differential spec­
trum of amorphous phase vs. solution indicates not 
only changes in intermolecular interaction between 
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—I 1 1 I I 1 1 I I I I 1 1 L. 

28 2 1 20 26 22 18 11 

V> • 10?cm"' 

Fig. 4. Absorption of nitroaryl autocomplexes. 
A—spectra of I l ia . 
Curves: a—in benzene solution, b—"amorphous" 
sublimed layer, c—differential spectrum "b"—"a". 
B—spectra of 11 lb. 
Curves: a—freshly sublimed film, b—the same sample 
after a 15 day storage, c—differential spectrum 
«b"—"a", j»max« 18000 cm-i, e=1500. 

functional groups in the absence of solvent, but also 
contribution of the intermolecular charge transfer, as 
demonstrated by X-ray studies.24,26) 

A freshly sublimed film of the three-member-
bridged autocomplex I H b hardly differs optically from 
a film that has been kept for several weeks. Only a 
considerable intensity increase of the GT band and a 
slight bathochromic peak shift can be observed, as 
compared with that of solution (Fig. 4B and Table 1). 
In this case the differential spectrum also shows an 
absorption component due to intermolecular inter­
action; both samples are likely to contain both the 
amorphous and the crystalline phases, only in dif­
ferent proportions. The I G T band is estimated to be 
in the region (17—18) x 103 c m - 1 in this case. 

As expected, owing to different polarization values 
of the molecules and their fragments in the solid phase 
the variochromic I G T band shift do not always follow 
the simple Mulliken relations (spectra of pairs of com­
pounds differing only in one structural element, such 
as I l i a , b ; Id, e; le , c; la , b) . This, too, can be easily 
explained by the fact that the differential spectra can 
demonstrate only intermolecular GT absorption as a 
whole, which undoubtedly depends on the different 
grain orientation at the base for different compounds. 

Exper imenta l 

Compounds I—III were synthesized according to the 
methods reported.27-30) Samples for absorption measurements 
were prepared by sublimation of AC I—III in vacuo on a glass 
base at room temperature. The sublimation process is 
controlled visually. The heater of the evaporator is 
switched off31) as soon as the melting point of the auto­
complex has been reached. A thermogravimetric experi­
ment on lb demonstrated that this substance is not de­
composed by melting. The heating rate of a compound 
in the evaporator varied from 3 to 20 min, the vacuum 
being about 10~6 Torr, depending on the desired type of 
film. For the preparation of an amorphous coating, com­
paratively rapid sublimation is usually necessary; only in 
the case of complex lb and amorphous layer could be. 

prepared by slow sublimation. However, in this case the 
film itself must be sufficiently thick. Microcrystalline 
layers were obtained immediately in the course of sub­
limation from substances Ic and II only if the evaporator 
was heated very slowly. A microcrystalline film from AC 
lb is formed only by very rapid sublimation of a small 
sample. 

The method of melting the sample in vacuo between 
transparent windows was used when the vacuum-deposited 
films turned out to scatter light after crystallization (lb, 
and sometimes la). For this purpose a supercooled amor­
phous layer is prepared between two glass plates. In a 
few hours the melt crystallizes into a microcrystalline (la) 
or a large-grained sample (lb). Large-grained samples of 
la could be obtained by melting the complex between a 
glass and a mica plate. Films of AC I l ia , b could not 
be obtained by the melting procedure owing to decom­
position. 

The authors express their gratitude to E. Chirkowa and 
M. Kaminsky for thermographic analysis of AC lb ; to 
J . Kalnacs for structure analysis by electron diffraction; 
to L. Berzina, D. Novicka, E. Silins for their assistance 
and to Ya. Eiduss for valuable advice. 
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Kinetic Studies on the Decolorization Reaction of Rosaniline 
in Aqueous Acidic Medium* 

Sudhir K. S I N H A * * and Sarvagya S. KATIYAR 

Department of Chemistry, Indian Institute of Technology, Kanpur, India 
(Received March 12, 1976) 

The reaction responsible for the decolorization of rosaniline in acid medium has been studied spectro-
photometrically. The rate-determining step has been found to be the reaction of the protonated dye cation 
with water molecule. Kinetic data have been analyzed on the basis of rate equations which were derived 
considering the complete protolytic scheme involving all the steps of the reaction of rosaniline in acid and 
alkaline media. The rate constant kx for the ion-molecule reaction has been found to be independent of 
the dye concentration and hydrogen ion concentration. The apparent rate constant k at various hydrogen 
ion concentrations has been utilized for calculating the equilibrium constant for the fast protonation step. 
Effect of ionic strength in the range 0—0.27 indicates no substantial effect on the rate constant kx. 
Anomalous solvent effects were obtained suggesting the solvated nature of the reactants. The average 
energy of activation for the reaction of rosaniline in aqueous medium corresponded to 10.52 kcal. Chemical 
and kinetic evidence has been presented to prove the participation of water molecule in the rate-determining 
step. 

The mechanism for the color fading of the basic 
triphenylmethane dyes in acidic medium put forward 
by Biddle and Porter1) indicates that in the rate-de­
termining step the dye cation reacts with proton giving 

+ slow + 
R3-C-R2 + H+ ; = ± R3-C-R2H+ 

R I Ri 

a protonated product. Later on working with mal­
achite green Katiyar2) found almost linear dependence 
of rate constant on the proton concentration as well 
as increase in rate constant with the increase in ionic 
strength of the medium and decrease in rate with de­
crease in dielectric constant of the medium. These 
data apparently agreed with the mechanism given by 
Biddle and Porter. However, it was difficult for us to 
conceive the idea of a protonation rection of an amino 
group being slower than the reaction of the protonated 
dye cation with water. A careful analysis of the data 
on the variation of the rate constant with hydrogen 
ion concentration in the color fading reaction of 
rosaniline as well as the earlier data2) showed that 
the values of the so-called bimolecular rate constant 
obtained by dividing the apparent rate constant with 
[H+] are not identical. This raised suspicion as to 
the validity of the ion-ion step as the rate determining 
step in the reaction-leading to decolorization of tri­
phenylmethane dyes in acid solutions. 

In some of the investigations,3-7) all the possible 
reactions of the dye with various other species present 
in the aqueous acidic solutions have been considered 
in interpreting the observed kinetic data . But in 
these studies where the reaction was treated as an ion-
molecule reaction, the authors did not make any at­
tempt to find out the effect of dielectric constant or 
ionic strength on the reaction rate. Existing literature 
also revealed complete absence of such studies on the 
ion-molecular type reaction of triphenylmethane dyes. 
Apart from this, no direct chemical evidence has been 

* Taken in part from the Ph. D. Thesis of S. K. Sinha, 
submitted to Indian Institute of Technology, Kanpur. 

** Present address: Department of Chemistry, Bihar 
University, L. S. College, Muzaffarpur, Bihar, India. 

cited for the suggested mechanism. 
In view of the above mentioned facts, we decided to 

undertake the investigation of the reaction of color 
fading of rosaniline (G.I. Basic violet 14), a primary 
member of the triphenylmethane dyes, in acidic me­
dium. These studies have been utilized to establish 
the nature of the reacting species and to provide a 
possible explanation for the misleading effect of di­
electric constant and ionic strength on the reaction rate. 

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

Materials. Rosaniline hydrochloride (C. I. No. 42510, 
Basic violet-14) was obtained from Eastman Organic Chemi­
cals. Paraffin wax used for coating the inside of the 
reaction vessels was a B. D. H. laboratory grade material 
(congealing point 60—62 °C). Dioxane, a B. D. H. analyt­
ical grade reagent was purified further8) before use. All 
other chemicals needed for buffer solutions were either 
B. D. H. AnalaR or E. Merck "pro analysi" grade rea­
gents. Deionized all glass distilled water was used for all 
the experiments. 

Methods. Investigations were carried out spectro-
photometrically using Beckman DU or Cary model 14 
spectrophotometers by the method described earlier.9) 

Rosaniline has an absorption maximum at 546 nm in 
water solution. It follows Beer's law at 546 nm satisfactorily 
up to the concentration of 2 .5xlO" 5 M (e' = 66500). It 
was observed that the absorption maximum remains un­
changed by the addition of a neutral electrolyte such as 
1.0 M solution of KCl. All the measurements, when pure 
water was used as solvent, were made at 546 nm and the 
concentration of the dye taken was less than 2 .5xlO _ 5 M. 
The decolorization reaction of rosaniline in the presence 
of acid was found to be reversible in nature. In the 
presence of small amounts of acid (pH>4), therefore, the 
fading reaction did not proceed to completion. The back­
ward reaction was minimized by taking the concentration 
of acid in large excess (pH<2) over that of the dye (2.5 x 
10_ 6M), which shifted the equilibrium to the side of the 
product. Further, the kinetic data were recorded in the 
first few minutes of the reaction. 

Fitting of data to straight lines by method of least 
squares and calculations of the standard derivations to 
assess the error limits were done with the help of an 
I. B. M. 7044 digital computer. 
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R e s u l t s and D i s c u s s i o n 

Chemical and Kinetic Evidence for the Reactant and Prod­
uct. In order to get a direct chemical evidence 
for the nature of reactants, we carried out the pro­
tonation of rosaniline in complete absence of water. 
I t was observed that when pure dry HCl gas was pass­
ed into a solution of rosaniline (4 X 10 - 4 M) in pure 
dry acetonitrile, the solution instantaneously changed 
its color from red to reddish violet. Further passage 
of dry HCl gas changed the color to yellowish green, 
which remained stable in the absence of moisture. 
These colored species are due to the protonation of 
the first and second amino groups respectively. 
Earlier spectral investigations10»11) also indicated that 
out of three amino groups only two get protonated. 
T h a t one j^-amino grouping is never protonated in all 
these cases is due to the fact that only one of the 
benzene rings is involved in resonance interactions, 
thus giving a difference in base strength of one amino 
group with respect to the other two. I t has been 
also reported that 6 8 % of the carbonium ions from 
crystal violet add two protons in 1 M hydrochloric 
acid.12> These protonations of amino groups in ro­
saniline may be represented as follows: 

+ H+ + + 
H,NPh-C-PhNH„ HcNPh-C-PhNH, (I) 

Ph(m-CH3)NH2 Ph(m-CH3)NH2 

-1 Î 
H„NPh-C-PhNH, (II) 

Ph(m-CH3)NH2 

A drop of water in the violet (I) or green (II) solution 
thus obtained changed them to colorless solution. 
This demonstrates that colorless product is obtained 
from the reaction of water with the protonated species 
and not from the protonation of the dye. 

Now in order to establish the rate-determining step, 
the rate of decolorization of the protonated species in 
the presence of water was compared with the rate of 
unprotonated rosaniline in aqueous acidic medium under 
identical conditions. T h e overall rate constants, k, 
for these protonated and unprotonated solutions were 
found to be 0.207 and 0.202 m i n - 1 respectively at 
p H 1.35. Similarly at p H 2.4, k corresponedd to 
0.026 and 0.018 m i n - 1 for these protonated and un­
protonated rosaniline solutions. I t is thus esablished 
that under the identical conditions of temperature, 
solvent and hydrogen ion concentration the rates of 
reaction responsible for the decolorization of pro­
tonated and unprotonated dye are the same within 
reasonable limits. This finding augments the earlier 
evidence that water is one of the reactants and further 
proves that the rate-determining step in the decol­
orization reaction of basic tr iphenylmethane dye in 
aqueous-acidic medium is definitely not the proto­
nation process, but is the reaction of water molecule 
with the protonated dye cation giving protonated 
carbinol, whose existence is reported in the litera­
ture.13"15) 

Rate Expression for the Decolorzation of Rosaniline. 

Evidence presented above shows that protonation of 
rosaniline is the fast equilibrium step and subsequent 
reaction of water molecule with the protonated dye 
cation is the slow rate-determining step. O n the basis 
of the protolytic scheme given by Cigen3) and taking 
into account only the protonation of one amino group, 
as the concentration of acid used in all the cases was not 
that much as to cause further protonation, all the steps 
of the reaction of the rosaniline in acid and alkaline 
media can be shown as follows. The solid lines in the 
scheme indicate that the reactions proceed instan­
taneously whereas broken lines indicate that the reactions 
take place with measurable velocity. 

- O H - / 

R (red) 

R - G - R 
+ H* 

- H * 
R' 

G (color- +H-
less) ^ R — G— RH+ 

R' 

-H« 

+ H« 

where - < ô > 

V (violet) 

R—C—RH+ 
I 

R' 

\> 
+ H2Oil - H j O 

11 

OH 
+ I 
HR-C-RH+ 

I 
R' 

S2 

(colorless) 

NH, and R ' = -<(0)>-NH 2 

\GH 3 

Now let us define the following constants: 

[V] 
K1 = where [R] is the concentration of ro-

[R][H+] ' 
saniline 

Ar^pseudo first order rate constant for the reaction; 
V + H 20-»S 2 

k2=first order rate constant for the reaction; 
S2-»H20 + V. 

The investigations were carried out spectrophoto-
metrically. Therefore, the concentrations of the dye 
are given in the form of specific absorptions. The 
following symbols are used: 

eRj ey—The molar absorptivity of R and V respectively. 
*R) *v = The specific absorbance of a solution containing 

only R and V respectively. 
«o> et) £00=The specific absorbance of the solution at times 

0, t and at equilibrium. 
CM = The total concentration of rosaniline. 

If protonation equilibrum is achieved instantaneously, 
one can obtain the following equations by the method 
of Cigen. 

[H+] „ . . , 1 1 
[H+] + (1) 

And the overall rate constant k at p H < 2 is given as 

+ h (2) * et-em ~ * 1 l + t f 1 [ H + ] 
neglecting the other equilibrium terms except the 
protonation and subsequent water addition step. Thus 
a plot of [H+]/(tfB—eQ) against [H+] will give a straight 
line. T h e intercept, C, of this line on the Y axis and 
its slope, m, give (e-R—ev) = \jm and thus giving Kx=m\ C 
hence, the value of K1 can be obtained from Eq. 1. 
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TABLE l.a> RATE CONSTANTS AT VARYING CONCENTRATION 

OF ROSANILINE 

[H+] = 1.89X10-2 M 

Rosaniline concn 
mol/lXlO8 k, s^XlO 2 

19 
17, 
15 
13 
11. 
9. 
5.9 

0.21 
0.20 
0.21 
0.22 
0.21 
0.21 
0.22 

a) Temperature = 25 °C. 

The value of kls the rate of hydration, can be obtained 
from the slope of a plot of k versus tf1[H+]/(l+#1[H+]) 
and that of k2 from the intercept of this plot. 

Effect of Rosaniline Concentration on the Reaction Rate. 
The dependence of rate on the concentration of 
rosaniline was studied by recording the kinetic runs at 
varying dye concentrations in the range 19.6 X 10 - 6 

M to 3.9 X 10~6 M and a fixed amount of hydrochloric 
acid (1.89 X 10 - 2 M ) . Value of £oo was obtained by 
measuring the absorbance after the lapse of four hours. 
Analysis of the results from the graphical method yielded 
linear first order plots with almost the same slope, 
giving a constant value of k for all the rosaniline con­
centrations as shown in Table 1. This indicates that 
the value of A: is independent of the initial concentration 
of rosaniline. As the equilibrium constant kx and the 
hydrogen ion concentration are constant, the value of 
kx, the true rate constant for hydration, will remain 
unchanged for all rosaniline concentrations in ac­
cordance with Eq. 2. Thus, kx is independent of initial 
concentration of rosaniline. Since the concentration 
of the reactant, namely, water is in great excess as com­
pared to that of the dye, the first order nature of the 
reaction is in agreement with the suggested mechanism. 

Effect of Hydrogen Ion Concentration on Reaction Rate. 
As in the aqueous solution of the dye there exist 
more than one species, it is not possible to determine 
the values of eR, ev, eR) ev directly from the measured 
absorption curves. For simplicity, aqueous solution 
of dye of p H 6.5 was taken. In such a solution, the 

concentration of the red form, R, is about 80—90% 
of the total dye concentration. If the apparent molar 
extinction coefficient of such a solution is denoted by 
e'R and the specific extinction by e'*, then £R/£R = 
e\jev. From this relation and Eq. 1, the value of Kx 

can be determined by substituting e'n, the measured 
specific extinction, for eR and e'v for ev. For the de­
termination of equilibrium constant the rates of de­
colorization of rosaniline were measured at various hy­
drogen ion concentrations at constant ionic strength. 
T h e equilibrium R + H + ^ = ± V is reached instan­
taneously during the mixing, whereupon the color 
of the solution fades owing to the reaction V + H 2 0 
^ = i S2. By determining the fading rate and extrap­
olating the extinction to t=0, eQ was obtained. T h e 
measurements were carried out at the wavelength, 
546 nm, where the absorption curve of the red com­
ponent has a sharp maximum. T h e plots of \og(et —e™) 

[H+] 

Fig. 1. Variation of [H+]/(«B '-«0) with [H+] for the 
reaction of rosaniline in aqueous medium at ionic 
strength equal to 0.09 at 25 °C. 

TABLE 2.a> RATES OF HYDRATION OF ROSANILINE kx, k2, AND EQUILIBRIUM CONSTANT KX AT 25 °C 

*R [H+] ]og{e0-em) eo £R —e0 

[H+] 

« B ' - « C 

0.598 
0.598 
0.598 
0.598 

0.0182 
0.0272 
0.0363 
0.0454 

1.594 
1.558 
1.513 
1.491 

0.052 
0.037 
0.029 
0.015 

0.445 
0.398 
0.355 
0.325 

0.153 
0.200 
0.243 
0.275 

0.119 
0.136 
0.149 
0.165 

^ = 1 8 . 1 3 ^ 0 . 1 5 M- 1 

k, s ^ x l O 3 *i[H+] 
l+* i [H+] *i, s - ] 

3.99 
5.22 
6.18 
7.31 

0.248 
0.330 
0.397 
0.452 

1.7X10-2 0.4X10"3 

a) Ionic_strength = 0.09. 
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2 
x 
-se 

0 02 CU 

tf1[H+]/(l+#1[H+]) 

Fig. 2. Plot of kos. Ä1[H+]/(l+Ä1[H+]) for the re­
action of rosaniline at fi = Q.Q9l. 

vs. time at various hydrogen ion concentrations were 
linear indicating the first order nature of the reaction 
as expected from Eq. 2. The values of apparent rate 
constants, k, were found to increase with increasing 
concentration of the acid (Table 2). In order to find 
out the equilibrium constant Kx of the protonation 
step using Eq. 2, a plot of [ H + ] / ( * R — e 0 ) against [H+] was 
made as shown in Fig. 1. The slope and intercept 
from this graph gave a value of 18.1 ±0 .15 M - 1 for 
the equilibrium constant Kx. As is evident from Eq. 
2, a plot of K1[U+]I(\+K1[H+]) vs. k should give a 
straight line with slope equal to kx and intercept k2. 
Such plot shows the linear variation of /C1[H+]/(l + 
K1[H+]) with k giving the value of A 1 = 1 . 7 x 10~2 s"1 

and Â : 2 = 0 . 4 0 x l 0 - 3 ± 0 . 0 5 x l 0 - 3 s"1 which are in­
dependent of the hydrogen ion concentrations (Fig. 2). 
It is evident from the values of ki and k2 that the rate 
of forward reaction is much greater than that of back­
ward reaction under the experimental conditions 
but still k2 is quite significant. Hence, in all the 
measurements of kl3 the backward reaction has been 
taken into account. 

Effect of Ionic Strength on the Rate Constant kv 

Usually for a reaction between an ion and a neutral 
molecule, the electrostatic effects are small in very 
dilute solution. If the reacting species in the rate 
determining step in the present case are ionic type the 
rate constant should increase with increase in ionic 

strength.9,16) T h e effect of ionic strength ion dipole 
interaction can be expected from considerations of 
interactions of the ion atmosphere with the dipole 
moment of the reactant molecule in the free state and 
in the complex.17) 

Studies were done taking fixed concentration of the 
dye (0 .72x l0~ 5 M) and varying HCl concentration 
at a constant ionic strength of 0.27. The values of 
rate constants and equilibrium constants obtained 
from Eqs. 1 and 2 are reported in Table 3. I t is of 
interest to note that the equilibrium constant Kx is 
34.9±0.15 M _ 1 and it is considerably higher that the 
value obtained at /*=0.091 which is 18.13dbO.15M-1 

(Table 2). The equilibrium constant at higher ionic 
strength increases as expected, since the effect of ionic 
strength on the association constant follows the Bjer-
rum-Brcnsted relationship.18) T h e values of kx at 
^ = 0 . 2 7 was found to be 2.08 X 10~2 s"1. Comparing 
this value to kx obtained a t ^ = 0 . 0 9 1 (1.7 x 10~2 s"1), 
it is evident that it does not change much in ac­
cordance with the equation valid for ionic reactions,9'16) 
and given below: 

In k = In k0 + 
2 Z^ZyAVp 

i+ßai\/ir (3) 

The increase in the value of kx even after a three-fold 
increase in ionic strength is too small to get any 
meaningful quantitative correlation. In view of the 
limitation that the acid concentration cannot be de­
creased above p H 2 and the overall rate becomes faster 
with increase in ionic strength, the study could not be 
extended to higher ionic strength. But, the above 
studies clarifies the cause of apparent increase of the 
overall rate constant with increase in ionic strength 
which led to the false inference about the nature of 
reactants, by previous workers. No doubt the overall 
rate constant k is markedly dependent on the ionic 
strength of the medium but this is because of the change 
in value of Kx and the rate constant kx is only slightly 
effected. Thus, the above observations further sup­
ports the nature of reacting species as given in the 
protolytic scheme. 

Effect of Dielectric Constant on the Rate Constant kv 

Experiments were carried out at different dioxane-
water compositions keeping the ionic strength of the 
solution constant using suitable HC1-KG1 mixtures 
in all the experiments. I t was observed that the wave­
length of maximum absorption shifted to 543 nm in 
dioxane-water mixtures, the studies were therefore 
carried out at 543 nm. T h e values of e'% were de­
termined prior to the experiment at each solvent per­
centage. Rate constants and equilibrium constants 
at different dixane-water concentrations are sum-

TABLE 3.a> RATE CONSTANTS AND EQUILIBRIUM CONSTANTS AT CONSTANTS AT /i = 0.27 

[H+] 

0.0145 
0.0218 
0.0291 
0.0363 

k, s - x x l0 3 

3.46 
5.30 
6.77 
8.28 

[H+] 

« R ' — *O 

0.112 
0.131 
0.151 
0.169 

* i 

34.91 ± 0 . 2 5 M"1 

*i[H + ] 
l+* i [H+] 

0.336 
0.432 
0.504 
0.559 

kt, s ^ x l O 2 

2.08+0.06 

kt, s-xXl03 

0.40±0.05 

a) Temperature = 25 °C. 

18.13dbO.15M-1
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TABLE 4. RATE CONSTANTS AND EQUILIBRIUM CONSTANTS IN DIOXANE-WATER MIXTURES AT 25 ° G 

[H+] *i[H+] 
L x ± j 

0.0908 
0.0726 

0.0636 
0.0545 

0.0908 
0.0817 

0.0726 
0.0545 

0.0908 
0.0817 

0.0726 
0.0545 

A,, S A 1 U 

7.67 
6.91 

6.50 
5.76 

8.06 
7.04 

6.39 
4.32 

5.04 
4.61 

5.06 
3.20 

* R ' — *O 

0.211 
0.188 

0.180 
0.168 

0.317 
0.296 

0.275 
0.237 

0.404 
0.376 

0.349 
0.298 

J v i 

5 % (v/v) Dioxane-Water 

(l\AS±0.20)M-1 

10% (v/v) Dioxane-Water 

( l S . O l i O ^ M - 1 

15% (v/v) Dioxane-Water 

(21.23±0.20)M-X 

1 + ^ [ H + ] 

0.509 
0.453 

0.421 

0.620 
0.595 

0.566 
0.495 

0.658 
0.634 

0.606 
0.536 

nt, a A I « 

(1.58±0.10) 

(2.80±0.15) 

(1.70±0.15) 

03 05 07 

tf1[H+]/(l+tf1[H+]) 

Fig. 3. Plot of K1\H+]I(\+K1\H+]) vs. k in dioxane-
water media at 25 °C. 
1 : 5 % dioxane; 2 : 10% dioxane; 3 : 15% dioxane. 

marized in Table 4. I t is of interest to note that the 
values of equilibrium constant Kx increase with increase 
in solvent percentage or decrease in dielectric con­
stant of the medium. I t corresponded to 11.43 M _ 1 

in 5 % , 18.01 M " 1 in 10% and 21.23 M " 1 in 1 5 % 
dioxane-water mixture. This increase in equilibrium 
constant with decrease in dieletric constant is un­
derstandable and is in accordance with the formulation 
discussed elsewhere. Figure 2 represents the plot of 
/ r 1 [ H + ] / ( l + ^ 1 [ H + ] ) vs. k, the total reaction rate. As 
expected from Eq. 2, the plot is a fairly straight line. 
I t may be seen from Fig. 3 that the slope increases in 
5 % to 10% and then decreases in 1 5 % , 2.8 x 10~2 s"1 

in 10% and l ^ x l O ^ s - 1 in 1 5 % dioxane-water 

mixture, even though total rate generally decreases 
with decrease in dielectric constant of the medium. 
Several treatments are available for interpreting the 
influence of the solvent on electrostatic force which 
modifies the rate process between ion and dipolar 
molecules. T h e equation derived by Amis and Jaffe20) 
and modified by Amis21) is as follows: 

ln*D' = ln*. '+ 3Am°e 

kTr2D 
(4) 

where k'ß and k' are specific reaction rates at dielectric 
constant D and m0 is the moment at # = 0 . Further 
modification of the Eq. 4 was done by Quinlan and 
Amis22) to obtain a relation which also predicts linear 
dependence of In k'ii=o on \jD. Laidler and Land-
skroener23) proposed a relation for such type of 
reaction based on Kirkwood24) and Kirkwood and 
Westheimer's25) theory which also predicts that the 
dependence of In k' on 1JD should be linear. Thus , 

Z>-1/(2D + 1) 

i/z>xio2 

Fig. 4. Variation of l o g ^ as a function of dielectric 
constant (D) of the medium at 25 °G. 
1 : l/D; 2 : (D-l)/(2D+l). 
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almost all the models suggest that on the basis of 
electrostatic considerations the plot of In k' vs. 1 jD 
should be linear with positive slope if the charge on 
the reacting ion is positive for reaction between an 
ion and a neutral molecule. Figure 4 represents the 
dependence of l o g / ^ on 1/Z). The plot, contrary to 
expectation, does not show any linear behavior and 
after 10% dioxane-water composition, the slope also 
becomes negative. T h e inconsistency with the pre­
dicted behavior can be analyzed on the basis of Laidler 
and Eyring26) equation according to which the plot 
of In kx vs. 1/D will be straight line only when the 
Kirkwood term in the equation is only slightly af­
fected with change in dielectric constant of the medium 
and the change in 0's (the non-electrostatic term) is 
insingnificant. In the present case, since the reacting 
species are water and protonated triphenylmethane 
carbonium ion, the effect on Kirkwood term due to 
change in dielectric constant is apparently significant. 

For a bimolecular reaction of dipolar molecule (A) 
with dipolar molecule (B) the specific velocity con­
stant is given as follows : 

A + B - > M * - > X + Y 

A V 1 ( l T ^ * \ 1 D ~ X (^ . ^ /*M*2 \ 

In* = I n ^ V ) - _ ^ ^ T ^ + - r - 1 - ; r j 

+ kT 
(5) 

where k' is the specific velocity constant, a is the trans­
mission coefficient, k is the Boltzmann constant, h is 
Planck's constant, T is the temperature in degrees 
Kelvin, D is the dielectric constant of the final solution, 
and for dilute solutions D is effectively the dielectric 
constant of the pure solvent. as is the average distance 
of closest approach of B to A, aA is the average distance 
of closest approach of A to B, 0A, 0B and ^M* are the 
sum of the non-electrostatic terms considered by 
Laidler and Eyring.26) K0* is defined by Laidler and 
Eyring as KQ*=FH*JFAFB, where FA and FB are 
the partition function of A and B and FM* is the 
par t of the partition function of complex, FM which 
refers to the degrees of translational freedom corre­
sponding to decomposition. According to this equa­
tion, if the non-electrostatic terms are negligibly small, 

a plot of In A;' vs. (D— 1)/(2Z>+1) should give a straight 
line. Laidler and Eyring26) used Eq. 5 to interpret 
the solvent effects on the hydrolysis of esters. They 
plotted Ink' vs. (D— 1)/(2Z>+1) for acid and alkaline 
hydrolysis of some esters and obtained good straight 
line plots. Figure 4 (plot 2) represents the variation 
of log ki with (D— 1)/(2Z> + 1). I t may be seen that 
this plot is also not linear. There are several re­
actions27) where the solvent effect cannot be accounted 
for satisfactorily by electrostatic considerations only. 
Basic triphenylmethane dyes, as reported earlier,9) 
exhibit specific solvent effect also in the case of carbinol 
formation in alkaline medium. The explanation of 
specific effects can be formulated in terms of the non-
eletrostatic terms, 0's. Probably, the most important 
factor contributing to these terms is the solvating power 
of the solvents. 

Effect of Temperature on Rate Constant kx. Kinetic 
runs were further carried out at 20 and 30 °C main­
taining the ionic strength for the solution constant 
using suitable HC1-KC1 mixture. The data obtained 
are summarized in Table 5. It is interesting to note 
that increase in temperature decreased the value Kx 

from 25.33 M " 1 at 20 °C to 19.71 M " 1 at 30 °C. This 
indicates that the equilibrium is shifted towards the 
reactants. Thus, even if the total rate increases with 
increase in temperature, the values of eQ and e<x> are 
also increased. This decrease in equilibrium constant 
with increase in temperature is well expected for the 
exothermic reaction of protonation of amino group. 
From the slopes of the plots ofK1[H+]l(\+K1[H+]) VS. 
k at 20 and 30 °C the values of rate constants kx were 
obtained and were found to be 1.12 X 10~2 s"1 at 20 °G 
and 2 .03X10- 2 s"1 at 30 °C. Taking the value of 
kx at 25 °C equal to 1.7 X 10~2 s _ 1 as obtained earlier 
in aqueous medium, although this value is at slightly 
different ionic strength but the change due to this can 
be ignored as discussed earlier, dependence of log kx 

on \\T was plotted. This plot shows a fairly good 
straight line indicating that A.E remains constant in 
this narrow temperature range. The average value of 
apparent AE was found to be 10.52 kcal. These studies 
suggest that the protolytic scheme is valid at higher 
temperatures also. Raising the temperature has the 
effect of displacing the equilibrium constant towards 

[H+] 

TABLE 5. VARIATION OF RATE CONSTANT AND EQUILIBRIUM CONSTANT WITH TEMPERATURE 

k, s^XlO 2 [H+] * i [H + ] 
l+* i [H+] 

*!, s ^ x l O 2 

0.0908 
0.0726 

0.0545 
0.0363 

0.728 
0.639 

0.574 
0.490 

Temperature 20 °C 
0.242 
0.207 

0.174 
0.143 

0.697 
0.647 

0.579 
0.479 

1.12±0.06 

0.0908 
0.0726 

0.0545 
0.0363 

1.27 
1.16 

1.02 
0.79 

Temperature 30 °C 
0.250 
0.218 

0.188 
0.154 

0.642 
0.589 

0.518 
0.417 

2.03±0.10 
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the colored, dehydrated form. The dissociation con­
stant increases with temperature if they are defined as 
acid constants that is, as \/Kv Due to specific solvent 
effect exhibited by the system, the different contribu­
tions to the energy of activation and thereby the true 
energies and entropies of activation could not be cal­
culated. 

References 

1) H. C. Biddle and C. W. Porter, J. Am. Client. Soc, 
37, 1571 (1915). 

2) S. S. Katiyar, Z. Phys. Chem. (Frankfurt), 34, 346 
(1962). 

3) R. Gigen, Acta Chem. Scand., 12, 1456 (1958); 13, 
1113 (1959); 14, 979 (1960). 

4) R. Cigen, Acta Chem. Scand., 15, 1892 (1961); 15, 
1905 (1961); 16, 192 (1962). 

5) R. Cigen and G. Bengtsson, Acta Chem. Scand., 16, 
1837 (1962); 17, 2091 (1963). 

6) R. Cigen and C. G. Ekstrom, Acta Chem. Scand., 17, 
1189 (1963); 17, 1843 (1963); 17, 2083 (1963); 18, 157 
(1954). 

7) G. Bengtsson and M. Aronsson, Acta Chem. Scand., 
22, 1241 (1968). 

8) A. I. Vogel, "A Text Book of Practical Organic 
Chemistry," 3 rd ed, Longmans Green and Co., London 
(1957), pp. 169, 171, 177. 

9) S. K. Sinha and S. S. Katiyar, J. Phys. Chem., 74, 
1382 (1970). 
10) G. E. K. Branch and B. M. Tolbert, J. Am. Chem. 

Soc, 71, 781 (1949). 
11) M. S. Newman and B. M. Tolbert, J. Am. Chem. 

Soc, 73, 3644 (1951). 
12) E. Q,. Adams and L. Rosenstein, J. Am. Chem. Soc, 

36, 1452 (1914). 
13) B. M. Tolbert and G. E. K. Branch, J. Am. Chem. 

Soc, 69, 1083 (1947). 
14) C. D. Ritchie, W. F. Sager, and E. S. Lewis, J. 

Am. Chem. Soc, 84, 2349 (1962). 
15) C. C. Barker, G. Hallas, and A. Stamp, J. Chem. 

Soc, 1960, 3791. 
16) J . C. Turgeon and V. K. LaMer, J. Am. Chem. 

Soc, 74, 5988 (1952). 
17) S. W. Benson, "The Foundations of Chemical 

Kinetics," McGraw Hill Book Co., N. Y. (1960), p. 537. 
18) N. Bjerrum, Z. Phys. Chem., 108, 82 (1924); 118, 251 

(1925). 
19) E. A. Moelwyn-Hughes, "Kinetics of Reactions in 

Solution," Oxford University Press, London (1950), pp. 
197—198. 
20) E. S. Amis and G. Jaffe, J. Chem. Phys., 10, 598 

(1942). 
21) E. S. Amis, J. Chem. Educ, 30, 351 (1953). 
22) J . E. Quinlan and E. S. Amis, J. Am. Chem. Soc, 

77, 4187 (1955). 
23) K. J . Laidler and P. A. Landskroener, Trans. Faraday 

Soc, 52, 200 (1956). 
24) J . G. Kirkwood, J. Chem. Phys., 2, 351 (1934). 
25) J . G. Kirkwood and F. H. Westheimer, J. Chem. 

Phys., 6, 506 (1938). 
26) K. J . Laidler and H. Erying, Ann. N. Y. Acad. Sei., 

39, 303 (1940). 
27) E. S. Amis, "Solvent Effects on Reaction Rates and 

Mechanisms," Academic Press, New York (1966), pp. 56, 
258. 



514 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (2), 514 516 (1977) [Vol. 50, No. 2 

Synthesis and Spectra of 3-Benzyl(or /?-tolyl)-5-methyl-
2-(substituted benzothiazol-2'-ylimino)-4-thiazolidones 

Radhey SHYAM* and I . C. T I W A R I 

Department of Chemistry, Faculty of Science, Banaras Hindu University, Varanasi 221005, India 
(Received April 8, 1974) 

Some 3-benzyl(or />-tolyl)-5-methyl-2-(substituted benzothiazol-2'-ylimino)-4-thiazolidones were prepared. 
Their structures and the purity of the compounds were corroborated by their analytical and spectral data. 
Screening tests on these compounds showed the 4-chloro and 6-bromo analogues to be the most active as GNS 
depressants, muscle relaxants and anticonvulsants. 

Certain thiocarbamides and their cyclic analogues 
are known to possess good pharmacological activity.1) 
An interesting structural variation is the cyclisation 
of thiocarbamides to thiazolidones.2»3) A number 
of disubstituted 4-thiazolidones have been prepared4) 
and it has been observed that many of these compounds 
inhibit convulsions in cats and rats.5) Various other 
J4-thiazolidones have been reported6) and the greatest 
effort has been made in the synthesis of heterocyclic 
analogues of thiazolidones.7»8) 

In extending the work, we synthesized 3-benzyl 
(or p - tolyl) - 5 - methyl - 2 - (substituted benzothiazol - 2 '-
ylimino)-4-thiazolidones by the cyclisation of i\T-benzyl 
(or p-X.o\y\)-N'-(substituted)benzothiazol-2-yl thiocarb­
amides with a-chloropropionic acid under anhydrous 
conditions. The structures and the purity of the 
compounds were determined with the help of N M R , 
IR, and T L C . The compounds were also tested for 
their pharmacological activity. 

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

All melting points were measured by the capillary method 
and are uncorrected. A Varian-A60D was used for record­
ing NMR spectra, a Perkin-Elmer 257 for IR and a Coleman 

Analyzer for analyses. 
N-Benzyl-N'-(4-methyl)benzothiazol-2-yl Thiourea (1). 

A mixture of 4-methyl-2-aminobenzothiazol (4.1 g), benzyl 
isothiocyanate (3.7 ml) and dry benzene (40 ml) was refluxed 
on a water-bath for about 5 h at 80—90 °G. The residue 
was filtered and washed with ether followed by a little 
40% HCl solution. The product was crystallised from 
80% ethanol, yield 73%, mp 170 °G. TLC: Ä f=0.79 
(benzene-ether, 3 : 1). Calcd for C16H15N3S2: N, 13.42; 
S, 20.45%. Found: N, 13.41; S, 20.54%. I R . ^ ' c m " 1 : 
3180(>N-H), 3035m(>N-H), 1560s(>C=N- or >C=C<), 
1200s(>C=S), NMR(CDC13) <5(y=Hz): 2.35(3H, s), 5.08 
(2H, d, 7=5 .0 ) , 7.80(1H, broad), 10.95(1H, broad) and 
7.50 for aromatic protons (8H, m). 

Similarly, other substituted-2-aminobenzothiazoles were 
converted into their respective thioureas by treating with 
benzyl isothiocyanate and j&-tolyl isothiocyanate. 

3-Benzyl-5-methyl-2- ( 4'-methylbenzothiazol-2'-ylimino) -4-thiazc-
lidone (2). N- Benzyl - N' - (4-methyl) benzothiazol-2-yl 
thiourea (3.13 g) was dissolved in absolute alcohol (35 ml) 
and to this was added a-chloropropionic acid (1.5 ml) and 
anhydrous sodium acetate (2.5 g). The mixture was re­
fluxed on a water-bath for 8—10 h and poured into cold 
water. On standing overnight, a solid mass precipitated. 
It was filtered and recrystallised from 80% ethanol into 
shining needles of (2), yield 67%, mp 149 °C. TLC: Rt = 
0.79 (benzene-ether, 3 : 1). Calcd for C19H17N3OS2: N, 

TABLE 1. PHYSICAL DATA AND IR PEAKS OF 3-BENZYL(OR /»-TOLYL)-5-METHYL-

2-(SUBSTITUTED BENZOTHIAZOL-2'-YLIMINO)-4-THIAZOLIDONES 

R' 

° ^ _ N N— / V 
HN| ? ? || +X 

/ N S ^ N ^ S / V / -
" I 3 
CFL 

S. No. 
Substitu­

ent 
X 

Molecular 
formula 

Yield 
(%) 

Mp 
(°C) 

Nitrogen (%) Sulfur (%) 

Found Calcd Found Calcd 

Characteristic 
IR peaks (cm-1) Rf values'1) 

H C18H15N3OS2 87 
4-C1 C18H14N3OS2Cl 58 
6-Br C18H14N3OS2Br 68 
4-OCH3 C19H17N302S2 54 

5-CH3 

6-CH3 

6-C1 
6-Br 

C19H17N3OS2 45 
C19H17N3OS2 78 
C18H14N3OS2Cl 83 
C18H14N3OS2Br 89 

183 
205 
215 
209 

189 
239 
205 
219 

R' — -CH2 • C6H5 

11.85 11.89 
10.81 10.84 
9.62 9.72 

10.84 10.96 

R' = -C6H4.CH3(/>) 
11.31 11.44 16 
11.15 11.44 17 
10.59 10.83 16 
9.45 9.72 14 

11 18.13 1725 s , 1565 s , 1530 s 0.68 
41 16.52 1722 s , 1648 s , 1635m 0.83 
95 14.81 1640 s , 1535 s , 1470m 0.50 
82 16.71 1642 s , 1665 s , 1530m 0.79 

91 17.43 1645 s , 1565 s , 1520 s 0.81 
26 17.43 1665 s , 1555 s , 1520 s 0.78 
46 16.51 1735 s , 1575 s , 1515m 0.63 
53 14.81 1735 s , 1595m, 1515 s 0.65 

a) Af values were measured on developing the TLC plates (adsorbent, silica gel BDH) in benzene-ether ( 3 : 1 ) 
mixture, s = sharp, m = medium, and w=weak. 

* Present Address: Head, Department of Chemistry, Dig Vijai Nath Degre College, Gorakhpur, India. 
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TABLE 2. PHARMACOLOGICAL ACTIVITY OF 3-BENZYL(OR />-TOLYL)-5-METHYL-

2-(SUBSTITUTED BENZOTHIAZOL-2'-YLIMINO)-4-THIAZOLIDONES 

S. No.a> Substituted Pharmacological 
activity MED/MIC Species 

2 

3 

4 

5 

4-Chloro 

6-Bromo 

4-Methoxy 

5-Methyl 

GNS Depress. 
Muscle Relax. 

CNS Depress. 
Muscle Relax. 
Electr. Shock 

None 

None 

160mg/kg po 
160 mg/kg po 

160mg/kg po 
160 mg/kg po 
80 mg/kg po 

160 mg/kg po 

160 mg/kg po 

Mouse 

Mouse 

Mouse 

Mouse 

MED = Minimum effective dose. MIC = Minimum inhibitory concentration. GNS = Central Nervous System. 
a) S. Nos. correspond to the serial number of the compounds in Table 1. 

11.44; S, 17.44%. Found: N, 11.42; S, 17.52%. IR Caio1 

cm-1: 1720s(>C=O), 1552s(>G=C< or >C=N-). NMR 
(GDC1,) ô(J=Hz): 1.75(3H, d, J = 7 . 5 ) , 2.75(3H, s), 4.17 
(1H, q, / = 7 . 5 ) , 5.21(2H, s) and 8.25 for aromatic protons 
(8H, m). 

Likewise, other substituted benzothiazolyl thiazolidones 
were synthesised. Their structures were confirmed by their 
analytical, spectral and Rt values as recorded in Table 1. 

Hydrolysis of 3-Benzyl-5 - methyl-2- (4'-methylbenzothiazol-2'-
ylimino) - 4 - thiazolidone (2). 3-Benzyl - 5 - methyl-2- (4'-
methylbenzothiazol-2'-ylimino)-4-thiazolidone (1.83 g), coned 
HCl (2 ml) and ethanol (20 ml) were refluxed on a water-
bath for 8—1 Oh. After distilling off the ethanol, the re­
action mixture was poured into cold water and filtered. 
The residue was washed with water and crystallised from 
ethanol to afford 3-benzyl-5-methyl-2,4-thiazolidindione (3), 
yield 76%, mp 186 °C. Calcd for G u H u N 0 2 S : N, 6.33; 
S, 14.47%. Found: N, 6.53; S, 14.58%. IR C ' c m " 1 : 
1730s(>G=O), 1720(>C=O), 1552s(>C=C< or >C=N-). On 
neutralisation with ammonium hydroxide the filtrate gave 
4-methyl-2-aminobenzothiazole, melting at 136 °G. 

3-Benzyl-5-methyl-2,4-thiazolidindione (3). A mixture 
of S-dibenzyl thiourea (6.0 g), a-chloropropionic acid (2.0 
ml) and glacial acetic acid (10 ml) was refluxed on a 
water-bath for 5 h and then allowed to cool. Addition of 
excess cold water gave a solid mass which was washed 
with water and dried. It was crystallised from 80% etha­
nol, yield 69%, mp 186 °C. Calcd for C n H u N 0 2 S : N, 
6.33; S, 14.47%. Found: N, 6.21; S, 14.53%. IR vlVx

o1 

cm-1: 1732s(>C=0), 1716s(>C=0) and 1565s(>C=C< or 
>C-N-). 

D i s c u s s i o n 

The structure of 3-benzyl(or j6-tolyl)-5-methyl-2-
(substituted - benzothiazol -2 '-ylimino) -4-thiazolidones 
was assigned on the basis of the elemental analyses, 
spectral data and the nature of their degradation 
products. N M R spectrum of compound (2) in CDC13 

shows a singlet at ô 2.75 for the benzene ring methyl 
protons. A doublet ( y = 7 . 5 H z ) for the thiazolidone 
ring methyl protons at ô 1.75 and a quartet ( J = 7 . 5 H z ) 
for the thiazolidone ring single proton at ô 4.75 were 
observed. A singlet at ô 5.21 was assigned to 
>N-CH 2 C 6 H 5 protons. T h e aromatic protons reso­
nated at ô 8.25 as a multiplet. A strong I R peak at 
1720 c m - 1 for the >C=0 group is the characteristic 
of lactam group. 

Actually, the possibility of two isomeric products 

may be assumed here from the two possible tautomeric 
forms of thiocarbamides undergoing reactions with 
a-chloropropionic acid. The compound 3-benzyl-5-
methyl-2- (4' - methylbenzothiazol - 2 ' - ylimino) -4 - thiazo­
lidone after hydrolysis affords a residue which was 
identified as 3-benzyl-5-methyl-2,4-thiazolidindione by 
comparing with an authentic sample of the thiazolidin-
dione (3) by the mixed melting point method. 

0 = C - O H H - N - R ' 
I + | CH3COOH O ^ N / R ' 

i ) H - C - C l HS-C=N-R' • H x | V 
/ \ S / \ N - R 

CH3 

(I) 

CH, 

0 = C - O H H - N - R 
I + | CHJCOOH 

ii) H - C - C l HS-C=N-R' > 
CH, 

H 
) \ S A N - R ' 

CH, 

(II) 
R = (substituted) benzothiazol-2-yl-
R' = benzyl or /»-tolyl-

The structure of 3-benzyl-5-methyl-2,4-thiazolidin-
dione (3) is also supported by its I R spectrum which 
shows an additional peak at 1730 c m - 1 for the carbonyl 
group attached to position-2 of the thiazolidindione 
ring. 

Hence the hydrolysis as well as spectral data show 
the at tachment of 2-amino-(substituted) benzothiazoles 
residue at position-2 and benzyl or /?-tolyl residue at 
position-3, thereby confirming the structure as type I 
but not as type I I . Therefore, these findings agree 
with structure I I I for compound (2). 

CHaCsHs CH3 

CH3 

(III) 

Screening Results. The selected compounds have 
been tested for their pharmacological activities at 
Bristol Laboratories, Syracuse, New York. The com-
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pound 3-benzyl-5-methyl-2-(4'-chlorobenzothiazol-2'-
ylimino)-4-thiazolidone was found to be active as a 
CNS depressant and muscle relaxant and 3-benzyl-
5-methyl-2- (6'-bromobenzothiazol-2 '-ylimino) -4 - thiazo-
lidone as a CNS depressant, muscle relaxant and an­
ticonvulsant. 

Thanks are due to Prof. P. N . Bhargava, for his 
keen interest and Prof. G. B. Singh and Dr. R. S. 
Dwivedi for providing facilities. The financial as­
sistance provided by CSIR, New Delhi to R.S . and by 
P G I I M , B.H.U. to I .C.T. is gratefully acknowledged. 
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Fluorination with Substituted (Difluoroiodo)arenes 
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The reaction of substituted (difluoroiodo) arènes with 1 -phenyl- l-(m-chlorophenyl) ethylene results in 1,1-diflu-
oro-l-(m-chlorophenyl)2-phenylethane, with 1-phenyl-l-(/>-methoxyphenyl) ethylene in l,l-difluoro-l-phenyl-2-
(/»-methoxyphenyl) ethane, and with 1-phenylcyclopentene and 1-phenylcyclohexene in rearranged gm-difluoro 
compounds. The reaction with norbornene results in three products: fluoronortricyclane (9—12%), 2-exo-l-syn-
difluoronorbornane (75—86%), and 2-^o-7-a«ft-difluoronorbornane (5—15%) depending upon the substituent 
on the phenyl ring in (difluoroiodo) arènes. 

The addition of chlorine to olefinic double bonds 
using (dichloroiodo) benzene as a halogenating agent 
has received (difluoroiodo)arènes attention from several 
workers.2-5) The corresponding received much more 
limited attention as fluorinating agents, possibly be­
cause of the difficulties involved in their preparation 
and storage. Three methods are of particular interest 
for the preparation of (difluoroiodo) arènes. The first 
is the method of Dimroth and Bockemüller6) or the 
modified one of Garvey et al?} in which the appro­
priate iodosoarene is treated with 4 6 % hydrogen 
fluoride in acetic acid. The method of Carpenter8) 
involves one-step reaction of mercuric oxide and aque­
ous hydrofluoric acid with (dichloroiodo)benzene in 
dichloromethane. The dichloromethane solution is 
then used directly for fluorination. T h e third proced­
ure9) involves the electrolysis of an acetonitrile solu­
tion of silver (I) fluoride. We developed a method for 
the synthesis of various (difluoroiodo)arènes, using 
xenon difluoride as fluorinating agent in dichloro­
methane solution, in the presence of anhydrous hydro­
gen fluoride at room temperature.10) We have recently 
found that (difluoroiodo)methane reacts with phenyl-
alkenes in the presence of hydrogen fluoride as a 
catalyst to form the corresponding l-fluoro-2-iodo-l-
phenylalkanes,11) and not the rearranged gem-difluoro 
compounds observed in similar fluorination reactions 
with (difluoroiodo)arenes.8»12) We now report the 
study of fluorination of various phenylalkenes and 
norbornene with substituted (difluoroiodo) arènes. 

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

(Difluoroiodo) arènes have already been used for 
fluorination of 1,1-diphenylene12) and styrene8), giving 
g£m-difluoro compunds. Carpenter8) showed that hy­
drogen fluoride or some other strong acid such as 
trifluoroacetic acid is necessary as a catalyst in the 
fluorination reaction, and proposed an ionic mechanism 
with the phenonium ion as the intermediate. We 
obtained evidence which supports the phenonium 
ion intermediate by the fluorination of 1-phenyl-l-
(m-chlorophenyl)ethylene ( l a ) , 1 -phenyl-1 -Qb-methoxy-
phenyl)ethylene ( lb ) with substituted (difluoroiodo)-
arènes (Scheme 1). The reactions resulted in 1,1-
difluoro-l-(m-chlorophenyl)-2-phenylethane (2a) and 
l,l-difluoro-l-phenyl-2-(/>-methoxyphenyl) ethane (2b), 
respectively. The structures of the products were 
estabished on the basis of their N M R data ((5F-100 
ppm (t, / F H = 1 5 H z ) ) for 2a and (<$F-105.2 p p m (ty 

R-j« 

Scheme 1. 

$ H H 

x-si-ç-cv ^-x-,«-c-ç-î  — y-z-r 
-H I I ^ - X ^ I N ~ X 

F H H 

Scheme 2. 

y F H = 1 6 . 5 Hz)) for 2b , which correspond to those of 
^m-difluoro compounds. In the mass spectrum the 
fragments for the product 2a were the tropylium ion 
m\e 91 and the difluorochlorobenzylium ion mje 161, 
indicating phenyl group migration. O n the other 
hand, product 2 b showed as fragments the methoxy-
tropylium ion mje 121 and the difluorobenzylium ion 
mje 127, which indicates jb-methoxyphenyl group migra­
tion. The fluorination of the phenyl-substituted cyclo-
olefins, 1-phenylcyclopentene (3a) and 1-phenylcyclo­
hexene (3b), with (difluoroiodo) arènes also resulted in 
the formation of gem-difluoro compounds (4) (Scheme 
1), which could be identified by their N M R and mass 
spectral data . We were unable to detect any trace of 
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iodofluoro compounds. In the light of these experi­
ments we suggest a mechanism similar to tha t proposed 
by Carpenter8) (Scheme 2). I t might be expected 
that in the presence of hydrogen fluoride, substituted 
(difluoroiodo) arènes behave as electrophiles (reactions 
were completely quenched when no hydrogen fluoride 
was added) , adding to an olefin, thus forming a carbo­
nium ion, which is then attacked by the fluoride ion. 
In the next step, dissociation of the carbon iodine 
bonds results in the formation of carbonium ion, 
accompanied by phenyl group or /»-methoxyphenyl 
group migration. 

T h e reaction of a bicyclic olefin, norbornene, has 
been utilized for elucidating the mechanism and ste­
reochemistry of various reactions. l3-18) It is possible 
(from the identification of the products) to discriminate 
the three possible mechanistic pathways leading to 
the products; (i) a concerted cw-molecular addition, 
(ii) a free radical reaction, (iii) a reaction path pro­
ceeding via cationic intermediates. 

We have studied the fluorination reaction of various 
substituted (difluoroiodo) arènes with norbornene. 
Reactions resulted in the formation of three products, 
which could be separated by preparative G L C . 
The first product shows in its 19F N M R (rel to 
CGI3F) spectrum a doublet of triplet at —218.2 ppm, 
and in H N M R spectrum at ô = 5.05 ppm a doublet 
of triplet signal which corresponds to the proton bonded 
on the same carbon a tom as the fluorine atom, with 
the characteristic geminal F - H coupling constant of 
69 Hz. T h e product 6 was synthesised independently 
by addition of hydrogen fluoride to norbornadiene,19) 
which made it possible to determine the structure of 
the first product as fluoronortricyclane (6). Both of 
the remaining products showed a similar mass spec­
trum with the molecular peak mje 132, which suggests 
the structure of the difluoro compounds. T h e basic 
peak for both of the products mje 81 corresponds to 
the splitting off of the fragment - C H F 2 . In the mass 
spectra of both compounds, the fragments were mje 
99, 86, 85, 72, which correspond to the splitting off of 
- C H 2 F , - C 2 H 3 F , - G 2 H 4 F , and C3H5F fragments, re­
spectively. From the extraordinary similarity of the 
mass spectra we concluded that the two compounds 
are remarkably alike. The product obtained in the 
lower yield (5—13%), shows in its 19F N M R spectra 
two signals; one at —176.2 ppm as doublet of multiplet, 
corresponding to an 6vo-bonded fluorine atom, and the 
other at —232.3 ppm as doublet of triplet, which cor­
responds to fluorine bonded at C7. In the proton spec­
trum we have observed two signals for hydrogen 
atoms at lower field, the first at ô = 4.28 p p m as doublet 
of multiplet, corresponding to an endo-bonded hydrogen 
atom, and the second signal at ô=5.48 ppm as doublet, 
which corresponds to a hydrogen atom at C7 (see Ex­
perimental) . 

The main product formed in the fluorination of 
norbornene with substituted (difluoroiodo) arènes 
shows an N M R spectrum very similar to that of the 
previously described one.18) In the 19F spectrum we 
observed a signal at —179.5 ppm as doublet of multiplet 
and the second at —223.5 ppm as doublet of multiplet. 
In the proton N M R we observed two protons at a 
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lower field, one at 5.1 ppm as a doublet of doublet and 
the other at 5.21 ppm as a doublet. From the data 
we were unable to decide the stereochemistry at posi­
tion C7. However, from a detailed comparison of the 
N M R spectra with the literature ones18) the stereo­
chemistry on C7 could be confirmed. If we compare 
the chemical shifts for protons bonded at C7 in various 
substituted norbornane derivatives18) we see that the 
one in the 2-exo-l-anti isomer is at a lower field than 
the one in the 2-exo-l-syn isomer. The chemical 
shift for the proton at C2 is at a higher field in the 
2-exo-l-anti isomer (but not in all cases) than in the 
2-exo-l-syn isomer. Tanner and Van Bostelen18) es­
tablished the stereochemistry at the Carbon 7 also by 
chemical transformations, i.e., dehydrofluorination and 
reduction. From the data mentioned above, we can 
conclude that the main product, formed in 75—86% 
yield, is 2-&*0-7-j7tt-difluoronorbornane (7), and the 
third product, obtained in 5—-13% yield, is 2-exo-l-
ßttft'-difluoronorbornane (8) (Scheme 3). 

cb x-'-'F- • dS + /£rF+Fcb-F 

5 6 7 8 

Relative yields*) 

X 

/>-OCH3 

m-OCH3 

H 
ro-Cl 
m-N02 

6 

12 
18 
9 
6 
9 

a) Determined by GLC. 

7 

75 
74 
84 
88 
86 

8 

13 
8 
7 
6 
5 

Scheme 3. 

We have studied the effect of groups bonded to 
benzene ring on the distribution of the products formed 
in the reaction of norbornene with substituted (di­
fluoroiodo) arènes. T h e ratios of the products were 
established by V P C . Each reaction was repeated 
several times the average data being presented in 
Scheme 3. We observed no isomerisation of the pro­
ducts under the reaction and isolation conditions or 
during the course of isomerisation. The data (Scheme 
3) show a very high yield (86%) of 2-exo-l-syn-di-
fluoronorbornane (7) formed in the reaction with the 
m-nitro derivative. O n the other hand, with electron 
donating substituents bonded to the benzene ring of 
(difluoroiodo) arènes, we observed a lower amount of 
product 7 and a higher amount of compound 8. 

The formation of three products could be explained 
by the reaction of norbornene with the polarized 
molecule of (difluoroiodo) arènes with hydrogen fluo­
ride, thus primarily forming the carbonium ion A 
(Scheme 4) which undergoes the Wagner-Meerwein 
rearrangement, in turn forming ions B, which could 
be attacked by the nucleophile, leading to the product 
F. T h e £N2 substitution of the aryliodo function by 
fluoride anion can produce 2-exo-l-anti-ôÀûnoronor-
bornane (8). Carbonium ion B can undergo the 
hydride 6—1 shift, thus forming carbonium ion C, 
followed by nucleophilic attack of fluoride anion and 

and Marko ZUPAN 
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^•5* —R 
F 

^ S « - R 

Jb 

dfcrN-

cfer' 

Six difluorides 

Scheme 4. 

SN2 substitution of aryliodo function, resulting in the 
formation of 2-^o-7-^«-difluoronorbornane (7). The 
next possibility for an explanation of the formation of 
difluoro compounds could be the attack of fluoride 
anion on the primarily formed carbonium ion A, thus 
forming the adduct D, and dissociation of ca rbon-
iodine bond leading to formation of fluorocarbonium 
ion E, which would rearrange by Wagner-Meerwein 
and hydride shift, resulting in six difluoro compounds. 
The /9-fluorocarbonium ion E formed in the reaction 
of xenon difluoride with norbornene undergoes re­
arrangement, thus forming six difluoro compounds20) 
after fluoride anion attack. From the results we could 
eliminate this reaction pathway. However, we sug­
gest another possible explanation for the formation of 
product 7 in a high yield (Scheme 5). The inter­
mediately formed compound F can be polarized by 
hydrogen fluoride and via the transition state G results 
in difluoro compounds. 

- R 
HF 

FHF 
s+ ': 

Scheme 

Experime 

FHF 

{'-'-H-4-R' 

G 

5. 

ntal 

IR spectra were recorded with a Perkin-Elmer 257 
spectrometer, 1H and lflF NMR spectra with a Jeol JNM-
PS-100 from GG14 solution with TMS or CG13F as an 
internal reference. Mass spectra and high resolution meas­
urements were taken on a CEC-21-110 spectrometer. Gas-
Liquid partition chromatography was carried out on a 
Varian Aerograph Model 1800 and TLG on Merck PSC-
fertigplatten SILICA GEL F-254. 

Materials. Pure samples of olefins were prepared by 
known methods: l-phenyl-l-(m-chlorophenyl)ethylene,21) 1-
phenyl-1 - ( ̂ -methoxypheny 1) ethylene, 21> 1 -phenylcy clopent-
ene,22) 1-phenylcyclohexene.22) Other commercial olefins 
were distilled or purified by VPG to conform with published 
physical and spectral data. Substituted iodobenzenes were 
prepared by known methods from corresponding amino 
derivatives and distilled before use. Dichloromethane was 
purified23) and stored over molecular sieves. Hydrogen 
fluoride of Fluka Purum quality was used, and xenon di­
fluoride was prepared by the photosynthetic method24) with 
a purity better than 99.5%. 

Substituted (Difluoroiodo) benzenes. Substituted iodoben­
zene (1.1 mmol) was dissolved in dichloromethane (5 ml) 
at room temperature. Anhydrous HF (1—3 mmol) was 
introduced into the reaction mixture and pure XeF2 (1.1 
mmol) was added under stirring. After a few second the 
colourless solution turned dark green, xenon gas being 
evolved. Gas evolution ceased after 45 min (for /»-OGH3, 
or 3 h for the m-N02 derivative) and the reaction appeared 
to be complete. The solution was used for fluorination of 
olefins. 

General Procedure for Fluorination with Substituted (Difluoroiodo)-
arènes : To a solution of the previously prepared substituted 
(difluoroiodo) arènes was added 1 mmol of olefin under 
stirring at room temperature. After 2 h the reaction mixture 
was diluted with dichloromethane (15 ml), washed with 
10 ml of 5% NaHG03 , dried over anhydrous Na2S04 , the 
solvent being evaporated in vacuo. The crude products 
were separated by preparative TLC or GLG. 

1,1- Difluoro -1 - (m-chlorophenyl) - 2 - phenylethane (2) : The 
product was separated by preparative TLG (silica gel, 
methanol : chloroform = 1 : 9 ) yield 50% of oily product. 
NMR ÔF-100ppm (t), <5H = 3.25 (t), ppm, 00 = 7.2 (m) 
ppm, y F H = 15Hz. Mass spectrum: calcd for G14HUC1F2 

tn/e 252.0517, found tn/e 252.0510, m/e: 254 (M+ + 2,4%), 
252 (M+, 12%), 215 (40), 179 (40), 178 (46), 163 (10), 
161 (30), 91 (100), 89 (18), 77 (20), 76 (20), 75 (16), 51 
(25). 

1,1-Difluoro -1-phenyl -2- (p-methoxyphenyl) ethane (2b): The 
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product was separated by preparative TLG (silica gel, 
methanol : chloroform = 1 : 9), yield 55% of yellow oily prod­
uct. NMR (5F-105.0 (t) ppm, (5H = 3.3 (t) ppm, <50CH3 = 
3.7 (s) ppm, (50 = 7.2 (m) ppm, / F H = 1 6 . 5 H z . Mass spec­
trum: calcd for G15H14F20 m/e 248.1008, found m/e 248.1008, 
tn/e: 248 (100%, M+), 209 (46), 197 (40), 165 (46), 139 
(40), 127 (46), 121 (60), 77 (40). 

1-Pfienyl-2,2-difluorocyclopentane (4a): The product was 
separated by preparative TLG (silica gel, cyclohexane: 
chloroform = 4 : 1), yield 60% of yellow oily product. NMR 
(5F-101.3 (m) ppm, <5ç> = 7.3 (m) ppm, (5H = 2 (m) ppm. 
Mass spectrum: calcd for GUH12F2 m/e 182.0902, found 
m/e 182.0911, m/e: 182 (M+, 3%), 155 (14), 154 (100, 153 
33 (33), 152 (21), 117 (47), 115 (50), 77 (10), 76 (17). 

1 -Phenyl- 2,2-difluorocyclohexane (4b): The product was 
separated by preparative TLC (silica gel, methanol: 
chloroformai : 9), yield 63% of yellow oily product. NMR 
(5F-103.5 (m) ppm, (50 = 7.5 (m) ppm, (5H=1.7 (m) ppm. 
Mass spectrum: calcd for G12H14F2 mje 196.0125, found 
m/e 196.0160, m/e: 196 (M+, 35%), 176 (9), 173 (9), 158 
(14), 154 (55), 153 (21), 152 (13), 130 (22), 129 (17), 
128 (30), 127 (100), 117 (37), 104 (30), 91 (33), 77 (38), 
69 (48), 68 (55), 58 (34). 

Products Formed in the Fluorination of Norbornene : Separated 
by preparative GLC (Ghromosorb Regular 100-DDP 10%, 
tf> 3/8'X 2 m, stainless steel column). 

Fluoronortricyclane (6) : Yield 8% of volatile, white waxy 
solid product, mp (sealed capillary) 44—45 °C, lit,19> 48— 
50 °G. NMR (GG14): (5F-218.2 (dt) ppm, <5H = 5.05 (dt) 
ppm, y F H = 69Hz. Mass spectrum: calcd for G7H9F m/e 
112.0688, found m/e 112.0697. 

2-exo-7-syn-Difluoronorbornane (7) : Yield 68% of volatile, 
white waxy solid product, mp (sealed capillary) 116—119 
°G, lit,18) 95—97 °C. NMR (GG14): (5F2-179.5 (dm) ppm, 
ÔF7-223.5 (dm) ppm, (5H2 = 5.1 (dd) ppm, (5H7 = 5.2 (d) 
ppm, yF2H2 = 60Hz, yF 2 H = 40Hz, yF7H7 = 63Hz, yF 7 H = 
12.6Hz. Mass spectrum: calcd for G7H10F2 m/e 132.0752. 
Anal, calcd for G7H10F2: G, 63.60; H, 7.63; found G, 
63.32; 7.40. 

2-exo-7-ZLnti-D{fluoronorbornane (8) : Yield 6% of volatile, 
waxy solid product, mp (sealed capillary) 101—102 °G, 
lit,18) 107—110 °G. NMR (GG14): (5F2-176.2 (dm) ppm, 
(5F7-232.3 (dt) ppm, (5H2 = 4.28 (dm) ppm, (5H7 = 5.48 (d) 
ppm, yF2H2 = 60Hz, yF 2 H = 30Hz, 7.5 Hz, / F 7 H 7 = 65Hz, 
y F 7 H = 3 Hz. Mass spectrum calcd for G7H10F2 mje 132.0750, 
found m/e 132.0753. Anal, calcd for G7H10F2: C, 63.60; 
H, 7.63, found G, 63.44; H, 7.70. 

We thank Prof. J . Slivnik for the supply of XeF 2 and 
Prof. J . Marsel for the use of facilities. Financial as­
sistance from the Boris Kidric Foundation and the 

" K R K A " Pharmaceutical Co., Novo mesto, is ac­
knowledged. 
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Pseudo-Jahn-Teller Nonbenzenoid Aromatic Hydrocarbons 
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(Received August 16, 1976) 

Synopsis. The SCF screened potentials of pentalene, 
heptalene, and .y-indacene were calculated by using the SCF 
screened potential MO CI method. The characteristics of 
the screened potential in the nuclear arrangement belonging 
to the lower molecular symmetry group, C2h, are similar to 
those of the polyene. 

Recently, Terasaka et a/.1) have shown that there are 
two kinds of screening (screening and anti-screening) in 
molecules such as polyene in which there exists a strong 
bond alternation, while there is only one kind of screen­
ing in molecules such as benzene and azulene which do 
not show a clear bond alternation. 

The purpose of this paper is to investigate the position 
dependence of the SCF screened potential in pseudo-Jahn-
Teller nonbenzenoid hydrocarbons, such as pentalene 
(I), heptalene ( I I ) , and j-indacene (III), by using the 
SCF screened potential M O CI method in combination 
with the variable bond-length technique.1 '2) I t may 
be possible to use the results of such calculations to 
deepen our understanding of the aromatic charac­
teristics of nonbenzenoid aromatic hydrocarbons. 

y 

ag, b l g , b 2 u , and b 3 u respectively. If self-consistency is 
achieved at two or more different nuclear arrangements, 
the total energies should be compared with each other 
in order to determine which one is most favorable. 
The total energy is assumed to be the sum of the n-
electron energy and the cr-electron energy, the latter 
being calculated by using the harmonic oscillator model, 
with the force constant equal to 714kcal/Â.7> All the 
singly-excited states are considered in the calculation 
of the R P A porlarization part . 

Fig. 1. Numbering of molecules and choice of axes. 

Fig. 2. The SCF screened potentials in pentalene plotted 
vs. the number; (a) the nuclear arrangement D2h, 
(b) the nuclear arrangement C2h. 

Method o f Calculat ion 

A procedure that combines the SCF screened potential 
with the variable bond-length technique1-2) is used in 
the Pariser-Parr-Pople SCF M O CI method.3-4) At 
each step of the SCF calculation, the new bond lengths 
are obtained from the corresponding bond orders.5) 
The screened potential is evaluated by using the bare 
potential (Mataga-Nishimoto6)) obtained from the new 
bond lengths. This screened potential is thus used in 
the calculation of the next SCF step. The calculation 
is repeated until self-consistency is reached. As the 
starting geometrical structures for iterative calculation, 
we adopt various distorted structures in which bond 
lengths are distorted, so that the set of displacement 
vectors may form a basis for an irreducible representa­
tion of the full symmetry group, D 2 h , of molecules I, 
I I , and III. In the case of I, for example, there are 
3, 2, 2, and 2 distinct bond distortions belonging to 

Number 

Fig. 3. The SCF screened potentials in heptalene plotted 
vs. the number; (a) the nuclear arrangement D2h, 
(b) the nuclear arrangement C2h. 
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2 4 6 
Number 

2 4 6 
Number 

Fig. 4. The SCF screened potentials in j-indacene plotted 
vs. the number; (a) the nuclear arrangement D3h, 
(b) the nuclear arrangement C2h. 

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

T h e starting bond distortions, belonging to the ag, 
b 2 u , and b 3 u representations, all converge into the 
unique self-consistent set of bond lengths belonging 
to the molecular symmetry group D2h, while the 
distortions belonging to blg converge into another set 
of bond lengths belonging to C2 h . The nuclear arrange­
ment belonging to C 2 h is energetically more favored than 
that belonging to D 2 h . T h e stabilization energies for 
I, I I , and I I I are predicted to be 8.2, 12.0, and 2.2 
kcal/mol respectively. There exists a strong bond 
alternation in the peripheral carbon skeleton of the 
nuclear arrangement, C2 h . There is no bond alternation 
in the peripheral carbon skeleton of the nuclear arrange­

ment, D 2 h . T h e above results are almost the same as 
the results obtained by using the bare potential SCF 
CI method.8) 

In Figs, 2, 3, and 4, the SCF screened potentials, V, 
in the nuclear arrangements, D 2 h and C2 h , of I, I I , and 
I I I are plotted against a number that indicates the kind 
of screened potential, that is, 0: one-center potentials 
^iij 2̂23 ^333"" J 1 ; t n e nearest two-center potentials 
1̂23 2̂33 ^343*"3 etc- There is only one kind of screened 

potential at each of the numbers in the D 2 h structures 
of I, I I , and I I I (cf. Fig. 9 of Ref. 1). There is one kind 
of screened potential at the even numbers in the C2 h 

structures of these molecules. However, under the 
influence of the bond-length alternation, there are two 
kinds of screened potentials, screening and anti-screen­
ing, at the odd numbers in the C 2 h structures of I, I I , 
and I I I . Such characteristics of the screened potentials 
in the C 2 h structures of I, I I , and I I I show a tendency 
similar to those of the polyene shown in Fig. 7 of Ref. 1. 
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Effect of Pressure on Interfacial Tension between Oil and Water 
Norihiro MATUBAYASI, Kinsi MOTOMURA, Shoji KANESHINA, 
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Synopsis. The interfacial tension of hexane, octane, 
carbon tetrachloride and benzene against water was measured 
as a function of pressure up to 150 MPa at 303.15 K, using 
a newly designed apparatus. The interfacial tension showed 
definite increase with pressure and positive volume change 
was found on interface formation. 

Several experimental studies have been carried out on 
the effect of pressure on interfacial tension between oil 
and water, but no coincidence of the results has been 
exhibited because of the lack of precaution for precise 
measurement.1 - 6) I t is necessary for the thermodynamic 
study of the interface to measure the exact pressure 
dependence of interfacial tension. 

Exper imenta l 

A pendant drop method was adopted for measuring inter-
facial tension. This method is very satisfactory for the accu­
rate evaluation of the interfacial tension between oil and 
water, but some precaution should be kept for precise measure­
ment. We have newly designed an apparatus suitable for 
organic liquid/water interface. A schematic diagram of the 
apparatus designed here is shown in Fig. 1. The pressure 
vessel is a cylinder of stainless steel (SUS 27) 110 mm in o.d., 
25 mm in i.d., and 420 mm in height, in which two quartz 
windows 12 mm thick and 20 mm in diameter are installed 
so that we can take the picture of pendant drop profiles by 
the camera. In order for the pendant drop cell to be free 
from contamination, which is caused by desorption of surface 
active impurities from the vessel, the cell is made of quartz, 
which consists of the syringe, the barrel shaped optical part, 

Fig. 1. Schematic diagram of the apparatus, a) Cylin­
der; b) flange; c) quartz window; d) window plug; e) 
pressure tubing with which the pressure pump and 
bourdon gauge are connected; f) plunger; g) syringe in 
which water is filled; h) drop forming tip; i) cylinder in 
which oil is filled; j) jacket. 

the drop forming tip, and the cylinder. The capacity of the 
cell is about 20 cm3; the syringe and cylinder are filled out 
with water and organic liquid, respectively; and the pendant 
drop is formed by making use of the difference on their iso­
thermal compressibility. Pressure was generated by means 
of a high pressure hand-pump and measured with a Heise 
bourdon gauge. Temperature was kept constant at 303.15 K 
by circulating thermostated water in the jacket of the pressure 
vessel. 

Water used was refluxed with K M n 0 4 and distilled. Organic 
liquids were purified by the usual method and the purity was 
checked by evaluating the interfacial tension at the atmos­
pheric pressure. Water and organic liquids were stored 
together so that mutual solubilities were attainable. 

Since the mutual solubilities of water-organic liquid systems 
are negligibly small, we used the density and compression data 
of pure water and organic liquids for the calculation of inter-
facial tension.7-11^ 

The pendant drop cell was filled with water and organic 
liquid before it was set in the pressure vessel. Measurements 
of the interfacial tension were made under the condition of 
increasing pressure. For each rise in pressure, the apparatus 
was allowed to stand for 30 min so as to remove errors brought 
about by the adiabatic compression. Then the enlarged 
photograph of pendant drop was taken by the camera at each 
pressure. The dimensions of profile were determined to a 
precision of fxm by Nikon Measurescope. The interfacial 
tension was calculated by using an equation proposed by 
Andreas et a/.12) and Fordham's correction factor was applied 
within a precision of ±0.1 mN m-1.13) 

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

T h e interfacial tension-pressure (y-p) curves observed 
for organic l iquid-water system are shown in Fig. 2. I t 
is seen that the interfacial tension increases with an 

50 100 150 

/>/MPa 

Fig. 2. The variation of the interfacial tension with pres­
sure, a) octane/water; b) hexane/water; c) carbon 
tetrachloride/water; d) benzene/water. 
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increase in pressure and the slope of the curve is almost 
constant all over the pressure range investigated. T h e 
experimental equation expressing the interfacial tension 
as a function of the pressure is then formulated as 

y = a + bp (1) 

T h e constants a and b were determined by the method of 
least squares. T h e values of a and b evaluated are given 
in Table 1. I t is apparent that the slope of y-p curve 

TABLE 1. THE CONSTANTS OF THE Eq. 1 RESULTING IN 

THE BEST FIT TO THE EXPERIMENTAL DATA 

a/raN nv i/mN m-1 

MPa-1 

Octane 
Hexane 
Carbon tetrachloride 
Benzene 

50.89 
49.94 
42.68 
33.42 

0.0287 
0.0259 
0.0188 
0.0138 

varies regularly with the value of interfacial tension, 
which is known to be correlated directly with the 
mutual solubility between organic liquid and water.14) 
Some of these systems have been studied by several 
investigators. For benzene-water system, Hassan et al. 
observed for the slope to be negative,3) Michaels et al. 
reported that the slope is positive at lower temperatures 
and negative at higher temperatures,2) and Harvey 
observed that the y-p curve has a minimum when 
temperature is low.4) O n the other hand, Jennings 
obtained the linear y-p which bears a positive but very 
small slope.5) T h e slopes obtained by these investigators 
are definitely small compared with those given in Table 
1. Taking into consideration that they used pendant 
drop cells made of stainless steel with which water and 
organic liquids were in contact, it seems likely that the 
discrepancy among them can be ascribed to contamina­
tion by surface-active impurities, because it is found 
that the slope of y-p curve is diminished by the adsorp­
tion of surface-active substances.15) 

According to the thermodynamics, the variation of 

interfacial tension with pressure at constant temperature 
is shown to be given by the equation 

OVIBP)T.. = (dV/da)T,p (2) 

where V is the volume of the organic liquid-water 
system and a the interfacial area.16) T h e right-hand 
side of the above equation expresses the volume change 
A F accompanied by the interface formation. Applying 
this equation to the present data we see A F being 
positive, as shown in Table 1 as b. 
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Electronic States of the 4,4'-Dimtrobiphenyl-Benzidine Complex 
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Synopsis. The charge transfer complex composed 
of 4,4'-dinitrobiphenyl and benzidine was studied by measur­
ing and analyzing the UV crystalline spectra. The deep 
coloration of this complex was found to be due to the charge 
transfer bands appearing at 21000 and 25000 cm -1 , while the 
long axes of the component molecules are known to be per­
pendicular to each other. 

Common electron donor-acceptor complexes crystal­
lize in the plane-to-plane stacking of the molecules and 
are much more deeply colored than the component 
compounds. Nevertheless, 4,4'-dinitrobiphenyl has been 
known to form a complex with benzidine in a stack 
in which the 4,4'-dinitrobiphenyl molecules is arranged 
at right angles to each benzidine molecule and the 
complex becomes deeply red in color while the com­
ponent molecules are light yellow.1'2) Therefore, it is 
very interesting to determine whether or not the deep 
coloration of this complex is due to the appearance of 
broad, weak charge-transfer absorption. T h e author 
measured the polarized reflection and absorption spectra 
of the complex crystal and analyzed them theoretically. 

Exper imenta l a n d Theoret ica l 

Single crystals of the complex were kindly supplied by the 
Research Institute for Polymers and Textiles. The crystals 
showed developed planes of (100) and (101). These planes 
were identified by X-ray examination. The reflection spectra 
at normal incidence and the transmission spectra were meas­
ured with spectrophotometers constructed in this laboratory. 
The absorption spectra obtained by the Kramers-Kronig3) 
transformation of the reflection spectra are shown in Fig. 2 
and the polarized transmission spectra in Fig. 3. 

As Davydov splitting was not observed in these spectra, 
exciton treatment was not developed in this study and the 
electronic energy levels of the complex were calculated assum­
ing a 1: 1 dimer type complex of 4,4'-dinitrobiphenyl and 
benzidine molecules, although the actual composition is 4: 1. 
The calculation of the dimer were made by taking into account 
the configuration interaction between the ground (<3>0)j 
locally-excited (LE; <3>0<-0̂ ) and charge-transfer (CT; <ï>aï_w) 
configurations. These matrix elements were estimated in the 
zero differential overlap approximation, except for the elements 
between the <ï>0 and <J>oi_w configurations,4) 

«E>o|ff|*«**y) = -V2KMIM 
where K is a constant and was taken to be 10.0. The atomic 
Coulomb integrals were estimated by the Nishimoto-Mataga 
method. 

The molecular orbitals <f>* and the orbital energies were 
given using the PPP approximation. The results of the 
calculation are shown in Table 1. 

The computation was carried out on the Facom 230-60 
computer at the Nagoya University Computation Center. 

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

Crystals of the 4,4'-dinitrobiphenyl-benzidine complex 
belong to the Gc space group.5) T h e unit cell contains 
four of the complex groups [ 0 2 N * C 6 H 4 * C 6 H 4 « N 0 2 ] 4 ' 
[ H 2 N * C 6 H 4 ' G e H 4 ' N H 2 ] . Figure 1 shows a projection 
of the unit cell along b on to the ac plane. T h e benzidine 
molecules lie along b and are thus seen end-on. Each 
dinitrobiphenyl molecule shown on the projection 
represents four molecules lying parallel to one another 
and separated by (1/4)6 or 3.7 Â. These dinitrobiphenyl 
molecules must all lie with their long axes very nearly 
on the (402) planes, while the benzidine molecules must 
lie almost wholly on these planes. 

Fig. 1. A projection of the unit cell along b on to the 
ac plane. 

Figure 2 shows the polarized absorption spectra of the 
crystal obtained by K - K analysis of the reflection 
spectra. In the b-axis spectrum, the long-axis polarized 
state of benzidine is located at about 32000 cm - 1 . T h e 
long-axis state of 4,4'-dinitrobiphenyl is observed at 

TABLE 1. CALCULATED TRANSITION ENERGIES, INTENSITIES AND WAVEFUNCTIONS OF 

THE 4,4'-DINITROBIPHENYL-BENZIDINE COMPLEX 

Obsd 

AE (cm-1) AE (cm-1) / 

Calcd 

Wave functions'^ 

21000 
25000 

29000 

32000 

21870 
24700 
^9200 
^30300 
32400 

0.00 0.9968 $ (&8->&u) +0.0711 $ (0a
8->cV3) + — 

0.00 0.9994 $ (ç^8-^!1 2) - 0.0275 $ (02
6-^x

1 2) + — 
0.27 0.7532 3> ( c V » - ^ 1 1 ) + 0.6528 $ ( & 7 - ^ i u ) + -
0.21 0.6561 * (çVWçV1) - 0.7368 $ (&7->&u) + • • • 
0.52 0.9199 <£>(cV->029) +0.2789 3> (çVWi 1 2 ) - 0 .1874 <£ ( ç V - ^ 1 2 ) + 

a) 0X* indicates the i-th MO of the 4,4'-dinitrobiphenyl molecule and <f>J thej-th MO of the benzidine molecule. 
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Fig. 2. The polarized absorption spectra of the crystal 
obtained by the Kramers-Kronig analysis of the reflec­
tion spectra. 

29000 c m - 1 in the c- and [101]-axis spectra. Two 
broad, weak shoulders occur in the vicinity of 17500 
to 25000 c m - 1 in the [101]-axis spectrum. 

Figure 3 shows the polarized absorption spectra of the 
crystal obtained by the transmission method. Two 
peaks are observed at 21000 and 25000 c m - 1 in the 
[101]-axis spectrum. 

Table 1 shows that the first and second bands at 
about 21000 and 25000 c m - 1 are assigned to the C T 
bands from the occupied M O of the benzidine molecule 

i- ^ \ 

\- \ 

//baxis \ 
\ 

-

y //Hoi] ] 

\ -| 

^ \ J 

\ \ 

30 25 20 15 

Wave number X 10 -3 

Fig. 3. The polarized absorption spectra of the crystal 
obtained by the transmission method. 

to the vacant M O of the dinitrobiphenyl molecule. As 
these GT configurations do not mix strongly with the 
ground and LE configurations, the absorption intensities 
to these C T states are nearly forbidden and weak, as is 
shown in Figs. 2 and 3. In the third and fourth states, 
the large mixing between the LE configuration ^(ç^10—• 
0!11) °f the dinitrobiphenyl molecule and the C T 
configuration <ï>(^2

7_>^i10) from the occupied M O of 
benzidine to the vacant M O of dinitrobiphenyl is due 
to the nearly degenerate configuration energies and the 
transition moments of these states depend mainly on the 
transition moments of the LE configuration ^((^1

10~^1
11) 

of the dinitrobiphenyl molecule. The LE configuration 
«J^j10—xj)^1) is polarized parallel to the long axis 
of the dinitrobiphenyl molecule. Therefore, the 29000-
c m _ 1 band observed in the c- and [101]-axis spectra 
may be assigned to the long-axis state of dinitrobiphenyl. 
T h e fifth state consists of the LE configuration <E>(02

8—• 
02

9) polarized parallel to the long axis of the benzidine 
molecule and the 32000-cm_1 band in the c-axis spectrum 
can be assigned to the long-axis state of benzidine. 

In the ground state, mixing with the charge-transfer 
configurations is small and the stabilization of the 
ground state appears to be due to the quadrupole 
interaction rather than to the charge-transfer and 
polarization effects. Accordingly, this dinitrobiphenyl-
benzidine complex forms an inclusion compound and 
can be crystallized in various molecular ratios. 

T h e author would like to thank Mr. Kazuaki Harata 
of the Research Institute for Polymers and Textiles for 
supplying the crystal of the 4,4'-dinitrobiphenyl-
benzidine complex. 
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Synopsis. A gas circulation pump made of glass has 
been constructed, which works at less than one atmosphere. 
The pumping speed of the present pump is approximately 
4 1/min. 

T h e study of the gas-solid reactions on the surface of 
catalysts requires in many cases a technique for circulat­
ing gas in a closed system. 

This report will describe an improved design of a gas 
circulation pump 1 - 4 ) and present some experimental 
results performed with this new pump. T h e design 
was found to be satisfactory and to have a number of 
advantages, such as : 

(1) T h e pump works at any pressure less than one 
atmosphere. 

(2) A high pumping speed can be obtained. 
(3) Piston overshooting does not occur. 
(4) T h e pump can be baked at 500 °C. T h e 

pressure of 1 X 1 0 - s Tor r is obtainable. 
(5) Modern electronics can be applied to the 

switching circuit of the pump . 
The pump consists of a cylinder, a piston with a coil, 

and four sets of valves with coils of the same design 
(Figs. 1 and 2). The cylinder is a Pyrex tube 18 m m in 
inside diameter and 66 cm in length and is placed 
horizontally. T h e closely fitting piston is a piece of 
Pyrex tube enclosing a ferrite rod 12 m m wide and 
100 m m long. 

T h e coil for the piston consists of 10000 turns of an 
enamelled copper wire 0.5 m m in diameter and is fixed 
on a slider, which is driven on rails by means of a 
reciprocating slider-crank mechanism with a 50 watt 
DC servomotor. T h e piston accordingly makes a smooth 
back-and-forth motion over the distance of about 53 cm 

/ 1 _ C . _ L Pulse Thyristor 
47/^F g s Transformer SF5F I I 

Fig. 2. The switching circuit. C, NC, and NO-termi­
nals of the switch. X^ and Yt ; terminals. 

at the repetition rate set at 15 cycle/min without 
danger of overshooting. T h e exciting current for the 
coil was found to be about 0.4 amperes (corresponding 
to 30 W ) . T h e rise in the temperature of the cylinder 
during a continuous operation was negligibly small. 

T h e valve has a glass bulb which encloses a ferrite 
rod 4 m m wide and 22 m m long (Fig. 3). T h e bulb 

B^Tube 

22^Tube 

I 25*Tube 

Bulb with 
a Ferrite Rod 

Valve Seat 

Fig. 3. The schematic sketch of the valve, 
terminals of the coil. 

X f a n d Y i ; 

_ - _ . Iodine 
l3*^*^ Reservoir 

S l i d e r DC Servomotor' 

177777777. 

tq-ONC 
:OC 

Switch 

Fig. 1. The circulation pump with the vacuum line. 
X, Y, Xt and Yt; terminals of the coils. G, NC, and NO; terminals of the switch. V<; 
valves. U<; traps. C{; taps. 
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end and the valve seat are ground together to form a 
ball joint of about 7 m m in radius. 

T h e coil for the valve consists of 5000 turns of an 
enamelled copper wire 0.5 m m in diameter. T h e 
proper exciting current was about 0.5 amperes (corre­
sponding to 15 W) and the rise in the temperature 
around the valve was approximately 5 °C after a 
prolonged operation. 

T h e concerted action of the valve system with the 
motion of the piston is achieved by at taching to the 
crank shaft a semicircular plastic plate which pushes 
the lever of a switch, owing to its thickness, during one 
half period of time. A triggering signal turns thyristors 
on. T h e current through each thyristor excites alter­
nately two pairs of coils: Vt and V 3 , and V 2 and V4 . 

T o bake out the p u m p the bulb is raised with the coil 
and hung on a hook, and then the five coils are all 
removed. 

T h e p u m p works at any pressure of gas in theory, 
but at low pressure the migration of gaseous molecules 
by diffusion predominates. For the purpose of inves­
tigating this phenomenon, the series of procedures 
described below were repeated. 

Dry air of a certain pressure is admitted into the 
apparatus (Fig. 1) as a carrier gas for iodine vapor. 
T h e apparatus is equipped with two traps, U j and U 2 : 
the former is filled with a quant i ty of sublimed iodine 
and cooled in a Dry Ice-acetone mixture and the latter 
is left a t room temperature . T h e U 2 - t rap is then dipped 
in another Dry Ice-acetone mixture and cooled. When 
the refrigerant which cools the L^-trap is removed, the 
temperature of iodine in the U ^ t r a p gradually rises to 
room temperature. Iodine vapor, flowing from the 
iodine trap, reaches the U 2 - t rap, either downstream 
via the circulation p u m p or directly upstream by 
diffusion, and condenses there. T h e lengths of these 
paths are roughly in the ratio of 8 to 1. Several minutes 
after, the refrigerant which cools the U 2 - t rap is removed, 
and the U 2 - t rap is photographed (Fig. 4) . 

Runs 1, 2, 3, and 4 were carried out under the 
pressures of 300, 100, 15, and 1 Tor r of air, and their 
iodine deposits in the left a r m of the t rap were denser 

Run No. I 2 3 4 

Fig. 4. The photographs of the Ua-trap containing 
iodine deposit. 
Run No. —pressure of air: 1—300 Torr, 2—100 

Torr, 3—15 Torr, 4—1 Torr, 5—0.4 Torr, 6—0.3 Torr, 
7—0.1 Torr. 

than in the right one. However, a new deposit appeared 
in the right a r m in run 5, in which the pressure of 0.4 
Torr of air was used. I t looked as dense as the left a rm 
deposit in run 6, which was done under the pressure 
of 0.3 Tor r of air. T h e right a rm deposit was denser 
than the left one in run 7, in which the pressure of 0.1 
Torr of air was used ; the diffusion of gas would have 
a considerable share in this case. 

T o estimate the circulating power of the pump, air 
was admit ted into the apparatus up to 50 Torr . T h e 
circulating air was cut off by closing the taps of Ct and 
C2 and the pressure difference between the spaces in the 
front and the rear of the piston was measured with a 
manometer, while the piston was pulled slowly in one 
direction by the coil. T h e pressure difference was 
found to be roughly 14 Torr . 
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Synopsis. A new compound, Pb5Si3On, is prepared 
by the crystallization of the glass in the PbO-SiOa system. 
PbsSiaOj! has an orthorhombic symmetry, and its lattice 
parameters are determined to be a0=9.93 Â, &0=8.31 Â, and 
cn=34.4Â. 

During the course of a systematic study of the crystal­
lizing phenomena of lead germanate glasses and of 
lead germanosilicate glasses,1»2) it was found that a 
ferroelectric crystalline phase, P b 5 G e 3 O u , was easily 
obtained from the 5 P b 0 3 G e 0 2 glass, that the glass-
ceramic product was transparent, and that a ferro­
electric solid solution, Pb5Ge3_j.Sij.On (0<Tx<;2), was 
precipitated from the 5 P b O - ( 3 - X ) G e 0 2 - X S i 0 2 glass 
(o<:x<:2). 

Eysel et a/.3> reported that the single crystals of the 
Pb5(Ge, S i ) 3 O u solid solution, containing up to 6 2 % 
of Si replacing Ge, were prepared from the melt. 
Assuming that Si can be completely substituted for Ge 
in a nearly ideal fashion, the presence of P b 5 S i 3 O n can 
be expected. As to the P b O - S i 0 2 system, Ot t and 
McLaren4) obtained a corrected phase diagram by 
means of the crystallization of lead silicate glasses and 
suggested the existence of five compounds: Pb4SiO e , 
Pb 3 Si0 5 , Pb 2 Si0 4 , Pb 3 Si 2 0 7 , and P b S i 0 3 . More 
recently, Smart and Glasser5) studied the phase equi­
libria in this system and reported the existence of six 
compounds: Pb4SiO e , Pb 3 Si0 5 , Pb 2 Si0 4 , Pb 3 Si 2 0 7 , 
P b S i 0 3 and Pb 5Si 80 2 1 . However, the existence of the 
Pb 5 Si 3 O n compound has not been reported. 

The purpose of this research is to ascertain the 
existence of P b 5 S i 3 O n by using the crystallization of 
lead silicate glasses. 

Exper imenta l 

Pure lead monoxide and silicic acid were carefully mixed. 
About 50 g of the mixture was preheated at 550 °C for 10 h, 
and then melted in a platinum crucible at 800 °G. After the 
melting has been completed, the melt was poured onto a steel 
mould and formed into a plate glass. The compositon of the 
glass was checked by chemical analysis. The specimen pre­
pared in this way was placed in a platinum basket, heated in 
an electric furnace at temperatures from 350 to 650 °C for 
1 to 340 h, and then quickly cooled to room temperature. The 
crystallized phases after the heat-treatment were identified by 
powder X-ray diffraction analysis. 

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

A microcrystalline phase, denoted as "Phase X , " was 
precipitated in the 5PbO«3Si0 2 glass by heating a t 
about 400 °C. This phase was stable up to 600 °G, 
but decomposed at a higher temperature into Pb 2 Si0 4 

and P b S i 0 3 . According to the phase diagram of this 
system reported by Ot t and McLaren, the major 
crystalline phase precipitated from the 5PbO«3Si0 2 

glass might be Pb 3 Si 2 0 7 . However, the powder X-ray 
diffraction pattern of Phase X was similar not to that 
of lead-barysilite, Pb 3 Si 2 0 7 , reported by Billhardt,6) but 
to that of ferroelectric P b 5 G e 3 O n as shown in Fig. 1. 

Pb5Ge30M 

./L 1 A / W A A te^ XK^J^JA ^ 

I 
40 

I 
50 

Phase X 

Pb5Si30,, ) 

2 G ( C U K C T ) 

Fig. 1. X-Ray diffraction patterns of Phase X and Pb5-
Ge 3 O n . 

O n the basis of the crystal structure of P b 5 G e 3 0 l l 5 

the crystal structure of Phase X was determined to be 
pseud-hexagonal and orthorhombic. Its lattice param­
eters were calculated to be a 0 =9 .93 Â, £ 0 =8.31 A. 
and £ 0 =34.4 Â. T h e X-ray diffraction data of Phase X 
are tabulated in Table 1. 

TABLE 1. X - R A Y DIFFRACTION DATA OF PHASE X 

(A k I) I/I0 

1 0 2 
1 0 6 
1 0 7 
2 0 4 
2 1 2 
0 2 4 
1 1 8 
3 0 0 
2 0 8 
1 2 6 
3 0 4 
3 1 4 
3 0 6 

5 
10 
15 
30 
5 

30 
10 
30 
45 

2 
40 

100 
75 

2 0 10 45 
3 0 7 
0 3 3 

2 
2 

"obsd 

8.616 
4.962 
4.410 
4.300 
4.111 
3.738 
3.564 
3.294 
3.250 
3.169 
3.076 
2.896 
2.867 
2.821 
2.744 
2.696 

"calcd 

8.600 
4.965 
4.404 
4.300 
4.117 
3.741 
3.564 
3.301 
3.250 
3.168 
3.079 
2.896 
2.867 
2.818 
2.745 
2.693 

(A k I) Ilk 
3 2 4 2 
3 0 10 2 
1 2 12 2 
4 0 8 5 
1 1 16 40 
5 0 0 15 
2 0 16 10 
5 0 4 10 
5 0 6 20 
0 1 18 15 
4 3 2 30 
2 0 18 10 
6 0 2 2 
6 0 4 5 
6 0 6 2 
0 0 22 5 

"obsd 

2.480 
2.384 
2.300 
2.149 
2.037 
1.982 
1.976 
1.932 
1.877 
1.864 
1.840 
1.783 
1.646 
1.625 
1.589 
1.562 

"calcd 

2.479 
2.385 
2.296 
2.150 
2.037 
1.986 
1.973 
1.935 
1.877 
1.862 
1.838 
1.784 
1.647 
1.625 
1.590 
1.562 

Orthorhombic; a0=9.93Â 
è0=8.31Â 
<;n=34.4Â (VT-«o) 

Pb5Ge3_j.Sij.On
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50 55 60 65 

PbO, mol % 

Fig. 2. Relative amounts of products after the crystal­
lization of the glasses as functions of the PbO content 
of the glass. 

Phase X was obtained only through the crystalliza­
tion of glass. All the at tempts to synthesize Phase X by 
the usual solid-state-reaction methods and by the 
solidification of the melts failed. 

T h e chemical composition of Phase X was determined 
by using the following process. Powder glass samples 
with ten compositions, ranging from 5 0 . 1 % PbO* 
49.9°/0SiO2 to 6 6 . 7 % P b 0 3 3 . 3 % S i 0 2 in mol, were 
heat-treated at about 550 °C for 340 h, and the amounts 
of crystallized products were estimated from the inten­
sities of the most intense peaks of Phase X , P b 2 S i 0 4 

and P b S i 0 3 . T h e crystallization of the glasses inves­
tigated was completed within about 5 h a t 550 °C, so 

that our experimental conditions—at 550 °G for 340 h— 
are sufficient to reach the equilibrium state. A micro­
scopic examination of crystallized products showed that 
the sample was completely crystalline. The relation 
between the amounts of each phase and the PbO 
contents of the glass is illustrated in Fig. 2. As is shown 
in this figure, in the range where the PbO content is 
less than 62 .5%, the yield of Phase X increased with an 
increase in the PbO content, and in the range where 
the P b O content is more than 62 .5%, mixtures of Phase 
X and Pb 2 Si0 4 were observed. From these results, the 
chemical composition and the chemical formula of 
Phase X were determined to be 62 .5%PbO-37 .5%Si0 2 

and P b 5 S i 3 O n . 

In conclusion, in the present research the existence 
of a new crystalline phase, PbgSigO^, has been confirmed 
by using the crystallization of lead silicate glasses. 
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Synopsis. The crystal structure of the title com­
pound has been determined from three-dimensional X-ray 
data. The crystal is composed of the nitrate anions and the 
distorted-octahedral [Cu(N03)(H20)3(bipy)]+ cations, where 
the nitrato-groups act as a monodentate ligand and the three 
coordinated water molecules occupy a facet of the octahedron. 

I t has been found that the bis(2,2'-bipyridine)copper-
(II) complexes have a variety of stereochemistries: 
distorted trigonal bipyramid and eis- and /ra/zj-distorted 
octahedrons.1-4) As a part of our structural studies on 
such complexes, a single crystal X-ray analysis has been 
carried out on [ G u ( N 0 3 ) ( H 2 0 ) 3 ( b i p y ) ] N 0 3 . 

Exper imenta l 

The crystals of [Cu(N03)(H20)3(bipy)]N03 were easily 
prepared by adding a methanol solution of 2,2'-bipyridine 
(8 mmol in 20 cm3 of the solvent) to an aqueous solution of 
cupric nitrate (10 mmol in 30 cm3 of water), and were recrys-
tallized from a water-methanol mixture. Found: G, 30.29; 
H, 3.75; N, 14.05%. Calcd for [Cu(N03)(H20)3(bipy)]N03: 
C, 30.20; H, 3.55; N, 14.09%. 

The lattice parameters were obtained by the least-squares 
refinement of the data from the higher-angle reflections of the 
(Okl), (hOl) and (hkO) Weissenberg photographs, on which 
aluminum powder lines were superimposed for calibration. 
CuKa radiation (A= 1.5418 Â) was used throughout the diffrac­
tion study. The density was measured by the flotation 
technique, using a benzene-bromoform mixture. Of the two 
possible triclinic space groups, PÏ and PI, the former was 
chosen initially; it was subsequently verified by the successful 
refinements of the derived structure. Crystal dataj [Gu-
(N03)(H20)3(bipy)]N03 , F.W. = 397.8, triclinic PÏ, a = 
9.52(1), 0=7.80(1), c= 13.62(2) Â, a-110.4(2), ß= 124.3(2), 
y = 77.3(1)°, Z = 2 , Dm= 1.65, D c = 1.69 g-cm-3, /*=25.3 cm-1 

(for Cu/Ta radiation). The intensity data of Okl to 5kl, and 
hOl to hAl were collected by the multiple-film equi-inclination 
technique from two cylindrically shaped crystals with approxi­
mate dimensions of 0.2 X 0.2 X 0.8 mm. The intensities of 2890 
independent reflections were visually estimated by comparison 
with a standard scale; 374 of them were too weak to be meas­
ured and so were assumed to be zero. After the intensity data 
have been corrected for Lorentz-polarization, spot-extension, 
and absorption effects, the structure factors were placed on a 
common arbitrary [scale by the least-squares method. 

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

The crystal structure was determined by the heavy-
atom method. T h e position of the copper atoms was 

* A preliminary report of this work was presented at the 
19th Annual Meeting on Coordination Chemistry, Sendaij 
September 1969, Abstract, p. 169. 

** Present address: Department of Chemistry, Hyogo College 
of Medicine, Mukogawa-cho, Nishinomiya-shi, Hyogo 663, 

determined from a three-dimensional Patterson map, 
and a Fourier synthesis phased with the Cu atoms 
revealed all the atoms except the hydrogen atoms and 
those of the uncoordinated N 0 3 ~ ion; the N 0 3 ~ ion 
was found from the subsequent Fourier and difference 
Fourier maps. T h e structure was refined by the block-
diagonal least-squares method, using the HBLS-IV 
program coded by Prof. Ashida. T h e weighting scheme 
used was: 2X>=0.2 when F o = 0 , and w = 1 . 0 when i<a>0. 
T h e atomic scattering curves were taken from the 
International Tables for X-ray Crystallography,6) the 
real par t of the anomalous dispersion correction ( A / ' = 
—2.1) being applied for the neutral copper atom. 
Refinement of the positional and thermal parameters, 
a t first isotropic and subsequently anisotropic, reduced 
the R value to 0.124 for 2516 non-zero reflections, and 
no other significant peak was obtained in the final 
Fourier and difference Fourier maps. Final atomic 
coordinates and thermal parameters are listed in Table 
1. T h e observed and calculated structure factors are 
listed in Table 2 .*** 

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

T h e crystal is composed of the [ C u ( N 0 3 ) ( H 2 0 ) 3 -
(bipy)]+ cations and the nitrate anions. Figure 1 shows 
a schematic drawing of the complex cation. T h e 
coordination geometry about the copper atom is a 
tetragonally distorted octahedron: two nitrogen atoms 
of the bipy l i g a n d [ C u - N ( l ) = 2 . 0 2 ( l ) and Cu-N(2) = 
1.99(1) Â] , and two oxygen atoms of the coordinated 
water molecules [ C u - 0 ( 1 ) = 1.99(1) and C u - 0 ( 2 ) = 

Fig. 1. A schematic drawing of the complex cation 
[Cu(N03)(H20)3(bipy)]+ . 

*** Table 2 has been deposited at the Office of the Chemical 
Society of Japan, Document No. 7704. 
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T A B L E 1. ATOMIC PARAMETERS ( x l O 4 ) AND THEIR STANDARD DEVIATIONS 

T h e anisotropic thermal factors are of the form 
e x p { - (h*Bu+k*B22+PBZ3+hkBu+hlB13+klBu)}. 

Atom x y z Bn B22 B33 Bï2 Bl3 2 

Cu 
0(1) 
0(2) 
0(3) 
0(11) 
N(3) 
0(12) 
0(13) 
N(l) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
N(2) 
0(21) 
N(4) 
0(22) 
0(23) 

476l( 2) 
5847(11) 
2959(10) 
3370(10) 
6552(12) 
6531(11) 
6106(15) 
7004(12) 
6723(10) 
8170(12) 
9492(13) 
9338(14) 
7829(14) 
6563(12) 
4869(12) 
4423(14) 
2794(16) 
1686(16) 
2246(13) 
3826(11) 
2739( 9) 
1124(12) 
87(12) 
624(15) 

3832( 2) 
1826(11) 
4115(11) 
1682(12) 
6047(12) 
7779(12) 
8751(14) 
8498(11) 
4068(12) 
2982(17) 
3311(19) 
4787(19) 
5866(18) 
5449(14) 
6487(14) 
7956(16) 
8814(16) 
8182(17) 
6736(17) 
5906(13) 
7576(12) 
7952(13) 
7159(18) 
.8961(22). 

I) 
9) 
8) 
9) 
I) 

1949( 1) 
1192( 8) 
277( 7) 
1950( 
1924( 
2189C 
2919( 
1709( . 
3706( 7) 
4083(10) 
5334(11) 
6210(10) 
5830(10) 
4573( 9) 
4044( 9) 
4792(10) 
4192(11) 
2876(12) 
2228(10) 
2796( 8) 

-37( 8) 
-696( 9) 
-706(12) 
•1353(16) 

32( 2) 
139(16) 

90(13) 
77(13) 

141(16) 
64(13) 

273(26) 
176(17) 

40(12) 
18(13) 
37(15) 
51(16) 
82(18) 
36(13) 
37(13) 
98(18) 

126(21) 
117(20) 

62(16) 
66(14) 
49(11) 
76(15) 
81(15) 

137(21) 

79( 3) 
115(17) 
104(16) 
124(18) 

94(17) 
88(18) 

192(24) 
84(16) 
74(16) 

147(25) 
206(31) 
185(29) 
152(26) 

96(20) 
94(20) 
95(22) 
98(23) 

115(2.4) 
144(25) 
111(19) 
152(19) 

84(18) 
332(33) 
446(46) 

14( 1) 
65( 8) 
33( 6) 
83( 9) 

116(11) 
39( 7) 
.77(10) 
7K 8) 
36( 7) 
45( 9) 
44( 9) 
40( 9) 
29( 8) 
32( 8) 
3K 7) 
49( 9) 
63(11) 
75(12) 
53(10) 
3K 7) 
73( 8) 
55( 8) 

162(15) 
255(24) 

38( 4) 
96(27) 
65(24) 
-7 (25) 

-12(28) 
21(26) 
•65(40) 
-8 (27) 
-3 (24) 
33(31) 
45(36) 

-65(36) 
-64(36) 

22(28) 
16(28) 

-20(34) 
72(37) 

139(38) 
103(34) 

17(27) 
58(24) 
22(28) 
23(37) 

152(51) 

45( 2) 
164(19) 

67(15) 
120(18) 
196(23* 

63(17) 
251(28) 
187(21) 

48(15) 
32(18) 
28(20) 
29(20) 
50(20) 
59(17) 
63(17) 

116(23) 
147(26) 
147(27) 

87(22) 
63(17) 
77(16) 
73(19) 

106(26) 
120(37) 

14( 2) 
55(18) 
37(15) 
54(20) 
86(21) 
47(18) 
16(24) 
34(18) 
17(17) 
62(24) 
57(27) 
27(26) 

8(23) 
32(20) 
23(19) 
-5 (22) 
35(25) 
89(27) 
76(25) 
24(18) 

112(20) 
38(20) 

334(39) 
583(59) 

1.99(1) Â] define the equatorial plane, while the axial 
positions are occupied by the 0 ( 3 ) a tom of the third 
coordinated water molecule[Cu-0(3) =2.36(1) Â ] , and 
by the O ( l l ) atom of the n i t r a t o - g r o u p [ C u - 0 ( l l ) = 
2.70 A ] . T h e copper atom is 0.12 A distant from the 
equatorial plane, towards the 0 ( 3 ) atom. T h e angles 
of N ( l ) - C u - 0 ( 1 1 ) , N ( l ) - C u - 0 ( 3 ) , N ( 2 ) - G u - 0 ( 1 1 ) , 
and N ( 2 ) - C u - 0 ( 3 ) are 84.9(4), 94.0(4), 93.2(4), 
and 91.7(4)° respectively. 

T h e bipyridine ligand is in the m-planar configura­
tion with the maximum deviation of 0.04 A, and the 
"b i t e " angle, N ( l ) - C u - N ( 2 ) , is 81.5°; the planarities 
of the two pyridine rings, A and B, are good with the 
maximum deviations of 0.02 and 0.01 A respectively, 
and the dihedral angle between the A and B planes is 
3°. T h e C(5)-C(6) bond length is 1.52(2) A, and the 
aromatic C-C(1.38—1.43 A) and C-N(1.35—1.38 A) 
bond lengths are 1.41 and 1.36 A on the average. I t 

Fig. 2. Projection of the structure along the b 
Dotted lines are hydrogen bonds. 

should be noted that the angles of C(4)-C(5)-G(6) and 
C(5)-G(6)-C(7) are larger than those of N ( l ) - C ( 5 ) -
C(6) and G(5)-C(6)-N(2) by 8—10°; the same trend 
has been observed in the 2,2'-bipyridine6> and its copper 
complexes.1-4 '7 '8) T h e dihedral angle between the 
equatorial plane and the plane of the bipy ligand is 8°. 

T h e nitrato-group is planar and acts as a monodentate 
ligand. T h e O ( l l ) is bonded to the copper atom 
(2.70 A) , while the 0 (13 ) is linked to the 0(1) ' [* ,1 + 

y,z] by a hydrogen bond (2.76 A). The plane of the 
nitrato-group makes the dihedral angles of 72° with the 
equatorial plane and of 79° with the plane of the bipy 
ligand. 

T h e uncoordinated nitrate ion is also planar and is 
linked to the two water molecules by hydrogen bonds, 
which are indicated by the dotted lines in Fig. 2 [0(21) 
- 0 ( 2 ) = 2 . 8 2 ( 2 ) and 0 ( 2 1 ) - 0 ( 1 1 ) " [ 1 - * , \-y, -z] = 
2.77(2) A ] . T h e bond lengths of N ( 4 ) - 0 ( 2 1 ) , N ( 4 ) -
0 ( 2 2 ) , a n d N ( 4 ) - 0 ( 2 3 ) are 1.32(2), 1.27(2), and 1.22(2) 
A respectively. T h e 0 - N ( 4 ) - 0 angles in the nitrate 
ion range from 119(1) to 121(1)°. The plane of the 
nitrate ion makes the angles of 74° with the plane of the 
coordinated nitrato-group and of 79° with the equatorial 
plane of the complex cation. 
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Synopsis. It has been shown that the near ultraviolet 
"specific band" of a trans isomer of bis(sulfito) or bis(thiosulfato) 
cobalt(III) complexes is more bathochromic than the corre­
sponding eis isomer. The cu-[Co(S03)2(en)2]~ complex was 
optically resolved and its circular dichroism spectrum reported. 

This note deals with "specific bands" of the cis-trans 
isomers of bis(aniono-.S') cobalt(III) complexes, i.e., 
bis(sulfito) and bis(thiosulfato) ones. I t has been shown 
that the "specific bands" due to the aniono-# or aniono-
N ligands such as S 0 3

2 _ or N 0 2 ~ are mostly of charge-
transfer character,1»2) but we retain the old name for 
convenience. 

There had been a confusion as to the configuration 
assignment of tetraamminebis(sulfito)cobaltate(III) com­
plex, but recent crystal structure3) and other4) studies 
of the eis isomer have solved the problem; thus the 
cis-trans assignment of Hofmann and Jenny,5) and of 
Bailar and Peppard6) are correct, while that of one of 
the present authors in 19527> incorrect. T h e isomers 
of the corresponding bis(ethylenediamine) complexes 
were assigned by infrared spectral8) and lability9) 
studies, and the result has been confirmed by the optical 
resolution of the eis isomer in the present study. 

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

Figure 1 shows the visible and ultraviolet absorption 
spectra of bis(sulfito) and bis(thiosulfato) complexes, 
of which those of the trans bis(sulfito) complexes were 
measured in 0.1 M aqueous N a 2 S 0 3 solution to prevent 
the aquation due to the strong trans effect of sulfito 
ligand.4) Table 1 presents the da ta of specific bands 
of the bis(aniono-.S') complexes together with those 
of bis(aniono-N) ones for the purpose of comparison, 
and shows that the specific band of a trans isomer is in a 
longer wavelength region than that of the eis isomer is. 
I t is remarkable that the specific bands of the eis isomers 
of tetraamminebis (sulfito)- and bis (ethylenediamine)-
bis(sulfito) complexes split into distinct components. T h e 
eis isomer of bis(ethylenediamine)bis(thiosulfato) com­
plex also shows a tendency to split in the specific band 
region (Fig. 1 ). A probable splitting of the specific band 
has been suggested for the eis isomers of dinitro-, diazido-, 
or diisothiocyanatobis( ethylenediamine) cobalt( I I I ) 
complexes from their circular dichroism (CD) measure­
ments.1) Now, the eis isomer of [Co(S0 3 ) 2 ( en ) 2 ] _ was 
optically resolved and the CD spectrum is shown in 
Fig. 1. Since the major C D component of the first 
d-d transition in the longer wavelength region is 
negative for the obtained isomer, the absolute configura­
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Fig. 1. Absorption spectra of (1) trans and (2) eis isomers 
of [Co(S03)2(NH3)4]-; (3) trans and (4) eis isomers of 
[Co(S03)2(en)2]_; (5) trans and (6) eis isomers of [Co-
(S203)2(en)2]-; and CD spectrum of (7) ( —)ÜS-OJ-[CO-
(S03)2(en)2]-. 

TABLE 1. T H E SPECIFIC ABSORPTION BANDS OF GEOMETRICAL 

ISOMERS OF BIs(ANIONO-5) AND BIs(ANIONO-iV) 

COBALT ( I I I ) COMPLEXES 

(Wave numbers are given in 108cm_1, and log e 
values in parentheses). 

Complex 

[Co(S03)2(NH3)4]-

[Co(S03)2(en)2]-

[Co(S03)2(CN)4p-
[Co(S203)2(en)2]-

[Co(N02)2(NH3)4]+ 
[Co(N02)2(en)2]+ 
[Co(N02)2(Ä,Ä-chxn)2]+ 
[Co(N02)2(tn)2]+ 
[Co(N3)2(NH3)4]+ 
[Co(N3)2(en)2]+ 
[Co(NCS)2(en)2]+ 
[Co(NCS)2(tn)2]+ 

eis isomer 

34.13(4.21) 
37.59(4.19) 
34.48(4.35) 
37.25(4.36) 
38.65(4.27) 
35.34(4.20) 

30.86(3.62) 
31.1 (3.56) 
30.9 (3.65) 
30.3 (3.67) 
32.98(4.01) 
33.1 (4.06) 
32.5 (3.46) 
29.4 (3.44) 

trans isomer 

30.68(4.38) 

308.6(4.46) 

38.00(4.10) 
29.94(4.43) 

28.82(3.68) 
29.5 (3.56) 
29.2 (3.51) 
28.6 (3.49) 
29.68(4.14) 
30.0 (4.13) 
31.6 (3.49) 
28.8 (3.52) 

Ref. 

10 

11 
12 
13 
14 
15 
12 
12 

16,17 

* Present address: Department of Chemistry, The Univer­
sity of Tsukuba, Ibaraki 300-31. 

tn=trimethylenediamine ; R, Ä-chxn = ( 1R, 2R) -di-
aminocyclohexane. 
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tion is A from a criterion of McCaffery et a/.18) T h e CD 
of A isomer shows a pat tern of positive and then negative 
in the order of increasing energy in the specific band 
region. This sign pat tern coincides well with those 
found for dinitro-, diazido-, and diisothiocyanatobis-
(ethylenediamine) complexes in this region.1) 

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

Preparations. (1) eis- and trans-M[Co(S03)2(NH3)i\ 
(M= Na, or NHA) : The eis isomer was prepared by the 
method of Bailar and Peppard.6) Absorp. max. 10 -3 a/cm -1 

(log e): 22.12 (2.27), 3.4.13 (4.21), 37.59 (4.19). Found: H, 
6.01; N, 20.12%. Galcd for m-NH4[Co(S03)2(NH3)4].2.5-
H a O : H , 6.05; N, 19.99%. 

To the filtrate from the eis isomer was added twice the 
volume of methanol and the resulting yellowish brown trans 
isomer was recrystallized from 0.1 M aqueous Na2S03 and 
dried in air. Absorp. max. 10 -3 a/cm -1 (log e): 23 sh (2.60), 
30.68 (4.38). Found: H, 5.00; N, 14.99; S, 17.42%. Galcd 
for *ra;w-Na[Co(S03)2(NH3)4].3H20: H, 4.99; N, 15.38; 
S, 17.60%. 

(2) eis- and trans-Na[Co(S03)2(en)2]: The isomers were 
prepared as in literature.19) Absorp. max 10-3 a/cm -1 (log e) : 
eis 22.73 (2.40), 34.48 (4.35), 37.25 (4.36); trans 23.10 (2.62), 
30.86 (4.46). Found: C, 9.00; H, 4.23; N, 10.38%. Calcd 
for m-Na[Co(S03)2(en)2].NaC104 .3H20: C, 8.91; H, 4.12; 
N, 10.40%. Found: C, 13.21; H, 4.63; N, 15.59%. 
Calcd for frfliw-Na[Co(SOs)a(en)J: C, 13.26; H, 4.46; N, 
15.46%. 

(3) Optical Resolution of cis-NalCofSOJ^enj^'NaClOii 
The resolving agent (+)689-[Co(ox)(en)2]I (2.7 g, 6.0 x l O - 3 

mol) was suspended in 10 cm3 of water, and converted into 
the acetate by treating with silver acetate (1.0 g, 6.0 x l O - 3 

mol). This solution was added to a solution of cw-[Co(S03)2-
(en)a].NaC104-3H20 (1.6 g, 3 .0xl0 - 3 mol) in 10 cm3 of 
water. Red crystals, (+)589-[Co(ox)(en)2]C104, appeared 
immediately. After filtration, the filtrate was evaporated at 
about 20 °C in a rotary evaporator to about half the initial 
volume. During the process, another crop of the red crystals 
(Perchlorate of the resolving agent) precipitated, and this 
was filtered off. The filtrate was kept for a week in a refrig­
erator, when the less soluble reddish brown diastereomer 
gradually crystallized out. The diastereomer was converted 
into the sodium salt by using a cation exchanger SP-Sephadex 
C-25 (Na+ form), and the eluate was evaporated. Sodium 
Perchlorate was added to the concentrated solution to precip­
itate the active complex. CD extrema 10-3 a/cm -1 (Ae) : 21.05 
(-1.83), 23.81 (+0.42), 27.66 (-0.07), 34.25 (+25.7), 
38.02 (-28.7). Found: C, 10.13; H, 4.46; N, 11.81%. 
Calcd for Na[Co(SO3)2(en)2].2.5H2O.0.5NaClO4: C, 10.25; 
H, 4.53 ; N , 11.96%. 

(4) eis- and trans-M[Co(S203)2(en)2~\ (M=Na or Li): 
Ammonium thiosulfate (0.5 g) dissolved in 1 cm3 of water was 
added to 10 cm3 of dimethyl sulfoxide. To this solution 1 g 
of m-[CoCl2(en)2]Cl was added and the mixture was stirred 
for half an hour at about 70 °C; then this was cooled to room 
temperature. The precipitated dark green crystals were 

filtered off, and the filtrate was poured into an anion exchanger 
column (QAE-Sephadex A-25, CI - form; <f> 2.6 cm, I 30 cm). 
The column was washed with water and eluted with 0.07 M 
aqueous Li CI or NaCl solution. A dark green (trans)20) and a 
brownish violet (eis) band were eluted in this order. The eis 
eluate was condensed below 20 °C, and isolated as the lithium 
salt, while the trans one as the sodium salt. Absorp. max. 
10 - 3a/cm - 1 (log e): trans 16.5 sh (1.76), 18.32 (1.92), 29.94 
(4.43); eis 18.35 (2.22), 35.34 (4.20). Found: C, 11.17; H, 
3.88; N, 13.39%. Calcd for *™w-Na[Co(Sa03)2(en)2] : C, 
11.26; H, 3.78; N, 13.13%. Found: C, 8.50; H, 4.72; N, 
9.47%. Calcd for m-Li[Co(S203)2(en)2].6H20.1.6LiCl: C, 
8.21; H, 4.83; N, 9.57%. 

Measurements. The absorption spectra were measured 
by a Shimadzu UV-200 Spectrophotometer in 0.1 M aqueous 
Na2S03 solution for the trans (S03) isomers, in 3% aqueous 
NH3 solution for the w-NH4[Co(S03)2(NH3)4], and in H 2 0 
for all the other complexes. The CD spectrum was recorded 
on a JASCO MOE-1 Spectropolarimeter. 
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Synopsis. The methylidyne hydrogen of the coordin ated 
acetylacetonate ion in ( + )D-a-acetylacetonato(triethylene-
tetramine)cobalt(III) Perchlorate has been replaced with 
halogens and with a nitro group with a complete retention 
of the configuration. The order of the molar rotations of the 
complexes has been found to be: acac-<^Clacac-<^Bracac-<^ 
Iacac-complex and acac-~02Nacac-complex.* 

Resolution into the optical-active antipodes from a 
synthesized metal complex is generally tedious, since 
we have no common knowledge as to a suitable resolving 
reagent for the specified complex. Therefore, if an active 
complex which has been resolved can be converted into 
its derivatives with a complete retention of the configu­
ration, our labor in the preparat ion of the active 
complexes will be greatly reduced. This technique has 
been used for the preparation of some active complexes 
of cobalt(III).1) However, when a substitution of a 
ligand is involved in the procedure, there is always a 
possibility of racemization during the reaction, and the 
verification of the optical puri ty of the product remains 
necessary. 

We have found that (+)D-[Co(acac)(en) 2] 2+* reacts 
with a slight excess of 7V-chlorosuccinimide in water and 
in a methanol(50%)-water mixture at ca. 40 °C with an 
increase in activity to form (+)D-[Co(Clacac)(en)2]2+. 
T h e activity of the solution at U (practically, after 1 day) 
was the same as that of the solution with an equal 
concentration prepared with the isolated and recrys-
tallized (+)D-[Co(Clacac) (en)2] (C104)2 . This means 
that the chlorination proceeds with a complete retention 
of the configuration under those conditions ; accordingly, 
(+)D-[Co(acac)(en)2](C104)2 was treated with the 
other 7V-halogenosuccinimides and active halogeno-
acetylacetonato complexes have been obtained.2) In 
order to make surer the halogenations with a retention 
of configuration, (+)D -a-[Co(acac) (trien)] (C104)2 was 
newly prepared and was treated with iV-halogenosuc-
cinimides. Furthermore, the nitration of the ligand in 
both active complexes was examined using a mixture 
of copper (I I) nitrate tr ihydrate and acetic anhydride 
as a nitration reagent. Thus, a series of optically active 
halogenated and nitrated complexes were isolated as 
crystals. 

Exper imenta l 

Preparation of (+)D-a-[Co(acac) (trien)] (CIOJ2. In 10 

* The following abbreviations have been used in this 
report: en, ethylenediamine; trien, triethylenetetramine; acac, 
acetylacetonate ion (2,4-pentanedionate ion) ; Clacac, chloro-
acetylacetonate ion (3-chloro-2,4-pentanedionate ion) ; Bracac, 
bromoacetylacetonate ion; Iacac, iodoacetylacetonate ion; 
02Nacac, nitroacetylacetonate ion. 

ml of water, 2.5 g of the racemic Perchlorate salt and 1.0 g of 
potassium acetate were stirred for 10 min, and then the 
mixture was cooled. The precipitate (KC104) was filtered off. 
Into the filtrate, 1.3 g (1/2 equiv. to the complex) of (+) D -
NaAsOC4H4Oe in 3 ml of water was added. Since it took a 
long time for the first crystal to come out, a few pieces of ( + )D-
[Co(acac)(en)2][(+)D-AsOG4H406]2

3> were added to induce 
the crystal growth. Thus, pale red crystals came out gradually. 
After the mixture had been placed in a refrigerator overnight, 
the precipitate was separated and washed with ethanol and 
ether. Yield, 1.8 g. 

Into a suspension of 0.5 g of the diastereoisomeric salt in 
30 ml of ethanol, 3 ml of aqueous 2 M NaC104 was added. 
The mixture was then stirred vigorously for 1 h at ca. 45 °C, 
whereupon the solid phase turned white. The solid(NaAsO-
C4H4Oe) was subsequently filtered off, and the filtrate was 
evaporated to dryness. To the residue we added 5 ml of 
warm water, and, after the removal of a white insoluble 
material by filtration, a few drops of 6 M HC104 were added 
to the filtrate, which was then cooled. The bright red crystals 
which were thus precipitated were collected and washed with 
an ethanol(20%)-ether mixture and with ether. Yield, 0.3 g. 

Preparation of (+)D-[Co(acac)(en )2~](CIOJ2. The 
procedure of the preparation was described in the preceding 
report.2) 

Chlorination, Bromination, Iodination, and Nitration of the Active 
Complexes. The halogenations and the nitration of the 
active isomers were carried out by the methods used for the 
inactive complexes.2) 

Identification and Measurement of the Optical Rotations. 
Each complex was identified by making sure its absorption 
spectrum was identical with that of the respective inactive 
complex.2) The rotation of the complexes was counted with a 
JASCO DIP 180 Polarimeter at 589, 577, 546, 435, and 
405 nm, using a 0.1 % aqueous solution for the first four 
wavelengths and a 0.02% solution for the last wavelength. 

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

Sodium arsinyl tartrate, which is known as an excellent 
resolving reagent for [Co(acac)(en)2]2+ ,3) is also useful 
for the resolution of a-[Co(acac) ( tr ien)]2 + . T h e conver­
sion of the diastereoisomeric salt into the Perchlorate 
was carried out by utilizing the property of the Per­
chlorate of being soluble in ethanol including a small 
amount of water. 

The molar rotations of the obtained complexes are 
shown in Table 1. As may be seen in the table, the 
rotatory characters of the trien complexes as well as 
of the en complexes are quite similar to each other; 
therefore, the chirality around the central cobalt must 
be same, and, since (+) D - [Co(acac) (en) 2 ] 2 + has been 
established as having the ^-configuration,4) all of the 
trien complexes as well as the halogenated and nitrated 
en complexes can be concluded as having the A-
configuration : 
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TABLE 1. MOLAR ROTATIONS OF (+)D-[Co(Xacac)(en)2]-

(C104)2 AND (+)D-a-[Co(Xacac)(trien)](C104)2 

Complex [M]589 [M]5„ [M]546 [M]435 [M]405 

(+)D-[Co(Xacac)(en)2](C104)2 

acac 
Clacac 
Bracac 
Iacac 
OaNacac 

+ 2280° 
+ 2590° 
+ 2630° 
+2770° 
+ 2090° 

+ 2900° 
+ 3260° 
+ 3280° 
+ 3330° 
+ 2650° 

+ 3200° 
+ 3330° 
+ 3340° 
+ 3410° 
+ 3750° 

-11500° 
-12700° 
-12800° 
-13500° 
-11500° 

-11800° 
-13300° 
-13600° 
-14400° 
-12600° 

(+)D-a-[Co(Xacac) (trien)] (C104); 

acac 
Clacac 
Bracac 
Iacac 
02Nacac 

+ 2560° 
+ 3130° 
+ 3210° 
+ 3330° 
+ 2240° 

+ 3280° 
+ 3900° 
+4060° 
+4200° 
+2840° 

+4630° 
+ 4990° 
+ 5270° 
+ 5350° 
+ 5050° 

-13700° 
-16000° 
-16800° 
-17800° 
-15300° 

-13500° 
-15800° 
-16200° 
-16700° 
-14600° 

(+)D-a-[Co(Xacac)(trien)]2+ ( + )D-[Co(Xacac)(en)2]2+ 

T h e orders of the activities can be seen as : 

acac-<Clacac-<Bracac-<Iacac-complex 

and 

acac- — 0 2Nacac-complex 

in both en and trien complexes. Thus, the increase or 
the maintenance of rotation by the substitutions indicates 
that the reactions proceed without any bond rupture 
between the cobalt and the ligands, as has been verified 
in the chlorination of [Co(acac)(en)2]2 + ; hence, the 
method for obtaining these optical active isomers has 
been greatly simplified. 
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Synopsis. A method for the synthesis of m-jasmone 
from 5,6-dihydro-2//-thiopyran is described. Formation of 
m-2-pentenyl moiety was achieved by reductive desulfuriza-
tion of the 2//-thiopyran derivative obtained by the alkylation 
of 5,6-dihydro-2//-thiopyran with epichlorohydrin. 

The construction of m-2-pentenyl moiety has been 
the subject of jasmonoid syntheses.13-0) Preparation 
of the m-pentenyl group by elaborated routes has been 
reported, e.g., the partial hydrogénation of carbon-
carbon triple bond, l d) including the formation of 2-
pentynyl group, l e) the Wittig reaction of formylmethyl 
group with propylidenetriphenylphosphorane under salt-
free condition , l f) and 1,5-sigmatropic rearrangement of 
1 - ( 1 -propenyl) spiro [2.5] octan-4-one. lB> 

The dipole inversion (umpolung)2) of m-2-pentenyl 
cation (A) derived from m-2-pentenyl halide would be 
m-2-pentenide ion (B) which promises a novel approach 
for jasmonoid synthesis. A synthetic equivalent of the 
carbanion (B) is considered to be 5,6-dihydro-2//-
thiopyran-2-ide ion (C). From our preliminary exp­
eriments, the regioselective alkylation of ambident 
carbanions (C) and (D) with epichlorohydrin has been 
found to occur exclusively a t C-2 carbon atom.3) This 
led us to investigate the novel synthesis of m-jasmone. 

< ( = \ > (A) < ^ = \ e (B) 

" \ (C) < % (D) 

Treatment of 5,6-dihydro-2//-thiopyran (l)4) with 
1.1 equivalents of j-butyll i thium in tetrahydrofuran 
(THF) at — 78 °C and subsequent addition of epichloro­
hydrin gave the 2-alkylated product 2 in 9 5 % yield. 
Product 2 was contaminated with less than 2 % of the 
corresponding 4-alkylated product. Reduction of 2 in 
T H F at room temperature with lithium aluminum 
hydride afforded the alcohol 3 . Reductive desulfuriza-
tion of the corresponding tetrahydropyranyl ether of 3 
was performed by a two-step operat ion: treatment of 
4 with lithium metal-ethylamine5) at ca. —25 °C and 
subsequent reduction of the thiol 5 with Raney nickel 
(W-2)6) in methanol at 25—28 °G, giving m-7-tetra-
hydropyranyloxy-3-octene (6) in 8 4 % over-all yield. 
Acetal exchange reaction of 67) with /»-toluenesulfonic 
acid-methanol and subsequent oxidation with chromic 
acid8) gave m-5-octen-2-one (8)9) in 8 5 % yield. 

The conversion of the ketone 8 into m-jasmone was 
achieved by Harper and Smith,10) the preparat ion of 
dihydrojasmone from 2-octanone being established.1) 
The cross-coupling of enolate anions from 2-octanone 
and acetone has been found to be promoted by copper-
(II) chloride in JVjiV-dimethylformamide.11) According 

to the method of I to et al. 8 could react with acetone to 
give diketone 9 in 74% yield. Refluxing of 9 in aqueous 
2 % potassium hydroxide afforded m-jasmone in 8 6 % 
yield.12) 

The eis double bonds of the products 8, 9, and 10 
were analyzed by comparing their spectral data with 
those reported.9 '11 '12) The results indicate that the eis 
double bonds of the intermediates 6 and 7 are retained 
during the course of conversion from 4 to 8. 

LiAlH4 / X OY 
y I I I 

87% \ s ' \ y \ 
3 Y = H 
4 Y = T H P 

1) Li-EtNH, I 84% over-all 
2) Raney 'Ni I yield 

s\Xl 
2 

O 

8 

Chromic Acid 

85% 

OY 
xx\y\ 
5 X = S H , Y = T H P 
6 X = H , Y = T H P 
7 X = H , Y = H 

/ 

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

Boiling points were indicated by air bath temperature 
without correction. NMR spectra were recorded on a Hitachi 
R-24 instrument. IR spectra were taken with JASCO model 
IRA-1 spectrometer. Analytical TLG was performed on 
commercial glass plates bearing 0.1—0.2 mm layer of Merck 
silica gel PF-254. 

5,6-Dihydro-2B.-thiopyran (1). An Inproved Method: A 
mixture of 4-hydroxytetrahydrothiopyran13) (1.30 g, 11 mmol) 
and a catalytic amount of KHS0 4 was heated to 250—300 °C 
under N2 for 10 min and then distilled. After work-up in the 
usual manner, 0.90 g (82%) of 1 was obtained; bp 74—75 °C/ 
60 Torr (lit,4) bp 35—36 °C/12 Torr); IR (neat) 3020 (HC=), 
1652 cm-1; NMR (CG14) Ô 2.30 (m, 2H, CH2-C=), 2.65 (m, 
2H, CH2-S), 3.04 (m, 2H, S-CH2-C=), 5.75 (m, 2H, HC=CH). 

2-(2,3-Epoxypropyl)-5,6-dihydro-2H-thiopyran (2). s-BuLi 
in pentane (1.5 M, 2.5 ml, 3.8 mmol) was added dropwise to a 
solution of 1 (350 mg, 3.5 mmol) in THF (15 ml) with stirring 
under N2 at — 78 °C for 1 h. To this mixture was added 
epichlorohydrin (336 mg, 3.6 mmol) with stirring at — 78 °C 
for 1 h and at room temp for an additional 1 h. The reaction 
was terminated by a few drops of water. The mixture was 
treated in the usual manner and the residue was subjected to 
short-path distillation to give 2 (520 mg, 95%) : bp 84—86 
°C/9 Torr; IR (neat) 3024 (HC=), 1658 cm-1 (G=G); NMR 
(CC14) Ö 3.38 (m, 1H, HC-S), 5.75 (m, 2H, HC=CH). Found: 
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C, 61.26; H , 7.82%. Calcd for C 8 H 1 2 OS: C, 61.50; H , 7.74%. 
2-(2-Hydroxypropyl)-5,6-dihydro-2H-thiopyran (3). A T H F 

solution (4 ml) of 2 (344 mg, 2.2 mmol) was added to a 
suspension of LiAlH 4 (100 mg, 2.6 mmol) in ether (12 ml) at 
0 °C under N 2 . T h e mixture was stirred at 0 °C for 2 h and 
at room temp for 11 h and quenched with water at 0 °C until 
a white precipitate formed. T h e white solid was filtered off 
and the filtrate was concentrated. T h e residue was chromato-
graphed over silica gel (2 g) with h e x a n e - T H F (10: 1) to give 
3 (340 mg, 8 7 % ) : T L C Rt 0.30 (hexane -THF, 4 : 1); I R 
(neat) 3360 ( O H ) , 3020 (HC=), 1654 c m - 1 ; N M R (GDC13) 
Ô 1.22 (d, / = 6 . 5 Hz , 3H, GH 3 ) , 1.55—1.94 (m, 2H) , 2.29 
(m, 2H, GH 2 -C=) , 2.69 (m, 2H, GH 2 -S ) , 2.98 (s, 1H, O H ) , 
3.41 (m, 1H, C H - S ) , 3.96 (m, 1H, C H - O ) , 5.75 (m, 2H , 
HC=GH) . T h e analytical sample was prepared by short-path 
distillation at 50—55 °G/0.001 Torr . Found : C, 60.62; H , 
9.07%. Calcd for C 8 H 1 4 O S : C, 60.72; H , 8.92%. 

2-(2-Tetrahydropyranyloxypropyl)-5,6-dihydro-2H-thiopyran (4) 
was prepared from 3 (88 mg, 0.56 mmol) and dihydropyran 
(100 mg, 1.20 mmol) in benzene (2 ml) in the presence of 
/»-toluenesulfonic acid (5 mg) in 8 9 % yield: bp 67—72 °G/ 
0.001 Tor r ; I R (neat) 3015 (HC=), 1652 c m - 1 (C=C); N M R 
(CDC13) Ô 1.20 (m, 3H, CH 3 ) , 1.62 (m, 8 H ) , 2.26 (m, 2H, 
CH 2 -C=) , 2.67 (m, 2H, C H 2 - S ) , 3.17—4.20 (m, 4H , C H 2 - 0 , 
G H - O , C H - S ) , 4.69 (m, 1H, O - C H - O ) , 5.73 (m, 2H, 
H C = C H ) . Found : C, 64.19; H , 9 .22%. Calcd for C 1 3 H 2 2 0 2 S : 
C, 64.42; H , 9 .15%. 

cis-7-Tetrahydropyranyloxy-3-octene (6). Li thium metal 
(11 mg, 1.6 mmol) was added at —25 °C to a solution of 
4 (30 mg, 0.12 mmol) in E t N H 2 (3 ml) , stirring being continu­
ed for 1 h. T h e mixture was quenched with water . After 
evaporation of the solvent, the residue was extracted with 
AcOEt , washed with brine, and concentrated, then subjected 
to column chromatography of silica gel with h e x a n e - T H F 
(10: 1) to give the thiol 5 (28 mg, 9 3 % ) : T L C Rf 0.35 
(hexane -THF, 1 0 : 1 ) ; I R (neat) 3000 (HC=), 1654 c m - 1 

(C=C); N M R (GDGI3) ô 1.16 (m, 3H, CH 3 ) , 1.27—2.70 (m, 
15H), 3.15—4.10 (m, 3H) , 4.67 (m, 1H, O - C H - O ) , 5.41 
(m, 2H, H C = C H ) . Without further purification a M e O H 
solution (2 ml) of 5 (28 mg, 0.11 mmol) was added to a 
suspension of Raney Ni (W-2) (60 mg) in M e O H ( 1 ml) 
over a period of 5 min at room temp. T h e mixture was 
stirred for 1 h at 25—28 °C, diluted with acetone, filtered and 
concentrated. T h e residue was chromatographed on silica gel 
(2g) with h e x a n e - T H F (50: 1) to give 6 (22 mg, 90%,): 
T L C R{ 0.62 ( h e x a n e - T H F , 1 5 : 1 ) ; I R (neat) 3040 c m - 1 

(HC=) ; N M R (CDC13) ô 0.95 (t, J=7.2 Hz , 3H, CH 3 ) , 1.15 
(m, 3H, CH 3 ) , 1.30—2.33 (m, 12H), 3.20—4.07 (m, 3H) , 
4.69 (m, 1H, O - C H - O ) , 5.37 (m, 2H, H C = C H ) . T h e analyt­
ical sample was obtained by short-path distillation at 71—75 
°C/1.0 Torr . F o u n d : C, 73.36; H , 11.62%. Calcd for C13H24-
0 2 : C, 73.54; H , 11.39%. 

cis-5-Octen-2-oi (7). T o a M e O H solution (3 ml) of 
6 (50 mg, 0.24 mmol) was added /»-toluenesulfonic acid (5 mg) 
at 0 °C. After being stirred for 5 min at 0 °C, then 1.5 h at 
room temp the mixture was worked up in the usual manner 
to give the alcohol 7 (30 mg, 9 9 % ) ; bp 62—65 °C/13 Tor r ; 
T L C Rt 0.30 ( h e x a n e - T H F , 10: 1); I R (neat) 3330 ( O H ) , 
3000 (HC=), 1652 c m - 1 (C=C); N M R (CDC13) ô 0.96 (t, 
7 = 7 . 2 Hz, 3H, CH 3 ) , 1.17 (d, J - 6 . 2 Hz , 3H, CH 3 ) , 1.20— 
2.35 (m, 7H) , 3.76 (m, 1H, C H - O ) , 5.38 (m, 2H, H C = C H ) . 
Found : C, 75.05; H , 12.87%. Calcd for C 8 H 1 6 0 : C, 74.97; 
H , 12.85%. 

eis-5-Octen-2-one (8). To a solution of 7 (30 mg, 
0.23 mmol) in ether (3 ml) was added aqueous chromic acid8> 
(1.3 M , 0.1 ml) at 0 °C. T h e mixture was stirred for 30 min 
at 0 °C and for 1 h at room temp. The organic phase was 
separated and worked up in the usual manner to give 8 
(25 mg, 85%) ; bp 110—115 °C/760 Torr (lit,9) bp 54—57 °C/ 
10 Tor r ) , whose I R and N M R spectra were identical with 
those of the authentic compound.9) 

cis-8-Undecen-2,5-dione (9).n) T h e compound 8 (30 
mg, 0.24 mmol) was added dropwise to a solution of i-Pr2NLi 
in T H F (0.9 M , 1.3 ml, 1.2 mmol) at - 7 8 °C under N2 . 
Stirring was continued for 15 min and then acetone (41 mg, 
0.47 mmol) was added over a period of 10 min. T h e mixture 
was stirred for 15 min at — 78 °C and then a solution of copper-
(II) chloride (184 mg, 1.1 mmol) in D M F (1 ml) was added 
at - 7 8 °C. T h e mixture was kept at - 7 8 °C for 30 min, 
warmed to room temp, and stored for 30 min. T h e solution 
was poured into ice cooled aqueous 5 % HCl (5 ml) and 
extracted with ether. T h e extract was worked up in the usual 
manner and the residue was subjected to preparative GLPC14> 
to give 9 (32 mg, 7 4 % ) , whose spectral da t a were in agreement 
with those of the authentic sample.12) 

eis- Jasmone (10). A solution of diketone 9 (20 mg, 0.11 
mmol) in aqueous 2 % K O H was refluxed for 3 h. After 
work-up in the usual manner , 17 mg (86%) of 10 was obtained, 
bp 105—110 °C/3 Torr (lit,12) bp 93—97 °C/0.8 Tor r ) , which 
was identified as aV-jasmone by comparison of the I R and 
N M R spectra of 10 with those reported.12) 
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Synopsis. Visible, IR, and PMR spectra of 2,4-
dinitrophenylhydrazones (DNPH) of some pyruvic esters were 
studied. It is suggested that each a-isomer with a higher 
Äf-value involves an intramolecular hydrogen bond between 
the imino hydrogen and the ester carbonyl group, to which 
the Z-structure is assigned. The ^-structure is assigned to each 
/8-isomer with a lower i?f-value. 

Formation of various phenylhydrazones is usually 
utilized for the identification of pyruvic acid and its 
esters. The problem of geometrical isomerism of the 
hydrazones has been studied for many years by a 
number of investigators. However, only a few inves­
tigations deal with the geometrical isomerism of D N P H 
of pyruvic esters, cf. H. van Duin,1) and P. Juvvik and 
B. Sundby.2) 

Van Duin1) prepared D N P H of pyruvic esters by the 
reaction of the corresponding alcohols with D N P H of 
pyruvoyl chloride and separated two geometrical 
isomers of D N P H of each ester by partition column 
chromatography, and assigned E(anti) -structure to the 
isomer with the smaller retention volume (a-isomer) 
and Z{syn)-structure to the other (^-isomer). His 
assignment was based on the fact that the wavelength 

of the absorption maximum in the visible spectra for 
each a-isomer is very close to that for D N P H of normal 
ketones. Recently, Juvvik and Sundby2 ) assigned, on 
the basis of the I R spectra (no data given), ^-structure 
to D N P H of ethyl pyruvate obtained from the ester 
and the hydrazine reagent in an aqueous hydrochloric 
acid solution, no detail being given except for the U V -
visible spectral data for the D N P H . 

We report the results of the observations on the 
visible, IR , and P M R spectra for the geometrical 
isomers of D N P H of pyruvic esters. I t is suggested that 
van Duin's assignment is inconsistent. 

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

Methyl and ethyl pyruvates (Sigma Chemical Go.) were 
distilled before use. Isopropyl and £-butyl pyruvates were 
prepared by esterification of pyruvic acid. DNPH of diethyl 
mesoxalate was prepared from 2,4-dinitrophenylhydrazine and 
the ester which was obtained by the oxidation of diethyl 
bromomalonate with dimethyl sulfoxide. 

When DNPH of pyruvic esters were formed in an alcoholic 
sulfuric acid solution, followed by separation of the resulting 
mixture of isomers by means of column chromatography on 

T A B L E 1. M E L T I N G P O I N T S , E L E M E N T A R Y A N A L Y S E S , C R Y S T A L L I N E F O R M S , A N D i?f-VALUES O F 

D N P H OF PYRUVIC ESTERS (1) AND OF DIETHYL MESOXALATE (2) 

Compd 

a 
1, R = M e 

ß 
ce 

1, R = E t 

ß 
a 

1, R=z-Pr 

ß 
a 

1, R=f-Bu 

ß 
2 

a) Uncorrected 
from ethanol. 

Mp (°C)a> 

184.5—185 

151.5—152 

154.5—155 

126.5—127b) 

159.5—160.5 

119.5—120e) 

146— 147d> 

148.5—149.5e> 

118—118.5 

. b) 115— l ^ C . 1 ) 
g) TLC on silica gel 

Analysis (%) 
Found 
(Galcd) 

G 

42.56 
(42.56 
42.77 

44.41 
(44.60 
44.37 

46.22 
(46.45 
46.65 

48.25 
(48.15 
48.11 

43.86 
(44.07 

H 

3.34 
3.57 
3.37 

3.97 
4.08 
4.03 

4.39 
4.55 
4.48 

4.73 
4.97 
4.73 

3.85 
3.98 

N 

20.13 
19.85) 
20.04 

19.08 
18.91) 
19.18 

17.93 
18.06) 
18.33 

17.33 
17.28) 
17.37 

16.00 
15.82) 

Formula 

C10H10N4O6 

C u H 1 2 N 4 0 6 

C12H14N406 

C13H16N406 

C13H14N408 

c) 115.5 °C.v d) 151.5 ''C.1) e) 117.5—119.5 
utilizing benzene as the developing solvent. 

Crystalline Rr 
formf> Valueg> 

Needles 0.38 

Prisms 0.11 

Prisms 0.42 

Scales 0.12 

Scales 0.49 

Prisms 0.14 

Scales 0.61 

Prisms 0.19 

Prisms 0.30 

°C.V f) Recrystallized 

* Kanan Senior High School of Osaka Prefecture, 
Tondabayashi, Osaka. 
** Yatanishi Elementary School, Higashisumiyoshi-ku, 

Osaka. 
f Amamikita Elementary School, Matsubara, Osaka. 

ff Ryuge Junior High School, Yao, Osaka. 
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silica gel with benzene as an eluting solvent, the main product 
was the tx-isomer with a higher i?f-value. On the other hand, 
the lower i?f-value was found for the main product of the 
reaction of pyruvic esters with the hydrazine reagent in a 
dilute aqueous hydrochloric acid solution with subsequent 
separation. 

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

Melting points, elementary analyses, crystalline forms, 
and Äf-values of D N P H of pyruvic esters (1, a and ß) 
together with those for diethyl mesoxalate (2) are 
summarized in Table 1. 

T h e visible, IR , and P M R spectral data for 1 and, 
for comparison, for 2 and D N P H of acetone (3) are 
given in Table 2. We see that, (a) absorption maxima 
in the visible spectra for all the a-isomers lie at the longer 
wavelengths than those for all the corresponding ß-
isomers, (b) extinction coefficients at the absorption 
maxima for all the a-isomers are larger than those for 
all the corresponding ß-isomers, (c) both N - H and C = 0 
stretching bands in the I R spectra appear at wave 
numbers for all the a-isomers smaller than those for 
all the corresponding /^-isomers, (d) all the a-isomers 

TABLE 2. VISIBLE, IR, AND PMR SPECTRA 

FOR 1, 2, AND 3 

TABLE 3. IR SPECTRA FOR 1, 2, AND 3 IN CC14 

AT VARIOUS CONCENTRATIONS 

Compd 

1, R = M e 

1, R=Et 

1, R=f-Pr 

1, R=f-Bu 

2 

3 

a 

ß 
a 

ß 
a 

ß 
a 

ß 

Visible 
(in EtOH)a> 

^max 

(nm) 

360 
348 

360 
349 

361 
350 

362 
351 

349 

373 

360 

s 
xlO-4 

2.67 

2.37 

2.62 
2.37 

2.64 

2.52 

2.71 

2.45 

2.17 

2.34 

2.03 

IR 
(Nujol ] 

(cm-*) 

3148 

3304 

3200 

3320 

3173 

3316 

3220 

3312 

3190 

3305 

mull)b> 

*c-o 
(cm-1) 

1695 

1727 

1697 

1723 

1685 

1706 

1696 

1708 

1691 

1724 

— 

P M R 
(in 

CDC13)
C> 

(ppm) 

14.0 
11.1 

14.1 

11.1 

14.0 

11.1 

14.0 

11.1 

14.1 

10.9 

a) Recorded on a Hitachi Recording Spectrophoto­
meter ESP-3. b) Recorded on a Hitachi-Perkin-
Elmer IR-Spectrometer 225. c) Recorded at 60 
MHz on a Hitachi-Perkin-Elmer High Resolution 
NMR-Spectrometer R-20B. 

OR 

I! : 
N x N / H 

C6H3(NOa)2 

l -Z(a) 
OEt 

E t O O C x c / C U 0 

II 
N N N / H 

C6H3(N02)s 

2 
R = M e , Et, î'-Pr, t-Bu 

H 3 C N G / C O O R 

II 
H \ N / N 

C6H3(N02)2 

1-E(ß) 

H 3 C\ Q /GH 3 

II 
N x N / H 

C6H3(N02)2 

3 

Compd 

1, R = M e 

1, R=Et 

1, K=i-Pr 

1, R= t -Bu 

2 

3 

a 

ß 
a 

fi 
a 
ß 
a 

ß 

0.01 M 
(cm 

^N-H 

3200a> 

3316 

3206 

3316 

3202 
3318 

3200 
3317 

3195 

3320 

i-1) 

vc=o 
1707a> 

1725 

1700 
1714 

1694 

1713 

1695 

1709 

1695 

1732 

— 

0.005 M 
(cm 

»"N-H 

3205 

3316 

*c=o 

1696 

1713 

0.001 M 
(cm 

VN-H 

3205 

3315 

3205 

3315 

3205 

3315 

3195 

3312 

3195 

3320 

L-1) 

fc=o 

1708 

1720 

1701 

1714 

1695 

1708 

1692 
1705 

1695 

1730 

— 

a) Saturated solution. 

show N H signals in the P M R spectra a t lower magnetic 
fields than all the corresponding ß-isomers. 

Infrared spectral data for 1, 2, and 3 in carbon 
tetrachloride at various concentrations are given in 
Table 3. W e see that both N - H and C = 0 stretching 
bands for all the a-isomers appear at wave numbers 
smaller than those for all the corresponding ^-isomers as 
in the case with Nujol mull. The observation may 
suggest that each a-isomer involves an intramolecular 
hydrogen bond between the imino hydrogen and the 
ester carbonyl group. 

T h e results suggest that the Z-structure (1-Z) is 
assigned to the a-isomers and the it-structure (1-E) 
to the /^-isomers. Similar suggestions were reported 
on the geometrical isomerism of D N P H of a-keto 
acids,3,4) and of phenylhydrazones of a-keto acids,5) 
pyruvamide,6) and methyl6) and ethyl7) pyruvates. The 
assignment is jus t the opposite to that of van Duin. 
3 gives an absorption maximum in the visible spectra 
a t the wavelength close to those given by the a-isomers of 
1 as was reported by him. However, 2 shows two 
absorption bands, the stronger band appearing at a 
longer wavelength than for 3. Thus, the mere agreement 
of the wavelength, at which the maximum absorption 
in the UV-visible spectra occurs, cannot be taken to 
indicate the coincidence of geometrical structure. T h e 
I R and P M R spectral data for 2 and 3 also support 
our assignment (Tables 2 and 3). 
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Synopsis. When irradiated with UV light, thio-
cyanogen chloride reacts with haloalkenes containing 1—4 
halo substituents yielding oc-chloro-/?-thiocyanato compounds. 
Addition to unsymmetrical alkenes is regioselectively anti-
Markownikov. A radical-chain mechanism, involving ISH2 
displacement on the sulfur atom of thiocyanogen chloride 
and chlorine atoms as the adding/chain-carrying species, is 
proposed, 

In earlier papers it was shown that, under heter-
olytic conditions in acetic acid, thiocyanogen chloride 

i - 3 + 

(Gl-SCN) behaves as an electrophile towards aliphatic 
alkenes2) and a-arylalkenes3) yielding a-chloro-ß-
thiocyanato compounds and the corresponding a-
acetoxy-ß-thiocyanato compounds; in the case of 
unsymmetrical alkenes preferential or exclusive Mar-
kownikov addition is observed.4) Here we describe 
the homolytic reaction of thiocyanogen chloride with 
some alkenes previously shown to be unreactive under 
heterolytic conditions.2-4) 

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

U V irradiation of equimolar amounts of thiocyanogen 
chloride and m-dichloroethylene under conditions 
previously shown to lead to homolytic substitution reac­
tions with aralkyl hydrocarbons5) (acetic acid or carbon 
tetrachloride solvent, an aerial atmosphere, ambient 
temperatures) resulted in slow reactions. Faster re­
actions were achieved, especially in acetic acid, by 
increasing the intensity of the radiation and, more 
strikingly, by using a nitrogen atmosphere (see Table 1 ). 

Under these conditions, vinyl bromide, m-dichloro-
ethylene, franj-dichloroethylene, 1,1-dichloroethylene, 
trichloroethylene, and tetrachloroethylene all yielded 
a-chloro-^-thiocyanato compounds exclusively (see pro­
ducts 1—8 in Table 1); unsymmetrical alkenes yielded 
both regioisomers, with the anti-Markownikov iso­
mer predominating in each case (see products 2—7 
in Table 1). Reaction times and yields are recorded 
in Table 1. Neither tetraphenylethylene nor trans-1,2-
dithiocyanatoethylene added thiocyanogen chloride, 
but, in the latter case, the recovered alkene consisted 
of the equilibrium mixture of eis- and trans-isomers. 
No telomers or crossed products, i. e. dichlorides or 
dithiocyanates, were observed. 

hv 

Initiation: G1SCN » Gl- + -SCN 

Addition: Gl- + >C=G< 
i i 

-G -G-
i 

Gl 
(2) 

(3) Transfer: - C - G - + C1SGN -> - C - C - + CI-

Cl ' Cl SGN 

Photochemical induction of the reaction and its 

inhibition by aerial oxygen point towards a radical 
chain reaction, albeit of low chain length as indicated 
by the effect of the radiation intensity and the rela­
tively long reaction times. T h e chemical results are 
consistent with the chain reaction shown in Eqs. 1—3 
in which a chlorine atom, formed photochemically 
from thiocyanogen chloride5) (Eq. 1), is the adding 
and chain-carrying species. Reversible addition of 
the chlorine atom to the alkene (Eq. 2), well-estab­
lished in radical additions of molecular chlorine,6) 
accounts for the observed isomerisation of trans-dithio-
cyanatoethylene. T h e transfer step (Eq. 3) involves 
5"H2 displacement on the electron-deficient sulfur 
atom of thiocyanogen chloride by the donor7) chloro-
alkyl radical and the generation of a chlorine atom 
to carry on the chain; this accounts for (a) the ex­
clusive formation of chlorothiocyanato compounds 
rather than the corresponding, thermodynamically 
more stable, chloroisothiocyanato compounds, (b) 
the preferential anti-Markownikov orientation of ad­
dition to unsymmetrical alkenes (via the more stable 
of the two possible chloroalkyl radicals), and (c) the 
lower rates of reaction as the donor characteristics of 
the chloroalkyl radical are reduced by the electronic 
and steric effects of further halo, thiocyanato and 
phenyl substituents.7) 

I n contrast, homolytic additions of all other RS CI 
compounds examined so far have involved either ex­
clusive displacement on the chlorine atom with RS-
radicals as the adding/chain-carrying agent (e. g. Cl3-
CSC1,8) C13CS02C1,9> F5SC110)), or concurrent dis­
placements on the chlorine and sulfur atoms with 
RS- and CI- radicals respectively as competing ad­
ding/chain-carrying agents (e.g. F3CSC1U)). These 
differences, also noted in the homolytic substitution 
reactions of these compounds,12) are consistent with 
the steric barrier to displacement at the sulfur atom 
increasing in the order N C S C K F 3 C S C K C 1 3 C S C 1 , 
C13CS02C1, F5SC1. 

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

Alkenes. The haloalkenes and tetraphenylethylene 
were commercial samples purified until their physical con­
stants agreed with those recorded in the literature, trans-
1,2-Dithiocyanatoethylene was prepared as described.13) 

General Procedure. Reactions were carried out on an 
«= 0.4 M scale using the procedure described earlier5) and 
the modifications recorded in the text and Table 1. Ir­
radiation was continued until iodometric titrations showed 
at least 70% consumption of thiocyanogen chloride. Prod­
ucts were isolated as described.5) 

Identification of the Products. Adducts of the halo­
alkenes were identified as before by IR and NMR spec­
troscopy;2-4) regioisomers were not separated, but isomer 
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TABLE 1. PHOTO-CHLOROTHIOCYANATION OF HALOALKENES 

[Vol. 50, No. 2 

aJ-CHCl=CHCl 

trans-CHCUCHCl 
GHa=GHBr 

CH2=CC12 

GHC1=GG13 

GC12=GG12 

Solvent 

GG14 

CC14 

GC14 

AcOH 
AcOH 
AcOH 
AcOH 
AcOH 

AcOH 

AcOH 

AcOH 

Conditions'1) 

Distanced 

10 
10 
1 

10 
10 
1 
1 
1 

1 

1 

1 

Atmosphere 

air 

Na 

N2 

air 

N2 

N2 

N2 

N2 

N2 

N2 

Na 

Time 
(h) 

1 
1 
1 
1 
1 
1 
1 
1 

2.5 

12 

12 

Product (s) 

CHGlaGH(SGN)Cl (1) 

GHaGlCH(SGN)Br (2) 
GHa(SGN)CHGlBr (3) 
GH2C1C(SCN)G12 (4) 
CH2(SCN)CC13 (5) 
CHGl2C(SGN)Gla (6) 
GHC1(SCN)GC13 (7) 
CC13G(SGN)G12 (8) 

Yield 
(%) 

5 
14 
30 
7 

17 
60 
58 
61 

9 
55 
4 

52 
6 

11 

a) During the reactions, the temperature rose from 20 to ca. 40 °G. b) Distance (in cm) between UV light 
source and side of reaction flask. 

TABLE 2. CHARACTERISATION DATA FOR a-CHLORO-/?-THiocvANATO COMPOUNDS 

Product *H-NMR Spectruma) 

IR 
Spectrum 

(vSCN) 
(cm-*) 

Analysis (%) 

Bp 
(°G/Torr) Formula Calcd Found 

H N H N 

3.88, d, 3.5, CHCla; 
4.23, d, 3.5, CH(SCN)C1 

4.71, t, 7, CH(SCN)Br; 
5.86, d, 7, CHaCl 

4.60, t, 7, CHClBr; 
6.21, d, 7, CHaSCN 

5.61, s, —, CH2C1 
5.90, s, —, CH2SCN 
3.75, s, —, CHC12 

3.85, s, —, CHCl(SCN) 

2165 

2164 

2164 

115—117/15 C3H2C13NS 18.9 1.05 7.35 18.65 1.1 7.15 

50—53/0.1 C3H3BrClNS 17.95 1.5 7.0 17.95 1.35 6.75 

2165) 
2165» 

2165) 
2165» 
2164 61—63/0.05 C3C15NS 

60—63/0.2 C3H2C13NS 18.9 1.05 7.35 19.0 1.0 7.0 

68—70/0.1 C3HC14NS 16.0 0.45 6.25 16.3- 0.6 6.55 

13.9 0.0 5.4 14.0 0.1 5.35 

a) r(ppm in CC14), multiplicity (s=singlet, d = doublet, t = triplet), J (Hz), assignment. 

ratios were determined from the integral traces of appro­
priate signals in the NMR spectra of the crude mixtures. 
Characterisation data are recorded in Table 2. 

£ran.y-l,2-Dithiocyanatoethylene was recovered quantita­
tively as the 80 : 20 equilibrium mixture13) of trans- and 
m-isomers respectively as shown by IR and NMR spec­
troscopy. Tetraphenylethylene was recovered quantitatively 
and identified by its IR spectrum. 

We thank Hertfordshire County Council for the 
award of a Research Assistant ship (to LP.) 
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Synopsis. The reactions of iV-substituted /3-amino 
enones with hydroxylamine give two isoxazole isomers. The 
ratio of these isomers changes with the electron-withdrawing 
effect of the iV-substituents. 

Previously, we reported the synthesis of /5-amino 
enones, such as 1-substituted 3-amino-2-buten-l-ones, 
from 3,5-dimethylisoxazole via 5-substituted 3-methyl-
isoxazoles by hydrogenolysis.1) These /?-amino enones 
are isoelectronic with the /?-diketones. Although the 
/?-diketones exhibit behavior similar to keto and enol 
tautomers, the /5-amino enones exhibit mainly behavior 
similar to amino derivatives of enones. Therefore, the 
reactions of/3-amino enones with nucleophiles are quite 
interesting. Grignard reactions with /S-amino enones give 
^-alkylated enones.2) Also Kashima et al. have reported 
the regioselective reaction of /?-amino enones with 
iV-monosubstituted ureas to give 1-substituted 2 (1 / / ) -
pyrimidinones.3) 

In the literature, it has been reported that 3,5-
unsubstituted isoxazoles can be prepared from the 
corresponding /?-amino enones and hydroxylamine.4) 
However, the regioselectivity of/3-amino enones in the 
reaction with hydroxylamine has never been reported. 
The reactions of 1-substituted 3-amino-2-buten-l-ones 
with hydroxylamine to give 3,5-disubstituted isoxazoles 
are presented here. 

When a mixture of 5-amino-4-hexen-3-one (4) and 
hydroxylamine hydrochloride is refluxed in ethanol in 
the presence of potassium carbonate, two products, 
3-ethyl-5-methyl- (7a) and 3-methyl-5-ethylisoxazole 
(7b) are expected. However, the only product was 7b 
no trace of 7a was detected in the N M R spectrum. 
These results suggest that the amino group of the 
hydroxylamine attacked the C-5 position of the amino 
enones as in Michael addition, and then the adducts 
were cyclized to isoxazoles by deamination and 
dehydration. 

Here, the reactivity of the nucleophiles with the 
enones is considered to reflect the electron density at 
the reaction site. Fortunately, the electron densities of 
/?-amino enones can be varied due to the electron-
withdrawing effect of the acyl group on the nitrogen 
atom.5) When 5-(methoxycarbonylamino)-4-hexen-3-
one (5) and 5-(trichloroacetamido)-4-hexen-3-one (6) 
were treated with hydroxylamine under the same 
conditions, a mixture of 7a and 7b was obtained. T h e 
product ratio a/b from 6 is 3.0, while from 5 it is 0.5. 
From these results, it can be concluded that the product 
ratio a/b increases with an increase in the electron-
withdrawing effect of the JV-substituents (R ' ) . 

Furthermore, various /?-trichloroacetamido enones, 5-
(trichloroacetamido)-l-phenyl-4-hexen-3-one (8), 5-(tri-
chloroacetamido)-2,2-dimethyl-4-hexen-3-one (10) and 

3-trichloroacetamido-l-phenyl-2-buten-l-one (13), were 
treated with hydroxylamine to give the corresponding 
isoxazoles, 9, 11, and 14, respectively. As shown in 
Table, the results suggest that as the substituents, R, 
become more bulky, the product ratio a/b decreases. 

TABLE. 

/?-Amino- I s o x a z o l e s yield Ratio 
a/b 

1 
2 
4 
5 
6 
8 

10 
12 
13 

R' 

O NH 

R/'xy'^Me 
1 R = Me, R' 
2 R = M e , R' 
4 R = Et, R'= 
5 R = Et, R'= 
6 R = E t , R' = 

3 
3 
7 
7 
7 
9 

11 
14 
14 

NHjOH 

= H 
= COGCl3 

= H 
:COOMe 
= COCCI, 

8 R=CH2CH2Ph, 
10 R=*-Bu, R 
12 R = P h , R' = 
13 R = P h , R'= 

59 
50 
47 
81 
45 
40 
46 
86 
43 

O—N 
i n 

R / V / N 

b 

R' = COCCl3 

' = COCCl3 

= H 
= COCCl3 

+ 
Me 

3 R= 
7 R = 
9 R= 

11 R= 
14 R= 

—> 
—• 

0 
0.50 
3.0 
0.82 
0 
0 
0 

N — O 

R/" \X ' N Me 

a 
= Me 
= Et 
= CH2CH2Ph 
= *-Bu 
= Ph 

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

Materials. Using known methods, 4-amino-3-penten-
2-one (1),6> 3-amino-l-phenyl-2-buten-l-one (12)7> and 5-
(methoxycarbonylamino)-4-hexen-3-one (5)5> were prepared. 
JV-Acylated derivatived were also prepared from the corres­
ponding /S-amino enones and acyl chloride in pyridine.5) 

5-Amino-4-hexen-3-one (4). By hydrogenolysis in ethanol 
in the presence of platinum, 4 was prepared from 3-methyl-
5-ethylisoxazole, recrystallized from hexane, mp 62—63 °C; 
yield 69%; NMR (CDC1,): ô 1.18 (t, 3H, 7 = 4 . 0 Hz), 1.91 
(s, 3H), 2.26 (q, 2H, y = 4 . 0 H z ) , 4.99 (s, 1H), 6.2 ppm 
(broad s, 1H). 

Found: C, 63.78; H, 9.64; N, 12.22%. Calcd for CeHnNO: 
C, 63.69; H, 9.80; N, 12.38%. 

4-(Trichloroacetamido)-3-penten-2-one (2). From 1 and 
trichloroacetyl chloride, 2 was prepared and recrystallized 
from hexane, mp 74.5—75.5 °C; yield 64%; IR (KBr): 1740, 
1645, 1615, 1480 cm-1: NMR (CDC13): ô 2.22 (s, 3H), 2.43 
(s, 3H), 5.59 (s, 1H), 13.5 ppm (broad s, 1H). 

Found: C, 34.32; H, 3.23; N, 5.77%. Calcd for C7H8N02-
Cl3: C, 34.39; H, 3.30; N, 5.73%. 

5-(Trichloroacetamido)-4-hexen-3-one (6). From 4 and 
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trichloroacetyl chloride, 6 was prepared and recrystalHzed 
from hexane, mp 91—93 °G; yield 47%; IR (KBr) : 3445, 
1740, 1650, 1620, 1480 cm-1; NMR (CDC13): Ô 1.11 (t, 3H, 
7 = 6 . 8 Hz), 2.42 (s, 3H), 2.43 (q, 2H, y = 6 . 8 H z ) , 13.4 ppm 
(broad s, 1H). 

Found: G, 37.33; H, 3.97; N, 5.56%. Calcd for C8H10-
N02C13: C, 37.16; H, 3.90; N, 5.42%. 

5- ( Trichloroacetamido) - l-phenyl-4-hexen-3-one (8). From 
S-amino-l-phenyl^-hexen-S-one1) and trichloroacetyl chloride, 
8 was prepared, bp 170—176 °C/3 Torr; yield 77%; IR 
(liquid film): 3050, 1735, 1650, 1615, 1600, 1470 cm"1; NMR 
(CDClg): Ô 2.42 (s, 3H), 2.5—3.2 (m, 4H), 5.56 (s, 1H), 7.23 
(s, 5H), 13.5 ppm (broad s, 1H). 

Found: C, 50.79; H, 4.42; N, 4.18%. Calcd for C14H14-
N02C13: C, 50.25; H, 4.22; N, 4.19%. 

5-( Trichloroacetamido) -2,2-dimethyl-4-hexen-3-one (10). 
3-Methyl-5-£-butylisoxazole was hydrogenated in ethanol in 
the presence of platinum to give 5-amino-2,2-dimethyl-4-
hexen-3-one, which was recrystalHzed from hexane, mp 65— 
66.5 °C; yield; 95%; IR (KBr): 3300, 1620, 1595, 1530 cm"1; 
NMR (CDCI3) : 6 1.15 (s, 9H), 1.98 (s, 3H), 5.2 (broad s, ÎH), 
5.23 (s, 1H), 9.7 ppm (broad s, 1H). 

Found: G, 67.82; H, 10.76; N, 9.92%. Calcd for C8H15NO: 
C, 68.04; H, 10.71; N, 9.92%. 5-Amino-2,2-dimethyl-4-
hexen-3-one was acylated using trichloroacetyl chloride to 
give 10, bp 109—113 °C/3 Torr; yield 79% ; IR (liquid film) : 
1740, 1650, 1605, 1470 cm-1; NMR (CDC13) : ô 1.20 (s, 9H), 
2.47 (s, 3H), 5.79 (s, 1H), 13.6 ppm (broad s, 1H). 

Found: C, 41.93; H, 5.00; N, 4.82%. Calcd for C10H14-
N02C13 : C, 41.91; H, 4.92; N, 4.89%. 

3-( Trichloroacetamido)-l-phenyl-2-buten-l-one (13). From 12 
and trichloroacetyl chloride, 13 was prepared and recrystalHzed 
from hexane, mp 118—119 °C; yield 6 3 % ; IR (KBr): 1730, 

1625, 1600, 1470 cm-1; NMR (GDG1,): S 2.57 (s, 3H), 6.30 
(s, 1H), 7.3—8.1 (m, 5H), 10.4 ppm (broad s, ÎH). 

Found: C, 47.07; H, 3.32; N, 4.46%. Calcd for C12H10-
N02C13 : C, 47.01; H, 3.29; N, 4.57%. 

The Reaction of ß-Amino Enones with Hydroxylamine Hydro­
chloride. A mixture of jff-amino enone (3.2 mmol), 
hydroxylamine hydrochloride (8.0 mmol) and anhydrous 
potassium carbonate (3.9 mmol) in ethanol (10 ml) was 
refluxed for 6 h (in the cases of N-acyl derivatives, the refluxing 
time was 20 h). To the mixture, ether was added, and the 
organic layer was separated. The organic layer was washed 
with dilute hydrochloric acid and water, and dried over 
anhydrous sodium sulfate. After the solvent was removed, 
the product ratios were measured by the NMR spectra of the 
residual mixture. The products were identified from authentic 
samples using the spectral data.1) 
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Synopsis. The species [Ph2PO]M in THF were 
found to exist as Ph a P-0 -M by 31P-NMR, and [Ph2PS]MgCl 
as Ph2P-S-MgCl by Raman spectrum. The species [Ph2PS]M 
undergo easy disproportionation by heating. 

T h e species [Ph 2 PX]M ( X = 0 , S) have been prepared 
by the reaction of sodium or magnesium with diphenyl-
phosphinic (la)2«3) or diphenylphosphinothioic chloride 
(lb)3) (Method A) and by the reaction of butyllithium3) 
or Grignard reagents4) with diphenylphosphine oxide 
(2a) or sulfide (2b) (Method B). 

Ph2P(X)Cl + M • [Ph2PX]M 
1 3 

a, X = 0 ; b, X = S 

Ph2P(X)H + R'M (or M) — 
2 

a, X = 0 ; b, X = S 

(Method A) 

[Ph2PX]M (Method B) 
3 

The following equilibrium is possible in a solution 
of 3. 

Ph2P-X-M Ph2P(X)M 
4' 

I t was found from 3 1 P-NMR data that [ (E tO) 2 PO]M 
exists as ( E t O ) 2 P - 0 - M in solution.5) The present paper 
describes the results of a reexamination of the reactions 
of 1 with metals by means of 3 1 P-NMR and the structure 
of 3 in solution. 

The reactions by Methods A and B were carried out 
in tetrahydrofuran (THF) at room temperature under 
nitrogen. T h e 3 1 P-NMR data are given in Tables 1 
and 2. The yields of 3 were nearly quanti tat ive based 
on the 3 1 P-NMR spectra, except for the case of M = 
MgCl in Method A (Table 1). We see that reactions of 
1, especially l b , with metals are very complicated, 

TABLE 1. 31P-NMR DATA OF REACTION MIXTURE OF 

1 WITH METAL (M) IN THF (METHOD A) 

M 

none 

Li 

Mg 

X 

ÔP 

(ppm) 

- 4 2 . 8 

- 9 3 . 8 

- 1 7 . 7 

=o 
Assign­
ment 

l a 
[Ph2PO]-
Li 

[Ph2PO]-
MgCl 

(ppm) 

- 7 9 . 8 

16.2 

- 3 7 . 0 

- 5 9 . 8 

15.9 

- 3 7 . 9 

- 5 9 . 0 

X = S 
W1H 

Assign- (%)a> 
ment 

l b 

Ph2PPPh2 2 

Ph2P(S)- 2 0 

P(S)Ph2 ^U 

Ph2P(S)SLi 46 

Ph2PPPh2 4 

Ph2P(S)- 3 

P(S)Ph2
 Âù 

Ph2P(S)-
SMgCl *° 

TABLE 2. 31P-NMR DATA OF [Ph2PX]M 
IN THF (METHOD B) 

x=o x=s 
RM or M 

(ppm) 
Assign­
ment (ppm) 

Assign­
ment 

none 

n-BuLi 

n-
BuMgCl 

NaH 

K 

- 2 2 . 9 2a 
(7=490 Hz) 

- 9 3 . 8 J? h ' P ° ] -

- 9 0 . 0 EJgQI-

- 2 0 . 8 2b 
(7=468 Hz) 

[Ph2PS]-
Li - 2 0 . 7 

- 1 4 . 3 

- 2 2 . 3 

[Ph2PS]-
MgCl 
[PhaPS]-
Na 

- 2 5 . 0 L P h ^ " 
K 

indicating dimerization, desulfurization, and dispropor­
tionation of 3b.3) Thus , for the preparation of 3, Method 
B is preferable to Method A. 

T h e phosphorus a tom in 3a is trivalent (4 type) in 
T H F (Tables 1 and 2), except for the case of M = M g C l 
in Method A.6) However, the structure of 3 b could not 
be determined, due to ôP values being similar to those 
of 2b . Thus, the R a m a n spectrum of [Ph 2PS]MgCl 
prepared by Method B was compared with spectra of 
some model compounds (Table 3). From the results 
the structure was determined to be 4 type. In the case 
of M = L i and Na, no R a m a n spectra could be obtained 
because of the emission of fluorescence. 

TABLE 3. RAMAN SPECTRA 

Compound (cm-1) (cm-1) 

Ph2P(S)H (THF) 
Ph2P(S)OMe (THF) 
Ph2P(S)SMe (THF) 
Ph2P(0)SMe (THF) 
Ph2PSEt (neat) 
[Ph2PS]MgCl (THF) 

650 
638 
658 
— 
— 
— 

— 
— 

537 
568 
515 
530 

Easy disproportionation of 3 b was confirmed by the 
following experiments. Reaction of l b with lithium 
in T H F at room temperature for 24 h afforded S-
methyl diphenylphosphinodithioate (5) and methyl-
diphenylphosphine sulfide (6) in a ratio of 5 : 1 after 
t reatment first with methyl iodide and then sulfur. 

2[Ph2PS]Li • Ph2P(S)SLi + Ph2PLi 

I MeI 

2Ph2P(S)Me 
6 

I Mel S, I Mel 

Ph2P(S)SMe 
5 

a) Based on the peak areas in the 81P-NMR spectra. 
Refluxing of a mixture of 2 b and butyllithium in T H F 

also gave 5 and 6 after a similar treatment (see Experi-



546 N O T E S [Vol. 50, No. 2 

mental) . 
In this connection, a large contribution of metal 

diphenylphosphinodithioate is considered to take place 
in the reactions of [Ph 2PS]M with THF.7) 

Exper imenta l 

31P-NMR spectra were measured with a Hitachi R-20B-R-
204 PB spectrometer using 85% phosphoric acid as an external 
standard. Raman spectra were taken with a JEOL-JSP-RS 
4000 spectrometer. 

Materials. Diphenylphosphinic (la) and diphenyl-
phosphinothioic chlorides (lb), diphenylphosphine oxide (2a) 
and sulfide (2b) were prepared by the methods described in a 
previous paper.3) The following compounds were prepared 
by the reported methods: 0-methyl diphenylphosphino-
thioate,8> S-methyl diphenylphosphinodithioate,9) arid ethyl 
diphenylphosphinothioate.10) 

Preparation of S-Methyl Diphenylphosphinothioate. To a 
mixture of 13.4 g (57 mmol) of diphenylphosphinothioic acid 
and 2.5 g (63 mmol) of sodium hydroxide in 50 ml of THF 
was added 6 ml of methyl iodide, and the mixture was stirred 
for 3 h at room temperature. After washing with water and 
extraction with benzene, the extract was distilled in vacuo, 
bp 190 °C/0.2 Torr yield 13.0 g (92%). The distillate 
solidified on standing, mp 49.0—50.5 °C (from cyclohexane). 
IR (KBr): 1435, 1118 (P-Ph), 1202 (P=0), and 565 cm-1 

(P-S); NMR (CCLJ: Ô 2.10 (d, / P S C H = 1 3 H z , 3H, SMe) 
and 7.2—8.0 (m, 10H, P-Ph); 31P-NMR (THF): <5P-38.6 
ppm. 

Found: C, 62.91; H, 5.06; S, 13.05%. Calcd for C13H13-
OPS: C, 62.89; H, 5.28; S, 12.91%. 

Disproportionation of [Ph^PS^Li. A mixture of 1.405 g 
(6.4 mmol) of 2b, 0.336 g (7.9 mmol) of lithium chloride, 
12 mmol of butyllithium in hexane (8 ml), and 30 ml of THF 

was refluxed for 3 h and 1 ml of methyl iodide was added. 
The presence of methyldiphenylphosphine, 5, and 6 was 
shown by means of gas chromatography (H 523 on Diasolid 
at 210 °C). Sulfur (0.38 g, 1.5 mmol) was added to the 
reaction mixture and the mixture was refluxed for several 
minutes. Only 5 and 6 were observed in the ratio 27: 73. 

This work was partly supported by a Grant-in-Aid 
for Scientific Research from the Ministry of Education. 
The authors thank Dr. Issei Harada and Mr. Shuji 
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Synopsis. Cuprous catalysts were more effective than 
cupric ones in the Ullmann condensation of haloanthra-
quinones with amines in aprotic media. In the presence of 
Cu(I) catalyst, amines with a hydroxyl group (3-amino-l-
propanol and 2-aminoethanol) were more reactive than the 
higher basic butylamine. 

In our previous papers we discussed the mechanism 
of the Ullmann condensation reaction of haloanthra-
quinones with amines.1) The reaction rate and mecha­
nism were found to be largely affected by the chemical 
structures of haloanthraquinones, amines, and ligands 
and by the valence state of copper catalysts. 

This paper deals with the reactivities of haloanthra­
quinones, amines, and catalysts in aprotic media under 
nitrogen atmosphere. 

O Br O NHR 

+ RNH, 

n i 

O Rx 

(1) R1 = H 
(2) R1 = NH2 

Cu Cat. 

Under N2 

y\/\/\ 
ii i 

O Ri 

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

As shown in Table 1, cuprous salts were more effective 
than cupric ones. The catalytic activities of cuprous 
salts decreased with the increase of Cu (I)-halogen bond 
strength2): C u C l > C u B r > C u I . The reactivities of 
1-bromoanthraquinone (1) and l-amino-4-bromoan-
thraquinone (2) toward some kinds of amines with and 
without the catalyst are summarized in Table 2. Table 2 
suggests that the character of the reaction is largely 
changed in the presence of the catalyst. Thus in the 
absence of cuprous catalyst the yields of the condensa­
tion products, though very low, increased with increasing 
basicity of the amines used. This fact can be easily 
understood by the nucleophilic character of this reaction. 

Amines with a hydroxyl group, however, were more 
reactive than butylamine, stronger as a base, in the 
presence of cuprous bromide: bu ty lamine<3-amino- l -
propanol<2-aminoethanol . I t is also noteworthy that 
2-aminoethanol was more reactive toward 1-bromoan­
thraquinone (1) than toward 1-amino-4-bromoanthra-
quinone (2) in the absence of cuprous catalyst, but the 
reverse was found in the presence of the catalyst. Such 
unexpected results in the presence of the catalyst may 
be ascribed to the difference in the coordination of 
haloanthraquinones to cuprous species. 

When the reactions of bromoanthraquinones with 
2-aminoethanol were carried out in 1,2-dimethoxyethane 
by use of cuprous catalyst under nitrogen atmosphere, 

TABLE 1. COMPARISON OF THE CATALYTIC ACTIVITY IN THE 

CONDENSATION OF 1-BROMOANTHRAQUINONE 

WITH 2-AMINOETHANOLA) 

Catalyst 

CuCl 
CuBr 
Cul 
CuBr2 

CuBr 
None 

t/h 

2 
2 
2 
2 
2 
3 

Yield (%) 

21.6 
17.7 
9.3 
1.3 

12.2 
2.6 

Solvent 

THF-EtOH4: l 
THF-EtOH4: l 
THF-EtOH4: l 
THF-EtOH 4:lb> 

THFb> 
THF 

a) Reaction temp: 60 °C; [Substrate ( l ) ] 0 = 5 x 10~3 

mol/1, [Catalyst]0 = 2 x l 0 - 3 mol/1, [NH2CH2CH2-
O H ] 0 = 5 x 10_1 mol/1. b) Heterogeneous system. 

TABLE 2. COMPARISON OF THE REACTIVITY IN THE 

CONDENSATION OF HALOANTHRAQUINONE 

(1 OR 2) WITH AMINES4) 

Yield (%) at 5h 

Amine v Substrate Substrate 
(2) 

CuBr none CuBr none 

n-C4H9NH2 10.60 
NH2CH2CH2CH2OH 9.96 
NH2CH2CH2OH 9.51 

9.1 6.0 
31.3 6.1 
43.2 4.3 

6.0 0.4 
30.9 0.4 
48.8 0.2 

a) Reaction temp: 70 °C; Solvent: 1,2-dimethoxyethane-
methyl cellosolve 4:1 ; [Substrate] 0 = 5 X 10 3 mol/1, 
[Amine]0=5x 10-1 mol/1, [Catalyst]0=2x 10~3 mol/1. 

the blue cupric complex deposited. In 1,2-dimethoxy-
ethane-methyl cellosolve solution the blue cupric 
complex did not deposit very much, since it was more 
soluble in this solvent. No cupric complex was formed 
without bromoanthraquinones. 

0.10 î 

W 0.05 

- /r / 
L-^ i • i • • î . . i > • î • 

1 
he

ig
ht

 
un

it
) 

C
u

(I
I)

 s
ig

na
 

(a
rb

it
ra

ry
 

30 60 90 

//min 
120 

Fig. 1. Pseudo-first order plots and the time dependence 
of Cu(II) signal height; temp 70 °C under N2 atmos­
phere, [substrate (1)]0 5 x l 0 " 3 mol/1, [NH2CH2CH2-
OH]0 5X10"1 mol/1, [CuBr]0 2X10"3 mol/1, solvent 
1,2-dimethoxyethane-methyl cellolve 4:1. 
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T h e ESR spectra suggested that the Cu(I I ) species 
were formed3) and their concentration increased up to a 
certain amount as the reaction proceeded (Fig. 1). 
The formation of the Gu(II) species can be understood 
by an electron transfer from Cu(I) to the haloanthra-
quinone. In the reaction system of 1-bromoanthra­
quinone with 2-aminoethanol using CuBr catalyst, 
the organic paramagnetic species, assumed to be a 
radical anion of 1-bromoanthraquinone, was indeed 
observed. As shown in Fig. 1, however, the reaction 
rate did not decrease in accordance with the formation 
of Gu(II) species, which is much less active than Cu(I) 
species. 

T h e formation and the role of Cu(I I ) species is a very 
interesting and important problem of the Ul lmann 
condensation reaction in aprotic media. Fur ther 
examination of this problem will be reported in the near 
future. 

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

Materials and Solvents. 1-Bromoanthraquinone (1) was 
prepared from 1-aminoanthraquinone by Sandmeyer's bromi-
nation and purified by column chromatography on alumina 
(benzene as developing solvent) followed by recrystallization 
from benzene: Amax (C2H5OH) 336 nm (e 4980); mp 189.6— 
189.9 °C(cor) (lit, mp 192 °C4>) (Found: C, 58.60; H, 2.20%). 
l-Amino-4-bromoanthraquinone (2) was prepared by desulfo-
nation of sodium l-amino-4-bromoanthraquinone-2-sulfonate 
with 80% sulfuric acid. After being separated from the 
reaction mixture by column chromatography on alumina 
(benzene as developing solvent), it was recrystallized from 
acetic acid: Am8x (CH3OCH2CH2OCH3) 474 nm (e 7100); 
mp 178.5—179.2 °C(cor) (lit, mp 170—176 °C6)) (Found: C, 
55.75; H, 2.56; N, 4.56%). 2-Aminoethanol and 3-amino-l-
propanol were dried over sodium hydroxide and distilled 
under nitrogen atmosphere. Butylamine was dried over 
sodium and distilled under nitrogen atmosphere. Cuprous 
halides were prepared by the usual methods.6) All solvents 
were purified by the usual methods and stored under nitrogen 
atmosphere. 

Spectral Measurements. The UV and visible spectra were 
measured using a Shimadzu UV-200 spectrophotometer. The 
ESR spectra were taken on a JEOL JES-PE-3X instrument. 

Reaction Procedure. A typical run is as follows. 1-
Bromoanthraquinone and the solvent (THF-EtOH) were 
mixed in a flask. After this solution was brought to the reaction 
temp, the reaction was initiated by the addition of a homoge­
neous ethanol solution containing 2-aminoethanol and cuprous 
bromide. All above operations were performed under a dry 
and oxygen-free nitrogen atmosphere. At regular time 

intervals, 0.5 ml portions of the reaction solution was with­
drawn and diluted in 25 ml of ethanol. The yields were 
determined spectrophotometrically. 

Products. Products were obtained from the reaction 
mixture in a following manner. After the solvent was removed 
under reduced pressure, the reaction mixture was poured into 
water. After being filtered, washed with water, and dried, 
the precipitate was chromatographed. The separated anima­
tion product was recrystallized. 

l-Amino-4-(ß-hydroxyethylamino)anthraquinone: Amax (C2H5OH) 
616 nm (e 16700); mp 195.3—196.4 °C(cor) (lit, 195—197 
°C7>) (Found: C, 67.68; H, 4.96; N, 9.63%). 

l-(ß-Hydroxyethylamino)anthraquinone: Amax(C2H6OH) 503 nm 
(e 6700); mp 175.6—175.8 °G(cor) (lit, 171—171.5 °C7>) 
(Found: G, 71.86; H, 4.70; N, 4.99%). 

1 - Amino -4-( y-hydroxypropylamino ) anthraquinone : Amax (CH3-
OCH2CH2OCH3) 615 nm (e 15300) ;mp 211.7—212.3°C(cor); 
Found: C, 68.78; H, 5.43; N, 9.51%. Calcd for C17H1603N2: 
C, 68.91; H, 5.44; N, 9.45%. 

1- (y-Hydroxypropylamino) anthraquinone : Amax (CH3OCH2CH2-
OCH3) 502 nm (e 6800); mp 184.7—185.4 °C(cor); Found: 
C, 72.58; H, 5.37; N, 5.03%. Calcd for C17H1503N: C, 
72.58; H, 5.37; N, 4.98%. 

l-Amino-4-(butylamino)anthraquinone: Amax(C2H5OH) 617nm 
(e 17600); mp 142.6—143.1 °C(cor); Found: C, 73.32; H, 
6.01; N, 9.65%. Calcd for C18H1802N2: C, 73.45; H, 6.16; 
N, 9.52%. 

l-(Butylamino)anthraquinone: Amax(C2H5OH) 507nm (e7090); 
mp 85.9—86.7 °C(cor) (lit, 80—81 °C8>); Found: C, 77.57; 
H, 6.20; N, 4.88%. 
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Synopsis. The reaction of phenylcarbamoyl cyanide 
with LiAlH4 or NaBH4 gave glycine anilide, JV-phenylethylene-
diamine, and iV-methylaniline. With the latter hydride, 4-
amino-l,3-diphenyl-2-imidazolidinone was also formed. The 
reduction of diphenylcarbamoyl cyanide with LiAlH4 gave 
iV-methyldiphenylamine as the only reduction product. 

The utilization of acyl cyanides (a-ketonitriles) as 
useful precursors in organic synthesis has been discussed 
in a number of literatures.1) In contrast, carbamoyl 
cyanides, the nitrogen homologues of acyl cyanide, have 
not been extensively studied, and only a small quanti ty 
of information has accummulated about their chemical 
properties.2) 

Among the chemical reactions of acyl cyanides it has 
been known that the reduction by lithium aluminum 
hydride generally gives /S-amino alcohols, /î-(acylamino) 
alcohols, or aldehydes depending on the reaction 
conditions.3) Can analogous products be obtained in 
the reduction of carbamoyl cyanides with metal 
hydrides ? Is there any difference between the reactions 
of mono- and di-substituted carbamoyl cyanides? In 
answer to these questions, we would like to present the 
results obtained from the reduction of phenylcarbamoyl 
cyanide (1) and diphenylcarbamoyl cyanide (8) with 
metal hydrides. 

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

When phenylcarbamoyl cyanide (1) was treated with 
lithium aluminum hydride (LiAlH4) in anhydrous 
ether, the following four products: aniline (2), N-
methylaniline (3), glycine anilide (4), and N-phenyl-
ethylenediamine (5), were obtained. The time-depen-

Ph-NHGOGN 

(1) 

LiAlH4 

Ph-NH2 + Ph-NHGH3 

(2) (3) 

+ Ph-NHGOGH2NH2 + Ph-NHGH2CH2NH2 

(4) (5) 

dent increase of 5 with a decrease in 4, as observed by a 
VPG analysis, indicated that the product, 4, was the 
reduction intermediate to produce 5. In addition, the 
yield of 3 increased from 6 to 2 1 % as the [LiAlH 4] / [ l ] 
ratio increased from 1 to 5. 

Analogously, when cyanide 1 was treated with sodium 
borohydride (NaBH4) in tetrahydrofuran, the same 
products were produced. In addition, 4-amino-l ,3-
diphenyl-2-imidazolidinone (6) was isolated. The same 
product was also formed when l,3-diphenyl-5-imino-
hydrantoin (7) was treated with the same hydride. 
Therefore, the base-induced condensation of cyanide 1 
into 7 must occur under the present conditions23) 
competitively with the slow reduction. The yields of 

O 
H 

Ph-N N-Ph 

0 = C — G=NH 

O 
H 

NaBH. p h _ N N _ p h 

H2C—GH-NH2 

(7) (6) 

the other products depended significantly upon the 
reaction conditions, i.e., the amounts of the reductant 
and additives such as A1G13,

4) and the time. For example, 
that the yield of aniline (2) decreased upon the lengthen­
ing in the reaction period indicates that 2 may be 
formed mainly by the hydrolysis of the unreacted 1.5> 
Indeed, the alkaline hydrolysis of 1 in aqueous N a O H 
proceeded very easily. However, the yield of 2 was 
only 30% at the maximum, and the main product was 
JVjiV'-diphenylurea. We found separately that a number 
of amines and alcohols induced 1 to undergo facile 
nucleophilic substitution.6) Therefore, it seems reason­
able that diphenylurea was formed by the reaction of 
1 with aniline, which is the pr imary hydrolysis product 
o f l . 

Diphenylcarbamoyl cyanide (8)7) seems to be an 
appropriate compound to examine in order to ascertain 
the difference in reaction behavior between monosub-
stituted (e.g., 1) and disubstituted (e.g., 8) carbamoyl 
cyanides. The results obtained from the reduction of 8 
with LiAlH4 are listed in Table 1. The only products 

TABLE 1. REDUCTION OF DIPHENYLCARBAMOYL 

CYANIDE (8) WITH L i A l H 4
a > 

Run 
No. 

1 
2 
3 

Solvent 

EtaO 
THF 
THFb> 

Product yield 

Ph2NH Ph2NCH3 

38 58 
18 72 
22 0 

8 

0 
0 

78 

a) [8]/[LiAlH4] = 1.0, 1 h each at - 5 0 and 35 °C. 
b) LiAlH4 was hydrolyzed prior to the addition of 8. 

detected by VPG were diphenylamine (9) and N-
methyldiphenylamine (10). T h e former was apparently 
produced by the hydrolysis of 8 through the work-up 
process, as is evidently proved by R u n 3. The latter, 
the only reduction product, must be formed by either 
Route a or Route b. Although conclusive evidence 
has not yet been obtained, it has been reported that 

LiAlH4 LiAlH« 
Ph2N-GO-GN •-• Ph2N-CHO -> Ph2NCH3 

(8) 

LiAlH4 

Ph2NGOGH2NH2 

I LiAlH« 

|_Ph2NCH(OH)CH2NH2J 

(10) 

LiAlH4 T 
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the cyanides, 1 and 8, undergo a facile displacement 
of the cyano group by the appropriate nucleophiles.3 '6) 
Therefore, our tentative preference is Route a, where 
the displacement of the cyano group by the hydride 
anion takes place, as is evident in the case of acyl 
cyanides.3) 

Now, let us recall the reduction of 1 where JV-methyl-
aniline (3) was one of the major products. As has been 
reported recently,6) cyanide 1 behaves as if it generates 
the phenyl isocyanate intermediate under various 
conditions (i.e., it acts as a carbamoylating reagent). Also 
known is the reduction of phenyl isocyanate with NaBH 4 , 
where 3 is the main product.8) Nevertheless, the 
formation of 10 from 8 seems to present rational evidence 
in favor of the hypothesis that the derivation of 3 from 
1 does not necessarily involve phenyl isocyanate as the 
intermediate. 

In addition, it became evident in our study that 
amide carbonyl groups can undergo NaBH 4 reduction, 
a t least when the vicinal substituent to the carbonyl is an 
unsaturated group such as CN or O N H , though it has 
been our general understanding that amide carbonyls 
are resistant against that reagent.9) Also proved is 
the transformability of the cyanocarbonyl group of 
carbamoyl cyanides into a methyl group by treatment 
with such metal hydrides as LiAlH4 or NaBH 4 . 

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

General. The NMR, mass, and IR spectra were taken 
on JEOL 4H-100, Hitachi RMU-6L, and JASGO IRA-1 
spectrometers respectively. Some typical experimental pro­
cedures are shown below. 

Reduction of Phenylcarbamoyl Cyanide (1) with LiAlH^. 
To a solution of 1 (4.4 g, 30 mmol) in dry THF (100 ml) was 
added a suspension of LiAlH4 (2.3 g, 60 mmol) in dry THF 
(30 ml) over a 40-min period at 5 °C. After stirring for 
30 min, a mixture of THF (20 ml) and water (6 ml) was 
added and the decomposed mixture was filtered. The filtrate 
was dried over anhyd MgS0 4 and distilled under a vacuum. 
The first fraction (55 °G/3 Torr, 0.8 g) was found by VPC 
(Apiezon L, 10%, 1 m) to consist of aniline (2, 15%) and N-
methylaniline (3, 10%). The third fraction (95—97 °C/ 
1.5 Torr, 1.5 g, 37%) formed a picrate (mp 175—177 °C) 
which did not show any mp depression when mixed with an 
authentic picrate of iV-phenylethyleneadimine. The fifth 
fraction (145—148 °C/1 Torr, 12 g, 27%) was a solid (mp 
98—100 °C) containing a small amount of impurity with a 
higher mp. Therefore, the fraction was heated with AcaO 
in AcOH to give an acetylated product (98%); mp 195.5— 
196.5 °C (from ethanol). Found: C, 62.59; H, 6.29; N, 
14.61%. Calcd for C10H12N2O2: C, 62.48; H, 6.29; N, 
14.58%. 

Reduction of 1 with NaBHx. A mixture of 1 (4.4 g, 
30 mmol) and dry NaBH4 (1.2 g, 30 mmol) in dry THF 
(50 ml) was stirred for 4 h at 40 °C. The reaction mixture 
was poured into cold 5% NaOH, the solution was extracted 
with ether, and the extract was dried. After removing the 
solvent, the residue was analyzed by VPC to find that it con­
sisted of 2 + 3 (22%), 4 (6.2%), and 5(1%) . After these were 

distilled off, the residue was chromatographed (silica gel, 
CHG13) to give a colorless solid of 6 (45%); mp 178 °C; P+ 
{m/e) 253; IR (cm-1) 1690 (C=0), 3400, and 3330 (NH); 
NMR {ô, GDCI3) 1.90 (2H, bs), 3.57 (H, q, .A =10, y 2 = 
5.0 Hz), 4.14 (H, q, ^ = 1 0 , y 2 =8.5Hz) , 5.23 (H, q, J1= 

8.5, y? = 5.0Hz), 7.0—7.65 (10H, m). Found: G, 71.35; 
H, 6.01; N, 16.40%. Calcd for C15H15N30: C, 71.12; H, 
5.97; N, 16.60%. 

Hydrolysis of 1 by Aq NaOH. A dioxane solution of 1 
was hydrolyzed in 5% aq NaOH at 20 °C for 2 h. After a 
similar work-up, VPC and column chromatographic analysis 
of the product mixture showed it to consist of 4 (30%) and 
ATiV'-diphenylurea (45%). 

Reduction of Diphenylcarbamoyl Cyanide (8) with LiAlH^. 
To a solution of 8 (2.22 g, 10 mmol) in dry ether (20 ml) was 
added a suspension of LiAlH4 (0.4 g, 10 mmol) in dry ether 
(10 ml) over 10 min at — 50 °C. After stirring the mixture 
for 1 h each at —50 and 35 °C, the mixture was decomposed 
under ice cooling by the addition of a cold mixture of 
THF (20 ml) and water (0.8 g), followed by the addition 
of a saturated NH4C1 solution (30 ml). After work-up, the 
ethereal extract weighed 1.69 g and was analyzed by VPC 
(Apiezon L, 10%, 1 m, 200—250 °C). Diphenylamine (9, 
38%, identified with an authentic sample) and iV-methyl-
diphenylamine (10, 58%0, NMR Me at Ô 3.28, and by MS P+ 
183) were detectable products. See Table 1. 

Treatment of 8 with Water-treated LiAlH^. The same 
treatment of 8 as described above, but with the LiAlH4 pre­
liminarily decomposed by an equivalent mole of water, was 
carried out in order to examine the hydrolysis product. After 
work-up, the VPC of the reaction mixture proved that di­
phenylamine (9) was its only product (22%), together with 
the recovered 8 (78%). 
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Synopsis. The palladium-catalyzed phenylation of 
olefins with iodobenzene has been extended to enol esters. 
In the presence of triethylamine and a catalytic amount of 
palladium acetate, vinyl acetate is phenylated with iodo­
benzene to produce, mainly, stilbene, accopanied by small 
amounts of (E)- and (Z)-styryl acetates. 

Recently, the palladium-catalyzed substitution of 
vinylic hydrogen by aryl and vinyl halides has received 
wide attention.1-5) Meanwhile, Heck6) has reported 
the reaction of enol esters with the organo-palladium 
species generated from an arylmercury(II) compound 
and palladium salts. We are, therefore, intrigues by 
the palladium-catalyzed reaction of enol esters with 
iodobenzene (1) and wish to report herein the results 
of a study of this reaction. 

Table 1 shows the results of the phenylation of enol 
esters with 1. The reaction of vinyl acetate (2) with 1 
gave stilbene (3) as the main product and (E)- and 
(Z)-styryl acetates (4 and 5) as the minor products. 
Since neither styrene nor acetophenone enol ester was 
found in the reaction mixture and since, in addition, a 
mixture of 4 and 5 reacted with 1 to give 3 under the 
same conditions, the compound 3 appears to be formed 
by the secondary phenylation of 4 and 5, as despicted 
in Scheme 1. (Scheme 1). 

The phenylation of isopropenyl acetate (6) gave three 
isomers of the diphenylated propene derivatives (7, 8, 

CH2=CH(0Ac) + PhW 

(2) ^~~~^—^ Ph-CH2CH(0Ac) 

Pdl 

Ph-CH-C-OAC ^ _ ^ c 

Pdl Ph ^ - ^ ph.cH=cH-Ph 

(3) 

Scheme 1. 

and 9) and two isomers of (E)- and (Z)-2-acetoxy-l-
phenyl-1-propene (10 and 11). It has been reported6) 
that the Heck reaction of 2 with phenylmercury(II) 
salt gave 4 and 5 as the main products and 3 and 
styrene as the minor products, while the Heck reaction 
of 6 afforded a mixture of 10, 11, and 2-acetoxy-3-
phenyl-1-propene. The results obtained here indicate 
that the phenylation of 2 and 6 with 1 favors the forma­
tion of diphenylated olefin compounds more than the 
Heck reaction of 2 and 6. 

A common mechanism has been proposed for the 
arylation of olefins with aryl halides.2-3) In the phenyla­
tion of 6 with 1, the formation of 2,3-diphenyl-l-propene 
(9) may require that the phenylpalladium group is 
added to the double bond in both possible directions 

TABLE 1. PHENYLATION OF ENOL ESTERS WITH IODOBENZENE (11 

Enol ester Product, bp or mp°C, (lit) Yields % 

CH2=CH(OAc) (2) 

Ph-CH=CH(OAc) 
(4 and 5, 4/5=7/1) 

CH2=CCHa(OAc) 
(6) 

CHa=C(OAc)Ph 
(12) 

Biphenyl, mp 68—69 (mp 69—70b>) 
(£)-Stilbene (3), mp 124, (mp 123—124°)) 
(£>Styryl acetate (4) 
(Z)-Styryl acetate (5), bp of the mixture of 4 and 5 95—120/ 
2.5 Torr (bp 87—112/1.5 Torrd>) 
Biphenyl 
(E) -Stilbene (3) 

Biphenyl 
(£)-2,2-Diphenyl-l-propene (7), mp 78—79 (mp 79—79.5e>) 
(Z)-1,2-Diphenyl-1-propene (8), mp 47—48 (mp47—48e) ) 
2,3-Diphenyl-l-propene (9), bp 162—165/14 Torr (bp 81— 
83/0.12 Torr6)) 
(£)-2-Acetoxy-l-phenyl-1 -propene (10), bp 102—105/3 Torr 
(bp 112—116/5Torrf)) 
(Z)-2-Acetoxy-l-phenyl-1-propene (11), bp 102—105/3 Torr 
(bp 112—116/5Torrf)) 

< Biphenyl 
I (E) -Stilbene (3) 
I 1,2-Diphenyl-l-acetoxyethene (13),mp 104—106, (mp 102— 
1106*>) 

3 
52 
10 

3 
58 
24 
21 
8 

10 

2 

36 
25 

20 

a) The yields are based upon the iodobenzene (1) used are determined by gas chromatography, b) E. 
Müller and T. Topel Ber., 72, 273 (1939). c) R. L. Shrine and A. Bergrr, Org. Synth., Coll. Vol. I l l , 
786 (1965). d) R. F. Heck, Organometal. Chem. Syn., 1, 455 (1972). e) D. H. Hunter and D. J. Cram. 
J. Am. Chem. Soc., 86, 5478 (1964). f) H. O. House, L.J . Czuba, M. Gall, and H. D. Olmstead, J. Org. 
Chem., 34, 2324 (1969). g) C. V. Gheorghih, Chem. Abstr., 17, 1559, (1923). 
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PhPdl + CH2=c:cH3 

*<„ ^ (6) 
OAc 

CH3 

^2<2 i"'« 
Pd 

, -[HPdl] 

,CH3 

(W&H)~0Ac 

I • PhPdl 

Ph-CH-C'/ 

Pd Ph 
I 

Ph-CH^Ct 

I -[Pd(OAc)l] 

I *PhPdI 

Pd 

\[PdfOAe)i] /'iMPdil \-[HPdI] 

Ph-CH=C^> 

(7*8) Ph 

Ph-CH2-Ç = CH2 

(9) Ph 

Scheme 2. 

(Scheme 2). 
The phenylation of acetophenone enol acetate (12) 

gave 3 and 1,2-diphenyl-l-acetoxyethene (13). T h e 
formation of 3 may require three intermediate steps, 
namely, the initial elimination, a readdition of the 
palladium hydride in the reverse direction, and another 
elimination of Pd(OAc)I , as shown in Scheme 3. 

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

Materials. Iodobenzene, vinyl acetate, and isopro-
penyl acetate of a commercial grade were used without 
further purification. The preparation of the following com­
pounds has already been reported: (E)- and (Z)-styryl ace­
tates7) and acetophenone enol acetate.9) 

General Procedure for The Phenylation of Enol Acetate. 
A mixture of 2.04 g (10 mmol) of 1, 12 mmol of enol acetate, 
1.21 g (12 mmol) of triethylamine, 0.022 g (0.1 mmol) of 
palladium acetate, and 0.524 g (0.2 mmol) of triphenyl-
phosphine in acetonitrile (10—15 ml) was heated in a sealed 
tube flushed with nitrogen at 100 °C for 8 h. The products 

PhPdl 

I (12) 

Ph-CHy-C^l* 
? I^OAc 

Pdl w ph-CH&f°* ^ 
/ --[HPdl] 

Ph-CH^l 
(13) 

Ph-CH-CHCP
0
h

Ac 

Pdl 

^iPd(OAc)l) 

Ph-CH=CH-Ph 
(3) 

Scheme 3. 

were isolated by diluting the cooled reaction mixtures with 
water and ether. The ether phase was separated, washed 
several times with water, dried over anhydrous magnesium 
sulfate, and concentrated. The products were generally 
analyzed by gas chromatography on a 1 m SE 30 (5% on 
celite) column with a Hitachi K-53 gas Chromatograph, and 
identified by comparing the retention time on the gas chro-
matogram and the IR and NMR spectra with those of an 
authentic sample. The reactions carried out are listed in 
Table 1. 
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Synopsis. The carbonylation reaction of isoprene 
in alcohol catalyzed by palladium(II) acetate and triphenyl­
phosphine gave 4-methyl-3-pentenoate selectively in a mode­
rate yield. Unlike butadiene, no dimerization-carbonylation 
of isoprene to give C l t esters took place. 

Palladium catalyzed carbonylation of butadiene in 
alcohol proceeds in two ways depending on the catalytic 
species. When palladium(II) chloride is used as the 
catalyst, 3-pentenoate is obtained selectively.1) O n the 
other hand, when halogen free palladium compounds 
such as palladium(II) acetate or pal ladium(II) acetyl-
acetonate are used with triphenylphosphine as the 
catalyst, the dimerization-carbonylation occurs to give 
3,8-nonadienoate exclusively.2) Carbonylation of 
isoprene catalyzed by palladium (II) chloride in ethanol 
gave ethyl 4-methyl-3-pentenoate as the main product.2) 

/ \ / + CO + ROH 

PPh, I Pd(OAc)a 

y \ / ^ / % / x C 0 2 R 

PdCl, 

+ /XXxco2R 

In this paper we report on the carbonylation reaction 
of isoprene in alcohol which we carried out with use of 
palladium (II) acetate and triphenylphosphine as the 
catalyst, expecting the formation of C n esters by the 
dimerization-carbonylation of isoprene. However, no 
dimerization took place, the product being a C6 ester. 
The Ce ester was a single compound with no contami­
nation of isomeric C6 esters. T h e structure of the ester 
was determined to be 4-methyl-3-pentenoate based on 
spectral data. T h e carbonylation of isoprene proceeded 

y \ y + co + ROH CO„R 

much slower than that of butadiene under the same 
reaction conditions, taking roughly three times longer 
a period than that of butadiene. T h e structure of 
alcohols used as the reactant and solvent showed crucial 
effect on the carbonylation. As observed in the carbon­
ylation of butadiene catalyzed by palladium (II) acetate, 
methanol was not a good solvent, hardly any carbonyla­
tion taking place in methanol. In ethanol, the ethyl 
ester was obtained after 60 h in 37% yield by using 
1 mol % of the catalyst. /-Butyl alcohol seems to be an 
effective reactant and /-butyl 4-methyl-3-pentenoate was 
obtained as the sole product in 50% yield with 0.45 
mol % of palladium(II) acetate. The ratio of palladium-
(II) acetate to triphenylphosphine is also an important 
factor, the ratio of 1: 6—7 giving the best result. With 
a lower ratio, palladium metal precipitated during the 
course of reaction. T h e reaction was carried out at 
115 °C. A reaction temperature higher than 130 °C 
resulted in the decomposition of the catalyst into black 

palladium metal, no carbonylation taking place above 
this temperature. 

T h e selective formation of 4-methyl-3-pentenoate can 
be explained by the following mechanism. At first the 
7r-allyl complex is formed by the reaction of isoprene 
with pal ladium-hydride species. T h e selective attack 
of carbon monoxide at the unsubstituted side of the 
rc-allylic complex then follows to give 4-methyl-3 
pentenoate. Usually the reaction of isoprene with 
nucleophiles catalyzed by pal ladium(II) acetate and 
triphenylphosphine leads to the formation of a mixture 
of various substituted head-tail and tail-tail dimers.3-6) 
I t is interesting that in the carbonylation only one 
7r-allylic complex is formed selectively, which is attacked 
by carbon monoxide, but not by another isoprene to 
lead to the dimer formation. 

J^S + H-PdL + n CO 

ROH 
C02R 

+ H-PdL 
n 

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

A typical carbonylation reaction in /-butyl alcohol was 
carried out in the following way. A mixture of isoprene 
(2.72 g, 40 mmol), palladium(II) acetate (40 mg, 0.178 mmol, 
0.45 mol % based on isoprene), triphenylphosphine (327 mg, 
1.245 mmol) and /-butyl alcohol (10 ml) was put in a glass 
cylinder placed in a 50-ml autoclave and then carbon mono­
xide was introduced until the pressure reached 30 atm. The 
autoclave was placed in an oil bath kept at 120 °C and stirred 
with a magnetic stirrer. Gas absorption took place slowly. 
Gas chromatographic analysis of the reaction mixture showed 
the exclusive formation of 4-methyl-3-pentenoate and the 
presence of a very small amount of by-products. After 48 h, 
the product was subjected to distillation to give 3.40 g (50%) 
of /-butyl 4-methyl-3-pentenoate at 76—78 °C/19 Torr. NMR 
(CC14); 5.25 (m, 1, olefinic), 2.83 (d, 2, 7 = 7 Hz, -CH2-CO), 
1.75, 1.64 (s, s, 6, 2CH3), 1.4ppm (s, 9, /-Bu), IR (neat); 
1715 cm-1. 

Similarly the ethyl ester (1.60 g, 37.6%) was obtained by 
the reaction of isoprene (1.98 g, 30 mmol) in ethanol (10 ml) 
with use of palladium(II) acetate (67 mg, 0.3 mmol) and tri­
phenylphosphine (393 mg, 1.5 mmol) at 115 °C for 60 h. 
Bp62—63 °C/18 Torr. 
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Synopsis. The formation of methane and ethane 
on decomposition of the isomeric xylenes in Siemens-type 
discharges has been investigated. With increasing voltage 
the methane yield decreased, while the ethane yield in­
creased; the C2H6/CH4 mole ratios increased continuously 
but varied in the order ortho>meta> para. 

A recent investigation1) of the plasma decomposition 
of isomeric xylenes showed that ethane is the major 
gaseous product and that very little methane is formed 
in high-frequency (10—2450 MHz) electrical dis­
charges. Under the experimental conditions extensive 
polymerization occurred.1,2) Dimerization by elim­
ination of hydrogen has been reported3) to be the major 
reaction in low-frequency (50 Hz) electrical discharges 
in xylene vapors, but there is no published data on the 
gaseous products from such discharges. 

In our preliminary investigations of isomeric xylene 
plasmas produced by low-frequency Siemens-type 
discharges significant amounts of methane and ethane 
were detected among the gaseous products.4) Since 
methane was not a significant product in the high-
frequency discharges,1) it was desirable to re-investigate 
this aspect of the plasma chemistry of xylenes. In 
this paper we report on the yields of methane and ethane 
from 50 Hz xylene plasmas. 

Exper imenta l 

Xylene vapor (99.9 per cent purity, Matheson Company) 
was pumped at a pressure of 7 Torr and a flow rate of 
22 micromole s - 1 through a 15 cm long Siemens co-axial-
type Pyrex reactor with 5 mm inter-electrode separation. 
The plasma was produced by applying line frequency (50 
Hz) high voltage from a transformer to electrodes which were 
(1) a thick copper wire dipping in salt solution inside the 
inner glass tube and (2) a thin copper wire wound outside 
the outer glass tube of the reactor. For the experimental 
conditions an approximate residence time of 0.75 s was 
calculated6) for the xylene in the plasma zone where, 
depending on the applied voltage, 5—10 per cent of the 
input xylene was decomposed. The products were trapped 
at 77 K in a U-trap which was warmed to 215 K prior to 
the gas chromatographic analysis for CH4 and C2H6. 
The analysis was performed in situ using a Gow-Mac 
Chromatograph in conjunction with a 1.2 m long silica gel 
column at 273 K. 

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

The yields of C H 4 and C 2H 6 found per mole of o-
xylene entering the discharge tube are shown in Fig. 1. 
At the lower applied voltages the methane yield in­
creased slightly to a maximum, but it then dereased 
almost linearly with increasing voltage while the eth­
ane yield increased continuously. This behavior was 
less dominant in the case of the meta and para isomers 

800 

10 15 20 
Voltage, kV 

Fig. 1. Methane and ethane yields from o-xylene as 
functions of the applied voltage. 

than the ortho isomer. T h e C H 4 and C 2 H 6 yields 
varied in the order ortho>meta>para suggesting that 
these product yields depend on the proximity of the 
two methyl groups in the xylene molecule. 

Some sort of xylene ion must form as a result of 
inelastic collisions between the electrons and xylene 
molecules in the plasma, but whether these ions or some 
derivative species are the reactive intermediates is not 
known. T h e energetics of xylene decomposition6) 
suggests tha t both the C - H (ca. 77.5 kcal mol - 1 ) and 
C - C (87 kcal mol - 1 ) bonds in the xylene molecule 
may split under plasma conditions: 

C6H4(CH3)2 -> CH3C6H4CH2- + H (1) 

C6H4(CH3)2 -+ CH3C6H4 + CH3 (2) 

T h e formation of these free radicals is supported by 
the evidence from mass spectroscopy7) and emission 
spectroscopy8 '9) of the xylene plasmas. If reaction 
(2) is the C H 3 radical source10) and is followed only 
by the recombination reaction to form ethane 

2CH3- -> C2H6 (3) 

and the abstraction reaction to form methane 

CH3- + C8H4(CH3)2 -> CH3C6H4CH2- + CH4 (4) 

then the fate of the methyl radicals produced in the 
xylene plasmas is somewhat exemplified by the C2H6 / 
C H 4 mole ratios11) shown in Fig. 2. The voltage de­
pendence of the ratio suggests that reactions (2) and 
(3) are favored and reaction (4) is disfavored as the 
voltage is increased. T h e different ratios for the iso­
mers at a given voltage indicate that the proximity 
of the two interacting methyl groups in the xylene 
molecule may be significant for methane production 
via reaction (4). This conclusion, however, excludes 
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S / : •ometa 
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01 1 1 1 —J 
10 15 20 25 
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Fig. 2. Variation of the C2H6/CH4 ratios with applied 
voltage for the three isomeric xylenes. 

the loss of C H 3 radicals by their combination^ with 
C H 3 C 6 H 4 C H 2 radicals to form the isomeric "ethyl-
toluenes. 

T h e authors are grateful to the Research Qouncil, 
Western Illinois University, for a grant in support of 
this work. 
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Synopsis. The magnetic properties of oxovanadium-
(IV) complexes of Schiff bases(I) are reported. Contrary 
to an earlier report that these complexes are involved in 
magnetic exchange, the complexes are found to be magnet­
ically dilute. The complexes display //eff in the range 
1.68—1.71 B. M. at 78—297 K with 0 = 2—4 K, and exhibit 
8 line ESR spectra. 

T h e 3d1 oxovanadium(IV) ion belongs to s=lj2 sys­
tem and the coupling of two s=XJ2 spins of interacting 
pair of oxovanadium(IV) ions may lead to both 
antiferromagnetic and ferromagnetic spin-spin coupling. 
Many terdentate dibasic O N O or O N S donor Schiff 
base ligands have been utilized for the syntheses of 
dimeric or polymeric oxovanadium(lV) complexes 
with antiferromagnetic properties.1) The terdentate 
dibasic character of these ligands force the oxovanadium-
(IV) ion to dimerise or polymerise leading to complexes 
with subnormal magnetic properties. T h e oxovana-
dium(IV) complexes of the bidentate monobasic, 
terdentate monobasic, quadridentate dibasic Schiff 
bases are usually magnetically dilute.2) O n the other 
hand, the copper (I I) complexes of terdentate mono­
basic and quadridentate dibasic 3chiff bases a re usu­
ally involved in magnetic exchange.3 '4) Although 
most copper(II) complexes with bidentate monobasic 
Schiff bases are magnetically dilute, several examples 
of copper(II) complexes of bidentate monobasic Schiff 
bases involved in magnetic exchange are known.3 ,4) 
This difference in magnetic properties has been at­
tributed to the presence of out-of-plane magnetic 
interaction in copper(II) complexes. T h e absence 
of such out-of plane magnetic interaction in oxovanä-
dium(IV) complexes is due to the nonrparticipation 
of the vanadyl oxygen atom in magnetic exchange.1) 
A recent cryomagnetic study5) of an oxovanadium(IV) 
Schiff base complex containing a V = 0 - V = 0 - -
chain indicates that the vanadyl oxygen bridges (ca. 170° 
exchange) do- not contribute to the antiferromagnetic 
interaction due to the intraionic exchange via 
</(0Pz-Vdz«) or rc(Opx,py-Vdxz,dyz) pathway. In the 
above light one may expect that the Oxovanadium-
(IV) complexes with bidentate monobasic Schiff bases 

/ \ / O H / \ 

R+CM JO+R' 

H ' 
I.. R ^ H , C14H4Î 

R' = H, CI, S02NH2 . 

* ON represents oxygen and nitrogen donor bidentate 
Schiff bases(I). 

t Present address: Department of Chemistry, Regional 
Engineeriag College, Kurukshetra 132119, Haryana, India. 

will not exhibit the behaviour of antiferromagnetic 
exchange. However, the oxovanadium(IV) complexes 
of O N donor bidentate monobasic Schiff bases(I) 
have been reported to possess a magnetic moment of 
1.54 B.M. at 297 K indicating the presence of anti­
ferromagnetic exchange in these complexes.6) Kuge 
and Yamada7) have also prepared the oxovanadium-
(IV) complex of I ( R = C 4 H 4 , R ' = H ) bu t they believe 
the complex to be magnetically dilute. Due to this 
disagreement between these two groups of workers, 
it was of interest to repeat the work. We report here 
the detailed magnetic (78—297 K ) , ESR and molec­
ular weight measurements on the complexes. 

Exper imenta l 

The oxovanadium(IV) complexes of I were prepared 
according to the method of Dutta and Sengupta.8) However, 
the complexes were not recrystallised, and the complexes 
without recrystallisation gave satisfactory elemental analyses. 

The magnetic susceptibilities of the complexes were 
determined by the Gouy method using mercury(II) tetra-
thiocyanatocobaltate(II) as the standard. Diamagnetic cor­
rections of the metal and ligand atoms were calculated 
using a standard source.8) The magnetic susceptibilities 
were corrected for the temperature independent para­
magnetism using a value of 40 X10 - 6 cgs unit. Electron 
spin resonance spectra were obtained with a Varian V-
4502-12 X-band spectrometer using 100-kHz modulation and 
a 9-inch electromagnet. A minute polycrystalline sample 
of-diphenylpicrylhydrazil (Aldrich Chemical Co., U.S.A.) 
free, radical was used as a g-marke* in a dual channel 
cavity and the frequency was monitored with the help of 
a frequency meter. Molecular weight measurements were 
made in CHC13 using a Hewlett-Packard Mechrolab Model 
301 A Vapor Pressure Osmometer operating at 37 °C and 
calibrated with benzil. 

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

T h e magnetic susceptibities and magnetic mo­
ment data of the complexes are presented in Table 1. 
T h e room temperature magnetic moments (1.69— 
1.71 B.M.) of the complexes are close to the spin-only 
value of 1.73 B.M. expected for a d1 system. T h e 
magnetic data of the complexes indicate that the mag­
netic moments of the complexes remain almost con­
stant in the temperature range 78—297 K. T h e com­
plexes obey the Curie-Weiss law* * with Weiss constant, 
0 in the range + 2 to + 4 K. A typical plot of re­
ciprocal magnetic susceptibility versus temperature is 
given in Fig. 1. Thus the magnetic susceptibility 
data- indicate the absence, of magnetic exchange in 

** The Curie-Weiss law is used in the form: XM°" — 
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TABLE 1. MAGNETIC SUSCEPTIBILITIES AND MAGNETIC MOMENTS OF OXOVANADIUM(IV) SCHIFF BASE COMPLEXES*'0,0* 

VO (hydrox-aniline) VO (hydrox-/>-chloroaniline)2 VO (sal-salphanilamide)2 

Temp 
(K) 

(10-6cgs 
unit) 

Met! 

(B. M.) 
0 

(K) 
Temp 
(K) 

Z corr 
M 

(10-6cgs 
unit) 

Meli 
(B. M. 

0 
(K) 

Temp 
(K) 

•ycorr 

(10-«cgs 
unit) 

Mett 

(B. M.) 
0 

(K) 

295 
189 
78 

1198 
1851 
4472 

1.69 
1.68 
1.68 

+4 
297 
185 
80 

1216 
1936 
4477 

1.71 

1.70 
1.70 

+ 2 
295 
184 
78 

1215 
1930 
4542 

1.70 

1.69 
1.69 

+ 2 

a) Abbreviations: hydroxy 2-hydroxy-l-naphthaldehyde and sal = salicylaldehyde. The effective magnetic moment 
was calculated using the Curie equation : fie{t = 2.84(x*TTxT)V2B.M. b) T IP=40 X 10-* cgs units, c) Although 
the magnetic susceptibilities were determined at seven temperatures (see Fig. 1), the data for only three tempera­
tures are presented for brevity. 

these complexes. We synthesized these three com­
plexes by several independent experiments and meas­
ured magnetic susceptibilities separately, and found 
deviation in the magnetic moment seldom greater 

Fig. 1. The inverse magnetic susceptibility vs. tem­
perature plot of VO(hydroxynaphthaldehyde-aniline)2. 

Fig. 2. The ESR spectrum of V0(hydroxynaph-
thaldehyde-aniline)2 in chloroform. 

than ± 2 % . 
We recorded the electeon spin resonace spectra of 

the complexes in dilute chloroform soution. The 
spectra of the complexes exhibit eight line spectra 
(Sly, 7=7 /2 ) with £ a v = 1 . 9 8 ± 0 . 0 1 and average 
hyperfine splittings <A> around 100 gauss. A typical 
spectrum is presented in Fig. 2. The complexes do 
not exhibit any triplet state spectra ( A M s = ± 2 tran­
sition) at around 1600 gauss. The ESR spectra of 
the complexes are typical of the spectra of magnetical­
ly dilute oxovanadium(IV) complexes.2) The os-
mometric molecular weight measurements in chlor­
oform solutions indicate the monomeric nature of the 
complexes. Thus the magnetic, ESR, and molecular 
weight data of the complexes indicate the absence of 
magnetic exchange in these complexes and the mag­
netic moments reported by Dut ta and Sengupta6) 
are in error. O u r work agrees with the work of Kuge 
and Yamada7) and proves conclusively that the com­
plexes are spin-doublet species. O n the basis of the 
experimental evdence presented a monomeric square 
pyramidal structure is suggested to these complexes. 

T h e author is indebted to the Council of Scientific 
and Industrial Research, New Delhi, the Atomic 
Energy Commission (Government of India) , the 
University Grants Commission, New Delhi and the 
faculty research fund of the University of Bombay 
for support of this work. 
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Synopsis. A simple micro procedure for the 
estimation of furfural with bromine monochloride has been 
presented. A 2—10 mg sample dissolved in distilled water 
is reacted with a known excess of bromine monochloride 
in acetic acid in an ice bath, and the excess reagent is 
back titrated iodometrically. The maximum deviation in 
the results is ±0.90%. 

A number of methods are available for the quan­
titative determination of furfural depending upon 
the various analytical principles. Kruglikov and co­
worker1) determined furfural titrimetrically with a 
potassium bromide-potassium bromate mixture. 
Spiridonova2) reported a rapid method for the deter­
mination of furfural concentrations in non-aqueous 
solutions by titration with water. Similarly Nikitm 
and coworker3) developed a rapid procedure for the 
determination of furfural by titration with water in 
the presence of isobutyl alcohol as a turbidity indicator. 
Larzlo and coworker4) proposed a bromometric method 
for the determination of furfural. In the present 
work a new titrimetric method has been described for 
the microgram determination of furfural using bro­
mine monochloride in a water-acetic acid medium. 

Validity of the Reaction for the Quantitative Determina­
tion. Before applying the reaction for the de­
termination of furfural the stoichiometry of the re­
action was determined as follows: A 2—10 mg of the 
sample dissolved in water was reacted with a known 
amount of bromine monochloride solution in acetic 
acid. The reaction was allowed to proceed for about 
15 min in an ice bath, after which the excess of 
the reagent was back-titrated iodometrically. Results 
obtained are presented in Table 1. 

TABLE 1. DETERMINATION OF THE STOICHIOMETRY 

OF THE REACTION 

Wt. of sample 
(mg) 

Number of moles 
of BrCl consumed 

per mole of furfural 

1.999 
4.996 
6.994 
9.992 

3.002 
3.000 
3.004 
3.006 

These results show that, 3 mol of BrCl are con­
sumed per mole of furfural. The possible explanation 
for this is that 2 mol of BrCl are probably used for 

2BrCl / B r 

J-CHO + 2HC1 

\ o Br^CK^CHO 

[A] 

(1) 

* Present address: c/o Roskilde Universitetscenter, Hus 
161, P. O. Box 260, 4000-Roskilde, Denmark. 

substitution, and then this dibromination product (A) 
acts as diene (just as butadiene) to add one more mole 
of BrCl. 

_/ Br 

-CHO + B r C 1 
= / B r 

Ckl |/Br 
B r ^ O ^ C H O 

(2) 
Br/NCV 

[A] 

This is the 1,4 addition of BrCl, and probably Br 
will go to the carbon 2 due to the effect of the formyl 
group. Furan derivatives are known to undergo 
easy substitution (like (1)) and also to act as diene. 
T h e effect of coexistence of impurities such as other 
furan derivatives has not been examined. 

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

Procedure. An aliquot containing 2—10 mg of the 
sample solution in distilled water was placed in a 100 ml 
iodine flask. Five ml of glacial acetic acid followed by 
5 ml of bromine monochloride5) were introduced and the 
flask was stoppered and shaken well. The flask was placed 
in an ice bath and reaction mixture allowed to cool well 
for about 15 min. After the reaction was over the 
stopper was washed with 5 ml of distilled water followed 
by the same volume of 15% potassium iodide solution, and 
the liberated iodine was titrated with 0.02 M sodium thio-
sulfate solution using starch as an indicator. A blank ex­
periment was also run under the identical conditions except 
for the use of the sample. 

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

The proposed method has been applied for the deter­
mination of furfural, and the results of the deter­
mination are presented in Table 2. Excess of bromine 
monochloride should be controlled as it leads to higher 
results. Acetic acid is a good solvent and reaction 
medium for a large variety of compounds. Cooling 
of the reaction mixture is necessary for obtaining good 
results. 

TABLE 2. MICRO DETERMINATION OF FURFURAL USING 

BROMINE MONOCHLORIDE 

Sample 
No. 

Taken 
(mg) 

Found 
(mg) 

No. of 
Determi­

nations 

Error 
(%) 

1. 
2. 
3. 
4. 

1.999 
4.996 
6.994 
9.992 

2.016 
5.041 
6.936 

10.080 

4 
4 
4 
4 

+0 .84 
- 0 . 9 0 
- 0 . 8 2 
+ 0.90 
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The Synthesis of 4-Acetylaminoimidazole-5-sulf onamide and 
l-Acetyl-5-acetylimidazole-4-sulfonamide 
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**islamabad University, Islamabad, Pakistan 

(Received June 7, 1976) 

Synopsis. The synthesis of mono- and di-, iV-acetyl 
derivatives of 5-aminoimidazole-4-sulfonamide, from 5-
nitroimidazole-4-sulfonamide, as analogues of 5-amino-l'-
ribonucleotyl)imidazole-4-carboxamide, is described. 

The 1-ribonucleotides of several imidazoles are well-
established1) as intermediates in purine ribonucleotide 
anabolism, but as yet few structurally related com­
pounds have received attention as potential anti-viral 
or oncolytic agents. Since one of the intermediates 
in de novo nucleic acid synthesis is 5-amino- l - ( r - r ibo-
nucleotyl)imidazole-4-carboxamide2) (I) , we have 
now synthesised the di- and mono-iV-acetyl-5-amino-4-
sulfonamide derivatives (II and I I I respectively), 
which by possible in vivo hydrolysis of the acetyl group 
and 1-ribonucleotylation would become bioisosteric 
with the above-mentioned natural ribonucleotide and 
thereby exibit an antimetabolite relationship. 

R i \ C / N ^ C H 

Ri Ra R3 

I -CONH2 -NH2 -Ribonucleotyl 
II -S02NH2 -NHCOCH3 -GOCH3 
III -S02NH2 -NHCOCH3 -H 
IV -S02NH2 - N 0 2 - H 
V -SOaNH2 -NH2 -H 

Many unsuccessful attempts have been made to . 
introduce a sulfonamide moiety into the 4-position of 
an imidazole ring and to prepare 5-aminoimidazole-4-
sulfonamide. Attempts to prepare 4-sulfonyl chlo­
rides as potential intermediates failed3) when imida­
zoles-sulfonic acid, 2-methylimidazole-4-sulfonic acid 
and 5-methylimidazole-4-sulfonic acid4) failed to react 
with phosphorus pentachloride, phosphorus penta-
chloride-phosphoryl chloride mixtures, thionyl chloride 
or chlorosulfuric acid.5) Attempts to proceed via the 
sulfenamide starting from l-methyl-4-nitro-5-mer-
captoimidazole also failed,5) as did an attempt5) to 
introduce a sulfonyl chloride group directly by chlo-
rosulfonation of 4-acetamidoimidazole. However, 
5-bromoimidazole has been successfully chlorosulfonated 
to give 5-bromo-4-sulfonyl chloride, which was readily 
converted to the corresponding amide but attempts to 
subsequently replace the bromo substiuent by an amino 
group failed.5) although unfortunately an at tempt 
using sodamide was not made. Attempts to cat-
alytically hydrogenate the nitro group to an amino 
group in 5-nitroimidazole-4-sulfonamide (IV) led only 
to the formation of decomposition products,8) probably 

because the amino sulfonamide (V) is unstable. 
We have repeated this hydrogénation with 5-nitro-

imidazole-4-sulfonamide ( IV) , under the catalytic 
action of plat inum, at elevated temperature and pres­
sure, in a solution of glacial acetic acid and acetic 
anhydride. Instead of isolating the free amine formed, 
which is unstable, its diacetyl derivative (II) was 
formed, by boiling under reflux the reaction mixture, 
under the atmosphere of nitrogen gas. Aqueous 
hydrolysis of compound (II) afforded the monoacetyl 
derivative, 5-acetamidoimidazole-4-sulfonamide ( I I I ) . 
T h e structure of I I was confirmed by its elemental 
analysis and by its infrared spectrum which in par­
ticular showed two carbonyl functions. T h e struc­
ture of I I I was established by its high resolution 
mass spectral analysis and by its infrared spectrum 
which showed only one carbonyl function. 

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

Melting points were determined on a Kofler hot stage 
apparatus and are uncorrected. The IR spectra were re­
corded (solids as mulls in Nujol) with a Perkin-Elmer 
model 237 spectrophotometer, mass spectra were recorded 
with AEI MS-12 (low resolution) and MS-9 (high resolu­
tion) spectrometers. 

5-Nitroimidazole-4-sulfonamide(IV). This compound 
was synthesised by the known method.8) 

5 - Acetamido - 7 - acetylimidazole -4- sulfonamide (II). A 
mixture of IV (250 mg) and finely divided platinum (100 
mg) in glacial acetic acid (5 ml) and acetic anhydride 
(15 ml), was hydrogenated at 50 p. s. i./50—60 °C. After 
hydrogen uptake had ceased (4h), nitrogen was passed 
through the reaction mixture, the catalyst was rapidly 
removed by Alteration and the filtrate was boiled under 
reflux for 1.5 h. After decolorisation (charcoal) the excess 
acetic acid and acetic anhydride were evaporated to afford 
a pale-yellow oil (50 mg) which crystallised from methanol 
to afford 5-acetamido-l-acetylimidazole-4-sulfonamide (II), 
as white prisms mp 250—252 °G; yield, 26 mg (8%). 

Found: C, 33.9; H, 3.9; N, 22.7%. Galcd for C7H10-
N 4 0 4 S: C, 34.1; H, 4.0; N, 22.7%. 

Mass spectrum: m/e 246 (M)+; the infrared spectrum 
indicated the characteristic bands of the two carbonyl 
groups at 1710 and 1695 cm-1. 

5-Acetamidoimidazole-4-sulfonamide (HI). A solution of 
II (25 mg) in water was boiled under reflux for 0.5 h. 
Evaporation of water and recrystallisation from methanol/ 
ether afforded 5-acetamidoimidazole-4-sulfonamide (III) as 
white prisms; mp 220—221 °C; yield, 9mg; 43%. High 
resolution mass spectral analysis showed a molecular ion at 
m/e 204.0319. Calcd for C5H8N403S 204.031 the infrared 
spectrum indicated a characteristic band of a carbonyl 
group at 1675 cm -1 . The site of acetylation in this prod­
uct is based5) upon the similar partial hydrolysis of 1-
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acetyl-4-acetamidoimidazole which, affords 4-acetamidoimida-
zole. 
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Improvement of Zone-melting Apparatus: A New Apparatus with a 
High-precision Heater-temperature-controlling Mechanism 
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A new zone-melting apparatus with a high-precision heater-temperature-controlling mechanism has been 
designed and constructed. The apparatus can control the width of several melting zones at an equal temperature 
and thus can obtain smooth concentration profiles after zone refining. The effect of zone refining with this appa­
ratus was examined with fair success, using phenanthrene and naphthalene as samples. 

The zone-melting technique has been recognized as a 
useful method for purifying organic compounds, and 
many apparatuses for this purpose have been manufac­
tured. Most of the automatic zone-melting apparatus 
have several heaters to refine the samples efficiently.1) 
However, when the heater temperatures are not precise­
ly controlled, the difference between them causes 
differences in the widths of the molten zones2) and, 
consequently, a difference in the impurity transfer, 
which results in an inefficient refining. Thus, impurity 
concentration profiles after zone-refining experiments 
have bumps and are not smooth. To avoid this disadvan­
tage, the heater temperatures must be controlled so as 
to have equal values in all operating zones. O n the 
other hand, other causes of differences in the widths of 
molten zones over a long period of experiment, such as 
changes in the electric power added to the heaters, the 
ambient temperature, etc., must also be borne in mind. 

In this paper, the design and construction of a new 
zone-melting apparatus which has precisely controlled 
heaters, as well as a few results obtained by using it, 
will be reported. 

Exper imenta l 

Heaters and their temperature controls: A unit of the 
heater consists of nichrome wire and the other elements shown 
in Fig. 1. The nichrome wire (NTK No. 3, 0.230, 110 cm 
length, Ishikawa Co., Tokyo) is wound around two Turner 
rings (22 mm o.d., 12 mm i.d. and 2 mm in thickness), and 
a sheet of mica is put between these two Turner rings as an 
electric shield. This part of heater is wound around with a 

Fig. 1. Composition of a heater. 
Tl: Turner lid. Gwr: Glass wool ribbon. Tr : Turner 
ring. M: Mica sheet. Nw: Nichrome wire. Cr-Al: 
Cr-Al thermocouple. G: Groove for a thermocouple. 

glass wool ribbon and set inside two Turner lids. A chromel 
alumel thermocouple is inserted through a groove of the 
Turner lids into the inside so as to touch the glass wool ribbon. 
The temperature of the heaters thus constructed rise to ca. 
440 °C if an electric voltage of 50 V is supplied. 

Eighteen heaters are used in this zone-melting apparatus 
and are connected parallel. They are precisely controlled 
using eighteen thermocouples and three sets of an automatic 
temperature controller Model E-500 (Chino Works, Ltd., 
Tokyo) and a multicontroller Model P-885-6 (Chino Works, 
Ltd., Tokyo). The temperature of the automatic tempera­
ture controller is set 1—2 °C higher than the melting point of 
the sample. The heater temperature is measured for 12 s 
every 72 s ; the electric voltage applied to the heaters is main­
tained until the next measurement time by means of a relay 
circuit memory system included in the multicontroller. When 
the heater temperature is lower than the setting temperature, 
the setting voltage which is preliminarily chosen is applied to 
the heater. On the other hand, when it is higher than the 
setting temperature, 80% of the setting voltage is applied. 
With this mechanism, the heater temperature is maintained 
constant and does decrease rapidly to temperature lower than 
the setting temperature, particularly for the samples with high 
melting points. By this mechanism the heater temperature 
is maintained within 100±3 °C when it is set at 100 °C. This 
precision is mainly a result of the precision of the automatic 
temperature controller, Model E-500. 

Apparatus: An apparatus with a device to prevent the 
breakage of the sample tube was previously constructed by 
the present author and his coworkers.3) The new apparatus 
reported here is improved in several points: 1) No buffer is 
used to prevent the breakage of the sample tube. Instead, a 
vacant space which is considerably large in the sample tube 
and which is filled with an inert gas, is regarded as a buffer 
for the expansion of the sample at melting. 2) The sample 
tube moves twice the distance of two neighboring heaters to 
smooth out the difference in the performances of the two 
neighboring heaters which is caused by a slight difference in 
the structures of the heaters. 3) The sample tube rotates 
and the direction of rotation reverses periodically in order 
to stir the liquid zones vigorously.4) 4) The sample tube 
moves in a slant-wise manner so as to prevent the formation 
of voids in the sample during the purification.5) 

A diagram of the apparatus is shown in Fig. 2. A Pyrex 
tube (10 mm o.d., 110 cm length) is used as a sample tube 
(St). 10—50 g of a sample is compactly packed into the tube, 
and then the tube is sealed with 1/2 ami of an inert gas. The 
sample tube is set so that the end filled with the sample is 
supported by a clamp (CI) and the other end, filled with the 
inert gas, is supported by a support (S). Eighteen precisely 
controlled heaters (HI, H2,-- , H18) and nineteen coolers 
(C) are alternately arranged; the distance between neigh­
boring heaters is 5 cm. The part shown by a heavy line in 
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Fig. 2. Diagram of zone melting apparatus. 
St: Sample tube. H : Heater. C: Cooler. T : Thermocouple. Gl: Clamp. S: Support. 
B: Ball bearing. Mc: Magnetic clutch. Ml , M2: Motor. M3: Reversible motor. G: Gear. 
Ms : Microswitch. Gzp : Counter for zone passes. 

the figure is moved slowly 10 cm to the left by a motor (Ml) 
and then rapidly returned to the initial position by another 
motor (M2). This alternating movement of the sample tube 
is controlled automatically by means of a microswitch (MS) 
and a pusher mechanism. The velocity of moving the tube to 
the left, which determines the solidifying velocity of the 
sample, can be selected by changing gears (G) at 150, 75, 
50, 37.5, 30, or 18.8 mm/h. The time required for returning 
to the initial position is several seconds. Starting from HI 
and H2, two heaters are switched on in the order of the 
number of heater every time the reciprocating movement 
stops. After all heaters are switched on, the sample tube 
continues the reciprocating movements for the needed time. 
Then two heaters are turned off in the order of the heater 
number every time the reciprocating movement stops until 
all the heaters are turned off. This mechanism of turning 
off the heaters makes the number of zone passes equal at 
every point of a refined sample. To stir the melted part of 
a sample, the sample tube is rotated around the axis of the 
tube by means of a reversible motor (M3, 100 r.p.m.), and the 
direction of the rotation is periodically reversed every 1, 1/2, 
or 1/3 s. 

Figure 3 shows the temperature-controlled zone-refining 
apparatus in the front part and the controlling part in the 
rear part. The apparatus operates in a slant posture so as 
to make the vacant space of the sample tube higher than the 
sample. The slanting angle is continuously changed. 

Results and Discussion 

The zone-refining performance of the new apparatus 
was examined with two samples, naphthalene and 
phenanthrene. In both experiments the solidifying 

Position 
Fig. 4. Concentration (C) of 2-methylnaphthalene in the 

naphthalene sample after the zone refining. As for 
the abscissa the total sample length was regarded as 
1.0 and each sample position was measured from the 
vacant space side. Initial concentration (C0) was 1%. 
Detectable limit was 5 ppm. 

Fig. 3. Zone melting apparatus. 

- o -
—A— 
- D -

9 zone passes with the apparatus reported here. 
20 zone passes with the apparatus reported here. 
60 zone passes (33 mm/h solidifying speed) with 

the apparatus reported previously.3) 
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velocity was kept at 50 mm/h, the slanting angle to a 
vertical line, at 50°, and the reversing cycle of the 
rotation, at 2 cycle/s. 

2-Methylnaphthalene was doped in naphthalene 
(Kokusan Chemical Works Ltd., Tokyo) as an impurity 
so that the concentration of the impurity was 1%. T h e 
quantity of 2-methylnaphthalene in the refined sample 
was examined by means of a gas Chromatograph 
equipped with F .LD. A sample solution for the gas 
Chromatograph was prepared using 200 mg of the 
refined samples taken every 5 cm starting from the 
vacant space side. As is shown in Fig. 4, the 2-methyl­
naphthalene in the naphthalene sample moves in the 
same direction as the movement of the melting zone. 
After only 9 zone passes, the concentration of the 
impurity decreases to less than 5 ppm in the first 4 0 % 
of the naphthalene sample, starting from the vacant 
space in the sample tube, and then increases smoothly 

Position 
Fig. 5. Concentration (C) of anthracene in the phenan-

threne sample after the zone refining. The abscissa is 
the same as explained in Fig. 4. Initial concentration 
(C0) was 1%. 
— O — : 304 zone passes, —A—: 774 zone passes. 

for the next 60% of the sample. Figure 4 also shows that 
naphthalene is more effectively refined with the new 
apparatus than with the apparatus previously reported.3) 

T h e phenanthrene sample (Tokyo Kasei Kogyo Co., 
Ltd., Tokyo) includes 1% anthracene as a major 
impurity. T h e concentration of anthracene in the 
zone-refined sample is examined by means of the 
absorptivity of a 379 n m band of anthracene in a 
benzene solution. In this case, 100—250 mg of the 
refined sample, cut in the same way as the naphthalene 
sample, is used to make the benzene solution. Figure 5 
shows the results after 304 and 774 zone passes. In this 
case, the impurity moves in the direction opposite to 
the movement of the melting zone. Both results show 
that phenanthrene samples are effectively refined and 
that anthracene as the impuri ty is smoothly distributed. 
In the 0.8—1 range in the figure, the phenanthrene 
samples are colored by other impurities. 

T h e equal widths of the melting zones resulting from 
the equal temperatures realized by the high-precision 
controlling mechanism of the heater temperatures and 
the reverse rotation of a sample tube make the efficient 
refining possible. With this new apparatus , organic 
materials with high melting points can be refined effec­
tively without the breakage of the sample tube. 

T h e author wishes to thank Dr. Y. Mashiko, Mrs. 
N . I. Wakayama, and Mr . I . Takeda of this laboratory 
for their valuable advice. 

T h e author is also indebted to Mr . K. Tsuji of the 
Institute for Solid State Physics, the University of 
Tokyo, for his valuable advice and technical help in the 
construction of the apparatus. 
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The formation constants of the triiodide ion were determined in water-alcohol mixed solvents by a spectro-
photometric method at various temperatures. The formation reaction of the triiodide ion from an iodide ion 
and an iodine molecule is accompanied by a negative enthalpy change and a positive entropy change at various 
alcohol contents : AH°/kJ mol -1, —15.4 (in water) to —14.3 (in methanol) in the water-methanol system, —15.4 
(in water) to —21.4 (in ethanol) in the water-ethanol system; ASX°/J K - 1 mol-1, 36 (in water) to 57 (in methanol) 
in the water-methanol system, and about 36 at various ethanol contents in the water-ethanol system. The enthalpy 
term is the dominant factor in the water-ethanol mixtures, whereas the entropy term is the dominant factor in the 
water-methanol mixtures. In order to explain the thermodynamic behavior, the changes in the solvation prop­
erties as well as the activity coefficients of solutes must be considered in both the mixture systems. 

During the course of an investigation of the effect of 
solvents on the rate of the oxidation of the formate ion 
by iodine, it became necessary to know the formation 
constant of the triiodide ion in mixed solvents at various 
temperatures. Although the formation constant has 
been determined in some mixed solvents1»2) and some 
organic solvents3'4) a t 25 °C, it has not been determined 
at various temperatures in mixed solvents. T h e present 
work was undertaken in order to determine the values 
of the formation constant in water-alcohol mixed 
solvents at various temperatures. T h e formation 
constant varies with the composition of the solvents, 
and it has been found that the variation in the solvation 
properties influences the formation constant of the 
triiodide ion. 

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

Materials. The iodine, potassium iodide, ethanol 
(99.5%), and methanol (99.5%) were obtained from Wako 
Pure Chemicals Industries. The ethanol was of Wako's super 
special grade, while the other chemicals were of a guaranteed 
grade. The solutions of the iodine were prepared by dissolv­
ing exactly weighed amounts of iodine purified by sublimation 
in the potassium iodide solution. The presence of iodide 
lowers the reactivities of iodine with solvents. The potassium 
iodide used was dried at 120 °C overnight, and the solutions 
were prepared by dissolving exactly weighed amounts of the 
salt in mixed solvents. The water used was double-distilled 
from potassium permanganate in an all-glass apparatus. 

Measurements. The absorbance at 355 nm was measured 
by using a Hitachi 101 spectrophotometer with quartz cells 
with a light-path length of 10 mm in a thermostated holder, 
and using a Valhalla Scientific digital multimeter, Model 4440, 
as the digital output at various temperatures. The pH and 
the ionic strength in the solutions were uncontrolled. 

The Determination of the Formation Constant of Iz~. The 
formation constant of the triiodide ion was calculated from the 
dependence of the absorbance at 355 nm on the concentra­
tion of the iodide of the solution containing a constant con­
centration ofiodine {ca. 25x 10~6 mol dm - 3) . 

For Reaction 1, the apparent formation constant, Kc, is 
given by Eq. 2 : 

I2 + I" <=± I3- (1) 

Kc = [I3-]/[I2][I-] = xl(a-x)(b-x) (2) 

where the brackets represent the respective concentrations, 

a and b are the total concentrations of iodine and potassium 
iodide respectively, and x is the equilibrium concentration 
of the triiodide ion. As potassium iodide does not absorb the 
light at 355 nm, the absorption coefficient at 355 nm, A( = DJl), 
is given by Eq. 3 : 

A = e0(a—x) + e±x (3) 

where e„ and ex are the molar absorption coefficients of iodine 
and the triiodide ion respectively, at 355 nm. From Eqs. 2 
and 3, 

e = A/a = e0 + ^ ( e 1 - £ 0 ) / [ l +Kc(a-x) +Keb] (4) 

As b is much larger than (a—x) in the present measurements, 
and as ex is much larger than e0 at 355 nm, 

i / £ ~ ( i M : c ) ( i / Ä ) + i/6 l (5) 

Therefore, Kc and ex can be calculated by the intercept and 
slope of the 1/ë vs. \jb plot. All the plots were linear in various 
mixed solvents at b~^>a, and the intercept of each line was 
almost independent of the temperature. 

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

The iodine solution in methanol and ethanol has an 
absorption band with a maximum absorbance near 
355 nm.1 '5) However, the absorbance at 355 nm is not 
proportional to the concentration ofiodine. This band 
is ascribed to a small amount of the triiodide ion formed 
by the reaction of iodine with alcohol.5»6) T h e forma­
tions of I5~, I7~, I9~, etc. are neglected because of the 
low concentration of iodine in the present work (for 
example, log([I 5 - ] / [ I 2 ] 2 [ I - ] ) = 1.8 in ethanol2)). 

In aqueous solutions, Reaction 1 is accompanied by 
Reactions 6 and 7:7-10) 

Ia + H 2 0 <=± HIO + I - + H + (6) 

3I2 + 3H 2 0 > I 0 3 - + 51- + 6H+ (7) 

At pH«*7, Equilibrium 6 may be neglected.9'10) Reac­
tion 7 is sufficiently slow in the presence of excess 
potassium iodide.9) In fact, the absorbance at 355 nm 
did not vary for 24 h in an iodine solution containing an 
excess of potassium iodide. 

Table 1 gives the values of the apparent formation 
constants of the triiodide ion, Kc. The constant increases 
when the temperature is lowered and the alcohol content 
is increased. The values of Kc obtained in the present 
work are compared with those of other workers in 
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TABLE 1. THE FORMATION CONSTANT, Ke, OF THE TRIIODIDE ION IN WATER-ALCOHOL MIXED SOLVENTS 

Mole 
fraction 

of 
alcohol 

Methanol 
0.00 
0.10 
0.18 
0.31 
0.47 
0.64 
0.82 
0.99 

Ethanol 
0.07 
0.13 
0.24 
0.38 
0.55 
0.76 
0.98 

1.01±0.01 ( 9.5°C) 
1.25±0.04 (11.0 °C) 
2 .07±0.05 (10.0 °C) 
4 .10±0.04 (11.1 °C) 
7.57±0.03 (10.0 °C) 

10.4 ± 0 . 1 (11.3°C) 
14.1 ± 0 . 0 (10.3°C) 
16.0 ± 0 . 1 (11.8°C) 

2 .05±0.08 (12.0 °C) 
5.54±0.02 (11.2 °C) 

12.7 ± 0 . 1 (11.0°C) 
21.4 ± 0 . 5 (11.0°C) 
27.5 ± 0 . 4 ( 9.5 °C) 
32.8 ± 1 . 0 ( 8.0°C) 
35.1 ± 0 . 8 (10.0°C) 

lO- sx^ /mo l -Mm 3 

0.73±0.00 
0.98±0.02 (22.1 °C) 
1.69±0.06 (19.5 °C) 
3.25±0.03 (21.2 °C) 
5.98±0.05 (20.8 °C) 
8.56±0.03 (21.0 °C) 

11.0 ± 0 . 1 (20.9°C) 
13.6 ± 0 . 2 (20.0 °C) 

1.66±0.05 (20.5 °C) 
4 .44±0.10 (19.0 °G) 

10.8 ± 0 . 2 (18.0 °C) 
15.7 ± 0 . 7 (20.0 °C) 
20.0 ± 0 . 2 (18.2 °C) 
22.6 ± 0 . 5 (19.2 °C) 
28.7 ± 0 . 2 (17.0 °C) 

(25.0 °C) 
0 .88±0.00 (30.0 °C) 
1.35±0.04 (29.0 °C) 
2 .64±0.04 (30.8 °C) 
5.06±0.20 (29.0 °C) 
7.39±0.04 (28.8 °C) 
9.66±0.01 (28.9 °C) 

10.9 ± 0 . 1 (31.0°C) 

1.34±0.06 (29.5 °C) 
3.63±0.03 (27.0 °G) 
7.80±0.07 (29.0 °G) 

12.2 ± 0 . 5 (30.0 °C) 
15.4 ± 0 . 2 (27.5 °C) 
17.0 ± 0 . 4 (30.0 °C) 
20.7 ± 0 . 2 (28.0 °C) 

0.55±0.02 (38.0 °C) 
0.72±0.02 (37.4 °C) 
1.20±0.10 (37.7 °G) 
2.34±0.02 (37.4 °C) 
4 .51±0.23 (37.4°C) 
6.29±0.09 (38.1 °C) 
7.86±0.01 (39.0 °C) 
9.59±0.02 (38.6 °C) 

1.17±0.04 (37.0 °C) 
2 .86±0.03 (37.0 °C) 
6.26±0.10 (37.2 °C) 

10.0 ± 0 . 3 (37.0 °C) 
11.9 ± 0 . 3 (37.0°C) 
14.1 ± 0 . 6 (36.0 °C) 
15.1 ± 0 . 2 (39.0 °C) 

Fig. 1. Ramadan et al.1) assigned the absorption bands 
at 360 and 294 nm to the iodine molecule, and 
obtained the molar absorption coefficient of the iodine 
molecule, e0, from the absorbance of the iodine-alcohol-
water systems. However, this assignment is questionable, 
because the absorbances at 360 and 294 nm are not 
proportional to the concentration of iodine. T h e 
absorption bands may be ascribed to a small amount 
of the triiodide ion formed by the reaction of iodine 
with the alcohol.6) The difference between the present 
results and those reported by Barraqué et al.2) (Fig. 1) 
may be attributed to the difference in methods. Bar­
raqué et al. used a Potentiometrie method. 

Table 2 gives the values of the standard thermodynam­
ic functions, AH0, ASC°, and AGC°, of Reaction 1 and 
the molar absorption coefficient, e1} of the triiodide ion. 
In order to compare the formation constant in mixed 
solvents, it is necessary to use a measure which is 
independent of the conventional scale. For a solute A, 
the chemical potential, fi(A), is represented by either 
Eq. 8 or Eq. 9: 

/i(A) = A=°(A) + RTln (CJC°) + RTlnyA (8) 

/i(A) = Ä°(A) + RTlnxA + RTlnfA (9) 

where xA is the mole fraction of A, CA is the concentra­
tion of A, yA, and fA are the activity coefficients in 

TABLE 2. 

Mole 
fraction 

of 
alcohol 

Methanol 
0.00 
0.10 
0.18 
0.31 
0.47 
0.64 
0.82 
0.99 

Ethanol 
0.07 
0.13 
0.24 
0.38 
0.55 
0.76 
0.98 

THE EQUILIBRIUM CHARACTERISTICS AND THE ABSORPTION COEFFICIENT OF THE FORMATION 

OF TRIIODIDE IN WATER-ALCOHOL MIXED SOLVENTS AT 2 5 ° C 

AH° 
kj mol-1 

(±0.4) 

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

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

AGC° 
kj m o l 1 

(±0 .6) 

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

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

ASC° 

JK- 1 mol-1 

(±2) 

3 
7 

11 
14 
25 
28 
27 
30 

5 
6 
8 
8 
7 

10 
11 

kj mol-1 

(±0 .5) 

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

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

ASX° 
JK- imol - 1 

(±3) 

36 
39 
43 
45 
55 
57 
55 
57 

38 
37 
38 
37 
34 
35 
35 

104xfil
a> 

mol - 1 dm3 cm - 1 

(±0 .2) 

2.5 
2.7 
2.7 
2.7 
2.8 
2.6 
2.7 
2.8 

2.5 
2.6 
2.7 
2.6 
2.6 
2.7 
2.5 

a) At 355 nm. 
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"0.0 0.4 0.8 

Mole fraction of alcohol 
Fig. 1. Effects of the alcohol content on the formation 

constant of the triiodide ion at 25 °G. Open marks: 
water-ethanol mixture, closed marks : water-methanol 
mixture. Circle: the present work, square: by Ram­
adan et a/.,1) Triangle: by Barraqué et alF> 

the respective concentration scale, and C° is the standard 
concentration, selected as 1 mol d m - 3 in the present 
work. At an infinite dilution, 

Mx°(A) = M°(A) +RTln {(CJC°)/xA} ( 10) 

Since xA<^CA(xBMB-\-xcMc)l P in the B-C mixed solvents, 

/*x°(A) = ^e°(A) + RTln {pJ(xBMB + xcMc)C°} (11) 

where MB and Mc are the molar masses of B and G 
respectively, while p is the mass of the 1 dm 3 solution. 
Since AG c °= / / c ° ( I 3 - ) - J « c

û ( I 2 ) - j « c
0 ( I - ) for Reaction 1, 

AGX° = ^ ( L f ) - Ä ° ( I . ) - Ä ° ( I - ) 

= AGC° - RTln {pl(xBMB + xcMc)C°} (12) 

Since AHC°=AHX
0(=AH°) and ASC°=(AHC°-AGC°)IT, 

ASX° = (Ai/X°-AGX°)/T 

= AS° + R In {p/(xBMB + xcMc)C°} (13) 

Table 2 shows also the values of AGX° and ASX° at 25 °C. 
Figure 2 shows the dependence of these quantities 

on the mole fraction of alcohol. T h e values of AH° are 
nearly constant in the methanol-water mixtures, whereas 
in the ethanol-water mixtures they increase remarkably 
on the addition of the first portions of ethanol and 
become nearly constant beyond the 0.4 mol fraction. 
O n the other hand, the values of ASX° are nearly con­
stant in the ethanol-water mixtures, while they increase 
in the methanol-water mixtures. The values of ASC° 
increase with the ethanol content, whereas those of 
ASX° are constant (Table 2). T h e increase in ASC° 
may be due to the neglect of the entropy change on 
the mixing of the solvents. 

Two factors can explain the variations in A5*x° and 
AH° with the alcohol content: one is the variation in 
the activity coefficients of the solutes with the alcohol 
content, and the other is the variation in the solvation 
properties with the alcohol content. The activity 

1 1 i r 

0.0 0.4 0.8 

Mole fraction of methanol 

0.0 0.4 0.8 

Mole fraction of ethanol 
Fig. 2. The standard thermodynamic functions of the 

formation of the triiodide ion in water-alcohol mixed 
solvents. A: water-methanol mixtures, B: water-
ethanol mixtures, f j : AGX°, 0:AH0, # : ASX°. 

coefficients of I3~ and I - are nearly the same in a given 
solvent, because the two ions are univalent. The 
activity coefficient of I 2 will be close to unity because it 
is a neutral molecule. Even if the activity coefficient 
varied from 1.0 to 0.5 with the alcohol content, the 
difference in AGX° would be only about 2 k j mol - 1 . 
Thus, the activity coefficients of solutes cannot explain 
the effects of the solvent on AGX°. 

Next, the variation in the solvation properties, such 
as the structure of the solvation shell and the specific 
solvation, must be considered in both the mixture 
systems. AH0 and ASX° in Fig. 2 reflect the solvation 
energy of each solute and the structure of the solvation 
shell of each solute respectively, because jux° is based 
on the infinite dilution. For example, the curves of 
AH° in Fig. 2 indicate that the difference in the solvation 
energy between the reactants and the product in 
Reaction 1 is nearly constant in the methanol-water 
system, while it increases on the addition of a small 
amount of ethanol to water in the ethanol-water system. 
R a m a d a n et al.1) ascribed the marked change in Kc by 
the addition of a small amount of organic solvents to the 
rearrangement of the structure of the solvent and a 
subsequent change in its solvation properties. In order 
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to make it clear why A£x° is the dominant factor in the 
methanol-water system, while AH° is the dominant 
factor in the ethanol-water system, we need to know 
the structure of the solvation shell of each solute and the 
transfer-free energy of the solutes in various solvents. 
Thus, in order to explain the thermodynamic behavior 
of Reaction 1 in the two mixture systems, the changes 
in the solvation properties as well as the activity coef­
ficients of the solutes must be considered. 
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An ESR Study of the 4,4'-Difluorobiphenyl Cation Radical* 
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T h e ESR spectra of the 4,4'-difluorobiphenyl cation show resolved second-order splittings and a marked 
line-broadening at t r ibutable to the modulation of the 19F anisotropic hyperfine interactions by the tumbling motion. 
This dipolar broadening is mainly observed for the lines associated with the triplet state ( / = 1) of the two equiv­
alent 19F nuclei. When the temperature is lowered, the wings of the triplet due to the two 19F and the downfield 
second-order components become broad and finally disappear. T h e dipolar contributions to the line widths 
are calculated as a function of the correlation time for the molecular motion, r2. Furthermore, the ESR observa­
tion of the 1 3C hyperfine structures is carried out, and the spin densities on each ring carbon and the fluorine 
atoms are experimentally determined. From the spin densities thus determined, the parameters in the equation 

in which the 19F hyperfine coupling constant is correlated to the n spin densities on the fluorine atom and the 
adjacent carbon atom, are estimated to be Q x F = 3 9 and Q J X F C ) = 3 2 4 G. 

Recently there have been a number of ESR and N M R 
studies of fluoro-substituted alkyl and aromatic radicals 
in solution. T h e objectives of these studies may mainly 
be classified as follows; (1) T h e ESR spectra of fluoro-
substituted radicals show a viscosity-dependent selective 
line-width effect due to a relaxation process brought 
about by the modulation of the relatively large anisotrop­
ic fluorine splitting by the tumbling motion. T h e 
information about the motion of molecules in solution 
was extracted from the analysis of their temperature-
dependent selective line width. The fluorinated alkyl 
radicals ordinarily have simple ESR spectra and show 
large fluorine hyperfine coupling constants, so that the 
line width of the spectra can be determined with great 
precision. Consequently, the temperature dependence 
and selective variations in line widths were studied in de­
tail for fluorinated alkyl radicals.1-3) There has been no 
detailed study of the fluoro aromatic radicals, however, 
because of the small values of the 19F hyperfine splitting. 
(2) T h e hyperfine coupling constants, aF, of fluorine 
atoms in fluoro-substituted aromatic radicals depend 
on both the spin density, p%, at the adjacent carbon 
atom and the spin density, p%, at the fluorine atom. 
There have been numerous investigations of the fluoro 
aromatic radicals, and a consistent functional relation­
ship between the isotropic fluorine splitting and the n 
spin densities has been proposed.11-19) Mainly, two 
types of equations have been examined ; 

H = QlvPl (i) 

*F = QlfPl + QicFOlOF (2) 

Here, QJC is the n-a contribution analogous to that of 
the aromatic C - H fragment. QJaois the contribution 
from the 7t-o polarization of the Is and 2s electrons of 
fluorine by the spin density centered on the 2p* orbital 
of fluorine. 

The results of the ESR and N M R investigations 
indicate that the simple linear relationship, Eq. 1, may 
be inadequate to describe the data of fluorinated 

* A Part of this work has been previously pulbished as a 
communication: F. Nemoto, F. Shimoda, and K. Ishizu, 
Chem. Lett., 1975, 567. 

** Present address: Department of Chemistry, Faculty 
of Science, Hiroshima University, Hiroshima 730. 

compounds. Equation 2 seems more realistic than Eq. 1 
in that it allows for conjugation on the fluorine 2pff 

orbital with the n electrons in the aromatic ring. The 
previously determined values of Q's in Eq. 2 are, 
however, scattered over a wide range because the n 
fluorine spin densities are usually not obtained by 
solution ESR studies; the simple L C A O M O approach 
to the calculation of the jo£ is, then, not necessarily valid. 

In the present paper, we wish to report the results of 
ESR studies of the 4,4'-difluorobiphenyl cation radical. 
T h e value of the 19F hyperfine coupling constant is 
quite large (19.20 G) compared with those of the fluoro 
aromatic radicals, and a second-order splitting of 19F 
and a temperature-dependent broadening of 19F 
splitting were observed. Furthermore, the spin densities 
on each ring carbon and fluorine atom were experi­
mentally determined based on the observation of the 
13C hyperfine splittings for ring carbons, and the Q, 
values of Eq. 2 were discussed. 

Exper imenta l 

4,4'-Difluorobiphenyl (mp 88—89 °C) was synthesized and 
recrystallized from ethanol. The cation radicals was generated 
by SbCl5 oxidation in CH2C12 in a manner described before.7) 
The ESR spectrum of the 4,4'-difluorobiphenyl cation radical 
was observed using a JEOL-ME-3X spectrometer operating 
with a 100 kHz magnetic field modulation. The magnetic 
field was calibrated by means of a perylene cation radical 
prepared in concentrated sulfuric acid. 

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

Temperature-dependent Line Broadening of the 19F Splittings. 
T h e high-resolution ESR spectrum of the 4,4'-difluoro-
biphenyl cation radical was observed in the temperature 
range from —90 to + 2 0 °C. T h e spectrum observed 
at + 1 0 °C is shown in Fig. 1-a. This spectrum consists 
of a large triplet of 19.20 G due to two 19F nuclei (aF), 
each line of which splits into a quintet of 2.76 G due 
to the four ring ortho-protons (â#)8); the central com­
ponent (Iz—0 lines) of the triplet further splits, by 
means of the second-order effect, into a doublet of 250 
m G corresponding to the possible values ( / = 1,0) of the 
resultant nuclear angular momentum for the two 
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equivalent 19F nuclei. As is well known, the second-
order splitting of the 7Z = 0 component of the first-order 
triplet is (aF)2/H0, where H0 is the position of the center 
of the spectrum.6) T h e expected value of (<zF)

2/770 is 
about 100 mG, taking aF= 19.20 and 770=3300 G, 
but the observed splitting is larger than that theoretically 
expected. This is probably due to the line broadening 
attributed to the modulation of the 19F anisotropic 
hyperfine interactions as a result of the tumbling motion, 
which makes the accurate measurement of the hyperfine 
splittings difficult. 

a 

tj^ 

10 G 

Fig. 1. The ESR spectra of 4,4/-difluorobiphenyl cation 
radical. a ) + 1 0 ° C . b) - 8 0 °C. 

Upon a lowering of the temperature, the wing lines 
of the triplet due to the two 1 9F, and the downfield 
second-order components (7—1, 7Z = 0) become broad 
and finally disappear, while the central quintet ( 7 = 0 
lines) is unaffected, as is shown in Fig. 1-b. 

For organic radicals in solution, it is well known1 - 3) 
that the line width variations in the various second-order 
components are mainly due to a relaxation process 
brought about by the modulation of the anisotropic 
hyperfine coupling tensor by rotational Brownian 
motion; this theory is well established.4-5) 

The dipolar contribution to the line width of the 
(7, 7Z) hyperfine components can be calculated as a 
function of the molecular rotational correlation time T2, 
using a spin Hamiltonian for a system undergoing 
dipolar relaxation. 

Assuming a set of completely equivalent 19F nuclei 
with an axially symmetric hyperfine tensor, the main 
term of the dipolar contribution to the line width is 
given by:4 '5) 

Tf*1 = ^ - [ (3 / (7+1) +5I*)JQ+ (71(1+1) -I*)Ji\ (3) 

where J0=r2, Jx=r2(\ +ft>2T2
2)_1, and A/t is the parallel 

component of the anisotropic part of the hyperfine 
tensor. From the line widths of the 7Z = ± 1 lines, the 
correlation times, T2, are estimated using Lorentzians 
with line widths given by: 

[T2(I, / , ) ] -* = [ r 2 d ( / , / z)]-i + Ta1 W 

where T20 accounts for the other relaxation processes 
and 7 V is assumed to be 80 mG. The experimental 
value of A,i is not known for the cation radical of 
4,4'-difluorobiphenyl. Therefore, the estimation of An 
was performed in the following way. 

T h e anisotropic component of the 19F hyperfine tensor 
for a ^ C - F fragment may be described by the following 
equation9 '23); 

BF = Blpl + B$p* + B%p% (5) 

where BE, B$, and B% are the anisotropic tensors due 
to the interaction of a fluorine nucleus with carbon 
2p«(/0c=l), fluorine 2p j r(i0£=l), and fluorine 2pa(p%= 
1) electrons respectively. T h e principal values of B% 
and B$ have been calculated by Cook et o/.9) and Morton 
et al.2*) respectively. According to Iwasaki et al.,23) 
Eq. 5 may be represented in this form: 

BF = (BC+QlF)p* + (BÇ+QlJpÇ (6) 

where Q£F and QFC are the tensor polarization factors 
of the F2pff electrons arising from the unit spin density 
in C2Pit and F2p]r respectively, and where the param­
eters, QCF and Qlc, have been experimentally deter­
mined. 

Using Eq. 6, the value of An in Eq. 4 was estimated 
to be 41 G based on the spin densities, p% and /Op, 
determined from the 13C hyperfine splittings for the 
ring carbons (see Table 2 and the following section). 
T h e values of T2 obtained are 1.5 X 10~10 s at - 6 0 °C 
and 0 . 8 x l 0 - 1 0 s at + 1 0 °C. These correlation times 
are typical of those found for similar molecules in 
liquids by a study of the relaxation mechanism of 
ENDOR.1 0) 

Estimate of Q Values. As is shown in Fig. 2, four 
kinds of 13C hyperfine splitting were recorded. The 
absolute values of these hyperfine coupling constants 
are much like those of the ring carbon atoms of the 
4,4'-bitolyl cation radical, as has already been reported7) 
(see Table 1). In previous works, it has been reported 
that the substitution of fluorine for hydrogen has little 
effect on the spin-density distribution.9 '11-14) The 13C 
hyperfine coupling constants, therefore, can more easily 
be assigned than those of the 4,4'-bitolyl cation radical ; 
a S = - 0 . 7 8 , o§=1.90, A § = - 3 . 5 7 , and c£=6.92 G. The 
experimental values of the ring spin densities were 
obtained from the ring proton hyperfine splittings, a^, 
and the 13C hyperfine splittings, a\, based on the 
Colpa-Bolton20) and the Karplus-Fraenkel21) formulae: 

«f = QS*Pl + * & [ # ] " (7) 
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*M 

•a£-

V .̂ 

5G^ 
Fig. 2. T h e 13C splitting of the ring carbon atoms of 

4,4'-difluorobiphenyl cation radical . T h e figures 
denote the ring position. 

af = (5° + 2 Q.cCiXk)pf + ± dc
XkCipî (8) 

The parameters in Eq. 7 were taken as Q J ? H = — 2 7 and 
A"CH= — 12 G, while the parameters in Eq. 8 were taken 
as S c = - 1 2 . 7 G, £g1«(Q,g1„=19.5, Q £ « = 1 4 . 4 G) , 
and <2.cic*;= —13.9 G. The experimental values of the 
spin density are summarized in Table 2. Here, the 
fluorine spin densities were obtained by the normal­
ization of the total spin density. For comparison, 
Hückel- and McLachlan-type calculations were carried 
out, taking the Coulomb integral and resonance 
integral to be a F = a c + 2 . 5 ß c and ßcF=0.62ßc.n> T h e 
results are summarized in Table 2. As may be seen in 
Table 2, the values of the spin densities for the 4,4'-
difluorobiphenyl cation radical are nearly the same as 
those for the 4,4'-bitolyl cation radical, and the similarity 
in the spin densities on the ring carbon atoms shows 
that the substitution of fluorine for hydrogen does not 
produce a large perturbation in the overall spin densities. 

T h e evaluation of Q,CF and QJCCF) in Eq. 2 requires 

the values of p* and /of. Nevertheless, there have been 
few studies in which Pc and p% were experimentally 
determined, and the simple L C A O M O approach to the 
estimation of p? is not necessarily valid. 

Recently Icli and Kreilick12 '13) experimentally deter­
mined the values of both pi and p% for a series of 
fluorinated phenoxyl radicals based on the measurement 
of the paramagnetic chemical shift in N M R ; they also 
examined Eq. 2. For a series of fluorinated phenoxyl 
radicals, the ratios of pi to p§ at the adjacent carbon 
are nearly constant (0.07). This situation is not feasible 
for determining the individual values of (£CF and Q-FCFO, 
because two sets of data on pf and p* with very different 
ratios (PFIPC) should be chosen for obtaining accurate 
Q, values. 

O n the other hand, for the 4,4'-difluorobiphenyl 
cation radical the ratio of p§ to p% at the adjacent carbon 
is much larger (0.27) than those for other fluorinated 
aromatic radicals, and this situation is very favorable 
for estimating the values of QJF and QJCFO accurately. 
T h e estimation of the values of Q.'s w a s carried out 
using aF and the spin densities, p% and p% obtained for 
the 4,4'-difluorobiphenyl cation, together with those for 
the 4-(/>-fluorophenyl)-2,6-di-£-butylphenoxyl radical.13) 
T h e estimated values of the parameters are Q,FCF«=324 
and Q}¥=39 G. 

In order to examine the validity of our parameters, 
we applied the present Q. values to the fluorine coupling 
constants of several compounds previously studied. In 
Table 3, the experimental and calculated fluorine 
coupling constants are summarized. We found that our 
two-parameter equation, aF—324/o£-f 39/o£, gives a 
consistent explanation in every case. 

Based on the experimental finding that fluorine 
substitution has little effect on the ring spin densities 
except for the at the adjacent carbon,9,11_14> we assumed 
that the original spin density, Pc, on the carbon atom in 
the parent molecule is shared by the carbon atom and 
the fluorine a tom; 

Pi + tf = Pi 

By substituting Eq. 9 into Eq. 2, we obtain: 

«F = [(QJcFC)-QiF)*+QiF]/>8 = Q.effP°C 

(9) 

(10) 

T A B L E 1. T H E OBSERVED VALUES OF THE PROTON AND 13C HYPERFINE COUPLING CONSTANTS (G) 

al «? < W ) 
4,4'-Difluorobiphenyl Cation 2.76 

Anion22) 2.28 
4,4'-Bitolyl Cation') 2.64 

19.20 
3.13 
8.79a) 

-0 .78 1.90 

1.83 

- 3 . 5 7 6.92 

- 3 . 5 9 8.47 

a) Methyl proton hyperfine coupling constant. 

T A B L E 2. EXPERIMENTAL AND THEORETICAL SPIN DENSITIES 

Position 

4,4'-Difluorobiphenyl cation Exptl 

Hückel 
McLachlan A = 1 . 2 
4,4'-Bitolyl cation7) Expti 

1 

0.1171 

0.1190 
0.1265 

— 

2 

0.0980 

0.0800 
0.0905 
0.0939 

3 

-0 .0028 

0.0269 
-0 .0108 

0.0172 

4 

0.1517 
(0.1925)a) 
0.1514 
0.1975 
0.1945 

F 

0.0408 

0.0167 
0.0165 

a) This value is the sum of the p£ and pF* values experimentally determined. 
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T A B L E 3. CARBON AND FLUORINE SPIN DENSITIES AND 

CALCULATED AND EXPERIMENAL FLUORINE 

COUPLING CONSTANTS 

4,4'-
Difluoro-
biphenyl 

I 
II 

A 
B 
C 

Pc 
XlO2 

15.17 

- 2 . 4 5 
7.11 

3.64 
- 1 . 7 7 

5.31 

P/ I 
XlO3 [ 

40.08 

- 1 . 7 0 
5.28 

2.23 
- 1 . 6 8 

4.61 

^OxlO 2 

Pc I 

26.9 

7.0 
7.4 

6.1 
9.5 
8.6 

aF 

Exptl 

19.20 

- 1 . 4 2 
4.45 

1.66 
- 1 . 1 1 

3.60 

(G) 

Calcd 

19,14 

- 1 . 4 8 
4.48 

2.14 
- 1 . 2 3 

3.56 

Lit 

55) 

13) 

12) 

O + F I : m-fluoro 
II : /»-fluoro 

+ 
' x@ M

C N 

H / \ A: o-fluoro 
O l B : m-fluoro 

(p C : /»-fluoro 

where A" is the ratio of /o? to <og and CLeff= ( 2 8 5 ^ + 3 9 ) 
G, using our estimated values. This equation corre­
sponds to Eq. 1. 

In respect of Eq. 1, many investigators have reported 
that the experimentally or semiempirically determined 
values of Q.are scattered over a wide range from molecule 
to molecule.11-23) This is not surprising, because the K 
ratio is certainly not a constant for different molecules. 
Perhaps the K ratio depends on the double-bond 
character of the C-F bond, as has previously been 
proposed by Eaton et a/.11) For example, the fluorine 
hyperfine coupling constant of the 4,4'-difluorobiphenyl 
cation radical is about six times as large as that of the 
4,4'-difluorobiphenyl anion radical,22) but the spin 
densities of the anion and cation, based on the L C A O 
M O calculations, are nearly identical with each other. 
These results are analogous to the case of the hyper-
conjugation of the methyl group (see Tables 1 and 2) . 
We can, therefore, consider that the value of Q,eff in 
Eq. 10 is related to the degrees of ^-conjugation between 
the 2p z orbital of fluorine atom and the 2p z orbital of 
carbon which is adjacent to fluorine. Tha t is, the large 
value of Q,eff represents the strong conjugation of the 
n system on the C-F fragment. As a result of this 
strong conjugation, the spin density on the fluorine 
atom and the K ratio increase. Indeed, the estimated 
value, of Q.eff for the 4,4'-difluorobiphenyl cation is 

very large (100 G) , and the corresponding K value 
reaches 0.21. 

The numerical calculations were carried out mainly 
at the Computing Center of Ehime University. 
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I. Molecular Sieves 13X and 4A 
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It was shown that the use of HDO molecules in IR studies on water adsorption system is advantageous for 
obtaining information as to whether 1 ) a band arises from the surface structural hydroxyl groups or from adsorbed 
water molecules, 2) a band arises from an overtone bending vibration, and 3) water molecules are adsorbed in a 
state of its two hydroxyl bonds being equivalent. The bands in the spectra of Molecular sieves-H20 systems were 
assigned as follows. I) 13X-HaO system. Bands at 3752, 3685, and 3647 cm - 1 correspond to surface structural 
OH, bands at 3697, 3360, and 1650 cm - 1 to asymmetrically adsorbed water molecules, band at 3230 cm - 1 to 
overtone bending vibration of the same molecules. The band at 3590 cm - 1 was found to arise from some other 
type of adsorbed water molecules. II) 4A-H 2 0 system. Bands at 3500, 3400, and 1660 cm - 1 correspond to sym­
metrically adsorbed water molecules, band at 3280 cm - 1 to overtone bending vibration of the same molecules. 
Another type of adsorbed water was suggested to be present. 

Infrared spectroscopy has been widely employed in 
studies on surface and adsorbed species. However, 
analysis of the spectra has not always been easy to carry 
out. This is due to inevitable characteristics of the 
spectra of adsorption systems, such as the specific 
complexity of the spectra and the lack of means of 
spectral observation over a wide frequency range masked 
by strong absorption by adsorbents. 

Thus, additional information from other sources is 
desirable. As an example, the use of partially deuterated 
compounds is considered to be effective. T h e use of this 
technique has been made for the spectral study on 
adsorption systems to some extent.1) A number of 
investigations have been carried out on water adsorption 
systems. However, they were restricted to the measure­
ment of the spectra of H 2 0 or D 2 0 adsorption systems. 
No work seems to have been made with the use of H D O . 

In the present work, I R absorption spectra of hydrox-
yls and adsorbed water on Molecular sieves 13X and 4A 
are analyzed by the use of H D O . Although assign­
ments of the spectral bands of these systems have been 
made to a certain extent,2-14) more direct and conclusive 
evidences for the assignments are obtained by the use 
of the present technique. 

Its applicability to other molecular adsorption systems 
will be suggested. 

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

Materials. Linde molecular sieves 13X and 4A 
(GASUKURO Ind. Co., Ltd.) were used. The crystallinity 
and purity of these materials were confirmed to be of a suffi­
ciently high by X-ray diffraction analysis. The surface area 
of the 13X sieve was 717 m2/g. In order to obtain extremely 
fine powder samples for IR experiments, the materials were 
ground in an agate motor with a small amount of water, 
and then suspended in deionized water. The particle size 
of the fine powders was found to be less than ljxm in diameter 
by electron microscopic observation. D 2 0 (E. Merck, 
Darmstadt) of 99.75% in purity and deionized-distilled 
H 2 0 were used for IR experiments after being degassed. 

Apparatus and Procedure. A JASCO Model 402-G IR 
spectrophotometer and a Pyrex glass cell were used for re­
cording the spectra. The cell was essentially similar to that 
designed by Angell et a/.6) In order to prevent the contamina­

tion of the sample pieces by grease vapor, a Teflon greaseless 
valve was fixed directly to the top of the cell. The exchange 
of sample pieces was made by cutting and re-fixing the arm 
part of the cell. 

The sample powders were pressed into disks under a pres­
sure of 2.5 tons/cm2, and then the disks were cut into pieces 
of 1 X 2 to 2.5 cm to fit the cell windows. The "thickness" 
was 12—80 mg/cm2. 

After the sample pieces had been set in the cell, they were 
evacuated at 500 °C for at least 3 h prior to experiments. Before 
the addition of each type of sample water for IR measure­
ments, the surface of the sample as well as the inner wall of 
the cell were washed by the following procedure. The sample 
was exposed at room temperature to the saturated sample 
water vapor, and then pumped out at 180—200 °C for 10 min. 
This procedure was repeated five times. Finally, it was 
evacuated at 500 °C for 3 h. Spectral observation confirmed 
that the washing was sufficient. In the case of measurements 
of H20-adsorbent systems on a new sample piece, washing 
was omitted. 

The experiments related to HDO were carried out in the 
presence of H 2 0 and D 2 0 . By mixing H 2 0 with D 2 0 at a 
molar ratio of a to b, HDO is obtained under the coexistence 
of other water in a ratio of about H 2 0 : HDO: D 2 0 = a 2 : 
2ab: b2. 

All the spectra were measured at room temperature. Spec­
tra on the desorption process were observed after the pre-
treated sample piece was first exposed to the saturated sample 
water vapor and then evacuated at various temperatures. 
Spectra on the adsorption process were measured by dosing 
small amounts of sample water at room temperature succes­
sively after the sample piece was evacuated at 500 °C. 

The measurements were carried out mainly in the OD 
stretching region in place of the OH stretching region, since 
the former is not only higher in transparency but also 
flatter in background owing to the lack of weak absorption 
bands arising from the water vapor in the air. 

R e s u l t s 

13X-Water System. D20, H20 Systems: T h e 
spectra of 1 3 X - D 2 0 and H 2 0 systems were measured 
for a comparison of the results with those of the H D O 
system (Figs. 1 and 2). The spectra observed were 
similar to those published.17) O n evacuation at 90 °C 
six absorption bands were observed at 2756, 2727, 2682, 
2645, 2470, and 2395 cm- 1 in the D 2 0 system, (these 
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2700 2300 

Fig. 1. Spectra of 13X-D aO system. 
Evacuated for (1) l h at 90 °C, (2) 1 h at 120 °C, 
(3) 20 min at 170 °C, (4) 2 h at 500 °C. "Thickness" 
of the sample piece was 12 mg/cm2. 

bands as well as the corresponding bands in other 
systems will be referred to as a, b, c, d, e, and f). In 

the H 2 0 system the six bands corresponding to those in 
D 2 0 system were at 3752, 3697, 3645, 3590, ca. 3360, 
and 3230 cm - 1 . In the latter system a single H O H 
bending vibration band was observed at 1650 cm - 1 . 
Elevation of the evacuation temperature gave rise to 
a decrease in the intensity of all these bands except for 
a and c. After the final evacuation at 500 °C, three 
sharp bands remained at 2756, 2708, and 2683 c m - 1 in 
the D 2 0 system (referred to as g, h, and i, respectively), 
and in the H 2 0 system at 3752, 3685, 3647 cm"1 . 

HDO System: The spectra in O D stretching and 
bending regions are shown in Fig. 3. In this experi­
ment, an H 2 0 - D 2 0 mixture in the ratio 3 to 1 was used 
except for curve 5, the contents being H 2 0 56 .3%, 
H D O 37 .5% and D 2 0 6 .3%. In the number of O D 
chemical bond, the 7 5 % belongs to H D O and the rest 
to D 2 0 . T h e O H stretching region of this system (Fig. 4) 
was measured employing another mixture in the ratio 
H 2 0 : D 2 0 = 1: 5. T h e spectra of O D and O H stretching 
regions of this system were compared with those of D a O 
and H 2 0 systems, respectively. All the correlations 

100 \~ 

Fig. 2. Spectra of 13X-HaO system. 
Evacuated for (1) 1 h at 100 °C, (2) 1 h at 120 °C, (3) 25 min at 165°G, (4) 2h 
at 500 °C. (5) Empty cell.16) Sample piece "thickness" 12 mg/cm2. 

Fig. 3. Spectra of 13X-HDO system in the OD stretching and bending 
regions. 
Evacuated for (1) 1 h at 95 °C, (2) 1 h at 120 °G, (3) 20 min at 165 
°C, (4) 2 h at 500 °C after exposure to the vapor of H 2 0 - D 2 0 mix­
ture of a molar ratio of 3 to 1, and (5) evacuated for 1 h at 90 °C 
after exposure to the vapor of H 2 0 - D 2 0 7 to 1 mixture. Sample 
piece "thickness" 43 mg/cm2. 
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3600 3400 1700 1500 

Fig. 4. Spectra of 13X-HDO system in the OH stretching and bending regions. 
Evacuated for (1) 1 h at 95 °C, (2) 1 h at 120 °C, (3) 20 min at 165 °C, (4) 3 h 
at 500 °C after exposure to the vapor of H 2 0 - D 2 0 1 to 5 mixture. (5) Empty 
cell. Sample piece "thickness" 38 mg/cm2. 

between the spectra in the O H stretching region of H D O 
system and those of H 2 0 system were analogous to those 
between the spectra in the O D stretching region of the 
H D O system and those of D 2 0 system. T h e frequencies 
of the bands in O H stretching regions are parenthesized. 

Bands a, c, and e in the spectra of H D O system 
appeared in the O D stretching region at 2756, 2680, 
and 2470 c m - 1 (3750, 3645, ca. 3350 cm- 1) which were 
of nearly the same frequencies as those of the D 2 0 
system. However, band b was observed at a distinctly 
different frequency from that of D a O system, namely at 
2710 cm- 1 (3690 cm- 1 ) . As for band d, even though the 
difference in frequency was not very great, ca. 7 c m - 1 , 
the frequency 2638 c m - 1 was not equal to that of the 
band in D 2 0 system. In the O H region, band d was so 
broad that the difference could not be detected decisive­
ly. I t should be noted that no band f appeared in the 
spectra of this system. T h e fact that the shoulders a t 
2725 and 2395 c m - 1 are due to the D 2 0 molecules 
contained in the mixed water as "impuri ty" was 
confirmed from another experiment, viz. the spectra 
after the adsorption of sample water followed by 
evacuation a t 100 °C were measured in a series where 
the D content of the sample water was changed step 
by step from 0 to 100 atom % . T h e results showed that 
the intensities of both shoulders change in proportion 
to the D content. T h e spectrum in the O D stretching 
region obtained by the use of H 2 0 : D 2 0 = 7 .1: 1.0 
mixed water is shown in Fig. 3, curve 5. A band some­
what broader and weaker appeared in both stretching 
regions, at 2945 cm" 1 in the O H region and at 2120 cm" 1 

in the O D region. T h e weak absorption bands of g, 
h, and i were measured in the O D stretching region with 
a thick sample for the sake of comparison with those in 
D 2 0 system. T h e results showed that the three bands 
were exactly equal in wavenumber to those in D 2 0 
system, and were 2 7 % in intensity as compared with 
that of the latter which is almost equal to the D content, 
25 atom % , of the mixed water used. In the bending 
vibration region, three absorption bands were observed 
a t 1650, 1476, and 1415 cm- 1 . T h e band at 1650 c m - 1 

is assigned to H O H bending vibration, because its 

frequency was quite the same as that of pure H 2 0 
system and its intensity decreased with decrease of H 2 0 
content in the mixed water (Figs. 3 and 4). Thus the 
other two arise from H D O . 

The spectra measured on the adsorption process were 
almost the same as those on the desorption process. 
However, the intensity of the band d was so weak that 
the band was hardly observable on the adsorption 
process in the spectra of any of the systems. 

4A-Water System. In this system the spectral 
measurements were carried out only on the adsorption 
process. 

4A-D20, H20 Systems: In the stretching region of 
the spectra of D 2 0 ( H 2 0 ) system (Figs. 5 and 6) three 
main bands were observed at 2578, 2515, and 2427 c m - 1 

(in H 2 0 system, at 3500, 3400, and 3280 cm-1) and 
three weak bands at 2760, 2737, and 2645 c m - 1 (in 
H 2 0 system, only the two former bands were detected 
at 3750 and 3715 c m - 1 ) . In H 2 0 system one bending 
band was observed a t 1660 cm- 1 . These were similar 
to those reported by previous authors.7 '8) 

4A-HDO System: T h e spectra obtained in the O D 
stretching and bending regions employing an H 2 0 - D 2 0 

2500 2300 

Fig. 5. Spectra of 4A-D20 system. 
(1) Evacuated for 3 h at 500 °G, (2) 9 [xmol, (3) 18 (xmol 
of D 2 0 readsorbed. Sample piece "thickness" 30 mg/ 
cm2. 
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3600 3400 3200 3000 1700 1500 

Fig. 6. Spectra of 4A-H 2 0 system. 
(1) Evacuated for 3 h at 500 °C, (2) 9(i.mol, (3) 18 (xmol of H 2 0 readsorbed. 
(4) Empty cell. Sample piece "thickness" 15 mg/cm2. 

Fig. 7. Spectra of 4A-HDO system in the OD stretching and bending 
regions. 
(1) Evacuated for 3 h at 500 °C,(2) 18(xmol,(3) 36 (jimoI5(4) 54fxmol of 
H 2 0 - D 2 0 3 to 1 mixture were readsorbed. Sample piece "thickness" 
30 mg/cm2. 

100 
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• I 1 1 

5 ^ ^ > 

l 1 t 

1 1 ™ 1 • 1 

1 ^ ^ S ^ 

/ 3 / / 

^ ^ / //H 

1 1 1 1 

1 \ 

1 1 
3600 3200 3000 

Fig. 8. Spectra of 4A-HDO system in the OH stretching 
region. 
( 1 ) Evacuated for 3 h at 500°C, (2)18 fxmol, (3)36 fxmol, 
(4) 54 (i.mol of H 2 0 - D 2 0 1 to 5 mixture were readsorb­
ed. (5) Empty cell. Sample piece "thickness" 30 mg/ 

mixture in the ratio 3 to 1 and those in the O H stretching 
region employing another mixture in the ratio 1 to 5 
are shown in Figs. 7 and 8, respectively. In each 
stretching region, a main single O D or O H stretching 
band of symmetric shape appeared at a frequency of 
2530 or 3420 cm - 1 . Their positions are located between 
two strong stretching bands appearing in the spectra of 
D 2 0 or H 2 0 system. A weak band was observed at 
2705 c m - 1 in the O D stretching region but not the 
fitting band in the O H region. As in the case of 13X-
water system a new band was observed in each stretching 
region at 2140 c m - 1 in the O D region and at 2910 c m - 1 

in O H region. Both bands at 2427 c m - 1 in D 2 0 system 
and 3280 c m - 1 in H 2 0 system disappeared from each 
corresponding region of the spectra of H D O system. 
Swellings around 2580, 2420 cm" 1 (Fig. 7) and 3500, 
3280 c m - 1 (Fig. 8) arise obviously from D 2 0 or H 2 0 
present in the water mixtures. Only one H O D bending 
band appeared a t 1465 c m - 1 . The 1660 c m - 1 band 
corresponds to H O H bending vibration as previously 
described. 
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TABLE 1. SUMMARY OF THE IR BANDS OF MOLECULAR 

S I E V E S - W A T E R SYSTEMS 

Band 
sign 

a ( g ) 
b 
c ( i ) 
d 

e 

f 
h 

b ' 

r 

D 2 0 
system 
(cm- 1 ) 

H 2 0 
system 
(cm- 1 ) 

H D O 

Stretc 
regi 

O D 

s-stem 

;hing 
ons 

~ O H 

[13X-water System] 

2756 

2727 

2682 

2645 

2470 

2395 

2708 

3752 

3697 

3645 

3590 

3360 

3230 

3685 

2120 

1650 

[4 A-water 

2760 

2737 

2645 

2578 

2515 

2427 

3750 
37151 

35001 

3400J 

3280 

1660 

2756 

2710 

2680 

2638 

2470 

2708 

(2725) 

(2395) 

(2120) 

System" 

2705 

2530 

(2580) 

(2420) 

(2140) 

3750 

3690 

3645 

3590 

3350 

3685 

2945 

3420 

2910 

(3500) 

(3280) 

(cm-1) 

Bending 
region 

14761 

1415J 

(1650)ï 

1465 

(1660)' 

As­
sign 

1) 
2) 

3) 
4) 

5) 

6) 
7) 

8) 

9) 

10) 

H ) 

12) 

13) 

14) 

15) 

16) 

17) 

• 18) 

1), 3), 7), 12) OD(H) stretching of structural deuter-
oxyl groups. 2), 5), 10) Free OD(H) stretching, 
hydrogen-bonded OD(H) stretching and HOH 
(HOD) bending of asymmetrically adsorbed water 
(Type WX-I), respectively. 4), 13) OD(H) stretch­
ing of adsorbed water of Types WX-II and WA-II, 
respectively. 6), 15) DOD(HOH) overtone bending 
of Types WX-I and WA-I water, respectively. 8), 
16) HOD overtone bending or combination of adsorb­
ed HDO? 9) Combination of adsorbed H 2 0 . 11), 
18) Arising from D 2 0 or H 2 0 impurities. 14) OD 
(H) stretching of symmetrically adsorbed water 
(Type WA-I). 17) HOH (HOD) bending of Type 
WA-I water. 

The observed bands are summarized with their 
assignments in Table 1. 

D i s c u s s i o n 

13X-Water System. Discussion has been made 
as to whether various absorption bands, especially those 
of h, i, d, and b , arise from surface hydroxyl groups or 
from adsorbed water molecules.15) The use of H D O 
gives more detailed information. If a band arises from 
the former, the wavenumbers of the corresponding two 
O H (or OD) vibration bands, one appearing in the 
H 2 0 (or D 2 0 ) adsorption system and the other in the 

H D O adsorption system, should be exactly the same as 
each other, and if it arises from the latter the wave 
numbers would not be equal. Thus, the residual bands 
g, h, and i can be attr ibuted to the stretching vibrations 
of surface hydroxyl groups, since their corresponding 
bands appear at the same frequency in the two systems. 
Bands a and c are also attr ibutable to hydroxyl groups. 
They would be the same bands as g and i, respectively, 
because of equal frequency. However, the origin of 
band b differs from that of h. The fact that band b in 
H D O system appears in the O D stretching region at a 
frequency 16 c m - 1 lower than that in D a O system (as 
well as in the O H stretching region 7 c m - 1 lower than 
that in H 2 0 system) indicates that the band does not 
arise from structural hydroxyl groups but from adsorbed 
water molecule. Band e is at tr ibuted to the O H stretch­
ing vibration of the water molecules hydrogen bonded 
to the surface. T h e absorption d was reported by 
Habgood,5) Ward9) and also by Kiselev et al.12) However, 
no assignment was made. Only Uytterhoeven et al.11) 
attributed the band to O H groups in ions of the type 
Me+(OH) . However, the results in the present experi­
ments indicate that its origin is not the structural O H 
groups but a certain type of adsorbed water molecule. 
Band f was considered by Ward9) and Abramov et a/.14) 
to arise from the O H stretching of another type of water 
molecule adsorbed in a different way from the origin of 
band e. Kiselev et al.12) attributed it to the overtone 
bending vibration of the water molecules, which are the 
origin of band e, enhanced by Fermi resonance. Our 
results support the assignment by Kiselev et al. The 
frequencies of the overtone bending vibrations of H D O 
would be near 2952 and 2830 c m - 1 if they appear, 
since the fundamentals were observed at 1476 and 
1415 c m - 1 . However, since they differ a great deal 
from the frequency of any stretching vibration of H D O , 
no resonance would occur. Thus , if the band arises 
from the overtone bending vibration it would not appear 
in the spectra of H D O system, or would be only slightly 
observable a t frequencies near 2952 and 2830 cm - 1 . 
There is some uncertainty in the attribution of the 
observed 2945 c m - 1 band to the overtone bending of 
H D O molecules. If we suppose that the 2945 c m - 1 

band is the overtone of 1476 c m - 1 band, we cannot 
explain the reason why that of 1415 cm" 1 band does not 
appear. However, at least the disappearance of band f 
from the spectra of H D O system is in line with the 
assignment by Kiselev et al. O n the other hand, if 
Ward ' s assignment is accepted, no reason can be found 
for the disappearance of the band. 

There were two bending vibrations in the adsorbed 
H D O molecules, but only one in adsorbed H 2 0 . This 
supports the schematic structure of water adsorption 
originally proposed by Bertsch and Habgood3) (I). If 
the structure is adopted, the adsorbed H D O molecules 
would take either of the two forms onto the surface 
by equal chance as illustrated in (II)-a and (II)-b, 
then the adsorbed H D O molecules as well as the H 2 0 

H x O - -Na+ 

H . . - 0 -

(I) 

H ^0- . -Na + 

D . . . O -

(II)-a 

D x O •Na + 

H . . . O -

(II)-b 
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molecules should yield the bending vibrations in 
accordance with the observed results. This adsorption 
model also supports the experimental fact on the 
stretching vibration of the adsorbed molecules. There 
were two O H (OD) stretching vibration bands, one of 
free O H (OD, band b) and the other of hydrogen 
bonded O H (OD, band e), in both spectra of H 2 0 
(D 2 0) and H D O systems. 

4A-Water System. First, the band at 3280 cm" 1 

in the spectra of H 2 0 system (at 2427 c m - 1 in the D 2 0 
system) is assigned to the overtone bending of adsorbed 
H 2 0 (D 2 0) in the same manner as in the discussion on 
13X-water system, although there remains some doubt 
in attributing the 2910 c m - 1 band in H D O system 
to the overtone of 1465 c m - 1 band in analogy of the 
case of 13X-water system. Then, the existence of two 
strong O H (OD) stretching bands, presumably corre­
sponding to the î>3 and v1 vibrations, and one bending 
band in the spectra of H 2 0 ( D 2 0 ) system suggests that 
there exists only one adsorbed species with two equiv­
alent hydroxyl bonds. This is also supported by H D O 
adsorption experiment. If H D O molecule is adsorbed 
in this manner, O H , O D stretching bands and H O D 
bending band arising from the adsorbed molecule 
should all be single. This is in line with the observed 
results. 

The weak bands at 2737 and 2645 c m - 1 (Fig. 5) are 
possibly assigned to the i>3 and vx vibrations of another 
adsorbed D 2 0 molecule, which may fit the origin of the 
weak 2705 c m - 1 band in H D O system (Fig. 7). How­
ever, the reason is not clear why the bands corresponding 
to them, except for at 3715 c m - 1 in H 2 0 system, do 
not appear in the O H regions. 

Bands at 2945, 2120 cm,-1 in 13X-HDO System and at 
2910, 2140 cm-1 in 4A-HDO System. The frequency 
ratios of each couple of bands, 1.39 and 1.36, seem to 
suggest that they arise from O H and O D stretching 
vibrations of H D O molecules adsorbed. However, these 
assignments contradict the fact that the frequencies 
are too low and no band corresponding to them could 
be detected in the spectra of H 2 0 or D 2 0 adsorption 
systems. In order to investigate the origin of these 
bands the spectra of pure H 2 0 , D 2 0 and mixtures of 
D 2 0 and H 2 0 were measured in liquid phase. T h e 
results show that there is a band at 2140 c m - 1 in the 
spectrum of pure H 2 0 , its intensity decreasing with a 
decrease in H 2 0 content. No band around 2945—2910 
c m - 1 was detected in the spectrum of either pure H 2 0 
or D 2 0 , but a band appeared in the spectra of mixed 
waters at 2920 cm - 1 . Simultaneously, an H O D bending 
band was observed at 1450 c m - 1 in the latter spectra. 
From a comparison of the spectra of liquid water with 

those of adsorption systems, the band at 2120 or 2140 
c m - 1 is considered to arise from a combination band of 
adsorbed H 2 0 molecules existing in the mixed water. 
T h e band at 2945 or 2910 cm" 1 can be at tr ibuted to a 
overtone bending or a combination band of adsorbed 
H D O molecule. 

The present technique is widely applicable to spectral 
analyses of adsorption systems including X H H type 
molecules, with the use of partially deuterated XH„_iD 
or XHD„_i molecules. I t is applicable, in some cases, 
to the compounds including the atomic groups o f - X H M 

type. 

T h e author thanks Dr. Toshio Sato for his helpful 
advice and Mr. Okio Nishimura for his assistance in 
electron microscopic techniques. 
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When NdNbi_3.Va.O4 compounds were exposed to a fast neutron dose of 6.6 X 1018 nvt, their monoclinic-
tetragonal transition temperatures were lowered; particularly the transition temperature for the compound with 
x=0.3 was lowered to a temperature below room temperature. The lowering of the transition temperatures was 
greater for samples containing more V5+ ions. Although the present work does not fully reveal why neutron-
irradiation lowers the transition temperature, it does show that neither the internal stress due to radiation damage 
nor the change in valency state of Nb5+ or Nd3+ lowers the transition temperature. 

In previous work it was found that when the Y N b 0 4 

compounds containing various impurities were exposed 
to a fast-neutron dose, the monoclinic Y N b 0 4 lattice 
approached a tetragonal structure; the ajc ratio of the 
monoclinic lattice became closer to unity.1) This 
radiation-induced structural change can be explained 
as being due to (1) the presence of the high-temperature 
phase (tetragonal form) which is formed by quenching 
by the thermal spike mechanism, or (2) a lowering of 
the transition temperature (Tt), as will be described in 
more detail in a later section. One can expect no 
changes in Tt from (1), while a lowering of Tt can be 
expected from (2). Therefore, a measurement of Tt 

for the irradiated samples would determine which 
explanation is valid. In previous work, however, the 
Tt of the irradiated samples could not be measured 
without recovery of the damage due to radiation because 
this process begins at a temperature below Tt. This 
work employed the doping method in order to lower Tt 

to a temperature below the recovery temperature. 
Vanadium oxide (V 2 0 5 ) was chosen as a dopant which 
may lower the Tt of L n N b 0 4 ( L n = a rare earth) for 
the reasons described below. (1) Vanadium belongs 
to the same family of the periodic table as niobium and 
thus their chemical properties are similar so that the 
substitution of N b 5 + by V 5 + can be expected to be 
efficient. (2) T h e ABÖ 4 scheelite-type oxides appear 
to form a tetragonal structure when the ionic potential 
(Zfr, Z= ionic charge, r= ion ic radius) of ions at the A 
site is small and that at the B site is great, e.g., for 
C a W 0 4 , B a M o 0 4 and NaI0 4 , 2 ) while they appear to 
be distorted to a monoclinic structure in the opposite 
case, e.g., for L n N b 0 4 and LnTa04 .2>3) The V5+ dopant 
(Zjr of Nb 5 +=7 .25 , Z\r of V 5 +=8.47) enhances the 

mean ionic potential of the Nb 5 + sites so that, for the 
above-mentioned reason, V 5 + can be expected to 
stabilize the tetragonal structure of L n N b 0 4 in such a 
way that the more V 5 + ions that the L n N b Ö 4 samples 
contain, the greater will be the Tt lowering. 

Neodymium was used as Ln because the Tt of 
N d N b 0 4 is one of the lowest of the L n N b 0 4 family4) 
and because it is induced to only a weak radioactivity 
upon reactor irradiation. 

Exper imenta l 

Samples were prepared by the usual ceramic technique, as 
described previously.1) The oxide mixtures were milled in a 
mortar and pressed into 150X 3 mm pellets, which were then 
heated to 1400 °C in air for 15 h. The samples thus obtained 
were irradiated in the JMTR (Japan Material Testing 
Reactor) at a temperature of 150 °C by a fast-neutron flux 
( £ > 1 MeV) of 1.9 X 1013 nv for 4 days, for a total flux of 
6.6 x 1018 nvt. 

The lattice parameters of the irradiated and non-irradiated 
samples were calculated using the data obtained from X-ray 
powder patterns using KCl as an internal standard. Since no 
DTA peaks for the phase transformation were observed, a 
high-temperature X-ray diffractometer was used for the 
measurements of Tt. 

The magnetic susceptibility was measured using a Gouy 
balance. 

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

The crystal structure of V2O s-doped N d N b 0 4 com­
pounds was identified as a monoclinic-distorted scheelite 
structure; the X-ray diffraction powder patterns could 
be indexed according to the known data for monoclinic 

TABLE 1. LATTICE PARAMETER CHANGES DUE TO NEUTRON IRRADIATION OF NdNbj_a.V3.O4 

(u=unit cell volume) 

irr./ 
nonirr. Temp a (A) b(A) "(A) sin/? ajc v(A*) 

0.1 

0.2 

0.3 

' nonirr. 
k irr. 

nonirr. 
, irr. 
< nonirr. 

irr. 
irr. 

. irr. 

R.T. 
R.T. 
R.T. 
R.T. 
R.T. 
R.T. 
liq. N2 

0°C 

5.441 
5.431 
5.391 
5.378 
5.346 
5.276 
5.354 
5.31 

11.333 
11.331 
11.377 
11.383 
11.416 
11.423 
11.383 
11.42 

5.157 
5.169 
5.172 
5.195 
5.193 
5.276 
5.181 
5.25 

0.9979 
0.9982 
0.9988 
0.9991 
0.9994 
1 
0.9995 
0.9999 

1.0551 
1.0507 
1.0423 
1.0352 
1.0295 
1 
1.0335 
1.010 

317.29 
317.49 
316.83 
317.74 
316.73 
317.97 
315.55 
318 

NdNbi_3.Va.O4
NdNbj_a.V3.O4
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L n N b 0 4 structures.4) Table 1 gives the lattice param­
eters for the irradiated (irr.) and non-irradiated 
(nonirr.) NdNb1_A;VA.04 samples. Since the dependence 
of the lattice parameters of the non-irradiated samples 
on the V 2 0 5 concentration is smooth, the V 2 0 5 -doped 
N d N b 0 4 samples can be regarded as solid solutions. 
The reduction in the unit cell volume with increasing 
V 2 0 5 content is reasonable because V 5 + is smaller than 
Nb5+. 

Table 1 indicates that the NdNb1_A.Va;04 compounds 
approach tetragonal structures (the compound with # = 
0.3 becomes tetragonal) when they are i rradiated; a\c 
and sin/? become closer to unity (these parameters 
become unity for #=0 .3 ) with increasing irradiation. 
These lattice parameter changes due to irradiation can 
be explained as being due to (1) the presence of the 
high-temperature phase formed by the thermal spike 
mechanism, or (2) a lowering of Tt, as mentioned above. 
The problem to be solved is to determine which explana­
tion is valid. 

In the thermal spike process, small regions of the 
solid are heated for a very short t ime and followed by 
very rapid cooling. If the heating process raises the 
local temperature high enough for transformation to a 
high-temperature form, the thermal-spiked areas main­
tain the high-temperature structure, at least when the 
local temperature is higher than Tt. The high-
temperature phase thus formed is quenched as a meta-
stable phase if the cooling rate of the thermal-spiked 
regions is so high that the high-temperature structure 
formed cannot return to the low-temperature structure. 
Due to this thermal spike process the samples irradiated 
thus consist of a quenching-formed high-temperature 
phase and an unchanged low-temperature phase and 
the fractional portion of the former phase present 
increases with increasing irradiation dose. The thermal-
spiked region is expected to be a sphere of approximately 
a few tens of Â in diameter and the X-ray diffraction 
patterns for the high-temperature phase thus formed 
cannot be separated from those for the low-temperature 
phase, that is, the lattice parameters in this case denote 
mean values of the above two phases. T h e presence 
of the tetragonal structure thus formed renders the mean 
values of ajc and sin/? closer to unity. This is observed 
in the case of # = 0 . 1 and 0.2 (Table 1). When the 
whole region of the solid has been covered with rapidly-
quenched high-temperature phase islands, the radiation-
induced phase transformation is completed. This is 
the case for # = 0 . 3 . Thus, as far as the lattice param­
eters a t room temperature are concerned, the thermal 
spike mechanism explains the radiation-induced struc­
tural changes in NdNb1_JCVJt:04. 

The radiation-induced structural changes can also be 
explained as being due to a lowering of Tt. The 
values of ajc and sin/? for L n N b 0 4 approach unity with 
increasing temperature and become unity at Tt, where 
the L n N b 0 4 transforms from monoclinic to tetragonal 
form.1-3) Therefore, if the Tt of N d N b ^ V / ^ is 
lowered due to the irradiation, the ajc and sin/5 values 
at room temperature become closer to unity. This is 
the case for # = 0 . 1 and 0.2. If Tt is lowered due to 
the irradiation to a temperature below room tempera­

ture, the crystal structure at room temperature is 
tetragonal. This is the case for # = 0 . 3 . 

If the lattice parameter changes due to irradiation 
are ascribable to the fractional portion of the tetragonal 
phase formed by process (1), the transition temperature 
is unchanged upon irradiation because the process (1) 
does not change the Tt for the monoclinic phase and 
because the tetragonal phase formed by the rapidly-
quenching process does not contribute to the Tt shift. 
O n the other hand, if the lattice parameter changes 
are due to a lowering of Tt) the transition temperature 
is lowered by the irradiation. Therefore, measuring the 
Tt of the irradiated samples determines which explana­
tion is valid. 

T h e irradiated NdNb0 .7V0 .3O4 sample has a tetragonal 
structure. If the tetragonal structure is ascribed to the 
thermal spike process, then when the irradiated NdNb0>7-
V 0 3 O 4 sample is cooled it maintains its tetragonal 
structure at any temperature below room temperature. 
O n the other hand, if this structure is the result of the 
lowering of Tt to a temperature below room tempera­
ture, the tetragonal form is transformed into a monoclinic 
structure when the irradiated sample is cooled to a 
temperature tha t is lower than Tt but still high enough 
for the transformation rate. As is shown in the last 
line of Table 1, the values of sin/? and ajc at 0 °C show 
small deviations from unity, or a slight distortion to the 
monoclinic form. T h e values at liquid N 2 temperature 
(the next to the last line in the same table) show greater 
deviations from unity. These findings indicate that the 
tetragonal structure in the irradiated NdNb0 .7V0 # 3O4 

sample is due to a lowering of Tt to a temperature below 
room temperature, that is, explanation (2) is valid. 

Figure 1 gives the temperature dependence of the 
lattice parameters for both irradiated (O) and non-
irradiated ( # ) NdNb0 # 8V0 > 2O4 . From the figure, the 
Tt for the irradiated sample is found to be <a»290 °C 
and that the non-irradiated sample to be «*330 °C. 

100 200 300 

Temperature (*C) 

Fig. 1. Temperature dependence of lattice parameters 
ofNdNb0.8V0.2O4. 
0 : Non-irradiated, O : irradiated. 
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TABLE 2. TRANSITION TEMPERATURES (Tt) FOR IRRADIATED 

AND NON-IRRADIATED NdNb1_J.Va;04 

X 

0.1 

0.2 

0.3 

irr./nonirr. 

f nonirr. 
1 irr. 
J nonirr. 
1 irr. 
J nonirr. 
1 irr. 

rt(°c) 
520 

^510 
330 
290 
170 
20 

This indicates that the radiation-induced lattice distor­
tion in N d N b 0 8 V 0 . 2 O 4 is also due to a lowering of Tt. 
Similarly, the high-temperature X-ray diffraction data 
indicate that the Tt of the NdNb0 < 9V0 .1O4 sample is 
also lowered upon irradiation, although the data are 
not given. Table 2 summarized the results of Tt for the 
irradiated and non-irradiated NdNb1_A:VA;04 samples, 
indicating that their transition temperatures are lowered 
when they are irradiated. Thus, it has been shown that 
the radiation-induced structural changes in NdNb^,,.-
V,c04 are due to a lowering of Tt, and not due to the 
rapidly-quenched tetragonal phase. Table 2 also 
indicates that the Tt lowering due to irradiation is 
greater in samples containing more V 2 O s dopant . 
Although this cannot be explained at present, we 
suppose that the lattice distortion induced by the dopant 
plays a role in stabilizing the radiation damage. 

1.03 

1.006 

300 400 500 600 

Annealing Temperature(°C) 

700 unirr. 

Fig. 2. Variation of ajc with annealing temperature in 
NdNb0.8V0.2O4 (A) and NdNb0.7V0.3O4 (O) irradiated. 

To confirm that the sample does not recover from 
radiation damage while Tt is being measured, a study 
of the annealing of the irradiated samples was carried 
out. T h e samples were annealed successively at each 
temperature for 1 h in air. Figure 2 shows the variation 
of ajc for the irradiated NdNb0 .8V0 .2O4 and NdNb0 > 7-
V 0 . 3 O 4 samples with the annealing temperature, 
indicating that the radiation damage recovery begins 
at *»350 °C. Neither of the values of Tt for the two 
samples is higher than that . The data for the annealing 
of NdNb0 > 9V0 - 1O4 could not be obtained because the 
ajc change due to irradiation is too small. However, 
the amount of damage recovery during the Tt measure­
ments, if any, could be considered to be very small due 
to the fact that the lattice parameters of the irradiated 
sample are essentially the same before heating as those 
of the same sample after heating to 520 °C (520 ° C = 

0 100 200 300 400 500 600 700 

Temperature (»C) 
Fig. 3. Temperature dependence of unit cell volume of 

NdNb0.8V0.aO4. 

the Tt of NdNbo.9Vo.jO4). Thus, it has been shown 
that the Tt values for the irradiated samples involve 
no recovery effects of the radiation damage. 

Several materials undergo similar shifts in transition 
temperatures when exposed to fast-neutron 
doses.5-9 '11-13) However, it is not yet clearly understood 
why their transition temperatures vary due to irradia­
tion. Some workers have attributed this to the internal 
stress caused by radiation damage; the internal stress 
acts on Tt as if a pressure had been applied. However, 
this explanation may not be valid for the reason describ­
ed below. As is shown in Fig. 3, the unit cell of N d N b 0 8 -
V 0 . 2O 4 , which is an example of NdNbj-^V^C^, shrinks 
when it transforms from a monoclinic to a tetragonal 
structure. Therefore, if such an internal stress lowers Tt, 
it must act as a positive pressure on Tt, as predicted 
by the Clausius-Glapeyron equation. When a positive 
pressure is applied the crystal lattice shrinks. Therefore, 
such radiation-induced internal stress shrinks the unit 
cell, that is, the irradiation must result in the shrinking 
the unit cell. However, on the contrary, the unit cells 
of NdNb1_A.V;c04 expand when they are irradiated 
(Table 1 ). This contradiction strongly suggests that the 
internal stress due to the radiation damage, if at present 
at all, is not the dominant cause of the Tt lowering. 

The experimental results of the neutron-irradiation 
of BaTi0 3

9 ) also appear to disprove the "internal stress 
theory." T h e BaTiO a compound is transformed from a 
tetragonal to a cubic structure at 130 °C. I t undergoes 
Tt lowering when it is irradiated.9) In a manner 
similar to the case of NdNbj-^V^C^, a positive pressure 
must be assumed10) as the internal stress to explain the 
Tt lowering due to the irradiation. However, in reality, 
the unit cell expands upon irradiation.9) This contradicts 
the assumption that the internal stress acts as a positive 
pressure. 

The radiation-induced lowering of Tt may be 
explained as being due to a change in the valency state. 
As described in the previous section, the N d N b 0 4 

compound appears to suffer a lowered Tt when replac­
ing the N b 5 + ion with ions of greater ionic potential or 

NdNbo.9Vo.jO4
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Fig. 4. Variation of a/c with concentration of CaMo0 4 

in NdNb04 . 

when replacing the Nd 3 + ions with ions of lower ionic 
potential. In fact, as shown in Fig. 4, the C a M o 0 4 

dopant for which the ionic potential of Ga2+ (Z/r=2.02) 
is smaller than that of Nd 3+(Z/r=2.88) and that of 
Mo6+(Z/r=9.68) is greater than that of Nb 5 +(Z/r=7.25) , 
lowers the ajc ratio of N d N b 0 4 , that is, it lowers the 
Tt of N d N b 0 4 . A similar effect on Tt occurs for a 
change in valency state. If electrons are transferred 
from Nb 5 + to Nd3+ and are trapped there when the 
N d N b 0 4 compound is irradiated, the irradiated N d N b 0 4 

compound contains N d 2 + N b 6 + 0 4 . I t can be expected 
that the ionic potential of Nd 2 + is smaller than that of 
Nd 3 + and that the ionic potential of N b 6 + is greater 
than that of Nb 5 + . Therefore, if irradiation induces 
the Nd2+Nb6+04 compound in the N d N b 0 4 matrix, 
the effect on the Tt of N d N b 0 4 may well be similar 
to that of the CaMo0 4 -dopan t , that is, the Nd2 + 

N b 6 + 0 4 compound will lower the Tt of N d N b 0 4 . 

The N d 2 + N b 6 + 0 4 compound may be detected by 
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Fig. 5. Temperature dependence of inverse molar sus­
ceptibility in irradiated (O) and non-irradiated (A) 
NdNb0<7V0>3O4 sample. 

measuring the magnetic susceptibility of the sample It 
is reasonable to expect that Nd2+ shares 4 Bohr 
magnetons/mol and Nb 6 + 1 Bohr magneton/mol while 
the non-irradiated N d N b 0 4 compound retains 3 Bohr 
magnetons/mol.14) V 5 + is diamagnetic. Therefore, if 
N d 2 + N b 6 + 0 4 is present in the irradiated sample, the 
magnetic susceptibility of the irradiated sample will be 
greater than that of non-irradiated sample by 2 Bohr 
magnetons per mol due to the N d 2 + N b 6 + 0 4 present. The 
G a M o 0 4 doping data (Fig. 4) leads to the estimation 
that, if the radiation-induced Nd 2 +Nb 6 + 0 4 compound 
lowers the Tt of a NdNb 0 - 7V 0 . 3O 4 sample, at least one 
tenth mole of N d 2 + N b 6 + 0 4 must be present in the 
irradiated N d N b 0 7 V 0 3 O 4 samples. Such an amount 
of N d 2 + N b 6 + 0 4 can readily be detected using a Gouy 
balance. Figure 5 gives the temperature dependence 
of the magnetic susceptibilities of irradiated (O) and 
non-irradiated (A) NdNb0 .7V0 3 0 4 . Flowever, no 
significant difference in the magnetic susceptibilities 
between the two is observed. Therefore, the change in 
the valency state is not an important cause of the 
radiation-induced lowering of Tt. 

This study provides no definite explanation of the 
radiation-induced lowering of Tt, but it is supposed 
that this may be ascribed to disordering in the crystal 
lattice. 
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Mössbauer Absorption Spectra of 119Sn in Single Crystals of 
(CH3)2SnF2 and (CH3)2SnCl2 

Hisao NEGITA, Ryukei BOKU, Makoto NAKAMURA, and Sumio ICHIBA 

Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
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The Mössbauer absorption spectra of 119Sn in single crystals of (CH3)2SnF2 and (CH3)2SnCl2 have been studied 
as a function of the orientation angles of the incident unpolarized gamma-ray beam with respect to the crystal axes, 
taking the absorber thickness effect into account. The analysis of the intensity ratios of the quadrupole splitting 
doublet yields the asymmetry parameter {rj) and the orientation of the principal axes of the electric-field gradient 
with respect to the crystal axes. The value of rj in (GH3)2SnCl2 at 135 K was aboxit 0.4, less than the value published 
previously. The sign of the 119Sn quadrupole coupling constant (e2qQ) in these compounds was found to be positive, 
as has been reported before. 

Several parameters, such as the electric-field gradient 
(EFG) and the mean square-displacement (MSD) 
tensors at the sites of the resonant nuclei, can be obtained 
by means of the Mössbauer absorption spectra of the 
single-crystal samples. 

Zory has discussed the analysis of the EFG in a 
single-crystal absorber containing 57Fe and has applied 
his analysis to FeCl 2 «4H 2 0 and evaluated all the EFG 
parameters.1) This method has been successfully 
employed for the complete determination of all the 
parameters of the EFG tensor in the iron compounds, 
Na 2 [Fe(CN) 5 NO]-2H 2 0, 2 > F e S 0 4 - 7 H 2 0 , 3 ) F e S 0 4 -
(NH 4) 2 S 0 4 - 6 H 2 0 , 3 ) etc.*-6) 

In these cases, the analysis of the quadrupole hyperfine 
anisotropy, however, was based on the thin absorber 
approximation. Unless the absorber is extremely thin, 
the analysis is complicated by the partial saturation of 
the absorption intensity in a polarized single crystal. 

T h e general theory of polarization effects given by 
Housley et al.1) has been developed recently by Gibb,8> 
who treated the data of the F e S 0 4 - ( N H 4 ) 2 S 0 4 - 6 H 2 0 
single crystal with polarization in the absorption cross 
section and obtained good results. 

So far no Mössbauer experiments with single crystals 
containing tin have been performed except for Fe{(?r-
C 5 H 5 ) (CO) 2 } 2 SnCl2,

9> with which the EFG tensor at 
tin has been evaluated and discussed by the use of a 
point-charge model. Therefore, in this paper we wish 
to report the results for Mössbauer absorption spectra 
by taking into account the absorber thickness effect in 
single crystals of (CH 3 ) 2SnF 2 and (CH3)2SnCl2 . 

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

A single crystal of (CH3)2SnF2 was grown by the slow 
evaporation of its HF solution. A thin crystal plate of 
approximately 0.4 x 0.4 cm2 could be obtained over about 
8 weeks. The crystal habit has been described in detail.10) 
An unusual feature is the dominance of the 001 plane, whose 
edges coincide with the crystallographic a direction. (CH3)2-
SnF2 is a tetragonal crystal in the space group I4/mmm, 
with cell dimensions of a=b=4.24 A and c= 14.16 Â.11) A 
unit cell contains two Sn atoms at the 2a positions (0, 0, 0) 
and (1/2,1/2,1/2), with a point symmetry of 4/mmm. The tin 
atoms are octahedrally surrounded by two methyl groups and 
four bridging fluorine atoms. These octahedra have the same 
orientation relative to the crystal axes. The local environment 
of the tin is shown in Fig. 1 (a). 

Fig. 1. The structure of (a) (CH3)2SnF2 and (b) (CH3)2-
SnCl2. 
O : Me, O : Sn, O: Gl, and o: F. 

A large crystal of (CH3)2SnCl2 was grown by the Bridgman 
method.12) After it had been cut with a knife along the 
habit plane (011 and 01Ï), we obtained a thin plate of approxi­
mately 0.7x0.7 cm2 by the hand-polishing technique. 
(CH3)2SnCl2 crystallizes in the orthorhombic space group of 
Imma, with unit cell dimensions of a=8.78, £ = 7.75, and 
c=9.25 Â.13) The structure consists of a chain of molecules 
running parallel to the a axis, with the tin atoms in the 
distorted octahedrals. The tin and chlorine atoms in each 
chain are coplanar, and the methyl groups are not collinear 
with the tin atoms joined to their own neighbors by two 
bridging chlorine atoms (Fig. 1(b)). 

The thickness of the crystal samples was determined by 
means of their weights and areas. The values of (CH3)2-
SnF2 and (CH3)2SnCl2 were 29 and 18 mg/cm2 respectively 
for Sn. The crystal was mounted on a goniometer head, 
and the crystal axes were located by the X-ray diffraction 
method. Then the goniometer head was placed in a liquid 
nitrogen cryostat so the gamma ray might be incident perpen­
dicularly to the crystal plate. The angle of the plate to the 
gamma ray was varied by the rotation of the goniometer head. 

The Mössbauer spectra were obtained by the use of a 
constant-acceleration-type spectrometer. The gamma-ray 
source was 0.7 mCi 119Sn in the barium stannate matrix and 
was used at room temperature. The absorber temperatures 
were 135 Kfor single-crystal samples and 100K for powder. 
X-Rays from the source were shut out by a palladium foil 
50 micron thick. The velocity scale was calibrated by the 
use of reference absorbers of BaSn03 and Sn foil. All the 
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spectra were analyzed by means of a least-squares computer 
fitting the Lorentzian-line shapes without constraints on the 
line positions, widths, and intensities by the use of HUC-III, 
HITAC-8700. 

M e t h o d o f Calculat ion 

The Absorption Cross Section. The polarization of 
the absorption cross section can be described in terms 
of 2 X 2 density matrices such as : 

lPlA P&\ 

VA P%> 
where sites are labeled by j and the hyperfine com­
ponents of a resonance by z.7> T h e normalization 
conditions are J$f\{= 5 J I ° 2 2 = 1 and 5 | j / 0"=2/ 0 t ' î=0. 

The density matrix can always be diagonalized if the 
direction of observation is in a mirror or glide plane, 
along a 3-fold or higher rotation or a screw axis, and 
normal to a suitable 2-, 4-, 6-fold rotation axis. Further­
more, if there is only one resonant site per unit cell, 
then the density matrix can always be diagonalized for 
any observation direction. 

(CH3)2SnF2 has only one resonant site per unit cell, 
and (CH3)2SnCl2 has three 2-fold rotation axes parallel 
to the a, b , and c axes. In these single crystals, therefore, 
the density matrix is diagonalized for the observation 
direction normal to the a axis. 

If there are only two absorption lines in the spectrum, 
as in the case for the 7 = l / 2 - » 3 / 2 nuclear transition, 
appropriate density matrix elements for a single site, j , 
have been shown to be : 

pA = 1/2 ± (l/4)a;(l +y cos 2<f>j) 

pà = 1/2 ± ( 1/4) w{ 1 - 3 sin2 Oj - f) cos2 0y cos 2<f>j) ( 1 ) 

pA = PA = ± (J?/4)H; cos 0, sin 20, 

where 2x>=[3/(3+372)]1/2> where the upper signs corre­
spond to the ± 1 / 2 - » ± 3 / 2 ( ^ transitions and the lower 
to the ± 1 / 2 - » ± 1 / 2 (a) transitions, and where dj and 
<pj are polar angles with respect to the principal-axes 
system (PAS) of the EFG. 

Let us transform Relation (1) from the Oj and <$>j 
coordinates to the © and 0 coordinates, which define 

gamma ray 

Fig. 2. The orientation of the incident radiation beam 
relative to the crystal axes (a, b , c) and the EFG axes 
(xj, y j , Xj) of thej-th site in the unit cell. 

the crystal axes with respect to the incident radiation 
beams, as is illustrated in Fig. 2. Since the a, b, and c 
directions are orthogonal with one another, the following 
expressions relate dj, <i>j to ©, (D, and the Euler angles 
(ay, ßj, y/) which relate the j site to the axes (a, b, c) : 

sin dj cos çiy = sin © cos 0(b-Xj) + sin © sin 0{c'Xj) 

+ cos @(a-Xj) = Bj 

sin Oj sin <f>} = sin © cos 0(b~yj) + sin © sin 0(c-yj) (2) 

+ cos©(a>Vj) = Cj 

cos 6j = sin © cos &(b-Zj) + sin © sin &(c-Zj) 

+ cos ©(a-Zj) = A j 

where : 

(b'Xj) = cos a.j cos ßj cos yj — sin <xj sin yj 

(c-Xj) = —cos ay cos ßj sin y} — sin ay cos yj 

(a-Xj) = cos ay sin ßj 

(b -yj) — sin ay cos ßj cos yj + cos ay sin yj (3) 

{c-ifj) = —sin ay cos ßj sin y} + cos ay cos yj 

(d'Vj) = sin ßj sin y j 

(b-Zj) = —sin ßj cos yj 

(C'Zj) = sin ßj sin yj 

{a-Zj) = cosßj 

From Eq. 2, it may be shown that Eq. 1 has the form of: 

PA = 1/2 ± ( 1 /4M1 + ? W - C y 2 ) / ( 1 - J y 2 ) } 

pA= l / 2 ± ( l / 4 M l - 3 ( l - i V ) W 
- ^ / ( J ß / - C y 2 ) / ( l - ^ / ) > 

fti = PA = + (Vl2)wAjBjCjl(l-Aj*) 

Absorption Areas. Since the 119Sn first excited 
state has a spin of 3/2, as a result of the interaction of the 
nuclear quadrupole moment with the EFG, the reso­
nance absorption line splits into two components, whose 
separation is given by: 

AE= (l/2)*2
?Q„(l + 72/3)i/2 (5) 

where eq is the EFG in the z (major-axis) direction, r] the 
asymmetry about the z axis ( 0 < Ç J 7 < 1 ) and eQ the 
nuclear quadrupole moment of the first excited state 
of1 1 9Sn. 

If the observed spectrum has the form of the indi­
vidual, completely split components—i.e., if the energy 
difference between components is larger than the 
absorption line width, then the absorption area, Ai} for 
the i-th component of the spectrum of the absorber with 
the effective cross section of Ta is given by: 

Ai = aJkK(Tia) (6) 

where : 

K{Tia) = r , a e x p ( - 7 ; a / 2 ) [ / 0 ( r i a / 2 ) + / 1 ( r t a / 2 ) ] , 
Tia = h Ta, 

Cf. is the fraction of the resonance quanta in the emission 
s p e c t r u m ; / , the recoilless fraction of the source, I0(x) 
and I1(x)i the zero- and the first-order Bessel function 
and imaginary argument respectively, and £,-, the 
relative intensity of the z-th component.14) If we are 
considering a polarized absorber (such as a single 
crystal) with two independent polarizations of the cross 
section, pU and pU, then the area of the i-th component 
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is given by8 ) : 
At = 0Lßz[(l!2)K(p^Ta) + (\l2)K(pi2Ta)] (7) 

Density Matrix for Two Sites in (CH3)2SnCl2. If we 
let kj stand for either xh yh or zh the symmetry 
relation between two sites in the unit cell is a 180° 
rotation about the a axis and can be written as : 

(*•*!) = ~(b-k2) 

(e-kj) = - ( c t j ) 

(a-*!) = (a.fta) (8) 

Consequently, from Eqs. 2 and 8, for observation in the 
be plane, i.e., for 0 = 9 0 ° , the diagonal elements of the 
density matrix are the same for both sites. The resulting 
diagonal elements of the density matrix a re : 

fti = (1/2) ± (ll4)w{l + V(B>*-C>*)/(l-A>*)} 

| 0 2 2 = ( l / 2 ) ± ( l / 4 M l - 3 ( l - , 4 ' 2 ) (9) 
-VA'2(B'2-C,2)I(1-A'2)} 

where : 
A' = cos 0(6-z) + sin 0(c.z) 

B' = cos0(b-x) + sm&(cx) 

C = cos$(b-y) + sin&(c>y) 
Eq. 9 also holds for observation along the a axis; i.e., 
0 = 0 ° , where: 

A' = (a-z), B' = (a>x), C* = (a-ir) 
Note that these equations are ill-conditioned if 1 — A'2 = 
0; i.e., jö=90° and a = 0 in the first case, and ß=0° in 
the second. 

Recoilless Fraction. When the recoilless fraction 
of the absorber is / ' , the effective cross section can be 
written as Ta=nf'oQ, where n is the number of resonant 
nuclides per cm2 , and <r0, a resonant cross section. 
Therefore, the effective cross section, Ta, depends on 

From the elementary theory of the Mössbauer-Lamb 
fraction, the dependence of the recoilless fraction on the 
mean-square amplitude of the vibration (<w 2 >) is 
given by: 

/ ' = e x p ( - < U
2 > / * 2 ) (10) 

where 2n^=hcjE, the gamma qua tum wavelength, 
which for 119Sn is 5.190 X lO"9 cm. For an axial-sym­
metric crystal, using the model for the angular distri­
bution of M S D given by Kündig et a/.,15) 

<M2> (0') = <wx
2> sin2 0' + <«;/

2> cos2 0' (11) 

where <Cux
2^> and <C"//2> are components of the M S D 

tensor normal to and parallel to its principal axis, and 
0', the polar angle made by the gamma-ray-propagation 
vector, k, with respect to the PAS of the M S D tensor. 
From Eqs. 10 and 11, the recoilless fraction for the 
powder sample is given by : 

/ ' = exp{-(ia/2)(<M//
2> + 2<Ui

2>)/3} (12) 

By assuming a Debye model for the phonon spectrum, 
the temperature dependence of the recoilless fraction is 
given by the well-known expression16): 

/ ' = exp{- (3£ R /2A0 D ) [ l+4( r /0 D ) 2 J o
Ô D / r ^ / (^ - l ) ]> (13) 

in which, within the high-temperature limit, (T>0DI2) 
takes the form of: 

f> = exp[(-6ER/kdD*)T] (14) 

where ER is the recoil energy of the free nucleus, and 0D, 

the Debye temperature. Therefore, if the MSD or the 
Debye temperature is k n o w n , / ' can be estimated from 
Eqs. 10, 12, and 13. 

From Eq. 6, if a second spectrum is determined using 
a similar absorber k times as thick as the original one, 
the ratio of the intensity is determined as follows: 

At'fAi = K(kbtnr<r0)iK(bttf'o0) (15) 

where k=n'jn. 
Since A/, A,, n', and n are measurable, and since 

K(x) is assumed to be a Lorentzian, the value o f / ' 
can be determined from Eq. 15. 

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

(CH3)2SnF2. The Mössbauer spectra were obtained 
at 135K for the single-crystal absorber mounted on the 
a axis normal to the observation axis. Figure 3 shows 
two typical experimental spectra. The upper spectrum 
is observed when the angle of the source radiation is 10° 
from the c axis of the crystal and the crystal thickness is 
29.5 mg/cm2 for Sn; the lower spectrum is observed 
when the direction of the radiation is 45° from the c 
axis and the crystal thickness is 41.0 mg/cm2 for Sn. 
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Fig. 3. The Mössbauer absorption spectra of (CH3)2-
SnF2 single crystal absorber with the direction of obser­
vation normal to the a axis. 

The room-temperature mean-square amplitude of 
vibration along the a axis, <Wx2>, and that along the 
c axis, < « / / 2 > , have been reported to be 0.0188 A2 and 
0.0440 A2 respectively.11) These values were substituted 
into Eq. 12 in order to estimate the value of / ' at room 
temperature. Using this value o f / ' , it was estimated 
from Eq. 14 that the Debye temperature, 0D, is 115.7K. 
and t h a t / ' is 0.17 a t 135 K. 

Previously it was mentioned that the tin is surrounded 
by a octahedron composed of four fluorine atoms and 
two methyl groups. I t will be noted that the C-Sn-C 
bond direction is assuredly a 4-fold axis, because the 
angles between the axes of the octahedron are 90°. 
Therefore, the S n - C direction is taken as the z axis of 
the EFG, and the S n - F ( l ) and Sn-F(2) directions, as 
the x and y axis respectively. T h e E F G is thus axially 
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-10° 0° 10° 20° 30° 40° 50° 

0 

Fig. 4. The area ratio as a function of the observation 
angle 0 for (CH3)2SnF2 single crystal at 135 K. The 
solid line is computed for e2qQ_^>0, 7} = 0,f=0.17, <x = 
0°, /S=90 °, and y=90 °. The broken line is computed 
for neglecting polarization effects. 

symmetric (3?=0). Assuming that / ' is isotropic, we 
calculated the area ratio, AKjAa, as a function of the 
observation angle, 0, in the be plane using Eqs. 2, 3, 4, 
and 7. The assumption that _/' is isotropic is supported 
by the work of Herber and Chandra,17) who reported 
that the mean-square amplitudes of vibration of the 
tin atoms in (CH3)2SnF2 were the same in all directions 
at 140K. The results are shown in Fig. 4. T h e solid 
line is the curve computed f o r / ' = 0.17, 37=0, a = 0 ° , 
ß = 9 0 ° , and y = 9 0 ° . T h e broken curve is the line 
calculated neglecting the effects of polarization, as in 
Zory.1) The agreement between the experimental and 
theoretical results means that the ratio of the high-
energy experimental absorption area to the low energy 
one, AHjAh, is equal to AnjAa and not AajAK. This 
implies that the ±3/2—»±1/2 transition is higher in 
energy than the ±1/2—>± 1/2 transition, i.e., the sign 
of the quadrupole interaction (e2qQ) is positive, which 
is in accordance with the result obtained by the applica-

30.2 L •. *v.. ws 

29.4L 

* 28.61-

2 S 
x 
B 36.4 r'-VT. .*..•• 

36.0h 

35.6 [ 

""' T = 135K *. *' 

• * .*.*"»'. 

\ ."<P = -90° .. v 
' . T = 135K---

...r~H 

e 

- 3 - 2 - 1 0 1 2 3 4 5 6 
Velocity (mms -1) 

Fig. 5. The Mössbauer absorption spectra of (CH3)2-
SnCl2 single crystal absorber with the direction of obser­
vation normal to the a axis. 

tion of a large external magnetic field.18) 
(CH3)2SnCl2. The single-crystal Mössbauer 

spectra were obtained at 135 K for gamma radiation in 
the be plane. T h e spectra which were obtained for two 
cases are shown in Fig. 5. In the first case, the gamma 
ray direction from the b axis was —20° and the thickness 
was 19.2 mg/cm2 for Sn, whereas in the second the 
values are —90° and 28.0 mg/cm2 respectively. 

An approximate value off was obtained by the area-
ratio method using the powder sample at 100 K. Figure 
6 illustrates the results. T h e low-energy experimental-
absorption-area ratios (A'jA)L, are plotted against n'jn. 
A reasonable fit to the data is obtained for «/L / < TO=0.60, 
which g i v e s / ' L = 0 . 1 0 . A similar analysis for the high-
energy experimental-absorption-area ratios (A'/A)K 

y i e l d s / /
H = 0 . 1 1 . T h e r e f o r e , / /

L + / /
H = 0 . 2 1 is obtained as 

the recoilless fraction of (CH3)2SnCl2 at 100K. Substi­
t u t i n g / ' = 0 . 2 1 into Eq. 14, the Debye temperature 0D 

1-0 2.0 3.0 4.0 5.0 
n'jn 

3.0 4.0 5.0 

n'jn 

Fig. 6. The absorption area ratio against (GH3)2SnCl2 

powder absorber thickness ratio at 100 K. (a) The 
lower energy experimental area ratio (A'jA)h is plotted 
against n'jn. (b) The higher energy experimental area 
ratio (A'/A)H is plotted against n'jn. 
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8.78A \ 

9.26A 

Fig. 7. Projection of the unit cell of (CH3)2SnCl2 on the 
ac plane. 0 : S n ) 0 : Gl, and o: C. 

is derived as 107.1 K, which is in good agreement with 
the literature value,19) 108.3 K at 70 K. Using this 
value of 0D, the value of / ' a t 135 K is found to be nearly 
equal to 0.12. 

In the following discussion, we shall refer only to 
one site because the two sites are related by a 180° 
rotation about the a axis. The projection onto the 
crystallographic ac plane of the unit cell of (CH3)2SnCl2 

is shown in Fig. 7. Since the tin atom in the unit cell 
lies on the mirror plane parallel to the ac and be plane 
and has C2v symmetry, it can be expected that the 
principal axes of the EFG tensor lie parallel to the 
crystallographic a, b , and c axes. However, it is unclear 
which principal axes of the EFG the a, b , and c axes 
correspond to; furthermore, the value of 37 can not be 
determined from the point symmetry of the tin site 
itself. Erickson has reported that the sign of Vzz in 
(CH3)2SnCl2 is negative.20) T h e negative sign of Vzz 

(which corresponds to an excess of the negative charge 
along the z axis) in trans-R2SnX4 compounds can most 
logically be interpreted by assuming that tin-carbon 
bonds have a much larger p-electron density along the 
bond that do tin-halogen bonds along their bond axes. 
Therefore, it seems most likely that the Vzz direction is 
along the b axis. 

-10° -30° - 5 0 ° 

0 
- 7 0 ° -90° 

Fig. 8. The area ratio as a function of the observation 
angle 0 for (CH3)2SnCl2 single crystal at 135 K. The 
dotted curve is computed for 37=0.6, and solid curve 
for 3^=0.4, when <?2?Q>0,/'=0.12, «=0°, ß=90°, and 
y=90°. 

Equations 3, 7, and 9 were evaluated by means of a 
small computer program to give the density matrix 
elements for various values of a, ß, y, and 37. We assumed 
t h a t / ' was approximately isotropic and that F x x and Vyy 

were parallel to the crystallographic c axis and a axis 
respectively. The observation angle (0) curve for the 
area ratio was then found using Eq. 7. The results of 
V=0A and 0.6 are shown, along with the experimental 
values, in Fig. 8. T h e dotted curve is computed for 
37=0.6, and the solid curve, for 37=0.4, w h e n / ' = 0 . 1 2 , 
a = 0 ° , ß = 9 0 ° , and y = 9 0 ° . The agreement between 
the experimental and calculated values is better when 
37=0.4 is used than when 37=0.6 is used. The latter 
value, which was published previously,20) must be 
overestimated. A more detailed value for rj may be 
obtained by comparison with the results of other 
observations normal to the b axis or the c axis. As we 
have seen, the thickness of the sample has so profound 
an effect on the absorption spectra that precise area 
measurements are necessary to determine the value of 
37 as well as e2qQ. 

We wish to express our sincere gratitude to Assistant 
Professors Toshihiko Kushi of Hiroshima University and 
Mitsuo Mishima of Shimane University for their 
valuable advice in analyzing the data. 
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Magnetic Circular Dichroism of the Thulium and Erbium Ethyl 
Sulfate Nonahydrate Crystals 
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(Received July 26, 1976) 

The magnetic circular dichroism and absorption spectra of the thulium and erbium ethyl sulfate nonahydrate 
crystals have been measured at low temperatures, down to 18 K. The analyses are made for five absorption bands 
of Tm(C2H5S04)3-9H20; the bands from the ground state, 3H6, to the excited states 3F3, 3Fa, 1G4, 1Da, and 3PX of 
Tm3+, and for four bands of Er(C2H5S04)3«9H20; the bands from the ground state, 4Ii5/2, to the excited states 
4S3/2, 4F5/2, 4F3/2, and aG9/2 of Er3+. With the aid of the information about energy levels already obtained, the g 
values of the crystal levels relevant to absorptions are derived from the Faraday parameters; these are in good 
agreement with those obtained by other methods. 

A certain amount of crystal field level data for rare 
earth crystals has been accumulated by the analysis 
of the absorption and fluorescence spectra and the 
Zeeman effect for these crystals.1-2) By using the 
knowledge of these well established energy levels, it has 
been pointed out3 - 6) that even when optical absorption 
bands are too broad to give resolved Zeeman patterns, 
fairly accurate estimates of the spectroscopic splitting 
factors (g value) in the ground and excited states can be 
obtained from the magnetic circular dichroism (MCD) 
spectra. 

In the present work, the M C D measurements for five 
absorption bands of thulium ethyl sulfate nonahydrate, 
T m ( C 2 H 5 S 0 4 ) 3 - 9 H 2 0 (Tm(ES)) , and four absorption 
bands of erbium ethyl sulfate nonahydrate, Er(C2H5-
S 0 4 ) 3 - 9 H 2 0 (Er(ES)), have been carried out at low 
temperatures and the g values derived from the M C D 
are compared with those obtained by other methods. 

Exper imenta l 

The procedure of the preparation of the crystals is de­
scribed in our previous paper.6) All the absorption and MCD 
spectra were obtained by a JASCO J-10 spectrophotometer 
equipped with a permanent magnet of 3.6 kG. The meas­
urements at low temperatures down to 18 K were performed 
using a metal Dewar vessel, as showh in Fig. 1. The tempera­
ture of the crystal packed into a sample cell attached to the 
tail of the liquid helium vessel was measured by using an 
Au-Go versus chromel thermocouple with one junction 
pressed directly against the crystal and found to be 80±1 
and 18rb2 K at liquid nitrogen and helium temperatures, 
respectively. 

The product of the concentration and path length for a 
sample was determined from a comparison of the absorption 
strength of several isolated bands in the crystal with that 
of the corresponding aqueous solution at room temperature. 
While this procedure may produce errors in the estimate of 
the absorption coefficient and the molar ellipticity, this is 
not a serious matter,8»7) because the important quantities in 
our discussion are always the ratios of the Faraday param­
eters to the dipole strength. The slit width was made as 
narrow as possible (^»0.01 mm) to resolve an overlapping 
band, although there was a limitation owing to the charac­
teristic resolving power of the instrument. When the incident 
light beam was directed along the principal axis of a uniaxial, 
crystal, no birefringence effect was observed in the present 
measurement; the base line was flat and well behaved with 
zero magnetic field. The MCD and absorption data thus 

Fig. 1. Metal Dewar vessel for the MCD measurement 
at liquid helium temperature (A) and the enlarged 
diagram of its tail part (B). The units are in mm. 
a: O-ring, b : liquid nitrogen vessel, c: liquid helium 
vessel, d : sample part, e : thermocouple, f : liquid nitro­
gen shield, g : indium, h : quartz window, i : sample cell, 
j : crystal, k : Cu-holder. 

obtained are considered to be accurate within 20 percent. 

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

Energy Levels and Calculated g Values. The Tm3+ 
and Er3+ ions in ethyl sulfate have 4f12 and 4fn electronic 
configurations respectively. According to the analysis 
of the crystal structure of rare earth ethyl sulfates,8) 
the space group is P63/m (C2

6h) and the local symmetry 
about a rare earth ion is D 3 h as far as the nearest-
neighbor oxygen atoms of 9 crystalline waters are 
concerned. An ion state \JM^> placed in a crystal 
field splits into several crystal levels, designated by the 
crystal quantum numbers 9, following Hellwege:9) e.g., 
the ground ion state of Tm(ES) , 3H 6 , and that of Er(ES) , 
4I1 5 /2 , split into 9 and 8 crystal levels in D 3 h symmetry, 
respectively. 

In general, it is possible to evaluate theoretically the 
g values of crystal levels. Wong and Richman1 0) made 
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the calculation of the crystal levels of T m (ES) and their 
g values. They obtained the root mean square deviation 
of 118.9 c m - 1 for 11 ion levels by the operator equivalent 
method and that of 10.8 c m - 1 for 21 crystal levels by the 
first-order perturbation theory. Although the accuracy 
of the physical quantities calculated depends on that 
of the wave functions used, the results by Wong and 
Richman are considered to be fairly reliable. As there 
has been no calculation for the g values of Er (ES), we 
have made the crystal field calculation for this crystal11) 
in which the configuration interaction for ion levels and 
complete ./-mixing for crystal levels are taken into 
account by means of the tensor method.12) This calcula­
tion has made it possible to fit 22 ion levels with the root 
mean square deviation of 78.2 c m - 1 and to fit 50 crystal 
levels with that of 3.6 c m - 1 . T h e calculated g values 
will be utilized in the comparison with those from M C D 
in the following section. 

MCD Spectra. The general expressions for the M C D 
extensively used can be applied to a uniaxial crystal. 
T h e ellipticity accompaning an electronic transition is 
written as 

0 = -~yKt4fJfi+(B + C/kT)f0]H, :i) 

where the explicit expressions for the Faraday parameters 
A, B, and C, are given by Stephens.13 '14) T h e ordinary 
conditions assumed in the derivation of Eq. 1 (Zeeman 
energy <Czero-field state separation, line width, and kT) 
are satisfied in the present measurements. The ratios 
of the Faraday parameters to the dipole strength D 
(=( l / a f a )Kf l | / î i ] j> | 2 ) are related to the g values of the 
ground a and excited j states in a transition as 

\A/D\ = \gj-ga\, \C/D) = \ga\ (2) 

where the Zeeman splitting is taken as 2gßH, since there 
are no multiplets except the doublet in the ethyl sulfate 
crystals. T h e selection rules in D 3 h symmetry in case 
of an even and odd number of electrons are given in 

TABLE 1. SELECTION RULES FOR CRYSTAL QUANTUM 

NUMBER 7] IN D 3 H SYMMETRY 

Even number electrons. 

v"\V 0 ±1 ±2 
0 

±1 
±2 

3 

CT 

K 

CT 

K 

CT 

CT 

71 

CT 

71 

CT 

Odd number electrons. 

V"\V' ±1/2 
±1/2 — 
± 3 / 2 CT 
± 5 / 2 CT, K 

±3/2 
CT 

71 

CT 

±5/2 
CT, 71 

CT 

Table l,15) while a polarization can be observed in the 
present experiment. The energy level diagrams of 
Tm(ES) and Er(ES) relevant to the present analysis 
are given in Fig. 2.1) The M C D and absorption spectra 
observed are shown in Figs. 3 and 4 for Tm(ES) and 
Er (ES), respectively. T h e absorption bands analyzed 

and four for Er(ES) : 4I15/2->4S3/2, 4F 5 / 2
 4F3 /2 , and 

2G9/2.16) T h e Faraday parameters derived from the 
method of moments14 '17) are given in Tables 2 and 3 
for Tm(ES) and Er (ES), respectively. We consider 
that the parameter values by the graphical method by 
Bodoz et a/.18) and the curve fitting method by a least-
squares procedure19) can be also obtained with similar 
accuracy to those by the moment method when a 
careful application of these two methods is made.19) 

Discussion for Tm(ES). The lowest crystal level 
of the 3 H 6 state of Tm(ES) is a non-degenerate level 
3? = 0. The population of the next level ( ï > = ± l ) , which 
is 32 c m - 1 higher than the lowest level, is 8 percent of 

±2 

-(36430) 
- 36401 

- 27971 
• 27900 
• 27876 

- 21379 

- 21341 

- 21279 

- 21255 

- 21191 

• 21168 

_ 15144 
. 15106 

- 15079 

-(14491) 

- 14487 

- 14486 

- 14466 

- 14407 

B 
V 2 

''*. 

v. 
»3/2 

'15/2 
*2.5 

24779 

24687 
.24661 
•24604 
.24582 

.22632 

22585 

22271 

.22256 

,18487 
18461 

Fig. 2. Energy level diagrams of Tm(ES) (A) and Er(ES) 
(B) (Ref. 1). The units of energy are in cm -1. The 
values in parentheses are not yet determined experi­
mentally. Allowed transitions are indicated by arrows. 

J - T ^ 

ik 

are five for Tm(ES) : 3H6-•3F3 , 3F 2 , iG4 iDa, and 3P l 5 

14.4 14.5 14.615.0 15.1 21.2 21.3 27.9 28.0 36.4 36.5 

Frequency (103 cm-1) 

Fig. 3. Absorption and MCD spectra of Tm(ES) at 18 K. 
0M and e are the MCD in molar ellipticity units (degree 
deciliter decimeter-1 mol-1) per unit gauss and molar 
extinction coefficient, respectively. 
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18.4 18.6 22.2 22.4 22.6 24.5 24.7 

Frequency (103 cm -1) 

Fig. 4. Absorption and MCD spectra of Er(ES) at 18 K 
(solid line) and at 80 K (broken line). Notations and 
units are the same as in Fig. 3. 

that of the latter at 18 K. As seen in Fig. 3, the » H ^ D g 
band splits into two bands : each of these should corre­
spond to the 3 H 6 (^=0) -> 1 D 2 (3?=±2) and the 3 H 6 ( ? = 
=1= 1 )—>1D2('7== ziz 1 ) transitions (Fig. 2). Furthermore, 
the band at about 36400 c m - 1 is readily seen to be the 
3 H 6 ( Î 7 = zbl)"~^3ï>i( î?= dz 1) transition from the selection 
rules (Table 1 ). Thus, the absolute value of g in the 
3 H 6 ( J ? = ± 1 ) level can be obtained separately from the 
C/D values in the two transitions from this level; its 
average value is 1.11 ß. T h e absolute g values for the 

excited levels of these two bands are also obtained 
from the corresponding A/D values. However, for the 
3H6—>3F3,

 3F2 , 1G4 bands, no evident transition from the 
3H6(?7= zb 1) level is observed in the present measure­
ments (Fig. 3). If it is assumed that these bands arise 
solely from the lowest level 3 H 6 ( J ? = 0 ) , then all the C/D 
values for these bands turn out to be zero, the B/D 
values are fixed, and the absolute g values of the excited 
levels are obtained from the corresponding AfD values. 
As a result, all the g values of the crystal levels observed 
are definitely settled. T h e g values derived from M C D 
are compared with those of other methods in Table 4 ; 
here the agreement among the three methods is fairly 
good within the accuracy estimated. The g values from 
M C D seem to be in better agreement with those by 
Zeeman effect than are the calculated values. 

Discussion for Er (ES). All the crystal levels of 
Er (ES) are doubly degenerate due to the Kramers 
degeneracy. T h e lowest crystal level of the 4I1 5 /2 state 
of Er(ES) is 9 = ± 5 / 2 . T h e population of the next 
level ( 9 = ± 3 / 2 ) which is 44 c m - 1 higher than the lowest 
level, is 3 percent of that of the latter at 18 K. Thus, 
we can assume that all the absorption bands at 18 K 
originate only from the lowest crystal level. However, 
from the energy level diagram (Fig. 2), each of the 
bands except the band at about 24580 c m - 1 should be 
considered to consist of two transitions to the excited 
crystal levels ( 9 = ± 3 / 2 and ± 1 / 2 ) , owing to low 
dispersion of the instrument used. Therefore, the 
estimate of g values is not so straightforward. In the 
4I15/2—>2G9/2 band consisting of only one transition, the 
absolute g values for the 4 I 1 5 / 2 ( Î ? = ± 5 / 2 ) and 2 G 9 / 2 ( J ? = 

TABLE 2. FARADAY PARAMETERS DIVIDED BY DIPOLE STRENGTH D, CENTRAL FREQUENCY V0, AND 

HALF-WIDTH A AT 1/tf OF THE MAXIMUM ABSORPTION IN T m ( E S ) AT 18 K 

Transition 
a,b) 

* 0 

(cm-1) (cm-1) ( 
D 

10-5 D2) 
AID 
iß) 

£/Z)b> 
OS/cm-*) 

CID 
iß) 

3H6(0) >3F3(±2) 
3F£6(0)—+ 3F 2 (±2) 
3H6(0)—>*G4(±2) 
3H6(0) ^ ( ± 2 ' ) 
3H6(0) ^ D , ( ± 2 ) 
3 H 6 (± l ) -> iD 3 (± l ) 
3 H 6 ( ± l ) - > 3 P i ( ± 1 ) 

14486 
15079 
21168 
21279 
27900 
27939 

(36400) 

27 
25 
20 
23 
13 
15 
22 

2.51 
0.560 
0.254 
2.35 
0.121 
0.487 
0.207 

1.45 
- 1 . 3 4 

1.89 
0.11 

- 1 . 2 3 
- 0 . 6 6 
- 0 . 5 7 

-0 .0011 
-0 .0037 
-0 .0057 

0.0205 
0.0008 

(0) 
(0) 

0 
0 
0 
0 
0 
1.30 
0.91 

a) The data from Ref. 1. b) The values in parentheses are assumed ones. 

TABLE 3. FARADAY PARAMETERS DIVIDED BY DIPOLE STRENGTH D, CENTRAL FREQUENCY V0, 

AND HALF-WIDTH A AT l/e OF THE MAXIMUM ABSORPTION IN E r ( E S ) 

Excited statea> T 
(K) (cm-1) 

A D AID 
(cm-1) (10-5 D2) (ß) 

B/D 
03/cm-1) 

CID 
iß) 

80 4S3/2(±3/2, ±1/2) 

*F5/a(±3/2, ±1/2) 

4F3/2(±3/2, ±1/2) 

2G9/2(±3/2) 

2G9 / 2(±l /2, ±3/2') 

18 
80 
18 
80 
18 
80 
18 
80 
iß 

18470 

22270 

22615 

24580 

24670 

44 
40 
54 
40 
59 
42 
52 
28 
42 
35 

3.36 
0.96 
3.71 
1.97 
4.25 
4.09 
0.68 
0.16 
2.89 
1.25 

1.45 
1.50 
1.39 
1.02 
0.22 
0.12 
2.62 
2.51 
1.64 
1.22 

0.001 

0.013 

- 0 . 0 0 3 

0.006 

- 0 . 0 0 9 

- 0 . 2 1 

- 0 . 2 6 

- 0 . 0 1 

- 0 . 8 6 

- 0 . 1 0 

a) The ground state is 4 I 1 5 / 2 ( J ? = ± 5 / 2 ) . 
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TABLE 4. COMPARISON OF THE g VALUES IN Tm(ES) 

Level 

T e r m 7} 

«H6 ± 1 
3F3 ± 2 
8F2 ± 2 
*G4 ± 2 

± 2 ' 
xDt ± 1 

±2 
«Pi ± 1 

Energy 
(cm-1) 

32 
14486 
15079 
21168 
21279 
27900 
27971 

«*36430 1 

MCDa> 

1.11 
1.45 
1.34 
1.89 
0.11 
1.99 
1.23 

.48 or 0.34 

g value 

Zeemanb) 

1.00±0.20 
1.88±0.10 
1.46±0.02 
1.80±0.03 
0.00 

— 
— 

Calcdc> 

0.55 
2.17 
1.51 
1.52 
0.40 
2.27 
1.14 

— 

a) The absolute values, b) The 
c) The data from Ref. 10. 

data from Ref. 21. 

± 3 / 2 ) levels can be determined from the Faraday 
parameters. As seen in Table 3, the AjD values for 
each of the other four bands are almost constant and 
independent of temperature, but the C/D values over 
these bands are not consistent with each other and also 
are considerably different from the value of the 
4 W ? = ± 5 / 2 ) - > 2 G 9 / 2 ( ? = ± 3 / 2 ) _ band. _ Therefore it 
will be difficult to extract useful information from these 
CjD values. When it is assumed that each A/D value 
of the above four bands is a simple sum of the values 
from the two transitions which are contained within a 
band, and the g value of the ground level is taken as 
0.75, being the value from the Zeeman experiment,20) 
the g values for the excited crystal level can be estimated. 
The g values thus obtained are compared with those of 
other methods in Table 5. T h e agreement between 
the g values from M CD and those of other methods is 
satisfactory, considering the above assumption. 

TABLE 5. COMPARISON OF THE g VALUES IN Er (ES) 

Level 

Term 
4I15/2 

S3/2 

4F5 / 2 

4F3/2 

2G9/2 

V 

±5/2 

±3/2 
±1/2 
±3/2 
±1/2 
±3/2 
±1/2 
±3/2 
±3 /2 ' 
±1/2 

Energy 
(cm-1) 

0 

18461 
18487 
22256 
22280 
22585 
22632 
24582 
24661 
24687 

MCDa> 

0.86 

(2.47) 
1.00 

(1.56) 
0.35 
(1.05) 
0.28 
1.82 

(1.50) 
0.08 

g value 

Zeemanb> 

0.75±0.03 
0.74±0.02d> 
2.47±0.09 

— 
1.56±0.15 

— 
1.05±0.08 

— 
- 1 . 8 3 ± 0 . 0 5 
- 1 . 5 0 ± 0 . 2 5 

0.15±0.10 

Calcdc> 

0.71 

2.53 
0.84 
1.57 
0.53 
1.12 
0.37 

- 2 . 2 6 
- 0 . 9 6 

0.54 

a) The absolute values. The values in parentheses 
are assumed ones, b) The data from Ref. 20. c) The 
data from Ref. 11. d) The value from paramagnetic 
resonance (Ref. 22). 

I n conclusion, it may be stated that with the aid of 
the knowledge of well-established energy levels, the g 
values of crystal levels can be estimated with considerable 
accuracy from M C D , and these values might be better 
than other calculated ones. 

We wish to express our grati tude to Professor T . 
Kanda and his coworkers at Kobe University for their 
aid with the experiment at liquid helium temperature. 

References 

1) G. H. Dieke, "Spectra and Energy Levels of Rare 
Earth Ions in Crystals," Interscience Publishers, New York 
(1968). In this article there are the references up to 1967. 

2) For Tm crystals: (a) D. N. Olsen and J. B. Gruder, 
J. Chem. Phys., 54, 2077 (1971) (TmCl3.6HaO, Tm3+:YC13. 
6H 2 0) ; (b) J. Stohr, D. N. Olsen, and J. B. Gruber, ibid., 
55, 4463, 4472 (1971) and ibid., 60, 1697 (1974) (TmCl3. 
6H 2 0) ; (c) E. A. Karlow and J. B. Gruber, ibid., 55, 4730 
(1971) and ibid., 62, 1606 (1975) (Tm2(S04)3-8H20); (d) 
R. C. Alig, R. C. Duncan, Jr., and B. J. Mokross, ibid., 59, 
5837 (1973) (Tm3+:SrCl2, CaF2); (e) J. Stohr, E. R. Seidel, 
and J . B. Gruber, ibid., 61, 4820 (1974) (Tm2(S04)3 .8H20). 
For Er crystals: (f) D.J . Randazzo, J. Chem. Phys., 49, 1808 
(1968) (Er3+:GdCl3); (g) M. R. Brown, H. Thomas, J. S. S. 
Whiting, and W. A. Shand, ibid., 50, 881 (1969) (Er3+: 
SrF2); (h) M. R. Brown, H. Thomas, J. M. Williams, R. J . 
Woodward, and W. A. Shand, ibid., 51, 3321 (1969) (Er*: 
SrF2); (i) E. Bemal, ibid., 55, 2538 (1971) (Er'+.-CaWO,,); 
(j) R. L. Cone, ibid., 57, 4893 (1972) (Er(OH)3); (k) V. L. 
Dolan and A. A. Santiago Jr., ibid., 57, 4717 (1972) (Er^: 
YA103) ; (1) W. T. Carnell, P. R. Field, and R. Sarup, ibid., 
57, 43 (1972) (Er3+: LaF3, ErCl3 .6H20); (m) J. B. Fenn Jr., J. 
C. Wright, and F. K. Fong, ibid., 59, 5591 (1973) (Er3+: CaF ;). 

3) J . Margerie, Physica, 33, 238 (1967). 
4) A. C. Boccara and B. Briat, J. Phys. (Paris), 30, 445 

(1969). 
5) J. Ferre, A. C. Boccara, and B. Briat, J. Phys. (Paris), 

31, 63 (1970). 
6) Y. Kato, T. Nagai, and T. Nakaya, Chem. Phys. Lett., 

39, 183 (1976). 
7) A. J. McCaffery, P. N. Schatz, and T. E. Lester, 

J. Chem. Phys., 50, 379 (1969). 
8) D. R. Fitzwater and R. E. Rundle, Z. Kristallogr., 112, 

362 (1959). 
9) K. H. Hellwege, Ann. Phys., 4, 95 (1949). 

10) E. Y. Wong and I. Richman, J. Chem. Phys., 34, 
1182 (1961). 

11) Y. Kato, T. Nagai, and A. Saika, to be published. 
12) G. Racah, Phys. Rev., 62, 438 (1942); 63, 367 (1943); 

76, 1352 (1949). 
13) A. D. Buckingham and P. J . Stephens, Ann. Rev. Phys. 

Chem., 17, 399 (1966). 
14) P. J. Stephens, J. Chem. Phys., 52, 3489 (1970). 
15) B. G. Wybourne, "Spectroscopic Properties of Rare 

Earths," John Wiley & Sons, Inc., New York (1965), p. 207. 
16) E. H. Erath (J. Chem. Phys., 34, 1985 (1961)) and 

Dieke (Ref. 1) have reported that the ion level which has 
the center of crystal levels at 24516 cm - 1 is 2H9/2. However, 
this level should be assigned to aG9/2 according to the present 
calculation (Ref. 11). The wave function of this level with 
J =9/2 is given by 

\W) - -0.49152|4F> + 0.43494|2G(I)>-0.39289|aG(II)> 
+ 0.24835|4G> + 0.26420|2H(I)>-0.40396|aH(II)> 
+ 0.34670|4I>. 

17) P. J . Stephens, Chem. Phys. Lett., 2, 241 (1968). 
18) J . Badoz, M. Billardon, A. C. Boccara, and B. Briat, 

Symp. Faraday Soc, 3, 27 (1969). 
19) Y. Kato and K. Nishioka, Bull. Chem. Soc. Jpn., 47, 

1047 (1974). 
20) K. H. Hellwege, S. Hufner, and H. G. Kahle, Z. 

Phys., 160, 149 (1960). 
21) U. Johnsen, Z. Phys., 152, 454 ( 1958). 
22) R. J. Elliott and K. W. Stevens, Proc. R. Soc. London, Ser. 

A, 219, 387 (1953). 



March, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (3), 593—596 (1977) 593 

A Semi-empirical NDDO Method for All-valence-electron 
Systems. I. Hydrocarbons 
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A semi-empirical NDDO method is applied to the evaluation of the molecular geometries and excitation 
energies of a variety of hydrocarbons, both saturated and conjugated, and of the heats of reactions among these 
hydrocarbons. Two-center electron repulsion integrals are evaluated by the simple formulae derived from the 
corresponding theoretical formulae. The off-diagonal core matrix elements and core-core repulsion energies are 
estimated empirically. It is shown that the method gives good estimates of the molecular geometries and excitation 
energies and permissible values for the heats of reactions. 

The understanding of a chemical reaction process 
requires a knowledge of the potential energy surfaces 
for the lowest and excited states. The M O method to be 
used in the study of a reaction process should well 
reproduce three quantities at the same t ime; the 
molecular geometries, the heats of reaction, and the 
excitation energies of the molecules. Many semi-
empirical methods for all-valence-electron systems have 
been reported,1-5) and the recent M I N D O / 3 version, 
in which a large number of parameters are introduced, 
reproduces satisfactorily the ground-state properties of 
molecules.3) However, little attention has been paid 
to the simultaneous evaluation of the above three 
quantities. This paper will search for a semi-empirical 
method, which is at the same level of parametrization 
as in the M I N D O / 2 method,4) and which gives good 
estimates of the above three quantities. 

Most of the semi-empirical methods for all-valence 
electrons are modified versions of the C N D O and I N D O 
approximations, while only a few are those of the 
N D D O (Neglect of Diatomic Differential Overlap) 
approximation.5) T h e N D D O approximation may be 
difficult to parametrize or for use in evaluating a large 
number of additional integrals semi-empirically. How­
ever, it represents a more logical solution of the problem6) 
than the C N D O and I N D O approximations. In this 
study, the N D D O approximation was used. Two-center 
integrals were evaluated by the simple formulae which 
were derived from the corresponding theoretical 
formulae. Parameters were chosen so as to give, at the 
same time, well-balanced values for the above three 
quantities. The method was applied to several hydro­
carbons, and the results were compared with the 
observed values. 

M e t h o d 

The LCAO-MO's for valence electrons are deter­
mined from Roothaan's LCAO-SCF equation.7) The 
atomic integrals necessary for the calculation are 
evaluated by the following methods. 

One-center electron repulsion integrals are evaluated 
from the Slater-Condon parameters, FK and GK, as in 
MINDO/2.4) 

Two-center electron repulsion integrals are evaluated 
from the integrals related to the local diatomic coor­
dinate. Consider the integrals between AO's of two 
atoms, A and B : 

Fig. 1. Local diatomic coordinate and AO's of atoms 
A and B. 

( / iVIAV) == U / ( l ) ^ ( l ) - L ^ i
B ( 2 ) ^ B ( 2 ) d T 1 d T , (1) 

J '12 

First, we transform the AO's , 0 / s , into the local coor­
dinate system of Fig. 1. T h e repulsion integrals of the 
original AO's can be expressed in terms of integrals 
between the transformed AO's . T h e integrals between 
the AO' s of Fig. 1 are given by Roothaan.8) In 
Roothaan 's formulae, if the terms higher than the third 
order in 1 jRAB (RAB is the distance between two atoms, 
A and B) are neglected, the integrals between the AO's 
of Fig. 1 are written as: 

( J M I A 8 ) = yAB 

(aAaA|aBaB) = yAB + 61, 

( ^ l ^ a 8 ) = yAB + 3/i 

( a A a A | ^ B ) = yAB + j-I, 

(sAsA\jtBnB) = yAB - l -A (2) 

{nAnA\^nB) = (nht*\&7?) = yAB - Mx 

( J ^ I A 8 ) = (SA<JA\GB<^) = (jAaA|»BjiB) = / 3 

(s^s**?) = / , 

{*AnA\<?nB) = {7tAnA\n*7p) = (SATIA\^JIB) = 0 

where ^A is the Is or 2s A O of the A atom and where 
CTA and TT* are the 2pa and 2p7r AO's of the A atom. 
They are defined in the local coordinate (Fig. 1). The 
If s are sub-integrals defined by Roothaan : 

Ix = [3S|3D£] 

5 
/ , = 

2V"3 

25 

[3S|3P2] 

(3) 
/ , = ^ j - [3Pn |3Pi i ] 

h = ^ | [ 3 P 2 | 3 P S ] 
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The sub-integral [3Sal3DS]b] is different from [3Sbl-
3DX3a] when the A and B atoms are of different species. 
In the above formulae, this difference is neglected, 
though, and both are written as / , . 

The integrals between s orbitals, yAB, are calculated 
by using the Ohno-Klopman expression.9) T h e sub-
integrals, Ii's, are calculated by means of the following 
formulae : 

A = 19.294/RABy*B 

7 2 = 1481.9/ÄAByAB (4) 

/ , = 0.5/4=52.263/HABy*B 

where / - (F 2
A +F 2

B ) / (F 0
A +F 0

B ) 5 . An explanation of these 
formulae is given in the Appendix. T h e values of the 
repulsion integrals calculated from (2) were compared 
with the theoretical values (Table 1). All two-center 
repulsion integrals (1) between the original AO's can be 
evaluated from the above integrals by means of: 

( ^ | A » ) = yAB 

( J M W ) = akaI2 

(sAsA\pkV) = <WAB + \hi^kaala-ôkl} 

(^ /JAtV) = <W4 

+ §ôijakaau + $ôklaioaja} 

where s represents the s A O , and pif one of the 2p x , 
2py , and 2p z AO's defined in the original coordinate. 
The aia is scalar product of two vectors, e,- and eAB, 
the unit vector directed along the /-axis and that 
directed from A toward B respectively. These expres­
sions satisfy the correct transformation condition which 
ensures the invariance with respect to the rotation of 
axes. 

TABLE 1. VALUES OF CARBON-CARBON TWO-CENTER 

REPULSION INTEGRALS FOR /?CC= 1 • 5 0 Â . 

Values of integrals 

^ Calcd using Calcd from 
Slater AO's (2)—(4) 

(ss | ss) 
(aa|aa) 
(ss\aa) 
(aa 1 nn) 
(ss | nn) 
(nn | nn) 
(nn | nn) 
(sa | ss) 
(sa | aa) 
(sa | nn) 
(sa | sa) 
(sn | sn) 

9.21 eV 
10.94 
9.99 
9.51 
8.82 
8.56 
8.38 
2.41 
2.77 
2.23 
0.96 
0.78 

7.26 eV 
8.11 
7.68 
7.47 
7.05 
6.83 
6.83 
1.50 
1.50 
1.50 
0.76 
0.38 

The attraction (0 / |V B 10 / ) between an electron in an 
A O 0,, on the A atom and the core of the B atom was 
assumed to be : 

( 0 / 1 W / ) = - Z B ( 0 / 0 / | ^ ) (6) 

where ZBe is the core charge of the B atom. In 
the N D D O approximation, the attraction ( 0 / | F B | 0 / ) 
is also taken into account. This was assumed to be: 

( 0 / I W / ) = - Z B ( 0 / 0 / | ^ ) (7) 

by analogy with the diagonal parts. From these approxi­
mations, the core matrix elements between AO's on 
the same atom is written as: 

H,v = Ô„U„ - S Z B ( 0 / 0 / | A B ) (8) 

where Uplt is the diagonal matrix element of 0^ with 
respect to the one-electron Hamiltonian containing only 
the core of its own atom, the values of which are given 
by Baird and Dewar.4> T h e off-diagonal elements 
between AO's on the different atoms are calculated by 
means of: 

**r = jSrißt+ß.) (9) 

where Spv is the overlap integral and ßp is a parameter 
which is empirically determined. 

T h e core repulsion energy between the A and B 
atoms, i.e., E^ie, must be equal to the electron-electron 
repulsion energy between the neutral atoms when 
^ A B - ^ ° ° . ÄAB—>0, E£n should tend to infinity. Many 
parametric expressions for iiA0

B
re which satisfy these 

conditions are possible. The following simple expressions 
are used in the present study: 

£*», = ZAZByAB (RAB>RO) 

f h 1 ( 1 0 ) 

E£e = ZAZB \jjT + j (*AB<*O) 

T h e constant, c, is determined by fitting values calculated 
from the two equations at RAB=RQ. T h e a, b, and R0 

parameters are determined empirically. 

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

T h e excitation energies of six hydrocarbons (CH4 , 
C2H6 , C3H8 , C2H4 , C4H6 , and C2H2) were calculated 
by the CI method, in which only singly excited configu­
rations were taken into account in the evaluation of the 
singlet excited states. T h e relation between the values 
of ßp and the excitation energies of these compounds 
was examined. The values of /? l s(H) = — 7.3 eV, 
Aîs(C) = - 1 3 . 8 e V , and ^2 p(C) = - 9 . 5 eV gave the 
best fit of the calculated excitation energies with the 
observed values. These ßP values, however, were not 
appropriate for the estimation of the molecular geo­
metries and heats of reactions. A compromise was thus 
made for the values of /?,,, and the values listed in 
Table 2 were used in all the calculations in this paper. 

TABLE 2. VALUES OF ß^eV) 

ß. 

ls(H) 

- 7 . 5 

2s(C) 

- 1 3 . 2 

2p(G) 

- 9 . 3 

In order to determine the parameters in the core-core 
repulsion energy (10), the calculated geometries of the 
above six hydrocarbons and the heats of reactions among 
them were compared with the observed values. The 
parameters were determined with the help of the 
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TABLE 3. PARAMETERS IN CORE-CORE REPULSION 

FORMULAE ( 1 0 ) a ) 

H - H 
H - C 
C - C 

a 

10.45 
14.00 
13.16 

b 

0.7436 
0.5034 
0.4899 

ÄD 

2.642 
2.779 
3.621 

a) The core-core repulsion energies calculated from 
the parameters are in eV units. 

Davidon-Fletcher-Powell minimization technique.10,11* 
They are listed in Table 3. 

Molecular Geometry. T h e molecular geometries of 
typical hydrocarbons were calculated using the param­
eters determined above. They are listed in Table 4. 
The G-C and C=C bond lengths calculated agreed with 
the observed values within 0.03 Â (mean deviation; 
0.01 Â), while the C=C bond lengths were smaller than 
the observed values by 0.05 Â. The C - H bond lengths 

TABLE 4. CALCULATED EQUILIBRIUM GEOMETRIES 

OF HYDROCARBONS*) 

Compound 

Methane 

Ethane 

Propane 

Ethylene 

Propene6) 

s-trans-Bu.tadiene 

Acetylene 

Propyneb) 

Aliène 

Cyclopropane 

Cyclobutaneb) 

Cyclopropeneb) 

Cyclobuteneb) 

Type 

C-H 

C-C 
C-H 
HCC 

C-C 
C-H 
HCC 
CCC 

C=C 
C-H 
HCH 

C-C 
C=C 
CCC 

C-C 
C=C 
CCC 

C^C 
C-H 

C-C 
C^C 

C=C 
C-H 
HCH 

C-C 
C-H 
HCH 

C-C 

C-C 
C=C 

C-C 
=C-C 

C=C 

Expt12> 

1.091 

1.536 
1.107 
110.5 

1.526 
1.091 
111.8 
112.4 

1.332 
1.084 
115.4 

1.488 
1.353 
124.8 

1.483 
1.337 
122.4 

1.205 
1.059 

1.459 
1.206 

1.308 
1.081 
116.0 

1.524 
1.092 
118.2 

1.548 

1.525 
1.286. 

1.551c> 
1.523c> 
1.325e) 

Calcd 

1.090 

1.517 
1.095 
110.0 

1.528 
1.098 
111.1 
111.4 

1.315 
1.091 
112.5 

1.517 
1.324 
123.1 

1.483 
1.331 
123.9 

1.158 
1.069 

1.466 
1.162 

1.292 
1.093 
110.8 

1.531 
1.104 
106.1 

1.548 

1.514 
1.311 

1.560 
1.530 
1.343 

a) Bond lengths in Â; bond angles in degrees. 
b) Geometries of CH(sp) and CHa(sp2, sp3) groups 
were assumed to be those of acetylene, ethylene 
and cyclopropane, c) Estimated from Ref. 13. 

estimated agreed with the observed values within 0.01 Â. 
T h e bond angles also agreed well with the observed 
values (within 1 degree) except for the H C H angles; 
they were slightly smaller than the observed values. 
I t seems that the present N D D O method predicts the 
geometries of hydrocarbons correctly. 

Heats of Reactions. T h e heats of reactions among 
the above hydrocarbons were estimated by using the 
geometries obtained in the previous section (Table 5). 
T h e energy difference between s-trans- and s-cis-
butadiene was correctly estimated. The agreement of 
the heats of the hydrogénations of unsaturated hydro­
carbons with the observed values was not satisfactory, 
however, (the mean deviation for 8 examples was 7 
kcal/mol). Considerable disagreements were found in 
the hydrogénations and additions related to ethylene or 
cyclic compounds. This comes form the fact that the 
calculated energy of ethylene is high («»15 kcal/mol 
unstable) in comparison with other compounds, while 
those of cyclic compounds are quite low (stable). 

TABLE 5. CALCULATED HEATS OF REACTIONS1) 

Reactions Expt14> Calcdb) 

Hydrogénations 
acetylene —> ethane 
ethylene —> ethane 
propyne —> propane 
propene —» propane 
cyclopropene —» cyclopropane 
cyclobutene —> cyclobutane 
cyclopropane —• propane 
aliène —> propene 

Isomerizations 
s-trans-hutadiene —*• s-cis-hutadiene 
aliène —> propyne 
cyclopropane —> propene 

Additions 
acetylene + ethylene —• 

s-trans-hutadiene 
acetylene + methane —> propene 
ethylene + methane —• propane 

74.4 
32.7 
69.1 
29.7 
43.9 
31.1 
37.5 
41.0 

2.2 
1.6 
7.8 

73.6 
47.6 
54.9 
38.0 
46.2 
38.2 
29.9 
33.9 

2.9 
17.0 

- 8 . 1 

40.4 51.8 

31.4 
30.2 

34.6 
46.6 

a) Heats of reactions in kcal/mol. b) The molecular 
geometries listed in Table 4 were used in the calcula­
tion. 

Excitation Energy. T h e excitation energies of 
several hydrocarbons were calculated by the CI method 
using their calculated geometries. In the CI calculation, 
only singly excited configurations were taken into 
account. T h e excitation energies are listed in Table 6. 
T h e M I N D O / 2 method, which includes parameters 
comparable to the present N D D O method and 
gives good estimates for the molecular ground-state 
properties, gives poor excitation energies. This is an 
obstacle to its application to photochemical reactions. 
The excitation energies obtained by the N D D O method 
agree with the observed values within 0.5 eV, however; 
this deviation is permissible in studies of photochemical 
processes. 

Since a properly parametrized version of N D D O 
should be superior to a similar parametric version of 
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T A B L E 6. L O W E R THREE EXCITED SINGLET STATES AND THE 

LOWEST TRIPLET STATE OF HYDROCARBONS ( E V ) 

eters is ob ta ined : 

c oc ( V + w / f V + W (A-4) 

Compound Excited 
states Calcd Obsd16> MINDO/ 

2 

Methane 

Ethane 

Propane 

Ethylene 

trans-Butadiene 

Acethelene 

XT2 

*T2 

3 T 2 

XEg 

8 E U 

*B2 

^ ( a -
1 B i « ( * -

^ „ C * 
3B 1 U(7T-

^ ( T T -

^ „ ( a -
'Kin-
3K(n-

'Ha 
"Eu 

- * * ) 
^a*) 
-wr*) 
^7T*) 

»71* ) 

»TT*) 

+ a * ) 

*7T*) 

9.49 
11.02 
11.27 
8.15 

9.01 
9.46 
9.70 
8.42 

8.79 
9.23 
9.27 
8.03 

6.37 
7.21 
7.45 
3.09 

5.91 
6.03 
6.73 
2.21 

5.73 
6.29 
7.51 
4.56 

9.71 

9.40 

8.89 

7.6 

6.0 

5.23 

7.41 

6.24 

6.06 

5.32 

4.93 

4.13 

I N D O , it seems that the present N D D O method is not 
completed in its parametrization. However, it gives 
good estimates of the molecular geometries and excita­
tion energies of hydrocarbons and permissible values 
of the heats of reactions among them. It may be fit 
for the evaluation of potential energy surfaces related 
to both thermal and photochemical reactions. 

T h e author wishes to express his thanks to Professor 
Keizo Suzuki for his helpful suggestions. 

Appendix 

An explanation of Eqs. 4 will be given here. Consider 
the sub-integral [3S|3D2] between carbon atoms. When p^>\ 
(JO^AB^CA + CBO/OO? a n (* when Ä c c =1.0 A corresponds to 
j0~6), this is approximately expressed by: 

[3S,|3D2]~C/|08 (A-l) 
This means that the integral is approximated by a function 
of ycc

s from the present semi-empirical point of view : 

h = c.Rytc (A-2) 

where Rycc
 w a s in t roduced so tha t /,—»0 when Äcc—»0. T o 

determine the coefficient, cXi the sub-integral , [ 3 D J | 3 D z l ] ^ 
C/jO5, was approx imated as a function of y c c

h : 

[3DA\3DA] = c2y*c (A-3) 

If the present semi-empirical values of [3D<d|3D<d] ( n a m e l y = 
4 /27(pp ' | pp ' )ocF 2

c ) and y c c (=F0
C) a t i ? c c = 0 are used in 

(A-3) , the relation between c2 and the Slater-Condon p a r a m -

where A and B represent two carbon atoms. T h e theoreoreti-
cal formulae indicate tha t the [ 3 S | 3 D 2 ] ~ [3DA\3~DA] \p2 rela­
tion holds approximately.8) Thus , the IL integral was expres­
sed a s : 

h = cz-
F2

A + F* 
- « • (A-5) 

T h e cz coefficient was determined by means of the following 
equat ion, the integral being evaluated at i ? c c = 1.50 Â : 

(Jtheor/jemp) = (^heor^emp^S ( A _ 6 ) 

T h o u g h (A-5) is obta ined from the carbon-carbon pair , (A-5) 
will be used for the integrals between other atomic pairs . 
T h e " F 2

H " value was est imated using the I2 formula of (4) 
and an equat ion similar to (A-6); F.2

H — 7.802 eV was ob­
tained. 
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He I photoelectron spectra of ethylene carbonate, propylene carbonate, y-butyrolactone, /5-propiolactone 
and vinylene carbonate have been investigated. Assignments of an oxygen lone pair and nonbonding n orbitals 
have been made by means of analysis of vibrational structures and molecular orbital calculation. Many vibrational 
structures could be assigned to appropriate vibrational modes of the corresponding neutral molecules from a com­
parison with infrared and Raman spectra. Correlation among the orbital energies of the compounds is discussed. 

Photoelectron spectral bands originating from the 
carbonyl oxygen lone pair and the nonbonding n 
orbitals of carbonyl compounds appear in the lower 
ionization energy range, lying sometimes close to each 
other. In the present report we deal with the photo­
electron spectra of five heterocyclic carbonyl compounds, 
that is, ethylene carbonate and related compounds. The 
related compounds are derived from ethylene carbonate 
by the following substitution: 1) replacement of a 
hydrogen atom by a methyl group, 2) replacement of 
an esteric oxygen by a methylene group, 3) removal 
of an esteric oxygen, and 4) change of the single bond 
between the ethylenic carbons into a double bond. 
Their constitutional formulas are shown in Fig. 1. 

0 0 
il II 

EC PC BL PL VC 

Fig. 1. Structural formulas of compounds investigated. 
EC: Ethylene carbonate, PC: propylene carbonate, 
BL: y-butyrolactone, PL: /S-propiolactone, VC: vinyl­
ene carbonate. 

It has been proved that a comparison of a series of 
related compounds is useful for the assignment of their 
spectral bands to a particular molecular orbital, and 
that analysis of vibrational structures in some bands 
can be utilized for band assignment. By these means 
the effects of substitution on orbital energy and also 
orbital character could be clarified. 

Exper imenta l 

He I resonance line at 58.4 nm emitted from a direct 
current discharge tube was used as an excitation light source. 
The discharge tube was so designed as to intensify the reso­
nance line and to obtain photoelectron spectra of high signal-
to-noise ratio. It has two coaxially aligned hollow elec­
trodes and collimator capillaries to introduce the light produced 
within the whole discharge area into the ionization chamber. 
The photoelectron energy analyzer used was of a parallel 
plate type.1) Xe gas was mixed with sample gas and used 
as an internal standard. A half width of Xe 2p3/2 peak was 
approximately 30 meV. The organic compounds used 
showed a tendency to broaden Xe peaks, probably due to 
in homogeneity of the surface potential caused by the ad-

* Present address : Shimadzu Seisakusho, Ltd., Kuwabara-
cho, Nakagyo-ku, Kyoto 604. 

sorption of sample gas onto the analyzer electrodes. 
Variation in room temperature caused a drift of the posi­

tion of peaks, probably due to the variation in adsorption 
equilibrium caused by a change of the sample pressure. 
The ionization energy was therefore determined by measur­
ing the sample peak and internal standard peak alternately 
several times. Coating of the electrode surface with graphite 
emulsion effectively lowered the background of the spectrum. 
Better resolution was obtained at a sample pressure above 
the pressure range in which there is a linear relation between 
sample pressure and spectral intensity. This might be related 
to the neutralization of the space charge in the ionization 
chamber by backscattered electrons and to the saturation 
of adsorbed sample gas. 

Vinylene carbonate was synthesized from chloroethylene 
carbonate,2»3) and purified by vacuum distillation. All the 
other compounds were chemicals of G. R. grade and used 
without purification. Samples in which residual water was 
detected were used after dehydration with anhydrous sodium 
sulfate or phosphorus pentoxide. 

Laser Raman spectra of the three carbonates were taken 
for reference in the vibrational analysis of their photoelectron 
spectra. 

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

Ethylene Carbonate and Propylene Carbonate. The lowest 
energy overlapping bands in the photoelectron spectra 

Of® Of® 

b„-13.72 eV 13.57 eV 

b x -14 .09 eV Ù%^ -13.98 eV 

a, -14 .19eV -13.78 eV 

Fig. 2. Orbital energy and electron distribution of ethyl­
ene carbonate(EC) and propylene carbonate(PC) ob­
tained from INDO calculation. 



598 Masafumi JINNO, Iwao WATANABE, YU YOKOYAMA, and Shigero IKEDA [Vol. 50, No. 3 

T A B L E 1. IONIZATION ENERGY A N D VIBRATIONAL FREQUENCY OF ETHYLENE 

CARBONATE A N D PROPYLENE CARBONATE 

Band 
Ionization energy, eV Vibrational frequency, cm-1 

adiabatic vertical molecule 

Band 
assignment 

Ethylene carbonate 

Propylene carbonate 

1st 

2nd 
3rd 

10.70 

10.52 

10.89 

11.38 
11.45 

10.71 

11.17 
11.27 

H530 
1 910 

J1520 
1 820 

1765— 1790a> 
1065 b> 

1785a> 
960b> 

n0(5b2 

7T(2a2) 
7r(3bx) 

n0(b2)< 

*(a2)
c> 

7r(bx)c> 

a) Carbonyl stretching vibration, b) Skeletal stretching vibration, c) Propylene carbonate does not belong 
to the point group C2y. However, the respective orbitals can be associated with b2, a2, and b t orbitals of 
ethylene carbonate from electron distribution. 

of ethylene carbonate and propylene carbonate have 
been assigned to three appropriate molecular orbitals 
as a result of analysis of vibrational structures and I N D O 
molecular orbital calculation.4) T h e ionization energies 
and vibrational frequencies are given in Table 1. 
Figure 2 shows the orbital energies and electron distribu­
tions of ethylene carbonate and propylene carbonate 
obtained from the molecular orbital calculation. 

Several reports have appeared on the ionization 
energies of the carbonyl oxygen lone pair orbital of 
ethylene carbonate.5~8) However, there are discrepancies 
among the reported values both for the adiabatic and 
vertical ionization energies. We pointed out that the 
vertical ionization energy corresponds not to the highest 
peak but to the second peak in the main vibrational 
progression, this conclusion being derived from the 
reasoning that the second peak should be the most 
intense if the relative intensity of the peaks in the 
vibrational progression is not modified by the slope of 
the adjacent bands.4) 

T h e adiabatic ionization energy and the frequency of 
carbonyl stretching vibration we determined are 
consistent with the results obtained by Sweigart and 
Turner5) (10.70 eV and 1500 cm- 1 ) , but not with 
those by McGlynn et al.7'8) (10.40 eV and approx. 1900 
c m - 1 ) . Variation in room temperature during the 
course of measurement causes a change of sample 
pressure in the sample reservoir, leading to apparent 
drift of ionization energy. Since the lowest energy 
overlapping bands obtained by McGlynn et al. are 
identical with ours and they used the same energy 
reference (Xe 2p3/2 12.130 eV) as we did, the only 
possible explanation for the discrepancies seems to be 
a drift in the ionization energy in their measurement. 
Contraction of the ionization energy scale with the X e 
2p3/2 peak as a base point would result in a lowering 
of the adiabatic ionization energy and at the same time 
an increase in the vibrational frequency. T h e direction 
of the shift of their values relative to ours is in line with 
the above inference. Contrary to their results, the 
frequency of the carbonyl stretching vibration of the 
neutral molecule is usually reduced on ionization from 
the carbonyl oxygen lone pair orbital. 

The vibrational spacing of the subsidiary vibrational 
progression in the first band is 910 and 820 c m - 1 for 

ethylene carbonate and propylene carbonate, respec­
tively.4) The vibration should correspond to one of the 
skeletal stretching modes. Two skeletal stretching 
vibrations appear in the R a m a n spectra of ethylene 
carbonate (980 and 1065 cm - 1 ) and propylene carbonate 
(1125—1150 and 960 c m - 1 ) . In many cases the ioniza­
tion from a molecular orbital with almost the same 
electron distribution gives nearly the same reduction 
ratio of vibrational frequency of a neutral molecule to 
the corresponding cation among different molecules. 
Thus the vibrational frequencies giving the common 
reduction ratio, which is calculated to be 0.85, are 1065 
c m - 1 (for ethylene carbonate) and 960 c m - 1 (for 
propylene carbonate). Angell9) denoted the skeletal 
stretching vibrations of 980 and 1065 c m - 1 in infrared 
spectra of ethylene carbonate by *>4 and v5, respectively, 
which belong to the irreducible representation Av Thus 
the analysis of photoelectron spectra shows that the 
skeletal stretching vibration of 960 and 1125—1150 c m - 1 

in the R a m a n spectrum of propylene carbonate should 

n0 -12.27 eV 

-13.45 eV 

-11.95eV 

-13.83 eV 

^occ - 1 4 - 6 4 eV 

Fig. 3. Orbital energy and electron distribution of y-
butyrolactone(BL) and /?-propiolactone(PL) obtained 
from INDO calculation. The esteric oxygen occupies 
the same position as shown in Fig. 1. 
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correspond to v5 and v4 in ethylene carbonate, respec­
tively, viz., a reversal in magnitude of the vibrational 
frequency of the two vibrational modes. This result 
shows that the methyl substituent effect on the frequency 
of skeletal stretching modes differs for v4 and v5. This 
effect could not be revealed by analysis of R a m a n or 
infrared spectra alone, even when the spectra for both 
carbonates were compared with each other. 

y-Butyrolactone and ß-Propiolactone. Characteristic 
bands related to the ionization from the carbonyl oxygen 
lone pair and the nonbonding n orbitals were also 
studied for y-butyrolactone and /?-propiolactone in 
relation to ethylene carbonate. I N D O molecular 
orbital calculation was made for these two lactones on 
the assumption of planar molecular configuration. T h e 
results are given in Fig. 3. T h e calculation shows that 
there are considerable differences between these com­
pounds. Firstly, the lone pair orbital of y-butyrolactone, 
n0 r , is localized mainly on the two oxygen and one 
carbon atoms. O n the other hand, that of /?-propiolac-
tone, n0ß, is fairly delocalized over all the skeletal atoms 
so that the electron density on the esteric oxygen atom 
is almost equal to that on the carbonyl oxygen atom. 
Secondly, y-butyrolactone contains two n orbitals which 
can be thought to have a nonbonding character from 
the similarity in nodal plane to the nonbonding n 
orbitals of ethylene carbonate. They will be denoted by 
TToco and TTOCC according to the electron distribution. 
O n the other hand, only one of the nonbonding n 
orbitals remains in /?-propiolactone, which will be 
denoted by TT'OCO, corresponding to the orbital TT0CO in 
y-butyrolactone. 

The whole photoelectron spectra of y-butyrolactone 
and p°-propiolactone are shown in Fig. 4. T h e first 
band of y-butyrolactone has several vibrational fine 
structures, as shown in Fig. 5. There are four main 
peaks with vibrational spacings of approximately 1530 
cm"-1, which could be attr ibuted to the excitation of the 
carbonyl stretching mode of the ion. T h e first band 
could be assigned to ionization from the carbonyl oxygen 
lone pair orbital, n 0 r . These spacings are almost equal 
to those of the n 0 bands of ethylene carbonate and 
propylene carbonate. T h e three compounds give four 

14 13 12 11 10 

14 13 12 11 10 

Ionization energy/eV 
Fig. 4. (a) Photoelectron spectrum of y-butyrolactone. 

(b) Photoelectron spectrum of/5-propiolactone. 

1— 1 I 1530 cm - 1 

IZJ ' , ' .— 1130 cm"1 

7—1 r—I i—I 830 cm"1 

340 c m - 1 

106 ' Ï0Â ' Ï02 ' Ï0.0 
Ionization energy/eV 

Fig. 5. First band of photoelectron spectrum of y-butyro-
lactone. 

sharp or prominent main peaks in the first band corre­
sponding to the ionization from the lone pair orbitals. 
The number of fine structures shows that the change of 
geometry from neutral molecule to ion or the Franck-
Condon factor seems to be almost equal to each other. 
I t would be said that the degrees of localization of the 
lone pair orbital are almost equal among these molecules. 
There are further three weak peaks on the higher 
ionization energy side of each main peak of y-butyrolac-
tone, which are not seen in the spectrum of ethylene 
carbonate. Vibrational spacings from each main peak 
are approximately 340, 830, and 1130 c m - 1 for the three 
peaks. From a comparison with the infrared and R a m a n 
spectra, the vibrational spacings of 1130 c m - 1 might 
be attr ibuted to the excitation of the skeletal stretching 
mode of the ion, which is 1170 c m - 1 in the neutral 
molecule. Appearance of two more vibrational excita­
tions for y-butyrolactone should be attr ibuted to the 
substitution of a methylene group for an oxygen atom in 
ethylene carbonate and, at the same time, change of 
molecular symmetry. T h e adiabatic and vertical ioniza­
tion energies of the first band of y-butyrolactone are 
10.06 and 10.26 eV, respectively. T h e vertical one is 
identical to the value reported by Bain and Frost.6) 

10.8 10.6 10.4 
Ionization energy/eV 

Fig. 6. First band of photoelectron spectrum of ß-pro-
piolactone. 

T h e orbitals of the first band in the photoelectron 
spectrum of/9-propiolactone are shown in Fig. 6. There 
are many peaks, but they are very complex and cannot 
be attr ibuted to any harmonic vibrational progressions. 
This tendency has been reported as regards the photo­
electron spectra of cycloalkanones.10) Cyclobutanone 
gives a complex first band, while cyclopentanone clearly 
shows some vibrational progressions. The complexity 
may be due to the change in hybridization of the lone 
pair orbital of the carbonyl oxygen atom resulting from 
the strain of the ring. In fact, the results of molecular 
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orbital calculations shown in Fig. 3 indicate a marked 
change in electron distribution, viz., the derea l iza t ion 
of n0/3 orbital over all the skeletal atoms. T h e somewhat 
unusual aspect of the first band of/?-propiolactone seems 
to be associated with the result of infrared study by 
Durig,11) which showed that the vibration of this 
molecule is very anharmonic. 

The second band of y-butyrolactone can be compared 
with the second band of ß-propiolactone. Each second 
band has a shoulder on its higher ionization energy side. 
These peaks are fairly broad as compared with those 
in the first band. The second bands in the two spectra 
can be assigned to the ionization from the approximately 
nonbonding n orbital, n0co in y-butyrolactone and TT'OCO 
in ß-propiolactone from the results of molecular orbital 
calculation and the similarity in spectral shapes. 
Intensity ratios of the n band to the first band are almost 
equal for the two compounds, indicating that only one 
orbital is involved in the second band of y-butyrolactone. 
T h e spacing between the shoulder and the main peak 
could not be attr ibuted to any vibrational progression, 
since the peak for the adiabatic ionization cannot be 
distinguished. The vertical ionization energy of rcoco 
orbital for y-butyrolactone is 10.93 eV and that of n'oco 
orbital for /?-propiolactone is 11.20 eV. 

The molecular orbital calculation predicts that the 
second nonbonding n orbital, TTOCC, of y-butyrolactone 
should exist approximately 1 eV below the first nonbond­
ing n orbital, and that three c orbitals cluster together 
with the second nonbonding n orbital in an energy 
range of approximately 2 eV. As a mat ter of fact, the 
photoelectron spectrum of y-butyrolactone indicates that 
the third band begins to rise at 12 eV (approximately 
1 eV higher than the second band) , and that a number 
of bands overlap in the energy range 12—14 eV, 
supporting the prediction of the molecular orbital 
calculation. Thus the adiabatic ionization energy of 
the Tiocc orbital could be estimated to be 12 eV or 
higher. The results are summarized in Table 2. 

Vinylene Carbonate. Vinylene carbonate is a cyclic 
carbonate ester of the hypothetical enediol and differs 
from ethylene carbonate in having a double bond in the 
ring structure. T h e molecule is considered to have a 
planar configuration and consequently C2 v symmetry 
in gaseous phase from the results of microwave spectro­
scopic study by Slayton et al.12) Infrared and R a m a n 

spectroscopic studies for this molecule were carried out 
by Dorris et a/.13) 

T h e photoelectron spectrum of vinylene carbonate 
gives three well separated prominent bands in the lower 
ionization energy region. Each of the three bands shows 
distinct vibrational progressions. 

10.4 10.2 10.0 9.8 
Ionization energy/eV 

Fig. 7. First band of photoelectron spectrum of vinylene 
carbonate. 

The first band (Fig. 7) has five main peaks with 
vibrational spacings of approximately 1400 cm - 1 , each 
main peak being accompanied by one subsidiary peak. 
The spacings between the subsidiary and main peaks 
are approximately 810 cm - 1 . 

12.4 11.2 12.0 11.6 
Ionization energy/eV 

Fig. 8. Second band of photoelectron spectrum of vinyl­
ene carbonate. 

The second band (Fig. 8) has a t least eight main peaks 
with vibrational spacings of approximately 1510 c m - 1 

and subsidiary peaks approximately 990 c m - 1 apart 
from each main peak. 

T h e third band (Fig. 9) is on the slope of the next 
broad band, having at least four main peaks with 
vibrational spacings of approximately 1900 cm - 1 . Each 
main peak is accompanied by three subsidiary peaks, 

TABLE 2. IONIZATION ENERGY AND VIBRATIONAL FREQUENCY OF }>-BUTYROLACTONE 

AND /J-PROPIOLACTONE 

•Roni-1 

y-Butyrolactone 

( 1st 

2nd 
s 3 r d 

Ä-Propiolactone \ 
H I 2 nd 

Ionization 

adiabatic 

10.06 

> 1 2 . 0 

energy, eV 

vertical 

10.26 

10.93 

10.7 
11.20 

Vibrational fre 

ion 

1530 
1130 
830 
340 

anharmonic 

quency, c m 4 

molecule 

1170a> 

Band 
assignment 

n0 

^oco 
ftocc 

n 0 

ftoco 

a) Skeletal stretching vibration. 
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1920 cm" 
1530 cm" 
1140 cm-
710 cm" 

13.6 13.4 13.2 13.0 
Ionization energy/eV 

Fig. 9. Third band of photoelectron spectrum of vinylene 
carbonate. 

3bx -11 .89eV 

5b, -13.60 eV 

7 a i -16.28 eV 

4b2 -16.37 eV 

2bx -17.30 eV 

Fig. 10. Orbital energy and electron distribution of 
vinylene carbonate obtained from INDO calculation. 

approximately 1530, 1140, and 710 c m - 1 apar t from 
each main peak. 

I N D O molecular orbital calculation shows possible 
orbitals to be assigned to these three bands (Fig. 10), 
which are denoted by 3b l 5 5b2 , 7a l5 4b2 , and 2bj after 
the notations for ethylene carbonate. T h e double bond 
in the ring structure changes the situations of some 
orbitals. 

The 5b2 and 4b2 orbitals of vinylene carbonate are 
almost equal in energy to the 5b2 and 4b2 orbitals, 
respectively, of ethylene carbonate. However, introduc­
tion of the double bond into the ring structure results 
in the promotion of the 3bj orbital energy above the 
5b2 orbital energy. The results of calculation indicate 
that the 3bj orbital should have the lowest ionization 
energy. This was confirmed by the following vibrational 
analysis of the photoelectron spectrum of vinylene 
carbonate. The vibrational spacings of approximately 
1400 cm" 1 in the first band would correspond to the 
excitation of the skeletal stretching mode reduced from 
1625 c m - 1 in the neutral molecule. T h e vibrational 
mode is mainly dominated by the vibration between 

the ethylenic carbons. Thus such a reduction suggests 
the ionization from an orbital having a bonding 
character between the ethylenic carbons, such as 3b l 5 

7a l5 and 2bx orbitals. Since the orbital energy of 3bj 
orbital is raised higher than that of the highest occupied 
n orbital of ethylene ( —10.5 eV) by introduction of 
vinylene group, the first band could be assigned to 3bx 

orbital (cf. Section "Correlation of Orbi ta l Energies of 
Five Compounds). The vibrational spacings of approxi­
mately 810 c m - 1 could be ascribed to the skeletal 
breathing vibration in the ion reduced from 911 cm- 1 

in the neutral molecule. The adiabatic and vertical 
ionization energies can easily be determined to be 9.68 
and 9.87 eV, respectively. 

T h e results of calculation also predict that the second 
band corresponds to the ionization from the 5b2 orbital. 
The vibrational spacings of approximately 1510 c m - 1 

in the main vibrational progression would correspond 
to the carbonyl stretching mode in relation to the 
assignment in the previous sections. Thus the second 
can be assigned to the ionization from the n0(5b2) 
orbital in accordance with expectation from the calculat­
ed orbital energy. T h e spacings of approximately 990 
c m - 1 would correspond to the skeletal stretching mode 
reduced from 1100 c m - 1 in the neutral molecule. The 
skeletal stretching frequency of the ions is higher than 
that of ethylene carbonate. The reduction ratio of the 
frequency is approximately 0.90, indicating that the 
change in skeletal bonding strength is somewhat smaller 
than that of ethylene carbonate. The discrepancy would 
be caused by the existence of the double bond in the 
ring structure of vinylene carbonate. At least eight 
components appear in the main vibrational progression 
ascribed to carbonyl stretching, while there are only 
four components in the lone pair photoelectron band of 
ethylene carbonate. This implies that the molecular 
geometry is rather largely changed by the ionization 
from the 5b2 orbital than in ethylene carbonate. The 
change in carbonyl oxygen-carbon distance seems similar 
to that of ethylene carbonate where the reduction ratio 
is approximately 0.82. Many vibrational components 
are found in the band corresponding to the ionization 
accompanied by a drastic change of molecular sym­
metry, e.g. in the first band of ammonia (pyramidal to 
planar) . I t could thus be said that not only the carbonyl 
carbon-oxygen distance but also the C2 v symmetry in 
the neutral molecule change with the photoionization 
from the 5b2 molecular orbital of vinylene carbonate. 
T h e adiabatic and vertical ionization energies for the 
5b2 lone pair orbital of vinylene carbonate are 11.16 
and 11.73eV, respectively. T h e vertical one differs 
from the value reported by Bain and Frost6) by a unit 
of vibrational spacings, approximately 0.19 eV. 

T h e vibrational spacings of approximately 1900 c m - 1 

in the third band are considerably large compared with 
the largest possible vibration of the neutral molecule. 
In this case, it is necessary to refer to the characters of 
molecular orbitals. From the results of calculation, any 
of the 7a l s 4b2 , and 2bx orbitals around —16.5 eV could 
be taken for the third band. Their orbital energies 
seem to be almost degenerate from molecular orbital 
calculation alone and it would be impossible to choose 
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an appropriate one among them. In this case the 
characteristic vibrational spacings mentioned above 
could be used as a clue to the assignment of the third 
band. A possible mode of vibration to be assigned to the 
vibrational spacings of approximately 1900 c m - 1 is the 
carbonyl stretching or the skeletal stretching involving 
the carbon-carbon double bond stretching. The 7aj 
molecular orbital has a strong bonding character 
between the double bond in the ring structure. I t has 
also the same character for the carbon-oxygen double 
bond of the carbonyl group. If an electron is ionized 
from this orbital, these bonds would reduce their 
bonding character. As a result, the vibrational 
frequencies corresponding to these bonds should be 
reduced relative to those in the neutral molecule. This 
orbital is not suitable for explaining the high frequency 
in the ion. The same discussion can also be applied to 
the case of the 2bj orbital. The 4b2 orbital reveals a 
bonding character in the carbon-oxygen double bond 
and an antibonding character in the carbon-carbon 
double bond. T h e ionization of an electron from such 
an orbital would cause a desirable change, viz., carbon-
carbon double bond in the ring should be stronger in 
the ion than in the neutral molecule. T h e vibrational 
spacings of approximately 1900 c m - 1 could be at tr ibuted 
to the skeletal stretching mode of the ion, the wave 
number of which is 1625 c m - 1 in the neutral molecule. 
Thus, the third band could be assigned to the ionization 
from the 4b2 orbital. Necessarily the vibrational 
spacings of approximately 1530 c m - 1 could be attributed 
to the carbonyl stretching mode reduced from 1830 c m - 1 

in the molecule and the spacings of 1140 and 710 c m - 1 

could be attr ibuted to the skeletal breathing and skeletal 
stretching mode which are 911 and 1100 c m - 1 , respec­
tively, in the neutral molecule. A study by means of 
group theory shows that five vibrational modes belonging 
to an irreducible representation A1 are possible for six 
atoms except C - H vibrations. Four of them can be 
found in the third band showing that the 4b2 orbital 
is actually distributed on the whole skeletal structure. 
T h e other one is the carbonyl bending vibration which 
would not be excited through a photoionization process. 
T h e results are summarized in Table 3. 

Correlation of Orbital Energies of Five Compounds. 
T h e vertical ionization energies of the oxygen lone pair 

TABLE 3. IONIZATION ENERGY AND VIBRATIONAL 
FREQUENCY OF VINYLENE CARBONATE 

Band 

1st 

2nd 

3rd 

Ionization 
energy, eV 

adiabatic 

9.68 

11.16 

12.95 

vertical 

9.87 

11.73 

12.95 

Vibrational 
frequency, 

cm-1 

ion 

1400 
810 

1510 
990 

1900 
1530 
1140 
710 

molecule 

1625b> 
91 lc> 

1830a> 
1100b> 
1625b> 
1830a> 
911e) 

1100b> 

Band 
assignment 

*(3bt) 

n0(5b2) 

(4b2) 

I 
S> -lo-l 

-nJ 

-12H 

VC EC PC BL PL 

a) Carbonyl stretching vibration, b) Skeletal stretch­
ing vibration, c) Skeletal breathing vibration. 

Fig. 11. Correlation diagram of observed orbital energies 
for ethylene carbonate and related compounds. 

and nonbonding n orbitals of the five compounds are 
shown in the form of a correlation diagram in Fig. 11. 
Propylene carbonate, y-butyrolactone, and /?-propio-
lactone do not belong to the point group C2 v . However, 
the n orbitals of these compounds can be associated 
with the b x or a2 orbital of ethylene carbonate from a 
consideration of electron distribution.4) 

Oxygen Lone Pair Orbital n0 : T h e orbital of propylene 
carbonate is destabilized (0.18 eV) relative to ethylene 
carbonate due to the electron releasing effect of methyl 
group.4) T h e orbital of y-butyrolactone is destabilized 
(0.63 eV) as a result of the substitution of esteric oxygen 
with methylene, which is less electronegative than the 
former. The degree of orbital stabilization of /?-propio-
lactone relative to y-butyrolactone (0.44 eV) is approxi­
mately the same as that of cyclobutanone relative to 
cyclopentanone (0.36 eV), which was attributed to the 
hybridization change as well as an inductive effect of a 
methylene chain.10) The orbital stabilization of vinylene 
carbonate relative to ethylene carbonate (0.84 eV) is in 
line with that of cyclopenten-3-one relative to cyclo­
pentanone (approximately 0.2 eV), which could also 
be attr ibuted to the greater electronegativity of sp2-
carbons as compared with sp3-carbons.14>15) 

Nonbonding n Orbitals : T h e nonbonding n orbitals of 
propylene carbonate destabilize (approximately 0.2 
eV) relative to the corresponding orbitals of ethylene 
carbonate due to the electron releasing effect of methyl 
group. y-Butyrolactone and /?-propiolactone belong 
to the point group C s in a planar molecular configura­
tion. When the molecular symmetry is lowered from 
C2 v to C s , the representations B t and A2 are changed 
to A", and the bx and a2 orbitals go over into a" orbitals. 
Thus the accidentally degenerate b x and a2 orbitals 
of ethylene carbonate can interact with each other to 
generate the TI0CO and 7r0cc orbitals in y-butyrolactone. 
Inspection into the electron distribution shows that the 
TTOCO orbital is more closely related to the bj orbital and 
the Tiocc orbital to the a2 orbital. Destabilization of 
the Tioco orbital (0.52 eV) could result from both the 
substitution of an esteric oxygen with methylene and 
the interaction, accompanied by the stabilization of the 
JTOCC orbital « 0 . 6 eV). TI0CC orbital stabilization of 
jö-propiolactone relative to y-butyrolactone (0.27 eV) 
could be explained by an inductive effect of a methylene 
chain. 

In contrast to the n 0 orbital the nonbonding TICD^ 
orbital of vinylene carbonate is destabilized (1.58 eV) 
relative to the corresponding orbital of ethylene 
carbonate. T h e destabilization could be explained by 
assuming that the two carbonates are a composite 
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molecule of a localized carbonate and a localized 
hydrocarbon groups (ethylene and vinylene groups, 
respectively) and that symmetric n orbitals of the 
carbonate and hydrocarbon groups combine in a 
reversed phase to produce the n{b^) orbital. T h e energy 
of the symmetric n orbitals of the vinylene group was 
taken as —10.51 eV from the energy of the highest 
occupied n orbital of ethylene.16) T h a t of the ethylene 
group (—15.4 eV) was adopted from the energy of 
ethane leu orbital which belongs to the pseudo-TT 
molecular orbitals built from e-type methyl orbitals.17) 
The energy of the symmetric n orbital of the carbonate 
group cannot readily be estimated. However, it should 
be around —12 or —13 eV, since the energy level of 
an oxygen n orbital is found around this energy range 
in such molecules as water, formic acid etc. Thus, the 
symmetric n orbital of the vinylene group lies higher 
than the corresponding one of the carbonate group. 
In ethylene carbonate the bx orbital is somewhat 
destabilized relative to the orbital energy of the carbon­
ate group due to the interaction between the orbitals 
of the ethylene and the carbonate groups. In vinylene 
carbonate, on the other hand, such an interaction leads 
to the destabilization of the bj orbital higher up than 
the orbital energy of the vinylene group. 
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The effect of pressure on the sol-gel transition of sodium deoxycholate (SDC) solutions was investigated by 
the electric conductivity method up to 2000 atm in the temperature range from 10 to 65 °G. The gelation of SDC 
solutions is effected more easily^at lower temperatures2 at higher pressures, and at higher concentrations of SDC. 
The changes in the volume (AV^), the_enthalpy (Aff <a'>), and the entropy (AS <"») of gelation were calculated 
thermodynamically. The values for AV^\ AH^\ and AS (a« are all negative under the conditions of this 
experiment. Therefore, it is concluded that the gel formation of SDC is attributable to intermodular hydrogen 
bonds. 

One of the most unique characteristics .of sodium 
deoxycholate (SDC) is its specific hydrolysis, i.e., the 
p H change in aqueous solutions, and another is its 
polymer-like aggregation. The relation between these 
two characteristics has been studied by the present 
authors1"3) and by Rich and Blow.4) T h e micelle 
formation of SDC in aqueous solutions is well known. 
T h e formation of polymer-like aggregates in the aqueous 
solution of SDC was described for the first time by Rich 
and Blow.4»5) Under suitable conditions, the micelles 
of SDC aggregate secondarily to form a gelatinous 
complex with macromolecular dimensions in a solution. 
X-Ray diffraction studies of the fibers of this complex 
showed that the molecules assume an elongated 
helical configuration 3.6 n m in diameter. Botré et al.6) 
have studied the stability of the polymer-like structure 
and the effect of cations on the sol-gel transition of 
deoxycholic acid in aqueous solutions. One of the 
present authors previously suggested that the polymer­
like aggregates of SDC were formed by intermolecular 
hydrogen bonding between the 3a-hydroxyl group and 
the carboxyl group of SDC.1) In spite of these studies, 
however, there remain many problems to be solved 
with respect to the gelation of bile salt solutions. In 
order to make clear the mechanism of gelation, it is 
useful to investigate the sol-gel transition as a function 
of the pressure as well as of the temperature and con­
centration, because the study of the pressure effect 
affords effective thermodynamic information. In this 
study we will examine the pressure effect on the sol-gel 
transition of SDC solutions by means of the electric 
conductivity method. 

Exper imenta l 

Materials. The SDC (Merck Co.) was recrystallized 
from a mixed solvent of methanol and ethanol. All the 
other chemicals used were of a guaranteed reagent grade. 
The thrice-distilled water used was previously freed from C 0 2 

gas by passing the air through a soda-lime column. 
Apparatus. The high-pressure apparatus used in the 

present study consists of a pressure generator and a pressure 
vessel. A screw- and hand-pump (Hikari Kikai Co.) was 
used as a pressure generator. The pressure vessel was made 
of stainless steel (SUS 27) so as to withstand pressures up to 
3000 atm; 80 mm o.d., 20 mm i.d., and 250 mm height. 

The pressure generator and vessel were connected with a 
piece of flexible stainless steel tubing (1/8 in. o.d. and 0.024 
in. i.d.). The prevention of oil leakage from the vessel and 
the connection between conductivity cell and electrical leads 
are devised in a manner described before.7) The conductivity 
cell fitted with platinized platinum electrodes was made by 
modifying an injector. The specific conductivity of SDC 
solutions was measured by means of a Yanagimoto con­
ductivity outfit, Model MY-8. The cell constant was checked 
with a KCl solution before and after applying high pressures; 
no change was observed. The pressures were measured 
within an accuracy of ±3.5 atm by means of a Heise pres­
sure gauge. The thermostatted bath in which the pressure 
vessel was immersed was regulated within ±0.01 °C. The 
measurement of the conductivity was carried out in the 
temperature range from 10 to 65 °C, and in the pressure 
range from 1 to 2200 atm. 

Procedure. The preparation of the SDC solution and 
of the gel was performed according to the method of Botré 
et al.6) so as to confirm their results. The SDC gel was 
obtained by dissolving a known amount of SDC in water 
and by then adjusting the pH value to 6.85 at 20 °C by 
adding a small amount of HCl under continuous and con-

20 40 60 

latm 486atm 

l,946atm \ 

20 40 60 

Temperature (°C) 

Fig. 1. The specific conductivity of SDC solution (3.180 
X 10~2 mol/kg) as a function of temperature. The 
break in the slope indicates a transition. 
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stant stirring. All the gels obtained were stored at about 
5 °C, and the gels used for measurements were permitted to 
stand for at least 20 h after the preparation. 
The temperature of the sol-gel transition was decided as 
follows. The specific conductivity of an SDC solution with 
a given concentration was measured at various tempera­
tures and at a desired constant pressure. The temperature 
was raised or lowered so slowly that the solution reached a 
sufficient equilibrium. It was confirmed by the constancy 
of the conductivity that the equilibrium was established 
after the thermostatted bath had been regulated at a con­
stant temperature. 

The specific conductivity measured at a constant pres­
sure and concentration was plotted against the elevating 
temperature, resulting in the two straight lines which inter­
sect each other at a certain temperature, as is shown in Fig. 
1. The temperature corresponding to the break in these 
lines indicates the exact transition temperature,6) which can 
be determined under various pressures as well as under 
atmospheric pressure. The strict determination of the transi­
tion temperature was performed by computing the inter­
section point of the two straight lines obtained by the least-
squares method. The differences between the transition 
temperatures determined on elevating the temperature and 
on lowering the temperature were within 1 °G. 

R e s u l t s 

Plotting the transition temperature at various con­
centrations of SDC against the pressure, straight lines 
are obtained, as is shown in Fig. 2. This figure shows a 
sol-gel phase diagram of the SDC-HC1 solution system 
at different concentrations of SDC. The phase on the 
left-hand side of each curve is of a gel, while the phase 
on the right-hand side is of a sol. O n the curves, the 
sol and gel phases may coexist in equilibrium. 

In Fig. 3, the logarithm of the SDC concentration 
(in mole fraction) on the gelation at given pressures 

2000 

1500 

I 1000 
CD 

26 30 34 38 

Temperature (°C) 

Fig. 2. Sol-gel phase diagram of SDC solutions at various 
concentrations. Numerical values indicate — log X3

 (">. 
These relations are of Eq. 13 in the text. 

300 305 

Temperature (K) 

Fig. 3. Sol-gel phase diagram of SDC solutions at various 
pressures. Numerical values indicate pressure in atm. 
These relations are of Eq. 14 in the text. 

1500 2000 0 500 1000 

Pressure (atm) 

Fig. 4. Sol-gel phase diagram of SDC solutions at various 
temperatures. Numerical values indicate temperature 
in °C. These relations are of Eq. 15 in the text. 
( £ : Extrapolated value in Fig. 3). 

is plotted against the transition temperatures, which are 
taken from Fig. 2 by reading interpolated points on the 
curves. The region above each curve is of a gel, while 
that below each curve is of a sol. 

In Fig. 4 the phase diagram is made by plotting the 
transition pressure against the logarithm of the SDC 
mole fraction at given temperatures. The regions above 
and below each isotherm refer to the gel and the sol 
phases respectively. I t may be seen from Figs. 2 ,3 , and 4 
that the gelation of SDC solutions is caused more easily 
at the lower temperatures, the higher pressures, and 
the higher concentrations of SDC. 

D i s c u s s i o n 

In order to analyze the above results, we will try to 
treat thermodynamically the gelation of SDC in an 



606 Gohsuke SUGIHARÄ, Toshiaki UEDA, Shqji KANESHINA, and Mitsuru TANAKA [Vol. 50, No. 3 

aqueous dilute solution of HCl . The system under 
given conditions is in equilibrium between the sol phase 
(a) and the gel phase (ß) and consists of three com­
ponents; water (1), HCl (2), and SDC (3). T h e Gibbs 
free energy of each phase is expressed as follows: 

GW[T, P, #!<">, JVa("), i V ( a ) , ^3m(a)] (1) 

G^[T, P, N^\ JV8<»] (2) 

where T, P, and N denote the temperature, the pressure, 
and the number of moles, and where the superscripts, 
s and m, refer to singly dispersed SDC and micellar 
SDC respectively. 

In the sol phase the Gibbs free energy is expressed by : 

dG<"> = -S^dT+ V^dP + YjMi(a)dNi^ (3) 

where ßi(a) is the chemical potential of the / component 
in the sol phase. In the system under consideration, 
HCl is very diluted and the p H of solutions is adjusted 
to 6.85 at 20 °C. Since co-ions, i.e., chloride ions, 
scarcely affect the gelation, the N2

(a)jN^ ratio can be 
regarded as constant. Hence, the aqueous dilute 
solution of HCl may be regarded as the solvent, and 
N12

l^=N1^+N2^. Therefore, X12^ = (N1^+N2^)/ 
(N1M+N2™+N3«*)) = 1-X3«

XK Here, Nz™ is the 

total number of moles of singly dispersed and micellar 
SDC, and X3

W is the mole fraction of total SDC in the 
sol phase. 

At equilibrium, 

dju3
Ha) = d/i,m<'> = d^3

(tt). (4) 

Therefore, 

dG<"> = -S^dT+ V^dP + fi12^dN12 

+ MawdN3w (5) 

and 

dfitw = -S^dT+ V(WdP + 

RT(8 In atw/d In X3^)TtPd In X3^ (6) 

where 

It may be seen from Eqs. 5 and 6 that the state of 
solution could be completely defined by three variables, 
T, P, and X3<«>, because X12<«> = l-X3<«>. 

Next, in the overall gel phase (ß) we obtain Eq. 7 
from a consideration of the Gibbs-Duhem equation : 

S^dT- V^dP + ( l - X ^ d / V ^ + X^dju^ = 0. (7) 

By analogy with Eq. 6, 

d^W = -S±^dT+ V^dP 

dlnfljW 
+ RT 

\dlnX3^ ) r > i 

a n d 

d]nX3& ,T,P 

d03<» = -S3^dT+ V^dP 

d l n X , ^ , 

+ RT \d\nX^ ) T i l 
dlnX,tf>. 

d\nXz^ 

At an equilibrium between a and ß phases, 

(8) 

(9) 

di«i2(a) = d/ii^ and d/£3<"> = dps c« 

Hence, from Eqs. 7, 8, and 9, 

ASv?)dT - AF ( a f tdP 

+ RT{(\-X3^)(d\na12^jd\nX3W)T,P 

+ X3^(d In fl3<")/3 In X3^)TiP}d In Xz™ = 0 . (10) 

Here , the changes in the entropy (AS{aß)) and volume 
(AF<ai5)) on the gelation a re : 

a n d 
AS'«« = {s^-(i-x3^)s12^-x3^s3^y (ii) 

AF<a» = {VW-(\-X3^)V12w-X3^V3w} (12) 

If the concentration dependence of the activity coeffi­
cient in Eq. 10 is negligible in the vicinity of the equi­
librium state, the following equations may be derived; 
these equations enable us to obtain AS(aß), AV(aß), and 
AHiaß). 
At a constant concentration of SDC, 

d/n AS{aß) Atf(a/Î) 

dTjinx^ AV^ TAV™' 

At a constant pressure, 

9 In X j « 

ksr- (13) 

RT 
3T 

= -AS(aß). 

At a constant temperature, 

RTrdmx<°^ = 
I BP j T 

(14) 

(15) 

It should be noted that the analytical concentration 
can be used for the evaluation of the above thermo­
dynamic quantity. The left-hand sides in Eqs. 13, 14, 
and 15 are experimentally determinable by using the 
results shown in Figs. 2, 3, and 4 respectively. From 
the slopesof the P vs. T curvesin Fig. 2, we first obtained 
AS<««/AF<«'> or AH^jTAV^ by using Eq. 13, i.e., 
the Clausius-Clapeyron relation. The entropy change 
in the gelation is obtained from the slope of the log Xz

{a) 

vs. T curve in Fig. 3 based on Eq. 14. The volume 
change, AP"(a/î), is obtained from the slope of the 
log X3

(a) vs. P curve in Fig. 4. This estimation is based 
on Eq. 15. Actually, we obtained AV[aß) by applying 
Eq. 15 to Fig. 4 and then estimated AS(aß) and AH{aß) 

by the use of Eq. 13 and Fig. 2. 

T h e change in volume on gelation, AV(aß), is shown 
as a function of the pressure at various temperatures in 
Fig. 5. T h e transition from a sol to a gel is accompanied 
by a decrease in the volume. The lower the temperature 
and the higher the pressure, the larger the degree of 

500 1000 1500 

Pressure (atm) 

Fig. 5. The volume change of gel formation as a func­
tion of pressure at various temperatures. Numerical 
values indicate temperature in °G. 
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0 500- 1000 1500 

Pressure (atm) 

Fig. 6. The entropy change of gel formation as a function 
of pressure at various temperatures. Numerical values 
indicate temperature in °C. 

0 500 1000 1500 

Pressure (atm) 

Fig. 7. The enthalpy change of gel formation as a func­
tion of pressure at various temperatures. Numerical 
values indicate temperature in °C. 

volume decrease. T h e changes in the entropy (AS{aß)) 
and enthalpy (AHiaß)) of gel formation are shown as 
functions of the pressure at various temperatures in 
Figs. 6 and 7 respectively. The values of AS(aß) and 
AH(aß) are all negative under the conditions of this 
study and come to be negatively larger as the tempera­
ture is lowered and the pressure is raised. 

Suzuki and his co-workers8) have studied the effect 
of the pressure on the thermodynamically reversible 
gelation of gelatin, poly (vinyl alcohol), and methyl-
cellulose in aqueous solutions. They have found that 
the formation of intermolecular hydrogen-bonded cross­
links results in negative values of both the enthalpy and 
volume change on gelation. Taniguchi and Suzuki9) 
have reported the effect of the pressure on the gel 
formation of 12-hydroxyoctadecanoic acid in CC14 and 
showed the enthalpy and volume changes on gelation 
to be negative. 

In a thermodynamically reversible gel, the cross-links 
are known to be caused by secondary forces, such as 

hydrogen bonds, hydrophobic, and electrostatic interac­
tions, rather than by covalent bonds. Of these, the 
hydrogen-bond formation is characterized by a negative 
change in the volume and an exothermic change in the 
enthalpy. O n the other hand, the hydrophobic interac­
tions (i.e., the hydrophobic bonds) lead to positive 
changes in volume and entropy upon the gel formation. 
Therefore, the negative changes in the thermodynamic 
quantities on gelation are a t least at tr ibutable to the 
cross-links of the intermolecular hydrogen bonds. 

The enthalpy change per mole of the hydrogen bond 
is well known to be within the range from —4 to 
—4.5 kcal/mol.10) The volume change per mole of the 
hydrogen bond has also been found to be —5.5 cm3/mol 
in the gel formation of 12-hydroxyoctadecanoic acid in 
CC14,

9) —4.64 cm3/mol for the association of 1-butanol 
in CS 2 , n ) — 3.0 to—3.4 cm3/mol for the hydrogen-bond 
formation between phenol and dioxane in hexane,12) 
and —7.0 cm3/mol for the dimerization of formic acid.13) 

A molecule of SDG has, as a maximum, three sites for 
hydrogen bonds, i.e., the 3a- and 12a-hydroxyl groups 
and the carboxyl group. Judging from the values of 
AViaß> and AHiaß) shown in Figs. 5 and 7 and the 
respective values for hydrogen-bond formation per mole 
described above, the number of hydrogen bonds per 
mole of SDC in the gel formation can be roughly 
estimated to be about 3 or more if the gel formation 
involves the hydrogen-bond formation alone. The 
number of hydrogen bonds tends to increase as the 
temperature is lowered. This is probably attr ibutable 
to the hydrogen bonds with solvent water. 
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The reaction of pyridine bases with aliphatic monocarboxylic acids has been studied by means of the partition 
method. Partition was carried out at 25 °C between benzene and 0.10 mol dm~3 (Na, H) C104 aqueous solution, 
the total concentration of pyridine base and that of carboxylic acid being less than 2 x 10~2moldm-3 and 1.0 
mol dm - 3 , respectively. Both (1:1) and (1:2) complexes (base to acid ratio) are formed in benzene, (1:3) complex 
being additionally formed only for 2,4,6-trimethylpyridine. A linear free energy relationship is observed between 
the formation of the (1 : 1) and (1:2) complexes and the protonation in water of the corresponding bases except 
for sterically crowded 2,6-dimethyl derivatives of pyridine. The structure of the (1:2) and (1:3) complexes is 
discussed. 

The reaction of bases with carboxylic acids in nonpolar 
solvents is important for understanding the nature of 
the acid-base reaction, since a carboxylic acid undergoes 
association in nonpolar solvents.1) Several interesting 
features of the acid-base reaction, such as, the formation 
of higher hydrogen-bonded complexes and the proton 
transfer complex have been reported.2) I t was revealed 
that the hydrogen bond strength is parallel to the 
acidity and basicity of components.3) 

T h e system involving pyridine bases and carboxylic 
acids in organic solvents was initially studied by Barrow 
with use of I R spectroscopy. H e revealed the stoichio-
metry of reaction products and discussed the extent of 
the proton transfer in relation to the acid strength of a 
carboxylic acid.4) Since then, various physical methods, 
such as IR, visible, N M R , N Q R , thermodynamic 
method and dipole moment measurement, have been 
applied to the reaction of the pyridine bases with 
carboxylic acids in solution or in solid state.5-10) In the 
present paper, we describe the reaction of carboxylic 
acid with pyridines in reference to the effect of sub-
stituents. T h e structure of the (1 :2 ) and (1 :3) species 
(base to acid ratio) is discussed. 

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

Reagent. All the pyridine bases, i.e. pyridine, 3-bromo-
pyridine, 2-methylpyridine, 4-methylpyridine, 2,6-dimethyl-
pyridine and 2,4,6-trimethylpyridine were of G. R. grade. 
Carboxylic acids, i.e. butyric acid, valeric acid and hexanoic 
acid, were of G. R. grade, while decanoic acid was of 
chemical pure grade. The purification of pyridine bases, 
carboxylic acids and benzene (G. R.) as a solvent has been 
described elsewhere.11»12) 

Procedure. The partition was carried out in an in­
cubator thermostated at (25^:0.1) °C. Equilibrium is reach­
ed within 1 h. Concentrations were 0.1—1.0 mol dm - 3 for 
the carboxylic acids and 2 X 10~3—2x 10~2 mol dm"3 for the 
pyridine bases. The ionic strength in the aqueous phase 
was maintained at 0.10 mol dm - 3 with sodium Perchlorate. 
Hydrogen ion concentration was measured with a Orion 
Ionalyzer Model 801 and a Beckman Research pH meter. 
A 1.00xl0~2mol dm - 3 perchloric acid solution containing 
0.09 mol dm - 3 sodium Perchlorate was employed as a stand­
ard of hydrogen ion concentration. Hydrogen ion concen­
tration was estimated by correcting for a liquid-junction 
potential.13) The total concentration of pyridine base in the 

* To whom correspondence should be addressed. 

aqueous phase was determined by colorimetry for 3-bromo-
pyridine; for the other pyridine bases the total concentra­
tion in the organic phase was determined by acid-base titra­
tion in glacial acetic acid with Crystal Violet as an indicator. 

R e s u l t s 

When a pyridine base, B, is extracted with a carboxylic 
acid, HA, in benzene, the extraction equilibrium 
between the organic and aqueous phases is written as 

mBw + n(HA)0 <=± (BJHA) n) 0 (1) 

where Bm(HA)M denotes an extracted species which 
involves m molecules of pyridine base and n molecules 
of carboxylic acid, and subscripts w and o refer to the 
aqueous and organic phases, respectively. Since the 
activity coefficient of each species in both phases is 
assumed to be kept constant,14-15) the concentration 
equilibrium constant, Kex(mn), for Eq. 1 is kept constant. 

*ex(*m) = [B.CHA) J 0 [B] W - [HA] 0 -» (2) 

T h e association between a pyridine base and a carboxylic 
acid is negligible in the aqueous phase. 

When a pyridine base is extracted with a carboxylic 
acid in benzene, the total concentration of the pyridine 
base in the organic phase, CB>0, is given by 

CB.0 = J}J}m[Bm(HA)n]0 (3) 
m = l 7i=0 

Substituting this relation into Eq. 2, we have 

CB.O = 2 2 mKex{mn) [B]W-[HA]0- (4) 
m = l n = 0 

If only species involving m molecules of pyridine base 
are present in the organic phase, the total concentration 
of the pyridine base in the organic phase can be written 
as 

CB.o = [B]w
m{S mKex{mn) [HA]0»> (5) 

n=0 

or 
log (CBi0/mol dm"3) = m log ([B]w/mol dm"3) 

+ log { 2 mKex(mn) [HA]0»/nioli- d m 3 - 3 } (5') 
n=0 

log(CB,0/mol d m - 3 ) is linearly related with log([B]w / 
mol d m - 3 ) for a given concentration of monomeric 
carboxylic acid in the organic phase. From the slope 
of this linear relationship we find the number of the 
pyridine base involved in the extracted species. The 
plots of log([B]w/mol d m - 3 ) vs. log(CB,0/mol dm - 3 ) for 
the extraction of the six pyridine bases with decanoic 
acid are shown in Fig. 1. They give rise to straight lines 



March, 1977] Reaction of Pyridine Bases with Carboxylic Acids in Benzene 609 

-4.0 
-5.0 -40 -2.0 -3.0 

log(CB]w/moldm3) 

Fig. 1. Determination of the number of pyridine base 
involved in extracted species. 
1 : Decanoic acid-pyridine, 2 : decanoic acid-3-bromo-
pyridine, 3: decanoic acid-2-methylpyridine, 4: dec­
anoic acid-4-methylpyridine, 5:decanoic acid-2,6-
dimethylpyridine, 6: decanoic acid-2,4,6-trimethyl-
pyridine. 

with a slope of unity. We thus have extracted species 
involving only one molecule of pyridine base in benzene. 

From Eq. 5 we obtain 

C B . o E B l w - ^ S ^ d r t l H A ] « " 
71=0 

(6) 

By use of the distribution ratio, D, and the formation 
constant of pyridinium in the aqueous solution, KHB, 
Eq. 6 is rewritten as 

^•«B = S^ex(l»)[HA]0- (7) 
71 = 0 

where <xB is the side reaction coefficient taking into 
account the protonation of the base : 

«B = 1 + *H B [H+ ] (8) 

The A êxdo) in Eq. 7 is identical with the partition 
constant, KD,B, of the pyridine base between benzene 
and aqueous solution in the absence of a carboxylic 
acid. In order to determine the number of carboxylic 
acid involved in the extracted species, D • aB was plotted 
against the concentration of the monomeric carboxylic 
acid in benzene. T h e latter was calculated from the 
partition constant and the dimerization constant in 
benzene12) : 

* Hydration not corrected. 

The results for the extraction of 4-methylpyridine with 
four carboxylic acids are shown in Fig. 2. Non-linearity 
of the plots indicates the presence of the extracted 
species involving more than one molecule of the carbox­
ylic acid. Similar results were obtained for the other 
pyridine bases. Equation 7 can be rewritten as follows : 

(Z?.aB-ÄD.B)[HA]0-i = Kex(11) + tfex(12)[HA]0 + ... (9) 

0 0.01 0.02 0.03 0.04 005 

CHA]0/mol dm3 

Fig. 2. Determination of the number of carboxylic acid 
involved in extracted species for 4-methylpyridine. 
The solid lines represent calculated values. 
0 : Decanoic acid (J = 24), J^: hexanoic acid ( J = 
16), Q : valeric acid (J = 8), £ : butyric acid ( J = 0 ) . 

If only the first two terms on the right side are important, 
( J9 , a B -A ' D | B)[HA] 0 - 1 should be linearly related to the 
concentration of monomeric carboxylic acid in the 
organic phase. T h e plots of [HA] 0 vs. (Z)-aB—KD,B)-
[ H A ] _ 1 for the extraction of 4-methylpyridine with the 
four carboxylic acids are shown in Fig. 3, in which we 
utilized the parti t ion constants of the pyridine bases 
determined previously.16) Straight lines with non-zero 
intercept (Fig. 3) indicate the presence of 1: 1 and 1: 2 
complexes in the organic phase. T h e extraction con­
stants of 1: 1 and 1: 2 complexes can be obtained from 
the intercept and the slope, respectively. Similar results 
were obtained for pyridine and its derivatives except 
for 2,4,6-trimethylpyridine. T h e formation of complexes 

Acid 

Butyric acid 
Valeric acid 
Hexanoic acid 
Decanoic acid 

Partition 
constant* 

0.11 
0.54 
1.9! 

500 

Dimerization 
constant* 

182 
229 
251 
260 

X 

< 

03 

â 
i 

Q 

[HA]0/mol dm3 

Fig. 3. Determination of the number of carboxylic 
acid involved in extracted species for 4-methyl­
pyridine. 
0 : Decanoic acid ( J = 0.6), ±: hexanoic acid (J— 
0.4), • : valeric acid (A = 0.2), # : butyric acid (J = 0). 
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TABLE 1. LOGARITHMIC EXTRACTION CONSTANTS OF 

(B • HA), (B• (HA)a) AND (B. (HA),) COMPLEXES 
BETWEEN BENZENE AND AQUEOUS SOLUTION 

0O3 0.06 0.04 0.05 

tHAJ0/moldm3 

Fig. 4. Determination of the number of carboxylic acid 
involved in extracted species for 2,4,6-trimethylpyri-
dine. The solid line represent the calculated values. 
O : Decanoic acid, A : hexanoic acid, • : valeric acid, 
0 : butyric acid. 

with the same compositions in nonpolar solvents such 
as carbon tetrachloride has been confirmed by I R study 
for the reaction of pyridine with several carboxylic 
acids.4»6»8) 

For 2,4,6-trimethylpyridine, the plot of [HA] 0 vs. 
(D-OLB—Ä:D.B)[HA]0-

1 is not linear (Fig. 4) . This in­
dicates the presence of higher complexes. Rearranging 
Eq. 9, we have 

{(£>-aB-7CD,B) [HA]0- i -^ e x ( 1 1 )>[HA]0- i 

= #exCl2> + # e x ( 1 3 )[HA]0 + . - (10) 

By plotting the values of the left side of Eq. 10 against 
[HA] 0 for 2,4,6-trimethylpyridine we obtain straight 

o 
E 

i 

x 

0.02 0.03 0.04 0.05 

CHAlo/moldm"3 

Fig. 5. Determination of the number of carboxylic acid 
involved in extracted species for 2,4,6-trimethylpyridine. 
The extraction constants of the 1: 2 and 1: 3 complexes 
were obtained from the intercept and slope, respectively. 
O : Decanoic acid (zl=0.9), /\: hexanoic acid (A = 
0.4), n : valeric acid (Zl = 0.2), # : butyric acid {A = 0). 

Base 

3-Bromopyridine 

Pyridine 

2-Methylpyridine 

4-Methylpyridine 

2,6-Dimethyl-
pyridine 

2,4,6-Trimethyl-
pyridine 

Acid 

Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 

log 
(•KexCll)/ 
moi -1 

dm») 

2.97 

3.02 

2.99 

3.02 

2.24 

2.31 

2.20 

2.31 

2.80 

2.70 

2.77 

2.76 

2.93 

2.87 

2.83 

2.91 

3.09 

3.12 

3.15 

3.18 

3.75 

3.76 

3.83 

3.84 

log 

moi-2 

dm«) 

3.58 

3.85 

3.9, 

3.6, 

3.2j 

3.23 

3.3, 

3 . 1 , 

3.7, 

3.86 

3.83 

3.7, 

3.6, 

3.9, 

4.03 

3.8, 

4 . 1 , 

4 . 1 , 

4 .2 , 

4.O3 

4 .5 , 

4.56 

4-45 

4.3 8 

log 
/ (^ex(lS)/ 

moi -8 

dm») 

6.1 

6.3 

6.4 

6.3 

log(#„(!!,/mol-1 dm»), log(iCex(12)/mol-2 dm«), and 
log(i<rex(13)/mol-3dm9) values are estimated to be 
accurate to ±0 .05 , ±0 .10 , and ± 0 . 2 , respectively. 

lines (Fig. 5). I t is obvious that three species, i.e. 1 :1 , 
1: 2, and 1: 3 complexes are present in benzene for 
2,4,6-trimethylpyridine. T h e extraction constants are 
summarized in Table 1. 

From the results, the equilibria of the pyridine bases 
with the carboxylic acids in benzene are formulated as 
follows : 

B0 + (HA)0 ?==± (B-HA)0 Ku (11) 
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B0 + (HA)2,0 <=± (B.(HA),)0 K12 (12) 

(B.(HA)2)0 + (HA)0 *=> (B.(HA)3)0 Kri (13) 

In addition, the dimerization of a carboxylic acid occurs 
in benzene: 

2(HA)0 «=± (HA)2.0 

The formation constant of complexes in benzene can be 
evaluated from the corresponding extraction constant 

TABLE 2. LOGARITHMIC FORMATION CONSTANTS OF 

(B.HA), (B-(HA)2), AND (B.(HA)3) 
COMPLEXES IN BENZENE 

Base 

3-Bromopyridine 

Pyridine 

2-Methylpyridine 

4-Methylpyridine 

2,6-Dimethyl-
pyridine 

2,4,6-Trimethy 1-
pyridine 

Acid 

Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 
Butyric 
acid 
Valeric 
acid 
Hexanoic 
acid 
Decanoic 
acid 

log 
(*n/ 

mol-1 

dm3) 

1.34 

1.38 

1.34 

1.35 

1.97 

2.03 

1.91 

1.99 

2.14 

2.04 

2.10 

2.07 

2.18 

2.12 

2.06 

2.12 

1.94 

1.96 

1.98 

1.99 

2.20 

2.20 

2.26 

2.25 

log 

mol~2 

dm6) 

- 0 . 4 

- 0 . 2 

- 0 . 1 

- 0 . 5 

0.59 

0.5! 

0.62 

0.42 

0.70 

0.74 

0.69 

0.6X 

0.60 

0.78 

0.80 

0.62 

0.63 

0.59 

0.6fl 

0.38 

0.6 t 

0.56 

0.42 

0.33 

log 

mol - 3 

dm9) 

1-7 

I.9 

2.x 

2-0 

by use of the partition constant of the pyridine base 
and the dimerization constant of the carboxylic acid. 

Polar solutes, i.e. carboxylic acids and amines, form 
hydrates in a nonpolar solvent equilibrated with 
water.17) Thus correction for hydration of pyridine 
base and carboxylic acid should be made in order to 
evaluate the true formation constant of complexes. We 
have information on the hydration of pyridine bases 
and carboxylic acids in benzene.11»12) T h e formation 
constants corrected for the hydration of acids and bases 
are summarized in Table 2. 

Discussion 

I t has been suggested that the extent of formation of 
hydrogen-bonded complex between a series of bases 
and phenols or alcohols is a function of basicity of these 
bases.18»19) W e have observed the linear free energy 
relationship between the hydration of pyridine bases in 
benzene and the formation of the corresponding pyridin-
iums in aqueous solution,11) a similar relationship being 
observed for the hydration of carboxylic acids.12) T h e 
formation constants of 1: 1, 1:2, and 1: 3 complexes 
for a given pyridine base remain constant for the 
carboxylic acids studied (Table 2). This seems reason­
able since the acidity of the four carboxylic acids does 
not differ appreciably from each other. 

log^n/mol-^dm»), l o g ^ / m o l - 2 dm«), and log(K13/ 
mol -8 dm9) values are estimated to be accurate to 
±0 .05 , ±0 .10 , and ± 0 . 2 , respectively. 

log(KHB/moTcJm3) 
Fig. 6. Correlation between the logarithmic formation 

constants of the 1:1 and 1:2 complexes and the logarith­
mic formation constants of pyridinium in aqueous 
solution. Data of log KnB's were taken from Ref. 16. 

Let us examine the correlation between the formation 
of 1: 1 complex and the formation of the corresponding 
pyridinium. T h e plot of the logarithmic formation 
constant of 1: 1 complex against log(A^HB/mol-1 dm3) is 
shown in Fig. 6. A linear correlation was obtained 
between log(^T11/mol-1 dm3) and l o g ^ n u / m o l - 1 dm3) 
except for sterically crowded 2,6-dimethyl derivatives of 
pyridine. T h e relationship is written as follows (dimen­
sions are hereafter omitted for the sake of simplicity) : 

logtfu = 0.25 log #HB + 0.62 (15) 

A similar relationship has been obtained for the forma­
tion of the monohydrate of pyridines11) : 

log ßu(hydrate) = 0.09 log KSB - 0.37 (15') 
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T h e coefficient of logÄ"HB in Eq. 15 is appreciably 
larger than that in Eq. 15'. In view of the fact that 
acidity of the carboxylic acid is much higher than that 
of water, it is reasonable that the extent of the complex 
formation of the pyridine bases with the carboxylic 
acids is greater than that of the hydration. The \ogKn 

values for the sterically crowded 2,6-dimethyl derivatives 
of pyridine are smaller than tha t expected from logÄuB-

W e shall examine the correlation between the reaction 
of the pyridine base with the dimeric carboxylic acid 
and the formation of pyridinium. In Fig. 6 the logarith­
mic formation constant of the 1: 2 complex for carboxylic 
acids is plotted against logÄHB of corresponding pyridin-
iums. T h e correlation is obviously good except for 
2,6-dimethyl derivatives of pyridine. This relationship 
is expressed by 

log K12 = 0.35 log tfHB - 1.44 (16) 

W e see that the formation of the 1: 2 complex would 
occur to a negligible extent for the pyridine bases less 
basic than 3-brompyridine. A comparison of coefficients 
of logXnB in Eqs. 15 and 16 suggests that the dimeric 
carboxylic acid is somewhat more acidic than mono-
meric carboxylic acid. 

Let us consider the structure of the 1: 2 complex. We 
have two possible structures of dimeric carboxylic acids : 

/ O - H 
/ O - H - O ^ R - C 

R - C C - R X } - H - C \ 
^ O - H - C K C - R 

CK 
cyclic dimer, c-(HA)2 open dimer, o-(HA)2 

T h e following equilibrium might take place. 

o-(HA)2 < = - c-(HA)2 K0_c (17) 

Pyridine bases are assumed to react only with the open 
dimer : 

o-(HA), + B <=> (B.o-(HA),) K0B (18) 

Then the formation constant of the 1: 2 complex can 
be written as : 

K12 = [B.o-(HA)2][B]-i([o-(HA)2] + [o-(HA)J)-i 

= *O B( l+Äo_ e)- i (19) 

If ÄOB is approximated as K11} we have 

*o-c = ^ I A T 1 - i (20) 

Thus the value of K0-C can be calculated from values 
of Klx and K12 given in Tab le 2. Average values of K0_c 

for the four carboxylic acids are as follows : butyric, 31 ; 
valeric, 28 ; hexanoic, 26 ; decanoic, 44. T h e proportion 
of the open dimer is roughly estimated to be ca. 3 % of 
acid dimer. I R spectroscopic study and the slopes of 
the L F E R given in Fig. 6 suggest strongly that the 
acidity of the open dimer should exceed the acidity 
of the monomeric carboxylic acid, i.e. 

Then the proportion of the open dimer should be less 
than 3 % . 

Combining Eqs. 16 and 19, we have 

log*oB = 0.35 log * H B . - 1.44 + log (l+tf0_c) (21) 

AOB should be greater than Ku for all bases including a 
base of which ÄHB is equal to 1. Then from Eqs. 15 
and 21 we obtain 

- 1 . 4 4 + log (l + # o _ c ) > 0.62 

or * 0 _ c > 1 1 9 

T h e fraction of the open dimer in the total dimer 
concentration seems to be a little less than 1%. Since 
the estimations are consistent with the previous find­
ings,20) we can conclude that the open dimer of a 
carboxylic acid reacts with a pyridine base to form a 
1: 2 complex : 

/ 0 e e H - B 
R—C 

X ) - H - O N (22) 
G - R 

O'' 

2,4,6-Trimethylpyridine forms the 1: 3 complex with 
the four carboxylic acids in benzene. The formation 
of 1: 3 complex in organic solvents has been found in 
several systems involving more acidic carboxylic acids 
or more basic amines.21-24) T h e stronger the base, the 
the more extensive the polarization of - O H group in 
the 1: 2 complex (formula 22) and the more basic the 
terminal - C = 0 becomes. Thus we have the 1:3 complex 
for the stronger bases, the situation being similar for 
stronger acids. 
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A Study of Catalysis by Metal Phosphates. IV.1) The Alkylation 
of Phenol with Methanol over Metal Phosphate Catalysts 
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The catalytic methylation in the vapor phase over various metal phosphates has been investigated using a 
conventional flow reactor at temperatures ranging from 350 to 500 °C under atmospheric pressure. The Ca3(P04)2 

catalyst was excellent in both its activity and its selectivity for ortho-methylation, giving predominantly o-cresol and 
2,6-xylenol, whereas the BP04 or CaHP0 4 catalyst simultaneously promoted the formation of anisole. The activity 
of Ca3(P04)2 was significantly higher than that of the CaO or MgO catalyst. The influences of the reaction 
temperature, the contact time, and the calcination temperature of the catalyst upon the conversion of phenol, 
and the yields of the products were investigated in detail over the Ca3(P04)2 catalyst. The activities and the selec-
tivities of various catalysts were discussed in connection with their acid-base properties. The mechanism of the 
participation of both the acidic and basic sites in the methylation was also discussed. 

T h e alkylation of phenol in the ortho position has been 
of interest in recent years,2) and the catalytic process 
using methanol as an alkylating reagent has been 
investigated by several workers.3-7) T h e alkylation 
reactions of phenol or cresol using C2—C4 olefins or 
C1—C4 alcohols have also been studied over various 
catalysts.8-10) However, no study of the phosphate 
catalyst has been reported. 

O u r preliminary study has revealed that calcium 
orthophosphate bas a significant activity and an inter­
esting selectivity for the alkylation of phenol with 
methanol in the vapor phase. T h e present paper will 
describe the behavior of metal phosphates as a catalyst. 
The correlation between the selectivity for the reaction 
and the acid-base character of the catalysts will also be 
discussed. 

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

Catalysts. The metal phosphate catalysts were ob­
tained from guaranteed commercial reagents by the usual 
method of pellet-catalyst preparation, which involves wet 
mixing and extruding in order to mold the catalyst. All the 
catalysts were in the form of 1—2 mm pellets. The CaO and 
MgO catalysts used to characterize the phosphate catalysts 
were prepared by the thermal decomposition of the Ca(OH)2 

and (MgC03)4 • Mg(OH)2 reagents respectively. Unless other­
wise noted, the catalysts were activated before use by calcin­
ing at 500 °C for 3 h in a stream of air. 

Apparatus and Procedure. A usual type of flow reactor 
consisting of a 18 mmçJ glass tube was used to perform the cat­
alytic tests. Unless otherwise specified, the reactor contained 
2 g of the catalyst. The reactor was vertically supported and 
externally heated in an electric furnace. The upper part 
of the reactor was packed with small glass beads, thereby 
vaporizing and preheating the reactants. A stream of nitro­
gen was passed through the catalyst bed at 500 °C for 1 h and 
then the temperature was lowered to the reaction tempera­
ture in a stream of nitrogen. A methanol-phenol mixture of a 
known composition was fed into the reactor at a constant rate 
by means of a microfeeder, and then carried by nitrogen to 
the catalyst bed. The outlet vapor was condensed in a trap 
cooled with an ice bath, and samples for analysis were col­
lected periodically. The condensed liquid products were ana­
lyzed by means of a gas-chromatographic unit containing a 
3-m column of Silicone DC-550. The column was operated 
at 150 °C, with hydrogen as the carrier gas. The products 

were identified by a comparison of their chromatograms with 
those of authentic samples. Besides the methylation of phenol, 
methanol was simultaneously consumed by the gasification 
which was a side-reaction, giving such non-condensable prod­
ucts as CO, C0 2 , and GH4. However, no detailed measure­
ment of the non-condensable products has been made because 
they were formed to only a small extent throughout the cataly­
tic tests in which the phosphates were used as catalysts. The 
conversion of phenol and the yields of the products were ex­
pressed in mol%. The liquid products obtained consisted 
mainly of o-cresol, 2,6-xylenol, anisole, 2,4,6-trimethylphenol, 
2,4-xylenol, and small amounts of m, />-cresol. Very small 
peaks of unknown products were detected in the gas-chroma-
tograms, but their formation was neglected in the calculation 
of the conversion and the selectivity. The selectivity for the 
ortho-methylation, S0, was defined as follows : 

„ _ yield of (o-cresol + 2,6-xylenol) 
0 total conversion of phenol, x 

The selectivity for anisole formation, Sk, and the selectivity 
to the other products (m- and />-cresol+2,4-xylenol+2,4,6-
trimethylphenol), SB, were defined as follows: 

ç _ yield of anisole 
total conversion of phenol, x 

SB=\- (S0 + SA) 

As an indication of the contact time in the flow reactor, we 
used W/F, defined as follows : 

W,F = catalyst weight (g) 
feed rate of the sum of reactants and 
nitrogen (mol/h) 

The powdered catalyst samples calcined at 500 °C for 3 h in 
air were used for the measurements of their acidity and basici­
ty. The acidities of the catalysts were measured by usual n-
butylamine titration, using the Hammett indicators. Ac­
cording to the method of Tanabe et al.,11) the basicities of the 
catalysts were measured by titrating them with a benzoic acid-
benzene solution, using bromothymol blue (p.ATa=7.1) and 
Phenolphthalein (pÜLa=9.3) as indicators. 

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

Catalyst Activity and Change in Activity with the Process 
Time. T h e changes in the activity and selectivity 
during the course of the reaction were generally not 
serious, although the degree of the change depended 
on the species of the catalysts. Henceforth, in order to 
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TABLE 1. ACTIVITIES AND SELECTIVITIES OF VARIOUS CATALYSTS 

Conditions: reaction temperature (t)=460 °C, WjF= 14.5 gh/mol, feed molar ratio (m) of methanol/ 
phenol/Na=2.0/1.0/1.2. 

Catalyst Ca3-
(PO 4 ) 2 

CaHP0 4 
Ca-

(H2P04)2 
BP04 CaO MgO 

Conversion of phenol, x (%) 
Selectivity, S0 (%) 

anisole 
o-cresol 

Yielrl (o/\ ^ / " c r e s o 1 

Yieia {/0) < 2,6-xylenol 
2,4-xylenol 

^ 2,4,6-trimethylphenol 
Conversion of methanol, xM (%) 
Selectivity for methylation, Su (%) 

77.7 
88 

0.6 
38.2 

0 
30.3 
3.1 
5.5 

42.1 
93 

26.4 
28 
19.0 
7.4 
0 
0 
0 
0 

— 
— 

1.0 
0 
1.0 
0 
0 
0 
0 
0 
— 
— 

47.0 
46 
25.4 
17.8 
0 
3.8 
0 
0 

95.8 
25 

7.6 
75 
0.6 
5.7 
1.3 
0 
0 
0 
4.6 

83 

48.0 
80 

1.9 
30.5 
4.8 
7.9 
1.8 
1.1 
— 
— 

compare the catalysts, we will use the activity data 
obtained around 1.5 h after the start of the reaction. 
T h e activities and the selectivities of various catalysts 
are shown in Table 1. I t can be seen from Table 1 
that the C a 3 ( P 0 4 ) 2 catalyst is excellent in activity and 
selectivity for ortho-methylation, leading to o-cresol and 
2,6-xylenol. Another characteristic of the C a 3 ( P 0 4 ) 2 

catalyst is the fact that it is liable to form highly 
methylated products, such as xylenol isomers and 2,4,6-
trimethylphenol. T h e ortho-selectivity of the B P 0 4 

catalyst is far less than that of the C a 3 ( P 0 4 ) 2 , since the 
B P 0 4 gives rise to anisole in a large quanti ty even 
though it has a substantial activity. Both the C a H P 0 4 

and C a ( H 2 P 0 4 ) 2 are somewhat inferior to the other 
catalysts. The C a O and M g O catalysts have a low 
activity, though it is high in ortho-selectivity. Tanabe 
et a/.4»5) have already pointed out that the C a O or M g O 
catalyst has a high selectivity for ortho-methylation. In 
agreement with their papers, our experiment has also 
revealed that the C a O and M g O catalysts have a high 
selectivity, although their activities are far less than 
that of the Ca 3 (P0 4 ) 2 . In the cases of the other phos­
phate catalysts, the catalytic tests gave the following 
results; N i 3 ( P 0 4 ) 2 : * = 8 % , S 0 = 3 8 % , S A = 6 2 % , A1P0 4 : 
9, 56, 4 4 % , C r P 0 4 : 19, 21, 79% and Z r 3 ( P 0 4 ) 4 : 
6, 33, 67%, respectively. T h e activities and the 
ortho-selectivities of these phosphate catalysts were 
appreciably inferior to those of the C a 3 ( P 0 4 ) 2 ; 
an additional characteristic of their behaviors as 
catalysts was the fact that scarcely any formation of 
m,/>-cresol, 2,4-xylenol, or 2,4,6-trimethylphenol was 
found. As has been described in previous papers,1»12) 
Cd 3 (P0 4 ) 2 is an effective catalyst for the dehydrogena-
tion of alcohols, by analogy with the C a 3 ( P 0 4 ) 2 catalyst. 
However, C d 3 ( P 0 4 ) 2 exhibited very little activity for 
the methylation of phenol. This seems to be the reason 
for the low thermostability of the C d 3 ( P 0 4 ) 2 catalyst.12) 

During the course of the methylation, the phenol is 
not entirely decomposed to form benzene or gaseous 
compounds. In contrast, methanol is consumed through 
two simultaneous reactions, the methylation of phenol 
and the gasification giving such non-condensable prod­
ucts as CO, C 0 2 , and CH 4 . T h e effectiveness of the catal­
yst should be discussed not only in terms of the conversion 
of phenol, but also in terms of the fraction of methanol 
utilized as an alkylating reagent. An important charac­

teristic of the C a 3 ( P 0 4 ) 2 catalyst to be noted here is 
that only a small % of the methanol converted is 
consumed for gasification. I t must be generally accepted 
that the M O - F e 2 0 3 catalyst developed by Kotanigawa 
et a/.8) is more active than the C a 3 ( P 0 4 ) 2 catalyst. 
T h e M O - F e 2 0 3 catalyst, however, leads to significant 
amounts of gasification of methanol ; hence, it can be 
said that the C a 3 ( P 0 4 ) 2 catalyst is more effective in the 
selectivity of methanol than the M O - F e 2 0 3 catalyst. 

w 1 2 3 4 5 

Process time (h) 

Fig. 1. Changes in activity and selectivity of Ca3(P04)2 

catalyst with process time. 
Conditions: *=460 °C, W/F= 14.5 g h/mol, m=2.0/ 
1.0/1.2. 
O : Conversion of phenol (x), # : selectivity for ortho-
methylation (S0), A : selectivity for anisole formation 
(SA), • : selectivity to the other products (SB). 

T h e change in the activity and selectivity of the 
C a 3 ( P 0 4 ) 2 catalyst with the process time are illustrated 
in Fig. 1. Both the activity and the selectivity change 
rapidly at the initial period, and then they gradually 
approach almost constant values. T h e selectivity for 
ortho-methylation, S0, increases with the process time 
and approaches 100% after the reaction had been 
continued for 4 h. In contrast, the selectivity to the 
other products, SB, decreases rapidly and is lowered to a 
very small value with an increase in the process time. 
T h e selectivity for anisole formation, S&, is allowed to 
continue at a small value and then becomes practically 
negligible around 2 h after the start of the reaction. 
Consequently, only two products, o-cresol and 2,6-
xylenol, are obtained after the reaction has been 
continued for 5 h or more. Such a decrease in activity 
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and change in selectivity as are shown in Fig. 1 might 
be due to the disappearance of active sites, leading to 
the formation of a highly methylated product or anisole 
by the deposition of a carboneous substance. After the 
reaction has been continued for several hours, however, 
the catalyst surface is brought into a situation favorable 
to ortho-methylation and the subsequent catalytic 
reaction reaches an almost steady state. 

Effects of the Reaction Temperature and Contact Time. 
T h e effect of the reaction temperature on the conversion, 
the selectivity, and the yields of the products was 
investigated with the C a 3 ( P 0 4 ) 2 catalyst. T h e results 
are shown in Figs. 2 and 3 ; the data were obtained by 
using a fresh catalyst in each run and by analyzing the 
samples collected 1.5 h after the start of the reaction. 
T h e higher the reaction temperature, the higher the 
conversion and the yield of o-cresol, 2,6-xylenol, or 
2,4,6-trimethylphenol became. The selectivity for 
ortho-methylation was approximately 8 0 % , regardless 

10 15 20 25 
W/F (g h/mol) 

Fig. 4. Yield and selectivity over Ca3(P04)2 catalyst as 
a function of W/F. 
Conditions: *=460 °C, «=2.0/1.0/1.2. 
Symbols are the same as those defined in Figs. 2 and 3. 

350 400 450 500 
Reaction temperature (°C) 

Fig. 2. Effect of reaction temperature on conversion and 
selectivity. 
Conditions: Ca3(P04)2 catalyst, W/F= 14.5 g h/mol, 
fn=2.0/1.0/1.2. 
O« Conversion of phenol (x), 0 : selectivity for ortho-
methylation (S0). 

2 

I 
Ou 

-a 

350 400 450 
Reaction temperature (°C) 

500 

Fig. 3. Correlation between reaction temperature and 
yield of the products. 
Conditions are the same as for Fig. 3. 
® : o-Cresol, 3 : 2,6-xylenol, © : 2,4-xylenol, (g): 2,4,6-
trimethylphenol, A* anisole. 

W/F (g h/mol) 

Fig. 5. Yield and selectivity over BP04 catalyst as a 
function of W/F. 
Conditions and symbols are the same as for Fig. 4. 

of the reaction temperature. T h e temperature providing 
the maximal yields of anisole and 2,4-xylenol were 
about 400 and 430 °C respectively. However, their 
yields did not exceed 5 % . 

T h e effects of W/F on the yields of the products are 
shown in Figs. 4 and 5. Figure 4 indicates that the 
C a 3 ( P 0 4 ) 2 catalyst gives, selectively, o-cresol and 2,6-
xylenol in the low range of W/F. With an increase in 
W/F) the consecutive methylation of o-cresol to xylenols 
and trimethylphenol is gradually increased, but the 
formation of anisole is slight over the entire range of 
W/F. Figure 5 indicates that, in the case of the B P 0 4 

catalyst, the increase in W/F does not result in a 
remarkable increase in the yields of the products or 
in the selectivity for ortho-methylation. Anisole is 
predominantly formed over the whole range of W/F, 
but no definitive maximum in the yield of anisole is 
perceived throughout the experimental range of W/F. 
T h e yields of xylenol isomers were vanishingly small, 
and such highly methylated products as trimethyl­
phenol were completely missing, even at the highest 
range of W/F. 
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TABLE 2. ACID-BASE PROPERTIES OF VARIOUS CATALYSTS 

Acidity (mmol/g) Basicity 
Catalyst , ~— v (mmol/g) 

tf0^3.3 H0<4.8 tf0^6.8 H0^7 A 

Ca3(P04)2 

CaHP0 4 

Ca(H2P04)2 

BP04 

CaO 

0 
0 
0.196 
0.220 
0 

0 
0.046 
_ b > 

_ J > > 

0 

0.132 
0.073 

a> 
0.370 
0.043 

0.053 
0 
0 
0 
0.066 

a) The acidity (H0<6.8) of Ca(H2P04)2 could not 
be measured quantitatively because of the formation 
of a precipitate, b) The measurements were not 
carried out. 

Acid-Base Property of the Catalyst and the Catalytic 
Activity. The acid-base properties of the catalysts 
are shown in Table 2. T h e strong basic site with H0^9.3 
was not found in any catalyst. Between the catalytic 
activities and the acid-base properties of the catalysts, 
no simple correlation can be observed by comparing 
Table 1 with Table 2. Excluding the case of the Ca-
( H 2 P 0 4 ) 2 catalyst, however, it is likely tha t anisole is 
produced over the B P 0 4 or C a H P Ö 4 catalyst with 
acidic sites ( / / 0 ^4.8) but no basic sites, and that the 
ortho-methylation can occur over the catalysts with 
both weak acidic sites (/70^6.8) and basic sites. 

In order to make this aspect clearer, we have inves­
tigated the relationship between the catalytic activity 
and the acid-base property, using a series of C a 3 ( P 0 4 ) 2 

catalysts calcined at various temperatures. T h e results 
are shown in Figs. 6 and 7. Both the acidic strength 
and the basic strength of the C a 3 ( P 0 4 ) 2 catalyst remain­
ed unaltered by a change in the calcination temperature, 
although either the acidity (H0^6.8) or the basicity 
(H0^7A) varied, as is shown in Fig. 6. Figure 6 
indicates that the acidity decreases monotonously with 
the rise in the calcination temperature, while the 
basicity has its maximum at the calcination temperature 
near 550 °C. Figure 7 indicates that the catalyst activity 
(the conversion of phenol) slightly increases with rise in 
the calcination temperature from 460 to 500 °C, passes 

500 600 700 800 
Calcination temperature (°C) 

Fig. 6. Acidity and basicity of Ca3(P04)2 calcined at 
various temperatures. 
0 : Acidity (measured at / / 0=6.8) , 0 : basicity (mea­
sured at H0=7A). 
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Fig. 7. Activity and selectivity of Ca3(P04)2 catalyst 
calcined at various temperatures. 
Conditions and symbols are the same as for Fig. 2. 

through a maximum at about 500 °C, and then signifi­
cantly decreases. In contrast, the selectivity for ortho-
methylation remains almost constant at temperatures 
ranging from 500 to 800 °C, except for the low selectivity 
of the catalyst prepared at 460 °C. A comparison of 
Fig. 6 with Fig. 7 suggests that the catalytic activity may 
be correlated to both the acidity and basicity, whereas 
the ortho-selectivity essentially depends on whether or 
not the basic sites coexist with acidic sites. 

Reaction Pathway and Reaction Mechanism. By 
considering the fact that a maximal yield in the anisole 
formation is not observed in Fig. 4, the ortho-methyla­
tion giving o-cresol and 2,6-xylenol is expected to occur 
through a direct methylation of phenol, not through 
the formation of phenylethers, such as anisole or o-
methylanisole, and their subsequent isomerization. In 
order to make more clear the reaction pathway of 
methylation, we have carried out additional catalytic 
tests between anisole, o-cresol or xylenols, and methanol. 
T h e results are summarized in Table 3. When anisole 
alone was passed through the C a 3 ( P 0 4 ) 2 catalyst under 

TABLE 3. CATALYTIC REACTIONS BETWEEN ANISOLE, 

0-CRESOL, 2,4-XYLENOL, OR 2,6-XYLENOL AND 

METHANOL OVER THE C A 3 ( P 0 4 ) 2 CATALYST 

The conditions are the same as in Table 1, except for 
the methanol/reactant feed ratio. a) 

Reaction** Anisole-
methanol 

o-Cresol-
methanol 

2,6-
Xylenol-
methanol 

2,4-
Xylenol-
methanol 

Conversion15) (%) 48 40 25 66 

Yield of the product (%) 
Phenol 
o-Methylanisole 
o-Cresol 
m,/>-Cresol 
2,6-Xylenol 
2,4-Xylenol 
2,4,6-Trimeth-
ylphenol 

2 
6 
8 
0 

16 
5 

11 

3 
3 

0 
23 

7 0 

17 

0 
0 
4 
1 
0 

61 

a) Feed molar ratio of methanol/anisole, methanol/ 
o-cresol, etc.— \. b) Conversion of anisole, o-cresol, 
etc. 
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the same conditions as those described in Tab le 3, the 
anisole was rearranged, giving a small amount of o-
cresol (in a 7.5% yield) ; it was partly demethylated to 
give phenol (in a 9 .8% yield). From a comparison of 
Table 3 with the results shown in the other tables and 
figures, the following speculations are possible with 
respect to the reaction pathway of methylation : ( 1 ) the 
formation of o-cresol is due mostly to the direct methyla­
tion of phenol; (2) anisole is scarcely methylated at all 
to form o-methylanisole; (3) the isomerization of o-cresol 
to anisole or m,/>-cresol is not observed; (4) xylenol 
isomers are formed by a consecutive methylation of 
o-cresol, whereupon it tends to form 2,6-xylenol rather 
than 2,4-xylenol, and (5) 2,4,6-trimethylphenol is 
formed by the further methylation of xylenol isomers, 
whereupon 2,4-xylenol is more readily methylated than 
2,6-xylenol. Thus, the reaction pathway of methylation 
over the C a 3 ( P 0 4 ) 2 catalyst may be depicted as the 
following steps : 

where the(—>)arrow shows the main route of the methyla­
tion and(•--•), the sub-route. T h e behavior of C a 3 ( P 0 4 ) 2 

as a catalyst was characterized by a selective formation 
of the ortho alkylated products. T h e reaction pathway 
described above is intrinsically consistent with the result 
obtained over the basic catalysts by Tanabe et al.4) and 
by Enomoto et al.7) Tanabe13> and Enomoto et al.7) have 
already pointed out that acidic catalysts, such as S i 0 2 -
A1 20 3 or condensed phosphoric acid, promote the 
reactions, giving phenylethers or m-alkylated products, 
while basic catalyst, such as M g O or Z n O - F e 2 0 3 , 
promote the direct alkylation, giving the o-methylphenols 
without passing through phenylethers as an inter­
mediate. According to their argument, the C a 3 ( P 0 4 ) 2 

catalyst appears to be characteristically basic. This is 
not in conflict with our previous reports,1 '12) in which 
the C a 3 ( P 0 4 ) 2 has been characterized as a basic catalyst 
for the dehydrogenation of alcohols. However, it should 
be noted that the ortho-methylation of phenol depends 
not only on the basic sites, bu t also on the acidic sites, 
as has been mentioned above. 

T h e acid-base properties of the colored phosphates, 
such as N i 3 ( P 0 4 ) 2 or C r P 0 4 , are difficult to measure by 
the titration method using Hammet t indicators. Thus , 
instead of using the experimentally found values of the 
acid-base properties of the catalysts, the electronega­
tivities (*,-) of the metal ions14) in the phosphate or 
oxide catalysts were used as an indication of the acidic 
or basic strength, according to the theory proposed by 
Tanaka.1 4) T h e selectivities for the ortho-methylation 
of various catalysts are shown in Fig. 8 as functions of 
the parameter, X{. Figure 8 shows that the correlation 
between So and #,• has a rough tendency to move 
towards a low selectivities with the increase in *,. This 

xi 

Fig. 8. Correlation between S0 and *<. 
Catalyst—1: Ca3(P04)2, 2: Ni3(P04)2, 3: AlP04, 4: 
CrP04 , 5: Zr3(P04)4, 6: BP04 , 7: CaO, 8: MgO. 

0 2 4 6 
Acidity X Basicity (mmol/g)2 X 10» 

Fig. 9. Correlation between acid-base property and 
catalytic activity of Ca3(P04)2 calcined at various tem­
peratures. 
Calcination temperature—1: 460, 2: 500, 3: 550, 4: 
600,5: 700, 6: 800 °C. 

downward trend in the selectivity on x{ is intrinsically 
the same result as those reported by Tanabe et al.10'13) 
O n the other hand, the change in the activity depending 
on the variety of catalyst was too complicated to deal 
with quantitatively. In the limited case of the Ca 3 (P0 4 ) 2 

catalyst calcined at various temperatures, however, there 
was a rough correlation between the acid-base property 
(Fig. 6) and the catalyst activity (the conversion of 
phenol in Fig. 7), as is shown in Fig. 9. T h e upward 
trend in the activity with an increase in the term of 
(acidity) • (basicity) presumably suggests that the catalyt­
ic methylation is at tr ibutable to the mechanism 
involving both the acidic and basic sites. Further 
details of the reaction scheme and the catalyst structure 
must remain the subjects of future study. 
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The Photoemission from the organic compounds containing anthracene rings—anthracene, 9-methyl-
anthracene, 9,10-dichloroanthracene and 9,9'-bianthryl—was measured. The photoelectron energetic responses 
of all these compounds were nearly the same. The resemblance of the photoelectron energy distribution curves 
and the spectral dependence of the quantum yield revealed the coincidence of the electronic structures of these 
compounds in a solid. The comparison between solid- and gas-phase photoelectron spectra showed that the optical 
excitation process is the most characteristic one in photoemission phenomena. 

Anthracene is a typical compound in the research 
field of molecular crystals, like polycyclic aromatic 
hydrocarbons and solid rare gases. T h e various physico-
chemical properties of anthracene have been reported.1 '2) 
Among them, photoemission has recently been revealed 
to be a useful method for the investigation of the 
electronic structures of the solid state.3-10) 

We have measured the photoelectric response of 
anthracene and aromat ic compounds containing 
anthracene-ring systems. T h e photoelectron energy 
distribution curves (EDGs) were obtained with a high 
accuracy by means of an electrical differentiation 
circuit.7 '11) 

In this paper, we will compare the photoelectric 
effect among these compounds, and will also discuss 
the effect of the anthracene-ring on the photoemission 
behavior. W e will also point out the resemblance of 
the photoelectron spectra between the gaseous and solid 
phases. 

E x p e r i m e nta l 

Measurement. Monochromatic light obtained by a half-
meter Seya-Namioka-type monochromator12) was admitted 
into a chamber through a lithium fluoride window, which lim­
ited the measurement to Av<^12 eV. The energy distribution 
of the photoemitted electrons was measured by means of a 
spherical retarding electrode coated with colloidal graphite, 
Aquadag, on the inside. The small ac voltage (200 mV peak 
to peak, 4 Hz) was superimposed on the retarding potential 
in order to differentiate the I—V characteristic curves.7'11) The 
spectral width of the monochromatized light was between 0.05 
eV at 200 nm and 0.13 eV at 120 nm. In all, the experimental 
error is estimated to be less than 0.2 eV in measuring the 
EDGs. 

As the total photocurrents were about 10~10 A or less, a pre­
amplifier, a Gary 31 vibrating reed electrometer, had to be 
used to amplify the photocurrent. 4 Hz ac was adopted to dif­
ferentiate the I—V characteristics, since the time response of 
the electrometer was not fast enough for a higher frequency to 
be used. 

The spectral dependence of the quantum yield (SDQY) 
were measured by means of the same electrode, applying e-
nough accelerating voltage between the emitter and the col-

f Present address : Department of Chemistry, Faculty of 
Science, Josai University, Keyakidai, Sakado, Saitama 350-02. 

f f Present address : Institute for Molecular Science, Oka-
zaki 444. 

lector. The relative light intensity was also measured by means 
of a photomultiplier tube RCA 5819 with the aid of a coro-
nene wavelength converter. As the stray light of the mono­
chromator easily affects the photocurrent (this effect could not 
be neglected in the case of a low incident photon energy), 
filters, mainly a quartz filter (with a cut-off wavelength of 155 
nm), were applied. 

Samples. The samples used in this study were anthra­
cene, 9-methylanthracene (9MeA), 9,10-dichloroanthracene 
(DC1A), and 9,9'-bianthryl. Anthracene and 9MeA were 
deposited onto a cooled emitter (copper disk 12 mm in diam­
eter) as a thin film by the sublimation method in a fairly low 
vacuum (10~3—10-4 Torr) in order to prevent sample evapora­
tion. After the preparation of the specimens, the emitter was 
introduced into the ionization chamber. During this opera­
tion, the specimen absorbed oxygen and water on its surface 
easily. The effect of this contamination will be discussed later. 

DC1A and 9,9'-bianthryl, on the other hand, were depos­
ited onto the emitters under a pressure of less than 4 x 10~6 

Torr by the sublimation method, this was possible because of 
their low vapor pressures. 

The film thickness is an important factor in the quantitative 
photoemission measurements of organic crystals; a thinner 
film is not thick enough to prevent the penetration of light to 
the substrate, and the photocurrent due to the substrate is often 
observed, while a thicker film causes a charge-up effect which 
affects the EDCs. The thickness of the evaporated films in this 
work was from 40 to 100 nm in the first preparation. As the 
samples were sublimed successively from the surface of the 
thin film during the measurements, it was difficult to estimate 
the film thickness at each measurement. 

R e s u l t s 

Energy Distribution Curves. Figures 1—4 show the 
photoelectron energy distribution curves of anthracene 
and its derivatives. Each EDG is indicated in arbitrary 
units, plotted as a function of the retarding potential, 
V; the numerical value beside each EDG is the incident 
photon energy. A dominant peak was observed in 
each EDG at about V—0 V. This peak position was 
independent of the incident photon energy. The kinetic 
energy of the photoejected electrons which are attributed 
to this dominant peak was less than 1 eV. 

O n the left side of the dominant peak (a large retarda­
tion voltage was applied) several structures were 
observed. These structures resemble each other. They 
come from the valence bands of each material as will 
be discussed later. O n the right side of the peak, most 
EDCs except those of anthracene were cut sharply by 
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-4 - 3 - 2 - 1 0 1 2 

Retarding potential/V 

Fig. 1. EDCs of anthracene plotted as a function of 
retarding potential. 

- 5 - 4 - 3 - 2 -1 0 +1 
Retarding potential/V 

Fig. 3. EDCs of DC1A plotted as a function of retard­
ing potential. 

-A -3 - 2 - 1 0 1 
Retarding potential/V 

Fig. 2. EDCs of 9MeA plotted as a function of retard­
ing potential. 

an effect of the escape function for passing electrons 
from a solid to a vacuum through the surface. However, 
long tails were found in some EDCs of anthracene. 
These long tails were caused by potential drops between 
the sample surface and the copper disk, since we were 
sometimes obliged to use thick specimens to avoid quick 
sample consumption. 

The EDCs of 9MeA did not show any distinguishing 
peaks on the left side of the dominant peak. They 
showed only shoulders.** These results were perhaps 
due to the contamination of the specimen surface as 

- 4 - 3 -2 -1 
Retarding potential/V 

Fig. 4. EDCs of 9,9'-bianthryl plotted as a function of 
retarding potential. 

will be discussed later, because the deposition of 9MeA 
was not performed under good conditions. 

The threshold energy, Eth, can be obtained by using 
the well-known equation : 

Eth = hv-Ew 

** Moreover, the dominant peaks of 9MeA were much 
higher than the others. 
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T A B L E 1. T H R E S H O L D E N E R G I E S O F T H E O R G A N I C C O M ­

P O U N D S CONTAINING ANTHRACENE-RING SYSTEMS, 

BOTH OBTAINED FROM THE E D C s AND 

THE CUBE ROOT PLOT IN e V 

This work 
Others 

£ t h
a ) £ t h

b ) 

Anthracene 
9-Methylanthracene 

5.7 5.75 

5.7K 5.68 

9,10-Dichloroanthracene 5.8 5.75 

9,9'-Bianthryl 5.9 5.96 

5.65c> 5.95d> 
5.56e) 5.95d) 

6.10d) 

a) Obtained from the EDCs. b) Obtained from the 
cube root plot, c) Ref. 3. d) Ref. 6. e) Ref. 9. 

where hv is the energy of the incident photon and Ew 

is the band width of the EDCs. T h e threshold energies 
of these compounds are collected in Table 1. 

Quantum Yield. Figure 5 shows the spectral 
dependence of the quan tum yield of anthracene and its 
derivatives. All the SDQYs showed steep rises at about 
6 eV. This is due to the effect of the escape function, 
which dominates the photoelectron-escape probability 
at the solid-vacuum interface. In the region between 
6.5 and 7.5 eV, all the SDQYs had almost flat 
slopes. These flat slopes meant a small probability of 
photoelectron emission in spite of an increase in the 
light energy. Above 7.5 eV, the quan tum yields in­
creased gradually in accordance with the photon 
energy. 

1Ö1 

1C? 

- ? *«o 

| D C I A - -

-

1 

r......... 

'»•». . 
*H 

9MeA-

< 

"C-
,\ 

1 1 1 

. -anthracene 

•;•.. 9,9'-bianthryl 

" % / 
V -

* 1 
11 10 9 8 7 

Photon energy/eV 

Fig. 5. Spectral dependence of quantum yield of these 
four compounds. 

Anthracene and 9,9'-bianthryl showed the same yields 
throughout the energy region, while the photoelectric 
yield of DC1A was about a half of that of anthracene. 
T h e photoelectric current of 9MeA varied with the 
exchange of specimens a t the same intensity of the 
exciting light. This phenomenon was probably due to 
the surface conditions; one specimen was fairly clean 
and free from the contamination of the surface, while 
the others were not. As the surface contamination 
affects the photoelectric quan tum yield, the SDQY of 
9MeA shown in Fig. 5 is somewhat dubious. 

D i s c u s s i o n 

Energy Distribution Curves. Figures 6—8 show the 
replotted EDCs arranged with the first edges of each 

E D C on the same line. There are fixing peaks in this 
revised plot which vary the peak position with the 
incident quanta as shown in Figs. 1—4. These peaks 

O 1 2 3 4 5 
Energy from threshold energy in eV 

Fig. 6. EDCs of anthracene rewritten so that the first 
edge of each EDC should coincide. Abscissa is energy 
measured from threshold energy, 5.7 eV. Broken line 
indicates a molecular photoelectron spectrum of anthra­
cene.13) See description of text. 

0 1 2 3 4 5 6 
Energy from threshold energy in eV 

Fig. 7. EDCs (solid line) and molecular photoelectron 
spectrum (broken line) of DC1A.16> Abscissa is energy 
measured from threshold energy, 5.8 eV. 
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K W 
78aV 

Energy from threshold energy in eV 

Fig. 8. EDCs (solid line) and molecular photoelectron 
spectrum (broken line) of 9,9'-binathryl.16) Abscissa is 
energy measured from threshold energy, 5.9 eV. 

correspond to the valence electrons of each substance. 
This can be confirmed by a comparison of the broken 
lines in each figure;13-16) this line is the molecular 
photoelectron spectrum, with a slight shift so tha t the 
first peaks of both spectra will coincide. T h e positions 
of the peaks or shoulders in the EDCs are in good 
agreement with the photoelectron spectra indicated by 
the broken lines. This fact indicates that the EDCs 
obtained by photoemission measurements reflect the 
state density of the valence band. T h e ionization 
potentials obtained by photoemission measurements 
(peak position) are collected in Table 2, which also 
lists the /p's of gaseous anthracene and its derivatives. 
Table 3 summarizes the energy differences between the 
first ionization potential and the others. 

On the other hand, the dominant peak, which was 
at the right side of each EDC and had a kinetic energy 
nearly 0 eV, has no corresponding photoelectron 
spectrum in the gas phase. This result suggests two 
possible explanations : The existence of auto-ionization 
levels in the conduction band, as Zagrubskii and Vilesov 

TABLE 2. PEAK POSITIONS OF THE PHOTOELECTRON 

SPECTRA IN GASEOUS AND SOLID PHASES IN EV 

. , 9-Methyl- 9,10-Dichloro- 9,9'-
Antnracene a n t h r a c e n e anthracene Bianthryl 

Solid Gasa> Solid Gasb> Solid Gasc> Solid Gasd> 

1st 6.4 7.47 (6.5) 7.25 6.5 7.58 6.5 (y 

2nd 7.6 8.57 (7.85) 8.43 7.7 8.88 7.6 ( 

3rd 8.2 9.23 — 9.07 8.1 9.42 8.2 ( 

4 th — 10.26 — 9.87 8.8 9.91 9.2 ( 

7.24 
42 

8.23 
8.34 
8.73 
9.00 
9.55 
9.87 

TABLE 3. ENERGY DIFFERENCES BETWEEN THE FIRST 

IONIZATION POTENTIALS AND THE OTHERS IN EV 

Anthracene ^ « ^ M - 9,10-Dichloro- 9,9'-
anthracene anthracene Bianthryl 

1st 
2nd 
3rd 
4 th 

Solid 

0.0 
1.2 
1.8 
— 

Gas 

0.00 
1.10 
1.76 
2.79 

Solid Gas 

0.0 0.00 
(1.36) 1.18 

— 1.82 
— 2.72 

Solid 

0.0 
1.2 
1.6 
2.3 

Gas 

0.00 
1.30 
1.84 
2.33 

Solid 

0.0 
1.1 
1.7 
2.7 

Gasa> 

0.00 
0.95 
1.53 
2.38 

a) Ref. 13. b) Ref. 14. c) Ref. 15. d) Ref. 16. 

a) Mean values were adopted. 

proposed,8) or a scattering mechanism of photoexcited 
electrons in the transport process, as estimated by Kochi 
et al.5) and Schechtman.10) 

As for the first explanation, it is difficult to consider 
a characteristic level which uniformly results in the 
creation of electrons of nearly 0 eV in these compounds. 
According to Zagrubskii and Vilesov,8) the vibrational 
excitation, ÙŒ-p of the auto-ionizing state, Mj*, has a 
dominant role in making the stationary peaks in the 
low-kinetic-energy region. The probability of auto-
ionizing processes becomes more significant and the 
EDCs become structureless when AJBJ is large. More­
over, A£j is considerable in large molecules. I t is, 
however, doubtful whether the A£ j of these compounds 
are the same. Moreover, the resemblance between the 
obtained results of anthracene and 9,9'-bianthryl (twice 
as large as anthracene) raises a question about their 
explanation. 

The second explanation is more reasonable. In the 
solid state, there are various scattering processes, and 
such processes cause a decrease in the kinetic energy 
of the photoelectrons over a considerably wide energy 
range. Moreover, the peak ratio of this dominant peak 
depends strongly on the photon energy. These facts 
suggest that the scattering mechanism is the origin of 
the dominant peak.17) 

The result for 9 Me A, which did not show any abrupt 
large peaks except for the dominant peak, can be 
understood in terms of the contamination of the solid 
surface especially with water. T h e effect of the contami­
nation was checked by the use of DC1A evaporated 
films. T h e film evaporated at room temperature showed 
several structures, as is shown in Fig. 4. The films 
prepared at about — 30 °C, however, showed dull 
shapes, and their EDCs changed with the evacuating 
t ime; the structure became sharper. Moreover, the 
total photoelectric current increased. These facts suggest 
that the contamination mainly caused by the adsorption 
of water affects the measurements of the photoemission 
and that continuous evacuation reduces the contamina­
tion of the sample surface. Therefore, if we seek to 
account for the experimental conditions of 9MeA, low 
vacuum and a thin sample film which were inadequate 
to evaporate the contaminated layer of the film, it is 
probable that the intrinsic EDCs of 9MeA are not just 
like those of Fig. 2 : This figure may be somewhat too 
vague. 

When we consider the exceptional situations in the 
case of 9MeA, anthracene and its derivatives may be 
said to show the same EDCs, as may easily be seen in 
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the figures. This finding indicates that the photoelectron 
energetic responses of these compounds are nearly the 
same. This fact is useful in considering the mechanism 
of photoemission from organic crystals. As is well 
known, photoemission is constituted of three steps: 
photoelectron generation, electron-transport, and escape 
from the surface. When electron-transport process is 
the dominant process in photoemission, the EDCs 
obtained must be different, unrelated to the photo­
electron generation, since the field with which an 
excited electron is affected differs with the compound. 
For example, though DG1A has a large polarizability 
and chlorine atoms which have a large electronegativity 
so as to easily catch the electrons, the EDG patterns of 
DG1A are analogous to those of anthracene. As for the 
escape process, the resemblance of the EDGs in spite 
of various experimental conditions may indicate that 
the electron escape probabilities of these compounds are 
the same. Therefore, the photoelectron generation 
process, which is considered to be the same as in the 
case of gas-phase photoexcitation, plays the dominant 
role in the photoemission of organic crystals. Electron 
transport does not affect the shape of the EDGs so much. 
They are slightly affected by the electron-escape 
process, mainly by the contamination of the surface, 
as is 9MeA. 

As is shown by the broken lines in Figs. 6 and 8, 
though the ionization potentials of 9,9'-bianthryl were 
much more complicated than those of anthracene, the 
EDGs obtained were almost the same, within the limits 
of resolution of the analyzer. This result implies an 
analogy in the electronic states of the two compounds 
in the solid state. In the gas phase at high temperatures, 
two anthryl groups may rotate along the G-G axis and 
may perturb the molecular orbitals of each other. O n 
the other hand, in the solid state the two anthryl 
groups, mainly ^-electron systems, are independent of 
each other. This phenomenon was also observed in 
biphenyl derivatives18) and j^-terphenyl.19) 

Quantum Yield. T h e steep rise in SDQYs at 
about 6 eV is due to the effect of the escape function, 
which rules the electron transport from the surface into 
the vacuum. T o this region we can apply the following 
relation in order to obtain the threshold energy;5) 

r cx (A„-£ t h )3 

The cube-root plot of these compounds shows linear 
relation between the photon energy and the cube root 
of the quan tum yield. T h e threshold energies of the 
compounds obtained by this method are collected in 
Table 1 ; the threshold energies obtained from the EDGs 
are also listed in that table. 

The values obtained from the cube root plot and 
from the EDGs show a good accordance. As to the 
comparison with other works, the threshold energy 
obtained by Lyons and Morris3) shows a good agreement 
with our present results. Tha t of 9MeA reported by 
Vilesov and Sukhov9) seems somewhat small, though 
the method of obtaining the threshold energy reported 
by Marchet t i and Kearns6) gives a slightly large value 
because it considers the thermal excitation. Therefore, 
their values, which were larger than our present results 
by about 0.2 eV, nevertheless show a good agreement 

with ours in the trend among these compounds. 
In the energy region higher than 7.5 eV, the quantum 

yield increased in accordance with increase in the 
photon energy. This is probably due to the photoelec-
trons from deeper levels. There are some dips in the 
SDQYs. Seki and his co-workers17) suggested that these 
dips might be due to the change in the absorption 
coefficient. The basis of their conclusion was that the 
electron-attenuation length, L, is much shorter than the 
reciprocal of the absorption coefficient a, i.e., aZ,<Cl; 
the photoelectrons observed might be produced mainly 
near the surface. Consequently, the SDQYs of this 
region depend on the spectral response of the absorption 
coefficient. However, our recent experiment on electron-
attenuation length measurement has shown that the 
aZ-<0 relation does not always hold good. In some 
cases OLL is nearly equal to unity or slightly larger than 
unity.20 '21) This fact is not always inconsistent with 
their postulate that the dips are due to the change in the 
absorption coefficient. However, particularly when aL 
is larger than unity, all the photoelectrons excited have 
a high probability of escaping into the vacuum. There­
fore, we should conclude that the dips in the SDQYs 
are due not only to the spectral response of the absorp­
tion coefficient, but also to the beginning of the ioniza­
tion of deeper levels. 

The SDQYs of anthracene and 9,9'-bianthryl resembl­
ed each other and showed a larger photoelectron 
efficiency than that of DG1A. The resemblance between 
them is considered in terms of electronic structures, as 
has previously been discussed. Though the SDQYs of 
DC1A was about half that of anthracene, their inclina­
tion was analogous to that of anthracene. This analogy 
indicates that the skeletal structure of the molecules 
(the anthracene ring system) influences the SDQYs as 
in the EDGs. Moreover, the small quantum yield of 
DC1A is probably due to the effect of the chlorine 
atom.22) 

The SDQY of 9MeA was not parallel with that of 
anthracene. T h e ratio of both SDQYs, 9MeA and 
anthracene, changed from 0.6 (hvCzlO eV) to 0.1 
(hv—7 eV). This fact seems inconsistent with previous 
discussion. However, the experimental conditions for 
measuring 9MeA were not good. In this case, as the 
contamination of the surface reduced the photoelectron-
escape probability, we could not obtain the same SDQY. 
Moreover, the quan tum yield of 9MeA changed with 
the evacuation time and with the conditions a t sample 
preparation. Though we chose the largest photocurrent 
as the true photoelectron efficiency, there was still some 
probability of contamination due to the adsorption of 
water or oxygen. 

Therefore, in view of the effect described above, all 
four SDQYs of anthracene and its derivatives show 
analogous structures. This fact also indicates that the 
electronic structures and photoelectric responses of 
these compounds are almost the same. 

Conc lus ion 

The external photoelectric responses of anthracene 
and its derivatives show the same behavior, and their 
EDGs correspond with the molecular photoelectron 
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spectra. The coincidence among the EDC of the same 
skeletal structure (anthracene ring system) implies that 
the original ^-electronic state is the dominant factor 
in the energy distribution of photoemitted electrons. 
T h e resemblance of their SDQYs supports the above 
conclusion. 

The authors wish to thank Professor Werner Schmidt, 
Institut für Organische Chemie, Universität München, 
for sending them the photoelectron spectrum of 9,9'-
bianthryl. 
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The Microwave Spectrum, Structure, Quadrupole Coupling Constants, 
and Barrier to Internal Rotation of Methyldichlorosilane 

Kunihiko E N D O , * Harutoshi TAKEO, and Chi MATSUMURA 

National Chemical Laboratory for Industry, Honmachi, Shibuya-ku, Tokyo 151 
(Received September 18, 1976) 

The microwave spectra of the 35G12,
 35G137C1, and 37G12 isotopic species of CH3SiHGl2 have been investigated 

in the frequency region from 12 to 40 GHz. The rotational constants and centrifugal distortion constants have been 
determined and were used to calculate the structure of the molecule. The structural parameters determined are: 

r(Si-C) = 1.850Â, zlC-Si-Cl = 109.8°, 
r (Si-Cl) = 2.040 Â, zlCl-Si-Cl = 108.8°. 

A few high-J R-branch transitions are split into doublets because of the methyl internal rotation. These 
splittings give a barrier to internal rotation of 1.69±0.05 kcal/mol. An analysis of the 35G12 quadrupole splittings 
leads to quadrupole coupling constants of X a a = _ 19-1 ±0 .3 MHz, x b b =5.4± 1.3 MHz, Xcc=13.7± 1.4 MHz, 
Zbond=-41.2±2.0 MHz, and % O B d=0.16±0.03. 

A comparison of the molecular structures in various 
substituted fluorosilane molecules reveals that both the 
Si-C and Si-F bond distances decrease upon the 
substitution of the fluorine atoms for the hydrogen atoms 
attached to the silicon.1-4) Furthermore, it is interesting 
to note that the barrier to internal rotation decreases 
markedly with an increase in the number of fluorine 
atoms, while the barriers to internal rotation of various 
fluoroethane molecules have almost the same values.5) 

T h e chloro derivatives of methylsilane also provide a 
group of molecules that may be used to test the changes 
in the molecular constants with the substitution of the 
chlorine atoms for the hydrogen atoms. However, 
CH3SiHCl2 has not been studied by microwave spectro­
scopy, and only incomplete molecular structures have 
been determined for CH3SiH2Cl and CH3SiCl3 . CH3Si-
Cl3 was first investigated by Mockler et A/.,6) and the 
primitive molecular structure was presented on the basis 
of an analysis of the spectra of CH3Si3 5Cl3 and CH3Si-
37C13. Although the data for its isotopic species were 
added by Mitzlaff et al.,1) they did not determine the 
molecular structure, since they failed to observe the 
silicon isotopic species. Recently the present authors 
suceeded in observing the spectrum of the 29Si species, 
and the molecular structure has been analyzed.8) Zeil 
et al. investigated the microwave spectrum of CD3SiH2Cl 
and presented the partial r s structure of Si-Cl.9) 
Though they recently reported about normal species, 
CH3SiD2Cl, and CD3SiD2Cl,10) the molecular structure 
has not yet been determined. 

T h e barrier to internal rotation of CH3SiCl3 has been 
obtained from the intensity measurement of the micro­
wave spectral lines,7) and that of CH3SiH2Cl has been 
determined by the observation of the far-infrared 
spectrum,11) while the barrier height of CH 3SiHCl 2 in 
the vapor phase has not been obtained. In the present 
study, we measured the microwave spectrum of CH3Si-
HC12 and determined the molecular structure and the 
barrier to internal rotation. 

* Present address: College of Science and Engineering, 
Aoyama Gakuin University, Chitosedai, Setagaya-ku, Tokyo 
157. 

Exper imenta l 

The sample of CH3SiHCl2 was obtained from a commercial 
source and was used without further purification. The CH3-
SiH35Cl37Cl and CH3SiH37Cl2 isotopic apecies were observed 
in their natural abundances. Since the sample decomposed 
gradually in the cell, it was continuously introduced into the 
cell and pumped out during the measurement. The spectro­
meter used in this reseach was a conventional 100 kHz Stark 
modulation type, with a 3 m X-band waveguide cell cooled 
with Dry Ice. The frequency accuracy is estimated to be 
±0.1 MHz. 

Analys i s o f the Spectra 

T h e spectrum of CH3SiHCl2 was predicted from an 
approximate structure based on the structures of 
CH3SiHF2

3> and CH3SiH2Cl.9> The x b o n d values 
(quadrupole coupling constants in coordinate system 
with z axis along the Si-Cl bond) were assumed to be 
the same as in CH3SiH2Cl. T h e predicted spectrum 
indicated that the c- and b-type transitions are allowed 
and that the b-type transitions are stronger if the large 
bond moments are assumed along the Si-Cl bonds. The 
prediction also showed that the b-type R-branch 
transitions with low K_x numbers make the strongest 
series and have very small splittings due to hyperfine 
structures, and that they should have large Stark effects 
because of the nearly degenerate Üf-type doublet levels 
which are coupled with the uc dipole component. In 
fact, the clear iC-doublet patterns for the 909<—818 and 
919<—808 transitions were observed first under very small 
Stark modulation voltages. Between these two ÜT-doublet 
lines, unusual spectral lines showing only Stark com­
ponents were observed, as is shown in Fig. 1. These 
lines were identified as 909<—808 and 919<—818. Since 
this molecule lacks the Ma component, these transitions 
are prohibited at the zero-field duration time of the 
square-wave modulation. O n the other hand, the 
transitions are allowed at the other duration time in 
which the electric field is applied, because of the break­
down of the selection rule caused by the mixing of the 
energy levels by the pc component. This mechanism is 
illustrated schematically in Fig. 2. T h e similar transi­
tions were observed also for J=8<—7, J—\0<—9} and 
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Fig. 1. 

TABLE 1. (Continued) 

Transition ^obsd ''obsd Sealed 

818 prohibited transitions. 

9 , 9 

9Q9 

ELECTRIC FIELD OFF °" 

Fig. 2. Schematical illustration for breakdown of the 
prohibited transitions. Dotted lines represent pro­
hibited transitions which is allowed only when an 
electric field is applied. 

y=l l<—10 R-branch JT-type doublets. Subsequently, 
Q-branch transitions were searched for in the region 
predicted from the rotational constants roughly deter­
mined by the R-branch transitions, and assigned by 
means of their characteristic hyperfine structures. 

T h e unsplit frequencies of the observed transitions, 
which were obtained by a method to be described later, 
are listed in Table 1. T h e rotational constants and the 
centrifugal distortion constants of the CH3SiH3 5Gl2 

species were determined by a least squares fit calculation 
using the formula presented by Watson.12) T h e deter­
mined constants are given in Table 2. T h e rotational 
constants of the 35C137G1 and 37G12 species were deter­
mined by assuming the same centrifugal distortion 
constants as those of the 35C12 species. 

TABLE 1. OBSERVED AND CALCULATED FREQUENCIES 

OF METHYLDICHLOROSILANE ( M H Z ) 

Transition ^obsd Scaled 

CH3SiH85Cl2 

3 l 3 

4 4 0 

4 l 4 

4„4 
5 4 i 

5 l 5 

^0 5 

6 1 6 
6 0 6 

2o 2 

4 3 1 

4o 3 

3 l 3 

^ 3 2 

4 o 4 

4 1 4 

5<) 5 

5 1 5 

12583.45 
15493.42 
15620.39 
14425.55 
15047.81 
18744.28 
18166.36 
21993.24 
21739.76 

0.23 
- 0 . 0 4 

0.07 
0.03 
0.06 
0.07 

- 0 . 1 6 
0.07 

- 0 . 2 3 

6 1 5 
6 2 5 

6 4 3 

6 5 1 

72« 
7 1 6 

7 2 6 

7 1 7 

7o 7 

8 1 7 

82 7 

8 1 8 

80 8 
82 7 

" l 9 

% 9 

92 8 

" l 8 

9 2 7 

i o 1 1 0 

IO010 

i o 1 9 

102 8 

103 8 

i o 4 6 

i o 4 7 

i o 5 6 
i o 5 6 
i o 6 4 

i o 6 5 

IO73 
107 4 

H i 1 0 

H 2 10 

6 0 6 

6 1 6 
6 3 4 

64 2 

6 1 5 

7o 7 

7 1 7 

60 6 
6 1 6 
8 0 8 
8 1 8 

7 0 7 

7 i 7 

7 1 6 
8 o 8 

81 8 

8 1 7 
8 2 7 

83 6 

" 0 9 

9 l 9 

IO010 

i o 1 9 

i o 2 9 

i o 3 7 

103 8 

i o 4 6 
i o 4 7 

IO55 

106« 
10« 4 

i o 8 6 

H o n 
111 11 

CH3SiH35Cl37Cl 
3 i 3 

52 4 

6 1 5 

7 1 6 

7 2 6 

7 1 7 

7o 7 
8 x 8 

8 0 8 

9 l 9 

90» 
10110 

IO010 

2o 2 

5 1 5 
6 0 6 

7o 7 

7 1 7 
6 0 6 
6 1 6 

7o 1 

7 1 7 

8 0 8 

81 8 

9o 9 

9 l g 

CH3SiH37Cl2 

60 e 
7 o 7 

7 1 7 

80 8 

81 8 

% 9 

9 1 9 

IO010 

10110 

4" con 

5 l 5 

6 1 6 

60 6 

7 i , 

7o 7 

81 8 

8 0 8 

9 l 9 

9o 9 

13596.78 
14944.88 
15824.25 
19856.25 
29175.62 
16731.74 
17444.50 
25327.84 
25223.72 
19742.98 
20084.24 
28706.38 
28665.31 
32058.76 
32104.52a> 
32088.37a> 
35164.14 
34653.72 
35141.16 
35510.62a> 
35504.58a> 
25494.36 
21067.00 
22033.16 
11286.27 
19664.20 
15931.73 
20313.84 
23090.72 
23895.28 
28516.92 
28578.48 
28306.54 
28333.20 

12388.10 
12497.86 
13216.84 
16313.85 
17125.19 
24825.00 
24703.00 
28128.80 
28079.60 
31455.00 
31435.46 
34790.28 
34782.80 

20827.10 
24189.35 
24330.39 
27502.00 
27560.91 
30791.80 
30815.84 
34072.10 
34081.00 

î p o n e n t of i n t e r n a l r o t a t i o n . 

0.12 
- 0 . 0 6 
- 0 . 1 1 

0.24 
- 0 . 0 5 

0.04 
- 0 . 1 2 

0.13 
0.00 
0.24 

- 0 . 2 6 
0.26 
0.05 

- 0 . 1 7 
0.35 

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

0.25 
0.00 

- 0 . 1 0 
- 0 . 0 8 
- 0 . 2 1 

0.12 
0.24 

- 0 . 1 3 
0.03 

- 0 . 1 1 
- 0 . 1 1 

0.03 
0.11 
0.22 
0.11 

- 0 . 0 3 
- 0 . 1 2 
- 0 . 0 6 

0.00 
0.14 
0.10 
0.05 

- 0 . 0 6 
0.09 
0.13 

- 0 . 0 5 
- 0 . 0 5 
- 0 . 1 3 

0.13 
- 0 . 1 2 
- 0 . 0 6 
- 0 . 1 5 

0.12 
- 0 . 1 5 

0.26 
0.17 

- 0 . 2 0 
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TABLE 2. ROTATIONAL CONSTANTS AND CENTRIFUGAL 

DISTORTION CONSTANTS OF METHYL-

DICHLOROSILANE ( M H Z ) 

TABLE 3. QUADRUPOLE COUPLING CONSTANTS 

OF CH3SiH36Cl2 

A 
B 
G 
d.T 

dJK 

dK 

d W j 

dwK 

CH3SiH35Cl2 CH3SiH85Cl37Cl 

4342.16(06) 4313.75(09) 
2433.28(03) 2370.94(02) 
1706.05(02) 1671.23(02) 
-0 .00157 
-0 .02646 
-0 .02027 

0 .106x l0- 5 

0.109x10-* 

CH3SiH37Cl2 

4285.39(3.30) 
2311.39(0.68) 
1636.85(0.87) 

T h e assignment was also confirmed by the observation 
of the double-resonance effects between the transitions 
of 725<-716 and 8 
and 927-<—836. 

2f and between those of 9, 727 
T h e spectral line of 827<—716 or 927<—836 was 

observed on a cathode ray tube, and the transition of 
725<— 716 or 936<—927 was saturated. About 30% of the 
intensity decrease was observed when the exact pumping 
frequency was applied. 

Hyperf ine Structure 

T h e hyperfine structures of the spectrum due to the 
two chlorine nuclei were analyzed on the basis of the 
theory presented by Robinson and Cornwell.13) A 
typical pat tern of the hyperfine structure and an 
observed spectrum, when the moments of the two 
chlorine nuclei are identical, are given in Fig. 3. As is 
shown in the figure, the strongest line, which consists 
of four degenerate components, always exists at the 
unsplit value. Therefore, the unsplit values can be 
determined simply by measuring the strongest lines in 
the hyperfine structures. Although this degenerate line 
splits into four components when the two quadrupole 
coupling constants are not identical, as in the case of 
the 35G137G1 species, the strongest lines without splittings 
were always observed for the spectrum of CH 3SiH-
35C137C1. Therefore, the unsplit frequencies of the spec­
t rum were approximated by the center frequencies of 
the unresolved lines for this species. 

T h e values of the x tensor for CH3SiH35Cl.> were 
determined from the analysis of the five Q-branch 

Zaa 
Zbb 
Xcc 
Abond 

9bond 

- 1 9 . 1 ± 0 . 3 M H z 
5 .4±1 .3MHz 

13.7± 1.4 MHz 
- 4 1 . 2 ± 2 . 0 M H z 
- 0 . 1 6 ± 0 . 0 3 

transitions. T h e obtained values are listed in Table 3, 
along with the values of %zz and r). Since the off-
diagonal elements of the tensor in the principal axis 
system of the molecule were not obtained, xzz and J? 
were calculated by the use of the transformation coef­
ficients determined from the structure obtained in the 
present study. In this coordinate system, the z axis is 
along the Si-Cl bond, the x axis is in the Cl-Si-Gl plane, 
and the y axis is perpendicular to these two. The 
obtained values of this %zz may be compared with that 
of SiH3Cl ( * £ ? = - 4 0 . 0 MHz).14) 

Internal Rotat ion 

T h e low-J lines in the spectrum of this molecule are 
of rigid asymmetric top. Some of the h i g h - / R-branch 
transitions, however, shows splittings due to the interac­
tion between the internal rotation and the over-all 
rotation. These splittings have been analyzed to 
determine the barrier to internal rotation using the 
structure shown in Table 5. Table 4 lists the frequencies, 
vA, the frequency differences, vA—vE, and the calculated 
values of Vz for four transitions in CH3SiH35Gl2 . The 
splittings due to the quadrupole coupling are very small 
and are not observed for these transitions. 

TABLE 4. BARRIER HEIGHT OF CH.SiHCl, 

Transition MMHz) JfoS, (kJfmol) 

8 1 9 8 0 8 32104.52 0.79 
9 0 9 8 1 8 32088.37 - 0 . 8 9 

10110 9 0 9 35510.62 2.01 
lOoio 9 1 9 35504.58 - 2 . 0 2 

Internal rotation parameters 
Ia=3.2 amu A2 (assumed) 
4=0.902585 
^=0.430511 
F= 160.26 GHz 

Results 
Average s=49.16 
Average V3 = 1.69 ± 0.05 kcal/mol 

1.70 
1.68 
1.69 
1.68 

Fig. 3. Recorded spectrum and predicted hyperfine 
structure for the 651<—642 transition in GH3SiH35Gl2. 

Durig and Hawley measured the vibrational spectra 
of gaseous and solid CH3SiHCl2 ,n> and they estimated 
that the very weak band at 173 c m - 1 in solid phase 
arose from the methyl torsion. This value leads to 2.09 
kcal/mol as the barrier height; this value is consistent 
with our value considering that the barrier in the solid 
phase is always higher than that in the gas phase.11) 

Molecu lar Structure 

Since only three isotopic species (35G12, 35C137C1, and 
37G12) were measured, and since the 37G12 species gives 



March, 1977] Microwave Spectrum of GH3SiHGl2 629 

essentially the same informations as to the molecular 
structure as does the 35C137G1 species, it is necessary to 
assume some parameters in order to determine the 
molecular structure. T h e partial structures of the 
C H 3 and SiH groups were chosen as those to be assumed, 
because the probable errors in the assumed structures 
cause little errors in the other parameters. In principle, 
it is possible to determine the four parameters of the 
C-Si and Si-Cl bond lengths and the Gl-Si-Gl and 
C-Si-Cl angles from six rotational constants. Although 
this was tried first, the obtained values were changed 
appreciably by the small deviations of the rotational 
constants. Therefore, the Si-G length was also assumed 
for the analysis of the molecular structure. T h e C-Si 
bond distances in methylsilane and methylfluorosilanes 
have been determined precisely by the substitution 
method. Durig et a/.4) have revealed that both the 
Si-C and Si-F bond distances decrease with a further 
substitution of the fluorine atoms for the hydrogen atoms 
attached to the silicon. In Fig. 4 the change in the Si-C 
bond distances in methylfluorosilanes versus the number 
of fluorine atoms is plotted. A similar shortening of 
Si-C distances in methylcholorosilanes can also be 
expected by the substitution of the chlorine atoms for 
the hydrogen atoms, while the amount of the shortening 

CH3SiH2ClJ 

TABLE 5. MOLECULAR STRUCTURE OF 

METHYLDICHLOROSILANE 

3 2 1 
Number of halogen atoms 

Fig. 4. The change of bond distances due to substitution 
of the halogen atoms for the hydrogen atoms in halo-
silanes and methylhalosilanes. 
A), G) R. Kewley, P. M. McKinney, and A. G. 
Robiette, J. Mol. Spedrosc, 34, 390 (1970). B) V. W. 
Laurie, J. Chem. Phys., 26, 1359 (1957). G) G. A. 
Heath, L. F. Tomas, and J. Sheridan, Trans. Faraday 
Soc, 50, 779 (1954). D), E) L. C. Krisher and L. 
Pierce, / . Chem. Phys., 32, 1619 (1960). F) Réf. 4. 
H) R. W. Davis and M. G. L. Gerry, J. Mol. Spectrosc, 
60, 117 (1976). I), L) Ref. 8. J) Ref. 9. K) This 
work. M) Ref. 1. N) Assumed values: see text. 

Assumed structural parameters 
r Si-C 1.850 Â Z. Si-C-H 109.5° 
r Si-H 1.467 A Z. G-Si-H 110.9° 
r C-H 1.093 A 
C3v symmetry for methyl group 

Fitted structural parameters 
r Si-Cl 2.040 Â 
ZlC-Si-Cl 109.8° 
ZlCl-Si-Cl 108.8° 

Calculated rotational constants (MHz) 
A B C 

CH3SiH35Cl2 4342.18 2433.62 1706.04 
CH3SiH35Cl37Cl 4313.70 2371.20 1671.20 
CH3SiH37Cl2 4283.32 2310.85 1636.90 

is expected to be about a half of that in the case of 
fluorine. Therefore, we estimated that the C-Si bond 
distance of methyldichlorosilane should be about 1.850 
Â, which is the average value of the C-Si bond distances 
in methylsilane and methyldifluorosilane. This estima­
tion is supported by the results of the structure analysis 
for the halogen derivatives of hydrocarbones. T h e 
Cl-Si length, and the C-Si -Cl and Cl-Si-Cl angles 
were determined, using this assumed value, by means 
of a least-squares method. T h e obtained values are 
listed in Table 5. 

D i s c u s s i o n 

T h e obtained Si-Cl bond distance is compared with 
those of chlorosilanes and other methylchlorosilanes in 
Fig. 4. Zeil et al. have presented two Si-Cl bond 
distances, 2 .049±0.013 Â and 2.052±0.005 Â by com­
bining the rotational constants of CD3

28SiH2
35Cl, 

CD3
29SiH2

36Cl, CD3
30SiH2

35Cl, and CD3
28SiH2

37Cl. 
When we choose 2.052 Â for the plot of Si-Cl bond 
distances in Fig. 4, it can clearly be seen that the Si-Cl 
bond distances decrease with the substitution of chlorine 
atoms for the hydrogen atoms and that the change is 
quite regular. I t should be noted that the slopes of 
chlorosilanes and methylchlorosilanes have almost the 
same gradient. 

In Table 6, the barrier of CH 3SiHCl 2 determined in 
this study is compared with a few values of methylsilanes 
and methylhalosilanes which have been determined by 
microwave and infrared spectroscopy. In the CH3SiH3 , 

TABLE 6. COMPARISON OF BARRIERS TO INTERNAL 

ROTATION IN METHYLHALOSILANE 

Molecule 

CH3SiH3 

CH3SiH2F 
CH3SiHF2 

CH3SiF3 

CH3SiH2Cl 
CH3SiHCl2 

CH3SiCl3 

F3(kcal/mol) 

1.70a> 
1.559") 
1.255c> 
0.93d) 
1.84,e) 2.25e) 
1.69,2.09e) 
0.58f) 

Method 

Mw split 
Mw split 
Mw split 
Mw intensity 
IR gas, IR solid 
This work, IR solid 
Mw intensity 

a) Ref. 1. b)Ref.2. c) Ref. 3. 
f ) Ref. 7. 

d)Ref.4. e)Ref. 11. 



630 Kunihiko ENDO, Harutoshi TAKEO, and Chi MATSUMURA [Vol. 50, No. 3 

CH 3SiH 2F, CH 3 SiHF 2 , CH 3 SiF 3 series, it can clearly 
be observed that the substitution of a fluorine for a 
hydrogen causes a significant decrease in the barrier to 
internal rotation. T h e CH3SiH3 , CH3SiH2Gl, CH3Si-
HG12, CH3SiCl3 series, however, shows that the substitu­
tion of a chlorine for a hydrogen does not cause any 
significant effect on the barrier except GH3SiCl3. A 
similar comparison of the barriers for chloro and fluoro-
ethanes has revealed that the substitution of a chlorine 
with a hydrogen increases the barrier, while the change 
in the barrier is small in the case of fluorine. Therefore, 
one might assume that the nonbonded G1---H interaction 
is always larger than the nonbonded F---H interaction. 
From this point of view, it is very difficult to explain 
the remarkably low barrier of CH3SiCl3 . Since the 
barrier of 0.58 kcal/mol for CH3SiCl3 was obtained by 
the microwave intensity method, it is probable that 
there was a confusion in the assignment of the tortional 
state; a careful re-investigation of the microwave 
spectrum may, therefore, be necessary. 

References 

1) R. W. Kilb and L. Pierce, J. Chem. Phys., 27, 108 

(1957). 
2) L. Pierce, J. Chem. Phys., 29, 383 (1958). 
3) J. D. Swalen and B. P. Stoicheff, J. Chem. Phys., 28, 671 

(1958). 
4) J. R. Durig, Y. S. Li, and C. G. Tong, J. Mol. Struct., 

14, 225 (1972). 
5) G. Graner and C. Thomas, J. Chem. Phys., 49, 4160 

(1968). 
6) R. C. Mockler, J . H. Bailey, and W. Gordy, J. Chem. 

Phys., 21, 1710 (1953). 
7) M. Mitzlaff, R. Holm, and H. Hartmann, Z. Natur-

forsch., 22a, 1415 (1967). 
8) H. Takeo and C. Matsumura, Bull. Chem. Soc. Jpn., in 

press. 
9) W. Zeil, R. Gegenheimer, S. Pferrer, and M. Dakkouri, 

Z. Naturforsch., 27a, 1150 (1972). 
10) W. Zeil, W. Braun, B. Haas, H. Knehr, F. Rückert, and 

M. Dakkouri, Z. Naturforsch., 30a, 1441 (1975). 
11) J. R. Durig and C. W. Hawley, J. Chem. Phys., 59, 1 

(1973). 
12) J. K. G. Watson, / . Chem. Phys., 46, 1935 (1967). 
13) G. W. Robinson and C. D. Cornwell, / . Chem. Phys., 21, 

1436 (1953). 
14) B. Bak, J. Bruhn, and J. R. Andersen, J. Chem. Phys., 21, 

753 (1953). 



March, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (3), 631—635 (1977) 631 
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Sulfur dioxide adsorbed on porous Vycor glass enhances the cis-trans isomerization of 2-butenes selectively, 
but it poisons the double-bond migration. The correlation between the cis-trans isomerization and the sulfur 
dioxide-cw-2-butène charge-transfer complex observed on the glass were studied under various pressures of the 
reactants. The kinetic data of the reaction were well explained by the reaction mechanism in which the isomeriza­
tion occurs via the addition and elimination of 2-butene molecules at the terminal of the polysulfone formed from 
sulfur dioxide and cis-2-butène in the adsorbed layer. It has been suggested that the copolymerization is initiated 
through the charge-transfer complex polarized in the strong electrostatic field of the exposed aluminum ions con­
tained in the glass. 

Porous Vycor glass, evacuated at a high temperature 
(>500 °C), is catalytically inactive for the isomerization 
of normal butènes at room temperature. However, the 
addition of a small amount of sulfur dioxide causes a 
considerably fast cis-trans isomerization of 2-butenes 
very selectively. In the gas phase, of course, sulfur 
dioxide exerts no effect upon the butène isomerization. 
Similar specific catalyses of the sulfur dioxide manifested 
in the adsorbed layer of various solid adsorbents have 
been reported in previous papers,1»2) and it has been 
suggested that the geometrical isomerization of 2-butenes 
takes place by means of a mechanism in which the 
addition and subsequent elimination of the eis- or trans-
2-butene molecule at the terminal of the formed poly­
sulfone cause the isomerization. I t has been suggested 
that the polysulfone formation may be initiated by the 
sulfur dioxide-olefin (1 :1 ) molecular complex,2) though 
the kinetic data obtained over N a X zeolite2) could not 
be tested in this point by observing the presence of the 
complex by means of ultraviolet spectroscopy because 
of its opacity in the ultraviolet-wavelength region. 

In order to carry out a quantitative test of the contri­
bution of the molecular complex, we have chosen porous 
Vycor glass as the adsorbent because of its good trans­
parency in the wavelength range down to «* 210 nm. 
In the present work, we will first carry out a kinetic 
investigation of the geometrical isomerization of cis-2-
butene over porous Vycor glass in the presence of sulfur 
dioxide. Then, examining the molecular complex in 
the adsorbed layer of the glass by means of the ultra­
violet spectroscopic method, we intend to verify that 
the complex plays a significant role in the reaction. 
Finally, the nature of the active site on the glass will 
be discussed along with the kinetic data obtained over 
glass evacuated at various temperatures. 

Exper imenta l 

Materials. The porous Vycor glass used was a glass 
plate (Corning No. 7930, surface area 150 m2/g) 3 0 x 8 x 0 . 8 
mm in size. Similar samples were shown to contain «*3% of 
B203, <&QA% of A1203, and less than 0.2% of Na 2 0 and 
K 2 0 inaddition to silica [information supplied by Corning 
Glass Works], After having been calcined thoroughly at 
700 °C in air, the glass was washed by distilled water and 
dried at 400 °C; then it was placed in the reactor. 

The sulfur dioxide reagent was of an anhydrous grade of 
the Matheson Chemical Company. The cis-2 -butène was a 
high-purity product of the Phillips Petroleum Company. The 
stated purity of 99.9% for m-2-butene was verified by gas 
chromatography. Each compound was further purified by 
trap-to-trap distillation in a vacuum apparatus. 

Apparatus. The appratus employed was a conven­
tional mercury-free and grease-free gas-circulating system with 
a dead volume of 288 ml, capable of achieving a vacuum down 
to 10"6 Torr. A part of the reactor, where the glass was placed, 
was constructed from a quartz cell (10 X 10x40 mm) design­
ed for spectrophotometric use. The pressure readings for the 
reactants were made with a glass Bourdon gauge. 

Procedure. Prior to every run of the experiment, the 
glass placed in the reactor was calcined at 600 °C in dried 
oxygen and then evacuated for 2 h in a vacuum below 5 X 10~6 

Torr at the same temperature. After introducing sulfur dioxide 
at 25 °C, the reaction was started by feeding in m-2-butene 
and circulating the mixture gas through the reactor. A small 
amount of reacting gas was periodically collected and analy­
zed by gas chromatography. The temperature of the reactor 
was controlled within±0.2 °C by using a water bath. The 
ultraviolet-spectra measurements were performed by means of 
a Shimadzu UV-200 spectrometer. The spectra were recorded 
by placing the glass without any adsorbate on the reference side 
of the light beam. 

R e s u l t s 

The geometrical Isomerization of cis-2-Butene Enhanced by 
Sulfur Dioxide. Porous Vycor glass calcined in a 
vacuum at 600 °G exhibits a low catalytic activity in the 
two isomerizations of «V-2-butene, i.e., the geometrical 
isomerization to trans-2-butene and the double-bond 
isomerization to 1-butène, at 25 °C. T h e initial rates of 
the former and latter reactions were 7.23 X l 0 - 8 and 
15.0X 10 - 8 mo l /gmin respectively, at an initial pressure 
of m-2-butene of 46 Torr . 

T h e addition of a small amount of sulfur dioxide 
to the reaction system markedly enhanced the rate 
of geometrical isomerization, but it stopped the double-
bond migration. Furthermore, no double-bond migra­
tion in the presence of sulfur dioxide was confirmed by 
using 100% 1-butène as the starting olefin. 

T h e effects of the pressure of sulfur dioxide and 
m-2-butene on the initial rate of the trans-2-hutene 
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10 20 
^so, (Torr) 

Fig. 1. Effect of the pressure of sulfur dioxide on the 
rate of geometrical isomerization : The pressure of cis-
2-butene: ( # ) , 107 Torr; (Q), 6.2 Torr; (A), 0.9 Torr. 

^cij-But (Torr) 
Fig. 2. Effect of the pressure of m-2-butene on the rate 

of the isomerization: The pressure of sulfur dioxide: 
( # ) , 51 Torr: (O) , 4.9 Torr; ( A ) , 2.0 Torr. 

formation, RUt, at 25 °C are shown in Figs. 1 and 2. 
These figures exhibit that i?2-t can not be expressed 
by a simple function of the pressures of the two 
compounds. 

The Charge-transfer Complex of Sulfur Dioxide with cis-
2-Butene. Examples of the ultraviolet spectra of 
the glass with «V-2-butene, sulfur dioxide, and the two 
compounds adsorbed together on the glass are shown 
in Fig. 3. T h e (c)spectrum, taken 3—5 min after the 
coadsorption of sulfur dioxide and aV-2-butene, indicates 
new absorptions at around 240 and 330 nm. T h e 
absorbance of the spectra at wavelengths less than 
<^»250 nm increases with the time, as can be seen in the 
figure (Spectra(c)—(f)). After various durations of the 
coadsorption, the glass was evacuated in a vacuum for 
2 h at 25 °C. T h e spectra of the glass taken after this 
t reatment are shown in Fig. 4. T h e absorption due to 
adsorbed sulfur dioxide has disappeared after the 
evacuation, though a considerable portion of the spectra 
seen at the wavelengths less than «*240 nm still remains. 

Wavelength (nm) 

Fig. 3. The UV-spectra of the compounds adsorbed at 
25 °C on the porous Vycor glass, (a) cis-2-hutene 
(amount of adsorption is 2.40 ml STP/g); (b) sulfur 
dioxide (0.45 ml STP/g) ; (c)—(f) sulfur dioxide (0.45 
ml STP/g) and m-2-butene (2.4 ml STP/g) coadsorbed. 
The spectra (c)—(f) were recorded at various times 
after the addition of the both compounds: (c) 3—5 min, 
(d) 12—14 min, (e) 40—42 min, (f) 108—110 min. 
Scanning speed was 100 nm/min, scanning wavelength 
from 400 to 200 nm. 

250 300 
Wavelength (nm) 

Fig. 4. The UV-spectra of the compound remained on 
the glass after the evacuation for 2 h: Sulfur dioxide 
and «.y-2-butene had been coadsorbed before the eva­
cuation for the following time; (1)8 min, (2) 20 min, 
(3) 38 min, (4) 105 min, (5) 930 min. 

I t is assumed that the increase in the absorbance with 
the time for the spectra in Fig. 3 results from the accumu­
lation of the unknown compounds, referred to as Px 

hereafter, which corresponds to the spectra in Fig. 4. 
T h e Dctc at various wavelengths, defined by the 
following equation (i) : 

DPtP = Dnh - Dan. - IX (i) 
are plotted against the duration of coadsorption, where 
Doh, Dso„ and DBnt are the optical density of the total 
absorption observed in the case of coadsorption 
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350 250 300 

Wavelength (nm) 

Fig. 5. Plot of Z>°tc against wavelength. 

O.lOr 

40 80 10 20 " 0 

P802 (Torr) PcU_But (Torr) 

Fig. 6. (A) Plot of Z>°tc (250) (open circles) and the 
amount of adsorbed sulfur dioxide (VSOz) (closed 
circles) against the pressure of sulfur dioxide: P^-uut 
= 6.2 Torr. (B) Adsorption isotherm of cis-2-butène 
(closed circles) and the plot of Z)°tc (250) against the 
pressure of a.r-2-butene (open circles): PSo,=4.9 Torr. 

(Spectra(c)—(f) in Fig. 3), the optical density for the 
sulfur dioxide (Spectrum (b)), and that for the cis-2-
butene (Spectrum(a)) respectively. In order to exclude 
the contribution of P x , the extrapolated values of Dctc 

to the zero duration time of adsorption, D^, were 
estimated. They are plotted against the wavelengths in 
Fig. 5. 

T h e effects of the pressures of sulfur dioxide and 
«V-2-butene on D°t(i at 250 nm are indicated by open 
circles in Fig. 6. T h e adsorption isotherm of sulfur 
dioxide in the presence of m-2-butene is also shown in 
Fig. 6-(A) by closed circles. T h e adsorption isotherm of 
the m-2-butene in Fig. 6-(B) (closed circles) was 
obtained in the absence of sulfur dioxide. 

Effect of the Evacuation Temperature. Following the 
usual pretreatment of the glass, water vapor was 
adsorbed at 25 °G under a pressure of 4.6 Torr . Then, 
the temperature of the glass was raised to a temperature 
at which the glass was allowed to stand for 1 h ; there­
after the system was evacuated for 2 h at the same 
temperature. With the glass thus treated, the rate of 
the sulfur dioxide-enhancing isomerization was 
measured. The data are plotted against the evacuation 
temperature in Fig. 7. 

Evacuation temp (°G) 

Fig. 7. Effect of evacuation temperature on the rate of 
the isomerization: reaction at 25 °G; PSOi=5.0 Torr, 
^c*,-But=90 Torr. 

Discussion 

T h e carbonium-ion mechanism, generally accepted 
for porous glass,3'4) requires not only the occurrence of 
the cis-trans geometrical isomerization, but also the 
double-bond migration of normal butènes. T h e fact 
that no double-bond migration is observed in the 
presence of sulfur dioxide suggests that the geometrical 
isomerization of 2-butenes, enhanced by the addition 
of sulfur dioxide, proceeds by means of a new mecha­
nism, different from that operative in the absence of 
sulfur dioxide; sulfur dioxide strongly inhibits the 
double-bond migration which proceeds on the glass 
without sulfur dioxide. 

Z>so, or Z)But5 the optical density obtained from the 
data of the individual adsorption of sulfur dioxide or 
that of «V-2-butene, can, in the case of the coadsorption 
of the two compounds, be used in calculating Dctc 

by means of equation ( i ) , for the following reasons: 
(1) T h e total coverage of the two adsorbates was less 
than 0.1 under the experimental conditions applied to 
the data in Fig. 3 ; (2) a small equilibrium quanti ty 
of the charge-transfer complex formed appears in a 
hexane solution;5) (3) a much larger extinction coeffi­
cient of the complex compared to that of sulfur dioxide 
has been confirmed.5) 

T h e two absorption bands at «»240 and «»330 nm 
are seen in Fig. 5 ; the former was identified as the 
charge-transfer band of the sulfur dioxide-m-2-butene 
molecular complex, and the latter, as the enhanced 
absorption of the sulfur dioxide brought about by the 
proximity of the 7r-donating m-2-butene molecule.2 '5) 
In the following discussion, the Z>2tc at 250 nm, Z>2tc 

(250), has been adopted as the optical density due to the 
charge-transfer complex, because it is the most reliable 
value. 

T h e curves of D°tc (250) and the adsorption isotherm 
in Fig. 6-(A) or those in Fig. 6-(B) indicate a similar 
dependence on the pressure. Most of the sulfur dioxide 
or àr-2-butene adsorbed on the glass is physically 
adsorbed; this similar dependence implies that the 
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complex results from the reaction between the weekly-
adsorbed sulfur dioxide and m-2-butene. 

Role of the Charge-transfer Complex in the Reaction 
Mechanism. It has been suggested that the selective 
cis-trans isomerization is accompanied by the copoly-
merization of sulfur dioxide with 2-butenes on the solid 
surface.2'6) Since the pressure readings of the reacting 
gases did not change during the isomerization, the 
formation of the polymer could not be confirmed in the 
present work. However, the unknown compound, P x , 
giving the tailing spectra in Fig. 4 may possibly be the 
polysulfone formed from sulfur dioxide and «V-2-butene. 

In the following discussion, we intend to examine the 
role of the charge-transfer complex along with the 
reaction mechanism shown below:2) 

S02 + w-2-butene 
CTC • PB + Ps 

CTC 

P* 

Ps 

P* 

PS 

PB 

P« 

Ps + trans-2-butene 

Ps + m-2-butene 

PB + S0 2 

+ SOa • P s 

+ m-2-butene -

• stabilized 

• stabilized 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

where the mechanism is considered under a low conver­
sion, using 100% aV-2-butene as the starting olefin; 
CTC is the charge-transfer complex, and PB and Ps 

represent the terminal group of 2-butyl and sulfonyl 
radical of the active polysulfone respectively. 

T h e steady-state t rea tment of Ps and PB with Eq. 
1—9 gives the following rate equation by assuming 
A;9/2+A5<*7[>w-2-butene] : 

„0 2k2k3k7[cis-2-butene] [CTC] .... 
c ^ ^[or -2-butene] + k9(k8/2 + k3 + k,+*6[S02] ) W 

where the concentration for the each compound is 
assigned to that on the surface. Since it has been 
shown that the equilibrium constant of the formation 
of the charge-transfer complex is small in a hexane 
solution ( # = 0 . 0 7 5 ^ 0 . 0 8 2 1 mol" 1 at 25 °G),5) a low 
concentration of CTC on the glass can reasonably be 
assumed, and the Lambert-Beer law holds for the optical 
density : 

D°ctc = e[CTC]l (iii) 

We may then rearrange Eq. ii to Eq. iv to see the effect 
of the concentration of adsorbed sulfur dioxide : 

J^- = A + £[S0 2 ] (iv) 

where 

A = 

B = 

El 
Zk2k3 

El 

Z.K2k3 

*8 + 

f K 
\k7[cis-2-

k9(k8l2 + k3 + kA)) 
k7[cis-2-butene] J 

ka \ 
butène] J ' 

Using the data of R°e-.t in Fig. 1 and those of D°ctc (250) 
and Fso, in Fig. 6 at the m-2-butene pressure of 6.2 
Torr, where the concentration of the adsorbed cis-2-
butene is assumed to be constant because of the low 
total coverage of the adsorbed compounds (0<O.l), 

yPas-But (Torr-i) 

0.05 0.10 0.15 

0.5 
FS 0 , (mlSTPg-i) 

Fig. 8. Plot of (D°ctc (250)/i?^t) against the amount of 
sulfur dioxide adsorbed ( O ) J o r that against the inverse 
of cis-2 -butène pressure ( 0 ) . 

Z>2te(250)/Ä2-t is plotted against Vs0"; in Fig. 8 (open 
circles). A reasonably good linear relation is obtained 
between the variables. 

Assuming that the m-2-butene in the propagation 
step (7) is chemically adsorbed on the active site of the 
glass and that the adsorption isotherm can be represented 
by a Langmuir-type equation such as: 

[m-2-butene] = *ffig-Bnt) 

* + b\PC««-But) 

we may rearrange Eq. ii to Eq. vi: 

RL 
f̂  = C+i ) (P c i _ B u t ) - i 

(v) 

(vi) 

where 

C = 

D = 

el 
A / C O A ^ Q {^(- -+*3 + *4+*6[S02] )] 

elk* 
2k2k3k7b \ 2 

-+A* + *4 + *e[S02] )• 

Z>2tc(250)/i?^t, calculated from the data in Fig. 6 and 
Fig. 2 at a fixed pressure of sulfur dioxide (=4.9 Torr), 
is plotted against 1/iWßut in Fig. 8 (closed circles); the 
plot confirms the theoretically expected linear relation 
of the plot. 

Consequently, the results in Fig. 8 confirm the 
previously predicted hypothesis2) that the charge-
transfer complex initiates the reaction by Process (2). 

The Nature of the Active Site on the Porous Vycor Glass. 
Figure 7 shows that the catalytic activity of the glass 

increases with a rise in the evacuation temperature. In 
contrast to this result, if sulfur dioxide is absent, the 
activity of the glass decreases with the evacuation 
temperature from 400 to 700 °C;7) this is consistent 
with the results reported by Blomfield and Little.8) It 
has been suggested that the alumina contained in the 
porous Vycor glass is responsible for the catalytic 
activity of the glass.3-4) West, Haller, and Burwell also 
suspected that most of the reported reactions over silica 
gel occur at impurity sites, most likely Al3+.9) In the 
studies of the isomerization of normal butènes over 
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silica-alumina, it has been found that the rate of reaction 
decreases as the concentration of hydroxyl groups on 
the catalyst is decreased by a rise in the evacuation 
temperature.10-11) O n the contrary, on an alumina 
catalyst, the reaction rate is inversely related to the 
surface density of hydroxyl groups,10-12) suggesting that 
the active sites involve the exposure of a luminum ions, 
creating dual acid-base sites12) when hydroxyl groups 
are removed. Hence, if the silica-alumina site on the 
porous Vycor glass is much more active than the exposed 
aluminum ion site for the normal butène isomerization 
in the absence of sulfur dioxide, the opposite dependences 
of the isomerization rates on the evacuation temperature 
in the presence and in the absence of sulfur dioxide can 
be explained by considering that the reaction in the 
absence of sulfur dioxide occurs on the silica-alumina-
type site, while the one in the presence of sulfur dioxide 
proceeds on similar sites over an alumina catalyst.11»12) 
I t is probable that sulfur dioxide strongly adsorbs on the 
silica-alumina site and, accordingly, poisons the double-
bond migration of the butènes. If the sulfur dioxide-
M.î-2-butene molecular complex approached the exposed 
aluminum ions, it would be polarized by the strong 

electrostatic field surrounding these cations toward the 
* t 

radical-ion structure S 0 2 C H ( C H 3 ) C H ( C H 3 ) , and this 

could readily initiate the polysulfone formation and the 
accompaning geometrical isomerization. 
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The Microwave Spectrum of Dichlorodifluoromethane 
Harutoshi TAKEO and Chi MATSUMURA 
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(Received October 12, 1976) 

The microwave spectra of three isotopic species of dichlorodifluoromethane have been observed, and the 
following rotational constants have been obtained : 

A = 4118.90 MHz, B = 2638.70 MHz, C = 2233.72 MHz for 12C36G12F2 

A = 4092.07 MHz, B = 2582.30 MHz, C = 2185.54 MHz for 12C35C137C1F2 

A = 4115.73 MHz, B = 2638.95 MHz, C = 2232.86 MHz for 13C35C12F2. 
The bond lengths and angles determined from them are r(C-Cl) = 1.744 A, r (C-F)= 1.345 Â, ^C1-C-G1= 

112°33/, and ^ F - C - F = 106° 14'. The nuclear quadrupole coupling constants in the C-Cl bond axis system 
are x 2 2 =-82 .7 MHz and ^ ^ = 0 . 0 6 . 

T h e chloro and fluoro derivatives of methane have 
been examined by many investigators,1) and the molec­
ular structures have been determined by microwave 
spectroscopy. Lide2) pointed out that a clear bond 
shortening occurs upon the substitution of hydrogen 
atoms by halogen atoms in the series of CHOTC1M and 
CHmFM , and that the shortening effect is larger in the 
fluoromethanes than in the chloromethanes. A similar 
effect can be expected in the series of chlorofluoro-
methanes, whereas only dichlorodifluoromethane has 
not been studied of the molecules with the general 
formula of CH /C1WFM. T h e purposes of this research 
are to determine the structure of dichlorodifluoro­
methane precisely and to check the shortening effect in 
the series of methane derivatives with both fluorine and 
chlorine atoms. 

Exper imenta l 

The sample of dichlorodifluoromethane was prepared by 
the fluorination of tetrachloromethane.3) Since this reaction 
also produced trichlorofluoromethane, the sample was purified 
by gas chromatgraphy. The 13C species was prepared by the 
same reaction from 13CC14. 

The spectrometer used was a conventional Stark modulated 
type with a 100 kHz square-wave modulation. The X-13 and 
X-12 klystrons dipped in oil baths were used as 8—18 GHz 
microwave sources, while 18—36 GHz sources were obtained 
by the use of harmonic generators. A stability of the micro­
wave frequency of within 0.005 MHz per minute was obtained, 
and the resolution was about 0.2 MHz with the sample 
pressure of 5 mTorr. The spectra were all observed with a 
sample cell cooled with Dry Ice. 

Analys i s o f the Spectra 

Hyperfine Structure. T h e hyperfine structure of 
the spectrum was predicted and analyzed by using the 
first-order perturbation theory for the rotational levels 
of an asymmetric-top molecule containing two nuclei 
of isotopic spin 3/2 presented by Robinson and 
Cornwell.4) T h e calculated patterns of the hyperfine 
structures showed that the low-J transitions consist of 
many weak components with the selection rule of AF= 
0, ± 1 and As=0, ± 2 , while in the h i g h - J transitions 
only AF=AJ transitions have strong intensities. This 
makes the hyperfine structures of h igh - J transitions 
simple and easy to be observed. Some typical patterns 

Fig. 1. The J dépendance of hyperfine structures with 
identical nuclei of spin 3/2. The same values of 
<CßqQS>j a r e used for the calculation. For the nota­
tion of the alphabet attached to each component, see 
Table 1. 

of the hyperfine structure in the h igh- J Q-branch series 
are shown in Fig. 1. I t should be noted that the asterisk­
ed components in Fig. 1 shift greatly with the change in 
the J number, while the ratio of A to B depends only 
on J, not on the other quan tum numbers nor on the 
quantities of the «CeqQ^j values of the upper and lower 
levels of the transition. T h e J number in the Q-branch 
transition can easily be assigned by the measurement 
of these values, even in the transition with the J number 
of 15 or more ; in fact, 156>10—155 t l l was assigned without 
any other information. 

T h e intensity alternation occurs in each hyperfine 
component depending on the spin weight due to fluorine 
nuclei. T h e intensity ratio by spin weight between 
£ = e v e n and g = o d d components in the (ee)*-*(oo) 
transitions should be 1 to 3, and this ratio should change 
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735 " 726 

Fig. 2. The recorded and calculated hyperfine structures 
of C35Cl2Fa. 

to 3 to 1 in the (eo)++(oe) transitions. This phenomenon 
was also helpful in the assignment of the transitions. 
T h e recorded hyperfine structures of the two transitions, 
which have different spin weights, are shown in Fig. 2. 
T h e figures also show that the strong component 
always exists at the unsplit position, and that it is the 
strongest in the transition of (eo)*-*(oe). Therefore, the 
measurements of only these components lead to the 
rotational constants, without any analysis of the 
hyperfine structures being necessary, if the second-order 
approximation is correct enough. In the hyperfine 
structures of the C35C137C1F2 species, on the other hand, 
there are no such components at t he exact unsplit 

positions because the two quadrupole moments are not 
identical. However, the shifts of the four components 
which degenerate in the spectrum of the C35C12F2 

species are quite small in this case; in fact, the strong 
sharp lines were always obtained in the hyperfine 
structure of C35C137C1F2 species. I t is believed that the 
difference between the observed peak position of this 
component and the hypothetical unsplit value is within 
0.1 M H z . Therefore, these values were used for the 
determination of the rotational constants. 

Assignment of the Spectrum. T h e Q,-branch series 
were searched for first in the region predicted by the 
rotational constants of the assumed structure based on 
other halogenomethanes, and were assigned by using 
the method described above. The spectrum of the 
C35C137C1F2 species was assigned first, since the degen­
erate K-type doubling transitions of this molecule have 
fairly large Stark effects compared with those of sym­
metric C35C12F2 species because of the existance of a 
small ßa component. T h e same transitions of the 
C35C12F2 species were observed with Stark voltages 
about 1000 V/cm. This suggests that the dipole moment 
of the molecule is fairly small because of the cancellation 
of the C-Cl and C-F bond moments. T h e R-branch 
transitions were assigned by means of the values calculat­
ed from the structure refined by Q-branch transitions. 
T h e observed transitions used for the determination of 
the quadrupole coupling constants are listed in Table 1. 
T h e obtained values for the diagonal components of the 
quadrupole coupling constant tensor along the principal 
inertial axes are listed in Tab le 2, along with the 
diagonalized x tensor, which was calculated using the 
molecular structure determined in this study with the 
assumption that the z axis coincides with the C-Cl 
internuclear line. 

T h e frequencies of the observed transitions are listed 
in Table 3. T h e rotational constants and the centrifugal 
distortion constants were determined by a least-squares 
fit of all the transitions listed in Table 3. They are 
shown in Table 4. 

TABLE 1. OBSERVED QUADRUPOLE SPLITTING PATTERNS OF G35C12F2 ( M H Z ) 

a 
b 
c 
d 
e 

f 

g 
h 
i 
j 

k 

m 

3 
0 
3 
1 
3 
2 

"M
 C

M
 C

M
 

1 
3 
3 
3 
2 
1 
3 

A<eqQ>j^ 

F 

y+i 
J 
j 

j - i 
7+2 
7+2 
7+1 
7-1 
7-2 
7+1 
7 -1 
7 -2 
7+3 

7 
j 

7 - 3 

^3 3 — 

Obsd 

8977.85 
8976.69 
8975.32 
8974.87 
8973.07 

8969.99 

8969.56 
8968.76 
8965.58 
8964.89 

8963.30 

- 1 0 . 1 5 

52 4 

A^ 

0.00 
0.04 
0.01 

- 0 . 0 3 
0.05 

0.01 

0.02 
0.00 
0.00 

- 0 . 0 2 

0.01 

- 0 . 0 1 

6 2 S " 

Obsd 

9575.28 

9571.00 

9568.32 

9562.79 

9561.34 

- 1 1 . 0 3 

6 1 6 

A 

0.02 

- 0 . 0 6 

0.02 

0.04 

0.01 

0.02 

6 . i -

Obsd 

14913.98 
14913.37 
14910.92 

14908.24 

14907.90 
14907.45 
14904.65 
14902.93 

14901.55 

- 1 0 . 6 1 

64 2 

A 

0.01 
- 0 . 0 1 

0.03 

- 0 . 0 1 

- 0 . 0 1 
0.01 
0.04 
0.01 

0.02 

0.01 
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a 
b 
c 
d 
e 

f 

g 
h 
i 
J 

k 

m 

3 
0 
3 
1 

C
O

 C
M

C
 

I 
2 
2 
1 
3 
3 
3 
2 
1 
3 

A<*9Q>S> 

F 

y+i 
j 
j 

7 - 1 
7+2 
7+2 
7+1 
7-1 
7-2 
7+1 
7-1 
7-2 
7+3 

7 
J 

7 - 3 

Harutoshi TAKEO and Chi MATSUMURA 

' 

7 3 5 -

Obsd 

10256.88 
10256.14 
10255.62 
10255.14 
10253.00 

10249.12 
10247.33 

10246.43 

10245.38 
- 7 . 9 2 

TABLE 1. 

72e 

Ja> 

0.00 
0.00 
0.00 
0.00 
0.01 

0.05 
0.00 

- 0 . 0 1 

0.01 
0.01 

(Continued) 

8 i 7— 

Obsd 

12023.67 
12022.83 
12022.31 
12021.70 
12018.69 

12016.80 

12014.45 
12011.79 

12010.82 

- 1 0 . 0 5 

8 0 8 

A 

0.04 
0.04 
0.02 
0.01 

- 0 . 0 1 

- 0 . 0 2 

0.00 
- 0 . 0 3 

- 0 . 0 3 

- 0 . 0 4 

8e 2— 

Obsd 

18194.15 
18193.46 
18193.08 
18192.65 

18188.77 

18186.92 
18184.77 

18184.02 

18183.08 
- 7 . 9 3 
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85 3 

A 

- 0 . 0 1 
- 0 . 0 3 
- 0 . 0 1 

0.03 

- 0 . 0 1 

0.05 
- 0 . 0 2 

0.00 

- 0 . 0 2 
0.00 

a) A = »'obsd—Scaled- b) The <C.eqQ^>j of upper level minus the <^eqQ^>j of the lower level. 

TABLE 2. QUADRUPOLE COUPLING CONSTANTS OF C35C12F2 

% a f t = - 4 3 . 7 ± 0 . 2 M H z 
%bb= 4 . 8 ± 0 . 2 M H z 
%cc= 3 8 . 9 ± 0 . 2 M H z 

Z „ = - 8 2 . 7 ± 1 . 3 M H z 
7j= 0 .06±0.01 

Molecu lar Structure 

The substitution coordinates of the carbon and 
chlorine atoms were calculated by means of 
Krai tchman 's equat ion; they led to the G-Gl bond 
length and the Cl-G-Gl angle. T h e C-F distance and 
the F - C - F angle were determined from the coordinates 

TABLE 3. OBSERVED AND CALCULATED FREQUENCIES FOR GC12F2 ( M H Z ) 

2 1 2 -
2 2 o -
2 . 1 -

"̂ 0 3 — 

33 0— 
4 * i -

4 1 4 -
54 a— 

7 5 3 -
7 5 2 -
83 O -

85 « -
8 5 3 — 
8 6 3 — 
8 6 2 — 

1 0 . . -
i o 7 4 -
1 0 , 3 " 
1 1 . » -
Ü 6 5 -

I I 7 4 -

I I 7 5 -
12 ,« -
12 ,6" 

l o i 

I n 
• l i o 
• 2 1 2 

2 . 1 
32 0 

3 0 3 

4 . 1 
• 7 4 4 

7 4 3 

82 7 

8 4 5 

• 8 4 4 

• 8 5 4 

• 8 5 3 

•10« T 
• 1 0 . 6 

•10 . . 
•11*. 
115« 
Ü 6 5 

He« 
•12.» 
•12 . . 

C35G12I 
,̂  

Obsd 

10820.10 

14590.33 
13194.22 
23080.42 

31274.68 

14757.18 
11229.62 
14804.22 
14484.36 
18206.20 
18188.58 
14807.40 

21459.46 
14973.63 
17456.24 
21317.08 

21194.02 

2 

Ja> 

0.09 

- 0 . 0 4 
- 0 . 0 9 
- 0 . 1 0 

0.02 

0.01 
0.05 
0.08 

- 0 . 1 6 
0.05 

- 0 . 1 2 
- 0 . 0 5 

0.03 
- 0 . 0 3 

0.08 
- 0 . 0 4 

0.05 

C36G137G1F2 

^ 
Obsd 

14926.96 
14461.43 
12860.45 
22891.20 

35792.38 
15112.84 

15044.03 

18501.98 
18487.00 

21821.06 
21813.86 

17813.23 
21681.01 
21704.20 
21559.25 
21429.57 

A 

- 0 . 1 8 
- 0 . 2 4 
- 0 . 2 2 

0.03 

0.23 
- 0 . 1 7 

- 0 . 1 5 

- 0 . 0 9 
- 0 . 1 8 

0.12 
0.09 

0.02 
0.15 

- 0 . 0 5 
0.06 

- 0 . 0 9 

13C35G12F2 

Obsd 

10814.50 
15058.80 
14580.00 

23064.72 
19320.30 

14727.94 
11230.35 
14776.82 

14783.23 
21428.02 

14953.17 

21275.32 
21304.36 
21152.18 
21070.04 

A 

0.24 
- 0 . 1 1 

0.02 

0.00 
0.20 

- 0 . 0 6 
- 0 . 0 5 
- 0 . 0 6 

0.00 
0.13 

0.06 

- 0 . 0 8 
- 0 . 0 2 

0.06 
- 0 . 0 2 

a) A=vobsi—ycalcd. 
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T A B L E 4. ROTATIONAL CONSTANTS AND CENTRIFUGAL DISTORTION CONSTANTS OF GG12F2 ( M H Z ) 

B T-I-LV 

12C35C12F2 

12C35C 137C1F2 
13C35C12F2 

12C36CLF2 

4118.90(04) 
4092.07(07) 
4115.73(03) 
d3 =-0 .00135(95) 
dJK = - 0 . 0 0 2 2 2 (63) 
dK = 0.00165(41) 
dWJ= 0.0000011(3) 
dWK= 0 (fixed) 

2638.70(02) 
2582.30(05) 
2638.95(02) 

2223.72(02) 
2185.54(06) 
2232.86(02) 

87.972(04) 
87.973(10) 
87.962(04) 

a) amuÂ2. 

of fluorine atoms, which were themselves obtained by 
the use of the first-moment equation for ^-coordinates 
and the value of Ic-Ia-Ib for the ^-coordinates. They 
were also determined by a least-squares fit of all the 
observed rotational constants, the C-Cl length and the 
Cl -C-Cl angle being fixed to the previously determined 
values. T h e structural parameters obtained by the two 
methods are in good agreement with each other. They 
are listed in Table 5. 

TABLE 5. COORDINATES OF ATOMS (Â) AND THE STRUCTURAL 

PARAMETERS DETERMINED FROM THEM 

CI C 

a 
b 
c 

±1.4506(13) 
-0.6591(29) 

0 

0 
0.3083(20) 
0 

0 
1.1158(26)a> 

±1.0759(03)b> 

r(C-Cl) = 1.744±0.004Â 
r(C-F) =1 .345±0 .003A 
^C1-C-C1=112°33'±31' 
^ F - C - F = 106°14'±23' 

a) Calculated from the first moment equation. 
b) Calculated from the value of Ic—IB—Ih. 

D i s c u s s i o n 

The obtained C-Cl and C-F bond distances are 
compared with those of other halogenomethanes in 
Fig. 3. The values indicated by black circles have been 
determined by using many isotopic da ta ; they seem to 
be precise enough. O n the other hand, the values 
indicated by white circles may have fairly large ambi­
guities because they were obtained from few isotopic 
data. As Lide2) pointed out, the carbon-halogen distances 
in the CH3C1, CH2C12 , CHC13 series and the CH 3 F, 
CH2F2 , C H F 3 series show a quite regular shortening 
upon further substitution of the hydrogen by the halogen, 
and the C-F shortening is more marked than the C-Cl 
shortening. In the figure we can see that the C-Cl 
shortening occurs as a fluorine is added to the molecule. 
T h e C-F shortening is also seen as a chlorine is added. 
I t is interesting to note that the bond shortening upon 
the substitution of a fluorine is always more marked 
than that upon the substitution of a chlorine. T h e 
irregularities in CC1F3 and CC13F may be attr ibuted 
to the improper analyses of their molecular structures, 
since the assumption of some structural parameters 
seem to be invalid for the analyses of these molecules. 
Therefore, the precise re-determination of the molecules 

CC1,F 

1.800 j c . Q BoND LENGTH 

1.780 H 

1.760 J 

1.710 J 

À 

C C 1 ; ^ : Ç ^ ^ ^ C I F <> 
Q ~.--~^ 
O--"•.-" rune e ) 

C Ä ; » CHC1F* 

1.380 -

1.360 -

1.310 -

1.320 -

C - F BOND LENGTH . , 

CH2C1F<> C% 

/ 

ccW> a n ^ : - - ^ * » 
*•--" / / CCl3F

h)x' / 
%>'*' *CHF3 C ) 

C Q F 3
f ) 

4 3 2 1 

NUMBER OF HALOGEN ATOMS 
Fig. 3. T h e plot of carbon-halogen bond lengths versus 

number of halogen atoms in halogenomethanes. 
a) C. C. Costain, J. Chem. Phys., 29, 864 (1958). b) E. 
Hirota, T. Tanaka, A. Sakakibara, Y. Ohashi, and Y. 
Morino, J. Mol. Spectrosc, 34, 222 (1970). c) S. N. 
Ghosh, R. Trambarulo, and W. Gordy, J. Chem. Phys., 
20, 605 (1952). d) N. Müller, J. Am. Chem. Soc, 75, 
860 (1953). e) D. B. Mclay and C. R. Mann, Can. J. 
Phys., 40, 61 (1962). f) J. Sheridan and W. Gordy, 
J. Chem. Phys., 20, 591 (1952). g) This work, h) M. 
W. Long, Q . Williams, and T. Weatherly, J. Chem. 
Phys., 33, 508 (1960). i) D. B. Mclay, Can. J. Phys., 
42, 720 (1964). j) R. J. Myers and W. D. Gwinn, J. 
Chem. Phys., 20, 1420 (1952). k) M. Jen and D. R. 
Lide, Jr., J. Chem. Phys., 36, 2525 (1962). 

indicated by white circles in the figure is necessary 
for a further detailed discussion. 

Gordy and Cook5) have shown that the change in 
quadrupole coupling constants obtained by the pure 
nuclear quadrupole resonance is quite regular in the 
CC14, CC13F, CC12F2, CC13F series and that the change 
can be interpreted in terms of hyperconjugation. The 
Xzz obtained in the present study, however, is fairly 
large compared with the value expected from their 
figure. As far as we know, this value is the highest in 
the coupling constants obtained for chlorine nuclei 
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attached to carbon atoms. For a detailed discussion, 
it is desirable to determine the %zz by the analysis 
of the off-diagonal element of the X tensor in the principal 
axis system, which can be obtained from the measure­
ment of the second-order quadrupole effect. However, 
all the transitions measured in this study fit the calculat­
ed values within the limits of experimental errors 
without the second-order terms. 

References 

1) See the note in Fig. 3. 
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The Effect of the Deuterium Substituent on the Anomalous Phase 
Transition of the Crystalline Galvinoxyl Radical 
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Two kinds of deuterium substituents of the galvinoxyl radical have been synthesized, and the effect of the 
deuterium substitution on the anomalous phase transition of the crystalline galvinoxyl radical at 82 K has been 
studied. The results, investigated by means of ESR and magnetic susceptibility measurements, indicate that the 
effect was not strong enough to induce any observable change in the transition. 

In the previous papers,1 - 3) we have reported that the 
galvinoxyl radical shows a first-order phase transition 
accompanying the pairing of magnetic spins at 82 K ; 
the magnetic susceptibility is paramagnetic above the 
magnetic transition point, 82 K, where the susceptibility 
drops very sharply on cooling, while it is diamagnetic 
(weak paramagnetic) below this point. The anomaly 
at 82 K in the galvinoxyl has disappeared in the bisindo-
phenoxyl radical, in which the centered methylidyne 
group (-CH=) of galvinoxyl is replaced by a nitrogen 
atom (-N=).2> T h e magnetic susceptibility of the 
bisindophenoxyl radical exhibits a broad maximum at 
5 4 ^ 2 K. This susceptibility can be explained approxi­
mately using a model which consists of a singlet ground 
state and a triplet state lying slightly above the ground 
state. O n the other hand, the deuterated galvinoxyl 
radical, in which a centered methylidyne proton of 
galvinoxyl is replaced by a deuteron, snowed a quite 
similar anomaly a t 82 K.4) 

It has been reported that the deuterium substitution 
causes changes in the proton hyperfine splittings at the 
undeuterated positions of deuterated radicals.5"9) 
Karplus et a/.10) have successfully analyzed the above 
results in terms of a model for the effect of the difference 
in the C H and CD out-of-plane bending motions. This 
vibration can affect the sigma-pi coupling, the pi-
electron spin-density distribution, or both. 

-\- = tBu 

Galvinoxyl ID-Galvinoxyl 2D-Galvinoxyl 

Fig. 1. Molecular structures of the galvinoxyl, 1D-
galvinoxyl, and 2D-galvinoxyl radicals. 

In the present paper, we have synthesized two 
mono- and di-deuterium derivatives, in which one 
and two of four meta-r'mg protons of the galvinoxyl 
radical are deuterated respectively (hereafter, they will 
be denoted as ID- and 2D-galvinoxyl; see Fig. 1) and 
studied the magnetic properties of these radicals by 
means of ESR and magnetic susceptibility measure­
ments. 

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

Materials. 2,6-Di-f-butylphenol and 2,6-di-J-butyl-4-
methoxymethylphenol are commercially available. The 
synthesis of 2,6-di-*-butyl-3-deuteriophenol (bp 128—132°C/13 
Torr) was reported previously.11) The degree of deuterium 
substitution was determined as at least 95% from the NMR 
dataof2,6-di-/-butyl-3-deuteriophenol. 3,3',5,5'-Tetra-f-butyl-
diphenylmethane-4,4'-diol, phenol (I) (mp 157.0—157.5 °G (lit, 
154 °G)) was prepared according to the method of Kharash 
and Joshi.12) 3,3,,5,5'-Tetra-i-butyl-2,2,-dideuteriodiphenyl-
methane-4,4'-diol, phenol (HI), was also similarly prepared 
from 2,6-di-£-butyl-3-deuteriophenol by condensation with 
formaldehyde in a KOH-ethanol solution. Mp 157.5—158.0 
°C. (Found: C, 81.57; H, 10.82%. Calcd for C29H42D202: G, 
81.63; H, 10.87%). UV spectrum (Amax=279 nm, loge=3.53 
methanol). NMR spectrum (<5C(CH3)3= 1.40 ppm (36), <5CH2

= 

3.74 (2), <5OH=4.86 (2). <5m_H=6.85 (2); Ô in CC14, with TMS 
as the internal standard). 3,3',5,5'-Tetra-f-butyl-2-deuterio-
diphenylmethane-4,4'-diol, phenol (II), was prepared by the 
reaction of 2,6-di-£-butyl-3-deuteriophenol and 2,6-di-^-butyl-
4-methoxymethylphenol in a KOH-methanol solution, accor­
ding to the procedure used by Steelink et a/.13) to prepare 
3,5-di-^butyl-3',5'-dimethyl-4,4'-dihydroxydiphenylmethane. 
Mp 156.0—157.0 °C. (Found: C, 82.22; H, 10.72%. Calcd 
for C^H^DiCv C, 81.83; H, 10.66%). UV spectrum (Amax 

=279 nm, loge=3.51 methanol). NMR spectrum (<5C(CH3)3 

= 1.41 ppm (36), <5CH2=3.76 (2), V = 4 . 8 8 (2), <5m_H=6.89 
(3) ; ô in CC14, with TMS as the internal standard. 

The galvinoxyl (I), lD-galvinoxyl (II), and 2D-galvinoxyl 
(III) radicals (see Fig. 1) were prepared according to the 
methods of Goppinger14) and of Bartlett and Funahashi.15) The 
diphenylmethane precursors, phenols (I)—(III), were oxidized 

TABLE 1. CHEMICAL AND PHYSICAL PROPERTIES OF GALVINOXYL, ID-, AND 2D-GALVINOXYLS 

Galvinoxyl 
ID-Galvinoxyl 
2D-Galvinoxyl 

Mp (°C) 

151.0—152.5 
150.5—151.5 
149.0—150.5 

UV 

^max !<>g £ 

289nm 4.06 
289 4.03 
289 4.03 

Visible 

^max log s 

430nm 5.23 
430 5.21 
429 5.21 

Galcd 

G 

82.61 
82.41 
82.22 

(%) 

H 

9.80 
10.02 
10.23 

Found (%) 

C H 

82.55 9.88 
82.33 9.90 
81.75 10.06 
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with Pb0 2 in diethyl ether, with the temperature kept between 
0 and 5°C under nitrogen gas throughout. The Pb0 2 was then 
filtered off carefully, and the diethyl ether solvent was slowly 
evaporated under nitrogen gas. Very dark blue crystalline 
compounds of the galvinoxyl (I)—(III) remained in the round-
bottomed flask. This flask was connected to a vacuum line 
(5x 10~3 Torr) for two hours to remove the diethyl ether sol­
vent completely. The chemical and physical properties of these 
radicals are summarized in Table 1. All these values show good 
accordance with each other within the limits of experimental 
error. 

Apparatus. The susceptibility measurements were car­
ried out with a Shimadzu-type MB-2 magnetic torsion bal­
ance, equipped with a low-temperature cryostat. The tempera­
tures were measured using an AuCo-Cu thermocouple. Man­
ganese Tutton salt was used for the calibration of the themom-
eters and the field gradient. The ESR measurements were 
carried out using a JES-ME-3X spectrometer equipped with a 
Takeda-Riken microwave frequency counter. The ESR hyper-
fine splittings and ^-values were measured relative to those of 
(KS03)2NO (aN=13.05±0.03 G; £=2.005416>). The NMR 
spectra were taken on a JEOLCO 4H-100 100 MHz NMR 
spectrometer. 

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

Initial slight oxidations of 3,3',5,5'-tetra-J-butyl-
diphenylmethane-4,4'-diol and 3,3',5,5'-tetra-J-butyl-
2,2'-dideuteriodiphenyrmethane-4,4'-diol, (I) and (III) 
phenols, with P b 0 2 in toluene in a sealed, degassed 
system give ESR spectra consisting of triplet-triplet or 
triplet-doublet splittings respectively. We assign the 
spectra to the pr imary phenoxyl radicals (I-P) and 
(III-P) formed from the parent phenols by the abstrac­
tion of a phenolic hydrogen atom. T h e large triplet 
splittings ( a H = 9 . 5 8 G for (I-P) and a H =9 .57 G for 
(III-P) at 15 °C) in the pr imary radicals are clearly 
due to the para methylene group, and the triplet or 
doublet splittings (a H =1.65 G for (I-P) and 1.68 G for 
(III-P)) can be explained by the meta hydrogens. 
One group of large triplet splittings of (I-P) and 

(a) 

(b) 

Fig. 2. ESR spectra of the primary radicals, (a) (I-P) 
and (b) (III-P), obtained by the PbOa oxidation of the 
phenols, (I) and (III), in toluene at 15 °C. One 
group of the three identical absorption groups is shown 
in Fig. 2(a) and (b), respectively. 

(III-P) is shown in Figs. 2(a) and (b). The spectrum 
shown in Fig. 2(b) includes also a weak triplet signal 
arising from undeuterized phenol. T h e theoretical ratio 
(aD/aH) of the deuteron to the proton splittings expected 
on the basis of the magnetic moments and spins of the 
two nuclei is 0.1535; thus, we can expect 0.25 G as the 
deuteron hyperfine splitting for the (III-P) radical. 
However, the deuteron hyperfine splitting ( 4 ) due to 
the meta-ring deuteron of the (III-P) primary radical 
was not resolved, as is shown in Fig. 2 (b). O n the basis 
of the relative intensities and line widths of the ESR 
spectrum consisting of doublet and triplet splittings, it 
is estimated that the samples contain approximately 8% 
undeuterized protons. This value shows a good agree­
ment with that of 5 % estimated from the N M R spec­
trum. T h e spectrum of the primary radical (II-P) 
obtained by the P b O a oxidation of phenol (II) may be 
explained as resulting from the addition of the spectra 
from (I-P) and ( I I I -P) . 

As the oxidation of the phenol (I) solution proceeds, 
a further absorption due to a secondary radical, gal­
vinoxyl, appeared, and finally the spectrum was com­
pletely altered to a doublet-quintet spectrum with 
hyperfine splittings, 0 ^ = 5 . 7 7 G and ß£=1.41 G.17> 
The (II) and (III) phenols also show similar behavior; 
they give doublet-quartet and doublet-triplet spectra 
due to ID- and 2D-galvinoxyl radicals. The deuteron 
hyperfine splittings were not resolved, as is to be expected 
from the results obtained for the primary radicals. 
Recordings of the 1 D-galvinoxyl spectrum also include 

Fig. 3. ESR spectra of (a) galvinoxyl, (b) 1 D-galvinoxyl, 
and (c) 2D-galvinoxyl radicals obtained by the PbOa 

oxidation of the phenols, (I), (II), and (III), in toluene 
at 20 °C. 
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TABLE 2. HYPERFINE SPLITTINGS AND G-VALUES OF 

GALVINOXYL, I D - , AND 2D-GALVINOXYLS 

^HCH= (G) il» (G) <7-value 

Galvinoxyl 5.77±0.04 1.41±0.04 2.00434±0.00003 
ID-Galvinoxyl 5.82±0.04 1.36±0.04 2.00433±0.00003 
2D-Galvinoxyl 5.86±0.04 1.35±0.04 2.00431 ±0.00003 

the doublet-quintet spectrum of undeuterated galvinox­
yl, because the sample of the monodeuterated diphenyl-
methane precursor (phenol (II)) contains the diphenyl-
methane (phenol (I)) as an impurity. Similarly, the 
spectrum of the 2D-galvinoxyl radical sample also 
includes signals due to both lD-galvinoxyl and galvinox­
yl radical impurities. These spectra are shown in Fig. 3. 
The g-values of these radicals in toluene were also 
measured. All these values are listed in Table 2. Both 
the hyperfine splittings and the g-values of these radicals 
remain constant, within the limits of experimental error, 
indicating that deuterium substitution to the meta-r'mg 
proton of the phenyl rings does not significantly affect 
the unpaired electron distribution. 

The molar susceptibilities obtained for the galvinoxyl 
radical are shown in Fig. 4 as a function of the tempera­
ture. The data have been corrected for a calculated 
diamagnetism of —0.276 X 10 - 3 emu/mol. T h e suscep­
tibility of galvinoxyl follows the Curie-Weiss law with a 
Curie constant of 0.358 K emu/mol and a Weiss 
constant of 13.0±2.0 K in the temperature region 
between 86 and 300 K. At 8 5 . l i 2 . 0 K , Xr rapidly 
decreases by 9 3 % of its maximum value within about 
three degrees, and afterward falls off gradually until 
55 K. The residual paramagnetic radical concentra­
tion, calculated from the susceptibility at 55 K assuming 
Curie law, is only 1.1%. As has been reported before, 
the anomaly in the galvinoxyl is thought to be a first-
order phase transition, accompanied by a pairing of the 
magnetic spins.2) I t has also been reported before that 
the magnetic susceptibilities in the low-temperature 
region (5—50 K) obey the Curie-Weiss law, with 
different spin concentrations from about 10 to 30 mol % 
for the three independently-prepared samples; thus, the 
low-temperature susceptibilities are probably due to 
the residual unpaired galvinoxyl radicals with a spin 
of 1/2, the radicals being randomly located in the lattice. 
In the present work, poly crystals of the galvinoxyl 
radical were prepared by careful, slow evaporation from 
a saturated etherial solution under nitrogen throughout 
in order to decrease the quanti ty of residual unpaired 
spins. In fact, the residual radical concentration (1.1%) 
obtained is much smaller than the values (from about 
10 to 30 mol %) reported before for the galvinoxyl. 

The ID- and 2D-galvinoxyl radical samples were 
similarly prepared. The magnetic susceptibilities of these 

x 

5Ï 

4 1 

3 [ 

2\ 

I [ 

a Galvinoxyl 
o ID-Galvinoxyl 
A 2D-Galvinoxyl 

100 200 300 

r(K) 
Fig. 4. Molar susceptibilities of the galvinoxyl (open 

square, • ) , lD-galvinoxyl (open circle, Q), and 2D-
galvinoxyl (open triangle, A) radicals versus tempera­
ture (55—300 K). 

radicals between 55 and 300 K are shown in Fig. 4, 
together with those of the galvinoxyl radical. As is 
clear from the results shown in Fig. 4, the temperature 
dependences of the magnetic susceptibilities of the 1D-
and 2D-galvinoxyl radicals are very similar to that 
of the galvinoxyl. T h e values of the Curie constants 
(C), the Weiss constants (0), the radical concentrations, 
the transition temperatures (Tmax), and the residual 
radical concentrations obtained in this work are sum­
marized in Table 3. T h e small differences observed 
between these radicals for the radical concentrations 
above the transition temperature and the residual 
radical concentrations below it must be due to differences 
in the sample preparation. O n the other hand, the 
expected change in the phase-transition temperature 
and the Weiss constant upon the deuterium substitution 
to the meta-ring protons of the galvinoxyl was not 
observed. It has been reported by ESR studies that the 
deuterium substitution to aromatic radicals can produce 
significant modifications in the proton hyperfine 
splittings (ßH) for ring positions other than that of 
substitution. The most notable effect is observed in the 
benzenide anion;5 '6) the equal hyperfine splittings 
(a H =3.75 G) obtained at all positions in C6H6~ are 
replaced in the benzenide-1-d anion by öH=aH = 3.95 G, 
flH=3.49 G and in the benzenide-2,6-t/2 anion by 

TABLE 3. RESULTS FROM SUSCEPTIBILITY MEASUREMENTS OF GALVINOXYL, ID-, AND 2D-GALVINOXYLS 

(emu K/mol) 0 (K) 
Radical 

concentration 
(%) 

(K) 

Residual 
para 
(%) 

Galvinoxyl 
ID-Galvinoxyl 
2D-Galvinoxyl 

0.358 
0.343 
0.347 

13.0±2.0 
13.2±2.0 
13.6±2.0 

95 .0±2 .0 
90 .9±2 .0 
92 .1±2 .0 

85 .1±2 .0 
84 .3±2 .0 
84 .9±2 .0 

1.1±0.5 
3 .2±0 .5 
1.7±0.5 

85.li2.0K
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fl?=04=4.16G, 03=3.61 G. Smaller changes are 
observed in deuterated naphthalenide anions7) and in 
the iV-deuterated dihydropyrazine cation and its methyl 
derivatives.8) However, all the results obtained for the 
galvinoxyl, ID- , and 2D-galvinoxyl radicals in the solid 
state and in solution indicate that the perturbations in 
electronic and magnetic properties resulting from the 
deuterium substitution are quite small in these radicals. 
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Ultraviolet absorption spectra were measured with aqueous solutions of maleic acid (H2M) at various pH 
values and in concentrated sulfuric acid solutions. With the aid of the theoretical calculations of electronic struc­
tures by the modified CNDO-CI method, relatively strong bands observed at 193.5 nm for H2M, at 210.0 nm 
for the hydrogen maleate anion (HM"), and at 202.8 and *s»230 nm for the dinegative ion (M2_) are assigned to 
the n-n* transition bands. Special attention was paid to the charge-transfer (CT) character (pertinent to the 
strong intramolecular hydrogen bond) in the excited states of HM". Configuration analysis of the wave functions 
revealed us that the first TI-TI* band of H M - covered by the much stronger 210 nm band is rich in the CT 
character pertinent to the hydrogen bond. 

In some hydrogen-bonded systems (X-H---Y), the 
charge-transfer (CT) force between a proton donor 
(X-H) and a proton acceptor (Y) has been recognized 
to be important as well as the electrostatic and exchange 
repulsion forces. 1_6) O n the basis of the C T mechanism, 
the C T band characteristic of hydrogen bond is expected 
to appear in the ultraviolet (UV) or vacuum ultraviolet 
(VUV) region, and observation of the band is a direct 
proof of the CT mechanism of hydrogen bond. 

The hydrogen maleate anion ( H M - ) has a sym­
metrical intramolecular hydrogen bond ( ( O - H - O ) - ) as 
revealed from the X-ray diffraction analysis7) and from 
the studies by infrared spectroscopy.8-10) One of the 
present authors observed an electronic absorption band 
of H M - in aqueous solution at «*210 nm and determined 
the direction of the transition moment (being parallel 
to the O - H - O bond) of the band.11) From a theoretical 
calculation based on the ̂ -electron approximation, the 
210 nm band was suggested to be the GT band charac­
teristic of the intramolecular hydrogen bond ( ( O - H -
O ) - ) of H M - . Further theoretical studies have been 
carried out with the ground and excited states of H M " 
by the non-empirical12) and semi-empirical13) methods. 
The potential energy curve of hydrogen bond calculated 
by the modified C N D O method13) for H M " agreed 
with the experimentally expected one.8-10) 

In the present study, in order to extend the previous 
works and to elucidate the electronic structures of the 
excited states of the hydrogen maleate anion, the 
absorption spectra of the maleic acid cation (H3M+), 
maleic acid (H 2 M), H M " , and maleate dinegative ion 
( M 2 - ) have been measured and their electronic 
structures have been calculated and analysed by the 
modified CNDO-CI method14) combined with the 

configuration analysis method.15) From the comparison 

between the theoretical and experimental results, the 

C T character (pertinent to the hydrogen bond) in some 

lower excited states of H M " has been discussed in detail-

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

Maleic acid (Wako G. R. grade) was purified by repeated 
recrystallizations from water. H M - was prepared10) by treat­
ing aqueous solution of maleic acid with potassium hydrogen 
carbonate (KHC03) , and recrystallized three times from 
water. Methanol and acetonitrile (Wako spectrograde) were 
used as solvents without further purification. A buffer solution 
with pH=4.4 was prepared from aqueous solutions of acetic 
acid and sodium acetate.16) 

UV absorption spectra were measured with a Cary record­
ing spectrophotometer model 14, a cell of 0.933 mm light path 
length being used. VUV absorption spectra were measured 
with a spectrophotometer constructed in our laboratory17). 

Theoret ica l 

T h e electronic structures of H3M+, H 2 M , H M - , and 
M 2 - were calculated by the modified C N D O - C I 
method presented in a previous paper.14) T h e method 
has the characteristics that the semi-empirical electron 
repulsion, core resonance, and core potential integrals 
are separately evaluated for the a- and jr-orbitals. As 
in the case of formic and acrylic acids reported,14) the 
one-center Coulomb repulsion integrals, y's and bonding 
parameters, ß°'s were commonly used for all the 2s and 
2p atomic orbitals (AO) of the two oxygen atoms in the 
carboxyl group. Furthermore, in order to consider the 
effect of excess formal charge of the ions, the ß° and y 
values and the effective nuclear charge (Z) of the basis 

TABLE 1. EFFECTIVE NUCLEAR CHARGE (Z), ONE-CENTER COULOMB REPULSION INTEGRAL 

(yAA(eV)), AND BONDING PARAMETER (/?A°(eV)) FOR H, C, AND O ATOMS 

z 

/?A° 

H 

1.2(1.0)b> 
12.85 

- 1 2 . 0 ( - 9 . 0 ) b > 

o-AO 

3.25 
13.22 

- 1 7 . 9 

C 

7T-AO 

3.25 
10.60 

-12.9 

H3M+ 

4.64 
18.23 

- 3 1 . 8 

Oa> 

H2M H M -

4.55 4.46 
17.89 17.55 

- 2 7 . 0 - 2 3 . 0 

M 2 -

4.38 
17.20 

- 1 7 . 9 

a) Value being employed for both the a- and ÏÏ-AO'S. b) Employed only for HM~. 
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AO's of oxygen and the hydrogen-bonded hydrogen 
atoms were modified from those of the neutral H 2 M 
molecule. T h e parameters finally used are tabulated 
in Table 1. In the configuration interaction (CI) 
calculation, 24 singly excited n-n* and er-cr* configura­
tions and 25 singly excited n-G* and G-n* configura­
tions were taken into account. 

Geometrical structures were taken for H 2 M and 
H M - from the X-ray crystal analysis data7 '18) and 
assumed for H3M+ and M 2 - to be the same as those of 
H 2 M and H M - , respectively, except for the fact that 
the additional proton was attached or removed. 

T h e configuration analysis15) was applied to the 
ground and two excited (Bj symmetry) states of H M - . 
The molecular orbitals (MO) of M 2 - and Is orbital 
of the hydrogen-bonded hydrogen atom were adopted 
as the reference MO's . The ground state of H M - was 
analysed by the ground and 92 singly excited n-n* and 
G-G* reference configurations (with Aj symmetry) and 
by all the doubly excited reference configurations derived 
from the above configurations, and the excited states 
of H M - were analysed by 93 singly excited n-n* and 
G-G* reference configurations (with Bx symmetry) and 
93 X 92 doubly excited reference configurations. 

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

Figure 1 shows the absorption spectra of H M - in 
aqueous buffer solution with p H = 4 . 4 and of M2~ in 
aqueous K O H solution with p H = 1 1 . 0 , the spectrum 
of M 2 - being tentatively resolved into two components. 

Wavelength, nm 

Fig. 1. Near and vacuum UV absorption spectra of 
(a) HM~ in aqueous buffer solution with pH=4.4, 
(b) M2 _ in aqueous KOH solution with pH=11.0, 
and (c) H M - crystalline powder. The composite band 
of M2 _ is tentatively resolved by dotted lines. 

This figure also shows the V U V spectrum observed with 
H M - crystalline powder. Table 2 shows the transition 
energies, oscillator strengths, and directions of transition 
moments calculated by the modified CNDO-CI method, 
together with the observed values. Within the molecular 
(x-y) plane, the x-axis is parallel to the O - H - O hydro­
gen bond. From the comparison between the observed 
and calculated results, the 210.0 nm (5.90 eV) band of 
H M - in aqueous solution and «*220 nm band of H M -

crystalline powder can safely be assigned to the second 

TABLE 2. TRANSITION ENERGIES (1A£ (eV)), OSCILLATOR STRENGTHS ( / ) , AND DIRECTIONS OF 

TRANSITION MOMENTS OBSERVED AND CALCULATED FOR H M " AND M 2 ~ 

As­
sign­
ment 

n-n* 
n-n* 
n-n* 

n-n* 

n-n* 

7T-7T* 

n-n* 

7T-7T* 

7Z-7Z* 

n-n* 

71-71* 

G-71* 

Obsd 

*AE 

5.90 

/ 

0.42 

H M -

1AE 

3.36 
3.98 
4.17 

5.77 

6.05 

6.32 

6.71 

6.73 
6.81 

7.82 

8.13 

8.29 

Calcd 
-

f Main config.a) 

0.002 (z)b> 
0 
0 .000(z ) 

0 

0 .002(z ) 

0 .063(x) 

0 

0 .626(x) 
0 .058(y) 

0 .001(z ) 

0 .729(x) 

0 

22—23 
19—23 
21—23 

/22—24 
1,16—23 

/22—25 
\\9—24 
/17—23 
122—26 
/22—24 
19—23 

\19—25 
20—23 
18—23 

/22—25 
\2\—25 
/17—23 
\22—26 
/16—23 
\15—23 

As­

sign­
ment 

n-n* 
n-n* 
n-n* 
n-n* 

71-71* 

71-71* 

n-n* 
n-n* 
a-n* 

71-71* 

n-n* 
n-a* 
n-a* 
n-n* 
71-71* 

71-71* 

M 2 -

Obsd 

*AE f 

**>5.4 ^ 0 . 0 6 

6.11 0.18 

*A£ 

3.00 
3.51 
3.57 
3.73 

5.31 

5.38 

5.73 
6.06 
6.79 

6.83 

6.91 
7.09 
7.09 
7.14 
7.40 
7.53 

Calcd 

/ 
0.001 (z)b> 
0 .000(z) 
0 
0 

0 .021(x) 

0 .101(y) 

0 .009(z) 
0 
0 

0 .543(x) 

0 .000(z) 
0 .000(z) 
0 
0 
0 .439(x) 
0 .166(y) 

a) Main electron configurations of the respective excited states 
moment is shown in the parentheses, the x-axis being taken 
molecular (x-y) plane. 

are shown, b) The direction of the transition 
to be parallel to the O-H-O bond within the 
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ID­
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2-

a,b 

e / \ y 
f / ^ 
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v ^ \ \ \ \ 
b % \ \ \ \ 
c J S ^ V \ \ Yv 

( A ) ( B ) 

200 260 280 220 240 

Wavelength, nm 

Fig. 2. UV absorption spectra of maleic acid in (a) 
1.78% (dotted line), (b) 8.64%, (c) 24.3% (broken 
line), (d) 42.5%, (e) 62.5%, (f) 78.2%, and (g) 90.9% 
sulfuric acid. 

Ti-Ti* transition (calculated at 6.73 eV), whereas the 
^ 2 3 0 nm ( ^ 5 . 4 eV) and 202.8 nm (6.11 eV) bands of 
M2~, to the second and third TZ-TZ* transitions (calculated 
at 5.38 and 6.83 eV), respectively. The theoretical 
results indicate that the first TI-TZ* band is covered by 
the stronger second (and third) TZ-TZ* band(s) for both 
H M - and M 2 " . 

Figure 2 shows the U V absorption spectra measured 
with the sulfuric acid (H 2 S0 4 ) solutions of maleic acid. 
From the dependency of the spectrum on the sulfuric 
acid concentration, spectrum b in 8.6% H 2 S 0 4 solution 
can be ascribed to the spectrum of H 2 M . T h e theoretical 
result in Table 3 shows that the 193.5 nm (6.41 eV) 
band of H 2 M is assigned to the first TI-TZ* transition 
(calculated at 5.87 eV). In more concentrated sulfuric 
acid, the spectrum shifts to longer wavelengths, showing 
a strong band at 220.5 nm (5.62 eV) (curve g in Fig. 2). 
The spectra of the concentrated sulfuric acid solutions 
e, f, and g show practically no change even after 15 

TABLE 3. TRANSITION ENERGIES (1A£'(eV)) AND 

OSCILLATOR STRENGTHS ( / ) OBSERVED AND 

CALCULATED FOR H , M AND H , M + 

As­
sign­
ment 

n-n* 
n-n* 
n-n* 
71-71* 

G-71* 

71-71* 

n-n* 
CT-7T* 

71-71* 

71-71* 

71-C5* 

n-n* 
7T-CT* 

71-71* 

n-CT* 

H2M 

Obsd 

1AE 

6.41 

"~> 

0.35 

Ca 

1AE^ 

3.28 
3.92 
5.84 
5.87 
6.66 
6.96 
7.01 
7.60 
8.40 
8.84 
8.85 
8.90 
9.25 
9.30 
9.48 

led 

"~> 
0.003 
0.0006 

0.0004 

0.489 
0.0004 

0.013 
0.000, 
0.003 
0.415 
0.123 
0.002 
0.0007 

0.028 
0.169 
0.069 

As­
sign­
ment 

n-n* 
71-71* 

n-n* 
a-n* 
a-n* 
n-n* 
n-n* 
a-n* 
n-n* 
n-cs* 
n-n* 
a-n* 
n-a* 

H3M+ 

Calcd 

1AE~ 

3.90 
6.20 
6.44 
6.84 
7.55 
8.02 
8.40 
8.57 
9.09 
9.25 
9.36 
9.99 

10.24 

/ 
0.003 
0.335 
0.001 
O.OOOj 
0.0003 

0.293 
0.000 
0.0006 

0.084 
0.004 
0.576 
0.0008 

0.040 

eV 

10-

9-

8-

7-

6-

5-

2 0 - 2 5 — — 2 2 - 2 8 - - . 
20-24 ... „ -".::--.r — 
, 8 - 2 4 —-21 . : 2 6 - - ; - .--

" — 22--2 9^-V«--' 
— 2 2 - 2 7 < : . ; ; v - - - v _ 

— 22-26f-'- , . 

.--V":'~" 
1 7 - 2 3 — - : : [ " 
1 8 -23 _ .":::;.-.--, X 
2 0 - 2 3 . - - « - - - , - _ 

,-,. 

without CI with CI 

eV 

10-

9-

8-

7-

6-

— 2 2 - 2 6 - - , , 
2 1 - 2 5 ..... ~^v 
2 1 - 2 4 ,. : :^.v : . ; , : ï . , . : : V — 

1 7 - 2 3 - . . _ _ ' " - -

"'•- — 

21 - 2 3 — 

"""--
n-n« o-o» 

without CI with CI 

Fig. 3. Energy levels calculated with and without CI 
treatment for some lower n-n* and a-a* excited states 
of (A) H M - and (B) H2M. 

days. Moreover, dilution of the 90.9% H 2 S 0 4 solution 
of maleic acid (solution g) with water gives a spectrum 
similar to that of the sulfuric acid solution of the corre­
sponding acidity. These facts indicate that the species 
having the absorption band at 220.5 nm in concentrated 
sulfuric acid solution is not a reaction product but a 
cation in equilibrium with sulfuric acid; H3M+ or the 
acylium ion as observed with the concentrated H 2 S 0 4 

solution of mesitoic acid.19) 
Let us investigate the electronic structure of H M " in 

more detail. Figure 3 shows the energy levels calculated 
for some lower TZ-TZ* and a-a* excited states of H M " 
compared with those of H 2 M . In the figure, a singly 
excited configuration i-j represents one electron excita­
tion from the z-th occupied M O to the ;-th vacant M O . 
T h e shapes of M O ' s of H M - are schematically shown in 
Fig. 4. T h e C T character pertinent to the intramolecular 

16(<r) 17(71) 18(Tt) 

19(n) 2 0 ( H ) 2 1 ( n ) 

2 2 ( n ) 2 3 U ) 2 4 U ) 

2 5 U ) 2 6 ( < r ) 27(cr) 

Fig. 4. Schematic shapes of some occupied and vacant 
MO's of HM-. The 22th MO is the highest occupied 
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T A B L E 4. RESULTS OF THE CONFIGURATION ANALYSIS (WEIGHTS) FOR THE GROUND AND 

THE FIRST AND SECOND 71-71* EXCITED STATES OF H M " 

Structure Reference 
configuration*»13) 

State 

Ground 1 St 71-71* 2 nd 71-71* 

(OH-0+) -+ (0+HO)- e > 
( O H O + ) - - ( 0 + H - 0 ) -
( 0 - H - . . 0 ) - + ( 0 . -H-O)-

( O - H - O ) - - ( O - H - O ) -

O-H+O-

fJ-35, 35 
iJ-35, 35 
/-35 
/ -35+TT-^* 6 ) 

Ï-35 + CT-CT*6) 

(Total for sym. 
covalent structure) 
f-35 
i-35 + 7T-^*e) 

2-35 + CT-CT*e> 

(Total for antisym. 
covalent structure) 
Gof> 
7T-7I*g> 

CT-CT*g) 

i,j-k,l 
(Total for O-H+O-
structure) 
Total 

0.1095 
— 

0.4093 
0.0272 
0.0154 

(0.4519) 

— 
— 
— 

0.3825 
0.0254 
0.0172 
0.0024 

(0.4275) 

0.9889 

— 
0.1058(0.1617)d> 

— 
0.2577(0.1672) 
0.0124(0.0227) 

(0.2701(0.1899)) 

0.1978(0.3023) 
0.0131(0.0200) 
0.0079(0.0122) 

(0.2188(0.3345)) 

— 
0.2408(0.1562) 
0.0154(0.0274) 
0.0237(0.0173) 

(0.2799(0.2009)) 

0.8746(0.8870) 

— 
0.0058(0.0067)d 

— 
0.4045(0.3981) 
0.0057(0.0108) 

(0.4102(0.4089)) 

0.0109(0.0125) 
0.0007(0.0008) 
0.0004(0.0004) 

(0.0120(0.0137)) 

— 
0.3780(0.3721) 
0.0058(0.0107) 
0.0341(0.0341) 

(0.4179(0.4169)) 

0.8459(0.8462) 

a) i and j denote the 22 occupied MO's of M2-, and * and /, the 12 vacant MO's of M2~. The Is orbital of 
hydrogen-bonded hydrogen is numbered as the 35th vacant orbital, b) i-k and i,j-k,l denote the singly and 
doubly excited reference configurations, respectively, c) The ionic structure, [ (0 + H~0)~+(OH~0 + ) ] is also 

involved, d) The result for the case where the excitation energies of all the CT and a-a* configurations 
are lowered by 1.0 eV in the CI treatment is listed in the column (with parentheses), e) Doubly excited 
configurations, i,j-k, 35. f) The ground reference configuration coincides with the ground state of M2-. 
g) Singly excited configurations, i-k. 

hydrogen bond corresponds to the transition from the 
nonbonding orbital to the antibonding orbital in the 
hydrogen bond. T h e 21—26 and 22—26 configurations 
are easily seen to have the C T character pert inent to 
the hydrogen bond. T h e energy levels of the C T 
configurations calculated for H M " are «»3 eV lower 
than those for the corresponding C T configurations of 
H 2 M . As is illustrated in Fig. 3, the C T configuration 
22—26 of H M - interacts strongly with the 17—23 
Tt-Ti* configuration. Consequently, the first and fourth 
Ti-Ti* excited states of H M - turn out to be considerably 
rich in the C T character pertinent to the hydrogen 
bond. 

T h e conclusion was further clarified by the configura­
tion analysis for the first n-n* excited state of H M - ; 
the result is tabulated in Table 4, together with the 
results for the ground and the second n-n* excited 
(assigned to the 210.0 nm band) states. Because of the 
symmetrical hydrogen bond in H M - , the C T structure 
corresponds to the antisymmetric covalent structure, 
[ ( O - H — O ) - — ( O — H - O ) - ] and the antisymmetric 
ionic structure, [ ( O H - 0 + ) - — ( 0 + H - 0 ) - ] . As is shown 
in Table 4, the antisymmetric covalent and ionic 
structures contribute considerably (<*»32%) to the first 
n-n* excited state, revealing that the first n-n* excited 
state is rich in the C T character in the hydrogen bond. 
Table 4 shows also the result for the case where the 
excitation energies of all the C T and a-c* configurations 
are lowered by 1.0 eV in the CI treatment. T h e result 
shows that the quantitative C T character is sensitive to 

(a) 
0.960 H 

3 .99o\ 
6.330 (0.8711/-

(1.334) / 
0 * ^ / 3 . 6 0 9 3.537 V 

SlO-808) , 0 . 732r 

H 0.975 

.128 
.090) K ( i i 6.221 

(1.851) 

6.301 
11.847)' 

A 
_ H — 
0.771 

, 6.350 
(1.467) 

H 
0.829 

( b ) 
1 

V 
H 1.013 

J 4.093 
^- \ {0 .986) 

3.61 s V ^ , « 
10.749,? ( K K | 

( C ) 

\ io .7«a j / 

0 H 0 6-475 

0.694 H.780) 

H 1-071 

J 4.095 
K(0.991 ) 

3.664Y—" 
(0 .744) / 

\ J C 

-0 
6.619 

(1.634) 
6.551 

(1.632) 

Fig. 5. Total and or-(in parentheses) electron densities 
calculated for the ground states of (a) H2M, (b) H M - , 
and (c) M 2 - . 
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the relative position of the n-n* (17—23) and C T 
(22—26) configurations; the C T character of the first 
n-n* excited state increases to «»50% by the energy 
lowering of the C T configuration. 

The electron densities for the ground states of H 2 M , 
H M " , and M 2 _ are shown in Fig. 5. T h e excess formal 
charge in H M - and M 2 _ is mainly distributed on the 
oxygen atoms. 
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Vibration Spectra and Rotational Isomerism of Chain Molecules. V.1) 
2,5-Dioxahexane, 2,5-Dithiahexane, and 2-Oxa-5-thiahexane 

Yoshiki OGAWA, Masahiro OHTA, Masaaki SAKAKIBARA, 
Hiroatsu MATSUURA, Issei HARADA, and Takehiko SHIMANOUCHI 

Department of Chemistry, Faculty of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received November 5, 1976) 

The Raman and infrared spectra of 2,5-dioxahexane CH3OCH2CH2OCH3, 2,5-dithiahexane CH3SCH2CH2-
SCH3 and 2-oxa-5-thiahexane CH3OCH2CH2SCH3 were measured for the gaseous, liquid, glassy and crystalline 
states and were correlated with the normal-vibration calculations. The rotational isomerism was studied and the 
following conclusions were obtained. (1) The molecular form existing in the crystalline state is a non-extended 
form, in contrast with the cases of the unbranched ethers or sulfides containing one oxygen or sulfur atom which 
take the extended a\\-trans form. (2) Many forms coexist in the gaseous, liquid and glassy states. (3) The form 
existing in the crystalline state is the most stable in the liquid state. It was found that the repulsive force between 
non-bonded hydrogen atoms is one of the important factors influencing the conformational stabilities and for 
2,5-dioxahexane the dipole-dipole interaction is another important factor. The stable conformations of these 
molecules were correlated with those of the polyether and polythioether chains. The stable isomers of 2-oxa-5-
thiahexane could be explained on the basis of the knowledge of the conformational stabilities of the unbranched 
ethers and sulfides. The force constants of the ethers and sulfides were satisfactorily transferred to 2-oxa-5-thia-
hexane. 

In previous papers,1,2) we reported the vibration 
spectra and the rotational isomerism of the unbranched 
ethers and sulfides which contain one oxygen or sulfur 
atom, and obtained information on the conformational 
stability for these molecules. In the present paper, we 
extended our studies to 2,5-dioxahexane (ethylene glycol 
dimethyl ether) C H 3 O C H 2 C H 2 O G H 3 , 2,5-dithiahexane 
CH 3 SCH 2 CH 2 SCH 3 , and 2-oxa-5-thiahexane CH 3 -
OGH 2 GH 2 SGH 3 . The R a m a n and infrared spectra of 
these molecules in various states were analyzed and 
the rotational isomers existing in each state were 
determined on the basis of normal-vibration calculations. 

T h e present results on the rotational isomerism will 
be discussed together with those previously obtained 
for the unbranched ethers and sulfides.1-6) Discussions 
will also be made in relation to the stable conformations 
of poly ethers7,8) and polythioethers.9) 

E x p e r i m e nta l 

2,5-Dioxahexane was purchased from Tokyo Kasei Kogyo 
Co., Ltd. and was distilled prior to the measurements. 2,5-
Dithiahexane was synthesized by the reaction 

BrCH2CH2Br + 2CH3SNa (aq) 
60 "C, 6 h 

CH3SCH2GH2SCH3 + 2NaBr. 

After the organic layer was dried over anhydrous sodium 
sulfate, 2,5-dithiahexane was obtained by the distillation under 
reduced pressure. 2-Oxa-5-thiahexane was synthesized by 
the following reactions 

2HOCH2CH2Cl + (CH3)2S04 

CaCOa 

120 °C, 5 h 

2GH3OCH2CH2Cl + H 2S0 4 

and 

CH3OCH2CH2Cl + CH3SNa (aq) 
NaOH 

60 "C, 30 h 

CH3OCH2CH2SCH3 + NaCl. 

After the organic layer was dried over anhydrous sodium 

sulfate, 2-oxa-5-thiahexane was obtained by the distillation 
(bp 134—135 °G). 

The Raman and infrared spectra were measured for the gas­
eous, liquid, glassy, and crystalline states by the methods re­
ported previously.1'2) The glassy state for the Raman measure­
ments was obtained by putting into liquid nitrogen the sample 
enclosed in an ampoule and cooling it rapidly, and that for the 
infrared measurements by depositing the sample onto a cooled 
window of KBr or KRS-5. 

N o r m a l Coordinate T r e a t m e n t 

Normal coordinate treatment was carried out with a 
computer program NCTB210) and a H I T A G 8700/8800 
computer system at the Computer Center of the Univer­
sity of Tokyo. The data of 2,5-dioxahexane and 2,5-
dithiahexane were included in the least-squares refine­
ment of the force constants of the unbranched ethers 
and sulfides.1'2) 

For 2-oxa-5-thiahexane, the force constants were 
transferred from the unbranched ethers and sulfides1'2) 
except those for the OGH 2 CH 2 S part . The force 
constants for this par t were initially transferred from 
the O G H 2 C H 2 0 par t and the stable forms of the 
rotational isomers were determined. The nine important 
force constants, the GC stretching and methylene-
methylene interactions, were subsequently refined by 
the least-squares method from 56 R a m a n and infrared 
frequencies. 

Detailed results of the calculations and the force 
constants are reported in a separate paper.10) 

R e s u l t s 

Figures 1—10 show the R a m a n and infrared spectra 
obtained. T h e observed frequencies and the vibrational 
assignments based on the calculated potential-energy 
distributions are listed in Tables 1—3. T h e observed 
spectra were analyzed with reference to the results 
of the normal coordinate treatment. 

In the following subsections, the rotational isomerism 
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_i i i i i_ 

1600 1200 800 400 
Wavenumber (cm-1) 

Fig. 1. Raman spectra of 2,5-dioxahexane. 
a: Gas (60 °G), b : liquid (room temperature), c: crystal 
(liquid nitrogen temperature). 
Following symbols are used in Figs. 1—10. 
* : Emission line of Ar+, fj] : librational infrared band 
of HaO, X : impurity, A : origin unknown. 

1500 500 200 1000 
Wavenumber (cm - 1 ) 

Fig. 2. Infrared spectra of 2,5-dioxahexane. 
a: Gas (room temperature), b : liquid (room tempera­
ture), c: glass, d: crystal. 
The symbols are explained in the caption of Fig. 1. 

of the individual molecules is described. 
2,5-Dioxahexane CHsOCH2CH2OCH3. Since this 

molecule has two C - O axes and one C - C axis associated 
with the rotational isomerism, there are ten possible 
rotational isomers as given in Table 1 of Part I of this 
series.2) Of these, the G G ' G form is rejected, because 
the distance between the two terminal methyl groups is 
too short for this form to be stable. However, the T G G ' 
and G G G ' forms are not simply ruled out, since the 
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Fig. 3. Comparison of the observed and calculated 
frequencies of 2,5-dioxahexane in the 600—250 cm - 1 

region. 
a: Liquid (R), b : liquid (IR), c: glass (IR), d: crystal 
(R), e: crystal (IR). 
The symbol is explained in the caption of Fig. 1. For 
the forms which have the center of symmetry, the 
open and filled circles denote the Raman and infrared 
active vibrations, respectively. 

steric hindrance in the G G ' sequence of the O C - G - O C 
part is expected to be smaller than that in the former 
case. The observed and calculated frequencies in the 
600—250 c m - 1 region are compared in Fig. 3. 

A comparison between the observed spectra and the 
calculated frequencies indicates that the T G T form 
exists in the crystalline state. I t should be noted that 
some of the low-frequency vibrations give frequencies 
depending to some extent on the state and the spectro­
scopic measurement. Namely, the infrared bands at 
338 and 307 c m - 1 in the crystalline state correspond to 
the infrared bands at 325 and 295 c m - 1 , respectively, 
in the glassy state and the R a m a n bands at 585 and 
326 c m - 1 in the crystalline state correspond to the 
infrared bands at 569 and 338 cm - 1 , respectively. 

The infrared spectrum in the glassy state shows that 
the T G T , T T T , and T G G forms coexist in this state. 
T h e glassy state for R a m a n measurements could not be 
obtained, since the liquid sample enclosed in an ampoule 
cell turns quickly into crystal even when it is put into 
liquid nitrogen for rapid cooling. In the glassy-state 
infrared spectrum, many bands appear in addition to 
the bands which have been assigned to the T G T form. 
Of these, the infrared band at 512 c m - 1 is also observed 
in the infrared spectrum of the liquid state, but not 
observed in the R a m a n spectrum of this state. O n the 
other hand, the R a m a n band observed at 396 c m - 1 in 
the liquid state is missing in the infrared spectrum of 
this state. These bands are reasonably assigned to the 
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TGT m Sr 

1050 { c m -1) 900 

Fig. 4. Liquid-state Raman spectra at room and lower 
temperatures and liquid- and glassy-state infrared spe­
ctra of 2,5-dioxahexane in the 1050—900 cm - 1 region, 
a: Liquid (R, room temperature), b : liquid (R, 
— 60°C), c: liquid (IR, room temperature), d: glass 
(IR, near liquid nitrogen temperature). 
For the TTT form, the open and filled circles denote 
the Raman and infrared active vibrations, respec­
tively. 

T T T form which has the center of symmetry. Other 
additional frequencies such as 540 and 349 c m - 1 are 
well explained by the calculated frequencies of the T G G 
form. 

In the liquid state, the observed spectra are explained 
by the coexistence of the T G T , T T T , T G G , and T T G 
forms. T h e R a m a n bands at 483 and 440 c m - 1 and the 
corresponding infrared bands at 485 and 445 c m - 1 

appear in the liquid state. These frequencies agree well 
with the calculated frequencies of the T T G form. The 
existence of other forms is not proved, since their 
frequencies and the R a m a n and infrared activities are 
not consistent between the calculated results and the 
spectral observations. 

T h e liquid-state R a m a n spectra at room and lower 
temperatures and the liquid- and glassy-state infrared 
spectra in the 1050—900 c m - 1 region are shown in 
Fig. 4. These spectra also prove the coexistence of the 
T G T , T T T , and T G G forms in the glassy state and of 
the T G T , T T T , T G G , and T T G forms in the liquid 
state. T h e R a m a n bands at 1032 and 1022 cm" 1 and 
the infrared bands at 1039 and 1026 c m - 1 in the glassy 
state are assigned to the T G T form, the R a m a n band 
at 996 c m - 1 and the infrared band at 943 c m - 1 in the 
glassy state to the T T T form, the R a m a n band at 985 
c m - 1 and the infrared band at 988 c m - 1 to the T G G 
form, and the R a m a n bands at 970 and 923 c m - 1 and 

^—.—L^UJMI 
1600 12ÖÖ 60Ö~^ « 

Wavenumber (cm"1 ) 
tar 

Fig. 5. Raman spectra of 2,5-dithiahexane. 
a: Liquid (80 °C), b : liquid (room temperature), 
c : crystal (liquid nitrogen temperature). 
The symbols are explained in the caption of Fig. 1. 
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Fig. 6. Infrared spectra of 2,5-dithiahexane. 
a: Liquid (room temperature), b : crystal. 
The symbols are explained in the caption of Fig. 1. 

the additional infrared bands at 971 and 923 c m - 1 in 
the liquid state to the T T G form. The temperature 
dependence of the liquid-state R a m a n spectra and the 
non-existence of the T T G form in the glassy state near 
the liquid nitrogen temperature indicate that the 
rotational isomers become less stable in the order of the 
T G T , T T T , T G G , and T T G forms. 

In the gaseous state, the spectra have essentially the 
same number of bands as in the liquid state (Figs. 1 
and 2). However, in contrast with the liquid-state 
spectra, the R a m a n intensity of the 822 c m - 1 band is 
stronger than that of the 848 c m - 1 band in the gaseous 
state. The infrared intensity of the 868 c m - 1 band, 
which is observed as a shoulder of the 852 c m - 1 band in 
the liquid state, increases in the gaseous state. These 
spectral changes are related to the polarity of the 
molecules as will be mentioned later. The gaseous-state 
spectra are explained by the coexistence of the T G T , 
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TABLE 1. OBSERVED FREQUENCIES AND VIBRATIONAL ASSIGNMENTS OF 2,5-DIOXAHEXANE 

Observed frequency (cm4)1 

Gas 

R 

1460 M, vb 

1309 W 

1285 W 

1270 VW, sh 

1255 VW, sh 

1160VW, sh 

IR 

1460 M, vb 

1396 VW, b 

1372 W 
1365 W 

1340VW 

1300 W, b 

1256 W 

1204 M 

1192W, sh 

1155W, sh 

Liquid 

R 

1470 M, b 

1450 VS, b 

1410 VW, sh 

1395 VW, sh 

1365 VW 

1301 W 

1285 W 

1270VW,sh 

1250 VW 

1208 VW 

1195VW, sh 

1155 VW, sh 

IR 

1490 VW, sh 
1479 W, sh 
1468 M, sh 
1460 M, sh 

1459 M 

1451 M, sh 
1439 W, sh 

1407 VW 

1393 VW 

1365 M 

1338 VW 

1306 W 

1286 W 

1256 W, sh 
1247 M 

1210 S, sh 

1195VS 

1160 S, sh 

Glass 

IR 

1485 W, sh 
1478 M 
1468 M 
1462 M 
1459 M, sh 
1457 M 
1451 M, sh 
1440 W, sh 

1415 W 

1370 M 

1347 VW 

1313 VW 

1290 M 

1250 S 

1204 S 

1164 M 

Crystal 

R 

1492 VS 
1472 VW 

1461 S 

1453 W, sh 

1438 VW 

1417 VW 

1370 VW 

1288 M 

1244 W 

1202 VW 

1171 W 

IR 

1475 M 
1464 S 

1458 M, sh 

1450 VW, sh 
1435 VW 

1411 VW 

1366 S 

1286 M 

1247 S 
f 1208 M 
11202 S 

1174W 

1171 W 

Assignment1^ 

1125 VW, sh 

1145 W 1142 VS, sh 

1132VS 

1118VS, sh 

1108 M, sh 

1095 M, sh 

1138W 

1131 W 

1108VW, sh 

1092 VW 

1080 W, sh 1078 VW, sh 

1058 VW 

1035 VW 

1020 VW 

990 M, b 

848 M 

1038 M, b 

990 W, b 

940 W 

868 M 

852 W, sh 

1063 VW 

1053 VW 

1032 VW, sh 

1022 W 

996 W 
985 W 
970 W, sh 

936 VW 

923 VW 

848 VS 

1140 VS, sh 

1130VS, sh 

1122VS,sh 

1106VS 

1092 S, sh 

1080 M, sh 

1055 VW, sh 

1037 M, sh 

1028 S 

985 M 
971 W, sh 
938 M 

923 W 
868 M, sh 

852 S 

1140 VS 

1122 W, sh 

1106 VS 

1080 W, sh 

1039 S 

1026 M 

988 VW 

943 VW 

1131 M 

J1102W 
11095 VW 

1036 M 

1026 M 

1137S 

1100VS 

1080 W 

1037 M 

1028 M 

858 VS 857 VS 858 VS 

CH2 scis 
GH2 scis 
CH3 ip-d-deform 
CH3 ip-d-deform 
CH3 s-deform 
CH3 s-deform 
CH3 op-d-deform 
Origin unknown 
CH2 wag (TGT, 
TTT) 
CH2 wag (TGG, 
TTG) 
CH2 wag (TGG) 
CH2 wag (TGT) 
CH2 wag (TTT, 
TTG) 
CH2 twist (TGG, 
TTG) 
CH2 twist (TGT) 
CH2 twist (TTT, 
TTG) 
CH2 twist (TGG) 
CH2 twist (TGT) 
CH3 ip-rock (TGT, 
TTT, TGG, TTG) 
CH3 ip-rock (TGG) 
CH3 op-rock (TGT, 
TTT, TGG, TTG) 
CH3 op-rock (TGT, 
TTT, TGG, TTG) 
CC stretch (TTG, 
TTT) 
CC stretch (TGT, 
TGG) 
CO stretch (TTT) 
CH2 rock (TGG, 
TTG) 
CO stretch (TGT) 

CH2 rock (TGT, 
TTT), CO stretch 
(TTG) 
CO stretch (TTT) 
CO stretch (TGG, 
TTG) 
CO stretch (TGT) 
CO stretch (TGT, 
TGG) 
CO stretch (TTT) 
CO stretch (TGG) 
CO stretch (TTG) 
CO stretch (TTT) 
(365 c m - ^ 
568 cm-1) 
CO stretch (TTG) 
CO stretch (TGG) 
CO stretch (TGT), 
CH2 rock (TGT, 
TGG) 
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Ga 

R 

822 M 

565 VW, sh 
540 VW 

490 VW 
451 VW 
425 VW, sh 
390 M, sh 

365 VS 

Y. OGAWA, 

s 

IR 

823 W, sh 

540 VW, b 

M. OHTA, M. SAKAKIBARA, H. 

TABLE 1. 

MATSUURA, I. 

(Continued) 

Observed frequency (cm -1)1 ' 

Liquid 

R 

822 W 

568 VW 
540 W 

483 VW 
440 VW 
420 VW, sh 
396 W 

365 S 

352 W, sh 
326 VW, sh 

280 VW, b 

IR 

823 W 

568 VW 
539 VW 
513 VW 
485 VW 
445 VW 
420 VW 

360 VW 

352 VW, sh 

Glass 

IR 

822 VW 

571 VW 
540 VW 
512 VW 

368 VW 

349 VW 
325 VW 
295 VW 
275 VW, sh 

HARADA, 

R 

585 VW 

370 M 

326 VW 

267 VW 
205 W 
136 S 
115 S 
90 VW 
76 VW 

and T. SHIMANOUCHI [Vol. 50, No. 3 

Crystal 

IR 

569 VW 

370 VW 

338 VW 
307 VW 

262 VW 

/ 

Assignment1^ 

CH2 rock (TTG, 
TTT) 
OCC deform (TGT) 
OCC deform (TGG) 
COC bend (TTT) 
COC bend (TTG) 
OCC deform (TTG) 
COC bend (TGG) 
OCC deform (TTT) 
COC bend (TGT, 
TTG) 
COC bend (TGG) 
COC bend (TGT) 
OCC deform (TGT) 
OCC deform (TGG) 

Torsions (TGT) 
> and lattice 

vibrations 

a) VS: very strong, S: strong, M: medium, W: weak, VW: very weak, vb: very broad, b : broad, sh: shoulder. 
The broadness of the band shapes in the gaseous state does not always allow us to correlate the individual bands 
in the liquid state to those in the gaseous state. Only approximate correlations are made in such cases and in 
other cases of similar situations, b) The band is assigned preferentially to the isomer(s) given by boldface. For 
the notation and definition of the local symmetry coordinates, see Ref. 11. 

TTG 
TGG 
GGG 
TTT 
GTG 
TGT 
TGG' 
GGG' 

600 500 

GTG' 

200 800 600 500 200 
WavenumberfcrrH) 

Fig. 7. Comparison of the observed and calculated 
frequencies of 2,5-dithiahexane in the 875—200 cm - 1 

region. 
a: Liquid, b : crystal. 
The symbols are explained in the caption of Fig. 1. 
For the forms which have the center of symmetry, 
the open and filled circles denote the Raman and 
infrared active vibrations, respectively. 

T T T , T G G , and T T G forms similar to the liquid state. 
2,5-Dithiahexane CHZSCH2CH2SCHZ. This molecule 

has ten possible rotational isomers like the case of 2,5-
dioxahexane. Of these, the G G ' G form is rejected 
because of the reason stated for 2,5-dioxahexane. The 
observed and calculated frequencies in the 900—200 
c m - 1 region are shown in Fig. 7. 

In the crystalline state, the R a m a n and infrared 
spectra are quite different from each other and the 
mutual exclusion rule holds as shown in Fig. 7. The 
T T T and G T G ' forms are the possible candidates, since 
they possess the center of symmetry. Figure 7 shows 
that the calculated frequencies of the G T G ' form are 
in good agreement with the observed frequencies of the 
crystalline state. T h e R a m a n and infrared activities 
expected for each vibration of this molecular form are 
also consistent with the spectral observations. 

In the liquid state, the observed spectra are explained 
by the coexistence of the G T G ' , T T T , T T G , T G G , and 
G G G forms. Many bands appear in this state in addition 
to those existing in the crystalline state. As seen from 
Fig. 7, the R a m a n band at 268 c m - 1 and the infrared 
band at 395 c m - 1 are assigned to the T T T form, the 
R a m a n bands at 714,348, and 300 cm- 1 to the T T G 
form, the R a m a n bands at 650, 435 and 250 c m - 1 and 
the infrared band at 435 c m - 1 to the T G G form, and 
the R a m a n bands at 636 and 420 c m - 1 and the infrared 
bands at 418 and 330 cm" 1 to the G G G form. 

T h e existence of the G T G form is uncertain, since 
all of its calculated frequencies are almost coincident 



March, 1977] Rotat ional Isomerism of C H 3 X C H 2 C H 2 F C H 3 (X, Y=0 or S) 

T A B L E 2. OBSERVED FREQUENCIES AND VIBRATIONAL ASSIGNMENTS OF 2,5-DITHIAHEXANE 

655 

Observed frequency (cm- 1 ) 4 ' 

Liquid 

R 

1439 VW, sh 

1428 V W 

1415 V W , sh 

1322 V W 

1284 V W 

1270 V W sh 1 A / V V TT j iJl-l 

1209 V W 

1190VW 
1181 V W 

1135VW 

1045 V W , sh 
1036 VW, sh 

1024 V W 

1010 V W 
976 VW, sh 

970 V W sh <J / \J V TT j O i l 

960 V W 

845 V W 

775 VW, sh 
765 M 

735 W, sh 

725 M , sh 

714S 
700 VS 

687 W, sh 

661 V W 

650 W 

636 V W 

435 V W 

420 V W 

348 VW, sh 

I R 

1436 VS, sh 

1432 VS 

1425 VS 

1323 W 

1286 W, sh 

1272 S 

1206 VS 

1181 V W , sh 

1134 M 

1120W, sh 
1096VW, sh 

1034 V W , sh 

1024 VW, sh 
1010W 
976 W, sh 

960 S 

915 V W 
844 V W 

736 M 

727 V W sh / A / V T T . O i l 

684 M 

649 V W 

435 V W 

418 V W 

395 V W , sh 

372 VW, sh 

Cr 

R 

1436 V W , sh 

{1432 V W 
\1425 V W 

{1415 V W 
\1402 V W 

1325VW 

1290 V W 

1270 V W 

{1026 V W 
11010 V W 

965 V W 

958 V W 

764 M , sh 

700 VS 

ystal 

I R 

1437 VS 

1432 VS, sh 

J 1 4 2 4 M , sh 
11412 M 

J1326VW 
11316 V W 

1262 V W 
1210 S 

1136 M 

968 S 

964 S 

738 S 

727 S 

680 S 

372 V W 

Assignment1^ 

C H 3 ip-d-deform 

C H 3 ip-d-deform 

C H 3 op-d-deform 

C H 3 op-d-deform 

C H 2 scis 

C H 2 scis 

C H 3 s-deform 

C H 3 s-deform, C H 2 wag (TGG, GGG) 

C H 2 twist (GTG', T T T ) 
C H 2 twist (TTG) 

C H 2 wag ( G T C , T T T ) 
C H 2 wag ( T T G ) , C H 2 twist (TGG, GGG) 
Origin unknown 
C H 2 wag (GTG', T T T ) 

C H 2 wag (GTG) 
C H 2 wag (TTG) 
C H 2 wag (TGG, GGG) 
C H 2 twist (GTG', T T T ) 
C H 2 twist ( T T G , T G G , GGG) 
Origin unknown 
Origin unknown 
C C stretch (TTT) 
C C stretch (TTG) 

C C stretch (GTG') 

C C stretch (TGG) 
C C stretch (GGG) 
C H 2 rock (TTG, T T T ) , C H 3 ip-rock (TGG, GGG) 
C H 3 ip-rock (GTG', T T G , T T T ) 
C H 3 ip-rock (GTG', T T G , T G G , GGG, T T T ) 
C H 3 op-rock (GTG', T T G , T G G , GGG, T T T ) 
C H 3 op-rock (GTG', T T G , T G G , GGG, T T T ) 
C H 2 rock (GGG) 
C H 2 rock (TGG, GGG) 

CS stretch (TTG) 
CS stretch (GTG', T T T ) , C H 2 rock ( T T T ) 
CS stretch (GTG', T T T ) , C H 2 rock (TTG) 
CS stretch (TTG) 
C H 2 rock (GTG') 
CS stretch (TGG, GGG, T T T ) 
CS stretch (TTG) 
CS stretch (GTG') 

CS stretch (TTG) 
CS stretch (GTG', T T T ) 

CS stretch (TGG, GGG) 

CS stretch (TGG) 

CS stretch (GGG) 

SCC deform (TGG) 

SCC deform (GGG) 

CSC bend (TTT) 

Origin unknown 
CSC bend (TTG) 

file:///1425
file:///1402
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TABLE 2. (Continued) 

Observed 

Liquid 

R 

339 VW 

311 VW, sh 

300 VW 
295 VW, sh 
268 VW, sh 
250 W 

245 VW, sh 
230 W 

IR 

330 VW 

309 VW 

278 VW 

frequency (cm-1) 

R 

339 VW 

250 VW 

228 W 

a) 

Crystal 

IR 

306 VW 

Assignment^ 

CSC bend (GTG7) 
CSC bend (GGG) 
CSC bend (TGG) 
CSC bend (GTG') 
CSC bend (TTG) 
CSC bend (GGG) 
SCC deform (TTT) 
CSC bend (TGG) 
Origin unknown 
SCC deform (TTG) 
SCC deform (GTG'), CSC bend (TTT) 

199 VW 
145 VW 
112 VW 
105 VW, sh 
84 VW 
61 VW 
46 VW 

Torsions (GTG') and lattice vibrations 

a), b) See a) and b), respectively, of Table 1. 

L A J J - ^ A J I 1) 
1600 1200 400 

lOoL a 

100 

100 

1500 1000 
Wavenumber(cm-1 ) 

500 200 

800 
Wavenumber (cm-1 ) 

Fig. 8. Raman spectra of 2-oxa-5-thiahexane. 
a : Liquid (room temperature), b : glass (liquid nitrogen 
temperature), c: crystal (liquid nitrogen temperature). 
The symbols are explained in the caption of Fig. 1. 

with those of the G T G ' form. However, the existence 
of the G T G form may not be ruled out, since the spacial 

wavenumDericnr' ; 

Fig. 9. Infrared spectra of 2-oxa-5-thiahexane. 
a: Liquid (room temperature), b : glass, c: crystal. 
The symbols are explained in the caption of Fig. 1. 

steric repulsions in this form are not much larger than 
those in the G T G ' form. I t is not probable that the 
T G T , T G G ' , and G G G ' forms exist in the liquid state, 
since no bands are observed around their characteristic 
frequencies in the region 460—475 cm - 1 . 

As temperature is lowered in the liquid state, the 
R a m a n intensities of the bands assigned to the G T G ' 
form increase relative to those of other bands (Fig. 5). 
Thus the G T G ' form is found to be the most stable in 
the liquid state. 

2-Oxa-5-thiahexane CH3OCH2CH2SCH3. This 
molecule has fourteen possible rotational isomers as 
listed in Table 1 of Part I of this series.2) T h e existence 
of the G G ' G form can be again rejected because of the 
very large steric hindrance. Figure 10 shows the 
observed and calculated frequencies in the 1000—200 
c m - 1 region. 

T h e spectra in the crystalline state show that the 
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TABLE 3. OBSERVED FREQUENCIES AND VIBRATIONAL ASSIGNMENTS OF 2-OXA-5-THIAHEXANE 

R 

Liquid 

IR 

Observed frequency (cm 4 ) 1 ' 

Glass 

R IR R" 

Crystal 

IR 

Assignment13) 

1480 VW 
1465 VW, sh 

1455 W, sh 

1449 M 

1431 M 

1410W 
1390 VW 
1375 VW, sh 

1327 VW 

1305 VW 
1290 VW, sh 
1283 VW 
1255 VW, sh 
1245 VW 

1215 VW, sh 

1190 VW, sh 
1180 VW 
1158 VW 
1130VW,sh 
1120 VW 
1110 VW, sh 
1100 VW, sh 
1055 VW 
1045 VW, sh 
1028 VW, sh 
1015 VW 
1005 VW, sh 
980 VW, sh 

968 VW, sh 

961 VW 

945 VW, sh 
920 W 
815 VW 
793 VW 
778 VW, sh 
765 VW, sh 
758 VW, sh 
729 S 
720 VW 
703 VS 
685 W 
664 S 
520 VW 
509 VW 
468 VW 
441 VW 
363 W 
340 VW, sh 

335 VW 

1480 S, sh 
1465 S, sh 
1460 VS 
1455 VS, sh 
1449 VS 
1432 VS 
1420 S, sh 
1405 S 
1382 S 
1373 M, sh 

1325 M 

1304 M 
1290 S 
1281 W, sh 

1247 M 

1218 S 

1196VS 
1180VS 
1156VS 
1135VS 
1122VS 
1113VS 
1098 S 
1055 M, sh 
1046 S 

1012 S 
1000 M, sh 
980 S, sh 

968 S 

964 S 

959 S 

945 S 
918 S 
814 VW 
792 W 
773 W 

760 VW, sh 

727 VW 
720 VW, sh 
702 W 
682 VW 
661 W 
520 VW, sh 
503 VW 
464 VW 
438 VW 
359 VW 
340 VW 

335 VW, sh 

1484 W 
1465 VW, sh 
1460VW,sh 
1449 W 
1444 W, sh 

1427 VW 

1405 VW, sh 

1380 W 

1324 VW 

1301 VW 
1290 VW, sh 
1283 VW 

1249 VW 

1218 VW 

1195VW 
1176VW 
1158VW 

1120VW, sh 
1110VW 
1096 VW, sh 
1055 VW 
1045 VW 
1028 VW, sh 
1015 VW 
1005 VW 
980 VW, sh 

968 VW, sh 

959 W 

945 VW, sh 
914 VW 
818 VW 
793 VW, sh 
778 VW 
762 VW 
758 VW, sh 
728 W 
720 VW, sh 
702 VS 
687 VW 
665 W 
520 VW 
509 VW 
470 VW 
435 VW 
364 W 
340 VW, sh 

335 VW 

1477 W 
1465 VW 
1460 W 
1449 W, sh 
1444 W 
1435 W 
1420 W, sh 
1405 VW, sh 
1380 W 
1373 VW, sh 

1324 W 

1307 VW 
1290 W 
1283 W, sh 

1246 W 

1218 M 

1193 M 
1178W 
1156W 
1135W, sh 
1120 S, sh 
1110VS 
1092 M, sh 
1055 W, sh 
1047 M 

1013M 
1005 M, sh 
980 M, sh 

970 M, sh 

964 S 

956 S 

945 M, sh 
915W 
816 VW 
792 W, sh 
778 W 

760 W 

726 VW 
719 VW, sh 
700 W 
683 VW 
660 VW 
519 VW, sh 
509 VW 
465 VW 
433 VW 
360 VW 
340 VW, sh 

335 VW 

1484 VW 
1466 VW 
1453 VW 
1450 VW, sh 
1444 VW, sh 
1431 VW, sh 
1426 VW 

1383 VW 

1322 VW 

1284 W 

1245 VW 

1208 VW, sh 

1198VW 

1160VW 

1107VW 

1056 VW 

974 VW 

961 M 

948 VW 

785 W 

764 M 

701 VS 

441 VW 
363 W 

1480 W 
1467 W 
1453 W 
1449 W 
1444VW, sh 
1432 W 
1424 VW 

1381 M 

1321 W 

1286 VW 

1246 VW 

1209 VW 

1196 M 

1158W 

1111 VS 

1055 M 

973 M 

962 M, sh 

960 M 

948 M 

783 M 

764 M 

701 M 

436 VW 
363 VW 

CH2 scis 
CH3 ip-d-deform 
CH3 s-deform 
CH3 op-d-deform 
CH3 ip-d-deform 
CH3 op-d-deform 
CH2 scis 
CH2 wag (TGG, TGT) 
CH2 wag (TTG, TTT) 
CH2 wag (GTG or GTG') 
CH3 s-deform (TTG, TGG, 
TGT, TTT) 
GH2 twist (GTG or GTG') 
CH2 twist (TGG, TGT) 
CH2 twist (TTG, TTT) 
CH2 wag (TGG) 
CH2 wag (TTG, TGT, TTT) 
CH2 twist (TTG, TTT), 
CH3 ip-rock (TGG, TGT) 
CH3 ip-rock (TTG, TTT) 
CH2 twist (TGG, TGT) 
CH3 op-rock (TTG, TTT) 
CH3 op-rock (TGG, TGT) 
CO stretch (TGG, TGT, TTT) 
CO stretch (TTG) 
CO stretch (GTG or GTG') 
CC stretch (TTG, TGT, TTT) 
CC stretch (TGG) 
Origin unknown 
CH2 rock (TGT) 
CH2 rock (TGG) 
CH2 rock (TTG, TTT) 
CH3 ip-rock (TGT), CO stretch 
(TTT) 
CO stretch (TTG, TGT), 
CH3 ip-rock (TGG, TTT) 
CH3 ip-rock (TTG, TGT, 
TTT), CO strech (TGG) 
CH3 op-rock (TTG, TGG) 
CO stretch (GTG or GTG') 
CH2 rock (TGT, TTT) 
CH2 rock (TTG, TGG) 
CS stretch (GTG or GTG') 
CS stretch (TTG) 
CS stretch (TTT) 
CS stretch (TGG, TGT) 
CS stretch (TTT) 
CS stretch (TTG) 
CS stretch (TGT) 
CS stretch (TGG) 
OCC deform (TGT) 
OCC deform (TGG) 
COC bend (TTT) 
COC bend (TTG) 
OCC deform (TTG) 
OCC deform (TTT) 
COC bend (TGG, TGT), CSC 
bend (TGG) 



658 Y. OGAWA, M. OHTA, M. SAKAKIBARA, H. MATSUURA, I. HARADA, and T. SHIMANOUCHI [Vol. 50, No. 3 

TABLE 3. (Continued) 

Observed frequency (cm-1)*) 

Liquid Glass Crystal Assignment1^ 

R IR R IR R IR 

303 VW 
290 VW, sh 
281 W 
265 VW, sh 
243 W 
228 VW, sh 

300 VW, sh 

285 VW 

303 VW, sh 

285 VW 

245 VW 

300 VW, sh 

280 VW 281 W 

248 VW 

218 VW 
184 VW, sh 
176VW 
152 VW, sh 
144 VW 
113W 
103 VW, sh 
90 VW, sh 
85 W 
73 W 
54 VW 
33 VW 

285 VW 

CSC bend (GTG or GTG') 
CSC bend (TGT) 
CSC bend (TTG) 
CSC bend (TTT) 
Origin unknown 
CH3 torsion (TGG, TGT, TTT) 

[ SCC deform (TTG), torsions 
TTG) and lattice vibrations 

a), b) See a) and b), respectively, of Table 1. 

R 

GTT 
GGT 
TGG1 

GG7 
GGG 
GGG* 
GGG' 

IR 

a 

OOD O 
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Fig. 10. Comparison of the observed and calculated frequencies of 2-oxa-5-thiahexane in the 1000—200 cm-1 region, 
a: Liquid, b : glass, c: crystal. 
The symbols are explained in the caption of Fig. 1. The filled circles denote the CS stretching vibrations. 

T T G form exists. In the liquid state, the spectra have 
essentially the same number of bands as in the glassy 
state. T h e glassy- and liquid-state spectra are explained 
by the coexistence of the T T G , T T T , T G T , and T G G 
forms. One or both of the G T G and G T G ' forms also 
exist in these states. In the liquid and glassy states, 
many bands appear in addition to those existing in the 
crystalline state. Of these bands observed in the liquid 
state, the R a m a n bands at 720, 468, and 265 c m - 1 and 
the infrared band at 464 c m - 1 are assigned to the T T T 

form, the R a m a n bands at 687 and 520 c m - 1 and the 
infrared bands at 683 and 519 c m - 1 to the T G T form, 
the R a m a n bands at 665 and 509 c m - 1 and the infrared 
bands at 660 and 509 c m - 1 to the T G G form, and the 
R a m a n bands at 914 and 303 c m - 1 and the infrared 
bands at 915 and 300 cm" 1 to one or both of the G T G 
and G T G ' forms. 

Each of the GGT, GGG, G G ' T , GGG' , and GG 'G ' 
forms has a characteristic frequency in the region 385— 
410 cm - 1 . The weak R a m a n band at 400 c m - 1 and the 
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TABLE 4. ROTATIONAL ISOMERISM OF THE MOLECULES TREATED IN THIS WORK 

659 

Gas 
Liquid 

Glass 

Crystal 

CH,OCH9CH,OCH„ C r i a o C r i » C H »o G r i •> CH,OCH,CH,SCHq 

TGT TTT TGG TTG 
TGT TTT TGG TTG 

TGT TTT TGG 

GTG' TTG TGG GGG TTT GTG 

TGT GTG' 

a> 
TTG TGT TGG TTT 
GTG or GTG' (GTT) 
(GGT) (TGG') (GG'T) 
(GGG) (GGG') (GG'G') 
TTG TGT TGG TTT 
GTG or GTG' (GTT) 
(GGT) (TGG') (GG'T) 
(GGG) (GGG') (GG'G') 

TTG 

The isomers given by boldface are confirmed to exist. The existence of the isomers in parentheses 
is uncertain. For more details, see text, a) Spectral measurements were not made. 

weak infrared band at 395 c m - 1 are observed in the 
liquid-state spectra. However, these bands are attr ibuted 
at least in part, to an impurity, because the R a m a n 
intensity of this band in the liquid state of the distillate 
with bp 135—136 °C is much stronger than that of the 
distillate with bp 134—135 °C. Since these bands are 
much weaker than those assigned to the T T G , T T T , 
T G T , T G G , and G T G or G T G ' forms, the populations 
of the G G T , GGG, GG 'T , GGG' , and G G ' G ' forms, 
if they exist, are much smaller than those of the former 
ones. T h e existence of the G T T and T G G ' forms is 
uncertain, since all of their calculated frequencies are 
almost coincident with those of the other forms mention­
ed above. 

As temperature is lowered in the liquid state, the 
Rama n intensities of the bands assigned to the T T G 
form increase relative to those of the bands assigned to 
the other forms. Accordingly, the T T G form is the 
most stable in the liquid state. 

Rotational Isomerism. In Table 4, the rotational 
isomerism of the three compounds treated in this work 
is summerized. 

The vibration spectra of 2,5-dioxahexane have been 
studied by several investigators.3-5) Snyder and Zerbi4) 
concluded that the T G T form exists in the crystalline 
state and the T G T , T T T , and other forms in the glassy 
and liquid states. Iwamoto5) indicated the existence 
of the T G G and T T G forms in addition to that of the 
T G T and T T T forms in the liquid state on the basis 
of the comparison of the infrared spectra of pure liquid, 
liquid containing HgCl2 and crystalline complex with 
HgCl2 . In the present work, these conclusions were 
further confirmed and the relative stabilities among 
the rotational isomers were determined. 

T h e rotational isomerism of 2,5-dithiahexane has been 
discussed by Hayashi et a/.6) They found that the G T G ' 
form exists in the crystalline state and the G T G ' and 
GGG forms in the liquid state. T h e present work shows 
that in addition to these two forms the T T T , T T G , and 
T G G forms also exist in the liquid state. T h e isomerism 
of 2-oxa-5-thiahexane has first been studied in the 
present work. 

The following results were obtained for the three 
compounds studied in this work in common. (1) T h e 
molecular form existing in the crystalline state is a 
non-extended form, in contrast with the cases of the 

unbranched ethers or sulfides containing one oxygen or 
sulfur a tom which take the extended all-trans form.1»2) 
(2) M a n y forms coexist in the gaseous, liquid and glassy 
states. (3) T h e form existing in the crystalline state is 
the most stable in the liquid state. 

D i s c u s s i o n 

In a previous paper,2) the following results were report­
ed for unbranched ethers containing one oxygen. (1) 
About the C O - C G axis, the trans conformation is more 
stable than the gauche conformation. (2) About the 
O C - C C axis, the gauche conformation is as stable as the 
trans conformation. (3) T h e repulsive force between 
nonbonded hydrogen atoms is one of the important 
factors influencing the stability of these conformations. 

In the crystalline state, 2,5-dioxahexane exists in the 
T G T form which has the gauche conformation about 
the O C - G O axis. This form is also the most stable in 
the liquid state. These results are consistent with those 
obtained for the one-oxygen containing ethers mentioned 
above. 

In addition to the stabilizing factor with regard to the 
repulsive force between the nonbonded hydrogen atoms 
in the T G T form, the dipole moment is suggested to be 
another important factor to stabilize this form in the 
crystalline and liquid states. For 2,5-dioxahexane, the 
observed frequencies for the same molecular vibrations 
are appreciably different between the R a m a n and 
infrared spectra in the crystalline state and between 
the infrared spectra in the crystalline and glassy states. 
T h e magnitudes of these frequency differences are much 
larger than those for the one-oxygen containing ethers.2) 
These spectral observations may be due to the effect 
of dipole moment . 

In the liquid state, as compared with the case in the 
gaseous state, polar molecular forms are more stabilized 
than non-polar forms.12) I n fact, as shown in Fig. 1, the 
intensities of the bands assigned to the T G T form (polar 
form) increase in the liquid state as compared with the 
gaseous state. However, the details in this point are 
left to be studied. 

In connection with the T G T form of 2,5-dioxahexane 
in the crystalline state, it is important to examine the 
structure of polyether.7-8) I t has been shown that 
poly (oxy ethylene) ( -OCH 2 CH 2 - ) „ and poly(oxytri-
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methylene) ( -OCH 2 CH 2 CH 2 - ) M have several crystal 
modifications. In the most stable crystal modification, 
the molecule takes the T G T conformation for the series 
of O - G - G - O bonds in the former polymer and the 
T G G T conformation for the series of O - C - C - G - O 
bonds in the latter polymer. In other modifications, the 
poly(oxyethylene) molecule takes the T T T conforma­
tion, and the poly (oxy trimethylene) molecule takes the 
T T G T T T G ' T and ( T T T T ) 2 conformations for the 
series of O - C - C - C - O - C - C - C - O bonds. T h e stabilizing 
factors for the T G T conformation of 2,5-dioxahexane 
are thus found to be strongly correlated to those of the 
T G T conformation of poly (oxy ethylene) and the T G G T 
conformation of poly (oxy trimethylene). 

In a previous paper,1) the following results were 
reported for the one-sulfur containing sulfides. (1) 
About the C S - C C axis, the gauche conformation is 
slightly more stable than the trans conformation. (2) 
About the SG-GG axis, the gauche conformation is as 
stable as the trans conformation. (3) The repulsive 
force between nonbonded hydrogen atoms is an impor­
tant factor influencing the conformational stability. 

In the crystalline state, 2,5-dithiahexane exists in the 
G T G ' form which has the gauche conformation about 
the two CS-CG axes. This form is also the most stable 
in the liquid state. These results are consistent with 
those obtained for the one-sulfur containing sulfides 
mentioned above. 

T h e 2,5-dithiahexane molecule corresponds to the 
monomer unit of poly(thioethylene) ( -SGH 2 CH 2 - ) M . 
Accordingly, the conformation of 2,5-dithiahexane 
in the crystalline state must be closely related to the 
chain conformation of poly(thioethylene). In fact, 
the poly(thioethylene) molecule takes the G T G ' G ' T G 
conformation for the series of S - C - C - S - C - G - S bonds 
according to the X-ray diffraction studies by Tadokoro 
et a/.9) 

From the results for the unbranched ethers and sulfides 
stated above, the stable conformations of 2-oxa-5-
thiahexane are expected to have the following factors. 
(1) About the C O - C C axis, the trans conformation is 
more stable than the gauche conformation. (2) About 
the O C - C S axis, the gauche conformation is as stable as 
the trans conformation. (3) About the C C - S C axis, the 
gauche conformation is slightly more stable than the trans 
conformation. 

In the present study, 2-oxa-5-thiahexane was found 
to take the T T G form in the crystalline state. Most 
of the bands observed in the liquid state are explained 
by the existence of the four forms of T T G , T T T , T G T , 
and T G G , of which the T T G form is the most stable. 
These results are in good agreement with the above 
points for the stable conformations of this molecule. 

In the present normal vibration calculations, 107 
force constants were used for 2-oxa-5-thiahexane. 
However, the majority of the force constants was assumed 
to be the same as the corresponding force constants 
for the unbranched ethers and sulfides treated previ­

ously, 1,2> and only nine force constants characteristic 
of this molecule were determined by the least-squares 
method. T h e vibrational frequencies calculated from 
these force constants were indeed accurate enough to 
predict the rotational isomerism of this molecule. 

Through the previous1-2) and present studies on the 
vibration spectra and rotational isomerism of the 
unbranched ethers and sulfides, the following conclusions 
are drawn. (1) T h e force constants determined in these 
studies are satisfactorily transferable to similar molecules. 
(2) T h e conformational stabilities of the ethers and 
sulfides are consistently explained and it may be possible 
to predict stable isomers of similar molecules on the 
basis of the knowledge obtained in these studies. (3) 
T h e combined method of the systematic measurements 
of vibration spectra and the systematic normal vibration 
calculations is useful for the studies of the rotational 
isomerism of chain molecules. The measurement of 
R a m a n spectra is more important than that of infrared 
spectra. T h e former offers, without much difficulty, 
information on the low-frequency vibrations which are 
closely associated with the rotational isomerism. In 
addition, the temperature dependence of band intensities 
is more easily measured by the method of Raman 
spectroscopy. 
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V-51 and Mn-55 NMR Studies of Metal Carbonyls 
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The metal chemical NMR shifts of metal carbonyls are reported and discussed in relation to the bonding 
nature characteristic of carbonyl compounds of the M(CO)6- and Mn(CO)5X-types, where M is V or Mn, and X 
is a halogen or SCN. Theoretically evaluated chemical shift data based upon Ramsey's expression agree well 
with those observed for the M(CO)6-type carbonyls. Regarding Mn(CO)5X, the variation of the shifts for halogens 
is elucidated theoretically and revealed to be dependent upon the 7r-bonding nature between the metal and the 
halogen atom. 

The stability of organometallic complexes in low 
oxidation states has been interpreted in terms of the 
formation of the covalent bonding between the metal 
atom and ligands, such as carbon monoxide and 
tertiary phosphines. This covalent bonding may be 
divided into a-bonding and ?r-bonding parts ; the latter 
is frequently called "back bonding" or "back donation." 
T h e basicity of carbon monoxide is relatively weak1) 
and the coordination through a a-bond is not enough 
to stabilize the complexes. O n the other hand, the 
formation of the rc-bond between the unfilled antibond-
ing ^-orbital on the carbon atom and the metal d-orbitals 
(dxy , dyz, dxz) increases the double-bond character 
thereby strengthening the bonding between C O and 
the metal. Simultaneously, the back donation results 
in the dilution of the negative charge of the central 
metal, reducing the repulsive energy among the 
electrons. Cotton and Kraihanzel2) calculated the force 
constants of the C O vibrations in a model system of 
metal carbonyls where both the a- and rc-bonds were 
taken into consideration. This led Graham3) to the 
idea of the <r- and ^-parameters in the bonding of metal 
carbonyls. 

59Co and 5 5Mn N M R of metal carbonyls have been 
reported by Calderazzo et al.,*) Onaka et al.,5) and 
Bancroft et al.,6) and 1H N M R signals have been obtained 
for hydrides of metal carbonyl complexes.7) 13C N M R 
chemical shifts suggest the existence of a strong covalent 
bond between carbon and metal atoms.8) 

In order to investigate the bonding nature of metal 
carbonyls from the viewpoint of the magnetic character, 
[ V ( C O ) 6 ] - and [Mn(CO)6]+ were chosen as typical 
compounds for the present study; they are highly 
symmetric and isotropic geometrically, electronically, 
and furthermore, magnetically. The 5 5Mn chemical 
shifts of M n ( C O ) 5 X with C4v symmetry, as referred to 
below, are dependent on halogen atoms,4) reflecting the 
bonding characters of the metal carbonyl derivatives. 

The 51V and 5 5Mn chemical shifts were calculated 
using suitable molecular orbitals and the general 
formula derived by Ramsey;9-10) the latter has been 
successfully applied to the calculation of 19F chemical 
shifts by Saika and Slichter.11) 

Experimental 

Metal Carbonyl Compounds. Mn2(CO)10 and Na[V-

(CO)6] were obtained from Pressure Chemical Company and 
Strem Chemicals Inc., respectively. Other metal carbonyl 
compounds were prepared by methods described in the litera­
ture.12-19) 

NMR Measurements. 61V and 55Mn NMR spectra were 
recorded on a Varian VF-16 spectrometer at 10.55 or 7.35, 
and 11.20 MHz, respectively. 

A tetrahydrofuran or acetone solution, or a neat liquid of 
the metal carbonyls was sealed in glass tubes 15 mm in 
diameter. NMR measurements were carried out at 20°C. 

The NMR signals of 51V and 55Mn of K M n 0 4 were obtained 
in dispersion modes in order to avoid saturation. All other 
signals were recorded in absorption modes. 

For the manganese compounds, potassium permanganate 
was used as the standard compound for the shifts and for the 
vanadium compounds, vanadium oxotrichloride was employed # 

TABLE 1. CHEMICAL 

METAL 

SHIFTS A N D LINE WIDTHS OF 

CARBONYLS 

Compound 

[V(CO)6]-
[Mn(COe)]+ 

HMn(CO)5 

Mn(CO)5Cl 

Mn(CO)5Br 

Mn(CO)5I 

Mn(CO)5SCN 

Solvent 

THF 
acetone 

neat 
THF 
THF 

THF 
THF 

THF 
THF 

THF 
THF 

THF 

Shift (ppm) 

2010±5 
935±5 

2560±10 
2630a> 
2578b> 

1003±10 
1005a> 

1200±10 
1160a> 

1520±10 
1485a> 

1130±10 

Width (Oe) 
_ ~ Ô 7 i 

4.28 

2.45±0.05 
2.39a> 
2.28b> 

0.30±0.01 
0.182a> 

0.66 
0.378a> 

0.84±0.02 
0.557a> 

3.51 

* Present Address : Faculty of Pharmaceutical Sciences, 
University of Toyama, Gofuku, Toyama 930. 

a) Values from Ref. 4. b) Values from Ref. 7. 

Chemical Shift Data. The observed 51V and 55Mn chem­
ical shift data are summarized in Table 1, together with those 
reported in the literature. All compounds examined give 
signals higher than that of the reference compound. 

Calculation of the Chemical Shifts 

The symmetries of the M ( C O ) e - and Mn(CO) 5 X-type 
compounds allow their electronic structures to be 
analyzed with the aid of the molecular orbital theory. 
T h e results can be compared with photoelectron and 
ultraviolet spectra. 

T h e molecular orbitals of [ V ( C O ) 6 ] - and [Mn(CO) a]+, 
and M n ( C O ) 5 X reported by Beach and Gray20) and 
Fenske and DeKock21) were applied here to estimate the 
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chemical shifts in these compounds. 
According to Ramsey,10) the chemical shift is expressed 

by the following formula, 

a = e*/mc\0\J}(xl+yl)/4\0) 

- 2 S ( l / ( ^ , - ^ ) ) { < 0 | J K t | f l > < n | J K t 7 f J , | 0 > 

+ <oi5>yii»><»&k|o>}, (i) 
* *' 

where 
m%k = —eft/2mci(xkdfdyk—ykdjdxk) (2) 

and | 0 > and | « > denote the ground state and the n th 
excited state wave functions of the molecule, respectively, 
with E0 and En being the energies of the corresponding 
states. The other symbols have their usual meanings. 

In order to simplify the system, we assumed that only 
the d-electrons of the central atoms contribute to the 
paramagnetic term; the core electrons are assumed not 
to contribute to the matrix elements <C0\m%i\rC> and 
<0|w7?A:/rÄ

3|n>. Contribution from 4p-electrons and 
the variation of the orbital exponents caused by the 
bond formation are neglected here. 

M(CO)6-type Carbonyls. Applying Eq. 1 to the 
M(CO) 6 - type carbonyls, we obtain the following reduced 
equation for the chemical shift, 

O = CTp + <JD ( 3 ) 

aP = -8eWlm*c\l/r*yMJ}QqiAE(i,j) (4) 

aD = e*l3mc*{0/r>3iP3(l + <l/r>4sP4s 

coro 

+ <l/r>4p/>4p4-Ç<l/r>Jfc>, (5) 

where C,- is the coefficient of the i th atomic d-orbital in 
the molecular orbital of t2g or eg symmetry and <C 1 /r^>^ 
and < l / r 3 > A are the average values of 1/r and 1/r3 for 
the k th orbital, respectively. Here, we assume that the 
< / " > £ values are those of free atoms. P,- is the electron 
population of the corresponding orbital defined by 
Mulliken.22) AE{i, j) is the transition energy between 
the i th and j th levels. 

TABLE 2. CALCULATED VALUES FOR <l/r>, <l/r3>, 

A N D <(r2> IN ATOMIC UNITS 

Vanadium Manganese 
complexes complexes 

<l/r>i . 

<l/r>u 
<l/r>3s 

<l/r>48 

< 1 / ' > I P 

<l/r>.P 

<l/'>4p 

<!/'>« 
<l/r3>3d 

< r 2 > l s 

<> 2 >2 S 

< ' 2 > 3 s 

<>2>4s 

02>2p 

<' 2 >3p 

< ' 2 >4p 

<r2>z* 

22.395 
5.018 
1.507 
0.322 
4.625 
1.237 
0.191 
0.849 

2.0755 

0.0060 
0.1132 
1.0441 

14.7720 
0.0877 
1.1978 

39.0585 
3.9738 

24.385 
5.540 
1.680 
0.347 
5.075 
1.392 
0.200 
1.020 

3.2484 

0.0050 
0.0937 
0.8508 

12.5757 
0.0728 
0.9489 

36.1045 
2.7711 

O n estimating the <C.rn^>k values, the Richardson 
wave functions23) for the radical parts of the metal 
orbitals were adopted as in the treatments of the calcula­
tions of the molecular orbitals.20,21) The calculated 
values of < 1 \r^>k and < 1 jr^>k are listed in Table 2 
together with the values of <J2^>k which are used in the 
Appendix. 

For the closure approximation in this system, one 
should consider that t2„ is the highest occupied orbital 
and e„ is the lowest vacant one, and that only the 
<Ct2aljrr*leff^> a n d 'C^glm/r^leg^ components have non­
zero values. Thus, the transition energy is between the 
^ J J , and 1T l f f states. Though the electron transition 
between the t2ff and eg levels is forbidden and is masked 
in the intensive charge-transfer bands, the values of 
Ai i a v were adopted from the results obtained by Beach 
and Gray,20) employing Gaussian analysis of the elec­
tronic spectra. These values are 25500 c m - 1 for [V-
( C O ) 6 ] - and 41050 c m - 1 for [Mn(CO)6]+. 

TABLE 3. ESTIMATED CHEMICAL SHIFT VALUES FOR 

[Mn(CO)6]+AND [V(CO)6]-

Experi-

Galculated value (ppm) ^ u f 

Compound Chemi- ( p p m ) 
^ < T = i VS. 

a* aD+aP ^ KMn0 4 
or 

K3VQ4 

[Mn(C06)]+ 1915 -6102 -4187 928 935±5 
K M n 0 4 1900 -7015 -5115 
[V(CO)6]- 1718 -5993 -4275 612 1480±5 
K 3 V0 4 1708 -6595 -4887 

The results are summarized in Table 3. The chemical 
shifts for the reference compounds are estimated in the 
Appendix. * * The calculated values of CTD are in good 
agreement with those obtained by Dickinson24) in the 
Hartree-Fock approximation. Here, the following values 
are used: P 3 d = 6.37, P 4 s = 0 . 0 0 , P 4 p = 0 . 1 4 for manganese 
and P 3 d = 4 . 3 6 , P 4 s = 0 . 0 6 , P 4 p = 0 . 1 9 for vanadium.20) 

In order to further improve the approximation, one 
should consider other non-zero matrix elements between 
the more highly-excited states and the ground state. 
T h e transition energies are assumed to be the difference 
between the orbital energies of the corresponding 
molecular orbitals, which are partly quoted in Table 4. 

Thus, the paramagnetic par t of Eq. 1 becomes 

aP = -eWlmh\llr*yM{8ClgCltJAE(3eg,2t2g) 

+ *ClnClJAE(3t2g,2t2g) 

+ 8C§ttgC!eg/A£(3t2g,2eg)}, (6) 

where Q is the coefficient of the d-orbital of the molec­
ular orbitals, i denotes the symmetry of the corresponding 
orbital, and AE(i,j) is the difference in energy between 
the i and j levels. 

The values obtained are given in Table 5, and the 
non-zero terms are listed with transition energies and 
calculated o> values. T h e values of o*P are not very far 

** The signal for vanadium oxotrichloride appears at a 
value 533 ppm below that for potassium vanadate.25) 
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TABLE 4. MOLECULAR ORBITAL COEFFICIENTS FOR M(CO)6
a) 

663 

Metal orbital CO orbital 
Molecular orbital 

3d 4s 4P 

[Mn(CO)6]+ 

[V(CO)6]-

2e, 
2t2, 
3e, 
4t lu 

2t2u 

3t2g 

2e, 
2t2, 
3e, 
4t lu 

2t2u 

2tlir 

-0 .45595 
-0 .89269 

1.0173 

0.50218 

0.19191 
-0 .75519 

1.1750 

0.01381 -0.76603 

-0.45919 
0.59145 
•0.25475 

-0.75222 
0.23124 

0.15206 -0.91938 

-0.46568 
0.55442 
-0.22002 

-0.62517 
0.20197 

3t 2, 0.76817 

0.40850 -0.23794 

0.17384 -0.81047 

-0.03841 -1.0138 

0.39318 -0.44528 

0.17636 -0.80884 
-0.06406 -1.0006 
-0.17892 -1.0040 
-0.17376 -0.97471 

a) The values were taken in part from the results of Beach and Gray.20) 

TABLE 5. CHEMICAL SHIFT VALUES, CTP, FOR M(CO)6 TABLE 6-2. AO COEFFICIENTS FOR MO OF Mn(CO)5Br 

Mixing 

3e, 2t2g 

3t2g 2t2g 

3t2g 2eg 

Total 

[Mn(CO)6]+ 

AE(i,j) -rjp 
(eV) (ppm) 

8.601 
10.984 
17.982 

5784 
552 
186 

6522 

[V(CO)J-

AE(i,j) -CTP 
(eV) (ppm) 

5.442 5577 
9.614 675 

18.571 45 

6297 

MO 3d, 3d x'-y« 3d, 3d, 

from those obtained in the closure approximation. 
Mn(CO)5X-type Carbonyls. The chemical shifts 

of Mn(CO) 5 X-type carbonyls are evaluated in a similar 
way. The molecular orbitals adopted here are described 
partly in Tables 6-1 to 6-3 based in the work of Fenske 
and DeKock,21) who have comfirmed the orbital 
energies of the highest occupied MOs by photoelectron 
spectroscopy. 

The paramagnetic terms in Eq. 1 are summarized as 
follows, 

l i e 
6bx 

10e 
l l a i 

9e 
5bx 

3b2 

10ax 

8e 
7e 
2b2 

9a, 
6e 
8ax 

4bx 

- 0 . 3 0 9 8 

- 0 . 6 9 7 4 

0.3048 

0.3887 

0.0000 

-0 .7648 

0.4719 

0.6013 

0.7669 

0.0197 

0.0033 

-0 .5497 

0.2470 
0.7686 

-0 .0113 

TABLE 6-3. AO COEFFICIENTS FOR MO OF Mn(CO)5I 

MO 3d,, 3d x«-y« 3d, 3d, 

TABLE 6-1. 

MO 

l ie 
6bx 

10e 
l lax 

9e 
5bx 

3b2 

10ax 

8e 
7e 
2b2 

9ax 

6e 
8ax 

4bx 

AO COEFFICIENTS FOR MO OF 

3dz, 3dx,_y, 3dxy 

0.0000 

-0 .3272 

-0 .7634 
0.5997 

-0 .7054 

0.7679 
0.2648 

0.3886 
0.4730 

Mn(CO)5Cla> 

3dxz 

0.0190 

0.0036 

-0 .5496 

0.3379 
0.7333 

-0 .0111 

l ie 
6bx 

10e 
l la x 

9e 
5bi 

3b2 

10ax 

8e 
7e 
2b2 

9ax 

6e 
8ax 

4bx 

CTp = 

0.0000 

-0 .2987 

-0 .7665 
0.6035 

-0 .6865 

0.7654 
0.3401 

0.1065 
0.4704 

-e^ßmh\l/r^ad{^EQCf/AE(i,j) 
i.j 

e.bt e.a, 

0.0202 

0.0029 

-0.5520 

0.1897 
0.7831 

-0.0112 

+ 4 S QCfJAE(i,j) + 12 S CfCf/AE(iJ) 
a) The values were taken in part from the molecular 
orbitals of Fenske and DeKock.21* + 4 g QCflAE(î,j) + 4 g Cfq/AEiiJ)}, (7) 
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where V\ means the summation of matrix elements 

between the orbitals of A; and / symmetries, and A.E(i,j) 
is the transition energy between the i a n d j levels. All 
possible excited states for a single electron transition 
from the ground state are considered. T h e values of 
(TP resulting from the above calculation are listed in 
Table 7, together with the values of aD which are 
calculated from Eq. 5 for 3d-orbital populations of 
P 3 d (C l )=5 .687 , of P3d(Br) =5 .723 , of P 3 d ( I ) = 5.747, 
those of the other Pp being unity.21) 

TABLE 7. ESTIMATED CHEMICAL SHIFT VALUES 

F O R M I I ( C O ) 5 X 

Compound 

Mn(CO)5Cl 
Mn(CO)5Br 
Mn(CO)5I 

Calculated value 
(ppm) 

CTD ( J P 

1897 
1898 
1899 

-2722 
-2696 
-2615 

Observed 
(ppm) 

CTp 

-6009 
-5813 
-5494 

Though the calculated values for CTP are almost one 
half of those obtained experimentally, the order of the 
chemical shifts for the halogen atom series is in agree­
ment with that observed. 

D i s c u s s i o n 

The calculated values of the shifts of hexacarbonyl-
metal compounds based upon the molecular orbitals of 
Beach and Gray20) agree well with the experimental 
results. This leads us to conclude that the paramagnetic 
term contributes dominantly to the shifts, and that the 
chemical shift directly reflects the nature of the chemical 
bond. This is more clearly revealed in the case of 
pentacarbonylmanganese halides and thiocyanate. 

Though the calculated chemical shifts of pentacal-
bonylmanganese halides do not quite agree with the 
experimental values, it is clear that the dominant change 
of the shifts is due to the paramagnetic terms, while the 
diamagnetic terms vary only slightly. In the approxi­
mation described above, in which only the matr ix 
elements involving the d-orbitals are taken into account, 
the calculated values of the paramagnetic terms are 
about one half of those observed. The paramagnetic 
terms under consideration involve only with the squares 
of the coefficients of the metal d-orbitals, so that the 
calculated values should be somewhat smaller than 
those obtained experimentally. In order to improve 
the agreement between the theoretical and experimental 
results, the cross terms between the d-orbitals of the 
metal and the orbitals of the ligand should be con­
sidered.*** 

The chemical shifts are linearly correlated with the 
electronegativity of the halogen and pseudohalogen ; the 
shifts decrease with increasing electronegativity. In 
plotting the shifts versus the Schwarzenbach bond 
strength,25) an appropriately linear relationship is 
obtained. 

If halogen atoms withdraw electrons from the central 
metals, the diamagnetic shielding would decrease and 
the nuclei would be less shielded. However, the fact 
that the total 3d-orbital populations are essentially 
constant, as shown by the Fenske molecular orbitals, 
indicates that a variation in CTD terms is unlikely. Thus, 
the order of the shifts for the various halogens can be 
elucidated using the paramagnetic term. Thus, the 
next problem is to determine which part should domi­
nantly contribute to the paramagnetic term. 

TABLE 8. CHEMICAL SHIFT VALUES, OP, IN PARTS 

OF Mn(CO)5X 

Mn(CO)5Cl Mn(CO)5Br Mn(CO)5I 

Mixing 

2b2 

4bx 

2b2 

7e 
8e 
9ax 

8a! 
7e 
8e 
7e 
8e 
7e 
8e 
4bx 

7e 
8e 

5bx 

3b2 

9e 
3b2 

3b2 

9e 
9e 

11a, 
l la x 

10a i 

10ax 

5b, 
5bx 

9e 
9e 
9e 

AE(i,j) 
(eV) 

12.325 
25.680 
13.443 
11.835 
8.975 

13.599 
26.066 
17.455 
14.595 
10.414 
7.554 

11.929 
9.090 

26.893 
13.048 
8.586 

- C T P 

(ppm) 

560.7 
63.0 

133.2 
164.3 
46.0 
47.0 
52.8 
99.5 
25.3 

775.0 
226.9 
264.1 

73.8 
25.3 

125.2 
40.4 

AE(i,j) 
(eV) 

12.274 
25.595 
13.294 
11.641 
8.057 

12.671 
25.952 
17.211 
13.629 
10.475 
6.891 

11.766 
8.182 

26.741 
12.786 
9.202 

- < T P 

(ppm) 

563.6 
63.3 

134.4 
184.5 
27.5 
66.8 
53.1 
99.4 
13.0 

827.4 
129.9 
295.3 
43.9 
25.3 

140.4 
20.1 

(eV) 

12.229 
25.217 
13.129 
11.514 
7.536 

11.806 
25.618 
16.968 
12.990 
10.465 
6.487 

11.681 
7.703 

26.584 
12.581 
8.603 

- C T P 

(ppm) 

566.0 
63.5 

136.7 
195.0 
17.5 
90.0 
4.1 

97.3 
7.5 

833.0 
78.9 

310.1 
27.6 
25.5 

149.3 
12.8 

*** The theoretical treatmant will be reported elsewhere. 

As shown in Table 8, which gives the parts of the 
paramagnetic terms, the variations of the paramagnetic 
shifts are caused mostly by terms involving mixing 
between the 8e and lOaj levels. The summation of the 
other parts leads to almost the same values for three 
halogen derivatives. For the values of A.E(i, j), no 
significant variations are found. O n the other hand, the 
variation of the coefficients of the d-orbitals in the 8e 
orbitals plays an important role in the evaluation of 
matrix elements such as ^Se l i r e J lOa^ . 

While the ax symmetric orbitals form the a-bonds, 
the e symmetric orbitals form ^j-bonds between the 
metal and halogen atoms. Consequently we conclude 
that the rc-bonding between metal and halogen atoms is 
a dominant cause of the chemical shifts, and the G-
bonding does not vary the values very much. This 
suggests that the Graham cr-parameter makes almost no 
contribution to the chemical shifts but that jr-parameter 
must be closely related to these values. 

I t should be pointed out that the variation of the 
chemical shifts depends upon the 7t-bond which has 
been neglected so far in discussing the nature of halogen-
metal bonds. If the ligands have the ability to form 
7r-type bonds with the metal, this effect appears to be 
larger than that of the halogen ligands. 

I t should be emphasized that the values of the 
paramagnetic term increase in the order H<T- \Br< i 
C l < C O ; especially we note here that hydrogen has the 
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least tendency to form Tt-bond and carbon monoxide has 
the greatest. T h e ^-bonding which seems to stabilize 
the low oxidation states in the metalcarbonyl can be 
estimated from the N M R chemical shifts. T h e 7t-bond 
formation in other halogen compounds can be predicted 
from these shifts. 

For pentacarbonylmolybdenum halides reported by 
Takano,26) a similar relation between the chemical 
shifts and the halogen atoms has been found, although 
the differences between the chemical shifts are less than 
those in the case of manganese compounds : 1584 ppm 
for Mo(CO) 5Cl, 1596 ppm for Mo(CO) 5Br, and 1709 
ppm for Mo(CO) 5 I against potassium molybdate. 

The author would like to express his sincere thanks to 
Professor Yukiyoshi Sasaki of The University of Tokyo 
and Professor Shigeyuki Aono of Kanazawa University 
for valuable discussions. 

Appendix 

Evaluation of the Chemical Shifts ofKMnOA and K3V04. The 
molecular orbitals of the [Mn04]~ ion have been calculated by 
several authors, but the computation of the energies is not yet 
adequate to explain the electronic structure accurately. The 
bonding between oxygen and manganese is covalent, and the 
electrons which contribute to the paramagnetism come from 
ligand oxygen; the d-electron population of the central man­
ganese atom is 6.15 according to the molecular orbitals of 
Brown.27> 

Since the results of the calculation of the paramagnetism are 
not satisfactory, the shifts are estimated empirically as follows. 

The magnetic susceptibility of KMn0 4 , xg=0.175x 10-6 

cm3/g,28> is divided into two parts, paramagnetic and diamag-
netic terms, which in units of moles, is 

ZM(KMn04) = ZB(KMn04) + Z£(KMn04) (I) 

and 

2B(KMn04) = Z£(Mn) + Z°(K+) + z°(402~) (2) 

ZS(Mn) = -N(e*/6mc*)^r*yi} (3) 

where 
core 

IK ' 2 )* = I}<r2>i + As02>4s + ^4p<r2>4P 

+ ^ d ^ X d , (4) 
N is the Avogadro number, and P{ is the electron population 
of the i th orbital; P4s=0.24, P4p=0.16, PM=6.15.") 

XM(40 2 _ ) is estimated to be the difference of the sums of the 
empirical values for O 2 - and O (XM(0 2 - ) = — 13.7 X 10-« and 

ZD (0) = - 5 . 3 X 10-« cm3/mol28>) : 

Z°(402-) = (8-P3d-P4s-Pip) 

X ( ^ ( 0 2 - ) - z S ( 0 ) ) + 4 x Z B ( 0 ) . (5) 
Xfi(Mn) = -26.82x10"« and x,J>(K+) = - 1 4 . 9 x 10"6 cm3/ 
mol.28) From Eq. 2, Z£(KMn04) = -68 .6 X lO"6 cm3/mol. 

Since ZM(KMn04) = zgX (molecular weight) = 27.7x lO"6 

cm3/mol, Eq. 1 gives X M ( K M U 0 4 ) - 9 6 . 3 6 X 10-« cm3/mol. 
The paramagnetic shift has the following relation to xli 

(KMn04) : 

aP = 2/N X <l/r*>MZ£(KMn04) (6) 

neglecting the contribution from 4p-electrons. <rP(KMn04) 
is calculated to be 7015 ppm. 

For potassium vanadate, the values were calculated simi­
larly using the following data : P4s=0.0148, P4p=0.3519, P3d 

= 3.7167,30> and x g = - 0 . 0 8 x 1Q-« cm3/g.31) 

Thus, we obtain ^ ( K 3 V 0 4 ) = 95.9 cm3/mol and evaluate 
the shift for potassium vanadate to be a p(K 3V0 4)= 6595 ppm. 

The shift of the diamagnetic term is found to be 

aD = *2/3/<Ç]<l/r>f, 

where 
core 

53<l/r>« = S<l/r>« + P4S<l/r>4. 
i i 

+ ^4p<l/r>4p + PM<l/r>M. (8) 
The values in Table 2 are used for<^l/r^>fs and the values 

of P^ as above, and we obtain aD(KMnO4) = 1900 ppm and 
aD(K3V04) = 1708 ppm. 

References 

1) For example, L.E. Orgel, "An Introduction to Tran­
sition-Metal Chemistry: Ligand Field Theory," 2nd ed, 
Muthuen, London (1966), Chap. 9. 

2) F. A. Cotton and C. S. Kraihanzel, J. Am. Chem. Soc, 
81,4432 (1962). 

3) W. A. G. Graham, Inorg. Chem., 7, 315 (1968). 
4) P. Carderazzo, E, A. C. Lücken, and D. F. Williams, J. 

Chem. Soc, 1967, 154. 
5) S. Onaka, T.Miyamoto, and Y. Sasaki, Bull. Chem. Soc. 

Jpn.,4A, 1851 (1971). 
6) G. M. Bancroft, H. C. Clark, R. G. Kidd, A. T. Rake, 

and H. G. Spinny, Inog. Chem., 12, 728 (1973). 
7) R. M. Stevens, C. W. Kern, and W. N. Lipscomb, J. 

Chem. Phys., 37, 279 (1962). 
8) For example, E. W. Randall, Chem. Brit., 1971, 371. 
9) N. F. Ramsey, Phys. Rev., 78, 699 (1950). 

10) N. F. Ramsey, Phys. Rev., 86, 243 (1952). 
11) A. Saika and C. P. Slichter, J. Chem. Phys., 22, 26 (1954). 
12) E. W. Abel and G. Wilkinson, J. Chem. Soc, 1959, 1501. 
13) R. B. King, "Organometallic Syntheses," Vol. 1, Tran­

sition-metal compounds, Academic Press (1965), p. 174. 
14) R. B. King, "Organometallic Syntheses," Vol. 1, Tran­

sition-metal compounds, Academic Prsss (1965), p. 149. 
15) W. F. Edgell and W. M. Resenyjr., J. Am. Chem. Soc, 

88, 5451 (1966). 
16) W. Schropp, Jr., Chem. Ber., 94, 305 (1961). 
17) T. Kruck and M. Noack, Chem. Ber., 97, 1703 (1964). 
18) C. G. Barraclough and J. Lewis, J. Chem. Soc, 1960,4842. 
19) A. Wojicicki and M. F. Farona, Inorg. Chem., 3, 151 

(1963). 
20) N. A. Beach and H. B. Gray, J. Am. Chem. Soc, 90, 5713 

(1968). 
21) R. F. Fenske and R, L. DeKock, Inorg. Chem., 9, 1053 

(1970). 
22) R. S. Mulliken, J. Chem. Phys., 23, 1833 (1955). 
23) J. W. Richardson, W. C. Nieuwpoort, R. R. Powel, 

and W. F. Edgell, J. Chem. Phys., 36, 1057 (1962). 
24) W. C. Dickinson, Phys. Rev., 80, 563 (1950). 
25) H. E. Walchli and H. W. Morgan, Phys. Rev., 87, 541 

(1952). 
26) T. Takano, Dissertation submitted for the degree, Doc­

tor of Philosophy in Chemistry, to The University of Tokyo, 
1972. 
27) R. D. Brown, B. H. James, M. F. O'Dwyer, and K. R. 

Roby, Chem. Phys. Lett., 1, 459 (1967). 
28) A. Pacault, J. Hoarau, A. Marchand, "Advances in 

Chemical Physics," Vol. 3, Interscience (1961), p. 209. 
29) V. C. G. Trew, Trans. Faraday Soc, 37, 476 (1941). 
30) R. Kebabcioglu and A Müller, Chem. Phys. Lett., 8, 59 

(1971). 
31) G. Wehrmeyer, Dm. Munster, 1957, 91. 



6 6 6 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (3 ) , 6 6 6 6 6 9 (1977) [Vo l . 5 0 , N o . 3 

Studies of the Ruthenium Complexes. XIII. Kinetic Studies of Electron-
transfer Reactions between Aquapentaammineruthenium(II) 

and Halopentaammineruthenium(III) Comlexes 
Akira OHYOSHI, Kenichiro YOSHIKUNI, Hidetoshi OHTSUYAMA, Tomohisa YAMASHITA, 

and Shigeyoshi SAKAKI 

Department of Industrial Chemistry, Faculty of Engineering, Kumamoto University, Kumamoto 860 
(Received February 14, 1976) 

Kinetic measurements of the electron-transfer reactions from Ru(OH2)(NH3)5
2+ to RuX(NH3)5

2+, where 
X=C1, Br, and I, have been made in aqueous solutions. The reaction rate is independent of the hydrogen-ion 
concentration, while it is greatly influenced by the ionic strength of the reaction solution. The rate constants were 
determined to be 147, 172, and 293 M ^ s " 1 for the reaction systems of chloro- bromo- and iodopenta-
ammineruthenium(III) ions respectively at 25 °C in a solution with an ionic strength of 0.0944 M. The activation 
parameters, (AH* kcal mol"1, AS* cal K"1 mol"1), were (19.4, 16), (18.9, 15), and (11.2, - 10) respectively, for the 
same systems. From the facts that the reaction rate decreases in the order of I > B r > C l and that the ionic strength 
of the solution strongly affects the reaction rate, it may be concluded that the present electron-transfer reactions 
proceed by means of an outersphere-type mechanism. 

The reduction reactions of ru thenium(III ) ammine 
complexes have been studied by use of such reductants 
as Cr(II) ,1-3) V(II),3> the Ru( I I ) complex,4) and 
divalent rare earth ions.3»5) Since the reduced 
ruthenium (I I) ammines are labile, reactions such as 
aquation and reoxidation proceed successively to 
complicate the redox reactions. Electron-transfer reac­
tions from aquapentaammineruthenium(II ) to halopen-
taammineruthenium(II I ) ions are observed in the 
radiolysis6) and the electrochemical reactions.7»8) How­
ever, there have been few quantitative investigations 
with respect to the kinetics and the reaction mechanism. 

T h e present report will deal with the reaction kinetics 
of halopentaammineruthenium (III) with the aquapenta-
ammineruthenium(II) ion, and an at tempt to elucidate 
the reaction mechanism will be made on the basis of 
the kinetic sequences. The reaction rate was spectro-
photometrically determined in solutions with various 
hydrogen-ion concentrations and ionic strengths. 

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

Materials. The halopentaammineruthenium(III) hali-
des were prepared from ruthenium trichloride by the previ­
ously reported procedures.9) The complex /»-toluenesulfonates 
were recrystallized from a saturated jö-toluenesulfonate solu­
tion. The chemical purities of the products were confirmed 
spectrophotometrically.9»10) The reductant, the Ru(OH2)-
(NH3)5

2+ ion solution, was prepared from iodopentaam-
mineruthium(III) and zinc amalgam in a deaerated solution 
with high-purity argon gas. The water was triply distilled. 
Procedures. The reductant solution was rapidly added to 
a deoxygenated solution of the halopentaammineruthenium-
(III) ion. The pH and the ionic strength of this solution were 
adjusted with jö-toluenesulfonic acid and its sodium salt. Be­
fore mixing, the solutions were thermostated in a water bath 
at constant temperatures. The reaction rates were determined 
by measuring the change in the absorbance at given wave 
numbers9) as a function of the reaction time—for instance, at 
30 .5xl0 3 cm _ 1 (e= 1930 M"1 cm"1) for chloropentaammine, 
at 25.1 X 103 cm - 1 (e= 1980 M - 1 cm-1) for bromopentaammine, 
and at 18.5 X 103 cm"1 (e=2050 M- 1 cm"1) for iodopenta-
ammine. The concentrations of reactants were chosen to be 
(2—5) x lO- 4 M for RuX(NH3)5

2+ and (1—5)xlQ-6 M for 

Ru(OH2) (NH3)5
2+ in the reaction solution. A Shimadzu UV 

200 spectrophotometer was used for all the experiments. 

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

T h e progressive changes in the absorption spectrum 
are shown in Fig. 1 for the electron-transfer reaction of 
the chloropentaammine complex. T h e absorption band 
at 30.5 X 103 c m - 1 of the original complexes9) rapidly 
decreases as the reaction proceeds. The absorption band 
at 3 7 . 3 x l 0 3 c m - 1 o f the reaction product,1) Ru (OH 2 ) -
(NH3)5

3 + , could not be observed since there is an 
intense absorption of /?-toluenesulfonate in the region 
higher than 3 6 x l 0 3 c m - 1 . However, this product was 
identified in a separate experiment10) in the absence 
of ^-toluenesulfonate. Similar changes in the absorption 
spectrum were observed in the reactions of the other 
complexes. 

T i i i i r 

A 

o r 

•s G 

J3 0.4 L < r 

0.2 \- JM// A 

I -t i t f *T- 1 1 I l I 
25 27 29 31 33 35 

Wave number, 103 cm - 1 

Fig. 1. Changes of absorption spectrum during reduc­
tion of RuCl(NH3)5

2+ with Ru(OH2) (NH3)5
2+ at 30 °C. 

Curve A is the initial trace followed successively by 
traces at 25, 50, 85, 125, 180, and 220 (G) sec reaction. 
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Here, we assumed the following mechanism : 

Ru inX(NH3)6
2+ + Ru"(OH2)(NH3)6

2+ *^=> 

Ru"X(NH3)5
+ + Ru I"(OH2)(NH3)5

3+ 

T A B L E 1. T H E RATE CONSTANTS OF THE ELECTRON-

TRANSFER REACTIONS OF R u C l ( N H 3 ) 5
2 + WITH 

R U ( O H 2 ) ( N H 3 ) 5
2 + A T ( 3 0 ± 1 ) °C 

RunX(NH3)6
+ + H 2 0 

*-. 

(1) 

(2) Ru"(OH2)(NH3)5
2+ + X -

The rate constants have been given8) as £ 2 = 6 . 3 s - 1 , 
£_ 2=9.0 M - 1 s"1 for the chlorocomplex and A;2 = 5.4 s _ l , 
A;_2=5.9 M - 1 s_ 1 for the bromocomplex at 25 °C and 
at an ionic strength of 0.1 M. T h e rate formula with 
respect to the ruthenium complex in Reactions 1 and 
2 can be expressed by Eqs. 3—6 : 

d[RumX(NH3)5
2+]/d* 

= - A1[RuI"X(NH3)6
2+][Ru"(OH2)(NH3)5

2+] 

+ ^_1[Ru»X(NH3)5
+][Ru"I(OH2)(NH3)5

3+] (3) 

d[Ru"(OH2)(NH3)5
2+]/d* 

= - /:1[Ru"IX(NH3)6
2+][Ru"(OH2)(NH3)6

2+] 

+ A_1[RunX(NH,),+][Rum(OH1) (NH,),»+] 

+ *2[Ru"X(NH3)6
+] 

- *_2[Ru"(OH2)(NH3)6
2+][X-] (4) 

d[Ru"X(NH3)6
+]/df 

= ^1[RuIIIX(NH3)6
2+][RuII(OH2) (NH3)5

2+] 

- /t_1[Ru"X(NH3)5
+][Ru"I(OH2)(NH3)6

3+] 

- *2[Ru"X(NH3)6
+] 

+ *_2[Ru»(OH2)(NH3)5
2+][X-] (5) 

d[Ru in(OH2)(NH3)63+]/d/ 

= Ä1[RuIIIX(NH,)8»+][Ru»(OHa) (NH3)5
2+] 

- A;_1[Ru"X(NH3)5^[RuI"(OH2)(NH3)5
3+] (6) 

In the initial period of the reaction, the concentration 
of RuX(NH 3) 5+ may be negligibly small, because the 
rate of aquation (Eq. 2) is large as compared with that of 
the reverse reaction. In the initial stationary-state 
period, therefore, Eq. 3 can be simplified to Eq. 7: 

-d[RumX(NH3)8
2 +]/d* 

= Ä1[Ru"IX(NH3)6
2+][Ru"(OH2)(NH3)6

2+] (7) 

T h e plot of log[Ru i n X(NH 3 ) 5
2 + ] vs. the reaction time 

shows a good linearity for about 60 s after the initiation. 
The slope of the first-order plot is independent of the 
initial concentrations of the complex and the hydrogen 
ion. The rate constants, kt calculated from Eq. 7 as a 
function of the reactant and the hydrogen-ion concent­
ration and of the ionic strength are listed in Table 1. 
T h e second-order rate constant, k1} is independent of the 
concentrations of the reactants and the hydrogen ion, 
but increases with an increase in the ionic strength. 
Applying the simplified Br^nsted-Bjerrum-Christiansen 
formulation,11) the dependence of the kx value on the 
ionic strength was investigated. Figure 2 shows the 
relationship between kx and the ionic strength, I. The 
slope of the straight line is nearly + 4 ; this fact suffices 
to show that the charge product of the reacting particles 
is four at the transition state of Reaction 1. This 
effect is similar to those in the reactions of Ru(NH3)6

2+ 
with CoX(NH3)5

2+, ( X = B r , I) and CoCl2(en)2+ ions.2) 

[RumCl- [Run(OH2)-
(NH3)5+] (NH3)5

2+] 
10-4M 10 -5 M 

I 
10-2 M 

[H+] 
10-2M M- 1 ! 

3.36 
3.98 
5.06 
4.69 
4.37 
4.07 
2.77 
3.06 
5.61 

2.96 
2.96 
3.21 
3.73 
3.51 

4.77 
4.77 
4.77 
1.14 
1.97 
2.79 
2.99 
4.44 
4.44 

3.89 
3.87 
3.89 
3.89 
3.89 

9.44 
9.44 
9.44 
9.44 
9.44 
9.44 
9.44 
9.44 
9.44 

12.10 
14.00 
16.10 
18.80 
29.10 

9.44 
9.44 
9.44 
9.44 
9.44 
9.44 
9.44 
3.15 
6.35 

9.44 
9.44 
9.44 
9.44 
9.44 

158 
173 
161 
173 
159 
165 
172 
163 
167 

Av 166±6 
179 
199 
216 
250 
265 

0.3 0.4 
/ l / 2 / ( l + / l / 2 ) 

Fig. 2. Effect of ionic strength on the electron transfer 
reaction rate of RuCl (NH3)5

2+ with Ru(OH2) (NH3)5
2+ 

a t30°C, [H+] = 0.0944 M. 

T h e curve-fitting method with various k^x values was 
applied to the reaction between RuCl(NH3)5

2+ and 
Ru(OH 2 ) (NH 3 ) 5

2 + using the values of ^ = 1 4 7 M " 1 s"1, 
A;2=6.3 s_1, and £_ 2 =9.0 M " 1 s_1. As is shown in Fig. 3, 
the experimental plot of the concentration variation for 
the RuCl (NH 3 ) 5

2 + species falls on the calculated curve 
when #_T^100 M - 1 s - 1 . T h e concentration variations 
of the other species in Reactions 1 and 2 were 
calculated by means of the numerical integration of 
Eqs. 3—6 using the same values of the rate constants. 
T h e results are also given in Fig. 3. T h e concentration 
of the intermediate, [RuCl(NH3)5+], is less than those 
of the other species by a factor of about 10~2—10~3, and 
it instantly reaches a maximum after the initiation of 
the reaction. T h e concentration of [Ru(OH2)(NH3)5]2+ 
decreases momentarily upon initiation, and then it 
increases very slowly. 

The kinetic parameters for the electron-transfer reac­
tions of the halogenopentaamminerutheium(III) com­
plexes are exhibited in Table 2, along with those for the 
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S 
u 
C o 

Ü 

80 100 120 140 

Time, s 

Fig. 3. Concentration variation of chemical species 
participating in the electron transfer reaction of RuCl 
(NH3)5

2+ with Ru(OH2)(NH3)5
2+ at 25 °C, [RuCl 

(NH3)5
2+],=0=5.10x10-* M, [RuOH2(NH3)5

2+L=0= 
3.32 x 10-5 M, I =[H+]=0.0944 M. 
O : Experimental, — : calculated. 

reference reactions. All the rate constants are determined 
in the solution with 1=0.094 M. The order of the 
magnitude of the rate constants is chloropentaammine< 
bromopentaammine<iodopentaammine. This order is 
not the same as that of 3 .5x 104 M - 1 s - ^ 2 . 2 X 103 M " 1 

s - 1 > 2 . 6 x 102 M _ 1 s"1 estimated on the basis of the analy­
sis of catalytic reactions involved in the process of the 
electron transfer between halogenopentaammines and 
Cr(II) .3> T h e relative rates (chloro : bromo : iodo) are 135 : 
8: 1 for the Cr(II ) reaction and 57: 12: 1 for the reaction 
with Eu( I I ) . O n the other hand, the relative rates are 
1: 1.7:—12) for the V ( I I ) reaction, and 1: 1.2: 2.0 at 25 
°C or 1: 1.7: 2.4 at 30 °C for the present reaction with 
Ru(OH 2 ) (NH3)5

2+. T h e reactions of the ruthenium(III) 
halopentaammines with Cr(II ) and Eu(II) are inner-
sphere, while the reactions with V( I I ) are of the outer-
sphere type.3) This similarity in the relative reactivity 
may support the theory that the present reaction has an 
outersphere mechanism. 

An outersphere process often occures when both 
reactants of the electron-transfer reaction are inert to 
substitution over the period required for the electron-
transfer process. A typical reaction can be found in a 
homonuclear self-exchange electron transfer such as the 
reaction between Ru(NH3)6

3+ and Ru(NH3)6
2+ ions.4) 

In the present study, all of the oxidants contain halide 
ligands which can interact with the reducing cation, 

TABLE 2. KINETIC PARAMETERS FOR THE ELECTRON-TRANSFER REACTIONS OF 

HALOGENOPENTAAMMINERUTHENIUM(III) COMPLEXES 

Reaction system h 
M-1 s-1 (temp°C) 

32±2(16) 
147±5(25) 
166±6(30) 
3.5xl04(25) 
3.0xl03(25) 
1.5xl04(25), 
1.5xl08(25) 
1.5xl07(25) 
6.0xl010(25) 

52±2(15) 
106 ± 4 (20) 
172±8(25) 
286 ± 8 (30) 
2.2xl03(25) 
5.1xl03(25) 
~3x l0 3 (25) , 
1.5xl08(25) 
3.3xl07(25) 
5.0xl010(25) 

140±5(15) 
225±8(20) 
293±7(25) 
396±9(30) 
2.6xl02(25) 
2.6xl02(25) 

^108(25) 
^108(25) 

^6xl0 1 0 (25) 

437±51(15) 
843±69(25) 

2.4xl04(25) 

1.3xl09(25) 

A//% 

kcal mol -1 

19.4 

1.3 
3.8 
— 
— 
— 
— 

18.9 

2.8 
2.8 
1 
— 
— 
— 

11.2 

— 
— 
— 
— 
— 

10.3±1.0 

AS* 
cal K-1 mol-1 

16 

- 3 3 
- 3 0 

— 
— 
— 
— 

15 

- 3 4 
- 3 4 
- 3 7 

— 
— 
— 

- 1 0 

— 
— 
— 
— 
— 

- 1 1 ± 3 

RuCl(NH3)5
2+-Ru(OH2)(NH3)5

2+ » 

_Cr2+ b> 
_V2+ b) 
-Eu2 + b»c' 
-Sm2+ c> 
_Yb2+ c> 
-e c ' 

RuBr(NH3)5
2+-Ru(OH2)(NH3)5

2+ a) 

-Cr2+ b) 
_V2+ b> 
_Eu2+ b»c> 
-Sm2+ c> 
_Yb2+ c) 
-e C) 

RuI(NH3)3
2+-Ru(OH2)(NH3)5

2+ *> 

_Cr2+ b> 
-Eu2+ c> 
-Sm2+ c) 
-Yb2+ c> 
-e c> 

Ru(NH3)63+-Ru(NH3)6
2+ d> 

a) Present work, I=[H+] = 0.094 M. b) Ref. 3. c) Ref. 5. d) Ref. 4. 
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while the reductant has a water molecule in the coordina­
tion sphere which is weakly capable of reacting with the 
oxidizing cation. T h e rate constants for the aquation 
of halogenopentaammineruthenium(III) have been 
determined to be 3.28 X 10~4 s - 1 for the chlorocomplex, 
3.99 X 10~4 s-1 for the bromocomplex, and 1.64 X 10~4 swl 

for the iodocomplex at 54.5 °C.13) These values are 
smaller than those of the pseudo-first-order rate constants 
for the correspondings electron-transfer reactions. T h e 
rate constants for the anations of the chloride and 
bromide ions to Ru(OH 2 ) (NH 3 ) 5

2+ have been deter­
mined to be 9.0 M - 1 s-1 and 5.9 M - 1 s^1 at 25 °C 
respectively.8) These values are also smaller than those 
for the electron-transfer reactions. Thus, the substitu­
tion on either RuX(NH 3 ) 5

2 + or Ru(OH 2 ) (NH 3 ) 5
2 + is not 

rate-determing; hence, the outersphere mechanism is 
applicable to the present electron-transfer reactions. 

In Table 2, the values of both AH* and AS* are 
practically the same for the reactions of chloro and 
bromopentaammines, and for the reactions of the 
RuI(NH3)5

2+-Ru(OH2)(NH3)5
2+ and Ru(NH 3) 6

3+-Ru-
(NH3)6

2 + systems. This suggests that the energy change 
to form the reaction intermediate is the same for both 
the reaction systems. T h e electron-transfer reactions of 
halopentaammines with the simple metal ions are 
characterized by small values of A # # and large negative 
values of AS*. The reactions with Cr2

aq and Eulq are 
regarded as of the innersphere type,3 '5) while the reaction 

with Vlq is accounted for by the outersphere mecha­
nism.3) Hence, it is inadequate to distinguish the 
innersphere and outersphere mechanisms by only the 
aid of the activation parameters. 
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The Influence of a Co-ion on the Potential of a Liquid 
Ion-exchnger Membrane Electrode 

Akinori JYO, Kazumi FUKAMACHI, Wataru KOGA, and Nobuhiko ISHIBASHI 
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The potential of a liquid ion-exchanger membrane electrode was affected by a co-ion, i.e., an ionic species 
with the same charge sign as the ion-exchange site in the liquid membrane, when the co-ion in the sample was 
lipophilic. An aspect of the influence or interference of the co-ion on the response of the electrode is clarified 
theoretically, based on the three-region concept of the membrane potential. Theoretical predictions of the co-ion 
interference are illustrated by the measurement of potentials of a nitrate-sensitive nitrobenzene membrane electrode 
for sample solutions containing sodium nitrate, tetramethylammonium nitrate and the like. The co-ion inter­
ference became more important for increased extractability of the co-ion in the nitrobenzene-water system, specifical­
ly the order is Rb+<^Cs+<^(CH3)4N+, and for a decrease in the concentration of the ion-exchanger in the membrane. 
Co-ion interference appeared for high concentration levels of the ion to be determined and produced a negative 
error in the activity measurement. The results are in good agreement with the theoretical predictions. 

Recently, it has been pointed out both theoretically 
and experimentally that the interference of an ionic 
species with the charge sign opposite to that of the ion to 
be determined, the so-called co-ion, causes problems 
in the activity measurement of the ion using a liquid 
membrane electrode of the neutral carrier type.1 _ 4 ) 

According to the Teorell-Meyer-Sievers theory of 
membrane potentials,5) the interference of a co-ion is 
anticipated in the response of a usual liquid ion-
exchanger membrane electrode. Nevertheless, studies 
on the influence of a foreign ion on the response of such 
an electrode has been heretofore restricted to the inter­
ference of an ionic species with the same charge sign 
as the ion to be determined, the so-called counter ion. 
Little, therefore, is known about the effects of co-ion 
interference on the response of a liquid ion-exchanger 
membrane electrode. 

In this report, the membrane potential of a liquid 
ion-exchanger membrane electrode is discussed theoret­
ically in the case in which the co-ion in the sample 
solution is not completely rejected by the membrane, 
and the theoretical predictions are compared with 
experimental results. 

Theoret ica l 

We will analyze the membrane potential of the 
following membrane system with the help of a three-
region concept of the membrane potential, i.e., the 
regions of the two interfacial potential differences and 
of the diffusion potential in the membrane . T h e 
membrane system consists of a liquid ion-exchanger and 
two aqueous solutions. T h e membrane contains an 
electrolyte S-i, and is denoted by an asterisk. One 
aqueous solution marked by a pr ime contains an elec­
trolyte A-i, and corresponds to the inner reference 
solution of an i ion-sensitive liquid ion-exchanger 
membrane electrode. The other solution designated by 
a double prime contains an electrolyte B-i and corres­
ponds to the sample solution. W e take the space 
coordinate x to be in the direction of the membrane 
thickness. T h e origin of the x-axis is placed at the 
membrane-reference solution interface. The x value 
of the other interface is denoted by d. T h e following 

assumptions are made : 
(i) All the electrolytes dissociate completely in all 

phases. 
(ii) T h e ion-exchange site S is confined to the 

membrane, and the concentration of ion-exchange sites 
in the membrane Cs* is constant throughout. 

(iii) While co-ion A in the reference solution is 
completely rejected by the membrane, co-ion B in the 
sample solution is not completely rejected by the 
membrane, and dissolves into the membrane with the 
ion i. 

(iv) T h e concentrations are equal to the activities 
and vary linearly with x within the membrane. 

(v) Electroneutrality holds. 
First, the equation which expresses the diffusion 

potential in the membrane is derived. According to the 
Nernst-Planck equation, we can write this as: 

<j>* = -U*C*(dfi*jdx), (n: A, B, i, S). (1) 

Assumptions (ii) and (iii) allow us to write the relation : 

« = # = 0 (2) 

When no current flows, 

I*IF=J}zJ* = 0 (n :B , i ) . (3) 
n 

From Eqs. 1, 2, and 3, the following relation can be 
obtained : 

dV*ßx = - (RT!F)(J}znU*C*d In C*/dx)/ÇEz*U*C*) 
n n 

(n :B , i ) . (4) 

Integrating Eq. 4 from x—0 to d under the foregoing 
assumptions, one obtains the relation in the case of 
k„| = l: 

y*(0)-r*(d) = ((RTizWuf-utfKUf+uf)) 
X ln(((C71* + c/B*)C1*(d)-c/B*C*)/C/i*C*). (5) 

Next, we consider the interfacial potential differences. 
From the electrochemical equilibria at the respective 
boundaries, x=0 and x = d , we have the relations: 

y ' _ y * ( 0 ) = - {jf-ß°*)lZlF 

+ (RTIZiF) In (Q*(0)K) 

W*(d)-W"= {tf-ß^lzf 

+ (RT/zlF) In (ai"/C*(d)) (6) 
From assumption (v) and the electrochemical equilib-
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r ium at the membrane-sample solution interface, x=d, 
we obtain the relation : 

Q*(d) = (C*+ (C*2 + 4 ^ B « ) 2 ) 1 / 2 ) / 2 . (7) 

Adding together Eqs. 5 and 6, and inserting Eq. 7, 
we obtain the desired equation which expresses the 
influence of the co-ion on the potential Eu of the liquid 
ion-exchanger membrane electrode : 

Eu = T'-V" = {RTjZiF)\n («,"/«/) 

-(RT/ZiF) In ((C*+(C^ + 4kikMr)1/2)ßC*) 

+ ((RTIziF)(U?-U*)i(Ui* + U$)) In (((Itf+Ctf) 

X ((C* + (C."+ 4^ B «)2 ) i /2 ) /2 ) - UfC*)/U?C*). 

(8) 

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

The influence of the co-ion on the potential EH of the i 
ion-sensitive electrode was examined by EMF measurement of 
the following electrochemical cells: 

+ SCE/Reference Solution (A-i)/Liquid Membrane/ 

Sample Solution (B-i)/SCE- (9) 

and 

4-SCE/Reference Solution (A-i)/Liquid Membrane/ 

Sample Solution (A-i, B-j)/SGE-, (10) 

where j is a foreign ion with the same charge sign as the i ion. 
The j ion selected scarcely interferes with the activity measure­
ment of the i ion. The interference effects of co-ions were 
examined for the response of nitrate-sensitive and methyl-
ephedrine-sensitive electrodes using cells (9) and (10), respec­
tively. The liquid membrane in cell (9) was a nitrobenzene 
solution of the nitrate salt of crystal violet, and that in cell (10) 
was a nitrobenzene solution of the tetraphenylborate (TPB) 
salt of methylephedrine (MEP). The reference solutions in 
cells (9) and (10) were l.OOx 10-2 M(M=mol dm-3) solutions 
of sodium nitrate and methylephedrine hydrogenchloride, res­
pectively. Electrolytes B-i used in cell (9) were sodium nitrate, 
rubidium nitrate, cesium nitrate and tetramethylammonium 
nitrate. Sodium nitrate, sodium iodide and sodium thiocya-
nate were used as the electrolyte B-j in cell (10). The pro­
cedures for the preparation of the membrane solutions and the 
EMF measurement have been described in detail elsewhere.6-8) 

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

Equation 8 can be reduced to a Nernstian equation, 
when 4k-1kB(a.\")2 is sufficiently smaller than the square 
of the concentration of the ion-exchanger in the mem­
brane, Cjt2. O n the other hand, the second and third 
terms of Eq. 8 may contribute to Eu when ^k-Jc^a.-")2 

is not much smaller than C*2 and co-ion B thus interferes 
with the activity measurement of the i ion using the i 
ion-sensitive electrode with the liquid ion-exchanger 
membrane. In most liquid ion-exchanger membrane 
electrodes, the mobilities of ions in the membrane are 
not so different for the ions of interest, whereas the 
partition coefficients of the ions differ greatly for these 
ions.9_13> Accordingly, the effect of co-ion interference 
can be discussed in a first approximation, neglecting 
the contribution of the third term of Eq. 8 to Eu. Since 
the value of (Cs* + (C s* 2+4^B (a i

/ / ) 2 ) 1 / 2 ) /2C s* is always 
larger than unity when the co-ion enters the membrane, 

the observed potential ZsM gives a lower activity of the 
i ion than true value. T h e co-ion interference thus leads 
to a negative error in the activity measurement of the 
i ion, whereas a positive error is measured in the usual 
interference of a foreign counter-ion species. From Eq. 8 
the effect of co-ion interference can be summarized 
as follows: 

(i) Co-ion interference becomes more important with 
decreasing concentration of the ion-exchanger in the 
membrane ; conversely, the co-ion interference can be 
reduced by increasing the concentration of the ion-
exchanger in the membrane . 

(ii) Co-ion interference occurs at high activity levels 
of the objective ion i, whereas the interference of a 
foreign counter ion occurs a t low activity levels of the 
i ion. 

(iii) Co-ion interference increases with increasing 
extractability of the co-ion. 

To illustrate the theoretical predictions, the nitrate-
sensitive membrane electrode system (9) was selected 
because it is likely to fulfill most of the foregoing assump­
tions.9"13) 

> 
a 
5 

Nitrate activity/M 

Fig. 1. The interference of a co-ion or cation in the 
response of the nitrate-sensitive electrode with the 
nitrobenzene membrane containing the nitrate salt 
of Crystal Violet as an ion-exchanger. 
Concentration of the ion-exchanger in the membrane : 
(A) l.Ox 10-3 M, (B) l.Ox 10-4 M, (C) l.Ox 10~6 M; 
Nitrate salt in the sample solution: N aN 0 3 (0)> 
RbN0 3 O ) , CsN03 (©), (CH 3 ) 4NN0 3 ( # ) ; Temp: 
24± 1 °C. 

In Fig. 1, the potentials of the nitrate-sensitive 
electrode are shown. T h e potential was stable in the 
concentration range above 10~3 M of the sample salt. 
Below 10 - 3 M, however, the potential was somewhat 
unstable in the initial stage of the measurement. In 
such cases, the stationary values observed after a delay 
of 15—20 min are used. 

A membrane with a 10 - 3 M ion-exchanger showed a 
Nernstian response to all of nitrate salts up to 10 - 1 M. 
In the case of a membrane with a 10 - 4 M ion-exchanger, 
the response for tetramethylammonium nitrate differed 
from the ideal Nernstian response in the activity level 
above 10~2 M. A negative error was observed in accor­
dance with theoretical predictions. A large deviation 
from Nernstian response was observed for the response 
of a membrane with a 10 - 5 M ion-exchanger. Except 
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HT4 10'3 '10-* 10" 

Concn of MEP-C1/M 

Fig. 2. The response of the methylephedrine-sensitive 
electrode for sample solutions containing methyl-
ephedrine hydrogenchloride (MEP-C1) and sodium 
salts of inorganic anions. 

Liquid membrane of the electrode: 1.0X 10~4 M 
nitrobenzene solution of MEP-TPB ; Sample solution : 
MEP-C1 only (O), MEP-C1+0.5 M NaN0 3 (©, 
MEP-C1+0.1 M N a l O ) , MEP-C1+0.1 M NaSCN 
( # ) ; T e m p : 2 0 ° C . 

for the case of sodium nitrate, the responses were no 
longer Nernstian in the relatively high activity levels 
of the sample salt. In this case, the extent of the inter­
ference is distinguishable for the co-ion species. T h e 
order of increasing interference is R b + < C s + < ( C H 3 ) 4 N + . 
This order is in agreement with the increasing extrac-
tability of the ions in the nitrobenzene-water system.10* 
T h e results are thus in good agreement with the theoret­
ical expectations. An example of co-ion interference 
for electrode response is shown for a sample solution 
containing mixed electrolytes A-i and B-j (cell (10)) in 
Fig. 2. T h e methylephedrine-sensitive electrode showed 
a nearly Nernstian response for a sample solution 
containing only methylephedrine hydrogenchloride 
(MEP-C1).8) In the presence of the sodium salt of 
nitrate, iodide or thiocyanate, the electrode response 
was no longer Nernstian. A negative error was observed. 
T h e order of increasing interference is also in agreement 
with the increasing extractability of the ions in the 
nitrobenzene-water system, i.e., N 0 3

_ < I - < S C N ~ . 1 1 ) 

Usually, it is considered that co-ions do not affect 
the response potential of a liquid ion-exchanger 
membrane electrode. As shown by this work, however, 
co-ions do, in some cases, interfere strongly with the 
activity measurement of the objective ion of the elec­
trode, especially when a lipophilic ion is contained in 
the sample as a co-ion. In this connection, the recent 

study of Llenado on the calcium electrode response in 
the presence of ionic surfactants is interesting because 
it is anticipated that ionic surfactants may show this 
type of interference.14) In conclusion, the presented 
results suggest that co-ion interference should be considered 
in the analytical use of a liquid ion-exchanger membrane 
electrode, in addition to the consideration of the usual 
interference of foreign counter ions. 

The authors greatly acknowledge the financial 
support of the Ministry of Education. 

S y m b o l s 

a 
C 
I 
U 
k 
W 

<f> 
iï 
n° 
ß°-
i 
A 
B 
S 
X 

* 
/ 
// 

: activity 
: concentration 
: electric currnt 
: mobility of ion 
: part i t ion coefficient of ion 
: inner potential 
: flux of ion 
: electrochemical potential 
: s tandard chemical potential in water 

* : s tandard chemical potential in organic phase 
: objective ion of the electrode 
: co-ion A 
: co-ion B 
: ion-exchange site 
: distance variable 

denotes a quant i ty in the membrane 
denotes a quant i ty in the reference solution 
denotes a quant i ty in the sample solution 
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A Study of the Structures of Aluminum Complexes with Isopropoxy 
and Methyl Groups Using Pulsed NMR and Chemical 

Ionization Mass Spectrometry 
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The structures of aluminum complexes formed by the reaction of aluminum isopropoxide with trimethyl-
aluminum was investigated by measuring the spin-lattice relaxation times, 7\ for 1H and 7\* for 27A1. The motion 
of the ligand of the complexes reflected upon the value of Tl3 which was about twice as long at the terminal position 
as at the bridge position, and decreased with increasing molecular weight. Coordination symmetry about the 
aluminum nucleus of the complexes governed the value of 7\*, which was about ten times as long at the center 
of the tetrameric complexes as at the wing of the dimeric complexes. The 13C NMR signals of the isopropoxy 
group varied with the configuration of the ligands, while those of the methyl group were either broad or not observ­
able. Chemical ionization mass spectra of the complexes supported the tetrameric and the dimeric structures 
determined from the results of NMR measurements. 

Aluminum alkoxides have a stable structure, while 
alkylaluminums are so reactive that they are utilized 
as a reducing reagent in various reactions.1) A tetra­
meric structure, T°, for a luminum isopropoxide was 
first proposed by Bradley,2* and a dimeric one, D2 , for 
trimethylaluminum by Laubengayer et al?) 1H N M R 
has been used effectively for the structure determination 
of these complexes.4-6) 

P p«—(P.) 

X 
P / Np+.._..(p1 and P2) 

P—Al—P 
/ / \ \ 

P—Al—P P—Al—P 

V xp 
To 

P = (CH3)2CHO-
Afw=817 

/M 6 ) 

M M* M 
\ / \ / ' 
Al Al 

/ \ / \ 
M M M 

D2 

M = C H 3 -
Mw = 320 

(M7) 

Afw indicates the molecular weight of the complexes. 
Using *H N M R spectroscopy, it has been found that 
a luminum isopropoxide reacts with tr imethylaluminum 
to produce three kinds of tetranuclear complexes, T 1 , 
T 2 and T3 , and two kinds of binuclear ones, D° and D1.7) 
Chemical shifts, spin-spin coupling constants between 
the protons, signal intensities and relative values of the 

(M.) M M 
\{ 
/ \ 

P P + 
\ / 

M M 

AI 
(P4) , P / X P 

P—Al—P * (Pj and P 2 ) — - P—Al—P 
/ / \ \ / / \ \ 

P—Al—P P—Al—P P—Al—P P—Al—M 
/ / 

T i 

M„=729 

P<H~(P,)~+P \ M 
T 2 

M„,=641 

M M*—(M 3 ) 

Al 
PX V~-(P4) 

\ / 
P—Al—P 

M—Al—V Xp—Al—M 

M M 
T 3 

M„ = 553 

(Pi) 

M P* M 
\ / \ / *N 

Al Al 
/ \ / \ 

M P M 

D„ 
Mw = 409 

^(M4) 

(Mi) 

M M M 
\ / \ / ' 
Al Al 

/ \ / \ . 
M P M 

> « ) 
D1 

Mw = 364 

;;(M6) 

spin-lattice relaxation times were measured to confirm 
the structures reported in a previous publication.7) 

T h e remaining problems are summarized as follows. 
a) When XH N M R signals were obtained in the GW 
(continuous wave) mode, the spin-lattice relaxation time 
was measured using the progressive saturation method, 
so that the absolute values for 7 \ could not be obtained, 
and relative values for Tx could hardly be determined 
for N M R signals which are close to each other, b) As a 
result of overlapping of the N M R signals it was impos­
sible to discriminate between the three kinds of tetranu­
clear complexes, T 1 , T 2 and T 3 . c) Since the N M R 
measurements were performed only on the protons of 
the ligands, no direct information was obtained concern­
ing the a luminum nucleus of the complexes. 

In the present work, the absolute values of Tx for 
both 1H and 27A1 were measured in the pulsed N M R 
mode to reconfirm the structures of the aluminum 
complexes and to study the remaining problems. 13G 
N M R was also used to study the coordination mode 
of the ligand. T h e molecular weight of the complexes 
was examined using chemical ionization mass spectrom­
etry, which is a useful technique for estimating the 
molecular size of such unstable compounds. 

Exper imenta l 

Reagents. All the reagents used were obtained and 
purified by the same method as that described in Ref. 7. 

Preparation of Samples. Aluminum isopropoxide and 
trimethylaluminum were dissolved separately in benzene, and 
solutions were mixed at 25 °C in an atmosphere of nitrogen in 
a dry box. The concentration was set so that the total amount 
of the solutes was 20 and 5.0 mol % in the solutions used to 
prepare the samples for pulsed NMR spectroscopy and chemi-
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cal ionization mass spectrometry, respectively. Since a trace 
of oxygen in the solution which reacted with trimethylalumi­
num showed no observable effect upon the magnetic relaxa­
tion time, none of the samples were degassed. 

Measurements of NMR and Mass Spectra. NMR spectra 
were measured with a Bruker SXP 4-100 spectrometer operat­
ing at 21.14 kG. Spin-lattice relaxation times for 1H and 27A1 
nuclei were measured at 28 °C using a partial relaxation tech­
nique with 7i- and jr/2-pulses. The length of the jr-pulses were 
1.3 X 10"5 and 2.4 x 10~5 s for 1U and 27A1, respectively. Mass 
spectra were recorded using a Finnigan model 3300F 
quadrupole mass spectrometer equipped with a chemical 
ionization system. Methane was used as the reactant gas for 
the chemical ionization. 

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

XH NMR. The 1H N M R spectra of the a luminum 
complexes showed four types of signals with hyperfine 
structures characteristic of the functional groups of the 
ligands; the methyl groups displayed a singlet pattern 
for T = 9 . 9 6 — 1 0 . 5 3 , the isopropoxy methyl groups a 
doublet for T = 8 . 3 1 — 9 . 0 4 , the isopropoxy methine 
groups a hep tad for T = 5 . 2 7 — 5 . 7 0 , and methane, a by­
product of the reaction of a luminum isopropoxide with 
tr imethylaluminum, a singlet at T = 9 . 8 5 . For con­
venience, the signals of the isopropoxy methyl groups 
are denoted by P l 5 P2, P3 , P4 , P5 , and P6 in the order 
of increasing T values, and those of the methyl groups 
by M l 5 M 2 , M3 , M 4 , and M 5 a t 28 °G. Below - 4 0 °C, 
the signal due to tr imethylaluminum, M 2 , splits into 
two singlet signals, which are designated as Mfl for the 
smaller value and as M 7 for the larger. O n the basis of 
considerations of chemical-shifts, spin-spin coupling 
constants and signal intensities, these signals were 
assigned in Ref. 7 to T°, T1 , T2 , T 3 , D«, D \ and D2 . 

In the present work, an a t tempt was made to reconfirm 
the signal assignments using the spin-lattice relaxation 
time, 7 \ . Typical *H N M R spectra measured using the 
partial relaxation technique are shown in Fig. 1, where 
the molar ratio of added trimethylaluminum and 
aluminum isopropoxide is 0.40:0.60. The logarithm 
of the recovery rate of the signals was plotted against 
the delay time of the jr/2-pulse after the jr-pulse, and the 
linearity was sufficient to determine the Tx values to 
within an accuracy of ± 5 % as listed in Table 1. 

From the observed Tx values, the isopropoxyl methyl 
signals can be classified into two groups, I (P l 5 P2, P 3 

and P4) , and I I (P5 and P6), which represent Tx values 
of 0.35—0.97 and 3.2—4.0 s, respectively. In a similar 
manner , the methyl signals can also be classified into 
two groups, I (M 3 ) , and I I (M2 and M 4 ) , with Tx values 
of 1.9 and 3.2—4.6 s, respectively. Since it is known 

P.RpRiRiP* M.M I \ 2 \ 3 ^4 \S 3':'4 P. PaPa^P* ^ 4 
t(s) i \ \ i I 1/ 

1.4 

2.0 

2,5 ßj k. 

5.0 

1.6 1.4 1.2 1.0-0.4-0.6 

PPM (6) 

1.6 1.4 1.2 1.0-0.4-0.6 

PPM (5) 

Fig. 1. 1H NMR spectra of the methyl groups of the 
aluminum complexes in benzene at 28 °C. t is delay 
time of the jr/2-pulse after the jr-pulse. Trimethyl­
aluminum and aluminum isopropoxide were mixed 
at the molar ratio 0.40: 0.60. 

that a luminum isopropoxide and trimethylaluminum 
are tetrameric2) and dimeric,3> respectively, the signals 
of groups I and I I are referred to the ligands of the 
tetra- and the binuclear a luminum complexes, respec­
tively. 

The M 2 signal, which is a singlet due to the rapid 
exchange of bridging and terminal methyl groups, M 6 

and M7 , of dimeric tr imethylaluminum D2 , has the 
longest Tx value, 4.6 s. T h e bridging ligand is supposed 
to be less mobile and have a shorter value of Tx than the 
terminal ligand. Since P5 and M 4 have shorter Tx values 
than P 6 and M5 , the former can be assigned to the ligand 
of D°, and the latter to that of D1 . T h e results agree 
with those obtained from the change in the signal 
intensity with the ratio of the trimethylaluminum to 
a luminum isopropoxide concentrations.7) The Tx values 
of P 5 and P 6 show that the Tx value of the isopropoxyl 
methyl group increases by about 0.6 s when the neigh­
boring isopropoxyl group is substituted by a methyl 
group. T h e increase in the Tx value is attr ibutable to a 
decrease in the number of neighboring protons, which 
play the role of the energy carriers in the spin-lattice 
relaxation process. 

T h e Tx values of Px and P 2 are ca. 0.35 s, and P 3 has a 

TABLE 1. SPIN-LATTICE RELAXATION TIMES FOR METHYL PROTONS OF ALUMINUM COMPLEXES IN BENZENE AT 28 °C 

A1(CH3)3: 
Al(isoPrO)3

a> 

0.00 : 1.00 
0.40 : 0.60 
0.80 : 0.20 

P i 

0.35 
0.36 

P2 

0.35 
0.36 

Spin-lattice relaxation 

P3 

0.65 
0.79 

P4 

0.97 

P5 

3.2 
3.4 

time (s) 

P6 

4.0 

M2 

4.6 

M3 

1.9 

M4 

3.2 

a) Molar ratio. 
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Tx value about twice as long as the former two. There­
fore, Pj and P2 are assigned to the bridging isopropoxy 
group of the tetranuclear complexes, and P 3 to the ter­
minal one. T h e splitting of the signal of the isopropoxy 
methyl group into the two signals, Px and P2, suggests 
that the bridging group is less mobile than the terminal 
group, P3 . P4 has a Tx value ca. 0.6 s longer than Pj or 
P2 , and is equivalent in molar intensity to M 3 , which 
has a 7 \ value about twice as long as P4 . Hence, P 4 and 
M 3 are assigned to the bridging isopropoxy group and 
the terminal methyl group, respectively, of one of the 
substituted wings of the tetranuclear structures, T 1 , T 2 

or T 3 . T h e 7 \ values of P4 and M 3 , as well as those of 
P l 3 P 2 and P3 , become longer with an increase in the 
amount of trimethylaluminum. This phenomenon 
shows that the 7 \ value increases with decreasing proton 
number of the neighboring ligands, a fact which supports 
the assumption that all three structures, T 1 , T 2 , and T3 , 
exist in the solution. If, for instance, only T° and T 3 

existed, the 7 \ values of P l 5 P2, P3, P4 , and M 3 would 
not change with the ratio of the tr imethylaluminum 
and aluminum isopropoxide concentrations. 

As long as similar structures are considered, it is 
seen that the 7 \ value is inversely proportional to the 
molecular weight. For instance, the ratio of the molec­
ular weight of D° to that of D 1 is 0.89, while the ratio 
of the 7 \ values of P 5 and P6 is 0.85 when trimethyl­
aluminum and aluminum isopropoxide are mixed at a 
molar ratio of 0.80: 0.20. When the ratio of the trimeth­
ylaluminum and aluminum isopropoxide concentrations 
is 0.40: 0.60, the mean molecular weight of the tetra­
nuclear complexes is calculated from the 7 \ value of P 3 

to be 672 in comparison with that for a pure solution 
of a luminum isopropoxide, while from the Tx values of 

a) I d ) I 

3O0 200 IOO O 3 0 0 20(5 foÔ 0~ 
PPM PPM 

b) I e) 

300 200 100 0 300 200 100 O 

PPM PPM 

C) f) 

A ; v 
300 200 IOO O 300 200 100 O 

PPM PPM 

Fig. 2. 27A1 NMR spectra of a) aluminum sulfate in 
water, and the mixture of trimethylaluminum and 
aluminum isopropoxide at the molar ratios b) 0.00 : 
1.00, c) 0.40: 0.60, d) 0.60: 0.40, e) 0.80: 0.20, and 
f) 1.00: 0.00 in benzene at 28 °G. 

TABLE 2. CHEMICAL SHIFTS, V, HALF-HEIGHT WIDTHS, 

Av, AND SPIN-LATTICE RELAXATION TIMES, TX*, FOR 
27A1 NMR SIGNALS IN BENZENE AT 28 °C 

A1(CH3)3: 
Al(isoPrO)3

a> 

Al2(S04)3
b> 

0.00 : 1.00 
0.40 : 0.60 
0.60 : 0.40e) 
0.80 : 0.20 
1.00 : 0.00 

V 

(ppm) 

0 
2.69 
3.75 
2.30 
5 .37x l0 2 

5 .37x l0 2 

Av 
(Hz) 

1.35x10 
1.02xl02 

8.75x10 
7.19x10 
1.48xl03 

1.04xl03 

7\* 
00 

2 . 2 x l 0 - 3 

4 . 3 x l 0 - 4 

4 . 5 x l 0 - 4 

7 . 2 x l 0 - 4 

2 . 3 x l 0 - 6 

3 . 2 x l 0 - 5 

a) Molar ratio, b) Saturated water solution, c) The 
narrower of the two signals. 

M 3 and M 4 , it is 689. T h e mean molecular weight 
decreases with an increase the number of methyl groups. 

27'AI NMR. T h e a luminum nucleus forms the 
skelton of the polynuclear complexes, but little work 
has so far been undertaken on the structure of the 
complexes based on information about the a luminum 
nucleus itself. For this reason 27A1 N M R spectroscopy 
is an indispensable technique. However, 27A1 N M R 
signals are usually broad because of the 7 = 5 / 2 spin and 
the large electric quadrupole moment,8) so that they are 
not easily used to obtain detailed information. After 
the work of O'Reilly,9) most studies using 27A1 N M R , 
which is a sensitive probe of the environment of the 
a luminum nucleus, have been developed by measuring 
line widths instead of direct measurements of the spin-
lattice relaxation times. 

27A1 N M R spectra of the reaction products of alumi­
num isopropoxide with tr imethylaluminum are shown 
in Fig. 2, where a luminum sulfate dissolved in water 
is used as a chemical shift standard. Values of the 
chemical shift, v, and the half-height width, Av, are 
listed in Table 2. Aluminum sulfate shows up as a 
sharp line with a half-height width of 13.5 Hz indicating 
the formation of a monomeric structure involving six 
ligands in water. A single line of a luminum isopropoxide 
appeared at a frequency 2.69 ppm higher than that of 
a luminum sulfate with a half-height width of 102 Hz, 
although the tetrameric structure T° contains two kinds 
of the a luminum nuclei. Trimethylaluminum, the 
dimeric structure D 2 of which was determined from *H 
N M R spectra,5,6) showed a broad signal with a half-
height width of 1042 Hz at a frequency 537 ppm higher 
than that of a luminum sulfate. No signals other than 
those corresponding to the tetrameric or the dimeric 
structures were observed at molar ratios for trimethyl­
a luminum and a luminum isopropoxide of 0.40: 0.60 
and 0.80: 0.20, respectively. When trimethylaluminum 
and a luminum isopropoxide were mixed at a molar 
ratio of 0.60: 0.40, the 27A1 N M R spectrum displayed 
both narrow and broad lines corresponding to the tetra-
and binuclear complexes, respectively. The coordina­
tion number of the a luminum nucleus of the tetra­
nuclear complexes is six at the center and four in the 
wing. Hence, the a luminum nucleus at the latter 
position should show an N M R signal with a frequency 
close to that of the binuclear complexes, but no such 
signal was observed. As a result, the a luminum nuclei 
that represent the N M R signals are at tr ibutable to the 
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central nucleus of the tetranuclear complexes, T°, T1 , T 2 

and T3 , and to the nuclei forming the binuclear 
complexes, D 1 and D2 . T h e spin-lattice relaxation 
time for the a luminum nuclei situated in the wings 
of all the tetranuclear complexes and for those 
of the binuclear complex D° is believed to be too short 
to exhibit this N M R signal because of the low symmetry 
of the coordination structures. 

In order to evaluate the spin-lattice relaxation time 
from the 27A1 N M R data, it is necessary to formulate 
an equation that describes the nuclear magnetization of 
aluminum in terms of the time interval t between the 
7i- and 7r/2-pulses. T h e master equations for a nucleus 
with a spin quantum number I are expressed as 

dPJdt = - W 1 2 ( A - A - < 5 1 2 ) 

dPJdt = W^APt-i-Pt-ôi-i.i) 

- WW*«--P«+i-*«.««) 
and 

dP„/d/ = ^ . „ ( i V i - ^ - ^ - i , » ) , (l) 

where n is the total number of spin states given by n— 
2 7 + 1 ( = 6 ) , and i can take any integer between unity 
and n. Pi and Witi+1 denote the spin population of the 
i-th state and transition probability of the spin from the 
j-th state to the next higher state, respectively. <5,,,-+1 

denotes the difference in the spin populations between 
the x-th and (*'+l)-th states at thermal equilibrium. 
For simplicity, it is assumed that both Wiii+1 and ôiwi+1 

are constants independent of i, and that the apparent 
value of the spin-lattice relaxation time is given by 7 \* , 
one half of the reciprocal of the transition probability. 
Then, the normalized value of the magnetization M 
for the 27A1 nucleus is given by 

M = M(0/M(oo) 

= 1 - (2/105)(A+B + C), (2) 

where ^ = e x p ( - ^ / r i * ) , £ = 2 ( 2 6 + 1 5 v ' 3 ) e x p [ - ( 2 -
^ 3 ) ^ / ( 2 ^ * ) ] and C = 2 ( 2 6 - 1 5 > / 3 ) e x p [ - ( 2 + ^ / 3 ) * / 
( 27 \* ) ] . A and C have smaller values than B, so that 
they are negligible within the practical accuracy of M. 
Hence Eq. 2 can be simplified to 

M= 1 - 2 e x p [ - ( 2 - V T ) ^ / ( 2 r 1 * ) ] . (3) 

Experimental values of log2(l— M)-1 lie along a 
straight line when plotted against the value of t. For a 
sample composed of a mixture of D 1 and D 2 , it was 
difficult to obtain a straight line as a result of the 
overlapping of the broad signals, so that the apparent 
value of 7 \ * was determined from the line width upon 
comparison with tha t of D 2 . T h e 7 \ * values are listed 
in the last column of Table 2. 

Aluminum sulfate dissolved in water provided the 
longest T±* value, 2.2 X 10~3 s, of all the samples. 7 \ * of 
the signal due to the tetranuclear complexes gradually 
increased with an increase in the amount of trimethyl-
aluminum. This corresponds to a decrease in the 
molecular weight, as well as to a slight change in the 
coordination symmetry about the observable a luminum 
nucleus, supporting the assumption that it is the central 
nucleus alone that produces the N M R signal of the 
tetranuclear complexes. T h e 7 \ * value is much shorter 
for the a luminum nucleus with the coordination number 

six, as can be seen from the following results of the 
binuclear complexes. When trimethylaluminum and 
aluminum isopropoxide were mixed at a molar ratio of 
0.80:0.20, the 27A1 N M R spectrum displayed a Tx* 
value of 2.3 X 10^5 s, which was shorter than that for a 
pure solution of trimethylaluminum. This indicates 
that the a luminum nucleus of the binuclear complex D 1 

produces an N M R signal at the same position as 
dimeric tr imethylaluminum D2 . The 7 \ * value would 
be too short to allow detection of the N M R signal of the 
aluminum nucleus between a pair of bridging isopropoxy 
groups and a pair of terminal methyl or isopropoxy 
groups. 

13C NMR. T h e coordination state of the ligand 
was examined by 13C N M R , too, as is shown in Fig. 3, 
where tetramethylsilane was used as the chemical shift 
standard. T h e isopropoxy methyl and methine carbons 
produced 13C N M R signals higher in frequency and 
narrower in width than those of the methyl carbons 
at tached to the a luminum nucleus. 

M * * * * * f t » l N » 4 W » » H i l ^ ^ 

20 10 
ppm 

b) 

V M M M W i t iAp| i>»Mi(rt l i^^ f\m 
ppm 

Fig. 3. 13C NMR spectra of the mixture of trimethyl­
aluminum and aluminum isopropoxide at the molar 
ratios a) 0.40: 0.60, and b) 0.80: 0.20 in benzene at 
28 °C. 

Four kinds of signals from the isopropoxyl methyl 
of the benzene carbon at 128.60 ppm, were observed 
in the 13C N M R spectrum of a pure solution of a luminum 
isopropoxide. The signals at 34.27 and 33.00 ppm are 
assigned to the bridging ligand of tetrameric aluminum 
isopropoxide, T° , and are designated by Pj and P2 , 
respectively, in a similar manner to the case of XH N M R . 
T h e two signals at 35.75 and 35.53 ppm, which are 
close to each other in comparison with the other two 
signals, are assigned to the terminal ligand P 3 of T°, 
and are indicated by P 3 1 and P32, respectively. The 
1H N M R signal from P 3 was, however, lower in 
frequency than the signals from P1 and P2 , and did not 
split. O n the other hand, the isopropoxy methine 



March, 1977] Structures of Aluminum Complexes Using NMR and CIMS 677 

a) 

100 r 

I* 80 
c 
41 

ç 6 0 

§ 
••5 40 

554 AI4M2P7H2 656 AI4MP,H 758AI 4 P„ 

lOOr 

£ 8 0 

I 
£ 6 0 h 

s 
I 40 h 
& 

2 0 

0"-r-
0 

6VPÏO 79 <PH 

600 
m/e 

2 0 0 
m/e 

b) 

g 4 0 

<r 
20 

[AI4M2P7H2 

Ul4M6P6H 
656A14MP9H 758AI4PM 

79 »H 91 *CH-

600 650 
m/e 

2l7Al sMjP f 26IAI2M2P3 

200 
m/e 

O 

lOO 

>. 
'8 8 ° 
S 
£ 6 0 h 

? 
s 4 0 h 
'S I 
a. [ 

2 0 h 

61 PHj 79 * H 91 *CH2 

600 650 
m/e 

189 AI2M5PH [""217 AI2M3P2 

~x 200 
m/e 

Fig. 4. Chemical ionization mass spectra of the mixture of trimethylaluminum and aluminum 
isopropoxide at the molar ratios a) 0.00: 1.00, b) 0.30: 0.70, and c) 0.90: 0.10 in benzene. 
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carbons of a luminum isopropoxide display only the two 
signals with equimolar intensity at 73.70 and 70.83 ppm, 
which are assigned to the terminal and bridging ligands 
respectively, so that splitting of the isopropoxy methyl, 
signal is attr ibuted to the steric difference of the two 
methyl groups bonded to a methine carbon. 

When tr imethylaluminum was added to a luminum 
isopropoxide in benzene, a new signal from the 
isopropoxy methyl carbon appeared a t 32.80 ppm, 
which was assigned to a mixture of the bridging ligands, 
P4 of the substituted wing of the tetranuclear complexes 
T1 , T 2 , and T 3 , and P5 of the binuclear complex D°. 
However, the methyl groups of M 3 and M 4 a t tached to 
the a luminum nuclei bearing P4 and P5 , respectively, 
produced no 13G N M R signal. This phenomenon 
coincides with the result of the 27A1 N M R experiments 
that no N M R signal was detected due to these a luminum 
nuclei. 

When the amount of tr imethylaluminum exceeded 
75.0 mol % in the benzene solution, signals from the 
tetranuclear complexes diminished to the point of 
disappearing, and a signal due to the isopropoxy 
methyl carbon, assigned to P6 of the binuclear complex 
D1 , appeared a t 32.21 ppm accompanied by the signals 
from the corresponding to methyl groups M x and M 5 , 
which overlapped each other a t —7.0 ppm with a 
half-height width of ca. 140 Hz. T h e methyl groups, 
M 6 and M 7 , of dimeric tr imethylaluminum D 2 also 
displayed an overlapping of the carbon signals at —5.9 
ppm with a half-height width of ca. 20 Hz. Line 
broadening of the methyl carbons bonded to the 
a luminum nucleus corresponds to the exchange of the 
methyl groups and to the electric quadrupole moment 
of the adjacent a luminum nucleus, as well as to the 
spin-spin coupling between the 13G and 27A1 nuclei.10) 
Since the carbons of the ligands are located at positions 
closer to the a luminum nucleus in comparison with the 
protons, the 13G N M R spectrum exhibits an intermediate 
character between the l H N M R and the 27A1 N M R data 
supporting these results. 

Chemical Ionization Mass Spectrometry. In order to 
verify the N M R results mentioned above, it is desirable 
to determine the molecular weight of the a luminum 
complexes. However, these complexes are so unstable 
tha t it is very difficult to measure their molecular 
weights using ordinary methods. C I M S (chemical 
ionization mass spectrometry) is a useful technique for 
the molecular weight measurements of such unstable 
compounds, since ions are produced under a milder 
condition in C I M S than in electron impact mass 
spectrometry. 

C I M S spectra of the reaction products of a luminum 
isopropoxide with tr imethylaluminum are illustrated in 
Fig. 4. In the C I M S spectrum of a luminum iso­
propoxide, the large peak at an mje of 758 corresponds 
to an ion of [Al4(isoPrO)n]+, which is a fragment from 
a Al4(isoPrO)12 molecule. This indicates a tetrameric 
structure for a luminum isopropoxide, although no 
molecular ion [T°H]+ was detected a t an mje of 818. 
T h e peaks at mje of 656 and 554 are assigned to [Al4-
(CH3)(isoPrO)9H]+ and [Al4(GH3)2(isoPrO)7H2]+, 
respectively, which are produced by the partial substitu­

tion of the isopropoxyl groups of T° by methyl groups 
of methane, the reactant gas. The isopropoxyl group 
of the ligand produces a peak at an mje of 61, which is 
assigned to [isoPrOH2]+. 

When trimethylaluminum and aluminum isopropoxide 
were mixed at a molar ratio of 0.30: 0.70, the peaks at 
mje of 656 and 554 were enhanced indicating the progress 
of the substitution reaction of the isopropoxyl group 
by the methyl group for trimethylaluminum. The peak 
at an mje of 554 might include a molecular ion [Al4-
(CH3)6(isoPrO)6H]+ from the tetranuclear complex T3 , 
but no molecular ions were produced from the tetra­
nuclear complexes, T 1 and T2 , as well as from T°. The 
peaks a t mje of 261 and 217 are attr ibutable to [Al2-
(GH3)2(isoPrO)3]+ and [Al2(GH3)3(isoPrO)2]+ binuclear 
ions, respectively. T h e former corresponds to the 
reaction product of D° with the isopropoxyl ion or to a 
fragment from T 1 , T 2 , or T 3 , and the latter to a fragment 
from D°. 

At a molar ratio of tr imethylaluminum and aluminum 
isopropoxide concentrations of 0.90: 0.10, no tetra­
nuclear ions were detected in the C I M S spectrum, which 
displayed large peaks for binuclear ions at mje of 217 
and 189. T h e peak a t an m\e of 189 is assigned to the 
[Al2(CH3)5(isoPrO)H]+ molecular ion from D1 . These 
results agree with the data obtained in the N M R 
experiments. 

Conc lus ion 

The structure of a luminum complexes formed by the 
reaction of a luminum isopropoxide with trimethyl­
a luminum was investigated from three different angles: 
the ligand was examined using *H N M R and 13C N M R , 
the central nucleus using 27A1 N M R , and the molecular 
weight employing chemical ionization mass spectrom­
etry. 

The spin-lattice relaxation time of *H is sensitive to 
the motion of the ligand ; Tx was shorter a t the bridge 
position than a t the terminal position, and inversely 
proportional to the molecular weight. This was used 
to estimate the mean molecular weight of the mixture 
of tetranuclear complexes, which were indistinguishable 
from one another using the chemical shift of the XH and 
13C N M R signals. 

The coordination symmetry about the aluminum 
nucleus was reflected on the spin-lattice relaxation time 
of 27A1, which was defined as one half of the reciprocal 
of the transition probability of the spin, 7 \* . The 7 \ * 
value was longer at the center of the tetranuclear 
complex than a t the binuclear complex, and was too 
short to produce an N M R signal for the aluminum 
nucleus between a pair of bridging isopropoxy groups 
and a pair of terminal methyl or isopropoxy groups. 

T h e 13C N M R data for the ligand represented an 
intermediate character between the data for XH N M R 
and 27A1 N M R ; the 13C N M R signal due to the iso­
propoxyl group reflected the configuration of the ligand 
in a manner similar to the XH N M R , while that of the 
methyl group was broad and was not observed with a 
methyl group attached to the aluminum nucleus that 
showed no N M R signal. 
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The chemical ionization mass spectra of the products 
of the reaction of a luminum isopropoxide with trimethyl­
aluminum showed fragment ions from both the tetra-
and the binuclear complexes as predicted from the N M R 
study. However, no molecular ions of tetrameric 
aluminum isopropoxide were observed. 

All the results support the conclusions of previous 
work7) that the terminal isopropoxy groups of tetra­
meric a luminum isopropoxide are replaced successively 
by the methyl groups of dimeric tr imethylaluminum to 
form three kinds of tetranuclear and two kinds of 
binuclear complexes, and that, after the reactions, the 
resultant tetranuclear complex undergoes decomposition 
reactions leading to two kinds of binuclear complexes. 
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As chromium (III) complexes with L-oc-amino acids (alanine, aminobutyric acid, norvaline, norleucine, valine, 
isoleucine and leucine), [Cr(ala)3], (+)[Cr(am-but)3], [Cr(OH)(am-but)2]2, ( + ) and ( —)[Cr(norval)3], (—)-
[Cr(norleu)3], [Cr(OH)(norleu)2]2, [Cr(val)2(val-0)(NH3)], (+)[Cr(isoleu)3], [Cr(isoleu)2(isoleu-0)(NH3)], 
[Cr(OH)(isoleu)2]2, ( + ) and ( —)[Cr(leu)3], and [Cr(OH)(leu)2]2 were prepared by the matrix method in solid 
state, and [Cr(ala)3], [Cr(am-but)3], [Gr(OH)(am-but)2]2, (-)[Cr(norval)3], [Gr(OH)(norval)2]2, ( - ) [Cr-
(norleu)3], [Cr(OH)(norleu)2]2, (+)[Cr(val)3], [Cr(val)2(val-0)(NH3)], [Cr(OH)(val)2]2, (+)[Cr(isoleu)3], 
[Gr(OH)(isoleu)2]2, and a mixture of diasteroisomers of [Cr(leu)3] were obtained by the usual method in solution. 
Some differences in the formation of the tris-type and hydroxo-dimer complexes appeared between the two methods. 
Especially, in the solid reaction, some complexes gave diastereoisomers with optically-active counter structures 
depending upon the kind of solvents used for preparation. All tris-type chromium(III) complexes with L-oc-amino 
acids were of/àc-structure. 

In a previous paper,1) systematic studies were reported 
on the effect of the length of the skeletal carbon chain 
or the presence of side chains in glycine and racemic 
amino acids upon the formation of complexes by the 
isothermal matr ix method in solid state and by the 
usual method in solution in which hexaamminechro-
mium(I I I ) nitrate was used as the starting material. 
In the present work, at tempts were made to prepare 
chromium(II I ) complexes with L-a-amino acids (alanine, 
aminobutyric acid, norvaline, norleucine, valine, iso­
leucine and leucine) by applying the same methods as 
described in Ref. 1 with respect to the preparation of 
racemic amino acids and to study the difference between 
racemic and L-amino acids in complexation. T h e 
studies of the formation of optical isomers of the com­
plexes were also investigated. 

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

Preparation of Chromium (III) Complexes. There are two 
methods for the preparation of chromium(III) complexes 
with L-a-amino acids depending on the starting technique. 

a) Preparation by Solid State Reaction: Hexaamminechro-
mium(III) nitrate was mixed with the respective L-amino acid 
in a mortar. The mixture was heated at (150=tl)°C in a 
Toyoroshi electronic drying oven. The molar ratio of the 
amino acids to the starting complexes was 3: 1 and the heating 
time was 20 min. 

The reaction product containing L-alanine was dissolved in 
water. After removal of the residue by filtration, filtrate was 
kept standing at room temperature for one or two days. [Gr-
(ala)3] was gradually deposited as pink crystals. The main 
product of the residues was also [Cr(ala)3]. Using a method 
similar to that described above, the di-jx-hydroxo-tetrakis-
(amino acidato)dichromium(III) complexes were obtained as 
light purple crystals, when the amino acid was L-a-amino­
butyric acid, L-norleucine or L-leucine. The complex with 
L-norvaline was, however, obtained as ( —) [Cr(norval)3]« 
3H 2 0. In the case of L-isoleucine, a mixture of pink and 
purple crystals was gradually deposited. The mixture was 
dissolved in DMF. After filtration, the filtrate was added 
dropwise to water, causing instant precipitation of ( + ) [Cr-
(isoleu)3] »3H20 as pink crystals. The purple residue obtained 
by the above filtration was [Cr(OH)(isoleu)2]2-6H20. 

The reaction products containing L-a-aminobutyric acid, 

L-norvaline, L-norleucine, L-valine, L-isoleucine and L-leucine 
were dissolved in methanol. After removal of the residues by 
filtration, the filtrates were kept standing at room temperature 
for two or three days. (+)[Cr(am-but)3].H20, (+)[Cr-
(norval)3].2H20, [Cr(norleu)3].3H20, [Cr(val)2(val-0)-
(NH3)].2H20, [Cr(isoleu)2(iaoleu-0)(NH3)].2H2Oand ( + ) -
[Cr(leu)3]-3.5H20 were gradually deposited as pink crystals. 
After filtering the ( + )[Cr(am-but)3]»H20 obtained above, 
the filtrate was kept standing at room temperature until com­
pletely dried, another type of [Cr(am-but)3] -H 2 0 also being 
obtained as pink crystals. The former was soluble, whereas 
the latter was insoluble in water. The complexes [Cr(val)2-
(val-0)(NH3)] .2H20 and [Cr(isoleu)2(isoleu-0)(NH3)]. 
were obtained by drying for 30 min the above-mentioned 
crystals deposited at 50°C. 

When ethanol was used as the solvent, tris type complexes 
were obtained as pink crystals only for L-norvaline, L-nor­
leucine and L-leucine. The CD sign of these optically active tris 
type complexes was, however, negative, which is opposite to 
that of the corresponding complexes obtained in methanol. 
Complexes with L-valine and L-isoleucine were also obtained 
as [Cr(val)2(val-0)(NH3)] 2H 2 0 and [Cr(isoleu)2(isoleu-0)-
(NH3)]-2H20, respectively, although they might have been 
contaminated by small amounts of tris type complexes. In the 
case of L-a-aminobutyric acid, only an oily substance 
was obtained, the crystallization having been unsuccessful. 
In the case of L-alanine, the reaction product was insoluble in 
both ethanol and methanol. 

The analytical data for the complexes obtained by the above 
method are shown in Table 1, except for the dimer-complexes 
with isoleucine and norleucine. The IR spectra of these 
complexes were coincident with those of the corresponding 
complexes obtained by the solution method. 

b) Preparation by Solution Reaction : Hexaamminechromium-
(III) nitrate (345 mg) and L-a-alanine (267 mg) were dissolved 
in hot water (5 ml) and the mixture was heated in a water bath 
until pink crystals began to appear and then was cooled to 
room temperature. The pink crystals obtained were [Cr(ala)3]. 
By applying the method described above, the complexes with 
L-a-aminobutyric acid, L-norvaline and L-valine were all pre­
cipitated as pink crystals. The pink crystals containing L-nor­
valine were dissolved in DMF or DMSO. After filtration, the 
filtrate was added dropwise to water, causing instant precipi­
tation of ( —)[Cr(norval)3] • 3H 20. The pink complex contain­
ing L-a-aminobutyric acid was washed with water and then 
with ethanol. In the case of L-valine, the pink crystals were 
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T A B L E 1. ANALYTICAL DATA (FOR THE SOLID REACTION) 

Complexes 

[Cr(ala)3]
a> 

[Cr(am-but)3].H2Ob>* 
[Cr(am-but)3].H2Ob>** 
[Cr(norval)3].3H2Oa> 
[Cr(norval)3]-2H2O

b> 
[Cr(norval)3].3H2Oc> 
[Cr(norleu)3].3H2Ob> 
[Cr(norleu)3].3H2Oc> 
[Cr(isoleu)3].3.5H2Oa> 
[Cr(leu)3].3.5H2O

b> 
[Cr(leu)3].2H2Oc) 
[Cr(val)2(val-0)(NH3)] -2H2O

b> 
[Cr(isoleu)2(isoleu-0)(NH3)] • 2H2O

b> 
[Cr (OH) (am-but)2]2 • 1. 5H2O

a> 
[Cr(OH)(leu)2]2.6H2Oa) 

c (%) 
Calcd Found 

34.18 
38.30 
38.30 
39.61 
41.28 
39.61 
43.54 
43.54 
42.77 
42.77 
45.18 
40.00 
43.62 
33.51 
37.59 

34.12 
37.92 
38.40 
39.52 
40.71 
39.63 
43.75 
43.43 
42.51 
42.73 
44.90 
39.49 
44.06 
33.79 
36.53 

H 

Calcd" 

5.74 
6.96 
6.96 
7.92 
7.39 
7.92 
8.53 
8.53 
8.57 
8.57 
8.43 
7.61 
8.74 
6.45 
8.65 

Found 

5T75 
6.63 
6.55 
7.84 
7.14 
7.52 
8.15 
8.17 
8.07 
7.99 
8.60 
7.75 
8.18 
5.88 
7.96 

N 

Calcd" 

13.29 
11.17 
11.17 
9.24 
9.63 
9.24 
8.46 
8.46 
8.31 
8.31 
8.78 

12.43 
11.31 
9.77 
7.71 

Solvent : a) water, b) methanol, c) ethanol. * dissolved in water, ** not dissolved in water. 

T A B L E 2. ANALYTICAL DATA 

Complexes 

[Cr(ala)3] 
[Cr(am-but)3] . H 2 0 
[Cr(norval)3].3H20 
[Cr(norval)3]-3H20 
[Cr(norleu)3].H20 
[Cr(val)3].3HaO 
[Cr(isoleu)3].3H20 
[Cr(leu)3].2H20 
[Cr(OH) (am-but)2]2 • 1. 5H 2 0 
[Cr (OH) (norval) 2] a • 2H 20 
[Cr (OH) (norleu)2]2.4H20 
[Cr(OH)(val)2]2.2H20 
[Cr (OH) (isoleu)2]2.6H20 

C 

Calcd -

34.18 
38.30 
39.61 
39.61 
46.95 
39.61 
43.54 
45.18 
33.51 
37.62 
39.45 
37.62 
37.59 

(FOR THE SOLUTION REACTION) 

(%r 
Found 

33.18 
38.12 
40.16 
39.75 
46.44 
39.60 
43.41 
46.05 
33.44 
37.39 
40.06 
36.91 
37.04 

H 

Caîcd" 

5.74 
6.96 
7.92 
7.92 
8.32 
7.92 
8.53 
8.43 
6.45 
7.26 
8.00 
7.26 
8.65 

Found 

5^49 
6.60 
7.10 
7.10 
8.27 
7.75 
8.33 
8.40 
6.13 
7.01 
7.67 
6.52 
8.15 

(%) 

Found 

14.11 
11.06 
11.18 
9.19 
9.76 
9.20 
8.53 
8.42 
8.53 
8.21 
9.16 

12.25 
11.19 
9.90 
7.31 

N ( % ) 

Calcd Found 

13.29 
11.17 
9.24 
9.24 
9.12 
9.24 
8.46 
8.78 
9.77 
8.77 
7.67 
8.77 
7.31 

13.17 
11.10 
9.35 
9.09 
8.87 
9.25 
8.41 
8.93 

10.30 
8.53 
7.88 
8.78 
7.32 

dissolvaed in ethanol. After filtration, (+)[Cr(val)3]«3H20 
was obtained from the residue and when the filtrate was al­
lowed to stand at room temperature for three or four days, [Cr 
(val)2(val-0)(NH3)]«xH20 was gradually deposited as red-
purple crystals. By heating at 50°C for 30 min, the amount of 
crystal water contained was determined to be x—2. The IR 
spectrum of this complex was coincident with that of the corre­
sponding complexes obtained for the solid state reaction. 

By using a similar method, with the exception that 60 ml of 
water was employed insteaed of 5 ml of hot water, hydroxo-
dimer complexes with L-a-aminobutyric acid, L-norvaline, L-
norleucine, L-valine and L-isoleucine were obtained as purple 
crystals. However, the complexes with L-alanine and L-leu-
cine were of tris-type. When 10 ml of water was employed, hy-
droxo-dimer complexes were obtained in the case of L-a-ami­
nobutyric acid and L-valine, whereas only tris complexes were 
obtained for all the other amino acids. The tris complex con­
taining L-norvaline was dissolved in methanol. After filtration, 
the filtrate was concentrated using a cooling dryer, causing the 
precipitation of (—)[Cr(norval)3] «3H20. The residue thus 
obtained was identical to that obtained previously. 

The analytical data of these complexes are shown in Table 2. 
Apparatus. The UV spectra were measured with a 

Hitachi 139 spectrophtometer. The IR spectra were measured 
in a KBr disk with a Hitachi EPI-G3 infrared spectrophto­
meter. The CD spectra were recoded on a JASCO Model 
ORD/UV-5 spectrophtometer with a CD attachment. 

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

UV Absorption Spectra. The absorption spectra 
of the chromium(II I ) complexes with L-a-amino acids 
of type [Cr(L)3] and [ C r ( L ) 2 ( L - 0 ) ( N H 3 ) ] , where L 
denotes amino acids, were measured in D M S O , except 
for the complexes with alanine, aminobutyric acid and 
norleucine which were insoluble in D M S O . The spectra 
of the chromium(II I ) complexes with alanine and 
aminobutyric acid were measured in solid state and in 
perchloric acid. The spectrum of the tris(norleucinato)-
chromium(II I ) complex was not measured, because the 
yield of this complexes was very small. Since the color 
of this complex was pink, the structure may be of facial 
form. 

T h e numerical data for their absorption maxima are 
summarized in Table 3. These data suggest that the 
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TABLE 3. ABSORPTION MAXIMA OF TRIS- AND BIS-TYPE 

CHROMIUM(III) COMPLEXES 

v : wave number of absorption maximum, 
e: molar absorption coefficient (M-1 cm-1 M: mol dm-3). 

vJlO3 

cm-1 (log e) f2/103 

c m 4 

Solid state reaction 
[Gr(aIa)J 
[Cr(ala)3] 
[Cr(am-but)3] 
[Cr(am-but)3] 
[Cr(norval)3]

a> 
[Cr(norval)3]

b> 
[Cr(norval)3]

c> 
[Cr (nor leu) 3] 
[Cr(isoleu)3] 
[Cr(leu)3]

b> 
[Cr(leu)3]

c> 
[Cr(val)2-
(val-0)(NH3)] 
[Cr(isoleu)2(iso-
leu-0)(NH3)] 

18.7 
19.4 
19.4 
18.6 
19.5 
19.2 
19.5 
19.5 
19.2 
19.2 
19.4 

19.3 

19.3 

(1.71) 

(1.87) 
(1.70) 
(2.20) 
(2.24) 
(2.22) 
(2.25) 
(2.24) 
(2.30) 
(2.29) 

(1.76) 

(1.75) 

25.1 
26.0 
26.0 
25.0 
25.7 
25.3 
25.7 
25.7 
25.3 
25.3 
25.5 

25.7 

25.7 

Solution state reaction 
[Cr(ala)3] 
[Gr(am-but)3] 
[Cr(am-but)3] 
[Cr(norval)3] 
[Gr(norleu)3] 
[Gr(val)3] 
[Cr(isoleu)3] 
[Cr(leu)3] 

19.4 
18.6 
19.4 
19.5 
19.5 
19.1 
19.2 
19.3 

(1.70) 

(2.19) 
(2.27) 
(2.24) 
(2.24) 
(2.28) 

26.0 
25.0 
26.0 
25.7 
25.7 
25.4 
25.4 
25.4 

(log e) 

(1.62) 

(1.83) 
(1.64) 
(2.09) 
(2.11) 
(2.10) 
(2.05) 
(2.14) 
(2.20) 
(2.20) 

(1.81) 

(1.82) 

(1.65) 

(2.08) 
(2.06) 
(2.08) 
(2.12) 
(2.20) 

Solvent 

20%HClO4 

Reflectance 
DMSO 
20%HClO4 

DMSO 
DMSO 
DMSO 
DMSO 
DMSO 
DMSO 
DMSO 

DMSO 

DMSO 

Reflectance 
20%HClO4 

Reflectance 
DMSO 
DMSO 
DMSO 
DMSO 
DMSO 

Solvent: a) water, b) methanol, c) ethanol. 

complexes with L-alanine and L-a-aminobutyric acid 
undergo acid hydrolysis or some chemical reaction on 
dissolution in perchloric acid and that the behavior is 
similar to that of complexes with ^/-alanine and dl-ac-
aminobutyric acid. Also it is seen that the absorpiton 
maxima of the other chromium (I I I ) complexes are 
almost coincident with those of the corresponding 
chromium(II I ) complexes of tris-type with dZ-amino 
acids.1) This suggests that the chromium (III ) complexes 

18 20 22 24 26 

Wave number (103 cm -1) 

Fig. 1. The absorption spectra of [Cr(isoleu)3] ( ) 
and [Cr(isoleu)2(isoleu-0)(NH3)] ( ) in DMSO 
solution. 
e: M - 1 cm - 1 , M: mol dm - 3 . 

HsN 

•N N-

(A) (B) 

Fig. 2. The possible structures of [Cr(isoleu)2(isoleu-0)-
(NH3)]. 

of tris-type are of/Àc-structure. 
T h e spectra of [Cr(isoleu)3] and [Cr(isoleu)2(isoleu-

0 ) ( N H 3 ) ] in D M S O are shown in Fig. 1. The absorp­
tion curve of the bis-type complex is similar to that 
of the tris-type, except that the first absorption band has 
a lower absorption coefficient than the second band of 
the bis-type complex. Therefore, this uggests that the 
coordinating structure of the bis-type complex is a 
cis-cis structure with respect to the nitrogen or oxygen 
atoms and the symmetry of this complex is lower than 
the C3V of tris-type complex. Thus, for the bis-type 
complex, two geometrically possible isomers are con­
sidered, as shown in Fig. 2. When the reaction product 
was dissolved in water, instead of methanol, a mixture 
of fac- and hydroxo-dimer complexes were obtained. 
This suggests that the coordinating structure of this 
complex is that of (A) in Fig. 2. The absorption spectrum 
of [Cr(va l ) 2 (va l -0) (NH 3 ) ] was similar to that of 
[Cr(isoleu)2( isoleu-0)(NH3)] . T h e structure of the 
bis(valinato) complex is also coincident with that of 
the bis(isoleucinato) one. 

IR Spectra. Infrared absorption spectra were 
measured in the range of 4000 to 400 cm - 1 . The 
spectra of [Cr(isoleu)3] and [Cr(isoleu)2(isoleu-0)-
(NH3)] are shown in Fig. 3. I t is seen from this firgure 
that the absorption peak which is assigned to the NH 2 

deformation vibration appears at 1505 c m - 1 in the 
bis-type complex, but that in the tris complex in which 
all amine groups were bonded to the chromium atom, 
this peak is shifted to 1600 cm - 1 . Therefore, these 
results lead to the conclusion that the structure of this 
bis-type complex is that of (A) in Fig. 2. The bis-type 

h 

Wave number (cm-1) 

Fig. 3. The IR spectra of [Cr(isoleu)3] (-
[Cr(isoleu)2(isoleu-0) (NH3)] ( ). 

-) and 
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20 25 

Wave number (103 cm-1) 

Fig. 4. The CD spectra of (+)[Cr(L-am-but)3] (. 
and (+ ) and (-)[Cr(L-norval),] ( ). 
e: M - 1 cm -1, M: mol dm - 3 . 

< 

-2\ 

-4h 

20 25 30 

Wave number (103 cm-1) 

Fig. 5. The CD spectra of ( —)[Cr(L-norleu)3] ( 
and(+)[Cr(L-val) 3 ] ] ( ). 
s: M - 1 cm -1, M: mol dm - 3 . 

complex with L-valine also has an absorption peak at 
1505 cm - 1 . This suggests that the structure of this 
complex is similar to that of the bis-type complex with 
L-isoleucine. 

CD Spectra. The circular dichroism for ( + )[Cr-
(am-but)3] and ( + ) and ( - ) [Cr (no rva l ) 3 ] (Fig. 4), 
( - ) [Cr (nor l eu ) 3 ] and (+) [Cr (va l ) 3 ] (Fig. 5), and 
(+)[Cr(isoleu)3] and ( + ) and ( - ) [ C r ( l e u ) 3 ] (Fig. 6) 
were measured in D M S O . Although the separation of 
these optical isomers was not always perfect, the Ae(ext ) 

of the major components of the first absorption band 
were larger than those for the corresponding cobalt (111) 
complexes.2) Therfore, it appears that these optical 
isomers were obtained as complexes with fairly high 
optical purity. Their configurations can be tentatively 
identified as A for ( + ) and A for ( —) by comparing 
the CD curves of the present complexes with those of 
the J-tris(oxalato)3) and /i-tris(ethylendiamine)chro-
mium4) ions, respectively. Gillard et al. have reported 
that [Cr(ala)3] which is insoluble in water is of J-form.5> 
The I R spectrum of [Cr(ala)3] obtained in the present 
work agrees with that published by the above authors. 

Wave number (103 cm-1) 

Fig. 6. The CD spectra of ( + )[Cr(L-isoleu)3] (-
and ( + ) and (-)[Cr(L-leu)3] (- ). 
s: M - 1 cm -1, M: mol dm - 3 . 

Douglas and Yamada have reported6) that the lower 
solubility of (/?)-yl[Co(L-ala)3] is not surprising since the 
molecules of the isomer might be expected to interact 
strongly through intramolecular hydrogen bonding 
which would be possible if the molecules were stacked 
directly above one another. T h e solubility of ( + ) [ C r -
(norval)3] is appreciably lower than that of the corre­
sponding ( — ) complex. Therefore, the tris(amino-
butyrato) and tris(norleucinato)chromium(III) com­
plexes, which are insoluble in both water and D M S O 
might be also of ( + )-form. But, (+ ) [Cr (am-bu t ) 3 ] 
which is soluble in water might be different from the 
other complexes in crystal structure. In general, the 
solubility of fac-{-\-) chromium (III ) complexes with L-
amino acids which do not have the side chain is lower 
than that of the ( —) complexes. O n the other hand, it 
is not difficult to understand that the solubility of 
( + ) [ C r ( v a l ) J , (+)[Cr( isoleu) 3 ] and (+) [Cr ( l eu ) 3 ] is 
high, since the interaction through intramolecular 
hydrogen bonding would become weaker as these amino 
acids have a methyl group in the ß- or y-position. Since 
the spectra of [Cr(va l ) 2 (va l -0) (NH 3 ) ] and [Cr(isoleu)2-
( isoleu-0)(NH 3 ) ] were not observed, except for the 
small peaks which are regarded as due to vicinal effects, 
these complexes are considered to be mixturees of 
diastereoisomers. 

TABLE 4. CHROMIUM(III) COMPLEXES PREPARED 

WITH L-AMINO ACIDS 

Amino acid 

Alanine 
Aminobutyric 
Norvaline 
Norleucine 
Valine 
Isoleucine 
Leucine 

[Cr(L)J 

3 
acid 3 

3 
3 
O 
3 
3 

[Cr(L)2-
(L-O) (NH,)] 

3 
• 

[Gr(OH)-
(L)J , 

3 
O 
3 
O 
3 
• 

L=amino acid. 
0 : Complexes prepared by the solid method. 
3 : Complexes prepared by both methods. 
O : Complexes prepared by the solution method. 
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T h e chromium(II I ) complexes with various L-a-amino 
acids of type [Cr(L) 3] , [ C r ( L ) 2 ( L - 0 ) ( N H 3 ) ] and [Cr-
(OH)(L) 2 ] 2 were synthesized in solid state and in 
solution (Table 4). The preparation of chromium (111) 
complexes with natural L-a-amino acids by the two 
methods may be characterized as follows. 

i) Solid State Reaction. T h e complexes of tris-type 
structure were prepared for all amino acids, except for 
L-valine, but the complexes of dimer-structure were 
prepared only for amino acids other than L-alanine, 
L-norvaline and L-valine. As far as valine and isoleucine, 
which have a methyl group in the /S-position, are 
concerned, a new type complex, [ C r ( L ) 2 ( L - 0 ) ( N H 3 ) ] 
was prepared. When water was used as the solvent, the 
complexes containing alanine and norvaline obtained 
were of tris-type, while the complexes containing 
aminobutyric acids and norleucine were of dimer 
structure. Complexes with L-a-amino acids are predom-
inatly of tris- and dimer-type, alternatively, depending 
on the length of the carbon skeleton. This is also 
observed for the complexes with racemic amino acids 
prepared by the solution method. 

TABLE 5. OPTICAL ISOMERS OF THE TRIS-CHROMIUM(III) 

COMPLEXES PREPARED 

Amino acid 

Alanine 

Aminobutyric acid 

Norvaline 

Norleucine 

Valine 

Isoleucine 
Leucine 

Solid reacti 

M e O H 

no 

+ 
+ 

(+) 
no 

no 

+ 

E t O H 

no 

no 

— 
— 
no 

no 

— 

ion 

H 2 0 

(+) 
no 

— 
— 
no 

+ 
no 

Solution 
reaction 

(+) 
(+) 
— 
— 
+ 
+ 

mixture 

no : No tris-complex was obtained. 
( ) : The CD spectrum was not measured due to the 
low solubility. 

T h e interesting relation between the formation of 
optical isomers and the solvent in which the reaction 
product was dissolved, which is shown in Table 5, 
together with that for complexes prepared by the 
solution method. These data suggest that the prepon­
derance of the type of optical isomers is changed depend­
ing upon the kind of solvent used, specifically, when 
reaction products were dissolved in methanol , ( + ) 
isomers were obtained, while ( — ) isomer were obtained 
in ethanol. The reason may be due to the difference in 
the solubilities of the diastereoisomers, although this is 
still not clear from the present work. When water was 
used as the solvent, the complex with alanine was 
obtained as a ( + ) isomer, but those with norvaline and 
norleucine in which the length of carbon chain is longer 
than that of aminobutyric acid are obtained as ( —) 
isomers. O n the other hand, the complexes with L-
amino acids which have a side chain have no clear 

tendency, since the complex with L-isoleucine are 
obtained as a ( + ) isomer, while the other complexes 
obtained are not in tris form. 

When the differences between the racemic and L-
amino acids in the complexation were compared, L-
amino acids which have no side chains were similar 
to the racemic acid, except for norleucine. The 
complexes with L-amino acids which have a side chain 
were obtained as bis- (val), tris-, bis- and dimer-(isoleu), 
and tris- and dimer-structures (leu), while the complexes 
with the corresponding racemic amino acids were 
obtained only as dimer-type structures. No circular 
dichroism for tris-type structures with racemic amino 
acids was observed, while the complexes with L-amino 
acids were found to be optically active. 

ii) Solution State Reaction. The chromium(III) 
complexes with L-amino acids were all prepared as tris-
type structures. All complexes of dimer-structure were 
prepared, except for alanine and leucine. By changing 
the amount of water in which the mixture was dissolved, 
tris- or dimer-complexes were selectively obtained. The 
optical isomer obtained by the solution method is 
similar to that resulting from the solid reaction which 
was dissolved in water, except for L-a-aminobutyric acid, 
L-valine and L-leucine which were not prepared as tris-
type complexes in solid state. 

When the differences between racemic and L-amino 
acids in complexation were compared, no significant 
difference was observed for the solution method, except 
that the complexes with L-amino acids were obtained 
as optically-active complexes. However, a different 
result was obtained for the complex with valine, since 
(//-valine gave only a dimer-type complex, while L-valine 
gave tris-, bis- and dimer-structures. 
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Ryokichi Tsuchiya of Kanazawa University for valuable 
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Education. 

References 

1) H. Oki and K. Otsuka, Bull. Chem. Soc. Jpn., 49, 1841 
(1976). 

2) R. D. Gillard and N. C. Payne, / . Chem. Soc, Dalton 
Trans., 1969, 1197; R. G. Denning and S. Piper, Inorg. Chem., 
5, 1057 (1966). 

3) A. J. McCaffery, S. F. Mason, and R. E. Ballard, / . 
Chem. Soc, Dalton Trans., 1965, 2883. 

4) J. H. Dunlop and R. D. Gillard, J. Inorg. Nucl. Chem., 
27, 361 (1965). 

5) R. D. Gillard, S. H. Laurie, D. G. Price, D. A. Phopps 
and G. F. Weick, J. Chem. Soc., Dalton Trans., 1974, 1385. 

6) B. E. Douglas and S. Yamada, Inorg. Chem., 4, 1561 
(1965). 



March, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (3), 685—690 (1977) 685 

The Absolute Configuration of the (+)546-£-Oxalato[(6Ä,8S)-dimethyl-
2,5,9,12-tetraazatridecane]cobalt(III) Ion, (+)us-ß-

[Co(ox)(N,N'-Me2'R,S-2,3",2-tet)Y 

Shigenobu YANO, Keizo FURUHASHI, and Sadao YOSHIKAWA 

Department of Synthetic Chemistry, Faculty of Engineering, The University of Tokyo, Tokyo 113 
(Received October 29, 1976) 

The crystal and molecular structure of (+)546-/S-[Co(ox)(JV,J\T/-Me2-Ä,iS'-2,3",2-tet)]+ has been determined 
from three-dimensional intensity data collected by counter methods. The structure has been refined by least-
squares techniques to an R factor of 5.9% for 838 reflections above the background. The red violet crystals are 
orthorhombic, with a space group of P2J212J, with Z = 4 (.Dm = 1.501, Dc= 1.505 g/cm3), and with cell constants of 
a=14.175(5), 0=18.591(2) and c=7.747(4) Â. The complex ion has the A absolute configuration, which was 
determined by the Bijvoet method. The quadridentate ligand, iV,iV/-Me2-Ä,5'-2,3'',2-tet, is coordinated to the Go 
via 4 N atoms in the cis-ß configuration, yielding two terminal 5-membered chelate rings with the % conformation 
and a central 6-membered ring with a chair conformation (both G-GH3 groups are equatorial). The secondary 
N atoms have R chirality except for one terminal N atom, the absolute configuration of which is S. The N(5,)-GH3 

group in the "out-of-plane" 5-membered ring is equatorial, whereas the N(i?)-CH3 group in the other ring has 
an axial disposition. 

I n recent years, metal complexes containing six-
membered ^-diamine with C-methyl groups have been 
under investigation.1) However, only two complexes 
have been structurally elucidated by X-ray analysis. 
Kobayashi et al., reported that each 2,4-pentanediamine 
chelate ring in the {Co\_{R,R)-2,4-pentanediamine]3}3+ 

ion takes a skew-boat conformation, with both methyl 
groups in an equatorial position.2) O n the other hand, 
in the (+)4 7 0-/?-[Co(NO2)2(4-methyl-3,7-diazanonane-
l,9-diamine)]+ ion, the central six-membered chelate 
ring of the tetramine adopts a chair conformation, with 
an equatorial methyl group.3) Thus, there are two 
probable conformations for the central 2,4-pentanedi­
amine moiety of the tetramine in the [Co(ox)(N,N'-
Me2-Ä,S-2,3",2-tet)]+ ion, where N,N'-Me2-R,S-2,3",2-
tet is (6#,85>6,8-dimethyl-2,5,9,12-tetraazatridecane. 

Our present ligand, N,N'-Me2-R,S-2,3",2-tet, has two 
TV-methyl groups, it is of interest in elucidating the 
stereochemistry of this system. 

The crystal structure of (+)5 4 6-[Co(ox)(N,iV'-Me2-
Ä,lS*-2,3",2-tet)]C104, isolated by Dr. Fujio Mizukami,4) 
has been determined by X-ray structure analysis in 
oder to establish the stereochemical configuration of the 
complex ion. 

Exper imenta l 

The crystals of (+)546-/5-[Co(ox)(iV,iV,-Me2-Ä,5-2,3//,2-tet)] 
C104 were kindly supplied by Dr. Fujio Mizukami of the 
National Chemical Laboratory for Industry. The systematic 
absences observed on Weissenberg photographs are A00 for h 
odd, 0A0 for k odd, and 00/ for / odd, all consistent with the 
P212121 space group. The precise lattice conatsnts were ob­
tained by the least-squares analysis of the 20 angles of the reflec­
tions carefully measured on a Rigaku-Denki four-circle auto­
matic X-ray diffractometer by the use of MoKa. radiation A= 
0.7107 Â). The values are a = 14.175(5), 0=18.591(2), and 
c= 7.747(4)Â. The calculated density of 1.505 g/cm3 for the four 
formula units in the unit cell agrees well with the density of 
1.501 g/cm3 measured by the floatation method in a mixture 
of carbon tetrachloride and dibromoethane. The crystal used 
in the data collection was an irregularly shaped plate with the 
approximate dimensions of 0.4x0.25x0.3 mm. The crystal 

was mounted with the c axis approximately parallel to the in­
strument axis. The intensity data (20fSj6O°) were collected by 
the eo-20 scan technique, using Mo-Ka radiation monochrom-
ated by a LiF crystal. The scan speed was 2°/min in 20, and 
the stationary-crystal, stationary-counter background counts 
of 10 s were taken at each end of the scan. As a general check 
on the electronic and crystal stability, the intensities of four 
standard reflections were monitored every 50 reflections during 
the collection of the intensity data, no significant variation was 
noted. A total of 838 indepent reflétions larger than 3a were 
used for the structure determination, where a is given by | F | 
/2/0[7p+(2?1 + JB2)(rp/2:rB)2]72 (7P and I0 are the total inten­
sity and the net intensity respectively; B1 and B2 are the back­
ground counts, TP and TB are the times required for the meas­
urements of the peak and background intensities). 

D e t e r m i n a t i o n a n d Ref inement 
o f the Structure 

In order to obtain a trial structure, a three-
dimentional Patterson function was calculated. The 
coordinates of the cobalt and chlorine atoms were 
determined from the prominent peaks in the Patterson 
function. T h e remaining non-hydrogen atoms were 
located from a Fourier map phased by the heavy atoms. 
T h e conventional R value (J}\\F0\ — \FC\\IJ}\F0\) was 
0.561 at this stage. The atomic scattering factors were 
taken from the International Tables for X-ray Crystal­
lography.6) Refinement was carried out with a block-
diagonal least-squares method in the isotropic mode. A 
weighting scheme, co= l if F o > 1 0 . 0 and otherwise co = 
0.2, was employed. After several cycles of the refine­
ment, the R value was reduced to 0.175 {R' = ( X J W ( | F 0 | — 
\Fc\)

2IJ}coF0
2y/2 = 0.196). When the least-squares 

calculations were continued with anisotropic thermal 
parameters, the R and R' values reached 0.076 and 0.082 
respectively. Differential synthesis showed no abnormal 
features except for the ambiguity in the positions of the 
hydrogen atoms. At this stage, the idealized positions 
of the hydrogen atoms were calculated using a C - H 
distance of 1.08 A and H - C - H angles of 109°28'. These 
hydrogen atoms were included in the subsequent 
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T A B L E . 1. OBSERVED AND CALCULATED STRUCTURE FACTORS ( x 2 j 

K FO FC K FO FC K F0 FC K FO FC K FC FC K F0 FC K FO FC K FO FC K Fü FC 

H.L« 0 0 
6 215 211 
10 «7 46 
H.L= 1 0 
4 91 92 
7 79 77 
8 93 96 
9 69 66 
13 20 20 
1» 103 103 
15 46 «7 
18 45 49 
22 39 42 
H.L« 2 0 
7 152 154 
12 42 48 
14 43 41 
16 31 24 
17 5* 52 
H.L* 3 0 
1 66 67 
3 30 42 
4 241 ?45 
6 96 98 
7 29 27 
8 256 260 
9 153 150 
10 124 119 
11 32 31 
12 36 33 
13 40 46 
14 66 67 
15 67 64 
17 44 47 
18 27 30 
21 31 36 
H.L= 4 0 
3 75 79 
8 99 98 
11 81 81 
12 26 25 
14 23 27 
H.L« 5 0 
2 24 22 
7 131 129 
8 117 120 
12 51 46 
13 106 102 
17 60 66 
H.L= 6 0 
0 233 229 
5 90 82 
7 54 55 
8 52 46 
9 58 61 
11 95 96 
12 61 58 
15 52 50 
16 31 34 
H.L« 7 0 
1 46 43 
2 45 48 
5 47 52 
.7 57 50 
8 63 55 
9 30 30 
10 111 109 
11 64 67 
12 28 23 
13 49 52 
14 42 47 
15 43 38 
16 33 31 
17 46 43 
18 36 32 
H.L« B 0 
1 26 25 
3 38 25 
4 86 91 
7 54 56 
8 88 91 
9 51 51 
12 105 105 
20 30 27 
H.L« 9 0 
2 64 68 
3 37 41 
6 101 102 
7 49 47 
8 45 45 
9 27 26 
10 73 74 
14 56 53 
15 29 31 
H.L" 10 0 
0 117 115 
3 32 33 
5 71 67 
6 82 82 
7 75 79 
9 69 70 
10 30 33 
11 36 38 
12 31 35 
13 32 28 
16 23 22 
H,L= 11 0 
1 69 74 
2 75 78 

3 84 
4 26 
5 41 
11 26 
H.L« 12 
0 41 
3 46 
5 30 
11 32 
13 32 
19 32 
H.L« 13 
1 64 
3 55 
5 *9 
6 29 
6 22 

H.L* 14 
1 37 
5 35 
9 36 
17 25 
H.L« 15 
1 35 
2 59 
3 32 
5 42 
H.L« 16 
0 40 
7 2e 
12 28 
H.L« 17 
2 42 
6 37 

Htl= 19 
6 31 
H.L« 0 
6 89 
7 37 
9 P6 
1C 70 
11 50 
12 69 
13 63 
14 34 
16 28 
H»L« 1 
4 235 
5 124 
6 67 
7 67 
8 61 
9 38 
10 «5 
11 49 
13 42 
14 35 
16 88 
20 36 
H.L = 2 
0 110 
1 76 
4 147 
5 76 
6 105 
9 112 
10 62 
13 36 
14 27 
15 57 
H»L = 3 
0 200 
1 66 
2 151 
6 100 
7 149 
8 24 
9 71 
10 57 
11 44 
12 36 
14 29 
15 56 
18 23 
2C 33 
H.L« 4 
0 43 
2 61 
3 61 
4 180 
5 146 
6 33 
8 94 
9 110 
10 33 
11 40 
12 84 
13 34 
16 34 
17 23 
H.L = 5 
0 44 
2 50 
•4 118 
8 46 
10 54 
11 30 
13 48 
14 47 

83 
27 
45 
20 
0 
40 
45 
31 
28 
32 
27 
; o 
77 
38 
55 
26 
22 
0 

37 
32 
33 
21 
0 
33 
52 
27 
37 
0 
39 
20 
21 
0 
35 
33 
0 
36 
1 

91 
31 
85 
66 
55 
88 
60 
36 
27 
1 

227 
125 
70 
62 
60 
41 
39 
51 
38 
33 
88 
32 
1 

113 
73 
143 
69 
107 
115 
61 
37 
27 
50 
1 

199 
54 
144 
109 
1*5 
26 
75 
56 
43 
35 
33 
56 
25 
22 
1 

46 
63 
56 
181 
139 
?8 
ICI 
110 
33 
39 
88 
36 
39 
20 
1 

49 
53 
119 
47 
68 
31 
42 
47 

15 54 
18 33 
19 25 
H.L« 6 
0 52 
2 80 
5 115 
6 6? 
7 47 
10 53 
11 25 
12 54 
15 27 
16 40 
18 33 
H.L* 7 
1 29 
3 39 
6 47 
S 85 
9 80 
10 -47 
11 36 
12 46 
13 51 
16 28 
H.L« 6 
1 27 
3 35 
4 30 
5 75 
6 1C9 
7 52 
9 44 
10 80 
11 47 
14 37 
15 31 
H.L« 9 
0 40 
1 39 
2 56 
3 59 
4 144 
5 34 
7 53 
B 63 
12 65 
13 40 
16 24 
H,L= 10 
0 33 
1 48 
2 106 
3 43 
4 31 
6 55 
8 49 
10 44 
11 46 
13 55 
15 27 
H.L« 11 
0 55 
1 70 
2 24 
3 70 
4 61 
5 33 
10 30 
11 43 
12 32 
HtL= 12 
0 65 
1 38 
2 45 
4 32 
7 24 
8 39 
9 31 
11 34 
H.L« 13 
1 56 
3 46 
5 35 
7 53 
11 31 
H.L« 14 
4 26 
7 29 
8 29 
9 29 
H.L« 15 
3 44 
H,L= 17 
0 48 
8 35 

H.L« 0 
4 72 
5 28 
8 61 
9 77 
10 43 
11 159 
14 43 
15 28 
17 50 
H.L« 1 
6 31 

56 
33 
26 
1 

40 
89 
122 
63 
51 
55 
27 
57 
25 
36 
29 
1 

29 
33 
48 
81 
73 
48 
35 
50 
56 
27 
1 
19 
40 
20 
75 
113 
55 
51 

eo 39 
36 
26 
1 

54 
51 
37 
55 
144 
28 
46 
66 
68 
36 
20 
1 

40 
44 
106 
42 
21 
57 
50 
41 
50 
51 
19 
1 

54 
64 
29 
67 
69 
37 
31 
45 
34 
1 

58 
41 
47 
33 
19 
40 
28 
39 
1 

53 
50 
34 
48 
35 
1 

33 
31 
24 
26 
1 

43 
1 

47 
39 
2 
73 
25 
53 
72 
46 
164 
45 
35 
50 
2 
32 

e 
9 
11 
12 
14 
15 
16 
19 
H.L 
1 
2 
3 
5 
7 
9 
11 
12 
13 
14 
17 
18 
19 
21 
H.L 
0 
4 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
20 
H.L 
0 
1 
2 
3 
4 
5 
6 
7 
e 10 
13 
14 
18 
H.L 
1 
2 
3 
5 
7 
8 
9 
10 
11 
12 
13 
14 
16 
H.L 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
14 
17 
IS 
H.L 
0 
4 
6 
7 
8 
9 
10 
11 
15 
19 
H.L 
0 
1 
2 
3 
4 
5 
7 
9 
15 
H.L 
0 
2 
3 
5 
6 
7 

49 
77 
102 
57 
61 
33 
29 
26 
= 2 
74 
65 
123 
125 
6P 
76 
83 
22 
6B 
63 
30 
28 
23 
24 
= 3 
146 
205 
109 
108 
42 
38 
48 
70 
33 
44 
23 
29 
37 
= 4 
39 
87 
79 
86 
29 
62 
143 
112 
27 
69 
19 
63 
48 
= 5 
65 
57 
5» 
62 
52 
92 
49 
21 
4l 
48 
36 
31 
49 
= 6 
24 
75 
115 
99 
23 
65 
72 
65 
21 
42 
50 
22 
28 
25 
36 
« 7 
147 
78 
76 
97 
50 
52 
49 
57 
46 
33 
= a 
23 
114 
37 
68 
36 
98 
79 
65 
42 
= 9 
34 
58 
80 
70 
37 
81 

47 
72 
105 
54 
58 
38 
22 
25 
2 
75 
58 
118 
123 
66 
79 
79 
16 
69 
63 
34 
32 
20 
23 
2 

145 
201 
96 
102 
48 
40 
44 
75 
25 
45 
28 
31 
32 
2 
46 
89 
74 
94 
•24 
61 
151 
106 
29 
69 
18 
65 
48 
2-
69 
59 
54 
59 
52 
91 
54 
20 
45 
51 
40 
32 
47 
2 
29 
72 
120 
lpl 
22 
61 
68 
67 
27 
47 
53 
22 
36 
30 
35 
2 

Ul 
75 
78 
93 
52 
54 
46 
60 
48 
27 
2 
17 
117 
38 
72 
47 
100 
73 
65 
33 
2 
3B 
49 
79 
68 
38 
80 

8 24 
11 45 
13 27 
15 42 
H.L= 10 
1 64 
2 86 
3 57 
6 39 
7 66 
9 59 
10 3e 
12 24 
15 30 
H.L« 11 
0 67 
1 47 
2 26 
3 28 
5 29 
6 21 
7 25 
8 66 
9 29 
12 44 
H.L* 12 
2 69 
6 74 
10 51 
13 32 
14 50 
H.L« 13 
0 40 
4 40 
8 53 
12 41 
H.L« 14 
2 51 
6 47 
H.L« 16 
3 29 
5 39 
H.L» 0 
3 32 
7 65 
10 62 
13 94 
15 71 
H.L« 1 
1 75 
3 68 
7 42 
8 35 
9 103 
10 96 
11 92 
12 42 
13 102 
H.L« 2 
1 30 
5 24 
6 93 
7 90 
9 49 
10 64 
11 94 
12 91 
13 48 
14 40 
15 39 
H.L« 3 
2 244 
3 109 
4 73 
5 171 
6 171 
9 42 
10 87 
H.L= 4 
1 54 
4 136 
5 53 
8 81 
10 26 
12 60 
16 59 
H.L= 5 
0 23 
2 222 
3 142 
4 70 
6 139 
7 76 

H.L= 6 
0 134 
2 33 
6 52 
7 73 
8 65 
11 35 
12 36 
H.L« 7 
0 67 
1 133 
2 135 
3 114 
6 72 
7 81 
10 39 

17 
48 
26 
36 
2 
59 
86 
58 
34 
75 
63 
41 
24 
27 
2 

65 
53 
36 
28 
28 
16 
35 
68 
33 
37 
2 
70 
74 
52 
29 
44 
2 
37 
42 
56 
47 
2 
46 
53 
2 
24 
31 
3 
35 
59 
77 
96 
70 
3 
73 
88 
42 
35 
107 
96 
98 
48 
97 
3 
35 
22 
87 
91 
51 
68 
97 
91 
43 
38 
39 
3 

237 
104 
60 
168 
176 
39 
91 
3 

55 
137 
55 
79 
19 
65 
55 
3 
25 
227 
138 
72 
136 
83 
3 

134 
32 
50 
78 
60 
35 
44 
3 
67 
133 
140 
118 
75 
83 
42 

15 43 
H.L« A 
1 U l 
2 72 
3 78 
4 45 
5 76 
6 80 
7 90 

H.L« 9 
1 81 
3 56 
4 64 
7 76 
9 45 
13 35 
H.L« 10 
0 70 
2 -52 
5 64 
6 57 
8 37 
9 63 
H.L« 11 
10 63 
13 39 
W.L« 12 
0 «6 
8 64 
H.L« 13 
10 45 
H.L= 0 
1 38 
8 109 
11 119 
12 101 
H.L= 1 
1 87 
4 78 
5 50 
6 68 
8 31 
9 82 
10 96 
11 40 
13 41 
H.L« 2 
0 79 
1 40 
7 48 
8 74 
11 76 
12 58 
13 33 
H.L= 3 
0 98 
2 90 
3 139 
4 122 
5 63 
6 *55 
7 41 
8 36 
9 95 
13 48 
H.L« 4 
3 45 
4 48 
5 61 
6 36 
7 89 
9 53 
10 48 
15 41 
17 29 
H.L« 5 
1 120 
2 28 
3 44 
4 59 

47 
3 

108 
82 
82 
40 
84 
78 
8B 
3 

89 
54 
66 
78 
48 
31 
3 
75 
53 
9i 
63 
33 
57 
3 

57 
33 
3 

49 
66 
3 
42 
4 
32 
106 
119 
102 
4 
83 
80 
44 
62 
28 
79 
94 
36 
41 
4 
71 
49 
50 
74 
81 
60 
37 
4 
95 
80 
134 
120 
69 
50 
45 
30 
92 
46 
4 
51 
57 
64 
40 
82 
51 
42 
39 
23 
4 

125 
25 
47 
49 

5 130 128 
7 51 
8 43 
10 46 
13 50 
H.L= 6 
1 37 
3 37 
4 81 
7 44 
8 36 
9 69 
10 39 
13 47 
H,L= 7 
1 54 
2 78 
3 44 
4 52 
5 72 
6 100 
7 51 
9 39 
10 76 
H.L« 6 
0 69 
1 68 
2 26 
3 37 

47 
44 
43 
55 
4 
31 
42 
79 
47 
39 
70 
33 
40 
4 
56 
86 
42 
58 
78 
97 
50 
34 
77 
4 
72 
72 
22 
40 

4 73 
5 51 
8 56 
9 60 
H.L* 9 
1 43 
3 34 
6 68 
10 62 
12 32 
H.L« 10 
0 45 
1 43 
2 78 
4 67 
5 32 
7 38 
9 42 
10 31 
12 46 
H.L« 11 
0 62 
2 32 
3 27 
8 55 
11 45 
H.L= 12 
1 45 
2 60 
6 58 

H.L« 13 
0 47 
H.L« 14 
3 32 
6 45 

H.L« 17 
0 32 
H.L« 18 
3 25 
H.L« 0 
1 69 
2 167 
9 35 
10 82 
13 38 
14 53 
H.L«- 1 
0 200 : 
1 78 
2 64 
3 39 
4 78 
5 62 
8 71 
12 49 
19 19 
H.L« 2 
1 80 
2 8« 
3 80 
4 49 
5 52 
6 67 
8 32 
9 45 
10 66 
11 26 
14 46 
15 42 
H.L« 3 
1 94 
2 56 
3 61 
4 59 
5 85 
7 78 
8 52 
9 41 
11 59 
13 30 
17 23 
H.L* 4 
1 54 
3 56 
5 68 
7 81 
9 70 
11 47 
H.L« 5 
1 39 
2 35 
3 96 
5 74 
7 91 
9 57 
11 63 
H.L« 6 
2 52 
3 42 
5 67 
6 77 
7 49 
9 51 
10 41 
13 45 
H.L« 7 
0 45 
2 29 
3 40 

72 
51 
58 
62 
4 
47 
36 
64 
62 
21 
4 
41 
46 
80 
70 
29 
37 
35 
27 
41 
4 

63 
36 
25 
50 
37 
4 
46 
63 
52 
4 
45 
4 
28 
43 
4 
28 
4 
17 
5 
76 
166 
30 
82 
34 
56 
5 

201 
75 
56 
43 
77 
64 
74 
56 
13 
5 

80 
87 
84 
44 
47 
68 
33 
51 
70 
21 
46 
40 
5 
87 
56 
67 
59 
79 
80 
45 
41 
58 
34 
26' 
5 
59 
59 
70 
76 
69 
48 
5 
48 
32 
91 
66 
97 
59 
70 
5 
57 
39 
66 
83 
43 
54 
39 
47 
5 
37 
33 
37 

4 63 
5 50 
7 52 
8 75 
H.L« 8 
2 59 
4 53 
14 44 
H.L» 9 
0 71 
2 42 
4 no 
5 47 
8 57 
9 36 

H.L« 10 
2 71 
6 51 
H.L« 11 
0 65 
1 44 
> *7 
4 46 
H.L« 12 
3 54 
9 24 
H.L« 13 
I 53 
5 44 
H.L«- 14 
3 40 
5 23 
H.L« 15 
.0 24 
H.L« 0 
0 243 
1 135 
3 104 
5 70 
8 57 
9 59 
13 31 
H.L« 1 
1 103 
2 151 
3 36 
4 45 
6 61 
8 32 
9 61 
H.L« *2 
0 93 
1 138 
2 45 
3 93 
4 55 
5 58 
6 47 
7 70 
8 65 
14 22 
H.L« 9 
O 58 
1 72 
2 39 
3 41 
4 63 
5 71 
6 46 
6 66 
9 68 
10 52 
12 38 
15 32 
19 23 
H.L« 4 
1 49 
2 76 
3 51 
4 43 
5 75 
6 67 
7 67 
9 46 
11 36 
H,L= 5 
0 40 
3 49 
4 74 
5 53 
7 71 
8 52 
16 28 
H.L« 6 
2 45 
4 43 
H.L« 7 
6 58 
10 47 
11 46 
H.L« 9 
6 50 
10 48 
11 49 
H.L« 10 
4 53 
10 22 
H.L» 11 
0 23 

67 
48 
53 
70 
5 
63 
38 
48 
5 

72 
37 
86 
41 
63 
36 
5 
72 
53 
5 

67 
47 
52 
43 
5 
56 
24 
5 

48 
38 
5 

37 
24 
5 

24 
6 

244 
130 
107 
70 
57 
58 
23 
6 
96 
151 
33 
44 
61 
29 
53 
6 
97 
141 
42 
68 
56 
58 
47 
71 
65 
22 
6 
58 
69 
40 
41 
58 
77 
51 
69 
64 
54 
40 
34 
19 
6 
47 
77 
49 
39 
79 
76 
68 
43 
37 
6 
38 
48 
77 
57 
71 
53 
29 
6 
48 
46 
6 
61 
43 
45 
6 
51 
35 
52 
6 
54 
13 
6 
22 

H.L« 12 6 
3 39 41 

H.L* 14 6 
3 36 28 
H.L« 0 7 
3 61 81 
7 74 73 
H.L« 1 7 
1 51 47 
2 47 47 
4 38 29 
9 30 27 
11 29 30 
H.L« 2 7 
1 60 57 
3 67 63 
7 66 66 
8 48 44 
11 43 45 
«.L« 3 7 
2 74 73 
6 75 74 
14 45 4* 
H.L* 4 7 
0 73 74 
4 78 83 
8 76 62 
H.L* 5 7 
1 48 41 
2 65 62 
3 43 50 
6 78 66 
10 61 61 
H.L« 6 7 
0 50 56 
2 41 39 
4 62 66 
5 53 61 
8 47 45 
9 43 36 

H.L« 7 7 
3 48 52 
7 48 50 

H.L« 8 7 
3 53 61 
5 53 54 
11 44 37 
H.L* 9 7 
1 49 50 
5 50 50 

H.L« 10 7 
1 47 48 

H.L» 0 8 
1 56 55 
2 38 28 
3 56 61 
9 51 51 
11 43 44 
13 61 69 
H.L« 1 8 
1 52 50 

H.L* 2 8 
1 68 67 
5 65 62 
6 57 56 
10 50 57 
H.L* 3 8 
3 54 53 
4 69 70 
8 70 66 
12 46 46 
H.L? 4 8 
2 83 76 
H.L* 5 8 
0 86 83 
4 64 64 
H.L« 6 8 
2 73 77 

H.L« 7 8 
4 43 38 
H.L* 8 8 
0 47 43 

H.L* 9 8 
0 A6 41 
H.L* 11 8 
0 51 47 

H.L« 1 9 
0 39 38 
1 40 33 
4 60 68 
8 47 48 
H.L* 3 9 
1 43 42 
4 34 31 
5 44 43 

H.L* 4 9 
0 48 49 

H.L* 5 9 
3 46 45 
5 43 38 
H.L« 4 10 
5 39 33 
H.L* 6 10 
0 43 43 
1 35 31 

H.L« 7 10 
3 30 23 
H.L« 0 H 
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TABLE 2. FINAL ATOMIC PARAMETERS 

(a) Final positional parameters (xlO4) and their (b) Final thermal parameters (xlO4) and their esti-
estimated standard devations (in parentheses). mated standard deviations (in parentheses) in the 

form : 
^pl-(ßiih2+ß22^+ßzzl2+ßi2^+ßizhl+ß2Ml 

Atom 

Co 
N(l) 
N(2) 
N(3) 
N(4) 

O(l) 
0(2) 
0(3) 
0(4) 
C(l) 
C(2) 
G (3) 
C(4) 
C(5) 
G (6) 
C(7) 
C(N1) 
C(N4) 
C(C3) 
C(C5) 
C(8) 
C(9) 
CI 
0(5) 
0(6) 
0(7) 
0(8) 

5578(1) 
6363(7) 
4795(9) 
4750(7) 
6431(9) 
4831(7) 
6368(7) 
4853(8) 
6576(9) 
6179(10) 
5077(10) 
3721(8) 
3395(11) 
3695(11) 
5091(13) 
6079(17) 
7412(10) 
6418(16) 
3224(13) 
3252(11) 
5175(10) 
6151(12) 
5268(3) 
4708(10) 
4636(9) 
5962(11) 
5623(14) 

3774(1) 
4236(6) 
4632(6) 
3221(7) 
2885(7) 
3466(6) 
4244(6) 
3549(8) 
4283(8) 
4977(10) 
5059(9) 
4575(8) 
3965(12) 
3235(11) 
2435(11) 
2481(7) 
4107(8) 
2425(11) 
5296(11) 
2623(14) 
3702(9) 
4078(8) 
945(2) 
1132(8) 
956(9) 
1482(8) 
279(10) 

1491(2) 
3320(15) 
1719(16) 
3117(12) 
1382(19) 

-498(15) 
-182(13) 
-3324(16) 
-3028(13) 
3247(27) 
3166(21) 
1683(21) 
3043(27) 
2724(21) 
2989(25) 
2942(30) 
3324(24) 
-146(29) 
1799(27) 
4062(25) 

-1911(15) 
-1743(20) 
7146(7) 
8666(18) 
5565(23) 
6812(23) 
7313(24) 

Co 
N(l) 
N(2) 
N(3) 
N(4) 

O(l) 
0(2) 
0(3) 
0(4) 
C(l) 
C(2) 
C(3) 
G (4) 
G (5) 
C(6) 
C(7) 

34(0) 
37(6) 
48(6) 
35(5) 
33(8) 
51(6) 
40(6) 
63(7) 
68(8) 
21(7) 
31(8) 
11(5) 
28(8) 
17(8) 

24(0) 
20(4) 
25(4) 
36(4) 
32(5) 
33(4) 
37(4) 
78(7) 
66(6) 
43(7) 
40(6) 
34(5) 
61(9) 
50(8) 

43(10) 52(8) 
75(17) 23(4) 

G(N1) 40(8) 30(5) 
C(N4) 93(16) 36(7) 
C(C3) 46(9) 
C(C5) 
G (8) 
G (9) 
Cl 
0(5) 
0(6) 
0(7) 
0(8) 

46(8) 
27(7) 
66(10) 
65(3) 

53(8) 
74(15) 
42(6) 
17(4) 
34(1) 

113(11) 60(6) 
56(8) 
87(9) 

68(7) 
63(7) 

117(14) 82(9) 

31(1) 
36(19) 
62(21) 
47(17) 
37(21) 
92(19) 
42(16) • 
83(20) -
31(18) 
185(41) 
97(30) 
81(28) 
213(48) 
113(29) 
152(38) 
198(54) 
130(32) 
145(40) 
155(43) 
63(42) -
105(21) 
68(29) 
248(11) 
146(23) 
343(41) 
236(36) 
313(42) 

-2(0) 
8(4) 
16(4) 
13(4) 
2(5) 

-8(4) 
-24(4) 
-18(6) 
-4(6) 
-13(6) 
16(6) 

-1(4) 
3(7) 
0(6) 
14(7) 
13(6) 
5(6) 

26(9) 
7(8) 

-49(10) 
6(7) 
10(6) 
-4(1) 
44(7) 
0(6) 
1(6) 

48(10) 

0(1) 
0(10) 

-13(11) 
-17(8) 

0(13) 
21(10) 
15(8) 

-65(11) 
8(10) 

-16(17) 
-19(13) 
-16(13) 

15(17) 
10(14) 
77(16) 

-35(25) 
0(17) 
11(22) 

-20(18) 
13(15) 

-10(10) 
-19(15) 

14(5) 
43(15) 

-58(17) 
-15(16) 

6(25) 

-3(1) 
-18(8) 
-20(9) 

-1(7) 
4(11) 
0(7) 
0(7) 
7(11) 
10(9) 
15(17) 

-20(13) 
15(12) 
0(19) 
0(14) 
22(15) 
6(12) 

-13(13) 
-10(15) 

2(17) 
-23(20) 

1(12) 
-8(10) 
14(3) 
-4(13) 
27(14) 
-6(13) 
10(16) 

TABLE 3. REFLEXIONS USED TO DETERMINE THE ABSOLUTE 

CONFIGURATION {A) (xlO) 

h k i \FMi)\ IF.(*6)| ,25£2& 
1 3 
1 8 
2 1 
3 1 
3 2 
3 3 
4 2 
4 3 
4 4 
4 5 
5 6 
6 1 
6 3 
10 2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

570 
304 
376 
194 
706 
555 
333 
138 
975 
737 
506 
525 
247 
513 

466 
241 
287 
316 
710 
440 
280 
201 
865 
609 
544 
463 
285 
493 

> 
> 
> 
< 
< 
> 
> 
< 
> 
> 
< 
> 
< 
> 

refinement, but their positional and isotropic thermal 
parameters (given the value of 5 = 3 . 5 ) were not refined. 
The final refinement converged at the R value of 0.059 
(R'~ 0.064). The observed and calculated structure 
factors all listed in Table 1. Table 2 summarizes the 
final values of the positional and thermal parameters. 
The absolute configuration of the complex was deter­
mined by using the absorption-edge technique.6) An 

equi-inclination Weissenberg photograph of the 1st-
layer about c axis was taken with CuKa. radiation. 
Some Bijvoet pairs, hkl and hkl, were found to show 
appreciable differences in intensity. These pairs and 
the observed inequality relationships are listed in Table 
3, in which the structure amplitudes calculated on the 
basis of the A configuration of the complex are also 
given. 

Descr ip t ion and D i s c u s s i o n 
o f the Structure 

There are four complex and four perchlorate ions per 
unit cell. Figure 1 gives a stereoscopic pair of view of 
the contents of a unit cell of this structure. T h e absolute 
configuration of the complex ion is represented by a 
perspective drawing in Fig. 2. The cobalt atom is 
situated at the center of a slightly distorted octahedron. 
T h e tetramine ligand, ( H 3 C ) N H - ( C H 2 ) 2 - N H - C H -
( C H 3 ) - C H 2 - C H ( C H 3 ) - N H - ( C H 2 ) 2 - N H ( C H 3 ) , is coor­
dinated to the cobalt a tom in the A-cis-ß geometry. 
Each conformation of the three chelate rings for the 
tetramine is present in Fig. 3. T h e central - H N ( 2 ) - C -
( 3 ) H ( C H 3 ) - C ( 4 ) H 2 - C ( 5 ) H ( C H 3 ) - N ( 3 ) H - atoms and 
the cobalt a tom form a six-membered chelate ring with 
a chair conformation, both of the C - C H 3 groups being 
equatorial. The H 3 C ( N 1 ) - N ( 1 ) H - C ( 1 ) H 2 - C ( 2 ) H 2 -
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Fig. 1. Stereoscopic view of the uni t cell contents. 

C(N1) (a) 

N(l) C(l) 

C(N4) 

0(4) 
Fig. 2. A perspective drawing of the complex ion 

showing 5 0 % probabili ty ellipsoids of thermal motion. 

T A B L E 4. INTERATOMIC NON-BONDED DISTANCES WITHIN 

THE MOLECULAR AND THEIR STANDARD DEVIATIONS 

(IN PARENTHESES) LESS THEN 3 . 5 Â 

C ( N 1 ) - G O 

C ( N 1 ) - C ( 1 ) 
G ( N 1 ) - N ( 4 ) 
C ( N l ) - 0 ( 2 ) 

3 . 0 3 ( 2 ) Â 
2.38(3) 
3.06(2) 
3.10(2) 

C (N4)-Co 
G ( N 4 ) - C (6) 
G ( N 4 ) - G ( 9 ) 
C ( N 4 ) - 0 ( 1 ) 
C ( N 4 ) - 0 ( 2 ) 

3.05(2) Â 
3.07(3) 
3.33(3) 
2.98(3) 
3.38(3) 

N ( 2 ) H - f r a g m e n t p a r t i c i p a t e s i n t h e five-membered 
c h e l a t e r i n g w i t h a A g a u c h e c o n f o r m a t i o n , a n d t h e 
m e t h y l g r o u p is e q u a t o r i a l . T h e o t h e r five-membered 
r i n g is c o m p o s e d of t h e - H N ( 3 ) - G ( 6 ) H 2 - G ( 7 ) H 2 - N ( 4 ) -
H - C ( N 2 ) H 3 f r a g m e n t w i t h a m e t a l a t o m a n d a lso h a s 
a À c o n f o r m a t i o n , b u t t h e m e t h y l g r o u p is a x i a l w i t h 
r e spec t to t h e c h e l a t e r i n g . A m o n g t h e s e c o n d a r y 
n i t r o g e n a t o m s , N ( l ) — N ( 4 ) , t h e N ( l ) h a s S ch i r a l i ty , 
w h i l e t h e a b s o l u t e c o n f i g u r a t i o n s of t h e r e m a i n d e r a r e 
R. T h e t w o o u t e r c h e l a t e r ings h a v e s imi l a r g a u c h e 
c o n f o r m a t i o n s . T h e r i n g c a r b o n a t o m s , C ( l ) a n d C ( 2 ) , 
lie a t — 0 . 5 3 a n d 0.21 Â respec t ive ly f rom t h e p l a n e 

N(2) Co N(3) 

C(3) C(4) c ( 5 ) 

(b) 

C(N4) 

N(3) 

N(l) 
C(2) 

C(N1) 

N(2) 

Fig. 3. A perspective drawing of the chelate rings; 
(a) central six-membered ring, (b) in-plane five-
membered ring, and (c) out-of-plane five-membered 
ring. 

f o r m e d b y N ( l ) , C o , a n d N ( 2 ) . T h e c o r r e s p o n d i n g 
d e v i a t i o n s of C(7 ) a n d C(6 ) f rom t h e p l a n e of N ( 4 ) , 
C o , a n d N ( 3 ) a r e —0.41 a n d 0 .33 Â . Close con tac t s 
b e t w e e n t h e iV-methyl c a r b o n a t o m s a n d o t h e r a t o m s 
in t h e c o m p l e x (less t h a n 3.5 Â) a r e listed i n T a b l e 4 . 
T h e s e a r e s imi l a r va lue s b e t w e e n t h e t w o iV-methyl 
g r o u p s . 

F o u r i somers c a n exist w i t h respec t to t h e o r i e n t a t i o n 
of t h e t w o iV-methyl g r o u p s in r e l a t i on to t h e A-cis-ß 
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^ 0 

(R) J / 1s> 

TABLE 6. BOND ANGLES AND THEIR STANDARD 

DEVIATIONS (IN PARENTHESES) 

(S) 

(a) 

S 

N 
/ (R) 

(b) 

<a 
( S , ^ T <R' L 

(O (d) 
Fig. 4. Possible isomers of A-ß-[Co(ox)(N,N'-Me2-

R,S-2,3",2-tct)]+. 
(a) (M(S), N4(/Q), (b) (N1(Ä), N4(5)), (c) (Nl(5), 
N4(5')), (d) N1(Ä), N4(Ä)). 

form. They are (Nl (5 ) , N4(Ä)), (N1(Ä), N4(S)), 
(NI (5), N4(S)), and (Nl (Ä), N4(Ä)), as shown in Fig. 4. 
The (N1(.S), N4(/?)) isomer to involve a smaller interac­
tion than the other three forms, according to the 
molecular model study. This structural feature was 
supported by the present X-ray analysis. I t is noteworthy 
that one iV-methyl group has an axial orientation with 
that the equatorial orientation of the TV-methyl group 
is preferable to the axial situation. This stereochemical 
feature can be attr ibuted to severe steric interactions 
on the metal ion. 

All the N - C o - N angles in five-membered chelate 
rings are less than 90°, and they have an average value 
of 86.0°. T h e N - C o - N angle in the central six-
membered chelate ring is 91.7°. T h e bond distances 
and angles are given in Tables 5 and 6 respectively. 
The four Co-N distances are not significantly different 
from one another, and the average value (2.01 Â) is 
quite usual. 

Absolute Configuration and Circular Dichroism. The 
stereochemical features which can contribute to the 

TABLE 5. BOND DISTANCES AND THEIR STANDARD 

DEVIATIONS (IN PARENTHESES) 

Co - N ( l ) 
Go -N(2) 
Co -N(3) 
Co -N(4) 
Co - O ( l ) 
Co - 0 ( 2 ) 
N ( l ) - C ( l ) 
N(1)-C(N1) 
N(2)-C(2) 
N(2)-C(3) 
N(3)-C(5) 
N(3)-C(6) 
N(4)-C(7) 
N(4)-G(N4) 
0 (1) -C(8) 

2.00(2)Â 
1.95(2) 
2.01(2) 
2.05(2) 
1.96(2) 
1.92(2) 
•1.40(4) 
1.51(4) 
1.43(4) 
1.53(3) 
1.53(4) 
1.54(4) 
1.51(4) 
1.46(5) 
1.28(3) 

0 (2 ) -C(9) 
0 (3 ) -C(8 ) 
0 (4 ) -C(9 ) 
C( l ) -C(2 ) 
C(3)-C(4) 
C(3 ) -C(C3) 
C(4)-C(5) 
C(5 ) -C(C5) 
G(6)-G(7) 
C(8)-C(9) 
CI - 0 ( 5 ) 
CI - 0 ( 6 ) 
CI - 0 ( 7 ) 
CI - 0 ( 8 ) 

1.29(3) Â 
1.22(4) 
1.22(4) 
1.57(4) 
1.62(4) 
1.52(4) 
1.44(5) 
1.66(5) 
1.40(5) 
1.56(4) 
1.46(3) 
1.52(3) 
1.43(3) 
1.34(4) 

N(l)-Go-N(2) 
N(l ) -Co-N(3) 
N(l ) -Co-N(4) 
N ( l ) - G o - 0 ( l ) 
N( l ) -Go-0(2) 
N(2)-Co-N(3) 
N(2)-Co-N(4) 
N(2 ) -Co-0 ( l ) 
N(2)-Co-0(2) 
N(3)-Co-N(4) 
N(3 ) -Co-0 ( l ) 
N(3)-Co-0(2) 
N(4)-Co-O(l ) 
N(4)-Co-0(2) 
0 ( l ) - C o - 0 ( 2 ) 
C(1 ) -N(1) -C(N1) 
G(2)-N(2)-G(3) 
G(5)-N(3)-G(6) 
G(7)-N(4)-G(N4) 
N ( l ) - G ( l ) - G ( 2 ) 
N(2) -G(2) -C( l ) 
N(2)-G(3)-C(4) 
N(2) -C(3) -G(C3) 
C(4 ) -C(3 ) -C(C3) 
C(3)-C(4)-C(5) 
N(3)-C(5)-C(4) 
N(3 ) -C(5 ) -C(C5) 
C(4 ) -C(5 ) -C(C5) 
N(3)-C(6)-C(7) 
N(4)-C(7)-C(6) 
0 ( l ) - C ( 8 ) - 0 ( 3 ) 
0 (1 ) -C(8 ) -C(9 ) 
0 (3 ) -C(8) -G(9) 
0 ( 2 ) - C ( 9 ) - 0 ( 4 ) 
0 (2 ) -G(9 ) -C(8 ) 
0 (4 ) -C(9 ) -C(8 ) 
0(5) -Cl - 0 ( 6 ) 
0(5)-Cl - 0 ( 7 ) 
0(5) -Cl - 0 ( 8 ) 
0(6) -Cl - 0 ( 7 ) 
0(6) -Cl - 0 ( 8 ) 
0(7) -Cl - 0 ( 8 ) 

84.3(9)° 
95.8(9) 
92.7(9) 

170.9(10) 
87.6(8) 
91.7(9) 

176.8(11) 
90.2(9) 
91.2(9) 
87.6(9) 
91.6(9) 

175.7(10) 
92.9(10) 
89.7(10) 
85.2(8) 

110(2) 
109(2) 
108(2) 
111(3) 
106(2) 
105(2) 
109(2) 
114(2) 
117(2) 
118(2) 
106(2) 
104(2) 
115(3) 
105(2) 
112(2) 
123(2) 
115(2) 
121(2) 
125(2) 
114(2) 
121(2) 
109(2) 
111(2) 
110(2) 
105(2) 
108(2) 
114(2) 

circular dichroism (CD) of a dissymmetric metal 
complex have been classified as follows: (1) a distribu­
tion of chelate rings about the metal ion (configurational 
effect), (2) the puckered dissymmetric conformation of 
individual chelate rings (conformational effect), and (3) 
the presence of asymmetric groups on the ligands, such 
as asymmetric carbon or asymmetric nitrogen atoms 
(vicinal effect). T h e latter two effects are considered 
to make minor contributions as compared with the 
configurational effect. 

The CD spectrum of J - ß - f C o t o x ^ J V ' - M e a - ^ S -
2,3",2-tet)]+ is shown in Fig. 5. The above results 
suggest the following conclusion: when the oxalato 
cobalt(III) complexes of 3,7-diaza-l,9-nonanediamine 
(2,3,2-tet) and its derivatives give two circular dichroism 
bands with opposed signs in the first absorption region, 
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0 < 

H-io 

H - 2 0 

20000 30000 40000 

cm 
- l 

Fig. 5. Absorption (AB) and CD spectra of A-ß-[Co-
(ox)(N,N'-Me2-R,S-2,3",2-tet)]+. 

an enantiomer which has a lawer-energy negative 
Cotton effect and a higher-energy positive one should be 
assigned the A configuration. 

T h e calculation of the lattice constants, the Fourier 
synthesis the least-squares analysis, and drawings of the 
crystal or molecular structures were carried out on a 

H I T A C 8700/8800 computer at the Computer Center 
of this University, using the RSCL3, ANSFR-2, HBLS-4, 
and ORTEP 7 ) programs of the U N I C S system respec­
tively. 

T h e authors are grateful for Dr. Fujio Mizukami for 
providing crystals of (+)5M-ß-[Co(ox)(N,N'-Me2-R,S-
2,3",2-tet)]C104. They also wish to thank Dr. T. 
Kodama for the operation of the diffractometer. This 
work was partially supported by a Grant-in-aid for 
Scientific Research from the Ministry of Education, 
J a p a n (No. 911502). 
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Polymer-supported Trichlorotitanmm(III) Complexes 
and Their Dioxygen Adducts* 

Yasuo CHIMURA, Masazo BEPPU, Satohiro YOSHIDA, and Kimio TARAMA 

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 
(Received September 22, 1976) 

Various polymer-supported trichlorotitanium(III) (TiCl3) complexes were prepared in pyridine or THF 
from TiCl3 and copolymers composed of 4-vinylpyridine (10, 20, and 65 mol%), divinylbenzene (0 and 20 mol%), 
and styrene. The ESR technique was employed for structural studies of titanium(III) species and their dioxygen 
adducts contained in the supported complexes. The supported complexes contained, as titanium(III) species, 
mainly Q>88%) mixtures of TiCl3(pyr)„L3_„ (n= 1, 2, and 3), where pyr is a pyridyl group of the supports and 
L is a molecule of the solvents used in preparation. The relative amounts of the species having smaller n values 
increased with cross-linking, with a decrease in the content of pyridyl groups, and with pretreatment with tetra-
chlorotitanium(IV) (TiCl4). On exposure to oxygen the supported complexes gave two or three kinds of dioxygen 
adducts (Ti(IV)-02~) characterized by gl} the principal g value along the axis of O-O bond. The gt values of 
three dioxygen adducts a, ß, and y were 2.027—2.028, 2.022—2.024, and 2.017—2.018, respectively. The probable 
structures of a, ß, and y, when L is THF, are [TiCl2(pyr)3(02)]Cl, TiCl3(pyr)2(02), and TiCl3(pyr)L(02), respec­
tively, their precursors being the titanium(III) species having the n values of 3, 2, and 1, respectively. 

Many reports have appeared on dioxygen adducts 
of divalent cobalt and of lower valent transition metals 
of the group VIII.1) Typical examples are Co{C6H5C-
(0 - )=CHC(CH 3 )=NCH 2 -} 2 (0 2 )py , I r ( 0 2 ) C l ( C O ) { P -
(C6H5)3>2, Pt(02){P(C6H5)3>2 , and Ni (0 2 ) {CNC-
(CH3)3}2. 

Dioxygen adducts of other metals are scarcely known. 
T h e main reason is that they react rapidly in solution 
with their original complexes (step b in the following 
scheme), even though they were once formed. 

+ M 
M + 0 2 <=± M - 0 2 • v M-O-M or M=0 

a b 

Two devices have been developed to suppress step b : 
(1) dioxygen adducts are sterically protected by ligands 
with bulky substituents from reacting with their orginal 
complexes;2) (2) metal complexes are attached to 
organic or inorganic polymers with coordinating groups 
so that no two metal complexes can approach each 
other. Misono et a/.3) reported that several cobalt(II) 
Shiff base complexes attached to poly-4-vinylpyridine 
gave 1: 1 dioxygen adducts. Wang4) reported the 
spectral evidence that oxygen was bound reversibly 
to the diethyl ester of heme embedded in a matr ix of 
polystyrene and 1-phenethylimidazole. Leal et al.5) 
showed recently that an iron (I I) porphyrin at tached 
to a modified silica gel adsorbed oxygen reversibly and 
was not oxidized to a #-oxo dimer even a t room 
temperature. 

T h e ESR signals observed during the course of 
reaction of TiCl 3 with hydrogen peroxide in a flow system 
were ascribed to peroxy radical species of titanium.6) 
No dioxygen adduct of t i tanium formed from a ti tanium-
(III) complex and molecular oxygen, however, has been 
observed in solution. We could detect a dioxygen 
adduct of TiCl3 , by binding TiCl 3 to a copoly­
mer containing pyridyl groups and exposing it to 
oxygen.7) The aim of the present work is to clarify the 
structures of ti tanium (III) species and of their dioxygen 
adducts contained in the supported TiCl 3 complexes. 

* A part of this report was presented at the 35th Meet­
ing of the Catalysis Society of Japan, Sendai, October 1974. 

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

Materials. All solvents were refluxed over sodium met­
al or calcium hydride, then distilled, and stored under nitro­
gen. Monomers 4-vinylpyridine, styrene, and divinylbenzene 
were distilled under reduced pressure immediately before use. 
The divinylbenzene contained about 45% ethylvinylbenzene 
and was employed when cross-linked polymers were desired. 
Trichlorotitanium(III) was used as a 0.1 M acetonitrile solu­
tion. Commercial oxygen and nitrogen gases were used with­
out further purification. 

Polymer Supports: The monomers (total 50 mmol) were 
copolymerized by the use of 2,2'-azobisisobutyronitrile (0.25 
mmole) in benzene or ethanol (50 cm3) under nitrogen at reflux-
ing temperature for 5 h. The resulting polymers were either 
precipitated by addition of ethyl ether when they were linear 
and soluble or washed with benzene and methanol when cross-
linked and insoluble. They were then dried in vacuo at 120°C 
and ground to powders of 100—300 mesh. The yields were 
60—80%. The degree of cross-linking was assumed to be equal 
to the molar ratio of charged divinylbenzene to total mono­
mers. The content of pyridyl groups (mol%) was calculated 
from nitrogen microanalysis. 

Polymer-supported TiCl3 Complexes: The acetonitrile solutions 
of TiCl3 (0.072—0.146 mmol) were stirred with the polymer 
supports (0.180 g, 0.145—1.15 mequiv. N) dissolved or swelled 
in pyridine or THF (30 cm3) under nitrogen at room tempera­
ture for 5 h. The solvents were then evaporated in vacuo when 
the supported complexes were prepared from cross-linked sup­
ports in pyridine or from soluble, linear ones in either of the 
solvents, while the solvent was decanted when prepared from 
cross-linked ones in THF. The resulting solids were then dried 
in vacuo at room temperature. The amounts of charged TiCl3 

were controlled to yield supported complexes containing about 
5% of TiClg based on the total aromatic rings of the supports. 
Thus, in order to prepare supported complexes with 20% 
cross-linking and 10, 20, and 65% pyridyl group in THF, 
0.146, 0.100, and 0.080 mmol of TiCl3, respectively, were 
charged. The amounts of TiCl3 corresponding to 5% of the 
total aromatic rings of the supports were introduced when 
supported complexes were prepared in pyridine. 

A support with 20% cross-linking and 65% pyridyl group 
(0.180 g, 1.02 mequiv. N) was stirred with TiCl4 (0.29 mmol) 
in THF (30 cm3) for 5 h, subsequently mixed with TiCl3 (0.10 
mmol) and worked up as described above. 
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Analysis of Titanium. The amounts of attached TiCl3 

were determined only in the case of supported complexes with 
cross-linking prepared in THF. The method was to titrate 
chelatometrically titanium ions not attached and dissolved in 
a supernatant liquid, and to subtract the titre from the amount 
of charged TiCl3. A titanium(IV) ion is so apt to be hydro-
lyzed in water that a 50% aqueous ethanol solvent was em­
ployed, and EDTA added in excess was back-titrated at pH 
5.5 with a 0.05 M zinc(II) solution by the use of xylenol orange 
as an indicator. 

ESR Measurements. Fine solids of the supported com­
plexes were transferred under nitrogen to ESR sample tubes 
equipped with three-way stopcocks. Their spectra were re­
corded under nitrogen at room temperature and 77 K with a 
JEOL-JES-3BS-X (X-band) spectrometer before and after 
contact with oxygen. The g values were calculated on the 
basis of that of manganese(II) ions doped into magnesium 
oxide, which was calibrated with an aqueous solution of per-
oxylamine disulfonate. The relative amounts of paramagnetic 
species were determined by the integration of their ESR 
spectra with a JEOL-JES-ID-2 integrator. 

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

Polymer-supported TiCls Complexes. T h e colors of 
polymer-supported TiCl 3 complexes depend upon the 
composition of supports and the solvents used in prepara­
tion (Table 1). Supported complexes without cross-
linking are dark brown regardless of solvent. Those with 
20% cross-linking change their colors from brown to 
light brown and from brown to light yellow with a 
decrease in the content of pyridyl groups, when they 
are prepared in pyridine and T H F , respectively. 

All the supported complexes gave two types (A and B) 
of ESR signals of t i t an ium(I I I ) . Type A with g value of 
1.96** was easily detected at room temperature and 
77 K. Type B was very weak and broad at room 
temperature. O n cooling down to 77 K it became 
strong showing g values of 1.87—1.91, but was much 
broader than type A. ESR spectra of a supported 
complex with 2 0 % cross-linking and 6 5 % pyridyl group 
prepared in pyridine recorded at room temperature and 
77 K are shown in Fig. 1 as a typical example. Support­
ed complexes without cross-linking showed, in addition 
to A and B signals, weak signals a t g^4 a t t r ibutable to 
AM=±2 transitions of the triplet-state of a T iCl 3 

dimer.8-9) 

T h e g values and relative amounts of the two types 
of signals are summarized in Table 1. Type A signals 
have almost constant g values throughout all the 
supported complexes. Their amounts are much smaller 
than those of type B signals, diminishing with cross-
linking, a decrease in the content of pyridyl groups, 
the change of solvents from pyridine to T H F , and 
pretreatment with TiCl4 . T h e g values of type B signals 
are greatly influenced by the solvents used in prepara­
tion, the composition of the supports, and pretreatment 
with TiCl4 . Supported complexes prepared in pyridine 
have larger g values than those prepared in T H F except 
for those without cross-linking. Among supported 

** Each g value of the two types of signals was calculated at 
the center of each ESR signal, since the signal was a single 
line without peaks giving principal g values. 

Fig. 1. ESR spectra of a supported TiCl3 complex 
with 20% cross-linking and 65% pyridyl group 
prepared in pyridine, recorded under nitrogen at 
room temperature (a) and at 77 K (b). 

complexes prepared in T H F the g values decrease with 
a decrease in the content of pyridyl groups, while 
supported complexes prepared in pyridine have constant 
g values. Cross-linking makes the g value small when 
prepared in T H F , while cross-linking has little effect 
when prepared in pyridine. Tetrachlorotitanium(IV) 
introduced prior to addition of TiCl 3 makes a small g 
value. 

When TiCl 3 is dissolved into pyridine, a sharp intense 
singlet signal a t £=1.968> or 1.9579) has been observed 
at room temperature along with a triplet-state spectrum 
of a TiCl 3 dimer. This signal has been ascribed to a TiCl 3 

monomer whose structure, however, is unknown. The 
t i tanium (I I I ) species giving type A signals has an 
analogous structure because of the similarity of g values 
and line widths between type A signals and the above 
signal in the pyridine solution. T h e t i tanium(III) 
species responsible for type A signals is coordinated only 
by the pyridyl groups of supports, since the g values of 
the signals depend neither upon the solvents used in 
preparat ion nor the composition of supports, the 
amounts of the signals decreasing with a decrease in 
chelating nature of the pyridyl groups. 

Trichlorot i tanium(III) forms hexacoordinated com­
plexes of the type TiCl3L3 , where L is a polar molecule 
such as acetonitrile, pyridine, acetone, or THF.1 0) 
Further, T iCl 3 forms also hexacoordinated complexes 
of the type TiCl 3L 2L' with two different non-halide 
ligands, where L and L ' are acetonitrile, dioxane, T H F , 
and 2-propanol.11) Thus the following hexacoordinated 
t i tanium (III) species seem to be present in the supported 
complexes: TiCl3(pyr)ML3_M (n=l, 2, and 3), where 
pyr is a pyridyl group of the supports and L is a molecule 
of the solvents used in preparation. 

In frozen solution a t 77 K, TiCl3L3 , where L is 
acetonitrile, pyridine, or T H F , gave an ESR signal 
with # , = 1.883, & . = 1.921, & v = 1.908;»> ft =1 .86 , g2= 
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T A B L E 1. g VALUES, RELATIVE AMOUNTS OF TWO TYPES OF SIGNALS, AND COLORS OF 

POLYMER-SUPPORTED TiCL COMPLEXES 

Expt. 
No. 

1 
2 
3 
4 
5 
6 
7 
8C> 

Solvent 
used for 
prepara­

tion 

pyridine 
pyridine 
pyridine 
THF 
THF 
THF 
THF 
THF 

Cross-
linking 

% 

0 
20 
20 
0 

20 
20 
20 
20 

Content 
of 

pyridyl 
groups 

% 
65 
65 
10 
65 
65 
20 
10 
65 

g Valuea> 

type A 

1.962 
1.961 
1.961 
1.959 
1.960 
1.959 
1.959 
1.960 

type B 

1.909 
1.906 
1.906 
1.908 
1.901 
1.883 
1.870 
1.873 

Relative 
amount* >b) 

type A o / 
type B / o 

14 
2 
1 

10 
2 
1 

1 > 
1 > 

Color 

dark brown 
brown 
light brown 
dark brown 
brown 
light brown 
light yellow 
yellow 

a) Measured under nitrogen at 77 K. 
c) Pretreated with TiCl4. 

b) Ratio of the areas under both types of integrated signals. 

1.89, £ , = 1.95, £av=1.90;*> or # , = 1.849, ^ = 1 . 8 9 4 , 
£ a v = 1 .879 , n ) respectively, while it gave a very broad 
signal at room temperature.12) Since the g values and 
the line widths of type B signals at room temperature 
and 77 K are similar to those of the above TiCl 3L 3 

complexes, type B signals are ascribed to the TiCl3-
(pyr)«L3_M species. 

In hexacoordinated t i tanium(III ) complexes their g 
values increase with the increasing number of their 
ligands at higher order in the spectrochemical series.11-13) 
T h e g values of the above TiCl 3L 3 complexes increase 
with the following order of L : T H F < p y r i d i n e < a c e t o -
nitrile. This is the same order of L in the spectrochemical 
series.14) 

T h e fact that supported complexes prepared in 
pyridine have larger g values than those prepared in 
T H F indicates the presence of the TiCl 3 species having 
solvent molecules, i.e., TiCl3(pyr)ML3_M ( w = l and 2), 
in the supported complexes. T h e decrease in the g 
values of supported complexes prepared in T H F with 
a decrease in the content of pyridyl groups indicates 
the increase in the number of the TiCl 3 species having 
more solvent ligands, T H F , with a decrease in the 
content of pyridyl groups. T h e decrease in the g values 
with cross-linking of the supports or with pretreatment 
with TiCl4 indicates also the increase in the TiCl 3 

species which have more solvent ligands, T H F , with 
these changes in the conditions of preparation. Support­
ed complexes prepared in pyridine would contain the 
TiCl3(pyr)ML3_M species having various values of n, 
as those prepared in T H F contain, in spite of the small 
change of the g values with the change of the composi­
tion of the supports. T h e small change is ascribed to the 
similar effects of a pyridyl group (4-alkylpyridine) and 
pyridine upon the g value of a t i tanium(III ) ion. 

In conclusion, there are several TiCl 3 species with 
different environments ( t i tanium(III) species respon­
sible for type A signals and TiCl3(pyr)wL3_M ( re=l , 2, 
and 3)) in polymer-supported TiCl 3 complexes, and the 
relative amounts of these ti tanium (III) species depend 
upon the composition of the polymer-supports (the 
content of pyridyl groups and the degree of cross-
linking) and upon pretreatment with TiCl4 . In support­
ed complexes with a high content of pyridyl groups, the 

pyridyl groups coordinate as chelate ligands to TiCl3 , 
and the number of the TiCl 3 species with two or three 
chelate pyridyl groups, i.e., TiCl3(pyr)ML3_M ( « = 2 and 
3), is large. O n the other hand, such chelation is 
difficult in supported complexes with a low content of 
pyridyl groups and thus the TiCl 3 species with one 
pyridyl group, i.e., TiCl3(pyr)L2 , increase. Cross-
linking makes supports rigid and their chelating nature 
weak. O n addition of TiCl4 , the pyridyl groups coordi­
nate as chelate ligands to TiCl 4 forming TiCl4(pyr)2 , 
and thus the number of the pyridyl groups which can 
coordinate as chelates decreases and TiCl 3 added 
subsequently forms mainly TiCl3(pyr)L2 . 

Dioxygen Adducts of Polymer-supported TiClz Complexes. 
By introduction of 1 a tm of oxygen upon polymer-
supported TiCl 3 complexes a t room temperature, the 
intensities of both types of ESR signals became less 
than half of their original ones within a few minutes 
except for supported complexes without cross-linking. 
T h e colors of the supported complexes turned from 
brown or yellow to orange or yellowish orange at the 
same time. T h e decrease in intensities of both types 
of ESR signals and the change of color were very slow 
(half-life, ca. 2 h) in the case of supported complexes 
without cross-linking. This difference may be mainly 
caused by the difference in surface areas. Supported 
complexes with cross-linking are fine powders and may 
have greater surface areas than those without cross-
linking which are fine pieces of films. 

New sharp signals appeared at about £ = 2 . 0 1 as soon 
as the signals of t i tan ium(II I ) diminished. T h e shapes 
of the new signals at 77 K were the same as those at 
room temperature. T h e new signals of two different 
supported complexes are given in Fig. 2. Each spectrum 
consists of two or three signals, each having three 
principal g values, viz., ^ = 2 . 0 2 8 , £ 1 ' =2 .023 , gi=g<l= 
2-011, A = s , ' = 2 . 0 0 4 (Fig. 2a ) ; A = 2 . 0 2 8 , ^ ' = 2 . 0 2 2 , 
£ / ' =2 .017 , & = & ' = A * = 2 . 0 1 1 , g,=gsf=gs"=2.004 (Fig. 
2b). T h e new signals of all the supported complexes 
we examined had the following principal g values: 
^ = 2 . 0 1 7 — 2 . 0 2 8 , £ 2 =2.010—2.011, and £ 3 = 2 . 0 0 3 — 
2.004 (Table 2). These values are nearly the same as 
those of 0 2 ~ radicals on t i tanium dioxide.15) Thus the 
new signals are ascribed to dioxygen adducts of support-



694 Yasuo CHIMURA, Masazo BEPPU, Satohiro YOSHIDA, and Kimio TARAMA [Vol. 50, No. 3 

gj=2.023 

g,= 2.028 

= 2.004 

Fig. 2. New ESR signals of supported TiCl3 com­
plexes with 20% cross-linking and 65% (a) and 10% 
(b) pyridyl group prepared in THF, recorded under 
nitrogen at room temperature after contact with 
oxygen. 

ed TiCl 3 complexes, whose electronic structure should 
be formally decribed as T i ( I V ) - O a - . 

T h e three principal g values of the dioxygen adducts 
of the supported complexes prepared from different 
supports in different solvents are given in Table 2. We 
denote principal g value along the axis of O - O bond by 
gx. T h e gx values are greatly influenced by the conditions 
of preparation, whereas the g2 and gs values remain 
nearly constant. T h e g1 values can be classified into 
three groups: 2.027—2.028, 2.022—2.024, and 2.017— 
2.018. They correspond to three different T i ( I V ) - 0 2 -
species a, ß, and y, respectively, whose g2 values as well 
as g3 values are identical with each other. T h e gx peak 
of a is enhanced in supported complexes with a high 
content of pyridyl groups prepared in either of the 
solvents, becoming a shoulder in those with a low 
content of pyridyl groups. T h e gt peak of ß behaves like 
that of a, but remains as a stronger peak than that of a 
when supported complexes are prepared from supports 
with a low content of pyridyl groups. T h e gx peak of y 

appears only in supported complexes with a low content 
of pyridyl groups prepared in T H F or pretreated with 
TiCl4 , being the strongest of the three peaks. 

A few different O a~ species have also been found on the 
surface of t i tanium dioxide. Naccache et a/.16) reported 
that two different 0 2 ~ species were found on both anatase 
and rutile: & = 2 . 0 2 4 , ^ ' = 2 . 0 2 0 , A = A ' = 2 . 0 0 9 , g3= 
£ 8 '=2 .003 for anatase; ^ = 2 . 0 3 0 , £ 2 =2.008 , ^ = 2 . 0 0 4 , 
g1'=2.020, £ 2 '=2 .009, £ 8 '=2 .003 for rutile. Davydov et 
al.11) found five different 0 2 ~ species on anatase: gx1= 

2.0330, £1*=2.0278, £ 1
3=2.0254, ^ = 2 . 0 2 3 3 , and gl*= 

2.0213, the g2 values as well as the gs values of which 
coincided with each other. However, the structures of 
the dioxygen adducts corresponding to these different gt 

values have not been described. 

T h e structures of the dioxygen adducts a, ß, and y 
should be considered. These dioxygen adducts do not 
come mainly from the t i tanium(III) species responsible 
for type A signals, since the amounts of type A signals 
were small. There was no remarkable difference in the 
relative amounts of these dioxygen adducts of a support­
ed complex with 0% cross-linking and 6 5 % pyridyl 
group and that with 20% cross-linking and 6 5 % pyridyl 
group, where the relative amounts of type A signals to 
type B signals were 14% and 2 % , respectively. Adducts 
a and ß were observed in supported complexes prepared 
in pyridine. They have no T H F ligand though they 
appeared also in supported complexes prepared in T H F . 
T h e relative amounts of the ti tanium (111) species 
TiCl3(pyr)3 , TiCl3(pyr)2L, and TiCl3(pyr)L2 in support­
ed complexes prepared in T H F increased in this order 
with a decrease in the content of pyridyl groups. The 
relative amounts of ex., ß, and y increased also in this 
order with a decrease in the content of pyridyl groups. 
Thus TiCl3(pyr)3 , TiCl3(pyr)2L, and TiCl3(pyr)L2 

might be the precursors of a, ß, and y, respectively. 

T h e order of the gt values of a, ß, and y gives informa­
tion on the structures of the dioxygen adducts. I t has 
been shown both experimentally and theoretically that 
the gt value of a 0 2 ~ radical coordinating to a cation 
approaches ge (2.0023) more closely as the charge of the 
cation becomes more positive.15) T h e gt values decreased 
in the order a£>ß^>y, the negativity of t i tanium ions 
of the dioxygen adducts decreasing in the same order. 
Since a pyridyl group is more basic than T H F or a 
chloride anion, a t i tanium ion which has more pyridyl 

TABLE 2. PRINCIPAL g VALUES OF DIOXYGEN ADDUCTS OF POLYMER-SUPPORTED TiCl3 COMPLEXES^ 

Expt. 
No. 

Solvent 
used for 

preparation 

Cross-
linking 

Content 
of pyridyl 
groups % 

Si gi gi g* g3 

1 
2 
3 
4 
5 
6 
7 
8C> 

pyridine 
pyridine 
pyridine 
THF 
THF 
THF 
THF 
THF 

0 
20 
20 
0 

20 
20 
20 
20 

65 
65 
10 
65 
65 
20 
10 
65 

2.028 
2.028 
2.028 shb> 
2.028 
2.028 
2.027sh 
2.028sh 
2.028sh 

2.022 
2.023 
2.022 
2.024 
2.023 
2.022sh 
2.022sh 
2.022 sh 

— 
— 

• — 

— 
— 

2.017 
2.017 
2.018 

2.010 
2.010 
2.011 
2.010 
2.011 
2.010 
2.011 
2.010 

2.004 
2.003 
2.004 
2.004 
2.004 
2.004 
2.004 
2.004 

a) Measured under nitrogen at room temperature after contact with oxygen, b) Abbreviation : sh, shoulder. 
c) Pretreated with TiCl4. 
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groups becomes more negative. Thus the number of 
pyridyl groups coordinating to the t i tanium ions of the 
dioxygen adducts increases in the order y<iß<jx.. 

T h e tentative structures of a, ß, and y which agree 
with the above conclusions are shown in the following 
scheme along with their precursors. I t is assumed that 
an oxygen molecule behaves as a unidentate ligand and 
a ti tanium ion is hexacoordinated. 

TiCI3(pyr)3 TiClgtpyr^L TiCI3(pyr)L2 

°2 

(TiCI2(pyr)3(02))CI •nCI3(pyr)2(02) 

ß 

Scheme. 

TiCtypyriUcy 

7 (L=THF) 

ß (L=pyridine) 

These dioxygen adducts were very stable at 77 K, but 
decomposed slowly at room temperature under either 
nitrogen or oxygen. Among the dioxygen adducts y 
was the most unstable, half-life of which was about 1 h 
under oxygen at room temperature. 

T h e total yields of the dioxygen adducts after a five 
minute contact with 1 a tm of oxygen at room tempera­
ture were measured at 77 K under nitrogen and found 
to be a few percent based on the t i tanium(III ) species 
reacted with oxygen. 

The oxygenation of supported TiCl 3 complexes was 
almost irreversible, since the decomposition of their 
dioxygen adducts was very slow in a vacuum or under 
nitrogen as compared with their rapid formation. T h e 
decomposition would imply not only the liberation of 
oxygen to yield the original t i tanium (III) species but 
also irreversible oxidation to t i tanium (IV) species. 

T h e authors wish to express their thanks to Dr. 
Toshimitsu Suzuki of this department for the supply of 
TiCl3 . 
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Acetaldehyde was oxidized using metal polyphthalocyanines as catalysts. Metal polyphthalocyanines, 
especially Fe,Cu-polyphthalocyanine, were found to be useful oxidation catalysts for the selective formation of 
peracetic acid from acetaldehyde. The rate of oxidation was much affected by the nature of the solvents. The 
solvent is considered to take part in the initiation oxidation reaction in two ways : one is based on the prevention of the 
oxygen molecule from coordination with a metal polyphthalocyanine and subsequent activation, and the other is 
due to the solvation with the activated oxygen molecules on the catalyst. Preferable solvents were ethyl acetate, 
bromobenzene, benzene, and acetone. 

Since metal phthalocyanines were discovered to carry 
oxygen molecules, they have been used as catalysts in 
the autoxidation of many organic compounds, the 
mechanism of their action on the oxidation reaction has 
also been investigated.1-4) Kropf et al. reported that an 
active species, an oxygen complex derived from a metal 
pathalocyanine and molecular oxygen in the presence 
of a base such as pyridine, could abstract the hydrogen 
atom from a substrate to generate free radicals, resulting 
in the initiation of autoxidation.5 - 7) Other inves­
tigators8 '9) proposed another mechanism for the action 
of metal phthalocyanines, especially the ability to 
decompose hydroperoxide homolytically to initiate 
autoxidation. Contrary to the oxidations using metal 
phthalocyanines, there are only a few papers available 
concerning the metal polyphthalocyanine-catalyzed 
autoxidation.10-13) But studies of the metal polyphthalo­
cyanine in comparison with its monomeric analogue are 
expected to throw some light on the elucidation to the 
chemical behavior of metal polyphthalocyanine as one 
of the macromolecular catalysts complexed with metal 
ions, the structure of which possesses a close similarity 
to hemoglobin. In our papers, various metal poly­
phthalocyanines were synthesized and shown to be 
effective catalysts for the autoxidation of cumene11) and 
acrolein.12-13) 

In this paper, the liquid-phase oxidation of acetal­
dehyde was tried using various metal polyphthalo­
cyanines as catalyst. The action of the catalyst and the 
effect of solvents on the oxidation are discussed in detail. 

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

Materials: Metal polyphthalocyanines were synthesized and 
purified according to the method descrided in an earlier 
paper.13) The metal contents in Fe,Cu-polyphthalocyanine were 
analyzed by a spectrophotometric method; the ratio of iron to 
copper ions was 1.52. The metal polyphthalocyanine was suf­
ficiently pulverized with a mortar before use. The oxidation 
rate with micro-crystals of metal polyphthalocyanine was, 
however, found to be essentially the same as that with the 
pulverized metal. Acetaldehyde was carefully distilled under 
nitrogen atmosphere to insure the complete removal of the 
oxidized materisls; solvents were used after conventional puri­
fication with careful drying. 

Procedure and Analysis : The oxidation apparatus and oxida­
tion process were described in the literature.14) 
Peroxide products were analyzed by an iodometric titration 
method determining individual concentrations of hydrogen 

peroxide, peracetic acid, and other peroxides such as acetoyl 
peroxide.15) Other oxidation products were quantitatively 
determined by gas liquid chromatography. 

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

Outline of Autoxidation : Purified samples of metal 
polyphthalocyanines have been shown to lack the ability 
to decompose a hydroperoxide, though they catalyzed 
the liquid-phase oxidation of organic compounds such 
as cumene and acrolein. The oxidation of acetaldehyde 
with a metal polyphthalocyanine also gave peracetic 
acid quantitatively in such solvents as benzene, ethyl 
acetate, and acetone (Table 1). This fact may be 
emphasized as one of the characteristic actions of metal 
polyphthalocyanines, because metal phthalocyanines 
and other catalysts such as metal acetylacetonates and 
naphthenates are known to decompose peracetic acid 
formed during the oxidation of acetaldehyde through 
a homogeneous mechanism.16 '17) T h e selectivity of 
peracetic acid in benzene and ethyl acetate as solvents 
was inclined to decrease with the reaction time. This 
may be ascribed to the formation of acetaldehyde 
monoperacetate in these solvents, followed by its 
heterogeneous decomposition. In acetone, the rate of 
oxidation was slower than in ethyl acetate, but the 
selectivity remained about 9 3 % even after three hours. 
This suggests that metal polyphthalocyanines can be 
made use of as catalysts for the selective formation of 
peracetic acid, and shows that they have no ability to 
decompose peracetic acid, resulting in the initiation cf 
autoxidation. 

The rate of oxygen absorption, as shown in Table 2, 
was much affected by the nature of the solvent. The 
dielectric constants of the solvents are also listed in 
Table 2. The oxidation reaction seems to proceed much 
faster in a solvent which has an adequate polarity, such 
as ethyl acetate. There is, however, no linear relation­
ship between the rate and the dielectric constant. 

The role of solvents in an autoxidation reaction 
catalyzed by an organometallic complex can be con­
sidered in general in terms of the following two ways. 
First, the solvent may take part in the chain-propagating 
step to interrupt autoxidation : 

CH3COOO. + RH • CH3GOOOH + R . (A) 

in which R H denotes a solvent. Secondly, it may 
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TABLE 1. THE OXIDATION PRODUCTS IN THE OXIDATION OF ACETALDEHYDE 

CATALYZED BY METAL POLYPHTHALOCYANINES 

Catalyst (solvent) 

a* 
b* 
c* 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

Fe, Cu 
(Benzene) 

45.0 
12.8 
20.3 
21.1 

0.57 
1.34 
1.29 

28.4 
45.4 
47.0 

29.5 
58.3 
60.5 

96.4 
77.8 
77.2 

Fe, Cu 
(Ethyl acetate) 

45.2 
23.4 
28.0 
26.6 

0.39 
0.95 
1.10 

51.7 
61.9 
58.8 

57.4 
73.1 
79.5 

90.2 
84.7 
73.7 

Fe 
(Acetone) 

46.3 
19.7 
27.6 
28.6 

0.49 
0.59 
0.82 

42.5 
59.6 
61.4 

44.2 
59.7 
66.1 

102 
99.9 
92.8 

Acetaldehyde charged ( X 103M) 
Peracetic acid formed (x 103M) 

Peroxide formed (x 103M) 

Peracetic acid formed 
Acetaldehyde charged 

Oxygen absorbed 
Acetaldehyde charged 

Peracetic acid formed 
Oxygen absorbed 

(%) 

(%) 

(%) 

Reaction conditions: (catalyst), 4.82X 10~3M; temperature, 10 °C. 
*a, b, and c represent one, two, and three hours of reaction time, respectively. 

TABLE 2. THE RATE OF OXYGEN ABSORPTION IN THE 

OXIDATION OF ACETALDEHYDE BY TWO METAL 

POLYPHTHALOCYANINES IN 

VARIOUS SOLVENTS 

TABLE 3. THE RATE OF OXYGEN ABSORPTION 

WITH AND WITHOUT CATALYST IN 

CARBOXYLATE SOLVENTS 

Me-poly-Pc Solvent Dielectric 
constant 

-d(O a) /d* 
X 105M s-1 Solvent 

- d ( O 2 ) / d * , x l 0 6 M s - i 

(a) 
Uncatalyzed 

(b) 
Catalyzed 

Ratio of 
(b) to (a) 

/»-Xylene 
Benzene 
Bromobenzene 
Ethyl acetate 
Acetone 
Benzonitrile 
Methanol 
Chlorobenzene 
Acetone 
Nitrobenzene 

2.21 
2.28 
5.40 
6.02 

20.7 
25.2 
32.7 
5.62 

20.7 
34.8 

0.0 
8.51 

10.6 
13.7 
8.44 
0.22 
0.0 
7.64 
7.62 
0.61 

Reaction conditions: (CH3CHO), 4 .52x l0" 1 M; 
(catalyst), 4.8X lO^M; temperature, 10 °C. 

interact with the complexes as a catalyst to change their 
activity. Imamura found that the oxidation rate of 
acetaldehyde catalyzed by cobalt naphthenate depended 
substantially on the kind of solvents and concluded that 
the oxidation was probably governed by a reaction 
according to Eq. A in the case of the presence of a 
hydrocarbon solvent.17) 

If the solvent effect is observed only on the propaga­
tion and termination steps of a general autoxidation 
mechanism as discussed below, though ester solvents were 
mostly used in this paper, the relative rates of the 
oxidation in the presence of the catalyst to that in the 
absence of the catalyst must be same regardless of the 
kind of solvents. The ratio in Table 3 does not show 
any solvent effect on such chain steps. This fact also 
proposes that the solvent effect is operative in the 

Ethyl acetate 0.89 13.7 15.4 
Isopropyl acetate 0.89 5.84 6.6 
Ethyl chloroacetate 0.1 2.45 28.0 

Reaction conditions: temperature, 10 °C; catalyst, 
Fe,Cu-poly-Pc, 4.81 X 10~3M; acetaldehyde, 4.52 X 
10-!M. 

initiation step rather than the chain steps in the present 
oxidation reaction using a metal polyphthalocyanine as 
catalyst. 

Solvent Effect: T h e effect of solvents on the rate of 
oxidation was investigated in detail using various esters, 
such as acetates ( C H 3 C O O R ) and ethyl carboxylates 
( R ' C O O C 2 H 5 ) , as solvents. T h e oxidation rate in the 
presence of a metal polyphthalocyanine was considerably 
dependent on the kind of substituent groups R and R ' 
(Table 4). I t was found that there was a certain relation 
between the oxidation rates and the electronic properties 
of the substituents (R and R' ) in terms of their polar 
substituent constants o* for Taft's equation. 

In the case of acetates (Fig. 1), the logarithm of the 
rates increased linearly with increase of o* of R in the 
range of <r*< — 0.10. The constants p* can be calculated 
as 6.7 and —0.3 over the ranges of a* below and above 
—0.10, respectively, except for methyl acetate, which 
is very difficult to purify and constains a small amount of 
methanol which makes the metal polyphthalocyanine 
inactive (Table 2). A similar result was also obtained 
for the ethyl carboxylates, as illustrated in Fig. l b ; 
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T A B L E 4. SOLVENT EFFECT OF VARIOUS ACETATES 

AND ETHYL CARBOXYLATES ON THE 

OXIDATION RATES 

Solvent 

Acetates 

methyl acetate 

butyl acetate 

isopropyl acetate 

benzyl acetate 

ethyl acetate 

Ethyl carboxylates 

ethyl propionate 

ethyl chloroacetate 

ethyl isobutyrate 

ethyl dichloroacetate 

Substituents 

R -

C H 3 -

C H 3 ( C H 2 ) 3 -

( C H 3 ) 2 C H -

( C 6 H 5 ) C H 2 -

G 2 H 5 -

R ' - X 

C H 3 -

C 2 H 5 -

C H 2 C 1 -

(CH 3 ) 2CH-

C H C 1 2 -

-d(O a)/df 
l O S M s - 1 

2 .33 

17.2 
5 .84 

2 .58 

13.7 

6 .10 

2 .45 

- 3 .14 

0 .18 

Reaction conditions: (acetaldehyde), 4.52X 10_1M; 
(Fe,Cu-poly-Pc), 4 . 8 x 10-3M; temperature, 10 °C. 

values of p* were calculated as 4.4 and —1.0 for the 
straight lines of the left and right sides of ethyl acetate, 
respectively. For simplicity, a series of solvents having 
positive p* value are hereafter called M, while the 
series having negative p* are called N . Considering the 
absolute values of p* for solvent series M and N, the 
values for the series M are much larger than those for 
series N. The |0*'s also have different signs for the two 
series of solvents. These facts imply that the mechanisms 
of solvent effects are different in these series. T h e rather 
large values of p* for series M may suggest that such 
solvents take part as more polarized species in the 
initiation reaction. 

TABLE 5. THE CONSTANT k1K1 OF THE INITIATION 

REACTION OF ACETALDEHYDE BY VARIOUS 

METAL POLYPHTHALOCYANINES 

Metals 

Fe,Cu 

Fe ,Mo 

Fe 

Fe,Co 

Cu,Go 

- d ( O s ) / d * 
X l 0 5 M s 

2 1 . 6 

12.1 
8 .6 

8 .5 

1.1 

kxKx 

X 102 M - 2 s-1 

7.2 
2 . 0 

1.1 

1.1 
0.0017 

Reaction conditions: (CH3CHO), 0.45M; (catalyst), 
4.82xlO~3M; solvent, ethyl acetate; temperature, 
10 °G. 

A Possible Reaction Mechanism : In order to explain the 
results mentioned above and to explain the oxidation 
mechanism, especially the initiation reaction, in more 
detail, the oxidation reaction was investigated kinetically 
under reaction conditions including those shown in 
Figs. 1 (a) and 1 (b). The reactions were confirmed not 
to proceed under diffusion control of oxygen in the 
reaction system. The dependence of the rates of 
oxygen absorption on concentrations of acetaldehyde 
and the catalyst and on oxygen pressure was determined 
in three kinds of solvents, isopropyl acetate belonging 
to series M and ethyl acetate and ethyl monochloro-
acetate belonging to series N (Figs. 2a, 2b, and 2c). 

20h 

10 

© 

X 

o 
-a 0.5 

0.2 

CH3 (CH.) 

C6H5CH2 "" 

-0.2 -0.1 0.0 0.1 0.2 

<7*(R) 

0 

CHC1'2-

- 0 . 2 - 0 . 1 0.0 

<;* (R') 

Fig. 1. The effects of the substituents R and R' of 
esters (R'COOR) as solvents on the rate of oxidation. 

T h e rate equations, except for that obtained with a 
lower pressure of oxygen in isopropyl acetate, were equal 
and could be written as Eq. I : 

- d ( P 2 ) = A;(CH3CHO)3/2(catalyst)1/2(02)V2 
at (I) 

in which k means a rate constant. This equation can 
be compared with the rate equation (II) 

~^d^~ = V(2*t)1/2(CH3CHO) .Äji/a (II) 

derived from the general elementary steps of autoxi-
dation under no diffusion control of oxygen as 
follows ; 

initiation: CH3CHO • CH3CO : ̂  (1) 

chain propagation: 

CH3CO + 0 2 > CH3COOO. (2) 
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2 3 5 10 

[CH3CHO] (XIOM) 

50h 
(b) 

5 10 20 50 
(Catalyst) (x l0 3 M) 

50h 

on 

2 
X 

•o 

g 
1 

20h 

10h 

5h 

4 
lh 

(c) 

0.1 0.2 0.4 0.6 1.0 

(Oa) (atm) 

Fig. 2. Effects of concentrations of acetaldehyde, Fe, 
Cu-polyphthalocyanine, and oxygen on the oxida­
tion rates. 
Reaction conditions: (CH3CHO), 0.45 M ; (Fe,Cu-
poly-Pc), 4.82 X 10~3 M; and 0 2 pressure, 1 atm were 
used as standard. Temperature was 10°C. 
Q: Ethyl acetate, 0 : isopropyl acetate, # : ethyl 
chloroacetate. 

K 
CH3COOO. + CH3CHO > 

CH3COOOH + CH3CO (3) 

in which Rx represents the rate of initiation, and kp and 
kt represent the rate constants of Steps 3 and 4. 
Consequently the rate of initiation is obtained as 

Ri = - C W (2^)^}2(CH3CHO) (catalyst) (Oa) (III) 

I t is possible, therefore, to discuss the initiation mecha­

nism as follows : 

Me-polyPc + 0 2 «==• Me+-polyPc-02- (l-a) 

Me+-polyPc-02- + CH3CHO • 

(Me-polyPc-02H) + GH3CO (1-b) 

When the equilibrium constant of Scheme l-a and the 
rate constant of Scheme 1 -b are assumed to be Kx and 
kx respectively, the rate equation of initiation is 

R.t = ^ ( C H g C H O ) (catalyst) (Oa) (IV) 

at the stationary state. This equation is equal to Eq. I I I . 
I t is well known that such substrates as acetic acid 

and methanol are easily coordinated with a metal ion 
in the conjugated system of a metal phthalocyanine 
through the electron pair on the oxygen atom. In the 
above initiation mechanism, the solvents in series M are 
considered to have considerably stronger electron-
donating substituents corresponding to the lower values 
of a*, resulting in the stronger coordination through 
their carbonyl oxygen. In other words, the degree of the 
electron density on the oxygen atom of the carbonyl 
group increases with the increase of the electron-donating 
ability of the substituents R and R ' . The reaction l-a is, 
therefore, considered to be competitive with the reaction 
between a metal polyphthalocyanine and a solvent as 
follows : 

o, 

Me-polyPc — 

- Me+-polyPc-02" (1-a) 

/ O R ' 
. > Me-polyPc-0=C (l-a' 

RCOOR' \ R 

termination: 2CH3COOO. non-radical (4) 

As the o* values of the solvents become smaller, the 
equilibrium l-a ' is much more shifted to the right side. 
The stronger interaction of a solvent with a metal ion 
will leave fewer chances for the 0 2 molecule to be 
activated by coordination. This interaction can be 
explained by the higher values (6.7 and 4.4) of p* in 
series M, which are considered to be based on the 
interaction of solvents with the polarized species as 
mentioned before. 

Negative values of the reaction constant p* were 
obtained in the solvents of series N . As the absolute 
values of p* axe smaller compared with those in series 
M, these solvents are considered to have a weaker 
interaction with the initiation reaction. According to 
the explanation with respect to solvents of series M, 
the larger value of o* has to facilitate the activation of 
the molecular oxygen by a metal ion. But in the case 
of the electron-attracting ability of the substituent 
becoming too large, the electron density on the oxygen 
atom decreases to a certain extent, and consequently 
the metal polyphthalocyanine-0 2 complex is not apt 
to react with acetaldehyde, because these kinds of 
solvents may solvate with such an activated oxygen 
complex, resulting in the prevention of the hydrogen-
abstracting reaction from acetaldehyde (1-b). No 
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evidence to support this explanation is yet available, 
but this will be discussed in detail in our next paper.18) 
A possible reaction mechanism is 

Me+-polyPc-02-
CH.CHO 

, . • Me+-polyPc-02--CH3CHO (1-b) 

I • Me+-polyPc-02"-solvent (l-b') 
solvent 

In this case, the lower absolute value of p* may be 
explained by the above-mentioned Schemes l-b and 
l-b ' . 

I t is concluded, as the sum of these two effects of 
solvents on the initiation mechanism, that such a solvent 
as ethyl acetate or ethyl propionate is an opt imum one 
whose substituent shows an adequate degree of the 
electron-donating and -attracting abilities for the 
carbonyl group. 

In the oxidation of acetaldehyde in isopropyl acetate, 
the partial pressure of oxygen had no influence on the 
rate of oxygen absorption in the range of the oxygen 
pressure below 400 Torr . This means that the activation 
of oxygen does not occur because of low concentration 
of oxygen dissolved and/or the more preferable condi­
tions for the reaction 1-a' than 1-a, and suggests that 
Fe,Cu-polyphthalocyanine directly abstracts the hydro­
gen atom from aldehyde, as is well known.19) 

T h e constants k-JC-y of Eq. I V are compared for various 
metal polyphthalocyanines. T h e rate equation can be 
written as when the Rj of Eq. I V is put into Eq. I I . 

~^dt^~ = ( ^ i ) 1 / 2 V(2^ t ) 1 / 2 (CH 3 CHO)^ 

X (catalyst) 1/2(Oa) Va (V) 

T h e rate constant kp at 0 °C is reported to be 2.7 X 
103 M - 1 s - 1 and the activation energy of kp is assumed 
to be 4.2 kcal/mol, which is determined in the oxida­
tion of decanal.20) Then the approximate value of kp 

at 10 °C is calculated to be 3.6 X 103 M " 1 s"1. O n the 
other hand, the rate constant 2kt at 0 °G is reported to 
be 1.04 X 108 M - 1 s - 1 . As 2kt is considered not to be so 
influenced by the temperature, kpj(2kt)

1/2 can be ob­

tained as 3.6 X 10-1 M-1'2 s-1 '2 at 10 °G. The concen­
tration of oxygen dissolved in ethyl acetate at 10 °C is 
reported to be 1.15 X 10 - 2 M.21) Table 5 summarizes 
the calculated kyKy values. The metal polyphthalo­
cyanines are effective to activate the oxygen molecule 
in the order of F e , C u - > F e , M o - > F e - > F e , C o - > C u , 
Co-polyphthalocyanines. Iron seems to be essential to 
such activation. 

T h e authors would like to express their thanks to 
Prof. Teiji Tsuruta for giving fruitful advice on finishing 
this work. 
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The effect of chemical species in a reaction system on the oxidation reaction of aldehydes was studied using 
Fe,Cu-polyphthalocyanine and cobalt tetra-p-tolylporphyrin as catalysts. Both catalysts activated the oxygen 
molecule on their central metals and then abstracted the hydrogen atom from aldehydes to initiate autoxidation. 
In this initiation step, every chemical species present in the reaction system, such as the solvent, the aldehyde, the 
oxygen molecule and the catalyst, is found to have an effect, one after another, either to accelerate or to retard the 
rate of initiation. The correlation of the nature of chemical species with such mutual interaction was discussed in 
detail. 

There are only a few papers1»2) about liquid-phase 
oxidations using metal polyphthalocyanines and por­
phyrins as catalysts. Imoto et al.3) utilized polyphth­
alocyanines containing two kinds of transition metals 
in the oxidation of acetaldehyde ethylene acetal. Such 
polyphthalocyanines have been reported to show no 
activities except for polyphthalocyanines including both 
iron and manganese, or both manganese and another 
metal. The oxidation rates has a good correlation with 
the activated energies (AZs) calculated from the depend­
ence of the electroconductivity of the catalyst on the 
temperature. In other words, the oxidation activity of a 
polyphthalocyanine increased with the decrease in AE, 
namely, the enlargement of the or-electron conjugated 
system. They concluded that the central metal of a 
polyphthalocyanine was the active site, which contribut­
ed to the activation of oxygen and the decomposition of 
a hydroperoxide. We also investigated the effects of the 
kinds of transition metals on the oxidation rate, and 
found that iron was one of the essential metals and that 
Fe,Cu-polyphthalocyanine was most effective in the 
oxidation of acetaldehyde.4) 

In the oxidations of cumene,5 ' acrylaldehyde,6 '7) and 
acetaldehyde,4) the activity of a metal polyphthalo­
cyanine was also found to be much affected by the 
nature of the solvents with respect to the activation of 
oxygen and the catalytic performance. The effect of 
solvents in the liquid-phase oxidation of acetaldehyde 
with a metal polyphthalocyanine complex was elucidated 
in terms of the interaction between the central metal 
ion of the complex and a solvent, or the interaction of 
the aldehyde and/or the solvent with the oxygen 
molecule activated on the complex: 

/^-J^/tjor/^T/ (A) 
S Aid. 

O2 „ 62 62 

Z^7-^-Z^7»Zi7 <B> 
In the above schemes, M means the transition metals, 
S means the solvent, and Aid. means acetaldehyde. 
This paper will described some of the evidence for the 
vaguuness of the proposed schemes, especially Scheme 
B, using several kinds of aldehydes. Cobalt tetra-p-

tolylporphyrin was utilized as a catalyst in comparison 
with Fe,Cu-polyphthalocyanine. 

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

Materials. The Fe,Gu-polyphthalocyanine used as a 
catalyst was synthesized and purified according to the conven­
tional method.8) Cobalt tetra-/>-tolylporphyrin was prepared 
by the use of pyrrole, /»-tolualdehyde, and cobalt(II) ace­
tate.9) Solvents such as ethyl carboxylates and aldehydes, 
such as acetaldehyde, propionaldehyde, butyraldehyde, iso-
butyraldehyde, acryldehyde, cinnamaldehyde, and benzal-
dehyde, were purified by conventinal methods. The 
aldehydes were carefully purified just before use in order to 
remove the pre-oxidation products. 

Procedure. The liquid-phase oxidation of aldehydes was 
carried out using an atmosphere-tight and oxygen-circulating 
reaction apparatus reported before.10) The reaction was start­
ed by the first charge of a solvent and the purge of the system 
with oxygen, subsequently we added a catalyst and an 
aldehyde. 

In some cases, oxygen was bubbled and circulated into a 
reaction solution containing a solvent and a catalyst thirty 
minutes before the start of oxidation, so that the oxygen com­
plex was formed previously, and then an aldehyde was added. 

The amount of oxygen absorbed was followed by means of 
a gas burett, sometimes a portion of the reaction solution was 
sampled out to detemined its content of a percarboxylic acid 
by an iodine method.11) 

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

The oxidation of an aldehyde is widely accepted to 
proceed through the following steps: 

RCHO • RCO (initiation rate, ÄJ (1) 

RCO + 02 — U RC002. (2) 

RG002. + RCHO —'-+ RC002H + RCO (3) 

2RCO — U N (4) 
*• 

RCO + R C 0 0 2 - • \ inert products (5) 

2 R C 0 0 2 . —-U J (6) 

In the autoxidation of saturated aldehydes and 
benzaldehyde using Fe,Cu-polyphthalocyanine or cobalt 
tetra-/>-tolylporphyrin as a catalyst, the rate of oxidation 
was obtained as follows (see, Tables 1 and 2) : 
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TABLE 1. 

Isobutyr-
aldehyde 

(M) 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.1 
0.3 
0.7 
1.0 

OXIDATION OF ISOBUTYRALDEHYDE USING Fe,Cu-

Fe,Cu-poly-
phthalocyanine 

X 104(M) 

1.0 
5.0 

10 
20 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

Oxygen 
pressure 

(Torr) 

760 
760 
760 
760 
500 
400 
160 
760 
760 
760 
760 

-POLYPHTHALOCYANINE IN ETHYL ACETATE 

- d ( 0 2 ) / d ; 
X 104(M s-1) 

0.93 
2.24 
3.39 
4.32 
1.73 
1.42 
0.80 
0.10 
1.03 
3.39 
7.39 

-d (0 2 ) /d* 
(RCHO)3/2(cat)1/2(02)1/2 

X 103(M-! s-1 Torr-1/*) 

0.95 
1.0 
1.1 
0.99 
0.98 
0.90 
0.80 
0.98 
1.0 
1.1 
1.2 

Reaction condition: temperature, 10 °C. 

TABLE 2. OXIDATION OF BENZALDEHYDE USING COBALT TETRA-

/»-TOLYLPORPHYRIN IN ETHYL ISOBUTYRATE 

Benzaldehyde 
(M) 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.1 
0.3 
0.8 
1.0 

Cobalt tetra-
/»-tolylporphyrin 

x 104(M) 

2.0 
3.0 
5.0 
8.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

Oxygen 
pressure 

(Torr) 

760 
760 
760 
760 
500 
400 
760 
760 
760 
760 

-d (0 2 ) /d* 
Xl04(Ms-1) 

1.15 
1.61 
2.16 
2.70 
1.56 
1.34 
0.16 
0.97 
4.41 
6.47 

-d (0 2 ) /d* 
(RCHO)3/2(cat)1/2(02)1/2 

XlO^M-is^Torr-Va) 

0.83 
0.95 
0.99 
0.98 
0.88 
0.85 
0.83 
0.96 
1.0 
1.1 

Reaction condition: temperature, 10 °G. 

_^0^ = ^R C H O)3/2(c a t a ly s t)l/2(02)l/2 (!) 
at 

I t was ascertained that enough oxygen was present in a 
reaction system for Step 2 by other experiments using 
azobisisobutylonitrile under the radiation of U V as 
initiator. 

These results give the rate of initiation : 

R{ = /C(RGHO) (catalyst) (02) (II) 

in which 1 K 
by the same treatment as that described in a previous 
paper.4) This establishes that the initiation reaction 
consists of a reaction among an aldehyde, a catalyst, 
and oxygen. 

Seven kinds of aldehydes were oxidized. Table 3 
shows the rates of the oxidation of the aldehydes in 
combination with esters as solvents. Zaikov et a/.12) 
studied the oxidation of acetaldehyde, heptanal, octanal, 
pivaldehyde, and benzaldehyde in chlorobenzene a t 
0 °C. They concluded that the reason why these 
aldehydes were oxidized at similar rates under similar 
conditions was due to compensating changes in the rate 
constants for chain propagation (kp) and chain termina­
tion (2£ t), that is to say, the values of kpj(2kt)

1/2 were 

almost constant, regardless of the kind of aldehydes. 
The oxidation rates in Table 3, therefore, are estimated 

to parallel the initiation rates using Fe,Cu-polyphthalo-
cyanine and tetra-jfr-polyporphyrin. The oxidation rates 
of some aldehydes are plotted in logarithm against 
Taft's a* values of alkyl groups of ethyl carboxylate 
(Fig. 1). Every aldehyde shows a similar type of figure; 
their slopes are calculated to be as is shown in Table 4. 

T h e aldehyde with a conjugated double bond to the 
formyl group, such as acrylaldehyde and cinnamal-
dehyde, showed higher p* values on the left-hand 
side of graph. This may be ascribed to the fact that 
the oxidation-rate equation cannot be written as Eq. I. 
In the autoxidation of acrylaldehyde,13) for example, 
the equation is obtained as: 

d(Q2 

dt 

iy/^ptacrylaldehyde) (Q2) 
£p(2£4) ̂ (acrylaldehyde) + k2(2kty/2(02) 

(IV) 

in which kp(2kt)-v*=5.5 x 10-2 M" 1 ' 2 s"1'2, and 
A; 2 (2 / : 4 ) - 1 / 2 =3 .7x l0M- 1 / 2 s - 1 / 2 at 40 °C. This sug­
gests that the reaction of the acyl radical of acrylaldehyde 
with oxygen is one of the rate-determining steps because 
of the stabilization of the acyl radical via the conjugated 
double bond : 
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TABLE 3. RATES OF OXIDATION OF ALDEHYDES 

Rate of oxidation ( x 105 M s-1) in solvent of 

Aldehydes Ethyl Ethyl Ethyl Ethyl 
isobutyrate butyrate propionate acetate 

Ethyl 
acetyl-
acetate 

4.75 

Ethyl 
chloro­
acetate 

11.3 
8.50 
5.42 
2.45 
1.50 
0.089 

Ethyl 
dichloro-
acetate 

5.95 
2.87 
6.79 
0.015 

Isobutyradehyde 
Butyraldehyde 
Propionaldehyde 
Acetaldehyde 
Acrylaldehyde 
Cinnamaldehyde 

Benzaldehyde 

Acetaldehydea) 

Benzaldehydea) 

20.1 
15.3 
3.40 
3.14 
0.38 
0.77 

5.55 

14.1 
21.6 

26.5 
20.0 
4.92 
4.58 
1.57 
1.80 
6.80 
7.24 

25.5 22.4 
23 
6. 
6. 
2. 
2. 
9, 
9, 

12, 

2 
73 
10 
07 
45 
21 
55 
3 

21. 
14. 
13. 

24.5 

11.8 
15.4 

3.05 

3.60 

7.03 

1.56 

Reaction conditions: Fe,Cu-polyphthalocyanine, 5x 10 _ 4M; aldehyde, 0.5 M; and 10 °C. 
a) An equimolecular amount of cobalt tetra(/>-methylphenyl) porphyrin was used in place of the polyphthalocyanine. 

TABLE 4. REACTION CONSTANTS, p*, FOR SOLVENTS 

IN THE OXIDATION OF ALDEHYDES a ) 

Left side Right side 

Aldehydes 

Isobutyraldehyde 
Butyraldehyde 
Propionaldehyde 
Acetaldehydeb) 

Acrylaldehyde 
Cinnamaldehyde 
Benzaldehydeb> 

«* 
p* 

3.23 
3.01 
3.70 
4.35 
6.67 
5.50 
3.85 

Relative 
value 

0.74 
0.69 
0.85 
1.00 

«* 
p* 

- 0 . 3 0 
- 0 . 3 5 
- 0 . 4 1 
- 0 . 7 7 
- 1 . 1 0 
- 1 . 1 6 
- 0 . 6 6 

Relative 
value 

0.39 
0.45 
0.53 
1.00 

a) Reaction conditions: Fe,Cu-polyphthalocyanine, 
5 x 10-4M; aldehyde, 0.5M, and temperature, 10°G. 
b) An equimolecular amount of cobalt tetra-/>-tolyl-
porphyrin was also used in place of the polyphthalo­
cyanine. p* values obtained: —0.77 for acetaldehyde 
and —1.11 for benzaldehyde. 

CH2=GH-C=0 <—> CH2-CH=C=0 

Therefore, these aldehydes do not belong to the sub­
strates, to which the correspondence of the oxidation 
rates to the initiation rates mentioned above can be 
applied.13 '14) 

According to the explanation presented in a previous 
paper,4) the reaction constant, p*, of oxidation in ester 
solvents ( R ' C O O R ) with substituents (R and R' ) of 
lower <r* values are most likely to be independent of the 
kind of aldehydes (see Scheme A) . In such solvents as 
the reported as "left-side" in Table 4, almost constant 
values of p* were obtained for all aldehydes except for 
acrylaldehyde and cinnamaldehyde, compared with those 
of the oxidation in solvents referred to as "right-side." 
This supports Scheme A, though it cannot positively 
be said to be true because of the incomplete constancy 
of p* values: the small difference in the p* values will 
be discussed hereafter. 

O n the other hand, a considerable difference among 
values of p* was observed in solvents with higher o* 
values. This means some participation of solvent in 
the initiation reaction and suggests the effect of such 
solvents on the interaction with activated oxygen 

TABLE 5. RATES OF OXYGEN ABSORBED IN THE OXIDATION 

OF BENZALDEHYDE WITH OR WITHOUT THE 

PRE-BUBBLING OF OXYGEN 

Rates of oxygen absorbed 
X l 0 5 M s - 1 

Solvents 
With pre-
bubbling 

Without 
pre-bubbling 

Ethyl isobutyrate 7.66 
Ethyl butyrate 10.3 
Ethyl chloroacetate 3.83 

5.55 
7.24 
3.60 

Reaction conditions: Fe,Cu-polyphthalocyanine, 5x 104M; 
benzaldehyde, 0.5 M, and temperature, 10 °C. 

molecules on catalysts (Scheme B). 
Other experimental data are shown in Table 5. In 

ethyl isobutyrate and ethyl butyrate, the oxidation rate 
corresponding to the initiation rate was higher when 
oxygen was bubbled into the reaction solution thirty 
minutes before the start of oxidation by the addition 
of an aldehyde, than when all of the reactants were 
charged at once to commence oxidation. This fact 
means not only that there occurs the competitive 
coordination of a solvent and an oxygen molecule with 
the complex, but also that an aldehyde has some 
interaction with such a coordination reaction. Ethyl 
chloroacetate belonging to a solvent as the "r ight side" 
did not show enough difference in the oxidation rate 
to be discussed. This supports the explanation mentioned 
above that the solvent is not considered to participate 
in the activation of the oxygen molecule, but to interact 
with the activated oxygen according to Scheme B. The 
coordination of carbonyl compounds such as an aldehyde 
and an ester with a metal complex is explained by the 
fact well known in the chemistry of the reaction of an 
alkyl metal complex with a carbonyl compound : an alde­
hyde is more reactive with the complex than an ester.15) 
T h e coordination of acrylaldehyde with cobaltous 
acetylacetonate through its carbonyl group has also 
been reported.16) I t is not surprizing, therefore, that 
the formation of the oxygen complex is accelerated by 
the absence of the aldehyde, which will behave com­
petitively as a ligand like an ester solvent. This pheno-
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-0 .2 0 0.5 1.0 1.5 

a* ofRofRCOOC 2 H 5 

Fig. 1. Arrangement of rate of oxidation against a* value 
of R of RGOOC2H5 solvents. 
Reaction consitions: aldehyde, 0.5 M; catalyst, 5x 10~4 

M; and temperature, 10°C. 
Fe,Gu-polyphthalocyanine, butyraldenyde, 
Fe,Gu-polyphthalocyanine, benzaldehyde, 
cobalt tetra-/>-tolylporphyrin, acetaldehyde. 

- 0 . 3 - 0 . 2 

ofR' 

-0 .1 0 

ofR"CHO 

Fig. 2. Arrangement of rate of oxidation against a* value 
o f R " o fR"CHO. 
Reaction conditions: aldehyde, 0.5 M; Fe,Cu-poly-
phthalocyanine, 5x 10-* M; and temperature, 10°G. 
• : Ethyl acetate, A : ethyl propionate, Q : ethyl 
chloroacetate. 

menon is not fully understood, but it may be related 
to the fact that the max imum points of the rate of 
oxidation seem to shift against the o* values of alkyl 
groups of esters, depending on the kind of aldehydes 
(see Fig. 1). T h e oxidation rates of all aliphatic alde­
hydes except for unsaturated ones are arranged against 
the 0* values of the aliphatic residues as in Fig. 2. 
T h e lower the o* value was the higher the oxidation 
rate was. If an aldehyde is taken account of as a part 
of a solvent, this result seems to be the reverse of that 
shown in Fig. 1 with respect to the Ö-* values of alkyl 
substituents of aldehydes. This may be explained as 
follows, not by the steric hindrance of aldehyde, but 

by the electron-donating property of aldehyde. 
T h e value of 0* of the alkyl residue has, in general, 

some relation with the steric hindrance factor (Es). 
T h e Es is considered to show the possibility for an 
aldehyde occupying the coordination site of oxygen 
sterically to prevent it from access to the site. However, 
this explanation is the just reverse of the inclination 
against a*, as is shown in Fig. 2. 

In previous papers5»7) we have reported that a strong 
electron-donating additive such as pyridine could 
accelerate the rate of oxidation if it is present in a 
catalytic amount . This was well interpreted by the idea 
that the additive could activate the oxygen molecule 
a t the axial position through electron donation. The 
complexes used in this oxidation have vacant axial 
positions, which are probably solvated by a solvent in 
solution. T h e aldehyde with a stronger electron-donat­
ing power compared with an ester solvent may substitute 
the solvating ester or may occupy the coordination site 
in preference over the solvent molecule. Consequently, 
an aldehyde such as isobutyraldehyde is considered to 
assist the activation of oxygen, as does pyridine. The 
first coordination of an aldehyde with an electron-rich 
carbonyl group, that is, with an alkyl residue with a 
lower tf* value makes its second coordination difficult 
because of the repulsion of electrons between the central 
metal of the complex given by the first aldehyde and 
of the carbonyl group of the second aldehyde approach­
ing from the axial trans position. Thus, the electrophilic 
coordination and activation of the oxygen molecule at 
the second site is accomplished more easily, and the 
oxidation of isobutyraldehyde, for example, is initiated 
more easily and faster. 

The difference as a catalyst between Fe,Cu-poly-
phthalocyanine and cobalt tetra-/>-tolylporphyrin was 
also observed (Table 4 and Fig. 1). Though it is difficult 
to compare the two catalysts simply because of their 
probable different behavior in response to peracids, the 
latter catalyst, unlike the former, did not give mountain-
shaped lines, but lost its oxygen-activating performance 
in the limited number of solvents used as the o* values 
of the ester solvents increase. This may be ascribed to 
the concept that cobalt tetra-/>-tolylporphyrin is probab­
ly affected only with difficulty by solvents with electron-
donating ability, compared with a metal polyphthalo-
cyanine as may be seen in the comparable data of 
the effects of additives such as pyridine on the rate of 
oxidation.2 '7) 

From the above-mentioned results and discussion, the 
behavior of chemical species present in the reaction 
system may be deduced in terms such scheme as 
shown on the next page. I n the scheme, in­
dicates a weak coordination; , medium coordina­
tion; , strong coordination; Sj—S3 , an ester 
solvent and/or an aldehyde; S4, the solvent, and 
Aid., an aldehyde. Fe,Cu-polyphthalocyanine and 
cobalt tetra-/»-tolylpophyrin can initially activate an 
oxygen molecule to abstract the hydrogen atom from a 
substrate to be oxidized, and then initiate the autoxi-
dation. T h e presence of a chemical species (Sj) which 
has a week interaction with the catalyst facilitates the 
coordination and activation of oxygen by substitution 
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(Scheme C), whereas a chemical species (S2) with a 
medium interaction obstracts the coordination of oxygen 
by its occupation of both trans-positioned sites, depend­
ing on the capacity of electron donation (Scheme D) . 
However, a chemical species (S3) including an aldehyde 
to be oxidized with a suitable capacity can activate 
oxygen more easily than in the absence of such a 
species because of the delivery of an electron to the 
trans-position through the central metal of the catalyst 
Subsequently, the chemical species (S4) solvating 
strongly to the coordinated oxygen inhibits the approach 
of an aldehyde to be oxidized, resulting in a decrease 
in the rate of oxidation (Scheme F) . When an aldehyde 
can react with the activated oxygen, the autoxidation 
is initiated (Scheme G) . 

To utilize polyphthalocyanines and porphyrins as 
oxidation catalysts, we must carefully select the reaction 

conditions, especially the circumstances of the oxidation 
reaction. 

We should like to express our thanks to Professor 
Teiji Tsuruta for his fruitful discussions and suggestion 
throughout our work of this paper. 
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The steric hindrance in the O-alkylation of PhOK by alkyl acetate (PhOK+AcOR-»PhOR+AcOK) was 
examined by means of competitive reactions. As a result, the following sequence of the reactivities of alkyl acetates 
was obtained: CH3>G aH5>n-C3H7>n-C4H9>j-C4H9>f-C3H7>^C4H9>f-C4H9 and « - C 4 H 9 > « - C 5 H 1 1 > Î - G 5 H 1 1 . 
The electronic effect in the O-alkylation was also examined by means of the competitive reaction of/»-substituted 
(CH3 or CH30) methyl benzoate and methyl benzoate with PhOK. The reactivity decreases in the following 
order: C6H5COOMe>/>-CH3C6H4COOMe>j&-CH3OC6H4COOMe. Therefore, it was concluded that the rate-
determining step is the attack of the phenoxide anion on the carbon atom of the methyl group. 

There have been few reports on the O-alkylation of 
phenols by alkyl alkanoates except by alkyl oxalate and 
methyl trichloroacetate.2 '3) O n the other hand, dialkyl 
sulfates and /»-toluenesulfonic esters, which are the 
esters of strong acids, are known as powerful O-alkylat-
ing agents of phenols. T h e present authors have pre­
viously reported1) that alkali phenoxides react with 
alkyl alkanoates at high temperatures to give alkyl 
phenyl ether. For example, alkali salts of phenols 
( R C 6 H 4 O H ; where R is H, o-CH3, m-CH3, p-CH3, 
o-Cl, orjb-Cl) react with the methyl ester of acetic acid, 
acrylic acid, or methacrylic acid to give the correspond­
ing anisoles (RC 6 H 4 OCH 3 ) . T h e runs using alkali 
phenoxides with ortho-substituent or those with electron-
attracting substituents gave the corresponding anisoles 
in lower yields. In this paper, the effects of the alkyl 
and the acyl components in alkyl alkanoates on the 
O-alkylation were examined from the standpoint of the 
steric hindrance and the electronic effect. 

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

Steric Hindrance. The reactions of potassium 
phenoxide with nine alkyl acetates were carried out. 
T h e results are summarized in Table 1. 

TABLE 1. YIELDS OF ALKYL PHENYL ETHERS'1) 

R 

CH3 

C2H5 

n-C3H7 

f-C3H7 

n-C4H9 

*-C4H9 

5-C4H9 

*-C4H9
C> 

W _ Q H I I 
*--C5Hn 

200 °Cb> 

75.3 
42.1 
— 
4.8 

33.5 
3.3 

13.9 
— 

17.1 
11.8 

250 °Cb> 

78.7 
56.6 
55.0 
35.6 
56.1 
18.9 
20.0 
12.3 
37.9 
39.2 

a) The reaction was carried out by using an excess of 
alkyl acetate (AcOR 0.5 mol and PhOK 0.05 mol). 
b) Reaction temp (Reaction time, 2 h). c) Many by­
products were detected in the reaction mixture by gas 
chromatography. 

In these esters, ethyl, propyl, and butyl acetates gave 
alkyl phenyl ethers in nearly equal yields. Branched 
alkyl acetates gave the ethers in lower yields. 

In the previous paper,1) the mechanism shown in 
Scheme 1 was suggested for the O-alkylation of alkali 
phenoxide by ester. According to this mechanism, not 
only the bulky alkyl component, but also the long-
chain alkyl component, in alkyl acetate would hinder 
the attack of the phenoxide anion. However, we 
observed no great difference in yields when ethyl, 
propyl, and butyl acetates were used. 

R-C.tC. -OPh > RCOOM + P h O C -W 
Scheme 1. 

One method of evaluating the reactivity of each 
acetate towards potassium phenoxide is to compare the 
reaction rate constant in each reaction. However, 
there are few solvents which have high boiling points 
and which dissolve potassium phenoxide. Although 
potassium phenoxide is soluble in some aprotic polar 
solvents, such as iV,iV-dimethylformamide (DMF), 
dimethyl sulfoxide (DMSO) , and hexamethyl phos­
phoric triamide (HMPA) , the rate of the disappearance 
of the ester (methyl benzoate) in the initial period was 
abnormally great when the reaction was carried out at 
high temperatures in these solvents. This phenomenon 
must result from the side reactions : that is, the hydrolysis 
of the ester by the water contained in the solvents 
(it is difficult to remove the water completely from such 
solvents) and the decomposition of D M F into carbon 
monoxide and dimethylamine in the presence of the 
base (PhOK).4) T h e latter product further reacts with 
the ester to produce undesirable products. 

Competitive reactions were used to compare the 
reactivity of each acetate to potassium phenoxide. The 
merit of this method is that we can carry out the reac­
tions of several kinds of alkyl acetates with potassium 
phenoxide under the same conditions. 

T h e competitive reactions were carried out by heating 
potassium phenoxide with a mixture of three alkyl 
acetates, and then the three alkyl phenyl ethers formed 
were determined by gas chromatography. T h e results 
are shown in Table 2. As has already been mentioned, 
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TABLE 2. COMPETITIVE 

Components of 
the mixture 
of estersb) 

AcOR, R = 

CH3 

C2H5 

n-C3H7 

z-C3H7 

n-C4H9 

*-C4H9 

j-C4H9 

Total yields (%) 

z'-C3H7OAc+ 
n-C4H9OAc+ 
J - C 4 H 9 O A C 

— 
— 
— 
1.7 

43.3 
— 
5.9 

50.9 

O-Alkylation of Phenols by Esters 

REACTIONS OF ALKYL ACETATES WITH POTASSIUM PHENOXIDE1 

C2H5OAc+ 
n-C4H9OAc+ 
?-C4H9OAc 

C2H5OAc+ 
n-C3H7OAc+ 
n-C4H9OAc 

C2H5OAc+ 
*-C3H7OAc+ 
n-C4H9OAc 

Yields of alkyl phenyl ethers (ROPh), (%) 

— 
53.0 
— 
— 

15.1 
2.6 
— 

70.7 

— 
28.1 
12.3 
— 

11.7 
— 
— 

52.1 

— 
38.3 
— 
7.4 

13.3 
— 
— 

59.0 

707 

i) 

CH3OAc+ 
n-C3H7OAc+ 
n-C4H9OAc 

60.4 
— 
4.9 
— 
3.4 
— 
— 

68.7 

a) PhOK, 0.05 mol ; reaction temp, 250 °C ; reaction time, 2 h. 
of three esters. 

b) Every mixture contains 0.15 mol portions 

the phenoxide anion would attack the less hindered 
carbon atom adjacent to the ether oxygen. Therefore, 
the ester with a longer-chain alkoxyl group will give 
an alkyl phenyl ether in a lower yield. Thus, the 
reactivities of the esters may be supposed to decrease 
in the following order: C H 3 O A c > C 2 H 5 O A c > n - C 3 H 7 -
OAc>rc-C4H9OAc. T h e branched alkyl acetate will 
give the alkyl phenyl ether in a yield lower than the 
normal alkyl acetate. From Table 2, the following 
sequence of the reactivities was obtained for the series 
of acetates: /2-C 4 H 9 >*-C 4 H 9 >'-C 3 H 7 ; C 2 H 5 >rc-C 4 H 9 > 
*-C3H7; C 2 H 5 > « - C 4 H 9 > - C 4 H 9 ; CH 3>rc-C 3H 7>n-C 4 -
H 9 ; C 2 H 5 >«-C 3 H 7 >«-C 4 H 9 . I t is preferable to use a 
mixture containing all the alkyl acetates in the competi­
tive reaction, but it was difficult to determine each 
alkyl phenyl ether in the mixture by gas chromato­
graphy. The ratio of the yields in the same reaction 
will not be exactly equal to the ratio of the reactivities 
because the reaction rate is also dependent on the 
concentration of the ester. Under the present experi­
mental conditions, the variation in the concentration 
of the ester can not be neglected when the yield of the 
alkyl phenyl ether is appreciably high. If a mixture 
containing excess amounts of esters is used to avoid the 
variation in the concentration during the reaction, the 
accurate determination of the products will become 
difficult. O n the basis of the data shown in Tables 1 
and 2, though, a reasonable order of the reactivities of 
alkyl acetates may be as follows : CH 3 ^>C 2 H 5 >n-G 3 H 7 > 
« - C 4 H 9 > - C 4 H 9 ^ - C 3 H 7 ^ - C 4 H 9 > ^ C 4 H 9 and n-G4H9 

>n-C 5 H 1 1 >î -C 5 H 1 1 . Although the electronic effect, of 
course, influences the reactivity of the alkyl group, the 
reactivity might be controlled mainly by the steric 
hindrance. 

I t was reported previously1) that ortho-substituted 
alkali phenoxides gave the corresponding ethers in 
lower yields. For example, potassium p- and m-methyl-
phenoxide react with methyl methacrylate at 200 °G to 
afford anisole in 84.5 and 74.8% yields respectively. 
O n the contrary, potassium o-methylphenoxide gave 
o-methylanisole in a 29.4% yield under the same 
conditions. Similarly, potassium o-chorophenoxide gave 
o-chloroanisole in a 13.9% yield, although potassium 
/»-chlorophenoxide gave/»-chloroanisole in a 48.9% yield. 
In Table 2, there are no examples of reactions using 
ortho-substituted phenoxide. T h e steric hindrance may 

also be caused by the interaction between the hydrogen 
atom on the ortho position of phenoxide and that of 
the alkoxyl group. In methyl acetate this interaction 
may be small, but the interaction will become important 
in ethyl and higher alkyl acetates. In fact, there was 
a great difference in the reactivity between methyl 
acetate and ethyl acetate, as is shown in Tables 1 and 2. 

T h e steric hindrance of the acyl group was also 
examined; the results are summarized in Table 3. At 
a low temperature (150 °G), methyl pivalate and methyl 
decanoate gave anisole in lower yields than did the 
other esters. T h e decrease in the yield is at tr ibutable 
in par t to the steric hindrance of the bulky group and 
the long chain. 

TABLE 3. RELATIONSHIP BETWEEN THE YIELD OF ANISOLE 

AND THE ACID COMPONENT OF THE METHYL ESTERA 

Ester 
RCOOMe 

(CH3)3CCOOMe 
CH3(CH2)8COOMe 
CH3CH2COOMe 
CH3COOMe 
PhCH2COOMe 
PhCOOMe 

P#aOf 
RCOOH 
(25 °C)a> 

5.03d) 
4.89 
4.87 
4.76 
4.31 
4.20 

Yields of anisole (%) 

150 °C 

13.4 
4.0 
— 

54.5 
83.2 
83.8 

200 °C 250 °CC> 

— — 
73.4e) — 
88.0 — 
79.2 — 
91.4 — 
— 99.6 

a) PhOK, 0.05 mol; ester/PhOK (mol/mol) = 10. 
b) "Kagaku Binran, Kisohen I I , " Maruzen (1966); 
"Handbook of Tables for Organic Compound Iden­
tification," The Chemical Rubber Co. (1967). c) 
Reaction temp (reaction time, 5h ) . d) At 18 °C. 
e) Ester/PhOK=8.8. 

The Electronic Effect of the Acyl Group on the Reactivity. 
T h e electronic effect of the acyl group in alkyl alkanoate 
was also examined; the results are shown in Table 3. 
However, it is difficult to isolate only the electronic 
effect from the results shown in Table 3. 

King reported5) that methyl benzoate is a good 0-
alkylating agents (see also Table 3). Therefore, the 
electronic effect was investigated by using methyl p-
substituted benzoate. A mixture of methyl/»-substituted 
benzoate, methyl benzoate, potassium phenoxide, and 
cyclohexane (a heat medium) was heated in an auto­
clave, and the residual methyl /»-substituted benzoate 
and methyl benzoate and the anisole formed from this 
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TABLE 4. COMPETITIVE REACTIONS OF /»-SUBSTITUTED METHYL BENZOATE AND METHYL BENZOATE 

WITH POTASSIUM PHENOXIDE A> 

Components of the mixture 
*C6H5OK+j>C6H5COOMe 

+ 2/»-RC6H4COOMe 

R; x : y : z 

CH3
b> 1 : 2 . 9 5 : 2 . 9 5 

CH3 1 : 1.01 : 1.01 
CH3 1 : 1.00 : 1.00 
CH3O

c> 1 : 3 . 3 8 : 3 . 3 5 
CH 3 0 1 : 0.99 : 0.99 

Reaction 
time 
(h) 

6 
9 
1 
6 
0.5 

Yields of anisole 

from 
C6H5COOMe 

(I) 
52.6 
51.7 
47.8 
66.9 
41.4 

(%) 

from 
/»-RC6H4COOMe 

(II) 
38.9 
48.2 
39.6 
17.4 
24.3 

Total 
yield 

91.5 
99.9 
87.4 
84.3 
65.7 

Ratio 

(I) 
( I R ( I I ) 

0.575 
0.518 
0.547 
0.794 
0.630 

a) C6H5OK, 0.1 mol; reaction temp, 250 °C. b) op=-0.17. c) <r p =-0 .27 . 

reaction were determined by gas chromatography. T h e 
results are shown in Table 4. As the steric hindrance 
of the /»-substituents can be disregarded, the inductive 
effect and the resonance effect of these groups must 
become important in this reaction. Benzoic acid is the 
strongest acid, and /»-anisic acid is the weakest one, of 
the three (the pKa values of the acids at 25 °C are as 
follows: benzoic acid, 4 .21 ; toluic acid, 4.37; /»-anisic 
acid, 4.496>). T h e electron-donating group on the 
para-position may increase both the electron densities on 
the oxygen atom of the carbonyl group ( > C = 0 ) and on 
the carbon a tom of the methyl group ( - C O O C H 3 ) . 
If the rate-determining step of this reaction is the 
nucleophilic attack of the phenoxide anion on the 
carbon atom of the methyl group, the electron-donating 
group may retard the attack of the phenoxide anion. 
O n the contrary, if the rate-determining step is the 
activation of the phenoxide anion (although the oxygen 
atom of potassium phenoxide has an anionic character, 
it is neutralized by the potassium cation), the electron-
donating group is advantageous for the O-alkylating 
reaction because the potassium cation may be neutraliz­
ed to a greater extent by the oxygen atom of the carbonyl 
group and a more active phenoxide anion may be 
formed. 

T h e molar ratios (potassium phenoxide: methyl 
benzoate: methyl /»-substituted benzoate) and the 
reaction time were varied, and the yields of anisole 
from methyl benzoate and methyl/»-substituted benzoate 
and its ratio were calculated. From the results listed 
in Table 4, the following facts became clear. T h e 
reactivities of both methyl toluate and anisate are lower 
than that of methyl benzoate, and the reactivity of 
methyl anisate is lower than that of methyl toluate. 
Therefore, the results lead to the conclusion that the 
attack of the phenoxide anion on the carbon atom 
adjacent to the ether linkage is more important than 
the formation of the active phenoxide anion. 

T h e competitive reaction of methyl /»-nitrobenzoate 
and methyl benzoate with potassium phenoxide was 
also carried out at 200 °C for 5 h and at 170 °G for 9 h. 
Under the former conditions, the yield of anisole was 
15.2 and 83.6% of the methyl benzoate was recovered. 
O n the contrary, only 8.6% of the methyl ^-nitro­
benzoate was recovered, while 91.4% of the methyl /»-
nitrobenzoate was consumed to produce unidentified 
by-products. I n this case, a side reaction, which has no 
relation with the O-alkylation, most likely occurred. 

Exper imenta l 

Competitive Reactions ofAlkyl Acetates with Potassium Phenoxide. 
Because the experiments of other competitive reactions were 
carried out similarly, only one example will be given in detail. 

An equimolar mixture (0.15 mol each) of methyl acetate, 
propyl acetate, and butyl acetate, and 0.05 mol of potassium 
phenoxide was placed in a 300-ml autoclave equipped with an 
electromagnetic stirrer. The reaction mixture was then heated 
at 250 °C for 2 h. It takes about 20 min to raise the tempera­
ture to 250 °C. After cooling, the reaction mixture was pour­
ed into water and the alkyl phenyl ether was extracted with 
ether (about 100 ml). To the ethereal solution, 0.05 mol of 
iVjiV-dimethylaniline (6.060 g) was then added as an internal 
standard compound and the anisole, propyl phenyl ether, and 
butyl phenyl ether were determined by gas chromatography 
(internal standard method; column, PEG 20M; temp, 200 °C). 

Competitive Reactions of p-Substitued Methyl Benzoate and 
Methyl Benzoate with Potassium Phenoxide. To an equimolar 
mixture of methyl benzoate and methyl /»-substituted ben­
zoate, potassium phenoxide was added, after which the mix­
ture was heated at 250 °C. After cooling, the anisole and the 
benzoates were extracted with ether (100 ml) and the molar 
ratios of anisole/methyl benzoate and methyl/»-substituted ben-
zoate/methyl benzoate were obtained by gas chromatography 
(column, PEG 20M; temp, 200 °C). The mole number of the 
anisole formed in this reaction must be equal to the sum of the 
mole numbers of the methyl benzoate and methyl/-substituted 
benzoate consumed in this reaction, because no product other 
than anisole was detected in the gas chromatogram. On the 
basis of this fact, the yields of anisole from methyl benzoate 
and from methyl /»-substituted benzoate were calculated. 

Identification of Alkyl Phenyl Ethers. Authentic alkyl 
phenyl ethers were prepared by Williamson ether synthesis,7) 
but /-butyl phenyl ether was prepared according to the direc­
tions described in "Organic Syntheses" (Vol. 45, p. 89). 
These ethers were identified by elementary analysis, NMR, 
and gas chromatography. The retention times of the alkyl 
phenyl ethers formed in this reaction were compared with those 
of authentic ethers. The two retention times were agreed 
within 2 s (the retention times of these ethers were from 
124 s, CH3OPh, to 333 s, î-C5HuOPh; column, PEG 20M, 
30% ; temp, 200 °C). Four ethers obtained from the reactions 
of potassium phenoxide and alkyl acetates (propyl, butyl, iso-
butyl, and i-butyl acetates) were isolated by gas chromato­
graphy and were identified by NMR (solvent, CC14). 
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Tautomerism of 4-Pyridones 
Hiromichi BESSO, Kimiaki IMAFUKU, and Hisashi MATSUMURA 

Department of Chemistry, Faculty of Science, Kumamoto University, Kurokami, Kumamoto 860 
(Received June 18, 1976) 

The tautomeric constants, Kt, of several 4-pyridones were determined by measurement of pA"a values. For 
2-substituted 5-methoxy-4-pyridones, the Kt values were correlated to the substituent constants a, the equation 
log ^ = 2 . 9 8 + 2 . 9 3 ^ - 6 . 1 8 a 0 being obtained. 

The tautomerism of simple 4-pyridones having 
chlorine atom1) or methoxycarbonyl group2) in an oc-
position to nitrogen atom has been investigated in detail. 
Gordon et al. showed that the tautomeric equilibrium 
of 4-pyridones is displaced in favour of 4-hydroxy-
pyridine form by electron-withdrawing groups of ex­
position. 

We report the tautomerism of several 2-substituted 
5-methoxy-4-pyridones and discuss the substituent 
effects by the Hammet t equation. Little is known about 
the application of the Hammet t equation to 4-
pyridones. 

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

Dissociation Constants. T h e dissociation constants 
of 4-pyridones (I) , iV-methyl-4-pyridones ( I I ) , and 4-
methoxypyridines ( III) were determined spectrophoto-
metrically in water at 20 °G. T h e results are summarized 
in Table 1, where pKt and pK2 represent respectively 
the first and second dissociation constants for 4-pyridones 
(I) , and P^NCH. and p^ocH, correspond to the dissocia­
tion constants for iV-methyl-4-pyridones (II) and 4-
methoxypyridines ( I I I ) , respectively. 

TABLE 1. DISSOCIATION 

Substituent ,— 

CH3 3.42 
H 3.04 
CH2OH 3.06 
CH2OGH3 2.99 
GHO 
GOOCH3 2.17 

O 

C H 3 O v / \ 
II II '-

H 
(la) 

O 

C H 3 O N / \ 

\ N / \ R 

CH3 

(I) 

11.29 
11.08 
10.48 
10.23 

8.23 

CH 

CONSTANTS 

(II) (III) 
P-^NCH3 P^OCH 3 

3.39 

3.06 
2.88 

2.18 

OH 

(lb) 

OCH3 

C H 3 O x / X 

7.10 

5.89 
5.42 
4.25 
3.16 

11 1 

(III) 

(II) 

Since activity coefficients were not introduced into the 
calculation, the dissociation constants do not represent 
thermodynamic terms, giving only a relative measure of 

base strength. 
T h e pKa values of 4-pyridones and 4-methoxypyridines 

decrease by electron-withdrawing groups attached to 2-
position, the degree of decrease for 4-methoxypyridines 
being the greatest of all. I t is concluded that these 
changes are related to the distance between the sub­
stituent and the reaction site. 

Tautomeric Ratio. The tautomeric constants Kt 

which represent the ratio of NH-form (la) to OH-form 
( lb) , are given by the following equation3) (Table 2). 

log Kt = P-KQCH, - P^"N 

TABLE 2. TAUTOMERIC CONSTANTS 

(1) 

Substituent l °g* t 

CH3 

CH2OH 
CH2OCH3 

COOCH3 

3.7 
2.8 
2.5 
1.0 

The ^ values for 4-pyridones are affected by the 
substituents in the 2-position, decreasing by electron-
withdrawing groups. 

UV Spectra. T h e U V spectra of neutral species 
of 5-methoxy-4-pyridones (I) having methyl, hydroxy-
methyl, and methoxymethyl groups in the 2-position 
are similar to those of their JV-methyl derivatives ( I I ) , 
but differ a great deal from those of their O-methyl 
derivatives ( I I I ) . T h a t is to say, these 4-pyridones exist 
essentially in the NH-form ( la) . However, 5-methoxy-
2-methoxycarbonyl-4-pyridone exists in both NH-form 
(la) and OH-form (lb) in water (Fig. 1). 

4.0 k 

S 3.5 

3.0 

S 

/ 

^ - 5 ^ = ^ -

J 

\ 
y 

y 

y 

1 

1 1 i 

** -̂ . . / X 
\ 

\ ^ ^NA 

J>S \ 

V 

1 1 

250 350 300 

A(nm) 

Fig. 1. The UV spectra of the neutral species of 5-meth-
oxy-2-methoxycarbonyl-4-pyridone series. 

: 5-Methoxy-2-methoxycarbonyl-4-pyridone, 
: 5-methoxy- 2 -methoxycarbonyl-1 -methyl- 4 -pyri-
done, 

: 4,5-dimethoxy-2-methoxycarbonylpyridine. 
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Substituent Effects. T h e substituent constants <J0 

for ortho-substituted pyridines were obtained from their 
dissociation constants by Clark and Perrin.4) However, 
the G0 values for hydroxymethyl and methoxymethyl 
groups are unknown. We obtained them by the follow­
ing method. When the pKa values of 2-substituted 4,5-
dimethoxypyridines, 4-methoxypyridine (pÄ"a=6.62),5) 
and 2-chloro-4-methoxypyridine (pKa=l.93)iy> are plot­
ted against the apparent substituent constants a0

4> for the 
2-position and the substituent constants <rw

6) for the 
5-position, the plot gives a straight line, the following 
equation for 2,5-disubstituted 4-methoxypyridines being 
obtained by the least square methods. 

P*ocH, = 6.75 - 6.07(ao + a J (r = 0.992) (2) 

The regression of Eq. 1 gives the G0 values which are 
0.02 and 0.10 for hydroxymethyl and methoxymethyl 
groups, respectively. 

The following Eqs. 3 and 4 are obtained for the 
proton gain and proton loss, respectively, of 2-substituted 
5-methoxy-4-pyridones (I).6,7> 

pK1= 3.11 — 3.01crm (r = 0.989) (3) 

pK2 = 10.77 - 4.94CT0 (r = 0.989) (4) 

Equations 5 and 6 are obtained for the proton gain of 
2-substituted 5-methoxy-l-methyl-4-pyridones (II) and 
the proton loss of 2-substituted 4,5-dimethoxypyridines 
( I I I ) , respectively. 

P*NCH. = 3 .09 -2 .93 C T m (r = 0.978) (5) 

P^OCH, = 6.07 - 6. 18CT0 (r = 0.985) (6) 

In Eq. 5, the value 0.01 obtained from the regression 
of Eq. 3 was assigned to the substituent constants am 

for the hydroxymethyl group. 
When Eqs. 4 and 5 are substituted into Eq. 1, the 

following equation is derived. 

logKt = 2.98 + 2.93am - 6.18a0 (7) 

T h e electron-withdrawing groups in the 2-position 
stabilize the keto form for the carbonyl group and the 
hydroxy form for the nitrogen atom in the ring. In 
Eq. 7, the Kt values are denned as [ N H ] / [ O H ] . The 
p-value —6.18 for the substituent constants c0 shows 
that the ratio of (lb) increases with electron-withdrawing 
groups in the 2-position. In contrast, the p-value + 2 . 9 3 
for the substituent constants am indicates the decrease 
of (lb) owing to the stabilization of the carbonyl group 
by electron-withdrawing groups in the 2-position. Thus, 
Eq. 7 shows to what extent the substituents in the 2-
position participate in the two reaction sites relating 
to the tautomerism of 4-pyridones. For 2-substituted 
5-methoxy-4-pyridones, the electron-withdrawing sub­
stituents in the 2-position increase the rat io of the 
hydroxy form ( lb) . Gordon et al.2) showed that the Kt 

values are little affected by the substituents in ^-position 
as compared with a-position, supporting our results. 

I t is concluded that most of the factors for the tauto­
merism of 4-pyridones are due to the electronic effect 
(including steric effect) of the substituents in the 2-
position. 

Exper imenta l 

All the melting points were measured on a Yanagimoto 

micro-melting point apparatus and are uncorrected. The IR 
spectra were taken on a JASGO IRA-1 spectrophotometer, 
and the NMR spectra on a Hitachi-Perkin-Elmer R-24 
spectrometer (60 MHz). 

The pKa values of 4-pyridones, iV-methyl-4-pyridones, and 
4-methoxypyridines were measured specrophotometrically in 
water at 20 °C by the method of Albert and Serjeant.8) The 
absorption spectra were taken on a Hitachi EPS-3T spectro­
photometer, while the pH values were measured by a Hitachi-
Horiba F-7 pH meter. 

Materials. All the known compounds were prepared 
according to the methods described in references : 3-methoxy-
4-pyridone, mp 170—172 °C (lit,9) 173 °C); 5-methoxy-2-
methyl-4-pyridone, mp 104—105 °C (lit,10) 102—103 °C); 5-
methoxy-l,2-dimethyl-4-pyridone, mp 145—147 °C (lit,11) 150 
°G); 4,5-dimethoxy-2-methylpyridine, bp 76—80 °C/1 Torr 
(lit,10) 78—80°G/1 Torr); 5-methoxy- 2 -hydroxymethyl- 4-
pyridone, mp 170—17 P C (lit,11) 172 °C); 5-methoxy- 2 -hy­
droxymethyl- l-methyl-4-pyridone, mp 203—205 °C (lit,11) 
203—205 °G) ; 4,5-dimethoxy-2-hydroxymethylpyridine, mp 
117—118 °G (lit,12) 117—118 °C); 5-methoxy-2-methoxymethyl-
4-pyridone, bp 200—204°C/1 Torr (lit,13) 200 °G/1 Torr); 5-
methoxy-2-methoxymethyl-l-methyl-4-pyridone, mp 58—59 
°C (lit,14) 59°C). 

4,5-Dimethoxy-2-methoxymethylpyridine was obtained by 
methylation of 5-methoxy-2-methoxymethyl-4-pyridone13) 
with diazomethane: Yield, 22%; mp 49—50 °C (from 
petroleum ether); IR (GHC13) 1590cm-1 (G=C); NMR 
(GDGls) Ô: 3.45 (s,3H), 3.95 (s,6H), 4.50 (s,2H), 6.97 (s,lH), 
8.19 (s,lH). Found: G, 58.88; H, 7.13; N, 7.71%. Calcd 
for C9H13N03: C, 59.00; H, 7.15; N, 7.65%. 

4,5-Dimethoxy-2-formylpyridine was obtained by manga­
nese dioxide oxidation of 4,5-dimethoxy-2-hydroxymethyl-
pyridine12): Yield, 59%; mp 136—137°C (from petroleum 
ether); IR (CHC13) 1730(G=O), 1580(C=C) cm"1; NMR 
(CDC13) ô: 3.98(s,3H), 4.05(s,3H), 7.47(s,lH), 8.27(s,lH), 
9.91 (s,lH). Found: C, 57.57; H, 5.50; N, 8.41%. Calcd for 
C8H9N03 : C, 57.48; H, 5.43; N, 8.38%. 

5-Methoxy-2-methoxycarbonyl-4-pyridone was obtained by 
esterification of 5-methoxy-2-carboxy-4-pyridone11) with me­
thanol in the presence of dry hydrogen chloride: Yield, 15%; 
mp 174—177 °C (from ethyl acetate) ; IR(CHC13) 1730(C=O), 
1615(C=0) cm-1; NMR (CDC13) <5: 3.95(s,3H), 3.97(s,3H), 
7.55(s,lH), 7.95(s,lH). Found: C, 52.17; H, 4.87; N, 
7.71%. Calcd for C8H9N04 : C, 52.46; H, 4.95; N, 7.65%. 

5-Methoxy-2-methoxycarbonyl-l-methyl-4-pyridone was ob­
tained from 5-methoxy-2-carboxy-4-pyrone15) by JV-methyla-
tion with methylamine and by esterification with methanol in 
the presence of hydrogen chloride: Yield, 2 1 % ; mp 147— 
149 °C (from benzene); IR (CHC13) 1750(C=O), 1620(C=O) 
cm-1; NMR (CDC13) <5: 3.82(s,3H), 3.88(s,3H), 3.91 (s,3H), 
7.02(s,2H). Found: C, 54.65; H, 5.60; N, 7.11%. Calcd for 
C 9 H n N 0 4 : C, 54.82; H, 5.62; N, 7.10%. 

4,5-Dimethoxy-2-methoxycarbonylpyridine was obtained 
by methylation of 5-methoxy-2-carboxy-4-pyridone11) with a 
large excess of diazomethane : Yield, 29%; mp 125—126 °C 
(from ethyl ether); IR (CHC13) 1735(C=0,) 1580(C=C) cm-1; 
NMR (CDC13) Ô: 3.99(s,6H), 4.01 (s,3H), 7.68(s,lH), 8.21 
(s,lH). Found: C, 54.96; H, 5.69; N, 7.19%. Calcd for 
C 9 H n N 0 4 : C, 54.82; H, 5.62; N, 7.10%. 
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The Reaction of 4-Thiazoline-2-thione with Methyl Iodide. 
Solvent Effects and Pressure Effects 
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Rate constants for the reaction of 3-isopropyl-4-methyl-4-thiazoline-2-thione with methyl iodide have been 
determined in several solvents at 1 atm. In acetonitrile and propylene carbonate, the reaction was studied at 
pressures up to 1500 atm by a conductivity method. A comparison of the activation volume and overall volume 
change of reaction, obtained from density measurements, suggests that the charge development at the transition 
state is only fractional. The results of CNDO/2 calculations support the argument. 

In a previous paper1) we called attention to the 
correlation of the solvent effect on reaction rates and 
activation volumes for a series of Menschutkin reactions. 
In particular, it was shown that the reaction in which 
the rate has a larger sensitivity to solvent characteristics 
exhibits a greater solvent effect on the activation 
volumes. 

With the aim of determining the range of applicability 
of such correlations on reactions of the same charge type, 
we examined the solvent and pressure effects on the 
reaction of 3-isopropyl-4-methyl-4-thiazoline-2-thione 
(TT) with methyl iodide, since it is of the same charge 
type as the Menschutkin reaction2) but with a different 
nucleophilic center. The results are given in this report. 

SMe 
+ Mel + I 

Experimental 

Materials. Propylene carbonate (Wako EP grade) was 
dried over freshly activated molecular sieves and distilled three 
times under reduced pressure. The other solvents (Wako 
guaranteed grade) were purified.1»3) 3-Isopropyl-4-methyl-4-
thiazoline-2-thione (TT)2'4»5) was recrystallized three times 
from aqueous ethanol and dried in vacuo at 65 °C before use. 
[Found: H, 6.39; G, 48.29; N, 8.09%. Calcd for C7HnNS2 : C, 
48.51; H, 6.40; N, 8.08%] 

2-Methylthio-3-isopropyl-4-methylthiazolium iodide (MTT+ 
I - ) , prepared by refluxing TT and methyl iodide, was recrys­
tallized three times from iV,iV-dimethylacetamide-ether mix­
ture and dried in vacuo at 65 °C before use. [Found; I, 40.14%, 
Calcd for C8H14INS2: I, 40.26%] iV-Methylpyridinium 
iodide, prepared from pyridine and methyl iodide, was recrys­
tallized three times from iV,JV-dimethylacetamide-ether mix­
ture and dried in vacuo at 65 °C before use. [Found; I, 57.06%, 
Calcd for C6H8IN: I, 57.41%] 

Kinetic Measurements. Equal volumes of a halide solu­
tion and a T T solution {ca. 0.01 M), or pyridine solution {ca. 
0.01 M) were mixed rapidly in a stoppered flask, aliquots of 
the reaction mixture being withdrawn at intervals and titrated 
potentiometrically with a siver nitrate solution.1) In aceto­
nitrile and propylene carbonate, the rates were determined 
conductimetrically in glass cells immersed in the pressure 
vessel. The conductivity cell, capacity ca. 15 ml, was equipped 
with platinum electrodes ( 1 cm X 1 cm, 1 cm apart). Since no 

direct proportionality between conductance and ion concent­
ration was observed in these solvents, the dependence of con­
ductance on concentration, not corrected for solvent compres­
sion, was dermined for methylpyridinium iodide and MTT+I -

solutions in both solvents under pressure (1, 300, 600, 900, 
1200 and 1500 kg cm-2) at 30 °C. Calculation of the rate 
constant was carried out after transforming the measured resis­
tance into the concentration at atmospheric pressure. The 
activation volumes thus calculated should be taken as expres­
sed in mole fraction unit. A few runs at atmospheric pressure 
were followed by titration of halide ion. The rate constants 
determined by these methods agreed within experimental 
error. The errors were estimated to be less than ± 2 % from 
duplicate or triplicate runs. 

Density Measurements. The densities of the solution were 
measured in a glass dilatometer calibrated with doubly distilled 
water, having a bulb of ca. 40 ml capacity and two graduated 
stems. The apparent molal volumes were calculated by the 
equation 

•d) , M^ 

dn 

, iooo(rf0 -
^ cd0 

+ 1) 

where the quantities have their usual meaning. The concent­
ration of the solute was 0.01—0.02 M except for methyl iodide 
and pyridine for which it was 0.1—0.2 M. The errors were 
estimated to be less than ±0.4 cm3 mol - 1 from duplicate or 
triplicate runs. 

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

Rate Law. A characteristic feature of the reaction 
of T T with methyl iodide is that the rate law changes 
according to the polarity of the solvent, since in low or 
medium dielectric solvents the reverse process has an 
effect on the observed rate. 

In dipolar solvents such as acetonitrile (AN), 
propylene carbonate (PC), methanol , TV^-dimethyl-
acetamide, and nitrobenzene, the rate law followed 
second order kinetics as expected, i.e., first order in T T 
and in methyl iodide. 

In cyclohexanone and bromobenzene the rate 
behavior was rather complicated, probably because of 
ion-pair and various kinds of higher aggregates formed 
in these solvents.6'7) 

For a comprehensive treatment of these two cases 
the following reaction schemes were postulated. 

*r 

TT + Mel 4=± MTT+ + I~ «=± MTT + I" 

a — x b — x xn xn xip 

2MTT+ I" <=± (MTT+ I")2 
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^ - = kf(a-x)(b-x)-kTx?i 

K=(ki/kI) 

KIP = * ip / (*n) 2 

(2) 

(3) 

(4) 

(5) 

x = xn + xip + 2xq 

= xn + Kipxt\ + 2K^cA (6) 

At equilibrium the following equation holds, 

kt(a-xe)(b-xe) = kTx&e (7) 

where the suffix, e, denotes the concentration a t equi­
librium. 

In cyclohexanone the observed equilibrium constant, 
Kohsd, is defined by the equation 

Aobsd = *. ' /{ («-* . ) (*-*•)}• (8) 

This is transformed into the following equation by 
combining Eqs. 3, 6, 7, and 8: 

= tf (1 + J V „ . . + 2 J W t f , e ) » (9) 
By rearranging we have, 

(*obsd/*)1/2 = 1 + Klp(Kxe*/Kobsdy/* 
+ 2KqKll(Kxf?IKobBll)s/* (10) 

T h e values of Kohsd, determined analytically after 
keeping the reaction mixtures at 30 °C for a sufficiently 
long time (usually for a week), and the corresponding 
values of xe were substituted into Eq. 10. Several such 
equations were solved simultaneously to give K= 1.08 X 
1 0 - 2 , i C i p = l . l l X 103 M~ 1 , andÄ" q =3.35 M" 1 . 

T h e calculated values of Äobsd (on the basis of the 
above set of equilibrium constants) as a function of xe 

are compared with the experimental values (Fig. 1). 
The values of K1P thus determined (1.11 X 103) seem 

to be in the correct order of magnitude, since the 
association constants of quaternary ammonium halides 
in methyl ethyl ketone which has a dielectric constant 

10.0^-

2.0 4.0 6.0 
M.XlO»[M] 

Fig. 1. Plots of Kohsa vs. (*)e at 30 °C. 
O ; Experimental, —; calculated with K=l.08x 10" 
Kip= 1.11 X lO^M-1), /Cq=3.35(M-i). 

comparable with that of cyclohexanone, are in the 
range 400—1000 M"1.8* 

T h e values of xfi at a given time were obtained by 
solving the biquadrat ic equation 6 with respect to Xft 

by the Newton-Raphson method for the measured 
values of x. 

The integration of Eq. 11 was carried out after 
expanding the integrand into a power series of* as given 
by Eq. 12. 

r dx = ç* d 

J0 {a-x){b-x)-Xî\IK J„ f (11) 

1 
/ v* \ ./jr " * +Bx + C* + Dx» (12) 
(a—x) (b—x) — xtyK ab 

T h e forward rate constants thus obtained showed no 
systematic deviation from the average value over three 
fold changes of initial concentration of the reactants. 

In bromobenzene, the assumption x^xn and xip 

seems plausible, and leads to a simplified rate law. 

* ^ 2 * q = 2 V ^ * f t (13) 

.-. % = ( , / 2 « ) ^ (14) 

If we denote the observed equilibrium constant by 
-Kobsd, we have the following relation from a combina­
tion of Eqs. 3, 7, and 14. 

Kobs^k^l{(a-xe)(b-xe)} 

= K^K^yt* (15) 

Under these conditions Eq. 2 is reduced to 

i ? - = Xi{{a-x){b-x) -*o b-8d*1 / 2}. (16) 

J0 (a-x)(b-x)-K0^W<* = ) 0
k t d t ( 1 7 ) 

O n the basis of Simposon's rule, graphical integra­
tions were repeated for the assumed values of k{ and 
Kohsd, until the calculated set of* vs. t data agreed with 
the experimental values. The best sets for Kohsd and kt 

were 47.5 M- 1 / 2 , and 2.97 x 10~4 M " 1 s-1, respectively. 
T h e equilibrium constant determined kinetically (47.5 

' ( h ) 

Fig. 2. Plots of (I") vs. t at 30 °C. 
O ; Experimental, —; calculated with /fobsd = 47.5 
(M-V»), kf=2.97x 10-* (1 mol-is-1), a=b=3.00x 10~2 

(M). 
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M _ 1 / 2 ) was in good agreement with the value deter­
mined analytically (46.5 M~1 / 2) . A comparison of the 
calculated values of x with the experimental ones is 
shown in Figure 2. 

T h e values of k{ and Kohsd were also determined by 
direct differentiation of x with respect to t after expand­
ing x into a power series of t as in x=at-\-bt2-\-ctz, followed 
by calculation of the value of Koh%A which gave a 
constant value of k{ throughout the run. T h e values 
determined by the two methods were in good agreement. 

Solvent Effects on the Rate Constant, k f . T h e rate 
constants, kt, are summarized in Table 1, where kx 

denotes the rate constant expressed in mole fraction 
unit as calculated from the rate constant, kt, and the 
molar volume of the solvent, Vs) (expressed in liter) 
by the equation, kx=kfVs~

1. 

TABLE 2. COMPARISON OF THE SLOPES 

bo 

3.5 

3.0 

2.5 

1 

- 1 

I 

CVJ 

1 

o / 

1 

3 4 

\ 1 
o ^S* 

. X ^ o 

J ]__ 

5 

1/ 

I 

1.5 3.5 2.0 2.5 3.0 

(5 + log Ax)py + Benzyl Br 

Fig. 3. Empirical correlations for the rate constants. 
Ordinate; present system, abscissa; pyridine-f-benzyl 
bromide, 1 : bromobenzene, 2, cyclohexanone, 3 ; nitro­
benzene, 4; methanol, 5; acetonitrile. 

An empirical correlation exists1) among log kx values 
in spite of the different nucleophilic centers in the 
reactants (Fig. 3). T h e slope of the plots, which gives a 
relative sensitivity of the reaction to varying solvent 
characteristics, is smallest for the present reaction. This 
indicates that the charge development at the transition 
state is fairly small as compared with the quaternization 
reaction, or alternatively that charge dereal iza t ion in 
the thiazoline ring reduces the charge density on each 
atom, thus causing the reaction to be less sensitive to the 
solvent change. 

The observation that the reverse rate process is also 
liable to solvent effects makes the first suggestion more 
plausible. 

TABLE 1. COMPARISON OF RATE CONSTANTS, k{ (30 °C) 

Solvent 

Propylene carbonate 
Nitrobenzene 
N, JV-Dimethy lacetamide 
Acetonitrile 
Methanol 
Cyclohexanone 
Bromobenzene 

*fXlO* 

20.5 
14.8 
12.3 
9.50 
3.48 
6.40 
2.97 

kxx 102 

2.40 
1.43 
1.32 
1.78 
0.849 
0.611 
0.280 

Reaction Alog*/ 
(Alog*)Benzyl 

Br+Pyr 
Benzyl bromide+Pyridine 1. 0X) 

Methyl iodide+Pyridine 0.82X) 

ö>-Bromoacetophenone+a-Picoline 0.68X) 

Methyl Iodide+TT 0.51 

Pressure Effects and the Volume Change of Reaction. 
Activation volumes and pressure derivatives were 
determined by the least squares method after expanding 
the rate constants into power series of pressure as given 
by equations 18—20 and are summarized in Table 3. 

TABLE 3. 

Reaction 

Mel+Pyr 
Mel+Pyr 
M e l + T T 
M e l + T T 

ln£p = 

A V = 
In k0 + Bp + Cp2 

= (-l)BRT 

(dAV*/dp)0 = {-2)CRT 

(18) 

(19) 

(20) 

ACTIVATION VOLUMES AND THE PRESSURE 

DERIVATIVES (30 ° C ) 

Solvent 

AN 
PC 
AN 
PC 

(cm3 mol-1) 

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

(dAV*/dp)0 
(cm6 mol - 1 kg-1) 

0.0106 
0.00941 
0.00909 
0.00395 

kt; 1 mol-1 s-1, kK; s-1. 

T h e apparent molal volumes of the solute, 0V and the 
overall volume change in the reaction, A0V, are sum­
marized in Table 4. In acetonitrile and propylene 
carbonate, the values of A0V in the table would approxi­
mately be equal to the volume change of the reaction, 
AV°, since the association constants of the quaternary 
ammonium salts are usually small in these solvents.9'10) 

We see that the molal volumes of electrolytes are 
fairly small in acetonitrile as compared to those in 
propylene carbonate and that there is a near parallelism 
between the values of AV0* and of A0V, resulting in a 
nearly constant value of (AV^/A^y). 

A V0* is generally considered as the sum of two terms, 
A 1 F # , A2V*. T h e first term arises from changes in the 
molal volume of the reactant molecules as they form a 
transition state, while the latter is attr ibuted to the 
volume change in the surrounding solvents due to 
électrostriction. A similar dissection of AV° in terms of 
AXV° and A2V° is valuable for the following discussions. 

Stewart and Weale11) concluded that A1F°«*0, by 
combining the calculated values of Ax F

# for the forward 
and reverse Menschutkin reactions on the basis o[ a 
cylinder model. An alternative estimation of A-^V0 is 
possible by the substitution of the molal volume of 
methylpyridinium iodide by the molar volumes of 
neutral model compounds, i.e., by the molar volume of 
toluene as a model compound for methylpyridinium 
ion, 107.4 cm3 mol - 1 ,3) and of liquid xenon, 37.3 cm3 

m o l - 1 ( — 109 °C),12) (or a little larger than this because 
of volume expansion due to temperature rise from 
— 109 to 30 °C), as a model compound for iodide, thus 
leading to A 1 F ° ~ 1 0 7 . 4 + 3 7 . 3 - ( 8 1 . 6 + 6 7 . 1 ) = - 4 to 0 
(cm3 mol - 1 ) . Both estimates suggest that the major part 
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TABLE 4. APPARENT MOLALVOLUMES AND ACTIVATION VOLUMES (30 °C) 

[Vol. 50, No. 3 

Reaction 

Mel+Pyr . 
Mel+Pyr . 

Reaction 

M e l + T T 
Mel + TT 

Solvents 

AN 
PC 

Solvents 

AN 
PC 

Pyr. 

81.6 
81.3 

TT 

145.2 
151.8 

0V (cm3 mol-1) 

Mel 

67.1 
65.1 

0V (cm3 mol-1) 

Mel 

67.1 
65.1 

MePyr+I-1 

98.9 
116.3 

MTT+I-

166.9 
191.3 

Aç>v 

- 4 9 . 8 
- 3 0 . 1 

A^v 

- 4 5 . 4 
- 2 5 . 6 

AV0* 

- 2 5 . 8 
- 1 9 . 7 

AV0* 

- 2 4 . 9 
- 1 6 . 1 

( A K . m ) 

0.52 
0.65 

( A V / A Î M 

0.55 
0.63 

of the observed values of A0V comes from the term, 
A 2 F° . 

T h e observed molal volume of a solute FM is usually 
larger than the calculated van der Waals volume, F w , 
and the ratio (KM/Fw) 1S known to range from 1.3 to 2.2 
because of the existence of empty space in the liquid.13) 
Calculation of van der Waals volumes as proposed by 
Edward13) gives the factor (FM/FW) of 1.8 and 2.0 for 
pyridine and methyl iodide in acetonitrile. 

Stewart and Weale11) estimated A 1 F * = — 6.5 cm 3 

m o l - 1 for the forward Menschutkin reaction on the 
basis of the cylinder model. A combination of the value 
—6.5 and the above factor of 1.8 gives A1V*= —11.7 
cm3 mol - 1 , which is in reasonable agreement with the 
estimated value of —10.7 cm3 m o l - 1 obtained by a 
completely different method.14) 

T h e values of A 2 F^/A 2 F° would serve as indices of the 
degree of charge development at the transition state 
throughout the series of reactions of the same volume 
profile along the reaction coordinate, i.e., a slightly 
modified version of the proposals.15,16) Making use of 
the value of A ^ * — — 11.7 cm3 m o l - 1 and the above 
conclusion^ that A0v«*A2F°, we find that the value 
(A2F*/A2F°) becomes nearly constant a t 0 . 2 6 - 0 . 2 9 for 
both reactions. An exception is the reaction of T T 
with methyl iodide in propylene carbonate for which a 
rather large uncertainty should be included in the 
value of A2V* obtained above. Abraham estimated the 
above indices as 0.4—0.41 from a comparison of the 
transfer free energy of the activated complex with that 
of the product ion-pair.17) O u r value of 0.26—0.27 is 
intermediate between the value 0.2 as estimated pre­
viously1) and the value given by Abraham.1 7) 

T h e relative sensitivity difference to change of solvent 
observed in the case of the reaction rate constants is 
manifested neither on the activation volumes nor on the 
values of (AF0*/A^V). 

Thus, the desirability of acquiring reliable values of 
A j F * and A ^ 0 is obvious. 

CNDO/2 Calculation. CNDO/2 calculations18) 
were carried out for estimated structures of the transition 
state using model compounds.1 9 - 2 1) In order to save 
time it was assumed that the reaction proceeds through a 
transition state which has a structure closely resembling 
a product, i.e., < / N - C - I = 1 8 0 ° for pyridine and methyl 
chloride, and ^C(r ing)-S-C(methyl )==101° for T T 
with methyl chloride. Thus only two bond distances 
rN_c and rC-ci change during the course of reaction, 
the others remaining unchanged. T h e central C H 3 

group was assumed to lie in a plane. Calculations were 
repeated until a minimum total energy was reached, by 
changing the value of Ar according to rN-c—1.47+Ar 
(or r s _ c = 1 . 8 0 + A r ) and r c _c i=1 .78+Ar , where the 
numerals indicate normal bond distances of a model 
compound.1 9 - 2 1) 

Charge densities for the minimized structures as given 
in Figs. 4 and 5 suggest that electronic charges are more 
developed at the transition state for the reaction of 
pyridine with methyl iodide, which corresponds to the 
arguments put forward on the basis of the rate studies. 

Fig. 4. Charge distribution for minized structure. 
r c . s = 1.83 Â, r c . c i = 1.81 A, /<=6.74 D. 

(+0.018) H 

Fig. 5. Charge distribution for minimized structure. 
rN .0= 1.59 A, r0 .01= 1.90 A, fi= 10.7 D. 

Heydtman et al.22) estimated the dipole moment of the 
activated complex to be 7.8 D by applying the Kirkwood 
approach23) to the reaction of co-bromoacetophenone 
with a-picoline. Eckert et al. derived a value of 5.9 D 
for the reaction of pyridine and methyl iodide by the 
same approach.24) For the reaction of pyridine with 
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methyl iodide, the slope of the plots of RT In k vs. 
(Z>—1/2Z) + 1) corresponds to 14.3 kcal mol"1 . This 
leads to the value 6.3 D for the dipole moment of the 
activated complex, when allowance is made for the 
empty space as mentioned above, i.e., the factor of 1.8, 
and when radii are calculated from the molal volumes 
in Table 4 assuming a spherical molecule. A different 
application of the Kirkwood approach leads to a 
different dipole moment as described by Eckert.26) Thus, 
the model GNDO/2 calculation provides an alternative 
way of estimating the dipole moment. 

W e are grateful to Dr. Michael H . Abraham, Univer­
sity of Surrey, England for helpful criticisms of the 
original version of this manuscript. 
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Peptides. VI. Some Oxime Carbonates as Novel 
f-Butoxycarbonylating Reagents1) 

Masumi ITOH, Daijiro HAGIWARA, and Takashi KAMIYA, 

Research Laboratories, Fujisawa Pharmaceutical Co., Ltd., Kashima-cho, Yodogawa-ku, Osaka 532 
(Received July 15, 1976) 

Several f-butoxycarbonyl derivatives of oximes were prepared through the corresponding oxime chloroformâtes. 
Of these, diethyl (f-butoxycarbonyloxyimino)malonate and 2-(/-butoxycarbonyloxyimino)-2-phenylacetonitrile were 
utilized for the preparation of /-butoxycarbonylamino acids under various conditions. The results are summarized 
in a table. 

T h e /-butoxycarbonyl (Boc) group is one of the most 
important amino-protecting groups in peptide synthesis, 
and there have been many reagents proposed for its 
introduction.2 - 1 8) T h e most popular and still widely 
utilized one is /-butyl azidoformate (1),2) though it is 
toxic and relatively less reactive and should be prepared 
just before use. Most of the substitutes for 1 are, with a 
few exceptions, less attractive because of disadvantages 
such as difficult access or insufficient reactivity of the 
reagents, or cumbersome elimination of by-products 
from Boc-amino acids. The present authors wish to 
propose a new promising reagent, 2-(/-butoxycarbonyl-
oxyimino)-2-phenylacetonitrile (3c), which is an easy-
to-prepare, stable, and highly reactive crystalline 
material and affords contaminant-free Boc-amino acids 
in high yields by following a conventional procedure. 

In the course of studies on the application of N-
hydroxy compounds to peptide synthesis in our labora­
tory, it was noticed that some oximes could be suitable 
as the activator and carrier of Boc groups. Oximes are 
usually regarded as unstable compounds which are easily 
hydrolyzed or rearranged. However, certain ketoximes 
which possess electron-withdrawing substituents and 
have no hydrogen atoms on the a-carbon atoms are 
relatively stable and can be converted into their Boc 
derivatives through the corresponding chloroformâtes. 

• R 1 

1 
HON=C + COGl2 or -^Cl3C-OC-Cl 

Base 

\ R 2 

Cl-C-ON=C 
Il V R 2 

o • 

II 

o 
,RX 

/-BuOH / J 
-> *-BuO-C-ON=C 

Base 11 \ R 2 

3a—£ 

Scheme 1. 

In practice those oximes were allowed to react first 
with phosgene or trichloromethyl chloroformate in the 
presence of iV,iV-dimethylaniline or pyridine in inert 
solvents, and the resultant chloroformâtes were treated 
in situ with /-butyl alcohol and pyridine to give Boc-
oximes. Some of the derivatives prepared are listed 
in Table 1. Of these, diethyl (/-butoxycarbonyloxy-
imino)malonate (3a) was the most reactive one; it 
readily introduced the Boc group to amino acids within 
1 to 3 h. Compound 3c was a stable crystalline material 
and moderately reactive among the compounds listed 
in Table 1 ; it completed the reaction within 4 to 5 h . 
The other cardonates were so unstable that mainly 3a 
and 3c were subjected to further studies. 

R 
I B a s e 

3a—f + H 2N-CH-COOH -» 

R 

Boc-NH-CH-COOH-Base + 2a—f 

Scheme 2. 

An advantage of 3c over 3a is the easy removal of 
2-(hydroxyimino)-2-phenylacetonitrile (2c) from the 
reaction mixture. When 3a is used it requires critical 
p H adjustment to 7.0 for the removal of diethyl (hydro-
xyimino)malonate (2a) from the reaction mixture. To 
simulate extraction conditions for the removal of 2a 
and 2c, their ethyl acetate solutions were shaken with 
water in the presence of sodium hydroxide, sodium 
hydrogencarbonate, or triethylamine. T h e oxime 2c 
transferred only with sodium hydroxide but not with 
the others, suggesting an easy way for complete removal 
of 2c from the reaction mixture. Both 3a and 3c were 
quite stable to competitive hydrolysis by sodium 
hydroxide or triethylamine in dioxane-water at room 

TABLE 1. J-BUTOXYCARBONYLATED OXIMES 

/R 1 

/-BuO-C-ON=C (3) 

6 XR2 

R1 R2 Yield 
(%) 

Mp 
(°C) 

Recrystd. from 

3a 
3b 
3c 
3d 
3e 
3f 

GOOEt 
COCH3 
CN 
CN 
CN 
G6H5 

GOOEt 
COOEt 
c eH 5 

CGH4-Cl(/>) 
1-naphthyl 
C6H5 

77.2 
57.0 
65.0 

6.7 
31.1 
70.6 

oil 
oil 

84—86 
91—92 
90—92 

131—133 

methanol 
methanol 
methanol 
toluene-pet. ether 
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1 TABLE 2. 

Boc-Amino D 

Acid R e a & e n t 

Boc-Ala-OH 
-Ala-OH 
-Arg(N02)-OH 
-Arg(N02)-OH 
-Asn-OH 
-CyS(Bzl)-OH 
-Glu(OH)2 

-Gly-OH 
-Gly-OH 
-Ile-OH-DCHA 
-Leu-OH. l /2H 2 0 
-Leu-OH. l /2H 2 0 
-Met-OH-DCHA 
-Phe-OH 
-Phe-OH-DCHA 
-Phe-OH-DCHA 
-Phg-OH 
-Pro-OH 
-Pro-OH 
- T h r - O H D C H A 
-Trp-OH 

-Tyr-OH-DCHA 

3a 
3c 
3a 
3c 
3c 
3c 
3c 
3c 
3c 
3c 
3c 
3c 
3c 
3b 
3c 
3c 
3a 
3c«) 
3f 
3c 
3c 

3c 

Oxime Carbonates as /-Butoxycarbonylating Reagents 

YIELDS OF BOC-AMINO ACIDS AND REACTION CONDITIONS EMPLOYED 

Base (equiv) 

TEA 
TEA 
NaHC0 3 

TEA 
TEA 
TEA 
TEA 
TEA 
TEA 
NaOH 
TEA 
TEA 
TEA 
TEA 
TEA 
TEA 
TEA 
TEA 
TEA 
FEA 
TEA 

TNaOH 
[TEA 

1.2 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.0 
1.5 
1.5 
1.5 
1.0 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
2.0j) 
1.0 

Solvent^ 

X* 
B* 
Ac> 
B* 
C 
C 

c 
c 
c* 
A* 

c* 
c 
C*>*> 
A 
Ch) 
G 
D* 
E* 
F* 
C 
C 

] c 

Reaction 
time (h) 

1 ~~ 
4 
3 
Ie) 

20 
3 
3 
2 

40 minf ) 
3 
3 
3 
3 
2 
2 
5 
3 
1.5 

24 
3 
3 

4 

Oxime 
extraction 

ether 
ether 
EtOAc 
ether 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
ether 
EtOAc 
ether 
EtOAc 
EtOAc 
C6H6 

ether 
EtOAc 
C6H6 

EtOAc 
EtOAc 
EtOAc 

EtOAc 

Yield 
(%) 
84.1 
80.3 
70.0 
80.0 
85.8 
94.0 
78.4 
86.9 
81.4 
89.2 
72.0 
99.1 
82.1 
54.0 
65.5 
98.2 
86.0 
87.8 
13.0 
99.7 
98.6 

81.8 

a) 

Mp (°C) 

82—84 
82—84 

115—116(dec)d) 
123—125 
173 (dec) 
65—67 

103—105 (dec) 
86—88 
86—88 

123—125 
78—84 
78—82 

137—139 
84—86 

222—223 
221—223 
87—89.5 

132—133 
132—133 
151—153 
137—138(dec) 

212(dec) 

719 

Ref. 

~ 1 9 

31 
19 
18 
19 
18 
18 

9 
19 

19 
19 
20 

21 
19 

19 
19 

9 

a) The amino acids used, with the exceptions of glycine and D-phenylglycine, are of L-configuration. The reactions 
were carried out in 10 mmol scale with 1.1 equiv of the reagents at 20 to 25 °G unless stated otherwise. All 
products were purified following descriptions in the literatures, and optical rotations observed were within the limit of 
error in comparison with reported values. b) Five to 10 ml of organic solvents and water per 10 mmol amino acid 
were used unless cited below. Those with asterisks were removed in vacuo before the extraction of oximes; A: f-butyl 
alcohol/water, B: acetone/water, C: dioxane/water, D: methanol/water (70/70 ml), E: methanol/dioxane/water (15/5/ 
10 ml), and F: dioxane/chloroform/water (20/10/10 ml), c) 40/100 ml. d) The difference of the melting points of 
the two JV"-Boc-iVG-nitro-L-arginine preparations will be due to polymorphism. e) Warmed for a while at 50 °C. 
f) At 40 °C. g) 14/20 ml. h) 30/20 ml. i) An equiv of 3c was used, j) Sodium hydroxide was neutralized before 
the extraction. 

temperature. Compound 3c dissolves only partly in a 
solvent-water mixture at an initial stage of the reaction, 
but the mixture usually becomes homogeneous within 
1 h. Yields of Boc-amino acids and conditions employed 
for each reaction are summarized in Table 2. In the 
case of L-tyrosine, two equivalents of sodium hydroxide 
and an equivalent of triethylamine were employed to 
obtain a clear solution, and a small amount of a side-
product, JV,0-bis-Boc-L-tyrosine, was detected on a thin 

layer chromatogram. However, the side-product could 
be eliminated effectively from JV-Boc-L-tyrosine through 
salt formation with dicyclohexy lamine. T o secure a 
high yield and the purity of the products, other solvents 
than dioxane should be removed before the extraction of 
2a or 2c from the reaction mixture. Omission of the 
removal of dioxane did not cause any trouble unless a 
large excess of it was used. T h e selection of a suitable 
solvent for the removal of 2a or 2c may be important 

T A B L E 3. OXIME CARBONATES PREPARED FOR THE INTRODUCTION OF OTHER AMINO PROTECTIVE GROUPS 

R 3 -0-C-ON=C 
Il VR2 

O K 

3g 
3h 
3i 

3j 

3k 

R3 

C6H5-CH2-
/>-MeO-C6H4-CH2-

CI3G—GH2— 
oC3H5-CH(Me)-

/>-MeO-C6H4-CH2-

R1 

CN 
CN 
CN 
CN 

COOEt 

R2 

C6H6 

C6H5 

C6H5 

G6H5 

COOEt 

Yield 
(%) 

61.9a> 
35.5b> 
87.2a) 
18. lb) 
80.0") 
78.4d) 

Mp 
(°C) 

73—75 
112—113 
82—84 
65—67 

syrup 

Recrystd. 
from 

EtOAc/Hex.°) 
EtOAc/Hex. 
MeOH 
MeOH 

— 

a) Prepared from the corresponding alkyl or aralkyl chloroformâtes with the oximes by following the convene 
tional procedure.28) b) Prepared by following a similar procedure tn that described for 3c. c) Hexane. 
d) Prepared by following the procedure for 3a. 
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for the Boc-amino acids with lipophilic side chains. For 
example, in the preparation of Boc-L-phenylalanine with 
3c, the use of ethyl acetate or benzene lowered the yield, 
whereas the use of ether gave a satisfactory result. 
Possible contaminants, 2a and 2c, were detected on 
fluorescent indicator-impregnated silica gel plates. 

In comparison with 1 and 2-(f-butoxycarbonylthio)-
4,6-dimethylpyrimidine (4),18> 3c showed a much higher 
reactivity. In the preparat ion of Boc-glycine, for 
example, 3c completed the reaction within 2 h at room 
temperature,1) whereas both 1 and 4 required more 
than 20 h at 40 °C and room temperature, respectively. 
Furthermore, 3c is less toxic (LD5 0 orally in mice : 
8000 mg/kg) and the by-product 2c is easily recovered 
and recycled. 

This procedure is wholly applicable to the prepara­
tion of other iV-protected amino acids, and the reagents 
prepared for such purposes are listed in Table 3. 
Examples of iV-protected amino acids, prepared by 
similar procedures to those described in the experimental 
section, are iV-benzyloxycarbonyl-L-serine32) (87.8%), 
N- (j&-methoxybenzyloxycarbonyl) -L-phenylalanine33) 
(64.6%), JV-(2,2,2-trichloroethoxycarbonyl)-D-phenyl-
glycine (mp 141—143 °C, 92.1%),34> and JV-(l-cyclo-
propylethoxycarbonyl)-D-phenylglycine (mp 94—96 °C, 
88.5%).34) T h e 1-cyclopropylethoxycarbonyl group was 
easily removed under the conditions required for the 
Boc group. 

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

The capillary melting points were observed on a Hoover 
"Uni-Melt" apparatus and are uncorrected. Precoated silica 
gel 60 F254 plates (Merck) were used for thin layer chromato­
graphy (TLC). 

Materials. Trichloromethyl chloroformate was obtain­
ed from Hodogaya Chemical Co., Ltd., Tokyo. Diethyl (hy-
droxyimino)malonate (2a),22) ethyl 2-(hydroxyirnino)acetoace-
tate (2b),23) 2-(hydroxyimino)-2-(/>-chlorophenyl)acetonitrile 
(2d),24) benzophenone oxime (2f),25) 1-cyclopropylethanol,29) 
and /»-methoxybenzyl chloroformate30) were prepared accord­
ing to the literature. 

2-(Hydroxyimino)-2-phenylacetonitrile (2c). Into an ice-
cooled solution of benzyl cyanide (117 g, 1 mol) and sodium 
hydroxide (40 g, 1 mol) in methanol (300 ml) was introduced 
gaseous methyl nitrite28) which was generated from a suspen­
sion of sodium nitrite (83 g) in a mixture of methanol (53 ml) 
and water (50 ml) by dropwise addition of a mixture of con­
centrated sulfuric acid (32 ml) and water (65 ml). The mix­
ture was stirred for 2 h at room temperature and concentrated 
to dryness. The residue was dissolved in water and washed 
with toluene twice. The aqueous layer was acidified with con­
centrated hydrochloric acid to precipitate 2c: 120 g (82%); 
mp 119—124 °C (lit,27) mp 126—128 °C); TLC, i2f=0.50 
(chloroform-methanol (9: 1)). This was used in the next step 
without further purification. 

2-(Hydroxyimino)-2-( J-naphthyl) acetonitrile (2e). This 
was prepared from 2-(l-naphthyl)acetonitrile by the pro­
cedure described above. The syrupy product obtained in 36.2 
% yield was used in the next step without purification. 

Diethyl (t-Butoxycarbonyloxyimino)malonate (3a). To a 
well-stirred solution of phosgene (151 g, 1.53 mol) in benzene 
(800 ml) was added dropwise a solution of 2a (289 g, 1.53 mol) 
and ^TV-dimethylaniline (DMA) (186 g, 1.53 mol) in ben-
zene(800 ml) at 5—6 °C over the period of 2.5 h under nitrogen 

atmosphere. The mixture was stirred for 2 h at 5—6 °C, and 
for 18 h at room temperature. To the resultant mixture was 
added dropwise a mixture of/-butyl alcohol (225 g, 3.06 mol) 
and pyridine (Pyr) (486 ml, 6.12 mol) at 5—6 °C over the 
period of 1.5 h under nitrogen. Stirring was continued for 18 
h at room temperature. After filtration of precipitates the fil­
trate was washed with cold IM hydrochloric acid (11x6) and 
cold water (11x3), and stirred with sodium hydrogencarbon-
ate solution (70 g in 11) for 3 h at room temperature. The 
organic phase was washed with 5% sodium carbonate solution 
(100 ml x 2), water (200 ml X 2) and saturated sodium chloride 
solution (100 ml), and dried over magnesium sulfate with 15 g 
of charcoal. Evaporation gave 341 g (77.2%) of 3a. IR (neat, 
cm-1) 1800, 1750; nuclear magnetic resonance (NMR) (in 
CC14, ô(ppm)) 1.39 (3H, triplet, 7=6 .5 Hz), 1.41 (3H, triplet, 
7 = 6 . 5 Hz), 1.59 (9H, singlet), 4.34 (4H, quartet, 7=6 .5 Hz). 

Ethyl 2- ( t-Butoxycarbonyloxyimino) acetoacetate (3b). This 
was prepared from 2b by a procedure similar to that described 
in the preparation of 3a, except for the use of Pyr in the place 
of DMA. IR (neat, cm-1) 1780, 1730, 1690; NMR (in CC14, 
<5(ppm)) 1.37 (3H, triplet, 7 = 7 Hz), 1.57 (9H, singlet), 2.48 
(3H, singlet), 4.34 (2H, quartet, 7 = 7 Hz). 

2-t-Butoxycarbonyloxyimino-2-phenylacetonitrile (3c). To 
a stirred solution of trichloromethyl chloroformate (6.7 ml, 
0.055 mol) or an equivalent of phosgene (0.11 mol) in benzene 
(30 ml) was added dropwise a solution of 2c (14.6 g, 0.1 mol), 
DMA (12.0 g), and dioxane (5 ml) in benzene (100 ml) at 
3—5 °C. The mixture was stirred for 6 h at room tempera­
ture and allowed to stand overnight. To the resultant mixture 
was added a solution of /-butyl alcohol (11.1 g) and Pyr 
(16.0 ml) in benzene (20 ml) at 5—10 °C. The mixture was 
allowed to react for 3 h at the same temperature, then for 4 h 
at room temperature, and to stand overnight. The mixture 
was then washed with water, 1 M hydrochloric acid, water, 
5% sodium hydrogencarbonate solution, and water again, and 
dried over magnesium sulfate. After evaporation of the 
solvent, the residue was triturated with 20 ml of 90% aqueous 
methanol, filtered, washed with 30 ml of the same solvent, and 
dried to give 17.0 g of 3c: mp 84—86 °C; TLC, Ä f=0.74 
(chloroform-methanol (9: 1)). 

Found: C, 63.69; H, 5.71 ; N, 11.20%. Calcd for C13H14-
0 3N 2 : C, 63.40; H, 5.73; N, 11.38%. IR (Nujol, cm-1) 1785; 
NMR (in CDC13, <5(ppm)) 1.62 (9H, singlet), 7.2—8.2 (5H, 
multiplet). 

2-(t-Butoxycarbonyloxyimino)-2-(^p-chlorophenyl) acetonitrile (3d). 
This was prepared from 2d (37.5 mmol) by a procedure similar 
to that described above except that chloroformylation was 
done by the use of DMA in a mixture of dioxane (10 ml), 
tetrahydrofuran (10 ml), and dichloromethane (70 ml). (See 
Table 1). 

Found: C, 55.80; H, 4.65; N, 10.07; CI, 12.62%. Calcd 
for C13H1303N2C1: C, 55.62; H, 4.67; N, 9.98; CI, 12.63%. 
IR (Nujol, cm-1) 1790; NMR (in CDC13, <5(ppm)), 1.63 (9H, 
(singlet), 7.50 and 7.90 (2H, each, AB Quartet, 7=4 .5 Hz). 

2- (t-Butoxycarbonyloxyimino) -2-( 1-naphthyl) acetonitrile (3e). 
A similar procedure to that described above was followed in 
toluene. IR (Nujol, cm"1) 1790. 

Found: C, 68.85; H, 5.38; N, 9.40%. Calcd for C17Hie-
0 3N 2 : C, 68.90; H, 5.44; H, 9.46%. 

(t-Butoxycarbonyloxyimino ) diphenylmethane (3f). A 
similar procedure to that described above was employed. IR 
(Nujol, cm-1) 1770; NMR (in CDC13, ö(ppm)), 1.48 (9H, 
singlet), 7.17—7.65 (10H, multiplet). 

General Procedures for the Introduction of t-Butoxycarbonyl Group, 
a) By the Use of 3a: To a solution of L-alanine (0.89 g, 
10 mmol) and triethylamine (TEA) (1.68 ml, 1.2 mmol) in a 
mixture of water (5 ml) and /-butyl alcohol (5 ml) was added 
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3a (3.2 g, 11 mmol). The mixture was stirred for 1 h at 
room temperature. After evaporation of ?-butyl alcohol and 
addition of ether and 5% sodium hydrogencarbonate solution, 
the mixture was adjusted to pH 7.0 precisely with a citric acid 
solution. The aqueous layer was separated, overlaid with 
ether, and adjusted to pH 7.0 again. The aqueous layer 
separated was acidified with citric acid solution and extracted 
with ethyl acetate (EtOAc). The extract was treated in the 
usual manner to give iV-f-butoxycarbonyl-L-alanine : 1.59 g 
(84.1%); mp 82—84 °C. Conditions employed in the other 
examples are presented in Table 2. 

b) By the Use of 3c. To a solution of L-tryptophan (2.05 g, 
10 mmol) and TEA (2.10 ml, 15 mmol) in water (6 ml) was 
added dioxane (6 ml) and crystalline 3c (2.71 g, 11 mmol) at 
room temperature. The mixture became homogeneous within 
1 h and stirring was continued for two more hours. After 
addition of water (15 ml) and EtOAc (20 ml), the aqueous 
layer was separated, washed with EtOAc (20 ml), acidified 
with 5% citric acid solution, and extracted with EtOAc. The 
extract was treated in the usual manner to give iV-/-butoxy-
carbonyl-L-tryptophan: 3.00 g (98.6%); mp 137—138 °C 
(decomp). Other amino acids were allowed to react by the 
same procedure, unless stated otherwise in Table 2. Dicyclo-
hexylammonium salts were crystallized by the addition of 
dicyclohexylamine ( 1.8 g per 10 mmol amino acid) to an 
ether solution of f-butoxycarbonylamino acids. 
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The reactions of carbonimidoyl dichlorides with potassium thioacetate and thiocyanate in tetrahydrofuran 
afford the corresponding isothiocyanates. Similarly, the reaction with potassium selenocyanate gives isoseleno-
cyanates. Thallium(I) acetate reacts with phenylcarbonimidoyl dichloride with greater facility than potassium 
acetate to give a mixture of phenyl isocyanate and acetanilide in which the latter is predominant. A displacement 
of one chlorine atom in the carbonimidoyl dichlorides by a SAc, OAc, SCN, or SeCN group, followed by elimination 
of AcCl or CNC1, has been proposed as a reasonable reaction path. 

The carbonimidoyl dichlorides can be used as starting 
materials for the preparation of many types of organic 
substances.1) As one of a series of studies on carbonimido­
yl dichlorides2) and isocyanides,3) we now report the 
results of the reactions of phenyl- and cyclohexylcar-
bonimidoyl dichlorides (hereinafter abbreviated as P C D 
and GCD respectively) with various metal thioacetates, 
acetates, and thiocyanates, as well as with potassium 
selenocyanate. Although the substitution reactions of 
imidoyl chlorides and their derivatives with metal 
acetates,4) thioacetates,4) and thiocyanates5) have been 
reported, information about similar reactions on 
carbonimidoyl dichlorides is rare. 

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

Reactions with Metal Thioacetates and Acetates ( Table 1). 
T h e heterogeneous reaction of PCD or CCD with two 
equivalents of KSAc in tetrahydrofuran (THF) proceed­
ed smoothly at room temperature to give the correspond­
ing isothiocyanate in a fair yield without affoding any 
other organic products except for acetic thioanhydride 
(runs 3 and 4). In the case of 1:1 molar ratio, nearly 5 0 % 

of the dichloride (PCD) or more was recovered, though 
the yield based on the consumed dichloride was nearly 
quantitative (runs 1 and 2). Thus the reaction appeared 
to occur in accord with the stoichiometry shown in 
Scheme 1 ( Z = S ) : 

R-N=CC12 + 2CH3COZM > 
PCD (R=Ph) 
CCD (R=cyclo-C6Hll) 

R-N=C=Z + (CH3CO)aZ + 2MC1 (1) 
( Z = S o r O ) 

With TISAc, probably less ionized than KSAc, the 
reaction was sluggish and was brought to completion by 
heating (run 5.). 

In a similar way, P C D reacted with two equivalents 
of metal acetates in boiling T H F to give a mixture of 
phenyl isocyanate and acetanilide in which the latter 
was predominant ; the combined yield was nearly 
quantitative (based on the consumed dichloride), but 
no acetic anhydride could be found in the reaction 
products. In order to examine whether acetanilide is 
formed by the reaction of phenyl isocyanate with acetic 
anhydride under the reaction conditions, some controlled 

TABLE 1. REACTIONS OF RN=CC12 WITH METAL THIOACETATES AND ACETATES1) 

Run 

^ 

2 
3 
4d> 

5 
6 
7 
8 
9 

10 
11 
12 
13 

Metal salt 
(mmol) 

KSAc 
KSAc 
KSAc 
KSAc 
TISAc 
KOAc 
KOAc 
TlOAc 
TlOAc 
TlOAc 
AgOAc 
AgOAc 
HgOAc 

5 
5 

10 
10 
10 
10 
2s) 
5 

10 
2e> 

10 
2s) 

10 

Temp 
(°C) 

20 
20 
20 
20 
68 
68 
68 
68 
68 
68 
68 
68 
68 

Time 
(h) 

3 
22 

3 
24 

3 
3 
3 
3 
3 
3 
3 
3 
3 

Products and yield (%)b) 

RN=CC12 

61 
48 
0 

2 9 d ) 

27 
73 
0 

49 
18 
0 

90 
49 
76 

RN=C=Z 

39°) 

52c> 

92c) 
65c>d> 

70c) 

tracec ) 

9 e ) 

4e) 

4e) 

0 
0 

trace6) 

trace9) 

PI1NHCOCH3 

— 
— 
— 
— 
— 
13f) 

75f) 

45 
75 
95 
10 
51 

19 

a) RN=CC12 (5 mmol; R = P h ) and THF (10 ml) 
b) Determined by GLC; Based on RN=CC12. c) Z= 
f) Other products; two unidentified compounds (ca. 
dicyclohexyl-18-crown-6 (2 mmol) was added. 

were used unless otherwise stated. 
= S. d) R=<yclo-C9H11. e ) Z - 0 . 
3% each), g) PhN=CCl2 1 mmol; 

To whom correspondence should be addressed. 
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experiments were carried out. When either phenyl 
isocyanate or acetic anhydride was heated in T H F (at 
68 °C for 3 h) , no appreciable change (including their 
hydrolysis) occurred in either case. However, when an 
equimolar mixture of these two compounds (5 mmol 
each) was similarly treated in the same solvent (10 ml), 
14% of acetoanilide was produced; this was probably 
formed by the participation of external moisture (origina­
ted from the solvent, the acetate, and/or the atmosphere) 
in the reaction between two components. In this case 
considerable amounts of phenyl isocyanate and acetic 
anhydride remained unreacted, as opposed to the case 
of the dichloride-acetate reaction in which only 4 % of 
the isocyanate and no acetic anhydride were found 
(see run 9). Though the reason for this disagreement is 
not clear at present, it may be possible that some acidic 
impurities formed during the course of the reaction 
accelerate the above acetanilide formation. 

Further, it was found unexpectedly that in the reac­
tion with metal acetates TlOAc (less ionized6)) reacts 
more easily than K O Ac (more ionized) (runs 9 vs. 6). 
In the case of other monovalent heavy-metal acetates 
such as Ag(I) and Hg( I ) , however, no such striking 
results were observed (runs 11 and 13). Since crown 
ethers have been known to increase the concentrations 
of "naked" anions by complexing with counter-cations, 
we also examined the reaction with metal acetates in 
the coexistence of dicyclohexyl-18-crown-6.7) Consid­
erable improvements in the yields were achieved in all 
cases, but it was insufficient in the case of AgOAc 
(runs 7, 10, and 12). 

Next, we will briefly consider a probable reaction path 
for the above two reactions. I t is known that the 1: 1 
molar reactions of carbonimidoyl dichlorides with 
alkoxide ions and amines afford the corresponding 
monosubstituted products in good yields.1) In the 
present reactions, however, no detectable amounts of 
such products (1) were found in the reaction mixtures. 
This may suggest their rapid disappearance owing to 
some subsequent reaction. I n connection with the 
present reactions, it has been reported that P C D reacts 
with acetic acid to afford phenyl isocyanate and acetyl 
chloride with generation of HCl.8) I t has also been 
reported that the reaction of P C D with ethanol affords 
JV-phenylethylurethane with the liberation of HCl and 
ethyl chloride, suggesting the intermediacy of ethyl N-

phenylchloroformimidate.9) Based on these facts and 
the stoichiometry of the reactions, the following pathway 
would be highly probable : 

R-N=CC12 

CH,COZ-

-c i -
R-N=C 

/Gl 

^ZCOCH, 

-CH.COC1 
-> R-N=C=Z (2) 

CHoCOCl + CH3COZ- (CH3CO)2Z + Cl-

(Z = S o r O ) 

There may be another route for R N C Z which involes 
further displacement of the intermediate 1 by C H 3 C O Z -

to give R - N = C ( Z C O C H 3 ) 2 (2), followed by elimination 
of (CH 3 CO) 2 Z, especially in the thioacetate reaction, 
since AcS~ is known to be a stronger nucleophile than 
A c O - . 

We must add a short comment on the facile reaction 
with T lOAc in the absence of crown ether. We roughly 
compared the solubility of this salt in boiling T H F with 
those of other acetates, but it appeared that no significant 
differences were present (i.e., 0.012 mol/1 for TlOAc, 
0.016 mol/1 for AgOAc, and 0.002 mol/1 for K O Ac). 
Besides, no variations in the yields were observed within 
the experimental error by changing the amount of the 
solvent by half or five times in the reactions with T lOAc 
or K O A c respectively. Thus it is clear that the rate of 
dissolution of metal acetates is not the dominant factor 
in affecting the reaction rate. Since the considerably 
covalent character of the T l - O bonds of similar com­
pounds has been recognized,6) most of the dissolved 
T lOAc is expected to exist in un-ionized form. Thus, 
the contribution of a four-center-type reaction between 
un-ionized T lOAc and carbonimidoyl dichlorides afford­
ing 1 may be possible, though no direct evidence is 
available at present. Needless to say, when the crown 
ether is added to the reaction system, the attack of the 
"naked" OAc~ which is in equilibrium with the un­
ionized species becomes predominant. 

Reactions with Potassium Thiocyanate, Selenocyanate, and 
Cyanate (Table 2). When P C D was treated with 
two equivalents of K S C N in boiling T H F , phenyl 
isothiocyanate was obtained (run 15). T h e yield was 
rather poor, and the reaction was accompanied with the 
formation of an unidentified yellow solid of which the 

TABLE 2. REACTIONS OF RN=GC12 WITH POTASSIUM THIOCYANATE AND 

SELENOCYANATE [ K Z C N ( Z = S OR S e ) ] 

Run 

14 
15 

16 
17 
18 
19 

20 
21 

RN=CC12 
(mmol) 

R 

Ph 
Ph 

Ph 
Ph 
Ph 
Ph 

cyclo-CJHlx 

cyclo-C^H.^ 

5 
5 

10 
5 
5 
5 

5 
5 

KZCN 
(mmol) 

Z 

S 

s 
S 

s 
Se 
Se 
Se 
Se 

5 
10 
10 
10 
5 

10 
10 
10 

Solvent 
(ml) 

THF 
THF 

EtOH 
EtOH 

THF 
THF 
THF 
THF 

10 
10 
20 
10 
10 
10 
10 
10 

Temp 
(°C) 

68 
68 
25 
25 
68 
68 
68 
68 

Time 
(h) 

3 
3 
3 
3 
3 
3 
3 
9 

Products and Yield (%)a> 

RN-CC12 

45 
3 

0 
0 

45 
8 

34 
10 

RN-C-Z 

20b> 
3 7 b ) 

44b) 

40b> 

32 
58 
37 
44 

a) Determined by G L C ; based on RN=CC12 , b) An unidentified yellow solid was also obtained. 
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I R spectrum did not show any absorptions due to 
-N=C=S or - S - C = N groups.10) Neither the improvement 
of the yield and the depression of the by-product 
formation could be achieved by changing molar ratios 
or solvents (e.g., diglyme, acetone, ethanol, and N,N-
dimethylformamide). In the case of ethanol solvent, 
phenyl isothiocyanate was obtained in a similar yield, 
but a larger amount of yellow solid was formed (runs 16 
and 17, see also Experimental section). Since the 
displacement of one CI atom in carbonimidoyl dichlo-
rides by GN is known to be achieved by using CuCN, 
we examined the reaction between PCD and CuSCN 
in diglyme (at 162 °C for 1 h) . T h e reaction with the 
Ag(I) or Hg(I) salts was also examined under similar 
conditions. However, the yield of phenyl isothiocyanate 
was quite poor (17—28%) in all cases. 

T h e reaction of P C D or CCD with KSeCN, in which 
S e C N - is isoelectronic to S C N - , gave the corresponding 
isoselenocyanate in a good yield, together with small 
amounts of an unidentified by-product (runs 19 and 21). 
T h e reaction with K O C N did not occur to any extent 
under similar conditions. 

In view of the facts that the stoichiometry of the 
reaction with K S C N (runs 14 and 15) or KSeCN (runs 
18 and 19) was the same as that of the reaction with 
KSAc or K O Ac, a reaction path quite similar to 
Scheme 2 may be postulated in this case: 

ZCN- f / C I 1 -C1CN 
R-N=CC12 - • R-N=C - • R-N=C=Z 

-ci- L \ZCNJ 
3 (3) 

C1CN + ZCN" > (CN)2Z + CI" (Z = S or Se) 

In connection with this, the following result is worth 
noting. In an at tempt to prepare the compound 3 
( Z = S ) by the reaction of phenyl isocyanide with C1SCN 
(formed in situ from a mixture of Pb(SCN) 2 and 
SbCl 5

n ) ) , phenyl isothiocyanate ra ther than 3 was 
obtained in 8.5% yield, in addition to a slight amount 
of P C D (1.4%) and considerable amounts of a tarry 
compound (mostly a polymer of the isocyanide). Here, 
it was confirmed that the isothiocyanate was not formed 
by the reaction of PCD or the isocyanide with Pb(SCN) 2 . 

Exper imenta l 

The IR and NMR spectra were recorded with a Hitachi 
EPI-S2 and a Varian EM-360 apparatus respectively. GLC 
analyses were carried out on a Shimadzu 5APTF apparatus, 
using Apiezon-L (30%)-Celite (lm) and EGSS-X (30%)-
Chromosorb-W (lm) columns (N2 as the carrier gas, iodoben-
zene as an internal standard). 

Materials. Two carbonimidoyl dichlorides (R-N=CC12) 
were prepared by the method of Kühle et al. :12) R =cyclo-C6H.11 

(CCD), bp 88—91 °C/23 Torr (lit,12) bp 79—82 °C/13 Torr); 
R = P h (PCD), bp 79—80 °C/8 Torr (lit,12) bp 83—85 °C/11 
Torr). KSAc was prepared by the method of Barnish et al.lz> 
TISAc was prepared from thioacetic S-acid and Tl(OAc)3.14) 
Other organic materials and solvents were purified before use 
by distillation. Commercial inorganic materials, except 
KSCN, were used without further purification. KSCN was 
used after drying at ca. 70 °C under reduced pressure. 

Reaction of PCD with KSAc. To a stirred suspension of 
KSAc (1.14 g, 10 mmol) in THF (10 ml) was slowly added 

PCD (0.87 g, 5 mmol) at room temperature. The mixture was 
stirred for 3 h at 20 °C and then the precipitated inorganic 
salt was filtered off. GLC analysis of the filtrate showed the 
presence of 4.58 mmol (92% yield based on PCD) of phenyl 
isothiocyanate as a product. The distillation gave 0.52 g of 
phenyl isothiocyanate: the IR spectrum [2120 cm - 1 (vN=c=s)] 
and the retention time in GLC were identical with those of an 
authentic sample. The formation of acetic thioanhydride was 
also confirmed by the IR spectrum of the distillate. 

Reaction of PCD with TIS Ac. To a stirred suspension of 
TISAc (2.79 g, 10 mmol) in THF (10 ml) was slowly added 
PCD (0.87 g, 5 mmol) at room temperature. The mixture was 
stirred for 3 h under reflux. After being cooled down to room 
temperature the precipitated inorganic salt was filtered off. 
GLC analysis of the filtrate showed the presence of 3.50 mmol 
(70% yield based on PCD) of phenyl isothiocyanate and un­
reacted PCD (1.36 mmol, 27%). 

Reaction of CCD with KSAc. A mixture of CCD (0.90 g, 
5 mmol) and KSAc (1.14 g, 10 mmol) was stirred in THF 
(10 ml) at 20°C for 24 h. GLC analysis of the filtrate showed 
the presence of cyclohexyl isothiocyanate (3.23 mmol, 65%) 
and unreacted CCD (1.47 mmol, 29%). 

Reaction of PCD with KO Ac. A mixture of PCD (0.87 g, 
5 mmol) and KO Ac (0.98 g, 10 mmol) was stirred in THF (10 
ml) under reflux for 3 h. GLC analysis of the filtrate showed 
the presence of acetanilide(0.64 mmol, 13%), unreacted PCD 
(3.63 mmol, 73%), and small amounts of two unidentified 
compounds (ca. 3% each, as calculated from peak area in 
GLC). 

Reaction of PCD with KO Ac in the Presence of Crown Ether. 
A mixture of PCD (0.174 g, 1 mmol), KO Ac (0.196 g, 2 mmol) 
and dicyclohexyl-18-crown-6 (0.745 g, 2 mmol) was stirred in 
THF (10 ml) under reflux for 3 h. GLC analysis of the filtrate 
showed the presence of phenyl isocyanate (0.09 mmol, 9%) 
and acetanilide (0.75 mmol, 75%). 

Reaction of PCD with TlOAc. A mixture of PCD (0.87g, 
5 mmol) and TlOAc (2.63 g, 10 mmol) in THF (10 ml) was 
stirred under reflux for 3 h. GLC analysis of the filtrate showed 
the presence of phenyl isocyanate (0.21 mmol, 4.2%), acet­
anilide (3.74 mmol, 75%), and unreacted PCD (0.9 mmol, 
18%). The presence of phenyl isocyanate was also confirmed 
by the IR spectrum (VN=C=OJ 2250 cm-1) of the residue after 
evaporation of the solvent from the filtrate. The distillation 
of the residue gave 0.32 g of crude acetanilide, which was 
recrystallized from aqueous ethanol : the IR and NMR spectra 
were identical with those of an authentic sample. 

Reaction of PCD with KSCN. A mixture of PCD (0.87 g, 
5 mmol) and KSCN (0.97 g, 10 mmol) in THF (10 ml) was 
stirred under reflux for 3 h. GLC analysis of the filtrate showed 
the presence of phenyl isothiocyanate (1.85 mmol, 37%) and 
unreacted PCD (0.15 mmol, 3%). Similar treatment of PCD 
(10 mmol) with KSCN (10 mmol) in EtOH (20 ml) at 0—5 °C 
for 5 h, followed by extraction with CHC13, evaporation of 
the solvent, and addition of hexane to the residue, gave 0.84 g 
of yellow solid besides 17% yield of phenyl isothiocyanate. 
The solid was purified by repeated reprecipitation from DMF 
(DMF dissolves this solid) and water: mp 215—243 °C; IR, 
broad absorptions, with distinct ones due to phenyl group, and 
no absorptions due to -S-C=N or -N=C=S groups; Found: 
C, 47.98; H, 3.36; N, 18.54; S, 18.08; CI, 1.81%. 

Reaction of PCD with KSeCN. A mixture of PCD (0.87 
g, 5 mmol) and KSeCN (1.44 g, 10 mmol) in THF (10 ml) 
was stirred under reflux for 3 h. GLC analysis of the filtrate 
showed the presence of phenyl isoselenocyanate (2.91 mmol, 
58%) and unreacted PCD (0.38 mmol, 8%). The distillation 
gave 0.38 g of phenyl isoselenocyanate: bp 81—83 °C/5 Torr 
(lit,15) bp 82 °C/7 Torr); IR, 2130 and 2060cm-1 (vN=c=Se). 

file:///ZCNJ
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The IR and NMR spectra and the retention time in GLC 
were identical with those of an authentic sample.15) 

Reaction of Phenyl Isocyanide with CISCN. A mixture of 
SbCl5 (2.99 g, 10 mmol) and Pb(SCN)2 (3.23 g, 10 mmol) in 
CG14 (10 ml) was heated to 60 °C under stirring. To this 
mixture was slowly added a CC14 (10 ml) solution of phenyl 
isocyanide (1.03 g, 10 mmol), keeping the temperature at 60— 
70 °G. The resulting mixture was then stirred for 1 h. After 
being cooled down to room temperature the precipitated 
inorganic salt and tarry compounds were filtered off. The 
organic layer was washed with water and dried over Na2S04 . 
GLC analysis of the organic layer showed the presence of 
phenyl isothiocyanate (0.85 mmol, 8.5%), PCD (0.14 mmol, 
1.4%), unreacted phenyl isocyanide (ca. 20%), and two 
unidentified compounds (ca. 8—10% each, as calculated from 
peak area in GLC) which did not show any absorptions due 
to -S-C=N in the IR spectrum. 
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Cycloalkanones reacted with sodium pentacyanonitrosylferrate(II) (NP) to give red-brown or red-violet 
colored complexes under an alkaline condition. The solvolysis of the complexes gave <w-(hydroxyimino)alkanoic 
acids under a hot alkaline condition and gave eo-cyanoalkanoic acids or their esters in an acidic condition in good 
yields. These Products correspond to nitrosolysis products of cycloalkanones. The reaction mechanism was 
invesigated by use of 15N labeled NP. The complex was formed initially by an electrophilic attack of the 
nitrosyl ligand of NP to the active methylene of the cycloalkanone. Then a C-C bond cleavage of the 
resulting ligand, 2-(hydroxyimino) cycloalkanone, occurred by an action of the solvent species under the in­
fluence of the central ferrate ion. The solvolysis of the ligand occurred through Beckmann fission by an 
action of the acid in the coordination sphere. 

There have been a number of investigations of the 
nitrosation of aliphatic and alicyclic ketones by use of 
alkyl nitrite. While the nitrosation of aliphatic open 
chain ketones gave mononitrosation products,1) cyclo-
pentanone, cyclohexanone, and cycloheptanone gave the 
corresponding a,a'-bis(hydroxyimino) cyclic ketones.1-2) 
A reaction of another type, the nitrosolysis reaction : a 
carbon-carbon bond cleavage through solvolytic nitro­
sation, was reported for the nitrosation of cycloalkanones 
by use of nitrosyl chloride. 

Kataoka and Ohno3> found that the nitrosolysis of 
cyclohexanone under the following conditions gave 5-
cyanovaleric acid in 60% yield. T h e reaction was 
carried out by use of an ethereal solution of nitrosyl 
chloride in the presence of sulfuric acid and N,N-
dimethylformamide under a chilled condition ( — 30 °C). 
Recently, Rogic et al.4) reported a novel single step 
nitrosolysis of cyclopentanone, cyclohexanone, alkyl-
cyclohexanone, cyclododecanone, and cyclotridecanone. 
T h e reaction was carried out in liquid sulfur dioxide by 
use of nitrosyl chloride in the presence of an alcohol. 
T h e nitrosolysis of the cycloalkanones under the above 
conditions gave corresponding <w-(hydroxyimino)alkanoic 
esters in max 9 5 % yield. 

We have been investigating the nitrosation of ketones 
by using sodium pentacyanonitrosylferrate(II), (sodium 
nitroprusside) NP, as a nitrosation reagent. In an 
earlier work5) prior to these reports, we reported a 
similar nitrosolysis reaction which occurred in the 
alkaline hydrolysis of cycloalkanone-NP complexes. 

/ C = 0 OH-
(CH2)n | + NP • complex 

:H, 
10% NaOH, heat /COOH 

(CH2)n (i; 
\CH=NOH 

f Preliminary reports of this work were presented at the 
32nd and 33rd Annual Meetings of the Chemical Society of 
Japan, 1975. 

** Present address: Department of Chemistry, Faculty of 
Science, Fukuoka University, Nanakuma, Nishi-ku, Fukuoka 
814. 

T h e complexes reacted in a hot alkaline medium to 
give ft)-(hydroxyimino)alkanoic acids in good yield 
(Eq. 1). 

T h e present paper deals with the other nitrosolysis 
reaction of the cycloalkanone-NP complexes under acid-
catalyzed conditions : the complexes reacted with solvent 
species to give co-cyanoalkanoic acids and their esters 
also in good yields (Eq. 2). 

/ C = 0 OH-
(CH2)„ | + NP • complex 

XCH2 

H+, ROH, room temp /COOR 
(GH2)n 

^CN 
(2) 

T h e role of nitrosyl ligand of N P in the reaction is 
discussed in the following section, based on the experi­
mental results using 15N labeled NP. The structure of 
the intermediate complex is also discussed, based on the 
information about the structural investigation of an 
isolated cyclododecanone-NP complex. 

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

The Alkaline Hydrolysis Products of the Cycloalkanone-NP 
Complex. T h e red-violet or brown colored complexes 
prepared from N P and cycloalkanones were treated with 
aqueous alkali at the boiling point. The alkaline 
hydrolysis products of the cycloalkanone-NP complexes 
are shown in Table 1. These products were co-(hydroxy-
imino)alkanoic acids; however, no 2-(hydroxyimino)-
cycloalkanones were found in the hydrolysates. The 
detailed experimental results have already been describ­
ed in the previous paper.5) 

The Acid Hydrolysis Products of Cycloalkanone-NP 
Complex. After the aqueous methanolic solutions 
of cycloalkanone-NP complexes had been allowed to 
stand under an acidic condition, other products were 
found in the solution. These products were co-cyano-
alkanoic acid and their methyl esters (Table 2), which 
revealed an I R absorption band characteristic of 
aliphatic nitriles at 2245 cm"1 . The N M R data and 
C, H, N, contents of />-bromophenacyl esters derived 
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TABLE 1. ALKALINE HYDROLYSIS PRODUCTS OF CYCLOALKANONE-NP COMPLEXES 

Cycloalkanone Reaction product 

Cyclopentanone 
Cyclohexanone 
Cycloheptanone 
4-Methylcyclohexanonc 

HON=CH(CH2)3COOH 
HON=CH (CH2) 4COOH 
HON=GH (CH2) 5COOH 
HON=CHCH2CH (CH2) 2GOOH 

CHa 

Yield 
(%) 
38 
50 
25 
40 

Mpa> 
(°G) 

105—107 
112—113 
80—83 
68—70 

Recovery of 
ketone (%) 

60.0 
47.5 
70.2 
58.0 

a) Recrystallized from methyl acetate. 

TABLE 2. ACID HYDROLYSIS PRODUCTS OF CYCLOALKANONE-NP COMPLEXES 

Cycloalkanone Reaction products Yielda> 
(%) 

Bp (3 Torr) 
(°C) 

Mp 
(°G) 

Cyclopentanone 

Cyclohexanone 

Cycloheptanone 

Cyclooctanone 

Cyclododecanone 

NC(CH2)3COOCH3 

NC(CH2)3COOH 
glutarimide 

NC(CH2)4COOCH3 

NC(CH2)4COOH 

NC(CH2)5COOCH3 

NC(CH2)5COOH 

NC(CH2)6COOCH3 

NC(CH2)6COOH 

NC(CH2)10COOH 

23.6 
5.0 
8.9 

17.8 
27.8 

0.7 
25.6 

trace 
45.2 

37.9 

66—70 
110—115 
120—135 

88—93 
133—137 

95—98 
140—145 

120 
146—151 

185—190 

— 
— 

149.8 

— 

< 5 
— 

< 2 0 

— 
35.5 

53.5 

a) About 40% cycloalkanones were recovered in each experiment. 

TABLE 3. NMR SPECTRAL DATA OF SOME PRODUCTS (d ppm) 

Product CH, COOCH« Solvent 

NC(CH2)3COOCH3 

Glutarimide 
NC(CH2)4COOCH3 

NC(CH2)4COOH 
NC(CH2)5COOCH3 

NC(CH2)BCOOH 
NC(CH2)COOH 

1.94 (2H, m), 
2.00 (2H, m), 
1.65 (4H, m), 
1.65 (4H, m), 
1.60 (6H, m), 
1.65 (6H, m), 
1.6—1.7 (8H, 

2.42 (4H, t) 
2.60 (4H, t) 
2.37 (4H, t) 
2.40 (4H,t) 
2.30 (4H,t) 
2.34 (4H, t) 

m), 2.35 (4H,t) 

3.62 (3H, s) 
— 
3.69 (3H, s) 
— 
3.60 (3H, s) 
— 
— 

CC14 

CDC13 

CDC13 

CDC13 

CC14 

CC14 

CC14 

TABLE 4. C, H, N CONTENTS OF /»-BROMOPHENACYL ESTERS OF THE PRODUCTS 

/»-Bromophenacyl ester Mp 
(°C) 

Formula 
Found Calcd 

c% 
50.31 
51.66 
53.19 
54.28 
58.20 

H% 

3.87 
4.34 
4.61 
5.21 
6.49 

N% 

4.40 
4.22 
3.98 
4.00 
3.12 

c% 
50.34 
51.87 
53.27 
54.56 
58.85 

H% 

3.90 
4.35 
4.77 
5.15 
6.42 

N% 

4.51 
4.32 
4.13 
3.98 
3.43 

4-Cyanobutyrate 
5-Cyanovalerate 
6-Cyanohexanoate 
7-Cyanoheptanoate 
11-Cyanoundecanoate 

70.5 
78.6 
95.4 
68.3 
68.2 

C13H12NBr03 

C14H14NBr03 

C15H16NBr03 

C18H18NBr03 

C20H26NBrO3 

[(NC)5FeN-=o|VgCH2) io ^ (NC),Fe«-N* 

cACHî)* 

complex 

,0H compl ex - M _ [( N C)5 Fe( HA0)1 " -f- "*C~à H , 
OC-

-H NCfCH^COOH 

Fig. 1. A possible structure of the cyclododecanone-
NP complex and reaction products from it. 

from the acids are shown in Tables 3 and 4. No com­
ponents other than these products were found, except 
for the product? from cyclopentanone-NP complex: 
this complex gave a by-product, glutarimide. 

Structural Investigation on the Cyclododecanone-NP Com­
plex. Hydrolysis of cyclododecanone-NP complex 
normally gave 12-(hydroxyimino)dodecanoic acid under 
the alkaline conditions, and gave 11-cyanoundecanoic 
acid under the acidic conditions. However, after the 
aqueous solution of the complex had been allowed to 
stand under a weakly alkaline condition, another 
crystalline product, 2- (hydroxyimino) cyclododecanone, 
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was formed. These facts suggest the possible reaction 
routes which are illustrated in Fig. 1. 

T o investigate the structure of the intermediate 
complex shown in Fig. 1, we tried to isolate the cyclo-
dodecanone-NP complex in a pure form. T h e spectral 
data of the isolated complex supported the predicted 
structure of the complex illustrated in Fig. 1. As we 
would expect, hydrolysis of the isolated complex gave 
under the weakly alkaline conditions 2-(hydroxyimino) -
cyclododecanone, and also gave 11-cyanoundecanoic 
acid under the acidic conditions. 

Investigation of the Reaction Products Prepared from 
Cyclohexanone and 15N Labeled NP(N*P). In the 
hydrolysis of the cycloalkanone-NP complexes, we 
assumed that the nitrogen atom in the hydroxyimino or 
cyano group of the reaction products must be introduced 
from the nitrosyl ligand of N P . T o confirm the assump­
tion we have investigated the reaction products prepared 
from cyclohexanone and N * P , which contained 15N 
labeled nitrosyl ligands. 

Three kinds of N * P (N*P-0, N*P-5 and N*P-30) 
were prepared from sodium hexacyanoferrate(II) and 
15N labeled sodium nitrites. These sodium nitrites 
contained 15N of natural abundance, 5 % , and 30%. 
T h e I R spectra of the prepared N * P revealed the 
characteristic bands at 2150 c m - 1 (v CN), 1945 c m - 1 

(v 1 4 NO), and 1915 cm" 1 (v 1 5 NO, calcd 1911cm- 1 ) . 
T h e intensity of the last band increased with an increase 
in the 15N content of N * P , as shown in Fig. 2. 

1915 cm"1 

1945cm1 

(>N50) 
J\fr-0 

\ 
1945cm1 

(-"NHO) 
hfp-30 

Fig. 2. IR spectra of N*P. 

After having been prepared from cyclohexanone and 
N * P under the hot alkaline condition (Eq. 1), 6-
(hydroxyimino) valeric acid was checked for the presence 
of the hydroxyimino-15N group. Although the hydroxy-
imino-15N group was difficult to characterize by I R 
spectral analysis, the presence of 15N labeled fragment 
ion peaks {m/e 73, 128, and other values) in the mass 
spectra indicated the presence of the hydroxyimino-15N 
group, as shown in Eq. 3. T h e relative abundance of 
the labeled ion peaks increased with an increase in the 
15N content of N * P , as shown in Table 5. 

[HO-15N=CH(CH2)4COOH]t -—• M t - H 2 0 m/e 128 

M+ m/e 146 

H O - 1 5 N + = C H 

(3) 
m/e 73 

A more reliable method for detecting the hydroxy-
imino-15N group was performed by means of the 
following procedure. Methyl 5-cyanovalerate prepared 
from the 6-( hydroxyimino) valeric-15N acid by an 
ordinary method (Eq. 4) was checked for the presence 
of the cyano-15N group. 

T A B L E 5. 

N*P 

N*P-0 
N*P-5 
N*P-30 

RATIOS OF RELATIVE ABUNDANCE OF 

T H E FRAGMENT IONS ( I ) 

m/e73/m/e72 

47% 
49 
78 

m/el28/m/e\27 

25% 
27 
65 

^N natural 
abundance 

5°/. 

BN 30°/. 

2245 cm-' 
(-C=?*N) 

2215cm"1 

(-C=15N) 

Fig. 3. IR spectra of the methyl 5-cyanovalerates-
15N prepared from cyclohexanone and N*P. 

HO-15N=CH(CH2)4COOH 
CH,OH, H+ 

AcjO 
15NC(CH2)4COOH 

15NC(CH2)4COOCH3i (4) 

The I R spectrum of the methyl 5-cyanovalerate-15N 
revealed the characteristic bands at 2245 c m - 1 (v 14NG) 
and 2215 c m - 1 (i>15NC, calcd 2210 c m ' 1 ) . The intensity 
of the latter absorption band definitely increased with 
an increase in the 15N content of N * P used for the 
preparation of 6- (hydroxyimino)valeric-15N acid, as 
shown in Fig. 3. 

T h e mass spectrum of the methyl 5-cyanovalerate-15N 
of course revealed 15N labeled fragment ion peaks at 
mje 83, 111, and other values. 

[15NC(CH2)4COOCH3]t > 15NC(CH2)4C=0+ m/e III 

m/e 142 I 
(5) 

15NC(CH2)4
+ m/*83 

T h e relative abundance of the labeled ion peaks also 
increased with an increase in the 15N content of N * P 
used. T h e ratios of the relative abundance of the 
labeled and the corresponding unlabeled ion peaks were 
in fair agreement with the calculated values, as shown 
in Table 6. 

The methyl 5-cyanovalerate-15N were directly prepar-

TABLE 6. RATIOS OF RELATIVE ABUNDANCE OF 

THE FRAGMENT IONS(II) 

N*P 

N*P-0 
N*P-5 
N*P-30 

m/e 83/m/e 82 

Found 

8.8% 
14.1 
51.6 

Calcda> 

5.9% 
10.8 
48.8 

m/e 11 

Found 

8.3% 
16.1 
52.4 

Ijm/e 110 

Calcda> 

7.0% 
11.9 
49.9 

a) Calculated on the assumption that the ratios of 15N 
and 14N in the nitriles are nearly equal to the cor­
responding N*P. 
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ed from the cyclohexanone-N*P complexes according 
to the procedure described above (Eq. 2). T h e I R 
and mass spectra of these products were in fair agreement 
with those of the products which had been derived 
from the 6-(hydroxyimino)valeric-15N acid (Eq. 4). 

These facts indicate that the nitrogen atom in the 
functional group, i.e., hydroxyimino or cyano group, is 
definitely introduced from the nitrosyl ligand of NP 
through the nitrosolysis of cyclohexanonfc under either 
the alkaline or the acidic condition. 

Discussion on the Nitrosolysis of Cycloalkanones by Use of 
NP. There were a number of compounds which 
form colored complexes with NP . Ketones and aldehydes 
containing active methylene group showed a red, 
orange or violet color in an alkaline medium. These 
colors turned to bluish when the solution was made 
acidic.6) For example, a deep coloration occurred when 
aqueous alkaline solution containing acetone or aceto-
phenone was mixed with aqueous N P solution. The 
color gradually faded un till the final solution was yellow, 
producing pentacyanoaquoferrate(II) ion and a-hydro-
xyimino derivatives of the corresponding ketones, as 
shown in Eq. 6.7_s) T h e colored complex should be 
formed by an electrophilic attack of the nitrosyl ligand 
to the active methylene. Therefore, N P acted like a 
nitrosation reagent, such as alkyl nitrites, in the reaction. 

NP, OH-
CH3CO-Y • *• colored complex • 

[Fe(CN)BH20]*- + HON=CHCO-Y (6) 

(Y=CH 3 - , C6H5-) 

For example, when an aqueous solution of the 
colored acetophenone-NP complex was made acidic, 
very soon a flocculent precipitate of a-(hydroxyimino) -
acetophenone separated out, but no nitrosolysis products 
were formed under this condition. However, cyclo-
a lkanone-NP complexes reacted in a similar manner to 
give ft>-cyanoalkanoic acids under the acidic conditions, 
in general. T h e eo-cyanoalkanoic acid could result from 
fission of a carbon-carbon bond of the corresponding 
2-(hydroxyimino)cycloalkanone present as a ligand of 
the colored cycloalkanone-NP complex, a prusso com­
plex, as shown in Fig. 4. 

o-cJ-C h U 
OH - Hi 

-g£:iC H ' ' -
OH 

1^ vo-'-H -Hj.0 

I VC~N 

1 ^ C-v 
-Fe iN^ (CH 2 )nH 

o = c i C H ^ 

( b ) 
—-*• NïC(CH,)uCOOR 
ROH 
(R=CHj,H) 

«> H> 
H,0 

V(CH,), 

n = 3 (glutarimide) 

Fig. 4. A possible nitrosolysis reaction route of cyclo­
alkanones using NP. 

These facts indicate that the 2-(hydroxyimino)-
cycloalkanone present as the ligand of the prusso com­
plex should be in a labile state. T h e lability would be 

caused by a ring tension or an electron deficiency of 
the nitrogen atom under the influence of the electron-
withdrawing effect of the central metal ion. In this way 
the carbon-carbon bond cleavage of the ligand occurred 
by hydrolysis even under the alkaline condition and 
gave co- (hydroxyimino)alkanoic acids in a good yield 
(see Fig. 4a) . Under the acidic condition another 
solvolytic carbon-carbon bond cleavage of the ligand 
occurred by Beckmann fission, a Beckmann rearrange­
ment of an abnormal type10) in the coordination sphere, 
and gave eo-cyanoalkanoic acids and their esters (see 
Fig. 4b). The Beckmann rearrangement of the normal 
type also occurred in a special case by use of cyclo-
pen tanone-NP complex. The ligand of this complex, 
2-(hydroxyimino) cyclopentanone, was rearranged by 
acid into the more stable six-membered cyclic imide, 
i.e., glutarimide (see Fig. 4c). 

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

All melting points were uncorrected. The IR spectra were 
obtained on a Hitatchi EPI S-2 infracord. The NMR spectra 
were obtained on a Nippon Denshi JNM-PS-100. The mass 
spectra were obtained on a Hitatchi RMU-6E spectrometer. 

Reagent grade sodium pentacyanonitrosylferrate(II) hydrate 
(NP) and cycloalkanones were used without purification, while 
cyclohexanone was purified just before use by distillation under 
reduced pressure. Sodium nitrites-15N (16N contents: 5% and 
30%) were obtained from The British Oxygen Co., 

Preparation of Cycloalkanone-NP Complexes. Cycloalkanone 
(0.05 mol) and sodium hydroxide(0.10 mol) were dissolved in 
100 ml methanol. After having been cooled in an ice bath, 
the solution was poured into a solution of NP (0.05 mol) in 300 
ml methanol and then the mixture was stirred for one hour at 
0°C. The red-violet or red-brown colored complex was 
produced during the reaction. After the reaction had been 
completed, the solvent was removed under vacuum at room 
temperature to obtain a wet residue : crude cycloalkanone-NP 
complex. 

The Alkaline Hydrolysis of the Cycloalkanone—NP Complex. 
The alkaline hydrolysis (Eq. 1) was performed by means of 
the following procedure. After the crude complex had been 
treated with 10% aqueous sodium hydroxide solution for one 
hour under reflux, the hydrolysate was filtered. After the 
filtrate had been extracted with ether to remove the unchanged 
ketone, the aqueous layer made acidic and was extracted with 
ether to separate the reaction product: co-(hydroxyimino)-
alkanoic acid was precipitated as colorless needles upon 
recrystallization from methyl acetate. 

The Acid Hydrolysis of the Cycloalkanone-NP Complex. The 
acid hydrolysis (Eq. 2) was performed by means of the follow­
ing procedure. After having been made acidic to pH 3 with 
an appropriate acid, such as phosphoric acid or others, the 
aqueous solution of the crude complex stood for 24 h at 
room temperature, and was then extracted with ether. The 
reaction products and the unchanged ketone were separated 
from the ethereal extract by fractional distillation under 
reduced pressure. The products, eu-cyanoalkanoic acid and 
its methyl ester, were derived into the corresponding crystal­
line /»-bromophenacyl ester and were identified. 

The by-product, glutarimide, produced from cyclopen-
tanone-NP complex was confirmed by direct comparison with 
an authentic sample prepared from glutaric anhydride. 

Preparation of 2- (Hydroxyimino) cyclododecanone from the Complex. 
After the crude cyclododecanone-NP complex, which was 
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prepared by the method described above, had been dissolved 
in water, the solution (pH 12) was extracted with ether. 
2-(Hydroxyimino)cyclododecanone was separated from the 
ethereal extract; yield 0.2 g (from 0.05 mol cyclododecanone), 
mp 71—72 °C. Found: C, 68.15; H, 10.39; N, 6.65%. The 
IR, NMR, and mass spectral data corresponded to the authen­
tic sample prepared by the other method by use of nitrosyl 
chloride.3) After having been made acid to pH 3.5 with 6 M 
hydrochloric acid, the residual aqueous layer was extracted 
with ether. 11-Cyanoundecanoic acid was separated from 
the extract; yield 0.4 g, mp 52—54 °C. 
Isolation of the Cyclododecanone-NP Complex. Three grams 
of cyclododecanone was dissolved in a sodium methylate solu­
tion prepared from sodium(0.5 g) and anhydrous methanol 
(35 ml). To the solution 5.0 g of NP, in 65 ml of anhydrous 
methanol was added slowly and stirred for one hour. After 
the reaction had been completed, the mixture was concen­
trated to 35 ml under reduced pressure and was poured into 
200 ml of anhydrous ethanol to precipitate the complex. The 
precipitate was separated by means of centrifugation, washed, 
and dried under reduced pressure. The pure complex was a 
reddish violet powder; IR: 3400(broad, vOH), 2850 and 2920 
(vCH), 2040(sharp, vC=N, bonded to Fe), 1660(weak, vG=0), 
1610 and 1560 cm-1; NMR: Ö 1.35, 2.2(q) and 7.24(t) ppm 
(DMSO-</6). 

Hydrolysis of the Cyclododecanone-NP Complex. The purified 
cyclododecanone-NP complex(7.2 g, 14 mmol) was dissolved in 
100 ml of water, and the solution was extracted with ether. 
2- (Hydroxyimino) cyclododecanone was separated from the 
ethereal extract; yield 1.7 g(8 mmol). After having been made 
acid to pH 3.0 with 3M sulfuric acid, the residual aqueous 
layer was extracted with ether. 11-Cyanoundecanoic acid 
was separated from the extract; yield 1.0 g(4 mmol). 

Preparation of 15N Labeled NP (N*P). The general 
method of preparation of the N*P is as follows. Sodium 

nitrite containing an appropriate amount of 15N was dis­
solved in an aqueous solution of sodium hexacyanoferrate(II). 
After an aqueous solution of barium chloride had been added 
to the solution, carbon dioxide was bubbed into the solution 
with stirring at 100 °C, and then the solution was filtered to 
remove barium carbonate. The appropriate amount of ethanol 
was added to the filtrate to precipitate sodium chloride. The 
red crystalline N*P was separated from the supernatant liquor 
by concentration. 

The present work was partially supported by a 
Grant-in-Aid for Developmental Scientific Research 
from the Ministry of Education. 
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Akio YASUHARA and Kei-ichiro FUWA 

Division of Chemistry and Physics, National Institute for Environmental 
Studies, Yatabe, Tsukuba-gun, Ibaraki 300-21 

(Received October 16, 1976) 

Seventeen carboxylic acids and four phenol compounds were isolated from liquid swine manure by steam 
distillation and identified by gas chromatography-mass spectrometry. The major components are butyric, 
isovaleric, benzoic, phenylacetic acids, and j&-cresol. The only carboxylic acid fraction has the same odor as 
liquid acidic swine manure. The odor of the phenols is rather pleasant and sweetish. The butyric, isovaleric, 
and phenylacetic acids have a very strong malodor, while the odor of phenylacetic acid is identical with that of 
liquid acidic swine manure. 

The large quantities of manure produced by modern 
confinement swine buildings evolve a very strong and 
offensive odor by means of anaerobical microbial 
decomposition. The odor which is discharged into the 
atmosphere of the adjacent residential area is nuisance 
and polluting. 

Little is known about the chemical nature of the odor 
of swine manure . Information on the nature of the odor 
would, however, be valuable for odor control and 
deodorization in confinement swine buildings. 

The identification of some components in swine 
manure has been carried out by several research 
workers. Amines,1) alcohols,2) aldehydes,2) acids,2) 
ketones,3) and other substances4) which contain hydrogen 
sulfide, methane, etc. have been detected in the atmos­
phere of confinement swine buildings. However, in 
those studies only highly volatile components were 
caught because of the use of the head-space method. 
There is a possibility, therefore, that swine manure 
contains some other odorous components, because odor 
does not always result from major components. Another 
method is, then, required in order to isolate minor 
components possessing malodors.5) Steam distillation 
is another useful method for isolating odorous com­
pounds.6»7) 

An intolerable odor results from the acidification of 
swine manure . The acidic volatile compounds reported 
in poultry liquid manure8) are acetic, propionic, 
isobutyric, butyric, isovaleric, and valeric acids, while 
in swine manure formic, acetic, propionic, and butyric 
acids have been reported.2) However, none of these 
compounds explains the odor of acidic swine manure . 

This paper will deal with the separation of odorous 
components by steam distillation and with the results 
of the application of gas chromatography-mass spectro­
m e t r y and organoleptic techniques to the determination 
of the important compounds responsible for the malodor 
of liquid swine manure . 

Exper imenta l 

Gas Chromatography. A Model Shimadzu GC-5A gas 
Chromatograph was equipped with dual-flame ionization 
detectors, dual-thermoconductivity detectors, a matrix tem­
perature programmer, a dual-pen recorder, and a Takeda 
Riken -/r-2215A degital integrator. The flame detectors were 
operated using a hydrogen-flow rate of 50 ml/min and an air­
flow rate of 0.5 1/min. Thermoconductivity detectors were 

used for the organoleptic tests. 
The gas-chromatographic conditions were as follows on the 

carboxylic acid fraction: injector and detector temperatures, 
250 °C; column temperatures, 50 °C for 3 min, followed by 
an increase to 180 °G at a rate of 8 °C/min, and then held 
at 180 °G until the completion of the analysis; carrier-gas 
(nitrogen) flow rate, 20 ml/min at 6 kg/cm2. 

On the phenol fraction the gas-chromatographic conditions 
were as follows: injector and detector temperatures, 200 °G; 
column temperature, 160 °C; carrier-gas (nitrogen) flow rate, 
20 ml/min at 6 kg/cm2. 

A 3m x 3mm i.d. glass column packed with 2% DEGS+ 
0.5% H 3 P0 4 on 60- to 80-mesh, acid-washed, DMCS-treated 
Chromosorb-W was used for the analysis of the carboxylic 
acids and phenols. 

Mass Spectrometry. A Model JEOL JMS-D 100 mass 
spectrometer was connected with a JEOL JGC-20K gas 
Chromatograph. The gas-chromatographic conditions were the 
same as above. The mass-spectrometric conditions were as 
follows on both carboxylic acid and phenol fractions : ion-
source temperature, 140°C; ionizing current, 3x l0~ 4 A; 
ionizing voltage, 75, eV ; accelerating voltage, 3 kV; scan speed, 
5 sec from m/e 0 to 800. 

Sampling Procedure and Fractionation. The experiments 
reported here were performed using accumulating liquid swine 
manure collected from pits under confinement swine buildings. 
Liquid manure (36 1) was acidified with coned hydrochloric 
acid in order to move its pH below 1.0 and was then shaken 
two times with dichloromethane (4.81). The resultive slurry 
was separated and steam-distilled. The distillate was saturated 
with sodium chloride and extracted two times with dichloro­
methane. The extract was evaporated by means of a Kvrderna-
Danish concentrator under atmospheric pressure. The con­
centrated residue was dissolved in ether (50 ml) and frac­
tionated as will be described below. 

(a) Phenol Fraction. The ether solution was washed 
several times with a potassium hydroxide aquous solution. 
The organic layer was used for the neutral fraction. Sodium 
hydrogencarbonate was added to the aquous layer until satura­
tion, and then carbon dioxide gas was passed into it. Then, 
the separate phenol compounds were extracted with ether 
(50 ml). The extract was washed, dried, and concentrated. 

(b) Carboxylic Acid Fraction. After the extraction of the 
phenol compounds, the aquous layer was acidified with coned 
hydrochloric acid until it showed a pH below 1.0 ; then it was 
extracted with ether (50 ml). After washing and drying, the 
extract was evaporated to a small volume and then injected 
into the gas chromatgraph and the gas chromatograph-mass 
spectrometer without any protection of the carboxyl group. 

(c) Neutral Fraction. The organic layer obtained in 
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Operation (a) was washed, dried, and concentrated. 
Organoleptic Test for Odor. This test was carried out by 

means of smelling the odor of compounds progressively eluted 
from the outlet of the gas Chromatograph. 

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

The steam distillate has the same odor as acidic swine 
manure . In this case, steam distillation has been proved 
to be a useful method of obtaining odorous compounds. 

Separation and Identification of Volatile Carboxylic Acids. 
From several microlitres of the prepared sample 

solution injected into the gas Chromatograph, seventeen 
peaks were obtained on the D E G S + H 3 P 0 4 column. 
Figure 1 shows the gas chromatogram, while the table 
shows the results of the identification, which was per­
formed by a comparison of the measured mass spectra 
with the standard mass spectral data and by a com­
parison of the retention times with those of authentic 
samples. 

T h e main components are butyric, isovaleric, benzoic, 
and phenylacetic acids. The compound with the peak 
number of 13 was not identified, but it was confirmed 
to have the molecular formula of C 8 H 1 6 0 2 , according 
to its mass spectrum, which is as follows: mje (rel. 
intensity), 144 (2), 128 (35), 110 (15), 101 (17), 99 
(29), 83 (44), 73 (100), 68 (32), 55 (54), 43 (29), 41 (34). 

The organoleptic test shows that butyric, isovaleric, 
and phenylacetic acids have very strong malodors. The 
odor of phenylacetic acid is the most offensive among 
them; it is the same as that of acidic swine manure. 
Although butyric and isovaleric acids are recently 
considered as malodorous air pollutants, phenylacetic 
acid must be taken into consideration. Phenylacetic 
acid plays a very significant role in the malodor of liquid 
swine manure , although neutral or alkaline swine 
manure has a different order. 

The origin of the carboxylic acids is considered to be 
proteinaceous ma terial.2) 

r> I ' ' ' ' ' ' ' ' ' ' ' ' ' ' 1 ' ' I ' ' ' 1 ' I ' ' ' I ' ' ' 
0 5 10 , 15, . 20 25 30 

Time (mm.) 

Fig. 1. Gas chromatogram of volatile carboxylic acids 
in swine manure. 

TABLE 1. RESULTS OF IDENTIFICATION OF VOLATILE 

CARBOXYLIC ACIDS 

Peak 
number Name of compound 

Content 
ratio 
(%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Acetic acid 
Propionic acid 
Isobutyric acid 
Butyric acid 
Isovaleric acid 
Valeric acid 
2-Methylbutyric acid 
2,2-Dimethylpropionic acid 
Hexanoic acid 
4-Methylhexanoic acid 
Heptanoic acid 
Octanoic acid 
C8H1 602 

Nonanoic acid 
Benzoic acid 
Phenylacetic acid 
3-Phenylpropionic acid 

0.2 
1.6 
2.8 

10.1 
20.6 

2.2 
0.1 
0.6 
1.1 
0.1 
0.2 
0.7 
0.4 
0.1 

45.8 
9.9 
3.1 

f-Sotvent 

18 

19 

I I I I I I I I I I I I I I I 
0 5 10 15 

Time (min.) 

Fig. 2. Gas chromatogram of volatile phenols in phenol 
fraction of swine manure. (18): Phenol, (19): m-
and /»-cresols, (20) : /»-ethylphenol. 

Separation and identification of Volatile Phenols. 
Three peaks were obtained from the phenol fraction by 
gas chromatography using a D E G S + H 3 P 0 4 column. 
Identification was carried out by gas chromatograph-
mass spectrometry. Figure 2 shows the gas chromato­
gram. I t was confirmed by the use of a Golay R column 
(45 m X 0.25 m m i.d.) that />-cresol was the major 
component, m-cresol was the minor component, and 
o-cresol was not present. Furthermore, another phenol 
compound was observed in the neutral fraction. I t is 
2,6-di-£-butyl-j&-cresol, which is a well-known synthetic 
antioxidant. 2,6-Di-f-butyl-jb-cresol is absent in the 
phenol fraction because of an obstruction of the dissocia­
tion of the hydroxyl group by the steric hindrance of 
the two tertiary butyl groups and the hydroxyl group. 

Most of the phenols come from the disinfectant used 
in the confined swine buildings. 

Organoleptically, phenols have a rather pleasant and 
sweetish odor. Although they evidently do not contribute 
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any offensive notes to the odor of swine manure , they 
most certainly contribute to the total odor. 
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The standard enthalpy of formation of crystalline bis(tropolonato)copper(II) has been determined at 298.15 
K by solution calorimetry: A#°[Cu(trop)2] (c) = - 102.47±0.42 kcal mol"1. Enthalpy changes at 298.15 K 
for the following hypothetical gaseous reactions have been subsequently derived: 

Cu(g) + 2 trop- (g) = [Cu(trop)2](c) AH = - 150.4 ± 14.1 kcal mol"1 

Cu2+(g) + 2trop-(g) = [Cu(trop)2](c) AH = - 7 3 1 . 4 ± 11.4 kcal mol"1 

The corresponding homolytic (E) and heterolytic(ii') copper(II)-oxygen bond energy parameters were calculated as 

£cu-o = 38 ± 4 kcal mol"1 and E'Cv.-o = 183 ± 3 kcal mol"1 

respectively. 

The emphasis on the study of metal-complex com­
pounds has been largely on questions of stereochemistry 
and reactivity, but much work has also been done on 
the stability of particular species in aqueous solutions. 
In marked contrast, however, direct information 
on the strength of metal-ligand bonds is scarce. T h e 
determination of the heat of formation of a coordina­
tion compound is not particulary difficult, but , using 
this result to calculate the metal-ligand bond strength, 
often needs auxiliary data which are inaccurate, and 
difficult, or even impossidle to determine at the present 
stage of the development of chemical knowledge. 

In this paper we report the heat of formation of the 
copper (I I) complex of tropolone and consider the 
problem of deriving the copper (I I)-oxygen bond 
energies from it. Tropolone** forms complexes with 
metal ions analogous to /7-diketones.1) Many of the 
metal-tropolonates are crystalline, non-ionic solids, 
and volatile enough to sublime under reduced pres­
sure. Stability constant studies2) and the general 
behaviour of the tropolonates suggest that they are 
more stable than the corresponding acetylacetonates. 
Both complexes decompose into the metal cation 
and the protonated ligand in the presence of acid. 
We make use of this reaction to determine the en­
thalpy of formation of the crystalline complex bis-
(tropolonato) copper(II) and the corresponding G u - O 
bond energies. 

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

The Solution Calorimeter. The LKB 8700 reaction and 
solution precision calorimeter was used for all the reactions. 
This particular calorimeter has an 18 carat gold stirrer 
plated with pure gold, which was not attacked by acids, 
and a calibrating resistance (i?h) of 50.183 0 measured at 
the leads midway between the calorimeter and its jacket; 
thermistor resistance at 25 °G is 2000 O . 

The molar enthalpy of reaction was calculated from the 
relation AH=eARr/nRmi, where ARt=Ri—Rt, Äm r = (Ä i+ 
Rf)/2, n=number of moles of reactant, and Ri and R{ are 
the initial and final thermistor resistances in ohms as 
determined by the Dickinson treatment.3) The energy con­
stant, e, of the calorimetric system is given by E—Q,eRmcj 

** Tropolone (Htrop) = 2-hydroxy-2,4,6-cycloheptatrien-l-
one. 

ARC, where Q.c is an accurately defined quantity of heat 
supplied electrically via the built-in heater, QtC=RiLIH/ 
4.1840 cal (Rh is the resistance of the calibrating heater in 
ohms, / the calibration current in amps, and t the heating 
time in seconds), and Rmc and ARC have the same signif­
icance in a calibration experiment as Rmr and ART have 
in a reaction. The ratio AÄ r/Ämr is directly proportional 
to the temperature change. 

Thermochemical functions are expressed in terms of "the 
thermochemical calorie" (1 thermochemical calorie — 4.184 J) 
and refer to the isothermal process at 298.15 K and the 
true mass, calculated with the atomic weights of 1966 based 
on the isotope 12G. The uncertainty interval is twice the 
standard deviation of the mean. A check on the accuracy 
of the colorimeter was carried out by determining the heat 
of dissolution of iy,JV'/,JV'''-tris(hydroxymethyl)methane tri-
amine (tham) in dilute hydrochloric acid. The result, 
— 7.118±0.006 kcal mol - 1 is in agreement with previous 
results4) (-7.120±0.007 kcal mol-1). 

Materials. Tropolone, Htrop, was prepared by a 
modification of the method of Stevens etal.,^ recrystallised 
from light petroleum (40—60 °C), sublimed, and recrystal­
lised again from light petroleum, mp=51—52 °C (lit, 50— 
51 °G). 

Found: C, 68.7; H, 4.95%. Calcd for C7H6Oa: C, 68.8; 
H, 4.95%. 

Bis (tropolonato) copper (II). [Cu(trop)2]—A solution of 
"AnalaR" copper(II) sulfate pentahydrate (2.0 g) in water 
(30 cm3) was slowly added to a solution of tropolone (2.5 
g) in ethanol (100 cm3). The complex was filtered off, 
washed with cold ethanol, dried and recrystallised from 
benzene. Mp=298°C (dec) (lit, 300 °G«)). 

Found: C, 54.93; H, 3.30; Cu, 20.78%. Calcd for C14-
H10O4Cu: G, 54.99; H, 3.30; Cu, 20.78%. 

Copper(II) Sulfate Pentahydrate : "AnalaR" grade copper(II) 
sulfate pentahydrate was powdered and dried in a desiccator, 
over sillica gel, for 48 h. Its composition was determined 
by means of copper analyses and was found to be CuS04« 
5H 2 0. 

Sulfuric Acid. Concentrated "AnalaR" grade sulfuric 
acid was diluted with distilled water, and its concentration 
was determined by acid-base titration against Na2B4CylO 
H 2 0 , after convenient dilution, and found to be 2.1567± 
0.0003 M<>HaSCv23.69 H20.7> 

Calorimetric Solvent. A molar solution of "AnalaR" 
grade sulfuric acid was made up, by using a "B. D. H." 
concentrated volumetric solution. The concentration of the 
prepared solution was checked by acid-base titration against 
Na2B4Cy 10H2O. A series of six determinations gave the 
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result 1.0000±0.0005 M, which corresponds to the composi­
tion H2S04-53.5391H20.7> 

Analyses. All carbon and hydrogen analyses were 
carried out in the Microanalytical Service, University of 
Surrey; copper was analysed by a complexometric titration 
with ethylenediaminetetraacetic acid (H4edta) and Pyro-
catechol Violet as indicator.8) Since bis (tropolonato) copper-
(II) is insoluble in water, it was necessary to decompose 
the complex by treating samples with successive small 
amounts of concentrated nitric acid, followed by gentle 
evaporation to dryness. The residures were dissolved in 
the minimum possible amount of 1 M sulfuric acid, trans­
ferred to volumetric flasks and diluted with distilled water. 

Calculation. The standard enthalpy of formation of 
the bis(tropolonato)copper(II) complex can be determined 
from known standard enthalpies of formation and the 
enthalpy change for the reaction: 

2Htrop(c) + C u S 0 4 5 H 2 0 
AZ/„ 

H2S04 .5H20(aq) + [Gu(trop)2](c) (1) 

The difference between the enthalpies of solution of the 
products and reactants in the same stoichiometric ratio gives 
the required enthalpy of formation, provided equilibrium 
is reached from either side within the period of the ex­
periment. 

To 100.0 cm3 of calorimetric solvent, ampoules of bis-
(tropolonato)copper(II) were added consecutively, and AH2 

was measured. To a second portion of the same solvent 
(100.0cm3) were added consecutively ampoules of tropolone 
and copper(II) sulfate pentahydrate, and A//4 and AHb 

were measured. The thermochemical cycle and the general 
procedure used are given in the following scheme. The 
values of A / ^ and AH3 were calculated from literature 
data,9) and they were found to be AH1= +0.001±0.001 
kcal mol"1 and Atf3=0.000±0.001 kcal mol"1. In order to 
maintain the necessary stoichiometry of the reaction, the 
appropriate amounts of sulfuric acid and water were added 
to the calorimetric solvents by means of a calibrated 

CuSO4 .5.00H2O(c) + 2Htrop(c) + 18.69 H20(/) 

Atf5 A//4 Atf3 

Calorimetric solvent (H2S04-53.5391 H 2 0) 

Solution A3 

[Cu(trop)a](c) + H a S0 4 .23 .69H 2 0(/ ) 

I A//2 A//i 

Calorimetric solvent (H2S04-53.5391 H 2 0) 

Solution B2 

A//6 = 0 

Atf„ 

Solution A, 

Solvent + H 2 SCy23.69H 2 0 

-> Solution B, 
A//, 

-> Solution Bx 

Af/j 
Solution Bx + [Cu(trop)2] 

Atf3 

Solvent + H 2 0 » Solution Ax 
A//4 

* Solution B, 

Solution Ax + Htrop Solution A, 

Solution A2 + CuSO4-5.00H2O 

A # R - 18.69A#3 + 2Aff4 

Atf5 

-> Solution A, 

+ A//5 - A//x - A//2 + AH6 

Scheme. 

microsy ringe. 
The quantities of reactants in a particular series of ex­

periments were determined by the amount of bis(tropolonato)-
copper(II) in the particular ampoule; strict control of 
stoicheiometry was maintained throughout each series. 

When this procedure is used, the value calculated for 
A # R refers to the reaction indicated in the first line of 
the scheme, provided that solutions A3 and B2 are identical, 
and that the value of A//6 is zero. As a check on the 
validity of this assumption, ampoules of solution B2 were 
broken into A3 in the calorimeter; no detectable heat 
change occured. 

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

T h e experimental da ta are given in Table 1, leading 
to the value A # R = + 6 . 8 8 ± 0 . 0 6 kcal mol"1 . 

T h e following values were taken from the literature: 
AJ / ; [CuSO 4 . 5 .00 H 2 0 (c)] = - 5 4 4 . 8 5 kcal mol"1,10) 
AH? [Htrop (c)] = - 5 7 . 1 8 ± 0.21 kcal mo l - 1 n-12> and 
AZ/?[H2SO4-5.00 H 2 0 (aq)] = - 5 4 9 . 8 6 3 ± 0.001 kcal 
mol - 1 .9) T h e standard enthalpy of formation of 
crystalline bis(tropolonato)copper(II) , at 25 °C, was 
calculated from relationship (1) to be A/ /?[Cu( t rop) 2 ] 
(c) = - 1 0 2 . 4 7 ± 0 . 4 2 k c a l mol"1 . 

Enthalpies of sublimation of few coordination com­
pounds have been accurately measured, but from con-

TABLE 1. CALORIMETRIC STUDY OF [Cu(trop)2] 

(a) Addition of [Cu(trop)2] to Solution Bx. 

[Cu(trop)2] 
(104amount/mol) 103(AÄ/Äm) A//2/kcal mol" 

5.0013 
5.0033 
4.9892 
5.0213 
5.0033 
4.9882 

1.4018 
1.4099 

1.3992 
1.3967 
1.4276 
1.4046 

2586.1 
2583.5 
2584.3 
2580.1 
2572.8 
2584.0 

+ 7.249 
+ 7.280 
+ 7.248 
+ 7.177 
+ 7.341 

+ 7.276 
Mean: A # 2 = + 7.26±0.04kcal mol"1 

(b) Addition of Htrop to Solution Av 

Htrop 
( l O W ^ n o l ) W(A««-> AH4/kcal mol-

10.0266 
10.0373 
10.0234 
10.1241 
10.0266 
9.9972 

1.7224 2585.0 + 4.441 
1.7189 
1.7153 
1.7332 
1.6952 
1.7134 

2588.3 
2582.5 
2584.7 
2580.8 
2585.5 

+ 4.433 
+ 4.420 
+ 4.425 
+ 4.364 
+ 4.431 

Mean : A # 4 = + 4 .42±0.02 kcal mol - 1 

(c) Addition of CuSO4-5.00 H 2 0 to Solution A2. 

CuSO 4 5 .00H 2 O 
( 104amount/mol) 

103(Aß/Äm) A//6/kcal mol" 

4.9962 
5.0043 
4.9958 
5.0010 
5.0039 
4.9938 

1.0114 2588.9 + 5.240 
1.0266 
1.0266 
1.0343 

1.0297 
1.0237 

2578.3 
2577.4 
2582.5 
2574.1 
2593.1 

+ 5.289 
+ 5.296 
+ 5.332 
+ 5.297 
+ 5.316 

Mean: A//5 = + 5.30±0.03 kcal mol"1 
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sideration of the existing data it is possible to make a 
reasonable estimate for the bis(tropolonato)copper(II) 
complex;13) the uncertainty must be of the order of 
10 kcal mo l - 1 , bu t this only produces an uncertainty 
of ca. 2.5 kcal in the bond energy. Accordingy, if we 
take Ai/B°ui,[Gu(trop)2](c) = + 3 5 . 0 ± 1 0 . 0 kcal mol- 1 , the 
standard heat of formation of the geseous complex is 
AHÏ[Cu(trop)2] (g) = - 6 7 . 5 ± 10.0 kcal mol"1 . 

The metal-oxygen bond strengh can be related to 
the energy needed to break the molecule into metal 
and ligands, and all referred to the gaseous state (Eq. 
2), in order to remove the condensed state effects 

A//f(r) 
[Cu(trop)J(g) > Cu(g) + 2trop-(g) (2) 

Since the oxygens in /?-diketonates are known to 
be equivalent,14) which is supported by the crystal 
structure of this particular complex,16) the copper ( I I ) -
oxygen homolytic bond strengh i s ( C u - O ) , is AH°t(r)j4. 

Calculating the heat of formation of the tropolone 
radical itself presupposes a knowledge of the disso­
ciation energy of the tropolone, that is, the heat of 
reaction of process (3) 

Htrop(g) • H- (g) + trop- (g) (3) 

For acetylacetone (2,4-pentanedione),16) trifluoro-
acetylacetone (l,l ,l-trifluoro-2,4-pentanedione)17) and 
dipivaloylmethane (2,2,6,6-tetramethyl-2,4-pentane-
dione)17) we assumed a value of 100±5 kcal mol - 1 , 
but, because of the resonating tropolone ring, there 
is reason to suggest that a value closer to phenol (85 
kcal mol - 1 1 8 ) ) is more appropriate,19) Accordingly 
we take 9 0 ± 5 kcal m o l - 1 20) for the dissociation eneregy 
of Ht rop . I n this way, from the literature values of 
A i / ? [ H trop] (c) = - 5 7 . 1 8 ± 0 . 2 1 kcal mol" 1 "»«) and 
A//s°ub[Htrop](c) = + 2 0 . 1 ± 0 . 1 kcal mol"1,21) we calcu­
late AJJS[H trop] (g) = - 3 7 . 0 8 ± 0 . 2 3 kcal mol" 1 and, 
using the value A / / ? H ' (g) = 52.095 kcal mol"1,9) we 
calculate AH°t [trop1] (g) = 1 ± 5 kcal mol"1,20) 

As AJ/?[Cu(g)] =80 .86 kcal mol"1,10) the value of 
AH{(r) = \50A± 14.1 kcal m o l - 1 and, hence, the cop­
per (I I)-oxygen homolytic bond energy £ ' ( G u - 0 ) = 
3 8 ± 4 kcal m o l - 1 was calculated. 

I t is sometimes convenient to consider the bond 
energy in terms of the ions, as defined by equation (4) 

Ai/f(i) 
[Cu(trop)J(g) • Cu*+(g) + 2trop-(g) (4) 

Estimating the electron affinity of the ligands to be 
approximately equal to that of the oxygen atom, ZsL 

= 3 3 . 8 kcal mol -1 ,22) the enthalpy of formation of the 
gaseous tropolone ion was calculated to be — 3 3 ± 5 
kcal m o l - 1 20) and using the literature value of AHt 
[Cu2+](g) = 729.93 kcal mol"1 1 0) the value of A// f( i) 
for the ionic gas reaction (4) was calculated to be 
Atff( i ) = 731.4±11.2 kcal mol" 1 and, thence, the 
so-called heterolytic copper (I I)-oxygen bond energy 
£ ' ( C u - 0 ) = A / / f ( i ) / 4 is calculated as £ ' ( C u - 0 ) = 
= 183±3 kcal mol-1 . 

I n the present work, careful and precise measure­
ments of molar enthalpies of solution led to a new 
value of the standard enthalpy of formation of the 
crystalline complex of bis(tropolonato)copper(II) , with 
an accuracy better than 0 .4%. 

In at tempting a rigorous determination of bond 
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energies of complexes of tropolone, estimations of 
some enthalpies of sublimation have had to be made 
and, in addition, it has also been necessary to estimate 
the dissociation energy of the enolic hydrogen from 
tropolone. T h e resulting bond energies, therefore, 
have a large uncertainty attached to them. 

TABLE 2. (all values in kcal mol-1) 

Complex 

[Be(trop)2]
23> 

[Al(trop)J»> 
[Al(4-Metrop)3]

20> 
[Cu(trop)J 

AHt(r) 

263±11 
368±15 
357±15 
150±14 

£ ( M - 0 ) 

66±3 
61±3 
60±3 
38±4 

Ai/ f(i) 

833±11 
1468±15 
1487±15 

731±H 

E'(M-0) 

208±3 
250±3 
248±3 
183±3 

However, as is summarized in Table 2, the be­
ryllium-oxygen bond is stronger than the aluminium-
oxygen bond as one would expect from a simple elec­
trostatic model. The copper(II) complex has been 
studied because it contains the metal in a planar en­
vironment of ligands. In spite of all the assumptions 
that were required to obtain the metal-oxygen bond 
parameters, it seems to provide a clear evidence that 
the copper (II) complex has considerably weaker 
bonds than the aluminium and beryllium complexes. 

The value we obtained for the copper(II)-oxygen 
bond energy of the tropolonato complex (38±4kca l 
mol - 1 ) is very close to the value found by Jones and 
co-workers24) for the copper complex of acetylacetone 
(2,4-pentanedione) : 42 kcal mol - 1 . One would ex­
pect to find a higher value for the tropolonato complex 
as a direct result of the interaction of the bulky seven 
membered ring of the ligand and the chelate rings. 
However, it must be pointed out that the value of 
Jones et al. has been derived from the measured heat 
of combustion of the metal complex. This method 
has two major disadvantages for coordination com­
pounds with organic ligands: (a) a very large heat of 
combustion of the organic ligand, which tends to swamp 
the metal-ligand bond energy; (b) the difficulty of 
deciding the exact thermodynamic state of the com­
bustion products at the reference temperature. Nei­
ther of these is encountered in solution calorimetry 
where the formation reaction M + m L - » M L M is di­
rectly involved. 

As the conclusion of the above discussion we might 
think that a further investigation with other copper-
(II) complexes will be needed before more reliable 
information about this bond energy can be obtained. 

We thank the Galouste Gulbenkian Foundation, 
Lisbon, for the award of a research scholarship (to M. 
A.V.R.S.) and the Chemistry Department of the Fac­
ulty of Sciences, Oporto University, and "Instituto 
de Alta Cul tura ," Portugal, for leave of absence (to 
M.A.V.R.S.) . 
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Extractive Spectrophotometry Determination of Mercury with 
Thiobenzoylacetone ; Analysis of Waste Water 

M . V. R. M U R T I and S. M. K H O P K A R 
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(Received June 14, 1976) 

Thiobenzoylacetone was used for the extraction and spectrophotometric determination of mercury(II). 
The complex quantitatively extracted at pH 4.0 with 10 ml of 0.001 M reagent in benzene. After removing 
the excess of the reagent with the buffer solution of pH 12.0, the complex was measured at 345 nm against 
reagent blank prepared similarly. The system adhered to Beer's law in the concentration range of 0.6 to 
12.1 (xg of mercury per ml. The molar extinction coefficient was 1.7x10* and the sensitivity was 0.011 (xg/ 
cm2. The complex was stable for 48 h. The extraction was quantitative within 10 min of equilibbrium. 
It was possible to determine mercury in the presence of a large number of ions (1 : 1000). The method 
was found to be applicable to the analysis of waste water from chloro-alkali industries. 

Many investigations have been made on the extrac­
tive photometric determination of mercury (I I) with 
chelating ligands. l-(2-Pyridylazo)-2-naphthol1) was 
used for such purpose but the p H range of extraction 
was very narrow. T h e extraction involving dithizone2) 
has been considered unsatisfactory because of its ex­
treme sensitivity to variations in the laboratory con­
ditions, while Bindschedler's Green3) was used with 
some advantage but the dissolved chlorine in water 
showed a strong interference in such determinations. 
Brilliant Green4) is not a good extractant as gold, and 
thallium interfered seriously. T h e extraction with 
Crystal Violet5) was feasible within a narrow p H range 
of 1.3—1.6. In the Rhodamine-B6) extraction, heavy 
metals showed strong interferences, and the colour 
has to be stabilised by the addition of potassium bro­
mide. 

Amongst /9-diketones, extraction with acetylacetone 
and benzoylacetone7) were not quantitative. T h e 
extractions with dibenzoylmethane7) needed a long 
period of equilibration. Although thiothenoyltrifluoro-
acetone8-10) was a good extractant, it was necessary 
to remove the excess of the reagent in order to improve 
sensitivity. With di(thiobenzoyl)methane11) (II) as 
an extractant the absorbance was measured in the 
ultraviolet region. In this paper a simple, selective 
and sensitive method is described for solvent extraction 
and spectrophotometric determination of mercury(II) 
with thiobenzoylacetone. The method has been fur­
ther extended to the determination of mercury from 
waste water. 

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

Apparatus and Reagent. A Spektromom 204 spectro­
photometer with matched 10 mm quartz cuvettes, and a 
Cambridge pH meter with glass and calomel electrodes 
were used. 

Thiobenzoylacetone (SBA) was synthesised from benzoyl­
acetone (Fluka, A. G.) by the procedure described earlier.12) 
About 0.001 M reagent was used in benzene. The reagent 
was preferably preserved in a refrigerator. 

A stock solution of mercury was prepared by dissolving 
1.356 g of mercury (II) chloride (B. D. H. AnalaR) in 1 
litre of distilled water. The solution was standardised 
gravimetrically as thionalide.13) It contained 3.872 mg of 
mercury per ml. The solutions of lower concentrations 
were prepared by volumetric dilution of the stock solution. 

Buffer solution of pH 4.0 was prepared by dissolving 
14.0 g of sodium acetate in 500 ml of distilled water and 
acidified with 0.2 M acetic acid. 

Buffer solution of pH 12.0 was prepared by mixing 100 
ml of 0.05 M Borax and 126.5 ml of a 0.1 M sodium 
hydroxide solution. 

General Procedure. An aliquot of mercury (II) chloride 
solution containing about 48.4 (xg of mercury was taken. 
Then 10 ml of buffer solution of pH 4.0 was added, and 
the total volume of the aqueous phase was made to 25 ml. 
The solution was then introduced into a separatory funnel, 
and shaken with 10 ml of 0.001 M SBA in benzene for 
10 min. The layers were allowed to settle and separate. 
After separating out the aqueous phase, the organic phase 
was washed twice to remove excess of the free reagent 
with the buffer solution of pH 12.0. The organic phase 
was carefully withdrawn into a 10 ml volumetric flask. It 
was measured spectrophotometrically at 345 nm against a 
reagent blank prepared similarly. The amount of mercury 
was then calculated from the calibration curve. 

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

Absorption Spectra. T h e absorption spectrum 
of the Hg( I I ) -SBA complex extracted at p H 4.0 
against the reagent blank as a reference solution is shown 
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Fig. 1. Absorption of (A) mercury(II)-thiobenzoyl­
acetone complex vs. reagent blank, and (B) reagent 
blank, and (B) reagent blank vs. benzene. 

[Hg]=4 .84x lO- 5 M, S B A = 1 . 0 x l 0 - 3 M , pH 4.O. 
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in Fig. 1. The spectrum of the reagent blank vs. 
benzene is also given. The difference in absorbance 
between the Hg( I I ) -SBA complex and the reagent 
blank appears to be maximum around 345 nm ; All 
absorbance measurements were therefore carried out 
at 345 nm. The molar extinction coefficient of the 
complex at 345 n m was 1.7 x l O 4 when the concen­
tration of mercury was 48.4 [xg/10 ml and the effective 
cell width was 10 mm. T h e sensitivity as per San-
dell's definition was 0.011 fxg/cm2. 

Extraction as the Function of pH. T h e exraction 
of mercury was studied as a function of pH(Fig. 2) 
from 1.0 to 11.0. Figure 2 shows that the extraction 
was quantitative between p H 0.2 to 9.0 ; the extraction 
started decreasing at p H 9.5 and at 11.0, it was 60 .9%. 
Hence for all practical purposes p H 4.0 was employed 
for the purpose of extractions. 

Adherence to Beer's Law. Different amounts of 
mercury(II) were taken and extracted at p H 4.0 and 
measured at various wavelengths, such as 335, 345 
and 355 nm (Fig. 3). T h e Hg-SBA system conformed 
to Beer's law over the concentration range of 0.6 to 
12.1 of mercury per ml at 345 nm only. Furthermore, 
at this wavelength there is a maximum slope for the 

c*3 

0 1 2 3 4 5 6 7 8 9 1 0 It 

PH 
Fig. 2. Extraction of mercury as a function of D H . 

90 100 110 120 130 K 0 

absorbance-concentration plot. Hence all absorbance 
measurements were carried out at 345 nm. 

Stability of the Colour of the Complex. As per the 
general procedure, the absorbance of the Hg( I I ) com­
plex was measured at elapsed intervals of 0, 8, 16, 24, 
48, 72, and 118 h. The absorbance of the complex 
was constant for 48 h. Hence the complex should be 
measured within 48 h of complexation. 

Effect of Reagent Concentration. T h e extraction 
of mercury was carried out with varying concentration 
and varying volume of the reagent (Table 1). T h e 
result showed that a single extraction with 10 ml of 
0.001 M reagent was adequate for quantitative ex­
traction. There was insignificant enhancement in the 
extraction of mercury with greater concentration of 
reagent, and with dilute solutions the extraction was 
incomplete. 

TABLE 1. EFFECT OF REAGENT CONCENTRATION 

48.4 {jig of Hg(II); 0.001 M SBA in benzene 

SBA 
concentration 

MX 10-* 

2.0 
4.0 
5.0 
6.0 
8.0 

10.0 

15.0 
20.0 

SBA 
added, ml 

10 
10 
10 
10 
10 
10 
2.5a> 
5.0*) 
7.5*> 

15.0 
10 
10 

Absorbance 
at 345 nm 

0.165 
0.280 
0.380 
0.410 
0.410 
0.410 
0.210 
0.380 
0.410 
0.290 
0.410 
0.415 

Concentration of mercury, [jig/lOml. 

Fig. 3. Calibration curve at (A) 345 nm, (B) 335 nm, 
and (C) 355 nm. 

a) Volume is made to 10ml. 

Effect of Salting-Out Agents. T h e chlorides of 
ammonium, lithium, sodium and calcium (1 to 3 M) 
were used as salting-out agents to study their effects 
on the extraction of mercury with 0.001 M SBA at p H 
4.0 and 340 nm. T h e results showed that none of 
them had significant effects on extraction. 

Period of Equilibration. The period of equi­
libration was varied from 2—30 min. I t was observed 
that the extraction was quantitative after 7 min of 
equilibration. Hence for all purposes, 10 min equi­
libration period was employed. 

Effect of Diverse Ions. T h e results in Table 2 
show the effect of various ions the process of extraction. 
T h e tolerance limit was set at the amount of foreign 
ions required to cause a ± 2 % error in the mercury 
recovery. Alkali and alkaline earth metals, chloride, 
nitrite, nitrate, sulphate, acetate, perrhenate are tol­
erated in the ratio of 1 to 1000, whereas ions such as 
thal l ium(I) , cadmium, ant imony(V), b ismuth(I I I ) , 
osmium(VI) , p la t inum(IV) , aluminium, thorium, cer-
ium(IV) , manganese(II) ,beryll ium, sulphte, phosphate, 
fluoride arid anions of organic dicarboxylic acids were 
tolerated "in the ratio of 1 to 500. Other ions were 
tolerated in lesser ratios. Silver, lead, copper, pal-
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TABLE 2. EFFECT OF DIVERSE IONS 

Hg(II)=48.4[xg; pH = 4.0; 1Q-3M reagent 

Forign ion 
_ _ _ _ _ 

Pb2+ 

T1+ 

Cd2+ 

Sb3+ 

Bi3+ 

Os6+ 

Pt4+ 

Ir3+ 

Cu2+ 

Pd2+ 

Ru3+ 

Rh3+ 

Au3+ 

Fe 3 + 

Cr3+ 

Al3+ 

Th4+ 

u«+ 
Ce4+ 

Zr*+ 
Be2+ 

Zn2+ 

Mn 2+ 

Co2+ 

Ni 2 + 

Ga2+ 

Ba2+ 

Sr2+ 

Mg2+ 

Li+ 

Na+ 

a) Selectively 
in benzene.2) 

Added as 

A g N O s 

P b ( N 0 3 ) 2 

T1 2 S0 4 

C d ( N 0 3 ) 2 - 5 H 2 0 

S b 2 ( S 0 4 ) 3 

B i ( N 0 3 ) 3 5 H 2 0 

N a 2 0 s 0 4 

H 2 P t C l 6 . 4 H a O 

IrCl 3 

C u S 0 4 5 H 2 0 

P d C l 2 . 2 H a O 

RuCl 3 

RhGl 3 

H A u C l 4 * H 2 0 

F e 2 ( S 0 4 ) 3 - 6 H 2 0 

C r C I 3 - 6 H 2 0 

A 1 ( N 0 3 ) 3 - 9 H 2 0 

T h ( N 0 3 ) 4 

U 0 2 ( N 0 3 ) 2 - 6 H 2 0 

C e ( S 0 4 ) 2 - ( N H 4 ) 2 S 0 4 - 6 H 2 0 

Z r ( N 0 3 ) 4 

Be(NO s ) 2 

Z n S 0 4 7 H 2 0 

M n S 0 4 - 7 H 2 0 

C o S 0 4 - 6 H 2 0 

N i ( N 0 3 ) 2 - 6 H 2 0 

C a ( N 0 3 ) 2 - 6 H 2 0 

B a ( N 0 3 ) 2 - 4 H 2 0 

S r C l 2 - 2 H 2 0 

M g S 0 4 - 7 H 2 0 

L i 2 S 0 4 

N a 2 S 0 4 

extracted with 0 .25 M T T A 
c) Selectively extracted with 

Tolerance 
limit, fxg 

Interferes 

500a> 

10000 

10000 

10000 

10000 

13000 

10000 

500 

1000b> 

1200°) 

200 

2000 

50 

6000 

6000 

15000 

18000 

5000 

15000 

1000 

20000 

50000 

40000 

800 

1000 

50000 

50000 

50000 

50000 

100000 

100000 

in benzene at 

Forign ion 

K+ 

Rb+ 

Cs+ 

NH 4+ 

ci-
Br-

I -

N 0 3 -

N 0 2 -

SC-32-

so4
2-

PO 4
3 -

s2o3
2-

S C N -

C N -

F -

ta r t 3 -

cit3-

oxal2-

ascoraba te -

malona t e 2 -

E D T A 4 -

ace t a t e -

t h iou rea -

G 1 0 4 -

wo4
2-

M o 7 0 2 4
6 -

A s 0 3
3 -

R e 0 4 -

G r 0 4
2 -

v o 3 -

Added as 

KCl 

RbCl 

CsCl 

N H 4 N O s 

NaCl 

NH 4Br 

K I 

K N 0 3 

K N 0 2 

N a 2 S 0 3 - 7 H 2 0 

N a 2 S O 4 1 0 H 2 O 

N a 2 H P 0 4 1 2 H 2 0 

N a 2 S 2 0 3 - 5 H 2 0 

K S C N 

K C N 

N a F 

tar tar ic acid 

citric acid 

oxalic acid 

ascorbic acid 

malonic acid 

Tolerance 
limit, fxg 

100000 

100000 

100000 

100000 

50000 

100 

100 

50000 

50000 

25000 

50000 

25000 

100 

1000 

Interferes 

20000 

20000 

15000 

20000 

100 

20000 

disodium salt of E D T A 5000 

sodium acetate 

thiourea 

H C 1 0 4 

N a 2 W 0 4 - 2 H 2 0 

( N H 4 ) 6 M o 7 0 2 4 - 4 H 2 0 

Na 2 AsO a 

K R e 0 4 

K 2 C r 0 4 

N a V 0 3 

p H 4.O.2) b) Selectively extracted with 0 
. 1% dimethylglyoxime in methanol into chloroform. 

T A B L E 3. DETERMINATION OF MERCURY FROM WASTE W A T E R W I T H 

Volume 
taken 

(in ml) 

-

4 

6 

10 

AND 

Absorbance 

SBA BG 

0.065 0 .240 

0 .135 0 .470 

0 .205 0 .700 

0 .340 — 

BlNDSCHEDLER 's G R E E N (BG)3) 

Amount found 

SBA 

8 .24 

16.30 

24 .30 

4 0 . 4 

BG 

8 .24 

16.40 

24 .50 

— 

50000 

10000 

25000 

20000 

25000 

20000 

50000 

10000 

25000 

.15 M T T A 

THIOBENZOYLACETONE (SBA) 

Total amount of mercury present 
in 150 ml of waste water 

SBA method BG method 
in [ig 

1020.0 

1018.7 

1012.5 

1010.0 

1031.0 

1025.0 

1020.0 

— 

ladium and cyanide ions showed strong interference, 

bu t the interference of some of the ions was eliminated 

by selective extraction with 2-thenoyltrifluoroacetone2) 

for copper and lead, and dimethylglyoxime2) for pal­

ladium. 

Analysis of Mercury in Waste Water. T h e meth­

od was applied on waste water containing ethyl 

mercury which was collected from chloro-alkali in­

dustry. About 150 ml of waste water was treated 

with 10 ml of concentrated sulfuric acid and 30 ml 

of 3 0 % hydrogen peroxide. I t was gently heated over 

a waterbath until the foaming ceased. The solution 

was allowed to cool and it was diluted to 250 ml. 

A known volume of an aliquot of the solution was 

taken. T h e n 10 ml of buffer solution of p H 4.0 was 

added to it. The solution was extracted with 10 ml 
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of 0.001 M SBA in benzene. The absorbance of mer-
cury-thiobenzoylacetone complex was measured spec-
trophotometrically at 345 nm. For the purpose of 
comparison and testing the reproducibility the mer­
cury in waste water was also determined by the ex­
traction with Bindschedler's Green.3) T h e results 
obtained are summarised in Table 3. I t was seen 
that the proposed method compares favourably with 
existing methods for the separation and determination 
of mercury. 

From ten determinations with 48.4 fxg of Hg, the 
absorbance was found to be 0.410±0.010. T h e to­
tal operation requires about 45 min. T h e standard 
deviation was ± 1 . 5 4 % . 
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A compound of the type Ni(Bz-/?-ala)2-2H20 (Bz-/?-ala = benzoyl-/?-alaninate anion) and its amine 
adducts of the type Ni(Bz-/?-ala)2Bn-#H20 ( n = l ; B=piperazine (pipz), 1,10-phenanthroline (o-phen) and 
#— 2; 7i=l, B=2,2'-bipyridine (2,2'-bpy) and 4,4'-bipyridine (4,4'-bpy) and x—4; n = 2, B = JV-methylpiper-
azine (GH3-pipz), morpholine (morph), pyridine (py), 3-methylpyridine (3-pic) and 4-methylpyridine (4-pic) 
and x=2; n = 3, B=en, and x=0) were prepared. Each complex was characterized by elemental analysis, 
solid spectroscopy and magnetic moment. All the complexes are six-coordinated and the presence of NiOe 

and NiN6 chromophores for Ni(Bz-/?-ala)2-2H20 and Ni(en)3(Bz-/?-ala)2 complexes respectively and of Ni04N2 

chromophores for the amine adducts is suggested. In all the complexes the amino acid appears to act as a 
bidentate ligand toward the carboxyl group. A ligand field strength in the aromatic heterocyclic amine 
adducts was found greater than in the aliphatic heterocyclic amine adducts. The amine adducts complexes 
appear to dissociate in solution with a change of the donor site, without changing in the stereochemistry, 
around the nickel ion. 

In the framework of a systematic investigation we 
have examined the interaction of small peptides, 
as JV-acetyl-1-3) and JV-benzoylglycine4,5> with some 
transition metal ions. A recent study deals with the 
interaction of the copper ion with the benzoyl-/?-ala-
nine and the effect of the amines on the coordination 
properties of the amino acid and on the geometry 
around the copper ion.6> 

This work treats the nickel complexes of the ben-
zoyl-/?-alanine and their amine adducts. T h e nickel-
(II) peptide complexes may be of great help in un­
derstanding the reactions and stereochemistries of 
the peptide complexes of other metals, and thus the 
coordination behavior of peptides in general. Further 
interest may be derived by the fact that nickel may 
also have a biological role in animals, as it is recently 
suggested.7^ 

Exper imenta l 

Preparation of the Compounds. The Ni(Bz-/?-ala)2-2H20 
complex was prepared by mixing a potassium benzoyl-/?-
alaninate (2X 10~2 mmol) solution in methanol with a nickel-
(II) Perchlorate hexahydrate ( l x l0 _ 2 mmol ) in ethanol at 
room temperature. After cooling at 5 °C for one hour and 
filtering the potassium Perchlorate precipitated, the solution 
was slowly evaporated until an oil was obtained. The oil 
was dissolved in acetone, treated with diethyl ether and 
cooled at 5 °G. After some days a microcrystalline pale-
green compound separated from the solution. This nickel-
(II) salt was used as starting materials for the adduct 
preparation. 

Ni(Bz-ß-ala)oßi-2H20(B = py and morph). The com­
pounds were obtained by dissolving the nickel salt (1 mmol) 
in 3—4 cm3 of the amines, adding acetone (5 cm3) and 
diethyl ether (5 cm3) and cooling at 5 ° C 

Ni(Bz-ß-ala)2B%-2HiO(B=3-pic, 4-pic and CH3-pipz). 
The salts were prepared by dissolving the nickel salt (1 
mmol) in the amines (5 cm3), adding diethyl ether until an 
incipient precipitation was obtained and by cooling at 5 °C. 

Ni(Bz-ß-ala)%B-*H%0(B=pipz and o-phen and x = 2; B = 
4,4'-bpy and x = 4). The complexes were prepared by 
treating an ethanolic solution (5 cm3) of the nickel salt (1 
mmol) with an ethanolic solution (5 cm3) of the amines 

(1.5 mmol), adding diethyl ether and cooling at 5 °G. 
Ni(en)3(Bz-ß-ala)2. Complex was prepared by sus­

pending the nickel salt in ethanol (5 cm3), adding en (1 
cm3) and warming the solution at 50—60 °C until a clear 
solution was obtained. By adding diethyl ether and cooling 
at 5 °C a crystalline compound precipitated. 

Physical Measurments. Infrared spectra were recorded 
with a Perkin-Elmer 521 spectrophotometer in KBr pellets 
(4000—250 cm-1) and in Nujol mull (600—250 cm"1). The 
electronic spectra of the compounds were recorded with a 
Beckman DK 1A spectrophotometeter. Solid samples were 
prepared by grinding the complexes on a filter paper as 
support. The room-temperature magnetic moments were 
measured with Gouy method by using Ni(en)3S203 as 
calibrant and correcting for diamagnetism with the appro­
priate Pascal constants. 

Analyses. Nitrogen, carbon and hydrogen were ana­
lyzed by Mr. Giuseppe Pistoni using a Perkin-Elmer 240 
Elemental Analyser. 

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

T h e prepared compounds and their colors, anal­
yses and magnetic moments are reported in Table 
1. All the complexes are stable in air and soluble in 
chloroform or methanol. From these solvents the 
compounds cannot be recrystallized, as the ligand 
precipitated by evaporation of the solutions. 

Electronic and Magnetic Properties of the Complexes in 
the Solid State. T h e coordination geometry of the 
complexes reported in this paper is studied and dis­
cussed in the light of their electronic and magnetic 
properties. 

T h e magnetic moments (Table 1) of all the com­
plexes, which do not show significant change, passing 
from the (benzoyl-/?-alaninato) nickel(II) dihydrate 
to its adducts with bases, indicate a high spin con­
figuration, corresponding to a possible cubic or te­
tragonal symmetry.8) 

T h e electronic spectra of all the nickel complexes 
(Table 2) are typical of hexacoordinated nickel(II). 
T h e three absorption peaks in each spectrum indicate 
a rather symmetric octahedral field.9) The low energy 
band is broad, but all the others are quite symmetrical. 
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TABLE 1. ANALYTICAL AND MAGNETIC DATA 

C % H % H % 

Ni(Bz-0-ala)2.2H2O 
Ni(Bz-£-ala)2(pipz) • 2HaO 
Ni(Bz-0-ala)2(CH3-pipz)2. 2H 2 0 
Ni (Bz-^-ala) 2 (morph) 2 • 2H 2 0 
Ni(Bz-^-ala)2(py)2.2H20 
Ni(Bz-0-ala)2(3-pic)2 • 2H 2 0 
Ni(Bz-£-ala)2(4-pic)2 • 2H 2 0 
Ni(Bz-0-ala)2(2,2'-bpy) • 4HaO 
Ni(Bz-£-ala)2(4,4'-bpy) -4H20 
Ni(Bz-0-ala)2(o-phen) • 2H 2 0 
Ni(Bz-0-ala)2(en)3 

pale green 
pale green 
pale green 
pale green 
light blue 
light blue 
light blue 
pale green 
light blue 
pale green 
lilac 

Calcd 

50.11 
50.97 
53.01 
51.44 
56.51 
57.74 
57.74 
53.65 
53.65 
58.27 
50.07 

" 
Found 

49.44 
50.47 
53.40 
51.80 
56.23 
56.98 
57.69 
52.96 
54.27 
57.82 
50.01 

s 

Calcd 

5.05 
6.07 
7.12 
6.48 
5.38 
5.76 
5.76 
5.41 
5.41 
4.89 
7.11 

^ 
Found 

5.04 
6.50 
7.62 
6.82 
5.46 
5.93 
5.89 
5.45 
5.39 
4.87 
7.64 

' 
Calcd 

5.86 
9.92 

12.38 
8.58 
8.80 
8.43 
8.43 
8.35 
8.35 
8.50 

17.98 

. 
Found 

5.86 
10.11 
12.27 
8.37 
9.09 
8.36 
8.62 
9.10 
8.24 
8.73 

16.99 

//off 

3.47 
3.43 
3.19 
3.22 
3.31 
3.28 
3.22 
3.28 
3.47 
3.25 
3.06 

the oxygen and nitrogen atoms, confirming the amine 
coordination. Spectra exemplifying this situation are 
reported in Fig. 1. 

As the energy of the first band represents the average 
ligand field strength,9) we found a greater ligand field 
effect in the aromatic heterocyclic amine adducts than 
in the aliphatic heterocyclic amine adducts. 

Table 3 gives the wave numbers of the first band 
maximum of a series of nickel(II) and copper(II) 
complexes. T h e ratio between the observed wave 
numbers vcJvm gives a relative measure for the te-
tragonality of the copper complex and it was found 
that vcJvm varies from 1.1, in cases where the copper 
complexes approximate to cubic symmetry, to 1.7 
in the cases of strong tetragonality.13) The vcJvm 

values found for our adducts confirm that the copper 
adducts possess a strongly tetragonal distorted or 
square planar coordination as previously suggested.6) 

Infrared Spectra of the Complexes in the Solid State ( Table 
2). T h e assignment of the antisymmetric and 
symmetric carboxy stretching frequencies and of the 
GO ketonic and N H stretching frequencies of the ben-
zoyl-/?-alanine, which are considered very important 
in the assignment of the coordination sites on the amino 
acid, are made, as previously described,6) by com­
paring the amino acid, its potassium salt and their 
deuterated analogues. 

T h e peptide group is uncoordinated in all the com­
plexes reported in this work, as in the case of the cop­
per complexes,6) as the shift to higher energies of the 
N H and C O ketonic stretching bands with respect to 
the free ligands suggests. These groups are however 
differently involved in some inter or intramolecular 
hydrogen bondings varying their position from 1640 
—1642 c m - 1 v (CO) k e t and 3400 cm" 1 »(NH) in the py, 
3-pic and 4-pic adducts to 1618—1632 c m - 1 v(CO) k e t 

and 3400 c m - 1 v(NH) in the other complexes. This 
indicates lower hydrogen bonding interactions in the 
former complexes than in the latter. 

IR-active v(OGO) vibrations, associated with car-
boxylate ligands, RC02~", give rise to bands in the 
region 1300—1700 cm- 1 . Values of v (OCO) a s y m and 
j>(OCO)Bym for uni- or bi-dentate carboxylate ligands, 
R C 0 2 ~ , are dependent upon the eletronic nature of the 
group R, the properties of the central metal ion, and 

Fig. 1. Electronic spectra of the solid Ni(Bz-/?-ala)2-
2H 2 0 ( ) ; Ni(Bz-£-ala)2(morph)2.2H20 (oooo); 
Ni(Bz-jS-ala)2(py)2.2H20 ( ) and Ni(en)3(Bz-
j8-ala)2 ( ) complexes. 

T h e band maxima of the absorption spectra in Table 
2 are listed in order of increasing energy. T h e energy 
represents the eletronic transition from the 3A2g 

ground state to the successively higher excited 
states, *T2g(Vl), !£ , (* , ) , 3 T l g (F ) ( , 3 ) , and 3 T l g (P ) ( , 4 ) . 

The dihydrate bis(benzoyl-/?-alaninato)nickel(II) 
complex shows an electronic spectrum similar to that 
of the hexaaqua nickel(II) cation10,11) indicating no 
difference in ligand field strength between the oxygens 
of the water and of the benzoyl-/?-alanine. 

O n the other hand the tris(ethylenediamine)nickel-
(II) dibenzoyl-/5-alaninato complex shows the typical 
spectrum of the tris(ethylenediamine)nickel(II) cat­
ion11,12) suggesting the presence of the amino acids 
in the ionic form. 

When the effect of additional binding of amine 
ligands on the electronic spectrum of the bis(benzoyl-
/î-alaninato)nickel(II) dihydrate (NiO e chromophore) 
was investigated, it was found that the d-d bands shift 
linearly to a shorter wavelength toward the position 
of the d-d bands found for the tris(ethylenediamine)-
nickel(II) di-benzoyl-/7-alaninato complex (NiN6 

chromophore). This may indicate that the adduct 
complexes have chromophore groups containing both 



TABLE 2. ELECTRONIC AND INFRARED SPECTRA (cm-1) ON THE COMPLEXES IN THE SOLID STATE1) 
Ê 

»2 *i KNH) KNH)1 KCO)ko t x(OCO)a v(OGO)s Av 

Ni(Bz-^-ala)2-2H20 
Ni(Bz-£-ala)2. pipz • 2H aO 
Ni(Bz-^-ala)2(GH3-pipz)2.2H20 
Ni (Bz-£-aIa) 2 (morph) 2. 2H aO 
Ni(Bz-£-ala)2(py)2.2H20 
Ni(Bz-£-ala)2(3-pic)2. 2H aO 
Ni(Bz-^-ala)2(4-pic)2.2H20 
Ni(Bz-0-ala)2(2,2'-bpy) .4HaO 
Ni(Bz-£-ala)2(4,4'-bpy) .4H20 
Ni(Bz-£-ala)2 (o-phen). 2H 20 
Ni(en)3(Bz-jff-ala)2 

8810(17) 
9430(12) 
9850(10) 
9710(15) 

10000(20) 
10100(15) 
9950(12) 

10310(29) 
9900(21) 

10200(19) 
11760(37) 

13510 sh(16) 14930(21) 
15630(39) 
16260(14) 
15870(24) 
16260(30) 
16530(25) 
16260(18) 
16130(35) 
16340(46) 
16130(24) 
18350(35) 

25970(62) 
26320(114) 
27400(45) 
26880(53) 
28170(68) 
27770(48) 
27400(42) 
26320sh(68) 
27030sh (150) 
27400sh (150) 
28570sh(135) 

3330 vsb 
3347 m 
3358 s 
3340 sb 
3402 m 
3404 m 
3408 m 
3390 mb 
3320 sb 
3390 mb 
3300 s 

3300 sh 3222 m 3180 sh 

3232 s 
3260 m 3200 vs 

1625 vs 1562 vs 
1625 vs 1560 vs 

3275 sh 3230 sh 3135 m 

1618 vs 
1632 vs 
1642 vs 
1640vs 
1642 vs 
1625 vs 
1630 s 
1625 vs 
1625 vs 

1523 vs 
1530 vs 
1512 vs 
1510 vs 
1507 vs 
1558 vs 
1588 vs 
1558 vs 
1550 vs 

1404 vs 
1400 s 
1398vs 
1390vs 
1393 vs 
1390vs 
1388vs 
1412 s 
1402sb 
1412 s 
1382 vs 

158 
160 
125 
140 
119 
120 
119 
146 
186 
146 
168 

a 
T3 

It 

Ï 
O 

8 

I 
8-
I 

9 
sa ' 
S 
O 

a) Optical density in arbitrary scale are reported in parenthesis. 

TABLE 3. FIRST ABSORPTION BAND (cm"1) OF SEVERAL NICKEL(II) AND COPPER(II) COMPLEXES 

The ratio vCn(vm gives a measure of the tetragonality effects. 

Complex 

(Bz-£-ala)2(pipz) 
(Bz-£-ala)2(CH3-pipz)2 

(Bz-/?-ala) 2 (morph) 2 

(Bz-jff-ala)2(py)2 

TABLE 4. 

Ni(Bz-£-ala)2.2H20 
Ni(en)3(Bz-£-ala)2 

Ni(Bz-£-ala)2(CH3-pipz)2. 2H 2 0 

Ni(Bz-£-ala)2(morph)2 • 2H 20 

Ni(Bz-£-ala)2(py)2.2H20 

Ni(Bz-£-ala)2(3-pic)2 • 2H 2 0 

Ni (Bz-£-ala) 2 (4-pic) 2 • 2HaO 

v*i 

9430 
9850 
9710 

10000 

VCv 

16950 
15630 
16000 
16130 

»OuM« 

1.80 
1.59 
1.65 
1.61 

ELECTRONIC AND INFRARED SPECTRA (cm-1 AND 

MeOH 
MeOH 
CHG13 
GHGl3+GH3-pipz 
CHC13 

CHC13 +morph 
GHG13 

GHGl3+py 
GHC13 
CHCl3 + 3-pic 
GHC13 
GHC13 + 4-pic 

V\ 

8930(6) 
11560(7) 

8700(7) 

8700(7) 

9260(8) 
9430(8) 
9170(8) 
9480(8) 
9170(8) 
9520(9) 

Vi 

13700sh(4) 

13510 sh(5) 

13510 sh (5) 
13330 sh (5) 
13610 sh (4) 
13610 sh (4) 
13510 sh (5) 
13420sh(4) 
13510 sh (4) 
13510 sh (4) 

Complex 

(Bz-£-ala)2(4-pic)2 

(Bz-£-ala)2(2,2'-bpy) 
(Bz-£-ala)2(4,4'-bpy) 
(Bz-/?-ala) 2 (o-phen) 

vm 

9950 
10310 
9900 

10200 

e/lmol_1cm-1 (in parentheses)) OF THE COMPLEXES ] 

"3 

15270(4) 
18690(7) 
15150(7) 
15630(9) 
15130(7) 
15380(9) 
16000(9) 
16070(9) 

*l 

25640(10) 
29850(19) 
25640(19) 
26320(24) 
25640(17) 
25840(24) 
26670(17) 
26880(17) 

15870(9) 26320(18) 
16000(10) 25640(19) 
15920(9) 26320(18) 
16130(11) 26880(22) 

v(NH) 

3400 sh 
3410 sh 
3400sh 
3415 sh 
3350 mb 
3400 sh 3330 ms 
3400 sh 3325 m 
3380 sh 3325 m 
3365, 3325 m 
3400 sh 3322 s 

v(NH)B ; 

3310 mb 
3318 s 
3300 mb 
3315 s 

Vcn 

16130 
15870 
16000 
10530 13510 

IN SOLUTION*) 

KCO)ket Hoco)a 

1632 vs 
1638 vs 
1630 vs 
1638 vs 

1635 s 1592 vs 
1635 s 1590 vs 
1638 s 1590 vs 
1638 s 1588 vs 
1638 s 1592 vs 
1638 s 1600 vs 

voJvm 

1.62 
1.54 
1.62 
1.03 

K ( O C O ) S AV 

1410 s 222 
1410 sh 228 
1410 vsb 220 
1410 sh 228 
1408 vs 184 
1403 s 187 
1412 vs 178 
1408 vs 180 
1415 s 177 
1409 s 191 

a) The solution electronic and infrared spectra have identical concentration: (2.10—3.20)XlO_2M. ? 
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possibly the identity of the frmr-ligands present.14) 
T h e values of )»(OCO)a8ym and the Av separation 

(v(OCO) a s y m —v(OCO) s y m ) afford the most sensitive 
indication of the mode of carboxylate coordination. 
Bidentate carboxylate has values of K O C O ) a s y m

 a n d 
v(OCO)B y m close to those found in the corresponding 
free ion whereas unidentate carboxylate has K O C O ) a s y m 

at substantially higher frequencies and thus give 
larger values of Av.u>15) O u r assignment of uni- or 
bi-dentate carboxylate group is based on these criteria. 

The reported values of Av for the Ni(en)3(Bz-/?-ala)2 

complex of 168 c m - 1 are assumed to typify ionic ben-
zoyl-/?-alaninate spectra, for which the values of Av, 
found in all the complexes lower than 168 c m - 1 , may 
indicate the presence of bidentate carboxyl groups. 
In the py, 3-pic and 4-pic and CH3-pipz adducts 
in which the Zlv(119—125 cm - 1 ) is strongly reduced 
compared with the ionic values, it may suggest that both 
benzoyl-/3-alaninato ions act as symmetrical chelates.16) 

T h e highest values of Av are found for the pipz 
(160 cm-1) and 4,4'-bpy (186 cm"1) adducts. These 
ligands which cannot be bidentate, but have two donor 
sites, must therefore bind with different nickel ions 
giving rise to polymeric complexes. This is supported 
by their insolubility, by the similar behavior exhibited 
in other amino acid adducts.6) T h e coordination of 
the amines is confirmed by the shift to lower frequencies 
of the J > ( N H ) B (Table 2) in the aliphatic heterocyclic 
amine adducts and by the shift of the bands in the 
800—500 c m - 1 region in the aromatic heterocyclic 
amine adducts by respect to the free amines.6) In the 
en complex the position of the i>(NH)B bands is con­
sistent with a bidentate coordination of the ethylene-
diamine.17) 

Since the amino acid acts as chelating agent and 
the amines turn out to be clearly coordinated to the 
metal ion, we may exclude the presence of coordinated 
water in all the amine adducts. 

These results and the position of the d-d bands in all 
the amine adducts are consistent with the presence of 
N 2 0 4 donor sets. 

Electronic and Infrared Spectra of the Complexes in Solu­
tion (Table 4). T h e electronic spectra of all 
the complexes in solution moreover suggest the pres­
ence of hexacoordinated nickel(II). While the solu­
tion eletronic spectra of the Ni(Bz-/?-ala)2-2H20 and 
Ni(en)3(Bz-jö-ala)2 complexes in methanol resemble 
those of the solid complexes, those of the other adducts 
show a red shift of the d-d bands compared with those 
of the corresponding solid compounds greater in chlor­
oform in presence of an amine excess. T h e band at 
3310 and 3300 c m - 1 in the Ni(Bz-/3-ala)2-B2-2H20 
(B=CH 3 -p ipz and morph) , respectively, which is 
enhanced in intensity in presence of amine excess, 
may indicate the presence of uncoordinated amine. 
T h e v (OCO) a s y m position (1630—38 cm"1) and the 

Av separation (220—228 cm - 1 ) in these complexes are 
similar to those found for the benzoyl-/S-alaninato 
copper complexes and other copper complexes having 
dimeric carboxylate structure.6) This may suggest 
that the carboxylate group acts as dimeric bidentate 
or bridging unidentate ligand. T h e hypothesis of a 
copper acetate monohydrate type coordination cannot 
be supported by magnetic measurements in solution, 
these complexes being insufficiently soluble. 

Instead, an essentially unidentate coordination of 
the amino acid may be proposed for the aromatic 
heterocyclic amine adducts in chloroform solution 
from the v (OCO) a s y m position (1588—1600 cm"1) 
and from the Av separation (177—191 c m - 1 ) . Their 
electronic spectra are still consistent with a N i 0 4 N 2 

chromophore, suggesting that the two coordination 
positions lost from the carboxylate groups may be 
replaced by water molecules. 

T h e authors are grateful to Prof. Giorgio Peyronel 
of the Istituto di Chimica Generale ed Inorganica of 
the University of Modena for making the instruments 
available to us. 
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Six alkylammonium molybdates which we have prepared were examined for photochemical and photochromic 
properties in a solid and in an aqueous solution. The white crystals were reddish brown or violet when irradiated 
with UV light. Five compounds of the six were photochromic under aerobic conditions. The thermal return to the 
white color was slow, taking several hours at room temperature. The irradiation of the aqueous solution (pH 4.3— 
6.5) by UV light caused a blue coloration; the quantum yield increased with an increase in the molybdate concentra­
tion. A UV-induced coloration in both solid and solution was ascribable to the photoreduction of Mo(VI) to 
Mo(V). The blue form in the aqueous solution possesses several unique characteristics, including: (1) g = 1.926 
and a=52 G in its ESR spectrum; (2) the oxidation of Mo(V) to Mo(VI) upon exposure to oxygen, with an accom­
panying bleaching, and (3) thermochromism (blue form±>greenish yellow form) with A//r«=>15 kcal/mol. 

In previous papers we reported the photochromism of 
bis(dimethylammonium) trimolybdate monohydrate and 
bis(isopropylammonium) dimolybdate dihydrate.1 '2) 
When the polycrystalline material was irradiated with 
U V light, the white crystals became reddish brown or 
violet because of the formation of Mo(V) . A return to 
the original white color was observed in the dark in the 
presence of oxygen. This color change could be repeated 
many times. Recently, Arnaud-Neu and Schwing-Weill 
reported, on the basis of photochromism tests of the 
various molybdates of different amines, that only 
secondary amines yield photochromic molybdates.3) 
However, their conclusion is doubtful, since some of the 
primary aliphatic amines yield photochromic molyb­
dates. This report will present several generalizations 
regarding the photochemical behavior of the 6 alkyl­
ammonium molybdates in a solid and an aqueous 
solution; these generalizations should provide a better 
understanding of this behavior. 

Exper imenta l 

Preparation of Alkylammonium Molybdates. All the chemicals 
were of a G. R. or reagent grade of the Tokyo Kasei Co. and 
were used without further purification. 

Bis(isopropylammonium) dimolybdate dihydrate (IPAM), 
—Isopropylamine (52 ml) was added to a solution of (NH4)6-
Mo702 4-4H20 (80 g) in water (50 ml). After stirring about 
6 h, the solution was concentrated under reduced pressure to 
form a white solid, which was then filtered off and dried. 
One recrystallization of the crude product from water yielded 
colorless solids. Found: G, 13.96; H, 4.78; N, 5.96; Mo, 
40.0%. Calcd for (C3H10N)2 Mo 2 0 7 -2H 2 0 : C, 15.65; H, 
5.22; N, 6.09; Mo, 41.7%. 

Hexakis(isopropylammonium) Octamolybdate Dihydrate 
(6IPA8M2),4)—This compound was crystallized from an aque­
ous solution (10 ml) containing 5 g of bis(isopropylammonium) 
dimolybdate dihydrate at room temperature when the solu­
tion was kept in the dark for two weeks. Found: G, 13.09; H, 
4.21; N, 5.40; Mo, 47.2%. Calcd for (C3H10N)6H2Mo8O28. 
2 H 2 0 : C, 13.39; H, 4.09; N, 5.21; Mo, 47.6%. 

Bis(dimethylammonium) Trimolybdate Monohydrate (DM-
AM),—(NH4)6Mo7024-4H20 (300 g) was added to a solution 
of dimethylamine (40%) in 500 ml of water. After stirring 
about 4 h, the solution was concentrated under reduced pres­
sure, and the resultant white solid was allowed to crystallize. 

The white solid then dissolved in 1500 ml of water. This 
solution was warmed 50—60 °C while stirred for 2—3 h to 
form white precipitates. The precipitated product was filtered 
off, washed with cold water, and dried under a vacuum. 
Found: C, 8.68; H, 3.25; N, 5.12; Mo, 53.4%. Calcd for 
(C2HsN)2Mo3O10.H2O:C,8.59; H, 3.26; N, 5.01; Mo, 51.6%. 
DMAN could be otained by another method, too: The di-
oxobis(dimethyldithiocarbamato) molybdenum (VI) complex, 
Mo02[(CH3)2NCS2]2, was made by Moore and Larson's 
method5) and a nearly saturated solution of 1 g of Mo02-
[(CH3)2NCS2]2 in 1000 ml of chloroform was refluxed for 1— 
2 h. After cooling, a white product was allowed to crystallize. 

Bis(diethylammonium) Trimolybdate Monohydrate (DE-
AM),—DEAM was obtained by a modification of the above 
DMAM-preparation procedure using an aqueous solution of 
(NH4)6Mo7024-4H20 (10 g) in 20 ml of diethyl amine (40%). 
Found: G, 15.11; H, 4.24; N, 4.45; Mo, 47.1%. Calcd for 
(C4H12N)2Mo3O10.H2O: G, 15.64; H, 4.23; N, 4.56; Mo, 
46.9%. 

Bis(propylammonium) Dimolybdate Dihydrate (PAM),— 
PAM was obtained by a modification of the above IPAM-
preparation procedure using an aqueous solution of (NH4)6-
Mo 70 2 4-4H 20 (50 g) in 100 ml of propylamine (30%). 
Found: G, 14.24; H, 4.68; N, 5.81; Mo, 42.1%. Calcd for 
(C3H10N)2Mo2O7-2H2O: C, 15.65; H, 5.22; N, 6.09; Mo, 
41.7%. 

Bis(methylammonium) Dimolybdate Dihydrate (MAM),— 
MAM was obtained by a modification of the above IPAM-
preparation procedure using an aqueous solution of (NH4)6-
Mo 7 0 2 4 .4H 2 0 (350 g) in 450 ml of methylamine (30%). 
Found: C, 6.12; H, 3.93; N, 7.35; Mo, 46.2%. Calcd for 
(CH6N)2Mo207 .2H20: C, 5.94; H, 3.96; N, 6.93; Mo, 47.5%. 

Procedures. The sample was irradiated using a 500-W 
super-high-pressure Hg lamp. The following filters were used 
for the different wavelength regions: >313 nm, a liquid filter 
(1 cm thick) consisting of an aqueous solution of 0.5 g of 
potassium hydrogen phthalate/100 ml; 313 nm, conjunction 
with a liquid filter (3 cm thick) consisting of an aqueous solu­
tion of 46g of N iS0 4 . 6H 2 0+14g of CoSO4-7H2O/100 ml and 
a filter (1 cm thick) of a potassium hydrogen phthalate solu­
tion; 365 nm, Toshiba UV-D1+UV-35 filters. The light inten­
sities were measured by means of potassium ferrioxalate actino-
metry. The UV-induced coloration of the aerobic solution to 
blue was followed by the conduction with a He-Ne laser and a 
photodiode.6) The oxygen concentration was measured with 
a kyusuikagaku Kenkyusho D.O. Meter-TP. Thermochromism 
studies were done in a homemade Dewar vessel. The tempera-
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ture was measured by means of a copper-constantan thermo­
couple kept in contact with the sample cell (1 cm internal 
pathlength). The evacuation of solutions was carried out by 
several freeze-pump-thaw cycles on 10 -4 Torr. Molybdenum 
analyses were done by means of a Varian Techtron Model 
1000 atomic absorption spectrophotometer. Differential 
scanning calorimetry showed that each of the alkylammonium 
molybdates was stable below 100 °C. The IR (KBr discs) and 
Raman spectra were recorded on Shimadzu-IR-27G and 
JEOL laser Raman spectrophotometers respectively. The UV 
and visible absorption or reflectance spectra were taken with a 
Hitachi 624 spectrophotometer. The ESR spectra were ob­
tained with a Varian E-12 spectrometer. 

Photometry of Mo(V) in the Aqueous Solution. On the 
basis of the fact that the colored IPAM powder gave a blue 
color when dissolved in deaerated water, the photometric 
determination of Mo(V) in deaerated water was carried out, 
assuming that all of the Mo(V) in the colored powder was 
converted into the blue species in water. The number of spins 
due to Mo(V) in the UV-irradiated IPAM powder was 
obtained by comparing the sum of the intensities of the Mo(V) 
ESR signals with the intesity of a DPPH standard (1.44x 1015 

spin in the sample powder of 230 mg). When the sample 
powder was dissolved in the deaerated water, DPPH had no 
observable effect on the blue coloration, at least not during 
the experimental procedure. The numerical double integra­
tion of the Mo(V) signals showed that the Mo(V) exhibiting 
the blue color obeys Beer's law below 4 x 10~4 M (e730=2.3x 
10 3 M- 1 cm- 1 a t20°C) . 

Results and Discussion 

Photosensitive Properties in the Solid. In Fig. 1 
alkylammonium molybdates are divided into two 
categories according to the similarity among the I R 
spectra of the compounds in the M o - O vibrational 
region (400—1000 cm- 1 ) . T h e I R spectra of Group (1) 
compounds ( IPAM, 6IPA8M2, PAM, and M A M ) were 
very similar to those of ( N H 4 ) 6 M o 7 0 2 4 - 4 H 2 0 . T h e I R 
spectra of Group (2) compounds ( D M A M and DEAM) 
showed characteristic strong bands at «»500 and «»640 
cm - 1 . Table 1 lists the solubility in water, the absorp­
tion maximum (Amax) which is observed after irradiation 
with U V light, and the approximate speeds of the 
coloration and return reactions. Under irradiation with 
U V (313 or 365 nm) light, the white crystals were 

TABLE 1. PHOTOSENSITIVE ALKYLAMMONIUM MOLYBDATES 

Group 1 Group 2 

IPAM 

6IPA8M2 

PAM 

MAM 
(NH4)6Mo7024 

•4H20 

JDMAM 

DEAM 

1000 400 1000 800 600 400 

Group Alkylammonium 
^ molybdate 

t IPAM 

(1) ' 
6IAP8M2 
PAM 

I MAM 
r DMAM 

w 1 DEAM 

(108)a> 

( 11) 
( 90) 
(330) 
(1.4) 
(1.0) 

5 
""max» 

nm 

510 
480 
490 
480 
470 
475 

Approx. 
coloration 

time, minb) 

5—7 
«*3 

5—7 
1—2 

< 1 
< 1 

Approx. 
return 

time, hc> 

7—10 
15—20 
4—5 
— 

2—3 
2—3 

Fig. 1. IR spectra (KBr discs) of alkylammonium 
molybdates. 

a) Numbers in parentheses are solubilities in water 
(100 ml) at 20 °C. b) Numbers indicate the irradia­
tion time required to obtain the reflectance of Ä*50% 
at Ajnax when the white briquetted powder is exposed 
to UV (>313 nm) light at a distance of 30 cm from 
the light source, c) Numbers indicate the half-life 
period of the colored species at room temperature 
under aerobic conditions. 

reddish brown or violet. No significant changes in the 
I R spectra and X-ray diffraction powder patterns after 
irradiation were observed. T h e effect of oxygen on the 
coloration seemed to be negligible. T h e apparent 
coloration decreased in this order: D M A M , D E A M > 
M A M > 6 I P A 8 M 2 > I P A M , PAM. For D M A M , 
D E A M , 6IPA8M2, I P A M , and PAM, a return to the 
original white color was observed in the dark under 
aerobic conditions. Although the entire bleaching did 
not obey the simple first-order law, the half-life period 
of the colored species was several hours at room tem­
perature and increased in this order : D M A M , D E A M < 
P A M < I P A M < 6 I P A 8 M 2 . T h e return reaction was 
the thermal process which was catalyzed by oxygen, 
since irradiation with visible light or the deaerated 
system brought about no observable bleaching. There­
fore, the stronger bleaching effect was obtained by 
thermal treatment in oxygen. For example, «*1 a tm 
of oxygen at 50 ° G changed the return half-life of 
D M A M from 2—3 h under aerobic conditions a t room 
temperature to less than 10 min. M A M was UV-
sensitive, but did not return to the white color in the 
dark. I t should be noted that Group (2) compounds 
exhibit lower solubilities in water, higher U V sensiti­
vities, and faster return rates than Group ( 1 ) compounds. 
All of the colored polycrystallines exhibited an ESR 
signal due to Mo(V) , while the white crystallines 
exhibited no significant ESR signal of Mo(V).1 '2) T h e 
colored samples in Group (1) turned blue (Amax 730 nm, 
Ash 620 nm) , when dissolved in deaerated water. T h e 
resulting solution gave rise to a single intense line ( ^ = 
1.926), with six weak satelite lines, three on each side 
and equally spaced (a=52 G) , in its ESR spectrum, as 
was previously reported for IPAM.2) This equal spacing 
of the six weak lines indicated a hyperfine structure 
(hfs) due to isotopes with a nuclear spin of 5/2. The 
line-width was too great to allow the resolution of 
separate lines from 9 5Mo and 9 7Mo. This is not surpris­
ing, since the nuclear magnetic moments differ by only 
2%.7> T h e exposure of the blue solution to oxygen 
brought about the oxidation of Mo(V) to Mo(VI) , with 
an accompanying bleaching, resulting in no observable 
ESR signal of Mo(V) . T h e colored samples in Group 
(2) gave no detectable amount of Mo(V) in their 
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homogeneous deaerated solution, although the solution 
obtained was slightly blue. This seemed to be ascribable 
to the fact that each compound in Group (2) was much 
less soluble in water than these in Group (1). T h e 
difference in photosensitivity, reversibility, or the return 
rate among the 6 molybdates in the solid state may be 
strongly connected with their crystal structures. How­
ever, we have not made a crystal structure determination 
of any compounds except for 6IPA8M2. 

0 20 40 60 80 100 120 
Irradiation time (A=365 nm), min 

Fig. 2. Effect of oxygen on the UV-induced coloration 
of the aqueous solution containing 4% IPAM at 20 °G : 
[0 2 ] l n l=8.3ppm ( ), [O2] I n l=3.0ppm ( ), 
N2-bubbled ( ). Incident light intensity is 
3.0 X 10-5 E/l min. Optical path length of the solution 
is 45 mm. Small figure shows spectral changes of a 
deaerated solution with 1 cm of its thickness: (1) before 
irradiation, (2) after 5 min of 365 nm irradiation with 
incident intensity of 2.4X 10 -4 E/l min. 

Photosensitive Properties in the Aqueous Solution. 
Each of the fresh aqueous solutions exhibited p H levels 
of 4.3—6.5. Under the irradiation of a deaerated 
solution with U V light, the color changed from colorless 
to blue, as is shown in Fig. 2. Oxygen inhibited the 
UV-induced blue coloration of the solution: For the 
4 % solution of I P A M with initial oxygen levels of 8.3 
3.0, and «*0 ppm, U V irradiation caused the consump­
tion of oxygen in the course of the induction period, 
and coloration a t the steady state was observed when 
the oxygen level reached about 1 p p m (Fig. 2). The 
inhibiting effect of oxygen on the coloration may be 
explained in terms of the rapid oxidation process of 
Mo(V) to Mo(VI ) , judging from the fact tha t the blue 
form was oxidized by oxygen to yield the colorless form. 
T h e blue form was considered to be essentially the same 
as the blue form on the dissolution (in water) of a 
colored polycrystalline sample, judging from the 
similarity between their ESR spectra, giving g = 1.926 
and a = 5 2 G. T h e blue forms in the deaerated solution 
exhibited thermochromism (blue^greenish yellow) over 
the temperature range from 0 to 70 °C.8) Analysis of the 
temperature-dependent spectral changes in the I P A M 
solution revealed a single isosbestic point a t 480 n m 
between the blue and greenish yellow forms, as is 
shown in Fig. 3(a). With O D h and OÜ! referring to 
the optical densities a t 730 nm at the highest and the 
lowest temperatures respectively, a plot of (ODh—OD) 

500 600 7Q0 800 3.2' 3.3 3.4 
A, nm 103/T, K 

Fig. 3. Thermochromism of the blue form in the deae­
rated aqueous solution containing 4.3% IPAM: 
M o ( V ) = 2 . 6 x l 0 - 4 M . 

/ (OD-ODj) corresponding to the ratio of the concentra­
tion of the blue form to that of the greenish yellow form 
against the reciprocal absolute temperature was approxi­
mately linear, giving«» 15 kcal as the value of the heat 
of reaction (Ai / r ) on the equilibrium of the blue f o r i n t 
the greenish yellow form, as is shown in Fig. 3 (b). T h e 
same value of AHr was obtained for the M A M solution, 
supporting the idea that the chemical structure of the 
blue form is independent of the molybdates. T h e 
Mo(V) formation quantum yields (•/)) of the deaerated 
solution a t 20 °G are summarized in Table 2. A com­
parison of these data shows that the blue form is photo-
chemically produced at p H = 4 . 3 — 6 . 5 without any 
significant difference in YJ between irradiations with 
313 nm and 365 nm light and that TJ increases with an 
increase in the molybdate concentration. There have 
been no reports of the formation of blue species in an 
aqueous solution containing molybdates at p H 4.3—6.5. 
In aqueous solutions containing Na>aMo04 or (NH4)6-
M o 7 0 2 4 , Mo 7 0 2 4

6 ~, which is the predominant species 
at p H 4.8—6.8, is not reducible, although more acidic 
solutions (pH<;i .2) are easily reduced to a blue species, 
which is written as H2Mo2

vMo4
VIO19

2-.9 '10> These 

TABLE 2. QUANTUM YIELD OF THE DEAERATED AQUEOUS 

SOLUTIONS FOR THE M O ( V ) FORMATION 

A11 , • Initial Alkylammomum 
molybdate C™»> 

IPAM 

6IPA8M2 
MAM 
DMAM 
(NH4)6Mo7024 4H 2 0 

A.3 
2.8 
1.2 

to.4 
2.8 
4.8 
1.4 
4.0 

Fresh 
solution 

pH 

5.3 

6.2—6.5 
5.6 
4.3 
5.3 

Quantum 
yielda> 

""fois ifes 

0.48 0.48 
0.32 — 
0.30 — 
0.03 — 
0.38 0.30 
0.05 0.04 
0.04 — 
0 — 

a) y)313and y)365 indicate the quantum yields obtained 
by using the exciting light of 313 nm and 365 nm 
respectively. The incident light intensities at 313 
nm and 365 nm are 4—5xlO- 6E/lmin and 2.3— 
2.4 X 10-4 E/l min respectively. 
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conclusions are also supported by these of our experi­
mental results: bands in the Raman spectra of the 
molybdate solution appeared at 925, 890, 350, and 220 
c m - 1 and were close to those of the solid (NH 4 ) 6 Mo 7 0 2 4 -
4 H 2 0 . Furthermore, the solution of (NH 4 ) 6 Mo 7 0 2 4 * 
4 H 2 0 at p H 5.3 gave no blue species photochemically 
(Table 2). T h e tendency for YJ to increase with an 
increase in the molybdate concentration suggests that 
the primarily-formed photoproduct reacts with the 
ground-state molybdate to yield the mixed-valence 
blues containing molybdenum cluster groups. T h e 
possibility of a molybdenum cluster containing more 
than two atoms of Mo(V) (for example, H2Mo2

vMo4
V I-

0 1 9
2 - which may be produced when pH<!1.2), may be 

excluded, since Mo(V) should not obey Beer's law if 
this possibility is operative. In order to understand the 
reaction mechanism of the blue coloration, the structure 
of the blue form must be revealed at least. However, 
further speculation is inappropriate, since the true 
formula of the blue species is not known at present. 
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Synopsis. Phenols (phenol, hydroquinone, resorcinol, 
and o-cresol) reacted with prenyl halides (3-methyl-2-buteny 
chloride and geranyl chloride) in the presence of an alkali metal 
(Na) in ether. In these reactions, phenols with the corre­
sponding prenyl group at the ortho position were obtained 
selectively. 

Claisen et al. have reported that, in general, the 
amount of C-alkylation can be greatly increased by the 
alkylation of sodium phenolates in benzene.2) In a 
previous paper, we ourselves reported that phenol 
reacted with 3-methyl-2-butenyl chloride in the presence 
of metallic sodium in ether and that o-(3-methyl-2-
butenyl)phenol (1) was thus isolated selectively (98%). 
In this paper, the studies of this reaction will be reported 
in detail. 

In the reaction of phenol with geranyl chloride, o-
geranylphenol (2) was also obtained in a high yield 
(90%) in a reaction similar to that in the case of 3-
methyl-2-butenyl chloride. o-Cresol reacted with 3-
methyl-2-butenyl chloride in the same manner, and 
2-methyl-6-(3-methyl-2-butenyl) phenol (3) was obtained 
in a 76% yield. A similar reaction of hydroquinone with 
3-methyl-2-butenyl chloride afforded 4-hydroxy-2-(3-
methyl-2-butenyl)phenol (4) in a 6 6 % yield. In the 
case of resorcinol, 3-hydroxy-4-(3-methyl-2-butenyl)-
phenol (5) and 3-hydroxy-2-(3-methyl-2-butenyl)phenol 
(6) were obtained in 16 and 2 7 % yields respectively. 
In this case, though the structures were not determined, 
the di- and tri-isoprenylated compounds were confirmed 
by GC-MS (GLC peaks showing molecular ion peaks 
at m/e 246 and 414 were observed). 

From these results, metallic sodium in an aprotic 
solvent was found to be useful in obtaining selectively 
phenols with an acyclic isoprenyl group at the ortho 
position, while the Friedel-Crafts alkylation did not give 
such phenols mainly. 3> 

Exper imenta l 

The Reaction of Phenols with Allylic Chloride. To an ethereal 
solution (50 ml) of phenol (0.05 mol), metallic sodium (0.2 
mol) was added. After the mixture had been stirred for 0.5— 
1.5 h, an allylic chloride (0.05 mol) was added slowly; then 
the mixture was refluxed for 10 h. After the unreacted metallic 
sodium had been taken out, the solution was acidified with 
0.1 M aq HCl (20 ml) and extracted with ether. The ethereal 
solution was treated with 5% aq NaOH to remove the un­

reacted phenol, and then washed with water and dried over 
anhydrous sodium sulfate. After the removal of the solvent 
by distillation under reduced pressure, the products were 
obtained. The structures of the products were identified by 
means of the IR, NMR, and mass spectra. These IR and NMR 
spectral data agreed with the previously reported data. 

2-Geranylphenol(2).*) IR (cm"1): 3400, 1925, 1890, 
1780, 1210, 840, 750. NMR (Ô, CC14) : 1.57(s, 3,-GH3), 1.65 
(s, 3, -GH3), 1.69 (s, 3, -CH3), 2.00 (m, 4), 3.25 (d, 2, 7=7 .0 
Hz, -CH2-) , 5.10 (s, 1, -OH), 5.25 (t, 2 , 7 - 7 . 0 Hz, =CH-), 
6.50—7.10 (m, 4, aromatic protons). Mass (m/e) : 230 (M+). 

2-Methyl-6-(3-methyl-2-butenyl)phenol (3.h)) IR (cm"1) : 
3500, 1910, 1780, 845, 760, 740. NMR (<5,CC14) : 1.72 (s, 6, 
=C(CH3)2), 2.10 (s, 3, -CH3), 2.00 (m, 4), 3.25 (d, 2, J= 
7.0 Hz, -CH2-) , 5.10 (s, 1, -OH), 5.25 (t, 2, / = 7 . 0 H z , 
=CH-), 6.50—7.10 (m, 4, aromatic protons). Mass (mje): 
176 (M+), 161 (M+-15), 121 (M+-55). 

4-Hydroxy-2-(3-methyl-2-butenyl)phenol (4). mp 99-100 °C 
(colorless plates, lit,6) mpl02°C). IR (cm"1) : 3500, 1895, 1815 
1780, 840, 810. NMR (ô, GD3OD) : 1.67 (s, 6, =C(CH3)2), 
3.15 (d, 2, 7 = 7 . 0 Hz, -CH2-) , 5.10 (t, 1, 7=7 .0 Hz, =CH-), 
6.25—6.70 (m, 3, aromatic protons). MS (m/e): 178 (M+), 
123 (M+), 123 (M+ - 5 5 ) . 

3-Hydroxy-2-(3-methyl-2-butenyl)phenol (5) .7> IR (cm-1) : 
3500, 1655, 1200, 840, 800. NMR (ô, GC14): 1.74 (s, 3, 
-CH3), 1.79 (s, 3, -GH3), 3.32 (d, 2, 7=7 .0 Hz, -CH2-) , 
5.20(m, 3), 6.10-6.60 (m, 3, aromatic protons). MS (m/e) : 
178 (M+), 163 (M+ - 1 5 ) , 123 (M+ - 5 5 ) . 

3-Hydroxy-2-(3-methyl-2-butenyl) phenol (6).7> IR (cm-1) : 
3400, 1645, 1220, 835, 785, 775. NMR (ô, CG14) : 1.66 (s, 3, 
-CH3) , 1.72 (s, 3, -CH3), 3.09 (d, 2 ,7=7 .0 Hz, -CH.,-), 4.85 
(s, 2, -OH) , 5.13 (t, 1, 7=7 .0 Hz, =CH-), 6.15—6.80 (m, 
3, aromatic protons). MS (m/e): 178 (M+), 163 (M+—15), 
123 (M+-55). 
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Synopsis. The effect of urea on the 1st and 2nd CMC's 
of aqueous solutions of sodium and lithium dodecyl sulfates 
was investigated by the measuments of electric conductivity. 
The results were discussed in terms of the breaking effect of 
urea on the water structure not only around the hydrocarbon 
chains, but also around the counter ions of these surfactants. 

In our previous papers, the micelle structure in the 
aqueous solutions of sodium dodecyl sulfate (NaDS) 
was investigated mainly in the concentration region 
above the 1st critical micelle concentration (CMC) 
through systematic studies including measurements of 
the electric conductivity,1) density, viscosity,2) light-
scattering,3) and depolarization of fluorescence.4) I t was 
revealed by these studies that there exists a 2nd C M C , 
where a change in the micelle structure takes place. 
Furthermore, in order to investigate the effect of the 
counter ions on the 2nd C M C , conductivity measure­
ments were carried out in solutions of potassium (KDS) 
and lithium (LiDS) dodecyl sulfates in addition to 
NaDS.5) I t was revealed that, at the 2nd C M C , there 
occurs an increased counter-ion binding with the micelle. 

I t is well known that urea disrupts the water struc­
ture.6) Several workers have used dissolved urea as a 
probe for investigating the contribution of structural 
changes in water to micelle formation.7-9) In this 
study, conductivity measurements were carried out over 
a wide concentration range of NaDS and LiDS solutions 
in the presence of urea. The results were discussed by 
taking into account the effect of urea on the water 
structure, not only around the hydrocarbon chains, 
but also around the counter ions of these surfactants. 

Exper imenta l 

The NaDS and LiDS used in this study were the same as 
those described in our previous paper.5) Urea obtained from 
the Wako Pure Chemical Co. was recrystallized from 65 vol% 
aqueous etanol below 40°C.10) The conductivity was meas­
ured in the manner described in a previous work.1) 

Resu l t s and D i s c u s s i o n 

The results of the conductivity measurements in the 
neighborhood of the 1st C M C are shown in Fig. 1, 
where the specific conductivity (K) is plotted againt 
the concentration of NaDS solutions containing various 
amounts of urea. The 1st C M C of a NaDS solution 
rises with an increase in the concentration of urea, as 
has been observed by other workers.7-9) In recent 
investigations, the micelle formation has been discussed 
in terms of a change in the water structure according to 
Frank and Evan's theory;11) the formation of the so-
called iceberg structure around the hydrocarbon chains 

of surfactant molecules brings about a loss of entropy 
at their dissolution. The increase in C M C values in 
the presence of urea may be ascribed to a drop in the 
standard chemical potential of the surfactant in the 
monomeric state due to the breaking effect of urea on 
the iceberg structure, without any corresponding large 
change in the micellar state. 

The ratio of the C M C in the presence of urea to the 
C M C in the absence of urea, C M C / C M C (0), is plotted 
against the concentration of urea in Fig. 2, where the 
results for the NaDS solution are compared with those 
for the LiDS solution. These results agree fairly well 
with those obtained by Schick,9) who gives no explana­
tion for the difference in C M C / C M C (0) between the 
NaDS solution and the LiDS solution. The effect of 
urea on the two hydrated counter ions, Li + and Na+ , 
needs to be discussed. 

Bower and Robinson12) revealed, by means of the 
isopiestic vapor pressure method, that the activity 
coefficient of NaCl is decreased by the addition of urea. 
The Na+ ion is a structure-former, as is well known, and 
has a structural-orienting influence on neighboring 
water molecules.11»13) T h e decrease in the activity 
coefficient of NaCl by urea may result from an increased 
electrostatic interaction between Na+ and C I - due to a 
diminished hydration of Na+. T h a t is, urea disrupts 
the water structure in the vicinity of Na+. This effect 
of urea may facilitate the adsorption of Na+ as a counter 
ion on the micelle surface. The results shown in Fig. 2 
may include the effect of urea on the counter ion, 
which lowers the 1st C M C , in addition to that on 
the hydrocarbon chain, which raises the 1st C M C . The 
Li+ ion, which is more strongly hydrated in the absence 
of urea (than Na + ) , may be more effective on the 
lowering of the 1st C M C in the presence of urea than 
Na+. Thus, the increment in CMC/CMC(0) for LiDS 
solutions is less than that for NaDS solutions, as is 
shown in Fig. 2. 

The conductivity measurements over a wide concent­
ration range of NaDS solutions are shown in Fig. 3, 
where the results in the presence of urea are compared 
with those in the absence of urea. There occurs a break 
point corresponding to the 2nd C M C , in addition to 
that at the 1st C M C , as revealed by the conductivity 
measurements in our previous papers.1»5) Moreover, the 
specific conductivity vs. concentration curve bends 
toward the concentration axis at the 2nd C M C in the 
presence of urea, while it breaks upward in the absence 
of urea, as was also observed in our previous work.1»5) 
T h e conductivity behavior of the NaDS solutions at 
the 2nd C M C can be made clear in Fig. 4(a),which shows 
the deviation of the specific conductivity from the 
extrapolation of the linear plot of the specific conduc-
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Fig. 1. Specific conductivities of NaDS 
solutions in the presence of urea in 
the neighborhood of the 1st CMC; 
concentration of urea: (1) 0 M, (2) 2 
M, (3) 4 M, (4) 6 M, (5) 8 M. 

"0 2 4 6 

Concentration of urea, M 

Fig. 2. CMC/CMC (0) 
of surfactant solutions; 
(1) NaDS, (2) LiDS. 

tivity vs. concentration below the 2nd C M C in Fig. 3 
to a higher concentration, AA:; AK is negative, at least 
in the concentration range of urea studied. Further­
more, A/r increases and, at the same time, the 2nd C M C 
as well as the 1st C M C rises, with an increase in the 
concentration of urea. The effect of urea on the conduc­
tivity behavior above the 2nd C M C of LiDS solutions 
is similar to that in NaDS solutions, as is shown in 
Fig. 4(b). 

I t was suggested in our previous studies1-5) that a 
change in the micelle structure at the 2nd C M C leads 
to an increase in the counter-ion binding with the 
micelle to compensate for the increment in the electro­
static energy resulting from the closer aggregation of 
hydrophilic parts of the amphipathic ions, of which the 
micelle is composed, above the 2nd C M C than below 

"60 ~70~ 80 90 100 110 120 

Concentration of LiDS, mM 

Fig. 4. A/c of NaDS (a) and LiDS (b) solutions; 
concentration of urea: (1) 0 M, (2) 1 M, (3) 2 M, (4) 
4 M, (5) 6 M, (6) 8 M. 

20 40 60 80 100 120 140 

Concentration of NaDS, m M 

Fig. 3. Specific conductivities 
of NaDS solutions; (1) no ad­
ditive, (2) 8 M urea. The 
arrows in the figure indicate 
the 1st and 2nd CMC's. 

the 2nd C M C . As has been mentioned above, the 
disruption of the water structure by urea brings about a 
diminished hydration of the alkali metal counter ions 
of dodecyl sulfate. Under these circumstances, some 
counter ions in the bulk may be adsorbed additionally 
on the micelle surface at the 2nd C M C . As can be seen 
in Figs. 4 (a) and 4 (b), the lowering of the slopes of the 
straight lines above the 2nd C M C may be ascribed 
at least partly to a decrease in the counter-ion 
concentration in the bulk. Furthermore, the increase 
in the 2nd C M C with the concentration of urea (see 
Figs. 4 (a) and 4 (b)) may be caused primarily by the 
change in the standard chemical potentials of the 
surfactant in the monomeric state, as well as in the 
micellar state between 1st and 2nd C M C , relative to 
the corresponding change in the micellar state above 
the 2nd C M C . 
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Synopsis. When an anodic oxide film of titanium 
and a pyrolytically prepared TiOa film were subjected to a 
heat-treatment in an argon atmosphere, their activities for 
photo-sensitized oxidation of water were improved. 

The photo-sensitized oxidation of water on an 
illuminated rutile electrode1) has been studied recently 
by many investigators with a special interest in photo-emf 
cells.2'3) The electrochemical properties of T i 0 2 film 
electrodes prepared by a variety of methods, such as 
chemical vapor deposition,4 '5) anodic oxidation,5-7) 
thermal oxidation,6 '8 '9) pyrolysis of t i tanium salts,10) and 
spraying by a plasma jet,8) as well as of single crystal 
rutile, have been investigated in connection with the 
photo-sensitized oxidation. The following points can be 
noticed in these investigations: (1) the anodic oxide 
film shows far less activity than that of single crystal 
rutile; (2) the films prepared by the thermal oxidation 
do not always have the same properties, but have some 
possibility of giving the same activity as that of single 
crystal rutile if a suitable preparation condition is 
chosen; and (3) the activities of the pyrolytically 
prepared film for oxygen adsorption and for photo­
sensitized oxidation of chloride ions are influenced by 
the preparation temperature of the film. 

It is suggested by the above information that the 
heat-treatment has a great influence on the activity of a 
T i O a film electrode for the photo-sensitized oxidation 
of water. The present study was conducted, therefore, 
to elucidate the effect of the heat-treatment on the 
activity of T i 0 2 films. Anodically formed and pyroly­
tically prepared films were chosen for the T i 0 2 films. 

Exper imenta l 

A rectangular titanium sheet (20 X 10x0.5 mm) was ano­
dically oxidized in ethylene glycol containing 100 g/1 sodium 
borate.11) Sodium borate was purified by recrystallization 
from distilled water twice, and ethylene glycol was distilled 
twice. When the titanium electrode was oxidized with a 
constant current of 0.5 mA/cm2, its potenial increased with 
the oxidation time until it reached around 20 V vs. S.C.E., 
after which no further potential rise occurred. After the polar­
ization under this condition for 20 min, the current density 
was changed to 1 mA/cm2 and maintained at that value until 
the potential reached a desired value. The heat-treatment was 
conducted under an argon atmosphere at a desired tempera­
ture for 1 h. Pyrolytic T i 0 2 films were prepared by the same 
procedure as that described previously,12) except that a solu­
tion of 0.1 mol-dm - 3 TiCl3-20% HCl containing a few drops 
of 30% H 2 0 2 was subjected to the pyrolysis. A 500 W xenon 
arc lamp was used as a light source and monochromatic light 
was obtained by using the grating of a spectrophotometer 
(Shimadzu, QB-50). 

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

The activity of an anodically formed oxide film for the 
photo-sensitized oxidation of water was poor, as expect­
ed. When the film was heat-treated at 700 °C, however, 
it became almost as active as single crystal rutile. 
Figure 1 shows the polarization curves of an electrode 
formed at 50 V . In the measurement of each polariza­
tion curve, the photo-intensity was maintained at the 
same value. Trials of the heat-treatment at 800 °G 
were failures due to the fact that the film flaked off in 
some patches from the substrate. The polarization 
curves in 0.5 m o l - d m - 3 N a 2 S 0 4 and 1 mol -dm" 3 N a O H 
were almost the same as those in Fig. 1, except that they 
shifted cathodically depending on the p H values of the 
electrolytes. 

E/V vs. S.C.E 

Fig. 1. Influence of heat-treatment on current-potential 
curves of anodic oxide films on titanium. Temperature 
of heat-treatment; - ( > , - # - • ' 700°C, -<>-, - • - : 600 
°C, - A - » -A.~ : non-heat-treatment, open symbol: 
under illumination, closed symbol: in the dark. 

X-Ray diffraction patterns of the oxide film showed 
that the initial film formed by the anodization was 
amorphous and changed into rutile modification by the 
heat-treatment, as expected from the transformation of 
anatase to rutile by the heat-treatment.13 '14) It was 
also observed that the crystallization of the film was 
promoted with an increase of the temperature of the 
heat-treatment. Hence, one of the reasons for the 
increase of the activity is this crystallization. Another 
effect of the heat-treatment is to bring about an increase 
of the electrical conductivity of the film, as is usually 
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observed in single crystal rutile, although the deter­
mination of the carrier concentration of the film by 
Mott-Schottky plots before and after the heat-treatment 
was unsuccessuful, because the film thickness was so 
thin that the length of the space charge layer exceeded 
the film thickness by anodic polarization beyond a 
fairly low anodic potential.4) As for the film thickness, 
it increases at a ra te of 20—30 Â/V in the anodiza-
tion.11 '15) Thus , the oxide film thickness formed at 50 V 
amounts only to 1000—1500 Â. By the heat-treatment, 
there is a possibility that the t i tanium substrate extracts 
oxygen from the oxide film,16) by which a decrease in 
the film thickness would be expected. I t was theoretical­
ly predicted that there is an opt imum carrier concent­
ration for a semiconductor electrode to attain a high 
quan tum yield of a photo-sensitized reaction,17) and the 
experimentally found opt imum concentration was in 
the order of as high as 1018 carriers/cm3.18) 

Fig. 2. Photo-current spectra of anodic oxide films on 
titanium. 
- # - Heat-treated at 700 °C, ~ 0 ~ heat-treated at 
600 °C, - • - non-heat-treated. 

Figure 2 gives the anodic current spectra of the film 
with and without the heat- treatment. By the heat-
treatment, the photo-current at 2.0 V distinctly increased 
and its maximum occurred a t a longer wavelength. 
Since the electrode was illuminated through the electro­
lyte, excitation of hole-electron pairs must be most 
predominant in a layer near the film/electrolyte inter­
face. The results shown in Fig. 2, therefore, suggest 
that the probability of carrier recombination in the 
process in which electrons move from the excited sites 
to the substrate was decreased by the heat- treatment. 

The above mentioned effects of the heat- treatment 
were also observed on a pyrolytic oxide film. The 
pyrolytic oxide film had a history of high temperature 

(450 °G) preparation. Nevertheless, the as-prepared 
film showed a poor activity. 

When the activated T i Ô 2 film electrode was used as 
the electrode for the photo-sensitized oxidation of water 
in 0.5 mo l -dm- 3 H 2 S 0 4 , a gradual deterioration of the 
activity was noticeable due to the oxidation of the 
electrode surface, as was already reported for a single 
crystal electrode.3«19) From the above results, however, 
it is suggested that a T i 0 2 film will be as effective as 
single crystal rutile as a semiconductor electrode if the 
film consists of highly crystalline T i O a with an appro­
priate conductivity. 
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Synopsis. Single crystals of rare-earth niobates RNb0 4 

(R denotes a rare-earth element) were grown from a melt of 
PbF2-PbO flux. They are monoclinic and isostructural with 
natural and synthetic fergusonites. These crystals, except 
those containing Pr, Nd, Sm, and Ho were found to emit 
luminescent colors under UV irradiation. 

Yttr ium niobate Y N b 0 4 , a member of mineral 
fergusonite (Y, Er, U) (Nb, Ta , T i , - - ) 0 4 , belongs to a 
monoclinic system having a pseudo-sheelite type struc­
ture.1) Natural fergusonite occurs mostly in metamict 
form due to the inclusion of radioactive elements such 
as uranium and thorium, so that its original structure 
had long been believed to be tetragonal from studies on 
samples recrystallized by heating to over 400 °C.2) 
Studies of refractory materials such as Y N b 0 4 have 
been made mainly on powder samples prepared by the 
sintering or arc fusion method.3) 

Recently, Sugitani and Nagashima have grown 
crystals of Y N b 0 4 of macroscopic size by the flux 
method,4) and have found that the monoclinic form of 
Y N b 0 4 is also supported by optical observations in 
addition to X-ray studies. In this note, the prepara­
tion of rare-earth niobate crystals which have monoclinic 
forms are reported. I t was found that most of these 
crystals produce luminescent emission of various colors 
which is considered to be rare for "pure type" oxide 
phosphors. 

As a typical case, the method of growing yttr ium 
niobate is given here. Other rare-earth niobates can be 

grown, in general, in a manner similar to that for 
Y N b 0 4 , with some minor changes in the growing 
conditions, such as the cooling rate, solute-flux ratio, 
etc. Equimolar N b 2 O s (purity 3N) and Y 2 0 3 (purity 
4N) were mixed in a plat inum crucible together with 
the flux material P b F 2 - P b O (purity 3N, the flux ratio 
PbF 2 : P b O = 8 0 : 20) of an amount several times the 
molar ratio. All of the rare-earth oxides used as starting 
materials were sesquioxides R 2 0 3 , except for P r 6 O u 
and T b 4 0 7 . T h e crucible was tightly covered by a lid 
and was placed in an alumina-box filled with alumina 
powder. This system was placed in an electric furnace 
maintained at 1300 °G. After about two hours at that 
temperature, it was cooled down to 1100 °G at the rate 
of 1.2 °C/h by a programmed controller. At the final 
temperature the system was removed from the furnace 
and was allowed to cool down to room temperature. 
The products in the crucible were removed and washed 
with hot 6 M - H N 0 3 for several hours. T h e crystals thus 
obtained were confirmed to have the desired R N b 0 4 

composition by chemical analysis and/or by X-ray 
analysis. They are mostly in the shape of slightly 
elongated octahedra, and their sizes range from 0.2 to 
3 m m for their largest dimension. 

Table 1 shows a list of the rare-earth niobates prepar­
ed, together with their colors, cell parameters, and 
luminescent colors under U V irradiation. T h e values 
of the cell parameters were calculated from the T21, 
031, 121, 040, 200, 002, 112, and 240 reflections. 

I t was found that B i 2 0 3 - V 2 0 6 flux (the flux ratio 

TABLE 1. CELL PARAMETERS AND LUMINESCENT COLORS OF SYNTHETIC RARE-EARTH NIOBATES 

YNb04 

LaNb0 4 

PrNbC-4 
NdNb04 

SmNb04 

EuNb04 

GdNb04 

TbNbC-4 

DyNb04 

HoNb04 

ErNb04 

Color 

colorless 

yellowa) 

pale yellow 

green 
violet 
yellow 
colorless 
pale brown 

orange 

yellow 
colorless 

pink 

a (A) 

5.30 

5.57 

5.51 
5.48 
5.42 
5.39 
5.37 

5.33 

5.31 
5.31 

5.21 

b(A) 

10.96 

11.55 

11.35 
11.31 
11.18 
11.13 
11.10 

11.07 

11.02 
10.97 

10.95 

c(A) 

5.07 

5.21 

5.17 
5.16 
5.12 
5.12 
5.11 

5.10 

5.10 
5.08 

5.07 

ß 
(deg.) 

94.60 

94.07 

94.52 
94.75 
94.48 
94.68 
94.45 

94.03 

94.01 
94.62 

94.81 

Luminescent color 
(3650 Â irradiation) 

at room ? y R 
temperature 

dark 
orange w 
greenish 
brown w 

brown w 

— 
— 
— 

light red s 
yellow w 
greenish 
brown w 
green w 

— 

— 

yellowish 
orange m 

— 

orange w 

— 
— 
— 

red s 
yellow w 

— 

— 
— 

yellow w 

Luminescent color 
(2537 Â irradiation) 

at room . - - x , at / / Jv temperature 

bluish 
white m 
greenish 
brown w 

green m 

— 
— 
— 

dark red m 
yellow w 

brown w 

green w 
— 

— 

white w 

— 

yellowish 
green w 

— 
— 
— 

red m 
yellow w 

— 

— 
— 

greenish 
yellow w 

s : strong, m : medium, w: weak. —: not observed. a) Bi203-V205 flux. 
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Bi 2 O s : V 2 O 5 = 1 2 0 : 8) was also useful in growing these 
niobates, though the sizes of the crystals obtained were 
usually smaller than those obtained using P b F 2 - P b O 
flux, for the same growing conditions. T h e color of 
Y N b 0 4 grown in P b F 2 - P b O flux is pale yellow with a 
tint of brown, while that grown in B i 2 0 3 - V 2 0 5 flux is 
yellow (Table 1). This is considered to be due to 
contamination by the flux material, but details remain 
unknown. 

Crystals which were obtained as by-products during 
the growing runs are CeO a , P b 2 N b 2 0 7 , Pb 3 Nb 2 0 8 5 PbO 
and other unidentified crystals. 

Brixner5) has reported the emission colors of sintered 
pellets of several niobates of R N b 0 4 composition. His 
results are considered to agree with the present results 
within a small discrepancy in color description. 
Suemune6) has reported coloring and bleaching of 
several R N b 0 4 materials which had been exposed to 
U V light for 5 min at 25 °G and maintained at 100 °C 
for 24 h after the exposure. From the present experi­
ments, it is apparent that the coloring for U V irradiation 
does not remain but the samples immediately return to 
their original colors when the irradiation ceases. 

Spectroscopic studies as well as other studies, are 
needed to understand the luminescence and photo-
chromism of fergusonite-type niobates. Such studies 
are now in progress. 

T h e author is grateful to Professor Kozo Nagashima 
for his kind support of this work, and to the late Mr. 
Toshio Nakamura for his help in the early stages of this 
work. 
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of Benzoylacetone in Water-Dimethyl Sulfoxide Mixtures 
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Synopsis. The transfer-free energies of the keto form, 
the enol form, and the transition state of benzoylacetone from 
water to water-dimethyl sulfoxide (DMSO) mixtures have 
been evaluated on the basis of kinetic and partition experi­
ments at 25 °C. The results were compared with those of 
acetyl acetone, and the substituent effects of methyl and phenyl 
groups on the transfer-free energies have been discussed in 
terms of the group transfer-free energy. 

The study of solvent effect on the kinetic behavior of 
/S-diketone is necessary in order to elucidate the forma­
tion reaction of metal chelates with /?-diketone and the 
solvent extraction mechanisms of these compounds. In 
the course of our study of the solvent effect on the keto-
enol tautomerization rate of acetylacetone, we pointed 
out the usefulness of the partition coefficient in inter­
preting the kinetic solvent effect.1) When the extent of 
solvent effect on a reactant is measured as a function 
of the change in the partition coefficient, the solvent 
effect on a transition state can be conveniently evaluated 
by simultaneous knowledge of the rate constant and the 
partition coefficient of the reactant. In this study, the 
solvent effect on the keto-enol tautomerization rate of 
benzoylacetone (BA) in a w a t e r - D M S O mixture will 
be described in terms of the transfer-free energy and the 
estimated free energies will be compared with those of 
acetylacetone (AA) in order to examine the substituent 
effects of methyl and phenyl groups. 

Exper imenta l 

Chemicals. Benzoylacetone (Wako Junyaku Co., G. R.) 
was purified by recrystallization from diethyl ether. Heptane 
and DMSO were purified by a method described previously.1) 
All the mixed solvents were prepared from the purified DMSO 
and the doubly distilled water by weight. 

Kinetic Measurements. The tautomerization reaction was 
initiated by injecting a minute amount of a dioxane solution 
of BA into the mixed solvent in an optical cell thermostated 
at 25±0.1 °C. Since BA exists solely as the enol form in 
dioxane, the decreasing absorbance of the enol form is ob­
served at 310 nm immediately after the injection. From the 
decrease in the absorbance recorded on a spectrophotometer, 
a first-order rate constant (£obsd) was obtained. The concen­
tration of BA was below 10~4 M in all measurements. 

Equilibrium Measurements. The enol fractions ( /) of BA 
in the mixed solvents were estimated from the apparent molar 
absorptivity at 310 nm. The molar absorptivity of the enol 
form of BA in water has been determined to be 1.62 X 104 at 
310 nm by means of a stopped-flow technique.2) The apparent 
partition coefficients (P0^ of BA between heptane and the 
mixed solvents were determined photometrically at 25 ±0.05 
°C by the same method as was used for AA.1) All the 
photometric measurements were carried out by means of a 

Hitachi 356 spectrophotometer. 

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

The kinetic and equilibrium results are shown in 
Fig. 1. Both £0bsd and Pobsd decrease rapidly with an 
increase in the D M S O , while the enol fraction /"increases 
moderately. 

0.5"*-, 

0 0.5 1.0 

Mole fraction of DMSO 

Fig. 1. Observed rate constant (kobsa), enol fraction (/) 
and partition coefficient (P) of BA as a function of the 
mole fraction of DMSO. 

From the equil ibrium data , the transfer-free energies 
of the keto form («5AGBfK) and the enol form (<5AGSfE) 
from water to the mixed solvents can be evaluated by 
means of Eqs. 1 and 2 respectively: 

ÔAGs.E = RTln^r^ 

(1) 

(2) 

To whom correspondence should be addressed. 

where the superscript ° denotes the values in water, 
chosen as the reference solvent. Moreover, the transfer-
free energies of the transition state can be estimated by 
means of the following equation : 

«Ac.=*Th (£..££.£ Jgy (3, 
By using the part i t ion coefficient on the mole fraction 
scale which is calculated from P0bsd and the density 
data of the mixed solvent in the literature,3) we can 
obtain the transfer-free energies, <5AGS>K, «5AGf

s>E, and 
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estimated values of the differences do not show an 
equality as in Eq. 8. The estimated values are as follows: 

ÔAG£K - ÔAG»K : ÔAGtA - <5AGtB : <5AGA
E - <SAG°E 

= 1 : 1 . 6 : 1 . 7 (9) 

T h e discrepancy between these data and the prediction 
in Eq. 8 may be due to a difference in the charge 
dereal iza t ion of the keto forms, the enol forms, and the 
transition states of the two diketones, which is caused by 
substituting the phenyl group for one methyl group of 
AA. The result of Eq. 9 suggest that the charge distribu­
tion in the transition state is closer to that for the enol 
form than to that for the keto form. 

The reaction indices for the enolization and the 
ketonization, ae and a*,1* which are defined as : 

mole fraction of DMSO 

Fig. 2. Estimated transfer-free energies of AA (the upper 
three plots) and BA (the lower three plots) as a function 
of the mole fraction of DMSO. Q = ^AG1, O : <5AG8,K, 
A : <5AGS(E. 

ôAG4, expressed as on the mole fraction scale. The 
estimated values, together with those for AA, are shown 
in Fig. 2 as a function of the D M S O mole fraction. 

Figure 2 points to the following: (i) all the transfer-
energy values of BA are smaller than those of AA; (ii) 
the (5AGS,K of AA is nearly zero in the composition 
region of Z s < 0 . 2 , whereas that of BA decreases with the 
increase in D M S O in the same region; (iii) the SAG* 
of AA is zero or a positive value, whereas that of BA is 
negative. These differences are considered to be mainly 
due to the destabilization of BA in water, which is 
caused by the substitution of the phenyl group for one 
methyl group of AA. 

The substituent effect on the transfer-free energy 
should be discussed in terms of the group transfer-free 
energy. The <5AG8,K values, for example, of AA and 
BA may be divided into the corresponding free energies 
of the groups as follows: 

<5AGS
A

K = <5AGA(-COCH2CO-) + 2<5AGA(CH3-) (4) 

ÔAGlK = ÖAG»(-COCH2CO-) + <5AGB(CH3-) 

+ <5AGB(C6H5-) (5) 

where the superscripts A and B denote AA and BA 
respectively. If the next assumption is valid : 

(5AGA(-COCH2CO-) = (5AGB(-COCH2CO-) 

<5AGA(CH3-) = <5AGB(CH3-) (6) 

the difference between Eqs. 4 and 5 becomes: 

<5AGA
K - <5AGB

K = <5AGB(CH3-) - ÔAG»(C.H.-) (7) 

Similar treatments of (5AG8jE and ôAG* lead to Eq. 8 : 

<5AGA
K - <5AGS

B
K = <5AGtA - ÔAGtB 

= <5AGA
E - <5AG8

B
E . (8) 

This equation shows that the transfer-free energy 
differences between the corresponding states of the two 
diketones are independent of the solvent composition 
and equal each other. However, the experimentally 

ÔAG* ÔAG' 
~'- SAG,.K' ° " - ^ Ä G ^ ( 1 0 ) 

respectively, were estimated in the low-mole-fraction 
region of D M S O as follows: a e = — 0 . 1 7 and <x.k=— 0.05 
in AA and <xe=1.07 and 0^=0.69 in BA. The signs of 
a in the two diketones are opposite, according to the 
sign of ÔAG\ 

From the above results, it seems that the effect of the 
mixed solvent on the transfer-free energies is more 
striking in AA than in BA. Recently, Symons4) has 
investigated the hydrogen-gas solubility in the water -
D M S O mixed solvent at 25 °C and has observed a 
distinct minimum of the solubility expressed on the 
molar scale in the region of 25—35 mol % D M S O . 
In a previous study of the liquid-liquid partition of AA 
between heptane and the mixed solvent, a distinct 
maximum in the partition coefficient of the keto form 
has been observed at Xs=0.2.1) However in the case 
of BA no such phenomenon is observed at all. Although 
the hydrogen-gas solubility has been interpreted in 
terms of a changing entropy and energy of "ho le" 
formation in the solvent with the composition,4) the 
transfer-free energy of /5-diketone is not likely to be 
solely interpreted by this factor. In the case of ß-
diketone, a solute-solvent interaction energy including 
a size contribution of solute and solvent5) seems to be a 
possible factor governing the transfer-free energy, in 
addition to the "ho le" formation energy which may be 
related to such a property as an internal pressure of the 
solvent.6«7) 
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Synopsis. ESR and electronic spectra of low-spin 
cobalt(II) complexes with some quadridentate SchifF bases of 
the N2S2 type were measured. Analysis of ESR parameters 
led to the conclusion that an unpaired electron is in the dyz 

orbital of the cobalt atom. On this basis the absorption at 
10 x 103 cm - 1 was attributed to the dx,_y,- •dyz transition. 

The relative energies of d-orbitals in low-spin square-
planar cobalt(II) complexes have been subjects of many 
investigations and still in controversies. Recently, we 
have reinvestigated the electronic structures of square 
planar cobalt(II) complexes with the quadridentate 
Schiff bases, 1-a, 1-b, and 1-c, as shown in Fig. 1.2) As 
the results, it was concluded that an unpaired electron 
lies in the dyz orbital and the separations among dyz, 
dx._y., dxz, and dz. orbitals are small in these com­
plexes.2) In this study the ESR and electronic spectra 
of cobalt(II) complexes with some quadridentate Schiff 
bases, 1-d, were investigated in order to compare the 
ligand field effect of 1-d with those of other quadri­
dentate Schiff bases such as 1-a, 1-b, and 1-c. 

1-a 

1-c 

C H , a | ̂  ,CH. 

CH, W CH5 

H 

CeH>"Ss S ^ * 

CeHf O ^ 
I d 

Fig. 1. Some quadridentate ligands cited in this paper. 
In 1-d, R represents -CH2CH2-, -CH2CH2CH2-, and 
-CH(GH3)CH2- for H2(nsen), H2(nstn) and H2(nspn), 
respectively, x and y axes are shown in 1-b, z axis being 
perpendicular to the plane. 

Experimental 

The ligands, N, iV'-bis ( 1 -phenyl-2-thiobenzoylvinyl) ethylene-
diamine, iV,JV'-bis( l-phenyl-2-thiobenzoylvinyl)trimethylene-
diamine and iV,AT'-bis(l-phenyl-2-thiobenzoylvinyl)propylene 
diamine, abbreviated as H2(nsen), H2(nstn) and H2(nspn), 
respectively, were prepared according to the modified methods 
of Uhlemann3) and Tang et al.*) The cobalt(II) complexes 
were obtained by mixing a methanol solution of cobalt(II) 
acetate tetrahydrate and a chloroform solution of the ligand 
under a nitrogen atmosphere. The nickel(II) complexes were 
also obtained according to the same method as described for 
cobalt(II) complexes. 

ESR spectra were obtained with a JEOL ESR-apparatus 
model JES-ME-3X using an X-band. DPPH was used as a 
standad marker. Magnetic susceptibilities were measured by 
the Faraday method at room temperature, Pascal's constants 
being used for diamagnetic correction. HgGo(NCS)4 was 
employed as a standard for magnetic susceptibility. Reflect­
ance spectra were measured with a Shimadzu Multipurpose 
Spectrophotometer, MPS-5000 at room temperature. 

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

The magnetic moments of cobalt (I I) complexes with 
H2(nsen), H2(nstn) and H2(nspn) were found to be in 
the range 2.2—2.3 BM at room temperature, indicating 
that all the complexes are of the low-spin type. Figure 2 
shows the ESR spectrum of [Co(nstn)], diluted in 
[Ni(nstn)]. From the spectrum, it was found that 
^ = 3 . 2 9 , |A1 | = 164x 10-4 cm- 1 , and g2, g.^2.0. The 
other complexes, [Co(nsen)] and [Co(nspn)], showed 
ESR patterns similar to that of [Co(nstn)]. I t should be 
noted that the ESR patterns of m-[CoN 2S 2] type 
complexes obtained here are very similar to those of 
« . Î - [ C O N 2 0 2 ] type complexes with Schiff bases such as 
1-a and l-b,5>6> for which the (yz)1 ground state* was 
assumed in our recent investigation.**»2) Therefore, 
it is reasonable to assume that an unpaired electron is 
localized in the dyz orbital of the cobalt atom in the 
complexes with quadridentate Schiff bases of the 
£w-[CoN2S2] type. 

X20 
DPPH 

Fig. 2. ESR spectrum of [Co(nstn)] diluted in [Ni-
(nstn)] obtained at 123 K by an X-band. 

* (yz)1 represents electronic configuration (dx,_yt)2(dxz)
a 

(dz.)
2(dyz)i. 

** Throughout this paper, x, y, and z axes were adopted 
as shown in Fig. 1. 



760 N O T E S [Vol. 50, No. 3 

7 10 13 
wave number (x io 3 cm"1) 

Fig. 3. Reflectance spectra of [Go(nspn)] ( ) and 
[Co(sals)] ( ). 

The reflectance spectrum of [Co(nspn)] is shown in 
Fig. 3, together with that of [Co(sals)], which is one of 
the tw-[CoN 20 2 ] type complexes, and where H2(sals) 
represents N, iV'-disalicylidene-1,2-diphenylethylenedi-
amine. A broad band was observed at 10 X 103 c m - 1 for 
[Co(nspn)], whereas a similar band was observed at 
8.4 x 103 c m - 1 for the «V-[CoN202] type complexes with 
quadridentate Schiff bases.7) I t is reasonable to assume 
that both bands are at tr ibuted to the same origin, to 
which the dx._yt-*dyz transition was assigned for the 

m - [ C o N 2 0 2 ] type complexes with Schiff bases.2) The 
blue shift of the band upon substitution of the N2S2 

ligand for the N 2 0 2 ligand suggests that the energy 
separation between dxi_yt and dyz orbitals is larger 
in the [CoN2S2] complexes than those in the [CoN2Oa] 
complexes. From the above discussion, it can be 
concluded that the order of the d-orbitals in the cobalt-
(II) complexes with Schiff bases, 1-d is the same as those 
in the complexes with 1-b and 1-c. 
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Synopsis. The irradiation of 1-phenyl-1,2-propane-
dione and olefins, such as 2,3-dimethyl-2-butene and oc-
methylstyrene, in benzene gives mainly oxetanes, in sharp 
contrast to the results obtained from the photoaddition of 
biacetyl to these olefins. The differences between these results 
are discussed in terms of the reactivity of the 1,4-biradical 
intermediates. 

In a previous publication,2) it was suggested that 
biacetyl adds to methyl-substituted olefins, such as 
2,3-dimethyl-2-butene, 2-methyl-2-butene, a-methylsty-
rene and 2-ethoxypropene, to give unsaturated ethers 
(I),3) which are the products expected from the dispro-
portionation of 1,4-biradical intermediates ( I I ) . In 
order to investigate the scope and limitations of these 
photoaddition reactions, the photoaddition of 1-phenyl-
1,2-propanedione ( I l i a ) and l-(/>-tolyl)-l,2-propane-
dione ( I l lb ) to 2,3-dimethyl-2-butene and a-methylsty-
rene was studied. 

R, ^Ra 
a, R1 = R2 = R3 = CH3 

^ C = C b, R1 = R2 = CH3, R 3 = H 
G H / \R 3

 c ' R i = G 6 H 5> R2 = R 3 = H 
d, R1=OG2H6 , R2 = R3 = H 

R l R 2 
R l R a Ç1*3 CH 3 -G— G-Ra 

CH 2 =G—G-0-CH-COGH 3 \ \ 
' CH 3 -C—O 

GOCH, I 
II 

O
GH3X /CH 3 

-COCOGH3 + G = G 

CMS v I l ia , R = H 
I l lb , R = CH3 

hv 

R -

C H / \GH3 

CH3 GH3 

Grig— G G — CH3 

I 
- G — O 

GOGH3 

IVa, R = H, 75% 
I V b , R = C H 3 , 89% 

The irradiation of a benzene solution of I l i a and 2,3-
dimethyl-2-butene using a 300-W high-pressure mercury 
lamp through a filter solution of naphthalene in hexane 
gave an oxetane (IVa) as the main product (75%).4> 
IVa was isolated by column chromatography on silica 
gel and characterized by spectroscopic methods. T h e 
I R spectra of IVa showed absorption by an acetyl 
carbonyl at 1715 c m - 1 and its N M R spectra showed an 
acetyl proton at Ô 2.09. From these results, the structure 
of the oxetane was assigned to l , l ,2,2-tetramethyl-3-
acetyl-3-phenyloxetane (IVa) . Similarly, the addition 
of I l l b to 2,3-dimethyl-2-butene gave 1,1,2,2-tetra-
methyl-3-acetyl-3-(/>-tolyl)oxetane (IVb) in an 8 9 % 

yield. O n the other hand, the photoaddition of I l i a 
(or I l l b ) to a-methylstyrene gave three isolated pro­
ducts: Va, Vb , and Vc (or V i a , V I b , and VIc).5> In 
these cases, addition products for acetyl carbonyl to 
a-methylstyrene were also observed. T h e stereochemistry 
of V b and Vc can be deduced from a comparison of the 
N M R spectra of their methyl protons : the trans isomer 
(Vc) shows methyl absorption at a field higher than 
that of the eis isomer ( Vb) due to the ring current of the 
phenyl group. The stereochemistry of Va was deduced 
using the same reasoning. 

H 

G - H 

GH 

C 6 H 5 . » C -

COGH3 

Vb (R = H), 40% 
VIb (R=CH 3 ) , 55 .3% 

CH3 H 

C - C - H 

i-O 

CRHE 

CH3 
i 

• C — 

H 

- C - H 

GfiH. 

GH3CO C — O 

A 
i ii 

v 
i 

R 
Vc (R=H) , 36% 

V I c ( R = C H 3 ) , 11.1% CH, 

c o - 0 - R 
Va (R = H), 24% 

Via (R = CH3), 33.4% 

In the present experiment, unsaturated ethers, whose 
formation was a predominant process in the case of 
biacetyl and 2,3-dimethyl-2-butene, could not be 
detected. This sharp contrast can be explained by the 

GH3 CH3 
i i 

CH3— C G — GH3 

C 6 H j - C — O 

COCH3 

Vila 

GH3 GH3 

GH3-C — C-CH 3 

C H 3 - G — O 

COGH3 

VIII 

GH, H 
i 

G8Hj— G G —H 

C 6 H 6 - C — O 

COGH3 

Xa 

GH3 CH3 
i i 

GH3— G — C —GH3 

C H 3 - C — O 

COC6H5 

Vllb 

ÇH3 CH3 

CH3— G G —GH3 

G H 3 - G — O 

GOG6H5 

IX 

CH3 H 

C6H5-C — C - H 

C H 3 - C — O 

COC6H5 

Xb 
smaller hydrogen abstraction ability of 1,4-biradical 
V i l a compared with V I I I . In addition, the absence 
of product I X could be a reflection of a difference in 
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the stability of 1,4-biradicals V i l a and V l l b . In the 
case of the reaction of I l i a with a-methylstyrene, the 
product expected from the addition of an acetyl carbonyl 
in I l i a to a-methylstyrene was obtained, though as a 
minor product. Probably the difference in the stability 
of 1,4-biradicals X a and X b is not as large as that of 
V i l a and V I l b . Finally, the absence of the stereoisomer 
of Va (or Via ) may be a reflection of a steric requirement 
in 1,4-biradicals : bulkier phenyl and aroyl groups may 
be far apart . 

Exper imenta l 

General. NMR spectra were obtained with a JEOL 
JNM-MH 100 instrument for solutions in CC14 containing 
tetramethylsilane as the internal standard, IR spectra with a 
JASGO IRA-1 spectrophotometer, mass spectra with a Hitachi 
Perkin-Elmer RMU-60 spectrometer, and VPG with a 
Shimadzu GG-3BF apparatus using a column of Ucon Oil 
LB-550X (20% on Celite 545, 2 m) at 200 °C. 

The following materials were prepared by previously reported 
procedures: 1-phenyl-1,2-propanedione (Ilia),8 '7) 1-Qb-tolyl)-
1,2-propanedione (Illb),6-8) and 2,3-dimethyl-2-butene.9> 

Irradiation of 1-Phenyl-1,2-propanedione (Ilia) and 2,3-
Dimethyl-2-butene. A solution of I l i a (22.2 g, 0.15 mol) 
and 2,3-dimethyl-2-butene (17.7 g, 0.21 mol) in benzene (60 
ml) was irradiated for 5 days using a 300-W high-pressure 
mercury arc filtered through a hexane solution of naphthalene 
in nitrogen at room temperature. After the removal of the 
low-boiling materials, the remaining liquid was distilled under 
reduced pressure to give a liquid (11 g, bp 82—107 °C/3 
mmHg), leaving a viscous liquid (1 g). VPG of the distillate 
showed an oxetane (IVa, 75%), benzoic acid (14%), and a 
small amount of an unidentified product (11%). IVa was 
isolated by chromatography on silica gel: bp 59 °C/5.5 
mmHg;10) m/e 189(M+-GOGH3), 105(base, G6H5GO+), and 
77(C6H5+); IR 1715 and 970 cm"1; NMR Ô 0.80 (3H, s), 1.25 
(3H, s), 1.26(3H, s), 1.37(3H, s), 2.09(3H, s), 7.27(3H, m), 
and 7.53(2H, m). Found: G, 77.43; H, 8.59%. Galcd for 
G15H2(J02: C, 77.55; H, 8.68%. 

Irradiation of l-(p-Tolyl)-l,2-propanedione (Hlb) and 2,3-
Dimethyl-2-butene. A mixture of H l b (8.1g, 0.05 mol) 
and 2,3-dimethyl-2-butene (5.9 g, 0.07 mol) in benzene (20 
ml) was irradiated for 5 days. After the removal of the 
unreacted materials, a fraction boiling at 92—119 °G/5 mmHg 
(4.7g) was collected; residues, 1 g. VPG analysis showed three 
products with a relative ratio of peak areas of 89: 9.7: 1.3. 
The major product (IVb) was isolated by chromatography 
on silica gel: bp 94 °C/2 mmHg;11) m/e 203, 119(base),and 91 ; 
IR 1715 and 980 cm-1; NMR <5 0.78(3H, s), 1.23(3H, s), 
1.26(3H, s), 1.37(3H, s), 2.07(3H, s), 2.35(3H, s), 7.12(2H, m), 
and 7.41 (2H, m). Found: C, 78.26; H, 9.02%. Calcd for 
C1 6H2 202:G, 78.01; H, 9.00%. 

Irradiation of 1-Phenyl-1,2-propanedione (Ilia) and a-Methyl-
styrene. A solution of I l i a (10.4 g, 0.07 mol) and a-
methylstyrene (11.8g, 0.1 mol) in benzene (60 ml) was 
irradiated for 10 days. After the removal of the unreacted 
materials, a fraction boiling at 80—140 °C/3 mmHg(3.9 g)12) 
was collected; residues, 4.8 g. The distillate was chromato-
graphed on silica gel in hexane using 4% acetone as the eluent, 
giving three isolated products. The first eluted product was 
l,*-2-dimethyl-l-benzoyl-2-phenyloxetane (Va, 24%): mp 85 
°G; m/e 266(M+), 118(base), 105, and 77; IR 1680 and 995 
cm-1; NMR Ô 1.41 (3H, s), 1.52(3H, s), 4.09(1H, d, 7 = 5 . 7 
Hz), 4.94(1H, d, 7 = 5 . 7 Hz), 7.09(8H, m), and 7.95(2H, M). 
Found: C, 81.12; H, 6.67%. Galcd for G18H1802: G, 81.17; 

H, 6.81%. The second eluted product was l,c-2-diphenyl-l-
acetyl-2-methyloxetane (Vb, 40%): bp 145 °G/5 mmHg; m/e 
266, 118, 105, and 77; IR 1715 and 990 cm"1; NMR ô 1.77 
(3H, s), 2.12(3H, s), 4.19(1H, d, 7=5 .7 Hz), 5.10(1H, d, 7 = 
5.7 Hz), 6.99(8H, m), and 7.23(2H, m). Found: G, 81.42; H, 
6.84%. Calcd for C18H1802: C, 81.17; H, 6.81%. The third 
eluted product was l,f-2-diphenyl-l-acetyl-2-methyloxetane 
(Vc, 36%): m P 7 1 °C; m/e 266, 118, 105, and 77; IR 1720 
and 990 cm-1; NMR Ô 1.21(3H, s), 1.90(3H, s), 4.30(1H, d, 
J - 5 . 7 Hz), 4.92(1H, d, 7=5 .7 Hz), 7.13(8H, m), and 7.47 
(2H, m). Found: G, 81.21; H, 6.77%. Calcd for G18H1802: 
G, 81.17; H, 6.81%. 

Irradiation of l-(p-Tolyl)-!,2-propanedione (IHb) and a-
Methylstyrene. After 10 days of irradiation of a mixture 
of IHb (8.1 g, 0.05 mol) and a-methylstyrene (8.4 g, 0.07 mol) 
in benzene (20 ml), a fraction boiling at 105—130 °G/4 mmHg 
(1.8 g)13) was obtained; residues, 2 g. The distillate was chro-
matographed on silica gel. The first eluted product was Via 
(33.4%): m/e 280(M+), 119(base), 118, 91, and 43; IR 1675 
and 990 cm"1; NMR ô 1.42(3H, s), 1.53(3H, s), 2.41 (3H, s), 
4.16(1H, d, 7 = 5 . 7 Hz), 5.06(1H, d, 7=5 .7 Hz), 7.24(7H, m), 
and 8.01 (2H, m). The second eluted product was Vlb(55.5%) : 
m/e 280, 119(base), 118, and 91 ; IR 1715 and 990 cm"1; NMR 
ô 1.74(3H, s), 2.07(3H, s), 2.12(3H, s), 4.14(1H, d, 7=5 .7 Hz), 
5.07(1H, d, 7=5 .7 Hz), and 6.95(9H, m). The third eluted 
product was Vlc ( l l . l%) : m/e 119, 118, and 91; IR 1720 and 
995 cm-1; NMR ô 1.23(3H, s), 1.95(3H, s), 2.35(3H, s), 4.44 
(1H, d, 7=5 .7 Hz), 5.05(1H, d, 7=5 .7 Hz), and 7.40(9H, m). 

The authors wish to thank Dr. C. Pac of Osaka 
University, for helpful discussions. The present work 
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Research from the Ministry of Education (No. 747020). 
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Synopsis. The rate of base-catalyzed H-D exchange 
reaction of substituted cyclopropanes and cyclohexanes con­
taining sulfur atom at the /^-position of reaction center was 
investigated. Neighboring sulfur participation in stabilization 
of the carbanion was suggested in the case of ethyl trans-2-
(phenylthio)cyclopropanecarboxylate. 

Participation of neighboring sulfur, and sulfur located 
at a remote site has widely been known in reactions 
where carbenium ion takes part as an intermediate.1) 
However, no similar participation has been reported 
for carbanions having sulfur-containing substituents at 
the ß or more remote positions.2) This is quite a contrast 
with the fact that the considerable experimental evidence 
has accumulated which indicates that carbanions are 
stabilized by the adjacent sulfur atom.3) 

We tried to reveal the effect of the participation of 
sulfur atom located at the /^-position to carbanion. The 
reactions studied were base-catalyzed hydrogen-deuter­
ium exchange of alicyclic compounds. 

[A] [B] 

Fig. 1. [A] Both of the sulfur atoms can participate in 
the carbanion lobe. [B] One of the sulfur atoms can 
participate in the carbanion lobe. 

TABLE 1. SECOND-ORDER RATE CONSTANTS AND PARAMETERS 

OF ACTIVATION FOR THE H-D EXCHANGE REACTION 

OF CYCLOHEXANE CARBONITRILES 

Substrate 10« £a>b> 
(M-i s-1) Rel. £ AH* 

(kcal/mol) 
AS**> 
(e.u.) 

5.35 
2.72 

1.97 
1 

19.3±0.5 
21 .9±0 .5 

- 2 7 . 0 ± 2 
- 2 4 . 0 ± 2 

a) At 72 °G. b) [pyridine] = 9.90 X 10 -1 M. 

The initial investigation was carried out with 1,1-
ethylenedithio-2-cyanocyclohexane (1). In our study 
with cyclohexyl derivatives, though the ring inversion 
may be operative in 1, at least one of the sulfur atoms 
should be able to interact with the carbanion lobe (Fig. 
1). In Table 1, second-order rate constants and param­
eters of activation on pyridine-catalyzed deuterium 
exchange reaction of 1 are shown with those of cyclo-
hexanecarbonitrile (2). Thus, in ethanoW, 1 under­
went the H-D exchange reaction about twice as fast 
as 2, and 1 showed smaller enthalpy of activation than 

that of 2. But it is too imprudent to discuss the presence 
of neighboring sulfur participation, since the separation 
of the potential effect of participation and inductive 
effect, both played by dithiacyclopentyl group, cannot 
be performed with certainty. 

In the next trial, to make a clear distinction between 
these two effects, stereoisomers of cyclopropyl compounds 
were selected for the model compounds. Compounds 
used were ethyl trans-2- (phenylthio)cyclopropanecar-
boxylate (trans-3) and ethyl m-2-(phenylthio)cyclopro-
panecarboxylate (cis-3), with ethyl /ranj-2-phenylcyclo-
propanecarboxylate (4) as the reference compound. 

PUS 

C0,Et 

/ 

COoEt 

(trans-3) 

H x y H 

(cis-3) 

Cyclopropyl derivatives should be suitable for our study, 
since they have acidic hydrogens, and in many cases 
the rate of the racemization of carbanion is much smaller 
than that of deuterium exchange owing to the strain of 
cyclopropane ring.4) In fact no isomerization between 
trans-3 and cis-3 was observed during the deuterium 
exchange in the present study. Second-order rate 
constants and relative rate ratios of these compounds 
are listed in Table 2. More pronounced electron-
withdrawing ability of phenylthio group than that of 
phenyl group makes trans-3 and cis-3 more reactive than 
4.5) Trans-3 exchanges faster than cis-3, thus in trans-
ester the operation of neighboring sulfur participation 
may be suggested. 

TABLE 2. SECOND-ORDER RATE CONSTANTS FOR THE H-D 

EXCHANGE REACTION OF CYCLOPROPANE 

CARBOXYLATE ESTERS 

Substrate 

trans-3 
cis-3 
4 

106 £a,b) 
(M-1 s-1] 

45.7 
20.0 
2.49 

Rel. k 

18.4 
8.0 
1.0 

a) At 70 °C. b) [pyridine]=2.48X 10-* M. 

TABLE 3. PARAMETERS OF ACTIVATION FOR THE H-D 

EXCHANGE OF trans-3 AND cis-3 

Substrate AH* 
(kcal/mol) 

AS**> 
(e.u.) 

trans-3 
cis-3 

16.0±0.5 
19.7±0.5 

- 3 4 . 0 ± 2 
- 2 7 . 7 ± 2 

a) At 70 °C. 
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Parameters of activation were evaluated for trans-3 
and cis-3, and are shown in Table 3. Large negative 
values of entropy of activation (AS*) indicate that the 
rate-determining step of this reaction is the removal 
of the acidic proton by the base (pyridine) to form a 
hydrogen-bonded carbanion.4) In trans-3 the attack of 
pyridine is sterically more hindered than in cis-3, since 
both the phenylthio group and the hydrogen being 
attacked reside on the same side of the cyclopropane 
ring. Although the contribution of this steric hindrance 
can hardly be evaluated, such a hindrance can cause an 
increase in enthalpy of activation (A//*) for trans-3, 
partly compensating a decrease in AH* that results from 
the presence of the sulfur participation. 

Thus the difference in AH* between trans-3 and cis-3 
should be appreciated to show apparently the neighbor­
ing sulfur participation for the former compound in 
stabilizing the transition state and the resulting 
carbanion. 

TABLE 4. IR AND UV ABSORPTIONS OF trans-3 AND cis-3 

Substrate cm-* a> (MeOH) ( l o g e ) 

trans-3 Ï040 250.0 (4.1) 
cis-3 1028 252.5 (4.1) 

a) Skeletal vibration of cyclopropane ring in IR spectrum. 
b) N—»V transition of the three-membered ring. 

Furthermore, I R and U V spectroscopic data, sum­
marized in Table 4, suggest that cis-3 is less stable than 
trans-3 at the ground state due to the steric strain. In 
I R spectrum, frequencies of skeletal vibration for 
cyclopropane ring is lower in cis-3, which indicates the 
increase of molecular strain in m-3.6> In U V spectrum, 
the absorption maximum of cis-3 appears at 252.5 n m 
(N—*V transition of the three-membered ring), 2.5 nm 
longer than that of trans-3, reflecting the difference in the 
ground state strain perturbation.7) Thus one can 
estimate that cis-3 exists at about 1 kcal/mol higher in 
energy than trans-3 does a t the ground state.8> 

Therefore, taking into account the increase of AH* 
by steric hindrance for the approach of base, and the 
difference in ground state energy, the stabilization 
should be more pronounced for trans-3 than that 
inferred from the difference in observed A//*.8) Con­
sequently it is quite probable that a neighboring sulfur 
atom participates in stabilizing the carbanion of trans-3. 

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

The IR spectra were obtained using a Perkin-Elmer 521 
spectrophotometer. The NMR spectra were recorded on a 
JEOL PS-100 spectrometer. The UV spectra were measured 
with a Hitachi 200-10 spectrophotometer. All compounds 

gave satisfactory results on spectroscopic analysis (IR, NMR), 
and on elemental analysis. 

Materials. l,l-Ethylenedithio-2-cyanocyclohexane (1): Dry 
HCl gas was bubbled into a benzene solution (30 ml) of 2-
cyanocyclohexanone9) (7.5 g) and 1,2-ethanedithiol (15 g) for 
1 h at room temperature. After usual work-up and recrystal-
lization from benzene, 2.0 g (13 %) of 1 was obtained; white 
needles, mp 61 °G. 

Cyclohexanecarbonitrile (2): A benzene solution (10 ml) of 
cyclohexanecarboxamide (8.7 g) and thionyl chloride (17.8 g) 
was heated under reflux for 6 h. After cooling, the solution 
was poured in ice-water, and the organic layer was extracted 
with ether. After usual work-up, distillation of the residual oil 
gave 5.8 g (78 %) of 2; bp 75 °G/18 mmHg. 

Ethyl trans- and c\&-2-(Phenylthio)cyclopropanecarboxylate (trans-
3), (cis-3): Ethyl diazoacetate (12 g) was added dropwise 
to the refluxing xylene solution (50 ml) of phenyl vinyl sulfide 
(10 g) in 1 h. The solution was heated under reflux for 
additional 1 h, and then xylene was distilled off, leaving brown 
residual oil (18 g), which was fractionated by preparative 
GLC (Shimadzu GG-5A) to give trans-3 and cis-3. 

Ethyl tra.ns-2-ßhenylcyclopropanecarboxylate (4): Ethyl diazo­
acetate (12 g) was added dropwise to refluxing xylene solu­
tion (30 ml) of styrene (20 g) and hydroquinone (0.5 g) in 
1 h. After the same procedure for trans-3 and cis-3, 4 was 
obtained. 

Kinetics. The stock solutions were prepared in volu­
metric flask by adding the stock base solutions (pyridine in 
ethanoW) to a weighed amount of the substrate. With a 
syringe each 0.5 ml portion was transferred to glass ampoules, 
which were then flame sealed. The tubes were placed in a 
thermostat at an appropriate temperature. After predeter­
mined time, tubes were withdrawn and were quenched in a 
Dry Ice-acetone bath. After removing ethanol and pyridine 
in vacuo, the remaining substrate was transferred with CC14 to 
an NMR tube. Rate constants were evaluated by comparing 
the intensity of the specified peak with that of standard one in 
their NMR spectra. 
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Synopsis. Diphenylcyclopropenone reacts with 
malononitrile in the presence of ethanolic sodium methoxide 
to yield, after acidification, (£)-l,l-dicyano-2-hydroxy-3,4-
diphenyl-l,3-butadiene ( la ) ; an analogous product, ethyl 
(2Z, 4E)-2-cyano-3-hydroxy- 4,5 - diphenyl- 2,4- pentadienoate 
(lb), is formed from ethyl cyanoacetate. 

In the young chemistry of cyclopropenones, a lead­
ing role has been played by diphenylcyclopropenone 
(DGP).1) The synthesis of D C P is considered 'a mile­
stone in theoretical organic chemistry' 2) The 'state 
of the ar t ' of the cyclopropenones has recently been 
reviewed.3,4) The general picture that emerges is 
the erratic behaviour of these microcyclic ketones, 
particularly in addition reactions.3) This trend, in 
which the unpredictable predominates, may be il­
lustrated by the action of malononitrile and ethyl 
cyanoacetate on DGP. 

The reactions of cyclopropenones with malononitrile 
have previously been employed as a synthetic route to 
triafulvenes. D C P reacted with malononitrile in boil­
ing acetate anhydride solution to give 4,4-dicyano-l,2-
diphenyltriafulvene ;5) aliphatic cyclopropenones con­
densed analogously.6-8) The use of ß-alanine9) or 
boron trifluoride10) as a catalyst resulted in increased 
yields. 

Likewise, condensation of D C P and ethyl cyano­
acetate gave the corresponding triafulvene.9) In 
general, basic condensation agents which could cleave 
the three-membered ring were avoided. An im­
proved procedure employed an active form of DCP. 
Thus, t reatment of 3-ethoxy-l,2-diphenylcyclopropen-
ium tetrafluoroborate and malononitrile with one 
mole of JV,iV-diethylisopropylamine in dichloromethane 
solution afforded the dicyanotriafulvene in 8 5 % yield.11) 
3,3-Dichloro-l,2-diphenylcyclopropene reacted directly 
with malononitrile at 100—120° C without solvent to 
give the triafulvene in 10% yield.12) I t has been claimed 
that in the reaction of D C P with malononitrile in 
pyridine solution seven products were obtained, one 
of which was tentatively assingned the structure of 
3-amino-2-cyano-4,4-diphenyl-2,4-cyclopentadien-1 - one 
(or its 2-amino-3-cyano isomer).13) 

In the present investigation, the reactions of D C P 
with malononitrile and with ethyl cyanoacetate were 
studied under basic conditions in protic solutions. 
We had thought that a Michael addition of the nu-
cleophile (e.g., CH(CN) 2 ) to the activated carbon-
carbon double bond of the cyclopropenone ring might 
occur, followed perhaps by a ring enlargement process, 
leading eventually to a pyridinone derivative. Var­
ious nucleophilic addition reactions at the carbon-
carbon double bond of cyclopropenones have been 

effected.3-4) However, in this case the reactions 
followed a different course. Trea tment of D C P with 
an ethanolic solution of malononitrile in the presence 
of sodium methoxide, followed by acidification, gave a 
high yield of a pale yellow acidic solid, whose analysis 
and mass spectrum corresponded to that of a 1:1 ad-
duct. The N M R spectrum showed only a multiplet 
in the aromatic region, but the I R spectrum was more 
revealing, containing broad O H absorption and 
strong bands at 2214 and 2209 cm"1 , indicative of two 
oc,jS-unsaturated cyanide groups. We therefore con­
sidered that the product was the enolic dinitrile ( l a ) 
and this structure, together with the «^-configuration 
of the phenyl groups, was readily confirmed by an 
unambiguous synthesis of the compound from the 
sodium salt of malonoitrile and (£)-2,3-dipheylpro-
penoyl chloride.14) The reaction of D C P with ethyl 
cyanoacetate under the same conditions yielded a 
colourless adduct, which was insoluble in aqueous 
alkali; however, the virtual identity of its U V spec­
t rum with that of the previous compound, a positive 
FeCl3 reaction, and the appearance of intense CN 
absorption and a sigle carbonyl band at 1655 c m - 1 

(chelated ester) in its I R spectrum suggested that it 
was the analogue ( l b ) , and, indeed, it was also 
formed by condensation of ethyl sodio-cyanoacetate 
with the foregoing acid chloride. 

The formation of l a and l b closely resembles the 
hydrolyses of cyclopropenones with sodium or potas­
sium hydroxide, in which salts of a,/S-unsaturated acids 
are produced.3) The present reaction presumably 
involves the addition of the anion of malononitrile 
(and of ethyl cyanoacetate) to the carbonyl group of 
DCP, followed by collapse of the intermediate open 
chain carbanion species (Scheme 1). Protonation 
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would then complete the process. I t is interesting to 
note that the cù-configuration of phenyl groups in the 
substrate (DGP) is retained in the product, in analogy 
with various basic hydrolyses of cyclopropenones. I t 
may be an indication of the high rate of protonation 
of the carbanion intermediate. The course of the 
nucleophilic addition to D C P contrasts with the re­
action of malononitrile and 3-ethoxy-1,2-diphenylcyclo-
propenium tetrafluoroborate in the presence of two 
moles of JV,iV-diisopropylethylamine.15^ In the latter 
reaction, an addition of the nucleophile to the carbon-
carbon doble bond is preferred, and the product is 
1,3-diphenyl-3-ethoxy-4,4-dicyano-1,3-butadiene. T h e 
reduced cyclopropenium contribution in D C P might 
have been the determining factor which directed 
the addition of the nucleophile to the carbonyl rather 
than to the carbon-carbon double bond. Ther­
modynamic effects are probably responsible for the 
ultimate transformation to the conjugated dienols 
l a and l b . 

Ph Ph 

H / - \ 
HO R 

1 a; R = CN, b ; R = C02Et 

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

Melting points were taken on a "Unimelt" Thomas-
Hoover capillary melting point apparatus and are uncor­
rected. Infrared spectra were recorded on Perkin-Elmer 
457 and 257 spectrophotometers for Nujol mulls. Ultra­
violet spectra were determined with Unicam Model SP 800 
and Perkin-Elmer 402 spectrophotometers and NMR spectra 
with a Perkin-Elmer R 32 instrument at 90 MHz and are 
reported in ppm relative to Me4Si as internal standard. 
The mass spectra of the new compounds, obtained with a 
Varian Mat-311 spectrometer, contained the appropriate 
signals representing the molecular ions. 

(E)-1,1-Dicyano-2-hydroxy-3,4-diphenyl-1,3-butadiene (la). 
(a) : A magnetically stirred solution of sodium methoxide 
(0.60 g, 11 mmol) in absolute ethanol (100 ml) was treated 
under anhydrous conditions at room temperature first with 
malononitrile (0.86 g, 13 mmol) and then with DCP1«) (2.27 g, 
11 mmol), whereupon the solution became yellow. After 
12 h at room temperature most of the solvent was removed 
under reduced pressure, concentrated hydrochloric acid 
and water were added successively to the residue, and the 
remainder of the ethanol was distilled off. The resulting 
yellow solid was collected, washed with water, and recrys-
tallised from aqueous ethanol or xylene to give l a (2.70 g, 
90%) as pale yellow needles, mp 182 °C (decomp); IR 3170 
(broad), 2214, 2209, and 1608 cm-»; U V m a x (CH3GN) 259 
(loge 4.12) and 325 nm (4.06); UV m a x (cyclohexane) 234, 
258, and 338 nm; NMR (DMSO) <5 = 7.08—7.42 (m). 

Found: C, 79.58; H, 4.22; N, 10.57%. Galcd for 
C18H12NaO: G, 79.40; H, 4.44; N, 10.29%. 

(b) : A stirred solution of malononitrile (0.61 g, 9.2 
mmol) in ethanolic sodium ethoxide, prepared from sodium 
(0.14 g, 6.1 mmol) and ethanol (50 ml), was slowly treated 

with (£')-2,3-diphenylpropenoyl chloride14) (1.5 g, 6.1 mmol). 
After 12 h the solvent was removed under reduced pressure 
and the residue was stirred with 1 M hydrochloric acid 
(54 ml) ; the resulting oil was separated by décantation, 
washed with water, and dissolved in a small amount of 
aqueous 5% sodium carbonate. The solution was washed 
with ether (2 X 50 ml) and then acidified with 2 M hydro­
chloric acid; the resulting precipitate was recrystallised 
from xylene, giving l a (0.81 g, 48%), identical (IR spec­
trum, mp and mixed mp) with the previous product. 

Ethyl (2Z, 4E)-2-Cyano-3-hydroxy-4,5-diphenyl-2,4-pentadienoate 
(lb). (a) : This compound was prepared analogously 
from ethyl cyanoacetate (1.774 g, 15.7 mmol), DGP (2.55 g, 
12.4 mmol), sodium methoxide (0.756 g, 14mmol), and 
ethanol (60 ml). After most of the solvent had been re­
moved, dilute hydrochloric acid was added and the resulting 
oil was separated and crystallised from ethanol or cyclo­
hexane to give l b (2.88 g, 73%) as colourless needless, mp 
130 °C. IR 2210, 1655, and 1585 cm"1; UV m a x (CH3CN) 
265 (loge 4.00) and 331 nm (4.18); UV m a x (cyclohexane) 
234 (4.07), 258 (3.96), and 338 nm (4.19); NMR (CDC13) 
0=1.37 (t, J = 7 Hz, 3H), 4.36 (q, J=7Hz, 2H), 7.04— 
7.27 (m, 6H), 7.30—7.45 (m, 5H), and 7.57 (s, 1H). 

Found: C, 75.28; H, 5.33; N, 4.64; OEt, 13.7%. Galcd 
for G20H17NO3: G, 75.22; H, 5.37; N, 4.39; OEt, 14.1%. 

(b) : Diphenylpropenoyl chloride (1.5 g, 6.1 mmol) was 
condensed with ethyl cyanoacetate (1.5 g, 13.2 mmol), as 
described in (b) above, and the solvent was removed after 
12h. The residue was treated with 1 M hydrochloric acid 
and the resulting oil was washed with water (3 X 30 ml) 
and crystallised from ethanol to yield l b (0.55 g, 27%), 
identified by its IR spectrum, mp, and mixed mp. 
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Synopsis. Kinetic data are reported for the de­
carboxylation of cinnamylidenemalonic acid in resorcinol 
and catechol. The activation parameters are culculated 
and compared with those previously reported for the de­
carboxylation of unsubstituted and substituted malonic 
acids. 

The kinetics for decarboxylation of the derivatives 
of malonic acid1) have been reported in our earlier 
investigations in resorcinol and catechol solvents. Ber­
noulli and Jakubowicz2) studied the decarboxylation 
of malonic acid derivatives in aqueous solution in the 
range of 76—110°C, including disubstituted malonic 
acids. Muus3) reported the kinetic data of dibromo-
malonic acid in water a t 45 °C. Clark4) studied the 
decarboxylation of cinnamylidenemalonic and malonic 
acids in phenol, w-cresol, />-cresol and several aromatic 
amines. In the transition state of decarboxylation, 
it is considered that the carbonyl carbon atom of the 
reactant coordinates with a pair of unshared electrons 
on the nucleophilic atom of the solvent molecule and 
that these interactions between the reagents lower 
the enthalpy of activation (AH*) of the reaction. This 
principle has been tested on a number of compounds 
and it was thought to be worth-while to carry out the 
decarboxylation of cinnamylidenemalonic acid to see 
whether or not any exception could be found. For 
this purpose a kinetics study of the decarboxylation of 
cinnamylidenemalonic acid was carried out in re­
sorcinol and catechol. 

Exper imenta l 

Reagents. The cinnamylidenemalonic acid was pre­
pared by Riaz Ahmed and Das Gupta in Sirohi College 
by condensation of cinnamaldehyde with malonic acid 
and purified several times with ethanol, mp 201 °C. Re­
sorcinol and catechol were of analar reagent grade. 

Apparatus and Technique. The reaction was usually 
followed by measuring the volume of carbon dioxide 
evolved. The apparatus and technique are similar to those 
described in previous articles.6-7) About 20 g of resorcinol 
were separately taken in each run and 0.394 g of cin­
namylidenemalonic acid weighed in a sample tube was 
placed on the movable probe inside the reactor. The 
set-up was then placed in a constant temperature oil-bath 
(±0.05 °C) and, when thermal equilibrium was established, 
the reaction was started by dropping the acid in the solvent. 
The evolved C 0 2 was determined with a measuring burette 
filled with water saturated with carbon dioxide. 

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

Plots of log(Foo— Vt) vs. t (where V°o is the volume of 
C 0 2 after completion of the reaction and Vt is the 
volume at time t) showed straight lines, indicating a 

TABLE 1. APPARENT FIRST-ORDER RATE CONSTANTS FOR 

THE DECARBOXYLATION OF CINNAMYLIDENEMALONIC 

ACID IN RESORCINOL AND CATECHOL 

Temp 
(°G) 

No. of 
data 
pairs 

^ X l O 5 

(s-1) 
Catechol 

Av. 
dev. 

^ X l O 5 

(s-1) 
Resorcinol 

Av. 
dev. 

140 
145 
150 
155 
160 

5 
3 
2 
3 
4 

3.63 
5.37 
7.76 

12.02 
16.60 

± 0 . 0 2 
± 0 . 0 3 
± 0 . 0 4 
± 0 . 0 2 
± 0 . 0 3 

5.13 
8.13 

10.96 
15.85 
21.88 

±0 .01 
± 0 . 0 2 
± 0 . 0 2 
± 0 . 0 2 
± 0 . 0 3 

first order reaction. The rate constant at each tem­
perature was calculated from the slope of the line and 
these values are tabulated in Table 1. T h e activation 
parameters calculated are tabulated in Table 2, along 
with the results of Clark in other solvents. 

In the same solvent, the AH* was less for the decar­
boxylation of cinnamylidenemalonic acid that for 
malonic acid (see Table 2). Hall8) found that the 
mono-anion and the free acid of malonic acid have 
different rates of decarboxylation in aqueous solution. 
In non-aqueous solvents the mono-ions may be few 
and a change is not expected to increase the rate of the 
process. However, carbon isotope effect studies on 
hydrogen malonate ions suggest that C O a originates 
from the C O O H group and not from the C O O ~ group, 
in the decarboxylation in quinoline9) or dioxane.10) 

As seen in Table 2 (lines 4 and 5) the entropy of 
activation (AS*) for the decarboxylation of cinna­
mylidenemalonic acid in catechol is more negative 
than in resorcinol, indicating that the activated com­
plex is more stable in catechol-than in resorcinol; this 
result is similar to tha t in 2,4-dihydroxybenzoic acid, 
xalic acid,12) benzoic acid,13) substituted benzoic 
acids,14) oxanilic acid,15) picolinic acid,16) and hex-
ylmalinic acid.1) This proves tha t the adjacent 
hydroxyl groups of catechol are mainly responsible for 
forming the hydrogen bonding and for stabilizing the 
complex. T h e methyl and hydroxyl groups in o-
cresol are adjacent and the entropy of activation is 
expected to be somewhat more negetive than in p and 
m-cresols. Unfortunately, no data is available. How­
ever, the comparative entropy of activation of malonic 
acid and butylmalonic acid17) (Table 2, line 1) is in 
support of our conclusion. T h e decrease in entropy 
of activation in catechol is an indication of greater 
interaction towards the acid that in resorcinol. O n 
the contrary, the malonic acid has almost the same 
enthalpy of activation, probaly due to a super-mol­
ecule cluster as proposed by Clark.18) Substituted 
malonic acids gave less enthalpy of activation than 
malonic acid in most of the solvents. 
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Solvents 

0-Gresol17) 
m-Cresol17) 
/>-Cresol17) 
Resorcinol 
Catechol 

a) kcal/mol. 

N O T E S 

TABLE 2. COMPARATIVE THERMODYNAMIC 

Malonic acid 

AH** 

24.2 
32.3 
29.8 
32.3 
32.2 

b) kcal/mol K. 

AS*b> 

- 1 6 . 5 
+ 3.2 
- 2.4 
+ 1.95 
+ 1.82 

PARAMETERS 

Cinnamylidenemalonic acid 

A//*a> 
— 

22.0 
27.1 
27.08 
22.09 

AS*1» 

— 
- 2 5 . 2 
- 1 4 . 2 
- 1 1 . 4 

24.2 

[Vol. 50, No. 3 

Butylmalonic acid 

AH" a> AS* b> 

21.3 - 2 2 . 8 
29.7 - 2.3 
24.0 - 1 5 . 8 

— — 
— — 

A plot of AH* vs. AS* for cinnamylidenemalonic 
acid is approximately linear. Such a linear relation­
ship is evidence that the reaction mechanism in dif­
ferent phenolic solvents is almost the same. 
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Synopsis. A novel asymmetric reaction of methyl­
oxirane with acetic acid catalyzed by an optically-active 
Co(salen)-type complex was explored. The products were 
identified to be propylene diacetate, 2-hydroxypropyl acetate, 
and 2-hydroxy-l-methylethyl acetate. The mechanistic 
features of this resolution-type reaction were characterized by 
the optical activities of the products and of the unchanged 
methyloxirane. 

I t has been reported that iV,iV'-disalicylidene-(li?,-
2R)- l ,2-cyclohexanediaminatocobalt(II), Con(sal)2(Ä-
CHXDA) , is a low-spin square-planar complex with a 
A-conformation of the central chelate ring. Highly 
asymmetric selectivity was observed in a kinetic resolu­
tion of DL-methyloxirane using the Con(sal)2(i?-
CHXDA)/LiAlH 4 system,1) however, the isomerization 
of the selected methyloxirane to acetone was observed 
to occur by hydride shift involving electron transfer 
from the oxygen to the cobalt atom.2) 

I t would be of interest and preparatively useful to 
explore a reaction in which an asymmetric center is 
maintained throughout the reaction. In the present 
series of our studies, the Con(sal)2(i?-CHXDA)/ 
butyllithium/methyloxirane/acetic acid system has been 
found to give optically-active products. In this paper 
we would like to report the identification of the products 
and the mechanistic features of the reaction system. 

Resu l t s a n d D i s c u s s i o n 

Optically-active products I, I I , and I I I , were found 
to be formed when a reaction was carried out at a mole 
ratio for Co11: BuLi: methyloxirane: C H 3 C O O H of 
1: 1: 150: 40 at 20 °C (the reaction conditions were as 
described in Table 1). The optical purity of the reacted 
methyloxirane calculated from the optical rotation of 
the unchanged methyloxirane, (L —D/L+D)rm, was 3 1 % 
(conv. 11.8%). When MgEt2 , ZnEt2 , LiAlH4 , and 
AlEt3 were used instead of BuLi, the (L—D/L+D)rm 
values were observed to be 18 (conv. 27.6%), 14 (2.9%), 
8 (6.8%), and 0% (27.6%), respectively. 

Products I , I I , and I I I were isolated and respectively 
determined to be propylene diacetate, 2-hydroxypropyl 
acetate, and 2-hydroxy-l-methylethyl acetate, by mass 
spectral, elemental, and N M R analyses. Further con­
firmation of the products was obtained by comparison 
with authentic samples (see Experimental). 

In order to clarify the features of the Co"/BuLi/ 
methyloxirane/GH3GOOH system, was carried out a 
series of experiments given in Tables 1 and 2. The 
ratio of the amount of product I I C H 3 C O O C H 2 C H -
(CH 3 )CH 2 OH to the amounts of products I I and I I I 
C H 3 G O O C H ( G H 3 ) G H 2 O H was found to be 68—78% 
in the systems in Tables 1 and 2, indicating that the ring 

openings take place by acid-catalyzed reactions.3) In 
accord with this observation, the systems involving little 
or no free acetic acid (Nos. 6 and 7 in Table 1) exhibit 
little or low reactivity for the ring opening reactions. 
T h e reaction of acetic acid with methyloxirane was cat­
alyzed by the Go-complex, and presumably also by lith­
ium acetate (formed by a rapid reaction of the Li 
moiety with C H 3 C O O H ) as shown in Nos. 4, 5, and 9. 

In Table 2, products I, I I , and I I I were combined 
and hydrolyzed to 1,2-propanediol, their optical purities 
(L—D/L+D)mp* being about 1 1 % . Assuming that 
I I I was formed by a complete inversion mechanism 
( C H - O opening),3 '5) the expected optical puri ty of 1,2-
propanediol ( L — D / L + D ) C P was calculated from that of 
reacted methyloxirane (L—D/L+D)rm and the product 
ratio of I I I to I I (see Table 2). Concerning the data 
at 25 °C (No. 2-1), the measured optical puri ty ( L — D / 
L + D ) m p is higher than the calculated value ( L — D / 
L+D)cp , suggesting that another type of reaction such 
as oligomerization involving non-asymmetric selection 
[see the equations in d) of Table 1 and in e) of Table 2] 
may take place in parallel with the p roduc t ( I / I I / I I I ) -
forming reaction, a suggestion of which is supported by 
low material balance, (I + 1 1 + III) / reacted methyl-
o x i r a n e = 7 8 % . O n the other hand, in Exp No. 2-2 of 
high material balance (98%) a t 18 °C, the measured 
value (L — ü / L + ü ) m p is lower than the calculated value; 
racemization is considered to take place to some extent 
during hydrolyzing of the products to 1,2-propanediol. 
T h e optical activity of pure D(+)-methyloxirane(neat) 
was assumed to be 15°, which, however, may be a higher 
value estimated to be 18.3°, using the highest [a] §89 value 
(in GHC13) so far reported [14.05 (neat) x 8 . 9 (CHC13)/ 
7.0 (CHC13)];

6>7> the value of ( L - D / L + D ) cp (No. 2-2) 
would be 12.6% if this [a] value were used for [a0] . 

I t would be of interest to discuss some plausible 
mechanism for this asymmetric reaction, the mechanism 
of which is much different from the Co'-catalyzed 
process observed for the systems Con /LiAlH4 /methyl-
oxirane (L-selectivity, max. ee. 90%)*) and Co"/BuLi/ 
methyloxirane (D-selectivity, 10%)8) in dioxane/benzene 
solvents, where C H 2 - 0 opening predominantly takes 
place, giving acetone by isomerization. 

Comparing the data of No. 5 in Table 1 with those 
of Nos. 1, 2, 3, and 2-1, the chiral structure of theact ive 
species is suggested to be established by the Co11 species 
and acetic acid. In the reaction systems of Nos. 1, 2, 
2-1, and 2-2 (addition order: Con /BuLi/methyloxirane/ 
C H 3 C O O H ) , and of No. 3 (Co n /BuLi /CH 3 COOH/ 
methyloxirane), there should be Co" species produced 

* (L—D/L+D)mp, ( L — D / L + D ) C P and (L—D/L+D)rm: 
optical purities measured for 1,2-propanediol, calculated for 
1,2-propanediol, and measured for the reacted methyloxirane. 
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TABLE 1. ASYMMETRIC REACTIONS IN THE Coir(sal)2(i?-
C H X D A ) / B u L i / M E T H Y L O X I R A N E ( M O ) / A C E T I C 

ACID SYSTEM AND RELATED SYSTEMS 

Exp 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Li 
Compd 

n-BuLi 
n-BuLi 
n-BuLi 
n-BuLi 

— n-BuLi 
CHjCOOLi 
LiAlH, 

— 

Co" 

1 
1 
1 
0 
1 
1 
1 
1 
0 

Li*> 

1 
1 
lb> 
1 
0 

40 
40 

1 
0 

Çonv 
(%) 

29.8 
27.0 
12.5 
5 .5 
8.1 
0.0 
4 .0 

13.0 
0.0 

• 0 

4-0.856 
+0 .872 
+0.40& 

— 
+0 .176 
+0 .001 
+0 .011 
+0 .015 

0.000 

fezîf 
\L+D/rm 

(%) 
13.4 
15.7 
18.9 

— 
13.3 

— 
1.7 
0.6 

— 

I II HI 

(rel.mol%) 

6 

— 
4 

1 

— 

68 26 

— _ 
72 24 

trace 
74 25 
nU 
nil 

trace 
— 1.5 

a) Moles relative to Co" (0.35 mmol). AcOH/Co"=40, but for No. 7 (AcOH, not 
added). Addition order, Co"/Li/MO/AcOHi [MO 70 mmol, benzene (10 ml)/diox-
ane (5 ml), 25 °C, 8 days], b) Addition order, Co"/Li/AcOH/MO. c) [a] (neat) 
for non-reacted MO recovered, error ±0.005°. d) Optical purity of the reacted 
MO, evaluated by Eq. [«]/[a„]X{100—(conv)}/(conv), where [a]/[a,] is * e optical 
purity of the non-reacted MO. [«o]!»= +15° for pure (f i)-(ö)-(+)-MO (Ref. 4). 

TABLE 2. ASYMMETRIC REACTIONS IN THE CoII(sal)2(i2-
C H X D A ) /BuLi/METHYLOXIRANE (MO) / 

ACETIC ACID SYSTEMa) 

1,2-Propancdiol 

(rel.mol%) <> (%) (%) 

2—1 25 23.0 + 0 . 7 2 4 16.2 5 71 2 4 + 1 . 6 0 10.8 8.0 
2—2 18 9.5 +0.451 28.7 5 73 22 + 1 . 6 1 10.8 15.4 

a) Co"/BuLi/AcOH= 1/1/100 (mole ratio). Co" 0.70 mmol, MO 140 mmol, 
benzene (20 ml)/dioxane (10 ml), 7 days, b) Described as in Table 1. c) [«] 
(neat) for 1,2-propanediol obtained by hydrolysis of I, II,' and III. d) Measured 
optical purity. [aj ,„ ,t= 15.9° for pure (S)-(L)-(+)-l12-propanediol (Ref. 4). .e) 
Expected optical purity calcd from (L-D/L+D)rmX [(II—III)/(II+III)]. 

by radical decompositions of the CHgCOOCo111-8 '9) 
and HCo'-complexes formed,10) respectively. However, 
the (L—D/L+D)rm value of run No. 5, in spite of the 
low conversion, is similar to those of Nos. 1, 2, and 2—1, 
which suggests that a Li compound may also play an 
important role in this asymmetric reaction, since 
( L - D / L + D ) ™ usually decreases with conversion in 
kinetic resolution. 

As to the reaction of cobalt complexes with acetic 
acid, Clifford and Waters have reported the following 
equilibrium:9 '11) 

RCOOH -+- Co m (H 2 0) 6 < = • 

RCOO-Com (OH 2 ) 5 + H 3 0 + 

I t seems reasonable to consider the enhancement of 
acidity of the acetic acid interacting with the Co" (sal) 2-
(i?-CHXDA) complex in the present study using an 

aprotic solvent, [Go"- - -RCOÖ-H] . T h e selective ring 
opening of L(—)-methyloxirane with the acetic acid 
interacting with the chiral Con-complex leads to the 
resolution of DL-methyloxirane and formation of the 
optically-active products in this Con /BuLi/methyl-
oxirane/acetic acid system. 

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

Measurements. The NMR spectra were taken on a 
JEOL PS-100 spectrometer. The mass spectra were measured 
by electron impact method using a Hitachi RMU-6E instru­
ment and by the chemical ionization method with a Jasco/ 

Finnigan 3100 instrument. Optical rotations were observed 
by means of a Perkin-Elmer model 241 Polarimeter. 

Reagents. The Con-complex, BuLi, and other reagents 
were prepared and/or purified by the usual methods described 
elsewhere.1,8> 

Procedure. To a benzene/dioxane solution of Co11-
(sal)a(Ä-CHXDA) and BuLi, methyloxirane and acetic acid 
were added. The mixture was sealed in an ampule under dry 
nitrogen and reacted with stirring at an appropriate tempera­
ture. After a given reaction time, the non-reacted methyl­
oxirane and products were analyzed by GLC. The methyl­
oxirane was recovered by distillation and the products were 
isolated using the preparative GLC technique. The NMR 
analyses for the products were satisfactory ; -CH(CH3)CH2-
parts: ABMX3(I), A2BX3(II), and A2MX3(III) spin systems. 

Authentic Samples. Propylene diacetate(I) was prepared 
by the reaction between 1,2-propanediol (60 ml) and acetic 
anhydride (300 ml) with a few drops of sulfuric acid at 170— 
180 °G for 4.5 h,12> bp 81 °C/14mmHg; < i .4H0 ; MW 160 
(mass). Found: C, 52.41; H, 7.47%. Calcd for C7H1204: C, 
52.49; H, 7.55%. 2-Hydroxypropyl acetate(II) and 2-
hydroxy-1-methylethyl acetate(III) were prepared by the 
reaction of methyloxirane (8 ml) with acetic acid (80 ml) at 
35 °C for 8 days.13) The products (II and III) were isolated 
as a mixture from the distillate at 86—88 °C/16 mmHg, by 
preparative GLG. MW 118 (mass). Found: G, 50.85; H, 
8.55%. Calcd for CBH10O3: G, 50.84; H, 8.53%. 

Hydrolysis. Products I, II , and III (in Table 2) were 
combined and hydrolyzed with a 5-M KOH aq solution to 
give 1,2-propanediol, which was extracted with ethyl acetate. 

T h e authors are grateful to Prof. M. Tsuchiya of the 
University of Tokyo for the mass spectral measurements 
and analysis and to Dr. N. Akimori of Hitachi Ltd. 
(Naka) for his technical advice on GLG analysis. We 
also thank Mr . T . Takeichi for performing some of the 
experiments and other assistance. 
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On the Lowest Triplet State of the Pyridazine Crystal 
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Synopsis. The lowest singlet-triplet transition re­
cently observed at 440 nm by Yamamoto, Takemura, and 
Baba for pyridazine in EPA is shown to correlate with the 
410 nm transition observed by Hochstrasser and Marzzacco. 
This correlation is contrary to that of Yamamoto et al. 

In a recent article in this journal , Yamamoto, Take­
mura, and Baba1) reported on the singlet-triplet 
absorption of pyridazine measured by means of sen-
sitized-phosphorescence excitation in EPA rigid-glass 
solution at 77 K. They observed weak broad in­
tensity in the 370—440 nm spectral region and as­
signed it to two singlet-triplet absorption transitions. 
The main basis for the two transition assignment is 
that there are two absorption regions, a weaker one 
at 440—410 nm and a stronger one at 410—370 nm. 
These authors correlate the long wavelength system 
with the 445 nm singlet-triplet absorption observed 
by Innes et al.2) for pyridazine vapor and the short 
wavelength system to the 410 nm singlet-triplet ab­
sorption observed by Hochstrasser and Marzzacco3) in 
the pyridazine neat crystal. This assignment of the 
410 nm crystal absorption to the S0-»T2 transition is 
contrary to Hochstrasser and Marzzacco's analysis 
and would imply that they missed the observation of a 
lower energy singlet-triplet system, S , , -»^ . In cor­
relating their spectral data for pyradazine in EPA with 
spectral data of pyridazine in two different phases, 
Yamamoto, Takemura, and Baba do not take into 
account the large blue shifts in the n-^n* transitions 
upon going from the vapor to the solid phase of py­
ridazine. In the pyridazine vapor, the origin of the 
So-^Si Çux{im*)) transition lies at 26649 cm"12> where­
as it is found at 28351 c m - 1 in the crystal.3«4) This 
huge blue shift of 1702 c m - 1 may be due in part to the 
large dipole moment change accompanying the tran­

sition. The origin of the triplet system observed by 
Innes et alß appears at 22487 c m - 1 in the vapor and 
that in the crystal appears at 24251 cm - 1 .3) The sim­
ilarity of this 1764 c m - 1 shift observed in the triplet 
system to the 1702 c m - 1 shift in the singlet system is 
strong evidence that the 440 n m vapor and the 410 nm 
crystal absorptions are both due to the same singlet-
triplet transition namely S Q ^ T ^ This transition 
correlates with the 440 nm absorption observed by 
Yamamoto et al. In the phosphorescence excitation of 
pyridazine in EPA. I t should also be noted that the 
singlet-triplet gap is about 4000 c m - 1 in all three en­
vironments consistent with the lowest triplet being of 
the same character as the lowest singlet excited state 
namely B1(ri7r*). 

These comments are in no way meant to refute the 
suggestion of Yamamoto et al. that a second singlet-
triplet transition occurs at 410 nm for pyridazine in 
EPA. Since transitions to other than the lowest excited 
state of a given multiplicity are often very broad,5) 
such a transition would not have been observed under 
the high resolution spectrographs used by Innes et al. 
for the vapor work or by Hochstrasser and Marzzacco 
for the low temperature crystal work. 
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Polarography of a-Keto Acids in Aqueous and Nonaqueous Solutions 
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Phenylglyoxylic acid (I), phenylpyruvic acid (II), and pyruvic acid (III) were polarographically studied in 
buffer solutions and in DMF. Their reduction waves were reinvestigated in a wider pH range. Cyclic voltam-
metry showed that most electrode reactions of these acids in acidic pH are irreversible. pH-Dependence of E^/2 
and limiting current was studied. The observed decrease of the limiting currents of II and III in the strongly alkaline 
region was attributed to the dissociation of their corresponding enol forms. The i-E curves of these acids in DMF 
showed successive poorly-defined reduction waves, while those of the corresponding tetraethylammonium salts 
(TEA salts) were found to be much simpler in shape. A small oxidation wave was also observed with TEA salts 
of II and III, suggesting the presence of the enol form in DMF. The reduction products of I and its salt in DMF 
were studied by means of controlled potential electrolysis and NMR-spectroscopy. The electrode reaction mecha­
nism of a-keto acids in nonaqueous solution is discussed, emphasizing the role of the free acid form as a proton-donor 
and the formation of a radical anion followed by a disproportionation reaction. 

In Polarographie investigations of biologically impor­
tant a-keto acids, the first systematic study on the 
reduction of pyruvic acid was reported by Müller and 
Baumberger in 1939.*> They found that the limiting 
currents of the two successive reduction waves change 
with pH, taking the form of an acid dissociation curve, 
the total current of the two waves being constant in the 
p H range studied. They attr ibuted this phenomenon to 
the keto and enol forms of the acid in equilibrium in the 
buffer solutions. 

I t was pointed out by Brdicka and Wiesner2 '3) that the 
two waves of pyruvic acid should be ascribed to the free 
acid and anion of the keto form and not to the enol 
form of the compound. T h e rate constants of the 
dissociation and recombination reactions of a-keto acids 
were determined by the Polarographie method on the 
basis of the theory of kinetic current.2 - 4) Because of this 
successful application of polarography, pyruvic acid has 
been considered to be representative of organic com­
pounds whose rates of reaction in acid dissociation and 
recombination can thus be readily determined. 

Later, participation of the hydrate form of a-keto 
acids in their Polarographie behavior was suggested.5-8) 
In 1961, Ono, Takagi, and Wasa8> showed that the p H 
dependence of the limiting current of various a-keto 
acids could not be interpreted unless hydration and 
even enolization of the keto form when possible, in 

COOH 

G-OH 
II 
R 

COOH 
I /OH 
| ̂ OH 
RH * ^ COOH 

c=o 
I 
RH 

COO" (electroactive form) COO 

foH = l f = 
' / O H 
i ^OH 

R coo-
c=o 
I 

RH 

RH 

addition to the dissociation and recombination of the 
acid, were considered as factors in their equilibria in 
solution. T h e presented equilibria between an electro-
active free keto form and various electroinactive ones 
should be considered in most cases even for the first 
reduction wave of a-keto acid. 

We took up the polarography of a-keto acids from our 
interest in electro-reduction of biologically-important 
conjugated carbonyl compounds such as dehydro-L-
ascorbic acid.9-11) W e chose three a-keto acids: phenyl­
glyoxylic acid ( I ) , with no possibility of enolization; 
phenylpyruvic acid ( I I ) , which definitely includes enol 
forms in aqueous equilibria; pyruvic acid ( I I I ) , in which 
enolization is possible but occurs in aqueous solution 
in a restricted concentration range « 2 % ) . 1 2 ) 

Exper imenta l 

Chemicals. Phenylglyoxylic acid (I) was prepared ac­
cording to the method previously described.13) For phenyl-
pyruvic acid (II), since the instability of the free acid even 
as crystal is undesirable for quantitative experiments, a-
acetoamidocinnamic acid was prepared and stored.14) It was 
converted into a-hydroxycinnamic acid (the enol form of II) 
before each experiment, by hydrolysis in a dilute hydrochloric 
acid solution.15) The specimen recrystallized from distilled 
water was dissolved in 0.1 M (mol dm -3) HCl containing 10% 
ethanol. This was used as the stock solution for polarography 
in aqueous solutions. Pyruvic acid (III) (analytical grade, 
Wako Pure Chemicals Co., Ltd., Osaka) was used without 
further purification. 

Tetraethylammonium hydroxide for neutralizing a-keto 
acids to the corresponding tetraethylammonium salts was of 
reagent grade (10% aqueous solution, Wako Pure Chemicals 
Co.) 

Tetraethylammonium Perchlorate (TEAP) was prepared 
according to Fujinaga et a/.16) 

Nonaqueous Solvents. iV,iV-Dimethylformamide (DMF) 
and acetonitrile (AN) were purified and dried as prescribed 
by Mann.17) 

As buffer solutions, Mcllvaine buffer and other buffers were 
employed. The ionic strength of the aqueous electrolytic 
solutions was not always controlled to a definite value. For 
the sake of confirmation, it was adjusted to 0.5 by adding the 
requisite amount of KCl in certain experiments. 

Apparatus. A Yanagimoto Polarograph Type PA-202 
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combined with a Yanagimoto iR-drop compensator was used 
for most Polarographie measurements. An aqueous saturated 
calomel electrode (SCE) was used as a reference electrode. 
The characteristics of the capillaries used were m=2.40 mg/s, 
t=3.75 s in pH 6.12 Mcllvaine buffer when the Hg level was 
60 cm and — 1.0 V was applied, and m= 1.16 mg/s, f=3.77 s 
in DMF at — 1.5 V and 50 cm mercury head. All the Polaro­
graphie experiments were carried out at (25=b0.1)°C. 

For controlled potential electrolysis, a Yanagimoto Con­
trolled Potential Electrolyzer was employed. NMR Spectra 
of the electro-reduction products were recorded on a JEOL 
MH-60 Spectrometer. 

For cyclic voltammetry, a Yanagimoto Polarovision PA-20 
was combined with a function generator of NF Circuit Design 
Block Co., Ltd., Osaka, Model FG-121A. The working 
electrode was a hanging mercury drop of appropriate size. 

Experimental Procedures. Polarographic measurements 
in aqueous solutions were carried out by conventional methods. 
However, when the a-keto acids were not stable in the given 
pH, the buffer solution in an electrolytic cell was previously 
deoxygenated by bubbling nitrogen gas. To this oxygen-
free buffer solution, the required volume of the stock solution 
was added and the polarogram was taken immediately. 

For nonaqueous solvents, a salt bridge to connect with the 
SCE was constructed of three gel layers, modifying the bridge 
devised by Takaoka.18) The layers were 3% aqueous agar 
gel saturated with KCl, 3% agar gel containing 70% DMF, 
30% H 2 0 , and 0.5 M TEAP, and 3 % methylcellulose gel in 
DMF or in a DMF-AN mixture containing 0.5 M TEAP. 

For the experiments with tetraethylammonium salts of 
a-keto acids, aqueous solutions of each a-keto acid were care­
fully neutralized to pH 7 by adding 10% aqueous solution of 
tetraethylammonium hydroxide. The neutralized solution 
was lyophyllized and stored in a refrigerator as a tetraethyl­
ammonium salt of the given a-keto acid. 

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

Behavior ofcc-Keto Acids in Aqueous Buffer Solutions. 
In previous papers8»19) the p H range was restricted to 
0—8. Since additional data for enol forms of a-keto 
acids were expected in the alkaline range, this range 
was examined most carefully. 

Change of Limiting Currents with pH. As shown in 
Figs. 1 and 2, each of the a-keto acids showed two 
reduction waves whose limiting currents change with 
p H . 

COOH 

C=0 + 2e + 2H+ • 

R 

coo-
C=0 + 2e + 2H+ • 

R 

COOH 

' / O H 

R 

coo-
l / O H 

R 

We see that the first wave corresponds to the reduction 
of the free a-keto acid and the second to that of its anion 
form, involving the kinetic current due to the recom­
bination of the anion form with hydrogen ion.2-8) 

In the reduction of I, with no possibility of enoliza-
tion, the small decrease of the limiting current of the 

Fig. 1. Polarograms of a-keto acids in various pH. 

Fig. 2. pH Dependence of the reduction waves of a-keto 
acids. 
Conen of keto acid 5 x 10-4M, 25°C. 
O-' Phenylglyoxylic acid, £ : phenylpyruvic acid, 
Q: pyruvic acid. I0: the largest limiting current of 
each keto acid in acidic pH range was taken as J0 for 
the corresponding acid. 

first wave with decreasing p H in the acidic range may 
be attr ibuted to the effect of hydration of the free 
acid.8»19) T h e changes of the limiting current in the p H 
range above 4 can be interpreted by the kinetics of acid 
dissociation.2-4) 

However, for I I , in which enolization was observed 
by U V spectroscopy,8) a pronounced minimum in the 
limiting current-pH curve of the first wave near p H 1 
was observed. A decrease of the limiting current of the 
second wave with p H could be seen in the p H range 
above 12. T h e decrease in the acidic range is due to the 
inactivation of the keto form by hydration and enoliza­
tion, but that in the alkaline range may be explained 
by the inactivation of the anion by dissociation of the 
enol form and the increase of the enolate form with p H : 
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For I I I , decrease of the limiting current similar to 
that of I I could be observed in both acidic and alkaline 
regions. The apparent pK2 value of I I and I I I is 
estimated to be ca. 13, provided that no kinetic current 
due to acid recombination is involved in such a high 
p H region. I t is interesting that this pK2 value is in 
good accordance with pK3 value obtained by Bamann 
and Sethi for oxalacetic acid.20) 

Even in strongly alkaline p H , no decrease of the 
limiting current such as those of I I and I I I was observed 
in I, in which enolization is not possible. 

However, it is not clear whether the enolization of the 
free acid form would participate in the decrease of the 
limiting current of I I I in acidic region. 

0 2 4 6 8 10 12 14 

pH 

Fig. 3. Relation between the half-wave potentials of 
a-keto acids with pH. 
The experimental conditions were the same as for Fig. 2. 
* Ionic strength was adjusted to be 0.5. 

(E vs SCEJ/V 

Fig. 4. Logarithmic analysis of the first wave of a-keto 
acids. 
O : Phenylglyoxylic acid, 0 : phenylpyruvic acid, Q: 
pyruvic acid. 

- 1 5 

(E vs. SCE)/V 

Fig. 5. Cyclic voltammetry of phenylglyoxylic acid in 
buffer solutions, 
a: pH 1.13, b : pH 1.87, c: pH 4.95. Potential sweep: 
2 V/s. 

Relation between Half-wave Potentials of <x-Keto Acids and 
pH. We see from Fig. 3 that each first wave of I, 
I I , and I I I shows a linear relation of the E±/2 with p H , 
the slopes being 84, 100, and 112 m V / p H , respectively, 
whereas the half-wave potentials of the second wave 
are almost unchanged with p H . 

Reversibility of the Electrode Reaction. Since the 
presence of acid dissociation, enolization and hydration 
equilibria for three acids in the wide p H range makes 
analysis of the electrode reaction difficult, an acidic 
p H range was chosen in which the effects of acid 
recombination kinetics and dehydration kinetics, at least, 
can be minimized (pH near 1.1). In p H range below 
1.1, increase of the limiting current with decreasing p H 
observed for I I and I I I may be explained by the acid-
catalyzed dehydration reaction of the hydrated free 
acid form.8) T h e conventional logarithmic analysis 

1 2 

< 2 

2h 

c 
-

a 

b 

B 

a 

• ^ 

A 

[ 

aj 

AJ 
/^~^y 

a] 

y^ï 
^-^y 

a^—-J 

/ b __j 

1 / L. 

(E vs. SGE)/V 
- 3 0 

Fig. 6. Polarograms of a-keto acids and their tetraethyl-
ammonium salts in DMF. 
A (a) Phenylglyoxylic acid (b) TEA salt 
B (a) Phenylpyruvic acid (b) TEA salt 
C (a) Pyruvic acid (b) TEA salt 
Conen of the depolarizer around 5 x 10-4M. 
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of the current-potential curve was applied. Each acid 
exhibited a linear relation with a slope of 31, 89, and 
140 m V for I, I I , and I I I , respectively (Fig. 4), suggest­
ing the largest reversibility of the electrode reaction for 
I and the smallest for I I I . However, the results of 
cyclic voltammetry indicate no ideally reversible 
character of the electrode reaction, even for I, as seen 
in Fig. 5. 

Behavior of cn-Keto Acid in Nonaqueous Solvents. 
Polarograms of the Free <x.-Keto Acids: Polarograms of 
each a-keto acid examined, given in Fig. 6, show 
two or three poorly-defined reduction waves in D M F 
containing 0.1 M T E A P (curve a) . Almost the same 
of results were obtained in AN. Of the three a-keto 
acids, the total wave height of I greatly exceeds that of 
I I and I I I . T h e phenomena may be partly due to the 
presence of intramolecular proton donors, probably those 
of carboxylic groups. In order to eliminate the proton-
donating effect of the carboxylic group, the acids were 
neutralized with tetraethylammonium hydroxide having 
the same cation as that of the supporting electrolyte. 
T h e results obtained with these tetraethylammonium 
salts of a-keto acids show much simpler reduction waves 
(curve b, Fig. 6). T h e limiting currents indicate a 
certain intermedial number of transferred electrons 
between 1 and 2 as compared with the 2-electron trans­
ferred current in aqueous solution, considering effects 
of viscosity on the limiting current in nonaqueous 
solvents.21) 

A small oxidation wave was observed for I I and I I I , 
when the polarogram was taken with tetraethylam­
monium salt. T h e wave, which is absent in I, may be 
attributed to the oxidation of the enol form, but no 
further discussion is possible on this. 

In order to examine the mechanism of electrode 
reactions of a-keto acids in nonaqueous solvents, 
electro-reduction products were studied with free acid 
and tetraethylammonium salt by applying controlled 
potential electrolysis. In preliminary experiments 
carried out with the three keto acids, only I gave 

< 

- 1 5 - 1 5 - 1 5 - 1 5 

{E vs. SCE)/V 

Fig. 7. Change of polarograms of phenylglyoxylic acid 
TEA salt by the controlled potential electrolysis in 
DMF. 
Conen of the depolarizer ca. 1 X 10-2M. Applied poten­
tial - 2 . 4 V vs. SCE, 1: Before electrolysis, 2: 1 h, 3: 
3 h, 4: 5 h. 

reproducible results. This might be due to the instability 
of the reduction products. The experiment carried out 
with I is given in the following. 

Controlled potential electrolysis was carried out with 
the salt of I exhibiting a relatively simple current-
potential curve. When started with a relatively high 
concentration of the depolarizer, the polarogram of the 
initial stage showed a pronounced maximum which had 
not been seen with dilute solutions of the same specimen 
(Fig. 7). T h e electrolysis was carried out at —2.4 V, 
using a mercury pool as the working electrode. After 
completion of the electrolysis at the applied potential, 
a small reduction wave appeared at a more negative 
potential, for which we have no explanation. 

Solvent cncu + n,o 

TMS-

Solvent CDCU 

TMS-

9 8 7 6 5 1 0 

*5/ppm 

Fig. 8. NMR Spectra of the reduction products of phenyl­
glyoxylic acid TEA salt in DMF at 60 MHz in CDC13. 

T h e electrolyte solution after electrolysis was evaporat­
ed under reduced pressure, and the residue was acidified 
by addition of excess 0.5 M H 2 S 0 4 solution. T h e acid 
solution was then extracted with ethyl ether. The 
residue from the ether extract after evaporation was 
used for N M R measurement. The results are given 
in Fig. 8. In comparison with the spectrum of DL-
mandelic acid,22) a small signal at 5.13 ppm (a) can be 
at tr ibuted to the proton bound directly to the a-carbon 
of mandelic acid, while the proton of the alcoholic O H 
at the a-position seems to exhibit a signal near 7 ppm. 
It is not, however, a well-defined singlet, but a somewhat 
broad signal indicating the overlap with that of the 
carboxylic proton. T h e addition of D 2 0 to the electro-
reduction product (Fig. 8-b) causes the disappearance 
of the hatched portion of Fig. 8-a. T h e change in the 
integrated absorption intensity caused by the addition 
of D 2 0 seems to correspond roughly to two protons, i.e., 
carboxylic and hydroxyl, if we assume that the unchang­
ed part is the total contribution of 5 phenyl protons. 
Consequently, the small signal at 5.13 ppm may 
indicate the formation of mandelic acid after the 
electrolysis, the yield of which may be 1 /4 mol per 1 mol 
of the starting I. T h e remainder of the electrolytic 
product can therefore be attr ibuted to the formation 
of the dimer. 

T h e results suggest that the electrolytic product of I 
under these conditions is a mixture of DL-mandelic acid 
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- 1 5 -3 .0 

(E vs. SCE)/V 

Fig. 9. Change of polarograms of phenyglyoxylic acid 
by controlled potential electrolysis in DMF. 
Applied potential — 1.2 V vs. SCE, a: before electrolysis 
(Conen of the depolarizer ca. 1.7xl0-2M), b : after 
the completion of the electrolysis (Conen of the depolar­
izer 6.6 x 10-*M). 

and the dimer due to the binding of two radicals from I 
Electrolytic reduction was applied to the free acid 

form of I. The behavior of I in free acid form in relatively 
high concentrations differs a great deal from that in 
dilute concentrations (Fig. 9-a). — 1 . 2 V was chosen for 
the applied potential. T h e polarogram after electrolysis 
still shows poorly-defined reduction waves (Fig. 9-b). 

The electro-reduction product was extracted in the 
same manner as in the treatment of the neutralized I. 
The products were confirmed to be a mixture of DL-
mandelic acid and the dimer but in a different ratio 
from that in the above case, more mandelic acid forma­
tion being detected with the free acid form than with the 
neutralized specimen of I. 

Proposed Scheme of the Electrode Reaction. From the 
results, the following schemes are proposed for the 
principal process of the electrolytic reduction of I in 
DMF. 
For the neutralized specimen of I : 

COO" R+ COO" R+ 

c=o 
i 

+ e • C - O R + 

V 

+ H* 

- + R - 0 - C 
+R -OOC 

Dimerization 

COO" R+ 

H - C - 0 - R + 

A 

COO- R+ 

C - 0 " R + 

V 

Disproportionation 

For the free acid : 
COOH COOH 

R+ = N(C2H6)4
+ 

c=o • C - 0 -

COOH 

• C-OH 

+ e 

X 
COOH 

c=o 
coo-
c=o 

Dimerization 

Disproportionation 

V V 

For the salt of I, one-electron reduction can produce the 
radical, most of which may be converted into the dimer. 
T h e remainder then exhibits a disproportionation reac­
tion yielding the salts of I and mandelic acid, as is 
sometimes seen in the polarography of carbonyl groups 
in nonaqueous solvents,23) provided that protons can be 
supplied from either D M F or TEAP. 

T h e possibility of the involvement of two-electron 
reduction to form dianions is not completely excluded. 
However, since no well-defined stepwise reduction waves 
were observed, it is preferable to represent the simplified 
schemes using disproportionation only in the production 
of mandelic acid. 

Electrolysis of the free acid would be more complicated 
than that of the salt. T h e effect of proton-donors should 
be considered. The radical anion formed in the first 
step of one-electron reduction might react with an 
unreacted molecule, and the protonated radical might 
perform the same kind of dimerization and dispropor­
tionation as in the case of the salt. The anion produced 
by the reaction of a radical with an unreacted free 
acid molecule would be reduced at a more negative 
potential than in the case of the original free acid. 

Besides the electro-reduction of the carbonyl group, 
the discharge of protons liberated from carboxylic 
groups might be considered in the polarograms of the 
free acid. Since various chemical species having car­
boxylic groups can be produced as a result of the first 
electrode reaction, these acids with slightly different p ^ 
values may cause successive and poorly-defined, more 
negative waves.24) 
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The equilibrium constants, K^ and K2, between a series of o- and iV-substituted anilines and Eu(fod)3 in CC14 

were evaluated using a four-parameter analysis of lanthanoid-induced shifts. It was found that the order of magni­
tudes of the values of K corrected for the effect of the pXa-value well corresponds to the accessibility of the nitrogen 
lone-pair to the Eu ion on the complexation. 

Ernst et al.1) have found that in a series of/»-substituted 
anilines, the Eu(dpm)3- induced ^ - N M R shifts (the 
so-called S-values) can be linearly correlated to its 
basicity, and furthermore, that no such relation exists 
in comparisons of amines with a different steric acces­
sibility of the N-lone pair. However, one may consider 
that the use of pure intrinsic shifts2-5* should lead to a 
more precise discussion of the correlation between shift 
and basicity. T h e intrinsic shifts should be related to the 
tightness of the interaction between the N-lone pair and 
the Eu ion, while the equilibrium between an Eu-
chelate and amine depends on the frequency of occur­
rence of the interaction between these in solution. 
Therefore, it may be reasonable to consider that the 
magnitudes of the equilibrium constants should be 
dependent on both the basicity of amine and the steric 
accessibility of the N-lone pair to the Eu ion, as would be 
expected from the amounts of the lanthanoid-induced 
intrinsic shifts. 

The present paper describes the correspondence 
between the equilibrium constants obtained from a 
least-squares analysis of the experimental Eu(fod)3-
induced shifts for a series of o- and iV-substituted anilines 
and the predicted steric hindrance on complexing to 
Eu(fod)3. 

Exper imenta l 

All the liquid aniline derivatives used were distilled in 
vacuo and dried over molecular sieves, and 2-aminobiphenyl, 
recrystallized from ethanol. CCI4 (spectro grade) dried over 
molecular sieves was used as the solvent without further 
purification. Eu(fod)3 obtained commercially was used after 
drying over P 2 0 5 in a vacuum desiccator.6) In order to 
prepare the observed lanthanoid-induced shifts (LIS) vs. 
[Eu(fod)3]/[Aniline] (p) plots, an original complex solution 
with the largest value of p was first prepared in a 1H-NMR 
tube. This solution was then diluted step by step with an 
amine solution of concentration [S0], while the NMR spectrum 
was measured. The total amine concentration [SQ] was 
0.19 to 0.25 M, the largest p value 2.1 to 3.4, and the number 
of data points 19 to 22. 

The NMR spectra were recorded on a Hitachi R-20A 
spectrometer at a probe temperature of 34 °C at 60 MHz in 
the frequency-swept mode using TMS as an internal standard. 

All computations for the fitting analysis were carried out on 
HITAC-8800/8700 computers at the Computer Center of 
the University of Tokyo, except for some of which were per­
formed on the HITAC-8250 computer at the Computer 
Center of Ibaraki University. The program used was LISA2 

which was prepared by Shapiro et al. and partially modified 
in this laboratory. 

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

Several o- and JV-substituted anilines were chosen, 
because various degrees of steric hindrance may be 
expected with these amines upon complexing to Eu(fod)3 

in solution, and moreover, because the basicities (given 
in terms of piCa-values) of these amines do not vary 
widely in magnitude. 

T h e fitting analysis of the LIS vs. p plot was made 
by postulating an equilibrium system in which a self-
association effect of Eu(fod)3 was added to the two-step 
mechanism for the complexation of amine to Eu(fod)3, 
tha t i s , L+S<=>LS (Kj), L S + S ^ L S 2 (K2) and L + I Ä L 2 

(iCL).2>7) These examinations using Kh-values up to 100 
led to a monotonie increase or decrease in the standard 
deviation [a) with increasing j ^ - v a l u e for most proton 
resonances, although in a few cases a minimum value of 
a was reached within this range of Kh. Therefore, the 
inclusion of this effect may be unfavorable. All the 
systems studied were therefore analyzed assuming Kh 

to be zero. Table 1 shows the intrinsic shifts (<5j and ô2) 
and the ff-values obtained by the least-squares analysis. 
I t can be said that these ff-values are adequately small. 
Representative examples are shown in Figs. 1 and 2. 
Table 2 shows the pA"a-values8) and the averages of the 
X-values, for which the A^-values were weighted accord­
ing to the devalue of each resonance in the molecule. 
T h e variation of ^-values obtained from the various 
resonance lines in the molecule was fairly large (with a 
standard deviation of 18 to 50%) . However, the 
averaged K-va\ue changed considerably with the kind, 
position and number of substituents on aniline, as seen 
from Table 2. therefore , these values may be useful 
for a qualitative discussion of the steric effect. 

Table 2 shows that the large variation of ^-values 
does not correspond to the small change in pKa-values. 
This clearly indicates that the piC,-value does not play 
a major role in the equilibria and suggests that steric 
hindrance may predominantly affect the complexation. 
o-Toluidine, o-ethylaniline and 2,3- and 2,4-, and 2,5-
xylidines have much smaller equilibrium constants (both 
Kt and K2) than does aniline, in spite of the fact that 
their p7Ca-values are similar in magnitude to that of 
aniline. Of these five compounds, o-ethylaniline has 
extraordinarily small values of Kx and K2. Consequently, 
the four remaining derivatives may be regarded as a 
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TABLE 1. THE INTRINSIC SHIFTS, O\ AND d2,
a) AND THE STANDARD DEVIATIONS, ab) 

Compound 

o-Toluidine 

o-Ethylaniline 

2,3-Xylidine 

2,4-Xylidine 

2,5-Xylidine 

2,6-Xylidine 

JV-Methyl-wz-toluidine 

iV-Ethyl-wz-toluidine 

2-Aminobiphenyle) 

ô2 

a 

Si 
s2 
a 
§i 

§2 
a 

Si 

a 

Si 
s2 
a 
Si 
sz 
a 
Si 
s2 
a 
Si 
sz 
a 
Si 
s2 
a 

2H 

-7 .16") 
-5 .12") 

0.032 

-9 .24") 
-6 .66") 

0.047 

-8 .38") 
-5 .81") 

0.044 

-8 .06") 
-5 .23") 

0.032 

-7 .04") 
-4 .49") 

0.030 

- 1 2 . 5 2 
- 8 . 4 5 

0.072 

- 1 3 . 4 0 
- 4 . 4 5 

0.041 

-6 .68 f ) 
-7 .49 f ) 

0.044 

3H 

- 2 . 1 4 
- 1 . 2 7 

0.019 

- 3 . 5 1 
- 2 . 0 8 

0.013 

-2 .85") 
-2 .08") 

0.014 

- 3 . 7 2 
- 2 . 4 1 

0.018 

- 3 . 7 1 
- 2 . 3 5 

0.015 

- 3 . 4 7 
- 1 . 9 7 

0.019 

-1 .37") 
-1 .94") 

0.008 

-1 .85") 
-0 .57") 

0.010 

- 4 . 2 6 
- 1 . 8 1 

0.021 

4H 

- 3 . 0 7 
- 2 . 0 3 

0.020 

- 3 . 2 9 
- 1 . 8 7 

0.012 

- 3 . 9 9 
- 2 . 8 6 

0.015 

-0 .73") 
-0 .29") 

0.005 

- 3 . 6 1 
- 2 . 2 1 

0.028 

- 4 . 1 0 
- 2 . 5 6 

0.019 

- 2 . 9 9 
- 3 . 3 7 

0.022 

- 3 . 0 0 
- 1 . 2 1 

0.014 

- 4 . 2 3 « 
-3.02g> 

0.016 

5H 

- 3 . 2 2 
- 2 . 2 7 

0.021 

- 2 . 4 1 
- 2 . 4 1 

0.010 

- 2 . 7 4 
- 1 . 4 2 

0.013 

- 2 . 5 9 
- 1 . 3 8 

0.011 

-1 .53") 
-0 .90") 

0.007 

- 3 . 4 7 
- 1 . 9 7 

0.019 

- 2 . 9 7 
- 2 . 5 0 

0.018 

- 3 . 5 5 
- 1 . 1 1 

0.011 

6H 

- 1 0 . 5 2 
- 6 . 6 6 

0.100 

- 1 1 . 7 4 
- 6 . 5 1 

0.032 

- 1 3 . 4 5 
- 7 . 6 3 

*):040 

- 1 2 . 9 3 
- 7 . 2 4 

0.048 

- 1 2 . 0 5 
- 6 . 6 7 

0.066 

-7.04") 
-4.49") 

0.030 

- 1 3 . 3 3 
- 1 4 . 2 6 

0.076 

- 1 3 . 8 4 
- 4 . 4 5 

0.048 

- 1 2 . 7 6 
- 1 1 . 9 0 

0.028 

CH7 

- 8 . 8 2 
- 5 . 4 7 

0.040 

-17.77d) 
-6 .85 d ) 

0.056 

Ethyl 

~ " CH3 

- 3 . 7 3 
- 2 . 5 4 

0.012 

-14.94 c) 
-15.86c) 

0.083 

-7 .83 d ) 
-2 .97 d ) 

0.022 

a) Measured in ppm. b) Values for methyl protons, c) Values for iV-methyl protons, d) Values for JV-ethyl 
protons, e) Only four curves were thoroughly analyzed, f ) This resonance line was assigned to the 2' proton in 
the neighboring ring. This assignment is probably correct from the amount of shift and the coupling pattern of 

r N 

this line, g) It cannot be determined whether this signal should be assigned to 4H or 5H. h) *S(̂ obsd.i 

— <5caicd#i)
2/(iV— 1) measured in ppm, where 5obsd and <5calcd are the observed and calculated LIS, respectively 

and N is the number of data points. 

group having ^-values larger than those of o-ethyl-
aniline, in view of the accuracy of the present estimates 
for the K. JV-Methyl, N-ethyl, and JV,iV-dimethyl 
derivatives have particularly small values of Kt and K2, 
in contrast to their relatively large pÄ"a-values, especially 
those which are much smaller for the latter derivative. 
However, it cannot be clearly decided which iC-values, 
those for the iV-methyl or A'-ethyl derivatives, are the 
larger. Thus, the order of magnitudes of Kt and K2> 

after correction for the effect of basicity, is as follows : 

aniline ^> o-methyl ^> o-ethyl > iV-methyl, JV-ethyl ^> 

JV,iV-dimethyl. 

2,6-Xylidine and 2-aminobiphenyl have comparatively 
small pÜTa-values. I t may be said that the Kt for 2,6-
xylidine is located between those for o-ethylaniline and 
the iV-monoalkyl-derivatives, but that the K2 is similar 
in magnitude to that for the iV-monoalkyl-derivatives, 
and that the Kx and K2 for 2-aminobiphenyl are similar 
in magnitude to those for the iV-monoalkyl-derivatives 
having larger p ^ - v a l u e s . Thus, the order, corrected 

for the effect of the p^ a-values, is 

o,o-dimethyl ^> o-phenyl ^> iV-methyl, iV-ethyl, 

which holds for both Kt and K2. From the trend in the 
variation of Kt relative to that of pKR for the four o-
methyl derivatives, it is difficult to consider that the 
equilibrium constant for o-ethylaniline, which is about 
six times that for 2,6-xylidine (for both Kx and K2), 
can be ascribed to the difference in the p7Ca-values, 
which is about 0.5 (see Table 2). Consequently, the 
overall order of the iC-values corrected for the effect of 
the pA"a-values, is9) 

aniline ^> o-methyl ^> o-ethyl ^> o,o-dimethyl ^> 

o-phenyl ^> i^-methyl, iV-ethyl ^> JV,JV-dimethyl. 

O n the other hand, one may assume that the aniline 
adduct of Eu(fod)3 has a geometry similar to those of 
Eu(dpm)3Py2

1 0) and Ho(dpm)3(4-picoline)2,11) although 
correct information about the present adduct is not 
known. Then, on the basis of this assumption, the 
degrees of steric hindrance for these aniline derivatives 
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TABLE 2. T H E EQUILIBRIUM CONSTANTS, KX 

AND K2,V AND p # a
b > 

Compound * i K9 P*a 

o-Toluidine 
o-Ethylaniline 
2,3-Xylidine 
2,4-Xylidine 
2,5-Xylidine 
2,6-Xylidine 
iV-Methyl-m-toluidine 
iV-Ethyl-wz-toluidine 
2-Aminobiphenyld) 

iV,iV-dimethylanilinee> 
iV,iy-Diethylanilinef> 
Aniline8' 

1188 
282 

1081 
1101 
740 
48.8 
11.3 
9.2 
9.5 

< 0 . 1 

5230 

109 
65 
95 

128 
105 

9. 
1. 

9. 
5, 

582 

39 
37 

72 
89 
53 
95 

00 
12c> 
83 
07 
11 

4.62 

a) These are average values in which the values of K are 
weighted according to the value of <5X for each resonance. 
When convergence of a ÄWalue was unobtainable in the 
fitting analysis or one Ä-value was extremely different in 
magnitude from the other Ä-values for the resonances of 
the molecule, this value was excluded from the estimate 
of the averages, b) These values were taken from Ref. 8. 
c) Since the p7STa-value of iV-ethyl-m-toluidine could not 
be found in the literature, that of JV-ethylaniline is 
listed. This value is situated between 4.96 (JV-ethyl-o-
toluidine) and 5.72 (JV-ethyl-/>-toluidine) and appears to 
be plausible in analogy with the pAg-values of aniline 
and toluidines: 4.62 (aniline), 4.39 (o-toluidine), 4.69 
(m-toluidine), and 5.12 (/»-toluidine). d) The averages 
of the Ä-values for only three resonances, e) All the 
values of K2, <5X and d2 are very unreliable because the 
observed shifts are too small. However, the i^-value is 
consistently less than 0.1 for all the protons, f)Analysis 
is almost impossible due to further small shift values. 
g) Listed for comparison with the present compounds, as 
a representative which may be considered to have no 
particular effect due to the steric hindrance. 

have been discussed using the E u - N distance, 2.65 
Â,10»12) and the angle (0) between the E u - N and N - C 
bonds, 120—140°.12) Such a comparison of steric 
hindrance was made qualitatively based mainly on the 
access of substituent groups to several oxygen atoms of 
the /?-diketonato ligands in both the 1: 1 and 1: 2 
adducts. One may recognize that the order is unaffected 
by a slight variation of the geometry, and thus 

aniline <^ o-methyl <^ o-ethyl <^ o-phenyl 

holds for steric hindrance. For o-derivatives, in order to 
decrease the steric effect, the N - C bond can be slightly 
twisted so as to increase the distances between the o-
substituent group and several oxygen atoms, at a small 
expense of the ^-overlap in the N - C bond. However, 
no such possibility can be expected for the complexation 
of 2,6-xylidine.13> Thus, it seems reasonable to consider 
that the steric effect for 2,6-xylidine is more rigorous 
than that for o-ethylaniline, because the methyl group 
in the ethyl group can be oriented in the direction away 
from the oxygen atoms. In o-aminobiphenyl, the two 
rings are considerably twisted with respect to each other 
and the neighboring ring may be fairly close to the 
/-butyl or heptafluoropropyl group. These must cause 
a fairly large hindrance, although whether 2,6-xylidine 

P 
Fig. 1 (b) 

Fig. 1. Results of theoretical fits of the two step mecha­
nism, L+S«±LS, LS+S^±LS2, to the observed Eu-
(fod)3-induced data for (a) 2,5-xylidine at [S0] = 0.25 
M and (b) JV-methyl-m-toluidine at [£(,]=0.19 M. 
The numbers indicate the positions. 
0> # : The observed data. 
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or o-aminobiphenyl has the larger steric effect cannot 
be determined. In iV-methyl, iV-ethyl, and N,N-
dimethyl derivatives, the iV-methyl and ^-methylene 
groups generally become much closer to some of the 
oxygen atoms than the ring-substituents in the other 
compounds, even though the degree of proximity is 
appreciably sensitive to a slight variation of 0. Such a 
situation allows us to consider that these ^-derivatives 
are expected to have a steric effect that is considerably 
larger than those for the other amines mentioned above. 
iV,iV-Dimethylaniline should be less accessible to the Eu 
ion than the N-methyl or N-ethyl aniline, for the same 
reason as in the case of 2,6-xylidine. 

Thus, it was found that the Kx- and K2-values obtained 
from the present investigation in the aniline derivative-
Eu(fod)3 systems correspond well to the predicted steric 
accessibility of the TV-lone pair to Eu(fod)3, without 
any large discrepancy. 

A quantitative correlation of the intrinsic shifts with 
the steric hindrance in the present systems is difficult 
to elucidate for the following reasons: (1) the steric 
effect possibly alters the geometry of the adduct, and 
consequently, the intramolecular distribution of the 
dipolar shifts may be changed, and (2) the variation 
of the extent of the steric effect may lead to a change 
in the cs-contribution to the LIS . 

The authors would like to express their grateful 
appreciation to Professor B. L. Shapiro for providing 
them with the LISA2 program. 
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The electrode behavior of n-type TiOa in acetonitrile solutions containing one of a variety of aromatic amines 
under illumination has been investigated. The onset potential of the anodic photocurrent leading to the oxidation 
of the amines changed from the most negative —0.51 V vs. SCE for iV,iV,iV'/,iVv-tetrametiiyl-^-phenylenediamine 
to the least negative —0.27 V for aniline. These values parallel the change of the flat band potential by the amine 
and become more negative as the ionization potential of the amine decreases. The influence of the amine on the 
flat band potentials of ZnO, CdS, and GaP was also studied and found to be much less than in the case of TiOa . 
From these results, the reason for the change of the flat band potential in the case of TiOa is attributed to a specific 
charge transfer interaction between the semiconductor and the amine. 

T h e electro-photochemical behavior of semiconductor 
electrodes in aqueous solutions has been extensively 
studied for various semiconductors such as GaP,2) 
ZnO,3 '4) CdS,5-«) Ti02 ,7-9> and others.13) T h e photo-
currents observed for the n-type semiconductors such 
as GaP, Z n O and CdS under illumination are attr ibuted 
to the anodic dissolution of the electrodes. Honda and 
Fujishima found that the n-type T i 0 2 electrode is 
electrochemically stable and the electrode reaction 
under illumination is the decomposition of water.7 '8) A 
similar photoeffect may also play a role in organic 
electrosynthesis using sunlight as an energy source. 
However, very few studies have been made on the 
electrode behavior of semiconductors in non-aqueous 
solutions,14) although it seems important for the elucida­
tion of semiconductor properties as well as for use in 
organic synthesis. 

We have now carried out studies in this relatively 
unexplored area and, in this paper, report the results 
on the n-type T i O a electrodes under illumination in 
acetonitrile solutions. 

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

Single crystals of TiOa in the form of a wafer with optically 
flat (001) surfaces were obtained from Nakazumi Crystals Corp. 
The electrodes were constructed in a way similar to those used 
in our previous work.9) Figure 1 shows the experimental 
setup. High purity nitrogen gas was bubbled through the 

4177771 H 
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Fig. 1. Schematic diagram of the electrochemical cell. 
1: TiOa electrode, 2: Pt electrode, 3: N2 gas inlet, 4: 
GH3CN solution containing 0.1 M LiC104, 5: poten­
tiostat, 6 : magnetic stirrer. 

solution in order to remove oxygen. A saturated calomel 
electrode (SCE) was used as the reference electrode. Ace­
tonitrile was purified according to the literature.10) Iri order 
to prevent contamination by water, the SCE was placed in a 
vessel connected with a tube to the electrochemical cell. Both 
the vessel and the tube were filled with the same solution as 
that in the cell. Lithium Perchlorate, dried at 180 °C for 6 h 
in vacuo, was used as a supporting electrolyte at the concentra­
tion of 0.1 M (mol dm - 3) . Aromatic amines were purified 
from reagent grade materials by recrystallization or sublima­
tion in vacuo. A 250 W super high pressure mercury lamp 
was used as the light source. The light was passed through a 
Toshiba UV-35 filter. A Hokutodenko HA 101 potentiostat 
and a Shimadzu VM 101 voltammeter were used for measure­
ments of the voltage and current of the photo-cells. Differen­
tial capacitance measurements were made by use of a 
Yokogawa Hewlet-Packard 4265B Universal Bridge. 

R e s u l t s 

Figure 2 shows typical current-voltage curves. In the 
dark, no anodic current was observed. From curves 1 
and 2, we can see that the photocurrent for the aceto­
nitrile solution shows no change in the onset potential, 
but an increase in the saturation current by addition 
of 0.8 M water. This result shows that the anodic 
photocurrent observed in the range 0 to + 1 V, in the 
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Fig. 2. Photocurrent density-potential curves for the 
T i 0 2 electrode in acetonitrile solutions (0.1 M LiClOJ. 
1 : CH3CN solution, 2 : CH3CN solution containing 0.8 
M HaO, 3: CH3CN solution containing 10~3 M/»-PD. 
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absence of amine, is not due to the oxidation of the 
solvent but to the decomposition of water dissolved in a 
trace amount . O n the other hand, the anodic photo-
current of the solution containing 10~ 3 M /»-phenyl-
enediamine (/>-PD) appeared at around —0.4 V, 
showing that the onset potential of the photocurrent 
shifted to the cathodic side by ca. 0.4 V by the addition 
of the amine. T h e onset potentials of the photocurrents 
for the other amines, iV,JV,JV',JV/-tetramethyl-/>-phenyl-
enediamine ( T M P D ) , JV,J\T-dimethyl-j&-phenylenedi-
amine (DMPD) , JV,iV-dimethylaniline (DMA) , p-
toluidine (PTD) and aniline (AN), differed from each 
other as shown in Fig. 3. 

- 0 . 6 +0.2 - 0 . 4 - 0 . 2 0 

(Potential)/V vs. SCE 

Fig. 3. Photocurrent-potential curves for the T i 0 2 

electrode in acetonitrile solutions containing 10 -3 M 
amines. 
A: TMPD, B: DMPD, C: />-PD, D: DMA, E: />-TD, 
F: AN, G : 0 . 8 M H 2 O . 

Although the onset potential is usually regarded to be 
approximatly equal to the flat-band potential (Ffb), 
more exact information about Vfh can be obtained from 
the differential capacitance measurements. A plot of 
1/C2 against the electrode potential, V, according to the 
Schottky-Mott equation1) 

1/C2 = (2/ee0eND)(V- V{b~kT/e) (1) 

gives the flat band potential and the donor density 
(JVD), where C represents the space charge capacitance, 
e the electronic charge, s the dielectric constant of the 
T i O a , and e0 the permittivity of vacuum. Some typical 
results of the measurements are shown in Fig. 4. T h e 

S 
u 
I 
3. 

(Potential)/V vs. SCE 

Fig. 4. Schottky-Mott plots of the capacitance vs. elec­
trode potential for the TiOz in acetonitrile solutions. 
A: 0.1 M GH3CN solution of LiC104, B: CH3CN 
solution containing 2 X 10~3 M DMA, G : GH3GN solu­
tion containing 2 X 10~3 M TMPD. 

donor concentration determined from these plots by 
assuming e for T i O a to be 12012> is about 8 x 1018 cm"3 . 
Though the Vfb for the T i O a in acetonitrile obtained 
from the Schottky-Mott plot varied with specimen 
between —0.64 V and — 1.1 V (the value most frequent­
ly obtained being ca. —1.0 V) , a constant shift of Vih 

to the cathodic direction was obtained by adding an 
amine into the solution as shown by A F f b in Table 1. 
An almost constant value was obtained for the Vtb 

for the aqueous solution of 0.1 M LiC10 4 to be —0.80 V. 
T h e onset potentials of the photocurrents, VQ, given in 
Table 1 are more positive than the Vib in each of the 

TABLE 1. ONSET POTENTIALS OF THE PHOTOCURRENT OF THE TiOa ELECTRODE FOR VARIOUS 

ACETONITRILE SOLUTIONS CONTAINING 1 0 ~ 3 M AMINES AND THE RELATED QUANTITIES 

£oa) 

(V vs. SCE) V(eV)b> (Vw.SCE) AFfb(V)h> 

N, N, N', iy'-Tetramethy l-/>-pheny lenediamine 
N, JV-Dime thy 1-^-pheny lenediamine 
/»-Phenylenediamine 
N, iV-Dimethy laniline 
/»-Toluidine 
Aniline 
Water 

0.20 

0.73 
0.87 

6.75d> 
6.97d> 
7.4e> 
7.51f> 
7.78f> 
8.04f> 

12.61« 

- 0 . 5 1 
- 0 . 4 6 
- 0 . 4 1 
- 0 . 3 3 
- 0 . 3 0 
- 0 . 2 5 
- 0 . 0 5 

- 0 . 5 0 
- 0 . 4 4 
- 0 . 4 0 
- 0 . 3 0 
- 0 . 2 4 
- 0 . 2 0 

a) Oxidation potential of amine on Pt in CH3GN solution. K. Sakaki, A. Kitani, and M. Tsuboi, Nippon 
Kagaku Kaishi, 1973, 2269. b) Vertical ionization potential in gas phase, c) Onset potential of the photo­
current in acetonitrile solution, d) Y. Nakato, M. Ozaki, and H. Tsubomura, Chem. Phys. Lett., 9, 615 
(1971). e) T. Tani, Denkt Kagaku, 41, 683 (1973). f) A. D. Baker, D. P. May, and B. W. Turner, J. Chem. 
Soc, B, 1968, 22. g) W. C. Price, J. Chem. Phys., 4, 147, 539 (1936). h) Shift of Vn caused by addition of 
amine. 
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TABLE 2. FLAT BAND POTENTIALS OF TiOa , ZnO, CdS, 

AND G a P IN ACETONITRILE SOLUTIONS ( V VS. S C E ) 

TÏO^ ZnÖ CdS GaP 

in CH3CN - 1 . 0 5 - 0 . 2 0 - 0 . 8 0 - 1 . 2 4 
/)-PD(2xlO-3M/l) - 1 . 4 5 - 0 . 2 5 - 0 . 8 4 - 1 . 5 4 

corresponding solutions. However, the onset potentials 
for various amines parallel the corresponding A F f b 

values. This change in Vib by the addition of the amine 
does not occur in water but only in the acetonitrile 
solutions. T h e sequence of the V{b's for various amines 
did not change even when the supporting electrolyte 
concentration was increased from 0.1 to 0.4 M or 
the donor concentration of the T i O a was altered. 
Table 2 gives the Vfh values for other semiconductors, 
CdS, GaP, and Z n O in acetonitrile solutions with and 
without 2 X 10-3 M p-PD. 

Fig. 5. The absorption spectra of acetonitrile solutions 
of 0.1 M LiC104 and 10~3 M amine after photo-anodic 
reactions A: />-PD, B: DMPD, C: TMPD. 

The absorption spectra of the acetonitrile solutions 
were measured after letting the anodic photocurrent flow 
in the cell in order to identify the reaction products 
formed from the amines (Fig. 5). T h e spectra for the 
case of p-PD and D M P D resemble those of the 
Bandrowski's bases 

formed by the oxidation of the respective amine.16) As 
it has been established that these Bandrowski's bases 
are formed by the reactions between the radical cations 
p-PDf or T M P D + and the neutral amines, the detection 
of the Bandrowski's bases shows that the pr imary 
products of the photo-anodic reactions a t the electrodes 
are the cation radicals of the amines. T h e absorption 
spectrum, in the case of T M P D , resembles that of 
TMPD+.17> O n the other hand, for aniline and dimethyl-
aniline, the solutions remained colorless, a black solid 
substance being formed on the Pt surface, presumably 
the condensation reaction products formed from oxidized 
amines. 

D i s c u s s i o n 

O n excitation of the T i O a electrode at the wavelength 
corresponding to the band gap (3.0 eV),7> electrons are 
promoted from the valence band to the conduction 
band and driven inward by the electric field existing 
in the space charge layer, while the holes created in the 
valence band move onto the surface and presumably 
oxidize the molecules having oxidation potentials lower 
than the higher limit of the valence band (Ev) a t the 
surface. T h e ionization potentials in acetonitrile, 7p(sol), 
of the amines used in this experiment are calculated to 
be 5.8 eV for T M P D and 6.3 eV for AN by the use of 
Born's equation, 

7 p ( s o l ) = / p ( g ) - ( , 2 / 2 r ) ( l - l / n 2 ) 

where 7p(g) represents the gas phase ionization potential 
of the amine, r the radius of the amine molecule, and n 
the refractive index of acetonitrile.20) 

T h e lower limit of the conduction band of T i O a (Ec) 
is calculated to be 3.7 eV by use of the flat band potential 
— 1.0 V (vs. SGE) and the absolute energy level of SGE, 
ca. 4.7 eV.21> Then, the higher limit of the valence band 
of the T i O a (Ey) is obtained to be ca. 6.7 eV using the 
band gap energy 3.0 eV of T i0 2 . 7 ) Therefore, i t is 
reasonable to assume that the amines are oxidized by 
the photoexcited T i 0 2 electrode. T h e oxidation of the 
amine was experimentally verified from the absorption 
spectra of the solutions after illumination at the closed 
circuit condition, which showed the spectra of the oxida­
tion products. 

As described earlier, the onset potentials of the photo-
currents and the flat band potentials are changed by 
adding amines to the solution. T h e magnitudes of the 
changes of these two types of potentials are parallel to 
each other and both become more negative, as the 
ionization potential of the amine is lowered. T h e flat 
band potential, Vfh, of the T i O a electrode has been 
reported to shift to the more negative direction with 
increasing p H of the electrolyte solution.11) This shift 
of Vfb is explained by taking account of the increase 
of the negative charge at the surface of the T i 0 2 , which 
is produced by the following proton dissociation 
equilibrium. 

-TiOH <=± -T iO" + H + 

i i 

I t was also reported that the Vf b 's of ZnO1 5) and GaP19> 
have the similar p H dependence as that of the T i O a , 
while CdS does not.11) 

I t might be concluded therefore that the shift of Vfb 

of T i 0 2 is caused by the enhanced proton dissociation 
by the amine. In order to verify this, we studied the 
Vfh of T i 0 2 by changing the concentration of p-
toluidine, whose basicity is relatively weak, from 10 - 6 

to 5 X 10 - 2 M in the acetonitrile solution. T h e Vfh 

changed from —0.64 to —0.9 V as the amine con­
centration increased from 10 - 6 to 10 - 5 M and then 
remained almost constant up to the amine concentration 
of 5 x l O ~ 2 M . This result shows that if the proton 
dissociation were to occur by the addition of the amine, 
it comes to equilibrium at a very small concentration 
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of amine. Therefore, it is clear that the difference of 
the A F f b given in Table 1, which are for solutions 
containing 2 x l O _ 8 M amine, is not explained by the 
proton dissociation equilibrium. 

As shown in Table 2, the change of Vih for T i O a 

by the addition of/>-PD is indeed large. But the change 
for GaP is much less and there is hardly any change 
for Z n O and for CdS. These results for G a P and 
especially for Z n O show also tha t the change in V{h 

for these semiconductors cannot be explained by the 
proton dissociation equilibrium. 

I t seems, therefore, that there is a specific interaction, 
which affects the Vib, between the semiconductor and 
the amine on the interface. One possibility is a charge 
transfer interaction. If one assumes that the T i 0 2 

electrode has unoccupied intrinsic surface states, the 
charge transfer interaction (S---D) between the amine 
(D) and the surface state (S) might bring about a 
surface dipole on the semiconductor, and cause a 
potential drop a t the interface. Consequently, the Vih 

of the T i O a electrode will shift towards the negative 
direction. T h e degree of the shift a t a given concentra­
tion of amine depends on the degree of charge transfer 
between the amine and the surface state. T h e stronger 
the charge transfer force is, the greater is the negative 
shift of F f b . T h e degree of charge transfer, X, is express­
ed approximately as */X=ßl(Ip—Ws),

18) where — Ws 

is the energy of the surface state, Ip the ionization 
potential of the amine, and ß the interaction energy 
between the ground state (S--«D) and the ionized state 
(S~"-D+). I t can then be expected that the change of 
the onset potential for the anodic photocurrent and that 
of V{b will be proportional to A/X As shown in Fig. 6, 

-0.6 

a - 0 . 5 

> 

Jj-0.3 

^-0.2 L-
-M I 

,5-0.1 H 

l * ^ 
-0.5 

> 
1-0.4 - 2 

—1-0.3 <1 

-0 .2 

- 0 . 1 

0.3 
J_ 

0.7 0.4 0.5 0.6 

(1/7, -5 .3 ) / eV 

Fig. 6. Dependence of the onset potential of the photo­
current and that of Vtb on the ionization potential of 
amines. 
A: TMPD, B: DMPD, C: />-PD, D: DMA, E: p-TD, 
F: AN. 

straight lines are obtained for the plots of VQ and A F f b 

vs. A^X by assuming Ws to be 5.3 eV, which seems 
to be of a fairly reasonable magnitude (Fig. 6). These 
results seem to support our present interpretation by 
use of the specific charge transfer interaction of the 
surface state with the amine. 

As stated in the Results, the Ffb of the T i 0 2 electrode 
in aqueous solution does not change by addition of the 
amine. This is explained by taking account of the 

(Time)/min 

Fig. 7. Change of the photocurrent density of aceto­
nitrile solution containing TMPD with time. 
1: 0.1 M CH,CN solution of LiC10„ 2: the same 
solution containing 10 -3 M TMPD. 
a : Stirring stopped, b : N2 gas bubbling stopped, c : N2 

gas started, d : stirring started, e : strong N2 gas bubbling. 

hydrogen bonding of water, or protonation, with amine, 
which decreases or prevents the charge transfer interac­
tion of the amine with T i O a . 

Performance of the Photoelectric Cell. T h e performance 
of the system < T i O a | C H 3 C N - amine! P t > as a photocell 
has been examined with T M P D used as the amine. The 
photocurrent for 10 - 3 M acetonitrile solution of T M P D 
changes with time as shown in Fig. 7. I t shows a spike 
just after illumination, which might be attributable to 
the charging on the surface of the Pt electrode because 
there is initially no cathode active species in the solution. 
Wi th continued illumination, the generation of T M P D t 
is observed by the development of blue color in the 
solution, and the photocurrent increases gradually until 
saturation. When the nitrogen gas bubbling was 
stopped, the photocurrent decreased immediately, 
reappearing on stirring. These results suggest that the 
photocurrent depends on the diffusion rate of the 
charge carrier, the amine cation, in the solution. The 
photocurrent for the acetonitrile solution containing 
5 x 10 - 4 M T M P D became constant after 6 min, began 
to decrease gradually after 20 min, and became one half 

400 500 0 100 200 300 

(Photovoltage) /mV 

Fig. 8. The photocurrent-photovoltage curve for a cell 
< T i 0 2 | GH3GN(TMPD) | P t > . 
sity was 4 x 10~3 W/cm2. 
The concentration of TMPD is 10~3 M. 

Illumination inten-
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R/ttl 
Fig. 9. The photoelectric power and photovoltages 

vs. outer resistance for same cell at the same working 
conditions as that of Fig. 8. 

after about .3 h. This decrease of the photocurrent was 
proportional to the decrease of the absorbance of 
T M P D t . These results indicate that T M P D t undergoes 
further reaction to form an electrochemically inactive 
colorless product. 

Figure 8 shows a photocurrent-photovoltage curve 
obtained by illuminating the T i O a electrode in the cell 
< T i 0 2 | C H 3 C N - T M P D | P t > with the electrodes con­
nected by a variable resistance (Ä). Figure 9 shows the 
corresponding relation between photogenerated power 
output (i X V) and the resistance, R. T h e maximum 
power was obtained to be 9.6X ICH5 W/cm 2 at R=\0 
kfl. The power efficiency with respect to the light 
intensity ( 4 x 10~3 W/cm2) was 2.4 X 10"3. 

I t was found that the CdS electrode which has a 
smaller band gap (2.4 eV) than T i O a can also be used 
in a similar photocell. In this case, the oxidation reaction 
of T M P D occured in competition with the dissolution 
reaction of the CdS electrode. 

The present work partially supported by a Grant- in-

Aid for Scientific Research from the Ministry of Educa­
tion (No. 911504). 
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Performance of Thermal Separation Column with Vertical Barriers 
Kazuo SASAKI, Yoshio HIRANO, and Seiji TAO 

Department of Applied Chemistry, Hiroshima University, Hiroshima 730 
(Received August 6, 1976) 

The relative performance of a new type thermal separation column has been reinvestigated. It was concluded 
that a column having a couple of vertical barriers is superior to an ordinary open column working under the same 
temperature gradient. 

In previous papers1»2) reports were given on the 
performance of a new type thermal separation column 
in which a couple of vertical screens are installed as 
flow barriers. T h e discussion given therewith was found 
to contain some defects.3) T h e column consisted of a 
couple of cylindrical screens suspended coaxially between 
double cylinders each of which served as a hot and cold 
plate. Two different views can be considered in evaluat­
ing the performance of this type of column. 

(1) T h e screens are merely inserted in a column 
space of width 2w. 

(2) Two additional spaces are produced outside the 
pair of screens. 

Fig. 1. Basic model of the column with vertical barriers. 
7 \ ; Temperature at cold wall, T2; temperature at hot 
wall, T; mean temperature. 

T h e reason for the confusing concept is closely related 
to the assumption as regards mathematical treatment, 
the underlying assumption being that the temperature 
gradient is located only over the space between the two 
screens and the spaces outside the screens are isothermal 
(Fig. 1). If the mathematical model is realized in an 
actual column, a larger temperature gradient will be 
obtained (solid line, Fig. 1) in the space between the 
two screens as compared with the case in which the 
same temperature difference is applied over the whole 
apparatus (dotted line). This will lead to an enhanced 
separation. T h e question arises: Is the better perfor­
mance observed with the barrier-column simply caused 
by the enhanced temperature gradient ? Comparison 
should be made under the same temperature gradient 
but not the temperature difference. 

If the temperature gradient developed in the column 
is not much influenced by the installation of vertical 

barriers view (1) should be adopted. We thus need to 
use two reference columns for discussing the relative 
performance of the barrier-column. In order to fulfill 
the requirement of the same temperature gradient, one 
of the references should be an open column having two 
walls located a t positions where screens are located in 
the barrier-column (narrower reference column). T h e 
other is an open column having the same geometry as 
that of the barrier-column (wider reference column). 
T h e previous discussion was developed only with the 
latter reference for the reason that the actual temperature 
gradient in the barrier-column might differ from that 
of the mathematical model, and that the externally 
applied temperature difference might be divided over 
each sub-column. I t is also difficult to compare the 
performance when we take the narrower reference 
column with a different geometry as a standard. 

Exper imenta l 

In order to confirm the reliability of the theory we have 
constructed an open column (narrower reference). Dimen­
sions and characteristic constants of the two reference columns 
together with those for the barrier-columns are given in 
Table 1, and a schematic diagram of the reference columns in 
Fig. 2. The structure of the barrier-column and details of the 
experiments were reported.2) 

Fig. 2. Schematic view of double cylinder type thermal 
separation column. 
S; Sampling port, O; O-ring, J ; water jacket. 
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T A B L E 1. GEOMETRY AND CHARACTERISTICS OF COLUMNS 

(A) Geometry of columns. 

Column 

A (wider reference) 
B (narrower reference) 
C (barriered column) 

Outer tube 
i.d. 

H (cm) 

5.27 
4.50 
5.27 

Inner tube 
o.d. 

r2 (cm) 

2.17 
2.95 
2.17 

(B) Temperature difference applied and characteristic constants. 

T 
Column /0pv 

A 78 
B 78 
C 78 

H 
(g/s) 

3.49X10-3 

4.23X10-4 

1.27x10-* 

(g cm/s) 

13.69 
0.104 
1.77 

(g cm/s) 

6.88x10-3 
3.45x10-* 
6.90x10-3 

rjr2 

2.43 
1.53 
2.43 

{2AL)v 
calcd 

0.0305 
0.500 
0.086 

Half 
width 
w (cm) 

0.775 
0.388 
0.775 

(2AL) 
exptl 

0.033 
0.394 
0.0955 

Mean 
circumference 

B (cm) 

11.68 
11.70 
11.68 

tt (exptl)") 
(min) 

0.35 
3.53 
0.78 

a) Corrected for cylindricity. b) Relaxation time. 

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

If we take view (2) the narrower reference column 
should be taken as the standard. A slight modification 
of the theory is advantageous. I t is convenient to use 
the reciprocal b(=\ja) of design parameter a, which 
indicates the relative location of barriers against the 
hot and cold walls. 

T h e basic coefficients of transport are then expressed 
as follows in terms of b : 

H' = {2(b-l)*+l}H (1) 

K0' = {4(b+l)(b-l)*+é(b-1)3+ \}Ke (2) 

KA'=b.KA (3) 

where symbols with primes are for the barriered column 
and those without ones are for the reference column. 
T h e quality factor (Eq. 24, Ref. 1) thus becomes 

A' = H'/2KC' = 2 ( ^ - l ) 8 + l 
A (4) 

Hj2K0 4 ( i + l ) ( i - l ) « + 4(Ä-1)3+1 

A (or A') defined, respectively, by 

A = HI2(Ke+Kd) (5) 

is a parameter appearing in the definition of equilibrium 
separation factor 

ff. = e " * . (6) 

In the derivation of Eq. 4, the contribution of Kd 

(and Kd') was ignored. Equation 4 is graphically 
represented in Fig. 3 against parameter b. Experimental 
value of A'jA referred to the narrower reference was 
found to be 0.242, ca. 40% greater than the theoretical 
one, 0.175, at 6 = 2 . 0 (i.e., a=lj2). A 4 0 % deviation is 
acceptable if local inhomogeneity in both the column 
structure and temperature distribution is taken into 
consideration. T h e result is in line with the theory. 
We see that the quality factor A'JA decreases with 
increasing b. This was expected, since gases in the 
additional spaces will have a diluting effect to reduce 
the separation. 

Monotonous decrease in A'jA with increasing b (Fig. 
3) does not mean that the performance of the barrier-
column is inferior. T h e performance of a given column 
should be evaluated by taking into account the factors 
such as product yield per unit time, per unit volume of 

Fig. 3. Change in quality factor A'JA with b according 
to Eq. 4. 
Experimental point is the ratio of columns C and B. 

Mean Temp. Grad., (°C/cm) 

50 100 150 

AT, °C 

Fig. 4. Comparison of performance of barriered column 
(curve a) with that of the wider reference (b and b'). 
Curves b and b ' are drawn on the base of applied 
temperature difference and temperature gradient, 
respectively.3) Curve a can refer to both the two scales 
at upper and lower marginals. 



790 Kazuo SASAKI, Yoshio HIRANO, and Seiji TAO [Vol. 50, No. 4 

apparatus, per unit energy consumed, etc. besides the 
degree of equilibrium separation. A comparison of any 
given two columns is complicated. W e have no reliable 
means to compare the overall performances of two 
columns of different size. If, however, we take the 
wider reference as the standard, both total capacity of 
the column and energy consumed per unit t ime can be 
assumed almost to be common. This is clearly an 
advantage. 

There still remains a question concerning the tempera­
ture gradient, which should be higher in the barrier-
column than in the wider reference under the same 
temperature difference applied. T h e barrier-column 
was constructed to fulfill the design parameter a to be 
0.5 ( £ = 2 ) . Thus the temperature gradient should be 
twice as high as the wider reference if applied tempera­
ture difference is equal. T h e performance for the 
barrier-column observed at a given AT should be 
compared with that for the wider reference column 
observed at a twice greater value of the given A T. 

In Fig. 4, a par t of which was reproduced from Ref. 2, 
the scale of abscissa is expressed as applied temperature 
difference and also as mean temperature gradient. 
Curve a, which stands for the barrier-column, refers 
to both the two scales, while b is drawn on the base of 
applied AT. Curve b ' was drawn by shifting4) curve b 
in order to compare the performances at the same 
temperature gradient. I t is clearly indicated that the 
performance of the barrier-column is much better than 
that of the wider reference column operating under a 
twice greater temperature difference. 
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Enthalpies of mixing of some a,ft)-alkanediol monoalkyl ether (ADAE) + heptane systems were measured at 
298 K, and limiting partial molar excess enthalpies of ADAE at infinite dilution, £]% HEjx(\—x), were estimated. 
The ADAE used were CH sO(CH2)nOH («=2, 3, 4), C2H50(CH2)nOH (»=2, 3), C3H70(CH2)nOH (n=2, 3), and 
C4H90(CH2)2OH. The values of %% HE/x(l— x) obtained were compared with those of normal alcohols, and 
discussed in the light of the intramolecular hydrogen bond contained in ADAE. The enthalpic contribution 
due to the intramolecular hydrogen bond in ADAE is estimated to be about 10 kj mol -1. 

The solution behavior of a,eo-alkanediol monoalkyl 
ethers (ADAE), C w H 2 w + 1 0 ( C H 2 ) M O H , in various sol­
vents is of interest since the ADAE molecule contains 
both an etheric oxygen and a hydroxyl group, and hence 
can form hydrogen bonds in several different ways. Not 
only are intramolecular hydrogen bonds possible 
between the hydroxyl hydrogen and the etheric oxygen 
on the same molecule, but also intermolecular hydrogen 
bonds between the hydroxyl hydrogen on one molecule 
and either the etheric oxygen or the hydroxyl oxygen 
on another molecule can be formed. While, in general, 
investigations for the intramolecular hydrogen bond 
have been carried out by the use of infrared spectra,1 - 5) 
NMR 6 ) or dielectric constant measurements,7 '8) it is 
worthwhile to obtain thermodynamic information about 
ADAE solutions, because few thermodynamic properties 
of these solutions have been investigated. In this paper, 
measurements of enthalpies of mixing for ADAE + 
heptane a t 298 K are described and the results are 
discussed in view of the several kinds of hydrogen bonds 
forming in ADAE solutions. 

Exper imenta l 

The a,eo-alkanediol monoalkyl ethers used were prepared 
by alkylation of the corresponding a,eo-alkanediols, and purified 
by fractional distillation in a nitrogen atmosphere. The 
middle fraction from each distillation was collected and analy­
zed by an analytical gas-liquid Chromatograph (Shimadzu, 
Model GC-3BT) with a column packed 15% PEG6000 on 
Teflon; their purities were more than 99.5% for COTH2m+10-
(CH2)2OH(m= 1,2,3,4). As for CmH2m+1(CH2)MOH(n=3,4), 
peaks which seemed to show the existence of isomers were 
observed; their contents were estimated to be at the greatest 
1 and 3% respectively. The heptane from Wako Pure 
Chemicals Co., Ltd. was purified using the conventional 
method. The purified heptane was also checked with the 
gas-liquid Chromatograph. The result showed no impurity 
peaks. 

Enthalpies of mixing for ADAE+heptane systems were 
determined by a successive dilution technique at 298 K using 
the isothermal displacement calorimeter described previously.9) 
The precision is estimated to be ±0-5 per cent in a molar 
excess enthalpy of 100 J mol - 1 for a equimolar mixture. In 
order to determine the limiting partial molar excess enthalpies 
of ADAE at infinite dilution, precise measurements of HE at 
very low mole fractions of ADAE were especially needed. 
The concentration range covered by our calorimeter, where 
considerable precision can be expected, is within about 1/60-

60/1 as volume fraction of components. So, the enthalpies 
of mixing in the dilute region were determined as follows. A 
previously prepared solution of a known mole fraction x0 

was diluted by the solvent, i.e. heptane, successively, and the 
enthalpy of dilution H\ per one mole of solution was measured 
at each step. The enthalpy of mixing HI of the solution at a 
given concentration x0 was estimated from the separately 
determined HE vs. x curve for the pure component system with 
the least squares method, using the following polynomial: 

HE/x(l-x) = |]A<(*)'/» 

where x indicates the mole fraction of ADAE in the mixture. 
In this case, the enthalpies of mixing at each step in the dilute 
region are obtained as 

HE = (HE/x0)x + HE 

For each system measured, the process described above was 
repeated twice to evaluate HE values in the dilute region. 
For the CH30(CH2)2OH system, HE changes linearly with 
composition from about 0.15 to 0.9 mole fraction of ADAE, 
because phase separation occurs in this region.10) Hence, the 
enthalpy of mixing for this system was measured below the 
mole fraction of about 0.15. 

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

Limiting Partial Molar Excess Enthalpy. For each 
system, the results were fitted by the method of least 
squares to the polynomial 

/ / E = * ( 1 - . ) | Ä { ( ^ (1) 

Values of the coefficients hi and the standard deviations 
a for each system are collected in Table 1. In the dilute 
region of these systems, the remarkably unsymmetrical 
character of the excess enthalpies, such as seen in 
a lcohol+nonpolar solvent systems, was observed.11) 
Because of this asymmetrical dependence of HE on x, 
the experimental results could not be fit by either 

polynomial (1) or HE=x ( 1 - * ) J ] A / ( 1 - 2 * ) ' in the 

dilute region of ADAE. So, the coefficients in Table 1 
were obtained from the experimental HE values in 
range of # = 0 . 0 5 to 1.0. Hence, limiting partial molar 
excess enthalpies, "-S HEjx(l—x), could not be 
obtained by the use of the coefficients listed in Table 1. 
Even though, in order to obtain limiting partial molar 
excess enthalpies, several kinds of polynomials which 
represent the HEJx(l—x) vs. x relation were adopted to 
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TABLE 1. COEFFICIENTS AND STANDARD DEVIATIONS FOR EÇ>. 1 

CH30(CH2)aOH 
+ heptane 

CH30(GHa)3OH 
+heptane 

CH30(CH2)4OH 
+heptane 

C2H50(CH2)2OH 
+heptane 

K 
h 
h 
h 
h 
h 
o 

1.8462x10* 
-8 .0817X10 3 

- 3 . 4 6 8 1 x 1 0 e 

1.3389x10« 
-1 .5824x10« 

9 QQ 
J mol-1 

2.6287x10* 
- 1.2626xl06 

3.1505 x10 e 

-4.3079 x10 e 

3.0772 x10 e 

-8.6433x10* 

2.21 

2.6581x10* 
1.4181x10e 

3.8227 x10 e 

5.5075 x10 e 

4.0981x10e 

- 1 . 2 1 7 3 x 1 0 e 

2.35 

1.9827x10* 
-6 .4466x10* 

1.0809 x10 e 

-9 .0194x10* 
3.2338x10* 

3.88 

C3H70(CH2)2OH 
+ heptane 

C4H90(CH2)2OH 
+heptane 

C2H50(CH2)3OH 
-{-heptane 

C3H70(CH2)3OH 
+heptane 

h 
h 
h 
h 
h 
h 
a 

J mol"1 

1.9589x10* 
-6 .3408x10* 

1.0088 x10 e 

-7 .7523x10* 
2.4451x10* 

2.60 

1.7371x10* 
-5 .0451x10* 

6.8248x10* 
-4 .0556x10* 

8.5129xl0 3 

4.18 

2.5139x10* 
- 1 . 2 2 1 4 x 1 0 e 

2.9963 x10 e 

- 3 . 9 5 0 6 x 1 0 e 

2.6970 x10 e 

-7 .4262x10* 

1.65 

2.5996x10* 
-1 .2760 x10 e 

3.2186x10e 

-4 .4065 x10 e 

3.1562 x10 e 

-9 .1306x10* 

3 34 

Fig. 1. Plot of x(l —x)/HE against x in dilute region for 
C3H70(CH2)3OH-heptane system. 

TABLE 2. LIMITING PARTIAL MOLAR EXCESS ENTHALPIES OF 

A D A E AT INFINITE DILUTION AND THE ENTHALPIC 

CONTRIBUTION DUE TO THE INTRAMOLECULAR 

HYDROGEN BOND IN THE A D A E MOLECULES 

CH30(CH2)2OH+heptane 
CH 3 0 (CH2) 3OH+heptane 
CH30(CH2)4OH+heptane 
C2H50 (CH2) 2OH+heptane 
C3H70 (CH2) 2OH+heptane 
C4H90 (CH2) 2OH+heptane 
C2H50 (CH2) 3OH+heptane 
C3H70 (CH2) 3OH+heptane 

UmHE/x(l-x) 
x->o 

kj mol-1 

17.6 
18.1 
21.2 
15.5 
15.5 
14.4 
17.3 
17.5 

Ht 

kj mol-1 

- 1 0 
- 9 
- 6 

- 1 2 
- 1 2 
- 1 3 
- 1 0 
- 1 0 

our results, these curves were too steep in the dilute 
region of ADAE ; an adequate form has not yet been 
found. So, the reciprocals of HE/x(\—x) were plotted 
against x, and the limiting partial molar excess 
enthalpies for all systems were estimated by extrapolation 
to infinite dilution "by eye." For an example, the 
observed points for the C 3 H 7 0 ( C H 2 ) 3 O H system are 
shown in Fig. 1. Values of limiting partial molar excess 
enthalpies determined by extrapolation to infinite dilu­
tion are listed in Table 2. T h e errors included in these 
values were estimated to be less than 5 % . 

Intramolecular Hydrogen Bond in ADAE. When 
liquids forming hydrogen bonds in the pure liquid state, 
such as alcohols, are diluted with nonpolar solvents, 
the hydrogen bonds are broken by the addition of the 
solvent molecules, and hence this process corresponds 
to an extremely large positive value of HE. In general, 
the shapes of the HEjx{\ —x) vs. x curves of such systems 
become very steep in the dilute region of solute. Although 
in the present systems the HEjx(l—x) vs. x curves show 
an appreciable rise in the dilute region, the slope is not 
so steep as that of normal alcohol + nonpolar solvent 
systems, and the difference of the limiting partial molar 
excess enthalpies between the two series is about several 
k j mo l - 1 . This seems to mean that, in the dilute region 
ADAE molecules become free through the destruction 
of the intermolecular hydrogen bonds by the addition 
of solvent molecules, and each ADAE molecule forms an 
intramolecular hydrogen bond between the hydroxyl 
hydrogen and the etheric oxygen on the same molecule, 
and thus stabilizes itself. 

T o discuss the intramolecular hydrogen bond in the 
ADAE molecule, it will be useful to compare ADAE 
with normal alcohol. In a normal alcohol + nonpolar 
solvent system, alcohol molecules form intermolecular 
hydrogen bonds between hydroxyl groups in the pure 



April, 1977] HE of a,û>-Alkanediol Monoalkyl Ether+Heptane Systems 793 

alcohol state. O n the other hand, at infinite dilution 
of alcohol in a nonpolar solvent, the intermolecular 
hydrogen bonds are broken and each alcohol molecule 
is surrounded by solvent molecules. Therefore, the 
value of the limiting partial molar excess enthalpy of 
alcohol a t infinite dilution is assumed to represent the 
energy sufficient to break the intermolecular hydrogen 
bond in pure alcohol. 

While many investigations have been carried out for 
excess enthalpies of a lcohol+nonpolar solvent systems 
so far,12-15) available data for limiting partial molar 
excess enthalpies have not been provided because of 
the steep rise of HEjx(\—x) vs. x curves in the dilute 
region. However, values of limiting partial molar excess 
enthalpies reported so far are distributed in the neigh­
borhood of 23 to 24 k j m o l - 1 for normal alcohol 
systems.12) This figure seems to be independent of 
nonpolar solvents, and constant within the experimental 
error.11) Brown et al. suggest that, for normal alcohols 
larger than ethanol, the strength of the intermolecular 
hydrogen bond hardly depends on the carbon chain 
length in the molecule.16) Further, for 1,3-butanediol 
which has two terminal hydroxyl groups in its molecule, 
it was suggested previously by Murakami et al. that 
almost all the molecules form intermolecular hydrogen 
bonds between the hydroxyl hydrogen on one molecule 
and the hydroxyl oxygen on another molecule in the 
pure liquid state, and the amount of the intramolecular 
form is negligibly small.17) I t can hence be presumed 
that ADAE molecules also hardly form intramolecular 
hydrogen bonds in the pure liquid state, and it will be 
reasonable to assume that the relation between the 
strength of the hydrogen bond and the carbon chain 
length of ADAE is also similar to that of normal alcohols. 
Therefore, the difference in the values of limiting partial 
molar excess enthalpies for various ADAE seems to be 
attributed mainly to the difference in the enthalpic 
contribution due to formation of the intramolecular 
hydrogen bond between the hydroxyl hydrogen and the 
etheric oxygen on the same molecule. 

Evaluation of the Enthalpic Contribution due to the Intra­
molecular Hydrogen Bond in ADAE. O n the basis 
of the consideration in the previous section, the enthalpic 
contribution due to the intramolecular hydrogen bond 
in the ADAE molecule, //<, can be estimated. In this 

infinite dilution 

i 

R(CH2)n0fl 

R(CH2)n0H 

(a ) 

R0(CH2)n0H 

R0(CH2)n0H 

(c ) 

-OH 

-OH 

(b) 

R0(CH2)n0H 

H0(CH2)n0R 

R0(CH2)n0H R0(CH2)n0H -OH 

-CÔC- -CÔC- -ÔH 

W 
Fig. 2. Schematic diagram of main intermolecular 

interactions in pure liquid state of alcohol and ADAE. 

infinite dilution 

* VJ 
3 i_ 

pure liquid state 

of ADAE 
3" 
_JL_ pure liquid state 

of alcohol 

(standard state) 

Fig. 3. Energy level diagram of ADAE and alcohol. 

estimation, the pure liquid state of normal alcohol is 
taken as a standard state. As the main intermolecular 
interactions in this state, those shown in Fig. 2(a) and 
(b) are considered: (a) contribution due to the inter­
molecular hydrogen bond and (b) contribution due to 
the van der Waals force including the dipolar interac­
tion. O n the other hand, in the pure liquid state of 
ADAE, the intermolecular interactions shown in Fig. 
2(c) and (d) are also considered: (c) contribution due 
to two types of intermolecular hydrogen bonds and (d) 
contribution due to three types of van der Waals forces. 
T h e process used to evaluate //,• is given in a form of an 
energy level diagram in Fig. 3. I n this figure, H2 

represents the limiting partial molar excess enthalpy of 
normal alcohol in a nonpolar solvent. H2 includes an 
enthalpic contribution arising from the interruption of 
the van der Waals interaction among alcohol molecules 
shown in Fig. 2(b) through dilution with the nonpolar 
solvent. This contribution is represented by H2 in Fig. 3, 
and then the net contribution due to the hydrogen bond 
becomes H2—H2. HL represents the limiting partial 
molar excess enthalpy of ADAE in a nonpolar solvent. 
Hx also includes an enthalpic contribution arising from 
the interruption of the van der Waals interactions among 
ADAE molecules shown in Fig. 2(d) through dilution 
with the nonpolar solvent. H{ represents this contribu­
tion; then the net contribution due to hydrogen bonds 
(including the intramolecular hydrogen bond) becomes 
Hx—H^. As shown in Fig. 2(c), two types of inter­
molecular hydrogen bonds may exist in the pure liquid 
state of ADAE, and the energy level of this state is 
considered to be different from that of the pure liquid 
state of alcohol which is taken as the standard state. 
This difference between the levels is designated as H3. 
With these notations, the enthalpic contribution due 
to the intramolecular hydrogen bond in the ADAE 
molecule, / / , , can be evaluated as 

Ht = M-HS+H,) - (H2-H.2>) (2) 
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Values of Hx', H2', and i / 3 are evaluated as follows. 
If the difference in nature of the oxygen atoms contained 
in the ADAE molecule and the alcohol molecule is 
assumed to be negligible, Hx' and H2 can be replaced by 
limiting partial molar excess enthalpies of ethers, 
R O ( C H 2 ) M O R and R O R , where R represents an alkyl 
group, in nonpolar solvent, which are unable to form 
hydrogen bonds. One mole of ADAE is assumed to 
consist of one mole of alcoholic hydroxyl groups and 
one mole of etheric oxygen atoms, and then the pure 
liquid state of ADAE will be approximated by one mole 
of alcohol plus one mole of ether. Hence, HJ2 is 
replaced by the enthalpy of mixing of the alcohol + ether 
system at equimolar fraction, HE(x=0.5). According 
to these assumptions, Hx', H2, and H3 are estimated to 
be 5.8 k j mol-1,18) 0.4 k j mol"1,19) and 1.5 k j mol"1,19) 
respectively. As for H2, the latest value of 23.2 k j m o l - 1 

for the e thano l+hexane system11) is used, which was 
measured in a sufficiently dilute region. For Hx, the 
values listed in Table 2 are used. Using these values 
and Eq. 2, Hj values for various ADAE are found and 
are also listed in Table 2. These results are distributed 
in the neighborhood of 10 k j mo l - 1 , and it seems that 
the values of / / , for ADAE depend on the length of the 
internal methylene group in the ADAE molecule, but 
hardly depend on the chain length of the terminal 
alkyl group in the ADAE molecule. T h e values of //,• 
for ADAE having the same terminal alkyl group are 
in the order of R O ( C H 2 ) 2 O H > R O ( C H 2 ) 8 O H > R O -
(CH 2 ) 4 OH. O n the other hand, the values of //,• for 
oc,cu-alkanediols (HO(CH 2 ) M OH, « = 3 , 4) were estimat­
ed from the infrared spectra20) and dielectric measure­
ments,21) and are comparable with those in the present 
systems. However, the dependence of / / , values on the 
length of the internal methylene group seems to be the 
reverse of that of ADAE. At present, we have no 
satisfactory explanation of this fact. 

In conclusion, the present results suggest that the 
enthalpic contribution due to the intramolecular 
hydrogen bond contained in the ADAE molecule is 
smaller than that due to the normal intermolecular 
hydrogen bond between hydroxyl groups, and in general 
can be estimated to be about 10 k j mol - 1 . 

T h e present work was partially supported by a grant 
from the Ministry of Education. 
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The dimerization of 2-methylpropene by y-irradiation occurred at a temperature of 300 °C and a 2-methyl-
propene density of 0.1 g/cm3, giving rise to the formation of 1,1,3-trimethylcyclopentane. The G value of this 
dimer was 50 at an absorbed dose rate of 4.3 X 1018 eV/g h and a total absorbed dose of 2.2 X 1019 eV/g. The G 
value of this dimer was inversely proportional to about 0.47 the power of the absorbed dose rate and was pro­
portional to the 2-methylpropene density. The formation of this dimer was suppressed by the addition of oxygen 
or nitrogen monoxide. These facts led to the conclusion that the dimer was formed via chain reactions with the 
participation of the 2-methylallyl radical. 

The radiation chemistry of 2-methylpropene has been 
studied by several investigators. Collin and Herman1* 
examined the products of the radiolysis of gaseous 
2-methylpropene, and they proposed some mechanisms 
leading to the formation of several low boiling-point 
products. 

Many studies of the low-temperature radiation-induc­
ed polymerization of 2-methylpropene, both in the gas 
phase and in the liquid phase, have shown that the 
chain propagation was not the free-radical mode bu t 
the ionic one and that the most likely initiating species 
was the /-butyl cation, /-C4H9+. For instance, Okamoto 
et al.2) studied the gas-phase radiation-induced poly­
merization of 2-methylpropene and established the t-
butyl cation mechanism. This cation was considered 
to be produced from the 2-methylpropene parent ion, 
z'-C4H8+, via an ion-molecule reaction: 

i-C4H8 -vw» Î - C 4 H 8
+ + e 

f-C4H8
+ + £-C4H8 • *-C4H9

+ + C4H7. (1) 

From their mass spectrometric observations, Tal 'rose 
and Lyubimova3) showed that Reaction 1 did indeed 
occur, and Koyano4) showed that this reaction had a 
very large cross section. 

Collinson et al.5) suggested that Reaction 1 also occur­
red in the radiolysis of liquid 2-methylpropene and that 
the C4H7« produced together with the /-butyl cation was 
most likely a methyl allyl radical. 

O n the other hand, McKinley et al.6) studied the 
thermal polymerization of 2-methylpropene a t 370—460 
°G, at maximum pressures of from 37 to 370 a tm, and 
at times of from one half hour to four hours. U n d e r 
these conditions a cyclic dimer, 1,1,3-trimethylcyclo­
pentane (1), was the main reaction product. 

The present work showed that dimer 1 is not 
formed a t 300 °G and a 2-methylpropene density of 
0.1 g/cm3 for five hours, but by y-irradiation under 
the same conditions 1 is formed as a major dimer 
product, while, 2,4,4-trimethyl-2-pentene (2) is formed 
as a minor one. I t will then be concluded that the 
dimerization of 2-methylpropene induced by y-radiation 
proceeds mainly by means of a radical chain reaction 
whose chain carrier is C4H7« and that the contribution 
of the /-butyl cation to the dimerization is not greater 
than that of C 4H 7 - . 

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

Research-grade 2-methylpropene and all the other gaseous 
meterials except oxygen were degassed by repeating the 
freezing-pumping-thawing cycle several times. 

The reaction vessel was a stainless steel autoclave (2 cm in 
inner diameter and with a volume of about 20 cm3) which was 
surrounded by a mantle heater. The temperature was 
controlled at 300±3 °C. 

The samples were irradiated with y-rays from 60Co, and in 
most cases, the absorbed dose rate was 4.3X 1018 eV/gh and 
the total absorbed dose was 2.2 X 1019 eV/g. The G values 
were calculated from the energy absorbed by the sample, 
where it was assumed that the absorbed energy was propor­
tional to the electron density of the sample. The absolute 
energy absorption was determined by means of Fricke 
dosimetry, taking G(Fe+3)=15.5. 

All the irradiations were carried out at a temperature of 
300 °G and a 2-methylpropene density of 0.1 g/cm3 except 
where otherwise specified. 

After irradiation, the liquid products in the reaction vessel 
were collected in a trap immersed in liquid nitrogen by 
vaporizing and pumping them. In order to differentiate 
between the saturated compounds and the unsaturated com­
pounds in the collected products, the products were hydro-
genated in ethanol over Raney's nickel. Gas-liquid-phase 
chromatography and gas chromatograph-mass spectrography 
were applied to both the original and hydrogenated products 
for the identification and determination of the two dimers, 
1 and 2. 

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

T h e yields of the liquid product from y-irradiated 
2-methylpropene were determined a t temperatures 
between 30 and 300 °C. In the lower-temperature 
range, many kinds of products were formed, bu t their 
yields were poor. However, the yields increased with 
an increase in the temperature; moreover, the propor­
tion of the 1 dimer in the product increased. I t was 
expected that the dimerization proceeded by means of 
some chain mechanisms above 200 °C. 

At 300 °G and a 2-methylpropene density of 0.1 
g/cm3, various scavengers were used in order to see 
whether the dimerization takes place by means of an 
ionic or radical mechanism. T h e experimental results 
are shown in Table 1. 

T h e addition of ammonia, whose concentration range 
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TABLE 1. EFFECT OF SCAVENGERS ON THE ^-RADIATION-

INDUCED DIMERIZATION OF 2-METHYLPROPENE AT A 

TEMPERATURE OF 3 0 0 ° C AND A 2-METHYL­

PROPENE DENSITY OF 0.1 g/cm3 

Scavenger 

None 
NH3 

o2 

NO 

Conen 
(mol o/0) 

1.0 
3.0 
5.0 
0.05 
0.15 
0.5 
1.0 
5.0 

G value of dimer 

1 2 

50 
48 
51 
52 
30 
14 
41 
30 
15 

5 
2 
1 
1 
4 
4 
5 
4 
5 

The absorbed dose rate is 4 . 3 x 1018 eV/g h, and the 
total absorbed dose is 2.2X 1019 eV/g. 

was 0.5—5.0% in the molar fraction, suppressed the 
formation of 2, but had little influence on the formation 
of 1. This implied at least that the precursor of 1 was 
not a cation, while 2 was formed by the participation 
of some cations. 

Oxygen and nitrogen monoxides of various concentra­
tions were used as the radical scavengers. I t was 
observed that the addition of small amounts of them 
suppressed the formation of 1. O n the other hand, the 
yield of 2 did not change upon the addition of the radical 
scavengers. Consequently, these observations were in 
marked contrast to those of ammonia addition. 

I t is well-known that the intermediary species formed 
during the y-irradiation of 2-methylpropene are varieties 
of ions, radicals, and excited molecules. Among these 
species, the J-butyl cation and the C4H7« formed 
through Reaction 1 seem to be the most reasonable 
precursors of the 2-methylpropene dimers. Assuming 
this, it may be considered that , after the formation of the 
/-butyl cation and C4H7», they can bring about the 
subsequent reactions in the following ways: 

*-C4H9
+ + *-C4H8 • C8H17

+ 

• dimer • polymer (2) 

C8H16. (3) 

C8H16 + C4H7. (4) 

I t has been found that the /-butyl cation reacts 
predominantly with the terminal carbon in 2-methyl­
propene both in the gas phase7) and in the liquid 
phase8) to give C8H17+, the 2,2,4-trimethylpentyl cation, 
and that this cation then produces mainly 2 by 
means of a proton-transfer reaction with 2-methyl­
propene. In the present work also, 2 is probably formed 
by means of the ionic reaction mentioned above. This 
speculation seems reasonable because of the observa­
tion that the formation of 2 was suppressed by the 
addition of ammonia. Ammonia is a well-known 
scavenger of the /-butyl cation9) : 

/-C4H9
+ + NH3 • *-C4H8 + NH4

+ (5) 

O n the other hand, it may be considered that C4H7-
is a 2-methylallyl radical (structural formula (3)).5) 
If so, 3 will readily react with 2-methylpropene to form 

C4H7« + £-C4H8 -

C8H16« + z'-C4H8 

a 1,3,3-trimethylcyclopentyl radical, (5), via an inter­
mediary adduct , (4), and the radical 5 will subsequently 
abstract a hydrogen atom from 2-methylpropene; then, 
as a result of the abstraction, 1 and C4H7« (probably, 
the 2-methylallyl radical) will be formed. Tha t is to 
say, the reformed G4H7« will serve as a chain carrier 
to repeat the above cyclic reaction and to cause a chain 
reaction : 

H2C CH3 

H3C-C • C-CH3 

H2C CH2 
Hac-ç 

H2C^ÇH3 

,C~CH3 
H2C=--CH2 

H 2 C N Ç H 3 

H 3 C - c ' C-CH3 

H2C - C'H2 

In this case, it is assumed that the primary G4H7« is 
formed only by way of Reaction 1, not by other ways 
such as the decomposition of the excited 2-methyl­
propene molecule: 

t-C4H8 ->/w> i-C4H8* • C4H7. + H . (6) 

No hydrogen or compounds formed by the participation 
of the hydrogen atom could be detected. 

I t is assumed that the termination reaction can be 
expressed as follows: 

C4H7• (or C8H16 • ) + R • Products (7) 

where R denotes the C4H7« radical, the C8H15- radical, 
or other radicals in this system, for instance, the fragment 
radicals such as CH3« or C3H5- from the radiolysis of 
2-methylpropene. Unfortunately, in this work, the 
termination reactions could not be defined because it 
was not possible to determine accurately each product 
derived from the respective termination reactions 
because of the uncertainty of the gas-chromatographic 
analysis. However, it may be considered that C4H7« 
and C8H15« are the most important radicals and that 
the other radicals are negligible. Therefore, it is assumed 
that the overall velocity of the termination reaction is 
£ t [C 4 H 7 - ] [C 8 H 1 5 ' ] , where kt is the rate constant. 

In the reaction sequence mentioned above, provided 
a stationary state holds for the radicals of both C4H7 • 
and C8H15«, 1 can form only via Reactions 3 and 4 ; 
further, the rate of the formation of pr imary G4H7« 
(Reaction 1) is proportional to the absorbed dose rate, 
and the G value of 1 is inversely proportional to one-half 
the power of the absorbed dose rate and is proportional 
to the 2-methylpropene density: 

G(l) = W ^ / ^ C A ] 

where k and k4 are the rate constants of Reactions 1 and 
4 respectively, and where / is the absorbed dose rate. 

T h e variations in the G value of 1 with the absorbed 
dose rate and the 2-methylpropene density are shown 
in Figs. 1 and 2 respectively. T h e G value of 1 was 
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Fig. 1. A plot of G value of 1 vs. absorbed dose rate. 
The absorbed dose, about 2.2 X 1019 eV/g. 
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Fig. 2. A plot of G value of 1 vs. 2-methylpropene density. 
The absorbed dose rate, 4.3 XlO18 eV/gh and the 
total absorbed dose, 2.2 X 1019 eV/g 

inversely proportional to about the 0.47 power of the 
absorbed dose rate and was proportional to the 2-
methylpropene density. These experimental results were 
consistent with the schematic consideration. Therefore, 

it seems reasonable to conclude that, on y-irradiation, 
2-methylpropene dimerizes to form the cyclic dimer, 1, 
by means of a radical chain mechanism where the chain 
carriers are both C4H7« and G8H15*. 

Lampe10) showed a G(C4H7-) of 4.2 and G(*-C4H9+) = 
G(C4H7«) in the liquid-phase polymerization of 2-
methylpropene, where the f-butyl cation formed via 
Reaction 1 was a polymerization initiator. If it can be 
assumed that a G(C4H7-) of 4.2 is little affected by the 
phase of 2-methylpropene and the irradiation conditions, 
this value is equal to the initial G values of Reaction 1, 
that is, to the initial G values of C 4H 7 • or the f-butyl 
cation under the conditions of this work. Therefore, 
the chain dimerizations concerned in the formation of 
1 have chain-lengths of about 12, as evaluated by 
G(1)/G(C4H7 . ) =50 /4 .2 . 
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One-dimensional (SN)^ and its isoelectronic system (SCH)^ polymers are treated on the basis of the SCF-
tight-binding MO theory. The Pennsylvania structure of (SN)^ has been shown energetically favorable com­
paring the Lyon structure. Judging from the state density at the Fermi level of (SCH).,., it may be expected to be 
a metallic conductor under some favorable condition. 

There have been considerable experimental and 
theoretical interests in low-dimensional metallic con­
ductors such as tetracyanoquinodimethane (TCNQ,) 
charge-transfer salts and K 2 [Pt(CN) 4 ]Br 0 . 3 -3H 2O mixed 
valence complex.1) Recently, the third member, 
polymeric sulfur nitride, (SN)*, has been revealed as a 
low-dimensional metallic polymer,2) which does not 
show the Peierls transition like the above two, and even 
becomes a superconductor at «»0.3 K.3) 

The theoretical band structure calculations of (SN)* 
have been performed with the O P W method4) and 
several non SCF-tight-binding techniques such as the 
extended Hückel method.5) In these tight-binding M O 
calculations, however, the electron-electron interaction 
potential is not taken into account explicitly, and hence 
these methods would be only reliable on the non-polar 
polymers such as polyethylene.6) Since the sulfur-
nitrogen bond in (SN)* has been estimated experi­
mentally to be of rather polar character,7) it would be 
suitable to calculate the M O including the electron 
repulsion integrals for this polymer. T h e SCF-tight-
binding M O calculation including these repulsion 
integrals has been carried out only by Zunger and by 
Merkel and Ladik8) for the one-dimensional structure 
of (SN)* in the crystal structure proposed by Boudeulle 
and Michel (Lyon structure)9) based on the electron-
diffraction analysis as shown in Fig. 1(A). T h e band 
structures obtained by them clearly show the metallic 

Fig. 1. The structures of (SN), and (SCH).,; (A) the 
Lyon structure (Ref. 9), (B) the Pennsylvania structure 
(Ref. 10), and (C) an assumed structure for the calcula­
tion here (see text). 

nature of (SN)*, and the possibility of the occurrence of 
the Peierls transition has been denied by the former. 

More recently, however, the more reliable structure of 
(SN)* has been proposed by MacDiarmid et al. (Pennsyl­
vania structure)10) based on the X-ray diffraction 
analysis as shown in Fig. 1 (B). In this paper, we present 
the result of electronic states of the one-dimensional 
Pennsylvania structure of (SN)* by the SCF-tight-
binding M O calculation including the electron repulsion, 
and, furthermore, the calculation for an assumed 
structure of (SCH)* polymer has been made so as to 
study an isoelectronic system with the (SN)* polymer. 

M e t h o d o f Calculat ion 

In order to avoid the complicated calculations of the 
all matr ix elements by ab initio methods, we employ the 
CNDO/2 approximation by Pople and Segal11) as 
Zunger did. T h e SCF iteration process is accelerated 
by the density matr ix method previously introduced by 
Imamura and Fujita to calculate biopolymers.12) The 
formalism of the calculation has been described thor­
oughly in their article, so we will not mention the 
details here again. All valence AOs and 3d orbitals for 
sulfur atoms were considered since it has been pointed 
out that the contribution from 3d orbitals is not negli­
gible for (SN)*.8) For the parametrizations were 
adopted those of spd set by Santry and Segal,13) and the 
number of representative wave vector K was chosen 
as 21 at regular intervals (njXOa; a is the length of the 
unit cell) in the Brillouin zone. 

We assumed the structure of (SCH)* to be analogous 
to that of the Pennsylvania structure of (SN)*, as shown 
in Fig. 1(C). T h e angle a t sulfur was chosen as 106.2° 
after that in (SN)*, and that at carbon as 120° after 
ordinary sp2 hybridization. The two kinds of S-C 
bond distance, 1.81 and 1.61 Â, are employed from 
the data for dimethyl disulfide14) and thioformal-
dehyde,15) respectively. The C - H bond distance, 1.09 Â, 
also from the latter. Each of SN and SCH units consists 
of 11 valence electrons and, hence, an open-shell 
structure. Since the (SN)* crystal, however, does not 
show paramagnetism,10) the system could be treated as a 
closed-shell system. We employed (SN)2 as a unit cell 
in the M O calculation of the (SN)* polymer. We also 
assumed (SCH) 2 as a unit cell in the (SCH)* polymer. 
Since the polymer chains possess a two-fold screw 
rotation as a symmetry operation, all pairs of bands 
stick together at the edges of the Brillouin zone,16) and 
in this case, the H O M O ( ^ ) and the L U M O ^ * ) bands 
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TABLE 1. AO DENSITIES, ATOMIC NET CHARGES, AND THE TOTAL ENERGIES OF (SN)* AND (SCH), 

( s 

AO < 

Px 

Py 
Pz 
dxz 

d*y 

dy, 
dX,_y, 

l dz. 
n Electron densities 
Atomic net charges 
Total energies per unit cell 

(in eV) 

(SN)*: Pennsylvania 
structure 

S 

1.810 
1.407 
0.822 
0.728 
0.242 
0.133 
0.290 
0.087 
0.250 

1.782 
+ 0.231 

N 

1.550 
1.218 
1.235 
1.228 

1.218 
- 0 . 2 3 1 

-1230.056 
(-1218 
(-1227 

.220)b> 

.731)°) 

(SN)* : Lyon 
structure85 

S 

1.824 
0.714 
0.784 
1.497 
0.308 
0.219 
0.044 
0.326 
0.098 
1.947 

+ 0.186 

N 

1.549 
1.163 
1.315 
1.153 

1.153 
- 0 . 1 8 6 

-1228.562d> 

S 

1.768 
1.478 
0.923 
0.929 
0.296 
0.091 
0.202 
0.065 
0.160 

1.865 
+0.087 

(-

(SGH)* 

C 

1.114 
1.135 
0.962 
0.964 

1.135 
- 0 . 1 7 5 

-1018.057 
-1005.877) b> 

H 

0.912 

+ 0.088 

a) Ref. 8. For this structure, pz, dxz, dyz and dz, AOs are the components of n orbitals. b) The total 
energy of (SN)2 or (SGH)2 molecule with the same configuration of the unit cell in (SN)* or (SCH)*, 
respectively, c) The total energy of the most stable configuration (square form) of (SN)2 molecule (Ref. 
10). d) The value calculated by us on the same basis for the Pennsylvania structure. 

also degenerate there. At such points, it is in principle 
unreasonable to describe the system with a single Slater 
determinant. Thus we extrapolated the density matrix 
elements a t K=±9JI/ 10a and ^TijlOa to obtain those at 
K=±nla and 0, respectively. T h e values of overlap 
integrals between the central unit cell and the JV-th 
nearest neighboring cell rapidly decrease to 0 where 
JV=3—4 (9—13.5 Â from the central unit cell). But as 
those of electron repulsion (Coulomb) integrals slowly 
decrease, we consider them as far as the 7-th nearest 
neighbors («»31 Â from the central unit cell). 

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

The calculated results of A O densities, atomic net 
charges and the total energies per unit cell are shown 
in Table 1 along those of the Lyon structure of (SN)*. 
As we set the direction of the polymer chain along the 
z-axis and the polymer plane perpendicular to the 
x-axis, the n orbitals are of 2p x , 3px , 3dx y , and 3dx z 

AOs. Both of (SN) 2 and (SCH) 2 units have six n 
electrons, supplied two n electrons from the sulfur a tom 
and one from the nitrogen or the carbon atom. In 
(SN)* calculated here, the densities of 3p x and 2p x 

AOs on S and N are 1.407 and 1.218, respectively, and 
the contribution from 3dx y and 3dx z AOs is totally 
0.375, the magnitude of which is not negligible. T h e 
atomic net charge on S is + 0 . 2 3 1 , and it is somewhat 
larger than that estimated for the Lyon structure, 
+0.186,8> but somewhat less than that estimated by 
XPS method, +0.30—0.42.7> In (SGH)*, although the 
n electron densities on S and G are not so different 
from those on S and N in (SN)*, the atomic net charge 
on S is +0 .087 which is by far less than that in (SN)*. 
This would be direct reflection of the electronegativity 
of each atom, namely S < C < N in order. I t is also 
interesting that the atomic net charge on H is very 

close to that on S. I t is clearly shown, from the difference 
in the total energies of a unit cell and isolated (SN)2 

molecules, that the polymeric state is more stable than 
the isolated molecules. Moreover, the comparison of 
the total energies per unit cell of the two structures of 
(SN)* definitely shows that the Pennsylvania structure 
is favorable. For (SGH)*, it is similarly predicted 
that the polymeric state is stable in comparison with 
the isolated (SGH)2 molecule. 

T h e energy bands and the state densities of the 
polymers are shown in Figs. 2(A) and (B). T h e curves 
of the state densities are obtained with the Brust's 
method17) summing over 300 points sampled in the 
Brillouin zone for each energy band. T h e valence 
bands consist of three n bands and eight cr bands, and 
the H O M O and the L U M O bands are of n M O s 
mainly composed of the sulfur 3p x A O in both (SN)* and 
(SGH)*. These energy bands of (SN)* and (SCH)* 
are seen to be of rather similar shape and the Fermi 
energies (ET) are obtained as —4.996 and —4.340 
eV, respectively. E¥ of the Lyon structure of (SN)* has 
been reported to be —5.714 eV.8) T h e shape of the 
state density of (SN)* agrees qualitatively with those 
obtained previously by ESCA spectroscopy.7»18) The 
state density a t EF (D(EF)) is small but finite for (SN)*, 
namely, 0.04 states/eV spin-molecule, which shows the 
metallic nature of (SN)*. Experimental value of D(EF) 
is 0.12—0.18 states/eV spin-molecule18»19) which agrees 
quantitatively with our result but is somewhat larger, 
showing perhaps the reflection of the actual three-
dimensional structure of (SN)* crystal. For (SCH)*, 
the shape of the state density again resembles that of 
(SN)* but the peaks are more sharpened than in 
(SN)*, and D(EF) is 0.06 states/eV spin-molecule. This 
value encourages us that (SCH)* may become also a 
metallic conductor if it should be successfully synthesiz­
ed, and unless any interference such as Peierls transition 
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> v 

-30.87 

Wave vector states/eV spin-molecule 

(A) 

>„ 

-3 0 h- """-

Fig. 2. The band structures and the state densities of 
(A) (SN)a and (B) (SCH)^ Dotted lines and solid ones 
indicate a bands and n bands, respectively. The upper 
several vacant MO bands and the state densities of 
those which are upper than the LUMO bands are not 
essential and omitted here. 

should occur to break down the metallic state of (SCH)*. 
The EAB analyses in the scheme of the GNDO/2 

method are shown in Fig. 3 for (SN)* and (SCH)*. 
I t is shown that N j -S 4 in (SN)* and Si-C«, in (SCH)* 

Fig. 3. The EAB analyses for the representative unit cells 
of (SN), and (SCH),. The energies are shown in eV. 
Dotted lines and solid ones indicate the repulsive and 
attractive interactions, respectively. 

are both attractive. Moreover, it should be noticed 
that, both in (SN)* and in (SCH)*, S2-S4 and S ^ 
are considerably attractive, while Ni-Ng and G 3-C 6 

are weakly repulsive, and hence the skeleton of each 
unit cell is held rather tightly. This would cause 
interesting effects to the force constant of the lattice 
displacement and to the Debye frequency of the system. 

I t is also noticed that much attention should be paid 
to the description of the system at Ä"=±?t/fl, since 
there occurs a degeneracy of the H O M O and the 
L U M O bands. In order to overcome such a situation, 
some appropriate linear combination of the Slater 
determinants (Configuration Interaction) should be 
adopted. 

T h e possibility of the interaction between two (SN)* 
chains or the highly anisotropic two- or three-dimen­
sionality of (SN)* crystal has also been pointed out from 
some experimental aspects.10'20) T h e SCF-tight-binding 
calculation including two chains is desirable. 

We are grateful to the Data Processing Center of 
Kyoto University for its generous permission to use the 
F A C O M 230-75 Computer. This work was supported 
by a Grant-in-Aid for Scientific Research from the 
Ministry of Education of J a p a n (No. 065101). 
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Calorimetric Study of the Glassy State. XL Plural Glass 
Transition Phenomena of Cyclohexene 

Osamu HAIDA, Hiroshi SUGA, and Syûzô SEKI 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received October 14, 1976) 

Two kinds of glassy crystalline phases (I and III) of cyclohexene were realized by different thermal treatments. 
The heat capacities of the glassy and the supercooled crystal-I and -III, as well as the stable crystalline phases 
were measured by an adiabatic calorimeter in the temperature range 12—300 K. The glass transition temperature 
Tg, the heat capacity jump at Tg and the residual entropy were found to be 81 K, 11.4JK"1 mol"1 and 11.7 JK"1 

mol-1 for crystal-I and 83 K, 3.6 JK" 1 mol"1 and 2.6 JK" 1 mol"1 for crystal-Ill, respectively. The glassy liquid 
state of cyclohexene was realized by vapor condensation technique, its Tg being 78 K as determined by DTA 
method. The results provide the first example of plural glass transition phenomena in one and the same low-
molecular-weight compound. 

The heat capacity of liquid contains a contribution 
from a potential energy variation caused by structural 
change with temperature. This degree of freedom is 
usually known as "configurational freedom" and has 
been used in many theoretical works for describing the 
thermal behavior of glass-forming liquid in a trans­
figured fashion such as free volume,1) trans-gauche 
conformation2) and bond-lattice model.3) These 
treatments have been successful to a certain extent to 
explain thermodynamic and kinetic aspects of the glass 
transition in spite of their simplified models. 

Discovery of glassy crystals4) brought about an 
extension of the concept of glass from the originally 
defined non-equilibrium frozen state of liquid to that 
of a system including some kind of disorder. In addit ion 
it offers a new possibility for studying the glassy state. 
T h e site randomness will be eliminated from the 
configurational freedom in the case of glassy crystals 
since they have three-dimensional positional periodicity. 
Even in this favorable situation, however, the "configu­
rat ion" is of a complex mixture of orienta tional and 
internal freedom of molecule, as pointed out by Adachi 
et al.4) T h e realization of more than one kind of glassy 
state of a compound is therefore expected to give a clue 
in resolving the entanglement between these freedoms. 

The calorimetric study by Huffman et al.6) revealed 
the fact that cyclohexene has two crystalline phases, 
I and I I . Adachi et al.6) realized the glassy state of high 
temperature crystalline phase I based on the results 
of D T A experiment. W e have found a new crystalline 
phase (crystal-Ill) and its glassy crystalline state. The 
glassy liquid state of cyclohexene was also realized by 
the vapor condensation method. A brief account of 
these findings was reported in a short communication.7) 

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

Material. Commercial "Standard Material" of cyclo­
hexene (Tokyo Kagaku Seiki Co., Ltd.) was deaerated and 
then distilled twice in a vacuun. The final purity of the 
sample was determined to be 99.98% by gas chromatography 
(Shimadzu Gas Chromatogram G.C./C. column; Apiezon 
grease on serite, column temperature; 70 °C) and 99.96% by 
calorimetric study. 

Apparatus. The heat capacity was measured with an 
adiabatic calorimeter.8) The purified sample was introduced 
into the calorimeter cell by vacuum distillation through a 

copper tubing attached to the top of the cell. When the 
procedure was over, the cell was pinched off at the copper 
tubing and sealed with a soft solder. The weight of the sample 
used for the heat capacity measurement was 23.154 g. 

The DTA apparatus used in the preparation of the glassy 
liquid has also been reported.9) 

E x p e r i m e n t a l R e s u l t s 

DTA. T h e thermal behavior of cyclohexene at 
low temperature was examined by use of DTA, the 
results being given in Fig. 1. R u n 1 shows the cooling 
curve with a rate of — 2 K min - 1 , and R u n 2 the 
subsequent heating curve. R u n 3 shows the heating 
curve of rapidly cooled sample a t a ra te greater than 
7 K m i n - 1 from high temperature crystal-I or liquid. 
The result of R u n 3 coincides with that reported 
previously6) except for a difference in anomalies a t 120 
and 140 K. T h e endothermic peaks at 140 K in Run 3 
and 170 K in Runs 2 and 3 correspond to the processes 
crystal-I—»crystal-II and crystal-II—»liquid, respectively. 
When the liquid is cooled slowly as in R u n 1, it crystal­
lizes into crystal-I a t around 130 K with successive two 
exothermic effects, and then the crystal-I transforms 
into a newly found crystal-I 11 reversibly a t about 115 K. 
T h e successive peaks at 130 K in R u n 1 were separated 

r—i—i—i—i—r—i—r P 
RUN 2 * 

P A 
RUN 3 \ 

1 i 1 i 1 l 1 

— T - | I | 1 

RUN 1 

M 

80 100 120 140 160 180 

T/K 
Fig. 1. DTA curves of cyclohexene. 
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Fig. 2. Schematic diagram for Gibbs energy relation­
ship of cyclohexene. 

by chance and might be at tr ibuted to the appearance of 
a metastable phase on the way from liquid into crystal-I. 

The thermogram Run 3 is interpreted as follows. 
When crystal-I is chilled through the transition tem­
perature (115 K) at a ra te greater than — 7 K min - 1 , the 
glassy crystal-I can be prepared. During the course of 
subsequent heating, the glassy crystal-I recrystallizes 
into crystal-Ill a t ca. 100 K after the glass transition 
at 92 K is over, and then successive transformations 
of crystal-I 11 —> crystal-I —> crystal-I I —» crystal-I —> liquid 
take place at 115, 120, 140, and 160 K, respectively. 
This interpretation was confirmed by calorimetric 
studies. Among the transitions in R u n 3 the rate of 
irreversible transition from crystal-I to crystal-II at 120 
K was found to be sensitive to the purity and thermal 
history of the specimen. Thus a different thermal 
behavior in the temperature range 120—140 K is seen 

in the results of Runs 2 and 3 (Fig. 1), Runs 2, 3, and 4 
(Fig. 6) and those reported by Adachi et a/.fl> T h e phase 
relations represented by Gibbs energy are schematically 
illustrated in Fig. 2. Glassy state of liquid (glassy 
liquid) was obtained by vapor condensation method, 
but not by rapid cooling method. This can be seen 
from the fact that the samples quenched from liquid and 
crystal-I gave the same thermogram R u n 3. 

Measurement of Heat Capacity. Glassy crystal-I 
was prepared by rapid chilling of the liquid sample by 
introducing liquid nitrogen directly into the calorimeter 
can. T h e average cooling rate in the temperature 
interval 220—80 K was ca. —40 K min- 1 , which is 
much greater than the limit — 7 K m i n - 1 to obtain the 
thermogram R u n 3 (Fig. 1). Concerning the crystal-I l l , 
series of measurement were performed with different 
samples. Thermal treatments adopted to obtain these 
samples were as follows. For series-I, crystal-I l l was 
prepared by cooling crystal-I at the cooling rate of 
ca. — I K m i n - 1 ; for series-2 crystal-I l l (obtained by 
the same procedure as series-I) was annealed at 78 K 
for ca. 36 h ; for series-3, it was made through the phase 
transformation from crystal-I (on which the heat 
capacity measurement up to 100 K was carried out) and 
subsequent annealing at 80—100 K for about 2 days. 
Crystal-II was prepared by cooling the crystal-I to 78 K 
and subsequent annealing at ca. 120 K. Complete 
transformation of crystal-I into crystal-II was confirmed 
by observing the cessation of the heat evolution accom­
panied by irreversible phase transition. 

T h e molar heat capacities are given in Table 1 and 
plotted in Fig. 3. Besides the big heat capacity j u m p due 
to the glass transition phenomenon of crystal-I, a small 
heat capacity j u m p for crystal-I l l at ca. 80 K can also 
be seen. In the measurement for crystal-I and - I I I , 
heat evolution was observed in the temperature range 

Fig. 3. Heat capacity curves of cyclohexene. 
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•* av 

K 

15.63 
17.86 
19.87 
21.78 
23.76 
26.03 
28.41 
30.77 
33.22 
35.74 
38.35 
41.09 
43.89 
46.94 
50.16 
53.32 
56.46 
59.61 
62.71 
65.83 
68.98 
72.17 
75.44 
78.68 
79.92 
82.98 
86.15 
89.24 
92.28 
95.46 
98.78 

102.04 
105.25 
108.40 
111.52 
114.72 
118.01 
121.23 
124.40 
127.66 
131.03 
134.35 
136.81 

Glassy and 
14.25 
16.41 
18.40 
20.53 
22.38 
24.33 
26.79 
29.63 
32.68 
35.83 
38.87 
41.98 

AH/AT 
J K - 1 mol-

Crystal-II 
3.580 
5.294 
7.057 
8.792 

10.86 
13.06 
15.48 
17.83 
20.20 
22.47 
24.59 
26.86 
29.28 
31.38 
33.74 
35.70 
37.54 
39.32 
40.86 
42.71 
44.04 
45.45 
46.89 
48.32 
48.81 
50.14 
51.48 
52.70 
53.81 
54.93 
56.13 
57.33 
58.48 
59.65 
60.78 
62.00 
63.25 
64.50 
65.74 
67.13 
68.55 
70.06 
71.27 

Osamu HAIDA, Hiroshi SUGA, and Syûzô SE KI 

TABLE 1. MOLAR HEAT CAPACITY OF CYCLOHEXENE 

molwt=82.147 

AT 
1 K 

2.372 
2.081 
1.918 
1.884 
2.064 
2.456 
2.314 
2.414 
2.485 
2.542 
2.694 
2.774 
2.839 
3.252 
3.184 
3.149 
3.129 
3.164 
3.037 
3.203 
3.101 
3.277 
3.265 
3.217 
2.920 
3.208 
3.128 
3.063 
3.005 
3.354 
3.290 
3.244 
3.176 
3.123 
3.091 
3.313 
3.254 
3.202 
3.124 
3.402 
3.345 
3.290 
1.623 

supercooled crystal-I 
4.744 
7.170 
9.086 

11.44 
13.45 
15.77 
18.47 
21.47 
24.50 
27.33 
29.58 
31.83 

2.127 
2.200 
1.898 
2.048 
1.660 
2.246 
2.676 
2.992 
3.113 
3.194 
2.879 
3.332 

0°C=273.15K 

_ 
•* av 
K 

45.19 
48.40 
52.15 
55.46 
58.89 
62.17 
65.55 
69.02 
72.37 
75.61 
78.65 
81.00 
82.99 
85.15 

140.94 
144.19 
147.40 
150.57 
153.72 

142.68 
145.82 
148.91 
151.97 
155.17 
158.49 
161.77 
165.00 

AH/AT 
J K - 1 mol-1 

34.18 
36.40 
38.78 
40.73 
42.53 
44.36 
46.25 
47.95 
49.62 
51.30 
58.04 
65.01 
66.77 
68.15 

Crystal-I (series 1) 
94.84 
96.08 
97.44 
99.17 
99.66 

(series 2) 
94.81 
96.75 
98.09 
99.44 

100.86 
102.40 
104.22 
106.35 

Glassy crystal-Ill and crystal 
14.29 
16.50 
18.50 
20.50 
22.57 
24.58 
27.08 
30.29 
33.58 
36.74 
39.87 
43.00 
46.32 
49.60 
52.70 
58.40 
61.35 
64.45 
67.75 
71.27 
74.66 
77.93 
80.55 
83.05 
85.50 
87.43 

4.747 
6.858 
8.877 

10.95 
13.21 
15.39 
18.10 
21.19 
24.55 
27.23 
29.58 
31.95 
36.37 
36.57 
38.59 
42.10 
43.79 
45.81 
47.83 
49.68 
51.46 
53.64 
56.07 
58.70 
60.45 
61.72 

[Vol. 50, No. 

Ar 
K 

3.092 
3.317 
3.092 
3.514 
3.348 
3.204 
3.531 
3.399 
3.282 
3.179 
2.909 
1.791 
2.183 
2.143 

3.269 
3.234 
3.196 
3.151 
3.135 

3.161 
3.112 
3.077 
3.041 
3.344 
3.302 
3.256 
3.206 

l-III 
2.178 
2.257 
1.742 
2.244 
1.952 
2.127 
2.872 
3.548 
3.031 
3.284 
2.983 
3.267 
3.385 
3.167 
2.985 
2.722 
3.160 
3.023 
3.577 
3.445 
3.327 
3.207 
2.061 
2.987 
1.926 
1.920 

4 
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T 
A av K 

89.27 
91.01 
92.75 
94.47 
96.66 
99.25 

101.99 
104.73 
107.13 
109.29 

81.51 
84.37 
87.14 
89.84 

79.07 
80.99 
82.68 
84.46 
86.22 
87.95 

171.17 
173.74 
176.31 
177.38 
178.97 
180.14 
182.88 
185.87 

AHJAT 
J K - 1 mol-1 

62.96 
64.09 
65.99 
66.84 
68.54 
71.71 
77.19 
87.09 

108.65 
123.41 

(series 2) 
57.26 
59.61 
61.43 
62.99 

(series 3) 
55.44 
57.40 
58.62 
59.80 
60.89 
62.08 

Liquid 
116.1 
116.5 
116.9 
116.9 
117.1 
117.3 
117.8 
118.2 

Galorimetric Study of the Glassy State. XI 

TABLE 1. 

AT 
K 

1.757 
1.723 
1.661 
1.874 
2.394 
2.819 
2.657 
2.421 
2.771 
1.543 

2.906 
2.812 
2.730 
2.676 

2.275 
1.570 
1.799 
1.770 
1.742 
1.715 

2.574 
2.565 
2.557 
2.756 
2.757 
2.746 
2.734 
3.237 

(Continued) 

T 
A av K 

189.09 
192.30 
195.45 
198.68 
201.85 
204.83 
207.79 
210.73 
213.66 
216.58 
219.48 
222.37 
225.24 
228.11 
230.96 
233.82 
236.73 
239.66 
242.61 
245.56 
248.48 
251.40 
257.37 
260.53 
263.55 
266.56 
269.53 
272.50 
275.54 
278.66 
281.76 
285.35 
289.42 
293.43 

AH/AT 
J K - 1 mol-1 

118.8 
119.4 
120.0 
120.6 
121.2 
121.9 
122.5 
123.2 
123.8 
124.5 
125.2 
125.8 
126.6 
127.3 
128.0 
128.8 
129.6 
130.3 
131.2 
132.1 
132.9 
133.6 
135.4 
136.4 
137.2 
138.0 
139.1 
139.9 
140.9 
141.9 
142.9 
143.9 
145.4 
146.8 

Ar 
K 

3.223 
3.205 
3.190 
3.175 
3.161 
2.968 
2.953 
2.937 
2.923 
2.909 
2.897 
2.883 
2.870 
2.856 
2.842 
2.911 
2.895 
2.967 
2.949 
2.934 
2.922 
2.904 
3.304 
3.031 
3.016 
3.000 
2.979 
2.967 
3.127 
3.108 
3.089 
4.096 
4.061 
4.030 
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53—78 K. T h e effect of this heat evolution due to 
stabilization was removed from heat capacity values by 
correcting the temperature drift. At temperatures near 
80 K, the temperature drift was followed for half an 
hour after the energy input was over. T h e last tempera­
ture observed was used as the final temperature for the 
calculation of heat capacity. Thus, these values corre­
spond to the heat capacities for the time scale of 1/2 h. 
The heat capacity we obtained was compared with the 
data of Huffman et ö/.5> Their data are 0.3—0.5% 
greater for liquid and 0.2—0.8% greater for crystal-I. 
For crystal-II, they are about 0 .5% greater at tempera­
tures near the melting point. 

Studies on Phase Transitions. a) Crystal-II-^-
Crystal-I Phase Transition : This phase transition is of a 
sluggish nature.5) In order to determine the transition 
temperature, the electric energy for the completion of 
transition was added to the sample in eight separate 
stages, the temperature drift being followed each time 
for 2 h or more after the energy input was over. T h e 
temperature drift did not cease even after 2 h. T h e 
temperature after 2 h was observed to decrease in the 

first three stages. T h e temperature drift for 3rd and 4th 
energy inputs was analyzed by means of exponential 
function and the equilibrium temperature was estimated. 
Since the value coincides within 25/10000 K, we adopt 
it as the transition temperature. Hea t of transition was 
measured twice, the results being given in Table 2 
together with those of Huffman et al. 

b) Fusion'. T h e equilibrium temperature during the 
course of fusion was measured as a function of fraction 
melted. Assuming no solid solution formation, the 

TABLE 2. MOLAR HEAT OF TRANSITION 

(Crystal-II -+ Crystal-I) 

!T t=138.63±0.003K 
A,///kJ mol-1 

Experiment 1 
Experiment 2 

4.228 
4.235 

4.231±0.003 mean 
AtS= 30.53 ± 0.03 J K -1 mol -1 

Huffman et al. 
r t = 1 3 8 . 7 ± 0 . 2 K A t # = 4 . 2 5 1 ± 0 . 0 0 4 k j m o l - 1 
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TABLE 3. MOLAR HEAT OF FUSION 

r t .p . = 169.66±0.01K 
Arotf/kJmol-

Experiment 1 
Experiment 2 

3.282 
3.286 

3.284±0.002 mean 
A„.S=19.36±0.01 J K - 1 mol-1 

Huffman et al. 
r t . p . = 169.67±0.05K AmH= 3.293±0.002 kj mol"1 

purity of the specimen was determined to be 99.96%. 
T h e heat of fusion was measured twice (Table 3). 

c) Crystal-Ill—>Crystal-I Phase Transition: Since a 
rather long t ime (an hour or more) was necessary to 
obtain one heat capacity data, an irreversible phase 
transition from the newly formed crystal-I into crystal-II 
inevitably began during the measurement of crystal-III 
—•crystal-I transition. T h e transition temperature and 
the molar heat of transition (A m _i / / ) were determined 
as follows: Crystal-I l l was heated by electric energy 
from 7"i to a temperature a t which the crystal-I l l was 
transformed almost completely into crystal-I. T h e 
spontaneous temperature rise due to the irreversible 
phase transition from crystal-I to crystal-II was then 
followed. W h e n the transition was almost completed, 
the electric energy was further supplied to the sample 
in order to bring it into crystal-I, the final temperature 
being Tf. This last procedure was necessary because 
the final stage of the transition (metastable crystal-1—> 
crystal-II) was so sluggish that it caused a large error 
due to the heat leak during the t ime consuming observa­
tion for detecting the end point of transition. T h e 
value A I H - Ï / / can be calculated by means of the 
following relations. 

^n.jH=H^-H^ (1) 

JTt 

JTi 
Cp

udT-E 

(2) 

(3) 

where Tt is the transition point of crystal-III-*crystal-I, 
Tm the melting point, Cp, Cp

m the extrapolated values 
of heat capacity of crystals I and I I I , respectively, and 
E the total energy input. In Eqs. 1, 2 and 3 the terms 
for the empty cell are omitted for the sake of simplicity. 
T h e approximation that the whole of Ai_mH is absorb­
ed a t T= Tt is also involved implicity. T h e data and 
equations used for calculating A n i - i i / are summarized 
in Table 4. Because of the spontaneous recrystallization, 

TABLE 4. TRANSITION (Crystal-III->Crystal-I) 

DATA SUMMARY 

r t = 1 1 2 . 3 ± 0 . 1 K 
AtH= 1.483±0.054 kj mol"1 

A m 5=13 .72±0 .45JK- imo l - 1 

<V n =3.60+0.6650 T 
7^=99.9117 K 
Tt=141.5663 K 
£=1830.84 J 

the heat capacity measurement for crystal-I was inter­
vened between 85 and 139 K. T h e heat capacities in 
this range were estimated by means of the equation 
given in Table 4, calculated by extrapolating the meas­
ured heat capacities between 140 and 152 K and 
bringing the result to fit smoothly the data around 85 
K. 

O n the other hand, the transition temperature was 
determined by the dynamical method. Electric energy 
was put into the crystal-II I at a constant rate and the 
time variation of temperature was followed. Transition 
temperature was determined to be the temperature 
where dT/dt (T; temperature, t; time) attained 
minimum value. T h e temperature difference between 
temperature during the energy input and that corre­
sponding to the equilibrium state was corrected by 
measuring the difference at lower temperatures at which 
no phase transition effect takes place. 

Residual Entropy of Glassy Crystalline States. Beckett 
et a/.10) calculated the entropy and heat capacity of ideal 
gas state of cyclohexene on the basis of spectroscopic 
data. Although spectroscopic entropy coincided with 
the experimental one within their error limits, there 
was a significant difference between the calculated and 
the observed heat capacity data. They explained the 
difference by assuming the existence of an energy-rich 
conformer having a larger strain energy (11.3 k j mol"1) 
than that of the ordinary half-chair conformer. Since 
the discrepancy for entropy (0.16 J K - 1 mol - 1 ) is within 
experimental error, it might be that the crystal-II has 

TABLE 5. THIRD LAW ENTROPY OF CRYSTAL-I AT 138.63K 

r/K ASyjK-imol-1 

Via II-I transition 
0—14.0 Debye extrapolation 0.91 

(0D= 157.4K, 6 freedom) 

14.0—138.63 f c p ( I I ) / r d r (graphical) 71.12 

138.63 II-I transition 4231/138.63 30.53 

102.56±0.17 

Via Glassy Crystal-I 
0—14.0 Debye extrapolation 1.62 

(0D= 129.4 K, 6 freedom) 

14.0—86.0 f CP(I)I T d T (graphical) 50.53 

86.0—138.63 [cp(I)v/TdT 38.74 

Via Glassy Crystal 
0—14.0 

14.0—90.0 

90.0—112.3 

112.3—138.63 

-III 
Debye extrapolation 
(0D=131.1 K, 6 freedom) 

jcp(iii)/rdr 

^Cp(IIl)/TdT 

III-I transition 

\cp{l)jTdT 

V ( I ) = 102.56-90.89=11.67±0.70 J K -
S0°(III) = 102 .56-99 .95=2.61±0.37 J K 

90.89±0.63 

1.55 

51.94 

15.63 

13.72 

17.11 

99.95±0.20 

i mol-1 

-1 mol-1 

a) Estimated heat capacity given in Table 4. 
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T A B L E 6. 

c? 
J K - 1 mol-1 

(1.05) 
7.14 

17.03 
26.09 
33.52 
39.55 
44.58 
48.92 
52.98 
56.60 
60.23 
64.00 
68.14 

94.29 
98.59 

103.22 

115.08 
117.23 
118.92 
120.89 
123.00 
125.32 
127.73 
130.49 
133.30 
136.18 
139.13 
142.31 
145.57 
148.98 

(1.75) 
10.90 
21.84 
30.43 
37.43 
43.20 
48.46 
61.34 

(1.65) 
10.38 
21.08 
29.83 
36.82 
43.03 
49.00 
55.48 
63.45 
72.91 

THERMODYNAMIC FUNCTIONS OF CYCLOHEXENE 

s? 
J K - 1 mol-1 

(Crystal-II) 
(0.332) 
2.552 
7.291 
13.47 
20.12 
26.78 
33.27 
39.51 
45.51 
51.28 
56.84 
62.24 
67.52 
Transition 

(Crystal-I) 
103.48 
110.13 
117.83 
Fusion 
(Liquid) 

142.46 
149.13 
155.51 
161.66 
167.61 
173.38 
179.01 
184.50 
189.89 
195.17 
200.37 
205.48 
210.53 
215.52 

(H°-H0°(l))/T 
J K - 1 mol-1 

(0.249) 
1.897 
5.272 
9.376 
13.49 
17.35 
20.89 
24.13 
27.11 
29.88 
32.47 
34.94 
37.33 

70.14 
71.88 
74.28 

95.51 
96.68 
97.05 
98.91 

100.01 
101.10 
102.21 
103.33 
104.47 
105.64 
106.82 
108.03 
109.27 
110.54 

(Glassy and Supercooled Crystal-I) 
(12.27) 
15.96 
22.48 
30.02 
37.57 
44.92 
51.61 
58.98 

(Crystal-Ill) 
(3.18) 
6.73 

13.01 
20.33 
27.75 
35.03 
42.13 
49.05 
56.09 
63.19 

(275.58) 
140.71 
99.29 
81.07 
71.65 
66.44 
63.50 
62.51 

(131.68) 
68.40 
50.89 
44.60 
42.36 
41.97 
46.42 
47.03 
48.53 
50.42 

-(G°-H0°(l))/T 
J K - 1 mol-1 

(0.083) 
0.655 
2.019 
4.091 
6.631 
9.435 
12.38 
15.38 
18.40 
21.40 
24.37 
27.30 
30.19 

33.35 
38.25 
43.55 

46.95 
52.45 
58.46 
62.75 
67.60 
72.28 
76.80 
81.17 
85.41 
89.54 
93.54 
97.45 

101.26 
104.99 

(-263.31) 
-124 .75 

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

(-128.50) 
- 6 1 . 6 7 
- 3 7 . 8 9 
- 2 4 . 2 7 
- 1 4 . 6 1 
- 6 . 9 4 
- 4 . 2 9 

1.94 
7.57 

12.77 
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no residual entropy at 0 K. Taking this into considéra- was calculated by means of extrapolated heat capacities 
tion, the residual entropies of glassy crystal-I and glassy with a Debye model. The contribution from 85—140 K 
crystal-Ill were calculated. Contribution below 14 K for crystal-I was calculated by the equations given in 
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Table 4. Details of the calculation are given in Table 5. 
T h e residual entropies of glassy crystal-I and glassy 
crystal-I l l were found to be ( l l . 6 7 i 0 . 7 0 ) and (2 .61± 
0.37) J K _ 1 mol - 1 , respectively. 

Thermodynamic Functions. Smoothed values of 
heat capacity a t rounded temperatures along with 
values of other derived thermodynamic functions are 
given in Table 6. For all the phases, H0° refers to the 
zero point enthalpy of crystal-II. T h e entropy values 
for all phases are also referred to the entropy of crystal-II 
a t 0 K, which is considered to be zero. 

70 

o Cryst - 1 
© Cryst-n 

Cryst -
• Series -
n Series - 2 
A Series - 3 

H 60 
I 

fc-J 

50 

Fig. 4. Heat capacities of glassy crystal-I, -III and 
crystal-II around glass transition temperature. 

Purity of the Crystal-Ill Phase. Heat capacity 
curves for crystal-I, - I I , and - I I I around glass transition 
region are shown in Fig. 4. T h e temperatures at which 
the heat capacity j u m p occurs are very close for crystal-I 
and - I I I . Thus the possibility that the heat capacity 
j u m p for crystal-I 11 is caused by crystal-I contained in 
crystal-I l l as an impurity might be considered. How­
ever, this possibility was discarded for the following 
reasons. (1) T h e results for series-1 and -3 agree in 
spite of the difference in the method of preparation of 
crystal-I l l . I t is very improbable that different samples 
contain almost the same amount of impurity. (2) T h e 
ratios S0° ( I I I ) / V (I) (=0 .22) and ACp (III) I ACp (I) 
(=0 .32) differ from each other beyond the estimated 
error (ACp is the heat capacity j u m p at around 80 K ) . 
(3) T h e activation enthalpies of the relaxation phe­
nomena around glass transition region differ for crystal-I 
and crystal-I l l . (4) T h e heat capacity of crystal-Il l is 
greater in the temperature region 62—80 K. Our view 
that the heat capacity j u m p of crystal-Il l a t around 80 
K is an intrinsic property of this phase is thus supported. 

Relaxation Around Glass Transition Region For 
both the glassy crystal-I and - I I I , heat evolution due to 
the enthalpy relaxation was observed to start at ca. 50 K, 
the temperature rising linearly with time (Fig. 5). If we 
assume an exponential type for the enthalpy relaxation, 
the following equation holds. 

- * » = - > « ) , (*) 

where AH(t) is the enthalpy difference of the glassy 
state at t ime t and equilibrium state and T the relaxation 
time. For small t ( J < T ) , AH(t) is nearly equal to A / / (0 ) . 

* 0.6 

y«<M 

O GLASSY CRYST-I 

• GLASSY CRYST-m 

60 70 
r/K 

80 

Fig. 5. Rate of the temperature rise at temperatures 
below T„. 

Thus, dAH(t)jdt is nearly constant, or the temperature 
of the sample rises linearly with time, the slope being 
proportional to AH(0)/r. If a simple relaxation mecha­
nism of the type of Eq. 4 is assumed, the behavior of the 
glassy crystal-I l l , in which one peak appears in dTjdt 
vs. T curve, seems to be normal. No interpretation can 
be given for the origin of the second peak in the d T/dt 
vs. T curve for glassy crystal-I. At temperatures above 
78 K, the sign of the AH(0) changed, a negative tempera­
ture drift being observed. Relaxation times a t various 
temperatures were determined by analysis of the drift 
by means of Eq. 4. From the Arrhenius plot of the 
relaxation time, the activation enthalpy of the relaxation 
was found to be 18 and 7 k j m o l - 1 for glassy crystals 
-I and - I I I , respectively. T h e temperature at which 
the relaxation time for glassy crystal-I becomes one 
minute is found to be 92 K from this plot. T h e difference 
in the Tg values determined by the D T A method and 
heat capacity measurement might be explained by the 
difference in the t ime scale of the observation. 

Preparation of Glassy Liquid by Vapor Condensation Method. 
D T A curves obtained with a vapor condensation type 
D T A apparatus are reproduced in Fig. 6. Run 1 is 
the heating curve of the sample condensed from vapor 
directly onto the sample holder maintained a t 68 K. 
Runs 2 and 3 show the heating curves after the tempera-

80 100 120 140 160 180 
r/K 

Fig. 6. DTA curves for the samples condensed from 
vapor. 

ll.67i0.70
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ture cycling between 68 and 92 K. For R u n 3 the 
sample was annealed for an hour at 77 K prior to the 
measurement. Run 4 shows the heating curve after the 
temperature cycling between 68 and 118 K and corre­
sponds to R u n 3 in Fig. 1. Although some exothermic 
anomalies in Run 1 cannot be assigned yet, there are 
evidences for concluding that each baseline shift to 
endothermic direction in these runs (Runs 1, 2, and 3) 
at 78 K is the manifestation of glass transition of liquid : 
(1) Annealing effect characteristic of the glass transition 
in Run 3. (2) Rough agreement of the liquid-»crystal-
I I I crystallization enthalpy ( = 4 . 3 k j mol - 1 ) estimated 
from its peak area referring to the peak areas of crystal-
Ill—>crystal-I and melting of crystal-I with its value 
(4.8 k j mol - 1 ) calculated from calorimetric data. I t is 
tacitly assumed that the peaks in R u n 1 do not represent 
the inherent property of a large par t of the vapor 
condensed phase but that of the unstable crystalline 
phase formed as complex phase during the course of 
vapor condensation. Another interpretation that the 
peaks were caused by the transition occurring in all 
parts of the sample is also possible. If this is the case, 
the base line shift to endothermic direction in R u n 1 
corresponds to the glass transition of liquid but that in 
Runs 2 or 3 correspond to the glass transition of unstable 
new crystalline phase. We can conclude that the glassy 
liquid was prepared by the vapor condensation method, 
its glass transition temperature being 78 K. 

D i s c u s s i o n 

Molecular motions in crystalline state of cyclohexene 
were studied by Saffar et al.11) by means of N M R . In 
their study on the temperature dependence of the 
second moment as well as of the spin lattice relaxation 
time, they found a phase transition at 128.5 K where 
we found no thermal anomaly. T h e lack of detailed 
description of the thermal treatment of their sample and 
the inconsistency between their assignment on the 
crystalline phases and ours make it difficult for us to 
discuss our results in reference to their work. A tentative 
interpretation is as follows. 

Cyclohexene molecule has two half-chair conforma­
tions. The existence of another conformation (boat 
conformation) can be neglected in the low temperature 
region because of its high strain energy ( l l . S k J m o l - 1 

by Beckett et al10) and 18.0 k j m o l - 1 by Anet12>). Saffar 
et a/.11) reported that the ring inversion motion appears 
at 115 K in crystal-I (our nomenclature) . Above this 
temperature the Arrhenius plot of the correlation t ime 
obtained from their Tx experiment gave 10 k j m o l - 1 

for the activation energy which we obtained from the 
plot in Fig. 4 of their paper. Similarity of the value 
with the activation enthalpy of the relaxation phenom­
enon in crystal-Ill (7 k j mol - 1 ) suggests that the ring 
inversion mode dominates the relaxation phenomenon 
of crystal-Ill near the glass transition region. I t is 
plausible that this mode will survive down to a lower 
temperature than the life of molecular rotation because 
the energy difference giving rise to the ordering of the 
mode of such a ring inversion will be created with the 
settling down of the rotational motion. T h e energy 
difference between the two conformers also depends 

upon the packing density and symmetry of the crystal; 
higher density or the lower symmetry will give larger 
energy difference. I t is likely that the energy difference 
in crystal-II, which seems to have higher density and 
lower symmetry, is so large that the order is attained 
at the transition temperature. O n the other hand, the 
energy difference for crystal-I l l may be of the order 
of thermal energy, so the relaxation phenomenon of the 
ring inversion was observed calorimetrically. Complete 
disorder of the ring inversion mode should contribute 
to the entropy by R\n 2 ( = 5 . 8 J K " 1 mol" 1) . Thus the 
partial order is already attained at Tg in crystal-Il l 
since the residual entropy of the glassy crystal-I l l 
(2.7 J K _ 1 mol - 1 ) is less than the value for complete 
disorder. 

Since the residual entropy of glassy crystal-I is larger 
than Kin 2, there must be some other type of disorder 
such as orientational randomness around the axis (z 
axis) normal to the molecular plane. T h e rotation about 
the axis was suggested by Saffar for crystal-I. T h e 
energy difference between the two conformers in crystal-
I at Tg may be smaller than that of crystal-I l l at Tg' 
because of the more disordered orientational freedom, 
lower density, and presumably of the higher crystal 
symmetry of crystal-I. Mode of ring inversion in 
crystal-I seems to contribute to the residual entropy 
by the amount corresponding to nearly complete 
disorder. 

Glassy crystals of cyclohexene seem to provide an 
interesting example for the simplification of the configu-
rational mode. I t is likely that the configurational 
freedom may be the rotation about z axis + ring inver­
sion and simply ring inversion in crystal-I and crystal-
I l l , respectively. If this is the case, the glass transition 
of crystal-Il l corresponds simply to the mode of ring 
inversion and successive simplification of the configura­
tional freedom is achieved in the order of glassy liquid—> 
glassy crystal-I-*glassy crystal-I l l . 
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Heat Capacity of Potassium p-Chloranil Anion Radical Salt 
between 13 and 330 K* 
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The heat capacity measurement for an organic free-radical salt, potassium ^-chloranil, revealed a first-order 
phase transition at Tc=260.01 K. In spite of a first-order nature, the pre- and the post-transitional effects are 
remarkable. The enthalpy and the entropy of transition were determined to be A#=2796 J mol - 1 and AS = 
11.06JK -1 mol -1, respectively. The magnetic contribution to AS is only 2.23 JK _ 1 mol - 1 when a dimeric con­
figuration with a singlet-triplet spin equilibrium is assumed in the low temperature phase and a monomeric behavior 
of radicals with spin doublet is assumed above Te. The present phase transition bears a close resemblance to a 
spin-Peierls transition in a linear chain system. The infrared spectrum at 120 K indicates a possible formation of 
dimers in the low temperature phase of this salt. A phenomenological model for the present phase transition is 
presented. 

Among a number of stable organic free radicals, the 
compounds which exhibit a cooperative phase transition 
due to unpaired electrons are very scarce. Moreover, 
these phase transitions are quite unique in that the spin 
and electronic state and the structural change are 
inseparably related to one another and that the mecha­
nism of phase transition is different from radical to 
radical. 

I n this paper we report the heat capacity of potassium 
/»-chloranil crystal [abbreviated hereafter as K+(/>-chlo-
ranil)' r or more simply as K+(GA)"r]. This is one of the 
typical anion radical salts together with the T C N Q , 
salts. T h e magnetic susceptibility and the electron 
paramagnetic resonance (EPR) measured by Andre 
et a/.1) revealed a first-order phase transition at !TC=260 
K on raising and at 7 ^ = 2 1 0 K on lowering tempera­
ture. T h e magnetic susceptibility above Tc follows 
well the Curie-Weiss law while the magnetic behavior 
below Tc is described by the energy scheme of a singlet-
triplet equilibrium. This result suggests that the p-
chloranil anion radicals exist as monomers in the K+-
(CA)T salt above Tc and as dimers below Tc. EPR,1 '2) 
electronic absorption spectra,3 - 6) and X-ray diffraction 
analysis7) of this salt support the monomeric behavior 
of the /»-chloranil anion radicals in the high tempera­
ture phase. O n the other hand, Hiroma and Kuroda8) 
investigated the temperature dependence of the elec­
tronic absorption spectra of the K+(CA)T salt and found 
that an abrupt increase of intensity occurs in the 
charge-transfer band at the phase transition point 
when the specimen is cooled. This fact suggests that the 
low temperature phase has a crystal structure of a 
dimeric arrangement of the/>-chloranil anions. Although 
an X-ray diffraction analysis of the low temperature 
phase has not been made, this suggestion seems to be 
quite reasonable in comparison with the electronic 
absorption spectra of K+(CA)T in solution,5»6»9»10) where 
the monomer-dimer equilibrium is established. 

In spite of a useful method which provides important 
information concerning the energetic aspects, the 
number of works in which heat capacity measurements 

* Presented before the Symposium on the Magnetochem-
istry, Nagoya (1970). 

f Deceased on July 16, 1974. 

are applied to organic free-radical salts are scarce.11-21) 
T h e present paper clearly reveals a first-order phase 
transition at 260.01 K. As is in the case of other radicals, 
the magnetic contribution to the transition entropy is 
not dominant . Although a quantitative explanation for 
the phase transition is not given, a phenomenological 
model is described here. 

Infrared spectroscopy also serves as a useful tool to 
elucidate the local symmetry of the constituent entity. 
But the infrared spectra hitherto reported are room 
temperature data.2 2 - 2 4) W e also report here the infrared 
spectra of the K+(CA)T salt between 4000 and 30 c m - 1 

in both the high and the low temperature phases. 

Exper imenta l 

Material. The starting materials, potassium iodide 
and /»-chloranil, were recrystallized twice from water and ben­
zene, respectively. The solvent, acetone, was purified by the 
method of Scheibe et a/.26) The K+(GA)~ salt was prepared 
according to the method of Torrey and Hunter.26) The 
reaction temperature was 263 ± 2 K. The product was 
washed with chilled acetone and dried in vacuo for three days. 
Found: G, 25.26; Gl, 49.37%. Galcd for G6G1402K: G, 25.29; 
CI, 49.76%. 

It has been reported7»8»10) that the preparation method by 
Torrey and Hunter does not yield one and the same modifi­
cation of the K+(CA) ~ crystal. We prepared the K+(CA)T salt 
at two different temperatures (263 and 273 K) and examined 
their thermal properties by using a differential scanning 
calorimeter (DSC). The salt prepared at 263 K exhibited a 
sharp endothermic peak due to the phase transition at 260 K 
while the salt precipitated above 273 K gave a broad peak. 
This fact implies the contamination of some impurities in the 
salt prepared above 273 K. On the other hand, it is possible 
that the salt prepared at 263 K would be a mixture of the 
high and the low temperature modifications as the synthesis 
temperature is close to the phase transition point (7^=260.01 
K) and thus the free energies of both phases are virtually the 
same magnitude in this temperature region. In fact the DSC 
curve showed the trace of a small amount of the low tem­
perature modification. Therefore, whenever the infrared and 
the Raman spectra were recorded at roon temperature, the 
specimen was once cooled down to about 100 K and warmed 
up to a room temperature. 

Heat Capacity Measurement. The heat capacity was 
measured with an adiabatic calorimeter27) in the temperature 
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region from 13 to 330 K. The sample of 8.0239 g (=0.028156 
mol) was sealed into the calorimeter cell together with a small 
amount of helium gas as the heat exchanger. 

Infrared and Raman Spectra. The infrared spectra at a 
room temperature and 120 K were recorded on a Grating-type 
Infrared Spectrophotometer Model DS-402G (Japan Spectro­
scopic Co., Ltd.) in the wave number region from 4000 to 
400 cm - 1 and on a Spectrophotometer Model FIS-001 
(Hitachi Ltd.) in the range from 400 to 30 cm-1. Nujol mull 
method was employed for the preparation of samples. 

The Raman spectra of K+(CA)Tsalt were recorded on a laser 
Raman Spectrophotometer Model R-750 with the argon laser 
(514.5 nm) in the range from 0 to 4000 cm - 1 at a room tem­
perature. It was difficult to obtain a good Raman spectrum 
of this salt because of its continuous absorption band in the 
corresponding wave number region and the instability of this 
radical salt against the strong argon laser exposure. 

R e s u l t s 

Heat Capacity o/K+(CA)T Salt. Prior to the heat 
capacity measurement, we performed the DSC measure­
ment for the K+(GA)T salt. An exothermic peak was 
observed at 220 K on cooling and an endothermic peak 
appeared at 260 K in a heating run. A large hysteresis 
effect with a temperature interval of 40 K indicates a 
typical first-order nature of the phase transition. 

The measured values for the heat capacity are plotted 
in Fig. 1 and the numerical values are given in Table 1. 
The standard thermodynamic functions for the K+(CA)~ 
salt are shown in Table 2. A sharp heat capacity 
anomaly is found around 260 K. T h e phase transition 
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Fig. 1. The molar heat capacity of the K+Q&-
chloranil)" anion radical salt. Open circles indicate 
the heat capacities of the supercooled high tempera­
ture phase. Broken line is the extrapolated curve of 
the supercooled high temperature phase and serves as 
a "normal" heat capacity for the estimation of the 
transition enthalpy and entropy. 

T 
K 

cP 
JK" 1 mol"1 

TABLE 1. HEAT CAPACITY OF K+Q&-CHLORANIL)T 

T Cp T Cp T Cp 

K JK" 1 mol"1 K JK" 1 mol"1 K JK" 1 mol"1 
T 
K 

cP 
JK" 1 mol"1 

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

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

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

90.68 
93.66 
96.59 
99.92 
103.66 
106.87 
109.58 
112.25 
114.89 
117.50 
120.08 
122.63 
125.16 
127.66 
130.15 
133.80 
136.23 
138.65 
141.05 
143.43 
145.83 
148.19 
150.54 
152.86 
155.17 
157.47 
159.75 
162.02 
164.27 
166.52 
168.75 
170.98 
173.19 

111.76 
114.73 
117.41 
120.15 
123.43 
125.90 
128.43 
130.39 
132.50 
134.98 
137.48 
138.31 
140.79 
143.41 
144.72 
147.41 
149.40 
151.13 
152.89 
154.18 
155.57 
157.83 
159.16 
160.94 
162.46 
164.23 
165.22 
166.82 
169.08 
169.80 
171.40 
173.06 
174.51 

175.92 
178.66 
181.32 
183.92 
186.56 
189.19 
191.81 
194.43 
197.03 
199.61 
202.18 
204.74 
207.29 
209.83 
212.36 
214.88 
217.39 
219.89 
222.40 
224.91 
227.38 
227.92 
230.79 
233.64 
234.73 
237.15 
239.29 
239.57 
241.98 
242.10 
244.38 
244.71 
246.76 

171.89 
177.67 
179.35 
180.86 
183.18 
183.83 
186.24 
188.11 
189.72 
191.19 
192.85 
194.43 
195.54 
197.58 
199.52 
200.69 
202.37 
204.76 
205.90 
207.65 
209.01 
211.76 
213.59 
216.22 
216.53 
219.09 
221.63 
221.64 
224.10 
224.28 
226.51 
225.69 
228.63 

247.13 
248.94 
250.15 
250.65 
252.54 
253.73 
254.91 
255.31 
256.07 
256.98 
257.17 
258.30 
258.79 
259.25 
259.80 
260.53 
261.37 
262.28 
263.26 
264.30 
265.40 
266.52 
270.30 
272.52 
273.39 
276.27 
276.30 
276.59 
277.09 
279.61 
280.17 
281.05 
281.19 

242.91 210.89 
246.55 212.85 
251.62 215.29 

S u p e r c o o l e d P h a s e 
255.36 216.44 261.78 220.37 266.82 
256.72 217.33 264.58 221.93 267.95 
260.34 219.03 

229.28 
231.29 
232.25 
233.08 
237.31 
240.85 
251.65 
272.02 
273.53 
315.92 
341.36 
389.02 
469.58 
528.99 
621.16 
639.39 
548.82 
455.88 
383.63 
311.74 
281.97 
265.68 
234.60 
232.11 
228.46 
230.05 
229.44 
229.94 
230.74 
230.53 
231.52 
•231.54 
229.14 

223.71 
223.25 

281.45 
282.75 
282.90 
283.24 
283.89 
285.16 
285.88 
286.70 
287.11 
288.22 
289.78 
290.32 
290.67 
291.73 
292.47 
292.72 
294.00 
296.27 
297.58 
298.55 
300.83 
302.70 
303.11 
305.39 
306.12 
307.67 
309.95 
312.59 
316.36 
320.12 
328.54 
330.79 

270.88 
273.33 

229.36 
230.13 
230.96 
230.76 
230.85 
232.05 
233.36 
234.25 
233.68 
235.25 
234.28 
233.69 
234.91 
235.13 
236.98 
235.16 
236.58 
238.51 
238.85 
239.43 
239.94 
242.17 
239.10 
241.23 
244.50 
242.14 
244.61 
247.19 
248.35 
249.12 
248.60 
251.31 

225.22 
227.00 
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T 

~KT . 
20 
30 
40 
50 
60 
70 
80 
90 
100 

110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 

TABLE 2. 

C ° 

JK^mol-
19.47 
36.99 
52.24 
65.90 
78.39 
90.04 
101.04 
111.22 
120.37 

128.72 
136.73 
144.49 
151.90 
158.92 
165.66 
172.20 
178.70 
185.13 
191.56 

197.70 
204.10 
211.70 
221.94 
232.43 
683.60 
235.50 
230.19 
234.93 
239.67 

244.45 

STANDARD 

OF K+(p-

S° 

î JK^mol-

9.841 
20.977 
33.766 
46.903 
60.027 
73.000 
85.752 
98.249 
110.45 

122.32 
133.86 
144.00 
156.10 
166.82 
177.29 
187.53 
197.56 
207.39 
217.05 

226.55 
235.89 
245.12 
254.35 
263.61 
275.88 
289.35 
297.76 
305.92 
313.97 

321.90 

THERMODYNAMIC FUNCTIONS 

CHLORANIL) ~ 

(HT°-H0°)jT 

-1 JK^mol-1 

6.948 
13.991 
21.700 
29.185 
36.349 
43.200 
49.753 
56.026 
62.010 

67.698 
73.116 
77.202 
83.306 
88.114 
92.752 
97.233 
101.58 
105.81 
109.93 

113.97 
117.92 
121.82 
125.78 
129.83 
136.90 
145.01 
148.09 
151.00 
153.88 

156.72 

-(GT°-H0°)/T 

JK-imol-1 

2.893 
6.986 
12.067 
17.718 
23.678 
29.799 
35.999 
42.224 
48.439 

54.619 
60.743 
66.802 
72.790 
78.702 
84.538 
90.296 
95.977 
101.58 
107.12 

112.58 
117.97 
123.30 
128.57 
133.78 
138.99 
144.34 
149.67 
154.92 
160.09 

165.18 

temperature Tc is determined to be 260.01 K. We 
succeeded in measuring the heat capacities for the 
supercooled high temperature phase between 240 and 

270 K. These values are represented in Fig, 1 by open 
circles. 

In order to determine the enthalpy and the entropy 
associated with the phase transition, it is necessary to 
separate the "excess" heat capacity from the total one 
by estimating a plausible "no rma l " heat capacity. In 
the present case, the normal heat capacity is rather 
easily determined by extrapolating the experimental 
values for the supercooled high temperature phase to 
the low temperature side. The broken line shown in 
Fig. 1 represents the normal heat capacity. In spite 
of the first-order nature of the present phase transition 
the excess heat capacity has its long tail down to about 
150 K. This fact suggests a higher-order nature of the 
initial stage of the present phase transition. The enthalpy 
and the entropy of transition are determined to be 
A t f = 2 7 9 6 J mol - 1 and AS= 11.06 J K" 1 mol-1 , respec­
tively. The transition entropy corresponds to R In 3.78 
and this value is too large to be accounted for solely 
in terms of the magnetic contribution. 

According to the structural analysis by Konno et al.?) 
the K+(CA)' r salt has several polymorphs and two 
dominant modifications are denoted as the a-form 
(orthorhombic, space group P212121 and molar volume 
Vm= 139.3 cm 3 mol - 1 ) and the /Mbrm (orthorhombic, 
P22i2 and Vm= 136.9 cm 3 mol"1) . Hiroma and Kuroda8) 
found that the amount ratio of the a- to the /5-form is 
about 10: 1. As was described in the previous section, 
we found that when the synthesis temperature is higher 
than 273 K, the salt contains some impurities and when 
the salt is prepared a t 263 K, the contamination of 
impurities is considerably reduced but a small amount 
of the crystals having the low temperature modification 
is mixed. In addition to this observation, the fact that 
the /?-form has the slightly smaller molar volume than 
that of the a-form suggests that the /?-form is the low 
temperature modification of the K+(CA)T salt. 

Temperature Dependence of Infrared Spectra. Figure 2 
shows the infrared spectra of the K+(CA) i r salt a t 295 
and 120 K in the wave number region from 1800 to 

1800 
y/cm 

Fig. 2. Infrared spectra of the K+(CA)~ salt at 295 K ( ) and at 120 K ( ). 
The bands marked with an asterisk are the absorption bands due to Nujol. In this 
and in Fig. 3, the fundamentals already assigned by Girlando et a/.24) are indicated 
by their symmetry species. 
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i i I I I 

400 300 200 100 30 
2 / cm"1 

Fig. 3. Far infrared spectra of the K+(CA)~ salt at 295 
and 120 K. 

400 cm - 1 . T h e far infrared spectra between 400 and 
30 c m - 1 are reproduced in Fig. 3. The spectra recorded 
at 295 K coincide well with the data previously 
reported.23»24) The infrared spectra are markedly 
influenced by the effect of the phase transition. In the 
low temperature phase at 120 K, new absorption bands 
appear at 105, 334, 498, 1000 (doublet) and around 
1450 c m - 1 (doublet). Furthermore the band assigned 
as b3ur28 splits into a doublet. 

Since the /»-chloranil anion radical belongs to D 2 h 

point group at least in the high temperature phase, it 
has a center of symmetry and a twofold axis. Unde r 
this symmetry the rule of mutual exclusion can be 
applied to the spectroscopic data. T h e gerade normal 
modes for the symmetry operation are infrared inactive 
and Ra m a n active while the ungerade normal modes 
are infrared active and R a m a n inactive. T h e new 
bands at 1000, 498, and 334 cm" 1 appeared in the low 
temperature phase seem to belong to the gerade normal 
modes in the high temperature phase because the R a m a n 
spectrum of this salt recorded at 295 K has the bands 
corresponding to the same wave numbers. Therefore, 
it is concluded that the D 2 h symmetry of the /»-chloranil 
anion radical in the high temperature phase is lowered 
in the low temperature phase through the intermolecular 
interaction characterized by the dimerization and/or 
by the variation of the crystalline field due to a possible 
structural change at the phase transition temperature. 
In this situation, some of the infrared inactive gerade 
modes are changed into the infrared active modes below 
the phase transition temperature. 

Owing to the lower symmetry than D 2 h of /»-chloranil 
anion radical in the low temperature phase, there exist 
in general no multi-degenerate normal modes. Accord­
ingly, the appearance of the doublets a t 1000 and 698 
c m - 1 (the J>28 mode) should be attr ibuted to two inequi-
valent anion radicals in the crystal lattice of the low 
temperature phase. Unfortunately the structural data 
on the low temperature phase of the K+(GA)T radical 
salt, which confirms the present prediction, has not been 
reported. The /»-chloranil anion radicals are known to 
behave as monomer in the high temperature phase and 
as dimer in the low temperature phase characterized 
by a siglet-triplet spin equilibrium.8) This suggests a 
strong intermolecular interaction between adjacent 
radicals below the transition temperature. The selection 
rule of the infrared spectra in the low temperature 

phase is governed by the total symmetry of the dimeric 
entity. Two identical normal modes, which originally 
belong to two individual radicals forming a dimer, 
couple with each other and the absorption occurs at 
slightly different wave numbers. T h e origin of the 
seeming doublets at 1000 and 698 c m - 1 can be inter­
preted in this way. 

Hiroma and Kuroda1 0) reported that the K+(CA)T 

radical salt has a tendency to take water molecules into 
the crystal lattice when the crystal is exposed to a 
humid air. The hydrate is characterized by three 
infrared absorption bands at 3400 c m - 1 (the O - H 
stretching), 1630 c m - 1 (the H - O - H bending vibration) 
and 1000 c m - 1 (the librational motion of water mole­
cule) . The present infrared spectra at 295 K show no 
bands at these wave number region, which indicates 
that the present salt is anhydrous. 

Rela t ionsh ip b e t w e e n Magnet ic Behavior 
and P h a s e Trans i t i on 

Andre et Ö/.1) measured the magnetic susceptibility, 
X, of the K+(CA)T anion radical salt and concluded 
that the magnetic spins behave as in the singlet-triplet 
equilibrium below Tc while the magnetic behavior 
above Tc is accounted for in terms of spin doublet 
due to the monomeric radical. This prediction has been 
supported by various kinds of experiments such as 
EPR1 '2) electronic absorption spectra,3-6-8) and the 
structural analysis.7) However, the logic of Andre et al. 
leading to their conclusion is not correct in the meaning 
that they have drawn their conclusion based on their 
incorrect estimation of the asymptotic value of x T a t 
infinite temperature for the singlet-triplet energy 
scheme. They obtained the value of (xT)«, to be 1/4 
and 3/8 for the singlet-triplet scheme (abbreviated as the 
ST-scheme) and the doublet scheme (the D-scheme), 
respectively. But in the present case, the value of (xT)m 

should be identical to each other. 

The magnetic susceptibility for the ST-scheme is 
represented by 

where JVA is the Avogadro constant, g the electron g-
factor ( = 2 . 0 ) , mB the Bohr magneton, S the spin 
quan tum number, and J the triplet excitation energy 
corresponding to the energy separation between the 
singlet and the triplet states. If the triplet density is 
defined by 

pT= {l + yexpC/^r)}"1, (2) 

we obtain the following relation : 

XT=jPr. (3) 

Because of 0^PT<3/4, the range of x T becomes 

o(r=o)^zr<:-|(:r=oo). (4) 

O n the other hand, the susceptibility for the D-scheme 
is given by the Curie law, 
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*=Ws<t+v K)> (5) 

where N is the number of spins having S= 1/2. Since 
the doublet density is defined by 

ft, = - ^ - ( O ^ f t ^ l ) , 

we obtain the following relations: 

and 

*T=-pD 

0(T=0)<XT<^(T=oo). 

(6) 

(7) 

(8) 

We estimated the triplet excitation energy J and the 
doublet density ft, by applying respectively the ST-
and the D-schemes to the magnetic susceptibility data 
obtained by Andre et a/.1) T h e results are shown in 
Fig. 4 in terms of Jjk and pD against T. I t should be 
remarked here that the triplet excitation energy shows 
a constant value (J/k=660 K) below Tc. This fact 
supports the validity of the ST-scheme below Tc. 

2 0 0 250 

r/K 
3 0 0 

Fig. 4. The triplet excitation energy Jlk{Qi) and the 
doublet density /0D(#) against temperature(7^=260.01 
K) for the K+(CA)V salt. These quantities are esti­
mated from the magnetic susceptibility obtained by 
Andre et alV 

O n the other hand, in the high temperature phase 
the magnetic feature is more complicated. If the 
doublet scheme is applied to the present system, the 
doublet density amounts to 0.75 at 300 K and shows a 
tendency to approach 1.00 with further increasing 
temperature. In case of the singlet-triplet scheme, the 
triplet excitation energy is considerably reduced to 
Jjk=250 K at a room temperature. Although solely 
from the present result we cannot explicitly give an 
answer to the question of which scheme is established 
in the high temperature phase of the K+(CA)T salt, it 
is very likely that most of the /»-chloranil radicals 
behave as monomers with S= 1/2 but the remaining 
minor fraction exists in the singlet-triplet equilibrium. 
With increasing temperature, the ST-scheme is trans­

ferred into the D-scheme. At any rate, the present 
phase transition is essentially characterized by the 
transition between dimer and monomer in a magnetic 
linear chain. This situation bears a close resemblance 
to a spin-Peierls transition in a Heisenberg linear chain 
system,28) where an instability of magnetic linear chain 
a t low temperatures is overcome by a structural phase 
transition coupled with the spin system.29) 

T h e entropy of the magnetic system with the triplet 
density pT is represented by 

S = j-R{pT\n3-pT\npT-(l-pi:)\n(l-pi:)}, (9) 

while the magnetic entropy due to the doublet density 
pa is given by 

5 = Aft» In 2, (10) 

where R is the gas constant. We estimated the magnetic 
contribution to the transition entropy for the following 
three cases: (i) the ST-scheme below Tc and the D-
scheme above Tc, (ii) the ST-scheme below and above 
Tc, and (iii) the D-scheme below and above Tc. As 
the pre- and the post-transitional effects are rather 
large in the heat capacity curve shown in Fig. 1, the 
estimation of the magnetic entropy has been made for 
the temperature interval between 200 and 285 K. In 
the case of (i), the change in spin state from the ST-
scheme (Jlk=660 K, ftr=0.10) to the D-scheme (ft>= 
0.70) yields the magnetic entropy of A £ m a g = 2 . 2 3 
J K - 1 mol- 1 . As to the case (ii), ASm3ig=S(Jlk=280 K, 
pr=0.53)-S(Jlk=660 K, />T=0.10)=3.49 J K ^ m o l " 1 . 
The case (iii) gives the magnetic entropy of ASmag= 
S(pD = 0.70) - £ ( f t > = 0.14) = 3.23 J K" 1 mol"1 . Since 
the total entropy arising from the phase transition 
is AS= 11.06 J K - 1 mol - 1 , the magnetic contribution 
corresponds merely to 20% for the case (i) and 30% 
for (ii) and (iii). T h e remaining entropy results from 
the phonon system. O n the other hand, the total 
magnetic entropy for the K+(CA)T salt is a t most R In 
2 ( = 5 . 7 6 J K _ 1 m o l - 1 ) independently of the spin 
scheme (see Eqs. 9 and 10), and the cooperative fraction 
of the magnetic entropy is 39, 61 , and 56% for the 
cases (i), (ii), and (iii), respectively. 

P h e n o m e n o l o g i c a l M o d e l for 
P h a s e Trans i t ion 

The phase transition found for the K+(CA)T salt is 
of a first order in nature but the pre- and the post-
transitional effects spread over a wide temperature 
region suggest easy fluctuations of the heterophases in 
this temperature region. We apply here a phenomen­
ological model, which is virtually the same with the 
Frenkel theory of heterophase fluctuation in liquid,30) 
to the present phase transition. 

W e shall assume that one phase contains "embryos" 
of a second phase in the transition region and that each 
embryo consists of a uniform size. We consider a system 
consisting of N cells each of which contains n molecules. 
T h e product of N and n is equated to Avogadro's 
constant NA. T h e interaction energy between the 
adjacent cells belonging to the low and the high tem­
perature phases is denoted by / L H . As the surface area 
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of a cell changes with its dimension, the interaction 
energy is multiplied by N1/3. The Gibbs energy of the 
system can be written as 

G = Ghx + G H ( 1 - * ) + i W y L H * ( l - * ) 

+ M f c : T { * l n * + ( l - * ) l n ( l - * ) } , (11) 

where GL and GH are the Gibbs energies of the low and 
the high temperature phases, respectively, and x is the 
fraction of the cells belonging to the low temperature 
phase. The equilibrium value of x may be found by 
minimizing G with respect to x: dGjdx=0. T h e solution 
to this is given by those values of AT which satisfy 

•1 = 1 + exp [{G L -G H + NVJhn(l -2x)}INkT]. (12) 

The heat capacity of the system, Cp, is represented as 
follows : 

Cp = xCph+(l-x)Cm 

(ff ) W . - * H + ^ / L H ( 1 -2*)}, + (13) 

here 

(dx\ NWx(l-x) (Sn-S^ x \ 
\dT) NV*kT-2JhHx(l-x) [ N + k l n i - x ) (14> 

where H and S mean the enthalpy and the entropy 
of the system. When the denominator of Eq. 14 becomes 
zero, the heat capacity (Eq. 13) diverges infinitely at Tc. 
According to its definition, the JLH is positive. There­
fore, the condition under which a phase transition 
occurs is given by 

AnlNV*^2kTc. (15) 

When C / L H / N 2 / 3 ) is equal to 2kTc, the phase transition 
is of a second order while in case of ( /LH/N^ 3 )^>2kT c 

a first-order phase transition takes place. If we define 
/ a s a fraction of the transition enthalpy corresponding 
to the first-order phase transition, namely the latent 
heat, the following relationship is obtained: 

/ » = 1 - 2kTcNW/JLW (16) 

The fraction of the latent heat increases with increasing 

i . o i . i 
T / Tc 

Fig. 5. Temperature dependence of the fraction of the 
low temperature phase, x, under a condition of (yLH/ 
W3)=2.2kTc. NJN=5(A), 10(B), 20(C), and 100 
(D). 

the value of ( / L H / N 2 / 3 ) . O n the other hand, when yL H 

is constant, the anomalous heat capacity due to the 
phase transition becomes broad with increasing N. 

In order to apply this model to the actual system, the 
hypothetical Gibbs energies of both the low and the 
high temperature phases are necessary. W e estimated 
these energies by extrapolating the heat capacity curve 
of the K+(CA)T salt above and below Tc. Figure 5 
demonstrates temperature dependences of the fraction 
of the low temperature phase, x, for four different values 
of NA/N under a condition of C/LH/iV2/3) = 2 . 2 kTc. A 
discontinuity of A: at Tc is apparent . 

Fig. 6. Temperature dependence of the fraction of the 
low temperature phase, x, under a condition of (7L H/ 
JV2/3) = 0. 
NJN=5(A), 10(B), 20(C), and 100(D). 

When (JLHIN2'3) is smaller than 2kTc, the present 
model gives rise to neither a first- nor a second-order 
phase transition. This situation is illustrated in Fig. 6. 
T h e gradient of # at Tc increases with decreasing N. 

T h e "best" fit of the calculated values to the experi­
mental one is shown in Fig. 7. Here, the experimental 
value of x has been determined as x=AH(T)/AH. 
Although the phase transition of the K+(CA)T salt is 
of a typical first order, the "bes t" fit between the 
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Fig. 7. Comparison of the fraction of the low temperature 
phase, x, between the experiment and the theory. 
Solid line: the experimental curve. 
Broken line: UwlNV*) = \MTc, NJN=5(T<T0) 
a n d 2 0 0 ( r > r c ) . 
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experiment and the present model is obtained under a 
condition of {J^N2**) = 1.8 kTc. This fact indicates 
a complexity of the phase transition found for organic 
free radical salts as well as an incompleteness of the 
present model. However, it is interesting to note that 
the number of radicals included in a cell varies from 
NA/N=5 in the low temperature phase to 200 in the 
high temperature phase. This suggests a considerably 
different correlation between radicals below and above 
T 
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Thermodynamic Properties and Phase Transitions of Methyltriphenyl-
phosphonium and Methyltriphenylarsonium Bis(7,7,8,8-tetra-

cyanoquinodimethanide)s and Their Solid Solutions* 
Akio KosAKi,t Michio SORAI, Hiroshi SUGA, and Syûzô SEKI 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received October 18, 1976) 

The heat capacities of stable organic free-radical salts [(G6H5)3PCH3]1_;(.
+ [(C6H5)3AsCH3]x

+(TCNQ,)a
T (*=(), 

0.159, 0.250, 0.449, and 1, and TCNQ,= 7,7,8,8-tetracyanoquinodimethane) have been measured with an adiabatic 
calorimeter in the temperature range between 12 and 370 K. The phase transitions are found for the former 
four cases at 315.65, 325.80, 333.05, and 357.92 K, respectively. The enthalpy and the entropy due to the phase 
transitions are determined. The transition temperature is raised by diluting the phosphonium salt with the arso-
nium one. This tendency is quite contrary to that found for usual solid solutions. The magnitude and the com­
position dependence of the transition entropy indicate that the phase transition of the solid solutions may be attri­
butable to the changes in both the crystal structure and the magnetic spin state at the transition point. A plausible 
explanation for the present unusual tendency for the composition dependence is presented. 

Organic anion radical salts based on 7,7,8,8-tetra-
cyanoquinodimethane(TCNQJ have been found to 
exhibit very high electric conductivity and unusual 
magnetic properties.1) T h e unpaired electron of a 
TCNQ, anion radical is not necessarily lacalized on a 
particular atom but distributed over a whole T C N Q , 
radical to a considerable extent.2) T h e rather easy 
flip-flop motion of the unpaired electrons between 
adjacent radicals forming a column in a crystal brings 
about high electric conductivity. Because of the unique 
interaction of the spins associated with the unpaired 
electrons, the ground spin manifold is not a doublet but 
a singlet with a thermally accessible triplet state. Owing 
to these situations neither the localized spin model nor 
the continuous band model due to the collective motion 
of conduction electrons can describe satisfactorily the 
magnetic properties of anion radical salts. These 
peculiar behavior is of course expected to be reflected 
on their thermal properties. 

In a previous publication3) we reported briefly the 
heat capacity of methyltriphenylphosphonium bis(7,7,-
8,8-tetracyanoquinodimethanide) [abbreviated hereafter 
as [ (C 6H 5) 3PCH 3]+(TCNQJ 2

T or more simply as the 
P-salt] and pointed out that the phase transition 
observed at !TC=315.65 K cannot be described solely 
by the spin contribution. Based on the analysis of the 
transition entropy, it was predicted that the phase 
transition may be accompanied by a crystallographic 
change. The precise structural analyses by X-ray 
diffraction4'5) demonstrated really the existence of a 
structural change at Tc. In the present paper we report 
thermodynamic properties and phase transitions of the 
P-salt and the methyltriphenylarsonium homolog [abbre­
viated as [(C 6H 5 ) 3AsCH 3 ]+(TCNQJ ! r or more simply 
as the As-salt] as well as their solid solutions [(C6H5)3-
P C H 3 ] 1 _ / [ ( C 6 H 5 ) 3 A S C H 3 ] ^ + ( T C N Q ) 2

T ( A ; = 0 . 1 5 9 , 0.250 

and 0.449). 

Since the first synthesis of these radical salts,6) exten-

* Presented before the 5th Annual Meeting of the Society 
of Calorimetry and Thermal Analysis, Japan, Osaka (1969) 
and the 26th Annual Meeting of the Chemical Society of 
Japan, Tokyo (1972). 

t Deceased on July 16, 1974. 

sive studies have been made by means of electron 
paramagnetic resonance (EPR),7 - 1 3) electric conduc­
tivity,14-18) magnetic susceptibility19) and of high-pres­
sure experiment20 '21) and also by theoretical treat­
ment.2 2 - 2 5) As to the mechanism of phase transition, 
two simple phenomenological models have been 
reported.20 '23) O n the one hand, Chesnut23) tried to inter­
pret the transition mechanism of the P-salt by assuming 
that the spin state exists in a singlet-triplet equilibrium 
with the attractive interaction between triplets. His 
model accounts for the occurrence of phase transition 
when adequate values be assigned to the triplet excita­
tion energy and to the exciton-exciton interaction 
energy. O n the other hand, Merkl et a/.20) observed the 
pressure-induced phase transition for the P- and the 
As-salts and explained the p- T phase diagram for the 
As-salt in terms of an elementary theory of non-interact­
ing triplet excitons. These two models succeeded in 
accounting for the gross aspects of the phase transition 
but failed to explain the transition entropy. 

Kepler19) measured the magnetic susceptibilities of the 
solid solutions [ (C 6 H5) 3 PCH 3 ] 1 - / [ (C 6 H 5 ) 3 AsCH 3 ] x +-
(TCNQJ g * with seven different values of x in the range 
from 100 to 450 K and found a discontinuity at each 
transition point for all the materials except for the pure 
As-salt. T h e interesting feature is that the transition 
temperature Tc was raised with increasing x. Iida26) 
examined also this relationship between x and Tc by 
use of a differential scanning calorimeter (DSC). H e 
confirmed the same result and found that the entropy 
of transition decreases in proportion to x. As will be 
seen below, the present investigation leads to a quite 
different conclusion as to the ^-dependence of the transi­
tion entropy. 

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

Materials. The P-salt was prepared according to the 
method of Melby et al.27) The purified starting materials, 
methyltriphenylphosphonium iodide and TCNQ, were dis­
solved respectively into purified acetonitrile. Then these two 
solutions were mixed at about 70 °C with vigorous stirring 
under nitrogen atmosphere. After the reaction was over, the 
solution was kept quietly standing for 24 hours at a cool and 
dark place to give blackish prism crystals. The As-salt was 



818 Akio KosAKi, Michio SORAI, Hiroshi SUGA, and Syûzô SEKI [Vol. 50, No. 4 

prepared from purified methyltriphenylarsonium iodide and 
TCNQ. by the same method with that of the P-salt. Three 
kinds of solid solutions[(C6H5)3PCH3]1_/[(C6H5)3AsCH3].I+-
(TCNQ,)2

T (x=0.159, 0.250, and 0.449) were obtained by the 
following procedures: Methyltriphenylphosphonium and 
methyltriphenylarsonium iodides were dissolved into pure 
acetonitrile in the ratio of(l— x) to x. To this solution the 
acetonitrile solution containing the stoichiometric amount 
of TCNQ, was added with vigorous stirring under nitrogen 
atmosphere at 70 °C. 

TABLE 1. WEIGHT OF THE SAMPLE USED FOR HEAT 

CAPACITY MEASUREMENTS AND THE RESULTS 

OF ELEMENTARY ANALYSESA> FOR 

[(G6H5)3PCH3]1_X
+[(G6H5)3-

AsCH3;U+(TCNQ)2
T 

X 

0.000 

0.159 

0.250 

0.449 

1.000 

Weight/g 

9.3395 

11.5078 

4.8597 

11.0887 

12.1251 

c/% 
75.43 

(75.76) 
74.06 

(74.56) 
74.36 

(74.13) 
72.77 

(73.21) 
70.96 

(70.78) 

H/% 

3.81 
(3.84) 
3.72 

(3.78) 
3.63 

(3.76) 
3.50 

(3.72) 
3.37 

(3.59) 

N/% 

16.44 
(16.44) 
17.45 

(16.18) 
16.62 

(16.08) 
16.76 

(15.88) 
15.45 

(15.36) 

P/% 

4.82 
(4.52) 

— 

3.68 
(3.33) 

— 

—. 

a) The figures in parentheses are the values expected 
from the initial composition of the starting materials. 

The results of elementary analyses for the five kinds of 
specimens are given in Table 1. The arsonium concentra­
tion x in each specimen was simply estimated from the amounts 
of the starting materials. The estimated values seem to 
approximate well to the true ones because Table 1 indicates 
that the composition of each specimen is simply proportional 
to the initial composition of the starting materials. 

Measurements of Heat Capacities and Infrared Spectra. Heat 
capacity measurements of these radical salts were made with 
adiabatic calorimeters28»29) in the temperature region from 12 
to 370 K. The sample was sealed into the calorimeter cell 
with a small quantity of helium gas as a heat exchanger. 
The amounts of the samples used for the measurements are 
given in Table I. 

Infrared absorption spectra were recorded on a Grating-type 
Infrared Spectrophotometer Model DS-402G(Japan Spectro­
scopic Co., Ltd.) in the wave number region from 400 to 
4000 cm -1. Nujol mull and KBr-disk methods were employed 
for the preparation of samples. Far infrared absorption 
spectra of these radical salts were obtained by using a Spectro­
photometer Model FIS-001 (Hitachi Ltd.) in the range from 
30 to 400 cm -1 . Nujol mull method could not be used at high 
temperatures, so the sample was mixed with a small amount of 
polyethylene having low melting point. 

R e s u l t s 

Heat Capacities. Heat capacity measurements 
were made for five kinds of solid solutions [(C6H5)3-
P C H J1- ,+[(G^5) aAsCH a] ,+(TC!NQ)S(*=0,0.159,0.250, 
0.449, and 1) in the temperature range from 12 to 370 K. 
T h e observed heat capacities for the salts with #=0 .159 , 
0.250, 0.449, and 1 are plotted in Fig. 1, while the heat 
capacity of the pure P-salt (x=0) has been given in a 

previous paper.3) T h e numerical values of the heat 
capacities for the P- and the As-salts are summarized 
in Table 2 and their standard thermodynamic quantities 
are given in Table 3. 

T h e P-salt and the solid solutions exhibited the phase 
transition phenomenon at !TC=315.65 K (*=0) , 325.80 
K ( # - 0 . 1 5 9 ) , 333.05 K (*=0.250), and 357.92 K (*= 
0.449). In the case of the pure As-salt, however, any heat 
capacity anomaly due to a phase transition was not 
observed in the temperature region investigated. The 
phase transition temperature Tc was regularly raised 
with increasing x and the heat capacity anomaly 
concerning the phase transition of the solid solution was 
very sharp as that of the pure P-salt. From these two 
facts we can imagine that random mixing of the phos-
phonium and the arsonium cations is established and that 
the present specimens can be regarded as complete solid 
solutions. 

T h e enthalpy and the entropy of transition were 
estimated by subtracting plausible normal heat capacities 
from the overall ones. In each case the normal heat 
capacity extrapolated from the high temperature phase 
was smaller than that of the low temperature phase 
at the transition point. T h e values of transition enthalpy 
AH and entropy AS thus obtained and also the j u m p 
of normal heat capacity ACP detected at Tc are given 
in Table 4. 

T h e heat capacities in the temperature region far 
below the transition points have a tendency to increase 
with increasing fraction x of the As-salt. 

Infrared Absorption Spectra. In order to examine 
the influence of the phase transition we measured the 
infrared spectra of the P-salt both of the low and the 
high temperature phases. The spectra of both phases 
resembled closely each other except for minor changes 
in position and intensity of the absorption peaks. 
Figure 2 illustrates the far infrared spectra for the P-salt 
at 15 °C ( = T c - 2 7 . 5 K ) , 40 °C ( = T c - 2 . 5 K) , and 80 
°C ( = ! T c + 3 7 . 5 K ) . In this wave number region only 
appreciable changes were observed at 320, 220, and 
40 cm- 1 . T h e band at 320 c m - 1 vanished above Tc 

while a new band appeared at 40 c m - 1 . The intensity 
of the band at 220 c m - 1 was diminished above Tc. 
As a whole, it may be concluded that the phase transition 
phenomenon scarcely affected the infrared active modes 
of normal vibrations. This fact coincides well with the 
X-ray structural analyses,4«5' which demonstrate that 
crystal structures of both the low and the high tempera­
ture modifications of the P-salt are triclinic system with 
the space group P L 

Figure 3 represents the composition dependence of 
the infrared spectra for five kinds of materials in the 
wave number region from 1100 to 600 c m - 1 at room 
temperature. T h e absorption bands at 710 and 900 
c m - 1 can safely be assigned to the phosphonium species 
since the intensities are proportional to the phosphoniunv 
concentration (1 — x). T h e band at 884 c m - 1 is charac­
teristic of the arsonium species because its intensity 
changes in proportion to the arsonium concentration x. 
Similar band arising from the arsonium species was 
observed in the far infrared region at 347 cm - 1 . On 
the other hand, a new absorption peak was observed at 
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TABLE 2. HEAT CAPACITIES OF [ ( C 6 H 5 ) 3 P C H 3 ] + ( T C N Q , ) 2
T 

T Cp T Cp T Cp 

K J K ^ m o l - 1 K J K ^ m o l - 1 K J K ^ m o l - 1 

AND [(C6H5)3AsCH3]+(TCNQ,)2
T 

T Cp T Cp 

K J K - i m o l - 1 K J K ^ m o l - 1 

T h e P - S A L T 

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

6 1 . 1 4 2 3 3 . 2 2 
6 4 . 3 2 2 4 5 . 1 6 
6 7 . 5 3 2 5 5 . 8 6 
7 1 . 4 4 2 6 7 . 4 8 
7 5 . 9 6 2 7 9 . 7 0 
8 0 . 2 8 2 9 2 . 2 1 
84.44 305.24 
8 8 . 6 2 3 1 7 . 4 0 
9 2 . 8 2 3 2 8 . 7 9 
9 6 . 9 2 3 3 9 . 7 2 

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

1 4 8 . 8 5 4 7 4 . 5 3 
1 5 3 . 4 3 4 8 6 . 1 6 
1 5 8 . 4 9 4 9 9 . 6 1 
1 6 4 . 0 0 5 1 3 . 6 5 
1 6 9 . 4 3 5 2 7 . 0 6 
1 7 4 . 7 7 5 4 0 . 6 8 
1 8 0 . 0 3 5 5 2 . 7 3 
1 8 4 . 2 2 5 6 7 . 0 7 
1 9 7 . 4 9 5 9 3 . 4 3 
2 0 0 . 0 5 5 9 9 . 4 6 
204.63 611.96 
209.64 624.40 
214.58 637.23 
219.44 650.44 
224.26 662.14 
229.00 675.46 
230.88 680.00 
235.73 698.14 
240.52 708.49 
245.24 722.86 
249.91 734.29 
254.51 745.40 

259.06 755.99 
263.53 767.58 
268.09 776.85 
272.77 789.34 
277.38 800.90 
279.63 806.58 
281.91 811.58 
285.84 821.92 
291.94 838.36 
297.09 850.68 
298.00 855.25 
301.76 863.95 
303.06 868.11 
305.54 874.33 
306.82 880.40 
308.88 909.41 
310.08 942.85 
310.84 955.23 
311.52 962.34 
312.12 962.80 
312.72 997.19 
313.30 1061.8 

314.37 1243.8 
315.38 1590.0 
315.76 1619.9 
316.03 1516.3 
316.25 1506.0 
316.61 1231.3 
317.23 1102.3 
318.02 978.17 
318.84 927.10 
319.68 914.83 
321.36 912.46 
322.41 910.70 
324.08 911.10 
326.72 911.02 
330.38 913.88 
334.89 926.86 
340.03 939.94 
345.37 948.94 
350.67 965.47 

T h e As - S A L T 

1 4 . 0 6 2 4 . 8 1 
1 5 . 2 2 3 0 . 0 1 
1 6 . 3 3 3 5 . 5 3 
1 7 . 6 9 4 2 . 7 9 
1 9 . 2 6 5 1 . 1 8 
2 0 . 8 2 5 9 . 2 9 
2 2 . 3 3 6 7 . 3 1 
2 3 . 8 3 7 5 . 2 7 
2 5 . 5 9 8 4 . 5 8 
2 7 . 5 9 9 5 . 1 0 
2 9 . 4 8 1 0 5 . 4 2 
3 i : 2 8 1 1 4 . 9 9 
3 3 . 1 7 1 2 5 . 2 0 
3 5 . 4 6 1 3 7 . 0 0 
3 8 . 0 0 1 4 9 . 4 7 
4 0 . 6 5 1 6 1 . 7 2 
4 3 . 4 5 1 7 5 . 6 8 
46.23 188.91 
49.00 200.84 
51.78 212.57 

54.59 224.78 
57.29 235.17 
60.47 247.30 
60.81 248.90 
64.09 260.82 
67.53 273.60 
70.80 284.93 
73.95 295.27 
76.99 305.39 
79.93 314.98 
82.61 322.93 
82.79 323.97 
85.58' 332.23 
85.72 332.72 
89.18 343.20 
92.54 353.56 
95.82 363.00 
99.01 372.78 
102.14 380.95 
105.21 390.15 

108.21 398.73 
111.17 406.62 
114.08 414.99 
116.95 423.06 
120.13 431.60 
123.60 440.17 
127.03 450.17 
130.41 459.23 
130.74 459.53 
133.43 468.26 
136.53 475.97 
139.93 485.07 
143.29 493.63 
146.93 503.60 
150.95 514.40 
155.00 524.50 
159.01 532.79 
160.48 540.69 
162.98 545.74 
163.77 550.45 

168.34 561.66 
173.10 573.89 
177.80 585.78 
182.46 598.04 
187.08 608.87 
191.80 622.57 
196.66 634.73 
201.46 647.23 
206.21 658.92 
210.91 671.37 
215.56 686.01 
216.98 679.36 
219.91 691.96 
221.91 691.55 
222.88 694.30 
226.88 724.30 
231.79 714.59 
236.76 726.80 
241.75 740.80 
246.68 752.30 

251.57 764.71 
256.42 777.52 
262.01 790.57 
267.11 806.07 
268.34 807.21 
270.99 812.55 
275.60 823.12 
280.21 829.71 
284.77 842.78 
289.32 849.35 
294.04 864.55 
298.88 878.67 
304.51 890.86 
310.99 908.64 
317.52 922.44 
324.00 938.35 
330.46 956.78 
336.88 974.17 
343.29 998.48 
349.73 1016.4 

TABLE 3. 

T 

K 

20 
30 
40 
50 
60 
70 
80 
90 

100 
120 
140 
160 
180 
200 
220 
240 
260 
280 
300 
320 
340 
360 
370 

STANDARD THERMODYNAMIC FUNCTIONS OF [(C6H5)3PCH3]+(TCNQ,)2 ' 

<V 
J K-1 mol-1 

50.48 
100.00 
148.22 
190.64 
228.86 
263.34 
292.05 
321.17 
347.42 
400.74 
452.34 
503.29 
552.74 
599.83 
651.42 
706.80 
758.26 
807.32 
859.26 
915.30 
939.70 
989.00 

1013.5 

S° 
J K-1 mol-1 

the P-salt 
22.358 
52.031 
87.586 

125.30 
163.49 
201.48 
238.49 
274.60 
309.79 
377.85 
443.48 
507.19 
569.38 
630.01 
689.59 
748.57 
807.29 
865.25 
922.69 
984.36 

1040.1 
1095.2 
1122.6 

(H°-H0°)/T 

J K-1 mol-1 

16.012 
35.634 
57.915 
80.291 

101.92 
122.63 
141.99 
160.30 
177.70 
210.43 
241.29 
270.84 
299.47 
327.11 
354.23 
381.23 
408.36 
435.08 
461.60 
492.55 
517.67 
542.48 
554.88 

cP° 
J K - i m o l - 1 

55.24 
108.46 
159.34 
205.26 
245.62 
282.02 
314.76 
345.88 
375.44 
431.28 
485.34 
538.83 
591.63 
643.42 
692.22 
734.92 
785.72 
833.68 
879.74 
929.76 
983.60 

1039.7 
1067.7 

AND [(C6H5)3AsCH3]+(TCNQ)2
T 

S° 
J K-1 mol-1 

the As-salt 
23.146 
55.478 
93.778 

134.36 
175.40 
216.08 
255.92 
294.81 
332.80 
406.24 
476.77 
545.05 
611.60 
676.60 
740.20 
802.13 
862.98 
922.97 
982.05 

1040.4 
1098.4 
1156.2 
1185.0 

(H°-H0°)/T 

J K - i m o l - 1 

16.731 
38.333 
62.338 
86.418 

109.63 
131.73 
152.61 
172.38 
191.22 
226.63 
259.71 
291.24 
321.72 
351.29 
380.05 
407.71 
434.86 
461.64 
487.97 
514.01 
540.02 
566.22 
579.39 



820 

1500 

- 1000 
o 

"3 

^ 
500 

Akio KOSAKI, Michio SORAI, Hiroshi SUGA, and Syûzô SEKI 

500 

[Vol. 50, No. 4 

\x = 0 . 1 5 9 | 

1000 h 

500 h 

1500 

100 200 300 400 0 

1500 

00 200 300 400 

A looo h 

500 r-

400 

Fig. 1. Molar heat capacity of [(C6H5)3PCH3]1_a!
+[(G6H5)3AsCH3]a!

+(TCNQ)2
T(x-0.159, 

0.250, 0.449, and 1.000). 

400 

TABLE 4. THERMODYNAMIC QUANTITIES RELATED 

TO THE PHASE TRANSITION OF THE SOLID SOLUTIONS 

[(C6H6)3PCH3]1_a!
+[(C6H6)3AsCH3]a;+(TCNQ)^ 

X 

0.000 
0.159 
0.250 
0.449 

K 

315.65 
325.80 
333.05 
357.92 

ACP 

J K-1 mol-1 

- 1 5 . 8 
- 1 1 . 7 

- 6 . 3 
- 8 . 0 

AH 
J mol-1 

2030 
2028 
1967 
1927 

AS 
J K-1 mol-1 

6.431 
6.224 
5.905 
5.383 

860 c m - 1 only when the specimen formed the solid 
solution. As the crystal structures of the P- and the As-
salts are isomorphous a t room temperature,4 ' this new 
band may correspond to the boundary mode between 
the phosphonium and the arsonium cations. 

P h a s e Trans i t ion o f the P-salt 

As was described in a previous section, the normal 
heat capacity of the high temperature phase was 15.75 
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Fig. 2. Far infrared spectra of [(C6H6)3PCH3]+-
(TGNQ,)2

T in the wave number region from 400 to 30 
cm-1 at three different temperatures ( r c =42 .50 °G). 

ü 1 1 1 1 1 
1000 800 6 00 

j>/cm_1 

Fig. 3. Infrared spectra of [(GeH5)8PCH3]1>jr
+[(CeH5)3-

AsCH3]a.
+(TCNQ,)2' in the wave number region from 

1100 to 600 cm"1 at a room temperature. (A) x=0.000, 
(B) *=0.159, (G) *=0.250, (D) *=0.449, and (E) 
x= 1.000. 

J K - 1 m o l - 1 smaller than that of the low temperature 
phase at Tc. This fact implies that the excitation of 
phonons is easier in the low- than in the high-tempera­
ture phase at least in the vicinity of Tc. This situation 
seems to be related with the contraction of crystal 
volume5 '20) at Tc. 

The enthalpy and the entropy of transition were 
determined to be 2030 J mol" 1 and 6.431 J K - 1 mol"1 , 
respectively. T h e entropy corresponds to R In 2.12. 
This value cannot be explained solely by the contribu­
tion from the elctronic spin freedom. We discuss 
below a problem what kinds of freedoms contribute to 
the phenomenon of the phase transition. 

(1 ) Contribution of Magnetic Spin Freedom. T h e 
magnetic spin in this radical salt is known to behave 
just like being in the singlet-triplet equilibrium.7 '8 '22) 
T h e contribution of the magnetic spin system to the 

entropy of transition can be estimated from the triplet 
density defined by 

p = {l+yexp(7Ar)J_1, (1) 

where J is the energy difference between a singlet 
ground state and an excited triplet state. T h e tempera­
ture dependence of p is obtained from the magnetic 
susceptibility measurements19) as the paramagnetic 
contribution to the susceptibility can be fitted approxi­
mately to the expression 

z= *w*'-v{1 +j e x p C / A r )p (2) 

where g is the electronic ^-factor, mB the Bohr magneton, 
S the spin quan tum number and N the number of 
quasimolecules. By assuming £ = 2 . 0 , S= 1 and N=N^j2 
(NA is the Avogadro constant), we obtain the relation 

XT =0.5002,0. (3) 

T h e entropy arising from the spin system corresponds to 

S=±-R{pln3-plnp-(l-p)ln(l-p)}. (4) 

Since the triplet density is zero at 0 K and 3/4 at infinite 
temperature, the total spin entropy amounts to R In 
2 ( = 5 . 7 6 3 J K - 1 mo l - 1 ) . However, the observable 
magnetic entropy as the transition entropy is limited 
to only a small par t of R In 2 and the remaining par t 
is smeared over a wide temperature region as the 
Schottky-type anomaly, because the present phase 
transition is characterized by a small j u m p of the 
magnetic susceptibility19) and thus a small change in p. 
By using Kepler 's data,19) the contribution of the spin 
entropy to the phase transition was estimated to be 
1.93 J K _ 1 mol - 1 . Since the anomalous heat capacity 
has its skirt below Tc, the calculation is made based 
on the change in p over the temperature range corre­
sponding to the heat capacity anomaly.30) At any rate, 
the estimated magnetic entropy merely corresponds to 
thirty percent of the total entropy of transition. There­
fore, the remaining entropy of transition due to other 
origins amounts to 4.50 J K - 1 mol - 1 . O n the other 
hand, if the system be allowed to include a considerable 
fraction of doublet as well as the singlet-triplet equilib­
rium, the transition entropy due to the magnetic origin 
would become larger than 1.93 J K _ 1 mo l - 1 . T h e 
experimental evidence,19) however, is not favorable to 
the existence of such a large amount of doublet in the 
temperature region investigated here. 

(2) Contribution of Conduction Electrons. The 
electric conductivity of this radical salt10) is abruptly 
increased at Tc. Increase in the number of conduction 
electrons will cause an increase in the entropy of the 
system. T h e energy gap between the conduction and 
the filled bands has been estimated to be 0.4 eV below 
Tc and 0.3 eV above it.26) This difference leads to an 
increase in the excitation of conduction electrons in the 
high temperature phase. T h e energy gap, however, is 
about ten times larger than the thermal energy kT in 
the neighborhood of Tc. Accordingly the number of 
electrons which can be excited to the conduction band 
by the thermal energy is negligibly small and the 
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entropy gain due to such electrons is the order of 
magnitude of the present experimental error. Thus 
the freedom of conduction electrons cannot practically 
contribute to the entropy of transition.31) 

(3) Contribution of the Change in Lattice Structure. 
According to the recent structural analyses by Konno 
and Saito,5) the conformations of the phosphonium 
cations are quite different each other in both the low-
and the high-temperature phases, whereas the crystal 
structure and the space group are not changed by the 
phase transition. In the high temperature phase two 
of the three phenyl groups belonging to a phosphonium 
cation are rotated drastically by about 56 and 45° 
from the positions observed in the low temperature 
forms, and the interplanar distances in the T C N Q , 
column are altered. These changes in the conformation 
and the packing geometry modify the distribution 
function of the lattice vibration to some extent. Accord­
ingly, a par t of the excess transition entropy other than 
the magnetic contribution may be at t r ibutable to this 
origin. T h e quantitative estimation of this effect is, 
however, not easy. 

T h e interesting but peculiar feature concerning the 
high temperature phase is the existence of about ten 
percent of the phosphonium cations having the different 
configuration.5) If it were the case, the entropy due to 
their mixing amounts to 2.70 J K _ 1 mol - 1 . This 
corresponds to sixty percent of the remaining entropy 
other than the spin contribution. 

P h a s e T r a n s i t i o n s o f Sol id Solut ions 

In order to demonstrate clearly the composition 
dependence of heat capacities of the solid solutions, the 

T / K 
Fig. 4. Heat capacities of [(G6He),PCHîJ1_a,

+[(CeHB)ï-
AsGH3]x+(TGNQ)2- in the vicinity of Tc. ( # ) x= 
0.000, (O) *=0.159, O ) *=0.250, (A) *=0.449, 
and (A) * = 1.000. 

heat capacity curves around Tc of the five samples are 
shown in Fig. 4. O n e of the interesting features is that 
the transition temperature was shifted toward the high 
temperature side with increasing fraction of the As-salt. 
If the solid solution is simply regarded as the P-salt 
being diluted with the As-salt, the composition depen­
dence of the transition temperature seems to be quite 
curious. In general the effect of dilution would make 
the existing interaction weaker and thus would lead to a 
system having a lower transition temperature. In view 
of the fact, however, that it is not the cations but the 
(TCNQ,)2

r r anion radicals which are responsible for the 
magnetic spin system, the existence of the P-salt fraction 
should be regarded only as a trigger for the phase 
transition. 

The transition enthalpy AH and the entropy AS 
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320 
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1.0 
I 2.5 

2.0 
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H 0.5 
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Fig. 5. Composition dependence of the transition tem­
perature ^ ( O ) a n d the transition enthalpy AH(Q) for 
[(C6H5)3PGH3]1_a!

+[(G6H5)3AsCH3]a!+(TCNQ)2-=-. 

Fig. 6. Composition dependence of the transition entro-
py for [(C6H5)3PCH3]1_;l?

+[(G6H5)3AsCH3]a?+(TCNa)2-; 
(O) the observed transition entropy, ( 0 ) the entropy 
due to the magnetic contribution estimated from the 
magnetic susceptibility data19) and ( ) the remaining 
entropy other than the magnetic contribution. 
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0.9 5 

Fig. 7. Comparison of the low temperature fraction of 
the P-salt between the experiment and the theory ( Tc — 
315.65 K). 
( ) : The experimental value, ( ) : the calculated 
value for (7LH/^2/3) =1.5*:TC and (NJN) = 100, 
( ) : the calculated value for C/L H /#2 / 3)= 1.5 kTc 

and (NJN) =167. 

T A B L E 5. T H E PARAMETERS DETERMINED BY THE 

" B E S T " FIT OF THE PRESENT MODEL TO 

THE EXPERIMENTAL VALUES FOR 

[(C6H5)3PCH3]1_a;
+[(C6H5)3. 

AsCHJ ,+ (TCNQV 

determined from the heat capacity anomalies are plotted 
in Figs. 5 and 6, respectively, as a function of the As-salt 
fraction. Also shown in Fig. 5 is the composition 
dependence of the transition temperature. A remarkable 
feature is that the enthalpy and the entropy of transition 
do not seem to converge to zero when the As-salt 
fraction x approaches to unity. These results are quite 
different from the previous ones by Iida26) obtained 
with a differential scanning calorimeter(DSC). His 
results indicate that the AH and the AS are decreased 
linearly with x and finally vanished at x=l. T h e heat 
capacity anomaly due to the present phase transition 
becomes broader with increasing fraction of the As-salt 
and the contribution from the skirt of the heat capacity 
anomaly was increased. A shortcoming inherent in a 
thermal analysis by use of DSC is to fail in detecting a 
moderate thermal change and to t runcate a heat 
capacity peak. Therefore, a simple thermal analysis 
has a risk to underestimate the enthalpy and the entropy 
of transition. T h e discrepancy between his results and 
ours may be due to these situations. 

The entropy due to the magnetic contribution was 
estimated in a scheme of the singlet-triplet equilibrium. 
For this purpose, the magnetic susceptibilities of the 
solid solutions measured by Kepler19) were used to 
obtain the value of triplet density below and above the 
transition point. T h e results are shown in Fig. 6. As is 
in the case of the P-salt, the contribution from the 
magnetic spin system amounts to only twenty or thirty 
percent of the total entropy of transition. A remarkable 
feature found here is that the entropy other than the 
magnetic contribution is nearly independent of the 
composition of the solid solution. This fact suggests 
that the solid solution may undergo almost the same 
structural or geometrical change with that of the pure 
P-salt independently of the arsonium fraction. A 
favorable evidence for the structural change is the 
discontinuity of the normal heat capacity found at Tc 

(see Table 4). 
According to the high-pressure experiment by Merkl 

et a/.20) the transition temperatures of both the P- and 
the As-salts are lowered with increasing the external 
pressure although the As-salt does not show the corre­
sponding phase transition at an atmospheric pressure 
because of its thermal decomposition. If the p-T 
diagram for the P-salt is extrapolated into the negative 
pressure region, the occurrence of a hypothetical phase 
transition would be possible at a temperature higher 
than 315.65 K where the P-salt undergoes the phase 
transition at 1 a tm. T h e volume of the unit cell at 
negative pressure is considered to be slightly larger than 
that at 1 atm. According to the X-ray analyses for the 
P- and the As-salts at room temperature4»5) the lattice 
volume of the As-salt is slightly larger than that of the 
P-salt. Therefore it is plausible that the increase of the 
As-salt fraction in the solid solution will bring about 
the increase in the lattice volume. This effect jus t 
corresponds to the lattice expansion of the P-salt or in 
other words the negative pressure in the p- T diagram. 
This is one of the most probable reasons why the 
transition temperature is raised with the increase of the 
arsonium salt fraction. 

* 0.000 0.159 0.250 0.449 

AKKNV*kTc) ÏT5 m TO 0.5 
NJN(T<TC) 100 125 200 100 
XJN{T>TC) 167 217 500 1430 

In a previous paper,33) we presented a phenomeno-
logical model for the phase transition of potassium p-
chloranil anion radical salt. T h e principle is virtually 
the same with the Frenkel theory of heterophase fluctua­
tion in liquid.34) T h e parameters characteristic of this 
model are the number of cells or embryos, N, and the 
interaction energy between adjacent cells belonging to 
the low and the high temperature phases, / L H - If the 
Avogadro constant is denoted as NA, the ratio, (NA/N), 
corresponds to the number of molecules included in a 
cell. The phase transition becomes a first order when 
UWN 2 / 3 )>2A;! r c , while the phase transition is of a 
higher order when (Ji^.jN2/z) is equal to 2kTc. Figure 
7 illustrates the "bes t" fit of this model to the experi­
mental value for the P-salt. The "best" fit below Tc 

is obtained under the condition of (JL,UJN2/Z) — 1.5 kTc 

and (JVA/JV) = 100 but above Tc it is necessary to adopt 
a large value of (NA/N) = 167 for the "bes t" fit. This 
tendency is found for all the phase transitions observed 
for the solid solutions (see Table 5). This suggests that 
the intermolecular correlation is different below and 
above Tc. I t should be remarked here that as shown in 
Table 5, the "bes t" fit value of J^j(N^zkTc) becomes 
small with increasing the arsonium fraction x while the 
value of (NAjN) increases with x. These results indicate 
that the cooperativeness of the phase transition becomes 
weak with increasing x and that the more the P-salt 
is diluted with the As-salt, the larger number of mole­
cules is included in a correlation region in which the 
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transition from the low to the high temperature modifica­
tion takes place simultaneously. 
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Thermal properties of normal and deuterated orthoboric acids were studied through the measurements of 
heat capacity in the temperature range from 13 to 370 K by using an adiabatic calorimeter and differential thermal 
analysis curves above room temperature. For both crystals, the heat capacity anomaly was found around 290 K 
in the heat capacity values dependent upon the thermal history of the specimen; i.e., the endothermic or exothermic 
enthalpy relaxation was observed in this temperature range. This behavior is of characteristic to the glass transition 
and is considered to be ascribed to the freezing-in phenomenon of the motion of rearrangement of the protons in 
hydrogen bondings. The enthalpy relaxation curves were analyzed with the exponential law and the characteristic 
time constant toward the equilibrium state was longer for enthalpy-excessive side than for enthalpy-deficient side. 
The glass transition temperature at which the endothermic relaxation time becomes 1 ks is 296.6 K for normal 
orthoboric acid and 298.2 K for deuterated orthoboric acid, respectively. The activation enthalpies were estimated 
to be 88±5 and 91rfc5 kj mol - 1 for the endothermic processes of normal and deuterated orthoboric acid, 
respectively. The melting points of normal and deuterated orthoboric acids were determined from the differential 
thermal analysis curves to be 169.9 and 167.4 °C, respectively. 

Orthoboric acid crystal is a typical example of the 
hydrogen-bonded systems with two-dimensional struc­
ture being essentially a molecular arrangement of 
planar B ( O H ) 3 (see Fig. 10). Each hydroxyl group is 
linked by hydrogen bonds to two others belonging to 
different molecules and forms a six-membered hydrogen 
bonded ring. T h e hydrogen atom is situated on the 
O - O line, occupying the ordered position a t room 
temperature.1) T h e ring is arranged in a pat tern of 
triangular lattice in two dimension and the crystal is 
built up by the superposition of these layers. There 
have been discussions about the position of the hydrogen 
atoms since the first determination of B and O positions 
by Zachariasen2) in an early X-ray study. Electron 
diffraction study of the thin crystal by Cowley3) showed 
that the hydrogen was displaced off the O - O bonds 
and that the hydrogen positions are disordered. T h e 
nonlinear O - H - O hydrogen model was also favored 
by Kume and Kakiuchi4) in their N M R study, which 
was criticized in a subsequent recalculation by Ibers 
and Holm.5) In the reinvestigation of the structure by 
X-ray method, Zachariasen6) found the hydrogen atom 
situated on the O - O line. T h e neutron diffraction 
experiment,1) designed specifically for the determination 
of the hydrogen position, seemed to have settled the 
discussion conclusively. In both X-ray and neutron 
diffraction studies it was also found that the layers are 
not strictly planar, but some tilts occur between the 
individually coplanar molecules. 

However, two questions remain still open about the 
behavior of the hydrogen atom in the crystal. First, 
is the hydrogen position completely ordered a t room 
temperature ? T h e hydrogen bond length in orthoric 
acid is comparable with that in ice I h for which existence 
of the hydrogen-positional disorder is well-established. 

* A part of this paper was presented on The Fourth 
International Conference of Chemical Thermodynamics, 
Montpellier, 1975. 

For part XII , see O. Haida, H. Suga, and S. Seki, / . 
Chem. Thermodyn., in press. 

Therefore, one may expect partial disordering of the 
hydrogen position in a double minimum potential of the 
hydrogen bonding in the present crystal, although 
complete disordering is ruled out by the neutron 
diffraction study.1) If such a disorder was actually 
observed, one would find a very typical order-disorder 
transition in two dimensional system. Another question 
is how rapid would be the change of the hydrogen 
position in such an order-disorder system. O u r experi­
ence with ice Ih,7) heavy ice Ih,8) SnCl 2 -2H 2 0 9 ) and 
SnCl 2 -2D 20 9 ) showed that the positional change of 
hydrogen atoms can be extremely slow in spite of the 
small mass of the atom at low temperature. Its relaxa­
tion time can be of the order of one minute or one hour, 
or for that matter, may be one year or one century. 
In such cases, we can observe the relaxation process 
calorimetrically as a glass transition phenomenon at 
some appropriate temperature. 

In view of the current interest in the molecular 
relaxational phenomena in relatively simple substances, 
we have investigated orthoboric acid and its deuterated 
analog by low temperature heat capacity measurements, 
and in fact found heat capacity anomalies that possess 
every characteristic of a glass transition. Based on this 
observation of a glass transition, which implied the 
existence of partial disordering of hydrogen position, we 
performed differential thermal analysis (DTA) of the 
substance in the temperature region higher than the 
glass transition, for the purpose of investigating the 
behavior due to development of the hydrogen atom 
disordering with increasing temperature. This paper 
reports the experimental facts and their interpretation 
briefly. 

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

Preparation of the Material and the Heat Capacity Measurement. 
The heat capacity of normal (undeuterated) orthoboric acid 
crystal was measured for two different samples. The first 
sample, "Suprapur" reagent from Merck Co., was vacuum-
dried for an hour at 20 °C in order to remove excess water if 
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any, and its heat capacity was measured in the temperature 
region between 13 and 315 K. The second was obtained by 
recrystallizing the extrapure grade reagent, purchased from 
Wako Pure Chemical Co., from the aqueous solution, and was 
investigated in the temperature region from 250 to 370 K. 
The deuterated orthoboric acid sample was obtained by 
recrystallization of B203 from heavy water solution (99.75%). 
The B203 crystals were prepared by complete dehydration 
of the normal orthoboric acid (purchased from Yamanaka 
Chemical Co.) by heating in vacuo to 200 °C for three days. 
The deuterium exchange ratio of the obtained crystals was 
analysed to be 99.5% by NMR method. The sample weight 
was 40.472, 48.586, and 53.495 g for the first and second 
samples of normal orthoboric acid and the deuterated ortho­
boric acid sample, respectively. 

Top portion 

Body portion 

\ 

Plate with a boss 
Gasket 
Aperture 

Conic lid 

Vane 

Thermometer well 

M 

Sleeve 

Well cover 

Fig. 1. A sectional drawing of the new calorimeter cell. 

Calorimetric Apparatus. The calorimetric apparatus 
which was described before,10) was so modified as to be capable 
of measurement up to 140 °C. Namely, the bronze adiabatic 
shields were replaced by those made of copper. This improved 
the temperature uniformity of the shields and hence the 
adiabatic regulation. The calorimeter cell, formerly sealed 
with low-melting solder, was replaced by a new cell of 
the Trowbridge and Westrum-type (marked with W-22) 
construction. 1V> A sectional drawing of the cell pieces is 
given in Fig. 1. The body portion with a well and six vanes 
and the sleeve for a platinum thermometer were made of 
copper for achievement of rapid thermal equilibration, while 
the top portion, consisting of the cap, plate, and conic lid with 
an aperture, of stainless steel. The sleeve was settled on the 
body by being screwed in the well. High-melting solder was 
used for the seal between the lid and the body. The vacuum-
tight closure was achieved by an annealed gold gasket forced 
against a circular knife edge of aperture. Plate with a boss 
served for preventing the gasket from turning in the closure by 
holding the boss. The typical equilibration time of the cell 
after turning off the calorimeter heater was around 13 min at 
room temperature. The second sample of the normal 
orthoboric acid and the deuterated orthoboric acid sample were 
measured with the improved apparatus. The inaccuracy of 
the measurement is estimated to be 1% at liquid hydrogen 

Conventional DTA tube 

Reference material ( AI2C3 ) 

Fig. 2. Conventional and modified DTA tubes. 

temperature and smaller than 0.2% above 40 K. 
Differential Thermal Analysis. DTA studies of normal 

and deuterated orthoboric acids were carried out in the 
temperature region above the glass transition point. DTA 
apparatus previously reported12) was modified for coping with 
the decomposition of the sample to metaboric acid and water 
vapor. For this purpose the sample tube as shown in Fig. 2 
was used. The modified sample tube is smaller than the 
previous one. This modification decreased the dead volume 
in the tube and enabled the whole body of the sealed tube to be 
entirely embedded in the well of the copper block of the DTA 
apparatus. Thus any cold spot that might have caused 
trouble with the original sample tube was successfully avoided. 

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

Melting. Melting of normal orthoboric acid has 
been reported by several authors. Carnelley13) reported 
the melting at 184—186 °C from the heat capacity 
measurement and visual observation, and Stackelberg 
et a/.14> at 170 °G by visual observation under 4 atm 
pressure. Kracek et al.15) obtained 170.9±0.2 °C from 
the solubility measurement. Benrath,16) on the other 
hand, obtained 181 °G using the similar method. We 
performed the first observation for the melting of 
deuterated orthoboric acid, in addition to that of 
normal orthoboric acid. Figures 3 and 4 show melting 
curves in D T A for the normal and deuterated samples, 
respectively, obtained in the present study. T h e melting 
points were 169.9 and 167.4 °G for the respective 
substances, and the crystallization took place practically 
at the same temperature as the melting. These curves 
were reproduced repeatedly without significant changes. 

Fig. 3. DTA curves of normal orthoboric acid. 
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Fig. 4. DTA curves of deuterated orthoboric acid. 

The melting points for normal orthoboric acid deter­
mined by Stackelberg et al. and Kracek et al. are in 
fairly good agreement with the present data, though 
their determination was performed through visual 
observation. T h e melting point of deuterated orthoboric 
acid is lower by 2.5 K than that of normal acid. 

Heat Capacity. T h e heat capacity values are 
tabulated in Tables 1 and 2 for normal and deuterated 
orthoboric acid crystals, respectively. They are also 
shown in Fig. 5 as a function of temperature together 
with data (A) of Johnston and Kerr.17) Johnston and 
Kerr 's values are smaller than ours, the discrepancy 
increasing with the increasing temperature. This 
tendency may be attr ibuted to a partial dehydration of 
their sample which might have happened during drying 
over a period of three days at 70 °G in vacuo in their 

T A B L E 1. EXPERIMENTAL MOLAR HEAT CAPACITY OF NORMAL ORTHOBORIC ACID 

•*av Cp -̂ av Cp -*av Cp *&v Cp i a v 

K J K - i m o l - 1 K J K ^ m o l - 1 K J K ^ m o l - 1 K J Karr iol- 1 K 
Cp 

J K-1 mol-1 

First 
measurement 

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

0 . 8 6 6 
. 0 3 0 
. 2 5 0 
. 4 3 1 
. 6 7 2 
. 9 2 2 
. 1 6 5 
. 4 3 2 
. 724 
. 018 
. 3 1 8 

3 . 6 4 6 
3 . 9 9 3 

. 3 4 6 

. 7 4 6 

. 7 4 1 

. 0 9 1 

. 5 4 6 

. 9 9 7 

. 4 8 7 

. 9 2 3 

. 3 9 3 

. 8 3 3 

. 2 8 1 

. 7 2 7 
8 . 1 7 9 
8 . 5 9 5 
9 . 0 6 9 
9 . 5 2 0 
9 . 9 9 8 
1 0 . 4 3 
1 0 . 8 8 
1 1 . 3 5 
1 1 . 8 3 
1 2 . 3 2 
1 2 . 7 7 
1 3 . 2 5 
1 3 . 7 2 
1 4 . 1 9 
1 4 . 6 0 
1 5 . 0 5 
1 5 . 4 6 
1 5 . 8 4 
1 6 . 2 6 
1 6 . 7 3 
1 7 . 1 5 
1 7 . 6 2 
1 8 . 1 2 
ia .59 
1 9 . 0 8 
1 9 . 5 6 
2 0 . 0 2 
2 0 . 4 9 
2 0 . 9 5 
2 0 . 4 1 
2 1 . 8 8 

58.29 
5 9 . 3 7 
6 0 . 4 8 
6 1 . 5 9 
6 2 . 7 4 
6 3 . 9 3 
6 5 . 1 7 
6 6 . 4 4 
6 7 . 7 1 
6 8 . 9 8 
7 0 . 2 5 
7 1 . 5 2 
72 .80 
7 4 . 0 9 
7 5 . 3 6 
7 6 . 6 3 
7 7 . 9 1 
7 9 . 1 6 
80 .43 
7 5 . 1 0 
7 7 . 6 2 
7 9 . 7 9 
8 1 . 9 0 
8 3 . 9 7 
8 5 . 9 9 
88 .08 
90 .22 
9 2 . 3 3 
9 4 . 5 1 
9 6 . 7 6 
9 8 . 9 8 

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

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

165.44 
167.71 
170.03 
172.33 
174.62 
176.88 
179.13 
181.45 
183.67 
185.99 
188.34 
190.82 
193.40 
195.96 
198.50 
201.02 
203.60 
206.24 
208.86 
211.45 
214.08 
216.69 
219.23 
221.83 
224.50 
227.14 
229.76 
232.37 
235.00 
237.65 
240.29 
243.86 
246.44 
249.00 
250.87 
253.70 
256.32 
259.02 

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

(quenched) 

260.38 
262.96 
265.30 
267.43 
269.54 
271.65 
273.76 
275.86 
277.96 
280.06 
282.15 
284.26 
286.37 
288.47 
290.56 
292.62 
294.66 
296.64 
298.65 

73.45 
74.02 
74.59 
74.97 
75.61 
76.14 
76.66 
77.15 
77.60 
78.03 
78.50 
78.94 
79.50 
79.91 
80.41 
80.89 
81.78 
83.25 
85.29 

300.69 
302.72 
304.72 
306.96 
309.37 
311.99 

86.73 
87.69 
88.23 
88.64 
89.20 
89.82 

(annealed) 

259.60 
262.38 
264.94 
267.48 
270.01 
272.52 
275.01 
277.58 
280.19 
282.74 
285.21 
287.64 
290.05 
292.43 
294.79 
297.13 
299.46 
301.80 
304.12 
306.43 
308.74 
311.03 

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

Second 
measurement 

(quenched) 

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

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

291.95 
294.17 
296.27 
298.34 
300.38 
304.41 
306.43 
308.43 
310.42 
312.40 

80.76 
82.84 
84.79 
86.52 
87.29 
87.59 
88.63 
89.40 
89.52 
90.30 

(annealed) 

262.13 
264.46 
266.78 
269.11 
271.41 
273.70 
276.02 
278.32 
280.57 
282.94 
285.42 
287.81 
290.13 
292.41 
294.69 
296.97 
299.24 
301.57 
303.95 
306.30 
308.65 
312.89 
315.44 
318.21 
320.96 
323.69 
326.40 
329.10 
331.78 
334.44 
337.09 
339.72 
342.42 
345.21 
347.97 
350.82 
353.74 
356.64 
359.53 
362.40 
365.25 
368.07 
370.88 
373.68 

73.95 
74.50 
75.05 
75.57 
76.09 
76.73 
77.27 
77.94 
78.81 
80.31 
81.95 
83.57 
84.94 
86.08 
86.54 
86.86 
87.26 
87.44 
87.98 
88.39 
89.06 
90.09 
90.78 
91.50 
92.41 
92.95 
93.76 
94.50 
95.25 
96.07 
96.60 
97.40 
98.20 
98.95 
99.72 

100.55 
101.26 
102.07 
102.86 
103.69 
104.40 
105.15 
105.89 
106.68 
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T A B L E 2. 

•Tav Cp 

K JK^mol-1 

EXPERIMENTAL MOLAR HEAT CAPACITY OF DEUTERATED ORTHOBORIC ACID 

^av Cp ^av Cp ^av ^p ^av ^p 
K J K ^ m o l - 1 K J K - i m o l - 1 K J K ^ m o l - 1 K J K ^ m o l - 1 

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

. 0 4 4 

. 8 2 8 

. 3 6 6 

. 9 0 0 

. 4 4 5 

. 9 7 6 

. 4 9 4 

. 0 3 2 

. 6 4 3 

. 2 4 6 

. 9 0 2 

. 6 3 6 
8 . 4 5 3 
9 . 2 5 2 

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

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

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

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

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

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

325.87 
328.62 
331.44 
334.25 
337.03 
339.79 
342.54 
345.27 
347.98 
350.67 
353.33 
356.06 
358.87 
361.67 
364.45 
367.20 
369.95 
372.68 

103.95 
104.76 
105.63 
106.36 
107.13 
108.11 
108.66 
109.48 
110.34 
110.99 
111.86 
112.55 
113.42 
114.13 
114.92 
115.56 
116.38 
117.19 

(quenched) 

313.43 
315.61 
317.92 
320.50 
323.20 

100.19 
100.97 
101.56 
102.45 
103.24 

251.24 
253.56 
255.84 
258.07 
260.28 
262.47 
264.67 
266.86 
269.03 
271.20 
273.37 
275.52 
277.67 
279.83 
281.98 
284.14 
286.29 
288.43 
290.56 
292.66 
294.72 
296.94 
299.38 
301.79 

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

304.15 
306.44 
308.73 
311.02 
313.30 
315.57 

98.26 
98.84 
99.25 
99.52 
100.27 
100.98 

(annealed) 

251.56 
253.79 
256.01 
258.21 
260.40 
262.58 
264.84 
267.11 
269.38 
271.73 
274.07 
276.39 
278.70 
281.00 
283.26 
285.35 
287.31 
289.27 
291.23 
293.18 
295.12 
297.05 
298.97 
300.90 
302.83 
304.75 
307.28 
309.24 
311.34 
313.61 

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

1 0 0 . 4 0 

20 

r / K 
Fig. 5. Heat capacity of normal and deuterated ortho-

boric acids. 

sample preparation. Johnston and Ker r stated that 
the heat capacity curve exhibits a double inflection at 
about 40 K. T h e anomaly is, however, scattering of 
their data. T h e present data, being more precise, 
preclude presence of any anomaly in this temperature 

region. Johnston and Kerr also mentioned the appear­
ance of a spread-out hump, from about 20 to 150 K, 
which they interpreted as an indication of development 
of the hydrogen position disorder. However, this 
interpretation is not supported by recent evidence 
because the hydrogen atoms occupy almost completely 
their ordered positions even at room temperature, as 
was evidenced in a neutron diffraction study. I t is 
likely that an unusual temperature dependence of the 
curve, resembling a spread-out hump, has the lattice-
vibrational origin indicative of the two-dimensional 
feature of the crystal structure. Temperature depen­
dence of the heat capacity of the deuterated orthoboric 
acid is similar to that of the normal acid, except that 
the deuterated compound has the larger heat capacity 
in the whole temperature range studied. Such an 
isotope effect is expected in terms of the increased mass 
by deuteration. 

In contrast to the tolerably good agreement between 
the present data and those by Johnston and Kerr at 
the lower temperatures, there is a remarkable difference 
around 290 K. T h e present data exhibit occurrence of a 
step-like anomaly amounting to 3—4% of the total heat 
capacity. A similar anomaly is observed for the deuterat-
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Fig. 7. Dependence of the heat capacity on the cooling 
rate around 290 K. 

ed compound. A hysteretic behavior was also noted 
for both compounds at the same temperature. Thermal 
equilibration of the calorimeter was very sluggish in the 
temperature region between 260 and 310 K and an 
exothermic or endothermic effect was observed depend­
ing on the cooling rate and the thermal history of the 
sample. The heat capacity measurement was therefore 
performed in the following procedure. Prior to each 
measurement, the sample was first equilibrated at 315 K 
(at which temperature the thermal equilibrium was 
attained rapidly) and then cooled below 250 K at a 
respective cooling rate indicated in Fig. 7. A series 
of measurements was started a t 250 K a t which the 
temperature drift of the cell was normal within our 
experimental error. T h e temperature drift was then 
followed step by step up to 320 K. Each step of the 
measurement consisted of first heating the calorimeter 
by 2 K and then following its temperature drift. T h e 
energy input took 15 min and the drift measurement 
40—60 min. Figure 6 illustrates the temperature drift 
rate of the calorimeter at 25 min after the calorimeter 
heater was switched off. If cooled rapidly the sample 
gave out heat in earlier stage of the subsequent warming, 
and then tended to absorb heat as indicated by the 
negative temperature drift a t the higher temperature, 
whereas, if cooled slowly, it exhibited only negative 
temperature drift in the subsequent heat capacity 
measurement. T h e temperature drift approached 
normal behavior gradually above 300 K. This thermal 
behavior means that the anomaly in this region may 
be ascribed to a glass transition.18) T h e heat capacity 
value was determined by employing the same method 
as used for S n C l 2 - 2 H 2 0 and SnCl 2 -2D 20. 9 ) T h e 
operational definition of the heat capacity involves an 
arbitrariness as to how the contribution from the 
strongly temperature-dependent relaxational degree of 
freedom is taken into account. T h e initial or final 
temperatures taken in the case of the exothermic drifts 
were calculated by extrapolating them to the mid-point 
of the heating period and consequently the contribution 
is excluded from the heat capacity, while in the endo­
thermic case the temperatures a t 40 min after the 
heating-off were employed as the temperatures for the 
heat capacity determination and therefore the heat 
capacities calculated involve the contribution deficiently 

or excessively compared with those in the equilibrium 
states. T h e heat capacity curve is illustrated in Fig. 7 
in the temperature region from 260 to 320 K. T h e 
curve exhibits a clearly different behavior in the region 
depending on the cooling rate of the sample, i.e. the 
heat capacity is larger for the annealed sample than 
for the quenched one. This behavior can be also 
regarded as a general characteristic of a glass transition. 
T h e step-like increase around the transition point 
discloses the amount of configurational contribution to 
the heat capacity. T h e j u m p , ACp, at 290 K was 
estimated by extrapolation to be 3.58 J K _ 1 m o l - 1 and 
2.96 J K - 1 m o l - 1 for the normal and deuterated ortho-
boric acids, respectively. I t should be added that the 
behavior in the transition region was the same for the 
first and the second samples of normal orthoboric acid. 
This confirms that the glass transition is an intrinsic 
property of the substance. 

Tables 3 and 4 give the thermodynamic functions 
derived from the smoothed heat capacity on the assump­
tion that it j umps stepwise at 290 K. T h e heat capacity 
between 290 and 310 K where the annealing effect is 
prominent was estimated by extrapolation from above 
310 K. 

Kinetic Property of the Glass Transition. T h e 
exothermic and endothermic temperature drifts describ­
ed above were analysed on the assumption that the 
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TABLE 3. THERMODYNAMIC FUNCTIONS OF 

NORMAL ORTHOBORIC ACID 

TABLE 4. THERMODYNAMIC FUNCTIONS OF 

DEUTERATED ORTHOBORIC ACID 

T 
~KT 

ÏÔ 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
290 
300 
310 
320 
330 
340 
350 
360 
370 
273.15 
298.15 
373.15 

cP° 
J K-1 mol-1 

(0.54) 
3.35 
8.16 

13.53 
18.55 
23.08 
27.01 
30.43 
33.50 
36.17 
38.60 
41.01 
43.37 
45.66 
47.93 
50.19 
52.44 
54.71 
57.01 
59.30 
61.64 
63.96 
66.33 
68.70 
71.02 
73.36 
75.73 
78.00 
80.24 
83.82 
86.56 
89.30 
92.01 
94.73 
97.48 

100.3 
103.0 
105.7 
76.47 
86.06 

106.5 

S°-S0°v 
J K-1 mol-1 

(0.185) 
1.274 
3.492 
6.573 

10.14 
13.93 
17.79 
21.63 
25.39 
29.06 
32.63 
36.09 
39.46 
42.76 
45.99 
49.16 
52.27 
55.33 
58.35 
61.33 
64.28 
67.20 
70.10 
72.97 
75.82 
78.65 
81.46 
84.26 
87.04 
87.04 
89.92 
92.81 
95.69 
98.56 

101.4 
104.3 
107.2 
110.0 
82.34 
89.39 

110.9 

[Ho~H0
o]/T 

J K-1 mol-1 

(0.138) 
0.933 
2.498 
4.583 
6.881 
9.210 

11.48 
13.64 
15.68 
17.60 
19.40 
21.10 
22.72 
24.28 
25.78 
27.24 
28.65 
30.04 
31.40 
32.73 
34.05 
35.36 
36.66 
37.94 
39.22 
40.49 
41.75 
43.00 
44.25 
44.25 
45.61 
46.98 
48.34 
49.71 
51.07 
52.44 
53.81 
55.17 
42.14 
45.36 
55.60 

T 
TT 

H) 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
290 
300 
310 
320 
330 
340 
350 
360 
370 
273.15 
298.15 
373.15 

Cp° 

J K-1 mol-1 

(0.54) 
3.49 
8.43 

13.88 
19.06 
23.65 
27.60 
31.16 
34.39 
37.42 
40.31 
43.14 
46.00 
48.85 
51.71 
54.65 
57.52 
60.45 
63.37 
66.26 
69.13 
71.95 
74.76 
77.56 
80.29 
82.92 
85.60 
88.19 
90.71 
93.67 
96.46 
99.34 

102.3 
105.2 
108.1 
110.9 
113.7 
116.4 
86.41 
95.92 

117.3 

J K-1 mol-1 

(0.184) 
1.311 
3.617 
6.794 

10.46 
14.35 
18.29 
22.22 
26.08 
29.86 
33.56 
37.19 
40.75 
44.27 
47.74 
51.17 
54.57 
57.94 
61.28 
64.61 
67.91 
71.19 
74.45 
77.69 
80.92 
84.12 
87.30 
90.46 
93.59 
93.59 
96.82 

100.0 
103.2 
106.4 
109.6 
112.8 
115.9 
119.1 
88.29 
96.65 

120.1 

[H°-H0°]/T 
J K-1 mol-1 

(0.138) 
0.964 
2.593 
4.738 
7.092 
9.476 

11.79 
13.99 
16.08 
18.07 
19.96 
21.77 
23.52 
25.23 
26.90 
28.55 
30.17 
31.77 
33.35 
34.93 
36.49 
38.03 
39.57 
41.10 
42.61 
44.11 
45.60 
47.07 
48.53 
48.53 
50.08 
51.62 
53.16 
54.69 
56.22 
57.74 
59.26 
60.77 
46.06 
49.80 
61.24 

These thermodynamic functions were derived by 
assuming that the heat capacity jumps stepwise 
at 290 K. a) S0° is estimated to be 0.56 J K-1 • 
mol - 1 from molecular field approximation using 
heat capacity jump at 290 K. 

enthalpy relaxation toward the equilibrium state 
follows an exponential law with a single relaxation time 
T and they (i.e. exothermic and endothermic effects) 
were treated separately. T h e characteristic t ime for the 
former (i.e. exothermic) case was obtained by employing 
the evaluation method already explained in detail in the 
case of S n C l 2 - 2 H 2 0 and SnCl2-2D20.9> For the latter 
(i.e. endothermic) drift curves the exponential function 
fitted the experimental da ta within the imprecision of 
the temperature measurement, suggesting the validity 
of above assumption. T h e exothermic and endothermic 

These thermodynamic functions were derived by 
assuming that the heat capacity jumps stepwise 
at 290 K. a) S0° is estimated to be 0.41J K-1 • 
mol - 1 from molecular field approximation using 
heat capacity jump at 290 K. 

effects resulted in two different straight lines as shown 
in Fig. 8, where the solid and dotted lines represent 
respectively the least square fits of the relaxation times 
derived from the exothermic and endothermic drifts. 
T h e difference means that the approach to the thermal 
equilibrium is governed by different characteristic times 
depending upon whether the equilibrium state is 
approached from the enthalpy-excessive side or from the 
enthalpy-deficient side. A similar behavior of the 
relaxation t ime was observed in SnCl 2 -2H 2 0 and 
SnCl 2 *2D 2 0. T h e Arrhenius plot of the relaxation 
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Fig. 9. Arrhenius plots of the characteristic times of 
exothermic and endothermic enthalpy relaxation drifts 
for SnCl2 • 2HaO and SnCl2 • 2DaO. 

time is shown in Fig. 9 for these compounds, where the 
relaxation times for the heat-absorption and heat-evolu­
tion processes follow different straight lines. 

I t should be noted that the characteristic t ime at a 
fixed temperature is longer for the exothermic process 
(i.e. on the enthalpy-excessive side) than for the endo­
thermic process (i.e. on the enthalpy-deficient side) in 
these hydrogen-bonded systems. It should be added 
that the relaxation t ime was derived under the adiabatic 
condition. Thus , the temperature of the crystal changed 
as the relaxation proceeded. This means that the run 
of the adiabatic drift measurement corresponds to a small 
but finite temperature interval on the Arrhenius plot. 
This also means that the apparent final temperature 
to which the proton configuration tends is not constant 
but depends on the extent to which the relaxation has 
proceeded. These two aspects of the non-isothermal 
character of the drift measurement were not considered 
in the analysis of the relaxation effects in SnCl 2 «2H 2 0 
and SnCl 2«2D 20. Correction for these effects was 
found to decrease and increase the derived relaxation 
time typically by 0 .5% for the exothermic and endo­
thermic runs, respectively, and thus safely neglected. 
A relevant observation was reported by Davies and 
Jones19) for glass transition in super-cooled liquids. 
They followed both the isothermal volume-relaxational 
change of glucose and the enthalpy-relaxational change 
of glycerol in the respective transition regions. According 
to their report, the characteristic t ime was longer on 
the volume-deficient (or enthalpy-deficient) side than 
on the volume-excessive (or enthalpy-excessive) side of 
the equilibrium state, and there occurred significant 
departure from the exponential form of the relaxation 
curve when the displacement from the equilibrium state 
was large. Thus the relaxational property of the 
present substance deviates from the idealized behavior, 
i.e. recovery of the equilibrium with a constant relaxation 
time independent of the sense and amount of the 
departure from the equilibrium. Furthermore, the 
deviation from the ideal relaxational behavior is in the 
direction opposite to Davies and Jones ' observation 
on the super-cooled liquids. They explained their 

observation by arguing that the structure of the substance 
is looser in the volume-excessive state than in the volume-
deficient state. Consequently the molecules are expected 
to be more mobile in the former non-equilibrium state, 
resulting in a smaller relaxation time. This is certainly 
a plausible explanation for the glassy liquids. In 
contrast, our present observation is difficult to under­
stand in this intuitively agreeable argument. There 
exists, however, a peculiar character of the present 
hydrogen-boned system that might explain the difference 
qualitatively. In the glassy state of boric acid the 
hydrogen position has the long-range order, which 
means that if one part icular site is occupied by a 
hydrogen atom an equivalent site in a distant unit cell 
has also non-zero probability of occupation by another 
hydrogen atom. W h e n a disordered hydrogen atom 
tries to settle into a low energy site in the exothermic 
relaxation, it has a very limited choice as to the site it 
can occupy because the low energy site is dictated by 
the long-range order. In contrast, a molecule in a 
super-cooled liquid can find a local low energy confor­
mation determined by its neighboring molecules. Thus, 
there is a formal probabilistic difference in addition to the 
structural and chemical differences between the long-
ranged glassy state (glassy crystals) and the ordinary 
glassy state (glassy liquid). At present, however, we 
cannot find a convincing argument that relates the 
above mentioned peculiar features of the orthoboric 
acid with its observed relaxational property. 

T A B L E 5. CALORIMETRIC QUANTITIES CHARACTERISING 

THE GLASS TRANSITION IN H 3 B O 3 

AND D 3 B O 3 CRYSTALS 

H3B03 
D3B03 

K 

296.6 
298.2 

AC/) 
J K - i m o l - 1 

3.58 
2.96 

ac> 

0.94 
0.96 

(#a)exo 

kj mol-1 

89±5 
97±5 

C^a)endo 

kj moi-1 

88±5 
91±5 

a) The temperature at which the endothermic relaxation 
time becomes 1 ks. b) The heat capacity jump at 290 K 
in the transition region, c) The order parameter at 290 
K estimated from the molecular field approximation. 

T h e activation enthalpies estimated from the respec­
tive Arrhenius plots (Fig. 8) are given in Table 5 
together with the glass transition points, the heat 
capacity jumps at 290 K, and the order parameters at 
290 K calculated by a mean field approximation 
method. T h e values seem to be slighly larger for 
deuterated orthoboric acid than that for normal acid. 

Interpretation of the Frozen-in Freedom. T h e glass 
transition in the present substance can be interpreted 
as the phenomenon originated from the disordered-
frozen-in configuration of hydrogen-bonded system. 
Craven and Sabine1) assigned uniquely all the atomic 
positions at room temperature. However the ordering 
of the atoms, in particular the hydrogen or deuterium 
atoms, is not completely attained in our interpretation. 
T h e six-membered oxygen ring, which is assumed to be 
the individual ordering unit of the hydrogen-bond 
network, has two permissible arrangements, i.e. clockwise 
and counterclockwise under the extended Bernal-Fowler 
condition, as is shown in Fig. 10. T h e interaction 
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Fig. 10. The schematic atomic arrangement of a single layer in crystalline 
orthoboric acid and the two arrangements of the hydrogen atoms satisfying 
the local electric neutrality in the six-membered oxygen ring. 

energy among the hydrogen-bonded hexagonal rings 
stabilizes the ferro-state where all of the hexagonal ring 
is the same (either all in the clockwise or all in the 
counterclockwise) arrangement. T h e entropy of this 
model is (i?/2) In 2 a t the completely disordered state. 
A mean field approximation can be applied, to a fairly 
good approximation, a t the glass transition in such a 
system, since the hydrogen position is almost completely 
ordered at room temperature in the transition region. 
Then the order parameter a is determined by the 
following equation at 290 K at which the configurational 
contribution to heat capacity is estimated : 

aR 
C = M£f)F 

i-^-Hm 
where the order parameter a is given by a=(2n — N)jN, n, 
the number of rearrangement units in the preferred 
arrangement, N, the number of total arrangement unit. 
T h e order parameter estimated at 290 K was ca. 0.94 
and ca. 0.96 for normal and deuterated orthoboric 
acids, respectively. This degree of estimated ordering 
is consistent with Craven and Sabine's result1) on 
account of the R factor in the neutron diffraction study. 
This interpretation of the "transi t ion" as a relaxational 
effect of the hydrogen redistribution process in the 
crystal is also supported by comparison between the 
obtained activation energy and the hydrogen bond 
energy. T h e activation enthalpy of ca. 90 k j m o l - 1 

corresponds to the energy required for simultaneous 
activation of six hydrogen atoms, and therefore the 
activation enthalpy per atom amounts to ca. 15 k j 
mol - 1 , while the hydrogen bond energy between O - O 
in medium to long hydrogen bond systems such as ice 
is known to be 15—25 k j mol - 1 . These two values 
are in good agreement with each other, and thus the 
above interpretation of the transition would be reason­
able provided that the activation process corresponds 
to the breaking of hydrogen bond. 

There are alternative possibilities for the actual motion 
of the hydrogen atoms in the rearrangement. I t is 

either an O - H librational mode around B - O axis or 
an O - H stretching-vibrational mode on an O - O bond. 
Recent N M R studies of inorganic hydrates have shown 
that a 180° flipping is a typical motion of water in the 
crystals.20) If we adopted the former as the relevant 
mode, the activation enthalpy obtained above should 
be compared with the potential barrier (of the O - H 
librational mode) estimated by Durig et al.21) They 
reported that the infrared absorption band a t 808 c m - 1 

was assigned to this mode of vibration and estimated 
the potential barrier to be 96 k j mol - 1 . There is a large 
difference between this barrier height and the activation 
enthaply per hydrogen atom. T h e estimation of the 
hindering barrier rests entirely upon the assumption 
of a cosine-type potential function, which is not always a 
good approximation. I n view of the hydrogen bond 
breaking of the mode discussed above, we may have to 
consider that the potential curve around the top of the 
barr ier may be flatter than that given by the simple 
trigonometric function due to the interaction with the 
adjacent layer. A more reliable and direct estimation 
would be obtained by proton magnetic relaxation 
measurements. T h e relation between these two values 
will be a subject in the future work. 

Deuterium Isotope Effect on a Glass Transition Temperature. 
In Table 6, the glass transition temperatures are 
collected for three hydrogen-bonded glassy crystals 

T A B L E 6. GLASS TRANSITION TEMPERATURE AND 

ITS DEUTERIUM ISOTOPE EFFECT FOR THREE 

HYDROGEN-BONDED GLASSY CRYSTALS 

H2(D2)0 
SnCl2 .2H2(D2)0 
H3(D3)B03 

r,(H) 
K 

107.6 
159.1 
296.6 

r,(D) 
K 

126.1 
163.7 
298.2 

II ( D ) - r g ( H ) 
K 

18.5 
4.6 
1.6 

The glass transition temperature is defined for 
ice as temperature at which the exothermic re­
laxation time becomes an hour, and for SnCl2 • 
2H 2 0 and H3B03 as the temperature at which 
the endothermic relaxation time becomes 1 ks. 
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together with the corresponding data for the respective 
deuterium compounds. Here the glass transition 
temperature is defined as the temperature described 
below the table. Evidently, the isotope effect is larger 
in the substance with the lower glass transition tempera­
ture. 

Further Discussion on the Absence of the Phase Transition. 
The hydrogen-bonding model illustrated in Fig. 10, and 
the interpretation of the glass transition deduced thereby, 
have a definite implication on the thermodynamics of the 
order-disorder system ; the molar configurational entropy 
at infinite temperature is [R/2) In 2 and the heat capac­
ity is equal to the j u m p in the observed heat 
capacity at the glass transition. These two quantities 
enable us to determine exactly the hypothetical transition 
temperature of the present hydrogen-bonded system by 
a statistical triangular Ising model;22) 378 K for H 3 B 0 3 

and 404 K for D 3 B 0 3 . No phase transition is observed 
at these temperatures. T h e estimated transition tem­
perature should be a lower limit because the lattice 
statistics involved is solved in two-dimensions. O n the 
other hand, the upper limit is given by the molecular 
field approximation. T h e transition temperatures 
predicted by this approximation are 536 K and 587 K 
for the ordinary and the deuterated orthoboric acids, 
respectively. These temperatures are higher than the 
respective melting temperatures. W e may conclude 
that we should have observed the transition if it was not 
interrupted by the melting. This may also imply that 
the interaction among the hexagonal rings is three-
dimensional in spite of the structural two-dimensionality, 
because the absence of the phase transition below the 
fusion means that the hypothesized transition tempera­
ture lies much higher than the two-dimensional limit. 
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The Microwave Spectrum of a/i/î-Acetaldehyde Oxime-rf 
Osamu OHASHI, Hisao HARA, Keiko NOJI, Takeshi SAKAIZUMI, 

Masao ONDA, and Ichiro YAMAGUCHI 

Department of Chemistry, Faculty of Science and Technology, Sophia University, Chiyoda-ku, Tokyo 102 
(Received October 22, 1976) 

The microwave spectrum of arcft-acetaldehyde oxime-rf was investigated in the frequency region from 9 to 36 
GHz. The rotational transition lines widely split into the A and E species due to the tunneling of the methyl 
group through the low potential barrier hindering the internal rotation. The transition lines belonging to the A 
species were fitted to the rigid rotor Hamiltonian, and the following effective rotational constants in MHz were 
obtained: AA= 17250, BA=6284.33, and CA=4704.96. All the observed transition frequencies were fitted to the 
Hamiltonian containing perturbation terms to the fourth order in order to obtain the internal-rotation parameters 
using the principal axis method. The potential barrier, V3, hindering the internal rotation was determined to be 
373 cal mol"1. The dipole moment was determined to be 0.828 D from the Stark effect of the transitions belonging 
to the A species. 

Rogowski and Schwendeman1) studied the microwave 
spectrum of acetaldehyde oxime and revealed that the 
potential barrier hindering the internal rotation of the 
methyl group in the anti form is much lower than that 
in the syn form. T h e microwave spectrum of the 
deuterated species (CH 3 CH=NOD) of ^«-acetaldehyde 
oxime was investigated, and the orientation of the O H 
bond in the molecule was determined to be a t the trans 
position to the GN bond.2> 

W e have examined the microwave spectrum of anti-
acetaldehyde oxime-d and determined the effective 
rotational constants, internal-rotation parameters, dipole 
moment, and r s coordinates of the hydroxyl hydrogen 
atom. 

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

The sample of acetaldehyde oxime was commercially 
obtained from the Tokyo Kasei Kogyo Co., Ltd., and purified 
by trap-to-trap distillation in vacuo. 

Acetaldehyde oxime in the anti form is solid at room 
temperature (melting point 46.5 °C).3> We obtained the 
white solid sample of the anti form by gradual cooling in the 
course of distillation. 

The deuterated species was prepared by the method used 
for .yw-acetaldehyde oxime-rf.2) 

The spectrometer used was a conventional 100 kHz 
sinusoial and square-wave Stark-modulation type with a 
phase-sensitive detector. The rotational spectrum was ob­
served at 0 10 °G in order to prevent the decomposition 
of the sample. The sample gas was renewed about every 
half hour. 

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

Observed Spectrum and Assignment. There are two 
possible orientations of the O H bond in ««^"-acetaldehyde 
oxime when the molecule is assumed to have a plane of 
symmetry. Figure 1 shows the projections of the molecule 
on its plane of symmetry. In the present analysis, we 
assumed that the molecule is in the trans form (Fig. 1 (a) ) 
and predicted the transition frequencies from the 
structural parameters in Table 1. 

From the results for arcfr'-acetaldehyde oxime,1) the 
following predictions were m a d e : T h e transition lines 
of the deuterated species split widely into the A and E 

H-
/ 

H—Ci 
\ 

\ 
c— 

/ 
H 

[b 

0 -H 
/ a, 

/ 
— N 

H 

H-Ci 

n 
b 
H \ 

/ a 
/ 

—N 

Fig. 1. Projection of anti-acetaldehyde oxime in its plane 
of symmetry. 

TABLE 1. STRUCTURAL PARAMETERS ASSUMED 

FOR Öttft'-ACETALDEHYDE OXIME-rf 

r(C2=N) 
r(N-O) 
r(O-D) 
r(C2-H) 
r(Cr-H) 
r(C1-G2) 

1.276Â 
1.408 
0.956 
1.085 
1.090 
1.504 

Z N O D 
Z C 2 = N - 0 
ZH-C a =N 
Z H - C r H 
ZC1-C2=N 

102.68° 
110.20° 
115.6° 
107.6° 
126.4° 

Cx = methyl carbon. 

members due to the internal rotation of methyl group ; 
the transitions belonging to the A member have little 
effect on the internal rotation and show the usual 
second-order Stark effect. 

In the first place, according to the predictions, the 
transition lines belonging to the A member were 
identified and were fitted to the rigid rotor Hamiltonian 
in order to obtain the effective rotational constants. 
T h e results, given in Table 2, show large differences 
between the observed and calculated frequencies 
of the 202-303, 2 U -3 1 2 , 221-322, and 313-312 transitions. 

If the molecule has a plane of symmetry, only two 
hydrogen atoms of the methyl group are out of the 
symmetry plane. Consequently, the inertia defect, 
A(—Ia-\~IC—/a—/b)s should be zero for the rigid-rotor 
model, where Ia is the moment of inertia of the methyl 
top about its rotational axis and where Ia, Ih, and Ic 

are the moments of inertia about the principal axes. 
T h e value of A was calculated to be 0.798 amu Â2 from 
the effective rotational constants in Table 2, using the 
assumed value of 7a = 3.1 amu Â2. This A value deviates 
greatly from zero. T h e facts mentioned above indicate 
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T A B L E 2. OBSERVED TRANSITIONS FOR anti-

ACETALDEHYDE OXIME-rf ( A SPECIES) 

T A B L E 4. INTERNAL-ROTATION PARAMETERS 

FOR flnfZ-ACETALDEHYDE OXIME-rf 

Transition •obsd (MHz) Ai>a>(MHz) 

0, •1 b ) 00" 

l u - 2 u
b > 

1 -^.9 b) 
•1(11 *£<\9. 

lio-
2 i r 
202~ 

2i r 
2„-
Z20 -^-"21 

02 

2xl
b> 

'3l3 

3 1 2 

3 2 2 

3, 

10989.39 

20399.17 

21819.95 

23557.88 

30503.80 

32342.09 

35231.37 

32965.49 

33592.07 

9464.96 

0.10 
- 0 . 0 4 
- 0 . 0 2 
- 0 . 0 7 
- 0 . 4 1 
- 1 . 7 0 
- 0 . 9 3 
- 2 . 3 9 

0 .10 
- 1 . 2 4 

a) Av 
~vobsd—vcaicdJ vcaicd obtained using 

these effective rotational constants; AA= 
17250 M H z , £ A = 6 2 8 4 . 3 3 M H z , CA = 
4704.96 M H z . b) Used to determine the 
effective rotational constants. 

t h a t t h e r o t a t i o n a l t r ans i t i ons of c/zft '-acetaldehyde o x i m e -
d a r e affected b y s o m e k i n d of r o t a t i o n - v i b r a t i o n 
i n t e r a c t i o n . 

U s i n g t h e m e t h o d d e s c r i b e d b y R o g o w s k i a n d 
S c h w e n d e m a n , 1 ) w e e s t i m a t e d t h e b a r r i e r h e i g h t , F 3 , 
h i n d e r i n g t h e i n t e r n a l r o t a t i o n of t h e m e t h y l g r o u p , 
a n d t h e n p r e d i c t e d t h e t r a n s i t i o n f requenc ies b e l o n g i n g 
to t h e E s y m m e t r y species . I n t h e v i c i n i t y of t h e 
p r e d i c t e d t r ans i t i on f requenc ies , w e obse rved l ines w h i c h 
cou ld b e a t t r i b u t e d t o t h e E m e m b e r . T h e l ines b e l o n g ­
i n g to t h e E m e m b e r e x h i b i t e d a c h a r a c t e r i s t i c first-

T A B L E 3. COMPARISON OF OBSERVED AND 

CALCULATED TRANSITION FREQUENCIES 

FOR flttft'-ACETALDEHYDE OXIME-rf 

Transition j (MHz) 
Av(MHz)a> 

Ib> I P ) 

Ooo-^loi 

lo i - > 2 0 2 

l io _ > 2 1 1 

212—»313 

£<\<>.—••Jna 

•11 

^00~^^Ol 
1 —*2 
1 1 1 ^ * 1 2 
^ o i - > 2 0 2 

l i e 

2i2-

2o2' 

2u-

2n-
A an" 

A Species 
10989.39 
20399.17 
21819.95 
23557.88 
30503.80 
32342.09 
35231.37 
32965.49 
33592.07 

9464.96 

E Species 
10864.60 
20960.22 
21622.52 
22880.04 
30732.36 
32140.50 
34748.08 
33199.51 
33132.06 

•0.99 

-1.87 

-0.63 

-1.57 

-2 32 
1.04 

1.89 

2.74 

5.84 

0.15 

-5.37 

3.15 

•5.85 

6.19 

5.19 

•0.84 

3.55 

0.66 

5.74 

-0.11 

-0.29 

0.11 

0.13 

-0.52 

-0.26 

-0.10 

-0.81 

-0.04 

0.32 

-0.45 

-1.40 

-0.03 

2.15 

2.50 

0.43 

-1.36 

0.95 

-1.06 

a) Av=v0 l )8d—vca l ed . b) vcalcd obtained using the 
parameters with 7 „ = 3 . 1 a m u Â 2 in Table 4. 
c ) Scaled obtained using the parameters with Ia 

= 2 . 8 0 a m u Â 2 in Table 4. 

p ) Hb) 

/„ = 3 .1 a m u Â2 (assumed) 
J 0 = 1 7 0 0 0 ± 4 2 M H z 
5 0 = 6 2 5 4 . 5 9 ± 0 . 4 4 M H z 
C 0 = 4 7 0 4 . 4 3 ± 0 . 4 0 M H z 
A a = c o s ( 5 2 . 4 ± 0 . 3 ° ) 
s = 9 . 6 0 7 ± 0 . 0 2 6 
F a ^ S g c a l m o l - 1 

F =173959 M H z 

/ « = 2 . 8 0 ± 0 . 0 2 a m u Â 2 

4 , = 1 7 0 8 8 ± 1 4 M H z 
5 0 = 6 2 5 5 . 4 2 ± 0 . 1 4 M H z 
C 0 = 4 7 0 4 . 2 2 ± 0 . 1 2 M H z 
A a = c o s ( 5 3 . 4 ± 0 . 1 ° ) 
s = 9 . 4 5 3 ± 0 . 0 1 4 
F 3 = 3 8 7 cal mol" 1 

F =190956 M H z 

a) Parameters obtained from the least-squares fit, 
with Ia fixed at 3 .1 a m u Â2 . b) Parameters obtained 
from the least-squares fit with /„ varied. T h e un­
certainties are s tandard deviations. 

o r d e r S t a r k effect. T h e a s s i g n m e n t of t h e t r ans i t i ons 
w a s m a d e b y o b s e r v i n g t h e S t a r k effect. 

T h e h y p e r f i n e s t r u c t u r e of t h e a b s o r p t i o n l ines d u e 
to t h e 1 4 N n u c l e a r q u a d r u p o l e m o m e n t c o u l d n o t b e 
o b s e r v e d . 

Barrier to Internal Rotation. A l l t h e obse rved 

t r a n s i t i o n f requenc ies a r e l is ted i n T a b l e 3 . T h e s e 
f r equenc ie s w e r e f i t ted to t h e i n t e r n a l - r o t a t i o n p a r a ­
m e t e r s , b y u s i n g t h e H a m i l t o n i a n d e s c r i b e d b y R o g o w s k i 
et a/.1> e x c e p t for t h e d e n o m i n a t o r c o r r e c t i o n t e r m , 
w h o s e m a t r i x e l e m e n t s w e r e g i v e n b y S t e l m a n . 4 ) T h e 
i n t e r n a l - r o t a t i o n p a r a m e t e r s o b t a i n e d a r e l is ted i n 
T a b l e 4 . T h e p a r a m e t e r s a r e de f ined a s follows : A0) B0, 

a n d C0 a r e t h e r o t a t i o n a l c o n s t a n t s i n t h e a b s e n c e of 
i n t e r n a l r o t a t i o n ; Xg is t h e cos ine of t h e a n g l e b e t w e e n 
t h e ax is of t h e i n t e r n a l t o p a n d t h e p r i n c i p a l g a x i s ; s is 
t h e d imens ion less p a r a m e t e r , t h e r e d u c e d b a r r i e r h e i g h t , 
a n d t h e j = ( 4 / 9 ) ( F 3 / F ) r e l a t i o n ho lds for a th reefo ld 
b a r r i e r ; F is de f ined b y t h e express ion tfil{2rla), 

w h e r e r is e q u a l t o t h e q u a n t i t y of 1 — y}X2
g(IalIg). 

I n T a b l e 4 , Se t I is o b t a i n e d a s s u m i n g / « = 3 . 1 a m u « 
Â 2 , w h i l e Set I I is o b t a i n e d w i t h Ia as t h e fitting p a r a m ­
e te r . T h e v a l u e of 2 .804 a m u Â 2 for Ia i n Se t I I is 
fa r f rom t h e v a l u e of 3 .0—3.2 a m u Â 2 u sua l l y f o u n d 
for t h e m e t h y l t o p i n v a r i o u s m o l e c u l e s . T h e r e f o r e , t h e 
Ia p a r a m e t e r w a s fixed a t 3.1 a m u Â 2 i n a n o t h e r fitting 
(Set I ) . T h e resu l t s of t h e t w o fittings a r e c o m p a r e d i n 
T a b l e 3 . T h e d e v i a t i o n s of t h e c a l c u l a t e d f requenc ies 
f rom t h e o b s e r v e d ones , a n d t h e sma l l v a l u e of Ia 

o b t a i n e d b y t h e l ea s t - squa re s fit i n t h e p r e s e n t w o r k , 
a r e c o m p a r a b l e w i t h those r e p o r t e d for n o r m a l species.1) 
T h e s e d e v i a t i o n s a n d t h e sma l l v a l u e of Ia m a y b e 
a s c r i b e d to t h e facts t h a t t h e p e r t u r b a t i o n t e r m s h i g h e r 
t h a n t h e f o u r t h o r d e r for t h e i n t e r n a l r o t a t i o n w e r e 
n e g l e c t e d a n d t h a t n o o t h e r r o t a t i o n - v i b r a t i o n i n t e r a c ­
t i o n e x c e p t t h e m e t h y l to r s ion w a s c o n s i d e r e d . 

A l t h o u g h t h e u n c e r t a i n t y t o t h e v a l u e o f / « r e m a i n s , 
t h e r e is n o t m u c h d i f fe rence i n t h e v a l u e s of V3 b e t w e e n 
Se t I a n d Se t I I , as T a b l e 4 shows . T h e r e f o r e , i t is 
l ike ly t h a t t h e v a l u e of Vz for d e u t e r a t e d species is n o t 
m u c h di f ferent f rom t h e va lue s i n T a b l e 4 . C o n s e q u e n t ­
ly, t h e v a l u e of Vz for d e u t e r a t e d species m a y safely b e 
c o n c l u d e d to b e 373 ± 3 0 ca l m o l - 1 . T h i s v a l u e is 
c o m p a r a b l e to t h a t of 375 ca l m o l - 1 for n o r m a l species.1) 

Dipole Moment. T h e A species t r ans i t i ons e x h i b i t e d 
t h e u s u a l s e c o n d - o r d e r S t a r k effect. T h e d i p o l e m o m e n t 
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was determined from measurements of the Stark shifts 
of the transitions, t / = 0 - > l , 1-^2, and 2—>3, belonging 
to the A species. T h e electric field inside the absorption 
cell was calibrated by measurements of the Stark shifts 
of the y = 0 - > l and l->-2 transitions of OGS with the 
dipole moment of 0.71521 D.5> 

TABLE 5. STARK EFFECT OF arcft-ACETALDEHYDE OXIME-Û? 

(dv/dE*)*) MHz (V cm-1)-2 

Transi­
tion |M| Calcd 

Obsd 
II 

Ooo-
l n , -

2 W 3 , 

7.635 
-1.889 

2.072 
1.751 

22.891 
1.668 

1 -21 .464 
0 - 0 . 4 1 0 

1.053 
0.881 
3.846 

- 0 . 6 0 1 
- 2 . 8 8 9 

2.441 
I** 
/*b 

/^total 

xlO- » 7.242x10-« 
- 1 . 7 2 0 

2.251 
1.648 

23.313 
1.617 

-21 .312 
- 0 . 3 8 0 

1.113 
0.763 
3.590 

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

2.456 
0.753±0.004D 
0.34 ±0 .02 D 
0.02 ±0 .02 D 
0.828±0.011D 

7.240x10-« 
- 1 . 7 1 2 

2.247 
1.647 

23.314 
1.617 

-21 .311 
- 0 . 3 8 0 

1.110 
0.764 
3.592 

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

2.465 
0.753±0.004D 
0.34 ± 0 . 0 3 D 
0 (assumed) D 
0.828±0.013D 

a) Based on ju(OCS) =0.71521 D. 

T h e results obtained by the least-squares fit given in 
Table 5 show good agreements between the observed 
and calculated Stark coefficients. T h e fifth column of 
Table 5 shows the results obtained with the assumed 
value of [tc=0. T h e results given in the fourth column 
were obtained by the least-squares fit, using all three 
components, //a, j " b , and pc, as parameters. T h e value 
of 0.02 D obtained for nc is comparable to the uncer­
tainty in this work. Consequently, the value of /*c is 
thought to be nearly equal to zero. T h e values of fta 

and f*b determined in the fitting (Calcd I) are consistent 
with those obtained in the other fitting (Calcd I I ) . 
From the above results, the molecule may reasonably be 
concluded to have a plane of symmetry. 

Orientation of the OH Bond. T h e rotational 
constants, A0, B0, and C0, in Tab le 4 are what the 
effective rotational constants AA, BA, and CA, would be 

in the absence of internal rotation.1) Consequently, 
from these rotational constants and the corresponding 
ones for the normal species,1) the r s coordinates of the 
hydroxyl hydrogen atom can be calculated using 
Krai tchman's expressions.6) I n Tab le 6, the first column 

TABLE 6. COORDINATES OF THE HYDROGEN 

ATOM OF THE HYDROXYL GROUP 

Obsd-Ia> Obsd-IIb> Calcd-P> Calcd-IId> 

2.128± 2.129± 
0.031Â 0.009Â 
0 .49± 0 .48± 
0.13 0.04 

0.14± 
— 0.19 

2.132Â 

0.507 

0 (assumed) 

0.354Â 

1.152 

0 (assumed) 

a) Using the rotational constants with 7 a =3.1 amu-
Â2. b) Using the rotational constants with 7 a=2.80 
arauA. c) Obtained from the assumed structure 
shown in Fig. 1(a). d) Obtained from the assumed 
structure shown in Fig. 1(b). 

shows the coordinates calculated from the rotational 
constants with Ia = 3.1 amu Â2, while the second column 
refers to those obtained from the constants with 7a = 2.80 
amu Â2 . T h e above two sets of results are consistent 
within the limits of accuracy of the present work. T h e 
third and fourth columns show the coordinates of the 
hydroxyl hydrogen atom calculated from the assumed 
structures given in Fig. 1 (a) and Fig. 1 (b) respectively. 
T h e coordinates determined experimentally are in good 
agreement with those calculated from the structure 
shown in Fig. 1(a). Consequently, it may clearly be 
concluded that the orientation of the O H bond in the 
«nft'-acetaldehyde oxime molecule is at the position trans 
to the C - N bond, as is shown in Fig. 1(a). This result 
is consistent with the orientation of the O H bond in 
formaldehyde oxime7) and i^n-acetaldehyde oxime.2) 
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Electrical Properties and Constitution of the Phenothiazine-
Iodine and Related Complexes1) 

Susumu Doi ,* Tamotsu INABE, and Yoshio M A T S U N A G A * * 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 

(Received November 4, 1976) 

The electrical properties of the phenothiazine-iodine complex were examined in detail as a function of the 
composition. A shoulder in the resistivity-composition isotherm, a decrease in the activation energy for semiconduc-
tion by a factor of two, and a change in the sign of the Seebeck coefficient from negative to positive were observed 
at a composition of two molecules of phenothiazine to five atoms of iodine. These observations and the spectral 
behavior reported earlier indicate the formation of a complex cation radical salt, (phenothiazine) 2+I5

-, which 
exhibits a resistivity of about 800 ohm cm at room temperature. By the incorporation of a half mole of iodine into 
this salt, the resistivity reaches a minimum of about 20 ohm cm at room temperature. Similar singularities in the 
resistivity-composition isotherms were observed with the complexes of the benzo[a]-, benzoyl-, and iV-methyl-
derivatives. 

Since Akamatu, Inokuchi, and Matsunaga reported 
anomalously low electrical resistivities exhibited by some 
polycyclic aromatic hydrocarbon-halogen complexes,2,3) 
a large number of halogen complexes, mostly iodine 
complexes, have been studied by various workers. For 
example, the organic component compounds so far 
examined include such hydrocarbons as pyrene,4) 
perylene,2«4«5) and violanthrene,3 '6) such diamines as 
/>-phenylenediamine,7) benzidine,8) and their deriva­
tives,9«10) carotene,11) pyridazine,12) phenothiazine,1 3 - 1 6) 
its JV-methyl derivative,13«17-19) and phenoselenazine.16) 
However, only relatively few works have been published 
on the nature of low-resistivity halogen complexes. 

T h e vibrational spectrum of the phenothiazine-iodine 
complex of a mole ratio of 2 : 3 has been shown to be 
clearly different from that of the parent organic com­
pound, but nearly identical with that of the cation 
radical bromide.13) Later, we found two patterns rather 
similar to each other for the latter,20) and demonstrated 
that one of them can be ascribed to the simple cation 
radical bromide, and the other, to the complex cation 
radical bromide of the 2 : 1 type.21) T h e spectrum 
identical to that of the iodine complex is the latter. 
Thus, this iodine complex appears to be a kind of the 
complex cation radical salt; however, six atoms of iodine 
per two molecules of phenothiazine do not fit to the 
composition of any polyiodide. Labes et al. have found 
that the vibrational spectrum of the perylene-bromine 
complex with a mole ratio of 2 : 7 is quite different 
from that of either the parent hydrocarbon or the 
reaction product, 3,9-dibromoperylene, indicating a 
significant decrease in symmetry.22) They have suggested 
the formation of a a-type complex. 

Undoubtedly, the analysis of the crystal and molecular 
structure is a powerful tool in solving the problem. 
However, the task becomes more and more difficult with 
an increase in the heavy halogen content. There are 
only a few works on low-resistivity complexes with 
relatively low iodine contents. Both of the following 
compounds have been reported to contain cation 
radicals: [4,4'-bis(dimethylamino)diphenylamine] I and 

* Present address: Central Research Laboratory, Showa 
Denko K. K., Tamagawa, Tokyo. 

** To whom inquiries may be addressed. 

[Ar,iV'-diphenyl-/>-phenylenediamine]5I12. T h e former 
salt, with a resistivity of the order of 105 ohm cm, is a 
simple iodide.23) T h e halogen atoms in the latter are 
arranged in columns in the form of triiodide ions.24) 
As the number of the diamine molecules exceeds that 
of the triiodide ions, the salt contains both the cations 
and formally neutral molecules. This complex cation 
radical salt is known to exhibit a resistivity of about 
3 ohm cm.10) More recently, the structure of highly 
conducting tetrathiafulvalene (TTF) halides with a 
deviation from the 1: 1 composition has been 
clarified.25-27) T h e halogen atoms are in the form of 
simple halide ions, and the stack of organic molecules 
consists of neutral and fully charged molecules or 
fractionally charged molecules. All the available results 
agree on the points tha t the low-resistivity halogen 
complexes a re actually cation radical salts and that the 
resistivities are particularly low when the compositions 
are complex. 

Unti l now, resistivity-composition isotherms have been 
prepared for the following systems: violanthrene-
iodine,3) phenothiazine-iodine,14) and phenothiazine 
bromide-iodine.20) In these works, the resistivity 
minimum has been assumed to correspond to the 
composition of a distinct compound. This simple 
assumption is, however, good only for the systems in 
which two coexisting phases are stoichiometric and 
mechanically mixed without interaction. If the incor­
poration of a marked stoichiometric imbalance is 
conceivable, the electrical behavior should depend quite 
differently upon the composition. As conduction 
electrons or holes are introduced by incorporating an 
excess of one of the components to a pure, accurately 
stoichiometric compound, the composition must be 
indicated by a maximum or a shoulder in the resistivity-
composition isotherm. O n the other hand, the minimum, 
if any, may be indicative of the limit of the deviation 
from stoichiometry. Furthermore, we may expect a 
change in the sign of the Seebeck coefficient at the 
composition of this stoichiometric compound. No such 
singularity has been noted in the published isotherms; 
however, the Seebeck coefficient in the phenothiaz ine-
iodine complex has been reported to change its sign 
somewhere between two and six iodine atoms per 
thiazine molecule.15) Thus , the careful examination of 
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the electrical properties as functions of the composition 
seemed to be a tool more powerful than has been 
supposed for elucidating the constitution of semiconduct­
ing organic compound-iodine complexes. Accordingly, 
we decided to initiate the present series of works with 
the four thiazine-iodine complexes. 

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

Materials. Samples were prepared by the following 
three methods, and the iodine contents were determined by 
microanalysis. 

a) Thiazine-iodine complexes with a mole ratio of 2: 3 were 
precipitated by mixing the organic component and iodine 
separately dissolved in hot benzene or ether.13'16»17) The 
preparation of samples of other mole ratios was carried out by 
the careful grinding of the weighed complex and the thiazine 
or iodine in the presence of a small amount of the solvent. 

b) An equimolar mixture of the thiazine and its »S-oxide was 
thoroughly ground in an agate mortar. The fine powder 
was spread in a beaker and moistened with concentrated 
hydroiodic acid. The reaction mixture was then dried in a 
vacuum desiccator containing potassium hydroxide pellets.28) 
The "iodide" thus prepared was mixed with the thiazine or 
iodine in order to adjust the composition. 

c) The weighed thiazine and iodine were directly ground in 
an agate mortar in the presence of a small amount of benzene 
or ether. 

Measurements. The electrical resistivities and Seebeck 
coefficients of compactions were recorded as functions of the 
temperature by the procedures described in the paper by 
Kan and Matsunaga.17) 

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

Phenothiazine-iodine In Fig. 1, the electrical 
resistivity values a t 20 °C are plotted against the number 
of iodine atoms per phenothiazine molecule, «. The 
samples made by Method a are indicated by shaded 
circles, while those made by Method b are indicated by 

open circles. T h e " iodide" gave the following analytical 
results: G, 38.61; H , 2.77; I, 46.09%. Calcd for G12H9-
NSIj.gg: C, 38.81; H , 2.43; I, 46 .33%. A shoulder 
appears at « = 2 . 5 in the resistivity-composition isotherm, 
the value at this composition being about 800 ohm cm. 
Then the resistivity reaches a minimum of about 20 ohm 
cm at « = 3 . T h e latter is the composition of the iodine 
complex deposited from the solution. T h e temperature 
dependence of the resistivity, p, follows the typical 
semiconductor behavior: p=p0exp(EjkT). As is shown 

1 2 3 U 

Iodine content n (nI/C12H9NS) 

Fig. 1. Electrical resistivity at 20 °G plotted against the 
iodine content (n iodine atoms/thiazine molecule) in 
the phenothiazine-iodine system. 

1 2 3 4 
Iodine content n(nI/C12H9NS) 

Fig. 2. Activation energy for semiconduction plotted 
against the iodine content in the phenothiazine-iodine 
system. 

in Fig. 2, the activation energy for semiconduction, E, 
is about 0.3 eV up to « = 2 . 5 ; it then suddenly decreases 
to about 0.15 eV. For the above-mentioned reason, one 
may postulate that a distinct compound is formed at a 
composition of « = 2 . 5 . In conjunction with our earlier 
observation that the vibrational spectrum of the complex 
agrees well with that of the complex cation radical 
bromide of the 2 : 1 type,21) the compound may be iden­
tified as (C1 2H9NS)2+I5

_ . T h e two thiazine molecules 
are equivalent in the time scale of infrared spectroscopy. 
A deviation of as much as a half mole of iodine is 
allowed in this formula. This iodine plays a crucial 
role in the significant decrease in the activation energy. 
Thus , the very sharp decrease in the electrical resistivity 
arises undoubtedly from a drastic increase in the 
charge-carrier concentration. Above « = 3 , the resistivity 
increases as the iodine content becomes higher. As the 
vibrational spectrum of phenothiazine mixed with a 
large amount of iodine resembles that of the simple 
cation radical bromide, the increase may be attr ibuted 
to the coexistence of a high-resistivity simple salt rather 
than free iodine. T h e rapid increase in the activation 
energy in this composition range appears to be consistent 
with the observed high resistivity. Although a resistivity 
minimum is located at « = 3 in the isotherm reported 
by Gutmann and Keyzer, their value, 350 ohm cm, is 
considerably higher than ours.14) Moreover, the change 
observed by them in the composition range from « = 1 
to 4 is merely about one order of magnitude. 

In Fig. 3, the variation in the Seebeck coefficient 
with the temperature for some representative samples 
made by Method b is presented. T h e coefficient depends 
remarkably upon the composition. U p to « = 2 . 5 , a 
linear relationship with the reciprocal temperature is 
observed near room temperature. Such a range is wider 
when the composition becomes closer to « = 2 . 5 . This 
behavior implies that the compound expressed by the 
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(C1 2H9NS)2+I5
_ formula exists in these samples. In 

other words, the solubility of phenothiazine into the 
compound is rather small and the samples examined 
in this composition range are not homogeneous. T h e 
shape of the resistivity-composition isotherm does seem 
to be in accord with this view. T h e linear par t appears 
to fit in with the expression for the thermoelectric motive 
force of an intrinsic semiconductor; therefore, we 
attempted to estimate the ratio of the electron mobility, 
Me> to the hole mobility, nh, tentatively assuming the 
applicability of the band model to the present compound. 
I t is given by : 

A = H/ I I - {Eo AS *]fE AS T1 

AWh |^2 A.(io3/r)JL 2 A(io3/r)J> 
provided that S is measured in mV/deg.29) EG is the 
width of the forbidden band and is assumed to be twice 
the observed activation energy for semiconduction. With 
samples of n = 2 . 0 0 , 2.30, and 2.50, the above ratio is 
found within 4 and 6. Then , the conductivity, 
given by: 

b+l\ 

is 

= | - * . ( -
b I 

Nexp(-EJkT), 

where N is taken to be equal to the number of pheno­
thiazine molecules per cm3 of the compaction; tha t is, 
(2.6—2.9) x lO 2 1 . Employing the resistivity and the 
activation energy presented in Figs. 1 and 2, the electron 
mobility is estimated to be 0.6—0.9 cm2/Vs. This value 
is a little smaller than those estimated similarly for the 
JV-methylphenothiazine complex, 2.3 cm2/Vs,17> and for 
the phenoselenazine complex, 2.6 cm2/Vs.16«30) 

Above n = 2 . 5 , the Seebeck coefficient becomes less 
negative (see Curve c), and finally it changes its sign 
(see Curve d) . A maximum value of about 0.2 mV/deg 
is observed near n = 3 . In Fig. 4, the coefficient at 20 °C 
is plotted against the iodine content. This physical 
quantity is apparently more sensitive to the preparat ion 
methods than the electrical resistivity. T h e values 
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Fig. 4. Seebeck coefficient at 20°G plotted against the 
iodine content in the phenothiazine-iodine system. 

observed with samples made by Method a are apprecia­
bly more negative than those made by Method b in the 
composition range from n=2 to 2.5. Regardless of such 
disagreement, though, the formation of the (C1 2H9-
N S ) 2

+ I 5
- compound is strongly supported by the sudden 

change in the sign near this composition. T h e behavior 
above « = 2 . 5 suggests that the electrical conduction is 
extrinsic and that the major charge carriers are holes. 
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Fig. 5. Electrical resistivity at 20°C plotted against the 
iodine content in the benzo[a]phenothiazine-iodine 
system. 

Benzo[a]phenothiazine-Iodine. T h e complex deposit­
ed from a benzene solution has a mole ratio of 2 : 3 and 
exhibits a resistivity of about 20 ohm cm at room 
temperature.13 '16) For the present work, the samples 
were prepared by Methods a and c. T h e resistivity-
composition isotherm at 20 °C is presented in Fig. 5. 
T h e shaded circles denote samples prepared from the 
2 : 3 complex, and the open circles those prepared by 
mixing the components. T h e maximum of about 50 
ohm cm clearly observed near n = 2 . 5 and the minima 
near w=2 and 3 make the formation of a complex 
cation radical salt, (C 1 6H 1 1NS) 2

+I 5
_ , very plausible. The 
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Fig. 6. Seebeck coefficient at 20 °G plotted against the 
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presence of two resistivity minima suggests that the 
solubilities of both iodine and the thiazine into this salt 
are appreciable. In other words, the salt is highly 
nonstoichiometric. I t must be noted that the resistivity 
of this salt is lowered by only a factor of two by the 
deviation. T h e values of the activation energy for 
semiconduction near room temperature are mostly in 
the range from 0.11 to 0.15 eV. Higher values, 0.18— 
0.20 eV, were obtained at « = 0 . 2 7 , 3.63, and 4.29. 
Contrary to the phenothiazine-iodine system, no abrupt 
change could be detected at the composition of the 
resistivity maximum. T h e Seebeck coefficient of this 
system depends only slightly upon the temperature and 
seems to be dominated by some impurities. T h e values 
are rather small and scattered (see Fig. 6). Nevertheless, 
they are consistently positive at low iodine contents and 
negative at high iodine contents. T h e composition at 
which £ = 0 appears to be «—2.2. Although the values 
at higher temperatures are more positive or less negative 
in all the samples, the shift of this composition by the 
temperature is inconsiderable. T h e impurities mention­
ed above may be the components present in excess; 
however, the change in the sign here is in the direction 
opposite to tha t found with unsubstituted phenothiazine. 
We earlier noted the similarity in the vibrational patterns 
of the 2 : 3 iodine complex and the cation radical 
bromide.16) Now this observation suggests the difficulty 
in drawing a distinction on the basis of the vibrational 
spectrum between the simple benzophenothiazine cation 
radical salt and the complex one. Furthermore, the 
electronic spectrum of the " iodide" was found to be 
quite different from those of the other simple cation 
radical salts, but to resemble that of the low-resistivity 
iodine complex.28) In view of the present work, the 
" iodide" prepared earlier is probably a kind of complex 
cation radical salt. Even in the case of the bromide, 
the simple salt was found to convert easily into the 
complex salt at room temperature.21) As iodine is less 
electronegative than bromine, the simple thiazine 
cation radical "monoiodide" may be unstable or may 
not exist at all. 

Benzo\c]phenothiazine-Iodine. A shoulder with a 
resistivity of about 20 ohm cm is observed at « = 2 . 5 and 
a minimum is located near « = 2 in the isotherm present-
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Fig. 7. Electrical resistivity at 20 °G plotted against the 
iodine content in the benzo[c]phenothiazine-iodine 
system. 

ed in Fig. 7. Here, the samples prepared by Method a 
are indicated by shaded circles. The rest were prepared 
starting from the " iodide" which had the following 
composition: C, 46.36; H , 2.74; N, 3.07; I 38.63%. 
Calcd for C1 6H1 1NSI1 .2 7 : C, 46.82; H, 2.68; N , 3.41; 
I, 39.27%. No singularity is seen at « = 3 , which is the 
composition of the complex deposited from a benzene 
solution.13»16) Thus , the effect of excess thiazine is 
much larger than that of excess iodine on the electrical 
resistivity in this system. T h e activation energy for 
semiconduction increases gradually up to « = 2 . 5 and 
sharply above this composition. T h e values at « = 0 . 5 , 
2.5, and 4.0 are 0.09, 0.12, and 0.21 eV respectively. 
T h e thermoelectric behavior is similar to that of the 
isomeric thiazine-iodine system. As is illustrated in 
Fig. 8, the Seebeck coefficient a t room temperature 
decreases nearly linearly with « and changes its sign 
near « = 2 . 3 . Even though the evidence is not so complete 
as in the case of the phenothiazine complex, one may 
conclude that the stoichiometric compound formed in 
this system has a composition of (G1 6H1 1NS)2

+I6
_ . 

N-Methylphenothiazine-Iodine. T h e complex 
deposited from ether has a mole ratio of 2 : 3 and is 
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more conductive by an order of magni tude than the 
unsubstituted phenothiazine complex.13»17) T h e single 
crystal is known to be highly anisotropic. T h e principal 
conductivities a t 23 °G, as measured by Dix, are as 
follows: 95, 0.96, and 0.022 ohm" 1 cm"1.19) In addition 
to this complex, Dix has isolated two more, the 2 : 5 
and 2 : 7 complexes. T h e resistivity-composition iso­
therm reported in Fig. 9 was derived from measurements 
of samples prepared by Method c. Clearly, the isotherm 
possesses a maximum of about 8 ohm cm at « = 2 . 5 , 
minima near n=2 and 3, and a shoulder around n = 4 . 5 . 
By analogy to the phenothiazine-iodine system, one 
may suggest the formation of the complex cation radical 
salt, (G13H11NS)2+I5

_ . T h e 2 : 3 complex corresponds 
to a minimum at n=3. T h e low resistivity is, to some 
extent, due to the incorporation of a half mole of iodine 
into the above-mentioned salt. Because of the instability» 
the temperature-dependence is rather complicated and 
no obvious manifestation of the formation of the salt is 
apparent in the activation energy. T h e Seebeck coef­
ficient of the 2 : 3 complex depends markedly upon the 
temperature, as has been reported by Sano et al. and also 
by K a n and Matsunaga.17»31) I t is surprising to see 
that this feature is hardly modified by the composition 
change over the entire range examined here. T h e 
vibrational spectra of the samples with n > 4 . 5 consist 
of sharp bands and are very different from both that 
of the parent compound and that of the 2 : 3 complex. 
Therefore, the formation of a simple cation radical salt, 
(G13H11NS)+I5-, seems to be likely. This composition 
agrees with the 2 : 5 complex reported by Dix. 

In conclusion, all the 2 : 3 thiazine-iodine complexes 
studied may be expressed by (thiazine) 2

+ I 5
_ + l /2I2 . 

Their low electrical resistivities are more or less at t r ib­
utable to the charge carriers generated by the incorpora­
tion of extra iodine into the complex cation radical 
pentaiodide. Some years ago, Wakayama determined 
the lattice constants of the iV-methylphenothiazine 
complex.32) This complex is orthorhombic with a= 11.4, 
6=21 .4 , and £=21.1 Â. T h e unit cell is so large that 
six formally neutral thiazine molecules, six positively 
charged thiazine radicals, six pentaiodide anions, and 

three iodine molecules are accommodated. T h e exact 
form of the last constituent remains to be clarified, 
however. I t may exist as the molecule, the triiodide ion, 
or a par t of polyiodide ion(s). No mat ter which is the 
exact form, all the species derived from iodine are 
diamagnetic. 
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When alkali metals are brought into contact with silver or gold, catalytic activity for hydrogen activation 
reactions results which is higher than that for each of the constituent metals. The order of the activity per mole of 
alkali metal for the H2-D2 exchange reaction is Ag-Cs^>Ag-K^>Au-Cs^>Ag-Na. The Ag-Cs and Ag-K systems 
absorb considerable amounts of hydrogen. The nature of the active sites and the contact effect of the IB metal 
with the alkali metal are discussed. 

I t has been reported that the addition of alkali metals 
to various materials results in marked changes in their 
catalytic properties.1-3) T h e compounds formed between 
alkali metals and various aromatic compounds or 
graphite are of special interest because they exhibit 
marked catalytic activity for the activation of hydrogen 
molecules, although individually both constituents are 
of low activity in activating hydrogen molecules. 
Ichikawa et al. reported in a preliminary communica­
tion4) that considerable catalytic activity was created 
when alkali metals were brought into contact with 
silver film, while the effect was not so large in the case 
of gold film. Since both silver and gold are regarded 
as inactive with respect to hydrogen activation, the 
study of the effect of the addition of alkali metals on 
the catalytic activity and selectivity may give clues to 
understanding the nature of catalysis for hydrogen 
activation. In this study the activation of molecular 
hydrogen on silver- and gold-alkali metal catalysts, as 
well as on each of the constituent elements, was examin­
ed in detail. 

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

Preparation of Catalysts. Ag-Alkali Metal: Silver pow­
der was obtained by reducing silver oxide (Wako Pure 
Chemical Industries, 99.0%) with hydrogen at ca. 100 °G. 
Sodium (Merck) and potassium (Wako) metals were purified 
by repeated distillation under vacuum. Cesium metal was 
prepared in vacuo by a reaction between cesium chloride and 
calcium metal at 600 °C5> and purified by repeated distillation. 
The alkali metals thus obtained were evaporated onto the 
silver powder in an evacuated glass vessel, and the resulting 
catalysts were subjected to heat treatments at various tem­
peratures between 100 and 200 °C under vacuum. The 
surface areas of the catalysts were 0.1-—0.5 m2/g, which were 
determined by the BET method. The composition of the 
catalysts was determined by titration of the alkali metals. 
The sodium-doped silver catalyst (Ag-Na) weighed 9.39 g, 
which consisted of 9.38 g of Ag and 0.01 g of Na (0.10 wt%, 
5X10-* mol), (Ag-K) 9.8 g (Ag 9.1 g, K 0.7 g (7 wt%, 
2x l0 - 2 mol ) ) and (Ag-Cs) 9.5 g (Ag 8.7 g, Cs 0.8 g (8.3 
w t % 6x l0 - 3 mol ) ) . 

Au-Cs: Gold powder was obtained by reducing chlo-
roauric acid (Wako) with hydroquinone.6) Cesium was 
introduced onto the gold powder sealed in a Pyrex glass 
tube, as shown in Fig. 1, by the "dual furnace" method7) 
under vacuum. The gold powder was charged in A of the 
figure, and the cesium metal in B. A and B were heated 

c \zzzzzzz2wzzzzzza 
Di E D2 

Fig. 1. Schematic diagram of "Dual Furnace" method. 
A : IB metal, B : alkali metal, C : breakable seal, D1? D2 : 
furnaces; each furnace can be operated independently. 
E: insulating ring. 

for 35 days at 146 and 140 °C, respectively. The catalyst 
weighed 1.1 g (Au 0.9 g, Cs 0.2 g (19 wt%, 2 X 10~3 mol)) and 
was dark-blue-violet. 

Alkali Metals: The alkali metals, purified as above, were 
evaporated in vacuo onto the inside wall of a Pyrex glass tube 
which had been baked out beforehand at temperatures 
between 200 and 300 °C. The sodium film (Na) weighed 
1.2 X 10~4 g, the potassium film 1 g, and the cesium film 1.2 g 
and the total geometrical surface areas were 50—90 cm2. 

Reactants. Commercial reactant gases were purified as 
follows. Hydrogen was passed through a DEOXO catalyst 
(Engelhard Industries, Ltd.) at room temperature and then 
through a 5 A molecular-sieve column cooled to 77 K. 
Deuterium was passed through a 5A molecular-sieve column 
and then an activated charcoal column at 77 K. Ethylene 
was frozen at 77 K, evacuated, and then was passed through a 
dry ice-methanol trap. Propylene was purified by repeated 
freeze, evacuation and thaw cycles. 

Apparatus and Procedures. The apparatus employed for 
the reactions was a closed circulating system whose dead vol­
ume was about 300 cm3. The total pressures of the reactant 
gases were ordinarily between 13 and 27 kPa. The pressure 
change during the course of the reaction was followed using a 
mercury manometer. The reacting gas mixtures were 
analyzed by gas chromatography,8) infrared spectroscopy, 
mass spectrometry, and microwave spectroscopy. The 
activity of the catalysts remained unchanged upon repeated 
runs and each run was normally carried out without pretreat-
ment. 

R e s u l t s 

Absorption of Hydrogen and the H2-D2 Exchange Reaction. 
When hydrogen was introduced into various catalyst 
systems, the absorption of hydrogen took place at 
various extents, as given in Table 1. T h e absorption of 
hydrogen by Ag-Cs, for example, is shown in Fig. 2. 
A negligible amount of thermal desorption of the 

file:///zzzzzzz2wzzzzzza
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Catalyst 

H 2 absorption1^ 
/cm8 S T P (f/°C) 
£ a / k j mol - 1 c> 
(*/°C) 

* i e ) / h J g J ( 0 ° C ) 

VVh-1 (0°G) 
log(Js>/h-ig-i) 
l o g ^ / h - 1 ) 

VVh^g-1 

(</°C) 
Site 

Na 

1 0 9 ± 8 
(150—250) 

< 2 x l 0 - 5 

< 5 x l 0 - 4 

< 1 4 ± 1 

< 1 5 ± 1 
— 

Catalytic Activity of Ag and Au Doped with Alkali Metals 

T A B L E 1. 

Alkali metals 

K 

4 9 ± 4 
(35—120) 

2 x l 0 - 4 

8 x l 0 - 3 

5 . 7 ± 0 . 3 
7 . 3 ± 0 . 3 

— 

CATALYTIC 

Cs 

3 4 ± 4 
(25—100) 

3 x l 0 - 2 

4 

5 . 1 ± 0 . 4 
7 . 2 ± 0 . 4 

1 x 10- 1 

(100) 

ACTIVITY OF THE CATALYSTS 

IB metal 
Ag 

4 6 ± 8 
(90—220) 

3 x 1 0 - « 
— 

3 . 7 ± 0 . 5 
— 
— 

Binary system 1 a> 

A g - K Ag-Cs 

3 x l 0 3 3 x 1 0 * 
(46) (23) 

3 2 . 8 ± 0 . 4 2 6 ± 1 
( - 6 5 — 5 0 ) ( r d ) — 5 5 ) 

< 1 0 . 1 
( - 8 0 — Td>) 

1.5 1.7 

8 x l 0 2 3 x l 0 3 

6 . 3 ± 0 . 1 4 . 2 ± 0 . 3 
9 . 0 ± 0 . 1 7 . 4 ± 0 . 3 

l x l O - 2 4 X 1 0 - 1 

(94) (100) 

AJ) and Bk> 
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Binary system 2 a ) 

A g - N a 

«*0 
(120) 

7 6 ± 8 
(50—100) 

l x l O - 4 

2 
1 0 . 5 ± 1 . 0 

1 4 ± 1 
— 

A 

Au-Cs 

«5<0 

(22) 
5 0 ± 4 

(110—140) 
1 5 . 5 ± 0 . 4 

(0—110) 
l x l O - 1 

7 x 1 0 

4 . 8 ± 0 . 2 
7 . 6 ± 0 . 2 

2 x l 0 - 2 

(140) 

a) Binary system 2 forms metallic compounds, whereas binary system 1 does not. b) The amount of saturated 
absorption of hydrogen per mole of alkali metal in the catalyst, c) Apparent activation energy for the H2-D2 exchange 
reaction, d) — 40 °C<^T'<^—23 °C. e) Rate constant for the H2-D2 exchange reaction per gram of the catalyst, 
f ) Rate constant for the H2-D2 exchange reaction per mole of alkali metal in the catalyst, g) Frequency factors for 
the H2-D2 exchange reaction per gram of the catalyst, h) Frequency factors for the H2-D2 exchange reaction per 
mole of alkali metal in the catalyst, i) Rate constants for ethylene hydrogénation, j), k) See text. 

Fig. 2. Absorption of hydrogen on Ag-Cs at 23 °C. O : 

pressure of hydrogen gas, 0 : total decrease in pressure, 
i.e., amount of absorbed hydrogen (The pressure de­
crease of 1 kPa corresponds to the absorption of 0.35 cm3 

STP/g-catalyst.). At the point denoted by * hydrogen 
was added into gas phase. 

absorbed hydrogen took place in vacuo below 170 °C, 
the amounts of saturated absorption remaining unchang­
ed. No appreciable hydrogen absorption was detected 
on the alkali metals in the absence of silver under the 
same conditions. At higher temperatures, however, 
alkali metals reacted with hydrogen, forming hydrides. 

When an equimolar mixture of H 2 and D 2 was 
introduced over A g - K and Ag-Cs systems, the H 2 -D 2 

exchange reaction took place at a rather high rate at 
room temperature, as shown in Fig. 3. When deuterium 
was introduced over the A g - K and Ag-Cs catalysts, 
which contained preabsorbed hydrogen, at a tempera­
ture above 100 °C and at room temperature, respective­
ly, at first H D quickly appeared in the gas phase but 
soon slowed down, as shown in Fig. 4. The rate of H D 
formation after the initial surge was 102 or 103 times 
slower than that in the H 2 -D 2 exchange reaction under 
similar reaction conditions. T h e deuterium preabsorbed 
over Ag-Cs participated in the hydrogénation of 
ethylene and propylene at 100 °C, whereas the 
deuterium in the alkali metal hydrides, in the absence 

Fig. 3. The H2-D2 exchange reaction over Ag-Cs. The 
total pressure of reacting gas was 8 kPa. The equi­
molar mixture of H2 and D2 was introduced over the 
catalyst with preabsorbed hydrogen of 170 cm3 STP 
per 9.5 g catalyst. Reaction temperature; 0 : 0 °C, 
• :23 °C. 

Fig. 4. The exchange reaction between gaseous deuterium 
and the absorbed hydrogen on Ag-Cs at 23 °C. The 
total amount of hydrogen preabsorbed at 23 °C was 150 
cm3 STP per 9.5 g catalyst. Q : D2 H2, A : HD. 

of silver, did not. 
T h e H 2 -D 2 exchange reaction was of first order with 

respect to the total pressure. T h e dependence of the 
reaction rate with pressure for A g - K at 0 °C is shown 
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Aotai/kPa 

Fig. 5. Pressure dependence of the rate of the H2-D2 

exchange reaction over Ag-K at 0 °C, with the initial 
amount of H2 equal to that of D2. Reaction time; 0 : 

2 min, # : 6 min. 

-1 r 

2 ' 3 

r-vkK-1 

Fig. 6. Temperature dependence of the rate constants 
of the H2-D2 exchange reaction over Au-Cs. 

in Fig. 5. T h e rate constant kt was calculated using 
the equation, 

_ 1 [ H D . ] - [ H D J 
kl~ " 7 n [ H D J ' 

where [HD/] and [HD«,] are the concentrations of H D 
at time t and that at equilibrium, respectively. The 
temperature dependence of kx over Au-Cs is shown in 
Fig. 6. The apparent activation energies for the reaction 
over various catalysts are listed in Table 1. T h e activa­
tion energies were not affected by the heat treatments, 
although the rate of the exchange reaction was changed. 
The catalytic activity of each of the Ag-alkali metal 
catalysts was increased by repeated heat treatments and 
approached a saturated value at a given temperature 
between 100 and 200 °C under vacuum. T h e activity 
decreased, however, when the temperature of the heat 
treatment was higher than 200 °C. In the case of A u -
Cs, the catalytic activity remained constant for heat 
treatments up to a temperature of 260 °C in vacuo. In 
the case of A g - K and Ag-Cs catalysts, the rate of the 
H 2 -D 2 exchange reaction was neither affected by the 
preabsorbed hydrogen nor by the presence of ethylene. 
T h e activity of Au-Cs was markedly enhanced (more 
than ten times) when fresh cesium metal was additionally 
evaporated onto the catalyst, but decreased and finally 
reached the original value after repeated heat treat­
ments. T h e first order rate constants for the exchange 

reaction on each catalyst are listed in Table 1. In some 
systems, the measurements were carried out at tem­
peratures above 0 °C, and the values of the rate constant 
kx at 0 °C were then estimated from their temperature 
dependences. T h e results given in Table 1 lead to the 
following conclusions. 

(1) T h e catalytic activity of silver for the H 2-D 2 

exchange reaction is increased by contact with alkali 
metals as follows: 
3 X 10 for Ag-Na/Ag, 5 X 105 for Ag-K/Ag, and 6 X 105 

for Ag-Cs/Ag. 
(2) T h e increase in the activity per mole of the 

alkali metals by contact with IB metals are as follows: 
5 X 103 for Ag-Na/Na , 1 X 105 for A g - K / K , 7 X 102 for 
Ag-Cs/Cs and 2 x 1 0 for Au-Cs/Cs. 

(3) The activity per mole of the alkali metal was in 
the following increasing orders: 
N a < K < C s and A g - N a < A u - C s < A g - K < A g - C s . 

T h e frequency factors for the exchange reaction are 
listed in Table 1. 

Hydrogénation of Ethylene and Propylene. When 
ethylene or propylene was brought into contact with 
Ag-Cs which contained preabsorbed hydrogen (or 
deuterium) at 100 °C, olefin adsorption took place and 
simultaneously ethane or propane (with deuterium) 
appeared in the gas phase. Cs metal adsorbed the 
olefins at 100 °C and the alkanes were formed concur­
rently through self-hydrogenation of the olefins. When 
hydrogen was introduced after ethylene had been 
preadsorbed on Ag-Cs and Cs, 10—20% of the pre-
adsorbed ethylene reacted to form ethane with a small 
amount of 2-butenes. O n the other hand, most of the 
propylene adsorbed on Ag-Cs was desorbed into the 
gas phase upon the introduction of hydrogen with only a 
small amount of propane, followed by slow hydrogéna­
tion. A g - K containing preabsorbed hydrogen adsorbed 
little ethylene at 20—50 °C, as hydrogen is adsorbed 
more strongly than ethylene. 

T h e hydrogénation of ethylene with molecular 
hydrogen to form ethane took place on Ag-Cs, Ag-K, 
Au-Cs , and Cs, and the pressure dependence of this 
process was first order with respect to the amount of 
ethylene and zeroth order with respect to the amount 
of hydrogen, as shown in Fig. 7. T h e reaction rate can 
accordingly be expressed by the equation, 

rate = A/[C2H4], 

where kx' is the rate constant and [ C 2 H J is the partial 
pressure of ethylene. T h e kx' for each catalyst is given 
in Table 1. 

T h e initial rate of ethylene hydrogénation over Ag-Cs 
between hydrogen gas and ethylene was more than fifty 
times as fast as that between ethylene and preabsorbed 
hydrogen in the absence of gaseous hydrogen at 100 °C. 

I t was also demonstrated that hydrogen in the gas 
phase a t higher pressures inhibits the production of 
propane over Ag-Cs and Cs at 100 °C, as is shown in 
Fig. 8. 

T h e hydrogen exchange reaction between propylene 
and deuterium was approximately 100 times faster than 
the hydrogénation of propylene on Au-Cs at 215 °C. 
The isotopic distribution of the deuterated propylenes 
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Fig. 7. The hydrogénation of ethylene in the presence 
of gaseous hydrogen over Ag-Cs with preabsorbed 
hydrogen at 0 °C. Total amount of the preabsorbed 
hydrogen was 170 cm3 STP per 9.5 g catalyst. The 
initial composition of the gaseous mixture; 0 : C2H4 

12.9 kPa, H2 14.0 kPa, A : C2H4 6.6 kPa, H , 13.4 kPa, 
# : C2H4 13*2 kPa, H2 6.6 kPa. 

Fig. 8. The hydrogénation of propylene over Ag-Cs with 
preabsorbed hydrogen at 104 °C. The total amount of 
absorbed hydrogen was 170 cm3 STP per 9.5 g catalyst. 
The initial gas was composed of 15.0 kPa of propylene 
and 13.3 kPa of hydrogen, a) Hydrogen gas was par­
tially removed, b) Hydrogen gas was added. 0 : Total 
pressure of gas phase. O : Propane pressure. Hydrogen 
absorption was saturated and the partial pressure of 
C3 species in the gas phase was not changed in the 
course of reaction, and, consequently, the decrease 
in pressure during the reaction corresponds to the 
production of propane. 

determined by their microwave spectra9) indicated that 
no hydrogen exchange takes place at the 2-carbon 
positions and only the hydrogen at both end carbons 
participates in the exchange. 

D i s c u s s i o n 

It is, thus, demonstrated that alkali metal-doped IB 
metal catalysts have higher catalytic activities for 
hydrogen activation reactions per mole of each con­
stituent than each of the IB metals or alkali metals, as 
given in Table 1. T h e activation energies for the H a -D 2 

exchange reaction were also changed by the doping. 
This behavior is similar to that of other alkali metal-
doped catalysts, such as potassium-condensed aromatic 
hydrocarbons.2) Thus, when they are brought into 
contact, the electron donor (alkali metals) and acceptor 
(IB metals) exhibit new catalytic activity, higher than 
each of the constituents. 

T h e H 2 -D 2 exchange reaction was of first order with 
respect to the total pressure, and the hydrogénation of 
ethylene was of first order with respect to the amount 
of ethylene and of zeroth order with respect to that of 
hydrogen. In addition to the kinetic expression, the 
H 2 -D 2 exchange reaction was not retarded by the 
presence of ethylene, which strongly suggests that 
hydrogen is more strongly adsorbed than olefins. 

I t has been reported that the Ag-Na and the Au-alkali 
metal systems form metallic compounds, whereas no 
such compounds are formed in the A g - K and Ag-Cs 
systems.10) T h e latter group is more active in activating 
molecular hydrogen. T h e activity of these doped 
catalysts also depends upon the electropositivity of the 
alkali metals, which is in the following increasing order, 
Na<^K<^Cs. A higher electropositivity generally 
results in a higher catalytic activity. 

T h e behavior of the IB metal-alkali metal catalysts 
suggests the following scheme for the active sites relevant 
to hydrogen activation. T h e IB metal-alkali metal 
catalysts appear to possess a t least two kinds of active 
sites for hydrogen activation and absorption, site (A) 
and site (B). T h e H 2 -D 2 exchange reaction proceeds 
mainly via adsorbed hydrogen (or deuterium) on site 
(A), while the absorption of hydrogen takes place on 
site (B), most of the hydrogen thus absorbed hardly 
participating in the exchange reaction. 

Site (A) is apparently much more active when no 
metallic compounds are formed between the constituents 
or if the alkali metals are more electropositive. The 
heat treatment under vacuum changes only the number 
of sites, the apparent activation energy remaining 
unchanged. Site (A) may be considered to be located 
at the doped alkali metal which is in contact with the 
IB metal because of the similarity in the reaction 
kinetics over site (A) with those over alkali metals; i.e., 
the similarity of the pressure dependences in the H 2 -D 2 

exchange reaction and in ethylene hydrogénation. The 
contact with IB metals reduces the activation energies 
for the reaction on the alkali metal. 

In the case of Au-Cs , further addition of cesium by 
evaporation produced higher activity, but subsequent 
heat treatments reduced the enhanced activity to its 
original magnitude. Two different activation energies 
for the H 2 -D 2 exchange reaction were observed over the 
reaction-temperature range, as shown in Fig. 6. 

Hydrogen is strongly absorbed on site (B) such that 
the absorbed hydrogen is not desorbed by mild heat 
treatments in vacuo. Site (B) is less active than site (A) 
for the H 2 -D 2 exchange reaction and the hydrogénation 
of ethylene. In the case of hydrogénation of propylene, 
higher hydrogen pressures even retard the rate of 
hydrogénation, as shown in Fig. 8. 

Since the atomic ratio of the total amount of absorbed 
hydrogen to cesium was more than two on Ag-Cs, as 
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given in Table 1, the formation of alkali metal hydride 
cannot account for all of the absorbed hydrogen, while 
silver metal alone absorbs no hydrogen. I t is thus 
revealed that the contact of cesium with silver exhibits 
new activity not only for hydrogen activation reactions, 
such as the H 2 -D 2 exchange and hydrogénation reac­
tions, but also for hydrogen uptake. Although the 
reason why such new activity appears is a matter of 
conjecture, electron donation from the alkali metal 
to the IB metal is most probably associated with this 
phenomenon. 

Conc lus ion 

High catalytic activity for hydrogen activation reac­
tions was produced by the contact of alkali metals with 
IB metals. T h e addition of alkali metals activates the 
silver surface for the chemisorption of hydrogen. T h e 
enhanced activity of alkali metals upon contact with IB 
metals is due to the decrease in the activation energy. 

T h e new catalytic activity is considered to be caused 
by electron donation from the alkali metal to the IB 
metal and not by the formation of metallic compounds. 

T h e authors thank Dr. T . Kondo of the Sagami 
Chemical Research Center for undertaking the mass and 
microwave spectroscopic analyses. 
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The Absorption Spectra of Disubstituted Benzenes. Interpretation 
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The method of configuration analysis has been applied to the interpretation of the ground and the excited 
states of disubstituted benzenes with two electron-donating groups, o-, m-, and /»-benzenediols and o-, m-, and p-
phenylenediamines, with particular attention paid to the dependence of the spectra on the positions of substitution 
and on the molecular symmetry. The wave functions calculated by the Pariser-Parr-Pople method are analyzed 
in terms of locally-excited states and intramolecular charge-transfer states. The characteristic changes in the 
location of the Lb, La, and Bb bands caused by substitution are adequately explained by the analysis. The intensifi­
cation of the Lb band caused by the introduction of the substituents is interpreted as due to the mixing between 
the Lb, Bb, and Ba bands for the o- and m-substituted benzenes and between the Lb and Bb bands for the /»-disub­
stituted benzenes. It was found empirically that the magnitudes of the spectral shift from benzene to the derivatives 
are determined primarily by the extent of charge-transfer contributions. 

Although the effects of substitution on the electronic 
spectra have been extensively investigated for mono-
substituted benzenes,1-7) the electronic spectra of 
disubstituted benzenes have received little attention.8 - 1 4) 
Kiss and Szöke have calculated many disubstituted 
benzenes, including fluoro, chloro, hydroxyl, amino, 
formyl, carboxyl, and nitro groups, and have discussed 
the singlet transition energies as well as the ground-state 
charge densities and bond orders. 

The present paper will report on the results of the 
configuration analysis (GA) of six disubstituted benzenes : 
o-, m-, and ^-benzenediols (o-, m-, and p- (OH) 2) and o-, 
m-, and j&-phenylenediamines (o-, m-, and />-(NH2)2). 
The o- and m-disubstituted benzenes both have the C2 v 

symmetry, but the former have the symmetry axis along 
the b-axis of the benzene ring, while the latter have the 
symmetry axis along the a-axis of the benzene ring. 
The j&-disubstituted benzenes have the D 2 h symmetry 
and have the symmetry axis along the b-axis of the 
benzene ring. 

Calculat ion 

The method of calculation, the procedure, the 
parameters, and the molecular geometry are the same 
as have previously been described except for one added 

o ô L 

• = 0 H or NH 2 1 
Fig. 1. The molecular geometry of the compounds. 

* Present address: Waste Water Treatment Section, 
Matsushita Pollution Control Co., Ltd., 3-1-1 Inazu, 
Toyonaka, Osaka. 

substitution.6»7) The geometry of the compounds studied 
in this paper are shown in Fig. 1. T h e SCF M O ' s are 
numbered in the order of increasing energy. In the CI 
calculation of all the compounds, the following 10 
singly-excited configurations are included: 5-»6, 7, 8; 
4->6, 7, 8; 3 ^ 6 , 7; 2 ^ 6 , 7. 

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

o-Benzenediol and phenylenediamines were purified by 
repeated crystallizations and subsequent sublimation in vacuo 
prior to use. Isooctane (2,2,4-trimethylpentane) was 
fractionally distilled and then passed through a column of 
silica gel. The absorption spectra were recorded on a Hitachi 
EPS-3 recording spectrophotometer. 

R e s u l t s 

T h e calculated energies, the oscillator strengths, and 
the directions of the transition moments, which are the 
angles from the x-axis, for the lower singlet states of the 
six compounds are presented in Table 1, together with 
the available experimental data. The symbols used 
in the present paper for denoting the electronic states 
and absorption bands have the same meaning as the 
corresponding symbols in previous papers,6-7) unless 
otherwise noted. 

The results of the CA of the six compounds are given 
in Tables 3—8. T h e reference M O ' s employed in the 
analysis are the SCF M O ' s of benzene <f>x°,-~, <f>6°, a n ( ^ 
the 2 M O ' s of the substituents, 0X+ and $£-, which 
are the linear combination of the AO's , %x and %2, of the 
substituents : 

0x- =-7=(Zi -Zs) -

T h e reference states taken into account in the analysis 
are as follows: the ground and 4 locally-excited states 
of benzene, ¥1, W°,---, ¥° : 4 intramolecular charge-
transfer reference states, W"èT<+, SF§T«-, S^TH-, and ÎTCTB— 
T h e ?FCT4+ corresponds to a one-electron excitation 
from 0x+ to <j>°, etc. T h e total weight means the sum of 
the weights of all 9 reference states described above. 
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Compound ( ^ o n 

o-Benzenediol (catechol) 

Va 
* i 

V, 

v3 
y« 
vs 

m-Benzenediol (resorcino 
VG 

w, 
V2 

V3 

Vi 

v, 

Tsuneo Fuj 

TABLE 1. 

ii, Satoshi SuzuKij , and Michiyuki FUJISHIMA 

EXCITED STATES OF DISUBSTITUTED BENZENES 

Energy (eV) 

Calcd Obsd 

0 
4.60 
5.43 
6.40 
6.51 
7.77 

0 
4.66 
5.56 
6.37 
6.49 
7.65 

/»-Benzenediol (hydroquinone) 
VQ 

V, 

v2 
v3 
Vi 

v5 
o-Phenylenediamine 

VG 

V, 

v2 
v3 
Vi 
v, 

wz-Phenylenediamine 

VG 

^ i 

vz 
v3 
Vi 
v5 

/»-Phenylenediamine 
VG 

vx v, 
v3 
Vi 
v5 
va 
v7 

0 
4.47 
5.50 
6.69 
6.73 
7.32 

0 
4.30 
4.85 
5.84 
5.96 
7.06 

0 
4.40 
5.07 
5.69 
5.70 
6.91 

0 
4.13 
4.90 
5.98 
6.16 
6.41 
6.62 
7.62 

4.48 
5.78 
6.24 

4.50a> 
5.69a> 

4.26a> 
5.54a> 

4.22 
5.23 
6.02 

4.19 
5.17 
5.79 

3.89 
5.10 

6.23 

Oscillator 

Calcd 

0.048 
0.108 
0.848 
1.183 
0.008 

0.030 
0.052 
0.845 
1.291 
0.027 

0.105 
0.233 
0.838 
1.215 
0.000 

0.069 
0.163 
0.364 
0.885 
0.032 

0.035 
0.091 
0.387 
0.867 
0.228 

0.108 
0.440 
0.000 
0.000 
0.462 
0.983 
0.000 

strength 

Obsd 

0.060 
0.163 

0.052a> 
0.163a> 

0.070a> 
0.106a> 

0.038 
0.107 

0.662 

0.021 
0.083 

0.502 

0.031 
0.180 

0.559 

Band 
assignment 

I 
II 
III 
IV 

I 
II 
III 
IV 

I 
II 
III 
IV 

I 
II 
III 
IV 

I 
II 
III 
IV 

I 
II 

III 
IV 

[Vol. 50, No. 4 

Polarization 
(deg) 

60 
- 3 0 
- 3 0 

60 
- 3 0 

- 6 0 
30 
30 

- 6 0 
- 6 0 

0 
90 
0 

90 

60 
- 3 0 
- 3 0 

60 
- 3 0 

- 6 0 
30 

- 6 0 
- 6 0 
- 6 0 

0 
- 9 0 

0 
- 9 0 

a) Ref. 8. 

T h e band assignments are given in Tables 3—8. When 
a single reference state has a weight higher than 5 0 % , 
the state notation of the state is indicated in the column 
of the band assignments. 

D i s c u s s i o n 

T h e calculated band shifts in the transition energies 
caused by the introduction of hydroxyl and amino 
groups are compared with the observed band shifts 

including phenol and aniline in Table 2. There are 4 
electronic absorption bands in the ultraviolet region. 
Although the same parameters are used irrespective 
of the positions of substitution, the calculated and 
observed band shifts agree very well except for Band II 
of the o-disubstituted benzenes. The effect of o-substitu-
tion may perhaps appear in Band II of o-disubstituted 
benzenes. T h e order of the observed band shifts, AE, 
of the individual absorption band a re : AE(p-)^>AE{m-) 
**AE(o-) for Band I ; AE(p-)>AE(m-)>AE(o-) for 
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TABLE 2. COMPARISON OF THE CALCULATED AND OBSERVED 

BAND SHIFTS CAUSED BY THE INTRODUCTION OF THE 

SUBSTITUENT INTO BENZENE (EV) 

Compound 
Band 

II III IV 

Phenol 

Aniline 

>(OH), 

m-(OH)2 

H O H ) , 

o(NHa)2 

m-(NH2)2 

MNH 2 ) 2 

JCalcd*) 
|Obsdb) 
JCalcd0) 
\Obsdb) 
JCalcd 
lObsd 
JCalcd 
\Obsd 
JCalcd 
\Obsd 
JCalcd 
\Obsd 
JCalcd 
\Obsd 
JCalcd 
\Obsd 

-0.24 
-0.30 
-0.47 
-0.49 
-0.41 
-0.40 
-0.35 
-0.39 
-0.54 
-0.63 
-0.71 
-0.68 
-0.61 
-0.70 
-0.88 
-1.00 

-0.34 
-0.35 
-0.74 
-0.78 
-0.64 
-0.40 
-0.51 
-0.48 
-0.57 
-0.63 
-1.22 
-0.94 

-0.26 
-0.28 
-0.65 
-0.58 
-0.50 

- 0 . 1 7 
- 0 . 0 5 
- 0 . 2 9 
- 0 . 1 0 
- 0 . 3 9 

-0.53 - 0 . 4 1 

-0.21 - 0 . 1 7 

-0.94 -1.06 
-0.96 

- 1 . 0 0 - 1 . 2 1 - 1 . 2 0 
- 1 . 0 0 - 1 . 1 9 
- 1 . 1 7 - 0 . 5 0 - 0 . 2 8 
- 1 . 0 7 - 0 . 7 5 

a) Ref. 6. b) K. Kimura, H. Tsubomura, and S. Naga-
kura, Bull. Chem. Soc. Jpn., 37, 1336 (1964); K. Kimura 
and S. Nagakura, Mol. Phys., 9, 117 (1965); S. Nagakura 
and K. Kimura, Nippon Kagaku Zasshi, 86, 1 (1965). c) 
Ref. 7. 

Band I I ; AE(m-)>&E(o-)>AE(p-) for Band I I I . 
Band Assignment. Tables 3—5 show the results 

of the CA of the benzenediols. The first and the second 
bands of o-, m-, and/»-(OH) 2 can reasonably be assigned 
to the L b and L a respectively. Since a strong mixing 
is found to occur between the B b and B a reference 
states in the ¥9 and ¥4 excited states, one can hardly 
identify the B b and B a bands in the cases of o- and 
m-(OH)2 . O n the other hand, Band I I I and IV, which 
may be found in the higher energy side of Band I I , of 
/>-(OH)2 are assigned to the B b and B a respectively. 
The main charge-transfer reference states to each state 
are as follows: ygT4_ (Band I ) , ¥%Ti+ (Band I I ) , ¥£Tt+ 

(Band I I I ) , and ¥°CTl- (Band IV) in o-(OH)2 ) ¥°CTt+ 

(Band I ) , ¥°CTi- (Band I I ) , ¥°CT<- (Band I I I ) , and 

TABLE 3. CONFIGURATION ANALYSIS FOR O-BENZENEDIOL 

(WEIGHT IN PERCENT) 

Reference state 

Wave 
function80 

¥0° 
¥x° 
¥2° 
¥3° 
¥f 
¥°CTi+ 

¥°CTi. 

¥°CT,+ 

* C T 5 -

State 
notation 

Lb 

La 

Bb 

Ba 

Total weight8) 
Assignment ») 

Absorption band (upper) 
and state functic 

¥G 

82.2 
0.0 

0.0 
0.1 
2.2 
2.7 
0.9 
6.7 

94.8 
[G] 

I 
* i 

0.2 
66.2 

0.3 
1.0 
0.7 

11.1 
3.7 
2.0 

85.1 
[Lb] 

II 
¥2 

56.2 
2.1 
0.7 
1.7 
5.9 

17.8 
0.6 

85.1 
[LJ 

in (lowi 

III 
¥3 

8.7 
42.3 
14.1 
8.6 
2.1 
6.2 
2.9 

84.9 

er) 

IV 
¥t 

3.5 
7.3 

13.8 
41.5 
0.9 
8.5 
2.8 
2.7 

81.0 

TABLE 4. CONFIGURATION ANALYSIS FOR W-BENZENEDIOL 

(WEIGHT IN PERCENT) 

Reference state 
Absorption band (upper) 
and state function (lower) 

Wave 
function* ) 

State I II III IV 
notation ¥Q ¥x ¥2 ¥z ¥\ 

¥0° 
¥1° 
¥2° 
¥z° 
¥*° 
¥cT4+ 

¥°CTi. 

¥°CT5+ 

¥°CT5-

Tota l weight8) 

Assignment8^ 

L b 

L a 

B b 

B„ 

80.0 

0.6 
0.0 
0.0 
2.5 

6.3 0.1 

2 
0 
7 

94 
[G] 

69.1 

0.3 
1.0 
8.2 
0.8 
2.4 
2.7 

84.5 
[Lb] 

60 
0 
0 
2 
2 
0 
6 

80.0 
[LJ 

0 
43 
14 
2 

12.0 
4.0 
6.2 

82.5 

2.1 

13.8 
41.5 

7.1 
4.0 

12.0 
2.4 

82.9 

a) See text for definition. 

TABLE 5. CONFIGURATION ANALYSIS FOR /»-BENZENEDIOL 

(WEIGHT IN PERCENT) 

Reference state 
Absorption band (upper) 
and state function (lower) 

Wave 
function1) 

State 
notation ¥Q ¥, 

II 
¥2 

III 
¥3 

IV 
¥, 

¥0° 
Wo 

¥2° 

¥3° 

¥t° 

¥°CTi+ 

¥°cr,-
¥°CT5+ 

¥°CT5-
Total weight") 
Assignment8) 

81.5 
Lb 

La 

Bb 
B„ 

12.6 

94.0 
[G] 

61.0 

4.7 

17.8 

83.4 

[LJ 

60.3 

4.9 

22.4 
87.6 
[LJ 

16.1 

62.4 

8.5 

86.9 
[BJ 

3.4 

66.2 

5.4 
82.9 
[BJ 

a) See text for definition. 

a) See text for definition. 

¥°CTi+ (Band IV) in m- (OH) 2 , and ¥°CTt+ (Band I) , 
¥°CTi- (Band I I ) , ¥^Tt+ (Band I I I ) , and ¥%Ti- (Band IV) 
i n M O H ) 2 . 

Since the amino group is known to be a strong 
electron donor, charge-transfer configurations are mixed 
effectively with locally-excited states of benzene of a 
lower energy, as is seen in Tables 6—8. Accordingly, 
the amino-substitution has a greater influence on the 
electronic structure of benzene than does the hydroxy-
substitution. 

T h e most important reference states in the excited 
states of phenylenediamines are the charge-transfer 
reference states. Indeed, ?P"CT4+ in the ¥3 of o-(NH2)2 

and in the ¥x of j&-(NH2)2, ¥°CTi- in the ¥3 of m-(NH2)2 , 
¥lv+ in the ¥2 of o-(NH2)2 and in the ¥i of m-(NH2)2 , 
and ?PCT3- in the ¥2 of p-(NH2)2 are the most important 
reference states in the states of phenylenediamines. 

T h e L b reference state does not interact with the L a 

reference state, but interacts with the B b and B a for 
the o- and m-(OH) 2 and the B b for the j&-(OH)2, from 
which the intensity of Band I is derived. 

file:///Obsd
file:///Obsd
file:///Obsd
file:///Obsd
file:///Obsd
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TABLE 6. CONFIGURATION ANALYSIS FOR O-PHENYL-

ENEDIAMINE (WEIGHT IN PERCENT) 

Reference state 

Wave 
function8"5 

w0° 
w1° 
W2° 

wz° 
Wf 
Wht+ 

Wht-
Whs+ 

Whs-
Total weighl 
Assignment80 

State 
notation 

Lb 

La 
Bb 

Ba 

.a> 

Absorption band 
and state functio 

WG 

78.9 
0.0 

0.0 
0.1 
2.7 
3.2 
1.1 
8.0 

94.0 
[G] 

I 
Wr 

0.5 
48.8 

0.4 
1.1 
1.2 

20.2 
6.7 
3.5 

82.3 

II 

w2 

30.4 
2.2 
0.7 
2.6 

11.3 
33.8 

0.9 
81.9 

(upper) 
n (low 

III 
ws 

8.5 
18.5 
6.2 

32.6 
2.1 
6.4 

10.9 
85.1 

er) 

IV 
Wt 

9.8 
11.3 

5.4 
16.2 
3.5 

12.1 
4.1 

10.6 
74.7 

a) See text for definition. 

TABLE 7. CONFIGURATION ANALYSIS FOR TW-PHENYL-

ENEDIAMINE (WEIGHT IN PERCENT) 

Reference state 

Wave State 
function80 notation 

wG° 
Wo 

Wz° 
Wz° 
Wt° 
Whi+ 

Whi-
Whs+ 

Whs-
Total weight8 

Assignment8- > 

Lb 

La 

Bb 

Ba 

) 

Absorption banc 
and state 

WG 

76.3 

0.7 
0.0 
0.0 
3.0 
3.2 
1.1 
9.0 

93.1 
[G] 

I 

wx 

54.0 

0.3 
0.9 

16.0 
1.5 
4.4 
5.4 

82.4 
[Lb] 

(upper) 
function (lower) 

II 

r. 
12.9 

35.3 
0.6 
0.2 
3.8 
6.4 
2.2 

11.6 
73.0 

III 

w3 
0.0 

0.0 
17.9 
6.1 
4.0 

30.5 
9.8 

12.1 
80.6 

IV 

w, 

0.6 

4.0 
11.5 
11.3 
11.2 
34.7 
3.6 

77.0 

Band Shift. T h e contributions of charge-transfer 
configurations to the individual excited states of sub­
stituted benzenes are expected to be the principal 
source of the spectral changes.15) In order to ascertain 
the dependence of the spectral shifts on the contribution 
of charge-transfer states of substituted benzenes, the 
calculated state energies, Ecalcd, for Bands I, I I , I I I , 
and I V are plotted against the total charge-transfer 
weights, Wer, including the corresponding values of 
phenol and aniline. T h e calculated state energies of 
benzene are also plotted on the axis of the ordinate in 
Fig. 2. 

a) See text for definition. 

Fig. 2. The plots of ECILlcA against WCT. 1 : o-Diamino-
benzene, 2: m-diaminobenzene, 3 : /»-diaminobenzene, 
4: o-dihydroxybenzene, 5: m-dihydroxybenzene, 6: p-
dihydroxybenzene, 7: phenol, 8: aniline. The calcu­
lated state energies of benzene are plotted on the axis 
of ordinate. Band I : O ; B a n d I I : #5 B a n d l l l : Ol 
Band IV: # . Band III and IV lie on the same line. 

TABLE 8. CONFIGURATION ANALYSIS FOR /»-PHENYL-

ENEDIAMINE (WEIGHT IN PERCENT) 

Reference state 

Wave State 
function80 notation 

WG° 
Wo 

W2° 
Ws° 
W£ 
Wh*+ 

Whi-
Whs+ 

Whs-
Total weight 
Assignment1 > 

Lb 

La 

Bb 

Ba 

*) 

Absorption banc 
an 

WG 

78.1 

15.1 

93.3 
[G] 

d state functio 

I 
W1 

42.9 

4.3 

33.1 

80.3 

II 

w, 

32.8 

4.9 

46.5 
84.2 

(upper) 
n (low 

III 

w5 

33.2 

33.7 

17.7 

84.6 

er) 

IV 

w6 

28.8 

42.9 

6.5 
78.2 

a) See text for definition. 

I t may be seen from Fig. 2 that approximately linear 
relationships exist between Ecaicà and WCT for indi­
vidual bands of benzene derivatives including phenol 
and aniline. T h e plots of iiCaicd against Wei for Band I 
intersect the ordinate axis at the point corresponding 
to the Lb-state energy of benzene. The plot for Band I I 
may be approximated by a straight line, and the point 
of intersection of the ordinate for Band I I is the point 
representing the La-state energy of benzene. The plots 
for Bands I I I and IV also have an approximately 
linear relation and lie on the same straight line. I t is 
to be noted that the gradients for the individual bands 
have approximately the same values. I t is concluded 
that the plots of -E^icd against Wer are approximately 
linear and that the extrapolations of the plots for each 
band to zero total weight give the corresponding state 
energies of benzene. 

T h e plots for the observed state energies, ii0bscb 
against the total charge-transfer weights, Wer, are 
presented in Fig. 3. Although the observed data are 
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J I i L 

Fig. 3. The plots of £obsd against WCT. The numberings 
are the same as in Fig. 2. The observed state energies 
of benzene are plotted on the axis of ordinate. 

not so many, approximately linear relationships also 
exist between Eohsd

 a n d Wei- As is the case of Scaled 
vs. WCT, the gradients of the individual bands have 
nearly the same values. 

Although the contribution of the charge-transfer 
configurations to individual bands is expected to 
increase with the decrease in molecular size, the total 
weight of the charge-transfer configurations is closely 
correlated with the spectral shifts on going from benzene 

to its derivatives, as in the case of naphthalene deriva­
tives.15) This shows that the total charge-transfer 
contributions determine the spectral shifts on going 
from parent compounds to their derivatives. 
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Relaxation Studies of the Adsorption-Desorption Equilibrium of 
Surfactants on the Gas-liquid Interface. I. 

Theoretical Studies 
Minoru SASAKI, Tatsuya YASUNAGA, and Nobuhide TATSUMOTO 

Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
(Received November 9, 1976) 

A general theory for the propagation characteristics of the capillary wave on the gas-liquid interface, where 
the physicochemical equilibrium exists, is proposed. The theory is developed on the basis of the two-dimensional 
relaxation theory and the surface thermodynamics. The relaxation parameters in the equations are closely related 
to the dynamic behavior of the equilibrium. As an example, the theory was applied to the surfactant solution, taking 
account of the adsorption-desorption and diffusion processes of the surfactant. The derived equations revealed 
that the adsorption-desorption process plays an important role in the surfactant transfer between the surface and 
the bulk phase in a concentrated surfactant solution, while the diffusion process plays such a role in a dilute solution. 

T h e measurements of the propagation characteristics 
of the capillary wave, e.g., the propagation velocity 
and the damping coefficient, a re effective for the study 
of the dynamic properties of materials existing on the 
gas-liquid interface. T h e theoretical studies for the 
insoluble monolayers have been performed by 
Dorrestein,1) Mayer and Eliassen,2) and M a n n and Du,3) 
while those for the soluble monolayer have been per­
formed by van den Tempel and van de Riet,4) Hansen 
and Mann,5) and Lucassen and Hansen.6) T h e former 
has developed their theories taking account of the 
surface rheologies, and the latter with the assumption 
that the rate-determining step of surfactant transfer 
between the surface and the bulk phase is the diffusion 
process. 

Provided that the physicochemical equilibrium on the 
interface, e.g., the conformational change and the 
monomer-dimer reaction, is perturbed by the propaga­
tion of the wave, the relaxation effect concerned with 
the equilibrium may be expected. Though studies of 
such phenomena are valuable for the clarification of the 
dynamic properties of the equilibrium, theoretical 
studies have never been performed, while experi­
mentally Davies and Vose7) have observed the relaxa­
tion effect on the surfactant solution. 

I n the present investigation, a general theory on a 
surface involving the physicochemical equilibrium is 
developed on the basis of the relaxation theory11) and 
the surface thermodynamics.12 ,13) 

General Equat ion 

Let us consider a plane wave moving on a liquid 
surface in the x direction. Here, the motion of an 
incompressible liquid must satisfy the Navier-Stokes 
equations:8) 

du 1 dp 
^-= - ^ ^ - + vAu, 
dt p dx 

with 

dv 1 dp , A 

dt p dy 

dx dy 

:i) 

where u and v are the velocity components in the x and y 
directions respectively; p is the hydrostatic pressure; v, 

the kinematic viscosity, and g, the gravitational accelera­
tion, u and v can be written by means of the stream 
function, 0, and the potential function, ¥: 

d0 d¥ 
dx dy ' 

v = d0 1 dW 

dy dx (2) 

In order to solve Eq. 1, one must impose a boundary 
condition that the liquid motion becomes zero as 

y-+— oo. Under the condition that the liquid motion 
satisfies the requirement of simple periodic movement, 
0 and ¥ a re given by the following equations : 

0 = Ex exp (ky) exp {i(rt-\-kx)}, 

¥ = E2 exp (my) exp {i(rt+kx)}, (3) 
with 

m2 = k2 + —, 
v 

where E1 and E2 are the complex constants associated 
with the amplitudes of 0 and ¥ respectively; k is the 
wave number ; m, the complex constant associated with 
the decay of liquid motion, and r, the complex angular 
frequency. From Eqs. 1—3, the equations for the 
velocities are obtained: 

u = {—ikEx exp (ky) — mE2 exp (my)} exp {i(rt+kx)}, 

v = •[—kE1 exp (ky)+ikE2 exp (my)} exp {i(rt-\-kx)}. (4) 

T h e liquid motion a t the surface is described by the 
elevation of the surface, <f> : 

dt (5) 

where the subscript s indicates the surface. 
T h e boundary conditions for the normal and tangen­

tial stresses4»6) a re given as follows: 

9X 
dx2 

T h e l-~- Jterm is expressed as 

V dx ) ° s dx^ ' 

= o. 

dt 

(6) 

(7) 

with 
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Cr1 -m- (8) 

where Cs is the surface compressibility, and sy the 
surface area per unit area. As Cs reflects the dynamic 
behavior of the physicochemical equilibrium on the 
surface, the dynamic surface compressibility has to be 
introduced. I t is derived by applying the relaxation 
theory to the perturbed equilibrium system. 

The following one-step equilibrium existing on a 
surface is considered: 

VlRl + ... + VlRl —» Vl'Pl + ... + v.'Pp 

where v\ and v{ are the stoichiometric coefficients, and 
Rx and P-v the species. When the wave propagates on 
the surface, the accompanying liquid motion causes the 
periodic variation in the surface area, which acts as 
the external driving force for the disturbance of the 
equilibrium. Consenquently, the extensive variables 
such as the concentration or ordering parameter of 
species, are perturbed periodically, and so behind the 
external driving force. T h e relaxation process of the 
perturbed system is described by the ordering coefficient, 
£, as follows:11) 

with 

£ = | + A£ exp (»VO, 

where A denotes the chemical affinity; L, the constant; 
the bar, the equilibrium state; co'(=2a>), the angular 
frequency associated with the perturbation of the 
surface area (see Appendix I ) , and N{ and N/, the 
numbers of moles of the i?j and P j species respectively. 
A and y are expanded in terms of the changes in s and 
£ in the vicinity of the surface :12»13) 

(10) 

where S is the entropy. Here , the adiabatic approxima­
tion is reasonably applied (see Appendix I I ) . If ds 
is zero, Eq. 10 becomes: 

f = £(f) *=-£-. (11) 
rtts denotes the relaxation time of the local fluctuation 
of equilibrium. T h e similarly obtained rr>s is related 
to rs,s by the ollowing relation 

T..s (Cr^a' 
The combination of Eqs. 9 and 10 gives the relationship 
between dy and ds: 

(12) 

dy = (&L+*M&L -ds. (13) 
1+/Û)'T,,S 

From Eqs. 8 and 13, we obtain the dynamic surface 
compressibility, Cs* : 

(CB )s - (C. ) A t S j - ^ , (14) 

with 

T ç_T ô_ (er1)*., ! 
T„s - r, - { g 1, 

were Ô is the relaxation strength. 
T h e combination of Eqs. 2—7 and 14 gives two 

homogeneous equations for Ex and Et\ 

{Ex(ir*-iJ + 2vkh) - E2(G* + 2ivkmr)} 

X cxp{i(<ot+kx)} = 0, 

{£1(2M2r+z*aa) + E2(ir
!t + 2vk2r-ix*<s2mk-1)} 

X exp {i(<ot + kx)} = 0, (15) 
with 

a2 = gk + 
yk* (16) 

X * = 
k* 

•{(Crl)A.a+injr+ (C*-^T^}> (17) 

X* consisting of two terms, xeia
 a n ^ Xr- T h e former is 

at tr ibuted to the surface viscoelasticity, and the latter, 
to the relaxation : 

Zela — 
kS 

P°* 
{(Cr1)A,s+irisr}, (18) 

v - k* tr-i\ ( <0'h20 • i(û'xô \ 
(9) Z r " 7 ^ ( C s )A's[l+<o>h*+ 1+co'H*)' 

T h e available solution of Eq. 15 is given by the following 
determinant : 

= 0. (19) 
I ir2 — io2 + 2vk2r — cs2 — 2 ivkmr 

| 2ivk2r + x*a2 ir2 + 2vk2r - iy*<!2mk-x 

T h e propagation velocity, c, and the damping 
coefficient, a, are defined by the following equations: 

k ' 

V 

(20) 

(21) 

where the re and im subscripts indicate the real and 
imaginary parts respectively, and where F(=3^/2) is 
the group velocity. In the case of z * ^ 0 , the complex 
angular frequency, r, exhibits the frequency dispersion. 
Then, the dispersion terms, eeia and e r , a re introduced 
as follows. 

r=o(l+eel!l+er). (22) 

eeia and er are concerned with the surface viscoelasticity 
and the relaxation respectively. From Eqs. 18, 19 and 
22, ee l a and e r are obtained as: 

2wfc2 • , 1 1 + "2"Zela 

2v*2W2 ' 
i - ( i + 0 x - ( ^ ) 

(23) 

and 

8 =-&-

Therefore, c and a are given by Eqs. 16 and 20—23: 

c2 = ( f + ^ ) ( l + 2 £ e l a . r e + 2er, re), (24) 

« = y(fiela,im + £r.im). (25) 

These are the general equations for the propagation 
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characteristics of the capillary wave, taking account of 
the relaxation process. 

Propagat ion Character i s t i c s o f W a v e o n 
the Surface o f a Surfactant Solut ion 

The surfactant transfer between the surface and the 
bulk phase is expressed by the following scheme, taking 
account of two processes; the adsorption-desorption 
process between the surface and the subsurface, and the 
diffusion process between the subsurface and the bulk 
phase, as is shown schematically in Fig. 1 : 

o 
C 
o gas 

db 

desorption. 

I 
I 
I 
I diffusion 

- I : 

adsorption 
energy 

_iiz_i L_L__. 
phose J surface j subsurfacej bulk phace 

distance 
Fig. 1. Diagrammatic representation of the surfactants 

in the vicinity of surface. £a and kd are the adsorption 
and desorption rate constants, and ds, dmb) and db the 
thicknesses of the surface, subsurface, and bulk phase 
layers, respectively. 

(desorption) 

± sh 

(adsorption) (diffusion) 

where Sh} Ssuh) and Ss are the surfactants in the bulk 
phase, the subsurface, and the surface, and where ka 

and kd are the adsorption and desorption rate constants, 
respectively. T h e adsorption-desorption process is 
governed by the activation energy of the adsorption 
and desorption processes and is represented by a 
Langmuir- type rate equation.10,14) O n the other hand, 
the diffusion process is expressed by the diffusion theory. 
Thus, the following equations are given for the adsorp­
tion-desorption mechanism : 

d* 
= K(l-6)csub-kdcs ( - « U ^ J ^ O ) , (26) 

Ü< -rfsub)> (27) dgb = D / d 2 g b • d2cb 

dt \ 3 x 2 ^ 9 y 

where cs, csuh, and ch are the molar concentrations of 
Ss, Ssuh, and Sh respectively; 6 is the fraction of sites 
occupied by Ss; dsuhi the thickness of the subsurface 
layer, and D, the diffusion coefficient. c& and 0 in Eq. 26 
are related by 

cs =
 l0*r™*d, (28) 

ds 

where .Tm a x is the maximum value of the surface excess, 
and ds, the thickness of the surface layer. W h e n the 
equilibrium is perturbed, 0, £sub, and cb are expressed 

in these forms: 

0 = 0 + A0exp {i((oft + Kx)}, 

4mb = ŝub + Ac8Ub exp {i(a>'t+Kx)}, (29) 

cb = cb + Acbexp{i((o't + KX)}, 

where A : ( = 2 £ ) is the wave number of perturbed variables 
(see Appendix I ) . Using Eqs. 28 and 29, Eq. 26 is 
rewritten as 

i(o'A6 = - (K^sub+kd)A6 + *a.,(l -0)Ac sub , (30) 

with 

rf*. K.e — k„. 
i o 3 r m a x 

T h e solution of Eq. 27 is 

Acb = Eb exp (ny), 

with 

n = db~\ n* = K* + 

(31) 

D 

where Eh is the constant, and </b, the thickness of the 
bulk phase concerned with the diffusion process. From 
Eq. 31, Acsuh becomes (see Appendix I I I ) : 

A<8Ub = -ndaAcs. (32) 

csuh is expressed by the theory of an electric double 
layer8) with the electric potential, 0 s u b , at_>>=— ^ s u b : 

'sub = 'o exp (33) 

where c0 is the initial concentration; Z, the valency; e, 
the elementary charge; kB) the Boltzmann constant, 
and T, the temperature. Combining Eqs. 30, 32 and 33, 
the relaxation time is derived : 

T _ 1 = 
**.*, exp ( -^rf) + *d+ M r X ( l - 6 ) 

l + ^ l m r f s ( l - 0 ) 
(34) 

with 
n = nre + i(o'nim. 

T h e relaxation strength ô is derived from Eq. 10 as 
(see Appendix IV) 

\dÇ}..a\dsh.8 
Ô = — 

ldy_\ (M\ ' 
(35) 

This equation is then rewritten by means of the Maxwell 
relationship :n> 

(Ay)2 

ô = -

with 

(36) 

where Ay denotes the standard surface tension change. 
Meanwhile, the chemical affinity, A, is expressed by the 
chemical potential as follows: 

A = - / W > + Ms, (37) 

with Asub = Mwb + RT In 

MB = fC + RTlnr, 

where Msub and fis are the chemical potentials of Ssuh 

and Ss respectively; primsol indicates the standard 
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state, and J1, the surface excess. T h e (dAjdÇ)gtS term in 
Eq. 35 is rewritten as follows: 

d£ being 

d£ = dnsnb = - d r , (39) 

where « s u b is the number of moles of Ssuh per unit 
area. Meanwhile, csuh and « s u b are related by the 
following relation : 

The combination of Eq. 36—40 gives 

(40) 

= (Ay)2 

RT(Cs-i)A,s [2 
3 X 102JVV3£0-2/3 e x p (2f^y +r-] 

(41) 

(Cs-1)^,« in Eqs. 18 and 41 is obtained on the assump­
tion that the adsorption-desorption process is in equi­
librium; this is the same as the assumption that the 
molecular transfer between the surface and the bulk 
phase is governed by only the diffusion process.4-6) 
Thus, the following equation is obtained: 

(Cs '1)A-S~ \"T^r)l_inDidc0y
 (42) 

According to this equation, Eq. 41 becomes 

. (Ay) f ^ , 0 2 m / 3 . -2/3 

\ dlnrl 
Ö = 

RT 

*MW+iT- (43) 

On combining Eqs. 34, 43, and 18, ee l a and e r are 
obtained. Therefore, the equations for the propagation 
characteristics of the wave for surfactant solutions are 
finally given as follows : 

= ( f + J ^ ) ( l + 2 £ e I a . r e + 2e r . r e ) } 

a — "T7( f iela,im + £ r , i m ) j 

(24) 

(25) 

with 
e e la = 

2vk2 

(44) 

and 

£r = 
k* 

2pv* 
zô_ 
/2^2 / * 

/ dy \L inD/dcA]-1/ <o'*z*ô im' 
~\ ainr/1 o>' [dr/l U + Û / V I+Û>-T 

(45) 

The relaxation parameters in these equations are given 
by Eqs. 34 and 43. 

D i s c u s s i o n 

This theory is applicable to the two-dimensional 

relaxation phenomena on the surface of a surfactant 
solution and the monolayer. T h e derived equations 
can be simplified easily by evaluating the magnitudes 
of the parameters. 

For the surfactant solutions, the two cases of approxi­
mations are given as follows. 

Relaxation Effect (or %r) is Negligibly Small. This 
is satisfied at c o ' r < l . Equations 24 and 25 are simplified 
to 

>•*= ( T - + J ^ - ) ( l + 2 ß e 

_ CT£ela.îm __ 

.), (46) 

(47) 

ee l a in these equations is given by Eq. 44. These 
equations result in those based on only the diffusion 
process.4,6) 

Relaxation Effect (or %r) is Relatively Large. In a 
dilute solution, c and a are given by Eqs. 24, 25, 34, 43, 
and 45. Since the relaxation time depends on the 
frequency, however, the application of the equations is 
troublesome. In case of the concentrated solution, the 
following equations are obtained (see Appendix V) : 

, - ( f + Ä ) ( 1 + W £ ^ ) . m 

a = ad + 
yk m'xè' 

with 

and 

? l = K,eC0 exp ( -

2Vpc l+û / 2 T 2 ' 

~^r) + d' 

(49) 

S/ _ ( ^ S 'A'S§ — 

3(A y )%exp(-2g^) 

y 2x\02RTyN1/* 

where ô' is the apparent relaxation strength. 
For an insoluble monolayer, the following two kinds 

of approximations are given. 
Relaxation Effect (or xr) is Negligibly Small. Since 

the solubility of molecules is negligibly small, Eq. 44 is 
simplified : 

£filn — 
a 2 pa .ä{(Cs-

1)mo + ^ > 

1 - A»(l + ») 
pa* 

{(C8-l)mo+^1 
1/2 (50) 

where (C s
_ 1 ) m o is obtained from the (surface pressure) -

(molecular surface area) curve. Inserting Eq. 50 into 
Eqs. 46 and 47, Dorrestein's equations1) can be obtained. 

Relaxation Effect (or xr) is Relatively Large. T h e 
relaxation time in xr is derived by solving the rate 
equation related to the equilibrium on monolayer. T h e 
relaxation strength is also derived in the same manner 
as in the treatment for a surfactant solution. Then, sr 

is expressed by the concentration of species and the 
kinetic parameters connected with the equilibrium. 
Consequently, from Eq. 50 and the equation for er, 
Eqs. 24 and 25 are represented in a concrete form. 

In conclusion, the derived equations can be extensively 
applied, particularly to concentrated surfactant solu­
tions, and can be expected to give kinetic parameters 
associated with the adsorption-desorption process of the 
surfactant. T h e experimental results of the propagation 
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characteristics of the wave on the surface of various 
surfactant solutions and the applicability of the equations 
obtained in the present study will be reported in a 
subsequent paper. 

Appendix 

I . T h e relative change in the surface area, ß, is expressed 
by the following equation, in which the wave is represented by 
a=a0sin(a)t-\-kx) : 

ß = (^y[l+co&{2(<ot+kX)}] 

= ( ^ T - V - O + C O S (C0't+Kx)}, 

where a0 is the ampli tude, and co, the frequency of the wave. 
As is seen from this equat ion, the surface tends to expand at the 
nodes. 

I I . T h e thermal diffusion coefficient, DT) in water is 1.4 X 
10 - 3 cm2 s_1 , while tha t in gas is of the order of 10~4 cm2 s - 1 . 
U n d e r the present experimental conditions, the wavelength is 
about 9.8 m m at the lowest frequency (25 Hz) and 0.4 m m at 
the highest frequency (2 kHz).9> Therefore, the 2 7r /£DT> 
k/co condition is always satisfied; *. e., the adiabat ic approxima­
tion can be applied. 

I I I . T h e thickness of the subsurface layer, </8Ub, is much 
thinner t han </ b (=n _ 1 ) . F rom Eq, 29, therefore, Acsixb is ap ­
proximated as 

Ac s u b = Ebexp (-ndsub) ~ Eb. 

Moreover, the law of mass conservation is given as 

dRAc, •J: 
-00 ß 

Ebexp(ny)dj>~ -*-. 

T h e above equations lead to the relation between Ac8Ub and 
Acs: 

Ac s u b = -ndsAc8. 

IV . By eliminating d£ from Eqs. 9 and 10, dy becomes: 

dA. 

Therefore 

/dy_\ =(dy\ _(dy\ (8A\ (BAV1 

ô is obtained from the above equation and Eq. 14: 

(-È-) (¥-) 
A _ \o$ /'.s\ as h,s 

im (M) ' 
\ ds JA,S\ ds Is.s 

V. If c 0 > 1 0 - 3 mol d m - 3 , £ a < 1 0 6 s"1, 0>O.95, and 0 B n b ~ 
0, Eq. 34 is simplified, with G / « * 103 s"1, D^\0~6 cm2 s"1, 
c?«*s10-7 cm and r m a x « * 5 X 10"10 mol cm" 2 : 

T - i = * a ^ 0 e x p ( - ^ 
(_Ze^A 
\ kBT J 

+ kd. 

T h e second term in the bracket in Eq. 43 is neglected compared 
with the first term : 

Ô = 

3(Ar)2
goexp(-Jg^) 

2xl0*RT(Cs-
1)A,sN

1/* 

A; 
a, a0; 

Cs; 

C*lt 

c; 

CS> C8Ub> 

D\ 

db; 

"S5 " s u b 5 

Ei, E2; 

Eh; 

e; 

g; 
k; 
km kd'} 

kß, 

L\ 
m; 
N; 

wsubî 

P> 

r; 
S; 

s; 

T; 

«; 

u, u; 

V; 

*>y> 
Z; 

a; 

ßi 

r; 
y; 
Ay; 
Ô; 

""JsJ 

Nota t ions 

chemical affinity. 
displacement and ampli tude of wave respec­
tively. 
surface compressibility (10 - 5 N /cm) . 
dynamic surface compressibility. 
reciprocal surface compressibility for an insolu­
ble monolayer. 
propagat ion velocity of the capillary wave. 
concentration of the surfactant solution in the 
bulk phase. 
initial concentration. 
concentrations of S8 and >Ssub respectively. 
diffusion coefficient. 
thermal diffusion coefficient. 
thickness of the bulk phase concerned with the 
diffusion process. 
thicknesses of the surface and the subsurface 
layers respectively. 
complex constants associated with the ampli­
tudes of 0 and W respectively. 
ampli tude of perturbed concentration in the 
bulk phase. 
elementary charge. 
gravitational acceleration. 
wave number . 
adsorption ra te constant (s -1) and desorption 
ra te constant (s -1) respectively. 
converted adsorption rate constant (mol - 1 dm 3 • 
s- i) . 
Boltzmann constant. 
proportional constant in the relaxation equation, 
complex constant. 
Avogadro number . 
numbers of moles of Ry and Pi species respec­
tively. 
reciprocal of the thickness of the bulk phase 
concerned with the diffusion process, 
number of moles of 5 s u b per unit surface area, 
hydrostatic pressure, 
species in equilibrium, 
gas constant. 

complex angular frequency, 
surface entropy. 
surfactants on surface, subsurface, and bulk 
phase respectively, 
surface area per unit area, 
temperature , 
t ime. 

horizontal and vertical components of liquid 
velocity respectively. 
(3/2)c, group velocity. 
Cartesian coordinate. 
valency of surfactant. 
damping coefficient ( c m - 1 ) . 
relative change in the surface area. 
surface excess. 
sulface tension (10 - 6 N c m - 1 ) . 
s tandard surface tension change. 
relaxation strength. 
dispersion terms of the angular frequency. 
viscosity ( 10 - 6 N s c m - 2 ) . 
surface viscosity (10 - 6 N s c m - 1 ) . 
fraction of sites occupied by S s . 
2k, wave number . 
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j"s> ^subj chemical potentials of Ss and Ssub respectively. 
v; 7]/,j0 kinematic viscosity. 
Vj, Vj' stoichiometric coefficients of Äj: and Äj respec­

tively. 
£; ordering coefficient. 
p; density. 
a; {glk+ytëfp)1!*, angular frequency of the wave. 
Ts.s> Tr.s j relaxation times. 
0, W; stream and potential functions respectively. 
çJ ; elevation of the surface. 
X*; dimensionless parameter associated with the 

dynamic surface compressibility and the 
surface viscosity. 

^ sub; electric potential a t y ~ — </sub. 
co, co'(=2eo); angular frequencies of the wave and the exter­

nal driving force respectively. 
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Relaxation Studies of the Adsorption-Desorption Equilibrium of 
Surfactants on the Gas-Liquid Interface. II. 

Experimental Studies 
Minoru SASAKI, Tatsuya YASUNAGA, and Nobuhide TATSUMOTO 

Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
(Received November 9, 1976) 

The propagation characteristics of the capillary wave were studied in aqueous solutions of sodium dodecyl 
sulfate, octylamine hydrochloride, and dodecylamine hydrochloride. In most of the solutions, relaxation was 
observed both in the propagation velocity and the damping coefficient; it could be well interpreted by means of the 
theory for the propagation characteristics derived in Part I.1) The obtained relaxation parameters reveal the 
dynamic behavior of the adsorption-desorption of surfactants on the gas-liquid interface. 

T h e dynamic physicochemical properties of the gas-
liquid interface have been studied by many inves­
tigators2-5) by means of the capillary wave method. 
Davies and Vose2) have found relaxation on the surface 
of the surfactant solutions and have at tr ibuted it to the 
adsorption-desorption process of surfactants on the 
surface. However, questions still remain concerning 
the definition of the relaxation frequency and the rate 
equation.6) 

T h e purpose of the present investigation is to explore 
the validity of the theory1) which supports to solve the 
above problems. Since the experimental values of the 
damping coefficient reported by Davies and Vose2) were 
not precise enough to apply the theoretical equations, 
the experimental studies were newly carried out in the 
surfactant solutions. 

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

The apparatus used was a modification of that described 
by Davies and Vose;2) the schematic diagram is shown in 
Fig. 1. The capillary wave was generated by a vibrator 
attached to a drive-unit of the trumpet speaker. The 
vibrator was made of Teflon, which has a weak affinity to all 
solutions. The flash of the stroboscope was synchronized 
with the signal of the oscillator, and the stationary image of 
focus was observed with a microscope. The propagation 
velocity and the damping coefficient were obtained as has 
been described in Brown's paper.7) The frequency range of 

COUNTER 

P 
PULSER 

STROM 
SCOPET 

condenser 
1er» 

Fig. 1. Schematic diagram of the apparatus for meas­
urements of the propagation characteristics of the 
capillary wave. 

the apparatus was from 25 Hz to 4 kHz. 
Sodium dodecyl sulfate (SDS) was prepared from Tokyo 

Kasei reagent-grade dodecyl alcohol (purity; 99.5%) accord­
ing to the procedure of Dreger et a/.8> Octylamine hydro­
chloride (OAC) and dodecylamine hydrochloride (DAC) 
were prepared as follows. Octylamine and dodecylamine 
(Tokyo Kasei reagent-grade; Purities; 97.7 and 99.7% 
respectively) were neutralized by HCl in benzene solutions 
and were then recrystallized three times from benzene solutions 
and finally washed with petroleum ether. The values of the 
CMC were determined to be 8.3, 15.8, and 175 mM* for the 
SDS, DAC, and OAC solutions respectively by the electric 
conductivity method at 25 °C. 

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

T h e propagation velocity, c, and the damping coef­
ficient, a, of water were measured a t various frequencies; 
they are shown in Figs. 2 and 3. T h e theoretical values 

/ H z 

Fig. 2. The plots of c3// vs. f in water. The solid line 
shows the theoretical curve of c3/f calculated by Eq. 1. 

/ , H z 

Fig. 3. The plots of ccff vs. f in water. The solid line 
shows the theoretical curve of a//calculated by Eq. 2. 

* Throughout this paper 1 M = 1 mol dm - 3 . 
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of c and a were calculated by means of the following 
equations for a clean (fully mobile) surface,2) using the 
literature values of p, v, and y:9 ) 

c* _ gP 2ny 
~ In + p f 

f 
8npv 
3y 

(1) 

(2) 

w h e r e / i s the frequency, and A, the wavenumber. T h e 
observed values of c3/f and a.//fell on those curves within 
± 0 . 7 and ± 4 % respectively in the frequency range 
studied. These facts confirm that the present apparatus 
can be applied to the measurements of c and a in the 
frequency range from 25 Hz to 4 kHz. 
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Fig. 4. The plots of a// vs. f in SDS, DAC, and OAC 
solutions. 
The theoretical curves of ad//"are shown; : 8 mM 
SDS, : 15 mM DAC, : 121 mM OAC. 
O : 8 mM SDS, # : 15 mM DAC, © : 121 mM OAC. 

The measurements were carried out on the surfaces 
of the SDS, DAC, and O A C solutions; the frequency 
depences of a / / are shown in Fig. 4. As seen from this 
figure, the experimental values of a / / are greater than 
the theoretical ones of ad//", where a<j refers to the 
damping coefficient based on only the diffusion process 
between the surface and the bulk phase. According to 
the theory presented in the previous paper,1) the 
equations for the frequency dependences of c and a on 
the surface of relatively concentrated surfactant solutions 
are given by 

~ U + P)v+2s°i*'"+pc> l+f lwj ' 
Inyk 

+ 
m'xô' 

(3) 

(4) / ' 3pc3 l+co'H2' 

Equation 4 is, then, rearranged as follows : 

3pcä fa. ad \ ÙJ'XÔ' . . . 
27tyk\f f) 1+aW K) 

T h e frequency dependences of the 1. h. s. of this equation 
are shown in Fig. 5. This figure shows that the excess 
damping can be expressed by a single relaxation 
equation. T h e relaxation phenomena were also observed 
in all the other solutions except the 60 m M O A C 
solution, where the apparent relaxation strength was 

100 200 
/,Hz 

Fig. 5. The plots oî{%p<?j2nyk) • {ajf-ajf) vs. fin SDS, 
DAC, and OAC solutions. The solid lines show the 
theoretical curves calculated by r. h. s. of Eq. 5 with 
the relaxation parameters listed in Table 1. The 
arrows show the relaxation frequency /T=(4TIT)~1. 
Q: 8 mM SDS, # : 15 mM DAC, © : 121 mM OAC. 

negligibly small. Nonlinear least-squares routines 
employing a computer were used to calculate the 
relaxation parameters; the values o f t and ô' obtained 
are listed in Table 1. 

TABLE 1. RELAXATION PARAMETERS IN SDS, DAC, 

AND OAC SOLUTIONS AT 25 °C 

SDS 

DAC 

OAC 

CMC 
(mM) 

8 S / 

1 

15 8 y 

175 > 

C0 

(mM) 

f : 
l ,S 
< 5 

8 
10 
12 
15 

^ 20 
r 60 

80 
100 

I 121 

T- 1 

(108 s-1) 
1.3±0.2 
1.6±0.2 
1.7±0.2 
1.8±0.2 
1.0±0.2 
1.4±0.4 
1.6±0.3 
1.4±0.2 
1.6±0.3 
1.9±0.2 

— 
0.8±0.2 
1.0±0.3 
1.3±0.1 

à' 
(io-2) 

2.2±0.5 
2.7±0.3 
3.0±0.4 
2.2±0.3 
1.0±0.6 
1.2±0.3 
2.2±0.2 
3.4±0.3 
5.0±0.4 
4.3±0.3 

0 
1.5±0.4 
1.4±0.4 
1.8±0.5 

T h e relaxation parameters can also be obtained from 
the frequency dispersion of c, which was expressed by 
the following equation with the assumption that 
yklp>glk: 

f 
_g^_ W yk <o'h*ô> \ 

2n p y^^-™^ pc* l+<o>H2)' (6) 

T h e theoretical curves in Fig. 6 were calculated by 
means of this equation, using the values of the relaxation 
parameters in Table 1. Unfortunately, the apparent 
relaxation strength was so small that the experimental 
results of the propagation velocity were not precise 
enough to give the relaxation parameters, only to refine 
the validity of those obtained from the damping coef­
ficient. 

If the observed relaxation phenomena are based on 
the adsorption-desorption process of the surfactants, the 
concentration dependence of the relaxation time is 
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Fig. 6. The frequency dispersion of {?\f—g&ßn) in SDS, 
DAC, and OAG solutions. The solid lines show the 
theoretical curves calculated by Eq. 6 with the relaxa­
tion parameters listed in Table 1. The arrows show the 
relaxation frequency obtained from the experimental 
results of the damping coefficient. 

expressed by1) 

djc,em exp 
T _ 1 = 

103J\ + *d, (7) 

where cm is the monomer concentration of the surfactants. 
In the concentrated surface concentration of ionic 
surfactants, most of the adsorbed surfactants are neu­
tralized by the counter ions and the Stern layer is 
formed at the surface. Then, ç>sub may be much smaller 
than kBTje. Under this condition, Eq. 7 is simplified to 

T _ 1 = 
10 3 / \ ~cm + d̂ = ^a.^m + d̂ (8) 

T h e plots of T_ 1 vs. cm are on the straight lines, as is 
shown in Fig. 7. T h e linearity of these plots suggests 
tha t the relaxation phenomena are based on the adsorp-
tion-desorption process of the surfactants. T h e values 
of ka,e and kd were calculated from the straight lines 
in Fig. 7; they are listed in Tab le 2. T h e values of ka 

were calculated from k&te with the literature values of 
ds

10> and r m a x ; u ) they are also listed in Table 2. 

U O , # ) , mM 

5 0 100 150 

«»(©), mM 

Fig. 7. The plots of T"1 VS. cm in SDS (O), DAC ( # ) , 
and OAG (Q) solutions. 

TABLE 2. KINETIC PARAMETERS IN SDS, DAG, AND 

OAG SOLUTIONS AT 25 °G 

k 
( W M ^ s - 1 ) 

K h AG 
(10* s-1) (102 s-1) (-RT) 

Ay 
(1010dyn. 
cmmol-1)C) 

SDS 1.1±0.5 
DAC 0 . 6 ± 0 . 3 
OAC 0 .1±0 .03 

4 ± 2 9 ± 1 
3 ± 1 8 ± 2 

0 .6±0 .2 — 

6.1a> 
5.9a> 

6.8 
6.3 

10b> 6 
8b> 7 
3b> 7 

a) The values were calculated by means of Szyszkowski's 
equation. b) The values were calculated by means of 
AyMy w a t e r -y C M 0 ) / r m a x . c) 1 dyn=10-*N. 

0.5h 
I » 

50 100 

CMC, mM 

Fig. 8. The plots of k&t9 (closed circles) and kd (open 
circles) vs. CMC. 

Among the values in Table 2, k&ie is fairly dependent 
on the C M C , but kd is appreciably independent of the 
C M C , as is seen from Fig. 8. As a result, the following 
relation was obtained : 

log K,e = (3. 4±0 .3 ) - (0. 8±0.3) log CMC. (9) 

O n the other hand, the values of kd were evaluated as 
follows. Since the state of surfactants on an adsorbed 
layer is similar to that in a micelle in a surfactant 
solution, the desorption rate constant can be reasonably 
compared with the dissociation rate constant of the 
monomer from the micelle. In an SDS solution, the 
value of the former falls in the same order of magnitude 
as that of the latter, 7 . 5 x l 0 2 s _ 1 , obtained by means 
of the pressure-jump method.12) These facts support 
the idea that the adsorption-desorption mechanism 
proposed is reasonable. 

T h e adsorption-desorption energies, AG, were calcu­
lated by means of ka and kd; AG=—RTln(kJkd). 
They are listed in Table 2. T h e obtained values, 
however, cannot be referred to the literature ones by 
the static methods,6) since the surface excess near the 
C M C increases appreciably with cm. Then, the effective 
adsorption-desorption energy near the C M C was 
computed by means of Szyszkowski's equation; it is 
listed in Table 2. T h e values of AG obtained are in 
good agreement with the calculated ones. This also 
suggests that the proposed mechanism is reasonable. 

T h e concentration dependences of the apparent 
relaxation strength obtained must also be interpreted by 
means of the following equation i1) 

3xl02RTy ' (10) 
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8 j 1 1 1 1 i 

el J 

0 2 4 6 8 10 
cjl*jy, 10-3 

Fig. 9. The plots of Ô' vs. cm"/»/y in SDS (O), DAG ( # ) . 
and OAG (Q) solutions. 

The plots of ô' vs. cm
2/3/y are on the straight lines, as is 

shown in Fig. 9. T h e values of Ay calculated from the 
slopes of these straight lines are in good agreement with 
those of 5y/<5r«»(7water—yCMc)/rmax listed in Table 2, 
where yw a t e r and 7CMC are the surface tensions in water 
and the surfactant solution at the C M C respectively. 

A preliminary kinetic investigation of the adsorption-
desorption on the surfaces of other surfactant solutions 
by means of the capillary-wave method has shown that 
similar relaxation phenomena exist in these systems. 

Further studies of these systems will lead to a quanti ta­
tive clarification of the adsorption-desorption phe­
nomena. 
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The energy levels of the Nd3+ ion in Nd(C2H sS04)3-9H20 and of the E r ^ ion in Er(C2H5S04)3 .9H20 are 
calculated within the 4fN configuration by the tensor operator method. The Hamiltonian containing a configura­
tion interaction is diagonalized for the free ion levels and complete /-mixing is performed for the crystal field levels. 
The experimental "free-ion" energy levels of Nd3+ and Er3"1" are fitted with a mean deviation of 70.8 cm - 1 for 19 
terms and 78.2 cm"1 for 22 terms, respectively. The crystal field parameters obtained for Nd(C2H5S04)3-9H20 
and Er(C2H5S04)3-9H20 yield a mean deviation of 3.6 cm - 1 for 43 levels and 3.6 cm - 1 for 50 levels, respectively. 
The calculated Zeeman splitting factors (g values) in the direction along the crystal principal axis are in fair agree­
ment with the experimental values. 

I t is well known that the crystal field theory provides 
a powerful tool for the energy level calculation of 
crystals containing rare earths, because the spin-orbit 
interaction of rare earths is not negligible as compared 
with the Coulomb or other interactions and f electrons 
in a crystal are generally well localized in an electro­
static field of the proper symmetry. O n the reduction 
of the matr ix elements of the Hamiltonian for rare 
earth crystals, the tensor operator method has been 
widely used instead of the early operator equivalent 
method, since the mathematical quantities necessary to 
apply the former method are now readily accessible 
in the form tabulated by Nielson and Koster.1) Further­
more, the configuration interaction (CI) has a sizable 
effect on the energy levels of rare earths, and Rajnak2) 
showed in the energy level calculation of trivalent 
neodymium and erbium ions that a least-squares fit 
by use of 4 or 5 parameters for CI reproduces the 
experimental "free-ion" levels with a deviation of about 
50 cm - 1 , which is less than half the deviation without 
CI . 

Recently Crosswhite and Crosswhite3) have carried 
out a crystal field calculation of Nd 3 + doped in LaCl 3 

by using as fully developed a Hamiltonian as appears 
feasible a t the present t ime and by simultaneously 
diagonalizing the ion and crystal field parts of the 
Hamiltonian matrix. In their calculation, the experi­
mental 101 crystal field levels have been fitted with a 
mean error of 8.1 c m - 1 by using 24 adjustable param­
eters. Successively Carnall et A/.4> have made an 
energy level calculation of Pm 3 + in the LaCl 3 host with 
similar accuracy to that by Crosswhite and Crosswhite.3) 
In order to make such an extensive calculation, unam­
biguous experimental data must be available and the 
rare earths doped in LaCl 3 a re probably the most 
adequate crystals among all the known salts. For 
these crystals, the absorption bands are sharp, there is 
very little evidence of superimposed crystal vibrations 
and furthermore strong fluorescences are observed in 
contrast with hydrated crystals. 

For rare earth crystals which have been widely 
investigated, CI is expected to play a very important 
role in their electronic properties. However, previous 
energy level calculations for rare earth ethylsulfate 
crystals employ only partial / -mix ing and no CI . In 
this paper crystal field level calculations of the neody­

mium and erbium ethylsulfate nonahydrates (Nd(ES) 
and Er (ES)) are carried out by simultaneously diago­
nalizing both the ion and crystal field parts of the 
Hamiltonian matr ix with CI for the ion levels and 
complete / -mix ing for the crystal field levels. Further­
more, the spectroscopic splitting factors (g factors) are 
evaluated from the wavefunctions obtained, and 
compared with the experimental values. 

Calculat ional Procedure 

Theoretical. T h e theoretical t reatment for 4fN 

configurations by use of the tensor operator method first 
introduced by Racah5) and extended by Judd6> is given 
in detail elsewhere.7»8) Here the general procedure of 
calculations will be briefly outlined. 

T h e 4fN electronic states can be described satisfac­
torily in terms of intermediate coupling. Thus we may 
expand the wavefunction of a rare earth ion in crystals 
according to the Russell-Saunders coupling scheme to 
give 

ir> = W<|fN,<7, s, L , j , My, (i) 

where q is an additional quan tum number introduced to 
distinguish the electronic states. T h e Hamiltonian for 
an ion placed in a crystal field may be written as 

H=HC0lil + HB0 + Hcty + H>, (2) 

where Hcouh Hso, and Hcry denote the Coulomb 
interaction between a pair of 4f electrons, the spin-orbit 
interaction and the potential due to the crystal field, 
respectively. T h e energy shift that gives the same 
contribution to all the levels belonging to a given 
configuration is neglected in the following treatment, 
because it does not affect the electronic structure of the 
configuration. T h e last term H' in Eq. 2 stands for an 
additional CI and may be taken as 

iW\H'\W'y = o(¥,vr')[xL(L+l) + ßG(G2)+yG(R7)], (3) 

where a, ß, and y a re linear combinations of radial 
integrals discussed by other authors9»10) and are treated 
as parameters. Fur ther minor CI parameters are not 
included in Eq. 3. 

T h e matr ix elements of the Hamiltonian in Eq. 2 can 
be reduced by the tensor operator method. Then the 
matrix element of the electrostatic interactions within 
the 4fN configuration can be written as a linear combina-
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tion of the Slater radial integrals Fni 

<î«qSLJM\^e*/r{J\î"q'SLJM> = J}pnFn(4ï, 4f), 

(n = 2, 4, and 6), (4) 

where the coefficient pn represents the angular par t of 
the interaction. Similarly the matr ix element of the 
spin-orbit interactions can be reduced to 

(îVqSLJM&^sM^q'S'L'J'M'y 

= ô(J,Jf)ô(M, M')2V2ÏC4f(-l)'
+i+5' 

x\L ^ lUt*9SLirw\e*9>s'L'>> (5) 

where C4f is the spin-orbit radial integral with respect 
to a 4f electron and F ( 1 1 ) is the double tensor defined by 
Racah.5) The matrix elements of electrostatic interac­
tions and those of spin-orbit interactions of the 4f3 

configuration are already tabulated by Nielson and 
Koster,1) and J u d d and Loudon,11) respectively. W e 
need only to evaluate the matrix elements of the crystal 
field potential. This may also be expanded by the 
irreducible tensor operator Cq

( k ) as 

tfcr^ÇSWV*5)* (6) 

in which the summation over i is for all the electrons 
and the coefficient Bq

k is the crystal field parameter . 
Then the matrix element of Hcry will be reduced to 

<f*qSLJM\Het7\ î"q'S'L'J'M'y 

= à(S, Sf) J] 7Bq
k( - 1 ) w+*+*'+*-*-i 

x[(2y+i)(2y'+i)]vs( 

x ( J " J')\J 

\-M Q M'l W 

3 ) 
0/ 

J k 7 ' u J J' k 
-M q M'I\L' L S 

X<$*qSL\U<to\î"q'SL,yt (7) 

in which the doubly reduced matrix elements of the unit 
tensor operator Ulk} are given in the table of Nielson 
and Koster.1) 

Once the eigenvectors are determined by diagonaliz-
ing the Hamiltonian, we can obtain the z component 
of the g value as 

£z = <P\fi*\T> = ^Mgi{qSLJ), (8) 

where Mz is the component of the magnetic dipole 
operator along the principal axis of a crystal and 
gi(qSLJ) denotes the Lande g factor for an ion level. 

Application. The Nd3+ and Er3+ ions in ethyl-
sulfates have 4f3 and 4fu configurations, respectively. 
Since these two configurations are complementary to 
one another, the Er3+ ion has the same number and 
kind of states as the Nd3+ ion, for which there are 41 
different \JM^> states. According to the crystal struc­
ture of rare earth ethylsulfates determined by X-ray 
diffraction,12) the space group is P63 /m (C6h

2) and the 
local symmetry about a rare earth ion is D 3 h as far as 
only the nearest-neighbor oxygen atoms of 9 crystalline 
waters are concerned.13) T h e crystal field of the D 3 h 

symmetry is expanded as 

HCT7 = BfC9n + BW* + i?0
6Co(6) 

+ £6«(<V«> + C.5«>). (9) 

Following Hellwege,14) each ion level under this sym­
metry may be classified in three irreducible representa­
tions specified by the crystal quan tum number rj. As 
a result, the secular determinant for crystal levels can be 
reduced to two 6 0 x 6 0 matrices for 7 =±=±1/2 and ± 5 / 2 
and one 6 2 x 6 2 matrix for 9 = ± 3 / 2 by the usual 
group-theoretical procedure. Each crystal level has, of 
course, a twofold degenerate Kramers ' pair. 

After the subprograms for the 3-j and 6-j symbols 
were checked to agree with the tables already 
published,15) the eigenvalue problem was solved by 
machine. Wi th the parameters determined by 
Eisenstein16) for the energy calculation of Nd 3 + in LaCl 3 

as a test run, our results reproduced those of Eisenstein 
with an accuracy of five significant figures. T h e actual 
determination of the parameters was made in the 
following manner . First, the Hamiltonian without HCTy 

in Eq. 2 was diagonalized to determine the intermediate 
coupling parameters (F2) F 4 , FRi and C4f) and the CI 
parameters (a, ß, and y) by fitting the calculated values 
to the centers of gravity of the experimental levels by 
an iterative procedure. Secondly, the diagonalization 
of the entire Hamiltonian with all the J -mixing was 
performed iteratively by adjusting the crystal field 
parameters (B0

2, Z?0
4, i?0

6, and i?6
6). Finally, a minor 

adjustment of all the parameters was m a d e by a least-
squares method. All the calculations were performed 
by the use of a F A C O M 230-75 computer at Kyoto 
University. 

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

T h e parameters used in the final calculation and the 
standard deviations are given in Tables 1 and 2 for 
Nd(ES) and Er (ES), respectively together with those 
obtained by others. Here, the root mean square (rms) 
deviation is defined as 

o = Dp/VW 1 , (10) 

in which zl, is the difference between the observed and 

TABLE 1. PARAMETERS USED IN THE FINAL CALCULATION 
AND ROOT MEAN SQUARE DEVIATION IN 

Nd(C2H5S04)3.9H2Oa> 

Parameter 

~F2 

F, 
F6 

c« 
a 

ß 
y 
Bo2 

Bo' 
B0* 
B6

6 

rms deviation 
For center of gravity 

For crystal level 

Present Gruber & Satten 

329.3 
49.90 

5.338 
873.5 

1.40±0.20 
- 2 0 0 . 0 ± 3 0 . 0 

0.0 
142.8 

- 5 8 7 . 4 
- 7 5 7 . 1 

601.5 

70.8(19) 
2.9(28) 
3.6(43) 

331.33 
47.956 

5.313 
880.11 

— 
— 

116.8 
-545.6 
-683.2 
626.4 

104.7 (19) b> 

7.7(37)b> 

a) Units in cm-1. The number of energy levels fitted 
are given in parentheses, b) See Ref. 21. 
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T A B L E 2. PARAMETERS USED IN THE FINAL CALCULATION 

AND ROOT MEAN SQUARE DEVIATION IN 

Er(C2H5S04)3-9H2Oa> 

Parameter 

F2 

F* 
F< 

c« 
X 

ß 
y 
Bo2 

Bo" 
Bo6 

Be6 

rms deviation 
For center of 

gravity 
For crystal 

level 

Present 

445.5 
69.30 

7.715 
2355.0 

17.50 
- 6 9 0 . 3 

0.0 
228.7 

- 6 3 1 . 2 
- 5 1 5 . 3 

412.0 

78.2(22) 

3.6(50) 

Erath 

433.64 
67.522 

7.090 
2471.0 

— 
— 

T, • , Wheeler Rajnak & H m 

446.16 
69.131 

7.7010 
2353.4 

17.49 
- 6 9 0 . 3 

— 7(22:1) = -4560. 
251.60 

-649 .52 
-496 .92 

407.60 

285.1(10) 

3.4(46) 

237.6 
- 5 9 1 . 2 
- 4 8 6 . 4 

395.7 

50.0(22) 

a) See the footnote (a) in Table 1. 

calculated values of the zth level and N is the number of 
levels. T h e calculated numerical results are presented 
in Tables 3 and 4 for Nd(ES) and Er (ES), respectively. 

Nd(ES). Among the experimental energy levels 
of Nd(ES) reported by several authors,1 7 - 1 9) we use the 
19 electronic terms proposed by Gruber and Satten.19) 
For the definitely assigned 9 electronic terms, the 
centers of gravity by Gruber and Satten differ within 
6 c m - 1 from those proposed by others. T h e discrepancy 
is smaller than the final rms deviation and should 

not have any significant effect on the final results. Since 
the calculated terms are not so sensitive to the variation 
of CI parameters, both a and ß contain a considerable 
amount of error; especially y is not determined because 
the electronic term ( 100) (10) 2F affected strongly by y 
has not been observed in Nd(ES) . As can be seen in 
Table 1, while there exist only small differences between 
the intermediate coupling parameters by ours and those 
by Gruber and Satten, the rms deviation is considera­
bly improved by the inclusion of the CI parameters a 
and ß. A further improvement should be expected by 
introducing other higher-order interactions for CI and 
the increasing the number of levels available. For 
several crystal levels, both the assignments and splittings 
by Gruber and Satten19) differ slightly from those by 
Dieke.20) In the present calculation the 28 reliable 
crystal field levels for 9 electronic terms by Dieke20) 
could be fitted with an rms deviation of 2.9 cm - 1 , and 
the 43 levels containing ambiguous ones fitted with 
3.6 c m - 1 . T h e calculation by Gruber and Satten yielded 
an rms deviation of 7.7 c m - 1 for 37 levels by first-order 
perturbation t reatment with only partial / -mix ing for 
the ground multiplet.21) T h e crystal field parameters 
thus obtained are somewhat different from those of 
Gruber and Satten; especially for theZ?0

2 parameter the 
difference exceeds 20 percent. This is due to their 
use of only the ground state multiplet levels for fitting. 

From the eigenfunctions obtained, it became clear 
that through spin-orbit interactions 2P3/2 , 2G7/2, and 
2G9/2 couple strongly with 2D3/2 , 4G7/2, and 4G9/2, respec­
tively, whereas the strong coupling through / -mixing, 
in particular, occurs between the terms with à. J— 1 and 
6. Comparison of the calculated g values with the 

T A B L E 3. EXPERIMENTAL AND CALCULATED VALUES OF THE ENERGY 

LEVELS AND g VALUES FOR Nd(C 2 H 6 S0 4 ) 3 -9H 2 O a > 

Term 
Center of gravity Crystal level relative to center 

Exptl Calcd Diff iv 
5 
3 
1 
5 
3 

3 
1 
5 
3 
5 
1 

1 
3 
5 
1 
3 
1 
5 

1 
1 
3 

Exptl 

- 1 7 8 . 7 
- 2 9 . 2 
- 2 4 . 7 

100.3 
132.3 

Calcd 

- 1 7 9 . 5 
- 2 5 . 1 
- 2 4 . 4 

97.3 
131.7 

- 6 1 . 6 
- 1 3 . 1 
- 1 1 . 5 

26.5 
26.5 
33.2 

- 8 8 . 0 
- 5 1 . 5 
- 1 2 . 5 

- 6 . 6 
36.9 
44.2 
77.5 

- 2 2 2 . 7 
- 1 3 9 . 2 

- 9 9 . 5 

Diff 

0.8 
- 4 . 1 
- 0 . 3 

3.0 
0.6 

Exptlb> 

1.75 

Calcd 

1.96 
1.44 
0.35 
1.21 
0.79 

3.75 
1.74 
2.26 
0.86 
1.30 
3.10 

4.97 
3.29 
0.82 
0.89 
0.03 
5.75 
0.28 

3.41 
0.15 
0.91 

0 

4Ill/2 1860.8 

I13/2 3834.8 

4Il5/2 5894.5 
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Term 

4F8/2 

4 F 5 / 2 

*H9 / 2 

4 F 7 / 2 

2 S3/2 

4 F 9 / 2 

4 H n / 2 

4 G 5 /2 

2 G 7 / 2 

2 K 13/2 

4G7 /2 

*G9/2 

Center of gravity 

Exptl Calcd 

11368.0 11443.9 

12404.0 12472.8 

12525.0 12617.9 

13367.0 13457.2 

13454.0 13387.1 

14640.0 14719.1 

15842.0 15867.4 

17118.0 17046.7 

17239.0 17222.0 

18892.5 

18996.0 18965.9 

19408.0 19391.9 

TABLE 3. 

~Diff 

- 7 5 . 9 

- 6 8 . 8 

- 9 2 . 9 

- 9 0 . 2 

66.9 

- 7 9 . 1 

- 2 5 . 4 

71.3 

17.0 

30.1 

16.1 

2y~ 
5 
1 
3 
3 
5 

1 
3 

1 
5 
3 

5 
3 
3 
1 
5 

5 
1 
3 
5 

1 
3 

5 
5 
3 
1 
3 

3 
1 
5 
3 
1 
5 

1 
5 
3 

3 
5 
1 
5 

5 
3 
1 
5 
1 
3 
1 

3 
1 
5 
5 

3 
1 
5 
3 
5 

(Continued) 

Crystal level relative to center 

Exptl 

- 9 . 6 
9.6 

- 2 3 . 2 
3.0 

20.2 

(26.2) 
(33.8) 

- 5 1 . 9 
- 4 1 . 7 

38.4 
55.2 

- 1 . 7 
1.7 

( -31 .2 ) 
- 2 5 . 5 
- 0 . 3 

16.5 
40.5 

(13.0) 
(34.3) 

( -58 .6 ) 

(77.1) 

( -17 .8 ) 
(19.4) 
(37.6) 

( -82 .2 ) 
( -22 .4 ) 

(13.9) 

( -17 .6 ) 

(11.9) 

Calcd 

- 4 5 . 0 
29.2 

107.7 
150.8 
218.7 

- 9 . 0 
9.0 

- 1 8 . 1 
- 0 . 5 

18.6 

- 8 2 . 6 
- 7 2 . 7 

27.9 
31.3 
96.1 

- 5 0 . 4 
- 4 3 . 8 

42.1 
52.3 

- 1 . 4 
1.4 

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

13.4 
41.1 

- 2 5 . 1 
- 1 8 . 1 
- 1 5 . 1 

10.5 
14.5 
33.3 

- 4 7 . 8 
- 2 0 . 1 

67.9 

- 3 5 . 6 
- 2 2 . 4 

21.5 
36.5 

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

2.0 
101.9 
105.1 

- 8 8 . 6 
- 2 6 . 5 

19.7 
95.4 

- 1 6 . 6 
- 4 . 6 
- 2 . 3 

10.3 
13.2 

Diff 

- 0 . 6 
0.6 

- 5 . 1 
2.5 
1.6 

( - 1 . 7 ) 
(2.5) 

- 1 . 5 
2.1 

- 3 . 7 
2.9 

- 0 . 3 
0.3 

(1.8) 
- 0 . 6 
- 0 . 1 

3.1 
- 0 . 6 

( - 1 . 5 ) 
(1.0) 

( -10 .8 ) 

(9.2) 

(4.6) 
( - 2 . 1 ) 

(1.1) 

(6.4) 
(4.1) 
(5.8) 

(1.0) 

(1.6) 

1*1 
ExptP) Calcd 

OÏÏ8 
1.46 
6.76 
0.44 
1.01 

0.26 0.22 
0.64 

0.52 
2.55 
1.50 

1.58 
0.36 
2.60 
0.50 
2.57 

0.55 
0.61 
1.81 
1.75 

0.98 
2.53c> 2.94 

2.52 
1.30 
1.83 
0.62 
5.52 

3.42 
0.48 
1.30 
0.15 
5.95 
0.22 

0.72c> 0.30 
1.01 
0.88 

1.36 
0.45 
0.44 
0.10 

3.13 
3.44 
4.99 
2.07 
6.02 
1.38 
0.48 

0.65 
0.38 
2.15 
1.29 

3.92 
0.56 
3.71 
0.51 
2.62 
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Term 

2 K 15/2 

2 G 9 /2 

2D3/2 

* G l l / 2 

2 Pl /2 
2 D 6 / 2 

2P 3 /2 

4 D 3 / 2 

4D5/2 

2 I l l /2 

4 D l / 2 

2 L15/2 

113/2 

4D7/2 

Yoshifumi KATO, Toshiyuki NAGAI, and , 

TABLE 3. 

Center of gravity 

Exptl 

20982.0 

21116.0 

21438.0 

23180.0 

23730.0 

26102.0 

28049.0 

Calcd Diff 

20842.7 

21019.1 - 3 7 . 1 

21232.7 - 1 1 6 . 7 

21404.1 33.9 

23045.7 134.3 

23745.0 - 1 5 . 0 

26113.4 - 1 1 : 4 

28174.2 125.2 

28391.7 

28555.6 

28754.0 

29179.3 

29883.1 

30426.9 

Zv 
1 
3 
1 
5 
3 
5 
3 
1 

1 
3 
3 
5 
5 

1 
3 

1 
3 
1 
3 
5 
5 

1 

1 
3 
5 

1 
3 

1 
3 

3 
5 
1 

1 
1 
3 
3 
5 
5 

1 

3 
5 
3 
1 
1 
5 
3 
1 

1 
5 
1 
3 
5 
1 
3 
5 

(Continued) 

Apollo SAIKA 

Crystal level relative to center 

Exptl 

( - 5 9 . 8 ) 
( -20 .8 ) 

- 8 . 1 
8.1 

- 1 9 . 5 
- 1 . 2 

- 1 2 . 4 
12.4 

- 3 . 4 
3.4 

Calcd 

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

- 0 . 9 
25.9 
46.9 
51.7 

- 5 7 . 7 (-
- 2 0 . 1 (• 

11.3 
19.8 
46.7 

- 1 2 . 6 
12.6 

- 1 0 9 . 3 
- 5 7 . 3 
- 3 8 . 8 

39.9 
46.4 

119.1 

- 2 6 . 8 
5.8 

21.0 

- 1 4 . 8 
14.8 

- 2 . 3 
2.3 

- 5 8 . 8 
- 7 . 3 
66.1 

- 1 3 5 . 6 
- 1 9 . 7 

- 4 . 5 
40.2 
44.6 
75.0 

- 1 0 2 . 6 
- 8 3 . 7 
- 7 5 . 7 
- 1 7 . 6 
- 5 . 1 
47.6 
96.1 

141.0 

- 1 1 8 . 3 
- 1 1 . 4 

- 5 . 9 
- 5 . 1 
40.6 
42.0 
58.1 

- 6 5 . 3 

Diff 

- 2 . 1 ) 
- 0 . 7 ) 

4.5 
- 4 . 5 

6.3 
7.0 

2.4 
- 2 . 4 

- 1 . 1 
1.1 

Ji 
Exptl") 

0.37 

0.59 

0.54 

[Vol. 50, No. 

1 
Calcd 

6.72 
4.53 
5.63 
3.47 
6.85 
2.39 
1.62 
0.47 

0.43 
1.64 
4.74 
0.04 
1.13 

0.55 
2.00 

0.92 
1.20 
5.20 
2.41 
1.05 
2.27 

0.31 

0.60 
1.80 
2.99 

0.55 
1.61 

0.56 
1.73 

1.99 
3.33 
1.07 

3.32 
0.35 
1.13 
3.97 
2.22 
3.18 

0.01 

6.97 
1.73 
3.63 
3.62 
4.72 
0.80 
0.91 
0.32 

6.68 
0.80 
0.65 
0.75 
1.87 
4.43 
3.96 
4.98 

4 
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TABLE 3. (Continued) 

Term 
Center of gravity Crystal level relative to center £\ 

Exptl Calcd Diff 2? Exptl Calcd Diff Exptlb> Calcd 

2L 17/2 

2 H 8 / 2 

2D3/2 

2 H l l / 2 

2D 5/2 

2F, 5/2 

2F 7/2 

2G, 9/2 

2G, 7/2 

2F 7/2 

2F 5/2 

30658.9 

32523.4 

33329.4 

33838.4 

34546.9 

39466.3 

40870.4 

47622.7 

48509.1 

68447.2 

69531.2 

12.9 
26.2 
26.2 

-123 .9 
- 4 8 . 1 
- 3 8 . 1 
- 2 8 . 8 
- 2 3 . 0 

7.3 
57.5 
86.6 

110.5 

- 6 3 . 8 
- 5 0 . 8 

8.1 
36.8 
69.7 

- 5 . 3 
5.3 

-132 .9 
- 6 5 . 1 
- 3 1 . 0 

36.4 
78.4 

114.2 

- 1 9 . 8 
- 1 3 . 7 

33.5 

- 2 0 . 2 
- 9 . 8 

30.0 

- 4 7 . 9 
10.5 
12.4 
25.0 

- 5 3 . 9 
- 3 7 . 

- 7 . 
42. 
56. 

- 7 4 . 
- 1 1 

22. 
63. 

-108 .8 
16.6 
25.8 
66.4 

- 7 8 . 7 
12.0 
66.7 

0.71 
2.15 
3.65 
8.83 

.81 

.93 

.24 

.32 

.23 
0.93 
1.22 
0.59 
2.68 
1.31 
0.04 
0.46 
2.22 
1.28 
0.39 
0.19 
5.30 
0.46 
1.25 
0.06 
3.56 
1.69 
2.96 
0.53 
2.25 
1.36 
0.45 
1.38 
2.51 
0.57 
1.71 
2.91 
4.29 
0.56 
0.97 
1.81 
1.44 
0.45 
0.55 
1.33 
3.77 
1.71 
0.57 
2.63 

2.14 
0.43 
1.29 

a) Energy units in cm-1. Diff= Exptl—Calcd. When the location of the center of a term is not 
known experimentally, the position which yields the best agreement with the calculation is 
taken as the center assumed in column 2. Values in parentheses are less reliable, b) The values 
from the Zeeman effect (Ref. 17). Here, s1=2\g\. c) The values are increased by 9% according 
to the footnote in Table 3 of Ref. 17. 
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Term 

*Il5/a 

*Iu/i 

4Iu/2 

%/2 

<F>/2 

*S3/a 

2 Hn/2 

4 F 7 / 2 

4 F 6 / 2 

4 F 3 / a 

2 G 9 / 2 

4 G u / 2 

Yoshifumi KATO, Toshiyuki NAGAI, and Apollo SAIKA 

TABLE 4. EXPERIMENTAL AND CALCULATED VALUES OF THE ENERGY LEVELS 

AND g VALUES FOR Er(C2H5S04)3-9H2Oa> 

Center of gravity 

Exptl Calcd Diff 

Ö Ö Ö 

6424.4 

10113.0 10040.6 72.4 

12366.7 12279.5 87.2 

15207.4 15196.5 10.9 

18327.0 18571.1 - 2 4 4 . 1 

19087.3 19157.4 - 7 0 . 1 

20457.6 20400.6 57.0 

22121.8 22056.7 121.5 

22461.1 22425.1 36.0 

24515.6 24412.2 103.4 

26348.5 26361.7 - 1 3 . 2 

2y" 
5 
3 
3 
1 
5 
3 
1 
1 

5 
3 
1 
1 
5 
3 
1 

1 
3 
5 
1 
5 
3 

3 
5 
3 
1 
5 

3 
1 
5 
3 
5 

3 
1 

5 
5 
3 
1 
3 
1 

5 
3 
5 
1 

3 
5 
1 

3 
1 

3 
5 
3 
1 
5 

5 
3 

Crystal level relative to center 

Exptl Calcd 

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

25.5 25.9 
68.7 62.8 

108.9 112.8 
156.9 159.9 

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

12.3 
50.0 
77.1 

- 1 3 . 9 - 2 0 . 2 
- 1 3 . 0 - 1 9 . 5 
- 1 2 . 0 - 1 3 . 8 
- 1 0 . 3 2.9 

12.4 13.4 
37.1 37.6 

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

11.2 10.2 
26.4 23.9 

123.9 132.9 

- 4 8 . 5 - 4 8 . 0 
- 1 5 . 1 - 1 7 . 3 

- 6 . 0 - 8 . 7 
22.7 22.4 
44.7 51.6 

- 1 3 . 0 - 1 3 . 2 
13.0 13.2 

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

11.3 11.0 
24.0 24.5 
54.9 44.1 

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

18.4 23.3 
46.4 46.3 

- 1 3 . 1 - 1 0 . 0 
1.8 - 3 . 5 

11.2 13.5 

- 2 3 . 4 - 1 7 . 5 
23.4 17.5 

- 8 0 . 8 - 7 6 . 1 
- 5 8 . 6 - 6 1 . 6 

1.6 4.6 
24.4 28.6 

116.6 104.5 

- 5 9 . 1 - 6 1 . 6 
- 2 3 . 2 - 2 2 . 1 

Diff 

1.8 
2.2 
2.1 

- 4 . 2 
- 0 . 4 

5.9 
- 3 . 9 
- 3 . 0 

6.3 
6.5 
1.8 

- 1 3 . 2 
- 1 . 0 
- 0 . 5 

3.4 
2.5 
1.0 
2.5 

- 9 . 0 

- 0 . 5 
2.2 
2.7 
0.3 

- 5 . 6 

0.2 
- 0 . 2 

- 5 . 4 
- 6 . 5 

2.0 
0.3 

- 0 . 5 
10.8 

0.7 
4.0 

- 4 . 9 
0.1 

- 3 . 1 
5.3 
2.3 

- 5 . 9 
5.9 

- 4 . 7 
3.0 

- 3 . 0 
- 4 . 2 

12.1 

2.5 
- 1 . 1 

Ji 
Exptlb> 

0.76 
1.00 
6.60 

2.42 
0.58 

0.78 

2.47 

1.85 

1.56 

1.05 

1.83 
1.60 
1.50 
0.15 

[Vol. 

1 
Calcd 

0.71 
2.07 
5.20 
0.49 
0.49 
1.89 
2.94 
5.22 

0.48 
0.89 
3.83 
3.59 
1.58 
4.20 
5.76 

0.23 
1.24 
1.88 
4.71 
2.87 
4.20 

1.10 
1.35 
1.58 
0.44 
2.26 

2.95 
0.57 
2.87 
0.52 
1.74 

2.53 
0.85 

0.53 
0.59 
1.43 
5.36 
1.95 
0.30 

2.13 
1.80 
0.92 
0.60 

1.57 
2.62 
0.52 

1.13 
0.37 

2.27 
1.56 
0.96 
0.54 
2.64 

2.35 
3.93 

50, No. 4 
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TABLE 4. (Continued) 

869 

Term 
Center of gravity Crystal level relative to center 

Exptl Calcd Diff 2? 
5 
3 
1 
1 

5 
3 
1 
5 
3 

1 
3 
5 
3 
5 
1 
3 
1 

5 
1 
5 
3 

3 
1 

1 
3 
5 
1 
5 
3 
1 

3 
5 
1 

1 

5 
5 
1 
3 

5 
1 
3 

5 
3 
1 
3 
5 

1 
5 
3 

1 
3 
5 
5 

3 
1 

Exptl Calcd 

- 1 3 . 9 - 1 9 . 5 
16.9 20.6 
22.3 26.3 
57.5 56.5 

- 2 3 . 0 
2.3 
3.0 
3.3 

14.4 

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

- 4 5 . 5 
1.9 

34.3 
62.3 
85.4 
98.1 

- 1 4 . 7 
- 4 . 3 

6.2 
12.8 

- 2 2 . 2 
22.2 

- 9 5 . 1 
- 7 2 . 1 
- 4 0 . 4 

2.4 
25.1 
84.3 
95.8 

- 5 3 . 1 
15.4 
37.7 

- 4 8 . 1 
1.1 

21.7 
25.3 

- 2 0 . 1 
- 1 . 8 
21.9 

- 1 1 0 . 7 
- 2 6 . 7 
- 1 4 . 5 

74.4 
77.5 

- 1 3 . 2 
- 9 . 4 
22.6 

- 3 8 . 8 
- 3 4 . 6 
- 2 0 . 0 

93.4 

- 7 6 . 2 
- 6 0 . 3 

Diff Exptlb> Calcd 

5^6 
3.7 

- 4 . 0 
1.0 

1.15 
0.34 
4.82 
1.17 

2.73 
0.86 
0.55 
1.64 
4.18 

0.52 
1.55 
2.38 
7.94 
3.43 
6.80 
4.71 
5.71 

2.44 
0.47 
1.48 
1.41 

1.57 
0.54 

0.50 
1.40 
2.16 
6.06 
3.12 
4.23 
5.16 

0.88 
1.49 
0.29 

0.32 

1.17 
2.11 
0.47 
1.42 

2.99 
0.60 
1.80 

2.68 
3.04 
0.51 
0.05 
1.66 

0.63 
3.16 
1.89 

0.71 
2.12 
3.49 
4.90 

2.84 
0.24 

4 G 9 / 2 

2K 15/2 

< J 7 / S 

2P3 /2 

2 K 1 3 / 2 

4 G 6 / 2 

2Pl/2 

*G7/2 

2D1 '5/2 

2 H 9 / 2 

4D 5/2 

*D7/2 

2I 11/2 

27313.8 

27697.6 

27942.6 

31642.8 

32944.8 

33247.0 

33506.2 

33865.5 

34778.0 

36369.6 

38517.2 

39104.6 

41036.9 
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TABLE 4. (Continued) 

Term 
Center of gravity Crystal level relative to center 

Exptl Calcd Diff 2V Exptl Calcd D 

- 2 7 . 2 
17.9 
63.6 
82.2 

- 1 2 9 . 5 
- 1 0 8 . 2 
- 7 8 . 9 

- 4 . 9 
20.2 
34.9 
38.2 
69.4 

158.8 

- 1 0 . 4 
10.4 

- 1 3 . 7 
13.7 

- 7 4 . 0 
- 6 0 . 9 
- 5 7 . 4 

- 0 . 5 
11-7 
22.3 

158.8 

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

86.2 
228.6 

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

55.6 
92.3 

- 6 9 . 6 
31.0 
38.6 

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

- 5 . 9 
22.4 

116.2 

- 2 4 . 5 
24.5 

- 2 1 . 8 
- 3 . 2 
- 1 . 6 
26.7 

- 1 5 . 0 
1.4 

Exptlb> Calcd 

J17/2 41567.7 

4 D 3 / 2 

2 D 3 / 2 

2 I i 3 / a 

42136.8 

42893.5 

43680.9 

4 D 1 / 2 

2L 1 B / 2 

46853.8 

47696.1 

2 H 9 / 2 47857.4 

2D, '5/2 

2Hu/2 

48971.2 

50948.6 

2 D 3 / 2 

2 F 7 / 2 

2F 5/2 

55009.5 

55788.5 

63402.3 

5 
3 
1 
5 

1 
3 
5 
5 
3 
1 
1 
3 
5 

3 
1 
1 
3 
3 
1 
5 
1 
3 
5 
1 
1 

3 
1 
5 
3 
5 
1 
1 
3 
3 
5 
5 
1 
3 
1 
5 
3 

5 
5 
3 
3 
1 
1 

1 
3 

3 
5 
1 
5 

1 
3 

1.04 
0.09 
5.15 
0.06 

0.48 
,32 
30 
,35 
,45 
,77 
,88 
89 

1 
1 
2 
4 
4 
5 
7 
8.99 

1.58 
0.53 
0.55 
1.64 

3.42 
4.11 
1.25 
1.16 
0.23 
0.18 
6.86 
0.03 

0.73 
0.29 
2.56 
1.37 
1.92 
0.13 
0.38 
4.11 

83 
92 
71 
34 
32 

0.61 
3.03 
1.81 

3.33 
2.29 
4.56 
1.45 
0.52 
5.70 

0.44 
1.34 

1.72 
1.48 
0.57 
2.79 

0.45 
1.35 
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TABLE 4. (Continued) 

Term 
Center of gravity Crystal level relative to center 

Exptl Calcd DifF 2v 
5 

1 
3 
5 
5 

3 
1 
5 
5 
3 

3 
1 
5 

3 
5 
1 
5 

Exptl Calcd DifT 
13.6 

- 3 8 . 4 
- 2 1 . 6 

22.4 
37.6 

- 3 9 . 1 
- 3 0 . 7 
- 2 7 . 7 

32.4 
65.1 

- 7 8 . 4 
- 3 2 . 0 
110.4 

- 7 7 . 4 
- 6 4 . 0 
- 3 2 . 7 

174.1 

Exptlb> Calcd 
2.25 

0.45 
1.34 
0.51 
1.40 

1.62 
0.55 
2.42 
3.53 
4.93 

1.29 
0.43 
2.14 

1.71 
2.85 
0.57 
3.99 

2G7/2 

2G,/2 

65426.8 

69535.0 

2F, 5/2 

2F7 /2 

95149.8 

98542.6 

a) Energy units in cm-1. Diff= Exptl—Calcd. b) The values from the Zeeman effect (Ref. 24). 

experimental ones is possible only for a few levels as 
can be seen in the last two columns of Table 3. T h e 
agreement is fairly good except the 4G5/2 ( 9 = ± 1 / 2 ) 
level, in which the experimental value is over twice 
as large as the calculated one. T h e resolution of this 
point must await further studies. Eisenstein16) compared 
the g values of Nd 3 + in LaCl 3 calculated by complete 
y-mixing with the experimental ones, and found the 
calculated values in good agreement with the experi­
mental ones for all bu t 3 of 33 levels. Thus the g values 
in the present calculation should be fairly reliable and 
can be taken as a reference when the experimental 
values are not available.22 '23) 

Er (ES). T h e spectrum of Er (ES) has been 
reported by several authors.24-27) Wheeler and Hill27) 
observed directly in the far infra-red the crystal field 
splitting of the 4I 1 5 / 2 ground multiplet and determined 
the crystal field parameters. Erath25) calculated the 
crystal field parameters by a first-order perturbation 
on the ground multiplet in Er (ES) using the electro­
static and spin-orbit interaction parameters obtained by 
Wong.28) H e computed the splitting of excited levels 
due to the crystal field using these crystal parameters. 
Rajnak2) made a CI calculation for the ion levels of 
Er3 + in Er(ES) by use of both the linear parameters, a, 

/?, and y, and the nonlinear parameter Y(kk': I'). T h e 
latter parameter results from the interactions of a 
configuration with the configurations differing from fN 

in the quan tum numbers of only one electron.9) 
As seen in Table 2, the inclusion of CI parameters 

reduces the rms deviation for the ion levels to less 
than one third of that without CI . Furthermore an 
improvement of about 30 c m - 1 is achieved by including 
only one nonlinear parameter F (22: 1). This fact 
shows that CI effects are highly important for the ion 
levels. There are several differences between the present 
assignment of some electronic terms and those by previous 
authors, especially for the levels with y = 9 / 2 , of which 
the eigenvectors are given in Table 5. T h e present 
assignment of terms for higher levels over 30000 c m - 1 

is markedly different from that by Erath25) in some cases ; 
for example, the present 2P3 /2 , 4G5/2, and 2P1 /2 terms are 
assigned to the 3D3 /2 , 2P!/2 , and 4G5/2 terms by Erath, 
respectively. For the crystal field splitting, the present 
result including complete ^-mixing does not show any 
improvement over Erath 's result in contrast with 
Nd(ES) . O n the other hand, the centers of gravity of 
multiplets with complete / -mix ing shift within 10 c m - 1 

from the ion levels without y-mixing among all the 
terms except the higher two terms, 2L15/2 and 2H9/2 , 

Energy 
(cm-1) 

TABLE 5. EIGENVECTORS OF THE TERMS WITH J=9/2 IN Er(C2H5S04)3-9H20 

Eigenvector Assignment15) 

| 4 F > |»G(1)> |2G(2)> | 4 G > | 2 H(1)> | 2 H(2)> | 4 I > (A) (B) (C) (D) 

12366.7 
15207.4 
24515.6 
27313.2a> 
36366.8a> 

0.3509 0.2737 -0 .2206 0.0109 0.1940 -0 .4162 -0 .7364 
0.7736 0.2932 -0 .2224 0.0905 0.0014 0.0780 0.5019 

-0.4915 0.4349 -0 .3929 0.2484 0.2642 -0 .4040 0.3467 
-0.0200 0.0108 -0 .0526 0.8906 -0 .0998 0.3818 -0 .2186 
-0.1891 0.4872 -0 .3970 -0 .3561 -0 .2918 0.5661 -0 .1921 

4I 
4 F 

2G 
4G 
2H 

4I 
4 F 

2H 
2G 
— 

4I 
4 F 

2H 
4G 
2H 

4 F 

4I 
2G 
4G 
— 

a) The calculated values, b) (A), the present results; (B), Dieke (Ref. 20); (C), Rajnak (Ref. 2); (D) 
Erath (Ref. 25). 
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with a shift of about 50 c m - 1 . This means that J-
mixing for Er(ES) is not so significant as for Nd(ES) . 
Since the magnitude of the spin-orbit coupling of Er3* 
(^2350 cm - 1 ) is considerably larger than that of Nd 3 + 

(«*870 cm - 1 ) and then the ion levels of Er 3 + are more 
separated than those of Nd 3 + , the mixing among the ion 
levels with different J due to a crystal field becomes 
smaller for Er(ES) than for Nd(ES) . Thus it will 
generally be the case that the effect of J -mixing for 
crystal levels is not so important for electron holes with 
large spin-orbit interaction. In Table 4, good agreement 
between the calculated g values and those by the 
Zeeman experiment is found except for a few cases as 
in the case of Nd(ES) . 

In conclusion, it will be stated tha t : (1) CI for the 
ion levels of both Nd(ES) and Er(ES) makes a remark­
able improvement. (2) Inclusion of complete J-
mixing for the crystal field levels yields some improve­
ment for Nd(ES) but not so for Er (ES). This originates 
exclusively from the fact that the ion levels of Er (ES) 
with large spin-orbit coupling are substantially well 
separated, and mixing among different J levels is small 
due to weak perturbation by a crystal field. (3) T h e g 
values obtained by the present procedure may be fairly 
reliable and of practical usage in some cases. 
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A theoretical relation between the fractional adsorption amount, 0, and the concentration, C, taking account 
of the lateral interaction between the adsorbed molecules is used to integrate the Gibbs equation, and 
the relation between the surface pressure, F, and the molecular area, A, is derived. Since the equation does not 
contain the parameter, k0, related to the strength of adsorption, it is concluded that there is no substantial difference 
between the adsorption monolayers and the insoluble monolayers. The relation between F and C is also derived 
and compared with the experimental data for normal alcohols. The standard affinity of adsorption, —Aßi°, and the 
energy of lateral interaction, e, increased linearly with the number of carbon atoms of the alcohols, n. Finally, it 
has been shown that the experimental data can be explained well with the theoretical equation presented here, 
but not with Szyszkowski's, the latter being derived for negligible lateral interaction. 

T h e energy or free energy of adsorption from a 
solution to its surface has been discussed for many years 
in connection with the surface activity of various 
substances, but not much attention has been paid to the 
lateral interaction between solute molecules in the 
adsorption monolayers. This interaction, however, 
seems to be important because the adsorption mono­
layers seem to fairly compact in ordinary concentration 
ranges. 

The behavior of the adsorption monolayer could not 
be discussed hitherto in enough detail so that the effect 
of the lateral interaction could be detected. This is 
because some ambiguity is introduced when the experi­
mental relation between the surface tension of a solution 
and the concentration of the surface-active solute is 
differentiated, graphically or numerically, in order to 
use the Gibbs differential equation in the determination 
of the adsorption amount or the molecular area in the 
adsorption monolayer. 

In the present paper, theoretical equations will be 
derived for the adsorption monolayer with lateral 
intermolecular interaction. A method will be proposed 
to determine the values of the parameters which are 
used in the equations. Finally, the method will be 
applied to aqueous normal alcohol solutions and the 
parameter values thus obtained will be discussed. 

Theoret ica l 

Adsorption Equation of Interacting Molecules. 
Adsorption isotherms of surface active substances at the 
surfaces of their own solutions are often expressed by the 
Langmuir equation. This is in accord with the well-
known fact that the surface tension of such a solution as a 
function of the concentration is expressed by the 
empirical Szyszkowski equation, because the latter 
equation can be derived theoretically when the Gibbs 
adsorption equation is integrated with the Langmuir 
equation if the solute is a nonelectrolyte at a dilute 
concentration, so the activity coefficient is assumed to be 
independent of the concentration.1) 

T h e Langmuir equation takes the size of the adsorbed 
molecules, or the repulsion by steric hindrance, into 
account, but it does not take the lateral cohension 
between adsorbed molecules into account, since the 

equation was originally derived from the idea of site 
adsorption. If the lateral interaction is taken into 
consideration, the chemical potential of the solute in 
such an adsorption monolayer, fi, is taken to be different 
from that of the Langmuir monolayer, fih, by Aywint: 

/i = fih + A/iint- (!) 

Since the probability of a molecule existing next to a 
given molecule may be assumed to be equal to the 
fractional adsorption amount , 6, the interaction energy 
in the monolayer is proportional to On; therefore, 

a«« = -£r(-i*)=-* (2) 

where s is the energy of lateral interaction and 

0 = n/n0 = r/r0 = AJA. (3) 

Here, n is the moles of the adsorbed solute, r is the 
adsorption amount per unit area, A is the area occupied 
by one molecule, and the values with the 0 subscript 
are for the saturated adsorption. 

At the adsorption equilibrium, n is equal to the 
chemical potential of the solute in the solution, ^ s , 
which is given by the following equation if the activity 
coefficient is assumed to be independent of the con­
centration, C: 

fts = fiso + RT\nC, (4) 

where fis° is the standard chemical potential, R is the 
gas constant, and T is the absolute temperature. 
Together with the following equation for juL 

Mh = fi^ + RTln [0/(1-0)] , (5) 

the final result is obtained as 

0/(1-0) = (k0e™»).C, (6) 

which is the same equation as that used by Levine et al.2) 
for the adsorption of methanol from an aqueous solution 
by a plain solid surface. Here, 

k0 = exp[-(»h<>-Ms°)/RTl, (7) 

and 
K = e/2RT. (8) 

T h e k0 parameter is related to the strength of the 
adsorption from the solution to the adsorption 
monolayer, while K is related to the lateral interaction 
in the monolayer. T h e latter is so defined that K<C0 
for intermolecular repulsion, K=0 for the Langmuir 
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Fig. 1. Theoretical adsorption isotherms shown as the 
dependence of the fractional adsorption amount 0 on 
k0C, the parameter being K. The point C is the critical 
point where the phase separation in the adsorption 
monolayer starts. 

case, and K^>0 for intermolecular attraction. If K^>2, 
phase separation occurs in the adsorption monolayer.3* 
According to Eq. 6, the theoretical relations between 
6 and k0C for various values of K are shown in Fig. 1. 
T h e C point, located at 0 = 0 . 5 , k0C=0.13534 for K=2 
in Fig. 1, shows the critical point at which the phase 
separation starts. 

Equation of State of the Adsorption Monolayer. In 
the studies of the adsorption at the interface of a solution, 
the quanti ty measured experimentally is the surface 
tension, y, of the solution, while the surface pressure, 
F, of the adsorption monolayer is defined by 

F = Vo ~ Y> 

where y0 is the surface tension of the solvent. 
Theoretical equations for F can be derived 

integrating the Gibbs equat ion: 

]}(^-W do) 

(9) 

by 

F = r0RT\ 
de 

By introducing Eq. 6 into Eq. 10, 

(AJkBT)F = - I n (1 - 0 ) - Kd* ( " : 
is obtained, because roRT=kBT[A0, where kB is the 
Boltzmann constant. In the case of K=0, Eq. 11 is 
reduced, by using Eq. 6, to the Szyszkowski equat ion: 

(AJkBT)F =\n(l+k0C). (12) 

T h e equation of the state of the adsorption monolayer 
is derived from Eq. 11 by using Eq. 3 : 

( W ) ^ = ln (_£_)_*( A)2. (13) 

According to this equation, theoretical curves for 
various values of K are drawn in Fig. 2, where the 
relation between two dimensionless quatities, (AJkBT)F 
and {A/A0) is shown instead of the F-A relation which 
is usually studied experimentally. I t may be seen from 
Fig. 2 how a monolayer is expanded by the inter­
molecular repulsion (K<C0) and is contracted by the 
intermolecular attraction (K^>0). 

T h e contraction of a monolayer by two-dimensional 
condensation is often examined by drawing the FA-A 
relation. Figure 3 shows the corresponding relation 
between the dimensionless quantities, FA\kBT and 
(A0/kBT)F. Each theoretical curve has a minimum 
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monolayers with various K values as indicated. The 
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point if K^>0.5 and approaches to the asymptote, A=A0, 
when F increases. If K^>2} the entire curve is very 
close to the asymptote in the region where F is higher 
than that for the critical point, c, of the phase separa­
tion. 

I t may be emphasized here that the F-A relation, 
and also, therefore, the FA-A relation, of the adsorption 
monolayer are independent of the strength of the 
adsorption, because the equation of state, Eq. 13, does 
not contain the A;0 parameter . This conclusion is 
important both theoretically and experimentally. This 
means theoretically that there is no substantial difference 
between the adsorption monolayer and the insoluble 
monolayer. Experimentally, it is expected that the F-A 
relation or FA-A relation must be adequate for examin­
ing the intermolecular interaction in an adsorption 
monolayer, because the value of the K parameter may 
be determined on the basis of Fig. 2 or Fig. 3 without 
bothering to estimate the k0 value. This expectation, 
however, was not realized because of the ambiguity 
brought in when the experimental y-\nC curve was 
differentiated graphically in order to obtain the value 
of r or A according to the Gibbs adsorption equation. 
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Therefore, a direct comparison between the experi­
mental and theoretical y-C relations is desirable in 
order to estimate the value of the K parameter. 

Relation between the Surface Pressure and Concentration. 
The surface tension, y, or the surface pressure, F, is 
given explicitly as a function of the concentration, C, 
if K^=0} as has been shown in Eq. 12. If, however, 
K^Oy an explicit expression cannot be obtained; 
instead, the numerical relations between F and C for 
various values of K must be calculated by using Eqs. 6 
and 11 simultaneously. This means that the following 
simultaneous equations must be solved numerically, 
taking 6 as the parameter : 

(AJkaT)F = - 2 . 3 0 3 log (1 - 0 ) - JCfl» j 

log (k0C) = log 6 - log (1 - 0 ) - 0.8686*0)' 

The results are shown in Fig. 4, where dimensionless 
quantities, (A0jkBT)F and k0C, are used in place of F 
and C respectively. 

Fig. 4. Theoretical relations between the surface pres­
sure F and concentration C, for various K values as 
indicated. The dotted line is the initial slope. 

I t might seem strange at first glance that the value of 
F, or the decrease of y, is larger when the lateral inter-
molecular attraction is larger and when the value of K 
is larger for any given k0 and (AJkB T). This, however, 
does not mean that the adsorption monolayer of the 
larger lateral attraction shows a larger surface pressure 
at a given amount of adsorption ; it does mean that the 
amount of adsorption is larger when the lateral a t t rac­
tion in the monolayer is larger, as has already been 
shown in Fig. 1. 

T o estimate the parameter values experimentally, two 
methods are commonly used, one in low-concentration, 
and the other in high-concentration, regions. 

In the low concentration region (0—>0)} the expansion 
of (AJkß T)F in a power series of k0C is performed by 
using the simultaneous equations 14; the following result 
is thus obtained : 

(A0/kBT)F = k0C + ( t f - y ) (*bC)« + •». (15) 

According to this equation, it may be said that F is 
proportional to C if k0C<Cl and that the proportionality 
coefficient is equal to (kJAQ)kBT. This proportionality 
is considered to be helpful for the experimental deter-

Fig. 5. Theoretical relations between F and C at a low 
concentration range. The dotted line is the initial slope, 
which is common to all curves and corresponds to the 
equation F= (kQ/AQ) kBTC. 

mination of the parameter values. However, the 
theoretical curves in the low-concentration range, as 
shown in Fig. 5, start curving at an unexpectedly low 
concentration, except in the particular case of K—0.5, 
where the F-C relation is linear up to fairly large values 
of C because the coefficient of the C2 term in Eq. 15 is 
zero. I t may be seen from Fig. 5 that the concentration 
range where the F-C relation is not affected by the value 
of K and where the proportionality between F and C 
holds is as low as (.<40/A;gr)F<0.03. This means that the 
proportionality coefficient must be determined in the 
region where F < 0 . 4 X lO"3 N m - 1 if AQ=30 x lO"2 nm2-
molecule - 1 at 25 °G. Experimentally, this is not always 
easy. 

In the high-concentration region (0—>\), the F-
log C curve approaches an asymptotic straight line. T h e 
equation of this asymptote is obtained from Eq. 14: 

(AJkBT)FliBymp = K+In (k0C) (0-+1). (16) 

Some of the theoretical curves obtained from Eq. 14 
are shown in Fig. 6, together with the asymptotes of 
Eq. 16. I t can be understood from Eq. 16 that the 
inclination of the asymptote of an F-logC curve is equal 
to (2.303 kBTlA0), but it is clear from Fig. 6 that A0 

values thus estimated are acceptable only when K has a 
large positive value. If, for example, K=0, it may be 
seen from Fig. 6 that a correct value of the inclination 
may be obtained by using only the experimental data 
for (A0lkBT)F>3.0; this means that F > 4 1 X 10~3 N m" 1 

if ^ 0 = 3 0 X 10-2 nm 2 molecule"1 at 25 °C. This condi­
tion is, however, not easy to realize experimentally, and 
it is impossible to fulfill when the monolayer collapses 
a t this high surface pressure or when the concentration 
of the solution cannot be high enough because the 
solubility of the solute is not high enough. T h e method is, 
therefore, not applicable except for long-chain deriva­
tives such as surfactants in which the K value may be 
supposed to be large. 

As the conclusion of these considerations, it may be 
said that a method is needed which makes the estima­
tion of the A0, k0, and K parameters possible by using 
the experimental data obtained in the intermediate 
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Fig. 6. Theoretical relations between F and log C for 
various K values as indicated. The dotted lines are the 
asymptotes. 

concentration range. 
Proposed Method to Determine Parameter Values. I t 

has been found, after several trials, that the use of the 
relation between log (FjkBTC) and log C is the most 
convenient for determining the values of A0, k0, and K. 
T h e theoretical curves of log (F/kBTC)+log (AJkQ) 
against log C + l o g k0 are calculated by using Eq. 14 and 
are shown in Fig. 7 for the K values from 0 to 2 at 
regular intervals of 0.2. For A">0.5, each curve has 
a maximum point which corresponds to the 0 m a x given 
by the following equat ion: 

0maX + l n ( l - 0 m a J + t f 0 m a i * = O . (17) 

O n the other hand, the experimental data are plotted, 
taking log (F/kBTC) and log C on the ordinate and 
abscissa respectively, on the same scales as those of the 
theoretical plot in Fig. 7 and are superimposed on the 
latter so that the experimental data fit one of the 
theoretical curves. T h e shape of the theoretical curve 
for the best fit will give the l v a l u e . Then, the £0-value 
is obtained from the value of log C for log C + l o g k0—0, 
and the ^40-value, from the value of log (FlkBTC) for 
log (FlkBTC)+\og (4>/*o)=0-

-1 .2 
log C+log k0 

Fig. 7. Theoretical log (F/kBTC)-log C curves for K= 
0(0.2)2. Open circles show the maximum points. The 
point c is the critical point of phase separation. 

C o m p a r i s o n w i t h Exper imenta l D a t a 

Parameter Values of Normal Alcohols. T h e experi­
mental values of Posner et a/.4> were used to test the 
method proposed above. For example, the case of 25 °G 
is shown in Fig. 8, where the circles are experimental 
and the curves are theoretical. T h e parameter values 
thus obtained are given in Table 1, together with those 
obtained for other temperature values. 

- 1 0 1 2 

log[C/(mol m-3)] 

Fig. 8. Comparison between experimental values4) (open 
circles) and theoretical curves for normal alcohols, 
which have the carbon numbers n as indicated, at 25 °C. 

TABLE 1. PARAMETER VALUES OF NORMAL ALCOHOLS 

Alcohol Temp 
(°C) 

K AoXl03 

(m8 mol-1) 

4>Xl02 

(nm2* 
molecule-1) 

Butyl 

Pentyl 

Hexyl 

Heptyl 

Octyl 

12 
25 
39 
25 
39 
12 
25 
39 
12 
25 
39 
12 
25 
39 

0.75 
0.75 
0.75 
0.75 
0.75 
1.00 
1.00 
1.00 
1.25 
1.1 
1.1 
1.5 
1.5 
1.4 

20.9 
14.8 
12.6 
49.0 
37.2 
251 
138 
123 
525 
468 
302 
1700 
1000 
708 

35.5 
34.7 
30.2 
30.9 
30.9 
38.9 
30.9 
33.9 
30.9 
30.2 
29.5 
33.1 
29.5 
26.9 

T h e k0 parameter is essentially the equilibrium 
constant between solute molecules adsorbed on the 
surface and dissolved in the solution, and it is related 
to the change in the standard chemical potential due 
to the adsorption according to Eq. 7. Before the standard 
affinity of adsorption (—A//0) is calculated, however, the 
experimental parameter value, k0, in m 3 m o l _ 1 based 
on the molar concentration, C, must be recalculated to 
the dimensionless "un i t a ry" quantity,5) kx, based on 
the mole fraction, x, 

kx = (C/X)k0 ~ (dJMJk, 

= 55.34(*0X 103)/(m3 mol"1), (18) 

for aqueous solutions at 25 °C, where d1 and Mx are 
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TABLE 2. AFFINITY OF THE ADSORPTION AND ENERGY 

OF LATERAL INTERACTION 

Alcohol 

Butyl 

Pentyl 

Hexyl 

Heptyl 

Octyl 

( ) : 

Temp 
(°C) 

12 
25 
39 
25 
39 
12 
25 
39 
12 
25 
39 
12 
25 
39 

Averages. 

-A/* 0 

(kcal mol-1) 

4.00ï 
3.981(4.02) 
4.07J 

l:>-> 
5.4b 
5.30 
5.48 
5.83] 
6.03 
6.04 
6.49T 

6.48 
6.57 

(5.40) 

•(5.97) 

•(6.51) 

(kcal mol-1) 

0.85i 
0.89 
0.93. 

(0.89) 

°-89}(0.91) 
0.93JV ' 
1.13i 
1.19 
1.24 

.(1.19) 

1.421 
1.30 (1.36) 
1.37J 
1.70] 
1.781(1.74) 
1.74J 

the density and the molecular weight of water respec­
tively. 

T h e values of the standard affinity of adsorption 
obtained by the following equation from the &0-values of 
Table 1 are shown in Table 2 (1 ca l=4 .184 J ) : 

-A/ / ° = RT\nkx. (19) 

From these tables it may be seen that (—A/i°) does not 
depend much on the temperature, although A;0 and, 
therefore, kx decrease with increase in the temperature. 
T h e energy of lateral interaction, e, calculated by Eq. 8 
from the K values given in Table 1 is shown in Table 2 
as well. Since the temperature dependences of —Aß0 

and e are not large, the average values (shown in 
parentheses in Table 2) are plotted against the number 
of carbon atoms of alcohols, n, in Fig. 9. I t may be 
seen that the value of e is about 1/4 of —Aß0 for each 
alcohol in this region of n. 

T h e relations of —Aß0 and of e against n in Fig. 9 are 
linear and give the following empirical equations: 

- A^°/(kcal mol"1) = 1.60 + 0.62n (20) 
and 

e/(kcal mol"1) = - 0 . 1 6 + 0.23«. (21) 

Equation 20 means that the affinity of adsorption is 
620 cal m o l - 1 per methylene group and 1600 cal m o l - 1 

per hydroxyl group. T h e latter value, however, depends 
on the selection of the standard states. T h e former value, 
620 cal mol - 1 , is not much different from Traube 's 
value,6) 650 cal mo l - 1 . T h e former value obtained for 
n=4—8 is, however, a little smaller than the value, 
682 cal mo l - 1 , for n = 1 2 — 1 6 obtained for disodium 
monoalkyl phosphates,7) probably because of the 
difference in the range of n. Equation 21 means that the 
energy of lateral attraction per methylene group is 
230 cal mol - 1 , while the energy of lateral repulsion per 
hydroxyl group is 160 cal mol - 1 . 

O n the other hand, W a r d and Tordai8) and also 
Posner et al.4) calculated the standard free energy of 
adsorption by means of 

AG0 = - R T In (a/Â;B TÔ), (22) 

where ô is the thickness of the adsorption monolayer and 
a is the T raube constant defined at an infinite dilution 
by: 

a = lim (F/CNA), (23) 
c-»o 

where iVA is the Avogadro number . 
According to our Eq. 15, 

a = kBT(kJA0NA), (24) 
therefore, we have 

-AG» = RTln (k0/A0dNA). (25) 

As for the parameter values to be used in this equation, 
the values of k0 and A0 have been shown in Table 1 ; 
the values of ô given by Posner et al.4) are cited in 
Table 3. T h e values of —AG0 thus calculated are given 
in the same table, together with the values reported by 
Posner et al.4) the latter being indicated by —AGp°. 
I t may be seen that these values are in good agreement 
with each other. This is because, at an infinite dilution, 

TABLE 3. STANDARD FREE ENERGY OF ADSORPTION 

AS CALCULATED BY MEANS OF EQ. 2 5 

Fig. 9. Dependence, on the carbon number n, of (a) 
the standard affinity —Aft0 of Eq. 19, (b) the energy 
of lateral interaction e of Eq. 8 and (c) the standard free 
energy of adsorption —AG0 of Eq. 25. 

Alcohol 

Butyl 

Pentyl 

Hexyl 

Heptyl 

Octyl 

( ) 

öxio 
(nm)*) 

8.89 

9.53 

9.92 

10.1, 

10.24 

Averages. 

Temp 
(°C) 

12 
25 
39 
25 
39 
12 
25 
39 
12 
25 
39 
12 
25 
39 

- A G ° - A G P ° 
(kcal mol-1) (kcal mol-1)4) 

2.26ï 
2.59 (2.65) 
2.70J 

s^}«3-32' 
3.9fr 
3.92 
3.97 
4.49T 

4.64 
4.60 

•(3.95) 

•(4.58) 

5.1h 
5.10H5.13) 
5.18J 

2.66 

3.36 

4.05 

4.72 

5.42 



878 Masayuki NAKAGAKI and Mihoko YAMAMOTO [Vol. 50, No. 4 

the lateral interaction between the adsorbed molecules 
becomes negligible and the k0exp(2K6) term in Eq. 6 
approaches k0. 

Since the temperature dependence of —AG0 is 
negligible, the average values are plotted in Fig. 9. 
T h e linear relation in the figure gives the empirical 
relation 

- A G ° = 0.17 + 0.63«. (26) 

T h e free energy of adsorption per methylene group is, 
therefore, 630 cal mol - 1 , which is almost the same as 
the value of Eq. 20. This can be understood directly 
from Fig. 9 in view of the fact that the straight lines for 
—Aß0 and —AG0 are parallel with each other. 

By comparing Eqs. 19 and 25, it can be understood 
that the parallel relation means that the molar volume 
of the adsorption monolyer, Vm=A0ôNA, obtainable from 
our value of the molecular area, AQ, is independent of 
the number of carbon atoms, n, of the alcohols. T h e 
value of Vm at 25 °G is actually almost constant and is 
181.7 X 10 - 6 m 3 m o l - 1 on the average from butyl to 
octyl alcohols, while the molar volume of the liquid, 
Vi} increases from 91.6 X 10~6 m 3 m o l - 1 in butyl alcohol 
to 157.8 X 10 - 6 m 3 m o l - 1 in octyl alcohol, according to 
the increase in the molecular weight, because the 
density does not increase so much. This seems to be 
an interesting point. 

0.12 p , 1 , 1 1 r 

Fig. 10. Comparison between experimental values (open 
circles)4) and theoretical solid curves drawn by Eq. 14 
at 25 °C for normal alcohols whose carbon numbers are 
as indicated. Broken straight lines are calculated by Eq. 
16, and broken curves are the Szyszkowski curves 
corresponding to them. Dotted straight lines are empiri­
cal and dotted curves are the corresponding Szysz­
kowski's. 

Relation between F and log C. I t is shown in 
Fig. 10 that the agreement is good between the experi­
mental data by Posner et a/.4> at 25 °G (open circles) 
and the theoretical curves (solid lines) drawn according 
to Eq. 14 by using the parameter values given in Table 1. 
In Fig. 10 the asymptotes, too, are shown by broken 

TABLE 4. COMPARISON OF PARAMETER VALUES 

OF Eq. 27 AT 25 °C 

Alcohol (nm°2- S ^ i % A»'IA» *o7(*„e*) 
molecule-1) ^m m o 1 ' 

Butyl 39Të 44T7 T H L43 
Pentyl 34.6 142 1.12 1.37 
Hexyl 34.1 490 1.10 1.31 
Heptyl 32.2 1700 1.07 1.21 
Octyl 31.1 5130 1.05 1.14 

straight lines according to Eq. 16, using the same 
parameter values. 

Experimentally, however, one might draw asymptotes 
like those shown by dotted straight lines in Fig. 10. 
For these asymptotes, if one used the following equation, 

A0>F^mvlkBT=\nk0' + \nC (27) 

which can be derived from Szyszkowski's Eq. 12, the 
parameter values, AQ' and k0', given in Table 4 may be 
obtained. By using these values for A0 and k0 of Eq. 12, 
Szyszkowski's theoretical curves are drawn in Fig. 10 
by dotted curves; those curves are not, however, in 
agreement with the experimental values. 

This discrepancy is partly due to the overestimation 
of the parameter values shown in Table 4 in that 
A0'/A0 and k0'l(k0e

K) are larger than 1.0. Here, k0' is 
compared to k0e

K, because the latter is the value obtain­
ed from the broken straight lines, as can be understood 
by comparing Eq. 27 with Eq. 16. Even if the values of 
A0 and k0e,K are inserted into A0 and k0 of Eq. 12, 
however, the Szyszkowski curves shown by broken 
curves in Fig. 10 are still distant from the experimental 
values. T h e discrepancy is, therefore, mainly the result 
of the use of the Szyszkowski equation. I t can be 
concluded that the use of Eq. 14, which takes the 
lateral interaction between the adsorbed molecules into 
account, is indispensable in explaining the experimental 
results over the entire concentration range. 
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The T^TT, 3T*)—>T3(7t, TI*) absorption of acridine has first been observed at about 985 nm in ethanol. Tempera­
ture dependences of the fluorescence lifetime and the triplet yield of acridine were investigated in poly (vinyl 
alcohol) film, and it was found that the intersystem crossing from the first excited singlet state S^TI, TI*) to T^Tt, n*) 
occurs through both temperature dependent and independent processes. The activation energy of the temperature 
dependent process corresponds substantially to the energy difference between T3{TI,TI*) and SX(JT, TI*). The 
intersystem crossing from S^TZ, TI*) to T2(n, TI*) followed by the internal conversion to Tx(7r, TI*) was assigned to the 
temperature independent process. 

Photoreduction of acridine has been studied in 
various solvents,1-5) particularly in alcohols in which 
acridine is fluorescent,6) and it was suggested that there 
are two reactive states in alcohols; the first excited 
singlet state, S l5 and the second excited triplet state, 
T2(n, TT*).7-9) However, it is still uncertain whether 
the reactive singlet state is of n, n* character or of 
n, JT* , 1 0 - 1 2 ) because the energy levels of the 1(n,n*) and 
1(n, TI*) states are close together.11-13) 

T h e mechanism of the intersystem crossing of acridine 
from the first excited singlet state to T^n, n*) has been 
unknown because of the uncertainty of the energy levels 
responsible for the intersystem crossing. Recently, 
Hirata and Tanaka investigated the rise-up of the 
transient absorption of acridine in ethanol by a pico­
second laser technique, and suggested that the inter­
system crossing is essentially S^TT, TZ;*)—>T2(n, TI*) 
transition followed by T2(n, TI*)—»T^TC, TI*) transition.14) 
I t was suggested that all of T±{71,71*) is produced 
through T2(n, 71*) in alcohols.15) 

The energy level of TX{TI,TZ*) was determined experi­
mentally by Evans as 15840 cm - 1 1 6 ) and that of T2(n,^;*) 
was calculated by Goodman and Harrell as 21400 or 
23500 cm-1,17) while those of the 1{TC,TI*) and 1{n,Tt*) 
states are about 26600 c m - 1 in hydrocarbon solvent.17) 
Since the energy difference between the lowest excited 
singlet state and T^TC, TI*) is considerably large, it 
seems that the intersystem crossing occurs to T 2 (n , 71*) 
more easily than to TX{TI,TI*), particularly if the S2 

state is of TI, TI* character.18) 
Bowen et al. found that the fluorescence yield decreases 

with increasing temperature in the ethanol-water 
mixture.6) The triplet yield of 9-methylacridine increases 
with increasing temperature in ethanol.11) These earlier 
observations suggest that acridine is subject to tempera­
ture dependent intersystem crossing similar to the 9,10-
disubstituted anthracenes.19-22) 

In order to clarify the mechanism of the intersystem 
crossing of acridine, we have measured the T - T absorp­
tion spectrum in the near infrared region and studied 
the temperature dependences of the fluorescence 
lifetime and the yield of TX{TI, TI*) in poly (vinyl alcohol) 
film (PVA), where the photoreduction is negligible and 
the Si state seems to be a 1{n, TI*) state. 

Exper imenta l 

Materials. Acridine (C. P. grade, Tokyo Kasei) was 
recrystallized from the ethanol-water mixture after pretreat-

ment with activated charcoal in ethanol. Ethanol (G. R. 
grade, Wako Jun-Yaku) and poly(vinyl alcohol) (the degree 
of polymerization 1400, Koso Kagaku) were used without 
further purification. 

Apparatus and Procedure. The absorption spectrum was 
measured with a Hitachi EPS-3T spectrophotometer, and the 
fluorescence spectrum with a modified Hitachi EPU spectro­
photometer. Lifetime measurement was made with a phase-
fluorometer modulated at 10.7 MHz. Relative yields of the 
triplet acridine and the T-T absorption spectra in the visible 
region were measured with an ordinary flash apparatus. The 
T-T absorption spectrum in the near infrared region was 
measured by the use of the combination of a HTV R-406 
photomultiplier and an Ushio JC-12-130L halogen lamp as a 
monitoring light source. Absolute yield of the triplet acridine 
was determined by the use of a flash irradiation apparatus as 
shown in Fig. 1. 

1—I—iv 

p ! \ 
I I I |_N| 

F2 

Fig. 1. The flash irradiation apparatus used to deter­
mine the intersystem crossing probability of acridine in 
PVA. 
L : Xenon flash lamp, Fx : Hoya U 2 band path filter, 
M: half mirror, P : PVA film, G: actinometer cell, 
F2: Toshiba V-Y 43 cut off filter. 

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

T h e absorption and fluorescence spectra of acridine 
in PVA are shown in Fig. 2, from which the energy 
level of Si {TI, TI*) is estimated to be 25450 c m - 1 as an 
average of the absorption maximum in the xL a band at 
25900 c m - 1 and the fluorescence maximum at 25000 
c m - i 23) F i g u r e 3 shows the T - T absorption spectra of 
acridine in PVA and ethanol. T h e absorption maxima 
in the near infrared region lie at 10150, 11500, and 
12850 c m - 1 in ethanol. Since no transient absorption 
was observed below 9800 c m - 1 , the absorption at 10150 
c m - 1 was assigned to the 0-0 band of the T-yfan*)—> 
T3{TC, TI*) transition. Hence the energy level of T3{TZ, TI*) 

is estimated to be 25990 c m - 1 . 

The fluorescence lifetime in PVA is 8.26 ns at 13 °G. 
Since the rate constant of the fluorescence emission, k{, 
is estimated to be 3.6 X 107 s - 1 from the known values of 
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15000 20000 25000 30000 

Wave number (cm-1) 
Fig. 2. The absorption and fluorescene spectra of acrid­

ine in PVA. 

10000 15000 20000-

Wave number (cm"1) 
25000 

Fig. 3. The T-T absorption spectra of acridine in PVA 
( ) and in ethanol (• •). 

the fluorescence yield (0f =0.37)6> and the lifetime (10.3 
ns)24> in water, the fluorescence yield in PVA is evaluated 
as 0.30 at 13 °C. The large yield and the long lifetime 
imply that the Sx state is a 1(TZ, TZ*) state in PVA. 

According to a method similar to that in a previous 
paper,15) the intersystem crossing probability of acridine 
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i i 1 

10 12 

io3K/r 
Fig. 4. The temperature dependencies of the fluo­

rescence lifetime (a), the absorbance of the T-T absorp­
tion immediately after flashing (b), and their ratio (c). 

from S^TT, TZ*) to Tifa TZ*) was determined to be 0.56 
in PVA at 23 °C by the use of the molar extinction 
coefficient of the T - T absorption maximum in ethanol, 
£ T = 18500 M - 1 cm- 1 a t 440 nm.25) 

Figure 4 shows the temperature dependences of the 
fluorescence lifetime (T) , the absorbance (Z>0) of the 
T - T absorption immediately after flashing, and the 
ratio (DQJT). T h e lifetime increases with decreasing 
temperature and approaches to about 14 ns at low 
temperature. O n the other hand, DJr which is associated 
with the rate of intersystem crossing, decreases with 
decreasing temperature. I t is obvious that both the 
decay of the singlet excited state and the intersystem 
crossing occur through temperature dependent and 
independent processes. When the extrapolated values 
of 1/T and DJr at lower temperature are subtracted 
from their original values, the resulting Arrhenius plots 
are linear as shown in Fig. 5, and their slopes are nearly 
the same; the apparent activation energy is estimated 
to be 420 c m - 1 . Therefore, we can safely conclude 
that both the deactivation of S^TZ, TZ*) and the produc­
tion of Tt(TZ, TZ*) occur through two kinds of processes; 
one is temperature dependent and the other is tempera­
ture independent. 

7\-

Q 6 

o \ 

10 2 4 6 J 

io3K/r 
Fig. 5. The Arrhenius plots of (1/T—1/T0) and (DJr— 

Do/r0) vs. temperature. 

T h e energy difference between S^TZ, TZ*) and TS(TZ, TZ*) 
is nearly equal to the activation energy, so that the 
temperature dependent process seems to be the inter­
system crossing from S-^jr,n*) to T3(TI,TZ*). In the 
case of acridine, there are two low-lying triplet states, 
T^fan*) and T2(n,7c*). According to the spin-orbit 
coupling selection rule of El-Sayed18) and the energy 
gap law,26) the S1(TZ;, ^*)->T 2 (n , TU*) transition would 
be much easier than the S^TC, TZ^-^T^TZ, TZ*) transition. 
This view coincides with the suggestions that T^TZ, TZ*) 
is mainly produced through T 2(n, TZ*) in alcohols,15) 
and that the first step of the intersystem crossing is 
S1(tt,n:*)-»T2(n,ji:*) transition in ethanol.14) 

O n the basis of the above informations, we propose a 
Jablonski diagram as shown in Fig. 6, where kd is the 
rate constant of non-radiative transitions other than 
intersystem crossing. According to the diagram, the 
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Si (a-,a-*) 
25450 

T3(ff,ff*) 

ki+kA 

25990 or 25870 

T2(n,ff*) 

21400 or 23500 

T,(ff,ff*) 

15840 

Ground State 

Fig. 6. The Jablonski diagram of acridine in PVA. 

fluorescence lifetime and the yield of T^TZ, TZ*) are 
expressed as follows; 

T = l/ikt+kt + ̂  + kz + kJ, (1) 

0ST = (k1 + k2 + k3)z. (2) 

DQ is related to the light absorbed during flashing, Iah, 
as follows; 

D0 = e?[T]0d = eTrf-0ST/ab, (3) 

where [ T ] 0 is the triplet concentration immediately 
after flashing and d is the thickness of PVA. At suf­
ficiently low temperature, following relations hold; 

T„= l/(Af + *d + *i + *2), (4) 

0§T = (h + h) r0, (5) 

D% = erd.fal^ (6) 

Putting k3=kexp(—AEjRT), we obtain the following 
equations from Eqs. 1—6; 

Dn D° 
—5- = eTdI&hk exp 
To 

AE\ 
RT ) ' 

1 1 u = kexp 
r T0 

AE\ 
RT ) ' 

(?) 

(8) 

These equations can analyze the results shown in Fig. 5, 
and the following values are obtained; 

— = 7x l0 7 s - 1 , 
To 

k = 3.7x108s"1 , 

AE = 420 cm"1, 

eT(450)rf/ab£ = l .Sx lO ' s" 1 , 

PI 
To 

= £T(450)J/ab.(A:1 + Â:2) = 5X 10* s"1. 

From the last two relations, the rate constant of the 
intersystem crossing to the two lower triplet states, 
Äj+Äg, was calculated to be 1 . 4 x l 0 7 s _ 1 . 

All of the rate constants involved in the Jablonski 
diagram were summarized in Table 1. The yield of 
Txin, TZ*) in PVA at any temperature can be calculated 
by the following relation derived from the above 
results ; 

é (k \k \k)z Q-20 + 5 -3xexp( -604 /T) 
<Psr-{k1 + k2 + k3)r- L 0 + 5 i 3 x e x p ( _ 6 0 4 / r ) • W 

T A B L E 1. R A T E CONSTANTS OF THE DEACTIVATION 

OF EXCITED ACRIDINE 

^ - S . ô x l O ' s - 1 

A d = 2 . 0 x l 0 7 s - 1 

£ 3 = 3 . 7 x l 0 8 x e x p [—^-) A£=420cm- 1 

kx + k2= 1.4x107 s-1 *!<*„ 
* d t =4 .2 x10 s-1 

From Eq. 9, we get ç5ST=0.53 at 23 °C, which agrees 
satisfactorily with the experimental value 0.56. Such 
agreement between the calculated and observed values 
supports strongly the validity of both the deactivation 
pathways shown in Fig. 6 and their rate constants cited 
in Table 1. T h e fluorescence and intersystem crossing 
yields at sufficiently low temperature are calculated to 
be 0.51 and 0.20, respectively. 

In the above discussion, the contribution of the 
1(n, 71*) state to the deactivation of S^TZ, n*) has been 
ignored. The value of k obtained is the same order of 
magnitude for the frequency factor of a intersystem 
crossing process in aromatic hydrocarbons;27) there seems 
to be no enhancement of the intersystem crossing due 
to the spin-orbit coupling between the 1(n, TZ*) state 
and T3(TJ;, TZ*). Therefore, it is probable that the energy 
level of the x(n, TZ*) state is too high to play an important 
role in the intersystem crossing. 

In this study, it has first been confirmed that there 
are two kinds of processes in the intersystem crossing of 
acridine from S^TZ, TZ*) to T^TZ, TZ*) in PVA; the 
temperature dependent process through T3(TC,7Z*) 
whose energy level is about 420 c m - 1 higher than that 
of S1(JT, TZ*) and the temperature independent processes 
in which the pa th through T 2(n, TZ*) seems to be most 
important . 

As regards kd, the internal conversion is unreasonable 
because of the large energy gap between S^TT, TZ*) and 
the ground state. Although the quan tum yield of 
photoreduction of acridine by steady light illumination 
is very small in PVA, the weak transient absorption 
other than the T - T absorption was observed at about 
560 nm where acridine radicals have the absorption.28) 
Therefore, the non-radiative process may be due to the 
transient reaction in S1(TZ, TZ*). 
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The thermal cis-to-trans isomerization of cù-[CrCl2tn2]Cl«0.5H2O in a solid phase was studied by means of 
derivatographic and isothermal measurements. It was found that m-[CrCl2tn2]Cl-0.5H2O in which trimethylene-
diamine(tn) forms six-membered chelate ring with chromium undergoes isomerization to the /ram-complex in 
contrast with the isomerization of fraw-[MX2(diam)2]X.HX«nH20 (M=Co or Cr, X=halogen) to the m-one in 
which the diamine (diam) forms five-membered chelate ring with metal M. The isomerization proceeded in 
anhydrous state. The activation energy of the isomerization of the complex was found to be 163 kj mol - 1 from 
the isothermal measurements, which is fairly greater than that of the /ran5-[CoCl2pn2](H502)Gl2 and cis-
[CoCl2tn2]Cl«H20. The difference was explained by whether or not water molecule involved as a lattice water 
contributes to the isomerization. 

The thermal trans-to-cis isomerization of the transition 
metal complexes in a solid phase was reported for the 
dihalogenobis(diamine) series, frmy-[CoCl2pn2](H502)-
Cl2,

3'4> taj-[CoBr2pn2](H502)Br2,
5> frmy-[CrCl2en2]-

Cl6>, and /ran.y-fCrB^pnJBr'HaO.7) In these complexes 
of the type [ M X 2 ( d i a m ) 2 ] X - H X . n H 2 0 , the modes of 
isomerization are influenced more or less by the kind 
of metal ion, M, halide ion, X , and diamine (diam). 
In the complex, / ra^-[CoCl 2 pn 2 ] (H 5 0 2 )Cl 2 , most par t 
of the isomerization was reported to proceed simul­
taneously with dehydration and dehalogenation, the 
process being considered to follow an "aquat ion-ana -
t ion" mechanism.4) However, in the complex where 
the chloride ion is replaced by the bromide ion, trans-
[CoBr2pn2](H502)Br2 , the ratio of isomerization was 
5 5 % at the most, no isomerization proceeding after the 
dehydration was complete.5) 

On the other hand, in the case of the corresponding 
chromium(III) complex, ^m^-[CrBr 2pn 2 ]Br«H 20, 
dehydration was complete rapidly, isomerization succes­
sively proceeding even after complete dehydration.7) 

So far as the three complexes are concerned, isomeriza­
tion occurred in the presence of water molecules involved 
in the cobalt(III) complexes, whereas it took place 
mainly in anhydrous state in the chromium(II I ) com­
plexes. Although the cobalt(III) and chromium(II I ) 
complexes containing propylenediamine which forms a 
five-membered chelate ring with metal undergoes the 
trans-to-cis isomerization, it might be of interest to study 
type of isomerization appearing in the complexes 
containing trimethylenediamine which forms a six-
membered chelate ring. 

The present work was undertaken to investigate the 
kinetics of the isomerization of m-[CrCl 2 tn 2]Cl»0.5H 2O, 
with the purpose of comparing its mode of isomerization 
with the modes of the corresponding cobalt(III) and 
propylenediamine complexes. 

Exper imenta l 

Preparation of Complexes. Dichlorobis(trimethylenedi-
amine)chromium(III) chlorides, m-[CrCl2tn2]Cl • 0.5H2O, 
and towtf[CrCl2tn2]Cl, were prepared by a modification of the 

methods reported.8) The chemical formulas of these com­
pounds were confirmed by elemental analysis and spectro-
photometric measurement. 

Found: C, 22.82; H, 6.81; N, 17.76%. Calcd for cis-
[CrCl2tn2]G1.0.5H2O: C, 22.84; H, 6.71; N, 17.76%. 
Found: C, 23.73; H, 6.68; N, 18.28%. Calcd for trans-
[CrCl2tn2]Cl: C, 23.51; H, 6.58; N, 18.28%. 

Derivatography. The derivatogram for the complex 
m-[CrCl2tn2]C1.0.5H2O was obtained with a MOM Typ-
OD-102 Derivatograph. 0.5 g of the sample was used in 
each run under a constant flow of nitrogen with a heating 
rate of 1 °G min -1. The activation energy was estimated by 
analysis of the DTA peak in a manner similar to that re­
ported.9) 

Isothermal Measurements. The rate of dehydration of 
m-[CrCl2tn2]G1.0.5H2O was measured at 129, 136, 144, and 
155 °C with a CHO 100L thermobalance. 0.3 g of the sample 
in each run was heated at the desired temperature. The 
rate of dehydration was determined from the loss in mass of 
each sample in a constant time interval at each temperature, 
and the activation energy was calculated by means of the 
Arrhenius plots. 

The rates of isomerization at 160, 170, 181, 190, 199, and 
209 °C were followed by measuring the changes in absorbancy 
on the basis of the following equations similar to those report-

A(nm) 
525 455 

j ! _ j I i 
15 20 25 30 

0(10» s"1) 

Fig. 1. Electronic spectra of m-[CrCl2tn2]C1.0.5H2O 
( ) and the corresponding trans-iorxa complex ( ). 
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ed.7> 

5 .87Z+46 .10F=Z> 5 2 6 

23.98Z + 12.00F=Z>455, 

where 5.87 and 23.98 are the molar extinction coefficients of 
the as-complex, and 46.10 and 12.00 are those of the corres­
ponding trans complex at 525 and 455 nm, respectively. 
The electronic spectra of the eis and trans complexes are 
shown in Fig. 1. 

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

Derivatography. T h e dérivatogram of m-[CrCl 2-
tn 2 ]Cl-0 .5H 2 O is given in Fig. 2. The T G curve shows 
tha t the mass loss corresponding to the liberation of a 
half mole of water appears at 160 °C, followed by the 
presence of a plateau from 160 to 220 °C, the decomposi­
tion of complex then taking place rapidly. 

°C 

Fig. 2. Derivatogram of m-[GrCl2tn2]Cl-0.5H2O. 

T h e D T A curve shows that an endothermic peak 
corresponding to the dehydration appears in the range 
70—190 °C, one more endothermic peak due to the 
isomerization appearing at 200—225 °C before an 
exothermic decomposition reaction begins. The iso­
merization from eis- to trans-îorm could be detected to 
occur a t the second endothermic peak by the color 
change of the sample from violet to green. 

T h e results indicate that the isomerization of the 
complex proceeds after the dehydration is complete. 
Such a tendency was also observed in /raw.y-[CrBr2pn2]-
B r * H 2 0 . In contrast to those chromium(II I ) complexes, 
the isomerization of the cobalt(III) complexes such as 
/m^- [CoCl 2 pn 2 ] (H 5 0 2 )Cl 2 and tom.y-[CoBr2pn2](H502)-
Br2 is always accompanied by dehydration.4 '5) This 
conspicuous difference in the thermal reaction might 

10 15 

(min) 

Fig. 3. Relation of log a/(a—x) vs. time for the dehydra­
tion. 
0129°G, 0136°C, D1440C, •155°C. 

arise from the difference in mechanism of the isomeriza­
tion. 

T h e enthalpy change, AH, of the dehydration was 
obtained by analysis of the endothermic curve in the 
derivatogram to be 25 k j mol - 1 . T h e value is twice 
to that for / ra^ - [CrBr 2 pn 2 ]Br -H 2 0 , 12.6 k j mol"1 . 

Rate of Dehydration. If the rate of dehydration 
at each temperature follows the first order law, the 
following equation holds: 

2.303 log 
(«-*) 

= kdt, 

where a and x are the initial amount of the starting 
complex and the amount of an anhydrous complex 
formed during time t, respectively, and kd is the rate 
constant of dehydration. Approximately linear relation­
ships were obtained (Fig. 3) when the values of log-
a\{a—x) were plotted versus t for each temperature. 
T h e rate constants a t each temperature were obtained 
from the slopes of the respective lines. Their values are 
given in Table 1, together with those of isomerization 
(vide post). From the Arrhenius plots the activation 
energy of dehydration, Ed, was found to be 42 k j mol - 1 . 
This value is almost equal to the heat of evaporation 
of water. I t is presumed, therefore, that the lattice 
water molecule in £Ù-[CrCl2tn2]Cl«0.5H2O is bound 
loosely like liquid water. 

Rate of Isomerization. If the rate of isomerization 
obeys the first order law, it could be expressed by the 
equation, 

2.303 log b/(b-y) = k& 

where b is the initial amount of the starting complex, 
m- [CrCl 2 t n 2 ]C l '0 .5H 2 O, y is the amount of trans 
complex produced during time / and k-x is the rate 
constant of isomerization. 

TABLE 1. RATE CONSTANTS OF DEHYDRATION AND ISOMERIZATION 

*°C 129 136 144 155 160 170 181 190 199 209 

^ x l O ^ s - 1 

Jfc.xlO^s-1 
2.46 2.79 3.69 4.98 

1.40 3.56 10.44 22.52 59.11 126.0 
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100 200 300 

(min) 

Fig. 4. Relation of log b/(b~y) vs. time for the isomeriza­
tion. 
O 160°C, # 170°C, • 181 °G, • 190°C, A 199°C, 
A 209°C. 

When the values of log b\ (b —y) were plotted versus 
t at each temperature, approximately linear relation­
ships were also obtained (Fig. 4) . T h e rate constants 
obtained from the slope of the respective lines are given 
in Table 1, together with those for dehydration. W e 
see that the dehydration occurs at a relatively lower 
temperature, while most part of the isomerization 
proceeds in the higher temperature region. 

From the Arrhenius plots of the rate constants, the 
activation energy, El} for the isomerization was cal­
culated to be 163 k j m o l - 1 . This value is slightly lower 
than 179.7 k j m o l - 1 for the isomerization of trans-
[CrBr 2 pn 2 ]Br-H 2 0, but fairly greater than 96.1 k j -
mol - 1 for that of tamj-[CoCl2pn2](H502)Cl2 and 117.0 
k j m o l - 1 for that of *ra?w-[CoBr2pn2](H502)Br2. 

As far as these complexes are concerned, the chro-
mium(I I I ) complexes give higher values of activation 
energy than the corresponding cobal t ( I I I ) complexes. 
This seems to be due to the fact tha t cobal t ( I I I ) com­
plexes easily undergo isomerization with the aid of the 
lattice water through aqration-anation mechanism, 
whereas the chromium(II I ) complexes require excess 
energy for the structural change owing to the intra­
molecular rearrangement such as twisting or bond 
rupture in order to isomerize in anhydrous state. I t 
should be noted that the coexistence of the lattice 
water noticeably causes the difference in the modes of 
isomerization between cobalt (111) and chromium (III) 
complexes. 

I t was found that the trans-to-cis isomerization occurs 
in the complexes [ M X 2 p n 2 ] X « H X * n H 2 0 ( M = C o or 
Cr ; X = C I or Br), where diamine forms a five-membered 
chelate ring, whereas the cis-to-trans isomerization 
takes place in the complex [CrCl2 tn2]Cl-0.5H2O, in 
which the diamine forms a six-membered chelate ring, 
as also observed in the complexes [CoCl 2 tn 2 ]X«H 2 0 
( X = C 1 , C104) and [CoBr 2 t n 2 ]X-H 2 0 ( X = B r , C104) . 

Thermochemical Reaction Scheme. T h e thermo-
chemical reaction scheme for the path-way of the cis-to-
trans isomerization of [CrCl 2 tn 2 ]Cl '0 .5H 2 O can be 
expressed as follows. 

cw-[CrGl2tn2]Cl. 0. 5H 2 0 

AH= 9.2 kj mol"1 

(from analysis of the derivatogram) 
129—155 °G 
EA = 42 kj mol"1 

m-[CrCl2tn2]Cl trans-[CrC\2tn2]Cl 
160—209 °C 
Ei = 163 kj mol"1 

The scheme for the dehydration and isomerization of 
«,y-[CrCl2tn2]Cl-0.5H2O is similar, except for the direc­
tion of isomerization, to that for trans-[CrBr2pn2~\Br'H20 
in that isomerization occurs in an anhydrous state, but 
is quite different from that of the cobalt(III) complexes, 
fra/2.5,-[CoCl2pn2](H502)Cl2 and fran.y-[CoBr2pn2](H502)-
Br2, in which isomerization takes place simultaneously 
with dehydration. 
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Quantitative Analysis of Hydrogen in Titanium with an Ion Microanalyzer 
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Quantitative analysis of hydrogen in titanium was investigated with an ion microanalyzer. Argon ions as 
primaries were accelerated at a voltage of 10 kV. The diameter and the current of the beam were 1 mm and 
2 (iA, respectively. A mass spectrum was measured at 2 X 10~7 Torr. It was found that the intensity ratio of 
m/<?=49(48TiH+) and 46(46Ti+) can be used for the determination of hydrogen in titanium. A linear relation 
was obtained between the intensity ratio and hydrogen concentration determined by the standard vacuum fusion 
method. The present method was applied to determine the hydrogen concentration in the surface layer of a 
sample treated by cathodic polarization. It was observed that hydrogen concentrations in the surface layer were 
much higher than those in the bulk of the sample. 

I t is well known that t i tanium is embrittled by the 
presence of small amounts of hydrogen. Phillips et al. 
investigated the kinetics of embrit t lement by observing 
a sample cross section with an optical microscope, 
determining the hydrogen concentration by the vaccum 
fusion method.1> In order to investigate the mechanism 
of embritt lement, it is necessary to determine hydrogen 
concentrations on a microscopic scale. T h e vacuum 
fusion method, however, cannot be applied to deter­
mination of hydrogen concentration in a microscopically 
thin layer. 

An ion microanalyser ( IMA) enables us to carry out 
analyses of the impurities contained in a small selected 
volume and in very thin layers. Gray2) and Someno 
et al.3> reported on the application of I M A to the 
determination of hydrogen in t i tanium. Gray used the 
intensity ratio of t i tanium (m/<?=48) to hydrogen 
(m/tf=l). However, Gray's method cannot be applied 
with sufficient reproducibility, due to a trace amount of 
contaminants containing hydrogen compounds in the 
sample chamber. Someno et al. used deuterium instead 
of hydrogen. 

T h e present paper describes an I M A method which 
can be applied to the determination of hydrogen in 
ti tanium with good reproducibility. 

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

Materials. The titanium specimens used were 1 mm 
thick and 5 x 5 mm in size. Table 1 gives the composition 
obtained by chemical analysis. In order to obtain specimens 
with high concentrations of hydrogen, hydrogen was diffused 
in the specimen by cathodic polarization. Specimens were 
ultrasonically cleaned in acetone and methyl alcohol. The 
hydrogen concentration was analyzed by the standard vacuum 
fusion method. 

Argon gas, used as a source ofprimary ions, was purified by 
passing through CuO particles heated to 500 °C, Mg(C104)2 

particles and a liquid oxygen trap. 

TABLE 1. CHEMICAL ANALYSIS OF TITANIUM SPECIMEN 

Specimen 

1 
2 
3 

N 

0.003 
0.008 
0.009 

Concentration 

O 

0.059 
0.057 
0.070 

H 

0.0012 
0.0020 
0.0020 

(%) 

Fe 

0.002 
0.030 

c 

0.005 
0.007 

Experimental Procedure. A Hitachi type IMA-2 ion 
microanalyzer was used. Argon ionized by a duoplasmatron 
was accelerated from 6 to 15 kV and struck the sample 
mounted with silver paste on a holder. The beam diameter 
was focused to about 1 mm. The primary ion current at the 
sample was 0.5 to 5 fxA. The pressure in the sample chamber 
was 4x l0~ 6 —8xl0~ 8 Torr. Secondary ions sputtering 
from the sample surface were accelerated at a voltage of 3 kV 
and analyzed with a mass spectrometer. 

R e s u l t s 

Principle of Quantitative Analysis. T h e secondary 
ion current Ix of an element X with one isotope only is 
given by 

•*x — *pSx+CxVx> (i; 

where Ip is pr imary ion current, Sx
+ the yield of ions of 

element X , C x the concentration of element X , and J?X 

the transmission of the instrument between sample and 
collector. Thus the ratio of the secondary ion current 
of an element X to a reference element (matrix) R is 
given by4) 

7X//B = %el)+Cx/CB (2) 

where 7B is the secondary ion current of a reference 
element R, CR the concentration of a reference element 
R, and £(rel)+ the ratio of the yield of ions of an element 
X to a reference element R. When the analysis is car­
ried out by means of Eq. 2, it is necessary to select the 
peak of the element to be analyzed and that of a refer­
ence element. 

Selection of Peak. Figure 1 shows the mass 
spectra of samples of different hydrogen concentrations. 
T h e hydrogen concentrations of samples A and B 
analyzed by the vacuum fusion method are 12 and 3800 
ppm, respectively. T h e heights of the peaks of hydrogen 
(mje=l) do not show any appreciable difference. O n 
the other hand, the peak height difference of m/tf=49 
between A and B is very large. T h e peak at mle—49 
contains both 49Ti+ and 48TiH+ ions. Hydrogen sources 
of the ion TiH+ seem to be the hydrogen in the ti tanium 
sample and impurities such as water and hydrocarbons 
in the sample chamber. In order to determine the 
hydrogen in t i tanium using the peak at m/<?=49, the 
impurities in the system should be minimized. 
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1 45 50 45 50 1 
m/e 

Fig. 1. Mass spectra of titanium before and after 
hydrogen absorption. 
(A): Before absorption(12 ppm H), (B) : after absorp­
tion (3800 ppmH) . 

In the present work, argon gas was purified by passing 
through C u O particles heated to 500 °G, Mg(C10 4 ) 2 

particles and a liquid oxygen t rap. T h e impurities in the 
sample chamber were minimized by cooling with liquid 
nitrogen. Since the impurities adsorbed on the sample 
surface also give a TiH+, they should be separated from 
other secondary ions using a high accelerating voltage. 

TABLE 2. PEAK HEIGHT RATIO FOR TITANIUM 

m\e 

Sample A 
Sample B 

46 

8.06 
6.94 

Peak height ratios (%) 

47 48 49 

7.20 73.94 
7.82 66.67 

5.83 
13.47 

50 

4.97 
5.10 

Isotopic ratio of m/e=46, 47, 48, 49, and 50 is 7.93, 
7.20, 73.94, 5.51, and 5.34, respectively. 

Table 2 gives the peak height ratios for samples A 
and B, as compared to the isotopic ratio of t i tanium. 
The values at m/e=49 are greater than the isotopic ratio. 
T h e high value at m/<?=49 for sample B indicates a 
high concentration of hydrogen. Thus the peak at mje= 
49 can be used for the determination of the concentra­
tion of hydrogen. 

I t is preferable to select the peak at m/e=46 as a 
reference, since t i tanium of m/e=4:5 is not detected and 
the TiH+ gives no signal at mj'e=46. Since the inten­
sities at m/e=46 and 49 are comparable, errors can be 
minimized. 

Effect of Primary Ion Current on I49/I46. The 
temperature of the sample surface and the sputtering 
rate5) are influenced by the primary ion corrent. When 
the sample is heated by primary ions, the absorbed 
hydrogen in t i tanium might be released. Figure 2 shows 
the relation between the intensity ratio of m/tf=49 to 
46(/49//46) and to the primary ion current. /4 9 / /4 6 is 
constant in the range 0.5—5 \xA. T h e results show that 
no thermal release of hydrogen occurs by the present 
method. 

1 2 3 4 5 

Ion current (uA) 

Fig. 2. Relation between I49/Ii6 and primary ion cur­
rent. 
0 : Before absorption (12 ppm H), 0 : after absorption 
(3800 ppm H). Primary ion accelerating voltage :10kV. 

5 10 15 
Accelerating voltage (kV) 

Fig. 3. Relation between IM/Ii6 and primary ion accel­
erating voltage. 
0 : Before absorption(12 ppm H), 0 : after absorption 
(3800 ppm H). Primary ion current : 2 [xA. 

P/ Torr 
Fig. 4. Relation between Ii9/IM and pressure in sample 

chamber at primary ion current of 2 fiA and primary ion 
accelerating voltage of 10 kV. 



Yoshiaki OKAJIMA, Yukiyoshi AIZAWA, Katsumi SUZUKI, and Yasushi SUGAWARA [Vol. 50, No. 4 

Effect of Primary Ion Accelerating Voltage on I49/I46 . 
T h e measurements were carried out at a primary ion 
current of 2 uA. Figure 3 shows the relation between 
749//46 and the pr imary ion accelerating voltage. /4 9 / /4 6 

increases with the accelerating voltage and becomes 
constant at voltages above 10 kV. 

Effect of Pressure in Sample Chamber on I4 9/I4 6 . 
Figure 4 shows the relation between /4 9 / /4 6 and pressure. 
749//46 decreases at pressure above 4 X10~7 Torr . 
Decrease in /4 9//4 6 with pressure seems to be due to the 
increase of oxygen present in the sample chamber.6) 

Effect of Surface Layer on I49/I46 . T h e sample 
surface is contaminated with impurities such as oxygen, 
water and hydrocarbons which generate secondary ions, 
making the quanti tat ive analysis of hydrogen difficult. 
Surface sputtering is effective in removing the impurities 
on the surface. In the early stages of bombardment , 
the peak intensity changes widely. However, a stable 
signal can be obtained after bombardment for ca. 10 min. 
I t was confirmed by surface roughness measurement 
that 2 (xm or less had been sputtered by 10 min 
bombardment . 

TABLE 3. WORKING CONDITIONS FOR 

QUANTITATIVE ANALYSIS 

Ionic species Argon(Ar+) 
Primary ion accelerating voltage 10 kV 
Primary ion current 2 [xA 
Primary ion beam diameter 1 mm 
Pressure in sample chamber 2 X 10~7 Torr 
Preliminary sputtering time 10 min 
Secondary ion accelerating voltage 3 kV 

concentration in the surface layer of a sample treated 
by cathodic polarization. The hydrogen concentration 
decreases with increase in depth (Fig. 6). 

^ 1 

0.001 0.005 0.01 0.05 0.1 0.5 
Hydrogen concentration(%) 

Fig. 5. Calibration curve. 
: Isotopic ratio(49Ti/46Ti). 

Calibration Curve. The working conditions for 
the I M A method are summarized in Table 3. Under 
these conditions, /4 9 / /4 6 was plotted as a function of 
hydrogen concentrations, which were determined by the 
vacuum fusion method. A linear relation was obtained 
between /4 9 / /4 6 and hydrogen concentration as shown 
in Fig. 5. 

Hydrogen Concentration in Surface Layer. T h e 
present method has been applied to determine hydrogen 

Depth below surface(|jm) 
Fig. 6. In depth concentration profiles for titanium 

treated by cathodic polarization. 
O : - 5 V vs. SCE, 10 h, 3 : - 1 . 5 V vs. SGE, 4940 h, 
# : - 0 . 5 V vs. SCE, 4940 h. 

Resin 
Hydrogen 
absorbing layer 

Matrix Ti 

Fig. 7. Cross section of titanium treated by cathodic 
polarization at a potential of —5 V vs. SCE for 10 h. 

Figure 7 shows a cross section of the sample treated 
for 10 h at a potential of - 5 V vs. SCE. The 20 pun 
layer in the photograph corresponds to the layer in 
which the hydrogen concentration is higher than 0.05%. 
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The phase equilibria in the Sm a03-V 20 3 -V 20 5 system was established at 1200 °C. In this system, Sm203 , 
Sm10V2O20, SmV03 , SmV04 , V 2 0 3 , V 3 0 5 , V 4 0 7 , V 50 9 , V 6 O n , and V 0 2 were stable and Sm10V2O20, SmV04 , 
V203 , and VOa had the non-stoichiometry. On the basis of the phase equilibria, the Gibbs free energy for the 
reactions, S m V 0 3 + l / 2 0 2 = S m V 0 4 and 4 Sm 2 0 3 +2 SmVO3+O2=Sm1 0V2O2 0 , were determined to be —30.4^ 
0.1 and — 76.8±0.1 kcal, respectively. Also, standard Gibbs free energies of oxidation of various vanadium 
oxides were calculated. 

L n V 0 4 has been prepared and its crystallographic,1»2) 
fluorescent,3) and magnetic4) properties have been 
investigated. L n V 0 4 has a tetragonal structure, except 
for L a V 0 4 . O n the other hand, L n V O s has the crystal-
lographic form of orthorhombic, except for L a V O s and 
CeV03.5> 

Although L n V 0 4 and L n V O s had been prepared and 
their various physical properties studied, as described 
above, the phase equilibria in the system L n - V - O 
had not been determined at high temperature in low 
oxygen partial pressures. 

Many studies have been carried out on the system 
V - O . Among early studies, Andersson6) investigated the 
system V O - V 2 0 5 at temperatures between 650—1000 
°C, and found a series of vanadium oxides which could 
be represented with the general formula, V„0 2 M_ 1 , 
changing the «'s from 2 to 8. 

Kosuge et A/.7) also investigated the system V 2 0 3 - V 2 0 5 

at 800 °C, and recognized the phases Vn02n_1 of n= 
2—7. 

Recently, thermochemical studies and phase equilibria 
in the system V 2 0 3 - V 0 2 at 1600 K,8> in the system 
V 2 0 3 - V 4 0 7 at temperatures from 1400 to 1700 K,9) in 
the system V 2 0 3 - V 0 2 at 1307 K,10) in the system 
Vn02n^ at temperatures from 1000 to 1200 0C,n> and 
in the system V 2 0 3 - V 0 2 at temperatures from 1173 to 
1423 K12) were investigated by means of the quenching 
and thermogravimetric methods under a controlled 
oxygen partial pressure by equilibration with C 0 2 and 
H 2 or C O and C 0 2 . They reported the phases of 
vanadium oxide and standard free energies of oxida­
tion,8-12) standard enthalpy,9-10 '12) and entropy 
change.9'10»12) 

The precise phase equilibria in the system S m 2 0 3 -
V 2 O a have not been reported. But the existence of stable 
phase of S m V 0 3 is well known, as described above. 
Recently the phase equilibria in the system S m 2 0 3 -
V 2 0 5 was studied by Brusset et a/.13) and Remizov et a/.14) 

In the report, Brusset et al. showed the existence of 
compounds of 4 S m 2 0 3 « V 2 0 5 and 5 S m 2 0 3 « V 2 0 5 . O n 
the other hand Remizov et al. showed the existence of 
compounds of S m 2 0 3 ' 2 V 2 0 5 and 3 S m 2 0 3 ' V 2 0 5 . There 
are sharp differences in the results regarding to the 
composition. 

The objectives of the present study are to establish 
the detailed phase equilibria in the system S m 2 0 3 - V 2 0 3 -
V 2 0 5 at 1200 °C by changing the oxygen partial pres­
sures, to calculate the thermochemical values based upon 

the phase equilibria, and to ascertain, upon completion 
of the studies of the L n - V - O system, whether the 
trend of the linearity of the Gibbs free energy of reaction 
with rare-earth ionic radii in the system Ln-Fe-O 1 5 ) 
will be observed or not when the iron is changed to 
vanadium. 

Exper imenta l 

Analytical grade of Sm203 (99.9%) and V 2 0 5 which was 
made from the guaranteed grade of NH 4 V0 3 by heating at 
500 °C in air for 24 h have been employed as starting materials. 
The desired ratios of Sm203 /V205 were obtained by mixing 
throughly in an agate mortar with ethyl alcohol. The mixed 
samples were heated at 600 °C for 24 h at an oxygen partial 
pressure of 10~100 atm to reduce V 2 0 5 to V2Os. The tem­
perature of the furnace was increased to 1200 °C in the same 
Po2 to solidify the samples. After 6 h, the samples were 
quenched. Samples thus prepared were crushed to obtain 
small size pieces (about 2 x 3 x 3 mm3), as described pre­
viously.16) 

Mixed gases of C 0 2 and H2 were used to obtain low oxygen 
partial pressures in the present experiment. The actual 
oxygen partial pressure of the gas phases was measured by 
means of a solid electrolytic cell composed of (ZrO2)0>85 

(CaO)0>15.
8) Phases in quenched samples were identified by 

the powder X-ray diffraction method with (Ni-filtered) CUKCL 
radiation. 

Details of the apparatus, procedures for maintaing constant 
temperature, methods of thermogravimetry and quenching, 
and the criterion for equilibrium establishment were the same 
as those described in previous papers.8'16»17) 

Lattice constants were determined by the powder X-ray 
diffraction method with Ni-filtered CuKa radiation and with a 
slow scanning speed of 0.5° per minute. Instrumental errors 
were calibrated by measuring the diffraction angles of a 
standard specimen of silicon. 

It was found that the V 2 0 3 phase was stable: that is,its com­
position remains constant over a wide range of oxygen partial 
pressures.8) During the preliminary work in the present 
experiments on the V-O system and mixed samples, this fact 
was ascertained (Fig. 1). On the basis of these preliminary 
results, an oxygen partial pressure of 10-12-00 atm was chosen 
as the reference weight standard. Vanadium contents in the 
starting materials and quenched samples are determined 
volumetrically by adopting the zinc-amalgam method18) in 
order to check the thermogravimetric results. Samarium 
contents in the samples are determined by precipitating as 
samarium oxalate and igniting of the precipitate to samarium 
sesquioxide. 

The results of duplicated wet chemical analysis and the 
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T A B L E 1. SOME COMPARISONS WITH RESULTS OBTAINED 

FROM THERMOGRAVIMETRY AND BY WET CHEMICAL 

ANALYSIS OF THE QUENCHED SAMPLES 

v2o5.000
a> 

v o l l M 8 
* 2 O 3 > 0 6 5 

V 2^3.000 

SmVO4.000 

SmVO3.980 

SmVO3.000 

- l ogPo . 

0.68 
4.50 
7.90 

11.00 
0.68 
9.00 

11.00 

vt 
56.02 
61.54 
67.51 
67.98 
19.20 
19.22 
20.43 

vm 
56.0 
61.5 
67.5 
68.0 
19.1 
19.2 
20.4 

Smt 

56.68 
56.75 
60.32 

Sm& 

56.6 
56.7 
60.2 

o 

SP 
7 

a) Starting material. 

results of the thermogravimetric determination are shown in 
Table 1. Molecular formulas in the first column in Table 1 
imply the compositions obtained from the thermogravimetry 
at each oxygen partial pressure in the second column. Vt 

and Smt are the weight % of the vanadium and samarium 
calculated from the compositions in the first coumn, whereas 
V& and Sm& are the weight % of the vanadium and samarium of 
the quenched samples obtained by wet chemical analysis. 

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

Phase Equilibrium. Eight samples with S m 2 0 3 / 
V 2 0 5 compositions of 0.1111, 0.2500, 0.4286, 1.000, 
1.500, 2.333, 5.000, and 5.667 were prepared. In Fig. 1, 
the relationship between oxygen partial pressures and 
compositions, V O * or Wo2j WT X 100, are shown, where 
Wo2 is the weight gain from the standard state and WT 

the total weight gain of the mixed sample as if the 
reaction, V 2 0 3 + 0 2 = V 2 0 5 , were to be completed. 
Based upon the experimental results of the thermo­
gravimetry and identifications of the sample phases 
(Table 2), a phase diagram can be depicted. T h e 
results of the phase equilibria are illustrated in Fig. 2. 
T h e following phases were stable under the present 
experimental conditions: S m 2 0 3 ( R ) , Sm1 0V2O2 0(A), 
SmV0 4 (B) , S m V 0 3 ( C ) , V 2 0 3 ( D ) , V 3 0 5 ( E ) , V 4 0 7 ( F ) , 
V 5 0 9 ( G ) , V 6 O n ( H ) , V 7 0 1 3 ( I ) , and V 0 2 ( J ) . Letters in 
parentheses are the abbreviations of the compounds. 
Other Magnèli phases of V - O system could not definitely 
be detected as a single phase under the experimental 

A? 

Y~ 

v-o J 

1 

-

vo, 
Fig. 1-1. The relationship between — log P0t and VOx 

at 1200 °G. 

6.00 L 

10.00 

6 0 0 20 40 

(WJWT) X100 

Fig. 1-2. The relationship between —log P0l and weight 
gains of the sample, Sm2O3/V2O5 = 0.25, at 1200 °C. 

(W0JWT)X 100 

Fig. 1-3. The relationship between —log P0t and weight 
gains of the sample, Sm 2 0 3 /V 2 0 5 = 1.5 at 1200 °C. 

conditions. 
Also the compounds of 3 S m 2 0 3 « V 2 0 5 and 4Sm203« 

V 2 0 5 did not appear under the experimental con­
ditions. 

S m 2 0 3 was stable in this experimental condition as 
already described.19) Sm1 0V2O2 0 , S m V 0 4 , V 2 0 3 , and 
V 0 2 have apparent deviations from the stoichiometric 
composition, judging by the results of thermogravi­
metry. As for V 2 0 3 , many investigators have already 
pointed out the same phenomena.6 - 8) Deviations from 
the stoichiometry of V 0 2 were recognized by Hoschek 
and Klemm.20) They stated that the V 0 2 phase was 
homogeneous between V 0 1 > 8 and VO2 > 0 . But Andersson 
pointed out that the homogeneity range of this phase 
might be very low, arguing from his experimental 
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Sm2Oj(R> 

1200*C 
>V2O20CA) 

T A B L E 2. IDENTIFICATION OF PHASES 

SmVI 
CO 

m V 0 4 CB> 

v2o3 
CD) 

V A VtOr V.O,, V^O,j V 0 2 
CE) CF)V,0»CH) Cl) CJ) 

CG) 

V2Os 

Fig. 2. Phase equilibria in the system Sm 2 0 3 -V 2 0 3 -
V 2 0 5 at 1200 °C. Numerical values in the three solid 
phases regions are the oxygen partial pressures in —log 
P0t in equilibrium. Abbreviations are the same as those 
in Table 4. 

results of no displacement of the powder lines. The 
present results showed that the solid solution range is 
from V0 1 > 9 8 8 at log PÖ2=-4.7l to V0 1 > 9 9 5 at log 
P 0 2 = - 3 . 7 9 (in C 0 2 at 1200 °C). 

The deviation from the stoichiometric composition of 
Sm1 0V2O2 0 extended up to Sm10V2O19>78 at log P02= — 
11.40 atm, that of S m V 0 4 up to SmVÔ3>980 at log P 0 2 = 
—9.01, and that of V 2 O s up to V 2 O a 065 at log P02= 
- 7 . 8 6 . 

The lattice constants of the phases which appear in 
this system are given in Table 3, together with the 
data of other authors.8 '21 '22 '24) T h e crystal system of 
Sm1 0V2O2 0 could not be determined. Although the 
relative intensities and «/-values of Er10V2O20,26) Gd1 0V2-
O20,

26> and Y10V2O20
27> had been reported, their 

crystal systems have also not yet been determined. 
d-Values and relative intensities of Sm1 0V2O2 0 obtained 
by the powder X-ray method are shown in Table 4. 
As shown in Table 3, the crystal data of the present 
samples are in very good agreement with those of the 
previous authors. Lattice constants of V 2 0 3 were 
determined on the basis of the hexagonal type, and 
rhombohedral values recalculated from the hexagonal 
values are shown in parentheses. The lattice con­
stants of S m V 0 4 and V 0 2 solid solutions are constant 
irrespective of the compositional variations, but those 
of V 2 0 3 decrease with the increasing of the oxygen 
partial pressures. These phenomena seem to be re­
flected in the narrow solid solution range of S m V 0 4 

and V 0 2 , and in the more wide solid solution range of 
V 2 0 3 and in the increasing of the smaller quadrivalent 
vanadium content. 

Calculations of Standard Gibbs Free Energies of Ternary 
Compounds. On the basis of the phase equilibria, 
the standard Gibbs free energies of reaction of the 
Sm ] 0V 2O 2 0 and S m V 0 4 compounds can be calculated 

Starting 
Materials 
(mol%) 

Sm203 

85 

70 

50 

30 

10 

0 

v2o5 
15 

30 

50 

70 

90 

100 

- l o g P 0 2 
(atm) 

0.68 
8.00 

10.00 
12.00 
0.68 
8.00 

10.00 
12.00 
0.68 
9.00 

11.00 
4.50 
5.10 
5.30 
5.50 
5.75 
7.60 
8.00 

10.00 
12.00 
4.50 
5.10 
5.30 
5.50 
5.75 
7.60 
8.00 

10.00 
12.00 
4.00 
5.10 
5.30 
5.45 
5.75 
7.00 
7.85 
9.00 

11.00 

Time 
(h) 

48 
23 
23 
23 
48 
23 
23 
23 
38 
32 
24 
96 
60 
51 
56 
51 
48 
41 
26 
23 
96 
60 
51 
56 
51 
48 
41 
26 
23 
96 
48 
48 
48 
48 
42 
48 
30 
24 

Phases 

Sm10V2O 
Sm10V2O 
Sm10V2O 
SmV03 

Sm10V2O 
Sm10V2O 
Sm10V2O, 
SmV0 3 

SmV0 4 

SmV04 

SmV0 3 

vo2 
v7o13 
v 6 o n 
v5o9 
v4o7 
v3o5 
v2o3 
vao3 
v2o3 

vo2 
v7o13 
v 6 o n 
v5o9 
v4o7 
v3o5 
v2o3 
v2o3 
vao3 

vo2 
v7o13 
v 6 o n 
v5o9 
v4o7 
v3o5 
v2o3 
v2o3 
v2o3 

2 0+Sm2O3 

2 0+Sm2O3 

2 0+Sm2O3 

+ Sm203 

2 0+SmVO4 

2 0+SmVO4 

2 0+SmVO3 

+ Sm203 

+ SmV04 

+ SmV04 

+ SmV04 

+ SmV0 4 

+ SmV04 

+ SmV0 4 

+ SmV04 

+ SmV0 3 

+ SmV0 3 

+ SmV04 

+ SmV0 4 

+ SmV04 

+ SmV04 

+ SmV04 

+ SmV04 

+ SmV04 

+ SmV0 3 

+ SmV0 3 

by referring to the following equations : 

SmV03 + l /20 2 = SmV0 4 o: 
4Sm203 + 2SmV03 + 0 2 = Sm10V2O20 (2) 

The standard Gibbs free energies of both reactions 
may be calculated directly by adopting the equili­
br ium oxygen partial pressures corresponding to the 
Eqs. 1 and 2. Here, the activity of each component, 
S m V 0 4 and Sm1 0V2O2 0 , in each solid solution was 
set equal to one, the composition SmVO3>980 (Bj 
in Fig. 2) was in equilibrium with S m V 0 3 , and 
Sm1 0V2O1 9 - 7 8 (A2 in Fig. 2) was in equilibrium with 
S m V 0 3 and S m 2 0 3 . The standard Gibbs free en­
ergies of the reactions (1) and (2) may be determined 
from the equation: AG°=— RT\n K, where R is the 
gas constant, T the absolute temperature, and K the 
equilibrium constant. T h e values, —30.4^0 .1 and 
— 76 .8^0 .1 kcal, are obtained by referring to reactions 
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Compd. 

SmV04 

SmV03 

v2o3 

v3o5 

v4o7 

v5o9 

v . o u 

v7o13 

vo2 

- l o g P 0 2 

0.68 
9.00 

11.00 

11.00 

7.88 

7.00 

5.75 

5.50 

5.30 

5.10 

4.00 
4.60 

«(A) 

7.263±0.001 
7.261±0.001 
7.262521) 
5.398±0.002 
5.39322> 
4.950±0.001 
(5.469) 
4.940±0.001 
(5.459) 
5.4728) 

10.00 ± 0 . 0 4 
9.9938> 
5.500±0.004 
5.5124) 
5.467±0.006 
5.4724) 
5.439±0.003 
5.4424) 
5.425±0.009 
5.4324) 
5.745±0.004 
5.748±0.009 
5.7448> 

Kenzo KITAYAMA and Takashi KATSURA 

rABLE 3. UNIT ( 

*(A) 

5.591±0.002 
5.588 

5.032±0.005 
5.063 
6.988±0.005 
7.01 
7.002±0.007 
6.99 
6.991±0.002 
6.99 
6.991±0.006 
7.00 
4.519±0.002 
4.519±0.004 
4.526 

HELL DIMENSIONS OF THE COMPOUNDS 

c(A) 

6.387±0.001 
6.387±0.001 
6.3894 
7.677±0.002 
7.672 

13.990±0.002 

13.964±0.003 

9.86 ± 0 . 0 4 
9.872 

12.242±0.005 
12.92 
8.71 ±0 .01 
8.72 

23.65 ±0 .01 
23.66 
15.15 ±0 .02 
15.16 
5.377±0.004 
5.369±0.008 
5.375 

a 

(53.8) 

(53.8) 
53.80 

95 .2±0 .1 
96.2 
97 .3±0 .1 
97.5 
98 .5±0 .1 
98.5 
98 .9±0 .1 
98.9 

ß 

138.8±0.2 
138.62 
95 .1±0 .1 
95.2 

112.4±0.1 
112.4 
120.9±0.1 
120.9 
125.6±0.1 
125.5 
122.6±0.1 
122.5±0.1 
122.55 

y 

109.2±0.1 
109.2 
109.2±0.1 
109.0 
108.9±0.1 
108.9 
108.8±0.1 
108.9 
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V(Â3) 

336.9±0.1 
336.7±0.1 

231.7±0.2 

296.8±0.1 

295.1±0.1 

327 ± 2 

1 439.0±0.4 

1 278.5±0.4 

674.6±0.5 

396.4±0.7 

117.6±0.1 
117.6±0.2 

TABLE 4. d-VALUES AND RELATIVE 

INTENSITIES OF Sm10V2O20 

d{k) Ilh d(A) Ilh 
8.89 
3.22 
3.198 
3.152 
3.009 
2.972 
2.730 
2.611 
2.162 
1.930 
1.886 
1.867 
1.810 

13 
14 
11 

100 
10 
17 
41 
10 
11 
45 

9 
6 
7 

1.783 
1.695 
1.646 
1.6186 
1.5761 
1.4935 
1.4402 
1.3649 
1.2528 
1.2208 
1.2093 
1.1145 

11 
6 

34 
7 

13 
6 
8 
6 

11 
8 
6 
8 

(1) and (2) respectively. 
The activities of the Sm1 0V2O s and SmVCX com­

ponents in stoichiometric composition, that is, A and B 
in Fig. 2, were readily calculated by means of the 
Gibbs-Duhem equation on the basis of the experimental 
results. T h e relationships, log P0z - A ^ / A ^ o i and log 
A)2 - N0J NSmi0v2o20, are determined to be N0INSmVOi= 
3.77X10- 3 log P O 2 +0.01377 and JVo/AW 2 o 2 0 =0.0227 
log Po2 +0 .0388 from the thermogravimetric results. 
Here N0JNSmy0i and N0/NSmi0v2o20 are the fraction 
rations of oxygen to SmVOj , and to Sm1 0V2O2 0 , indicat­
ing the deviation from the stoichiometry. A detailed 
calculation method has been described in the paper of 
Kimizuka and Katsura.28) T h e calculated activity 
values and stability ranges ofthe oxygen partial pressures 
of the compounds which appeared are summarized in 
Table 5. 

TABLE 5. COMPOSITIONS, STABILITY RANGES 

IN OXYGEN PARTIAL PRESSURES, AND 

ACTIVITIES IN SOLID SOLUTIONS 

Component 

Sm10V2O20 

SmV0 4 

SmV0 3 

v2o3 

v3o5 
v4o7 
v5o9 
v 6 o u 
v7o13 

vo2 

Composition 

Sm10V2O20>00 

Sm1 0V2O1 9 > 8 1 

Sm1 0V2O1 9 > 7 8 

SmVO 4 . 0 0 0 

SmVO 3 . 9 8 0 

SmV03.„oo 
^2^3.000 

^2^3.012 
V2O3.O65 
V3O5 > 0 0 0 

*4^7.000 

^5^9.000 
v6on.00 
* 7O13.00 

VO2.000 

vo l iM8 

Sym­
bol 

A 
Ax 
A2 

B 
Bx 
C 
D 

Dx 
Da 

E 
F 
G 
H 
I 

J 
J i 

• - l o g P o , 
(atm) 

0.68a> — 1.59") 
9.01 

11.40 
0.68a> — 3.70b) 

9.01 
9.01 —12.00e) 
9.98 —12.00e) 

9.01 
7.86 

6.45 — 7.86 
5.65 — 6.45 
5.43 — 5.65 
5.20 — 5.43 
5.05 — 5.20 

3.07b) 
4.71 

logûi 

0.533 
0.231 
0.0 
0.0264 
0.0 
0.0 

0.0046 
0.0 

a) Stability range in log PQz may be higher than 
— 0.68. b) These values were obtained by ex­
trapolations by using the experimental values, c) 
Stability range 
- 1 2 . 0 0 . 

in log P0 may be lower than 

The Standard Gibbs Free Energies of Oxidation of Vanadium 
Oxides. O n the basis of the phase equilibria of the 
V - O system, the standard Gibbs free energies of oxida­
tion of vanadium oxides which appeared in the present 
experimental conditions can be calculated. Although 
the details of the method were already described by 
Katsura and Hasegawa8* at 1600 K and by Smiltens,29> 
we will briefly describe them below. 



April, 1977] Phase Equilibria in Sm 2 0 3 -V 2 0 3 -V 2 0 5 System at 1200 °C 893 

In the cases of the following reactions : 

VO s / 3 + l/2402 = V0 7 / 4 , 

V 0 7 / 4 + l/40O2 = V0 9 / 5 , 

V 0 9 / 5 + 1/160, = V O n / 6 , 

V O n / 6 + l/8402 = V0 1 3 / 7 , 

(3) 

(4) 

(5) 

(6) 

which are concerned with the stoichiometric compounds 
in equilibrium states a t fixed oxygen partial pressures, 
the standard Gibbs free energies of the oxidations can 
be readily calculated. For example, in the case of 
reaction (3), AG°=-RT\n ^ = 1 / 2 4 RT \n Po2(eq) is 
applicable, where P02(eq) is the equilibrium oxygen 
partial pressure at which two solid phases are in 
equilibrium. 

In the case of the following reactions, which involve 
solid solutions: 

V0 3 / 2 + 1/120, = V0 5 / 3 , (7) 

V0 1 3 / 7 + 1/140, = V 0 2 , (8) 

the method of the calculation of the standard Gibbs 
free energy of oxidation is more complicated. We 
assume from the results of the phase diagram that 
V 0 1 3 / 7 has a solid solution, although the phase diagram 
between V 0 1 3 / 7 and V 0 2 is not so exactly determined 
because of the slow reaction rate. 

O n the basis of Smiltens's method, the standard free 
energies referring to reactions (7) and (8) may be given 
as follows : 

AG?473(7)=Ä77121nP0,(eq) 
("0.0320 

+ RT/2\ In [P0i/P0l(cq)]d*lf 

Jo ooo 
ACC47,(8)=Ä77141ni»o.(eq) 

f0.1301 

+ RT/2\ ln[P0JP0s(cq)-\dx2, 
J 0.000 

where ^ and x2 are defined as V 0 3 / 2 + x 1 / 2 0 2 — V O s / 2 + x l 

and V0 1 3 / 7 - f -x 2 /20 2 =V0 1 3 / 7 + A : 2 , respectively. 
The second term of the right side of the above equa­

tions is named by Smiltens as the correction term. We 
obtained the values by adopting the graphical integra­
tion method. The relationships, log [Pc2IPo2(eq)~\ ~xi a n d 
log LPo2/^o2(eq)] - *2, are shown in Fig. 3-1 and 3-2. The 
results of the standard Gibbs free energies of the oxida­
tion of vanadium oxides are summarized in Table 6 
together with the values calculated from equations 
presented by Okinaka et al.11) T h e present values are 
in good agreement with those of Okinaka et al. 

The standard Gibbs free energy of the reaction, 

V0 3 / 2 + l /40 2 = V 0 2 (9) 

0 0.01 

0 

"o> 

5 i.o 

I 
2.0 

y 

* 

0.02 0.03 

-̂  

Fig. 3-1. The log \PQJIPQX(PCL)\ versus xt curve for V 2 0 3 

solid solution at 1200 °C. 

X 

Fig. 3-2. The log [PoJPo,(GCÙ] versus x2 curve for V 70 1 3 

solid solution at 1200 °C. 

can be calculated as the summation of the values of the 
respective reactions, and is also shown in Table 6. 

Allen et al.30) obtained the free energy equation, 
A G ° = 102800-33 .5 T (calcd, 1020—1180 K, ± 5 kcal), 
for the reaction 4 V 0 2 = 2 V 2 0 3 + 0 2 and Anderson 
et al.12) - 2 6 . 9 at 1173, - 2 4 . 7 7 at 1273, and - 2 1 . 2 4 
kcal a t 1473 K for the reaction V 2 0 3 + l / 2 0 2 = 2 V 0 2 . 
Althoguh this equation and values are not adequate 
for 1200 °C, we obtained the values —13360 and 
— 10070 cal for reaction (9) a t 1200 °C by extrapolation. 

According to Coughlin,31) M a h and Kelly,32) and 
Okinaka et al.11) the standard free energy of the reaction 
V 2 0 3 + 1 / 2 0 2 = 2 V 0 2 was given as AG°= — 43650+ 

TABLE 6. STANDRAD FREE ENERGIES OF OXIDATION AT 1200 °C 

Oxidation Reaction 

V 0 3 / 2 + l / 1 2 0 2 = V 0 5 / 3 

V 0 5 / 3 + l / 2 4 0 2 = V 0 7 / 4 

V O 7 / 4 + l / 4 0 O 2 = V O 9 / 5 

V O 9 / 5 + l / 6 0 O 2 = V O 1 1 / G 

V0 1 1 / 6 +l /84 0 2 = V 0 1 3 / 7 

V0 1 3 / 7 +l /14 0 2 = V 0 2 

V 0 3 / 2 + l / 4 0 2 = V 0 2 

- ! o g ^0 ,(eq) 
(atm) 

7.86 
6.45 
5.65 
5.43 
5.20 
4.71 

Correction term 
(cal) 

- 7 0 
0 
0 
0 
0 

- 4 0 

-AG° 

Present 

4490±100 
1810± 50 
950± 50 
610± 50 
420± 50 

2310±100 
10590 ±400 

(calcd) 

Okinaka et al. 

4370 
1710 
910 
550 
390 

2400 
10330 
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16.75 T(calcd, 500—1800 K, ± 2 0 0 0 cal), A G ° = - 4 2 2 0 0 
+ 13.0 T (calcd, 800—1600 K, ± 4 0 0 cal), and A G ° = 
- 4 8 8 6 0 + 19.14 T (calcd, above 1120K, ± 2 0 0 cal), 
respectively. Values calculated by using these equations 
at 1200 °C are - 9 4 9 0 , - 1 1 5 3 0 , and - 1 0 3 3 0 cal, 
respectively. The present value ( —10590 cal) is in 
good agreement with the value of Okinaka et al. 

The relationship between N0INV02 and log P02 in 
the V 0 2 solid solution is obtained to be JV0/iVvo2= 
6.85 X 10-3 log Po 2+0.0210. The activity of the stoichio­
metric V O a was also determined and is shown in 
Table 6. 
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iV,iV/-Polymethylenebis(o-mercaptobenzylamine) ligands (polymethylene=ethylene, 1,2-cyclohexylene, tri-
methylene, and tetramethylene) have been synthesized by the reduction of the corresponding amides, which were 
prepared by the condensation of 2,2'-dithiodibenzoyl chloride and polymethylenediamines, and then their nickel(II) 
complexes have been prepared and characterized. The elemental analyses and the magnetic and spectroscopic data 
indicate that all of the complexes are monomeric with metal-ligand ratio of 1: 1, and their geometries are essentially 
square-planar. When the bridging carbon chain was replaced from ethylene up to tetramethylene, the electronic 
spectra of the complexes exhibited pronounced change in the d-d bands. 

As a typical N 2 0 2 type quadridentate ligand, N,Nf-
ethylenebis(salicylideneimine) (salen) is well known to 
form square-planar complexes with nickel(II) ions as 
well as other transition metal ions.1) A sulfur analogue 
of salen, i.e., iV,iV'-ethylenebis(o-mercaptobenzylidene-
imine)(tib-en), has been synthesized and it acts as a 
N2S2 type quadridentate ligand and also forms a square-
planar nickel(II) complex.2) Both nickel(II) complexes 
are monomeric in solution, and no significant difference 
has been observed in their electronic spectra showing 
only one absorption band due to d-d transition a t 
18300 cm- 1 for salen3) and near 15000 cm" 1 for tib-en.2) 

O'Connor and West4) investigated a nickel(II) 
complex with the hydrogenated ligand of salen, i.e., 
JV,iV'-ethylenebis(o-hydroxybenzylamine), and suggested 
a polymeric structure in which the donor atoms displayed 
a distorted octahedral arrangement around the nickel ion. 

This was evidenced by the paramagnetic property 
and the spectroscopic observation. In this connection 
it is worthwhile to investigate the hydrogenated ligand 
of tib-en, i.e., iV,iV'-ethylenebis(o-mercaptobenzylamine) 
(H2enmba), for complex formation with nickel(II) ions. 

H->—NH HN-e-H 

SH HS 

HoXmba 

X = - ( C H 2 ) 2 - (en) 

= 0 (eh) 
=4CH2)3- ( tr i ) 

=- (CH 2 ) 4 - (tet) 

This paper deals with the synthesis of H 2 enmba as 
well as its polymethylene analogues such as N,N'-\,2-
cyclohexylenebis(o-mercaptobenzylamine) (H 2chmba), 
N, N'- trimethylenebis (o- mercaptobenzylamine) (H2- tri-
mba) , and iV,i^'-tetramethylenebis(o-mercaptobenzyl-
amine) (H2 tetmba). 

Their nickel(II) complexes have also been investigated 
in terms of the electronic spectra and the magnetic 
properties. 

Exper imenta l 

Synthesis of the Ligands. To a solution of 2,2'-dithio-
dibenzoyl chloride (0.01 mol) in 60 ml of dry dioxane was 
added dropwise a mixture of polymethylenediamine (0.01 
mol) and triethylamine (0.02 mol) in dry dioxane (10 ml). 
The mixture was stirred in an ice-cold water bath for one hour 

and the resulting precipitate was filtered and quickly washed 
with cold water. The product was crushed with a glass rod 
in a large amount of 1 % acetic acid until it became nonsticky 
powder, and filtered, washed with water repeatedly, and 
dried at 60 °C. 

Under a nitrogen stream the powdered polyamide (3 g) was 
added little by little to a stirred suspension of lithium alu­
minium hydride (3 g) in 120 ml of dry tetrahydrofuran at 
room temperature. 

After the addition, the stirring was continued for 7 h and 
10 ml of cold water carefully added to the mixture with 
cooling in an ice-bath and then 150 ml of 3 M hydrochloric 
acid was added. After stirring overnight, the tetrahydrofuran 
was removed under reduced pressure. The residual solution 
was allowed to stand in a refrigerator to separate the desired 
compound as a hydrochloride ; it was filtered and washed with 
a small amount of cold water and acetone. These compounds 
were pure enough without recrystallization, and the analyses 
are listed in Table 1 together with the yields and the melting 
points. 

Synthesis of the Nickel(II) Complexes. All of the nickel-
(II) complexes were prepared in a similar manner. The 
synthesis of Ni(tetmba) is given as an example: In a warm 
solution of 15 ml of 65% aqueous ethanol containing sodium 
hydroxide (0.004 mol), iVr,iV/-tetramethylenebis(o-mercapto-
benzylamine) dihydrochloride (0.001 mol) was dissolved. 
To this was added nickel(II) acetate tetrahydrate (0.001 
mol) in 10 ml of water. Formation of a reddish-viol et 
precipitate completed in a few minutes; it was collected by 
filtration and washed with water. The crude complex was 
dissolved in DMSO and recrystallized by adding water to give 
reddish-violet crystals. 

Other complexes were purified in the following manner: 
Ni(enmba) was dissolved in a mixture of chloroform-DMSO 
(5: 8 V/V) and the solution was permitted to stand at room 
temperature until chloroform had evaporated spontaneously 
and dark reddish-violet prisms separated. Ni(chmba) and 
Ni(trimba) were recrystallized from DMF and from a mixture 
of chloroform-ethanol (2: 1 V/V) to give dark reddish-violet 
needles and blue-violet crystals respectively. 

The elemental analyses are listed in Table 2. 
Measurements, The molecular weights were determined 

on a Hitachi Osmometer Type-115 using DMF as a solvent. 
Electronic spectra were recorded in DMF with a Hitachi 
EPS-3T spectrophotometer. 

A reflectance attachment was used for the measurement of 
the solid samples. Magnetic susceptibilities were measured 
by the Gouy method at room temperature and the suscepti­
bilities of the ligand molecules were calculated using Pascal's 
constants. 
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R e s u l t s and D i s c u s s i o n 

The ligands may be prepared by the catalytic hydrogé­
nation of corresponding Schiff bases of o-mercapto-
benzaldehyde with polymethylenediamine, but sulfur 
poisoning of the catalyst may cause a poor yield of the 
products. In this case, reduction of a corresponding 
amide will be more preferable and we found that the 
following synthetic route gave a fairly good yield to 
obtain a series of o-mercaptobenzylamine bridged by a 
polymethylene chain. 

ÇLss^i H.Nc-x-r, [ÇLSSJÇ) 
CO 
CI 

CO 
CI 

CO 
NH 

CO 
NH-X-j-

i)LiAlH4 

i i )HC1 'H2°> H2Xmba.2HCl 

T h e condensation of 2,2'-dithiodibenzoyl chloride with 
polymethylenediamine afforded polymeric amides. The 
elemental analyses of the amides were in agreement with 
the unit molecular formulas within an error of 1.9 for 
carbon, 0.3 for hydrogen, and 0.9 for nitrogen percen­
tages. T h e amide carbonyl and the disulfide bond 
underwent reduction simultaneously with lithium alumi­
nium hydride and the desired mercaptobenzylamine 
derivatives were finally isolated as hydrochlorides. 

T h e infrared spectra of these compounds may exhibit 
absorptions due to a SH stretching vibration in the 
vicinity of 2550 c m - 1 . However, these bands were not 
detected probably due to overlapping with the strong 
ammonium absorption which appeared in the same 
region. T h e nickel (I I) complexes are insoluble in water, 
slightly soluble in most organic solvents, and moderately 
soluble in .Af,N'-dimethylformamide (DMF) . Data for 
the elemental analyses and the molecular weight 
determination in D M F are listed in Table 2. They 
indicate that all complexes are monomeric and the 
ligands act as N 2 S 2 type quadridentate dianions. 

T h e electronic spectra of the complexes in D M F 

15 20 25 

Wave number (103 cm-1) 

Fig. 1. Absorption spectra of Ni(enmba), 
Ni(trimba), ; Ni(tetmba), - • - . 

exhibit three bands in visible and near-ultraviolet regions 
as seen in Fig. 1. 

T h e absorption maxima in 103 c m - 1 are : Ni(enmba), 
Ni(chmba), 
Ni( tr imba), 
Ni(tetmba), 

16.7(e 362), 20.2(e 319), 26.8(e 2380); 
16.8(e 248), 20.6(e 301), 27.0(e 1654); 
17.0(e 374), 19.2(e 405), 27.0(e 1542); 
18.1(e 309), 19.6sh(e 258), 27.8sh(e 1974). 

T h e first and the second low energy bands having a 
moderate molar extinctions are attributed to d-d 
transitions, and the third bands in the near-ultraviolet 
region will be due to charge transfer considering from 
their high molar extinctions. These spectral patterns 
are different from that of the nickel (I I) complex of 
tib-en2) which exhibits only one band near 15000 c m - 1 

in the visible region, but similar to those of square-planar 
nickel(II) complexes of bis(JV-substituted 2-amino-
ethanethiol) which consist of three bands around 16000 
c m - 1 and 20000 cm" 1 in the visible and 27000—30000 
c m - 1 in the near-ultraviolet regions.5) 

T h e magnetic susceptibilities of the complexes are 
very low with magnetic moments of 0.18 B.M. for 

TABLE 1. ANALYSES, YIELDS, AND MELTING POINTS OF THE LIGANDS 

Ligand 
Found (%) Galcd (%) 

G H N G H N 
Yield (%) Mp (°C) 

H2enmba.2HCl 
H2chmba.2HGl 
H2trimba.2HC1.2H20 
H2tetmba-2HC1 

50.81 
55.89 
48.16 
53.18 

6.09 
6.49 
6.46 
6.44 

7.38 
6.40 
6.50 
6.73 

50.92 
55.67 
47.77 
53.32 

5.88 
6.54 
6.60 
6.46 

7.42 
6.49 
6.55 
6.91 

83 
34 
41 
40 

233 
218—219 
172—177 
221—224 

Complex 

TABLE 2. 

C ~ 

ANALYSES AND MOLECULAR WEIGHT DATA OF THE COMPLEXES 

Found (%) Galcd (%) 

H N C H N 

Molecular weight 
Found(Calcd) 

Ni(enmba) 
Ni(chmba) 
Ni(trimba) 
Ni(tetmba) 

53.31 
57.61 
53.84 
55.38 

5.05 
5.85 
5.33 
5.80 

7.61 
6.73 
7.28 
6.92 

53.21 
57.85 
54.42 
55.54 

5.02 
5.83 
5.37 
5.70 

7.76 
6.75 
7.47 
7.20 

422(361) 

406(375) 
358 (389) 
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Ni(enmba), 0.47 B.M. for Ni(chmba) , 0.64 B.M. for 
Ni(tr imba), and 0.41 B.M. for Ni(tetmba) at room 
temperature. These values are often observed for 
spin-paired ions,6) and for the d8 electron configuration 
of nickel(II), diamagnetism commonly means tha t the 
metal ion is coordinated with four strong donor atoms 
in a square-planar structure or with five donor atoms 
of phosphorus, arsenic, or sulfur in a trigonal bipyr­
amidal or square-pyramidal structure. 

Judging from the spectral similarity with known 
square-planar nickel(II) complexes with similar N 2 S 2 

type ligands which consist of a thiol sulfur and a secon­
dary amine nitrogen, five-coordinate structure can be 
ruled out, and it is concluded that these nickel(II) 
complexes are essentially square-planar. 

I t should be noted as pointed out by Gerlach and 
Holm7) that substitution of two or more oxygen atoms 
by sulfur without any other stereochemically significant 
alternations in ligand composition causes depolymeriza-
tion of metal complexes. T h e present case is a typical 
example which is in conformity with this criterion, 
namely the nickel (I I) complex of JV,iV'-ethylenebis(o-
hydroxybenzylamine) is polymeric, whereas its mercapto 
analogues are monomeric. 

As for the effect of increasing length of the bridging 
carbon chain in the diamine moiety, a significant change 
of the d-d transition bands has been observed in their 
electronic spectra. When the bridging ethylene was 
replaced by the trimethylene, the first band moved to a 
higher frequency, whereas the second one shifted to a 
lower frequency. In the case of the tetramethylene 
analogue, two bands almost overlapped at 18000 c m - 1 . 

From the steric consideration, increasing length of 
the bridging carbon chain will cause the weakening 
of the ligand field strength and distortion from planarity. 
Thus in the nickel(II) complexes of JV,iV-polymethyl-
enebis(salicylideneimine), red shift of the d-d bands with 
increasing chain length of the polymethylene bridge 
has been observed.8) In the present case, the lowest 
energy bands undergo blue shift with increasing the 

number of bridged carbon atoms. T h e source of this 
phenomenon is not clear at present. 

T h e reflectance spectrum of each complex is essentially 
similar to the corresponding spectrum in solution, except 
that a very weak band can be observed around 8000— 
11000 c m - 1 in every complex in the solid state. Similar 
weak absorptions have been observed in the electronic 
spectra of dithiocarbazatonickel(II) and dithiocarba-
matonickel(II) in the solid state and in concentrated 
solutions, and tentatively assigned to the spin-forbidden 
^ig—>3B2g(D4h) transition.9) Nevertheless, the possibility 
of the presence of a small amount of high-spin species 
together with the predominant low-spin species could 
not be ruled out. 

For the definite assignment, further investigations 
should be awaited. 

T h e authors wish to thank Prof. K. Hirakawa and Dr. 
Y. Nishida, Kyushu University, for the magnetic 
measurements. 
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The circular dichroism spectra of a series of complexes of the type [Co(NH3)2n(/?i?-ptn)3_n]3+(n=0, 1,2), where 
the ÄÄ-ptn is (Äß)-2,4-pentanediamine, were recorded in aqueous solutions with and without the addition of 
electrolytes such as chloride or sulfate, and in DMSO solutions. The circular dichroism spectra in the region of the 
first absorption band of Zl-[Co(&ff-ptn)3]

3+ and m-zl-[Co(NH3)2(Äß-ptn)2]3+ were extremely sensitive to the 
environment of the complexes and showed a remarkable variation, while those of the corresponding diastereomers, 
vl-[Co(ÄÄ-ptn)3]

3+ and m-yl-[Co(NH3)2(Äff-ptn)2]
3+ were little affected by the given environment. The other 

complexes, fram-[Co(NH3)2(ÄÄ-ptn)2]
3+ and [Co(NH3)4(ÄR-ptn)]3+ exhibited small variations in the circular 

dichroism spectra. These variations seem to be accounted for by the conformational change of the flexible six-
membered chelate ring brought about by ion-pair formation between the complex cations and anions. 

In a previous paper,1) we have reported that the 
solution CD spectra of A(lel3)-[Co(RR-ptn)s\

s+(RR-ptn= 
(&ß)-2,4-pentanediamine) in the region of the first 
absorption band are seriously affected by its counter 
ions which comprise the complex salts; the chloride salt 
in water (2.7 m M ) gives two CD bands, a strong 
negative and a weak positive band, while the Perchlorate 
salt a single negative band in the same solvent. Such 
influences of counter ions have generally been reckoned 
to be negligibly small for the corresponding tris-chelated 
complexes formed with 1,2-diamines. 

T h e Äß-ptn chelate rings in the crystals of A(lel3)-
2) 

and ^(063)-[Co(i£ft-ptn)3]Cl3-nH2O3> have been shown 
by X-ray analyses to have the k-skew(twist) conformation 
with two equatorially orientated methyl groups. How­
ever, PMR studies suggest that the RR(or SS)-ptn 
chelate ring is conformationally labile in solution at 
room tempera ture ; in planar complexes such as [Pt(RR-
(or ÄS ,)-ptn)2]2+ 4 ,6) where no appreciable interaction 
is expected between the ligands, the chelate rings prefer 
to take the chair form with one axial methyl group rather 
than the skew form, while in octahedral complexes such 
as [PtCl2(NH3)2(i2/?(or ,SS)-ptn)]2+ 5> and [Ni (H 2 0) 4 -
(RR(or ^ ) - p t n ] 2 + 6> the stability of the skew form 
increases to reduce interactions between an apical ligand 
and the axial methyl group of the RR(or SS)-ptn in the 
chair form. Thus the stable conformation of RR(or SS)-
ptn chelate ring in a complex seems to depend primarily 
on the magnitude of intramolecular interactions with 
other ligands. The conformation in solution may also 
be affected by various other factors such as the kind 
of solvent, the presence of excessive electrolyte, and 
temperature. T h a t the CD spectrum of A-[Co (RR-
ptn) 3 ] 3 + in water is very sensitive to the kind of counter 
ion seems to be correlated with such a conformational 
behavior of the chiral six-membered RR-ptn chelate 
ring. In order to investigate this correlation, we have 
prepared a series of complexes of the type [ C O ( N H 3 ) 2 M -
(JR/?-ptn)3_M]3+ and measured their CD spectra in 
various matrices. 

Very recently Boucher and Bosnien7) reported the 
CD spectra of a number of complexes of the type, 
[CoX2(ÄÄ-ptn)a]M + , involving three isomers of the 
diammine complex, and found some unusual features 
in the CD spectra of the diammine complexes. 

Exper imenta l 

Ligand. (&ff)-2,4-pentanediamine was prepared by the 
method of Bosnien et a/.,8> and its hydrochloride (Äff-ptn* 
2HC1) was used to prepare the complexes. 
(—) 546-A-tris [ (RRJ - 2,4-pentanediamine] cobalt (III) Complex. 

Mizukami et a/.9) prepared this complex from trans-[CoC\2-
(ÄR-ptn)2]C104 and Äff-ptn. However, the following method 
gives pure A -isomer stereoselective^ in a high yield. 

ÄR-ptn»2HCl (2.7 g, 15.4 mmol) was dissolved in water 
(3 cm3), and the pH of the solution was adjusted to 9 with 
NaOH. To this solution were added [CoBr(NH3)5]Br3 

(1.8 g, 4.6 mmol) and active charcoal (0.5 g). The mixture 
was stirred for 10 h at 50 °C, filtered off in hot to remove the 
charcoal, and the residue was washed with hot water. The 
resulting orange filtrate was then diluted with 1 dm3 of water 
and poured on SP-Sephadex. The complex adsorbed on 
SP-Sephadex was found to be pure zl-[Co(Äß-ptn)3]3+ by an 
SP-Sephadex column chromatography using a 0.2 M aqueous 
Na2S04 solution as the eluent. The complex was isolated 
as various salts by the following methods. 

(—)546-A-[Co(RR-ptn)3] (CIOJ3 • 3H20. The complex 
adsorbed on SP-Sephadex was eluted with a 1.0 M NaC104 

solution. The effluent was concentrated at 40 °C under 
reduced pressure to give orange needle crystals. They were 
filtered off, and recrystallized from water. 

(-)hM-k-[Co(RR-ptn)3\Clz-2.5HiO. The complex was 
eluted similarly with 0.5 M HCl. Orange needle crystals 
were obtained by evaporating the effluent to almost dryness 
in a vacuum desiccator over NaOH and P2Os. They were 
recrystallized from a small amount of water by the addition of 
coned HCl. 

(-j546-A-[Co(RR-ptn)3]Br3. 2H20. This complex was 
obtained by converting the Perchlorate into bromide with 
the anion exchanger, Dowex 1x8 , in the bromide form and 
recrystallized from water. 

(—)5i6-A-[Co (RR-ptn) 3]I3. This complex was ob­
tained by adding a Nal solution to an aqueous solution of the 
Perchlorate. Orange crystals were filtered off, washed with 
cold water and recrystallized from ethanol. 

(+) 546-A-tris [ (RR,) -2,4-pentanediamine) ] cobalt (III) Complex. 
The preparative method reported by Mizukami et al.9~> was 
modified as follows. A suspension of Äß-ptn«2HCl (0.256 g, 
1.46 mmol) and sodium methoxide (0.158 g, 2.92 mmol) in 
methanol (5 cm3) was added to a solution of trans-[CoCl2-
(ÄÄ-ptn)JCl9) (0.54 g, 1.46 mmol) in DMSO (20 cm3). 
The reaction took place immediately to give a brown solution. 
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It was then diluted with about 1 dm3 of water and passed 
through an SP-Sephadex column {<f> 2 .7x5 cm). A small 
portion of the Sephadex saturated with the product was 
poured on the top of an SP-Sephadex column (0 2.7X 120 
cm), and the adsorbed complexes were eluted with a 0.2 M 
aqueous solution of Na2S04 . Two separate bands were 
obtained. The first and the second were A- and A-[Co(RR-
ptn)3]3+, respectively. The formation ratio of the former to 
the latter was 10: 1. The effluent containing the yl-isomer 
was poured again on an SP-Sephadex column (çJ 1.5x3 cm) 
after dilution with water and the adsorbed complex was 
eluted by the following method. 

(+)5ifi-A-[Co(RR-ptn)3](ClOJ3. This complex was 
obtained from the SP-Sephadex adsorbed the yl-isomer in a 
similar way to that for A-[Co (RR-ptn) 3] (C104)3-3H20. 

(+)M6-A-[Co (RR-ptn) 3]Cl3-3H20. An aqueous solu­
tion of the complex Perchlorate was passed through a column 
containing the anion exchanger, Dowex 1x8 , in the chloride 
form to convert into the chloride. Needle crystals were 
obtained by evaporating the effluent to almost dryness in a 
vacuum desiccator over P2Os. 

trans, (+)470-cis-A-, and (—)„0-cis-A-diamminebis[(RR)-
2,4-pentanediamine]cobalt(III) Complexes. To a solution 
cf sodium methoxide (0.227 g, 4.2 mmol) in methanol (3 
cm3) was added ÄÄ-ptn.2HCl (0.45 g, 2.6 mmol) with 
stirring, and the mixture was filtered to remove NaCl. The 
filtrate was added to a solution of [Co(H20)(NH3)5](C104)3 
(1 g, 2.2 mmol) in DMSO (20 cm3). The solution was 
stirred for 25 min at 85 °C, diluted with 1 dm3 of water and 
acidified (pH#ss»3) with HCl. This was poured on SP-
Sephadex, and the adsorbed complexes were chromatographed 
by a method similar to that for [Co(.Ri?-ptn)3]

3+ with a 0.2 M 
aqueous Na2S04 solution. The column gave three separate 
bands, I, II, and III in the order of elution, which were 
[Co(NH3)6]

3+, [Co(NH3)4(ÄÄ-ptn)]3+, and a mixture of three 
isomers of [Co(NH3)2 (ftR-ptn)2]3+, respectively. The effluent 
of the band III was reloaded on an SP-Sephadex column 
after dilution with water, and the adsorbed band was eluted 
with a 0.18 M sodium (+)689-tartratoantimonate(III) solution. 
Two separate bands, IIIA and IIIB were eluted in this order. 
The band IIIB was (+)470-w-zl-[Co(NH3)2(ÄÄ-ptn)2]3+, 
but the band IIIA was still a mixture of trans- and (—)470-
aV-^4-[Co(NH3)2(AR-ptn)2]

3+. However, these two isomers 
were successfully separated by a repeated SP-Sephadex 
column chromatography using a 0.2 M Na2S04 solution as 
the eluent. The frani-isomer(IIIA-l) moved faster than did 

the (—)470-m-yl-isomer(IIIA-2). The formation ratio, trans: 
eis-A : cis-A was about 1: 1: 20. 

trans-[Co(NH3)2(RR-ptn)2](CIOJ3-H20, (+)470-cis-A- and 
( - ) 470-cis-A-{Co(NH3) 2 (RR-ptn) 2] (CIOJ 3. These com­
plexes were obtained from each separated eluate described 
above by a method similar to that for zl-[Co(/?/?-ptn)3]-
(C104)3-3H20 using 1.0 M HC104 as the eluent. The 
effluent was concentrated to a small volume with a rotary 
evaporator under a reduced pressure. Orange crystals which 
formed were filtered off and washed with ethanol. 

(-\-)M<r^-^-iiCo(NH3)i(RR-ptn)2\Cl3'L5HiO. This 
complex was obtained by a method similar to that for A-
[Co(ÄÄ-ptn)3]Cl3.2.5H20. 

[CofNHJifRR-ptnftClz and \Co(NH3)4(RR-ptn)] (CIOJ3-
H20. These complexes were isolated from the reaction 
product of [Co(H20)(NH3)5](C104)3 and RR-ptn in DMSO 
described before and crystallized by methods similar to those 
for the chloride and the Perchlorate salts of yl-[Co(ÄÄ-ptn)3]3+. 

(—) 589-A-Tris (trimethylenediamine) cobalt (HI) Perchlorate 
The racemic complex was prepared by the method of Bailar 
and Works10) and resolved by the method of Fujita et a/.11) 
The yf-isomer was isolated as the perchlorate salt by a method 
similar to that for Zl-[Co(Äff-ptn)3] (C104)3-3H20. 

Table 1 shows the results of chemical analyses of all the 
complexes obtained. 

Measurements. Absorption spectra were obtained on a 
Hitachi 323 and a Carl Zeiss PMQ-II spectrophotometer, 
and CD spectra on a JASCO model J-20 spectropolarimeter. 
CD spectra in Nujol mulls were measured by a method simliar 
to that used for IR measurement with two quartz plates. 
PMR spectra were recorded in D 2 0 at 60 MHz on a JEOL 
PMX-60 spectrometer taking HOD signal as the internal 
reference. FT 13C NMR spectra were obtained in D 2 0 at 
15.04 MHz on a JEOL FX-60 spectrometer using dioxane as 
the internal reference, the chemical shift of which is at 67.69 
ppm downfield from TMS sealed in an external capillary. 

Results and Discussion 

Preparation and Characterization of the Complexes. 
Mizukami et a/.9) prepared first a pair of diastereomers, 
( + ) 5 4 6 - and (—)546-[Co(Jff/?-ptn)3]3+ by the reactions of 
trans-[CoCl2(RR-ptn)2]

+ with RR-ptn in 5 0 % aqueous 
methanol in the absence of active charcoal, and in water 
in the presence of active charcoal, respectively. In the 

TABLE 1. ANALYTICAL DATA OF THE COMPLEXES 

Complex 
Found Calcd 

G/% N/% 

Found Calcd Found Calcd 

J-[Co(AR-ptn)3]Cl3.2.5H20 9.38 9.16 35.10 34.86 16.27 16.26 
zi-[Co(ÄÄ-ptn)3]Br3.2H20 7.45 7.23 27.97 28.10 13.14 13.11 
A-{Co{RR-ptn)3\l3 6.00 5.67 24.63 24.15 10.62 11.26 
J-[Co(ÄÄ-ptn)3](C104)3.3H20 6.28 6.74 25.13 25.10 11.73 11.71 
^-[Co(ÄÄ-ptn)3](C104)3 6.37 6.38 27.23 27.14 12.65 12.66 
yl-[Co(Ä/2-ptn)3]Cl3.3H20 8.74 9.20 34.11 34.26 16.10 15.98 
[Co(NH3)4(ÄR-ptn)]Cl3 7.76 7.81 17.77 17.90 24.74 25.04 
[Co(NH3)4(ÄÄ-ptn)](C104)3.H20 4.88 5.17 11.05 11.01 15.46 15.40 
fra^-[Co(NH3)2(ÄÄ-ptn)2]Cl3.1.5H20 8.71 8.66 27.79 27.89 19.82 19.51 
^mw-[Co(NH3)2(ÄÄ-ptn)2](C104)3-H20 5.55 5.91 19.77 19.57 13.59 13.69 
cw-J-[Co(NH3)2(ÄR-ptn)2]Cl3.1.5H20 8.32 8.66 27.81 27.89 19.93 19.51 
m-zf-[Co(NH3)2(ÄR-ptn)2](C104)3 5.98 5.75 20.05 20.16 13.91 14.11 
m->[Co(NH3)2(ÄÄ-ptn)2](C104)3 5.66 5.75 20.02 20.16 13.96 14.11 
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present study, these two isomers are formed by the same 
reaction in D M S O without the addit ion of active 
charcoal at room temperature , and separated by SP-
Sephadex column-chromatography with a 0.2 M Na2-
S 0 4 solution as the eluent. O n the other hand, the 
reaction of [CoBr(NH3)5]Br2 with RR-ptn in water in 
the presence of active charcoal gives only the (—)546-
isomer. I t is known that the ( + ) 5 4 6 - and the (—)546-
isomers have A(obs)

3) and J(/<?/3)
2> configurations, 

respectively, all the RR-ptn chelate rings taking X-skew-
(twist) conformation. Niketic and Woldbye12* showed 
by the conformational analysis that the (-\-)54ß-A(ob3) 
isomer is about 18.8 kJ«mol - 1 less stable than the ( — )546-
A(lel3) isomer. This value implies that the complexes 
formed under an equilibrium condition are almost all 
(>99 .9%) the A{lelz) isomer. The fact that only the 
A (lel3) isomer is formed stereoselectively in the presence 
of active charcoal agrees well with this implication. 
The formation of the (+)546-^(o^3) isomer in the absence 
of active charcoal may be related with a kinetic route 
to form [Co(/?i?-ptn)3]3+ in the reaction between trans-
[CoCl2(ÄJR-ptn)2]+ and RR-ptn. 

tions are assigned, respectively on the basis of their CD 
patterns in the region of the first absorption band, as 
shown in Figs. 3 and 4. These assignments will be 
supported by the fact that the formation ratio of the 
A(ob2) to the A(lel2) isomer is 1: 20 as described in the 
Experimental part, since the yield of one diastereomer 

(a) 

(b) 

dioxane 

67.69 

70 

67.69 

60 

-CH -CH,-

44.44 

38.10 

50 40 

45.37 f4-60 

38.13 

-CHS 

24.16 

30 20 

24.43 
L 24.19 

70 60 50 40 30 20 

(a) (b) 

3.2 3.4 

67.69 

Fig. 1. PMR spectra of methyl signals of the isomers (a) 
III A-l (trans), (b) IIlA-2(cis)-A, and (c) lllB(cis-A) in 
D 2 0 . 
Chemical shifts in ppm from HOD signal. 

The complex, [Co(NH3)2(Äß-ptn)2]3+ exists in three 
isomers, trans, eis-A, and eis-A configurations, all of 
which have been obtained. Figure 1 shows the P M R 
spectra of these three isomers in D 2 0 at 60 M H z . T h e 
trans CD 2 symmetry) and the cis(C2 symmetry) isomers 
are expected to show one and two kinds of doublet 
signal due to the methyl protons, respectively. T h e 
IIIA-2 isomer exhibits two kinds of doublet in the 
methyl signal region and is assigned safely to the eis 
configuration. However, each isomer of the other 
two(IIIA- l and IIIB) gives only one doublet methyl 
signal. To distinguish them 1 3 C-NMR spectroscopy has 
been utilized. As Fig. 2 shows, the IIIA-1 isomer gives 
only one kind of signal for each resonance of the methyl, 
the methylene, and the methine carbons, while the I I I B 

isomer two, one, and two signals for the corresponding 
carbons, respectively. T h e IIIA-2 isomer exhibits the 
same spectral pat tern as that of the isomer I I I B . Thus, 
all of the N M R data lead to the conclusion that the 
I I I A - 1 , the I I I A - 2 , and the I I I B isomers are trans, eis, 
and eis configurations, respectively. For the two eis 
I I I A - 2 and I I I B isomers, the A(ob2) and A(lel2) configura-

(c) 

44.93 
144.42 

37.87 
24.12 

24.271 

70 60 40 50 30 20 

Fig. 2. Proton-decoupled 15.04 MHz "C-NMR spectra 
of the isomers (a)IIIA-l (frans), (b)IIIA-2(m-^), and 
( C ) I I I B ( « J - J ) in D 2 0 . 

Tantaive assignments for the signals are also given. 

600 500 

30 

y/103 cm-1 

Fig. 3. Absorption and CD spectra of I I IB : (+ ) 4 7 0 - ^ -
zl-[Co(NH3)2(ÄR-ptn)2](C104)3(3.31 x 10-3 M in visible 
region and 1.32 X 10-4 M in UV region) in water( ) 
and in 0.2 M Na2S04( ). 
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A/nm A/nm 

901 

Z 

r/103 cm-1 

Fig. 4. Absorption and CD spectra of IIIA-2: (—)470-cù-
>[Co(NH3)2(ÄÄ-ptn)2](ClO4)3(3.30x 10-3M in visible 
region and 1.32 X 10 -4 M in UV region) in water( ) 
and in 0.2 M Na2S04 ( ). 

involving more steric interactions is expected to be lower 
than that of the other.13) Molecular models indicate 
that the A(ob2) structure involves such interactions to a 
greater extent than the A(lel2) structure. The assign­
ments for these three isomers of the diammine complex 
agree with those made by Boucher and Bosnien.7) 

The cis-A{pb2) isomer gives the first absorption band 
at a longer wavelength (482 nm) than does the eis-A (lel2) 
isomer (480 nm) . These results agree with the observa­
tions reported by Mizukami et a/.9) that in a pair of 
diastereomers, the d-d absorption bands of the one 
involving more steric interactions lie at a longer wave­
length than those of the other. For [Co(i?#-ptn)3]3+, 
the first absorption band of the A(ob3) isomer is at a 
longer wavelength side by 6 nm than that of the A {lelz) 
isomer, as shown in Table 2. 

Circular Dichroism Spectra. As stated previously, 
the solution C D spectra of z1-[Co(&ß-ptn)3]3 + in the 
region of the first absorption band are seriously affected 
by its counter ion. Figure 5 and Table 2 show the CD 
data of various salts of this complex ion in water. T h e 
positive CD component at a shorter wavelength side of 
the first absorption band, which has been assigned to 
the 1Ai<r~LA1 transition (D3 symmetry) based on the 
analysis of the solid state CD spectrum of the chloride,14) 
increases the magnitude in the order of perch lora te< 
iodide<bromide<Cchloride. The absorption spectra are 
all nearly identical with one another in this region. 
Since all the anions have uni-negative charge and the 
sizes of ions decrease in this order, such CD changes 
are suggested to be correlated with ion-pair formation 
between the complex cation and anions. Figure 6 
shows dependence of the CD spectra of A -[Co (RR-
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•a 
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Fig. 5. CD spectra of J-[Co(ÄÄ-ptn)3](C104)3-3H20 
( , 3.45 X 10-3 M), J-[Go(ÄÄ-ptn)JI,( , 3.51 x 
10"3M), J-[Co(ÄÄ-ptn)3]Br3.2H20( , 1.75xl0-3 

M), andzl-[Co(ÄR-ptn)3]Cl3.2.5H20( , 3.90x 10-3 

M) in water. 

+ 1.0^ 

+ 0.8h 

+ 0.6h 

+ 0.4H 

+ 0.2k 

- 0 . 2 h 

- 0 . 4 h 

-0.6h 

400 

v/103 cm"1 

Fig. 6. Dependence of CD of /l-[Co(ÄÄ-ptn)3] (C104)3 • 
3H2O(2.80x 10"3 M) on the concentration of chloride 
ion at 25 °C and 1=0.091 (NaC104). 
1. [Cl-] = 0, 2. [Cl-] = 1.66x 10-2 M, 3. [Cl-] = 3.33x 
10-2 M, 4. [Cl-]=4.99x 10-2 M, and 5. [CI"] = 7.49 x 
10-2 M. 
Calculated CD curve of the ion-paired species, zl-[Co 
(ÄÄ-ptn)3]3+.Cl-( ). 
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TABLE 2. 

Complex 

J-[Go(ÄÄ-ptn),] (C104), • 3H 2 0 

J-[Co(ÄÄ-ptn)a]Cla.2.5HaO 

J-[Co(ÄÄ-ptn)3]Br3.2H20 

J-[Co(ÄÄ-ptn)a]I8 

A-[Co(RR-ptn)3](ClOi)3 

^l-[Co(ÄÄ-ptn)3]Cl3 • 3H 2 0 

[Go(NH3)4(ÄÄ-ptn)](C104)3.H20 

[Co(NH3)4(ÄÄ-ptn)]Cl3 

frflfw-[Co(NHa),(ÄÄ-ptn)a] (GlOJs • H 2 0 

eis- J-[Co(NHa)a(ÄÄ-ptn)a] (G104)a 

ar-J-[Go(NH8)a(ÄÄ-ptn)a]Cl,-1.5HaO 

w->l-[Go(NH8)a(ÄÄ-ptn)a] (C104)3 

^-[Go(tn)3](C104)3 

ABSORPTION AND CD SPECTRAL DATA 

Absorption 
loge (Vx/cm-1) 

1.90(20750) 
1.89(28800) 
4.49(43500) 
1.90(20750) 

1.88(28800) 
4.47(43500) 
1.88(20750) 

1.84(28800) 
4.46(43500) 
1.88(20750) 

1.98(20500) 
1.95(28600) 
4.46(43100) 

1.98(20500) 
1.96(28600) 
4.52(43100) 

1.85(20920) 

1.79(29200) 
4.38(48300) 
1.82(20920) 

1.78(29200) 
4.34(48300) 
1.92(20920) 

1.92(28900) 
4.39(43700) 
1.88(20830) 

1.85(28900) 
4.41(45000) 

1.89(20830) 

1.86(28900) 
4.41(45000) 

1.90(20750) 
1.87(28900) 
4.42(45000) 
1.88(20450) 

1.88(28500) 
4.37(43300) 

CD 
Ae v/cm-1 

-0.704(19340) 
+ 0.058(28600) 

+ 18 (42200) 
-0.565(19190) 
+0.154(21550) 
+0.051(28600) 

+ 18 (42200) 
-0.613(19310) 
+ 0.086(21790) 
+ 0.061(28300) 

+ 18 (42200) 
-0.628(19460) 
+0.059(21980) 
+ 0.047(28200) 
+ 3.22 (20750) 
- 0 . 3 1 (28400) 
+ 5.9 (42000) 
- 4 . 1 (48800) 
+ 3.18 (20790) 
- 0 . 3 3 (28600) 
+ 6.5 (42000) 
- 4 . 5 (48800) 
+0.104(20410) < 
-0.012(23370) 
+ 0.075(28700) 
+ 5.8 (46500) 
+ 0.103(20410) 
-0.011(23470) 
+ 0.070(28700) 
+ 5.5 (46500) 
+ 0.271(19530) 
-0.266(21980) 
+ 0.234(28800) ; 

+ 14 (43100) 
-0.245(19380) i 
+ 0.055(21550) 
+0.098(28500) 

+lOsh (43500) 
+ 12 (47400) 

-0.220(19340) 
+0.088(21510) 
+ 0.093(28400) 
+ 6.9sh(42600) i 

+ 11 (47400) 
+ 1.01 (20750) • 
+ 0.031 (27600) 
+ 7.9 (43100) 
+ 0.081(18800) \ 
-0.117(21050) 
-0.018(28400) , 

- 1 3 (40000) \ 
+12 (45300) 

- 9 . 1 (50500) J 

[Vol. 50, No. 

Concentration 
C/M 

• 3.45x10-» 

3.81 xlO- 4 

- 3.90X10-3 

4.20x10-* 

I 1.75X10-3 

4.01 xlO- 4 

• 3.51 x lO- 3 

[ 2.88X10-3 

[ 1.15x10-* 

[ 3.03x10-» 

| 1.21x10-* 

• 7 .77x l0 - 3 

7.06x10-* 

• 6.91X10-3 

• 6 . 2 8 x 1 0 ^ 

• 3.12X10-3 

1.25X10-4 

• 3.31 x lO- 3 

• 1.32x10-* 

• 3.78X10-3 

1.51x10-* 

3.30X10-3 

1.32x10-* 

5.68 x lO- 3 

2.27x10-* 

4 

ptn)3]3+ on the concentration of chloride ion. The 
measurements were carried out at 25 °C, and at the 
ionic strength of 0.091 adjusted with NaC104,and using 
a 2.8 mM aqueous solution of the complex Perchlorate. 

by the addition of NaC104 up to its 0.5 M concentration. 
From the change of CD strengths at 475 nm, association 
constant, K=13.8 was obtained by the method of 
Tanaka et al.15) for the following equilibrium; A-[Co(RR-

The CD spectrum of this perchlorate was little affected ptn)3]3++Cl-^=^J-[Co(/?A-ptn)3]3+-Cl-. On the other 
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hand, the constant K determined from the absor-
bancies15) at 290 nm was 12.6 for the same equilibrium 
system. Tha t the two K values obtained by both the 
CD and the U V methods are nearly the same strongly 
suggests that the CD variation of A-[Co(RR-ptn)3~]3+ in 
the region of the first absorption band is brought about 
by ion-pair formation between the complex ion and 
counter ions. A further evidence to support this sugges­
tion is that the CD spectra of the complex chloride in 
aqueous solutions depend clearly on its concentration 
as shown in Fig. 7. Figure 6 includes the calculated CD 
curve of the ion-paired species, Zl-[Co(/?J?-ptn)3]3+ 'Cl_ 

( K = 13.8). T h e A2 component is considerably enhanced 
and the sign of the so-called main CD band is reversed. 

600' 
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Fig. 7. Dependence of CD of A-[Co(RR-ptn)s]C]3' 
2.5 HjO on its concentration in water; 1.76xlO~4M 
( )} 3.90 x 10-3 M( ), and 1.71 X 10"« ( ). 

The effect of sulfate ion on the CD spectrum of 
A-[Co(RR-ptn)3\

3+ is very similar to that of chloride ion 
and the CD curve of the ion-paired species, A-[Co(RR-
ptn) 3 ] 3 +-S0 4

2 - closely resembles that of the A-[Co(RR-
ptn)3]3 +«Cl_ (Fig. 8). The association constant K of the 
complex ion with a sulfate ion was determined to be 61.7 
by the CD method under the same condition as that 
measured for chloride ion. This value and 13.8 (or 12.6) 
in the case of chloride ion may be reasonable for the 
constants of ion-pair formation in the systems of ions of a 
tripositive-dinegative and a tripositive-uninegative, 
respectively,15»16) Thus, the CD pat tern of A-[Co(RR-
ptn) 3 ] 3 + in the region of the first absorption band seems 
to be affected in a similar manner by ion-pair formation 
with counter anions irrespective of their kinds. 

The ion-pair formation should be facilitated in an 
organic solvent to a greater extent than in an aqueous 
solution. Figure 9 shows the CD spectra of A-[Co(RR-
ptn) 3]Br 3«2H 20 in D M S O at various concentrations. 
T h e spectra give strong A 2 components without the 
addition of excessive bromide ion and depend clearly 

+ 1.0 

+ 0.8h 

+0.6 h 

+0A\-

+0.2 h 

3 

-0.2h 

-0.4 h 

v/103 cm-1 

Fig. 8. CD spectra of zJ-[Co(ÄÄ-ptn)3] (C104)3 • 3HaO(3.45 
X 10-3 M) in water( ) and in 0.1 M Na2S04( ). 
Calculated CD curve of the ion-paired species, A -[Co 
(ÄÄ-ptn)3]*+.SCV-( ). 

-3 

î>/103cm"1 

Fig. 9. CD spectra of <d-[Co(ÄR-ptn)3]Br3.2H20 in 
DMSO; 4.52 xlO" 5 M ( ), 2 .09xlO" 4M( ), 
1.93 x 10-3 M( ), and 9.33 X 1Q-3 M( ). 
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on the concentration of the complex. T h e complex 
chloride in D M S O gives a CD pattern very similar to 
that of the ion-paired species shown in Fig. 6 even at a 
very dilute solution (6.13 X 10~5 M ) . With increase in 
the concentration of the complex chloride, both CD 
components, the A2 and the E, increase their strengths. 
Since the association constant between the complex 
cation and a chloride ion is expected to be larger than 
that between the complex ion and a bromide ion, this 
might be at tr ibuted to the formation of higher ion-paired 
species, 1: 2 or 1: 3 than 1 : 1 . The complex Perchlorate 
in D M S O exhibits a marked A2 component which is 
never observed in an aqueous solution, but shows no 
dependence on the concentration of the complex in the 
range between 9.75 X 10"3 and 7.05 x 10~5 M . T h e 
reason for this is not clear a t present, bu t it is clear that 
a Perchlorate ion is weak in ability to form an ion-pair 
with the complex ion in D M S O . 

In marked contrast to the large variety of solution CD 
spectra of A{lels)-[Co(RR-ptn)3]

3+, the CD spectra of 
A(ob3)-[Co(RR-ptn)sY

+ show little solvent dependence 
in the region of the first absorption band. As Fig. 10 
shows, the CD patterns of the latter isomer are nearly the 
same in water, 0.2 M N a 2 S 0 4 , and D M S O solutions, 
although the spectrum in the last solution gives a small 
negative CD band at a longer wavelength side. 

I t is known that the polarizable oxoanions such as 
phosphate and selenite have a marked effect on the CD 
spectra of some tris(diamine)cobalt(III) complexes. 
T h e CD spectrum of A (or ^)-[Co(tn) 3] 3+(tn: trimethyl-
enediamine) is particularly sensitive to the excessive 
presence of these oxoanions.17»18) Figure 11 shows that 
a chloride ion affects also the CD of yf-[Co(tn)3]3+ in a 

600 500 

r / l O ^ m - 1 

Fig. 10. CD spectra of yl-[Co(ÄÄ-ptn)3](C104)3; 2.88 x 
10-3 M in water ( ), 2.88 x 10~3 M in 0.2 M Na2S04 

( )} a n d 1.81 x 10-3 M in DMSO( ). 

+ 0.2H 

+ 0.1 h 

-a 

-o.ih 

-0.2h 

v/103 cm-1 

Fig. 11. CD spectra of ^-[Co(tn)3](C104)3(5.68x 10~3 

M in visible region and 2.27 X 10 -4 M in UV region) in 
water( ), in 1 M NaCl( ^-), and in 0.2 M Na2S04 

( )• 

(a) (b) (c) 

Fig. 12. Schematic structures of tris(trimethylenedi-
amine)cobalt(III) complexes; (a) A(chair3), (b) A{obz, 
AAA), and (c) A(lel3,ôôô). 

similar way, giving rise to the increase in the major 
negative CD band(A2) a t the expense of the minor 
positive CD band(E) . Beddoe and Mason17»19) found 
that the CD spectra of J-[Cq(tn)3]3+ in the presence of 
phosphate or selenite resemble that of the solid A-[Co-
( tn ) 3 ]Br 3 -H 2 0 in a KBr disk. Since all the tn chelates 
in the crystals adopt the chair conformation,20) they 
suggested that on the addition of oxoanions, [Co(tn)3]3 + 

in an aqueous solution is stabilized to have the tris-chair 
conformation by ion-pair formation (Fig. 12). How­
ever, CD spectra in KBr disl^s should be viewed with 
some caution for such conformationally labile complexes 
as [Co(tn)3]3+, because these spectra depend often on 
the condition such as pressure and its duration time 
employed for the preparation of KBr disk. In fact, 
y l - [Co(tn) 3 ]Br 3 -H 20 in Nujol mull exhibits no detect­
able CD in the region of the first absorption band, 
indicating that the tris-chair form has substantially very 
small CD. Furthermore, molecular models indicate 
that either the tris-chair or the ob3 conformation 
{A(ôôô) and A(W)) of [Co(tn)3]3 + has no set of N - H 
bonds parallel to the C3 axis of the complex ion to form 
an ion-pair most effectively with the oxoanion through 
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hydrogen bonding, while that only the lel3 conformation 
(A(MX) and A(ôôô)) has a set of three N - H bonds 
suitable for forming such hydrogen bonds with the 
oxoanion.21) This suggests that the conformer stabilized 
by ion-pair formation is not the tris-chair proposed by 
Beddoe et a/.,19) but the lel3 conformation. Then, the 
increase in the magnitude of the negative CD band of 
./4-[Co(tn)3]3+ in the presence of excessive anions can 
be attributed to the contribution of the vicinal effect 
of the ô-skew chelate rings in the lel3-A(ôôô) conformer 
stabilized by ion-pair formation (Fig. 11). I t is known 
that the vicinal effect due to a chiral chelate ring in ô 
form gives negative CD in the region of the first absorp­
tion band and that the vicinal and the configurational 
effect contribute additively to the CD in this region.22) 
The addition of other anions such as a chloride ion than 
the oxoanions may result in a similar stabilization of the 
lel3 form, since the effect of chloride ion on the CD 
spectrum of [Co(tn)3]3 + quite resembles that of sulfate 
ion. Thus the CD variation of [Co(tn) 3] 3 + on the 
addition of anions can resonably be explained by the 
stabilization of the lelz conformer due to ion-pair 
formation and by the contribution of the vicinal effect 
due to the chiral, skew tn chelate rings in this conformer. 
The interconversion between the tris-chair and the lel3 

conformation seems to occur easily in solution, since 
the energy difference between them has been calculated 
to be very small.23) The ob3 conformation has been 
shown to have a substantially higher energy.23) 

A similar discussion can be made on the CD variation 
of [Co(-ßi?-ptn)3]3+ in solution. As stated previously, 
the RR-ptn chelate ring has been shown to prefer to 
take the chair conformation with one axial methyl 
group rather than the skew conformation in solution, 
although those in the crystals oî A(lel3)-^ and A(ob3)-
[Co(i?/?-ptn)3]Cl3-«H203) are all in the X-skew confor­
mation with two equatorial methyl groups. As molecular 
models (Fig. 12) show, A(lel3)[Co(RR-ptn)3]

2+ has much 
less crowded structure than A(ob3)[Co(RR-ptn)3Y

+ and 
the chelate rings in the former seem to be able to convert 
their conformations without difficulty into others, the 
chair or some intermediate conformations between the 
X-skew and the chair. O n the other hand, the more 
crowded A(pb3)-isomer seems to have too rigid a struc­
ture to change the conformation. 

If it is assumed that the conformations of A- [Co(RR-
ptn) 3 ] 3 + in an aqueous solution are in an equilibrium 
among the tris-skew and some others involving the chair 
conformation, the CD variation on the addition of anions 
can be explained by the same ion-pair effect as that 
described for [Co(tn) 3] 3 + ; on the addition of anions the 
A (lel3, XXX) conformer is stabilized by ion-pair formation 
and the positive CD component in the region of the 
first absorption band is strengthened by the contribution 
of the vicinal effect due to the increasing amount of 
the X-skew chelate ring (Figs. 6 and 8). This explanation 
will be supported by the fact that the CD spectrum of 
A(lel3, AAA)-[Co(JRi?-ptn)3]Cl3-2.5H20 in Nujol mull 
shows a pattern very similar to that of the ion-paired 
species. 

The small CD variation of A(ob3)-[Co (RR-ptn) 3]
3+ 

on the addition of anions may be due to the conforma­

tional rigidity resulted from the crowded and strained 
structure. Although this isomer will be thermodynam-
ically much unstable than the A(lel3)-isomer12) as 
stated previously, the A(ob3)-isomer seems to be stable 
from the viewpoint of conformational lability. 

T h e same difference in the CD variation on the 
addition of anions is seen between cis-A(lel2)- and cis-
A(ob2)-[Co(NH3)2(RR-ptn)2]

3+. As Figs. 3 and 4 show, 
the positive CD band of the cis-A(lel2) isomer in the 
region of the first absorption band gives rise to a 
pronounced increase in the presence of sulfate ion, while 
the CD change of the cis-A(ob2) isomer is negligible under 
the same condition. T h e CD spectrum of the chloride 
of eis-A (lel2) isomer in the region of the first absorption 
band also differs from that of the Perchlorate in an 
aqueous solution, as shown in Table 2. The structures 
of cis-A(lel2)- and J(o£2)-[Co(NH3)2(Äff-ptn)2]3+ may 
be compared to those of A(lel3)- and A(ob3)-[Co(RR-
ptn) 3 ] 3 + , respectively, and the RR-ptn chelate rings in 
the eis-A (lel2) isomer are expected to be more conforma­
t i ona l^ flexible than those in the more crowded cis-
A(ob2) isomer. Thus, on the addition of sulfate ion the 
A(lel2) isomer is stabilized by forming an ion-pair in a 
mechanism similar to that described for A(lel3)-[Co(RR-
ptn) 3 ] 3 + . A set of three N - H bonds suitable for hydrogen 
bonding may be provided by two RR-ptn and one 
ammonia ligands in the complex. The A(ob2) isomer 
which is insensitive to the ion-pair effect seems to have a 
rigid structure similar to that of A(ob3)-[Co(Äß-ptn)3]

3+, 
although the crowded structure of A(ob2) isomer might 
be reduced to some extent by coordinating two ammonia 
molecules in place of a bulky bidentate RR-ptn. 

The CD spectra of trans-[Co(NH3)2(RR-ptn)2]
3+ in 

water, 0.2 M N a 2 S 0 4 , and D M S O solutions show small 
variations in the region of the first absorption band, 
giving rise to an increase and a decrease in the 
magnitudes of the positive and the negative CD bands, 
respectively in the latter two solutions (Fig. 13). The 
[Co(NH 3 ) 4 (Äß-ptn)] 3 + ion exhibits similar small varia­
tions, as shown in Fig. 14. Thus, the observed CD 
variations are rather small, although the tendency to 
increase the magnitude of the positive CD band in 
0.2 M N a 2 S 0 4 and D M S O solutions is consistent with 
that observed for Zl-[Co(Äß-ptn)3]3+ and cis-A-[Co-
(NH3)2(JRi?-ptn)2]3+. T h e RR-ptn chelate rings in trans-
[Co(NH3)2(/?/?-ptn)2]3+ and [Co(NH3)4(&R-ptn)]3+ 
seem to be more flexible than those in the more crowded 
tris- and cis-bis(RR-ptn) complexes. Furthermore, the 
ability to form ion-pairs between the present series of 
complexes, [Co(NH3)2 M(Äß-ptn)3_M]3 + and sulfate ions 
will not differ greatly from one another.15) However, 
molecular models seem to indicate that trans-[Co(NH3)2-
(RR-ptn)2]

3+ can not provide a set of three N - H bonds 
to form effective hydrogen bonds with a sulfate ion 
without distorting the X-skew conformation of the RR-ptn 
chelate ring. O n the other hand, [Co(NH3)4(&ff-ptn)]3+ 
can have such a set of N - H bonds provided by two 
ammonia molecules and one RR-ptn chelate in the 
X-skew conformation, but similar two sets of three N - H 
bonds can also be formed by the three ammonia ligands 
in the facial positions without the participation of the 
RR-ptn. An ion-pair may also be formed by hydrogen 
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600 500 

v/\03 cm-1 

Fig. 13. Absorption and CD spectra of frans-[Co(NH3)a 

(i?Ä-ptn)2](C104)3.H20; 3.12 X 10~3M in visible region 
and 1.25 X 10~4 M in UV region in water ( ), 3.12 
X 10-3 M in 0.2 M Na2S04( ), and 2.59 x 10~3 M 
inDMSO( ). 

A/nm 
600 500 

3 +0.15 

+o.ioh 

+ 0.05h 

- 0 . 0 5 
50 30 

v/103 cm-1 

Fig. 14. Absorption and CD spectra of [Co(NH3)4(ÄÄ-
ptn)](C104)3-H20; 7.77x ÎO"3 M in 0.1 M in visible 
region and 7.06 X 10-4 M in UV region in water( ), 
7.77 X 10-3 M in 0.1 M Na2S04( ), and 4.59 x 10"3 

M i n D M S O ( ). 

bonding between such N - H bonds provided by three 
ammonia ligands and a sulfate ion. In this case, the A-
skew conformation of the RR-ptn chelate ring will not be 
stabilized by the ion-pair formation. 

Other proposals24»25) have been put forth in an at tempt 
to rationalize the effect of electrolyte on the CD spectra 
in the region of the first absorption band of tris(diamine)-
cobalt(III) complexes. However, so far as complexes 
containing puckerd six-membered chelate rings are 
concerned, a conformational change of the chelate ring 
seems to play the most important role in determining a 
pat tern of CD bands in the region of the first absorption 
band. Such a conformational change may also account 
for the lack of the additivity of the vicinal (conforma­
tional) and the configurational contributions to the CD 
of these six-membered chelate complexes.7»9) 

The authors wish to thank Dr. Yuzo Yoshikawa of 
Nagoya University for measuring 1 3 C-NMR spectra. 
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2,2,6,6-Tetramethylpiperidine iV-oxyl radical (GH3)4C5H6NO • ( T M P N O ) reacts with palladium dichloride 
to give complexes of both anionic and cationic TMPNO; [PdCl(TMPNO)]2 (I) and [TMPNO+]2[Pd2Cl6]2- (II). 
I further reacts with dimethylsulfonium phenacylide or triphenylphosphine (L) to afford a mononuclear complex 
of the PdGl (TMPNO) (L) type. I I undergoes a facile reaction with acetone to yield bis(JV-acetonyl-iV-hydroxy-

2,2,6,6-tetramethylpiperidinium)hexachlorodipalladate, [(GH3)4C5H6N(OH)CH2GOCH3]2[Pd2Cl6] 2~. Configura­
tions of these complexes are described. 

Di-f-butyl nitroxide radical (DTBNO«) reacts with 
palladium dichloride to give a diamagnetic dipalladium 
complex, [PdCl(DTBNO)] 2 , involving the D T B N O -

anion.1) This is in contrast with other metal complexes 
of D T B N O •, in which the nitroxide coordinates to the 
metal as a neutral radical through the oxygen atom.2 - 7) 
2,2,6,6-Tetramethylpiperidine JV-oxyl radical 
( T M P N O - ) is also known to coordinate to several 
metal ions through the oxygen atom. 4 - ' ) In addition, 
this radical reacts with t in(IV) halides to afford stable 
hexahalogenostannate(IV) complexes containing the 
TMPNO+ cation.8) Marked stabilities of the T M P N O -
radical and its cation have been demonstrated by the 
electrochemical study.9) Thus, no metal complex 
containing the T M P N O - anion has been isolated so 
far. This paper reports the isolation and configuration 
of some palladium(II) complexes of the T M P N O - anion 
as well as the T M P N O + cation; [PdCl (TMPNO)] 2 , 
PdCl (TMPNO) (L) (L=dimethylsulfonium phe­
nacylide, triphenylphosphine), and [TMPNO+] 2 [Pd 2 -
C l 6 ] 2 - . I t is also described that the latter compound 
easily reacts with acetone, giving bis(7V-acetonyl-JV-
hydroxy-2,2,6,6-tetramethylpiperidinium) hexachloro­
dipalladate, [ (CH 3 ) 4 C 5 H 6 N(OH)CH 2 COCH 3 ] 2 [Pd 2 -

ci 6 ] 2 -

Exper imenta l 

Materials. The TMPNO• radical,8) (GH3)4C5H6NO-, 
+ -

and dimethylsulfonium phenacylide,10) Me2SCHCOPh, were 
prepared as described in the literatures. 

Isolation of [PdCl(TMPNO)]2 (I), [TMPNO+]2[Pd2Cl6]*--

2CH3CN (II), and [(CHJ^HlNfOHjCH^OCH^Pd^ 
CT6]

2- (III). A suspension of PdCl2 (1.77 g, 10.0 mmol) 
in a dichloromethane solution (2 ml) of TMPNO» (2.34 g, 
15.0 mmol) was stirred for 72 h at room temperature, followed 
by evaporation to dryness under reduced pressure. The 
resulting product was washed with diethyl ether several times 
to remove the unreacted radical. The solid (3.01 g) thus 
obtained was dissolved in dichloromethane (100 ml) in order 
to separate a soluble product from an insoluble one (1.44 g). 
To the dichloromethane solution was added ethanol (20 ml). 
The mixture was evaporated to about one-fifth volume under 
reduced pressure to give reddish brown crystals (0.31 g), mp 
160—162 °G, whose elemental analysis agreed well with the 
composition of PdCl (TMPNO)-0.1 PdCl2, although this 
compound has not been further studied. Further evaporation 
of the residual solution to about a half volume yielded dark 
red crystals of I (0.14g, 0.23 mmol, 9% yield), mp 151— 
154 °C. Found: C, 36.28; H, 6.25; N, 4.77%; mol wt, 622. 

Galcd for C9H18NOGlPd: C, 36.26; H, 6.09; N, 4.70%; 
mol wt, 298. 

The insoluble product in dichloromethane was recrystallized 
from a mixture of acetonitrile and diethyl ether to give brown 
crystals of I I (1.12 g, 1.36 mmol, 55% yield), mp 94—96 °C. 
Found: C, 32.06; H, 5.25; N, 6.71%. Galcd for C9H18-
NOGl3Pd-CH3CN: G, 32.21; H, 5.16; N, 6.83%. I I (1.00 g, 
1.22 mmol) was dissolved in acetone (20 ml), followed by the 
addition of diethyl ether (10 ml) to develop dark red crystals of 
I I I (0.58 g, 0.68 mmol, 56% yield), mp 164—166 °G. Found: 
G, 33.56; H, 5.90; N, 3.31%. Galcd for C12H24N02Cl3Pd : 
C, 33.74; H, 5.66; N, 3.28%. 

Isolation of PdCl( TMPNO) (L) (L=MeJcHCOPh (IV) 
and PPh3 (V)). To a dichloromethane (5 ml) solution 
of I (0.15 g, 0.5 mmol) was added dimethylsulfonium phe­
nacylide (0.09 g, 0.5 mmol) in dichloromethane (5 ml). 
The mixture was stirred for 10 min at room temperature, and 
evaporated to dryness under reduced pressure. The resulting 
product was recrystallized from benzene-petroleum ether to 
give orange crystals of IV (0.14 g, 0.29 mmol, 59% yield), 
mp>145°C (dec). Found: G, 46.99; H, 6.14; N, 2.60%; 
mol wt, 466. Calcd for C19H30NO2SGlPd: C, 47.70; H, 
6.32; N, 2.93%; mol wt, 478. Orange crystals of V were 
similarly prepared by the reaction of I with triphenylphos­
phine, and recrystallized from benzene-petroleum ether (65% 
yield), mp > 1 5 0 ° C (dec). Found: G, 58.18; H, 5.97; 
N, 2.36%; mol wt, 553. Galcd for G27H33NOPClPd : C, 
57.87; H, 5.93; N, 2.50% ; mol wt, 560. 

Physical measurements. Infrared and 1H NMR spectra 
were recorded as described previously.8»11) Molecular weight 
determinations were carried out in dichlomethane using a 
vapor pressure osmometer. Electric conductivities were 
measured at 25 °C as described elsewhere.12) 

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

Molecular weight determinations indicate that both 
IV and V are essentially monomeric in dichloromethane. 
The infrared spectrum of I shows the v(Pd-Cl) band at 
270 cm - 1 , which is close to the y(Pd-Cl) frequency of 
the corresponding D T B N O complex (303 cm - 1),1 1) while 
this band of I V is obscured by ylide vibrations. T h e 1 H 
N M R spectrum of IV shows only one methine signal 
(Table). In addition, no exchange is observed between 
the coordinating ylide and free ylide added into the 
solution of the complex. These results suggest the 
presence of only one species of I V in solution. In the 
infrared spectrum, the i>(C=0) band of the ylide shifts 
to high frequency upon complexation (complexed ylide : 
1605 c m - 1 , free ylide: 1508 c m - 1 ) , indicating, as 
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TABLE. CHEMICAL SHIFTS OF THE TMPNO COMPLEXES IN CHLOROFORM-^ AT 24 °Ca) 

[Vol. 50, No. 4 

Complex CH, - C H , - Other protons 

[PdCl(TMPNO)]2 

PdCl (TMPNO) (PPh3) 

PdCl (TMPNO) (Me2SCHCOPh) 

1.45(s), 2.33(s) 
1.38(s), 1.97(s) 

1.12(s), 1.25(s) 
1.54(s), 1.93(s) 

1.60(m) 
1.62(m), 1.77(m) 

1.61(m) 

7.41 (m), 7.57(m)(PPh3) 

2.87(s), 3.15(s)(SMe); 
2.54(s) (CH); 7.42(m), 
8.21(m) (Ph) 

a) s: singlet, m: multiplet. 

discussed previously,13) the coordination through the 
ylide-carbon atom. Thus, the coordinating ylide-carbon 
is an asymmetric center. This is also supported from 
the occurrence of two ^-methyl proton signals with an 
identical intensity (Table), while free ylide exhibits 
only one ^-methyl signal. 

/ \ N / \ G 1 

| W 
0 / xYlide 

1/ 
N ( x

 y Ylide 
| W 

O x NC1 

N - O - P d ' 
/ 

CI 

\Ylide 

There are three possible configurations for IV, a—c, 
of which a and b are geometrical isomers. In spite of 
the presence of the chiral ylide-carbon, four methyl 
groups of T M P N O in the configuration c may be 
magnetically equivalent, because the inversion at the 
nitrogen a tom would be very fast.14) O n the other hand, 
both a and b involve a quadrivalent nitrogen atom, 
which predicts no inversion at the nitrogen. In fact, 
this kind of inversion is restricted in the iV-hydroxyl-
2,2,6,6-tetramethylpiperidinium cation (d), as confirmed 
by the 1 H N M R spectrum in dichloromethane at room 
temperature, which shows two separated methyl signals 
at ô 1.39 and 1.65 ppm.15> Thus, both configurations 

0*0 
H OH 

a and b predict the occurrence of the axial and equa­
torial methyl proton signals with an equal intensity. 
Furthermore, each signal should be split into two owing 
to the presence of the chiral ylide-carbon. This is 
compatible with the occurrence of two doublet signals 
due to the methyl protons (Table). Stereochemical 
considerations support the preference of a to b , since in 
b the piperidine ring is placed near to the bulky ylide. 

The complex V involving no chiral a tom exhibits 
two methyl proton signals with an equal intensity. This 
does not contradict with the assumption that the 
complex exists as only one species in solution and the 
inversion at the nitrogen atom of T M P N O is restricted. 
T h e bulkiness of triphenylphosphine suggests the 
configuration similar to a. 

T h e conductivity measurement and molecular weight 
determination indicate that I is a non-electrolyte (0.02 
o h m - 1 cm2 m o l - 1 a t 1 .51x lO~ 3 M) and dimeric in 
dichloromethane. By analogy with [PdC^DTBNO)]^ 1 ) 
I is considered to adopt chloride-bridged configurations 
(e) and/or (f) . This is compatible with the occurrence 

M 1/ 
/ X N / X CI 

, \ / \ / 
Pd Pd 

O 

1 lx 

\l 1/ \l 1/ 

/ \ N / \ C1 / \ N / \ 
I Pd Pd | 

O x VC1X x O 

of the v(Pd-Cl) band at 270 cm"1 . The XH N M R 
spectrum shows two methyl signals with an identical 
intensity, suggesting the presence of either e or f with 
the restriction of inversion at the nitrogen atom. 

Ionic structures of I I and I I I are confirmed by 
conductivity measurements; ytM=256 and 121 o h m - 1 

cm2 m o l - 1 (1.35 x l 0 ~ 3 M in acetonitrile), respectively. 
Infrared spectra of both compounds show the v(Pd-Cl) 
bands a t 343 (very strong) and 303 (medium) cm - 1 , 
which are characteristic of the hexachlorodipalladate 
anion.16) In addition, I I exhibits a strong band at 1605 

cm- 1 , which is assigned to v(NO). 8> The xYi N M R 
spectrum of I I in liquid sulfur dioxide shows somewhat 
broad methyl and methylene signals at à 1.88 and 2.72 
ppm, respectively; there is no separation of the methyl 
signal. These observations are consistent with the ionic 
formulation having the piperidineoxoammonium cation 
(g). O n the other hand, I I I exhibits the v(G=0) band 

at 1730 cm- 1 , but no v (N=0) . The x H N M R spectrum 
shows again two methyl signals with an equal intensity, 
suggesting the presence of a quadrivalent nitrogen atom. 
These results and the following proton signals observed 
can well explain the formulation of h ; à 1.60 [singlet, 
6 (relative intensity)] and 1.78 [s, 6] for the ring methyl; 
1.96 [multiplet, 6] for the ring methylene; 2.36 [s, 3] 
for C H 3 - C ( 0 ) - ; 5.37 [s, 2] for - C H 2 - C ( 0 ) ; 9.03 
[broad, 1] for O H . 

\ + / 

it 
L O J 

[PdaCl6p 
r A-

O* 
LHO 

)< 
XCH2C(0)CH3J 

[Pdaci6r 

g h 

References 

1) W. Beck and K. Schmidtner, Chem. Ber., 100, 3363 
(1967). 

2) W. Beck, K. Schmidtner, and H. J. Keller, Chem. Ber., 
100, 503 (1967). 

3) R. A. Zelonka and M. C. Baird, J. Am. Chem. Soc, 93, 
6066 (1971). 

4) T. B. Eames and B. M. Hoffman, J. Am. Chem. Soc, 93, 
3141 (1971). 

5) Y. Y. Lim and R. S. Drago, Inorg. Chem., 11, 1334 
(1972). 

6) N. M. Karayannis, C. M. Paleos, C. M. Kikulski, L. L. 

file:///Ylide


April, 1977] Palladium(II) Complexes of Nitroxide Radical 909 

Pytlewski, H. Blum, and M. M. Labes, Inorg. Chim. Acta, 7, 
74 (1973). 

7) A. H. Cohen and B. M. Hoffman, Inorg. Chem., 13, 
1484 (1974). 

8) Y. Takaya, G. Matsubayashi, and T. Tanaka, Inorg. 
Chim. Acta, 6, 339 (1972). 

9) M. Tsunaga, C. Iwakura, and H. Tamura, Electrochim. 
Acta, 18, 241 (1973). 

10) K. W. Ratts and A. N. Yao, J. Org. Chem., 31, 1185 
(1966). 

11) M. Okunaka, G. Matsubayashi, and T. Tanaka, 

Bull. Chem. Soc. Jpn., 48, 1826 (1975). 
12) G. Matsubayashi, K. Wakatsuki, and T. Tanaka, 

Org. Magn. Reson., 3, 703 (1971). 
13) H. Koezuka, G. Matsubayashi, and T. Tanaka, 

Inorg. Chem., 15, 417 (1976). 
14) D. L. Griffith, B. L. Oison, and J. D. Roberts, J. Am. 

Chem. Soc, 93, 1648 (1971). 
15) M. Okunaka, G. Matsubayashi, and T. Tanaka, 

unpublished. 
16) D. M. Adams, P. J. Chandler, and R. G. Churchill, 

J. Chem. Soc.t A, 1967, 1272. 



910 BULLETIN of THE CHEMICAL SOCIETY OP JAPAN, VOL. 50 (4), 910—913 (1977) [Vol. 50, No. 4 

The Reaction of Aromatic Nitrile JV-Oxides with 
Tetrahalo-p-benzoQuinones 

Shinsaku SHIRAISHI, Satoru IKEUCHI, Manabu SENÖ, and Teruzo ASAHARA 

Institute of Industrial Science, University of Tokyo, Roppongi, Minato-ku, Tokyo 104 
(Received May 21, 1976) 

Cycloaddition reaction of aromatic nitrile JV-oxides, such as benzonitrile iV-oxide, 2,4,6-trimethylbenzonitrile 
JV-oxide, and 2,3,5,6-tetramethylbenzonitrile JV-oxide, with tetrahalo-jb-benzoquinones was studied. The reaction 
gave 1:1- and/or 2: 1-adducts of a nitrile iV-oxide and a tetrahalobenzoquinone according to the conditions, 
especially the mole ratios of each reactant. The 2: 1-adducts are formed via 1: 1-adducts, each having two stereo­
isomers. The structures of these adducts were determined to be dioxazole derivatives formed by the addition of 
nitrile iV-oxides to the carbonyl bonds of the tetrahalobenzoquinones. 

Nitrile iV-oxide is known to be a typical 1,3-dipole 
and to react with many unsaturated bonds to form 
heterocycles.1) In general, nitrile TV-oxides, like other 
1,3-dipoles, react with C=C double bond much faster 
than with C = 0 bond. Benzonitrile iV-oxide reacts with 
styrene by 180 times faster than with its isoelectronic 
compound, benzaldehyde.2> /»-Benzoquinone and alken-
yl ketones each have two different dipolarophilic 
functions, C=C and G = 0 bonds in the molecules. They 
give C=C addition products in the reactions with various 
nitrile oxides.3) In very rare cases, however, preference 
for C = 0 addition has been reported. Some o-quinones 
gave C = 0 addition products. As an example, benzo­
nitrile iV-oxide reacts with o-naphthoquinone to give 
two isomeric 1: 1-C=0 adducts, followed by the addition 
of nitrile iV-oxide to the C=C and/or C = 0 bonds accord­
ing to the first addition site.4) Cyclobutene diones 
have been found to react with mesitonitrile iV-oxide 
at the C = 0 bonds.0) a-Azidovinyl ketones react with 
nitrile iV-oxides at both C=C and C = 0 bonds.6) 

We have studied the reaction of aromatic nitrile 
iV-oxides with tetrahalo-^-benzoquinones (/>-haloanils) 
and found that the reaction gives dioxazole derivatives 
unlike the reaction with unsubstituted /»-benzoquinone, 
which gives isoxazoline derivatives.3) 

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

Aromatic nitrile iV-oxides, such as benzonitrile N-
oxide (BNO), 2,4,6-trimethylbenzonitrile iV-oxide 
( M N O ) , and 2,3,5,6-tetramethylbenzonitrile iV-oxide 
(DNO) , were allowed to react with tetrahalo-/>-benzo-
quinones, such as fluoranil (FA), chloranil (CA), 
bromanil (BA), and iodanil (IA), in chloroform at room 
temperature or at elevated temperatures. Completion 
of the reaction was confirmed by complete comsumption 
of the nitrile iV-oxide in the reaction mixture by thin 
layer chromatography (TLC) . An equimolar reaction 
of M N O with CA gave a 1: 1-adduct in 9 3 % yield and 
a small amount of a 2 : 1-adduct in 7 % yield based on 
M N O , the reaction in 2 : 1 mole ratio giving a 2 : 1 -
adduct . When the reaction was interrupted at an 
earlier stage, the 1: 1-adduct was obtained as the sole 
isolable product with unreacted reactants. Irrespective 
of solvent and temperature, 1 :1 - and/or 2 : 1-adducts 
were obtained according to the mole ratio of the reac­
tants in more than 90% yield on the completion of the 
reaction. T h e dependence of the product composition 

on the reaction conditions is shown in Table 1 for 
the reaction of M N O with CA. W h e n haloanil was 
added very slowly to a refluxing solution of a nitrile 
iV-oxide, the corresponding 2 : 1-adduct was obtained 
quantitatively without contamination of 1: 1-adduct. 
T h e condition was fulfilled by using a Soxhlet extraction 
apparatus . T h e solubility of haloanils in chloroform 
is sufficiently small for this procedure. T h e result shows 
that the addition reaction proceeds stepwise and 
irreversibly, the second addition step being much slower 
than the first. 

The 2 : 1-adduct from M N O and CA has two isomers, 
which differ in solubility and thermal behavior. Their 
elementary analyses gave the same results, the I R 
spectra differing slightly in finger print region. One 
isomer (6a) is almost insoluble in hexane and the other 
(6b) fairly soluble. T h e product mixture could be 
separated into 6a and 6 b by the difference in solubility. 
Their ratio was always 50: 50 as shown in Table 1. 
This indicates that the orientation of the second addition 
reaction is not influenced by the mode of the first, the 
addition reaction occurring such a mode that only two 
isomers are possible for the 2 : 1-adduct. 

TABLE 1. DEPENDENCE OF THE PRODUCTS COMPOSITION 

ON THE REACTION CONDITIONS FOR THE 

REACTION OF MNO WITH CA 

Reactants c , . Temp Time 
(mole ratio) S o l v e n t °C h 

Products 
(yield, %) 

2:1-Adduct 
isomer ratio 

6b :6a 

MNO/CA 
(1/1) 

(1.5/1) 

(2/1) 

(2.5/1) 

MNO/l : l -
adduct(l/l) 

CHC13 

CHCI3 

CHCI3 
CHCI3 
C6H6 

CHCI3 

CHCI3 

r t 

r.t. 

r.t. 
reflux 
r.t. 
r.t. 

r.t. 

, , l:l-adduct(93)a> 
1 0 2:1-adduct ( 7)a> 
1P l:l-adduct(49) 
1 0 2:l-adduct(46) 
18 2:l-adduct(98) 
11 2:l-adduct(94) 
30 2:l-adduct(93) 
18 2:l-adduct(96) 

18 2:l-adduct(86) 

46:54 
53:47 
52:48 

54:46 

a) The values are calculated based on the nitrile N-
oxide. 

T h e I R spectra of 6a and 6b have very strong absorp­
tion bands in the ?>C-o-c region 1100—1300 cm - 1 , but 
no absorption in the vc=o region 1650—1750 cm - 1 . 
The mass spectra of the 1: 1-adduct (5) and the 2 : 1-
adducts (6a and 6b) have molecular ion peak (M+) 
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TABLE 2. T H E REACTION PRODUCTS FROM NITRILE JV-OXIDES AND HALOANILS 

Products80 Compd 
No. 

Reac-
tants 
mole 
ratio 

React. 
time, 

h 

Yield, 
/o 

Mp, °C 
Found (Calcd) 

IR, yc=o 
H N 

MS, mje 

FA-MNO 

FA-MN0 2 

CA.BNO 

CA-BN02 

CA-MNO 

C A M N 0 2 

CA.DNO 

CA.DN0 2 

B A M N O 

BA-MN02 

BADNO 

BA.DN02 

JA-MNOc> 

JA.MN0 2
c ) 

1 

2 

3 

4 

5 

f 6ab> 

I 6b 

7 

8 

9 

10 

11 

12 

13 

14 

1/1 

1/2 

9 

10 

See exp. section 

do. 

See Table 1. 

do. 

1/1 

1/2 

1/1 

1/2 

1/1 

1/2 

1/1 

1/2 

15 

19 

15 

19 

39 

40 

94 

95 

93 

96 

87 

93 

90 

92 

48d> 

71 

102—104 

186—190 

162—164 

218—221 

128.5—129.5 

190—194(d) 

181—183 

168—171 

140(d) 

140(d) 

140(d) 

140(d) 

102—104 

186—190 

56.53 
(56.31 
62.39 

(62.15 
42.89 

(42.78 
49.43 

(49.62 
47.30 

(47.21 
55.18 
54.72 

(54.95 
48.27 

(48.40 
56.10 

(56.40 
32.65 

(32.86 
41.55 

(41.86 
33.95 

(34.09 
43.27 

(43.44 
24.63 

(24.86 
33.59 

(33.43 

3.49 
3.25 
4.48 
4.41 
1.59 
1.38 
2.27 
2.08 
2.65 
2.72 
3.78 
3.86 
3.90 
3.10 
3.11 
4.29 
4.39 
1.70 
1.90 
3.28 
2.97 
1.96 
2.19 
3.38 
3.39 
1.79 
1.43 
2.36 
2.37 

4.34 
4.10) 
5.41 
5.58) 
3.97 
3.84) 
5.92 
5.79) 
3.43 
3.44) 
4.83 
4.93 
4.93) 
3.36 
3.33) 
4.72 
4.70) 
2.12 
2.39) 
3.95 
3.75) 
2.13 
2.34) 
3.74 
3.62) 
2.00 
1.81) 
3.20 
3.00) 

1700 

— 

1690 

— 

1715 

— 

1705 

— 

1695 

— 

1695 

— 

1670 

— 

341 (M+),180, 161 

486, 484, 482 (M+), 
363,244, 119 
409, 407, 405 (M+), 
244, 161 

570, 568, 566(M+), 
' 405, 244, 161 

423, 421, 419(M+), 
244, 175 

750, 748, 746, 744, 
742 (M+), 581, 420 

a) All the compounds were recrystallized from hexane unless otherwise stated, b) Recrystallized from chloroform. 
c) Recrystallized from a mixture of hexane and chloroform, d) Compound 14 was also obtained in 32% yield 
based on MNO. e) No apparent change was observed except for very gradual discoloration at above 160 °C, but 
a small endotherm was observed at 154 °C in its differential thermogram as shown in Fig. l-(c). 

at the m/e corresponding to their molecular weights 
with the peaks at M + + 2 and M + + 4 with the intensities 
characteristic to tetra-chlorinated compounds. They 
are also the composite of the fragmentation patterns of 
mesityl isocyanate and chloranil, except for their 
molecular ion peaks and the fragment ion peaks corre­
sponding to the 1: 1-adduct for the spectra of 6a and 
6b, which gave the same fragmentation patterns. All 
the other addition products obtained from the reactions 
of the nitrile iV-oxides and haloanils show similar 
spectroscopic results. Characterization data of these 
reaction products are summarized in Table 2. Separa­
tion of the isomers of the 2 : 1-adducts other than those 
from M N O and CA was not successful. The melting 
points might be those of isomer mixtures, showing 
fluctuation. 

The results indicate that the structure of the addition 
products is not isoxazoline but dioxazole formed by the 
addition of nitrile JV-oxides to the carbonyl bonds of 
haloanils as shown in the scheme. 

The addition products, 5, 6a, and 6b , decomposed 
into mesityl isocyanate and CA on heating. The 
isocyanate might be derived by the thermal rearrange­
ment of M N O generated by thermal retro-addition 
reaction or by pyrolytic rearrangement of the dioxazoles. 
The precise mechanism of the decomposition should be 

1:1 -Adducts 2:1 -Adducts 
X = F , Ar=Ms, 1. X = F , Ar=Ms, 2. 
X=C1, Ar=Ph, 3 ; Ms, 5; X=C1, Ar=Ph, 4; Ms, 6a 

Du, 7. and b ; Du, 8. 
X=Br , Ar=Ms, 9; Du, 11. X=Br , Ar=Ms, 10; Du, 12. 
X = I , Ar=Ms, 13. X = I , Ar=Ms, 14. 
where, Ph=C6H5 , Ms-2,4,6-(CH3)3C6H2, and D u = 
2,3,5,6-(CH3)4C6H. 

Scheme, 

determined by isotope labeling experiment. The 
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decomposition temperature differed among the products 
(Fig. 1). The differential thermal analysis (DTA) of 
6 b gives a complicated thermogram with a small 
endothermic peak a t 154 °C and exothermic ones a t 
163 and 173 °C, while 6a shows no endotherm but only 
an exotherm at 192 °G. Thermogravimetric analysis 
(TGA) of the compounds shows rapid weight decrease 
at the temperature at which an exotherm was observed 
in DTA, followed by subsequent slow decrease. The 
first weight loss corresponds to the weight of nitrile 
oxide moiety, which volatiled as isocyanate rapidly with 
nitrogen stream. The second slow decrease might be 
due to the sublimation of chloranil. 

The reaction of a nitrile iV-oxide with a C=C double 
bond of a haloanil would give 2-isoxazoline derivative, 
pyrolysis of which might result in aromatization to 
afford isoxazole derivative rather than degradation to a 
quinone and an isocyanate. The angular C-Cl bond is 
thought to be cleaved more easily. Thus, the result 
of the pyrolysis of 5 also supports the dioxazole structure 
of the adducts. 

100r 

"120 140 160 180 200 220 240 260 

Temperature (°C) 
100r 

V 

V u o 
V 

-a 
x\ 
be 

'120 140 160 180 200 220 

Temperature (°C) 
lOOr 

(c) 

240 260 

-Ü 

bC 

120 140 160 180 200 220 

Temperature (cCj 
240 260 

Fig. 1. Thermal analyses of the addition products of 
MNO with CA, (a): 5, (b) : 6a, and (c) : 6b, under 
nitrogen stream ( ) and under air ( ). Heating 
rate: 5°C/min. 

The fact that 6a has higher melting point and is more 
thermally stable and less soluble in solvents than 6b 
indicates that 6a has a more symmetrical trans structure 
of the two stereoisomers. 

FA, BA, and J A also reacted with M N O to give 
similar results, but the rate difference between the first 
addition and the second one differs among them. The 
rate difference for the reaction of M N O with IA was 
rather small, and thus the equimolar reaction of them 
gave 1: 1-(13) and 2 : 1-adducts (14) in 48 and 32% 
yields based on M N O , respectively. 

BNO and D N O also underwent similar cycloaddition 
with haloanils at the carbonyl sites (Table 2). In the 
reaction of BNO with haloanils, however, the usual 
in situ reaction process using triethylamine as an acid 
acceptor was not applicable because of faster reaction 
of the amine with haloanils. The cycloaddition was 
performed effectively with a solution of free BNO 
prepared prior to the reaction, or by heating a solution 
of benzhydroxamoyl chloride and a haloanil in toluene 
to reflux. 

The P M R spectral data for the 1: 1-adducts from 
M N O are summarized in Table 3. The signals due to 
2- and 6-methyl substituents on the mesityl radical 
move to down field with the change of the quinone 
substituents in the order of the atomic radii of halogen 
atoms, F A < C A < B A < J A , while the other signals due 
to 4-methyl and 3- and 5-hydrogens have almost the 
same chemical shifts. Considering the thru-space 
interaction of 2- and 6-methyl groups with halogens, 
this may also support the spiro-dioxazole structure of 
the adducts. 

TABLE 3. PMR SPECTRAL DATA of 1: 1-ADDUCTS OF MNO 

AND HALOANILS, 6,7,9,10-TETRAHALO-3-MESITYL-

2-AZA-1,4-DIOXASPIRO [4 ,5 ] DECA-2,6,9-TRIEN-

8-ONES, ô (ppm) IN CDC13 

X X C H , 

MNO X = F 
(1) 

Cl 
(5) 

Br I 
(9) (13) 

2- and 6-CH3 

4-CH3 

3- and 5-H 

2.40 
2.28 
6.87 

2.36 
2.31 
6.96 

2.47 
2.30 
6.92 

2.53 2.60 
2.31 2.29 
6.94 6.93 

Addition of nitrile iV-oxides to the carbonyl of the 
compounds having two potential dipolarophilic func­
tions, C=G and C = 0 in the molecules is very rare. 
Preferential carbonyl addition in the reaction of nitrile 
iV-oxides with haloanils is considered to be due to the 
halogen substituents on the quinones, which deactivate 
the reactivity of the G=G by steric hindrance and 
activate that of the C = 0 by inductive effect. This type 
of C = 0 addition is known in the reaction of diazometh-
ane which also has a 1,3-dipole.7) Diazomethane adds 
to a carbonyl group in quinones with all of the hydrogens 
replaced by electronegative groups. Many similarities 
in the modes of reaction feature were observed in 1,3-
dipolar cycloaddition and Diels-Alder reactions. How-
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ever, we see a distinct difference in the reactions with 
substituted quinones, where Diels-Alder reaction gave 
C=G addition products even with chloranil.8) The 
reaction of diazomethane with tetramethyl-p-benzo-
quinone, however, occurs a t the C=G bonds,9) and 
l,4-diphenyl-2,6-piperazinedione adds also to the C=C 
bond of chloranil via an azomethine ylide inter-
mediacy.10) The reactions with quinones might give 
clues for the elucidation of reaction mechanisms. 

Exper imenta l 

All the melting points cited are uncorrected. Character­
ization data for the addition products from nitrile iV-oxides 
and haloanils are given in Table 2. 

Materials. 2,4,6-Trimethylbenzonitrile iV-oxide and 
2,3,5,6-tetramethylbenzonitrile iV-oxide were prepared by 
Grundmann's procedure.11) Commercial chloranil was puri­
fied by recrystallization from graciai acetic acid. Bromanil 
was prepared by the method of Jackson and Bolton12) and 
recrystaUized from graciai acetic acid. Iodanil was prepared 
from bromanil according to the procedure of Torrey and 
Hunder.13' 

Reaction of MNO with CA. 6,7,9,10-Tetrachloro-3-
mesityl-2-aza-l,4-dioxaspiro[4,5~\deca-2,6,9-trien-8-one (5) : A 
solution of 1.23 g (5.0 mmol) of CA and 0.18 g (5.0 mmol) 
of MNO in 300 ml of chloroform was stirred for 15 h at room 
temperature. After confirming the completion of the reaction 
by TLC on silica gel plate with benzene, the solvent was 
evaporated under vacuum. The residual solid was extracted 
with hot hexane to give 1.90 g (93%) of the title product as 
the extract, which was recrystaUized from hexane. 

6, 7,13,14-Tetrachloro-3, ll-dimesityl-2,10-diaza-l, 4, 9,12-
tetraoxadispiro[4,2,4,2~\tetradeca-2,6,10,13-tetraene (6a and 6b) : 
A solution of 0.61 g (2.5 mmol) of CA and 0.81 g (5.0 mmol) 
of MNO in 200 ml of chloroform was heated to reflux for 11 h. 
The solvent was removed by evaporation under vacuum and 
the residue was extracted with hexane for 4 h using a Soxhlet 
extractor and then with chloroform for 6 h. The hexane 
extract (6b, 0.70 g, 50%) was recrystaUized from hexane and 
0.62 g (44%) of the chloroform extract (6a) from chloroform. 

The same compounds were obtained by the reaction of 5 
with MNO. A solution of 1.0 g (2.5 mmol) of 5 and 0.40 g 
(2.5 mmol) of MNO in 200 ml of chloroform was stirred for 
18 h at room temperature. The reaction mixture was 
treated in the same manner as mentioned above to give 
0.65 g (46%) of 6b and 0.55 g (40%) of 6a. 

Reaction of BNO with CA. 6,7,9,10-Tetrachloro-3-
phenyl-2-aza-l,4-dioxaspiro[4,5~\deca-2,6,9-trien-8-one (3) : A 
solution of 0.55 g (5.0 mmol) of triethylamine in 100 ml of 
tetrahydrofuran (THF) was added dropwise into a solution of 
0.85 g (5.0 mmol) of benzhydroxamoyl chloride in 300 ml of 
THF with vigorous stirring at room temperature. The 
mixture was stirred for 5 min, and then filtered into a solution 
of 1.23 g (5.0 mmol) of CA in 200 ml of THF. The solution 
was stirred for 10 h at room temperature. The solvent was 
evaporated to give tan yellow residue, which was worked up 
with column chromatography on silica gel (Wakogel C-100) 
with benzene as an eluent. The mixture was eluted in the 
order of diphenylfuroxan, the title compound, and chloranil. 
The title compound (0.88 g, 48%) was recrystaUized from 
hexane. 

The compound was also prepared by the following proced­
ure. A solution of 1.23 g (5.0 mmol) of CA and 0.86 g 
(5.5 mmol) of benzhydroxamoyl chloride in 300 ml of toluene 
was heated to reflux for 12 h. Evolution of hydrogen 

chloride was observed during the course of reaction. The 
solvent was removed by evaporation under vacuum to give 
viscous tan yellow oil, which was treated in the same manner as 
described above to give 0.85 g (47%) of 3. 

6,7,13,14-Tetrachloro-3, ll-diphenyl-2,10-diaza-l,4,9,12-tetra-
oxadispiro[4,2,4,2]tetradeca-2,6,10,13-tetraene (4): A solution 
of BNO prepared from 1.14 g (7.3 mmol) of benzhydrox­
amoyl chloride by treating with triethylamine was added into 
a solution of 0.82 g (3.3 mmol) of CA in THF and the mixture 
was stirred for 10 h. The mixture was treated in the same 
manner as mentioned above. Diphenylfuroxan, 3, 4, and CA 
were eluted in this order. The reaction gave 0.40 g (33%) 
of 3 and 0.22 g (14%) of the title compound 4, which was 
recrystaUized from hexane. 

The compound was also prepared by the reaction of 0.82 g 
(3.3 mmol) of CA with 1.14 g (7.3 mmol) of benzhydroxamoyl 
chloride in 300 ml of toluene at refluxing temperature. The 
work-up of the product with column chromatography on 
silica gel with benzene gave 0.42 g (34%) of 3 and 0.30 g 
(19%) of 4. ^ 

The Reaction of Other Haloanils with Nitrile N-Oxides. The 
reaction of other haloanils with MNO or DNO were ciarred 
out almost in the same manner as described in the preceding 
section. The results are given in Table 2. 

Thermolysis of 5. Compound 5, 2.0 g (4.9 mmol), was 
placed in a sublimer and heated up to 190 °C under reduced 
pressure (ca. 1 Torr). Colorless crystals and yellow ones 
deposited on the condenser. The colorless part weighed 0.38 g 
(38%) and melted at 44—46 °C. It was shown to be mesityl 
isocyanate from its IR spectrum and elementary analysis 
(Found: C, 74.27; H, 6.77; N, 8.43%. Calcd for C1 0H l tNO: 
C, 74.51; H, 6.88; N, 8.69%). The yellow one weighed 
0.56 g (46%) and was shown to be chloranil from its melting 
point and IR spectrum. 
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(Received July 12, 1976) 

Methods for labeling the chemically non-equivalent nitrogen atoms of cyanoguanidine with 15N were 
established. 1-Cyanoguanidine-1-15N and l-cyano-15N-guanidine were prepared, and their labeled positions 
were also confirmed by mass spectroscopic analysis. 15N FT-NMR spectra of cyanoguanidine enriched with 15N 
were measured. 

Cyanoguanidine (1), also called dicyandiamide, is 
one of the useful starting compounds for the synthesis 
of C - N alternating compounds. However, no reliable 
mechanisms of many reactions of 1 and its related 
compounds have been established because of the 
ambiguity in the correlation between the arrangement 
of nitrogen atoms in a product molecule and that in a 
reactant. Such a problem would be solved by using a 
15N tracer. The authors had already prepared a labeled 
1, l-cyanoguanidine-2,3-15N2 , and put it to use for 
clarification of the mechanism of cathodic crossed 
hydrocoupling of acetone with l.1) 

HaN 'W-C-N^-CzrNW 

N 2 « H 2 

1 

In this work, methods for labeling the non-equivalent 
nitrogen atoms (N b and N c) other than N a and for 
enriching all nitrogen atoms with 15N were developed. 
I t is required in preparat ion of a labeled compound 
that its formation mechanism has been established, at 
least reliably. And also, the labeled position should be 
reconfirmed in some way. Such requirements were 
satisfied in this work. 

Results and Discussion 

A procedure for labeling the N b was newly designed 
because there was no earlier literature which could 
be used for the preparat ion of 1-cyanoguanidine-1-15N. 
At the first stage, 2-imino-l,3-dithiolane-15N (2) was 
synthesized in a 9 8 % yield from 1,2-ethanedithiol and 
cyanogen bromide-15N.2) Cyanogen bromide-15N was 
prepared by the bromination of potassium cyanide-15N 
(15N abundance, 2.7 atom %).3> 

KC=15N + Br2 • Br-CE15N + KBr 

GH2—SH CH9—S\ 
| + Br-Cs15N • | " C=15NH + HBr 

CH2-SH CH 2 -S/ 
2 

And then the free base of 2 was also treated with 
ordinary cyanogen bromide in acetone so as to be 
converted into 2-[(cyano)imino-15N]-l,3-dithiolane (3) 
in an 80% yield. The compound, 3, was identified with 

* Part 105: T. Fuchigami and K. Odo, Bull. Chem. Soc, 
Jpn., 49, 3607 (197G). 

** Present address: Nippon (Japan) Carbide Industries 
Inc., Uozu, Toyama. 

an independently synthesized authentic sample by an 
I R spectrum and a mixed melting test.4) The hydro-
bromide, which was inevitably produced, of 2 could be 
repeatedly used. 

CH —S 
2 2 + Br-G=N • | ' XC=15N-CsN + 2-HBr 

CH 2-S/ 
3 

An a t tempt to obtain directly 1-cyanoguanidine-1-15N 
by the ammonolysis of 3 was unsuccessful. The ammonol-
ysis in the presence of silver nitrate afforded the ammo­
nium salt of dicyanoamine-1 5N (4) in a 4 7 % yield. 
The compound, 4, was converted into the potassium 
salt5) and identified with an authentic sample by an 
I R spectrum. T h e by-product seemed to be mainly a 
compound, 5. But 5 could not be purely isolated from 
the coprecipitated silver salt of 1,2-ethanedithiol. 

3 + 4NH3 + 2AgNOa • 

CH2-SAg 
NnC-^NH-GEN-NHg + | + 2NH4N03 

4 CH2-SAg 

AgS-CH2-CH2-S-C =15N-C=N 

5 NH2 

The compound, 4, was converted into 1-cyanoguani­
dine-1-15N in a 4 9 % yield by reflux in 1-butanol.6) 

4 • H2N-C=15N-C=N 

NH2 

l-Cyano-1 5N-guanidine labeled at the N c was 
prepared in an 8 4 % yield from guanidine and cyanogen 
bromide-1 5N (15N abundance, 5.0 atom %) in D M F . 

2H2N-C=NH + Br-C=15N • 

NH2 

H 2 N- C = N - C E 1 5 N + H2N- C =NH • HBr 

NH2 NH2 

Also, 1 enriched at all the nitrogen atoms with 15N 
was prepared in order to supply a sample to 15N FT-
N M R spectroscopy. After cyanamide-1 5N prepared 
from cyanogen bromide and ammonia-1 5N (15N abun­
dance, 10.3 a tom %) was dissolved in dilute hydro­
chloric acid to disperse completely 15N to the two 
nitrogen atoms by the formation of a carbodiimido 
form,7) it was dimerized in an alkaline solution.8) Yields 
of cyanamide and cyanoguanidine were 100 and 8 5 % , 
respectively. 
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Br-C=N + 215NH, H2
15N-C=N + 15NH4Br 

H , 1 5 N - C H N 

2 H 1 5 N - C E 1 5 N 

[H2
15N+=C=NH <-

H15N=C=NH2] 
- H + 

H15N-C=15N 

H2
15N-C=15N-C=15N 

15NH, 

The labeled position was confirmed by the measure­
ment of 15N abundance of ammonia generated in the 
hydrolytic decomposition of 2,4-diimino-5,5-dimethyl-
1,3-oxazolidine (6), which was formed by the electrolytic 
reduction of a mixture of labeled cyanoguanidine and 
acetone.1,9) 

H2Na-C=Nb-GENc + 

N aH, 

CH, 
C=0 4 2e + 2H+ 

C H ' 

HN b -C=N c H 
CH 

HNa=G 

6 

, ^CH3 

+ NaH3 

H20 
6 • | 

-N<H3 HN8=G 
\ 

H N b - C =0 H20 

O / ^ C H 3 

/ O X a 3 -N«H 3 

H N b - C = 0 
CH 

H,0 
NbH, 

o=c 
o 

<?XCH3 

The labeled position in l-cyano-15N-guanidine was 
further confirmed by the following procedure. 
Cyanoguanidine was converted into carbamoylguanidine 
(7) by reflux in dilute hydrochloric acid and then 7 was 
hydrolyzed to give guanidine and ammonia (yield, 93%) 
in a hot aqueous sodium hydroxide solution.10) The 
guanidine was also decomposed quantitatively to 
ammonia by the Kjeldahl method. 

H 2 N - C = N - G H 1 5 N + H 2 0 

NH, 

7 + H 2 0 

H2N-C=N-C-1 5NH2 
i ii 

NH2 O 

7 

H2N-C=NH + 15NH3 + G0 2 

NH, 

As shown in Table 1, 15N abundances in the samples 
of ammonia agreed with the calculated values. 

15N F T - N M R spectra of the enriched cyanoguanidine 
were measured in D M F to obtain some preliminary 

data. These exhibited three resonance peaks under 
the condition of proton decoupling at a long pulse 
interval (180s). T h e peak at a lower magnetic field 
split into a triplet set in non-decoupling, while the peaks 
at a higher magnetic field did not split. In the measure­
ment using a shorter pulse interval (1 s), no signal was 
observed at such a higher magnetic field even when 
accumulated ten thousand times. The peak at the lower 
magnetic field was also assigned to N a by a spectrum of 
l-cyanoguanidine-2,3-15N2.1) These facts suggest that 
the two N a nitrogen atoms are also magnetically 
equivalent to each other. The singlet peaks at the 
higher magnetic field would be assigned to N b and N c 

with no hydrogen atom. Some ambiguities in the 
assignment might be taken away by measuring spectra 
of labeled cyanoguanidines other than 1-cyanoguani-
dine-2,3-15N2, but those were not measured in this 
work because an extremely long time would be required 
for measurement. Some spectra are schematically 
shown in Fig. 1. 

Proton decoupling 

Pulse:ls 

- * v -

JUU 
Non-decoupling 

Pulserls 
w 

Proton decoupling 

Pulse:180s 

\\ -A ^-

low Magnetic field (ppm) high 
Fig. 1. Schematic 15N FT-NMR spectra of enriched 

cyanoguanidine. 

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

Heavy Nitrogen Reagents. Ammonium chloride-15N(15N 
abundance, 10.3 atom %) and potassium cyanide-15N(15N 
abundance, 98.0 atom %) were supplied from the Japan Iso-

TABLE 1. CONFIRMATION OF LABELED POSITION 

Method 

Calculation1 

Measurement2 

Measurement3 

1-Cyan 

N a 

0.7 

0 .8 

oguanidine-

N b 

2 .7 
2 . 5 

•1-15N 

N c 

0 .7 
0 .8 

15 N Abundance , 

1-Cyano 

0 .7 

0 .7 

0.9* 

a tom % 

(-15N) guanidine 

N b N c 

0.7 
0 .7 

5 .0 

5 .0 

4 . 7 

Enrich 

N a 

5 .5 

5 .6 

5 

ed < 

3 4 

cyanoguanidine 

N b N c 

5 .5 5 .5 

5 .5 5 .7 

5 .4 

*: 0.7 atom % of the natural abundance of 15N is counted in. 
2: The decomposition of 2,4-diimino-5,5-dimethyloxazolidine (6). 
3 : The direct decomposition of cyanoguanidine. 
4: A mixture of NaH3 and NbH3. 
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tope Association. 
Preparation of Labeled Cyanoguanidines. 1-Cyanoguanidine-

1-15N: A solution of potassium cyanide-1 5N(1 5N abundance , 
2.7 a tom %, l l g , 0.17 mol) in water (24 ml) was slowly 
added to an ice-cooled mixture of 27 g (0.17 mol) of bromine 
and 27 ml of water . Wet cyanogen bromide-1 5N was first 
distilled from the reaction mixture, then redistilled after being 
dried with anhydrous calcium chloride: bp 60—62 °C; yield, 
7 2 % . 

In to 21 ml of toluene containing small amounts of ethanol 
and hydrogen chloride as catalysts was dissolved 10.4 g (0.11 
mol) of 1,2-ethanedithiol, and 10.9 g (0.10 mol) of cyanogen 
bromide-1 5N in 50 ml of toluene was added dropwise into the 
solution. After three hours, 20.5 g of the hydrobromide of 
2-imino-l,3-dithiolane-1 5N (2) were crystallized out of the 
reaction mix tu re : m p 183—187 °C, d e c ; yield, 9 8 % . T h e 
hydrobromide was converted into the free base by sodium 
hydrogène arbon ate in a mixture of ether and water as a 
suspension: yield, 8 6 % ; m p 64—65 °C (lit2) 63.8—64.8 °G) ; 
andm/e 119 (M+). 

T o an acetone solution containing 5.0 g (0.047 mol) of 
ordinary cyanogen bromide was added a solution of 2 (10.3 g, 
0.087 mol) in acetone, dropwise. T h e hydrobromide of 2 
was filtered off, then the solvent was evaporated to leave 4.5 g 
(yield, 80%) of 2-[(cyano)imino-1 5N]-l ,3-dithiolane (3) as a 
residue: m p 79—81 °C (an authent ic sample,4) 79—81 °C). 

Concentrated ammonia water containing 3.5 g (0.024 mol) 
of 3 and 8.2 g (0.048 mol) of silver ni t rate was heated in a 
sealed tube at 100 °C for 3 h. After cooling, the resultant 
precipitate was filtered off and the mother liquor was con­
centrated to dryness. Extract ion of the solids with acetone 
gave 0.95 g of the ammonium salt of dicyanoamine-1 5N (4) : 
yield, 4 7 % . 

T h e ammonium salt was then heated in 1-butanol under 
reflux for 20 h. T h e solvent was evaporated to dryness and 
the residue was extracted with w a r m ethanol. Concentration 
of the extract afforded 0.49 g (yield, 49%) of 1-cyanoguani­
dine-1-15N. 

l-Cyano-15N-guanidine: A mixture of 12.5 g (0.21 mol) 
of guanidine and 11.2 g (0.11 mol) of cyanogen bromide-1 5N 
(15N abundance , 5.0 a tom %) in 50 ml of D M F was stirred 
at 5 °C for 2 h. After evaporat ion of the solvent under 
reduced pressure and t reatment of the residue with a small 
amount of water , 3.5 g of the titled compound were left as 
an insoluble p a r t : yield, 8 4 % . 

Enriched Cyanoguanidine : Ammonia generated from 
13.9 g (0.26 mol) of ammonium chloride-15N (15N abundance , 
10.3 a tom % ) was introduced into an ethereal solution of 
14.2 g (0.13 mol) of cyanogen bromide with a nitrogen 
stream. Ammonium bromide was filtered off and ether was 
evaporated to dryness. Cyanamide- 1 5N (4.1 g) was left as a 

residue in 76% yield. 
T h e above cyanamide was dissolved in 30 ml of water 

containing several drops of concentrated hydrochloric acid, 
and then the p H of the solution was adjusted to 8.5 with 
sodium hydroxide. After a few days, the solution was 
concentrated to 10 ml and 3.5 g (yield, 85%) of the titled com­
pound was collected on a filter paper . 

Confirmation of Labeled Position. Procedures for the 
prepara t ion of 6, its hydrolysis, and the determination of 15N 
abundance were similar to those reported in the previous 
works.1 '9) 

Decomposition of l-Cyano-15N-guanidine: A mixture of 
0.42 g (0.005 mol) of cyanoguanidine in 6.7 ml of 1.5 M 
hydrochloric acid was heated at 100 °C for 2 h, then 6.7 ml 
of 1.5 M sodium hydroxide was added to the solution. T h e 
ammonia thus generated was introduced into dilute hydro­
chloric acid with a nitrogen stream, giving 0.25 g of ammonium 
chloride in 9 3 % yield. O n the other hand, the above solution 
was acidified with hydrochloric acid again, then the solvent 
was evaporated to dryness. Extraction of the residue with 
ethanol gave 0.47 g of guanidine hydrochloride (yield, 9 8 % ) . 
T h e guanidine was strongly heated with sulfuric acid and 
potassium and copper(I I ) sulfates in a Kjeldahl flask to 
decompose completely to ammonia . 

T h e a u t h o r s w i sh to t h a n k D r . M . I t a g a k i , J E O L 
L t d . , for t h e m e a s u r e m e n t of t h e 1 5 N F T - N M R spec t r a 
a n d also for his m a n y helpful discussions o n t h e spec t r a . 
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Studies on Hydroxy Amino Acids. VI. Formation of the Oxazoline 
Derivatives from iV-Acyl-^S-hydroxy Amino Acid Peptides1) 

Kiichiro NAKAJIMA, Haruki KAWAI, Michihiro TAKAI, and Kenji OKAWA 

Department of Chemistry, Faculty of Science, Kwansei Gakuin University, Nishinomiya 662 
(Received July 22, 1976) 

Oxazoline derivatives were mainly obtained from the 0-tosyl-iV-acyl-/3-hydroxy amino acid peptides by 
/S-elimination reaction. Dehydroalanine or hydantoin derivatives were isolated when the urethane type acyl 
groups were used. 

I t was found in a study on the ^-elimination reaction 
of the /^-hydroxy amino acid derivatives that only 
oxazoline derivative (3) was obtained from JV-(benzyl-
oxycarbonyl)-glycyl- (or phenylalanyl-)-L-threonylglycine 
benzyl ester, via the corresponding O-tosylated inter­
mediate.2) 

We have carried out further application of the /?-
elimination reaction to the iV-acylseryl- or JV-acyl-
threonyl peptide (Scheme 1). 

Several acyl groups, benzoyl, phenylacetyl, benzyl-
oxycarbonyl, /-butoxycarbonyl, iV-(benzyloxycarbonyl)-
glycyl, and iV-(benzyloxycarbonyl)-D-phenylglycyl, were 
used as the JV-acyl group of the /^-hydroxy amino acid or 
peptide derivatives. 

O-tosyl derivatives (2) were prepared by treatment 
of the JV-acyl-/#-hydroxy amino acid derivatives (1) and 
tosyl chloride in a pyridine solution at 0 °C. T h e yield 
and analytical data of iV-acyl-/?-hydroxy amino acid 
peptides (1) and O-tosylated peptides (2) are summariz­
ed in Tables 1 and 2, respectively. 

T h e detosylation reaction was carried out in a solution 
of tetrahydrofuran with triethylamine a t 70 °C. The 
results are summarized in Tables 3 and 4. T h e structure 
of the products was confirmed by N M R spectra. 

From the results of ^-elimination reaction O-tosyl-N-
acyl-^-hydroxy amino acid derivatives (2), we see that 
the resulting main products are oxazoline derivatives 
(3) but not dehydroalanine (4) or aziridine derivatives. 

T A B L E 1. ANALYTICAL DATA AND YIELD OF JV-ACYL-/?-HYDROXY AMINO ACID DERIVATIVES (1) 

Compd 1 R.! R,CO M 2
D

3 
R3 Yield(%) M p C O ( c l X

J D M F ) 
Found (Calcd) 

C% H% N% 

GH3 

CH3 

CH3 

CH3 

CH3 

CH3 

GH3 

H 

H 

H 

H 

H 

GH3 

CH3 

H 

H 

C6H5CO 

C6H5CH2CO 

C6H5CH2CO 

Z-D-Phg 

Z-D-Phg 

Z-D-Phg 

Z-D-Phg 

Z-D-Phg 

Z-D-Phg 

Z-D-Phg 

Z-D-Phe 

Z-D-Phe 

Z 

Boc 

Z 

Boc 

Gly-OEt 

Gly-OEt 

Gly-OBzl 

OEt 

NH2 

NHCH3 

Gly-OBzl 

OMe 

NH2 

NHCH3 

OMe 

NHCH3 

Gly-OEt 

Gly-OEt 

Gly-OEt 

Gly-OBzl 

95.1 

80.0 

78.0 

87.1 

77.1 

66.0 

70.5 

81.6 

68.7 

61.7 

88.0 

82.8 

76.8 

81.3 

92.5 

89.0 

128—130 + 2 7 . 4 

151—151.5 + 7 . 8 

154—156 + 8 . 5 

141.5—142.5 - 6 9 . 0 

223—224 - 2 4 . 2 

224—225 

175—177 

171—172 

191—193 

212.5—213 

146—147 

187—188 

110—111 

86—87 

97—98 

81—82 

- 2 8 . 2 

- 2 5 . 1 

- 4 1 . 3 

- 1 0 . 8 

- 3 5 . 9 

+ 15.1 

+ 15.0 

+ 12.6 

- 0 . 8 

+ 2.7 

- 4 . 0 

58.30 
(58.43 
59.85 

(59.61 
65.74 

(65.61 
63.90 

(63.75 
62.66 

(62.32 
63.26 

(63.14 
65.04 

(65.28 
62.42 

(62.16 
61.34 

(61.44 
62.58 

(62.32 
63.12 

(62.99 
63.37 

(63.14 
56.63 

(56.79 
51.19 

(51.30 
55.62 

(55.55 
57.99 

(57.94 

Me: methyl, 

6.67 
6.54 
6.91 
6.88 
6.62 
6.29 
6.28 
6.32 
5.95 
6.02 
6.38 
6.31 
5.75 
5.86 
5.87 
5.74 
6.02 
5.70 
5.87 
6.02 
6.13 
6.04 
6.28 
6.31 
6.32 
6.55 
7.99 
7.95 
6.37 
6.22 
6.81 
6.87 

Et: ethyl, 

9.11 
9.09) 
8.79 
8.69) 
7.49 
7.29) 
6.93 
6.76) 

10.82 
10.90) 
10.17 
10.52) 
7.78 
7.88) 
7.32 
7.25) 

11.55 
11.32) 
10.64 
10.90) 
6.98 
7.00) 

10.36 
10.52) 
8.41 
8.28) 
9.42 
9.21) 
8.59 
8.64) 
7.90 
7.95) 

Bzl: Z: benzyloxycarbonyl, Boc: f-butoxycarbonyl, Gly: glycine, Phg: phenylglycine, 
benzyl. 
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R 2 

C H - O H 

R 2 

C H ^ O T o s 
i 

R2 

/ O - C H 
R — C I 

^ N - C H - C O - N H - R , 

(3) 
R2 

i 

R i - C O - N H - C H - C O - N H - R g • R ^ C O - N H - C H - C O - N H - R . , 

(1) (2) ^ C H 

R i - C O - N H - C - C O - N H - R g 

(4) 
Scheme 1. 

T A B L E 2. ANALYTICAL DATA AND YIELD OF 0-TOSYL-.Y-ACYL-/?-HYDROXY AMINO ACID DERIVATIVES (2) 

Compd 2 

a 

b 

c 

e 

f 

g 

i 

j 

l 

m 

n 

o 

P 

Yield (%) 

94.0 

89.4 

77.8 

39.4 

69.9 

90.0 

75.2 

80.0 

87.8 

90.0 

83.1 

77.8 

84.6 

Mp (°C) 

105—106 

107—107.5 

118.5—119.0 

135—136 

151—152 

96—97.5 

124—125 

139—139.5 

115—116 

93.5—94.0 

b) 

97—98 

96—97d> 

M 2
D

3 

(c 1.0, DMF) 

+ 27.1 

+ 18.9a> 

+ 23.7 

+ 1.3 

+ 0.7 

+ 8.1 

+ 1.6 

+ 0.1 

- 7 1 . 6 

+ 26.5 

+ 16.4C> 

+ 4.0 

+ 1.0 

c% 
56.64 

(57.13 
57.43 

(57.97 
62.43 

(62.44 
60.03 

(60.10 
60.49 

(60.74 
62.83 

(62.87 
59.27 

(59.41 
60.29 

(60.10 
60.63 

(60.74 
56.03 

(56.08 
52.32 

(52.39 
55.13 

(55.22 
56.97 

(56.90 

Found 

H% 
5.62 
5.67 
5.95 
5.92 
5.45 
5.61 
5.22 
5.42 
5.74 
5.64 
5.40 
5.42 
5.36 
5.18 
5.44 
5.42 
5.72 
5.64 
5.73 
5.73 
6.51 
6.60 
5.62 
5.48 
5.91 
5.97 

(Galcd) 

N% 
5.92 
6.06 
5.84 
5.88 
5.13 
5.20 
7.91 
7.79 
7.80 
7.59 
6.12 
6.11 
8.05 
8.00 
7.80 
7.79 
7.58 
7.59 
5.69 
5.69 
6.02 
6.11 
5.90 
5.85 
5.65 
5.53 

s% 
6.55 
6.93) 
6.71 
6.73) 
5.91 
5.95) 
5.96 
5.94) 
5.83 
5.79) 
4.48 
4.66) 
6.31 
6.10) 
6.02 
5.94) 
5.91 
5.79) 
6.30 
6.51) 
6.98 
6.99) 
6.83 
6.70) 
6.45 
6.33) 

a) c 0 . 2 , M e O H . b) Oil . c) c 1.2, D M F . d) Decomposition. 

T A B L E 3. REACTION PRODUCTS BY THE ^-ELIMINATION REACTION OF THE 

O-TOSYLATED HYDROXY AMINO ACID DERIVATIVES (2) 

Exp. No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

R i 

Ph-
Ph-CH 2-
Ph-GH2-
Z-NH-CH 2 -
Z-NH-CH(Ph)-
Z-NH-CH(Ph)-
Z-NH-CH(Ph)-
Z-NH-CH(Ph)-
Z-NH-CH(Ph)-
Z-NH-CH(CH 2-Ph)-
P h - G H 2 - 0 -
t-Bu-O-
P h - G H 2 - 0 -
t-Bu-O-

R2 

-GH3 

-CH 3 

-CH 3 

-CH 3 

-CH 3 

-CH 3 

-CH 3 

- H 
- H 
- H 
-CH 3 

-GH3 

- H 
- H 

R3 

-GH2-COOEt 
-CH2-GOOEt 
-GH2-COOBzl 
-CH2-COOBzl 
- H 
-CH 3 

-CH2-COOBzl 
- H 
-CH 3 

-CH 3 

-CH2-COOEt 
-CH2-GOOEt 
-GH2-COOEt 
-CH2-GOOBzl 

3 

79.6 
80.3a> 
82.0a) 
80.0 
70.7 
38.6 
70.4 
43.7 
63.8 
65.4 

— 
— 
— 
— 

Yield (%) 

4 

8.1 
— 
— 
— 
— 
— 

26.7 
— 
— 
— 

48.0 
80.0 
52.0 
73.2 

5 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

50.5 
b) 

38.6C> 
— 

P h : phenyl ; Z : benzyloxycarbonyl; t-Bu: J-butyl; E t : ethyl; Bzl: benzyl, a) Small amounts of D-threonine 
derivative isolated, b) Trace amounts of 5-11 isolated, c) 5-134> not isolated by Photaki. 
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TABLE 4. ANALYTICAL DATA OF THE /^-ELIMINATION 

REACTION PRODUCTS (3 , 4 , 5 ) 

Products Mp(°C) MS 
(d .0 ,DMF) 

Found (Calcd) 

C % H% N% 

3-1 

3-2 

3-3 

3-5 

3-6 

3-7 

3-8 

3-9 

3-10 

4-1 

4-7 

4-11 

4-12 

4-13 

4-14 

5-11 

5-13 

100—102 

88.5—89.0 

94—94.5 

144—145 

129—130 

c) 

157—158 

140—141 

114—115 

147—149 

77—80 

109—110 

93—93.5 

81—82 

103.5—104.5 

155—155.5 

104—105 

- 2 0 . 6 

-8 .0 a> 

-16.2b> 

+ 22.4 

+ 25.5 

+ 3.0 

+ 26.9 

+ 67.7 

+ 82.6 

— 

- 2 1 . 7 

— 

— 

— 

— 

— 

61.78 
(62.05 
63.41 

(63.14 
68.87 

(68.83 
65.43 

(65.38 
65.87 

(66.12 
67.43 

(67.56 
64.24 

(64.58 
65.45 

(65.38 
66.21 

(66.12 
61.62 

(62.05 
67.12 

(67.56 
59.65 

(59.99 
54.69 

(54.53 
58.69 

(58.81 
61.11 

(61.06 
50.86 

(50.94 
48.39 

(48.48 

6.19 
6.25 
6.63 
6.62 
6.03 
6.05 
5.68 
5.76 
6.13 
6.08 
5.70 
5.67 
5.47 
5.42 
5.84 
5.76 
6.06 
6.08 
6.23 
6.25 
5.64 
5.67 
6.24 
6.29 
7.84 
7.75 
5.88 
5.92 
6.59 
6.63 
5.63 
5.70 
4.92 
5.09 

9.56 
9.65) 
9.22 
9.21) 
7.60 
7.65) 

11.28 
11.44) 
11.26 
11.02) 
8.11 
8.15) 

11.89 
11.89) 
11.48 
11.44) 
11.02 
11.02) 
9.60 
9.65) 
8.09 
8.15) 
8.70 
8.75) 
9.99 
9.78) 
9.07 
9.15) 
8.37 
8.38) 

13.17 
13.20) 
14.12 
14.14) 

OEt. c) Oily product. a) cO.2, MeOH. b) cO.7, AcOEt. c) 

Z -Gly -Se r -Gly -OEt is an exceptional example to 
produce the dehydroalanine derivative (4) as the main 
product.2) 

In the case of urethane type acyl derivatives, however, 
both dehydroalanine (4) and hydantoin derivatives (5) 
were isolated from the iV-benzyloxycarbonyl peptide 
derivatives, only the former being obtained from the 
^-butoxycarbonyl peptide derivatives (Scheme 2). 

R2 

CH-OTos 

Rj-CO-NH-CH-CO-NH-CHa-COOEt • 

(2m, n, o) 

R, 
GH-OTos 

CH 

NH CO 

CO-N-CHo-COOEt 

R2 

GH 
ii 
G 

NH CO 
i 

+ Rx-H 

CO-N-CH2-COOEt 

(5-11, 13) 

Rx: C6H5CHaO- or (CH3)3C-0-, R2: CH3- or H -

Scheme 2. 

Concerning the hydantoin formation, Dekker et al. 
reported3) that compound (5) is produced when the 
N- [a- (benzyloxycarbonylamino) acyl] glycine ester is 
treated with methanolic ammonia at room temperature. 

However, we detected no aziridine derivatives. 

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

All the melting points are uncorrected. The NMR spectra 
were obtained with a Hitachi R-20 B High Resolution NMR 
Spectrometer, the chemical shifts being given from TMS as 
the internal reference. The purity of the compounds was 
confirmed by thin layer chromatography on silica gel. Hy­
droxy amino acid peptides were prepared by use of N,N'-
dicyclohexylcarbodiimide (DCC). iV-hydroxybenzotriazole 
(HOBt) or iV-hydroxysuccinimide was employed in order to 
avoid the racemization of iV-acyl-/?-hydroxy amino acid during 
the course of coupling. 

Synthesis ofN-Acyl-ß-hydroxy Amino Acid Peptide Derivatives (1). 
Phenylacetyl--L-Thr-Gly-OEt(lb): All the dipeptide deriva­
tives were synthesized as follows. Phenylacetyl-L-Thr-OH 
(23.7 g, 0.1 mol) was treated with DCC (22.7 g, 0.11 mol), 
H-Gly-OEt (from the hydrochloride 15.3 g, 0.11 mol), 
HOBt (16.2 g, 0.12 mol) in DMF (100 ml) and dichloro-
methane (100 ml) at —10 °C. After the reaction mixture 
had been allowed to stand overnight in a refrigerator, acetic 
acid (2 ml) was added and the mixture was stirred for 15 
min. The 7V,iV-dicyclohexylurea produced was filtered off, 
and the filtrate was washed successively with 1 M sodium 
hydrogencarbonate, 1 M hydrochloric acid and water, dried 
over anhydrous sodium sulfate, and concentrated under 
reduced pressure, l b was obtained from ethyl acetate-ether-
hexane as crystals. The results are summarized in Table 1. 

Z-T>-Phg-i.-Thr-NHCHz(lf): Methylamidation was car­
ried out as follows. A solution of 30% methylamine (45 
ml) in methanol was added to a solution of Id (4.5 g, 11.5 
mmol) in methanol with stirring at 0 °G. After the reaction 
mixture had been allowed to stand at room temperature, the 
crystals (If) produced were filtered off. Recrystallization 
was carried out from methanol-ether. The results are 
summarized in Table 1. 

Z-D-Phg-L-Ser-NH2(li) : Amidation was carried out as 
follows. Dry ammonia gas was bubbled into a solution of 
l h (5 g, 12.9 mmol) in methanol at 0 °C until saturation. 
After the mixture had been allowed to stand at room tem­
perature, the crystals (li) produced were filtered off. Recry­
stallization was carried out from methanol-ether. The 
results are summarized in Table 1. 

Z-n-Phg-L-Thr-Gly-OBzl(lg): Dry hydrogen chloride gas 
was bubbled for 30 min at 0 °C into a solution of Boc-
Thr-Gly-OBzl1) (2.02 g, 6 mmol) in ethyl acetate (20 ml) 
containing anisole (1 ml). The reaction mixture was allowed 
to stand at room temperature for 30 min. After the reaction 
mixture had been concentrated under reduced pressure, 
anhydrous ether was added to the residual products. Crystals 
were obtained in theoretical yield. The hydrochloride, 
Z-D-Phg-OH(1.71 g, 6 mmol), Et3N (0.83 ml, 6 mmol) was 
treated with DCC (1.24 g, 6 mmol) in THF at - 1 0 ° C for 
4 h. After the reaction mixture had been allowed to stand 
overnight in a refrigerator, acetic acid (1 ml) was added. 
The iV,JV'-dicyclohexylurea produced was filtered off, and the 
filtrate was concentrated under reduced pressure. The 
residual oil was dissolved in ethyl acetate and the solution was 
washed successively with 1 M sodium hydrogencarbonate, 1 M 
hydrochloric acid, and water, dried over anhydrous sodium 
sulfate, and concentrated under reduced pressure. The 
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oily products were crystallized from ethyl ace ta te -e ther -
hexane. l g was obtained 70.5% yield from B o c - T h r - G l y -
OBzl. 

Synthesis of O-Tosyl-N-acyl-Q-hydroxy Amino Acid Peptide 
Derivatives (2). Phenylacetyl-i,- Thr( Tos) -Gly-0Bzl(2c) : 
O-tosylation was carried out as follows. A solution of tosyl 
chloride (3.73 g, 30 mmol) in dry pyridine (10 ml) was 
added drop by drop with stirring at —10 °C to a solution 
of l c (3.84 g, 10 mmol) in dry pyridine (30 ml) . When the 
addition was over, the reaction mixture was allowed to stand 
at —10 °C for 3 days. I t was then concentrated under 
reduced pressure, and the residual products were dissolved in 
ethyl acetate. T h e solution was washed with water and 
dried over anhydrous sodium sulfate, and concentrated under 
reduced pressure. T h e crystals (2c) produced were recrystal-
lized from ethyl ace ta te -e ther -hexane . T h e results are 
recrystallized from ethyl ace ta te-e ther-hexane . T h e results 
are summarized in Table 2. 

Detosylation of O- Tosyl Peptide Derivatives (2). 2- [a- (Ben-
zyloxycarbonylamino)benzyr\-4-methylcarbamoyl-2-oxazoline (3-9) : 
Detosylation was carried out as follows. A solution of 
2 j (3.5 g, 6.5 mmol) and Et 3 N (1.86 ml, 13 mmol) was 
refluxed at 70 °C for 3 days. After the solvent h a d been 
evaporated under reduced pressure, the oily product was 
dissolved in ethyl acetate. T h e solution was washed with 
water, dried over anhydrous sodium sulfate, and concentrated 
under reduced pressure. T h e residual product (3-9) was 
crystallized from ethyl acetate-ether . T h e results are sum­
marized in Tables 3 and 4. N M R (CDC13) : «5; 2.62 p p m (3H 
d, 4.9 Hz, - N H C H 3 ) ; 4.35, 4.39, 4.53 p p m (3H 3q, 6.0, 12 Hz, 
4.5, 12 Hz , 4.5, 6.0 Hz , - C H 2 - C H - ) ; 5.06 p p m (2H s, C 6H 5-
C H a - ) ; 5.43 p p m (1H d, 8.5 Hz, C 6 H 5 CH=) . 

2-Benzyl-4-SL(ethoxycarbonyl)methylcarbamoyl\-5- methyl-2-oxazo-
line (3-2): 2 b (8.19 g, 17.6 mmol) and Et 3N (4.9 
ml, 35.2 mmol) were treated in T H F as in the synthesis 
of 3-9. T h e crude product was crystallized from ethyl 
acetate-ether. A small amount of crystals appeared were 
collected by filtration. T h e crystals were identified as 
Phenylace ty l -D-Thr-Gly-OEt [mp 147—148 °C, [oc]2D

3 - 6 . 5 ° 
(c 1.0, D M F ) ] . 3-2 was isolated from the mother liquor by 
the addition of hexane (Table 3). 3-2 N M R (CDC13): ô; 
1.11 p p m (3H d, 5.5 Hz , C H 3 - C H = ) ; 1.15 p p m (3H t, 7.0 Hz , 
C H 3 - C H 2 - ) ; 3.60 p p m (2H s, C 6 H 5 C H 2 - ) ; 3.84 p p m (2H 
d, 6.2 Hz, - N H - C H 2 - C O - ) ; 4.07 p p m (2H q, 7.0 Hz , C H 3 -
C H 2 - ) ; 4.80 p p m (2H m, C H 3 - C H - C H - ) ; 7.28 p p m (5H s, 
C 6 H 5 - G H 2 - ) . 

2c also gave a trace amounts of Phenylace ty l -D-Thr-Gly-
OBzl [mp 165—166 °C, [a]2

D
3 - 1 0 . 6 ° (c 1.0, D M F ) ] . 

'N-[a.-(Benzyloxycarbonylamino)crotonylglycine Ethyl Ester (4-11) 
and Ethyl 5-Ethylidenehydantoin-3-acetate (5-11): 2 m (2.1 g, 
4.26 mmol) and Et 3 N (1.78 ml, 12.8 mmol) was treated in 
T H F by the above detosylation procedure. T h e crude 
product having two components was subjected to silica gel 
chromatography developed by the mixed solvent, C H C 1 3 -
ethyl acetate (2 : 1 v/v). T h e product of R{ 0.855> was 
4-11 and R{ 0.655) was 5-11: 4-11 N M R (DMSO-</6): Ô; 
1.17 p p m (3H t, 7.0 Hz , C H 3 - C H 2 - ) ; 1.63 p p m (3H d, 7.0 Hz, 
C H 3 - C H = ) ; 3.81 p p m (2H d, 6.0 Hz, - N H - C H 2 - ) ; 4.08 p p m 
(2H q, 7.0 Hz , C H 3 - C H 2 - ) ; 5.04 p p m (2H s, C 6 H 5 C H 2 - ) ; 

6.30 p p m (1H q, 7.0 Hz, C H 3 - C H = ) ; 7.35 ppm (5H s, 
C 6 H 5 C H 2 - ) ; 8.18 p p m (1H t, 6.0 Hz, - N H - C H 2 - ) ; 8.52 ppm 

(1H s, - N H - C - ) , 5-11 N M R (GDG13): Ô; 1.26 p p m (3H t, 
7.0 Hz, C H 3 - C H 2 - ) ; 1.83 p p m (3H d, 7.8 Hz, C H 3 - C H = ) ; 
4.23 p p m (2H q, 7.0 Hz , C H 3 - C H 2 - ) ; 4.29 p p m (2H s, 
= N - C H a - ) ; 5.99 p p m (1H q, 7.8 Hz, C H 3 - C H = ) ; 9.01 ppm 
(1H s, - N H - C O - ) . 

N-[a-(t-Butoxycarbonylamino)crotonyl]glycine Ethyl Ester (4-12) 
and 5-11: 2 n (2.1 g, 4.26 mmol) and Et3N (1.78 ml, 12.8 
mmol) was subjected to the above detosylation procedure. The 
crude product having two components was subjected to silica 
gel chromatography with use of the mixed solvent, CHC1 3 -
ethyl acetate (2: 1 v/v) . T h e product of Rf 0.855) was 
4-12 and tha t of Rr 0.645> was 5-11: 4-12 N M R (DMSO-</6): 
Ô; 1.18 p p m (3H t, 7.0 Hz, C H 3 - C H 2 - ) ; 1.39 ppm (9H s, 
( C H 3 ) 3 - C ) ; 1.62 p p m (3H d, 7.0 H z , C H 3 - C H = ) ; 3.82 ppm 
(2H d, 6.0 Hz, - N H - C H 2 - C O - ) ; 4.08 p p m (2H q, 7.0 Hz, 
C H 3 - C H 2 - ) ; 6.20 p p m (1H q, 7.0 Hz, C H 3 - C H = ) . Formation 
of a small amounts of 5-11 was detected by thin layer chro­
matography, no isolation being carried out. 

N-(Benzyloxycarbonyldehydroalanyl)glycine Ethyl Ester (4-13) 
and Ethyl 5-Methylenehydantoin-3-acetate (5-13): 2o (1.9 g, 
4 mmol) a n d Et 3N (1.1 ml, 8 mmol) were subjected to the 
above detosylation procedure in T H F . T h e crude product 
having two components was subjected to silica gel chro­
matography with use of the mixed solvent, CHCl 3 -e thyl 
acetate ( 1 : 1 v/v) . T h e product of R{ 0.786> was 4-13 and 
i?f0.606> was 5-13: 4-13 N M R (GDC13) : <5; 1.24 p p m (3H t, 7.1 
Hz, C H 3 - C H 2 - ) ; 4.02 p p m (2H d, 5.5 Hz, - N H - C H 2 - C O - ) ; 
4.19 p p m (2H q, 7 .1Hz , C H 3 - C H 2 - ) ; 5.12 p p m (2H s, 
C 6 H 5 C H 2 - ) ; 5.21, 6.08 p p m (1H m, 1H d, 2.0 Hz , CH 2 =C-) ; 
7.33 p p m (5H s, C 6 H 5 C H 2 - ) , 5-13 N M R (CDC13): Ô; 1.25 
p p m (3H t, 6.5 Hz , C H 3 - C H 2 - ) ; 4.22 p p m (2H q, 6.5 Hz, 
C H 3 - C H 2 - ) ; 4.28 p p m (1H s, = N - C H 2 - ) ; 4.90 ppm (2H m, 
C H 2 = C - ) ; 8.42 p p m (1H s, - N H - G O - ) . 

N-(t-Butoxycarbonyldehydroalanyl)glycine Benzyl Ester (4-14) : 
2p (1.45 g, 3 mmol) and Et3N (0.83 ml, 6 mmol) were sub­
jected to the above detosylation procedure in T H F . T h e 
crude product was purified by means of silica gel chromato­
graphy with use of the mixed solvent, CHGl3-ethyl acetate 
( 1 : 1 v/v) . 4-14 N M R (CDC13) : Ö; 1.45 p p m (9H s, (GH 3 ) 3 -
G ) ; 4.12 p p m (2H d, 5.0 Hz, - N H - C H 2 - C O - ) ; 5.10 ppm, 
6.02 p p m (1H m, 1H d, 2 Hz, C H 2 = C - ) ; 5.19 p p m (2H s, 
G 6 H 5 G H 2 - ) ; 7.34 p p m (5H s, C 6 H 5 C H 2 - ) . 
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Photo-irradiation of friedelin (1) in diethyl ether gave a keto ether (2), a hydroxy ether (3), and an alcohol (4). 
A hydroxy ketone (5) was formed by the photo-irradiation reaction of 1 in diethyl ether containing acetone. In the 
latter case, labeled experiments showed that the photo-produced ketene (12) reacted with 1-hydroxy-1-methylethyl 
radical derived from acetone to give 5. The formation of 2 could be explained by an attack of an a-radical derived 
from diethyl ether to 12. Both 3 and 4 were shown to be derived from a norseco-aldehyde (11) which was produced 
from the ketene (12). 

The photochemical reaction of friedelin (1) in various 
organic solvents has been reported.2) In the present 
communication, the formation of a keto ether (2), a 
hydroxy ether (3), and an alcohol (4) by photo-irradia­
tion of 1 in diethyl ether is described. T h e isolation of a 
hydroxy ketone (5) from the photolysate of 1 in diethyl 
ether containing acetone is also reported. 

Friedelin (1) was irradiated in anhydrous diethyl ether 
under nitrogen* with a high pressure mercury lamp 
(100 W) for 7 h at room temperature . After the usual 
work-up, the reaction product proved to be a complex 
mixture which showed on a thin layer chromatogram 
(silica gel) three major spots (A, B, and C) and three 
minor spots in addition to those at tr ibutable to known 
hydrocarbons,23-*3) aldehydes,2f 'g , i) friedelin, and 4-
epifriedelin.2c) The fraction A gave a keto ether 
component (2). Three diastereomers of hydroxy ether 
(3a—c) were obtained from the fractions A, B, and C. 
From the fraction C, an alcohol (4) was obtained. 

The keto ether component (2) had a molecular 
formula C3 1H6 0O2 , which corresponds to a 1: 1 addition 
product of friedelin (1) and diethyl ether. The I R 
spectrum showed a carbonyl absorption. In the P M R 
spectrum, the presence of an a'-methylene group and an 
a-methine group to an ether oxygen atom was detected. 
The presence of the ether-moiety was further substan­
tiated by a peak at mje 427 due to a fragmentation (M — 
CH 3 CH 2 OCHCH 3 )+ . 

Although the keto ether component (2) is considered 
to consist of a mixture of diastereomers, no information 
on this point was obtained from its spectral data and a 
separation of diastereomers by thin layer chromato­
graphy using various developing solvents was unsuc­
cessful. 

The proposed structure was supported by the follow­
ing chemical transformations. The reduction of the 
keto ether (2) with lithium aluminium hydride afforded 
a mixture of hydroxy ethers (6). The ether linkage of 
6 was cleaved by treatment with boron trichloride3) to 
give a mixture of diols (7), which on oxidation with lead 
tetraacetate afforded an aldehyde (8). This aldehyde 
was found to be identical with the seco-aldehyde (8) 
prepared by oxidation of the known seco-alcohol (9)2d) 
(Scheme 1). From these observations, the keto ether 
(2) was formulated as 10/?-(4-ethoxy-3-oxopentyl)-5a-

The commercial nitrogen was used without purification. 

ethyl-des-A-friedelane. 
Three stereoisomeric hydroxy ethers (3a—c) from the 

fractions A, B, and C gave similar spectral data. T h e 
I R spectrum and mass spectrum (a peak at mje 414 due 
to a fragment ion ( M - C H 3 C H 2 O C H 2 C H 3 ) + ) of each 
hydroxy ether (3a—c) showed the presence of a hydroxyl 
group and an ether-moiety. The high resolution mass 
spectrum showed a formula C 3 3H 6 0O 2 for 3. In the 
P M R spectrum of 3b, an a'-methylene and a-methine 
to the ether oxygen atom resonated as quartet , respec­
tively. These results suggest that these hydroxy ethers 
(3) should be formulated as 10/?-(3-ethoxy-2-hydroxy-
butyl)-5a-ethyl-des-A-friedelane. 

These hydroxy ethers (3a—c) were combined and 
were treated with boron trichloride3) to afford a mixture 
of diols (10), which was then oxidized with lead tetra­
acetate to give a known norseco-aldehyde ( l l )2 f 'g- j) 
(Scheme 1). The structure of 3 thus determined has 
two additional asymmetric carbon atoms in addition 
to those present in 3,4-seco-friedelane skeleton. Although 
four diastereomers should be obtained theoretically, only 
three isomers could be isolated from the photolysate. 
A question, however, whether one of them consists of a 
mixture of two diastereomers remains to be proved. 
Configurations have not been assigned to these dia­
stereomers. 

The alcohol (4) was identical with 5a-ethyl-10/?-(2-
hydroxyethyl)-des-A-friedelane2j) obtained by reduction 
of the known norseco-aldehyde (ll).2f>g>j) 

The oxidation state of the isolated norseco-products, 
corresponding to an overall reduction, was rather 
unexpected and requires an explanation. Since the 
norseco-alcohol (4) obtained from irradiation of 
friedelin- l sO (1 - 1 8 0 ; isotopic abundance , ca. 17%)2g,j> 
was shown to contain no 1 8 0 atom, the oxygen a tom in 
4 is not derived from the oxygen atom of the friedelin 
carbonyl group. The experimental data is shown in 
Table 1. 

We have previously shown2g,J) that the ketene (12), 
formed by irradiation of friedelin (1) via an acyl-alkyl 
biradical (13), is autoxidized with oxygen during the 
product isolation to afford the norseco-aldehyde (11). 
Two mechanisms have now been considered for the 
formation of 4 : (i) a mechanism involving a carbene 
(14)4) and (ii) a mechanism via the norseco-aldehyde 
(11). 

In terms of mechanism (i), the ketene (12) might 



922 Hidekazu SHIRASAKI, Takahiko TSUYUKI, Takeyoshi TAKAHASHI, and Robert STEVENSON [Vol. 50, No. 4 

11 

Scheme 1. 

TABLE 1. 180-ISOTOPIC ABUNDANCE11* IN 4 (FROM 1-180) 

AND RELATED COMPOUNDS 

1 (M+, m/e 426) 
1-180 

4 (M+, m/e 416) 
4 (from 1-180) 

m/e 426 
100 
100 

m/e 416 
100 
100 

m/e 427 
34.6 
33.7 

m/e 417 
32.3 
32.5 

m/e 428 
6.4 

23.7 
m/e 418 

5.8 
6.6 

a) Relative intensities in %. 

undergo decarbonylation on irradiation affording a 
carbene (14), which could react with water to give 
the norseco-alcohol (4) (Scheme 2). 

To test this hypothesis, friedelin (1) was irradiated in 
water-free ether saturated with deuterium oxide (99.75% 
D 2 0 ) and the norseco-alcohol (4) was isolated. If the 
reaction had proceeded through the ca?rbene (14), the 
product would have been the dideuterio alcohol (4-d.2), 
which would give a monodeuter io alcohol (4-fifj) by 
usual aqueous work-up. Therefore, the reaction product 
should contain one deuter ium atom at G-2 as shown in 

Arix. 
The mass spectrometric examination of the product 

showed, however, that the incorporation of a deuter ium 
atom had not occurred (Table 2) and that the mecha­
nism (i) can consequently be excluded. 

Directing at tention to the second mechanism, the 
photo-produced ketene (12) could be autoxidized by 
oxygen2g , j '5 '6) which may be present in the reaction 
system to afford the norseco-aldehyde (11). T h e 
aldehyde (11) would then undergo photochemical 

TABLE 2. D-ISOTOPIC ABUNDANCE*) IN 4 

m/e 416 m/*417 m/e 418 
4 (authentic; M+, m/e 416) 100 32.3 5.4 
4 (photoproduct) 100 32.3 6.7 
4 (photoproduct obtained by 

irradiation with D20) 100 32.1 5.7 

a) Relative intensities in %. 

reduction7) in ether to give the norseco-alcohol (4). 
T h e involvement of oxygen in the formation of 4 was 

demonstrated as follows. Friedelin (1) was irradiated 
in anhydrous diethyl ether under oxygen-free argon 
purified by passing over copper at 500 °C. The hydro­
carbons, aldehydes, friedelin, 4-epifriedelin, and the 
keto ether (2) were obtained, while neither the hydroxy 
ether (3) nor the norseco-alcohol (4) was detected by 
thin layer chromatography. Since the irradiation of 
friedelin (1) under commercial nitrogen gave 3 and 4, 
oxygen present in the commercial nitrogen is implicated 
in the formation of these products. Following this 
conclusion, the intermediacy of the ketene (12) and 
norseco-aldehyde (11) in the photo-reaction was 
examined. 

Irradiation of 2a,2/?,4a-trideuteriofriedelin (l-rfg)2^1) 
in ether afforded a deuteriated alcohol (4-rf3), which 
gave a molecular ion peak at m/e 419. The methylene 
group at C-2 in 4 resonated as a triplet with an integrated 
intensity due to two protons, while the integrated 
intensity of a triplet in 4-flf3 corresponded to one proton. 
O n addition of Eu(dpm) 3 as a shift reagent, the C-4 
methyl protons were readily assignable with the triplet 
signal for nonlabeled alcohol (4) appearing as a singlet 
in 4-ûf3. These observations indicate that the methylene 
group at C-4 of 4-fl?3 was labeled with two deuterium 
atoms and the methylene group at C-2 with one deute­
r ium atom, in accordance with formation of 4-ds via 
the ketene (12-rf8). 

T h e norseco-aldehyde (ll)2f>^ was irradiated in 
ether, and from the reaction products, the norseco-
alcohol (4) and the hydroxy ether (3) were isolated. 

These experimental results show that the ketene (12) 
formed by irradiation is autoxidized with oxygen in the 
reaction system to give the norseco-aldehyde (11), which 
is subsequently reduced photochemically to yield 3 and 
4. The final photoreduction step7) is outlined in Scheme 
3. 

The formation of the keto ether (2) is likely to suggest 
a novel reaction between a photochemically produced 
ketene and an a-radical derived from diethyl ether. 
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Scheme 2. 

Friedelin (1) in ether containing acetone was irradiat­
ed in a quartz vessel under the usual conditions. The 
irradiation products were separated by column and 
thin layer chromatography to give a hydroxy ketone (5), 
whose P M R spectrum showed the presence of (CH3)2C-
( O H ) - group and whose molecular formula C 3 3 H 5 8 0 2 

showed an increment of C 3 H 8 0 in comparison with that 
of friedelin. On acetylation, the hydroxy ketone (5) 
gave an acetoxy ketone. 

The structure of the hydroxy ketone (5) was confirmed 
by conversion to the known 10/?-(2-carboxyethyl)-5a-
ethyl-des-A-friedelane (16).2b) I t was subjected to 
consecutive reduction with lithium aluminium hydride, 
oxidation with lead tetraacetate and with silver oxide 

to afford a seco-acid (16) (Scheme 2). 
A partial synthesis of 5 confirmed the proposed 

structure. T h e aldehyde (8) was treated with isopropyl-
triphenylphosphonium bromide.8 '9) The resulting 
isopropylidene derivative (18)10> was oxidized with 
osmium tetraoxide11) to give a mixture of diols (17), 
which on oxidation with chromium trioxide12* yielded 
the hydroxy ketone (5), identical with the photo-irradia­
tion product (Scheme 2). 

A solution of 1 in ether and acetone-rf6 was irradiated 
for 5 h, and the resulting hydroxy ketone (5-d6) was 
isolated and examined. The molecular ion peak was 
observed at mje 492, i.e. 6 mass units higher than that 
of the non-labeled 5. In the P M R spectrum, a singlet 
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+ R-

ÇH3 

R = - C H O G H 5 

(An asterisk refers to an activated state.) 

Scheme 3. 

signal (ô 1.37) due to two tertiary methyl group in 5 
was not observed in 5-rf6. T h e presence of pinacol in 
the photolysate was demonstrated by gas chromato­
graphic examination further supporting the involvement 
of 1-hydroxy-1-methylethyl radical (15) in the photolysis 
of friedelin (1) in ether containing acetone. 

Three mechanisms (outlined in Scheme 2 as " a " , 
" b " , and "c" ) were considered for the formation of the 
hydroxy ketone (5). a) T h e attack of the radical (15) 
at the carbonyl carbon atom of the ketene (12), followed 
by addition of a hydrogen atom to C-2. b) The addition 
of the radical (15) to the acyl radical (C-3) of the 
biradical (13), followed by addition of a hydrogen atom 
to the alkyl radical (original C-4 of friedelin). c) The 
attack of the radical (15) to the carbonyl carbon atom 
(C-3) of friedelin (1), followed by /^-scission between 
C-3 and C-4, and then by addition of a hydrogen atom 
to the carbon atom at C-4. 

In order to distinguish among these hypotheses, 
2a,2/?,4a-trideuteriofriedelin (l-d3) was irradiated in 
ether containing acetone. A trideuteriated hydroxy 
ketone (5-d3) was obtained showing the molecular ion 
peak at m/e 489. The trideuteriated hydroxy ketone 
(5-d3) was degradated to give S-d3 and 9-d3 by the 
previously described procedures. In the P M R of the 
trideuteriated seco-aldehyde (&-d3), the aldehydic proton 
was observed as a doublet. Furthermore, a triplet signal 
due to the methyl group (proton on C-23) attached 
to the C-4 atom of non-labeled alcohol (9) appeared as a 
singlet in the case of the trideuteriated seco-alcohol (9-d3). 

These observations lead to the conclusion that 1-
hydroxy-1-methylethyl radical (15) attacked the carbon­
yl carbon a tom of the ketene (12) to form a C-2 radical, 
which abstracts a hydrogen atom from the solvent 
(mechanism " a " ) . The alternative mechanisms " b " 
and " c " are excluded by the same experiment, since 
the degradation of the photo-product (5'-d3) would lead 
to the aldehyde (&'-d3) and then to the alcohol (9'-d3). 
T h e aldehydic proton of S'-d3 and the methyl protons at 
C-4 of 9'-d3 should resonate as a singlet and a doublet, 
respectively, in the P M R spectra. The formation of the 
keto ether (2), obtained by the photo-irradiation of 
friedelin (1) in ether, may also best be interpreted by a 

pathway analogous to the mechanism " a " . 

Exper imenta l 

Instruments and general procedures are described in pre­
vious papers.1'2k> Gas-liquid phase chromatographic (GLC) 
analyses were determined on a Shimadzu gas Chromatograph 
model GC-6A. Analytical and preparative thin layer chro­
matographies (TLC) were carried out on Kieselgel G nach 
Stahl (E. Merck) and Silica gel PFL>54 (E. Merck), respectively. 
Column chromatography was carried out on Wakogel C-200 
(Wako). Diethyl ether (Wako) was washed with dilute 
sulfuric acid and water and dried over calcium chloride. 
The ether was distilled from lithium aluminium hydride. 
Acetone (Wako) was dried over potassium carbonate and 
distilled. 

Photochemical Reaction of Friedelin (1) in Diethyl Ether. 
Nitrogen (Suzuki-shokan Co.) was bubbled through a refluxing 
solution of friedelin (1: 455 mg) in diethyl ether (300 ml) for 
30 min, then the solution cooled to room temperature was 
irradiated with a high pressure mercury lamp for 7 h under 
nitrogen. The solvent was evaporated under reduced 
pressure, the residue dissolved in benzene and passed through 
a column of silica gel (50 g), and eluted with benzene (each 
fraction 50 ml). In fractions 1—3, hydrocarbons and alde­
hydes were eluted and from fractions 4—13 a residue (131 mg) 
was obtained. Subjection of the residue to preparative TLC 
using benzene-chloroform (1:1) afforded fractions A, B, and 
C. Each fraction was further separated by preparative 
TLC developed with benzene-ether (10: 1). 

The keto ether (2; 24 mg) was isolated from the fraction A 
but could not be separated into each diastereomer by TLC 
using various eluents. A few milli grams of a stereoisomer 
of the hydroxy ether (3a; IR (Nujol) 3580, 3470, and 1100 
cm - 1 ; MS m/e 488) was also obtained from the fraction A. 

The fraction B gave a diastereomer of the hydroxy ether 
(3b; about 40 mg) by the second preparative TLC, IR (Nujol) 
3580, 3470, and 1100 cm"1; MS m/e 488; the PMR and high 
resolution mass spectra (vide infra). 

From the fraction C, the third isomer of the hydroxy ether 
(3c; a fewmg; IR (Nujol) 3580, 3470, and 1100 cm-1; MS 
m/e 488) and the norseco-alcohol (4; 9 mg) were isolated. 

10ß- ( 4-Ethoxy- 3-oxopentyl) - 5a.-ethyl-des-A -friedelane (2). 
The keto ether (2) was obtained as an oil, IR (Nujol) 1705, 
1110, 1000, 910, 850, and 800 cm-1; PMR ô ^0.80 (6H, s 
and t overlapped, 2xCH 3 ) , 0.89, 0.97, 1.20, 1.25 (each 3H, 
s, *-CH3), 1.00—1.05 (12H, br. s, 4xCH 3 ) , 2.58 (2H, t, J = 8 
Hz, C ( 2 )-H), 3.49 (2H, q, 7 = 7 Hz, CH3CH20), and 3.79 
(1H, q, J = 7 Hz, CH3CH-O); MS m/e 500 (M+, 18%), 485, 
471, 455, 427, 371, 333, 312, 301, 273 (100%), 259, 245, 231, 
218, and 205; Found: C, 81.24; H, 11.93%. CalcdforC34-
H60O2: C, 81.53; H, 12.08%. 

10ß-(3-Ethoxy-2-hydroxybutyl)-5aL-ethyl-des-A-friedelane (3). 
Three diastereomers (3a—c) were obtained as oil and gave 

similar spectral data (vide supra). The hydroxy ether (3b), 
obtained from fraction B, provided the following data; IR 
(Nujol) 3580, 3470, 1100, 1000, 850, and 800 cm"1; PMR 
ô Ä . 0 . 8 0 (6H, s and t overlapped, 2xCH 3 ) , 0.90, 0.96 (each 
3H, s, *-CH3), 1.01 (12H, br. s, 4 x CH3), 1.19 (6H, s, 2 X CH3), 
3.48 (2H, q, y = 7 H z , CH3CH20), 3.52 (1H, q, 7 = 7 Hz, 
CH 3 CH-0) , and 3.3—3.8 (1H, br. s, C w - H ) ; MS m/e 488 
(M+, 22%), 473,459,432, 411, 402, 387, 385, 301, 273 (100%), 
218, and 205; MW 488.4636 (by high resolution mass spectro­
metry). Calcd for C33H60O2: 488.4591. 

5a-Ethyl-10ß- ( 2-hydroxyethyl) -des-A-friedelane (4). 
Crystallization from ether gave colorless crystals, mp 155— 
156 °C; IR (Nujol) 3300, 1050, and 800 cm-1; PMR Ö ^0.80 
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(6H, s, and t overlapped, 2 X CH 3 ) , 0.89, 0.97, 1.19 (each 3H, 
s, t-CH3), 1.01 (9H, s, 3 x f - C H 3 ) , and 3.53 (2H, t, 7 = 8 Hz , 
C ( 2 ) - H ) ; M S m/e 416 (M+, 3 3 % ) , 401, 387, 381, 360, 301, 273 
(100%), 249, 218, and 205. This was identical with an 
authentic 5a-ethyl-10/5-(2-hydroxyethyl)-des-A-friedelane (4). 

Degradation of 10ß-(4-Ethoxy- 3- oxopentyl)- 5a-ethyl-des-A-
friedelane (2). T h e keto ether (2; 38 mg) in ether (30 ml) 
and lithium aluminium hydride (150 mg) were heated under 
reflux for 3 h. T h e usual work-up and separation on pre­
parative T L C using benzene-ether (10: 1) gave 10/S-(4-ethoxy-
3-hydroxypentyl)-5a-ethyl-des-A-friedelane (6; 32 mg) as a 
mixture of diastereomers ; an amorphous solid, I R (Nujol) 
3550, 3450, 1100, 1000, 840, and 800 cm" 1 ; P M R Ô *^0.79 
(6H, s and t overlapped, 2 x C H 3 ) , 0.89, 0.95 (each 3H, s, 
t-CH3), 1.00 (12H, br. s, 4 x C H 3 ) , and 3.15—3.85 (4H, m , 
C H - O - ) ; M S m/e 502 (M+, 10%) , 487, 473, 446, 430, 415, 
401, 335, 323, 301, 273 (100%), 218, and 205. 

A solution of 6 (26 mg) in dry methylene dichloride (1 ml) 
was kept at — 78 °G, and a solution of boron trichloride (3 ml) 
in methylene dichloride (2 ml) was added. T h e resulting 
solution was stirred at —78 °C for 2 h and then allowed to 
stand overnight at room tempera ture . T h e solvent was 
removed under reduced pressure and aqueous methanol 
was added. Methanol was removed under reduced pressure 
and the residue was extracted with ether (100 ml) . Usual 
work-up and purification by preparat ive T L C developed with 
benzene-ether (10: 1) afforded diastereomers of 10/3-(3,4-
dihydroxypentyl)-5a-ethyl-des-A-friedelane (7 ; 9 mg) as an 
oil; I R (Nujol) 3400 and 1080 cm" 1 ; P M R <5^0.80 (6H, s and 
t overlapped, 2 x G H 3 ) , 0.89, 0.95, 1.19 (each 3 H , s, *-CH3), 
1.00 (12H, br. s, 4 x G H 3 ) , and 3.25—3.95 (2H, m ) ; M S m/e 
474 (M+, 12%), 459, 457, 445, 441 , 425, 418, 413, 380, 307, 
301, 273 (100%), 218, and 205. 

T o a solution of the diastereomeric diols (7; 8.4 mg) in 
benzene (5 ml) , a saturated solution of lead tetraacetate in 
acetic acid (10 ml) was added and the mixture was stirred at 
room temperature for 2 h. A saturated aqueous sodium 
hydrogencarbonate solution was added and the mixture was 
extracted with ether. T h e reaction products were separated 
by preparative T L C using benzene to afford 5a-ethyl-10ß-(2-
formylethyl)-des-A-friedelane (8; 5.4 mg) . This was iden­
tical with an authentic seco-aldehyde (8). 

Degradation of 10ß-(3-Ethoxy-2-hydroxybutyl)-5a-ethyl-des-A-
friedelane (3). Due to a paucity of the hydroxy ethers 
(3a—c), these compounds were combined and subjected to the 
following degradation. 

A solution of the hydroxy ethers (3a—c; 41 mg) in meth­
ylene dichloride (1 ml) was kept at —78 °C and a solution of 
boron trichloride (3 ml) in methylene dichloride (2 ml) was 
added. T h e resulting solution was stirred at 0 °C for 1.5 h 
and then a t room tempera ture for 5 h . T h e solvent was 
removed under reduced pressure and aqueous methanol 
(1 ml) was added. Methanol was removed under reduced 
pressure and the residue was extracted with ether (100 ml) . 
After usual work-up, the reaction mixture was separated by 
preparative T L C using benzene-ether (10: 1) to give dias­
tereomers of 10/5-(2,3-dihydroxybutyl)-5a-ethyl-des-A-friede-
lane (10; 18 mg) as an oil; I R (Nujol) 3400, 1050, 980, 
860, and 800 c m - 1 ; P M R <5«*0.83 (6H, s and t overlapped, 
2 x C H 3 ) , 0.90, 0.95, 1.19 (each 3H, s, *-CH3), 1.10 (12H, br. 
s, 4 x C H 3 ) , and 3.20—3.38 (2H, m ) ; M S m/e 460 (M+, 
31%) , 445, 431 , 427, 404, 380, 301, 293, 273 (100%), 218, 
and 205. 

T o a solution of the diols (10; 18 mg) in benzene (5 ml) , a 
saturated solution of lead tetraacetate in acetic acid (10 ml) 
was added. T h e solution was treated according to the same 
procedure as in the case of the diols (7). 5<x-Ethyl-10/3-

formylmethyl-des-A-friedelane ( 1 1 ; 10 mg) was obtained, m p 
182 °C (crystallized from e ther ) ; I R (Nujol) 2710 and 1705 
c m - 1 ; P M R Ô «*0.80 (6H, s and t overlapped, 2 X CH 3 ) , 0.90, 
0.96, 1.20 (each 3H, s, f-CH,), 1.01 (9H, s, 3 x CH 3 ) , and 9.78 
(1H, t, 7 = 2 . 5 Hz, - C H O ) ; M S m/e 414 (M+, 2 7 % ) , 399, 
301, 290, 273, 218, and 205 (100%). This was identical with 
an authentic norseco-aldehyde (ll).2f>s>J> 

Photochemical Reaction of Friedelin-lsO (1-180) in Ether. 
I r radia t ion of friedelin-180 ( l - l s O ; 180.7 mg) in ether (200 
ml) in a quar tz vessel under a nitrogen atmosphere for 10 h, 
followed by solvent removal under reduced pressure yielded a 
residue, which was chromatographed on silica gel (20 g) . 
A norseco-alcohol fraction was further subjected to preparat ive 
T L C to give 5.2 m g of 4. T h e l sO-isotopic abundance in the 
starting material (1-1 80) and the product (4) was examined by 
the mass spectrometry (Table 1). 

Photochemical Reaction of Friedelin (1) in Ether Containing 
Deuterium Oxide. Friedelin ( 1 ; 322 mg) was dissolved 
in ether (200 ml) which was freshly distilled from lithium 
aluminium hydride and was saturated with deuterium oxide 
( D 2 0 99.75%, Showa-denko Co.) . T h e solution was irra­
diated for 8 h as before. T h e same work-up and separa­
tion procedure gave the norseco-alcohol (4; 9.1 mg) . T h e 
deuterium isotopic abundance of the product (4) was examined 
by mass spectrometry (Cf. Tab le 2) . 

Photochemical Reaction of 2a,2ß,4a-Trideuteriofriedelin (l-dz) in 
Ether. Trideuteriofriedelin** (l-d3; 292 mg) in ether 
(200 ml) was irradiated under the same conditions for 10 h and 
worked up as before to afford a trideuterio norseco-alcohol 
(4-</3; 7.3 mg) , P M R ô <M).80 (6H, s, 2 X CH 3 ) , 0.89, 0.95, 1.19 
(each 3H, s, *-CH8), 1.00 (9H, s, 3 x f - C H 3 ) , and 3.53 (1H, t, 
J = 8 Hz, G ( 2 , -H) ; M S m/e 419 (M+, 19%) , 404, 388, 301, 273, 
218, and 205 (100%). When E u ( d p m ) 3 was added to a 1% 
(w/v) solution of 4-d3 in CDG13 [Eu(dpm)3 /4-rf3= 1.1 (in 
molar ra t io)] , C ( 4 ) - C H } signal appeared at ô 2.35 as a singlet. 
U n d e r the same conditions, C ( 4 ) - G H 3 of non-labeled alcohol 
(4) resonated at ô 2.35 as a triplet ( 7 = 7 H z ) . 

Photochemical Reaction of Friedelin (1) in Ether Under Oxygen-
free Argon. Friedelin ( 1 ; 1.07 g) in ether (700 ml) was 
heated under reflux for 30 min with bubbling of oxygen-free 
argon*** in a quar tz irradiat ion vessel. T h e solution, after 
cooling, was i r radiated for 24 h under the oxygen-free argon at 
room temperature . T h e solvent was removed under reduced 
pressure to give a residue, which was examined by T L C and 
shown to contain neither 3 nor 4. T h e residue was dissolved 
in benzene, passed through a column of silica gel (100 g), and 
eluted with benzene (each fraction 100 ml) . Fractions 5 and 6 
were combined and further subjected to prepara t ive T L C 
developed with benzene-petroleum ether-methylene dichloride 
( 4 : 3 : 2 ) to give keto ether component (2; 78 mg) . 

Photochemical Reaction of 5a - Ethyl- lOß-formylmethyl-des-A-
friedelane (11). A solution of the norseco-aldehyde (11 ; 
178 mg, prepared from norfriedelin2J)) in ether (700 ml) was 
irradiated in a Pyrex vessel for 62 h under a nitrogen atmos­
phere at room temperature . After usual t reatment , p repara­
tive T L C using benzene-chloroform (1 :1 ) gave the three 
diastereomers of hydroxy ether (3a—c; total weight 49 mg) 
and the norseco-alcohol (4; 11 mg) . 

Photochemical Reaction of Friedelin (1) in Ether Under an 
Oxygen Atmosphere. Friedelin ( 1 ; 1.01 g) in ether (800 ml) 

** Mass spectrometry showed tha t the deuteriated friedelin 
( W 3 ) consisted of -ds (80%) , -d2 (20%) , -d± ( 0 % ) , and -d0 

( 0 % ) . 
*** Argon was purified by passing over copper (pretreated 
with a flow of hydrogen at 200 °C) placed in a quar tz tube 
and heated at 500 °C. 
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was irradiated in a Pyrex vessel with a high pressure mercury 
lamp for 48 h under an oxygen atmosphere at room tem­
perature. 2h> T h e solvent was removed to afford a residue. 
The T L C examination showed the presence of friedelin 
(recovered unchanged, a major spot), the seco-carboxylic 
acid (16), a norseco-carboxylic acid2e , j) and putranjivic 
acid,2h>13> while the presence of the hydroxy ether (3) and the 
norseco-alcohol (4) could not be demonstrated. 

Photochemical Reaction of Friedelin (1) in Ether Containing 
Acetone. Friedelin ( 1 ; 86 mg) was dissolved in ether (30 ml) 
containing acetone (0.5 ml) in a quar tz vessel and heated under 
reflux for 30 h with bubbling of nitrogen. T h e solution was 
cooled and irradiated with a high pressure mercury lamp for 2 
h at room temperature . A small quanti ty of the solution was 
taken out and subjected to G L C examinat ion, which showed 
the formation of pinacol (R t 7.7 min (Garbowax C-20 M , 100 
°C) and 11.7 min (DGS, 100 °C)). The reaction mixture, 
after evaporat ion of the solvent under reduced pressure, was 
separated by preparat ive T L C with benzene as eluent. 
5<x-Ethyl-1 0ß- (4-hydroxy-4-methyl - 3 -oxopentyl) -des-A-friede-
lane (5 ; 12 mg) was obtained after recrystallization from 
light petroleum, m p 180.5—181.5 °C ; I R (Nujol) 3500, 1705, 
and 1140 c m - 1 ; P M R Ô «*0.80 (6H, s and t overlapped), 
0.89, 0.95, 1.03, 1.18 (each 3H, s, *-CH3), 1.00 (6H, s, 2xt-
GH 3 ) , 1.37 (6H, s, ( C H 3 ) 2 C ( O H ) - ) , 2.40—2.75 (2H, m, 
- C H 2 - C = 0 ) , and 3.77 (1H, s, - ( ^ - O H ; disappeared on 
addition of D 2 0 ) ; (CD 3 COCD 3 ) c3«*4.18 (1H, s, - £ - O H ; 
disappeared on addition of D 2 0 ) ; M S m/e 486 (M+, 10%), 
471, 457, 453, 443, 430, 428, 413, 319, 307, 275, 274, 273, and 
205 (100%) ; F o u n d : C, 81.57; H , 12.07%. Calcd for C33-
H 5 8 O a : C, 81.42; H , 12 .01%. 

Acetate of 5aL-Ethyl-10ß-(4-hydroxy-4-methyl-3-oxopentyl)-des-
A-friedelane (5). A mixture of the hydroxy ketone 
(5 ; 32 mg) , pyridine, and acetic anhydride was heated on 
stream ba th for 10.5 h. T h e reaction mixture was treated 
as usual and the product crystallized from methanol twice to 
afford the acetate (21 mg) , m p 159—160 °C; I R (Nujol) 
1724 and 1247 c m - 1 ; P M R (5«*0.79 (6H, s and t overlapped, 
2 x C H 3 ) , 0.86, 0.94, 1.01, 1.17 (each 3H, s, *-CH3), 0.99 
(6H, s, 2 x * - C H 3 ) , 1.44 (6H, s, (CH 3 ) 2 C(OAc) - ) , and 2.25— 
2.60 (2H, m, - C H 2 C = 0 ) ; M S m/e 528 (M+). 

Degradation of 5a.-Ethyl-10ß-(4-hydroxy-4-methyl-3-oxopentyl)-
des-A-friedelane (5). T o the hydroxy ketone (5; 12 mg) 
in ether (5 ml) , l i thium aluminium hydride (17 mg) in ether 
(5 ml) was added and the mixture was heated under reflux 
for 2 h. After decomposition of the excess reagent by addit ion 
of wet ether, the mixture was treated as usual. Column 
chromatography of the residue on silica gel, (50 g) afforded a 
mixture of the diastereomeric diols (17; 9 mg) , m p 188—189 
°C; I R (Nujol) 3400, 1170, 1080, and 960 c m - 1 ; P M R Ô ^ 0 . 8 0 
(6H, s and t overlapped, 2 X CH 3 ) , 0.90, 0.96, 1.03, 1.16, 1.19, 
1.21 (each 3H, s, *-CH3), 1.01 (6H, s, 2 x * - C H 3 ) , and 4.62 
(1H, s, - y - O H ; disappeared on addi t ion of D 2 0 ) ; M S m/e 
488 (M+, 15%) , 473, 470, 459, 455, 441, 432, 430, 415, 321, 
309, 301, 273 (100%), 218, and 205 ; Found : C, 79.80; H , 
12 .51%. Calcd for C 3 3 H 6 0 O 2 . 1 / 2 H 2 0 : C, 79.62; H , 12.35%. 

A saturated solution of lead tetraacetate in acetic acid (10 
ml) was added to the diols (17; 2.8 mg) in benzene (5 ml) and 
the mixture was stirred for 1 h. T h e excess lead tetraacetate 
was decomposed by addition of saturated sodium hydrogen-
carbonate solution until the solution became alkaline and the 
solution was extracted with ether (500 ml ) . After usual 
work-up, the residue was chromatographed on silica gel using 
benzene to give an aldehyde (8; 2.5 mg) . This was identical 
with an authentic seco-aldehyde (8). 

A mixture of silver ni trate (41 mg) in water (1 ml) and 0.05 
M sodium hydroxide solution (5 ml) was added to the seco-

aldehyde (8; 1.8 mg) in ethanol (5 ml) with stirring, which was 
continued for 2 h. T h e solvents were evaporated under 
reduced pressure to give a residue, to which ether (100 ml) was 
added. T h e resulting solution was acidified with 1 M hydro­
chloric acid and extracted with ether. After usual work-up, 
purification of the residue by preparat ive T L C afforded 
10jÖ-(2-carboxyethyl)-5a-ethyl-des-A-friedelane (16; 1.1 m g ) ; 
I R (Nujol) 1705, 1290, and 1220 cm" 1 ; M S m/e 444 (M+, 
16%) , 429, 405, 401 , 388, 369, 368, 320, 301, 291, 273, 218 
(100%), and 205. This was identical with an authentic 
seco-carboxylic acid (16).2b> 

Synthesis of 5<x-Ethyl-10ß-(4-hydroxy-4-methyl-3-oxopentyl)-des-
A-friedelane (5) from 5a-Ethyl-J0ß-(3-hydroxypropyl)-des-A-

friedelane (9). 5<x-Ethyl-10ß-(3-hydroxypropyl)-des-A-
friedelane (9 ; 694 mg) was dissolved in a minimum volume of 
methylene dichloride and a mixture of chromium trioxide (1.34 
g), pyridine (840 mg), and methylene dichloride (23 ml) was 
added to the solution. After stirring for 15 min, the methylene 
dichloride solution was separated by décantation and the 
precipitate was washed with methylene dichloride (150 ml) . 
T h e supernatant and the washings were combined and 
washed with 5 % sodium hydrogencarbonate solution (100 ml) , 
5 % hydrochloric acid (100 ml) , and then with 5 % sodium 
hydrogencarbonate solution (100 ml) . Usual work-up gave a 
residue, which was recrystallized from ether to afforded the 
seco-aldehyde (8; 657 m g ) ; m p 147—148 °C ; I R (Nujol) 
2720, 1720, and 1005 cm" 1 ; P M R ô «*0.81 (6H, s and t 
overlapped, 2 X CH 3 ) , 0.90,0.96, 1.19 (each 3H, s, *-CH3), 1.01 
(9H, s, 3 x * - C H 3 ) , 2.20—2.60 (2H, m, - C H 2 - C H O ) , and 
9.73 (1H, t, 7 = 2 Hz, - C H O ) ; M S m/e 428 (M+, 9%) , 413, 
400, 399, 385, 372, 362, 319, 304, 279, 273, 265 (100%), 218, 
and 205 ; Found : C, 84.26; H , 12.44%. Calcd for C 3 0 H 5 2 O: 
C, 84.04; H , 12 .23%. 

T o a suspension of isopropyltriphenylphosphonium bromide 
(960 mg) in ether, 15% butyllithium solution in hexane 
(2.1 ml) was added with stirring under nitrogen. A deep 
red solution was obtained, to which a solution of the seco-
aldehyde (8; 206 mg) in ether (10 ml) was added. The 
reaction mixture was stirred for 3 h and then tetrahydrofuran 
(50 ml) was added. T h e ether was removed and the remain­
ing solution was heated under reflux for 2 h. After cooling, 
water (100 ml) was added to the solution and the mixture was 
extracted with ether (200 ml) . The ethereal extract was 
washed with sa tura ted aqueous sodium chloride solution, 1 M 
hydrochloric acid (100 ml) and then with aqueous sodium 
chloride solution. Usual work-up gave a residue, which was 
purified by column chromatography on silica gel (30 g) using 
petroleum ether. Recrystallization from petroleum ether 
gave the isopropylidene derivative (18; 130 mg), m p 147.5— 
148 °C ; I R (Nujol) 1050, 1000, and 990 c m - 1 ; P M R ö**> 1.50 
(3H, br. , C = C - C H 3 ) , 1.68 (3H, br . , C=C-CH 3 ) , and 5.10 
(1H, t, J=l Hz , C = C H - C H 2 - ) ; M S m/e 454 (M+, 17%) and 
205 (1 0 0 % ) ; Found : C, 87.38; H , 12.90%. Calcd for 
C 3 3 H 5 8 : C , 87.14; H , 12.86%. 

T o a solution of the isopropylidene derivative (18; 68 mg) in 
ether (5 ml) , osmium tetraoxide (55 mg) in pyridine (1 ml) was 
added and the react ion mixture was stirred for 6 h. The 
solvents were evaporated and ethanol (3 ml) , sodium sulfite 
(406 mg) , and water (1 ml) were added to the residue. The 
reaction mixture was heated under reflux for 2 h and, after 
cooling, filtered. T h e precipitate was washed with ethanol. 
T h e filtrate and the washings were combined and evaporated 
under reduced pressure, and the residue purified by column 
chromatography on silica gel (20 g) . Elution with benzene-
ether (5 : 3) afforded a mixture of the diastereomeric diols (17; 
27 mg) , m p 188—189 °C (crystallized from ether) ; I R 
(Nujol) 3400, 1170, 1090, and 960 c m - 1 ; P M R ô «*0.80 (6H, 



April, 1977] Photochemical Reaction of Friedelin 927 

s and t overlapped, 2x CH3), 0.90, 0.96, 1.03, 1.16, 1.19, 1.21 
(each 3H, s, t-CH3), 1.01 (6H, s, 2x*-CH3), and 4.62 (1H, s, 
-ÇÎ-OH; disappeared on addition of D 2 0) ; MS m/e 488 
(M+, 31%) and 273 (100%). 

To a solution of chromium trioxide (60 mg) in pyridine 
(52 mg) and methylene dichloride (50 ml), the diols (17; 
22 mg) in methylene dichloride (5 ml) was added and the 
reaction mixture was stirred for 15 min. The methylene 
dichloride solution was separated by décantation and the 
precipitate was washed with methylene dichloride (100 ml). 
The supernatant and washings were combined and washed 
with 5% sodium hydrogencarbonate solution. After usual 
work-up, the residue was subjected to column chromato­
graphic separation to afford the seco-aldehyde (8; 12 mg) and 
the hydroxy ketone (5; 3 mg). The former was identical 
with the seco-aldehyde (8). The latter was completely 
identical with the photoproduced hydroxy ketone (5). 

Photochemical Reaction of Friedelin (1) in Ether Containing 
Acetone-d6. Friedelin (1; 317 mg) was dissolved in ether 
(150 ml) containing acetone-</6 (1ml; 99.8%, Showa-denko 
Co.) in a quartz vessel, The solution was irradiated for 5 h 
under the same conditions and then treated as before. The 
residue was chromatographed on silica gel (50 g), eluted with 
benzene and fractions containing the keto ether were collected 
and purified by preparative TLC to give 5oc-ethyl-10j8-(5,5,5-
trideuterio- 4 -hydroxy- 4 - trideuteriomethyl- 3 -oxopentyl)-des-
A-friedelane (5-rf6; 45 mg); IR (Nujol) 3500, 2220, 1705, and 
1130 cm-1; PMR Ô «*0.80 (6H, s and t overlapped), 0.89, 
0.95, 1.03, 1.18 (each 3H, s, *-CH3), 1.00 (6H, s, 2x*-CH3), 
2.40—2.75 (2H, m, -CH 2 -C=0) , and 3.75 (1H, s, - O H ) ; 
MS m/e 492 (M+, 15%), 477, 463, 446, 443, 428, 413, 325, 313, 
301, 273, 218, and 205 (100%). 

Photochemical Reaction of 2a,2ß,4a.-Trideuteriofriedelin (l-d3) 
in Ether Containing Acetone. 2<x,2j8,4a-Trideuteriofriedelin 
(\-dz; 514 mg) was dissolved in ether (450 ml) containing ace­
tone (2 ml) and the solution was irradiated for 5 h. The 
reaction mixture was treated as usual and separated by column 
chromatography on silica gel (50 g) and subsequently pre­
parative TLC to afford 5oc-(l,l-dideuterioethyl)-10/S-(2-
deuterio- 4 -hydroxy- 4 -methyl- 3 -oxopentyl) - des- A -friedelane 
(5-d3; 55 mg); IR (Nujol) 3500, 2160, 2100, 1705, 1130, and 
980 cm-1; PMR ô «*0.80 (6H, s and t overlapped, 2 X CH3), 
0.89, 0.95, 1.02, 1.08 (each 3H, s, *-CH8), 1.00 (6H, s, 2xt-
CH3), 1.37 (6H, s, (GH,)9C(OH)-), 2.30 (1H, m, -CHD-C= 
O), and 3.76 (1H, br., - O H ) ; MS m/e 489 (M+, 9%) and 
205 (100%). 

Degradation of Trideuterio-5a-ethyl-10ß-(4-hydroxj>-4-methyl-3-
oxopentyl)-des-A-friedelane (5-d3). The hydroxy ketone-</3 

(5-d3; 48 mg) in ether (10 ml) was heated under reflux with 
lithium aluminium hydride (47 mg) and usual treatment and 
separation gave the diols-rf3 (l7-d3; 20 mg); MS m/e 419 
(M+, 24%), 476,458, 324, 301, 273 (100%), 218, and 205. 

To the diols-</3 (17-</3; 18 mg) in benzene (10 ml), was 
added lead tetraacetate (45 mg) in acetic acid (15 ml) and the 
reaction mixture was stirred for 3 h. Usual treatment and 
purification afforded the aldehyde-</3 (S-d3; 16 mg); PMR 
ô ^0.80 (6H, s and t overlapped, 2xCH 3 ) , 0.90, 0.97, 1.19 
(each 3H, s, *-CH8), 1.00 (9H, s, 3x*-CH,), 2.20—2.60 (1H, 
m, -CHD-CHO), and 9.73 (1H, d, y = 2 Hz, -CHD-CHO); 
MS m/e431 (M+, 19%), 416, 301, 273, 218 (100%), and 205. 

A mixture of the trideuterio-seco-aldehyde (B-d3; 15 mg) 
in ether (10 ml) and lithium aluminium hydride (70 mg) was 
heated under reflux for 3 h. After usual work-up, separation 
afforded 2,4,4-trideuterio-5a-ethyl-10/5-(3-hydroxypropyl)-des-
A-friedelane (9-d3; 12 mg); IR (Nujol) 3600, 3450, 2160, 
1280, and 1050 cm"1; PMR ô «*0.79 (6H, s and t overlapped, 
2xCH 3 ) , 0.88, 0.96, 1.19 (each 3H, s, f-CH8), 1.00 (9H, s, 

3xf-CH3), 3.95 (2H, d, J=6 Hz, -CHD-CH 2OH); MS m/e 
433 (M+, 31%), 428, 402, 301, 279, 273 (100%), 265, 218, 
and 205. When Eu(dpm)3 was added to a 1.6% (w/v) solution 
of 9-d3 in CDCL, [Eu(dpm)3/9-</3=l.l (in molar ratio)], 
C4)-CH3 signal appeared at <5 2.12 as a singlet. Under 

the same conditions, C(4)-CH3 of non-labeled alcohol (9) 
resonated at ô 2.12 as a triplet (J =7 Hz). 

Photochemical Reaction of Friedelin (1) in Acetone. Friede­
lin (1; 705 mg) in acetone (88 ml) in a Pyrex vessel was 
photolyzed. The rate of the photolysis was very slow and the 
photolysate after 27 h-irradiation was found to consist of 
recovered friedelin (1; 545 mg), the hydroxy ketone (5; 12 
mg), and an unknown hydroxy dicarbonyl compound (32 
mg). 

The authors wish to thank Dr. Hidehiro Ishizuka for 
P M R (100 MHz) measurements, and Dr. Kazuyuki 
Aizawa for the measurements of the high resolution 
mass spectrum. 
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A Facile Synthesis of Anomeric Methyl DL-Tolyposaminides, 
Methyl DL-Forosaminides, and Related Substances1) 

Eisuke KAJI, Haruo KOHNO, and Shonosuke ZEN 

School of Pharmaceutical Sciences, Kitasato University, Shirokane, Minato-ku, Tokyo 108 
(Received August 7, 1976) 

The reaction of /S-nitro alcohols (2-nitroethanol, l-nitro-2-propanol, and l-nitro-2-butanol) with acrylaldehyde 
in the presence of diethylamine-formic acid gave anomeric mixture of 4-nitro-DL-pento-, hexo-, and heptopyranoses 
(5) in reasonable yields. 5 were converted to the corresponding methyl 4-amino-DL-pento-, hexo-, and hepto-
pyranosides (8) by O-methylation followed by reduction. Anomeric methyl DL-tolyposaminides and DL-foro-
saminides were synthesized in a good yield from anomeric methyl 4-nitro-2,3,4,6-tetradeoxy-DL-£rjtfAro-hexopyrano-
sides (6bx and 6b2). The configuration of methyl 4-nitro-DL-hexo-, and heptopyranosides (6b and 6c) and methyl 
4-acetamido-DL-hexo- and heptopyranosides (8b and 8c) was established on the basis of PMR data. 

As a par t of the investigation on the exploration of 
newer synthetic reactions for aliphatic nitro compounds, 
we had been interested in a facile route to some nitro-
pyranose derivatives, which are potentially useful as 
substrates for versatile syntheses of amino sugars, 
especially in the syntheses of amino-polydeoxy sugars 
contained in several antibiotics, e.g., tolyposamine2) and 
forosamine.3) Recently several synthetic routes to these 
amino-polydeoxy sugars starting from carbohydrate4* or 
non-carbohydrate5* precursors have been reported. In 
this paper we describe a facile synthesis of 4-amino-
polydeoxy sugars (7) via the respective 4-nitro derivatives 
(5) which were obtained by one-step cyclization reaction 

of /?-nitro alcohols with acrylaldehyde using diethyl­
amine-formic acid.6) 

T h e reaction of excess nitro alcohols : 2-nitroethanol 
( l a ) , 1-nitro-2-propanol ( l b ) , or 1-nitro-2-butanol ( lc) 
with acrylaldehyde in the presence of a catalytic amount 
of diethylamine-formic acid ( 1 : 1.75 mol) at 6 0 ^ 5 °G 
for about 20 h gave anomeric mixtures of 4-nitro-DL-
pento-, hexo-, and heptopyranoses (5a—5c) in a 
reasonable yield (Table 1 ). In the case of 5b, optimum 
reaction conditions were examined and 5 b was obtained 
in a 5 2 % yield by equimolar reaction of l b with acrylal­
dehyde at reflux temperature in benzene for 20 h. 5c 
was separated into two diastereomers (Scj and 5c2) 

Compound p 
No. K 

Mp 
(°G) 

TABLE 1. 4-NITRO-DL-PENTO-

,0/v a:/?a) Formula 
Wo) 

, HEXO- , AND HEPTOPYRANOSES ( 5 ) 

Found (%) Calcd (%) 

C H N C H N 

IR (KBr) 
» W cm-1 

5a 
5b 
5Cl

c> 
5c2

c> 

H 
CH3 

C2H5 

C2H5 

81.5—84 
64.5—68.5 
126.5—128d> 
113.5—116.5d> 

39 
52 
66 
22 

b) 
4 : 3 
1: 1 
1: 1 

C5H9N04 

C 6 H u N 0 4 

C14H16N2(V> 

41.17 
44.96 
52.13 
51.66 

6.04 
6.93 
5.00 
4.99 

9.73 
8.91 
8.77 
8.60 

40.81 
44.72 

51.85 

6.17 9.52 
6.83 8.69 

4.97 8.64 

3350, 
3360, 
3400, 
3400, 

1550, 
1550, 
1550, 
1550, 

1380 
1350 
1380e) 
1380e) 

a) Anomeric composition was determined from signal intensity of anomeric protons in PMR spectra, b) Anomeric 
composition could not be determined because of overlapping with another signals, c) A diastereomer of 5c. 
d) Melting points and analytical data were of />-nitrobenzoyl derivatives of 5c. e) Measured in NaCl for liquid 
film. 

RCHCH 2N0 2 + CH2=CHCHO 

OH 

(1) 
a : R = H 
b : R = CH3 

c : R = C2H5 

/ C H O /N0 2 1 

(2) 

OHC 

,NO, 

o / x R 
H 
(4) 

OH 

A/N0 2 

\0/N>R 

(3) 

/ \ / N 0 2 

R i O ^ O ^ R 
(5) R ^ H 
(6) R* = CH3 

/ ^ / N H R 1 

M e O ^ O ^ R 

(7) R! = H 
(8) R ^ C O C H g 

I 
R IOCH-CHCH2CH2GH=NNH-/OVNO2 

R NO, 
(9) R! = H 

(10) R ^ C O C H g 

Fig. 1. 

0,Ny 
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TABLE 2 . <5-HYDROXY-y-NITROALDEHYDE 2,4-DINITROPHENYLHYDRAZONES (9) 

Compound w 
No. K Mp (°C) Yield 

(%) 
Formula 

Found (%) Galcd (%) 

H N G H N 

9a 
9b 
9Cl

a> 
9c2

a> 

H 
CH3 

G2H5 

G2H5 

126.5—127.5 
138—140 
86—90 

115—117 

79 
6 
5 

34 

C n H 1 3 N 5 0 7 

C12H15N507 

C13H17N507 

40.49 
41.95 
43.92 
43.88 

3.98 
4.37 
4.98 
4.87 

21.41 
20.29 
19.47 
19.43 

40.37 
42.23 

43.94 

4.00 
4.43 

4.82 

21.40 
20.52 

19.71 

a) A diastereomer of 9c. 

TABLE 3. 

Compound Bp°G/Torr 
No. (Mp °C) n ° 

METHYL 4-NITRO-DL-PENTO-, HEXO-, AND HEPTOPYRANOSIDES (6) 

Y i e l d Found (%) Calcd (%) 

{/o) C H N C H N 

IR (film) 
»'max cm-1 

6a 
6bx 

6b2 

6c, 
6c2 

6c3 

6c4 

40—45a>/0.05 
33—35/0.02 
39—41/0.02b> 
49—51/0.04 
58—60/0.03 
(36.5—37)°) 
(44—45) d> 

1.4600 
1.4520 
1.4562 
1.4532 
1.4540 

— 
— 

84 
55 
20 
41 
20 
37 
13 

CeHnNOa 44.34 6.73 8.98 44.71 6.88 8.69 1550, 1370 

C7H13N04 

G8H15N04 

48.12 
47.89 
51.19 
51.03 
50.52 
51.08 

7.54 
7.52 
8.16 
8.06 
8.09 
8.16 

7.61 
7.83 
7.00 
6.99 
7.24 
7.30 

47.99 7.48 8.00 

50.78 7.99 7.40 

1550, 
1550, 
1550, 
1550, 
1550, 
1550, 

1375 
1345 
1375 
1390 
1370e) 
1370e) 

a) Bath temperature, b) Mp 31.5—32°C recrystallized from ethanol-water. c) Recrystallized from ethanol-
water. d) Recrystallized from hexane. e) Measured in KBr disk. 

through column chromatography on silica gel. 
We at tempted an alternative route (path A) for 

cyclization, where 2-substituted 4-hydroxy-3-nitrotetra-
hydropyran (3) is formed via initial e ther formation7) 
followed by intramolecular condensation8) as shown in 
Fig. 1. However, the formation of 3 could not be 
detected on T L C analysis and column chromatographic 
purification. 

The main structure of 5 was deduced from the 
following experimental data : (i) The formation of 2,4-
dinitrophenylhydrazone (9) of d-hydroxy-y-nitro-
aldehyde (4), as well as its acetate (10a). (ii) T rea tmen t 
of 5b with hydrochloric acid in methanol gave a- and 
/5-anomers of methyl hexopyranosides (ôbj and 6b2) 
which were separated by silica gel column chromato­
graphy with benzene as eluant. Analogous methylation 
of Scj gave anomeric methyl heptopyranosides (6cx and 
6c2). 5c2 was also methylated to give 6c 3 and 6c4 . 
Ordinary methylation9) of 5 using methyl iodide and 
silver oxide also gave the same 6. O n the other hand, 
methylation of 5a under above conditions gave only 
a-anomer of 6a. These results are shown in Table 3. 

The assignment of configuration of 6 was based on 
its P M R spectral data. T h e chemical shifts and coupling 
constants were assigned as shown in Table 4 with the 
aid of double resonance method. The anomeric configu­
ration of 6 was readily deduced from the first-order 
analysis of its spectrum. In the spectrum of 6a, 6b l 3 

6c l 5 and 6c3 a relatively low-field signal (ô 4.65—4.87) 
of a methine proton exhibits a singlet with fine splitting 
(Ji,2<C5 Hz) , which is assigned to the equatorial 
hydrogen of C-l . Hence the anomeric configuration is a. 
O n the other hand, in 6b 2 and 6c2 , the anomeric proton 
exhibits a pair of doublet ( l / 1 ( 2 a =9 Hz, and / i , 2 e < 3 
Hz) , which is deduced to be the axial hydrogen of the 
/9-anomers. T h e methoxyl group of a-anomers appeared 
at higher field (ô 3.40—3.43) in comparison with that 
of /3-anomers (ô 3.52—3.53) as shown in Table 4. 

T h e orientation of C-3 and C-4 positions was establish­
ed by spin decoupling studies. In the P M R spectrum 
of 6b l 5 irradiation of C-6 methyl protons (ô 1.25) 
collapsed C-5 methin proton (ô 4.28, multiplet) to a 
doublet (y 4 > 5 =9 Hz) . Reasonably assuming that 6 has 
chair conformation, a relatively large H-4, H-5 coupling 

TABLE 4. PMR DATA OF METHYL 4-NITRO-DL-PENTO-, HEXO-, AND HEPTOPYRANOSIDES (6) 

Compound 
No. 

6a 
6bi 
6b2 

6c! 
6c2 

6c3 

6c4 

H-1 

4.65 
4.70 
4.47 
4.72 
4.46 
4.87 
4.5 

H-2 

2.3 
2.2 
2.3 
1 .7-
1.7-
1 .8-
1.9-

Ghemical shift (ô in 

H-3 

1.8 
1.9 
1.9 

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

H-4 H-5 

4.10 4.3 
4.2 4.28 
4.1 3.94 
4.40 3.99 
4.18 3.75 
4.57 3.90 
4.5 3.61 

GDCl3)
a) 

H-6 

— 
1.25 
1.32 
1.58 
1.53 
1.53 
1.69 

H-7 

— 
— 
— 

1.00 
1.02 
1.05 
1.06 

OCH3 

3.43 
3.42 
3.52 
3.40 
3.53 
3.40 
3.53 

Coupling Constant 

Ji,2a. Jl,2e Ji,5 

5.0 
3.5 
9.0 
3.0 
9.0 
3.0 
b) 

3.0 
2.0 
3.0 
3.0 
2.5 
3.0 
b) 

b) 
9.0 
9.0 
9.8 
9.5 
2.8 
2.5 

(Hz) 
- K 

«A,6 
— 
6.0 
6.0 
5.0 
6.0 
7.0 
6.5 

Configuration 

a 
«.-erythro 
ß-erythro 
0L-erythro 
ß-erythro 
oc-threo 
ß-threo 

a) Chemical shifts are in ô scale from TMS as internal standard at 100 MHz. 
the spectrum by overlapping with another signals. 

b) Could not be observed from 
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R 

R1 OMe 

R 
J n OMe 

Rl 

R1! 

OMe 

R 
R 

Ö OMe 

6bx : R = GH3, R1 = N 0 2 6b2 : R=GH 3 , R 1 = N 0 2 

6Cl : R=G 2 H 5 , R 1 = N 0 2 6c2 : R = G2H6, R i = N O a 

8bj : R = GH3, R1 = NHAc 8b2 : R = CH3, R1 = NHAc 
8C l : R = C2H5, R1 = NHAc 8c2 : R=G 2 H 5 , R 1 =NHAc 

11 : R = GH3, R1 = NHBz 12 : R = GH3, R1 = NHBz 
13 : R = GH3, R1 = NMe2 14 : R = GH3, R1 = NMe2 

6c3: R=G 2H 5 , R i = N 0 2 6c4: R=C 2 H 5 , R i=NO a 

Ac: COCH,, Bz: COGfiHfi 

Fig. 2. Only the formulae for D-compounds are given. 

constant (9 Hz) could be taken as an indication of 4,5-
diaxial ar rangement of protons.2* From the above 
data, 6 b t was concluded to be a methyl 4-nitro-2,3,4,6-
tetradeoxy-a-DL-tfry/Ztro-hexopyranoside, and 6cj was 
analogously assigned to <x.-erythro configuration. Accord­
ingly 6b 2 and 6c2 (anomer of 6b1 and 6cj) were deduced 
to have a ß-erythro configuration. In the spectrum of 
6c3, irradiation of H-6 (Ô 1.53) changed the H-5 signal 
(<5 3.90) into a doublet which has a relatively small 
coupling constant (y4)3 = 2.8 Hz) . Moreover, irradiation 
of H-5 collapsed the H-4 signal (ô 4.57) to a singlet 
with fine splitting (J3aA and J3eA<C3 Hz) , indicating 
the equatorial orientation of C-4 hydrogen. Hence, 
we ascribed it to OL-threo configuration. Alternatively, 
ß-threo configuration was assigned to the minor product 
(6c4), corroborated by ,/4>B (2.5 Hz) and the chemical 
shift of the methoxyl group (ô 3.53). This deduction 
is supported by the fact that 6c± and 6c3 gave the same 
P M R spectrum in the presence of N a O D in D 2 0 in 
which they would be converted to the same aci-nitro 
type compound. I t should be noted that stereoselectivity 
of this cyclization reaction depends on the kind of nitro 
alcohols. The reaction of acrylaldehyde with l-nitro-2-
propanol gave only the anomeric erythro isomers, 
whereas that with l-nitro-2-butanol gave all the possible 

isomers. 
The reduction of 6a, 6b l 5 6b2 , 6c l 3 and 6c2 over Raney 

nickel catalyst afforded the corresponding methyl 
4-aminopyranosides, which were subsequently acetylated 
in the usual manner giving methyl 4-acetamido-DL-
pento-, hexo-, and heptopyranosides (8a, 8b l 9 8b2 , 8c1} 

and 8c2) in reasonable yields (Table 5). However the 
yield of 8a remained rather low under the same reaction 
condition. The structure of 8 was established by its 
P M R spectra (Table 6) as described above for compound 
6. The large coupling constants between H-4 and H-5 
( y 4 5 = 9 . 5 — 1 0 . 0 Hz) strongly suggest that 8b l 5 8b 2 , 8c l 5 

and 8c2 have erythro configuration as well as their 
corresponding nitropyranosides (6). Another evidence 
was provided by a correlation of reference compounds 
11 and 12. The configuration of 8a was not deduced 
except anomeric configuration (see Table 6) because the 
spectrum was rather complicated. 

The anomeric methyl iV-benzoyl-DL-tolyposaminides 
(methyl 4-benzamido-2,3,4,6-tetradeoxy-a- and /?-DL-

er^Aro-hexopyranoside (11 and 12) were synthesized 
respectively from the corresponding methyl 4-nitro-DL-
gr^Aro-hexopyranosides (6bj and 6b2) by hydrogénation 
followed by benzoylation in a good yield. 11 and 12 
were identical with the authentic samples10* by the 

Compound 
No. 

M p 
°C 

T A B L E 5. M E T H Y L 4-ACETAMIDO-DL-PENTO-, HEXO-, AND HEPTOPYRANOSIDES (8) 

Y i e l d & ) Formula F o u n d (%) C a l c d <%) I R (KBr) 
(%) C H N C H N » W e m - 1 

8a 

8b , 
8 b , 

8 C l 

8c 2 

viscous oil 

87.5—90b> 
149.5—150.5°) 

101.5—102.5b> 

134—135.5 

31 

86 
73 

91 

73 

G 8 H 1 5 N 0 3 

C 9 H 1 7 N 0 3 

C 1 0 H 1 9 NO 3 

55.09 

57.61 

57 .44 

59 .70 

59 .60 

8.46 

9 .04 

9 .07 
9 .56 

9 .44 

7.72 

7.65 

7.27 

6.72 

6 .80 

55.47 

57.73 

8.73 

9.15 

8.09 

7.48 

59.67 9.52 6.96 

3300, 

3290, 

3270, 

3220, 

3240, 

1650, 

1635, 

1635, 

1640, 

1630, 

1550, 

1550, 

1560, 

1570, 

1550, 

1280d> 

1275 

1270 

1280 

1290 

a) Based on methyl 4-aminopyranosides (7). b) Recrystallized from petroleum ether, c) Recrystallized from 
ligroin. d) Measured in NaCl for liquid film. 

TABLE 6. PMR DATA OF METHYL 4-ACETAMIDO-DL-PENTO-, HEXO-, AND HEPTOPYRANOSIDES (8) 

Compound 
No. 

8a 

8b i 
8b 2 

8cx 

8c2 

H-T~ 

4 . 5 8 

4 .63 

4 .35 

4 .70 

4 . 3 3 

H-2 H-3 

1.3 — 2 .2 

1.6 — 2 .2 
1.4 — 2 . 3 

1.6 — 2 .2 
1.6 — 2 . 3 

Chemical 

H-4 

3.57 

ca. 3 .6 

ca. 3 .6 

ca. 3 .8 

ca. 3.7 

I shift (Ö 

H-5 

4 . 0 

3.52 
3 .33 

3.32 
3 .06 

in CDC13) 

H-6 

— 
1.18 

1.27 

1.5 

1.45 

H-7 

— 
— 
— 

0.97 

0 .98 

O C H 3 

3 .43 

3 .33 

3 .50 

3 .35 

3 .50 

NAc 

2 .02 
1.99 

1.99 

1.98 

1.98 

Coupling constant 
(Hz) 

»/l,2a »A.2e Ji.â 

3 .5 

3 .0 

8 .0 

3 .0 

9 .0 

2 . 0 

3 .0 

3 .0 

3 .0 

2 . 5 

a) 
10.0 

9 . 5 

9 .5 

9 .5 

Configuration 

a 
a-erythro 

ß-erythro 

a-erythro 

ß-erythro 

a) Could not be obtained because of covering by OMe protons signal. 
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m i x e d m e l t i n g p o i n t d e t e r m i n a t i o n , a n d I R a n d P M R 
spec t ra . 

T h e r e d u c t i v e d i m e t h y l a t i o n of 6 b j a n d 6 b 2 o v e r 
R a n e y nickel in t h e p r e s e n c e of f o r m a l d e h y d e l ed to 
m e t h y l 2 ,3 ,4 ,6 - te t radeoxy-4-d imethy lamino-a-DL-«7/ /z r0-
h e x o p y r a n o s i d e ( m e t h y l a -DL-forosaminide , 13) a n d 
its /S-anomer (14) , r e spec t ive ly . T h e I R a n d P M R 
spec t r a of t hese c o m p o u n d s w e r e i n g o o d a g r e e m e n t 
w i t h those of t h e r e p o r t e d data . 4 b> 

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

All boiling and melting points are uncorrected. T L C was 
carried out on Kiesel gel G (Merck), and spots were detected 
with iodine vapor or 10% sulfuric acid on hot plate. K a n t o 
Kagaku silica gel (up to 100 mesh) was used for column 
chromatography. P M R spectra were recorded with a 60 
M H z Varian T-60 spectrometer and a 100 M H z J E O L PS-
100 spectrometer with a spin decoupler. Chemical shifts are 
given in ô value. I R spectra were measured for either liquid 
films or potassium bromide disks with a J A S C O Model IRA-1 
spectrometer. 

Typical Procedure for the Cyclization ; 4-Nitro-2,3,4,6-tetradeoxy-
Tn^-hexopyranose (Sb). A mixture of 3 g (53.6 mmol) of 
acrylaldehyde and 5.61 g (53.6 mmol) of l-nitro-2-propanol11) 
was refluxed in 30 ml of benzene for about 20 h in the 
presence of diethylamine and formic acid (1 :1 .75 mol ; 
employed 0.5 wt % of total reagent) . After removal of the 
solvent in vacuo, the oily product was chromatographed on 
silica gel using di-isopropyl e ther-hexane (2 :1 ) as eluant. 
4.5 g of anomeric mixture (a: ß=A: 3 by P M R signal intensity) 
of 5 b was thus obtained in 5 2 % yield. In the case of 5a and 
5c, excess nitro alcohols (4 equivalent to acrylaldehyde) were 
employed. 5c was separated into two diastereomers (5cx and 
5c2) through the column on silica gel with ethyl ace ta te -
chloroform (1 :2 ) as eluant. Yields, physical constants and 
elemental analyses of 5a—5c were summarized in Table 1. 

Typical Procedure of Hydra zone Formation: 5-Hydroxy-4-
nitropentanal 2,4-Dinitrophenylhydrazone (9a). T o a solution 
of 0.6 g (4.1 mmol) of 5a in 6 ml of methanol , 0.81 g (4.1 
mmol) of 2,4-dinitrophenylhydrazine-hydrochloric acid (0.5 
ml) in methanol (40 ml) was added and the solution was 
heated to boiling for 2 min. T h e reaction mixture was 
allowed to stand overnight at room temperature . T h e 
precipitated yellow crystals were collected and recrystallized 
from ethanol to give 1.05 g of 9a in 7 9 % yield; m p 126.5— 
127.5 °C, I R (KBr) : 3480 (OH) , 3280 (NH) , 1610 (C=N), 
1550, 1515, and 1330 cm" 1 ( C - N 0 2 ) . In the case of 9 b and 
9c, 2,4-dinitrophenylhydrazine-phosphoric acid reagent12) 
was employed. The results are summarized in Table 2. 

5-Acetoxy-4-nitropentanal 2,4-dinitrophenylhydrazone (10a). 
Trifluoroacetic anhydride (1.9 ml) was added to a solution 

of 190 mg (0.58 mmol) of 9a in 0.8 ml of acetic acid. T h e 
mixture was heated at 55—60 °C for 15 min. After cooling 
to room temperature aqueous sodium hydrogencarbonate was 
added to the solution and it was extracted with chloroform. 
The extracts were dried over anhydrous sodium sulfate and 
the solvent was evaporated. The red-brownish residue was 
crystallized with ethyl acetate-hexane (1 :1 ) mixture and 
recrystallized from methanol to give 17 mg (3%) of 10a, m p . 
129—130 °G, I R (KBr) : 3280 (NH) , 1740 (acetyl C = 0 ) , 1620 

(C=N), 1550, 1515, and 1330cm- 1 ( C - N 0 2 ) . Found : C, 
42.41 ; H , 4.22; N, 18.98%. Calcd for C 1 3 H 1 5 N 5 0 8 : C, 42.28; 
H, 4.09; N, 18.97%. 

Typical Procedure of O-Methylation of 5: Methyl 4-Nitro-
2,3,4,6-tetradeoxy-cc- and ß-r>L-erythro-Hexopyranosides (6bk and 

6b2). i) Hydrochloric acid (0.03 ml) in 3 ml of methanol 
was added to 300 mg (1.86 mmol) of 5 b and the solution was 
heated at 50 °G for 0.5 h to give two products, a and ß anomer 
of methyl hexopyranoside (6bx and 6b 2 ) . which were separated 
by silica gel column chromatography with benzene as devel­
oper. T h e first moving isomer was collected and distilled to 
give 180 mg of a-anomer (6b0 in 5 5 % yield; b p 33—35 °G/ 
0.02 Torr , I R (liq. film) : 1550 and 1375 cm" 1 ( C - N 0 2 ) . T h e 
second moving isomer was also collected and recrystallized 
from ethanol-water to give 65 mg of /S-anomer (6b2), 2 0 % 
yield, m p 31.5—32 °C, I R (KBr ) : 1550 and 1 3 4 5 c m - 1 

( G - N 0 2 ) . ii) A mixture of 5b , excess methyl iodide, and 
silver oxide was stirred for 2.5 h at room temperature . In­
soluble salts were filtered off and the filtrate was evaporated to 
give also an anomeric mixture of methyl hexopyranosides (6b) 
in analogous yield as above i). 6a, 6c l 3 6c2 , 6c3 , and 6c4 were 
also obtained from corresponding 5a and diastereomeric 5c 
in analogous way. 

Typical Procedure of Reduction and Acetylation of 6: 4-Acetamido-
2,3,4,6-tetradeoxy-a.-DL-erythro-hexopyranoside (8bx). To a 
suspension of Raney nickel T l catalyst13) (5 ml) in 50 ml of 
methanol was added 500 mg (2.86 mmol) of 6b x . T h e 
mixture was hydrogenated under 3.5 kg/cm2 of hydrogen 
(initial) for 2 h at room temperature . T h e catalyst was 
filtered off and the solvent was evaporated to yield 250 mg of 
7b j as light yellow oil in 6 1 % yield. Without further puri­
fication 7b x was acetylated with 2.5 ml of pyridine and 4 ml 
of acetic anhydride under stirring for 1 h at room temperature . 
After removal of the solvent the residue was chromatographed 
on silica gel to give 277 mg of 8b x as colorless crystals in 8 6 % 
yield based on 7 ^ ; m p 87.5—90 °C (from petroleum ether) . 
8a, 8b 2 , 8c l 3 and 8c2 were also obtained in a similar procedure. 
T h e results are shown in Table 5. 

Methyl N-Benzoyl-a.-DL-tolyposaminide f l l j . 7bx ob­
tained by the reduction of 450 mg (2.57 mmol) of 6bx described 
as above, was subsequently benzoylated with 580 mg of 
benzoic anhydride in methanol for 0.5 h at room temperature . 
T h e reaction mixture was poured into 20 ml of aqueous 
sodium hydrogencarbonate and extracted with chloroform 
( 3 x 4 0 ml) . T h e combined extracts were dried over anhyd­
rous sodium sulfate and evaporated to give 505 mg (79% 
based on 6bj) of 11 as colorless crystals. Recrystallization 
from ethyl acetate-petroleum ether gave analytically pure 
sample; m p 148—149 °G (Reported10) m p 148—149 °G), 
mixed m p 148—149 °G, I R and P M R spectra were identical 
with those of the authentic sample.10) I R (KBr) : 3220 (NH) , 
1625 (amide I ) , 1560 (amide I I ) , 1275 c m - 1 (amide III) , 
P M R (GDG13 at 100 M H z ) : ô 1.25 (3H, d, H-6 J5,6=6 Hz) , 
1.7—2.0 (4H, m, H-2,3), 3.35 (3H, s, O C H 3 ) , 3.70 (1H, d-d, 
H-5 , A 5 = 9 H z , y 6 i 6 = 6 H z ) , 3.6—4.1 (1H, m, H-4) , 4.68 
(1H, s with fine splitting, H - l , / 1 > a a and Jlf2e<CS Hz ) , 6.05 (1H, 
d, N H ) , 7.4 and 7.75 (5H, m, G6H5) . Found : G, 67.52; H , 
7.74; N, 5 . 5 1 % . Calcd for C 1 4 H 1 9 N 0 3 : C, 67.44; H , 7.68; 
N , 5.62%. 

Methyl N-Benzqyl-ß-DL-tolyposaminide (12). Reduction 
and benzoylation of 6b2 , carried out according to the procedure 
described above, gave 12 in 8 4 % yield; m p 171.5—172.5 °G 
(from ethyl acetate-petroleum ether) (Reported10) m p 169— 
171 °C). No depression was observed on mixed melting 
point. I R and P M R spectra were identical with those of the 
authentic sample.10) I R (KBr) : 3210 (NH) , 1630 (amide 
I ) , 1570 (amide I I ) , 1275 cm" 1 (amide III) . P M R (GDG13 

at 100 M H z ) : Ô 1.31 (3H, d, H-6, A 6 = 6 Hz) , 1.5—2.3 (4H, 
m, H-2,3), 3.48 (3H, s, O C H 3 ) , 3.47 (1H, d-d, H-5 , y 4 > 6 = 
9 Hz , / 5 > 6 = 6 H z ) , 3.7—4.0 (1H, m, H-4) , 4.37 (1H, d-d, 
H - l , y i > 2 a = 8 H z , y i > 2 e = 3 H z ) , 6.20 (1H, d, N H ) , 7.4 and 
7.75 (5H, m, C 6 H 5 ) . Found : G, 67.78; H , 7.66; N, 5 . 91%. 
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Calcd for C14H19N03: C, 67.44; H, 7.68; N, 5.62%. 
Methyl a-VL-Forosaminide (13). To a solution of 520 mg 

(2.97 mmol) of 6b t in 80 ml of ethanol, was added 1 ml of 
aqueous formaldehyde (ca. 40%), 70 mg of sodium acetate, 
and Raney nickel Tl catalyst (3 ml of ethanolic slurry). 
The mixture was hydrogenated under 3.5 kg/cm2 of hydrogen 
(initial) for 4 h at room temperature. After removal of the 
catalyst, the solvent was evaporated and the residue was 
dissolved with 50 ml of 2.5% aqueous ammonia. The solution 
was extracted with chloroform (3X 15 ml), dried over anhyd­
rous sodium sulfate and evaporated. The residual oil was 
distilled to give 255 mg of 13 as colorless oil in 49% yield; bp 
57—59 °C/2.5 Torr (Reported41*) bp 30—35 °C (bath)/0.5 
Torr for D-isomer) n™ 1.4458. The PMR spectrum was 
identical with that reported data4b> for D-isomer. IR (liq. 
film) : 2820 and 2780 cm-1 (NMe2), PMR (CDC13 at 100 MHz) : 
Ö 1.22 (3H, d, H-6, y5 > 6=6.5Hz), 1.5—2.0 (4H, m, H-2,3), 
2.23 (6H, s, NMe2), ca. 2.3 (1H, m, H-4), 3.33 (3H, s, OMe), 
3.77 (1H, q, H-5, J 4 i 5 = 1 0 H z , / 5 . 6 =6.5 Hz), 4.59 (1H, s 
with fine splitting, H-l, JU2& and J\,2a<Cß Hz). 

Methyl ß-VL-forosaminide (14). Reductive dimethyla-
tion of 6b2 as described above for 13, gave 14 in 57% yield; 
bp 60—65 °C (bath)/2.5 Torr, n™ 1A477. IR (liq. film): 
2820 and 2770 cm"1 (NMe2), PMR (CDCL, at 100 MHz): 
Ô 1.33 (3H, d, H-6, y 5 i 6 = 6 H z ) , 1.5—2.1 (4H, m, H-2,3), 
2.28 (6H, s, NMe2), ca. 2.3 (1H, m, H-4), 3.50 (3H, s, OMe), 
3.35—3.6 (1H, m, H-5), 4.30 (1H, m, H-l) . 

Deep thanks are due to Dr. Y. Suhara (Institute of 
Microbial Chemistry) for providing the authentic 
samples of methyl JV-benzoyltolyposaminides. 
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The Synthesis of Benzannelated Annulenes. Tribenzo[a,fir,m]-15,17-
bisdehydro[18]annulene, and Bis[dibenzo[l,2:9,10]-ll,13-

bisdehydroClflannulenoïïS^-enS'^'-cObenzene1) 
Jaro O J I M A , * Michiko ENKAKU, and Chikako U W A I 

Faculty of Literature and Science, Toyama University, Gofuku, Toyama 930 
(Received August 10, 1976) 

The Wittig reaction between o-ethynylcinnamaldehyde (II) and a,a'-bis (triphenylphosphonio)-o-xylene 
dibromide (III) gave the corresponding acyclic compound (IV and V) in a good yield, while that between o-
ethynylbenzaldehyde (VII) and a,a',aV"/-tetrakis(triphenylphosphonio)durene tetrabromide (VIII) similarly 
afforded an acyclic compound (IX) in a moderate yield. The title compounds, VI and X, were obtained by the 
oxidative coupling of V (or, IV and V) and IX, respectively. The examination of the NMR spectra indicated that 
VI and tribenzo-fused, fourteen-membered periphery on the sides of the benzene nucleus of X are atropic. 

The Wittig reaction has been used to synthesize many 
unsaturated cyclic compounds.2) 

In the previous work, we reported the preparation 
of the tribenzo[a,<?,f]-l l ,13-bisdehydro[14]annulene (I) 
from the o-ethynylbenzaldehyde (VII) by the Wittig 
reaction with a, a ' - bis ( triphenylphosphonio ) - o - xylene 
dibromide (III) followed by the oxidative coupling.3) 
In connection with our works on benzo-fused annu­
lenes,4) the present paper deals with syntheses of a 
higher vinylogue of I, i.e., tribenzo[a,g,m]-15,17-
bisdehydro[18]annulene (VI) , and bis[dibenzo[l ,2: 
9, 10]- l l ,13-bisdehydro[14]annuleno][5 ,6- f l : 5',6'-d] 
benzene (X), formally derived from I by the fusion of 
the second benzannelated fourteen-membered ring 
system on the opposite side of one benzene nucleus. 

The preparat ion of V I and X was carried out ac­
cording to the same procedure as used in that of I. 

The double Wittig reaction of 2 molar equivalents of 
o-ethynylcinnamaldehyde (II)5) and 1 molar equivalent 
of a,a'-bis (triphenylphosphonio)-o-xylene dibromide 

Author to whom correspondence should be addressed. 

(I l l )6) in iV,iV-dimethylformamide with ethanolic lithium 
ethoxide at 80 °G afforded an acyclic stereoisomeric 
mixture in a 5 3 % yield, which, upon chromatography 
on alumina, yielded the cis-trans isomer (IV) and the 
trans-trans isomer (V) in a ratio of ca. 1: 1. T h e structure 
of I V was assigned to the compound based on the 
following evidence. The two signals due to acetylenic 
protons were observed in the N M R spectrum of IV, 
whereas only one signal was observed in that of V (Table 
1). In addition, the longest wavelength maximum of 
I V in the electronic spectrum appeared at a lower wave 
length than that of V (Experimental). Furthermore, 
the I R spectrum of I V exhibited a band at 660 c m - 1 

which is characteristic of m-ethylene linkage. The 
oxidation with copper (I I) acetate in pyridine7) gave 
the desired V I in a 34% yield. The Dreiding molecular 
model of V I suggested that V I should be an almost 
strainless molecule. 

CH0
+ B r P h B P H z C Y ^ Y 0 ^ ^ 

^ * BrPh3PH2C-Jss*^OtPPh3Br 

^ V \> ff- ™~\ ff 

~~ X 

The Wittig reaction of a,a / ,a",a /"-tetrakis(triphenyl­
phosphonio) durene tetrabromide (VIII)8) and four 
equivalents of o-ethynylbenzaldehyde (VII),2) under 
the same conditions as indicated for the reaction 
of I I and I I I , yielded the acyclic compound (IX) in a 
moderate yield. The configuration of ethylenic bonds 
of I X was confirmed to be trans, since the I R spectrum 
exhibits a band at 960 c m - 1 which is characteristic of 
£raw.y-ethylenic linkage. Oxidation of I X with copper(II) 
acetate in pyridine7) gave X in a 16% yield, together 
with an unidentified substance. Under the oxidation 
conditions employed, it seems likely that the I X also 
provides the alternative product, X I , arising from the 
coupling of 2-(o-ethynylphenyl)vinyl moieties at 1 
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and 3 positions of the central benzene nucleus of IX . 
However, inspection by the use of the molecular model 
revealed that this possibility is presumably precluded, 
since the molecular model corresponding to the 
structure of X can be constructed more readily, as 
compared with that for X I , which can be done only 
with difficulty. Thus, the structure of X rather than 
X I was assigned to the oxidation product from I X , 
although the available spectral properties, such as 
N M R , U V , and IR, did not give a sufficient reason 
for such an assignment. 

TABLE 1. ^ - N M R DATA OF IV—VI AND IX—X 
IN GDC13 AT 100 MHz 

(r-values, TMS as an internal standard) 

TV V VP> DC X 

wien i e 2.25— 2.20— 2.31— 2.10— 2.14— 

Phen 1H 3 l 4 2 3 - 0 5 3 ' 2 9 2 > 8 4 3 > 7 6 

-C=CH 6.65 6.64 6.73 
6.67 

a) The NMR spectra of VI were found to be essenti­
ally temperature independent over the range from 
- 6 0 to 25 °C. 

T h e chemical shifts on the protons of the obtained 
compounds I V — V I and I X — X are given in Table 1. 
The signals due to olefinic protons could not be located 
precisely, because the signals due to phenyl protons were 
also observed in almost the same region as those of 
olefinic protons. Consequently, it is difficult to compare 
the chemical shifts between each proton of the acyclic 
compound (IV and V) and the corresponding proton 
of the cyclic one (VI) . T h e same is true for the com­
parison of the N M R spectra between I X and X . 
However, the chemical shifts of all protons of V I and 
X are in the normal region. Therefore, it appears from 
this result that V I and tribenzo-fused, fourteen-member-
ed periphery on both sides of the central benzene 
nucleus of X are atropic. 

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

All the melting points are uncorrected. Brockmann 
alumina (Act. II—III) was used for column chromatography. 
The IR and UV spectra were taken on a Hitachi EPI-S2 and 
a Hitachi 124 spectrophotometer respectively. Shoulders 
in the UV spectra are indicated by sh. The NMR spectra 
were recorded on a Varian XL-100 spectrometer. The mass 
spectra were measured using a JEOL-JMS-OI-SG-2 spec­
trometer operating at 75 eV. 

The Isomeric o-Bis\4-(o-ethynylphenyl)-l,3-butadienyl\ benzene 
(IV) and (V). Lithium ethoxide prepared from lithium 
(224 mg, 0.032 gatm) in ethanol (84 ml) was added drop 
by drop with stirring under a nitrogen atmosphere at 80— 
85°C over a period of 1 h to o-ethynylcinnamaldehyde 

(IIj 5.0 g, 0.032 mol)5> and a,a'-bis(triphenylphosphonio)-
o-xylene dibromide (III, 12.9 g, 0.0165 mol)6) in dry N,N-
dimethylformamide (320 ml). After completion of the 
addition, the reaction mixture was stirred under a nitrogen 
atmosphere at the same temperature for 2 more hours; then 
it was poured into water (1000 ml) and extracted with ether 
(300 mix 3). The ethereal extracts were washed successively 
with dilute hydrochloric acid, sodium hydrogencarbonate, 
and saturated sodium chloride solutions, and dried over 
sodium sulfate. After the solvent had been evaporated, the 
residual dark red liquid obtained was chromatographed on 
alumina (100 g) with light petroleum-ether (92: 8—96: 4) to 
give a mixture of acyclic isomers as a partly crystallized 
liquid (3.2 g, 53%). The mixture was dissolved in ether and 
absorbed on alumina (75 g). Careful elution with solvents 
with increasing polarity resulted in the separation of stereo­
isomers. Fractions eluted with light petroleum-ether (97: 3) 
yielded cis-trans isomer, IV. Recrystallization from hexane-
benzene gave pure IV as pale yellow cubes: mp 149.5— 
150.5 °G; IR (KBr disk): 3250 ( - G E C H ) , 2100 (-C=C-), 
990, 970, 950 {trans C=G), 660 cm"1 (eis G=G); UV: A™F 
250 (28000), 260 sh (27200), 268 (23200), 287 sh (26100), 
310 sh (38600), 325 (44000), 354 nm (53600); Mass: m/e 382 
(M+, 10), 253 (100); mol wt, 382.5; NMR: see Table 1. 

Found: C, 93.93; H, 5.77%. Calcd for G30H22: G, 94.20; 
H, 5.80%. 

The following fractions eluted with light petroleum-ether 
(96: 4—95: 5) gave trans-trans isomer, V. Recrystallization 
from hexane-benzene afforded pure V as yellow cubes: mp 
185 °C (dec); IR (KBr disk): 3280 ( - C E C H ) , 2100 (-C^C-), 
975 cm-1 (trans G=C); UV; A™F 260 (28700), 269 sh (25300), 
314sh (51500), 325 (56000), 364nm (54100); Mass: m/e 
(M+, 25), 253 (100) ; mol wt, 382.5; NMR: see Table 1. 

Found: G, 94.03; H, 6.06%. Calcd for C30H2„: G, 94.20; 
H, 5.80%. 

Tribenzo[a,g,m\-15,17-bisdehydro[18]annulene (VI). A 
solution of V (0.6 g, 0.0016 mol) dissolved in pyridine (13 ml) 
was added dropwise to a vigorously stirred solution of copper-
(II) acetate monohydrate (4.9 g) in pyridine (16 ml) for 45 
min at 50 °C, and the reaction mixture was stirred for an 
additional 2 h at 60—65 °C. The mixture, after had been 
chilled to room temperature and diluted with benzene 
(300 ml), was filtered through Hyflo Super-Cel,9> and the 
resulting precipitate was further washed with benzene (100 
mix2) . Then the nitrate was washed with 5% hydrochloric 
acid until it was acid to litmus, and then with a saturated 
sodium chloride solution, and dried over sodium sulfate. 
The dark red liquid obtained after evaporation of the 
solvent was chromatographed on alumina (130 g) with light 
petroleum-ether (8: 2) to give VI (0.2 g, 34%,)• Recrystalliza­
tion from hexane-benzene afforded pure VI as yellow 
needles: mp 248 °G (dec); IR (KBr disk): 980 cm-1 (trans 
C=C); UV: A™F

X 275 sh (29700), 292 (42600), 328 (64100), 
378 sh nm (14100); Mass m/e 380 (M+, 100); mol wt, 
380.5; NMR: see Table 1. 

The elemental analyses of VI always afforded low values of 
carbon, but the spectral properties clearly support the 
structure of VI. 

In a run performed under similar conditions using a mixture 
of IV and V, VI was obtained in a 23% yield. 

1,2,4, 5- Tetra[tra.ns-2-(o-ethyny[phenyl)vinyl]benzene (IX). 
Lithium ethoxide prepared from lithium (441 mg, 0.063 
gatm) in ethanol (160 ml) was added dropwise, with stirring 
under a nitrogen atmosphere at 82—85 °C for 2 h, to o-
ethynylbenzaldehyde (VII, 8.0 g, 0.062 mol) and a,a ' ,a 'V"-
tetrakis(triphenylphosphonio)durene tetrabromide (VIII, 
19.4 g, 0.013 mol) in dry iV,iV-dimethylformamide (634 ml). 
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After completion of the addition, the reaction mixture was 
stirred maintaining the same temperature under a nitrogen 
atmosphere for an additional 2 h; then it was poured into 
water (1000 ml) and extracted with ether (500 mix 3). The 
ethereal extracts were worked up in the usual manner to give 
a dark red liquid. The liquid was chromatographed on 
alumina (150 g) with light petroleum-ether (8: 2) to give IX 
(1.3 g, 17%) as a partly crystallized liquid. Recrystallization 
from hexane-benzene afforded pure IX as yellow needles: 
mp 186 °G (dec); Mass: m/e 583 (M+, 5), 149 (100); mol 
wt, 582.7; IR (KBr disk): 3300 (-C=CH), 2100 (-C=C-), 
1600 (C=C), 960 cm-1 (trans C=C); UV: A™ 221 (56800), 
240 sh (45000), 254 sh (41000), 344 (60400), 376 sh nm 
(48700); NMR: see Table 1. 

Found: G, 94.29; H, 5.07%. Galcd for G46H30: G, 94.81 ; 
H, 5.19%. 

Bis[dibenzo[l, 2:9,10] - 11,13-bisdehydro[14]annuleno][5, 6-a: 
5',6'-à\benzene (X). A solution of IX (1.82 g, 0.0031 
mol) in pyridine (52 ml) was added dropwise to a stirred 
solution of copper(II) acetate monohydrate (18.0 g) in pyridine 
(37 ml) for 25 min at 55 °C, and the reaction mixture was 
stirred for an additional 3 h at 60—65 °G. Then the mixture 
was chilled, diluted with benzene (200 ml), and filtered 
through a Hyflo Super-Gel. The precipitate formed was 
washed with benzene (100 mix 3). Then the filtrate was 
washed with 5% hydrochloric acid until it was acid to 
litmus, and with saturated sodium chloride solution, and dried 
over sodium sulfate. The dark red liquid obtained after 
evaporation of the solvent was chromatographed on alumina 
(200 g). The fractions eluted with light petroleum-ether 
(7:3—6:4) gave X (0.29 g, 16%) as a partly crystallized 
liquid. Recrystallization from benzene afforded pure X as 
yellow cubes: mp 216 °C (dec). Although a satisfactory 
elemental analysis is not obtained, the Mass (m/e 579 (M+, 57), 
576 (100); mol. wt., 578.7), the IR (KBr disk) (2200 (-C=C-), 
965, 950 cm-1 (trans G=G)), the UV (A™* 224 (60200), 260 sh 
(32000), 307 (48400), 324 sh (38300), 352 sh (17200),. 393 sh 
(6150)), and the NMR (see Table 1) were found to be 
consistent with the assigned structure. 

The following fractions with the same solvents afforded 
crystals (0.15 g) which, on recrystallization from benzene, 
yielded yellow cubes, mp 206 °G (dec). The structure of the 
material is not established. Its spectral properties are as 
follows: Mass: m/e 280 (70), 254 (100); IR (KBr disk) : 2200, 
1635, 1620, 975cm-1; UV (THF): ^max 228, 281, 296, 354, 
376, sh nm; NMR (CDC13): 1.54a> (d, 7=16) , 2.44—2.82b> 
(m), 3.2 lc) (d, 7 = 16) ; The integral ratio of each signal (a, b, 
and c) is 1: 5: 1. 

T h e authors wish to thank Dr. S. Akiyama and Prof. 
M. Nakagawa, Osaka University, for measuring the 
N M R spectra at 100 M H z . This work was financially 
supported by a Grant-in-Aid (054103, 1975) for 
Scientific Research from the Ministry of Education, 
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A New Method for the Synthesis of 1-Cycloalkenyl Alkyl Sulfides 
Fuminori AKIYAMA 

Chemical Research Institute of Non-Aqueous Solutions, Tohoku University, Sendai 980 
(Received August 23, 1976) 

2-Isopropyl-5-methyl-l-cyclohexenyl alkyl sulfides were obtained in about a 60% yield by the reaction of 
2-isopropyl-5-methylcyclohexanone with thioacetals or thiols in the presence of aluminum chloride. 1-Cycloalkenyl 

ethyl sulfides, L(CH2)B-C(R) = G-SEt («=4, 5, or 6, R = H or alkyl) were obtained in good yields by the reaction 
of cycloalkanones with ethanethiol in the presence of diphosphorus pentaoxide. However, an attempt to apply 
this method to acyclic vinyl sulfides was unsuccessful. 

Vinyl sulfides have been synthesized by the nucleo-
philic addition of thiols to acetylenic hydrocarbons1 - 3) 
and by the reaction of a-halogenoalkenes with sodium 
ethane thiolate,4) of cyclohexanethione with alkyl 
halides,5) and of chloroalkyl sulfides with a base.6-7) 

Although the reaction of ketones with thiols in the 
presence of acids or metal salts have been reported to 
give bis(alkylthio)alkanes,8_11> Mukaiyama et al. report­
ed the synthesis of vinyl sulfides by the reaction of 
carbonyl compounds with thiols in the presence 
of t i tanium tetrachloride and triethylamine.12) In 
our previous paper13) the synthesis of substituted 1-
cyclohexenyl alkyl sulfides by the reaction of substituted 
cyclohexanones with thiols or thioacetals in the presence 
of a luminum chloride was reported. In the present 
report a more convenient method for the synthesis of 
1-cycloalkenyl ethyl sulfides by the reaction of cyclo­
alkanones with ethanethiol in the presence of diphos-
phrus pentaoxide will be reported. 

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

Reactions of Substituted Cyclohexanones with Thioacetals or 
Thiols in the Presence of Aluminum Chloride. T h e 
heating of a mixture of a thioacetal (0.02 mol), a 
substituted cyclohexanone (0.02 mol), and benzene (20 
ml) under reflux for 15 min in the presence of a 1 mol 
equiv. A1C13 gave substituted 1-cyclohexenyl alkyl 
sulfide, as is shown in Table 1. T h e reaction using thiol 
instead of the thioacetal for 1 min gave the same 

TABLE 1. YIELD OF SUBSTITUTED 1-CYCLOHEXENYL 

ALKYL SULFIDES 
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Fig. 1. Dependence of the yield of 2-isopropyl-5-methyl-
1-cyclohexenyl propyl sulfide on the reaction time. 
O : Reaction of menthone with CH3CH(SPr)2, £ : 
reaction of menthone with PrSH. 

R1 
R i 

> o + M S 3 ) s ^ r <>SR3 

R2 R2 

I : R ^ C H g , R2 = H, R3 = Et 
I I : R ^ C H a , R2 = H, R3 = n-Pr 

I I I : R W - P r , R2 = GH3, R3 = Et 
IV: R ^ î - P r , R2 = CH3, R3 = n-Pr 

ketone R . = S H-> ^ f i n i n g ^ ^ 

R ^ C H ^ 
R 2 = H 

R ^ - P r , 
R 2 = C H 3 

R 3 =Et 

R3=n-Pr 

R 3 =Et 

R3=n-Pr 

R 3 =Et 
R3=H-Pr 

R 3 =Et 
R3=„_pr 

Trace 

4 
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13 
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29 

I 

II 
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III 

IV 
III 
IV 

35 

29 
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19 

48 

64 
46 
57 

a) Reaction time: 1 min. b) Reaction time: 15 min. 

product, but heating for 15 min caused the sulfide 
to disappear giving a resinous material. T h e different 
behaviors between the reaction using a thiol and that 
using a thioacetal are illustrated in Fig. 1. 

In a similar reaction of cyclohexanone with thioacetals 
or thiols, a quick disappearance of 1-cyclohexenyl alkyl 
sulfide and the formation of a resinous material were 
observed. Thus, reactions using aluminum chloride 
are useful only for the synthesis of such sterically hinder­
ed vinyl sulfides as 2-isopropyl-5-methyl-1 -cyclohexenyl 
alkyl sulfides. This limitation appears to be attributable 
to the stability of the product in the presence of 
a luminum chloride. T h e reaction of acyclic ketones 
with thiol or thioacetal in the presence of aluminum 
chloride gave a resinous material and unidentified oily 
products. 

Reactions of Cycloalkanones with Ethanethiol in the Presence 
of Diphosphorus Pentaoxide. T h e heating of a mixture 
of ethanethiol (0.02 mol), a cycloalkanone (0.02 ml), 
and benzene (20 ml) under reflux for one hour in the 
presence of a 1 mol equiv. of diphosphorus pentaoxide 
gave 1-cycloalkenyl ethyl sulfide, as is shown in Table 2. 
Although the reaction of thiols carried out in the 
presence of a luminum chloride showed a rapid disap­
pearance of the products (see Fig. 1), the reactions 
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TABLE 2. YIELD OF 1-CYCLOALKENYL ETHYL SULFIDES*5 

Starting Product R e m a i n i n S Y i e l d (%) 
ketone ketone (%) of product 

r> 
Me 

< > 

O 
Q° 

Or" 
<5* 
i^ O 
/^YS E t 

5 

8 

36 

18 

12 

43 

75 

42 

60 

81 

a) Reaction time: one hour. 

carried out in the presence of diphosphorus pentaoxide 
showed only a slight decrease in 1-cycloalkenyl ethyl 
sulfide on prolonged heating. 

1-Cyclopentenyl ethyl sulfide was obtained in a low 
yield (less than 20%) by the reaction of cyclopentanone 
with ethanethiol in the presence of diphosphorus penta­
oxide. Similar reactions of acyclic ketones gave bis-
(alkylthio)alkanes. 

As is shown in Table 2, the yields of 1-cycloalkenyl 
ethyl sulfides a re in the order : 1-cyclooctenyl>l-cyclo-
heptenyr>l-cyclohexenyl. This reaction appears to be 
useful for the synthesis of large-membered 1-cycloalkenyl 

alkyl sulfides, L(CH 2 ) M -C(R ' )=C-SR (n>4 , R ' = H or 
alkyl). Although the application of the method using 
diphosphorus pentaoxide has thus far been restricted to 
the synthesis of 1-cycloalkenyl alkyl sulfides, it appears 
to be more convenient than that using TiCl4 and 
triethy lamine.12) 

Exper imenta l 

Materials. Commercially available cycloalkanones and 
thiols were used. l,l-bis(ethylthio)ethane or l,l-bis(pro-
pylthio) ethane was obtained by the reaction of acetaldehyde 
with ethanethiol or 1-propanethiol respectively in the presence 
of calcium chloride. 

General Procedure. A mixture of thiol (or thioacetal) 
(0.02 mol), cycloalkanone (0.02 mol), an internal standard 

(hexamethylbenzene), and benzene (20 ml) was heated 
under reflux in the presence of aluminum chloride or diphos­
phorus pentaoxide (0.02 mol). At an appropriate time a 
small portion of the solution was sampled and washed with 
water, and then this solution was analyzed by GLC using an 
ethylene glycol adipate polyester, 20% on a chromosorb W 
column at 150 °G. The reaction times shown in Table 1 or 2 
are nearly optimum ones. 

For the purpose of the isolation of 1-cycloalkenyl sulfides, a 
mixture of 0.06 mol of each material in benzene (30 ml) was 
heated under reflux. At an appropriate time, which is 
shown in Table 1 or 2, the benzene solution was cooled and 
washed several times and then distilled under reduced pressure. 
Redistillation and separation by GLC each gave pure 1-
cycloalkenyl alkyl sulfide. 

Identification of 1-Cycloalkenyl Alkyl Sulfides. The 

structures of the 1-cycloalkenyl sulfides were established on the 
basis of the following data. 

2-Methyl-l-cyclohexenyl Ethyl Sulfide. NMR (in CC14) : 
Ô 2.56 (2H, q, / = 7 Hz; -SCH2CH3), 1.85 (3H, s, CH3-C=C), 
1.96—2.4 and 1.5—1.76 (8H,'m, ring protons), 1.2 (3H, t, 
/ = 7 Hz, -SCH2CH3). IR (neat): 1620 cm-1 (very weak, 
C=C). Elementary analyses: Found: G, 68.89; H, 10.01; 
S, 20.61%. Calcd for C9H16S: C, 69.17; H, 10.32; S, 20.50%. 

2-Methyl-l-cyclohexenyl Propyl Sulfide. NMR (in CC14): 
Ô 2.51 (2H, t, 7 = 7 Hz, -SCH2CH2CH3), 1.84 (3H, s, CH3-
C=C), 1.90—2.30 and 1.3—1.74 (10H, m, ring protons and 
-SCH2CH2CH3), 1.0 (3H, t, 7 = 7 Hz, -SCH2CH2CH3). 
IR (neat): 1600cm -1 (weak, C=C). Elementary analyses: 
Found: C, 70.38; H, 10.57; S, 18.61%. Calcd for C10H18S: 
C, 70.52; H, 10.65; S, 18.82%. 

2-Isopropyl-5-methyl-l-cyclohexenyl Ethyl Sulfide. NMR 
(in CC14): ô 3.45 (1H, seven, 7 = 7 Hz, (CH3)2CH-C=C), 
2.57 (2H, q, 7 = 7 Hz, -SCH2CH3), 1.55—2.40 (7H, m, ring 
protons), 1.2 (3H, t, 7 = 7 Hz, -SCH2CH3), 0.88—1.04 (9H, 
m; CH3 attached to ring and (CH3)2CH). IR (neat): 
1618 cm - 1 (very weak, C=C). Elementary analyses: Found: 
C, 72.45; H, 11.06; S, 16.34%. Calcd for C12H22S: C, 72.65; 
H, 11.17; S, 16.16%. 

2-Isopropyl-5-methyl-l-cyclohexenyl Propyl Sulfide. NMR 
(in CC14): 6 3.48 (1H, seven, 7 = 7 Hz, (CH3)2CH-C=C), 
2.50 (2H, q, 7 = 7 Hz, -SCH2CH3), 1.40—2.3 (9H, m, ring 
protons and -SCH2CH2CH3), 0.88—1.08 (12H, m, CH3 

attached to ring (CH3)2CH, and -SCH2CH2CH3). IR 
(neat): 1600 cm - 1 (weak, C=C). Elementary analyses: 
Found: C, 73.63; H, 11.69; S, 15.43%. Calcd for C13H,4S: 
C, 73.51; H, 11.39; S, 15.10%. 

1-Cyclohexenyl Ethyl Sulfide. NMR (in CC14) : ô 5.5 
(1H, m, >C=CH-) , 2.62 (2H, q, 7 = 7 Hz, -SCH2CH3), 
1.90—2.30 and 1.47—1.85 (8H, m, ring protons), 1.23 (3H, 
t, 7 = 7 Hz, -SCH2CH3). IR (neat): 1630 cm -1. Elemen­
tary analyses: C, 67.40; H, 9.85; S, 22.26%. Calcd for 
C8H14S: G, 67.54; H, 9.92; S, 22.54%. 

1-Cycloheptenyl Ethyl Sulfide. NMR (in CC14) : Ö 5.5 
(1H, t, 7 = 7 Hz, olefinic), 2.58 (2H, q, 7 = 7 Hz, -SCH2CH3), 
2.04—2.30 and 1.36—1.90 (10H, m, ring protons), 1.28 
(3H, t, 7 = 7 Hz, -SCH3CH3). IR (neat): 1632 cm -1 . 
Elementary analyses: Found: C, 69.10; H, 10.44; S, 20.84%. 
Calcd for C9H16S: C, 69.17; H, 10.32; S, 20.52%. 

1-Cyclooctenyl Ethyl Sulfide. NMR (in CC14) : ô 5.38 
(1H, t, 7 = 8 Hz, olefinic), 2.64 (2H, q, 7 = 7 Hz; -SCH2CH3), 
2.04—2.40 and 1.40—1.90 (12H, m, ring protons), 1.28 (3H, 
t, 7 = 7 Hz, -SCHoCHj). IR (neat): 1619 cm -1. Elemen­
tary analyses: Found: C, 70.36; H, 10.80; S, 19.08%. Cacld 
for C10H18S: C, 70.52; H, 10.65; S, 18.82%. 
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Synthesis and Spectral Characteristics of 4ff-l-Benzothiopyran-4-ones 
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The physical properties of 4//-l-benzothiopyran-4-ones (thiochromones) and related compounds were charac­
terized by means of mass, NMR, and UV spectra in order to distinguish thiochromones from 2//-l-benzothiopyran-
2-ones (thiocoumarins). In the mass spectra, the fragmentation due to the retro-Diels-Alder reaction directly from 
the molecular ion is the most useful for differentiation. In the NMR spectra, thiochromones show the charac­
teristic deshielding effect of benzenoid proton in 5-position and in the UV spectra a very strong absorption band in 
the region 250—270 nm. It was found that in the reaction of .S-phenyl 3-oxobutanethioates with PPA, most of 
these compounds afford thiochromones through rearrangement giving an intermediate (IVa). The effect of the 
substituent of the S-phenyl 3-oxobutanethioate on the formation of the thiocoumarin was also discussed. 

4//-l-Benzothiopyran-4-ones (thiochromones) and 
2//-l-benzothiopyran-2-ones (thiocoumarins) are well 
known as a structural isomer. T h e thermal conversion 
of the thiochromone into the thiocoumarin is also 
known.1) A new synthesis of thiocoumarin derivatives 
was reported by Konishi et al.,2) but some structural 
formulas of these compounds are doubtful. We therefore 
carried out an extensive study of the chemical structure 
of the related compounds by means of mass and N M R 
spectra. We found that some thiocoumarins are in 
line with the structural formulas of thiochromone 
derivatives. In this paper, we wish to report on a) the 
characteristic physical properties of thiochromone 
derivatives in order to distinguish them from thio­
coumarins by means of their mass, N M R , IR, and U V 
spectra, and b) the effect of the substituent of the S-
phenyl 3-oxobuta,nethioate on the formation of the 
thiocoumarin by the reaction with polyphosphoric acid 
(PPA). 

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

Most of the thiochromones and thiocoumarins were 
prepared from «S-phenyl 3-oxobutanethioate derivatives 
obtained by the reaction of substituted thiophenols with 
diketene. T h e IR, N M R , UV, and mass spectra of these 
compounds are summarized in Tables 1 and 2. 

Identification of Thiochromone and Thiocoumarin 
Derivatives. I t is very difficult to distinguish 
thiochromones from thiocoumarins. Lozac'h and Pfister-
Guillouzo3) reported a comparative method to disting­
uish them by means of their I R spectra. However, 
sufficient and systematic data necessary for identification 
are still lacking. In the case of compound 2, the mass 
spectra showed the fragmentation of retro-Diels-Alder 
reaction characteristic of chromone derivatives4) and we 
deduced the compound to be 2-methyl(thiochromone). 
This is also supported by the following experimental 
results: W h e n compound 2 was hydrolyzed with N a O H , 
isolated products were bis(o-acetylphenyl) disulfide and 
bis(o-carboxyphenyl) disulfide. Compound 2 was also 
obtained by the authentic method.5) 

Thus, 4-methyl(thiocoumarin) reported2) should be 
2-methyl (thiochromone). 2-Methyl-7-methoxy (thio­
chromone) (3), the isomer of thiocoumarin 12, was 
prepared by the well known method6) for thiochromone 
derivatives. Compounds 4—9 were also identified as 

thiochromone derivatives by means of their mass and 
N M R spectra. T h e structure of compound 11 was 
determined to be thiochromone derivative by the 
following preparative method and chemical reactivity. 
The same product was obtained by the reaction of 2,5-
dimethoxybenzenethiol with ethyl acetoacetate in PPA. 
A bluish thianaphthalenium salt (^max 590 nm (in 
acetone)) was obtained by the O-alkylation of compound 
11 with dimethyl sulfate and 60% HC10 4 . A similar 
alkylation afforded a yellow thianaphthalenium salt7) 
(Amax 386 nm) in the case of compound 12 and a bluish 
thianaphthalenium salt (Amax 590 and 596 nm) in the 
case of compounds 2 and 3, respectively. 

Spectral Characteristics. 1) NMR Spectra: Methyl-
(thiochromone) derivatives showed the characteristic 
deshielding effect of benzenoid proton in 5-position by 
contribution of the carbonyl group in peri-position as 
indicated in the case of some thiochromones.8»9) The 
proton showed the chemical shift in the range 8.30—8.50 
ppm. T h e values are unusually greater than those of 
the aromatic protons (ca. 1 ppm) . T h e abnormally 
strong deshielding effect might be due to the even closer 
proximity of the proton on the annelated benzene in 
compound 8, which was observed a t 10.10 ppm. In the 
case of thiocoumarin derivatives, no such unusual 
deshielding effect was observed because of the lack of 
carbonyl group affecting the benzenoid proton. This 
difference may be utilized to distinguish them. 

2) Mass Spectra: Thiochromone derivatives were 
characterized by an abundant molecular ion as the 
base peak. The major fragmentation pathway for these 
compounds was the elimination of C H = C - C H 3 by the 
retro-Diels-Alder reaction, followed by the loss of 

X 
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S\/\ - C H E C - C H S 
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Scheme 1. 
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TABLE 1. SPECTRAL DATA OF THIOCHROMONE AND THIOCOUMARIN DERIVATIVES 

No. Compound IR in KBr 
"co (cm-1) 

NMR in CDC13 

Ô (ppm) 

UV in EtOH 

U M e(xio-*) 

10 

11 

X=2-CH 3 

Y = H 

X=2-CH 3 

Y = 7-OCH3 

X=2-CH 3 

Y = 6-OCH3 

X=2-CH 3 

Y = 7-CH, 

0 

1 II ^ x 

X=2-CH3 

Y = 6-CH3 

X=2-CH3 

Y = 7-C1 

X=2-CH3 

Y = 5,6-Benzo 

X=2-CH 3 

Y = 7,8-Benzo 

X=3-CH 3 

Y = H 

X=2-CH 3 

Y = 5,8-Dimethoxy 

1620 

1630 

1625 

1610 

1620 

1635 

1620 

1605 

1610 

1620 

2.40 (3H)s 
6.75 (lH)s 
7.37—7.50 
8.40 (lH)m 

2.40 (3H)s 
3.89 (3H)s 
6.71 (IH)s 
6.80—7.10 
8.34 (lH)d 

2.45 (3H)s 
3.90 (3H)s 
6.80 (lH)s 
7.15 (lH)d 
7.45 (lH)d 
7.90 (lH)d 

2.41 (3H)s 
2.43 (3H)s 
6.75 (lH)s 
7.15—7.30 
8.30 (lH)d 

2.40 (3H)s 
2.45 (3H)s 
6.80 (lH)s 
7.40 (2H)m 
8.30 (lH)s 

2.40 (3H)s 
6.75 (lH)s 
7.30—7.45 1 
8.35 (lH)d 

2.44 (3H)s 
6.97 (lH)s 

(3H)m 

(2H)m 

(2H)m 

(2H)m 

7.37—8.00 (5H)m 
10.10 (lH)m 

2.48 (3H)s 
6.90 (lH)s 
7.48—7.95 1 
8.15 (lH)m 
8.42 (lH)d 

2.20 (3H)s 
7.35—7.65 1 
8.50 (lH)m 

2.35 (3H)s 
3.88 (3H)s 
3.90 (3H)s 
6.70 (lH)s 
6.90 (lH)s 
6.93 (lH)s 

2.50 (3H)s 
3.92 (3H)s 
6.48 (lH)s 

(4H)m 

(4H)m 

6.95—7.15 (2H)m 
7.80 (lH)d 

6.24 (lH)s 
7.50—7.84 (3H)m 
8.28 (lH)m 

224 
247 
335 

235 
261 
268 
328 

224 
254 
260 
357 

228 
254 
337 

225 
249 
345 

229 
255 
261 
338 
216 
278 
326 
340 
356 
217 
277 
314 
342 
360 
223 
250 
341 
241 
293 
363 

224" 
273 
343 

232 
320 

1.8 
2.4 
1.1 

1.6 
3.0 
2.6 
1.1 

1.6 
2.4 
2.4 
0.88 

1.6 
2.4 
1.1 

1.4 
2.7 
1.1 

1.7 
3.0 
2.7 
1.1 
5.3 
2.2 
0.89 
0.84 
0.53 

3.8 
2.8 
0.81 
0.73 
0.75 

1.2 
1.9 
1.1 

2.2 
1.2 
0.71 

4.2 
0.64 
1.0 

4.0 
1.4 

12 

X\/Xx 

I II I 
13 

X=4-CH3 
Y-7-OCH, 

X=4-OH 
Y = H 

1645 

1620 
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T A B L E 2. MASS SPECTRA OF THIOCHROMONE 

AND THIOCOUMARIN DERIVATIVES 

Compound 
No. 

Major fragment ion (mje) 
[relative abundance (%)] 

2 176[M, 100], 148[M-28,64], 147[M-29,62], 
136[M-40,58], 115[10], 108[M-68,44] 

3 206[M,100], 178[M-28,57], 177[M-29,7], 
166[M-40,52], 163[64], 138[M-68,7], 136[8], 
135[17], 134[9], 123[22] 

4 206[M,100], 205[65], 191 [M-15,10] , 177[M 
-29,26] , 176[41], 166[M-40,7], 163[15], 147 
[10], 138[M-68,7], 135[29], 134[9], 123[25] 

5 190[M,100], 162[M-28,76], 161[M-29,57], 
150[M-40,57], 147[27], 121 [46] 

6 190[M,100], 162[M-28,65], 161[M-29,51], 
150[M-40,62], 147[22], 121 [42] 

7 212[38], 210[M,100], 184[29], 183[28], 182 
[M-28,82], 181 [M-29,56], 172 [24], 170[M-
40,63], 147[30], 144[13], 142[M-68,32] 

8 226[M, 100], 225 [43], 198 [M-28,47], 197[M-
29,41], 186[M-40,17], 165[12], 158[M-68,27] 

9 226[M,100], 198[M-28,39], 197[M-29,37], 
186[M-40,15], 165[9], 158[M- 68,24] 

10 176[M,100], 148[M-28,15], 147[M-29,34], 
143[40], 136[M-40,63], 115[19], 108[M-68, 
36] 

11 236[M,96], 221 [100], 207[26], 203[36], 193[61], 
192[37], 191[17], 178[12], 165[34], 164[15], 163 
[13], 150[13] 

12 206[M,43], 178[M-28,100], 177[M-29,9], 163 
[82], 147[6], 135[51], 134[19], 102[10] 

13 178[M,37], 150[M-28,100], 136[M-42,82], 
121 [56], 108[80], 105[16] 

carbon monoxide (M->[M—40]—• [M—68] ). T h e other 
important fragmentation was initial loss of carbon 
monoxide from the molecular ion, followed by the loss 
of a hydrogen atom leading to the formation of the ring-
expanded thianaphthalenium ion (M—>[M—28]—»[M— 
29]) (Scheme 1). The results are given together with 
relative abundance in Table 2. In the case of compounds 
3 and 4, the subsequent fragmentation of M-28 is 
modified by the methoxy substituent, viz., the loss of 
methyl radical from M—28 giving an intensive fragment 
ion peak at mje 163. However, in the case of 5,8-

CH, 

CHaO/xAs^O 
+-• 

m/e 206 

| - c o 

,CH3 - C H 3 _/CHa 

C H a O / V / x S / 

+• 

m/e 178 

- H -

o^\xxs^ 
+ 

m/e 163 
-co 

C H g C K V ^ S ' ' 
m/e 177 

C8H7S+ 

mje 135 

dimethoxy derivative 11, fragmentation due to the 
retro-Diels-Alder reaction was not observed as in the 
case of some methoxyfuranochromones.10) 

O n the other hand, the base peak of thiocoumarin 
derivatives was due to M—28. T h e main fragmentation 
of thiocoumarin 12 involved the ejection of carbon 
monoxide followed by the loss of methyl radical and 
carbon monoxide. The sequence may be rationalized as 
in Scheme 2. 

OH 

A 
X/ s s^o 

13 

O 
ii 

V / H _CHaCO 
HI > 

V/xs/xxo 
13a 

- c o 

y \ /.o 
I II H N | 
\ / x S / N H 

13d 

I - C H O o r 
J --CHS 

mje 121 or 105 

Scheme 3. 

13b 

- c o 

y 
O 

V 
13c 

= C = S 

Scheme 2. 

The mass spectra of 4-hydroxy (thiocoumarin) 13 
showed the fragmentation of the retro-Diels-Alder 
reaction in spite of thiocoumarin derivatives. If the 
molecular ion exists in the tautomeric form 13a, the 
spectra can be easily rationalized. There are two 
fragmentation pathways. One which differs a great 
deal from that of other thiocoumarins is the loss of a 
neutral ketene by the retro-Diels-Alder reaction, follow­
ed by the loss of carbon monoxide (13a-*13b->13c). 
The other is the loss of carbon monoxide from the 
molecular ion, which gives 13d as the base peak of the 
spectrum (13a-*13d-+m/<? 121 and 105). 

The fragmentations were formulated by analogy of 
coumarin derivatives4) and by following the fragmention 
containing a chlorine a tom in the fragmentation of 
compound 7. T h e retro-Diels-Alder reaction of the 
molecular ion of thiochromones might be the most 
useful for mass spectrometric differentiation between 
isomeric thiocoumarin and thiochromone, except for 
hydroxy (thiocoumarin) and dimethoxy (thiochromone) 
derivatives. 

3) UV Spectra: Monosubstituted methyl (thiochro­
mone) derivatives showed three complicated strong 
absorption bands due to the substituent in the benzene 
ring. O n the other hand, the spectra of thiocoumarins 
showed two strong absorption bands, very weak in the 
region 250—270 nm. 

4) IR Spectra: The carbonyl bands of methyl (thio­
chromone) derivatives were found in the region 1605— 
1630 c m - 1 , which is considerably lower than that of a 
general ketone. Legrand and Lozac'h1) reported that 
carbonyl bands of thiochromone are lower by 10—20 
c m - 1 than those of thiocoumarins. However, the 
difference can not be used reliably to distinguish them, 
since the region of thiocoumarins overlapped considéra-
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Compound 
No. 

l a 
l b 

l e 

Id 
l e 
If 

l g 
l h 

l i 

TABLE 3. 

X 

H 
m-OGHg 

p-OCH3 

m-CH3 

p-CH3 

m-Cl 
2,3-Benzo 
3,4-Benzo 

Hiroyuki NAKAZUMI and Teijiro KITAO 

THE NMR AND IR SPECTRA OF S-PHENYL 

2,5-Dimethoxy 

IR in KBr 
ĉo (cm-1) 

1670 
1675 

1665 

1670 
1665 
1670 (s 1680) 
1670 
1670 

1675 

2.38 (3H)s 
1.90 (3H)s 
2.38 (3H)s 
7.38 (2H)d 
2.30 (3H)s 
2.30 (3H)s 
2.43 (3H)s 
2.40 (3H)s 
2.40 (3H)s 
1.90 (3H)s 
6.90—7.10 

[Vol. 50, No. 4 

3-OXOBUTANETHIOATE DERIVATIVES 

NMR in GDC13 

Ô (ppm) 

5.20 (lH)s 
3.80 (3H)s 
3.80 (3H)s 
9.25 (lH)b 
2.35 (3H)s 
2.35 (3H)s 
5.25 (lH)s 
4.85 (lH)s 
5.15 (lH)s 
3.78 (3H)s 

(3H)ma> 

7.51 (5H)s 8.28 (lH)b 
5.90 (lH)s 7.00—7.30 (4H)ma> 
5.15 (lH)s 6.90 (2H)d 

5.15 (lH)s 7.35 (4H)mb> 
5.10 (lH)s 7.35 (4H)mb> 
7.38—7.48 (4H)m 9.0 (lH)b 
7.60—8.20 (7H)mb> 
7.55—8.20 (7H)mb> 
3.83 (3H)s 5.90 (lH)s 

a) No enol proton was observed, 
being observed. 

b) The NMR spectra were measured in DMSO-i6, no enol proton 

bly with that of thiochromones as shown in compound 13 
and 3-methyl(thiocoumarin) (1620 c m - 1 ) . 

Synthesis of Thiochromone Derivatives from S-Phenyl 3-
Oxobutanethioates. I t was shown by spectral data 
that all ^-phenyl 3-oxobutanethioates retain the enol 
form; V0H was observed at 2500—3000 cm- 1 in I R 
and a vinyl proton was observed a t 5.15—5.90 ppm as 
shown in Table 3. W h e n these .S-phenyl 3-oxobutane­
thioates were cyclodehydrated with PPA, only m-
methoxy derivative (compound l b ) gave a thiocoumarin 
12. However, the other ^-phenyl 3-oxobutanethioates 
with substituents such as chlorine and methyl group in 
the meta-position gave thiochromones (compounds 5 and 
7) as the isomeric product of thiocoumarins. Two 
annelated derivatives l g and l h gave the corresponding 
thiochromones. 

Thus, the meta-position of methoxyl group on ^-phenyl 
3-oxobutanethioate seems to be important for the 
preparation of thiocoumarin derivatives. In the case of 
compounds l c and l i where one or two methoxyl 
group (s) are introduced in the other position, thio­
chromone derivatives 4 and 11, respectively, were 
obtained as isomeric products. 

GH9 

- H 2 0 

X 
X / v S C O C H 2 C O C H 3 Cb) C H ^ ^ ^ S ^ O 

12 

X 

(a) 

/COCH2COCH3] 

IVa 

O 
11 

> I II .. 
, X / X S ^ C H 3 

2, 4—9, 11 
X' 

Scheme 4. 

Cyclodehydration of .S-phenyl 3-oxobutanethioate 
with 100% H 2 S 0 4 instead of PPA also afforded 2-
methyl(thiochromone). The reaction with 100% H 2 S 0 4 

in ether solution or coned H 2 S 0 4 gave diphenyl 
disulfide in a high yield (81%). The rearrangement of 
5*-phenyl 3-oxobutanethioates giving an intermediate 
[ IVa] (path a) predominantly occurs rather than the 
direct dehydration (path b) as shown in Scheme 4. 

T h e synthesis of thiocoumarins by the Pechmann 
reaction11) is very difficult even from ^-phenyl 3-
oxobutanethioate. 

Exper imenta l 

All the melting points are uncorrected. Infrared spectra 
were recorded on a Hitachi ESI-S2 spectrophotometer using 
KBr pellets. Ultraviolet spectra were recorded on a Hitachi 
EPS-3T spectrophotometer. H-NMR spectra were taken on 
a Hitachi Perkin-Elmer Model R-20 spectrometer, unless 
otherwise stated in CDC13 solution with tetramethylsilane as 
an internal standard. Mass spectra were recorded on a 
Hitachi RMU-6E mass spectrometer operating at 80 eV. 
Elemental analyses were recorded on a Yanaco CHN corder 
MT-2. 

S-Phenyl 3-Oxobutanethioate (la). Compound l a was 
obtained by the reaction of thiophenol with diketene.2) 

S-(m-Methoxyphenyl) 3-Oxobutanethioate (lb). Com­
pound l b was prepared by the method reported2) and isolated 
from the isomer mixture by repeated recrystallization from 
EtOH. The mixture contained an unidentified compound 
with the following data. NMR: <5 2.40 (3H) s, 3.80 (3H) s, 
5.25 (1H) s, 6.90—7.30 (4H) m, 8.35 (1H) b ; Found, C, 59.29; 
H, 5.52%. From the results, the compound was assigned as 
the structural isomer of compound l b . 

S-(p-Methoxyphenyl) 3-Oxobutanethioate (lc). Coned 
H 2S0 4 (9.2 g) was added dropwise at 30 °C to a stirred Et 20 
(50 ml) solution of/>-methoxybenzenethiol (6.3 g, 0.045 mol).12) 
Diketene (4.5 g, 0.054 mol) was then added to this reaction 
mixture at 25 °C. After 2.5 h, the ether was removed by 
rotary evaporation in vacuo at 20 °C and the residue was poured 
into an ice-water solution. White solid separated from the 
solution was collected by filtration and was recrystallized from 
EtOH to give 0.5 g of lc . Compounds Id, le , lg , and l h 
were prepared by a similar method. 

Recrystallization of compound l g from EtOH was repeated 
until the melting point became constant (mp 161—163 °C2)). 

S-(m-Chlorophenyl) 3-Oxobutanethioate (If). m-Chloro-
benzenethiol was obtained as a pale yellow oily material 
from wz-chloroaniline by the Leukart reaction12) in 60% yield; 
bp 76—78 °C (7 Torr), NMR (CC14); «5 2.30 (1H) s, 7.05 (3H) 
m, 7.20 (1H) m. Compound If was prepared by the same 
method as for l c from m-chlorobenzenethiol. 

S-(2,5-Dimethoxyphenyl) 3-Oxobutanethioate (li). 2,5-
Dimethoxybenzenethiol was obtained from 2,5-dimethoxy-
aniline by the Leukart reaction12) in 64% yield; bp 104— 
106 °C (4Torr), NMR (CC14); Ô 3.70 (3H) s, 3.80 (3H) s, 3.75 
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TABLE 4. PHYSICAL PROPERTIES OF ^-PHENYL 

3-OXOBUTANETHIOATE DERIVATIVES 

TABLE 5. REACTION OF ^-PHENYL 3-OXOBUTANETHIOATE 

DERIVATIVES WITH P P A 

Compd 

l b 

l c 

Id 

l e 

If 

is 

l i 

Mp 
(°C) 

170—171 

172—175 

165—166 

204—207 

154—155 

194—196 

169—171 

Yield 
(%) 

trace 

5 

65[75]a> 

60[65]a> 

29[44]a) 

10 

22 

Formula 
(MW) 

C nH 1 20 3S 
(224) 

CiiH1203S 
(224) 

(208) 
C nH 1 20 2S 

(208) 
CJQHJJC^SCI 

(228.5) 
C l 4 - H 1 2 * - ' 2 " 

(244) 
C12H1404S 

(254) 

Analysis (%) 
Calcd 

(Found) 

C 

58.93 
(58.79 
58.93 

(58.23 
63.46 

(62.91 
63.46 

(63.56 
52.52 

(53.04 
68.85 

(67.92 
56.69 

(57.07 

H 

5.36 
5.47) 
5.36 
5.39) 
5.77 
5.81) 
5.77 
5.89) 
3.94 
4.14) 
4.92 
4.89) 
5.51 
5.66) 

a) Yield (%) of the crude product. 

(1H) b, 6.55—6.70 (3H) m. Coned H 2S0 4 (6.1 g, 0.060 
mol) was added dropwise to a stirred solution of 2,5-di-
methoxybenzenethiol (5 g, 0.029 mol) in ether (30 ml) at 5 °C. 
Diketene (3 g, 0.036 mol) was then added to this reaction 
mixture at the same temperature. After 5 h at 5—10 °C, 
a white solid was separated from the solution by filtration. 
Recrystallization from EtOH afforded 1.4 g (22%) of l i . 

The results of elemental analysis, yield and mp are given in 
Table 4. 

2-Methyl-4H-l-benzothiopyran-4-one (2). Method A). 
Compound 2 was obtained from condensation of thiophenol 
(10 ml, 0.1 mol) and ethyl acetoacetate (11 ml, 0.1 mol) in 
polyphosphoric acid (PPA).5) Method B). ^-Phenyl 3-
oxobutanethioate l a (3 g, 0.015 mol) was added to 60 g of 
PPA at 60 °C. The solution was heated for 1 h at the same 
temperature. After cooling, the reaction mixture was poured 
into an ice-water solution and neutralized with NaOH. Crude 
product (2.3 g) was collected by filtration and washed with 
water. Recrystallization from a methanol-water mixture 
(3: 1) afforded 1.8 g (66%) of 2. 

7-Methoxy-2-methyl-4H-l-benzothiopyran-4-one (3). A 
solution of 14 g (0.1 mol) of m-methoxybenzenethiol and 28 g 
(0.2 mol) of ethyl acetoacetate was added to 300 g of PPA at 
80 °C. The reaction mixture was heated at 90 °C for 2 h. 
After cooling, it was poured into an ice-water solution and 
collected by filtration and washed with water. Recrystal­
lization from EtOH-water afforded 4 g (20%) of compound 
3 as a pale yellow material; mp 118—119.5 °C, Found: C, 
63.76; H, 4.85%; Calcd for CuH1 0O2S: C, 64.08; H, 4.85%; 
mol wt 206. 

Compounds 4—9 were prepared by a method silimar to 
method B for compound 2. Reaction time in the case of 
compounds 8 and 9 was 2 h and 3 h, respectively. The yield, 
mp and elemental analysis are given in Table 5. 

3-Methyl-4H-l-benzothiopyran-4-one (10). Compound 
10 was prepared by the method of Martin et a/.,8) mp 103— 
104.5 °C (lit, 105 °C), Found: C, 67.42; H, 4.54%; Calcd for 
C10H8OS: C, 68.18; H, 4.54%; mol wt 176. 

5,8-Dimethoxy-2-methyl~4VL-l-benzothiopyran-4-one (11). 
Compound 11 was prepared by method B for compound 2 
(36%, yield) or by the method for compound 3 (31 %,). 

7-Methoxy-4-methyl-2H-l-benzothiopyran-2-one (12) and 4-
Hyd>OAy-2H-l-benzothiopyran-2-one (13). Compounds 12 

Compd Yield 
(%) 

Mp 
(°C) 

Formula 
(MW) 

Analysis (%) 
Calcd 

(Found) 

H 

2 66[85]a> 103—104 Clf?j2S 

12 27 158—160 C l f e ? 2 S 

(206) 
4 87[90]a> 102—103 C I I / ^ Q 6 ? 2 S 

5 38[44]a) 98—100 ^ 

6b> 59 

190) 
121 CnH1 0OS 

(lit,5> 122) (190) 

7 59[74]a) 163—165 ^ " / f ^ ? 

8 60[65]a) 126—128 ClimjfiS 

9c) 44 192—194 ^ " 
(226) 

11 36[59]a> 146—148 C l 2
(
H36? 3 S 

68.18 
(68.20 
64.08 

(64.28 
64.08 

(64.24 
69.47 

(68.78 
69.47 

(69.74 
57.01 

(57.26 
74.34 

(74.28 
74.34 

(75.88 
61.02 

(61.58 

54 
78) 
85 
08) 
85 
93) 
26 
20) 
26 
37) 
33 
45) 
42 
42) 
42 
45) 
08 
23) 

a) Yield (%) of the crude product, b) (le) recovered 
(18% Yield), c) (lg) recovered (24% yield). 

13 were prepared by method B for compound 2 (reaction time 
2 h) and by the method of Ruwet et al.13) (mp 212—213.5; 
lit, 215 CC), repsectively. 

Hydrolysis of Compound 2. Compound 2 (5 g) was added 
to a solution of MeOH (100 ml) and NaOH (40 g). The 
reaction mixture was heated under reflux for 4.5 h. After 
cooling, the solution was neutralized to pH 5—6 with HCl 
and filtered. The residue was washed with water and ex­
tracted with ether. The extract was evaporated and the 
residue recrystallized from EtOH to give 0.6 g (7% yield) 
of bis(o-acetylphenyl) disulfide; mp 162—164 °C (lit,14) 
167 °C), YC0 1650 cm"1, NMR; Ô 2.65 (6H) s, 7.20—7.80 
(8H) m. The first filtrate was, after concentration by eva­
poration, was extracted with MeOH. The extract was recry­
stallized from MeOH to give 0.5 g (6% yield) of bis(o-carboxy-
phenyl) disulfide; mp 287—288 °C (lit,15) 288.5); yco 1680 
cm-1, yOH 2500—3000 cm"1. 
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The racemic and meso bis(l-mesitylethyl) ethers were synthesized. The optical resolution of the dicarboxylic 
acid derivative showed that the high-melting compounds were racemic in form and the low-melting isomers meso 
in form. 

In a previous paper,1) we reported that l-(4-substitut-
ed 2,6-dimethylphenyl) -1-ethanol gave meso and 
racemic bis[l-(4-substituted 2,6-dimethylphenyl)ethyl] 
ethers in the presence of a Lewis acid such as /»-toluene-
sulfonic acid. 

This paper will describe a synthesis of optically active 
and meso bis(l-mesitylethyl) ethers from mesitylene. 
This experiment clarified unambiguously that the high-
melting isomer, I B (mp 119—120 °G), was racemic and 
the low-melting one, 1A (mp 98.5—99.5 °C), was meso 
in form. 

R e s u l t s 

Optically active bis(l-mesitylethyl) ethers ( + ) - l B 
and (—)-lB were synthesized from 2,4,6-trimethylbenz-
aldehyde by the following method. 2,4,6-Trimethyl-
benzaldehyde was treated with hydrogen cyanide in 
the presence of calcium oxide to give a cyanohydrin, 2, 
in a 90% yield. When 2 was heated under reflux in 
absolute benzene in the presence of a catalytic amount 
of jb-toluenesulfonic acid, a dibenzyl ether, 3 , was 
obtained in a 60% yield. Though, in the I R spectrum 
of 3, the absorption for nitrile groups was not observed, 
an elemental analysis and the N M R spectrum supported 
the structure. The separation of meso and racemic 
isomers was unsuccessful (on T L G showed only a single 
spot), and in the N M R spectrum the presence of a 
hindered rotation was not observed. The treatment of 
3 with hydrogen chloride in absolute ethanol gave a 
carboxamide, 4. Again, the separation of isomers was 
unsuccessful (by either recrystallization or column 
chromatography). The hydrolysis of 4, followed by 
methylation, gave a dimethyl ester. Careful chromato­
graphy over silica gel of the crude products and elution 
with acetone-CHGl3 (3 : 97) gave the dimethyl ester 
samples with a m p of 114—116 °G, 6A, and a m p of 
167—168 °G, 6B, in a ratio of 1:2. In the N M R 
spectra of these esters, the aromatic methyls at C2 and 
G6 appeared as singlets at 2.10 and 2.20 p p m respec­
tively. Upon hydrolysis, dicarboxylic acids (5A, m p 
199—199.5 °C (dec) and 5B, m p 230—231 °C (dec) 
respectively) were obtained. O n the other hand, the 
treatment of the carboxamide, 7, which was obtained 
directly from the cyanohydrin, 2, and of the methyl 
ester, 8, with jfr-toluenesulfonic acid in benzene did not 
give the corresponding esters, 4 and 6. 

The treatment of the dicarboxylic acid 5B with 
cinchonine and cinchonidine in methanol and the 
recrystallization of each salt gave optical active salts 

I ; [a]2
D°+l° (c=l, M e O H ) and I I ; [ a ] S - 2 9 ° (<?=1, 

M e O H ) . The subsequent acid hydrolysis of these salts 
gave a (+)-dicarboxylic acid, ( + ) - 5 B , [a]2

D°+223.5° 
(c=l, M e O H ) and a ( — )-dicarboxylic acid, ( —)-5B, 
[a]2

D°—235° (c=\} M e O H ) , respectively. The carboxylic 
acids gave the (-}-)-6B and ( —)-6B esters. The reduction 
of the 6A, ( + ) - 6 B , and ( —)-6B esters with lithium 
aluminum hydride gave 9A, ( + ) - 9 B , a n d (_)_9B 
respectively. T h e N M R spectra of these alcohols 
indicated the presence of a hindered rotation of the 
benzene rings. T h e meso isomer 9A showed a broad 
singlet (W1/2=12 Hz) at 2.15 ppm for two aromatic 
methyl resonances at C2 and C6 at room temperature ; 
this singlet changed to two signals at a lower tempera­
ture, whereas the racemic 9B showed two broad lines 
at 1.50 and 2.50 p p m at room temperature , while at a 
higher temperature, they changed to one sharp signal. 

T h e t reatment of the 9A, ( + ) - 9 B , and ( —)-9B 
alcohols with tosyl chloride in pyridine at room tempera­
ture gave only monotosylates, but at 80 °G it gave the 
10A, ( + ) - 1 0 B , and (—)-10B ditosylates respectively. 
T h e reduction of these ditosylates with li thium aluminum 
hydride failed to give the desired methyl derivatives, 
but it did give the starting alcohols. T h e n 10A was 
converted into an iodide with sodium iodide in acetone 
in a sealed tube at 100 °G.2) T h e iodide was treated 
with activated zinc in acetic acid to give 1 -ethyl-2,4,6-
trimethylbenzene, presumably formed by the cleavage 
of the ether linkage with hydrogen iodide formed in situ. 

T h e conversion of the carboxyl group into the methyl 
one was finally achieved by the following routes. T h e 
9A alcohol was converted into a meso mesylate, I I A , 
which was reduced by li thium a luminum hydride to give 
the 1A ether (a low-melting isomer) in a 4 % yield. The 
1A ether was identical with the specimen obtained by a 
different route1) ( IR and mixed mp) . However, the 
corresponding optically active mesylates ( + ) - H B and 
( — ) - H B gave only the starting alcohols on reduction 
with lithium aluminum hydride. Optically active lB 's 
were obtained from the ditosylates ( + ) - 1 0 B and ( —)-
10B by treatment with phenylmethanethiol, followed by 
desulfurization with Raney Ni, according to the method 
ofHusseyet al.*) ( + ) - l B ; [a]2

D°+214° ( c=0 .11 , M e O H ) , 
( - ) - l B ; [a]2

D°-212° (*=0.175, M e O H ) . A similar 
t reatment of 10A gave 1A in an 8 % yield. These 
isomers also indicated the presence of a hindered rotation 
of the benzene rings in their N M R spectra. T h e aroma­
tic methyl resonances at C2 and C6 of 1A and I B showed 
a singlet (W1/.1=4A Hz) at 2.20 ppm and a broad signal 
at 1.5—2.5 ppm at room temperature respectively; each 
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of them changed to two signals a t lower temperatures 
and to one sharp signal at higher temperatures. 

CH3 

( c H 3 - ^ ^ - C H C H 3 ^ 0 

CH,-

CH3 

C H 3 C N 

C - O H 

5^H3CONH2 

1A 
IB 

GH9 CN 

(cH3-<3-àH^O 
CH3 

^ H 3 C O a C H 3 

( c H , - ^ ) - ^ - ^ ( c H , - ^ ) - ^ 

CH, 

^ ' C H j O R 

CH, 
6A, 6B 

/ J-K ' \ R = H 9 A ' ( + ) " 9 B ' ( ~ ) - 9 B 

(CH 3 -< >— CH-fO R = T s 10A, ( + )-10B, ( - ) -10B 
v ^ = < h R = M s IIA, ( + )-HB, ( - ) - H B CH, 

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

All the melting points are uncorrected. The IR spectra 
were recorded with a Shimadzu IR-27C spectrophotometer. 
The NMR spectra were measured with a JEOL JNM 60 
apparatus at room temperature and at different temperatures 
with a JEOL JNM 100 apparatus (with TMS as the internal 
standard). The optical rotations were measured with a 
Shimadzu photoelectropolarometer, TA-20. 

Cyanohydrin 2 of 2,4,6-Trimethylbenzaldehyde. A mixture 
of 2,4,6-trimethylbenzaldehyde (2 g) and anhydrous HCN 
(2 ml) was kept with CaO (400 mg) in a sealed tube at 50 °C 
for 3 h. After the removal of the unchanged HCN and CaO, 
the crude product gave 2.1 g (90%) of a cyanohydrin, 2, as 
plates from petroleum ether; mp 112 °C. Found: C, 75.64; 
H, 7.50; N, 7.96%. Calcd for C n H 1 3 NO: C, 75.40; H, 7.48; 
N, 7.99%. NMR (CDC13): Ô 2.33 (3H, s, Ar-CH3), 2.41 
(6H, s, Ar-CH3), 3.12 (1H, d, 7 - 4 Hz, -OH) , 5.80 (IH, d, 
7 - 4 Hz, -CH-OH) , 6.84 (2H, s, Ar-H) ppm. 

Bis(cc-cyano-2,4,6-trimethylbenzyl) Ether, 3. The cyano­
hydrin, 2, (3 g) was refluxed with a catalytic amount of 
TsOH in dry benzene for 6 h. The crude product gave 
1.7 g (61%) of 3 as prisms from EtOH; mp 150—151 °C. 
Found : C, 79.64 ; H, 7.32 ; N, 8.33%. Calcd for C22H24N20 : 
C, 79.48; H, 7.28; N, 8.43%. NMR (CDC13): Ô 2.28 (6H, 
s, Ar-CH3), 2.48 (12H, s, Ar-CH3), 5.82 (2H, s, Ar-CH-O), 
6.94 (4H, s, Ar-H) ppm. 

Bis(a-carbamoyl-2,4,6-trimethylbenzyl) Ether, 4. Into a 
solution of the ether 3 (250 mg) in abs EtOH, dry HCl gas 
was passed for 5 h at 45—50 °C. The subsequent crystalliza­
tion of the crude product from acetone gave 237 mg (85%) of 
4; mp 261—295 °C. Found: C, 71.85; H, 7.77; N, 7.48%. 
Calcd for C22H28N203: C, 71.71; H, 7.60; N, 7.60%. 

Bis(a-carboxy-2,4,6-trimethylbenzyl) Ether, 5. The 4 
ether (300 mg) was hydrolyzed with 30% aq KOH in ethylene 
glycol to give 227 mg(75%) of 5 as prisms from ether-petroleum 
ether. Found : C, 70.84 ; H, 7.14%. Calcd for C22H26Oö : C, 
71.33; H, 7.08%. 

Bis(oL-methoxycarbonyl-2,4,6-trimethylbenzyl) Ethers, 6A and 6B. 
The 5 acid was methylated with diazomethane, and the crude 
product was chromatographed over silica gel. Elution with 

CHC13 containing acetone (3% v/v) gave 6A (32%) as needles 
from EtOH; mp 114—116 °C. Found: C, 72.44; H, 7.69%. 
Calcd for C^HgcA: C, 72.33; H, 7.59%. IR(CC14): 
1760, 1740, 1200, 1185 (sh), 1150, 1105 cm"1. NMR (CC14): 
ô 2.10 (12H, s, Ar-CH3), 2.23 (6H, s, Ar-CH3), 3.65 (6H, s, 
C02CH3) , 5.35 (2H, s, Ar-CH-O), 6.73 (4H, s, Ar-H) ppm. 
Further elution with the same solvent gave the second isomer, 
6B (61%), as prisms from EtOH; mp 167—168 °C. Found: 
C, 72.25; H, 7.83%. IR (CC14): 1740, 1210, 1195, 1180 (sh), 
1145, 1100 cm-1. NMR (CC14): ô 2.20 (12H, s, Ar-CH3), 
2.23 (6H, s, Ar-CH3), 3.64 (6H, s, C02CH3), 5.35 (2H, s, 
Ar-CH-O), 6.77 (4H, s, Ar-H) ppm. 

Mesitylglycolamide, 7. In a manner similar to that 
described for 3, the 2 cyanohydrin gave 7 (78%) as plates from 
benzene; mp 145.5—146 °C. Found: C, 68.49; H, 7.91; N, 
7.29%. Calcd for C n H 1 5 N0 2 : C, 68.37 ; H, 7.82 ; N, 7.25%. 

Methyl Mesitylglycolate, 8. The 7 amide was hydrolyzed 
with 30% aq KOH and methylated with diazomethane to 
give 8 (66%) as prisms from hexane-acetone ; mp 149—150 °C. 
Found: C, 68.02; H, 7.27%. Calcd for C12H1603: C, 67.64; 
H, 7.38%. 

Bis(cf.-carboxy-2,4,6-trimethylbenzyl) Ethers, SA and SB. 
The 6A and 6B esters were hydrolyzed to give 5A (mp 199— 
199.5 °C (dec)) and 5B (mp 230—231 °C (dec)) respectively. 

Optical Resolution of Bis(a-carboxy-2,4,6-trimethylbenzyl) 
Ether, SB. (1) The high-melting carboxylic acid 
5B ( 170 mg) was dissolved with cinchonidine (307 mg) in 
MeOH, after which the solution was allowed to stand over­
night at room temperature. The residue, after removal of 
the MeOH, was crystallized from MeOH-AcOEt six times 
to give one optically active salt, I (110 mg) as prisms; [cc]™ 
+ 1° (MeOH); mp 189—190 °C. Found: C, 73.41; H, 7.63; 
N, 5.62%. Calcd for C60H70N4O7+AcOEt: C, 73.39; H, 
7.51; N, 5.35%. Into a solution of I in MeOH we stirred 
coned HCl to give (+)-5B; [<x]£ +223.5° (MeOH); mp 219°C 
(dec). (2) 5B (470 mg) was treated with cinchonine (250 
mg) in MeOH, and the product was recrystallized from 
acetone—AcOEt five times to give another optically active 
salt, H (136 mg); [a]2D° - 2 9 ° (MeOH); mp 151—152 °C. 
Found : C, 70.07 ; H, 7.49 ; N, 3.71 %. Calcd for C41H48N206 

+2AcOEt: C, 69.97; H, 7.67; N, 3.33%. ( - ) -5B was 
afforded from H; [a]£ -235° (MeOH). 

Optically Active Bis(<x.-methoxycarbonyl-2,4,6-trimethylbenzyl) 
Ethers, (+)-6B and (-)-6B. (+)-5B and (- ) -5B were 
methylated with diazomethane to give (+)-6B ([a]2D° +148° 
(MeOH); mp 157—157.5 °C) and ( - ) -6B ([a]z

D° -147° 
(MeOH)) respectively. 

Bis\<x-(hydroxymethyl)-2,4,6-trimethylbenzyt] Ethers, meso-ftA, 
(+)-9B, and (—)-9B. The 6A, (+)-6B, and (—)-6B 
esters were reduced with LiAlH4 in ether to give 9A, (+)-9B, 
and ( —)-9B respectively as needles from acetone. 9A; mp 
147_147.5°C. Found: C, 77.26; H, 8.83%. Calcd for 
C2aH30O3: C, 77.15; H, 8.83%. NMR (CDC13): ô 2.20 
(18H, s, Ar-CH3), 3.15 (2H, dd, 7 - 4 . 3 and 11.7 Hz, Ar­

i l H 

CH-C-OH), 4.20 (2H, dd, 7 - 9 . 0 and 11.7 Hz, Ar-CH-C-
i i 

H A H 

OH), 5.15 (2H5dd,7=4.3 and 9.0 Hz, Ar-CH-CH2-) , 6.75 
(4H, s, Ar-H) ppm. (+)-9B; [a]^ +153° (MeOH); mp 
172—173 °C. Found: C, 77.13; H, 8.87%. NMR (CDC13): 
«5 1.50 (6H, broad s, Ar-CH3), 2.20 (6H, s, Ar-CH3), 2.52 (6H, 
broad s, Ar-CH3), 3.55 (2H, dd, 7 - 4 . 5 and 10.5 Hz, 

H 
Ar-CH-C-OH), 4.10 (2H, dd, 7 - 8 . 5 and 10.5 Hz, Ar-

i 
H 
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H 

CH-C-OH). 4.80 (2H, dd, 7 = 4 . 5 and 8.5 Hz, Ar-CH-CH2-) , 
i 

H 
6.8 (4H, s, Ar-H) ppm. ( - ) -9B; [a]2^ -154° (MeOH). 

Bis[cc-(tosyloxymethyl)-2,4,6-trimethylbenzyl] Ethers, vae&o-10A, 
(+)-10B, and (—)-10B. The 9A, (+)-9B, and ( - ) -9B 
alcohols were tosylated with tosyl chloride in pyridine at 
80 °C to give 10A (78%), (+)-10B (73%), and (-) -10B 
(74%) respectively. 10A; mp 163 °C. Found: C, 66.65; 
H, 6.62%. Calcd for C36H420,S2: C, 66.45; H, 6.51%. 
(+)-10B; [a]2

D
2 +125° (GHC13); mp 140—141 °G. Found: 

C, 66.48; H, 6.63%. ( - ) -10B; [a]g -125° (CHC13). 
Found: C, 66.52; H, 6.56%. 

Reaction of the 10A Tosylate with Sodium Iodide. The 10A 
tosylate (250 mg) was reacted with sodium iodide (300 mg) in 
acetone in a sealed tube at 100 °C for 24 h. The reaction 
product (128 mg) was then treated with activated zinc (300 
mg) in acetic acid under reflux for 3 h to give 63 mg of 1-
ethyl-2,4,6-trimethylbenzene; bp 209—211 °C. 

Reactions of the 10A, (+)-10B, and(—)-10B Tosylates with 
LAH. The treatments of 10A, ( + )-10B, and ( - ) -10B 
with LiAlH4 gave the 9A, (+)-9B, and ( — )-9B alcohols 
respectively in high yields. 

Bis[a.-(mesyloxymethyl)-2,4,6-trimethylbenzyl] Ethers, meso-HA, 
(-\-)-HB, and (-)-HB. The mesylations of the 
9 A, (+)-9B, and ( —)-9B alcohols with mesyl chloride in 
pyridine at 80 °C for 2 h gave IIA (63%), ( + )-HB (72%), 
and ( - ) - H B (68%) respectively. I IA; mp 127—127.5 °C. 
Found: C, 58.02, H, 6.95%. Calcd for C24H3407S2: C, 
57.81; H, 6.87%. ( + ) - H B ; [a]2D° +41° (MeOH); mp 134 
°C. Found: C, 58.01; H, 6.94%. ( - ) - H B ; [a]2D° - 4 2 ° 
(MeOH). Found: C, 57.95; H, 6.92%. 

meso-Bis(1-mesitylethyl) Ether, 1A. (1) The treatment 
of the IIA mesylate (200 mg) with LiAlH4 (531 mg) in 
ether under reflux for 2 h gave 6 mg (4%) of 1A (mp 98—99 
°C) as plates from EtOH. IR (CCLJ : 1615, 1160, 1095, 1075, 
945, 855 cm-1. (2) The 10A tosylate (440 mg) was reacted 

with phenylmethanethiol (330 mg) and Na (80 mg) in 
diethylene glycol monoethyl ether (8 ml) under reflux for 
4 h. The reaction mixture was then poured into ice water, 
and the unreacted thiol was removed by steam distillation 
after acidification with dil HCl. An ether extract of the 
reaction product was treated with Raney Ni(w-2) in EtOH 
under reflux for 8 h to give 23 mg ( 11 % ) of 1A. 

Reaction of the (-\-)-UB Mesylate with LAH. The 
treatment of ( + ) - H B with LiAlH4 in ether under reflux 
gave the (+)-9B alcohol (83%). 

Optically Active Bis (1-mesitylethyl) Ethers, (+J-1B and (—)-
IB. The optically active tosylates, (+)-10B and (—)-
10B, were transformed into dibenzyl sulfides in a manner 
similar to that described for 10A. These crude sulfides were 
then treated with Raney Ni(w-2) to give ( + ) - l B (8%) and 
( - ) - l B (12%) respectively. ( + )-lB; [a]2D° +214° (MeOH); 
mp 132.5—133 °C. ( - ) - l B ; [a]2D° -212° (MeOH). IR 
(CC14): 1615, 1160, 1095, 1075, 945, 885 cm"1. These 
compounds were identical in IR spectrum with, but differ in 
mp from, the high-melting isomer, IB, obtained by another 
route.1) 

We wish to express our sincere gratitude to Professor 
T. Tokoroyama of Osaka Ci ty University for his many 
helpful discussions. 
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Reactions of Aromatic Compounds in Molten Salts. I. Dimerization 
of Aromatic Amines in a Molten Mixture of AlCl3-NaCl-KCl 

Hiroshi IMAIZUMI, Shizen SEKIGUCHI, and Kohji MATSUI 

Faculty of Engineering, Gunma University, Kiryu, Gunma 376 
(Received September 6, 1976) 

Aromatic amines underwent dimerization in a molten salt consisting of a mixture of AlCl3-NaCl-KCl. The 
reaction is an oxidative cationic polymerization but, in contrast with the reactions of the ordinary aromatic com­
pounds which gave the corresponding polyaryls, in the cases of aromatic amines the reaction was regiospecific and 
stopped at the stage of biaryl to yield benzidine derivatives. 

The coupling of aromatic nuclei using Lewis or 
protonic acids as a catalyst is called a Scholl reaction,3) 
and is applicable to the preparat ion of derivatives of 
polyaryl;2 - 4) however, this reaction is not useful for the 
synthesis of ordinary biaryl derivatives because of their 
low yields. 

When aromatic amines were heated in a molten salt 
consisting of a mixture of AlCl 3 -NaCl-KCl , derivatives 
of />,jb'-diaminobiaryl were found to be obtained as a 
major product. This paper reports the reactions of 
aromatic amines in molten salts to give benzidine 
derivatives. 

Exper imenta l 

All the melting points are uncorrected. NMR spectra 
were recorded on a Varian A-60D spectrometer. Mass 
spectra were recorded on a JEOL-JMS-07 mass spectrometer. 
Elemental analyses were performed in the Micro-analytical 
Center of Gunma University. The structural assignments of 
the reaction products were done by means of their NMR, MS 
spectra, and elemental analyses and by a mixed-melting-point 
test with an authentic sample. 

Materials. A1C13, NaCl, KCl, and other inorganic 
materials used were of reagent grade. The aromatic amines 
employed were purified by distillation or recrystallization 
and their purities were checked by TLC before use. 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

TABLE 1. BENZIDINE 

Compound 

H 2 N - < ^ _ ^ > — ^ ^ - N H 2 

C H 3 H N - / V - / ~ \ - N H C H 3 

( C H 3 ) 2 N - ^ ^ y - ^ ^ - N ( C H 3 ) 2 

( C H 3 ) 2 N - ^ ~ y - ^ ^ - N H 2 

/CI 
H * N - 0 - 0 " N H 2 

~ / C l ~~ 
H 2 N - ^ ~ y - < Q > - N H 2 

~~ CK 
Clx 

H 2 N - < y ~ ^ )>-NH2 

C l x ~ ~~/CI 

n2N-^y~^_y-NHZ 

H 2 N - / " ~ V - / ~ \ - N H 2 

CV= = 

Clx /CI 

H 2 N - < ^ > - ^ )>-NH2 

GV~ ~ 

Mp (°C) 
(Lit,) 

123—125 
(125—126)») 

92—93 
(74_76)*) 
192—193 
(193.5)°) 

144—145 

102—103 

162—163 
(163)d> 

105—107 

131—132 
(132—133) e> 

109—110 

168—169 

DERIVATIVES 

Solvent for 
recrystalization 

GeHe 

E tOH-H 2 0 

EtOH 

EtOH 

G e H i 2 

C6H12 

C6H12 

CC14 

C6H12 

C6H12 

Anal. 

G~ 

— 

— 

— 

78.67 
(79.21 

66.04 
(65.91 

— 

66.23 
(65.91 

— 

56.52 
(56.94 

50.41 
(50.12 

(%), Found (Calcd) 

H N CI 

— 

— 

— 

7.60 
7.60 

5.15 
5.07 

— 

5.08 
5.07 

__ 

4.03 
3.98 

3.17 
3.15 

— 

— 

— 

13.35 
13.20) 

12.87 
12.81 

— 

12.94 
12.81 

— 

10.88 
11.07 

9.69 
9.74 

— 

— 

— 

— 

16.2 
16.21) 

— 

16.3 
16.21) 

— 

27.5 
28.01) 

37.0 
36.98) 

a) R . J . W. Le Fèvre and E. E. Turner, Chem. Zentr., 98, H, 818 (1927). b) R. Willstätter and L. Kalb, 
Ber., 37, 3773 (1904). c) R. Willstätter and L. Kalb, Ber., 37, 3766 (1904). d) G. Schultz, Ber., 17,465 
(1884). e) P. Cohn, Ber., 33, 3552 (1900). 
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A typical example of the reaction is shown below : 5 ml 
of aniline (0.0549 mol) was added into a molten mixture of 
AlClg-NaCl-KCl (0.60: 0.20: 0.20 mol) under stirring and 
then the reaction mixture was stirred under blowing of O a 

(or N2) (20—30 ml/min). The mixture was then poured into 
a mixture of 500 ml of 0. IM HCl and 100 g of ice. After a 
small amount of the insoluble matter had been filtered off, 
the filtrate was made alkaline and the unreacted aniline was 
removed by steam distillation. The reaction products 
which remained in the residue were extracted with benzene, 
separated by column chromatography [silica gel, benzene-
acetone (10: 1 v/v)], and recrystallized (Table 1). 

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

Formation of Benzidines. When aniline and some 
iV-alkylanilines were heated at 150 °C in a mixture of 
AlCLj-NaCl-KCl (0.6: 0.2: 0.2 mol), the corresponding 
benzidine derivatives were obtained as the major 
products. Table 1 lists the benzidine derivatives thus 
obtained in this work. The yields increased very much 
in the presence of 0 2 , but above 250 °C dealkylation of 
iV-alkylanilines occurred. Table 2 lists the yields of 
benzidine derivatives in the presence of 0 2 . When a 

TABLE 2. YIELDS OF BENZIDINE DERIVATIVES IN THE REACTION 

OF ANILINES IN MOLTEN SALTS (AlCl3:NaCl:KCl=3:l : l ) a ) 

AT 150 ° C IN THE PRESENCE OF O a 

NRR' • R ' R N - / ~ ~ V - / \ - N R R ' 
molten salts \ = / \ = / 

(A) (B) 

(A) 

R R ' 

R Hb> 
H CH3

C> 
CH3 CH8

d> 

Atmosph. 
o

o
o 

Condition 

Time 
(h) 

10 
10 
10 

Conv. 
(%) 

46 
67 
57 

(B) 
Yield 
(%) 

78 
67 
65 

a) A1C13:0.60 mol, NaCl:0.20 mol, and KC1:0.20 mol 
were used, b) 0.0549 mol, c) 0.0462 mol, d) 0.0394 
mol of amines were used, respectively. 

TABLE 3. FORMATION OF BENZIDINE DERIVATIVES IN 

THE REACTION OF AMINE MLXTURE (A1C13 : 

NaCl:KCl=3:l : l ) AT 150 °Ca> 
NH2 NH2 NR, 

NH NR, 

' X X molten salts 

(A) (C) 
Molar ratio = 1:1 NH2 NR 

(D-l) (D-2) 

(C-l) 
(C-2) 

(C) 

R X 

CH3 H 
H Cl 

Condition 

Atmosph. T ™ e 

o2 io 
o2 io 

products (%) 

(D-TT(DV7D-3) 
26 28 5 
28 8 2 

mixture of two kinds of amines (in a molar ratio 1:1) 
was heated in the molten salt, the unsymmetric deriva­
tive of />,/>'-diaminobiaryl was obtained along with the 
symmetric ones. 

Effects of Lewis Acid. T h e dimerization of aroma­
tic amines was affected very much by the Lewis acids 
used : in the reaction of aniline, AlBr3 was found to be 
as effective as A1G13, but in the case of ZnCl2 , no 
benzidine derivative was found in the reaction mixture. 
O n the other hand, SnCl4 was ineffective at 100 °C; 
most of the starting material was recovered even after 
heating for a long time. 

TABLE 4. EFFECT OF MOLTEN SALT COMPOSITION ON PRODUCT 

YIELDS IN THE REACTION OF ANILINEA> 

Condition Product 
Composition ^ ~— 

(mo1) Atmosph. T«gJ> Time 
(h) 

Conv. Yield Coke 
(%) (%) (g) 

AlCl3:NaCl:KCl 
(0.6:0.2:0.2) 

AlBr3:NaCl:KCl 
(0.6:0.2:0.2) 

ZnCl2:NaCl:KCl 
(0.6:0.2:0.2) 

SnCl4
b> (0.5) 

o, 

o, 
Oo 

o2 
o2 

200 

150 

200 
240 
100 

5 

5 

100 
40 
20 

66 

62 

30 
100 
~ 0 

79 

78 

trace 
— 
— 

— 

— 

0.9 
5.2 
— 

a) 5 ml (0.0549 mol) of aniline was used. A1C13: 0.60 
mol, NaCl: 0.20 mol, and KCl: 0.20 mol were used. 

a) Substrate: aniline, 0.0549 mol. b) This system is not a 
molten salt, but cited here for comparison. In this case, 
anilinium salt was insoluble in SnCl4 at 100 °C. 

These Lewis acids are known to form complexes with 
aromatic amines. In our experiment, the complexation 
was much more exothermic in the mixture of AlBr3-
NaCl -KGl (0.6: 0.2: 0.2 mol) or of AlGl 3 -NaCl-KCl 
(0.6: 0.2: 0.2 mol) than in the mixture of Z n C l 2 - N a C l -
KC1 (0.6: 0.2: 0.2 mol).5) Table 4 clearly shows that 
the above-described heat of complexation is parallel to 
the yields for the dimerization, and also comparable 
to the relative acid-strengths of AlBr3, A1G13, and ZnCl2 

toward 2-methyl-4-nitroaniline in diethyl ether ca. 
2: 1 : ca. 0.01.6) These results suggest that the complexa­
tion ability of the Lewis acids with amines plays an 
important role in the dimerization. 

Formation of Chlorinated Benzidines. When aromatic 
amines were heated in the molten salts in the presence 

T A B L E 5 . E F F E C T O F A T M O S P H E R E O N T H E Y I E L D S O F C H L O ­

R I N A T E D BENZIDINES IN THE REACTION OF BENZIDINE 

HYDROCHLORIDE IN MOLTEN SALT (A1C13 : 

NaCl :KCl=3: l : l ) AT 150 °Ca> 

Condition 
Atmosph. 
Temp (°C) 
Time (h) 

% Conv. 
Yield (%) 

3-Chlorobenzidine 
3,3'-Dichlorobenzidine 
3,5-Dichlorobenzidine 
3,3',5-Trichlorobenzidine 

a) A1C13: 0.60 mol, NaCl: 0.20 mol, and KCl: 0.20 mol 
were used. 0.0182 mol of benzidine hydrochloride was 
used. 

N2 

150 
10 

~ 0 

race 
— 
— 
— 

o2 
150 
10 
60 

72 
16 
4 

trace 

file:///-NRR'
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of 0 2 , a small amount of chlorinated benzidines was 
obtained; their amounts increased with the reaction 
time. However, the formation of chlorinated benzidines 
was not observed in the absence of 0 2 ; in the presence 
of 0 2 , the gas mixture evolved in the reaction vessel 
turned KI-starch test paper into blue, indicating the 
presence of Cl2 which would react with amines to yield 
the chlorinated benzidines. Thus, when benzidine 
hydrochloride was heated in the molten salt, various 
chlorinated benzidines were obtained (Table 5). In the 
presence of aniline hydrochloride, chlorinated products 
were formed more rapidly and in high yields; thus, the 
formation of chlorinated products is assumed to proceed 
by the sequence shown in Scheme 1. 

T A B L E 6. E F F E C T OF HYDROGEN CHLORIDE ON THE FORMATION 

OF CHLORINATED BENZIDINE IN MOLTEN SALT 

(AlCl 3 :NaCl:KCl=3: l : l ) AT 150 °Ca> 

Aniline 
Substrate Anilineb) hydro­

chloride*^ 

100 

Condition 
Atmosph. 
Temp (°G) 
Time (h) 

% Conv. 
Yield (%) 

Benzidine 
3-Chlorobenzidine 
3,3'-Dichlorobenzidine 
3,5-Dichlorobenzidine 
3,3',5-Trichlorobenzidine 

o2 
150 
10 
85 

87 
trace 
— 
— 
— 

o2 
150 
20 
95 

38 
37 
10 
4 

trace 

a) A1G1,: 0.60 mol, NaCl: 0.20 mol, and KCl: 0.20 
mol were used, b) 0.0549 mol. c) 0.0182 mol. 

-NH 2 + ^ O a 

i molten salts 
2HC1 + y O a > Cl2 + H 2 0 

2 

H 2 N - / ^ > — ^ ^ - N H 2 + H 2 0 (1) 

A1C13 + H 2 0 • AlCl2(OH) + HCl (2) 

(3) 

Cl2 + AICI3 • C1+A1C14- (4) 

H 2 N - / \ — / \ - N H 2 + C1+A1C14- • 

H 2 N - / V — / ~ \ - N H a + HCl + AICI3 (5) 
= = \ C 1 

Scheme 1. Process for the formation of chlorinated 
benzidines. 

Effects of Composition of Molten Salt. Although A1C13 

is known to form the 1: 1 complex with NaCl or KCl 
in a molten salt and only the remaining A1C13 has any 
catalytic activity,7) benzidine was also formed even in 
the molten salt of a molar ratio [AlGl3 /(NaCl-f KCl)] less 
than unity, suggesting that aniline took A1G13 away from 
the complex. When the molar ratio of aniline to free 
AICI3 was 1: 4 or 1: 2 in the molten salt of A1C13: NaCl : 
KCl (0.6: 0.2: 0.2 mol) at 200 °C in a stream of N2 , the 
reaction mixture remained completely clear. O n the 
other hand, as the molar ratio became 1: 1 or larger, the 

804 

r. 6oH 

> 
0 
o 

U 

40-̂  

20J 

0-

v55 
V 

A O 

4 U 

h 2 

0 

AICI3 (mol) 

Fig. 1. Effect of molten salt composition on the product 
yields (reaction temp 200 °C, reaction time 5 h, sub­
strate; aniline 0.0549 mol). 

a) Aniline : free A1C31= 1: 0. 
b) Aniline: free A1C13=1: 1. 
c) Aniline: free A1C13= 1:2. 
( | : Conversion ( % ). X : 
O : Benzidine(%). Q : 
A : Coke(g). # : 

Total yield(%). 
Total Benzidines (g). 
Chlorobenzidine(%). 

mixture increasingly became more turbid. These facts 
indicate that the AlCl3-aniline, AlCl3-NaCl, and A1C13-
KC1 complexes are practically soluble in a molten salt 
and that the free NaCl and KCl, formed when aniline 
takes A1C13 from the AlCl 3-NaCl or A1C13-KC1 complex, 
are insoluble in a molten salt,8-10) supporting the above-

100-

3 
v 
o 

4 Ü 

L2 

T ^ 1 
0 0 .5 1.0 1.5 2 .0 

[AlCl3]/[anilinel ratio 

Fig. 2. Effect of [A1C13]/ [aniline] ratio on the product 
yields (reaction temp 150 °C, reaction time 20 h, 
substrate; aniline 0.0549 mol). 

— O — : yield (%). 
0 : Conversion (%). 
3 : Coke(g). 
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described suggestion. Of course, the yield of benzidine 
increased with an increase in the ratio of AlCl3 /(NaCl + 
KC1); in the region of ratio between 1—2 the increase 
in yield was most remarkable. 

Reactions of Aniline with AlClz in the Absence of NaCl and 
KCl. In the reaction of aniline with A1C13 in the 
absence of KCl and NaCl, a large amount of black tarry 
matter was obtained, and the yield of benzidine increas­
ed with an increase in the amount of A1C13. These 
results suggest that A1C13 complexed aniline at the site 
of amino group preferentially, arguing from a conside­
ration of the similar spectral change on addition of A1C13 

or HCl to aniline, and that more than one equivalent 
amount of A1C13 is necessary for the dimerization of 
aniline. 

When aniline was heated with aniline hydrochloride 
in the absence of A1C13, no benzidine was formed, and 
no corresponding derivative of benzidine was similarly 
observed when dimethylaniline was heated with N,N-
dimethyl-JV-ethylanilinium iodide. Therefore, it may be 
obvious that the activation by quaternization of an 
amino group is not sufficient to dimerize an aromatic 
amine, in spite of the strong electron-withdrawing power 

+ 
of the - N R 3 group.11) 

From these results, a probable process for the forma­
tion of benzidine from aniline in the molten salt is shown 
in Scheme 2 : 

HCl + A1C13 T=± H + A1C14- (1) 

/ \ - N R 2 + AICI3 t=± / " ~ \ - N R 2
+ AICI3- (2) 

/ \ - N R 2
+ AICI3- + H+ <=» 

(a) (b) (c) 

stability of cf-complex (b)^>(a), (c) 

(b) + <J3 - N R a — 

R 2 N - € X ^ N R 2 + A I C I S " v 

R 2 N " < 0 ^ O " NR2+A1CV — 
R 2 N - < ( Z ^ — K — y ~ N R * + A i c i a " ^ 

Scheme 2. A probable process for the formation of 
benzidine in molten salts. 

1) Formation of H+A1C14- from A1C13 and HCl , 
which would be formed from A1C13 and trace amounts 
of water in the molten salt. 

2) Formation of a complex from aniline and A1C13. 
Although an equilibrium of the complex formation 
should lie far to the right, a slight amount of free 
aniline would be present in the reaction mixture, judging 
from the fact that all the chlorinated benzidine deriva­
tives obtained in the reactions should be derived from 
free amines; all of them have halogen atoms at ortho 

or/and para positions to the amino group. 
3) Formation of a cr-complex by the reaction of the 

aniline-AlCl3 complex with H+A1C14
_. In this reaction, 

the formation of three kinds of a-complexes may be 
possible and from the adjacent charge rule the complex 
(b) should be the most stable and probable one among 
them; a similar ^-complex was observed by Olah et A/.11) 
However, the ©--complex formation would take place 
only with difficulty because of the positive character 
of the aniline-AICI3 complex. Thus, even though the 
concentration of the complex (b) is very low, b would 
be very electrophilic and a true reactive species in this 
reaction. 

4) Formation of protonated dihydrobenzidine by a 
combination of the complex (b) with aniline, which 
would be present in a slight amount in the reaction 
mixture ; this combination of two aromatic nuclei would 
be the key step in the benzidine formation from aniline 
in the molten salt. 

5) Formation of a complex consisting of benzidine 
and A1C13 from protonated dihydrobenzidine by 
dehydrogenation and deprotonation. Monosubstituted 
benzenes such as halo-3) and alkyl-benzenes4) reacted 
with Lewis acids to give the derivatives of polyphenylene. 
However, the reaction of aromatic amines was very 
regiospecific and stopped at the stage of dimerization to 
yield />,jb'-diaminobiaryls. The difference in the reaction 
between amine and other aromatic compounds would 
be at tr ibuted to the amino group which complexes A1C13 

preferentially. Then the coordinated amine would react 
with H+A1C14~ to give the (7-complex of meta type (b), 
which would attack a free amine at the ortho or para 
position to the amino group, with the para attack 
predominating because of the steric hindrance in the 
ortho attack. 

As to the reaction site of the free amine component, it 
may be reasonable to consider as follows : in the ordinary 
electrophilic substitution of aromatic compounds having 
an 0- and /»-directive group, the para attack proceeds 
more readily than the ortho attack even in the absence 
of steric hindrance. The positive charge of the reagent 
(b) spreads over three 0- and ^-positions to the sp3 

carbon in the ring, and consequently the electrophilic 
reactivities of para and ortho carbon atoms would be 
very low. Therefore, this reaction should be very 
selective, as in the cases of azo-coupling reactions of 
diazonium salts with aromatic amines; thus, in the 
present cases, the reactions took place almost exclusively 
at the o-position to the sp3 carbon. 

It may also be possible to form a similar benzidine-
A1C13 complex (of the molar ratio of 1: 1 or 1: 2) to 
that from aniline. However, protonation of the 1: 2 
complex to yield a reactive species (d) , corresponding 

+ 
to b in structure, would be much harder by two -N< 
groups than in the case of an aniline complex.11) T h e 
concentration of a 1: 1 complex should be very low in 
the presence of an excess of A1C13. Moreover, protona­
tion would occur at the free amino group to give a 
complex similar to the 1: 2 complex. After all, protona­
tion is considered to be very difficult in the case of the 
benzidine-AlCl3 complex ( 1 : 1 or 1:2), and, therefore, 
there is little possibility that a corresponding reactive 
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species to b reacts with aniline to produce a trimer. 
O n the other hand, the concentration of free benzidine 

would be very low in the presence of an excess of A1G13 

compared with the case of aniline, and, moreover, the 
attack of b on the ortho position to the amino group of 
benzidine is considered to be very difficult because of 
the steric hindrance. Thus, b should react with 
aniline preferentially even in the presence of benzidine. 
Therefore, the possibilities of giving a trimer [reaction 
product of b with benzidine or reaction product of 
d with aniline] or tetramer [reaction product of d 
with benzidine] should be very low. This interpretation 
is consistent with the fact that the reaction of aromatic 
amines stopped at the stage of dimerization. 

These speculations may be supported by the fact that 
m-phenylenediamine did not undergo dimerization and 
most of it was recovered in the molten salt; in the 
presence of an excess of A1C13, m-phenylenediamine 
would complex 2 mol of A1C13 to form a 1: 2 complex, 
whose protonation to yield a a-complex would occur 
with great difficulty. Even if a a-complex is formed, 
little biphenyl would be formed, because m-phenylenedi­
amine would not be present as a free base in the presence 
of an excess of A1C13. 
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Amidrazones and Related Compounds. IV.1) The Cyclization of 
Hydrazidines to 2,3,4,5-Tetrahydro-l,2,4,5-tetrazine 

and 4-Amino-l,2,4-triazole Derivatives 
Masahiko TAKAHASHI, Hideya T A N , Kunio FUKUSHIMA, and Hiroaki YAMAZAKI 

Department of Industrial Chemistry, Faculty of Engineering, Ibaraki University, Hitachi, Ibaraki 316 
(Received September 16, 1976) 

Three methods of cyclization of hydrazidines are described. The reaction of JV4-arylhydrazidines (2) 
with dimethyl acetylenedicarboxylate in refluxing tetrahydrofuran afforded 6-alkyl and aryl-2-aryl-3-methoxy-
carbonyl-3-methoxycarbonylmethyl-2,3,4,5-tetrahydro-l,2,4,5-tetrazines (3). Oxidation of i\T4-aryl-JV2-arylmeth-
ylenehydrazidines (6) with mercuric oxide in refluxing ethanol gave 3-alkyl and aryl-5-aryl-4-arylamino-l,2,4-tri-
azoles (7). 3-Alkyl and aryl-4-arylamino-l,2,4-triazoles (7f, g) were obtained upon the heating of (2a, e) in 
formic acid. 

In contrast to amidrazones2) the use of hydrazidines, 
nitrogen analogues of amidrazone, as starting materials 
for the preparation of nitrogen heterocycles has not been 
extensively studied. 

The reaction of A^-arylhydrazidines with nitrous acid 
has been reported to give 2,6-diarylpentazines,3) which 
were later corrected to be l-arylamino-5-aryltetrazoles.4) 
Methylthiohydrazonium salts have been noted5) to 
cyclize in the presence of hydrazines to give 2,5-diphenyl-
tetrazoles through intermediary hydrazidines. T h e 
synthesis of 3,5-disubstituted 4-arylamino-l,2,4-triazoles 
from acylhydrazidines has been investigated by Buzykin 
and coworkers.63»13) Recently, Neunhoeffer et al. have 
prepared some JV-unsubstituted hydrazidines,7) and 
pyrrolo[l,2-6][l,2,4,5]tetrazines.8) 

In this paper, the methods of cyclization of hydra­
zidines to some heterocycles by use of dimethyl acetyle­
nedicarboxylate, mercuric oxide, and formic acid are 
reported. 

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

Hydrazidines (2) are available by the reaction of 
hydrazonyl bromide (1) and hydrazine hydrate in 
alcohol.9) Although the presence of the tautomerism 
2 A ^ 2 B of hydrazidine appears possible, no study of it 
has been reported. However, the formation of 4-amino-
1,2,4-triazoles6»7) and 1-aminotetrazoles4) supports the 
tautomerism. All the reported cyclization occured at 
the N2 and N3 positions. However, when 2 were treated 
with dimethyl acetylenedicarboxylate, compounds 
cyclized at the N2 and N* positions were formed. 

Thus, when JV4-(2-bromo-4-nitrophenyl)benzohydra-
zide hydrazone (2a) was allowed to react with dimethyl 
acetylenedicarboxylate in refluxing tetrahydrofuran, an 
orange product was obtained. This compound was 
proved to be a 1: 1 adduct on the basis of elemental 
analysis and its mass spectrum (mje 491, M+). T h e 
I R spectrum showed N H , G=N, and ester absorptions 
at 3260, 1625, and 1705 cm"1 , respectively. T h e pre­
sence of two methyl and one methylene groups was 
ascertained by resonance a t ô 3.65 (s, 3H) , 3.75 (s, 
3H), and 3.90 (s, 2H) in the N M R spectrum. How­
ever, these data do not distinguish between the tetra-
hydrotetrazine (3a) and dihydrotriazole (5a). There ­
fore, to determine the structure, some reactions were 

a t tempted and an oxidized product was obtained upon 
treatment of the adduct with nitric acid, which was 
previously used for the oxidation of dihydrotetrazine to 
tetrazine.10) T h e oxidized product showed no N H 
absorption, but two ester absorptions at 1736 and 1725 
c m - 1 . In the N M R spectrum, the absorptions at Ô 3.64, 
3.74, and 3.31 were assigned to two methyl and one 
methylene groups, respectively. T h e mass spectrum 
(mje 489, M+) and elemental analysis suggest one molar 
dehydrogenation from the 1: 1 adduct . From these 
data , it is concluded that the structure of the adduct is 
3a , 2,3,4,5-tetrahydro-l,2,4,5-tetrazine and the oxidized 
product is 2,3-dihydro-l,2,4,5-tetrazine (4).The physical 
properties and the spectral data of other tetrazine 
derivatives are listed in Table 1. 

« - ( 
N-NH 

Br 

1 

3 y R 

NH2NH2 #-NH 
* R - f i 2 

N-NH2 

- R ^ 

H / R 

N-MH 

C02M<? 

1 C 

C02Me 
2» 

N-N 
H H 

N-NH2 

J - P 1 

HN03 

C02Me 

N-^C02Me 
HN-R1 

N- C02M<? 

C02M<? -C£ C02M<? 

1, 2, 3, 4, 5, 
a 
b 
c 
d 
e 
f 

R 
C6H6 

4-ClC6H4 

C6H5 

1-MePr 
Me 
4-z-PrC6H4 

Scheme 1. 

5 

R1 

2-Br-4-N02C6H3 

2-Br-4-N02C6H3 

4-N02G6H4 

2, 4-(N02)2C6H3 

2, 4-(N02)2C6H3 

2-Br-4-N02C,H3 

T h e synthesis of nitrogen heterocycles from hydra­
zidines has also been at tempted. Spasov et al.11) have 
described the oxidation of arylmethylene derivatives of 
amidrazones with mercuric oxide to yield 3,4,5-triaryl-
substituted 1,2,4-triazoles. Then this method was 
applied to hydrazidines. A mixture of N2-benzylidene-
N4- (2-bromo-4-nitrophenyl) benzohydrazide hydrazone 
(6a) and mercuric oxide in ethanol was refluxed for 
24 h. T h e elemental analysis, mass spectrum (mje 
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TABLE 1. PHYSICAL PROPERTIES AND SPECTRAL DATA OF 3 

Com­
pound 

3a~~ 

3b 

3c 

3d 

3e 

Com­
pound 

7^~ 

7b 

7c 

7db> 

7e 

7f 

7g 

Yield 
(%) 

77 

86 

80 

88 

87 
1 

Yield 
(%) 

48 

28 

55 

29 

75 

56 

69 

Mp (°C) 
(Solvent) 

184—187 
(C6H5) 
191—193 

(THF-MeOH) 
184—186 
(C6H6) 

149—151 
(MeOH) 
158—160 

(CHCl3-MeOH) 

Mp C Q 
(Solvent) 

265—267 
a) 

228—231 
a) 

244—246 
a) 

213—214 
(C6H6) 

244—245 
a) 

222—224 
(MeOH) 
260—261 
(MeOH) 

Molecular 
formula 

C]9H l806N5Br 

C13H1706N5BrCl 

G19H1806N5 

C17H2208N8 

C14H1608N6 

Found (Calcd) 

C % ^ ^ H % 

46.35 
(46.36 

[ 43.58 
(43.32 
55.08 

(55.34 
46.36 

(46.57 
42.21 

(42.43 

3.80 
3.68) 
3.31 
3.25) 
4.51 
4.40) 
5.04 
5.06) 
3.93 
4.07) 

3260, 
1582, 
3260, 
1636, 
3190, 
1625, 
3250, 
1655, 
3300, 
1712, 

IR (KBr) 
(cm-1) 

1705, 
1530 
1728, 
1582 
1735, 
1590 
2960, 
1620 
3070, 
1705, 

TABLE 2. PHYSICAL PROPERTIES AND SPECTRAL DAT^ 

Molecular 
formula 

C20H14O2N5Br 

C22H1902N6Br 

C20H13O2N5BrCl 

C l sH1804N6 

C26H2602N5Br 

C14H10O2N5Br 

C9H804N6 

Found 

C°AT 
55.11 

(55.00 
55.30 

(55.12 
51.35 

(51.03 
56.32 

(56.54 
59.72 

(60.00 
46.92 

(46.68 
40.97 

(40.91 

(Calcd) 

3.14 
3.20) 
4.44 
4.00) 
3.28 
2.78) 
4.83 
4.75) 
5.09 
5.04) 
3.09 
2.78) 
3.05 
3.05) 

3140, 
1500, 
3130, 
1610, 
3160, 
1500, 
3200, 
1618, 
3170, 
1500, 
3080, 
1475, 
3120, 
1503, 

IR (KBr) 
(cm"1) 

3060, 
1475 
3060, 
1580 
3080, 
1473 
3100, 
1600, 
2960, 
1488 
1580, 
1445 
1620, 
1415 

1625, 

1702, 

1705 

1715, 

2960, 
1647 

L OF 7 

1589, 

2900, 

1590, 

2960, 
1520 
1593, 

1500, 

1600, 

UV (MeOH) 
(nm, (log c)) 

253 (4.21), 423 (4.32) 

238 sh (4.30), 256 sh (4.23), 
300 sh (3.99), 403 (4.44) 
227 (4.36), 286 sh (3.96), 
405 (4.46) 
234(4.31), 262 (4.19), 
398 (4.35) 
228 (4.23), 263 (4.19), 
393 (4.28) 

UV (MeOH) 
(nm, (log e)) 

253 (4.36), 326 (4.05) 

220 sh (4.36), 230 sh (4.27), 
317 (4.53) 
260 (4.41), 324 (4.07) 

242 (4.36), 316 (4.06), 
380 sh (3.76) 
264 (4.45), 330 (4.09), 
450 sh (2.68) 
240 (4.29), 326 (4.10), 
498 (2.97) 
220 (4.10), 259 (4.04), 
314 (4.11), 445 sh (2.84) 

a) C6H6-petroleum ether, b) Column chromatographed on silica gel with CHC13. 

435, M+), and I R spectrum (NH absorption at 3140 
cm - 1 ) of the product indicate it to be 4-amino-1,2,4-
triazole (7a) or 2,5-dihydro-l,2,4,5-tetrazine (9a). T h e 
N M R measurement of a product, whose substituents R 
and R 2 are the same, would reveal the structure to be 
symmetric (7) or asymmetric (9). In the N M R spectrum 
of products 7e and 9e obtained from 6e, four methyl 
and two methylidyne groups of the two isopropyl 
groups on R and R 2 were observed at Ô 1.15 (12H, d, 
7 = 7 . 0 Hz) and 2.80 (2H, m, J = 7 . 0 H z ) , respectively, 
and the aromatic protons on R and R 2 were observed 
at ô 7.01 (4H, d, / = 8 . 2 Hz) and 7.55 (4H, d, J=S.2 
Hz) . These results show that the product apparently is 
not asymmetric 9e, but is symmetric 7e. T h e confirma­
tion of the structure of 7 has been further conducted 
according to reported method,7) that is, the dehydration 
of A^-acyl-A^-substituted hydrazidines (8) to 7. 8a 
prepared from l a was heated in acetic acid and the 
product was identical with 7a. T h e physical and 
spectral da ta for product 7 from 6a—e are listed in 
Table 2. 

When 2a was heated in formic acid, a product was 
obtained. T h e analytical and mass spectral results 
suggest 7f or 9f to be possible structures. But 7f is 
prefered on the basis of the N M R spectrum, which is as 
follows: six aromatic protons and one N H proton at 

ô 7.4—7.95 (m) and 9.04 (s), respectively, besides 
protons due to the 2-bromo-4-nitrophenyl group, which 
were clearly assigned (see Experimental) . The reaction 
presumably proceeded via formylated hydrazidine (8f ) 
to 7f. However, this cyclization method was sometimes 
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accompanied by by-products and only 7f and 7g were 
obtained in pure forms. 

Exper imenta l 

All the melting points are uncorrected. The IR, UV, and 
NMR spectra were measured using a JASCO Model IRA-2 
spectrometer, a Shimadzu Model MPS-501 spectrometer, and a 
Hitachi Model R-20 spectrometer, respectively, A Shimadzu 
Model UM-3B apparatus was used for the elemental analysis. 

Materials. Compounds la,12> lb12> le,12) ld,13> le,13) 
and lf12> were prepared using reported methods. The 
hydrazines (2a—f ) were prepared by the method of Hegarty 
et al.9) The arylmethylene hydrazidines 6a,9> 6c,9> and 6d13> 
were prepared by known methods. 6b was prepared by 
refluxing the EtOH solution of 2a and /»-dimethylamino-
benzaldehyde for 30 min. Recrystallization from benzene 
afforded red plates; mp 184—186 °C. Found: C, 55.02; 
H, 4.11%. Calcd for G22H2l02N6Br: C, 54.89; H, 4.40%. 6e 
was prepared as follows: a mixture of 2f (1.24 g, 3.2 mmol), p-
isopropylbenzaldehyde (950 mg, 6.4 mmol), and triethylamine 
(320 mg, 3.2 mmol) in EtOH (64 ml) was refluxed for 2 h. 
After cooling, the precipitates were filtered to give 6e (658 mg, 
39% yield). Recrystallization from THF-MeOH gave brown 
needles; mp 193—195 °C. Found: C, 59.49; H, 5.25%. 
Calcd for C26H2802N5Br: C, 59.77; H, 5.40%. 

2-( 2-Bromo-4-nitrophenyl)- 3 -rnetkoxycarbonyl- 3-methoxycarbonyl-
methyl-6-phenyl-2,3,4, 5-tetrahydro-l, 2, 4, 5-tetrazine (3a). 
A mixture of 2a (1.0 g, 2.9 mmol) and dimethyl acetylene-
dicarboxylate (490 mg, 3.4 mmol) in THF (40 ml) was 
refluxed for 4 h. After evaporation of the solvent under 
reduced pressure, the residue was washed with a small 
amount of MeOH and filtered to give 3a (1.1 g, 77% yield). 
Recrystallization from benzene afforded orange crystals; mp 
184—187 °C. NMR (DMSO-rf6) : Ô 3.65 (3H, s, -CH3) , 3.75 
(3H, s, -CH3), 3.90 (2H, s, -CH,-) , 7.4—8.3 (8H, m, aromatic 
H), 10.85 (1H, s, NH), 11.30 (1H, s, NH). MS m/e (%) : 493 
(M++2, 51), 491 (M+, 53), 434 (54), 432 (54), 334 (13), 332 
(15), 245 (33), 216 (38), 214 (40), 104 (82), 103 (100). 

The tetrazines (3b—3e) were prepared in a manner similar 
to that described above by refluxing the reaction mixture for 
2.5—4 h. 

2- (2-Bromo-4-nitrophenyl)- 3 -rnetkoxycarbonyl- 3-methoxycarbonyl-
methyl- 6-phenyl- 2,3-dihydro-1,2,4, 5-tetrazine (4). To a 
suspension of 3a (500 mg, 1.0 mmol) in AcOH (20 ml) was 
added nitric acid (0.43 ml) dropwise with cooling and stirring. 
After the color of the reaction mixture became red, crushed 
ice was added and the solution was made alkaline with aq 
sodium carbonate. The resulting precipitates were filtered to 
give 4 (390 mg, 79% yield). Quick recrystallization from 
MeOH afforded orange plates; mp 133—136 °C. Found: 
C, 46.35; H, 3.30%. Calcd for C19H1606N6Br : C, 46.54; 
H, 3.29%. IR (KBr): 3090, 2950, 1736, 1725, 1584 cm-1. 
UV (MeOH) nm (log e) : 218 (4.46), 231 sh (4.32), 256 sh 
(4.00), 278 (3.87), 360 (4.32). NMR (CDC13) : Ô 3.31 (2H, s, 
-CH,-) , 3.64 (3H, s, -CH3), 3.74 (3H, s, -CH3) , 7.3—8.6 
(8H, m, aromatic H). MS m/e (%): 491 (M++2, 0.4), 
489 (M+, 0.4), 463 (7.8), 461 (8.0), 404 (5.8), 402 (5.8), 
360 (11), 358 (12), 332 (13), 330 (14), 301 (43), 299 (45), 
279 (39), 269 (39), 267 (21), 258 (19), 256 (19), 233 (24), 
116(23), 103(100). 

4-(2-Bromo-4-nitroanilino)-3,6-diphenyl-J,2,4-lriazole (7a). 
A mixture of 6a (200 mg, 0.41 mmol) and yellow mercuric 
oxide (260 mg, 1.2 mmol) in EtOH (120 ml) was refluxed 
for 24 h. After the inorganic materials were filtered off, the 
filtrate was concentrated under reduced pressure and the 

resulting precipitates were filtered to give 7a (138 mg, 48% 
yield). Recrystallization from benzene-petroleum ether 
afforded a pale yellow powder; mp 265—267 °C. MS m/e 
(%): 437 (M++2, 41), 435 (M+, 43), 221 (43), 192 (51), 
118 (36), 103 (58), 89 (100). The triazoles (7b—e) were 
prepared in a manner similar to that described above by 
refluxing the reaction mixture for 15—28 h. The NMR 
spectrum of 7e (CDC13): ô 1.15 (12H, d, 7 = 7 . 0 Hz, -CH 3 on 
isopropyl), 2.80 (2H, m, 7 = 7 . 0 Hz, CH on isopropyl), 5.98 
(1H, d, 7 = 9 . 0 Hz, 6-H on R1), 7.01 (4H, d, 7=8 .2 Hz, o- or 
m-H on R and R2), 7.55 (4H, d, 7 = 8 . 2 Hz, o- or m-U on R 
and R2), 7.73 (1H, dd, 7 = 9 . 0 and 2.2 Hz, 5-H on R1), 8.21 
(1H, d, 7=2 .2 Hz, 3-H on R1), 8.80 (1H, s, NH). 

Ni-(2-Bromo-4 -nitrophenyl) -W-benzoylbenzohydrazide hydrazone 
(8a). To a solution of l a (600 mg, 1.5 mmol) and 
benzoylhydrazine (245 mg, 1.8 mmol) in THF (10 ml) was 
added a solution of triethylamine (300 mg, 3.0 mmol) in 
THF (3 ml) dropwise with stirring at room temperature. 
After stirring for an additional 2 h, the resulting precipitates 
were removed by filtration and the filtrate was evaporated 
under reduced pressure giving an oily residue. To the 
residue was added a small amount of MeOH to lead to solidifi­
cation. The solids were collected by filtration and recrystal-
lized once from MeOH-THF to give 8a (303 mg, 44%> yield). 
An additional recrystallization afforded orange needles; mp 
196—198 °C. Found: C, 53.16; H, 3.39%. Calcd for 
C20H16O3N5Br: C, 52.87; H, 3.55%. IR (KBr): 3440, 
3280, 1653, 1588, 1508, 1488 cm"1. 

Cyclization of 8a to 7a. A solution of 8a (100 mg, 0.22 
mmol) in AcOH (3.0 ml) was refluxed for 30 min. After 
removal of the solvent under reduced pressure, the residual 
solid was washed with a small amount of MeOH and collected 
by filtration. One recrystallization from MeOH afforded 
white needles; mp 265—267 °C (60 mg, 62% yield). The 
mp and IR spectrum were identical to those of 7a. 

4-(2-Bromo-4-nitroanilino)-3-phenyl-l,2,4-triazole (7f). 
A solution of 2a (200 mg, 0.57 mmol) in formic acid (1.0 ml) 
was refluxed for 2 h. After cooling, a small amount of MeOH 
was added to the reaction mixture to give crystalline pre­
cipitates, which were collected by filtration and recrystallized 
once from MeOH to give 7f (116mg, 56%, yield). MS 
m/e (%): 361 (M++2, 84), 359 (M+, 86), 145 (36), 104 (100). 
NMR (DMSO-</6): ô 6.28 (1H, d, 7 = 9 . 0 Hz, 6-H on R1), 
7.4—7.95 (6H, m, aromatic H on R and the triazole ring), 
8.08 (1H, dd, 7 = 9 . 0 and 2.2 Hz, 5-H on R1), 8.45 (1H, d, 
7=2 .2 Hz, 3-H on R1), 9.04 (1H, s, NH). 

4-(2,4-Dinitroanilino)-3-methyl-l,2,4-triazole (7g). A 
solution of 2e (300 mg, 1.2 mmol) in formic acid (3.0 ml) was 
refluxed for 1 h. Water was added to the reaction mixture 
and the solution was allowed to stand overnight. The 
resulting precipitates were collected by filtration to give 7a 
(216 mg, 69% yield). 

T h e authors wish to express their thanks to Dr. 
Masatoshi Hirayama and Mr . Mamoru Sekine for the 
N M R measurements and to the Sankyo Co., Ltd., for 
the mass spectral measurements. 
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Amidrazones and Related Compounds. V.1) The Formation of 
Pyrazole, 1/7-1,2,4-Triazepine, and 4JJ,llJJ-[l,5]Diazocino-

[2,3-e: 6,7-c/]di[lJ9r-l,2,4]triazepine Derivatives 
Masahiko TAKAHASHI, Noriyuki SUGAWARA, and Kaoru YOSHIMURA 
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Amidrazones RC(NH2) = NNH2 (la, b) (R=2-pyridyl, phenyl) reacted with E t O C H ^ C R ^ 2 (2a—d) 
(RSR2=CN, C02C2H5 , COC02G2H5) to give RC(NH2) = NNHCH=CR 1R 2 (3a—g). 3,4-Disubstituted pyra-
zoles (4a, b) were obtained on the heating of 3a, b , e, and f (R=2-pyridyl, phenyl, R 1 =CN, R 2 =CN, C02C2H5) 
in toluene. However, the heating of 3c (R=2-pyridyl, R 1 =R 2 =G0 2 C 2 H 5 ) gave a dimer, the 2,3,7,9,10-penta-
azadodeca-1,4,8,11-tetraene derivative (9), instead of 4. 5-Amino-6-ethoxycarbonyl-3-(2-pyridyl)-l//-l,2,4-
triazepine (10) was obtained by the reaction of 3a (R=2-pyridyl, R 1 =CN, R 2=C0 2C 2H 5 ) with ethanolic hydrogen 
chloride. The treatment of 10 with alkaline gave 2,9-di-2-pyridyl-6,7,13,14-tetrahydro-4//,ll//-[l,5]diazocino-
[2,3-e: 637-e']di[l//-l,2,4]triazepine-6,13-dione (11). Triazepine (10) reacted with hydrazines to give 5-hydrazino-
1//-1,2,4-triazepine derivatives (13a, b) . 

Amidrazones2) show a strong nucleophilicity similar 
to hydrazine and are known as versatile reagents in the 
synthesis of some nitrogen heterocycles. However, the 
synthesis of monocyclic 1,2,4-triazepine derivatives by 
the use of amidrazone has not been reported. T h e fully 
or partially saturated monocyclic 1,2,4-triazepine deriva­
tives have been synthesized by the reactions of thiosemi-
carbazides with malonyl dichloride,3a 'b) /?-keto esters,4»5) 
jff-diketo compounds,4) and 1,1,3,3-tetraethoxypropane.6) 
O n the other hand, the synthesis of fully unsaturated 
monocyclic 1,2,4-triazepine derivatives has been report­
ed recently; 2//-l,2,4-triazepines were prepared by the 
cycloaddition reaction of 1,2,4,5-tetrazines with 1-
azirines,7a_d) and 4//-l ,2,4-triazepines were formed 
photochemically from 3,4,7-triaza-2,4-norcaradienes.8) 

In the present paper we wish to report the results 
of the at tempted synthesis of the 1//-1,2,4-triazepine 
derivative from amidrazones and ethoxymethylenic 
compounds. 

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

When picolinamidrazone ( l a ) was treated with 
ethoxymethylenic compounds (2a—d) in E t O H at 0 °C, 
the products isolated were iV-(2,2-disubstituted vinyl)-
picolinamidrazones (3a—d). Similarly, the treatment 
of benzamidrazone ( l b ) , which was generated in situ 
by the reaction of ethyl benzimidate with hydrazine 
hydrate, with 2a—c gave 3e—g. T h e physical properties 
and spectral data, shown in Table 1, are consistent with 
the assigned structure. 

Next, the thermal and acid- or base-catalyzed 
cyclizations of 3 to 1,2,4-triazepine derivatives were 
attempted. When a toluene solution of 3a was heated 
for 4 h, a product was obtained in an 8 7 % yield as 
white needles. Its m p and I R spectrum were consistent 
with those of ethyl 3-amino-4-pyrazolecarboxylate (4a).9) 
Similarly, the heating of a toluene solution of 3 b gave a 
white crystalline product ( 9 1 % yield) which was 
identical with 3-amino-4-cyanopyrazole (4b).10) In a 
similar manner, 4a and 4 b were obtained from 3e and 
3f respectively. I t can be assumed that the formation 
of 4a and 4 b has occurred by mean of the intramolecular 
nucleophilic attack of the N ' atom on the cyano group, 
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followed by the elimination of arylnitrile, as is shown 
in Scheme 2. In fact, when a toluene solution of iV-(2,2-
dicyanovinyl)-iV'-phenylbenzamidrazone (6) was heated 
for 24 h, the pyrazole derivative was not obtained as 
expected, and the starting material was recovered. 

However, on the t reatment of 3c in a similar manner, 
the pyrazole derivative was not obtained, ra ther yellow 
needles were obtained in a 4 5 % yield. T h e I R spectrum 
showed the absorption band of the amide N H at 3440 
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TABLE 1. THE PHYSICAL PROPERTIES AND THE SPECTRAL DATA OF 3 

n , Yield Mp (°C) Molecular 
^ompd ( % ) (Solvent) formula 

3aa> 92 

3bb> 97 

3cb> 71 

Found (Calcd) IR (KBr) NMR 
8, ppm 

126—129 
(MeOH) 

129—132 
(MeOH) 

131—132 
(MeOH) 

C12H13N502 

Ci0H8N6 

C14H18N404 

3db) 80 123—125 G15H18N405 

(MeOH) 

3ea> 61 129—131 C13H14N402 

(EtOH) 

3f 94 150—155 CUH9N5 

(benzene-MeOH) 

3ga> 78 140—142 C15H19N304 

(EtOH) 

55.84 5.08 
(55.59 5.05) 

56.81 4.05 
(56.59 3.80) 

55.06 5.84 
(55.38 5.65) 

54.08 5.43 
(53.88 5.43) 

60.16 5.37 
(60.45 5.46) 

62.48 4.30 
(62.55 4.30) 

58.69 6.12 
(59.00 6.27) 

3300, 3200, 10.85 (s, =NH) , 7 .63 (s, =CH-), 7.88—8.60 
2200, 1685 (m, aromatic H), 7.03 (s, -NH2), 4.14 (q, / = 

6.8 Hz, -CH2-) , 1.20 (t, J=6.8 Hz, -GH3) 

3310, 10.10 (s, =NH), 7.56 (s,=CH-), 7.59—8.71 
(m, aromatic H), 6.99 (s, -NH2) 

3340, 11.58 (d, 7 = 1 1 . 4 Hz, =NH), 8.47 (d, 7 = 
1680 11.4 Hz,=CH-), 7.29—8.52 (m, aromatic 

H), 5.80 (s, -NH2), 4.26 (q, 7 = 6.8 Hz, 
-CH2-) , 4.20 (q, 7 = 6.8 Hz, -CH 2 - ) , 1.36 
(t, 7 = 6.8 Hz, -CH3), 1.30 ( t , 7 = 6 . 8 H z , 
-CH3) 

3340, 8.51 (d, 7 = 1 1 . 4 Hz, =CH-), 7.36—8.58 
1695 (m, aromatic H), 6.21 (s,-NH2), 4.23 (q, 

7 = 6.8 Hz, -CH2-) , 4.33 (q, 7 = 6.8 Hz, 
-CH 2 - ) , 1.34 ( t , 7 = 6 . 8 H z , -CH3), 1.27 (t, 
7 = 6.8 Hz,-CH3) 

3340, 3240, 10.48 (s, =NH), 7.58 (s, =CH-), 7.19—8.07 
2200, 1675 (m, aromatic H), 6.90 (s, -NH2), 4.20 (q, 

7 = 6 . 8 Hz, -GH2-) , 1.25 (t, 7 = 6.8 Hz, 

3390, 
2200 

3480, 
3200, 

3440, 
1720, 

3400, 
2200 

3310, 
1674, 

3280, 

3220, 
1653 

-CH, 

11.28 (d, 7 = 10.8 Hz, =NH), 8.26 (d, 7 = 
10.8 Hz, =CH-), 7.35—8.15 (m, aromatic 
H), 6.81 (s, -NH2), 4.08 (q, 7 = 6 . 8 Hz, 
-CH2-) , 1.22 (t, 7 = 6 . 8 Hz, -CH3) 

a) The NMR spectrum was measured in DMSO-fi?6. b) The NMR spectrum was measured in CDC13. 

c m - 1 and those of the carbonyl groups at 1645—1695 
cm - 1 . The mass spectrum showed the parent peak at 
mje 566. From the above data and the results of the 
elemental analysis, the product was confirmed to be a 
dimer,triethyl 1 -amino-6-oxo-1,8-di-2-pyridyl-2,3,7,9,10-
pentaazadodeca-1,4,8,11 -tetraene-5,12,12-tricarboxylate 
(9). T h e treatment of 3c in E t O H in the presence 
of sodium ethoxide gave 4c11) and l,2-bis(2-pyridyl-
carbonimidoyl)hydrazine (7a).12a>b> Similarly, 4c was 
obtained from 3g in the same manner, but the method 
failed to isolate the corresponding product (7b). O n the 
heating of an ethanol solution of 3d, an orange product 
was obtained and revealed to be 1,2-dihydro-3,6-di-2-
pyridyl-1,2,4,5-tetrazine (8).13a>b) 

When 3a was treated with an ethanolic hydrogen 
chloride, followed by neutrallization with sodium 
hydrogen carbonate, a product was obtained in a 5 7 % 
yield as white needles. The I R spectrum indicated the 
presence of ester (1700 cm- 1) and amino (3320—3110 
cm - 1 ) groups, but it did not show the absorption band 
of the cyano group at ca. 2200 c m - 1 . T h e ester group 
was confirmed by the signals at ô 3.96 and ô 1.15 ppm 
due to the ethyl group. Considering the above data 
and the parent peak at m/e 259, the structure of the 
product can clearly be assigned to the desired com­
pound, 5-amino-6-ethoxycarbonyl-3- (2-pyridyl) -1H-1,2,-
4-triazepine (10). However; all at tempts at the cycliza-
tion of 3b— g to l/ /- l ,2,4-triazepine derivatives were 
unsuccessful. Then the reactivity of 10 was studied. 
When an aqueous sodium hydroxide solution of 10 was 
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Scheme 3. 

heated, a product was obtained in a 74% yield as white 
powder. According to the emperical formula, C10H7-
N 5 0 , and the mass spectral parent peak at mje 213, the 
product seems to be [2,3-^][l//-l,2,4]triazepine (12). 
However, the carbonyl absorption observed at the 
comparably low frequency (1680 cm - 1 ) is in conflict 
with the strained /Mactam structure, 12. Consequently, 
the only possible structure which satisfies both the 
analytical and mass spectral results is the dimeric and 
symmetric one, 2,9-di-2-pyridyl-6,7,13,14-tetrahydro-
4 / / , l l / / - [ l ,5]d iazocino[2 ,3-*: 6 , 7 V ] d i [ l / / - l ,2 ,4]tr i -
azepine-6,13-dione ( H a ) , which belongs to a new ring 
system. A similar condensation, followed by a dimeriza-
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tion reaction, that is the conversion of 4-amino-5-
ethoxycarbonyl-pyrimidine to 5,6,11,12-tetrahydro[ 1,5]-
diazocino[2,3-d: 6, 7-^']dipyrimidine-5,11-dione, has 
been reported by Bredreck et a/.14> Additional support 
for the structure of 11a was provided by its methylation 
with methyl iodide. The I R spectrum of the product 
showed the absorption band of the carbonyl at 1705 
c m - 1 and none of the imino group in the N H region. 
The N M R spectrum showed the two singlet signals a t 
à 4.20 and ô 3.82 ppm due to two pairs of four methyl 
groups, although the mass spectrum showed the parent 
peak at m/e 241 corresponding to half the molecular 
weight. These data show the structure to be a tetra-
methyl derivative ( H a ) . 

The treatment of 10 with Phenylhydrazine gave a 
substituted product, 6 - ethoxycarbonyl - 5 - (2 - phenyl-
hydrazino) - 3 - (2 -pyr idy l ) - l / / - 1,2,4-triazepine (13a), 
whose structure was clarified on the basis of the spectral 
and analytical measurements. Similarly, the treatment 
of 10 with hydrazine hydrate gave corresponding 
product (13b). 

Scheme 4. 

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

All the melting points are uncorrected. The IR, UV, and 
NMR spectra were measured with a JASCO Model IRA-2 
spectrometer, a Shimadzu Model MPS-501 spectrometer, 
and a Hitachi Model R-20 spectrometer respectively. A 
Shimadzu Model UM-3B apparatus was used for the elemental 
analysis. 

Materials. The compounds la,15) 2a,16) 2b,16) and 2d17) 
were prepared by the reported methods. The 2c was com­
mercially available. 

N- (2-Cyano-2-ethoxycarbonylvinyl)picolinamidrazone (3a). 
To a stirred solution of 2a (1.01 g, 6.0 mmol) in EtOH (15 
ml), was added la (0.82 g, 6.0 mmol) at 0 °C. After the 
stirring had continued for 30 min, the resulting precipitates 
were filtered and dried to give 3a (1.43 g, 92%). Recrystal-
lization from MeOH afforded yellow plates; mp 126—129 °C. 
3b—d were prepared by the same procedure. 

N-f2-Cyano-2-ethoxycarbonylvinyl) benzamidrazone (3e). 
Ethyl benzimidate hydrochloride18) (1.91 g, 10.2 mmol) was 
added to an aq solution (10 ml) containing potassium hydro­
xide (10.2 mmol). The resulting oil was extracted twice with 
ethyl acetate (10 ml), and the organic phase was concentrated 
in vacuo. The oily residue was dissolved into EtOH (10 ml), 

and hydrazine hydrate (532 mg, 10.5 mmol) was stirred into 
this solution in portions at 0 °C. After the stirring had 
continued for 2 h, at 0 °G, 2a (1.74 g, 10.3 mmol) was added 
to the EtOH solution with stirring at 0 °C. After the stirring 
had continued for 30 min, the precipitates were filtered and 
dried to give 3e (1.63 g, 61% based on the hydrochloride). 
Recrystallization from EtOH afforded yellow needles; mp 
129—131 °C. 3e and g were prepared by the same procedure. 

Ethyl 3-Amino-4-pyrazolecarboxylate (4a). A toluene 
solution (20 ml) of 3a (520 mg, 2.0 mmol) was refluxed for 
4 h. After cooling at 0 °C, the precipitates were filtered and 
dried to give 4a (270 mg, 87%). Recrystallization from 
benzene afforded white needles; mp 100—101 °C. Its mp, 
TLC, and IR spectrum were identical with those of the authen­
tic sample.9) 4a was also obtained from 3e by the same 
procedure (84%). 

3-Amino-4-cyanopyrazole (4b). A toluene solution (10 
ml) of 3b (420 mg, 2.0 mmol) was refluxed for 8 h. After 
cooling, the precipitates were filtered and dried to give 
4b (200 mg, 91%). Recrystallization from benzene-THF 
afforded white needles; mp 171—174 °C. Its mp TLC, and 
IR spectrum were identical with those of the authentic 
sample.10) 4b was also obtained from 3f by the same pro­
cedure (71%). 

~N-(2,2-Dicyanovinyl)-N"-phenylbenzamidrazone (6). To 
a stirred solution of 2b (122 mg, 1.0 mmol) in EtOH (5 ml) 
was added iV-phenylbenzamidrazone19) (211 mg, 1.0 mmol) 
at room temperature. After 30 min, the resulting precipitates 
were filtered and dried to give 6 (159 mg, 55%). Recrystal­
lization from EtOH afforded white needles; mp 223—226 °C. 
Found: C, 71.26; H, 4.47%. Calcd for C17H13N5: G, 71.06; 
H, 4.56%. IR (KBr): 3360, 3250, 2200, 1640, 1618, 1550 
cm -1 . 

Ethyl 3-Hydroxy-4-pyrazolecarboxylate (4c) and 1,2-Bis(2-
pyridylcarbonimidoyl)hydrazine (7a). To a solution of 
sodium ethoxide (3.0 mmol) in EtOH (10 ml) was added 3c 
(569 mg, 1.9 mmol), after which the solution was refluxed for 
2 h. The resulting sodium salts were filtered, dissolved in 
water (10 ml), and neutralized with dil hydrochloric acid. 
After cooling, white crystals were filtered out and dried to 
give 4c (86 mg, 30%). Recrystallization from MeOH-
H 2 0 afforded white needles; mp 182—183 °C. Its mp, 
TLC, and IR spectrum were identical with those of the authen­
tic sample.11) Then the filtrate was concentrated in vacuo, and 
a small amount of water was added to the residue. The 
resulting yellow crystals were filtered and dried to give 7a 
(15 mg, 8%). Recrystallization from MeOH afforded yellow 
needles; mp 208—210 °C. Its mp, TLC, and IR spectrum 
were identical with those of the authentic sample.12a>b) 4c 
was also obtained from 3g by the same procedure (30%). 

1,2-Dihydro-3,6-di-2-pyridyl-1,2,4, 5-tetrazine (8). An 
EtOH solution (10 ml) of 3d (337 mg, 1.0 mmol) was refluxed 
for 24 h. After cooling, the precipitates were filtered and 
dried to give 8 (23 mg, 29%). Recrystallization from EtOH 
afforded orange needles; mp 198—202 ° C Its mp, TLC, 
and IR spectrum were identical with those of the authentic 
sample.13a'b) 

Triethyl l-Amino-6-oxo-l, 8-di- 2 -pyridyl-2,3, 7,9,10-pentaaza-
1,4,8,1 l-tetraene-5,12,12-tricarboxylate (9). A toluene solu­
tion (15 ml) of 3c (461 mg, 1.5 mmol) was refluxed for 9 h. 
After cooling, the toluene was evaporated in vacuo, and a 
small amount of MeOH was added to the residue. Crystal­
lization was induced by scratching the flask, and the resulting 
precipitates were filtered and dried to give 9 (194 mg, 45%). 
Recrystallization from MeOH-benzene afforded yellow 
needles; mp 196—198 °C. Found: C, 55.50; H, 5.35%. 
Calcd for CaeH^NgO^ C, 55.12; H, 5.30%. IR (KBr): 
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3440, 3140, 2960, 1695, 1670, 1645, 1615, 1500 cm"1. MS 
m/e (%): 566 (M+, 0.4), 359 (3), 332 (5), 260 (7), 162 (10), 
147 (40), 110 (20), 105 (100), 79 (26), 78 (30). UV (MeOH, 
nm (log e)): 223 (4.50), 328 (sh, 4.70), 341 (4.80), 370 (sh, 
4.40). 

5-Amino- 6-ethoxycarbonyl-3-(2-pyridyl)- 1H- 1,2,4-triazepine 
(10). A solution of 3a (1.58 g, 6.1 mmol) in ethanolic 
hydrogen chloride (0.2 M, 46 ml) was refluxed for 1 h. The 
solvent was then evaporated in vacuo, and the water (10 ml) 
was added to the residue. The acidic solution was neutral-
lized with sodium hydrogen carbonate. After cooling, the 
resulting precipitates were filtered and dried to give 10 (901 mg, 
57%). Recrystallization from MeOH-DMF afforded white 
needles; mp 200 °C (dec). Found: C, 55.63; H, 5.12%. 
Calcd for C12H13N502: C, 55.59; H, 5.05%. IR (KBr) : 3320, 
3250, 3110, 1700 cm-1. NMR of 10-HCl (D20) : Ô 7.97 (s, 
1H, =CH-), 7.45—8.38 (m, 4H, aromatic H), 3.96 (q, / = 
6.8 Hz, 2H, -CH 2 - ) , 1.15 (t, 7 = 6 . 8 Hz, 3H, -CH3) . MS 
m/e (%) : 259 (M+, 69), 214 (14), 186 (100), 155 (95), 109 (86), 
105 (53), 78 (44). UV (MeOH, nm, (log e)): 221 (4.29), 
278 (3.96), 300 (3.98). 

2,9-Di-2-pyridyl-6,7,13,14-tetrahydro-4H, 11H-[1,5]diazocino-
[2,3-e: 6,7-e']di[lH-l,2,4]triazepine-6,13-dione (lia). 
A solution of 10 (266 mg, 1.0 mmol) in aq NaOH (0.2 M, 
10 ml) was refluxed for 1 h. After cooling, the solution was 
neutrallized with dil hydrochloric acid, and the resulting 
precipitates were filtered and dried to give 11a (162 mg, 74%). 
Recrystallization from DMF-MeOH afforded white powder; 
mp>300°C. Found: C, 56.17; H, 3.43%. Calcd for C20-
H14N10O2: C, 56.33; H, 3.31%. IR (KBr): 3200, 1680, 
1550 cm-1. NMR (CF3COOH): Ô 8.20—9.20 (m, 10H, 
aromatic H and =CH-). MS m/e (%): 213 (93), 157 (3), 
135 (9), 109 (100), 105 (20), 89 (14), 88 (24), 78 (5). UV 
(MeOH, nm (log e)): 228 (4.61), 301 (4.43). 

2,9-Di-2-pyridyl- 4, 7,11,14 -tetramethyl- 6, 7,13,14 -tetrahydro-
4H,llH-[l,5]diazocino[2,3-e: 6,7-ç.'\di\m.-l,2,4~\triazepine-6,13-
dione (lib). To a suspension of NaH (41 mg, about 
50% in oil, 0.85 mmol) in iV,iV-dimethylacetamide (5 ml) 
added 11a (113 mg, 0.27 mmol) in portions. After the evolu­
tion of hydrogen had ceased, methyl iodide (0.5 ml) was added, 
and the mixture was stirred at room temperature for 1 day. 
The reaction mixture was poured into water (20 ml), the 
resulting precipitates were filtered off, and then the filtrate 
was extracted three times with ethyl acetate (20 ml). The 
organic phase was evaporated in vacuo, and a small amount 
of ether was added to the residue. The resulting precipitates 
were filtered and dried to give l i b (60 mg, 46%). Recrys­
tallization from MeOH afforded white needles; mp 266— 
227 °C. Found: C, 59.71; H, 4.62%. Calcd for C24H22-
N10O2: C, 59.74; H, 4.60%,. IR (KBr): 3100, 2960, 1705, 
1560, 1550 cm-1. NMR (CF3COOH) : Ö 8.25—9.30 (m, 
10H, aromatic H and =CH-), 4.20 (s, 6H, -CH3) , 3.82 (s, 
6H, -CH3) . MS m/e (%): 241 (100), 240 (72), 213 (6), 212 
(13), 171 (7), 105 (4), 82 (16), 79 (24). UV (MeOH, nm 
(log e)): 213 (4.66), 261 (sh, 4.18), 282 (4.23). 

6-Ethoxycarbonyl- 5- ( 2-phenylhydra zino) -3-( 2-pyridyl) - 7H-1,2,4-
triazepine (13a). A mixture of 10 (132 mg, 0.5 mmol) and 
Phenylhydrazine (117 mg, 1.1 mmol) in EtOH (10 ml) was 
refluxed. After 3 h, additional Phenylhydrazine (113 mg, 
1.0 mmol) was added to the reactoin mixture and it was re­
fluxed for 4 h again. After cooling, the precipitates were 
filtered off and the filtrate was concentated in vacuo. A small 
amount of ether was added to the residue, and crystallization 
was induced by scratching the flask. The resulting pre­

cipitates were filtered and dried to give 13a (77 mg, 44%). 
Recrystallization from MeOH-H 2 0 afforded yellow plates; 
mp 181—183° °C. Found: C, 61.69; H, 5.11%. Calcd for 
C18H18N602: C, 61.70; H, 5.18%. IR (KBr): 3320, 3240, 
3020, 2980, 1670, 1570, 1550 cm-1. NMR (DMSO-d6): 
ô 9.72 (br, 1H, =NH), 8.12 (s, 1H, =CH-), 7.60—8.58 (m, 
4H, aromatic H), 7.03—7.55 (m, 5H, aromatic H), 6.75 (br, 
1H, =NH), 4.34 (q, J = 7 . 0 H z , 2H, -CH2-) , 1.40 (t, / = 
7.0 Hz, 3H, -CH3). 

6-Ethoxycarbonyl-5-hydra zino-3-( 2-pyridyl)-lYi-l, 2,4-triazepine 
(13b). A mixture of 10 (529 mg, 2.0 mmol) and 100% 
hydrazine hydrate (213 mg, 4.0 mmol) was refluxed, with 
stirring, for 1 h, After cooling, the resulting precipitates were 
filtered and dried to give 13b (161 mg, 29%). Recrystal­
lization from benzene-THF afforded pale yellow particles; 
mp 163—166 °C. Found: C, 52.50; H, 5.18%. Calcd for 
C 1 2 H u N 6 0 2 : C, 52.54; H, 5.15%. IR (KBr): 3380, 3120, 
1700, 1580, 1535 cm-1. 

T h e authors wish to express their thanks to Professor 
Masaki Oh ta for his encouragement, to Dr. Masatoshi 
Hirayama and Mr. Mamoru Sekine for the N M R measure­
ments, and to Sankyo Co., Ltd., for the mass measure­
ments. 
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Synthetic Proof for the Structures of Maturinone and Cacalol 
Yoshinobu INOUYE, Yuji UCHIDA, and Hiroshi KAKISAWA 

Department of Chemistry, Tokyo Kyoiku University, Bunkyo-ku, Tokyo 112 
(Received September 17, 1976) 

By unambiguous syntheses, the structures of maturinone and cacalol were shown to be 3,5-dimethylnaphtho-
[2,3-£]furan-4,9-dione (1) and 5,6,7,8-tetrahydro-3,4,5-trimethylnaphtho[2,3-£]furan-9-ol (2), respectively. 
3,8-Dimethylnaphtho[2,3-£]furan-4,9-dione (la), an isomer of maturione, was also synthesized. 

In 1964, Romo and Joseph-Nathan1) isolated several 
components, now known as a rearranged eremophilanoid 
sesquiterpene, from the root of Cacalia decomposita A. 
Gray, a compositae widely distributed in the northern 
part of Mexico. Matur inone (1), cacalol (2), and 
cacalone are the major components. They were initially 
erroneously assigned as l a , 2a, and 3a, respectively, 
using their chemical and spectroscopic data.2»3) The 
relations among these three compounds were shown as 
follows : 

i) DDQ 
maturinone <- cacalol 

LiAlH4 

cacalone 
ii) CrO s 

The alternative possibility of 1, 2, and 3 was abandon­
ed chiefly because the characteristic absorption for the 
8-hydroxy-l-tetralone moiety (see 3) in the I R and N M R 
spectra of cacalone1) was not recognized. 
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x O ' 

In 1969, however, we synthesized both quinones, 
1 and l a , and established the identity of 1 with 
maturinone.4) At the same time, two other groups5,6) 
reached the same conclusion by independent syntheses 
of the quinone 1. These results required the structures 
of cacalol and cacalone to be revised as 2 and 3, respec­
tively, although the latter was pointed out5) to be 
inconsistent with the reported spectroscopic data for 
cacalone. Joseph-Nathan referred to the structure of 
cacalone and explained the anomalous data by consider­
ing the presence of an inherently dissymmetric 
chromophore ( O R D study).7) 

Since then, several Japanese workers8-10) have report­
ed the isolation of new compounds which belong to this 
class of sesquiterpene, from various Cacalia species. 
Although we, in collaboration with Romo, reported4) 
the relation of cacalol with the known 6-epidecom-
postin derivative,11) a recent synthesis of 212) has finally 
established the structure of cacalol. 

The present paper deals with the details of our 
synthetic works on maturinone (1) and cacalol (2). 

Synthesis of Sß-Dimethylnaphtho\2ß-\i\furan-4ß-dione 

(la). In the course of our study on the Diels-
Alder reaction of unsymmetrically substituted benzo-
quinones and dienes, both methoxybenzoquinone and 
3-methylbenzofuran-4,7-dione (4) were found to exhibit 
high specificity to 6,6-dimethyl-1 -vinylcyclohexene ;13)the 
orientation phenomena of both quinones were the same, 
with respect to the oxygen moiety, and were rationalized 
by considering the radical stabilities of the formal 
"biradical intermediates."4»13) Based on the evidence 
that 1,3-pentadiene (5) reacted with methoxybenzo­
quinone to give mainly 6,14) we anticipated that the 
chief product in the Diels-Alder reaction of 4 and 5 
would be 7; the skeleton initially assumed was for 
maturinone. 

f+ rV. 
\ \y>o' 

1 Ô 
5 4 

O 
II 

y 

la 1 
\ / \ / x O M e 

' Ô 
6 

The reaction between 4 and 5 proceeded smoothly 
at room temperature and the mixture was oxidized by 
air in the presence of potassium hydroxide15) to give 
the quinones l a and 1 ( la /1 = 7: 1) in 77% yield. 
Repeated recrystallization afforded the pure l a , mp 
189—190 °C; its spectroscopic properties were very 
similar to those of maturinone, but distinct differences 
in the I R spectra were observed in the region of 1200— 
900 cm- 1 . 

Synthesis of 3,5-Dimethylnaphtho[2,3-h]furan-4,9-dione (1, 
Maturinone). Treatment1 6) of 2-acetoxy-5-methyl-
1,4-naphthoquinone (10), prepared from 917) by acetyla-
tion with acetic anhydride and zinc chloride, with 1-
morpholino-1 -propene ( l l ) 1 8) in the presence of a small 
amount of ethanol gave a quinone 1, m p 164—166 °C, 
in 12% yield in a one-step reaction. The quinone 1 and 
maturinone were identical in every aspect. 

\ 

V V x O R n 

o 
9 R = H 

10 R = A c 

+ N 

11 
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Synthesis of 5,6,7,8- Tetrahydro-3,4,5-trimethylnaphtho\2,3-
b]furan-9-ol (2, Cacalol). T h e Friedel-Crafts reaction 
of 3,4-dimethoxytoluene (12) with y-valerolactone in 
the presence of aluminium chloride gave a mixture 13 
of two carboxylic acids, which without separation into 
each component was successively treated with diazo-
methane and dimethyl sulfate to afford a single ester 
14 in 84% yield. 

OMe 
OMeJ — ^Me 

14 R = M e 
15 R = H 

T h e position of the new alkyl group was decided from 
the following facts. The two singlets which appear at 
6.50 and 6.57 p p m in the N M R spectrum of 14 require 
the two hydrogens on the aromatic nucleus to be 
positioned para to each other and the pseudocontact 
shift with Eu-( fod) 3 clearly showed that the H B proton 
present in 12 disappeared in 14 (Fig. 1 ) . Furthermore, 
the corresponding acid 15 was converted into the 8-
hydroxy-1-tetralone derivative 16, as shown below. 

h H B V ^ W H C 

HA-k-^OMe 
OMe 

a 0.5 

i 

He, HA 

0.05 
Eu-(fod)3/12 

v 0.05 0.1 
Eu-(fod)8/14 

Fig. 1. Pseudocontact shifts of 12 (upper) and 14 
(bottom) with Eu-(fod)3 in CC14. 

The acid 15 was cyclized with polyphosphoric acid at 
160 °C to give 4,5-dimethyl-8-hydroxy-7-methoxy-l-
tetralone (16); the carbonyl absorption at 1630 c m - 1 in 
the I R spectrum and a singlet at 12.94 ppm in the N M R 
spectrum showed that the structure 16 has an 8-hydroxy-
1-tetralone moiety. When diphosphorus pentoxide-
methanesulfonic acid19) was used, 7,8-dimethoxy-4,5-
dimethyl-1-tetralone (17), vc=o at 1673 cm"1 , was 

obtained in 8 7 % yield. Both tetralone 16 and 17 were 
convertible with each other. Catalytic hydrogenolysis 
of 17 over P d - C in the presence of perchloric acid 
resulted in the removal of the carbonyl functional group 
to give 7,8-dimethoxy-4,5-dimethyltetraline (18). 

\ y x O M e 

15 — 

OMe 

18 

16 

The next step is the introduction of the acetyl group 
at the remaining position on the aromatic nucleus. 
Friedel-Crafts acylations using two catalysts were 
investigated and the results are shown in Table 1. 

TABLE 1. FRIEDEL-CRAFTS ACYLATION OF 18 

Molar ratio 
18: Catalyst : AcCl 

A1C13 

1 2 6 

ZnCl2 

1 5 10 
1 5 10 
1 5 10 

Temp 
(°C) 

70—75 

0—2 
30 
70 

Time 
(h) 

4 

41 
4 

1/4 

Yield (isolated %) 

18 19 21 

58 22 

20 16b> 55a> 
15 22b> 51 
11 43b> 30 

a) After methylation with dimethyl sulfate, b) After 
hydrolysis to 22. 

In the case of aluminium chloride, a complex mixture 
resulted, and by chromatographic separation the acetate 
19 was obtained as the main product, in 5 8 % yield. 
T h e residue contained a mixture of acetophenone 
derivatives 20 and 23, and after methylation with 
dimethyl sulfate, the dimethoxyacetophenone 21 was 
isolated in 2 2 % yield. No aromatic proton was observed 
in the N M R spectrum of 21 , but the new acetyl protons 
appeared at 2.07 ppm. 

^OMe 

ÖAc 

+ 

i i i 

\OMe 

OH OH 

\ O H 

18 19 20 23 

16 
i i i 

\ / \ X x O M e 

OH 
^ ' \ y X ) M e 

OMe 
22 2 1 

When the reaction was carried out without acetyl 
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chloride, only a monodemethylated compound 22 was 
obtained easily. 22 was also derived from the acetate 19 
by lithium aluminium hydride reduction. 

The position of the hydroxyl group in 22 was proved 
by deriving it from 16 with sodium borohydride reduc­
tion, followed by hydrogenolysis over P d - C . The facile 
hydrolysis of the 8-methoxyl group in 18 would be 
explainable as due to a steric factor.20) 

O n the other hand, the yield of 21 increased up to 
5 5 % when the reaction was done with zinc chloride, a 
fairly mild catalyst, at 0—2 °C. From Table 1, two 
points are worthy of notice in the case of zinc chloride. 
At low temperatures, introduction of the acetyl group 
on the aromatic nucleus was preferential but, at elevated 
temperatures, the hydrolysis increased drastically. 
Secondly, the reaction with zinc chloride differed from 
that with aluminium chloride in recovering some of the 
starting material in every case. These indicate that a 
complex reaction, including an equilibrium21) between 
18 and 21, is involved in these conditions, but no further 
studies on these points were made in the present work. 

The final step is the conversion of 21 into a furan 
derivative. As the ajacent methoxyl to the acetyl group 
was less reactive than the other to aluminium chloride 
or boron tribromide (see experimental), both methoxyl 
groups were cleaved with boron tribromide at room 
temperature to afford a dihydroxy compound 23, which 
was subsequently converted into bis(methoxycarbonyl-
methyl) ether 24, yc=o at 1760, 1740, and 1695 cm- 1 . 
The corresponding carboxylic acid 25 was converted 
under the known process22) into 5,6,7,8-tetrahydro-3,4,5-
trimethylnaphtho[2,3-£]furan-9-yl carboxymethyl ether 
26 in good yield. T h e structure assignment was based 
on the presence of two signals coupled to each other at 
2.38 (br. s, 3H) and 7.27 ppm (m, 1H) in the N M R 
spectrum, which correspond to the adjacent ^-methyl 
and a-proton groups on a furan nucleus. 

21 (23) 
O 

X / \ / ^ O C H 2 C O O R 

OCH2COOR 

24 R = M e 
25 R = H 

OR 

26 R = CH2COOH 
27 R = CH2CH2OH 
28 R=CH2GH2OTs 
29 R=CH2CH2Br 
30 R = A c 

After reduction of 26 with lithium aluminium hydride, 
removal of the hydroxyethyl group in 27 was achieved23) 
by successive treatment with tosyl chloride in pyridine, 
sodium bromide in dimethyl sulfoxide, and butyllithium 
in ether to get 5 ,6 ,7 ,8- te t rahydro-3,4 ,5- t r imethyl-
naphtho[2,3-£]furan-9-ol (2). T h e alcohol 2, however, 
decomposed24) gradually on storage and failed to 

crystallize even after purification by chromatography. 
When the crude 2 was acetylated, the acetate 30 was 

obtained as a crystal, m p 119—120 °C, in 7 1 % yield 
from 27. T h e I R and N M R spectra of both 30 and 
cacalol acetate in carbon tetrachloride were identical 
in all respects. 

On the Structure of Cacalone. Confirmation of the 
structures of maturinone (1) and cacalol (2) by unam­
biguous syntheses requires a reexamination of the 
structure of cacalone. T h e structure 34) was only based 
on the report that cacalone was converted into cacalol 
(2) by lithium aluminium hydride.1) Its spectroscopic 
properties, however, are inconsistent with the structure 
3, although Joseph-Nathan explained these anomalies 
by means of the presence of an inherently dissymmetric 
chromophore.7) 

The tetralone 16 prepared in the present work is one 
of the model compounds for the structure 3 ; the lack 
of the furan ring would cause little effect on the stereo­
chemistry of cacalone. As shown before, the compound 
16 showed normal spectroscopic properties for an 8-
hydroxy-1-tetralone moiety: a strong chelation between 
the carbonyl and hydroxyl groups was observed in both 
I R and N M R spectra. Moreover, when 16 was subjected 
to react under the Romo's condition (lithium aluminium 
hydride reduction and subsequent acetylation),1) no 
detectable amount of 19 was recognized, but two 
diacetates 31 and 32 were isolated in 8 8 % yield (the 
ratio of 31/32 was ca. 2 : 1; see experimental). 

From these results, we can safely concluded that 
cacalone is neither 3 nor 3a and abandon the former 

TABLE 2. PSEUDOCONTACT SHIFT ON THE 

MIXTURE OF 3 1 AND 3 2 

d (ppm) in CC14 

C4-Me 
Cj-OAc 
C8-OAc 
C6-Me 
C,-OMe 
C r H 
C6-H 
C4-Me 
Cj-OAc 
C8-OAc 
C5-Me 
C7-OMe 
C r H 
C6-H 

31 

32 

11+32 

1.26 
1.99 
2.16 
2.40 
3.83 
6.02(m) 
6.69 
1.13 
1.91 
2.16 
2.40 
3.83 
6.02(m) 
6.69 

Adn of 0.1 mol eq 
ofEu-(fod)3 

1.45a> 
3.03 
2.62 
2.42 
3.90 
7.56(m) 
6.88 
1.25a> 
2.96 
2.56 
2.42 
3.90 
7.56(m) 
6.88 

AÖ 

0.19 
1.04 
0.46 
0.02 
0.07 
1.54 
0.19 
0.12 
1.05 
0.40 
0.02 
0.07 
1.54 
0.19 

a) The relative intensities of these two signals are 2:1 
(31:32). 

OH 

16 
\ / \ y \ O M e 

Acö 6 A c 

31 eis 
32 trans 
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proposal4) for its structure. Recently, the />-quinol 
structure 33 was presented for the structure of cacalone. 

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

All melting points were uncorrected. IR and UV spectra 
were recorded on a Hitachi 215 grating spectrophotometer 
and a Hitachi EPS-3T spectrophotometer, respectively, and 
NMR spectra were obtained on a Hitachi H-60 spectrophoto­
meter using TMS as an internal standard. Microanalyses 
were carried out at the Institute for Physical and Chemical 
Research. 

Diels-Alder Reaction of 3-Methylben zqfuran-4,7-dione (4) and 
1,3-Pentadiene (5). A mixture of 260 mg of 3-methyl-
benzofuran-4,7-dione (4)13) and 350 mg of 1,3-pentadiene 
(5) in 4 ml of ethanol was left overnight. After evaporating 
the ethanol, the residue was oxidized in ethanol containing 
potassium hydroxide by bubbling air through the solution.15) 
The ether extract, when evaporated, gave yellow solids (314 
mg), form which 207 mg of 3,8-dimethylnaphtho[2,3-£]-
furan-4,9-dione (la) was obtained by recrystallization from 
chloroform-ethanol. 

l a : mp 189—190 °C; IR (KBr): 1670, 1190, 1170, 1100, 
1040, 995, and 950 cm-1; UV (EtOH): 251 (log e=4.34), 
267 sh (3.91), 294 (3.56), and 357 nm (3.55); NMR (CDC13) : 
2.33 (d, 3H, J = 1 . 5 Hz), 2.79 (s, 3H), 7.4—7.7 (m, 3H), 8.03 
ppm (dd, IH, 7 = 3 . 5 and 6 Hz); NMR (G6H6): 2.03 (br. s, 
3H) and 2.68 (s, 3H). Found: C, 74.61; H, 4.40%. Calcd 
for C14H10O3: C, 74.33; H, 4.46%. 

From the mother liquor, 73 mg more (total yield: 77%) 
of dimethylnaphtho[2,3-£]furan-4,9-diones, l a and 1, were 
obtained; IR (KBr): 1670, 1190, 1170, 1150, 1100, 1040, 
1030, 995, 965, and 950 cm-*; NMR (C6H6): 2.03 (br. s, 
3H), 2.63 (s, 1.5 H, 1), and 2.68 ppm (s, 1.5 H, la ) . 

2-Acetoxy-5-methyl-l,4-naphthoquinone (10). A solution 
of 770 mg of 2-hydroxy-5-methyl-l,4-naphthoquinone (9),17> 
mp 152—154 °C (dec), and a small amount of zinc chloride 
in 5 ml of acetic anhydride was left for 30 min at room tem­
perature. The cloudy mixture was heated for several min 
until the solution became clear and then cooled to room tem­
perature. After pouring the solution into ice—water, the 
precipitates which formed were collected on a filter paper to 
give 899 mg (96%) of 2-acetoxy-5-methyl-l,4-naphthoquinone 
(10). Recrystallization from ethanol afforded a pure 10: 
mp 119—120 °C. Found: C, 68.09; H, 4.40%. Calcd 
for C13H10O4: C, 67.82; H, 4.38%. 

3,5-Dimethylnaphtho[2,3-b]furan-4,9-dione (1). A mix­
ture of 100 mg of 10, 72 mg of 1-morpholino-l-propene (11),18) 

and 0.05 ml of ethanol was left overnight at room tempera­
ture.16) The whole was chromatographed directly on silicic 
acid (10 g) and 12 mg (12%) of 3,5-dimethylnaphtho[2,3-£]-
furan-4,9-dione (1) was obtained from the chloroform eluates. 
Recrystallization from ethanol gave a pure 1: mp 164—166 
°C; IR (KBr): 1670, 1170, 1150, 1110, 1090, 1030, 995, and 
965 cm"1; UV (EtOH): 251 (log e=4.40), 267 sh (4.00), 
294 (3.67), and 352 nm (3.67); NMR (CDC13): 2.35 (d, 3H, 
7 = 1.5 Hz), 2.77 (s, 3H), 7.4—7.7 (m, 3H), and 8.10 ppm 
(dd, IH, 7 = 3 and 5.5 Hz); NMR (C6H6): 2.01 (d, 3H, 
J= 1.5 Hz) and 2.63 ppm (s, 3H). Found: C, 74.22; H, 
4.35%. Calcd for C14H10O3: C, 74.33; H, 4.46%. 

The quinone 1 was identical with maturinone in every 
aspect and melted at 163—165 °C when mixed with maturi­
none. 

From later fractions, 45 mg of orange crystals, mp 178—180 
°C (ethanol), were obtained but no characterization was tried. 

Friedel-Crafts Reaction of 3,4-Dimethoxytoluene (12) with 
y~Valerolactone. To a cold solution of 15 g of 3,4-di-

methoxytoluene (12) and 4.92 g of y-valerolactone in 15 ml 
of tetrachloroethane (TCE), there was added in portions 
26.4 g of freshly powdered aluminium chloride. After the 
addition was complete, the mixture was stirred mechanically 
at 70 °C for 4 h; 5 ml more of TCE was added and stirring 
was continued for another 4 h. After standing overnight, the 
whole was poured into 75 ml of coned hydrochloric acid and 
200 g of ice, and was extracted with ether (140 mix3) . A 
mixture 13 of acidic materials was treated with an excess of 
ethereal diazomethane followed by dimethyl sulfate to obtain 
a red oil. Fractional distillation gave 11.03 g (84%) of the 
ester 14: bp 157—159 °C/2 Torr; IR (CC14): 1730, 1250, 
1200, and 1155 cm-1; NMR (CC14): 1.17 (d, 3H, 7 = 7 Hz), 
2.19 (s, 3H), 3.53 (s, 3H), 3.74 (s with a shoulder at 3.72, 
6H), 6.50 (s, IH), and 6.57 ppm (s, IH). Found: C, 67.73; 
H, 8.39%. Calcd for C15H2204: C, 67.64; H, 8.33%. 

Cyclization of the Acid 15 with Polyphosphoric Acid. The 
ester 14 was hydrolyzed under refluxing in 1 M sodium 
hydroxide-methanol to give an acid, 15. 

The acid 15 (824 mg) was heated with polyphosphoric 
acid (prepared from 4 g of diphosphorus pentaoxide and 3.3 ml 
of phosphoric acid) at 160 °C for 20 min and the mixture 
was poured into ice-water. Products were taken in ether and 
the ether layer was washed with water and dried over Na,S04 . 
After removal of the ether, the residual oil was purified 
through a silica gel column and distilled to give 203 mg 
(28%) of a yellow 4,5-dimethyl-8-hydroxy-7-methoxy-l-
tetralone (16): bp 134—136 °C/0.15 Torr. When left in a 
refrigerator, 16 crystallized and melted at 62—63 °C (pen-
tane); IR (CHC13) : 3540 w, 3320—2600 br, 1630, 1345, and 
1265 cm-1; NMR (CDC13): 1.26 (d, 3H, 7 = 7 Hz), 2.29 (s, 
3H), 3.86 (s, 3H), 6.87 (s, IH), and 12.94 ppm (s, IH). 
Found: C, 70.90; H, 7.33%. Calcd for C13H1603: C, 70.89; 
H, 7.32%. 

Cyclization of the Acid 15 with Diphosphorus Pentaoxide-Methane-
sulfonic Acid. The acid 15(1.5 g) was heated at 50—55 °C 
for 6 h with 25 g of diphosphorus pentaoxide-methanesulfonic 
acid (1: 10).19) After cooling, the mixture was poured into 
ice-water and extracted with ether. The ether layer was 
washed with water, dil alkaline solution, water, and saline, and 
dried over Na2S04 . Evaporating the solvent gave 2.0 g (87%) 
of 7,8-dimethoxy-4,5-dimethyl-l-tetralone (17): mp 100— 
103 °C (methanol); IR (KBr): 1673 and 1585 cm"1; NMR 
(CDC13): 1.21 (d, 3H, 7 = 7 Hz), 2.33 (s, 3H), 3.85 (s, 3H), 
and 6.89 ppm (s, IH). Found: C, 71.62; H, 7.81%. Calcd 
for C14H1803: C, 71.77; H, 7.74%. 

Methylation of 16. A solution of 60 mg of 16 in 2 ml 
of acetone was refluxed for 5 h with 480 mg of anhydrous 
potassium carbonate and 240 mg of dimethyl sulfate. The 
mixture was poured into water and was extracted with ether. 
The ether layer was washed with dil sodium hydroxide 
solution, water, and saline, and was dried over Na2S04 . 
Evaporating off the ether and purifying through a silica gel 
column gave 47 mg (74%) of 17. 

Action of Aluminium Chloride on 17. To a solution of 
500 mg of 17 in 5 ml of dry benzene, 570 mg of aluminium 
chloride was added at 0 °C and the mixture was stirred for 
for 3 h at room temperature. The whole was poured into 
ice-water, 4 ml of 6 M hydrochloric acid was added, and 
products were taken in ether. The ethereal extract was 
concentrated, purified through a silica gel column, and recrys-
tallized from pentane to give 355 mg (76%) of 16. 

7,8-Dimethoxy-4,5-dimethyltetralin (18). The tetralone 
17 (2.00 g) in 40 ml of acetic acid was hydrogenated over 
280 mg of 10% Pd-C in the presence of 0.3 ml of 60% per­
chloric acid. After 8 h (468 ml of hydrogen consumed), 1 g 
of anhydrous potassium acetate was added and the catalyst 
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was removed by filtration. T h e filtrate was concentrated 
in vacuo, and the residue was dissolved in ether, which was 
washed with water, dil sodium hydroxide, water, and saline, 
and dried over N a 2 S 0 4 . Evaporat ing off the solvent and 
fractional distillation gave 1.65 g (87%) of 18 ; bp 145—146 
° C / 6 T o r r ; I R (CHG13): 1590, 1310, and 1120 cm-*; N M R 
(CDClg): 1.11 (d, 3H, / = 7 Hz) , 2.20 (s, 3H) , 3.66 (s, 3H) , 
3.73 (s, 3H) , and 6.42 p p m (s, 1H). Found : C, 76.40; H , 
9.14%. Calcd for C 1 4 H 2 0 O 2 : C, 76.32; H , 9 .15%. 

Friedel-Crafts Acylation of 18. A) With Aluminium 
Chloride: T o a cooled (below - 5 °C) solution of 962 mg 
of 18 and 2.06 g (6 eq) of acetyl chloride in 7 ml of T C E , 
there was added 1.16 g (2 eq) of a luminium chloride in por­
tions, the mixture was stirred for one hour at room temperature , 
followed by heating at 70—75 °C for 4 h. T h e cooled mixture 
was poured into 200 ml of 6 M hydrochloric acid and 100 g 
of ice, and products were taken in ether. T h e ether layer 
was extracted with I M sodium hydroxide to obtain acidic 
materials (mainly of 20 and 23) and the neutra l residue was 
chromatographed on silica acid. From the benzene eluates, 
631 mg (58%) of 19 was obtained. Recrystallization from 
methanol gave a pure 19: m p 68—69 °G; I R (CHG13) : 1750, 
1600, 1305, and 1115 c m - 1 ; N M R (CCLJ: 1.15 (d, 3H, 7 = 7 
Hz) , 2.22 (s, 3H) , 2.28 (s, 3H) , 3.73 (s, 3H) , and 6.53 p p m (s, 
I H ) . Found : C, 72.56; H , 8 .08%. Calcd for C 1 5 H 2 0 O 3 : 
C, 72.55; H, 8.12%. 

T h e acidic materials were refluxed in 30 ml of acetone with 
0.5 ml of dimethyl sulfate in the presence of anhydrous 
potassium carbonate for 3 h. T h e mixture was poured 
into dil ammonia and a product was extracted with ether to 
give an oil. T h e oil was chromatographed on a lumina (10 g) 
and 237 mg (22%) of 21 was collected from pentane to 10% 
benzene-pentane fractions: b p 100—115°C (bath temp) / 
2 Tor r ; I R (CG14) : 1700, 1320, and 1055 c m - 1 ; N M R (CC14) : 
1.15 (d, 3H, y = 7 Hz) , 2.07 (s, 3H) , 2.38 (s, 3H) , 3.75 (s, 3H) , 
and 3.78 p p m (s, 3H) . Found : G, 73.00; H, 8 .13%. Calcd 
for C 1 6 H 2 2 0 3 : C, 73.25; H , 8 .45%. 

When the acidic materials were directly subjected to chro­
matography (silicic acid, benzene-ethyl acetate ( 5 : 1 ) ) , a 
monohydroxy compound 20 was obtained in 12% yield: m p 
153—154 °G (ether-pentane) ; I R (CHC13) : 3520, 1690, and 
1620cm- 1 ; N M R (CCLJ: 1.13 (d, 3H, 7 = 7 Hz) , 2.24 (s, 
3H) , 2.50 (s, 3H) , 3.74 (s, 3H) , and 8.24 p p m (s, IH , exchange­
able with D a O ) . Found : C, 72.10; H, 8 .08%. Calcd for 
C 1 5 H 2 0 O 3 : C , 72.55; H , 8.12%. 

B) With Zinc Chloride. T o a cold solution of 220 m g 
(1 mmol) of 18 and 0.7 ml (10 mmol) of acetyl chloride in 2 
ml of T C E , there was added 680 mg (5 mmol) of zinc chloride 
and the mixture was stirred at 0—2 °C for 41 h . T h e whole 
was treated with 4 ml of 6 M hydrochloric acid and was 
extracted with ether. T h e ether layer was washed with 
water, 1 M sodium hydroxide, water, and saline, and was 
dried over N a 2 S 0 4 . Evaporat ing the solvent gave an oil, 
which was chromatographed on silicic acid (5 g) . From 2 0 % 
benzene-hexane eluates, 44 mg (20%) of 18 was recovered; 
from benzene to chloroform eluates, 193 mg of a mixture of 
19 and 21 was obtained. T h e mixture was refluxed in 2 ml of 
methanol and 2 ml of 1 M sodium hydroxide for 30 min ; 
32 mg (16%) of 22 and 141 mg (54%) of 21 were separated 
from each other by a column chromatography on silicic acid 
(20% benzene-hexane) . 

By the same procedure, except for the temperature and 
time, several reaction were carried out ; the results are shown 
in Table 1. In all cases, the opt imal condition was not 
pursued. 

4,5-Dimethyl-8-hydroxy-7-methoxytetralin (22). A) From the 
Tetralone 16. T o a solution of 86 mg of 16 in 2 ml of methanol , 

sodium borohydride was added until the yellow color disap­
peared. Dil hydrochloric acid was added, the solvent was 
evaporated, and the ether extract gave a colorless oil. T h e 
oil was hydrogenated under the same condition as 17 (9.5 ml 
of hydrogen consumed). By a chromatographic separation 
(silicic acid, benzene), 27 mg (33%) of 22 was obtained as a 
crystalline form. Recrystallization from pentane afforded a 
pure 22 : m p 46—48 °C; I R (CC14): 3540, 1610, 1480, 1295, 
and 1120 c m - 1 ; N M R (CC14): 1.14 (d, 3H, 7 = 7 Hz) , 2.22 
(s, 3H) , 3.80 (s, 3H) , 5.32 (s, I H , exchangeable with D 2 0 ) , 
and 6.42 p p m (s, I H ) . Found : C, 75.58; H , 8.72%. Galcd 
for C 1 3 H 1 8 0 2 : G, 75.69; H , 8.80%. 

B) From the Acetate 19: T h e acetate 19 was reduced with 
l i thium aluminium hydride under refluxing in dry ether 
to give 22 quantitatively. 

C) From the Tetralin 18: A mixture of 104 mg of 18 and 
136 mg (2 eq) of a luminium chloride in 1 ml of T C E was 
heated a t 66 °C for 2 h. About half of 18 was found to have 
been converted into 22 by V P C analysis (1 .5% SE-30, 2.9 m, 
170 °C). 

Demethylation of 21 and Preparation of the Bis (methoxycar-
bony Imethy I) Ether 24. T o a solution of 230 mg of 21 in 
10 ml of dichloromethane, ca. 800 mg of boron tr ibromide in 
2 ml of dichloromethane was dropwise added at — 70 °C and 
the mixture was stirred at room temperature for 2 h. T h e 
whole was poured into ether then the ether solution was 
washed with water and dried over N a 2 S 0 4 . Evaporat ing the 
solvent afforded 197 mg of an oil, from which 157 mg (77%) 
of 23 was obtained by chromatography on silicic acid (15 g) 
with benzene. 2 3 ; I R (GC14) : 3540, 1625, and 1295 c m - 1 ; 
N M R (CDCLJ: 1.17 (d, 3H, 7 = 7 Hz) , 2.44 (s, 3H) , 2.65 
(s, 3H) , 5.80 (s, I H , exchangeable with D 2 0 ) , and 11.50 p p m 
(s, IH , exchangeable with D 2 0 ) . This material was used 
directly in the subsequent reaction without further purification. 

When the reaction was carried out with one equivalent of 
boron tribromide at room temperature for 50 min or with one 
equivalent of a luminium chloride at room temperature for 
several hours, the ma in product was recognized as the mono-
demethylated compound 20 by I R spectra. 

A mixture of 125 mg of 23, 400 mg of anhydrous-potassium 
carbonate , and 1 ml of methyl bromoacetate in 6 ml of acetone 
was refluxed for 2.5 h. Potassium carbonate was removed by 
filtration, and the filtrate was evaporated. T h e residue was 
chromatographed on silicic acid (5 g) . From 2 0 % chroform-
benzene fractions, 130 mg (65%) of 24 was obta ined; m p 
89—90 °C (methanol) ; I R (CCI 4 ) : 1760, 1740, 1695, 1200, 
and 1075 c m - 1 ; N M R (CDC13): 1.16 (d, 3H, 7 = 7 Hz) , 
2.16 (s, 3H) , 2.55 (s, 3H) , 3.77 (s, 3H) , 3.80 (s, 3H) , 4.55 
(s, 2H) , and 4.63 p p m (s, 2 H ) . Found : C, 63.38; H , 6 .97%. 
Calcd for C 2 0 H 2 6 O 7 : C, 63.48; H , 6 .93%. 

5,6,7,8-Tetrahydro-3, é, 5-trimethylnaphtho[2,3-h]furan-9-yl Car-
boxymethyl Ether (26). A solution of 132 mg of 24 in 
3 ml of methanol and 3 ml of 1 M sodium hydroxide was 
refluxed under nitrogen for one hour. T h e whole was acidi­
fied with dil hydrochlocic acid and was extracted with ether. 
After evaporat ing the ether, crystals (25: I R (CCLJ: 3300— 
2500 br, 1740, 1725, and 1700 cm- 1 ) were dried in a dessicator 
over diphosphorus pentaoxide and were heated under reflux 
with 300 mg of sodium acetate and 3 ml of acetic anhydr ide 
for 2 h.22> T h e mixture was poured into ice-water and 
products were taken in ether. Evaporat ing the solvent 
gave a solid 26 (100 m g ) ; the compound was difficult to 
recrystallize. 26 : m p 168—169 °G (acetone-hexane) ; N M R 
(CDCls) : 1.18 (d, 3H, 7 = 7 Hz) , 2.38 (br. s, 3H) , 2.54 (s, 
3H) , 4.96 (br. s, 2 H ) , 7.27 (m, I H ) , and 9.45 (br. s, I H ) . 
Found : G, 70.28; H , 7.04%. Galcd for C 1 7 H 2 0 O 4 : G, 70.81; 
H , 6 .99%. 
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5,6, 7, 8- Tetrahydro-3,4,5-trimethylnaphtho[2,3-b]furan-9-yl 2-
Hydroxyethyl Ether (27). A solution of HOmg of the 
acid 26 in 15 ml of dry ether was refluxed with lithium 
aluminium hydride for one hour. The excess lithium alu­
minium hydride was decomposed with the addition of ethyl 
acetate and the mixture was poured into dil hydrochloric acid. 
The ether extract was evaporated to give 105 mg of a crude 
alcohol, 27. Recrystallization from pentane afforded a pure 
27: mp 78—79 °C; IR (CC14): 3580, 1335, and 1110 cm"1; 
NMR (GC14): 1.16 (d, 3H, 7 = 7 Hz), 2.18 (s, 1H, -OH) , 
2.38 (d, 3H, 7 = 1 . 5 Hz), 2.52 (s, 3H), 3.80 (m, 2H), 4.30 
(m, 2H), and 7.20 ppm (m; 1H). Found: C, 74.35; H, 
8.17%. Galcd for C17H2203 : C, 74.42 ; H, 8.08%. 

5, 6, 7, 8-Tetrahydro- 3,4, 5- trimethylnaphtho[2,3-b]furan- 9-yl 
Acetate (30). To a solution of 50 mg of 27 in 0.3 ml of 
pyridine, there was added 50 mg of tosyl chloride in 0.3 ml of 
pyridine at 0 °C; the mixture was left at — 6 °C for 17 h. 
According to Johnson's procedure,23b> a crude tosylate 28 
was isolated as an oil (72 mg). Without purification, 28 was 
stirred for 94 h with 300 mg of sodium bromide in 2 ml of 
dimethyl sulfoxide. The product was taken in ether and 
45 mg of a bromide 29 was obtained as an oil by chromato­
graphy on silicic acid (3 g). 29: IR (CG14): 1605, 1333, 
and 1110 cm-1; NMR (CG14) : 1.16 (d, 3H, 7 = 7 Hz), 2.38 
(d, 3H, 7 = 1 . 5 Hz), 2.51 (s, 3H), 3.58 (t, 2H, 7 = 7 Hz), 4.56 
(t, 2H, 7 = 7 Hz), and 7.20 ppm (m, 1H). 

To a cooled solution of 45 mg of 29 in 2 ml of dry ether, 0.6 
ml of 15% butyllithium-hexane solution was added dropwise 
and the mixture was stirred at room temperature for 10 min.23a> 
Aqueous ammonium chloride was added and the ether extract, 
when evaporated, gave an oily 2 (39 mg) which showed one 
spot on TLG. 

The oily 2 was left overnight with 0.6 ml of acetic anhydride 
and 1 ml of pyridine. Working up as usual afforded crystals 
(36 mg, 71 % from 27). Recrystallization from acetone-
hexane gave the acetate 30: mp 119—120 °C; IR (CCLJ : 
1760, 1200, 1190, and 1110 cm"1; NMR (CC14): 1.18 (d, 3H, 
7 = 7 Hz), 2.30 (s, 3H), 2.35 (d, 3H, 7 = 1 . 5 Hz), 2.53 (s, 
3H), and 7.15 ppm (m, 1H). Found: G, 74.79; H, 7.40%. 
Calcd for C17H20O3: C, 74.97; H, 7.40%. 

Lithium Aluminium Hydride Reduction of the Tetralone 16. 
According to the Romo's condition,1) a solution of 53 mg of 
16 in 5 ml of dry ether was treated with excess lithium alu­
minium hydride under reflux for one hour. Working up as 
usual gave an oil, which was acetylated with acetic anhydride 
in pyridine to give an oily mixture. The NMR spectrum of 
the mixture showed no detectable amount of 19 being formed. 
By a chromatographic separation on silicic acid (3 g), 65 mg 
(88%) of a mixture of m-l,8-diacetoxy-4,5-dimethyl-7-
methoxytetralin (31) and tazttî-l,8-diacetoxy-4,5-dimethyl-7-
methoxytetralin (32) was obtained. The stereochemistry 
of both acetates was based on the pseudocontact shift with 
Eu-(fod)3 (see Table 2). The ratio of 31/32 was ca. 2: 1. 

We are deeply indebted to Dr. J . Romo for a gift of 
samples of maturinone and cacalol acetate. 
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The effects of morphology on y-relaxation in 66-Nylon is investigated. The morphology of the samples was 
characterized mainly by thermal analysis. Information about the molecular motion of 66-Nylon is obtained 
from the temperature dependence of the spin-lattice relaxation times (7\) . In order to compare the relaxation 
behavior of 66-Nylon with that of other semicrystalline polymers, the Tx of polyoxymethylene (POM) was also 
measured as a function of temperature. It was found that in 66-Nylon, both solution-grown crystals and bulk 
samples are composed of folded chain lamellae with fairly large amounts of less perfect crystalline regions. Both 
the magnitude and the temperature of the 7\ minimum at about 30 °C (y-region) for 66-Nylon are not sensitive to 
the sample history, in contrast to those for POM. In addition, the 7\-temperature curve in the y-region for 66-
Nylon is much broader than that for POM. These NMR results for 66-Nylon are interpreted in terms of a rather 
wide variety of structural heterogeneities from the usual amorphous regions to fairly restricted regions, such as the 
less-perfect crystalline regions at the lamellar surface. 

I t is well known that 66-Nylon has three principal 
relaxations a, ß, and y, in the decreasing order of the 
temperatures at which they occur.1) T h e a-relaxation 
corresponds to the glass transition1) and the ^-relaxation 
is related to the motions of polar groups.2) For the y-
relaxation, different results and explanations have been 
presented,3-5) and a complete understanding of this 
relaxation is still lacking. Bell and Murayama3) have 
reported that for 66-Nylon, melt-quenched sample 
exhibits mechanical y-dispersion, while slowly-cooled 
and cold-drawn samples do not show this dispersion. 
These samples can be characterized from their melting 
behavior: the former has folded chain crystals and the 
latter two have less-perfect bundle crystals.6) Olf and 
Peterlin4) have proposed, on the basis of N M R data 
of drawn fibers of 66-Nylon, that the origin of the y-
relaxation is related to the motions of strained tie 
molecules. These suggest that 66-Nylon exhibits 
complex y-relaxation related to various morphological 
origins. Hence, the morphological characterization of 
the sample is very important for understanding the 
y-relaxation of 66-Nylon. In this study, thermal analysis, 
infrared spectroscopy, and density measurements were 
employed to make a detailed characterization of the 
morphology of the samples. 

Information about the molecular motion of 66-Nylon 
for a variety of morphologies is obtained from the 
temperature dependence of the spin-lattice relaxation 
times (T'j). The relaxation behavior of 66-Nylon is 
compared with that of polyoxymethylene for which the 
relaxation mechanisms are well defined.7»8) Marked 
differences between them are observed for y-relaxation 
and are discussed in light of a morphological interpreta­
tion of 66-Nylon. 

Exper imenta l 

Samples. Commercial 66-Nylon (Toray Co., Ltd.) was 
dissolved in formic acid and precipitated in an excess of 
methanol in order to remove impurities. After repeated 
washing with methanol, the polymer was dried in vacuo at 
100 °C for one week. Morphological varieties of the samples 
were prepared by the following procedures. 

Solution-crystallized 66-Nylon: (1) Rapidly-cooled solution 

grown (SGQ) sample: One gram of 66-Nylon was dissolved 
in one liter of glycerin at 220 °C for 40 min, and then 
the solution was cooled to room temperature at a rate 
of 30 °C/h. The precipitated crystals were washed with 
methanol several times and then dried in vacuo at 80 °C for one 
week. (2) Isothermal solution grown (SGI) sample : 0.5 g of 
66-Nylon was dissolved in one liter of 1,4-butanediol at 180 °C 
for 15 min, and then the crystals were precipitated at 114 °C 
for 42 h. The washing and drying procedures for the 
crystals were identical with those for the SGQsample. 

Observation by electron microscopy indicated that these 
crystals consist of multilayer single crystals and two dimen­
sional open spherulites. 

Bulk-crystallized 66-Nylon: Various bulk-crystallized 66-
Nylon specimens were prepared by the treatment similar 
to those described by Bell and Dumbleton.6) The polymer 
samples, sealed in glass tube in vacuo, were heat-treated, 
melt-quenched (MQ_) sample, annealed after melt quenching 
(MQA) sample, slowly-cooled (SC) sample, and annealed 
after slow cooling (SCA) sample. The thermal history of the 
bulk crystallized samples is summarized in Fig. 1. 

CONT (molten at 266°C and 
I quenched in water) 

*240-266°C, controlled heating 
I (0.3°C/min) 

MQ*— quenched in water SC*—slowly cooled 

I I (0.3°C/min) 

MQA*- annealed at 220°C —*SCA 

for 10 h 

Fig. 1. Shematic representation of the procedures for 
heat treatment. 

Solvent-cast films held in polytetrafiuoroethylene sheets and 
powdered 66-Nylon were heat treated. The melting behavior 
and densities of the solvent-cast films were substantially 
identical to those powder samples in regard to the effects of 
thermal history. 

Drawn 66-Nylon Fibers: Drawn fibers were prepared by 
stretching melt-spun fibers having no orientation to an 
elongation of about 400% at room temperature. 

Polyoxymethylene: Delrin 500 (Du. Pont Co.) was crystallized 
at several crystallization temperatures. Another sample 
consisted of extended chain crystals obtained by solid-state 
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polymerization of trioxane, which was kindly supplied by the 
Japan Atomic Energy Research Institute, at Takäsaki. 

Measurements. The melting behavior was observed 
using a Per kin-Elmer differential scanning calorimeter 
(DSC-1B), in a nitrogen atmosphere. Sample weights of the 
order of 1—7 mg were required. The temperature and heat 
of fusion were calibrated against lead. The melting peak 
temperature was reproducible for the same sample to within 
±0.5 °C. 

Pulsed NMR experiments were carried out with a JEOL 
pulsed NMR (JSE-5) spectrometer, operating at a frequency 
of 60 MHz. The dead time was 10—12 [xs following a 2-(xs 
pulse. 90-T-900 pulse sequences were used to obtain the 
proton spin-lattice relaxation times ( JH,) to within a precision of 
± 6 % or better. Samples were packed in a sample tube 
in vacuo. Fibers were placed randomly in the sample tube. 
The sample temperature was regulated to ±0.5 °G by a gas-
flow thermostat. 

IR spectra were recorded on a JASCO infrared photometer 
(DS-403G) at room temperature. Spectra of the bulk samples 
were obtained on films and those of the solution-grown crystals 
were obtained using samples of about 2 mg in KBr disks. 

Densities were determined using a density gradient column 
at 30 ° G in carbon tetrachloride and toluene for 66-Nylon, 
and in xylene and tetrachloroethylene for polyoxymethlene. 
The amorphous fraction was calculated using a two-phase 
model with a crystal density.9) p c= 1.24 g/cm3, and an amor­
phous density,9) p a= 1.09 g/cm3, for 66-Nylon, and pc

10) = 
1.492 g/cm3, pa

n> = 1.25 g/cm3 for polyoxymethylene. 

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

Regular Fold Content. Koenig et a/.12) have reported 
that infrared spectroscopy (IR) is a useful method for 
estimating the regular fold content of 66-Nylon. T h e 
regular fold content indexes (the ratio of the absorb-
ances at 1329 and at 936 cm-1) calculated using their 
method are given in Table 1. All the samples, except 

TABLE 1. CHARACTERIZATION DATA OF THE SAMPLES 

c , Fold content Density Amorphous fraction 
sample ! 329/936 (IR) g/Cm3 from density 

M Q 0.053 1.162 " 0.491 
MQA 0.059 1.164 0.474 
SC 0.074 1.167 0.452 
SCA 0.077 1.169 0.440 
SGI 0.079 1.190 0.305 
SGQ 0.088 1.198 0.250 

the drawn fibers clearly show the regular fold band at 
1329 cm- 1 . I t should be noted that the regular fold 
content indexes for SC and SCA samples, which were 
previously assumed to be due to a bundle-like crystal 
structure,6) have values similar to that for solution-
grown crystals (SGI). 

Thermal Analysis. DSC thermograms for the 
solution-grown crystals and the heat-treated samples 
obtained for a heating rate 16 °C/min, are shown in 
Fig. 2. The M Q , and SC samples exhibited a single 
endothermic peak. O n annealing the M Q and SC 
samples at 220 °C, the former (MQA) produced a 
new additional peak at a low-temperature side of the 
original peak, while the latter (SCA) showed no such 
peak. In solution-grown crystals, the isothermally 

J I I I I L 1 1 1 
230 250 270 260 270 280 

TCCJ TCC) 

Fig. 2. DSC thermograms of the samples; (1) SGQ, (2) 
SGI, (3) M Q , (4) MQA, (5) SC, (6) SCA; heating rate 
was 16 °C/min. 

crystallized SGI sample had double melting peaks, 
while, the rapidly-cooled S G Q sample gave a single 
peak. 

The effect of the heating rate on the melting peaks for 
the samples are shown in Table 2. When the heating 
rate was increased, the melting temperature of the SC, 
SCA, and S G Q samples increased, while that of the 
M Q and the high-temperature side of the M Q A and 
SGI samples tended to decrease. Such melting behavior 
of the heat-treated samples agrees well with that of 
samples used in the dynamic mechanical study by Bell 
and Murayama. 3) 

TABLE 2. EFFECT OF HEATING RATE ON THE 

APPARENT MELTING TEMPERATURE 

Heating rate Melting temperature, °C 
°C/min M Q M Q A s c S C A ^ S G Q 

2 274 272 
4 263 250 262 255 266 262 
8 260 250 261 274 274 256 266 261 
16 260 251 260 276 275 257 265 262 
32 260 278 266 

I t has been suggested that extended chain crystals 
tend to superheat, whereas folded chain crystals do 
not.13) 

I n addition to reorganization during the DSC scan, 
the thermal diffusivity or temperature gradient in the 
sample may sometimes affect the melting-peak tempera­
ture observed for rapid heating. Indeed, it was found 
in the present study that even the melting temperature 
of thin solution-grown crystals (SGQ) (ca. 60 Â thick) 
with typical chain foldings increased with increased 
heating rate. Furthermore, the samples (SC, SCA) 
which exhibited apparent superheating showed regular 
fold bands in their I R spectra. Hence, it was not possible 
to distinguish between folded chain crystals and extended 
chain crystals only on the basis of heating-rate depen­
dence of the apparent melting temperature determined 
by DSC. 
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In order to reveal the melting behavior inherent in 
the morphology of the samples, the solution-grown 
crystals and heat-treated samples were methoxymethylat­
ed following the method proposed by Cairns et A/.14) 
This chemical t reatment has been found by Arakawa 
et al.15) to suppress the reorganization of Nylon-6 during 
thermal analysis, although this has not been applied to 
66-Nylon of various morphologies. 

230 250 270 
TCO 

230 250 270 
TCC) 

Fig. 3. Changes of melting behavior with methoxy-
methylation time for (1) MQA, (2) SGI; reaction time 
was (A) 0 h, (B) 0.7 h, (C) 2 h, (D) 3 h, (E) 0 h, (F) 4 h, 
(G) 6 h, heating rate was 8 °C/min. 

Figure 3 shows the effects of the methoxymethylation 
time on the thermograms of the M Q A and SGI samples 
obtained for a heating rate of 8 °C/min. The area 
under the higher melting peak decreased in both samples 
with increasing reaction time. In the SGI sample, a 
single melting peak was obtained after a reaction period 
of 3 h, while the M Q A sample exhibited a sharp single 
peak after 6 h of t reatment . 

These facts clearly show that the double melting of 
untreated samples is not associated with the two different 
lamellar structures, as has been previously deduced 
from the heating-rate dependence of the melting 
temperature,6) but is related to reorganization during 
the DSC scan 

The reaction-time dependence of the melting tempera­
ture and the heat of fusion for the solution-grown 
crystals (SGI) and bulk samples ( M Q and SC) are 
shown in Fig. 4. In all the samples, both the melting 
temperature and the heat of fusion decreased with 
increasing reaction time and approached nearly constant 
values for prolonged reaction times. Such changes were 
most prominent in the M Q sample. The reduction of 
the heat of fusion for the M Q , SC, and SGI samples 
was about 27, 13, and 6%, respectively. The fact that, 
with the chemical treatment, the heat of fusion decreased 
initially and reached a nearly constant value for 
prolonged reaction times indicates that some of the 
less-perfect crystalline regions or small crystallites were 
destroyed as a consequence of this treatment. Hence, 
the observed reduction in the heat of fusion is directly 
related to the amount of less-perfect crystalline regions 

20 30 40 50 

Fig. 4. Changes in the melting temperature with 
methoxymethylation time for A SGI, Q s c > O M O J 
heating rate was 8 °C/min, and changes in the heat 
of fusion with methoxymethylation time for A SGI, 
• SC, # M Q . 

accessible to the chemical reaction. Although the 
lowering of the melting points in these samples might be 
caused primarily by the suppression of the reorganization 
during the DSC scan, the large decrease in the heat of 
fusion for the M Q sample suggests that the melting 
point was also affected by the partial breakdown of the 
less-perfect regions in the crystallites. In summary, for 
66-Nylon, the heat-treated and solution-grown samples 
were composed of folded chain crystals with different 
amounts of fold content and of less-perfect crystalline 
regions depending on the sample history. 

NMR Data. The temperature dependence of the 
spin-lattice relaxation times ( 7\) of protons for samples 
with various morphologies are shown in Figs. 5 and 6. 
A broad Tx min imum is present around 30 °C in all 
the samples studied. I n addition to this minimum, the 
M Q , SC, and SGQsamples showed a small 7 \ minimum 
at 70—80 °C. According to the relaxation map of 
66-Nylon,1-16) the 7 \ minima observed here at about 
30 and 80 °C at 60 M H z , correspond to the y- and ß-
relaxations, respectively, which are usually observed at 

-160 -120 -80 -40 0 
TCC) 

Fig. 5. Temperature dependence of 7\ for O M Q , 
# M Q A , + S C , OSCA. 
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-160 -120 -80 -40 0 
TCC) 

40 80 120 

Fig. 6. Temperature dependence of Tx for H S G Q , 
Q Drawn Fibers. 

around —120 and —40 °C for low-frequency measure­
ment, ^-relaxation was found in the MQ,, SG, and 
S G Q samples, but this is not discussed in detail in the 
present paper. 

It should be noted that / -relaxation in 66-Nylon was 
found for the SC, SCA, and drawn fibers samples for 
which other authors3) failed to detect any mechanical 
/-dispersion. 

Although the SC, SCA, and drawn fibers samples 
have been previously considered to be composed of 
less-perfect bundle crystals,6) it was confirmed in these 
measurements using I R and thermal analysis that the 
SC and SCA samples are composed of the usual folded 
chain crystals having different amounts of fold content. 
Furthermore, a large difference in morphology such as 
in the fold content, might be expected between drawn 
fibers and solution-grown crystals, these samples have 
similar spectra for molecular motion in the /-region. 
Hence, it is not possible to explain the /-relaxation in 
66-Nylon in terms of only the molecular motions of 
folded chains at the lamellar surface, as proposed by 
Bell and Murayama.3) 

In the limit of rapid spin diffusion to the reorienting 
segments, if the simple two-phase (crystalline-amor­
phous) model is applicable, the observed maximum 
relaxation rate (1/T'1)m a x at the minimum is given by17) 

(i/r1)m M C = ( i - - y ) / r 1 % (i) 

0-1 0 2 0-3 0-4 0-5 
Amorphous Fraction 

Fig. 7. Maximum relaxation rate at y-relaxation as a 
function of the amorphous fraction for 0^6-Nylon, 
• P O M . 

where (\—X) is the amorphous fraction and 7 \ a is the 
relaxation time appropriate for the amorphous regions. 
I n Fig. 7, the maximum relaxation rates for the / -
relaxation of 66-Nylon and polyoxymethylene (POM) 
are plotted against the amorphous fraction calculated 
from the density. T h e maximum relaxation rates for 
P O M increased linearly with increasing amorphous 
fraction. A similar observation for polyethylene and 
P O M has also been reported by Crist and Peterlin.7»17) 
For 66-Nylon, on the other hand, all the samples except 
the M Q sample, exhibited similar relaxation rates 
despite the fairly large differences in the amorphous 
fraction. 

I t is well known that spin diffusion is sufficiently 
rapid in these /-regions compared to the dipole-dipole 
relaxation rate. Therefore, the effects of the amorphous 
fraction on the maximum relaxation rates for 66-Nylon 
cannot be explained on the basis of Eq. 1. This means 
that the simple two-phase model cannot explain the 
/-relaxation in 66-Nylon. This is unique to 66-Nylon in 
comparison with other well-known semicrystalline 
polymers such as POM 7) and PE,17) and appears to be 
important to the understanding of the /-relaxation in 
66-Nylon. 

Fig. 8. Temperature dependence of 7\ for 066-Nylon 
melt-quenched sample, 0 P O M melt-quenched sample. 

In order to elucidate the characteristic relaxation 
behavior of 66-Nylon, the temperature dependence of 
Tx for 66-Nylon was compared with that for P O M for 
which the /-relaxat ion has been explained on the basis 
of the simple two-phase model7) in Fig. 8. I t is clearly 
seen that the 7\- temperature curve in the /-region for 
66-Nylon is much broader than that for P O M . The 
broadening of this curve in the higher temperature 
region could be caused by a coupling of the / - and 
^-relaxations. However, this phenomenon in the lower 
temperature region cannot be caused by coupling with 
any other relaxation mechanism, because 66-Nylon is 
known to exhibit no noticeable relaxation below the 
/-relaxation.18) Thus , the broadening indicates that 
the local mode motions in 66-Nylon have a much wider 
distribution of correlation times. 
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Although no fundamental difference (chain folded or 
extended chain crystals) in the crystalline morphology 
was found in these bulk samples, they contained, 
depending on the sample history, different amounts of 
disordered crystalline regions which were accessible to 
the chemical reaction. 

Atkins et al.19) have carried out an X-ray diffraction 
analysis of the lamellar structure of 66-Nylon single 
crystals and found that sharp chain foldings occur a t the 
lamellar surface but that half the lamellar thickness is 
composed of a less-perfect crystalline core; the chain 
packing becomes gradually looser in going from the 
lamellar interior to the fold surface. This type of 
crystalline disorder in 66-Nylon, which is not found in 
polyethylene and P O M , is considered to occur as the 
result of a fairly long chemical repetition unit and the 
small number of such units contained within the 
lamellar thickness. The observed density defiiciency of 
the SGI sample may be consistent with the lamellar 
structure revealed by the X-ray diffraction analysis. 
Hence, the small reduction in the heat of fusion of the 
solution-grown crystals (SGI) found as a consequence 
of the chemical t reatment indicates that the fraction of 
the disordered crystalline regions accessible to the 
chemical reaction was very small. As the bulk samples 
are thought to be complex aggregates of amorphous 
materials and crystalline lamellae, it is postulated that 
both bulk samples and solution-grown crystals contain 
disordered crystalline regions varying in the degree of 
perfection from those accessible to the chemical reaction 
to those revealed by X-ray diffraction. 

O n considering the above discussions concerning 
morphology, the structure of the disordered regions of 
66-Nylon appears to be very complex compared with 
those of P O M which has a ra ther short chemical 
repetition unit and these disordered regions in 66-Nylon 
appear to consist of a rather wide variety of structural 
heterogeneity varying from the usual amorphous 
regions between lamellae or spherulites to fairly restrict­
ed regions including those of less-perfect crystalline 
regions at the lamellar surface. Therefore, it is postulated 
that the molecular motions in these disordered regions 
exhibit a wider distribution of correlation times corre­
sponding to the degree of restriction. 

Thus, the T^-temperature curve in the y-region for 
66-Nylon becomes much broader than tha t for P O M . 

In summary, y-relaxation in 66-Nylon cannot be 
explained by only the motions of the folds or in terms 
of the simple two-phase model. This relaxation appears 
to be associated with the motions of segments in the 
disordered region, which are much more complex than 
those of P O M . 

The difference between the dynamic mechanical 
results previously reported3) and the present N M R 

results might be due to the different type and degree 
of perturbation imposed upon the samples during the 
measurements. In the N M R experiment, perturbation 
of the sample system is negligible, but in the dynamic 
mechanical test, the sample is subjected to a stress and 
the overall strain on the sample in a complex composition 
of deformation of the crystalline core and the disordered 
regions. Indeed, the magnitude of mechanical dispersion 
has been interpreted in relation to the fine structure of 
the crystalline polymers using series and parallel models 
of crystalline and amorphous regions.20) 

T h e authors wish to express their thanks to Professor 
Masatami Takeda for continuing interest and encourage­
ment during this investigation. 
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Improved Syntheses of 3'-Deoxybutirosin A and B 
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3'-Deoxybutirosin B and A (16, 17) were synthesized via condensation of 3,2'-bis-iV-benzyloxycarbonyl-4/,6/-
0-cyclohexylidene-3'-deoxyparonianiine 1,6-carbamate (2) with tris-0-(/>-nitrobenzoyl)-D-ribofuranosyl and -D-
xylofuranosyl bromide, respectively, followed by 6'-0-tosylation of the decyclohexylidene derivative (8 and 9). 
cyclic 1,6-carbamate opening and amidation with (.S)-4-benzyloxycarbonylamino-2-hydroxybutyric acid at the 
free G-l amino group. 

In a previous paper,1) we described a synthesis of 
3'-deoxybutirosin B starting from 3'-deoxyparomamine. 
Here we describe another synthesis of 3'-deoxybutirosin 
B as well as A by an alternative route. In the previous 
synthesis1) there have been found the following disadvan­
tages: 1) regioselective 6'-0-tosylation and 4 ' -0-a-
naphthoylation gave unsatisfactory yields owing to the 
presence of other similarly reactive hydroxyl groups, 
2) low solubilities of the 6'-0-tosyl and other related 
derivatives (compound 2, 3, 4, and 5 in the previous 

paper1)) in organic solvents render the column-chro-
matographical purification difficult, 3) the 4 ' -0 -
naphthoyl group unexpectedly resisted to the basic 
hydrolysis, and the removal of this group was forced to 
be incomplete in order to prevent the removal of the 
JV-benzyloxycarbonyl groups. One device to overcome 
this disadvantage was the use of sodium j&-methoxy-
benzylate, a stronger base.1) 

The condensing partner adopted in this paper is 
4 ' , 6'- O-cyclohexylidene-1,6- carbamate (2), prepared 

NHZ O^ I IH7 \ C / 

8 or 9 R = OH 
10 or 11 R = OS02C6H,P-CH3 

12or13 R=N3 

NBzO 

Ri ONBz 

4 Ri = 0NBz R2 = H 

7 Ri = H R2 = ONBz 

/—0 ) VNHC=0 

H L - M I ^ i CH(0H)(S) 

OH ' 
CH2NHZ 

Ri OH 

H R, = 0H R 2=H 

15 R,= H R2=0H 

7~\ ^ T - = 0 

jW A ^ / 3 J CH(0H)(S) CH2 
0 H 6H 2 NH 2 

R. OH 

16 R, = OH R2 = H 

17 R, = H R2 = OH 

Z : C02CH2C6H5 

NBz : C0C6H4P-N02 
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from tris - N- benzyloxycarbonyl -S'-deoxyparomamine1) 
(1). The compound 2 has a free hydroxyl group only 
at C-5 and suitable solubilities in organic solvents. The 
condensation of 2 with tris-0-(/>-nitrobenzoyl)-a,/?-D-
ribofuranosyl bromide1) (3) or a,/?-D-xylofuranosyl 
bromide2> was successfully carried out to give 4 or 7. 
The latter bromide was prepared from 1,2-O-iso-
propylidene-3,5-bis-0-(/>-nitrobenzoyl)-a-D-xylofuranose 
(5) via methyl 2,3,5-tris-0-(/>-nitrobenzoyl)-oc,/?-D-xylo-
furanoside2) (6). The cyclohexylidene group of the 
condensation product (4 or 7) was then selectively 
hydrolyzed and the 6'-hydroxyl group of the resulting 
diol derivative (8 or 9) was tosylated to give 10 or 11. 

Treatment of 10 or 11 with sodium azide gave a 
6'-azido derivative (12 or 13). Trea tment with aqueous 
barium hydroxide cleaved their ester groups as well as 
cyclic carbamate smoothly in comparison to the O-oc-
naphthoyl group described in the previous paper.1) 
Introduction of (5')-4-benzyloxycarbonylamino-2-hy-
droxybutyryl group to the amino group at C-l gave 14 
or 15 and catalytic hydrogenolysis of the JV-benzyloxy-
carbonyl and azido groups gave 3'-deoxybutirosin B 
(16) or A (17). By taking this synthetic route, the 
aforementioned disadvantages were substantially avoid­
ed and the overall yields based on 1 were 10—15%. 

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

General procedures were the same as described in a 
previous paper.1) 

3,2'-Bis-N- benzyloxycarbonyl- 4 ', 6'-0-cyclohexylidene- 3 '-deoxy-
paromamine 1,6-Carbamate (2). To an ice-cold solution 
of tris-iV-benzyloxycarbonyl-S'-deoxyparomamine1) (1) (9.60 g) 
in DMF (190 ml), 50% oily sodium hydride (1.92 g) was added 
and the mixture was vigorously stirred for 2 h in the cold. 
Acetic acid (5 ml) was added and the mixture was poured 
into ice-water (3 1). Precipitates were collected by filtration 
and dried. To a solution of the solid (7.53 g) in dry DMF 
(150 ml), 1,1-dimethoxycyclohexane (15 ml) and anhydrous 
/>-toluenesulfonic acid (430 mg) were added and the solution 
was stirred for 2.5 h at 30 °C under reduced pressure (<=%*15 
Torr). The solution was poured into aqueous acetic acid-
sodium acetate buffer (0.2 M, pH 4.5, 2 1) and the precipitates 
were collected by filtration and thoroughly washed with 
hexane and then with water to give a solid, 8.1 g (89%). It 
was reprecipitated from dioxane-acetone-hexane, mp 264— 
265 °C, [a]20 +52° (c 1, C5H6N); IR (KBr): 2930, 1775, 
1700 cm-1. 

Found: C, 61.47; H, 6.38; N, 5.97%. Calcd for C35H43-
N 3 O u : C, 61.66; H, 6.36; N, 6.16%. 

3,2'-Bis-N-benzyloxycarbonyl -4', 6'-O-cyclohexylidene- 3 '- deoxy-
5-0-\_2,3,5-tris-0-(p-nitrobenzqyl)-ß - D - ribqfuranosyl]paromamine 
1,6-Carbamate (4). A mixture of 2 (5.0 g), 31) (20.5 g), 
mercuric cyanide (9 g), and calcium sulfate (Drierite, 18 g) 
in dichloromethane (115 ml) was vigorously stirred at room 
temperature overnight. After addition of methanol (20 ml) 
and pyridine (10 ml) followed by agitation for a while, the 
mixture was filtered and the solid was washed with dichloro­
methane («*50 ml). The filtrate and the washings combined 
were washed with aqueous sodium hydrogencarbonate and 
water, dried (Na2S04), and concentrated. The resulting 
solid was chromatographed over silica gel with chloroform-
ethanol-triethylamine (30: 1: 0.1) to give a solid of 4, 5.8 g, 
[a]!3 +10° (c 1, CHC13); Though the solid still contained 
1—2% ash, it was used without purification to the next step. 

i'-Deoxybutirosin A and B 973 

l,2-0-Isopropylidene-3,5-bis-0-(p-nitrobenzoyl)-a.-n-xylofuranose 
(5). l,2-0-Isopropylidene-a-D-xylofuranose4> was treated 
with jb-nitrobenzoyl chloride in pyridine in a usual manner to 
give a solid of 5, which was recrystallized from ethyl acetate-
hexane to give needles in a yield of 76%, mp 149—150 °C, 
[ a ] - -70° (< ; l ,CHCl 3 ) . 

Found: C, 53.84; H, 4.11; N, 5.53%. Calcd for C22H20-
N 2 O n : G, 54.10; H, 4.13; N, 5.74%. 

Methyl 2,3,5- Tris-O-(p-nitrobenzoyl) -a,ß-v-xylofuranoside (6). 
To a solution of 5 (2.5 g) in dichloromethane (40 ml), 0.5 M 
methanol ic hydrogen chloride (45 ml) was added and the 
solution was kept at room temperature for 60 h. Pyridine 
(10 ml) and toluene (20 ml) were added and the solution was 
concentrated. The residue was dissolved in pyridine (50 ml) 
and the solution was treated with /»-nitrobenzoyl chloride in a 
usual manner to give a syrup of 6, 3.1 g; PMR (GDGla) ô: 
5.20 («*0.6H s, /3-H-1); the peaks corresponding to a-H-1 
could not be discerned by overlapping with other signals. 
The syrup was used without purification to bromination 
followed by glycosylation (The crystalline /3-anomer of 6 was 
described by El Khadem et a/.2>). 

3,2'-Bis-N-benzyloxycarbonyl-4',6'-0-cyclohexylidene-3'-deoxy-5-
0-[2,3,5- tris - O -(p - nitrobenzqyl) -ß-D- xylofuranosyï\paromamine 
1,6-Carbamate (7). To a cold (^10°C) solution of 6 
(2.02 g) in dry dichloromethane (40 ml), hydrogen bromide 
was introduced until saturation and the solution was kept 
at 0 °C overnight. Removal of the solvent and the excess 
hydrogen bromide by coevaporation with toluene gave a 
syrup, which was dissolved in dichloromethane (21 ml). To 
the solution, 2 (750 mg), mercuric cyanide (1.0 g), and 
calcium sulfate (Drierite, 2.0 g) were added and the mixture 
was vigorously stirred at room temperature overnight. The 
reaction mixture was then treated similarly as described for 
4 to give a solid of 7, 583 mg (42%), [aß3 +53° (c 1, CHC13). 

Found: G, 57.66; H, 4.82; N, 6.51%. Calcd for G61H60-
N 6 0 2 4 : C, 58.09; H, 4.80; N, 6.66%. 

3,2'-Bis-N-benzyloxycarbonyl-3'-deoxy- 5-0-[2,3,5-tris-0-(p-
nitrobenzoyl)-ß-i>-ribo- and -ß-o-xylofuranosyl]paromamine 1,6-
Carbamates (8 and 9). To a solution of crude 4 (350 mg) 
in acetone (3.5 ml), acetic acid (7 ml) and water (3.5 ml) were 
added and the mixture was heated at 60 °C for 6 h. The 
solution was concentrated and the residue was dissolved in 
chloroform. The solution was washed with aqueous hydro­
gencarbonate and water, dried (Na2S04), and concentrated 
to give a solid of 8, 230 mg («*70%). Since the solid con­
tained slight impurities, it was further purified by chroma 
tography over silica gel with chloroform-ethanol (20: 1) 
(30: 1, in the case of 9), [a]22 +10° (c 1, CHC13) ; IR (KBr): 
1775, 1720, 1525 cm-1. 

Found: C, 55.68; H, 4.51; N, 6.85%. Calcd for C55H52-
N 6 0 2 4 : G, 55.93; H, 4.44; N, 7.12%. 

Compound 9 : Compound 7 (440 mg) was treated similarly 
as described for 8 to give a solid of 9, 237 mg (57.5%); [a]£3 

+ 57° (c 1, GHC13); IR (KBr); 1780, 1725, 1530cm-1; 
Found: C, 55.71; H, 4.44; N, 6.92%. 
3i2'-Bis-1S-benzyloxycarbonyl- 3'- deoxy-5- O -[2,3,5- tris - O-fp-

nitrobenzoyl)-ß-n-ribo- and -ß-T>-xylofuranosyl\-6'-0-tosylparom-
amine 1,6-Carbamates (10 and 11). To a solution of 8 
(360 mg) in pyridine (10 ml), /»-toluenesulfonyl chloride 
(230 mg) was added and the solution was kept at —10 °C 
for 40 h. Water (0.1 ml) was added and the solution was 
concentrated. A solution of the residue in chloroform was 
washed with aqueous potassium hydrogensulfate. aqueous 
sodium hydrogencarbonate and water, dried (Na2S04), and 
concentrated to give a solid, which was chromatographed 
over silica gel with chloroform-ethanol (40: 1), giving a solid 
of 10, 320 mg (79%), [a]22 +4° (c 0.4, CHC13); IR (KBr): 
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1770, 1725, 1525, 1175 cm-1 (Ts); PMR (CDC13) Ô: 2.37 (3H, 
s, CH3 (Ts)). 

Found: C, 55.85; H, 4.54; N, 6.28; S, 2.35%. Calcd for 
C62H58N6026S: C, 55.77; H, 4.38; N, 6.29; S, 2.40%. 

Compound 11 : Compound 9 (335 mg) was treated similarly 
as described for 10 to give a solid of 11, 298 mg (79% ); [a]23 

+ 70° (c0.6, CHG13); IR (KBr): 1775, 1725, 1530, 1180 cm"1 

(Ts); PMR (CDC13 Ô: 2.35 (3H, s, CH3 (Ts)). 
Found: C, 55.48; H, 4.48; N, 5.99; S, 2.36%. 
6'-Azido-3,2'-bis-^-benzyloxycarbonyl-3',6'-dideoxy-5-0-\2,3,5-

tris-0-(p-nitrobenzoyl)-ß-T>-ribo- and -ß-n-xylqfuranosyljparom-
amine 1,6-Carbamates (12 and 13). To a solution of 10 
(160 mg) in DMF (3.2 ml), sodium azide (80 mg) was added 
and the mixture was stirred at 60 °G for 4 h. Chloroform 
(30 ml) was added and the reaction mixture was washed with 
saturated sodium chloride solution (30 ml x 3) and then with 
water (30 ml). The solution was concentrated and the residue 
was washed with water to remove trace of DMF accompanied, 
and dried to give a solid of 12, 142 mg (96%,), M2,2 +6.5° (c 
0.8, CHC13); IR (KBr): 2100 (N3), 1775, 1720, 1525 cm"1. 

Found: C, 54.57; H, 4.34; N, 10.52%. Calcd for C55H51-
N 9 0 2 3 : C, 54.77; H, 4.26; N, 10.45%. 

Compound 13 : Compound 11(130 mg) was treated similar­
ly as described for 12 to give a solid of 13, 115 mg (98%) ; [a]J8 

+ 54° (c 1, CHC13); IR (KBr): 2100 (N3), 1775, 1720, 1525 
cm -1 . 

Found: C, 54.44; H, 4.36; N, 10.30%. 
6'-Azido-3,2'-bis-N-benzyloxycarbonyl- l-N-[(S)-4-benzyloxy-

carbonylamino-2-hydroxybutyryl] -3', 6'-dideoxy-5-0- (ß-D-ribo- and 
-ß-ü-xylqfuranosyl)paromamines (14 and 15). To a solution of 
13 (260 mg) indioxane (13 ml), 0.05 M aqueous barium hydro­
xide (5.8 ml) was added and the mixture was stirred at 60 °C 
for 30 min. To the resulting neutral solution, additional 
aliquots of the barium hydroxide solution (5.0 and 2.1ml) 
were added at intervals and the mixture was treated as stated 
above. Carbon dioxide was introduced, and, after filtration, 
the solution was concentrated to give a residue, which was 
again dissolved in dioxane. After filtration, the solution was 
concentrated to give a solid. 

To a solution of the solid in THF (2.7 ml), iV-hydroxy-
succinimide ester3) (115 mg) of (1S')-4-benzyloxycarbonylamino-

2-hydroxybutyric acid and triethylamine (0.1 ml) were added 
and the solution was stirred at 0 °C for 1 h and then kept at 
room temperature overnight. The solution was concentrated 
and the residue was chromatographed over silica gel with 
chloroform-ethanol (7: 1) to give a solid of 15, 142 mg (68%), 
mp 86—90 °C, [a]23 +23° (c 1, CH3OH); IR (KBr): 2100, 
1700, 1530 cm-1. 

Found: C, 55.47; H, 5.83; N, 9.77%. Calcd for C45H57-
N 7 0 1 7 : C, 55.84; H, 5.94; N, 10.13%. 

Compound 14: Compound 12 (95 mg) was treated similar­
ly as described for 15 to give a solid of 14, 50 mg (66%) ; mp 
94—96 °C, [a]22 +20° (c, 1 CHC13) (lit,1) +19°); IR (KBr): 
2100 (N3), 1695, 1525 cm-1. 

Found: C, 55.67; H, 6.07; N, 9.87%. 
3'-Deoxybutirosin B (16). Compound 14 (115 mg) was 

catalytically hydrogenated as described in the foregoing paper1) 
to give a solid of 16, 55 mg (77%), [a]22 +32° (c 1, H 20) (lit,1) 
+ 29°). 

Found: C, 44.08; H, 7.37; N, 11.57%. Calcd for C21H41-
N 6 O n - H 2 C 0 3 : C, 43.92; H, 7.20; N, 11.64%. 

3'-Deoxybutirosin A (17). Compound 15 (126 mg) was 
catalytically hydrogenated as described for the preparation 
of 3'-deoxybutirosin B in the foregoing paper1) to give a solid 
of 17, 55 mg (74%), [a]2,3 +23° (c 1, H 2 0) . 

Found: C, 45.33; H, 7.49; N, 12.29%. Calcd for CnH41-
N 5 O n . l / 2 H a C 0 3 : C, 45.26; H, 7.42; N, 12.27%. 

T h e authors are grateful to Professor Hamao 
Umezawa, Director of Institute of Microbial Chemistry, 
for his support and encouragement. 
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2/-iV-Acetyl-4',6'-di-O-acetyl-3,3a-0-carbonyl-3'-deoxydihydrostreptobiosamine (15), a precursor in the 
synthesis of 3"-deoxydihydrostreptomycin, was prepared from benzyl a-dihydrostreptobiosaminide. The synthesis 
involves formation of L-allo compound (5) with inversion of the 3'-hydroxyl group of L-gluco derivative (2) in order to 
facilitate 3'-chlorination, dechlorination, of the 3'-chloro-L-gluco derivative (7 or 11) with tributyltin hydride, and 
utilization of cyclic 3,3a-0-carbonyl group instead of 3,3a-0-isopropylidene group which was unstable in the 
later reactions. 

Recent studies have clarified that streptomycin is 
inactivated by resistant bacteria carrying R factor and 
resistant Pseudomonas producing enzymes which adenyl-
ylate1) or phosphorylate2) the 3 "-hydroxyl group of the 
antibiotic. Removal of the 3"-hydroxyl group from 
dihydrostreptomycin is expected, therefore, to afford a 
dihydrostreptomycin derivative active against the resist­
ant organisms. In this paper the synthesis of a key 
intermediate for the synthesis of 3"-deoxydihydro-
streptomycin, namely, 4',6'-di-0-acetyl-3'-deoxy-3,3a-
O-carbonyldihydrostreptobiosamine** (15) starting 
from benzyl a-dihydrostreptobiosaminide is reported. 
The glycosyl chloride of 15 was successfully condensed 
with di-iV-acetyl-di-JV-benzyloxycarbonyl-4,5(5,6)-0-
cyclohexylidenestreptidine3) to give a condensation 
product which was led to 3"-deoxydihydrostrepto-
mycin.4) 

Benzyl a-dihydrostreptobiosaminide10) was treated 
with benzyl chloroformate to give the iV-benzyloxy-
carbonyl derivative (1), which was converted to the 
di-O-isopropylidene derivative (2) by treatment with 
2,2-dimethoxypropane in the presence of acidic catalyst. 
Thereafter, the free hydroxyl group at C-3 ' of 2 was 
mesylated. Trea tment of the 3'-0-mesyl derivative (3) 
with sodium iodide in JV,iV-dimethylformamide (DMF) 
afforded the JV,0-carbonyl-L-allo derivative (4). I t 
should be noted that, in the synthesis5) of tobramycin, 
similar treatment of a structurally related compound 
having a 2,6-bis(ethoxycarbonylamino)-2,6-dideoxy-3-
O-tosyl-a-D-glucopyranosyl moiety with sodium iodide 
in D M F gave a 3'-iodo derivative as a major product 
possibly with participation of the neighbouring ethoxy-
carbonyl group. I t was further found that the derivative 
(4) was more easily obtained by alkaline treatment of 
3 (86% yield). The L-allo structure of 4 was confirmed 
by the P M R spectra of 4 and 5 in which the J^'.z' and 
y3 ' t 4 ' had suitable values (3—6 Hz) for 1C L-allopyrano-
side. 

Hydrolysis of the carbamate (4) with bar ium hydrox­
ide gave 5, which was acetylated to give 6. I t should 

* * In this paper, the dihydrostreptose moiety is taken as a 
parent monosaccharide and numbers of the carbon atoms of the 
2-deoxy-2-methylamino-L-glucose moiety, the second mono­
saccharide, are primed and the hydroxymethyl carbon of di­
hydrostreptose moiety is numbered 3a. 

also be noted that t reatment of the 3'-0-mesyl derivative 
of 5 with sodium iodide in D M F gave no definite 
product. This result is unusual because, in a separate 
experiment,6) we found that a 3-0-mesyl-D-allo com­
pound, namely benzyl 4,6-0-benzylidene-2-benzyl-
oxycarbonylamino-2-deoxy-3-0-mesyl- 2- N- methyl- a-D-
allopyranoside gave the corresponding 3-iodo deriva­
tive on treatment with 50% sodium iodide in D M F 
(100 °C, 48 h) in good yield. 

Trea tment of 6 with sulfuryl chloride successfully gave 
3'-chloro-L-gluco derivative (7) with inversion of the 
configuration at C-3 ' . The L-gluco configuration of 7 
was confirmed by its P M R spectrum r in which the 
Jr.*'* gave 11.5 Hz, an indication that the 3'-chlorine 
is equatorial. At this stage, we have to mention that 
t reatment of 2 with sulfuryl chloride gave no 3'-chloro 
derivative. 

Catalytic hydrogenolysis of 7 with pla t inum oxide 
only recovered the starting material . Hydrogenolysis 
of 7 with pal ladium black gave a debenzylated product, 
while t reatment with Raney nickel with addition of 
potassium hydroxide or triethylamine gave a dechloro-
debenzylated product, both products being useless for 
the present synthesis. Reduction with tributyltin 
hydride7) in the presence of a,a'-azobisisobutyronitrile 
successfully gave the 3'-deoxy compound (8) quantita­
tively. Its structure was confirmed by its P M R spectrum. 

The deoxy derivative was modified to a derivative 
suitable for glycosylation. In the first place the 4 ' ,6 ' -0-
isopropylidene group of 8 was selectively removed to 
give 9, which was then acetylated to give 4 ' ,6 ' -di-0-
acetyl derivative (12). This requirement originated 
from our experience in the synthesis of dihydrostrepto­
mycin,3 '8 '9) in which similar replacement of an iso-
propylidene group by two acyl groups gave a successful 
result. Alternatively, compound 12 was prepared from 
7 by acid hydrolysis of 7 (which selectively removed the 
isopropylidene group at G-4' and 6' to give 10) followed 
by acetylation to give 11 and dechlorination with 
tributyltin hydride. 

The 3,3a-0-isopropylidene group of 12 was unstable 
for later t reatment with thionyl chloride to prepare a 
glycosyl chloride; transketalization8) was expected to 
occur in the dihydrostreptose moiety. T h e 3,3a-0-
isopropylidene group of 12 was therefore removed by 
treatment with 7 5 % acetic acid and the resulting diol 
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(13) was treated with /»-nitrophenyl chloroformate by a 
procedure previously described8) to give the 3,3a-
carbonate derivative (14). The presence of the cyclic 
carbonate group was confirmed by the absorption peak 
at 1810 c m - 1 in the I R spectrum. Catalytic hydro-
genolysis of the benzyl group with palladium black gave 
a masked derivative (15) of 3'-deoxydihydrostrepto-
biosamine. As separately reported,4) the C-l chloride 
of 15 was prepared and coupled4) with a protected 
derivative3) of streptidine and the condensation product 
was successfully led to 3"-deoxydihydrostreptomycin.4) 

In an alternative approach to 15 from 11, deiso-
pröpylidenation of 11 gave the corresponding diol (16), 
which was converted into a 3,3a-carbonate (17). An 
at tempt to prepare 15 from 17 by simultaneous removal 
of the 3'-chloro and 1-0-benzyl groups by catalytic 
hydrogenolysis, however, gave an unusual result. 
Trea tment of 17 with Raney nickel and hydrogen gave 
18, an isomer of 15. Its structure was confirmed by 
P M R spectroscopy. T h e methine proton signal at 
G-4 appeared as a quartet a t a low field (d 5.16), 
indicating that 4-hydroxyl group is acylated. This 
observation is another example which shows that the 
dihydrostreptose moiety is labile and tends to undergo 
ring-isomerization. 

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

General. Infrared spectra were recorded for potassium 
bromide pellets with a Hitachi Model 285 grating infrared 
spectrophotometer. PMR spectra were recorded at 60 and 
100 MHz with Hitachi R-24A and Varian XL-100 spectro­

meters. Thin layer chromatography (TLC) was performed 
on Wakogel B-5 with sulfuric acid spray for detection. For 
column chromatography, silica gel (Wakogel G-200) was used. 

Benzyl 2'-N-Benzyloxycarbonyl-cc-dihydrostreptobiosammide (1). 
To a mixture of benzyl a-dihydrostreptobiosaminide hydro­
chloride10) (6.81 g) and sodium carbonate (3.23 g) in aqueous 
acetone (1 :1 , 180 ml), benzyl chloroformate (4.6 ml) was 
added and the mixture was stirred at 0 °G for 5 h. The 
mixture was filtered and the filtrate was concentrated. The 
residue, after washing with ether, was dissolved in chloroform. 
Filtration followed by concentration gave a residue. Recrys-
tallization from chloroform-ether gave needles, 5.56 g (67%), 
mp 152—152.5 °C, [a]*4 -140° (c 1, CHC13). 

Found: G, 59.57; H, 6.57; N, 2.54%. Calcd for C28H37-
N O u : G, 59.67; H, 6.62; N, 2.49%. 

Benzyl 2'-N-Benzyloxycarbonyl-3,3a: 4'>6'-di-0-isopropylidene-
cc-dihydrostreptobiosaminide (2). To a solution of 1 (6.72 
g) in DMF (120 ml), anhydrous /»-toluenesulfonic acid 
(960 mg) and 2,2-dimethoxypropane (19.2 ml) were added and 
the solution was heated at 50 °G for 3 h. The solution 
was poured into a mixture of aqueous 5% sodium hydrogen-
carbonate solution (850 ml) and chloroform (850 ml) with 
vigorous stirring and the organic layer separated was con­
centrated to a syrup. The chloroform solution of the syrup 
was washed with water, dried (Na2S04), and concentrated to 
give a syrup, which was chromatographed over silica gel 
(benzene-methyl ethyl ketone 9: 1 ) to give a thick syrup of 2, 
7.28 g (94%), [aß4 -117° (e 1, GHC13); PMR (CDC13) <5: 
1.25 (3H d, CGH3); 1.23, 1.3, 1.42, and 1.48 (each 3H s, 
2G(CH3)2); 3.06 (3H s, NGH3), 4.56 (2H q, OGH2Ph) 4.9— 
5.15 (4H, H-1,1' and C02CH2Ph). 

Found: C, 63.14; H, 6.94; N, 1.94%. Calcd for C34H46-
N O u : G, 63.34; H, 7.19; N, 2.17%. 

Benzyl 2'-N-Benzyloxycarbonyl-3}3a: 4',6'-di-0-isopropylidene-
3'-0-mesyl-<x-dihydrostreptobiosaminide (3). Compound 2 
was treated with methanesulfonyl chloride in pyridine in a 
usual manner to give a thick syrup of 3, 99%, [a] J4 —95° 
(e 1, GHC13); PMR (GDC13) <5: 3.07 and 3.10 (each 3H s, 
NGH3 and S02CH3). 

Found: C, 58.03; H, 6.50; N, 1.99; S, 4.66%. Calcd for 
G35H47N013S: G, 58.24; H, 6.56; N, 1.94; S, 4.44%. 

Benzyl 2-0-(2,3-N,0-Carbonyl-2-deoxy-4,6- O-isopropylidene-2-
methylamino-<x- L - allopyranosyl) -3,3a-0- isopropylidene - a - dihydro-
streptoside (4). A solution of 3 (8.14 g) and sodium 
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acetate trihydrate (8.14 g) in 2-methoxyethanol (160 ml) was 
refluxed for 65 h. Evaporation of the solvent gave a solid, 
which was dissolved in chloroform. The solution was washed 
with water, dried (Na2S04), and concentrated to give a solid. 
Recrystallization from ethanol gave prisms, 5.17 g (86%), mp 
170.5—172 °C, [a]*4 -171° (c 1, CHC13); IR: 1760 cm-1 

(cyclic carbamate); PMR (CDC13) (5: 1.29 (3H, d 7 = 6 . 5 Hz, 
CCH3 ; collapsed to a singlet on irradiation at 4.05) ; 1.40 
(6H), 1.45 (3H) and 1.50 (3H) (each s, 2C(CH3)2); 3.00 
(3H s, NCH3), 3.5—3.9 (6H), 4.05 (IH q, 7 = 6 . 5 Hz, H-4; 
collapsed to a singlet on irradiation at ô 1.29); 2H AB q 
centered at ô 4.07 ( 7 = 9 Hz, H-3a); 4.54 (IH q, 7 = 3 and 6 
Hz, H-3'; collapsed to a singlet on irradiation at ô *^3.84 
(H-2',4')); 2H AB q centered at ô 4.54 (OCH2Ph); 5.04 (IH 
d, 7«*1 Hz, H-l), 5.12 (IH d, 7 = 5 Hz, H-l ' ) , 7.27 (5H s, 
Ph). The doublets of H-1 and H-1 ' were collapsed to singlets, 
respectively, on irradiation at ô Ä»3.84, therefore, the signals at 
ô «*3.84 were assigned to H-2, 2',4'. 

Found: C, 60.37; H, 6.87; N, 2.45%. Calcd for C27H37-
NO10: C, 60.55; H, 6.96; N, 2.62%. 

Benzyl 2-0-(2-Deoxy-4,6- O- isopropylidene-2-methylamino-a.-i,-
allopyranosyl) -3,3a-0-isopropylidene-<x-dihydrostreptoside (5). 
To a solution of 4 (4.74 g) in methanol (120 ml), 5.5% 
aqueous barium hydroxide (120 ml) was added and the mix­
ture was stirred at 50 °C for 110 h. Filtration followed by 
evaporation of the filtrate gave a residue, which was extracted 
with chloroform. The solution was washed with water, dried 
(Na2S04), and concentrated to give a thick syrup, which 
was crystallized from ether to give needles, 3.39 g (75%), mp 
110— 111 °C, [a]»4 -131° (c 1, CHC13); PMR (CDC13) Ô: 
1.28 (3H d, CGH3); 1.42 (3H) and 1.47 (9H) (each s, 2C-
(CH3)2); 2.46 (3H s, NCH3), 5.03 (lrf d, 7 = 4 Hz, H-l ' ) , 
5.05 (IH s, H-l). When measured in CDC13-D20, an IH 
triplet (7i /,2 ,=72 /,3' ^ 3 . 5 Hz, H-2') appeared at ö 2.65 and 
it was collapsed to a doublet on irradiation at ô 5.03. 

Found: C, 61.31; H, 7.73; N, 2.66%. Calcd for C26H39-
NO0: C, 61.28; H, 7.71; N, 2.75%. 

Benzyl 2-0-(2-Acetamido-2-deoxy-4, 6'-O-isopropylidene- 2-N-
methyl-a.-'L-allopyranosyl) -3,3a- O-isopropylidene-a-dihydrostreptoside 
(6). To a solution of 5 (652 mg) in methanol (17.5 ml), 
acetic anhydride (0.28 ml) was added and the solution was 
kept at room temperature overnight. Concentration of the 
solution gave a syrup, which was dissolved in chloroform. 
The solution was washed with water, dried (Na2S04), and eva­
porated to give a thick syrup, 659 mg (93%), [a]*5 —132° 
(c 1.3, CHCI3); IR: 1650cm-1; PMR (CDC13) Ô: 2.12 (3H 
s, Ac), 3.38 (3H s, NCH3). 

Found: C, 60.75; H, 7.32; N, 2.35%. Calcd for C38H41-
NO10: C, 60.96; H, 7.49; N, 2.54%. 

Benzyl 2 '-N-Acetyl-3 '-chloro-3 '-deoxy-3,3a: 4 ',6'- di -O- iso-
propylidene-ct-dihydrostereptobiosaminide (7). To a cold 
solution (—5 °C) of 6 (487 mg) in dichloromethane (5.3 ml), 
pyridine (0.9 ml) and sulfuryl chloride (0.35 ml) were added 
and the solution was kept in the cold for 18 h and then at 5 °C 
for 25 h. The solution was poured into a mixture of chloro­
form (90 ml) and saturated sodium hydrogencarbonate 
solution (90 ml) with vigorous stirring and the organic layer 
separated was dried (Na2S04). Concentration gave a reddish-
brown syrup, which was chromatographed over silica gel 
(benzene-methyl ethyl ketone 9:1) and the fractions contain­
ing 7 were concentrated to give a reddish syrup (334 mg). 
Recrystallization from ether gave colorless prisms, 284 mg 
(56%), mp 170—171.5 °C, [a]£4 -129° (c 1, CHC13). PMR 
(CDCI3) Ô: 1.26 (3H d, 7 = 6 . 5 Hz, CCH3); 1.36, 1.38, 1.47, 
and 1.51 (each 3H s, 2C(CH3)2); 2.13 (3H s, Ac), 3.06 (3H s, 
NCH3), 3.80 (IH d, Jœ\ Hz, H-2; collapsed to a singlet 
on irradiation at ô 4.98 (H-l)) ; 3.83, 3.93, 4.14, and 4.23 (2H, 

AB q, H-3a) ; 4.38, 4.50, 4.65, and 4.77 (2H AB q, OCH2Ph) ; 
4.90 (IH q, 7 = 3 . 5 and 11.5 Hz, H-2'; collapsed to a doublet 
(7=3.5 Hz) on irradiation at ô 4.15 (H-3')), 4.98 (IH s, 
H- l ; on irradiation at ô 3.80 (H-2), the signal sharpened), 
5.08 (IH d, 7 = 3 . 5 Hz, H-l ' ) , 7.30 (5H s, Ph). 

Found: C,. 58.87; H, 7.00; N, 2.33; CI, 6.38%. Calcd for 
C2sH40NO9Cl: C, 58.99; H, 7.07; N, 2.46; CI, 6.22%. 

Benzyl 2'-N-Acetyl-3'-deoxy-3,3a: 4',6'-di-0-isopropylidene-<x-
dihydrostreptobisaminide (8). To a solution of 7 (1.01 g) 
in dry toluene (21 ml), tributyltin hydride (1.0 ml) and <x,a'-
azobisisobutyronitrile (10 mg) were added under the atmos­
phere of nitrogen and the solution was heated at 80 °C for 2 h. 
Concentration of the solution gave a syrup, which was chro­
matographed over silica gel (benzene-methyl ethyl ketone 
4: 1). The fraction containing 8 were concentrated to give a 
thick syrup, 935 mg (99%), [a]«5 -100° (c 1, CHC13); PMR 
(CDCI3) Ô: 1.27 (3H d, 7 = 6 . 5 Hz, CCH3); 1.36, 1.38, 1.42, 
and 1.50 (each 3H s, 2C(CH3)2; 1.80 (IH double t, 7 ^ 4 , 
Ä*4, and 11 Hz, H-3'e q ; on irradiation at ô 3.8, the sextet 
collapsed to a quartet ( 7 « 4 and 11 Hz (7gem)), 2.09 (3H 
s, Ac), 3.01 (3H s, NCH3). 

Found: C, 62.47; H, 7.46; N, 2.46%. Calcd for C28H41-
N 0 9 : C, 62.79; H, 7.72; N, 2.62%. 

Benzyl 2/-N-Acetyl-3/- deoxy-3,3a - 0-isopropylidene-<x-dihydro-
streptobiosaminide (9). A solution of 8 (932 mg) in 25% 
acetic acid in methanol (34 ml) was refluxed for 50 min. 
Concentration of the solution gave a syrup, which was chro­
matographed over silica gel (benzene-ethanol 9: 1) to give a 
thick syrup of 9, 821 mg (95%), [a]*5 -161° (c 1, CHC13). 

Found: C, 60.36; H, 7.31; N, 2.75%. Calcd for C25H37-
N 0 9 : C, 60.59; H, 7.53; N, 2.83%. 

Benzyl 2 '-N-Acetyl-3 '-chloro-3 '-deoxy- 3,3a -O-isopropylidene-a-
dihydrostreptobiosaminide (10). A solution of 7 (284 mg) 
in 25% acetic acid in methanol (10 ml) was refluxed for 3 h. 
Concentration of the solution in vacuo gave a syrup. It 
showed, on TLC (benzene-ethanol 9:1), spots of Äf 0.15 (very 
slight), 0.3 (10), and 0.45 (very slight, 7). The syrup was 
chromatographed over silica gel (benzene-ethanol 12: 1) to 
give a colorless thick syrup, 253 mg (96%), [a]£4 —148° (c 
1, CHC13). 

Found: C, 56.36; H, 6.92; N, 2.34; CI, 6.92%. Calcd for 
C25H36N09C1: C, 56.65; H, 6.85; N, 2.64; CI, 6.69%. 

Benzyl 2 '-N-Acetyl-4 ', 6'-di-O-acetyl-3'-chloro-3'-deoxy-3,3a-0-
isopropylidene-tx-dihydrostreptobiosaminide (11). To a solu 
tion of 10 (215 mg) in pyridine (6 ml), acetic anhydride (0.13 
ml) was added and the solution was kept at room temperature 
overnight. Water (0.1 ml) was added and the solution was 
concentrated. The chloroform solution of the residual 
syrup was successively washed with aqueous sodium hydrogen-
carbonate solution, aqueous potassium hydrogensulfate solu­
tion, and water, dried (Na2S04), and concentrated to give a 
syrup of 11, 236 mg (94%), [oc]£5 - 8 4 ° (c 2, CHC13); PMR 
(CDC13) Ô: 1.36 (6H s, C(CH3)2), 2.03 (3H s, Ac), 2.11 (6H s, 
Ac), 3.00 (3H s, NCH3). 

Found: C, 56.46; H, 6.49; N, 2.16; CI, 5.86%. Calcd for 
C29H40NOUC1: C, 56.72; H, 6.57; N, 2.28; CI, 5.77%. 

Benzyl 2'-N-Acetyl-4',6'-di-O-acetyl-3'-deoxy- 3,3a - O -isopro-
pylidene-ct-dihydrostreptobisaminide (12). From 11: To a 
solution of 11 (2.04 g) in dry toluene (39 ml), tributyltin 
hydride (1.9 ml) and a,oe'-azobisisobutyronitrile (19 mg) were 
added and the solution was treated similarly as described for 8. 
Column chromatography over silica gel (benzene-methyl 
ethyl ketone 6:1) gave an amorphous solid of 12, 1.81 g 
(94%), [a]*5 -140° (c 1, CHC13); PMR (CDC13) Ô: 1.29 (3H 
d, CCH3), 1.40 (6H s, C(CH3)2), 2.09 (6H s, Ac), 2.11 (3H s, 
Ac), 3.00 (3Hs, NCH3). 

Found: C, 60.27; H, 7.16; N, 2.38%. Calcd for C29H41-
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N O n : C, 60.09; H, 7.13; N, 2.42%. 
From 9: Compound 9 was treated with acetic anhydride 
in pyridine to give 12 in a 98% yield. 

Benzyl 2 '- N - Acetyl -4',6'-di-0- acetyl -3'- deoxy - a - dihydro-
streptobiosaminide (13). A solution of 12 (1.73 g) in 75% 
acetic acid (43 ml) was heated at 80 °C for 3 h. Concentra­
tion of the solution gave a syrup, which was chromatographed 
over silica gel (benzene-ethanol 9: 1) to give 12 (470 mg, 27%) 
and 13. The latter was recrystallized from ether to give 
needles, 811 mg (51%), mp 157—159 °C, [a]2,5 -169° (c 1, 
CHC13); PMR (CDC13) Ô: 2.00, 2.06, and 2.09 (each 3H s, 
Ac). 

Found: C, 57.82; H, 6.87; N, 2.51%. Calcd for C26H37-
N O n : C, 57.87; H, 6.91; N, 2.60%. 

Benzyl 2'-N-Acetyl-4',61'-di-0-acetyl-3,3a-0-carbonyl-3'-deoxy-a-
dihydrostreptobiosaminide (14). To a solution of 13 (251 
mg) in pyridine (7.5 ml), />-nitrophenyl chloroformate (115 
mg) was added and the mixture was stirred at room tempera­
ture. Triethylamine (0.16 ml X 3) and the chloride (230 mg X 
3) were added alternately in every 5 h. After 35 h, chloroform 
(80 ml) was added and the solution was washed with aqueous 
sodium hydrogencarbonate solution and water throughly, 
dried (Na2S04), and concentrated to give a yellow syrup. 
Column chromatography over silica gel (benzene-methyl 
ethyl ketone 3:1) gave a thick syrup of 14, 225 mg (85%), 
R{ 0.35 (TLC, benzene-ethanol 9:1), [a]2,5 -144° (e 1, 
CHCI3). IR: 1810 (carbonate), 1740 (ester), 1640 (amide) 
cm-1. PMR (CDCI3) Ô: 1.34 (3H d, CCH3); 2.02, 2.07, 
2.12 (each 3H s, Ac), 2.94 (3H s, NCH3), 4.96 (1H d, 7 = 3 
Hz, H-l or 1'), 5.19 (1H d, 7 = 3 Hz, H- l ' or 1 ; on irradiation 
at ô 4.24, the doublet collapsed to a singlet). 

Found: C, 57.47; H, 6.21; N, 2.29%. Calcd for C27H35-
N0 1 2 : C, 57.34; H, 6.24; N, 2.48%. 

2 '-N-Acetyl-4 ', 6 '-di -O-acetyl- 3,3a -O-carbonyl-3 '-deoxy dihydro-
streptobiosamine (15). Compound 14 was hydrogenated 
with palladium black in a usual manner to give 14 as a syrup 
in a yield of 96%, [a]25 _141°_+_127° (c 1, CHC13). IR: 
1820, 1740, 1640 cm-1. PMR (CDC13) Ö: 1.30 and 1.40 
(totally 3H d in the ratio of ̂ 3 : 1 ,7=6 Hz, CCH3), 2.06 (6H 
s, OAc), 2.13 (3H s, NAc (?)), 2.95 (3H s, NCH3), 5.39 («*1H 
d, 7 = 4 Hz, H-l (?)). 

Found: C, 49.67; H, 6.27; N, 2.51%. Calcd for C20H29-
NO12-0.5H2O: C, 49.58; H, 6.24; N, 2.89%. 

Benzyl 2'-N-Acetyl-4',6'-di-0-acetyl-3'-chloro-3'-deoxy-a-dihydro-
streptobiosaminide ( 16). Prepared from 11 in a similarn 
manner as described for 13 to give a thick syrup of 16 in a 77% 
yield, [a]23 -144° (c 2, CHC13). 

Found: C, 54.34; H, 6.14; N, 2.24; CI, 6.32%. Calcd for 
C26H36NOuCl: C, 54.40; H, 6.32; N, 2.44; CI, 6.18%. 

Benzyl 2'-N-Acetyl-4 ',6'-di-0-acetyl-3,3a-0-carbonyl-3'-chloro-
3'-deoxy-<x-dihydrostreptobiosaminide (17). Prepared from 
16 in a similar manner as described for 14 to give a thick syrup 
of 17 in a 87% yield, [a]24 - 126° (c 1, CHC13). 

Found: C, 54.21; H, 5.72; N, 2.16; CI, 6.00%. Calcd for 
C27H34N012C1: C, 54.05; H, 5.71; N, 2.33; CI, 5.91%. 

Hydrogenolysis of 17 with Raney Nickel to 18. A solution 
of 17 (28 mg) in aqueous dioxane (1: 10, 1 ml) was hydrogen­
ated under pressure (50 lb/in2) with Raney nickel at room 
temperature for 26 h. Filtration followed by concentration 
of the filtrate gave colorless needles, which was filtered with aid 
of benzene to give 18, 17 mg (66%), mp 188—190 °C, [a]2,5 

- 7 8 ° (final value, c 0.5, CHC13); IR: 1810, 1770 (sh), 1740, 
1620 cm"1. PMR (CDCl3+CD3OD) Ô: 1.52 (3H d, 7 = 7 
Hz, CHC//3) ; 2.09, 2.10, and 2.13 (each 3H s, Ac); 2.98 
(3H s, NCH3), 5.01 (1H d, 7 = 3 . 5 Hz, H- l ' ; it collapsed to a 
singlet on irradiation at ô 4.61), 5.16 (1H q, 7 = 7 Hz, C#CH 3 ; 
it collapsed to a singlet on irradiation at ö 1.52). 

Found: C, 49.52; H, 6.52; N, 2.89%. Calcd for C20H29-
NO12-0.5H2O: C, 49.58; H, 6.24; N, 2.89%. 

References 

1) H. Umezawa, S. Takasawa, M. Okanishi, and R. 
Utahara, J. Antibiot., 21, 81 (1968); S. Takasawa, R. Utahara, 
M. Okanishi, K. Maeda, and H. Umezawa, ibid., 21, 477 
(1968). 

2) H. Kawabe, F. Kobayashi, M. Yamagichi, R. Utahara, 
and S. Mitsuhashi, J. Antibiot., 24, 651 (1971). 

3) S. Umezawa, Y. Takahashi, and T. Tsuchiya, Bull. 
Chem. Soc. Jpn., 48, 560 (1975). 

4) H. Sano, T. Tsuchiya, S. Kobayashi, M. Hamada, 
S. Umezawa, and H. Umezawa, J. Antibiot., 29, 978 (1976). 

5) Y. Takagi, T. Miyake, T. Tsuchiya, S. Umezawa, and 
H. Umezawa, J. Antibiot., 26, 403 (1973). 

6) Unpublished results. 
7) G. J . M. Van Der Kerk, J. G. Noltes, and J. G. 

A. Luijten, J. Appl. Chem., 7, 366 (1957); H. Arita and Y. 
Matsushima, J. Biochem., 70, 795 (1971); H. Arita, N. Ueda, 
and Y. Matsushima, Bull. Chem. Soc. Jpn., 45, 567, 3614 (1972). 

8) S. Umezawa, T. Tsuchiya, T. Yamasaki, H. Sano, 
and Y. Takahashi, J. Am. Chem. Soc, 96, 920 (1974); S. 
Umezawa, T. Yamasaki, Y. Kubota, and T. Tsuchiya, Bull. 
Chem. Soc. Jpn., 48, 563 (1975). 

9) S. Umezawa, H. Sano, and T. Tsuchiya, Bull. Chem. 
Soc. jpn., 48, 556 (1975). 

10) G. K. J. Ferguson, I. J . McGilveray, and J. B. Stenlake, 
7 Pharm. Pharmacol, 17, Suppl., 68S (1965). 



April, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (4), 979—983 (1977) 979 

A Semi-empirical Calculation of the Substituent Effects on the 
!H Chemical Shifts of 1-Substituted Naphthalenes1«2) 

Jun N I W A 

College of General Education, Nagqya University, Chikusa, Nagoya 464 
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A semi-empirical equation for predicting the XH chemical shift induced by substituents in an aromatic system 
(J. Niwa, Bull. Chem. Soc. Jpn., 48, 118, 1637 (1975)) has been applied to the ring protons of 1-substituted 
naphthalenes. The predictions of the equation are tested against the available experimental data for six representa­
tive substituents and are also compared with those of the electric-field model. 

The XH chemical shifts of a number of 1-substituted 
naphthalenes have been examined by Emsley, Lindon, 
Salman, and Clark3) in the light of some simple theories 
of the origins of substituent-induced chemical shifts 
(SCS). They have separately assessed the following 
models as the main factors governing the SCS values: 
(i) the local diamagnetic term of the relevant hydrogen 
a tom; (ii) the magnetic anisotropy of the substituent 
group, calculated by using the expression developed by 
Pople for the paramagnetic par t of the magnetic 
anisotropic tensor;4) (iii) the empirically established 
correlation between the SCS values and changes in 
the n or total electron density on the attached carbon 
atom;5) (iv) the modified equation of the correlation 
between the SCS values and changes in the n electron 
density, where the n electron densities on the attached 
and the next neighbor carbon atoms are considered,6) 
and (v) the electric-field model derived by Buckingham.7) 
I t has been indicated by them that, although no one 
simple model can predict the SCS values of all the 
protons of 1-substituted naphthalenes, it is possible to 
predict some of the larger effects and to relate them to 
the structure, and that the electric-field model gives 
the best overall agreement with the observed SCS 
values. 

In our preceding papers,1»2) we derived a semi-
empirical equation (Eq. 2) for obtaining the SCS 
values of protons in substituted aromatic side-chains1) 
and monosubstituted benzenes2) by considering the 
ring-current effect (aA,rIng) in addition to the diamag­
netic term of the hydrogen atom, A (GAil), in the C - H 
bond in question and that from its bonded carbon atom, 
B(ad

Afa): 

<5calcd(=AoA) = Ao& + AaA?a + AaA-rIn* (1) 

= aAqA + bAq* - 0Af(p, z) |a,| (2) 

where the A<?'s are the increments in electron densities on 
specified atoms, where a and b are , respectively, the 
constants particular to the hydrogen atom and the C - H 
bond, and where the third term is the modified Johnson 
and Bovey ring-current shift.8) We showed that Eq. 2 
could reasonably reproduce the observed SCS values 
of protons in the aromatic side-chains and the benzenes. 

The aim of the present paper is to demonstrate the 
validity of the predictions by Eq. 2 for a variety of 
substituents in the series of 1-substituted naphthalenes, 
to examine the range of applicability of this approach, 
and to determine its limitations. T h e advantage of the 
naphthalenes in examining the success of Eq. 2 is that 

they have seven protons situated in different magnetic 
environments. Second, we will discuss which approach, 
Eq. 2 or the electric-field model, is more appropriate 
for understanding and predicting the SCS values in 1-
substituted naphthalenes. 

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

The local diamagnetic term, oAil, of the hydrogen 
atom of naphthalene has been calculated by using the 
expression given by Kajimoto and Fueno.9) T h e 
calculated values of cAit, relative to the unsubstituted 
compound, are linearly correlated with the increments 
in electron densities on the hydrogen atoms: 

Aofö = 16.1A?A. (3) 

The diamagnetic contribution from the bonded 
carbon (orAiBa) in the case of naphthalene can be calculat­
ed in the same way as in the cases of olefinic compounds1) 
and benzenes,2) because the C - H bond length is taken 
to be 1.08 Â and the ring proton also bonds to 
the sp2-hybridized carbon atom. Thus , the crAui term, 
relative to the unsubstituted compound, becomes: 

AaA?a = 8.70A?B. (4) 

The paramagnetic term, aAB
ra, of the B atom has 

been calculated according to Pople's expression.4) I t 
remains almost constant for the series of 1-substituted 
naphthalenes so long as we assume the same average 
excitation energy and the same value of the integral 
<CrAB~3>. Accordingly, we can ignore the contribution 
of the paramagnet ic term to the SCS. 

In order to estimate the contribution of the ring-
current effect (arA'rlng) to the ring proton of naphtha­
lenes, we have used the ring-current model presented by 
Pople,10) as Fig. 1 illustrates. T h e contribution of the 
"quinonoid" structure due to the introduction of a 
substituent into the A ring causes the decrease in the 

X 

lB 

Fig. 1. The ring-current model for 1-substituted naph­
thalenes. 
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ring-current on the A ring. This contribution can be 
expressed by Eq. 5, which was derived for the 1 H 
chemical shifts in aromatic side-chains:1 '11) 

A aA.ring= _ 0.4/(^,2)10, | (5) 

where / ( p , z) is the Johnson and Bovey ring-current 
shift in ppm, which is expressed as a function of the 
geometric factors for the proton located at the cylindrical 
co-ordinates, p and z, and where GX is the Yukawa-
Tsuno parameter for measuring the resonance ability 
of the substituent. T h e "quinonoid" structure of the 
A ring may secondarily induce the localization of the 
7r-electron system of the B ring. We may assume that 
the change in the ring-current induced on the B ring 
can be ignored, because the secondary effect may be 
considered to be very small compared with the contribu­
tion of the "quinonoid" structure of the A ring to the 
SCS value. Then , the ring-current effect due to the B 
ring cancels out the other in the calculation of the 
relative contribution of the ring-current effects in 
1-substituted naphthalenes. Therefore, Eq. 5 can be 
applied, just as it is, to all the protons of the naphtha­
lenes. 

By combining Eqs. 3, 4 and 5, we obtain the following 
equation for the SCS of 1-substituted naphthalenes: 

<5calcd = 16.1A?A + 8.7QA*» - 0.4/(p, z)\aK\. (6) 

T h e value o f / ( p , z) for each proton of the naphthalenes 
has been graphically estimated by utilizing the table 
of the Johnson and Bovey ring-current shift.8) T h e 
values o f / ( p , z) obtained are —1.50 ppm for the 2-, 3-
and 4-protons, —0.60 p p m for the 5- and 8-protons, 
and —0.23 p p m for the 6- and 7-protons. 

The geometry of naphthalene used in the calculation 
and that of the substituent group are taken from the 
standard compilations.12) The molecules of 1-nitro-
naphthalene, 1-naphthylamine, 1-naphthol, and 1-
naphthaldehyde are assumed to be planar. T h e stable 
conformation of 1-naphthaldehyde may be I or I I , or 
some equilibrium between the two. The calculation 
of the chemical shifts has been performed for both the I 
and I I forms. 

/K 

O H 

X \ 

\x I II 

The 1-naphthol molecule may exist as an equil ibrium 
between the two conformers, I I I and IV. These two 
conformers, however, give virtually identical predicted 
chemical shifts. 

H H 

O O 

y \ 

m IV 

In evaluating the first and second terms of Eq. 1, we 
have used the C N D O / 2 formalism. In Table 1, the 
SCS values calculated by Eq. 6 are compared with the 
observed values. In Fig. 2, plots of the observed SCS 

l.V 
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Fig. 2. Plots of (50bsd against ôctLl<.d for ring protons of 
1-substituted naphthalenes. 
Numbered points correspond to entries in Table 1. 
Open circles are plotted against the chemical shifts 
corrected for the anisotropy effects of the substituent 
groups. 

values are shown against the calculated shifts. As may 
clearly be seen from Fig. 2, the calculated chemical 
shifts can reasonably reproduce the overall aspect of the 
SCS. However, Fig. 2 shows that Eq. 6 can not suffi­
ciently reproduce such major features of the SCS as the 
large negative values for the 8-proton of 1-naphthal­
dehyde. In deriving Eq. 6, the long-range shielding 
effect of the substituent group has not been taken into 
consideration. Therefore, the magnetic anisotropy effect 
should also be considered for the 2- and 8-protons in the 
neighborhood of a substituent group which has a large 
magnetic anisotropy, as in the cases of 1-chloronaphtha-
lene, 1-naphthaldehyde, and 1-nitronaphthalene.* 

Unfortunately, no theoretical and empirical estima­
tions of the magnetic anisotropy effects of these sub­
stituent groups are yet completely settled. The point 
magnetic dipole approximation13) is quantitatively not 
always reliable for the proton in the nearest neighbor­
hood of the substituent group. Nevertheless, it may 
provide a qualitative basis for the discussion of the 
long-range shielding. 

In the cases of 1-chloronaphthalene and 1-naphthal­
dehyde, we have at tempted to estimate the magnetic 

* On the whole, Eq. 6 correctly reproduces the SCS value 
of the 4-proton for the electron-donating substituent better 
than that for the electron-withdrawing substituent. A similar 
trend has also been obtained in the case of benzene.2> The 
insufficiency of Eq. 6 for the 3-proton may be mainly attributed 
to ignoring the magnetic contributions from carbon atoms 
neighboring the B atom, but that for the electron-withdraw­
ing substituent may not be attributed to ignoring the magnetic 
anisotropy of the substituent group, because the anisotropy 
effect on the 3- and 4-protons is too small to correct the calcu­
lated SCS to the observed SCS. Accordingly, this shortcom­
ing of Eq. 6 may show an inherent limitation of the present 
calculation. 
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TABLE I. CALCULATED AND OBSERVED CHEMIAL SHIFTS OF RING PROTONS IN 1-SUBSTITUTED NAPHTHALENESa> 
X 

Cv ( B ) 
Proton 

2 
3 
4 
5 
6 
7 
8 

2 
3 
4 
5 
6 
7 
8 

2 
3 
4 
5 
6 
7 
8 

2 
3 
4 
5 
6 
7 
8 

2 
3 
4 
5 
6 
7 
8 

2 
3 
4 
5 
6 
7 
8 

2 
3 
4 
5 
6 
7 
8 

? Ab) 

1.0074 
1.0143 
1.0080 
1.0050 
1.0118 
1.0117 
1.0114 

1.0013 
1.0117 
1.0053 
1.0042 
1.0108 
1.0100 
0.9996 

1.0117 
1.0120 
1.0065 
1.0058 
1.0111 
1.0112 
1.0044 

0.9927 
1.0057 
1.0015 
1.0029 
1.0086 
1.0075 
0.9947 

0.9996 
1.0060 
1.0023 
1.0040 
1.0082 
1.0081 
0.9988 

1.0085 
1.0070 
1.0025 
1.0054 
1.0097 
1.0093 
0.9717 

0.9790 
0.9973 
0.9955 
1.0090 
1.0055 
1.0041 
0.9502 

^ b ) 

(i)Ti 
4.0730 
3.9634 
4.0486 
4.0144 
3.9839 
4.0005 
3.9952 

(ii) 1-
4.0705 
3.9672 
4.0378 
4.0136 
3.9832 
3.9994 
3.9924 

(iii) 1 
4.0098 
3.9864 
4.0164 
4.0084 
3.9893 
3.9923 
4.0074 

ArrAA 

Naphthylamine 
- 0 . 0 5 4 

0.056 
0.038 

- 0 . 0 1 0 
0.016 
0.014 
0.093 

•Naphthol 
- 0 . 1 5 2 

0.014 
- 0 . 0 0 5 
- 0 . 0 2 2 

0.000 
- 0 . 0 1 3 
- 0 . 0 9 6 

Aoffi 

0.715 
- 0 . 2 3 8 

0.362 
0.064 

- 0 . 0 6 0 
0.084 

- 0 . 1 0 3 

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

0.268 
0.057 

- 0 . 0 6 6 
0.075 

- 0 . 1 2 7 
-Methylnaph thalene 

0.014 
0.019 
0.014 
0.003 
0.005 
0.006 

- 0 . 0 1 9 

0.165 
- 0 . 0 3 8 

0.082 
0.012 

- 0 . 0 1 3 
0.013 
0.003 

(iv) 1-Chloronaphthalene 
4.0201 
3.9801 
4.0155 
4.0085 
3.9856 
3.9917 
3.9991 

(v) 1-] 
3.9654 
4.0007 
3.9911 
4.0032 
3.9916 
3.9844 
4.0151 

(vi) 1-
3.9696 
4.0018 
3.9895 
4.0047 
3.9910 
3.9847 
4.0241 

(vü) 1 
3.9965 
3.9988 
3.9830 
4.0035 
3.9874 
3.9806 
4.0274 

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

Naphthaldehyd« 
- 0 . 1 7 9 
- 0 . 0 7 7 
- 0 . 0 5 3 
- 0 . 0 2 6 
- 0 . 0 4 2 
- 0 . 0 4 3 
- 0 . 1 0 9 

•Naphtaldehyde 
- 0 . 0 3 7 
- 0 . 0 6 1 
- 0 . 0 5 0 
- 0 . 0 0 3 
- 0 . 0 1 8 
- 0 . 0 2 4 
- 0 . 5 4 2 

0.255 
- 0 . 0 9 3 

0.074 
0.130 

- 0 . 0 4 5 
0.008 

- 0 . 0 6 9 

- 0 . 2 2 1 
0.009 

- 0 . 1 3 8 
- 0 . 0 3 3 

0.007 
- 0 . 0 5 6 

0.071 

(II) 
- 0 . 1 8 4 

0.096 
- 0 . 1 5 2 
- 0 . 0 2 0 

0.002 
- 0 . 0 5 3 

0.148 
-Nitronaphthalene 

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

- 0 . 2 1 1 
0.070 

- 0 . 2 0 9 
- 0 . 0 3 0 
- 0 . 0 3 0 
- 0 . 0 8 9 

0.177 

AaA> r ing 

0.252 
0.252 
0.252 
0.101 
0.039 
0.039 
0.101 

0.204 
0.204 
0.204 
0.031 
0.031 
0.082 
0.082 

0.047 
0.047 
0.047 
0.019 
0.007 
0.007 
0.019 

0.042 
0.042 
0.042 
0.017 
0.006 
0.006 
0.017 

0.138 
0.138 
0.138 
0.055 
0.021 
0.021 
0.055 

0.138 
0.138 
0.138 
0.055 
0.021 
0.021 
0.055 

0.204 
0.204 
0.204 
0.082 
0.031 
0.031 
0.082 

"calcd 

0.91 
0.07 
0.65 
0.16 
0.00 
0.14 
0.09 

0.74 
0.01 
0.47 
0.07 

- 0 . 0 3 
0.14 

- 0 . 1 4 

0.23 
0.03 
0.14 
0.03 
0.00 
0.03 
0.00 

0.01 
- 0 . 1 3 

0.05 
- 0 . 0 1 
- 0 . 0 7 
- 0 . 0 5 
- 0 . 2 3 

- 0 . 2 6 
0.15 

- 0 . 0 5 
0.00 

- 0 . 0 1 
- 0 . 0 8 

0.02 

- 0 . 0 8 
0.17 

- 0 . 0 6 
0.03 
0.01 

- 0 . 0 6 
- 0 . 3 4 

- 0 . 5 2 
0.06 

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

°obsd 

0.766 
0.167 
0.507 
0.052 
0.018 
0.009 
0.060 

0.676 
0.146 
0.357 

- 0 . 0 1 2 
- 0 . 0 3 1 
- 0 . 0 6 4 
- 0 . 4 1 0 

0.211 
0.124 
0.155 
0.021 
0.028 
0.006 

- 0 . 1 1 0 

- 0 . 1 7 4 
0.035 
0.016 

- 0 . 0 7 1 
- 0 . 1 1 5 
- 0 . 1 6 8 
- 0 . 5 4 4 

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

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

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

AqE
c> 

0.45 
0.01 
0.28 
0.11 
0.03 
0.04 

- 0 . 1 4 

0.40 
- 0 . 0 1 

0.23 
0.06 
0.04 
0.00 

- 0 . 3 3 

0.13 
0.02 
0.11 
0.03 
0.00 
0.02 
0.00 

— 
— 
— 
— 
— 
— 
— 

- 0 . 6 3 
0.15 

- 0 . 2 7 
0.08 
0.16 
0.17 

- 0 . 0 0 6 

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

0.15 
0.21 

- 0 . 6 5 

- 0 . 6 2 
- 0 . 0 5 
- 0 . 2 0 
- 0 . 0 6 
- 0 . 1 4 
- 0 . 1 4 
- 0 . 5 8 

a) All the values are relative to the unsubstituted compound, b) All the electron densities are calculated by the 
CNDO/2 method. The electron densies of naphthalene are: qK (the l-proton) = l .0056, gA (the 2-proton) = 
1.0108; f (the 1-carbon)=4.0070, <p (the 2-carbon) = 3.9908 c) Cited from Ref. 3. The chemical shifts 
were measured in 5 mol% in CC14. 
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TABLE 2. T H E MAGNETIC ANISOTROP Y EFFECTS OF FORMYL, 

NITRO, AND CHLORO GROUPS ON THE 2 - AND 8-PROTONS 

Substituent 

CHO(form 
CHO(form 
N02

16> 

a«> 

1)14) 

H)14) 

Xx Xy 
( X l O ^ c m 3 

28.8 
28.8 

- 1 8 

34.6 
34.6 

- 3 . 3 -
A* 

- 7 . 5 

Xz 
esu) 
18.0 
18.0 

-23 

2-proton 
(PP 

- 0 . 4 5 
- 0 . 0 4 
- 0 . 1 6 

- 0 . 0 9 

8-proton 
m) 

- 0 . 0 8 
- 0 . 5 9 
- 0 . 5 4 

- 0 . 1 6 pp
m

) 

a) x is in the direction of the C=0 bond for the formyl 
group and in that of the C-N bond for the nitro group, 
and y and z are in- and out-of-plane respectively. 

anisotropy effect on the 2- and 8-protons by using the 
values of the magnetic susceptibilities given by 
McConnell for the chlorine atom12) and those given by 
Pople for the carbonyl group.14> The respective values 
of the anisotropy effects obtained on the 2- and 8-
protons are listed in Table 2. When these anisotropy 
effects are taken into account, the predicted SCS values 
in 1-naphthaldehyde become, respectively, —0.8 and 
—0.1 p p m for the 2- and 8-protons of Form I, while 
those of Form I I become, respectively, —0.1 and —0.9 
ppm. This result predicts that Form I may cause the 
considerable low-field shift in the 2-proton, whereas 
Form I I causes that in the 8-proton. T h e present 
approach favors Form I I over Form I for the aldehyde 
on the basis of the predicted SCS values for the 2- and 
8-protons. Recently Ha tano has indicated, on the 
basis of N M R measurements with the paramagnetic 
reagent technique, that Form I I may be the stable 
conformer.15) T h e present result corresponds with his 
indication. 

With respect to the magnetic anisotropy of the nitro 
group, no theoretical estimation has been presented. 
Therefore, we have at tempted to estimate the anisotropy 
effect by utilizing the values of the magnetic susceptibil­
ities empirically obtained by Yamaguchi , who inves­
tigated the magnetic anisotropy effect of the nitro group 
on ortho methyl groups in nitrobenzene derivatives.16) 
T h e values obtained for the 2- and 8-protons are shown 
in Table 2. 

Emsley et al. have indicated that, among the simple 
models which they have assessed, the electric-field model 
(Eq. 7) gives the best overall agreement with the ob­
served SCS values.3) T h e electric-field model given by 
Buckingham7) is: 

<rE = -AEZ, (7) 

where A is calculated to be about 2 x l 0 ~ 1 2 esu. Ez 

arises from point charges located on atoms; then E% 

is given classically by Eq. 8, where qB is the atomic 
charge : 

£z = S?Bcos0AB/rA
8

B. (») 

T h e 0AB angle is that between the C - H and rAB. In 
deriving Eq. 7, the rough approximation is originally 
used. Moreover, Emsley et al. introduced some assump­
tion in applying Eq. 8 to the naphthalenes; they rather 
arbitrarily restricted the summation in Eq. 8 to charges 
which neighbor the proton, because of the difficulty 
of knowing how electric fields are transmitted within 
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Fig. 3. Plots of <5obsd against AaE calculated by Emsley 
et a/.3> 
Numbered points correspond to entries in Table 1. 

molecules.3) T h e SCS values, AaE, calculated by them 
are cited in Table 1. The correlation between the 
observed and the calculated SCS values is shown in 
Fig. 3. A comparison of Fig. 2 with Fig. 3 clearly shows 
that Eq. 6 can more correctly reproduce the observed 
SCS values than the electric-field model, even though 
Eq. 6 can not sufficiently reproduce the chemical shift 
of the 8-proton of Unaphthaldehyde. 

When the anisotropy effects are taken into considera­
tion for the substituent groups, Cl, C H O , and N 0 2 , 
the shortcoming of Eq. 6 for the 2-protons of 1-chloro-
naphthalene, 1-naphthaldehyde, and 1-nitronaphthalene 
seems to be reasonably improved. However, the 
corrected chemical shift of the 8-proton of 1-nitronaph­
thalene seems to be overestimated, while that of 1-
naphthaldehyde can not still sufficiently reproduce the 
observed SCS value. T h e improvement of Eq. 6 for the 
8-protons of the two compounds remains a subject of 
future research, along with the exact estimation of the 
magnetic anisotropy effects of the substituent groups. 

T h e CNDO/2 calculations were carried out on a 
FACOM-230 60 computer at the Nagoya University 
Computat ion Center. 

References 

1) J. Niwa, Bull. Chem. Soc. Jpn., 48, 118 (1975). 
2) J. Niwa, Bull. Chem. Soc. Jpn., 48, 1637 (1975). 
3) J. W. Emsley, J. C. Lindon, S. R. Salman, and D. T. 

Clark, J. Chem. Soc, Perkin Trans. 2,1973, 611. 
4) J . A. Pople, J, Chem. Phys., 37, 53 (1962). 
5) T. B. Cobb and J. D. Memory, J. Chem. Phys., 50, 

4262 (1969); G. Frankel, R. E. Carter, A. McLachlan, and 
J. H. Richards, J. Am. Chem. Soc., 82, 5846 (1960) ; P. L. Corio 
and B. P. Dailey, ibid., 78, 3043 (1956). 

6) J . C. Shug and J . C. Deck, J. Chem. Phys., 37, 2618 
(1Ö62). 

7) A. D. Buckingham, Can. J. Chem., 38, 300 (1960). 



April, 1977] Calculation of *H Chemical Shifts of Naphthalenes 983 

8) J . S. Waugh and R. W. Fessenden, J. Am. Chem. Soc, 
79, 846 (1957) ; G. E.Johnson and F.. A« Bovey, J . Chem. Phys., 
29, 1012 (1958); J. W. Emsley, J . Feeney, and L. H. SutclifFe, 
''High Resolution Nuclear Magnetic Resonance Spectro­
scopy," Vol. 1, Pergamon Press, Oxford (1965), p. 595. 

9) O. Kajimoto and T. Fueno, Chem. Lett., 1972, 103. 
10) J. A. Pople, W. G. Schneider, and H. J. Bernstein, 

"High-resolution Nuclear Magnetic Resonance," McGraw-
Hill, New York (1959), p. 251. 

11) H. Yamada, Y. Tsuno, and Y. Yukawa, Bull. Chem. 

Soc.jpn.,43, 1459 (1970). 
12) "Tables of Interatomic Distance and Configuration in 

Molecules and Ions," Chem. Soc, London, Spec. Publ., 
No. 11 (1958). 

13) a) P. T. Narasimhan and M. T. Rogers, / . Phys. Chem., 
63, 1388 (1959); b) H. M. McConnell, / . Chem. Phys., 27, 226 
(1957). 

14) J. A. Pople, J. Chem. Phys., 37, 60 (1962). 
15) A. Hatano, Nippon Kagaku Kaishi, 1975, 1917. 
16) I. Yamaguchi, Mol. Phys., 6, 105 (1963). 



984 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (4), 984 986 (1977) [Vol. 50, No. 4 
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aluminium Ethyl in Visible Light 
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Tetraphenylporphinatoaluminium ethyl reacts with carbon dioxide in the presence of 1-methylimidazole to 
produce tetraphenylporphinatoaluminium propionate in the presence of visible light but not in the dark. 

In the photosynthesis of green plants, carbon dioxide 
is fixed and reduced by species activated by the energy 
of light in visible region of the spectrum which is 
absorbed by and transferred from chlorophylls a 
dihydroporphyrin system. In this connection, the 
reaction of carbon dioxide with species activated by 
visible light is very interesting. 

In the course of the present study on the reaction of 
carbon dioxide with organometallic compounds and 
related systems,1-3) it was found that the reaction of 
a,j#,y,<5-tetraphenylporphinatoaluminium ethyl with 
carbon dioxide was induced by visible light in the 
presence of 1-methylimidazole. 

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

Materials. a,/?,y,<5-Tetraphenylporphine (TPPH2) was 
synthesized from pyrrole and benzaldehyde in propionic 
acid.4) Contaminated a,/9,y,ö-tetraphenylchlorin was trans­
formed into TPPH2 using 2,3-dichloro-5,6-dicyanobenzo-
quinone in boiling methylene chloride.6) 

1-Methylimidazole was prepared by the alkylation of imida­
zole with methyl iodide in liquid ammonia.6) 

Carbon dioxide was purified upon passage through a series 
of columns packed with cupric sulfate, potassium bicarbonate, 
reduced copper, phosphorous pentoxide and activated cupric 
oxide. 

Methylene chloride was washed with sulfuric acid followed 
by water, dried over calcium chloride and then calcium 
hydride, and distilled over calcium hydride in a nitrogen 
atmosphere. Benzene was washed with sulfuric acid and 
then with water, dried over calcium chloride, and distilled in 
the presence of sodium wire in a nitrogen atmosphere. 

Triethylaluminium was purified by distillation under 
reduced pressure (111 °C/24 Torr). 

Procedure. Formation of Tetraphenylporphinatoaluminium 
Ethyl (TPPAlEt) by the Reaction of Tetraphenylporphine (TPPHJ 
with Triethylaluminium: The reaction of TPPH2 and triethyl­
aluminium was carried out in a quartz cell having four flat 
faces (2.5x2.5x4.0 cm) fitted with a three-way cock. The 
cell containing TPPH2 (0.92 g, 1.5 mmol) was purged with 
nitrogen and a solvent (20 ml) was added to dissolve the 
TPPH2. Triethylaluminium (0.21 ml, 1.5 mmol) was added 
slowly to the solution using a syringe from the three-way cock 
in a nitrogen stream at room temperature. The reaction 
of TPPH2 with triethylaluminium was completed within a 
few minutes under the evolution of two equivalent amounts 
of ethane (Fig. 1) which was identified by gas chromatography 
and measured volumetrically by a mercury-sealed gas burette. 
By adding an excess of hydrochloric acid to this reaction 
mixture, a stoichiometric amount of ethane to aluminium was 
evolved, indicating the existence of one ethyl-aluminium bond. 

In the 1H NMR spectra of the reaction mixture, the ratio 

Time (min) 

Fig. 1. Reaction of tetraphenylporphine (TPPH2) and 
triethylaluminium (Et3Al), TPPH2; 1.8 mmol, Et3Al; 
1.8 mmol, CH2C12; 30 ml, temp; 30 °C. 

of phenyl protons («5=8.22 ppm (ortho) and (5=7.85 ppm 
(meta and para)) to ^-protons on the pyrrole ring («5=9.05 
ppm) of the porphine was found to be 5: 2, excluding the 
possibility of the reaction of triethylaluminium with the C-H 
protons of the porphine ring. Methylene (-aluminium) and 
methyl signals are found at Ô =—6.35 ppm (quartet) and <5= 
— 3.40 ppm (triplet), respectively, which occur for a much 
higher magnetic field compared with the methylene (<5= 
0.46 ppm) and methyl (<5= 1.26 ppm) signals of triethyl­
aluminium. This fact clearly indicates that the ethyl group 
is attached to the aluminium atom as an axial ligand and is 
affected by the ring current of the porphine ring. 

From these results, TPPH2 and triethylaluminium are con­
sidered to react to form tetraphenylporphinatoaluminium ethyl 
(TPPAlEt) : 

TPPH2 + Et3Al • TPPAlEt + 2EtH 

A similar reaction for triethylaluminium with octaethyl-
porphyrin has been reported,7) though a detailed examination 
of the reaction was not presented. 

Reaction of Carbon Dioxide with TPPAlEt: Reactions of 
tetraphenylporphinatoaluminium ethyl (TPPAlEt) with 
carbon dioxide were carried out in the quartz cell which was 
placed in a glass water bath at 25 °C. Several hours after the 
formation of TPPAlEt, 1-methylimidazole (0.13 ml, 1.5 mmol) 
was added, followed by carbon dioxide bubbling for 5 min, 
and the mixture was irradiated for a given period of time by 
visible light (450—750 nm) obtained from a 500-W xenon 
lamp placed at a distance of 10 cm outside the water bath. 
Light of higher and lower wavelength was eliminated using 
appropriate filters. 

Separation of the Reaction Product: In order to obtain the 
reaction product in an amount sufficient to conduct fürther 
examinations, carbon dioxide was bubbled for 10 min at 
room temperature in a 300 ml two-necked Pyrex flask which 
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contained TPPH2 (6.14 g, 10 mmol), Et3Al (1.37 ml, 10 mmol) 
and 1-methylimidazole (1.00 ml, 10 mmol). After an appro­
priate period of time, hydrogen chloride gas was bubbled 
through the above reaction mixture, and the solvent and 
excess hydrogen chloride were removed under reduced pres­
sure at room temperature giving a solid residue, which was 
further treated in accordance with the following two proce­
dures: 1) 1-Butanol (5 ml), coned sulfuric acid (1ml) and 
sodium sulfate (5 g) were added to the residue, and the mixture 
was heated at 130 °C for 20 min. The reaction mixture was 
concentrated and extracted with hexane, then fractionated 
into several parts employing column chromatography on 
silica gel using hexane as the eluent. Some fractions which 
were found to contain butyl propionate by gas chromato­
graphy were collected and purified by passage through a 
column of silica gel using a mixture of hexane and methylene 
chloride as the eluent, then through another silica gel column 
using methylene chloride as the eluent. After removing the 
solvent from the fractions, a liquid was obtained, and its IR 
spectrum agreed with that of authentic butyl propionate. 
2) An ether solution of diazomethane (in great excess with 
respect to TPPAlEt) was added to the residue at room tem­
perature, and after one day the reaction mixture was con­
centrated to remove the solvent by evaporation and subjected 
to gas chromatography. 

Measurement. Infrared spectra were measured in a 
fixed cell (0.1 mm) using a Hitachi EPI-G3 spectrophotom­
eter. Ultraviolet and visible spectra were obtained with 
the sample in a quartz cell (of length 0.1 cm) using a Shimadzu 
RSP-7B spectrophotometer. 1H NMR spectra were measured 
using a JEOL 4H-A type spectrometer. Gas chromato­
graphic analysis was carried out using a Yanagimoto Model 
G80 gas Chromatograph with the column (of 1—1.5 m) packed 
with dioctyl phthalate, silica gel, polyethylene glycol, and with 
hydrogen as the carrier gas. 

R e s u l t s 

Reaction of Tetraphenylporphinatoaluminium Ethyl with 
Carbon Dioxide. When carbon dioxide was bubbled 
in a solution of TPPAlEt in methylene chloride in the 
presence of from one to three equivalent amounts of 
1-methylimidazole and irradiated by visible light, a new 
carbonyl absorption band appeared at 1642 c m - 1 in the 
infrared spectrum (Figs. 2 and 3). T h e figures show that 
the absorption increased with time fairly rapidly but 
substantially ceased after about 40 h. O n the other 
hand, absorption due to carbon dioxide at 2340 c m - 1 

decreased as the band at 1642 c m - 1 increased. In the 
dark, however, absorption at this frequency was very 
slight even after 48 h. The temperature in the irradiated 
case was the same as that for the measurements in the 
dark. The same effect was also observed when benzene 
was used as the solvent. 

In the absence of 1-methylimidazole, no absorption at 
1642 c m - 1 was present even when the system was 
irradiated by visible light. Thus, TPPAlEt reacts with 
carbon dioxide only when irradiated by visible light in 
the presence of 1-methylimidazole. 

Reaction Products. In the reaction of carbon 
dioxide and TPPAlEt in methylene chloride for 20 h, 
treatment of the reaction mixture with hydrogen 
chloride gas followed by 1-butanol gave butyl propionate 
in a 4 % yield based on the amount of porphinatoalumi-

(B) (A) 

(2340 cm"1) 1700 1600 cm' 

Wave Number 

Fig. 2. Infrared spectra of the reaction mixture of 
tetraphenylporphinatoaluminium ethyl (TPPAlEt) with 
carbon dioxide(C02, bubbling for 5 min) in the 
presence of 1-methylimidazole. 
TPPAlEt; 3mmol, 1-methylimidazole; 3mmol, GH2C12; 
50ml, temp; 25 °C; (A) a; before bubbling of C0 2 , b ; 
20 min, c; 40 min, d, 60 min, e; 14 h; (B) Absorption 
due to C0 2 . 

1700 1600 cm ^IIQQ 1600 cm 

Wave Number 

Fig. 3. Infrared spectra of the reaction mixture of tetra­
phenylporphinatoaluminium ethyl (TPPAlEt) with car­
bon dioxide(COa) in dark(A) and under radiation of 
visible light(B); TPPAlEt; 1.5mmol, 1-methylimid­
azole; 1.5mmol, C 0 2 bubbling for 5 min. 

n ium ethyl. 
In another reaction, t reatment with diazomethane 

gave methyl propionate in a 12% yield based on the 
amount of porphinatoalummium ethyl. Thus , carbon 
dioxide was inserted into aluminium-ethyl bond of 
TPPAlEt to form aluminium propionate. 
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TPPAlEt 
coa TPPAl-O-C-Et 

ii 
O 

HCl 

BuOH 

EtCOOH— 
-> EtCOOBu 

CHaN, 
-* EtCOOMe 

Other expected products, such as 3-ethyl-3-pentanol, 
3-pentanol and ethyl formate were not detected in the 
reaction mixture after t reatment with hydrogen chloride. 

Attempted direct esterification of the reaction mixture 
with methyl iodide and ethyl iodide at 130 °C were 
unsuccessful. 

D i s c u s s i o n 

As described above, irradiation by visible light in the 
presence of 1-methylimidazole is necessary for the 
reaction of TPPAlEt and carbon dioxide. Figure 4 
shows the visible spectra of the TPPAlEt and T P P A l E t -
1-methylimidazole ( 1 : 1 ) system in methylene chloride at 

550 600 
Wavelength (nm) 

Fig. 4. Visible spectra of tetraphenylporphinatoalumi-
nium ethyl (A) and tetraphenylporphinatoaluminium 
ethyl- 1-methylimidazole ( 1:1) system (B) in methylene 
chloride, TPPAlEt; 7.0 X 10"3 mmol, CH2C12; 20ml, 
1-methylimidazole; 7.0 X 10 -3 mmol. 

room temperature. T h e absorption maximum of the 
TPPAlEt spectrum shifted from 548 to 568 nm in the 
presence of 1-methylimidazole. By changing the ratio 
of the amount of 1-methylimidazole to that of TPPAlEt, 
an isosbestic point was observed at 557 nm, and the 
strength of the absorption maximum at 568 nm remained 
almost the same when a more than equimolar amount 
of 1-methylimidazole was added. Therefore, 1-methyl­
imidazole is considered to form an equimolar coordina­
tion compound with TPPAlEt in methylene chloride. 
Such coordination of 1-methylimidazole possibly to the 
aluminium is considered to increase the nucleophilicity 
of the ethyl group. 

However, irradiation by visible light is essential for 
the reaction. Since neither 1-methylimidazole nor the 
aluminium-ethyl bond have absorptions in the visible 
region, it is reasonable to consider that the aluminium-
ethyl bond of the TPPAlEt-1-methylimidazole complex 
was indirectly activated by visible light excitation of the 
porphine ring. 

Such an activation effect by visible light on the 
reaction of carbon dioxide is very interesting in relation 
to the electron transfer in photosynthesis. 
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Notes on the Formations of Oxaziridines by the Irradiation and 
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veratra-llajlSClD-diene-S^^liS^S^-triol lla-Oxide, 
a Fused 6-Membered-ring Nitrone1) 

Hiroshi SUGINOME, Terutoshi MIZUGUCHI, and Tadashi MASAMUNE 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo, 060 
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The irradiation of the title nitrone (5) with monochromatic light afforded a single isomeric oxaziridine (6), 
which reverted to the original nitrone (5) thermally at room temperature. The title nitrone was also converted 
into another oxaziridine (8) by treatment with benzoic anhydride. 

In our previous paper,1) we proposed a pathway for 
the formation of the title nitrone (5) via the photorear-
rangement of a (225, 25£)-veratr-13(17)-enine-llß-yl 
nitrite (2) on the basis of several pieces of experimental 
evidence. 

We wish to report here on the transformations of the 
nitrone (5) into a single isomeric oxaziridine (6) by 
irradiation with monochromatic light (285 nm) and 
on a reaction toward acylating reagents which led 
to a product (8) with an oxaziridine ring. 

R e s u l t s 

Photochemical Oxaziridine Formation.2) T h e photo­
chemical behavior of the nitrone (5) in ethanol toward 
Pyrex-filtered light was parallel to the nitrone we 
previously reported.3) Thus, thenitrone (5) in ethanol 
was transformed into a single, less polar substance on 
3 h irradiation with the Pyrex-filtered light generated 
by 100-W high-pressure Hg arc lamp. The less polar 
substance should be an oxaziridine (6), since it reverted 
to the starting nitrone when refluxed in acetone for ca. 
1 h and it oxidized the iodide ion to iodine. T h e 
configuration of the oxaziridine ring could not be 
assigned since it was thermally unstable, even at room 
temperature. However, the a-configuration is more 
probable on the basis of the concideration of the relative 
stalility. 

The quantitative transformation of the nitrone (5) into 
the corresponding oxaziridine (6) with monochromatic 
light and the quantitative thermal regeneration of the 
nitrone (5) from the oxaziridine (6) at room temperature 
were confirmed spectroscopically. Thus , a methanolic 
solution of the nitrone (5) (5.8 X 10~5 M) was irradiated 
with monochromatic light (285 nm) at room tempera­
ture. The nitrone (5) was completely transformed into 
the oxaziridine (6) by irradiation for 2 min, as was 
indicated by the vanishing of the absorption maximum 
at 285 nm of the nitrone(5)(Fig. 1). When the irradiated 
solution was set aside at room temperature in the dark, 
the oxaziridine gradually reverted to the nitrone, and 
after 18 h the oxaziridine (6) was quantitatively trans­
formed into the nitrone (5)2) as was indicated by the 
gradual appearance of the absorption maximum at 
285 nm in the solution (Fig. 2). 

The quantum yields of the oxaziridine formation in 
methanol and in isopropyl alcohol with monochromatic 
light (285 nm) were found to be 0.17 and 0.10 respec-

Fig. 1. Decline in the UV spectrum of 5 on irradia­
tion with 285 nm light in 5.8 X 10~5 M methanol. 
1 : before irradiation, 2 : 5 s irradiation, 3: 10 s, 4: 15 
s, 5: 20s, 6: 25 s, 7: 30s, 8: 35s. 

tively. The formation of the oxaziridine was also 
observed in ethanol, £-butyl alcohol, dioxane, tetra-
hydrofuran, and cyclohexane. T h e nitrone (5) was 
equally transformed into the oxaziridine in methanol 
containing triplet quenchers, piperylene, or oxygen. The 
quan tum yields of the oxaziridine formation were 
found to be 0.16 and 0.19 respectively. These facts 
indicated that the oxaziridine was formed from the 
singlet-excited nitrone.4) 

The Reaction of the Nitrone (5) with Acylating Reagent. 
The treatment of this nitrone (5)with benzoic anhydride 
and pyridine at room temperature afforded a mixture 
of products from which only the major product, 8 
(mp 194—195 °C) was obtained in a pure form. T h e 
results of the elemental analysis and t h e mass spectrum 
were consistent with a molecular formula of C4 0H5 4O8-
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Fig. 2. Increase in the absorption maximum at 285 nm 
of the solution of 6 in 6.5 X 10~6 M methanol at room 
temperature. 
1 : the UV spectrum of 5 before irradiation, 2 : after 
2 min irradiation, 3 : the UV spectrum of the solution 
when the solution irradiated for 2 min (the solution A) 
was set aside for 30 min in the dark at room tempera­
ture, 4 : the UV spectrum of the solution A after 80 min 
in the dark, 5: the solution A after 18 h in the dark 
at room temperature. 

N a . The oxaziridine structure was assigned to this 
compound on the basis of the I R and N M R spectra in a 
manner entirely analogous to the product in the benzo-
ylation of the nitrone we previously reported.3) The 
assignments of the N M R signals are described in the 
table. As in the previous case,2* the N-Ac protons were 
considerably shielded and appeared near the signal due 
to the 19-H. The signal due to the N-Ac was further 
confirmed by a comparison of XH N M R spectra between 
the product 8 and the deuterium-labeled compound 9. 

T h e partial [ 2H] 3 acetylation of (225,25^)-5a-veratr-
13(17)-enine-3ftllft230-triol (1) afforded a deuterium-
labeled derivative (3). Its subsequent nitrosation 
afforded {22S,25S)-N- [2H]3acetyl-5a-veratr-13(17) -enne-
30,110,23/ff-triol 3,23-di-[2H]3 acetate 11-nitrite (4). 
The nitrite (4) in carbon tetrachloride was photolyzed 
by a procedure analogous to that used in the case of 
the 2 nitrite to afford the nitrone (7)in a 2 8 % yield. The 
treatment of it with benzoic anhydride and pyridine 
under the same conditions as were used for the 5 nitrone 
afforded a mixture of products. Its recrystallization 
from ether afforded an oxaziridine (9). The 1 H 
N M R spectrum of compound 9 indicated the presence of 
all the signals found in the spectrum of compound 8 with 
the exceptions of two sharp signals at r 8.02 and at 
T 8.86 due to the OAc and NAc of the product (8). 

Therefore, the singlet at T 8.86 in the spectrum of the 
product (8) was assigned to that of NAc. This con­
siderable shielding of NAc protons, found in the spectrum 
of the product (8), was attributable to an anisotropy by 
the newly introduced phenyl ring. The assignments 
of the rest of the signals of the product (8) are shown 
in the table. There was a clear doublet at r 3.32 (J— 
9.6) ascribable to the 11/?-H on the newly formed 
oxaziridine ring. An inspection of the Dreiding model of 
compound 8 in conjunction with the considerable 
shielding of the iV-acetyl protons by the benzene ring 
in the 1 H N M R spectrum suggested that the configura-

Com­
pound 3-aH 11-aH 

TABLE. CHEMICAL SHIFTS (T values) AND COUPLING CONSTANTS (HZ) 

Chemical shifts 

12-aH 18-H 19-H 20ß-U 21-H 22-£H 23-aH 26-H 27-H N-Ac, OAc 

4 5.35 br 5.85 (q) 7.35 (s) 8.27 (s) 9.03 (s) 6.85 (q) 8.86(d) 5.21(d) 4.89 (bs) 8.86(d) — 
7 ca. 5.34 ca. 5.34 — 7.09 (s) 9.09 (s) 6.84 (q) 8.87 (q) 5.22(d) 4.97 (bs) 8.87(d) 6.64 (bs) — 

8.86 (s) 

^ b < A - ». 13 (s) 9.08 (s) a « ; » « 5.22 (d) 4.98 (bs) g ; » « ^ 

(OAc) 

8 

9 5.34 br 

Compound 

3.32(d) __ 8 1 4 , 

11-aH, 11-aH, (11-0H) 
12-aH 9-aH 

0 9.09 (s) 

12-aH, 
14-aH 

8.89 or r 0 0 / J \ A oo ru \ 8.89 or 
9.01 (d) 5 ' 2 2 W 4 - 9 8 (bs> 9.01 (d) -

Coupling constants 

20-aH, 20-£H, 22-jSH, 
21-H 22-^H 23-^H 

25-aH, Other signals and the 
26-H coupling constants 

5.3 2.7 
a 

11-0H, 
9-aH 9.6 

11-jKH, 
9-aH 9.6 

9.8 6.6 
6.6 

10.5 
10.5 

6.6 or 6.0 10.5 

6 . 6 o r 6 . 0 10.5 

1.5 
1.5 

1.5 

1.5 

6.6 
6.6 

6.6 or 6.0 

6.6 or 6.0 

1.8—2.7 (m) 
benzoyl H 

1.8—2.7 (m) 
benzoyl H 

a) Unassignable. 
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^JkA (1) R2=R2=H, R3=0H 

(2) R ^ - A c , R3=0N0 

(3) R1-R2-C0CD3, R3=0H 

CO R1=R2=C0CD3, R3-0N0 

(6) 

(Cgf^CO^O-Pyndine 

R 

Ä 
H (8) R=Ac, R1=C6H5 

(9) R=C0CD3, Ri=C6if5 

S c h e m e 1. 

tion of compound 8 at the C-13 position was ß. How­
ever, this assignment is not conclusive. 

Although we obtained theoxaziridine(8)as the major 
product, we were unsuccessful in isolating a compound 
with a pyridine nucleus corresponding to the compound 
which was isolated previously.2) This probably shows 
that the compound with the pyridine nucleus was 
formed only in a poor yield in this benzoylation. This 
difference from the previous case demonstrate that a 
balance of two competitive processes leading to ox-
aziridine and to a compound with a pyridine nucleus 
depends upon a rather slight modification of the sub­
strate structure. 

Exper imenta l 

For the instruments used and the general procedures, see 
Part 30.5> 

The Formation of the Oxaziridine(6)on the Irradiation of the Nitrone 
(5) in Ethanol and the Thermal Treatment of the Oxaziridine (6). 

The nitrone (5) (53 mg) in ethanol (73 ml) was irradiated 
through Pyrex with a 100-W high-pressure Hg arc lamp 
under nitrogen. The progress of the reaction was monitored 
by TLG (Solvent: acetone/chloroform 1/3). After 3.5 h, the 
nitrone disappeared and was transformed into a less polar 
substance which appeared as a single spot on the TLC. After 
the removal of the solvent at 22 °C, the residue developed a 
yellow color on the addition of a KI-acetic acid solution. 
This residue was dissolved in 10 ml of acetone and they re-
fluxed for 1 h 10 min. An examination by TLG of this 
solution showed that nearly all the oxaziridine had reverted 
to the starting nitrone. The acetone was then evaporated 
and the residue was recrystallized from isopropyl ether to 
yield crystals (29 mg) which were identical with the starting 
nitrone. 

The Transformation of the Nitrone (5) into the Oxaziridine (6) 

in Methanol on Irradiation with 285 nm Light. Quantum-
yield Measurements: Solutions of the nitrone (5) containing 
1,3-pentadiene or oxygen were prepared by dissolving 0.16 mg 
of the nitrone in 5 ml of methanol containing ca. 0.2 g of 1,3-
pentadiene and 0.21 mg of the nitrone in 5 ml of methanol 
saturated with oxygen. 

The solutions for the quantum-yield measurements were 
prepared by dissolving 0.17 mg of the nitrone (5) in 5 ml of 
methanol and 0.19 mg of 5 in 5 ml of isopropyl alcohol. Each 
4 ml portion of the solutions in silica cells (10 X 10x45 mm) 
was placed in a chamber of the Jasco GRM-FA grating spectro-
irradiator. The solutions were then irradiated with a 285 nm 
light. Figure 1 shows the decline in the intensity of the 
absorption maximum of compound 5 at 285 nm in methanol. 

The quantum yields of the transformation of the nitrone (5) 
into the oxaziridine (6) were measured as in the case of 
the disappearance of the nitrite.1* The decreases in the ab-
sorbance at 285 nm of the U V spectrum of the solutions upon 
the irradiation for 5 s in the case of methanol and for 
20 s in the case of isopropyl alcohol were found to be 0.2 
and 0.47. 

Since the molar absorptivity at 285 nm in the UV spectrum 
of the 5 nitrone was known to be 15800, and since the output 
of the Xe arc lamp at 285 nm was 0.6 x 105 erg/cm2, s, the 
quantum yield of the decomposition of the nitrone in methanol 
was calculated to be 0.18. 

In the same manner, the quantum yield of the decomposi­
tion of the nitrone in isopropyl alcohol was calculated to be 
0.10. 

(22S,25S)-N-[H2]aAcetyl-veratr-13(17)-enine-3ß,llß,23ß-triol 
3,23-di-{*H]z-acetate (3). The triol (1) (620 ml) and acetic 
anhydride-</6 (2.5 ml) in pyridine (6.2 ml) were stirred for 
22 h at room temperature. After the addition of methanol 
(10 ml), the solvent was removed with added benzene under 
reduced pressure. The residue was dissolved in chloroform 
and the chloroform solution was washed with 2M-hydrochloric 
acid, a 5% aqueous sodium hydrogencarbonate solution, and 
water successively. After the removal of the chloroform, the 
amorphous residue (955 mg) was submitted to column chro­
matography (Mallinckrodt silicic acid; 100 mesh: eluent, 
benzene) to yield 462 mg of colorless crystals of the tri-[2H]3 

acetyl derivative (3). The analytical specimen was obtained 
by recrystallization from ether. Mp 196—197°G. Found: 
C, 69.84, H and D, 10.80, N, 2.36%. Galcd for C33H42 D9-
0 6 N : C, 69.92; H and D, 10.67; N, 2.47%. i>max 1736 cm-1 

(OCOCD3), 1632 cm"1 (NCOCD3), 3468 (OH), 1244, 1079 
cm-1. NMR; see Table. MS, m/e 568 (M +2 , 0.2%), m/e 
361 (0.5%), m/e 204 (54%), m/e 160 (100%), m/e 116 (16%). 

Nitrosation of the llß-ol (3). To a solution of the 11/3-
ol (3) (430 mg) in acetic acid (6 ml) at 60°C, there was added 
sodium nitrate (200 mg) within a period of 30 s. To the 
reaction mixture there was then added water (40 ml). The 
resultant precipitates of the nitrite were collected by filtra­
tion, washed with a 10% aqueous sodium hydrogencarbonate 
solution, washed with water, and dried in vacuo. Yield, 
435 mg. NMR; see Table. 

Photolysis of the Nitrite (4). The above nitrite (435 mg) 
in carbon tetrachloride (20 ml) was irradiated through Pyrex 
with a 100-W high-pressure Hg arc for 8.5 h under argon. 
A small amount of a solid which appeared on the wall of the 
vessel was dissolved in chloroform. The photolyzed solution 
and the chloroform solution were combined, and the solvent 
was removed. The residue was submitted to preparative 
TLC (solvent: acetone/benzene 1/5). The amorphous crude 
nitrone was recrystallized from ether to afford 120 mg of the 
nitrone (7). Mp 126—127 °C. Found: C, 66.30; H and D, 
10.20; N, 4.52%. Calcd for C33H41D907N2 : C, 66.50; H and 
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D, 9.98; N, 4.73%. NMR; see Table. 
Benzoylation of the Nitrone (5). The nitrone (5) (79 mg) 

and benzoic anhydride (100 mg) in pyridine (3.5 ml) were 
stirred for 24 h at room temperature. The reaction mixture 
was then poured into a mixture of ice and water (80 ml). 
The mixture was extracted with chloroform (20 ml X 2). The 
chloroform solution was washed successively with 2M-hydro-
chloric acid (20 ml), a 5% aqueous sodium hydrogencarbo-
nate solution (20 ml), and water, and then dried (Na2S04). 
The removal of the solvent afforded a residue (310 mg). 
This was submitted to preparative TLC (acetone/chloro­
form 1:3). Four fractions-A ( 142 mg), B (44 mg), G ( 17 mg), 
and D (17 mg) were obtained in the order of increasing 
polarity. The least polar fraction, A, was recovered benzoic 
anhydride. The B fraction was recrystallized from ether to 
yield 11 mg of the oxaziridine (8). Mp 194—195 °C. Found: 
G, 69.40, H, 7.55; H, 4.30%. Galcd for C40H54O8N2: C, 
69.54; H, 7.88; N, 4.06%. UV Ag« 231 nm (e; 11000). 
*max (CHCls) 1720 cm-1 (OAc and OGOC8H5), 1629 cm-* 
(NAc). NMR; see text. 

Benzoylation of the Nitrone (7). The above nitrone (7) 
(90 mg) and benzoic anhydride (110 mg) in pyridine (3.5 ml) 
were stirred for 3 h. After the addition of 2 M hydrochloric 
acid (500 ml), the reaction mixture was extracted with 
chloroform (50 ml+40 ml+20 ml). The chloroform solution 
was washed successively with a 5% aqueous sodium hydrogen-
carbonate solution and water and then dried (Na2S04). 
After the removal of the solvent, the residue was recrystallized 
from ether to yield 28 mg of the pure oxaziridine (9). Mp 

243—244 °C (from acetone). Found: C, 68.40; H and D, 
8.90; N, 3.80%. Galcd for C40H45D9O8N: C, 68.64; H and 
D, 9.07; N, 4.00%. NMR see Table. 
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tory, J a p a n Spectroscopic Co., Ltd., where the 
experiments with monochromatic light were undertaken. 
We also wish to thank Mrs. Satoko Araki and Mrs. 
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Chemical Synthesis of Antigenic Determinants in Hen Egg-White 
Lysozyme. I. Heneicosapeptide Corresponding to 

Positions 34—54 in the Primary Structure 

Takayuki MITAKI and Yasutsugu SHIMONISHI 
Institute for Protein Research, Osaka University, Yamada-kami, Suita, Osaka 565 

(Received October 18, 1976) 

For elucidating one of the antigenic determinants of hen egg-white lysozyme close to its catalytic site, heneico­
sapeptide was synthesized by a conventional method. This peptide, phenylalanylglutamylserylasparaginylphenyl-
alanylasparaginylthreonylglutaminylalanylthreonylasparaginylarginylasparaginylthreonylaspartylglycylserylthreon-
ylaspartyltyrosylglycine, corresponds to positions 34—54 of the amino acid sequence of hen egg-white lysozyme. 

Two methods have been used in studies on the 
antigenic structures of hen egg-white lysozyme (HEL) . 
One is screening of proteolytic digests of H E L for 
immunologically active peptides;1 - 7) characterization of 
these peptides then provides various informations about 
the structures of the antigenic determinants. This meth­
od has the disadvantages that fractions of digests may 
be contaminated with small quantities of immunolog­
ically active materials and that it cannot be used to 
study the minimal structures of antigenic determinants 
for activity and the functions of the individual amino 
acid residue. The second method is chemical synthesis 
of antigenic structures of HEL. 8 - 1 0 ) This method does 
not have the disadvantages of the other method, because 
it can give pure substance with natural structure and 
also various artificial analogs, whereas it cannot be 
used alone for determining the antigenic determinants. 

Sakato et al.*) found that certain peptides isolated 
from thermolytic digests of H E L , i.e., Pib [sequence11 '12) 
Val29 to Gly54 and Val1 0 9 to Trp 1 2 3 linked by a single 
disulfide (Cys30 and Cys115) bond] , PBa-i (sequence Phe3 4 

to Gly54) and PBa_2 (sequence Phe3 8 to Gin5 7) , are 
immunologically active, and described that the antigenic 
determinant of H E L included in these peptides is in 
the sequence Phe3 8 to Gly.54 I t seemed interesting to 
characterize this determinant, because these immuno-
reactive peptides are close to a catalytic site of H E L 
and because antibody populations directed to them also 
neutralize the enzymatic activity of HEL.4) The second 
method described above seemed most suitable for 
examining this antigenic determinant of H E L , because 
various peptides related to this determinant could not 
be isolated from enzymatic digests of H E L . Studies 
on this have been carried out in collaboration13) with 
Prof. T . Amano and his group of the Research Institute 
for Microbial Diseases, Osaka University. This paper 
reports the synthesis of a heneicosapeptide, phenyl-
alanylglutamylserylasparaginylphenylalanylasparaginyl-
threonylglutaminylalanylthreonylasparaginylarginyl-
asparaginylthreonylaspartyl glycyl seryl threonyl aspartyl-
tyrosylglycine corresponding to Pßa-i, which includes 
two residues of the catalytic sites of H E L (Glu35 and 
Asp52).14) 

This peptide was synthesized from appropriately 
protected smaller fragments by the azide coupling 
reaction. In planning the synthesis, easy ways of 
purifying peptide intermediates and the ultimate 
removal of protecting groups with liquid hydrogen 

fluoride15) were considered. For the synthesis, heneico­
sapeptide (sequence Phe3 4 to Gly54) was divided into 
four subfragments (Px — P4) , as shown in Figs. 1—4. 
For synthesis of subfragment P l 5 ^V"-benzyloxycarbonyl-
y-^-butylglutamic acid iV-hydroxysuccinimide ester16) 
was condensed with serine methyl ester. Then Na-
benzyloxycarbonyl-y-^-butylglutamylserine methyl ester 
(I) was hydrogenated catalytically and the resulting 
peptide ester was not isolated but coupled directly with 
benzyloxycarbonylphenylalanine17) by dicyclohexyl-
carbodiimide to give benzyloxycarbonylphenylalanyl-y-
i-butylglutamylserine methyl ester ( I I ) . The protected 
tripeptide methyl ester was converted to the correspond­
ing hydrazide ( H I ) . Benzyloxycarbonylphenylalanyl-y-
i-butylglutamylserine azide obtained from compound I I I 

Phe Glu Ser Asn Phe 

Z 4 - 0 H 

OBu ,f.\ , 
Z-f-OSu D ; H-J-OMe 

17) 
OBu' 

OBu1 

OBu1 

0Bu L 

-OMe 
( I ) 

-OMe 
(ID 

-N„H 
2"3 
HI) 

•OMe .18) 

•OMe 
( IV) 

Fig. 1. Scheme for synthesis of subfragment Vt 

(sequence 34—38)28> 

Asn Thr Gin Ala Thr 

Z4-

• J - 0 N D 2 0 > 0 N p t u ' Z. 

Z+ONp 

- N 2 H 3 
21) 

20) 
•OMe 

19) 

-OMe 
(V) 

•OMe 
(V I ) 

•OMe 
( V I I ) 

Fig. 2. Scheme for synthesis of subfragment P2 

(sequence 39—43). 
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Asn 

•ONp 
20) 

Arg Asn Thr Asp 

Z Ä 2 4 » 2. 

To s 

Tos 

Z-f -0Np 2 0> Z. 

- N 2 H 3 ^ Z. 

LoBu* 

.OBu1 

22) 

.OBu 

I Bu1 

,0Bul 

,0BU; 

Gly 

tonoc O S u " ' H4-N,H0Boc 

t 

23) 

-N2H2Boc 

(VIII) 

•N2H2Boc 

(IX) 

-N2H2Boc 

•N2H2Boc 

(X I ) 

•N2H2Boc 

(XII) 

Fig. 3. Scheme for synthesis of subfragment P3 (sequence 44—49). 

Ser Thr Asp 

- N 2 H 3
2 5 ) Z-

,0Bu' 
-OSu 

.OBu1 

22) 

Tyr Gly 

: J K P 2 6 ) H4_0But 27) 

Bzl 

OBu1 

-OBu" 
(XI I I ) 

-OBu1" 
(XIV) 

-OBu r 
(XV) 

Fig. 4. Scheme for synthesis of subfragment P4 

(sequence 50—54). 

was not isolated but allowed to react directly with 
asparaginylphenylalanine methyl ester, which was 
obtained by removal of the benzyloxycarbonyl group 
from the protected peptide18) by catalytic hydrogénation. 
In this way benzyloxycarbonylphenylalanyl-y-^-butyl-
glutamylserylasparaginylphenylalanine methyl ester 
(IV) was obtained without difficulty. 

Subfragment P2 was synthesized using benzyloxycar-
bonylalanylthreonine methyl ester19) as starting material 
by a stepwise elongation procedure. The benzyloxy­
carbonyl group was removed by catalytic hydrogénation 
and the resulting peptide ester was not isolated but 
coupled directly with benzyloxycarbonylglutamine p-
nitrophenyl ester20) to yield benzyloxycarbonylgluta-
minylalanylthreonine methyl ester (V). The protecting 
group was cleaved by catalytic hydrogénation and the 
tripeptide methyl ester was condensed with benzyloxy-
carbonylthreonine azide prepared from its corresponding 
hydrazide21) to give benzyloxycarbonylthreonylgluta-
minylalanylthreonine methyl ester (VI) . The benzyl­
oxycarbonyl group was removed by catalytic hydrogéna­
tion and the tetrapeptide methyl ester thus obtained 
was coupled with benzyloxycarbonylasparagine p-
nitrophenyl ester20) to give benzyloxycarbonylasparagin-
ylthreonylglutaminylalanylthreonine methyl ester (VII ) . 

Subfragment P 3 was constructed using benzyloxy­

carbonyl -ß-1- butylaspartylglycine f-butoxycarbonylhy-
drazide (VI I I ) , which was prepared by coupling 
benzyloxycarbonyl-^-f-butylaspartic acid N-hydroxysuc-
cinimide ester22) with glycine /-butoxycarbonylhydra-
zide.23) The benzyloxycarbonyl group of compound 
V I I I was removed by catalytic hydrogénation and the 
resulting peptide J-butoxycarbonylhydrazide was coupl­
ed with benzyloxycarbonylthreonine azide to yield 
benzyloxycarbonylthreonyl-/?-/-butylaspartylglycine t-
butoxycarbonylhydrazide ( IX) . The protecting group 
for amino terminus was removed by catalytic hydrogéna­
tion and the chain elongated by further three single 
steps using benzyloxycarbonylasparagine jb-nitrophenyl 
ester,20) iV-benzyloxycarbonyl-iV^-tosylarginine24) and 
dicyclohexylcarbodiimide in the presence of iV-hydroxy-
succinimide, and benzyloxycarbonylasparagine ^-nitro-
phenyl ester20) for acylation. Thus, benzyloxycarbo-
nylasparaginyl - JV^-tosylarginylasparaginylthreonyl -ß -1-
butylaspartylglycine f-butoxycarbonylhydrazide (XII) 
was obtained. 

Subfragment P4 (XV) was synthesized by coupling 
benzyloxycarbonylserylthreonine azide with ß-t-b\ity\-
aspartyltyrosylglycine J-butyl ester, which was obtained 
by removal of the benzyloxycarbonyl group from the 
protected tripeptide ester (XIV) by catalytic hydrogén­
ation, without isolation. The tripeptide derivative 
(XIV) was prepared by condensation of benzyloxy-
carbonyl-/5-£-butylaspartic acid JV-hydroxysuccinimide 
ester22) with tyrosylglycine ^-butyl ester, which was 
prepared by removal of the protecting groups from 
benzyloxycarbonyl-O-benzyltyrosylglycine f-butyl ester 
(XI I I ) by catalytic hydrogénation. The dipeptide 
derivative (XI I I ) was obtained by condensation of ben­
zyloxycarbonyl-O-benzyl tyrosine jb-nitrophenyl ester26) 
with glycine £-butyl ester.27) 

T h e couplings of subfragment Pj with P2 and of 
subfragment P 3 with P4 were carried out separately, as 
shown in Fig. 5. The hydrazide (XVI) of subfragment Px 

was converted to the corresponding azide and coupled 
with pentapeptide methyl ester, which was prepared by 
removal of the benzyloxycarbonyl group of subfragment 
P2 by catalytic hydrogénation. The decapeptide 
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Subfragment P 

OBu1-
Z-Phe-Glu-Ser-Asn-Phe-N„H 

Subfragment P, 

2"3 
(XVI) 

Subfragment P, 

I 
Subfragment P, 

Tos 
Z-Asn-Arg-Asn-Thr-Asp-Gly-N 2H-

I (XIX) 

OBiT 
Z-Phe-Glu-Ser-Asn-Phe-Asn-Thr-Gln-Ala-Thr-OMe 

I (XV I I ) 

OBu1- T 

Z-Phe-Glu-Ser-Asn-Phe-Asn-Thr-Gln-Ala-Thr-N 2H 3 

Tos OBu1 

( X V I I I ) 

Z-Asn-Arg-Asn-Thr-Asp-Gly-Ser-Thr-Asp-Tyr-Gly-OBu 

H-Asn-Arg-Asn-Thr-Asp-Gly-Ser-Thr-Asp-Tyr-Gly-OH 
(XX) 

H-Phe-Glu-Ser-Asn-Phe-Asn-Thr-Gln-Ala-Thr-Asn-Arg-Asn-Thr-Asp-Gly-Ser-Thr-Asp-Tyr-Gly-OH 
(XXI) 

Fig. 5. Scheme for synthesis of the heneicosapeptide (sequence 34—54). 

derivative (XVII) obtained was converted to its corre­
sponding hydrazide ( X V I I I ) . O n the other hand, 
subfragment P 3 was treated with trifluoracetic acid and 
the corresponding hydrazide (XIX) obtained was 
coupled with serylthreonyl-/?-£-butylaspartyltyrosylgly-
cine *-butyl ester prepared from subfragment P4 by 
Rudinger's azide method29) to give a protected unde-
capeptide. Without further purification the peptide was 
treated with liquid hydrogen fluoride in an H F -
apparatus15) to remove its protecting groups. The free 
undecapeptide (XX) , asparaginylarginylasparaginyl-
threony 1 asparty 1 g 1 y cy 1 sery 1 threony 1 asparty 1 tyrosy 1 g 1 y-
cine, was purified on a column of diethylaminoethyl-
cellulose. The azide, prepared from the hydrazide 
(XVII I ) by Rudinger 's method,29) was further coupled 
in situ with free undecapeptide (XX) to give protected 
heneicosapeptide. The crude heneicosapeptide was not 
purified due to its low solubility but was directly 
treated with hydrogen fluoride15) to remove its protecting 
groups. The resulting free peptide was fractionated on a 
column of Sephadex G-25, as shown in Fig. 6, and the 
main fraction collected was purified further on a column 
of carboxymethyl-cellulose, as shown in Fig. 7. 

a 
tii.oh 

v u 
Ö 

-g 05 
O 
VI 

< 

25 50 75 

Elution volume (ml) 

Fig. 6. Gel-filtration of crude heneicosapeptide (XXI) 
on Sephadex G-25 in 50% acetic acid. 

Elution volume (ml) 

Fig. 7. Chromatogram of the main fraction shown in 
Fig. 6 on carboxymethyl-cellulose (H+ cycle) using a 
linear gradient from water to 50% acetic acid. 

T h e heneicosapeptide thus synthesized showed the 
same order of inhibitory activity in a precipitin reaction 
between 1 2 5I-HEL and the purified anti-Vlh antibody, 
as that reported elsewhere.13) This confirms that one 
of the antigenic determinants of H E L is in the region 
from Phe3 4 to Gly54 of H E L . Chemical synthesis of the 
minimal structure necessary for inhibitory activity is 
now in progress. 

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

All chemicals were of reagent grade and they were used 
without further purification. The amino acids except 
glycine were of the L-configuration. Sephadex G-25 fine 
was purchased from Pharmacia Go. (Uppsala). Thin layer 
chromatography was performed on silica gel G (Merck) using 
the following solvent systems (volume ratios); chloroform: 
methanol: acetic acid (95:5:3) , ethyl acetate: benzene 
(1:1), 1-butanol: acetic acid: water (4 :1 :1) , 1-butanol: 
acetic acid: pyridine: water (15: 3: 10: 12), phenol: water 
(3: 1) and chloroform: methanol: acetic acid: water (10: 10: 
1:10, lower phase). Paper electrophoresis was performed 
at pH 4.8 in 0.2 M pyridinium acetate buffer. Peptide 
derivatives were hydrolyzed in 6 M hydrochloric acid with 
phenol in sealed tubes for 24 h at 105 °C, and amino acids 
in the hydrolysates were examined in a Hitachi KLA-5 
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analyzer by the method of Moore et a/.30) Optical rotations 
were determined with a Perkin-Elmer Model 241 Polarimeter. 
T h e purities of the peptide derivatives synthesized were 
confirmed by thin layer chromatography and paper electro­
phoresis and by the ratio of their constituent amino acids 
measured in acid hydrolysates by amino acid analysis. 
Melting points were measured by the capillary method and are 
given as uncorrected values. 

Na-Benzyloxycarbonyl-y-t-butylglutamylserine Methyl Ester (I). 
A solution of serine methyl ester hydrochloride (6.80 g, 44.0 
mmol) in JV, JV-dimethylformamide (50 ml) was cooled to 
0—5 °C. T h e chilled solution was mixed with triethylamine 
(6.2 ml) and then a solution of iV"-benzyloxycarbonyl-y-f-
butylglutamic acid iV-hydroxysuccinimide ester16) ( 17.4 g, 
40.1 mmol) in iV,iV-dimethylformamide (40 ml) and stirred 
for 2 h at room temperature . T h e n the mixture was con­
centrated in vacuo, and diluted with ethyl acetate. T h e 
diluted solution was washed successively with 0.1 M hydro­
chloric acid, 5 % aqueous sodium hydrogencarbonate, and 
water, and dried over anhydrous sodium sulfate. T h e 
dried solution was concentrated in vacuo to a syrup, and the 
material was crystallized in a mixture of ethyl acetate and 
hexane; wt 15.7 g (89.2%). T h e crude product was recrys-
tallized from ethyl acetate and hexane; wt 12.7 g (72.2%) ; m p 
70—72 ° C ; [a]^9 - 5 . 3 ° (c 0.9, ethanol) . 

Found : C, 57.64; H , 6.91 ; N , 6 .40%. Galcd for C 2 1H 3 0O 8-
N 2 : G, 57.52; H , 6.90; N, 6 .39%. 

Benzyloxycarbonylphenylalanyl-y-t-butylglutamylserine Methyl 
Ester (II). Compound I (12.7 g, 29.0 mmol) was dis­
solved in methanol (500 ml) , and hydrogenated over a 5 % 
pal ladium-charcoal catalyst for 1.5 h at atmospheric pressure. 
T h e catalyst was filtered off and washed with a small volume 
of methanol . T h e filtrate and washings were combined and 
concentrated to a syrupy residue in vacuo. T h e residue was 
dissolved with benzyloxycarbonylphenylalanine17) (8.70 g, 
29.1 mmol) in JV,iV-dimethylformamide (70 ml) , and the 
solution was cooled to — 10 °C. Then a solution of dicyclo-
hexylcarbodiimide (6.00 g, 29.1 mmol) in iV,iV-dimethyl-
formamide (20 ml) was added and the mixture was stirred for 
one hour at the same temperature and then overnight at room 
temperature. T h e precipitate formed was filtered off and 
washed with JV,iV-dimethylformamide. T h e filtrate and 
washings were combined, concentrated to a small volume 
in vacuo, and diluted with ethyl acetate. T h e diluted solution 
was washed successively with 0.1 M hydrochloric acid, 5 % 
aqueous sodium hydrogencarbonate, and water, and dried 
over anhydrous sodium sulfate. T h e dried solution was 
concentrated to a syrup under reduced pressure, and crude 
material was crystallized from ethyl acetate and hexane; wt 
12.6 g (74.1%). I t was recrystallized from ethyl acetate 
and hexane; wt 11.7 g (68 .8%); m p 87.5—89 °G; [a]JJ 
- 1 4 . 9 ° (c 1.1, ethanol) . 

Found : G, 61.67; H , 6.87; N , 7.30%. Calcd for C3 0H3 9-
0 9 N 3 : C, 61.52; H , 6 .71; N , 7 .18%. 

Benzyloxycarbonylphenylalanyl-y - 1 - butylglutamylserine Hydrazide 
(III). A solution of compound I I (11.7 g, 20.0 mmol) 
in methanol (200 ml) was cooled to 0—5 °C, and then 9 0 % 
hydrazine hydra te (7 g) was added. T h e mixture was kept 
for 24 h at room temperature , and the precipitate formed 
was filtered off and washed with methanol ; wt 10.9 g (91.6%) ; 
m p 171—173 °G. 

Found : C, 58.85; H , 6.70; N , 11.65%. Calcd for C29H39-
O s N 5 - 0 . 5 H 2 O : C, 58.57; H , 6.78; N, 11.78%. 

Benzyloxycarbonylphenylalanyl-y- t-butylglutamylserylasparaginyl-
phenylalanine Methyl Ester (IV). Benzyloxycarbonyl-
asparaginylphenylalanine methyl ester18) (6.41 g, 15.0 mmol) 
was dissolved in methanol (1 liter) and hydrogenated over a 

5 % pal ladium-charcoal catalyst for 3.5 h at atmospheric 
pressure. T h e catalyst was filtered off and washed with 
methanol . T h e filtrate and washings were combined and 
concentrated to a solid residue in vacuo. The residue was 
dissolved in JV,JV-dimethylformamide (50 ml) , and cooled to 
— 10 °C. Compound I I I (8.78 g, 14.8 mmol) was suspended 
in iV,iV-dimethylformamide (40 ml) , cooled to — 20 °C and 
mixed with 3.90 M H C l in dioxane (11.5ml) . The clear 
solution was mixed with isopentyl nitrite (2.10 ml) at the same 
temperature . After 10 min a solution of iV-methylmorpholine 
(4.55 g) in iV,iV-dimethylformamide (10 ml) and then a cooled 
solution of the amino component were added. T h e mixture 
was stirred for 40 h in a refrigerator (0 °C). Then a solution of 
iV-methylmorpholine (0.98 g) in iV,7V-dimethylformamide 
(2.1 ml) was added and the mixture was stirred for 48 h at 
the same temperature . Then , the solution was poured 
into large volume of water . T h e precipitate formed was 
collected by filtration ; wt 10.2 g (79.7%). T h e crude product 
was reprecipitated from iV,iV-dimethylformamide and ethyl 
aceta te ; wt 8.70 g (68 .0%); m p 214—215 °C ; [oc]2D

7 - 3 . 8 ° 
(c 1.1, iV,iV-dimethylformamide). Amino acid ra t io : Asp, 
1.00 (1); Ser, 0.93 (1); Glu, 1.05 (1); Phe, 2.00 (2). 

Found : C, 60 .51; H , 6.45; N, 9 .92%. Calcd for C43H&4-
O 1 2 N 6 - 0 . 5 H 2 O : C, 60.33; H , 6.47; N, 9.82%. 

Benzyloxycarbonylglutaminylalanylthreonine Methyl Ester ( V). 
Benzyloxycarbonylalanylthreonine methyl ester19) (3.38 g, 
10.0 mmol) was dissolved in ethanol (120 ml) and hydrogenated 
over a 5 % pal ladium-charcoal catalyst. The catalyst was 
filtered off and the filtrate was concentrated to a syrup in 
vacuo. T h e syrup was dissolved with benzyloxycarbonyl-
glutamine />-nitrophenyl ester20) (3.34 g, 8.33 mmol) in N,N-
dimethylformamide (25 ml) . T h e solution was stirred for 
an hour at room temperature , and then concentrated to a syrup 
in vacuo. T h e syrup was tr i turated in ethyl acetate. T h e 
solid thus formed was collected by filtration, and recrystallized 
from methanol ; wt 2.64 g (68 .0%); m p 190.5—191 °C; 
[a]^° - 7 . 6 ° (c 0.94, JV,iV-dimethylfbrmamide). 

Found : G, 53.80; H , 6.47; N , 12.09%. Calcd for C21H30-
0 8 N 4 : C, 54.07; H , 6.48; N , 12 .01%. 

Benzyloxycarbonylthreonylglutaminylalanylthreonine Methyl Ester 
(VI). Compound V (11.7 g, 25.1 mmol) was suspended 
in methanol (900 ml) and hydrogenated over a 5 % pa l lad ium-
charcoal catalyst at atmospheric pressure for 1.5 h. T h e 
catalyst was filtered off and washed with methanol . The 
filtrate and washings were combined and evaporated to dryness 
under reduced pressure. T h e residue was dissolved in a 
mixture of iV,JV-dimethylformamide (100 ml) and dimethyl 
sulfoxide (40 ml) , and then cooled in ice-water. Benzyloxy-
carbonylthreonine hydrazide21) (6.70 g, 25.1 mmol) was 
suspended in iV, JV-dimethylformamide (50 ml) and cooled to 
— 25 °C. T h e chilled suspension became clear on adding 
3.55 M H C l in dioxane (21.1 ml) . T h e solution was mixed 
with isopentyl nitrite (3.50 ml) and stirred for 15 min at the 
same temperature . Then it was carefully mixed with a 
solution of triethylamine (10.5 ml) in iV,iV-dimethylformamide 
(10 ml) . T h e mixture was combined with the above cooled 
solution of the hydrogenated product of compound V, and 
stirred for 48 h at 0 °C. T h e mixture was concentrated 
to a solid residue in vacuo, and collected with water ; wt 10.4 g 
(72.7%). T h e crude material was reprecipitated from N,N-
dimethylformamide and water ; wt 9.30 g (65 .0%); m p 241— 
243 °C; [a]2

D° - 7 . 6 ° (c 1.1, N,JV-dimethylformamide). 
Found : C, 52.82; H , 6.62; N , 12.34%. Calcd for C25H37-

O 1 0 N 5 : C, 52.90; H , 6.57; N , 12.34%. 
Benzyloxycarbonylasparaginylthreonylglutaminylalanylthreonine 

Methyl Ester (VII). Compound V I (8.00 g, 14.1 mmol) 
was suspended in methanol (750 ml) and hydrogenated over a 
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5 % pal ladium-charcoal catalyst at atmospheric pressure for 
3 h. The catalyst was filtered off and the filtrate was evapo­
rated to dryness in vacuo. T h e residue was dissolved in a 
mixture of JV,iV-dimethylformamide (40 ml) and dimethyl 
sulfoxide (20 ml) , and mixed with benzyloxycarbonylas-
paragine /»-nitrophenyl ester20) (5.40 g, 14.0 mmol) . T h e 
solution was stirred overnight at room temperature , and then 
poured into a large volume of ethyl acetate. T h e precipitate 
formed was collected by filtration; wt 9.20 g (94.0%). T h e 
crude material was dissolved in a boiling mixture of N,N-
dimethylformamide (200 ml) and water (100 ml) , and insolu­
ble material was filtered off. T h e filtrate was mixed with 
ethyl acetate (250 ml) , and allowed to stand overnight in a 
refrigerator. T h e precipitate formed was collected by 
filtration; wt 6.70 g (68.4%) ; m p 245—246 °G (decomp) ; [a ] 2 7 

—21.0° (c 1.0, JV,iV-dimethylformamide). Amino acid 
ra t io: Asp, 1.00 ( l ) ; T h r , 2 . 0 0 (2) ; Glu, 1.07 (1) ; Ala, 1.00(1). 

Found: G, 50.38; H , 6.39; N, 13.96%. Galcd for C2 9H4 3-
O 1 2 N 7 . 0 . 5H 2 O: G, 50.43; H , 6.42; N , 14.20%. 

Na-Benzyloxycarbonyl-ß-t- butylaspartylglycine t-Butoxycarbonyl-
hydrazide (VIII). A solution of glycine f-butoxy-
carbonylhydrazide23) (14.5 g, 76.7 mmol) in JV,iV-dimethyl-
formamide (150 ml) was mixed with benzyloxycarbonyl-/3-f-
butylaspartic acid iV-hydroxysuccinimide ester22) (32.2 g, 
76.7 mmol) . T h e solution was stirred for 50 min at room 
temperature and concentrated to a syrup in vacuo, and this 
was dissolved in ethyl acetate. T h e solution was washed 
successively with 0.1 M hydrochloric acid, 5 % aqueous sodium 
hydrogencarbonate, and water, and then dried over anhydrous 
sodium sulfate. T h e dried solution was concentrated to an 
oily residue in vacuo, and this was treated with hexane to give 
an amorphous powder; wt 35.8 g (94.2%) ; m p 60—65 °C. 

Benzyloxycarbonylthreonyl -ß-t- butylaspartylglycine t - Butoxy -
carbonylhydrazide (IX). Compound V I I I (35.3 g, 71.3 
mmol) was dissolved in methanol (1 liter) and hydro­
genated over a 5 % pal ladium-charcoal catalyst at atmospheric 
pressure. T h e catalyst was filtered off and the filtrate was 
concentrated to a syrup in vacuo. This was dissolved in N,N-
dimethylformamide (170 ml) . O n the other hand , benzyl-
oxycarbonylthreonine hydrazide21) (19.1 g, 71.5 mmol) was 
suspended in JV,iV-dimethylformamide (200 ml) and cooled 
to —30 °C. T o the cooled suspension were added 3.90 M 
HCl in dioxane (55.0 ml) and then isopentyl nitrite (10.1 ml) . 
After 15 min a solution of iV-methylmorpholine (21.7 g) in 
iVjiV-dimethylformamide (20 ml) and then the solution 
obtained above were added. T h e mixture was stirred for 48 
h at 0 °C, and then diluted with ethyl acetate. T h e diluted 
mixture was washed successively with 0.1 M hydrochloric 
acid, 5 % aqueous sodium hydrogencarbonate, and water , 
and dried over anhydrous sodium sulfate. T h e dried solution 
was concentrated to a syrup in vacuo. T h e syrup was t r i turated 
in ethyl acetate and ether ; wt 25.7 g (60 .5%) ; m p 107—109 
°G; [a]U - 1 9 . 3 ° (c 1.0, ethyl acetate). 

Found: C, 54.53; H , 7.03; N , 11.69%. Galcd for C2 7H4 1-
0 1 0 N ; : G, 54.44; H , 6.94; N , 11.76%. 

Benzyloxycarbonylasparaginylthreonyl- ß-t- butylaspartylglycine t-
Butoxycarbonylhydrazide (X). Compound I X (10.7 g, 
18.0 mmol) was dissolved in methanol (700 ml) and hydro­
genated over a 5 % pal ladium-charcoal catalyst at atmospheric 
pressure. T h e catalyst was filtered off and washed with 
methanol. T h e filtrate and washings were combined and 
concentrated to a syrup under reduced pressure, and the 
syrup was dissolved with benzyloxycarbonylasparagine p-
nitrophenyl ester20) (8.40 g, 21.7 mmol) in iV,JV-dimethyl-
formamide (40 ml) . T h e solution was stirred overnight at 
room temperature, and then concentrated to a residue under 
reduced pressure. T h e residue was tr i turated in ethyl acetate 

and ether; wt 11.3 g (85.0%). T h e powder obtained was 
reprecipitated from ethanol and water ; wt 7.70 g (57 .9%); 
m p 121—125 °C ; [a]2J - 2 2 . 1 ° (c 1.0, JV,iV-dimethylfbrm-
amide) . 

Found : C, 50 .33; H , 6.74; N , 13.02%. Calcd for C3 1H4 7-
0 1 2 N 7 . 1 . 5 H 2 0 : C , 50.53; H , 6.84; N , 13 .31%. 

N a - Benzyloxycarbonyl - N " - tosylarginylasparaginylthreonyl -ß-t-
butylaspartylglycine t-Butoxycarbonylhydrazide (XI). Na-
Benzyloxycarbonyl-iV^-tosylarginine24) (3.70 g, 7.99 mmol) and 
JV-hydroxysuccinimide (0.92 g, 8.0 mmol) were dissolved in 
tetrahydrofuran (6 ml) . T h e solution was cooled to — 10 °C 
and then mixed with dicyclohexylcarbodiimide (1.70 g, 
8.25 mmol) . T h e solution was stirred for one hour at —10 
°C and then for one hour at room temperature . T h e precipi­
ta te formed was filtered off and the filtrate was concentrated 
to a solid residue in vacuo. T h e residue was dissolved in 
iy,JV-dimethylformamide (10 ml) with the material which 
was obtained by hydrogénat ion of compound X (3.60 g, 
4.89 mmol) over a 5 % pal ladium-charcoal catalyst at 
atmospheric pressure. T h e solution was stirred for 4 h at 
room temperature and then concentrated to a small volume 
in vacuo. T h e residue was diluted with ethyl acetate and 
washed with 0.1 M hydrochloric acid, and water , and then 
dried over anhydrous sodium sulfate. T h e dried solution 
was concentrated to a gelatinous solid in vacuo, and this was 
collected by filtration; wt 4.50 g (89.3%). T h e crude 
material was reprecipitated from ethanol and wate r ; wt 3.30 g 
(65 .5%); m p 148—151 ° C ; [a];,0 - 1 9 . 2 ° (c 1.1, iV,JV-dimethyl-
formamide). Amino acid ra t io : Asp, 1.94 (2) ; T h r , 0.92 (1) ; 
Gly, 1 .00(1) ; Arg, 1.02 (1). 

Found : C, 51.38; H , 6.59; N , 15.00; S, 3 .09%. Calcd for 
C 4 4 H 8 5 O 1 6 N n S . 0 . 5 H 2 O : G, 51.35; H , 6.46; N , 14.97; S, 
3 .12%. 

Benzyloxycarbonylasparaginyl - N " - tosylarginylasparaginylthreonyl -
ß-t-butylaspartylglycine t-Butoxycarbonylhydrazide (XII). 
Compound X I (3.25 g, 3.16 mmol) was dissolved in methanol 
(300 ml) and hydrogenated over a 5 % pal ladium-charcoal 
catalyst at atmospheric pressure. T h e catalyst was filtered off 
and the filtrate was concentrated to a syrup under reduced 
pressure. T h e syrup was dissolved with benzyloxycarbonyl­
asparagine j&-nitrophenyl ester20) (1.41 g, 3.64 mmol) in 
iV,iV-dimethylformamide (7 ml) . T h e solution was stirred 
for 24 h at room temperature , and then concentrated to a 
residue in vacuo. T h e residue was collected with e thanol ; 
wt 1.80 g (50.0%). T h e crude product was reprecipitated 
from iVjiV-dimethylformamide and e thanol ; wt 1.60 g (44.4%) ; 
mp 190—191 ° C ; [a]2

D
3 - 2 4 . 4 ° (c 1.0, JV,iV-dimethylform-

amide) . Amino acid ra t io : Asp, 3.09 (3) ; Th r , 1.02 (1); 
Gly, 1.00(1); Arg, 0 .96(1) . 

Found : C, 50.35; H , 6.48; N , 16.03; S, 2 .80%. Calcd for 
C 4 8 H 7 1 O 1 7 N 1 3 S.0 .5H 2 O: C, 50.45; H , 6.34; N, 15.93; S, 
2 .80%. 

Benzyloxycarbonyl-O-benzyltyrosylglycine t-Butyl Ester (XIII). 
Glycine £-butyl ester, prepared by the hydrogénation of 

benzyloxycarbonylglycine /-butyl ester27) (11.8 g, 44.5 mmol) 
over a 5 % pal ladium-charcoal catalyst at atmospheric 
pressure, was dissolved with benzyloxycarbonyl-O-benzyltyro-
sine j&-nitrophenyl ester26) (19.0 g, 36.0 mmol) in N,N-
dimethylformamide (60 ml) . T h e solution was stirred over­
night at room temperature , and then concentrated to a syrup 
in vacuo. T h e syrupy residue was dissolved in ethyl acetate, 
and washed successively with 0.1 M hydrochloric acid, 5 % 
aqueous sodium hydrogencarbonate , and water , and then dried 
over anhydrous sodium sulfate. T h e dried solution was 
concentrated to a crystalline residue in vacuo; wt 15.8 g 
(84 .5%); m p 120—121 °G; [<x]£ - 1 3 . 4 ° (c 1.0, ethanol) . 

Found : C, 69.33; H , 6.60; N , 5 .35%. Calcd for C3 0H3 4-
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0 6 N 2 : G, 69.48; H , 6 .61; N , 5.40%. 
Na-Benzyloxycarbonyl-ß-t-butylaspartyltyrosylglycine t-Butyl Ester 

(XIV). Compound X I I I (14.3 g, 27.6 mmol) was 
dissolved in methanol (500 ml) and hydrogenated over a 5 % 
pal ladium-charcoal catalyst at atmospheric pressure. T h e 
catalyst was filtered off and washed with methanol . T h e 
filtrate and washings were combined and concentrated to a 
syrup in vacuo. T h e syrup was dissolved with benzyloxycar-
bonyl-/7-/-butylaspartic acid iV-hydroxysuccinimide ester22) 
(12.8 g, 30.5 mmol) in JV,iV-dimethylformamide (50 ml) . T h e 
solution was stirred for 24 h at room temperature , and then 
diluted with ethyl acetate. T h e diluted solution was washed 
successively with 0.1 M hydrochloric acid, 5 % aqueous sodium 
hydrogencarbonate, and water , and then dried over anhydrous 
sodium sulfate. T h e dried solution was concentrated to a 
syrup in vacuo. T h e syrup was washed with a mixture of 
ethyl acetate and hexane, and tr i turated in hexane. The 
crude material obtained was reprecipitated from ether and 
hexane ; wt 11.2 g (67 .5%); m p 97—99 ° C ; [a]'D

4 - 3 5 . 4 ° 
(c 1.0, e thanol) . 

Found : C, 62.19; H , 7.02; N , 6 .86%. Calcd for C3 1H4 1-
O s N 3 : G, 62.09; H , 6.89; N , 7 . 0 1 % . 

Benzyloxycarbonylserylthreonyl-ß-t-butylaspartyltyrosylglycinet-Butyl 
Ester (XV). Benzyloxycarbonylserylthreonine hydra­
zide25) (4.61 g, 13.0 mmol) was suspended in iV,iV-dimethyl-
formamide (40 ml) and cooled to - 2 0 °C. Then 3.90 M 
H C l in dioxane (10 ml) was added. T h e resulting clear 
solution was mixed with isopentyl nitri te (1.82 ml) and stirred 
for 20 min at the same temperature . Then a solution of N-
methylmorpholine (1.37 g) in JV,iV-dimethylformamide (5 ml) 
was added. T h e solution was mixed with a solution in 
iV,JV"-dimethylformamide (30 ml) of the material obtained by 
hydrogénation of compound X I V (8.40 g, 14.0 mmol) over a 
5 % pal ladium-charcoal catalyst. T h e solution was stirred for 
48 h at 0 °C, and then poured into cold water . T h e precipi­
tate formed was collected by filtration; wt 6.70 g (64.4%). 
T h e crude product was reprecipitated from JV,iV-dimethyl-
formamide and wate r ; wt 6.00 g (57 .5%) ; m p 174—176 ° C ; 
[a]2

D
4 - 1 3 . 5 ° (c 1.0, i\T,iV-dimethylformamide). Amino acid 

ra t io : Asp, 1.11 (1) ; Th r , 1.05 (1); Ser, 1.02 (1); Gly, 1.00 
( l ) ; T y r , 0 .97(1) . 

Found : G, 57.33; H , 6.85; N , 8 .93%. Calcd for C3 8H5 3-
O 1 3 N 5 . 0 . 5 H 2 O : C, 57.27; H , 6 .83; N , 8.79%. 

Benzyloxycarbonylphenylalanyl-y-1 - butylglutamylserylasparaginyl-
phenylalanine Hydrazide (XVI). A solution of compound 
I V (4.23 g, 4.90 mmol) in iV,JV-dimethylformamide (50 ml) 
was cooled to 0—5 °C in an ice-bath, and then 8 0 % hydrazine 
hydrate (2 g) was added. T h e solution was stirred for 24 h 
at room temperature , and then the precipitate formed was 
collected by filtration and washed with ethanol. T h e product 
was boiled in hot ethanol, and then cooled and filtered; wt 
4.15 g (100%) ; m p 238—240 °C (decomp). 

Found : C, 59 .61; H , 6.49; N , 13.29%. Calcd for C4 2H5 4-
O n N 8 : C, 59.56; H , 6.43; N , 13.23%. 

Benzyloxycarbonylphenylalanyl -y-t- butylglutamylserylasparaginyl-
phenylalanylasparaginylthreonylglutaminylalanylthreonine Methyl Ester 
(XVII). Compound X V I (1.27 g, 1.50 mmol) was 
suspended in JV,iV-dimethylformamide (4 ml) and cooled to 
- 2 0 °C. T h e n 3.90 M H C l in dioxane (1.15 ml) and iso­
pentyl nitrite (0.212 ml) were added. T h e mixture was 
stirred for 80 min at the same tempera ture and insoluble 
material was filtered off. T h e filtrate was mixed with N-
methylmorpholine (0.46 g) and then with a solution in a 
mixture of iV,iV-dimethylformamide (5 ml) and dimethyl 
sulfoxide (1 ml) of the mater ia l obtained by hydrogénation 
of compound V I I (1.36 g, 1.97 mmol) over a 5 % pa l l ad ium-
charcoal catalyst at atmospheric pressure. T h e mixture was 

stirred for 48 h at 0 °C, and then poured into cold water. 
T h e precipitate formed was filtered off and washed with 
0.1 M hydrochloric acid and water ; wt 1.60 g (77.3%). T h e 
crude material was reprecipitated repeatedly from N,N-
dimethylformamide and water ; wt 1.04 g (50.2%) ; mp 233 °G 
(sintered) and 248 °C (decomp) ; [a];8 - 10.7° (c 0.42, dimethyl 
sulfoxide). Amino acid ra t io : Asp, 1.98 (2); Thr , 1.93 (2); 
Ser, 0.89 (1) ; Glu, 2.02 (2) ; Ala, 0.97 (1) ; Phe, 2.00 (2). 

Found : C, 54.65; H , 6.44; N , 13.08%. Calcd for G63H87-
0 2 1 N 1 3 - H 2 0 : G, 54.81; H , 6.50; N, 13.19%. 

Benzyloxycarbonylphenylalanyl-y -1 - butylglutamylserylasparaginyl-
phenylalanylasparaginylthreonylglutaminylalanylthreonine Hydrazide 
(XVIII). Compound X V I I (0.92 g, 0.67 mmol) was 
dissolved in a mixture of dimethyl sulfoxide (60 ml) and 
iVjiV-dimethylformamide (10 ml) and mixed with 8 0 % 
hydrazine hydrate (5 g) . T h e solution was stirred for 48 h 
at room temperature , concentrated to a small volume in 
vacuo, and mixed with ethanol. The precipitate formed was 
boiled in ethanol and collected by filtration; wt 0.87 g (94%) ; 
m p 240 °C (sintered) and 246—247 °C (decomp). 

Found : G, 53.22; H , 6.55; N , 14.74%. Calcd for C82H87-
O 2 0 N 1 5 - 2 H 2 O : C, 53.25; H , 6.56; N , 15.02%. 

Benzyloxycarbonylasparaginyl-N'" - tosylarginylasparaginylthreonyl-
aspartylglycine Hydrazide Trifluoracetate (XIX). Compound 
X I I (0.60 g, 0.53 mmol) was dissolved in cold trifluoracetic 
acid (8 ml) . T h e solution was stirred for 40 min at room 
temperature, and then concentrated to a syrup in vacuo. 
T h e syrup was tr i turated in ether; wt 0.57 g (95.0%). 

Asparaginylarginylasparaginylthreonylaspartylglycylserylthreonyl-
aspartyltyrosylglycine (XX). Compound X I X (0.57 g, 
0.52 mmol) was suspended in JV,iV-dimethylformamide (2 ml), 
cooled to —20 °C and mixed with 3.90 M HCl in dioxane 
(0.40 ml) . T h e clear solution was mixed with isopentyl 
nitrite (0.074 ml) and stirred for 20 min at the same tempera­
ture. Then , the solution was mixed with JV-methylmorpholine 
(0.32 g) and with a solution in iV,JV-dimethylformamide (1 ml) 
of the material (0.41 g, 0.63 mmol) prepared by hydrogénation 
of compound X V over a 5 % pal ladium-charcoal catalyst. 
T h e solution was stirred for 48 h at 0 °C and poured into 
cold 0.1 M hydrochloric acid. T h e precipitate formed was 
collected by filtration; wt 0.64 g (77%) . The crude product 
was reprecipitated from JV,iV-dimethylformamide and ethanol; 
wt 0.53 g (64%) . Amino acid ra t io : Asp, 4.35 (4); Thr , 
2.05 (2) ; Ser, 0.99 (1) ; Gly, 2.00 (2) ; Tyr , 0.92 (1) ; A r g + O r n , 
0.76 (1). T h e protected peptide (161.1 mg) was steeped in 
anisole (0.46 ml) and dissolved in cold trifluoracetic acid (10 
ml) . T h e solution was stirred for 60 min at room temperature, 
and then concentrated to a syrup in vacuo. T h e syrup was 
tr i turated in ether; 140.3 mg. T h e powder and anisole (0.5 
ml) were pu t into the Daiflon cylinder of an HF-reaction 
apparatus.1 5) Anhydrous hydrogen fluoride (5 ml) was 
distilled into the cylinder cooled to — 78 °G in a Dry Ice and 
methanol ba th . T h e contents of the cylinder were stirred for 
60 min at —15 °C, and then the hydrogen fluoride was 
evaporated off in vacuo. T h e residue was dissolved in 1 M 
acetic acid and washed with ether. Then , the solution was 
applied to a column of Amberlite IR-45 (acetate cycle) and 
eluted with 1 M acetic acid. T h e eluate was lyophilized; wt 
111.8 mg. T h e lyophilized material (35.0 mg) was dissolved 
in water (1 ml) and charged on a column of diethylaminoethyl-
cellulose ( O H - cycle, 0.7 X 10 cm). T h e column was eluted 
with a linear gradient from water (150 ml) to 0.2 M ammo­
nium acetate (150 ml) . T h e fractions (from 33 ml to 58 ml) 
of the eluate with absorption at 274 n m were collected and 
lyophilized; wt 29.3 mg. Thin layer chromatography: 
Rt 0.18 in 1-butanol: acetic acid: pyridine: water (15: 3 : 10: 
12, by volume) and 0.08 in phenol : water (3 : 1, by volume); 



April, 1977] Antigenic Determinants in Lysozyme. I 997 

paper electrophoresis: /? f > a l a 1.7 (0.2 M acetic acid, 14 V / c m ) ; 
[?]% —33.5° (c 0.55, water) . Amino acid ra t io : Asp, 4.06 
(4); Thr , 1.94 (2); Ser, 0.93 (1); Gly, 2.00 (2); Tyr , 0.89 
( l ) ; A r g , 1.03(1). 

Found: G, 43.35; H , 6.18; N , 17 .63%. Calcd for C4 6H7 0-
0 2 2 N 1 6 - 4 H 2 0 : G, 43.39; H , 6.14; N, 17.43%. 

Phenylalanylglutamylserylasparaginylphenylalanylasparaginyl-
threonylglutaminylalanylthreonylasparaginylarginylasparaginylthreonyl-
aspartylglycylserylthreonylaspartyltyrosylglycine (XXI). Com­
pound X V I I I (0.82 g, 0.59 mmol) was suspended in a mixture 
of dimethyl sulfoxide (3.3 ml) and JV,JV^dimethylformamide 
( l m l ) , cooled to - 1 0 ° C and mixed with 4.74 M HCl in 
dioxane (0.45 ml) and isopentyl nitrite (0.09 ml) . T h e 
mixture was stirred for 60 min at —20 °C and then mixed 
with a solution of compound X X (0.53 g, 0.42 mmol) in 
dimethyl sulfoxide (2.1 ml) and iV,JV-dimethylformamide 
(0.5 ml) , and then with a solution of JV-methylmorpholine 
(0.26 g) in dimethyl sulfoxide (0.5 ml) . T h e mixture was 
stirred for 3 days at 0 °C, and then poured into cold 0.1 M 
hydrochloric acid. T h e precipitate formed was collected by 
filtration and dried over P 2 0 6 ; wt 0.84 g. T h e crude product 
(403.1 mg) and anisole (0.62 ml) were treated with hydrogen 
fluoride (5 ml) at — 10 °G for 60 min in an HF-react ion appa­
ratus.15) Hydrogen fluoride was distilled off, and the residue 
was dissolved in aqueous formic acid and lyophilized; wt 
411.8 mg. T h e freeze-dried powder was dissolved in 5 0 % 
acetic acid, charged on a column of Sephadex G-25 ( 2 x 130 
cm) and eluted using the same solvent. T h e fractions 
shaded in Fig. 6, with an absorption at 274 n m , were collected 
and lyophilized; wt 93.5 mg. T h e lyophilized powder 
(46.4 mg) was dissolved in water and charged on a column of 
carboxymethyl-cellulose ( H + cycle, 1 5 x 1 7 0 m m ) . T h e 
column was eluted with a linear gradient from water ( 150 ml) 
to 5 0 % acetic acid (150 ml) . T h e portions shaded in Fig. 7 
with an absorption at 274 n m were collected and lyophilized; 
wt 22.4 mg; Rf (TLC) 0.18 in 1-butanol: acetic acid: pyr idine: 
water (15: 3 : 10: 12, by volume); Ä f , a l a (paper electrophoresis) 
1.1 (0.2 M acetic acid, 14 V/cm) . Amino acid ra t io : Asp, 5.84 
(6); Thr , 3.85 (4) ; Ser, 1.81 (2); Glu 2.08 (2); Ala, 1.00 
( l ) ; G l y , 1.92 (2) ; Tyr , 0.87 ( l ) ; P h e , 1.92 (2) ; Arg, 1.00 (1). 
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Effects of Pressure on the Disproportionation of Olefins over 
M0O3-AI2O3 and Re207-Al203 Catalysts 
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The disproportionation of propylene and 1-butène over Mo0 3 -Al 2 0 3 and Re207-Al203 catalysts was carried 
out in order to investigate the effects of reaction pressure in the range from 1.0 to 130 kg/cm2. The effects of the 
pressure on the reaction can be identified as two independent of the reaction phase; the catalytic activity increased 
with the reaction pressure, and the time needed to reach the maximum conversion ( TmtLX) as well as the time when 
the conversion falls to half the maximum value (T I / 2) decreased with the increase in the reaction pressure. It 
can be concluded that the catalytic activity by the polymers formed over the catalyst falls off rapidly with the 
increase in the pressure. In both phases, the disproportionation of olefins over the Re207-Al203 catalyst exhibits 
the following features as compared with that over the Mo0 3 -Al 2 0 3 catalyst: (1) a much higher activity at tempera­
tures of 0—140 °G; (2) a much higher selectivity for disproportionation, and (3) a lower apparent activation energy. 

T h e disproportionation of propylene over the M o 0 3 -
A1 2 0 3 catalyst shows a high selectivity, bu t the catalytic 
activity decreases markedly with the lapse of time.1) 
Several methods to improve these defects have been 
studied— e.g., the addition of third materials and 
solvents.2-4) We reported in the previous papers3 '4) 
that the polymers produced under pressure on M o 0 3 -
A1 2 0 3 have high molecular weights. 

Hardly studies of the disproportionation of olefins 
over the R e 2 0 7 - A l 2 0 3 catalyst have been reported. 
Echigoya and his co-workers observed, however, that 
the metathesis of isobutene with 2-butene or propylene 
produces isoamylene in high yields, even at low tempera­
tures.5»6) In the case of disproportionation over the 
R e 2 0 7 - A l 2 0 3 catalyst, it was found that the longest 
catalyst life is attained under the lowest pressure for 
liquefying the olefins.7) 

In this paper , the disproportionation of propylene or 
1 -butène was carried out in order to compare the effect 
of the reaction pressure on the catalytic activity of 
M o 0 3 - A l 2 0 3 with that of R e 2 0 7 - A l 2 0 3 in the pressure 
range from 1.0 to 130 kg/cm2 . 

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

The Mo0 3 -Al 2 0 3 catalyst was prepared in the way reported 
in the previous papers.2"4) The Re 20 7 -Al 20 3 catalyst was 
obtained by impregnating the 20% Re content of H R e 0 4 

with y-Al2Oa and by then calcining it at 550 °C for 5 h. The 
atomic ratio of Re to Al was 1: 25, the same as that of Mo to 
Al in the case of the Mo0 3 -Al 2 0 3 catalyst. The pretreatment 
of catalysts before starting the reaction was carried out in a 
flow of oxygen or air for a few hours, and then in a flow of 
nitrogen for several hours at 600 °C. 

A conventional flow system with a fixed catalyst bed was 
used as the experimental apparatus. The upper and lower 
sections of the catalyst bed were filled with y-Al203. The 
reaction products were analyzed by gas chromatography, as 
has been reported in the previous papers.2-4) 

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

Effects of Pressure. T h e disproportionation of 
propylene over the M o 0 3 - A l 2 0 3 catalyst in the pressure 
range from 1.0 to 130 kg/cm2 is shown as Figs. 1 and 1'. 

T h e relationship of the maximum conversion (Max c o n v ) , 
the time when the conversion attains to its maximum val-
ue(7T

m a x) , and the time when the conversion falls to half 
its maximum value ( r ^ ) is shown in Fig. 2. In both the 
gas-phase reactions at various GHSV values and the 
liquid-phase reaction as the same LHSV, the maximum 
conversion increased with the increase in the pressure, 
while T'max a n d *ih decreased. In the reaction at 1.05 
kg/cm2 , the catalytic activity was markedly more elon­
gated than that at higher pressures. This phenomenon is 
in good agreement with the following equation suggested 
by Milanovic and his co-workers :9) 

r = Conversion x Z)/22400 X 273/ Tx P/760 X 1/m 

D: Total flow rate (ml/h) 
T: Reactant temperature (K) 
P: Reactant pressure (Torr) 
m: Catalyst weight (g). 

T h e molar ratio of butènes to ethylene was 1.03 at 1.05 

> 
s 
o 

O 

Reaction time on stream (h) 

Fig. 1. Effect of pressure on the activity of MoO a-
A1203 catalyst in the disproportionation of propylene 
at 80 °C. 
0 : 130 kg/cm2, LHSV=30, 0 = 80 kg/cm2, LHSV 
= 30, • : 50 kg/cm2, LHSV=30, Q : 30 kg/cm2, GHSV 
= 360, A : 15 kg/cm2, GHSV=720, A : 1.05 kg/cm2, 
GHSV=2520. 
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Fig. 1'. Effect of pressure on the activity of MoO a -
A1203 catalyst in the disproportionation of propylene 
at 80 °G (calculated from Milanovic's equation). 

Reaction pressure (kg/cm2) 

Fig. 2. Effect of pressure on the disproportionation of 
propylene at 80 °C. 
A.: Reaction time when the conversion falls to half its 
maximum value ( T ^ ) , • : reaction time when the con­
version attains to maximum value (TmSLX), £ : maxi­
mum conversion. 

kg/cm2 , but 1.24 at 130 kg/cm2 . O n the other hand, 
the selectivity to ethylene and butènes under 130 kg/cm2 

was 94 .5%, showing that the selectivity to ethylene and 
butènes decreases with an increase in the reaction 
pressure, as is shown in Fig. 3. T h e amount of the 
polymers formed over the M o 0 3 - A l 2 0 3 catalyst increas­
ed with the reaction pressure. This suggests that the 
degradation of the catalytic activity results from the 
polymers formed over the catalyst.3 '4) 

We reported in the previous papers3»4) that the 
catalyst life of M o 0 3 - A l 2 0 3 was elongated in the 
presence of solvents and that heptane was the most 
effective. This indicates that the surface of the M o 0 3 -
A1 2 0 3 catalyst is kept clean in the presence of solvents. 
In the presence of heptane, the effect of the pressure on 
the conversion of propylene is shown in Fig. 4. At 
every pressure, the catalyst life of M o 0 3 - A l 2 0 3 was 
remarkably elongated by the addition of heptane. 

The time when the conversion attains to its maximum 
values under 15 kg/cm2 was about twice that under 

Reaction time on stream (h) 

Fig. 4. Effect of pressure on the activity of Mo0 3 -Al 2 0 3 

catalyst in the disproportionation of propylene in the 
presence of heptane at 80 °C. 
A : 50 kg/cm2, | : 30 kg/cm2, # : 15 kg/cm2. 

1 

+ 
IM o 

0 50 100 

Reaction time on stream (h) 

Fig. 3. Effect of pressure on the various values in the 
disproportionation of propylene over Mo0 3 -Al 2 0 3 

catalyst at 80 °G. 
A : 130 kg/cm2, # : 30 kg/cm2, O : 15 kg/cm2, | : 1.05 
kg/cm2. 
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Fig. 5. Gas phase disproportionation of propylene at 
GHSV=350. 
# : Re207-Al203 , 40 °C, • : Re207-Al203 , 0 °C, 
O : Mo03-Al a03 , 40 °G. 
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50 kg/cm2. However, it was not observed that the 
maximum conversion was greatly affected by the reac­
tion pressure. T h e time when the conversion falls to 
half its maximum value under 15 kg/cm2 was approxi­
mately 400 h, five times longer than that under 50 
kg/cm2 . 

Gas-phase Reaction of Propylene. In the dispropor­
tionation of propylene over the R e 2 0 7 - A l 2 0 3 catalyst, 
the catalytic activity changed with the reaction time as 
is shown in Fig. 5. In the reaction at 80 °C the conver­
sion showed approximately the equilibrium value of 
44.0%. At the same G H S V of 350, the catalytic activity 
of the R e 2 0 7 - A l 2 0 3 catalyst was twice the value of the 
M o 0 3 - A l 2 0 3 catalyst and decreased rather slowly with 
the reaction time. Even at 0 °C, the R e 2 0 7 - A l 2 0 3 was 
a considerably active catalyst. 

T h e ratio of trans-2-butene to àî-2-butene showed a 
lower value than the equilibrium value at every tem­
perature, indicating that the amount of /ran.î-2-butene 
formed increases with the reaction temperature. T h e 
selectivity to ethylene and butènes was 99 .5% at a 
steady state, and the molar ratio of butènes to ethylene 
was approximately 1.0. These facts show that the 
disproportionation over the R e 2 0 7 - A l 2 0 3 catalyst is 
highly selective. The apparent activation energy of the 
R e 2 0 7 - A l 2 0 3 catalyst obtained from the Arrhenius plots 
was 2.51 kcal/mol, lower than the 4.09 kcal/mol of the 
M o 0 3 - A l 2 0 3 catalyst. T h e selectivity to ethylene and 
butènes or the ratio of butènes to ethylene was not much 
affected by the reaction temperature. T h e ratio of 
1-butène in the butènes produced over R e 2 0 7 - A l 2 0 3 

was lower than that over M o 0 3 - A l 2 0 3 . This seems to 
show that the R e 2 0 7 - A l 2 0 3 catalyst has fewer active 
sites for isomerization. 

50 100 

Reaction time on stream (h) 

Fig. 6. Comparison of the activity of Mo0 3 -Al 2 0 3 

catalyst with that of Re 20 7-Al 20 3 catalyst. 
A : Mo03-Al203 , 80 °C, Ç)- Mo03-Al203 , 40 °C, 
A : Re207-Al203 , 80 °C, # : Re207-Al203 , 40 °C. 

Liquid-phase Reaction of Propylene. In the reaction 
over R e 2 0 7 - A l 2 0 3 and M o 0 3 - A l 2 0 3 under 50 kg/cm2, 
the catalytic activity changed as is shown in Fig. 6. 
T h e difference in catalytic activity between R e 2 0 7 -
A1 20 3 and M o 0 3 - A l 2 0 3 at 80 °C seems not to be 
significant. However, in the reaction at 40 °C, the 
difference becomes larger, suggesting that the difference 
in apparent activation energy between R e 2 0 7 - A l 2 0 3 

and M o 0 3 - A l 2 0 3 is larger than in the case of the gas-
phase disproportionation. I t can be assumed that 
R e 2 0 7 - A l 2 0 3 offers a lower activation energy than 
M o 0 3 - A l 2 0 3 . T h e selectivity to ethylene and butènes 
in the disproportionation over R e 2 0 7 - A l 2 0 3 at 40 °C 
was entirely 100%, with the ratio of butènes to ethylene 
nearly 1.0. 

In the liquid-phase reaction, the selectivity to ethylene 
and butènes was lower than in the gas-phase reaction. 
This shows that polymerization of propylene or ethylene 
increases with the reaction pressure, the ratio of butènes 
to ethylene having a larger value than that in the gas 
phase. The ratio of /ran.y-2-butene to m-2-butene showed 
a little higher value. I t seems that, in the liquid-phase 
disproportionation, the desorption from the surface of 
the catalyst does not proceed easily and that the steric 
hindrance in the reaction is larger than in the gas 
phase.10) 

As has been mentioned above, it was concluded that 
the pressure increase in the liquid-phase disproportiona­
tion enhances the reaction rate.* 

Reaction time on stream (min) 

Fig. 7. Dispropornation of 1-butène in the gas phase 
over Re 20 7-Al 20 3 catalyst at GHSV=2000. 
A : 140 °G, # : 80 °G, | : 40 °C, • : 0 °G. 

Gas-phase Reaction of 1-Butène. I n the range from 
0 to 140 °C, the catalytic activity of R e 2 0 7 - A l 2 0 3 was 
the highest at 140 °C (Fig. 7) ; it decreased markedly 
with a decrease in the reaction temperature. At any 
temperature the catalytic activity of R e 2 0 7 - A l 2 0 3 was 
higher than that of M o 0 3 - A l 2 0 3 . In the disproportiona­
tion of 1-butène, the reaction scheme can be written 
as follows : 

* The relationship between the equilibrium constant 
K and the pressure P (molar concentration) can be written 
as follows :8> 

dRTlnK 
dP 

= -AV. 

A.V will have a large negative value in a polymerization 
where the difference in molecular volume between the original 
system and the production system is quite high. 
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50 "100 ~~ 150 ~ 200 

Reaction time on stream (min) 

Fig. 8. Disproportionation of 1-butène in the gas phase 
at 80 °C and GHSV=2000. 
Re207-Al203 : £ Disproportionation, • isomerization, 
• . hydrogénation, 
Mo0 3-Al 20 3 : O disproportionation, • isomerization, 
A hydrogénation. 
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(Hyd) 1-C4H8 + H2 — n-C4H10 

The disproportionation of 1-butène over M o 0 3 - A l 2 0 3 

and R e 2 0 7 - A l 2 0 3 is shown in Fig. 8. T h e relative 
reactivities in the various reactions may be shown as 
follows : 

Disproportionation 

(cy+cy) 
Mo0 3 -Al 20 3 < Re207-Al203 

Isomerization (2-C/) > 

Hydrogénation (C4H10) <=& 0 

At a conversion of 13.0%, R e 2 0 7 - A l 2 0 3 showed a higher 
selectivity to ethylene and hexenes than M o 0 3 - A l 2 0 3 , 
as is shown in Fig. 9. Moreover, the relationship between 
the yield of the disproportionation products and the 
yield of the isomerization products is shown in Fig. 10. 
These figures indicate that a more selective dispropor­
tionation occures over the R e 2 0 7 - A l 2 0 3 catalyst than 
over M o 0 3 - A l 2 0 3 . 

Liquid-phase Reaction of 1-Butène. The liquid-phase 
disproportionation of 1-butène over M o 0 3 - A l 2 0 3 was 
very different from the reaction of propylene. Tha t 
is to say, in the former case saturated hydrocarbons, 
such as butane, propane, and isobutane, were 
produced.4) T h e hydrogen produced by dehydrogena-
tion (Deh.) will result in the formation of saturated 

140 40 80 

Reaction temperature (°G) 

Fig. 9. Disproportionation of 1-butène in the gas phase 
at 13.0% of conversion. 
Re 20 7-Al 20 3 : # C2 '+C6 ' , ^ C3 ' + C5', • 2-C4' 
Mo0 3 -Al 2 0 3 : O C 2 '+Cy, A C3 '+C5 ' , Q 2-G/. 

+ 
in 

o 
4-

u 

2 
13 

Yield of 2-butenes (%) 

Fig. 10. Disproportionation of 1-butène in the gas phase 
over Re 20 7-Al 20 3 and Mo0 3 -Al 2 0 3 catalyst. 
Re207-Al203 : A 140 °G, # 80 °C, • 40 °C, 
Mo0 3 -Al 20 3 : A 140 °C, Q 80 °C. 

100 

Reaction time on stream (h) 

Fig. 11. Liquid phase disproportionation of 1-butène 
under 50 kg/cm2 at 80 °G and LHSV=40. 
Re 20 7-Al 20 3 : ^ T o t a l conversion, Odisproportionation, 
H isomerization, A.hydrogenation. 
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hydrocarbons.11) From the product distribution, it is 
estimated that the reaction of 1-butène proceeds not 
only by means of the D 1 reaction but also by means of 
the D 3 reaction. 

O n the other hand, the total conversion over R e 2 0 7 -
A1 20 3 has shown a maximum at 20 h, then it 
gradually decreased. Most of the reaction products 
over R e 2 0 7 - A l 2 0 3 derived from the disproportionation. 
T h e difference between the two catalysts for isomeriza-
tion (I) was not observed clearly, but the catalytic 
activity of R e 2 0 7 - A l 2 0 3 for hydrogénation was markedly 
smaller. 

From these facts, it seems that the R e 2 0 7 - A l 2 0 3 

catalyst is preferable to M o 0 3 - A l 2 0 3 for the dispropor­
tionation of 1-butène. 
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Reaction of Di-/-butyl Thioketone with Aryllithium. 
of Temperature and Solvent 

Effect 
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Di-f-butyl thioketone reacts with phenyllithium affording both C-phenylated and S-phenylated products. 
The product distribution largely depends on the reaction temperature and solvent : the lower the temperature and 
the more solvated the counter cation, the larger the yield of the »S-phenylated product. Steric effect is also impor­
tant: 2,6-dimethylphenyllithium affords only S-arylated product. The result has been interpreted in terms of the 
charge-transfer-intermediate—radical-combination mechanism. 

In contrast to carbonyl compounds, thiocarbonyl 
compounds have abnormal reactivity in the sense that 
thiocarbonyl-sulfur, in general, reacts with a nucleo-
phile.1"6) 

VG=S + Nu" • XCHSNu 

Although several prausible explanations have been 
proposed for the thiophilic attack of nucleophiles to 
thiocarbonyl compounds, none of them are satisfactory 
to explain the reactivity universally. In a previous paper 
we reported that the charge-transfer (CT)-intermediate 
—radical-combination mechanism is most prausible for 
the reaction of thiocarbonyl compounds with nucleo­
philes.6) We now wish to report that the preference of 
the thiophilic attack over the carbophilic attack in the 
reaction of phenyllithium with di-^-butyl thioketone 
changes largely with the change of reaction temperature 
or the solvent and the result is consistent with the 
previously proposed CT-intermediate—radical-combi­
nation mechanism. 

Results 

The reaction of di-^-butyl thioketone with phenyl­
lithium in ether afforded two products, 2,2,4,4-tetra-
methyl-3-phenylpentane-3-thiol (1) and di-/-butylmethyl 
phenyl sulfide (2). 

TABLE 1. REACTION OF DI-^-BUTYL THIOKETONE WITH 

PHENYLLITHIUM IN VARIOUS SOLVENTS AT 2 0 ° C 

Bu'C=S + PhLi 
ether /oti 

Bu'C + Bu'CHSPh 
vPh 2 

1 

The yields depended largely on the reaction tempera­
ture : for example, 1 was isolated in 80% yield together 
with trace amount of 2 from the reaction mixture kept 
at 30 °C, whereas the reaction at —30 °C resulted in the 
formation of 2 in 80% yield with trace amount of 1. 
It was reported that the reaction at 0 °C aforded 1 and 
2 in 25 and 3 5 % yields, respectively.6»7) I t has been 
confirmed that 2 does not rearrange into 1 under the 
reaction condition. Tha t is, the reaction mixture at 
- 3 0 °C was warmed to 30 °G before the addition of 
water and no difference in the yield was observed from 
that obtained by quenching the reaction mixture a t 
- 3 0 °G. 

Bu'CSPh —x-* Bu'C 
,s-

Solvent 
Yield, % 

Bu'GH-SPh Bu'CPh-SH 

Ether 
Tetrahydrofuran 
Ether-Hexane (1:1) 
Ether-THF (1:1) 
Ether-THF (9:1) 
Ether-THFa> 

trace 
80 

trace 
94 
98 
43 

75 
trace 

70 

31 

a) Mole-equivalent to phenyllithium. 

When the reaction at 20 °C was run in tetrahydrofuran 
(THF) , the sole product isolated was 2. As shown in 
Table 1, the effect of T H F is striking and the presence 
of an equivalent-to-phenyllithium amount of T H F 
results in the formation of 2 in 4 3 % yield. O n the other 
hand, the presence of nonpolar hexane in a reaction 
mixture did not affect the product distribution. 

The reaction of di-?-butyl thioketone with 2,6-dimeth­
ylphenyllithium at 20 °C afforded l , l-dimethyl-2-/-
butylcyclopropane and 2,6-dimethylphenyl thiol in 40 
and 70% yields, respectively. No product expected from 
the carbophilic attack of a 2,6-dimethylphenyl anion 
was detected. 

Discussion 

Since 1 and 2 are kinetically controlled products of 
the reaction of di-f-butyl thioketone with phenyllithium, 
the ratio of yields (YSIYC) may reflect the ratio of rate 
constants (kB/kc) for the formations of products, where 

b" 
^ 

£ 

2 

1 

0 

-1 ytfïo°c 

P^c 

/H0°C 

^20°C 

\ph 

3.7 4.0 
1/TxlO3 

Fig. 1. Temperature-dependency of the ratio of yields of 
S-phenylated and C-phehnylated products. 
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subscripts s and c denote thiophilic and carbophilic 
attacks, respectively. A plot of l n ( F s / F c ) , which is 
equivalent to ln(kjkc), against \\T shows a good 
linear relationship as illustrated in Fig. 1. From the 
slope and intercept of the line, the differences in 
apparent parameters of activation were calculated to be 
— 11.2kcal/mol and - 4 8 e.u. for AHS*-AHC* and 
ASS*—ASC*, respectively. Although the absolute values 
may not represent the real physical meaning, the values 
indicate, at least qualitatively, that the thiophilic attack 
is more favored in enthalpy but much less favored in 
entropy than the carbophilic attack. Since it is not the 
sulfur atom but the thiocarbonyl-carbon which has bulky 
substituents, the result may suggest that the transition 
state for the carbophilic attack resembles the reactant 
much more than that for the thiophilic attack. In other 
words, the electronic structure of the reactant may 
contribute more for the carbophilic attack than for the 
thiophilic attack. Together with the fact that a nucleo­
phile which has an /^-hydrogen reduces di-^-butyl 
thioketone into the corresponding thiol, the above result 
leads to the conclusion that 3a is more important 
canonical form than 3 b for the anion radical of di-t-
butyl thioketone as previously proposed.6) Tha t is, a 
phenyl radical is sterically prevented from the carbo­
philic attack by two ^-butyl groups and radical combina­
tion takes place with the sulfur atom, although the spin 
density on this atom is smaller than that on the carbon 
atom. 

Bu|G-S <—> Bu|C-S 

3a 3b 

The steric inhibition for the carbophilic attack is also 
recognized in the reaction with 2,6-dimethylphenyl-
l i thium: products from the reaction with this reagent 
indicate that the reaction proceeds only with the 
thiophilic attack under the condition where phenyl-
lithium attacks on the thiocarbonyl-carbon. Here, two 
methyl groups on a phenyl ring interfere further the 
carbophilic attack. However, since these methyl groups 
still cause steric crowd in the intermediate carbanion 
4,8> it decomposes either to products or to starting 
materials. 

X 
( 

X 
c=s + -Li 

XLi+ 

G - S -

X 4 

X 
( 

X 
X 

( 
X 

c=s -Li 

C: + Li+-,-s-O 

/ X 
The effect of T H F is also understandable with the 

idea of steric bulk of a nucleophile at the transition state 
for the carbophilic attack. The cation radical of phenyl-
lithium, which is formed from phenyllithium after the 
transfer of an electron onto di-/-butyl thioketone, still 
remaines covalent bond character between the lithium 
and carbon atoms. Since T H F has larger ability of 
solvation than ether, the net bulk of the nucleophile 
becomes larger in the presence of T H F , 5, than in its 

(THF) 

absence and the carbophilic attack is sterically more 
reduced under the former condition than the latter. 
The phenomenon is the reverse ofthat normally observed 
in nucleophilic attack of anions, where dipolar aprotic 
solvents make an anion free and reactive by the solvation 
onto a cation.9) We believe that this is another support 
for the presence of a CT-intermediate in the reaction of 
di-i-butyl thioketone with a nucleophile. 

Exper imenta l 

Reaction ofDi-t-butyl Thioketone with Phenyllithium. The 
reaction was carried out in a thermostat kept at an appro­
priate temperature. The general procedure was described in 
a previous paper.6) Products were analyzed on a VPC 
(Yanagimoto G-1800; Dexil, 1 m; 150 °C; N2, 0.4 kg/cm2). 

Reaction of Di-t-butyl Thioketone with 2,6-Dimethylphenyllithium. 
Into 20 ml of ether solution containing 168 mg (1.5 mmol) of 
2,6-dimethylphenyllithium, was added 148 mg (1.0 mmol) of 
di-J-butyl thioketone in 20 ml of ether over a period of 24 h 
under an atmosphere of nitrogen. After the color of the 
thioketone had disappeared, 30 ml of water was added to the 
mixture and organic materials were extracted with ether. 
The extract was subjected to preparative VPC(Varian 920; 
Dexil, 1 m; 80 °G) and 50 mg (40% yield) of 1,1-dimethyl-
2-f-butylcyclopropane. NMR <5™* 0.07—0.9 (3H, m), 0.93 
(9H, s), 1.00 (3H, s), and 1.44 (3H, s). Mass spectrum M+: 
mle 126. Found: C, 85.04; H, 14.43%. Calcd for G9H18: C, 
85.63; H, 14.34%. 

The aqueous layer was acidified with dil sulfuric acid and 
organic materials were extracted with ether. The extract 
was chromatographed on silica gel with hexane eluent to give 
96 mg (70% yield) of 2,6-dimethylphenylthiol. NMR <5™ 
2.30 (6H, s), 3.00 (1H, s), and 6.80—6.90 (3H, m). 

Support of a par t of this research by the Ministry of 
Education, Japanese Government, with a Scientific 
Research Grant is acknowledged. 
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Generation of Ketocarbenoid by a-Elimination of a>,a>-Dibromoacetophenone 
with Copper, and Trapping by Cycloaddition to Olefins 
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Ketocarbenoid was generated by the reaction of eo,co-dibromoacetophenone with copper in aromatic hydro­
carbon, and was trapped by cycloaddition to olefins. This is the first example of cyclopropanation of olefins 
by formally divalent carbon intermediate without use of diazoketones. 

Thermal , photochemical, and catalytic decomposition 
of diazoketones have been the source of ketocarbenes and 
carbenoids.1) The most useful reaction of carbene and 
carbenoid in synthesis is the cycloaddition to olefins to 
give the corresponding cyclopropane derivatives. How­
ever, in the reaction of the above ketocarbenes and 
carbenoids with olefins, the yields of acylcyclopropane 
derivatives are low due to Wolff rearrangement2) and 
other side reactions. 

On the other hand, a-elimination reaction provides a 
good route to most classes of carbenes and carbenoids.1) 
The metal a-haloenolates of a-haloketones have served 
as intermediates in a number of synthetically useful 
reactions such as Darzens condensation and related 
reactions, but these enolates usually do not decompose 
to ketocarbenes.3) Even the addition of copper(I) 
compounds does not promote their decomposition to 
ketocarbenes.3) Charpentier-Morize and Sansoulet4) 
reported the formation of 1,2,3-tripivaloylcyclopropane 
and 1,2,3,4,5,6-hexapivaloylcyclohexane by the reaction 
of dichloromethyl i-butyl ketone with zinc-copper 
couple in ether. Furukawa and coworkers5) reported 
that the reaction of co,co-dibromoacetophenone with 
zerovalent transition metal complexes gave trans-1,2,3-
tribenzoylcyclopropane, or /rarc.y-l,2-dibenzoylethylene. 
Ketocarbene or carbenoid seems to be included as an 
intermediate of these reactions, but it was not trapped 
by cycloaddition to olefins. Scott and Cotton6) reported 
the formation of ketocarbenoid by a-elimination of a,a-
dibromoketone with zinc dust or diethylzinc. The 
ketocarbenoid was trapped by an intramolecular 
carbon-hydrogen insertion reaction, but not by the 
cycloaddition to olefins. The reaction of the ketocar­
benoid with olefin was reported to give a substituted 
dihydrofuran, which represents the product of formal 
1,3-dipolar addition of the ketocarbenoid to olefin.7) 

VG=G / + Br2CHCOOR + 2Cu XC— C + 2CuBr 
/ \ / \ 

GH 
i 

COOR 

Recently, we found that the reaction of dibromoacetic 
esters with copper powder in the presence of olefins 
gave the corresponding alkoxycarbonylcyclopropane 
derivatives.8) As an extension of this work, we have 
investigated the a-elimination of a,a-dihaloketones with 
copper powder, and found that ketocarbenoid was 
generated by the reaction and was trapped by cycloaddi­
tion to olefins. This is the first example of acylcyclo-
propanation of olefins by formally divalent carbon 

intermediate without use of diazoketones. 

Results and Discussion 

The reaction of <w,co-dibromoacetophenone with 
copper powder in toluene at 100 °C for 93 h was found 
to give acetophenone, benzoic acid, eis- and trans-
1,2-dibenzoylethylene, and /raw.y-l,2,3-tribenzoylcyclo-
propane. In addition, a large amount of unidentified 
tar was obtained. Most of ft),a>-dibromoacetophenone 
was consumed under the conditions. This result suggests 
that the reaction involves ketocarbene or carbenoid 
intermediate. In order to ascertain the nature of the 
intermediate, we at tempted to t rap it by the cycloaddi­
tion to olefins. 

Cu 
PhCOCHBr2 • PhCOCH3 + PhCOOH 

toluene 
14% 9% 

COPh PhCOx / H ^ / H X H 

ÇOPh 

PhCOx 
+ C = C 

3% 

C = C 4-
H ' ^COPh PhCO COPh 

trace 14% 

Trea tment of cw-cyclooctene, co,co-dibromoaceto-
phenone, and copper powder in toluene at 100 °C for 
93 h gave ^o-9-benzoyl-«.y-bicyclo[6.1.0]nonane (1) 
together with co-l-cycloocten-l-ylacetophenone (2) in 
12 and 3 % yields, respectively, based on the olefin. 

+ PhCOCHBr. 
Cu 

1 

^COPh + 
,CH,COPh 

* To whom correspondence should be addressed. 

Assignment of the exo stereochemistry of 1 rests on N M R 
coupling constant arguments. Tha t is, with the aid of a 
shift reagent, the absorption of the cyclopropane ring 
proton in the geminal position to the benzoyl group was 
shown to exhibit a triplet (J=3.5 Hz) . The coupling cons­
tant is consistent with the exo structure. The eis and 
trans coupling constants of the cyclopropane ring protons 
were reported to be 4—9 and 3—5 Hz, respectively.9) 
The coupling constant 3.5 Hz of 1 agrees well with the 
corresponding coupling constants in the structurely 
similar cyclopropane derivatives. The absorption of 
the ring proton in the geminal position to the methoxy-
carbonyl group of e#0-9-methoxycarbonyl-a.y-bicyclo-
[6.1.0]nonane, e#0-8-methoxycarbonylbicyclo[5.1.0]-
octane, and £#0-7-methoxycarbonylbicyclo[4.1.O]-
heptane appeared as triplets with the coupling constants 
of 4.2, 3.9, and 4.2 Hz, respectively.8) The coupling 
constants of the corresponding endo isomers were 8.6, 
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8.3, and 9.4 Hz, respectively.8) 
T h e endo isomer of 1 was not detected in the reaction 

mixture. Presumably the steric repulsion between the 
benzoyl group and the cyclooctane ring is significant. 

Treatment of styrene, ft),a>-dibromoacetophenone, and 
copper powder in ethylbenzene at 100 °C for 120 h gave 
a 1: 1.6 mixture of eis- and trans-1 -phenyl-2-benzoyl-
cyclopropane in 2 % yield based on the olefin. In this 
case, most of styrene polymerized during the course of 
the reaction. 

Since organocopper intermediates rather than free 
carbenes are probable intermediates in the reaction of 
copper powder with diiodomethane, chlorodiiodo-
methane, and dibromoacetic esters,8) reaction of w,co-
dibromoacetophenone with copper powder would also 
proceed via organocopper intermediate (ketocarbenoid 
of copper) rather than free ketocarbene. 

Exper imenta l 

Elementary analyses were performed at the Elementary 
Analysis Center of Kyoto University. IR spectra were 
recorded on a Hitachi Model 215 grating spectrometer or 
Japan Spectroscopic Go. Model 402 G grating spectrometer. 
NMR spectra were obtained with a Varian T-60-A spectrom­
eter using tetramethylsilane as an internal standard. Mass 
spectra were obtained on a Hitachi Model RMU-6 mass 
spectrometer. Gas chromatographic analysis was carried 
out on a Shimadzu GC-4A or GC-4B gas Chromatograph. 

Materials. co,co-Dibromoacetophenone was prepared 
according to the procedure of Taylor.10) The ordinary 
commercial grade of copper powder provided by Nakarai 
Chemicals Ltd., Kyoto, was used without further purification. 
Olefins and solvents were purified by distillation. 

Reaction of co,co-Dibromoacetophenone with Copper Powder. 
Copper powder (11.4 g, 180 mmol) was treated with 0.5 g (2 
mmol) of iodine in 50 ml of toluene at room temperature with 
stirring. After the brown color of iodine disappeared, o),co-
dibromoacetophenone (22.2 g, 80 mmol) was added, and the 
mixture was heated at 100 °C for 93 h. After the reaction, 
the inorganic materials were separated by filtration. Weight 
of the inorganic materials was 23.7 g after drying, suggesting 
that most of copper powder was converted to copper(I) bro­
mide under the reaction condition. Solvent and other volatile 
materials were removed from the organic layer by heating 
under a reduced pressure, and the residue was dissolved in 
benzene. Addition of light petroleum ether to this benzene 
solution gave 1.29 g (14%) of /ra«.r-l32,3-tribenzoylcyclopro-
pane as a crystalline solid, which was purified by washing 
with carbon tetrachloride followed by recrystallization from 
benzene. It was identified by comparing its IR and NMR 
spectra with those of an authentic sample.11) When solvents 
were removed from the filtrate, 7.26 g of unidentified tar was 
obtained. 

In another run of experiment which was carried out under 
the same reaction condition, the organic layer was analyzed 
by gas chromatography. The analysis showed the formation 
of acetophenone and benzoic acid in 14 and 9% yields, 
respectively, which were identified by comparing spectral 
data with those of authentic samples, and the presence of 
only 1.3% of unchanged co,co-dibromoacetophenone in the 
reaction mixture. The analysis also showed the presence 
of two minor reaction products in 3% and trace yields, 

respectively. Spectral data of these products were identical 
with eis- and fran.M,2-dibenzoylethylene, respectively. 

Reaction of o),co-Dibromoacetophenone with Copper Powder in the 
Presence of cis-Cyclooctene. Copper powder (1.14 g, 18.0 
mmol), iodine (0.05 g, 0.2 mmol), cu,co-dibromoacetophenone 
(2.22 g, 8.0 mmol), and w-cyclooctene (0.44 g, 4.0 mmol) were 
treated in a similar manner in 3.0 ml of toluene at 100 °C for 
93 h, and 1 and 2 were obtained in 12 and 3% yields, respec­
tively, based on the olefin. The yields were determined 
by gas chromatographic analysis of the reaction mixture. A 
sample of 1 collected by gas chromatography was analyzed. 
< = 1.5546; IR (neat) 1660 cm"1 (i>c=0); NMR (CC14) x 2.1 
(2H, m), 2.6 (3H, m), 8.0 (3H, m), 8.42 (12 H, m). With 
aid of a shift reagent, tris (dipivaloylmethanato) europium 
(Eu(dpm)3), the absorption of the cyclopropane ring proton 
in the geminal position to the benzoyl group was shown to 
exhibit a triplet ( / = 3 . 5 H z ) . Found: C, 84.31; H, 9.01%. 
Calcd for C16H20O: C, 84.16; H, 8.83%. A sample of 2 
collected similarly from the reaction mixture was also analyzed. 
NMR (CC14) T 2.1 (2H, m) 2.6 (3H, m), 4.5 (1H, m), 7.04 
(2H, s), 7.9 (2H, m), 8.40 (10H, m); IR (neat) 1681 cm-1 

( K C = O ) ; M S m/e (rel intensity) 228 (7, M+), 120 (28), 108 (15), 
105 (100), 77 (39), 67 (13), 44 (47), 40 (22). 

Reaction of co,co-Dibromoacetophenone with Copper Powder in the 
Presence of Styrene. Copper powder (11.4g, 180 mmol), 
iodine (0.5 g, 2 mmol), co,cu-dibromoacetophenone (22.2 g, 
80 mmol) and styrene (4.2 g, 40 mmol) were treated in a 
similar manner in 30 ml of ethylbenzene at 100 °C for 120 h. 
Gas chromatographic analysis of the reaction mixture showed 
the presence of two reaction products in a ratio of 1: 1.6 in 2% 
yield based on the olefin. Spectral data of these two products 
were consistent with eis- and frans-1-pheny 1-2-benzoylcyclo-
propane, respectively. A sample of the eis isomer collected 
from the reaction mixture by gas chromatography was 
analyzed. NMR (CC14) x 2.1 (2H, m), 2.6 (2H, m), 2.8 
(1H, m), 2.91 (5H, narrow m), 7.2 (2H, m), 7.9 (1H, m), 8.7 
(1H, m); IR (CC14) 1675 cm-1 (vc=0). A sample of the trans 
isomer collected similarly was also analyzed. NMR (CC14) x 
2.1 (2H, m), 2.6 (2H, m), 2.8 (1H, m), 2.83 (5H, narrow m), 
7.3 (2H, m), 7.8—9.2 (2H, m); IR (CC14) 1670 cm"1 (vc=0). 
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Synopsis. The Zeeman effect of 127I NQR and the 
quadrupole effect of UB NMR on a single crystal of BI3 were 
observed in order to investigate the principal axes of the EFG 
tensors. The frequencies of the torsional oscillations were 
determined from the temperature dependence ofe2Qqn/h. 

From X-ray analysis, it is well known that the BI 3 

molecule has a planar trigonal structure with D3h 
symmetry.1) From the molecular symmetry, it can be 
expected that the z principal axis of the n B E F G tensor 
is consistent with the 3-fold rotation axis of the molecule. 
Using a single crystal, the direction of the principal 
axes of the 127I and 11B atoms can be determined 
experimentally from the Zeeman effect of 127I N Q R 
and the quadrupole effect of n B N M R , respectively. 

The infrared and Raman spectra of BI 3 have been 
observed and the frequencies of the lattice vibrations 
were estimated.2) With regard to these results it appears 
worthwhile to examine the effect of torsional oscillations 
from the temperature dependence of e2QqvJh. 

Exper imenta l 

The NQR spectrometer was a self-quenching, super-
regenerative oscillator with frequency modulations; the absorp­
tion lines were displayed on an oscilloscope. The temperature 
dependence of the NQR frequencies was found for a sample 
which was immersed in petroleum ether cooled to a given 
temperature using liquid nitrogen. The Zeeman effect was 
examined by the zero-splitting cone method. A magnetic 
field of ca. 250 G was applied by means of a Helmholtz coil. 

Using a broad line NMR spectrometer of Japan Electron 
Optics Lab. Co., Ltd., the measurement of the UB NMR was 
made at 13.00 MHz and the magnetic field was varied to 
observe the resonance. 

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

1277 NQ_R. Two resonance lines for 127I N Q R 
were observed and were attr ibuted to the vx and v% lines, 
corresponding to the ±l /2<->±3/2 and ± 3 / 2 ^ ± 5 / 2 
transitions, respectively.3) Each of the resonance lines 
consisted of a doublet with an intensity ratio of ca. 2 to 
5 and a frequency difference of ca. 25 to 30 kHz at room 
temperature. They were observed at temperatures 
ranging from —186 to 23 °C. The cause of the doublet 
has been attributed to the existence of 10B and n B in 
BC13 and BBr3.

4> This is true for BI3 as well. 
Figure 1 shows the zero-splitting pat tern of the vx line 

which was observed at room temperature. Since the 
derived asymmetry parameter •/] is 0.460 which is greater 
than the critical value of 0.412, the direction of the axis 
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Fig. 1. Zero-splitting pattern of the Zeeman effect on 
the resonance line, v1. The molecular plane is indi­
cated by the broken line. 

of the zero-splitting cone is parallel to the y principal 
axis of the 127I E F G tensor.5) O n the other hand, the 
direction of the x principal axis of the 127I EFG tensor 
lies along the 3-fold rotation axis of the molecule. The 
direction of the z principal axis of the 127I E F G tensor 
is considered to be parallel to the B-I bond, so that the 
angle < I - B - I can be obtained from the Zeeman effect, 
which gives a value of 120±0.6° . 

- 2 0 0 -100 0 

Temperature, °C 

Fig. 2. Temperature dependences of the quadrupole 
coupling constants and the asymmetry parameter. 

The temperature dependence of the quadrupole 
coupling constants, e^Qjq^jh ( i = x , y, and z) and the 
asymmetry parameter , 7), were derived from the tem­
perature dependence of the vx and v% lines, as shown in 
Fig. 2. I t was found that the absolute temperature 
coefficients of the quadrupole coupling constants are 
in the sequence ^Qjqzz\K^e%Qjiyy\Kye%QjiyL^lh, and 
that 7) increases gradually with temperature. If the 
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amplitudes of the torsional oscillation about the x, y, 
and z principal axes of the 127I E F G tensor are denoted 
by # x , #y, and # z , respectively, the averaged principal 
values of the E F G tensor can be expressed by the 
following equations,6^ 

Vxx = ^ [ - ( l - i Q o ) / 2 - W > % + W > ( 3 - i ] o ) / 2 ] , 

Vyy = «7OE-(1+T)O)/2 + W > % +W>(3+iJo ) /2 ] , (1) 

and Vzl = ^ o [ l - W > ( 3 - > ) o ) / 2 - < ^ 2 > ( 3 + % ) / 2 ] s 

where q0 and Y]0 are the values in the static lattice, and 
the < # i 2 > ( i = x , y, and z) indicate the mean square 
amplitudes of the oscillation about each i principal axis 
of the E F G tensor. If the torsional oscillations are 
approximated by harmonic oscillations, </#i2!> is given 
by7> 

<#j2> = h coth (hv^k T) l&filp» (2) 

where the I\ are the moments of inertia about each i 
principal axis of the inertia tensor and the v\ are the 
torsional frequencies. In order to reflect the effect of 
thermal expansion of the lattice, the v-x are expressed 
empirically by 

*, = r t t ( l - a , r ) , (3) 

where the OL\ are coefficients of expansion. In the case 
of BI3 , the principal axes of the 127I EFG tensor coincide 
with the principal axes of the inertia tensor. Considering 
the molecular symmetry it can be assumed that - < # y

2 > 
= < ^ z 2 > - Thus a best fit using the least-squares 
method was tried.8) T h e following results were obtained : 
* 8 ß 0 o / A = 1 1 9 O . 6 ± l . l M H z , Y ] 0 = 0 . 4 5 1 8 ± 0 . 0 0 0 3 , vx0= 
4 6 . l i 2 . 6 c m - 1 , vy0=»>z0=34.9 ± 1 . 2 cm- 1 , a x = 0 . 0 0 1 2 
±0 .0002 deg"1 , and a y = a z = 0 . 0 0 0 3 ± 0 . 0 0 0 4 deg- 1 . 
T h e curves reproduced using these values are shown as 
full lines in Fig. 2. T h e standard deviation is between 
0.11 and 0.22 M H z . T h e frequencies of the torsional 
oscillations obtained above are comparable to those of 
the Rz and Rxy modes of the lattice vibrations.2) 
Consequently, it is believed that the effective vibrations 
for the temperature dependence of the quadrupole 
coupling constants are in the lattice region. 

20r \ I \ t \ 
| 10 \ / \ j \ 

% „ y \ \ 
_10r \ 1 

0 90 180 

Rotation angle, degree 

Fig. 3. The rotation pattern of UB central line. 

n £ NMR. In n B N M R , only one central 
resonance line corresponding to the m— + l/2*-»m= —1/2 
transition was observed and was seen to be affected by 
the second-order quadrupole interaction. T h e rotation 
pattern of the central line was obtained by measuring 
its shift from the magnetic field corresponding to the 

Larmor frequency as a function of the rotation angle of 
the crystal, the results of which are shown in Fig. 3. 
A second-order frequency shift, Av, can be represented in 
terms of the magnetic field by9) 

Av = -vh(AHIHL*)(AH+HL), (4) 

where VL and HL are the Larmor frequency of 13.00 MHz 
and the corresponding magnetic field, respectively. 
AH=HB,—HL, where Hu is the resonance magnetic 
field of n B shifted by the second-order quadrupole 
interaction. From the molecular symmetry it can be 
assumed that the asymmetry parameter for U B is zero. 
Accordingly, the frequency shifts of the central transition 
are given by the following equation for Y ) = 0 1 0 ) 

Av = -(vq*ll6vL)(a-3l4Xl-M*)(9tf-l), (5) 

where vq=3e*(lql2I(2I-l)h, « = / ( / + 1 ) , /<=cos£, and 
•9 is the angle between the direction of the z principal 
axis of the E F G tensor and that of the applied magnetic 
field. From this analysis it is found that the direction 
of the 3-fold rotation axis of the molecule which was 
determined by the Zeeman effect of the 127I N Q R is 
consistent with the direction of the z principal axis of 
the n B E F G tensor within an experimental error 
of ± 0 . 6 ° . The quadrupole coupling constant of the n B 
atom obtained was 2 .32±0.05 M H z at room tempera­
ture. This value differs slightly from 2.40±0.04 MHz 
at - 1 9 6 °C.11) T h e ratio of e*Q_qzz at - 1 9 6 °C to that 
at room temperature is 1.03. This ratio can be explained 
by the torsional oscillations of the n B atom about the 
principal axes of the E F G tensor as follows : assuming 
Yj0=0, the z component of the quadrupole coupling 
constant, which is averaged over the torsional oscilla­
tion, is given by 

e2£<7zz = *2£<?o( 1 " W > 3 / 2 - < V>3/2) • (6) 
T h e x and y principal axes of the n B EFG tensor lie in 
the plane of the molecule and it can be assumed that 
< £ x

2 > = < £ y
2 > . T h e evaluation of < ^ x

2 > and 
< # y

2 > can be derived from the results of the tempera­
ture dependence of the 127I N Q R . The ratio e%Qjqzz 

( - 1 9 6 °C)le2dqzz (23 °C) is found to be 1.02 from Eq. 6. 
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Synopsis. 2- (4-n-Alkoxybenzylideneamino) anthra­
cenes were synthesized, and the phase transitions were deter­
mined using a differential scanning calorimeter and a polariz­
ing microscope. Methoxy through propoxy derivatives 
exhibit the monotropic nematic state, whereas the higher 
members show the enantiotropic nematic state. 

I t is well recognized that the molecules which can 
form liquid crystalline phases generally possess common 
structural features. The four structural features that 
appear essential a r e ; (1) the molecules will be rod-like 
in shape; (2) they must be rigid; (3) the simultaneous 
presence of permanent dipoles and easily polarizable 
groups within a molecule plays an important role, and 
(4) weak dipoles at the end groups of the molecule are of 
importance.1 - 4) Indeed, the molecules of an unelongated 
and plate-like shape exhibit no mesomorphic properties. 
I t has, however, been found that naphthalene,5) 
fluorene,6) and phenanthrene,7) the molecular structures 
of which are not rod-like, can exhibit liquid crystalline 
states if one introduces appropriate substituents to them. 
In order to elucidate the relationship between the 
molecular structure and the mesomorphic properties, 
it is of much interest that a liquid crystalline compound 
can be obtained by introducing the end substituent to 
the compounds which exhibit potentially non-mesomor­
phic behavior. In this paper we wish to report first that 
anthracene, whose molecule is plate-like and is much 
wider than that of naphthalene or phenanthrene, can 
indeed exhibit a liquid crystal state if a 4-w-alkoxy-
benzylidene group is introduced at the 2-position. 

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

Materials. The 2-(4-n-alkoxybenzylideneamino) an­
thracenes studied here were synthesized from 4-n-alkoxy-
benzaldehyde and 2-aminoanthracene which were them­
selves commercially obtained by refluxing several hours in a 
mixed solution of benzene and methanol. The crude products 
were successively recrystallized from methanol, benzene, and 
hexane. They were thoroughly dried under a vacuum in 
order to remove the solvent and any moisture. 

Measurements. The transition heat was determined by 
means of a Rigaku differential scanning calorimeter which was 
calibrated in terms of the temperature and the energy using 
potassium nitrate, indium, benzoic acid, and tin. All the 
samples were packed in closed aluminium sample pans. Each 
sample was heated and cooled under a flow of nitrogen gas 
to prevent the decomposition of the sample. The phase 
transition and the liquid crystal texture were observed by 
using a polarizing microscope and a Mettler FP 52 micro-
furnance for sample temperature control. 

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

All the compounds studied exhibit the nematic liquid 
crystal state, except for 2-(benzylideneamino)-

TABLE 1. THERMODYNAMIC DATA FOR A SERIES OF 2-(4-n-

ALKOXYBENZ YLIDENEAMINO ) ANTHRACENES 

tt-Alkoxy 

Methoxy-

Ethoxy- < 

Propoxy-

Butoxy-

Pentyloxy- -

Hexyloxy- < 

Heptyloxy- < 

Octyloxy-

Transition 

solid-iso tropic 
isotropic-nematic 
solid-iso tropic 
isotropic-nematic 
solid-isotropic 
isotropic-nematic 
solid-nematic 
nematic-isotropic 
solid II-solid I 
solid I-nematic 
Lnematic-isotropic 
solid II-solid I 
solid I-nematic 
nematic-isotropic 
solid II-solid I 
solid I-nematic 
nematic-isotropic 
:solid Ill-solid II 
solid II-solid I 
solid I-nematic 
nematic-isotropic 

remper-
ature 
(°G) 
202 
199 
199 
201 
186 
179 
177 
183 
137 
165 
173 
124 
162 
174 
129 
157 
167 
125 
136 
154 
167 

Transition 

Heat 
(cal/mol) 

9550 
76 

7670 
105 

8410 
74 

9140 
91 

587 
8730 

71 
220 

8990 
90 

1600 
8730 

79 
910 
530 

9450 
102 

N 

Entropy 
(cal.K-1 . 

mol-1) 

2CÛ 
0.16 

16.2 
0.22 

18.3 
0.16 

20.3 
0.20 
1.43 

19.9 
0.16 
0.55 

20.7 
0.20 
3.98 

20.3 
0.18 
2.29 
1.30 

22.1 
0.23 

1 ca l=4 .184J 

o 
S 

7 

H 0.24 

-W.20 1 

H 0.16 

Number of carbon atoms in alkoxy chain 

Fig. 1. Phase transition diagram and the transition 
entropy for 2-(4-n-alkoxybenzylideneamino)anthracene 
series. 
0 : Solid-nematic or isotropic; 0 : nematic-isotropic; 
Q : transition entropy for the nematic-isotropic transi­
tion. The dotted lines indicate the monotropic transi­
tions. 
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anthracene, which gives no mesomorphic state. T h e 
phase-transition temperatures are summarized in Table 
1, together with the calorimetric data. T h e first three 
members in this series show the monotropic nematic 
state, while the higher members, starting with 2-(4-w-
butoxybenzylideneamino) anthracene, exhibit the enan-
tiotropic nematic phase. Furthermore, the solid-solid 
transition is observed for the homologous series with 
longer alkoxy chains than pentyloxy. This is not 
surprising since the presence of two or more solid phases 
is very common with materials forming mesomorphic 
states. 

Figure 1 shows the variation in the transition tempera­
ture with the increase in the length of the alkoxy chain. 
Both the solid-nematic and the nematic-isotropic 
liquid transition temperatures become lower as the 
alkoxyl group grows. In addition, an even-odd alterna­
tion of the nematic-isotropic liquid transition tempera­
ture is apparent . Such an even-odd effect for the 
nematic-isotropic liquid transition has frequently been 
found in most homologous series of liquid crystals.1-4) 
In particular, for a homologous alkoxy series1-4»8) each 
of the clearing points for both even and odd carbon-
chain members falls on a smooth curve. In the homolo­
gous series of 2-(4-w-alkoxybenzylideneamino)-
anthracenes studied here, two smooth curves can be 
drawn, as shown in Fig. 1, one connecting the even 
carbons and the other connecting the odd carbons. 
T h e curve for the even carbons lies above that for 
the odd carbons, as in other homologous alkoxy series. 

T h e even-odd alternation can be understood as a 
consequence of the even-odd effect in the chain-order 
parameter with respect to the molecular axis.9) The 
entropies of transition for the nematic-isotropic liquid 
transition are also shown in Fig. 1. As is expected in 
view of the results mentioned above, the transition 
entropy shows the even-odd alternation more striking 
than the transition temperature. 
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Synopsis. The formation and extraction of the 
niobium-Pyrocatechol Violet-tridodecylethylammonium ter­
nary complex have been examined. The optimal pH for the 
extraction is 4—5. The molar absorptivity of the complex 
is 4 .4xl0 4 cm-1 , mol - 1 «1 at 553 nm. Its composition is 

R 

estimated to be Nb(PV)a (R-N-R')3 . 
i 

R 

Pyrocatechol Violet (PV) reacts with niobium10) to 
form a violet chelate which is suitable for photometric 
determination. The sensitivity of the color reaction 
increases upon the addition of a long-chain quaternary 
ammonium salt.11) Many papers12-15) have been 
published on the extraction of Pyrocatechol Violet chelate 
anions with large organic cations. The lack of informa­
tion on the extraction of ionic associates in the case of 
the niobium-Pyrocatechol Violet chelate anion with 
large organic cations, however, led us to carry out the 
present investigation. Furthermore, the investigation of 
the extraction of the metal chelate anions with an 
oleophilic quaternary ammonium salt such as tridodec-
ylethylammonium bromide (TDEA), its superior extrac­
tion efficiency with relation to many chelate anions has 
been demonstrated. O n the extraction of the Pyro­
catechol Violet chelate anion with TDEA, we have 
already reported the spectrophotometric study of 
copper,2) tin,4) aluminum,5) and zirconium.8) In this 
paper, the fundamental conditions for the extraction 
of niobium as a n i o b i u m - P V - T D E A ternary complex 
with carbon tetrachloride and the composition of the 
ternary complex will be discussed. 

Exper imenta l 

Reagent. A 2.5 X 10~3 M niobium solution was 
prepared by the following procedure. A definite amount of 
diniobium pentoxide and a small amount of potassium disulfate 
were placed in a platinum crucible and melted. After cooling, 
a 104-ml portion of sulfuric acid was added and the solution 
was diluted to 250 ml with de-ionized water. A working 
standard solution was prepared as needed by the dilution 
of the 2.5 X 10~3 M solution with 7.5 M sulfuric acid to each 
desired concentration. A 5.0xlO~4M PV solution was 
prepared by dissolving the Dotite PV in de-ionized water 
without further purification. TDEA was prepared, by reflux-
ing for 4 h, to an ethanolic solution of tridodecylamine and 
ethyl bromide. After the evaporation of the solvent, the salt 
was recrystallized two times from butyl acetate. The 10~3 M 
TDEA solution was prepared by dissolving the above TDEA 
in carbon tetrachloride. All the other chemicals used were of a 
guaranteed-reagent quality. 

Apparatus. All the measurements of the absorbance 

were made with a Hitachi manual spectrophotometer, model 
Epu-2A. Matched 10-mm absorption cells were used. The 
pH measurements were made with a Hitachi-Horiba model 
M-5 glass electrode pH meter. 

Standard Procedure. Up to 7 (zg of niobium were placed 
in a 50-ml polyethylene beaker; 0.5 ml of 0.03% hydrogen 
peroxide, a definite amount of 1 M sulfuric acid, and 3 ml of a 
5 x l 0 ~ 4 M PV solution were then added. The pH of the 
solution was adjusted to 4.5 by the addition of 2 ml of a 2 M 
sodium acetate solution and a definite amount of ammonia 
buffer solution (pH 9). Then the solution was diluted to 
25 ml with de-ionized water. The solution was transferred 
into a 35-ml test tube, and a 5-ml portion of 10~3M TDEA in 
carbon tetrachloride was added. The extraction was carried 
out for 5 min by turing the test tube upside down two times 
per 5 s. After a complete phase separation, the organic layer 
was taken out and centrifuged for 3 min at 3000 rpm. The 
extract was transferred into an absorption cell, and the absorb­
ance at 553 nm was measured against the reagent blank. 

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

Absorption Spectra. The absorption spectra of the 
ternary complex extracted into carbon tetrachloride 
and of the n iob ium-PV chelate anion in an aqueous 
solution are given in Fig. 1, along with that of the 
reagent blank. The ternary complex and the n iob ium-
PV chelate anion have absorption maximum at 553 
nm and 562 nm respectively. The absorbance of the 
ternary complex increases about two times more than 
that of the n iob ium-PV chelate anion. 

Effect of pH. The effect of the p H on the extrac­
tion of the ternary complex with 2 x 10~6 M niobium, 
6 X 10~5 M PV in the aqueous phase, and 10~3 M T D E A 

Fig. 1. Absorption spectra of the Nb-PV-TDEA in 
carbon tetrachloride and the Nb-PV in aqueous solu­
tion. 
pH=4.5 
(1): Nb-PV-TDEA in carbon tetrachloride [Nb]w= 
2x lO-«M, (2): Nb-PV in aq soin [Nb]w=10" 5M, 
(3): PV-TDEA in carbon tetrachloride [PV]W= 
6 x l O - 5 M , (4): PV in aq soin [PV] w =6x 10~6 M. 
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in carbon tetrachloride was examined. The optimum 
p H range for the extraction is found to be 4—5. T h e 
p H dependence of the extraction may change with the 
change in the reagent concentration. The carbon 
tetrachloride extract is stable for at least 30 min. T h e 
absorbance of the reagent blank in the organic layer 
increases remarkably with an increase in the p H value. 

Organic Solvents. The n i o b i u m - P V - T D E A ternary 
complex can be extracted into such substances as carbon 
tetrachloride, butyl acetate, carbon disulfide, benzene, 
and nitrobenzene, but not into 1-butanol, methyl 
isobutyl ketone, and chloroform. 

The Effect of the PV Concentration. T h e effect of 
the PV concentration in the aqueous phase on the 
extraction of the ternary complex was also examined. 
The absorbance of the extract is constant when the 
initial aqueous phase is in the concentration range 
4 x l 0 ~ 5 — 1 x l O ~ 4 M . The absorbance of the extract 
gradually decreases, however, upon the further addition 
o f P V . 

The Effect of the TDEA Concentration. T h e effect 
of the concentration of T D E A in carbon tetrachloride 
on the extraction of the ternary complex was also 
examined. T h e constant and maximum absorbance of 
the extract is obtained when the organic phase is in 
the concentration range 5 X lO - 4—2 X 10~3 M. 

The Effect of the Mixing Time. T h e extractability 
of the ternary complex with 10 - 3 M T D E A in carbon 
tetrachloride at p H 4.5 is given as a function of the 
mixing time. The absorbance of the extract is constant 
for the mixing times from 3 to 10 min. 

Extractability and Molar Absorptivity. T h e extrac­
tability of the ternary complex under opt imum condi­
tions was examined by the spectrophotometric deter­
mination of niobium in the extract with Xylenol Orange 
after evaporating the organic layer. When a 250-ml 
portion of an aqueous layer containing 46.5 fjig of 
niobium is mixed with 50 ml of a carbon tetrachloride 
solution of T D E A , 9 8 . 1 % of the niobium is extracted by 
one extraction. The distribution ratio and the molar 
absorptivity are 2.58 x l O 2 and 4.3 X 104 c m - 1 - m o l - 1 »1 
respectively. 

Calibration Curve. A calibration curve was made 
by extracting different amounts of niobium under 
opt imum conditions. A good linear relationship is 
obtained over the <xmcentration range from 0.58 to 
7 [xg of niobium per 5-ml portion of carbon tetrachloride. 
The variation coefficient of the absorbance is 1.3% for 
the 7 measurements. The effect of foreign ions was also 
examined. Copper, bismuth, and tin were masked with 
2-mercaptoethanol, but uranium, thorium, molyb­
denum, tungsten, a luminum, iron, and vanadium 
interfered seriously. Of the anions tested, nitrate, iodide, 
thiocyanate, and perchlorate interfered considerably, 
giving a negative error. 

The Composition of the Ternary Complex. The molar 
ratio of the components in the ternary complex was 
established by the continuous variation method. T h e 
results indicate tha t the molar ratios of niobium to PV 
to T D E A are 1: 2 : 3, as is shown in Figs. 2 and 3. 
T h e same results were also obtained by the mole-ratio 
method. T h e application of the equilibrium-shift 

0.61 1 

o.5 \ y^~\ 

| 0.3 / * \ 

0.1 \ ^k 

°0 0.2 0.4 0.6 0.8 1.0 
[Nb]/{[Nb] + [PV]} 

Fig. 2. Continuous variation method applied to the 
Nb-PV-TDEA system. 
[Nb]w - f [PV]w=4x 10-5M, p H - 4 . 5 , — O— : 553 nm, 
— / \—: 590 nm. 

0.2 \ 

o 0.1 / \ 

o V. . . , . I 
0 0.2 0.4 0.6 0.8 1.0 

Nb/(Nb+TDEA) 

Fig. 3. Continuous variation method applied to the 
Nb-PV-TDEA system. 
N b + T D E A = 2 . 5 x 10~7 mol, pH=4.5 , 553 nm. 

method to this system had not been successfully carried 
out because the complete formation of the ternary 
complex occurred in a small excess of reagents. Con­
sequently, it may be assumed that the ternary complex 
is an ion-association system for { [ N b ( P V ) 2 ] 3 - } ' 
f R ] 
( R - N * R ' ) 8 . 

{ R J 
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Synopsis. The ionic associate of the iron(III)-
Pyrocatechol Violet chelate anion with tridodecylethylammo-
nium bromide is extracted into methyl isobutyl ketone. The 
ternary complex has an absorption maximum at 623 nm. 
The optimum pH for the extraction is 5.7—6.4 The molar 
absorptivity of the complex is 7.76x10* cm - 1 • mol - 1 • 1. Its 

R 

composition is estimated to be Fe(PV)2(R-N-R')2-
i 

R 

Pyrocatechol Violet (PV) reacts with many metal ions 
to form water-soluble chelates. T h e utility of its extrac­
tion-photometric variant in ionic-association systems 
has been reported by many workers.2-5) Ishito and 
Ichinohe6) studied the formation of the i r o n ( I I I ) - P V 
chelate in an aqueous solution. T h e extraction of the 
i ron( I I I ) -PV chelate anion in the presence of diphenyl-
guanidine was studied by Jurevicius and Valiukevicius.7) 
The author has found that the i r o n ( I I I ) - P V chelate 
anion is extracted with tridodecylethylammonium 
bromide (TDEA) in methyl isobutyl ketone to form an 
ionic associate and that the molar absorptivity is 
greater than that of the i ron( I I I ) -PV-diphenly-
guanidine system. T h e sensitivity of the present method 
is higher than those of the bathophenanthroline, 4-(2-
pyridylazo)-resorcinol, and chromazurol S methods. In 
this paper, the fundamental conditions for the extraction 
of iron(III) as the i r o n ( I I I ) - P V - T D E A ternary com­
plex in methyl isobutyl ketone and the composition of 
the ternary complex will be discussed. 

Exper imenta l 

Reagent. A 2 . 5 x l O - 3 M iron(III) solution was pre­
pared by dissolving a definite ammount of ferric ammonium 
sulfate in 0.5 M sulfuric acid. The iron(III) concentration in 
the solution was determined by EDTA titration. A working 
standard solution was prepared as needed by the dilution 
of the 2.5 X 10-3 M solution to the desired concentration with 
de-ionized water. A 5 X 10~4 M PV solution was prepared by 
dissolving the Dotite PV in de-ionized water without further 
purification. The TDEA was prepared by the refluxing of an 
ethanolic solution of tridodecylamine and ethyl bromide for 
4 h. After the evaporation of the solvent, the salt was 
recrystallized two times from butyl acetate. A 10~3 M 
TDEA solution was prepared by dissolving the above TDEA 
in methyl isobutyl ketone. All the other chemicals used were 
of a guaranteed reagent quality. 

Apparatus. All the measurements of the absorbance 
were made with a Hitachi mannual spectrophotometer, 
model Epu-2A. Matched 10-mm absorption cells were 
used. The pH measurements were made with a Hitachi-
Horiba model M-5 glass electrode pH meter. 

Standard Procedure. To 2 ml of the 2.5 X 10~5 M iron-
(III) solution in a 50-ml polyethylene beaker, a definite 
amount of 0.1 M sulfuric acid and 2 ml of the 5x 10~4 M 
PV solution were added. The pH of the solution was then 
adjusted to 5.8 by the addition of 2 ml of the 2 M sodium 
acetate solution and diluted to 25 ml with de-ionized water. 
The solution was transferred into a 35-ml test tube, and a 5-ml 
portion of 10~3 M TDEA in methyl isobutyl ketone was 
added. The extraction was carried out for 5 min by turning 
the test tube upside down two times per 5 s. After the com­
plete phase separation, the organic layer was taken out and 
centrifuged for 3 min at 3000 rpm. The extract was then 
transferred into an absorption cell, and the absorbance was 
measured at 623 nm against the reagent blank. 

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

Absorption Spectra. The absorption spectra of an 
aqueous solution of the i r o n ( I I I ) - P V chelate and of a 
solution of the i r o n ( I I I ) - P V - T D E A ternary complex 
in methyl isobutyl ketone, and also the absorption 
spectra of the respective blanks, are shown in Fig. 1. 
The ternary complex and the i r o n ( I I I ) - P V chelate 
anion have their absorption maxima at 623 and 604 nm 
respectively. T h e absorption maxima of the ternary 
complex shifted toward wavelengths longer by 20 nm 
compared with that of the i r o n ( I I I ) - P V chelate. 

Effect ofpH. The effect of the p H of the aqueous 
phase on the extraction was also examined. T h e 
maximum extraction was obtained at p H values from 
5.7 to 6.4. PV itself is readily extracted with T D E A 
in methyl isobutyl ketone. 

Organic Solvents. Of the solvents examined, 

Wavelength, nm 

Fig. 1. Absorption spectra of the Fe-PV-TDEA in 
methyl isobutyl ketone and the Fe-PV in aqueous 
solution. 
pH=5.8 . 
(1): Fe-PV-TDEA in MIBK, [Fe] w =2x 10~« M, 
(2) : Fe-PV in aq soin [Fe] w = 10~5 M, (3) : PV-TDEA 
in MIBK, [ P V ] w = 4 x l 0 - 5 M , (4): PV in aq soin 
[ P V ] w = l x l 0 ~ 4 M . 
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methyl isobutyl ketone, butyl acetate, carbon tetra­
chloride, carbon disulfide, and benzene were suitable 
for the quantitative extraction of the ternary complex. 
The organic layers separated out rapidly, and the molar 
absorptivity was maximal, when the methyl isobutyl 
ketone was used. 

The Effect of the PV Concentration. With other 
factors kept constant, the PV concentration in the 
aqueous phase was varied from 2 X 10~6 to 10 - 4 M . The 
opt imum concentration range of PV is from 2 X 10 - 5 to 
6 x l O ~ 6 M . The absorbance of the extract gradually 
decreases upon the further addition of PV. 

The Effect of the TDEA Concentration. T h e 
concentration of T D E A in the organic phase was varied 
from 1 X 10~4 to 3 X 1 0 - 3 M . The opt imum concentra­
tion range of T D E A is from 4 X 10~4 to 2 X 10~3 M . 

The Effect of the Mixing Time. The mixing time 
was varied from 10 s to 15 min. The absorbance of the 
extract is constant for mixing times over 3 min. 

The Extractability and Molar Absorptivity. 25 ml 
of an aqueous solution containing 2.8 (xg of i ron(III) 
and the reagents of an opt imum concentration were 
mixed with 5 ml of 10~3 M T D E A in methyl isobutyl 
ketone. Extraction was repeated with 5 ml of an organic 
layer for the remaining aqueous phase, to which 0.2 ml 
of the 5 x l O ~ 3 M PV solution was added afresh after 
the separation of the extract. I t was found that 97.9% 
of the i ron(II I ) was extracted by one extraction. The 
distribution ratio and the molar absorptivity were 
2.33 x 1 0 s and 7.76 x 104 c m ^ - m o l - M respectively. 

Calibration Curve. The plot of the absorbance of 
the extract versus the concentration of i ron(III) in the 
aqueous phase gave a straight line from 2 x l 0 ~ 7 to 
3 X 10~6 M . T h e variation coefficient of the absorbance 
was 1.1% for the 8 measurements. T h e effects of 
foreign ions were also examined. Copper, bismuth, and 
tin were masked with 2-mercaptoethanol. Thor ium, 
aluminum, and uranium, also, were masked with 
hydrogen peroxide and potassium fluoride. However, 
vanadium, molybdenum, tungsten, chromium, and 
zirconium interfered seriously. Of the anions tested, 
nitrate, iodide, thiocyanate, and Perchlorate interfered 
considerably, giving a negative error. 

The Composition of the Ternary/ Complex. The ratio 
of i ron(III ) to PV was found to be 1: 2 by the con­
tinuous-variation method. To find the i ron(III ) to 
T D E A ratio, we at tempted to apply the continuous-
variation, molar-ratio, and equilibrium-shift methods. 
However, all these experiments were unsuccessful 
because the complexes precipitated on the aqueous-
organic interface in a lower concentration of T D E A 
when the methyl isobutyl ketone was used as the 
solvent. When carbon tetrachloride was used as a 
solvent, no precipitates of the complex appeared on the 
interface, and the application of the continuous-variation 
method was successful. The results indicate that the 

0.2 0.4 0.6 0.8 1.0 

[Fe]/{[Fe] + [PV]> 

Fig. 2. Continuous variation method applied to the 
Fe-PV-TDEA system in carbon tetrachloride. 
[Fe]w+ [PV]W= 1 x 10-5 M, P H = 5 . 8 . 

0.2 0.4 0.6 0.8 1.0 

Fe/ (Fe+TDEA) 

Fig. 3. Continuous variation method applied to the 
Fe-PV-TDEA system in carbon tetrachloride. 
F e + T D E A = 5 X 10~7 mol, pH=5.8 . 

ratio of i ron(III ) to PV to T D E A is 1: 2 : 2, as is shown 
in Figs. 2 and 3. Consequently, it may be assumed 
that the ternary complex in carbon tetrachloride is an 

f R 

ion-association system for { [ F e ( P V ) 2 ] 2 - } - ^ R - N ^ R ' ^ 

i R 
The same composition may hold in the methyl isobutyl 
ketone. 
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Synopsis. The solvent extraction of hydrohalogenic 
acids and thiocyanic acid (HX) in 1 mol dm - 3 electrolyte 
solutions with trioctylphosphine oxide (E) has been studied at 
25 °C. The extraction constant, tfex^tHXEJ^tH+l-1 

[ X - j - ^ E ] ^ - 1 , for thiocyanic acid was found to be 102-6, 
while Jtexa=[HXEJorB[H+]-1[X-]-1[E]or | I-

2 for hydrobromic 
and hydroiodic acids were found to be 100'34 and 101-78 

respectively. 

The solvent extraction of such metal ions as halides 
and thiocyanates has been employed for various 
purposes. In these systems, an extraction of the hydro­
halogenic acids or thiocyanic acid in the aqueous phase 
should occur when the acidity of the aqueous phase is 
high. In the present study, the solvent extraction of 
hydrobromic, hydroiodic, and thiocyanic acids in 1 mol 
d m - 3 aqueous electrolyte solutions with trioctylphos­
phine oxide (TOPO) in hexane has been studied at 
25 °C. The extraction constants of these acids were 
compared with those for other strong inorganic acids 
under the same conditions. 

E x p e r i m e n t a l and Sta t i s t i ca l 

All the experiments were carried out in a thermostatted 
room at 25 °C. A portion of an aqueous solution and the 
same volume of an organic solution were placed in a stoppered 
glass tube, the tube was vigorously agitated for one minute 
and then centrifuged. The acid in the two phases was 
titrated with a standard barium hydroxide solution, and the 
thiocyanate ions, with a standard silver nitrate solution. 

In the present study, the acid and TOPO are denoted by 
HX and E respectively. The subscript "org" denotes a 
chemical species in the organic phase, while the lack of a 
subscript denotes one in the aqueous phase. It was assumed 
that only one species containing X - was extracted and that 
the extracted species could be written as HXE n where n was 
unity or two. After several trials, these assumptions were 
confirmed to be reasonable, as will be shown later; thus, the 
following equations were derived. 

The equilibrium under the above assumptions can be 
written as:1) 

H + + X - + nE(org) ? = ± HXEB(org) 

Kexn = [HXEB]o r g[H+]-i[X-]-i[E]-«g (1) 

where n is unity or two. 
Since the amount of TOPO in the aqueous phase is pro­

bably very small, the following equations can also be written 
under the above assumptions for the extraction of HX in the 
presence of Na+, H+, and ClO^:1) 

• Initial — 

[E]org + 2[HClO4E2]0rg + «[HXEn]org (2) 

[H+]o r g = [HClO4E2]0rg + [HXEB]org (3) 

The concentration of these species containing HX can be 

determined by titration with silver nitrate and that of the 
hydrogen-ion by titration with barium hydroxide. 

When the aqueous phase contains only the HX acid, the 
terms of perchloric acid in Eqs. 2 and 3 can be eliminated 
and the distribution ratio of HX may be defined as : 

D(HX) = [HXEn]org[H+]-i (4) 

R e s u l t s a n d D i s c u s s i o n 
It was found that the oxidation of iodide to iodine 

occurred during the two-phase agitation if it was 
continued for a long time, and the two phases turned 
pale yellow. This caused an extraction of the HI 3EM 

species and introduced positive errors. However, when 
the agitation continued for only one minute, no color 
appeared in the two phases and still the equilibrium was 
reached. No trouble of this kind was encountered in the 
extraction of other acids. 

The distribution ratio of thiocyanic acid with 3.0 X 
10~2 mol d m - 3 T O P O in hexane from aqueous solutions 
containing 1.0 X 1 0 - 1 mol d m - 3 thiocyanate ions, 9.0 X 
10 _ 1 mol d m - 3 Perchlorate ions, and hydrogen and 
sodium ions at various molar ratios was determined as 
a function of the hydrogen-ion concentration. Under 
these conditions, the extraction of thiocyanic acid was 
much better than that of perchloric acid. After several 
trials, only the solvation number of unity was found to 
give a reasonable extraction constant; the error of the 
constant obtained by assuming an extraction of other 
species such as (HX) 2 E 2 was always larger than that of 
the constant obtained by assuming the extraction of the 

TABLE 1. EXTRACTION DATA OF THIOCYANIC ACID 

Aqueous phase initially containing 0.1 mol dm-3 of 
thiocyanate and 0.9 mol dm - 3 of Perchlorate. The 
organic phase initially contained 3.Ox 10-2 mol dm-3 

TOPO in hexane. The concentration is given by mol 
dm - 3 . 

[H + ] lni tiai 

(L24 
0.20 
0.16 
0.12 
0.10 
0.09 
0.07 
0.06 
0.05 
0.04 
0.03 

[H+]org 

2.34X10-2 

2.21 
2.13 
2.01 
1.85 
1.86 
1.72 
1.61 
1.52 
1.39 
1.17 

[SCN-]org 

2.15x 
2.03 
1.92 
1.75 
1.62 
1.57 
1.41 
1.31 
1.20 
1.06 
8.97x 

10-2 

10^ 
Av 

log Kex1 

2 A3 
2.37 
2.41 
2.46 
2.41 
2.49 
2.51 
2.50 
2.53 
2.55 
2.54 
2.47 
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- 2 r 

X! 

Q 

2 
- 3 r 

-2 -1 
log[TOPO]o r g 

Fig. 1. Distribution ratio of hydrochloric (O) (taken 
from Ref. 1), hydrobromic (£))? and hydroiodic ( 0 ) 
acid between hexane containing various amounts of 
TOPO and aqueous 1 mol dm - 3 of the acid as a function 
of the free TOPO concentration. 

TABLE 2. SUMMARY OF EXTRACTION CONSTANTS AT 25°C 

Org. phase: hexane containing TOPO (E). 
Aq phase: 1 mol dm"3 (H, Na) (X, G104) for HSGN 

and 1 mol dm-3 HX for others (for H2S04 , X - is HS0 4") . 

tfexn = [HXEn]org[H+]-HX-]-x[E]0-

HX log KeXi log Kex2 

HSCN 
HCla> 
HBr 
HI 
HN03

a> 
HC104

a> 
H2S04

a> 

2.5 

0.86 

- 0 . 3 1 
0.34 
1.78 

3.20 
-0 .30 

a) Data taken from Ref. 1. 

H X E species. Table 1 shows the extraction data and 
the calculated extraction constants. 

T h e extraction equilibria of hydrobromic and 
hydroiodic acids were studied when the initial aqueous 
phase contained 1 mol d m - 3 of the acid and when the 
hexane phase contained T O P O at various concentra­
tions. Figure 1 gives the results, together with those of 
hydrochloric acid, in Ref. 1. From the slope of the plot, 
the solvation number of these acids was concluded to 
be two and their extraction constants were determined 
to be as is listed in Table 2. The solid lines in the figure 
were drawn on the basis of Eqs. 1 and 4 and the constants 
in Table 2. 

Khopkar and Narayanankutty2) reported the value 
of -Kexj of thiocyanic acid extracted from 1 mol d m - 3 

ammonium thiocyanate solutions at p H 1.6 to 3 with 
T O P O in xylene to be 102-43, which agrees well with the 
present value. There have also been some reports on the 
solvent extraction of thiocyanic acid with TOPO.3-4) 

As may be seen from Table 2, the values of the 
extraction constant, Ä"ex2, increase in the order of: 
H C l < H B r < H I < H C 1 0 4 . This order agrees with the 
order of the molar volumes of the anion. T h e extraction 
constant of Äexj of thiocyanic acid is much greater than 
that of nitric acid. Thus, when a metal ion in an acid 
solution containing thiocyanate ions is extracted with a 
neutral extractant such as T O P O , the extraction of 
thiocyanic acid should be taken into account in the 
analysis of the data, because this thiocyanic acid 
extraction probably decreases the concentration of 
thiocyanate ions in the aqueous phase and also that of the 
free extractant in the organic phase. 
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Synopsis. By heating benzanthrone (3) with copper 
powder, zinc chloride, and sodium chloride, violanthrene B 
(8) and isoviolanthrene B (13) were obtained in addition to 
the tetrabenzo[a, cd,j, /mjperylene (4) reported previously. 
This method may be considered to be a convenient method 
of synthesizing not only 4, but also 13. 

Previously, Aoki reported1) that 1-phenalenone (1) 
and benzanthrone (3) gave dibenzo[ft/, /mjperylene (2) 
and tetrabenzo[fl,crf,j,/m]perylene (4), respectively, upon 
heating with copper powder in a mixed flux of zinc 
chloride and sodium chloride. However, in the case 
of 3, other compounds are possibly produced by coupling 
at positions other than the carbonyl carbon atom. In 
this paper, the results of a reinvestigation of work 
reported in Ref. 1 are reported. 

By elution chromatography of the reaction products, 
a small amount of violanthrene B (8)2>4) and a con­
siderable amount of isoviolanthrene B (13)3~5> were 
isolated along with 4, and small amounts of unidentified 
materials. 

1 4 V^ 1 2 1 3 

O n the other hand, however, alkali fusion, the typial 
condensation method for ketones such as 3, gives 
violanthrones6) (5, 6;6b> 10, l l 6 c ) ) . Since the carbonyl 
group remains, the Clar reduction method7) must be 
applied in order to obtain the hydrocarbons (7, 8 ; 12, 
13).2,3) Futhermore, no reports have been published 
concerning the formation of products having a 4-type 
skeleton. 

In the present work, the above unidentified materials 
were not obtained in a pure state, but they were con­
sidered to be present in a mixture with a few hydro­
carbons.8) Consequently, the present method produces 
hydrocarbons in a single step from 3, but affords no 
A-type substances (5, 7, 10, 12).9) This method may be 
considered to be a convenient method for preparing not 
only 4, but also 13, since it more readily gives pure 
13 in a higher yield than the method of reducing 11. 

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

The UV spectra were recorded with a Shimadzu Model 
D 40 RW Multiconvertible Spectrophotometer. 

Dibenzo[a,crf jnaphtho[3,2,1 -/mjperylene (8) (violanthrene 
B). The synthesis from 6 has already been reported.2) Mp 
344 °C (corn), Ä z e n e nm (log e) : 482 (5.00), 451 (4.57), 424 
(4.21), 400 (sh., 3.70), 363 (4.69), 345.5 (4.46), 318 (4.63), 
305 (4.48). 10> 

Dibenzo[a,a/jnaphtho[l,2,3-/mjperylene (13) (isoviolan­
threne B).5> Using the Clar method,3'7) 1.00 g of isoviolan-
throne B (11) was reduced. The crude product (0.95 g) 
was sublimated at high vacuum (10-3—10~4 Torr), and the 
yellowish-brown sublimates (0.35 g) were purified by means 
of recrystallization from benzene and then column chromato­
graphy on alumina with benzene, to give 0.05 g of brown-
yellow, fine needles. Mp 307 °G (uncorr.), 319 °C (corr.), 
A*£?*ne nm (log e): 471 (4.87), 441 (4.55), 415 (4.22), 390 
(sh., 3.70), 357 (4.81), 340.5 (4.50), 325 (4.24), 308 (4.76), 
294 (4.55). 

Found: C, 95.61 ; H, 4.31%. Galcd for C34H18: G, 95.75; 
H, 4.25%. 

Condensation. A mixture of 5.00 g of benzanthrone 
(3), 5.0 g of copper powder, 25 g of zinc chloride and 5 g 
of sodium chloride was maintained at 230 °C for 30 min, and 
treated, by a method similar to that reported previously.1) 
The crude product (9.85 g) was refluxed with 600 g of xylene 
for 2 h, and the insoluble part was filtered off after cooling. 
The filtrate was chromatographed on alumina into several 
fractions (using xylene as the eluent). The product, obtained 
by evaporation of successive fractions, were purified by re-
crystallization and high vacuum sublimation, to give 616 mg 
of 4, 56 mg of 8, 308 mg of recovered 3, 623 mg of 13, and 
85 mg of reddish-brown crystals. This last material has 
absorption peaks at about 420, 495, and 530 nm in benzene 
and appeared to be a mixture of unidentified hydrocarbons8) 
not of the A-type (7, 12),9) however, further purification was 
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very difficult. 
That part insoluble in xylene (7.0 g) was refluxed with 

200 g of o-dichlorobenzene for 2 h, and the insoluble material 
(5.25 g) was removed by hot filtration. This filtrate was 
evaporated to dryness, and the residue was chromatographed 
on alumina with chlorobenzene, and worked up in a manner 
similar to that used for the xylene filtrate, giving various 
amounts of the same products described above. 

The total amounts and yields of the products were : 
tetrabenzo[a,o/,/,//n]perylene (4) 754 mg 18.1%, 
violanthrene B (8) 90 mg 2.2%, 
isoviolanthrene B (13) 833 mg 20.0%, 
unidentified material 195 mg 4.7%, 
recovered benzanthrone (3) 505 mg 10.1%. 
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Synopsis. The CV data for o-, m-, and /»-nitrophenyl-
trimethylsilanes and 2,4-dinitrophenyltrimethylsilane revealed 
that the former three show Epc slightly more anodic than the 
corresponding nitrotoluenes; the latter shows a third peak (Os) 
together with two successive reversible couples, while the 
methyl analogue exhibits no peak corresponding to 0 3 , but 
shows extremely weak Ox. The behavior of these silyl com­
pounds are interpreted in terms of less electron-donating 
nature of trimethylsilyl group and (p-d):r bonding between 
the siliicon and benzene ring. 

To date only a few reports have appeared on the 
study of the electrochemical behavior of organosilicon 
compounds by polarography,1»2) and controlled potential 
electrolysis in non-aqueous solutions.3»4) Recently, 
Allred and co-worker have reported on the electro­
chemical reduction of chloropermethylpolysilanes by 
means of cyclic voltammetry (CV) and discussed the 
effect of chain length of the polysilanes on the reduction 
potentials.5) I t is interesting to investigate by the CV 
technique the electrochemical behaviors for other 
types of silicon compounds which contain a t least one 
of electroactive groups. The present study was under­
taken to examine the substituent effect on reduction-
oxidation potentials and electron transfer processes for 
o-, m-, and /»-nitrophenyltrimethylsilanes and 2,4-dinitro-
phenyltrimethylsilane. 

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

o-, m-, and p-Nitrophenyltrimethylsilanes. In Table 
1, the CV data are listed to compare mononitrophenyl-
trimethylsilanes with nitrotoluenes. The peak potentials 
Epc, Epai and Epl/2, for the silyl compounds are both 
slightly more anodic than those of the corresponding 
toluene derivatives. This may be attributable to the polar 
effect of substituent attached to the nitrophenyl group, 
less electron-donating trimethylsilyl substituent compar­
ed with methyl group requires lower reduction potentials 
as shown by Hammet t a constants.6) 

TABLE 1. THE CV DATA OF NITROPHENYLTRIMETHYL-

SILANES AND NITROTOLUENES9 > 

Compound 

0-MeC6H4NO2 

0-Me3SiC6H4NO2 

m-MeC6H4N02 

m-Me3SiC6H4N02 

/>-MeC6H4N02 

/>-Me3SiC6H4N02 

•Epc 

(V) 
- 1 . 6 6 
- 1 . 6 2 
- 1 . 5 2 
- 1 . 5 0 
- 1 . 2 9 
- 1 . 2 6 

-Epa 
(V) 

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

£ p l / 2 
(V) 

- 1 . 2 3 
- 1 . 1 4 
- 1 . 1 3 
- 1 . 1 1 
- 1 . 1 1 
- 1 . 0 5 

*pa/*pc 

1.0 
0.9 
1.0 
1.0 
0.9 
1.0 

I t is seen that from the values of the ratio of ipa to ipc 

all the compounds are chemically stable during the 
electron transfer over a wide range of scan rates. How­
ever, the features of the potentials for para silyl and 
tolyl compounds are distinctly different from those of 
ortho and meta compounds. Thus, the value of |2?pc| — 
\EpSL\ of the former is about one-half relative to the 
latter two. I t could be interpreted in terms of the poor 
reversible electron-transfer process in the ortho and meta 
compounds, the peak separation of which increased 
at a higher scan rate. T h e Epc values for the com­
pounds became more cathodic by 400 m V on 10-fold 
increase in the scan rate (40 mV/s-^-400 mV/s) . At 
3 V/s scan the peak separation reached 1.6 V. 

2,4-Dinitrophenyltrimethylsilane. Cyclic voltammo-
grams of 2,4-dinitrophenyltrimethylsilane, 2,4-dinitro-
toluene and m-dinitrobenzene are shown in Figs, l a—c. 
Of the compounds tested in the range of 0 2.0 V, 
two cathodic peaks (Rx and R2) and the corresponding 
two anodic peaks (Oj and 0 2 ) appeared. W h e n scanning 
was clipped at —1.20 V, the CV charts show that all 
the anion radicals, formed by one electron transfer (Rx) , 
are chemically stable. However, in the scan range of 
0 2.0 V, the CV behavior among these compounds 

E(V) E(V) 

Fig. la. Cyclic voltammogram of 2,4-dinitrophenyltri-
methylsilane. (First and second cyclic scan; scan 
rate: 80 m V/s.) 

E(V) E(V) HJO 

a) Scan rate: 80 mV/s. 
Fig. lb. Cyclic voltammogram of 2,4-dinitrotoluene. 

(First and second cyclic scan; scan rate: 80 mV/s.) 
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Fig. le. Cyclic voltammogram of m-dinitrobenzene. 
(First and second cyclic scan; scan rate: 80 mV/s.) 

differed significantly. Thus, on potential reversal, 2,4-
dinitrophenyltrimethylsilane exhibited a weak third 
anodic peak (0 3 ) a t a low potential (Fig. l a ) , which 
was absent when the potential was clipped a t — 1.20 V. 
This is presumably due to the reduction product which 
was derived from dianion. The explanation was 
supported by the fact that the addition of a proton 
donor such as methanol to the system causes an increase 
in peak 0 3 and a decrease in peak 0± and O a , a l though 
the structure of the reduction product was not determin­
ed. O n the other hand, the CV chart of 2,4-dinitro-
toluene is very different from those of 2,4-dinitrophenyl-
trimethylsilane and m-dinitrobenzene. As Fig. l b 
shows, the anodic peak of 0± is extremely weak relative 
to the corresponding cathodic peak of Rj when the 
scan was extended to —2.0 V. This fact indicates that 
the resulting anion radical is chemically unstable when it 
was allowed to stand until the second peak is swept and 
one electron removal from the anion radical to the 
starting compound is slow compared with chemical 
process. 

T h e above observation might be expressed as follow­
ing equations ( 1 and 2) : 

2,4-Dinitrophenyltrimethylsilane (DNS) 
+ e(JRJ +e(Rs) 

[DNS] < [DNSp < [DNS]= (1) 
-e (0! ) -e(Oa) 

2,4-Dinitrotoluene (DNT) 

+e(RJ +e(R2) 
[DNT] 4 >. [DNT]- < [DNT]= (2) 

-eCCM -e (O s ) 

From the values of peak separation of |R | —10 | in 
Figs, l a and l b , tha t the silane compound has better 
reversibilities (Eq. 1) than the toluene in the electron 
transfer processes could be interpreted in terms of the 
substituent effect, in which the trimethylsilyl group 
contributes to stabilize the system via (p-d)7r bonding 

between silicon and benzene ring, although the both 
dianions are considered to be highly reactive species. 
With respect to [DNS]~ and [DNS] = , many resonance 
structures are possible and the evidence for such a 
structure has been shown by ESR spectrum in the 
electrochemical reduction of /?-nitrophenyltrimethyl-
silane.7> 

Exper imenta l 

Cyclic Voltammetry. All measurements were performed 
in purified anhydrous iV,iV-dimethylformamide (DMF) con­
taining 0.1 M tetrabutylammonium Perchlorate (TBAP) as 
supporting electrolyte using a divided cell. The working 
electrode is a platinum inlay electrode (Beckman 32273) and 
the counter electrode is a platinum wire. A saturated calomel 
electrode was used as a reference which was connected to the 
cell using two salt bridges, saturated KCl solution and DMF-
TBAP solution. A Hokuto Denko Model HB-107A function 
generator and Hokuto Denko Model HA-101 potentiostat 
were used. Cyclic voltammetry performed at the scan rate 
of 40—400 mV/s was recorded using a Rikadenki X-Y 
recorder Model BW 133. For higher speed recording, two 
channel wave memory, NF Model WM-812A, was employed. 
All runs were made after a 15 min purge with purified nitrogen 
and within 30 min of preparing the solutions. 

Materials. Nitrophenyltrimethylsilanes and 2,4-di-
nitrophenyltrimethylsilanes were obtained by the method 
reported elsewhere.8) Mono- and di-nitrotoluenes and m-
dinitrobenzene were commercially available (extra pure 
grade). 

This work was supported by a Scientific Research 
Grant from the Ministry of Education (No. 080422). 
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Synopsis. Iodoferrocene (1) reacts readily with ole-
finic compounds in the presence of a catalytic amount of palla-
dium(II) acetate to produce alkenylferrocene derivatives. 
In the presence of a copper(I) iodide and palladium complex, 
1 also reacts with acetylene to afford diferrocenylacetylene. 

Recently, the palladium-catalyzed reaction of 
olefin1-5) with aryl and vinylic halides has received 
wide attention. Meanwhile, Sonogashira et al.V have 
reported the palladium-catalyzed substitution of acety-
lenic hydrogen with aryl iodide. We are, therefore, 
intrigued by the palladium-catalyzed reaction of olefins 
and acetylenes with iodoferrocene (Fcl) (1) and 1,1'-

diiodoferrocene (2) and wish to report herein the 
results of a study of these reactions. 

In the presence of triethylamine and catalytic amounts 
of pal ladium(II) acetate and triphenylphosphine, 1 and 
2 were allowed to react separately with various olefins 
at 100 °C ; the substitution reaction on the double 
bond has been observed to lead to the formation of 
1-alkenylferrocenes and l,l '-dialkenylferrocenes. The 
reactions carried out are summarized in Table 1. 

The reaction of 1 with simple olefins, such as styrene 
and ethyl acrylate, resulted in the formation of strylfer-
rocene (3) and ethyl 3-ferrocenylacrylate (4) respec­
tively in moderate yields. The mechanism of the 

T A B L E 1. A PALLADIUM-CATALYZED FERROCENYLATION OF OLEFINS AND ACETYLENES 

Halide Olefin or acetylene Product, mp °C Yield %a> 

1 

1 
1 

1 
1 

1 
1 

1 
1 

1 

1 

2 
2 
2 
2 
1 

1 

2 

Styrene 
Ethyl acrylate 
Methyl methacrylate 
Acrylonitrile 
Methyl vinyl ketone 

Phenyl vinyl ketone 
Allyl alcohol 
3-Buten-2-ol 
Vinyl acetate 
Isopropenyl acetate 

Acetophenone enol a< 

Styrene 
Ethyl acrylate 
Methyl vinyl ketone 
3-Buten-2-ol 

Acetylene 
Phenylacetylene 
Phenylacetylene 

Styrylferrocene (3), 120— 121b> 59 
Ethyl 3-ferrocenylacrylate (4), 74—75c> 54 
Methyl 3-ferrocenylmethacrylate (5), 62—63d) 64 
3-Ferrocenylacrylonitrile (6), 80—81d> 60 
4-Ferrocenyl-3-buten-2-one (7), 84—85e> 52 
3-Ferrocenyl-l-phenyl-2-porpen-l-one (8), 136—137f> 70 
3-Ferrocenylpropanal (9), 48—51g> 48 
4-Ferrocenyl-2-butanone (10), 45—46h> 57 
1,2-Diferrocenylethylene (11), 270—272l> 38 
1,2-Diferrocenyl-l-propene (12), 163— 165J> 32 
Styrylferrocene (3), 120—121b> 21 
l-Acetoxy-l-phenyl-2-ferrocenylethylene (13), 153—154k> 14 
l,l'-Distyrylferrocene (14), 166—167^ 42 
1,1'-Bis(2-ethoxycarbonylvinyl)ferrocene (15), 84—85d> 62 
1,1'-Bis(2-acetylvinyl)ferrocene (16), 112— 113d> 76 
l,l'-Bis(3-oxobutyl)ferrocene (17), 153— 154m> 53 
Diferrocenylacetylene (18), 244—246b> 78 
Ferrocenylphenylacetylene (19), 122—124b> 85 
l,r-Bis(phenylethynyl)ferrocene (20), 159—161 n> 46 

a) The yields are based upon the iodoferrocene (1) or 1,l'-diiodoferrocene (2) used. b) P. L. Pauson and 
E. E. Watts, J. Chem. Soc, 1963, 2990. c) P. De Re and E. Sianesi, Experientia, 21, 648 (1966). d) A. 
Kasahara, T. Izumi, G. Saito, M. Yodono, R. Saito, and Y. Goto, Bull. Chem. Soc. Jpn., 45, 895 (1972). e) 
J. M. Osgerby and P. L. Pauson, J. Chem. Soc, 1961, 4604. f) C. R. Häuser and J. Lindsay, J. Org. Chem., 
23, 906 (1957). g) Compound 9 gave a correct elemental analysis. IR spectrum: 2750, 1725 (C=0), 1104, 
and 998 cm"1. NMR spectrum («5, ppm) : 2.66 (4H, m, CH2), 4.09 and 4.12 (9H, m, ferrocene ring pro­
tons), and 9.93 ( 1H, s, H-C=0) . Mass spectrum : M+=242. h) J. Decombe, J. P. Ravoux, and A. Dormond, 
C. R. Acad. Sei., 258, 2348 (1964). i) K. Schoegel and H. Egger, Angew. Chem., 75, 1123 (1963). j) Compound 
12 gave a correct elemental analysis. IR spectrum: 1620, 1101, 998, and 810cm -1. NMR spectrum (ô, ppm) : 
2.13 (3H, d, CH3-C=CH), 4.12 and 4.35 (18H, m, ferrocene ring protons), and 6.36 (1H, m, C=CH). Mass 
spectrum: M+=410. k) Compound 13 gave a correct elemental analysis. IR spectrum: 1760 (0 -C=0) , 
1650 (C=C), 1104, and 998 cm-1. NMR spectrum («5, ppm) : 2.36 (3H, s, 0 -CO-CH 3 ) , 4.15 and 4.38 (9H, 
m, ferrocene ring protons), 6.54 (1H, s, C=CH), and 7.32 (5H, m, benzene ring protons). Mass spectrum: 
M+=330. 1) K. Sonogashira and N. Hagihara, Kogyo Kagaku Zasshi, 66, 1090 (1963). m) Compound 17 
gave a correct elemental analysis. IR spectrum: 1718 cm - 1 (C=0). NMR spectrum (ô, ppm) : 2.09 (6H, s, 
CH3C=0), 2.55 (4H, m, CH2C=0), 2.64 (4H, m, FcCH2-), 4.08 and 4.11 (8H, m, ferrocene ring protons). 
Mass spectrum: M+=310. n) Compound 20 gave a correct elemental analysis. IR spectrum: 2210 cm - 1 

(C=C). NMR spectrum (ô, ppm) : 4.36 and 4.59 (8H, m, ferrocene ring protons) and 7.33 (10H, m, ben­
zene ring protons). Mass spectrum: M+=386. 
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reaction involves the formation of ferrocenylpalladium 
iodide by oxidative addition, followed by addition to 
the olefin and the elimination of [ H P d l ] , as in the 
palladium-catalyzed reaction of olefins with aryl 
halide.3a> 

W 
H' s 

Fcl + Pd • [FcPdl] y 

i i F c \ / 
[ F c - C - C - P d l ] • C = C + [HPdl] 

/ \ 
T h e ferrocenylation of allylic alcohols with 1 or 2 led 

to the formation of the 3-ferrocenyl-aldehyde or -ketone 
(9, 10, or 17) in a good yield; neither 2-ferrocenyl-
isomer nor 3-ferrocenylated allyl alcohol was observed. 
The allylic alcohol ferrocenylation can account for the 
reaction mechanism, which is similar to the one proposed 
for the allylic alcohol arylation :4> 

[FcPdl] + H2C=CH-CH-R • 

OH 

[Fc-CH2-CH-CH(OH)-R] • 

Pdl 

[Fc-CH2-CH=C-R] > Fc-CH2-CH2-C-R 

OH O 

Vinyl acetate and isopropenyl acetate reacted with 1 to 
yield differrocenylethylene (11) and 1,2-diferrocenyl-1-
propene (12) respectively. In addition, the reaction of 
acetophenone enol acetate with 1 afforded a mixture 
of 3 and 1-acetoxy-1-phenyl-2-ferrocenylethylene (13). 
The formation of 3 suggested that the addition of the 
ferrocenyl group occurs on the terminal carbon atom, 
followed by the elimination and a re-addition of palla­
dium hydride in the reverse direction and another 
elimination of Pd(OAc)I . 

[FcPdl] + H2C=C(Ph)-OAc * 

Fc-CH=C(Ph)-OAc (13) 

Fc-CH=CH-Ph (3) 

In the presence of copper (I) iodide and dichlorobis-
(tr iphenylphosphine)palladium(II) , 1 reacted with acet­
ylene and phenylacetylene to yield diferrocenylacetylene 
(14) and ferrocenylphenylacetylene (15) respectively in 
good yields. 

Fcl (1) + H E C H • F C - C E C - F C (14) 

Fcl (1) + Ph-CsG-H • Fc-C=C-Ph (15) 

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

Materials. All the melting points are uncorrected. 

Iodoferrocene (1) and l,l'-diiodoferrocene (2) were prepared 
according to the method described by Fish and Rosenblum.7) 
All the olefinic compounds were commercial products and 
were purified by distillation before use. 

General Procedure for the Ferrocenylation of Olefins. A 
mixture of 1.56 g (5 mmol) of 1, 0.7 g (7 mmol) of triethyl-
amine, 7 mmol of olefin, 0.026 g (0.1 mmol) of triphenyl-
phosphine, 0.011 g (0.05 mmol) of palladium(II) acetate, 
and 10 ml of acetonitrile was heated under nitrogen in a 
sealed tube at 100 °C for 8 h. In the reaction with 2, 1.08 g 
(2.5 mmol) of 2 was used. The cooled reaction mixture was 
diluted with ether and water. The ether phase was separated, 
washed with water, dried over anhydrous magnesium sulfate, 
filtered, and concentrated. The residue was then purified 
by column chromatography (Al2Oa-benzene or chloroform), 
followed by recrystallization from ethanol or benzene. The 
structure of the products was confirmed by a mixed-melting-
point determination with an authentic sample and by the 
observation of the IR and NMR spectra. The results are 
summarized in Table 1. 

General Procedure for the Ferrocenylation of Acetylenes. A 
mixture of 1.56 g (5 mmol) of 1 (or 2.5 mmol of 2), 0.61 g 
(6 mmol) of phenylacetylene, 0.095 g (0.05 mmol) of copper (I) 
iodide, 0.033 g (0.1 mmol) of dichlorobis(triphenylphosphine)-
palladium(II), and 40 ml of diethylamine was heated under 
nitrogen in a sealed tube at 80 °C for 6 h. In the case of the 
reaction with acetylene, a slow current of acetylene was passed 
through the reaction mixture for 6 h at room temperature. 
After the removal of diethylamine under reduced pressure, 
ether and water were added to the residue. The ether phase 
was separated, washed with water, dried over anhydrous 
magnesium sulfate, filtered, and concentrated. The residue 
was purified by column chromatography (Al203-benzene or 
chloroform), followed by recrystallization from ethanol or 
benzene. The structure of the products was confirmed by a 
mixed-melting-point determination with an authentic sample 
and by the observation of the IR and NMR spectra. The 
results are summarized in Table 1. 
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Synthesis and Electrical Conductivity of Phosphorus-Nitrogen Compounds. V. 
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Three new poly[bis(amino)phosphazenes] of formulas [NP(NHG 6 H 1 3 ) 2 ] n , [ N P ( N H C H 2 C H C H 2 ) 2 ] n , and [NP-
(NHCH 2 G 6 H 5 ) 2 ]„ have been synthesized by direct aminolysis of (NPCl2),j. T h e electrical resistivity and thermal 
stability of a series of poly[bis(amino)phoshazenes], (NPR2) ( R : amino group) , have been examined. Most 
polymers showed an increase in resistance with time to an equilibrium value, possibly due to space charge effects, 
allowance for this conductivity being ohmic up to 500(V/cm). T h e aliphatic amino derivatives have a lower 
resistivity and a lower A-E value than the aromatic amino derivatives. T h e resistivity of the poly [bis(amino)-
phosphazenes] was found to decrease in the order, R : N H G 2 H 5 > N H G 3 H 7 > N H C 4 H 9 > N H G 6 H 1 3 > N ( G H 3 ) 2 . 
This seems to be predominantly due to the nature of an inductive electron supply of amino side groups. In some 
polymers the change of energy gap, AE, was observed in the range 70—90 °G. T h e A E value was usually 
lower in the low temperature region than in the high temperature region. All the polymers were found to de­
compose at about 200 °C, losing the amino side group. 

A l t h o u g h t h e synthesis a n d c h e m i s t r y of p h o s p h a z e n e 
c o m p o u n d s h a v e b e e n extens ive ly inves t iga ted , v e r y 
little1>2> has b e e n d o n e to m e a s u r e t h e e lec t r ica l r e ­
sistivity of these c o m p o u n d s . I n p rev ious pape r s 3 , 4 ) 
w e r e p o r t e d o n t h e e lec t r ica l resis t ivi ty of t h e p h o s -
phon i t r i l i c ch lo r ide , (NPC1 2 ) 3 , a n d its der iva t ives . 3 ' 4 ) 

I t was found t h a t t h e resis t ivi ty of p h o s p h a z e n e 
c o m p o u n d s obeys a n e q u a t i o n of t h e fo rm : P — p0 

exp (E/kT), w h e r e p is t h e resist ivi ty, E t h e a c t i v a t i o n 
ene rgy , k B o l t z m a n n c o n s t a n t , a n d T t h e a b s o l u t e 
t e m p e r a t u r e . I t h a s b e e n sugges ted t h a t t h e resis t ivi ty 
of ( N P R 2 ) 3 w a s r e m a r k a b l y d e p e n d e n t u p o n side g r o u p 
R . I t w a s f o u n d t h a t t h e h ighes t conduc t iv i t i e s w e r e 
o b t a i n e d w i t h s ide g r o u p s c o n t a i n i n g a m i n o g r o u p s . 

T h e p u r p o s e of this w o r k is to syn thes ize po ly [b i s -
( a m i n o ) p h o s p h a z e n e s ] a n d to m e a s u r e t h e resist ivi ty 
of t h e p o l y m e r s . T h e dif ference i n side g r o u p R of 
( N P R 2 ) is e x p e c t e d to affect t h e e lec t r ica l resist ivi ty 
of t h e p o l y m e r s . 

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

Preparation of Poly(dichlorophosphazene). Sublimed hexa-
chlorocyclotriphosphazene (5.000 g) and benzoic acid (0.200 
g) were weighed directly into a carefully cleaned Pyrex 
ampoule. T h e ampoule was evacuated to 1 0 _ 1 T o r r for 
1 h and then sealed. T h e sealed ampoule was placed in 
a furnace and heated at 2 1 0 ± 2 °C for 4 h. After polymeriza­
tion, the ampoule was opened and the conetnts were ex­
tracted with dry benzene. T h e solvent was removed and 
the unreacted materials were separated from the residue by 
vacuum sublimation. Linear (NPG12)„ was obtained. 

Preparation of Poly[bis(aminoJphosphazenes], Aliphatic 
primary amines (ethylamine, propylamine, butylamine, hexyl-
amine, allylamine, benzylamine), secondary amine (dimeth-
ylamines), and aromatic amine (aniline) were used. T h e 
amino-substituted polymers of the structure [NP(NHR) 2 ] „ 
( N H R : N H E t , N H P r " , NHBu" , N H P h ) and [NP(NMe 2 ) 2 ] w 

were synthesized and purified according to the procedure 
given by Allcock and Kugel.5 '6) T h e amino-substituted 
polymers of the structure [NP(NHR) 2 ] W ( N H R : NHhexyl" , 
N H G H 2 C H C H 2 , NHCH 2 Ph 5 ) were prepared as follows. 

Poly[bis(mono-hexylamino) phosphazene] ; [NP(NHC6H13) 2]n : 
A solution of polydichlorophosphazene (3.68 g, 0.032 mol) in 
tetrahydrofuran (150 ml) was added slowly to a stirred 
solution of mono-hexylamine (25.0 g, 0.25 mol) and tri-

ethylamine (25.3 g, 0.25 mol) in tetrahydrofuran (100 ml) . 
T h e reaction was allowed to proceed at 25 °G for 5 days 
and then allowed to proceed at 40 °C for 7 h. 

T h e mixture of polymer and amine salts was filtered off, 
and the solvent was removed from the filtrate by distillation. 

T h e residue obtained was dissolved in trifluoroethanol and 
the polymer was precipitated from the solution by addition 
of acetone. T h e procedure was repeated, and the polymer 
was dried in a vacuum over P 2 0 5 . 

Poly[bis(allylamino) phosphazene] ; [NP(NHCH2CH=CH2)2]n: 
This polymer was prepared by a modification of the method 
of Allcock et a/.7) A solution of polydichlorophosphazene 
(7.20 g, 0.062 mol) in benzene (80 ml) was added dropwise 
to a stirred solution of allylamine (56.50 g, 0.990 mol) and 
triethylamine (12.5 g, 0.124 mol) in benzene (60 ml) . 

T h e mixture was then boiled under reflux for 55 h and 
then allowed to stand at 25 °G for 2 days. T h e upper benzene 
layer was decanted from the amine salts and the oily bot tom 
layer. The benzene solution was washed with water and 
dried over anhydrous magnesium sulfate. Filtration and 
evaporation of the filtrate at reduced pressure gave a white 
solid. 

Poly[bis(benzylamino)phosphazene]; [NP(NHCH2C6Hb)2]n: A 
solution of polydichlorophosphazene (8.450 g, 0.073 mol) in 
benzene (70 ml) was added slowly to a stirred solution of 
benzylamine (46.8 g, 0.437 mol) and triethylamine (44.2 g, 
0.437 mol) in tetrahydrofuran (70 ml) . T h e reaction mixture 
was stirred at 25 °C for 50 h and then at 45 °C for 7 h. T h e 
mixture of polymer and amine salts was filtered off, solvent 
being removed from the filtrate by distillation. T h e residue 
was redissolved in acetone, and the polymer was then pre­
cipitated from the solution by addition of ehtanol and dried 
in a vacuum over P 2 O s . 

Resistivity Measurement. All the polymers were powder­
ed and molded pellets were used for resitivity measurements. 
Pellets (12 m m diameter and 1—2 m m thick) were molded 
at pressures up to 500 kg/cm2) . T h e pellets were provided 
with vacuumevaporated p la t inum-pa l lad ium alloy contacts. 
Among the contact materials p la t inum-pal lad ium alloy 
seemed to give the best ohmic contacts. 

T h e electrical resistivity was studied as a function of tem­
perature in the range 20—180 °C. In order to get exact 
resistivity values, the current was measured as a function of 
the voltage in the range 0—90 V, with use of a guard electrode. 

Physical Measurements. Molecular weights were meas­
ured by vapor pressure osmometry with a Hitachi Model-117 
type osmometer using benzene as a solvent. 
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TABLE 1. CHEMICAL ANALYSIS OF THE PRODUCTS 
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Compound 
Found(%) 

P N 
Mol wt 

Yield 
(%) 

Appearance 

[NP(NH-monoC6H13)2]n 

[NP(NHCH2CH=CH2)2] „ 

[NP(NHCH2C6H5)2]n 

12.74 

21.67 

11.20 

12.55 

26.19 

16.90 

12.62 

19.70 

12.04 

17.27 

26.74 

16.34 

4.0X103 

7.6X103 

— 

25 

12 

3 

White powder 
White powder 
Resinous material*1 > 
White powder 

a ) A small amount. 

IR spectra were recorded on a Shimadzu Model-450 
type spectrometer by means of the KBr disk technique. 

Thermogravimetric analysis and differential thermal anal­
ysis were carried out with a Shimadzu Model DT 20-B 
under dry nitrogen (50 ml/min) at a heating rate of 15 °C/min. 

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

Syntheses. In general, poly [bis (amino) phospha-
zenes] are synthesized by the reaction of poly(dichloro-
phosphazene) with a pr imary or secondary amine 
according to the following scheme. 

RHN NHR 

CI CI 
RNH 2 

/ \ / =N-

[I] 

\ / 
: N -

R2N NR2 

\ / 
— P = 

R 2 N H 
N -

- [II] 

- [HI] 

We have synthesized three new compounds: poly-
(mono-hexylaminophosphazene), poly(allylamino phos-
phazene), and poly(benzylaminophosphazene). 

Excess amines and triethylamine were used as 
hydrohalide acceptors for the steric property of these 
bulky amines. T h e results of chemical analysis and 
molecular weights of the products are given in Table 1. 

We see that the elemental compositions of the polymers 
correspond satisfactorily to the expected structures. 

Fig. 

15 10 
cm-' x 102 

1. IR spectrum of the products, 
a: [NP(NH-mono-C6H13)2]„, 
b : [NP (NHCH2CH=CH2) 2] n, 
c: [NP(NHCHgC6H5)2]w. 

The I R spectra of the products obtained from the 
reaction of poly(dichlorophosphazene) with mono-
hexylamine, allylamine, benzylamine are shown in 
Fig. 1. All the polymers exhibit a characteristic P=N 
stretching absorption in the region 1200—1260 cm - 1 . 

The assignments for the main peaks are as follows 
(frequncies in c m - 1 ) : for [ N P ( N H R 2 ] n where R is 
mono-C6H13, 1260 (P-N) , 1180, 1100 (C-N) , 905 (P-N, 
G-N) , 1467, 1370(-CH8) , 3360, 3250, (N-H) , CH2-
GH=CH2 , 1260, 1230(P-N), 1190, 1080(C-N), 915, 
995, 1420, 1640, 3080, (allyl), 3220(N-H), CH 2 -C 6 H 5 , 
1220, 1250(P-N), 1180(P-N, C-N) , 1070, 1090 (ON) , 
1450, 1500, 1580, 1600(-C6H5) , 2900, 2850 (-CH 2) , 
3345(N-H) . The results indicate that the mono-
hexylamino, allylamino, and benzylamino derivatives are 
of open chain structure similar to that of the (NPC12)„. 

T h e complete replacement of chlorine atoms of 
poly(dichlorophosphazene) by monohexylamine or 
benzylamine required severer conditions than those 
reported for ethylamine, methylamine, propylamine, 
etc. This seems to be associated with steric hindrance 
of side group. 

All the polymers are soluble in mineral acid, tri-
fluoroethanol or benzene, but not in common organic 
solvents or water. The solubility of the polymers 
indicates that the meterials are not cross-linked. The 
polymers seem to have a linear structure. It was found 
from I R spectra, chemical analysis, and U V spectra 
that the five polymers prepared by the method of 
Allcock are consistent with the expected structure, 
[NP(NHR) 2 ] W ( N H R : NHEt , NHPr" , NHBu", NHPh) 
and [NP(NMe 2 ) 2 ] n . 

Thermal Stability. The thermal stability of the 
eight poly [bis (amino) phosphazenes] were examined by 
T G A and DTA. T h e results are given in Figs. 2 
and 3. T h e polymers begin to decompose at about 
200 °G, a remarkable weight loss being observed be­
tween 250 and 400 °C. O n the other hand, in the 
ethylamino, propylamino, butylamino, mono- hexyl-
amino, allylamino, and diethylamino derivatives, the 
broad endothermic peaks appear between 200 and 
400 °G. In the phenylamino and benzylamino deri­
vatives the endothermic peaks appear between 400 
and 470 °G. 

In the decomposition of all the polymers at 400 °C, 
the corresponding amines to side groups were detected 
by gas chromatography. Decomposition took place 
with elimination of appropriate amines. The endo­
thermic peaks appearing above ca. 500 °C might be 
due to breakdown of phosphorus nitrogen bonds. In 
the ethylamino, propylamino, butylamino, and mono-
hexylamino derivatives, exothermic peaks which seem 
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Fig. 2. TGA and DTA curves for poly[bis(amino)-
phosphazenes], [NPR2] n. 
(1): R=NHC 2 H 5 , (2): NHC3H7«, (3): NHC4H9«, 
(4): NH-mono-C6H13. 

: TGA, — --:. DTA. 

200 : 400 600 
Temperature (°C) 

Fig. 3. TGA and DTA curves for poly [bis (amino)-
phosphazenes], [NPR2]„. 
(5): R=NHCH2CHCH2 , (6): N(CH3)2, 
(7): NHC6H5, (8): NHCH2C6H5. 

: TGA, : DTA. 

to be oxidation of the alkyl groups appear between 
150 and 175 °C. In the allylamino - derivative, the 
sharp exothermic peak appears at 125 °C. This is 
probably due to the addition polymerization of the 
allylamino side group similar to that reported for 
[NP(NHGH 2 GH=CH 2 ) 2 ] 3 and [NP(NHCH 2 CH= 
CH 2 ) 2 ] 4 by Allcock et al.1) 

D. c. Resistivity. The results of initial measure­
ments of all the samples were not reproducible. 

Several thermal cycles for each sample were carried 
out in order to obtain reproducible results. A typical 
example is shown for dimethylamino derivative in 
Fig. 4. 

^n 

2.8 3.0 3.2 
103/T , K"1 

Fig. 4. Temperature dependence of resistivity of [NP-
(N(CH3)2)2]W, 
a: Ascend first time, b : ascend second time, 
c: ascend third time, d: desend third time. 

2.4 . 2.6 2.8 3.0 3.2 3.4 

103/T , K"1 

Fig. 5. Temperature dependence of resistivity of poly-
[bis(amino)phosphazenes], [NPR2]n. 
O : R=NHC 2 H 5 , • : R=NHC 3H 7*, 
3 : R=NHC 4 H 9 " , € : R=NH-mono-C6H13 . 

Lower resistivity was always observed in the initial 
runs. 

Initial ' heating curves are usually of anomalous low 
AE and frequently curved, due to the evaporation 
of moisture or solvents. Reproducible results were 
obtained after several thermal cycles had been carried 
out. 

The results are given in terms of log p vs. \\T (Figs. 
5 and 6). 

The results can be expressed by the relationship 
io^= ioöexp(A£ ,/2Ä7 ,). The calculated energy gaps AE 
and values of log p^ are given in Table 2. Some curves 
show a break point in the range 70—90 °G. A break 
point was found by measurements on other polymers.8> 
The break point is usually associated with thermal 
decomposition of the sample.. 

However, our investigations of thermal stability show-
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TABLE 2. VALUES OF RESISTIVITY, ENERGY GAP, AND log p^ 

Side groupa) 

R 
Temp 
(°G) 

Energy gap 
A £ (eV) 

log^o 
(fl cm) 

p (20 °C) 
(Ocm) 

(1) NHC2H5 

(2) NHC3H7« 

(3) NHC4H9» 

(4) NH-monoG6H l3 

(5) NHGH2GHCH2 

(6) N(GH3)2 

(7) NHC6H5 

(8) NHCH2C6H5 

25 
25 
20 
70 
20 
75 
20 
43 
20 
70 
90 
85 

90 
120 
70 
125 
75 
120 
43 
75 
90 
90 
120 
ï20 

2.20 
2.30 
1.54 
0.84 
1.95 
0.84 
1.69 
0.53 
1.75 
1.46 
5.80 

(1.85) 

- 4 . 
- 5 . 
- 0 . 
+ 4. 
- 4 . 
+ 3. 
- 3 . 0 
+ 6.2 
- 3 . 8 

8.1 X10U 

6.3X1014 

4.5X1012 

1.8X1012 

2.8X1011 

1.8X1011 

1.6X1015(75°C) 

1.3X1016 (90 °C) 

a) [NPR2]W. 

2.8 3.0 3.2 3.4 
103/T , K"1 

Fig. 6. Temperature dependence of resistivity of poly-
[bis(amino)phosphazenes], [NPR2]n. 
O : R=NHCH 2 CHCH 2 , • : R=N(GH3)2 , 
3 : R=NHC 6 H 5 , C : R=NHCH2C6H5 . 

ed no decomposition of the polymers in the range 70— 
90 °C. It was found that the resistivity of poly(amino-
phosphazenes), [NP(NHR) 2 ] B , decreases in the order, 
N H R : NHGH 2 G 6 H 5 , N H G 6 H 5 > N H G 2 H 5 > N H G 3 H 7 > 
N H G 4 H 9 > N H C 6 H 1 3 > N ( M e 3 ) 2 . Thus , the resistivity 
of polymers decreases with an increase in the num­
ber of G in side groups of aliphatic pr imary amino 
derivatives, and the resistivity of the secondary amino 
derivative, [NP(NMe2)2] f l , showed lower values than 
those of the primary amino derivatives. This is prob­
ably attr ibuted to the nature of an inductive electron 
supply. Both the inductive electron supply from amino 
to phosphorus, and n effects involving donation of 
the nitrogen lone pair electrons into phosphorus dZ2 

orbitals would raise the electron density at phosphorus,9) 
raising electrical conductivity. However, it appears 
that Ps-d* bonding cannot bring about enough n-
orbital overlap to cause high electrical conduction. 
If the n bonds in the phosphazene chain were delo-
calized, as suggested for cyclic oligomers,10) then the 
conductivity would be expected to be comparable to 

that of the carbon polyene polymers. 
O n the other hand, the values of resistivity of phenyl-

amino and benzylamino derivatives are greater than 
10~15 fî cm at room temperature. T h e bulky side 
groups such as aromatic amino would be expected to 
reduce the interaction between molecules, as compared 
with aliphatic amines which possess a possible degree 
of rotation about the G-G single bonds. A sjmilar 
behavior was reported for polyacethylenes.11! In 
phenylamino derivatives, the break point was observed 
at 90 °G corresponding to the glass transition tempera­
ture reported by Allcock and Kugel.5) The amino 
derivatives have low resistivity when compared to 
alkoxy or aryloxy derivatives.12) Thus, it appears that 
the high side-group polarity of amine and increased 
opportunities for hydrogen bonding (when N H R groups 
are present) decrease the resistivity of the polymers. 
The conductivity observed for the poly(aminophos-
phazenes) is assumed to be associated primarily with 
the electrons of its conjugated double bond. 

When an external field was applied, polarization, i.e., 
an increase in resistance with time to a steady value, 
occurred for most samples, the resistivity reaching 
equilibrium values after 30 m i n — l h . Although similar 
results have been described,13,14) it is assumed that 
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Fig. 7. Correlation of energy gap and log a0. 
1: (2), 2: (1), 3: (4), 4: (6), 5: (5), 6: (3), 7: (4), 
8: (3), 9: (6). 
# : Previous data. 
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the effect arises from either space-charge build-up in 
the sample or barrier between electrode and sample. 

The correlation of energy gap AE and preexponen-
tial factor log ff0( = l//o0) is shown in Fig. 7. 
A straight line with a large amount of scatter is obtained, 
suggesting the relationship log a0^AJE(eV) — 6. The 
compensation law is valid for poly [bis (amino) phos-
phazenes]. However, it is difficult to give a physical 
meaning. An interpretation is given in terms of 
molecular motion as a condution mechanism such as 
presented by Gutmann and Lyons13> and Gardew and 
Eley.15> However, exprimental results are so few that 
a quantitative discussion of this type of conduction 
mechanism cannot be realized. 

Most polymers showed ohm's law behavior up to 
ca. 500 (V/cm) or above. 

The authors wish to express their appreciation to 
Mr. T . Yamamoto for his cooperation in the experi­
ments. 
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Polyacrylamides of low molecular weights (average degrees of polymerization (DP) : 7.2, 18.3, 21.3, and 45.4) 
were prepared by radical polymerization, and their PMR spectra were observed over the temperature range of 
30—90 °C. From the temperature dependence of the PMR spectra, the values of the energy barrier to the internal 
rotation about G-N bonds were determined by means of a total line-shape analysis. The energy barriers for the 
polymers above DP : 18.3 were 10.6 kcal/mol, while those for the polymer of DP : 7.2 were 9.2 kcal/mol. These 
results were interpreted in terms of the local environment around the amide groups. The intramolecular hydro­
gen bonding was also investigated. 

In a previous investigation,1) we observed an anom­
alous broadening for the absorption of ortho protons 
of poly(/>-chlorostyrene) of very low molecular weights 
(average degrees of polymerization(Z)P)<15). This 
phenomenon was elucidated by assuming the "per­
missible conformation" which is permitted only in very 
short chains, and was termed the "polymeric effect on 
molecular s tructure" of polymers in solutions. The 
present investigation will be concerned with the "poly­
meric effect on intramolecular mot ion" of polymers 
in solutions. 

Recent studies by various authors2 - 6) have shown 
that the N M R spin-lattice relaxation times (7 \ ) of 
polymers in solutions change appreciably with the chain 
length in the region of short chains, and that Tx becomes 
less sensitive to the chain length as the chains become 
longer (DP: 10—30). Similar phenomena were also 
observed in ESR studies of spin-labeled polymers.7 '8) 
These observations have been interpreted in terms 
of the "polymeric effect on relaxation process"4) (in 
other words, the "polymeric effect on molecular mot ion" 
of polymer chains). However, the rigorous analysis of 
N M R Tx or ESR line widths is not always easy; that 
is, the precise separation of motional modes is impos­
sible at the present stage. Therefore, the observations 
were understood rather qualitatively in either case, 
and a discussion focused on a local motion in the 
molecular motions of polymer chains was desired. 

If the rate constants or the energy barriers on the 
specific local motion of polymer chains are estimated 
precisely as functions of the molecular weights, the 
polymeric effect on molecular motion could be under­
stood in more detail. 

Polyacrylamide is one of the most favorable samples 
for such a purpose. The amide protons of Polyacryl­
amide represent the characteristic patterns of P M R 
signals reflecting the internal rotation about G-N bonds 
in amide groups. They make it possible to evaluate 
precisely the rate constants or the energy barriers on 
the specific local motion by analyzing the spectra of 
amide protons. 

The P M R spectra of amide protons of Polyacryl­
amide of a high molecular weight were analyzed by 
Bovey and Tiers9) by means of peak separation method.* 
In the present investigation, the P M R spectra for the 
polymers of low molecular weights(ZXP: 7.2—45.4) 
were analyzed by means of more exact procedures 

(the total line-shape analysis). The local environment 
around the amide groups was discussed on the basis 
of the obtained rotational barriers. 

The intramolecular hydrogen bonding was also in­
vestigated in a conventional manner. 

Exper imenta l 

The samples of Polyacrylamide were prepared by the 
procedure of Bovey and Tiers.9) In order to control the 
molecular weights, the amount of the chain-transfer agent 
(sodium mercaptoacetate) was changed over the range from 
0.5 g to 3 g per 10 g of the monomer. The polymers were 
precipitated in a large amount of ethanol in order to free 
them from any residual monomer, and were then dried in 
vacuo. The number-average molecular weights of these poly­
mers were determined by using "KUNAUAR's vapor-
pressure osmometer" in aqueous solutions at 37 °C. The 
number-average degrees of polymerization (DP) of the poly­
mer samples were 7.2, 18.3, 21.3, and 45.4 (they will be 
denoted as 7-, 18-, 21-, and 45-polymer). 

The infrared spectra of these polymer samples were nearly 
identical. They consist of the absorption bands which were 
assigned by Savitskaya and Kholodova.11) 

The polymer solutions for PMR spectral measurements 
were prepared by dissolving 0.08 g of the polymer in 1.0 ml 
of water, previously adjusted to the proper pH, in small 
vials. One per cent of 2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS) was added to each solution to serve as the internal 
reference. The pH of the solutions was adjusted according 
to the directions of Bovey and Tiers.9) 

The polymer solutions were then transferred to 5 mm o.d. 
NMR tubes, which were sealed after the atmosphere had 
been replaced with nitrogen gas. The PMR spectra were 
observed by using a Japan Electric Laboratory "JNM PS-100 
spectrometer" operated at 100 MHz. In the spectra, the 
peak-position values of each absorption were termed ô values 
to the methyl peak of DSS as the reference. 

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

Hindered Internal Rotation of Amide Groups and Mo­
lecular Weight. Figure l a shows the absorption 
of the amide protons (NH2) of the 21-polymer in the 
aqueous solution of p H 4.5 at 40 °G. The absorption 

* However, Allerhand et a/.10) estimated the errors in­
troduced in various approximate methods; the errors involved 
in the peak-separation method reach 100% in some cases, 
and so approximations are undesirable. 
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Fig. 1. Experimental PMR spectra (left) of amide 

protons of Polyacrylamide (DP: 21.3) in aqueous solu­
tions of pH 4.5 (8w/v%): (a) 40 °G; (b) 70 °C; 
(c) 80 °G; (d) 90 °G. The best-fit calculated spectra 
(right): the mean life time TA B(TB A) (a') 0.032s; 
(b') 0.0090 s; (c') 0.0050 s; (d') 0.0030 s. 

in the lower field is broader than that in the higher 
field; such spectra were also observed by Bovey and 
Tiers.9) The broadening of the absorption may be 
attributed to the spin coupling with protons of the main 
chain.12) In the line-shape analysis to be described 
below, the line-widths of the calculated spectra are 
arranged for the absorptions in the higher field. The 
absorption of water protons appeared to the r ight 
(4.62(5) of these amide peaks. Figures l b , c, and d 
show the N H 2 absorptions at 70, 80, and 90 °C respec­
tively. 

The structure of amides is generally regarded as 
being approximately planar, and the two sites marked 
A and B are chemically nonequivalent. The C - N bond 

R \ / H ( A ) 
G—N 

O'/ XH ( B ) 

R: -CH2GH- in the present study 

has a partial double-bond character, and the rotation 
about the bond can be described as a rate process 
which interchanges the two protons between two 
environments. The rate process is characterized by 
rate constants in the range of 10_ 1 to 105 s_ 1 ; such a rate 
process causes profound changes in the shapes of the 
P M R signals. O n the other hand, when water is 
used as the solvent, the amide protons undergo a 
hydrogen-exchange reaction with the hydrogen of water. 
This rate process is also characterized by similar rate 
constants. Therefore, the spectra shown in Fig. 1 
should be analyzed by assuming the three-site exchange 
system represented in Fig. 2.13a) A total line-shape 
analysis1315) can be used for the exact analysis of the 
spectra reflecting such an exchange system. 

Fig. 2. Diagram for three-site exchange process. A: 
position A in amide group; B: position B in amide 
group; G: solvent (water). The arrows indicate the 
six possible transitions. TiY(i, j = A , B, and C) : the 
rate constants for jumps from site i to j . 

TABLE 1. PARAMETERS YIELDING THE BEST-FIT 

CALCULATED CURVES 

DP: 21.3 
*AB(*BA) 

00 
0.060 
0.032 
0.022 
0.016 
0.0090 
0.0050 
0.0030 

DP: 7.2 
*AB(*BA) 

(s) 

0.050 
0.026 
0.016 
0.012 
0.0080 
0.0050 

rAc(*Bc): 1 .0x l0 2 s , T C A (T C B ) : 9 .8Xl0 3 s . Spin-spin 
relation times(7T

2): 0 .6s for the proton at each site. 

The analysis is accomplished by fitting a calculated 
curve to an experimental curve. Figures l a '—d ' show 
the best-fit calculated curves for the N H 2 spectra of 
the 21-polymer. The parameters which yield the 
best-fit curves are listed in Table 1. The values of 
T2 were determined in the following way: we cal­
culated the theoretical spectra for various T2 values 
and chose 0.6 s as the most reasonable value of T2; 
the line-width of the calculated spectra for 0.6 s does 
not exceed that of the observed spectra. The param­
eters, T A C (T B C ) and T C A ( T C B ) , did not depend on the 
temperature; the values of these parameters remained 
constant. The spectra of other polymer samples 
(DP: 7.2, 18.3, and 45.4) were also analyzed in the 
same way. For example, the parameters for the N H 2 

spectra of the 7-polymer are also given in Table 1. 
In these parameters, the parameters which charac­
terize the rotation about G-N bonds are the mean 
life-times T A B ( T B A ) . The rotational barriers about the 
C - N bonds can be calculated by means of the Ar-
rhenius plots of those mean life-times.13b) T h e energy 
barriers for each polymer sample were determined, 
and they are collected in Table 2. T h e energy bar-

TABLE 2. DEGREES OF POLYMERIZATION AND ENERGY 

BARRIERS FOR INTERNAL ROTATION ABOUT THE G - N 

BOND IN POLYACRYLAMIDE 

DP 

£a(kcal/mol) 

7.2 

9.2 

18.3 

10.6 

21.3 

1Q.6 

45.4 

10.6 
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riers for the 18-, 21- , and 45-polymer were 10.6 kcal/mol, 
while those for the 7-polymer were smaller by 1.4 
kcal/mol. 

In N M R or ESR studies of polymers, the molecular 
motion of polymer chains has mainly been discussed 
on the basis of N M R Tx or ESR line-width measure­
ments. The effective correlation times, reduced from 
the Tx or line-widths, can be divided into two terms: 
(a) an overall rotation with rate ( T 0

_ 1 ) , and (b) a seg­
mental motion with rate ( T 8

- 1 ) . The polymeric effect 
on molecular motion cited in the beginning section 
has been understood in terms of T0 and T S . 3 ' 5 - 8 ) However, 
such an analysis provides only limited insight into the 
details of molecular motion because such a motional 
model is undoubtedly oversimplified for realistic models 
of the molecular motion of polymer chains. In these 
investigations, a detailed discussion of the motion of 
the local mode was not presented. Analyses of the 
detailed motion of polymer chains (the rigorous analy­
ses of correlation times) have been devised by various 
investigators;14-17) however, they are not yet useful. 

O n the other hand, the reciprocals of the mean 
life-times (T A B , TB A) obtained in this experiment are 
the rate constants for the rotation about G-N bonds 
of amide groups. The energy barriers (.EJ reflect 
the amount of hindrance to this internal rotation. 
Therefore, T A B (T B A ) or Ea is well suited for a detailed 
discussion of the local motion. Tables 1 and 2 obvious­
ly show that the internal rotation in the 7-polymer 
is less hindered than that in the polymers above DP : 18. 
This observation may be termed the polymeric effect 
on local motion. 

In the previous work,1) we assumed the "permissible 
conformation" in order to elucidate the P M R spectra 
ofpoly(/>-chlorostyrene) of low molecular weights. This 
conformation is permitted only in short chains: in 
short chains side groups are able to escape from each 
other, whereas in long chains such a conformation is 
limited by steric restrictions. T h e phenomenon called 
the "polymeric effect on molecular s tructure" was 
understood as the limitation of the permissible con­
formation. 

Meanwhile, the limitation of the permissible con­
formation would result in a decrease in the distance 
between side groups in a polymer chain. This intra­
molecular packing of side groups causes an increse 
in the interaction between side groups, and may inter­
fere with the local motion of polymer chains. 

The permissible conformation can be assumed not 
only for poly(/>-chlorostyrene), but also for Polyacryl­
amide chains. Therefore, on the basis of the experi­
mental fact and the consideration described above, 
we can draw a reasonable interpretation for the molecu­
lar-weight dependence of the energy barriers to the 
internal rotation about G-N bonds. 

Although the 7-polymer could occupy the permis­
sible conformations, in the polymers above DP : 18 
such conformations are forbidden. The intramolecular 
packing of side groups resulting from the limitation 
of the conformation increases the intraction between 
side groups in a polymer chain. The increase in this 
interaction inhibits the internal rotation about the G-N 

bonds of amide groups. As a result, the energy barriers 
(EJ increase from 9.2 to 10.6 kcal/mol as the degrees 
of polymerization increase from 7.2 to 18.3. 

This change in the local environment arising from 
the limitation of the conformation corresponds to the 
phenomenon called the "polymeric effect on molecular 
mot ion" cited in the beginning section. 

Recently, Nomura and Miyahara18) observed the 
molecular-weight dependence of the local motion (the 
tumbling motion of phenyl groups of polystyrene). 
Their observation may also be termed the polymeric 
effect on local motion. 

Hydrogen Exchange and Intramolecular Hydrogen Bond. 
Polyacrylamide has N H groups and GO groups, 

which can form hydrogen bonds. For some polymer 
amides, intramolecular hydrogen bonds (NH---0=C) 
were observed. 19) If such intramolecular hydrogen 
bonds exist in Polyacrylamide chains, a modification 
of the conclusion presented in the preceding section 
may be required. Therefore, in this section, the pos­
sibility of the existence of the intramolecular hydrogen 
bond in Polyacrylamide will be discussed in a conven­
tional manner (the investigation of the p H dependence 
of hydrogen exchange between amide groups and 
water).20) 

Figure 3 shows the N H 2 absorptions of the 45-polymer 
in solutions of various p H at 30 °G, and the best-fit 
calculated curves for these absorptions. The exchange 
rates, TIC, which characterize the hydrogen-exchange 
reaction between amide groups and water are shown 
in Fig. 4 as a function of the p H . Figure 4 indicates 
that the hydrogen exchange is catalyzed by both H+ 
and O H , - and that the rates of the reaction are mini­
m u m at near p H 4.5 and the rates (kmln) are 9 x 10~3 

s_1. The discussion of the intramolecular hydrogen 
bonds is carried out on the basis of this kmln. 

Snyder and Klotz19) investigated the kmin of poly-
(JV-isopropylacrylamide) in the range of molecular 

Fig. 3. Experimental PMR spectra (left) of amide 
protons of Polyacrylamide (DP: 45.4) in aqueous solu­
tions of various pH (8 w/v%) at 30 °G: (a) pH 8.6; 
(b) pH 7.0; (c) pH 0.0. The spike peaks in (c) are 
side bands of absorptions of solvent. The best-fit 
calculated spectra (right) : the mean life times TAC 

(TBC) (a') 0.020 s; (b') 0.90 s; (c') 0.0050 s. 
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Fig. 4. Hydrogen exchange rates between amide groups 
and solvent (water) as a function of pH. 

weights from 100 (monomer) to 2 x l 0 5 . They found 
that the kmln decreased abruptly from l x l O - 2 to 
8 x l 0 _ 5 s _ 1 when the amide was transferred from the 
monomer to the polymer of molecular weights 103 

(DP^IO). The abrupt decrease in kmln was concluded 
to be due to the formation of intramolecular hydrogen 
bonds. 

If the intramolecular hydrogen bonds are formed 
by N H and C O groups in Polyacrylamide chains, the 
kmin must be of the order of 10 - 5 . However, the 
kmla values of the 45-polymer were quite large, and 
were of the same magnitude as the kmin values of 
small amides (poly (N-isopropylacrylamide) -monomer 
(kmla: l x l O ^ s " 1 ) 1 9 ) or JV-methylacetamide (kmln: 
2 X 10"3 s"1) ,21> etc. ). The kmin for the 21 -polymer gave 
the same value as that for the 45-polymer. 

These results mean that no intramolecular hydrogen 
bond exists in Polyacrylamide chains, and indicate 
that the modification of the conclusion presented in 

the preceding section is not required. 
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Statistical Mechanical Calculation of the Radial Distribution 
Function for a Water-like Fluid 
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The radial distribution function (RDF) for a water-like system, which has the fundamental characteristics 
of water, is calculated using the graph-theoretical technique developed by Andersen and Chandler. An interaction 
potential devised to simulate the hydrogen bond is regarded as a perturbation of the pair interaction between the two 
molecules of a reference system which consists of hard spheres each having a point dipole at each center. The 
effect of the hydrogen bond-like potential on the distribution of the molecules is shown explicitly. The results 
show a tetrahedral coordination similar to that in water. The resulting RDF has qualitatively reproduced the 
features observed in the experimental RDF curve for water. 

Water possesses various anomalous physicochemical 
properties. I t is believed that such properties are caused 
by an "ice-like" structure tetrahedrally-linked via hydro­
gen bonds.1) T h e strongest evidence for the tetrahedral 
coordination is radial distribution function (RDF) 
obtained from X-ray diffraction and neutron scattering 
data.2) T h e first peak in the R D F is narrow in com­
parison with that of simple fluids, and corresponds to 
the low local-density caused by the tetrahedral coordina­
tion of the molecules. Another feature in the R D F of 
water concerns the location of the second peak. T h e 
location is characteristic not of simple fluids but of 
ice. Molecular dynamics and Monte Carlo studies 
have reproduced the features of the R D F of water.3) 

If we confine ourselves to simple fluids, there are 
theoretical methods which satisfactorily reproduce the 
observed values without the aid of any assumptions 
concerning the arrangement of the molecules.4) I n the 
case of water, however, if we do not wish to use such 
assumptions, we are immediately faced with the trou­
ble problem of how to treat strong orientational cor­
relations between water molecules. 

Ben-Nairn has numerically solved the Percus-Yevick 
(PY) equation,5) which has been generalized to involve 
angular coordinates, in order to obtain the R D F of 
water.6a) They used a model potential that effectively 
accounts for some geometrical features of the hydrogen 
bond, favoring the tetrahedral orientation. This model 
potential has a Lennard-Jones (12,6) par t and an angle-
dependent par t based on Bjerrum's four point-charge 
model of a water molecule. Ben-Nairn has proposed 
another model for the effective pair potential of water. 
This is expressed by the superposition of the following 
three terms: a Lennard-Jones (12,6) potential, a 
dipole-dipole interaction, and a potential devised to 
act only along the four directions pointing to the vertices 
of a regular tetrahedron. T h e hydrogen bond is sim­
ulated by the third term. However, actual calculations 
were carried out only for the case of a two-dimensional 
system with no dipole-dipole interaction.6b»7) 

New graph-theoretical methods, which are based on the 
technique of topological reduction, have recently been 
developed,4) and have been successfully applied to elec­
trolyte solutions, and dipolar and molecular fluids.8-14) 
O n the basis of their previous work,12) Chandler 
and Andersen have proposed computationally simple 
techniques for calculating the thermodynamic properties 
and pair distribution functions of molecular fluids in 

which the intermolecular interactions are highly 
angular dependent.13) The technique is based on the 
idea that a molecule has several interaction sites, and 
that the total interaction between two molecules is the 
sum of the site-site- interactions that depend only on the 
distances between the sites of the two molecules. 

Here, an application of this technique to a model 
system, which we refer to as a "water-like system," is 
reported. The water-like system is the simplest model 
which maintains the fundamental features of water, and 
is distinguished from water by the simplifications de­
scribed in the following section. 

In section I, the model which was used throughout 
this study is described in detail. In section I I , a brief 
summary is given of the theoretical methods employed 
and then the methods are extended to the model system. 
In section I I I , the procedure for applying the method 
described in section I I to the model is given and the 
results of the calculation are shown. In the final sec­
tion, some consideration is given to the results obtained. 

I. Effective Pa ir Potent ia l for a 
Water- l ike S y s t e m 

I t is expected that the interaction energy between 
two real water molecules consists of several parts : ( 1 ) 

/,-

Fig. 1. Schematic representation of the water-like 
molecule. The molecule is a hard sphere which has 
a point dipole at its center and four interaction sites 
seated on the vertices of a regular tetrahedron. The 
positions of the four sites in a molecule are denoted 
by vectors starting from the center, l\, l\, l\, and l\. 
The sites at l\ and l\ correspond to hydrogen atoms 
of a water molecule and l\ and / ' to the lone pairs. 
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D(i,j) = 3(mrR)(mj.R) - (mt-mj), 

Fig. 2. A typical arrangement of a triplet of molecules 
in the crystal which consists of water-like molecules. 

a steep repulsive part which plays a dominant role in 
the liquid state and a weak attraction at a short distance, 
(2) the dipole-dipole interaction at large distances, and 
(3) hydrogen bonding which is presumably of very short 
range and highly dependent on the orientation of the 
molecules. In place of a more realistic system, we 
consider a simplified model which maintains the funda­
mental characteristics of the real system. Imagine a 
hard sphere which has a point dipole at its center and 
four interaction sites situated on the surfaces of the sphere 
in the four tetrahedral directions from the center. Let 
unit vectors pointing to the four sites from the center 

of the i-th molecule be I" (a; 1 ,2 ,3 ,4 ) . T h e vector 
A 

giving a dipole orientation is denoted by mt. The 
A A 

angles between U and m f are denoted by X«, thus 

cosXa = (mi-h), ( a = l , . . . , 4 ) (1-1) 

It is assumed that 

cos Xi = cos x2 = cos x, 
and (1-2) 

cos%3 = C0SX4 = -cos%. 

Figure 1 shows a schematic picture of such a model 
particle. The interaction energy between two such 
molecules may be expressed as the superposition ot 
three terms: 

u(hj) = «a(Ä) + «DD(*,J) + uHB(i,j), (1-3) 

where i and j denote the positions and the orientations 
of molecules i and j , respectively, and R is the distance 
between the centers of the two molecules. In particular, 
let i represent Ri (the position of the center of the 2-th 
molecule) and 42< (the Euler angle required to specify 
the orientation of the t'-th molecule). The position of 
the a-site on the z'-th molecule is denoted by r ? = Ä « + / ? . 
The molecules are assumed to be rigid. Thus, It 
depends only on J2*. The magnitudes of all I" ( a = l , 
2,3,4) are identical and are represented by /. ua(R) 
and «DD(f, j) are defined as 

ud(R) = oo, R<d, 

= 0, R>d, (1-4) 
and 

«DD(I,J) = (-m*IR*)D(i,j), (1-5) 

where 

A 

d is the hard-sphere diameter and R the unit vector 
along the relative position Ä=Ä<—Rj . T h e «HB(f, j) 
is a sum of site-site interactions of the two molecules, 
and thus the hydrogen bonding is simulated by 

UBBVJ) = SS««r(l i r?- rSI)- 0-6) 
a X 

I t is assumed that the site located at l\ is identical with 
that at l\ in kind and is different from those at l\ and 
l\ y which are of the same kind. T h e sites at 11 and 
l\ correspond to the hydrogen atoms of a water molecule 
and those at l\ and l\ to lone pairs. A site on one 
molecule is assumed to interact with a site on another 
molecule only if the two sites differ in kind. A square-
well potential is chosen as the interaction potential, 
such that 

« a r ( | r î - r j | ) = -eu, 0 < | r ? - r J | < 6 , 

= 0, A < | r ? - r î | , (1-7) 

where eH and b are parameters which represent the 
depth and the width of the hydrogen-bond potential. 
These circumstances correspond to the fact that the 
hydrogen bond in water occurs only if a hydrogen atom 
of one molecule encounters a lone pair of another 
molecule. 

The model potential just described is similar to that 
of Ben-Naim but is apparently distinguishable from the 
latter in the details of the short-range and the hydrogen 
bond parts.7) 

II. Appl icat ion o f Graph-Theoret ica l 
T e c h n i q u e s to the Water- l ike S y s t e m 

Outline of the Andersen-Chandler Theory. In this 
section, the graph-theoretical technique of Andersen and 
Chandler is applied to the model described in the 
preceding section. T h e technique is outlined here.12> 

An interaction potential between two molecules is 
expressed as a superposition of two parts, a reference 
par t «„(1,2) and a perturbation u 1 ( l ,2 ) : 

M(l,2) = «o(l,2) + M l ( l ,2) . (2-1) 

Let A0(l,2) be the total correlation function4) of the 
reference system which depends only upon K 0 ( 1 , 2 ) . 
Functions F 0 ( l ,2) and # ( l , 2 ) , which are referred to 
as the "reference system hypervertex"8b>12) and the "perturba­
tion bond,"12) respectively, are defined as: 

F0( l ,2) = ^ ( l , 2 ) + ^ ( 1 , 2 ) , (2-2) 

0(1,2) = - j % ( l , 2 ) , (2-3) 

where ß=\jkT, k is the Boltzmann constant and <5(1,2) 
the Dirac delta function. The sum of an infinite series 
is defined by convolution integrals of functions F 0 and 
0, whose first few terms are represented with the aid 
of diagrams: 

C(1,2) = SC<»>(1,2), 
»=1 (2_4) 

CW(l, 2) = J > 0 ( 1 , 3)0(3, 4)F0(4, 2)d(3)d(4) 
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and 

C « ( l , 2) = jFi(l, 3)0(3, 4)F0(4, 5)0(5, 6) 

X F0(6,2)d(3)d(4)d(5)d(6) 

where the large circles with two small circles tangent 
to their circumferences represent F0 and the lines with 
small circles at both ends denote 0 . C (w)(l,2) and 
C(l ,2) are called a "generalized chain" with n perturba­
tion bonds and a "renormalizéd potential" respectively. 
Andersen and Chandler have shown that the pair 
distribution function is approximately expressed by 
the equation:12^ 

p*g(1, 2) = p*g9{\t 2)expC(l, 2), (2-5) 

where p2g0(\,2) is the pair distribution function of the 
reference system and 

£o( l ,2 )=A 0 ( l ,2 ) + l. (2-6) 

Thus , our problem is reduced to the evaluation of the 
renormalizéd potential C( l ,2 ) , if we know A0(l,2) in 
advance. 

Application of Graph- Theoretical Techniques to the Water­
like System. Here a representation for the pair 
distribution function of the water-like system is presented 
using the graph-theoretical technique above outlined. 
T h e procedure follows thé method presented by 
Chandler and Andersen.13) 

T h e first two terms of Eq. 1-3 are regarded as 
the reference potential and the last term as the perturba­
tion. Thus, 

«„(1, 2) = ud(R) + «DD(1,2), (2-7) 

« I ( 1 5 2 ) = M H B ( 1 , 2 ) . (2-8) 

M a n y studies have been devoted to applying the graph-
theöretical and integral equation techniques of the 
theory of classical fluids to the problem of the dielectric 
constant or the pair distribution function of a system 
possessing the pair interaction described by Eq. 2-7. 
Recent progress in such studies involves an analytical 
solution of the M S M equation15) and treatments based 
on the y-ordering technique.8»10'11) These studies can 
be employed to postulate the form of the total correla­
tion function of our reference system. I t has been 
proven that the renormalizéd potential (Eq. 2-4) for 
such a system reduces to only the sum of convolution 
integrals of the perturbation bonds, —/?K D D (1 ,2 ) . 1 6 ) 
The convolution intergrals can be evaluated to explicitly 
represent the renormalizéd potential:10) 

C (1 2) - ßM* 

where y=4jzßm2pl9 and J ( l , 2 ) = (m 1 -m a ) . 
I t is assumed that the total correlation function 

of the present reference system can be represented by 
the superposition of two terms, 

Äo(l,2) =hd(R) + CDD(1,2), (2-10) 

where hä(R) is the total correlation function of the hard-
sphere fluid. T h e right-hand side of Eq. 2-10 co­

incides with the M S M approximation if the PY ap­
proximation is used for /td(A)5'17) and CDD (1,2) equals 
zero for Ä<</.12>16) Using Eqs. 1-6, 2-3, 2-8, and 
2-10 the perturbation bond and the reference system 
hypervertex for the water-like system are, respectively, 
defined as: 

0« rU,2) = -ßuar{\r1-r\\), (2-n; 
and 

F0( l ,2) = (p/QM^-RtWux-Ot) + (plQ)%(l,2). 

(2-12) 

The generalized chain with n perturbation bonds is 
given by 

C«(l,2) = ü»/ß)-»J,d(3)d(4)...d(2»+2) 

X { -^£ (1 , 2) + ^ « ( Ä ) J ( 1 , 2)} (2-9) t:r(k) 

X S - S ^ o ( l » 3 ) t f a r ( 3 , 4 ) F , ( 4 f 5 ) . . . 
a, 7 V,v 

X <M2»+ 1, 2« + 2)F0(2n+2, 2). (2-13) 

The simple case of n = 2 is investigated in some detail, 

CS2(1,2) = (/>/ß)-2Jd(3)...d(6) 

X £ £ F 0 ( 1 , 3)0ar(3,4)Fo(4,5) 

X <M5, 6)F0(6, 2). (2-14) 

We assume that the Fourier transform of 0« r(I,2) is 
$ar{k) and hence, 

0ar(l, 2) = (2n)-*fdk0ar(k)exp[_ik. (r<ï-rl)~\. (2-15) 

By inserting Eq. 2-15 into Eq. 2-14, we obtain 

C&(1,2) = (p/Q)-2(2n)-6fd(3)-d(6)Jdk1dk2 

X S S £ r r ( * i ) ^ ( * > ) 
a,r V,v 

X F0(l, 3)F0(4, 5)F0(6, 2) 

X e x p t t V f r f - r i ) + « V ( r ! - r ; ) ] . (2-16) 

Integrals over the configurations of molecules 4 and 5 
are carried out, giving 

(2^)-3J ,d(4)d(5)F0(4,5)exp[-z(*.r« + A:'.rO] 

= ô(k + k')rar(k) (2-17) 

rar(k) is the sum of two terms, Tlr{k) and Xlr{k) as 
follows, 

rar(k) = rh
aT(k) + r°ar(k). (2-is) 

Tar{k) and T°r(k) are given by 

rh
ar(k) = pcoar(k) + p*za(k)zr(-k)hd(k) 

and 

ßm2 

(2-19) 

^3Ô\û) ( 1 + 2 J 0 ( 1 . 

X JdûidûjC'wiiJ^xpl-ik. ( l ï - I J ) ] , (2-20) 

where 

OiaT(k) = 

za(k) = -

s in(* | l? - I? | ) 

sin(kla) 

kl° 

(2-21) 

(2-22) 
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C'MhJ) = — y ^ 1 " ' J) + ^yâ{i,j), (2-23) 2(i,S) = («<•«*)» (2-25) 
and k is the unit vector pointing in the direction of k. 

D(i,j)=3(mi.k)(mj.k)-(mi.mj), (2-24) Substituting Eq. 2*17 into Eq. 2-16 and integrating 
over k\ we have 

C&(1,2) = (p/Q)-2(2n)-3 fd(3)d(6) fdkjl J10ar(k)rrv(k)0vu(k)Fo(\,3)Fo(6,2)cxp[ik.-{ra
3+r'i)]. (2-26) 

J J u.r y,v 

The integrals of Eq. 2-26 over the configurations of molecules 3 and 6 lead to 

C&(1,2) = (2n)-*fdk^ S * « r ( * ) ^ ( * ) ^ ( * ) « P [ * - ( r ? - r ; ) ] [ l + /°{z«(*)Äd(*) 
J a,r V,v 

+ Q-iJdOiCvnil, 3)exp(**.|;)}exp(-ift.I«)] 

X [l+ /o{zy(-A:)Ä (1(^+i3-1J'dß6CDD(6,2)exp(-fA:.IS)}exp(*./S)] (2-27) 

The generalized chain with n perturbation bonds is analyzed in the same way. T h e result is 

C&(1,2) = (2n)-3fdk^($(k)[f(k)0(k)]"-i}a,vexp[_ik.(r<l-rï)] 
J a,v s 

X [1 + p{zx(k)ha(k) + ß- i J 'dß 3 C D D ( l , 3)exp(*. i ;»exp(.-»*.I?)] 

X [1+ p{zv{-k)hi{k)+Q^jdQ%CJ)^, 2)exp(-,*. i ;)}exp(»*.I ,)] , (2-28) 

where 0(k) and r(k) are 4 x 4 matrices with elements 0ar{k) and rar(k), respectively. T h e renormalized poten­
tial is given by the sum' over the entire generalized chain ( n ^ l ) : 

C V L ( 1 , 2 ) = S « 2 ) =^(27i)-*fdk{0(k)[l-r(k)0(k)-\-i} .„exp[*.(r«-¥S!)J 

X [I + /»{za(A)Äd(A) + ö-1
< / ,dÄ,C I ) D( l ,3)exp(*.I«)}exp(-*.«?)] 

X [l + p{zv(-k)ha(k) + Q-ifdûtCvvfr 2)exp(-*.«»)}exp(*.I i ; )] , (2-29) 

where 1 is the 4 x 4 identity matrix. Remembering (2n)-> [°°dk2k^kR) [ z ( * ) ( l ^ d ( * ) ) P 
Eq . 2-5, we have the representation for the pair v Jo Ä 
distribution function of the water-like fluid, thus 

* w l ( l , 2 ) = a ( l , 2 ) e x p C w L ( l , 2 ) , (2-30) X g W l P - r « ^ } . , , , ( S t f 

or in its linearized version, where z(k)=ùn(kl)jkl. T h e integral in Eq. 2-20 
„ n o\ „ n m/i-L/^ n oM /o c»n must be carried out to obtain the elements of rtk). 
£ W L ( 1 > 2 ) = £ 0 (1 ,^ ) - (1+G W L (1 , ^)>. (^-ol) T . , ~ , , •* ui u • r i 7 i i 

I t can be performed by a suitable choice of Euler angles-
The radial distribution function is obtained by in- t o „ | v e 

tegrating Eq. 2-31 over the orientations of molecules 
1 and 2. Remembering Eq. 2-10 and taking account r°r(R) = ~6yP COSY COSY,:! C ° S ( ^ } s i n ( ^ } | ' 
of the fact that ° ( 1 + 2 ^ ) " 'I « (kl)2 ) ' 

ß- 2 / c D D ( l , 2 )dß 1 dJ3 2 = 0, 
(3-2) 

The details of calculations leading to Eq. 3-2 are 
we get given in the appendix. The equation for CWL*CDD is 

ç obtained from Eqs. 2-9, 2-29, and 2-34 after some 
gwh(R) = Q 2J £WL(1> 2 )dß t dß 2 tedious calculations and the result is 

= { 1 + CWL(Ä)}&(Ä) +CW L*CD D , (2-32) (2n)-*ßm* \2 , 8 ^ « , ^ 

where gd(R) is the R D F for the hard-sphere fluid and (l + 2j>)3(l-y) I Ä » 3 
CWL(Ä) and CWL*CDD are defined by 

CWL(Ä) = Ö - 2 / C W L ( 1 » 2)dfl1dflt, (2-33) 

xJo dÄM^ö ( ^ j 
j 2sin(ifc/2) 4cos(JfcÄ) 4sin(fcft) j 
V 'AÄ " + (ftÄ)"" + ' (££)a )' 

Cwi*CDD = Q-tÇc^il, 2)CDD(1,2)d£1d£2 . (2-34) x 5JcosZaçosz.,{»(A).[l-r(*)»(*)]-1>-a,,., 

and X j /ti? ^ (yti2)2 ^ ' (£i?) 

III. Computat iona l P r o c e d u r e s a n d R e s u l t s 
(3-3) 

I t is necessary to obtain explicit forms of the summations 
After some manipulation, we obtain a more tractable in Eqs. 3-1 arid- 3-3. Combining Eqs. 2-18, 1-2, and 

quation for CWL(Ä) from Eqs. 2-29 and 2-33: 3-2, we obtain the, explicit form of F{k) : 
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r(*) = rr: r_ r+ 
r_ r: r+ 
r+ r+ r. 

,r+ r+ r_ 
where r~} i~"_ and r+ are 

r_ = /\ - r„ 
r_ = n - r„ 

and 

r+ = rb + rc. 
and 

/ v 
r+ 
r_ 
r:J 

rh = pa>(k) + p*z(kfhd(k), 

r ; = p + p%(*)»5,(A), 

(3-4) 

» 

(3-5) 
(3-6) 

(3-7) 

(3-8) 

(3-9) 
and 

r, = -
6j>p 

-cos^x 
cos (A/) sin(&/) 

(310) 
;i+2j>) " I « (A;/)2 

Taking into account the characteristics of the site-site 
interactions described in the section I, we have 

q>(k) = 0(k) 

where 0(k) is given by 

0{k) = -Anfiel COS( ) 

1 

1 

0 

o ) 

l(kb) ) 

(3-1i; 

(3-12) 
A;2 /fc3 j ' 

The inverse matrix which appears in Eqs. 3-1 and 
3-3 can easily be calculated thanks to the high sym­
metry of matrices r(k) and 0(k), and as a result we 
obtain 

80(A) 
stfwp-rwäw]-1},,. -

20(k){3rh(k)+rh(k)} 

(3-13) 

and 

ScosZ acosz,{$(*)[ l -r(A)0(A)]- 1}. I > 1 , 
a, v 

-80 (k) cos2 y 
= - ^ * = . (3-14) 

i -20(k){rh(k) -rh(k)+4rc(k)} 
T h e correlation function obtained on the basis of the 

PY approximation is used as the total correlation func­
tion of the hard-sphere system, Ad, and its Fourier 
transform is expressed as 

CpY (k) 
hd(k) = 

l-CPY(k) 
(3-15) 

where CFY(k) is the Fourier transform of the direct 
correlation function of the hard-sphere fluid, which is 
the Wertheim solution to the PY equation.5»17) Al­
though hd(R), and hence gd{R), are obtained from the 
Fourier transform of hd(k), the numerical calculation 
is performed in practice with the aid of a function, 

y{k) = hd(k) - CFY(k), (3-16) 

because hd(R) and its derivatives are discontinuous at 
R=d.18> All the integrals over k are performed numer­
ically on the basis of the Simpson rule. The accuracy 

R/d 

Fig. 3. The functions CWL(Ä) for b=0.2d, pd3=0.6, 
kT/eH=0.05, 0.1, 0.15, and 0.25. It represents the 
effect of the hydrogen bonds. 

0.05 

51 

-0 .05r 

R/d 

Fig. 4. The functions CWL(Ä) for p i 3 =0.6 , kT/en= 
0.25, b = 0.3d, 0.25d, 0.2d, and OAd. 

of the calculations has been checked against the exact 
values ofgd(R) given by Throop and Bearman.19) The 
results for CWL(Ä) are shown in Figs. 3—5 and those 

f ° r gwh(R) i n F i g s - 6 a n d 7- C W L*Q>D is not shown 
explicitly, since its contribution is very small compared 
with that of CWL(Ä). I t should be noted that C^L(R) 
represents the effect of the hydrogen bonds on the molec­
ular distribution. 

IV. D i s c u s s i o n 

We imagine a crystal consisting of water-like mole­
cules, which has a tetrahedral structure similar to ice. 
A typical arrangement for a triplet of molecules in the 
crystal is depicted in Fig. 2. If the model potential 
described in section I favors such an arrangement, it 
is expected that the following two effects on the molec-
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Rid 

Fig. 5. The functions CWL(Ä) for kT/cu = 0A5, b=0.2d, 
pl3=0.5, 0.6, 0.7, 0.8, and 0.9. 

ular distribution of the reference system are produced : 
a decrease in the density of the first coordination shell 
and an increase in the density in the neighborhood of 
a position \.63d distant from the central molecule. 
The behavior of CWL(i?) in Fig. 3 is consistent with 
this expectation. The negative value of CWL(R) at 
short distances is due to the former effect and the 
positive values in the neighborhood of R=\.6d to the 
latter. I t should be noted that there is a peak in the 
neighborhood of R=l.6d. I t is also reasonable that 
the features become more prominent as the depth of the 
square-well potential, eH, increases. All the curves with 
various values of k T/eH given in Fig. 3 are observed to 
have a nearly common point of intersection with the 
abscissa. This is supposed to be primarily due to the 
maintenance of the magnitude of b as a constant through 
all the calculations. This is determined easily from 
Fig. 4, where several CWL(Ä) curves with different values 
of b are depicted. An evident shift in the location of 
the intersection is observed. The manner in which the 
CWL(i?) curves change with density is shown in Fig. 5. 
Appreciable differences are observed between the curves 
for high and low densities. I t appears that the trend 
of forming a tetrahedral geometry is dominant at low 
densities and that it weakens with increasing density. 
O n the basis of rapid increase of the first peak, the 
behavior of CWL(Ä) at higher densities appears to in­
dicate that the square-well potential serves as a central 
attractive force rather than as a non-central force lead­
ing to the tetrahedral geometry. The increase in 
density would have two results: an enhancement of 
the role of repulsive force in the determination of the 
molecular distribution and an increase in the proba­
bility of sites on one molecule encountering those on 
another molecule. The former effect prevents the hy­
drogen bonds from forming a tetrahedral geometry, 
and the latter produces a strong attraction between the 
two molecules. 

The results for the R D F are shown in Figs. 6 and 7. 
A narrowing of the first peak similar to that observed for 
the R D F of water2,7) is found, and this feature increases 
as the magnitude of eB increases. Although character-

& 
^ 

Fig. 6. The calculated RDF for the water-like fluid 
(solid line) at pd3=0.6, kT/es = 0.1, and b=0.2d, 
compared with one for the hard-sphere fluid (dashed 
line). 

1.0 1.5 
Rjd 

Fig. 7. The calculated RDF for the water-like fluid 
(solid line) at pd*=0.6, kT/eH = 0.05, and b = 0.2d, 
compared with one for the hard-sphere fluid (dashed 
line). 

istics of the second peak for the R D F of water do not 
appear in the present calculation, this peak does appear 
to grow. This is noticeable in spite of the use of over­
estimated values of eH. 

T h e coordination number is to be obtained from the 
first peak of the R D F curve using the equation, 

«CN £(Ä)47TÄ2dÄ. (4-i; 

I t should be noted that the values of nCN depend on 
the choice of Rm. T h e most reasonable choice of Rm 

would be the location of the first minimum in the R D F . 
However, this choice cannot be adopted in the present 
case since no minimum corresponding to the first min­
imum in the R D F of water is found. Therefore, it 
is only possible to give the .coordination number ob­
tained for a rather arbitrary value of Rm. The coordi­
nation number is about 6.2 when Rm equals I Ad which 
corresponds to the point of intersection of the CWL(A) 
curve with the abscissa.20) I t should be noted that a 
similar arbitrariness in the choice of Rm is also found 
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in the report of Ben-Naim.6a> 
I t is hoped that the application of the method pro­

posed here to water and ionic solutions will be reported 
in future publications. There are several possibilities 
for improving the model and the mathematical for­
malism. It is not too difficult to replace the hard-
sphere potential with the Lennard-Jones (12,6) poten­
tial. Systematic ways of performing such a replace­
ment have been given.21) Moreover, the present rough 
representation of A0(l,2), Eq. 2-10, could be replaced 
by a more elaborate representation. More fundament­
al improvements concern the graph-theoretical treat­
ment. A possible improvement could be achieved by 
taking account of the graphs ignored in this study. 
However, it would be rather promising to employ the 
optimization procedure proposed by Andersen and 
Chandler.12) 

I t is interesting to apply this method to the problems 
of ion-water interactions. T h e orientational effect due 
to ion-dipole interactions is different in charater from 
that due to the hydrogen bonds. I t is possible that the 
ion-dipole interaction exerts a torque on the molecule, 
which prevents the molecule from hydrogen-bonding. 
If this is true, the contribution of ion-dipole interactions 
to the molecular distribution should be opposite to 
the effect of the hydrogen bonds. I t is expected, there­
fore, that the R D F for a water-like system under the 
influence of an electrostatic field due to ions approaches 
that for a simple fluid. This would provide an explana­
tion of the so-called "structure-breaking effect" of ions.22-24) 

^ h e author wishes to thank Assistant Professor 
Kiyoshi Arakawa for his kind supervision and con­
tinuous encouragement. 

Append ix : the Der ivat ion o f Eq. 3-2 

Let k be the z-axis, then Eq. 2-23 becomes: 

&»Mj) = ~&(i,j) + ^p>2(W) 
o 

= -yw(^-l)cosO<fccosOifc 

+ — 7f(l + 2 j )cos(0 < -0 i ) , (A-l) 

where 6ik and ftt are the polar and the azimuthal angles of 
the unit vector mt of the i-th molecule, respectively, and 
6jk and <f>] are those of the j'-th molecule. Eq. 2-20 can, 
therefore, be rewritten as 

riAQ = -
8nßm*pa 

<k/' dût-dû j 
3(1 + 2.?) Q* 

X, exp [ — ik • (11 — I ) ) ] cosdikcos6Jk 

+ 
4 ^ y _ i _ r 
3(1 -y) Q*J Mi Mj 

X c x p [ - i f t . ( I ? - I 5 ) ] c o s ( ^ , - ^ ) . (A-2) 

The integrals' can be broken up into factors each of which 
is an integral over û% or ûj. As an example, we investigate 
irt some detail the integral, involving the f-th molecule and 
the a site* 

Let us first take the Cartesian-coordinate system, x'y'z', 
fixed to the î'-th molecule, whose origin coincides with the 
center of the molecule and the z'-axis points in the direc­
tion of the a site of the molecule. The Cartesian coordinates 
of the unit vector of the dipole, mt, in the coordinate system 
are denoted by mx>,my> and mz>. Then, this coordinate system 
is rotated to a new coordinate system, xyz, whose z axis 
coincides with k. The orientation of the xyz system relative 
to the x'y'z' system can be specified by the Euler angles 0, 
çj and <J>. Thus, the components of nn in the new xyz system 
are given by the linear transformation:26) 

L »VJ 

ttly 

J L rrh' A 

cos^cos^ — cos0sin0sin^ cos^isin^ + sin0cos$sin^>j sin^sino 

— sin^cos^ —'cosösih^cos^ — sin^sin^ + cos0cos0sin^ cos0sin0 

sin0sinç5 — sin0cosçi cos0 

The components of mf are also represented by .the polar coordinate system whose polar axis coincides with k: 

mx = sh^fcCos^, mr — sin0fJfesin0f, mz = cos0fjfc,. 

From Eqs. Ar3 and, A-4, we obtain 

cos0ifc = 77zx'sin0sin0 ^./ny»sin0cos^ .+• mz'Cos0, \ 

cos0j = {mx'(cos^cos0 —cos0sin0sin^) + my»(cösc&sin0 + sin0cos$5sin^) + »vsin^sin0}/sin0iJfc {• 

sin$$ = {mx'( — sin^cos^— cosÖsincScos^) 4- my'( —sin^sin$J + cqs0cos0cos$&) -J- OT2'COS^sin0}/sin0ifc. J 

Thus, the integral over û{ can be perfprmed using Eq. A-5. 

i r i f 1 f2* f2n 

-77- / di2fexp( —e'A;-f")cos0iA: = - 'I d0sin0 I d0 / d^exp( — ££/cos0){mx'sin0sin0 — wiy'Sin0cos^ + ma'Cos0} 
M J OTT JfO jJO, JO 

(A-3) 

(A-4) 

(A-5) 

m*' P J Û • = ~ - I d0si 2 Jo 
in0cos0exp( — iklcosd) "= imz> 

cos(kl) sin(kl) ) _ . (cos(kl) sin(kl) 

\ 

The last equation results since the angle between vectors I" and nu is Xa- By similar manipulations, we obtain 

cös£ r f cos(M) &m(kl) 
±-fdÛexp(ik.ir)cosdj* = - ^ ^ | 

Therefore, the first ïntergal in Eq. A-2 is 

kl (kiy I 
^ d ß r d ^ e x p [ - * - . (/?-/p]cos0 i ,cos0yfc ,= cosZ acoS Z r j ^ ^ - ^ I P - j 2 . 

(A-6) 

(A-7) 

(A-8) 
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It may be proved in the same way that the second integral 
vanishes. Using the relation, y=4nßm2p/9, one obtains 

r < (k) - -6'p COZY cosy i c o s ( ^ s i n (* / } I2 rA9) 
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Isomerization of Butènes oyer Thorium Dioxide 
Yuzo IMIZU, Tsutomu YAMAGUCHI, Hideshi H A T T O R I , and Kozo TANABE 
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(Received November 1, 1976) 

The isomerization of butènes has been studied over four kinds of ThO a catalysts which differ in starting ma­
terials or preparative procedures. The selective ThO a catalysts for the formation of 1-olefin in the dehydration 
of 2-alkanol, which were prepared from nitrate and oxalate, were active and gave high cis/trans ratios in the iso­
merization of 1-butène, whereas the non-selective ThO a catalyst, which was prepared from chloride, was com­
pletely inactive. The isomerization reaction was poisoned by both G0 2 and NH3. The activity was enhanced 
by the treatment with hydrogen, but was reduced by the treatment with oxygen, the selectivity being unchanged 
with both treatments. The coisomerization of m-2-butene and m-2-butene-rf8 showed that the isomerization 
involved an intramolecular hydrogen transfer, and a large isotope effect, 6.0, for the formation of 1-butène and 
a small isotope effect, 1.5, for the formation of trans-2-butène were observed. With these results, the nature of active 
sites on thorium oxide, and the reaction mechanism were discussed. 

Thor ium dioxide has been used as a catalyst for 
dehydration of alcohols.1'2) In recent years, it has 
been recognized to be a selective catalyst for the 
dehydration of 2-alkanol to form 1-alkene when it is 
properly prepared.3 ,4) 

Davis and Brey reported that the selectivity of 
thorium dioxide in dehydration and dehydrogenation 
of alcohols strongly depended upon the preparative 
procedures of the catalyst.5) T h e thorium dioxide 
prepared from nitrate shows a high selectivity for the 
formation of 1-octene in the dehydration of 2-octanol, 
whereas the thorium dioxide prepared from thorium 
chloride gives a considerable amount of 2-octenes. 
Besides the preparative procedure, the pretreatment 
condition is another major factor for determining 
selectivity. Thor ium dioxide pretreated with hydrogen 
is a dehydration catalyst, while thorium dioxide pre­
treated with oxygen is a dehydrogenation catalyst.5) 

The nature of active sites on thorium dioxide which 
determines the selectivity, however, has not yet exten­
sively been investigated. Yamaguchi et al. reported 
in the dehydration of alcohol over alumina6) and zirco­
nium dioxide7 '8) that the selectivity of the catalysts 
can be determined by surface acidic and basic proper­
ties. T h e isomerization of butènes is known to be 
a reaction suitable for testing the correlation of acidic 
and basic properties of catalysts with the activity and 
selectivity.9-13) In the present work, the isomerization 
of butènes was carried out over several thorium di­
oxides to investigate the nature of active sites. 

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

Catalysts and Reactants. Four kinds of thorium dioxide 
were prepared, which differ in starting materials or in pre­
parative procedures. ThOa(I) and Th0 2(II) were obtained 
from oxalate and nitrate, respectively, by thermal decomposi­
tion in air at 500 °C for 6—8 h. Th0 2 ( I I I ) was prepared 
from nitrate by the precipitation method as shown by Brey 
et a/.14) To 5000 ml aqueous solution of thorium nitrate 
(0.145 M), 500 ml aqueous ammonia (28%) was added. 
Precipitate was filtered, followed by washing with 1500 ml 
distilled water. The resulting thorium hydroxide was dried 
for 2 days and finally calcined at 500 °C in air for 6 h. 
ThOa(IV) was prepared from thorium chloride by precipita­
tion as follows. Aqueous ammonia (28%, 50 ml) was added 
to 500 ml aqueous solution of 50 g thorium chloride. Pre­
cipitate was washed, dried, and calcined as in the case of 

Th0 2 ( I I I ) . Those thorium salts were supplied from Wako 
Pure Chemical Co. All catalysts were evacuated at 500 °C 
for 3 h before use for the reaction. 

Butènes (Takachiho pure grade) were purified by passage 
through a column of molecular sieves 3A or 4A maintained 
at the temperature of dry ice-acetone. 2-Butanol was 
obtained from Wako Pure Chemical Co. and purified by 
passage through molecular sieves 3A at room temperature. 

Apparatus and Procedure. Dehydration of .r-butyl alcohol 
and isomerization of butènes were carried out in two recircula­
tion reactors whose volumes were 3000 ml for dehydration 
and 410 ml for isomerization. For dehydration, the initial 
pressure of j-butyl alcohol was 6 Torr and about 300 mg of 
a catalyst was used. Reaction temperature was 300 °C. 
Products were analyzed by gas chromatography. A 1 m 
column packed with TCP 30% on Celite 545 was operated 
at 100 °C. For isomerization of butènes, 88 Torr of butène 
and 50—150 mg of catalyst were used. Reaction temperature 
was 80 °C. Products were analyzed by gas chromatography 
with a 5 m column containing VZ-7, operating at room tem­
perature. 

For poisoning experiment with carbon dioxide or am­
monia, the catalyst that had been evacuated at 500 °C was 
cooled to 100 °C and was exposed to 88 Torr of carbon 
dioxide or ammonia for 1 h. After evacuation at certain 
temperatures (200—500 °C) for 1 h, the catalyst was served 
for a reaction. 

For hydrogen or oxygen treatment, the catalyst that had 
been evacuated at 500 °C was exposed to hydrogen or oxygen 
(60 Torr) at 500 °C or 300 °C for 2 h, followed by evacua­
tion at various temperatures for 1 h. 

For the coisomerization of non-deuterated and perdeu-
terated cw-2-butenes,10-15) a mixture containing about equal 
amount of m-2-butene-rf0 and m-2-butene-rf8 was reacted at 
80 °C. 

R e s u l t s 

Specific surface areas, the activities, and the selec-
tivities for the dehydration of 2-butanol and the iso­
merization of butènes are listed in Table 1. The 
catalysts showed a high selectivity for the formation 
of 1-alkene in the dehydration except for T h 0 2 ( I V ) , 
over which considerable amounts of 2-alkenes were 
produced.5) For the isomerization of butènes, the 
T h O a ( I V ) was completely inactive. This was true 
even for the catalyst evacuated at 900 °G. The other 
thorium dioxides were active and gave high cis/trans 
and I-1 trans ratios in the isomerization of 1-butène and 
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TABLE 1. CATALYTIC ACTIVITY AND SELECTIVITY OF ThO a FOR ISOMERIZATION 

OF BUTENES A N D DEHYDRATION OF J-BUTYL ALCOHOL 

Catalyst 

ThO,(I) 
Th02(II) 
Th02(III) 

Th02(IV) 

Surface area 
(mVg) 

59.1 
62.3 
41.7 

46.3 

1 -Butène 

/ .... 

Activity*) 

29.8 
22.9 
10.8 
(l . l)c> 
0.0 

Ratio of 
eis to trans 

3.4 
3.1 
3.2 

(3.3)d> 

Activity*) 

1.87x10-1 
2.36x10-1 
0.74X10-1 

2.22X10-1 

2-Butanol 
composition of bute 

1 -butène 

84.2 
82.4 
76.6 

39.8 

*r<w-2-butene 

9.3 
10.6 
14.8 

26.8 

m-butene 

6.5 
7.0 
8.6 

33.4 

a) Initial activity; % _ 1 min -1, b) Extrapolated to 0 conversion, c) Reactant; m-2-butene. d) Ratio of 1- to 
trans-. Reaction temperature: 80 °G for isomerization; 300 °C for dehydration. 

TABLE 2. POISONING EFFECTS OF C 0 2 AND NH3 

ON THE ACTIVITY A N D SELECTIVITY FOR 

ISOMERIZATION OF 1-BUTENE 

Poison Evacuation 
temp (°C) £*> cis-jtrans-

co2 
G0 2 

co2 
G0 2 

NH3 

NH3 

NH3 

NH3 

300 
400 
450 
500 

200 
300 
350 
400 

0.02 
0.12 
0.28 
1.00 

0.35 
0.37 
0.73 
1.00 

4.1 
3.9 
3.5 
3.2 

3.8 
4.1 
3.5 
3.2 

a) Ratio of the activity after poisoning to the original 
artivitv. activity. 

TABLE 3. EFFECT OF OXYGEN OR HYDROGEN TREATMENT 

ON THE ACTIVITY AND SELECTIVITY FOR 

ISOMERIZATION OF 1-BUTENE 

Treatment 
gas 

Treatment 
temp 
(°G) 

Evacution 
temp 
(°G) 

Relative 
activity*) 

Selectivity 
cis-/trans~ 

No treatment 

Oxygen 
Oxygen 
Oxygen 

Hydrogen 

— 
500 
300 
80b> 

500 

— 
200 
300 
— 

500 

1.00 

0.48 
0.74 
0.00 

3.52 

3.2 

3.4 

3.5 

3.3 

a) Ratio of the activity after treatment to the original 
activity, b) Reaction was carried out in the presence 
of 5.6 Torr oxygen. 

rû-2-butene, respectively. 
Poisoning effects of carbon dioxide and ammonia 

are given in Table 2. Both carbon dioxide and am­
monia poisoned the active sits for isomerization. T h e 
catalyst regained the original activity by evacuation 
at 400 °G for ammonia poisoned catalyst and by eva­
cuation at 500 °G for carbon dioxide poisoned catalyst. 
Poisoning with ammonia and carbon dioxide did not 
result in appreciable change in selectivity. 

In Table 3 are listed the effects of oxygen or hydrogen 
treatment on the activity and selectivity in the iso­
merization. While hydrogen treatment resulted in an 
increase in the activity, oxygen treatment reduced the 

10 15 20 
conversion, 7. 

Fig. 1. The variations of the ratios of "light molecules" 
to "heavy molecules" with the conversion in the coiso-
merization of m-2-butene d0/ds over both untreated 
T h 0 2 and hydrogen treated T h 0 2 . Reaction tem­
perature; 80 °C, untreated ThO a ; ( # ) 1-butène, ( • ) 
trans-2-butene, (A) m-2-butene, treated T h 0 2 ; (O) 
1-butène, ( • ) trans-2-butène, (A) m-2-butene. 

activity. The selectivity was almost unchanged with 
these treatments. 

Isotopic distribution of butène isomers in the co-
isomerization of cw-2-butene djd8 are listed in Table 4. 
Since the numbers of hydrogen (or deuterium) atoms 
exchanged per molecule (AEM value) are much smaller 
than 0.5, the value of which is expected if the reaction 
involves an intermolecular hydrogen transfer, the 
reaction is suggested to involve an intramolecular 
hydrogen transfer. The ratios of "light molecule" to 
"heavy molecule" are plotted against isomerization 
conversion in Fig. 1 for both untreated and hydrogen 
treated catalysts. The plots are on the same lines 
for both untreated and hydrogen treated catalysts. 
T h e intercepts of the plots show the isotope effect. A 
large isotope effect, 6.0, for the formation of 1-butène 
and a small isotope effect, 1.5, for the formation of 
trans-2-butene were observed. 

D i s c u s s i o n 

As suggested by Davis and Brey, catalytic properties 
of thorium dioxide vary with both preparative procedure 
and pretreatment.5) There seem to be different types 
of active sites on the surface of thorium dioxide. 

In the isomerization of butènes, the selectivities did 
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' 

Catalyst 

T h 0 2 ( I I I ) 

T h 0 2 ( I I I ) 
t reated with 
hydrogen at 
500 °G 

Yuzo IMIZU, Tsu tomu YAMAGUCHI, Hideshi H A T T O R I , 

TABLE 4. ISOTOPIG DISTRIBUTIONS 

Product 

cis-
1-
trans-
cis-

1-
trans-
cis-

1-
trans-
cis-

1-
trans-
cis-

1-
trans-
cis-

1-
trans-
cis-

4 
a) Calculated from X! 

;=o 

% each 
product 

1.2 
0 . 9 

9 7 . 9 

3 .9 
1.6 

9 3 . 5 

6.1 
6 .5 

8 7 . 4 

2 .2 
2 .1 

95 .7 

6 .0 
8 .6 

8 5 . 4 

8 .2 
19.9 
71 .9 

do 

4 7 . 8 
8 1 . 6 
66 .5 
5 0 . 9 

7 7 . 0 
72 .2 
4 6 . 6 

72 .3 
7 3 . 9 
44 .2 

7 9 . 9 
76 .0 
4 6 . 9 

67 .0 
75 .2 
4 4 . 4 

5 3 . 8 
69 .4 
3 6 . 6 

i = 5 

and Kozo T A N A B E 

! OP BUTENE ISOMERS IN GOISOMERIZATION OF m-2-<BUTENE 

di 

0.1 
1.9 
2 .3 
0 . 4 

3 .8 
3 .7 
0 . 4 

4 . 0 
5 .4 
1.1 

2 .7 
0 . 0 
0 . 6 

5 .0 
5 ,5 
1.9 

7 . 6 
10 .3 
4 . 2 

% 

d, 

Isotopic 

i-d* 

0 
0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

species 

d6 

0 . 9 
0 
0 
0 

0 
0 
0 . 9 

0 
0 
0 

0 
0 
0 . 5 

1.0 
0 . 0 
1.2 

2 .1 
0 . 9 
1.7 

V 
2 . 9 
3 . 6 
2 .7 
3.1 

4 . 4 
3 . 0 
3 .4 

5 .7 
3 .5 
4 . 4 

,3.4 
3 .2 
3 . 6 

5 .7 
3 .6 
4 . 9 

8 . 4 
5 .3 
8 .2 

ds 

4 8 . 3 
12.9 
28 .5 
4 5 . 6 

14 .8 
21 .1 
4 8 . 7 

18.0 
17.2 
5 0 . 3 

14,0 
2 0 . 8 
4 8 . 3 

20 .2 
15-7 
4 7 . 6 

28 .1 
14.1 
4 9 . 3 

Nf; formation of isotopic species containing 

Atoms 
exchanged/ 

moleculea ) 

0.055 
0 .050 
0.035 

0.082 
0.067 
0 .056 

0.097 
0 .089 
0.055 

0,061 
0.032, 
0.052 

0 .150 
0.091 
0.092 

0 .202 
0 :174 
0 .159 

i deuter ium 

[Vol 

d0/ds 

. 50, No. 5 

Rat io of 
light molecule/ 
heavy molecule^ 

atoms. 

0 .9 
5.1 
2 .2 
1.1, 

4 . 2 
3 .2 
0 .9 

3 .2 
3 .8 
0 . 8 

4 , 7 
3 .2 
0 .9 

2 .7 
4 . 2 
0 .9 

1.6 
3 .9 
0 .7 

b) Calculated from ( S iVi + JV4/2)/(S N^NJ2). 
i=0 ;'=5 

not substantially change with either pretreatment or 
poisoning. I t appears that only one type of active 
sites is operative for the isomerization of butènes. One 
type of active sites on T h 0 2 ( I V ) which is non-selective 
for dehydration, is not active for isomerization of 
butènes. Oxygen treatment of T h O a ( I I I ) resulted in 
the elimination of the active sites for the isomerization. 
By referring to the report that oxygen treatment 
enhances the active sites for dehydrogenation,5) the 
active sites for dehydrogenation are not considered to 
be active for the isomerization. O n the other hand, 
hydrogen treatment was reported to produce the active 
sites for selective dehydration to 1-alkene. Since it 
actually increased the activity for the isomerization, 
it is suggested that the active sites for the isomerization 
are of a type of active sites which catalyze the selective 
dehydration. 

The active sites for the isomerization were poisoned 
by both an acidic molecule, carbon dioxide^ and a 
basic molecule, ammonia. , I t is plausible that the active 
site is an acid-base pair site. If either par t of a pair 
site is blocked by a poison, the rest of the pair site 
may not show any activity., This interprets the 
observed selectivity which was unchanged by poisoning 
with both molecules. 

Breysse has shown that the treatment of thorium 
dioxide with hydrogen or oxygen at 500 °G caused 
a slight deviation from stoichiometry.16) It is suggested 
that hydrogen treatment removes surface oxygen ion 
and provides a surface with excess thorium ions. T h e 
coordinatively unsaturated thorium ion is expected to 
be more strongly acidic than saturated thorium ion.17) 
There should be oxygen ions adjacent to the unsaturated 

thorium ion. These oxygen ions are expected to be 
more strongly basic than oxygen ion adjacent to satura­
ted thorium ion. 

Since the isoraerization involves, an intramolecular 
hydrogen transfer, the reaction may be initiated by 
the abstraction of a hydrogen atpm (or ion) from a 
butène molecule. In the isomerization of 1-butène 
where a ?r-allyl carbanion is- an intermédiate, a pref­
erential fbrmatiqn of cfo-2-butene is generally ob-
served9 '12 '18 '19) which is attributed to a greater stability 
of a jr-allyl carbanion in aV-form than in, trans-form. 
A rotation of a G 2 -C 3 bon$ within a jr-allyl carbanion 
may not easily occur because of a double bond character 
of the bond. Therefore, if the reaction proceeds via 
a jr-allyl carbanion intermediate, high raios of cis-2-
butene to trans-2-butene and 1-butène to fr<my-2-butene 
are expected. This is the case observed. The reaction 
is considered to be initiated by the abstraction of a 
proton from butène to form a 7r-allyl carbanion. 
Oxygen ion may abstract a proton. A rc-allyl carbanion 
may be adsorbed on the coordinatively unsaturated 
thorium ion. 

In the isomerization of cù-2-bùtene, the abstraction 
of a proton may be common for both the formation 
of 1-butène and the formation of /rarc.y-2-butene. If 
the slow step were the abstraction of a proton, a large 
isotope effect would be observed for formation of both 
compounds. A small isotope effect for the formation 
of trans-2-butçne indicates that the abstraction of a 
proton is not a slow step. A rotation, of the C 2 -C 3 

bond within a ?i-allyl carbanion may be the slow step 
for the formation of trans-2-hutehe. A large isotope 
effect observed only- for the formation of 1-butène 
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suggests that a slow step is involved in a transfer of the 
adsorbed proton which had been abstracted from one 
of the terminal carbon atoms to the carbon atom 3 
of a 7r-allyl carbanion. 

The autors gratefully acknowledge the financial 
assistance provided by the Takeda Science Foundation. 
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Pyrolysis of Acetylene behind Shock Waves 
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The pyrolysis of acetylene was investigated behind the reflected shock waves in a single-pulse shock tube 
over the temperature range from 1000 to 1670 K. The major products were l-buten-3-yne, 1,3-butadiyne, and 
hydrogen. The main primary G4 product, however, changes from l-buten-3-yne to 1,3-butadiyne with the 
increase of temperature. At the lower temperatures the formation of 1-buten-3-yne dominates the pyrolysis 
of acetylene. The rate of l-buten-3-yne formation is second order with respect to acetylene concentration, and its 
second-order rate constant is expressed as follows: 

*(cm3 mol-1 s-*) = 1014-39±0-26exp((-46400±1400)/Är) 
The isotopic distribution of l-buten-3-yne in the pyrolysis of the equimolar C2H2 and G2D2 mixture, proved that 
the pyrolysis proceeds via a free-radical mechanism. A free-radical chain mechanism initiated by the bimolecular 
reaction of acetylene, 2C2H2—>C4H3+H, was proposed. 

The thermal decomposition of acetylene has been 
studied over a wide temperature range by various 
methods. At low and intermediate temperatures, 
static1-6) and flow7-16) systems were employed and the 
reaction rate of acetylene consumption, reaction order, 
products distribution, wall effects, and the effects of a 
variety of additives, for example, reaction products and 
radical scavengers such as nitrogen oxide, were exten­
sively investigated. 

There is substantial agreement on some aspects of the 
pyrolysis at low and intermediate temperatures. At the 
initial stage of the reaction, an induction period is 
observed and succeeded by a homogeneous reaction. 
T h e latter is second order with respect to acetylene with 
a low activation energy of 40—50 kcal*/mol. T h e re­
action leads to the formation of high molecular weight 
compounds and is inhibited markedly by nitric oxide. 
The polymer produced at the early stage is solely 1-
buten-3-yne(vinylacetylene), and benzene is an impor­
tant secondary product. Palmer and Dormish15) have 
shown that there is a transition as regards the pr imary 
C4 product a t about 1500 K, where 1,3-butadiyne (di-
acetylene) becomes predominant . 

In high temperature region shock tube technique 
was used exclusively, because it is excellent to realize 
high temperature without worry about wall effects. 
The experimetal results obtained from the shock tube 
studies,17-28) however, are somewhat confusing with 
regard to the reaction order and the main C4 product, 
butenyne or butadiyne. These discrepancies may be 
ascribed to the difficulties to analyze the reaction prod­
ucts and to determine the reaction order by shock 
tube technique. I t seems desirable to study the pyro­
lysis over a fairly wide temperature range, the lower 
of which overlaps the flow tube investigations. 

The mechanism of the pyrolysis has not been well 
established. Many investigators favored a bimolecular 
reaction of acetylene to give an excited molecule of 
acetylene or butenyne in the triplet state or biradical. 
Recently several attempts have been made to interpret 
the pyrolysis of unsaturated hydrocarbons in terms of 
free-radical chain mechanisms initiated by the bimolec­
ular reactions of unsaturated hydrocarbons,29«30) and 

* 1 cal t h=4.184J. 

have attracted the attention of many investigators. In 
the shock tube experiments above 1700 K, Gay and 
coworkers,25) and Bopp and Kern28) detected G 4H 3 

radical by use of a time of flight mass spectrometer. 
In the present experiment, a wide temperature range 

from 1000 to 1670 K was covered. Complete analysis 
of the reaction products was performed as far as possible. 
Particular attention has been paid to determine the 
order of the reaction and the major products as a func­
tion of temperature. In the temperature range studied, 
it is difficult to find radicals in a direct manner,12) but 
the deuterium content of the main primary product in 
the pyrolysis of the equimolar C 2H 2 and C2D2 mixture, 
may be expected to provide information for testing the 
mechanisms. 

Exper imenta l 

Apparatus and Procedure. The pyrolysis was studied 
in a 4-cm i.d. single-pulse shock tube. The driven section 
was 277 cm long, the main portion of which was made of 
terex glass tubing. The driver section was steel tubing and 
its length was variable, but it was fixed at 157 cm in the present 
runs. A 80-1 dump tank was connected to the driven section 
near the diaphragm. The driver section was seperated from 
the driven section by a "Lumirror" (polyethylene tereph-
thalate) film of 0.05 mm thickness. The details of the shock 
tube was described by Tsuda and Kuratani,31) but a slight 
modification was made. 

Before each test run, the shock tube was evacuated to below 
1 X 10-4 Torr by an oil diffusion pump. The ultimate vac­
uum was 8xlO _ 5 Torr , and the leak plus outgassing rate 
was approximately 6 x 10 -5 Torr/min. 

In order to measure the incident shock velocity, the outputs 
of the three pressure gauges(barium titanate-lead zirconate) 
spaced at 23.1 cm intervals were fed into a home-built electron­
ic counter (Hop Step Jump Counter),32) having the accuracy 
of 0.1 (xs. Reflected shock parameters were calculated from 
the incident shock velocity extrapolated to the end-plate, 
considering the attenuation of the shock wave. Ideal shock 
wave theory was used. The thermodynamical data were 
taken from the JANAF tables.33) The pressure profiles at the 
downstream end were recorded on an oscilloscope, from 
which the reaction times were determined with the accuracy 
of ± 5 % . Helium was used as the driver gas throughout 
the experiment. The shocks were fired within five minutes 
after the two section were filled with the desired gases. 
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Materials. The three kinds of mixtures, with the 
ratios of G2H2/Ar equal to 5/95 and 10/90; and with the ratio 
of CaH2/C2D2/Ar equal to 5/5/90, were prepared in a glass 
vessel of 5-1 volume, and were allowed to stand at least one 
day before use. 

Acetylene, from Matheson Company, was bubbled through 
concentrated sulfuric acid, passed through a sodalime tower 
and then collected in a liquid nitrogen trap. The condensate 
was purified by bulb-to-bulb vacuum distillation. Acety­
lene-^ (99% D atom guaranteed) was obtained from Merck 
Sharp and Dohme of Canada. For the purification, it was 
condensed in a liquid nitrogen trap, and subjected to a brief 
pumping period. Argon(nominal purity of 99.9995%), 
from Nippon Sanso Co., was used without further purifica­
tion and served as the diluent. 

Butenyne and butadiyne were prepared from l,3-dichloro-2-
butene and l,4-dichloro-2-butyne, respectively.34'35) They 
were purified by distillation through a low temperature column. 
The purified gases were quickly diluted with a large amour t 
of argon as the stabilizer, and stored. Gas chromatograph­
ic analysis showed that the butenyne and butadiyne con­
tained aliène, propyne, and butadiene as the impurities. 
The purity of the butenyne and butadiyne was found 82.0 
and 91.4%, respectively. 

Research Grade CH4, CaH4, C2H„, aliène, propyne, and 
1,3-butadiene were obtained from Takachiho Shoji Co., and 
used as received. The reference gases for the gas chromato­
graphic calibration were prepared barometrically with mer­
cury and oil manometers. Argon was used as the diluent 
gas. 

Analytical. As soon as the shock was fired, the test 
gas around the end-plate was quickly extracted into an evac­
uated bulb of 60-ml volume with the aid of a solenoid valve 
operated by compressed air. The hydrocarbons in the 
products were analyzed on Yanaco G-80 and Shimadzu 
GG-3AF gas chromatographs using flame ionization detec­
tors. CH4, G2H4, C2H6 were analyzed at 50 °G on a 3 mm x 
2 m column packed with 80—100 mesh Porapak N. The 
higher molecular weight hydrocarbons were analyzed at 
130 °G. The hydrogen was detected at a room tempera­
ture by a thermal conductivity cell, on a 4-m column packed 
with 40—50 mesh molecular sieve 5A with argon as the car­
rier gas. The concentration of each product was determined 
from the peak area relative to that of the reference gas. 

The shock heated samples of the equimolar mixture of C2H2 

and C2D2 in argon were analyzed by a Hitachi model RM-50 
mass spectrometer to determine the isotopic distributions of 
acetylene and butenyne. The ionization potential was 
kept at 50 eV. The pattern coefficient of acetylene-^ was 
taken equal to the arithmetical mean of those acetylene-rf0 

and acetylene-</2. The fragmentation patterns of butenyne 
isomers were calculated statistically from that of butenyne-
d0 assuming the same fragmentation. 

R e s u l t s 

The two mixtures with the ratios of C2H2 /Ar equal 
to 5/95 and 10/90 were pyrolyzed over the temperature 
range from 1000 to 1670 K. T h e shock heated samples 
were analyzed by gas chromatography. Complete anal­
ysis was carried out for the hydrocarbons having carbon 
number from 1 to 4. 

Major Products. Under the experimental con­
ditions employed, the major products of the pyrolysis 
were butenyne, butadiyne, and hydrogen. Butenyne and 
butadiyne were identified by both gas chromatography 
and mass spectrometry. The analytical results are shown 
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Fig. 1. Major products distribution as a function of 
temperature. (C2H2/Ar=5/95). 
O : Butenyne, # ; butadiyne, A ; hydrogen. 

in Fig. 1. As shown in Fig. 1, at the lower temperatures 
the yield of butenyne increases with temperature. And 
it attains to its maximum at about 1500 K, and then 
with the increase of temperature, it becomes to decrease. 

The yields of butadiyne and hydrogen increase lin­
early with increasing temperature in the temperature 
range studied. At the lower temperatures approxi­
mately equal amounts of butadiyne and hydrogen 
are produced, while at the higher temperatures above 
1500 K the yield of hydrogen evidently goes beyond 
that of batadiyne. I t is thus confirmed that a t the 
lower temperatures butenyne is the main primary 
product, on the other hand, butadiyne and hydrogen 
become predominant at the higher temperatures. 

Minor Products. GH4 , G2H4 , aliène, and propyne 
were found as the minor products. They are shown in 
Fig. 2 in the case of the mixture of C 2 H 2 / A r = 10/90. 
O n the gas Chromatograph a low and broad peak with 
a very long retention time (about 3 h) was observed, 
and identified as benzene. But the quantitative analysis 
was not carried out. In addition, trace amounts (less 
than 1 ppm) of C 2 H 6 and 1,3-butadiene were detected. 
I t is noteworthy that the hydrocarbons containing odd 
number of carbon atoms such as CH 4 and C3H4 were 
observed. 

l0 4 K/r 
Fig. 2. Minor products distribution as a function of 

temperature. (C2H2/Ar= 10/90) 
O; Ehtylene, A ; aliène, • ; propyne, 
# : methane. 
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io4K/r 
Fig. 3. Dependence of the rate of butenyne formation 

on acetylene concentration. 
O ; C2H2/Ar=5/95, • ; C2H2/Ar= 10/90. 

Formation Rate of Butenyne. T h e two kinds oi 
mixtures stated above also served to determine an em­
pirical reaction rate formula of butenyne formation. T h e 
total densities behind the reflected shock waves were 
(2.35±0.11) X 10~5 mol/cm3 throughout all runs. And 
the reaction times were limited within 1 ms to maintain 
the low conversions of acetylene. Since we are con­
cerned with the early stage of the pyrolysis, where the 
yields of butadiyne and hydrogen are negligible com­
pared with that of butenyne, only the da ta obtained 
below 1350 K are collected. T h e dependence of the 
rate of butenyne production on the acetylene concentra­
tion is shown in Fig. 3. T h e empirical power rate 
equation such as, d [ C 4 H 4 ] / d f = , 4 e x p ( - £ : / Ä r ) [ C 2 H 2 ] ' 1 , 
was assumed. Applying the method of least squares to 
A, E, and n; 

d[C4H4]/df =* ̂ [ C H J « - » « - » (1) 

where 

ki = 10i6.74±1.o5 e x p ( (_48000± 1500)ART) (2) 

was obtained in cm3 m o l - 1 s - 1 units. T h e errors denote 
the standard deviation of the least squares method. f , 

In the literatures of the shock tube studies, first19'24'26) 
or second2 0 - 2 3 >25> order rate with respect to acetylene 
was reported. And in the context of the first or second 
order reaction, the second-order reaction is supported 
from the present analysis. Therefore, when we take 
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10 

Fig. 4. Arrhenius plot of the second-order rate con­
stants. 
O ; G2H2/Ar=:5/95, • ; G2H2/Ar =10/90. 

the view of the second-order reaction, the experimental 
da ta will be fitted by the follpwing rate constant: 

£3(cm3 mol - 1 s-1) 

^ 10"-3 9 ± 0-2 6exp((-46400±1400)/Är) '(3) 

T h e Arrhenius plot of the second-order rate constant 
is shown in Fig. 4. 

Isotopic Distribution. The equimolär mixture' of 
C 2 H 2 and C 2H 2 in argon was shock heated below 1350 
K, and the isotopic distributions of butenyne and acet­
ylene were determined by mass spectrometry. In the 
temperature range up to 1350 K, the interference due 
to butadiyne on the mass spectra of butenyne isomers 
could be neglected, for the amount of butadiyne formed, 
was negligibly small compared with ;that of butenyne, 
The results of the mass spectral analyses are given in 
Table 1. Evidently, considerable amounts of butenyne 
isomers containing odd number of hydrogen and deute­
r ium atoms, C 4 H 3 D and C 4HD 3 , are produced. This 
finding may be useful for testing the proposed mecha­
nisms, which will be discussed in the following section. 

D i s c u s s i o n 

Comparison of the Second-order Rate. An exact 
analysis showed that at the early stage of the pyrolysis, 
butenyne is the main primary product, and the second-
order rate with respect to acetylene is preferred for the 
formation of butenyne. I t is noticed tfyat the second-
order rate constants for the consumption of acetylene 

TABLE 1. ISOTOPIC DSTRIBUTION OF BUTENYNE 

K 

1069 
1180 
1185 
1201 
1285 
1325 

C4H4») 

0.159 
0.161 
0.171 
0.152 
0.147 
0.148 

G4H3D 

0.155 
0.167 
0.169 
0.176 
0.190 
0.189 

G4H2D2 

0.262 
0.304 
0.303 
0.306 
0.320 
0.324 

C4HD3 

0.280 
0.261 
0.248 
0.256 
0.237 
0.249 

C4D4 

0.143 
0.107 
0.108 
0.110 
0.106 
0.090 

C2HD»> 

0.005 
0.011 
0.012 
0.013 
0.024 
0.075 

790 
860 
760 
700 
870 
880 

a) !T5 is the temperature behind the reflected shock wave, b) The total amounts of butenyne and acetylene 
are taken equal to 1.000, respectively, c) x is the dwell time. 
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obtained by many investigators, covering the tempera-
ture range 620—2450 K, apparently lie on a single Ar-
rhenius expression:25) 

*4(cm3 mol-1 s-1) = 101 3-8exp(-41600/Är) (4) 
At the early stage of the pyrolysis, the relationship of 
2d[C 4 H 4 ] /o l*=-d[C 2 H 2 ] /d* holds well, since butenyne 
is the only reaction product and the other minor 
products may be neglected. I n the temperature 
range 1000-— 1350 K the absolute values of 2k3 agree 
well with those of k4. 
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Fig. 5. Comparison of the second-order rate constant 
of butenyne formation with the literatures. 
O ; Skinner and Sokoloski, ft; Towell and Martin, 

; this work. 

The second-order rate constants for butenyne for­
mation were obtained by only two groups; by Towell 
and Mart in in a flow tube study14) and by Skinner and 
Sokoloski in a shock tube experiment.20) A comparison 
with the literatures is made in Fig., 5. The absolute 
values,of the present rate constant are about a factor 
of 0.5 lower than those obtained by them in the tem­
perature range 1000—1350 K. But when the activation 
energy is compared, the present rate constant is in good 
agreement with that of Towell and Mart in 's rather 
than with that of Skinner and Sokoloski's. T h e rate 
constant derived by Towell and Mar t in is expressed as : 

^ (cm 'mol - 1 s-1) = 1014-6 exp (-45000/RT) (5) 

As shown in Fig. 1, the concentration of butenyne 
has a maximum value. Consequenly, in the neigh­
borhood of the temperature where the yield of butenyne 
shows its maximum, the increase of butenyne concentra­
tion slows down with increasing temperature. I t seems 
probable that under the conditions employed by Skinner 
and Sokoloski, the apparent lower activation energy 
may be obtained by the reason mentioned above. 

As far as the second-order rate is concerned, the 
absolute values are fairly well consistent among many 
investigators, although there are significant dissents as 
to the main primary product of the pyrolysis. 

The reaction products observed in the present anal­
ysis, are in good accordance with those detected in 
static and flow systems, for example, Gullis and 
Franklin16) reported butenyne, butadiyne, CH 4 , C2H4 , 
C2H6 , H2 , propyne, and benzene as the reaction prod­
ucts. Further, the nature and sequence of the for­
mation of their products as a function of time have 
strong reserriblance to those in the present shock tube 

experiment as a function of temperature. This may 
suggest that the same or similar mechanism is operative 
in the temperature range up to 1350 K, where the for­
mation of butenyne is predominant . 

Mechanism of Butenyne Formation. The strong 
inhibition by nitric oxide observed especially at low 
temperatures2 '3 '5) cannot be accounted for by a simple 
bimolecular reaction of acetylene. T h é excited-state 
molecule mechanisms were proposed to be compatible 
with the low activation energy and the inhibition by 
radical scavengers. The following molecular chain 
mechanism involving excited-state molecules was pre­
sented as the most probable one to explain the fairly 
high frequency factor;2»15) 

C2H2 + C2H2 -> C2H2* + G2H2 

C2H2* + C2H2 - • C4H4* 

C4H4* + G2H2 -> C4H4 + G2H2* 

initiation 

chain propagation 

where, C2H2* and C4H4* were supposed to be the 
excited molecules in the triplet state or biradicals. 

In the pyrolysis of the equimolar mixture of G2H2 and 
G2D2, G 4H 3D and C 4 H D 3 would be formed by the 
reaction of G 2 HD molecule with C 2H 2 and G2D2 mole­
cules, respectively. C 2 H D molecule may result from 
the H - D exchange reaction between C 2H 2 and C2D2 

molecules. 
As can be seen from Table 1, the yields of G4H3D and 

G 4 HD 3 are too large to be accounted for by the above 
mechanism, because the yield of G 2 HD in the present 
experiment is less than 10% of the initial acetylene 
concentration. 

The appearance of C 4 H 3 D and G 4 HD 3 in significant 
Quantities in the C 2 H 2 -C 2 D 2 system may suggest that 
the pyrolysis of acetylene proceeds via a free-radical 
mechanism. T h e acitivation energy of 46.4 kcal/mol 
is too low to allow the initiation process of unimolecular 
scission of bonds, C=G and C - H , in acetylene molecule. 
We have tried to interpret our data in terms of a free-
radical chain mechanism initiated by a bimolecular 
reaction of acetylene. This at tempt is basically an 
extention of that proposed by Back.36) And in this 
study each reaction participated in the pyrolysis was 
examined in detail from the thermochertiical point of 
view. 

The heats of formation for the relevant C4 molecules 
and radicals used in the following calculation are the 
same as those evaluated by Cowperwaite and Bauer,37) 
and the heat of formation of 59.6 kcal/mol, the smallest 
value in the literatures, is adopted for C 2 H 3 radical.38) 
The other values are taken from the J A N A F tables. 
The standard heats of the reactions, Ai/°(kcal /mol) , 
are given at 298 K. 

T h e most probable free-radical chain mechanism is 
represented as follows : 

2C2H2 —> C4H3 -f H 

H + G2H2 —»• C2H3 

G2H3 + C2Ha - • C4H4 + H 

C4H3 + G2H2 -> C6H539) 

AH°= 46.2 (6) 

A H ° = - 4 6 . 7 (7) 

AH°= 13.6 (8) 

A / / ° ^ - 2 2 . 0 (9) 

CÔH5 + G2Fa -+ C4H4 + C4H3 A / / ° _ - 1 1 . 0 (10) 

Ethynylvinyl(C4H3) radical has two isomers, 1-ethynyl-
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vinyl and 2-ethynylvinyl radicals. The heat of for­
mation of the former radical is about 20 kcal/mol lower 
than that of the latter.40) In our mechanism C 4 H 3 is 
supposed to be 1-ethynylvinyl radical, since it is more 
advantageous than 2-ethynylvjnyl radical in the view 
of the enthalpy change of Reaction 6. 

In the above mechanism Reactions 8 and 10 are 
regarded as elementary reactions. In reality, however, 
the formation of C 4 H 4 proceeds via relevant hot radical, 
for example, C 4H 6* in the case of Reaction 8. And when 
the energy present in the hot radical C4H5* is low 
enough, the hot radical may be stabilized by the col­
lision with the third body to the G4H5 radical. Thus 
Reaction 8 should be divided into the following two 
reactios ; 

C2H3 + C2H2 -> G4H6 A / / ° = - 3 3 . 4 (11) 

C 4 H 6 - + C 4 H 4 + H AH°= 47.0 (12) 

Reactions 11 and 12 show that G4H4 is formed by addi­
tion and subsequent decomposition reactions of the 
radicals. For simplicity the reactions of both types will 
be referred to addition-decomposition reactions here­
after. 

T h e chain propagation processes to form butenyne 
are composed of addition reaction to acetylene and 
subsequent addition-decomposition reaction. Both rad­
icals, C 4 H 3 and H, generated by the initiation step 
can lead to the production of butenyne . 

When the equimolar mixture of C 2H 2 and C2D2 in 
argon is pyrolyzed, appreciable amounts of C 4H 3D and 
C 4 HD 3 among the butenyne isomers will be produced 
by the above mechanism. This prediction is consistent 
with the observed isotopic distribution of butenyne sum­
marized in Table 1. 

T h e isotopic distribution for the above mechanism 
was calculated in the case where H atom and C 2 H 3 

radical are predominant . If equal collision probabil­
ity for C 2 H 2 and C2D2 is assumed and the kinetic 
isotope effect is neglected, H and D atoms are produced 
by Reaction 6 in equal amounts, and the amounts of 
vinyl radical isomers, C2H3 , C 2H 2D, C 2 HD 2 , and C 2 D 3 

formed by Reaction 7 are also equal. And then C 2 H 2 D 
radical, for instance, will react with C2D2 in the follow­
ing process: 

HDG=CH + DG=CD -> HDC=CHCD=CD 

- ^ H D C = C H C E C D ( C 4 H 2 D 2 ) + D 

(13) 

By the similar reactions to Reaction 13, the equal 
amounts of H and D atoms will be generated again. 
The above estimation produces the ratios among the 
butenyne isomers, C 4 H 4 /C 4 H 3 D/C 4 H 2 D 2 /C 4 HD 3 /C 4 D 4 = 
1/2/2/2/1. The agreement between the calculated and 
the observed values seems considerably good. The 
similar isotopic distribution of butenyne may be obatined 
when the chain propagation step of Reactions 9 and 10 
is dominant. 

In order to estimate the rate constant of the initia­
tion step of Reaction 6, the enthalpy and entropy of 
G4H3 radical were calculated from the spectroscopic 
data of butenyne41) following the evaluation method 

presented by O'Neal and Benson.42) At 1300K the 
enthalpy and entropy changes of Reaction 6 are 47.4 
kcal/mol and 1.16 cal K - 1 m o l , - 1 respectively. The 
reverse rate constant of Reaction 6 is uncertain, but 
may be assumed to be the same as that of recombination 
reaction of atom with radical estimated by Benson 
and O'Neal:43) 

*_6(cm3mol-1s-1) = 1013-3 (14) 

Then combining Eq. 14 with the equilibrium con­
stant at 1300 K, the approximate forward reaction rate 
constant is given by: 

*6(cm3 mol-1 s-1) = 1013-66 exp (-47400/ÄT) (15) 

An alternative initiation step was proposed by Back:36) 

2C2H2 -> C2H + G2H3 AH° = 65.2 (16) 

And the estimated rate constant was given by: 

*16(cm3 mol - 1 s-1) = 1016-7 exp (-70000/RT) (17) 

T h e frequency factor of k16 seems abnormally high,44) 
and k6 is above ten times faster than A:16 in the tempera­
ture range 1000—1350K. Therefore, it may be con­
cluded that Reaction 16 is not likely to occur as the 
initiation step for the formation of butenyne. Reaction 
16, however, may be more important at higher tem­
peratures than Reaction 6 in the view of the entropy 
change.28) 

In the above mechanism the termination occurs via 
the recombination or disproportionation reaction of the 
radicals involved. For the rate constants of the termina­
tion, the recombination rate constant of alkyl radical 
with radical43) may be used as an alternative one; 

At(cm3 mol-1 s-1) = 1012-3 (18) 

where, kt is rate constant of the termination reaction. 
Under the present shock tube experiment the reac­

tion times are extremely short. This provides a serious 
problem in applying the steady-state assumption to the 
system stated above. As to the formation of butenyne, 
however, Silcocks,2) and Cullis and Franklin16) observed 
no appreciable induction period at lower temperatures. 
Accordingly the assumption of steady-state of the rad­
icals may apply to some extent. Imposing the steady-
state of the radicals on the above mechanism, the 
second-order rate of butenyne formation is expressed as ; 

d[C4H4]/d*(mol cm-3 s-1) = *ad(*6/2At)V
2[C2Ha]

2 (19) 

where, £ad is the rate constant of Reaction 8 or 10. 
By the comparison with the observed second-order rate 
constant k3, k&d in Eq. 19 is derived as follows: 

*ad(cm3 mol-1 s-1) - 1013-9 exp (-22600/RT) (20) 

When compared with the rate constant kJ2: 

Aad(cm3mol-1s-1) = 101 3-°exp(-17900/Är) (21) 

T h e addition and addition-decomposition reactions 
may compete with each other. And the addition of 
the radicals to acetylene may proceed successively at 
the lower temperatures, since the addition reaction to 
acetylene has, in general, lower activation energy than 
that of the addition-decomposition reaction. Con­
sequently butenyne may be produced by the subsequent 
addition-decomposition reaction. In the case of the 
competition between Reactions 8 and 11, butenyne 
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may be formed by the reaction of G4H5 radical with 
acetylene : 

G4H5 + G2H2 -> C4H4 + C2H3 &H° = 13.3 (22) 

Generally the bond dissociation energy of C - C is lower 
than that of G - H bond in the larger radicals, and low 
molecular weight molecules may be formed by the C-G 
bond scission rather than the C - H bond fission at the 
lower temperatures. In some experiments at the lower 
temperatures benzene is reported as the main primary 
product.11 '13) This might be interpreted in the similar 
way: 

C6H6 + G2H2 - • C8H7 (23) 

C8H7 + C2H2 -^ C6H6(benzene) + C4H3 (24) 

As mentioned above, the chain propagation steps 
consist of addition and addition-decomposition reac­
tions, and both of which may be expected to show 
similar kinetic behavior regardless of different radicals 
involved. An Arrhenius plot linear within the error 
limits involved in the measurement of acetylene py­
rolysis25) is therefore consistent with our mechanism. 
Palmer and Dormish15) pointed out that the Arrhenius 
plot of the data in the literatures shows a discontinuity 
in the neighborhood of 1000 K, and suggested a change 
of the mechanism of the pyrolysis. But on the basis 
of the similarities that exist between frequency factors 
and activation energies of homologous reactions, it seems 
more likely that from the kinetic data obtained at low 
temperatures where the formation of butenyne domi­
nates, we can predict no change of the chain propaga­
tion step in the mechanism. 

Furthermore, the chain propagation steps initiated 
by H atom and G4H3 radical, respectively, will show 
quite similar kinetic behavior. Thus in the present 
stage we could not determine the relative importance 
of H atom and G4H3 radical in the above mechanism. 
Further study as regards the relative importance of the 
two radicals, G4H3 and H, is in progress. 

Formation ofButadiyne and Hydrogen. At the higher 
temperatures the formation of butadiyne and hydrogen 
becomes important, which may be interpreted in terms 
of a free-radical chain mechanism in the same way. 
The abstraction reaction of H atom from acetylene 
becomes faster than the addition of H atom to acetylene 
with increasing temperature. T h e following chain pro­
pagation may dominate:28 '34) 

H + C2Ha - • H2 + G2H AH°= 7.7 (25) 

G2H + C2H2 -». G4H2 + H AH°= - 4 . 8 (26) 

T h e alternative scheme of Reaction 26 is as follows : 

HC=C- + HGsCH -> HG=GCH=CH 

A i / ° = - 4 4 . 8 (27) 

HC=GGH=GH -> H G E G - G E G H + H 

AH°= 40.0 (28) 

As shown in Reaction 27, the stabilized G4H3 radical 
is 2-ethynylvinyl radical, which is different from that 
produced by Reaction 6. 

At the higher temperatures covered in the present 
experiment the amount of hydrogen is greater than that 
of butadiyne. This implies that another path to yield 

hydrogen is operative, since by the above chain propaga­
tion nearly equal amounts of hydrogen and butadiyne 
may be formed. One of the possible paths is the 
decomposition of butenyne by the following reactions : 

H + C4H4 -* H2 + G4H3 AH° = - 2 4 . 9 (29) 

C2H + C4H4 - • G2H2 + G4H3 AH° = - 3 2 . 6 (30) 

In the present experiment the sum of carbon atom 
over the whole products was less than that of hydrogen 
atom. There must have been some undetected hydro­
carbons present, containing on the average less than one 
atom of hydrogen per a tom of carbon. Thus C 6 H 2 and 
C8H2

25 '26) appear possible hydrocarbons undetected in 
the present analysis. As the pyrolysis continues the 
following reactions may be expected to occur; 

H + G4H2 -+ C4H + H2 (31) 

G4H + G2H2 -+ C6Ha + H (32) 

and succeeded by: 

H + G6H2 -> G6H + H2 (33) 

C6H + G2H2 -> G8H2 + H (34) 

T h e formation of carbon soot becomes very impor­
tant with increasing temperature at high temperatures. 
But this problem is beyond our discussion. Under the 
experimental conditions studied, however, the formation 
of soot was insignificant. 

As shown in Fig. 1, the activation energies of buta­
diyne and hydrogen formation are higher than that of 
butenyne. Assuming the second-order rates for buta­
diyne and hydrogen production, the activation en­
ergies of 69.5 and 77.6 kcal/mol were obtained, respec­
tively. If the formation of butadiyne and hydrogen 
were the predominant reaction consuming acetylene, 
the low activation energy of 41.6 kcal/mol of £4 would 
be difficult to be accounted for. Therefore, the second­
ary reactions which consume acetylene, with lower 
activation energies than those of the main reactions, 
or which reproduce acetylene might contribute to lower­
ing the apparent activation energy of the over-all acet­
ylene consumption reaction. 

Secondary Products. As the minor products the 
hydrocarbons containing odd number of carbon atoms, 
GH 4 and G3H4, were produced. T h e formation of 
these products may be easily accounted for by the re­
action of the radical involved in the mechanism stated 
above. For example, C H 3 radical may be formed by 
the isomerization and decomposition of C 6 H 7 radical as 
follows ;36) 

G4H5 + G2H2 -» H2C=CH-GH=GH-GH=GH (35) 

and then 1,5 hydrogen shift may occur: 

-> H 3 C - C H - G H = C H - G E G H (36) 

The terminal methyl group may split off to GH 3 radical. 
GH 3 radical will abstract a hydrogen atom from acet­
ylene to form GH 4 molecule. G3H3 radical may be 
generated in the similar way, which will ultimately 
lead to the formation of aliène and propyne. Benzene 
may also be produced from C 6 H 7 radical:45) 

C6H7 -> C6H6(benzene) + H (37) 

T h e formation of benzene provides an evidence that the 
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chain of carbon atoms has extended to six within the 
reaction times in the present experiment. And the 
participation of G6 radicals may be justified. Con­
siderable amount of ethylene was obtained in the persent 
analysis. There are two possible paths to yield eth­
ylene : 

G2H3 + C2H2 -> G2H4 + C2H AH°= 12.7 (38) 

2G2H3 -> G2H4 + G2H2 A # ° = - 5 2 . 5 (39) 

The trace amounts of ethane and 1,3-butadiene may 
result from the recombination reactions of two GH 3 and 
G 2H 3 radicals, respectively. T h e ratio of dispropor-
tionation reaction rate constant to that of recombination 
is uncertain, but it is more likely that ethylene is formed 
mainly by the reaction of C 2 H 3 radical with acetylene. 

The author would like to thank. Professor Kenji 
Kura tani , T h e University of Tokyo, for his valuable 
discussions and suggestions throughout this investiga­
tion. 
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The molecular structure of [NiGl2{Me2«^oMen)P}2], an asymmetric hydrosilylation catalyst of olefin was 
determined by means of X-ray diffraction. This complex forms dark red monoclinic crystals; a=9.527(l), £=8.048 
(2), c= 19.461(3) A, ̂ =99.12(1)°, space group P2X w i t h Z = 2 . The structure, determined by the heavy-atom 
method, has been refined anisotropically by a least-squares procedure to R= 0.099 for 3023 non-zero reflections. 
The geometry around the nickel atom is trans-square planar [Ni-Gl 2.151(5) and 2.175(6) Â, Ni-P 2.239(5) and 
2.230(5) A]. Two neomenthyl groups are located above and below the co-ordination plane. 

A variety of dihalodiphosphinenickel(II) complexes 
have been found to be effective catalysts for hydro­
silylation of olefins and acetylene by K u m a d a and 
co-workers.1-3) Dichlorobis (dimethylneomenthylphos-
phine)nickel(II) is a complex in which each phos-
phine has a chiral substituent, and is also a catalyst 
for the hydrosilylation of olefins.4) 

This paper describes the X-ray molecular structure 
of dichlorobis (dimethylneomenthylphosphine) nickel (II) 
[NiGl2{Me2neoMen)P}2].*** Interest in the correla­
tion between molecular structure and the catalytic 
activity for asymmetric hydrosilylation of olefins pro­
moted this study. 

Exper imenta l 

The crystals of [NiCl2{Me2«£oMen)P}2] used in this study 
were provided by Professor Kumada and co-workers of Kyoto 
University. They are dark red, long and prismatic and 
sublime gradually at room temperature. Preliminary oscil­
lation and Weissenberg photographs taken with GuKa radia­
tion showed that the crystal belongs to the monoclinic 
system. The systematic absence of reflections (OkO for k= 
2n+l) indicated the space group to be P2j or ̂ Jm. The 
correct space group was determined to be P2X on the basis 
of the optical activity of this complex since the molecule 
contains asymmetric carbon atoms. 

The unit-cell dimensions were determined by a least-
squares fit from 20 values of 20 high-angle reflections measured 
on a G. E. single-crystal orienter mounted on a Rigaku SG-2 
goniometer. 

Crystal Data: G24H50Cl2NiP2, FW 530.2, monoclinic, 
space group P21? a=9.527(l), £=8.048(2), c= 19.461 (3) A, 
0=99.12(1)°, C/=1473.3(4)A3, Z = 2 , Z>c= 1.20 gem-», 
/i(Mo)=9.5cm-1 . 

The intensity data were collected using a Rigaku automated, 
four-circle diffractometer using zirconium-filtered MoKa. 
radiation. The 6—20 scan technique was employed. The 
integrated intensity of each reflection was determined by 
scanning over a peak at a rate of 4° min -1, and subtracting 
the background obtained by averaging the two values measur­
ed for 5 s at both ends of the scan. The 20 scan width 
was from —1.0° for the A"ax peak to 1.0° for the Ktx2 peak. 
A total of 1508 reflections (F(hkl)'s, sin0/A<O.482) was meas-

* Read at the 21st symposium on Organometallic 
Chemistry Japan, Sendai, Oct. 4 (1973). 

** To whom correspondence should be addressed. 
*** neoM.cn: neomenthyl group. 

ured at room temperature. At the same time an other set 
of data (F(hkî)'s) was also collected in order to determine the 
absolute configuration of the molecule. The crystal used 
had the dimensions of 0.20x0.18x0.10 mm and was coated 
with collodion. This crystal was too small, however, to give 
sufficient intensity for high-angle reflection measurements. 
Therefore, a second crystal of dimensions of 0.25x0.20 
X 0.18 mm was chosen, and the remaining 1802 reflections 
(O.48<sin0/A<sO.63) were measured. The intensities of three 
standard reflections, 020, 003, and 400 were measured after 
every 50 reflections. The intensities of these reflections de­
creased almost uniformly with time due to the gradual 
decomposition of die crystal. A linear correction was applied 
to each set of data, and then the relative scaling between 
two sets of data was carried out by comparing the intensities 
of standard reflections in the two sets. A total of 3310 
independent intensity values within a 20 sphere of 53°(sin0/ 
A^0.63) was obtained. Lorentz and polarization corrections 
were made in the usual manner, while neither absorption 
nor extinction corrections were applied to the intensity data. 

Solut ion a n d Ref inement o f the Structure 

The structure was determined by the heavy-atom 
method. Approximate co-ordinates of the nickel, the 
two chlorine and the two phosphorus atoms were 
obtained from a three-dimentional Patterson function. 
The subsequent Fourier synthesis revealed positions of 
all the remaining non-hydrogen atoms. 

The structure was refined by the block-diagonal 
least-squares procedure using the HBLS-V program.5) 
The quanti ty minimized was S ( I ^ 0 I — k\Fc\)

2, where k 
is a scaling factor. The atomic scattering factors used 
were taken from those given by Hanson and co-work­
ers.6) Since the space group is P2 l 5 the y parameter 
of the nickel a tom was fixed at 0.25 in order to define 
the origin of the unit-cell. The difference Fourier map 
did not clearly reveal any hydrogen atom positions. 
An at tempt to find the positions of the hydrogen atoms 
by the technique of LaPlaca and Ibers7) was also 
unsuccessful. Hydrogen atoms except for methyl 
hydrogen (20 out of the 50 hydrogen atoms) were 
then located assuming a G - H bond length of 1.08 Â 
and a tetrahedral angle for each carbon atom. In 
subsequent refinements, the contributions were included 
in the structure factor calculations, their parameters 
being fixed. The final R is 0.099 for 3023 non-zero 
reflections. 

neoM.cn
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In order to determine the absolute configuration 
of the molecule, a refinement was also carried out 
of the structure obtained and its enantiomorph. T h e 
R factors converged to 0.0689 and 0.0702, respectively, 
for the sets of F(hkl) and F (MÛ) data (sin0/A=O.48), 

whereas for the enantiomorphic structure it converged 
to the slightly higher R values, 0.Ö697 and 0.0710, 
respectively. T h e former structure was, therefore, 
chosen as the final result (Fig. 1 ). This result confirmed 
the absolute configurations of both neomenthyl groups. 

TABLE 1. POSITIONAL AND THERMAL PARAMETERS OF ATOMS 

(e.s.d.'s in parentheses) 

(a) Fractional co-ordinates. 

Atom 

Ni 
Gl(l) 
Gl(2) 
P(l) 

P(2) 
G(l) 
G(2) 
G(l l) 
G(12) 
C(13) 
C(14)-
G(15) 
C(16) 
G(17) 
G(18) 

(b) 

Atom 

X 

-0.01391(17) 
0.0086(5) 

-0 .0358(5) 
-0 .2060(4) 

0.1726(4) 
-0.2874(15) 
-0.3553(17) 
-0.4187(13) 
-0.3066(13) 
-0.1785(10) 
-0.1043(15) 
-0.2156(15) 
-0.3441(15) 
-0.5389(15) 

0.0318(14) 

y 

0.25000 
0.4215(5) 
0.0791(5) 
0.1292(4) 

. 0.3737.(5) 
0.2292(18) 
0.1376(27) 

-0.2038(20) 
-0.2116(17) 
-0.0975(14) 
-0.1337(19) 
-0.1291(20) 
-0.2431(26) 
-0.3233(24) 
-0.0319(17) 

z 

0.24917(8) 
0.1668(2) 
0.3334(2) 
0.1882(2) 
0.3125(2) 
0.1088(7) 
0.2379(9) 
0.1042(7) 
0.1703(6) 
0.1706(6) 
0.1054(6) 
0.0384(7) 
0.0423(7) 
0.1081(10) 
0.1014(7) 

Anisotropic temperature factors (XlO4) expressed in 
form exp { -

Ai 

-(ßnh2+ßnk* + ß 

ßii 

'Z3l* + ß12hk + ß13 

. ßzz 

Atom 

C(19) 
C(20) 
G(3) 
G(4) 
C(31) 
C(32) 
G(33) 
C(34) 
G(35) 
C(36) 
C(37) 
C(38) 
G(39) 
G (40) 

the 
,hl + ß23kl)}. 

X 

0.1447(14) 
0.0975(17) 
0.2526(16) 
0.3242(14) 

-0.0740(17) 
-0.0359(13) 

0.1246(12) 
0.2105(13) 
0.1697(18) 
0.0098(18) 

-0.2365(17) 
0.3716(13) 
0.4009(15) 
0.4497(16) 

ßi. 

y 

-0.0607(26) 
-0.0803(26) 

0.2558(23) 
0.3862(20) 
0.5348(21) 
0.5984(16) 
0.5899(15) 
0.6902(16) 
0.6315(21) 
0.6304(21) 
0.5454(29) 
0.7054(18) 
0.7924(26) 
0.8019(24) 

ß\Z 

z 

0.1683(8) 
0.0363(11) 
0.3920(8) 
0.2628(8) 
0.4034(7) 
0.3354(6) 
0.3314(5) 
0.3918(6) 
0.4637(6) 
0.4633(7) 
0.4039(10) 
0.3902(8) 
0.3235(9) 
0.4558(9) 

ßiZ 

Ni 
Gl(l) 
Gl(2) 
P(l) 
P(2) 
G(l) 
C(2) 
G(l l) 
G(12) 
G(13) 
G(14) 
G(15) 
G(16) 
G(17) 
G(18) 
C(19) 
G (20) 
C(3) 
C(4) 
C(31) 
G(32) 
C(33) 
G (34) 
C(35) 
C(36) 
G(37) 
C(38) 
G (39) 
G (40) 

139.6(18) 
245.3(65) 
283.5(74) 
124.2(40) 
123.3(39) 
184(20) 
157(21) 
104(15) 
146(17) 
81(12) 

170(19) 
182(21) 
192(21) 
133(19) 
156(19) 
115(17) 
208(24) 
192(21) 
136(18) 
212(24) 
133(16) 
123(14) 
129(15) 
258(27) 
244(26) 
176(24) 
113(16) 
136(19) 
159(21) 

119.8(19) 
171.6(64) 
172.1(65) 
130.8(51) 
139.9(54) 
135(23) 
396(52) 
241(32) 
.175(26) 
110(17) 
205(27) 
213(29) 
297(37) 
285(41) 
138(22) 
340(45) 
331(44) 
221(30) 
210(30) 
219(30) 
140(21) 
127(18) 
143(21) 
233(31) 
234(33) 
369(51) 
176(28) 
338(48) 
311(44) 

18.6(3) 
24.1(9) 
22.7(8) 
27.7(9) 
25.9(9) 
46(5) 
55(6) 
38(4) 
29(4) 
28(3) 
20(3) 
29(4) 
30(4) 
64(7) 
44(5) 
46(5) 
34(5) 
42(5) 
58(8) 
26(4) 
27(3) 
17(3) 
29(4) 
17(3) 
30(4) 
71(8) 
56(6) 
55(6) 
56(7) 

27.9(41) 
-44.4(109) 
-68.9(117) 

50.0(79) 
71.0(80) 

182(40) 
92(56) 
56(36) 
4(34) 

23(24) 
92(39) 
21 (44) 
52(60) 

-86(48) 
52(35) 
44(48) 

-20(56) 
-21(52) 
-37(40) 
-28(46) 

34(31) 
40(27) 
58(30) 
15(50) 
49(51) 

-3 (61) 
18(33) 
0(50) 

-17(48) 

7.0(12) 
6.4(38) 

18.9(39) 
-0 .5 (31) 

5.9(30) 
-55(16) 
104(20) 
-8 (13) 
14(12) 
7(10) 

17(12) 
-2 (14) 

-35(14) 
0(19) 

56(16) 
9(15) 

89(17) 
-80(16) 

82(17) 
35(15) 

-8 (11) 
6(9) 

-14(12) 
-3 (14) 
92(17) 

153(24) 
-24(15) 

49(18) 
-9 (18) 

-0 .1 (14) 
18.4(40) 
30.8(41) 

-11.8(38) 
16.6(38) 
8(19) 

-76(31) 
1(20) 

-39(16) 
-12(13) 
-25(16) 
-47(19) 
-55(24) 
-28(29) 
-7 (18) 

-24(27) 
5(24) 

50(24) 
-113(24) 

6(18) 
-24(15) 

10(12) 
-21(15) 
-51(17) 
-22(20) 
-16(36) 
-10(22) 

65(30) 
-154(29) 
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TABLE 1. (continued) 

(c) Calculated co-ordinates and assigned isotropic temperature factors for hydrogen atoms. 

Atom 

H( l l ) 
H(12A) 
H(12B) 
H(13) 
H(14) 
H(15A) 
H(15B) 
H(16A) 
H(16B) 
H(18) 

X 

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

y 

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

z 

0.099 
0.176 
0.215 
0.218 
0.110 

- 0 . 0 0 6 
0.031 
0.047 

- 0 . 0 0 6 
0.098 

B 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

Atom 

H(31) 
H (32 A) 
H(32B) 
H(33) 
H (34) 
H (35 A) 
H(35B) 
H(36A) 
H(36B) 
H (38) 

X 

- 0 . 0 3 9 
- 0 . 0 7 1 
- 0 . 0 9 3 

0.155 
0.176 
0.223 
0.208 

- 0 . 0 1 2 
- 0 . 0 2 5 

0.412 

y 

0.405 
0.727 
0.526 
0.657 
0.819 
0.707 
0.502 
0.581 
0.760 
0.571 

z 

0.411 
0.329 
0.293 
0-287 
0.384 
0.506 
0.474 
0.513 
0.461 
0.390 

B 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

Table 2. 
T h e co-ordination geometry around the nickel a tom 

is frmy-square planar, the deviations of Ni, Gl ( l ) , 
CI(2), P ( l ) , and P(2) atoms from the co-ordination 
plane being 0.018, 0.009, 0.009, - 0 . 0 1 8 , and - 0 . 0 1 8 
Â, respectively. 

T h e Ni-Gl bond lengths, 2.151(5) and 2.175(6) (av 
2.163) Â are in agreement with the value 2.166(1) Â 
reported for [NiCl2(C8H14PPh)2],8> and are comparable 
to those of 2.175(2) and 2.167(2) Â found in [NiCl2-
{(MeO)2C5H8PPh}2].9> The N i - P length are 2.239(5) 
and 2.230(5) (av 2.235) A, which are equal to the 
values 2.227(1) and 2.232(3) Â reported for [NiCl2-
(C8H1 4PPh)2] and [NiBr2{(*-Bu)2PF}2],10> respectively. 
They are equal to or slightly shorter than the values 
2.245(2) and.2.254(2) Â in [NiCl2{(MeO)2G5H8PPh2}]. 
They are significantly shorter than those of 2.251(3) and 
2.263(7) Â found in diamagnetic trans-square planar 
[NiBr2(Me2PhP)2]11) and [NiBr2(PhCH2PPh2)2],1 2) 
respectively, and are also shorter than those of 
2.263(3) and 2.273(3) A in distorted tetrahedral 
[Ni(N3)(NO)(PPh3)2].13> However, they are slightly 
longer than the values 2.175(4) or 2.220(3) A in trans-
square planar [Ni(PhC=C)2(Et3P)2]14 '15> and 2.221(1) A 
in distorted tetrahedral [Ni(CO)2(Ph3P)2].16> 

The conformation about P ( l ) -N i -P (2 ) shown in 
Fig. 3 is approximately staggered. Two neomenthyl 
groups bonded to the P ( l ) and P(2) atoms are located 
above and below the co-ordination plane. The con­
formations about the P( l ) -G(13) and P(2)-G(33) bonds 

Fig. 2. A stereoscopic drawing19) of the molecule. 

t The table of observed and calculated structure factors is kept as Document No. 7705 at the Chemical Society of 
Japan. 

The positional and thermal parameters are given in 
Table l.t 

Results and Discussion 

The molecular structure is illustrated in Fig. 1. 
A stereoscopic drawing of the molecule is given in 
Fig. 2. Bond lengths and bond angles are listed in 

Fig. 1. An ORTEP drawing19) of the molecule with 
the numbering of atoms. 
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TABLE 2. BOND LENGTHS AND BOND 

(a) Bond lengths [Z/Â] 

Ni-Cl(l) 2.151(5) 
Ni-P(l) 2.239(5) 
P(l)-C(l) 1.805(15) 
P(l)-C(13) 1.883(12) 
P(2)-C(4) 1.864(17) 
C(ll)-C(12) 1.537(21) 
C(ll)-G(17) 1.507(25) 
C(13)-G(14) 1.573(19) 

(b) Bond angles|>/°] 

Cl(l)-Ni-Gl(2) 
Gl(l)-Ni-P(2) 
Gl(2)-Ni-P(2) 
Ni-P(l)-Gl(l) 
Ni-P(2)-G(33) 
Ni-P(2)-C(3) 
G(13)-P(l)-C(2) 
G(33)-P(2)-G(3) 
G(3)-P(2)-C(4) 
G(12)-G(ll)-G(17) 
G(ll)-G(12)-G(13) 
G(12)-G(13)-G(14) 
G(13)-G(14)-G(15) 
G(15)-G(14)-G(18) 
G(15)-G(16)-G(ll) 
C(14)-C(18)-G(20) 
G(32)-G(31)-G(36) 
G(36)-G(31)-C(37) 
G(32)-G(33)-G(34) 
G (34) -G (33) -G (35) 
G(33)-G(34)-G(38) 
G (34)-G (35)-G (36) 
G(34)-G(38)-G(39) 
G (39)-G (38)-G (40) 

(c) Short atomic contacts 

Ni-C(19) 3.43: 

Ni-Gl(2) 2.175(6) 
Ni-P(2) 2.230(5) 
P(l)-G(2) 1.814(22) 
P(2)-G(3) 1.871(19) 
P(2)-G(33) 1.852(12) 
G(ll)-G(16) 1.525(26) 
C(12)-G(13) 1.527(18) 
G(14)-G(15) 1.546(22) 

179.2(2) 
87.7(2) 
91.7(2) 

117.7(5) 
109.2(4) 
110.6(5) 
105.8(8) 
113.2(7) 
102.1(8) 
111.4(14) 
115.3(11) 
110.3(10) 
109.9(12) 
114.4(12) 
112.9(15) 
111.1(13) 
109.3(13) 
111.9(15) 
110.3(10) 
110.0(11) 
115.7(11) 
112.5(13) 
111.5(13) 
109.5(14) 

; [//Â] and angle [<p/°] 

1(21) Ni-H(32B)a) 

ANGLES (e.s.d.'s in parentheses) 

G(14)-G(18) 1.546(21) 
G(18)-C(19) 1.569(25) 
G(31)-C(32) 1.516(21) 
G(31)-C(37) 1.551(29) 
G (33)-G (34) 1.549(19) 
G (34)-C (38) 1.544(20) 
G(38)-G(39) 1.538(26) 

Gl(l)-Ni-P(l) 
Gl(2)-Ni-P(l) 
P(l)-Ni-P(2) 
Ni-P(l)-G(13) 
Ni-P(l)-G(2) 
Ni-P(2)-G(3) 
C(13)-P(1)-G1(1) 
G(ll)-P(l)-C(2) 
G(33)-P(2)-G(3) 
C(12)-G(ll)-C(16) 
C(16)-G(ll)-G(17) 
P(l)-G(13)-G(12) 
P(l)-G(13)-G(14) 
G(13)-G(14)-C(18) 
G(14)-C(15)-G(16) 
G(14)-C(18)-C(19) 
G(19)-G(18)-C(20) 
G(32)-G(31)-C(37) 
G(31)-G(32)-G(33) 
P(2)-G(33)-G(32) 
P(2)-G(33)-G(34) 
G (35)-C (34)-G (38) 
C (35)-G (36)-G (31) 
G (34)-G (38)-G (40) 

2.54 P(2)-Ni-

G(15)-G(16) 1.541(26) 
G(18)-C(20) 1.549(25) 
C(31)-G(36) 1.514(24) 
G (32)-C (33) 1.545(17) 
C (34)-G (35) 1.538(21) 
G(35)-C(36) 1.522(24) 
G (38)-G (40) 1.577(25) 

93.1(2) 
87.6(2) 

178.0(2) 
113.0(4) 
109.8(7) 
114.5(6) 
109.3(6) 
99.8(8) 

106.8(7) 
107.7(13) 
111.1(15) 
116.7(8) 
114.8(9) 
115.5(12) 
112.8(14) 
110.5(13) 
109.1(14) 
111.3(14) 
113.9(11) 
109.3(8) 
121.5(9) 
115.2(12) 
114.3(14) 
111.4(13) 

-H(32B)a> 71.1 

a) Positional parameters of the H(32B) atom were calculated under the assumption that the G(sp3)-H bond 
length is 1.08Â. 

are intermediate between staggered and eclipsed 
conformations (Fig. 4) . However, there is a signifi­
cant difference in both conformations. The neomentyl 
group about the P ( l ) -C(13) bond is rotated by ca. 
120° with respect to that about the P(2)-C(33) bond. 

T h e steric hindrance between the neomenthyl and 
methyl groups on the phosphorus causes distortions 
of the P - G - C angles. T h e P ( l ) -G(13) -G(12) , P ( l ) -
C(13)-C(14) , and P(2)-G(33)-G(34) angles, 116.7(8), 
114.8(9), and 121.5(9)°, are considerably different from 
the normal value of 109.5°. 

T h e G(19) and G(32) atoms are located in the 
vacant positions respectively above and below the 
nickel atom. An equatorial hydrogen atom, H(32B) 
attached to the G(32) atom has a short intramolecular 
atomic distance of 2.54 A with the nickel atom. 
Although the position of this hydrogen atom is the 
Calculated value, this short distance suggests the exist­

ence of a metal-hydrogen interaction in the present 
complex. Such short distances between metal and 
hydrogen atoms are also found in [PdI2{(Me2Ph)P}2] 
( P d - H 2.84 and 2.85 Â (red isomer) and 3.28 Â 
(yellow isomer))") and [ P d I 2 ( P h 3 P ) 2 ] ( P d - H 3.18Â).18) 

The bond lengths and bond angles of both the 
neomenthyl groups appear to be normal for the sp3 

carbon (G-C(av) = 1.543 Â and C-C-C(av) = 111.9°), 
except for the bond angles given above. 

Figure 5 shows a stereoscopic drawing of the molec­
ular packing along the b axis. No abnormally short 
intermolecular atomic distance is present. 

The calculations were carried out on the NE AG 
2200-500 computer at Osaka University. 

This work was supported in par t by a Grant-in-Aid 
for Scientific Research from the Ministry of Education 
(No, 843005), for which the authors express their grati-
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.C(20) 

0.(1) 

C(39) 

C(37) 

Fig. 3. The conformation about the P(l)-Ni-P(2) 
bond. 

)C(19) 

C(20) 
-QC(18) 

C(14)b 

C(15)(f CK(1) 

C(16)b 

ON1 

I P ( 1 ) - C ( 1 3 ) 

\ S J l ( z ) 

/C(12) 

-c(c{n) 

C(17)b 

C(4L 

C{39) 

Q N i PCO?) 

I ^ 3 2 ) J 
I P^---OC(31) 

j^ ( 2 ) - C ( 3 3 ) \c (36) 
\ \ C ( 3 ) / 

0 (34 )^ -^^ /0 (35 ) 

-</c(38) 

Oc(40) 

Fig. 4. The conformations about the P(l)-C(13) and 
P(2)-C(33) bonds. 

tude. The authors express their deep thanks to Profes­
sor Makoto K u m a d a and his co-workers of Kyoto 
University for kindly providing the crystals and for 
many helpful discussions. 
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Violet Emission Bands of the CN Radical Produced 
by Photodissociation of BrCN 

Setsuko TATEMATSU, Tamotsu K O N D O W , Toru NAKAGAWA, and Kozo KUGHITSU 

Department of Chemistry, Faculty of Science, The University of Tokyo, Bunkyo-ku, Tokyo 113 
(Received January 10, 1977) 

The violet emission spectra of CN(B2S—X2]>]), Az>=0, were observed by the photodissociation of BrCN 
by Lyman-a radiation (121.6 nm). The peak intensities for the vibrational levels z/^1 relative to v'=0 decreased 
with the BrCN pressure (up to 2 Torr), whereas at 0.1 Torr or lower the spectrum was essentially independent 
of the pressure. The relative vibrational populations (v'=0—10) and the effective rotational temperatures were 
estimated by a band-envelope analysis. The effective rotational temperature, estimated to be 2000±200 K for 
o'=0—4, was practically independent of the pressure. Within the low-pressure limit the distributions of the excess 
energy to vibration and rotation were estimated to be 0.50±0.08 and 0.17±0.02 eV, respectively. 

T h e kinetic and internal energies contained in the 
fragments produced by dissociation of polyatomic 
molecules have been investigated by various methods. 
Wilson et al.1'2) measured the translational energies 
of fragments by the time-of-flight technique applied 
to laser photodissociation of molecular beams. The 
internal excitation of fragments can be studied by 
emission spectroscopy. For instance, the rotational 
distribution of the O H ( A 2 S ) formed in the photo-
dissociation of H 2 0 was measured by Carrington.3) 

The emission spectra of the CN(B 2 S) produced in 
the vacuum-ultraviolet photodissociation of cyanides 
were measured by Mele and Okabe,4> by whom the 
vibrational and rotational distributions were reported. 
The i r estimations could be only qualitative,5) since 
their spectral resolution was only about 0.5 nm and 
since their light sources, mostly rare-gas resonance 
lines, were not monochromatic. Despite these limita­
tions, they showed that the distributions of internal 
energies contained in CN(B 2 S) had a characteristic 
dependence on the cyanides from which they were 
formed. Their estimates of the energy distributions 
were often referred to as a basis for theoretical con­
siderations on the dynamics of dissociative excitation.6-8) 
Furthermore, the distributions appeared to be re­
markably different from those of the CN(B 2 S) radicals 
formed from the same cyanides by impact of electrons9) 
or metastable argon atoms10»11) instead of photons. 
In order to supply more quantitative information in 
this regard, we have undertaken systematic measure­
ments of the CN violet bands produced from various 
cyanides by Lyman-a radiation using higher resolution. 
The present report is concerned with the BrCN case 
measured at different sample pressures. 

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

The apparatus consists of a vacuum-ultraviolet source, a 
sample cell and a detection system (Fig. 1). The Lyman-
a radiation was obtained by 2450 MHz microwave discharge 
in a 1:3 mixture of hydrogen and helium gases. This mixture, 
purified by a liquid-nitrogen trap filled with molecular sieve 
13X, was introduced into a quartz discharge tubing (15 mm 
o.d.), and the light was admitted into the sample cell through 
a MgF2 window of 1.0 mm thickness. The pyrex cell, o.d. 
about 40 mm and length 60 mm, was coated inside with 
graphite to reduce stray light. The sample gas was intro­
duced through needle valves, the pressure being monitored 
during the observation with a Pirani gauge calibrated against 

Sample 
Cel 

Lamp 

Fig. 1. A schematic design of the apparatus. 
1) Microwave discharge, 2) water-jacket, 3) MgF2 

window, 4) needle valves, 5) quartz window, 6) 
Pirani gauge, 7) quartz lens. 

a McLeod gauge. 
Fluorescence from the emission region was detected in a 

direction perpendicular to the incoming photons. The 
emission was focussed through a Suprasil window (20 mm 
diameter) and a collimating lens into the entrance slit of 
Nikon P-250 grating monochromator. (1200 Gr/mm). The 
slit width was adjusted in the range between 10—60 [xm. 
The slit width of 50 (/.m corresponds to an energy resolution 
of 0.2 nm. The signal from a photomultiplier (HTV R585) 
was measured by a photon counting system. The relative 
intensity response of the spectrometer and the detection 
system was calibrated by a halogen standard lamp (JC 
12V-50W of Ushio Electric Co.), the color temperature of 
which was determined at the Electrotechnical Laboratory. 

A commercial sample of BrCN (Nakarai Chemical, Co.) 
was purified by vacuum distillation. The IR spectrum 
showed no evidence of impurities. The emission spectra 
were observed at BrCN pressures ranging from about 0.01 
to 2 Torr. 

The reproducibility of the observed spectra depends mainly 
on the stability of the light source and the sample pres­
sure, which was kept constant by needle valves during 
the observation. Though the intensity of the lamp was not 
monitored during the spectral measurement, its stability was 
tested by recording the emission intensity at a fixed wave­
length over the time interval needed for scanning the whole 
spectral region. Moreover, a check of reproducibility of 
the intensity signal was made immediately before and after 
each measurement. From these tests, the total error in the 
observed spectrum, including the random errors caused by 
the instability of the light source, the sample pressure and the 
detection system, was estimated to be less than 10% of the 
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highest peak. 

R e s u l t s and Ana lys i s 

Observed Spectra. The A y = 0 series of the CN 
violet band ( B 2 S — X 2 S ) observed around 388 nm 
(Fig. 2) was assigned according to the table prepared 
by Pearce and Gaydon.12) Though the sequences of 
Az>=0 and Az>= — 1 of the violet system were observed, 
the former was used in the analysis, because the in­
tensity of the latter was not strong enough. T h e v'=0 
peak is the strongest and the intensities of the l ^ z / 
^ 4 peaks decrease with v'. Bands of the 5 ^ z / ^ 10 
levels are overlapped by those of the lower levels, 
and the y ' S l l bands, which should appear above 
391 nm, are not detectable. 

The observed dependence of the spectrum on the 
BrCN pressure is shown in Fig. 3. Below about 0.1 
Torr the spectrum is nearly independent of the sample 

43 2 
I I I 

11 

I 

3 8 0 382 384 386 388 nm 390 

Fig. 2. Emission spectra of the C N ( B 2 S - X 2 S ) , A^= 
0 band from BrCN taken with a slit width of 10 y.m. 
The numbers indicate positions of the P-branch heads 
for the v'=0—4 and 11 bands. 

0.04 Torr 

384 386 3 8 8 nm 

Fig. 3. Emission spectra of the CN(B aS - X 2 S ) , A»=0 
band produced by the photodissociation of BrCN 
taken at different sample pressures with a slit width 
of 40 [Am. 
The broken line represents the background contribu­
tion from the R-branch contour of the (0, 0) band 
calculated at T r=2000 K, 

pressure, but at a higher pressure the peak intensities 
for v'^l relative to z / = 0 decrease with the pressure, 
until at about 2 Torr they are almost completely 
obscured by the R-branch tail of the (0,0) band. 
O n the other hand, there is no observable effect of 
pressure on the band shapes, particularly as regards 
the peak (the P-branch head) of the (0,0) band. 

Band-Envelope Analysis. T h e relative vibrational 
populations were estimated by a band-envelope simula­
tion using a M E L C O M 7000 computer in the Edu­
cational Computer Center of the University of Tokyo. 

The relative intensity (the number of photons) of 
a transition from the (v',N') level to the (v",N") level 
can be expressed13) by 

I(v\N'-o",N")cc-£!—.v*.qv.j.'Slf.,lf'>-Rv>(N') (1) 
U,r,v' 

where v and N are the vibrational and rotational 
quan tum numbers, respectively, v is the transition 
frequency, Pv> is the population, qv',v" is the Franck-
Condon factor, SN'iN" is the rotational line strength, 
and RV'(N') is the rotational distribution function. 
T h e rotational state sum, Q_r,v', is given by 

<Lry = 'EgN'Rv'W) (2) 
N' 

where gN> represents degeneracy. If the rotational 
distribution is described by a Boltzmann function, 
then RV'(N') is given by 

RV>(N') = cxp{-hcBv'N'(N'+l)/kTv(v')} (3) 

where Tt(v') is an effective rotational temperature for 
the vibrational state v'. 

The band envelope was obtained from I(v',N' — 
v",N") by use of the experimental parameters of the 
band origin ^o,14»15) Z?/,14»15) and qv',v".16) A Gaussian 
slit function, which was estimated from the observed 
shape of the H g 404.7 nm line measured under similar 
experimental conditions, was taken into account. The 

a)obs 

b)calc. 

c)calc. 

382 384 3 8 6 388 nm 

Fig. 4. Comparison of the calculated band envelopes 
of the CN violet Av=0 bands with the observed 
spectrum produced by the photodissocation of BrCN. 
a) Observed at 0.03 Torr, b) calculated with Tr(v'= 
0—10) = 2000 K; best-fit, c) calculated, with TI(v'= 
0—10) = 1000 K. 
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parameters, Nv> and T^v'), were adjusted in such a 
way that the calculated band envelope fits the observed 
spectrum. A typical comparison of the observed and 
calculated band envelopes is shown in Fig. 4. 

It was possible to estimate the effective rotational 
temperatures for v' = 0—4 independently from their 
individual band shapes. T h e values turned out to 
be essentially equal, 2000±200 K. O n the other hand, 
the band shapes were insensitive to the assumed values 
of Tz(v') for v'=5—10. The effective temperatures 
were therefore assumed to be all equal, 2000 K. 

The relative vibrational populations of C N ( B 2 2 ) 
thus estimated are plotted in Fig. 5 for the different 
sample pressures. The population for »' = 11 level, 
which has a negligible intensity, is assumed to be zero, 
and those for the levels v' = 5 —10 are estimated by 
a smooth interpolation. Since the vibrational popula­
tions estimated for pressures lower than 0.1 Torr are 
essentially unchanged, they are assumed to be the 
initial populations unaffected by collisional relaxation 

1.0f 

oM 

0 2H 

0.0 

o 0.04 Torr 
A 0.3 
O 1.0 

4 6 8 10 

Fig. 5. Pressure dependence of the relative vibrational 
populations, Pv'/P0> of CN(Ba2]) produced by the 
photodissociation of BrCN. Estimated from the 
analysis of the spectra at different sample pressures. 
A bar indicates estimated limit of uncertainties. 

TABLE 1. RELATIVE VIBRATIONAL POPULATIONS (PV>/P0) 

AND THE EFFECTIVE ROTATIONAL TEMPERATURES OF 

G N ( B 2 X 1 ) PRODUCED BY THE PHOTODISSOCIATION OF BRCN 

v' 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Pv'/Po 

1.00 
0.37(6)b) 
0.31(6) 
0.25(6) 
0.20(6) 
0.15°) 
0.10 
0.07 
0.04 
0.02 

SO. 01 

£„'/eVa> 

0.0000 
0.2633 
0.5216 
0.7746 
1.0221 
1.2636 v 

1.4989 
1.7276 
1.9492 
2.1634 
2.3699 j 

Tt(v')IK 

2000±200 
2000±200 
2000±200 
2000±200 
2000±200 

> 2000c-d> 

a) Vibrational energies taken from Ref. 17 (above 
zero-point energy). b) Uncertainties represent estimated 
limits of error in the last significant digits, c) The 
Pv'/Po a n d Tr(v') values for v' = 5—10 are only rough 
estimates, d) The effective rotational temperatures for 
v' — 5—10 are assumed to be equal. 

(see Discussion), as listed in Table 1. 
T h e uncertainties in Pv> and Tr(v') estimated in 

Table 1 originate mainly from the limitation in re­
cording the spectrum, the overlapping of bands, and 
the approximations made in the analysis. Since the 
5 ^ y ' S 1 0 bands are buried within those of the lower 
vibrational levels, the estimated values of Pv< and 
Tx(u') for v' = 5—10 are less reliable than those for 
v'=0—4. In addition, a strong correlation is found 
between the vibrational population and the rotational 
temperature for each of the z/S5 bands. For these 
reasons, the above estimates of Pv> and Tv{v') for the 
v'^5 simply represent one of the most probable sets of 
the parameters for which calculated envelope agrees 
well with the observed spectrum. However, the values 
of Pv> and Tt(v') for the v'=0—4 bands can be 
estimated independently, since each of the v'=0—4 
bands forms a distinct head peak. 

D i s c u s s i o n 

Internal Energy Distribution. The average energy 
distributed to the vibration of CN(B 2 S) is estimated 
as a sum of the vibrational energies17) multiplied by 
the estimated populations to be 0.50±0.08 eV above 
the zero-point energy. Since the effective rotational 
temperature is estimated to be 2000±200 K, the average 
rotational energy is 0.17±0.02 eV. Therefore, the 
rotational excitation, about one third of the vibrational 
excitation, is much lower than that of O H ( A 2 S ) 
formed by the photodissociation of H 2 0 . 3 ) 

Energetically possible processes producing CN(B 2 S) 
from BrCN by Lyman-a radiation (10.20 eV) are the 
following : 

BrCN + hv -> Br(2P3/2) + CN(B«E) (z/^H) (1) 

-> Br(«Pl/a) + CN(B2£) (0^12) (2) 

T h e threshold of process (1) was estimated by Davis 
and Okabe18) to be 6.97 eV. They reported that 
process (2) was insignificant, because they observed 
no apparent inflection in the excitation curve of CN-
(B 2 S) near the threshold of process (2), 7.43 eV. 
If the Br(2P3 /2) a tom is produced, then the available 
excess energy distributed to the fragments is 3.23 eV. 
Thus the average kinetic energy is estimeted to be ca. 
2.56 eV. From the conservation of momenta, the CN 
radical has an average kinetic energy of ca. 1.9 eV. 

Comparison with Other Experiments. The CN(B 2 S) 
states formed from cyanides exited by photons (10.2 eV), 
electrons (^300 eV) and metastable argon atoms 
(11.5 and 11.7 eV) have distinctly different vibrational 
populations, as illustrated in Fig. 6. The intensity 
enhancements in higher vibrational levels (y'^11) 
observed in the case of metastable-atom impact9) are 
interpreted as a result of the rotational perturbation 
between the A and B states. In the electron-impact 
case,10»11) lower vibrational levels have larger relative 
populations than in the metastable-atom impact case. 
In contrast with either case, photodissociation gives 
a monotonically decreasing curve. Photodissociation 
by Lyman-a radiation can excite the CN(B 2 S) radical 
up to # ' = 1 4 . However, only a small fraction of the 
available energy goes into vibrational excitation so that 
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5 10 
Vibrational level 

Fig. 6. Relative vibrational populations, PV'/PQ, of the 
CN(B22) radicals produced from BrCN by photodis­
sociation (O), electron impact ( • for Ref. 9) and 
impact of metastable argon (3P0l2) atoms (A for Ref. 
10 and A for Ref. 11). 

no detectable populations in the z/säll levels are 
observed, and overall vibrational excitation is very 
much weaker than in the electron-impact case. 

Effect of Collisions. From the following argument, 
the present estimates can be regarded as " ini t ia l" 
energy distributions since the values relate to a pressure 
region where any energy transfer processes induced 
by collision may be disregarded. 

The spontaneous radiative lifetime of CN(B 2 S) is 
reported to be 60—85 ns by measurements of a decay 
curve19»20) or phase shifts.21»22) T h e cross section for 
electronic quenching was estimated by Luk and 
Bersohn20) to be 19.4 Â2 as a lower limit calculated 
from a measurement of the electronic quenching rate 
of BrCN. If one assumes that excited CN radicals 
have average translational energy of 1.9 eV, the mean 
time between collisions of CN(B 2 S) with BrCN is 
estimated to be about 60 ns when the sample pressure 
is about 0.7 Torr , which is comparable with the radia­
tive lifetime of C N ( B 2 S ) . This pressure is much 
higher than that used in the present study from which 
the energy distribution was determined. In other 
words, in the pressure region of the present measure­
ments electronic quenching is probably negligible. 
Furthermore, the vibrational and rotational distribu­
tions have been estimated at a low-pressure limit, 
where no pressure-dependence was observed. There­
fore, the distribution seems to be free from the effect 
of collisions. 

Pressure Dependence. The relative vibrational 
populations depend strongly on the BrCN pressure 
when it is higher than 0.1 Torr . In particular, the 
emission spectrum is essentially that of the (0,0) band 
(Fig. 3) when the BrCN pressure is higher than about 
0.8 Torr. Possible processes causing the vibrational 
relaxation are the following: 1) T h e vibrational 
energy of CN(B 2 S) is transmitted to the translational 
and/or vibrational energy (possibly the v3 mode) of 
BrCN. In the latter case, the deficiency of the energy 
ranging from 75 c m - 1 (from v' = l to v'=0) to 250 c m - 1 

(from z / = 5 to v'=4) has to be supplied by the trans­

lational energy of the CN radical. 2) The rates of 
collision-induced transitions (B-X) for higher vibration­
al levels may be much larger than those for lower 
levels. However, no further experimental evidence for 
any of these processes has yet been provided. 

O n the other hand, the effective rotational tempera­
ture of the (0,0) band, ca. 2000 K, seems to be essential­
ly independent of the sample pressure up to 2 Torr . 
Therefore, the pressure effect seems to appear only 
in the vibration and not in the rotation in the pressure 
region of the present study (from 0.01 to 2 Torr ) . 
However, such a trend has not been observed for any 
other cyanides studied so far,23) namely, H C N , DCN, 
I C N and (CN)2 . 

The authors are grateful to Professor Ikuzo Tanaka 
and the members of his laboratory of Tokyo Institute 
of Technology and to Dr. Hideo Okabe of U.S . National 
Bureau of Standards for their helpful advice. 
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2-Mercaptobenzothiazole Supported on Silica Gel for the Chromatographic 
Concentration of Cadmium, Copper, Lead, and Zinc 

in Natural Water Samples 
Kikuo TERADA, Akihiko INOUE, Junko INAMURA, and Toshiyasu K I B A 

Department of Chemistry, Faculty of Science, Kanazawa University, Kanazawa, Ishikawa 920 
(Received August 2, 1976) 

The preparation and characteristics of 2-mercaptobenzothiazole supported on silica gel (MBT-SG), and its ap­
plication to the preconcentration and determination of cadmium, copper, lead, and zinc in natural water samples 
are described. The MBT-SG was prepared by impregnating silica gel with MBT in a dioxane-methyl acetate 
solvent mixture, drying, washing with deionized water, and finally drying. The chelating capacity of the material 
was 0.01 meq. Gu/g. Cadmium, copper, lead, and zinc were quantitatively retained on the MBT-SG at pH values 
of 4.8, 2.5, 4.8, and 6.5 for an aqueous solution, and at pH values of 4.8, 2.8, 4.8, and 6.5 for sea water. A column 
made of the material provided quantitative recovery of these metals from natural water samples at higher flow 
rates (2—5 1/h) than other chelating resins, e. g., chelex 100. Cadmium was eluted with hydrochloric acid (1 : 99), 
copper and lead with acetone-hydrochloric acid mixture (9 : 1), and zinc with an acetate-hydrochloric acid buffer 
solution (pH 4.0). Then, the quantities of the four metals in their effluents were determined by atomic absorption 
spectrometry. 

Because of their low concentration in natural water, 
including sea water, heavy metals often require pre­
liminary concentration prior to the determination of 
their quantities. Recently, chelating resins have been 
conveniently used for this purpose by many investiga­
tors1-3) in a manner originally described by Riley and 
Taylor.1) Dingman et al.*> prepared some new poly-
amine-polyurea resins and used them to concentrate 
several heavy metals from dilute solutions. They found 
that, among these resins, T E P A (tetraethylenepentamine 
polymerized with methylphenylene diisocyanate) is the 
most effective for this purpose when the resin is used in 
the column mode of operation with concentration 
factors as high as 1000. O n the other hand, Mussarelli 
et ö/.5-9) have used chitosan, a natural chelating polymer, 
to collect traces of transition metals from salt solutions 
and sea water using column chromatography. Since 
this natural polymer does not appreciably react with 
sodium and magnesium, it is useful for the separation 
of small amounts of transition metals from sodium and 
magnesium matrices. These methods are thought to 
be simpler and less time-consuming than solvent extrac­
tion10) or the precipitation method. However, if a 
large volume of natural water must be treated, these 
resins cannot withstand the rapid flow of the sample 
water through the column. 

Previously, Terada et al.11) revealed the excellent 
ion-exchange properties of some inorganic exchangers 
supported on silica gel, e.g. K C F C - , N C F C - , and A M P -
S i 0 2 , and applied them to the concentration of Gs-137 
in natural water. Most inorganic exchangers appear 
to have been used preferentially for the concentration 
of alkali metals and some univalent metals such as 
silver and thallium etc., but rarely for that of the tran­
sition metals.12»13) 

2-Mercaptobenzothiazole has been used as a pre­
cipitant for several metals, especially copper, gold, and 
lead to form sparingly soluble chelates in neutral solu­
tions, and also as an extractant for solvent extraction 
of these metals. This reagent itself is insoluble in water, 
but soluble in ethanol, benzene, dioxane, and other 
organic solvents. This reagent will be used for the 
selective preconcentration of copper and some other 

transition metals in a large volume of natural water 
as previously described.11) 

T h e present paper describes a simple method for 
preparing such material, called 2-mercaptobenzothia-
zole-silica gel (MBT-SG) , and its successful application 
to natural water concentration, especially for sea water, 
in the monitoring of the environmental pollution result­
ing from some heavy metals. 

Exper imenta l 

Reagents. The 2-mercaptobenzothiazole, dioxane, 
methyl acetate, acetone, ethanol used were of analytical 
reagent grade. 

A standard solution of metals was prepared as follows: 
copper metal was dissolved in nitric acid plus sulfuric acid, 
recrystallized lead nitrate was dissolved in nitric acid (1:100), 
zinc metal was dissolved in coned hydrochloric acid, nickel 
sulfate and cobalt sulfate were dissolved in deionized water, 
and chromium metal was dissolved in coned hydrochloric 
acid. Each stock solution was made up to contain the metal 
of interest at a concentration of 1000 ppm. 

Silica gel of chromatographic grade (WAKOGEL C-100) 
was sieved in the range of 60—80 mesh and digested with a 
double volume of hydrochloric acid (1 : 1) for one day and 
then washed with deionized water until no chloride appeared 
in the washings. The cleaned silica gel was dried at 110 °C 
for one day. 

Apparatus. A Perkin-Elmer 303-type atomic absorp­
tion spectrophotometer, Hitachi-Horiba M-5 type glass-
electrode pH meter. 

An Iwaki Model VS electric shaker. 
A Toyo Type E-E SF200A fraction collector. 
The chromatographic column was a glass tube of 9.8 and 

20 mm inside diameters 140 mm in length with a coarse 
sintered-glass disc and a stop-cock at the bottom. 

Preparation of 2-Mercaptobenzothiazole-Silica Gel (MB T-SG). 
About 70 g of silica gel (60—80 mesh) were put into a 
solution of 2-mercaptobenzothiazole in 100 ml of a dioxane-
methyl acetate mixture (4 : 1 v/v) and stirred occasionally. 
After standing for about 20 h the supernatant was sucked out 
and the remaining silica gel impregnated with the reagent 
was then heated at about 80 °C at reduced pressure for about 
20 h. The dried materials were washed repeatedly with 
deionized water to remove any nonadsorbed reagent until 
the washings appeared clear. Finally, the product was dried 
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at about 80 °C under reduced pressure for about 20 h. 
The product was sieved (60—80 mesh) using a nylon sieve 
and stored in a darkened bottle. 

Procedure for Batch Experiments. Into a 50-ml centrifuge 
tube, 10 ml of a metal solution (5 ppm), 5 ml of a buffer 
solution and 0.5 g of MBT-SG were mixed together. The 
contents were then agitated with an electric shaker for 30 
min at room temperature. The supernatant was filtered 
through a millipore filter into a 20-ml measuring flask 
and adjusted to the desired volume. The metal concentra­
tion was measured with an atomic absorption spectro­
photometer and then the percent retention was calculated. 

Chelating Column Preparation. The chromatographic 
tube (20 mm in diameter) was filled with 10 g of dried MBT-
SG, and a piece of glass wool was placed on the top of the 
column so that the bed was not disturbed during sample 
passage. In this case, the bed length became about 7 cm. 

Procedure for Column Method. A given volume of an 
aqueous sample containing individual metal ions was adjusted 
to a suitable pH, then percolated through the column at a 
flow rate of 2—5 1/h under the suction of an aspirator. 
The lower level of the sample solution was maintained about 
1 cm above the surface of the column bed during sample 
passage. After washing the column with about 20 ml of 
deionized water, an eluting solution of definite composition 
was passed through at a flow rate of about 1 ml/min. The 
effluent was collected in a measuring flask, diluted to the 
desired volume, and the metal concentration was determined 
with an atomic absorption spectrophotometer. 

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

Characteristics of the Chelating Material. The 
amount of 2-mercaptobenzothiazole on the silica gel 
was determined as follows. One gram of the dried 
material was put onto the column tube. Then about 
20 ml of ethanol was passed through to completely 
remove the reagent from the column. T h e effluent 
was collected in a 50-ml measuring flask and diluted 
to the desired volume with ethanol. Two milliliters of 
the solution were pipetted out and put into another 
50-ml measuring flask and diluted to the desired volume 
with ethanol. The absorbance of the solution was 
measured at a wavelength of 327 nm using ethanol as 
a reference. T h e absorption spectra of the effluent and 

.a 
< 

220 340 260 300 

Wavelength (nm) 

Fig. 1. Absorption spectra of 2-mercaptobenzothfc-
zole. 
(a) MBT dissolved in ethyl alcohol, (b) MBT in 
the effluent. 

the ethanol solution of the reagent are shown in Fig. 1. 
Both absorption curves have identical absorption peaks 
at 239 and 327 nm. This fact suggests that the reagent 
was retained without any loss. T h e amount of reagent 
supported on the silica gel was found using the conven­
tional working curve method to be about 11 ± 1 mg per 
g of the material. 

The chelating capacity for copper was measured by 
the batch method. Ten milliliters of the copper solution 
(50 ppm) , 5 ml of a buffer solution (pH 4.0), and 
0.5 g of M B T - S G were mixed together in a 50-ml cen­
trifuge tube. T h e contents were then agitated for 30 
min at room temperature. T h e copper concentration 
in the supernatant was measured with an atomic absorp­
tion spectrophotometer. The capacity was calculated 
to be about 0.01 meq. Gu(I I ) /g of M B T - S G . The 
chelating capacity of the material appeared to be large 
enough to collect copper from a large volume {e. g. 101) 
of sea water which is believed to contain as low as 1— 
20 [ig copper per liter,14) 10 g of the material has an 
operating capacity at least 32 times greater than the 
total amount of copper in 10 1 of sea water (200 fxg). 

This solid chelating material also showed no change 
in its adsorbability after a storage period of about one 
month and was then dipped in a solution over the range 
from p H 1 to 10. 

Recovery of Cadmium, Copper, Lead, and Zinc at Various pH 
Values. T h e recovery of each individual metal ion 
was examined by the batch method, using a 10 ml 
sample solution with a 5 p p m concentration of each 
metal and 0.5 g of M B T - S G , for a pure aqueous solu­
tion and for sea water of various p H values. T h e p H 
of the solution was adjusted using the following buffer 
solutions : sodium acetate plus hydrochloric acid for p H 
1—5, potassium dihydrogen phosphate plus sodium hy­
droxide for p H 6—7, and boric acid plus potassium 
chloride and sodium hydroxide for p H 8—10. The 
results are illustrated in Fig. 2 along with those 
obtained using only silica gel. T h e p H value men­
tioned is that measured after equilibration. Copper 
was found to be retained quantitatively on the 
material at p H 2.5 for aqueous solutions and at p H 
2.8 for sea water, but when untreated pure silica 
gel was put into an aqueous solution copper began 
to be adsorbed when the p H increased above 6. 
However, in the case of sea water only a recovery 
rate of 2 5 % (the maximum value) was obtained at 
p H values of 7 or above. Cadmium and lead showed 
similar behavior on M B T - S G , and their quantitative 
retention values were obtained for p H 4.8—5.2 in 
both aqueous solutions and sea water. A remarkable 
difference in adsorbability was observed between M B T -
SG and untreated silica gel. O n the other hand, zinc 
ions showed similar adsorption rates for both M B T - S G 
and untreated silica gel and quantitative retention was 
obtained at p H 6.5 for both aqueous solutions and sea 
water. However, in column experiments, a reduction 
of about ten percent in the adsorption for zinc was 
observed when 5 1 of an aqueous solution containing 
2 ppb of zinc was passed through the untreated silica 
gel column at a flow rate of 41/h, although it was 
quantitative for the M B T - S G column. 

From these results, the separation of copper from 
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TABLE 1. RECOVERY OF METAL IONS USING THE 

COLUMN METHOD 

Ö 

.2 
ö 

c o 

V 

Ö 

c 

Fig. 2. Effect of pH on retention of (a) cadmium, 
(b) copper, (c) lead, and (d) zinc. 
(1): Pure aqueous solution, (2): sea-water. 
—O— MBT-SG, — # — untreated silica gel. 

lead and cadmium, and lead and cadmium from zinc 
will be possible with eluting solutions of different p H 
values with column operation. 

Retention of Individual Ions on the Column. To ex­
amine quantitatively the retention of each metal ion on 
a column, several kinds of test solutions (an aqueous 
solution, a sodium chloride solution of ionic strength 
0.63, and sea water) containing metals in various con­
centrations were passed through the column at different 
flow rates. In the experiment, copper(II) at p H 4.0, 
lead(II) at p H 5.0, and cadmium(II ) and zinc(II) at 
p H 7.0 were individually fed onto a column (20 m m 
in dia. X 70 mm) of M B T - S G . After washing the 
column with about 20 ml of deionized water, cadmium 
was eluted with hydrochloric acid ( 1 : 99) and zinc with 
a buffer solution at p H 4.0 (sodium acetate-hydrochloric 
acid). Copper and lead adhered tightly to the column, 
and therefore, the following treatment was necessary to 
remove them quantitatively. Water held on the col­
umn had to be removed as much as possible by sucking 
under aspiration, then 20 ml of ethanol was run through 
to remove any untreated reagent, then copper and lead 
were eluted with 20 ml of a solvent mixture of acetone 

Ion 
Vol. of 
sample 

( 1 ) 

Flow rate 
(1/h) 

Conen of 
metal 
(ppb) 

Recovery 
(%) 

Cd(II) 

Gu(II) 

Gb(II) 

Zn(II) 

1.0 
1.0 
5.0 
1.0 

1.0 
5.0 
5.0a> 

1.0 
5.0 
5.0a> 

1.0 
5.0 
5.0b> 

2.3 
4.0 
4.2 
2.7 

3.7 
5.0 
5.0 

3.0 
2.5 
2.5 

3.0 
5.0 
4.1 

100 
10 
1 
0.1 

100 
1 
1 

100 
1 
1 

100 
1 
5 

100±2 
100±2 
100±2 
100±2 

100±2 
100±2 
100±2 

100±2 
100±2 
100±2 

100±2 
100±2 
100±2 

Pure aqueous solution at adjusted pH 4.0 (Cu), 5.0 
(Pb) and 7.0 (Cd and Zn). 
a) NaCl solution, ^ = 0.63. b) Sea water. MBT-SG: 
10 g, column: 20 mm in dia. X 70 mm. 

and hydrochloric acid (9 : 1 v/v). Each effluent was 
adjusted to be exactly 25 ml in a measuring flask and 
subjected to atomic absorption spectrometry for the 
determination of the quantities of the various metals. 

T h e separation data in Table 1 show that quanti­
tative retention was obtained for cadmium in the 0 .1— 
100 ppb range, and for copper, lead, and zinc below 
in the range from 1—100 ppb at flow rates from 2.3 
to 5.0 1/h. Thus, preconcentration of each metal from 
5 1 of sample water was attainable within 1 h. 

Elution of Each Metal. Zinc(II) was found to be 
eluted from the column with 20—25 ml of a buffer solu­
tion which contained 20 ml of 1 M sodium acetate and 
16 ml of 1 M hydrochloric acid per liter (pH 4.0), while 
lead and copper were not released from the column at 
all ; consequently, separation of lead and copper from 
zinc was achieved. However, par t of the cadmium was 
released by passing this buffer solution through the col­
umn. Both cadmium and zinc were completely eluted 
with nitric acid (1 : 99) or hydrochloric acid (1 : 99), 
with the latter eluting solution being more favorable for 
the subsequent atomic absorption spectrometric deter­
mination of the cadmium content. However, in this 
case, 30—38% of the retained amount of lead was also 
released using 25 ml of either of the above acids while 
no copper appeared in the eluate. 

Effect of Various Ions and Substances on the Adsorption of 
Cadmium, Copper, Lead, and Zinc. The various metal 
ions thought to react with MBT, cobalt(II) , i ron(I I I ) , 
and nickel (I I) were examined for their effects on this 
separating procedure. One liter of a test solution con­
taining cadmium, copper, lead, and zinc in concentra­
tions of 5 ppm, as well as one of other ions in the con­
centration range of 0.1—10 ppm was prepared. This 
solution was passed through a column containing 7 g of 
M B T - S G at flow rate of 2—5 1/h. At the same time, the 
mutual separation of the four ions of interest was also 
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TABLE 2. EFFECT OF VARIOUS IONS ON THE 

RECOVERY OF METAL, IONS 

Ion 

Cd(II) 

Co (II) 

Cu(II) 

Fe(III) 

. Ni(II) 

Pb(II) 

Zn(II) 

a) Metal: 

Conen 
(ppm) 

10 
1 

10 
1 

5 
1 

1 
0.1 

10 
1 

10 
1 

10 
1 

0.05 ppm, 
in dia. X 50 mm. 

Cd(îï)~ 
— 
— 

«100 
«100 

33 
«100 

27 
«100 

«100 
«100 

37 
«100 

39 
«100 

Recove 

Cu(II) 

93 
«100 

59 
«100 

— 
— 
53 
93 

39 
91 

48 
«100 

19 
72 

MBT-SG: 7 g, 

ry (%)a) 

Pb(II) 

34 
«100 

52 
93 

32 
«100 

3 
«100 

2 
91 

— • 
— 
34 

«100 

column : 

Zn(II) 

3 
«100 

«100 
«100 

«100 
«100 

3 
97 

«100 
«100 

10 
«100 

— 
— 

20 mm 

TABLE 3. EFFECT OF VARIOUS SUBSTANCES ON THE 

RECOVERY OF METAL IONS 

Substance 

EDTA 

Citric acid 

Tartaric acid 

Conen 
(mol/1) 

io-5 

io-6 

io-7 

io-4 

io-5 

io-* 
IO"5 

io-6 

Cd(II) 

0 
0 

65 

89 
«100 

89 
«100 
«100 

Recovery (%) 

Gu(II) 

7 
«1,00 
«100 

53 
«100 

48 
89 

«100 

Pb(II) 

0 
4 

«100 

46 
100 

32 
«100 
«100 

Zn(II) 

5 
57 

«100 

6 
92 

13 
93 

«100 

Metal: 0.05 ppm, MBT-SG: 7 g, column: 20 mm in 
dia. X 50 mm. 

examined in varying concentrations. T h e results are 
given in Tables 2 and 3. At the 1 p p m level, i ron(III) 
significantly reduced the recovery of the other four metal 
ions. Since i ron(III) itself was found to be retained 
quantitatively on the both M B T - S G and on untreated 
silica gel at p H 7, it is not expected that iron competed 
with copper, cadmium, and lead on MBT. In fact, in 
the first solutions passed, which originally contained 
microgram amounts of each metal and 1 p p m of iron-
( I I I ) , no copper, cadmium, lead, and zinc at all were 
found. Therefore, iron appears to be adsorbed on the 
column as a hydroxide, retaining some of these metals 
with it and not liberating them on elution. Nickel(II) 
at the 1 p p m level produced a slight reduction in the 
recovery of copper and lead, and also zinc and cobalt 
at the same concentration produced the same effect for 
copper and lead, respectively. In general, 1 1 of sea 
water contains about 0.3 X 10~3 meq. of heavy metal ions 
in all which is compatible with 0.03 g of MBT-SG. 
Therefore, the interference of heavy metal ions on the 

adsorption of these four metal ions from sea water may 
be practically neglected. O n the other hand, some or­
ganic compounds, such as EDTA, citric acid, and tar­
taric acid, substantially hindered the adsorption of the 
metal ions. Particularly, E D T A considerably lowered 
adsorbability on M B T - S G of cadmium, lead, and zinc 
at a concentration of IO - 6 mol EDTA/1. However, 
since in natural water, especially in sea water, these 
organic substances are never found in the concentra­
tions shown in Table 3, the interference produced by 
these substances may be neglected. 

Atomic Absorption Measurements for Copper and Lead. 
T o determine the opt imum conditions for atomic absorp­
tion measurements of copper and lead in an acetone-
hydrochloric acid solvent mixture, the effects of acid and 
reagent concentrations and the mixing ratio of air and 
fuel were examined. 

The effect of the hydrochloric acid concentration in 
acetone on the absorption of copper is shown in Fig. 
3, from which it is seen that the smaller the absorbance, 
the higher the acid concentration. The solvent mixture 
used in the present experiments is considered to have 
no effect on the absorbance of copper. For lead, similar 
results were obtained. As shown in Fig. 4, the con­
centration of the M B T reagent in acetone had no sig­
nificant effect on the absorption measurements under 
these conditions. Since the effluent became turbid 
when free M B T remained in it, excessive reagent was 
removed from the column by passing ethanol prior to 
the elution of the me ta l -MBT complexes with an ace­
tone-hydrochloric acid solvent mixture. After several 

o 
Ö 

8 10 12 14 16 

Volume % of HCl in acetone 

Fig. 3. Effect of concentration of hydrochloric acid 
in acetone on atomic absorption spectrometry for 
copper. 

o 
ö 

g 
Ja 
< 

2 4 6 

MBT concentration (mg/ml) 

Fig. 4. Effect of concentration of 2-mercaptobenzo-
thiazole in acetone on atomic absorption spectrom­

etry for copper. 
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o 
ö 

1 
< 

5 10 15 

MBT concentration (mg/ml) 

Fig. 5. Effect of mixing ratio of air and acetylene 
on atomic absorption spectrometry for copper in the 
presence of various concentration of MBT. 
(a) Air : acetylene 4.7 : 2.7—5.0 : 3.0, (b) air : 
acetylene 9.0 : 7.0, (c) air : acetylene 9.0 : 9.0. 

Cadmium and zinc are detemined in another manner, 
as follows : two liters of the water sample adjusted to 
p H 7.0 is passed through the column. Then the column 
is washed with about 20 ml of deionized water, and 20 
ml of hydrochloric acid ( 1 : 99) is passed at a flow rate 
of 1 ml/min. The effluent is diluted to 25 ml with de-
ionized water and submitted to the atomic absorption 
measurement for cadmium and zinc. Cadmium is 
measured with flameless atomic absorption using a car-
bonrod atomizer at a wavelength of 228.8 nm and the 
absorption of zinc is measured as described above. 
From the remaining column material, copper can be 
eluted with an acetone-hydrochloric acid solvent mixture 
as indicated above. 

Analysis of Tap, River and Sea Water. Using the 
recommended method, laboratory tap water, river water, 
and sea water were analyzed for cadmium, copper, lead, 
and zinc. The results are summerized in Table 4. 

tests, it was found that the mixing ratio and the fuel 
flow rate had serious effects on the absorbance of copper 
and lead, and that maximum absorption was obtained 
at mixing ratios of air and acetylene of 4.7 : 2.7 to 5.0 : 
3.0 for copper (Fig. 5) and 6.0 : 4.0 for lead. 

Analytical Procedure Recommended. In general, the 
cadmium content of natural water is lower than the 
contents of the other three metals by a factor 10 to 100. 
Consequently, from these results, the copper, lead, and 
zinc contents should be determined in one sample after 
preconcentration using this method and the cadmium 
content should be measured in another smaller portion 
of the sample using flameless atomic absorption spectro­
metry. 

Thus, the recommended procedure is as follows : two 
to five liters of the water sample adjusted to about p H 
7, is passed through the M B T - S G column (20 m m in 
dia. X 70 mm) at a flow rate of 2—5 1/h. Even at a 
higher flow rate, if the sample solution is poured onto 
the column by aspiration, numerous minute air bubbles 
appear on all parts of the column which are of course, 
not filled with sample solution and rather quantitative 
retention of the metal ions can be maintained. This 
may result from closer contact between the sample solu­
tion film and the M B T - S G particles. Subsequently, 
the column is washed with about 20 ml of deionized 
water, and then 20 ml of an acetate-hydrochloric acid 
buffer solution (pH 4.0) is passed through at a flow rate 
of 1 ml/min. T h e effluent is diluted to the desired 
volume with deionized water in a 25-ml measuring 
flask and subjected to atomic absorption measurement 
for the zinc content. The absorbance is measured at 
a wavelength of 213.8 n m in a flame of air and acetylene 
(9 : 9). T h e column is washed again with 20 ml of 
deionized water and then with about 20 ml of ethanol, 
and finally 20 ml of a solvent mixture of acetone-hydro­
chloric acid in a volume ratio of 9 : 1 is passed through. 
The effluent is diluted to 25 ml with acetone and sub­
jected to the atomic absorption measurement for copper 
and lead. T h e absorption is measured at wavelengths 
of 324.8 and 283.3 nm for copper and lead, respectively, 
in a flame of air and acetylene ( 5 : 3 for copper and 
6 : 4 for lead). 

TABLE 4. CADMIUM, COPPER, LEAD AND ZINC CONTENTS 

OF VARIOUS WATER SAMPLES 

Sample water 

Pacific Ocean (10 m) 
Pacific Ocean (7 m) 
Tsukumo Bay (0 m) 
Watarase River 
Tap water 

(Marunouti) 

Gd(II) 
Ppb 

0 .1 / ) 
0.07a> 

0.03a> 

Gu(II) 
PPb 

0.22 

20.9 
0.27 

55 
0.5a> 

Pb(II) 
PPb 

3.1 
3.4 

6.7 
— 

Zn(II) 
ppb 

3.0a> 
13. x

a> 
2.9 

74 
8.3a) 

MBT-SG: 10 g, column: 20 mm in dia. X 70 mm, flow 
rate: 5 1/h. a) MBT-SG: 7 g, column: 20 mm in dia. 
X50mm, flow rate: 2.3 1/h. 

Two samples of Pacific Ocean water and a sample of 
Watarase River water were distributed to a number of 
laboratories in J a p a n for comparison of the analytical 
results and the results using the recommended method 
are in good agreement with those obtained by the other 
laboratories. T h e 7-m sample of Pacific Ocean water 
with remarkably high values for copper and zinc was 
collected with a p u m p equipped on a research vessel, 
the Hakuho Maru belonging to the University of Tokyo. 
This contamination may originated from the metal in 
the gun-metal parts of the pump used for the sampling. 

Conclus ion 

2-Mercaptobenzothiazole-silica gel (MBT-SG) pro­
vides an easy means of preconcentrating cadmium, cop­
per, lead, and zinc and of separating copper from cadmi­
um, lead, and zinc, and lead and cadmium from zinc for 
subsequent atomic absorption measurements of the con­
tents of each metal. The attractive features of this 
chelating material are the easiness of preparation, repro­
ducibility, and fast adsorbability for several metal ions 
from water samples in spite of its relatively low chelat­
ing capacity. Because dissolution of the reagent from 
the column is too small to be measured, a large volume 
of sample water (5—10 1) can be treated with a relatively 
small column, and the preconcentrated metal ions can 
be eluted from the column with a small volume of eluant 
resulting in a high concentration factor. 
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Photoemission and Solvation Free Energies of Electrons in Polar Solvents 
Kazuo YAMASHITA and Hideo IMAI 

Faculty of Integrated Arts and Sciences, Hiroshima University, Hiroshima 730 
(Received September 24, 1976) 

The red limit potential of electron photoemission was measured in various polar solvents, and the apparent 
solvation free energies of the electrons were estimated. The energy state and transformation of photoemitted 
electrons in solution were discussed as regards the role of dry or damp electrons as an intermediate species. A 
proportionality between the intermediate solvation free energy and the energy quantum of the optical absorp­
tion band maximum of solvated electron in various polar solvents is pointed out. 

In polar solvents the electrons produced by high 
energy radiation are localized or t rapped by the 
surrounding solvent molecules in a delicate balance 
of short- and long-range interactions.1) Such a sol­
vated electron can also arise in photo-electrochemical 
processes, where the photoemission from a cathode under 
suitable conditions of illumination is measured as the 
cell current flowing due to the homogeneous electron 
capture process.2) T h e dependence of the photocur­
rent on the square root of the scavenger concentration 
and rate constant of a scavenging reaction has been 
proved by the theory based on the semi-infinite dif­
fusion equation.3) T h e red limit potential or threshold 
potential, which can be estimated from the photo-
electrochemical process, is related to the estimate of 
the work function of the electron from a metal into 
solution. The interaction of photoemitted electron with 
solvent molecules can be expressed in terms of the 
difference between the work function of the electron 
from a metal into vacuum and that from the metal 
into solution, when the Volta potential difference is 
taken into account. The values estimated for water 
from this relationship, however, show a fairly remarka­
ble discrepancy from the hydration free energy of the 
electron obtained by radiation chemical studies.4»5) 
Schiffrin6) extensively discussed the difference, at­
tributing it to the contribution of the solvent re­
organization energy. O n the other hand, Pleskov and 
his co-workers7»8) interpreted the difference by as­
suming free or delocalized electrons. 

In this paper precise data of the red limit potential 
in various polar solvents are presented. T h e physical 
meaning of the energy value estimated as an interac­
tion energy of emitted electrons with solvent mole­
cules prior to the electron capture reaction is discussed. 

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

The apparatus is shown in Fig. 1. A lock-in amplifier 
(Model LI-572B, NF Circuit Design Block Co.) with a light 
chopper, Model CH-352, was used at a ca. 20 Hz frequency. 
A three-electrode cell, equipped with a water jacket to con­
trol the temperature, was used. The potential of the working 
electrode (a mercury pool electrode renewed by spilling 
mercury in each run; illuminated area ca. 0.3 cm2) was con­
trolled with a potentiostat (Shimadzu Model PS-2). A 500 
watt super high pressure mercury lamp (Ushio Type USH 
500D) was used for illumination through a monochrometer 
or color filters. The wavelength of the incident light was 
365 nm. When gas bubbles are evolved by a scavenging 
reaction, e. g. N2 from N 2 0 or H2 from H 3 0 + , it is preferable 
to measure under a small current density. Since the current 

AMPHCHOPJ M , R 

®—[ -JMÖNÖr—\ 
MIRROR REC 
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Jfe™,! DLOCK-IN 

m 
AUX 
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LL 
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Fig. 1. Apparatus used for experimental measure­
ments of photocurrents. 
LAMP, super high pressure mercury lamp; CHOP, 
chopper; MONO, monochrometer; POT, poten­
tiostat; REC, recorder; LOCK-IN, lock-in ampli­
fier; OSC, oscilloscope; R, decade resistance. 

signal is very small, an electrode with wide illumination area 
gives more accurate measurements. 

All the solvents were purified by the usual methods.9) 
Measurements were carried out at 25 °C. 

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

Estimation of Intermediate Solvation Free Energy of Electron 
from Red Limit Potential. The dependence of photo­
emission current, Ie, on the quantum energy of incident 
light, hv, and the field strength or electrode potential, 
0, under sufficiently high electrolyte concentration is 
given by10) 

h = A{hv-hvü-e<f>y/\ (l) 

where A is a constant depending upon the properties 
of the metal, h the Planck constant, and v0 the threshold 
frequency at the potential of zero charge, 0pzc. All the 
potential values are referred to 0pzo. The relation­
ship known as the law of five halves, was derived as 
an approximate solution of a theoretical equation 
postulating the transmission of electrons through the 
energy barrier at the electrode-solution interface. The 
equation was verified experimentally to hold not only 
in aqueous solutions,7»10) but also in non-aqueous 
solutions.11) Figure 2 shows the linear relationship 
between zp

0-4 and 0 in hexamethylphosphoramide 
(HMPA) solution saturated with nitrous oxide, where 
ip is the photocurrent measured in experiments. The 
extrapolation of iv

OA-0 straight line to z p = 0 gives the 
red limit potential of —0.42 V vs. Ag/0.01 M AgC10 4 



May, 1977] Photoemission and Solvation Free Energies of Electrons in Polar Solvents 1067 

e metal Route U! 

f-s 

A V s R°" t e (2) e"f-s 

0.5 1.0 1.5 
- 0 , V vs. Ag/0.01 M AgC104 

Fig. 2. Dependence of *°p-
4 on <f> for 0.2 M NaCI0 4 

HMPA solution saturated with N 2 0 . 

electrode. According to the definition of the red limit 
potential, 0O, Eq. 1 leads to 

hv0 = hv - e$0 (2) 

The energy quantum, hv0) can be replaced by the 
work function, Wm_s, of the electron emission from 
a metal into solution as given by 

Wm-a = hv- efa. (3) 

A tentative energy cycle was proposed from a com­
parison of the electron photoemission in solution with 
that in vacuo (the work function; Wm_y).

12) However, 
there is a discrepancy between the data obtained by 
this method and those by radiation chemical studies. 
A modification of the energy cycle can be deduced 
by taking the discrepancy into consideration. The 

AAff 

q-S 

Fig. 3. Modified energy cycle of the electron. 

modified energy cycle involves two stages of the electron-
solvent interaction, namely an intermediate state6) of 
solvation (a quasi-solvated state) and fully solvated 
state as shown in Fig. 3 . T h e symbols, *_

q_B and 
e~t_s, represent the quasi-solvated and fully solvated 
electrons, respectively, AG the free energy change for 
respective solvation process, and AAGB the difference 
between AG f_s and AGq_B. T h e energy balance in 
routes (1) and (2) lead to the following expressions. 

- A G q _ s = Wm-y - Wm-a + eVm-a 

= Wm-y -hv + e{<f>0 + Fm_s) (4) 

- A G f _ s = - A G q _ s + AAGS, (5) 

where Vm_B is the Volta potential difference between 
a metal and solution. 

Taking M/Hg-vacuum=4.52 eV, hv=3A0 eV corre­
sponding to A=365 nm, £0O=O.26 eV for saturated-
N 2 0 aqueous solution containing 0.2 M KCl , and 
tfFHg_aq=—0.26 eV, which is evaluated from the data 
obtained by Randies13) and Grahame et a/.,14) we 
obtain —AGq_B = 1.14 eV from Eq. 4. This value 
coincides with previous estimates,3'6»7) the value of 
— AGf_8 estimated in radiation chemical studies being 

TABLE 1. VALUES OF THRESHOLD POTENTIALS, QUASI-SOLVATION FREE ENERGIES OF 

ELECTRONS AND TRANSITION ENERGIES FOR THE OPTICAL ABSORPTION MAXIMA 

OF SOLVATED ELECTRONS IN VARIOUS POLAR SOLVENTS 

Solvent 

HMPA 
MeOH 
DMF 

MeCN 
DMSO 
PC 
H 2 0 

î*o/V 

- 0 . 4 2 2 

- 0 . 3 6 2 

- 0 . 5 4 

- 0 . 4 6 8 

- 0 . 7 6 5 

- 1 . 0 3 
- 0 . 1 8 5 

Î^pzc/V 

- 0 . 3 0 
- 0 . 7 8 6 

- 0 . 6 8 

- 0 . 6 2 
- 0 . 5 9 4 

- 1 . 2 4 
- 0 . 4 4 

Vm-B/V 

-0.53») 
-0 .63 b ) 

-0 .26°) 

AGq_s 

+*rm_s/ev 
- 1 . 0 1 
- 1 . 5 5 
- 1 . 2 7 

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

AGq_s/eV 

- 1 . 0 2 
- 0 . 6 4 

- 1 . 1 4 

Amax/nm 

2250d> 
630e> 

1680f) 
650s> 
690h> 

7201) 

A^max/eV 

0.55 
1.97 
0.74 
1.91 
1.80 

1.72 

B 

30 
32.6 
36.7 

38 
48.9 
64.4 
78.5 

HMPA, hexamethylphosphoramide; MeOH, methanol; DMF, JV,iV-dimethylformamide; MeCN, acetonitrile; 
DMSO, dimethylsulfoxide ; PC, propylene carbonate ; Scavenger, N 2 0 ; Supporting electrolyte, 0.2 M NaC104 

(0.2 M KCl in the case of water); Reference electrode, Ag/0.01 M AgC104 (SGE in the case of water), 
a) B. Case and R. Parson, Trans. Faraday Soc, 63, 1224 (1967). b) I. M. Ganzhina, B. B. Damaskin, R. I. 
Kaganovich, and R. V. Ivanova, Elektrokhimiya, 7, 362 (1971). c) J. Randies, Trans, Faraday Soc, 52, 1573 (1956). 
d) J. M. Brooks and R. R. Dewald, J. Phys. Chem., 72, 2655 (1968). e) S. Arai and M. C. Sauer, Jr., J. 
Chem. Phys., 44, 2297 (1966). f) L. M. Dorfman and J. F. Cavlas in "Radiation Research, Biomedical, Chemical 
and Physical Properties," ed by O. F. Nygaard, H. Adler, and W. K. Sinclair, Academic Press, New York, 
San Francisco, London (1975), p. 326. g) N. Hayashi, E. Heyon, T. Ibata, N. N. Lichtin, and A. Matsumoto, 
J. Phys. Chem., 75, 2267 (1971). h) A. Singh, H. D. Gesser, and A. R. Scott, Chem. Phys. Lett, 2, 271 (1968). 
i) J. P. Keene, Discuss. Faraday Soc, 36, 304 (1963). 
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1.674> or 1.71s) eV. Thus the value of AAGS is estimat­
ed to be 0.53—0.57 eV, viz., the energy of the quasi-
hydrated state is higher by 0.53—0.57 eV than that 
of the fully hydrated state. 

The data of AGq_ s estimated similarly in various 
polar solvents and related values are summarized in 
Table 1. 

Transformation of Emitted Electrons and the Succeeding 
Reaction. In the reaction sequence of the photo-
emitted electrons in solution containing a scavenger, 
it seems that the emitted electrons are thermalized 
and solvated, and then the solvated electrons are 
captured by scavengers, resulting in the photocurrent. 
At low concentrations of electron acceptor the mecha­
nism was supported by the coincidence with a theory2 '3) 
based on the semi-infinite diffusion coupled with the 
scavenging reaction. The solvent effect on the rate 
of scavenging process was also confirmed experimental­
ly.3) At low scavenger concentrations the participation 
of the fully solvated electron in the reaction pathway 
seems to be predominant . In the present case, however, 
the experiment was carried out at relatively high 
scavenger concentrations, so that the emitted electrons 
may have been captured by the scavenger prior to 
full solvation. H u n t and his co-workers15-17) developed 
a picosecond stroboscopic pulse radiolysis technique. 
They found that there are precursors called dry or 
damp electrons, around which solvent molecules relax 
to form the fully solvated electrons. This intermediate 
species might be quasi-solvated and reacts with a 
scavenger prior to full solvation. The life of the 
intermediate species is shown to be within the order 
of picoseconds in aqueous solutions and much longer 
in alcoholic media.18) 

Taking these findings into consideration, the trans­
formation of photoemitted electrons and the reaction 
sequence in solution can be expressed as shown in 
Fig. 4. 

E 

f P" e dry or damp "" e fully solvated T\ / 
hv I \Scavenger(S) 

Metal I Solution 

Fig. 4. Transformation of photoemitted electrons 
and the sequence of reactions. 

Relationship between AGq_s and hvmax of Optical Absorp­
tion Band Maximum of Solvated Electron. A plot of 
AGq_s vs. Äi>max, the energy quantum of the optical 
absorption band maximum of solvated electrons, is 
shown in Fig. 5. 

-

-

r 

-

(a) 

— • — i — r -

DMF _ 

^HMPA 
^' 

(b) * ' 
DMF 

i • i 

- T — 

'"' 

- 1 1 1 J 1 

MeOH . 
HzO ° 

oMeCN 
H20©_ 

. . - -" c 
MeOH 

_ i i i I i — 
0 1 2 

A"max, eV 

Fig. 5. Empirical correlation between quasi-solvation 
free energy of the electron and energy of optical 
absorption band maximum of the solvated electron. 
(a) Values uncorrected for the Volta p. d. 
(b) Values corrected for the Volta p. d. 

T h e value of — AGq_ s increases with increase in hvm^. 
The solvents used have static dielectric constants ranging 
from 17 to 84 at room temperature. The optical 
absorption spectra1) of the solvated electrons in hydroxy 
compounds including water are mostly in the visible 
or near-infrared region. The amides or amines are 
in the intermediate region 1400—2050 nm, and the 
ethers are in the infrared region 1800—2300 nm. Cor­
responding to this trend, it is expected that the free 
energy of fully solvated electrons decreases in the 
solvents in the order 

hydroxy compounds > amides and amines > ethers, 

since the transition energy, hvmKX, for optical absorp­
tion maximum corresponds to the depth of the 
potential well of the solvated electron. I t is note­
worthy that the energy of quasi-solvated electrons also 
shows the same trend as shown in Fig. 5. 

This investigation was supported by the Science 
Research Grant 054194 of the Ministry of Education. 
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Cationic palladium(II) complexes of the di-f-butylnitroxide radical, [Pd(Bu(
2NO)(L-L)]X (L-L=2,2'-

bipyridine, 1,10-phenanthroline, iV-substituted 2-pyridylmethyleneamine and bis (triphenylphosphine) ; X _ = C 1 0 4
_ 

and/or BPh4
_), were prepared. 1H NMR spectra of the complexes indicate that the nitroxide forms a three-

membered ring with the palladium atom. The iV-methyl- and iV-ethyl-2-pyridylmethyleneamine complexes 
exist as two geometrical isomers in solution, whose ratios are 1 : 1 and 1 : 0.2, respectively. In the JV-butyl and 
N-p-tolyl analogs, however, only one of the isomers exists in solution. These results are interpreted in terms 
of steric repulsion between the J-butyl groups and JV-substituents. The bipyridine complex reacts with 
dialkyl disulfides in the presence of catalytic amounts of bipyridine to give a sulfur-bridged dimeric complex, 
[Pd(bipyridine)(SR)]2(G104)2(R = Me and Pr), and a free nitroxide radical. 

Nitroxide radicals (R 2 NO-) usually coodinate to metal 
ions through the oxygen atom as a neutral l igand.1 - 7) 
However, di-f-butylnitroxide has been reported to react 
with pal ladium dichloride to form a chloride-bridged 
diamagnetic complex A, in which the nitroxide was 
assumed to coordinate to the palladium atom as an 

BuW 

XI. 

Pd' 

BuW 

\r 
> d ' 

J2 

.CI 

^CHC(0)Ph 

anionic ligand.8> A recent *H N M R study by the 
present authors on the nitroxide-palladium (II) 
complexes B which involve prochiral phenacylides, 

Z C H C ( 0 ) P h ( Z = P P h 2 M e , PPh3 , AsPh3, and SMe2) , 
has demonstrated that a three-membered ring exists 
in the complexes.9) I t was also found that A reacts 
with triphenylphosphine to give a mononuclear 
complex C, which undergoes a novel redox reaction 
of the nitroxide-palladium moiety by nucleophilic 
attack of excess triphenylphosphine yielding tetrakis-
(triphenylphosphine) palladium (0). 10> 

BuW 

2PPh3 ' ) / 
A > 2 T ^ 

-CI 4PPh3 

CK ^ P P h 3 

C 

-> Pd(PPh3)4 

+ PdCl2(PPh3)2 + 2Bu2<NO-

This reaction indicates a characteristic coordination 
property of the nitroxide toward palladium. However, 
few palladium complexes with nitroxides have so 
far been isolated. I t is, therefore, of interest to 
extend the study of the nitroxide-palladium (II) 
complexes. 

This paper reports the preparations and properties 
of cationic palladium (I I) complexes having the chemical 
formula [Pd(Bu ' 2 NO)(L-L) ]X (L-L=2,2 ' -bipyr idine 
(bipy), l ,10-phenanthroline(phen), iV-substituted 2-

pyridylmethyleneamine(pyma-R) and bis (triphenyl­
phosphine); X - = C 1 0 4 ~ and/or BPh4~), and the redox 
reactions using dialkyl disulfides as oxidizing reagents. 

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

Materials. The chloride-bridged dipalladium com­
plex, [PdCl(Bu'2NO)]2, and JV-substituted 2-pyridylmeth-
yleneamines, 2-C5H4N-GH=N-R (R=Me, Et, Bu, and p-
tolyl), were prepared as described elsewhere.8'11) 

Preparation of [Pd(Bu\NO)(L-L)]X (L-L=bipy, phen, 
pyma-R and bis (triphenylphosphine) ; X~=ClOi~ and/or BPh4~). 
Into a dichloromethane solution (10 ml) of [PdCl(Bu'2NO)]2 

(286 mg, 0.5 mmol) was poured an acetone solution (15 ml) 
containing bipy (156 mg, 1.0 mmol) and sodium Perchlorate 
monohydrate (140 mg, 1.0 mmol) with vigorous stirring at 
room temperature. The original brown solution changed 
immediately to a yellow suspension, which was filtered to 
remove the sodium chloride produced. The filtrate was 
evaporated to dryness under reduced pressure. The result­
ing product was recrystallized from acetone/petroleum ether 
to afford yellow crystals of [Pd(Bu*2NO)(bipy)]C104-l/2Me2-
GO (427 mg, 80% yield). Other yellow Perchlorate com­
plexes were prepared by the same method (50—80% yields), 
and yellow tetraphenylborate complexes were similarly ob­
tained using sodium tetraphenylborate in place of sodium 
Perchlorate monohydrate (70—85% yields). The results of 
elemental analysis, the melting points and the molar electric 
conductances of the complexes are summarized in Table 1. 

Reaction of [Pd(But
iNO)(bipy)]Cl04 with Dialkyl Disulfides 

in the Presence of bipy. Dimethyl disulfide (470 mg, 5.0 
mmol) was mixed with an acetone solution (15 ml) of [Pd-
(Buf

2NO) (bipy)]C104 (268 mg, 0.5 mmol) in an atmosphere 
of dry nitrogen, followed by the addition of bipy (15.6 mg, 
0.1 mmol) in acetone (5 ml) with stirring at room temperature. 
The solution was further stirred for 40 h to give a precipitate, 
which was collected by filtration. Recrystallization from 
acetonitrile gave yellow crystals of [Pd(bipy)(SMe)]2(G104)2-
MeCN (160 mg, 82% yield). Found: G, 33.46; H, 2.89; 
N, 8.21%. Galcd for G24H25N608S2Gl2Pd2: G, 33.54; H, 
2.94; N, 8.20%. ylM=309 ohm-1 cm2 mol"1 (1.0 X 10-3 M in 
acetonitrile). The propyl analog, [Pd(bipy)(SPr)]2(C104)2, 
was prepared by the same method (75% yield). Found: 
G, 35.59 ; H, 3.42 ; N, 6.57%. Galcd for G26H30N4O8S2Cl2Pd2 : 
G, 35.71; H, 3.46; N, 6.41%. J M = 3 2 8 ohm"1 cm2 mol"1 

(1 .0xlO- 3 M in acetonitrile). 
Physical Measurements. rH NMR and ESR spectra were 

measured as described previously,10) and the electric con-
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TABLE 1. ELEMENTAL ANALYSIS RESULTS, MELTING POINTS AND MOLAR ELECTRIC CONDUCTANCES^ OF THE COMPLEXES 

No. Complex1») Mp (°C) 

— 

169(d) 

175(d) 

— 

— 

138(d) 

130(d) 

— 

Found (Calcd 

C 

43.72 
(43.72) 
69.36 

(69.47) 
70.53 

(69.84) 
38.23 

(38.33) 
39.11 

(39.68) 
68.38 

(68.90) 
69.93 

(69.94) 
60.16 

(60.41) 

^ 
H 

5.49 
(5.47) 
6.43 

(6.40) 
6.77 

(6.50) 
5.77 

(5.59) 
5.66 

(5.84) 
7.21 

(7.17) 
6.89 

(6.86) 

5.50 
(5.54) 

) % 

N 

7.81 
(7.85) 
5.77 

(5.79) 
5.22 

(5.20) 
8.89 

(8.95) 
8.71 

(8.68) 
5.89 

(5.74) 
5.22 

(5.10) 
1.61 

(1.60) 

A* 
(ohm -1 cm2 moh 

148 

109 

110 

152 

168 

94 

98 

142 

-1) 

l a [Pd(Bu*2NO)(bipy)]C104. l/2Me2CO 

l b [Pb(Bu*2NO)(bipy)]BPh4 

2 [Pd(Bu'2NO)(phen)]BPh4.Me2CO 

3a [Pd(But
2NO)(pyma-Me)]C104 

3b [Pd(Bu'2NO)(pyma-Et)]C104 

3c [Pd(Bu'2NO)(pyma-Bu)]BPh4 

3d [Pd(Bu'2NO) (Pyma-/>-tolyl)]BPh4. Me2CO 

4 [Pd(Bu<2NO)(PPh3)2]C104 

a) Measured in acetonitrile at 25 °C (1.65X 10~3 M). b) pyma-R^iV-substituted 2-pyridylmethyleneamine. 

TABLE 2. XH NMR CHEMICAL SHIFTS (Ô, ppm) OF [Pd(Bu*2NO)(L-L)]X IN ACETONITRILE AT 24°Ca) 

Complexe Configuration Bu« H, H« N - C H n -

l a 
l b 
2 
3a 

3dc> 

3c 
3d 
4d> 

I 
I 
I 
Ha 
IIb 
IIa 
IIb 
IIa 
IIa 

1.76 
1.75 
1.82 
1.72 
1.72 
1.72 
1.72 
1.69 
1.77 
1.46 

8.71(+0.09) 
8.68(4-0.06) 
9 .05( -0 .06) e ) 
8.66(4-0.06) 

— 
8.66(4-0.04) 

— 
8.61(4-0.01) 
8.70( 0 ) 

— 

8 . 4 7 ( - 0 . 1 5 ) 
8 .45( -0 .17) 
8 .84( -0 .27) e ) 

— 
8 .46( -0 .14) 

— 
8 .42( -0 .20 ) 

— 
— 
— 

— 
— 
— 

3.69(4-0.18) [N-CH3] 
3.82(4-0.31) [N-CH3] 
3.78(4-0.11) [N-CH2-] 
3.96(4-0.29) [N-CH2-] 
3.66(4-0.04) [N-CHa-] 

— 
—r 

a) The values in parentheses denote <?COmpiexed — <5free. b) Refer to Table 1 for the number of complexes. 
c) Measured in acetonitrile-rf3. d) Measured in acetone, e) H2 or H9 signal. 

ductance was determined at 25 °C using a universal bridge, 
as has also been described elsewhere.12) 

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

T h e complexes are stable in air in the solid state, 
however, they gradually decompose in solution. Elec­
tric conductance measurements appear to indicate that 
the complexes are 1 : 1 electrolytes in acetonitrile 
(Table 1). The assignment of the XH N M R spectra 
is easily carried out by refering to those of other metal 
complexes of bipy,13) phen,13> and 2-pyridylmethylene-
amines,11«14) as summarized in Table 2. 

Configuration of the [Pd(Bu\NO)(L-L)]+. Figure 
1 shows a comparison of the 1 H N M R spectra of the 
bipy complex and free bipy in the bipy proton region 
in acetonitrile. The H 4 and H 5 signals of bipy move 
down-field upon complex formation with the former 
being observed near the H 3 signal. I t is to be noted 
that two distinct H 6 signals appear separately with 
equal intensities; one of the H 6 signals undergoes a 
little down-field shift, while the other H 6 signal occurs 
at a higher field than does bipy itself. This result 

Free bipy 

M M AAA AAA 
H. H, 

Complex 

_MJV LJL 
n6a n6b n 3 T 

9 8 «(ppm) 

Fig. 1. XH NMR spectra of bipy and [Pd(Bu*aNO)-
(bipy)]C104 in the bipy proton region, in acetonitrile 
at 24 °C. 

indicates a three-membered ring formed by the nitro­
xide and the palladium atom in a square planar con­
figuration, as shown in I. T h e small shifts of the 
H 6 signals are ascribed to the counteraction of two 
opposite effects: a down-field shift due to a decrease 
in the electron density on the pyridine ring and an 
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BuW 

\r 
0 ^ 

y< 

6a^ ^ ^ 

"XQ 
6b' 

I 

up-field shift due to a decrease in the original para­
magnetic anisotropy of lone pair electrons of the bipy 
nitrogen upon coordination, as was suggested for the 
pyridine complexes of triethylaluminum.12) Steric re­
pulsion between the /-butyl groups and the pyridine 
ring can possibly weaken the P d - N a bond compared 
with the P d - N b bond. Therefore, the larger para­
magnetic anisotropy effect of the lone pair electrons 
may dominate more in N a than in N b . As a result, 
the H 6 a signal is considered to occur at a lower field 
than the H 6 b signal. T h e phen complex also exhibits 
two separated H 2 and H 9 signals, which suggests that 
the configuration is similar to I. 

The !H N M R spectrum of the JV-methyl-2-pyridyl-
methyleneamine complex shows two sets of H 6 , N-
methyl and f-butyl signals, as shown in Fig. 2 ; the 
intensity ratio of each pair is 1 : 1. This is due to 
the presence of two equimolar geometrical isomers, 
H a and l i b , in solution. In the JV-ethyl-2-pyridyl-
methyleneamine complex, the intensity ratio of each 
pair of H a and JV-ethyl signals is 1 : 0.2, whereas 
the JV-butyl and N-p-tolyl analogs exhibit only one 
set of signals. In view of the steric repulsion be­
tween the *-butyl and JV-alkyl or JV-aryl groups, 
configuration I I a would be more probable than l i b . 
This is consistent with the X-ray crystallographic 

analysis of P d C l ( B u ' 2 N O ) ( M e 2 S G H C ( 0 ) P h ) , in which 
the bulky phenacylide is located in the position trans 

H6a H a H 6 b Buu 

-ih 2 5(ppn0 

Fig. 2. The *H NMR spectrum of [Pd(Bu'2NO)-
(pyma-Me)]G104 in acetone at 24 °G; the solvent 
signals are omitted. 

BuW 
-i + 

BuW 
-i + 

Ha 

to the di-i-butyl nitrogen.15) The preference of H a 
over l i b is also supported by failure to isolate the 
nitroxide-palladium(II) complex of N,N'-di-p-tolyl-2, 
3-butanediimine, in which the /»-tolyl group should be 
located in the position eis to the di-/-butyl nitrogen. 

T h e bis(triphenylphosphine) complex is obtained in 
a high yield. O n the other hand, the isolation of 
the corresponding l,2-bis(diphenylphosphino) ethane 
complex was not successful possibly because the in­
flexibility of the bidentate ligand results in an un­
favorable steric repulsion upon chelation. 

Stability of the Complex to Nucleophiles. The ESR 
spectrum of [Pd(Bu t

2NO)(bipy)]C10 4 in degassed 
acetone shows a weak triplet signal due to a free di-
tf-butylnitroxide radical which may be produced by 
slight dissociation from the palladium atom. No 
appreciable enhancement of the ESR signal is observed 
upon the addition of bipy to a degassed acetone solution 
of the complex. These observations confirm that no 
reaction occurs between the complex and bipy. 
[Pd(Bu ' 2 NO)(PPh 3 ) 2 ]C10 4 does not react with excess 
PPh3 . This is in contrast to the facile reaction of 
PdCl(Bu' aNO)(PPh 8 ) with PPh3 , generating a free 
nitroxide radical.10) 

Reaction of \Pd(Bu\NO)(bipy)^\ClOi with Some Oxidi­
zing Reagents. When bipy is added to an acetone 
(not degassed) solution of [Pd(Bu<

2NO)(bipy)]C104 

in air, an orange crystalline complex is obtained and 
a free nitroxide radical is generated as confirmed by the 
ESR spectrum of the reaction mixture. The 1 H N M R 
spectrum of the orange complex in DMSO-</6 shows 
only the signals due to the coordinated bipy, but no 
signal for the di-£-butyl protons. T h e results of elemen­
tal analysis confirm the chemical formula, [Pd(bipy)2]-
(C 1 0 4 ) 2 - 0 2 . Although details of the configuration are 
ambiguous, a redox reaction appears to occur between 
the B u ' 2 N O - moiety and dioxygen. 

T h e redox reaction of [Pd(Bu f
2NO)(bipy)]C104 

with dialkyl disulfides was further examined in the 
presence of catalytic amounts of bipy in an atmosphere 
of dry nitrogen. This reaction yields [Pd(bipy)(SR)]2-
(C104)2 ( R = M e and Pr) (Reaction 1), 

.-i + 

+ RS-SR 

bipy 

-Bu^NO 

2 + 

(1) 

III 
(R = Me and Pr) 

where the anionic nitroxide is oxidized to a neutral 
radical and dialkyl disulfides are reduced. Analogous 
complexes [Pd(ethylenediamine)(SPh)]2X2 ( X = C 1 and 
Br) were prepared by Boschi et al.,16) who proposed 
a configuration similar to I I I . 
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Studies on 5-8 Fused Ring Compounds. I. Halogenation of 
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Bromination and chlorination of 4,4-dimethylbicyclo[6.3.0]undecane-2,6-dione (2) with pyridinium bromide 
perbromide and sulfuryl chloride gave several a-halo-dione?. The substituted positions and the stereochemistry 
of the halogen atoms have been assigned on the basis of their dehydrohalogenation and spectral data. The chlorina­
tion of 2 also gave a tricyclic dione (8) containing a cyclopropane ring. The structure of 8 was determined by 
means of 13G-NMR, as well as other types of spectroscopy. Dehydrochlorination of 7 gave a 5//-benzocyclo-
heptene derivative (18), 

Umehara et al. recently reported results concerning 
the photochemical cycloaddition of the enol acetate 
of dimedone to cyclopentene, and indicated that the 
photoadducts, 2-acetoxy-4,4-dimethyltricyclo [6.3.0.02 '7] -
undecan-6-one ( l a and l b ) , undergo retro-aldol cleav­
age under acidic conditions to give 4,4-dimethylbicyclo-
[6.3.0]undecane-2,6-dione (2).1) Halogenation of the 
dione (2) was at tempted to prepare intermediates for 
the synthesis of terpenes containing a medium-size ring, 
and several a-halo-diones were obtained. In the pres­
ent paper, the dehydrohalogenation of the a-halo-
diones and the substituted positions of the halogen atoms 
are reported. 

It is interesting to study the chemical properties of 
compounds containing a 5-8 fused r ing, since few 
investigations have been reported concerning them. 
Furthermore, such compounds constitute the partial 
skeleton of sesterterpenes (5-8-5 fused ring) and are 
of interest in this respect. 

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

Bromination of the dione (2) with pyridinium bromide 
perbromide in ethanol yielded only a monobromo-dione 
(3), but, in acetic acid, 3 and a dibromo-dione (4) were 
obtained. 

Chlorination of 2 with sulfuryl chloride in carbon 
tetrachloride yielded a mixture of two monochloro-
dione (5 and 6), a dichloro-dione (7) and a compound 
(8) presumably formed as the result of the dehydro­
chlorination. 

Other halogenated diones were also synthesized 
through the halogenation of the photoadduct l a {cis-
anti-cis), followed by retro-aldol cleavage. T h e halogen­
ation of l a with sulfuryl chloride and pyridinium 
bromide perbromide gave chloro derivatives (9 and 
11), and bromo derivatives (10 and 12), respectively. 
Then retro-aldol cleavage of 9 and 10 under similar 
conditions,1) used for the synthesis of 2 from l a and l b , 
gave monohalo-diones (13 and 14), respectively. 

The monohalo-diones (3, 5, 6, 13, and 14) were sub­
jected both to mass spectrometric analysis and to dehy­
drohalogenation with y-collidine in order to determine 
the positions of halogen. T h e halogen atom can be 
substituted on the dione (2) at positions 1, 3, 5, or 7. 

Compounds 3, 13, and 14 were found to remain 
unreacted upon treatment with y-collidine, suggesting 
that the halogen atom is present at position 3 or 5 in 

H H O 

OAc t OAc J T 1 

/ 1 / 9 x - c i 
1 «t c i s - a n t i - c i s -/ ]Q X - Br 

1 b c i s - a n t i - t r a n s ] ] x = C] z 

12 X-Br t 

o o 
\ 

0 

13 X= Cl 

14 X= Br 

+ di-Br dione 

any of these compounds because of the absence of a 
hydrogen atom at a neighboring position. The mass 
spectral data also support this. Scheme 2 shows the 
possible fragmentation patterns giving the fragment ions, 
mje=55 + X (or 5 4 + X ) (containing a gem-dimethyl group) 
and m/é?=67 + X (containing a halogenated five-mem-
bered ring). Compounds 3, 13, and 14 showed a frag­
ment peak corresponding to m / e = 5 5 + X (or 5 4 + X ) 
[where mje is 133 for 3 ( X = B r ) , 134 for 14 ( X = B r ) , 
and 90 for 13 (X = C1)], but none corresponding to 
m/é?=67 + X indicating that the halogen atom is present 
at the 3 or the 5 positions of these compounds. The 
resemblance of the I R spectra of 13 and 14 indicates 
tha t a chlorine or bromine atom is substituted at the 
same position. Since 13 and 14 arose from 9 and 10, 
respectively, the halogenation occurred at position 5 in 
13 and 14. 

T o identify the position of the bromine atom in 3, 
compound 3 was reduced with NaBH 4 to a mixture of 
stereoisomers of diol (15), which was refluxed with zinc 

ÛC; 
./e 67+X 

X 
m/e 55+X 
(or 54+X) 

Scheme 2- (X = G1 or Br) 
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in acetic acid,2) converted to 16 and then oxidized to 
enone 17 with chromic acid. T h e enone 17 was sub­
jected to 1 3 G-NMR spectroscopy by proton noise de­
coupling and off-resonance decoupling and the multi­
plicity of the a-carbon atom in the carbonyl group was 
carefully observed. The 1 3 C-NMR spectroscopy of the 
enone revealed that the one a-carbon atom of the 
carbonyl group resonated at 62.6 ppm as a doublet 
while the other occured at 52.4 ppm as a triplet. This 
finding suggests that the enone has the same structure 
as 17 (4,4-dimethylbicyclo[6.3.0]undec-5-en-2-one) and 
it can be concluded that the bromine atom in 3 is not 
at position 3 but is at position 5. Therefore, 3 and 14 
are epimers. 

OH 

OH OH 0 
15 16 17 

Scheme 3. 

I n a-halo ketones, the relationship between the IR3) 
or UV4) spectra and the orientations of the halogen 
atoms is known. The I R spectra of the dione (2) and 
the a-halo-diones (3, 5, 6, 13, and 14) were measured 
in carbon tetrachloride and the U V spectra in ethanol 
(Table 1). From these results, the C - X links in 6, 
13, and 14 are nearly coplanar with the carbonyl group 
while the bromine atom in 3 is twisted away from the 
carbonyl oxygen atom. These results agree with the 
above-mentioned finding that 3 and 14 are epimers with 
respect to the bromine atom at position 5. 

TABLE 1. T H E SPECTRAL DATA OF MONOHALO-DIONES 

UV (EtOH) IR (CG14) 
Compound 

2 (dione) 
3 (5-Br) 
14 (5-Br) 

13 (5-G1) 

5 (1-C1) 

6 (7-C1) 

Amax(nm) 

300 
317 
308 

305 

313 

313 

e 

53 
120 
76 

58 

77 

74 

_A* 
0 

+ 17 
+ 8 

+ 5 

+ 13 

+ 13 

i)(cm_1) 

1700 
1703 
(1700 
(1720 
(1700 
11723 
(1700 
11710 
11700 
11720 

~~M 
0 

+ 3 

+ 20 

+ 23 

+ 10 

+ 20 

Both 5 and 6, which were obtained by chlorination 
of 2, undergo dehydrochlorination upon treatment with 
y-collidine yielding 8. T h e mass spectra of 5 and 6 
show no fragment peak of m/e=55-\-C\ (or 5 4 + G l ) . 
On the other hand, 5 has a fragment peak at mje= 
102 (67+Gl) , which was not detected in 6. Hence, 
it is inferred that the chlorine atom of 5 is at position 
1 and the chlorine atom of 6 is at position 7. 

In the mass spectrum of 8, the parent peak is 206 
( M f ) . T h e I R spectrum of 8 shows a weak G - H 
stretching peak at 3040 cm - 1 , and carbonyl absorption 
peaks appear at 1660 and 1675 c m - 1 in Nujol, which 
are at frequencies lower than the 1695-cm - 1 peak ob­
served for 2. In the U V spectrum of 8, the end absorp­

tion at 210 n m has a higher intensity (e=7100 in E tOH) 
compared with the value for 2 ( e = 1 3 1 , E t O H ) . Fur­
thermore, the X H-NMR spectrum of 8 has no signal for 
any magnetic field lower than 3<5, and no signals appear 
in the 1 3 G-NMR spectrum over the range from 100— 
160 ppm. These experimental results can be explained 
more satisfactorily by the presence of a three-membered 
ring than by the presence of a double bond. 

The structure of 8 was determined to be 4,4-dimethyl-
tricyclo[6.3.0.0 l i7]undecane-2,6-dione with the aid of 
the multiplicity results of the 1 3 C-NMR spectra due to 
proton noise decoupling and off-resonance decoupling. 
In addition to the signals of two carbonyl carbon atoms 
(both at 206 ppm) , two singlet peaks are present at 49.2 
and 34.2 ppm. T h e peak at 34.2 ppm is assigned to 
G-4 carrying a gem-dimethyl group, and that at 49.2 
ppm to C-l , since only G-l can be converted into a 
quar ternary carbon by dehydrohalogenation. Moreover, 
two doublet peaks at 40.9 and 37.6 ppm indicate the 
presence of two tertiary carbon atoms which are assigned 
to C-7 and C-8, respectively. 

T h e cyclopropane ring of 8 is probably formed by 
intramolecular nucleophilic substitution involving an 
intermediate carbanion.5) Compound 8 appears to be 
rather strained judging from a molecular model, but 
conjugation of the cyclopropane ring and two carbonyl 
groups is likely to stabilize the compound to such an 
extent as to readily permit its formation. 

T h e dichloro compound (7) obtained by the chlorina­
tion of 2 yielded 7,7-dimethyl-6,7,8,9-tetrahydro-5//-
benzocycloheptene-5,9-dione (18) containing a benzene 
ring when treated with y-collidine. T h e structure of 
18 was determined by X H-NMR spectroscopy. T h e 
signals centered at 7.71 ö, at tr ibutable to benzene ring 
protons, appear as a symmetrical multiplet. T h e signal 
for the gem-dimethyl protons appears as a singlet (6H) 
at 1.25 ô and that for the equivalent two methylene 
protons as a singlet (4H) at 2.75 ô. 

^ o o J o 
18 

Scheme 4. 

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

The 13G-NMR and the ^H-NMR spectra were obtained 
on Hitachi R-26 and R-22 spectrometers in GDC13 with 
TMS as the internal standard. The mass spectra were meas­
ured with Hitachi RMU-6L and RMU-7M spectrometers. 
The IR and UV spectra were recorded using JASGO IR-G 
and Hitachi EPS-3 spectrophotometers, respectively. The 
VPG analysis was carried out on a 063 Hitachi gas Chromato­
graph. 

Bromination of Dione (2). A mixture of 2 (0.2 g) and 
pyridinium bromide perbromide (0.3 g) in ethanol (10 ml) 
was stirred at 40—50 °C. The reaction mixture was poured 
into water (150 ml) and the precipitated bromodione (3) 
(0.21 g) was collected. The product showed one spot on a 
TLC (silica gel). Recrystallization from ethanol gave pure 3 
(0.15 g); mp 111—113 °G. IR and UV (see Table 1). 
Found: C, 54,67; H, 6.58%. Calcd for G13H19OaBr; C, 
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54.37; H , 6 .62%. M S : m/e 288 ( M + 2 , 4 % ) , 286 (M+, 5), 
273 (5), 271 (6), 232 (7), 230 (7), 220 (5), 218 (5), 207 (72), 
191 (5), 189 (6), 179 (47), 163 (5), 161 (6), 151 (35), 135 (5), 
133 (5), 123 (30), 109 (48), 95 (27), 83 (base, 100), 81 (62), 
67 (27), 55 (62), and 41(62). 

A similar reaction of 2 in acetic acid (10 ml) yielded a 
crude product (0.25 g) which was subjected to column chro­
matography on silica gel. Elution with e ther-hexane ( 1 : 1 ) 
gave 4. Crystallization (E tOH) gave pure 4 ; m p 164—165 
°G. I R (CC14) 1710 cm- 1 . U V (E tOH) Am a x 324 n m (e, 
180). Found : C, 42.53; H , 4 .86%. Calcd for G 1 3 H 1 8 0 2 Br a : 
G, 42.65; H , 4 .92%. Further elution with e ther-hexane (1 : 
1) gave 3 . M p 110—112 °C ( E t O H ) , which was identified 
by I R spectroscopy. 

Chlorination of Dione (2). In to a solution of 2 (0.4 g) 
in CC14 (15 ml) , a solution of sulfuryl chloride (0.26 g) in 
CG14 (10 ml) was added dropwise with stirring. T h e mixture 
was allowed to stand at room temperature overnight. T h e 
resulting solution was washed successively with water and 
aqueous sodium hydrogencarbonate. After the organic solu­
tion had been dried over sodium sulfate, it was concentrated 
under reduced pressure. T h e residual oil was chromato-
graphed on a silica gel column with e ther-hexane (1 : 2) . 
T h e amounts of the products isolated in the order of their 
elution were : 51 mg of dichloro-dione (7), 42 mg of mono­
chloro-dione (6), 20 mg of monochloro-dione (5), 58 mg of 
dione (2), and 167 mg of 4,4-dimethyltricyclo[6.3.0.01>7]-
undecane-2,6-dione (8). Recrystallization of chlorodiones 5, 
6, and 7 from ethanol and of 8 from hexane-ether (5 : 1) 
gave pure products. 

5 : m p 108—110 °C. I R and U V (see Tab le 1). Found : 
C, 64.47; H , 7 .68%. Calcd for C 1 3 H 1 9 0 2 C1: C, 64.33; H , 
7.84%. M S : m/e 242 (M+, 3%) , 207 (3), 151 (3), 141 (80), 
123 (5), 112 (36), 109 (2), 104 (2), 102 (6), 95 (7), 83 (base, 
100), 81 (10), 67 (17), 55 (13), and 41 (18). 

6 : m p 126—127 °C. I R and U V (see Table 1). Found : 
C, 64.39; H , 7.52%. M S : m/e 242 (M+, 2 % ) , 207 (37), 
179 (7), 151 (2), 123 (3), 122 (3), 111 (12), 109 (6), 95 (13), 
83 (base, 100), 81 (17), 67 (12), 55 (16), and 41 (14). 

7 : m p 168—170 °C. I R and U V (see Table 1). Found : 
C, 56.47; H , 6 .24%. Calcd for C 1 3 H 1 8 0 2 C1 2 : C, 56.32; H , 
6 .50%. M S : m/e 276 (M+, 0 .5%), 261 (1.5), 243 (5), 242 
(14), 227 (2), 213 (3), 207 (3), 205 (3), 178 (2), 176 (8), 
174 (25), 163 (2), 161 (7), 159 (3), 157 (4), 153 (2), 150 (2), 
149 (2), 143 (4), 141 (5), 123 (4), 115 (6), 111 (17), 108 (3), 
107 (3), 102 (3), 95 (3), 83 (base, 100), 79 (13), 77 (12), 
67 (12), 55 (19), and 41 (19). T h e mass spectrum of 7 
shows a fragment peak at m/e—102 ( 6 7 + C I ) and it is likely 
that one chlorine a tom is present at the ring junct ion and 
the other at position 7. 

8 : m p 106—107 °C. I R : (CC14) 3040, 2950, and 2805 
c m - 1 ( C - H ) , 1685 c m - 1 ( C = 0 ) ; (Nujol) 1660 and 1675 c m - 1 

( C - O ) . U V (E tOH) Am a x 288 n m (e, 69), e at 210 n m 
(7100). i H - N M R (CDC13) 0.91 Ö (s, 3H, CH 3) and 1.10 
Ô (s, 3H, CH 3 ) . 1 3 C-NMR (CDC13) 206 ppm (s, C-2, C-6), 
56.2 and 54.6 ppm (t, C-3, C-5), 49.2 p p m (s, C- l ) , 40.9 
ppm (d, C-7), 37.6 ppm (d, C-8), 34.2 (s, C-4), 32.9 and 
24.7 p p m (q, d iCH 3 ) , 29.0 and 27.7 p p m (t, C-9, C - l l ) , 
and 19.5 p p m (t, C-10). F o u n d : C, 75.45; H , 9.06%. 
Calcd for C 1 3 H 1 8 0 2 : C, 75.73, H , 8.74%. M S : m/e 206 
(M+, C 1 3 H 1 8 0 2 , 6 3 % ) , 191 (C 1 2 H 1 5 0 2 , 8), 188 ( C 1 3 H 1 6 0 , 5), 
178 ( C 1 2 H 1 8 0 , 9), 163 ( C n H 1 5 0 , 11), 150 (C 9 H 1 0 O 2 , 41), 
135 ( C 8 H 7 0 2 , 11), 122 (C 8 H 1 0 O, 48), 108 ( C 7 H 8 0 , 80), 94 
( C 6 H 6 0 , C7H1 0 , 14), 83 ( C 5 H 7 0 , 100), 79 (C6H7 , 36), and 
67 (C5H7 ,_8) . 

Chlorination of la. T o a solution of l a (0.3 g) in CC14 

(10 ml) , sulfuryl chloride (0.1 ml) in CC14 (5 ml) was added 
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dropwise with stirring at 60 °C. T h e resulting solution was 
stirred for 1 h and then washed with water, aqueous sodium 
hydrogencarbonate and aqueous sodium chloride. After the 
organic solution had been dried over (sodium sulfate) and 
concentrated under reduced pressure, a crude crystalline com­
pound (0.35 g) was obtained. Recrystallization (EtOH) 
afforded pure 9 (0.22 g) ; m p 130—132 °C. I R (Nujol) 
1703 c m - 1 (C=0) and 1730 c m - 1 ( O C O C H 3 ) . Found: C, 
63 .41; H , 7.10%. Calcd for C 1 5 H 2 1 0 3 C1: C, 63.27; H, 
7 .38%. 

From the parent solution, 11 (25 mg) was obtained ; m p 
163—165 °C. I R (Nujol) 1708 c m - 1 (C=0) and 1733 c m - 1 

( O C O C H 3 ) . Found : C, 56.32; H, 6 .03%. Calcd for 
C 1 5H 2 0O 3Cl 2 : C, 56.43; H , 6.27%. 

Bromination of la. A mixture of l a (0.3 g) and pyridi-
n ium bromide perbromide (0.5 g) in acetic acid (10 ml) was 
stirred at room temperature until the reagent was dissolved 
and the mixture had reacted. T h e reaction mixture was 
poured into ice water (150 ml) and the precipitate (0.42 g) 
was collected. Recrystallization (E tOH) gave 10 (0.25 g ) ; 
m p 142—144 °C. I R (Nujol) 1690 c m - 1 (C=0) and 1740 
c m - 1 ( O C O C H 3 ) . Found : C, 54.88; H , 6 . 6 1 % . Calcd for 
C 1 5 H 2 1 0 3 Br : C, 54.73; H , 6 .38%. 

From the parent solution, 12 (48 mg) was obtained; m p 
164—166 °C. I R (Nujol) 1705 c m - 1 (C=0) and 1730 c m - 1 

( O C O C H 3 ) . Found : C, 43.96; H , 5.14%. Calcd for 
C1 5H2 0O3Br2 : C, 44.14; H, 4 .90%. 

Chloro-dione (13) and Bromo-dione (14). A solution of 
0.35 g of 9 (or 10) in methanol (40 ml) containing sulfuric 
acid (2 ml) was left to stand at room temperature for two 
weeks. T h e reaction mixture was concentrated at reduced 
pressure and extracted with ether. T h e ethereal extract was 
neutralized with aqueous sodium hydrogencarbonate, washed 
with water, and then dried over sodium sulfate. After the 
removal of the ether, a crystalline residue was obtained. 
Recrystallization from methanol gave 13 (0.10 g) (or 14 (0.12 

g))-
13 : m p 90—92 °C. I R and U V (see Table 1). Found: 

C, 64.17; H , 7.96%. Calcd for C 1 3 H 1 9 O a Cl: C, 64.33; H , 
7 .84%. M S : m/e 242 (M+, 1%), 207 (1.5), 188 (2), 186 (4), 
175 (11), 173 (18), 152 (17), 124 (56), 109(10) , 9 5 ( 7 3 ) , 
92 (5), 90 (12), 83 (base, 100), 81 (25), 67 (73), 55 (38), 
and 41 (58). 

14: m p 115—116 °C. I R and U V (see Table 1). 
Found : C, 54.52; H , 6.40%. Calcd for C 1 3 H 1 9 0 2 Br: C, 
54.37; H , 6 .62%. M S : m/e 288 ( M + 2 , 2 % ) , 286 (M+, 
2), 232 (4), 230 (4), 221 (11), 219 (14), 207 (64), 179 (4), 152 
(42), 136 (7), 134 (7), 124 (72), 111 (10), 109 (10), 97 (23), 
95 (70), 83 (base, 100), 81 (28), 67 (56), 55 (37), and 41 (50). 

Dehydrochlorination of 5, 6, and 7. A mixture of 5 
(20 mg) and y-collidine (0.5 ml) was refluxed for 10 min in 
a nitrogen atmosphere. Rapidly, a precipitate of y-collidine 
hydrochloride was produced. T h e resulting mixture was 
diluted with petroleum ether, filtered to separate of y-col-
lidine hydrochloride and then washed successively with 4 % 
aqueous hydrochloric acid, aqueous sodium hydrogencar­
bonate, and water. T h e solvent was removed and the re­
sidue was crystallized from hexane, m p 100—103 °C (92% 
yield). T h e product was identical to 8 on the basis of a 
comparison of their I R spectra. 

A similar reaction of 6 (20 mg) with refluxing for 2 h also 
gave 8 (85% yield). 

Similarly, 7 (0.2 g) was refluxed with y-collidine ( 1.5 ml) 
for 2 h and treated in the manner described above. The 
product was crystallized from hexane, m p 90—92 °C (58 mg). 
Recrystallization (hexane) afforded pure 18; m p 97—99 °C. 
I R (Nujol) 1690 c m - 1 (C=0) and 1590 c m - 1 (C=C). U V 
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(EtOH) Am a x 221.5 n m (e, 22700), 258 (7080), and 296 (2070). 
i H - N M R (GDG13) 1.25 ô (s, 6H, d iCH 3 ) , 2.75 ô (s, 4H, 2GH 2 ) , 
and 7.56—7.87 «5 (m, 4H, A r H ) . Found : G, 77.18; H, 7.06 
% . Galcd for C 1 3 H 1 4 0 2 : G, 77.23; H , 6 .93%. M S : m/e 
202 (M+, 14%), 174 (3), 159 (3), 146 (base, 100), 129 (4), 
104 (26), 90 (9), 76 (22), 50 (9), and 41 (9), T h e formation 
of 18 from 7 probably proceeds via an intermediate con­
taining a cyclopropane ring similar to 8, followed by the 
opening of the cyclopropane ring at C^-Cg and further de­
ny drogenation (Scheme 4) . 

Reactions of 3, 13, and 14 with y-Collidine. In the 
manner described above, 3, 13, and 14 (20 mg) were 
refluxed with y-collidine for 2 h. In each case, no pre­
cipitation of y-collidine hydrochloride occured and the 
starting material was recovered in a 80—87% yield, and 
identified by I R spectroscopy. 

4,4-Dimethylbicyclo[6.3.0]undec-5-en-2-one (17). I n a 
solution of 3 (0.3 g) in ethanol (20 ml) , NaBH 4 (0.15 g) in 
ethanol (20 ml) was added at 20 °C. T h e solution was 
left to stand at room temperature for 48 h, diluted with water 
and extracted with ether. T h e ethereal solution was dried 
and evaporated in vacuo. The glassy residue (15) was dis­
solved in acetic acid (30 ml) and refluxed with zinc dust (2 g) 
for 1.5 h. The reaction mixture was filtered and extracted 
with ether. T h e extract was processed by the usual method 
and gave an oily residue (16) ; Tet rani t romethane test positive. 
To a solution of crude 16 in acetic acid (10 ml) , chromic 
trioxide (0.3 g) in acetic acid (12 ml) was added dropwise 
with stirring at 25 °G and the solution was allowed to stand 
at room temperature overnight, diluted with water and ex­
tracted with ether. After the usual procedure, the extract 
gave an oily residue. Column chromatography (on silica 
gel) of the product using hexane elution gave 17 (62 mg) 

and a by-product (54 mg) which is probably acetate of 16 
(v 1730 c m - 1 ) . Product 17 was further purified by column 
chromatography and preparative T L C (Silica Gel G) and 
obtained as a colorless oil which solidified in a refrigerator and 
showed one peak on a V P G ; Beilsteine test negative and 
tetrani tromethane test positive. M p 26 °C. I R (neat) 3000, 
2940, and 2850 c m - 1 ( C - H ) , 1695 c m - 1 ( C = 0 ) , 1640 c m - 1 

sh (C=C). X H-NMR (CDC13) 0.93 ô (s, 3H, CH 3 ) , 1.12 ô 
(s, 3H, CH 3 ) and 5.56—5.80 ô (m, 2H, olefinic). 1 3 C-NMR 
(CDC13) 2 1 1 . 6 p p m (s, C-2), 134.8 and 128.8 p p m (d, G-5, 
C-6), 62.6 p p m (d, C- l ) , 52.4 p p m (t, C-3), 43.2 p p m (d, 
C-8), 39.6 and 34.2 ppm (t, C-7, C - l l ) , 33.0 p p m (s, C-4), 
29.0 and 29.4 p p m (q, d iCH 3 ) , 25.8 and 23.0 p p m (t, C-9, 
C-10). Found : C, 81.07; H , 10 .51%. Calcd for C 1 3H 2 0O : 
C, 81.25; H, 10.42%. M S : m/e 192 (M+, 6 % ) , 177 (16), 
159 (2), 149 (5), 136 (28), 121 (11), 108 (base, 100), 93 (47), 
81 (17), 80 (18), 79 (15), 68 (15), and 67 (14). 2 ,4-DNP: 
m p 148—149 °C. 
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The slow addition of SbCl5 to a GG14 solution of 1,5-cyclooctadiene or cû-cyclooctene gives an isomeric mix­
ture of endo- and exo-2, anft-8-dichlorobicyclo [3.2.1] octanes (1 and 2) or an isomeric mixture of trans- andcû-1,4-
dichlorocyclooctanes (12 and 13) respectively in a good yield. The former reaction involves the transannular 
cyclization, while the latter is accompanied by the transannular hydrogen shift. The addition of 1,5-cyclooctadiene 
to a CC14 solution of SbCl5 (reverse addition) affords endo-2,6- and endo, £xo-2,6-dichlorobicyclo[3.3.0]octanes (6 
and 7) as additional products, besides 1 and 2. In the case of «V-cyclooctene, however, a reverse addition produces 
only chlorocyclooctane. It has been revealed that a mixture of 6 and 7 is readily isomerized to a mixture of 1 
and 2 by the interaction with SbCl5. The 1,4-chlorination of m-cyclooctene which gives 12 and 13 also occurs 
with VG14, SeCl4, PhICl2, and PG15, although the selectivity and the yield are low compared to the case of SbCl5. 

I t has been reported that SbCl5 is a good reagent for 
the m-chlorination of simple olefins1'2) and for the for­
mation of eis-1,4-dichloro-2-butene from 1,3-butadi-
ene.2 '3) Other features of SbCl5 have recently been 
recognized in the favorable cw-chlorination of alkyl-
phenylacetylenes4) and in the facile isomerization of 
some dichloronorbornenes to other isomers.5) As a par t 
of the study of chlorination with SbCl5, we now wish 
to report the unusual chlorinations of 1,5-cyclooctadiene 
(1,5-GOD) and of m-cyclooctene, both involving a 
transannular interaction.6) 

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

Chlorination of 1,5-COD (Table 1). When two 
equivalents of SbCl5 in CG14 were slowly added to a 
CG14 solution of one equivalent of 1,5-GOD at —20 °C, 
an isomeric mixture of endo- and exo-2, 0/zft'-8-dichlorobi-
cyclo[3.2.1]octanes (1 and 2, respectively) was obtained 
in a 5 9 % yield (1 : 2 - 6 7 : 33 by GLC) . When equi-
molar amounts of SbCl5 and 1,5-COD were used, the 
yields of 1 and 2 were increased, and the additional 
formation of small amounts of stereoisomeric dichlorobi-
cyclo[3.3.0]octanes (6 and 7) was observed (Scheme 1). 
Almost identical results were obtained by the use of 
GH2C12 or CHClg as the solvent. Some typical results 
are recorded in Table 1 (Runs 1—3). 

/ — \ SbCI5 

II II - — - - > 
\ / CC14 

^ é i c i 

1 2 6 7 

Scheme 1. 

A mixture of 1 and 2 was analyzed as C8H12C12 , did 
not have any absorption due to olefinic protons in its 
I R and N M R spectra, did not decolorize bromine in 
CG14, and was monodehydrochlorinated to anti-b*-ch\o-
robicyclo[3.2.1]oct-2-ene (3) by treatment with J-BuOK 

* To whom correspondence should be addressed. 

1 2 '-BUOK/DMSQ ] ^ - \ A g o A c / A c ° H
T cx/y 

3 4 

Scheme 2. 

in D M S O (Scheme 2). 
Here, it was observed that 2 was more readily dehydro-
chlorinated than 1, as was expected from the E2 elimina­
tion.7) In 2, the chlorine, two carbons (G2 and C3), 
and the hydrogen on C 3 lie in a common plane. By 
this procedure 1 was separated from 2. A sharp singlet 
at ô 3.85 in 1 and ô 4.23 in 3 could be assigned to a 
j^n-hydrogen at C8, the absorption being very similar 
to that of fln^'-8-chloro-^nrfo-2-(methoxymethyl)bicyclo-
[3.2.1]octane8) [Ô 3.94, singlet] (See Experimental). 
Although the isolation of pure 2 was not achieved, a 
sharp singlet at ô 4.60 in the N M R spectrum of a mix­
ture of 1 and 2 could be assigned to a .yn-hydrogen at 
C8 in 2. This greater deshielding of the G8-hydrogen 
in 2 than that in 1 may be due to the anisotropy of 
<?*o-chlorine at G2. Additional proof for the structure 
of 3 was obtained by its reaction with silver acetate in 
acetic acid, which gave exo-cis-bicyc\o[3.3.0]oct-7-en-2-
yl acetate (4).9) LeBel and Spurlock10) have reported 
that 4 was formed by the acetolysis of the />-toluene-
sulfonate analogue of 3. 

It has been known that the transannular cyclization 
of 1,5-COD usually gives bicyclo[3.3.0]octane deri­
vatives.8) T h e formation of bicyclo[3.2.1]octane deri­
vatives has been reported only in the case of the reaction 
with M e O G H 2 Y ( Y = O A c , CI, and O M e ) , and even 
in this case the main products were bicyclo[3.3.0]octane 
derivatives.8) Considering that SbCl5 is a very effective 
catalyst for isomerization between the isomeric dichloro-
norbornanes,5) the most probable pathway for the for­
mation of 1 and 2 seems to be that a mixture of endo-
2,6- and endo, <?xo-2,6-dichlorobicyclo[3.3.0]octanes (6 
and 7) is first formed through the 5 cation (endo-C\) and 
then isomerized to a mixture of 1 and 2 by the SbCl5 

catalyst through the 8 cation (exo- and endo-CY) (Scheme 
3). In fact, when 1,5-COD was added all at once to a 
CC14 solution of equimolar SbCl5 at —20 °C, instead of 
slow addition of SbCl5 to a CC14 solution of 1,5-COD, the 
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TABLE 1. CHLORINATION OF 1,5-GOD WITH SbCl5 

Product 

Run 

lb) 

2b) 
3b) 
4d) 
5<i) 

6b> 
7d) 

1,5-GOD 
(mmol) 

25 
25 
25 
50 
25 
50 
50 

SbCl5 

(mmol) 

50 
25 
25 
25 
4.4 

25 
25 

Solvent 
(ml] 

GG14 

GC14 

GH2C12 

GG14 

CC14 

GS2 

GS2 

) 

100 
100 
100 
100 
50 

100 
100 

Temp 
(°G) 

- 2 0 
- 2 0 
- 2 0 

40—50 
0 

- 2 0 
40 

Time 
(min) 

30 
30 
30 

1 
0.17 

30 
1 

1 

67 
68 
59 
35 
30 
44 
29 

Isomer distribution 

2 6 

33 < 0 . 5 
29 3 
33 5 
14 35 
9 41 

17 30 
11 40 

7 

< 0 . 5 
< 0 . 5 

3 
16 
20 
9 

20 

Yielc» 
(%) 

59c> 
7 2 c ) 

75 
83 
69 
76 
71 

a) Based on the amount of SbCl5. Determined by GLG. b) A solution of SbCl5 was slowly added, c) Based 
on the amount of 1,5-GOD. d) A solution of 1,5-GOD was added all at once. 

TABLE 2. CHLORINATION OF C^-CYCLOOCTENE 

Product 
•Cyclooctene 

(mmol) 

50 
20 
20 
10 
50 
50 
50 

50 

5 
5 

50 
50 

Chlorinating 
agent (mmol) 

SbCl5 

VG14 

VC14 

SeCl4 

PG15 

PG15 

so2ci2 
GuCl2 

+ L1C1 
PhICl2 

PhICl2 

PbCl4 

PbCl4 

25 
2.4 
2. 
3 

25 
25 
25 

5 

50 each 

2 
2 

10 
10 

(o2) 
(N2) 

Solvent 
(ml) 

CG14 

CG14 

CG14 

CG14 

GG14 

CH2C12 

CG14 

CH3GN 

CHC13 

CHC13 

CH2G12 

CH2G12 

100 
50 
50 
50 
50 
50 
50 

50 

10 
10 
50 
50 

Temp 
(°C) 

- 3 0 
25 
76 
76 
76 
25 
76 

82 

61 
61 

- 4 0 
- 1 0 

Time 
( h ) 

0.5 
15 
2 
5 
3 

10 
2 

12 

0.5 
0.5 
2 
2 

10 

0 
20 
35 
43 
75 
97 
75 

55 

55 
74 
3 

49 

Isomer distribution 

11 

5 
9 

22 
0 

19 
< 0 . 5 
25 

45 

1 
25 
0 
0 

12 

7 
56 
26 
11 
3 
2 
0 

0 

9 
0 

20 
22 

13 

88 
15 
17 
46 

3 
1 

< 0 . 5 

0 

35 
1 

77 
29 

Yielda> 
(%) 

81b> 
63 
22 
12 
87 
83 
81 

24 

80 
89 
69c> 
93 

a) Based on the amount of chlorinating agent charged. Determined by GLC. b) Other product : chlorocyclooctane 
(2 mmol), c) Other product: chlorocyclooctane (7.7 mmol). In Ref. 13; 10:11:12:13 = 9:0:20:70. 

tion. T h a t is, in the case of the rapid addition of excess 
1,5-COD, enough SbCl5 did not remain to make the 
isomerization of 6 and 7 complete, because SbCl5 turned 
to SbCl3 as soon as chlorination took place. This find­
ing parallels that in the chlorination of norbornene with 
SbCl5.5) Although we have not yet been successful in 
finding out the reaction conditions under which only 
6 and 7 were formed, it may be worthwhile to refer 
to the facts that the isomerization is slower in the CS2 

solvent than in GG14 and that more 6 and 7 are obtained 
in this solvent (Table 1, Runs 6 and 7). 

As has been described above, we proposed and partly 
confirmed that 1 and 2 could be formed through 6 and 
7. Apparently, another route for all the products may 
be considered when the attack of SbCl6~ on the non-
classical cation 9, which is a stabilized form of 5, is 
involved. However, the lesser stereospecificity in the 
bicyclo[3.2.1]octane ring formation and the complete 
absence of isomers of dichlorobicyclooctanes other than 
1, 2, 6, and 7 appear to imply that such a route is 
improbable. 

CI 

O—O.'"— CO — " 
c l 5 

— * <^> — i + 2 

8 

Scheme 3. 

formation of considerable amounts of 6 and 7 besides 
1 and 2 was observed (Table 1, Runs 4 and 5). Since 
6 and 7 could not be isolated in a pure state, and since, 
also, several attempts at the preparation by different 
methods were unsuccessful, these structures were ten­
tatively assigned by means of N M R spectra and the 
analytical data of the mixture (See Experimental) . In 
separate experiments we observed that a mixture con­
taining 1, 2, 6, and 7 was readily converted to a mixture 
of 1 and 2 by treatment with SbCl5. These results 
appear to show that the SbCl5-catalyzed isomerization 
of a mixture of 6 and 7 to that of 1 and 2 considerably 
rapid and that their rates are sufficient to compete with 
that of the first step (producing 6 and 7) of the chlorina-
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The chlorination of 1,5-COD with other chlorinatingi 
agents, such as Cl2, PhICl2 , GuCl2, SeCl4, MoGl5 , and 
PbCl4 , gave a mixture of eis- and £ra/u-5,6-dichloro-
cyclooctenes and no 1 or 2.11) 

Chlorination of cis-Cyclooctene ( Table 2). The ap­
plication of the chlorination with SbCl5 to cw-cyclooctene 
at —30 °G (the addition of SbGl5 to olefin) resulted in 
the preferable formation of eis-1,4-dichlorocyclooctane 
(13, 71 % yield), together with small amounts of the 
trans-1,4-isomer (12, 6%) and the eis-\,2-isomer (11, 
4 % ) . I t was confirmed that no interconversion occurred 
between the 1,2- and 1,4-isomers or also between the 
eis- and trans-1,4-isomers under the present conditions. 
The reaction apparently involves a transannular 1,5-
hydride shift, and the strikingly high selectivity for the 
formation of the eis-1,4-isomer 13 may be explained by 
assuming a hydrogen-bridged chlorocyclooctyl cation 
intermediate (Scheme 4), almost the same as that 

o 
^ J C J T V - 0 1 1>5-Shift C l ^ ^ - y ^ C l C l ^ - y C l 

I s b 2 c i 9 13 12 

oo a 
10 i l 

Scheme 4. 

proposed in the formolysis of m-cyclooctene oxide.12) 
Both the total yields of the products (10—13) and 
the selectivities affording 13 were decreased when 
the reaction was carried out at 0 °C or at room 
temperature. A reverse addition, namely, the addition 
of m-cyclooctene to SbCl5, afforded only chlorocyclo-
octane at —20, 20, or 76 °G, irrespective of the 
speed of the addition. This may be explained by 
the rapid hydride abstraction by SbCl5 from olefin, 
followed by the addition of the produced hydrogen 
chloride to olefin, because excess SbCl5 is present in 
the solution when olefin has been added. Such hy­
dride abstraction by SbCl5 from alkane and alkene to 
form hydrogen chloride has previously been reported.2) 
Although the 1,4-chlorination with PbCl4 has been 
known,14) SbCl5 is superior to PbCl4 in its yield and 
in its selectivity for the formation of the eis-1,4-isomer. 
This seems to be another feature of the chlorination of 
olefin with SbCl5 . As a par t of our study of the chlori­
nation of olefins with various chlorinating agents,5'11»14) 
we have examined their behavior toward a'j-cyclooctene 
and found that 1,4-chlorination also occurred with 
PhIGl2 (ionic condition), VC14, SeCl4, and PG15, al­
though the selectivities and the yields were low compared 
to those in the cases of SbCl5 and PbCl4 . The chlorina-
tions with GuCl2, S0 2 G1 2 (radical condition), and 
PhICl 2 (radical condition) gave almost only the 1,2-

somers, 10 and 11. 

Exper imenta l 

All the organic and inorganic materials were commercial 
products. The IR and NMR spectra were recorded with a 
Hitachi EPI-S2 and a Varian A-60 (GG14 as solvent) ap­
paratus respectively. The GLG analyses were carried out 
on Shimadzu 4BMPF apparatus, using EGSS-X(15%)-
Ghromosorb-W (3 m), PEG 6000(25%)-Chromosorb-W (3 
m), and Apiezon-L(30%)-Celite (1 m) columns (N2 as 
carrier gas). 

Chlorination of 1,5-COD with SbCl5. To a GG14 (200 ml) 
solution of 1,5-COD (16.2 g), we slowly added a solution of 
SbCl5 (45 g, 150 mmol) in CC14 (100 ml) at - 2 0 °C under 
N2 for 30 min. Aqueous NaOH was then added, and the 
organic layer was separated after the usual work-up. Distil­
lation gave 13.2 g of a mixture of 1 and 2 (1 : 2=ca. 70 : 30), 
contaminated by a trace amount of 6; bp 117—119°G/22 
Torr. Found: G, 53.30; H, 7.06; Gl, 39.75%. Galcd for 
C8H12G12: C, 53.64; H, 6.76; Gl, 39.60%. 

When 1,5-COD (5.4 g, 50 mmol) was added, all at once, 
to a CS2 (100 ml) solution of SbCl5 (7.5 g, 25 mmol) at a 
refluxing temperature, an isomeric, mixture of four dichloro-
alkanes which contained 6 and 7 besides 1 and 2 was obtained 
(18 mmol, 1 : 2 : 6 : 7=29 : 11 : 40 : 20 by GLG). Although 
it was not possible to isolate both 6 and 7 in a pure state by 
fractional distillation, two fractions (A and B) which contain 
mainly 6 and 7 respectively were obtained by the distil­
lation of the combined reaction products of several runs. 
The NMR spectrum of Fraction A (bp 110—114 °C/21 Torr, 
1 : 2 : 6 : 7 = 7 : 4 : 1 4 : 75 by GLG) showed two multiplet 
peaks at ô 4.7—4.3 and ô 4.3—3.8 which could be assigned 
to exo- and endo-hydrogen in 7 respectively. Found: G, 
53.37; H, 7.07%. Galcd for G8H12C12: G, 53.64; H, 6.76%. 
The NMR spectrum of Fraction B (bp 118—122 °C/21 Torr, 
1 : 2 : 6 : 7=30 : 12 : 55 : 3 by GLC) showed a broad mul­
tiplet peak at ô 4.65—4.0 which could be assigned to two 
«xo-hydrogen in 6. Found: C, 52.93; H, 7.22%. Galcd 
for C8H12G12: C, 53.64; H, 6.76%. 

Dehydrochlorination of 1 and 2. A mixture of 1 and 2 
(25 g, 140 mmol) was added, drop by drop, to a DMSO 
(200 ml) solution of f-BuOK (50 g, 446 mmol) at room tem­
perature, and then the mixture was heated to 60 °C for 10 h. 
The reaction mixtures were worked up by the following 
successive treatments: dilution with water, extraction with 
ether, and then the evaporation of the ether. After the 
fractional distillation of the residue, the monochloride (3; 
2.8 g, 20 mmol, bp 78—81 °C/22 Torr) and the dichloride 
(1; 8.7 g, 49 mmol, bp 123—124 °C/25 Torr) were both 
purely isolated. 3, NMR: <5 6.0—5.2 (m, 2H), 4.23 (s, 1H), 
2.8—1.2 (m, 8H); mass: m/e 142 (M+), 144 (M++2). 1, 
NMR: ô 4.1—3.85 (m, 1H), 3.85 (s, 1H), 2.7—1.2 (m, ÎOH); 
mass: m/e 178 (M+), 180 (M++2), 182 (M++4). Found: 
G, 53.51; H, 7.01%. Calcd for G8H12C12: G, 53.64; H, 
6.76%. 2, NMR: <5 4.60 (s, 1H); the other absorptions 
overlap those of 1 and have not been clarified. 

Acetolysis of 3. The reaction of 3 (2.9 g, 20.3 mmol) 
with AgOAc (4.0 g, 24.0 mmol) in acetic acid (40 ml) at a 
refluxing temperature for 10 h gave 2.1 g of 4; bp 101—102 
°G/18 Torr (lit,9) 69—73 °C/5 Torr), m/e 166 (M+). The 
NMR spectrum (in CDG13) of 4 was identical with that of 
exo-m-bicyclo[3.3.0]oct-7-en-2-yl acetate reported by Fujita 
et al.f) ô 5.6 (s, 2H), 4 .9-4.7 (m, 1H), 1.94 (s, 3H), 3.1—1.2 
(m, 8H). 

Isomerization of a Mixture of 6 and 7 to a Mixture of 1 and 
2 with SbClb. A CG14 (10 ml) solution containing a 
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mixture of the dichlorides (0.14 g, 0.76 mmol; 1 : 2 : 6 : 7 = 
29 : 11 :40 : 20) and SbCl5 (0.65 g, 2.2 mmol) was kept at 
0 °G for 30 min. A GLG analysis of the CCld layer after 
a usual work-up revealed the presence of a mixture of 1 
(63%) and 2 (37%); yield of the mixture, 65%. 

Chlorination of cis-Cylooctene with SbClb. To a solution 
of w-cyclooctene (5.5 g, 50 mmol) in CC14 (40 ml), we added 
SbCl5 (7.5 g, 25 mmol) in GG14 (10 ml) at - 3 0 °C under N2 

for 30 min; aqueous NaOH was then added to stop the 
reaction. After the usual work-up, the distillation of the 
organic layer afforded 2.3 g of 13 in an almost pure state; 
bp 115— 118 °C/8 Torr (lit,13) 116— 119 °G/10 Torr). NMR : 
ô 4.5—3.9 (m, 2H), 2.4-^-1.8 (m, 12H). The NMR spectrum 
was identical with that of eis-1,4-dichlorocyclooctane reported 
by Havinga et A/.13) 

When the reverse addition was carried out at 20—30 °C 
under Na namely, the addition of cw-cyclooctene (5.5 g, 
50 mmol) to a solution of SbCl5 (7.5 g, 25 mmol) in CC14 

(100 ml), chlorocyclooctane (1.2 g, bp 98—104 °G/30 Torr, 
lit,15) 82—90 °G/21 Torr) was the sole product; none of 
dichlorocyclooctane was formed. 

The chlorinations with other metal salts were carried out 
by almost the same method as those previously reported.5»11'14) 

We wish to thank Dr. Kahee Fujita of Depar tment of 
Pharmaceutical Sciences of Kyushu University for show­
ing us the N M R spectrum of 4. 
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Photochemical Valence Bond Isomerization of Some Benzo-C9Hi0 Hydrocarbons* 
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Faculty of Science, Osaka City University, Sugimoto-cho, Sumiyoshi-ku, Osaka 558 
(Received September 18, 1976) 

Studies have been carried out on the photochemical valence bond isomerization of some benzobicyclo-C9H10 

hydrocarbons, i. e., benzo[8,9]bicyclo[5.2.0]nona-2,4,8-triene (2), benzo[2,3]bicyclo[6.1.0]nona-2,4,6-triene (3), 
m-3a,96-dihydro-l//-benz[e]indene (6), and benzo[6,7]bicyclo[3.2.2]nona-2,6,8-triene (10), with use of a low pres­
sure mercury lamp. From a comparison of photolysis at low temperatures with that at room temperature, the 
stereochemical courses are discussed in terms of conformations of these compounds. 

Interest has been taken in the thermal isomerization 
of benzo-G9H1 0 hydrocarbons in connection with the 
valence bond isomerization of parent C9H1 0-hydro-
carbons,1) several studies2) having been carried out. 
In the photochemical reaction of benzo[7,8]bicyclo-
[4,2.1]nona-2,4,7-triene (1), H a h n and Johnson report­
ed a difference in the product distribution between 
the direct and sensitized irradiation.3) Their recent 

d i r e c t i r r a d i a t i o n : 23 
acetone sens. 0 

Scheme 1. 

17 

0 

60 

100 

( 1 ) 

paper on photochemical rearrangements of benzo[2,3]-
bicyclo[6.1.0]nona-2,4,6-triene (3) with use of a medium 
pressure mercury lamp (MPL)4) has prompted us to 
report our independent study* on these reactions and 
those of other benzo-C9H1 0 hydrocarbons photoinduced 
by a low pressure mercury lamp (LPL). Compound 
3 was formed by thermal isomerization of 2,2a) both 
2 and 3 being related to(Z,Z,Z,Z)-benzo[2,3]cyclonona-
1,3,5,7-tetraene. Photochemical interconversion of 
these compounds is allowed in view of the orbital 
symmetry rule. 

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

Photolysis of Benzo[2,3]bicyclo[6.1.0]nona-2,4,6-triene (3). 
Photolysis of 3 in tetrahydrofuran using an LPL 
at room temperature gave, along with some Skelly-
solve B insoluble polymeric material, a Skellysolve B 
soluble hydrocarbon mixture consisting of more than 
7 0 % a^'-benzo[5,6]bicyclo[5.2.0.02 '4]nona-5,8-diene 
(4) and less than 3 0 % benzotetracyclononene (5).5) 
The structure of 4 was deduced from its spectral data. 
The small coupling between H j and H 2 in the N M R 
spectrum is consistent only with the arcft'-structure. 
Compound 5 was also obtained by U V irradiation 
of cw-3a,9è-dihydro-l//-benz[tf]indene (6) {vide infra). 
T h e latter compound is very likely to be an inter­
mediate product in the formation of 5 from 3. The 
production of 4 and 5 by photolysis of 3 with an M P L 
was reported by H a h n and Johnson, but their product 

* Parts of this work (on the photolysis of Compounds 
3 and 6) were presented at the 30th Spring Meeting of the 
Japan Chemical Society, April 1—4, 1974 (Osaka). See the 
abstracts (1974), p. 1528. 

ratio of 5 to 4 is larger than that we obtained using 
an LPL. Since it is reasonable to assume that the 
efficiency of a four pi-electrocyclic reaction is much 
grater with an L P L than that with an MPL, 4 was 
considered to be the main product in our experiment. 

( 5 ) 

Compound A 

Scheme 2. 

( tenta t ive) 

O n the other hand, when 3 dissolved in THF-Û? 8 

in a quartz N M R tube was irradiated at —90 °C using 
the same lamp, an unknown isomer A6) (mass m\e 
168 (M+)) was obtained along with some polymeric 
material at the expense of 3. Compound 4 was not 
detected. 

The rigid extended conformation (3a) for 3 in its 
ground state very likely predominates at ambient 
temperature from the fact that thermal rearrangement 
occurs moderately only at elevated temperature, 150 °C, 
probably via inversion to the envelope conformer 
(3b), and that the N M R spectrum of 3 shows no 
temperature dependence in the range from room tem­
perature to —90 °C. The following surmise on the 
photochemical behavior of 3 is possible from an exami­
nation of the molecular model. If the excitation 
occurs with 2537 Â light, one of the double bonds 
slightly conjugated to phenyl or another ethylenic 
group would change the conformation by turning its 
p-orbitals to nearly right angles to each other,7) and 
the p-orbitals would enter into conjugation with either 
an aromatic or some other olefinic double bond as 
depicted in 3c and 3d with no additional strain. Since 
3c and 3d are more flexible than 3a or 3 b at room 
temperature, fast bonding between the nearest lobes 
of p-orbitals at C4 and C7 occurs in disrotatory motion 
to give 4.8) 

O n the other hand, 3 would be more firmly fixed 
in the extended conformation, 3a, at —90 °C, rear­
rangement to 4 thus being suppressed and some other 
slow reaction becoming dominant. In sensitized irradi­
ation at room temperature, 3 gives 64) probably through 
inversion to 3 b from its triplet state followed by allowed 
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( 3c 1 ( 3d) 

Scheme 3. 

1,3-sigmatropic shift of 1-8 bond to 1-6. 
Photolysis ofBenzo[8,9]bicyclo[5.2.0]nona-2,4,8-triene (2). 

Irradiation of 2 in methanol with an LPL for 35 min 
gave three compounds; ' 6 (yield 9%) , 7 (15%), and 
8 (15%). They were separated by GLC, 7 and 8 
being identified respectively as and- and .r>>n-benzo[3,4]-
tricyclo[5.2.0.02 '5]nona-3,8-diene in the following way. 
The U V spectra of the two compounds [7 J g ? : 262 
(log e, 3.16), 268 (3.34), 274 (3.31); 8 Ä H ; 265 sh 
(3.13), 270 (3.27), 276 (3.22)] showed a strong benzen-
oid band, suggesting the presence of benzocyclobutene 
moiety.9) Their N M R spectra showed AB type proton 
signals characteristic of cyclobutene olefinic: Ô 6.04 
and 5.96 ppm ( 7 = 2 . 6 Hz) in 7 and ô 5.90 and 5.55 ppm 
( 7 = 2 . 5 Hz) in 8. Comparing the spectra with those 
of bicyclo[3.2.0]hept-6-ene derivatives,10) and consider­
ing the splitting pattern of C2 protons [7 <5 3.76, d, 
y 2 5 = 4 . 0 H z ; y i i 2 = q u i t e small; 8 «5 3.94, d,d Jlt2= 
9.0 Hz, J2t5=5.0 Hz ] , we conclude that the structures 
of 7 and 8 are respectively of anti and syn conformation. 
Hahn and Johnson reported the formation of 3, 6, and 
5 in addition to the main product (7) by photolysis 
of 2 with an MPL.4) I t is worth while to note that 
a new electrocyclic reaction product 8 was produced 
in an amount almost equal to that of 7 in the photo­
lysis with an LPL. Neither 3 nor 4 was detected 
in the U V irradiation mixture of 2. Even if compound 
3 is formed, showing a high intensity absorption at 
258 nm in U V spectrum, it would absorb light of 
the LPL to undergo change to 4 and others. The 
presence of 6 and the absence of 4 suggest a possible 
direct route from 2 to 6 under the present conditions. 

DO (o°c) 

( 2 ) 
( 7)1 9 ( 8 ) 

( 6 ) 

Photolysis of cis-3a.,9b-Dihydro-lH-benz[é]indene (6). 
In the photochemical isomerization of the parent 
C9H1 0-hydrocarbons, it was reported that cw-8,9-
dihydroindene and m-bicyclo[6.1.0]nona-2,4,6-triene 
afford a similar photostationary mixture via cis-trans 
interconversion between (E,Z,Z,Z)- and (Z,Z,Z,Z)-
cyclonona-l,3,5,7-tetraene. l a) Taking this into consi­
deration, we studied the photochemical behavior 
of 6. Benzo[4,5]tetracyclo[4.3.0.02 '9.03 '8]non-4-ene(5) 
was formed readily, along with 4, by irradiation of 
6 with an L P L at room temperature. Compound 5 
was separated by means of GLC and characterized 
by U V and N M R spectra. The unusually high 
field resonance of one of the methylene protons in the 
N M R spectrum was observed in the case of a similar 
compound (9). lb) T h e formation of 3 from 6 has 
been proved by photolysis at low temperature, a con­
dition which suppresses the conversion of 3 into 4. 

5 + 4 

( 5 ) ( 9 ) 

Scheme 5. 

Thus compound 6 dissolved in T H F in a quartz N M R 
tube was irradiated with an LPL at —65 70 °C 
and was partly transformed into 5 along with a small 
quanti ty of 3. The acetophenone sensitized irradiation 
of 6 proceeded more distinctly, compound 5 being 
the only product detected. 

Photolysis of Benzo [6,7] bicyclo [3.2.2\ nona-2,6,8-triene 
(10). Photochemical isomerization of 10 has 
been studied, since 4-oxo derivative of 10 is photo-
chemically related to 1-oxo derivative of 6.11) 
Sensitized photochemical isomerization of this sort 
of compound has been extensively studied and found 
to proceed in two directions through di-pi-methane 
mechanism.12) In the case of the 9-^o-methylene 
analogue (11) of 10, two products are formed, of 
which 13 is formed through stabilized biradical 12 

( 11 ) 

Scheme 4. Scheme 6. 
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preferably to 15 produced through less stabilized 
biradical 14. 

I n contrast, photolysis of 10 in acetone13) using a 
high pressure mercury lamp (HPL) through a Pyrex 
filter gave rise to the formation of 17 and 18 in 52 
and 9 % yields, respectively, accompained by recovery 
of 10 (15%) . If we assume that the initial bonding 
occurs between olefinic carbons as observed in the 
case of benzobicyclo [2.2.2]octatriene,14) the reaction is 
governed by the comparative easiness of bond fission 
at b rather than a in the biradical intermediate (19). 
From an examination of the molecular model, the 
bond Cj-C^ is seen to be more parallel to benzenoid 
pi-orbitals than the bond C^-Cg. Thus the fission at 
b predominates over a to give 17 as the main product. 

HPL 

( a c e t o n e ) 

( 1 0 ) 

LPL 

( 1 9 ) ( 
LPL "I 

( 1 7 ) 

Scheme 7. 

( 2 0 ) 

The difference in behavior of benzobicyclo [2.2.2]-
octatriene in direct and sensitized irradiation14) led 
us to study direct photolysis of 10. When irradiation 
was carried out by use of an LPL at room temperature, 
10 in ether was transformed into 17 (18%) and 18 
(12%) accompanied by naphthalene (8%)15) and a 
new compound (20) (11%). Both 17 and 18 isolated 
in pure form were independently transformed entirely 
into 20 by photolysis (LPL) in quartz N M R tubes 
in ether solution; i.e., 17 gave 20 in 5 2 % yield after 
12 h irradiation, and 18, 20 in 4 % yield after 15 h 
irradiation. In acetone using a H P L , both 17 and 
18 remained unchanged. Examination of Newman's 
projection formula of 17 and 18 revealed that in 17, 
pi-electron at C 3 position is nearly parallel to the sigma 
bond at C 2 extended to G9, while in 18, the C 6 -C 7 

olefinic plane bisects the interior angle at C8 of the 
three membered ring. I t is reasonable to assume that 
the fission of G 2 -C 9 in 17 is easier than that of G 2 -C 8 

in 18, if we assume that the difference in ring strains 
between 17 and 18 is small. From the experiments, 
it is evident that, in contrast to benzobicyclo[2.2.2]-
octatriene, 10 does not undergo the rearrangement 
involving aromatic-olefinic [?r2+^2] intermediates such 
as 24 and 25, 20 being a secondary product originating 
mainly from 17 and partly from 18 on irradiation of 
10 using an LPL. 

Characterization of 17, 18, and 20. Compound 
17 was synthesized starting from benzo[7,8]bicyclo-
[4.2.1]nona-2,4,7-trien-9-one (21)16) as follows. Its 
hydrazone (22) was treated with potassium J-butoxide 
in D M S O giving its isomeric azo-compound (23), 
which was either pyrolyzed at 180 °C or photolyzed 
with a H P L (Pyrex filter) to give 17, each in 7 0 % 

yields. T h e compound was identical with a product 
obtained by photolysis of 10. 

N-NH2 

( 21 ) ( 2 2 ) ( 2 3 ) 

1 
17 

( 2 4 ) ( 25) 

Scheme 8. 

Benzobarbaralane (18) is one of the products ob­
tained by the thermal rearrangement of 10,2b) the 
physical data being identical with those reported. 

T h e structure of 20 was deduced mainly on the 
basis of its N M R spectrum and decoupling experiments. 
The U V spectrum [ Ä H : 262 (log e, 3.14), 268 (3.16), 
275 (3.13)] showed the presence of benzocycloalkene 
moiety of ring size less than 5.17) Introduction of 
a methylene group and an ethylenic linkage without 
conjugation to aromatic ring, and its structural rela­
tionship to 17 and 18 make up the structure of 20. 

As expected, the proton coupling constants (Table 1) 
of 20 were similar to those of norbornane and nor-
bornene,18) strongly supporting the structure. 

TABLE 1. T H E PMR CHEMICAL SHIFTS AND THE COUPLING 

CONSTANTS OF COMPOUND 2 0 BY MEANS OF THE FIRST-

ORDER ANALYSIS OF THE 1 0 0 M H z SPECTRA 

AND ITS DECOUPLING EXPERIMENTS 

Chemical shifts (d) : 
7.3—6.74 ppm m 
6.38 d,d 
5.72 d ,d ,d 
3.3—3.02 m 

Ar-H 
H9 

H8 

H6, H7 

Coupling constants ( / ) : 

y2e*o,3 = 5 - 0 H z 
yi,2e7ido = 4 . 5 H z 

y8 i 9 = 5 .8Hz 

Ji,2exo> J*,i\ quite small 

2.74—2.56 m H3 

2.50—2.32 m Hx 

1.38 d, d H2exo 

1.19 d,d H2 e n d 0 

y1>9 = 3 .4Hz 
/ 7 i 8 = 2 .8Hz 
J2exo,2endo~ 11 . 0 r l z 

T h e photochemical relationship between compounds 
2—8 is summarized in Scheme 9. We could not 
obtain evidence for the transient formation of 26 
when 2, 3 and 6 were photolysed. We consider that 
the formation of 5 on photolysis of 2 and 3 takes place 
via an intermediate 6 and not via a route involving 
26 and 27. 
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( 2 ) ( 7 ) 

( 8 ) 

Scheme 9. 

(33) 

Scheme 10. 

Experimental 

The NMR spectra were obtained on a J E O L Model PS-100 
spectrometer, with tetramethylsilane as the internal standard. 
The chemical shifts are expressed in ppm from TMS. The 
Mass spectra were measured on a Hitachi RMU-6 mass 
spectrometer by the indirect injection method at 180 °G. 
The IR were recorded on a JASGO Model IRE spectrometer, 
and the UV on a Hitachi Recording Spectrometer, Model 
EPS-2 or Model 323. VPG analysis was carried out on 
a Varian Aerograph Model-90P gas Chromatograph under 
the quoted conditions. The NMR measurements at low 
temperatures were carried out at the University of Alberta 
by courtesy of Professor Satoru Masamune. 

Photolysis of Benzo[2,3]bicyclo[6.7.0]nona-2,4,6-triene (3). 
Irradiation at Room Temperature: The triene 3 (14 mg), 
dissolved in anhydrous THF (1 ml) in a sealed quartz test 
tube, was externally irradiated with an LPL (200 Watts) 
for 30 min. The subsequent evaporation of the solvents 
gave a semi-solid, which was extracted with Skellysolve B. 
The Skellysolve B soluble oily material (10.5 mg) showed an 
NMR spectrum mainly composed of 4, along with some 5. 
The GLG separation of 4 was carried out using GLC [10% 
Apiezone L on Chromosorb WAW l / 4 " x 6 ft; He flow rate, 
40ml/min; column temperature, 150 °G; retention time, 
20 min]. 4 UV, A^H ; 258 (infl.), 270.5, 280. NMR 
(CG14) Ô: 6.7—7.2 (4H, m), 6.20, 6.10 (H8, H9, AB-type, 
7=2 .7 Hz), 3.70, 3.50 (Hl5 H7, AB-type, 7 = 4 . 5 Hz), 1.86 
(H4, d, 7 = 2 . 1 , t, 7 = 4 . 3 Hz), 1.43 (H3ex0, d, 7=2 .9 , t, 
7 = 4 . 3 Hz), 1.06 (H2, d, 7 = 4 . 3 , t, 7=2 .1 Hz), 0.22 
(Hzenao, d, 7=2 .9 , t, 7=2 .1 Hz). MS (80 eV), m\e (rel. 
intensity), 168(M+,63), 167(100), 165(46), 153(73), 152(52), 
141(39), 115(55), 83(27). Found: C, 92.88; H, 7.12%. 
Galcd for C13H12: G, 92.81; H, 7.19%. 

Irradiation at —90°G: Compound 3 (17 mg), dissolved 
in THF-<4 (0.3 ml) containing 15% of TMS, was de­
gassed and sealed in a quartz NMR tube. This was then 

irradiated at —90 °G for 6 h while the reaction was monitored 
by NMR measurements at — 90 °G. The gradual appear­
ance of a sharp singlet at 6.48 ppm in compensation for those 
of the starting material was noticed. After six hours' ir­
radiation, the peak height at 6.48 ppm became almost the 
same intensity as the 2H signal at 5.74 ppm of the starting 3. 
The NMR spectra of the mixture remained unaltered when 
taken at several elevated temperatures, i.e., —60, —30, 
0 °G, and room temperature. After the evaporation of the 
solvent, a Skellysolve B insoluble material (4 mg) was filtered 
out and the soluble part (13 mg) was separated by GLC 
[10% Apiezone L on Chromosorb WAW, 1/4" X 5 ft; He, 
38 ml/min; 138 °C]. The materials corresponding to Peak 1 
[retention time, 17.9 min; 7.5 mg] and Peak 2 [r.t., 21.1min; 
2.6 mg] were collected. The physical data of the former 
were consistent with those of 3.17> The latter was separated 
again using GLG[10% Carbowax 20M on Chromosorb WAW 
l/8"x6ft; He, 40 ml/min; 160 °C] and gave two peaks in 
almost equal intensities [r.t., (i) 11.8 min; (it) 12.9 min]. 
From the physical data, it was revealed that the compound 
corresponding to i was an unknown substance, A6), while 
the one corresponding to ii was 6.17,18) The physical data 
of 3 and 6: 3; IR Ä f l l m : 3050, 3000, 2910, 2840, 1497, 
1455, 1448 sh, 1125, 1115, 1030, 985, 945, 895, 850, 830, 
790, 782, 760, 724, 700 cm-1. UV A£g*: 259 (log e; 3.69), 
269(3.61). NMR (CG14) Ô: 7.40—6.80 (4H, m), 6.53 
(H4, d, 7 = 1 2 Hz), 5.99 (H5, broad d, 7 = 1 2 Hz), 5.71 (H6, 
H7 ,broad s), 2.01 (H l5 broad t, d, 7i,8=/i,9e:ro=8.8 Hz, 
7i,9e„dO=6.0Hz), 1.57 (H8, broad t, d, 7i,8=A«**o=8.8 

Hz, 78,9en(io=6.0 Hz) , 1.06 (H 9 e x o , t, d, Ji,Wxo=Jfi,9exo = 
8.8 Hz, 796X0,9endo = 4.0 Hz) , 0.53 (H9 e„d 0 , t, d, J1,Wndo = 
78.9^0=6.0 Hz, 7»e*o,9e«rfo=4.0 Hz). MS (80 eV), m/e (rel. 
intensity), 168 (M+, 84), 167(100), 166(22), 165(47), 153 
(55), 152(41). Found: C, 92.52; H, 7.27%. Galcd for 
C13H12: C, 92.81 ; H, 7.19%. 6; UV ffiH: 225 sh (log e; 
4.32), 261(3.89), 269.5(3.90), 280 sh (3.66). NMR(CC14) 
Ô: 7.08—6.81 (4H, m), 6.21 (H5, d, d, 7 4 5 = 9 . 6 H z , 
7 5 , 3 a=2.6Hz) , 5.93-5.70 (H2, H3, m), 5.46 (H4, 7 4 . 5= 
9.6 Hz, 7 4 , 3 a=2.6Hz) , 3.71—3.29 (2H, m), 2.86—2.11 
(2H, m). MS (80 eV), m/e (rel intensity), 168 (M+, 10.0), 
167(97), 166(26), 165(46), 153(53), 152(32). Found: C, 
92.65; H, 7.17%. Calcd for C13H12: C, 92.81; H, 7.19%. 

Photolysis of Benzo[8,9]bicyclo[5.2.0]nona-2,4,8-triene (2). 
Compound 2 (170 mg), dissolved in methanol (150 ml), 

was irradiated using an LPL (10 watts) for 35 min under 
nitrogen with external cooling. After the rough separation of 
the products by column chromatography on alumina, the 
hydrocarbon mixture was separated by GLC [10% Apiezone 
L on Chromosorb WAW l / 4 " x 5 ft; He 40 ml/min; 150 °C], 
yielding 7 (15%), 8 (15%), and 6 (9%). Physical data of 
7 and 8: 7; NMR (GC14) <5: 7.25—6.76 (4H, m), 6.04 
(1H, d, 7 = 2 . 6 Hz), 5.96 (1H, d, 7 = 2 . 6 Hz), 4.32 (H5, 
m), 3.76 (H2, d, 7 = 4 . 0 Hz), 3.72—3.56 (H7, m), 3.38 
(Ha, d, 7 = 3 . 5 Hz), 2.08—1.60 (H6, m). 8; NMR (GC14) 
Ô: 7.15—6.60 (4H, m), 5.90 (1H, d, 7 = 2 . 5 Hz), 5.55 
(1H, d, 7 = 2 . 5 Hz), 4.32—4.1 (H5, m), 3.94 (H2, d, d, 
7=9 .0 , 5.0 Hz), 3.72—3.48 (H„ H7, m), 1.80—1.52 (H6 ,m). 

Photolysis of Benzo[2,3]bicyclo[4.3.0]nona-2,4,7-triene (6). 
Compound 6 (50 mg), dissolved in THF (0.6 ml) in a quartz 
NMR tube, was degassed and sealed. The tube was then 
irradiated externally with an LPL (200 watts) while being 
cooled externally with dry ice-methanol in a quartz Dewar 
bottle with a quartz window. In the course of 7 hours' 
irradiation, a characteristic broad doublet at ô 0.61 ppm 
appeared, and gradually increased in the NMR spectrum. 
The separation of the products by column chromatography on 
silicic acid gave a colorless liquid (21 mg), which contained 
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6, 5, and 3 in a ratio of ca. 6 : 3 : 1, as estimated by means 
of the N M R spectrum. T h e GLG separation of the liquid 
was carried out as follows: 10% Apiezone L on Chromosorb 
W A W 1/4" x 6 ft; He, 40 ml /min ; 147 °C : Retention times; 
5, 22 min ; 3, 24 min ; 6, 28 min. 5 ; N M R (CG14) Ô: 
7.2—6.8 (4H, m) , 3.44 (2H, m ) , 2.56 (1H, m) , 2.88 ( I H , 
m) , 2.05—1.6 (3H, m) , 0.62 (1H, d, 7 = 10 Hz) . 

Similarly, 6 (20—70 mg) , dissolved in T H F (80 ml) , was 
irradiated using an L P L (10 watts) at room temperature 
for 1 h under ni trogen; this resulted in 5 and 4, instead 
of 5 and 3 . T h e N M R analysis of the products revealed 
that it contained 5 and 4 in a ratio of ca. 3 : 1. 
Photolysis of Benzo[6,7]bicyclo[3.2.2]nona-2,6,8-triene (10). 

Irradiation Using a HPL (Ushio High Pressure Mercury Lamp, 
UM-425, 450 Watts) in Acetone: Compound 10 (300 mg) , 
dissolved in acetone (350 ml) , was irradiated using a H P L 
through a Pyrex filter under nitrogen for 70 min. After 
a usual work up , the product was roughly chromatographed 
on silicic acid (hexane), giving a colorless liquid (228 mg) . 
T h e G L C separation of the liquid, performed on 10% Apie­
zone L on Chromosorb W A W at 141 °C, gave three peaks, 
which led us to estimate the yields as follows; 10 (15%) , 
17 (52%), and 18 ( 9 % ) . T h e tetracyclic compound, 17, 
was identical with the sample synthetically obtained below. 
18; I R ^ i f i I m : 3020 ,2916 ,2840 ,1629 , 1495, 1462, 1040, 
1025, 1000, 962, 945, 868, 835, 810, 781, 767, 740, 707 cm" 1 . 
N M R (CCLJ Ô: 7.3—6.8 (4H, m) , 5.88—5.4 (2H, finely-
splitted m ) , 3.20 ( I H , b) , 2.52 ( I H , t, 7 = 8 H z ) , 2.3—1.9 
(2H, m) , 1.44 ( I H , t, 7 = 2 H z ) . M S (80 eV) m/e (rel inten­
sity), 168(M+, 100), 167(90), 165(29), 153(48), 152(27). 

Irradiation Using an LPL at 0°C: Compound 10 (188 
mg) , dissolved in ether (230 ml) , was irradiated using an L P L 
(10 watts, immersion type) for 4.5 h under nitrogen while 
the reaction was monitored with T L C . After the evapora­
tion of the solvent, the residue was chromatographed on 
silicic acid (hexane), and the hydrocarbon fractions were 
collected. T h e G L C analysis [ 5 % Apiezone L, 1/4"X 6 ft; 
He , 50 ml /min ; 141 °C] revealed tha t it contained five 
species, estimated to be as follows : Retention times (yield) ; 
(a) 3.2 min (naphthalene, 8%) , (b) 5.7 min (20, 11%), 
(c) 8.1 min (10, 18%) , (d) 9.4 min (17, 18%) , (e) 12 min 
(18, 12%) . They were separated in pure forms and charac­
terized. 20 ; I R r ü 2 i , u - : 3060, 2970, 2865 1572, 1328, 
1265, 958, 915, 866, 726, 729 cm- 1 . N M R : Table 1. M S 
(80 eV), m/e (rel intensity); 168 (M+, 88), 167 (100), 165 
(28), 153 (38), 152 (23). 

The Direct Irradiation of 17 and 18 Using an LPL: 
Compound 17, (20 mg) , dissolved in anhydrous ether (0.5 ml) 
in a quartz N M R tube, was irradiated using an L P L (10 Watts) 
for 12 h at 0—5 °C. T h e N M R and G L C analysis of the 
products showed that they were composed of 20 and 17 in 
a ratio of 48 : 52. T h e same experiment using 18 (20 mg) 
instead of 17 was also carried out (15 hs' irradiation). 
T h e products were 20 and 18 in a ratio of 4 : 96. 

Synthesis of 17. Preparation of the Hydrazone (22) : 
T h e 21 ketone (180 mg) and 100% hydrazine hydrate 
(0.4 ml) , dissolved in absolute ether (7 ml) , were stirred under 
reflux for 20 h. T h e solvent was then evaporated in vacuo, 
and the residual liquid, dissolved in benzene, was dried with 
anhydrous sodium sulfate. T h e subsequent evaporation of 
the solvent gave a crude hydrazone (220 mg) . 22 ; I R 
vl^mm: 3360, 3200,3020, 2940 cm- 1 , (no v C = 0 ) . N M R 
(CDC13) <5: 7.22, 7.19 (4H, A r - H ) , 6.4—5.5 (4H, m) , 4.56 
( I H , d, J = 8 Hz) , 4.08 ( I H , d, 7 = 8 Hz) , 6.0—4.0 (very 
broad, N - H ) . 

9,10 - Diazabenzo [2,3] tricyclo [6.3.0.0*>11] undeca - 2,6,9 - triene 
(23) : T o the hydrazone (22), dissolved in anhydrous D M S O 

(1.5 ml) , was added, drop by drop, a solution of potassium 
/-butoxide (1.5 g) in D M S O (3.8 ml) over a period of 95 min. 
After the mixture had then been stirred further for 19 h at 
room temperature , it was poured into water and extracted 
with dichloromethane. T h e combined organic extracts 
were washed with water, dried (anhydrous N a 2 S 0 4 ) , and 
concentrated to dryness. T h e residue was chromatographed 
on silicic acid, using hexane-ether (10 : 1 v/v) as the solvent. 
T h e crude crystalline product (138 mg) was purified by 
sublimation. 2 3 ; 100 mg (52%), m p 80—81 °G. U V 
Xg*1: 261.5 (log e, 2.90), 268.5 (3.08), 275.5 (3.09), 335(2.53). 
I R v™*: 3040, 2960, 1537, 1485, 1465 cm- 1 . N M R (CC14) 
Ô: 7.2—6.84 (4H, m) , 5.58 ( H n , t, 7 = 8 H z ) , 5.68—5.16 
(H 6 ,H 7 ,H 8 , m ) , 3.77—3.56 (H4 , m) , 3.31 (Hx , bt, 7 = 8 H z ) , 
2.38—1.80 (H5 , 2H, m) . Found : C, 79.71; H , 6.25; N , 
13 .81%. Galcd for C 1 3H 1 2N 2 : C, 79.56; H , 6.16; N , 14.28%. 

Preparation of 17: Photolysis of the Azo Compound (23). 
T h e azo compound, 23 (12 mg) , dissolved in. anhydrous 
ether (1.5 ml) , was irradiated for one hour with a H P L 
through a Pyrex filter at room temperature. Silicic acid 
chromatography of the products gave pure 17 (7 m g ; 6 9 % ) . 

Thermal Decomposition of 23. Compound 23 (30 mg) , 
dissolved in diethylene glycol (1 ml) , was heated at 180 °G 
for 4 h. T h e reaction mixture was then poured into water 
and extracted with ether. After being washed and dried, 
the combined organic layer was concentrated and chromato­
graphed on silicic acid (hexane-ether 1: 1 v/v) to give 17 
(18 m g ; 7 0 % ) , along with recovered 23 ( 7 m g ) . 17; I R 
vu î i , l l m : 3025, 2910, 2840, 1483, 1462, 1182, 1142, 1027, 
998, 943, 912, 880, 843, 808, 772, 745, 718 cm- 1 . U V 
y|***: 266.5 sh ( loge , 2.95), 272(3.07), 279.5(3.03). N M R 
(CC14) Ô: 7.2—6.7 (4H, m) , 5.7—5.3 (H3 , H 4 , m) , 3.50 
(H6 , d, t, 7 1 > 6 = 6 . 0 H z , 76,5e*o=76,5en<*0=3.2Hz), 2 . 7 4 -
2.32 (H 5 e x o , m ) , 2.50 (H9 , d, d, 71,9=6.0 , 7 2 i 9 = 7 . 5 H z ) , 
2.12 ( H „ q, y l t 9 = y , . e = 6 . 0 , 7 l j 2 = 7 . 5 H z ) , 1.87 (H 5 e n d 0 , 
d,d,d, 756^0,56X0=16.5 Hz , 74 t 5 C 7 l ( i 0=5.5 Hz, J6,bendo=^^ 
Hz) , 1.52 (H2 , broad t, 7 2 > 9 = 7 i > 2 = 7 . 5 Hz) . M S (80 eV), 
m/e (rel. intensity), 168 '(M+, 91), 167(100), 165(49), 
153(77), 152(66), 141(21), 115(47). Found : C, 92.81; H , 
7.29%. Calcd for C 1 3H 1 2 : C, 92.81; H , 7.19%. 

T h e a u t h o r s t h a n k Professor S a t o r u M a s a m u n e , w h o 
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sity of A l b e r t a , for his helpful discussions. T h e a u t h o r s 
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The Syntheses and the Reactions of Iminopeptides" 
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As a basic study for synthesis of bottromycin, the syntheses and the reactions of iminodipeptides were in­
vestigated. Nine iV-benzyloxycarbonyl(Z) iminodipeptides were prepared by the condensation of ethyl Z-amino 
carboximidates with amino acids according to the method of Ried et al. All the imidates were prepared from 
the corresponding nitriles, and ethyl iV-Z-2-pyrrolidinecarboximidate (Ulf) was also successfully obtained from 
Z-proline thioamide by the method of Suydam et al. Though Z-(iminoprolyl)glycine was easily deprotected or 
esterified, its C-terminal could not be elongated because it was likely to cyclize into an imidazolone ring. This 
side reaction could be avoided by locating a carboxyl group further apart from an imino group in a molecule; i. e., 
the imidate (Illf) could be coupled with methyl glycylphenylalaninate, thus affording the desired iminotripeptide, 
Z-ImPro-Gly-Phe-OMe, in a good yield. 

Bottromycin, a family of peptide antibiotics produced 
by Streptomyces bottropensis2) and analogous strains,3) 
is an iminopeptide, i.e., a peptide in which an oxo 
group in the peptide bond is replaced by an imino 
group. T h e structure shown in Fig. 1 was given by 
Umezawa and his co-workers.4) 

An iminopeptide bond is very rare in peptides, 
though an amidino group itself can be found in ami-
dinomycin,6) netropsin,6) and so on.7) This structural 
feature of bottromycin has been asserted to contribute 
to its biological activity to some extent.8) T h e present 
paper will deal with a study of such iminopeptides. 

Syntheses of amidines have been widely investigated, 
but there have been few studies of the syntheses of 
iminopeptides: Ried and his co-workers9) synthesized 
some JV-benzyloxycarbonyl(Z) iminodipeptides contain­
ing optically-active amino acids, and Vargha and 
Balàzs10) synthesized JV-phthalyl(iminoglycyl)-D-valine, 
along with some analogues. In both cases, however, 
nothing was reported about their optical properties. 

As a basic study of the synthesis of bottromycin, 
we undertook to investigate the syntheses and the 
reactions of optically-active iminopeptides, especially 
those of (iminoprolyl) glycine,11) which would be an 
important unit if bottromycin could be conveniently 
built up by the fragment condensation of three di-
peptides (pivaloyl-Meucylvaline,12) (iminoprolyl)glycine, 
/?-methylphenylalanyl-/5- (2-thiazolyl) -/?-alanine methyl 
ester13)). In principle, we adopted the method of 
Ried et al. for the syntheses of iminopeptides. As 
an N-protecting group, the Z group was chosen because 
it can easily be removed by hydrogen bromide in 
anhydrous acetic acid, under which conditions an 
amidino group seems to be stable. A scheme of the 
synthesis is shown in Scheme 1, 

RXR2 

I I 
Z-N-GH-G-NH2 -

II 
O 

(Ia-f) 

R 1 R 2 

I I 
Z-N-CH-G-OC2H5 

RXR2 

I I 
Z-N-GH-C^N 

( I l a - f ) 

RiR2 R 
H2NCHCOOH I I I 

> Z-N-GH-C-NHCHCOOH 

NH NH 
(Ilia—f) (IVa—i) 

(I)—(III): a ) RX = H, R2 = H 
b ) Rj = H, R2 = CH3 

c ) RX = H, R2 = CH(CH3)2 

d ) RX = H, R2 = GH(GH3)G2H5 

e ) RX = H, R2 = GH2G6H5 

f ) RX = R2 = -(CH2)3-

Scheme 1. 

Z-Amino nitriles (II) were prepared by dehydrating 
the corresponding amides (I) with /»-toluenesulfonyl 
chloride in pyridine according to the method of Hirotsu 
et a/.14) T h e reaction temperature was, however, kept 
at 50 °G instead of refluxing, and three equivalents 
of /»-toluenesulfonyl chloride were used to cover the 
lowered reaction rate. T h e excess sulfonyl chloride 
could easily be removed by stirring the reaction mixture 
for a few hours with 10% aqueous pyridine at room 
temperature. Thus , the nitriles were obtained quanti­
tatively in a purer state, hardly any by-products being 
observed. I t is noteworthy that 2-(Z-amino)-3-methyl-
valeronitrile (Hd) , which has been reported to solidify 
only after distillation,14) could be obtained in crystal­
line forms without further purification. The results 
are shown in Table 1. 

Bu* P r i 
- Y 

S N 
G6H5CHGH3 ^ C 

X-NHCHG-NHGHG-N—CHG-NHGH2G-NHGHC-NHCHGH2C-OGH3 
11 n n n n n 

O O NH O O O 
X=pivaloyl or 4-methyl-2-pentenoyl 
Y = H or CH3 

Fig. 1. The structure of bottromycin proposed by Umezawa et al. 
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I I 
TABLE 1. PHYSICAL PROPERTIES OF NITRILES \ Z - N - C H - G E N 

1089 

( I l a - f ) 

Compd Rx R, Starting Yield Mp 
amino acid (%) °C 

r • , » , , ., n Molecular [«]? (ethanol) f o r m u l a 

Analysis (%) 
Found (Galcd) 

G H N 

IIa 
IIb 
Ile 
l id 
Ile 

Ilf 

H 
H 
H 
H 
H 

-CH, 

H 
CH3 

(GH3)2CH 
(GH3)2GHOH2 

C6H5CH2 

2 C J H . 2 G H . 2 — 

Gly 
Ala 
Val 
Leu 
Phe 

Pro 

99 
99 

100 
99 
99 

99 

61—62a> 
82—82.6 
55.5—56 
32—33.3 
136—137 

oil 

- 6 8 . 9 ° (c5.0)b> 
- 6 1 . 3 ° ( c4.5)c> 
- 5 3 . 1 ° (c5.0)d> 
- 6 2 . 4 ° (c0.5) C17H16N202 

- 8 7 . 9 ° ( c 5 . 0 ) G13H14N202 

73.03 5.84 9.92 
(72.84) (5.75) ( 9.99) 
68.17 6.18 12.06 

(67.81) (6.13) (12.17) 

Lit"): a) Mp 61— 62 °G. b) Mp 84—85.5 °G, [a]1,? - 6 9 . 1 ° (c 5.62, ethanol). c) Mp 55—56°G, [a]1,,2 - 5 5 . 2 e 

(c 4.48, ethanol). d) Mp 29.5—32.0 °C, [a]2
D

4 - 5 1 . 0 ° (c 5.86, ethanol). 

TABLE 2. PHYSICAL PROPERTIES OF JV-BENZYLOXYCARBONYL-IMINODIPEPTIDES (IVa—i) 

IVa 

IVb 

IVc 

IVd 

IVe 

IVf 

IVg 

IVh 

IVi 

a) c 1 
at 28 ' 

Compound 

Z-ImGly-Gly-OH 

Z-ImGly-Ala-OH 

Z-ImGly-Leu-OH 

Z-ImGly-Phe-OH 

Z-ImGly-Pro-OH 

Z-ImAla-Gly-OH 

Z ImLeu-Gly-OH 

Z-ImPhe-Gly-OH 

Z-ImPro-Gly-OH 

in acetic acid at 23 °G 
DG. 

Yield 
(%) 

62 

55 

59 

72 

73 

55 

50 

69 

81 

. b) c 

Mp 
(°G) 

245—250 (dec) 

198.5—199.5 
(dec) 

178—179 (dec) 

195—196 (dec) 

147—149 

213—215 (dec) 

194—196 (dec) 

204—206 (dec) 

200—201.5 
(dec) 

1 in methanol at 

M D 

_ 27.4°a) 

-45.7o b> 

+ 42.2°a> 

-84 .9 o b ) 

- 2.8°a> 

-11.0OC> 

+ 7.4°a> 

-64.4o b> 
-65 .8 o d ) 

20 °G. c) c 

Molecular 
formula 

G12H15N304 

C13H17N304 

G16H23N304 

C19H21N304 

G15H19N304 

C13H17N304 

C18H23N304-
1/2H20 

C19H21N304-
H 2 0 

C15H19N304 

1 in methanol at 

Analysis (%) 
Found (Galcd) 

C H N 

54.18 
(54.33) 
55.52 

(55.90) 
59.61 

(59.79) 
64.20 

(64.21) 
58.57 

(59.00) 
55.76 

(55.90) 
58.14 

(58.16) 
61.05 

(61.11) 
58.80 

(59.00) 

5.75 
(5.70) 
6.32 

(6.14) 
7.42 

(7.21) 
6.09 

(5.96) 
6.41 

(6.27) 
6.29 

(6.14) 
7.14 

(7.32) 
6.23 

(6.21) 
6.29 

(6.27) 

25 °G. d) c 1 in 

15.63 
(15.84) 
14.91 

(15.05) 
13.00 

(13.08) 
11.72 

(11.83) 
13.55 

(13.76) 
14.78 

(15.05) 
12.57 

(12.72) 
11.08 

(11.25) 
13.56 

(13.76) 

ethanol 

Ethyl Z-amino carboximidates ( I I I ) were prepared 
from the nitriles (II) by the method of Pinner.14-15) 
Except from glycine and alanine, every free imidate 
was obtained as an oil and was used in the next reaction 
without any purification. 

Two types of optically-active iminodipeptides (IV) 
( Z - I m G l y - A A - O H and Z- ImAA-Gly -OH) 1 1 ) were 
successfully prepared by the reactions of the imidates 
(III) with free amino acids in anhydrous methanol 
under reflux. T h e results are summarized in Table 2. 

Suydam and his co-workers16) have reported another 
convenient method for preparing imidate directly from 
amide. They obtained a number of aliphatic imidates 
in fairly good yields by the reaction of the correspond­
ing amides with ethyl chloroformate. Though their 
method could not be applied to Z-proline amide (If) 
itself, the corresponding thioamide (V) reacted smooth­
ly with ethyl chloroformate at room temperature, 
giving an optically-active imidate (VI) , which then, 
by reaction with glycine, afforded Z-(iminoprolyl)-
glycine (VII) . The optical rotation of this product 

Z-N—C-GNH2 Î 
H || 

O 

(If) 

/ \ 
Z-N—C-GOG2H5 

H || 
Ni l 

(VI) 

Z-N—C-CNH2 
H || 

S 
(V) 

Z-ImPro-Gly-OH 

(VII) 

Scheme 2. 

(VII) agreed well with that of the same compound 
(IVi) obtained through Pinner's method. (Scheme 2) 

Some reactions of iminodipeptides were investigated 
by using Z-(iminoprolyl)glycine (IVi). When IVi was 
treated with saturated hydrogen chloride in methanol 
at room temperature in order to esterify it, the removal 
of the Z group rapidly occurred, followed by slow 
esterification, and (iminoprolyl)glycine methyl ester was 

file:///Z-N-CH-GeN
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H B r / C H 3 C O O H 

Z-ImPro-Gly-OMeHCl > ImPro-Gly-OMe • 2HBr 
(IX) (X) 

4.7% HCI /CH3OH Î 
47% HCI /CH3OH 

Z-ImPro-Gly-OH > ImPro-Gly-OMe • 2HC1 
(IVi) (VIII) 

HBr /CH 3 COOH I 
- I 

(XI) 

4.7% HCI /CH3OH 

ImPro-Gly-OH-2HBr <— > ImPio-Gly-OMe-HBi-HCl 
(XII) 

Scheme 3. 

obtained as dihydrochloride (VI I I ) . O n the other 
hand, when IVi was treated with 4 . 7 % hydrogen 
chloride in methanol , it could be quantitatively esteri-
fied without the removal of the protecting group and 
the resulting ester was isolated as monohydrochloride 
( IX) , which was then further treated with hydrogen 
bromide in acetic acid to give (iminoprolyl)glycine 
methyl ester dihydrobromide (X). T h e same ester 
was also obtained by the esterification of (iminoprolyl) -
glycine dihydrobromide (XI) with 4 . 7 % hydrogen 
chloride in methanol, though the ester was isolated 
as a hydrochloride-hydrobromide salt (XI I ) . T h e 
iminodipeptide (XI) was obtained as expected in the 
form of dihydrobromide on the treatment of IVi with 
hydrogen bromide in acetic acid. T h e correlation 
between these compounds is shown in Scheme 3 . 

In order to elongate the C-terminal of Z-iminodi-
peptides ( IV) , many attempts were made under various 
conditions, but the expected results were not obtained. 
O n e of the troubles is the low solubilities of these 
compounds in solvents; e.g., Z-(iminoglycyl)glycine 
(IVa) dissolved neither in acetonitrile, tetrahydrofuran, 
iVj^V-dimethylformamide, nor dimethyl sulfoxide, 
though it is fairly soluble in such protic solvents as 
methanol and acetic acid, and in such basic solvents 
as pyridine it is soluble to some extent. O n the other 
hand, even a more soluble compound, Z-(iminoprolyl) -
glycine (IVi), was hardly soluble in polar aprotic 
solvents. T h e use of N-isobornyloxycarbonyl(IBOC) 
derivatives17) was at tempted with hopes founded on 
their high solubilities:18) IBOC-proline amide (XI I I ) 

Z-ImPro-Gly-OH + Phe-OMe 

(IVi) 

Z-ImPro-OEt + Gly-OMe 

(Ulf) 

DCC 

pyridine ine \ . 

and the corresponding nitrile (XIV) were prepared 
successfully, but the conversion of the nitrile to IBOC-
(iminoprolyl)glycine via an imidate did not occur 
smoothly. 

We at tempted to couple the iminopeptide (IVi) 
with methyl phenylalaninate in the presence of di-
cyclohexylcarbodiimide (DCC) in pyridine. The iso­
lated main product, however, was not the desired 
iminotripeptide derivative, but probably an imidazolone 
derivative (XV),19) which might have been produced 
by the intramolecular cyclization of the starting 
iminodipeptide, since the same compound was also 
obtained in a good yield instead of the free imino­
dipeptide ester (XVII ) when the iminodipeptide ester 
hydrochloride (IX) was treated with triethylamine in 
methanol . Furthermore, when the imidate (IHf) was 
coupled with methyl glycinate, the same compound 
(XV) was again produced as the main product. 
Compound X V was too unstable to purify; it was 
identified by its conversion to a more stable derivative, 
(/>-methoxyphenylmethylene)imidazolone (XVI) .20) 
These facts provide evidence for the smooth cyclization 
reaction of the iminodipeptide ester (Scheme 4). 

From the facts mentioned above, we could not but 
conclude that it is impossible to elongate the C-terminal 
of an iminodipeptide directly. If an imino group 
and a carboxyl group were situated further apart 
in a molecule, such an intramolecular cyclization 
might be avoided. In order to confirm this possibility, 
the imidate ( I l l f ) was coupled with glycylphenyl-
alanine methyl ester hydrobromide in the presence 

• Z-ImPro-Gly-Phe-OMe 

V 

Z-ImPro-Gly-OMe • HCl 

(IX) 

(Z-ImPro-Gly-OMe) 
Et3N y, (XVII ) 

/ \ H 
I I / N \ 

Z-N—G-C CH2 

H || I 
N C 

(XV) 

p-ani. •anisaldehyde 

H 
I I / N N ^ C H / \ O C H 3 

:-N—c-c c ^—* 
H 

N-

(XVI) 
^O 

Scheme 4. 
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of t r i e t h y l a m i n e i n m e t h a n o l a t r o o m t e m p e r a t u r e 
for 2 days . T h e des i red i m i n o t r i p e p t i d e d e r i v a t i v e , 
i.e., Z - ( i m i n o p r o l y l ) g l y c y l p h e n y l a l a n i n e m e t h y l es te r 
( X V I I I ) , was t h u s successfully o b t a i n e d in a 6 1 . 4 % 
yie ld after pur i f i ca t ion b y c o l u m n c h r o m a t o g r a p h y . 
I t is i n t e res t ing t h a t t h e i m i n o t r i p e p t i d e es ter ( X V I I I ) 
was isola ted as a h y d r o b r o m i d e , t h o u g h a n e q u i m o l e c u -
l a r a m o u n t of t r i e t h y l a m i n e w a s a d d e d in o r d e r to 
r e m o v e h y d r o g e n b r o m i d e . 

C o n s e q u e n t l y , it w a s c o n c l u d e d t h a t , for t h e syn­
theses of b o t t r o m y c i n a n d its a n a l o g u e s , t h e r o u t e 
t h r o u g h t h e f r a g m e n t c o n d e n s a t i o n of t h r e e d i p e p t i d e s 
desc r ibed a b o v e is n o t a d e q u a t e , w h i l e t h e r o u t e 
t h r o u g h t h e c o n d e n s a t i o n b y t h e f o r m a t i o n of a n 
i m i n o p e p t i d e b o n d b e t w e e n t w o t r i pep t i de s m a y b e 
be t t e r . 

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

All the melting points are uncorrected. T h e optical rota­
tions were measured by means of a Yanagimoto Polarimeter, 
OR-10 . T h e ORD-curves were recorded on a J A S C O O R D / 
UV-5 spectropolarimeter. T h e N M R spectra were recorded 
on a Varian A-60 spectrometer or a Hitachi R-20A spectro­
meter, using T M S or DSS as the internal s tandard. Th in -
layer chromatographies (TLG) were carried out on Merck's 
Kieselgel GF 2 5 4 (Type 60). T h e amino acids and their de­
rivatives mentioned in this report are all of the L-configura-
tion unless otherwise mentioned. 

Benzyloxycarbonylamino Acid Amides (I). All the amides 
were prepared by the mixed anhydride method using ethyl 
chloroformate.21) T h e ammonolysis of the mixed anhydride 
intermediates was successfully carried out with 2 8 % aqueous 
ammonia instead of liquid ammonia . 

«-Benzyloxycarbonylamino a-Substituted Acetonitriles (II). 
T h e nitriles were prepared by the dehydrat ion of the cor­
responding amides with /»-toluenesulfonyl chloride in pyridine 
in the usual way,14,22) but with some modifications. A typical 
example was as follows : into a solution of Z-proline amide 
(12.4 g, 0.15 mol) in dry pyridine, /»-toluenesulfonyl chloride 
(28.5 g, 0.15 mol) was stirred at room temperature , and thus 
the mixture was heated at 50 °G for 4 h. After pyridine had 
been removed under reduced pressure, the residue was treated 
with 10% aqueous pyridine (200 ml) with stirring for 2 h. 
The mixture was extracted with ethyl acetate. T h e organic 
layer was washed with 1M-HG1, l M - N a H G 0 3 , and then 
water, and dried over M g S 0 4 . T h e solution was concentrated 
to afford a pale yellow oil; yield, 11.4 g (99%) . T h e other 
nitriles, prepared in the same manner , are summarized in 
Table 1. 

«-Benzyloxycarbonylamino Carboximidates (III). T h e imi-
dates were prepared according to the method of Pinner.14 ,15) 
A typical example was as follows : to a cold solution of N-Z-
2-cyanopyrrolidine (Ilf ) (1.15 g, 5 mmol) in a ' mixture of 
absolute ethanol (0.3 g, 6.5 mmol) and dry ether (15 ml) , dry 
hydrogen chloride was passed with stirring below — 5 °C until 
the gas was saturated, and then at room temperature for 1 h. 
T h e reaction mixture was evaporated under reduced pressure 
to leave ethyl >iV-Z-2-pyrrolidinecarboximidate hydrochloride 
as a foamy solid. T h e imidate hydrochloride was immedi­
ately converted to a free imidate in the manner described by 
Hirotsu et a/.;14) a colorless oil of 11 If was thus obta ined; 
yield, 1.375 g ( 9 9 % ) ; [aft1 - 5 9 ° (c 1, methanol) . All the 
imidates obtained were used for the next reaction without any 
purification. 

N-Benzyloxycarbonyl Iminodipeptides (IV). General Pro­

cedure. A mixture of imidate (0.01 mol) and amino acid 
(0.012 mol) in dry methanol (50 ml) was refluxed for 3 h. 
After cooling, the unreacted amino acid was filtered off, and 
the filtrate was evaporated to dryness. T h e residual crude 
iminodipeptide was purified by recrystallization from methan-
ol-ethyl acetate or by column chromatography (silica gel, 
methanol or methanol-ethyl acetate) . T h e results are sum­
marized in Table 2. 

N-Benzyloxycarbonylproline Thioamide (V). This com­
pound was prepared from the corresponding amide (2.48 g, 
10 mmol) according to our previously described procedure.23) 
T h e reaction was completed in 2.5 h at room temperature . 
T h e recrystallization of the crude product from benzene-
petroleum ether gave colorless crystals; yield, 1.78 g ( 6 7 % ) ; 
m p 93—94 °G, [a]2

D
6 - 4 9 . 4 ° (c 1, methanol) . Found : G, 

59.06; H, 6.24; N, 10.46%. Calcd for G 1 3 H 1 6 N 2 0 2 S : C, 
59.07; H , 6.10; N , 10.60%. 

N-Benzyloxycarbonyl (iminoprolyl) glycine (VII), via Imidate 
from N-Benzyloxycarbonylproline Thioamide (V). A mixture 
of thioamide (V) (529 mg, 2 mmol) , ethyl chloroformate (260 
mg, 2.4 mmol) , and absolute ethanol (0.5 ml) was stirred at 
room temperature . T h e reaction proceeded with a smooth 
evolution of gas and was completed in 2 h . T h e reaction 
mixture was then diluted with dry ether to separate a yellow 
oil. T h e oil, imidate hydrochloride, was immediately con­
verted to a free imidate, a slightly yellow oil, as described 
above; yield, 399 mg ( 6 5 % ) ; [a]2

D
8 - 4 8 . 9 ° (c 4, methanol) . 

T h e imidate, without any purification, was coupled with 
glycine (150 mg, 2 mmol) in dry methanol under reflux for 
3.5 h, giving Z-(iminoprolyl)glycine (222 mg, 5 6 % ) . [a]2

D
8 

- 6 6 . 9 ° (c 1, ethanol) . 
(Iminoprolyl) glycine Methyl Ester Dihydrochloride (VIII). 

T o saturated hydrogen chloride in methanol (47%) (1 ml) was 
added in portions Z-(iminoprolyl)glycine (IVi) (100 mg, 0.33 
mmol) , which immediately dissolved with the evolution of 
gas. T h e solution was allowed to stand at room temperature 
for 3 days, and then evaporated under reduced pressure to 
leave white crystals; yield, 80 mg (94 .5%) ; m p 167—168 °G 
(dec) (methanol-e ther) , [a]2

D° - 0 . 5 ° (c 3, methanol) . O R D : 
l Ä e o + 3 7 2 ° , [0]3OO + 1 1 1 ° , [0]4OO + 2 3 ° (c 3, methanol) . 
N M R ( D 2 0 ) : Ô 1.9—2.8 (m, 4H , G 3 - H and G 4 - H in proline), 
3.57 (t, / = 7 Hz, 2H , C 5 - H in proline), 3.81 (s, 3H, GH 3 -
O G O - ) , 4.36 (s, 2H, glycine-CH2). Found : G, 37.05; H, 
6.79; N, 16.28%. Calcd for C 8 H 1 5 N 3 0 2 • 2HC1 : C, 37.22; 
H, 6.64; N, 16.28%. 

1 N-Benzyloxycarbonyl (iminoprolyl) glycine Methyl Ester Hydrochlo­
ride (IX). A solution of IVi (100 mg, 0.33 mmol) in 4.7 
% hydrogen chloride in methanol (3 ml) was allowed to stand 
overnight at room temperature . After the solvent had then 
been removed under reduced pressure, the residue was dis­
solved in methanol-e thyl acetate and the solution was again 
evaporated to afford a colorless foamy solid; yield, 115mg 
(98.5%);, m p 83—87 °C, [a]2

D° - 5 5 . 0 ° (c 0.5, methanol) . 
T L C : R{ 0.18 (methanol-ethyl acetate ( 1 : 4 ) ) . U V : 
Ä H (e); 257 n m (197). N M R ( D 2 0 ) : Ô 1.6—2.5 (m, 4H, 
C 3 - H and C 4 - H in proline), 3.58 (t, J = 7 Hz , 2H, G 5 - H in 
proline), 3:76 (s, 3H, C H 3 O C O ~ ) , 4.06 (s, 2H, glycine-CH2), 
5>18 (s, 2H , benzyl-GH2) , 7.43 (s, 5H, phenyl) . Found : C, 
51.34; H , 6.45; N , 11 .21%. Calcd for C 1 6 H 2 1 N 3 0 4 - H C 1 -
H 2 0 : C, 51 .41; H , 6.47; N, 11.24%. 

(Iminoprolyl) glycine Methyl Ester Dihydrobromide (X). 
T h e t reatment of I X (50 mg) with 2 5 % hydrogen bromide 
in acetic acid (0.15 g) at room temperature for 45 min gave 
(iminoprolyl)glycine methyl ester d ihydrobromide; yield, 41 
mg ( 8 4 % ) ; m p 165—166 °C (dec) (methanol-e ther) , [a]xl 
- 2 . 0 ° (c 1, methanol) . O R D : [0]2 5 O + 5 1 0 ° , [ç>]300 + 1 0 1 ° , 
[0Loo + 1 4 ° (c 1, methanol) . Found : C, 27.44; H, 5.12; 
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N, 11.94%. Galcd for C 8 H 1 5 N 3 0 2 • 2HBr : C, 27.69; H , 
4.94; N, 12 .11%. 

(Iminoprolyl)glycine Dihydrobromide (XI). This com­
pound was obtained by the removal of the Z group from IVi 
(100 mg, 0.33 mmol) with 2 5 % hydrogen bromide in acetic 
acid (340 mg) as usual ; yield, 100 mg (92%) ; m p 161—162 °C 
(methanol-e ther) , [a]2

D° —9.2° (c 0.4, methanol) . Found : 
C, 25.65; H , 4.67; N, 12.28%. Galcd for C 7 H 1 3 N 3 0 2 2 H B r : 
C, 25.25; H , 4.54; N, 12.62%. 

(Iminoprolyl) glycine Methyl Ester Hydrochloride-hydrobromide 
(XII). T h e treatment of X I (60 mg) with 4 .7% hydro­
gen chloride in methanol (3 ml) at room temperature for 4 
days gave white crystals; yield, 39 mg (84%) ; m p 164—165 °G 
(dec) (methanol-e ther) . Found : C, 31 .41; H , 5.35; N, 
14.65%. Galcd for C 8 H 1 5 N 3 0 2 H B r H C l : G, 31.75; H , 
5.66; N, 13.89%. 

N-Isobornyloxycarbonylproline. This compound was pre­
pared in the manner described by Fujino and his co-workers ;17> 
yield, 5 7 % ; m p 134—135 °G (lit,17) m p 135.5—136 °C). 

N-Isobornyloxycarbonylproline Amide (XIII). T h e mixed 
anhydride method described above for Z-amino acid amides 
gave the desired amide (65 .4%), along with the recovered 
starting material (30.6%). T h e recrystallization of the amide 
from aqueous ethanol afforded white crystals; m p 175.5—176 
°C, [a]2

D
8 - 8 3 . 7 ° (cl, ethanol) . F o u n d : C, 65.14; H , 9.26; 

N , 9 . 4 1 % . Galcd for C 1 6 H 2 6 N 2 0 3 : C, 65.28; H , 8.90; N , 
9 .52%. 

N-Isobornyloxycarbonyl-2-cyanopyrrolidine (XIV). I B O C -
proline amide ( X I I I ) (3.94 g, 0.01 mol) was dehydrated 
with /»-toluenesulfonyl chloride (5.7 g, 0.03 mol) in pyridine 
(20 ml) in the manner described above for the Z series, giving 
colorless crystals; yield, 3.70 g (98 .7%); m p 73—76 °C. 

T h e analytical sample was obtained by recrystallization 
from petroleum ether ; m p 78—79 °C, [a]2

D
8 - 1 2 7 . 1 ° (c 1, 

ethanol) . Found : G, 69.39; H , 9.00; N, 10.20%. Galcd 
for C 1 6 H 2 4 N 2 0 2 : G, 69.53; H , 8.75; N, 10.14%. 

Formation of the Imidazolone Derivative (XV). a) By the 
Reaction of N-Benzyloxycarbonyl(iminoprolyl)glycine (IVi) with 
Methyl Phenylalaninate in the Presence of Dicyclohexylcarbodiimide : 
In to a solution of IVi (153 mg, 0.5 mmol) , methyl phenyl­
alaninate hydrochloride (113 mg, 0.5 mmol) , and triethyl-
amine (51 mg, 0.5 mmol) in pyridine (5 ml), DGG (103 mg, 
0.5 mmol) was stirred at room temperature . After 1 day, 
the resulting white crystals were filtered off and the filtrate 
was concentrated under reduced pressure. T h e residue was 
chromatographed on a preparat ive thin layer with methano l -
ethyl acetate (1 : 9) to afford an oil; yield, 18 mg ( 1 9 % ) ; 
T L C : Rf 0.37 (methanol-ethyl acetate (1 : 9)) . 

b) By the Treatment of N-Benzyloxycarbonyl(iminoprolyl) glycine 
Methyl Ester Hydrochloride (IX) with Triethylamine : A solution 
of the hydrochloride ( IX) (100 mg) and triethylamine (60 mg) 
in methanol (3 ml) was allowed to stand at room temperature 
for 3 h. T h e solution was then evaporated under reduced 
pressure to give a brown-yellow oil, which was chromato­
graphed on a preparative thin layer; yield, 62 mg ( 7 7 % ) ; 
T L G : R{ 0.37 (methanol-ethyl acetate (1 : 9)) . 

c) By the Reaction of Ethyl N-Benzyloxycarbonyl-2-pyrrolidinc-
carboximidate (Ulf) with Methyl Glycinate: A mixture of the 
imidate ( I l l f ) (2.36 g, 8.5 mmol) , methyl glycinate hydro­
chloride (0.76 g, 8.5 mmol) , and triethylamine (0.86 g, 8.5 
mmol) in dry tetrahydrofuran (50 ml) was stirred at room 
temperature for 2 days. After a white precipitate had been 
filtered off, the filtrate was concentrated to give a reddish 
brown oil. T h e oil was chromatographed on a silica gel 
column with methanol-e thyl acetate (1 : 4) , thus affording 
as the main product a yellow oil, which soon turned a reddish 
brown; yield, 0.82 g ( 2 9 % ) ; T L G : R{ 0.37 (methanol-ethyl 

acetate (1 : 9)) . 
2- (N-Benzyloxycarbonyl - 2 -pyrrolidinyl) -5(or 4) - (p-methoxy-

phenylmethylene)-2-imidazolin-4(or 5)-one (XVI). a) A 
solution of the crude compound (XV) (100 mg) and p-
anisaldehyde (360 mg) in methanol ( 1 ml) was allowed to 
stand at room temperature for 2 days. T h e reaction mixture 
was then chromatographed on a preparative thin layer with 
benzene-ethyl acetate (3 : 2 ) to give two sorts of yellow 
crystals; major product ; yield, 43 m g ; T L C : Rf 0.62 (ben­
zene-ethyl acetate (2 : 3 ) ) ; minor product : yield, 11 m g ; 
T L G : R{ 0.44. T h e analytical sample of the major product 
was obtained by recrystallization from ethyl acetate; m p 
194—195 °C, [a]2

D° - 5 3 . 1 ° (c 1, CHG13). U V : %££* (e); 
368 n m ( 3 . 7 0 x l 0 4 ) . N M R (GDG13): Ô 1.8—2.5 (m, 4H, 
G 3 - H and G 4 - H in pyrrolidine ring), 3.58 (t, J =6 Hz, 
2H, G 5 - H in pyrrolidine ring), 3.86 (s, 3H, OGH 3 ) , 4.7—5.0 
(m, 1H, C 2 - H in pyrrolidine ring), 5.19 (s, 2H, benzyl-GH2), 
6.95 (d, y = 9 Hz, 2H , meta-H of/»-methoxyphenyl), 7.09 (s, 
1H, G=CH), 7.35 (s, 5H, G 8 H 5 - ) , 8.13 (d, J=9 Hz, 2H, ortho-
H ofy-methoxyphenyl), 9.36 (s, 1H, N H ) . Found : G, 68.06; 
H, 5.72; N , 10.05%. Galcd for G 2 3 H 2 3 N 3 0 4 : G, 68.13; H , 
5.72; N , 10.36%. 

T h e minor product seemed to be an isomer since it gradually 
changed into the major product in methanol , but it was not 
investigated further. 

b) A more convenient method to prepare X V I was as 
follows: a mixture of I X (608 mg) , /»-anisaldehyde (2.23 g), 
and triethylamine (331 mg) in methanol (2 ml) was allowed 
to stand a t room temperature for 2 days. After the solvent 
had been removed under reduced pressure, the residue was 
taken u p in ethyl acetate in order to remove triethylamine 
hydrochloride. T h e solution was then concentrated to give 
a yellow oil, which was chromatographed on a silica gel column 
with benzene-ethyl acetate (4 : 1—3 : 2), affording yellow 
crystals; yield, 507 mg ( 7 7 % ) ; m p 193—194 °G, T L C : Rf 

0.62 (benzene-ethyl acetate (2 : 3)). 

Glycylphenylalanine Methyl Ester Hydrobromide. This com­
pound was prepared by the coupling of Z-glycine with methyl 
phenylalaninate using DGC, followed by the removal of the 
Z group with 2 5 % hydrogen bromide in acetic acid, accord­
ing to the method of Mazur and Schlatter;24) yield, 9 4 % ; 
m p 166—168 °C (dec) (lit,24) m p 167—170 °G). I t was used 
for the next reaction without further purification. 

N-Benzyloxycarbonyl (iminoprolyl) glycylphenylalanine Methyl Ester 
(XVIII). A solution of the imidate ( I l l f ) (665 mg, 
2.4 mmol) , glycylphenylalanine methyl ester hydrobromide 
(634 mg, 2.0 mmol) , and triethylamine (220 mg, 2.0 mmol) 
in dry methanol ( 10 ml) was stirred at room temperature for 
1 day. T h e solution was then evaporated under reduced 
pressure to leave a syrup with some crystals. T h e syrup was 
taken up in ethyl acetate, and any insoluble materials were 
filtered off. T h e filtrate was evaporated under reduced pres­
sure, and the residue was chromatographed on a silica gel 
column with methanol-ethyl acetate (1 : 9), giving a foamy 
solid; yield, 683 mg (61 .4%) ; m p 90—94 °C, [a]2

D
3 - 2 3 . 6 ° 

(c 0.75, methanol) . Found : C, 53.94; H , 5.84; N, 10.03%. 
Galcd for G 2 5 H 3 0 N 4 O 5 H B r - 1 /2H 2 0: C, 53.96; H , 5.80; N , 
10.07%. 

T h e p r e s e n t w o r k w a s s u p p o r t e d in p a r t b y a 
G r a n t - i n - A i d for Scientif ic R e s e a r c h f rom M i n i s t r y of 
E d u c a t i o n . 
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In the presence of a Lewis-acid catalyst, such as HgCl2 or ZnCl2, cyclohexyl isocyanide reacted with chlorine 
and tetrahydrofuran to give, after hydrolysis, 4-chlorobutyl cyclohexylcarbamate in a fair yield. When one of the 
reactants was replaced by another isocyanide, bromine, or another cyclic ether, the reactions proceeded similarly, 
but the corresponding carbamate yields were rather poor. 

Isocyanides are known to undergo multi-component 
reactions1) in which more than two reactants selectively 
combine to form a single product, as represented by the 
Passerini reaction. In an at tempt to find a new ex­
ample of triple addition reactions, reactions of iso­
cyanides with halogens and 3- to 5-membered cyclic 
ethers were examined in the presence of Lewis-acid 
catalysts. T h e co-haloalkyl carbamates, R N H C O O -
(CH 2 )„X (n—2~4), which correspond to the hydrolysis 
products of the 1 : 1 : 1 adducts, were successfully ob­
tained in various yields, by treatment of the reaction 
mixtures with water. T h e present paper deals with the 
new reaction: 

R - N ^ G + X2 + (CH2)nO 
MX„ /X 

> R-N=C< 
\ 0 ( C H 2 ) w X 

RNHGOO(CH2)7lX (1) 

In connection with this, phenylcabonimidoyl dichlo-
ride has been known to undergo an insertion reaction 
of ethylene oxide into the G-Gl bond of the dichloride 
in the presence of triethylamine, the isolated product 
being not 2-chloroethyl A^-phenylchloroformimidate, 
but the isomeric carbamoyl chloride resulting from a 
Ghappmann rearrangement of the expected product 
(Eq. 2).2> 

CH2-CH2 Et3N 
Ph-N=CCl2 + \ / > 

O 

• Ph-N 

P h - N = c / 
Gl 

^0(CH2)2G1J 

COG1 

CH9CH9C1 
(2) 

O n the other hand, it has also been reported that the 
ZnCl2- or SnCl4-catalyzed cycloaddition of arylcarbon-
imidoyl dichlorides to aliphatic epoxides, followed by 
hydrolysis, gives 3-aryl-5-alkyl-2-oxazolidinones, al­
though the yields are very low (Eq. 3).3> 

R - C H - C F , Lewis acid 

Ar-N=GC12 + \ / » 
O 

"Ar-N—.CI, 

V° 
R 

O 
H20 A r _ N ,, 

' I I 
i 

R 

(3) 

** 
Koei Chemical Co., Ltd. Jôtô-ku, Osaka 536. 
To whom correspondence should be addressed. 

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

When cyclohexyl isocyanide was treated with chlorine 
in tetrahydrofuran (hereinafter abbreviated as T H F ) at 
room temperature in the presence of HgCl2 or ZnCl2 

and the reaction mixture was hydrolyzed before isola­
tion, 4-chlorobutyl cyclohexylcarbamate was obtained 
in a good yield, along with small amounts of various 
by-products which will be described below. Some re­
sults are shown in Table 1. 

TABLE 1. REACTION OF CYCLOHEXYL ISOCYANIDE 

WITH HALOGENS AND THF 

Isocyanide 24 mmol: Halogens 72 mmol; THF 360mmol. 
Reaction conditions: 5— 10°C, 1.5 h and 20—25 °C, 50 h. 

Cl2 

Cl2 

Cla 

Cl2 

Cl2 

Cl2 

Br2 

Cl2 

CL 

Catalyst Yield (%) of 
(mmol) cyclo-C6H11NHCOO(CH>)4X<') 

None 
HgCl2, 3 
HgCl2, 8» 
HgCl2, 8 
HgCl2, 8b> 
HgCl2, 24 
HgBr2, 8 
ZnCl2, 8 
ZnCl2, 24 

0d> 
2°) 

0f> 

70 

80 
67 
32 
59 
68 

a) Reaction conditions: — 15°C, l h and —10—0°C, 
5 h. b) Reaction conditions: 55—60 °C, 6.5 h. c) 
Based on isocyanide (determined by GLC). d) cyclo-
C6HnN=CGI2, 90%. e) cyclo-C6H11N=CCl2, 69%. f) 
cyclo-CeHj^CCIa, 87%. 

When AlGlg or FeCl3 was used as the catalyst, the 
reaction was considerably exothermic and afforded 
mainly a polymeric substance which consists mostly of 
oligomers of T H F rather than the desired carbamate. 
Moreover, the reaction without the catalyst yielded 
only cyclohexylcarbonimidoyl dichloride and no amount 
of the carbamate could be found in the reaction 
mixture. In the case of a HgCl2 catalyst, ca. 4 m o l % 
(based on chlorine) was found to be insufficient to 
yield the carbamate predominantly, and the optimum 
amount was estimated to be ca. 1 0 m o l % , although 
no accurate determination was made. 

An increase in the yield of the carbamate was observed 
for a rise in the reaction temperature. However, the 
reaction below 0 °G, even in the presence of 11.5 m o l % 
of HgCl2 , afforded only the carbonimidoyl dichloride 
as the reaction product. 
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When bromine and HgBr2 were used in place of 
chlorine and HgCl2 , respectively, the reaction with cyclo-
hexyl isocyanide proceeded similarly affording 4-bromo-
butyl cyclohexylcarbamate, but the yield was rather poor 
compared with the preparation of the corresponding 
chlorine compound. An analogous reaction with iodine 
and Hgl 2 , however, did not give the desired compound 
and yielded only a tarry product. 

Data on the reaction of some aliphatic and aromatic 
isocyanides with chlorine in T H F are shown in Table 
2a. In the case of /-butyl isocyanide, the yield of car­
bamate was rather low. This is probably due to the 
decreased stability of the intermediate /-butylchloro-
imidoyl cation, which tends to decompose to /-butyl 
cation and C1GN rather easily.4) Phenyl isocyanide 
afforded carbamate in a low yield, although the re­
corded yield was only the isolated yield in this case. 

TABLE 2. REACTION OF ISOCYANIDES WITH CHLORINE 

AND CYCLIC ETHERS 

(a) Variation of the isocyanide component. 
Isocyanides 24 mmol ; Cl2 72 mmol ; THF 360 mmol ; 
HgCJ2 8 mmol. Reaction conditions: 55—60 °C, 6.5 h. 

CI, + HgCl2 ; = ± G1+ + HgCl3 

Cl+ THF 
R-N=±C > R-N=C+-C1 > 

(4) 

1 

HgCV 
-> R -N=c/ 

y C l 
R-N=C< /— 

\— 

CI 

0(CH2)4C1 

H , 0 
RNHCOO(CH2)4Cl 

3 

(5) 

(6) 

Isocyanide Yield (%) of 
RNHCOO(CH2)4Cla> 

n-BuNC 
cyclo-C6HnNC 
f-BuNC 
PhNC 

R = w-Bu, 67 
R = cyclo-C6Hn, 80 
R = /-Bu, 49 
R = Ph, 44b> 

a) Based on isocyanide (determined by GLC). 
b) Isolated yield. 

(b) Variation of the cyclic ether component. 
Cyclohexyl isocyanide 24 mmol; Cl2 72 mmol; Cyclic 
ethers 360 mmol; HgCl2 8 mmol. Reaction conditions: 
5—10 °C, 1.5 h and 20—25 °C, 50 h. 

Cyclic ether Yield (%) of 
cyclo-C6HnNHCOORa) 

Here, the intermediate 1 may be formed by another 
route via carbonimidoyl dichloride. However, when 
cyclohexylcarbonimidoyl dichloride was treated with 
T H F in the presence of HgCl2 under the same reaction 
conditions (20—25 °C, 50 h) , the expected carbamate 
was obtained in only a 6 % yield and most of the unre-
acted dichloride was recovered. Therefore, such a pos­
sibility can be ruled out as the main course of the reac­
tion. 

Finally, a short comment on the by-products of the 
reaction must be added. From the reaction mixture of 
cyclohexyl isocyanide, chlorine, and T H F , small 
amounts of 1,4-dichlorobutane, 4-chloro-l-butanol, bis-
(4-chlorobutyl) ether, and 2-(4-chlorobutoxy)-3-chloro-
tetrahydrofuran (4) were isolated, along with the car­
bamate and occasionally with the carbonimidoyl dichlo­
ride. I t is obvious that all the minor products come 
from the reaction between T H F and chlorine. I t has 
been reported that the chlorination of T H F at room 
temperature results only in 2,3-dichlorotetrahydrofuran 
(5) (Reaction 7).6) In the presence of a ZnCl 2 catalyst, 
cleavage of T H F by 5 is known to afford 4 (Reaction 
8).7> 4-Chloro-l-butanol is probably formed by the 
action of HCl on T H F during the chlorination of T H F . 
This compound would be a precursor of 1,4-dichloro­
butane and bis(4-chlorobutyl) ether. 

CH3—CH-CH) 
\ / 

O 

O 

b 

R = CH2CH(CH3)C1, 

R = ( G H i ) , a , 

R=(CH2)4C1, 

12 

37 

68 

1 I J X [I 1 

j i cat. 

V + 5 — > 

-HCl * Ml CI, 

\ Q / 

--C1 
-CI 

7-C1 
l^J-CKCH^Cl 

(7) 

(8) 

a) Based on isocyanide (determined by GLC). 

The HgCl2-catalyzed reaction of cyclohexyl isocyanide 
with chlorine was also carried out in trimethylene oxide 
and propylene oxide, for comparison with that in T H F . 
The results are shown in Table 2b. The yields of the 
corresponding carbamates decreased as the ring size 
changed from 5 to 3 via 4. This order is the same as 
that obtained for the case of Lewis acid-catalyzed ring-
opening polymerization of cyclic ethers.5) 

In this reaction, the chloroimidoyl cation (1), formed 
by the electrophilic addition of G1+ to isocyanide, ap­
pears to act as a key intermediate. This reacts with 
T H F , and with a complex halide anion successively to 
afford a chloroformimidate (2), which then forms A» 
chlorobutyl carbamate (3) when hydrolyzed. 

Exper imenta l 

GLC analysis was carried out on a Shimadzu 5APTF 
apparatus using an EGSS-X(30%)-Chromosorb-W (1 m) 
column (with N2 as the carrier gas). The IR spectrum was 
recorded with a Hitachi EPI-S2 apparatus. 

Isocyanides (RNC) were prepared using the method of Ugi 
et a/.:8) R = C 6 H n , bp 67—69 °C/20 Torr (lit,8) bp 67—72 
°C/13Torr); R=n-Bu, bp 48 °C/20 Torr (lit,8) bp 40—42 
°C/11 Torr); R=f-Bu, bp 48 °C/60 Torr (lit,8) bp 92—93 
°C/750Torr); R = P h , bp 61—62 °C/18 Torr (Ht,8) bp 50— 
51 °C/11 Torr). Trimethylene oxide was prepared from 3-
chloropropyl acetate9) (bp 47—49 °C, lit,9) bp 47—48 °C). 
Commercial THF and propylene oxide were used after distil­
lation, while the inorganic substances were used without 
further purification. 
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HgCl2-Catalyzed Reaction of Isocyanides with Chlorine and THF. 
A typical example is given below. In to a stirred solution of 
HgCl 2 (2.2 g, 8 mmol) in T H F (29 ml, 360 mmol) containing 
cyclohexyl isocyanide (2.6 g, 24 mmol) , chlorine gas (5.1 g, 
72 mmol) was bubbled over a period of 1.5 h, the temperature 
being maintained at 5—10 °G by cooling with ice water . 
After stirring for an additional 50 h at 20—25 °C, the reaction 
mixture was added to a suspension of C a C 0 3 (5 g) in water 
(20 ml) . T h e resulting heterogeneous mixture was stirred at 
20—25 °G for 3 h. Then ether was added and inorganic 
precipitates were filtered off. T h e ether extract was separated 
from the aqueous layer. This was combined with a dichlo-
romethane extract in the aqueous phase. T h e combined 
organic layer was washed with aqueous K 2 G 0 3 and aqueous 
NaCl , successively, dried over anhydrous M g S 0 4 , and most 
of the solvents were evaporated. GLG analysis of the residue 
using isopropylbenzene, /»-methoxyacetophenone, and triphen-
ylmethane as internal standards showed the presence of 1,4-
dichlorobutane (6) (1.4 g, 10.9 mmol) , 4-chloro-l-butanol (7) 
(3.5 g, 32.3 mmol) , bis(4-chlorobutyl) ether (8) (0.6 g, 2.8 
mmol) , 2-(4-chlorobutoxy)-3-chlorotetrahydrofuran (4) (2.9 
g, 13.6 mmol) , and 4-chloro butyl cyclohexylcarbamate (3, 
R = c y c l o - C 6 H n ) (4.0 g, 17.3 mmol, 72% yield). Distillation 
afforded the following fractions: fraction A, bp 55—90 °C/25 
Torr (3.4 g), fraction B, bp 90—100 °C/3 Torr (3.1 g), fraction 
G, bp 131—133 °G/3 Torr (4.5 g) , and a black semi-solid 
residue D (1.7 g) . T h e fractions A and B were shown by 
GLG to be a mixture of 6 and 7, and of 7, 8, and 4, respec­
tively. T h e fraction G was revealed to contain 3 (89%) and 
8 (11%) , and redistillation gave the pure carbamate , bp 132 
°G/3 Torr , m p 55—56 °C (from hexane) (lit,10) m p 57—58 °G). 
T h e I R spectrum of residue D showed the characteristic 
absorptions due to carbamate [1710 c m - 1 ( C O ) , 1530, 3380 
c m - 1 (NH) and 1055 c m - 1 ( G - O - C ) ] and ether [1120 c m - 1 

( G - O - G ) ] groups, indicating the existence of oligomers of 3 , 
c y c l o - C 6 H 1 1 N H G O [ 0 ( C H 2 ) 4 ] w G l ( n > l ) , and of T H F . 

Reaction of Cyclohexyl Isocyanide with Chlorine in THF without 
the Catalyst. Chlorine gas (5.1 g, 72 mmol) was slowly 
bubbled into a stirred solution of cyclohexyl isocyanide (2.6 g, 
24 mmol) in T H F (29 ml, 360 mmol) a t 5—10 °C, as described 
above. After being maintained for an additional 50 h at 
20—25 °G with stirring, the mixture was poured into water . 
T h e resulting mixture was extracted with ether, and the 
extract was dried over anhydrous M g S 0 4 . Distillation gave 
cyclohexylcarbonimidoyl dichloride (3.9 g, 9 0 % yield), bp 

91—92 °C/20 Torr (lit,11) 79—82 °C/13 Tor r ) . 
Authentic Samples for GLC Analysis. All co-haloalkyl 

carbamates were prepared by the reaction of co-halo- 1-alkan-
ols with isocyanates.10-12) c y c l o - C 6 H n N H C O O R : R = 
(CH2)4C1, bp 132 °C/3 T o r r ; R = ( C H 2 ) 3 C 1 , bp 126 °C/3 Torr 
(Found: C, 54.42; H , 8.52; N , 6 .27%. Calcd for C10H18-
N 0 2 C 1 : C, 54.67; H , 8.26; N , 6.38%) ; R = C H 2 C H ( C H 3 ) C 1 , 
bp 107 °C/5 Torr (Found: C, 54.54; H , 8.22; N, 6 .28%. 
Calcd for C 1 0 H 1 8 NO 2 Cl: G, 54.67; H , 8.26; N , 6 .38%); 
R = ( C H 2 ) 4 B r , bp 148 °C/2.8 Tor r (Found: C, 47.73; H , 
7.21; N , 5 .17%. Calcd for C n H 2 0 N O 2 B r : G, 47.49; 
H , 7.25; N , 5 .04%). R N H C O O ( C H 2 ) 4 C l : R = n - B u , bp 
115—118 ° G / 4 T o r r (Found: C, 51.89; H , 9.03; N , 6 .95%. 
Calcd for C 9 H 1 8 N 0 2 G 1 : G, 52.05, H , 8.74; N, 6 .74%); R = 
t-Bu, bp 92 °C/3 Torr (Found: C, 51.97; H , 9.03; N, 6.54 
% . Calcd for C 9 H 1 8 N 0 2 C 1 : C, 52.05, H , 8.74; N , 6 .74%); 
R = P h , m p 54—55 °C (from hexane) (lit,12) m p 54 °C). 
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fluorene and Related Compounds" 

Mikio NAKAMURA, Nobuo NAKAMURA, and Michinori Ö K I 

Department of Chemistry, Faculty of Science, The University of Tokyo, Tokyo 113 
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Studies were carried out on the rates of lithiation of 9-arylfluorenes, in which the aryls are hydrocarbons. 
The reactivities of these compounds are explained in terms of the effective blocking of the reaction site by 
the substituent. The steric effect of the substituent which is attached to the aryl group but is over the fluorene 
ring is found to play a role in the reactivities. 

Abundant data on the reactivity of organic com­
pounds have been obtained but they are usually 
weighted means of rotational isomers, except when the 
compound in question reacts at a site where no rotamer 
is possible. In the former case, the observed reaction 
rates may be expressed by the following equation if 
there are two possible rotamers:2) 

£obsd = KN& + kbNb, (1) 

where k and N denote the intrinsic reaction rates and 
molar fractions of each rotamer, respectively. When 
the reactivities of both rotamers are comparable, the 
reactivity of a less populated isomer can be neglected if 
the molar fraction is one-sided. However, it becomes 
significant if the reaction rate of a trace-populated rota­
mer is exceedingly high. O u r recent finding on the 
difference in reactivities of rotamers1) singles out the 
importance of this view. 

In discussing the solvent effect on reactions, the con­
sideration of rotamers becomes important because the 
solvation can stabilize the ground states of rotamers to 
a different degree, thus controlling the populations. 
The transition states derived from the different rotamers 
can also be affected by solvation in a different manner . 
Study of behavior of rotamer in various solvents thus 
is necessary for understanding the reactions which are 
affected by solvents. 

We thought it would be worthwhile to launch a pro­
ject on the reactivities of rotamers, since we could iso­
late various types of stable rotamers.3) This is the first 
full paper of such a series giving a discussion on the 
lithiation of 9-arylfluorenes together with the origin of 
the difference in reactivities. T h e series of hydrocar­
bons was studied first, since it would not contain com­
plexities such as ligation by oxygen atom in the case 
of 9-(2-methoxy-l-naphthyl)fluorene.1) T h e number­
ing of arylfluorenes used throughout this text is given 
below. 

Exper imenta l 

NMR Measurement. XH NMR spectra were determined 
on a Hitachi R-20B spectrometer obtained at 60 MHz. 
The temperature was calibrated by the peak separation of 

ethylene glycol. The error in temperature reading was 
estimated to be ± 1.0 °C. 13C NMR spectra were measured 
on a JNM-FX 60 spectrometer operating at 15.04 MHz, 
13C-XH coupling constants being obtained from all proton 
undecoupled spectra. The estimated error in the coupling 
constants was ±0.5 Hz. 

Kinetic Measurement. A solution of 0.098 mmol of a 
9-arylfluorene in 0.08 ml of benzene was mixed with 0.2 ml 
of butyllithium in hexane. The quantity of butyllithium was 
calculated to be ca. 1.0 mmol from the integration of methyl­
ene signals a to lithium. The rates of reaction were followed 
by integrating the proton signals due to 4-H and 5-H of the 
fluorene ring. The protons give signals at ô ca. 7.8 in the 
mother compounds whereas the lithio dervatives give signals 
at ô 8.0 or below. 

9-(/>-Tolyl)fluorene gave signals at <5 ca. 8.0 due to 4 
protons, two of which are unknown, on lithiation. Inte­
gration and calculation were carried out with this fact being 
taken into consideration. In the case of 9-(2-methyl-l-
naphthyl) fluorene, the lithio derivative was hardly soluble 
in the solvent system and the integrated area of a signal 
due to 9-H of the mother compound had to be compared 
with that of a signal due to 9-H of 9-(2,6-xylyl)fluorene 
which did not react to a measurable extent. 

In each case, plot of log(l— x/a) vs. time gave a straight 
line and the pseudo-first order rate constants were obtained 
in the usual way. The errors are given in Table 3. The 
rates of reaction of 9-(2,6-xylyl)- and 9-(2-£-butylphenyl)-
fluorene were too small to measure in hexane-benzene 
solution whereas those of other compounds were too large to 
measure in ether. 

Syntheses. Syntheses were carried out by the Grignard 
reaction of fluorenone with the corresponding arylmagnesium 
halide followed by reduction with hydriodic acid.4) 

C C Ö ^ C D O 
O HO Ar 

Ar 

Some 9-aryl-9-fluorenols were not isolated but reduced direct­
ly. The overall yields were 50—70%. 

9-Aryl-9-fluorenol. To a vigorously stirred solution of 
arylmagnesium halide prepared from 0.02 mol of aryl halide, 
0.02 mol of magnesium and 40 ml of tetrahydrofuran, 0.02 
mol of fluorenone was added at 0 °C. The mixture was 
stirred for 3 h at room temperature and then heated under 
reflux for 1 h. The cooled mixture was decomposed with 
dilute hydrochloric acid. The organic layer was separated 
and the aqueous layer was extracted with ether. The 
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combined organic layer was washed with aqueous sodium 
bicarbonate and dried over sodium sulfate. The following 
compounds were isolated by chromatography on silica gel. 

9 - (2 - Isopropylphenyl) - 9 -fluorenol. Mp 147— 148 °C. 
Yield 65%. *H NMR (CDG1„ <5): 0.48 [(CH3)2CH], 
2.18 [(CH3)2CH], 2.3(OH), 8.3(6'-H). Found: C, 88.11; 
H, 6.77%. Galcd for G22H20O: G, 87.96; H, 6.71%. 

The compound exists in an ap form solely. The high 
chemical shift of the (CH3)2CH signals and appearance of 
a signal due to 6'-H at a low field support the assignment. 

9-(2-t- Butylphenyl) -9-fluorenol. Mp 156.5— 158.0 °C. 
Yield 66%. ! H N M R (GDC13, 6): 1.79 (f-Bu), 2.3 (OH), 
6.42 (6'-H). Found: C, 88.16; H, 7.08%. Galcd for G23-
H 2 2 0 : C, 87.86; H, 7.05%. 

The compound is judged to exist in an sp form from the 
low field £-butyl signal and a high field 6'-H signal. 

9-Arylfluorene. 9-Aryl-9-fluorenol (ca. 0.01 mol) was 
dissolved in 30—60 ml of acetic acid and heated with 10 ml 
of 57% hydriodic acid for 1 h at 80 °C. The mixture was 
washed with aqueous sodium bisulfite and then with sodium 
bicarbonate, and dried over sodium sulfate. After evapora­
tion of the solvent the product was purified by either chromato­
graphy on alumina or thin layer chromatography on silica 
gel. The yield was 75—80%. Pertinent data are given 
in Tables 1 and 2. 

TABLE 1. 9-ARYLFLUORENES 

Aryl Mp (°C) 
Calcd % Found % 

H H 

/>-CH3C6H4 

2,6-(CH3)2C6H3 

o-CH3G6H4 

127.0—127.5a> 
84.5—85.0 93.29 6.71 93.08 6.69 
90.5—91.5b> 93.71 6.29 93.99 6.27 

o-(CH3)2CHC6H4 88.0—89.0 92.91 7.09 92.78 7.13 
o-(GH3)3GC6H4 179.5—180.5 92.57 7.43 92.61 7.40 
2-Methyl-1 -naphthyl 

sp 118.0—119.0 94.08 5.92 93.81 5.74 
ap 125.0—126.0 94.08 5.92 93.85 5.75 

a) Reported melting point was 125 °C.12> 
b) Reported melting point was 129—130.5 °C.13> 

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

Assignment of the Conformation of 9-Arylfluorenes. 
Features of the conformation of the ap and sp forms 

of 9-arylfluorenes are characterized by the fact that the 
alkyl group is located over the fluorene ring in ap (sp 
in the case of 2-methyl-l-naphthyl derivative (8)) form, 
whereas it is almost within the plane of the fluorene 
ring in sp (ap in the case of 8) form. The opposite 
situation exists for 6'-protons of the aryl group. 

T h e spacial arrangement of the alkyl group is re­
flected in the chemical shift of the alkyl protons. 9-
(2,6-Xylyl)fluorene (2) gives signals due to methyls at 
ô 1.12 and «5 2.70. T h e former should be due to a 
methyl over the ring and the latter to a methyl within 
the plane of the ring. Thus, if we can observe two 
forms in *H N M R spectra, the assignment is straight­
forward by comparison of the chemical shift. 

T h e conformation of the £-butyl compound can also 
be assigned by taking advantage of the above facts, al­
though it exists as a single form. The £-butyl signal 
is located in a lower field than that of £-butylbenzene 
(ô 1.32),5) the chemical shift of the 6'-H signal being 
located at a high field close to the other known sp forms. 
Thus the conformation of 9- (2-f-butylphenyl)fluorene 
(3) should be sp, this being in line with the considera­
tion of the steric effect. 

Rates of Lithiation. T h e pseudo-first order rate 
constants of lithiation of 9-arylfluorenes are given in 
Tab le 3. For the sake of convenience we will start the 
discussion from the symmetric compounds. 

(1) (2) 

The internal rotation about the C 9 -C a r bond in-9-
(/>-tolyl) fluorene (1) should be fast at room temperature 
since analogous 9- (»2-tolyl) fluorene is known to rotate 
fast even at —85 °G, whereas that in 2 is frozen.6) The 
very low reactivity of 2 can be attributed to the steric 
blocking of the approach of the deprotonating reagent 
by the methyl group. Room for the approach of the 
reagent is made by rotation about the C 9 -C a r bond, the 
rotation itself requiring a fair amount of energy in com-

TABLE 2 . N M R SPECTRAL DATA OF ROTAMERIC 9-ARYLILUORENES IN CDCH 3 AT ROOM TEMPERATURE (Ô f r o m T M S ) 

Aryl 

/>-CH3C6H4 

2,6-(CH3)2C6H3 

3-CH3C6H4-) 

o-(CH3)2CHC6H4 

o-(GH3)3CC6H4 

2-Methyl-1 -naphthyl 

sp 
ap 
sp 
ap 
sp 
sp 
ap 

CH3 

2.27 
(2.70 
11.12 
2.63 
1.13 
1.46 
0.47 
1.72 
1.33 
2.83 

XH NMR 

9-H 

4.99 
5.50 

5.30 
4.90 
5.42 
4.87 
5.86 
6.16 
5.78 

6'-H 

6.38 
> 7 . 5 

6.33 
> 7 . 5 

6.22 
8.50b> 
6.43b> 

CH3 

22.73 
(21.67 
(18.67 
20.33 
18.28 
24.93 
23.13 
32.55 
19.48 
21.51 

13G NMR 

9-G 

53.93 
49.88 

49.79 
55.96 
48.90 
56.33 
50.97 
48.50 
50.04 

Other 
aliphatic C 

29.42 
28.04 
35.55 

Jl3c-lH 
of 9-G 

128.8 
124.4 

127.6 
125.1 
127.6 
122.7 
127.2 
122.7 
123.3 

a) The *H NMR data were obtained at 0 °G. 
b) These signals are due to 8'-H's of the naphthalene ring. 
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TABLE 3. RATES OF LITHIATION OF 9-ARYLFLUORENES 

IN HEXANE-BENZENE-rf6 AT 4 2 ° C 

Aryl 

/>-CH3C6H4 

2,6-(CH3)2C8H3a) 
o-CH3C6H4 

0-(CH3)2CHC6H4 

0-(CH3)3GG6H/) 
2-Methyl-l-naphthyl 

Con­
form­
ation 

ap 
ap 
sp 

i sp 
ap 

Pseudo-first order 
rate constant 

(ks-i) 
(1 .2±0 .1 )X10- 4 

0 
(4 .1±0 .2 )X10- 5 

( 1 . 9 ± 0 . 4 ) x l 0 - 5 

0 
(3 .6±0 .6 )X10- 5 

( 5 . 2 ± 0 . 6 ) x l 0 - 6 

"•rel 

23 
0 
8 
4 
0 
7 
1 

a) These compounds were successfully lithiated in diethyl-
ether. The rate constants at 34 °C were (5 .4±0.4) X 10~4 

s-1 and (4 .3±0 .3)XlO- 6 s - 1 for the dimethyl and the 
/'-butyl compounds, respectively. 

pound 2. The steric hindrance toward the reaction 
seems to be of major importance in this case. 

C(CH3)3 

The importance of the steric hindrance is also demon­
strated in 3. Although the barrier to internal rotation 
about the C 9 -C a r bond is unknown, the compound exists 
as one form exclusively even at 180 °C, probably because 
the steric interference between the /-butyl group and 
the fluorene ring in an ap form is very severe. Com­
pound 3 s p failed to react with butyllithium in hexane -
benzene-rf6 as did compound 2. This should be at­
tributed to the steric effect of the /-butyl group. Im­
portance of the steric effect on lithiation of thiophene 
derivatives has been pointed out by Wiersema and 
Gronovitz.7) 

Both compounds 2 and 3 can be lithiated in ether, 
though they cannot be lithiated in hexane-G 6D 6 . Ether 
would stabilize the transition state of proton abstraction 
where the polar nature of the C - H bond is developed 
to some extent. T h e pseudo-first order rate constants 
of 2 and 3 at 34 °G were 5.4 x 10~4 s"1 and 4.3 X 10-6 

s_1, respectively. The rates reflect the steric effect, com­
pound 3 reacting much more slowly than compound 2. 
The occurrence of the reaction of compound 3 in spite 
of the presence of the bulky substituent might be as­
cribed to rotation about the G 9-G a r bond to some degree 
to open a path for the reagent approach. 

sp 

(4) 

Rates of rotation about the C 9 -G a r bond of 9-(o-tolyl)-
fluorene (4) are estimated to be 101 —102 s - 1 at ambient 
temperature from the reported barrier.6) Thus the 
rates of rotation are much greater than those of lithia­
tion by butyllithium, the factor being 105—106. Equi­
libration between the sp and ap forms is quick. T h e 

observed reaction rates can be expressed by the follow­
ing equation, where the suffixes sp and ap stand for the 
respective rates and moleculr fractions of the rotamers : 

"-obsd — "'sp-^'sp ~r A:apiVap. {^) 

T h e circumstances of the reaction site of the sp and ap 
forms can be taken to be similar to those of compounds 
2 and 1, respectively, since o-tolyl, jfr-tolyl, and 2,6-xylyl 
groups should not differ much in giving the electronic 
effect. I t is reasonable to assume that 4_n does not 

sp 

react with butyllithium, when the ksp value is practically 
zero. Equation 2 can be rewritten as follows and &ap 

can be obtained from the observed rates and the equi­
librium constant K: 

*aD = ( 1 + 4> (3) 

The equilibrium constant was obtained in toluene-«/8 as 
1/1.3* by integrating the two methyl signals. I t was 
found to be independent of temperature. Putting the 
equilibrium constant and the observed rate constant, 
^ o b s d = ( 1 - 8 ± ° - 2 ) x l 0 - 5 s - 1 , into Eq. 3, we find k&p at 
42 °C to be (4.1 ±0 .2) X 10~5 s-1. 

So far discussion has been given on the rates of lithia­
tion from the viewpoint of steric effect given by the group 
located closely to the hydrogen to be abstracted. Glose 
examination of the data reveals, however, that the above 
treatment is only a first approximation; the rate of 
lithiation of 4 a p is about 1/3 of that of 1. We wish to 
attr ibute the fact to the steric effect of the methyl group 
anti to the 9-hydrogen for the following reasons. 

Two possibilities can be considered. One is the bond-
angle enlargement due to the substituent-fluorene in­
teraction (see 5). This will necessarily give additional 
steric hindrance to the approach of the reagent toward 
the 9-H and simultaneously cause the change in hy­
bridization. From an examination of the N M R G - H 
coupling constants (Table 2), the larger substituent in 
2'-position of the aryl group in the ap form causes a 
decrease in magnitude of the coupling constant : VCH'S 
decrease from 128.8 to 125.1 Hz by going from 1 to 4 s p 

and from 125.1 to 122.7 Hz by going from 4 a p to 7ap . 
T h e ^--character and G - H coupling constants are cor­
related,8) although the correlation is questionable in 
highly strained molecules.9) T h e difference in the chem­
ical shifts of 9-G's in 13G N M R spectra increases as 
the size of the alkyl group increases, the results support­
ing the bond-angle deformation at 9-G. Thus the 
decrease in V C H a n d the change in chemical shifts are 
interpreted as an increase in /»-character of the G - H 
bond orbital. However, this should result in easier 
deprotonation of 4 a p relative to 1 from a kinetic view­
point and is contrary to the observed trend. Thus the 
change in hybridization is of minor importance. The 
steric effect resulting from deformation may also be a 
minor one since the equilibrium constant is 1/1.3 for 
4 s p ^ 4 a p . If it were a major effect, the population ratio 
should have been affected to a greater extent. 

The other possibility is the steric effect caused by the 
substituent on rotation about the G 9 -G a r bond. The 
access of the deprotonating reagent to the 9-H would 

* The equilibrium constant in CDG13 at 0 °C was re­
ported to be 1/1.6.6> 
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vS 
(5) 

be facilitated by the rotation (see 6) which forms room 
for the access at the expense of increasing steric inter­
action between the substituent and the fluorene ring. 
Thus higher energy is required for rotation about the 
bond to a same degree (0) in compound 4 a p than in 
compound 1. 

Although the second possibility can be tested in the 
case of 9-(2-£-butylphenyl) fluorene (2), the ap form is 
not detected because of its relative instability to the sp 
form. Thus 9- (2-isopropylphenyl)fluorene (7) was pre­
pared and its reactivity was examined. T h e compound 
shows a barrier to rotation (AG?) of 19 kcal/mol at 
92 °G as determined from the coalescence temperature 
of the 9-H signals. The rate of rotation at 42 °C is 
of the order of 10 _ 1 s - 1 . The equilibrium constants for 
rotamers at 42 °C were 1/2.4 in CDG13, and 1/1.8 in 
hexane-G 6D 6 . 

CH(CH,), 

CH(CH,)2 

(7) 

The results expected from the steric effect are as 
follows. T h e population of the sp form is greater than 
that of 4, but the ap form is still detectable. The de­
formation of the bond angle for the ap form is detected 
by a decrease in C - H coupling constant from the sp 
form. If the angle deformation is a main factor which 
retards the reaction, the isopropyl compound (7ap) 
should react still more sluggishly than the methyl com­
pound (4ap). O n the other hand, if the steric effect 
on rotation to open room for access of the reagent is 
the main factor, 7 a p is expected to show a little less re­
activity than 4 a p , since the isopropyl group is known 
to be a little bulkier than the methyl group.10) 

The observed pseudo-first order rate constant was 
6.9 X 10-6 s-1 for compound 7 at 42 °G. The value was 
treated in the same way as in the case of compound 4, 
the value obtained for k being 1 . 9 x l 0 - 5 s - 1 . The 

(«) 

result is in line with the expectation, as in the change 
in \ / C H values. We conclude that the steric effect on 
the rotation is a main factor controlling the reactivities 
of these compounds of similar steric environment at the 
reaction site. 

We thought it would be worthwhile to compare the 
reactivities of stable rotamers of 9-(2-methyl-l-naphthyl)-
fluorene (8) as an extension of the above discussion. 
T h e compound was prepared by Siddall and Stewart, 
although the rotamers were concentrated but not com­
pletely isolated.6) The equilibrium constant of the two 
forms was 1.0 and was not affected by temperature. 
T h e barrier (AG*) to rotation about the C 9 -C a r bond 
was reported to be 29.2 kcal/mol at 116 °C. The rate 
of isomerization was 6.2 X 10 - 7 s_ 1 at 67 °G. 

We were able to isolate these stable rotamers by re­
peated thin layer chromatography: sp, mp 121—122 
°G; ap , mp 125—126 °G. The pseudo-first order rate 
constants for deprotonation obtained were 5.2 X 10 - 6 s_ 1 

and 3.6 X 10~5 s-1 for 8 a p and 8 s p , respectively, at 42 °C. 
Since the rotation about the G 9-G a r bond is negligible 
at 42 °C, we observed the net reaction rates for the 
respective isomers. There is a difference in reactivities 
by a factor of 7. 

T h e results indicate that a methyl group is more 
effective than a benzo group in blocking the reaction. 
This is an unusual indication since the benzo is usually 
a larger group than the methyl in stereochemistry and 
9-(1-naphthyl) fluorene is known to give a higher barrier 
to rotation than 9-(o-tolyl) fluorene by ca. 1 kcal/mol.6) 
T h e apparent discrepancy can be understood by con­
sidering the geometry of the transition state for the 
proton abstraction. The main factor which rules the 
reaction rate is the easiness of rotation to open up room 
for access for the reagent. The methyl group is consi­
dered to be a rotating top and its van der Waals radius 
is 2.0 Â, whereas the benzo ring extends within a plane 
but has van der Waals thickness of only 1.85 Â. Thus 
room for the reagent would be made by a smaller 
displacement for the sp form than for the ap form. 
The higher reactivity of 8 a p than 2 might be attributed 
to a similar cause. The methyl group over the fluorene 
ring would give larger steric hindrance than the benzo 
group when the same degree of rotation is required. 
I t is also interesting to note that 8 s p shows about the 
same reactivity as 4 a p . The same degree of rotation 
would be sufficient for the reaction to occur in these 
compounds. 

Although both 8 a p and 8 s p give identical TO N M R 
spectra on lithiation, stereochemistry of the lithio deri­
vatives is hard to study because of its poor solubility 
and the difficulty in detecting the difference in spectral 
characteristics. I t might be a mixture of two forms 
which give resembling N M R peaks, or a single form, 
or a mixture which shows no signals of a minor consti­
tuent. Quenching an extremely dilute solution of the 
lithio derivative of 8 in hexane-benzene with water 
afforded the sp and the ap forms in an 8 : 1 ratio. If 
we can assume that quenching of the lithio derivative 
with a highly covalent C-Li bond proceeds with the 
retention of configuration, as is observed in other cases,11) 
the stability of the lithio derivatives could be discussed. 
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A variety of stable alkylcopper (I) complexes of composition RCuLn (n= 1 — 3) containing various monodentate 
tertiary phosphine ligands (L), such as triphenylphosphine, diphenylmethylphosphine, dimethylphenylphosphine, 
tributylphosphine, triethylphosphine, and tricyclohexylphosphine have been prepared by the reactions of copper-
(II) acetylacetonate, dialkylaluminium monoethoxide, and the tertiary phosphines. Similar reactions employing 
l,2-bis(diphenylphosphino)ethane(dpe) give (RGu)2(dpe)3. The complexes have been isolated and characterized 
by elemental analysis, determination of molecular weight, chemical reactions, IR and NMR spectroscopy. All 
the isolated complexes show considerable thermal stability compared with alkylcopper compounds without phos­
phine ligand indicating the marked contribution of these phosphine ligands to the stabilization of the copper-
carbon bond. The dpe-coordinated alkylcopper complexes are thermally stable in the solid state but readily 
decompose in solution with hydrogen abstraction accompanied by scission of the G-P bond of dpe to give Ph2PCu-
(dpe), Ph2PCH=CH2, and alkane. These alkylcopper complexes initiate the polymerization of vinyl monomers 
such as acrylonitrile, methacrylonitrile, methyl acrylate, and methyl methacrylate. Alkyl halides and acyl halides 
react with the alkylcopper complexes to give cross-coupling products of alkyl groups and alkyl-acyl groups. 

T h e chemistry of organocopper compounds is worthy 
of study in its own right as a branch of rapidly develop­
ing organotransition metal chemistry and also because 
of its relevance to various copper-catalyzed organic reac­
tions in which organocopper compounds play an impor­
tant role as reactive intermediates.1) M a n y attempts 
have been made to prepare alkylcopper compounds 
since the first report by Buckton in 1859.2) T h e pre­
paration of methyl- and ethylcopper by the reaction of 
copper salts with methyllithium,3a>b) methylmagnesium 
chloride,3*) dimethylzinc4) and tetramethyl- and tetra-
ethyllead5) has been reported, but most compounds have 
been prepared in situ and attempts to isolate them in 
the pure state, free from the alkylating agents and re­
action by-products, have encountered great difficulties 
because of their extreme instability which often leads 
to violent explosions and of their insolubility in common 
organic solvents.3-6) T h e instability of the simple alkyl­
copper compounds is in contrast to the stability of 
alkylcopper compounds having electronegative substi-
tuents such as fluoroalkylcopper7) and cyanomethyl-
copper.8) Some considerably stable arylcopper com­
plexes are also known.9) 

Employment of ligands such as tertiary phosphines 
and 2,2'-bipyridine often contributes to the stabilization 
of alkyltransition metal compounds.10) Concerning the 
unsubstituted alkylcopper compounds, however, failure 
to stabilize the copper-alkyl bond using triphenylphos­
phine,11) 2,2'-bipyridine,4) and JV^JV-dimethylform-
amide4) has been claimed. Some alkylcopper complexes 
coordinated with trimethylphosphite and tributylphos­
phine have been prepared in situ at low temperatures 
but the complexes have not been isolated in analytically 
pure state.3b>12) 

We have been able to isolate alkylcopper (I) complexes 
containing triphenylphosphine13) and tricyclohexylphos­
phine6) by the reactions of bis (acetylacetonato) copper, 
dialkylaluminium monoethoxide, and the phosphine 
ligands. Extension of the study to the preparat ion 
of other phosphine-containing ligands has revealed the 
marked stabilizing effect of tertiary phosphine ligands 

in contrast to statements of some of previous papers and 
led to the isolation not only of the methylcopper complex 
but also of series of alkylcopper complexes containing 
longer alkyl chains which are usually regarded unstable 
because of their tendency to undergo ß-elimination. 
We now describe the preparation and some properties 
of these alkylcopper complexes containing various ter­
tiary phosphine ligands. The thermal stability of these 
complexes will be discussed subsequently. 

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

Preparation of the Alkylcopper (I) Complexes Containing 
Various Monodentate Tertiary Phosphines. The meth­
ylcopper (I) complexes having various monodentate ter­
tiary phosphine ligands such as triphenylphosphine 
(PPh3) , diphenylmethylphosphine(PPh2Me), dimethyl­
phenylphosphine (PPhMe2) , tributylphosphine (PBu3), 
triethylphosphine (PEt3) , and tricyclohexylphosphine 
(PCy3), were prepared from copper bis (acetylacetonate), 
dimethylaluminium monoethoxide, and the appropriate 
tertiary phosphine (in a 1 : 4 : 3—4 mole ratio) in di­
ethyl ether or toluene under nitrogen. They were iso­
lated as yellow or light yellow crystals, free from alumi­
n u m compounds, after recrystallization from appropriate 
solvents such as tetrahydrofuran(THF), diethyl ether, 
toluene or mixture thereof. 

Cu(acac)2 

Al(GH3)2OEt 

Tertiary phosphine 

— GH3Gu(PPh3)2(ether)0.5 l a 

— GH3Gu(PPh3) 3 (toluene) l b 

I— CHbCu(PPh2Me)3 3 

— GH3CuPPhMe2 4 

I— GH3GuPEt3 5 

CH,CuPBu, 6 

Methylcopper (I) complexes of triphenylphosphine con­
tained toluene or ether as solvent of crystallization. 
White yellow prisms of PPhMe 2 , PBu3, and PEt3 com­
plexes contained 1—2 molar equivalent of ether or T H F 
as solvent of crystallization which was eliminated by 
drying in vacuo. 
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TABLE 1. ANALYTICAL DATA FOR TRIPHENYLPHOSPHINE-ALKYLCOPPER(I) COMPLEXES 

No. Formula Mp (dec) °C R/Cua> 
Found (Calcd) 

. j / ^ u - ' 

2.12 

2.86 

2.02 

0.85 

2.14 

1.96 

G% 

72.8 
(73.2) 
77.0 

(77.7) 
72.8 

(73.8) 
68.1 

(67.7) 
74.0 

(74.2) 
73.9 

(74.4) 

H % 

5.8 
(6.0) 
5.8 

(5.9) 
5.5 

(5.9) 
5.9 

(5.7) 
5.8 

(5.9) 
6.1 

(6.0) 

Gu% 

10.0 
(9.9) 
6.6 

(6.6) 
10.3 

(10.3) 
19.0 

(17.9) 
9.9 

(10.1) 
10.0 
(9.9) 

l a 

l b 

l c 

Id 

le 

If 

CH3Gu(PPh3)2(ether)0.5 

CH3Cu(PPh3)3(toluene) 

G2H5Cu(PPh3)2 

CaH5Cu(PPh3) 

rc-C3H7Cu(PPh3)2 

*-C4H9Cu(PP3)2 

75—76 

70—75 

56—58 

55—58 

61—62 

60—63 

1.01 

1.02 

0.97 

0.83 

0.98 

1.02 

a) Alkyl groups were determined by measuring the amounts of gases evolved after reaction with coned sulfuric 
acid or decyl alcohol, b) See experimental section. [P] is the amount of coordinated phosphine in the complex. 

TABLE 2. ANALYTICAL DATA FOR OTHER TERTIARY PHO3PHINE-ALKYLCOPPER(I) COMPLEXES 

No. 

3 

4 

5 

6 

7 

Formula 

CH3Cu(PPh2Me)3 

CH3CuPPhMe2
c> 

CH3CuPEt3
c> 

CH3GuPBu3
c) 

î-G4H9GuPGy3 

Mp (dec) °G 

95—98 

50—51 

40—45 

57—60 

100—102 

R/Cua> 

1.01 

1.09 

1.12 

1.07 

0.98 

[P]/Cub> 

3.00 

0.93 

0.91 

1.14 

1.00 

Found (Calcd) 

C % H % 

71.7 6.9 
(70.9) (6.2) 

— — 

— — 

— — 

65.7 10.2 
(65.9) (10.6) 

N 
Cu% 

9.5 
(9.4) 
30.5 

(29.3) 
29.0 

(29.9) 
23.8 

(22.6) 
15.6 

(15.8) 

a), b) See Table 1. c) Micro analyses were not feasible because of extreme air sensitivity. 

The ethyl-, propyl-, isobutylbis (triphenylphosphine) -
copper(I) complexes and isobutyl(tricyclohexylphos-
phine)copper(I) complex were prepared from diethyl-
aluminum ethoxide, dipropylaluminum ethoxide and 
isobutylaluminum ethoxide, respectively, by a procedure 
similar to that used for the methyl analogs and were 
recrystallized from diethyl ether or THF-d ie thy l ether. 

All the isolated complexes are diamagnetic, fairly 
stable at room temperature in an inert gas atmosphere 
or in vacuo but decomposed rapidly in air. Triphenyl-
phosphine complexes are somewhat light-sensitive and 
decompose slowly, even at low temperature in sunlight 
or upon U V irradiation, releasing alkane. Micro an­
alyses of the PPhMe 2 , PBu3, and PEt 3 complexes were 
not feasible because of their extreme instabilities to air. 
Tables 1 and 2 summarize the analytical data for the 
isolated alkyl copper complexes having various mono-
dentate tertiary phosphines. Acidolysis or alcoholysis 
of each alkyl-copper complex released 1 mol equivalent 
of the corresponding alkane; deuteriolysis with D 2 S 0 4 

liberated a lkane-^ , further supporting the presence of 
the alkyl-copper bond. These reactions are considered 
to proceed through stepwise exchange of the acetyl-
acetonato ligands with the alkyl group of AlR 2 OEt. 
Although the nickel14) and iron15) complexes with alkyl, 
acetylacetonato, and triphenylphosphine ligands were 
isolated respectively as intermediates in the alkylation 
of their acetylacetonates in the presence of triphenyl­

phosphine to give unstable dialkyl complexes, our at­
tempts to isolate alkylcupric complex containing the 
acetylacetonato ligand were unsuccessful. However, 
judging from the gas evolved during the reaction, we 
believe that the intermediate, unstable alkylCu(II) com­
plex is reduced by splitting of the R - G u bond yielding 
the alkylGu(I) complexes. 

The alkylcopper(I) complexes having various tertiary 
phosphine ligands have been also prepared by ligand 
exchanges of triphenylphosphine complexes with more 
electron-releasing phosphines such as PPh 2 Me, PPhMe 2 , 
PBu3, PEt3 , and PCy3 . 

RCu(PPh3)2 -f L • RCuL + 2PPh3 
ether 

L = PPh2Me, PPhMe, PBu3, PEt3, PCy3 

(2) 

In none of these reactions could alkylcopper complexes 
containing mixed ligands be obtained. Examination 
of the composition of the alkylcopper complexes in 
Tables 1 and 2 reveals that the 18 electron rule is 
fulfilled only for the methylcopper complexes with tri­
phenylphosphine and diphenylmethylphosphine, the 
least basic ligands among the phosphines used. There 
seems to be a delicate balance in the number of ligands 
capable of coordination to copper. Replacement of the 
methyl group bonded to copper by the ethyl, propyl 
or isobutyl groups, which are more electron-releasing 
than methyl, led to alkylcopper complexes containing 



1104 Akira MIYASHITA and Akio YAMAMOTO [Vol. 50, No. 5 

two triphenylphosphine ligands even when three molar 
equivalents of phosphine were used. Furthermore, for 
ethylcopper, when ca. 1 mol equivalent of triphenylphos­
phine was used, a pale grey complex of approximate 
composition, EtCu(PPh 3 ) , was obtained, which on fur­
ther addition of 1 mol equivalent of triphenylphosphine 
was converted into EtCu(PPh 3 ) 2 . Replacement of 
PPh 2 Me with the more basic ligand, PPhMe 2 , caused 
a decrease in the number of coordinated phosphine 
ligands from 3 to 1, and coordination of more basic 
ligands such as PBu3, PEt3 , and PCy 3 gave only the 
alkylcopper complex containing one phosphine ligand. 

Since some organocopper compounds are known to 
be aggregated16) and some of our complexes are coordi-
natively unsaturated, it was suspected that some might 
have polymeric structures. Gryoscopic determination 
of these complexes, however, revealed the complexes to 
be all monomeric in benzene as shown in Table 3. 
T h e molecular weight determination of CH 3Gu(PPh 3 ) 2 -
(ether)0 5 and GH3Gu(PPh3)3(toluene) gave about the 
half of the calculated values for the compositions in­
dicated, presumably owing to the dissociative removal 
of the solvents of crystallization and also, in part , of the 
three triphenylphosphine ligands in benzene solution. 

The I R spectra of the alkylcopper complexes showed 
y(C-H) bands assigned to the alkyl group bonded to 
copper at 2980—2750 c m - 1 and the characteristic ab­
sorption bands of coordinated phosphine ligands. T h e 
I R spectra of the y(G-H) bands in the methylcopper 
complexes appeared at rather low frequencies, (sum­
marized in Table 4) compared with those of the satu-

TABLE 3. MOLECULAR WEIGHTS OF COPPER-ALKYL 

COMPLEXES 

No. Formula Found Required 

lc 
l e 
If 
3 
7 

C2H5Gu(PPh3)2 

7i-C3H7Cu(PPh3)2 

i-C4HBCu(PPh,)a 

GH3Cu(PPh2Me)3 

*'-C4H9CuPCy3 

633 (±10) 
544 
663 
676 
395 

617 
631 
645 
679 
401 

Gryoscopic determination in benzene solution. 

rated alkanes. A similar trend has been noted also in 
other methyl-transition metal complexes.15'17) The me­
dium intensity I R band observed in the methylcopper 
complexes in the region from 570 to 610 c m - 1 which 
decreases on contact with air or upon pyrolysis was 
tentatively assigned to the ^(Gu-C) band. 

T h e 1 H - N M R spectra of the methylcopper complexes 
showed a singlet due to the methyl group bonded to 
copper (Table 4). This band was observed as a some­
what broadened singlet but no splitting due to coupling 
with 31P and 65Cu or 63Gu was observed at the tempera­
ture above —30 °G. 

T h e N M R spectrum of the ethyl complex, l c , in 
toluene-</8 at —20 °G showed a broad unresolved meth­
yl peak at r 8.90 and a methylene peak at 8.60. The 
propyl complex l e showed broad peaks due to the 
methyl and the copper-bonded methylene groups at r 
8.95 (5H) and a peak due to the central methylene 
at 8.60 (2H). In toluene-rf8 at 25 °G the spectrum of 
*-C4H9Cu(PPh3)2 , If, showed a doublet at r 9.13 
(2H, CH 2 -Gu , 3 7 H _ H 7 Hz) , a doublet at 8.68 (6H, 
2CH 3 , V H - H 6 Hz) and an unresolved multiplet at 
8.00 (1H, GH) . It is note-worthy that the protons 
attached to carbon bonded to copper appear at con­
siderably higher field because of the shielding effect 
of copper in the complexes. I t appears that peaks 
of methyl protons in copper complexes coordinated to 
rather basic ligands is slightly shifted to higher field, 
but the effect is not particulary conspicuous. 

The 1H-decoupled 31P N M R spectrum of 3 in toluene 
at —80 °C showed a sharp singlet resonance at 6.1 ppm 
(up-field from the external PPh 3 reference in toluene) 
and a small signal of free PPh 2 Me at 19.3 ppm whereas 
at —40 °C the singlet at 6.1 ppm broadened and shifted 
to higher field 8.4 p p m accompanied by disappearance 
of the free PPh 2 Me signal. The spectrum of a toluene 
solution of 3 containing three mol equivalents of added 
PPh 2 Me at —80 °G exhibited a somewhat broadened 
singlet at 9.2 p p m and a sharp singlet due to free 
PPh 2 Me at 19.7 ppm. At —20 °G the two peaks 
collapsed to a broadened singlet centered at 16.8 ppm. 
These results indicate that at —80 °G the methylcopper 
complex with three PPh 2 Me ligands is not extensively 

TABLE 4. IRa> AND NMRb> SPECTRA OF METHYLCOPPER (I) COMPLEXES 

IR NMR« 
rNu. 

l a 
l b 
3 
4 
5 
6 
2a 

2b 

CH3Cu(PPh3)2(ether)0.5 

GH3Gu(PPh3)3 (toluene) 
CH3Cu(PPh2Me)3 

GH3CuPPhMe2 

GH3GuPEt3 

GH3CuPBu3 

(CH3) 4Gu Al2 (dpe) a (OEt) 2 

(GH3Gu)2(dpe)3 

CH3CuPCy3
d> 

v(C-H) in alkyl group 

2830 m 
2830 m 
2940 m 
2825 m 
2830 m 
2830 m 
2970 m, 
2820 s 
2820 m 

2820 m 

2790 s 
2780 s 
2770 s 
2775 s 
2770 m 
2770 m 

2920 m, 2875 m 

2775 s 

2770w 

. l 

*(Cu-CH3) 
612 m 
603 m 
590 m 
560 w 
575 m 
575 m 

615 m 

596 m, 615 m, 
640 m 
568 m 

vicuiyi—ou Mguai 
TCu-CH3 

10.3 
10.4 
10.5 
10.1 
10.3 
10.5 

9.84c> 

— 

10.5 

a) KBr disk; s, strong; m, medium; w, weak; frequencies in cm -1, b) Toluene-rf8 10% solution, toluene-</8 im­
purities as internal standard, at room temperature, all singlet signals, c) THF-</8 15% solution, TMS internal 
standard, d) See Ref. 6. 
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dissociated but that upon raising the temperature the 
complex liberates part of the coordinated PPh 2 Me li­
gands. In the presence of added PPh 2 Me at —20 °G 
the exchange between the coordinated and added 
PPh 2Me ligands is considered to be taking place rapidly. 

Preparation of the Alkylcopper(I) Complexes Containing a 
Bidentate Tertiary Phosphine. T h e alkylcopper com­
plexes containing a coordinated bidentate ligand, dpe, 
present unique features quite different from those of 
the alkylcopper complexes containing monodentate li­
gands. Ethyl, propyl, and isobutylcopper complexes of 
composition (RCu) 2 (dpe) 3 have been obtained by the 
reaction of bis(acetylacetonato) copper, dpe and dialkyl-
alminium monoethoxides in diethyl ether or in toluene 
under nitrogen. Analytical data are given in Table 5. 

Cu(acac)2 % 

Ph2PCH2CH2PPh2(dpe) [ > (RGu)2(dpe)3 (3) 

AlR2(OEt) J 
2c, R = C2H5; 2d, R = C3H7; 2e, R = z-G4H9 

The number of alkyl groups and dpe ligands attached 
to copper has been determined by elemental analysis, 
volumetry after acidolysis or alcoholysis, and spectro­
scopic determination of the released dpe ligands upon 
acidolysis. Copper complexes having dpe ligands in 
a Cu/P ratio of 2/3 are known for the arylcopper(I)18) 
and copper(I) halide complexes19) and the molecular 
structure,20) in which dpe ligands are bonded with cop­
per, one forming a chelate and the other bridging be­
tween copper atoms has been established. T h e present 
alkyl complexes with dpe ligands may well have a 
similar structure, but the instability of the complexes 
in solution (vide infra) has precluded further character­
ization. 

The use of dimethylaluminium monoethoxide in the 
reaction with Gu(acac)2 and dpe gave a binary complex 
which is thermally very stable and moderately insen­
sitive to air. The complex contains both copper and 
aluminum in a ratio of 1 : 2 and four methyl groups 
per copper, one of which is probably bonded to copper 
since one mol equivalent of methane was liberated from 
the complex on thermolysis at 180 °G. O n treatment 
with HCl in diethyl ether, a quantitative yield of ethyl 
alcohol was obtained. The overall complex compos-i 

tion is CuAl 2 (GH 3 ) 4 (dpe) 2 (OEt) 2 2a. Similar binary 
addition products containing alkylaluminium compo­
nents are known for manganese21) and titanium.22) 

Recrystallization of this complex 2a from relatively 
basic solvents such as tetrahydrofuran led to dissocia­
tion of the aluminium and copper components and gave 
a cream yellow complex (GH3Gu)2(dpe)3 , 2b . Use of 
more basic solvents such as pyridine and JV^iV-dimethyl-
formamide led to decomposition of the methylcopper 
complex liberating GH 4 . 

Intramolecular Reaction of Alkylcopper Complexes with dpe 
Ligands Involving the P-C Bond Cleavage of the dpe Ligand. 
Despite the fact that the dpe-coordinated complexes 
show substantially enhanced thermal stability in the 
solid state, dissolution of (RGu) 2 (dpe) 3 type complexes 
2b—2e in T H F , benzene, toluene, and pyridine, leads to 
a quite facile decomposition with the evolution of an 
almost quantitative amount of alkane as expressed by 
the following equation. 

(RGu)2(dpe)3 

(2b—2d) 
solvent 

Ph2PGu(dpe) 

(2f) 

+ Ph2PCH=GH2 + RH + [RGu(dpe)] (4) 

R = GH3, G2H5, TZ-C3H7, /-C4H9 

The greenish yellow complex 2f isolated from the reac­
tion solution analyzed as Ph2PGu(dpe) (Table 5) and 
gas chromatographic analysis of the reaction products 
confirmed the formation of diphenylvinylphosphine and 
of alkanes. Complex 2f was characterized by its reac­
tion with dry hydrogen chloride yielding diphenylphos-
phine, PPh 2 H, and with methyl iodide or ethyl iodide 
affording PPh 2 Me or PPh2Et. 

T h e reaction may proceed as shown in the following 
Scheme 1. 
Dissolution of the coordinatively saturated binuclear 
complex (RCu) 2 (dpe) 3 may cause dissociation to RCu-
(dpe) and complex (A) containing one chelated dpe 
ligand and the other dpe ligand bonded to copper as 
a monodentate ligand having the other phosphine end 
free in solution. This situation may lead to the ap­
proach of one of the methylene groups in the partially 
dissociated dpe into the proximity of the alkyl group 
which then attacks the methylene and abstracts hydro-

TABLE 5. ANALYTICAL DATA FOR DPE-ALKYLCOPPER(I) COMPLEXES 

No. Formula Decomp 
(mp)°C 

R/Cu*> [P]/Cu*> 
Found (Calcd) 

G% 

71.4 
(71.4) 
71.1 

(71.0) 
71.4 

(71.3) 
72.1 

(71.7) 
71.9 

(71.9 
70.6 

(70.5) 

H % 

6.6 
(7.0) 
6.6 

(5.8) 
5.4 

(5.9) 
6.6 

(6.3) 
7.2 

(6.4) 
5.6 

(5.3) 

Cu% 

6.4 
(6.3) 
9.2 

(9.4) 
8.7 

(9.1) 
8.6 

(9.0) 
9.0 

(8.8) 
9.5 

(9.8) 

2a 

2b 

2c 

2d 

2e 

2f 

(CH3)4CuAl2(dpe)2(OEt)2 

(GH3Gu)2(dpe)3 

(G2H5Cu)a(dpe)3 

(/*-C3H7Cu)2(dpe)3 

(e-C4H6Cu)2(dpe)3 

CuPPh2(dpe) 

230 

149—150 

124—127 

130—140 

102—105 

115—116 

4.05 

1.00 

0.90 

0.98 

1.00 

/ 

1.88 

1.53 

1.56 

1.54 

1.51 

/ 

a), b) See Table 1. 
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,P R X P P, \ / f \ / 
Gu Gu 

P P = d p e ligand 

(A; CuPPh, 

Scheme 1. 

gen, at the same time causing scission of the P - C bond 
in dpe, thus yielding alkane, diphenylvinylphosphine, 
and Ph 2PGu(dpe) . Addition of one or more equivalent 
of dpe to the system promoted the reaction: all the 
alkyl groups were liberated as alkane more rapidly than 
in the absence of added dpe, and (RCu) 2 (dpe) 3 was 
quantitatively converted into Ph 2PGu(dpe) , Ph2PCH= 
CH 2 , and the alkane. Presumably the addition of the 
extra dpe ligand enhances the formation of intermediate 
species (A) thus promoting decomposition. Addition 
of Lewis acids such as trimethylaluminium, aluminium 
trichloride, and boron trifluoride markedly promoted 
the decomposition even at low temperature. Similar 
promotion of decomposition of a stable arylcopper com­
plex in the presence of dpe has been reported by van 
Koten and Noltes.23) 

Attempts to isolate RGu(dpe) using the dpe ligand 
and Gu(acac)2 ( 1 : 1 ratio) led to the isolation of an 
extremely air-sensitive white powder, which could not 
be identified. 

Properties of Alkylcopper Complexes. Polymerization: 
The isolated alkylcopper complexes exhibited polymeri­
zation activity toward vinyl monomers containing elec­
tron-withdrawing substituents. Acrylonitrile, meth-
acrylonitrile, acrylaldehyde, methyl acrylate, methyl 
methacrylate, and 2-vinylpyridine were rapidly poly­
merized in the presence of alkylcopper complexes. As 
with other alkyltransition metal complexes polymeriza­
tion mayproceed by a coordination mechanism.24) 
Polymerization of vinyl compounds by organocopper 
complexes has also been reported.25) 

Among the alkylcopper complexes, the binary com­
plex 2a showed the highest polymerization activity. 
The polymerization of acrylonitrile, methacrylonitrile, 
and acrylaldehyde took place explosively, and methyl 
acrylate and methyl methacrylate also polymerized very 
rapidly with 2a. Other dpe-coordinated complexes 2 b 
and 2c were also very active, quantitatively converting 
acrylonitrile, methacrylonitrile, and methyl methacryl­
ate, into their polymers below — 10°C within several 

minutes. 
Reactions with Alkyl and Acyl Halides: Methylcopper 

complexes l a , l b , 2b, and 3 reacted with methyl iodide 
to yield one mol equivalent of G2H6 . Reactions with 
ethyl bromide gave mainly G3H8 and small amounts of 
GH4 , G2H4 , and G2H6 . The reactions of the ethylcopper 
complexes l c , Id , and 2c with methyl iodide released 
only G3H8 and propylcopper complexes l e and 2d with 
methyl iodide liberated only C4H10 . The formation of 
the cross-coupling products as the main gaseous products 
and of small amounts of CH 4 , G2H4 , and G2H6 in the 
reaction of the methylcopper complexes with ethyl bro­
mide suggests that an unstable Cu( I I I ) intermediate 
might be formed by oxidative addition of the alkyl 
halide to the alkylcopper complexes. Cu( I I I ) com­
plexes have not been isolated, but the comparison of 
the behavior of the alkylcopper complexes with that of 
alkylgold complexes, the Au(I I I ) state of which is well 
known,26) makes the assumption of the intermediacy of 
Cu( I I I ) complexes not too unreasonable. 

CH 3 Cu (PPh3)2 (ether) 0 5 l a reacted also readily with 
acetyl chloride to give acetone and with benzoyl chloride 
to yield acetophenone. 

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

Materials and General Procedures. All preparations and 
recrystallizations were carried out under deoxgenated nitrogen, 
argon, or in vacuo. Solvents were dried by usual procedures, 
distilled, and stored under argon or nitrogen. 

Copper bis(acetylacetonate) was prepared as described in 
the literature.27) Found; G, 45.3; H, 5.49; Gu, 24.4%(Calcd 
for; G, 45.8; H, 5.39; Cu, 24.3%). Dialkylaluminium 
monoethoxide was prepared by the reaction of trialkyl-
alminium with ethyl alcohol in hexane followed by vaccum 
distillation. 

Triphenylphosphine was used as purchased, mp 80—81 °G. 
dpe,28) tricyclohexylphosphine,29) diphenylmethylphosphine,30) 
dimethylphenylphosphine,28) triethylphosphine,30) and tri-
butylphosphine31) were prepared as described in the literature. 

Analytical Methods. IR spectra were recorded on a 
Hitachi Model EPI-G3 using KBr discs prepared under nitro­
gen and proton NMR spectra were recorded on a Japan 
Electron Optics Lab. JNM-PS-100 spectrometer. Evolved 
gases were analyzed using a Hitachi RMU-5B mass-spectro­
meter and a Shimadzu GC-5B gas Chromatograph. 
Microanalyses for carbon, hydrogen and nitrogen were per­
formed by Mr. T. Saito of our laboratory with a Yanagimoto 
GHN Autocorder Type MT-2. Triphenylphosphine and dpe 
contents were determined spectroscopically after hydrolysis 
with dilute sulfuric acid or by weighing triphenylphosphine 
oxide. The tricyclohexylphosphine-content was also deter­
mined by weighing its oxide, as described above. The other 
phosphine contents were determined by NMR proton concent­
ration measurements as compared with internal references 
in their NMR spectra. Molecular weights were determined 
in benzene solution by a cryoscopic method. 

The copper-content was determined by iodometry after 
digesting the sample with concentrated sulfuric acid. The 
aluminium content was determined, after the removal of 
cupric hydroxide and phosphine, gravimetrically as the 
alminium oxime complex, Al(C9H6ON)3. 

Preparation of a Series of Alkylcopper Complexes with Triphenyl­
phosphine. CH3Cu(PPh3)2(ether)0#5, la: To an ethereal 
suspension of copper bis(acetylacetonate) 2.6 g (10 mmol) 
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and 3 molar eqivalents of triphenylphosphine(7.8 g) , 4 molar 
equivalents of dimethylalminium ethoxide(6.5 ml) was added 
slowly at —40 °G. T h e mixture was allowed to react initially 
at — 40 °C and the temperature was subsequently raised 
gradually to —10 to 0 °G until yellow crystals precipitated 
from the yellow orange solution. T h e complex wihch was 
separated by filtration was dissolced in e t h e r - T H F below 0 °C. 
From the yellow orange solution, the yellow cristals which were 
obtained upon cooling, were filtered, repeatedly washed with 
dry ether, dried in vacuo at room temperature in the dark and 
characterized as GH 3 Cu(PPh 3 ) 2 . ( e the r ) 0 . 5 ; yield, 5.5g (86%) . 
Upon pyrolysis at 85 °C, l a gave one half molar equivalent 
of diethyl ether which was identified by mass spectrometry. 
The N M R spectrum of l a in T H F had a singlet at r 10.3 
(3H, C H 3 - C u ) , a quartet at 7.5 (2H, - C H 2 - in ether) , a 
triplet at 8.8 (3H, C H 3 - in ether) and a multiplet at 2.5 
(30H, C 6H 5 ) . 

CH3Cu(PPh3)3(toluene), lb: Dimethylalminium ethoxide 
(5 ml, 30 mmol) was added slowly to an ethereal suspension 
of copper bis(acetylacetonate) (2.0 g, 7.6 mmol) and PPh 3 

(7.3 g, 27 mmol) at — 40 °C. T h e mixture was subsequently 
raised gradually to room temperature (6 h) to give a deep 
yellow solution. O n cooling, the light yellow needles which 
precipitated were filtered off and recrystallized from toluene, 
washed with hexane, dried in vacuo and characterized as 
CH3Cu(PPh3)3( toluene) ; yield, 3.6 g (50%) . O n pyrolysis 
at 160 °C, l b gave one molar equivalent of toluene. T h e 
N M R spectrum of l b in T H F showed singlets at r 10.4 (3H, 
C H 3 - C u ) , 7.7 (3H, CH 3 -C 6 H 5 ) and a multiplet at 2.7 (50H, 
G6H5) . 

C2HbCu(PPh3)2, 1c: Gu(acac)2 (2.6 g, 10 mmol) , PPh 3 

(7.8 g, 30 mmol) and diethylalminium ethoxide 7 ml were 
mixed at — 30 °C. T h e temperature was gradually raised to 
0 °G, and a bright yellow complex slowly precipitated with 
dissolution of Cu(acac) 2 in ether. After 7 h stirring the 
reaction products were removed by filtration, recrystallized 
from e t h e r - T H F , dried in vacuo and characterized as C 2H 5 -
Gu(PPh 3 ) 2 ; yield, 4.4 g (71%) . 

C2HhCuPPh3, Id: Diethylaluminium monoethoxide (7.0 
ml, 45.6 mmol) was added to the ethereal suspension 
containing Cu(acac)2 (4.0 g, 15.2 mmol) and triphenyl-
phosphine (4.5 g, 17.2 mmol) at — 40 °C. From the dark 
yellow solution, obtained after the Cu(acac) 2 had com­
pletely dissolved in ether, a white gray complex gradually 
precipitated as the temperature was raised to 0 °G. After 
stirring for 3 h below 0 °C, the complex was filtered, washed 
repeatedly with ether and dried in vacuo at room tem­
perature (yield, 6 0 % ) . 

n-C^CufPPhJz, le: Gu(acac)2 (2.6 g, 10 mmol) , PPh 3 

(7.8 g, 30 mmol) and dipropylalminium ethoxide(8 ml) 
were mixed at — 30 °G. The temperature was gradually 
raised to 0 °G, and an orange yellow solution was obtained 
with dissolution of Cu(acac) 2 in ether. O n cooling the 
solution after addition of a small amount of hexane, greenish 
yellow prisms precipitated, which were filtered, repeatedly 
washed with ether-hexane, and dried in vacuo at room tem­
perature in the dark. T h e complex was characterized as 
n-C 3H 7Cu(PPh 3 ) 2 ; 3.0 g (48%) . 

\-CiH9Cu(PPh3)2, If: This compound was prepared by 
the procedure described above. T h e complex, obtained 
as primrose-yellow crystals, was characterized as i-C4H9Gu-
(PPh3)2 , (yield, 5 4 % ) . 

Preparation of Alkylcopper Complexes with 1,2-Bis(diphenyl 
phosphino) ethane. Methylcopper Complex Containing Alkyl-
alminium Components, CuAl2(CH3)i(dpe)2(OEt)2, 2a: Di­
methylalminium ethoxide, 10 ml, was added slowly to an 
ethereal suspension containing copper bis(acetylacetonate) 
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(4.5 g) and dpe (17.1 g) at —40 °G. When the mixture was 
subsequently raised gradually to room temperature, a cream 
yellow complex slowly precipitated with dissolution of copper 
bis(acetylacetonate) in ether. After about 10 h of stirring 
a light yellow precipitate formed was filtered, repeatedly 
washed with ether, dried in vacuo, and characterized as 
GuAl 2 (GH 3 ) 4 (dpe) 2 (OEt) 2 . T h e complex was diamagnetic 
and had the correct elemental analyses, (yield, 80—90%) . 
Acidolysis with dry HCl in ether resulted in a quanti tat ive 
yield of GH 4 together with ethyl alcohol. 

(CH3Cu)2(dpe)3, 2b: T h e alminium-containing complex 
2a was dissolved in T H F and addition of ether to the resultant 
light orange solution gave white yellow prisms on cooling 
overnight. T h e crystals were filtered, washed repeatedly 
with ether, dried in vacuo and characterized as (CH 3 Cu) 2 -
(dpe)„ (yield, 2 0 % ) . 

(C2HbCu)2(dpe)3, 2c: Copper bis(acetylacetonate) (2.6 g) 
and dpe (8.8 g) were suspended in 100 ml of ether and 6.5 ml 
of diethylalminium ethoxide was added at —40 °G. T h e 
mixture was allowed to react initially at this temperature 
which was then raised gradually to room temperature until 
the reagents completely dissolved in ether, and then a lemon 
yellow complex was gradually precipitated from the resulted 
yellow orange solution. After about 5 h of stirring at room 
temperature , the reaction product was filtered, repeatedly 
washed with ether, dried in vacuum, and characterized as 
(G2H5Gu)2(dpe)3 , (yield, 8 5 % ) . Attempts of recrystalli-
zation resulted in decomposition. 

(n-C3H7Cu)2(dpe)3, 2d and (\-CJi^Cu)2(dpe)3, 2e: 
These were prepared by the procedure described above 
bu t at tempts of recrystallization resulted in decomposition, 
(yield, 80—90%) . 

Ph2PCu(dpe), 2f: T h e alkylcopper complexes of dpe, 
(GuR) 2(dpe) 3 , were suspended in T H F or toluene and then 
allowed to warm from room temperature until the complexes 
were completely dissolved in T H F or toluene. After cooling 
the solution, greenish yellow prisms were obtained, which 
were recrystallized from T H F or toluene, (yield, 4 5 % ) . 

Preparation of Alkylcopper (I) Complexes with Other Tertiary 
Phosphines. CH3Cu(PPh2Me)3, 3: T o an ethereal sus­
pension of Cu(acac)2 , 4 molar equivalents of PPh 2 Me was 
added at — 45 °G and then 4 molar equiv of Me 2 A10Et 
was slowly added at the same temperature . Blue crystals 
of Gu(acac)2 gradually dissolved in ether with evolution of 
C H 4 and C 2 H 6 with temperature being raised gradually to 
room temperature . A white yellow complex precipitated 
from the orange yellow solution on stirring for 6 h. T h e 
complex which was separated by filtration was dissolved in 
e t h e r - T H F at the temperature below 0 °C. From the 
yellow solution, white yellow crystals were obtained on 
cooling, washed repeatedly with ether, dried in vacuo 
at room temperature in the dark and characterized as 
GH 3 Gu(PPh 2 Me) 3 , (yield, 6 3 % ) . T h e N M R spectrum 
of 3 , in toluene-rf8 at — 20 °G, had a singlet at r 10.50 
(3H, C H 3 - C u ) , a singlet a t 8.60 (9H, G H 3 - P ) , a multiplet 
at 3.16—2.50 (30H, (C,H„) a -P) . 

CH3Cu(PPhMe2), 4: At - 4 5 °C, 3 molar equivalents of 
PPhMe 2 was added to an ethereal suspension of Gu(acac)2 

and then 4 molar equiv of Me 2 A10Et was slowly added. 
After the temperature was gradually raised to 0 °C with 
stirring, a light yellow solution was obtained. T h e solution 
was allowed to condense by evaporation under a reduced 
pressure and then a small amount of hexane was added to it. 
After cooling the solution at — 78 °G, white yellow crystals 
slowly precipitated and were recrystallized from ether-hexane 
solvent mixture. T h e white yellow complex thus obtained 
was characterized as GH 3 GuPPhMe 2 , (yield, 3 5 % ) . 

of Alkylcopper (I) Complexes 



1108 Akira MIYASHITA and Akio YAMAMOTO [Vol. 50, No. 5 

CH.ACuPBu%, 6: T o an ethereal suspension of Gu(acac) a , 
3—4 molar equiv of PBu3 was added at — 40 °C and then 
4 molar equiv of dimethylalminium ethoxide was slowly 
added at the same temperature . Wi th a gradual raise of 
the temperature , Gu(acac)2 dissolved in ether and C H 4 and 
G2H6 were released to give a yellow solution at room tem­
perature . After condensation of the ether solution, the 
residue was extracted with hexane. Whi te yellow prisms, 
isolated from the hexane solution upon cooling, were washed 
repeatedly with small amounts of hexane below 0 °G, dried 
in vacuo and characterized as GH3GuPBu3 , 6, (yield 6 5 % ) . 

CH3CuPEt3, 5: This was prepared by the procedure 
described above, and recrystallized from an e t h e r - T H F -
hexane solvent mixture, (yield, 4 5 % ) . Light yellow crystals. 

Preparation of Butyl (tricyclohexylphosphine) copper, 7: 
Cu(acac) 2 4 g (15 mmol) and tricyclohexylphosphine 9 g 

(31.9 mmol) were suspended in 100 ml of ether, and 13 ml 
of diisobutylaluminium ethoxide was added to the suspension 
at — 30 °C. After the temperature was raised gradually to 
room temperature with stirring, a pale yellow solution was 
obtained. After cooling the solution, cream yellow prisms 
deposited, which were filtered, washed repeatedly with ether 
and hexane, dried in vacuo, and characterized as £-BuCuPCy3. 
T h e complex was recrystallized from ether, (yield, 6 0 % ) . 

Polymerization. Most of the polymerizations were 
carried out in a sealed ampoule or in a Schlenk type flask 
in which the alkylcopper complex (50—100 mg) and olefin 
(5—10 ml) were transferred in an atmosphere of nitrogen 
or by a t rap-to- trap distillation in vacuo. After the polymeri­
zation was complete, the content in the flask was poured 
into acidic methanol . T h e precipitate was filtered, washed 
with methanol and dried. T h e polymers of acrylonitrile 
obtained with l a and l c had molecular weights of ca. 1.2 X 
104, and poly(methyl methacrylate) 1.3—7.1 X 105 determined 
by a viscosity method. 
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Thermolysis of isolated alkylcopper(I) complexes having tertiary phosphine ligand(s) RGuLw (R = CH3, 
G2H5, rc-C3H7, î-G4H9) in the solid state and in toluene has been studied in order to clarify the role of the tertiary 
phosphine ligand in stabilizing the alkylcopper(I) complexes. The distribution of the thermolysis products shows 
that the thermolysis of the alkylcopper complexes having ethyl or longer alkyl chain proceeds through a ^-elimi­
nation mechanism. The rate of the thermolysis obeys the first order rate law, — dfRCuLjJ/d^AfRCuL,!]. The 
activation parameters of the thermolysis were obtained from the temperature dependence of k and a compensa­
tion effect between /\H'f and j\S* was demonstrated. The activation energy E& of the thermolysis of RGu(PPh3)2 

increases in the order of R==C2H5</z-C3H7<0'-C4H9. Coordination of electron-donating tertiary phosphine 
decreases E& and a linear relationship between v(Cu-CH3) frequencies and E& for thermolysis of the methylcopper 
complexes was observed. Addition of PPh3 into the toluene solutions of CH3Cu(PPh3)2(diethyl ether)0.5 and C2H5-
Gu(PPh3)2 causes some retardation of the thermolysis. The major role of the tertiary phosphine ligand in stabiliz­
ing the alkylcopper complexes is proposed to strengthen the Gu-C bond by changing the electronic state of copper 
atom. An energetic consideration based on Ghatt and Shaw's theory is given in order to account for the results 
concerning the stabilities of the alkylcopper complexes. Photolysis of the alkylcopper complexes takes a quite 
different decomposition pathway producing mainly RH from RGuLw. 

The problem of the stability of transition metal to 
carbon bond is of fundamental importance in orga-
notransition metal chemistry. Information regarding 
the stability of trasition metal-carbon a bond and how 
to stabilize or activate the o bond is quite desirable 
for theoretical discussion of the nature of the metal-
carbon o bond as well as in accounting for the mecha­
nisms of organic syntheses promoted by transition 
metal compounds.1) However, because of the scarcity 
of the isolated alkyltransition metal compounds pos­
sessing considerable thermal stabilities, the discussions 
have remained empirical and often have been based 
on the relative ease for the preparation of an alkyl­
transition metal compound. Two lines of theories 
have been proposed concerning the factors determining 
the stability of a transition metal-carbon bond. T h e 
first one, originally proposed by Ghatt and Shaw,2) 
relates the stability with the energy gap required to 
promote an electron from predominantly non-bonding 
d-orbitals to antibonding metal-carbon orbitals (<^M-C) 
or from bonding metal-carbon orbitals (<?M-C) t o 

vacant or half-filled d-orbitals, and the role of the 
stabilizing ligand was accounted for in terms of the 
increase in the energy gap. A partially modified 
scheme of this model was proposed by us to account 
for the stability of dialkyl(2,2'-bipyridine)nickel and 
activation of the N i - C bonds in the presence of elec­
tronegative olefins.3) The other theory stresses the 
importance of low energy decomposition pathway, 
particularly a ^-elimination process4,5) and accounts 
for the role of the "stabilizing l igand" mainly as 
blocking the site required for the /^-elimination process 
to proceed. O n the basis of the latter theory some 
"elimination stabilized alkyls" such as trimethyl-
silylmethyl have been successfully prepared.4 , 5 c , 5 d) 

Although the number of isolated alkyltransition metal 
complexes is rapidly increasing in recent years, works 
reporting the kinetics of the decomposition process 
and dealing with the analysis of the decomposition 

products are relatively limited.3 '5 '6 '12 '15) Thermolysis 
of alkylcopper complexes have been studied by White-
sides5a,5e) and Kochi.7) Unfortunately, however, the 
studies have been made on the complexes prepared 
in situ from copper salts and alkylating agents and the 
systems studied may well contain some impurities, 
albeit in small quantities. Since the presence of a 
Lewis acid is known to affect the stability and de­
composition course of an alkyl- or hydridotransition 
metal complex,8 '9) results obtained in somewhat impure 
systems are not quite unequivocal. 

We have isolated series of alkylcopper complexes 
containing various tertiary phosphines and observed 
the pronounced effect of the tertary phosphine ligands 
on stabilization of the alkylcopper compounds.10) In 
contrast to the extremely unstable ligand-free methyl-
copper which decomposes violently at room tempera­
ture, the phosphine-stabilized alkylcopper complexes 
are considerably stable and provide a suitable probe 
for testing the validity of the existing theories. We 
report here the kinetic study of thermolysis of the 
alkylcopper complexes and analysis of the gaseous 
products generated in the thermolysis with a hope 
to provide pertinent data relevant to the discussion 
of the thermal stability of alkylcopper complexes. 

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

Thermolysis of Alkylcopper Complexes in Solid State. 
Decomposition Temperature and Thermolysis Products: The 
isolated alkylcopper complexes containing tertiary 
phosphine ligands were thermolyzed in solid state 
in vacuum and the composition of the evolved gases 
was analyzed. Table 1 summarizes the decomposition 
points of various alkylcopper complexes with teriary 
phosphine ligands and the compositions of the evolved 
gases. Table 1 also includes the sum of the amounts 
of gaseous products generated per copper atom' ( S R ) • 

T h e results in Table 1 indicate almost quantitative 
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T A B L E 1. DECOMPOSITION 

Compound*1) 

CH 3 Cu(PPh 3 ) 2 (e ther) 0 . 5 

C H , C u (PPh3) 3 (toluene) 

G 2 H 5 Cu(PPh 3 ) 2 

C 2 H 5 GuPPh 3 

«-C 3H 7Cu(PPh 3 ) 2 

*-C4H9Cu(PPh3)2 

GH 3GuPGy 3 

C 2 H 5 GuPCy 3 

G3H7GuPGy3 

*-C4H9CuPCy3 

(CH 3 ) 4 CuAl 2 (dpe) 2 (OC 2 H 

(CH 3 Gu) 2 (dpe) 3 

(C 2H 5Gu) 2 (dpe) 3 

(n-C3H7Cu)2(dpe)3 

( î -C 4 H 9 Cu) 2 (dpe) 3 

GH 3 Cu(P(G 6 H 5 ) 2 (CH 3 ) ) 3 

GH 3 Gu(P(G 6 H 5 ) (CH 3 ) 2 ) 

CH 3 Cu(P(n-C 4 H 9 ) 3 ) 

GH 3Gu(P(G 2H 5 ) 3 ) 

5 ) 2 

POINTS ( d p ) OF 

D p (°C) 

75—76 

70—75 

56—58 

55—58 

61—62 

60—63 

105—110 

75—80 

85—90 

100—102 

230c> 

149—150 

124—127 

130—150 

102—105 

95—98 

50—90d> 

90— 130e> 

60—90f> 

ALKYLdOPPER 

Com] 

H^ 

0 
0 

14 
11 
22 
29 
0 

17 
26 
29 

0 
0 
2 
4 
5 
0 
0 
0 
0 

dOMPLEXES A N D THEIR PYROLYSIS 

position of the 

R ( - H ) 

3») 
0 

55 
54 
60 
60h> 

0 
67 
70 
65h> 

0 
9s> 

53 
41 
45h) 

0 
0 
0 
0 

gas evolvedb> 

RH 
j 

25 
29 
32 
18 
l l1) 

0 
17 
4 
71) 

37 
48 
45 
55 
50*> 

2 
62 
61 
85 

R-R 

90 
75 
2 
3 
0 
0 

100 
0 
0 
0 

63 
43 
0 
0 
0 

98 
38 
39 
15 

tVol 

PRODUOTS 

. 50, No. 5 

£R(%)j) 

108 
98 
97 
87 
96 

102 
71 
88 
77 
98 
— 
95 
81 
96 
95 

100 
110 
112 
93 

a) PPh3 = triphenylphosphine, PGy3 = tricyclohexylphosphine, dpe—l,2-bis(dipheny lphosphino) ethane, ether = diethyl 
ether, b) Mol%. c) At 136—139 °C it melted turning to black and decomposed at 230 °C. d) Mp, 50—51 
°C. e) Mp, 57—60 °C. f) Mp, 40—45 °C. g) C2H4. h) 2-Methylpropene. i) 2-Methylpropane. j) The mol 
percent of the alkyl group decomposed was determined by measuring the volume of the gas evolved. The 
amount of R-R was doubled in calculation. 

liberation of the alkyl groups as gaseous products on 
the thermolysis. Decomposition points in Table 1 
refer to the temperature at which smooth evolution 
of gas started on heating the complexes in vacuum. 
Most complexes decompose with melting but some 
complexes evolve gas at much higher temperature than 
their melting points. The dpe-coordinated complexes 
(dpe =l ,2-bis(diphenylphosphino) ethane) showed the 
highest decomposition points and particularly the 
methylcopper complex containing an a luminum compo­
nent was so stable as it was not decomposed up to 
230 °C. A similar enhancement of the thermal sta­
bility was observed in a manganese hydride complex 
containing an alkylaluminum component.9) The de­
composition points of the tricyclohexylphosphine (PCy3) 
-coordinated complexes ranked next to the dpe-con-
taining complexes to be followed by PPh3-coordinated 
(PPh 3=tr iphenylphosphine) complexes. The dpe- and 
PCy3-coordinated complexes showed some variation 
in decomposition points depending on the alkyl group 
bonded to copper, whereas the difference in decom­
position points of the PPh3-coordinated complexes was 
not so marked. 

In the thermolysis of solid methylcopper complexes 
coordinated with P(C 6 H 5 ) (CH 3 ) 2 , P(C 2H 5 ) 3 , and P(C4-
H 9 ) 3 ligands, considerable amounts of methane were 
evolved in addition to ethane. Since the value of 
S R is about 100%, the source of hydrogen for methane 
formation should be the phosphine ligands and this 
fact together with the absence of ethylene in the thermo­
lysis products excludes the possibility of a-elimination 
which was observed for thermolysis of (CH 3 ) 2 Fe(dpe) 2

n ) 

and CH3CrCl2Ln .1 2) O n the other hand, evolution 
of ethylene was observed in thermolysis of CH 3 Cu(PPh 3 ) 2 

(diethyl ether)0 - 5 and (CH 3Cu) 2 (dpe) 3 which may 
partly decompose by the a-elimination. 

I n the thermolysis of the alkylcopper complex with 
ethyl or longer alkyl chain, both alkane and alkene 
are formed, the latter being more predominant, 
accompanied by evolution of molecular hydrogen. 
Examination of the distributions of alkanes, alkenes 
and H 2 evolved from PPh3- and PCy3-coordinated 
complexes revealed that the amounts of H 2 evolved 
correspond to about half of the difference between 
the amounts of alkanes and alkenes. 

These observations suggest that the thermolysis of 
the alkylcopper complexes having ethyl or longer alkyl 
chain proceeds by the following scheme comprising 
/^-elimination (Eq. 1 ), coupling of the alkyl and hydrido 
ligands (Eq. 2), and evolution of H 2 from the copper 
hydride (Eq. 3). The participation of all molecules 
of the copper hydride in either the reaction (2) or 
(3) was confirmed by the absence of hydrogen evolu­
tion on treatment of the thermolysis residue with H 2 S 0 4 . 

RGuLn -> GuHLn + R ( - H ) (1) 

HCuLw + RGuLn -> RH + 2GuL„ (2) 

HGuLw -» 1/2H2 + CuLw (3) 

Whitesides and coworkers have proposed a similar 
mechanism for the thermolysis of butyl-1,1 -rf8-(tributyl-
phosphine) copper (I) prepared in situ by analyzing the 
composition of the gases evolved.5*) 

Kinetics of the Thermolysis of Solid Alkylcopper Com­

plexes: T h e thermolysis of the alkylcopper complexes 
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TABLE 2. THE FIRST-ORDER RATE GONSTANTS OF PYROLYSIS OF ALKYLQOPPER(I) QOMPLEXES 

Compound8^ 

CH3Cu(PPh3)2(ether)0.5 

CH3Gu(PPh3)3 (toluene) 
G2H5Gu(PPh3) 
G2H5Gu(PPh3)2 

w-C3H7Cu(PPh3)2 

*-C4H9Cu(PPh3)2 

CH3Gu(P(G6H5)2(GH3))3 

CH3CuPCy3 

e-C4H9CuPCy3 

(GH3Gu)2(dpe)3 

(i-C4H9Cu)a(dpe)3 

a) For abbreviations, see Table 

0.91(69.5), 
0.79(59.6), 
1.23(34.0), 
1.14(40.8), 
0.65(40.6), 
1.31(34.5), 
1.23(87.5), 
3.82(76.5), 
3.44(75.4), 
2.04(120.0) 
0.88(78.2), 

I. b) 10* / ts- ] 

Rate constant1^ 

3.56(74.6), 5.08(76.8), 9.28(79.0) 
1.60(62.6), 3.53(66.2), 8.45(71.8) 
3.69(37.3), 12.0(41.2), 39.1(44.6) 
2.45(45.2), 8.36(50.5), 20.8(53.0) 
1.12(45.2), 5.61(48.0), 8.40(50.4), 20.3(53.2), 90.8(57.5) 
2.30(39.0), 5.67(41.5), 12.8(43.3), 26.1(45.5) 
3.71(93.0), 16.4(102.5), 42.0(107.5) 
5.68(80.0), 6.49(82.6), 10.4(86.0), 14.6(89.2) 
8.52(80.0), 21.4(85.0), 41.9(89.0) 

, 2.49(129.0), 12.2(134.5), 31.0(139.0) 
3.24(84.2), 4.47(88.5), 13.3(94.5) 

. The numbers in the parentheses refer to the thermolysis tern-
peratures in °G. 

in solid state was followed by measuring the gas evolved 
at fixed temperatures. 

Figure 1 shows the results of typical thermolysis 
experiments. The volume of gas evolved on heating 
a solid sample at certain temperature was measured 
and plotted versus time. Since the composition of the 
gas evolved during the course of thermolysis did not 
vary significantly, the value of (V<=o—Vt), where F«, 
and Vt refer to the gas volumes evolved at infinite time 
and time t, corresponds to the amount of the alkyl­
copper complex remaining undecomposed. Plots of 
log(Foo—Vt) versus time t give straight lines with some 
curvatures in the initial stages as shown in Fig. 2. 
In most cases the portion of the straight line covers a 

240 
Time, t (min) 

Fig 1. Time curves of the amount of gas evolved 
in the thermolyses of G2H5Cu(PPh3)2 at fixed tem­
peratures. Amount of C2H5Cu(PPh3)2: 50.5 °G, 
920 mg; 45.2 °C, 690 mg; 40.8 °C, 950 mg. 

360 ~1' * Ï2Ô \ 2 A 0 

Time, t (min) 

Fig. 2. The first-order plots of the data in Fig. 1. 

range corresponding to decomposition of about 8 0 % 
of the alkylcopper complex. I n this paper we are 
concerned with the region where the linear relation­
ship holds between log(Foo— Vt) and time. The rate 
constants in the first-order expression 

-d[RCuLn] /df = £[RCuLB] 

are given in Table 2. From Arrhenius plots of the 
rate constants in Table 2 activation energies and 
kinetic parameters were computed and are summarized 
in Table 3. 

Tha t the first-order rate law holds in the thermolysis 
of the alkylcopper complexes having ethyl or longer 
alkyl chain indicates that the formation of the copper 
hydride by the ^-elimination (Eq. 1) is rapidly followed 
by the process (2) or (3). This is consistent with 
Whitesides and coworker's observation13) that the copper 
hydride prepared in situ decomposed even at —20 °C 
to evolve H 2 and in the presence of an alkylcopper (I) 
complex it underwent a facile coupling reaction to 
produce R H at - 2 0 °G to - 3 0 °G. 

Furthermore, the first-order rate law for the thermol­
ysis of the methylcopper complexes suggests that the 
methyl group ("CH 3 ") liberated from the methyl-
copper complex by a spontaneous unimolecular process 

TABLE 3. AOTIVATION ENERGIES AND KINETIC: PARAMETERS 

FOR THERMOLYSIS OF ALKYLCIOPPER QOMPOUNDS 

Compound3^ (kcal-
mol"1) 

AH" 
(kcal-
mol-1) 

AS* 
(e.u.) 

AF* 
(kcal-
n o-1) 

CH3Gu(PPh3) 3 (toluene) 
GH3Gu(PPh3)2(ether)0.5 

C2H5Cu(PPh3) 
G2H5Cu(PPh3)2 

n-C3H7Cu(PPh3)2 

*-C4H„Cu(PPh,)a 

CH3Gu(P(C6H5)2(CH3))3 

CH3CuPCy3 

*-C4H,CuPCy8 

(GH3Gu)2(dpe)3 

(,-C4HBCu)a(dpe)8 

50 
57 
62 
48 
63 
71 
46 
27 
47 
50 
43 

50 
57 
61 
47 
63 
70 
45 
26 
46 
50 
42 

72 
85 

123 
74 

119 
151 
49 

0.3 
57 
50 
43 

26 
27 
22 
24 
25 
23 
28 
26 
26 
30 
27 

a) For abbreviations see Table 1. 
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(Eq. 4) will rapidly abstract hydrogen from the phos-
phine ligand (Eq. 5) or couple with the C H 3 group 
in another molecule of the methylcopper complex 
(Eq. 6) to evolve C H 4 and C2H6 , respectively. Abstrac­
tion of hydrogen of C H 3 group in the methylcopper 
complex by " C H 3 " to produce CH 4 and a carbenoid 
species (Eq. 7) may also take place, 

GH3CuLn -> "CuLw" + "CH 3" 
"CuL n " + «CH3" -» CH4 + GuL„_1(L(-H)) 

, • C2H6 + CuLw 

"CH3" + CH3CuLn — 
-• GH4 -f CH2=CuLw 

CH2=CuLM -» 1/2C2H4 

(4) 

(5) 

(6) 

(7) 

(8) 

where L(—H) represents a ligand from which a hydrogen 
a tom was taken away by the methyl group. 

T h e course of the thermolysis of CH 3 Cu(PPh 3 ) 2 

(diethyl e t h e r ) 0 5 consists of two stages. The gas 
evolved at the earlier stage was composed mainly of 
diethyl ether and scission of the C u - C H 3 bond started 
after the quantitative evolution of diethyl ether. The 
rate constants in Table 2 and the activation energy 
in Table 3 are referred to the latter stage. 

A Compensation Effect between the Enthalpy of Activation 
and the Entropy of Activation : Examination of the results 
in Tables 1, 2 and 3 reveals several interesting features 
of the thermolysis. Although it may be expected that 
a complex having higher activation energy for the 
thermolysis has a higher decomposition temperature, 
it is seen from the tables that there exists no correlation 
between the decomposition point of an alkylcopper 
complex and its activation energy for thermolysis. 
We consider that the activation energy for thermolysis 
more directly reflects the intrinsic strength of the C u - G 
bond than the decomposition temperature. The 
present observation suggests that it is not always justi­
fied to discuss the strength of the alkyl-transition 
metal bond referring only to the decomposition points 
of the complexes, although they may be often used 
as practical criteria of the strength of the alkyl-transition 
metal bond. 

A plot of the enthalpy of activation AH* against the 
entropy of activation AS* for the thermolysis of the 
alkylcopper complexes gave a straight line with a 
slope AH*/AS* — 270 deg (Fig. 3) which corresponds 
to a value of about one for AH"/TAS* under the ex­
perimental conditions indicating that the increase in 
AH* does not cause a direct increase in AF* but is 

to 
<1 

150 

100 

50 

n 

|-

-

11 
f 

3 / 

r2 

a s 1 4 
^ 5 

i i 1 

20 50 
AH* (kcal/mol) 

100 

Fig. 3. The compensation effect between AH* and 
AS*. 1: ;-C4H9Cu(PPh3)2, 2: n-G3H7Gu(PPh3)2, 
3: C2H5CuPPh3, 4: CH3Gu(PPh3)2(diethyl ether)0.5, 
5: GH3Cu(PPh3)3(toluene), 6: C2H5Cu(PPh3)2, 
7: (CH3Cu)2(dpe)3, 8: i-C4HBCuPCy8, 
9: GH3Cu(P(G6H5)2GH3)3, 10: (*-C4H9Cu)2(dpe)3, 
11: CH3Cu(PCy3). 

almost completely cancelled by the decrease in — TAS*. 
These results explain the lack of correlation between 

the decomposition points of alkylcopper complexes and 
their activation energies for thermolysis. The compen­
sation effect is particularly well demonstrated in a 
series of RCu(PPh 3 ) 2 complexes. In contrast to the 
steady and significant increase of the activation energy 
for thermolysis from the ethyl (47 kcal/mol) through 
the propyl (63) to the isobutyl (70) the decomposition 
points vary only slightly (Table 1). 

We have observed a compensation effect between 
AH* and AS* for the splitting of nickel-alkyl bonds 
induced by olefin coordination.14) 

Thermolysis of Alkylcopper Complexes in Solution. 
T h e alkylcopper complexes have lower stability in 

solution than in the solid state. The decomposition 
of the complexes in solution set in at the lower tem­
perature by 40—50 °C than that in the solid state. 
One mol of C 2 H 5 Cu(PPh 3 ) 2 evolved 0.59 mol of ethyl­
ene, 0.33 mol of ethane and 0.15 mol of H 2 on the 
thermolysis in toluene at 10 °C. The distribution of 
the gases evolved in toluene is essentially the same 
as that of gases evolved in solid state. The results 
indicate that the thermolysis of the ethylcopper complex 
in toluene proceeds through the same processes as 
those proposed for the thermolysis in the solid state 
(Eqs. 1, 2 and 3). The thermolysis in toluene obeyed 

TABLE 4. T H E FIRST-ORDER RATE CONSTANTS OF THE THERMOLYSIS OF C2H5Cu(PPh3)2 

AND GH3Cu(PPh3)2(DIETHYL ETHER)0.5 IN TOLUENE 

Compound*) 
[PPh3 added] 
[Gu complex] 

Rate constant1») (s-1) 

C2H5Gu(PPh3)2 

C2H5Cu(PPh3)2 

C2H5Cu(PPh3)2 

C2H5Cu(PPh3)2 

CH3Cu(PPh3)2(Et2O)0.5 

GH3Cu(PPh3)2(Et2O)0.5 

GH3Gu(PPh3)2(Et2O)0.5 

0 
1.0 
2.0 
4.1 
0 
1.9 
4.0 

4 . 8 ( - 2 . 1 ) , 7.1(0.3), 18(4.7), 34(7.8) 
13(4.7) 
9.4(4.7) 
1.3( —3.3), 3.0(0.2) , 8.9(4.7) 
1.3(22.6), 3.4(27.1), 7.7(30.0) 
3.0(27.0) 
0.52(17.0), 1.2(21.6), 2.7(27.0), 7.1(30.3) 

a) E t 2 0 = diethyl ether, b) 10* k. The numbers in the parentheses show the thermolysis temperatures in °C. 
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the first-order rate law and the first-order rate constants 
are listed in Table 4. 

The activation energy for the thermolysis of C 2H 5Cu-
(PPh3)2 in toluene calculated from an Arrhenius polt 
of the rate constants was 32 kcal/mol, being consid­
erably smaller than that in the solid state (48 kcal/mol) 
The heat of fusion of the ethylcopper complex re­
quired in the thermolysis in the solid phase accounts 
for a part of the difference between the two activation 
energies. However, in order to account for whole 
of such a great difference, it will be necessary to consider 
other unrevealed factors such as ease of intramolecular 
rearrangement of the copper complex in forming the 
so-called activated complex and the coordination of 
solvent. 

O n addition of PPh 3 into the toluene solution of 
C2H5Gu(PPh3)2 the first-order rate constant decreased 
approaching a limiting value. T h e effect of the 
addition of PPh 3 on the rate constant can be accounted 
for by assuming the formation of a stabler ethylcopper 
complex having three PPh 3 ligands G 2H 5Cu(PPh 3 ) 3 . 
In fact the methyl analog of C 2 H 5 Cu(PPh 3 ) 3 is isolable 
from toluene containing sufficient amount of PPh3.10c) 
An alternative explanation that there exists a dissoci­
ation equilibrium in the solution to form a less stable 
complex C2H5Gu(PPh3) by an equilibrium, C 2H 5Cu-
(PPh 3 ) 2 ^G 2 H 5 Gu(PPh 3 )+PPh 3 , and addition of PPh 3 

suppresses the dissociation seems less probable, since 
the molecular weight determination of C 2 H 5 Cu(PPh 3 ) 2 

in benzene showed a negligible dissociation of PPh 3 

from the complex.100) 

Thermolysis of CH 3 Cu(PPh 3 ) 2 (diethyl ether) 0 5 in 
toluene also obeyed the first-order rate law and the 
rate constants are included in Table 4. Addition of 
PPh 3 into the solution influences the rate of the ther­
molysis. However, this is not so marked as that 
observed in the thermolysis of C 2 H 5 Cu(PPh 3 ) 2 and 
the result suggests that the methylcopper complex 
having three PPh 3 ligands which is formed in solution 
on addition of PPh 3 is thermolyzed at almost the same 
rate as the methylcopper complex having two PPh 3 

ligands. 
Thermolysis of GH3Gu(P(n-C4H9)3)3 in toluene did 

not obey the first-order rate law. (RCu) 2 (dpe) 3 in 
solutions underwent a quite different reaction, a selective 
hydrogen abstraction reaction from the methylene 
group of the dpe ligand by the alkyl group.100) 

Consideration of the Effect of the Tertiary Phosphine 
Ligands on the Thermal Stability of the Cu-R Bond. 

The Role of the Tertiary Phosphine Ligands in Stabiliz­
ing the Alkylcopper Complexes: If addition of ligand 
L to the solution of an alkyltransition metal complex 
RTOMLn causes complete inhibition of the thermolysis 
of the alkyltransition metal complex as observed in 
the thermolysis of alkylplatinum,5b) -iron6d>15a> and 
-cobalt15b> complexes in solutions, the major role of 
the ligand in stabilizing the alkyltransition metal 
complex may be the blocking the site to hinder the 
/^-elimination to proceed.4,5) However, this is not the 
case for the thermolysis of the present alkylcopper 
complexes, since addition of PPh 3 into a toluene solution 
of C 2H 5Cu(PPh 3) 2 did not cause complete inhibition of 
the thermolysis of the ethylcopper complex though 

it caused a change in the rate of the thermolysis 
which may be accounted for by assuming a change 
in the strength of the C u - C bond by the coordination 
of the third PPh3(see above). Furthermore, 3 1 P-NMR 
spectra of mixtures of the alkylcopper complex 
(G 2H 5Cu(PPh 3) 2 or CH3Cu(PPh3)2(diethyl ether)0.5) 
and PPh 3 in toluene showed that a rapid exchange 
between the coordinated PPh 3 and free PPh 3 occurs 
even at —60 °C. This observation is not compatible 
with the assumption that the dissociation of a ligand 
from copper constitutes the rate determining step in 
the thermolysis. 

T h e following three observations also are not con­
sistent with the assumption that the predominant role 
of the tertiary phosphines in stabilizing the C u - R 
bond is the blocking of the site for /^-elimination. 
(1) Comparison of the activation energies of C2H5Cu-
(PPh3) and C 2 H 5 Cu(PPh 3 ) 2 (Table 3) reveals that the 
ethylcopper complex containing one triphenylphosphine 
ligand has a higher activation energy than the ethyl­
copper complex with two PPh 3 ligands. As far as 
one compares the stability of an alkylcopper complex 
in terms of the activation energy for the thermolysis, 
this is not compatible with the theory to explain the 
role of the stabilizing ligand as blocking the site to 
hinder the /^-elimination. 
(2) The alkylcopper complexes generally have a mono-
meric structure in benzene as revealed by the cryoscopic 
molecular weight measurements of the complexes in 
benzene.100) This indicates that the copper complexes, 
especially those having one or two tertiary phosphines 
are not fully coordinated and have vacant site(s) 
at least in benzene. Thereupon the dissociation of 
the tertiary phosphine ligand seems not to be required 
for the /^-elimination to proceed. 
(3) T h e presence of the compensation effect between 
A / / * and AS" (Fig. 3) for both the methylcopper 
complexes and the other copper complexes having 
ethyl or longer alkyl chain implies that the same factor 
which control the thermal stability of the methylcopper 
complexes dominates the thermal stability of the copper 
complexes having ethyl or longer alkyl chains. Since 
the thermal stability of the methylcopper complexes 
seems to be controlled only by the strength of the 
C u - C bond, the observation concerning the com­
pensation effect implies that even the thermolysis of 
the copper complexes having ethyl or longer alkyl 
chain is controlled by the intrinsic strength of the 
C u - C bond. We assume that the loosening of the 
C u - C bond as shown below is necessary to allow the 
copper atom to approach the ^-hydrogen and thus 
to allow the ^-elimination to proceed. If the /9-elimi-
nation does not require the loosening of the C u - C 
bond, we may anticipate that the activation energy 
for the thermolysis of copper complexes having ethyl 
or longer chain is much smaller than that for the 

H H H H 

A^c? -> A 
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thermolysis of the methylcopper complexes. However, 
this is not the case in the thermolysis of the alkylcopper 
complexes. 

From the above described reasons we conclude that 
the prime role of the tertiary phosphine ligand in 
stabilizing the present alkylcopper complexes is not 
simply to block the site but rather to strengthen the 
Cu-G bond by changing the electronic state of the 
complexes. 

Effect of the Tertiary Phosphine Ligands on the Strength 
of the Cu-C Bond: Figure 4 shows a correlation between 
the activation energies for thermolysis and v(Cu-CH 3 ) 
frequencies of the methylcopper complexes. The cor­
relation supports our assumption that the activation 
energy for thermolysis corresponds to the energy 
required for loosening the G u - C bond. Figure 5 
shows the relationship between v(Cu-CH 3 ) frequencies 
and pK& of the conjugate acid of the tertiary phosphine 
ligand [HPR' 3 ]+, and Fig. 6 shows the correlation 
between the activation energy and the pK& value. 
I t is seen that the complex with less basic ligands 
exibits the r ( C u - C H 3 ) band at higher frequency and 
has a higher activation energy. 

o 

J* 

bq 

20 t: 

v(Gu-CHs) (cm-1) 

Fig. 4. Relationship between activation energy for 
thermolysis of methylcopper complexes and v(Gu-
CH3). 1: CH3Gu(PPh3)2(diethyl ether)0.5, 
2: GH3Gu(PPh3)3(toluene), 3: (GH3Cu)2(dpe)3, 
4: CH3Cu(P(C6H5)2CH3)3, 5: CH3Cu(PCy3). 

600h 

560h 

P#a 

Fig. 5. Relationship between *>(Cu-CH3) frequencies 
of methylcopper complexes and p^Ta value of the 
conjugate acid of the tertiary phosphine ligand. 
1: CH3Cu(PPh3)2(diethyl ether)0.5, 2. CH3Cu-
(PPh3)3 (toluene), 3: GH3Gu(P(G6H5)2GH3)3, 
4: CH3Gu(P(«-G4H9)3), 5: GH3Cu(P(G2H5)3), 
6: CH3Cu(PCy3), 7: CH3Cu(P(C6H5)(CH3)2). 
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Fig. 6. Relationship between activation energy for 
thermolysis of methylcopper complexes and pK& value 
of the conjugated acid of the tertiary phosphine ligand. 
1: GH3Gu(PPh3)2(diethyl ether)0.5, 2: CH3Cu-
(PPh3)3(toluene), 3: GH3Cu(P(C6H5)2GH3)3, 
4: CH3Cu(PCy3). 

^ 

80 

50 

-

-

_! 

—1 L 

\ 2 

1 — ,. J_ i i 1 

0.10 0.12 0.11 

<7* Value of alkyl 

Fig. 7. Relationship between Taft 's a* value of alkyl 
and activation energy for thermolysis of RCu(PPh 3 ) 2 . 
1: R = * - C 4 H 9 , 2 : n-C3H7 , 3 : C 2H 6 . 

In order to see the effect of the alkyl group bonded 
to copper on the activation energy for thermolysis, 
the activation energies were plotted versus Taft's o* 
values16) of the alkyl groups in Fig. 7. 

The theory originally proposed by Ghatt and Shaw,2) 
upon some modification by Yamamoto and coworkers,3) 
is consistent in accounting for the strength of the 
alkyl-copper bond which may be evaluated from the 
activation energy. 

Since alkylcopper (I) complex has completely filled 
d-orbitals it is not necessary in terms of Chatt-shaw's 
theory2) to consider the electronic promotion from 
bonding C u - R orbital to vacant d-orbitals ( ^ M - R - K I ) 
and consideration of only the promotion from the 
filled d-orbital to anti-bonding C u - R orbital (d-> 
c*u_B) is required. If we assume that the order of 
energy of anti-bonding C u - R orbitals (O^U-B) is related 
to the order of electron affinities (E.A.) of alkyl radicals 
(E. A. in kcal/mol: CH 3 , 32.2; C2H5 , 21.6; C3H7 , 
15.9; C4H9 , 15.0),17) the anti-bonding Cu-methyl 
orbital (^CU-CHS) is expected to have the lowest 
energy and the energy level of o"£u_B is expected 
to increase in the order of R = C H 3 < C 2 H 5 < n - C 3 H 7 < 
i-C4H9 . The energy gap required for an electronic 
promotion from the metal d-orbitals to the Ö"*U-B 
orbital may be related to the activation energy for 
thermolysis of the alkyl-copper complex (Fig. 8). The 
agreement between the order of the increasing activation 
energy of the thermolysis of RCu(PPh 3 ) 2 by changing 
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i-Q;H9 

n-C3H7 

C2H5 

nnnntimn. d orbital of QJ 

Fig. 8. Tentative energy level relation diagram in 
activation of Gu-R bond. 

R ,R=C 2 H 5 <n-C 3 H 7 <a ' -C 4 H 9 , and the order of the 
increasing energy gap in Fig. 8, R = C 2 H 5 < n - C 3 H 7 < 
/-C4H9 , can be seen. T h e effect of the tertiary 
phosphine on the stability of the alkylcopper complexes 
can also be accounted for by assuming the scheme 
represented in Fig. 8. T h e fact that the methylcopper 
complex having phosphines with the larger Lewis 
basicity shows the smaller thermolysis activation energy 
may arise from raise in the energy of the d-orbital 
by coordination of phosphines with the larger Lewis 
basicity thus causing the decrease in the energy required 
for promotion. If this interpretation is valid the 
pronounced stabilizing effect of the tertiary phosphine 
ligand may be related with its ability of accepting 
d-electron by back-donation from the metal to phos­
phorus orbital, the consequence being the lowering 
of the energy of d-orbitals and higher stability for 
alkylcopper complexes with phosphine ligands having 
greater ^-accepting ability. 

One serious argument against this type of energetic 
consideration is that the concept of such a direct elec­
tronic exitation as depicted in Fig. 8 may not be related 
to thermolysis. We agree that in the thermolysis the 
simple electronic exitation may not be involved, but 
the energy gap for the excitation may still provide 
a measure for the stability to a first approximation. 
In lack of the knowledge about the potential energy 
curves for the bonding and anti-bonding orbitals a 
discussion based on energetic consideration admit­
tedly remain speculative. However, the scheme depict­
ed in Fig. 9 seems to be fairly consistent with the 
experimental facts obtained in this work. When an 
electron is directly promoted to the anti-bonding 
orbital shown as the upper curve in Fig. 9a, the split-

(a) ( b ) (c) 

Fig. 9. Tentative potential energy curves for the 
splitting of Gu-R bond. Upper curve, a CU-R 5 
lower curve, d-orbital. For (a), (b), and (c) see 
the text. r=distance between Cu and G. 

ting of C u - C bond will take place. I n the thermal 
reaction, if the potential curve of the anti-bonding 
orbital is crossed with that of d-orbital (Fig. 9a), 
on loosening of the C u - G bonding to a certain extent 
a crossing over to the anti-bonding potential curve 
may take place, thus splitting of the C u - G bond will 
result. The effects of the alkyl group and of the 
basicity of the tertiary phosphine ligands are explained 
similarly in this model as in Fig. 8. The crossing 
over to the anti-bonding orbital curve would take 
place at lower energy when the energy of the ff*a_B 

orbital lies lower (Fig. 9b), and the raise in the d-orbital 
by coordination of more electron-donating phosphines 
would lead to the crossing-over at smaller AE (Fig. 9c). 

Previously Yamamoto et al. discussed the stability 
of alkylnickel3) and alkylchromium12b) complexes by 
taking into account similar energetic consideration. 
In contrast to the alkylcopper (I) complexes, these 
alkyltransition metal complexes have vacant d-orbital-
(s) and the stability of the transition metal-alkyl ( M - R ) 
bond in the series of the alkyltrasition metal complexes 
increased in a reverse order compared with the stability 
of the C u - R bond, R = n - C 3 H 7 < C 2 H 5 < C H 3 . 
Furthermore, the effect of the basicity of ligand in 
stabilizing the M - R bond in these alkyltransition 
metal complexes is reversed to that observed in the 
alkylcopper complexes ; coordination of electron-donat­
ing ligand enhanced the stability of the M - R bond, 
whereas that acidic ligand destabilized the M - R bond. 
The stability of these alkyltransition metal complexscs 
with vacant d-orbitals was explained by considering 
the electronic promotion from the low-lying bonding 
M - R orbital to the vacant d-orbital(s) ( ^ M - R - * ^ ) 
instead ofthat from the d-orbital to 0"M-R bond(d-»ff£_B). 
Therefore, the postulate considered here is consistent 
with previously proposed scheme to explain the order 
of the stability in the series of the alkylnickel and alkyl-
chromium complexes, al though the order of the stability 
of these alkyltransition metal complexes is reversed to 
that of alkylcopper complexes. 

We are concerned here with the loosening of the 
copper-alkyl bond in the thermolysis, but it should 
be stressed that we do not imply the formation of 
a free radical of any significant life time. T h e experi­
mental results concerning the thermolysis do not 
indicate the formation of the free radicals. As de­
scribed above the alkyl group will be subject to the 
further reaction, such as /^-elimination reaction (Eq. l ) 
at the instant when the copper-carbon bond in the 
alkylcopper complex become loose. 

Photolysis of the Alkylcopper (I) Complexes. In 
order to get further information concerning the stability 
of the alkylcopper complexes we studied the photol­
ysis of the alkylcopper complexes. T h e alkylcopper 
complexes are quite light-sensitive10)and decompose 
even below —20 °C upon illumination by light. 
Comparison of the gaseous products in the thermolysis 
(Table 1) with those in the photolysis (Table 5) indicates 
a considerable difference in the decomposition pathways. 
I n contrast to the thermolysis of CH 3 Cu(PPh 3 ) 3 (toluene) 
which gave ethane as the main product, the photolysis 
of the complex gave methane exclusively. Since the 
use of dueterated PPh 3 ligand and solvent did not 
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T A B L E 5. PRODUOTS IN T H E PHOTOLYSIS OF T H E ALKYLGOPPER(I ) CJOMPLEXES 

Complcxa> 

GH3Gu(PPh3)3(G7D8) 
CH3Cu(PPh3)3(G7D8) 
GH3Gu(PPh3-^)3(G7D8) 
GH3Gu(PPh3-rf3)3(G7D8) 
CH3Cu(PPh3-J3)3(C7D8) 

C2H5Gu(PPh3)2 

G2H5Cu(PPh3)2 

Solvent*) 

None 
G7D8 

None 
None 
G7D8 

None 
G7D8 

Temp (°C) 

- 3 0 
- 3 0 
- 3 0 

80 
- 3 0 

- 3 0 
- 3 0 

Time (h) 

48 
48 
48 
5 

48 

24 
24 

CH4 

31 
41 
26 
21 
42 
H2 

0 
0 

Products 

GH3D 
0 
0 
0 
2 
1 

G2H6 

33 
55 

(Yieldb>) 

G2H4 

0 
0 
0 
6 
0 

C2H4 

4 
37 

G2H6 

0 
0 
0 

31 
0 

C4H10 

0 
0 

a) C 7 D 8 = toluene-rf8, PPh 3 - i 6 = triphenylphosphine-2,6,2 /,6',2 / ' ,6 / '-rf6. b) Mol per 1 mol of the complexes. 

c ause t h e d e u t e r i u m i n c o r p o r a t i o n i n t o m e t h a n e , 
a b s t r a c t i o n of a h y d r o g e n of C H 3 g r o u p b y a n o t h e r 
C H 3 g r o u p m a y cons i t u t e a n i m p o r t a n t d e c o m p o s i t i o n 
p a t h w a y in t h e photo lys i s of t h e m e t h y l c o p p e r c o m p l e x . 
E v o l u t i o n of c o n s i d e r a b l e a m o u n t of e t h y l e n e o n 
i r r a d i a t i o n of t h e m e t h y l c o p p e r c o m p l e x a t 80 °G 
also suggest t h e h y d r o g e n a b s t r a c t i o n f rom t h e m e t h y l 
g r o u p w h i c h wil l y ie ld a c a r b e n o i d species . F o r m a t i o n 
of c a r b e n o i d species d u r i n g thermolys i s 1 1 , 1 2 , 1 8 ) a n d 
photolysis 1 9) of m e t h y l t r a s i t i o n m e t a l c o m p l e x e s h a s 
b e e n p r o p o s e d , a n d i so la t ion of a n a l k y l c a r b e n e c o m p l e x 
of t a n t a l u m h a s b e e n r e p o r t e d . 2 0 ) 

Photo lys is of C 2 H 5 C u ( P P h 3 ) 2 p r o d u c e d e t h a n e as 
t h e m a i n gaseous p r o d u c t a n d e t h y l e n e as t h e m i n o r 
p r o d u c t . T h i s resu l t is i n c o n t r a s t w i t h the rmolys i s 
w h i c h g e n e r a t e d e t h y l e n e as t h e m a j o r d e c o m p o s i t i o n 
p r o d u c t . 

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

General Procedures and Preparation of Alkylcopper (I) Complexes. 
All experiments were carried out under deoxygenated argon 
or nitrogen atmosphere, or in vacuum. I R spectra were 
recorded on a Hitachi Model EPI -G3 spectrometer, and 3 1P-
N M R and 1 H - N M R spectra were recorded with a J a p a n 
Electron Optics L a b . JNM-PS-100 spectrometer. Evolved 
gas was analyzed with a Hitachi R M U - 5 B mass spectrometer 
and with a Shimadzu GC-5B gas Chromatograph, using an 
active carbon column for C t and C2 hydrocarbons, a VZ-7 
column for C t - C 4 hydrocarbons and a column with 2 0 % T C P 
on 40/60 Unipor t B for diethyl ether. A series of alkylcopper-
(I) complexes having various tertiary phosphines were pre­
pared as previously reported.10) 

Preparation of CH3Cu(PPh3-d6)3(toluene-d8). Triphenyl-
phosphine-2,6,2 ,,6 ,,2",6 , ,-rf6 (PPh3-rf6) was prepared by ex­
change reaction of PPh 3 with excess deuter ium gas catalyzed 
by RuH2(PPh3)4

2 1> and had 98 .0% isotopic purity as deter­
mined by X H - N M R spectroscopy. T o an etheral suspension 
of copper(II ) acetylacetonate (2.0 g.) and PPh3-rf6 (4.0 g.), 
4 ml of d imethyla luminum monoethoxide was added slowly 
at - 4 0 °G. T h e light yellow complex CH3Cu(PPh3-</6)2-
(diethyl e ther) 0 - 5 precipitated after sufficient reaction time at 
—10 °C was separated by filtation, washed with dry ether and 
then dried in vacuo. F rom toluene-rf8 (isotopic purity, 98.8%) 
solution containing CH3Cu(PPh3-rf6)2 (diethyl ether)0 .5 (3.0 g) 
and PPh3-rf6 (1.0 g) , yellow crystals of GH 3Gu(PPh 3 -J 6 ) 3 -
(toluene-d8) was isolated. 

Kinetic Studies for the Thermal Decomposition of Alkylcopper (I) 
Complexes. A 20 ml Schlenk tube containing 0.10—0.20 
g of the solid alkylcopper (I) complex or a toluene solution 

(3 ml) of the alkylcopper(I) complex (0.13—0.35 g) and PPh 3 

(0—400 mg) was connected to a vacuum line equipped with 
a mercury manometer and the system was evacuated. T h e 
Schlenk tube was placed in a thermostatted bath controlled 
to ± 0 . 5 °G. T h e rate constant for the thermal decomposi­
tion of the complex was obtained by measuring the volume 
of the gas evolved with time. 

Photolysis of Alkylcopper (I) Complexes. A 10 ml quartz 
Schlenk tube containing 0.3 g of the alkylcopper(I) complex 
in the solid state or its solution in 2 ml of toluene-<4 was 
irradiated by a 100-Watt Toshiba super high-pressure mercury 
lamp in a thermostatted aqueous ethylalcohol ba th controlled 
to — 3 0 ± 0 . 5 °G. T h e sample tubes were positioned in the 
region of max imum luminosity. Evolved gas was collected 
with a Toepler p u m p and analyzed by mass spectrometry. 

T h e sample in toluene-rf8 solution was immediately de­
composed on irradiation turning to dark brown. 
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Oxidative Addition of a-Bromo Esters to Tetrakis(isocyanide) Rhodium(I) 
Complexes. Evidence for a Chain Mechanism 

Sei OTSUKA and Kikuo ATAKA 
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(Received November 15, 1976) 

The oxidative additions of chiral alkyl halides, (£)-( — )-ethyl a-bromopropionate [a]D —18.9° (c 3.3, CHC13) 
and (£)-( + )-ethyl a-phenylbromoacetate [a]D +56.4° (c 1.6, G2H5OH) to [Rh(R'NC)4]+ (R'=*-Bu, />-CH3C6H4) 
produced the corresponding adducts, *ra^-[RhBr(R)(R'NC)4]+ (R=GH3GHG02Et, PhCHCOaEt), which 
were well characterized by elemental analysis, IR and 1H NMR spectra. These adducts were found optically 
inactive, a fact which precludes a concerted mechanism. The reaction of C6H5CHBrC02C2H5 with [Rh(£-
BuNC)4]+ commenced immediately in the absence of light. Taking this system as a typical example, the rate 
was studied by the stopped-flow method to find a rate equation, A=A;[Rh(I)]2[RX]. The relative rate of addi­
tion of/>-XC6H4CHBrC02C2H5 to [Rh(*-BuNC)4]+ decreases in an order of G1>H>CH 3 for X. The addition 
of G6H5CHBrC02G2H5 to [Rh(/>-CH3C6H4NC)4] + in the dark proceeds only slowly, but rapidly under a low 
energy photo-irradiation (440 nm) with a large quantum yield (0 4.8). The addition of CH3CHBrC02C2H5 

requires photo-initiation. The optical activity of (£)-( — )-GH3GHBrC02C2H5 was completely lost before the 
oxidative addition commenced. The rate of decrease in optical activity of the system (£)-(—)-C6H5CHBrC02C2H5 

/[Rh(£-BuNC)4]+ exhibited approximate second order kinetic behavior, and quantitative racemization took place 
prior to the completion of the oxidative addition. A chain mechanism appears to be consistent with all these 
results. Alternate mechanisms are also discussed in the light of the present results. 

So called oxidative additions have received widespread 
interest in recent years from the stand point of their 
novelty as a new class of transition metal reactions 
and of their significance in homogeneous catalytic 
reactions.1) A number of papers have reported mecha­
nistic studies on the alkyl halide addition reaction 
yielding divergent conclusions. Halpern 's group2) and 
others3-4) proposed a linear dipolar transition state 
M+---R---X - similar to that involved in the Menschutkin 
reaction. Ugo5) et al. have invented a somewhat 
sophisticated version of a multi-center mechanism, i.e. 
a non-concerted polar three center S^2 attack. In 
contrast to these views is the radical mechanism pro­
posed by Osborn.6 - 9) Lappert's10) group has detected 
a radical in the system, MeI /*-BuNO/Pt (0) . Re 
cently Stille11'12) et al. reported the stereospecific 
oxidative addition of chiral GGH5GHDC1 to Pd(O) 
complexes. Kinetic studies on the addition of alkyl 
halides to Ir(I)5>13>14) or R h (I)15-17) complexes gave 
a general impression in favor of the polar mechanism. 
Doubtless the mechanisms will depend on the electronic 
and steric characteristics of reactants involved and 
also on the nature of solvent. 

The stereochemical course of addition should be 
related to the structure of the transition state and to 
the timing of bond-forming and bond-breaking pro­
cesses. Our previous study18) on the addition of an 
optically active j-alkyl bromide, C H 3 C H B r C 0 2 C 2 H 5 

or C 6 H 5 C H B r C 0 2 C 2 H 5 , to a strong nucleophile, 
"Pd( / -BuNC) 2 " , indicates loss of the stereochemical 
integrity at the chiral carbon. Pearson et al.19) re­
ported that addition of C H 3 C H B r C 0 2 C 2 H 5 to I r ( l ) 
was stereospecific, but Osborn7) et al. reexamined this 
reaction to show that the adduct has no optical activity. 
We were able to isolate the oxidative adducts from 
the reaction of two chiral .y-alkyl halides, (£)-( —)-CH3-
C H B r C 0 2 C 2 H 5 and (S>( + ) -C 6 H 5 CHBrC0 2 C 2 H 5 with 
[Rh(R 'NC) 4 ]+ (R '=*-Bu, />-CH3C6H4). T h e adducts, 
however, showed no optical activity. Various other 
experimental facts were then collected to elucidate the 

reaction mechanism. The study has led to a discovery 
of a dramatic effect of low-energy photo-irradiation 
in the alkyl halide addition, a fact intelligible in terms 
of a chain reaction. In this paper we also describe 
a few other interesting observations consistent with 
the chain mechanism. 

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

IR spectra were measured with a Hitachi-Perkin Elmer 225, 
UV spectra with a Hitachi EPS-3T, m NMR spectra with 
a Jeol JNM-4H-100 or JNM-G60-HL, ESR spectra with a 
JES-ME-2X and optical rotation with a JASGO DIP-SL 
equipped with an automatic recorder using a 0.5 dm, b<j) mm 
cell incorporating a three way stop cock allowing measure­
ments to be carried out in an inert atmosphere. Solvents 
were dried and distilled under nitrogen. All reactions and 
manipulations were carried out under a pure nitrogen atmos­
phere. 

Preparation of Starting Materials. "Pd(*-BuNC)2",20> 
[Rh(*-BuNC)4]BPh4

21) and [Rh(/>-CH3C6H4NC)4]BPh4
21) were 

prepared by known methods. (£)-(—) -Ethyl a-bromo­
propionate, [a]D —18.9° (c 3.3; CHG13), was prepared from 
L-alanin according to the conventional method.22) The optical 
purity was estimated to be about 38%. (£)-(+)-Ethyl phen-
ylbromoacetate, [a] +56.4° (c 1.75; G2H5OH), was prepared 
from ( —)-ethyl mandelate by bromination with PBr3.

23> The 
rotation was about 70% of the highest literature value.23) 
Methyl l-bromo-2,2-diphenylcyclopropanecarboxylate was 
prepared by the reaction of methyl a-bromoacrylate with 
diazodiphenylmethane.24) d-3-endo-Brovaoca.mphor was a 
commercial product of which stereochemical purity was found 
by 1H NMR to be 95%. d-3-#fc/o-Iodocamphor was prepared 
by known method from rf-3-tfndo-bromocamphor.25) 

Kinetic Experiments. The initial rates were measured 
in GH2G12 with a stopped-flow spectrophotometer (Union 
RA-1100) by following the intensity of the 440 nm absorption 
band (e=358) of [Rh(*-BuNC)4]+ at 25±0.5 °G. 

The initial concentration of C6H5CHBrC02C2H5 being 
kept at 0.16 M, the concentration of [Rh(f-BuNC)4]+ was 
varied over a range of 3 . 2 — I l x l 0 - 3 M . Similarly, with 
an initial concentration of 0.16 X 10~2 M for [Rh(*-BuNC)4]+, 
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the concentration of C 6 H 5 C H B r C 0 2 C 2 H 5 was varied from 
7 .8X10- 2 M to 2 . 7 x l 0 - 1 M . Generally a short induction 
period (3—20 s) was observed. I t was found in case of the 
addition of C H 3 C H B r C 0 2 G 2 H 5 to [Rh(f-BuNC)4]+ tha t the 
light (440 nm) used to monitor the reaction initiates the 
addition with some induction periods. After the commence­
ment of the reaction, the spectrum showed a diffusion con­
trolled process preventing determination of the kinetic orders 
(see Text) . 

The rates of decrease in optical rotation during slow addi­
tion of a-bromoesters were followed by the Polarimetrie meas­
urement of the [ a ] D values. A dichloromethane solution of a 
mixture of [Rh(f-BuNC)4] + and the a-bromoesters was pre­
pared and an aliquot was immediately transferred to the cell. 
T h e rotation was measure at 20 °G using the following two 
solutions; one containing 1.9x 10~2 M of [Rh(f-BuNC)4]+ plus 
2 .0x10 -2 M of C 6 H 5 C H B r C 0 2 G 2 H 5 and other containing 
0 .10M of [Rh(*-BuNC)4]+ plus 0 .98M of C H 3 C H B r C O a G 2 H 5 . 
T h e initial rates could not be measured accurately because 
a few minutes were required to secure a stable response on 
the Polarimeters. 

Addition of (S)-(—)-Ethyl oc-Bromopropionate to \Rh{t-BuNC)4]-
BPhi. (S)-(-)-Ethyl a-bromopropionate (44 mg, 0.22 
mmol) was added to a solution of [Rh(*-BuNC)4]BPh4 (150 
mg, 0.2 mmol) in 2 ml of CH2C12 a t room tempera ture . 
When the reaction mixture was stirred under diffused sun 
light, the yellow color rapidly (within a few min) faded yielding 
a colorless solution. After stirring was continued for 2 h, 
the mixture was concentrated. Trea tment of the concent­
rate with a few ml of hexane allowed isolation of /ran.y-[RhBr-
(CH 3 CHC0 2 C 2 H 5 ) (*-BuNC) 4 ]BPh 4 ( I ) , as colorless powder 
(130 mg, 7 0 % ) , which showed no optical activity in CHG1 3 

at 24°. Recrystallization from methanol gave an analytically 
pure sample, m p 110—111° dec. T h e mother liquor from 
the above concentrate contains approximately equimolar 
amounts of ethyl acrylate and ethyl propionate as detected 
by GLC . 

Addition of (ß)-{+)-Ethß Bromophenylacetate to [Rh(t-BuNC)4]-
BPhA. T o a suspension of [Rh(*-BuNC)4]BPh4 (160 mg, 
0.21 mmol) in ethanol (5 ml) was added (£)-(-}-)-ethyl phenyl-
bromoacetate (60 mg, 0.25 mmol) a t room temperature . T h e 
reaction appears to occur immediately even in dark. After 
stirring for a few hours, the reaction mixture yielded the 
adduct, trans-[RhBr(PhCHCOaC2H5) (*-BuNC)JBPh4 (2) as 
a pale yellow precipitate (190 mg, 90%) which was separated, 
washed with hexane, and dried in vacuo. T h e optical 
activity was totally lost. Recrystallization from methanol 
gave an analytically pure sample, m p 118—119° dec. 

Addition of (S)-(—)-Ethyl oc-Bromopropionate to [Rh(p-CH3C6-
HANG)^\BPhA. Similar to the above, reaction of [Rh-
(/>-CH3C6H4NC)4]BPh4 (251 mg, 0.28 mmol) with an excess 
of ethyl a-bromopropionate (0.21 ml, 1.6 mmol) was carried 
out under irradiation of tungsten l amp (500 W) in GH2G12 

solution at room temperature for 2 h. T h e product obtained 
was optically inactive *ra?w-[RhBr(CH3CHC02C2H5)(/>-
CH 3G 6H 4NG) 4]BPh 4 (3), colorless crystals, recrystallized from 
a methanol-ethanol system, m p 140—145° dec (115 mg, 3 6 % 
yield). T h e reaction does not take place in the absence of 
light. 

Addition of (S)-(—)-Ethyl Phenylbromoacetate to [ita(p-C//3C6-
HiNQ^BPhi. T h e reaction of [Rh(//-CH3C6H4NC)4"|-
BPh4 (144 mg, 0.16 mmol) with ethyl phenylbromoacetate 
(150 mg, 0.6 mmol) in CH3C12 occurs rapidly under irradia­
tion with decoloration producing the adduct , trans-[KhBr-
(G 6 H 5 GHC0 2 C 2 H 5 ) ( /»-CH 3 G 6 H 4 NC) 4 lBPh 4 . (4), as paie 
yellow crystals, recrystallized from ethanol (80 mg, 4 5 % 
yield). 

Reaction of d-3-endo-Bromocamphor with "Pd(t-BuNC)2". 
T o a suspension of "Pd(*-BuNC) 2" (530 mg, 1.9 mmol) in 
ether (40 ml) was added at — 70 °G </-3-mfo-bromocamphor 
(460 mg, 2 mmol) . T h e temperature was allowed to rise 
to 0 °G and stirring was continued for 4 h at 0 °C to give a 
slurry. T h e slurry was filtered and the solid was washed 
with cold ether (50 ml) . The combined ether solution was 
concentrated to give ,on cooling to —20°, an adduct as almost 
colorless crystals (520 mg, 5 3 % ) , mp . 114° (dec). XH N M H 
(GDG18): a double double t 'peak at r 6.5 ( M - C H ) . 

Found : C, 46.6; H , 6.50; N , 5.64%. Calcd for C20H25-
N 2 O B r P d : G, 47.7; H , 6.60; N , 5.56%. 

Rectum of d-3-tndo-Iodocamphor with [ÄA(p-C//3C6i/4i\TC)4]-
BPhé. A mixture of the R h ( I ) compound (670 mg, 0.75 
mmol) and iodocamphor (230 mg, 0.75 mmol) in ethanol -
dichloromethane ( 2 : 1 , 10 ml) was stirred overnight to give 
a yellow brown slurry. Filtration gave the adduct as pale 
yellow crystals (430 mg, 49%) m p 140—143° (dec). 

Found : C, 67.7; H , 5.38; N , 4 . 7 1 % . Galcd for C66HG3-
N 4 B I O R h : C, 67.8; H , 5.43; N , 4 .79%. 

Quantum yield for the Reaction of [i2A(p-C//3C6//5JVC)4]5P/i4 

with C6H&CHBrC0.2C2H5. Noyes's method was essentially 
followed.26) T h e photo-reaction was carried out using the 
following optical system; a 150 W Xenon lamp, a slit, a lens 
for paralleling the beam, a filter cutting off ultraviolet light 
shorter than 350 nm, and a square window of ca. 2 cm2 . 
Two 1 cm quar tz cells, one for the reaction mixture and 
another for the actiometer, were placed so as to successively 
receive the incident light. A mixture of 40 ml of K 3 [Fe-
(G 2 0 4 ) , ] ( 5 . 2 x l 0 - 2 M ) in 1/2 M sulfuric acid and 10 ml of 
a buffer solution containing acetic acid (1 M) and sodium 
acetate (1 M) was used as the actinometer solution.27) T h e 
quant i ty of Fe 2 + ion formed by irradiation was measured 
colorimetrically as the 1,10-phenanthroline complex (Amax 

510 nm) . I rradiat ing the solution containing [Rh(/>-CH3-
G6H4NG)4]BPh4 (1.8 X 10-3 M ) and C 6 H 5 C H B r C 0 2 C 2 H 6 (1.1 
X 10-2 M) in dichloromethane for 180 s, the concentration 
of the unreacted R h (I) complex was determined by measur­
ing the absorption at 462 nm. Correction was made by 
measuring the difference in concentration of the Rh( I ) com­
plex between the irradiated sample and the unirradiated 
one as the blank. T h e q u a n t u m yield (0) was calculated 
by the equation, @=A]I-F, where A is the number of the 
R h ( I I I ) molecules formed by the photo-reaction, / the num­
ber of photons entering the reaction cell, and F the fraction 
of photons absorbed by the reaction mixture.26) 

Spin Trap Experiment. ESR samples, e. g., a mixture 
of [Rh(*-BuNC)4]BPh4 , RBr ( R = C 6 H 5 C H C 0 2 C 2 H 5 , CH 3 -
C H C 0 2 C 2 H 5 ) and *-BuNO in CH2C12 , was prepared in a 
50 ml flask in the dark under pure nitrogen. T h e solutions 
( 1 . 3 — 1 . 5 x l 0 ~ 3 M for each component) were transferred to 
the 2 m m E S R tubes by syringe, and the measurement was 
carried out for a temperature range 77—300 K. 

ESR Measurement. A sample solution was prepared by 
mixing two dichloromethane solutions of [Rh^fr-CHgCgH^» 
NC) 4 ]BPh 4 ( I . l x l 0 - 2 M ) and C 6 H 5 C H B r C 0 2 C 2 H 5 (4.4 x 
10~2 M) of equal volume at room temperature . After stand­
ing for a few minutes under diffuse sunlight, the mixture 
was chilled to 195 K. ESR measurements (X band) were 
carried out at 77, 200, 240 K, and room temperature . 
Signals were difficult to detect at 77 K. Broad signals of 
weak intensities centered at £ = 2 . 1 4 were observed above 
200 K, the hyperfine structure being unresolved. 

Results 

Product Characterization. The reaction of the 
cationic square planar complexes [Rh(R'NG)4]+(R'= 
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TABLE 1. PROPERTIES AND ANALYTICAL DATA OF [RhBr(R)L4]BPh4 

[Vol. 50, No. 5 

Compound Color Mp °Ca> 
Found % Calcd % 

C H N Br C H N Br 

110—111 62.60 7.01 6.08 8.32 62.89 7.00 5.99 8.31 

118—119 65.03 6.83 5.64 8.33 65.00 6.77 5.62 8.01 

1 [RhBr(CH3CHC02C2H5)- colorless 
(*-BuNC)JBPh4 

2 [RhBr(C6H5CHCOaC2H5)- colorless 
(f-BuNC)4]BPh4 

3 [RhBr(CH3CHC02C2H5)- pale yellow 140—145 66.85 5.31 5.11 — 66.20 5.24 5.02 — 
(j&-CH3C6H4NC)4]BPh4i>) 

4 [RhBr(C6H5CHC02C2H5)- pale yellow 120 70.25 5.16 5.00 7.65 69.91 5.24 4.94 7.05 
(/>-CH3C6H4NC)4]BPh4 

a) All compounds decompose without melting at the temperature, b) Containing crystallization solvent (1/2 
CH2C12). 

TABLE 2. SPECTRAL DATA OF [RhBr(R)LJBPh4 

Compound 

1 
2 
3 
4 

IR, 

*H*C 

2240 
2210 
2220 
2220 

cm-1 a> 

"c = o 

1710 
1715 
1703 
1713 

/ t-Bu, 

8 . 4 5 ( s ) 
8 . 5 5 ( s ) 

CH3C6H4, 

7 . 6 0 ( s ) 
7 . 5 9 ( s ) 

NMR, rV 
^ 

M-CH, 

5.7(m) 
5 .68 (d ) 
5.90(q,d) 
5 . 0 5 ( d ) 

CH3-CH 

8 .60(d ) 

8.39(d)d> 

Vltli-H> Hz 

c ) 
3.0 
2.7 
2.8 

a) Measured in Nujol mull, b) Measured in CDC13. TMS as internal reference. Multiplicity is indicated in 
parentheses, c) Not fully resolved, d) This CH3 peak appears as doublet-doublet pattern presumably due to 
3 jEh-H*1.5Hz. 

t-Bu, />-CH3C6H4) with G H 3 C H B r C 0 2 G 2 H 5 or C6H5-
C H B r C 0 2 C 2 H 5 in GH2G12 produces the corresponding 
thermally unstable adducts, tomj-[RhBr(CHR"C02C2-
H 5 ) ( R ' N C ) 4 ] + ( R " = C H 3 , G6H5) as characterized by 
the elemental analysis, and I R and XH N M R spectra 
(Tables 1, 2). T h e trans geometry is deduced from 
the I R spectra which contain only one N=C stretching 
absorption. Consistently the 1 H N M R spectra show 
one singlet signal for the ^-butyl or /»-methyl protons 
of the four isocyanide ligands. The N C stretching 

R" /C02C=H5 

R'NC CNR' 

'Rh 

R'NC CNR' 

Br 

1 R' = *-Bu, R" = CH3 

2 R' = *-Bu, R" = C6H5 

3 R'=/>-CH3C6H4, R" = CH3 

4 R'=/>-CH3C6H4, R" = C6H5 

frequencies of the adducts 1—4 are higher than those 
of the corresponding starting complex [Rh(i-BuNC)4] + 
(2170 cm- 1) or [Rh(/>-CH3C6H4NC)4] + (2190 cm- 1) 

"reflecting the oxidation state, R h ( I I I ) . T h e C O 
stretching vibration of the carboxylate group in the 
adducts shifts to the lower frequency region compared 
to that of free ester (1740 c m - 1 for C H 3 C H B r C 0 2 -
C 2 H 5 or 1750 c m - 1 for C 6 H 5 C H B r C 0 2 C 2 H 5 ) . Thermal 
decomposition of 1 or 3 takes place at 80 °C during 
a few hours yielding ethyl propionate and ethyl acryate 
indicating ^-hydrogen elimination. The optical ro­
tation of adducts 1—4, measured immediately after the 
solution make-up below 20 °C, was still zero. 
Methyl l-bromo-2, 2-diphenylcyclopropanecarboxylate 
does, not react with[Rh(*-BuNC)4]+ or with a stronger 

nucleophile, "Pd(*-BuNC)2". Other halocycloalkanes, 
e. g. 3-ewdo-halocamphor, react with the low valent 
metal complexes. Thus , d-3-m/o-bromocamphor reacts 
with "Pd(*-BuNC)2" to give an adduct [PdBr-^ 1-
3-camphor)(£-BuNC)2] which retains the endo form. 
The conformation can be readily established by the 
1 H N M R of the methine signal at the 3-position which 
shows a double doublet pattern ( 3 y H H = 4 Hz, V H H = 

1.3 Hz) . I t has been established28) that the exo proton 
at the 3-position couples with the methine proton at 
the 4-position and the exo proton at the 5-position, 
but the endo proton does not couple with the proton 
at the 4-position, because of the bond angle of nearly 
90 °C. [Rh(*-BuNC)4]+ reacts with 3-«mfo-iodocam-
phor at ambient temperature to give an adduct whose 
conformation could not be determined from the key 
m N M R signal due to the complexity induced by 
the coupling with 1 0 3Rh. Interestingly, it fails to 
react with 3-£«ßfo-bromocampher under diffused light. 
erythro-1 -Bromo-3,3-dimethyl-1,2-didueteriobutane does 
not react with [Rh(*-BuNC)4]+ or "Pd( t -BuNC) 2 " . 

Photochemical Effects. Unexpectedly, the addition 
reaction of C H 3 C H B r C 0 2 C 2 H 5 to [Rh(RNC) 4]+ ( R ' = 
£-Bu, />-CH3C6H4) does not take place in the absence 
of light, as indicated by the I R N C stretching absorp­
tion which shows no change over a day or two at room 
temperature, reflecting the retention of the oxidation 
state R h (I) . There is, however, some indication in 
the *H N M R spectrum for complexation of the bromo 
ester as will be described later. O n exposure to light 
the addition occurred with an induction period ranging 
from a few minutes to half an hour, depending on the 
intensity of light. Remarkably, this irradiation effect 
was observed even with a low-energy light beam 
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(440 nm) used for monitoring the concentration of 
the species [Rh(*-BuNC)4]+. Generally, the induction 
period is followed by a very rapid addition reaction 
which prevents an accurate kinetic measurement and 
intelligible analysis. A photo-initiation was required 
for the reaction of [Rh(/>-CH3C6H4NC)4]BPh4 with 
both of the a-bromo esters; under irradiation with 
a 500 W tungsten lamp the reaction of C 6 H 5 C H B r C 0 2 -
G2H5 is complete within a few minutes and that of 
C H 3 C H B r C 0 2 C 2 H 5 within one hour. The quan tum 
yield of the photo-reaction of the former system was 
estimated to be 4.8, implying a chain mechanism. 
Since the addition of C H 3 C H B r C 0 2 C 2 H 5 to [Rh(R ' -
NG)4]BPh4 (R'=*-Bu, />-CH3C6H4) exhibits an induc­
tion period even under photo-irradiation, it was im­
possible to obtain the quan tum yield. 

Mechanistic Features. The reaction of C6H5-
C H B r C 0 2 C 2 H 5 with [Rh(*-BuNC)4]+ does not require 
photo-initiation. However, the oxidative addition 
shows an induction period ranging from a few seconds 
to half a minute depending on the concentration of 
substrates. The intensity of the absorption at 440 nm 
of the reaction mixture increased slightly during the 
induction period. After the induction period, the rate 
was found, by differential analysis, to be first order 
with respect to the alkyl halide, while it approximated 
an order of 1.5 with respect to R h (I) . Integral analyses 
of a few typical runs using a large excess of the alkyl 
halide (e.g. [Rh(I ) ] = 1.6x 10~2 M, [RBr ]=0 .22 M) 
revealed pseudo second-order dependence on [Rh( I ) ] . 
Thus the overall rate roughly follows the following rate 
equation : 

R = A[Rh(T)]2[RX]. 

Perhaps the accuracy of the differential analysis suffers 
from the occurrence of the induction period. Addition 
of 1—3 mol of free *-BuNC to system RX/[Rh(*-
BuNC)4]+ does not affect the rate appreciably. 

The relative rate of addition of />-XC 6 H 4 CHBrC0 2 -
C2H5 to [Rh(*-BuNC)4]+ was measured at 20 °C. 
The rate decrease in a sequence of C 1 > H > C H 3 for 
X, i.e., t 1/2 (min) at 20 °G: CI, 2.8; H , 6.0; GH3 , 9.6, 
a trend suggestive of nucleophilic character of the 
metal species. The relative rate, however, deviates 
from the Hammet t plots. In contrast to C 6H 5CHBr-
G 0 2 G 2 H 5 the oxidative addition of the corresponding 
chloride does not occur. 

Attempting to study solvent effect, we found that 
the addition of C 6 H 5 C H B r C 0 2 C 2 H 5 to [Rh(i-BuNG)4] + 
in acetone and CH 3 GN also exhibits a complex kinetic 
feature thus preventing a reasonable analysis. Quali­
tatively the reaction rate does not vary appreciably 
among the solvents, acetone, CH 3 GN, and CH2G12 . 
A peculiar phenomenon was observed for the reaction 
in acetone; the time-conversion curve obtained by 
recording the intensity of the absorption at 440 nm on 
an ordinary spectrometer exhibited oscillations of small 
amplitudes suggesting a diffusion-controlled process. 
In addition to the 440 nm absorption the acetone 
solution shows two absorption maxima at 524 (s= 
692) and 670 nm (£=365) and the acetonitrile 
solution one maximum at 566 nm («=1420) , indicating 
strong solvation in both solvents. 

The rates of decrease in optical activity of the alkyl 
halide upon interaction with metal nucleophiles deserve 
investigation. The decrease in optical rotation of the 
system C 6 H 5 CHBrC0 2 C 2 H 5 / [Rh(*-BuNC) 4 ]+ was fairly 
fast at 20 °G in GH2C12 . Apart from the initial peroid 
(2—3 min), we were able to follow the Polarimetrie 
rate for a certain limited initial concentration (1.0 X-
10 - 2 M), and found approximate second order kinetics 
with a rate constant, k2, of 0.6 M _ 1 s_1. As the addition 
of C H 3 C H B r C 0 2 C 2 H 5 to [Rh(*-BuNC)4] + takes place 
neither in the dark nor under irradiation of Na-D 
light beam (589 nm) , the rate of optical loss can be 
followed by the Polarimeter in the absence of concurrent 
oxidative addition. Surprisingly, the optical activity 
of a mixture of C H 3 G H B r C 0 2 C 2 H 5 (4.4 x 10~2 M) and 
[Rh(/-BuNC)4]+ (0.92 X 10"2 M) decreases rapidly even 
in the dark. The initial rate could not be measured 
accurately because of the experimental difficulty due 
to the low [a]D value of the bromo ester and to the 
strong color of [Rh(i-BuNC)4]+, which prevents use of 
high concentrations. T h e rotation of a mixture 
containing 4 . 4 x l O - 2 M of C H 3 C H B r C 0 2 C 2 H 5 and 
0 .92X10- 2 M of [Rh(*-BuNC)4]+ in CH2G12 kept at 
20 °G decreased after 2 hr from a calculated value of 
0.167 to 0.116° which corresponds to a value of 
a solution containing 3 . 4 x l O _ 2 M of the chiral pro-
pinate. Hence the amount (1.0 X 10~2 M) of the propi­
onate which has lost the chirality is quite close to that 
( 0 . 9 3 x l O - 2 M ) of [Rh(*-BuNC)4]+ initially present in 
the system. Beyond this stoichiometric point, the rate 
of decrease in optical rotation became extremely slow. 
T h e starting complex, [Rh(£-BuNC)4] + was recovered 
almost completely from the sample solution upon 
precipitation by adding ethanol. T h e racemization 
of chiral C H 3 C H B r C 0 2 C 2 H 5 in the presence of [Rh-
(/-BuNC)4] + in methanol, which is faster than in 
GH2G12, was completed within a few hours at 80 °G. 
In the absence of the metal complex no racemization 
took place under the comparable conditions. The 
rate of decrease in optical rotation of the system G6-
H 5 CHBrC0 2 C 2 H 5 / [Rh( / -BuNC) 4 ]+ was faster than the 
system CH 3 CHBrC0 2 C 2 H 5 / [Rh(*-BuNC) 4 ]+ , and the 
rapid rate prevented accurate measurements. 

Since the racemization suggests a possibility of com-
plexation of the bromo esters to the metal, the I R and 
XH N M R spectra were examined. Electronic absorption 
spectroscopy cannot be employed here, as light of 
wavelength shorter than 440 nm initiates the addition 
reactions. An equimolar mixture of C H 3 C H B r C 0 2 -
G2H5 and [Rh(*-BuNC)4]+ in CH2G12 shows a slight 
bathochromic shift ( 10 cm - 1 ) in the I R GO stretching 
band as compared to the free bromoester. T h e sharp 
single absorption of N C stretching remains unchanged. 
The free bromo ester exhibits six peaks (1 : 2 : 4 : 5 : 
4 : 2) for the methine and methylene protons derived 
from overlap of two quartet signals ( 3 y H H = 6-2 Hz) . 
The equimolar mixture of the bromo ester and [Rh-
(£-BuNC)4]+ in GDC13 gives a complex pattern for the 
protons, in which at least fourteen peaks are discernible. 
Although the complete assignment was impossible, 
these spectral data point to the presence of the com-
plexed bromo ester. This is consistent with the 
slight intensity increase at 440 nm observed during 
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the induction period. 
An ESR measurement was carried out during the 

oxidative addition of the bromo ester to [Rh(/-BuNC)4]+, 
using i-BuNO as a spin t rap as applied to a system 
of CH3I/Pt(PPh3)3 .10> The ESR signals of a radical, 
*-Bu (R) N O • ( R = G H 3 G H G 0 2 G 2 H 5 , G 6 H 5 CHG0 2 G 2 H 5 ) 
were observed as three doublets with hyperfine coupling 
constants (Gauss): ^„(N) = 14.5, ^ o ( H ) = 3.0 for R = 
C H 3 C H G 0 2 G 2 H 5 ; ^ 0 ( N ) = 15.5, ^ 0 ( H ) = 4 . 5 f o r R = C 6 -
H 5 G H G 0 2 G 2 H 5 . The ESR signals were more intense 
in the case of bromo phenylacetate than that of the 
bromo propionate. An irradiation of a few minutes 
duration of both systems with a low pressure mercury 
lamp does not cause any essential change in the ESR 
signals. T h e ESR signals was observed for system 
[RhBr(G 6 H 5 CHG0 2 C 2 H 5 ) (*-BuNC)4]+/*-BuNO, but 
not for the alkyl halides/*-BuNO or [Rh(*-BuNC)4]+/ 
£-BuNO system. 

A radical scavenger, duroquinone, was not effective 
in inhibiting the reaction. Because of the facile reaction 
of reactive radical scavengers like galvinoxyl with 
R h (I) species itself, the use as a diagnostic probe was 
not at tempted. 

D i s c u s s i o n 

Here we focus our discussion on the mechanism of 
the oxidative addition of j-alkyl halides, a-bromo 
esters, to [Rh(R'NC) 4 ]+(R'=*-Bu, />-CH 8C 6H 4 ) . Other 
alkyl halides were also studied as the substrate and 
"Pd(KBuNC) 2 " was used as the acceptor to argue 
the above results. T h e oxidative addition of R X to 
[Rh(*-BuNC)4]+, producing trans-octahedral R h ( I I I ) 
complexes 1—4, may be viewed as a substitution reaction 
at the saturated carbon atom. Any proposal on the 
mechanism must accommodate various experimental 
observation: (i) the trans geometry of the R h ( I I I ) 
complexes formed, (ii) the absence of the dihalide 
complex, alkene, and alkane in the products, (iii) the 
effect of leaving group X, (iv) the electronic effect 
and structural effect of the alkyl moiety, (v) the racemi-
zation of the chiral bromoesters prior to the oxidative 
addition, (vi) the observed kinetic behaviors involving 
an induction period, (vii) the low-energy photo-
initiation and the large quan tum yield, and (viii) the 
results of spin-trap experiments. These results, inter 
alia vi and vii strongly suggest a chain mechanism. 
While non-radical chain mechanisms cannot be ex­
cluded conclusively we favor a radical chain as will 
be discussed later. 

The following simple scheme is sufficient to describe 
the radical chain reaction ( [ R h ( R N G ) 4 ] + = M ) . 

Scheme 1. 

initiation : 

M + RX î = U M - X - R (1) 
* - i 

M - X - R ;F=L± M—X + R . (2) 
k-2 

chain : 

M * - X - R + M-X —1» M*-X + RMX (3) 

termination : 

M-X + R . > RMX (4) 

Note : Star was added to distinguish the metal identity 
in the product R - M - X from that involved the 
reagent M-X. 

Step (1) is a reversible formation of an intermediate 
from R X and [Rh(R'NC) 4 ]+. Although the instability 
prevents isolation and characterization, the existence 
in system CH 3CHBrC0 2C 2H 5 / [Rh(*-BuNC) 4 ]+ is sup­
ported by the IR, 1 H N M R , and electronic spectra. 
Three possible modes may be distinguished for the 
interaction between the alkyl halide and the metal 
species; a) an essentially linear complex with a metal 
-carbon interaction, (R 'NC) 4 Rh—R—X, similar to a 
Menshutkin-type intermediate, b) a three-centered 
cyclic structure, and c) an essentially linear complex 
with a metal-halogen interaction, (R 'NC) 4 Rh—X—R. 

R —X 
R h - R - X \ / R h - X - R 

Rh 

( a ) ( b ) ( c ) 

The former, (a), corresponds to a transition state of 
an Sv2 type attack of the metal species at the alkyl 
carbon. T h e jtara-substituent effect on the rate of 
oxidative addition of />-XC 6 H 4 CHBrC0 2 C 2 H 5 shows 
the feeble nucleophilic character of [Rh(R'NG4]+. 
If the interaction of type (a) leads to the final adduct, 
then the stereochemical course should be inversion. 
Although Stille11'12'29) has observed the inversion of 
configuration the oxidative addition of PhCHDGl to 
Pd(PPh 3) 4 , the racemization observed for the present 
system renders the transition state structure untenable. 
T h e addition of 3-mfifo-iodocamphor, to which an 
ovo-attack by a bulky nucleophile is prohibited, would 
not occur through the SN2 type complex. 

A cyclic intermdieate (b) is evidently incompatible 
with the observed loss of stereochemical integrity at the 
carbon atom. Ugo et alß proposed a polar asymmetric 
three center transition state in which the iridium-
carbon interaction takes place prior to the carbon-
halogen bond breaking. The mechanism alleged 
would still imply retention of the carbon atom con­
figuration since the incipient metal-alkyl bond forma­
tion prohibits configurational change at the carbon 
atom. Both claims of retention19) and inversion30) for 
an oxidative addition of a chiral j-alkyl halide to 
I r ( I ) complexes were found erroneous. The cyclic 
transition state would lead to stereospecific cw-addition 
of alkyl halides to the metal. The possibility of cis-
addition in a kinetically-controlled process followed 
by a rapid isomerization to the trans-adduct is un­
likely in the present case where even trace of the cis-
product was not detected. This was confirmed by 
monitoring the I R NC stretching band region (2200 
cm - 1 ) which showed no indication for appearance of 
absorptions other than the bands due to the starting 
materials and the trans-adduct. 

T h e third intermediate (c) appears to be the most 
likely species whose incipient formation must be assumed 
in order to account for the racemization preceding 
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the addition. Complexation of the corresponding 
chloride is not detected spectroscopically for the system 
C 6 H 5 CHClC0 2 C 2 H 5 / [Rh( / -BuNC) 4 ]+ , and the system 
shows neither racemization nor oxidative addition. 
Thus, the racemization of the chiral a-bromoesters 
may be associated with step (1) and/or (2). The 
racemization of ( ,S , ) - (+)-CH 3 CHBrC0 2 C 2 H 5 in CH 2 Cl 2 

became extremely slow after the amount of the racemate 
reached a stoichiometric amount , equivalent to that 
of the complex present, while it proceeds catalytically 
in methanol. Practically, no oxidative addition takes 
place during the racemization in both solvents. T h e 
result in CH2C12 can then be accounted for by the 
large formation constant, K1 = (k1/k_1), coupled with 
a small value of k2- Thus, the reversible step (1) 
appears to be responsible for the racemization. This 
constitutes, in turn, strong evidence for complexation 
of the j-alkyl halides forming (c). T h e observation 
of an increase in absorption intensity around 440 nm 
delineates the formation of an intermediate complex. 
This intermediate complex, albeit not isolable, must 
be fairly substitution stable since the catalytic racemi­
zation occurs slowly. 

A radical or an ionic character could emerge in the 
alkyl moiety in intermediate, L 4 Rh • X • • • R. If the alkyl 
group is held in the vicinity of the metal through, 
e. g., a weak interaction of the carbonyl group with 
metal, the intermediate resembles a radical pair or 
an ion pair. Some cage reactions of chiral radical 
pairs have been shown to lead to racemization before 
diffusing apart with a rate depending on solvents.31) 
Thus the observed solvent effect for the racemization 
does not necessarily imply an ionic intermediate. 

The step (2) is the formation of the chain carrier. 
The failure of C H 3 C H B r C 0 2 C 2 H 5 to initiate the 
reaction in the dark and the contrasting smooth initi­
ation of C 6 H 5 C H B r C 0 2 C 2 H 5 reflect the relative ease 
of the halide abstraction. The primary importance of 
the C-Br bond cleavage for the initiation is evident. 
The facile addition of C H 3 C H B r C 0 2 C 2 H 5 to "Pd-
(/-Bu)2" in the dark suggests that the nucleophilicity 
of the metal species affects the initiation. There is 
no indication for disproportionation or coupling of 
the radicals. The acrylate and propionate detected 
in small amounts during isolation of adduct [Rh-
(CH 3 CHC0 2 C 2 H 5 ) (R 'NC) 4 ]+ are presumably produced 
due to the thermal decomposition of the adduct once 
formed. C I D N P was not observed. T h e system 
R X / P t L 3 (L=P(C 2 H 5 ) 3 ) showed C I D N P due to the 
alkane or alkene derived from diffused encounter of 
the alkyl radical only when PtX 2 L 2 was formed.9) 
Consistently the present system does not produce 
[RhX 2 (RNC) 4 ] . + Spin-trap experiments using *-BuNO 
showed formation of a radical £-BuN(R)0. This 
again does not prove the presence of a free alkyl 
radical in the reaction mixture, since £-BuNO could 
react with both the alkyl halide complex (R 'NC) 4 -
R h - X - R and the final product, [ (R 'NC) 4 RhX(R)] .+ 

(R'NC)4Rh+...X.-.R or [(R'NG)4RhX(R)]+ + f-BuNO 

• [(R /NG)4RhIIX(R)]+ + *-BuN(R)0- (5) 

The ineffectiveness of radical scavengers, e.g. 1,2,4,5-

tetramethyl-/»-benzoquinone, was observed. These 
results, however, fail to exclude conclusively the forma­
tion of organic radicals (in fact, the formation in a 
small amount is implied in Eq. 2). A mechanism 
involving short lived radicals or caged radical pairs 
is perfectly consistent with the available data. 

Both possibilities, radical and ionic chains, must 
then be examined for step (3) which is rate-determining. 
The relative rates of [Rh(/>-CH3C6H4NC)4]+ and [Rh-
(£-BuNC)4]+ suggest that the nucleophilicity of the 
metal species affects the rate-determining step too. 
Although this trend is in accord with the observed 
electronic effect for the addition of />-XC 6 H 4 CHBrC0 2 -
C2H5 , the chain cannot be described in terms of a 
simple SN2 type scheme as is evident from the molecu-
larity of the step and the deviation from the Hammet t 
rule. Since a low-energy photo-exitation of a similar 
Ir(I) compound is known,32) let us examine an ionic 
chain mechanism such as Scheme I I , which assumes 
a dissociative process (Eq. 6) to be photochemically 
induceable. 

Scheme 2. 

RhL3+ ^ = ± RhL3+ -f L (6) 

RhL3+ + RX > {RhL3X + R+> -> RhL3X(R)+ (7) 

RhL3X(R)+ + RhL4+ > RhL4S(R)+ + RhL3+ (8) 

RhL3X(R)+ + L > RhL4X(R)+ (9) 

Irradiation effect for the addition or substitution 
reaction of [Rh(i-BuNC)4]+ with neutral ligand such 
as C O , PR 3 or R N C was examined to find no effect. 
Further, an addition of free £-BuNC (1—3 mol) caused 
practically no effect on the rate of oxidative addition 
of the bromo ester to [Rh(*-BuNC)4]+. 
Thus the dissociative process (Eq. 6) appears not to 
be important . 

Alternative mechanisms involving carbonium ions 
may be possible. However, participation of carbo­
nium ions in the rate-determining step is incompatible 
with the observed relative rate, i. e., C 6 H 5 C H B r C 0 2 -
C 2H 5 > C H 3 C H B r C 0 2 C 2 H 5 . Therefore we favor Scheme 
1. Experimental tools are not available to kinetically 
discern the photochemical effect for the addition of 
C 6 H 5 CHBrC0 2 C 2 H 5 , which occurs rapidly without 
irradiation. The information, even if available, would 
not affect our conclusion. 

The low-energy of light (440 nm) used for initiating 
the reaction of C H 3 C H B r C 0 2 C 2 H 5 is insufficient to 
cause fission of the R X bond. T h e photochemical 
effect can only be expected for the complexed R X , 
but not for the free R X . The possibility of an alkyl 
radical as the chain carrier is excluded on the basis 
of the quan tum yield ( 0 = 4 . 8 for C 6 H 5 CHBrC0 2 C 2 H 5 ) . 
I t is most unlikely for a reactive alkyl radical (or carbo­
nium ion) in solution to achieve such a high quan tum 
yield.33) Tentatively RhL 4 X+ species is assigned as 
the carrier. 

I t is rather surprising to find the inability of 1-bromo-
2,2-diphenyl-cyclopropanecarboxylate to undergo. the 
oxidative addition to [Rh(R'NC) 4 ] .+ At first sight, 
this seems to support an ionic, solvolysis mechanism, 
because the formation of an »SN2 -type transition state 
would be hindered sterically. The steric hindrance, 
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however, could also be influential for the bimolecular 
reaction step (3). The observed addition of 3-endo-
iodo campher to [Rh(R'NC) 4 ]+ is apparently incom­
patible with an iS,

N2-type transition state. The failure 
of the bromocyclopropane toward the addition may 
then be accounted for by the high activation energy 
required for a substituted cyclopropane to form the 
cyclopropyl radical.35) The inertness of a primary 
alkyl bromide, ^//zr0-l-bromo-3,3-dimethyl-l ,2-dideu-
teriobutane, to [Rh(£-BuNC)4] + can be accounted for 
by the steric effect primarily operating in step (3). 
The steric congestion around the carbon atom carrying 
the bromine atom is apparently more enhanced in 
step (3) than in the preceding steps (1)—(2). 

T h e reverse reaction of the initiation constitutes the 
terimination (4). A similar situation has been found 
for halogen radical chain reactions.34) Another ter­
mination could be dimerization of the R h (II) species36) 
forming [RhX(/-BuNG)4]2

2+. The formation, however, 
could not be detected, a result expected from the high 
yield of the oxidative addition. The whole sequence 
may be depicted as shown. 

Rh1 + RX R h . . X . . . R 

R 

Rh—X- .R 
chain 

R-Rh»i-X (product) 

Although the addition of a-bromopropionate showed 
complicated kinetic features, it seems reasonable to 
assume a similar radical chain mechanism involving 
a rate-determining initiation. Once the initiation has 
started photochemically, the reaction apparently pro­
ceeds through the same sequence as for C 6 H 5 C H B r C 0 2 -
G2H5 . 

In summary, various facts described above appear 
to be mostly consistent with a radical chain mechanism. 
Osborn9) has suggested such a mechanism for a similar 
addition reaction to a stronger metal nucleophile P tL 3 

without direct experimental evidence. T h e present re­
sults clearly exclude an intermediacy of an alkylrho-
dium species37) such as [ R h m ( R ) L 4 ] 2 + . We do not 
claim that this radical chain mechanism is valid for the 
addition of different types of alkyl halides to the metal 
system. However, a similar radical mechanism should 
be valid for the addition of these a-bromo esters to 
Pd(0) systems which also show complete loss of stereo­
chemical integrity at the carbon atom.18) 
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Reduced keratin, which was obtained by reductive cleavage of human hair, was found to form a 1 : 1 complex 
with nicotinamide adenine dinucleotide (NAD+). The complex exhibited catalytic activity for the oxidation of 
glyceraldehyde to form glyceric acid. It was found from the results of pH titration, polarograms and NMR 
measurements that the NAD+-reduced keratin complex binds to glyceraldehyde to form an intermediate, which 
is susceptible to oxidation by oxygen. It was concluded from kinetic studies that this catalytic reaction showed 
a homotropic effect. 

In a previous paper, it was reported that reduced 
keratin (RK) was found to form a 1 : 1 complex with 
flavin adenine dinucleotide (FAD) and that the complex 
exhibits catalytic activity for dehydrogenation of suc­
cinic acid to form fumaric acid.1) I t was suggested 
that the F A D - R K complex is formed by the interaction 
between arginine residues of R K and an adenine moiety 
and the pyrophosphate linkage of FAD. From this 
conclusion, it is expected that NAD+, which has a nico­
tinamide moiety in place of an isoalloxazine moiety of 
FAD, might form a complex with the R K and act as 
an enzyme-like catalyst. 

I t is well known that there are many dehydrogenases 
in which NAD+ and mercapto group are located in the 
active center of an enzyme, such as alcohol dehydro­
genase, aldehyde dehydrogenase, etc. 

Since it is expected that the N A D + - R K system posses­
ses catalytic activity like that of an enzyme, various 
substrates such as ethanol, monosaccharide (glucose, 
mannose, xylose), methyl mandelate, glyceraldehyde 3-
phosphate and glyceraldehyde were examined. The 
formation of N A D H (the reduced form of NAD+) was 
observed spectrophotometrically when glyceraldehyde 
was added as a substrate into a solution containing 
NAD+ and R K . The results of kinetic studies of the 
catalytic reaction between glyceraldehyde and the 
N A D + - R K complex will be presented in this paper. 

Exper imenta l 

Materials. The RK used was prepared by the pro­
cedure described in a previous paper.2) The molecular 
weight of the RK was 4500 (measured by viscometry). 
Mercapto group: 0.2 mgeq/g of protein. S content: 2.7%. 
The glyceraldehyde, NAD+, dichlorophenolindophenol 
(DGIP), and other chemicals used were of reagent grade 
or the best commercially available. 

Equipment and Measurements. The equilibrium constant 
and the maximum number of bonds in the NAD+-RK 
system were determined by the dialysis-equilibrium method3) 
as follows : Into a 50-ml Ehrenmyer flask containing 20 ml 
of 0.2—5.0xlO-3M NAD+ in a 0.1 M phosphate buffer 
(pH 8.0) (or 20 ml of a buffer solutoin as a reference solution 
without NAD+), a cellulose tube containing 10 ml of 1.0 X 
10-4M RK in a 0.1 M phosphate buffer (pH 8.0) was 
inserted. The cellulose tube used was made by the Visking 
Company. The flasks were allowed to stand at 35 °G for 
24 h. The NAD+ concentration in the flasks were deter­
mined spectrophotometrically after 24 h. 

The UV absorption spectra were determined with a 
Shimadzu spectrophotometer UV-200. The anode polaro­

grams were obtained using a Yanaco platinum rotating-
electrode polarograph equipped with a Hokuto Denko LS-ID 
linear scanning unit, and PS-500B potentiostat and a Toa 
Electronics SXR-1A X-Y recorder. The NMR spectra were 
measured with a JEOL JNM-FX60. 

Glyceric acid was identified using paper chromatography 
with a mixture of 1-propanol and concentrated aqueous 
ammonia (6 : 4) as the developer, and using NMR. 

R e s u l t s 

The Formation of the NAD+-RK Complex. The 
binding number, n, and the concentration of free NAD+, 
[NAD+], were determined using the method of Klotz 
et al. Plots of \jn vs. 1/[NAD+] are shown in Fig. 1. 
A straight line was obtained. The values of the equi­
librium constant, K, and the maximum number of bonds 
were calculated from the intercept and the slope of this 
line to be 1.2 X 103 M " 1 and 1.3 (35 °G), respectively. 

The Reaction Product. R K , NAD+, and glyceral­
dehyde were dissolved into 100 ml of a 0.02 M phoshpate 
buffer (pH 8.0) to produce 1.0 x l O " 4 , 1.0 X 10"3, and 
1 . 0 x l O ~ 3 M solutions and the mixtures were allowed 
to stand at 35 °C. The absorption spectra of the mix­
tures were measured in the 230—400 n m region 0, 24, 
48, and 68 h after perparation. T h e reference solution 
contained the same concentrations of R K and glyceral­
dehyde as the sample solution, except that no NAD+ 
was present. The results are shown in Fig. 2. The 
absorption maximum at 340 nm, which was assigned to 
N A D H , was found to increase with the lapse of time. 

5i 1 
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3 

l r 

Q| 1 1 1 1 1 
u0 1 2 3 4 5 

1/[NAD] xlO" 3 (M-1) 

Fig. 1. The l /n-l / [NAD] plots for the dialysis 
equilibrium. 
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Fig. 2. Absorption spectra. 
: pH 8.0, : pH 7.0. 

In the case of a p H 7.0 mixture, an absorption shoulder 
appeared at 290 n m and no absorption maximum was 
observed at 340 nm. O n the paper chromatogram of 
the mixture 68 h after preparation, only one spot 
was observed at i ? f =0.25 , which is agreement with an 
authentic sample of glyceric acid (Ä f =0.26) . 

Into 100 ml of distilled water, 1 . 0 x l O - 4 M of R K , 
1.0 X 10~4 M of NAD+ and 1.0 X 10~3 M of glyceralde­
hyde were dissolved and adjusted to p H 8.0 by adding 
a sodium hydroxide solution. The mixture was bubbled 
with oxygen at 35 °C for 40 h, and the p H of the mixture 
was maintained at 8.0 by adding a sodium hydroxide 
solution. It was estimated from alkaline titration that 
70% of the glyceraldehyde was converted to produce 
acid for a period of 40 h. T h e reaction mixture was 
dialyzed against distilled water, concentrated by evapora­
tion, and then treated with an ion exchange resin (SE-
sephadex-G50 H type) to remove any sodium ions. 
The solution was decolored by active charcoal and then 
evaporated resulting in a sticky syrup. The N M R 
spectrum of the syrup in deuterium oxide was found 
to be in agreement with that of glyceric acid (a multiplet 
at 3.68 (GH2) and another at 4.32 (CH) ppm using the 
signal from tetramethylsilane as the external reference). 

I t is concluded from these results that glyceraldehyde 
was oxidized to form glyceric acid and NAD+ was 
reduced to form N A D H in the solution containing gly­
ceraldehyde, NAD+, and R K . T h e catalytic reaction 
could not proceed in either case because one component 
of the glyceraldehyde, NAD+, and R K system had been 
omitted. Glyceraldehyde 3-phosphate, which is a com­
pound similar to glyceraldehyde, was not oxidized by 
the N A D + - R K system. 

Reaction Rate. The rate of acid formation was 
determined by the alkaline titration method. A sample 
solution was prepared by dissolving glyceraldehyde, 
NAD+ and R K into distilled water to produce 0.4— 
6.0 X 10-3, 2.0 X 10-4, and 1.0 x 10~4 M solutions and by 
adding a 0.1 M sodium hydroxide solution to adjust the 
mixture to p H 8.O. The reaction commenced imme­
diately upon preparation of the sample solution at 35 
°C. The alkaline titration was carried out manually 
to maintain the p H at 8.0. Typical results are shown 

o 
X 
T 

100 200 300 400 

Time (min) 

Fig. 3. The alkaline titration curves. 
— O — : Oxygen bubbling, 
—%—: nitrogen bubbling. 

in Fig. 3. Curves 1 and 2 in Fig. 3 show the results 
obtained by bubbling nitrogen and oxygen into the 
sample solution, respectively. The initial rate of acid 
formation did not appear to be influenced by the pre­
sence of oxygen. In the case of nitrogen bubbling, 
however, the rate of acid formation was found to de­
crease after the amount of acid produced in the reaction 
had reached the equivalent amount of R K . 

The relation between the initial rate and the concen­
tration of glyceraldehyde is shown by Lineweaver-Burk 
plots in Fig. 4. T h e plots are lines which gave two 
slopes about a turning point at 1.4 X 10 - 3 M of glyceral­
dehyde. I t is speculated from this fact that same 
glyceraldehyde was tightly bound to the N A D + - R K 
complex to be inactivated. The Lineweaver-Burk plot 
is a straight line in the case that 2.0 X 10 - 3 M glyceral­
dehyde 3-phosphate, which was not oxidized, was con­
tained in the N A D + - R K solution before adding glycer­
aldehyde. T h e values of the Michaelis constant and 
the maximum rate of the oxidation of glyceraldehyde 
were obtained from the intercept and the slope of the 
line to be l . l x l O ~ 3 M and 3.6X 10~6 M/min, respec­
tively. 

~ ° 0 1 2 3 

1/[Glyceraldehyde] XI0- 3 (M"1) 

Fig. 4. Lineweaver-Burk plots. 
— O — : Glyceraldehyde, —X — : glyceraldehyde 
with 2 . 0 x l 0 - 3 M glyceraldehyde-3-phosphate. 



May, 1977] Enzyme-like Reaction Catalyzed by NAD+-Reduced Keratin Systems 1127 

Intermediates. This reaction should obey Micha-
elis-Menten kinetics. T h e glyceraldehyde-NAD+-RK 
complex appears to be an intermediate which was susce­
ptible to oxidation by oxygen. In order to verify the 
existence of the intermediate, a Polarographie study and 
D C I P oxidation were carried out. 

The sample solution contained 2.0 X 10 - 4 M of glycer­
aldehyde, 2.0 X 10-4 M of NAD+, and 2.0 X 10~4 M of 
R K in a 0.1 M phosphate buffer (pH 8.0). Polaro-
grams were measured (1) as fast as possible after pre­
paration of the sample solution and (2) after 24 h at 
35 °C. The sample solution was bubbled with nitro­
gen. The polarogam of N A D H in the phosphate buf­
fer was obtained and compared with that of the sample 
solution. The results are shown in Fig. 5. The oxida­
tion wave of N A D H was found to appear around + 0 . 6 6 
V vs. SCE. In the case of measurement immediately 
after preparation of the sample solution, no oxidation 
wave was observed in this region. Polarograms of the 
sample solutions after 24 h of preservation showed an 
oxidation wave at + 0 . 1 9 V vs. SCE. It is plausible 
that this new oxidation wave can be assigned to the 
intermediates. No oxidation wave for N A D H was ob­
served. 

TABLE 1. DCIP OXIDATION OF VARIOUS SYSTEMS 

0 0.5 

Anode potential (V vs. SCE) 

Fig. 5. Anode polarography. 
1: NADH solution, 2: the NAD+-RK-glycer-
aldehyde system immediately after preparation, 
3 : the same system after 24 h. 

D C I P oxidation was carried out by inserting the con 
stituents as given in Table 1 into the Tunberg tube 
in which oxygen was removed by the passage of nitro­
gen gas. The conversion ratios of D C I P to reduced 
D C I P were determined spectrophotometrically at 600 
nm after 30 min. D C I P was found to oxidize glycer­
aldehyde directly (Table 1). The conversion ratio de­
creased for a solution containing both NAD+ and R K . 
The D C I P oxidation was thought to be disturbed by 
the complexation of glyceraldehyde with the N A D + - R K 
complex. 

It is assumed that the absorption shoulder at 290 n m 
in the p H 7.0 solution can be assigned to the inter­
mediate, which is more stable in a p H 7.0 solution than 
in a p H 8.0 solution, because the absorption change at 
290 nm is smaller than that at 340 nm. T h e N M R 
spectra at p H 7.0 were measured in order to better 

NAD+-RK GCHO ( 1 : 1 
NAD+-RK ( 1 : 1 ) 
NAD+-GGHO (1 : 10) 
RK-GGHO (1 : 10) 
NAD+ 
RK 
GCHO 

: 10) 

Formation of DCIPH2 

24.8 (%) 
0.0 (%) 

43.0 (%) 
18.2 (%) 
0.0 (%) 
0.0 (%) 

45.4 (%) 

1.0X10-*M NAD+, 1.0X10-*M RK, 1 0 x l 0 - 4 M 
GCHO, 1 .0xl0" 4 M DCIP. 
pH 8.0, 35 °C, 30 min, GCHO: glyceraldehyde. 

TABLE 2. NMR OF NAD+ IN AN NAD+-RK-GGHO 
SOLUTION 

H2 
H 4 
H5 
H 6 

NAD+ 

10.55 
9.67 
9.50 

10.05 

NAD+-RK 

10.50 
9.52 
9 . 2 5 ( s ) 
9.87 

NAD+-RK-GGHO 

10.41 
9.50 
9 .23 (d ) 
9.85 

6 / / \ / C O N H 2 

J + II. 
I 

R 

1.0xlO~3M NAD+, 1 .0x l0~ 3 MRK, 
1.0xlO-3M GCHO in D 2 0 (pH 7.0), 
GCHO: glyceraldehyde. 

understand the struture of the intermediate. Proton 
signals (H4-6) of the nicotinamide moiety of NAD+ in 
the N A D + - R K solution were found to shift by 0.15— 
0.25 p p m to higher fields compared to that in NAD+ 
itself, as is indicated in Table 2. The R K signal may 
be located on the H4—6 side of the nicotinamide moiety, 
and that due to glyceraldehyde may be on the H2 side. 

D i s c u s s i o n 

It can be speculated from the fact that in Fig. 4 the 
catalytic reaction of N A D + - R K complex is seen to pro­
ceed via a similar reaction mechanism, which is called 
a homotropic effect, as that for t ryptophane pyrolase.4) 
I t is possible for an aldehyde group of glyceraldehyde 
to form a Schiff base linkage with an amino group of 
R K . Glyceraldehyde forming the Schiff base linkage 
may be only slightly oxidized because the active center 
of the N A D + - R K complex may be located in a position 
different from that of the Schiff base linkage. Therefore, 
the actual concentration of glyceraldehyde is reduced. 
I t is surely possible that glyceraldehyde 3-phosphate can 
bind more easily to R K than to glyceraldehyde, because 
ionic bond formation of that phosphate group may 
facilitate the formation of the Schiff base linkage. In 
the mixture of glyceraldehyde 3-phosphate and glycer­
aldehyde, the former may preferentially form a Schiff 
base linkage, so that oxidation may be carried out by 
a Michaelis-Menten type reaction as follows: 

NAD+RK + GCHO ;=i NAD+RK GCHO 

> X + H+, (1) 

where X and G C H O indicate an intermediate and 
glyceraldehyde, respectively. 

The rate of N A D H formation shown in Fig. 2 was 
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very slow as compared with that of acid formation. 
Therefore, the conversion of the intermediate in the 
following reaction is thought to be the rate-determining 
step: 

X + H 2 0 - / r ^ NADH + RK + GGOOH, (2) 

where G C O O H denotes glyceric acid. 
The intermediate is susceptible to oxidation by oxy­

gen and to an anodic reaction (Figs. 3, 5). Oxygen may 
participate in the second step in a subsequent reaction. 
The reaction can be expressed as follows: 

X + l /20 a > NAD+RK + GCOO-. (3) 

The D C I P oxidation suggests the existence of the ES 
complex in Fig. 1. Tagaki et al. have isolated i^-benzyl-
5-[hydroxy (1-pyridyl) methyl] nicotinamide, which ex­
hibits an absorption maximum at 290 nm, by a reaction 
between aldehyde and a reduced nicotinamide deriva­
tive.5) They explained that the product obtained may 
be one of the intermediates in the reaction. The absorp­
tion shoulder at 290 nm in Fig. 2 can thus be assigned 
to a similar intermediate. 

Many authors have recently proposed that, at the 
active center of glyceraldehyde 3-phosphate dehydro­
genase, a nicotinamide moiety in NAD+ combines with 
an apoenzyme located near Cys-149 and that this center 
is activated by a mercapto group.6 - 9) If the N A D + -
R K complex is assumed to catalyze the oxidation of 

glyceraldehyde in the same way as glyceraldehyde 3-
phosphate dehydrogenase, a mercapto group on R K 
may play a similar role in the catalytic reaction. How­
ever, this assumption is still open to further investiga­
tion. 

T h e authors express their sincere thanks to Professor 
Shuichi Suzuki of the Tokyo Institute of Technology 
for his encouragement. 
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Activation parameters of internal rotation around C a r -C c a r b o n y l bonds are determined by means of DNMR 
spectroscopy for 2,6-dihydroxybezaldehyde and some 2,6-dihydroxybenzoates. The AG* and A # * of these com­
pounds are ca. 10 kj mol - 1 higher than those for the reference compounds void of orMo-hydroxyl groups, and the 
excess stabilization is attributed to the contribution of the intramolecular hydrogen bonding. The intramolecular 
hydrogen bonding in these compounds were discussed on the basis of their infrared spectra in the vQU region. 

The intramolecular hydrogen bond is formed when 
the hydrogen donating and the hydrogen accepting 
groups are located close enough to interact each other, 
and the whole molecule is stabilized at the sacrifice of 
the freedom of the intramolecular motion. Thus , the 
intramolecular hydrogen bonding in salicylaldehyde and 
salicylate esters fixes their molecules to the conforma­
tion I, and the rotational barrier around the C a r -C c a r b o n y l 

single bonds becomes considerably higher. 

R 

I : R = H or OGH3 

In other words, the coplanar conformation I of ortho-
hydroxy derivatives are stabilized by the intramolecular 
hydrogen bonding in addition to the ^-stabilization 
energy of conjugation common with the aryl carbonyl 
compounds void of the hydrogen bond, and the dif­
ference in the barrier heights between the aryl carbonyl 
compounds with and without o-hydroxyl group will 
reflect the energy of the intramolecular hydrogen bond­
ing. In the previous report of the present authors, the 
hydrogen bond energy of o-hydroxybenzaldehyde was 
estimated in this way from the rotational barriers of 
2,6-diformylphenols.1'2) Rotational barriers of partial 
double bonds (C sp2-C spa single bonds) can be best 
estimated by the techniques of dynamic nuclear magne­
tic resonance (DNMR) from the separations or from the 
widths of the N M R signals at various temperatures.3 - 6) 

II — II (U 

H ^ G G H B 
\ 0 ^ \ R R / ^ ( V 

IIa I I b 

For this purpose, such protons should be chosen as the 
probe of the intramolecular rotation that they are equi­
valent in the condition of fast exchange but nonequiv-
alent when the exchange is slow. Since two hydroxyl 
protons (HA and H B in II) of 2,6-dihydroxyaryl carbonyl 
compound are suitable for this purpose, the D N M R 
measurements were carried out on these compounds and 
their intramolecular hydrogen bonding was discussed in 
this paper. 

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

Preparation of Materials. 2,6-Dihydroxybenzaldehyde 
and 2,6-dihydroxyacetophenone were prepared from resor-
cinol by the methods in literatures.7'8) 2,6-Dihydroxy-
benzoate esters were obtained by reacting the corresponding 
alkyl halides with silver 2,6-dihydroxybenzoates.9) All 
materials and solvents employed in this investigation were 
purified either by distillation or by recrystalization. 

Measurement of the Spectra. Infrared spectra were re­
corded on a Hitachi Model 225 infrared spectrometer. 
Nuclear magnetic resonance spectra were obtained on a 
JEOL JNM G-60H spectrometer. Chemical shifts are given 
as parts per million (ppm) downfield from TMS. 

Evaluation of the Rotational Barriers Jrom the Line Shapes Above 
Coalescence. Because of the relatively low coalescence 
temperature (Te), the exchange rate of the two equivalent 
protons without the splitting caused by spin-spin coupling 
(HA and HB in II) was obtained from the half-widths W* 
(in Hz) of the signal above Tc by the following equation.3) 

(növr)-1 = [(Ôv/W*)2 - (H/*/cV)2+2]V2 

where ôv refers to the chemical shift difference (in Hz) of 
the two protons HA and HB. As the measurements were 
carried out within the temperature range where the signals 
were considerably broader than usual, it is assumed that 
the exchange contribution W* to the observed line width 
W is by far greater than that from the natural width 
(hence, W=W*). 

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

Kinetic studies of some alkyl 2,6-dihydroxybenzoates 
in chloroform-^ and of 2,6-dihydroxybenzaldehyde in 
diethyl ether were carried out employing the techniques 
of D N M R spectroscpy. From Eq. 1, the rate con­
stants (kT in s_1) of the intramolecular exchange process 
between H A and H B due to the rotational interconver­
sion between I I a and I I b were calculated from the half 
widths (in Hz) observed at various temperatures, and 
given, together with the half widths, in Table 1. 

In 2,6-dihydroxy-benzaldehyde and -acetophenone, 
H A and H B are the free and the intramolecularly hydro­
gen bonded hydroxyl protons, while, in alkyl 2,6-dihy­
droxybenzoates, they are the hydroxyl protons intra­
molecularly hydrogen bonded to the alkoxyl and to the 
carbonyl groups of the ester. 

The Arrhenius plot (£r vs. 1/7" plot in Fig. 1) gives 
the enthalpy and the entropy of activation of the inter-
conversion between the degenerate geometrical isomers 
I I a and I I b , and thus obtained activation parameters 
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TABLE 1. KINETIO DATA FOR THE INTERNAL ROTATION 

AROUND THE G a r - G c a r b o n y l BONDS OF SOME 

2,6-DIHYDROXYARYL CARBONYL COMPOUNDS11) 

2,6-Dihydroxy-
benzaldehyde 1 
(Solvent: C2H5OCaH5) 

Methyl 2,6-dihydroxy-
benzoate 3 ( 
(Solvent: CDG13) 

Ethyl 2,6-dihydroxy-
benzoate 4 ( 
(Solvent: CDG13) 

Propyl 2,6-dihydroxy-
benzoate 5 f 
(Solvent: GDC13) 

r/K 

f 251.5 
248.3 
243.6 
238.1 
233.6 
231.3 
229.0 
223.4 
222.7 
221.2 

^219.6 

(224.2 
218.4 
215.1 
212.1 

^211.8 

,251.7 
246.1 
240.4 
228.4 
227.9 

^225.7 

'254.2 
245.2 
239.2 
233.9 

^230.5 

W/Hz 

5.55 
6.45 

10.05 
18.40 
24.30 
29.50 
33.45 
55.50 
58.50 
74.30 
99.90 

17.50 
38.40 
64.80 
87.60 

105.00 

8.80 
10.50 
21.00 
60.00 
67.00 
80.00 

10.00 
23.50 
36.50 
46.00 
94.00 

Ar/S" 1 

7567 
6247 
3687 
1907 
1434 
1184 
1049 
669 
640 
531 
428 

1983 
979 
625 
498 
437 

5212 
4175 
1893 
691 
631 
550 

3625 
1579 
1029 
834 
474 

a) The Av values given in Table 2 were used for the 
calculations of Är values, and W—W* is assumed. 
(See text.) 

are shown in Table 2. T h e activation parameters of 
2,6-dihydroxyacetophenone could not be determined 
owing to its very low coalescence temperature (=195 
K) which made difficult the determination of the exact 
resonance frequencies of the free and the hydrogen 
bonded hydroxyl protons. 

Since the activation parameters are obtained only for 
the fastest process, any other process faster than the 
internal rotation will prevent the determination of the 
rotational barrier height. Thus, the effect of inter-
molecular exchange processes (rate constant ke), such 
as Eq. 2, is checked by the measurement of the spectra 
on salicylaldehyde-methyl salicylate-chloroform-<i and 
methyl 2,6-dihydroxybenzoate-salicylaldehyde-chloro-
form-d ternary systems. 

4.0 4.6 4.2 4.4 

io3 r-VK-1 

Fig. 1. Arrhenius plots for 2,6-dihydroxybenzalde-
hyde (—O—), methyl 2,6-dihydroxybenzoate 
(—3—), ethyl 2,6-dihydroxybenzoate (—#—), 
and propyl 2,6-dihydroxybenzoate (—Q—). 

4.8 

S\ S\ 
H A O / % / X ) H B + H 0 C y \ / N 3 H D 

R O 
/ G ^ 

R O 

i ii 
H c C K X / x O H 

S\ 

CXX/XOHB + HA(yy\oHD 

/ G \ 
R O 

(2) 
/ G \ 

R O 

H A O / \ / X ) H B + W \OH f 

/ G \ 
R O 

/ G \ 
R O 

X\ y \ 
H C O ' V ^ O H B + 

I 
/ G ^ 

R O 

\ / N O H A (3) 
/ C s X 

R O 

T h e O H proton signals of the two species appear sepa­
rately and quite sharply in the spectra of the above 
ternary systems even at room temperature and when 
their chemical shift difference is only 5 Hz or so.10) 

TABLE 2. ACTIVATION PARAMETERS FOR THE INTERNAL ROTATION IN SOME 2,6-DIHYDROXYARYL 

QARBONYL COMPOUNDS AND RELATED SUBSTANOES 

Compound 

1 
2 

Benzaldehyde 

3 
4 
5 
6a) 

TJK 

215.6 
«195 

150 

207.5 
222.1 
227.1 

<163 

A*yHz 

143.0 

147.6 
150.0 
148.0 

AG*/kJ mol"1 

41.8 
« 3 3 

33.1 

40.2 
43.1 
44.1 

<34.7b) 

AH*/kJ mol-1 

37.4 

41.8 
41.1 
38.4 

ASVJ mol"1 K-1 

- 2 1 

+ 8 
- 9 

- 2 5 

a) 3,4,5-Trimethoxybenzoic acid as the reference substance without intramolecular hydrogen bond, b) To calculate 
the upper limit of the AG" value, Av is assmed to be 10 Hz, which corresponds to the chemical shift difference 
between H3 and H5 of 2,6-diformylphenol in the frozen state. 
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Thus, the intermolecular exchange processes are proven 
to be slower than the intramolecular process, i.e. £r>A;e. 

The AG" and A # # for 2,6-dihydroxybenzaldehyde 
(1) are 41.8 and 37.4 k j mol - 1 , respectively, and a lit­
tle smaller than those of 2,6-diformylphenols (46.4 and 
43.9 k j mol - 1 , respectively, for the /»-methyl derivative 
in chloroform-^).1) The measurement on 1 was carried 
out in diethyl ether instead of chloroform-^, and the 
lower energy barrier in 1 is at least partly due to the 
effect of the more polar solvent. While, the steric inter­
action between formyl hydrogen atom and the free 
hydroxyl group should be slightly repulsive, which may 
contribute additionally to the instabilization of the 
planar hydrogen bonded conformation. However, the 
stabilization due to the intramolecular hydrogen bond 
is remarkably more predominant, and the planar con­
formations of 1 are about 9 k j m o l - 1 more stable than 
those of benzaldehyde. The activation parameters for 
2,6-dihydroxyacetophenone (2) could not be determined 
exactly because of its lower Tc and of its poor solubilities 
in available solvents (chloroform, diethyl ether, vinyl 
chloride, etc.) under the experimental conditions. T h e 
remarkably lower rotational barrier of 2 must be caused 

^oAfAoHB 

•-.. ...•-

0 # 90« 180« 

Rotational Angle 

Fig. 2. Schematic diagrams for the potential energy 
barriers of 2,6-dihydroxybenzaldehyde ( ), 2,6-
dihydroxyacetophenone ( ), and 2,6-dihydroxy-
benzoate esters ( ). 
The potential barriers of benzaldehyde ( ) is 
also illustrated as reference. 

TABLE 3. INFRARED SPECTRA OF 2,6-DIHYDROXYARYL 

OARBONYL COMPOUNDS IN THE VOH REGION 

(3600—3000 cm-1) 

Com­
pound c/mol 1_1 J>OH/CI11-1 

e max/ 
1 mol"1 

Assign-
cm - 1 menta> 

1 

2 

3 

0.013 

0.020 

0.010 

0.010 

3596.9 
3140 

3593.2b> 

3473.2 
3202 

3461.0 
3202 

137 
27 

190 

149 
70 

129 
40 

f. 
h.c. 

f. 

h.a. 
h.c. 

h.a. 
h.c. 

a) f = free, h. c.= hydrogen-bonded to carbonyl oxygen 
atom, h. a. = hydrogen-bonded to alkoxyl oxygen atom. 
b) A broad absorption band centered at about 3150 
cm - 1 is observed, but its intensity is by far lower than 
that of 1. 

by the increase in steric hindrance, since the C-H-- -OH 
interaction in 1 is replaced by much serious repulsive 
interaction between the methyl and the hydroxyl groups 
in this molecule. Judging from the Stuart molecular 
models, the most stable conformation of 2 is expected 
to become nonplanar, and its rotational barrier might 
be illustrated schematically by the broken line in Fig. 
2. T h e nonplanar conformation is supported by the 
fact that the von absorption due to the chelated hydroxyl 
group is very weak in the infrared spectrum of 2 in dilute 
carbon tetrachloride solution. 

i ii 

o/v/No 
I I I 

H C H 
i 

R 
(III) 

The infrared spectra of 2,6-dihydroxybenzoate esters 
(3,4) in Table 3 show the presence of two kinds of hydro­
gen bonded species. However, the absorption of the 
free species is not detected in any of their spectra. T h e 
fact is reasonably explained by assuming a planar con­
formation in which one hydroxyl group is chelated to 
the carbonyl oxygen atom and the other to the alkoxyl 
oxygen atom by forming intramolecular hydrogen bonds, 
as illustrated by I I I . Since the O H - 0 = C hydrogen 
bond is stronger than the O H - - O R hydrogen bond,11) 
the O H stretching absorption at the lower frequency is 
assigned to the hydroxyl group hydrogen bonded to the 
carbonyl, and the absorption at the higher ferquency 
to the hydroxyl group hydrogen bonded to the alkoxyl 
oxygen atom (as shown in Table 3). 

T h e AG* and A / / * values of the 2,6-hydroxybenzoates 
3, 4, 5 are similar to those of 1 and a considerable stabili­
zation due to the intramolecular hydrogen bond forma­
tion is suggested. In order to estimate the contribution 
of the hydrogen bonding to the stability of the planar 
conformation, D N M R measurement of methyl 3,4,5-
trimethoxybenzoate 6, as a reference, was also carried 
out. However, the aromatic proton signal of 6 was 
rather a sharp singlet even at 173 K, and no indication 
of splitting into an AB quartet was observed. The 
7r-bond order of the C ^ - C ^ ^ y ! bond from M O 
calculation serves as a criterion for the potential 
barrier height.12) The rc-bond orders for benzoate 
ester and benzaldehyde are calculated to be 0.247 
and 0.271, respectively, by P P P approximation, and 
the rotational barrier of 6 is expected to be lower 
than that of benzaldehyde. Anyhow, the rotational 
barrier is at least 10 k j m o i - 1 higher than that of 
the reference compound, and the excess stabilization 
energy is again attributed to the contribution of the 
intramolecular hydrogen bonding. T h e O H - - O R hy­
drogen bonding in the esters 3—5 must increase the 
stability of the planar conformation I I I , but its 
contribution cannot be determined quantitatively 
because of the uncertain activation parameters of the 
reference substance 6. 

T h e rotational barriers of the aryl carbonyl com-
punds are illustrated schematically in Fig. 2. In 
the transition state of the internal rotation het 
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aromatic nucleus is perpendicular to the plane of 
the carbonyl group, and both the hydrogen bonding 
and the steric hindrance do not affect its potential energy 
remarkably. Thence, the hydrogen bond energy can 
be estimated as the difference in A.//* ( A / / t in Fig. 2) 
of the chelated and the reference substances. Hydrogen 
bond energies thus obtained are ca. 9 k j m o l - 1 for 2,6-
dihydroxybenzaldehyde and 8 k j m o l - 1 for 2,6-dihydro-
xybenzoates. These values are considerably smaller 
than the hydrogen bond energies of the similar sub­
stances obtained by other methods.13) The lower AHh 

may be justified by the polar nature of the solvents 
used and the negative contribution of the steric 
hindrance in the planar conformation. 

The authors are grateful to Mrs. Shigeko Yoshida 
and to Miss Hiroko Endo for their technical assistance 
in the measurement of N M R spectra. 
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A new synthesis of pyrocin (1) and related compounds is described. The reaction of 2-benzoyl-4,4-dimethyl-
2-buten-4-olide (5b) with 2-methyl-l-propenylmagnesium bromide (6) in the presence of GuGl gave a-
benzoylpyrocin (7b) in 90% yield. The product of 7b with a specific rotation of +2.43° was obtained when 
the reaction was carried out in the presence of ( — )-sparteine. a-Acetylpyrocin (7a) was prepared in the 
similar manner in 63% yield. The treatment of 7a and that of 7b with ethanolic sodium ethoxide gave 1 in 
65% and 81% yields, respectively. The reaction of 1 with large excess of SOCl2 in absolute ethanol gave 
ethyl 3-(l-chloro-l-methylethyl)-5-methyl-4-hexenoate (8) in 82% yield. Similar treatment of 7 with SOCl2 

gave ethyl 2-substituted-4-(2-methyl-l-propenyl)-5,5-dimethyl-4,5-dihydrofuran-3-carboxylate (12). Compound 
8 was transformed to ethyl *rönj-(±:)-chrysanthemate (2) in 75% yield. 

Several syntheses of pyrocin (1), found in the pyroly-
sate of Pyrethrine and known to possess insecticidal 
activity, la~ ld) have been reported.2a~2k) Recently, we3) 
have reported an efficient preparation of 2-acyl-4,4-
dimethyl-2-buten-4-olide (5) by the thermal decom­
position of 2-acyl-3-[benzoyl(ethoxycarbonyl) methyl]-
4,4-dimethyl-4-butanolide (4), which is readily obtained 
by the reaction of 2-chloro-2-methylpropanal and ethyl 
acylacetate (3) in aqueous K 2 C 0 3 . In this paper, we 
wish to report a new synthesis of 1 and ethyl ( r t ) -
tomr-chrysanthemate (2) using 5 as a starting material. 
An attempted synthesis of optically active pyrocin using 
( — )-sparteine as a chirality-creating reagent also has 
been described. 

The Michael addition of 2-methyl-1 -propenylmagne-
sium bromide (6) to the butenolide 5 b in the presence 
of CuCl in T H F medium afforded a-benzoylpyrocin (7b) 
in 90 % yield. The I R spectrum of 7b showed strong 
bands at 1765 and 1685 c m - 1 due to lactone carbonyl 
and benzoyl carbonyl, respectively. The N M R spec­
t rum exhibited a multiple splitting doublet at Ô 5.03 
due to one olefinic proton. a-Acetylpyrocin (7a) was 
obtained similarly from 5a and 6 in 6 3 % yield. 

Deacylation of 7a and 7b with ethanolic E t O N a at 
reflux temperature afforded 1 in 65 % and 81 % yields, 
respectively. The N M R spectrum of this product was 
identical with that5) of the authentic sample. Hirai , 
et a/.,6) have reported a synthesis of optically active 
pyrocin via the asymmetric, catalytic hydrogénation of 
optically active alcohol esters of 2,2,5,5-tetramethyl-
tetrahydrofurylidene-3-acetic and 2,2,5,5-tetramethyl-
dihydrofuryl-3-acetic acids. We now describe the pre­
paration of optically active 1 by an asymmetric Michael 
addition of the Grignard reagent 6 to the butenolide 
5jj 7a,7b) ^ h e r e a c t i o n , carried out in the presence of 
twice molar amount of ( — )-sparteine as well as a cat­
alytic amount of CuCl, gave a product of 7b with 
[a]2D6 +2 .43° (ethanol) in 4 7 % synthetic yield. Deben-
zoylation of this product gave 1 with [a]o +1 .36° 
(ethanol), 2 .0% optical yield. 

Several procedures to transform 1 to the ester 2 have 

Presented in part at the 32nd Annual Meeting of the 
Chemical Society of Japan, Tokyo, April 1975 and in 
part at the 5th International Congress of Heterocyclic 
Chemistry, Ljubljana, Yugoslavia, July 1975, 

/CO^t 

+ hLO X ^ C O R Y^COR 
RCOCH^Et ^ 0 0 

3a, R=CH3 4 a, R=CH3 5a, R=CH? 

3b, R=C6H5 4b, R=C6H5 5b, R=C6H5 

7a, R=CH3 
7b, R=C6H5 

EtOH ^ V _ C o 2 E t HMPT.THF 
S0CI2 

A H 
coft 
2 

Scheme 1. 

been reported. l d '2 k , 8 a '8 b) They involve the base-ca­
talyzed cyclization of the dichloro ester 9, which is ob­
tained from 1 by the treatment with SOCl 2 in benzene 
and the subsequent addition of ethanolic HCl . While 
the isomer 10 is usually produced as an undesirable 
by-product in these procedures, we are successful to 
prevent the formation of 10 by using ethyl 3-(l-chloro-
l-methylethyl)-5-methyl-4-hexenoate (8)8c) in place of 
9 as a starting material. Successive treatments of 1 
with large excess of SOCl 2 in ethanol, at room 
temperature for 1 h and then at 60 °C for additional 
4 h, yielded the desired ester 8 in 8 2 % yield. The 
N M R spectrum showed a multiple splitting doublet 
at ô 4.95 due to one olefinic proton. The treatment 
of 8 with lithium diisopropylamide in the presence of 
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a catalytic amount of hexamethylphosphoric triamide 
( H M P T ) in T H F afforded 2 in 7 5 % yield. Its 
spectral data ( IR, N M R , and MS) were identical 
with those described in the literatures.9a,9b) The 
reaction conducted in ethanolic E t O N a gave rise to 
the cyclization of 8 to pyrocin. 

Because of the facile formation of dihydrofuran ring, 
we failed to obtain the a-acyl derivatives of the chloro 
ester 8. T h e reaction of 7 with SOCl2 , carried out 
in the same manner as 1, gave only ethyl-2-substituted-
4-(2-methyl-1 -propenyl)-5,5-dimethyl-4,5-dihydrofuran-
3-carboxylate (12) in good yields ( > 8 2 % ) . Ethylene 
acetal of a-acetylpyrocin (13) also underwent the re-
cyclization to produce 12. 

S0C12 

EtOH CI 
CICO 'COR 

>=\_yC0C\ 

i l 1 2 a , R=CH3 

12b, R=C6% 

13 

Scheme 2. 
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in-Aid for Scientific Research from the Ministry of 
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E x p e r i m e n t a l 

Melting points and boiling points are uncorrected. Ele­
mental analyses were carried out by Mr. Eiichiro Amano 
of our laboratory. Distillations were evaporative bulb-to-
bulb distillations using a Büchi Kugelrohrofen at the pressure 
and oven temperature indicated. Analytical determination 
and preparative isolation by GLPG were performed on a 
Hitachi K-53 model gas Chromatograph and a Yanagimoto 
G-80 model gas Chromatograph respectively. IR spectra 
were determined on a Hitachi EPI-S2 model spectrometer. 
*H NMR spectra were taken at 60 MHz on a Hitachi R-24 
model spectrometer using TMS as an internal standard. 
13G NMR spectra were taken at 25 MHz on a JEOL 
FX-100 model spectrometer equipped with FT facilities 
using TMS as an internal standard and GDG13 as solvent. 
The pulse width was 6 (JLS (45° tip) and the FIDs were 
compiled by using 8 K data points over a spectral width of 
6000 Hz. MS spectra were obtained at 70 eV with a 
Hitachi RMS-4 model mass spectrometer. Optical rotation 
was measured with a Yanagimoto OR-50 model Polari­
meter and the cell path length was 0.1 dm. Analytical 
and preparative TLC were done on a silica gel PF254 

(E. Merck AG., Darmst.) with layers of Q.2,5 mm and 

1.0 mm thickness respectively. Column chromatography 
was done on a silica gel, Wakogel G-200 and G-300 
(Wako Junyaku Kogyo Co., Ltd.). 

Starting materials such as 5a, 5b3) and l-bromo-2-methyI-
propene10> were prepared by the procedure described in the 
literatures. 

(±)-<x-Benzoylpyrocin (7b). To a refluxing mixture of 
magnesium turnings (0.98 g, 0.04g-atom), a few drops of 
ethyl bromide and trace of iodine in 20 ml of THF, was 
added isobutenyl bromide (5.40 g, 0.04 mol) dropwise. The 
mixture was refluxed until magnesium turnings were com­
pletely dissolved. After cooling to 0 °G and addition of 
copper (I) chloride (0.2 g, 0.02 mol), the mixture was stirred 
for 20 min. To the mixture was added the butenolide 5b 
(4.32 g, 0.02 mol) in 20 ml of THF dropwise at 0 °C. After 
being stirred for 2 h at 0 °G, the mixture was allowed to 
warm to room temperature. To the resulting mixture was 
added 10 ml of saturated aqueous NH4C1 and then it was 
acidified with 10% HCl. An organic layer was extracted 
with ether and dried over MgS04 . After removal of the 
solvent, the residual brown oil was obtained and separated 
by column Chromatograph on a silica gel (30 g of Wakogel 
C-200, hexane : acetone=10 : 1) to give 4.90 g (90% yield) 
of 7b. The analytical sample was obtained by one recrystal-
lization from the mixed solvent of benzene and petroleum 
ether (1 : 1 in v/v) : mp 94—95 °G; IR (KBr) 1767 (lactone 
C=0), 1683 (benzoyl G=0), 1598, 1579 cm-1 (benzene C=C); 
NMR (CDC13) Ô 1.37 (s, 3H, y-CH3), 1.49 (s, 3H, y-CH3), 

1.70 (t, 6H, 7=0 .1 Hz, =<c2 3 ) ' 3 - 3 7 (dd> 1 H ' y = u Hz and 
10 Hz, ß-H), 4.55 (d, IH, 7 = 1 1 Hz, a-H), 5.03 (md, IH, 
7 = 10 Hz, > H ) , 7.23—8.18 (m, 5H, C6H5); MS m/e (rel. 
intensity) 272 (M+), 227 (8.0), 214 (4.0), 186 (6.3), 171 
(100), 105 (G6H5CO+, 97), 77 (C6H5, 62). 

Found: C, 75.12; H, 7.41%. Galcd for G17H20O3: C, 
74.97, H, 7.40%. 

The natural abundance 13G NMR spectra of 5b and 7b 
are summarized in the following structure. 

25,24 

133.99 

128,56 

133.67 

129,21 128.56 

(±)-oc-Acetylpyrocin (7a). The mixture of butenolide 
5a (3.08 g, 0.02 mol), 2-methyl-l-propenylmagnesium bro­
mide (0.04 mol), and 0.02 g of copper (I) chloride in 40 ml 
of THF was reacted and worked up in the same manner 
as the foregoing experiment to give 2.62 g (63% yield) of 
7a: IR (neat) 1760 (lactone C=0), 1717 (acetyl G=0), 
1645 cm-1 (G=C); NMR (GG14) Ô 1.22 (s, 3H, y-CH3), 

1.38 (s, 3H, y-CH3), 1.73 (sharp m, 6H, =<CH 3 )> Z 3 2 (S' 

3H, COGH3), 3.29 (d, IH, 7 = 16 Hz, a-H), 3.50 (dd, IH, 
7 = 16 Hz and 11 Hz, ß-H), 4.83 (m, IH, > H ) ; MS m/e 
(rel. intensity) 210 (M+), 195 ( M - G H 3 , 0.3), 177 (0.4), 
167 (M-COGH3), 152 (5), 137 (4), 124 (11), 108 (100), 
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Found: C, 68.66; H, 8.42%. Calcd for C12H1803: C, 
68.55; H, 8.63%. 

The natural abundance 13C NMR spectra of 5a and 7a 
are summarized in the following structure. Off-resonance 
decoupling was used to support the assignments in each case. 

28.94 
192.« 

18.22 

(±)-Pyrocin (1) (Debenzoylation of 7b). To a stirried 
mixture of EtONa (4.76 g, 0.07 mol) in 100 ml of ethanol was 
added 7b (3.82 g, 0.014 mol) dissolved in 50 ml of ethanol. 
The resulting mixture was refluxed for 42 h. After evapora­
tion of ethanol under reduced pressure, the residue was 
acidified with 10% HCl, and then extracted with ether. 
The ether extract was washed with aqueous NaHCO s to 
remove benzoic acid and dried over MgS04 . After removal 
of the solvent 2.0 g of crude pyrocin was obtained. The 
purification by column Chromatograph on a silica gel (15 g 
of Wakogel C-200, hexane : acetone =10 : 1) gave 1.90 g 
of pyrocin, 81% yield: mp 58—58.5 °C (lit,4) 59—60 °G) 
IR (KBr) 1761cm"1 (lactone C=0) ; NMR (GG14) Ô 1.20 
(s, 3H, y-CH3), 1.36 (s, 3H, y-CH3), 1.68 (d, 3H, 7 = 0 . 2 Hz 
> C H 3 ) , 1.75 (d, 3H, 7 = 0 . 2 Hz, > G H 3 ) , 1.95—2.45 (m 

2H, a-H2, ABX), 2.60—3.35 (m, 1H, ß-H, ABX), 5.01 (md 
1H, 7 = 10 Hz, >H).6> 

The natural abundance 13C NMR spectrum of 1 is sum 
marized in the following structure. Off-resonance decoupl 
ing was used to support the assignment. 

Deacetylation of 7a (343 mg, 1.63 mmol) with EtONa gave 
177 mg of 1, 65% yield. 

Optically Active a-Benzoylpyrocin and Pyrocin. To a 
stirred solution of 2-methyl-l-propenylmagnesium bromide 
(10.4 mmol) in 15 ml of THF prepared by the same 
procedure as 7b, were added copper (I) chloride (100 mg, 
1.0 mmol) and (—)-sparteine (5.0 g, 20.8 mmol) at 0 °C. 
The mixture was stirred for 1 h at 0 °C. To the mixture, 
a solution of 5b (2.25 g, 10.4 mmol) in 15 ml of THF was 
added slowly. The stirring was continued for 7 h at 0 °G 
and for additional 12 h at room temperature. The resulting 
mixture was poured into a saturated aqueous solution of 
NH4G1. It was then acidified with 10% HCl. An organic 
layer was extracted with ether and dried over MgS04 . 
After removal of the solvent, 2.77 g of brown oil was ob­
tained. After separation by column Chromatograph on a 
silica gel (40 g of Wakogel C-200, hexane : acetone=10 : 1), 
0.98 g of 5b and 1.36 g of (+)-a-benzoylpyrocin were ob­

tained, 47% synthetic yield. An analytical sample was 
obtained after one recrystallization from the mixed solvent 
of benzene and petroleum ether ( 1 : 1 in v/v) : mp 94— 
95 °C; [<x]2D

e +2.43° (c 4.12 g, ethanol). Its NMR and IR 
spectra were completely identical with those of 7b. 

(+)-Pyrocin was obtained from this product of (+)-a-
benzoylpyrocin in the same manner as described in the forego­
ing section: [a]n +1.36° (c 1.21 g, ethanol), optical yield 
2%. Its IR and NMR spectra were identical with those of 
authentic sample of 1. 

Ethyl 3-(1 -chloro-1 -methylethyl) -5-methyl-4-hexenoate (8). To 
a stirred solution of 1 (750 mg, 4.46 mmol) in 40 ml of ethanol 
was added thionyl chloride (3.8 ml, 44.6 mmol) with caution 
at room temperature. The stirring was continued for 1 h at 
room temperature and then for additional 4 h at 60 °G. 
After removal of the solvent and low boiling materials, 1.41 g 
of dark brown oil was obtained. It was separated by column 
Chromatograph on a silica gel (30 g of Wakogel G-300, 
hexane) to afford 852 mg of 8, 82% yield. The analytical 
sample was obtained by bulb-to-bulb distillation: bp 90 °G 
(0.06 Torr); IR (neat) 1734 cm-* (G=0); NMR (GC14) 
ô 1.19 (t, 3H, 7 = 7 Hz, ester CH3), 1.44 (s, 3H, GH3), 1.53 
(s, 3H, GH3), 1.65 (d, 3H, 7 = 2 Hz, > C H 3 ) , 1.70 (d, 3H, 
7 = 2 Hz, > G H 3 ) , 1.8—3.2 (m, 3H, a-H2 and£-H), 3.99 (q, 
2H, 7 = 7 Hz, ester GH2), 4.95 (md, 1H, 7 = 10 Hz, > H ) ; 
MS m/e (rel. intensity) 196 (M+-HG1, 20), 181 (6), 155 (42), 
109 (100), 123 (32), 77 (75). 

Found. C, 62.10; H, 8.88%. Calcd for C12H2102C1: G, 
61.92; H, 9.10%. 

Ethyl (±)-tr2in%-Chrysanthemate (2). To a solution of 
diisopropylamine (0.39 ml, 3.0 mmol) in 3 ml of THF was 
added dropwise the solution of butyllithium (3.6 mmol) in 
3 ml of ether at 0 °C. After the mixture was stirred for 30 
min at 0 °C, 0.25 ml of HMPT was added dropwise. After 
being stirred for additional 30 min at 0 °C, was added the 
solution of the chloroester 8 (225 mg, 0.97 mmol) in 2 ml of 
THF. The mixture was stirred for 40 min at 0 °C and then 
allowed to react for overnight at room temperature. The 
resulting mixture was poured into a large exess of 10% HCl 
and extracted with ether, dried over MgS04 . After removal 
of the solvent, an yellow oil was obtained. It was separated 
by column Chromatograph on a silica gel (7 g of Wakogel 
C-200, hexane : acetone=10 : 1) to afford 114 mg of 2, 75% 
yield. The analytical sample was obtained by preparative 
GLPCU> and identified by comparison of its IR and NMR 
spectra with those of authentic sample.9) 

Ethyl 2-Methyl-4- (2-methyl-1 -propenyl) -5,5-dimethyl-4,5-dihydro-
furan-3-carboxylate (12a). To a stirred solution of 
lactone 7a (331 mg, 1.58 mmol) in 15 ml of ethanol was added 
thionyl chloride (1.16 ml, 15.8 mmol) dropwise at room 
temperature. During the addition a vigorous exothermic 
reaction occurred. The resulting solution was stirred for 6 h 
at 70 °C. After removal of the solvent and low boiling 
materials under reduced pressure, there was obtained a 
residual dark brown oil. It was separated by column 
Chromatograph on a silica gel (Wakogel C-200, hexane : 
acetone=10 : 1) to give 308 mg of crude 12a, 82% yield. 
The analytical sample was obtained by preparative TLC 
on a silica gel (hexane : acetone=4 : 1) followed by bulb-
to-bulb distillation: bp 110°G (5 Torr); IR (neat) 1695 
(conjugated ester C=0), 1648 cm-1 (G=C); NMR (CC14) ô 
1.17 (t, 3H, 7 = 7 Hz, ester GH3), 1.17 (s, 3H, 5-CH3), 1.28 
(s, 3H, 5-GH3), 1.64 (d, 3H, 7 = 1 Hz, > C H 3 ) , 1.69 (d, 3H, 
7 = 1 Hz, > C H 3 ) , 2.08 (d, 3H, 7=0 .2 Hz, 2-CH3), 3.45 (d, 
1H, 7 = 1 0 Hz, 4-H), 4.01 (q, 2H, 7 = 7 Hz, ester GH2), 4.91 
(md, 1H, 7 = 1 0 Hz, ) - H ) ; MS m/e (rel. intensity) 238 (M+), 
223 ( M - C H 3 ) , 183(32), 177(12), 149(14), 119(14), 1.0 
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(14), 107 (27), 91 (32), 79 (17), 67 (20), 43 (100). 
Found : G, 70.77; H , 9 .35%. Galcd for G 1 4 H 2 0 O 3 : C, 

70.56; H , 9.30%. 

Ethyl 2-Phenyl-4- (2-methyl-1 -propenyl) -5,5-dimethyl-4,5-dihydro-
furan-3-carboxylate (12b). T h e reaction of a-benzoyl-
pyrocin (971 mg, 3.57 mmol) with thionyl chloride (3.04 
ml, 35.7 mmol) in 20 ml of ethanol was carried out in 
the same manner as the foregoing experiment to give 940 
mg of 12b, 8 7 % yield. T h e analytical sample was obtained 
by preparat ive T L C on a silica gel (hexane : a c e t o n e = 4 : 
1): I R (neat) 1685—1690 (conjugated ester G = 0 ) , 1622 
(G-G) , 1597—1580 c m - 1 (phenyl G=G); N M R (CG14) Ô 
1.17 (t, 3H, 7 = 8 Hz, ester GH 3 ) , 1.25 (s, 3H, 5-GH3), 
1.35 (s, 3H, 5-GH3), 1.68 (d, 3H, 7 = 1 Hz, > C H 3 ) , 1.70 
(d, 3H, / = 1 Hz , > C H 3 ) , 3.66 (d, 1H, 7 = 10 Hz, 4-H) , 
3.97 (q, 2H, / = 8 Hz, ester CH 2 ) , 5.05 (md, 1H, 7 = 1 0 
Hz , > - H ) , 7.2—7.8 (m, 5H, C 6 H 5 ) ; M S mje 300 (M+), 
285 ( M - C H 3 ) , 227 ( M - G 0 2 E t ) . 

F o u n d : G, 76.11; H , 8.16%. Galcd for G 1 9 H 2 3 0 3 : G, 
75.97; H , 8 .05%. 

T h e natura l abundance 13G N M R spectra of 12a and 12b 
are summarized in the following structures. Off-resonance 
decoupling was used to support the assignment of 12a. 

166.67(or 166.«) 

123.72 \ 59.05 23.« 

C02CH2CH3 

106,03 

L166.Wor 166.67) 

14.64 

165.82(orl64.20) 

123.67 \ 59.42 23.33 

,C02CH2CH3 

106.88 

130.27 

2-(1,1 -Ethylenedioxyethyl) - 3 - (2-methyl-1 -propenyl) -4,4- dimeth-
yl-4-butanolide (13). A mixture of a-acetylpyrocin 7a (840 
mg, 4 mmol) , ethylene glycol (248 mg, 4mmol ) , andp-tohxcnc-
sulfonic acid (3 mg, 0.02 mmol) in 5 ml of benzene was re-
fluxed for 6.5 h with continuous removing of water as a 
benzene azeotrope. After cooling, the reaction mixture was 
washed with saturated aqueous N a H G 0 3 and brine. An 
organic layer was separated and dried over M g S 0 4 . T h e 
removal of the solvent left 840 mg of the crude acetal 13, 
8 2 % yield. T h e analytical sample was obtained as a clean 
oil by column Chromatograph on a silica gel (7 g of Wakogel 
G-200, hexane : a c e t o n e = 10 : 1): I R (neat) 1766 cm" 1 

(lactone C = 0 ) ; N M R (CC14) Ô 1.16 (s, 3H, y-CH3) , 1.32 

(s, 6H , y - C H 3 and CU3-/0 ), 1.68 (d, 3H, 7 = 0 . 1 Hz , 

> G H 3 ) , 1.74 (d, 3H, 7 = 0 . 1 Hz, > G H 3 ) , 2.68 (d, 1H, J= 
11 Hz, a -H) , 3.04 (dd, 1H, 7 = 1 1 Hz and 9 Hz, ß-H), 3.83 
(m, 4H , 0 - G H 2 G H 2 - 0 ) , 5.06 (md, 1H, 7 = 9 Hz, > H ) . 

Reaction of 2-(1,1 -Ethylenedioxyethyl) -3-(2-methyl-1-propenyl) -
4,4-dimethyl-4-butanolide with Thionyl Chloride in Ethanol. 
T o a stirred solution of acetal 13 (372 mg, 1.47 mmol) in 
15 ml of ethanol was added thionyl chloride (1.17 ml, 14.7 
mmol) slowly at room temperature and allowed to react for 
additional 3 h at 60 °C. T h e removal of the solvent and low 
boiling materials left a dark brown oil. Filtration through a 
silica gel column (3 g of Wakogel C-200, hexane : acetone = 

10 : 1) helped to remove dark brown impurities. Evapora­
tion of the solvent yielded 240 mg of an yellow oil. The G L P C 
analysis of the oil12) showed two peaks at the retention times 
of 1.5 and 3.4 min in the ratio of 54 : 46. Each fraction 
was collected by preparative G L P C . T h e component with 
the retention time of 1.5 min was identified as dihydrofuran 
12a (20% yield estimated by GLPC) and the other as 7a. 
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of Monosubstituted Ferrocenes 
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The effect of the substituent in the ferrocene nucleus on the photo-ethoxycarbonylation of monosubstituted 
ferrocene in carbon tetrachloride-ethanol solution is described. T h e electron withdrawing substituents, such as 
chloro, bromo, iodo, cyano, and acetyl, retarded the photo-ethyoxycarbonylation, whereas the electron releasing 
substituents, such as ethyl accelerated the reaction. T h e electronic effects which affect the formation of the charge 
transfer complex and those which affect the reactivity of the cyclopentadienyl ring toward the attack of a trichloro-
methyl radical can be considered for the photo-ethoxycarbonylation. 

I n t h e p rev ious p a p e r , l a ) w e r e p o r t e d t h e p h o t o c h e m ­

ical i n t r o d u c t i o n of e t h o x y c a r b o n y l , fo rmyl , a n d e t h -

o x y m e t h y l i n t o t h e fe r rocene n u c l e u s in c a r b o n t e t r a ­

c h l o r i d e - , c h l o r o f o r m - , a n d d i c h l o r o m e t h a n e - e t h a n o l 

solut ions . I n t h e p h o t o - e t h o x y c a r b o n y l a t i o n of fer­

r o c e n e in t h e c a r b o n t e t r a c h l o r i d e - e t h a n o l sys tem, t h e 

exc i t a t ion of t h e c h a r g e t ransfer c o m p l e x of f e r rocene 

w i t h c a r b o n t e t r a c h l o r i d e p l ays a n i m p o r t a n t ro le in 

t h e in i t ia l s t age of t h e p h o t o - s u b s t i t u t i o n . l b ) T h i s p a p e r 

dea ls w i t h t h e effect of t h e s u b s t i t u e n t in t h e fe r rocene 

nuc l eus u p o n t h e p h o t o - e t h o x y c a r b o n y l a t i o n of m o n o -

subs t i t u t ed fe r rocene in c a r b o n t e t r a c h l o r i d e - e t h a n o l 

solut ions . 

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

Materials. Ethylferrocene2) [bp 92 °G/1 Torr , (lit,3) 93 
—94 °C/1 Tor r ) ] , acetylferrocene4) [mp 85—86.5 °C(lit,4> 85 
—86 °C)] , iodoferrocene6) [mp 48—49 °G (lit,6) 43—45 °C)] , 
chloroferrocene6) [mp 59 °C(lit,7) 59—60 °G)], bromoferro-
cene6) [mp 36.1—36.2 °G(lit,6) 30—31 °C)] , cyanoferrocene«) 
[mp 103.5°C(lit,8) 107—108°C)], methoxyferrocene') [ m p 4 1 . 5 
—41.8 °C(lit,7) 38.5—40 °C)] , and phenylferrocene9) [mp 114 
°C(lit,9) 114—5 °G)] were prepared from ferrocene(Wako 
Junyaku Co., G. R. grade reagent) by the method given in 
the literatures. Carbon tetrachloride and ethanol were pur i ­
fied by the method described in the previous paper . l a ) 

Irradiation Procedure. General procedure is similar to 
that described previously. l a) 

Separation of the Photoproducts (General Procedure). 
After irradiation, the reaction mixture was washed succes­
sively with water, aqueous sodium hydrogencarbonate solu­
tion and aqueous sodium thiosulfate solution, and then ex­
tracted with dichloromethane or ether. T h e extract was 
dried over anhydrous sodium sulfate, then the solvent was 
removed by a rotary evaporator below 30 °C. T h e residue 
was subjected to thin layer(Merck, GF-254) or column(Wako 
Junyaku Co., Wakogel C-200) chromatography in order to 
separate the photoproducts and the starting material , and 
then the ethoxycarbonylated compounds were isolated by 
the second thin layer chromatography (TLG) . 

Identification of the Photoproducts. T h e assignments of 
the chemical shifts of 2-, 3-, 4-, and 5-position were done based 
on the calculated chemical shifts of those positions. T h e 
calculated chemical shifts were obtained by summing the 
deshielding or the shielding effect of the substituent and the 
deshielding effect of ethoxycarbonyl to a- and ^-positions.10) 
The experimentally obtained chemical shifts agreed generally 
with the calculated ones. 

Ethyl 2-Ethylferrocenecarboxylate: A dark red liquid sub­
stance. NMR(CG1 4 ) , <5(ppm from T M S ) 4.60(t) , 1H(H 5 ) ; 
4.26—4.09, 2 H ( H 3 and H 4 ) ; 4.20(q), 2 H ( - C H 2 - of ester); 
4.0(s), 5 H ( G 5 H 5 ) ; 2.45—2.93(m), 2 H ( - C H 2 - of ethyl11-12)) ; 
1.34(t), 3 H ( - C H 3 of ester) ; 1.13(t), 3 H ( - C H 3 of ethyl). I R 
(direct), 3100, 2960, 2920, 1100, 1000, 920 cm" 1 (2-substi-
tuted ethylferrocene), 1705, 1290 c m - 1 (ester). MS(70 eV), 
m/e, 286(M+). Found : C, 62.13; H , 6 .35%. Calcd for 
C 1 5 H 1 8 0 2 F e : G, 62.94; H , 6 .29%, Mol wt, 286. 

Ethyl 3-Ethylferrocenecarboxylate: A dark red oily substance. 
NMR(GG1 4 ) , <5(ppm from T M S ) 4.62(t), 2 H ( H 2 and H 5 ) ; 
4.26—4.2(q and t ) , 3 H ( - C H 2 - of ester and H4) ; 4.05(s), 
5 H ( C 5 H 5 ) ; 2.35(q), 2 H ( - C H 2 - of e thyl ) ; 1.32(t), 3 H ( - C H 3 

of ester) ; 1.19(t), 3 H ( - C H 3 of ethyl). IR(di rec t ) , 3100, 2960, 
2920, 1100, 1000, 930, 910 c m - 1 (3-substituted ethylferrocene), 
1705, 1285 c m - t e s t e r ) . MS(70 eV), m/e, 286(M+). Found : 
C, 62.29; H , 6 .45%. Calcd for C 1 5 H 1 8 0 2 F e : G, 62.94; 
H, 6.29%, Mol wt, 286. 

Ethyl T-Ethylferrocenecarboxylate: A red oily substance. 
NMR(GC1 4 ) , <5(ppm from T M S ) 4.61 (t), 2 H ( H 2 and H5) ; 
4.24—4.15, 4 H ( H 3 and H 4 , and - G H 2 - o f ester) ; 3.98(s), 4H-
( H 2 , , H 3 - , H 4 S H 6 0 ; 2.30(q), 2 H ( - C H 2 - of ethyl) ; 1.32(t), 
3H ( - C H 3 of ester) ; 1.12 (t), 3H ( - C H 3 of ethyl). I R (direct), 
3080, 2960, 2920, 900, 890 c m - 1 (the absence of absorption 
at 9 and 10 \L indicates 1,l '-disubstituted ferrocene), 1710, 
1270 c m - 1 (ester). MS(70 eV), m/e, 286(M+). Found : C, 
62.67; H , 6.60%. Calcd for C 1 5 H 1 8 0 2 F e : C, 62.94; H , 
6 .60%, Mol wt, 286. 

Ethyl 3-Phenylferrocenecarboxylate: A yellow orange solid. 
NMR(CG1 4 ) , <5(ppm from T M S ) 7.50—7.05(m), 5 H ( - C 6 H 5 ) ; 
5.18(t), 1H(H 2 ) ; 4.83(t) , 1H(H 5 ) ; 4.74(t), 1H(H 4 ) ; 4.24(q), 
2 H ( - C H 2 - of ester); 4.01(s,) 5 H ( C 5 H 5 ) ; 1.36(t), 3 H ( - C H 3 of 
ester). I R ( K B r ) , 3100, 3050, 1600, 1100, 1000, 925, 890 c m - 1 

(3-substituted phenylferrocene), 1705, 1240 c m - 1 (ester). M S 
(70 eV), m/e, 334(M+). Found : C, 68.27; H , 5.36%. 
Calcd for C 1 9 H 1 8 0 2 F e : C, 68.26; H , 5.39%, Mol wt, 334. 

Ethyl 2-Phenylferrocenecarboxylate: A yellow oily substance. 
I R ( K B r ) , 3100, 3050, 1600, 1105, 997, 950 c m - 1 (2-sub-
stituted phenylferrocene), 1705, 1240 c m - 1 (ester). MS(70 
eV), m/e, 334(M+). Found : C, 68.77; H , 5.44%. Calcd 
for C 1 9 H 1 8 0 2 F e : C, 68.26; H , 5.39%, Mol wt, 334. 

Ethyl T-Phenylferrocenecarboxylate: A yellow orange solid. 
NMR(CC1 4 ) , <5(ppm from T M S ) 7.5—7.1 (m), 5H( -C 6 H 5 ) ; 
4.55(t), 4 H ( H 2 S H5, and H 2 , H 5 ) ; 4.25(t), 2 H ( H 3 and H 4 ) ; 
4.14(t), 2H(H3> and H4>); 4.01(q), 2 H ( - C H 2 - of ester); 1.26 
(t), 3 H ( - C H 3 of ester). I R ( K B r ) , 3090, 3050, 1600, 920, 
880 c m - 1 ( l ' -substituted phenylferrocene), 1685, 1280 c m - 1 

(ester). MS(70 eV), m/e, 334(M+). Found : C, 68.14; H , 
5 .38%. Calcd for C 1 9 H 1 8 0 2 F e : C, 68.26; H , 5.39%, 
M o l w t , 334. 
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Ethyl p-Ferrocenylbenzoate : A yellow orange solid substance. 
NMR(GG1 4) , <5(ppm from T M S ) 7.95—7.35(q), 4 H (1,4-disub-
stituted benzene) ; 4.16(t), 2 H ( H 2 and H 5 ) ; 4.28(t), 2 H ( H 3 

and H 4 ) ; 4.35(q), 2 H ( - G H 2 - of ester); 3.96(s), 5 H ( C 5 H 5 ) ; 
1.38(t), 3 H ( - C H 3 of ester). I R ( K B r ) , 3070, 3040, 1610, 
1100, 1000 c m - 1 (phenylferrocene), 1705, 1235 e m p e s t e r ) . 
Found : G, 68.00; H, 5 .39%. Galcd for C 1 9 H 1 8 0 2 F e : C, 
68.26; H , 5 .39%. 

Ethyl 3-Methoxyferrocenecarboxylate: A yellow liquid sub­
stance. NMR(CC1 4 ) , (5(ppm from T M S ) 4.58(t), 1H(H 2 ) ; 
4.45(q), 1 H ( H 5 ) ; 4.23(q), 1H(H 4 ) ; 4.19(q), 2 H ( - C H 2 - of 
ester); 4.10(s), 5 H ( C 5 H 5 ) ; 3.60(s), 3 H ( - O C H 3 ) ; 1.32(t), 3H 
( -GH 3 of ester). I R ( K B r ) , 3100, 2960, 2920, 2860, 1100, 
1000(sh), 940, 920 c m - 1 (3-substituted methoxyferrocene), 
1700, 1300 c m - 1 (ester). MS(70 eV), m/e, 288(M+). Found : 
G, 57 .71; H , 5 . 5 1 % . Calcd for C 1 4 H 1 6 0 3 F e : C, 58.38; H , 
5 .55%, Mol wt, 288. 

Ethyl T-Methoxyferrocenecarboxylate: A yellow oily substance. 
NMR(CC1 4 ) , (5(ppm from T M S ) 4.71 (t), 2 H ( H 2 and H 5 ) ; 
4.26(t), 2 H ( H 3 and H 4 ) ; 4.19(q), 2 H ( - C H 2 - of ester); 3.97 
(t), 2 H ( H 2 , and H5>); 3,74(t), 2H(H3> and H4>); 3.55 (s), 
3 H ( - O C H 3 ) , 1.33(t), 3 H ( - C H 3 of ester). I R ( K B r ) , 3100, 
2960, 2920, 2860, 1100, 920, 865 c m - 1 ( l ' -substi tuted me­
thoxyferrocene), 1710, 1280 c m - 1 (ester). M S (70 eV), m/e, 
288 (M+). 

Ethyl 2-Chloroferrocenecarboxylate: A yellow oily substance. 
NMR(CC1 4 ) , <3(ppm from T M S ) 4.68(t), 1 H ( H 5 ) ; 4.32—4.16, 
4 H ( H 3 and H 4 , and - C H 2 - of ester); 4.10(s), 5 H ( G 5 H 5 ) ; 
1.33(t), 3 H ( - G H 3 of ester). I R ( K B r ) , 3100, 3020, 1100, 
1000, 915 c m - 1 (2-substituted chloroferrocene), 1710, 1280 
c m " 1 (ester). MS(70 eV), m/e, 292(M+). 

Ethyl 3-Chloroferrocevecarboxylate: A yellow oily substance. 
NMR(CG1 4 ) , <5(ppm from T M S ) 4.97(t), 1 H ( H 2 ) ; 4.65(t) , 
1 H ( H 5 ) ; 4.54(f), 1H(H 4 ) ; 4.21 (q), 2 H ( - G H 2 - of ester) ; 
4.23(s), 5 H ( C 5 H 5 ) ; 1.31 (t), 3 H ( - G H 3 of ester). I R ( K B r ) , 
3100, 1100, 1000, 905, 900 c m - 1 (3-substituted chloroferro-
cence), 1710, 1280 c m " 1 (ester). M S ( 7 0 e V ) , m/e, 292(M+). 

Ethyl T-Chloroferrocenecarboxylate: A yellow oily substance. 
NMR(GG1 4 ) , <5(ppm from T M S ) 4.77(t), 2 H ( H 2 and H 5 ) ; 
4.35(t), 4H(H2>, Hb>, and H 3 , H 4 ) ; 4.24(q), 2 H ( - C H 2 - of 
ester); 4.03(t), 2H(H3» and H 4 ' ) ; 1.35(t), 3 H ( - C H 3 of ester). 
I R ( K B r ) , 3120, 1090, 915, 880 cm" 1 ( l ' -substituted chlorofer­
rocene), 1710, 1280 c m - t e s t e r ) . MS(70 eV), m/e, 292(M+). 

Ethyl 2-Bromoferrocenecarboxylate: A yellow oily substance. 
NMR(GG1 4 ) , <5(ppm from T M S ) 4.63(t), 1H(H 5 ) ; 4.30—4.15, 
4 H ( H 3 , H 4 , and - C H 2 - of ester); 4.1 l(s) , 5 H ( G 5 H 5 ) ; 1.32(t), 
3 H ( - C H 3 of ester). I R ( K B r ) , 3100, 1095, 1000, 905 c m - 1 

(2-substituted bromoferrocene), 1700, 1265 c m - 1 (ester). 
MS(70.eV), m/e, 337(M+). 

Ethyl 3-Bromoferrocenecarboxylate : 
NMR(GG1 4) , <5(ppm from T M S ) 
l H ( H 5 ) ; 4 . 5 3 ( t ) , 1 H ( H 4 ) ; 4.20(s) 
2 H ( - C H 2 - of ester); 1.31 (t), 3 H ( - C H 3 of ester). I R ( K B r ) , 
3110, 1100, 1000, 875 c m - 1 (3-substituted bromoferrocene), 
1700, 1275 c m - 1 (ester). M S ( 7 0 e V ) , m/e, 337(M+). 

Ethyl 1'-Bromoferrocenecarboxylate: A yellow oily substance. 
NMR(CC1 4 ) , (5(ppm from T M S ) 4.73(t), 2 H ( H 2 and H 5 ) ; 
4.35(t), 4 H ( H 2 S H 5 S and H 3 , H 4 ) ; 4 . 2 3 ( q ) , 2 H ( - G H 2 - of 
ester) ; 4.07(t), 2H(H3» and H4») ; 1.38(t), 3 H ( - G H 3 of ester). 
I R ( K B r ) , 3100, 910, 865 c m - 1 ( l ' -substituted bromofer­
rocene), 1705, 1270 c m - 1 (ester). MS(70 eV), m/e, 337(M+). 

Ethyl 2-Iodoferrocenecarboxylate: An orange red oily sub­
stance. NMR(CG1 4 ) , (ï(ppm from T M S ) 4.68(t), 2 H ( H 3 and 
H 5 ) ; 4.24(t), 1 H ( H 4 ) ; 4.23(q), 2 H ( - G H 2 - of ester); 1.33(t), 
3 H ( - G H 3 of ester). I R ( K B r ) , 3060, 1100, 1000(sh), 960, 
930(sh) c m - 1 (2-substituted iodoferrocene), 1700, 1270 c m - 1 

(ester). MS(70 eV), m/e, 384(M+). 

A yellow oily substance. 
4.97(t), 1H(H 2 ) ; 4.67(t) , 
5 H ( C 5 H 5 ) ; 4 . 3 0 — 4 . 1 5 ( q ) , 

Ethyl 3-Iodoferrocenecarboxylate: An orange red oily sub­
stance. NMR(CCl4) ,<5(ppm from T M S ) 4.98(t), 1H(H2) ; 4.68 
(t) , 1 H ( H 5 ) ; 4.52(t), 1 H ( H 4 ) ; 4.19(q), 2 H ( - G H 2 - of ester); 
4.12(s), 5 H ( G 5 H 5 ) ; 1.24(t), 3 H ( - G H 3 of ester). IR(KBr) , 
3080, 1100, 990, 915, 860 c m - 1 (3-substituted iodoferrocene), 
1710, 1265 c m - 1 (ester). MS(70 eV), m/e, 384(M+). 

Ethyl V-Iodoferrocenecarboxylate: An orange red oliy sub­
stance. NMR(CC1 4 ) , <5(ppm from T M S ) 4.70(t), 2 H ( H 2 and 
H 5 ) ; 4.34(t) , 2 H ( H 3 and H 4 ) ; 4.27(t), 2H(H2* and H5<); 
4.22(q), 2 H ( - G H 2 - of ester); 4.12(t), 2H(H3> and H4>); 1.31 
(t) , 3 H ( - C H 3 of ester). I R ( K B r ) , 3100, 905, 860 c m - 1 ( l ' -
substituted iodoferrocene), 1700, 1270 c m - 1 (ester). MS(70 
eV) , m/e, 384(M+). 

Quantitative Analysis: For the photoreaction of phenyl- and 
haloferrocenes, quanti tat ive analyses were carried out with 
GLPG(carbowax 20 M , 2 m glass column, column tempera­
tu re : 170 °C for phenylferrocene and 202—230 °C for halo­
ferrocenes. Ethyl ferrocenecarboxylate was used as an in­
ternal s tandard) . For other monosubstituted ferrocenes, 
quanti tat ive analyses were carried out by gravimetry, after 
the isolation of the photoproducts by column or thin layer 
chromatography. 

Measurements: UV-spectra were recorded on a Hitachi 124 
U V - V S spectrophotometer. IR-spectra were recorded on a 
Hitachi 215 grating infrared spectrophotometer. N M R spec­
t ra were taken with a Hitachi R-22 (90 MHz) spectrometer. 
Mass spectra were recorded on a Hitachi R M U - 6 spectro­
meter. Gas chromatography were performed on a Yanagi-
moto 550F gas Chromatograph equipped with glass column. 

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

O n t h e i r r a d i a t i o n w i t h 365 n m l ight , e thy l - , m e t h o x y - , 
p h e n y l - , a n d b r o m o f e r r o c e n e in c a r b o n t e t r a c h l o r i d e -
e t h a n o l ( 1 : 1 , v /v ) so lu t ions af forded t h e c o r r e s p o n d i n g 
e t h o x y c a r b o n y l a t e d p r o d u c t s , w h e r e a s c h l o r o - a n d iodo­
fe r rocene g a v e on ly a s m a l l a m o u n t of e t h o x y c a r b o n y ­
l a t e d p r o d u c t s . N o e t h o x y c a r b o n y l a t i o n o c c u r r e d in 
t h e case of c y a n o - a n d ace ty l f e r rocene . T h e yields of 
e t h o x y c a r b o n y l a t e d p r o d u c t s a n d t h e yields of i somers 
a r e l isted in T a b l e s 1 a n d 2 . 

E t h y l f e r r o c e n e w a s effectively e t h o x y c a r b o n y l a t e d o n 
t h e i r r a d i a t i o n w i t h 365 n m l ight . E t h y l 2-ethylfer-

T A B L E 1. P H O T O - E T H O X Y O A R B O N Y L A T I O N O F M O N O S U B ­

S T I T U T E D FERROdENES IN OARBON TETRAOHLORIDE-

ETHANOL ( 1 1 1 , v / v ) SOLUTIONS1) 

Fc-Rb> 

R 

R = - C 2 H 5 

R = - H 
R = -OGH3 

R = -C6H5 

R = -C1 
R = -Br 
R = - I 
R = -GOCHs 

R = -CN 

(mmol) 

~(2^r 
(1.5) 
(1.3) 
(1-3) 
(1.3) 
(1.3) 
(1.3) 

, (0.5) 
(1.3) 

Irradiation 
conditions 

Wave­
length 

(nm) 

365 
365 
365 
365 
365 
365 
365 
365 
365 

s 

Time 
( h ) 

42 
50 
42 
42 
42 
42 
42 
42 
42 

Conver­

sion 
(%) 

20.2 
17.0 
56.0 
29.6 
17.0 
11.0 
9.0 

29.0 
39.0 

Ethoxyca-
bonyl 

products 
(%)e) 

88TÖ 
61.0 
32.1 
42.7 
4.7 

16.9 
7.3 
0.0 
0.0 

a) Each reaction was carried out at room tempera ture 
under nitrogen atmosphere. T h e volume of the sample 
solution is 40 ml. b) F c - denotes (G 5 H 5 )Fe(C 5 H 4 - ) . c) 
Yields based on consumed monosubstituted ferrocene. 
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TABLE 2. YIELDS OF THE ISOMERS OF ETHOXYOARBONYLATED FERROOENE DERIVATIVES^ 

Fc-Rb> 

R 

R = -C2H5 

R - - H 
Rr=-OGH3 

R = - C 6 H 5 

R = -C1 
R = -Br 
R = - I 
R = -COCH 
R = -CN 

[mmol) 

(2.3) 
(1.5) 
(1.3) 
(1.3) 
(1.3) 
(1.3) 
(1.3) 

i (0.5) 
(1.3) 

Irradiation 

Wavelength 
(nm) 

365 
365 
365 
365 
365 
365 
365 
365 
365 

conditions 

Time 
( h ) 

42 
50 
42 
42 
42 
42 
42 
42 
42 

1,2-

10.8 

Products and yields«) (%) 
Disubstituted ferrocene 

1,3-

35.9 
(Ethyl ferrocenecarboxylate, 
0.0 
2.1 
0.2 
4.0 
1.6 
0.0 
0.0 

8.6 
12.0 
0.9 
2.9 
1.4 
0.0 
0.0 

61.0) 

1,1'-

41.3 

— 
23.5 
20.9 
3.6 

11.0 
4.3 
0.0 
0.0 

Ethyl 
/»-ferrocenyl-

benzoate 

— 
— 
— 

7.7 

— 
— 
— 
— 
— 

a) Each reaction was carried out at room temperature under nitrogen atmosphere, b) Fc- denotes (G5H5)Fe-
(G5H4-). c) Yields were calculated based on consumed monosubstituted ferrocene. 

rocenecarboxylate, ethyl 3-ethylferrocenecarboxylate, 
and ethyl 1'-ethylferrocenecarboxylate were obtained. 
In phenylferrocene, ethoxycarbonylation occurred not 
only on the ferrocene ring but also on the />ara-position 
of the benzene ring. In spite of the high conversion 
of methoxyferrocene, the yield of ethoxycarbonylated 
product is low. Among the haloferrocenes, bromofer-
rocene was most effectively ethoxycarbonylated on the 
irradiation with 365 n m light, and 1,2- and 1,3-isomer 
were obtained in addition to l , l ' - isomer. Although 
the yields were lower, both 1,2- and 1,3-isomer were 
obtained in the case of iodoferrocene. T h e 2-position 
of chloroferrocene was less effectively ethoxycarbonylat­
ed than the same position of other haloferrocenes. No 
ethoxycarbonylation occurred in acetyl- and cyanofer-
rocene on the irradiation with 365 n m light, and only 
decomposition of the starting materials was observed. 
The results listed in Table 1 indicate tha t the reactivities 
of the monosubstituted ferrocenes toward photo-ethoxy­
carbonylation seem to be determined primarily by the 
electronic character of the substituent. Based on the 
proposed mechanism of photo-ethoxycarbonylation of 
ferrocene,lb) the effects of the substituent on the photo-
ethoxycarbonylation can be considered in the following 
two separate cases: 

(1) The effect of the substituent on the formation 
of the charge transfer complex of monosubstituted fer­
rocene with carbon tetrachloride. 

(2) The effect of the substituent on the reactivity 

(.) £ < CC^ 
hv 

Je • a"* -CCU 

CT-complex 

(2) 
<Ù> 

le • -CCU 

H,CCI3 HÇCI3 
-K R -

cage <e> <ô> <s>sa, 
EtOH lEtOH 

^ E t CC^Et 

<Q> €*> 

EtOH 

.a 

500 

100 

50 

. _ _ > r _ _ _ {b)//b/J\ 
// / Ac) 

s—v* / / / / 
/ \ / ' / / 

\ / / / / 
'// / 

,/''%7(a)/ / J 
V. J // v 

\j'-> 

500 340 300 460 420 380 

Wavelength (nm) 

Fig. 1. UV-Spectra of ethylferrocene(2x 10-3mol l-1), 
phenylferrocene(2 X 10~3 mol 1"1), and methoxyfer­
rocene (2x 10 -3 mol 1_1) in ethanol and in carbon 
tetrachloride-ethanol(l : 1, v/v) solutions, (a) Ethyl-
ferrocene in carbon tetrachloride-ethanol(l : 1, v/v) 
solution, (a') Ethylferrocene in ethanol. (b) phenyl­
ferrocene in carbon tetrachloride-ethanol(l : 1, v/v) 
solution, (b') Phenylferrocene in ethanol. (c) Meth­
oxyferrocene in carbon tetrachloride-ethanol ( 1 : 1, 
v/v) solution, (c') Methoxyferrocene in ethanol. 

of the çyclopentadienyl ring of ferrocene toward the 
attack of a trichloromethyl radical. 
T h e contribution of the charge transfer complex to this 
photo-substitution was examined by the analyses of U V -
spectra. T h e UV-spectra of monosubstituted ferro­
cenes in ethanol solutions and in carbon tetrachloride-
ethanol( l : 1, v/v) solutions are shown in Figs. 1, 2, and 
3. T h e UV-spectra of methoxy-, ethyl-, phenyl-, 
chloro-, bromo-, and iodoferrocene in carbon tetra­
chloride-ethanol solutions show an increment of absorp­
tion compared with those in ethanol solutions in 300— 
360 nm region, whereas only slight enhancements of 
absorption were observed in the cases of acetyl- and 
cyanoferrocene. T h e increment of absorption in this 
region can be ascribed to the formation of a charge 
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« 500h 

ë 

500 4G0 420 380 340 300 

Wavelength (nm) 

Fig. 2. UV-Spectra of iodoferrocene(2 X 10~3 mol l"1), 
and chloroferrocene(2 X 10-3 mol 1_1) in ethanol and 
in carbon tetrachloride-ethanol(l : 1, v/v) solutions. 
(d) Iodoferrocene in carbon tetrachloride-ethanol(l : 
1, v/v) solution, (d') Iodoferrocene in ethanol. (e) 
Chloroferrocene in carbon tetrachloride-ethanol(l : 1, 
v/v) solution, (e') Chloroferrocene in ethanol. 

500 

460 420 380 340 300 

Wavelength (nm) 

Fig. 3. UV-Spectra of acetylferrocene(2 X 10-3 mol l-1) 
and cyanoferrocene(2 X 10~3 mol l"1) in ethanol and 
in carbon tetrachloride-ethanol(l : 1, v/v) solutions. 
(f) Acetylferrocene in carbon tetrachloride-ethanol(l : 
1, v/v) solution, (F) Acetylferrocene in ethanol. (g) 
Gyanoferrocëne in carbon tetrachloride-ethanol ( 1 : 1 , 
v/v)solution. (g') Gyanoferrocëne in ethanol. 

transfer complex between monosubstituted ferrocene 
and carbon tetrachloride. T h e increment of absorp­
tion, Ae (expressed in terms of the increase in apparent 
molar extinction coefficient, therefore, Ae=e a p p - — e) at 
300 nm for monosubstituted ferrocenes, was used as a 
measure of the ability of charge transfer complex for­
mation of monosubstituted ferrocene. Ferrocenes with 
an electron releasing substituent, such as ethyl and 
methoxyl, gave higher Ae300 values, whereas those with 
an electron withdrawing substituent gave lower values 

700 
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400 

300 

200 

100 

Fc-Et 
• 

\ Fc-H 
Fc-OMe » 

Fc-Pl> 
• 

\ F c - B r 

F^lV^"C1 

• \ F c - A c 

_ • 1- i — 

Fc-CN 
• 

0 300 400 100 200 

AElU (mV) 
Fig. 4. Plot of the increment of UV-absorption at 300 

nm against the oxidation potential, A^i/4-

-o 

100 

80 

es o^ 

o v 

ft 
+-> 
V 

60 

40 

o 

? 20 

Fc-Et 

Fc-H 

Fc-Ph 
Fc-OMe 

Fc-Br 

Fc-I 
• / F c - C l 

Fc-CN,Fc-Ac# 

_ - / 
0 200 800 400 6u0 

AÊ300 

Fig. 5. Plot of the yield of ethoxycarbonylated ferrocene 
derivative against the increment of UV-absorption at 
300 nm. 

than ferrocene. These values and the oxidation poten­
tials A£'1/4(the difference of the chronopotentiometric 
quarter wave oxidation potentials of substituted fer­
rocene from that of ferrocene) 13> show a good correla­
tion (Fig. 4). T h e yields of ethoxycarbonylated pro­
ducts of monosubstituted ferrocenes can also be cor­
related to Ae300(Fig. 5). These results indicate that the 
excitation of the charge transfer complex of monosub­
stituted ferrocene and carbon tetrachloride contribute 
greatly to the photo-ethoxycarbonylation, as in the case 
of ferrocene. lb) 

Because of the electrophillic nature of the trichloro-
methyl radical, the site reactivities of monosubstituted 
ferrocenes for photo-ethoxycarbonylation can be com­
pared with those for Friedel Grafts' acetylation, which 
have been extensively investigated by many workers.14) 
T h e site reactivities of monosubstituted ferrocenes for 

file:///Fc-Br
file:///Fc-Ac
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TABLE 3. SITE REAOTIVITIES OF MONOSUBSTITUTED 

FERROOENES FOR PHOTO-ETHOXYOARBONYLATION 

AND FOR ACIETYLATIONA) 

Position 
Fc-Rb> 

R = -C2H5 

R = -OCH3 

R = -C6H5 

R = -C1 

R = -Br 

R = - I 

2 

0.65 
(1.4) 
0.00 

(3.7) 
0.25 

(0.7) 
0.02 

(0.0) 
0.90 

(0.0) 
0.92 

(0.0) 

3 

2.17 
(4.2) 
1.02 

(2.3) 
1.44 

(0.4) 
0.65 

(0.0) 
0.72 

(0.0) 
0.85 

(0.0) 

"\ 
r 
1.00 

(1.0) 
1.00 

(1.0) 
1.00 

(1.0) 
1.00 

(1.0) 
1.00 

(1.0) 
1.00 

(1.0) 

a) The values in parentheses are the site reactivities 
for Friedel Grafts' acetylation taken from references.14) 
The reactivity of unsubstituted ring (l'-position) is 
taken as 1.00. b) Fc- denotes (C5H5)Fe(C5H4-). 

photo-ethoxycarbonylation and those for acetylation are 
shown in Table 3. 

In the case of ethylferrocene, the reactivities of 2- and 
3-position for photo-ethoxycarbonylation are lower than 
those for acetylation, but the relative reactivities of 2-
position to 3-position are similar to that of acetylation. 
The lower reactivity of 2-position than those of 3- and 
l'-position indicates that the steric effect is also impor­
tant in the substitution. I n the case of methoxyfer-
rocene, an extremely low reactivity of 2-position can not 
be explained only by a steric effect, since this position is 
one and a half times more reactive than 3-position for 
the electrophillic substitution.14a) In the case of phenyl-
ferrocene, the reactivities of 2- and 3-position seem to 
be quite different from those for acetylation; although 
the higher reactivity of 3-position than 2-position for 
ethoxycarbonylation can be explained by a steric repul­
sion of a large phenyl group and a bulky trichloromethyl 
radical, the value 1.44 for 3-position is very high com­
pared to 0.4 for 3-position in acetylation. In the cases 
of haloferrocenes, this tendency is more obvious; al­
though the homoannular substitution is completely in­
hibited in acetylation even under drastic conditions,15) 
homoannular substitution occurred with nearly the same 
efficiency as heteroannular substitution in the photo-
ethoxycarbonylation. These results indicate that the 

electrophilicity of the trichloromethyl radical is not so 
high as to be affected by the electronic nature of the 
substituents. Therefore, the low yields of ethoxycar-
bonylated products for haloferrocenes may be due 
mainly to the efficiency of the formation of the charge 
transfer complex between monosubstituted ferrocene and 
carbon tetrachloride. 

T h e authors wish to express their thanks to Mr. 
Tatsuzo Ishigami of Aoyama Gakuin University for the 
measurement of mass spectra. The present work was 
partially supported by a Grant-in-Aid for Scientific 
Research from the Ministry of Education. 
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A variety of substituted JV-phenyl-iV-phenylthioaminyls (2), Ar-N-S-Ar', were generated by the photolysis 
of benzenesulfenanilides (1) in benzene in the presence of di-i-butyl peroxide or by the oxidation of 1 in benzene 
with lead dioxide. The ESR spectra of the radicals were completely analyzed by labeling some radicals with 
deuterium and with the aid of a computer simulation technique. The unpaired electron is distributed mainly 
on the nitrogen atom and the iV-phenyl ring. The values of aN were plotted against the a or a~ in the Hammett 
equation, and it was found that 2, in terms of Walter's criteria, belong to class S. 

A number of nitrogen-centered free radicals have 
been prepared, and extensive ESR spectroscopic studies 
have been undertaken.2) In the course of our studies 
of nitrogen-centered free radicals bearing sulfur atoms 
adjacent to the radical centers, iV-aryl-JV-phenylthio-
aminyls (2) have been found to be easily generated by 
hydrogen-abstraction from benzenesulfenanilides (1). 
T h e radicals possess a divalent sulfur a tom adjacent to 
the radical center and have never been reported to be 
detected unambiguously.3) A few radicals relating to 
2 have thus far been reported, but no systematic ESR 
spectroscopic investigation of the radicals has yet been 
undertaken.4 - 7) More recently, however, Ingold et al. 
have reported a detailed E S R spectroscopic investiga­
tion of radicals which are generated by radical additions 
to di-^-butyl sulfur diimide.8) 

O - N H - K : > - O- N -K:> 
X X 

1 2 

T h e present authors have now generated a variety of 
substituted iV-aryl-7V-phenylthioaminyls (2) and in­
vestigated them in detail by means of ESR spectroscopy. 

I n the present report, the results will be described and 
discussed. 

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

T h e generation of 2 was performed by two procedures : 
a) the photolysis of 1 in degassed benzene in the presence 
of di-i-butyl peroxide, and b) the oxidation of 1 in degas­
sed benzene with lead dioxide and potassium carbonate. 
I n the present studies, procedure a has been mainly 
employed, because that the procedure is more conven­
ient and, although a low-power mercury lamp (100 W) 
was used as the source, the procedure generated 2 at 
a sufficient concentration for us to record well-resolved 
ESR spectra (10~5 mol/1 except for 2a and 2c, the con­
centrations of which were lower). The radicals 2a and 
2c, after irradiation for 10 min, immediately decayed 
on the turning out of the lamp. O n the other hand, 
the radicals 2f and 2 m could be detected over a period 
of more than 1 h, and the radicals 2d and 2g over a 
period of at least 2 h. 

T h e radical 2a presented a very complex ESR spec­
t rum (Fig. 1). I n order to facilitate the analysis of 
the spectrum and to avoid erroneous assignments, the 

Fig. 1. Experimental ESR spectrum (low-field half) of iV-phenyl-JV-phenylthioaminyl (2a) in benzene 
(upper), and computer simulated, using Lorentzian line shapes and a line width of 0.20 G (lower). 
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radical was labeled with deuterium. The labeled radi­
cal, 2b, gave a simple 1 : 1 : 1 triplet spectrum, which 
was obviously split by the interaction with the nitrogen 
nucleus. O n the other hand, the spectrum of the other 
labeled radical, 2c, was split into a 1 : 1 : 1 triplet due 
to the nitrogen nucleus, and each component of the 
triplet was split into 1 : 2 : 1 triplets of a 1 : 3 : 3 : 1 
quartet due to the three equivalent ortho- and para-
protons and the two m^ta-protons respectively. O n 
the basis of these results, the spectrum of 2a was ana­
lyzed. 

Next, substituted iV-phenyl-i^-phenylthioaminyls were 
generated and the spectra were analyzed. T h e radi­
cals 2f—h each gave a relatively simple ESR spectrum 
(Fig. 2). O n the other hand, the spectra of the other 
radicals were very complex (Figs. 3 and 4). Thus, some 
radicals were also labeled with deuterium, and the com­
plex spectra were analyzed on the basis of the data from 
the labeled radicals. The ESR parameters for 2 are 
summarized in Table . 

In general, it is well known that nitrogen-centered 
free radicals tend to convert into the corresonding ni-

Fig. 2. Experimental ESR spectrum of iV-3,5-dichloro-
phenyl-iV-phenylthioaminyl (2g) in benzene. 

Fig. 3. Experimental ESR spectrum of iV-3-acetyl-
phenyl-JV-phenylthioaminyl (2k) in benzene (upper), 
and compuer simulated, using Lorentzian line shapes 
and a line width of 0.19 G (lower). 

Fig. 4. Experimental ESR spectrum of iV-4-nitrophenyl-
iV-phenylthioaminyl (2m) in benzene (upper), and 
computer simulated, using Lorentzian line shapes and 
a line width of 0.46 G (lower). 

Fig. 5. Experimental ESR spectrum of the nitroxide 
radical 3 generated by photolysis of diphenyl disulfide 
in benzene in the presence of nitrosobenzene. 

troxide radicals by reactions with oxidizing agents (e. g. 
atmospheric oxygen, etc.). I n order to exclude this pos­
sibility, the corresponding nitroxide radical, 3, was 
generated by the photolysis of diphenyl disulfide in 
benzene in the presence of nitrosobenzene (Fig. 5). T h e 
ESR parameters for 3 are 11.52 (%), 2.56 (a0.H and 
ap.K), and 0.86 G (aTO.H).9) From the results, it is clear 
that the radicals 2 are not nitroxide radicals. 

< 3 ~ S - S - ^ ~ ^ 4- 2<(~^-NO 

- ^ 2 < ( 3 - N - S - < ^ 

T h e radicals 2 can also be generated by the treatment 
of 1 with lead dioxide and potassium carbonate. For 
example, the sulfenamide I d in benzene, on contact 
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TABLE 1. T H E E S R PARAMETERS FOR iV-ARYL-iV-PNENYLTHIOAMINYLS (2 ) ! 

Radical 

2ab> 
2b 
2c 
2db> 
2eb> 
2f 
2g 
2h 
2ib> 
2j 
2kb) 
21b> 

2mb> 

2nb) 

A r i-N-S-Ar2 

Ar 
• ^ r i 

C 6 H 5 

C 6 D 5 

G 6 H 5 
4-CH3G6H4 

4-CH3OC6H4 

4-ClC6H4 

3,5-Cl2C6ri3 

4-BrC6H4 

4-CH3COC6H4 

4-CH3COC6H4 

3-CH3COC6H4 

4-N02C6H4 

4-N02C6H4 

3-N02C6H4 

Ar 

C6H5 

G6H5 

G«D5 

G6H5 

G6H5 

C6H5 

G6H5 

G6H5 

G6H5 

G6D5 

G6H5 

G6H5 

C6D5 

G6H5 

ON 

9.59 
9.56 
9.59 
9.55 
9.56 
9.48 
9.26 
9.43 
8.97 
8.97 
9.45 
8.77 
8.75 
9.25 

«O-H 

3.70 

3.78 
3.79 
3.87 
3.79 
3.68 
3.73 
3.46 
3.43 
3.59 
3.35 
3.37 
3.45 

Coupling 

iV-Phenyl 

«m-H 

1.26 

1.23 
1.17 
1.10 

— 

1.24 
1.24 
1.22 
1.23 
1.22 
1.25 

a p.H 

4.18 

3.78 
— 
— 
— 

3.68 
— 
— 
— 

3.92 
— 
— 

3.74 

constant (G) 

5-Phenyl 

«o-H 

0.78 

0.79 
0.78 

0.90 

0.90 

0.83 
0.95 

0.89 

ÛTO-H 

0.27 

0.27 

0.25 

0.26 

tfp-H 

0.84 

0.82 
0.83 

0.90 

0.94 

0.87 
0.95 

0.92 

Mother 

4.83(CH3) 
0.58(CH3O) 

0.89(NO2) 
0.88(NO2) 
0.26(NO2) 

g- Value 

2.0059 
2.0059 
2.0059 
2.0059 
2.0059 
2.0061 
2.0061 

2.0063 

2.0065 
2.0065 

a) In benzene at room 
simulation technique. 

temperature, b) The coupling constants were determined by means of the computer 

with the oxidizing agents under degassed conditions, 
instantly turned dark blue. The color remained for 
ca. 10 s, after which, it slowly turned brown. The blue 
color seems to be responsible for 2d,10) while the brown 
color is probably attr ibutable to decomposition products 
of 2d. Similar blue solutions were also obtained in the 
cases of l e , If, and l m . O n the other hand, in l j , a 
greenish blue solution, and in l g and l m , green solu­
tions were obtained. These colors immediately turned 
brown (except for l g , and in this case, the green color 
remained for ca. 20 min). From the brown solutions, 
however, only 2 was detected as a paramagnetic species 
by ESR spectroscopic measurements. 

From the values of the coupling constants shown in 
the table, it may be concluded that, in 2, the unpaired 
electron is distributed mainly on the nitrogen (2pz orbi­
tal) and the JV-phenyl ring. O n the other hand, it is 
of interest that couplings due to the .S-phenyl ring pro­
tons are observed, indicating that the unpaired elec­
tron is also delocalized onto the .S-phenyl ring across the 
divalent sulfur atom, though the degree of dereal iza t ion 

9.6 

9.4 

S 9-2 

* 9.0 

8.8 

8.6 

1 ~̂ H 

[• M-CHV---
4-CH30 

-

• • I . I 

- ~ 4 . C 1 3-CH3C0 

4 B r ^ - . . 3-N02 

3.5-CI2*****-

4-CH3CO 4-CH3CO 

4-NCb 4-NO2 

-0 .2 0 0.2 0.4 0.6 0.8 1.0 1.2 

is small. 
T h e values of % were plotted against the Hammet t 

o and a- parameters (Fig. 6).11) In terms of Walter's 
criteria,12) substituted aryl nitroxide radicals and nitro­
benzene anion radicals11) belong to class O, while N-
alkyl-i^-arylamino radicals have been reported to be­
long to class S.13) As may be found in the figure, the 
values of aN are correlated by neither a nor «r-,14»15) 
indicating that 2 belong to class S. In the present 
radicals, the values of ÖN seem to be decreased by two 
effects:16) the dereal iza t ion of spin onto the substi-
tuents and the polar effect to be described below (Form 
B), as has been pointed out by Danen at al. in the case 
of iV-alkoxy-iV-arylamino radicals.13) 

o-^K:>-c>-^-k:> 
X X 

Form A Form B 

Fig. 6. Plot of nitrogen coupling constants (ÖN) of N-
aryl-iV-phenylthioaminyL (2) vs. a (and a~). 

About the polar effect, as more powerful electron-
withdrawing substituents are introduced into the N-
phenyl ring, the polar form B becomes more important. 
Therefore, the effect results in a decrease in the spin 
density on the nitrogen atom, while, on the contrary, 
that on the sulfur atom is increased. The degree of the 
effect may reflect the magnitude of coupling due to the 
^-phenyl ring protons. As can be seen in the table, the 
introduction of electron-withdrawing groups brings 
about an increase in the magnitude of the proton coupl­
ing constants. Although the difference in the mag­
nitude of the coupling constants of the para protons in 
the iS-phenyl ring is small, we attempted to plot the 
values against a (and o~), the values being correlated 
by a (and a~). 

In the cases of non- and meta-substituted radicals 
(2a, 2g, 2k, and 2n) , only the polar effect is important 
because, as the spin density at the meta position is 
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considerably smaller than those at the orlho and para 
positions, the derea l iza t ion of the spin onto the sub-
stituents is negligibly small. About the four free radi­
cals, the values of % are well correlated by o, as may 
be found in the figure. In the cases of the other free 
radicals, on the other hand, the two effects are operative 
and the values of ÖN are significantly decreased. There­
fore, the values of aN are correlated by neither a nor o~. 

Experimental 

All the melting points are uncorrected. The IR spectra 
were run on a Jasco Model IR-G Spectrometer. The NMR 
spectra were recorded on a Hitachi-Perkin Elmer R-20 Spec­
trometer, using TMS as the internal standard. The elemen­
tal analyses were carried out with a Yanaco MT-2 CHN 
Corder. 

Meterials. The benzene used for the ESR measure­
ment was purified by the usual method.1) Commercially 
available di-f-butyl peroxide was used without further puri­
fication, while nitrosobenzene was recrystallized once from 
ethanol just before use. 

Benzenethiol-2,3,4,5,6-ds. Aniline-2,3,4,5,6-</5 (D-con-
tent; 99%, E. Merck, Darmstadt, Germany) was diazotized 
and treated with potassium xanthate.17) The resulting xan-
thate ester was hydrolyzed with potassium hydroxide in ethan­
ol, and then neutralized with sulfuric acid and water-distil­
led. The resulting oily product was extracted with ether and 
dried over anhydrous sodium sulfate. After filtration, ether 
was evaporated and the product was distilled (82—83 °G/55 
Torr) to give the desired benzenethiol in a 53% yield. The 
Z>-content was determined to be 98% from the proton ratio 
in the NMR spectrum. 

General Procedure for the Preparation of Benzenesulfenanilides (1). 
Benzenethiol was allowed to react with chlorine gas in dry 
chloroform at —5—0 °C. After the subsequent removal of 
chloroform, the resulting oily residue was distilled (56—57 
°C/3 Torr) to give pure benzenesulfenyl chloride.1) However, 
benzenesulfenyl chloride-</6 was used for the following step 
without distillation. 

Benzenesulfenyl chloride (0.025 mol) in dry ether (25 ml) 
was added, drop by drop, to aniline (0.055 mol) in dry ether 
(100—1000 ml) at - 2 0 30 °C under stirring. After the 
completion of the addition, the reaction mixture was stirred 
for an additional 30 min and the reaction temperature was 
raised to room temperature. After the formed aniline hydro­
chloride had been filtered off, ether was evaporated to give 
crude 1, which was treated with decoloring carbon and 
repeatedly recrystallized from the appropriate solvents. 

Benzenesulfenanilide (la) : 54—56 °C (petroleum ether, 
lit,18) 53—55 °C). 4'-Methylbenzenesulfenanilide ( Id) : 51— 
52 °G (petroleum ether, lit,19) 52 °C). 4'-Methoxybenzene-
sulfenanilide ( le) : 69—70 °C (hexane, lit,19) 67 °C). 4'-
Nitrobenzenesulfenanilide (11): 109—110°C (methanol-
water, lit,18) 108 °G). 

Benzenesulfenanilide-2',3',4',5',6'-dh (lb). Mp 59—60 
°C (petroleum ether). Yield 44%. IR (KBr) : 3320 cm-1 

(NH). NMR (CCLJ: Ô 4.78 (s, NH) and 7.06 (s, C6H5). 
Found: C, 69.83; H, 5.53; N, 6.75%. Calcd for C12H6D5-
NS: C, 69.85; H, 5.38; N, 6.79%. 

Benzenesulfen-2,3,4,5,6-d5-anilide (lc). Mp 57—58 °C 
(petroleum ether). Yield 69%. IR (KBr): 3350 cm"1 

(NH). NMR (CC14): Ô 5.10 (s, NH) and 6.70—7.25 (m, 
C6H5). Found: C, 69.57; H, 5.44; N, 6.69%. Calcd for 
C12H6D5NS: C, 69.85, H, 5.38; N, 6.79%. 

4'-Chlorobenzenesulfenanilide (If). Mp 82—83 °C (hex­
ane). Yield 75%. IR (KBr): 3340cm"1 (NH). NMR 
(CDClg): ô 5.12 (s, NH) and 6.81—7.40 (m, C6H5 and 
C6H4). Found: C, 61.33; H, 4.35; N, 5.73%. Calcd for 
C12H10C1NS: C, 61.14; H, 4.28; N, 5.94%. 

4'-Bromobenzenesulfenanilide (lh). Mp 94—95 °C (hex­
ane). Yield 68%. IR (KBr); 3340cm-1 (NH). NMR 
(CDClg): ô 5.10 (s, NH), and 6.74—7.43 (m, C6H5 and 
C6H4). Found: C, 51.45; H, 3.80; N, 4.93%. Calcd for 
C12H10BrNS: C, 51.43; H, 3.60; N, 5.00%. 

3',5'-Dichlorobenzenesulfenanilide (lq). Mp 95—96 °C 
(hexane). Yield 75%. IR (KBr): 3340 cm"1 (NH). 
NMR (CDCI3): ô 5.17 (NH), 6.82—6.93 (m, C6H3), and 
7.24 (s, C6H5). Found: C, 53.37; H, 3.26; N, 5.10%. 
Calcd for C12H9C12NS: C, 53.34; H, 3.36; N, 5.19%. 

4'-Acetylbenzenesulfenanilide (li). Mp 98—99 °C (me-
thanol-water and then benzene-hexane). Yield 52%. IR 
(KBr): 3230 and 3270cm"1 (NH). NMR (CDC13): à 
2.46 (s, CH3), 5.82 (s, NH), 7.16 (s, CßH5), and 7.02 and 7.83 
(d, 7 = 9 Hz, C6H4). Found: C, 69.08; H, 5.28; N, 5.77 
%. Calcd for C14H13NOS: C, 69.10; H, 5.38; N, 5.76%. 

4,-Acetylbenzenesulfen-2)3,4,5,6-d5-anilide (lj). Mp 103 
—104 °C (methanol-water and then benzene-hexane). Yield 
40%. IR (KBr): 3250cm"1 (NH). NMR (CDC1,): à 
2.49 (s, CH3), 5.80 (s, NH), and 7.02 and 7.83 (d, 7 = 9 Hz, 
C6H4). Found: C, 67.49; H, 5.13; N, 5.59%. Calcd for 
C14H8D5NOS: C, 67.70; H, 5.27; N, 5.64%. 

3'-Acetylbenzenesulfenanilide (lk). Mp 84—85 °C (me­
thanol-water and then benzene-hexane). Yield 6 1 % . IR 
(KBr): 3290 cm"1 (NH). NMR (CDC13) : «S2.50 (s, CHS), 
5.57 (s, NH), and 7.05—7.65 (m, C6H5 and C6H4). Found: 
C, 69.22; H, 5.27; N, 5.73%. Calcd for C14H13NOS: C, 
69.10; H, 5.38; N, 5.76%. 

4/-Nitrobenzenesulfen-2,3,4,5,6-d5-anilide (lm). Mp 105 
—106 °C (methanol-water). Yield 33%. IR (KBr) : 3300 
and 3330 cm-1 (NH). NMR (CDC13) : ô 5.86 (s, NH) 
and 7.08 and 8.12 (d, 7 = 9 Hz, C6H4). Found: C, 56.98; 
H, 3.92; N, 11.41%. Calcd for C12H5D5N202S: C, 57.35; 
H, 4.01; N, 11.15%. 

3'-Nitrobenzenesulfenanilide (In). Mp 110—111 °C me­
thanol-water). IR (KBr): 3300cm"1 (NH). NMR (CD­
Clg): ô 5.50 (s, NH) and 7.15—7.90 (m, C6H5 and C6H4). 
Found: C, 58.22; H, 4.13; N, 11.52%. Calcd for C12H10N2-
0 2 S : C, 58.51; H, 4.09; N, 11.38%. 

Generation ofN-Aryl-N-phenylthioaminyls (2). a) Benzene­
sulfenanilide (1, 5 mg), di-i-butyl peroxide (0.02 ml), and 
benzene (0.2 ml) were placed in an ESR tube. After the 
solution had been degassed by three freeze-and-thaw cycles, 
the tube was sealed off. An ESR spectrum of the solution 
was recorded while the solution was being UV-irradiated 
from a distance of 40 cm using a high-pressure mercury lamp 
(JES-UV-1, 100 W) at room temperature; b) in one arm of 
a two-armed glass tube which was attached to an ESR tube, 
1 (0.1 g) and benzene (2 ml) were placed, while lead dioxide 
(0.5 g) and potassium carbonate (0.5 g) were placed in the 
second arm. After the contents had been degassed as has 
been described above and the tube had been sealed off, the 
benzene solution of 1 was poured into the second arm contain­
ing the oxidizing agents and the resulting mixture was shaken 
well. A part of the supernatant of the mixture was poured 
into the ESR tube, and the tube was sealed off. 

Generation of the Nitroxide Radical 3. Nitrosobenzene (4 
mg), diphenyl disulfide (5 mg), and benzene (0.2 ml) were 
placed in an ESR tube and the solution was degassed as has 
been described above, the tube was then sealed off. An ESR 
spectrum of the solution was recorded under UV-irradiation 
as has been described above. 
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The ESR spectra were recorded on a JES-ME 3X Spec­
trometer equipped with 100 kHz field modulation. Com­
puter simulations of the ESR spectra were carried out using 
a FACOM 270-30 Computer with a FACOM 6201B Plotter; 
they were fitted by means of a trial-and-error method. 
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Amino acids and related oligomers were produced from formaldehyde and hydroxylamine in modified sea 
mediums at pH 5.5 and 105 °C. The modified sea mediums are characterized by a lower concentration of sodium 
chloride and a higher concentration of essential transition metal** ions (Zn2+, Mo6+ as Mo0 4

2 _ , Fe3+, Cu2+, Go2+, 
and Mn2+) than in sea water; generally small amounts of clays (kaolin and montmorillonite) were added. About 
40 species of amino acids were detected in the automatic amino acid analyzer, and 20 of them were tentatively assign­
ed. Glycine, alanine, and serine among the protein amino acids and ^-alanine were further confirmed by thin-
layer chromatography. Oligomers with molecular weights of about 200—1000 were produced which gave rise to an 
amino acid mixture by acid hydrolysis. From the ratio (maximum, about 5) of the content of the amino groups after 
to before hydrolysis and the molecular size, the oligomers were tentatively regarded as oligopeptides of an unknown 
nature, resistant to pronase digestion. The large-molecular fraction (M. W. about 700) had a phosphatase-like 
activity a.ble to hydrolyze />-nitrophenyl phosphate. 

Since the first experimental demonstration of the 
synthesis of amino acids under possible primeval con­
ditions published by Miller,1) a substantial number of 
investigations Jiave been carried out in this field of 
research, most of which have been collected in two 
volumes.2,3) For the further chemical evolution, that 
is, for the formation of primary organisms, the existence 
of an aqueous medium is absolutely required.4) The 
dissolved substances in earth's primeval hydrosphere are 
regarded as the initial materials for the development of 
life. 

Egami, one of the present authors,5) has reported that 
a good correlation was found between the biological 
behaviour of minor elements, such as molybdenum and 
iron, and their concentrations in the present sea water. 
A hypothesis has been presented that the composition 
of the present sea water reflects that of the primeval 
sea water at the time of early evolution. In accordance 
with the above hypothesis, iron, molybdenum, and zinc, 
which are the most abundan t transition elements in sea 
water, are found to be essential components of the 
enzymes in microorganisms, including Clostridium, which 
is regarded as the most primitive existing organism.6) 
These transition elements presumably complexed with 
compounds accumulated in the primeval sea in the 
course of chemical evolution, thus forming compounds 
which subsequently evolved to form protoenzymes with 
a low activity and a broad specificity. 

Taking into consideration the fact that essential tran­
sition metal ions had to contribute to chemical evolu­
tion in primeval sea water, and anticipating the con­
certed catalytic action of clays and metal ions, we have 
been investigating the formation of biomolecules in mod­
ified sea mediums, in which the concentration of 
sodium chloride is lower, and that of transition metal 
ions in higher, than in sea water. We suppose that 

* A part of this report was presented at the 67 th Annual 
Meeting of the American Society of Biological Chemists, 
San Francisco, June 7, 1976: Fed. Proc, Fed. Am. Soc. Exp. 
Biol, 35, 1458 (1976) 

** The term "transition element" is used here in its 
broader sense to include zinc and similar elements. 

the modified sea mediums are essentially similar to 
primeval sea conditions and are more effective for the 
formation of organic substances from simple materials. 

The present paper will deal with the formation of 
amino acids and related oligomers from formaldehyde 
(as the Cj compound) and hydroxylamine (as the Nx-
compound) in the modified sea mediums, with special 
reference to the effects on their formation of essential 
transition elements, i. e., iron, molybdenum, zinc, copper, 
cobalt and manganese, and of such clays as kaolin and 
montmorillonite. The starting materials, formaldehyde 
and hydroxylamine, were selected on the basis of the 
experiments of Orô et al.7) Preliminary experiments 
under similar conditions by Ventilla and Egami8) were 
reported elsewhere. 

Mater ia l s a n d M e t h o d s 

Materials. The formaldehyde was obtained from Wako 
Chemicals, and the hydroxylamine hydrochloride, from 
Nakarai Chemicals. They were of a reagent grade. All 
of the six transition elements, 0.1 M solutions in the chemical 
forms of Fe(N03)3, Na2Mo04 , ZnCl2, Cu(N03)2 , CoCl2, 
and MnCl2, were kind gifts of Miss Kayoko Nakamura 
(Laboratory of Social Life Science, in our Institute). The 
kaolin was purchased from Kukita Chemicals and the mont­
morillonite, from Hohjun Yoko Co. All the other compounds 
used as the components in the modified sea mediums were 
of a reagent grade. 

The Nuclepore (pore size of 0.4 (j., 47 mm disc) was obtained 
from the Nomura Micro Science Co. The Dowex 1 (2X, 
100—200 mesh, OH form) and Dowex 50 (8X, 100—200 mesh, 
H+ form)were purchased from the Muromachi Kagaku Co. 
The biogel P-2 (100—200 mesh) and P-10 (100—200 mesh) 
were obtained from Bio-Rad Chemicals. The fluorescamine 
(Fluram< Roche > ) and disodium /»-nitrophenyl phosphate 
were purchased from the Japan Roche Co. and Sigma Chemi­
cals respectively. Six M HCl for acid hydrolysis was purified 
by distillation at a constant boiling temperature. The 
dioxane was used after distillation over solid NaOH. The 
other chemicals were reagent-grade. 

Preparation of the Modified Sea Mediums for Large-scale Experi­
ments. The original solution (250 ml), with a concentra­
tion of 0.6 M of formaldehyde and 0.1 M of hydroxyl­
amine hydrochloride and of containing 0.02 M of magne-
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TABLE 1. COMPOSITIONS OF A MODIFIED SEA MEDIUM 

(500 ml) 

Compositions Concentration 

HCHO 
NH2OH 
HP0 4

2 - , S0 4
2 - , Mg2+, Ca2+ 

Na+ 
K+ 
ci-
N 0 3 -
Zn2+, Mo6+ as Mo0 4

2 - , Fe3+, 
Cu2+, Co2+, Mn2+ 

Kaolin, Montmorillonite 

0 . 3 M 
0.05 M 
0.01 M each 
0.015M 
0.045 M 
0.07 M 
0.0005 M 

0.0001 M each 
2% (wt/vol) each 

sium sulfate, 0.02 M of calcium chloride, 0.02 M potassium 
phosphate (dibasic), and 0.0002 M each of the six transition 
elements, was adjusted to pH 5.5 by titration with an alkaline 
solution containing 0.7 M KOH and 0.3 M NaOH. The 
volume of the solution was diluted to 500 ml, and then 10 g 
each of kaolin and montmorillonite were added to the solution. 
The original pH value, 5.5, of the solution was not changed 
by the addition of clays. The final composition of the react­
ion mixture, in a total volume of 500 ml, is listed in Table 1. 
This reaction mixture (namely the modified sea medium) 
was glass-sealed in vacuo under a nitrogen atmospher and 
kept at 105 °C±5 °C for 35 days in a Dry-Block DB-3H 
(M e S Instruments Co.). As the reaction proceeded, the 
reaction mixture turned yellow after about 2 weeks and 
reddish brown after about 3 weeks. 

Extraction Procedure of the Products from Modified Sea Mediums 
after the Reaction. After a 35-day reaction at 105 °C, 
the sealed ampoule was cut off in an ice bath. After centri-
fugation at 10000 rpm for 30 min, the sediment was at 
once washed by 100 ml of distilled water. The resulting 
supernatants (590 ml) were combined and filtered off on 
a 0.4 (x pore size Nuclepore membrane. The washed sediment 
was then resuspended in 400 ml of 2 M aqueous ammonia, 
and the suspension was vigorously shaken at 37 °C for 1 day. 
After the centrifugation of the suspension, the supernatant 
(390 ml) was filtered off. Further extraction from the 
resulting sediment with 200 ml of 2 M aqueous ammonia 
was repeated twice. After the final extraction at 37 °C for 
2 days, the resulting sediment was washed twice with 150 ml 
of distilled water. 

All of the extracts (total volume of 1670 ml) were lyophi-
lized by means of a Virtis-model 10—145 MR-BA freeze-
mobile. The lyophilized dark brown powder was redissolved 
in distilled water and filtered off on a Nuclepore membrane. 
The color of the resulting extract (19 ml) was a deep reddish 
brown. It was designated "Golden Primordial Broth" from 
the color tone and the richness of the products. 

Biogel P-2-column Chromatographic Separation of Products. 
Biogel P-2 column chromatography was used for the initial 
separation of oligomeric products with different molecular 
weights. An aliquot (15 ml) of concentrated "Golden Primor­
dial Broth" was placed in the column beds under an overlying 
buffer layer. Biogel P-2 (100—200 mesh) was equilibrated 
with 0.1 M ammonium hydrogencarbonate (approximate 
pH value of 9.0) and then packed in a large column (2.65 X 
130 cm =700 ml). The fraction (5.0 ml each) was eluted 
at 13 ml/h with a constant pressure head of 15 cm by means 
of 0.1 M ammonium hydrogencarbonate. 

For the purpose of the further characterization of each 
fraction, for example, the determination of the primary amino 

groups before and after acid hydrolysis, and the measurement 
of the alkaline phosphatase activity, each fraction was lyophi­
lized in order to remove the ammonium hydrogencarbonate 
and then, with distilled water, brought back to the original 
volume. 

The molecular weight of each fraction was calibrated on 
the basis of the interpolation of semi-logarithmic plots (elution 
volume versus molecular weight) obtained from separate 
experiments with the following standard compounds; horse 
heart cytochrome c, oxidized and reduced glutathione, 
adenosine triphosphate, and sodium chloride. 

Small-scale Experiments. In order to examine the 
reaction requirements of catalysts such as transition elements 
and clays, small-scale (total volume of 10 ml) experiments 
were carried out under essentially the same reaction conditions 
and using the same extraction procedures as those of the above 
large-scale experiments except for their experimental scale. 
After the reaction an aliquot of each extract was placed in 
a small Biogel P-2 column (1.25x49 cm=60 ml) equilibrated 
with 0.1 M ammonium hydrogencarbonate. Each fraction 
(5 ml) was lyophilized and then brought back to the original 
volume with distilled water. 

The same small-scale experiments used to discover the 
time course of the formation of amino acids and related 
oligomers were carried out in the same way. 

Determination of the Content of Primary Amino Groups. The 
fluorescamine reagent has been employed for the fluorometric 
determination of the content of primary amino groups. The 
advantages of the use of this reagent instead of ninhydrin 
are the high sensitivity of amino acid, the non-sensitivity of 
hydroxylamine, and the low sensitivity of ammonia. The 
manual determination procedure was undertaken according 
to Bohlen et a/.9) An aliquot of the sample (10—250 jxl, 
1—25 nmol of primary amino groups) was transferred into 
a 1-8 X 105 mm test tube, and then the volume was brought 
to 2.5 ml with a 0.05 M sodium phosphate buffer (pH 8.0). 
While the test tube was being vigorously shaken on a vortex-
type mixer [a Thermomixer (Termonics Co.)], 0.5 ml of a 
fluorescamine solution in dioxane (30 mg/100 ml) was rapidly 
added to the buffer solution by means of a Finnpipette (Kemis-
tien Oy). A reagent blank and a standard leucine solution 
in two different concentrations (5 and 10 nmol) were run 
routinely. The fluorescence was measured on a Shimadzu 
model RF-502 recording spectrofluorometer with the exci­
tation wavelength at 390 nm and the emission at 470 nm 
with a slit width of 5 yun in each. Measurement was made 
with a regular quartz cuvette (1 cm light path). 

As a more sensitive method, we also employed a one-fifth-
scal-down procedure. Its sensitivity range for leucine was 
0.1—10 nmol. The final volume was 0.6 ml. The quartz 
cuvette used had a 0.25 cm light path. 

Acid Hydrolysis. An aliquot of the sample was trans­
ferred to a 15x105 mm test tube (made of Pyrex glass) 
and lyophilized to a powder; the volume was then brought 
up to about 1 ml of 6M HCl. This solution was glass-sealed 
in vacuo and kept at 110 °C for 20 h in a hydrolysis furnace 
(Mitamura Riken Co.). After hydrolysis, the HCl was 
removed in vacuo at 40 °C. 

Amino Acid Analysis. Amino acid analyses were conduct­
ed using a JEOL model JLC-6AH automatic amino acid 
analyzer. Before the amino acid analysis, the sample was 
placed in a small Dowex 1 ( O H - form) anion-exchange 
column (1.2x5 cm=5.7 ml). The pass-through fraction 
(neutral) was discarded. After washing with distilled water, 
the amino acid fraction (acidic) was eluted with about 10 ml 
of 4 M acetic acid. The acetic acid solution was evaporated 
to dryness in vacuo at 40 °G. Then the sample was dissolved 



May, 1977] Organic Synthesis in Modified Prebiotic Sea 1149 

in a 0.2 M sodium citrate-citric acid buffer (pH 2.2) and 
eluted from a long column (0.8 X 50 cm) with a pH gradient 
of 3.30 to 4.25 by a step-by-step procedure. The sample 
solution was eluted from a short column (0.8 X 15 cm) with 
a pH of 5.29, JEOL custom spherical resin LGR-2 (strong-
acidic cation exchange resin) was used to pack the column. 

Manual Handling of Amino Acid Analyzer for the Preparation 
of Individual Amino Acids. The acid hydrolysates of an 
aliquot of the concentrated "Golden Primordial Broth" were 
subjected to Dowex 1 (OH~ form)-column treatment. The 
resulting acidic fraction was evaporated and dissolved with 
a 0.2 M sodium citrate-citric acid buffer (pH 2.2). An 
aliquot (0.8 ml; 12,9 (Amol of primary amino groups) was 
placed in a moderately long column (0.8 x 50 cm) of the amino 
acid analyzer. The elution was carried out by the step-by-
step pH gradients of 3.30 and 4.25 at a constant elution 
speed of 0.84 ml/min. At the end of the buffer (pH 4.25) 
elution, the residual amino acids retained on the resin were 
eluted off with 0.2 M NaOH. The fractionation (0.5 ml for 
each fraction volume) was done by means of a LKB model 
7000 Ultrolac fraction collector. An aliquot (10 jxl) of each 
fraction was estimated for the primary amino groups with 
fluorescamine. The fractions—peak No. 9 shown in Fig. 1 
(possibly containing serine), Peak No. 15 (possibly containing 
glycine), Peak No. 16 (possibly containing alanine), Peak 
No. 30 (possibly containing /^-alanine) and the 0.2 M NaOH 
eluate (the basic amino acid fractions)—were pooled. The 
pooled fractions except for the 0.2 M NaOH eluates were 
then adjusted to pH 1.0 with HCl and placed in a Dowex 50 
(H+ form) resin column (1.2 X 5 cm=5.7 ml). After the 
drying of the 2 M aqueous ammonia eluate, they were sub­
sequently placed in a Dowex 1 ( O H - form) resin column 
(1.2x2 cm=2.3 ml). The 4 M acetic acid eluate was 
evaporated to dryness and then dissolved with a small volume 
of distilled water. An aliquot of each desalted sample was 
placed on a thin-layer chromatogram coated with cellulose 
on a plastic roll (DC-Plastikrolle Cellulose; 20 cm height; 
Merick), The solvent system used was butyric acid : acetic 
acid : water ( 4 : 1 : 5 , by volume).10) After developing 
for 8 h, each spot was visualized by means of a spray of 0.2% 
ninhydrin butyric acid saturated in a water solution and 
heating at 95 °G for 10 min, 

Spectrophotometric Analysis of the Oligomers. The oligo­
mers used for analysis were concentrated pooled fractions 
(Fractions Number 51—58 in the Biogel P-2 column shown 
in Fig, 2) which contained 4.25 [xmol of primary amino 
groups per ml. The ultraviolet spectrum was measured in a 
diluted aqueous solution (17.9 nmol of primary amino groups 
per ml) of the oligomer, using a Hitachi model 323 spectro­

photometer. The infrared spectrum was recorded as potas­
sium bromide disc on a JASCO model IRA-1 spectrophoto­
meter. 

Attempted Pronase-catalyzed Hydrolysis of the Oligomers. 
In order to remove the small-molecular weight peptides 

contaminating the commercially available pronase preparation 
(Pronase E from the Kaken Kagaku Co.), a 30-mg portion 
of Pronase E was placed in a small column (1.25x47 cm 
= 58 ml) packed with Biogel P-10 equilibrated with a 0.02 M 
potassium phosphate buffer (pH 7.5). The main peak just 
behind the void peak of Biogel P-10 chromatography was 
collected and then used immediately for the following hydro­
lysis experiment. The oligomers used were the same prepara­
tion as the one above used for the spectrophotometric analysis. 
The reaction mixture for pronase-catalyzed hydrolysis, in a 
total volume of 0.5 ml, contained 0.904 x̂mol of the oligomers, 
as calculated from the content of the primary amino groups, 
0.63 mg of Biogel P-10-treated pronase, and 20 ^mol of a 
potassium phosphate buffer (pH 7.5). After incubation 
at 37 °C for 17h, the mixture was placed in a Biogel P-10 
column (1.25x47 cm=58 ml) equilibrated with a 0.02 M 
potassium phosphate buffer (pH 7.5). The fractions (1 ml 
each) were then collected by eluting at 2.5 ml/h with a pressure 
head of 15 cm. The effluents were monitored in terms of 
their absorbance at 280 nm, using a LKB Uvicord II absorp­
tion spectrophotometer, and by then measuring their content 
of primary amino groups by the use of fluorescamine. 

Measurement of Alkaline Phosphatase Activity. The reaction 
rate of alkaline phosphatase activity in the oligomer fractions 
formed was determined by measuring the />-nitrophenol 
released from /»-nitrophenyl phosphate according to the 
method of Oshima,u> with slight modifications. The assay 
mixture, in a total volume of 0.9 ml, contained 90 fxmol of 
the Tris-acetic acid buffer (pH 7.5), 9 jxmol of MgCl2, 0.9 fjimol 
of ZnCl2, 9 (Amol of disodium /»-nitrophenyl phosphate, 80 \x\ 
of the oligomer fraction, and 5 [xl of toluene. The reaction 
was carried out at 37 °C in a 13 X 100 mm test tube (Corning 
Co.) with a tight cap, and the reaction rate was directly 
measured at 400 nm, using a Zeiss PMQ, II spectrophoto­
meter, at suitable time intervals (1—5 days). 

Results and Discussion 

Extraction of "Golden Primordial Broth" after the Reaction 
in Modified Sea Mediums Containing Formaldehyde and Hy-
droxylamine. After 35 days at 105±5 °C, the 
following four-step extractions from a sealed ampoule 
containing 500 ml of modified sea mediums were done : 

TABLE 2. EXTRACTION OF THE PRODUQTS FROM A MODIFIED SEA MEDIUM (500 ml) 

Steps of extraction 

H 2 0 extract 
1st 2 M NH4OH extract 
2nd 2 M NH4OH extract 
3rd 2 M NH4OH extract 

Summation 

Concentrated "Golden Primordial Broth" 

Volume 

ml 
590 
390 
190 
500 

1670 

19 

Content of primary 

Before acid 
hydrolysis 

(A) 

154 
178 
33.3 
34.6 

400 

404 

(/.mol 

amino groups 

After acid 
hydrolysis 

(B) 

1214 
423 
100 
107 

1844 

1519 

Ratio of 
(B) 
to 

(A) 

7.88 
2.38 
3.00 
3.09 

4.61 

3.76 

The extraction procedures are described in the text. 
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extraction with distilled water, and 1st, 2nd, and 3rd 
extractions with 2 M aqueous ammonia. The extrac­
tion volumes and their contents of primary amino groups 
before and after the acid hydrolysis are listed in Table 
2. As is shown in Table 2, the compounds with a high 
ratio of the content of the primary amino groups after 
acid hydrolysis to that before the procedure were ex­
tracted with distilled water. T h e extraction percent 
reached 65 % of the total extraction. However, it ap­
peared that even the third extraction with 2 M aqueous 
ammonia did not accomplish the complete extraction 
of the products. Although tightly bound compounds 
seem to be present in the clays, most of the products 
with primary amino groups might be recovered in the 
concentrated "Golden Primordial Broth." In order to 
eliminate the clays finely pulverized in 2 M aqueous 
ammonia, the concentrated solution was filtered through 
a Nuclepore membrane (pore size 0.4 (x). As can be 
seen in Table 2, though, this operation did not reduce 
the recovery of pr imary amino groups. 

T h e yield of primary amino groups in the concen­
trated "Golden Primordial Broth" was calculated to be 
6.06% from the amount of hydroxylamine used as the 
starting N x compound. The fraction eluted from a 
Dowex 1 ( O H - form) anion-exchange resin column by 
4 M acetic acid contained 1311 yanol of primary 
amino groups (5.24% yield calculated from the hydroxyl­
amine). T h a t is, most (86.3%) of the compounds 
with primary amino groups in the hydrolyzate of the 
"Golden Primordial Broth" were acidic ones (probably 
with a carboxyl or sulfonate group). This amphoteric 
character strongly suggested that most of the hydroly-
zates were amino acids. 

Amino Acid Analysis of the Hydrolyzate Formed from "Gold­
en Primordial Broth". After the treatment of the 
Dowex 1 ( O H - form), an aliquot of the hydrolyzate 
formed from the "Golden Primordial Broth" was ex­
amined by means of the automatic amino acid analyzer 
using cation-exchange resin. The resulting chart is 
shown in Fig. 1. As is shown in Fig. 1, the peaks of 
the ninhydrin-positive materials consisted of 40 species. 
T h e retention times of natural protein amino acids are 

presented in the same chart (shown in Fig. 1 ). In the 
separate experiments, the retention times of 16 non­
protein amino acids (/^-alanine, ot-aminobutyric, a-
aminoisobutyric, ß-aminobutyric, ß-aminoisobutyric, y-
aminobutyric and a,y-diaminobutyric acids, homoserine, 
phosphoserine, taurine, norvaline, norleucine, alloiso-
leucine, sarcosine, citrulline, and ornithine) were also 
measured. T h e substances with the same retention 
times as these authentic amino acids are listed in Table 
3. The identities with respect to the retention times 
on the amino acid analyzer were further confirmed by 
a mixed experiment using the samples and authentic 
amino acids. The individual peak area calculated on 
the basis of the response factor to the peak area of a 
known amount of glycine gave the content of the pro­
ducts as is shown in Table 3. The recovery (46.9%) 
introduced by the summation of the peak area was rather 
wrong. This might be due to the difference in sensiti­
vity between the fluörescamine and ninhydrin detections. 
Another possibility was that the sample might contain 
high-basic compounds yet retained on the r.esin. To 
confirm the former possibility, the determination of the 
amino groups in the hydrolyzate by the ninhydrin 
method is required, but this is difficult because of the 
unavoidable contamination of the ammonia used in a 
large amount in the extraction procedure. However, 
the lesser sensitivity of ß-amino groups compared with 
that of a-amino groups . is N well-known. I t seems to 
explain the incomplete recovery in the amino acid analy­
zer with ninhydrin detection. 

In a separate experiment, several individual peaks 
were obtained by means of the manual handling of the 
amino acid analyzer. T h e total recovery was about 
7 0 % by the use of fluörescamine. Especially; the 
amount of Peak No. 30 was 5.22 m o l % , T h e . dif­
ference between the yields determined by ninhydrin (2.40 
mol%) and by fluörescamine seems to show, together 
with the fact of the same retention tim.e> that this peak 
(Peak No. 30) was /^-alanine. Furthermore, the frac­
tions corresponding to Peaks No. 9, 1-5, 16, and 30, 
shown in Fig. 1, were analyzed by thin-layer chromato­
graphy coated with cellulose powder. The R{ values, 

40 60 60 KW CO WO 160 

RETENTION TIME (min) on LONG COLUMN (cwxSOcm) 

40 60 80 

RETENTTON TWE (mh) on SHORT COLUMN (oa.Bcm) 

Fig. 1. Amino acid analysis of the acid hydrolyzate from the concentrated "Golden 
Primordial Broth." The experimental conditions were given in the text. 
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Peak No. 

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

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 

*R 

min 
27.6 
29.8 
34.1 
39.1 
49.9 
52.9 
55.0 
62.0 
66.0 
71.5 
75.0 
84.4 
87.8 
94.6 

100.9 
108.0 
110.2 
123.0 
133.6 
140.0 
153.4 
154.8 
157.0 
161.0 
168.2 
175.0 
182.5 
187.4 
200.0 
222.6 
225.2 

32.0 
34.8 
39.0 
41.0 
44.0 
47.3 
52.9 
62.6 
75.0 

Amounts of amino 

(jimol 

3.20 
6.08 
2.06 

13.55 
9.36 

15.44 
3.43 
6.24 

11.68 
18.37 
4.72 
2.50 
1.52 
1.82 

114.20 
25.95 
28.51 

2.32 
1.14 
0.95 
7.40 
8.55 
4.98 

42.59 
4.71 
1.71 
1.71 
1.46 
0.40 

31.46 
12.52 
33.85 
72.02 

3.53 
59.87 

1.37 
34.47 

12.08 
6.75 

acid residues 

mol % 
0.244 
0.466 
0.157 
1.03 
0.714 
1.18 
0.262 
0.476 
0.891 
1.40 
0.360 
0.191 
0.116 
0.139 
8.71 
1.98 
2.17 
0.177 
0.087 
0.072 
0.564 
0.652 
0.380 
3.25 
0.359 
0.130 
0.130 
0.112 
0.031 
2.40 
0.955 
2.58 
5.49 
0.269 
4.57 
0.104 
2.63 

0.921 
0.515 

Authentic amino acids 
with the same fE value 

Phosphoserine 

Taurine 

Asp 
Thr 
Ser 
Homoserine 
Glu 

Gly 
Ala 

a-Aminobutyric acid 

Val 

Met 
Norvaline 
He 
Leu 
Norleucine 

/?-Alanine 

Lys and y-Aminobutyric acid 

His 

Ammonia 

Arg 

The amounts of amino acid 
the basis of the response 
experiment under the same 

residues corresponding to the respective peaks shown in Fig. 1 were calculated on 
factor to the peak area of the known amount of glycine obtained from a separate 
operation conditions of the automatic amino acid analyzer. 

in the butyric acid : acetic acid : water ( 4 : 1 : 5, by 
volume) solvent system were 0.13, 0.15, 0.22, and 0.23 
respectively. These values agreed with those obtained 
with the authentic amino acids, serine, glycine, alanine, 
and /?-alanine respectively. T h e purple colorations 
after the spray of ninhydrin except in the case of ß-
alanine were practically the same (the coloration for 
/^-alanine was blue-violet). Since these compounds had 
the same retention times on the automatic amino acid 
analyzer as those of the respective authentic amino 
acids, these results indicate that the compounds eluted 
at the positions of Peaks No. 9, 15, 16, and 30, shown 

in Fig. 1, correspond to serine, glycine, alanine, and 
/^-alanine respectively. T h e other compounds eluted on 
the automatic amino acid analyzer could not be analyzed 
by means of the thin-layer chromatography because of 
their small amounts. 

Gel-filtration of Concentrated "Golden Primordial Broth" 
using Biogel P-2. Most ( 15 ml) of the concentrated 
"Golden Primordial Broth" was placed in a column 
packed with Biogel P-2 (fractionation range; M W 100 
—1800) equilibrated with 0.1 M ammonium hydrogen-
carbonate. T h e chromatographic patterns of the pro­
ducts containing, as expected, the high-molecular-weight 
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FRACTION NUMBER 

M i l l I l I l l 
> 1000 500 300200 100 

7 0 0 4 0 0 150 50 

MOLECULAR WEIGHT 

Fig. 2. Elution profiles of Biogel P-2 column chro­
matography of the concentrated "Golden Primordial 
Broth." The procedure of the column chromato­
graphy was given in the text. Closed and open circles 
represent the amount of primary amino groups deter­
mined by the usage of fluorescamine before and after 
acid hydrolysis, respectively. Reversed open triangles 
in the upper figure represent the ratio of the amount 
of primary amino groups after to before acid hydrolysis. 
The given scale of molecular weight was obtained from 
the separate experiment using the several authentic 
compounds listed in the text. 

compounds are shown in Fig. 2. After the lyophiliza-
tion of each fraction in order to remove the excess of 
ammonium hydrogencarbonate, the resulting powder 
was brought back to the original volume with distilled 
water. The amount of pr imary amino groups in each 
fraction before and after acid hydrolysis was measured 
by using fluorescamine^ with leucine as the standard. 
As can be seen in Fig. 2, a considerable amount of the 
compounds with pr imary amino groups was found in 
the high-molecular-weight fractions. I n addition, the 
ratio of the amount of pr imary amino groups after to 
before acid hydrolysis in the column effluents increased 
by about 5-fold, together with the molecular size. 
These results mean that the compounds present in the 
high-molecular-weight fractions possessed latent pr imary 
amino groups which appeared as pr imary amino groups 
upon 6 M HCl hydrolysis, and suggest tha t they were 
oligomers consisting of several amino acid residues. 

T h e sharp peak having a rather high ratio of the 
amount of pr imary amino groups after to before acid 
hydrolysis but eluted in the small-molecular-weight 

region (corresponding to ä molecular weight of about 
100) might contain a cyclic dipeptide of glycine, 2,5-
piperadinedione. 

Three column effluents — i. e., Fraction Number 55 
(at the position with 700 daltons as the average molec­
ular weight), Fraction Number 75 (at 300 daltons), and 
Fraction Number 95 (at 130 daltons) — were analyzed 
for amino acid composition using the automatic amino 
acid analyzer. The amount of 40 species of ninhydrin 
positive materials is shown in Table 4 in mol %. The 
difference between the composition in the high- and 
low-molecular-weight fractions was tended to be small 
under the present experimental conditions. 

Some Characteristics of the Oligomer Fractions Eluted from 
the Biogel P-2 Column. T h e collected fractions from 
Fraction Numbers 51 to 58 (oligomer fractions) were 
subjected to the following spectrophotometric measure­
ments. Figure 3 shows the ultraviolet and infrared 
absorption spectra of the oligomer fraction. A shoulder 
peak in the neighborhood at 280 nm was observed in 
the ultraviolet spectrum. A rather broad, low-resolu­
tion band in the region at 1500—1600 c m - 1 was also 
detected in the infrared spectrum. These results were 
not in contradiction with the existence of oligopeptides 
in the oligomer fraction. However, this fraction cer­
tainly contains various compounds other than oligo­
peptides. In fact, a considerble amount of sugar de­
rivatives was detected in a separate experiment. Thus, 
the above findings can not be regarded as evidence for 
the presence of oligopeptides or peptide bonds. 

In a separate experiment, an enzymatic degradation 
of the oligomers was at tempted using pronase, a bac-
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Fig. 3. Ultraviolet (a) and infrared (b) spectra of the 
oligomers. Experimental conditions were given in 
the text. 
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TABLE 4. AMINO AQID ANALYSIS OF THE HYDROLYSATE OF BIOOEL P-2-OOLÜMN EFFLUENTS 

Peak 
No. 

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

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 

*R 

min 
27.6 
29.8 
34.1 
39.1 
49.9 
52.9 
55.0 
62.0 
66.0 
71.5 
75.0 
84.4 
87.8 
94.6 

100.9 
108.0 
110.2 
123.0 
133.6 
140.0 
153.4 
154.8 
157.0 
161.0 
168.2 
175. Q 
182.5 
187.4 
200.0 
222.6 
225.2 
32.0 
34.8 
39.0 
41.0 
44.0 
47.3 
52.9 
62.6 
75.0 

Amounts of amino acid residues 
in these fractions 

No. 55 

0.090 
0.489 
0.206 
1.23 
0.504 
0.0326 
0.662 
0.348 
0.557 
0.472 
0.574 
0.0869 
0.0326 
0.104 
9.81 
1.33 
0.424 
0.335 
0.209 
0.313 
0.804 
0.804 
1.09 
1.46 
0.417 
0.209 
0.109 
0.304 
0.0326 
1.44 
0.526 
0.522 
4.90 
0.261 
4.07 
3.00 
2.29 

1.28 
0.176 

No. 75 

mol % 
0.0832 
0.670 
0.254 
1.66 
0.832 
0.208 
1.04 
0.208 
1.02 
0.924 
0.333 
0.259 
0.0555 
0.222 
8.65 
1.47 
0.970 
0.162 
0.0693 
0.0104 
0.243 
1.22 
0.635 
2.51 
0.403 
0.0924 
0.0693 
0.243 
0.0139 
4.46 
0.776 
1.39 
9.98 
3.70 
3.70 
0.693 
6.70 

0.834 
0.231 

No. 95 

0.141 
0.441 
0.220 
0.679 
1.21 
1.55 
0.397 
0.727 
1.27 
2.22 
0.304 
0.0529 
0.264 
0.0353 

13.74 
3.31 
2.01 
0.370 
0.0441 
0.0441 
0.645 
0.705 
0.487 
2.38 
0.317 
0.0661 
0.0661 
0.0551 
0.0220 
1.78 
0.446 
4.17 
7.29 
3.53 
6.08 
4.26 
1.98 

1.96 
0.848 

Authentic amino acids 
with the same tR value 

Phosphoserine 

Taurine 

Asp 
Thr 
Ser 
Homoserine 
Glu 

Gly 
Ala 

a-Aminobutyric acid 

Val 

Met 
NorValine 
He 
Leu 
Norleucine 

/^-Alanine 

Lys and y-Aminobutyric acid 

His 

Ammonia 

Arg 

terial non-specific protease. Gontray to expectations, 
no amino acids and no newly-formed pr imary amino 
groups were detected — only the autolysis of pronase 
itself. A similar observation was reported by Ferris 
et al.,12) who used the oligomers derived from H O N . 
They reported that no amino acids were released from 
the oligomers by pronase. Based on their results, they 
concluded that the oligomers did not contain peptide 
bonds. 

In our case, however, taking into consideration the 
abundant formation of amino acids in the monomer 
fractions and the reasonable ratio of the pr imary amino 
group content after acid hydrolysis to before the pro­

cedure for the molecular size, the apparent non-suscepti­
bility to pronase may be attr ibuted, not to the absence 
of peptide bonds, but to the complex nature of the 
products with the predominant amount of unnatural 
peptide bonds due to D-amino acids, other nonprotein 
amino acids such as ß-alanine, and those due to diamino 
or dicarboxylic amino acids. 

Phosphate Ester Hydrolysis by the Oligomer Fractions For­
med from Formaldehyde and Hydroxy lamine. T h e oli­
gomers formed in the modified sea mediums containing 
several transition elements were tested for the hydrolysis 
of the phosphate ester bond of ^-nitrophenyl phosphate, 
as is shown in Fig. 4. Four column effluents, i. e.} 
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Fig. 4. Phosphate ester hydrolysis by the oligomer 
fractions. Closed bar represent the specific activity 
of alkaline phosphatase in the fractions obtained from 
the Biogel P-2 column chromatography shown in Fig. 
2. Dotted and broken lines were the trace lines of the 
amount of primary amino groups before and after acid 
hydrolysis, respectively, obtained from the experiment 
shown in Fig. 2. 

Fraction Numbers 55, 75, 95, and 111, were tested; only 
the high-molecular-weight fractions were found to show 
any hydrolytic activity for />-nitrophenyl phosphate. 
This catalytic activity was presented as [imol of p-
nitrophenol formed per day per 10 fxmol of pr imary 
amino groups in its hydrolyzate. This representation 
was regarded as u.mol/day/mg oligopeptide, by assum­
ing that each amino acid residue has 100 dal tons as its 
molecular weight. Öshirha11) reported that proteinoid 
(molecular weight, 2500—4000), termally prepared 
polyamino acids containing 18 common amino acids, 

promotes the hydrolysis of the ester bond of jb-nitrophenyl 
phosphate; its specific activity, 3 umol/day/mg pro­
teinoid at 30 °C. As can be seen in Fig. 4, the oligomers 
in Fraction Number 55 (average molecular weight, 700) 
had 0.409 ^mol/day/mg oligopeptide at 37 °G. Its 
specific activity seems reasonable considering the dif­
ferent molecular weight. T h e possibility that the activ­
ity found was due to contamination by microorganisms 
or by phosphatases from them can be rejected on the 
basis of the following observations : toluene was added 
to hinder the growth of microorganisms ; the time course 
of the reaction was linear, unlike the logarithmic growth 
curve occurring in the case of bacterial growth; only 
the high-molecular-weight fractions showed catalytic 
activities. Of course, another possibility — that this 
catalytic hydrolysis of jö-nitrophenyl phosphate might 
be due to a high-molecular-weight metal complex of 
different constituents — cannot be excluded. At any 
rate, it is remarkable that a phosphatase-like activity 
appeared. 

Dependency of the Production of Amino Acids and the 
Related Oligomers from Formaldehyde and Hydroxylamine on 
Transition Elements and Clays. T h e requirements for 
the production of amino acids and related oligomers 
from formaldehyde and hydroxylamine were investi­
gated in small-scale (10 ml) experiments, as is shown 
in Table 5. The production of primary amino groups 
after acid hydrolysis in the complete system (Exp. a) 
was calculated as a 5.52% yield from hydroxylamine; 
this value is almost the same as that in the former large-
scale experiment. However, the production of primary 
amino groups in the hydrolyzates in the minus experi­
ments, such as minus transition elements (Exp. b) and 
minus clays (Exp. c), was considerably decreased, by 
8 1 . 5 % and 75.7% respectively. The composition of 
the amino acid residues was examined by using the 
automatic amino acid analyzer in separate experiments. 
T h e composition was almost the same as that in the 
former large-scale experiments. T h e no-reaction con­
trol (stocked at —20 °C instead of reacted at 105 °C) 
experiment (Exp. d) gave a small amount of the primary 
amino groups (0.67% yield). I t was found to consist 
practically exclusively of glycine (41.3 mol %) by a 
separate experiment using the automatic amino acid 

TABLE 5. REQUIREMENTS OF THE PRODUCTION OF AMINO AOIDS AND THE RELATED OLIGOMERS 

FROM FORMALDEHYDE AND HYDROXYLAMINE IN MODIFIED SEA MEDIUMS 

Amounts of primary amino groups 

Experiments Before acid 
hydrolysis 

(A) 

After acid 
hydrolysis 

(B) 

Ratio of 
(B) 
to 

(A) 

a. Complete 
b. Minus transition elements (Mo6+, Zn2+, Cu2+, Fe3+, Co2+, Mn2+) 
c. Minus clays (kaolin, montmorillonite) 
d. No-reaction control 

^mol 
9.51 
7.18 
7.69 
1.95 

27.6 
22.5 
20.9 
3.34 

2.90 
3.13 
2.71 
1.71 

The reaction in the complete system (Exp. a) with the reaction mixture listed in Table 1 was carried out in a 
glass-sealed ampoule at 105±5 °C for 35 days on a small scale (10 ml of total volume). The reaction in the 
minus system (Exp. b and c) was carried out in the same way except for the omission of transition elements 
and clays respectively. The no-reaction control (Exp. d) with the same reaction mixture as the complete system 
was stocked in a glass-sealed ampoul at —20 °C for .35 days. The extraction procedures and the determination 
of primary amino groups are described in the text. 
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analyzer. This result shows that most of the compounds 
with primary amino groups formed in the no-reaction, 
control were not due to the contamination of the im­
purities in the starting materials such as clays or to, the 
contamination during the experimental handling, and 
that the formation of glycine in modified sea mediums 
was so easy that such a detectable amount of glycine 
could be formed during storage at —20 °C and opera­
tion at room temperature. I t should be pointed out 
that clays were not absolutely required for either the 
formation of amino acids or that of oligomers, as had 
been observed in preliminary experiments by Ventilla 
and Egami.8) It remains unsolved, however, whether 
the formation of amino acids and oligomers in the case 
of minus transition elements was realized by the clays 
themselves or by transition elements contained in the 
clays. 

An aliquot of each product formed from Exps. a, b , c, 
and d was placed in a small column packed with Biogel 
P-2 and equilibrated with 0.1 M ammonium hydrogen-
carbonate. The elution profile obtained by measuring 
the amount of primary amino groups before and after. 

MOLECULAR WEI6HT 

5 6 7 8 9 10 II 12 
FRACTION NUMBER 

Fig. 5. Elution profiles of small-scale Biogel P-2 column 
chromatographies of the products obtained from the 
requirement experiments. Four column profiles^ a, b, 
c, and d, represent that obtained from the Exp. a, b, c, 
and àf respectively, shown in Table 5. Open and 
shadowed bars represent the amount of primary amino 
groups before and after acid hydrolysis, respectively. 
Closed circles represent the ratio of the amount qf 
primary amino groups after to before acid hydrolysis. 

acid hydrolysis is* shown in Fig. 5. All thesb elution 
patterns except for that of Exp." d (no-reaction control) 
were observed to be almost the same. However, the 
formation of pr imary amino groups in the high-molec­
ular-weight fraction in Exp. b (minus transition ele­
ments) was considerably decreased compared with that 
in Exp. a (complete). T h e relatively low production 
suggests that these transition elements were required for 
the formation of oligomers in the modified sea mediums. 
In fact, a separate experiment using a higher concentra­
tion (0.001 M) of molybdenum was found to give about 
twice as much of the pr imary amino groups. 

Effect of the Reaction Time on the Formation _ of Amino 
Acids and the Related Oligomers from Formaldehyde and Hy~ 
droxylamine in Modified Sea Mediums. The time-de­
pendent formation of pr imary amino groups before and 
after acid hydrolysis was measured as is shown in Fig. 
6. The formation of pr imary amino groups before acid 
hydrolysis was observed to reach its maximum in about 
30 days. However, the formation of pr imary amino 
groups after acid hydrolysis seemed to progress over a 
reaction time of about 40 days. As a consequence, the; 
ratio of the content of primary amino groups after to 
before acid hydrolysis was found to increase linearly for 
30 days. This means that the formation of oligomers, 
required rather a long reaction time a t 105 °C. T h e 
products obtained in different reaction times were mea­
sured for their amino acid composition using the auto­
matic amino acid analyzer in separate experiments. 
No amino acids required a specially long reaction time 
for the formation, but the formation of alanine, ß-a\-
anine, and especially glycine was found to reach the 
maximum at rather an early stage. 

10 20 30 40 " 130 

REACTION TIME (days) 

140 

Fig. 6. Time course ôf the formation of amino acids 
and related oligomers from formaldehyde and hydro­
xy lamine. Closed and open circles represent the 
amount of primary amino groups before and after acid 
hydrolysis, respectively. -Reversed open triangles re­
present the ratio of the, amount of primary amino groups 
after to before acid hydrolysis. 
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General Discussion. Amino acids were the first 
organic compounds of biological interest produced under 
simulated primitive earth conditions.1) Reactions in 
one-step processes from simple compounds of carbon 
with simple nitrogen compounds have been accom­
plished by several investigators using highly activating 
forms of energy, such as electric discharges, ultraviolet 
light, and ionizing radiation [shown in the literature 
listed in the monograph1 3)] . A common feature of all 
these experiments is the employment of highly activat­
ing forms of energy. In these experiments, part of the 
energy was found to be used to oxidize methane to form­
aldehyde, and in the reduction of nitrate. Thus , 
certain C1 and Nt compounds, such as formaldehyde 
and hydroxylamine respectively, of intermediate de­
grees of oxidation could be expected to produce amino 
acids even in the absence of electric discharges, ultra­
violet, and ionization radiation. Based on the above 
consideration, Oro et al.7) first reported tha t it is possible 
to synthesize appreciable amounts of glycine and certain 
amino acids by heating aqueous solutions of paraform­
aldehyde and hydroxylamine hydrochloride at a 
moderate temperature [Compare 14]. 

Egami's hypothesis that the composition of the pre­
sent sea water reflects that of the primeval sea water 
at the time of early evolution suggests the possibility 
that the abundan t transition elements in sea media, such 
as iron, molybdenum, and zinc, might play an impor­
tant role in the prebiotic amino acid synthesis.5) I n 
addition, these transition elements would be expected 
to evolve to form protoenzymes.6) In fact, as is reported 
in the present paper, the possible direct formation of 
amino acids and the related oligomers from formalde­
hyde and hydroxylamine, with six species of essential 
transition elements and clays, was realized in modified 
sea mediums. I t was of especial interest to ascertain 
the phosphatase activity in the oligomeric products. 
T h e hydrolytic activity of the oligomers (with 700 dal-
tons as the average molecular weight) was found to be 
0.409 (xmol/day/mg oligopeptide by regarding the oli­
gomers as oligopeptides. This protoenzyme-like acti­
vity is in good correlation with the consideration by 
Egami6) that the zinc complex in the early stage of 
evolution may be regarded as a precursor of hydrolytic 
and transferring enzymes, including enzymes participat­
ing in the metabolism of macromolecules and informa­
tion transfer. 

However, attempts to find positive evidence for the 
existence of peptide bonds in the oligomers formed from 
formaldehyde and hydroxylamine were unsuccessful. 
I t must be considerably difficult to find the peptide 
linkage in the crude oligomers mixture, for the oligomers 
would consist of various compounds of different natures, 
but all highly microheterogeneous. W e hope that it 
will be elucidated by future experiments. 

In the former paper of O r e et al.,7) they reported that 
the formation of amino acids from paraformaldehyde 
and hydroxylamine occurred under acidic as well as 
basic conditions, but no measurable formation of amino 
acids took place between p H 3 and 6, 

Contrary to their finding, in our experiments with 
modified sea mediums amino acid formation took place 

at p H 5.5. W e chose the p H expecting the aceumula-
cion of oligopeptides. As can be seen in Fig. 6, although 
a rather long time (approximately 40 days) was required 
for the maximum yield of primary amino groups in the 
acid hydrolysate, oligomers accumulated as expected. 
T h e total yield of pr imary amino groups was comparable 
with that reported by Oro et al.7) 

In course of the reaction the reaction mixture gra­
dually colored and finally gave rise to the "Golden 
Primordial Broth ." T h e nature of the colored sub­
stance has not been studied, but in view of the nature 
of the starting materials and intermediates, it might be 
regarded as a melanoidin-like polymer, the important 
role of which in chemical evolution has recently been 
suggested by Nissenbaum et at.15) 

I t is generally accepted that the origin of life took 
place in the primeval sea of the earth and that most of 
the organic substances of general biological interest ac­
cumulated in the primeval sea. O u r research may be 
regarded as an at tempt to search for the synthesis of 
organic compounds in modified or improved primeval 
sea mediums. We hope that it will not only contribute 
to the elucidation of chemical evolution, but will also 
open a new way to organic synthesis in general. 

T h e authors are indebted to the following persons (all 
in the Mitsubishi-Kasei Institute of Life Sciences) for 
their helpful discussions; Drs. Tairo Oshima, Tsuneko 
Uchida, M a r t h a Ventilla, Hiroshi Yanagawa, and 
Nobuyuki Wakayama, The authors also wish to ex­
press their grat i tude to Miss Yoko Ogawa for her 
technical assistance and to Mrs. Michiko Tanaka for 
her amino acid analysis. 
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Ferrocene-phenol resin was synthesized from l-ferrocenylethanol, phenol, and formaldehyde in the presence 
of an ammonia catalyst. The resin structure was elucidated by chemical and infrared analyses and then confirmed 
by micro Vickers hardness measurements. To liberate iron atoms from ferrocene skeletons, the resin was pyrolyzed 
in vacuo at 400 °G. The properties of the iron dispersed in a glasslike carbon matrix were investigated by magnetic 
susceptibility measurements, ESR, and Mössbauer spectroscopy. The iron atoms coagulated into ferromagnetic iron 
particles in the glasslike carbon matrix. This coagulation is discussed in connection with the resin structure. 

In recent years considerable efforts have been made 
to prepare ultra-fine particles of metals and metal 
compounds. These ultra-fine particles have proven to 
be a powerful tool in the clarification of physical 
properties. Furthermore, various kinds of ultra-fine 
particles, from atoms to submicroscopic particles, 
provide important information about the mechanism 
of crystal growth. Several workers have reported 
methods for preparing the ultra-fine particles.1-4) In 
previous papers5«6) we reported an approach to the 
size control of ultra-fine iron particles dispersed in a 
glasslike carbon matrix prepared from acetylferrocene-
furfural resins by heat treatment. However, it still 
remains obscure whether the formation of ultra-fine 
particles depends on the molecular structure of acetyl-
ferrocene-furfural resin or the dispersion of glasslike 
carbon. 

This investigation has been undertaken to determine 
the relationship between the preparat ion of ultra-fine 
iron particles and the molecular structure of a resin. 
The acetylferrocene-furfural resin is synthesized from 
furfural and acetylferrocene. T h e ferrocene skeleton 
forms the main chain of this resin and is fixed in the 
resin structure.7) O n the other hand, the ferrocene 
skeleton of the side chain is not fixed in the resin 
structure. Such a resin (ferrocene-phenol resin) was 
synthesized from l-ferrocenylethanol, phenol, and form­
aldehyde in the presence of an ammonia catalyst. 
The structure of ferrocene-phenol resin was elucidat­
ed by chemical analyses, infrared spectroscopic analyses, 
and micro Vickers hardness measurements. T h e fer­
rocene-phenol resin was pyrolyzed up to 400 °G in 
vacuo to liberate iron. The properties of iron particles 
dispersed in the glasslike carbon matrix were investi­
gated by magnetic susceptibility measurements, ESR, 
and Mössbauer spectroscopy. 

Exper imenta l 

Materials. Ferrocene was synthesized according to 
the method proposed by Hâta et «/.*> Acetylferrocene9) 
derived from ferrocene and acetic anhydride was reduced to 
l-ferrocenylethanol using LiAlH4.

10) The product was puri­
fied by recrystallization from hexane and sublimation in vacuo: 
mp 72—74 °C (Ref. 11, 73—75 °G). The other chemicals 
used were reagent grade. 

Preparation of Resins. Ferrocene-phenol resin was 
synthesized in the presence of an alkali catalyst according 
to the method for the preparation of resole-type phenolic 

resin.11) 30% aqueous ammonia was used as the alkali catalyst 
to avoid contamination with metal elements in the resin. 
1-Ferrocenylethanol (0—1.0 mol), 1 mol of phenol, and 
1.5 mol of formaldehyde (37% solution) were mixed in a 
three-necked separable flask. To this mixture was added 
aqueous ammonia amounting to 0.7 mol% of l-ferrocenyl­
ethanol, phenol, and formaldehyde. The reaction mixture 
was vigorously stirred at 70 °G for 3 h, cooled to room tem­
perature, and then neutralized with dilute hydrochloric acid. 
The water in the reaction product was removed to form 
oligomers under reduced pressure at 70 °G. Further, the 
oligomer was dried in vacuo at 70 °C for 24 h in order to remove 
the volatile materials. The yield of the oligomer was 70—80% 
The oligomer containing ferrocene was mixed with lOwt % 
of hexamethylenetetramine and then heated in argon at 
150 °G for 24 h. The yield of the ferrocene-phenol resin was 
85—93%. 

Pyrolysis. The ferrocene-phenol resin was pyrolyzed 
up to 400 °G in vacuo: 20—350 °G, 3h; 350—400 °C, 2-5 h. 
The heat-treated samples in the vacuum container were placed 
in a glovebox filled with argon gas. The following operations 
were carried out in the glovebox. The heat-treated resins 
were ground to a powder using an agate mortar and a pestle. 
The powdered sample for magnetic susceptibility measure­
ments was put in the glass tube filled with anhydrous hexane, 
and then sealed with a rubber cap. For ESR spectral mea­
surements, the powdered samples were put into a silica tube 
(50 X 200 mm) and sealed with an epoxy resin. The pow­
dered sample mixed with silicone grease was used for Möss­
bauer spectral measurements. 

Elemental Analysis and Measurement of Properties. Iron 
determination was carried out with a Hitachi-207 atomic 
absorption spectrophotometer. IR spectra were measured 
with a Jasco IR-S grating spectrometer using potassium 
bromide disks. Micro Vickers hardness was measured with 
an Akashi model MVK type D instrument with a load of 200 
g. The magnetic susceptibility was recorded on a Shimadzu 
MB-10A magnetic balance at temperatures of 77 to 293 K. 
Number-average molecular weights were determined by a 
Hitachi model-117 vapor pressure osmometer using dimethyl 
sulfoxide as a solvent. ESR spectra were taken on a Hitachi 
model 771-0061 spectrometer at 77 K. Mössbauer spectra 
were measured with an automechanical acceleration spectro­
meter at 4.2 K using a 67Co-in-Cu source. All of the isomer 
shifts were obtained with respect to the centroid of iron 
metal at 293 K. 

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

Polycondensation Reaction and Resin Structure. 
1-Ferrocenylalkanols are polycondensed in the pre-
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Resin 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

*. , „ . -

Starting material 

1-Ferrocenyléthanol 
(mol). 

0.010 
0.017 
0.025 
0.050 
0.10 
0.20 
0.40 
0.60 
0.80 
1.00 
0 

kW 

(wt%) 

0.40 
0.67 
0.97 
1.86 
3.46 
6.05 
9.24 

12.1 
13.9 
15.2 
0 

G 

76.5 
76.3 
75.8 
76.0 
74.9 
73.3 
72.6 

"71.0 
70.8 
70.6 
76.0 

Elemental 

H 

5.77 
5.82 
5.84 
5.88 
5.61 
5.91 
5.83 
5.87 
5.99 
5.96 
5.67 

analysis 
(wt%)_ 

Fe 

0.65 
1.14 
1.56 
3.33 
6.23 
9.53 

13.5 
14.8 
15.2 
15.3 
0 

of resins 

N 

0.59 
0.74 
0.76 
0.87 
0.84 
1.89 
1.74 
1.75 
1.80 
1.78 
0.19 

Ob> 

16.49 
16.00 
16.04 
13,92 
12.42 
9.37 
6.33 
6.58 
6.21 
6.36 

18.14 

a) Phenol: 1 mol; formaldehyde: 1.5 mol. b) O = 1 0 0 - G - H - F e - N . 

sence of an acid and a Lewis acid. However, a base 
does not catalyze the polycondensation. Thé poly-
condensation reaction of aldehydes and cyclopentadien-
yl rings of ferrocene is catalyzed by a Lewis 
acid, but not by a base.12) A resole-type oligomer 
is synthesized from 1 mol of phenol and 1.5 mol of 
formaldehyde in the presence of an alkali catalyst. 
Cured resole-type phenolic resins are obtained by thé 
thermosetting of a resole-type oligomer.11) 

1-Ferrocenyléthanol, phenol, and formaldehyde were 
polycondensed to make ferrocene-phenol oligomers, 
using aqueous ammonia as a catalyst. The curing 
of the ferrocene-phenol oligomer was not achieved in 
the absence of hexamethylenetetramine. The larger 
the amount of ferrocene skeletons in the oligomer was, 
the less the thermosetting reaction took place. T h e 
elemental analyses of the cured resins are shown in 
Table 1, together with the molar ratios of the starting 
materials. T h e nitrogen in the resin arose from hexa­
methylenetetramine, since no nitrogen is contained in 

-any oligomer. T h e reactivities of 1-ferrocenyléthanol 
and formaldehyde with phenol have not been investi­
gated. Nevertheless, it is possible to estimate the 
reactivity and the structure of ferrocene-phenol resin 
from the data of elerherital analyses. As shown in 
Table 1, the iron contents in the starting materials 
were less than those in resins 1 to 9. This relation 
was not valid for resin 10. T h e result of elemental 
analysis of resin 9 was identical with that of resin 10. 
Thus , the rate of reaction of 1-ferrocenyléthanol and 
phenol was much faster than that of formaldehyde 
and phenol.. T h e maximum quantity of 1-ferrocenyl­
éthanol allowed to react with phenol seemed to be 
restricted by a stoichiometric reaction. T h e stoichio­
met r ic reaction of 1-ferrocenyléthanol, phenol, and 
formaldehyde should be an intermediate reaction 
between resins 8 and 9. From the elemental analysis 
of resins 9 and 10, the structural unit of the resin was 
calculated to be C 4 6 H 4 7 0 3 Fe 2 N. T h e number-
average molecular weight of the oligomer of resin 9 
was 650, which was close to the molecular weight 
of the structural unit of the resin. I t was obvious 

"that two ferrocene units (C12H13Fe) were contained 

Fig. 1. The structure of ferrocene-phenol resin 9. 

in thé structural unit. If three phenols (G 6 H 6 0) 
were bonded in it, four carbons and a nitrogen consti­
tuted the structure of the resins as the crosslinking 
unit. T h e above results suggest the resin structure 
shown in Fig. 1. The structure of the oligomer of 
resin 9 would be similar to this structure. On the 
initial step in the polycondensation reaction of the 
resin, 2 mol of phenol react with 2 mol of 1-ferrocenyl­
éthanol and the hydroxymethylation of phenol ( 1 mol) 
takes place. T h e ferrocenyl phenol (2 mol) reacts 
with 1 mol of the hydroxymethylated phenol to. form 
the oligomer. The structure of the oligomer is classed 
as a novolac-type oligomer, because the cure reaction 
does not proceed sufficiently in the absence of hexa­
methylenetetramine. 

T h e amount of crosslinkage in a resin is related to 
its rigidity.13) The micro Vickers hardness of resins, 
which is an indication of the rigidity, decreased rapidly 
with the increase in iron content, as shown in Fig. 2. 
T h e amount of crosslinkages in the resins decreased 
with an increase in the amount of ferrocene skeletons. 
This result indicated, that the unsubstituted cyclo-
pentadienyl ring does not take part in the formation 

:of the main chain. 
T h e I R spectra. of ferrocene-phenol and resole-

type phenolic resins are shown in Fig. 3. The absorp­
tion bands at 480, 818, 998,-1103, and 3080 cm- 1 

were assigned to ferrocene. T h e 480 c m - 1 band was 
due to the ring metal stretching of ferrocene.14) T h e 
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4 6 8 10 12 

Iron content (%) 

Fig. 2. Relation between micro Vickers hardness and 
iron contents of ferrocene-phenol resins. 

4000 3000 2000 1800 1600 1400 1200 1000 800 600 400 

Wave, number (cm-1) 

Fig. 3. IR spectra of phenolic resin and ferrocene-phenol 
resin, the heat-treated at 400 °C; (a) phenolic resin 11, 
(b) ferrocene-phenol resin 9, (c) ferrocene-phenol resin 
9 heat-treated at 400 °G. 

out-of-plane bending of ferrocene GH was manifested 
by the band at 818 cm - 1 .1 5) T h e presence of un-
substituted cyclopentadienyl rings was revealed by two 
bands at 998 and 1103 cm - 1 .1 6) The absorption band 
which appeared at 3080 cm_f could be assigned to 
the stretching of ferrocenyl G-H.14) In the IR. spectrum 
of resole resin, the three bands at 1500—1650 c m - 1 

were assigned to the skeletal stretching mode of semi-
unsaturated carbon-carbon bond. T h e band at 
1220 c m , - 1 which was observed in both ferrocene-
phenol and resole resins, corresponded to the absorp­
tion band of phenolic O H . In the I R spectrum of 
resole resin, two bands at 855 and 753 c m - 1 were 
assigned to a 1,2,4,6-tetrasubstituted aromatic ring and 
a 1,2,4-trisubstituted aromatic ring, respectively. 
However, two bands at 753 and 874 c m - 1 due to the 
1,2,4-trisubstituted aromatic ring were strongly observed 
in the I R spectrum of ferrocene-phenol resin.17) 
Results of I R spectral studies are in accord with the 
structure of ferrocene-phenol resin shown in Fig. 1. 

Pyrolysis. T h e pyrolysis of resins was carried 

TABLE 2 

Resin 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

. ELEMENTAL ANALYSIS OF 

TREATED A T 

Fe 

0.55 
0.98 
1.03 
3,71 
4.29 
7.95 

11.60 
13.20 
14.70 
14.65 
0.00 

400 °G 

Elemental analysis 

C 

82.01 
81.68 
81.27 
80,33 
79.41 
76.13 
73.56 
72.10 
71.41 
71.87 
82.31 

H 

4.84 
4.85 
4.77 
4.84 
5.98 
5.18 
5.18 
5.15 
5.16 
5.14 
4.88 

RESINS HEAT-

(wt%) 

N 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.15 
0.21 
0.00 

oa> 
12.96 
12.49 
12.93 
11.12 
10.32 
10.74 
9.66 
9.55 
8.58 
8.13 

12.81 

a) O = 1 0 0 - F e - C - H - N . 

out by heat t reatment up to 400 °G in vacuo. T h e 
I R spectrum of heat-treated ferrocene-phenol resin is 
shown in Fig. 3. All absorption bands due to ferrocene 
disappeared in the spectrum. This shows that the 
ferrocene skeleton in the ferrocene-phenol resin was 
destroyed, and iron was liberated by the heat t reatment 
at 400 °G. Elemental analyses of heat-treated resins 
are shown in Table 2. T h e heat-treated resins, con­
tained carbon, hydrogen, iron, nitrogen, and oxygen. 
T h e nitrogen contents were less than those of the 
resins. The iron contents were 0.55—14.7%, which 
were close to that of acetylferrocene-furfural , resin 
(1.00—13.2%).5> I t is well known that phenol and 
furan resins are converted into the hard and impervious 
carbon which does not contain open pores.18) Especial­
ly, the impervious carbon prepared at 400 °C is in 
a completely glassy state. 

Properties of Liberated Iron Particles. T h e measure­
ment of magnetization is useful in determining whether 
the iron particles dispersed in the glasslike carbpii 
matrix are superparamagnetic or not. Magnetic suscep­
tibilities of heat-treated resins 1 to 10 indicated tha,t 
the iron particles were ferromagnetic. T h e measure r 

ment of E S R spectra was carried out for all heat-
treated resins. The ESR spectra of heat-treated resins 

1000 2000 3000 
Gauss 

4000 5000 

Fig. 4. ESR spectra of phenolic and ferrocene-phenol 
resins heat-treated at 400 °G; (a) phenolic resin 11, 
(b) ferrocene-phenol resin 1. 
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1 and 11 are shown in Fig. 4. The broad line near 
g = 2 . 0 9 in resin 1 was due to the ferromagnetic re­
sonance absorption of iron.19) T h e ferromagnetic 
resonance absorption was common to the other heat-
treated resins, 2 to 10. However, the peak intensity 
in the spectra increased with increase in iron contents. 
T h e sharp line at £ = 2 . 0 0 2 , which was observed in 
the resins 1 and 11, corresponded to the resonance 
of free electrons on the carbon atom.20) Further , 
the presence of ferromagnetic irons was confirmed in 
detail by their magnetic hyperfine splitting in the 
Mössbauer spectrum of the heat-treated resin 3, as 
shown in Fig. 5.21) Because additional lines were not 
observed in the spectrum, only ferromagnetic iron was 
formed in the glasslike carbon matrix. 

- 7 - 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 6 7 
Velocity (mm/s) 

Fig. 5. Mössbauer spectrum of ferrocene-phenol resin 3 
heat-treated at 400 °C. 

T h e results of the present work lead to the following 
conclusions. Iron particles are formed in the glass­
like carbon matrix by the heat t reatment of ferrocene-
phenol resins, in which the ferrocene skeleton is con­
tained as a side chain. These iron particles are ferro­
magnetic and are different from the iron particles 
prepared from acetylferrocene-furfural resins in which 
the ferrocene skeleton forms the main chain of the resin. 
In the case of the side chain structure, the iron liberated 
from ferrocene skeletons is considered to coagulate 
to form the ferromagnetic iron because the spaces 
around the ferrocene skeleton are loosely surrounded 
by the resin structure. In this respect, it is necessary 
to take into account the differences between the pro­
perties of glasslike carbons prepared from ferrocene-
phenol resin and acetylferrocene-furfural resin. 
However, these differences are considered to be small 
compared with the structural differences between 
these two resins; the details of these differences are 

now under investigation. 

T h e authors would like to thank Dr. T . Shinjo, 
the Institute for Chemical Research, for performing 
the Mössbauer spectral measurements. Thanks are 
also due to Mr . T . Shoji and Mrs. H. Arai, Tohoku 
University, for their cooperation in the iron and GH 
analyses. 
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Dienoxysilanes (2) react with acetals in the presence of TiCl4 and also in the coexistence of TiCl4 and Ti-
(0*Pr)4 to give (5-alkoxy-a,/?-unsaturated aldehydes (3—5) in good yields. In the presence of 1,8-diazabicyclo-
[5.4.0]undec-7-ene or l,5-diazabicyclo[4.3.0]non-5-ene and molecular sieves 3A or 4A, the elimination reaction of 
<5-alkoxyl group of a,/?-unsaturated aldehydes (3—5) proceeds smoothly to afford the corresponding polyenals in 
good yields. 

In previous papers,1 '2) it was reported that the reac­
tion of l-trimethylsiloxy-l,3-butadiene (2a)3) with var­
ious acetals (1) in the coexistence of TiCl4 and Ti (0*Pr ) 4 

gives (5-alkoxy-a,/?-unsaturated aldehydes (3), and that 
the aldehydes (3) are converted into polyenals by the 
elimination of <5-alkoxyl group with tertiary amines as 
l,8-diazabicyclo[5.4.0]undec-7-ene (DUB) and 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) in the presence of 
molecular sieves 3A and 4A. In the present paper, 
the preparation of <5-alkoxy-a,/9-unsaturated aldehydes 
and polyenals is described in detail. 

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

Preparation of ö-Alkoxy-a,ß-unsaturated Aldehydes. 
Dienoxysilanes (2) reacted exclusively at their terminal 
sp2 carbon atoms with acetals (1) activated by TiCl4 to 
give the corresponding (5-alkoxy-a,/?-unsaturated alde­
hydes (3—5) without the accompanying competitive pro-

.OR2 

R 1 - \ + R 

1 

I 
OR2R4 

R4 

VV\ 0Si(CH 3 )3 
2 

R « A ^ V \ 0 

R3 

Scheme 

a) R3 = H, R4 = H 

b) R3 = H, R4 = CH3 

c) R3 = G2H5, R4 = H 

(5-alkoxy aldehyde 
3 R3 = H, R4 = H 
4 R3 = H, R4 = GH3 

5 R3 = C2H5, R4 = H 

: 1. 

ducts, /?-alkoxy aldehydes4) as shown in the following 
scheme 1. 

Dienoxysilanes (2) are very sensitive toward TiCl4 

readily undergoing polymerization. W h e n the reaction 
was carried out in solvents inert to TiCl4 , such as 
dichloromethane and toluene, dienoxysilanes (2) in­
stantaneously afforded polymeric substance instead of 
the desired (5-alkoxy-a,/?-unsaturated aldehydes (3—5). 
The difficulty was overcome by diminishing the effect 
of TiCl4 on dienoxysilanes (2) by a proper choice of 
solvents or addition of Ti (0*Pr) 4 . Aldehydes (3—5) 
were prepared according to methods A, B, and C as 
follows. 

Method A) . TiCl4-THF + 1 

Method B ) . 1 + TiCl4 4- Ti(0*Pr)4 

Method C ) . TiCl4 4- Ti(0*Pr)4 

-78 °C THF 

2 

-40 °C CH2CI2 

1 + 2 

> 3—5 

> 3—5 

-40 °C CH2C12 

-> 3—5 

Method A. TiCl4 formed a yellow complex with 
tetrahydrofuran ( T H F ) . The complex still possessed 
sufficient ability to activate unsaturated acetals ( I d — f ) , 
the reaction proceeding smoothly at —78 °G to give 
the desired aldehydes (3—5) in good yields. T h e satu­
rated acetals ( l a a n d l c ) , however, gave unsatifactory 
results. The results are summarized in Table 1. 

Method B. In order to moderate the activity of TiCl4 , 
T i (O i Pr ) 4 was added to a mixture of TiCl4 and acetals 
(1) in dichloromethane at —40 °G followed by the addi­
tion of dienoxysilane (2). Combined use of TiCl4 and 

T A B L E 1. Y I E L D S O F <5-ALKOXY-a,/?-UNSATURATED A L D E H Y D E S ( M E T H O D A ) 

Acetal (1) 

R1 R2 

Dienoxy­
silane Product 

R2 

Isolated 
yield (%) 

a 
c 
d 
d 
d 
d 
d 
e 
f 

G6H5GH2CH2 

G6H5 

G6H5CH=GH 
G6H5 CH=GH 
G6H5GH=GH 
G0H5GH=CH 
G6H5GH=GH 
CH3CH=GH 
n-G3H7GH=GH 

CH3 

GH3 

GH3 

G2H5 

-CH 2 -
GH3 

GH3 

GH3 

GH3 

2a 
2a 
2a 
2a 
2a 
2b 
2c 
2a 
2b 

3a 
3c 
3d 
3d 
3d 
4d 
5d 
3e 
4f 

CH3 

CH3 

CH3 

C2H5 

GH2CH2OH 
CH3 

CH3 

CH3 

GH3 

trace 
16 
88 
82 
60 
85 
69 
86 
70 

* Present address : Organic Chemistry Res. Lab. Tanabe Seiyaku Go. Ltd., Toda, Saitama 335. 
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a 

a 

a 

b 

c 
d 

Akihiko ISHIDA 

T A B L E 2. YIELDS 

Acetals 

R 1 

G 6 H 5 GH 2 GH 2 

G 6 H 5 GH 2 GH 2 

C 6 H 5 C H 2 C H 2 

n-G .Hu 

G 6 H 5 

G 6 H 5 GH=GH 

(1) 

R 2 

C H 3 

G 2H 5 

C H 3 

G H , 
C H 3 

GH 3 

OF 

and Teruaki MUKAIYAMA 

<5-ALKOXY-a,/?-UNSATURATED ALDEHYDES 

Dienoxy-
silane 

2a 

2a 

2 b 

2a 

2a 

2a 

Product 

3a 

3a 

4a 

3 b 

3c 

3 d 

( M E T H O D B) 

R 2^ 

[Vol. 50, No. 5 

Isolated yield (%) 

= C H ( C H 3 ) 
25 

80 

79 

76 

75 

83 

90 

R 2 

5 

5 

trace 

5 

3 

trace 

GHq 

GH, 

GH, 

2b 

2a 

2b 

4g 

3h 

4h 

81 

69 

68 

T i ( O i P r ) 4 enabled us to use dichloromethane as a sol­
vent. The saturated acetals ( l a , c) also gave the cor­
responding (5-alkoxy-a,/?-unsaturated aldehydes (3—5) 
in good yields (Table 2). However, the (5-alkoxyl group 
of most products prepared according to Method B was 
replaced by the isopropoxyl group originated from 
Ti (O f Pr) 4 . I n the case of sterically blocked a- and ß-
cyclocitral dimethyl acetal ( l g and l h ) , no replacement 
of a methoxyl group of the parent acetal by an isopro­
poxyl group took place, and the normal (5-methoxy alde­
hydes could be obtained. 

G6H6GH2GH2GH (OGH3 

l a 

TiCl4l Ti(0'Pr)4 

-30° C, 1 h 

C6H6CH2CH2CH[OCH(CH3)2]2 

H 71% 

OGH(GH3)2 

2a 

Method B 

C6H5CH2GH2CH 

3a 
W\0 

41% 

3-Phenylpropionaldehyde dimethyl acetal ( l a ) was 
readily converted into the diisopropyl acetal ( l i ) 5 ) in 
7 1 % yield by treatment with a mixture of TiCl4 and 
Ti (0*Pr ) 4 at - 3 0 °C for 1 h under an argon atmo­
sphere. When the diisopropyl acetal ( l i ) was treated 
with dienoxysilane (2a) under the conditions of Method 
B, 5-isopropoxy-7-phenyl-2-heptenal (3a) was isolated 
only in 41 % yield. The lower yield of 3a from l i might 
indicate that the reaction according to Method B pro­
ceeded through an intermediate, monoisopropyl acetal 
(6) rather than diisopropyl acetal ( l i ) . 

Method C. By changing the order of addition of the 
reagents, the replacement of the alkoxyl groups of start­
ing acetals (1) with the isopropoxyl group of T i (0*Pr ) 4 

could be easily prevented. A mixture of dienoxysilanes 
(2) and acetals (1) was added to a solution of TiCl4 

and T i (O f Pr) 4 in dichloromethane at —40 °G. Var­
ious kinds of <5-alkoxy-a,/?-unsaturated aldehydes (3—5) 
could be obtained in satisfactory yields without exchang­
ing the alkoxyl groups of the parent acetals during the 

T A B L E 3 . Y I E L D S O F <5-ALKOXY-a,/?-uNSATURATED 

A L D E H Y D E S ( M E T H O D G) 

a 

a 

b 

c 

c 

c 

c 

d 

d 

d 

d 

e 

f 

f 

Acetals(l) 

R 1 

G 6 H 6 CH 2 CH 2 

C 6 H 5 C H 2 C H 2 

tt-C5Hu 

C 6 H 5 

C 6 H 5 

G 6H 5 

G 6H 5 

C 6 H 5 G H = C H 

CgH 6 GH=CH 

C 6 H 5 C H = G H 

G 6 H 5 CH=CH 

GH 3 GH=GH 

n-C 3 H 7 CH=CH 

rc-C3H7CH=CH 

Dienoxy-

R 2 

C H 3 

G2H5 

GH 3 

C H 3 

C 2 H 5 

C H 3 

C H 3 

G H 3 

G 2H 5 

GH 3 

GH 3 

C H 3 

GH 3 

GH 3 

silane 

2a 

2a 

2a 

2a 

2a 

2 b 

2c 

2a 

2a 
2 b 

2c 

2a 
2a 

2 b 

Product 

3a 

3 a 

3 b 

3c 

3c 

4c 

5c 

3 d 

3d 

4d 
5d 

3e 

3f 
4f 

Isolated 
yields (%) 

51 

50 
54 

80 

80 

75 

69 

85 

83 

76 

71 

80 
84 

74 

^ 

CH3 

CH3 

GH, 

2b 

2a 

2b 

4g 

3h 

4h 

62 

80 

80 

course of reaction (Table 3). 
The (5-alkoxy-a,/?-unsaturated aldehydes (Tables 1, 2, 

and 3) can be classified into three groups: i) oc,ß-
Unsaturated aldehydes, 3 (a—f, h) ; ii) 3-Methyl-oc,/?-
unsaturated aldehydes, 4(a , c, d, f, g) ; iii) 4-Ethyl-a, 
^-unsaturated aldehydes, 5(c, d ) . The configuration 
of each aldehyde was determined mainly on the basis 
of N M R spectroscopy. 

OR2 

R I A A A Q 

3 y1)2 

R1 

OR2 

/ \ / V •CHO 

y2 

8Hz 
, = 16HZ 

G 3 - G H 3 g r o u p 

2£ «5 2.15—2.25 
2Z Ô 1.95—2.05 

n-G.Hu
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OR2 

R1/yx/%0 
/ 

5 y l l 2 = 8Hz 
y 2 > 3 =i6Hz 

The aldehydes (3) of the first group were obtained as 
the sole product by this reaction, exhibiting peaks due 
to a,/?-olefinic protons in the region of ô 5.00—6.10(C2-
H) and <5 6.75—6.80(C3-H) with large coupling con­
stants C/2,3= 16 Hz) , which supported the trans con­
figuration of the double bonds in aldehydes (3). 

O n the other hand, the aldehydes (4) of the second 
group were mixtures of 2E and 2Z isomer(2E : 2Z=ca. 
3—5 : 1). 3-Methyl group of 2 Z isomers showed the 
signal in the region of ô 1.95—2.05 as a singlet or a 
doublet. In 2E isomers, the corresponding signal 
shifted to ô 2.15—2.25 as expected.6) 

The aldehydes (5) of the final group were found to be 
mixtures of threo and erythro isomers from their N M R 
spectra. No double bond isomer was detected. With­
out separation, these diasteromeric mixtures were sub­
jected to the subsequent elimination reaction discussed 
later. 

From the results, the reaction is assumed to proceed 
through a similar pathway proposed in the reaction of 
acetals with various nucleophiles,7) viz., the acetals (1) 
activated by TiCl4 react with dienoxysilanes (2) to afford 
aldehydes (3—5) (path A of Scheme 2). The formation 
of (5-isopropoxy aldehydes by Method B could be ex­
plained by assuming an initial formation of mono-
isopropyl acetals (6) (path B). 

TABLE 4. YIELD OF 7-PHENYL-2,4,6-HEPTATRIENAL (7C) 

OGH3 

/ O R 2 Path A 
R l - < > 

x O R 2 

R K 

Path B 

OR2 

/ 
/ 

OCH(CH3)2 J 

, /OR5 - - . . 
R'-V—•*....'-'-• TiCia 

O R - " i s 

R4 

RS^fÖ-Si<CH3)3 
(2) 

I 

OR 5R 4 

x/N/X/X» 
R3 

3—5 R5 = R2 or -GH(GH3)2 

Scheme 2. 

Preparation of Polyenals : The conversion of <5-alkoxy-
a,/?-unsaturated aldehydes into polyenals was examined 
under acidic8-11) and basic conditions.12) The results 
obtained by use of 5-methoxy-7-phenyl-2,6-heptadienal 
(3d) as a substrate are summarized in Table 4. Besides 
low yields, disadvantage of the use of acids might be 
expected when the reaction is undertaken with 
5-methoxy-5-(2,6,6-trimethyl-1-cyclohexen-l-yl)- 2 -pen-
tenals (3h, 4h) , since a double bond of 2,6,6-trimethyl-
1-cyclohexenyl group of these compounds is very labile 

GRH, A / \ A A 0 —• C H A A A A Q 
3d 7c 

Acid or Base Conditions Yield (%) 

1) />-TsOH-C6H6 

2) CH3G02Na-CH3C02H 
3) BF3 .0(G2H5)2-

(CH3GO)20 
4) BF30(C2H5)2-CH2C12 

5) *-BuOH-THF 

refl. 5 h 46 
refl. 2 h 13 
- 1 0 ° C 0.5 h 26(63) *> 

- 1 0 ° C l h 63 
- 1 0 ° C 1 h 59 

a) 7-Phenyl-l,l,5-triacetoxy-2,6-heptadiene is obtained 
as a major product and converted into 7c in 37% 
yield based on 3d. 

to acids and the double bond migration takes place 
readily.13) 

After several experiments on the elimination under 
basic conditions,2) we found that 5-methoxy-7-phenyl-
2,6-hetadienal (3d) gives the desired trienal (7c) in 92 % 
yield by treatment with 2 molar amounts of DBU or 
DBN in the presence of molecular sieves 3A or 4A. 
There is no singificant difference either between the 
yields of DBU and DBN, or those of molecular sieves 
3A and 4A. The longer reaction time was required 
when the reaction was carried out in the absence of 
molecular sieves. 

In a similar manner, various <5-alkoxy-a,/3-unsaturated 
aldehydes can be easily converted into corresponding 
polyenals (7a—f). 3h also gave 5-(2,6,6-trimethyl-1-
cyclohexen-l-yl)-2,4-pentadienal (7f) in 7 8 % yield with­
out the migration of double bond. T h e reactions usu­
ally proceed at room temperature in a short reaction 
time. T h e results are summarized in Table 5. 

Although the method is applicable to the preparation 
of various polyenals from <5-alkoxy-a,/?-unsaturated alde­
hydes, the results with 3-methyl-5-alkoxy-a,/9-unsatu-
rated aldehydes (4) (Table 6) were unsatisfactory even 
after prolonged refluxing. For conversion of 4 into 
polyenals (8, 9), 4 molar amounts of DBU and addition 
of GH 3 CN were required. 

By this procedure, 5-methoxy-3-methyl-7-phenyl-2,6-
heptadienal (4d) gave a mixture of (2£',4£',6£')-3-methyl-
7-phenyl-2,4,6-heptatrienal (8b) and its (2Z,4E,6E)-iso­
mer (9b). 8 b and 9 b were isolated by preparative T L C 
in 7 8 % and 1 5 % yields, respectively. Their configu­
rations were easily determined by a comparison of the 
chemical shift of the 3-methyl group; 2E isomer (8b) 
has a signal due to 3-methyl protons at ô 2.30 and 27, 
isomer (9b) has the corresponding signal at ô 2.10. T h e 
N M R data are consistent with the assigned configura­
tions. 

9b can be converted into thermodynamically stable 
8b in 6 7 % yield by treating with a catalytic amount of 
iodine12) in benzene-ether (1 : 1) at room temperature 
for 7 h. Oxidation of 8b with silver oxide14) afforded 
(2£,4£,6£)-3-methyl-7-phenyl-2,4,6-heptatrienoic acid 
(10a). T h e melting point of the acid (10a) and 
the N M R spectrum of its methyl ester (10b) coincide 
with those reported.15 '16) 
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TABLE 5. ELIMINATION REACTION OF (5-ALKQXY GROUP OF OC^-UNSATURATED ALDEHYDE WITH DBU OR DBN 

OR2 

3 

(5-Alkoxy aldehyde (3) 

R1 

n-C3H7 

G6H5 

G6H5 

G6H5 

G6H5 
G6H5 

C6H5 

C6H5 

R2 

CH3 

CH3 

G2H6 

CH3 

G2H5 

CH(GH3)2 

GH3 

GH3 

n 

1 
0 
0 
1 
1 
1 
2 
3 

DBU or 

molecular 

DBN/CH 2 CI 2 

sieves 3A or 4A 

Conditions 

Temp 

r. t. 
r. t. 
r. t. 
r. t. 
r. t. 
refl. 
r. t. 
r. t. 

Time(h) 

3.0 
1.0 
1.5 
1.0 
1.5 
2.0 
1.0 
1.0 

7 

Product 

7a 
7b 
7b 
7c 
7c 
7c 
7d 
7e 

Aa> 

81 
82 
79 
92 
92 
65 
90 
84 

Yield of 7 (%) 
^ 
B b) G c> 

82 80 
80 80 
79 — 
92 89 
— — 
— — 
— — 
— — 

& 
GH, r. t. 4.0 7f 78 78 

a) DBU-molecular sieves 3A. b) DBN-molecular sieves 3A. c) DBU-molecular sieves 4A. 

OR2 

TABLE 6. YIELD OF 3-METHYL POLYENAL 

R1-TS>^^CH0 

I / DiSU/(JH2Cl2-CH3CN 

D 1 ^ 5 ^ ^ V X ' ^ S » ' ' v - ' C H 0 molecular sieves 3A ~* 
+ 

ff-r^J^ 
CHO 

<5-Alkoxy aldehyde (4) 

R1 n 

G6H5 0 
G8H5 1 

Conditions 

Temp Time (h) 

refl. 4.0 
refl. 1.5 

Yield (%) of 8 and 9 

Product 2E Product 2Z 

8a 54 9a 10 
8b 78 9b 15 

& 
refl. 5.0 8c 56 9c 19 

OGH3 

I / 
DBU (4 equiv) 

C-H./X/^/^-vCHO CH2C12-CH3CN, refl. I h 

4d 

AAA/GHO + A A A 
I 

CHO 
8b 78% 9b 15% 

Cat. I2 

9b > 8b 67% + 9b 21% 

8b 

r. t. 7 h 

i) A g 2 0 / a q . EtOH 

ii) C H 2 N 2 
* C Ä A A A / 

CO,R 

10a R = H 
10b R = CH3 

Similarly, 5-methoxy-3-methyl-5-phenyl-2-pentenal 
(4c) and 5-methoxy-3-methyl-5-(2,6,6-trimethyl-l-cyclo-
hexen-l-yl)-2-pentenal (4h) were converted into the cor­
responding polyenals 8a and 8c (Table 6). The pro­
duct 8c is a useful intermediate for the syntheses of 
vitamin A and ^-carotene. 17,18> 

Elimination of a methoxyl group of 4-ethyl-5-methoxy-
a,/?-unsaturated aldehydes (5) proceeded smoothly under 
the conditions described for compounds 3a—f in Table 
5, as shown in the following Scheme 3. 

4-Ethyl-5-methoxy-5-phenyl-2-pentenal (5c) gave (2E, 
4£)-dienal (11a) and its (2^,42)-isomer ( l i b ) in 4 4 % 
and 12% yields, respectively. The configuration of 
11a and l i b were deduced from their N M R data. 
The N M R spectrum of 11a showed a doublet centered 
at <57.25 ( .7=16 Hz) due to the C3-vinyl proton and a 
quartet centered at ô 2.57 due to methylene protons of 
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GdH, 

OCHg 
DBU/CH 2 C1 2 

_ / X / X 0 * 
l6-L-L5 I ^ refl. 5 h 

C2H5 

5c 

H 

^ G O H R 

y\ZV/X/V 0 + y \ /X /^ 3 5 

\ / C2H5 X / H / \ 

11a 44% 

Cat I2 

l i b > 
53% 

11a 
Ag 2 0 

84% 

C«H, 

OCH3 

/V/X 
C2H5 

5d 

l i b 12% 

.HAA/ 
6 n 5 I 

C2H5 

13 

DBU/CH 2 CI 2 

CCOi 

O 

GRH A A - V \ 
» I 

G2H5 

12 69% 

O 

Scheme 3. 

a 4-ethyl group, whereas the corresponding signals of 
l i b appeared at Ô 7 .63(7= 16 Hz) and Ô 2.47. T h e dif­
ferences in the chemical shifts of the corresponding 
signals could be produced from the anisotropic effect 
of the benzene ring at C-5. The data obtained are in 
line with the assigned stuctures. 

Isomerization of l i b by iodine also indicates that 11a 
has a stable (2E,4E) -configuration. Further proof of 
the structure was provided by a comparision of the 
N M R spectrum of the dienoic acid (13) derived from 
11a with that of (2£,4£)-4-methyl-5-phenyl-2,4-penta-
dienoic acid.19) Both spectra are almost the same 
except for the peaks due to 4-substituents. 

Similarly, 4-ethyl-5- methoxy - 7 - phenyl - 2,6 - hepta-
dienal (5d) was easily converted into the polyenal (12) 
in 6 9 % yield at room temperature. 

By a proper choice of conditions (Method A, B, or 
C) various <5-alkoxy-a,/?-unsaturated aldehydes (3—5) 
can be easily synthesized in good yields by the reaction 
of dienoxysilanes (2) and acetals (1) activated by TiCl4 . 
Elimination of the resulting <5-alkoxy-a,/2-unsaturated 
aldehydes was found to proceed in satiafsctory yields 
by the use of tertiary amines in the presence of molecular 
sieves 3A or 4A. T h e present work would provide a 
simple and useful route for the synthesis of polyenals. 

Experimental 2 0 ) 

Materials. Commercial TiCl4 and Ti(0*Pr)4 were dis­
tilled under an argon atmosphere before use. 

Perparation of 1-Trimethylsiloxy-1,3-butadiene (2a).^ To 
a solution of crotonaldehyde(8.4 g, 120 mmol) and triethyl-
amine (12.6 g, 125 mmol) in anhydrous G6H6(15 ml) were 

added quickly anhydrous ZnCl2 (120 mg), hydroquinone (200 
mg), and trimethylchlorosilane(12.7 g, 125 mmol). The mixr 
ture was heated at 70 °G for 8 h in a sealed tube and quenched 
with aqueous NaHC0 3 solution at 0 °C. After filtration of 
undissolved substance filtrate was washed with 10% KHS0 4 

solution and water, and dried over anhydrous Na2S04 . The 
solvent was removed and the residual oil was distilled. 1-
Trimethylsiloxy-l,3-butadiene (2a) was obtained in 65% yield 
(10.4 g, bp 57—60°C/50Torr). 

In a similar way, dienoxysilanes (2b and 2c) were obtained 
in 70% and 65% yields, respectively. 2b: bp 68—70 °G/ 
40 Torr; 2c: bp 80—83 °G/28 Torr. 

Reaction of Dienoxysilane (2a) with Cinnamaldehyde Dimethyl 
Acetal (Id) by Method A. To a mixture of TiCl4(3.0 mmol) 
and cinnamaldehyde dimethyl acetal(455 mg, 2.5 mmol) in 
10 ml of dry THF was added a solution of dienoxysilane (2a) 
(426 mg, 3.0 mmol) in 4 ml of dry THF at - 7 8 °G under 
an argon atmosphere. The mixture was stirred for 4 h at 
the same temperature and quenched with K 2 G0 3 (3.0 g, in 
10 ml of water). The resulting precipitate was filtered off 
and the filtrate was extracted with ether. The extract was 
washed with water, dried over anhydrous Na2S04 and con­
centrated under reduced pressure. 5-Methoxy-7-pheny 1-2,6-
heptadienal (475 mg) was isolated in 88% yield by prepara­
tive TL G on silica gel developing with hexane-ethyl acetate 
(4 : 1). IR(neat): 1695, 1640, 1600 cm-1; NMR(GC14): d 
9.45(1H, d, 7 = 8 Hz, aldehyde H), 7.25(5H, s, aryl CH), 
5.7—7.2(4H, m, olefinic H), 3.6—3.9(1H, br. q, C5-H), 3.25 
(3H, s, -OCH3), 2.4—2.7(2H, br. t, -CH 2 - ) ; Found: G, 
77.89; H, 7.41%. Galcd for G14H1602: G, 77.75; H, 7.46%. 

The IR and NMR spectra of the other (5-alkoxy-a,/?-unsatu^ 
rated aldehydes (3c—e, 4d—f, and 5d) prepared by Method 
A are consistent with the assigned structures. 3c(R 2 =CH 3 ) : 
bp 80 °G/0.05 Torr (bath temperature); IR(neat) : 1690, 
1640 cm-1; NMR(GG14) : ô 9.50(1H, d, 7 = 8 Hz, aldehyde 
H), 7.30(5H, s, aryl GH), 6.80(1H, ddd, 7 = 1 6 , 8, 8 Hz, 
C3-H), 6.05(IH, dd, 7=8,16 Hz, C2-H), 4.1—4.4(1 H, br. t, 
C„-H), 3.20(3H, s, -OGH3), 2.45—2.80(2H, m, -CH 2 - ) ; 
Found: G, 75.91; H, 7.55%. Galcd for G12H14Oa: G, 
75.76; H, 7.42%. 3d(R 2=C 2H 5 ) : IR(neat) : 1690, 1640 
cm-1; NMR(CG14): ô 9.45(1H, d, 7 = 8 Hz, aldehyde H), 
7.30(5H, s, aryl CH), 5.8—7.5(4H, m, olefinic H), 3.7—4.1 
(IH, q, C5-H), 3.2—3.7(2H, br. q, -OCH 2 - ) , 2.4—2.7(2H, 
br. t, -CH2-) , 1.20(3H, t, GH3). 3d(R2=CH2CH2OH) : IR 
(neat): 3430, 1690, 1640 cm-1; NMR(GC14) : ô 9.45(1H, 
d, y = 8 Hz, aldehyde H), 7.30(5H, s, aryl CH), 5.6—7.1 (4H, 
m, olefinic H), 3.8—4.1 (IH, m, C5-H), 3.0—3.8(5H, m, 
-OCH2CH2OH), 2.5—2.8(2H,-CH2-). 3e(R 2 =CH 3 ) : bp 
70 °C/0.5 Torr(bath temperature); IR(neat): 1690, 1630 
cm-1; NMR(CC14): ô 9.55(1H, d, 7 = 8 Hz, aldehyde H), 
6.85(1H, ddd, 7 = 1 6 , 8, 8 Hz, C3-H), 6.10(1H, dd, 7=16 ,8 
Hz, C2-H), 5.2—5.8(2H, m, olefinic H), 3.4—3.8(1H, br. q, 
C5-H), 3.20(3H, s, -OCH3), 2.4—2.7(2H, t, -CH 2 - ) , 1.75(3H, 
d, 7 = 6 Hz, CH3). 4d(R 2=CH 3 , a mixture of 2E and 2Z 
isomers): IR(neat): 1670, 1630 cm-11; NMR(CC14) : ô 
10.00(1H, d, 7 = 8 Hz, aldehyde H), 7.35(5H, s, aryl CH), 
6.63(1H, d, C7-H), 5.8—6.3(2H, br, C6-H, C2-H), 3.7—4.2 
(IH, br. C5-H), 3.30(3H, s, -OCH3) , 2.20(s, 2E, C3-CH3), 
2.05(s, 2Z, C3-CH3), 2.35—2.5(2H, -CH 2 - ) . 4f(R2=CH3) 
IE isomer: bp 80 °C/0.05 Torr (bath temperature): IR 
(neat): 1670, 1630 cm-1; NMR (CC14) : <5 9.95(1 H, d, 7 = 
8 Hz, aldehyde H), 5.65—5.95(1H, br, C2-H), 5.00—5.65 
(2H, m, olefinic H), 3.5—3.9(1H, m, C5-H), 3.15(3H, s, 
-OCH3) , 2.15(3H, s, C3-CH3), 0.7—2.5(9H, aliphatic H) ; 
Found: C, 73.56; H, 9.98%. Calcd for C12H20O2: C, 
73.43; H, 10.27%. 4f(R2=CH3) 2Z isomer: bp 80 °C/0.05 
Torr (bath temperature); IR(neat) : 1670, 1630 cm-1; NMR 
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(CC14): Ô 9.80(1H, d, 7 - 8 Hz, aldehyde H), 5.70—5.95 
(IH, br, G2-H), 5.0—5.7(2H, m, olefinic H), 3.45—3.90(1H, 
m, C5-H), 3.20(3H, s, -OGH3), 1.95(3H, s, C3-CH3), 0.7— 
2.8(9H, aliphatic H), Found: C, 73.53; H, 10.05%. Galcd 
for C12H20O2: C, 73.43; H, 10.27%. 5d(R 2=CH 3 , a mix­
ture of threo and eythro isomers): IR(neat) : 1690, 1640, 
1600 cm-1; NMR(GG14): ô 9.63(1H, d, J - 8 Hz, aldehyde 
H), 7.40(5H, s, aryl CH), 5.8—7.7(4H, olefinic H), 3.6—3.9 
(IH, C5-H), 3.33(3H, s, -OCH3) , 1.2—2.7(3H, aliphatic H), 
0.90(3H, t, GH3); Found: C, 78.82; H, 8.33%. Galcd for 
G16H20O2: C, 78.65; H, 8.25%. 

Reaction of Dienoxysilane (2a) with Cinnamaldehyde Dimethyl 
Acetal (Id) by Method B. To a mixture of Ti(CMPr)4 (2.0 
mmol) and 356 mg(2.0 mmol) of cinnamaldehyde dimetl yl 
acetal (Id) in 25 ml of GH2G12 was added TiCl4 (2.3 mmol) 
in 1 ml of GH2C12 at —40 °G under an argon atmosphere. 
After stirring for a minute, dienoxysilane (2a, 355 mg, 2.5 mmol 
in 4 ml of CH2G12) was added to the mixture. The mixture 
was kept at —40 °C for 30 min, quenched with K 2 C0 3 (2 g 
in 10 ml of H 2 0) and worked up in the usual way. 5-Iso-
propoxy-7-phenyl-2,6-heptadienal(441 mg) was isolated in 90 
% yield by preparative TLG on silica gel developing with 
hexane-ethyl acetate(4 : 1). IR(neat) : 1690, 1640, 1600 
cm-1; NMR(CG14): ô 9.50(1H, d, 7 = 8 Hz, aldehyde H), 
7.30(5H, s, aryl GH), 5.8—7.2(4H, m, olefinic H), 3.4—4.3 
(2H, m, -OCH<, C5-H), 2.4—2.8(2H, m, -CH 2 - ) , 1.15(6H, 
d, 2xCH 3 ) . 

The IR and NMR spectra of other <5-alkoxy-<x,/?-unsaturated 
aldehydes (3a—h and 4a—h) prepared by Method B are 
consistent with the assigned structures. 3a (R 2 =/ -p r ) : IR 
(neat): 1690, 1630, 1600 cm-1; NMR(GC14) : ô 9.50(1H, 
d, 7 = 8 Hz, aldehyde H), 7.20(5H, s, aryl CH), 6.80(1H, ddd, 
7 = 16, 8, 8 Hz, G3-H), 6.05(1H, dd, J= 16, 8 Hz, C2-H), 3.2 
—3.8(2H, m, 2 x - 0 - C H < ) , 2.2—2.8(4H, m, -CH 2 - ) , 1.5— 
1.9(2H, m, -CH 2 - ) , 1.10(6H, d, 2 X GH3). 3b(R2=*-pr) : bp 
140 °C/0.2 Torr (bath temperature); IR(neat); 1680, 1625 
cm-1; NMR(CG14); ô 9.55(1H, d, 7 = 8 Hz, aldehyde H), 
6.80 (IH, ddd, 7 = 16, 8, 8 Hz, C3-H), 6.05(IH, dd, 7 = 16, 8 
Hz, G2-H), 3.2—3.8(2H, m, 2 x - 0 - C H g , 2.3—2.7(2H, m, 
-CH2-) , 0.7—1.6(17H); Found: G, 73.23; H, 11.35%. 
Galcd for G13H2402: G, 73.53; H, 11.39%. 3c(R2=f-pr): 
IR(neat): 1695, 1640 cm-1; NMR(GC14): 6 9.45(1H, d, 
7 = 8 Hz, aldehyde H), 7.30(5H, s, aryl CH), 6.80(1H, ddd, 
7 = 1 6 , 8, 8 Hz, C3-H), 6.00(1H, dd, 7 = 1 6 , 8 Hz, C2-H), 4.2 
—4.65 (IH, m, C5-H), 3.3—3.7 (IH, m, -OCH<), 2.5—2.8 
(2H, -CH 2 - ) , 1.00—1.30(6H, 2xGH 3 ) . 3h(R 2 =CH 3 ) : IR 
(neat); 1690, 1635cm-1; NMR(GC14): ô 9.50(1H, d, 7 = 8 
Hz, aldehyde H), 6.85(1H, ddd, 7 = 1 6 , 8, 8 Hz, C3-H), 6.05 
(IH, dd, 7 = 1 6 , 8 Hz, C5-H), 3.15(3H, s, -OCH3) , 1.75(3H, 
s, C=G-CH3), 0.95—1.00(6H, 2s, 2xCH 3 ) , 1.20—2.90(7H, 
aliphatic H), 4a(R2=i-pr, a mixture of 2E and 2Zisomers) : 
IR(neat) : 1680, 1630, 1600 cm-1; NMR(CG14) : <5 9.90(1H, 
d, 7 = 8 Hz, aldehyde H), 7.15(5H, s, aryl CH), 5.7—6.0(1H, 
br. d, C2-H), 3.25—3.8(2H, m, 2 x - 0 - C H < ) , 1.5—3.0(5H, 
m, aliphatic H), 1.10(6H, d, 2 X CH3), 2.15(s, 2E, C3-CH3), 
1.95(s, 2Z, C3-GH3). 4g(R 2 =CH 3 ) : 2E isomer: IR(neat): 
1680, 1625 cm-1; NMR(CG14); ô 9.95(1H, d, 7 = 8 Hz, alde­
hyde H), 5.6—5.9(1H, br. d, C2-H), 5.2—5.9(1H, br, ole­
finic H), 3.0—3.3(1H, br, C5-H), 3.25(3H, s, -OCH3) , 1.75 
(3H, s, C=C-CH3), 1.00, 0.85(6H, 2s, 2xCH 3 ) , 0.5—2.5(7H, 
aliphatic H), 2.20(3H, s, C3-CH3). 2Z isomer: IR(neat): 
1680, 1625 cm-1; NMR(CC14) : ô 9.90(1H, d, 7 = 8 Hz, alde­
hyde H), 5.65—5.95(1H, br. d, C2-H), 5.3—5.6(1H, br, 
olefinic H), 3.25(3H, s, -OCH3) , 2.00(3H, s, C3-CH3), 1.75 
(3H, s, C=C-CH3), 1.05, 0.90(6H, 2s, 2xCH 3 ) . 

Reaction of Dienoxysilane (la) with 3-Phenylpropionaldehyde Di­
methyl Acetal (la) by Method C, To a stirred solution of 

TiCl4(1.5 mmol) and Ti(0*Pr)4 (1.5 mmol) in 10 ml of CH2C12 

was added a solution of 3-phenylpropionaldehyde dimethyl 
acetal (180 mg, 1.0 mmol) and dienoxysilane (2a 170mg, 1.2 
mmol) in 5 ml of CH2C12 at —40 °C under an argon atmos­
phere. After being stirred for 30 min at the same temperature, 
the mixture was quenched with K 2 C0 3 (1.5 g in 10 ml of 
H 2 0) , and the resulting precipitate was filtered off. The filtrate 
was extracted with ether and the resulting solution was dried 
over anhydrous Na2S04 . After removal of the solvent, the 
residual oil was chromatographed on silica gel developing 
with hexane-ethyl acetate(4 : 1) to give 5-methoxy-7-phenyl-
2-heptenal (112 mg) in 51% yield. IR(neat): 1690, 1640, 
1600 cm-1; NMR(CC14) : ô 9.55(1H, d, 7 = 8 Hz, aldehyde 
H), 7.20(5H, s, aryl CH), 6.80(1H, ddd, 7 = 1 6 , 8, 8 Hz, C3-
H), 6.05(1H, dd, 7 = 1 6 , 8 Hz, C2-H), 3.35(3H, s, -OCH3), 
3.0—3.4(IH, br, C5-H), 2.3—2.9(4H, m, -CH 2 - ) , 1.5— 
2.0(2H, m, -CH 2 - ) . 

2,4-Dinitrophenylhydrazone: mp 123—124 °C; Found: 
C, 60.29; H, 5.57; N, 14.06%. Calcd for C20H22O5N4: C, 
60.06; H, 5.76; N, 13.96%. 

The IR and NMR spectra of other d-alkoxy-a,/?-unsaturated 
aldehydes (3a—h, 4c—h and 5c—d), prepared by Method C 
are consistent with the assigned structures. 3a(R2=C2H5) : 
IR (neat) : 1685, 1630, 1600 cm-1; NMR(CC14) : ô 9.50(1 H, 
d, 7 = 8 Hz, aldehyde H), 7.20(5H, s, aryl CH), 6.75(1H, ddd, 
7 = 16, 8, 8 Hz, C3-H), 6.00(1H, dd, 7 = 16, 8 Hz, C2-H), 3.2 
—3.7(3H, m, -OCH 2 - , C5-H), 2.3—2.9(4H, m, -CH2-) , 1.5 
—2.0(2H, m, -CH 2 - ) , 1.20(3H, t, -CH3) . 3b(R 2=CH 3 ) : bp 
125 °C/0.1 Torr (bath temperature); IR(neat) : 1695, 1640 
cm-1; NMR(CC14): ô 9.50(1H, d, 7 = 8 Hz, aldehyde H), 
6.80(1H, ddd, 7 = 1 6 , 8, 8 Hz, C3-H), 6.05(1H, dd, 7=16 , 8 
Hz, C2-H), 3.30(3H, s, -OCH3) , 3.1—3.5(1H, br, C5-H), 2.4 
—2.7(2H, m, -CH 2 - ) , 0.7—1.6(1 IH); Found: C, 71.84; H, 
11.18%. Calcd for C uH 2 0O 2 : C, 71.69; H, 10.94%. 3c 
(R 2=C 2H 5 ) : IR(neat): 1690, 1640 cm-1; NMR(CC14) : 
ô 9.40(1H, d, 7 = 8 Hz, aldehyde H), 7.25(5H, s, aryl CH), 
6.75(1 H, ddd, 7 = 1 6 , 8, 8 Hz, C3-H), 6.00(1 H, dd, 7 = 1 6 , 8 
Hz, C2-H), 4.25(1H, t, C5-H), 3.5(2H, q, -OCH 2 - ) , 2.5— 
2.8(2H, br. t, -CH 2 - ) , 1.15(3H, t, CH3). 3d(R2=C2H5) : 
IR(neat): 1690, 1640 cm-1; NMR(CC14) : ô 9.45(1H, d, 
7 = 8 Hz, aldehyde H), 7.30(5H, s, aryl CH), 5.8—7.5(4H, m, 
olefinic H), 3.7—4.1 (1H, q, C5-H), 3.2—3.7(2H, q, -OCH2-) , 
2.4—2.7(2H, br. t, -CH 2 - ) , 1.20(3H, t, CH3). 3f (R2=CH3) : 
bp 85°C/0.1Torr (bath temperature); IR(neat) : 1685, 
1635 cm-1; NMR(CC14): ô 9.45(1H, d, 7 = 8 Hz, aldehyde 
H), 6.75(1H, ddd, 7 = 1 6 , 8, 8 Hz, C3-H), 6.00(1H, dd, 7 = 
16, 8 Hz, C2-H), 5.1—5.8(2H, m, olefinic H), 3.4—3.8(1H, 
m, C5-H), 3.20(3H, s, -OCH3) , 0.7—2.7(9H, aliphatic H) ; 
Found: C, 72.29; H, 10.09%. Calcd for C u H 1 8 0 2 : C, 
72.49; H, 9.96%. 4c(R 2 =CH 3 ) : 2E isomer; IR(neat): 
1670, 1630 cm-1; NMR(CC14): ô 10.00(1H, d, 7 = 8 Hz, 
aldehyde H), 7.35(5H, s, aryl CH), 5.8—6.1 (1H, br. d, C2-H), 
4.25—4.55(1H, C5-H), 3.21(3H, s, -OCH3) , 2.5—2.8(2H, 
-CH 2 - ) , 2.18(3H, d, 7=1 .2 Hz, C3-CH3). 2Z isomer: IR 
(neat): 1670, 1630cm"1; NMR(CC14): <5 9.80(1H, d, 7 = 
8 Hz, aldehyde H), 7.33(5H, s, aryl CH), 5.8—6.1 (1H, br. d, 
C2-H), 4.25—4.55(1 H, C5-H), 3.21(3H, s, -OCH3) , 2.8—3.3 
(2H, -CH 2 - ) , 1.96(3H, d, 7=1 .2 Hz, C3-CH3). 5c(R2= 
CH3, a mixture of threo and erythro isomers) : bp 85 °C/ 
0.05 Torr (bath temperature); IR (neat): 1700, 1640 cm-1; 
Found: C, 76.92; H, 8.37%. Calcd for C14H1802: C, 
77.03; H, 8.31%. isomer A: NMR(CDC13): ô 9.48(d, 
7 = 8 Hz, aldehyde H), 7.35(s, aryl CH), 6.85(dd, 7 = 16, 8 Hz, 
C3-H), 6.04(dd, 7 = 1 6 , 8 Hz, C2-H), 4.18(d, C5-H), 3.24(s, 
-OCH3). Isomer B: NMR(CDC13) : ô 9.60(d, 7 = 8 Hz, 
aldehyde H), 7.35(s, aryl CH), 6.65(dd, 7 = 1 6 , 8 Hz, C3-H), 
5.98(dd, 7 = 1 6 , 8 Hz, C2-H), 4.18(d, C5-H), 3.21(s,-OCH3). 
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Conversion of 3-Phenylpropionaldehyde Dimethyl Acetal (la) into 
Diisopropyl Acetal (li) in the Presence of TiClt and Ti(OiPr)i. 
T o a mixture of 3-phenylpropionaldehyde dimethyl acetal 
(360 mg, 2.0 mmol) and T i (0*Pr ) 4 (2.0 mmol) in 25 ml of 
GH2C12 was added a solution of TiCl4(2.4 mmol) in 5 ml of 
GH2C12 at —30 °G under an argon atmosphere. T h e mix­
ture was stirred for 1 h and quenched with K 2 C 0 3 ( 2 g in 10 
ml of water) . T h e precipitate was filtered off and the filtrate 
was extracted with ether. T h e extract was washed with 
water and dried over anhydrous N a 2 S 0 4 . After removal of 
the solvent, the resulting oil was distilled. 3-Phenyl propion-
aldehyde diisopropyl acetal ( 335 mg) was obtained in 7 1 % 
yield, b p 135 °G/11 Tor r ; NMR(GG14) : <5 7.25(5H, s, aryl 

GH) , 4 . 6 ( l H , t, - C H < Q ~ V 3.7—4.1 ( I H , m, 2 x - O C H < ) , 

2.6—2.9, 1.7—2.2(4H, m, - C H 2 - ) , 1.12, 1.22(12H, 2d, 4 x 
GH 3 ) . T h e I R and N M R spectra of this diisopropyl acetal 
( l i ) are identical with those of the sample prepared from 3-
phenylpropionaldehyde and isopropyl alcohol according to 
the method of Roelofsen and Bekkum.5) 

Conversion of 5-Methoxy-7-phenyl-2,6-heptadienal (3d) into 7-
Phenyl-2,4,6-heptatrienal (7c) under Acidic and Basic Conditions. 
p-TsOH-C6H6: A solution of 3 d (108 mg, 0.5 mmol) and p-
toluensulfonic acid (5 mg) in 10 ml of abs. G6H6 was refluxed 
for 3 h under an agron atmosphere. T h e G6H6 solution was 
washed with 10% N a H C 0 3 solution and water, dried over 
anhydrous N a 2 S 0 4 and concentrated under reduced pressure. 
The resulting solid was chromatographed on silica gel and 
eluted with hexane-ethyl acetate(4 : 1) to afford 7c(42 mg) 
in 4 6 % yield. I R ( K B r ) : 1670, 1605, 1595 c m - 1 ; N M R 
(GG14): Ö 9.55(1H, d, 7 = 8 Hz, aldehyde H ) , 7.35(5H, s, 
aryl GH) , 6.4—7.5(5H, m, olefinic H ) , 6.15(1H, dd, 7 = 8 , 1 6 
Hz , C 2 - H ) . 

AcONa-AcOH: A solution of 3 d ( 1 0 8 m g , 0.5 mmol) and 
sodium acetate(30 mg) in 1 ml of acetic acid was refluxed for 
2 h under an argon atmosphere. T h e reaction mixture was 
poured into 10% N a H G 0 3 solution at 0 °G and extracted 
with ether. After being worked up in the usual way, 7c(12 
mg) was obtained in 1 3 % yield. 

BF3 • 0(C2HJ2-Ac20 : T o a solution of 3d(216 mg, 1 mmol) 
in 1 ml of acetic anhydride was added one drop of B F 3 0 ( C 2 -
H 5 ) a at —10 °G under an argon atmosphere. T h e mixture 
was stirred for 0.5 h at —10 °G, poured into ice cold water 
and extracted with ether. T h e extract was washed with 10% 
N a H G 0 3 solution and water, dried and worked up in the 
usual way. 7c(48 mg) and 7-phenyl-l, l ,5-triacetoxy-2,6-hep-
tadiene(150 mg) were obtained in 2 6 % and 4 3 % yields, 
respectively. 7-Phenyl-l , l ,5-triacetoxy-2,6-heptadiene: I R 
(neat), 1760, 1740, 1600, 1240, 1200 cm-*; NMR(GG14) : Ô 
7.20(5H, s, aryl C H ) , 5.2—7.5(6H), 2.3—2.6(2H, - C H 2 - ) , 
2.00(9H, s, 3 X - C O C H 3 ) . A mixture of the above triacetate 
(150 mg) in 3 ml of G H 3 O H and 2 0 % K O H solution(0.5 ml) 
was stirred for 15 h at room temperature under an argon at­
mosphere. After removal of G H 3 O H , the residual aqueous 
solution was neutralized with dil. H C l and extracted with 
ether. The ether layer was washed with water, dried over 
anhydrous N a 2 S 0 4 and concentrated under reduced pressure. 
Another crop of crystals, 7c(68 mg) , was obtained in 3 7 % 
yield based on 3d, the total yield of 7c being 6 3 % . 

BF3-0(C2HJ2-CH2C12: T o a solution of 3 d (108 mg, 0.5 
mmol) in 3 ml of GH2C12 was added a solution of BF3 • O-
(G2H5)2 (1 mmol) in 2 ml of GH2C12 at - 1 0 ° G under an 
argon atmosphere. T h e mixture was stirred for 1 h and 
quenched with 10% K 2 G 0 3 solution. After the usual work 
up , 7c (58 mg) was isolated in 6 3 % yield. 

t-BuOK-THF: T o a solution of *-BuOK (125 mg, 1.1 
mmol) in 5 ml of dry T H F was added a solution of 3d (108 

mg, 0.5 mmol) in 3 ml of dry T H F at — 10 °G under an argon 
atmosphere. T h e mixture was stirred for 1 h at —10 °C and 
poured into ice cold water containing hydrochloric acid. 
After being worked up in the usual way, 7c (54 mg) was ob­
tained in 5 9 % yield. 

Conversion of 5-Methoxy-7-phenyl-2,6-heptadienal(3d) to 7-Phe-
nyl-2,4,6-heptatrienal (7c) with DBU. T o a solution of 5-
methoxy-7-phenyl-2,6-heptadienal(350 mg, 1.6 mmol) in 10 
ml of GH2G12 were added a solution of DBU(492 mg, 3.2 
mmol) in 5 ml of GH2G12 and molecular sieves 3A(500 mg) 
at room temperature under an argon atmosphere. T h e mix­
ture was stirred for 1 h and poured into ice cold brine 
containing acetic acid. T h e organic layer was separated, 
washed with brine and dried over anhydrous N a 2 S 0 4 . After 
removal of the solvent, the residual solid was chromatographed 
on silica gel and eluted with hexane-ethyl acetate (4 : 1) to 
afford 274 mg of 7-phenyl-2,4,6-heptatrienal(7c) in 9 2 % 
yield, m p 114—115 °C, (lit,21) m p 116°C) . 

T h e I R , U V , and N M R spectra of polyenals (7a—f) are 
consistent with the assigned structures: 7 a : bp 70 °G/0.5 
Tor r (ba th temperature) , (lit,22) bp 70 °G/0.7 Torr) ; IR(neat ) : 
1680, 1610 c m - 1 ; NMR(CG1 4 ) : ô 9.50(1H, d, 7 = 8 Hz, 
aldehyde H ) , 5.8—7.3(6H, m, olefinic H ) , 2.0—2.5(2H, m, 
- C H 2 - ) , 1.2—1.7(2H, m, - C H 2 - ) , 0.8—1.2(3H). 7 b : m p 
39—41 °G(lit,23) m p 37—39 °C) ; IR(KBr) : 1670, 1615 cm" 1 ; 
NMR(GG14) : ô 9.60(1H, d, 7 = 8 Hz, aldehyde H ) , 7.35(5H, 
s, aryl C H ) , 5.9—7.4(4H, m, olefinic H ) . 7 d : m p 141— 
142 °C(lit,24> m p 139—141 °G) ; IR(Nujol) : 1680, 1595, 1560 
c m - 1 ; NMR(<4-DMSO) : ô 9.55(1H, d, 7 = 8 Hz, aldehyde 
H ) , 7.35(5H, s, aryl GH) , 6.4—7.4(7H, m, olefinic H ) , 6.10 
( I H , dd, 7 = 8 , 1 6 Hz , C 2 -H) ; U V A ^ H 382 nm(e 5.6 X 104), 
2 7 5 n m ( e 1.1 x l O 4 ) ; Mass: m/e 210(M+). 7 e : m p 185— 
186 °G(lit,25) m p 183 °G) ; IR(KBr) : 1660, 1600, 1560 c m - 1 ; 
U V Â™* 4 0 6 n m ( e 7 . 4 9 x l 0 4 ) , 295 nm(e 1 . 4 9 x l 0 4 ) ; Mass: 
m/e 236 (M+) . 7f: I R ( n e a t ) : 1680, 1610 c m - 1 ; N M R 
(GG14): ô 9.55(1H, d, 7 = 8 Hz, aldehyde H ) , 5.B5—7.30 
(4H, m, olefinic H ) , 1.75(3H, s, C = C - C H 3 ) , 1.05(6H, s, 
2 x C H 3 ) , 0.9—2.4(6H, aliphatic H ) . 

Conversion of 5-Methoxy-3-methyl-7-phenyl-2,6-heptadienal (4d) 
to 3-Methyl-7-phenyl-2,4,6-heptatrienal with DBU. T o a 
solution of 5-methoxy-3-methyl-7-phenyl-2,6-heptatrienal (450 
mg, 1.96 mmol) in 8 ml of GH2G12 were added a solution of 
DBU(1.0 g) in 8 ml of GH 3 GN and molecular sieves 3A (1.0 g) 
under an argon atmosphere. T h e mixture was refluxed for 
1.5 h and poured into ice cold brine containing acetic acid, 
and worked u p in the usual way. After separation by pre­
parative T L G on silica gel [hexane-ethyl acetate(4 : 1)], (2£, 
4£,6£)-3-methyl-7-phenyl-2,4,6-heptatrienal (8b) (303 mg) 
and (2Z,4E,6E)-isomer (9b) (58 mg) were obtained in 7 8 % 
and 15% yields, respectively. 8 b : m p 76—77 °G; I R (Nujol) 
1650, 1600, 1 5 8 0 c m - 1 ; N M R ( C D C 1 3 ) : (5'10.15(1H, d, J= 
8 Hz, aldehyde H ) , 6.4—7.7(9H, aryl GH, olefinic H ) , 6.00 
( I H , d, G 2 -H) , 2.30(3H, s, C H 3 ) ; Found : C, 85.06; H , 
7.19%. Galcd for G 1 4 H 1 4 0 : G, 84 .81 ; H , 7.12%. 9 b : 
I R ( n e a t ) : 1650, 1600, 1580 c m - 1 ; NMR(CDG1 3 ) : ô 10.20 
( I H , d, 7 = 8 Hz, aldehyde H ) , 6.4—7.6(9H, aryl GH, olefinic 
H ) , 5 .90(IH, d, C 2 - H ) , 2.15(3H, s, CH 3 ) . 

T h e I R and N M R spectra of other 3-methyl polyenals 
(8a—c and 9a—c) are consistent with the assigned structures. 
8 a : I R ( n e a t ) : 1660, 1615, 1590 c m - 1 ; NMR(CDC1 3 ) : ô 
10.23(1H, d, 7 = 8 Hz, aldehyde H ) , 6.99—7.80(7H, m, aryl 
C H , olefinic H ) , 6.11(1H, d, 7 = 8 Hz, C 2 - H ) , 2.37(3H, s, C 3 -
CH 3 ) . 9 a : N M R ( C D C 1 3 ) : ô 10.33(1H, d, 7 = 8 Hz, alde­
hyde H ) , 7.1—7.8(7H, m,) 5.98(1H, d, 7 = 8 Hz, C 2 - H ) , 2.21 
(3H, s, C 3 - C H 3 ) . 8 c : I R ( n e a t ) : 1660, 1600 c m - 1 ; N M R 
(CC14); ô 10.20(1H, d, 7 = 8 Hz, aldehyde H ) , 6.10, 6.65 
(2H, 2d, 7 = 1 6 Hz, C 4 - H , C 5 - H ) , 5.85(1H, d, 7 = 8 Hz, C 3 -
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H ) , 2.30(3H, s, C 3 - C H 3 ) , 1.70(3H, s, C = C - C H 3 ) , 1.50—2.20 
(6H, aliphatic CH 2 ) , 1.05(6H, s, 2 x C H 3 ) . 9 c : IR(neat ) : 
1670, 1610 c m - 1 ; NMR(CC1 4 ) : Ô 10.15(1H, d, 7 = 8 Hz, 
aldehyde H ) , 6.50, 7.10(2H, 2d, 7 = 16 Hz, G 4 -H , C 5 - H ) , 
5.75(1H, d, 7 = 8 Hz, G 2 - H ) , 2.10(3H, s, C 3 -GH 3 ) , 1.75(3H, 
s, G=G-GH 3 ) , 1.50—2.20(6H, aliphatic H ) , 1.05(6H, s, 2 
x C H 3 ) . _ 

Conversion of 4-Ethyl-5-methoxy-5-phenyl-2-pentenal (5c) to 4-
Ethyl-5-phenyl-2,4-pentadienal (11) with DBU. T o a solu­
tion of 4-ethyl-5-methoxy-5-phenyl-2-pentenal(218 mg, 1 
mmol) in GH2G12 (5 ml) were added a solution of DBU (304 
mg, 2 mmol) in CH2C12 (5 ml) and molecular sieves 3A (500 
mg) under an argon atmosphere. T h e mixture was refluxed 
for 5 h and the solvent was removed at 20 °G under reduced 
pressure. T h e residual oil was chromatographed on silica 
gel using hexane-ethyl acetate(8 : 1) as an eluent. (2E,4E)-
4-Ethyl-5-phenyl-2,4-pentadienal (11a) (82 mg) and (2E, 4Z) 
isomer ( l i b ) (23 mg) were obtained in 4 4 % and 12% yields, 
respectively. 11a: IR(neat ) : 1680, 1600 cm" 1 ; N M R ( C D -
Gl,) : ô 9.75(1H, d, 7 = 8 Hz, aldehyde H ) , 7.24(5H, s, aryl 
C H ) , 7.25(1H, d, 7 = 16 Hz, C 3 - H ) , 6.93(1H, s, G 5 -H) , 6.38 
(1H, dd, 7 = 1 6 , 8 Hz , G 2 -H) , 2.57(2H, q, - C H 2 - ) , 1.21(3H, 
t , C H 3 ) . l i b : I R ( n e a t ) : 1680,1610 cm" 1 ; NMR(CDC1 3 ) : 
ô 9.76(1H, d, 7 = 8 Hz, aldehyde H ) , 7.38(5H, s, aryl GH) , 
7.63(1H, d, 7 = 16 Hz , C 3 - H ) , 6.93(1H, s, G 8 - H ) , 6.35(1H, 
dd, 7 = 16,8 Hz , C 2 - H ) , 2.47(2H, q, - G H 2 - ) , 1.20(3H, t, CH 3 ) . 

4-Ethyl-5-methoxy-7-phenyl-2,6-heptadienal (5d) was con-
vered into 4-ethyl-7-phenyl-2,4,6-heptatrienal (12) in 6 9 % 
yield by treating with DBU (4 equiv) at room temperature 
for 1 h. 12: m p 9 3 — 9 4 ° C : IR(Nujo l ) : 1660,1600,1580 
c m - 1 ; NMR(GDG13) : ô 9.75(1H, d, 7 = 8 Hz, aldehyde H ) , 
5.5—7.7 (9H, aryl GH, olefinic H ) , 6.25(1H, dd, 7 = 8 , 16 Hz , 
G 2 -H) , 2.52(2H, q, - G H 2 - ) , 1.12(3H, t, CH 3 ) . Found : G, 
84.97; H , 7 .65%. Galcd for C 1 5 H 1 6 0 : G, 84.87; H , 7.60%. 

Isomerization of (2Z,4E,6E)-3-Methyl-7-phenyl-2,4,6-hepta-
trienal(9b) to (2E,4E,6E)-3-Methyl-7-pehnyl-2,4,6-heptatrienal 
(8b) with Iodine. A solution of (2£,4Z,6£)-3-methyl-
7-phenyl-2,4,6-heptatrienal (106 mg) in 10 ml of abs. C 6 H 6 -
e ther( l : 1) was treated with a catalytic amount of iodine 
at room temperature under an argon atmosphere. After 
stirring for 7 h, the reaction mixture was washed with 
aqueous N a 2 S 2 0 3 solution and dried over anhydrous N a 2 S 0 4 . 
T h e solvent was removed and the crystalline residue was 
chromatographed on silica gel and eluted with hexane-ethyl 
acetate (4 : 1) to afford 71 mg of 8 b and 21 mg of 9 b in 6 7 % 
and 2 1 % yields, respectively. 

(2E,4Z)-4-Ethyl-5-phenyl-2,4-pentadienal (11a) and the re­
covered (2£ ' ,4Z)- isomer( l lb) were obtained in 5 3 % and 14% 
yields, respectively, by treating (2£ ' ,4Z)- isomer(l lb) with 
iodine under similar conditions. 

Oxidation of (2E,4E,6E)-3-Methyl-7-phenyl-2,4,6-heptatrienal 
(8b) to (2E,4E,6E)-3-Methyl-7-phenyl-2,4,6-heptatrienoic Acid 
(10a). T o a solution of silver nitrate(123 mg, 0.72 mmol) 
in 1.5 ml of water were added a solution of (2E,4E,6E)-3-
methyl-7-phenyl-2,4,6-heptatrienal(120 mg, ca. 0.6 mmol) in 
ethanol(2.5 ml) and NaOH(112 mg in 1.5 ml of water) . T h e 
mixture was stirred for 15 h at room temperature in the dark 
and the precipitate was filtered off. Ethanol was removed 
under reduced pressure. T h e residual aqueous solution was 
acidified with dil. H C l and extracted with ethyl acetate. 
(2£,4£,6£)-3-Methyl-7-phenyl-2,4,6-heptatrienoic acid (10a) 
(116 mg) was obtained in 8 9 % yield, m p 201—203 °G, 
(lit,16) m p 203 °G) ; IR(Nujol) : 1660, 1590 c m - 1 ; N M R ( G D -
Gl 3) : ô 6.27—7.6(10H), 5.88(1H, br. s, G 2 - H ) , 2.35(3H, s, 
G 3 - G H 3 ) ; U V œ H 329 nm(e 6.0 x 104), 242 nm(e 1.0x 104). 

Acid (10a) was converted into the corresponding methyl 
ester (10b) in 9 0 % yield according to the method of Wiley 

et a/.,16) 10b: m p 56—57 °G; IR(Nujol) : 1700, 1600 c m - 1 ; 
NMR(CC1 4) : ô 7.26(5H, br. s, aryl GH) , 6.3—6.9(4H, ole­
finic H ) , 5.72(1H, br. s, C 2 - H ) , 3.60(3H, s, - O G H 3 ) , 2.29 
(3H, s, G 3 - G H 3 ) ; U V X^ 336 nm(e 5.06 X 104), 245 nm(e 
9.66X10 3 ) . 

Similarly, (2£,4ii)-4-ethyl-5-phenyl-2,4-pentadienoic acid 
(13) was obtained in 8 4 % yield by treating with silver oxide 
in the dark. 13: m p 98—99 °C ; I R ( K B r ) : 1670, 1600 
c m - 1 ; U V * £ £ " • 302 nm(e 2.76 X 104), 225 nm(e 6.65 x 103); 
NMR(GDG1 3 ) : ô 10.56(1H, br. - C O a H ) , 7.56(1H, d, 7 = 
16 Hz , C 3 - H ) , 7.41 (5H, s, aryl C H ) , 6.87(1 H, s, C 5 - H ) , 6.06 
(1H, d, 7 = 16 Hz, C 2 - H ) , 2.55(2H, q, - G H 2 - ) , 1.21(3H, t, 
G H 3 ) ; Found : G, 71.75; H , 6.37%. Galcd for G 1 3 H 1 4 0 2 : 
C, 71.54; H , 6.47%. 
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Irradiation of an oxygen-free benzene solution of cw-4-flavanol l a by a mercury lamp in the presence of 
benzophenone gave 4-flavanone (32%), benzopinacol (85%), eis- and fran^-2-(diphenylhydroxymethyl)-4-flavanols 
(7.6%), and 2-(diphenylhydroxymethyl)-4-flavanone (7.7%), whereas photolysis of m-4-acetoxyflavane under 
similar conditions gave m-2-(diphenylhydroxymethyl)-4-acetoxyflavane(24%), 2,2'-bi-4-acetoxyflavane (6%), 
and benzopinacol. Photolysis of l a in acetone gave 4-flavanone (3.6%), trans A-(\-hydroxy- 1-methylethyl)-4-
flavanols (9.9%). The eis isomers of the parent and substituted 4-flavanols showed higher reactivities than the 
corresponding trans isomers. 

For epimeric cycloalkanols, significant structural 
effects on oxidation rates are known.1-2) Significant 
rate ratios, eis I trans=3.Z—12, have been reported 
for the oxidation of a series of eis and trans substituted 
4-chromanols with chromic acid,3) and the observed 
ratio has been attributed to the stereoelectronic effect1) 
and the strain relaxation of the Chromate esters of the 
substrates. 

The present work was undertaken to determine 
the structural effects on the photoreactions of 4-flava­
nols with ketones. I t has been assumed that the 
hydrogen atom at the 4-position on the dihydropyrane 
ring is quasi-axial for the eis isomer l a and quasi-equa­
torial for the trans isomer l b , while the hydrogen atom 
at the 2-position is axial for both isomers.4-5) T h e 
rates of the photoreactions of these isomeric substrates 
with ketones are expected to depend on the respective 
structures. It was observed, however, that not only 
the rate, but also the course of the photoreaction, 
changed remarkably with changes in the structures 
of the 4-flavanols and ketones. 

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

Photoreactions of la and lb with Benzophenone. 
A deaerated benzene solution of m-4-flavanol l a 

(0.02 M) containing benzophenone (0.02 M) gave 
4-flavanone 5, 2-(diphenylhydroxymethyl)-flavanone 
6, benzopinacol 7, and eis- and trans-2- (diphenyl­
hydroxymethyl) -4-flavanols 8 and 9, upon irradiation 

H OH 0 0 

la 5(32%) 6(7.7%) 

Ph2C-CPh2 ^ O ^ 0 0 " ^ 0 j $ 2 C 0 H 

+ I I + O L T " P h + O f r*Ph 
HO OH ^j< ^yr 

H OH fi "OH 
7(85%) 8(5.1%) 9(2.5%) 

Scheme 1. Photolysis of l a with benzophenone. 

To whom correspondence should be addressed. 

TABLE 1. MAIN PRODUCTS AND THEIR YIELDS IN THE 

PHOTOREACITIONS OF l a AND l b WITH BENZOPHENONE 

Substrate 

l a 
l b 

Product, % 

5 7 

32 85 
15 60 

Recovery, % 

Substrate Benzophenone 

40a> trace 
53a> 20 

a) No epimerization product (via inversion at the 4-
position) was detected. 

with a 100 W high-pressure mercury lamp for 100 min 
(Scheme 1). The N M R signal of the proton at the 
3-position of 6 showed a singlet at 6 = 3.49 ppm. This 
suggests rapid inversion of the carbon at the 2-position 
of the dihydropyrane ring of 6. Photolysis of trans-4-
flavanol l b under similar conditions gave 5 and 7 
as the main products, but the rate or the yields were 
significantly lower than those for l a (Table 1). 

In the recovered 4-flavanol resulting from the ir­
radiation of l a and benzophenone, no epimerized 
product, l b , was detected, nor was any pinacol-type 
dimer, 4,4'-bi-4-flavanol, 12. The lack of the forma­
tion of 12 is not necessarily due to the steric hinderance 
of the coupling of the 4-(4-hydroxyflavanyl) radical, 
A, since 12 can be formed as the main product in the 
photoreaction of la with acetone, as is shown below 
(Scheme 4). The lack of formation of 12 (4) and 
l b (5, 6), may imply that radical A rapidly reacts with 
ground state benzophenone to give benzophenone ketyl 
radical B (3), before coupling and disproportionation 
or reaction with B (4—6). T h e benzophenone ketyl 
radical, which is stabilized by two phenyl groups, 
is assumed to be more stable than radical A, which 
is stabilized by only one phenyl group. Hence, radical 
A could transfer a hydrogen atom from its oxygen 
atom to a ground-state benzophenone molecule, thus 
producing a benzophenone ketyl radical and a molecule 
of flavanone (3), as is proposed for the photochemical 
reduction of aliphatic alcohols with benzophenone. 
O n the other hand, the formation of a small amount 
of the cross coupling products, 8 and 9, may imply 
the intermediacy of the 2-(4-hydroxyflavanyl) radical, 
C (2). This radical would combine with B giving an 
epimeric mixture, 8 and 9 (8). 
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l a 
hv 

Ph 2 CO oy» >pfi + Ph.COH 

OH 
A 

+ B 

C 

5 + B 

12 

5 + l a or l b 

Ph2CO + l a or l b 

7 

8 + 9 

A + Ph2CO 

A + A 

A + A 

A + B 

B + B 

C + B 

Scheme 2. Photolysis of l a and benzophenone. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

Product 6 may be formed by further photoreaction 
of 5, 8, or 9. However, it seems likely that the main 
source of 6 is 5, since the yields of 8 and 9 are low 
and photolysis of 5 and benzophenone actually gave 
6 under similar conditions. 

Photoreaction of 4a with Benzophenone. Photolysis of 
m-4-acetoxyflavane 4a and benzophenone under condi­
tions similar to those for l a gave no 5, but 2,2'-bi-
4-acetoxyflavanes 11 and a cross coupling product, 
eis - 2 - (diphenylhydroxymethyl) - 4 - acetoxyflavane 10, 
besides benzopinacol 7, as shown in Scheme 3. Because 
of the insolubility of 11, its N M R spectrum was not 
obtained. T h e N M R signal due to the proton of 
the 4-position of 10 showed a quartet at (5=5.42 
(1H, y = l l Hz) , which implies that the diphenyl­
hydroxymethyl group at the 2-position and the hydrogen 
atom at the 4-position are of eis conformation.4) 

O h> 
Ph2C0 

H OAc 
4a 

-#-* 
H 

Ph 

Ö 

5 

P h 2 C - C P h 2 
+ I I 

HO OH 

7 

Scheme 3. Photolysis of 4a with benzophenone. 

H OAc 

10(24%) 
H OAc lz 
I 1(6%) 

In contrast to the results of l a (Scheme 1), high 
yields of products derived from the cw-2-(4-acetoxy-
flavanyl) radical and the lack of products derived 
from the cis-4- (4-acetoxyflavanyl) radical may be noted. 
T h e inefficiency of the abstraction of the hydrogen 
atom at the 4-position of 4a may be due to the electron-
withdrawing effect of the acetyl group6) as well as 
steric hinderance. 

Photolysis of a mixture of 4a and the trans isomer 
4b in the presence of benzophenone gave the following 
ratio of the consumption rates, eis/trans=3.6. 

O r
.H 

** Ph 

12(35%) 

• ß ['""Ph 

HO MeJfcOH 

e 

Me2C0H OH 

13(5.7%) 

r-*'Ph "*Ph 

Ö HO *H 

14(4.2%) 5(3.6%) |b (2.1%) 

Scheme 4. Photolysis of l a with acetone. 

Photoreaction of la with Acetone. Photolysis of 
l a in acetone gave 4,4'-bi-4-flavanols, 12 (mixture 
of isomers), eis- and transA-{\-hydroxy- 1-methylethyl)-
4-flavanols, 13 and 14, 4-flavanone, 5, and l b , besides 
the recovered l a (40%), as shown in Scheme 4. The 
photochemical behavior of l a and acetone (acetone acts 
as a photosensitizer as well as the solvent) differs 
markedly from that with benzophenone in the following 
respects : a) neither 4-flavanone, 5, nor acetone pinacol, 
15, was obtained, while 5 and 7 were the main products 
in the la -benzophenone system, b) dimeric products, 
12 were obtained in a significant yield, while they 
none were detected in the photolysis of l a and benzo­
phenone, c) cross-coupling products, 13 and 14, derived 
from radical A were obtained instead of the cross-
coupling products analogous to 8 and 9 in Scheme 
1, d) the formation of l b , i.e., epimerization at the 
4-position, was observed. 

Radical A, which is stabilized due to its benzylic 
structure, is assumed to be more stable than ketyl 
radical D . Hence the latter should transfer a hydrogen 
atom from an oxygen atom to l a , to produce acetone 
and radical A (13), before collisional coupling with 
another D resulting in 15 (14). For similar reasons, 
the reaction of A with acetone giving D and 5 (12) 
is assumed to be unfavorable (an endothermic process) 
and hence racical A should either couple to give 12 
(10) or disproportionate resulting in 5 and l a or l b (11). 
In the case of the la -benzophenone system, however, 
radical A should rapidly undergo process (3) because 
of the higher stability of B, before the coupling and 
disproportionation processes (4)—(6) can occur. 

l a 
Me 2 CO 

-> A + Me2COH ^ 1 3 + 1 4 (9) 

D 

D 

Me 2 CO 

—II— 
l a 

12 

5 + l a or l b 

5 + D 

A + Mc2CO 

Me2C-CMc2 15 

(10) 

(11) 

(12) 

(13) 

(14) 
D 

-li­

no OH 
Scheme 5. Photolysis of l a with acetone. 
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TABLE 2. RELATIVE REACTIVITIES OF THE eis AND 

trans ISOMERS OF THE SUBSTITUTED 4-FLAVANOLS 

WITH BENZOPHENONE 

Substrate 

4-Chromanol 

l a 

l b 

2a 

2b 

3a 

3 b 

Form 

eis 

trans 

eis 

trans 

eis 

trans 

Rel. reactivity1) 

1.00 

1.8 

0 .17 

2 .2 

0.91 

1.3 

0 .18 

a) The relative reactivity is based on that of 4-chro-
manol. 

In Scheme 5 process (9) represents the cross-coupling 
reaction within the solvent cage. 

No suitable explanation is available as yet, as to 
why no cross-coupling products analogous to 8 and 9, 
shown in Scheme 1, were formed in the photolysis 
of the l a -ace tone system. 

Relative Photoreactivities of eis- and tra.ns-4-Flavanols 
with Benzophenone. Table 2 shows the relative 
consumption rates, as compared with the consumption 
rate of 4-chromanol, for the photolysis of l a , l b , 
m-7-methoxy-4-flavanol 2a, frmy-7-methoxy-4-navanol 
2b , m-7-chloro-4-flavanol 3a, and /ran.y-7-chloro-4-
flavanol 3b . 

I t may be noted that a) the reactivities of the eis 
isomers ( l a , 2a, 3a) are higher than the corresponding 
trans isomers ( l b , 2b , 3b) , and b) that the order of the 
reactivities is 2a > l a > 3a, 2b > l b = 3b. Yamaguchi 
et al?) have explained the relative reactivities of the 
eis- and tomj-substituted chroman-4-ols with chromic 
acid in terms of the stereoelectronic effect1) and the 
strain relaxation of the Chromate esters of the sub­
strates. Also, in the present photoreaction system, 
the stereoelectronic effect may be assumed to be one 
of the factors controlling the relative reactivities of 
the isomers. In addition to these effects, abstraction 

of the hydrogen atoms from these substrates by triplet 
benzophenone is assumed to be significantly sterically 
hindered for effective encounter collisions. A reac­
tivity ratio eisjtrans of 3.6 was found for the photo-
reaction of isomeric 4-acetoxyflavanes 4a and 4b . 
T h e products resulting from the photolysis of 4a or 
4 b and benzophenone (Scheme 3) imply that the 
intermediate radical is not the radical at the 4-position 
but is that at the 2-position. T h e latter is not conju­
gated with the 5,6-fused benzene ring and is free from 
the stereoelectronic effect. Thus , the reactivity ratio 
of 3.6 for isomeric 4-acetoxyflavanols is assumed to 
be due to the steric hinderance for encounter colli­
sions. T h e abstraction of hydrogen atoms would be 
sterically less favorable for the trans isomers than for 
the eis isomers, since for the trans isomers the phenyl 
group at the 2-position would interfer with the attack 
of the triplet benzophenone. 

T h e order of the reactivities indicates that electron 
releasing substituents stabilize the intermediate radical, 
such as A, and accelerate the reaction rate. 

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

The light souce was a 100-W high pressure mercury lamp 
(Riko Kagaku) immersed in a 200-ml reaction vessel. Each 
solution was bubbled using a purified nitrogen stream before 
and during photolysis. The temperature was maintained 
at 20—25 °G. The melting points are uncorrected. NMR 
and IR spectra were obtained by using Hitachi IRA-1 and 
R-24 spectrometers, respectively. 

Materials. eû-4-Flavanol la,7) m-7-methoxy-4-flava-
nol 2a, and m-7-chloro-4-flavanol 3a were prepared from 
4-flavanone,8) 7-methoxy-4-flavanone,9) and 7-chloro-4-flava-
none,10> respectively, by reduction with sodium borohydride. 
fran.î-4-Flavanol lb,11) *ran.y-7-methoxy-4-flavanol 2b, and 
£r<my-7-chloro-4-flavanol 3b were prepared from la, 2a, and 
3a, respectively, by treatment with phosphorus tribromide 
in ether followed by hydrolysis in a f-butyl alcohol-water 
solution of potassium hydroxide. m-4-Acetoxyflavane 4a 
and fran.î-4-acetoxyflavane 4b, were prepared from l a and 
lb , respectively, by acetylation in acetic anhydride-pyridine. 

TABLE 3. YIELDS AND PHYSICAL CONSTANTS OF A SERIES OF 4-FLAVANOLS 

Substrate Yield, % Mp (solvent) a> NMR (GDG13) ô, ppm IR, cm-

l a 

l b 

2a 

2b 

3a 

3b 

4a 

4b 

87 147—148 (M) 1.9—2.1 (M, 2H), 4.5 (d, 1H), 5.0 (q, 1H) 
5.2 (q, 1H), 6.7—7.6 (m, 9H) 

61 117—118 (B) 2.0—2.2 (m, 2H), 2.4 (s, 1H), 4.7 (t, 1H) 
5.2 (q, 1H), 6.7—7.5 (m, 9H) 

72 102—103 (M) 1.7—2.6 (m, 2H), 2.2 (s, 1H), 3.7 (s, 3H) 
4.9 (q, 1H), 5.1 (q, 1H), 6.4—7.6 (m, 8H) 

65 110—111 (B) 1.7—2.3 (m, 2H), 2.3 (s, 2H), 3.7 (s, 3H) 
4.7 (t, 1H), 5.2 (q, 1H), 6.4—7.5 (m, 8H) 

69 103—104 (EW) 1.7—2.5 (m, 2H), 2.3 (s, 1H), 4.9 (q, 1H) 
5.1 (q, 1H), 6.8—7.4 (m, 8H) 

45 49—51 (BH) 2.0—2.2 (m, 2H), 2.2 (s, 1H), 4.7 (t, 1H) 
5.2 (q, 1H), 7.3—6.9 (m, 8H) 

85—86 (E) 1.6—2.8 (m, 2H), 2.0 (s, 3H), 5.1 (q, 1H) 
6.1 (q, 1H), 6.7—7.5 (m, 9H) 

97—98 (E) 2.0 (s, 3H), 2.0—2.3 (m, 2H), 5.2 (q, 1H) 
6.0 (t, 1H), 6.7—7.6 (m, 9H) 

a) Solvents for crystallization; M: methanol, E: ethanol, B: benzene, EW: ethanol-water, BH: 

3410, 

1210 

3410, 

1210 

3230, 

3220, 

1570 

3330, 

1560, 

3400, 

1700 

1700 

1580 

1580 

1605 

1600 

1590 

1104 

1600 

benzene-hexane. 
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4-Chromanol was prepared by reduction of chromanone12) 
with sodium borohydride. T h e yields and the phydical 
constants of these substrates are summarized in Table 3. 

Photolyses of la and lb with Benzophenone. A 200-ml 
benzene solution containing 0.025 M l a and 0.07 M benzo­
phenone was irradiated for 100 min. Isolation by column 
chromatography on silica gel gave 7 (0.62 g) , 5 (0.29 g), 
6 (0.19 g) , 8 (0.05 g), 9 (0.10 g), in addition to the recovered 
l a (0.13 g) . T h e photolysis of l b and the analysis of the 
products were carried out under conditions similar to those 
for l a , but only the main products 5 and 7 were isolated. T h e 
acetylation of 8 and 9 in pyridine-acetic anhydride gave 
m-2-(diphenylhydroxymethyl)-4-acetoxyflavane 8 ' and trans-
2-(diphenylhydroxymethyl)-4-acetoxyflavane 9. Products 5 
and 7 were identified by comparing their m p and I R and 
N M R spectra with authentic samples. 6 : colorless needles 
from ethanol ; m p 182— 183 °G ; I R (KBr) : 3440, 1680 c m - 1 ; 
N M R (GDG13): Ô 2.95 ( s , lH) , 3.49 (s, 2H) , 6.7—7.9 (m, 
19H). Found : G, 82.32; H , 5 .49%. Galcd for G 2 8 H 2 2 0 3 : 
G, 82.73; H , 5 .45%. 8 : colorless needles from ethanol ; 
m p 222—223 °G; I R : 3 5 7 0 , 3 3 3 5 , 1 5 9 0 cm" 1 . 8 ' : color­
less prisms from ethanol ; m p 207—212 °G; I R : 3445, 
1 7 0 0 c m - 1 ; N M R (CDC13): Ô 1.98 (s, 3H) , 2.30 (q, 1H), 
2.90 (s, 1H), 3.31 (q, 1H), 5.42 (q, 1H), 6.8—7.9 (m, 19H). 
J 3 a _ 4 = l l H z , y 3 a _ 3 e = 1 3 . 4 H z , y 3 e _ 4 = 6 . 5 H z . 9 ' : color­
less prisms from e thanol ; m p 212—213 ° C ; I R : 3445, 
1700 c m - 1 ; N M R (GDG13) : ô 1.50 (s,3H), 2.67 (q, 1H), 
2.98 (s, 1H), 3.20 (q, 1H), 5.71 (q, 1H), 6.8—7.8 (m, 14H). 
y 3 a _ 3 e = 1 6 . 0 H z , y 3 a _ 4 = 2 . 0 H z . Found : C, 79.34; H , 
5 . 8 1 % . Galcd for G 3 0 H 2 6 O 4 : C, 79.98; H , 5.82%. 

Photolysis of 4a and Benzophenone. A 200-ml benzene 
solution containing 4a (0.025 M) and benzophenone (0.06 M) 
was irradiated for 10 h. Isolation of the products by column 
chromatography on silica gel gave 7 in an undetermined signi­
ficant amount , 11 (0.08 g) , and 10 (0.36 g) , in addition to 
the recovered 4 a and benzophenone. 11: colorless crystal 
from benzene-ethyl acetate; m p 275—280 °G; I R : 1720, 
1220 cm. - 1 Found : G, 74.35; H , 5 .68%. Galcd for 
C 3 4 H 3 0 O 6 : G, 76.39; H , 5.66%. T h e N M R spectra of 11 
was not obtained because of the low solubility in any 
suitable solvent. 

Photolysis of la and Acetone. A 150-ml acetone solution 
of l a (0.067 M) was irradiated for 60 h. Isolation by GC 
on silica gel, after acetylation with pyridine-acetic anhydride, 
gave 4a (0.76 g) , 4 b (0.05 g), 5 (0.08 g), bi-4-(acetoxyflavane) 
12' (0.79 g) , and eis- and £ran^-4-(l-hydroxy-2-methylethyl)-

4-flavanols 13 (0.16 g) and 14 (0.12 g). The T L C of 12 on 
silica gel with, benzene gave four spots which were identified 
as isomeric mixtures by comparing their N M R spectra with 
those of authentic samples.13) 13 : white crystals from CC14; 
m p 130—132 °G; I R : 3520, 3450 cm" 1 ; N M R (GDG13) : ô 
1.26 (s, 3H) , 1.34 (s, 1H), 2.0—3.0 (m, 4H) , 5.63 (q, 1H), 
6.7—7.7 (m, 9H) . 14: colorless crystals from petroleum 
benzine; m p 125—130 °G; I R : 3400, 2900, 1600 cm- 1 ; 
N M R : ô 1.00 (s, 3H) , 1.30 (s, 3H) , 2.0—2.2 (m, 2H) , 
2.70 (s, 2H) , 5.05 (q, 1H), 6.8—7.0 (m, 9H) . 

Relative Photoreactivities. A 100-ml benzene solution 
of each substrate (0.005 M) in the presence of 4-chromanol 
(0.005 M) and benzophenone (0.03 M) was irradiated for 
20 min. After separation by PLC on silica gel with benzene, 
the N M R signal intensities for 4-chromanone at 5 = 4 . 3 9 
and 4-flavanones at 5 = 5 . 3 4 ppm were measured. In the 
case of 4a and 4b , for which the photoreaction rates are slow 
compared to those of 4-chromanol, a 50-ml benzene solution 
containing 4a (0.01 M ) , 4 b (0.01 M ) , and benzophenone 
(0.016 M) was irradiated for 3 h. 

T h e a u t h o r s wish to t h a n k Miss S. Y a m a z a k i for 

h e r h e l p d u r i n g th is w o r k . 
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Sequential Polypeptides. The Steric Hindrance of L-Valine Residues 
in the Polycondensation of Peptide Active Esters 
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Five tripeptide iV-hydroxysuccinimide esters with iV-terminal L-valine, L-phenylalanine, and L-alanine were 
polymerized in A^iV-dimethylformamide with a variety of concentration of the monomers. The yields and mole­
cular weights of the resulting sequential polypeptides were then compared in order to demonstrate the presence of 
the steric hindrance of the L-valine residue in polycondensation. The results of the polycondensation and the 
conformational study of the resulting polypeptides suggest that the side chain of the L-valine residue at the N-
terminal position of the monomers hinders the polycondensation of the monomers. 

L-Valine is a very interesting amino acid in poly­
peptide chemistry from synthetic as well as conforma­
tional aspects. Poly (L-valine) takes predominantly the 
^-structure and does not form the a-helix, although 
the L-valine residues can be incorporated in the stable 
a-helical conformation in naturally occurring proteins1) 
and synthetic sequential polypeptides.2,3) These facts 
can be explained by the steric hindrance of the side 
chain of the amino acid. 

In a previous study,4) we reported on the synthesis 
and conformation of two sequential polypeptides, 
(L-Ala-L-Val-Gly)M and (L-Val-L-Ala-Gly)w. In that 
study, we found that the HBr-H-L-Ala-L-Val -Gly-
ONSu monomer polymerized to give a sequential 
polypeptide, (L-Ala-L-Val-Gly)„, with high molecular 
weights and in higher yields than the HBr • H - L - V a l - L -
Ala-Gly-ONSu monomer.5) This fact was tentatively 
explained by the presence of the steric hindrance of 
the side chain of L-valine at the iV-terminal position 
of the latter monomer. However, a question if the 
lowering of the yield and the molecular weight of 
(L-Val-L-Ala-Gly) n results only from the steric hin­
drance of the L-valine residue remains unresolved, 
because there are many factors responsible for the 
yield and the molecular weight of the sequential 
polypeptides. Among them, the conformations of the 
growing polypeptide chains may greatly influence 
the results of polycondensation. The previous study 
compared the results of the polycondensation of dif­
ferent polypeptides which may take different con­
formations in the polymerization system. 

We chose in this study monomers with the same 
composition, but with different sequences of amino 
acids, which give the same sequential polypeptide—for 
example, HCl• H-L-Val-L-Phe-L-Phe-ONSu and HCl-
H-L-Phe-L-Val-L-Phe-ONSu, which give the same 
polymer (L-Val-L-Phe-L-Phe)w. In the polyconden­
sation of these monomers, the conformational effect 
is removed and the sterical effect of the L-valine residue 
may be clearly demonstrated. We polymerized five 
monomers: the above two monomers, H C I - H - L -
Val-L-Ala-L-Ala-ONSu, HCl • H-L-Ala-L-Val-L-Ala-
ONSu, and HCl • H-L-Va l -L -Va l -G ly -ONSu . The 
results are discussed, together with a conformational 
study in the solid state. 

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

Synthesis of Monomers. For such a study as 
this, in which the mechanism of the polycondensation 

of peptide active esters is deduced from the yields 
and the molecular weights of the resulting polypeptides, 
exact and reproducible values of the yield must be 
obtained in polycondensation. Thus, a large amount 
of the peptide active esters as a monomer for poly­
condensation must be prepared for repeated polycon-
densations. T h e peptide active esters are compara­
tively difficult to synthesize because many treatments 
are needed for their synthesis. An easy synthetic 
method giving a high yield must be adopted to prepare 
a large amount of the monomers.6) In this study, 
the monomers were prepared by means of the o-nitro-
phenylthio iV-carboxy a-amino acid anhydride (Nps-
NCA) method,7) which can rapidly produce in a high 
yield a peptide derivative protected by the Nps group.8) 
This method is especially useful for the synthsis of a 
large amount of peptides. T h e Nps-NCA method 
gives no by-products such as the N,JV'-dicyclohexyl-
urea in the dicyclohexylcarbodiimide method, and the 
resulting product is easily purified by simple recrystal-
lization. 

An amino acid ethyl ester was treated with an 
Nps-NCA to give the Nps-dipeptide ethyl ester in a 
yield above 8 5 % . The subsequent removal of the 
Nps group of the dipeptide derivative by treatment 
with hydrochloric acid in dioxane gave, almost quanti­
tatively, the dipeptide ethyl ester hydrochloride, which 
was then treated with another Nps-NCA to give the 
Nps-tripeptide ethyl ester in a yield above 8 2 % . The 
Nps-tripeptide ester was saponified to lead to Nps-
tripeptide free acid, which was active-esterified by 
treating it with -/V-hydroxysuccinimide and dicyclo­
hexylcarbodiimide.9) T h e resulting Nps-tripeptide 
ONSu ester was purified by recrystallization from tetra-
hydrofuran. 

A series of treatments for the synthesis leading to 
Nps-tripeptide ONSu esters was started from the 
0.2 mol scale of the amino acid ester. Though many 
reactants were used, every condensation with Nps 
- N C A produced in a yield above 8 2 % , and all the 
products were easily purified by recrystallization. 
The results of the syntheses are shown in Table 1. 

Polycondensation of the Monomers. All the poly­
merizations of the tripeptide ONSu esters were done 
in JV,iV-dimethylformamide for one day at room tem­
perature.4«6) Every polymerization system was treated 
with different procedures for the isolation of the result­
ing polypeptide. We supposed that the yield of 
polycondensation may vary with each isolation pro-
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TABLE 1. RESULTS OF SYNTHESES OF NPS-TRIPEPTIDE O N S U ESTERS 

[Vol. 50, No. 5 

N-Protected monomer Yields Mp M D 

Found, % 
Galcd, % 

/o 

64.8 

71.4 

67.5 

61.4 

58.2 

^ ^ 

185—190 
(dec) 

185—190 
(dec) 

158—160 
(dec) 

170—175 
(dec) 

185—190 
(dec) 

1 . \J, J.AVJWJ.'N.l.V.U 

+ 22.0 

- 1 2 . 7 

- 3 4 . 5 

- 7 6 . 4 

- 2 3 . 7 

^2) 

c 
59.97 
59.89 
59.84 
59.89 
49.39 
49.50 
49.51 
49.50 
50.53 
50.47 

H 

5.45 
5.33 
5.40 
5.33 
5.44 
5.34 
5.39 
5.34 
5.64 
5.58 

N 

10.47 
10.59 
10.61 
10.59 
13.81 
13.75 
13.84 
13.75 
13.29 
13.38 

Nps-L-Phe-L-Val-L-Phe-ONSu 

Nps-L-Val-L-Phe-L-Phe-ONSu 

Nps-L-Ala-L-Val-L-Ala-ONSu 

Nps-L-Val-L-Ala-L-Ala-ONSu 

Nps-L-Val-L-Val-Gly-ONSu 

a) The yields are the values from the starting amino acid ethyl ester hydrochloride. 

TABLE 2. RESULTS OF POLYCONDENSATION OF HCl • H-L-Val-L-Phe-L-Phe-ONSu AND 

HCl • H-L-Phe-L-Val-L-Phe-ONSu 

Monomer concn 
mol/1 

1.0 
0.50 
0.33 
0.25 
0.14 
0.13 

Yields 
% 

99 
97 

87 

83 

(L-Val-L 

Yieldb> 
% 

92 
87 

83 

80 

-Phe-L-Phe)w 

Yield«) 
0 / 
/o 
90 
88 

— 

76 

7sp/c d ) 

0.095 
0.106 

0.119 

0.140 

Yield*) 
% 

93 
92 
90 
88 
84 
85 

(L-Phe-L 

Yields 
% 

91 
91 
86 
85 
82 
81 

-Val-L Phe)w 

Yieldc> 
/o 

89 
90 
— 
84 
— 
79 

?8p/od> 

0.148 
0.153 
0.157 
0.148 
0.161 
0.142 

a) The yields are the values by the first isolation procedure, b) The yields are the values by the second isola­
tion procedure, c) The yields are the values by the third isolation procedure, d) The viscosities are the values 
of the polypeptides isolated by the second isolation procedure. 

cedure, because we have found that the solubility 
of peptides in solvents such as iV,iV-dimethylformamide 
differs greatly with the sequences of amino acids.10) 
The results of the polycondensation of H C 1 - H -
L-Val-L-Phe-L-Phe-ONSu and HCl • H-L-Phe-L-Val-
L-Phe-ONSu are shown in Table 2. For the first 
isolation procedure, the polymerization system was 
diluted with diethyl ether. This t reatment precipitates 
from the polymerization system the polymer, an 
oligomer with a very low molecular weight, and also 
tr iethylammonium chloride. The precipitate was col­
lected by filtration and washed with methanol to 
remove the salt. T h e yields by the first procedure 
are shown by the values with the superscript a. The 
polymer isolated by the first procedure was suspended 
in iV,iV-dimethylformamide and reprecipitated by the 
addition of methanol. By this treatment, the oligomer 
with very low molecular weights and cyclic oligomers 
were removed from the polymer.11) The yields by 
the second procedure are shown with the superscript b . 
In the third procedure the polymer was precipitated 
from the polymerization system by the addition of 
methanol. The yields by the third procedure are 
shown with the superscript c. 

A comparison of the yields of the two polymers suggests 
an interesting feature of polycondensation. The HCl • 
H-L-Val-L-Phe-L-Phe-ONSu monomer with the N-
terminal L-valine residue, gave, by the first isolation 

procedure, the (L-Val-L-Phe-L-Phe)n polymer in higher 
yields than did another HCl • H-L-Phe-L-Val-L-Phe-
ONSu monomer with JV-terminal L-phenylalanine. 
However, the yields of the ( L-Val-L-Phe-L-Phe)n polymer 
decreased after the second treatment to become similar 
to the values of the yields of (L-Phe-L-Val-L-Phe)n . 
These results suggest that the first procedure of isolation 
precipitated not only the polymer but also oligomers 
with very low molecular weights, which were then 
removed by the second isolation procedure. This is 
demonstrated by the fact that the second procedure 
gave the yields similar to those of the third isolation 
procedure, which does not precipitated the lower 
oligomers. 

We should also discuss the results of the polyconden­
sation in connection with the values of the yields 
obtained by the second and third procedures for the 
isolation of the polymer. Two polymers with the same 
sequence, ( L-Val-L-Phe-L-Phe)n and (L-Phe-L-Val-
L-Phe)n , were isolated in similar yields. This is also 
true for other sequential polypeptides. The results 
of the polycondensation of another pair of monomers, 
HCl-H-L-Val-L-Ala-L-Ala-ONSu and H C 1 H - L - A l a -
L-Val-L-Ala-ONSu, are shown in Table 3. Table 3 
also contains the yields of the polymers isolated by 
the third procedure. These sequential polypeptides, 
(L-Val-L-Ala-L-Ala) n and (L-Ala-L-Val-L-Ala) n, were 
obtained in the same yields by three different isolation 
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TABLE 3. RESULTS OF POLYGONDENSATION OF 

HCl • H-L-Val-L-Ala-L-Ala-ONSu AND 
HCl • H-L-Ala-L-Val-L-Ala-ONSu 

Monomer 
concn 

0.50 
0.33 
0.25 
0.20 
0.17 
0.14 
0.13 

(L-Val-

Yield 
% 

100 
100 
99 
99 
98 
98 
98 

- L - A l a - L 

Vsp/c 

0.157 
0.178 
0.186 
0.161 
0.157 
0.140 
0.152 

-Ala), 

DP 
n 

8 
12 
14 
10 
8 
6 
8 

(L-Ala-

Yield 
% 

100 
100 
97 
97 
96 

94 

- L - V a l - L 

VsWc 
/o 

0.192 
0.192 
0.224 
0.186 
0.182 

0.178 

-Ala), 

DP 
n 

20 
20 
27 
17 
16 

15 

procedures, in contrast to the results for the sequen­
tial polypeptides containing L-phenylalanine residues. 
The polymer containing L-alanine residues, therefore, 
may contain lower oligomers. This is consistent with 
the fact that the yields of the polypeptides containing 
L-alanine residues are higher than those containing 
L-phenylalanine residues. Another fact which is ana­
logous for the polymers containing L-phenylalanine 
is that the polymers containing L-alanine residues 
were isolated in the same yields and no effect of the 
TV-terminal amino acid residue appeared. I t may be 
conclusively stated from the above results that the 
effect of the TV-terminal amino acid of the monomer 
in polycondensation, if it is present, cannot detected 
by comparing the yields of the resulting sequential 
polypeptides. 

Contrary to the above results for the yields, the 
viscosity of the resulting sequential polypeptides clearly 
shows the influence of the TV-terminal amino acid of 
the monomers on the polycondensation. The sequen­
tial polypeptide, (L-Val-L-Phe-L-Phe)n obtained from 
a monomer with the TV-terminal L-valine has lower 
viscosities than the polypeptide, (L-Phe-L-Val-L-Phe)w , 
obtained from a monomer with TV-terminal L-phenyl­
alanine (Table 2). An analogous result was obtained 
by the polycondensation of another pair of monomers 
containing L-alanines (Table 3). T h e polymer with 
TV-terminal L-valine (L-Val-L-Ala-L-Ala)n has lower 
viscosities than those of the polymer with TV-terminal 
L-alanine (L-Ala-L-Val-L-Ala)n. We determined the 
number-average degree of polymerization (DP) of 
these polymers by measuring the N M R peak area of the 
TV-terminal amino protons and the internal amide 
protons. These results are also shown in Table 3. 

The polymer with TV-terminal L-alanine has DPs from 
15 to 27, about ten repeating units longer than those 
of the polymer with TV-terminal L-valine, which has 

DPs from 6 to 14. This finding is consistent with 
the results of the viscosity measurement. 

As the pairs of the monomers studied in this study 
give the same polypeptides, the growing polymer 
chains may have similar conformations in the poly­
condensation system. Therefore, the most important 
factors responsible for the molecular weight of the 
resulting polymers is the TV-terminal amino acid of 
the monomers. The above results can best be ex­

plained by the presence of the steric hindrance of the 
side chain of L-valine at the TV-terminal position of the 
monomers. Though the detailed mechanism of poly­
condensation of peptide active esters has not yet been 
demonstrated because there are many complicated 
factors resulting from the use of the very concent­
rated polymerization system containing the salt, the 
monomer-active ester may polymerize in a manner 
similar to that of the monomers of conventional poly­
condensation; i.e., the monomers are condensed to give 
dimers, which are then again condensed to give tetra-
mers. The resulting oligomers with the C-terminal 
active ester is condensed with the amino group of 
another oligomer-active ester to give a higher oligomer. 
The reactivity of the terminal functional groups may 
not vary with the chain lengths, but the rate of poly­
condensation decreases greatly as the peptide chains 
become longer, because the molecular motion is pre­
vented, especially in a solid state or in gelatinous 
systems. As the sterical effect of the L-valine residue 
may not be very large, the presence of L-valine at 
the TV-terminal position does not influence the con­
densation of short peptide chains, but does hinder the 
condensation of larger peptides. Thus, the polycon­
densation of monomers with TV-terminal L-valine was 
terminated at a lower peptide stage; the polymer 
thus obtained had lower molecular weight than those 
with TV-terminal L-phenylalanine and L-alanine. This 
explanation points out the importance of stirring the 
polycondensation system containing the monomer with 
TV-terminal L-valine. I n fact, the sequential poly­
peptide, (L-Val-L-Phe-L-Phe) „ with the highest viscosi­
ty was obtained in a polycondensation system with 
the lowest concentration of the monomer-active ester, 
which was a gelatinous liquid state which could be 
well stirred (Table 2). In a more gelatinous poly­
condensation system containing a higher concen­
tration of the monomer, where effective stirring be­
comes difficult, the molecular motion and the reac­
tion of the growing peptide chains may be prevented 
to form a lower-molecular-weight polymer. This is 
demonstrated by the conformational study in the 
solid state (see below). 

In order to demonstrate further the presence of the 
steric hindrance of L-valine in polycondensation, we 
polymerized another monomer with L-valines, HCl-
H-L-Val-L-Val-Gly-ONSu. The results are shown 
in Table 4. The (L-Val-L-Val-Gly)„ polymer has 

DPs of about 10 over the range of concentration of 

the monomer used in this study. These DPs are 

TABLE 4. RESULTS OF POLYCONDENSATION OF 

HCl • H-L-Val-L-Val-Gly-ONSu 

Monomer concn 
mol/1 

0.50 
0.33 
0.25 
0.17 
0.13 

Yield 
/o 

95 
92 
91 
90 
89 

7sp/c 

0.185 
0.167 
0.180 
0.185 
0.172 

DP 
n 

10 
8 

10 
10 
8 
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similar to those of (L-Val-L-Ala-L-Ala) n with the 
JV-terminal L-valine and are lower than those of (L-
Ala-L-Val-L-Ala)„ with N-terminal L-alanine. This 
comparison may not be reasonable because these 
polymers are different compounds, and so many effects 
other than the steric hindrance of the iV-terminal 
amino acid must be taken into consideration in dis­
cussing the results. However, the fact that the N-
terminal L-valine decreases the molecular weight of 
the resulting polypeptides suggests the presence of the 
steric hindrance of the amino acid. 

Conformations of the Polypeptides in the Solid State. 
The conformations of the sequential polypeptides 

were studied by means of far-infrared spectroscopy. 
Itoh et al.12) found some characteristic bands of amino 
acid residues with the a-helical and ß-form structures, 
and showed that the far-infrared spectroscopy is very 
useful for elucidating the conformations of polypeptides 
in the solid state. We analyzed the far-infrared 
spectra of the sequential polypeptides according to 
the assignments established by I toh et al. Figure 1 
shows the far-infrared spectra of the sequential 
polypeptide (L-Ala-L-Val-L-Ala)„. This polypeptide 
showed a strong band at 441 c m - 1 characteristic of 
the L-alanine residue with the /^-structure and weak 
bands at 540, 520, 409, and 375 c m - 1 characteristic 
of the L-alanine and L-valine residues with the a-helix. 
The spectra suggest that the polypeptide takes pre­
dominantly the ß-structure and contains a portion 
of the a-helix. Some polypeptides are known to 
transform their conformation from the ^-structure to 
the a-helix upon treatment with dichloroacetic acid. 

The polypeptide (L-Ala-L-Val-L-Ala)w with DP 16, 
when treated with dichloroacetic acid, showed the 
infrared bands at 540, 524, 409, and 374 cm- 1 , while 
the band at 441 c m - 1 almost disappeared. This sug­
gests that the polypeptide transformed the conform­
ation to the a-helix upon treatment. Figure 2 shows 
the spectra of (L-Val-L-Ala-L-Ala)w. The polypeptide 
isolated showed the band at 441 c m - 1 characteristic 

650 600 550 500 450 400 

Wave number (cm-1) 

Fig. 1. Far-infrared spectra of the sequential polypeptide 
(L-Ala-L-Val-L-Ala)„. A: The polypeptide with 

DP 27, B: The polypeptide with DP 16, G: The 
polypeptide with DP 16 after treatnemt with dichloro­
acetic acid. 

550 500 450 400 350 300 

Wave number (cm-1) 

Fig. 2. Far-infrared spectra of the sequential poly­
peptide (L-Val-L-Ala-L-Ala)„. A: The polypeptide 

with DP 8, B: The polypeptide with .DP 14, C: The 
polypeptide with DP 14 after treatment with dichloro­
acetic acid. 

of the ^-structure, while the sample with DP 14 treated 
with dichloroacetic acid showed the bands at 540, 
524, 409, and 375 c m - 1 characteristic of the a-helix, 
and also that at 441 c m - 1 characteristic of the ß-
structure. These results suggest that the polypeptide 
with JV-terminal L-valine takes not only the a-helix 
but also the ^-structure after the treatment. We 
suppose that the ß-structure of the latter polypeptide 
may result from the presence of the oligomers with 
low molecular weights, perhaps five or lower repeating 
tripeptide units, because we have shown in another 
series of studies that some sequential tripeptide oligomers 
begin to take the a-helix at pentadecapeptides in the 
solid state.13) Thus, the above results demonstrate 
that the sequential polypeptide with iV-terminal L-
valine (L-Val-L-Ala-L-Ala) „ contains a fair portion 
of the lower oligomers, which cannot form the a-helical 
conformation. This is consistent with the results of 
polycondensation described above. 

Some interesting results were obtained by the con­
formational study of the polypeptides, (L-Phe-L-Val-
L-Phe)w, (L-Val-L-Phe-L-Phe)„, and (L-Val-L-Val-
Gly)w , though no evidence for elucidating the sterical 

650 600 550 500 450 400 350 300 

Wave number (cm 1 ) 

Fig. 3. Far-infrared spectra of the sequential polypep­
tide (L-Phe-L-Val-L-Phe)w with rjjc 0.161. A: 
Before treatment with dichloroacetic acid, B: After 
the treatment. 
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Fig. 4. Far-infrared spectra of the sequential polypeptide 
(L-Val-L-Val-Gly)„. A : Before t reatment with di-
chloroacetic acid, B : After the treatment. 

effect of the iV-terminal L-valine in polycondensation 
was obtained. Fig. 3 shows the far-infrared spectra 
of the polypeptide (L-Phe-L-Val-L-Phe)„ before and 
after treatment with dichloroacetic acid. The spectrum 
of (L-Val-L-Phe-L-Phe) n was similar to those shown 
in Fig. 3. The spectra have the band near 505 cm - 1 

which has been assigned as characteristic of the L-
phenylalanine residue with the ^-structure. It is known 
that poly(L-phenylalanine) can take the a-helical 
conformation, but the stability of the a-helix is not so 
large as that for poly(L-alanine) and poly(L-leucine).14> 
The ^-structure of the sequential polypeptide in this 
study shows that it may not have an adequate mole­
cular weight to form the a-helical conformation. Figure 
4 shows the spectra of (L-Val-L-Val-Gly)w before and 
after the treatment. The polypeptide has already been 
studied by Itoh et A/.15) They found the band at 
470 cm - 1 characteristic of the poly (L-valine) structure, 
which differs from the /^-structure.3) Though the 
spectra of our sample have some new bands at 568, 
412, and 380 cm - 1 which were not found in the spectrum 
reported by Itoh, they have the characteristic band 
at 474 cm. - 1 This shows that the polypeptide takes 
the structure characteristic of poly (L-valine) before 
and after the treatment with dichloroacetic acid. 

Experimental 

Synthesis of Monomers. Nps-tripeptide O N S u esters 
were prepared by the stepwise synthesis of the Nps-tripeptide 
ethyl ester, the saponification of the tripeptide esters, and 
the active esterification of the tripeptide free acid. A typical 
synthesis of the monomers is illustrated by the following 
preparation of Nps-L-Phe-L-Val-L-Phe-ONSu. 

Nps-L-Val-L-Phe-OEt. L-Phenylalanine ethyl ester 
hydrochloride (46.0 g (0.2 mol)) was suspended in 400 ml of 
tetrahydrofuran, and then 28 ml of triethylamine was added. 
The resulting crystals of the salt were removed by filtration. 
To the filtrate were added 59.2 g (0.2 mol) of Nps-L-valine 
NGA, after which the solution was stirred for 3 h at room 
temperature. T h e solvent was evaporated under reduced 
pressure. T h e residue was dissolved in 600 ml of ethyl 
acetate. The solution was washed with 5 % citric acid, 5 % 
sodium hydrogencarbonate, and water, and dried over sodium 
sulfate. T h e solution was concentrated under reduced 
pressure. T o the residue hexane was added to crystallize 
the product, which was then recrystallized from warm ethyl 

acetate to give 81.1 g (91%) of a pure dipept ide; m p 149—150 
°C, [ a ] D - 1 1 . 4 (c 1.0, 7V,iV-dimethylformamide). Found : 
G, 59.25; H , 6.19; N, 9.40. Galcd for G 2 2 H 2 7 N 3 0 5 S : G, 
59.31; H , 6 .11; N , 9 .43%. 

Nps-L-Phe-L-Val-L-Phe-OEt. T h e above Nps-d ipep-
tide ester (80.2 g (0.18 mol)) was dissolved in 180 ml of 
2 M hydrochloric acid in ethanol. T o the solution were 
added 500 ml of diethyl ether and 300 ml of hexane to preci­
pitate the dipeptide ester hydrochloride. T h e precipitate 
was collected by filtration, washed with diethyl ether, and 
reprecipitated from methanol . T h e product was dissolved 
in 600 ml of tetrahydrofuran, and then 26 ml of triethylamine 
was added. T h e resulting crystals were removed. T o the 
solution were added 63.7 g (0.18 mol) of Nps-L-phenylalanine 
NGA, after which the solution was stirred for 2 h at room 
temperature . T h e solution was treated analogously to the 
case of the dipeptide synthesis. T h e obtained Nps-t r ipept ide 
ester was recrystallized from tetrahydrofuran; 99.2 g ( 9 3 % ) ; 
m p 165—166 °C, [ a ] D + 4 1 . 9 (c 1.0, JV,#-dimethylform-
amide) . Found : C, 62.76; H , 6 .21; N, 9.48. Galcd for 
C 3 1 H 3 e N 4 0 6 S : G, 62.82; H , 6.12; N, 9 .45%. 

Nps-L-Phe-L-Val-L-Phe-OH. The Nps-triprptide ethyl 
ester (59.3 g (0.1 mol)) was dissolved in 200 ml of acetone, 
and then 100 ml of 1 M sodium hydroxide was added. T h e 
system was stirred for 1 h to give a clear solution, which 
was then concentrated under reduced pressure at 30 °G: the 
residual aqueous solution was diluted with 200 ml of water. 
T h e solution was extracted with 300 ml of diethyl ether and 
acidified with 15% citric acid. The system was extracted 
with ethyl acetate. T h e extract was washed with water and 
dried over sodium sulfate. T h e solution was concentrated 
under reduced pressure. Hexane was added to crystallize 
the product . T h e crude product was purified by recrystalli-
zation from tetrahydrofuran; 48.5 g ( 8 6 % ) ; m p 111—113 
°C, [ a ] D + 5 0 . 5 (c 1.0, JV,iV-dimethylformamine). Found : 
G, 61.60; H , 5.82; N , 9 .98%. Galcd for G 2 9 H 3 2 N 4 0 6 S : 
G, 61.68; H , 5.71; N , 9 .93%. 

Nps-i.-Phe-'L-Val-i.-Phe-ONSu. The Nps-tripeptide 
free acid (56.5 g (0.1 mol)) was dissolved in 500 ml of tetra­
hydrofuran. To the solution were added 12.7 g (0.11 mol) 
of iV-hydroxysuccinimide, after which the system was stirred 
for 10 min to give a clear solution. The solution was cooled 
at —10 °C, and 20.9 g (0.11 mol) of dicyclohexylcarbodiimide 
was added. The solution was then stirred for 5 h at — 10 °G 
and allowed to stand for 20 h at 0 °G. The crystals of the 
urea were removed by filtration. A few drops of glacial 
acetic acid were added, and the solution was concentrated 
under reduced pressure at 10 °G. Hexane was added to 
the residue. The crystals were isolated and redissolved in 
tetrahydrofuran. The undissolved materials were removed, 
and the solution was concentrated. To the residue hexane 
was added to crystallize the product; 58.9 g (89%); mp 
185—190 °G (dec). [a]D +22.0 (c 1.0, JV,tf-dimethylform-
amide). Found: G, 59.97; H, 5.45; N, 10.46%. Galcd 
for C33H35N508S: C, 59.89; H, 5.33; N, 10.59%. 

Polycondensation of Tripeptide ONSu Esters. Nps-tri­
peptide ONSu ester (0.03 mol) was dissolved in 30 ml of 2 M 
hydrochloric acid in dioxane, and 300 ml of diethyl ether 
were added. The resulting precipitate was isolated by 
filtration, washed with diethyl ether until the yellow color 
disappeared, and dried. The product was dissolved in a 
small amount of methanol. To the solution was added diethyl 
ether to precipitate the tripeptide ONSu ester hydrochloride. 
The hydrochloride (0.005 mol) was dissolved in 7V,JV-dimethyl 
formamide at the concentrations listed in Table 2 to 4. To 
the solution was then added, with vigorous stirring, 0.84 ml 
of triethylamine. The system was stirred or allowed to 
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ßtand for 1 day at room temperature. After the polycon-
densation, the system was treated by the following three 
different procedures for the isolation of the polypeptide. 
First procedure: the polymerization system was diluted 
with 100 ml of diethyl ether. The precipitate was collected 
by filtration, washed with 200 ml of methanol and 50 ml of 
diethyl ether, and dried over P2Os. Second procedure: the 
product isolated by the first procedure was suspended with 
vigorous stirring in 30 ml of iV, JV-dimethylformamide for 
6 h. The system was then diluted with 100 ml of methanol, 
and the resulting precipitate was isolated by filtration, washed 
with 50 ml of methanol and 50 ml of diethyl ether, and dried. 
Third procedure : the polymerization system was diluted with 
100 ml of methanol. The resulting precipitate was treated 
in the same way as in the second procedure. 

Measurements. The viscosity of the sequential poly­
peptides was measured at 25±0.1 °G with an Ostwald 
viscometer. The concentration of the polypeptide was 
adjusted to 0.5g/100ml of dichloroacetic acid. The NMR 
spectrum of the polypeptides was obtained with a JEOL 
JNM-PMX 60 NMR spectrometer at room temperature. 
The concentration of the polymer was adjusted to 10% in 
trifluoroacetic acid. The far-infrared spectrum was measured 
with a JASGO IR-F spectrophotometer. Nujol mulls were 
used. 
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The reactions of several arydiazomethanes with sulfur dioxide in the presence of 2-methyl-l-morpholinopropene 
gave cyclic sulfones, thietane 1,1-dioxides, indicating the existence of sulfene as a reaction intermediate. The 
stereoselectivity of the sulfene-enamine cycloaddition showed that the less thermodynamically stable eis orientation 
was generally preferred. On the other hand, the reactions in the presence of 1-morpholinocyclohexene, which has a 
labile proton ß to the morpholino moiety, afforded acyclic or cyclic sulfones, depending on the substituents of diazo­
methanes. The mechanism of these reactions is discussed. 

Recently sulfenes, generated by the action of amines 
on alkanesulfonyl chlorides, have received considerable 
attention.1) Though the reactivities of sulfene towards 
enamines have been extensively investigated, the re­
search on the stereochemistry of the products is meager 
and the mechanism for sulfene-enamine addition is 
still not determined.2) Another useful method for gener­
ating sulfene is the reaction of diazoalkanes and sulfur 
dioxide,3) but there are only a few publications4) about 
this reaction, where episulfones and olefins are formed. 
In the present paper,5) we deal with the stereoselecitve 
formations of thietane 1,1-dioxide in the reactions of 
aryldiazomethanes with sulfur dioxide in the presence 
of enamines and with the preference of non-cyclo to 
cycloaddition. 

The mechanism of sulfene-enamine addition has al­
ready been discussed in the base-induced /^-elimination 
reaction of alkanesulfonyl chlorides in the presence of 
enamines.2) But in this system, the triethylamine used 
as the elimination reagent is liable to cause a slow post-
isomerization2b) of the cycloadduct, 3-aminothietane 1,1-
dioxide. The present system, as compared with the 
amine-chloride system, could be more favorable for the 
mechanistic study of sulfene-enamine addition from the 
stereochemical point of view. 

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

Reactions in the Presence of 2-Methyl-1-morpholinopropene 
(MMP). T h e reactions of mono- and di-arylsub-
stituted diazomethanes (1) with sulfur dioxide in the 
presence of M M P , which has no hydrogen atom ß to 
the morpholino moiety, led to the cycloadducts, thietane 
1,1-dioxide derivatives (2) (Scheme 1). 

In the reactions of mono-arylsubstituted diazometh­
anes ( l c , I d , and l e ) with sulfur dioxide in the pres­
ence of M M P , mixtures of eis and trans isomers were 
obtained. The less thermodynamically stable eis orien-

TABLE 1. T H E REACTION OF 1 WITH S0 2 IN THE 

PRESENCE OF M M P 

Diazo-
methane 

l a 
l b 
l c 

Id 
le 

R1 R2 

fluorenylidene 
Ph Ph 
/>-Me-Ph H 

Ph H 
/>-N02-Ph H 

Solvent 

G6H6 

C6H6 

G6H6 

THF 
G6H6 

C6H6 

THF 

Yield of 2 
mol%a> 

99 
95 
51 
57 
62 
82 
82 

eis 

%b) 

— 
— 
73 
64 
73 
29 
22 

a) Isolated yield calculated on the basis of 1 used. 
b) The value shows the ratio of the eis isomer in the 
yield of 2. 

tation of the morpholino and the aryl groups was prefer­
red in the cycloadducts 2c and 2d ; on the contrary, 
the trans orientation was preferred in the case of 2e 
which has an electron-withdrawing group. T h e results 
are summarized in Table 1. 

T h e product, 2d, obtained from the reaction of I d 
was separated into its eis and trans isomers {cis-2d and 
trans-2d) by repeated fractional recrystallizations ; the 
isolation of only the trans isomer had been made by 
Truce and Rach.2b) T h e isolated isomers were iden­
tified on the basis of the N M R spectra. T h e signals 
of the phenyl protons appeared as a separate peak in 
cis-2d and as a single peak in trans-2d. T h e difference 
between the chemical shifts of the two methyl proton 
signals was 6 Hz in cis-2d and 1.8 Hz in trans-2d, show­
ing an interaction between the phenyl ring and one 
methyl group in cis-2d. In the N M R spectra of cis-
2 d and trans-2d, both coupling constants for the two 
methylidyne protons in the thietane rings were the same 
and equal to 10 Hz. T h e large conpling coustant (10 
Hz) suggests a dihedral angle between the two protons 

R \ 
C-N2 -f SO. 

- N 2 

R 2 / 

R1. 

R 2 / oso9 

O N. /CH 3 
^—' >=< (MMP) 

H / \ r ~ -S CH 3 

(a) R1, R2=fluorenylidene; (b) R*=R2 =phenyl; 
(c) R ^ - t o l y l , R a = H ; (d) R 1 ^ phenyl, R 2 = H ; 
(e) R1=/>-nitrophenyl, R2 = H. 

H 

O N-

R1-

GH3 

GH, 

-SO, 

Ra 

2 a , b , c , d , e 

Scheme 1. 
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ofO or 180°.6) The former angle can be attained only 
in a planar thietane ring by a eis orientation of the 
morpholino and aryl groups, while the 180° alignment 
can be achieved only by trans substituents in a puckered 
conformation, as shown in Scheme 2. T h e assigned 
stereochemistry was further supported by a study of 
epimerization : the eis isomer or the cis-trans mixutre of 
2d was isomerized to the pure trans isomer by stirring 
its methanol solution under the influence of a catalytic 
amount of sodium methoxide over a period of several 
days (Scheme 2). 

Ph Y— so2 

CH3 

CH3 CH3^Ph V / 
CH3 

H3 

CH30 
o2 

Ph 

H 

C(CH3)2 

S 0 2 

e is -2d 

Scheme 2. 

T h e assignment of each of the isomers of 2c and 2e 
was established with their respective N M R spectra, with 
reference to those of 2d. And the findings in 2d, des­
cribed above, were also applicable to 2c and 2e. T h e 
eis percentages in the yields of 2 were determined by 
the intensity measurement of the methylidyne proton 
signals in the N M R spectra of the crude reaction pro­
ducts. 

In order to examine the effect of solvent on the stereo­
selectivity, reactions of I d were carried out in various 
solvents. These results are presented in Table 2. An 
increasing tendency of the trans isomer, though not so 
drastic, was observed in the polar solvents. Such an 
effect was also observed in the case of the /wra-substitu-
ted phenylsulfene, as seen in Table 1 : the reaction of 
l c or l e gave the increasing trans adduct in T H F in­
stead of benzene. 

Reactions in the Presence of l-Morpholinocyclohexene(MCH). 
A series of reactions of aryldiazomethanes (1) and M C H , 
which has a hydrogen atom ß to the morpholino moiety, 

TABLE 2. T H E REAOTION OF PHENYLDIAZOMETHANE (Id) 

WITH S O a IN THE PRESENOE OF M M P 

IN VARIOUS SOLVENTS 

Solvent 

cj>c-C6H12 

GG14 

G6H6 

GH3CN 
THF 
DMF 

Yield of 2d 
mol%a> 

80 
57 
€2 
43 
50 
77 

eis 

%b) 

77 
77 
73 
68 
63 
64 

a) Isolated yield calculated on the basis of 1 used. 
b) The value shows the ratio of the eis isomer in the 
yield of 2d. 

TABLE 3. T H E REACTION OF 1 WITH S0 2 IN THE 

PRESENCE OF M C H 

Diazo-
methane R1 R2 Solvent 

Yield (mol%)a> 

cyclic (5) acyclic (3) 

l a 
l b 
lc 

Id 

l e 

fluorenylidene 
Ph Ph 
p-Me-Ph H 

Ph H 

^-NOa-Ph H 

G6H6 

G6H6 

G6H6 

THF 
G6H6 

THF 
C6H6 

THF 

— 
— 
49 
54 
87 
87 
— 
— 

84 
87 
— 
— 
— 
— 
89 
93 

a) Isolated yield calculated on the basis of 1 used. 

was carried out in the same way. T h e reactions of 
9-diazofluorene ( l a ) , diphenyldiazomethane ( l b ) , and/>-
nitrophenyldiazomethane ( le) were carried out and the 
spectra of I R and N M R for these reaction products 
could be explained satisfactorily by the structures of the 
acyclic sulfones (3) instead of the other acyclic sulfones 
(4)7> or the expected cyclic sulfones (5). O n the con­
trary, the reactions of /»-tolyldiazomethane ( lc) and 
phenyldiazomethane ( Id) gave a cis-trans mixture of 
cyclic sulfone (5) (Scheme 3). Table 3 shows the 
results. 

R! ^ 2 + so2 +(T>Q^| 
la,b,c,d,e MCH 

>Q 
S O O C H R V 

Scheme 3. 

S02CHR1R2 

3a,b, e 

W « ' P s o 2 
R2 

eis- and trans-5c,d 

Three cyclic products (cis-5c, cis-5d, and trans-5d) 
were isolated respectively by careful recrystallizations 
from suitable solvents and their configurations were 
determined by N M R analysis using a shift reagent, Eu-
(dpm)3.8) The results of the complexation studies for 
cis-5d and trans-5d are shown in Fig. 1. T h e primary 
site of complexation with Eu(dpm) 3 is the oxygen cf 
the morpholine ring, since the largest shifts were induced 
in the protons vicinal to oxygen. In Fig. la, the dif­
ference in chemical shifts of the two methylidyne pro­
tons H 6 and H 8 decreased whereas, in Fig. lb , the dif­
ference remained essentially constant. Thus in cis-5d, 
H 8 is deshielded less than H 6 , whereas in trans-5d both 
protons are deshielded to approximately the same ex­
tent. Th€ observed difference in induced shifts must 
lie in the distance from the chelation site to the pro­
tons, establishing the fact that H 6 and H 8 are trans to 
each other in m - 5 d and eis to each other in trans-5d. 
T h e induced shift spectra for cis-5c were similar to those 
of cis-5d. 

T h e ratio of the two geometric isomers was deter-
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H8 Ph 

Ph-^Hg 

Fig. 1. Succesive scans displaying the effect of the addi­
tion of incremental amounts of Eu(dpm)3 on the 60 
MHz NMR spectra in GDC13; (a) : for cis-5d, (b) : 
for trans-5d. 

mined by means of the intensity measurement of the 
H 8 proton signal in the N M R spectrum of the crude 
product. In the isomeric mixture of 5d, the eis per­
centage was as high as 81 % in benzene and was lowered 
to 70% in T H F . In the case of 5c, the predominant 
yield of the eis isomer was evident in the spectrum, 
though the eis percentage could not be determined be­
cause the peaks assigned to the trans isomer were weak 
and ambiguous. Interesting to say, the results suggest 
that the alternative of acyclic (3) or cyclic (5) is caused 
by the electronic character of the a-carbon atom in the 
sulfene. 

Reaction Mechanism. O n the basis of the frontier 
orbitals' interaction in the [2 + 2] cycloaddition,2b>9> 
different mechanistic processes are possible (Scheme 4). 
A concerted [,t2a+ff2s] process could conceivably account 
for the eis preference in the cyclic sulfones (2 and 5). 
In this concerted process, one unsaturated system must 
approach the other with an orthogonal orientation.12) 
The most probable transition state is shown for the for­
mation of cis-2, such as 6. If the reaction indeed pro­

ceeds via this concerted process, it should be required 
that the acyclic sulfones (3a, 3b , and 3e) were formed 
through the cyclic sulfones. And so, from the con­
sideration of a steric interaction between the morpho-
lino and the aryl groups, the cyclic isomers of 3a, 
3b , and 3e like 5c and 5d should also be isolated 
even in the M C H system, as well as in the M M P 
system. Actually, however, in the current observation, 
only acyclic sulfones 3a, 3b , and 3e were afforded 
without the cyclic isomers in the M C H system. And in 
the case of the formation of cyclic sulfone, the eis pre­
ference was lowered when polar solvents were employed. 

As an alternative, a concerted [ s2 s + ff2s] process can 
be significantly preferred, as pointed out by Epiotis et 
a/.,13) if one addend is very electron rich and the other 
is very electron defficient. However, from the evidence 
of the preference of noncycloaddition when a zwitterionic 
intermediate (7) is stabilized, a stepwise process, which 
is a third alternative, is rather likely. 

The formation of the less stable eis isomer of cyclic 
sulfone (2 and 5) can be well explained on the basis of 
an electrostatic interaction of cisoid 1,4-dipolar inter­
mediate (7). In the addition of sulfene to M M P , which 
has no proton ß to the morpholino moiety, the eis iso­
mer of 2 was predominantly afforded. If the carbanion 
is stabilized and given a long lifetime by its substituting 
group(like />-N02-Ph) or by a solvation in the polar 
solvents, the amount of the more thermodynamically 
stable trans isomer of 2 may increase. T h e addition of 
sulfene to M C H , which has a labile proton ß to the 
morpholino moiety, resulted in the formation of 5c and 
5d, where the eis isomer was predominant . However, 
if the carbanion was stabilized or if the negative charge 
is dispersed and the effective electrostatic attraction is 
reduced to a great extent by its substituting group, e. g. 
fluorenylidene, diphenyl, or />ara-nitrophenyl group, the 
proton migration to the carbanion to afford 3 would 
be more favored than the cyclization of the zwitterion 
to give 5. 

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

The NMR spectra were recorded on a Varian EM-360 
(60 MHz) instrument in CDC13 with tetramethylsilane as the 
internal standard. The IR spectra were measured in KBr 
disks with Hitachi EP-S and 215 spectrophotometers. 

[x2a * JT2S] 

I 
* » . , 

2 or 5 

•J) Ù» 4) Ù? 

|>2s+*2s] 

1 
stepwise 

I 
*j^= l^* cyclization ^j) Immigration 

> 3 

w
H/H^o2 

Hf CH3 

6 

C£N=C 
N?CH3)2 

^502 

more concerted more stepwise 

Scheme 4. Indicates acceptor(sulfene) LUMO10>-donor(enamine) H O M O U ) interaction. 
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Materials. All the diazomethanes were prepared ac­
cording to the procedures given in the literature: 9-diazo-
fluorene (la),14) diphenyldiazomethane (lb),15> /»-tolyldi-
azomethane (lc),16> phenyldiazomethane (ld),17> and/>-nitro-
phenyldiazomethane (le).18) The enamines were also pre­
pared by the methods in the literature: 2-methyl-l-
morpholinopropene(MMP)19) and 1-morpholinocyclohexene 
(MGH).20) Sulfur dioxide, obtained from a commercial 
source, was dried by passing it through CaCl2 and P 2 0 5 

tubes. The solvents were purified according to the published 
directions,21) stored over sodium wire or calcium hydride, 
and redistilled just before use. 

General Procedure. In a 100 ml three-necked flask equip­
ped with a magnetic stirrer, a dropping funnel, a thermo­
meter, and a calcium chloride drying tube were placed 70 
ml of a dry solvent containing 50 mmol of sulfur dioxide and 
10 mmol of an enamine, and the flask was kept at 20 °G. 
To this solution, 30 ml of dry solvent containing 5 mmol of 
diazomethane was added dropwise over a period of 15 minutes 
with stirring. After the addition was complete, the mixed 
solution was stirred for an additional 45 minutes. Then the 
solvent and the excess sulfur dioxide were removed as quickly 
as possible in vacuo at room temperature. After an aliquot of 
the oily residue was dissolved in GDG13 and analyzed by 
NMR, the NMR solvent was removed at reduced pressure 
and the combined residue was crystallized from a suitable 
solvent. The NMR data for eis isomers were obtained from 
the mixtures except where noted. An analytically pure sample 
was obtained by recrystallization. 

2-Fluorenylidene-3-morpholino-4,4-dimethylthietane 1,1 -Dioxide 
(2a). The white powder was obtained in 99% yield 
by adding a small amount of cold petroleum ether to the 
oily residue. The recrystallization from methanol gave the 
colorless leaflets, mp 156—157 °C. IR(KBr) : 1106 and 
1315 cm-1 (SOa). NMR(GDG13): Ô 1.55—2.33[4H, broad 
m, (CH2)2N], 1.84(3H, s, CH3), 2.01 (3H, s, GH3), 3.43[5H, 
m, (CH2)20 and methylidyne], and 7.3—8.1 (8H, m, aroma­
tic). Found: C, 68.12; H, 6.42; N, 3.89%. Galcd for 
C21H23N03S: G, 68.28; 6.28; N, 3.79%. 

2,2-Diphenyl-3-morpholino-4,4-dimethylthietane 1,1-Dioxide (2b). 
The white powder was obtained in 95% yield in the same 
manner as described above. The recrystallization from ben-
zene-ethanol(l : 1) gave the colorless plates, mp 136—137 °G. 
IR(KBr): 1112 and 1305 cm"1 (SO,). NMR(CDC13): Ô 
1.64(3H, s, GH3), 1.70(3H, s, GH3), 2.37[4H, m, (CH2)aN], 
3.64[4H, m, (GH2)20], 3.77(1H, s, methylidyne), 7.15—7.65 
(8H, m, G6H6 trans to morpholine ring and 3H of G6H5 eis 
to morpholine ring), and 7.8—8.2(2H, m, 2H of G6H5 eis 
to morpholine ring). Found: C, 68.01 ; H, 6.82; N, 3.85%. 
Galcd for G21H25N03S: C, 67.90; H, 6.78, N, 3.77%. 

3-Morpholino-2-p-tolyl-4,4-dimethylthietane 1,1-Dioxide (2c). 
The cis-trans mixture was obtained in the yield of 51% in 
benzene and 57% in THF by adding a small amount of cold 
methanol to the oily residue. NMR(GDG13) {eis isomer) : 
ô 1.62 and 1.73(each 3H, s, ^m-dimethyl), 2.28[4H, m, 
(CH2)2N], 2.32(3H, s, CH3-Ph), 3.30(1H, d, J= 10 Hz, CHN), 
3.60[4H, m, (CH2)20], 5.27(1H, d, 7 = 1 0 Hz, GHS02), and 
7.17 and 7.53(each 2H, d, 7 = 7 . 8 Hz, phenyl). Repeated 
recrystallization of the crude product from methanol gave 
analytically pure trans isomer, colorless plates, mp 167—168 °G. 
IR(KBr): 1098, 1118, 1292, and 1304 cm"1 (SO,). NMR 
(GDC1,): ô 1.63 and 1.67(each 3H, s, ^m-dimethyl), 2.29 
[4H, m, (CH2)2N], 2.35(3H, s, CH3-Ph), 3.08(1H, d, J= 
10 Hz, GHN), 3.65[4H, m, (CH2)20], 5.08(1H, d, 7 = 1 0 Hz, 
CHS02) , and 7.25(4H, broad s, phenyl). Found: G, 61.72; 
H, 7.37; N, 4.52%. Galcd for C16H23N03S: C, 62.12; H, 
7,49; N, 4.53%. 

3-Morpholino-2-phenyl-4,4-dimethylthietane 1,1 -Dioxide (2d). 
The crude isomeric mixtures of the eis and trans cycloadducts 
were obtained in the yields of 43—80% according to the 
solvent used. The mixture was separated into the eis and 
trans isomers by repeated fractional recrystallization from a 
mixed solvent of petroleum ether and benzene. The eis 
isomer: colorless prisms, mp 128—129 °C. IR(KBr): 
1089 and 1301cm"1 (SO,). NMR(CDC13): 6 1.67 and 
1.77(each 3H, s, ^m-dimethyl), 2.33[4H, m, (GH2)2N], 3.35 
(1H, d, 7 = 10 Hz, GHN), 3.63[4H, m, (GH2)20], 5.30(1H, 
d, 7 = 10 Hz, CHSOa), and 7.2—7.8(5H, m, phenyl). Found: 
G, 61.10; H, 7.23; N, 4.75%. Galcd for G15H21N03S: G, 
61.00 ; H, 7.17 ; N, 4.74%. The trans isomer was also obtained 
by treating the eis isomer or the isomeric mixture in methanol 
containing a 0.02 part of sodium methoxide for about a week. 
The trans isomer: colorless plates, mp 179—180 °G(lit, 181— 
182°G).2b) IR(KBr): 1105 and 1298 cm"1 (SO,). NMR 
(GDG18): ô 1.65 and 1.68(each 3H, s, ^m-dimethyl), 2.26 
[4H, m, (CH2)2N], 3.10(1H, d, 7 = 10 Hz, GHN), 3.64[4H, 
m, (GH,) ,0] , 5.13(1H, d, 7 = 10 Hz, CHS02) , and 7.40(5H, 
s, phenyl). Found: G, 60.89; H, 7.25; N, 4.75%. Calcd 
for C15H21N03S: C, 61.00; H, 7.17; N, 4.74%. 

3-Morpholino-2-p-nitrophenyl-4,4-dimethylthietane 1,1 -Dioxide 
(2e). The NMR spectrum of the crude product showed 
the peaks derived from both eis and trans isomers. The yield 
of the product was 82% both in benzene and in THF. The 
eis isomer: NMR(GDG13): ô 1.67 and 1.77(each 3H, s, 
^m-dimethyl), 2.25[4H, m, (GH2)2N], 3.41 (1H, d, 7 = 1 0 Hz, 
GHN), 3.63[4H, m, (CH,)aO], 5.40(1H, d, 7 = 10 Hz, CH­
SOa), and 7.79 and 8.32(each 2H, d, 7 = 9 Hz, phenyl). The 
pure trans isomer was obtained by recrystallization of the 
crude product from methanol: colorless plates, mp 193— 
194 °G. IR(KBr): 1115 and 1305 cm"1 (SO,). NMR(CD-
Gl3): ô 1.67 and 1.69(each 3H, s, ^m-dimethyl), 2.23[4H, 
m, (GH2)2N], 3.10(1H, d, 7 = 1 0 Hz, CHN), 3.61[4H, m, 
(CH,)aO], 5.17(1H, d, 7 = 10 Hz, CHS02) , and 7.58 and 
8.25(each 2H, d, 7 = 9 Hz, phenyl). Found: G, 52.87; H, 
5.97; N, 8.46%. Galcd for C15H20N2O5S: G, 52.93; H, 
5.92; N, 8.46%. 

3-(9-Fluorenylsulfonyl)-2-morpholinocyclohexene (3a). A 
white powder was afforded in 84% yield by adding a small 
amount of cold petroleum ether to the oily residue. An 
analytiacally pure sample was obtained by recrystallization 
from methanol: colorless plates, mp 142—143 °C. IR(KBr) : 
1120 and 1315 cm-^SO,), 1653 cm-1(G=C). NMR(CDC13) : 
ô 1.25—2.75(6H, broad m, cyclohexane ring), 2.58[4H, m, 
(CH2)2N], 3.48[5H, m, (CH2)aO and GHS02], 5.28(1H, t, 
7 = 3 Hz, vinyl), 5.58(1H, s, SOaCH-Ar), and 7.2—8.1 (8H, 
m, aromatic). Found: C, 70.48; H, 6.40; N, 3.31%. 
Calcd for C23H25N03S: G, 69.85; H, 6.37; N, 3.54%. 

3-Diphenylmethylsufonyl-2-morpholinocyclohexene (3b). A 
white powder was obtained in 87% yield by adding a small 
amount of cold petroleum ether to the oily residue and was 
recrystallized from ethanol, giving the colorless plates, mp 
150.5—151.5 °C. IR(KBr): 1112 and 1305 cm"1 (SO,), 
1645 cm-1 (C=C). NMR(GDG13): ô 1.3—3.2(6H, broad 
m, cyclohexane ring), 2.76[4H, m, (CH2)2N], 3.83[5H, m, 
(CH2)aO and CHS0 2 ] , 5.43(1H, t, 7 = 4 Hz, vinyl), 6.02(1H, 
s, S02CH-Ar), and 7.3—8.0(10H, m, aromatic). Found: 
C, 69.41; H, 6.96; N, 3.65%. Galcd for G23H27N03S: C, 
69.50; H, 6.85; N, 3.52%. 

3-p-Nitrobenzylsulfonyl-2-morpholinocyclohexene (3e). The 
NMR spectrum of the residue showed that the reaction pro­
ducts consisted exclusively of acyclic isomer. The crude pro­
duct was collected as white powder by adding cold methanol 
to the residue in the yield of 88.5% in benzene and 93% in 
THF, Recrystallization from methanol afforded analytically 
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pure 3e: colorless needles, mp 181—182 °G. IR(KBr) : 
1128 and 1304 cm-1 (S02), 1639 cm"1 (G=C). NMR(CD-
Gl3): Ô 1.5—2.7(6H, broad m, cyclohexane ring), 2.48— 
3.35[4H, broad m, (GH2)2N], 3.83[4H, m, (GH2)20], 3.87 
(1H, m, methylidyne), 4.40 and 4.73 (each 1H, ABq, J= 
12.5 Hz, SOaCH2-Ph), 5.40(1H, t, 7 = 3 . 5 Hz, vinyl), and 
7.53 and 8.22 (each 2H, d, 7 = 8 . 5 Hz, phenyl). Found: 
G, 55.55; H, 6.02; N, 7.69%. Calcd for C17H22N205S: 
C, 55.72; H, 6.05; N, 7.65%. 

1-Morpholino-8-p-tolyl-7-thiabicyclo[4.2.0]octane 7,7-Dioxide 
(5c). The crude product consisted exclusively of cyclic 
adduct; the peaks in the NMR spectrum which are derived 
from trans-5c were weak and ambiguous. After careful re-
crystallization from cold methanol, analytically pure eis iso­
mer was isolated in the yield of 49% in benzene and 54% in 
THF ; its structure was established by means of NMR, using 
Eu(dpm)3. The eis isomer: colorless plates, mp 123—124 
°C. IR(KBr): 1120 and 1320 cm"1 (S02). NMR(GD-
Cl3): Ô 1.3—2.8(8H, broad m, cyclohexane ring), 2.32(3H, 
s, CH3), 2.47[4H, m, (CH2)2N], 3.30[4H, m, (CH2)20], 4.42 
(1H, m, H6), 4.86(1H, s, H8), and 7.24 and 7.36(each 2H, 
d, 7=8 .5 Hz, phenyl). Found: C, 65.06; H, 7.49; N, 4.16 
%. Calcd for G18H26N03S: C, 64.46; H, 7.51; N, 4.18%. 

1-Morpholino-8-phenyl-7-thiabicyclo[4.2.0]octane 7,7-Dioxide 
(5d).iz) The mixture of eis and trans cyclic adducts was 
obtained when Id was used. The NMR spectrum of the 
residue showed that the reaction product consisted exclusively 
of cyclic adduct. The yields were 87% both in benzene and 
THF. The eis and trans isomers were isolated by careful 
fractional recrystallization from methanol. The ratios of the 
eis isomer were 81% in benzene and 70% in THF. Each 
of the structures was confirmed by means of NMR using 
Eu(dpm)3, as described before. The eis isomer: white crys­
talline, mp 103—104.5 °G. IR(KBr): 1150 and 1314 cm"1 

(SO,). NMR(CDC13): Ô 1.2—2.8(8H, broad m, cyclo­
hexane ring), 2.50[4H, m, (GH2)2N], 3.30[4H, m, (GH2)aO], 
4.44(1H, m, H,), 4.92(1H, s, H8), 7.37(5H, m, phenyl). 
Found: C, 64.04; H, 7.09; N, 4.87%. Calcd for C17H23-
N0 3 S: G, 63.53; H, 7.21; N, 4.36%. The trans isomer; 
colorless prisms, mp 115—116 °C. IR(KBr):1140 and 1298 
cm-1 (S02). NMR(CDG13) : Ô 1.2—2.6(8H, broad m, cyclo­
hexane ring), 2.63[4H, m, (CH2)2N], 3.80[4H, m, (CH2)20], 
4.37(1H, m, H6), 5.40(1H, s, H8), and 7.2—7.7(5H, m, phe­
nyl). Found: G, 63.48; H, 7.22; N, 4.23%. Calcd for 
G17H23N03S: G, 63.53; H, 7.21; N, 4.36%. 
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The reaction of 3-phenylpyrrolo[2,3-A]tropone (7) with phosphoryl chloride gave 8-chloro-3-phenyl-l-aza-
azulene (5). When 5 and 7 were treated with iV-chlorosuccinimide, 2,8-dichloro-3-phenyl-l-azaazulene (6) and 2-
chloro-3-phenylpyrrolo[2,3-ô]tropone (8) were obtained respectively. 6 was also obtained from 8 by treatment 
with phosphoryl chloride. The reactions of 5 and 6 with nucleophilic reagents gave the corresponding substituted 
products (14a—m and 15a—m). 8-Hydrazino-3-phenyl-l-azaazulene (14m) and 2-chloro-8-hydrazino-3-phenyl-
1-azaazulene (10), which had been obtained by the reaction of 5 and 6 with hydrazine hydrate, were decomposed 
by treatment with copper(II) sulfate in acetic acid to give 3-phenyl-1-azaazulene (2) and 2-chloro-3-phenyl-l-
azaazulene (11) respectively. 

1-Azaazulene (1),2> a seven-membered analog of in­
dole, and its 3-phenyl derivative (2),3> were synthesized 
a little more than twenty years ago by one of the pres­
ent authors (T. N.) and his co-workers; the molecular 
diagram of this interesting compound (1) was calculated 
by Kon4) {cf. Fig. 1). As the reactivity of the same 

.945 

.870, 

.939 

.855 1.151 

.872 1-525 

Fig. 1. Charge density of 1-azaazulene calculated by 
H. Kon.*) 

functional group should be different according to its 
position in such a nonbenzenoid nucleus, we first studied 
the nucleophilic substitution reaction of 2-chloro- (3)2> 
and 2,6-dichloro- 1-azaazulene (4).5> Brief mention was 

o5 
(1): R = H 
(2): R = Ph 

X 2 0 X i 

(3): X1 = Gl, X2 = H 
(4): X1 = Xa = Gl 

also made of the nucleophilic displacement reaction of 
8-chloro-(5)1'3> and 2,8-dichloro-3-phenyl-1-azaazulene 
(6),1* the results of which have remained unpublished. 
We now wish to report on the nucleophilic substitution 
reaction of these two compounds (5 and 6). 

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

The reaction of 3-phenylpyrrolo[2,3-£]tropone (3-
phenylcyclohept[2,3-£]pyrrol-8-one) (7)3> with phos­
phoryl chloride gives 8-chloro-3-phenyl-1-azaazulene 
(5) as reddish purple needles. When 5 and 7 are 
treated with iV-chlorosuccinimide, dichloro- (6) and 
monochloro compound (8) are obtained respectively in 
good yields. The same compound (6) is also obtained 

** Present address: Faculty of Science, Korean Uni­
versity, 1-700, Ogawacho, Kodaira-shi, Tokyo 187. 

*** Present address: No. 811, 2-5-1, Kamiyoga, 
Setagaya-ku, Tokyo 158. 

by the treatment of 5 or 7 with thionyl chloride or 
sulfuryl chloride, bu t in poor yields. Compound 6 is 
also obtained from 8 by treatment with phosphoryl 
chloride. Compounds (5 and 6) afford 7 and 8 re­
spectively on treatment with ethanolic alkali. Similarly, 
one of the two chlorine atoms in 6 is easily replaced by 
a hydrazino group on treatment with hydrazine hy­
drate to give 10; the latter compound (10) reverts back 
to 6 upon treatment with concentrated hydrochloric 
acid and copper (I) chloride, while the monochloro com­
pound (11) is obtained when 10 is decomposed by treat­
ment with copper(II) sulfate in acetic acid. 

When 11 is treated with ethanolic alkali, 1,2-dihydro-
3-phenyl-l-azaazulen-2-one (12) is formed as a saponi­
fication product. The structure of 12 was confirmed 
by' a direct comparison with the sample obtained by 
the reaction of aminotropone with methyl phenylacetate. 

R R 

W-N •OH 

(12) : R = Ph 
(13) : R = H 

H 
0 

From the above-mentioned experimental evidence 
and the results of elemental analyses, 6 is identified as 
2,8-dichloro-3-phenyl-1-azaazulene. The U V and 
N M R spectra of 5 and 6 also support the structure 
described above (Tables 4 and 5). 

8-Hydroxy, 8-amino, and related derivatives of 1-
azaazulene have two tautomeric forms, such as A and 
B. I t seems that those substances exist mainly in their 
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X 

T A B L , E 1. NudLEOPHILia SUBSTITUTION REACTION PRODUOTS (14) FROM 8-aHLORO-3-PHENYL.-l-AZAAZULENE ( 5 ) " 

PcaEcn,'<M"cn, R ~ « R ~ « ™ * ^ F ^ c Formula - ^ ^ % 

Reagen./SoKen, T e m p . ^ ( % ) A g « ™ « ^ ^ Formula ß ^ . N . 

14a 

14b 

14c 

14d 

14« 

14f 

Hg 

14h 

141 

14j 

14k 

141 

14m 

2 

OCH3 

(Picrate) 
OCH2CH3 

(Picrate) 
NH2 

NHCOCH3 

SH 

SC6H4CH3-/> 

NHC6H5 

NHCH(CH3)2 

(Picrate) 
NHC6H4CH3-> 

NHC6H4N(CH£ 

N(CH3)2 

/ — \ 
N O 
\— / 

(Picrate) 
NHNH2 

H 
(Picrate) 

(Styphnate) 

CH3ONa/MeOH 

C2H5ONa/C2H5OH 

NH3/MeOH 

(CH 3 CO) a O/-

a : NaSH/C2H5OH 
b : NaSH/DMSO 

/>-CH3C6H4SH/DMSO 

C6H5NH2/C2H5OH 

(CH3)2CHNH2/C2H5OH 

/>-CH3C6H4NH2/DMSO 

)2 (CH3)2C6H4NH2/DMSO 

ä : (CH3)2NH/C2H5OH 
b : (CH3)2NH/DMSO 

HN O/DMSO 

NH 2 NH 2 H 2 0 /MeOH 

CuS04 /AcOH-H20 

boiling 

boiling 

room temp 

100 °C 

boiling 
room temp 
room temp 

boiling 

boiling 

room temp 

room temp 

boiling 
room temp 

0.5 h 

0 .5h 

3 days 

5 min 

0 .5h 
15 min 
10 min 

5 min 

30 min 

10 min 

15 min 

15 min 
15 min 

room temp 15 min 

room temp 2 h 

100 °C 5 min 

(97) 190—191 
yellow micro needles*) 

(98) 177—178 
yellow micro needlesa> 

65 200—201 
yellow micro neediest 

71 160—161 
red needles0) 

a : 17 161—162 
b : 70 orange yellow prisms0) 

70 177 (decomp) 
red plates0) 

76 153—154 
oi ange yellow prisms0) 

(93) 237—239 
yellow needles'1) 

93 145—146 
yellow needles*1) 

64 165—167 
orange prisms0) 

a : 42 125—127 
b : 81 orang yellow prisms0) 

(88) 200—202 

yellow micro neediest 
40 139—140 

orange needles0) 
(60) 236 (decomp) 

orange neediest 
230 (decomp) 

red needles^) 

C22H1608N4 

C23H1808'N4 

Gi5H12N2 

C17H14ON2 

C15HUNS 

C22H17NS 

C21H16N2 

C24H2107N5 

C22H18N2 

C23"2 iN3 

C17H16N2 

C25H2108N5 

Gi5H13N3 

G21H1407N4 

C21H1408N4 

56.59 
(56.90 
57.56 

(57.74 
81.65 

(81.79 
77.74 

(77.84 
76.04 

(75.93 
81.28 

(80.71 
85.15 

(85.11 
58.73 

(58.65 
85.05 

(85.13 
81.11 

(81.38 
82.29 
(82.22 

76.67 
(76.57 
57.92 

(58.07 
56.48 

(56.00 

3.43 
3.47 
3.48 
3.70 
5.24 
5.49 
5.69 
5.38 
4.75 
4.67 
5.20 
5.24 

32 
,44 
32 
,31 
,83 
.85 
,22 
.24 
,49 

6.50 

57.92 4.18 
(57.80 4.08 

5.00 
5.57 
3.44 
3.25 
3."04 
3.13 

12.16 
12.07) 
11.44 
11.71) 
12.63 
12.72) 
11.10 
10.68) 
5.68 
5.90) 
4.25 
4.28 
9.33 
9.45) 

14.32 
14.25) 
8.94 
9.03) 

12.46 
12.38) 
11.29 
11.28) 

13.24 
13.48) 

17.86 
17.86) 
12.52 
12.90) 
12.44 
12.44) 

10.17 
9.78) 

to 

H 
g* 

c r̂  a" o 
•73 

13 
ST 
o 
n 

I 
3 

n 
P 
o 
o' 
3 

9 

to 
00 

Ü 
o 

13 

g* 
3 

These solvents were used for the recrystallization : a) 
Compound 2 was obtained from 14m. 

ethanolj b) benzene, c) cyclohexane, d) hexane. Compound 14d was obtained by the acetylation of 14c. 



ht* 

o> 

TABLE 2. NUOLEOPHILIO SUBSTITUTION RÉACTION PRODUOTS (15) FROM 2,8-DIOHLORO-3-PHENYL-1-AZAAZULENE (6) 

Com­
pound Reagent/Solvent React 

Temp 
React 
Time 

Yield 
(%) 

Mp °C 
Appearance 
(Color, crystal form) 

150—151 
orange micro needles6) 

99—100 
orange platesf> 

185—186 
yellow micro needlesb> 

171—172 
orange neediest 

118 (decomp) 
reddish brown needles6) 

216—217 
orange plates6) 

148—150 
orange needles*) 

149—150 
orange yellow neediest 

143—144 
orange prisms'1) 

182—184 
orange micro needles6) 

169—170 
yellow needles11) 

149—150 
yellow platesa) 

131—132 
orange prismsd> 

175—176 
orange needles13) 

154—155 
red plates6) 

100 °C/1 Torr (Bp) 
red oil 

199 (decomp) 
orange needles'1) 

Formula 

C16H12ONCl 

C17H14ONCl 

C15HnN2Cl 

C17H13N2OCl 

C15H10NSC1 

C22H16NSC1 

C21H16N2C1 

C18H17N2C1 

C22H17N2C1 

C23H20N3CI 

C25H22N504C1 

C17H15N2C1 

C19H17ONCl 

C15H12N3C1 

C15H9NClBr 

C15H10NC1 

C21H1307N4C1 

Found (Calcd) % 

C 

71.64 
(71.24 
72.07 

(71.95 
70.81 

(70.72 
68.56 

(68.80 
66.46 

(66.29 
73.00 

(73.01 
76.11 

(76.24 
72.84 

(72.76 
77.13 

(76.62 
74.09 

(73.88 
55.73 

(55.61 
72.19 

(72.20 
69.69 

(70.25 
66.72 

(66.79 
56.42 

(56.54 
74.84 

(75.16 
54.06 

(53.79 

H 

4.52 
4.49 
5.01 
4.97 
4.68 
4.32^ 
4.59 
4.41 
3.71 
3.71 
4.50 
4.46 
4.55 
4.57 
5.77 
5.77 
4.98 
4.97 
5.41 
5.39 
4.11 
4.11 
5.28 
5.35 
5.29 
5.28 
4.20 
4.45 
2.85 
2.85 
4.33 
4.21 
2.54 
2.77 

v 
N S 

5.32 
5.19) 
4.91 
4.94) 

11:25 
11.00) 
9.52 
9.44) 
,5.39 
5.16) 
3.90 8.90 
3,87 8.86) 
8.57 
8.47) 
9.44 
9.52) 
8.23 
8.13) 

11.13 
11.24) 
12.55 
12.97) 
9.89 
9.91) 
8.59 
8.63) 

15.49 
15.58) 
4.40 
4.40) 
5.79 
5.84) 

11.89 
11.95) 

W 
&5 

«g. 
s? 

A
N

E
, 

i* 

5j 
a F

U
JI» IO

R
I, 

5—1 

$ 

0 

2 
p 

H 
a 
Vi c 
0 

z 
g 0 

15a 

15b 

15c 

15d 

15c 

15f 

15g 

15h 

15i 

15j 

15k 

151 

15m 

10 

15n 

11 

OCH3 

OC2H5 

NH2 

NHCOCH3 

SH 

SC6H4CH3-/> 

NHC6H5 

NHCH(CH3)a 

NHC6H4CH3-/> 

NHC6H4N(CH3)a 

NH(CH2)3CH3 

(Picrate) 
N(CH3)2 

N b 
NHNH2 

Br 

H 

CH3ONa/MeOH 

C2H5ONa/C2H5OH 

NH3/MeOH 

( C H 3 C O ) 3 0 / -

a : NaSH/C2H6OH 
b : NaSH/DMSO 

/>-CH3C6H4SH/DMSO 

C6H6NH2/C2H6OH 

(CH3)2CHNH2/C2H6OH 

/>-CH3C6H4NH2/C2H6OH 

(CH3)2NC6H4NH2/C2H5OH 

CH3(CH2)3NH2/C2H6OH 

(CH3)2NH2/C2H6OH 

O W/DMSO 

NH2NH2-H20/MeOH 

CuS04-HBr 

CuS04 /AcOH-H20 

boiling 

boiling 

room temp 

100 °C 

boiling 
room temp 
room temp 

boiling 

boiling 

boiling 

boiling 

boiling 

boiling 

room temp 

room temp 

100 °C 

100°C 

0 .5h 

0 .5h 

a week 

5 min 

10 min 
15 min 
15 min 

10 min 

10 min 

10 min 

10 min 

3 h 

15 min 

15 min 

3 h 

5 min 

15 min 

92 

26 

67 

77 

a : 53 
b : 71 

69 

75 

73 

85 

81 

(20) 

93 

68 

82 

25 

61 

(Picrate) 

These solvents were used 
cyclohexane. Compound 

for the recrystallization : a) ethanol, b) benzene, c) cyclohexane, d) hexane, e) benzene-cyclohexane, f) petroleum ether, g) hexane-
15d was obtained by the acetylation of 15c. Compounds 15n and 11 were both obtained from 10. i 
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TABLE 3. UV, IR, AND NMR SPEOTRA OF SUBSTITUTION RÉACTION PRODUQTS 

1187 

5 « 

> 

Ph 

X H 

Ph 

XH 

Com­
pound X X ' uv 

Amax, nm (loge) 
IR (KBr) cm-1 NMR 

ppm in GDClg (100 MHz) 

7 O 

8 O 

14c NH 

15c NH 

H e S 

15e S 

14k N(GH3), 

H 

Gl 

H 

Cl 

H 

Cl 

H 

228(4.51), 290(4.49) 
345(3.68), 360(3.77) 
380(3.78) (MeOH) 

230(4.42), 
362(3.76), 
(MeOH) 

243(4.51) : 

445(3.03) 

287(4.38) 
373(3.65) 

316(4.52) 
(MeOH) 

151 N(CH3)2 Cl 

249(4.48), 312(4.62) 
412(3.46) (MeOH) 

257(4.36), 308(4.00) 
407(4.13) 
(cyclohexane) 

256(4.34), 309(3.94) 
413(4.13) (cyclohexane) 

252(4.41), 264(4.38) 
329(4.56), 408(3.32) 
(cyclohexane) 

253(4.38), 265(4.40) 
331(4.54), 390(3.72) 
412(3.70) (sh), 447 
(3.52) (sh) (cyclohexane) 

3183, 

1552, 

3080, 
1548, 

3460, 
1610, 
1548 

3471, 
1614, 
1554 

3280, 
1496 

3248, 
1494 

1612, 

1619 
1520 

1621 
1513 

3300 
1595 

3316 
1601 

1601 

1602 

1513 

1613, 1518 

6.88(1H, ddd, 7 = 1 0 . 5 , 7.3, 2 .0Hz, H-5) 
7.28—7.54(7H, m, H-6, 7 and phenyl) 
7.59(1H, s, H-2) 
7.86(1H, dm, y = 1 0 . 5 Hz, H-4) 
6.85(1H, ddd, 7 = 1 0 . 5 , 6.8, 2 .8Hz, H-5) 
7.28—7.48(7H, m, H-6, 7 and phenyl) 
7.58(1H, dm, 7 = 1 0 . 5 Hz, H-4) 

6.39(bs, NH) 
6.88—7.61 (8H, m, H-5, 6, 7 and phenyl) 
8.19(1H, s, H-2) 
8.28(1H, dm, 7 = 10.5Hz, H-4) 

6.36(b, NH) 
6.91—7.56(8H, m, H-5, 6, 7 and phenyl) 
8.04(1H, dm, 7 = 9 . 8 H z , H-4) 

7.06—7.52(7H, m, H-5, 6 and phenyl) 
7.67 (1H, d, 7 = 2 . 7 Hz, H-2) 
7.89(1H, dd, 7 = 8 . 0 , 2 .4Hz, H-7) 
8.25(1H, dd, 7 = 9 . 2 , 2 .4Hz, H-4) 

7.03—7.72(8H, m, H-5, 6, 7 and phenyl) 
8.21 (1H, dd, 7 = 9 . 3 , 2 .0Hz, H-4) 

3.63(6H, s, N(CH3)2) 
6.81 (1H, ddd, 7 = 1 0 . 0 , 8.6, 1.0 Hz, H-5) 
7.12(1H, dm, 7 = 12.0Hz, H-7) 
7.30—7.62(7H, m, H-6 and phenyl) 
8.28 (1H, dm, 7 = 10.0 Hz, H-4) 

3.60(6H, s, N(CH3)2) 
6.83(1H, ddd, 7 = 1 0 . 0 , 8.4, 1.0 Hz, H-5) 
7.09(1H, dm, 7 = 11.6Hz, H-7) 
7.25—7.53 (7H, m, H-6 and phenyl) 
7.94(1H, dm, 7 = 10.0 Hz, H-4) 

ketonic form (B) rather than in the enolic form (A), 
as in the case of 2-hydroxy derivatives of 1 -azaazulene 
(13) 6> or its 3-substituted products (12 or other com­
pounds),6) as is shown by their spectroscopic data, pre­
sented in Table 3. 

were observed upfield from those of 5 and 6, as in the 
case of the 8-hydroxy derivatives of 1 -azaazulene (7 and 
8) (Tables 3 and 5). 

As for the 8-dimethylamino derivatives (14k and 151), 
the visible and P M R spectra indicate that there is a con­
tribution of the zwitterion structure (D),5) as will be 
described below. In the absorption spectra of 14k and 
151, the absorption maxima in the visible region were 
shifted to shorter wavelengths than those of 5 and 6 
(Tables 3 and 4). The P M R spectra of 14k and 151 
exhibited the signals for H-5 at ca, 6,8 P M R , and they 

The Cg-positions of Compounds 5 and 6 are easily 
replaced by the treatment of various nucleophilic re­
agents; the results are summarized in Tables 1 and 2. 
Only the chlorine a tom at C8 in the dichloro compound 
(6) is displaced by the nucleophilic reagent. However, 
a strong nucleophile such as />-thiocresol afforded a 
disubstituted product (16). This is quite understand­
able in view of Fig. 1 and the electron-releasing effect 
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T A B L E 4 . ULTRAVIOLET AND VISIBLE ABSORPTION MAXIMA OE SUBSTITUTED 1-AZAAZULENES 

Compound 

2 
5 
6 

11 

x, 
H 
H 
Cl 
Cl 

x2 
H 
Cl 
Cl 
H 

227(4.81), 
237(4.59), 
242(4.58), 
232(4.39), 

Amax, nm (loge) 

285(4.95), 358(4.14), 
296(4.61), 528(2.82) 
298(4.65), 379(3.31), 
288(4.53), 370(3.40), 

512(3.30) (MeOH) 
(cyclohexane) 
500 (2.89) (cyclohexane) 
500(2.87) (cyclohexane) 

T A B L E 5. N M R SPEOTRA OF 5 AND 6 

Compound X ! X 2 p p m in CDC13 (100 MHz) 

5 H Cl 7 . 3 7 — 7 . 6 5 ( 6 H , m, H-5 and phenyl) 

7 . 7 7 ( 1 H , ddd, / = 1 0 . 3 , 9 . 0 , 1 , 1 . 0 H z , H-6) 

8.01 (1H, dd, 7 = 1 0 . 3 , 2 . 0 H z , H-7) 

8 . 6 8 ( 1 H , dd, 7 = 9 . 0 , 1.5 Hz, H-4) 

8 .89 (1 H, s, H-2) 

6 Cl Cl 7 . 4 2 — 7 . 8 6 ( 7 H , m, H-5 , 6 and phenyl) 

8 . 0 2 ( 1 H , dd , 7 = 9 . 9 , 2 . 0 H z , H-7) 

8 . 3 9 ( 1 H , dd, 7 = 9 . 0 , 2 . 4 H z , H-4) 

was recrystallized from benzene to give pale yellow needles 
(15.2 g, 7 0 % ) ; m p 188—189.°C. Found : C, 81.21; H , 
5.09; N , 6 .24%. Calcd for C 1 5 H n O N : C, 81.43; H , 5 .01; 
N , 6 . 3 3 % . 

8-Chloro-3-phenyl-1-azaazulene (5). A mixture of 7 
(7.0 g) and phosphoryl chloride (28.0 g) was heated at 105 °C 
for 1 h . After cooling, the reaction mixture was poured onto 
ice water and the solution was made alkaline with a sodium 
hydrogencarbonate solution, followed by extraction with 
benzene. T h e extract was dried, the solvent was removed, 
and the residue was recrystallized from cyclohexane to give 
reddish purple needles (6.5 g, 8 5 % ) ; m p 106—107 °C. 
Found : C, 75.57 ; H , 4.29 ; N , 6.01 % . Calcd for C15H10NC1 : 
C, 75.17; H , 4 .18; N , 5.84%. 

Picrate: Orange micro needles (from ethanol) ; m p 189 °C 
(decomp). Found : G, 53.75; H , 2.84; N , 11.34%. Calcd 
for C 2 1 H 1 3 0 7 N 4 C1: C, 53.79; H , 2.78; N , 11.95%. 

Hydrolysis of 5. A solution of 5 (0.3 g ) , in ethanol 
(8 ml) containing 2 M sodium hydroxide (4 ml) was refluxed 
for 30 min. T h e solvent was then removed, the residue 
was made acid with dil hydrochloric acid, and the solution 
was extracted with chloroform. T h e dried extract was 
concentrated, and the residue was j-ecrystallized from ethanol 
to give colorless needles (0.11 g, 6 0 % ) ; m p 187—188 °C. 
T h e I R spectrum was identical with that of 7, and the mixed 
melting point with the sample was not depressed. 

2,8-Dichloro-3-phenyl-l-azaazulene (6). (a) A mixture 
of 5 (0.3 g) in carbon tetrachloride (210 ml) , JV-chlorosuc-
cinimide (2.6 g) , and benzoyl peroxide (0.06 g) was refluxed 
for 3 h. T h e solvent was then removed, and the residue 
was washed with hot water several times and extracted with 
benzene. T h e dried extract was concentrated to about 
30 ml a n d chromatographed on silica gel. From the bright r ed 
effluent, ,6 was obtained as bright red plates (2.5 g, 7 3 % ) ; 
mp, 160—161 °C. Found : C, 65.76; H , 3.48; N , , 5 . 5 8 % , 

of t h e r e a c t i o n p r o d u c t s (15) . 

< Q y H S - C 6 H 4 C H 3 - / > 

S-C6H4CH3-£ 

(16) 

T h e r e a c t i o n of 5 w i t h h y d r a z i n e h y d r a t e in m e t h a n o l 
g a v e 9 bes ides 1 4 m . 3 ) 

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

All the melting points are uncorrected. 
Phenylacetaldehyde Troponylhydrazone. T o a solution of 

2-hydrazinotropone (16.7 g) in ethanol (200 ml) , phenyl­
acetaldehyde (16.1 g) was added, and the mixture was 
refluxed for 30 min. After cooling, the separated precipi­
tates were collected and recrystallized from ethanol to give 
yellow needles (27.5 g, 9 4 % ) ; m p 127—128 °C. U V : 
A ^ « 252 ( l o g e = 4 . 3 2 ) , 350 (4.24), and 410 (4.29) n m . 
Found : C, 75.33; H , 6.20; N, 11.70%. Calcd for C1 5H1 4-
O N 2 : C, 75.60; H , 5.92; N , 11.76%. 

3-Phenylpyrrolo[2,3-h]tropone (7). A mixture of phenyl­
acetaldehyde troponylhydrazone .(23.5 g) , water (650 ml) , 
and coned sulfuric acid (32 ml) was refluxed at 110—120 °C 
for 3 h ; After cooling, the reaction mixture was made 
sHghtïy acid 'with 2 M sodium hydroxide and, then extracted 
With chloroform; T h e extract was dried over anhydrous 
sodium sulfate, and the solvent was removed. T h e residue 

t T h e authors are grateful to the Sankyo Co., Ltd. , 
for the elemental analyses. 
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Calcd for C 1 5 H 9 N^i 3 : t Ç , 65.69; H , . 3 . 2 8 ; N , 5 . 1 1 % . 
(b) A mixture of 7 (6.0 g) in dry benzene (300 ml) 

and thionyl chloride (20.0 g) was refluxed for 15 h with 
stirring at 80—90 °C. T h e solvent was then removed, and 
the residue was treated with a saturated solution of sodium 
hydrogencarbonate and extracted with benzene. T h e extract 
was dried, concentrated, and chromatographed on alumina. 
The red effluent gave bright red needles (1.5 g, 2 0 % ) , which 
were subsequently recrystallized from cyclohexane. T h e 
mixed melting point with the sample obtained by Method 
(a) was not depressed. 

(c) A mixture of 5 (6.0 g) in carbon tetrachloride (150 ml) 
arid sulfuryl chloride (3.4 g) was refluxed for 1 h. T h e solvent 
Was. then removed, and the residue was treated with a 
saturated of sodium hydrogencarbonate and extracted with 
benzene. T h e extract was concentrated and chromato­
graphed on alumina. From the red effluent, 6 was obtained 
as bright red plates (1.2 g, 3 5 % ) . 

From the purple effluent, a purple powder was obtained ; 
its structure can not be clarified yet. M p 193—195 °G. 
U V : 1™* 256, 302, and 514 nm. Found : G, 58.50; 
H , 2.64; N, 4 .73; Gl, 34.39%. Galcd for C 1 5 H 8 NC1 3 : G, 
58.38; H , 2 .61 ; N , 4.54; CI, 34 .37%. 

•(d) A mixture of 8 (0,5 g) and phosphoryl chloride 
(2.6 g) was heated at 105 °G for 1 h. After cooling, the 
reaction mixture was poured into ice water, and the solution 
was treated with a saturated solution of sodium carbonate 
and extracted with benzene. T h e dried extract was concen­
trated, and the residue was recrystallized from cyclohexane 
to give red plates (0.37 g, 63%)- T h e mixed melting point 
with the sample obtained by Method (a) was not depressed. 

(e) A mixture of 7 (0.6 g) in dry benzene (30 ml) and 
thionyl chloride (3.0 g) was heated under reflux for 16 h at 
90—100 °G. T h e reaction mixture was then worked u p 
as above (Method b ) . A small amount of 6 was obtained, 
and most of the starting material (7) was recovered. 

(f) A mixture of 10 (0.1 g) , coned hydrochloric acid 
(2 .5ml) , and I M copper(II) sulfate ( 3ml ) was heated 
for a few min on a water ha th . After cooling, the reaction 
mixture was neutralized with a 5 % sodium hydrogencarbo­
nate solution and extracted with benzene. T h e dried extract 
was concentrated and passed through a silica gel column. 
From the red effluent, 6 was obtained as red plates (0.06 g, 
5 4 % ) ; m p 160—161 °C. 

2-Chloro-3-phenylcyclohept [2,3-b]pyrrol-8( 1H) -one (8). A 
mixture of 7 (1.0 g) in carbon tetrachloride (60 ml) , N-
chlorosuccinimide (0.97 g) , and benzoyl peroxide (0.06 g) 
was refluxed for 3 h. The solvent was then removed, and 
the residue was treated with hot water and extracted with 
chloroform. The extract was washed with water, dried, 
and concentrated, and the residue was recrystallized from 
benzene to give pale yellow needles (0.52 g, 4 7 % ) ; m p 
223—224 °C. Found: C, 70.44; H , 4 .11 ; N , 5 .58%. 
Calcd for C 1 5 H 1 0 ONC1: C, 70.45; H , 3 .91 ; N , 5 .48%. 
The spectral data are shown in Table 3. 

Hydrolysis of 6. A solution of 6 (0.2 g) in ethanol 
(8 ml) containing 2 M sodium hydroxide (5 ml) was refluxed 
for 1 h on a water ba th . T h e solvent was then removed, 
and the residue was made acid with dil sulfuric acid and 
extracted with chloroform. T h e dried extract was evaporated, 
and the residue was recrystallized from benzene to give pale 
yellow needles (0.18 g, 9 4 % ) ; m p 224—225 °C. T h e I R 
spectrum was identical with that of 8, and the mixed melting 
point was not depressed. 

The Reaction o/8-Chloro- and 2,8-Dichloro-3-phenyl-1-azaazulenes 
(5 and 6) with Nucleophilic Reagents. T h e mixtures 
obtained by the reaction of chloroazaazulenes (5 and 6) 

with nucleophilic reagents were worked up in the usual 
manner , and the products were purified by chromatography 
and recrystallization. T h e conditions and results are given 
in Tables 1 and 2. 

The Reaction of 8-Chloro-3-phenyl-1 -azaazidene (5) with Hydra* 
zine Hydrate.^ A solution of 8 0 % hydrazine hydrate 
(4.0 g) in methanol (100 ml) was added, d rop b y . drop, 
to a solution of 5 (1.0 g) in methanol (100 ml) , after which 
the solution was stirred at room temperature for 2 h. T h e 
reddish purple crystals which precipitated out were collected 
and recrystallized from cyclohexane-benzene to give NyN'-
bis(3-phenyl-l-azaazulen-8-yl)hydfazine as reddish purple 
micro prisms (0.55 g) ; m p 277—278 °C. 

O n the other hand, the solvent was removed from the 
filtrate of the reaction mixture, Water was added," and the 
solution was extracted with benzene. T h e extract Was dried, 
the solvent was removed, and the residue, was recrystallized 
from cyclohexane to afford 8-hydrazino-3-phenyl-l-azaazulene 
(141) (0.40 g) . 

3-Phenyl-1-azaazulene (2). A mixture of 8-hydrazin.o-
3-phenyl-l-azaazulene (0.2 g) , acetic acid (5 ml) , water (5 ml) , 
and a 10% copper(II ) sulfate solution was heated for a.few 
min on a water ba th . After cooling, the reaction mixture 
was made slightly alkaline with 2 M sodium hydroxide a n d 
the solution was extracted with ether. T h e dried extract 
was concentrated to leave a reddish purple oil. T h e residual 
oil was purified by distillation under reduced pressure;<{,bp 
90 °C/0.01 Tor r ) . Picrate: Orange needles, m p 236 °C (de-
comp.) . T h e results are given in Table 1. 

2-Chloro-3-phenyl-1-azaazulene {11). A mixture of 10 
(0.7 g) , acetic acid (28 ml) , 1 M copper(II ) sulfate (56 ml) , 
and water (28 ml) was heated for 15 min on a water bath. 
After cooling, the reaction mixture was made slightly alkaline 
with 2 M sodium hydroxide and extracted with chloroform. 
T h e dried extract was concentrated and chromatographed 
on silica gel. From the red effluent, a red oil was obtained 
and subsequently distilled under reduced pressure (bp 100 °C/ 
1 Torr) (0.37 g) . T h e results are given in Table 2. 

2-Chloro-8-bromo-3-phenyl-1-azaazulene (15n). A mixture 
of 10 (0.12 g) , 4 8 % hydrobromic acid (8 ml) , and I M 
copper(II ) sulfate (9.6 ml) was heated for a few min on a 
water ba th . After cooling, the reaction mixture was treated 
with a 5 % sodium hydrogencarbonate solution and extracted 
with chloroform. T h e dried extract was concentrated and 
chromatographed on silica gel. T h e product obtained from 
the red effluent was recrystallized from cyclohexane to give 
red plates (0.04 g) . T h e results are given in Table 2. 

1,2-Dihydro-3-phenyl-1-azaazulen-2-one (12). (a) A 
mixture of 11 (0.37 g) in ethanol (15 ml) and 2 M sodium 
hydroxide (30 ml) was refluxed for 5 h on a water ba th . 
After cooling, the reaction mixture was made slightly acid 
with a dil sulfuric acid solution and extracted with benzene. 
T h e dried extract was then concentrated, and the residue 
was recrystallized from benzene to give micro prisms (0.04 g, 
1 2 % ) ; m p 264—265 °C. I R ( K B r ) : 1638 c m - 1 ( C = 0 ) . 
U V œ H 235(log € = 4.34), 283(4.41), 420(4.00)nm. Found : 
C, 81.33; H , 5.00; N , 6 .13%. Calcd for C 1 5 H n O N : C, 
81.43; H , 5 .01; N , 6 . 3 3 % . 

(b) T o a sodium ethoxide solution prepared from sodium 
metal (1.25 g) and absolute ethanol (30 ml) , aminotropone 
(3.0 g) and methyl phenylacetate (7.4 g) were added, after 
which the mixture was heated in a sealed tube at 130 °C for 
5 h. T h e reaction mixture was concentrated, made acid 
with 2 M hydrochloric acid, and then extracted with benzene. 
T h e benzene layer was dried over anhydrous sodium sulfate 
and the benzene was removed. From the residual oily 
product , a small amount of 12 (0.14 g, 3%) was obtained, 
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with the recovery of the starting material. The mixed 
melting point with the sample obtained by Method (a) 
was not depressed. 

2,8-Di(p-tolylthio)-3-phenyl-7-azaazulene (16). (a) To 
a sodium methoxide solution prepared from sodium metal 
(0.37 g) and absolute methanol (7 ml), /»-thiocresol (0.2 g) 
and 6 (0.2 g) were added, and then -the mixture was 
heated under reflux for 15 min. The reaction mixture was 
concentrated under reduced pressure and extracted with 
benzene, and the benzene extracts were washed with 
water, dried over anhydrous sodium sulfate, and chromato-
graphed on alumina. The product obtained from the 
benzene effluent was recrystallized from cyclohexane to 
give red prisms (0.12 g, 39%); mp 209—210 °G. Found: 
G, 77.46; H, 5.16; N, 3.12; S, 14.26%. Calcd for 
G29H23NS2: G, 77-10; H, 5.19; N, 3.04; S, 13.97%. 

(b) A mixture Of 6 (0.2 g) and/»-thiocresol (0.18 g) in 
dimethyl sulfoxide (10 ml) was stirred for 15 h at room 
temperature. The reaction mixture was diluted with water, 
made alkaline with aqueous sodium carbonate, and extracted 
with benzene. The benzene extracts were dried over an­
hydrous sodium sulfate and chromatographed on alumina. 
The product obtained from the benzene effluent was re-
crystallized from cyclohexane to give red prisms (0.13 g, 
42%); mp 209—210 °C. The IR spectrum was identical 
with that of the sample obtained by Method (a), and the 
mixed melting point was not depressed. 

\ This work was financially supported by grants from 
the Ministry of Education of J a p a n , to which the authors' 
thanks are due. One of the authors (Je-Kyun Sin) 
especially wishes to acknowledge the kind guidance of 
the late Professor Yoshio Ki tahara of Tohoku University. 
We also wish to thank Dr. Masafumi Yasunami of 
Tohoku University for his helpful suggestions regarding 
the N M R spectra. 

References 

, 1 ) a) Presented at the 10 th Annual Meeting of the 
Chemical Society of Japan, Tokyo, April, 1957; (b) J.-K. 
Sin, Doctoral Thesis, Tohoku University, Sendai, March, 
1958; (c) Some of this work was reported in the following 
reviews: T. Nozoe, Groat. Chim. Acta, 29, 207 (1957); T. 
Nozoe in "Non-benzenoid Aromatic Compounds," ed by 
D. Ginsburg, Interscience, New York, N. Y. (1959), p. 442. 

2) T. Nozoe, S. Seto, S. Matsumura, and T. Terasawa, 
Chem. Ind. (London), 1954, 1357. 

3) T. Nozoe, Y. Kitahara, and T. Arai, Proc. Jpn. Acad., 
30, 478 (1954). 

4) H. Kon, Sei. Repts. Tohoku Univ., First Ser. 38, 67 (1954). 
5) T. Toda, S. Seto, and T. Nozoe, Bull. Chem. Soc. Jpn., 

41, 2102 (1968). 
6) T. Nozoe, S. Seto, S. Matsumura, and T. Terasawa, 

Chem. Ind. (London), 1954, 1356. 



May, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (5), 1191—1194 (1977) 1191 

Branched-chain Sugars. IX. Reaction of 3,6-Anhydro-l,2-0-isopropylidene-
a-D-r/6o-hexofuranos-3-ulose with Nitromethane or Hydrogen Cyanide1* 

Ken-ichi SATO, Juji YOSHIMURA, and Ghung-gi S H I N * 

Laboratory of Chemistry for Natural Products, Faculty of Science, Tokyo Institute of Technology, 
Meguro-ku, Tokyo 152 

^Laboratory of Organic Chemistry, Faculty of Technology, Kanagawa University, 
Rokkakubashi, Kanagawarku, Yokohama 221 

(Received December 1, 1976) 

3,6-Anhydro-l,2-0-isopropylidene-a-D-n'éo-hexofuranos-3-ulose (2) was converted into 5,6-di-O-acetyl-l, 
2-0-isopropylidene-a-D-r#o-hexofuranos-3-ulose (5) by the protection of the carbonyl function with hydroxylamine, 
followed by acetylation and removal of the protecting group with chromium(II) acetate. Nitromethane conden­
sation of 2 and 5 at room temperature gave the corresponding 3-nitromethyl derivatives having D-gluco- and n-allo-
configuration, respectively. The difference in the stereoselectivity was explained by the easiness of isomerization 
of the initial product to thermodynamically stable epimer, because the reaction temperature was essential to control 
the selectivity in the same reaction of 1,2 : 5,6-di-0-isopropylidene-a-D-n'io-hexofuranos-3-ulose. Reaction of 
2 with hydrogen cyanide in dry pyridine followed by acetylation gave the corresponding 3,5,6-tri-0-acetyl-3-cyano 
derivative of D-a//o-type, whereas, the reaction in water gave instantly 3-(hydroxycarbonimidoyl)-l,2-0-isopro-
pylidene-a-D-allofuranose 3',5-lactone, by the participation of the C5-hydroxyl group. 

U p to date, many works have been reported on the 
nucleophilic reaction of easily available 1,2 : 5,6-di-O-
isopropylidene-a-D-néo-hexofuranos-3-ulose ( l ) , 2 - 4 ) and 
we also reported on the stereoselectivities of some reac­
tions.5) This compound decomposes often to 3,6-an-
hydro-l,2-0-isopropylidene-a-D-n^o-hexofuranos-3-ulose 
(2)6) during the storage, unless kept at lower tem­
perature in pure state. Although 2 is easily obtained 
by the partial hydrolysis of l,7) it is unfavorably formed 
during the preparation of 1 by the dimethyl sulfoxide 
oxidation of 1,2 : 5,6-di-O-isopropylidene-a-D-glucofur-
anose, and easily separated from the chloroform solu­
tion of the products by extraction with water, sometimes 
in ca. 3 0 % yield. Intramolecular hemiacetal structure 
of 28) indicates a diminished reactivity of the carbonyl 
function, but the hydrogénation6) and /»-nitrophenyl-
hydrazone formation7) of 2 were described in literatures. 

In order to find useful utilizations of 2 as a starting 
material for the branched-chain sugar synthesis, 2 was 

converted into 5,6-di-0-acetyl-l,2-0-isopropylidene-a-
D-n'fo-hexofuranos-3-ulose, and the addition of nitro­
methane and hydrogen cyanide to both compounds were 
carried out in this paper. A new evidence on the 
stereoselectivity of the former reaction and a participa­
tion of a neighboring hydroxyl group in the latter reac­
tion are described. 

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

Attempted acetonation of 2 into 1 and the Grignard 
reaction of 2 gave unsuccessful results, indicating that 
the intramolecular hemiacetal ring of 2 is fairly stable 
like that of 2-ketoses. Although much stronger nucle-
ophiles such as nitromethanide anion and cyanide ion 
are deduced to be reactable with 2, conversion of 2 into 
a more reactive 3-ulose derivative having the naked 
carbonyl group was tried at first. Condensation of 2 
with hydroxylamine in aqueous ethanol gave the cor-

(1) 

RO-i 

R20 0^. 

(2) 

H O-i 

Wo 
OH 0^ 

(10) R=Ac , R 2 = H , R ^ G H a N O a 
(11) R = R 2 = H , R^CH-sNOa 
(12) R = R a = A c , R, = CN 
(16) R = R 2 = H , Rj=COONa 

(13) 

X 0 ^ 

(3) R = H, X = N O H 
(4) R = A c , X = N O A c 
(5) R = A c , X = 0 

AcO-j 

OAcO^ 

(14) 

(6) R = H , R ^G H aN O a 
(7) R = A c , R ^ G H a N O j 
(8) R = H, R ^ G H a N H , 
(9) R = A c , Rx = CH2NHAc 

AcO-j 

Me0-̂ C=NAĉ [ 

OAcoX 

(15) 
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responding oxime derivative (3) in 74% yield, and then 
base-catalyzed acetylatîon o F â gave the tri-Ö-acetate 
(4) quantitatively. The N M R spectrum of 4 indicated 
the presence of both syn- and anti-îorms, but they were 
not assigned. Treatment of 4 with excess chromium-
(II) acetate9) in tetrahydrofuran-water ( 9 : 1 ) at room 
temperature for 12 h gave successfully the correspond­
ing 3-ulose (5) in 8 5 % yield. Tronchet et al. synthesiz­
ed 5 from 3-0-benzyl-l,2;5,6-di-0-isopropylidene-a-r>-
glucose via four step conversions, and reported that 5 
is unstable on TLC.7> 

Reaction of 2 with ««-nitro salt of nitromethane in 
ethanol does not proceeded at — 70 °G; however, at 
room temperature for 30 min a condensation product 
(6) was obtained in 8 3 % yield. T h e configuration of 
6 was determined to be D-gluco-type by acetonation of 
6 into Well known 1,2 : 5,6~di-0-isopropylidene-3-(nitro-
methyl)-a-D-glucofuranose.10> Base-catalyzed acetyla-
tion of 6 gave the corresponding 5,6-di-O-acetate (7) 
quantitatively. Hydrogénation of 6 in the presence 
of pal ladium-charcoal afforded the 3-C-aminomethyl 
derivative (8), which was then converted into the cor­
responding # ,0- t r iace ta te (9) in a good yield. Besides, 
the - ni tromethane condensation of 5 under the same 
conditions as used for 2 gave unexpectedly a different 
3-C-nitromethyl derivative (10) from 7 in 7 1 % yield. 
These compounds are considered to be 3-epimer to each 

TABLE 1. T H E PREDOMINANT EPIMER PRODUCED IN THE 

NITROMETHANE CONDENSATION OF 1 UNDER 

VARIOUS aONDITIONSa) 

Reaction conditions 

Temp 
<°C) 

Time 
(min) 

Solvente Basec> 

Epimer ratio 

gluco alio 

- 7 8 
- 7 8 
- 7 8 
- 7 8 

25 

25 
25 
25 
25 
25 
25 

25 
25 
25 
25 

30 
30 
30 
30 
3 

30 
30 
30 
30 
30 
30 

[24 h] 
30 
30 
30 

EtOH 
EtOH 
THF 
Dioxane 
EtOH 

EtOH 
EtOH 
THF 
Dioxane 
THF 
GH3N02 

Glyme 
DMF 
HMPA 
DMSO 

NaOEt 
Et3N 
Et3N 
Et3N 
NaOEt 

NaOEt 
Et3N 
NaOFt 
NaOEt 
Et3N 
NaH 

NaH 
Et3N 
HMPA 
Et3N 

0 
0 
0 
0 
0 

0.8 
0-.-8 : 
0 . 
0 : 

: 1 
: 1 
: 1 
: 1 

1 

0 
0 
0 
0 
0 
0 

0.2d> 
0.2 

1 
1 

a) The reaction mixture was extracted with chloroform, 
after neutralization with 60% acetic acid. The con­
figuration and ratio of epimers were estimated from 
the intensity of Hj-proton signals in the NMR spec­
trum, b) THF = tetrahydrofuran, DMF = JV,JV-dimethyl-
formamide, HMPA = liexamethylphosphoramide, DMSO 
— dimethyl sulfoxide, Glyme = 1,2-dimethoxyethane. 
c) The amount of bases used are a slightly excess than 
the equivalent. d) Cited from the literature, A. 
Rosenthal, K.-S. Ong, and D. Baker, Carbohyd. Res., 
13, 113 (1970). 

other, however, there is also the possibility of the inver­
sion at G-4 position11) under t h e reaction conditions. 
Consequently, 1,2 : 5,6-di-0-isopropylidene-3-(nitro-
methyl)-a-D-allofuranose5,10> was partially hydrolyzed to 
the corresponding 1,2-O-isopropylidene derivative (11) 
quantitatively, and then acetylatèd. The identity of 
the di-O-acetate obtained and 10 clearly established the 
3-epimeric interrelation between 10 and 7. 

In general, the nitromethane condensation of uloses 
give one epimer or mixture of epimers depending on 
the reaction conditions.12) As is seen in Table 1, the 
reaction temperature is the most essential to control 
the stereoselectivity of the nitromethane condensation 
of 1. This fact implies that the composition of the pro­
duct is determined by the rate of isomerization of the 
initial product : kinetically controlled product, to the 
thermodynamically stable isomer. Thus, the difference 
of the configuration of the products in the reaction of 
2 and 5 should be explained from the free energy dif­
ference between the epimers in each case. The kinetic 
studies will be reported elsewhere. 

O n the other hand, reaction of 2 with hydrogen 
cyanide in pyridine at 0 °G for 6 h and successive ace-
tylation of the reaction mixture with acetic anhydride 
gave the corresponding 3-cyano-tri-O-acetate (12) in 
5 4 % yield. The configuration of 12 was confirmed to 
be D-allo-type by comparison of the N M R spectrum with 
that of the authentic sample, prepared from the cor-
respoding 5,6-O-isopropylidene derivative.13) Besides, 
the reaction of 2 with potassium cyanide in water in the 
presence of sodium hydrogencarbonate at 0 °G gave 
instantly a crystalline product (13) in 6 6 % yield, which 
shows çharateristic I R absorptions at 3300 (C=NH) and 
1705 ( - O - C - N H ) cm- 1 . From the elemental analysis 
and the following reactivities, 13 was deduced to be 3-
(hydroxycarbonimidoyl) -1 ,2-0- isopropylidene- a- D-allo-
furanose 3',5-lactone. O n standing in water, 13 chang­
ed gradual ly into the corresponding lactone (vc==0 1785 
cm - 1).1 3) When 13 was acetylatèd with acetic anhy­
dride in pyridine and then the reaction mixture poured 
into water, known 3,6-di-0-acetyl-3-carboxy-l,2-0-iso-
propylidene-a-D-allofuranose 3',5-lactone (14)13»14) was 
obtained in 61 % yield, whereas treatment of the acetyla­
tèd product with methanol gave 3,6-di-O-acetyl-1,2-0-
isopropylidene-3- [(acetylimino)methoxymethyl]- a-D -al-
lofuranose (15) in 6 5 % yield. The structure of 15 was 
determined from the analytical values and the absence 
of the deshielding effect of acetyl group on H 5 proton 
in the N M R spectrum. Moreover, treatment of 13 
with sodium hydrogencarbonate in methanol overnight 
at reflux temperature gave quantitatively the corre­
sponding carboxylate (16) which can be converted into 
14 by acetylation with acetic anhydride in a good yield. 

Bourgeois reported on the isomerization of the ini­
tially formed, 3-cyano-1,2 : 5,6-di-O-isopropylidene-a-
D-allofuranose to the corresponding D-gluco-epimer in 
the reaction of 1 with hydrogen cyanide.15) From the 
fact, it is considered that the kinetically controlled prod­
uct 12 was simply formed in the same reaction of 2 
in pyridine at 0 °C. However, the. reaction in water 
gave 13, whose formation is attributed to the further 
participation of a sterically favorable hydroxyl group in 
the same molecule. <The reason for- this difference is 
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a m b i g u o u s a t p re sen t , b u t t h e s imi la r p a r t i c i p a t i o n s a r e 
k n o w n in c a r b o h y d r a t e chemis t ry . 1 6 ' 1 7 ) 

Exper imenta l 

All the melting points are uncorrected. T h e solution 
were evaporated under diminished pressure at a ba th tem­
perature not exceeding 45 °G. Specific rotations were 
measured in a 0.5 d m tube, with a Carl Zeiss LEP-A1 Polar­
imeter. T h e I R spectra were recorded with a Hitachi Model 
EPI-G2 spectrometer. T h e N M R spectra were taken with 
a JEOL-4H-100 M H z spectrometer, using tetramethylsilane 
as an internal s tandard, in deuteriochloroform unless other­
wise stated. Chemical shifts and coupling constants were 
recorded in ô and Hz units, and frequencies in c m - 1 . 

7)2-0-Isopropylidene-oc-T>-ribo-hexofuranos-3-ulose Oxime (3). 
To an aqueous ethanol solution ( 1 : 1 , 100 ml) of hydroxyl-
amine prepared from hydroxy lamine hydrochloride (1.8 g, 
25.9 mmol) and sodium hydroxide (1.1.0 g, 27.5 mmol) was 
added the hemiketal 2 (5 g, 22.9 mmol) . After standing 
the reaction mixture at room temperature for 18 h, the 
solution was concentrated to a half volume, and then ex­
tracted with 1-butanol. Evaporation of the butanol solution 
gave crystals which were recrystallized from ethanol-hexane. 
Yield, 3.95 g ( 7 4 % ) ; rap 161—164 °C; [a]2

D
3 + 9 7 . 2 ° (c 1.3, 

M e O H ) ; I R : 3400, 3210, and 3125(OH). 

Found: C, 46.30; H , 6.38; N, 5 .83%. Calcd for C9H1 5-
N 0 6 : C, 46.35; H , 6.48; N , 6 . 0 1 % . 

3 - Acetoxyimino - 5,6 - di-O- acetyl- 7,2-O-isopropylidene-a-D-ribo-
hexofuranose (4). Base-catalyzed acetylation of. 3 with 
acetic anhydride in the usual manner gave a sirupy product 
quantitatively. N M R spectrum of the sirup showed the 
presence of two kind of isomers (syn- and anti-form) in the 
ratio of 1 : 1 (H a : 6.05 and 5.98). This sirup was used 
for the next conversion without further identification. I R ; 
1740 (OAc). 

5,6 - Di - O - acetyl-1,2-O -isopropylidene-a-D-ribo-hexofuranos-3-
ulose (5). A suspension of the above sirup (200 mg, 
0.56 mmol) and excess chromium(II) acetate (340 mg, 
2 mmol) in tetrahydrofuran-water ( 9 : 1 , 10 ml) was stirred 
at room temperature for 24 h until the starting material 
had disappeared on T L C . The reaction mixture was bubbled 
with air to oxidize excess chromous ion and most of tetra­
hydrofuran was evaporated. T h e remaining solution was 
diluted with water, and then extracted with ether. T h e 
ether extract was washed with water, and then evaporated to 
give a nearly pure sirupy ulose in 8 5 % yield. T h e N M R 
spectrum was identical with that of authentic sample: 6.10 
( H i : d, J l l 2 = 4 . 4 ) , 5.26 (H 5 : m ) , 4.53 ( H 4 : dd, J2)i= 
1-2, 74 ,5=3.4) , 4.45—4.16 (H2 , H 6 , H 6 , : m ) , 2.08 and 
2.01 ( 2 x O A c ) , 1.47 and 1.42 ( 2 x C - C H 3 ) . 

7,2-0-Isopropylidene-3-(nitromethyl)-oc-D-glucofuranose (6). 
A solution of 2 (5.0 g, 22.9 mmol) in ethanol (15 ml) was 
added to a solution of ni t romethane (20 ml) and sodium 
ethoxide (sodium 0.53 g, 23.0 mmol) in ethanol (50 ml) 
with stirring. T h e reaction mixture was kept at room 
temperature for 30 min, neutralized with 6 0 % acetic acid, 
and then evaporated. A 1-butanol solution (100 ml) of the 
residue was washed with a small amount of water and then 
evaporated to give crystals which were recrystallized from 
ether. Yield, 5.2 g (81.4%), m p 104—105 °C, [a]2

D
3 + 5 7 . 1 ° 

(c 0.99, M e O H ) . I R : 3430 and 3250 ( O H ) , 1540 ( N 0 2 ) . 

Found: C, 43 .11; H , 6.14; N, 4 .90%. Calcd for C1 0H1 7-
N 0 8 : C, 43 .01; H , 6.14; N, 5.02%. 

T h e configuration of this compound was determined by 
conversion into 1,2 : 5,6-di-0-isopropylidene-3-(nitromethyl)-
a-D-glucofuranose as follows: a suspension of 6 (1.0 g, 

3.6 mmol) and anhydrous copper(II ) sulfate (3.0 g) in dry 
acetone (50 ml) was stirred at 50 °C for 24 h, filtered through 
active carbon, and the filtrate was evaporated. A chloroform 
solution of the residue was washed with water and evaporated 
to give crystals which were recrystallized from ethanol. Yield, 
0.82 g (71.4%), m p 139—140 °C, [a]2

D
3 + 2 2 . 3 ° (c 1.0, CHC13) 

[lit,10> m p 140—141 °C, [a]2
D

3 + 2 2 . 8 ° (CHC13)]. This speci­
men showed no depression of m p by admixture with an 
authentic sample. 

5,6-Di-0-acetyl-1,2-0-isopropylidene-3-(nitromethyl) -a- D -gluco-
furanose (7). Base-catalyzed acetylation of 6 with 
acetic anhydride in the usual manner gave the corresponding 
di-O-acetate quantitatively. M p 163.5—164.5 °C, [a]3

D
3 

+ 52.6° (c 0.5, CHC13). I R : 3430 ( O H ) , 1745 (OAc), 
1560 ( N O , ) ; N M R : 5.97 ( H , : d, y i > 2 = 3.8), 5.25 (H 5 ; 
oct), 4.62 (H 2 : d ) , 4.62 ( H 6 : q, J5,6=2.5), 4.18 (H6>: 
q>y 5 , 6 ' = 5.3, y 6 , 6 ' = 12.8), 4.87 and 4.60 ( C H 2 : ABq 
J A , B = 1 4 . 8 ) , 4.05 ( H 4 : d, 7 4 l 5 = 8 . 5 ) , 3.76 ( O H , s), 2.10 and 

2.06 ( 2 x O A c ) , 1.52 and 1.34 ( 2 x C - C H 3 ) . 
Found : C, 46.28; H , 5.82; N, 3 .87%. Calcd for C14 

H 2 1 N O 1 0 : C, 46.28; H , 5.82; N, 3.86%. 
3-(Aminomethyl)-1,2-O-isopropylidene-cc-Ti-glucofuranose (8). 

A suspension of 6 (300 mg, 1.07 mmol) and pa l l ad ium-
charcoal ( 5 % , 0.2 g) in water (20 ml) was hydrogenated 
under hydrogen atmosphere, filtered, and then the filtrate 
was evaporated. T h e ninhydrin-positive residue was crystal­
lized from ethanol-ether . Yield, 168 mg (68.2%,), m p 122— 
123 °C, [a]2

D
3 +41 .5° (c 0.68, E t O H ) . 

Found : C, 47.78; H , 7.68; N , 5 .34%. Calcd for C10 

H 1 9 N 0 6 : C, 48.18; H , 7.68; N, 5.62%. 
3-(Acetaminomelhyl)-5,6-di-0-acetyl-1,2-0- isopropylidene -a - D -

glucofuranose (9). T o a solution of 8 (100 mg, 0.36 mmol) 
in pyridine (2 ml) was added acetic anhydride (1 ml) , and 
the mixture was kept at room temperature for 5 h. T h e 
solution was treated in the usual procedure to give a sirup 
which was crystallized from ethanol. Yield, 128 mg (95%) , 
m p 130.5-131 °C ; [a]2

D
3 + 8 2 . 9 ° (c 0.23, CHC13). I R : 3320 

( O H and N H ) , 1740 (OAc) ; N M R : 6.40 ( N H : t ) , 5.86 
( H j : d , y l i 2 = 3 . 4 ) , 5 . 2 6 ( H 5 : sex), 4.59 (H 6 : q, 7 5 l 6 = 2 . 4 ) , 
4.34 (H 2 : d ) , 4.24 (H6<: q, y 5 , 6 ' = 6.1, 7 6 > 6 ' = 13.0), 4.06 
(H 4 : d, y 4 l 5 = 6 . 4 ) , 3.74 and 3.47 ( C H 2 : dABq, y A > B = 
13.0, y N H , 3 ' = 6.4), 2.12, 2.08, and 2.06 ( 2 x O A c , NAc) , 
1.51 and 1.32 ( 2 x C - C H 3 ) . 

Found : C, 51.16; H , 6.72; N, 3 .60%. Calcd for C16-
H 2 5 NO B : C, 51.19; H , 6 .71; N, 3 .73%. 

5,6-Di-O-acetyl-l ,2-0-isopropylidene-3-(nitromethyl) - a - D - allo-
furanose (10). i) From 5. A solution of 5 (200 mg, 
0.6 mmol) in ethanol (5 ml) was added with stirring to a 
solution of ni t romethane (1ml ) and sodium (100 mg, 4.3 
mmol) in ethanol (5 ml) at room temperature. After standing 
the reaction mixture for 30 min, it was neutralized with 
6 0 % acetic acid, and then evaporated to give crystals which 
were recrystallized from ethanol-hexane. Yield, 154 mg 
(71%) , m p 130—132 °C [a]2

D
2 + 4 2 . 4 ° (c 0.9, CHC13). I R : 

3420 ( O H ) , 1740 (OAc), 1550 ( N 0 2 ) ; N M R : 5.79 ( H ^ 
d, Jx 2 = 4 . 0 ) , 5.22 (H 5 : septet), 4.93 and 4.43 ( C H 2 : ABq, 
7 A . B = 1 2 . 4 ) , 4.77 (H 2 : d ) , 4.40 ( H , : q, 7 5 > 6 = 3 . 5 ) , 4.17 

(H , - : q ,yB .6 ' = 6 .1 ,y . , . ' = 12.5), 4.03 (H 4 : d , y 4 i 5 = 8 . 2 ) , 3.30 
( O H ) , 2.10 and 2.06 ( 2 x O A c ) , 1.58 and 1.37 ( 2 x C - M e ) . 

Found : C, 46.28; H , 5.85; N , 3.80%. Calcd for C14-
H 2 1 N O 1 0 : C, 46.28; H , 5.83; N , 3.86%. 

ii) From 1,2 : 5,6-di-0-isopropylidene-3-(nitromethyl)-a-
D-allofuranose. A solution of the starting material (500 mg) 
in acetic acid (70%, 20 ml) was kept at room temperature 
for 24 h, and then evaporated to give a glassy solid [1,2-0-iso-
propylidene-3-(nitromethyl)-a-D-allofuranose (11)] quant i ­
tatively, which could not be crystallized. [a]3

D
a + 1 8 . 5 ° (c 
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0.7, M e O H ) , I R : 1560 ( N 0 2 ) . 
Found : G, 42.55; H, 6.12; N, 4 .60%. Calcd for C1 0H1 7-

N 0 8 : C, 43 .01 ; H , 6.14; N , 5.02%. 
Acetylation of 11 (200 mg) with acetic anhydride (3 ml) 

in pyridine (3 ml) in the usual manner gave 10 quantitatively 
which was identical with the above mentioned sample. 

3,5,6- Tri-O-acetyl-3-cyano-1,2-O-isopropylidene -a- D - allofuranose 
(12). T o a solution of 2 (1 g, 4.6 mmol) and hydrogen 
cyanide (0.3 ml) in pyridine (10 ml) which was stirred at 
0 °G for 6 h was added acetic anhydride (3 ml) , the mixture 
was kept at room temperature for 15 h, and the excess hydrogen 
cyanide was evacuated under reduced pressure. T h e reac­
tion mixture was poured into ice-water, and the resulting 
solution was extracted with methylene dichloride. T h e 
extracted solution was washed with water and evaporated 
to give a sirup which was crystallized and recrystallized from 
ethanol-hexane. Yield, 0.92 g, (54%) , m p 140—142 °C, 
[a]2

D
2 + 7 0 . 4 ° (c 0.47, CHC13) [lit,13) m p 129.5—130.5 °C,. 

M S + 7 2 . 8 ° (c 0.3, GHG13)]. I R and N M R spectra were 
also identical with those of theauthentic sample. 

3- (Hydroxycarbonimidoyl) -1,2-O-isopropylidene-cc-n-allofuranose 
3',5-Lactone (13). An aqueous solution (2 ml) of potassium 
cyanide (325 mg, 5 mmol) was added to an aqueous solution 
(15 ml) of 2 (1.0 g, 4.6 mmol) and sodium hydrogencarbonate 
(630 mg, 5.1 mmol) with stirring at 0 °C. T h e crystals 
deposited immediately were filtered and recrystallized from 
methanol . Yield, 744 mg (66%) , m p 166—168 °C, [a]2

D
3 

+ 60.4° (c 0.4, H 2 0 ) . I R : 3450 ( O H ) , 3300 ( N H ) , 1705 
( - 0 - C = N H ) . 

Found : G, 48.81 ; H , 6.07; N , 5 .23%. Calcd for G10H15-
N O e : C, 48.97; H , 6.17; N , 5 . 7 1 % . 

3,6-Di- O - acetyl-3-carboxy-1,2-O-isopropylidene-ac-D-allofuranose 
3',5-Lactone (14). i) From 13. T o a suspension of 13 
(245 mg, 1.0 mmol) in acetic anhydride (1.5 ml) was added 
pyridine ( 0 . 1 m l ) , and kept at room temperature for 12 h 
until the mixture became homogenous. T h e reaction mixture 
was poured into ice-water to give crystals which were re­
crystallized from ethanol-hexane. Yield, 201 mg (61%) , m p 
114—115 °G, [<x]2D

3 + 5 . 2 ° , [a]», - 2 8 . 7 ° (c 0.9, CHG13), 
[lit,") m p 113—113.5 °G: , [a]2

D
2 + 6 . 2 ° , [a]22.fi - 3 3 . 0 ° {c 1.7, 

GHG13)]. 

Found : G, 51.00; H , 5 .52%. Calcd for C 1 4 H 1 8 0 9 : G, 
50 .91 ; H , 5 .49%. 

I R and N M R spectra were also identical with those of 
authentic sample.14) 

ii) From 16. Base-catalyzed acetylation of 16 with acetic 
anhydride in the usual manne r gave 14 quantitatively. 

3- [ (Acetylimino) methoxymethyl\ -3,6-di-O-acetyl-1,2 - O - isopropyl-
idene-oc-D-allqfuranose (15). T o a homogeneous reaction 
mixture of the above experiment was added absolute methanol 
(4 ml) instead of pouring into ice-water, and then evaporated 

to give a sirup. T h e main component of the sirup composed 
of three components was isolated by T L G (benzene : methanol 
= 8 : 1 , and recrystallized form ethanol-hexane. Yield, 
273 mg (65%) , m p 145—147 °G, [<x]2D

3 + 5 3 . 5 ° (c 0.6, CHC13). 
I R : 3450 ( O H ) , 1765 (OAc), 1660 (G=NAc). N M R : 
5.98 ( O H : s ) , 5.85 (H a : d, 7 1 ) 2 = 3 . 6 ) , 5.34 (H2 : d ) , 4.73 
(H4 : d, y 4 ) 5 = 1.8), 4.45—4.05 (H5 , H 6 , H6> : m) , 3.30 (OMe) , 
2.07 and 1.98 ( 2 x O A c , NAc), 1.49 and 1.34 ( 2 x C - C H 3 ) . 

Found : C, 50.10; H , 6.19; N , 3.42%. Calcd for C17H25-
N O 1 0 : C, 50 .61 ; H , 6.25; N , 3.42%. 

3-Carboxy-1,2-O-isopropylidene-a-n-allofuranose Sodium Salt 
(16). A solution of 13 (245 mg, 1.0 mmol) and sodium 
hydrogen carbonate (84 mg, 1.0 mmol) in methanol (5 ml) 
was refluxed for 12 h, evaporated, and the residue was 
crystallized from ethanol-hexane to give needles quanti ta­
tively. M p 269—271 °C (decomp), [a]2

D
3 +46 .6° (c 0.9, 

H 2 0 ) . I R : 3350 and 3250 ( O H ) , 1610 ( C = 0 ) . 
F o u n d : C, 41 .91 ; H , 5 .42%. Calcd for C 1 0 H 1 5 O 8 Na: 

C, 41.96; H , 5 .28%. 
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Monosubstituted phenyl radicals produce only aryl spin adducts in the reaction with nitrones described in 
the title, while polyhalo-substituted phenyl radicals add to solvent benzene, in competition with the formation of aryl 
spin adducts, to give arylcyclohexadienyl radicals, which in turn are trapped by the nitrones giving nitroxides 
incorporating the solvent benzene (Scheme 3). 

The relative merits and applications of spin traps have 
been well discussed. Of various spin traps, comparison 
of the scavenging ability to some limited radicals was 
made.2> For example, nitrones are shown to offer con­
siderable advantages over nitroso compounds as a probe 
for alkoxyl radicals.3) However, little is known about 
the relative reactivity of different radicals to a given 
spin t rap. Previously we reported the decomposition 
of arylazotriphenylmethanes in benzene in the presence 
of nitrosodurene (2,3,5,6-tetramethylnitrosobenzene)1) 
and showed that the aryl radicals carrying electron do­
nating groups add to nitrosodurene to give arylduryl-
nitroxides (iV-aryl-2,3,5,6-tetramethylanilinyloxyls),1) the 
aryl spin adducts, while those with electron withdraw­
ing groups produce no such aryl spin adducts, but af­
ford spin adducts incorporating the solvent benzene.4) 
The relative reactivity of different aryl radicals to nitro­
sodurene and benzene changes according to the nature 
of substituents attached to the aryl radicals. We have 
undertaken a study on decomposition of arylazotri­
phenylmethanes in benzene in the presence of N-t-
butyl-a-phenylnitrone (PBN) and iV-pentadeuteriophen-
yl-a-phenylnitrone (DPN-rf5) in order to see whether 
aryl radicals behave in a similar manner to the nitrones 
or not, and the results are described in this paper. 

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

Reaction of Monosubstituted Phenyl Radicals with Nitrones. 
The thermal decomposition of phenylazotriphenyl-
methane (PAT) at 80 °C in benzene or in carbon 
tetrachloride containing iV-/-butyl-a-phenylnitrone 
(PBN) under an atmosphere of argon gave an ESR spec­
trum of a triphenylmethyl radical and a nitroxide ( 1 ; 
a N = 14.1 and Ö/J-H=2.1 G) with the same hyperfine 
splitting constants as obtained for the phenyl spin ad-
duct.5) However, the signals of the triphenylmethyl 
radicals disappeared on standing or on exposure to air, 
presumably due to the reaction with oxygen. Similarly, 
2- or 4-substituted phenylazotriphenylmethanes (2- or 
4-X-PAT) produced the corresponding aryl spin ad­
ducts of PBN in both benzene and carbon tetrachloride 
(Scheme 1). The structural assignment of the spin 
adducts is based on the consistency of the hfsc's within 
the series, which are recorded in Table 1. 

When a,iV-diphenylnitrone was used as a spin t rap 

Ar-N=N-CPh3 

(X-PAT) 

I4 
o2 

Ar- + N2 + .GPh3 > Ph3COOCPh3 
I I o 

Î 

O PhCH=N-C6D5 

PhCH=N-CMe3 I ( D P N ^ ) y O • 

1 (PBN) ^ Ar-CHPh-N-C 6D 6 

? ' 12—22 
Ar-GHPh-N-CMe3 

1—11 

Ar: 2- or 4-X-G6H4 

Scheme 1. 

TABLE 1. HYPERFINE SPLITTING CONSTANTS OF ARYL SPIN 

ADDUQTS OF iV-f-BUTYL-a-PHENYLNITRONEa> 
_ 

Ar-CHPh-N-CMe 3 

Nitroxide 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Ar in nitroxide 

G6H5 

4-CH3-C6H4 

4-GH30-C6H4 

4-Cl-C6H4 

4-Br-C6H4 

4-N02-C6H4 

2-CH3-C6H4 

2-CH30-G6H4 

2-GH3S-G6H4 

2-Cl-C6H4 

2-Br-G6H4 

aN 

14.1 
14.0 
14.0 
14.0 
14.0 
13.9 
14.0 
14.0 
14.0 
14.0 
14.0 

aß.H 

2.1 
2.2 
2.1 
2.1 
2.1 
2.1 
3.2 
2.7 
2.8 
2.9 
3.1 

a) In G in benzene and carbon tetrachloride at room 
temperature. 

in the decomposition of PAT, an ESR spectrum con­
sisting of complex sets identified as the phenyl spin 
adduct was observed.6) By the use of iV-pentadeuterio-
phenyl-a-phenylnitrone (DPN-rf5) as a spin t rap the 
spectrum of the phenyl spin adduct was simplified to 
a signal composed of broad three doublets (12; a N = 10.4 
and Û ^ . H = 3 . 4 G) (Fig. 1). Similar spectra were 
obtained in the decomposition of 2- and 4-X-PAT' s in 
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Fig. 1. The ESR spectrum of 12 obtained from the de­
composition of PAT in benzene at 80 °G in the presence 
of DPN-</5. 

T A B L E 2. H Y P E R F I N E SPLITTING CONSTANTS OF ARYL SPIN 

ADDUCTS OF JV-PENTADEUTERIOPHENYL-A-PHENYLNITRONEA ) 

_ 

Ar-CHPh-N-C6D5 

itroxidc 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

; Ar in nitroxide 

G6H5 

4-CH3-C6H4 

4-CH30-C6H4 

4-Cl-C6H4 

4-Br-C6H4 

4-N02-G6H4 

2-CFf3-C6H4 , 
2-CH30-C6H4 

2-GH3S-G6H4 

2-Cl-G6H4 

2-Br-G6H4 

ON 

10.4 
10.1 
10.2 
10.2 
10.2 
10.2 
10.1 
10.2 
10.1 
10.2 
10.2 

«,--H 

3.4 
3.5 
3.6 
3.4 
3.4 
3.4 
4.5 
3.8 
4.2 
4.0 
4.1 

a) In G in benzene and carbon tetrachloride at room 
temperature. 

both benzene and carbon tetrachloride and the ESR 
parameters are shown in Table 2. 

We showed previously4) that the aryl radicals having 
an electron donating substituent, such as methyl and 
methoxy at the 4 position, are trapped directly by 
nitrosodurene (Dù-NO) in benzene to produce the aryl 
spin adducts (23). O n the contrary, the aryl radicals 
with an electron withdrawing group, like chloro, bromo, 
or nitro group, add exclusively to benzene to give aryl-
cyclohexadienyl radicals (24), which are subsequently 
trapped by D u - N O to yield the nitroxides (25 and 26) 
incorporating the solvent benzene (Scheme 2). How­
ever, this is not the case for the nitrones, PBN and 
DPN-</5. The aryl radicals carrying a substituent at 
the ortho or the para position produced only the aryl 
spin adducts of PBN (1—11) and DPN-</5 (12—22). 

Substituent effects on the ESR spectra of various ni­
troxides have been reported and the nitrogen hfsc^ in 
nitroxides are known to be correlated with the Hammet t 
a constants.7> T o illustrate this relationship further-

EHIRO, K. ToicmiARU, and M. YOSHIDA [Vol. 50, No. 5 

O-
Du-NO | 

Ar- > Ar-N-Du 
t 23 

I PhH 

A H K . 5 > — £ x C x I - D u - K Ö > X D U 
24 25 26 

GH, GH» 

Du: -< (0^> 

GH3 CH3 

Scheme 2. 

more, the N hfsc's of the 4-substituted phenylduryl-
nitroxides4) (23) are plotted against a. The correlation 
is only approximate, bu t the p value (p = ~l.2, correla­
tion coefficient=0.93) is consistent with the value re­
ported for 4-substituted anilinyloxyl ( A r - N H O • ; p = 
-1.2) .8> 

In the aryl spin adducts of PBN (1—11) and DPN-rf5 

(12—22), the substituents attached to the ^-phenyl group 
might exert influence on the N hfsc's. The data listed 
in Tables 1 and 2, however, show that the N hfsc's are 
essentially the same irrespective of the substituents within 
each series (1—11 and 12—22). The /?-aryl group is two 
bonds apar t from the nitrogen atom in both species of 
the nitroxides (1—22) and thus, the effect of substituents 
does not extend as far as the nitrogen atom through 
the bonds. 

Other features emerged from the data are that the 
ß-H hfsc does not depend on the nature of the substitu­
ents, but on the position of the substituents in the re­
spective nitroxides. T h e nitroxides having the ortho-
substituents (7—11 and 18—22) and those with the para-
ones (2—6 and 13—17) are distinguished definitely to 
different groups. Thus, operation of other factors such 
as steric effect is suspected and this problem will be 
further discussed in the latter part . 

Reaction of Polysubstituted Phenyl Radicals with Nitrones. 
T h e decomposition of 2,4,6-tribromophenylazotriphenyl-
methane (Br3-PAT) in carbon tetrachloride containing 
PBN (30 m M ) at 80 °C gave a spectrum ascribable 
to a 2,4,6-tribromophenyl spin adduct (28; a N =14.0 
and a/9-H=7.5 G) (Fig. 2-A), while in benzene Brg-
P A T produced another nitroxide (33; Ö N = 1 4 . 1 and 
a,8-H=2.1 G) along with 28 and "triphenylmethyl rad­
icals (Fig. 2-B). Since 33 is only produced in ben­
zene, the incorporation of the solvent benzene in 33 is 
inferred. T h e relative intensity of 28 to 33 in the ESR 
spectra was raised with increasing amounts of PBN (see 
Figs. 2-C and 2-D). These facts indicate that 28 
is formed directly by the reaction of 2,4,6-tribromo­
phenyl radicals with PBN, while 33 is not. From the 
analogy of the reaction of aryl radicals with D u - N O , 
it is suggested that 2,4,6-tribromophenyl radicals add 
benzene to form arylcyclohexadienyl radicals (24; A r = 
2,4,6-Br3C6H2) in competition to the reaction with PBN. 
T h e intermediate radicals (24) are further scavenged 
by PBN to give the spin adduct (33). Since triphenyl­
methyl radicals are observed in the spectra, the further 
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< > 
10 G 

( A ) 

( G ) ( D ) 

Fig. 2. (A) T h e ESR spectrum of 28 obtained from the decomposition of Br 3 -PAT in carbon tetrachloride at 
80 °C in the presence of PBN (30 m M ) . (B) T h e E S R spectrum obtained from the decomposition of B r 3 - P A T in 
benzene at 80 °G in the presence of PBN (30 m M ) . T h e spectrum is due to both 28 and 33. (G) T h e E S R 
spectrum of 28 and 33 obtained from the decomposition of Br 3 -PAT in benzene at 80 °G in the presence of PBN 
(68 m M ) . (D) The ESR spectrum of 28 and 33 obtained from the decomposition of Br 3 -PAT in benzene at 80 °C 
in the presence of PBN (135 m M ) . A small concentration of tr iphenylmethyl radicals is always present in all the 
cases. 

T A B L E 3. H Y P E R F I N E SPLITTING CONSTANTS OF NITROXIDES OBTAINED IN THE DECOMPOSITION OF 

POLYSUBSTITUTED PHENYLAZOTRIPHENYLMETHANES ( X „ - P A T ) IN BENZENE CONTAINING P B N 

X „ - P A T 

GI3-PAT 

Br 3 -PAT 

F 5 - P A T 

M e 3 - P A T 

Aryl radicals 
generated (Ar-) 

2,4,6-Gl3C6H2. 
2,4,6-Br3G6H2. 
G6F5-
2,4,6-Me3G6H2-

27 
28 
29 
30c> 

Ar-GHPh 

an 

13.9 
14.0 
14.0 
14.5 

1 
-N-•CMc3") 

Ö - H 

6.6 
7.5 
4.4 
8.8 

Nitroxidesa> 

32 
33 
34 
35d> 

14.0 
14.1 
13.8 
14.0 

CHPh 
H 

-N-GMe 3 

2.1 
2.1 
2.1 
2.2 

a) In G in benzene at room temperature , b) Unless otherwise noted, the same spectrum was obtained in GG14. 
c) A trichloromethyl spin adduct (31 ; ÖN = 13.6 , aß.n = 1.6 G) was ob ta ined concurrently in GC14. d) The 
structure was tentatively assigned to a 3,5-dimethylbenzyl spin adduct (35a). 
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O-
PBN | 

Ar- —> Ar-CHPh-N-CMe 3 

! „ . „ 27—29 

O 
Arv/TTV PBN A r v / ^ V 1 1 

H - \ £ / ~* H / \ = / ^ C H P h - N - C M e 3 

24 32—34 

jo. 

Ar-<^0)>-

O 

CHPh-N-CMe 3 

36 
Ar: 2,4,6-Cl3C6H2 (27 and 32), 2,4,6-Br3C6H2 (28 and 

33), and C6F5 (29 and 34). 

Scheme 3. 

oxidation of 33 to a nitroxide (36; Ar=2,4,6-Br 3G 6H 2) 
by molecular oxygen is highly improbable (Scheme 3). 

Similar results were obtained with 2,4,6-trichloro-
(CI3-PAT) and 2,3,4,5,6-pentafluoro-phenylazotriphen-
ylmethane (F 5 -PAT) in carbon tetrachloride and ben­
zene. T h e hfsc's of the nitroxides obtained are re­
corded in Table 3. 

Migita and his co-workers9) reported recently that 
the relative rate of addition of 4-nitrophenyl radicals and 
phenyl radicals to benzene is 5.6 at 60 °C. Accordingly, 
electron withdrawing halogen substituents increase the 
rate of addition of the aryl radicals to benzene, but the 
effect is small. Thus, the formation of the benzene in­
corporated nitroxides (32—34) may be accounted for in 
view that the rate of addition of aryl radicals to PBN 
is much suppressed in the polyhalogenated phenyl 
radicals than in phenyl ones due to steric or electronic 
effects. 

When 2 ,4 ,6 - trimethylphenylazotriphenylmethane 
(Me 3 -PAT) was decomposed in carbon tetrachloride in 
the presence of PBN, ESR spectra due to two nitroxides 
were observed (Fig. 3-A). O n e spectrum was at­
tributed to a 2,4,6-trimethylphenyl spin adduct (30; 
a N =14 .5 and aß'-n=8.8 G) by analogy with the values 
obtained for the polyhalophenyl spin adducts (27— 
29). Further verification for the structural assignment 
of 30 was obtained in the decomposition of PAT 
with iV-^-butyl-a-2,4,6-trimethylphenylnitrone [N- (2,4,6-
trimethylbenzylidene)-/-butylamine oxide; Me 3 -PBN] 
in benzene. The ESR spectrum obtained is completely 
the same as that observed above. The other spectrum 
was assigned as a trichloromethyl spin adduct (31; flN = 
13.6 and aß-n=l.6 G) , because the same spectrum was 
independently produced from the photolysis of di-/-butyl 
peroxide in chloroform in the presence of PBN (Scheme 
4). Chlorine abstraction from carbon tetrachloride by 
2,4,6-trimethylphenyl radicals may be facilitated by the 
electron donating substituents on the phenyl radicals10) 
to afford trichloromethyl radicals, which were sub­
sequently t rapped by PBN. 

In benzene, M e 3 - P A T produced another nitroxide 
as well as 30 with PBN (Fig. 3-B). The newly formed 
nitroxide (35; a N =14 .0 and aß-n=2.2 G) has almost 
the same N and ß-H hfsc's as those of 33. Thus, in­
corporation of the solvent benzene in the nitroxide (35) 

10 G 
(A) 

10 G 

(B) 

Fig. 3. (A) The ESR spectrum of 30 and 31 obtained 
from the decomposition of Me3-PAT in carbon tetra­
chloride at 80 °G in the presence of PBN. (B) The 
ESR spectrum of 30 and 35a obtained from the decom­
position of Me3-PAT in benzene at 80 °G in the pres­
ence of PBN. A small concentration of triphenyl-
methyl radicals is also present. 

was suspected. Recently, it was found by the use of 
G I D N P technique that the rearrangement of 2-methyl-
phenyl radicals to benzyl radicals occurs during the 
thermolysis of bis(2-methylbenzoyl) peroxide.11) If 
such a rearrangement would take place for the 2,4,6-
trimethylphenyl radicals, the resulting 3,5-dimethyl-
benzyl radicals would produce a spin adduct (35a) 
consistent with the observed spectrum. Since a benzyl 
spin adduct is known to have similar hfsc's (a N =13.9 
and a,s-H=2.4 G)5) to those of 35, assignment of 35a 
is also consistent with the observation. Thus, the struc­
ture of the nitroxide (35) could be assigned as either the 
3,5-dimethylbenzyl spin adduct (35a) or 2,4,6-trimethyl-
phenylcyclohexadienyl spin adduct (35b). Judging 
from the known behavior of aryl radicals to benzene,9) 
the reactivity of 2,4,6-trimethylphenyl radicals is sup­
posed to be lowered, and the formation of the benzene 
incorporated nitroxide 35b is implausible. Accord­
ingly, the nitroxide is believed to be 35a rather than 
35b. 

With Me 3 -PBN, G13-PAT produced a trichlorophenyl 
spin adduct (37; a N =14 .1 and 0 ^ ^ = 8 . 8 G) in car­
bon tetrachloride. T h e same spectrum was obtained 
in benzene, but none of signals due to a benzene in-
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H„C 

CH,-

CH, 
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CH, 
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CH, 
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H,G 

ö> 
O-

GH,-GHPh-N-CMe.q 

PBN 

35a 

CH3 O-

G H 3 - / 0 V 7 <^ \ ^ G H P h - N - G M e 3 

CH3 

35b 

CH, 

CH 
f 

r / 0 V c H P h - N -CMe3 

CH3 
30 

C H 3 - ^ 0 >-Gl + Cl3C-

CH3 

ph-

CH3 O 

G H 3 / o ) - C H = N - C M e 3 

CH3 

(Me3-PBN) 

O-

-> Cl3C-CHPh-N-CMe3 

31 

PBN 

hv CHC13 

(/-BuO)a • *-BuO- > C13C. 

Scheme 4. 

corporated nitroxide were observed. These findings 
show that Me 3 -PBN is much more efficient than PBN 
in trapping of 2,4,6-trichlorophenyl radicals. In other 
words, the 2,4,6-trichlorophenyl radical is electrophilic 
and the transition state has some polar character with 
electron donation from Me 3 -PBN. T h e view is borne 
out, because the rate of addition of the electrophilic 
benzoxyl radical to PBN is known to increase with 
electronegative substituents on PBN (Hammet t p 
against a+=— 0.47).12) 

The decomposition of C13-PAT, Br 3 -PAT, and F 5 -
PAT in CG14 in the presence of DPN-rf5 gave the cor­
responding aryl spin adducts (38—40) (Table 4). 

T A B L E 4. H Y P E R F I N E SPLITTING CONSTANTS OF ARYL SPIN 

ADDUCTS OF DPN-J 5
a ) 

Nitroxide 

38b> 
39*» 
40 

O . 

Ar-CHPh-N-C6D5 

Ar in nitroxide 

2,4,6-Cl3C6H2 

2,4,6-Br3C6H2 

G6F5 

«N 

9.8 
9.8 

10.2 

Gß-H 

6.5 
6.5 
5.6 

a) In G in carbon tetrachloride at room temperature. 
b) The same spectra were obtained in benzene. 

In benzene containing DPN-</5, C13-PAT produced 
38 and another nitroxide (41), but the spectra observed 
are not well resolved. Br 3 -PAT produced definitely a 
similar mixture of 39 and 42, while F 5 - P A T gave only 
a benzene incorporated nitroxide (43; % = 1 0 . 3 and 
a/_H=3.5 G). T h e structure of 41 and 42 was be­
lieved to be the benzene incorporated nitroxides by 
the analogy with the behavior of polyhalogenated 
phenyl radicals to PBN. 

Finally, it is of interest to discuss conformations of 
the nitroxides obtained. Since the aß-n value depends 
on the dihedral angle between the C - H bond and the 
p orbital on the nitrogen atom, the generally low aß-n 
values of the nitroxides listed in Tables 1 (1—6) and 2 
(12—17) certainly indicate that the G - H bond lies close 
to the plane perpendicular to the p orbital on the nitro­
gen atom. T h e nitroxides should then be assigned as 
the trans conformer (44), in which the G - H bond is 
approximately trans with respect to the N - O bond, be­
tween two preferred conformers. The eis conformer 
should be disregarded because of large steric hindrance 
between the two aryl and i-butyl groups. Thus, we 
infer that, for the species with ortho substituents, the steric 
repulsion between the ortho group and the oxygen atom 
in the trans conformer (44) causes the twisting around 
the C - H bond, resulting in a decrease of the dihedral 
angle and in concomitant higher aß-n values (45). 
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T A B L E 5. SUBSTITUTED PHENYLAZOTRIPHENYLMETHANES (X n -PAT ' s ) 

Xn 

<^0)>-N=N-CPh3 

Compd Mp (dec), 
Xra in X n -PAT °C 

2,4,6-Me3 

2,4,6-Br3 

2,4,6-Cl3 

2,3,4,5,6-F5*> 
2-SMe 

101—102 
125—126 
116.5—117.0 
81.5—82.0 
127—127.5 

G 

86.29 
51.23 
66.61 
69.92 
78.99 

Found 

H 

6.71 
2.92 
4.15 
3.85 
5.72 

N 

6.89 
4.87 
6.35 
6.42 
7.17 

Elemental analysis, 

Molecular 
formula 

C 2 g H 2 6 N 2 

C2 6H1 7N2Br3 

G25H17N2Gl3 

G25H15N2F5 

^ 2 6 ^ 2 2 ^ 2 ^ 

0 / 
/o 

G 

86.29 
51.30 
66.44 
68.49 
79.15 

Calcd 

H 

6.71 
2.90 
3.76 
3.42 
5.62 

N 

7.17 
4.79 
6.20 
6.39 
7.10 

a) In spite of careful and repeated purification on recrystallization from benzene-ethanol , the results of C - H 
analysis are not satisfactory. T h e inconsistency with the calculated values may be ascribed to its instability. 

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

Materials. iV-*-Butyl-a-phenylnitrone13> (PBN) and 
substituted phenylazotriphenylmethanes1 4 '1 5 '1 6) (XM-PAT's) 
were prepared according to published procedures. Newly 
prepared X n - P A T ' s were listed in Table 5. 

N-Pentadeuteriophenyl-oc-phenylnitrone (DPN-d%). D P N -
d5 was obtained in a method similar to the preparat ion of 
a,i\f-diphenylnitrone:17> m p 106—107 °C (from ethanol) ; 
N M R (CDC13) Ô 2.0(s, 1H, vinyl proton) and 7.5—8.5(m, 
5H, phenyl protons). Found : C, 77.07; H, 8.80; N, 6 .92%. 
Calcd for C 1 3 H 6 D 5 N O : C, 77.19; H , 7.97; N, 6 .92%. 

N-t-Butyl-x-2,4,6-trimethylphenylnitrone (Me3-PBN). T o 
a mixture of 2,4,6-trimethylbenzaldehyde (3.5 g) and t-
butylamine (8.0 g) in 10 ml of benzene was added dropwise 
a solution of TiCl 4 (2.3 g) in 20 ml of benzene at 0 °C with 
stirring. After the addition was completed, the mixture was 
allowed to warm at room temperature and left for 3 days. 
T h e precipitate was filtered off and the filtrate was con­
centrated on evaporation of the solvent under reduced pressure. 
Residual oil (1.9 g) was oxidized and isomerized in similar 
ways described in the literature:13) m p 112—114°C (from 
hexane) ; NMR(CDC1 3 ) Ô 2.2(s, 1H, vinyl proton) , 1.6(s, 9H, 
/-butyl protons), 2 .2 (s ,9H, methyl protons), and 6.9—7.7(m, 
2H, aromatic protons). Found : C, 76.67; H , 9 .81 ; N, 
6 .22%. Calcd for C 1 4 H 2 1 NO : C, 76.66; H, 9.65 ; N, .6.39%. 

Thermal Decomposition of Arylazotriphenylmethanes. A so­
lution of arylazotriphenylmethanes (10 m M ) in benzene or 
carbon tetrachloride containing iV-f-butyl-a-phenylnitrone or 

JV-pentadeutetriophenyl-a-phenylnitrone (30 m M ) was purged 
with argon for 2 min in an ESR tube in order to remove 
dissolved oxygen, and was heated at 80 °C for 3 min. ESR 
signals were observed by use of a J E O L J E S - M E - 1 X spec­
trometer. 
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Rishitin I. The Isolation and Structure Elucidation1 
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A modification of the isolation procedure and the details of the structure elucidation of rishitin (1) are described. 

One decade ago we reported in preliminary com­
munications2) on the isolation and structure of rishitin, 
an antifungal norsesquiterpene qualified as "phyto-
alexin",3) from tuber tissues of white potatoes {Solanum 
tuberlosum X S. demissum) infected by an incompatible 
race of Phytophthora infestans. Since the isolation of 
rishitin, a number of sesquiterpenes have been isolated 
and characterized as antifungal stress metabolites from 
various plants of the Solanaceae in our and other 
laboratories.4) In this paper we describe our recently 
modified isolation procedure of rishitin from diseased 
potatoes, leading to separation of thermally unstable 
compounds, and the details of its structure determi­
nation. 

Tuber slices of R^ cultivar "Rishir i" (338 kg) were 
inoculated with a zoospore suspension of an incompatible 
race of Phytophthora infestans (Mont.) de Bary, race 0, 
and incubated at 18—20 °G for 2 days. The inoculated 
slices were stored in an ice-box ( — 30 °G) for a week, 
and then immersed in methanol at room temperature 
for a week. The methanol extracts were concen­
trated below 30 °C and extracted with chloroform. 
The chloroform extracts were treated with acetone 
and then with hexane to remove the respective solvent-
insoluble meterials, and the resulting hexane-soluble 
fraction was evaporated to leave an oily residue ( 160 g), 
which was dissolved in ether. The ether solution, 
after removal of acidic and basic components, gave 
a neutral syrup (107 g), which contained many com-

• 1 . 0 

U-0.4 _J 

\—0.2—\ 

p ink 

magenta 

Fig. 1. TLC of the neutral syrup (silica gel, ether). 
A, eerie sulfate and B, Ehrlich reagent. 
1: Rishitinol, 2: lubimin, 3: rishitin, 4: oxylubimin. 

pounds as shown in Fig. 1. The neutral syrup was 
separated over silicic acid and celite, hexane, benzene, 
ether, acetone, and methanol being used successively 
as eluents. Fractions eluted with a 1 : 1 mixture of 
benzene and ether gave crude rishitin (1 , ca. 8.0 g), 
which was further purified by rechromatography over 
silica gel to yield rishitin (1, 3.9 g), m p 65—67 °C 
and [a]D — 35.1°,5) in pure state. 

RO 

R0 

1 
l a 
l b 

*».2 

S* 

R = 

R = 

R : 

1 

3 II 

141 

= H 

=Ac 

9 

7 

= G O G 6 H 

8 

, 1 3 

ffu 
12 

.(NO,) 

HCL 

HO-'' 

2 

Rishitin (1) was analyzed for C 1 4 H 2 2 0 2 [m/e 222 (M+)] 
and gave the diacetate ( l a ) , mp 70—71 °G and [a]D 

—14.1°,5) and also the bis(3,5-dinitrobenzoate) ( l b ) , 
m p 172—173 °C and [a]D —45°, which were reconvert­
ed into the starting alcohol (1) by saponification. 
When hydrogenated over plat inum in ethyl acetate, 
compound 1 formed the dihydro derivative (2), C14H24-
0 2 [m/e 224 (M+)], mp 64—66 °C and [a]D - 8 . 7 ° , 
which consumed ca. 1.2 mol of peroxybenzoic acid and 
showed an intense yellow color with tetranitromethane, 
and also gave the diacetate (2a), mp 79—81 °C and 
[<x]D + 4 . 3 ° . Further hydrogénation of 2 over rhodium 
-plat inum6) in ethanol produced tetrahydrorishitin (3), 
C 1 4 H 2 6 0 2 [mje 226 (M+)], m p 112—114 °G, which was 
negative to the tetranitromethane test. O n the other 
hand, rishitin consumed 0.96 mol of periodic acid at 
room temperature for 20 h, and also was converted 
readily into the acetonide (4), m p 32—35 °C, when 
treated with acetone over silica gel (Wakogel Q.-23). 
These chemical reactions and the UV, IR, and N M R 
spectral data of each compound indicated that rishitin 
contains the following structural units: a secondary 
methyl group [1, Ô 1.12 (3H, d, 7 = 6 H z ) ; l a , Ô 1.06 
(3H, d, 7 = 6 . 5 Hz)] : an isopropenyl group [1, vmax 

3060, 1640 and 890 cm- 1 , ô 1.70 (3H, s) and 4.64 
(2H, b r ) ; 2, vmax 1386 and 1370 cm-1 , and no absorp­
tion near 1640 and 890 cm- 1 ; 2a, <5 0.91 (6H, d, J= 
6 Hz)] : a tetrasubstituted double bond [1, 2, and 
3, only end absorptions (log e 3.89, 3.74, and less 
than 2.8 at 205 nm, respectively, cf., cholesterol and 
5a-cholestanol, log e 3.58 and 2.82 at 205 nm) ; 2, 
no absorption below ô 5.0] : two vicinal secondary 
hydroxyl groups [1, rm a x 3320 cm- 1 , ô 3.12 (1H, t, 
7 = 9 Hz) , 3.55 (1H, br do d, 7 = 9 and 7 Hz) , and 
4.18 (2H, br s, 2 0 H ) ; l a , vmax 1745 and 1250 cm, - 1 
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ô 2.00 and 2.04 (each 3H, s), 4.80 (2H, br) , and no 
absorption near ô 3.5; 4, vmax 1378 and 1370 cm- 1 ; 
ô 3.18 (1H, t, y = 9 H z ) and 3.59 (1H, do t, J=9, 
9, and 7 Hz) ] . 

RO-. 

RO 

2 R = H 
2a R = Ac 

3 

wv 

6 R=H 7 6/?H, R = H 
6a R = COC6H3(N02)2 7b 6aH, R = Ac 

AcO'r 
H20R 

9 R = H 
9a R = CH3 

10 R = H 
10a R = Ts 

Dehydrogenation of dihydrorishitin (2) with selenium 
proceeded smoothly to give eudalene (5) in a high 
(60%) yield, which formed the picrate, m p 92—93 °G, 
and the trinitrobenzene adduct , m p 113—114°C.7) 
This result, combined with the presence of the 
functional groups described above, led to proposal of 
the (planar) formula (1) for rishitin. The structure 
was supported by the 13G N M R spectra of 1, obtained 
with proton noise decoupling and also under off-
resonance decoupled conditions; manely, the spectra 
indicated, together with chemical shift considerations,8) 
that the skeleton of rishitin consisted of the following 
carbon units; three C ( G - C ) - C (<5 148.9, 129.0, and 
124.9 for C n , G5, and C10), one CH 2(=G)-G (109.0 
for C12), two C - G H ( O H ) - G (79.2 and 71.5 for C 3 and 
C2), two C - G H ( G ) - C (41.6 and 40.4 for C7 and C4), 
four G-GH 2 -G (38.3, 31.1, 29.7, and 26.5 for G8, C6, 
C9, and Cj), and two C H 3 - C (21.0 and 16.4 for C1 3 and 
C14).»> 

Oxidation of dihydrorishitin (2) with the Jones 
reagent in a heterogeneous mixture of ether and water10) 
followed by acid treatment produced a mixture of 
phenols, from which a 3,5-dinitrobenzoate (6a), 
C 2 1 H 2 2 0 6 N 2 [m/e 398 (M+)], m p 159—160 °C and 
[a]D + 5 6 ° , was isolated in a low (3%) yield after 
treatment with 3,5-dinitrobenzoyl chloride and sub­
sequent purification by preparative T L G . O n the 
other hand, "6-epi-l-desmethyldesmotroposantonin 3-
acetate" (7b), prepared from ( —)-a-santonin (8) via 
a known two-step process,11) was submitted to hydro-
genolysis over palladium-charcoal in acetic acid to 
yield a phenol acetate acid (9), oil, which was con­
verted with diazomethane into the methyl ester (9a), 
oil, and then reduced with lithium aluminium hydride 
to give a phenol alcohol (10), mp 126—127 °C and [a]D 

+ 76.7 °G, in an 8 6 % yield from 7b . T h e bisQö-toluene-
sulfonate) (10a), oil, obtained from 10, gave on the 
hydride reduction a phenol (6), oil and [a]D +85 .7° , 
in a 6 5 % yield from 10. This phenol (6) was con­
verted into its 3,5-dinitrobenzoate, m p 159.5—160 °G 
and [a]D +60 .1° , which was identical with the dinitro-
benzoate (6a), derived from 2, in all respects. This 
correlation confirms the structure 1 for rishitin and 
also elucidates the absolute configuration at C7. 

The configurations of a methyl at C4 and two hydrox-
yl groups at C2 and G3 in rishitin (1) were deduced 

from the spectra of 1 and its dihydro-dibromo deriva­
tive (11), mp 129—130 °C, prepared in good yields 
by treatment of dihydrorishitin (2) with bromine or 
pyridinium bromide perbromide12) in chloroform; 
«5 3.78 (1H, t, y = 9 Hz, H at C3) and 4.32 (1H, do 
t, J = 9 , 9, and 7 Hz, H at G2) for 11. Both the com­
pounds (1 and 11) exhibited almost the same absorp­
tion patterns due to the protons at C3 and C2, indi­
cating that the ring of 1 in question adopts a half-
chair conformation and the three substituents are 
oriented equatorial, equatorial, and quasi-equatorial 
at G2, C3, and C4, respectively. Rishitin is, therefore, 
represented either by the formula 1 or 1'. Of these 
formulas, the former structure (1) seems to be more 
favorable on the basis of the following considerations. 
If rishitin is formulated as structure 1' the bromina-
tion would possibly result in formation of two dibromides 
(11 ' and 11") with comparable instability due to 
severe 1,3-diaxial interaction(s), assuming the reaction 
in question proceeded in a kinetically controlled and 
trans-addition manner as observed usually. The situa­
tion becomes completely different with formula 1, and 
the bromination is expected to produce only one 
dibromo compound (11) of two possible dibromides 
derivable from 2. The observed fact that the relevant 
dibromodihydrorishitin was obtained stereoselectively 
in a high yield and was recovered unchanged on 
standing in a refrigerator for 6 months or after repeated 
recrystallizations, is in line with this expectation. 
Confirmatory evidence for structure 1 was later pre­
sented independently on the basis of the CD spectrum 
of a chelate complex of rishitin in a cuprammonium 
solution by Bukhari and Guthrie13) as well as the CD 
spectrum of rishitin dibenzoate (the dibenzoate chirali-
ty rule) by Harada and Nakanishi.14) Hence, rishitin 
is represented correctly by the formula 1, which has 
completely been demonstrated by the synthesis (the 
succeeding paper).15) 

HO. 

H O ^ V ^ i ^ ^ N 
1 Br 

11 

mY^f\ 
f HO-'V^S 1 1 Br ' 

]]' 5^-Br, 10tf Br 
11" 5^-Br, 10/?-Br 
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E x p e r i m e n t a l 

All the melting points were uncorrected. T h e homogenity 
of each compound was always checked by T L C on silica gel 
(Wakogel B-5) with various solvent systems, and the spots 
were developed with eerie sulfate in dil sulfuric acid and/or 
iodine. T h e optical rotations, U V and I R spectra were 
measured in ethanol, ethanol and Nujol, respectively, unless 
otherwise stated. T h e N M R and 13G N M R spectra were 
obtained in chloroform-^ at 60 and/or 100 M H z , and the 
chemical shifts were given in (5-values, T M S being used as 
an internal reference. T h e abbreviations " s , d, t, m, br, and 
d o " in the N M R spectra denote "singlet, doublet, triplet, 
multiplet, broad, and double" , respectively. 

Isolation of Rishitin (1). (i) Materials. Tubers of po­
tato variety, Rishiri (Solanum tuberosum X S. demissum), having 
the R j gene, were used for the experiments. Zoosporangia 
of an incompatible race of Phytophthora infestons (Mont . ) de 
Bary, race 0, were obtained from mycerial mats growing on 
the cut surfaces of fresh potato tuber slices, Irish Gobbler, 
having no resistance gene. Zoospores were liberated by hold­
ing the sporangial suspensions a t 11—12 °G for 2—3 h. Both 
sides of the tuber slices (338 kg) of 1.5—2.0 m m thickness 
were inoculated with the zoospore suspension (250000— 
500000 zoospores/ml), and the inoculated slices were incubated 
at 18—20 °C for 2 d. Tubers showing abundan t brown spots 
were then stored at —30 °G for a week. 

(ii) Extraction and Isolation. T h e frozen tuber slices 
were immersed in methanol (250 1) for a week, and the super­
natant was separated by décantation. T h e tubers were re-
extracted twice with methanol (2 X 1501), and the methanol 
extracts were combined and concentrated to ca. 200 1 by a 
film evaporator under reduced pressure (30—60 Torr) below 
30 °C. The concentrate was extracted with an equal volume 
of chloroform under shaking, and the emulsion forming una­
voidably was centrifuged to be separated into chloform and 
aqueous layers. T h e chloroform layer was evaporated to 
leave an oily residue. When the residue was treated with 
acetone (1.2 1), precipitates separated out a n d were removed 
by nitration. T h e nitrate was concentrated again to give an 
oily residue, which was treated with hexane (1.2 1). After 
removal of hexane-insoluble materials by décantation and 
filtration, the hexane solution was evaporated to give oily 
substances, which were dissolved in ether (5 1) and washed 
with 10% aq sodium carbonate and then with 0.1 M hydro­
chloric acid to remove acidic and basic components. T h e 
ether solution was washed with water, dried and evaporated 
to yield a neutral syrup (107 g), which was subjected to chro­
matographic purification over silicic acid (Mallinckrodt AR-
100, 900 g) and celite (300 g) , hexane, benzene, ether, acetone 
and methanol being used as eluents. Eluates with hexane, 
hexane-benzene ( 1 : 1 ) and benzene, on evaporation of the 
solvents, left oily (Fraction A, 2.1 g) , semi-solid (B, 6.2 g) , 
and solid residues(C, 42 g) , respectively, the last fraction con­
sisting mainly of higher fatty acids. Fractions D and E (2.5 
g and 4.8 g) eluted with benzene-ether (3 : 1) and benzene-
ether (3 : 2) contained rishitinol16) and lubimin,17> respectively. 
The following fraction (F), eluted with benzene-ether ( 1 : 1 
and 1 : 2 ) , afforded crude rishitin (8.0 g) . Fur ther eluates 
with benzene-ether (3 : 7) and ether gave an oil (G, 1.7 g) 
and those with ether-acetone ( 9 : 1 ) an oil (H, 2.4 g) , the 
latter containing oxylubimin17) and lubiminol.17b> Sub­
sequent fractions eluted with ether-acetone (1 : 1), acetone, 
acetone-methanol (1 : 1), and methanol were combined to 
give a resinous oil (I , 3.9 g) . T h e crude rishitin, showing 
an almost single spot on T L C , was again purified by chro-
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matography over silica gel (Merck 400 g) with ether, each 
fraction (60 ml) being checked by the N M R spectrum. 
Fractions (No. 11—40) were combined, crystallized on stand­
ing and amounted to 3.9 g. 

Rishitin (1), and Its Diacetate, Bis(3,5-dinitrobenzoate), and 
Acetonide (la, lb, and 4). (i) Rishitin (1) had m p 6 5 — 
67 °G and [a ] D - 34 .1 0 , 5 ) and showed the Mass, U V , IR , 
N M R , (CC14), and 13G N M R spectra, in the text. Found : 
C, 75.58; H, 9 .75%. Galcd for G 1 4 H 2 2 0 2 : G, 75.63; H , 
9.97%. 

A soln of 1 (100 mg) was treated with acetic anhydride 
( A c 2 0 , 0.5 ml) and pyridine (Py, 1 ml) at room temp for 
19 h. T h e reaction mixture was poured into ice-water and 
extracted with ether. T h e ether soln was washed with 2 M 
hydrochloric acid, 5 % aq sodium carbonate and water, dried, 
and evaporated to give l a (115 mg) , m p 68—70 °C. This 
was recrystallized from hexane to yield an analytical sample 
(70 mg) , m p 70—71 °G and [ a ] D - 1 4 . 1 ° ; 5 ) M S , in the text; 
IR , »'max 1745, 1250, 1645, and 885 cm" 1 ; N M R (CC14), Ô 
1.06 (3H, d, 7 = 6 . 5 Hz , 14-GH3), 1.75, 2.00, and 2.04 (each 
s, 3H, 13-CH3 and 2 0 C O C H 3 ) , 4.70 (2H, br s, 12-GH2), 
and 4.80 (2H, br m, 2 H at G2 and G3). Found : G, 70.74; 
H , 8 . 5 1 % . Calcd for C 1 8 H 2 6 0 4 : G, 70.56; H , 8 .55%. 

A soln of crude rishitin (cf, the isolation of rishitin) (279 mg) 
in benzene (10 ml) and Py (3 ml) was stirred with 3,5-dinitro-
benzoyl chloride (760 mg) in benzene (10 ml) at room temp 
for 15 h, and diluted with ether (30 ml) . T h e soln was washed 
with 0.5 M hydrochloric acid, water, 1 M aq sodium hydro­
xide (30 ml) and water, dried and evaporated to leave a 
crystalline residue (580 mg) , which on recrystallization from 
ethyl acetate gave l b (230 mg) , m p 172—173 °G and [a ] D 

- 4 5 ° (GHCI3). Found : G, 55.14; H , 4.42; N , 9 .40%. 
Calcd for C 2 8 H 2 6 0 1 2 N 4 : C, 55.08; H , 4.29; N, 9 .18%. 

(ii) A suspended mixture of l b (240 mg) in methanol 
(20 ml) containing potassium hydroxide (1 M) was refluxed 
for 1 h under nitrogen. After being cooled, the mixture was 
mixed with 3 M hydrochloric acid, when the p H value be­
came ca. 9.0, and was concentrated and then shaken with 
water and ether. T h e ether soln, after being worked u p as 
usual, gave oily rishitin (1 , 100 mg) , showing a single spot 
on T L C , which was distilled at 90—100 °C (bath temp) under 
less than 1 m m H g pressure and allowed to stand to give 
crystalline rishitin (1, 83 mg) . Compound l a was also con­
verted under the same conditions as l b to give crystalline 
rishitin (1). 

(Hi) A suspended mixture of silica gel (Wakogel Q-23, 
5 g) in chlorcform was packed in a column, and washed with 
acetone and then hexane. Compound 1 (10 mg) was passed 
through the column, using 8 % acetone in hexane to yield 
4 (10 mg) , oil, which was distilled at 100 °C (bath temp) 
(1 m m H g ) to give its crystalline acetonide (4, 8.5 mg) , m p 
32—35 °C; M S , m/e 262 (M+) and 131 (base); I R (liquid), 
* m a x 3080, 1643, 1378, 1370, 1229, 1100, 1083, 1042, and 888 
c m - 1 ; N M R (CC14), Ô 1.13 (3H, d, 7 = 7 Hz, 14-CH3), 1.39 
[6H, s, (CH 3 ) 2 CO] , 1.74 (3H, s, 13-CH3), 3.18 (1H, t, J=9 
Hz, H a t C3) , 3.59 (1H, do t, 7 = 9 , 9 , and 7 Hz , H at C2), 
4.59 and 4.68 (each 1H, s, 2 H at C1 2). Found : C, 77.70; 
H , 9 .82%. Calcd for C 1 7 H 2 6 0 2 : C, 77.82; H , 9 .99%. 

Attempted formation of 4 from 1 (14 mg) with/»-toluene-
sulfonic acid (7 mg) in dry acetone (5 ml) under reflux or 
from 1 (10 mg) in acetone (4 ml) containing one drop of 6 0 % 
aq perchloric acid led to recovery of the starting glycol (1). 
When treated with acetone over anhydrous copper sulfate 
at room temp for 90 h, compound 1 was converted into 4 
only in 20—30% yields. 

11,12-Dihydrorishitin (2) and Its Diacetate (2a). . A soln 
of 1 (110 mg) in ethyl acetate (30 ml) was hydrogenated over 
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Adams pla t inum (100 mg as P t 0 2 - H 2 0 ) at room temp for 
30 min, when one equiv of hydrogen had been consumed. 
T h e reaction mixture was worked up as usual to leave a 
crystalline substance (118mg) , which was recrystallized from 
hexane to give 2 (95 mg) , m p 64—66 °C and [<x]D - 8 . 7 ° ; 
M S and U V , in the text; I R (GC14), v m a s 3360, 1386, and 
1370 cm- 1 . Found : G, 74.52; H, 10.62%. Galcd for C14-
H 2 4 0 2 : C, 74.95; H , 10.78%. 

Compound 2 (44 mg) was treated with A c 2 0 (0.4 ml) and 
Py (0.8 ml) at room temp for 15 h. T h e mixture was 
worked up as usual to give a crystalline substance (60 mg) , 
which was recrystallized from hexane to yield 2a (38 mg) , 
m p 79—81 °C and [<x]D + 4 . 3 ° ; I R (GC14), v m a x 1751, 
1385, 1369, 1245, 1228, and 1029 c m - 1 ; N M R , Ô 0.91 
(6H, d, 7 = 6 Hz, 12- and 13-CH3), 1.05 (3H, d, 7 = 7 Hz, 
14-CH3), 2.04 and 2.08 (each 3H, s, 2 0 C O C H 3 ) , and 4.95 
(2H, br m, 2 H at C2 and C3) . Found : G, 69.93; H , 
8 .95%. Galcd for G 1 8 H 2 8 0 4 : C, 70.10; H, 9 .15%. 

5,10,17,12- Tetrahydrorishitin (3). A soln of 1 ( 100 mg) 
in a 1 : 9 mixture (40 ml) of acetic acid and ethanol was 
hydrogenated over rhod ium-p la t inum catalyst6) (60 mg as 
R h 2 O a • P t 0 2 • H a O ) àt room temp for 20 h with shaking. 
T h e mixture was worked up as usual to leave an oily residue 
(100 mg), showing two spots on T L C , which was separated 
into two fractions by preparative T L C over silica gel. A 
major, more polar fraction gave a crystalline substance, which 
on recrystallization from ether afforded 3 (50 mg) , m p 112— 
114 °C; M S and U V , in the text; IR , i>max 3380, 1385, and 
1370 c m - 1 ; N M R , Ö 0.86 and 0.97 (total 9H, each d, 7 = 6 
and 7 Hz, 12-, 13- and 14-CH3) , and 3.42 (2H, br m, 2 H 
at C2 and C3) . 

5,10-Dibromo-11,12-dihydrorishitin (11). T o a soln of 
2 (60 mg) in chloroform ( 1 ml) was added dropwise bromine 
in chloroform (1.6 ml) (278 mg of Br2 in 10 ml of CHC13) 
with stirring, when crystalline substances precipitated and 
were collected by filtration and recrystallized from carbon 
tetrachloride to give 11 (85 mg) , m p 129—130 °C. This com­
pound (11, 13 mg) was also obtained from 2 (11.2 mg) with 
pyridinium bromide perbromide12) (16 m g ) ; [<x]D + 3 0 . 9 ° ; 
M S , m/e 222 ( M + - 2 H B r ) , 204 ( M + - 2 H B r - H a O ) , 186 
( M + - 2 H B r - 2 H a O ) , 161 ( 2 0 4 - C 3 H 7 ) , and 143 ( 1 8 6 - C 3 -
H 7 ) ; I R , j . m a x 3475, 3340 and 1040 c m - 1 ; N M R (CDC13), 
Ô 0.92 (6H, d, 7 = 6 . 5 Hz , 12- and 13-GH3), 1.22 (3H, d, 
7 = 6 . 5 Hz, 14-CH3), 2.44 (2H?, s, 2 0 H ) , 3.78 (1H, t 7 = 9 
Hz, H at C3), and 4.32 (1H, do t, 7 = 9 , 9, and 7 Hz , H at 
C 2 ) ; N M R (G5D5N), ô 0.87 (6H, d, 7 = 7 Hz, 12- and 13-
CH 3 ) , 1.54 (3H, d, 7 = 6 . 5 Hz, 14-CH3), 4.31 (1H, t, 7 = 
9.5 Hz, H at G3), 4.90 (1H, do t, 7 = 9 . 5 , 9.5, and 6 Hz, H 
at C2) and 5.93 (2H, s, 2 0 H ) . 

Dehydrogenation of 2 with Selenium. A mixture of 2 
(100 mg) and selenium (170 mg) was heated at 240 °G for 
22 h and then at 300 °G for 6 h in a sealed tube, and cooled. 
T h e reaction mixture was extracted with ether, and the ether 
soln was washed with 1 M aq sodium hydroxide and water, 
dried and evaporated to leave a neutral oil (68 mg) , which 
was distilled at 60—70 °C (bath temp) under reduced pres­
sure (1 Torr) to give an oil (45 mg) , showing a single spot 
on T L C . This was further purified by preparative T L C 
over silica gel to yield eudalene (5, 20 mg) in pure state, which 
formed the picrate, m p 92—93 °C, and the trinitrobenzene 
adduct , m p 113—114 °G; (lit,7) 92.8 °C and 113 °C, respec­
tively). 

Conversion of 2 into (2K)-2-Isopropyl-8-methyl-1,2,3,4-tetrahydro-
naphthalen-7-ol 3,5-Dinitrobenzoate (6a). T o a stirred mix­
ture of 2 (90 mg) in ether (10 ml) and water (5 ml) was 
added dropwise the Jones reagent9) (0.5 ml) at room temp,10) 

and the whole mixture was further stirred for 1 h. The ether 
soln was worked up as usual to leave an oily residue (46 mg), 
which without further purification was refluxed with coned 
hydrochloric acid (2.5 ml) in methanol (5 ml) for 1 h under 
nitrogen. T h e resulting soln was mixed with water (10 ml) 
and extracted with ether repeatedly. T h e ether soln, after 
usual work-up, left an oily residue, showing two mian spots 
on T L C , which was purified by preparative T L C over silica 
gel with chloroform. One (less polar) of the two main frac­
tions gave a colorless oil (6 mg), which was treated with 3,5-
dinitrobenzoyl chloride (8 mg) in Py (0.5 ml) at room temp 
overnight and heated on a water ba th for 1 h. The soln, 
after being worked u p as usual, gave a crystalline substance, 
which on recrystallization from ethanol-acetone gave 6a (3 
mg) , m p 159—160 °C and [a ] D + 5 6 ° (CHC13). Compound 
6a was identical with an authentic sample obtained from 
( —)-a-santonin in all respects. 

6-Epi-1-desmethyldesmotroposantonin 3-Acetate (7b). This 
compound (7b) was prepared by the procedure of Sharif and 
coworkers.11) ( - ) - a - S a n t o n i n (20 g) , m p 170—172 °C and 
[a ] D —172.4°, was stirred with activated zinc powder (200 
g) under reflux in JV^dimethy l fo rmamide (200 ml) and water 
(15 ml) for 30 min, and gave 1-desmethyldesmotroposantonin 
(7a, 4.1 g ) , m p 2 3 1 — 232 °G (acetone) (lit.,11) 228—229 °C) 
and [ a ] D +105 .1° (CHC13) (lit,11) + 1 1 5 ° ) ; M S , m/e 232 
(M+), 217, 204, 189, and 159; I R , r m a x 3400, 1764, 1605, 
1588, and 812 c m - 1 ; N M R , ô 1.28 (3H, d, 7 = 6 . 5 Hz, 
13-CH3) , 1.60 (1H, s, O H ) , 2.35 (3H, s, 14-GH3), 2.93 
(2H, br m, W H = 1 4 H z , 2 H at C9) , 5.02 (1H, d, 7 = 9 Hz, 
H at C6), 6.66 and 6.83 (each 1H, ABq, 7 = 8 Hz, 2 H at 
G2 and Ci) . 

A soin of 7a (1.76 g) in Ac a O (28 ml) containing 7 drops 
of coned sulfuric acid was heated on a water bath for 20 min, 
and gave 7 b (1.78 g) , m p 157.5—158 °G (methanol) (lit,11) 
159.5—160.5 °C) and [ a ] D - 1 7 0 . 8 ° (CHG13) (lit,11) - 1 5 5 . 7 ° ) ; 
Mass, m/e 274 (M+), 232 (base, M + - C H 2 C O ) , 217, 188, 
173, and 159; IR , v m a x 1769 and 1747 c m - 1 ; N M R , ô 1.40 
(3H, d, 7 = 7 Hz, 13-CH3), 2.25 and 2.34 (each 3H, s, 14-GH3 

and O C O C H , or vice versa), 5.59 (1H, d, 7 = 5 . 5 Hz, H at 
C6) , and 6.98 (2H, s, 2 H at Cx and C2) . T h e overall yield 
amounted to 18.7% (lit,11) 12.2%). 

2- (7 - Acetoxy - 8 - methyl-1,2,3,4- tetrahydro - 2 - naphthyl)propanoic 
Acid (9) and Its Methyl Ester (9a). A solnof 7 b (3.00 g) 
in acetic acid (50 ml) was hydrogenated over 5 % palladium 
charcoal (Wako, 1.5 g) at room temp for 20 h, when 327 ml 
(1.24 equiv) of hydrogen had been consumed. T h e mixture 
was filtered to remove the catalyst, which was washed with 
chloroform. T h e filtrate and washings were combined and 
evaporated to leave a foamy residue (9, 3.33 g), showing a 
single spot on T L C , after azeotropization; I R (CHC13), vmaK 

1750, 1702, 1601, and 1063 c m - 1 ; N M R , Ö 1.30 (3H, d, J= 
6 Hz) , 2.01 and 2.32 (each 3H, s), 6.76 and 6.95 (each 1H, 
ABq, 7 = 8 Hz) . 

T h e residue (9), without further purification, was dissolved 
in ether (50 ml) and treated with diazomethane, prepared 
from nitrosomethylurea (10.5 g) , in ether (80 ml) at room 
temp for 4 h. T h e soln was concentrated to dryness, leaving 
oily residue (3.66 g) , which was purified by column chro­
matography over silica gel (60 g). Eluates with benzene-ether 
(5 : 1, 150 ml) gave 9a (3.17 g) , after being dried in vacuo for 
2 d, oil and [ a ] D + 7 7 . 2 ° (CHC13); MS, m/e 290 (M+), 248 
( M + - C H 2 G O ) , 216, 203, 201, 189, 160 (base), and 145; I R 
(CHC13), y m a x 1762, 1736, and 1603 c m - 1 ; N M R , ô 1.23 
(3H, d, 7 = 7 Hz) , 2.00 and 2.30 (each 3H, s), 3.69 (3H, 
s, G O O C H 3 ) , 6.74 and 6.92 (each 1H, ABq, 7 = 8 Hz) . 
Found : C, 70 .31; H , 7.44%. Calcd for C 1 7 H 2 2 0 4 : G, 
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70.32; H , 7.64%. 
2 - (/'-Hydroxy-8-methyl-1,2,3,4-tetrahydro-2-naphthyl) -1 -propanol 

(10) and Its Bis(p-toluenesulfonate) (10a). T o a sus­
pended mixture of li thium aluminium hydride (LAH, 1.3 g) 
in tetrahydrofuran ( T H F , 100 ml) was added dropwise a 
soin of 9a (2.67 g) in dry T H F (35 ml) under , cooling 
with ice. T h e mixture was stirred under reflux for 24 h, 
and cooled to 0 °G. After addition of ethyl acetate, meth­
anol and water to decompose an excess of the reagent, 
the mixture was submitted to filtration to remove insoluble 
materials, which were washed with ethanol. T h e filtrate 
and washings were combined and evaporated to dryness, 
leaving an oily residue, which was shaken with ethyl 
acetate and 2 M hydrochloric acid. The acidic layer was 
washed twice with ethyl acetate. The ethyl acetate soins 
were combined, washed with 2 M hydrochloric acid, 5 % 
aq sodium hydrogen carbonate and saturated brine, dried 
and evaporated to leave a crystalline residue (2.02 g) , 
which on recrystallization from ethyl acetate-hexane yielded 
10 (1.76 g), m p 126—127 °C and [<x]D + 7 6 . 7 ° ; M S , m/e 
220 (M+), 187, 173, 161, and 159 (base); IR , i>max 3565, 
3280, 1605, 1591, 1200, 1070, and 816 c m - 1 ; N M R , ô 1.00 
(3H, d, 7 = 7 Hz) , 2.10 (3H, s), 3.67 (2H, m, Wn=U Hz , 
C H 2 O H ) , 4.96 (1H, s, O H ) , 6.53 and 6.76 (each 1H, ABq, 
7 = 8 Hz) . Found : C, 76.33; H , 9 .07%. Galcd for C14-
H 2 0 O 2 : G, 76.32; H , 9 .15%. 

Compound 10 (223 mg) was treated with /»-toluenesulfonyl 
chloride (446 mg) in Py (3 ml) at room temp for 40 h, and 
then poured into ether (100 ml) . T h e whole soin was washed 
with 2 M hydrochloric acid ( 3 x 1 0 ml) , 5 % aq sodium hydro-
gencarbonate and saturated brine, dried and evaporated to 
leave an oily residue (523 mg), which was purified by column 
chromatography over silica gel (30 g) . Eluates with benzene 
gave 10a (438 mg) in pure state, oil and [ a ] D + 3 9 . 5 ° (GHC13) ; 
M S , m/e 528 (M+), 356, 314, 313, 238, 201, 159 (base), 
and 157; I R (GHG13), v m a x 3030, 1600, 1175 (strong), 850, 
832, and 815 c m - 1 ; N M R , ô 0.95 (3H, d, 7 = 7 Hz) , 1.90 
(3H, s), 2.44 and 2.46 (each 3H, s, 2 C H 3 C 6 H 4 S 0 3 ) , 4.00 
(2H, s, C H 2 O S 0 2 C 6 H 4 C H 3 ) , 6.62 and 6.77 (each 1H, ABq, 
7 = 8 Hz) , 7.20 and 7.72 (each 4H, m, 2 C H 3 C 6 H 4 S 0 3 ) . 

Conversion of 10a into (2R)-2-Isopropyl-8-methyl-1,2,3,4-
tetrahydronaphthalen-7-ol (6) and Its 3,5-Dinitrobenzoate (6a). 
Gompund 10a (315 mg) in dry T H F (20 ml) was treated 
with L A H (364 mg) under reflux for 24 h. T h e reaction 
mixture, after being cooled, was worked up as described above 
to leave an oily residue (131 mg) , showing a single spot, 
which was purified by column chromatography over silica 
gel (6 g) . Eluates with benzene yielded 6 (98 mg) in pure 
state, oil and [ a ] D + 8 5 . 7 ° (CHG13) ; M S , m/e 204 (base, 
M+), 189, 161, 147, 146, 134, 122, and 121; I R (liquid), 
*>max 3420, 1598, 1386, 1367, and 817 cm" 1 ; N M R , ô 0.98 
[6H, d, 7 = 6 Hz , C H ( C H 3 ) 2 ] , 2.11 (3H, s, GH 3 a t G8), 4.76 
(1H, s, O H ) , 6.51 and 6.75 (each 1H, ABq, 7 = 8 Hz, 2 H 
at C6 and C5). 

Compound 6 (73.5 mg) was stirred with 3,5-dinitrobenzoyl 
chloride (112.5 mg) in dry Py (1 ml) at room temp for 16 h. 
T h e mixture was poured into ice-water (50 ml) , when pre­
cipitates separated out and were collected by filtration, washed 
with water, 5 % aq sodium carbonate and water, and dried 

to give a crystalline material (140 mg) . This was recrystal-
lized from acetone to give 6a (106.5 mg) , m p 159.5—160 °C 
and [<x]D + 6 0 . 1 ° (CHC13); M S , m/e 398 (M+), 368, 355, 
204, 195, 186, 165 (base), 149, and 135; IR , » w 3095, 1740, 
1629, 1599, 1545, 1343, 1163, 1073, 921, and 717 c m - 1 ; N M R , 
ô 1.01 [6H, d, 7 = 6 Hz, C H ( C H 3 ) 2 ] , 2.08 (3H, s, C H 3 a t 
C8) , 6.82 and 6.96 (each 1H, ABq, 7 = 8 Hz, 2H, at C5 and 
C6), and 9.24 [3H, m, ( N 0 2 ) 2 C 6 H 3 C O O ] . Found : C, 
63.37; H , 5.55; N, 6.82%. Calcd for C 2 1 H 2 2 0 6 N 2 : C, 
63 .31 ; H , 5.57; N, 7 .03%. 
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Rishitin. II. Synthesis^ 
Akio M U R A I , Kouichi NISHIZAKURA, Nobukatsu KATSUI , and Tadashi MASAMUNE 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received November 1, 1976) 

The regio- and stereo-selective synthesis of rishitin (1) from ( — )-a-santonin (2) is described. The transformation 
involves twelve steps including two known processes, the overall yield amounting to 2.9% from the santonin (2). 

In the preceding paper2) a report was given on the 
details of isolation and structure elucidation of rishitin 
(1), a representative member of a group of sesquiter­
penes qualified as "phytoalexin" from diseased potatoes. 
As a result of continuing studies on the phytoalexins, 
we reported3) the regio- and stereo-selective synthesis 
of rishitin (1) from ( —)-a-santonin4) (2). Details of 
the transformation are given in this paper. 

The structure and configuration of rishitin (1) are 
characterized by an eudesmane skeleton with a double 
bond intervening between the two rings as well as 
three asymmetric centers in the flexible A ring. After 
many attempts starting with (2Z?)-2-isopropenyl-7-
methoxy-8-methyl-1,2,3,4-tetrahydronaphthalene (3), 
bp 89—91 °C (0.07 Tor r ) , obtained from "des-
methyl-6-epidesmotroposantonin"5) (4) via several steps 
(see Experimental) , we functionalized the rigid A ring 
of a compound with a fomy-decalin system, derivable 
from santonin 2, as stereoselectively as possible and 
then introduce a double bond between both the A 
and B rings. 

1 R = H 
la R = Ac 

CH30 "oJ??X 
(—)-<x-Santonin (2) was converted into ( l l ^ - S - o x o -

4ß,5a-eudesman-6/?,12-olide6> (5) by the two-step pro 
cedure,7) which on treatment with isopropenyl acetate 
in the presence of acid under reflux for 3 h8) gave 
the corresponding J2-3-ol acetate (7), mp 140— 
141 °C, in a 9 9 % yield. The spectral data [m/e 292 
(M+) and 250 ( M + - G H 2 C O ) ;9) vmax 1773, 1755, and 
1682 cm- 1 ; <5 2.17 (3H, s, O C O C H 3 ) and 5.28 (1H, 
do t, 7 = 5 . 5 , 2.5, and 2.5 Hz)] were in good accord 
with the structure. Oxidation of enol acetate (7) with 
perbenzoic acid in chloroform at 0 °C for 24 h afforded 
2a,3a-epoxy 3/5-acetate ( 8 ) , m p 156—156.5 °C, in a 
9 1 % yield, which was rearranged by heating at 170 °G 
for 10 min to 3-oxo 2/S-acetate (9), m p 128—129 °C, 
and then epimerized with hydrobromic acid in acetic 

acid at room temperature10) to give 3-oxo 2a-acetate 
(10), mp 204—205 °C, in a 7 2 % yield from 8. The 
oxo acetate (10) could be obtained in a 74% overall 
yield from 5, when the afore-mentioned four-step 
reactions (5—»10) were carried out without isolation 
of the intermediates (7, 8, and 9). The mass [m/e 
308 (M+) and 266] and I R (vm&x ca. 1780 and 1740 cm-1) 
spectra of the oxo acetates (9 and 10) were consistent 
with the assigned structures. The spectral patterns 
due to the C2-proton in the respective N M R spectra 
clearly determined the configurations of the 2-acetoxyl 
groups [H at C2, Ô 5.35 (1H, do d, J=9 and 6 Hz) 
fcr 9, and Ô 5.45 (1H, do d, 7 = 1 3 and 7 Hz) for 10], 
as compared with those of the corresponding protons 
of 2-acetoxycholestan-3-onesn> [H at G2, ô 5.12 (1H, 
do d, 7 = 9 . 5 and 7.4 Hz) for 2^-acetate, and ô 5.07 
(1H, do d, / = 1 3 . 1 and 6.6 Hz) for 2a-acetate]. On 
the other hand, the 2<x,3a-epoxy configuration of epoxide 
8 was assigned on mechanistic considerations on trans­
formation of 8 into unstable 3-oxo 2ß-acetate (9).10»11) 

AcO 

SH 0:'J 

i H ' H 
7 8 

15 

C3H70' i H 
" i l 0 

o^vK^ ~~a 
! H 

One-step oxidation of 3-ketone (5) to 3-oxo 2a-acetate 
(10) was carried out under various conditions. Treat­
ment of 5 with lead tetraacetate in benzene containing 
boron trifluoride and 2-propanol at room temperature12) 
produced a mixture, from which 3-oxo 2a-acetate(10), 
3-oxo 2/5-acetate (9), and a new compound (11), m p 
112.5—113 °C, were isolated after chromatography in 
41, 9, and 14% yields, respectively. Compound 11, 
C 1 8 H 2 8 0 4 , gave the following spectra: MS, m/e 308 
(M+), 249 ( M + - C 3 H 7 0 ) and 221 ( M + - C 3 H 7 O C O ) ; 
IR , vmax 1772, 1728, 1213, 1200, 1184, 1163, and 
1111 c m - 1 ; N M R , ô 0.91 (3H, s, 15-CH3), 1.04 and 
1.32 (each 3H, d, 7 = 7 and 7.5 Hz, 14- and 13-CH3), 
1.26 [6H, d, 7 = 6 Hz, ( C H 3 ) 2 C H O C O ] , 1.68 (2H, 
br d, 7 = 8 . 5 Hz, 2H at G^ , 2.39 (1H, q, 7 = 7 . 5 Hz, 
H at G u ) , 2.51 (1H, m, H at G4), 3.05 (1H, do t, 7 = 
10.5, 8.5, and 8.5 Hz, H at G2), 4.68 (1H, t, 7 = 4 Hz, H 
at C6) , and 5.01 [1H, sep, 7 = 6 Hz, ( C H 3 ) 2 C H O C O ] . 
These spectra indicated that (i) the B ring, including 
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the y-lactonic group, and one secondary methyl group 
in the original A ring remained unchanged, and (ii) 
an isopropoxycarbonyl group was newly formed. As­
signment of formula 11 was made from these data 
together with those of spin decoupling studies. I t is 
interesting that the ring contraction occurred in the 
presence of 2-propanol, in contrast to the corresponding 
reaction of 5a-cholestan-3-one.12c> 

Reduction of 3-oxo 2a-acetate (10) with sodium 
borohydride in methanol at 0 °C afforded a mixture 
of diastereoisomeric 3-alcohols, which was separated 
by preparative T L C to give 3/9-alcohol (12), mp 
251—252 °C, and 3a-alcohol (13), m p 191—192 °C, 
in 41 and 4 8 % yields, respectively. Each of these 
alcohols, when oxidized with the Jones reagent, was 
reconverted into the original 3-ketone (10) in 85—90% 
yields, indicating the configurational retention during 
the course of reduction. The C 3 configuration in 
question in these alcohols is evident from the N M R 
spectra. The former (12) showed two one-proton 
signals (1H, t, J=9 Hz and 1H, do do d, y = 1 1 . 5 , 
9, and 5 Hz) due to the protons at G3 and C2 at Ô 3.13 
and 4.93, respectively, and the latter (13) the corres­
ponding signals (1H, br s, WK = 6.5 Hz, and 1H, do 
do d, 7 = 1 1 , 5.5, and 3 Hz) at Ô 3.91 and 5.01. These 
hydroxy acetates (12 and 13) were converted into 
the diacetates (12a and 13a), mp 189.5—190.5 °C 
and 150—151 °C, and were hydrolyzed quantitatively 
to the glycols (12b and 13b), m p 184—185 °G and 
94.5—95 °G, respectively. In line with the assigned 
configurations, aj-glycol (13b) readily formed the 
acetonide (14), mp 131—132 °G, on treatment with 
acetone over silica gel (Wakogel Q.-23), whereas trans-
glycol (12b) was recovered unchanged under the same 
conditions. 

R,0ïlK ,0TJb-xoxJ> 
R2o^v^ j Rzo-'V-M V V r J 

: H ! H ! H 
12 Ri = Ac, R2 = H 13 R, = Ac, R2 = H 

12a R, = R2 = Ac 13a R, = R2 = Ac 1 4 

12b R, = R2 = H 13b R, = R2 = H 

15 Ri = R2 = H 16 R, = R2 = R3 = H 
15a R, = Ac, R2 = H 16a R, = R3 = Ac, R2 = H 
17 Ri = Ac, R2 = NO 16b R, = Ac, R2 = R3 = H 

Further reduction of 2a-acetoxy 3ß-hydroxy y-lactone 
(12) with lithium aluminium hydride under reflux 
gave tetraol (15), amorphous, which was isolated as 
the triacetate (15a), mp 96.5—98 °G, almost quanti­
tatively after acetylation at room temperature. The 
triacetate (15a) showed a broad singlet ( P F H = 6 . 5 H z ) 
due to the C6-proton at ô 4.08, and the steric interac­
tion between 1,3-diaxial methyl and hydroxyl groups 
at C10 and C6 evidently hindered acetylation of the 
hydroxyl group. By the same treatment the 3a-
hydroxy epimer (13) gave the 3-epimeric tetraol (16), 

mp 174—174.5 °C, which was also converted into the 
triacetate (16a), mp 80—81 °C, showing a broad 
singlet (WH = 7 H z ) due to the C6-proton at ô 4.00, 
in an 8 0 % yield, along with the 2,12-diacetate (16b), 
oil (15%). The same hydride reduction of 3-oxo 
2a-acetate (10) followed by acetylation produced a 
mixture of 15a and 16a, from which the desired 2a, 
3/5,12-triacetate (15a) could be isolated in an 8 0 % 
yield with the epimer (16a) ( 9%) . T h e triacetate 
(15a) was then transformed quantitatively into the 
6-nitrite (17), m p 103.5—105.5 °C, by treatment with 
nitrosyl chloride in pyridine, whose N M R spectrum 
was in line with the structure; ô 4.72 (1H, t, 7 = 1 0 Hz , 
H at C3), 5.05 (1H, do do d, 7 = 1 1 . 5 , 10, and 5 Hz, 
H at C2), and 5.94 (1H, br s, Wu=5 Hz, H at G6). 

Irradiation of the 6-nitrite (17) by a 200 watt high 
pressure Hanovia lamp in benzene at room temperature 
for 2 h followed by reflux in a 1 : 1 mixture of tetra-
hydrofuran and 2-propanol13) resulted in functionali-
zation at C15, giving a three-component mixture, 
which was separated by chromatography over Florisil 
to yield 15-oxime (18), amorphous, as a major product 
(78%) with 6,15-oxolane and 6-ketone (19 and 20), 
mp 100—101 °C and 109.5—111 °G (5 and 7%). 
T h e 6-ketone (20) could readily be identified by oxi­
dation of 15a with the Jones reagent. The structure 
of oxime 18 was deduced from the following spectra. 
The mass spectrum indicated fragmentation peaks at 
mfe 410 ( M + - O H ) , 367 ( M + - C 2 H 4 0 2 ) , and 350. 
The N M R spectrum revealed, instead of a singlet 
peak due to the 15-methyl protons, a doublet (J= 
9 Hz) and two singlet peaks at ô 6.56, 7.18, and 10.45, 
which were ascribed to 6-hydroxy, hydroxyimino 
methylidene and oxime-hydroxy protons, respectively. 
T h e structure was further supported by oxidation of 
18 with the Jones reagent to y-lactone (21), mp 126— 
127 °C, in a 5 6 % yield. T h e y-lactone (21) was 
characterized by fragmentation peaks at mfe 382 (M+— 
CO) , 350 ( M + - C 2 H 4 0 2 ) , and 322 ( 3 5 0 - G O ) as well 
as absorption maxima at 1780 and 1745 c m - 1 and 
at ô 4.49 (1H, br s, Wn=2.5 Hz, H at C6) in the mass, 
IR , and N M R spectra. Similarly, the structure of 
oxolane (19) was assigned as shown in the formula on the 
basis of the following spectral da ta : mje 396 (M+) and 
336 ( M + - C a H 4 0 2 ) ; v m a x 1743, 1478, and 862 cm'-1 ;") 

18 19 

20 21 
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Ô 3.62 and 3.86 (each 1H, ABq, J = 8 Hz, 2H at C15),
14> 

and 4.18 (1H, s, H at C6). T h e oxolane (19) was 
also obtained by direct hypoiodite reaction15) of 15a 
in a 73 % yield, confirming the structure for oxolane 19. 
However, the oxolane resisted further oxidation to 21 
and/or its analogues under various conditions, giving 
only multi-component intractable materials. 

Trea tment of 15-oxime (18) with acetic anhydride 
in pyridine at room temperature led to only dehydra­
tion of the hydroxyimino group to give 6/?-hydroxy 
10-nitrite (22), mp 175—176 °G in an 8 9 % yield, 
whose functional groups were characterized by absorp­
tion maxima at 3530, 2230, 1739, and 1728 c m - 1 in 
the I R spectrum. Compound 22, when treated with 
methanesulfonyl chloride in pyridine at room tem­
perature and then with collidine under reflux, under­
went further dehydration to yield an oily mixture 
of olefins, from which A5- and zl6-10-nitriles (23 and 
24), m p 106—107 °C and 81—82 °C, were isolated 
after chromatography in 78 and 9 % yields, respec­
tively. Alternately, the hydroxy nitrile (22) was 
obtained by prolonged treatment of 18 with phos-
phoryl chloride at room temperature in 60—70% yields 
with a small amount of 23 ( 4%) . However, at tempted 
double dehydration of 15-oxime (18) with methane­
sulfonyl chloride under the afore-mentioned conditions 
resulted in formation of an intractable material, from 
which the desired nitrile (23) could be isolated only 
in a 1 5 % yield. 

23 R = Ac 
23a R = H 
23b R = CH2OCH3 

OAc 

24 

OAc 

Both the olefins (23 and 24) exhibited almost the 
same mass [m/e 331 (M+—C 2 H 4 0 2 ) and 211], I R 
(vmax ca. 2230 and 1745 cm" 1 ) , and N M R spectra 
[ô ca. 5.55 (1H, br s, f f H = 5 Hz, olefinic H ) ] , indica­
ting that the olefins are isomers differing only in the 
double bond position (A5 or A6). T h e position was 
assigned on the basis of the following considerations. 
i) In the N M R spectra of normal16) and modified 
steroids,17) the shielding effects of various substituents 
on the chemical shift of 19-methyl protons are ad­
ditive. T h e additivity is expected to hold for the 
present 4/5,5a-eudesmanes, in which the A and B rings 
are regared as the A and B rings in normal steroids, 
and the 15-methyl protons as the 19-methyl protons. 

T h e chemical shifts of 15-methyl protons were then 
estimated, by assuming the relevant shift of 4/?,5a-
eudesman-12-ol acetate6) (25), a hypothetical com­
pound, to be ô 0.18 (reference chemical shift) and 
by using well-established contributions of functional 
groups in the A and B rings of normal steroids.16) 
T h e calculated values were in good accord with the 
observed: <5calcd (<5obsd) 1.18 (1.18), 1.15 (1.15), 1.14 
(1.13), and 0.90 (0.88) for 15a, 16a, 16b, and 20, 
respectively. Compound 15a, a 10-methyl analogue 
of 22, when treated with methanesulfonyl chloride 
under the above conditions, underwent dehydration 
to give an olefin (26), oil, in a 9 7 % yield, as the only 
isolatable product, whose 15-methyl protons appeared 
as a singlet at ô 1.18 in the N M R spectrum. The 
chemical shift coincided with the calculated value, 
ô 1.18, only when the compound (26) was assigned 
Zl5-triacetate formula (cf., dcalcd 0.92 for Zl6-triacetate). 
T h e result indicates that dehydration of the 6/?-hydro-
xyeudesmanes would proceed regioselectively to form 
the corresponding Zl5-eudesmanes, and hence the major 
dehydration product (23) would be represented by 
zl5-10-nitrile structure rather than Zl6-10-nitrile. (ii) 
Tori and co-workers16b) discussed the chemical shifts 
of the A ring protons in normal steroids in terms of 
the effects of functional groups in the A and B rings. 
T h e discussion apparently applies to eudesmanes; 
e.g., the axial 3a-proton (<5 4.60) of A5-triacetate (26) 
was observed at a field 0. l O p p m higher than that 
(ô 4.70) of 6/?-hydroxy triacetate (15a), as expected 
by their presumption. The 3a-proton of the relevant 
major olefin (23) appeared as a double doublet (J— 
11 and 9.5 Hz) at 0.13 ppm higher field, Ö 4.56, as 
compared with the corresponding proton of 6/?-hydroxy-
10-nitrile (22), ô 4.69, and that of the minor olefin 
(24) as a triplet ( 7 = 9 . 5 Hz) at 0.09 ppm lower field, 
ô 4.78. 

ZlMO-Cyano triacetate (23) was saponified to the 
triol (23a), oil, which was converted into Zl5-10-cyano 
tris(methoxymethyl ether) (23b), oil, in a 5 6 % yield 
from 23, showing absorption maxima at 2255 c m - 1 

and at ô 3.38, 3.41, 3.46 (each 3H, s, 3 0 C H 3 ) , and 
5.57 (1H, br s, Wn=A Hz, H at C6) in the I R and N M R 
spectra. Hydrolysis of the cyano group of 23 followed 
by decarboxylation with concomitant migration of 
the 5,6-double bond was unsuccessful, giving a tarry 
material. However, treatment of z15-10-nitrile (23) 
with sodium in toluene containing ethanol under 
reflux18) effected reductive decyanation with concurrent 
migration of the double bond to give zJ5(10)-triol (27), 
oil, which was converted into the triacetate (27a), 
oil, showing no olefinic proton in the N M R spectrum, 
in a 71 % yield from 23. The structure of olefin 27a 
was identified by comparison with an authentic sample 
obtained from natural rishitin (1) via a four-step process 
(formation of the acetonide, hydroboration, acid hydrol­
ysis, and acetylation). O n the other hand, Zl5<10) 
2,3,10-triol (27), when treated with acetone over 
silica gel (Wakogel Q,-23), formed the 2,3-acetonide 
(28), oil, vm&x 3390, 1380, and 1371 cm" 1 and ô 1.46 
[6H, s, (CH 3 ) 2 CO] , in a 7 5 % yield from 23. The 
2,3-acetonide (28) was treated successively with tosyl 
chloride in pyridine at room temperature and then 
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w i t h s o d i u m i o d i d e in a c e t o n e u n d e r reflux to g ive 
t h e 12- iodide (29 ) , semi-soi ld , mje 390 ( M + ) a n d 
V a x 1380 a n d 1371 c m - 1 , in a 9 2 % yie ld . F u r t h e r 
t r e a t m e n t of t h e 12- iodide (29) w i t h p o t a s s i u m h y d r o x i d e 
in ref luxing m e t h a n o l led to f o r m a t i o n of a m i x t u r e 
of t w o c o m p o u n d s , w h i c h w e r e s e p a r a t e d b y c h r o m a t o ­
g r a p h y to give t h e 1 2 - m e t h o x y d e r i v a t i v e (30) , oil , 
m/e 294 ( M + ) , vm&x 1105 a n d 1088 c m - 1 , a n d Ô 3.32 
( 3 H , s, O C H 3 ) , a n d Zl5(1°)-11-2,3-diol a c e t o n i d e (31) , 
oil , in 14 a n d 7 0 % yie lds , respec t ive ly . T h e l a t t e r 
(31) e x h i b i t e d p a r e n t a n d f r a g m e n t a t i o n peaks a t 
mje 262 (M+) a n d 131 (base) in t h e mass s p e c t r u m 
a n d a b s o r p t i o n m a x i m a a t 3080 , 1643, a n d 8 8 8 c m - 1 

a n d Ô 1.72 ( 3 H , s, 1 3 - C H 3 ) , 4 .63 a n d 4 .74 ( each 1 H , 
b r s, Wu=4 H z , 2 H a t C1 2) in t h e I R a n d N M R s p e c t r a , 
a n d w a s iden t i ca l w i t h a n a u t h e n t i c spec imen 2 ) d e r i v e d 
f rom n a t u r a l r i sh i t in (1) . Hydro lys i s of t h e a c e t o n i d e 
(31) w i t h 0 . 5 % p h o s p h o r i c ac id in e t h a n o l u n d e r 
reflux af forded A^^^^S-diol, m p 5 8 — 6 0 °C a n d 
[ a ] D —30 .4° , in a 7 8 % yie ld , w h i c h w a s c o n v e r t e d i n t o 
t h e d i a c e t a t e , m p 6 6 — 6 8 °C a n d [ a ] D - 1 4 . 1 ° . T h e 
glycol a n d d i a c e t a t e w e r e i den t i c a l w i t h n a t u r a l r i sh i ­
tin2) (1) a n d t h e d iace ta t e 2 ) ( l a ) , respec t ive ly . T h e 
p r e sen t t r a n s f o r m a t i o n f rom ( — ) - a - s a n t o n i n (2) i n t o 
r i sh i t in (1) c o m p l e t e s t h e first a n d total 4 ) synthesis 
of r i shi t in . T h e ove ra l l y ie ld of r i sh i t in a m o u n t e d 
to 12.0%, from c o m p o u n d 5 a n d 2 . 9 % f rom ( — )-a-
s a n t o n i n . 

•—OR ' >— R 

27 R = H 
27a R = Ac 28 R = OH 

28a R = OTs 
29 R=I 
30 R = OCH3 

31 

Experimental 

All the melting points were uncorrected. T h e homogenity 
of each compound was checked by T L G on silica gel (Wakogel 
B-5) with various solvent systems, and the spots were deve­
loped with cerium(IV) sulfate in dil sulfuric acid. T h e optical 
rotations, O R D curves, I R , and N M R (100 MHz) spectra 
were measured in chloroform, methanol , Nujol, and chloro­
form-*/, respectively, unless otherwise stated. Abbreviations 
"s , d, t, q, m, br, and d o " in the N M R spectra denote "singlet, 
doublet, triplet, quartet , multiplet, broad, and double ," re­
spectively. 

(2R)-2-Isopropenyl-7-methoxy-8-metkyl-1,2,3,4- tetrahydronaphth-
alene (3). (i) A soln of 2-(7-acetoxy-8-methyl-1,2,3,4-
tetrahydro-2-naphthyl)propanoic acid2) (12.63 g) in dry 
tetrahydrofuran ( T H F , 200 ml) was stirred with l i thium 
aluminium hydride (LAH, 3.15 g) under reflux for 17 h. 
After addition of water to decompose an excess of the 
reagent, the suspended mixture was mixed with chloroform 

and stirred vigorously. T h e insoluble substance was re­
moved by filtration and washed with chloroform and 
water. T h e filtrate and all the chloroform and water 
washings were combined and evaporated to dryness to leave 
an oily residue, which was again dissloved in chloroform. 
T h e chloroform soln was washed with water, dried, and 
evaporated to leave a crystalline residue (1.50 g) , which 
was collected and recrystallized from ethyl acetate-hexane 
to give 2-(7-hydroxy-8-methyl-l ,2,3,4-tetrahydro-2-naphthyl)-
1-propanol2) (1.26 g) , m p 125—126 °G. T h e water washings 
were acidified ( p H < 4 . 0 ) with 6 M hydrochloric acid and 
extracted with chloroform repeatedly. T h e extracts were 
washed with water, dried, and evaporated to leave an amor­
phous substance (7.35 g) , showing a single spot, which was 
identified as the corresponding saponified product , 2-(7-
hydroxy - 8 - methyl - 1,2,3,4 - te trahydro -2-naphthyl) -propanoic 
acid on the basis of the spectral d a t a : I R (GHG13), vm&% 

3585, 1704, 1598, 1486, 1271, and 1063 c m - 1 ; N M R , ô 1.27 
(3H, d, J - 6 . 5 H z ) , 2.09 (3H, s), 5.85 (2H, br, 2C"H), 6.59 
and 6.81 (each 1H, d, / = 8 H z ) . T h e hydroxy acid was 
dissolved in ether (150 ml) , without further purification, and 
treated with diazomethane, prepared from nitrosomethylurea 
(20.6 g) , in ether (230 ml) at room temp for 22 h. T h e soln 
was concentrated to give the corresponding methyl ester 
(6.72 g) , oil, showing a single spot on T L G , which was puri­
fied by distillation at 168—172 °G (bath temp) under reduced 
pressure (1 Torr) and crystallized on s tanding: m p 4 3 — 
45 °G and [a ] D + 9 2 . 5 ° ; M S , m/e 248 (M+) ; I R (GHC13), 
i>max 3410, 1722, 1597, 1483, 1267, 1162, and 1060 cm" 1 ; 
N M R , ô 1.27 (3H, d, 7 = 7 Hz) , 2.11 (3H, s), 3.74 (3H, s), 
6.57 and 6.80 (each 1H, d, 7 = 8 Hz) . Found : G, 72.26; 
H , 8 .11%. Calcd for C 1 5 H 2 0 O 3 : G, 72.55; H , 8.12%. 

(ii) A soln of methyl 2-(7-hydroxy-8-methyl-l,2,3,4-tetra-
hydro-2-naphthyl)propanoate (6.61 g) in methanol (250 ml) 
was treated with diazomethane, prepared from nitrosometh­
ylurea (20.6 g), in ether (220 ml) at room temp for 13 h. 
After addition of the same amount of diazomethane in ether 
(220 ml) , the soln was allowed to stand at room temp for 
66 h and then evaporated below 36 °G to leave an oily residue 
(7.34 g) , which was purified by column chromatography over 
silica gel (70 g) and celite (30 g) followed by distillation to 
give methyl 2-(7-methoxy-8-methyl-l ,2,3,4-tetrahydro-2-na-
phthyl)propanoate in pure state: bp 143—148 °C (bath 
temp) (1 Torr) and [a ] D + 8 9 . 3 ° ; M S , m/e 262 (M+) ; I R 
(GHG13), j>max 1727, 1599, 1483, 1262, 1163, and 1088 cm" 1 ; 
N M R , ô 1.26 (3H, d, 7 = 7 Hz) , 2.13 (3H, s), 3.75 and 3.83 
(each 3H, s), 6.67 and 6.93 (each 1H, d, 7 = 8 . 5 Hz) . Found : 
G, 73.10; H , 8 .35%. Galcd for C 1 6 H 2 2 0 3 : G, 73.25; H , 
8 .45%. 

(iii) A soin of the methoxy methyl ester (6.14 g) in T H F 
(160 ml) was mixed with L A H (3 g) in T H F (250 ml) , and 
the whole mixture was stirred at room temp for 18 h. After 
careful addition of water (40 ml) , the resulting suspension 
was submitted to filtration to remove insoluble materials, and 
the filtrate was evaporated to dryness to leave an oily residue, 
which was extracted in ether. T h e ether soln was washed 
with saturated brine, dried, and evaporated to give an oil 
(5.69 g) , showing a single spot, which was identical with an 
authentic sample of 2-(7-methoxy-8-methyl-l ,2,3,4-tetrahydro-
2-naphthyl)- l -propanol prepared from the corresponding 7-
hydroxy analogue as described in the following. 

A soln of 2-(7-hydroxy-8-methyl-l ,2,3,4-tetrahydro-2-naph-
thyl)propanoic (896 mg), m p 125—126 °G, in acetone (40 
ml) was stirred with dimethyl sulfate ( 1.6 ml) and potassium 
carbonate (4.8 g) under reflux for 9 h, cooled and then filtered. 
T h e ppts were washed with chloroform, and the filtrate and 
washings were combined and evaporated to leave an oily 
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residue, which was again dissolved in chloroform. T h e 
chloroform soin was washed with water, dried, and eva­
porated to leave an oily substance (1.82 g) , which was 
purified by chromatography over silica gel (Merck 30 g). 
Eluates with benzene-ether ( 3 : 1 ) (100 ml) afforded the 
methyl ether (800 mg) , which was distilled for analysis: 
bp 97—102 °G (bath temp) (1 Torr) and [<x]D + 7 0 . 9 ° ; 
M S , m/e 234 (M+), 216, 201, 186, 175, and 173 (base); 
I R (film), vm&x 3360, 1601, 1485, 1463, 1441, 1260, 1103, 
1031, 812, and 794 c m - 1 ; N M R Ô 1.00 (3H, d, 7 = 7 Hz) , 
1.83 (1H, s, O H ) , 2.13 (3H, s), 3.69 (2H, m) , 3.81 (3H, 
s), 6.69 and 6.93 (each 1H, d, 7 = 8 Hz) . Found : C, 
76.69; H , 9 .43%. Galcd for C 1 5 H 2 2 0 2 : C, 76.88; H , 
9.46%. 

(iv) T h e methoxy-propanol (730 mg) , described in (iii), 
was treated with />-toluenesulfonyl chloroide (660 mg) in 
pyridine (Py, 8 ml) at room temp for 20 h, and then poured 
into ice-water (300 ml) . T h e resulting ppts were collected 
by filtration, washed with water, dried in a desiccator, and 
tr i turated with isopropyl ether to yield a crystalline substance 
(980 mg) . Recrystallization from isopropyl ether afforded 
2-(7-methoxy-8-methyl-l ,2,3,4-tetrahydro-2-naphthyl) -1 -pro-
panol tosylate, m p 86.5—87 °C and [<x]D + 5 6 . 3 ° ; M S , m/e 
388 (M+), 216, 201, and 174 (base); IR , v m a x 1598, 1485, 
1355, 1261, 1188, 1180, 1171, 1106, 1096, 957, 929, 850, and 
792 c m - 1 ; N M R , Ô 0.97 (3H, d, 7 = 6 . 5 Hz) , 2.04, 2.45, and 
3.78 (each 3H, s), 4.05 (2H, d, 7 = 5 Hz) , 6.65 and 6.87 (each 
1H, d, 7 = 8 . 5 Hz) , 7.31 and 7.78 (each 2H, ABq, 7 = 8 Hz) . 
Found : C, 68.01 ; H , 7.23 ; S, 8.30%. Calcd for C 2 2 H 2 8 0 4 S : 
G, 68 .01; H , 7.26; S, 8 .25%. 

(v) T h e tosylate (650 mg) was stirred with sodium iodide 
(3 g) in acetone (30 ml) under reflux for 20 h. After removal 
of the insoluble substance by filtration, the mixture was 
evaporated to dryness and extracted with ether (50 ml) . 
T h e extracts were washed with 5 % aq sodium thiosulfate 
and saturated brine, dried, and evaporated to leave a crystal­
line substance (617 mg) , which was recrystallized from hexane 
to give the corresponding iodide (570 mg) , m p 73.5—75.5 
°G. This was recrystallized from hexane for analysis: m p 
75.5—77.5 °G and [ a ] D + 9 5 ° ; M S , m/e 344 (M+), 217, 175, 
and 161 (base); I R , i»max 1599, 1587, 1479, 1258, 1105, and 
801 c m - 1 ; N M R , ô 1.09 (3H, d, 7 = 6 . 5 Hz) , 2.14 (3H, s), 
3.37 (2H, d, J = 5 Hz, C H 2 I ) , 3.82 (3H, s), 6.70 and 6.94 
(each 1H, d, 7 = 8 Hz) . Found : G, 52.32; H , 6.20; I , 
37 . 21%. Galcd for C 1 5 H 2 1 OI : G, 52.33; H , 6.15; I, 36 .87%. 

(vi) T h e iodide (4.97 g) was refluxed in methanol (300 ml) 
containing potassium hydroxide ( 17.6 g) under nitrogen for 
2.5 h. T h e reaction mixture was concentrated below 40 °G 
under reduced pressure (90 Tor r ) , and then shaken with 
water (150 ml) , ether (100 ml) , and sodium chloride (40 g). 
T h e aqueous layer was separated and washed with ether 
(4 X 50 ml) . T h e ether layer and washings were combined, 
washed with saturated brine (2 X 50 ml) , dried, and evaporated 
to leave an oily residue (3.19 g) , which was purified by column 
chromatography over silica gel (Mallinckrodt, 21 g) and celite 
(9 g) . Eluates with hexane (1.6 1), after distillation, afforded 
(2R) -2-isopropenyl - 7 - methoxy- 8 - methyl - 1,2,3,4 - tetrahydro-
naphthalene (3, 2.68 g) , bp 89—91 °C (bath temp) (0.07 Torr) 
and [ a ] D + 7 6 . 6 ° ; M S , m/e 216 (M+), 201, and 173 (base); 
I R (GG14), v m a x 3 0 8 0 , 1645, 1601, 1484, 1260, 1114, 1090, 
and 890 c m - 1 ; N M R , «5 1.83, 2.13, and 3.79 (each 3H, s), 
4.80 (2H, s, =CH2) , 6.69 and 6.94 (each 1H, d, 7 = 8 . 5 Hz) . 
Found : G, 83.52; H , 9 .25%. Galcd for G 1 5 H 2 0 O: G, 
83.28; H , 9.32%. 

(7 7S)-3-Oxo-4ß,5oc-eudesman-6ß,72-olide6^ (5). Com­
pound 5 was prepared by a modification of the procedure 
of Cocker et fl/.7b> A soin of "6-epi-( —)-a-santonin"7-19) (3 

g), m p 102—103 °G, in acetic acid (AcOH, 400 ml) was hy-
drogenated over 10% palladium charcoal (200 mg) at room 
temp for 2 h, when 590 ml of hydrogen had been absorbed. 
T h e reaction mixture was worked up as usual to leave neutral 
crystalline substances (1.64 g) , showing two 1 : 1 overlapped 
spots on T L C . T h e mixture, dissolved in A c O H (150 ml) 
at 50 °C, was stirred with /?-toluenesulfonic acid (PTS, 1.5 g) 
at room temp for 18 h, evaporated to dryness, and diluted 
with water (500 ml) . T h e resulting ppts were separated, 
collected by filtration and washed with water. Recrystalliza­
tion from aq ethanol gave 5 (1.16 g) , m p 164—165 °C. This 
was recrystallized from ethanol for analysis: m p 164—165 
°G and [ a ] D - 1 0 6 . 0 ° (lit,7) m p 177—178° and [a ] D - 9 1 ° ) ; 
O R D , [0]r„Tk + 8 0 0 ° , miir* - 4 7 9 0 ° , ö = + 5 5 . 9 ° ; IR , vmax 

1762, 1703, 1420, 1210, 1178, 1153, 975, and 937 cm" 1 ; 
N M R , ô 1.14 (3H, d, 7 = 7 Hz, 14-CH3), 1.22 (3H, s, 15-
CH 3 ) , 1.33 (3H, d, 7 = 8 Hz, 13-CH3), and 4.66 (1H, t, 7 = 
4 Hz , H at C6) . Found : G, 72.10; H , 9 .07%. Galcd for 
G 1 5 H 2 2 0 3 : C, 71.97; H , 8.86%. 

(77S)-3-Acetoxy-4ß,5<x-eudesm-2-en-6ß,72-olide (7). A 
soin of 5 (67.2 g) in isopropenyl acetate (250 ml) containing 
coned sulfuric acid (0.7 ml) was refluxed for 3 h with stirring 
in a stream of argon gas. T h e mixture was cooled, concen­
trated, mixed with water, and extracted with dichloromethane. 
T h e extracts were worked u p as usual to leave a crystalline 
residue, which on tri turation with a 2 : 1 mixture of acetone 
and water followed by filtration afforded 7 (63.4 g) , m p 139— 
140 °C. T h e filtrate (15.2 g) , still containing the unreacted 
ketone (5) (TLC) , was again treated with isopropenyl acetate 
(62 ml) and coned sulfuric acid (10 drops) for 3 h under re­
flux. T h e resulting crystalline residue, subjected to the same 
t reatment as above, yielded 7 (14.3 g) , m p 139—140 °C. 
T h e samples (7) were recrystallized from aq acetone for 
analysis: m p 140—141 °C and [a ] D - 7 4 . 3 °C; M S , m/e 292 
(M+), 250 (base), and 177; I R , * m a x 1773, 1755, 1682, 1214, 
1207, 1063, and 1021 c m - 1 ; N M R , ô 1.07 (3H, s, J5-CH3) , 
1.10 and 1.32 (each 3H, d, 7 = 7 and 8 Hz , 14- and 13-GH3), 
2.17 (3H, s, O C O C H 3 ) , 2.41 (1H, q, 7 = 8 Hz, H at C n ) , 
2.74 (1H, br, W H = 2 4 H z , H at G4), 4.76 (1H, t, 7 = 4 Hz, 
H at C,) , and 5.28 (1H, do t, 7 = 5 . 5 , 2.5, and 2.5 Hz, H at 
G2). Found : C, 69.97; H , 8.47%. Calcd for C 1 7 H 2 4 0 4 : 
G, 69.83; H , 8.27%. 

(11S)-3ß-Acetoxy-2<x,3oc-epoxy-4ß,5oc-eudesman-6ß,72-olide (8). 
A soln of 7 (2.45 g) in chloroform (40 ml) was treated with per-
oxybenzoic acid (purity 9 9 . 3 % , 2 g) at 0 °C for 24 h. T h e 
mixture was washed with 5 % aq sodium thiosulfate, 5 % aq 
sodium hydrogencarbonate and water, dried, and evaporated 
to leave a crystalline substance, which was collected with 
acetone to give 8 (2.34 g) , m p 153—154 °C. This was re­
crystallized from acetone for analysis: m p 156—156.5 °G 
and [ a ] D - 5 8 . 7 ° ; M S , m/e 308 (M+), 266 (base), 248, and 
193; I R , * m a x 1771, 1750, 1223, 1158, 1050, and 976 cm" 1 ; 
N M R , ô 1.20 (3H, s, 15-CH3), 1.24 and 1.30 (each 3H, d, 
7 = 6 . 5 and 7.5 Hz, 14- and 13-CH3), 2.10 (3H, s, O C O C H , ) , 
2.37 (1H, q, 7 = 7 . 5 Hz , H at C n ) , 2.67 (1H, do q, 7 = 1 0 . 5 , 
6.5, 6.5, and 6.5 Hz , H at G4), 3.45 (1H, d, 7 = 5 Hz, H at 
G2), and 4.67 ( 1H, t, 7 = 4 Hz , H at G6). Found : G, 66.15 ; 
H , 7.79%. Galcd for C 1 7 H 2 4 0 5 : C, 66 .21; H , 7.85%. 

(11S)-2ß-Acetoxy-3-oxo-4ß,5<x-eudesman-6ß,12-olide (9). 
Compound 8 (1.27 g) was heated in an oil-bath maintained 
at 170 °C for 10 min. T h e mixture, when cooled, crystallized 
spontaneously and showed a single spot on T L C . This was 
recrystallized from acetone-isopropyl ether to give 9 (1.187 
g), m p 127—129 °C. Further recrystallization from the same 
solvent mixture afforded an analytical sample: m p 128— 
129 °C and [a ] D - 7 . 7 ° ; O R D , [0]3

p„?k +3040° , [0]lTetl 

- 3 7 9 0 ° , A = + 6 8 . 3 ° ; M S , m/e 308 (M+), 266 (base), 248, and 
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193; IR , vm&x 1782, 1737, and 1229 c m - 1 ; N M R , «5 1.06 (3H, 
s, 15-CH3), 1.26 and 1.33 (each 3H, d, 7 = 7 and 8 Hz , 14-
and 13-CHg), 2.14 (3H, s, O C O C H 3 ) , 2.43 ( I H , q, 7 = 8 Hz, 
H at G n ) , 2.92 ( I H , do q, J=\2, 7, 7, and 7 Hz , H at C4) , 
4.69 ( I H , t, J = 4 Hz, H at G6), and 5.35 ( I H , do d, 7 = 9 
and 6 Hz , H at G2). Found: C, 65.91 ; H , 7.82%. Calcd 
for G 1 7 H 2 4 0 5 : G, 66 .21 ; H , 7 .85%. 

(77S)-2<x-Acetoxy-3-oxo-4ß,5oc-eudesman-6ß,12-olide (10). 
(i) A soln of 9 (1.76 g) in glacial A c O H (35 ml) containing 
4 7 % hydrobromic acid (0.25 ml) was allowed to stand at 
room temp for 41 h. T h e soln was concentrated, diluted 
with water, and extracted with chloroform. T h e chloroform 
soln was worked up as usual to leave an oily residue, which 
on trituration with acetone-isopropyl ether followed by filtra­
tion afforded slightly crude 10 (1.24 g) , m p 191—193 °G. 
T h e filtrate (0.35 g) was purified by chromatography over 
silica gel (25 g) to give an another sample of 10 (0.1 g), m p 
193—195 °C, from ether-benzene (1 : 4) eluates. Recrystal-
lization of both samples repeated twice yielded an analytical 
sample of 10: m p 204—205 °G and [ a ] D - 3 2 . 8 ° ; O R D , 
[®]liï* +2570° , [0]Hrg* - 5 0 1 0 ° , a = + 75.8°; M S , m/e 308 
(M+), 266 (base), 248, and 193; I R , vmiLX 1779, 1747, 1718, 
and 1244 c m - 1 ; N M R , Ô 1.19 (3H, d, 7 = 7 Hz, 14-CH3), 
1.32 (3H, s, 15-GH3), 1.34 (3H, d, 7 = 8 Hz, 13-CH3), 2.17 
(3H, s, OGOGH3) , 2.45 ( I H , q, 7 = 8 Hz, H at G u ) , 2.89 
( I H , do q, 7 = 12, 7, 7, and 7 Hz , H at G4), 4.63 ( I H , t, 7 = 
4 Hz, H at G6), and 5.45 ( I H , do d, 7 = 1 3 and 7 Hz , H at 
G2). Found: G, 65.98; H , 7 .83%. Galcd for G 1 7 H 2 4 0 5 : 
G, 66.21; H , 7 .85%. 

Oxidation of Compound 5 with Lead Tetraacetate. A soln 
of 5 (1.44 g, 5.8 mmol) and lead tetraacetate (3.2 g, ca. 6.4 
mmol) in a mixture of benzene (154ml , 1.73 mol) and 2-
propanol (4 ml, 57 mmol) containing boron trifluoride ethe-
rate (BF3 5 ml, 39.6 mmol) was stirred at 25 °G under argon 
gas for 3.5 h, when the starch-iodide test for lead tetraacetate 
showed negative, an appreciable amount of 5 remaining un-
reacted (TLG). After addition of fresh lead tetraacetate ( 1.6 
g, ca. 3.2 mmol) , the soln was further stirred for 20 h under 
the same conditions. The reaction mixture was washed with 
1 M hydrochloric acid, 5 % aq sodium hydrogencabonate and 
water, dried, and evaporated to leave a crystalline residue 
(1.79 g) , which was separated into three fractions by chromato­
graphy over silica gel (60 g) with ether-benzene (1 : 5) as 
eluents. T h e most mobile fraction gave A-nor-ester (11, 
0.25 g), m p 111—112 °C, on tri turation with hexane-isopropyl 
ether. Recrystallization from the same solvent mixture 
yielded an analytical sample of 11: m p 112.5—113 °G and 
[a] D - 1 1 6 . 8 ° ; M S , m/e 308 (M+), 293, 249, 221, and 193 
(base); I R and N M R , in the text. Found : G, 69.77; H , 
9 .05%. Galcd for G 1 8 H 2 8 0 4 : C, 70.10; H, 9 .15%. 

The middle and least mobile fractions were tr i turated with 
acetone-isopropyl ether to give 10 (0.73 g) , m p 202—203 °G, 
and 9 (0.16 g) , m p 127.5—128.5 °C, respectively, which were 
identical with the corresponding authentic specimens. 

(77S)-2oc,3ß- and (77S)-2oc,3oc-Dihydroxy-4ß,5<x-eudesman-
6ß,12-olides (12b and 13b), their 2-acetates (12 and 13), and 
tlieir 2,3-diacetates (12a and 13a). (i) A soln of 10 
(200 mg) in methanol (6 ml) was stirred with sodium 
borohydride (14 mg) at 0 °G for 14 min. After addition 
of A c O H (0.2 ml) , the mixture was worked u p as usual 
to leave a crystalline residue, showing two spots on T L G , 
which was separated into two fractions by preparative 
T L C over silica gel (Wakogel B-5) with a 2 : 3 mixture 
of ether and benzene. T h e more mobile fraction (117mg) , 
when tri turated with acetone-isopropyl ether, gave 13 
(96 mg), m p 190—191 °G. This was recrystallized from 
the same solvent mixture for analysis: m p 191—192 °C 

and [a ] D - 7 7 . 6 ° ; M S , m/e 250 (base, M + - G 2 H 4 0 2 ) , 235, 
232, 217, and 204; I R , * m a x 3440, 1755, 1741, 1243, 
1214, 1025, and 1018 cm" 1 ; N M R , Ô 1.03 (3H, s, 15-
GH 3 ) , 1.13 and 1.29 (each 3H, d, 7 = 6 and 7.5 Hz , 14- and 
13-CH3), 1.93 ( I H , br s, O H ) , 2.07 (3H, s, O G O G H 3 ) , 2.35 
( I H , q, 7 = 7 . 5 Hz , H at G u ) , 3.91 ( I H , br s, Wn=6.5 Hz, 
H at C3), 4.59 ( I H , t, 7 = 4 Hz, H at G6), and 5.01 ( I H , do 
do d, 7 = 1 1 , 5.5, and 3 Hz, H at G2). Found : G, 65.59; 
H , 8 .53%. Galcd for G 1 7 H 2 6 0 5 : C, 65.87; H , 8.44%. 

T h e less mobile fraction (94 mg) on tri turation with acetone-
isopropyl ether afforded 12 (82 mg) , m p 249—249.5 °G. 
This was recrystallized from the same solvent mixture for 
analysis: m p 251—252 °G and [ a ] D - 8 8 . 2 ° ; M S , m/e 250 
(base, M + - C 2 H 4 0 2 ) , 235, 232, 217, and 204; IR , *>max 3435, 
1742, 1732, 1243, and 1055 cm" 1 ; N M R , ô 1.06 (3H, s, 15-
GH 3 ) , 1.16 and 1.31 (each 3H, d, 7 = 6 and 7.5 Hz , 14- and 
13-GH3), 2.07 (3H, s, O C O G H 3 ) , 2.36 ( I H , q, 7 = 7 . 5 Hz, H 
at C n ) , 2.45 ( I H , br s, O H ) , 3.13 [ ( I H , do t, 7 = 9 , 9, and 5 
Hz , H at C3) ( I H , t, 7 = 9 Hz , on addition of D 2 0 ) ] , 4.65 
( I H , t, 7 = 4 Hz, H at C6) , and 4.93 ( I H , do do d, 7 = 1 1 . 5 , 
9, and 5 Hz, H at G2). Found : G, 65.58; H , 8.46%. 
Galcd for C 1 7 H 2 6 0 5 : G, 65.78; H , 8.44%. 

(ii) A soln of 12 (40 mg) in methanol ( 1 ml) containing 
5 % potassium hydroxide was stirred at room temp for 1 h. 
T h e reaction mixture was worked up as usual to leave a crys­
talline substance (32 mg) , which was recrystallized from 
acetone-isopropyl ether to yield 12b (29 mg) , m p 182—183 
°G. This was recrystallized from the same solvent mixture 
for analysis: m p 184—185 °G and [ a ] D - 9 3 °G; M S , m/e 
268 (M+), 250, 235, 232, 224 (base), 217, 209, and 206; I R , 
* m a x 3380, 3220, 1764, 1204, 1164, 1047, and 968 c m - 1 ; N M R , 
ô 0.99 (3H, s, 15-CH3), 1.14 and 1.30 (each 3H, d, 7 = 6 and 
7.5 Hz, 14- and 13-GH3), 2.37 ( I H , q, 7 = 7 . 5 Hz , H at C n ) , 
2.93 ( I H , do d, 7 = 9 . 5 and 8.5 Hz , H at C3) , 3.03 (2H, br 
s, 2 0 H ) , 3.73 ( I H , do do d, 7 = 11, 8.5, and 5 Hz, H at G2), 
and 4.66 ( I H , t, 7 = 4 Hz, H at G6). Found : G, 66.97; 
H , 8 .95%. Galcd for G 1 5 H 2 4 0 4 : C, 67.13; H , 9 .02%. 

Compound 13 (139 mg) was hydrolyzed in methanol (4 ml) 
in the same manner as described above, giving a crystalline 
glycol (141 mg), which on recrystallization from ethyl aceta te-
isopropyl ether afforded 13b (101 mg) , m p 90—92 °G. This 
was recrystallized from the solvent mixture for analysis: m p 
94.5—95 °C and [a] D - 9 0 . 1 ° ; M S , m/e 268 (M+), 250, 235, 
232, 224, 217, and 206; I R , vm&x 3480, 3440, 1763, 1213, 
1177, 1063, 1036, 1013, 999, and 971 cm" 1 ; N M R , ô 0.96 
(3H, s, 15-CH3), 1.13 and 1.29 (each 3H, d, 7 = 6 . 5 and 
7.5 Hz , 14- and 13-CH3), 2.35 ( I H , q, 7 = 7 . 5 Hz , H at G n ) , 
2.65 (2H, br s, 2 0 H ) , 3.84 ( I H , br s, Wn=7 Hz , H at C3) , 
3.91 ( I H , br, W H = 2 0 H z , H at G2), and 4.62 ( I H , t, 7 = 4 
Hz , H at G6). Found : G, 65.00; H , 9 .09%. Calcd for 
C 1 5 H 2 4 0 4 . l / 2 C H 3 C O O C 2 H 5 : C, 65.36; H , 9 .03%. 

(in) Compound 12 (41 mg) was treated with acetic anhy­
dride ( A c 2 0 , 1 ml) and Py (1 ml) at room temp for 12 h. 
T h e mixture was worked up as usual to leave a crystalline 
substance (47 mg) , which on recrystallization from acetone-
isopropyl ether gave 12a (33.5 mg) , m p 189.5—190.5 °C and 
[ a ] D - 8 2 . 0 ° ; M S , 292 ( M + - C 2 H 4 0 2 ) , 250 (base), 235, 232, 
and 217; I R , *>max 1769, 1750, 1245, 1219, 1043, and 1030 
c m - 1 ; N M R , Ö 0.99 (3H, d, 7 = 6 . 5 Hz , 14-CH3), 1.07 (3H, 
s, 15-CH3), 1.31 (3H, d, 7 = 7 . 5 Hz , 13-CH3), 1.99 and 2.08 
(each 3H, s, 2 0 C O C H , ) , 2.39 ( I H , q, 7 = 7 . 5 Hz , H at C n ) , 

4.66 ( I H , t, 7 = 4 Hz, H at C6) , 4.70 ( I H , t, 7 = 10 Hz , H 
at C3) , and 5.12 ( I H , do do d, 7 = 11, 9.5, and 5 Hz , H at C2). 
Found : C, 64.70; H , 8.00%. Calcd for C 1 9 H 2 8 0 6 : C, 
64.75; H , 8 . 0 1 % . Compound 12b (14.5 mg) was acetylated 
in the same manner as 12 to give 12a (crude 18.7 mg, pure 
13.5 mg) , m p 189—189.5 °C. 
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Compound 13 (84 mg) was treated with Ac a O ( 1 ml) and 
Py (1 ml) at room temp for 24 h. T h e mixture was worked 
u p as usual to leave a crystalline substance (97 mg) , which 
was recrystallized from acetone-isopropyl ether to give 
13a (87 mg) , m p 149.5—150.5 °C. Recrystallization from 
the same solvent mixture afforded an analytical sample: 
m p 150—151 °C and [ a ] D - 5 9 . 9 ° ; M S , m/e 292 ( M + -
C 2 H 4 O a ) , 250 (base), 235, 232, and 217; I R , v m a x 1772, 
1741, 1260, 1248, 1233, and 1030 cm" 1 ; N M R , Ö 1.01 (3H, 
d, 7 = 8 Hz , 14-CH3) , 1.05 (3H, s, 15-CH3), 1.30 (3H, d, 
7 = 7 . 5 Hz , 13-CH3), 1.97 and 2.11 (each 3H, s, 2 0 C O C H , ) , 
2.39 ( I H , q, 7 = 7 . 5 Hz, H at C „ ) , 4.60 ( I H , t, 7 = 4 Hz , 
H at C6), 5.11 ( I H , do do d, 7 = 1 1 , 6, and 3 Hz , H at 
C2), and 5.33 ( I H , br, W^H=6.5 Hz , H at C3). 

Found : C, 64.52; H , 7.97%. Calcd for C 1 9 H 2 8 0 6 : C, 
64.75; H , 8 . 0 1 % . Compound 13b (37.5 mg) was acetylated 
in the same manner as 13 to give 13a (crude 48.5 mg, pure 
31.8 mg) , m p 150—151 °C. 

(77S) -2<x.,3ct.-Dihydroxy-\ß,5a.-eudesman-6ß, 72-olide 2,3-acetonide 
(14). (i) Silica gel (Wakogel Q-23, 25 g) packed in a 
column was washed twice with methanol , thrice with acetone, 
and once with hexane. Compound 13b (100 mg) dissolved 
in hexane-acetone ( 1 : 1 ) was adsorbed onto the column 
and eluted with hexane-acetone (92 : 8) to give a crystalline 
material (112 mg) , which was collected with hexane-iso-
propyl ether to yield 14 (57 mg) , m p 115—117 °C. R e -
crystallization from the same solvent mixture afforded an 
analytical sample: m p 131—132 °C and [a] D - 5 3 . 9 ° ; M S , 
m/e 293 ( M + - C H 3 ) , 251, 233, 187, and 159 (base); I R 
(CCl4) , j>m a x 1782, 1380, 1368, 1240, 1213, 1171, 1151, 1051, 
1030, 1010, and 977 cm-*; N M R , Ô 0.90 (3H, s, 15-CH3), 
1.19 and 1.30 (each 3H, d, 7 = 7 and 7.5 Hz , 14- and 13-
CH 3 ) , 1.35 and 1.48 [each 3H, s, (CH 3 ) 2 CO] , 2.37 ( I H , q, 
7 = 7 . 5 Hz , H at C u ) , 4.23 (2H, br m, 2 H at C2 and C3) , 
and 4.70 ( I H , t, 7 = 4 Hz , H at C6) . Found : C, 70.09; 
H , 9 .06%. Calcd for C 1 8 H 2 8 0 4 : C, 70.10; H , 9 .15%. 

(«) Compound 12b (22.6 mg) was treated with silica gel 
(Wakogel Q-23, 25 g) and acetone in the same manner 
as 13b. T h e crystalline eluate (22.8 mg) was tr i turated 
with acetone-isopropyl ether to give a crystalline material 
(13.7 mg) , m p 170.5—172 °C, which was identical with the 
unreacted starting glycol (12b). 

Oxidation of Compounds 12 and 13 to 10. (i) A soin 
of 12 (25 mg) in acetone (3 ml) was stirred with the Jones 
reagent (0.3 ml) at 0 °C for 1 h. After addition of ethanol, 
the mixture was evaporated in vacuo below 40 °C, diluted 
with water, and extracted with chloroform. T h e chloro­
form soin was worked up as usual to leave a crystalline 
residue (27.4 mg) , showing a single spot, which on recrystal­
lization from acetone-isopropyl ether yielded 10 (22 mg) , 
m p 203.5—204 °C, identical with an authentic sample. 

(u) Compound 13 (25 mg) was oxidized with the Jones 
reagent (0.3 ml) in the same manner as 12 to yield 10 (21 mg) , 
m p 203—204 °C, on recrystallization from acetone-isopropyl 
ether. 

(77S)-4ß,5oc-Eudesmane-2oc,3ß,6ß,72-tetraol (15) and Its 2,3, 
72-Triacetate (15a). A soln of 12 (403 mg) in dry T H F 
(40 ml) was stirred with L A H (400 mg) under reflux for 
24 h and cooled. After successive addition of ethyl acetate, 
methanol and water, the mixture was filtered to remove 
insoluble materials, which were washed with hot ethanol. 
T h e filtrate and ethanol washings were combined, evapo­
rated below 40 °C, diluted with water, and extracted with 
chloroform with a Soxhlet appara tus for 5 d. T h e chloro­
form soln was concentrated to dryness to leave an oily substance 
(15, 410 mg) , showing a single spot, which was treated with 
Ac a O (2.7 ml) in Py (4 ml) at room temp for 19 h. T h e 

reaction mixture was worked up as usual to leave an oily 
residue (654 mg) , which on trituration with isopropyl ether 
gave 15a (427 mg) , m p 96.5—98 °C. This was recrystallized 
from isopropyl ether for analysis: m p 96.5—98 °C and 
[a ] D - 7 . 6 °C ; M S , m/e 338 ( M + - C 2 H 4 O a ) , 279, 278,236, 
219 (base), and 218; I R , j>max 3535, 1733, 1241, 1050, 1033, 
and 1027 c m - 1 ; N M R , Ô 0.92 and 1.02 (each 3H, d, 7 = 
6.5 and 7 Hz , 14- and 13-CH3), 1.18 (3H, s, 15-CH3), 1.99 
and 2.08 (3H and 6 H , each s, 3 0 C O C H , ) , 3.89 and 4.21 
(each I H , do d, 7 = 1 1 , 6 and 11, 5 Hz , 2 H at C12), 4.08 
( I H , br s, ^ H - 6 . 5 H Z , H at C6), 4.70 ( I H , t, 7 = 10 Hz, 

H at C3), and 5.11 ( I H , do do d, 7 = 1 1 . 5 , 10, and 5 Hz, H 
at C2). Found : C, 63 .21 ; H , 8.74%. Calcd for C21-
H 3 4 0 7 : C, 63.29; H , 8.60%. 

Compound 15a ( 132 mg) was refluxed in methanol (5 ml) 
containing 5 % potassium hydroxide under nitrogen for 
1 h. T h e soln was worked u p as usual to give 15 (84 mg) , 
amorphous ; [ a ] D - 3 . 2 ° ( E t O H ) . Found : C, 64.00; H , 
10.17%. Calcd for C 1 5 H 2 8 0 4 - l / 2 H a O : C, 64.02; H , 
10.39%. 

(77S)-4ß,5a-Eudesmane-2a,3<x,6ß,72-tetraol {16) and Its 2,3, 
72-Triacetate and 2,72-Diacetate (16a and 16b). A soln 
of 13 (211 mg) in dry T H F (21 ml) was stirred with L A H 
(300 mg) under reflux for 24 h. T h e reaction mixture 
was worked up in almost the same manner as that for 12 to 
leave a crystalline substance (118 mg) , showing a single 
spot, which was recrystallized from acetone-isopropyl ether 
to give 16 (76 mg) , m p 170—171 °C. Recrystallization 
twice from the same solvent mixture afforded an analytical 
sample: m p 174—174.5 °C and [ a ] D - 1 4 . 6 ° ( E t O H ) ; I R , 
"max 3410, 3290, 1077, 1053, 1038, 1022, and 1000 cm"1 . 
Found : C, 66.16; H , 10.32%. Calcd for C 1 5 H 2 8 0 4 : C, 
66.14; H , 10.36%. 

T h e tetraol (16, 133 mg) was treated with A c 2 0 (1.3 ml) 
and Py (1.5 ml) at room temp for 17 h. T h e mixture 
was worked up as usual to leave an oily residue (231 mg), 
showing two spots, which was separated into two fractions 
by column chromatography over silica gel (20 g) with a 
3 : 1 mixture of benzene and ether. T h e more mobile 
fraction (175 mg) was crystallized and recrystallized from 
hexane-isopropyl ether to give 16a (127 mg) , m p 78.5—80 °C. 
This was recrystallized from the same solvent mixture for 
analysis: m p 80—81 °C and [a ] D + 7 . 2 ° ; M S , m/e 338 
( M + - C 2 H 4 0 2 ) , 296, 279, 278, 263, 260, 236, 219, 218, 203, 
200, 176, 161, and 107 (base) ; IR , *<max 3590, 1743, 1253, 1226, 
and 1024 cm" 1 ; N M R , ô 0.97 and 1.02 (each 3H, d, 7 = 
7 Hz , 14- and 13-CH3) , 1.15 (3H, s, 15-C//3), 1.97, 2.08, 
and 2.11 (each 3H, s, 3 0 C O C H 3 ) , 3.87 and 4.22 (each IH , 
do d, 7 = 11, 6 and 11, 5 Hz , 2 H at C1 2), 4.00 ( I H , br s, Wu= 
7 Hz , H at C6) , 5.10 ( I H , do do d, 7 = 1 1 . 5 , 5.5, and 3 Hz 
H at C2) , and 5.33 ( I H , t, 7 = 3 Hz, H at C3) . Found: C, 
63.42; H , 8 .65%. Calcd for C 2 1 H 3 4 0 7 : C, 63.29; H , 
8.60%o. T h e less mobile fraction afforded 16b (29 mg) , 
oil and [ a ] D - 1 . 2 ° ; M S , m/e 338 ( M + - H 2 0 ) , 296 ( M + -
C 2 H 4 0 2 ) , 278, 254, 236, 221, 218, and 203; I R (CHC13), 
"max 3610, 3500, 1733, 1246, and 1023 c m - 1 ; N M R , ô 1.00 
and 1.07 (each 3H, d, 7 = 7 Hz, 14- and 13-CH, or vice versa), 
1.13 (3H, s, 15-CH3) , 2.08 (6H, s, 2 0 C O C H 3 ) , 3.88 and 
4.21 (each I H , do d, 7 = 1 1 , 6 and 11, 5 Hz , 2H at C12), 
3.97 (2H, m, 2 H at C 3 and C6) , and 5.06 ( I H , do do d, 
7 = 1 1 . 5 , 5, and 3 Hz , H at C2) . 

Reduction of 10 with LAH and Subsequent Acetylation to 15a. 
T o a cold suspension of L A H (15 g) in dry T H F (1000 ml) 
was added dropwise a soln of 10 (30 g) in T H F (200 ml) 
at 0 °C during a period of 15 min with stirring. T h e mixture, 
after further addition of T H F (200 ml) , was stirred under 
reflux for 24 h and cooled. After successive addition of ethyl 
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acetate (100 ml) , ethanol (200 ml) , and water (100 ml) , 
the resulting suspension was stirred overnight at room temp 
and then filtered to remove an insoluble substance, which 
was washed with ethanol. T h e filtrate and ethanol washings 
were combined and evaporated to dryness to leave an oily 
residue (40.9 g) , which was treated with A c 2 0 (170 ml) 
and Py (260 ml) at room temp for 13 h. After being worked 
up as usual, the mixture left oily substances (40 g) , which 
on trituration with isopropyl ether gave 15a (25.2 g) , m p 
95.5—96.5 °G, identical with the authentic sample described 
in the previous section. T h e mother liquors, obtained by 
removal of the pure sample of 15a, were dissolved in methanol 
(150 ml) , refluxed with 10% potassium hydroxide in methanol 
(150 ml) for 1 h under nitrogen and then allowed to stand 
overnight at room temp. T h e reaction mixture was concen­
trated at 50 °C, diluted with water (50 ml) , neutralized 
with 6 M hydrochloric acid at 0 °G, and extracted with 
chloroform with a Soxhlet apparatus for 5 d. T h e chloro­
form extracts afforded a foamy residue (9.4 g) , showing two 
spots, which was separated into two fractions by chromato­
graphy over silica gel (500 g) with ethyl acetate. T h e more 
mobile fraction (3.1 g) crystallized on tri turation with 
acetone-isopropyl ether to yield 16 (2.6 g), m p 174—174.5 
°G, identical with an authentic sample. T h e less mobile 
fraction (5.1 g) , amorphous, was again treated with Ac a O 
(36 ml) and Py (50.5 ml) at room temp for 17 h to give 
15a (5.8 g) on trituration with isopropyl ether. 

(77S;-2oc,3ß,72-Triacetoxy-4ß,5oc-eudesman-6-one (20). A 
soin of 15a (103 mg) in acetone (11 ml) was stirred with 
the Jones reagent (0.6 ml) at 0 °C for 1 h. After addition 
of ethanol, the mixture was concentrated, diluted with water, 
and extracted with chloroform. T h e chloroform extracts, 
after being worked u p as usual, left a crystalline residue, 
which was recrystallized from isopropyl ether to give 20 
(87.5 mg) , m p 109—109.5 °C. Recrystallization from iso­
propyl ether afforded an analytical sample: m p 109.5— 
111 °G and [ a ] D - 4 4 . 7 ° ; M S , mje 396 (M+), 336, 276, and 
216 (base); I R , *>max 1751, 1738, 1703, 1253, 1235, 1222, 
1080, 1038, and 1025 cm" 1 ; N M R , Ô 0.88 (3H, s, 15-CH3), 
0.89 and 0.93 (each 3H, d, 7 = 7 and 6.5 Hz , 14- and 13-CH3 

or vice versa), 2.00, 2.05, and 2.06 (each 3H, s, 3 0 C O C H 3 ) , 
3.96 (2H, d, J = 5 Hz, 2 H at G12), 4.72 (1H, t, 7 = 10 Hz , 
H at C3), and 5.03 (1H, do do d, 7 = 1 1 , 10, and 4.5 Hz , 
H at C2). Found: G, 63.72; H , 8 .28%. Calcd for C21-
H 3 2 0 7 : C, 63 .61; H , 8.14%. 

Photolysis of (17S)-2a,3ß,72-Triacetoxy-4ß,5<x-eudesman-6ß-ol 6-
Nitrite(17). T o a soln of 15a (2.94 g) in Py (30 ml) 
cooled at —20 30 °C was added dropwise excess nitrosyl 
chloride in Py during a period of 20 min, the yellow color 
of nitrosyl chloride remaining unchanged and the starting 
alcohol (15a) disappearing on T L G . T h e mixture was 
poured into ice-water (800 ml) , and the resulting crystalline 
ppt was collected by filtration, washed with water, and dried 
over phosphorus pentaoxide for 18 h in a vacuum desiccator 
to yield 17 (3.13 g) , m p 103.5—105.5 °C ; I R , vm&x 1748, 1653, 
1643, 1253, 1050, and 768 c m - 1 ; N M R , Ô 0.89 and 0.91 
(each 3H, d, 7 = 6 . 5 Hz , 14- and 13-CH3 or vice versa), 1.01 
(3H, s, 15-GH3), 1.98, 2.04, and 2.06 (each 3H, s, 3 0 C O C H 3 ) , 
3.99 (2H, d, 7 = 5 Hz, 2 H at G12), 4.72 (1H, t, 7 = 10 Hz , 
H at G3), 5.05 (1H, do do d, 7 = 1 1 . 5 , 10, and 5 Hz , H at 
G2), and 5.94 (1H, br s, WH=5 Hz , H at G6). 

T h e 6/?-nitrite (17, 3.00 g) in dry benzene (thiophene-
free, 200 ml) in a Pyrex vessel, without further purification, 
was irradiated with a 200 watt Hanovia high pressure mercury 
arc lamp at room temp for 2 h under a stream of argon. 
The reaction mixture was evaporated to dryness to leave a 
foamy residue, which was dissolved in T H F (50 ml) and 

2-propanol (50 ml) and refluxed for 1 h to decompose the 
nitroso dimer. T h e soln was evaporated below 50 °G to 
leave an oily residue, which was purified by chromatography 
over Florisil (100 g). Elution with benzene (180 ml) , ben-
zene-dichloromethane ( 5 : 1 , 300 ml) , and dichloromethane 
(570 ml) afforded oily materials (884 mg) , which were 
purified as described later. Fur ther elution with dichloro­
methane (280 ml) and d ichloromethane-methanol ( 4 : 1 , 
240 ml) gave 15-oxime (18, 2.22 g) , amorphous , resisting 
crystallization: [ a ] D + 1 2 . 1 ° ; M S , mje 410 ( M + - O H ) , 
395, 382, 367, 350 (base), 335, 322, and 308; I R (GHC13), 
»'max 3235, 3135, 1739, 1250, 1048, and 1032 c m - 1 ; N M R , 
ô 0.98 and 0.99 (total 6H, each d, 7 = 7 and 6 Hz , 14- and 
13-CH, or vice versa), 2.00 and 2.07 (3H and 6H, each s, 
3 0 C O C H 3 ) , 4.04 (3H, m, 3H at G6 and G12), 4.77 (1H, 
do d, 7 = 8 . 5 and 7.5 Hz , H at G3) , 4.85 (1H, br m, WH = 
10 Hz, H at C2) , 6.56 (1H, d, 7 = 9 Hz , O H ) , 7.18 (1H, 
s, CH=N) , and 10.45 (1H, s, N - O H ) . 

T h e oily material (884 mg) described above was separated 
by rechromatography over silica gel (30 g) . Elution with 
ether-benzene ( 1 : 5 , 50 ml) afforded a crystalline substance 
(186 mg), which was recrystallized from isopropyl ether to 
give 20 (70 mg) , m p 109—109.5 °G, identical with an authen­
tic sample. Fur ther elution with e ther-benzene (1 : 2 , 
75 ml) afforded an oily substance (131 mg) , which crystal­
lized on standing, giving 6,15-oxolane (19, 80 mg) , m p 
72.5—74 °G, on tr i turation with hexane-isopropyl ether. 
Recrystallization twice from the same solvent mixture yielded 
an analytical sample: m p 100—101 °G and [ a ] D - 8 . 9 ° ; 
M S , mje 396 (M+), 336, 294 (base), 277, 276, 251, 234, and 
216; I R , v m a x 1741, 1244, 1230, and 1032 cm" 1 ; I R (liquid), 
v m a x 1743, 1478, 1240, 1229, 1035, and 862 c m - 1 ; N M R , 
ô 0.96 (6H, d, 7 = 6 . 5 Hz , 14- and 13-CH,) , 2.00, 2.05, and 
2.07 (each 3H, s, 3 0 C O G H 3 ) , 3.62 and 3.86 (each 1H, 
ABq, 7 = 8 Hz, 2 H at C1 5) , 4.04 (2H, d, 7 = 5 . 5 Hz , 2 H 
at G12), 4.18 (1H, s, H at G6) , 4.76 (1H, t, 7 = 10 Hz, H 
at G3) , and 5.01 (1H, do t, 7 = 5 , 10, and 10 Hz , H at C2) . 
Found : C, 63.65; H , 8 .24%. Calcd for C 2 1 H 3 2 0 7 : C, 
63 .61 ; H , 8.14%. Further elution with e ther-benzene 
1 : 2 , 175 ml) gave 15-oxime (18, 125 mg) , amorphous, 
identical with the afore-mentioned sample. 

Hypoiodite Reaction of 15a to 19. A suspection of lead 
tetraacetate (7.1 g) and calcium carbonate ( 4 g ) , precipita­
ted and dried, in benzene (100 ml) was stirred under reflux 
for 40 min. T o the mixture were added iodine (1.95 g) , 
freshly sublimed, and 15a (1.22 g) in benzene (50 ml) , and 
the whole mixture was refluxed for 1.3 h and then stirred at 
room temp for 1.5 h under nitrogen. This was filtered through 
celite to remove an insoluble substance and the filtrate 
was washed with 3 0 % aq sodium thiosulfate (200 ml) and 
water, dried, and evaporated to leave an oily residue (1.43 g) , 
showing a single spot on T L C , which was purified by chromato­
graphy over silica gel (30 g) . Eluates with benzene-ether 
( 5 : 1 ) afforded an oily substance (893 mg) , which crystal­
lized on standing. This was recrystallized from hexane-
isopropyl ether to give 6,15-oxolane (19), m p 99—100 °C, 
identical with an authentic sample. 

(71S)-2<x,3ß,12-Triacetoxy-4ß,5oc-eudesman-6ß,15-olide (21). 
Compound 18 ( 100 mg) was stirred with the Jones reagent 
(0.25 ml) in acetone (2 ml) at 0 °C for 30 min. T h e reaction 
mixture was worked u p as usual to leave an oily residue 
(112 mg) , showing an almost single spot on T L C , which 
was purified by preparative T L C over silica gel (Wakogel 
B-5) with ether-benzene (1 : 2) . Elution with methanol 
gave a crystalline substance (54 mg) , which was recrystallized 
from acetone-isopropyl ether to yield 21 (36 mg) , m p 125— 
i26 °C. This was recrystallized from the same solvent 
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mixture for analysis: m p 126—127 °C and [ a ] D — 1 . 5 ° ; 
M S , mje 382 ( M + - G O ) , 350, 322, 308, 290, 280, 262, 248, 
230, 202, and 186; I R , j>max 1780, 1745, 1242, 1229, 1116, 
1047, and 1028 c m - 1 ; N M R , Ô 0.96 and 1.00 (each 3H, 
d, 7 = 6 . 5 and 5.5 Hz , 14- and 13-CH3 or vice versa), 1.97, 
2.03, and 2.04 (each 3H, s, 3 0 C O C H 3 ) , 2.42 ( I H , do d, 
7 = 1 3 and 5 Hz , H at G J , 3.92 and 4.10 (each I H , do 
ABq, 7 = 5 and 11 Hz , 2 H at G12), 4.49 ( I H , br s, WH = 
2.5 Hz , H at C6), 4.68 ( I H , t, 7 = 10 Hz, H at G3), and 
4.74 ( I H , do t, 7 = 5 , 10, and 10 Hz , H at G2). Found : 
G, 60.89; H , 7 .38%. Galcd for G 2 1 H 3 0 O 8 : C, 61.45; H , 
7.37%. 

(1lS)-4ß,5oc-Eudesm-5-ene-2a,3ß,12-triol Triacetate (26). 
Compound 15a (855 mg) was treated with methanesulfonyl 
chloride (MsCl, 1.5 ml) in Py (4 ml) at room temp for 
44 h. T h e mixture was poured into ice-water and extracted 
with chloroform. T h e chloroform soin, after being worked 
u p as usual, left an oily residue (928 mg) , showing a single 
spot on T L G . This was purified by column chromatography 
over silica gel (50 g) with benzene-ether ( 5 : 1 ) to yield 
26 (801 mg) , bp 121—123 °C (bath temp) (5 Torr) and 
[ a ] D - 3 5 . 1 ° ; M S , mje 380 (M+), 320, 260, and 200; I R 
(liquid), vm&x 1743, 1651, 1240, and 1041 c m - 1 ; N M R , Ô 
0.86 and 1.02 (each 3H, d, 7 = 7 and 6.5 Hz , 13- and 14-GH3), 
1.18 (3H, s, 15-CH3), 2.00 and 2.06 (3H and 6H, each s, 
3 0 C O C H 3 ) , 3.98 (2H, br d, 7 = 7 Hz, 2 H at G12), 4.60 
( I H , do d, 7 = 1 1 and 9.5 Hz , H at C3) , 5.16 ( I H , do do d, 
7 = 1 2 , 9.5, and 5 Hz , H at G2), and 5.27 ( I H , br s, W H = 
5 Hz , H a t G6). Found : C, 65.75; H , 8.50%. Galcd for 
C 2 1 H 3 2 0 6 : G, 66.30; H , 8 .48%. 

Dehydration of (11S)-15-Hydroxyimino-4ß,5a-eudesmane-2<x,3ß, 
6ß,12-tetraol 2,3,12-Triacetate (18). (i) A soln of 18 
(1.24 g) in Py (20 ml) was stirred with phosphoryl chloride 
(8.5 ml) at room temp for 70 h, cooled, poured into ice-
water ( 1 1) and extracted with chloroform. T h e chloroform 
soln, after being worked u p as usual, left a foamy residue 
( 1.13 g) , which was separated by chromatography over silica 
gel (36 g) . Eluates with benzene-ether ( 2 : 1 ) afforded an 
oily substance, which was crystallized on tri turation with 
isopropyl ether and collected to give J5-10-nitr i le (23, 44 mg) , 
m p 101—103 °C. Recrystallization from the same solvent 
afforded an analytical sample : m p 106—107 °G and [ a ] D 

- 9 0 . 3 ° ; M S , mje 331 ( M + - C 2 H 4 0 2 ) , 289, 271, 262, 244, 
229, 211 (base), 202, and 184; I R , *>max 2225, 1745, 1252, 
1227, 1052, and 1038 cm" 1 ; N M R , ô 0.87 and 1.09 (each 
3H, d, 7 = 7 and 6.5 Hz , 14- and 13-CH3 or vice versa), 2 .01, 
2.06, and 2.08 (each 3H, s, 3 0 C O G H 3 ) , 3.98 (2H, br d, 
7 = 6 . 5 Hz , 2 H at C1 2) , 4.56 ( I H , do d, 7 = 1 1 and 9.5 Hz , 
H a t C3) , 5.21 ( I H , do do d, 7 = 1 1 . 5 , 9.5, and 4.5 Hz , H 
at G2), and 5.58 ( I H , br s, ^ H = 5 H z , H a t G6). Found : 
G, 64.30; H , 7.51; N , 3 .53%. Galcd for G 2 1 H 2 9 0 6 N : C, 
64.43; H , 7.47; N , 3 .58%. 

Eluates with benzene-ether ( 1 : 1 ) afforded a crystalline 
substance (751 mg) , which on recrystallization from ace tone-
isopropyl ether gave 6/?-hydroxy-10-nitrile (22, 606 mg) , m p 
174.4—175.5°C. This was recrystallized from the same 
solvent mixture for analysis: m p 175—176°G and [ a ] D 

+ 21.5°; M S , m/e 409 (M+), 366, 350 (base), 308, and 248 ; 
IR , vm&x 3530, 2230, 1739, 1728 (shoulder), 1240, 1050, 
and 1030 c m - 1 ; N M R , ô 0.98 and 1.02 (each 3H, d, 7 = 
6.5 Hz , 14- and 13-CH, or vice versa), 1.79 ( I H , s, O H ) , 1.98, 
2.04, and 2.06 (each 3H, s, 3 0 G O C H 3 ) , 4.00 (3H, br m, 3 H 
at C6 and G12), 4.69 ( I H , do d, 7 = 1 0 . 5 and 9.5 Hz , H at 
G3), and 5.11 ( I H , do do d, 7 = 1 1 . 5 , 9.5, and 5 Hz , H at 
C2). Found : G, 61.62; H , 7.65; N , 3.46%. Galcd for 
C 2 1 H 3 1 0 7 N : C, 61.59; H , 7.63; N , 3.42%. 

(ii) Compound 18 (566 mg) was treated with A c 3 0 (6 ml) 

and Py (10 ml) at room temp for 26 h. T h e mixture was 
worked up as usual to leave a foamy residue, showing a 
single spot on T L C , which was purified by chromatography 
over silica gel (25 g) . Elution with ether-benzene ( 1 : 2 ) 
afforded a crystalline substance (484 mg), which on recrystal­
lization from acetone-isopropyl ether yielded 6/?-hydroxy-
10-nitrile (22, 331 mg) , m p 171.5—173.5 °C, identical with 
an authentic sample. 

(Hi) A soln of 18 (308 mg) in Py (2 ml) was treated with 
MsCl (0.5 ml) at room temp for 47 h. T h e mixture was 
worked up as usual to leave an amorphous residue (321 mg), 
which was dissolved in collidine (6 ml) and refluxed in a 
silicon-bath kept at 190 °C for 3 h. The mixture was cooled 
and diluted with chloroform. T h e whole soln gave an amor­
phous substance after the usual work-up, showing at least 
seven spots on T L C , which were purified by chromatography 
on silica gel (15 g). Elution with benzene-ether ( 2 : 1 , 
50 ml) afforded JMO-ni t r i le (23, 42 mg) , m p 104—105 °G, 
on recrystallization from isopropyl ether. T h e other frac­
tions were not examined further. 

Dehydration of (11S)-2a,3ß,12-Triacetoxy-6ß-hyrdoxy-15-nor-
4ß,5oL-eudesmane-10ß-carbonitrile (22). A soln of 22 (4.24 
g) in Py (20 ml) was stirred with MsCl (6.5 ml) at room temp 
for 47 h. T h e mixture was worked u p as usual to leave an 
amorphous residue (5.00 g) , which was refluxed in collidine 
(60 ml) for 3 h. T h e mixture was worked up in the same 
manner as tha t for 18 to give an oily residue (4.90 g) , which 
was separated by chromatography over silica gel (100 g) . 
Eluates with benzene-ether ( 2 : 1 , 240 ml) afforded an oily 
substance (4.18 g) , which was crystallized and recrystallized 
from isopropyl ether to give ,/l5-l0-nitrile (23, 2.19 g), m p 
106—107 °C, identical with an authentic sample. T h e mother 
liquors, obtained on crystallization and recrystallization, were 
concentrated to dryness and rechromatographed over silica 
gel (80 g) . Eluates with benzene-ether ( 5 : 1 , 180 ml) gave 
a crystalline substance (0.97 g) , which on recrystallization 
from isopropyl ether yielded 23 (0.84 g) , m p 106—106.5 °C. 
Fur ther elution with benzene-ether ( 5 : 1 , 240 ml) afforded 
an oily substance (0.38 g ) , which was crystallized and recrystal­
lized from isopropyl ether to give zl6-l0-nitrile (24), m p 80.5— 
82 °C. Recrystallization from the solvent gave an analytical 
sample: m p 81—82 °C and [ a ] D - 1 8 ° ; M S , m/e 391 (M+), 
349, 331, 289, 271, 262, 244, 229, 211 (base), 202, 196, and 
184; I R , v m a x 2230, 1742, 1242, 1224, 1051, and 1033 c m - 1 ; 
N M R , ô 1.04 and 1.09 (each 3H, d, 7 = 5 . 5 and 7 Hz, 14-
and 13-CH3), 2.02, 2.05, and 2.10 (each 3H, s, 3 0 C O C H 3 ) , 
3.92 and 4.16 (each IH , do d, J= 11, 6.5 and 11, 7.5 Hz, 2H at 
C12), 4.78 ( I H , t, 7 = 9 . 5 Hz , H at C3), 5.24 ( I H , do do d, 
7 = 1 1 . 5 , 9.5, and 5 Hz , H a t C2), and 5.51 ( I H , br s, Wu= 
5 Hz , H at C6) . Found : C, 64.31; H , 7.49; N , 3.47%. 
Calcd for C 2 1 H 2 9 0 6 N : C, 64.43; H , 7.47; N, 3 .58%. 

(11S)-2oc,3ß,12-Trihydroxy-15-nor~4ß-eudesm-5-ene-10ß-carbo-
nitrile (23a) and Its 2,3,12-Trimethoxymethyl Ether (23b). 
A soln of 23 (2.53 g) in methanol (60 ml) was stirred with 
10% potassium hydroxide in methanol (60 ml) at room temp 
overnight. T h e mixture was concentrated below 40 °C, di­
luted with water (100 ml) , salted out, and extracted with 
ethyl acetate ( 4 x 250 ml) . T h e ethyl acetate soln was wash­
ed with saturated brine (4 X 50 ml) , dried, and evaporated 
to leave an amorphous substance (23a, 1.79 g) , showing a 
single spot on T L C ; N M R , ô 0.87 and 1.23 (each 3H, d, 
7 = 7 Hz , 14- and 13-CH3), 2.94 ( I H , do d, 7 = 1 0 and 8 
Hz , H at C3) , 3.58 (2H, br d, 7 = 6 . 5 Hz , 2 H at C12), 3.72 
( I H , b r m, H at C2) , and 5.58 ( I H , br s, W H = 4 H z , H at 
C6) . Compound 23a (32 mg) was treated with A c 2 0 (0.5 ml) 
in Py (0.5 ml) at room temp overnight to give 23 (38 mg) , 
m p 102—104 0 C , identical with the starting triacetate. 
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T o a stirred soin of 23a (269 mg) in dry chloroform (10 
ml) and dimethoxymethane (10 ml) , cooled at 0 °C, was 
added in portions phosphorus pentaoxide (5.7 g) during a 
period of 20 min.20) T h e mixture was poured into cold 10 
% aq sodium carbonate (400 ml) and extracted with chloro­
form. T h e chloroform extracts were washed with water, 
dried, and evaporated to leave an oily residue (362 mg) , 
showing two spots on T L G , which was separated into two 
fractions by chromatography over a lumina (Merck, s tandard, 
activity II-III, 40 g) . Elution with benzene (460 ml) afforded 
an oily substance (55 mg) , which would be the 2,3-methyl-
enedioxy-12-methoxymethyl ether but was not further ex-
mined: I R (CHG13), vm&x 2255, 1141, 1114, 1093 (shoulder), 
1040, and 917 c m - 1 ; N M R , Ô 0.87 and 1.20 (each 3H, d, 
7 = 7 and 6.5 Hz, 14- and 13-CH3), 2.94 ( I H , do d, 7 = 1 0 
and 8 Hz, H at C3), 3.37 (3H, s, O C H 3 ) , 3.45 (2H, br d, 
7 = 6 . 5 Hz, 2 H at C1 2), 3.82 ( I H , do do d, 7 = 1 2 , 8, and 
4 Hz, H at G2), and 5.59 ( I H , br s, W H = 6 H z , H at C6) . 

Eluates with benzene-ether ( 2 : 1 , 400 ml) gave 23b (235 
mg), oil; M S , m/e 3 0 4 ( M + - 3 O C H 3 ) ; IR(CHG1 3 ) , v m a x 2255, 
1150, 1105, 1039, 1030, and 915 c m - 1 ; N M R , Ô 0.87 and 
1.23 (each 3H, d, 7 = 7 and 6 Hz , 14- and 13-CH3), 3.02 
( I H , do d, 7 = 1 1 and 9 Hz , H at G3), 3.38, 3.41, and 3.46 
(each 3H, s, 3 0 G H 3 ) , 3.42 (2H, br d, 7 = 6 Hz, 2H at G12), 
3.89 ( I H , do do d, 7 = 1 2 , 9, and 4 Hz , H at C2), 4.81 (6H, 
br m, 3 0 C H 2 0 ) , and 5.57 ( I H , br s, Wn=4Hz, H at G6). 

(77S)-75-Nor-4ß-eudesm-5(70)-ene-2<x,3ß,72-triol (27), Its 
Triacetate (27a), and 2,3-Acetonide (28). (i) T o a sus­
pension of sodium metal (1 g) in refluxing dry toluene (15 
ml) was added dropwise a soln of 23 (125 mg) in dry ethanol 
(1.5 ml) and dry toluene (1.5 ml) during a period of 2 min. 
After 2 min, dry ethanol (4 ml) was again added, and the 
mixture was refluxed for 10 min and cooled. After addition 
of ethanol to decompose an excess of the sodium, the mixture 
was concentrated below 50 °G, diluted with water, salted out, 
and extracted with ethyl acetate. T h e acetate extracts were 
worked up as usual to leave 27 (79 mg) , showing a single 
spot on T L C : N M R (CDG13 at 50 °G), Ô 0.94 and 1.14 
(each 3H, d, 7 = 7 Hz, 13- and 14-GH3), 3.21 ( I H , do d, 
7 = 9 . 5 and 8 Hz, H at G3), and 3.60 (4H, br m, 3H at G2 

and C12, and O H ) . Compound 27 (79 mg) , without further 
purification, was treated with A c 2 0 (2 ml) in Py (2 ml) at 
room temp overnight. The mixture was worked up as usual 
to give an oily residue (106 mg) , which was purified by chro­
matography over silica gel (5 g) . Elution with benzene-ether 
(5 : 2) yielded 27a (83 mg) in pure state, oil and [ a ] D + 1 . 7 ° ; 
MS, m/e 306 ( M + - C 2 H 4 0 2 ) , 264, 246, 204, 203, 186, 171, 
157, 144 (base), and 143; I R (CG14), vm&x 1748, 1242, 1228, 
and 1031 c m - 1 ; N M R , ô 0.95 and 1.05 (each 3H, d, 7 = 6 . 5 
and 7 Hz, 13- and 14-CH3), 2.03 and 2.08 (3H and 6H, each 
s, 3 0 G O G H 3 ) , 3.91 and 4.11 (each I H , do d, 7 = 1 1 , 6 and 
11, 5.5 Hz , 2 H at C12), and 4.98 (2H, br m, 2 H at C2 and 
C3). Found: G, 65.27; H , 8 .41%. Calcd for G 2 0 H 3 0 O 6 : 
G, 65.55; H, 8 .25%. 

(ii) T o a suspension of sodium metal (16.1 g) in refluxing 
dry toluene (240 ml) was added dropwise a soln of 23 (1.99 
g) in dry ethanol (24 ml) and dry toluene (24 ml) during 
a period of 7 min. After 5 min, dry ethanol (64 ml) was 
again added over a period of 8 min, and the whole mixture 
was stirred under reflux for 10 min. T h e reaction mixture 
was worked up in the same manner as described above to 
yield triol (27, 1.20 g) , showing a single spot on T L G . A 
soln of the triol was immediately dissolved in a 1 : 1 mixture 
of acetone and hexane and passed through silica gel (Wakogel 
0,-23, 240 g) , which had been packed in a column with chlo­
roform and washed successively with methanol , acetone and 
hexane. Elution with acetone-hexane ( 1 : 3 ) afforded crude 

acetonide (28, 1.15 g) , which was purified twice by chro­
matography over a lumina (60 g) . Eluates with e ther-ben­
zene ( 1 : 2 ) gave 28 (1.07 g) in pure state, oil and [a ] D —54.7°; 
M S , m/e 280 (M+), 265, 222, 145, and 131 (base); I R (GG14), 
f-^ax 3390, 1380, 1371, 1229, 1152, 1089, and 1034 c m - 1 ; 
N M R , <5 0.94 and 1.14 (each 3H, d, 7 = 6 . 5 Hz , 13- and 
14-GHs), 1.46 [6H, s, (GH 3 ) 2 GO], 3.20 ( I H , t, 7 = 9 . 5 Hz, 
H at C3) , and 3.57 (3H, br m, 3 H at G2 and C1 2). 

(Hi) To a soln of rishitin acetonide2) (31, 388 mg) , obtained 
from natural rishitin (1), in dry ether (40 ml) was bubbled at 
room temp excess diborane, generated by dropwise addition of 
boron trifluoride etherate (1.2 ml) in dry diglyme (10 ml) to 
a soln of sodium borohydride (450 mg) in dry diglyme (15 
ml) , with stirring over a period of 25 min. T h e soln was 
stirred at room temp for 2 h, while the generator flask of 
diborane was allowed to stand at room temp for 1 h and 
then heated at 70—80 °G for 1 h. After removal of the 
generator and subsequent careful addition of water to decom­
pose an excess of the diborane, the whole mixture was treated 
with 3 0 % aq hydrogen peroxide (2 ml) and 3 M aq sodium 
hydroxide (2 ml) at 30—50 °C for 1 h with stirring. T h e 
mixture was cooled and extracted with ether repeatedly. 
T h e ether extracts were worked u p as usual to leave an oily 
residue (500 mg) , which was, without further purification, 
refluxed with 10% aq phosphoric acid (5 ml) in ethanol (30 
ml) for 1 h. T h e reaction mixture was concentrated and 
extracted with ethyl acetate. T h e acetate extracts were 
worked up as usual to leave an oily residue (320 mg) , showing 
two spots on T L G . A part (230 mg) of the residue was 
treated with A c 2 0 (3 ml) in Py (6 ml) at room temp for 
8 h to give oily materials, showing two spots on T L G , which 
were separated into two fractions by chromatography over 
silica gel (15 g) with benzene-ether (5 : 1). T h e less polar 
fraction (140 mg) was found to be identical with the diace-
tylrishitin2) by comparison with an authentic sample. T h e 
more polar fraction (83 mg) , oil, was identical with the triace­
tate (27a), derived from 23, described above (TLG, Mass, 
IR , and N M R ) . 

( 77 S ; -15-Nor-4ß-eudesm-5( 70) -ene-2a,3ß, 72-triol 2,3-Acetonide 
72-Methyl Ether (30) and Rishitin Acetonide (31). (i) Com­
pound 28 ( 1.00 g) was treated with /»-toluenesulfonyl 
chloride (1.03 g) in Py (10 ml) at room temp for 2 0 h . T h e 
soln was poured into ice-water (400 ml) , salted out, and ex­
tracted with ether (4 x 200 ml) . T h e ether extracts were 
worked up as usual to leave 12-tosylate (28a, 1.52 g) , oil and 
[a ] D - 5 . 8 ° ; I R (GC14), *>max 1600, 1377, 1371, 1229, 1189, 
1180, 1100, 1087, 1044, 1032, 970, 842, and 815 cm" 1 ; N M R , 
ô 0.91 and 1.06 (each 3H, d, 7 = 6 and 6.5 Hz , 13- and 14-
CH 3 ) , 1.45 [6H, s, (CH 3 ) 2 CO] , 2.44 (3H, s, C H 3 C 6 H 4 S 0 2 ) , 
3.18 ( I H , t, 7 = 9 Hz , H at G3), 3.51 ( I H , m, H at C2) , 3.89 
and 3.97 (each I H , do ABq, 7 = 5 and 9.5 Hz , 2 H at G12), 
7.30 and 7.75 (each 2H, d, 7 = 8 Hz, C H 3 C 6 H 4 S 0 2 ) . 

(11) A soln of 12-tosylate (28a, 1.49 g) in acetone (80 ml) 
was stirred with sodium iodide (8 g) under reflux for 22 h. 
T h e mixture was evaporated and extracted with ether (100 ml) . 
T h e ether extracts were washed with 5 % aq sodium thio-
sulfate (yellow color disappeared) and saturated brine, dried, 
and evaporated to leave 12-iodide (29, 1.26 g) , showing a 
single spot, oil, which crystallized on cooling at —15 °C, and 
had m p 58—61 °G and [a ] D - 2 8 . 5 ° ; M S , m/e 390 (M+), 
375, 332, 315, 263, 262, 247, 205, 187, 163, 145, and 131; 
I R (CG14), »>max 1380, 1371, 1230, and 1098 c m - 1 ; N M R , 
ô 0.99 and 1.15 (each 3H, d, 7 = 6 and 6.5 Hz , 13- and 14-
GH 3 ) , 1.45 [6H, s, (CH 3 ) 2 CO] , 3.25 (3H, br m, 3H at C 3 

and G12), and 3.59 ( I H , do t, 7 = 7 , 9, and 9 Hz , H at C2) . 
(Hi) 12-Iodide (29, 1.21 g) was refluxed with 5 % potas­

sium hydroxide in methanol (100 ml) for 2.5 h under nitrogen. 
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T h e mixture was worked u p as usual to leave an oily residue 
(0.82 g) , showing two spots on T L G , which was separated 
into two fractions by chromatography over alumina (60 g). 
Elution with hexane-benzene (1 : 1, 50 ml) afforded 31 (0.57 
g) , oil and [ a ] D - 7 1 . 7 ° ( E t O H ) ; M S , m/e 262 (M+), 247, 
205, 204, 203, 187, and 131 (base); I R (liquid), v m a x 3080, 
1643, 1378, 1370, 1229, 1100, 1083, 1042, and 888 c m - 1 ; 
N M R , Ô 1.14 (3H, d, 7 = 6 . 5 Hz, 14-CH„), 1.44 [6H, s, 
(CH 3 ) 2 CO] , 1.72 (3H, s, 13-CH3), 3.20 ( I H , t, 7 = 9 Hz, H 
at G3), 3.58 ( I H , do t, 7 = 7 , 9, and 9 Hz, H at G a), 4.63 
and 4.74 (each I H , br s, W H = 4 H z , 2 H at C12). This was 
identical with an authentic sample derived from natural 
rishitin. Fur ther elution with hexane-benzene ( 1 : 1 , 100 
ml) gave 30 (0.13 g) , oil and [ a ] D - 4 3 . 1 ° ; M S , m/e 294 
(M+), 279, 236, and 131 (base); I R (liquid), *>max 1378, 1371, 
1105, and 1088 c m - 1 ; N M R , «5 0.92 and 1.14 (each 3H, d, 
7 = 6 and 6.5 Hz , 13- and 14-CH3), 1.45 [6H, s, (CH 3) 2-
G O ] , 3.32 (3H, s, O C H 3 ) , and 3.41 (4H, br m, 4 H at G2, 
C3 and C12). 

Rishitin (1) and Its Diacetate (la). A soin of 31 (96 
mg) in ethanol (24 ml) was stirred with 10% aq phosphoric 
acid ( 1.2 ml) under reflux for 1 h. After being worked up 
as usual, the soin gave an oily residue (84 mg) , which was 
purified by chromatography over silica gel (9 g) . Eluates 
with ether afforded an oily substance (1 , 63 mg) , which was 
further purified by distillation at 100—115°G (bath temp) 
under reduced pressure (1 Torr) to yield crystalline rishitin 
(1), m p 58—60 °G and [ a ] D - 3 0 . 4 ° (E tOH) (lit,2) m p 6 5 — 
67 °G and [ a ] D - 3 5 . 1 ° ) ; M S , m/e 222 (M+), 204, and 189; 
I R (CC14), * w 3 3 7 0 , 3080, 1642, 1075, 1039, 1017, and 890 
c m - 1 ; N M R , Ô 1.14 (3H, d, 7 = 6 . 5 Hz, 14-GH3), 1.75 (3H, 
s, 13-GH,), 3.18 ( I H , t, 7 = 9 Hz, H at G3), 3.63 ( I H , br do 
d, 7 = 9 and 7 Hz , H at G2), 4.64 and 4.74 (each I H , br s, 
t f H = 4 H z , 2 H at G12). T h e synthetic rishitin (33 mg) was 
treated with A c 2 0 ( 1 ml) and Py ( 1 ml) at room temp over­
night. T h e mixture, after being worked up as usual, gave 
an oily substance, which was crystallized and recrystallized 
from hexane to give the diacetate ( l a , 15 mg) , m p 66—68 °G 
and [«]„ - 1 4 . 1 ° (E tOH) (lit,2) m p 70—71 °C and [a] D 

- 1 4 . 1 ° ) ; Mass, m/e 246 ( M + - G 2 H 4 0 2 ) , 204, 186, and 171; 
I R (CC14), * w 3 0 7 0 , 1749, 1642, 1242, 1225, 1030, and 
890 c m - 1 ; N M R , ô 1.06 (3H, d, 7 = 6 . 5 Hz , 14-GH3), 1.75 
(3H, s, 13-GH3), 2.03 and 2.08 (each 3H, 2 0 C O G H 3 ) , 4.64 
and 4.74 (each 1H, br s, Wn=4 Hz , 2 H at G12), and 4.98 
(2H, br m, 2 H at G2 and G3). These synthetic rishitin and 
diacetylrishitin were identical with the corresponding authentic 
specimens of natural rishitin (1) and its diacetate ( l a ) in all 
respects, respectively. 
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The isolation and structure elucidation of lubimin (3) and oxylubimin (4), stress metabolites from diseased 
white potato tubers, are described. 

In continuing studies on phytoalexins produced by 
diseased potato tubers, we have isolated several new 
sesquiterpenes besides rishitin2) (1) and rishitinol3) (2) 
from white potato tubers {Solanum tuberlosum X S. demissum, 
"Rishiri") infected by an incompatible race of Phytoph-
thora infestans. O n the other hand, in 1971 Metlitskii 
and coworkers4) reported the isolation of an antifungal 
metabolite, qualified as phytoalexin and designated as 
lubimin4a) (3), along with rishitin (1) from white potato 
tubers {S. tuberlosum, "Lubimets") stressed with various 
pathogens. They presumed the metabolite to be ses­
quiterpene aldehyde and proposed formula 3 ' on the 
basis of the spectral data.4b) One of our new sesquiter­
penes could immediately be identified as the Metlitskii 
lubimin, and one of the other sesquiterpenes was des­
ignated as oxylubimin (4). We recently reported in 
preliminary communications5) that lubimin is represen­
ted more favorably by formula 3 rather than the pro­
posed formula (3'),4b) and oxylubimin correctly by for­
mula 4. The same structures and configurations for 
these stress metabolites have recently been reported in­
dependently by Stoessl and coworkers.6) 

<cço„ 
CHO 

1 R = H 
la R = C0CcH5 

3 R = H 
3a R = Ac RO 

Lubimin. Planar Structure. Lubimin (3), colorless 
oil and [ a ] D + 3 6 ° , had the molecular formula C 1 5 H 2 4 0 2 

and gave the monoacetate (3a), oil and [a]D + 3 5 ° . 
These compounds exhibited the following spectra: 
3, MS, mje 236 (M+); IR , *m a x 3410, 3085, 2740, 1715, 
1640, and 890 cm- 1 ; N M R , «5 0.94 (3H, d, 7 = 7 Hz) , 
1.68 (3H, s), 3.65 ( I H , m, W H = 2 5 Hz) , 4.65 (2H, s), 
and 9.74 ( IH , d, 7 = 3 H z ) : 3a, MS , mje 278 (M+) ; 
IR, vm a s 2715, 1735, 1720, 1640, 1238, and 888 cm" 1 ; 

N M R , Ô 1.69 (3H, s) and 4.70 ( IH , m, Wn=25Hz). 
These spectral data were indistinguishable from the cor­
responding data reported by Metlitskii and coworkers415) 
and indicated that the following structural units are 
involved in the molecule, as had been pointed out by 
them;4b) - ( G H 3 ) C H - , -C(CH 3 )=CH 2 , - C H ( O H ) - , and 
- C H O . 

Reduction of lubimin (3) with sodium borohydride 
in ethanol afforded unsaturated glycol, dihydrolubimin7) 
(5), m p 129—130 °C; mje 238 (M+); <5 3.28 ( IH , t, J= 
10 Hz) and 3.90 ( IH , do d, 7 = 1 0 and 2.5 Hz) , which 
formed the diacetate (5a), oil; rm a x 1743 and 1238 cm- 1 ; 
Ô 2.04 and 2.07 (each 3H, s) 3.83 and 4.36 (each I H , 
doABq , 7 = 1 1 , 8 and 11, 4 Hz) , and 4.69 ( IH , br m, 
14^ = 25 Hz) . Compound 5, when hydrogenated over 
Adams plat inum in ethanol, gave saturated glycol, tetra-
hydrolubimin (6), mp 145—147 °C; mje 240; vmax 1387 
and 1372 c m - 1 ; ô 0.86 (9H, d, 7 = 7 Hz) . All these 
spectra confirmed the presence of the four groupings in 
bicyclic lubimin. 

,CH20R' 

5 R = H 
5a R = Ac 

6 R = R' = H 
6a R = H,R' = COC6H4Br 
6b R = H,R' = S02C6H4Br 

Treatment of tetrahydrolubimin (6) with/»-bromoben-
zoyl chloride (one mole) and pyridine resulted in raono-
benzoylation, giving the mono-p-bromobenzoate (6a), 
mp 106—108 °C; IR, vmax 3400, 1718, 1594, and 847 
c m - 1 ; N M R , ô 3.64 ( I H , br m, Wn=25 Hz) , 3.99 and 
4.46 (each IH , do ABq, 7 = 1 1 , 10 and 11, 2 Hz) . 
Likewise, compound 6, when treated with /»-bromo-
benzenesulfonyl chloride (2 mole) and pyridine, under­
went monobrosylation to give the monobrosylate (6b), 
oil; IR , *m a x 3400, 1372, and 1183 cm" 1 ; N M R , ô 3.64 
( IH , br m, W H = 2 5 H z ) , 3.70 and 4.15 (each IH , do 
ABq, 7 = 11, 8 and 11, 4 Hz) . T h e N M R spectra re­
vealed that the primary hydroxyl group, formed by 
reduction of the formyl group, was acylated but the 
secondary hydroxyl remained unchanged in each of the 
compounds (6a and 6b) . Oxidation of the benzoate 
(6a) with chromium(VI) oxide produced oxo-benzoate 
(7), mp 71—73 °C; MS, mje 220 ( M + - B r C 6 H 4 C 0 2 H ) 
and 177 ; IR , i>max 1720 and 1705 cm" 1 (sh). Treatment 
of the ketone (7) with sodium deuteroxide in a mixture 
of dioxane and deuterium oxide effected deuteration of 
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two methylene groups adjacent to the carbonyl group 
with concomitant hydrolysis to yield the ^-derivat ive 
(8), G 1 5 H 2 1 D 5 0 2 ; MS, m\e 243; IR , vm a x 1705 cm-*. 
This result elucidated that a moiety - C H 2 C H ( O H ) G H 2 -
would be included in a six- or seven-membered ring but 
not in a five-membered ring. O n the other hand, the 
monobrosylate (6b), on treatment with potassium t-
butoxide in /-butyl alcohol, was converted into oxolane 
(9), oil. In accordance with the assigned structure, 
compound 9 exhibited parent and fragmentation peaks 
at mje 222 and 179 in the mass spectrum and absorption 
maxima at 1105 and 912 cm-1,8* and at Ô 0.87, 0.89, 
and 1.10 (each 3H, d, J=7—7.5 Hz) , 3.49 and 3.78 
(each 1H, do ABq, J=\0, 4.5 and 10, 0 Hz) , and 4.19 
(1H, narrow m, ^ = 1 0 Hz) . These results revealed 

.CHzOCOC6H4Br 

Run 

the presence of a moiety - C H 2 C H ( O H ) C H 2 C H ( C H O ) ^ 
in lubimin (3), implying that the proposed structure 
(3') should be revised. 

The 13G N M R spectra of diacetyldihydrolubimin 
(5a) were then obtained at 25.2 M H z under proton 
noise decoupled and single-frequency off-resonance de­
coupled conditions, and each signal was assigned, as 
summarized in Table 1, on the basis of the multiplicity 
and chemical shift.9> As shown in Table 1, compound 
5a contained a quaternary carbon at ô 46.710) besides 
those of the isopropenyl and two acetoxyl groups, again 
excluding the proposed structure (3'). I t is noted that 
the carbon in question would evidently be of spiro type 

T A B L E 1. T H E 13G N M R SPECJTRA OF DIHYDROLUBIMIN 

( 5 ) , ITS DIAOETATE ( 5 a ) , AND 

TRIACJETYLDIHYDROOXYLUBIMIN ( H a ) 

D. .D 

Compound 

Carbon 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

no. 

5 

Chemical shift 

4 8 . 3 

6 9 . 6 

4 0 . 4 

40 .7 or 4 0 . 9 

4 6 . 4 

32 .6 

47 .1 

36 .6 

25 .3 

4 0 . 9 or 40 .7 

147.5 

107.8 

21 .2 

16.1 

63 .9 

5a H a 

{Ô, CDC13 , 100 MHz) 

4 0 . 5 

72.1 

36 .8 

4 0 . 9 or 4 4 . 8 

46 .7 

32 .6 

47 .3 

33 .0 

25 .2 

4 4 . 8 or 4 0 . 9 

147.9 

108.8 

21 .0 

16.6 

66 .3 

41 .1 

73.7 

75 .5 

4 5 . 8 or 47 .3 

48 .0 

31 .4 

47 .3 or 45 .8 

32 .9 

26.1 

4 5 . 8 or 47 .3 

147.4 

109.2 

21 .0 

11.4 

65.7 

T A B L E 2. T H E N M R SPEOTRUM OF LUBIMIN (3) IN T H E PRESENCE OF T H E EUROPIUM SHIFT REAGENT 

Eu(fod)3 (CC14, 100 MHz) AND SPIN-DECOUPLING RESULTS 

Mole ratio 
3 : Eu(fod)3 

Irradiated 
proton (ô, Hz) 

Observed proton (ô) 
Multiplicity change and decoupled splitting (Hz) 

(H a a t C15) 

(H b at C * 

1 

2a 
b 

3a 
b 

4a 
b 

5a 
b 

6a 
b 

7 
8a 
b 

9a 
b 

10a 
b 

11 
12 

11.13 
4.24 

7.30 

10.36 

6.05 

3.38 

1.90 
3.82 

3.20 

2.30 

4.54 
2.50 

•lo; 

(Hc at GO 

(Hd at C,) 

(He at C.) 

(H, at C4) 

(Hg at C14) 
(Hh at C.) 

(H! at G6) 

(Hj at C7) 

(H f a t C4) 

(H g at C14) 

4 . 2 4 

11.13 

7 .30 

4 . 2 4 

10.36 

7 .30 

6 .05 

10.36 

« 3 . 4 

6 .05 

1.90 

« 3 . 4 

« 3 . 2 

« 2 . 3 

3 .82 

« 2 . 3 

3 .82 

« 3 . 2 

2 .50 

4 . 5 4 

(Hb) 

(Ha) 
(H c) 

(Hb) 

(Hd) 

(He) 

(H e) 

(Hd) 

(Hf) 

(He) 

(Hg) 

(H f) 

(Hi) 

(Hj) 

(H h ) 

(Hi) 

(Hh) 

(HO 
(Hg) 

(H f) 

br t 

d 

br t 

br t 

m (W H = 25) 

br t 

br t 

m (WH = 25) 

ch? 

br t 

d 

ch? 

ch 

ch 

do d 

ch 

do d 

ch 

d 

br m 

t (2.5) 

s (2.5) 

br s 

br s (8 and 8) 

m (WH = 20) 

br d 

br d 

m (WH = 20) 

br s 

s (7) 

d (13) 

d (7) 

s (7) 
b r d ( y = l l ) (7) 
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Fig. 1. The NMR spectrum of lubimin (3) in the presence of the shift reagent 
Eu(fod)3 (CC14, 100 MHz, and the reagent: 3 = 1 : 2). 

owing to the absence of a methyl group attached to 
the quaternary carbon atom. 

The whole structure of lubimin (3) was finally deduced 
from spin-decoupling studies of its N M R spectra of 
lubimin (3) in the presence of shift reagent Eu(fod)3 .n) 
While the ring methylene and methine protons over­
lapped each other and appeared as a broad multiplet 
without the shift reagent, addition of 0.25—1.0 mole of 
Eu(fod)3 per mole of the compound caused down-field 
shifts of all the signals. T h e down-field shifts were 
approximately linear with respect to concentration of 
the reagent and resulted in separation of most of the 
protons in question, as exemplified by Fig. 1. Decoupl­
ing studies were carried out on the europium-shifted 
spectra (the reagent : lubimin = 1 : 2 and 1 : 1), the 
result being summarized in Table 2. In the spectrum 
(the reagent : lubimin = 1 : 2, Fig. 1), signals centered 
at <5 11.13, 10.36, and 1.90 were readily assignable to 
the protons due to formyl, hydroxy-methine, and secon­
dary methyl groups, respectively. Irradiation at ô 11.13 
(CHO) collapsed a broad triplet at ô 4.24 [ G H ( C H O ) ] 
to a sharp triplet (run 1). Conversely, by irradiation 
at ô 4.24, the doublet (j= 2.5 Hz) at «5 11.13 and a 
broad triplet at ô 7.30 [ C H 2 C H ( C H O ) ] were simplified 
to a sharp singlet and a broad singlet, respectively (run 
2). Further irradiation at <5 7.30 decoupled the broad 
triplet signal at ô 4.24 to a broad singlet and also nar­
rowed a broad multiplet at ô 10.36 [ C H ( O H ) C H 2 C H -
(CHO)] slightly but definitely (run 3). Similar change 
of the signal at ô 10.36 was also observed on irradiation 
at ô 6.05 [ C H 2 C H ( O H ) C H 2 C H ( G H O ) ] , which simul­
taneously caused change of a signal pat tern near ô 3.4 
[ C H C H 2 C H ( O H ) C H 2 C H ( C H O ) ] (run 5). Inver­
sely, irradiation at ô 3.38 collapsed the broad triplet at 
ô 6.05 to a broad singlet and also decoupled a doublet 
at ô 1.90 [CH(CH 3 ) ] to a singlet (run 6), indicating 
the presence of a moiety - ( C H 3 ) C H C H 2 C H ( O H ) C H 2 -
C H ( C H O ) - . Fortunately, the methine protone (ô 
3.38) adjacent to the methyl group appeared separately 
as a broad multiplet at ô 4.54 in the spectrum containing 
an equimolar shift reagent Eu(fod)3 . This multiplet 

signal was simplified to a broad doublet (J= 11 Hz) by 
irradiation at <5 2.50, a center of a doublet due to the 
methyl protons (run 12). In view of the decoupling 
behaviors of the signals due to two relevant methine 
protons adjacent to the methyl and formyl groups (runs 
12, 1, and 3a) as well as the presence of a quaternary 
carbon atom of spiro type, the quaternary carbon in 
question must be flanked by these two methine carbon 
atoms. Hence lubimin is represented either by (planar) 
formula 10a or 10b. 

10a R = H, 6-isopropenyl 
10b R = H, 7-isopropenyl 
10c R = 0H, 7-isopropenyl 

In the N M R spectrum shown in Fig. 1, a clearly 
separated signal centered at ô 3.82 must be a methine 
or one of a methylene protons in a five-membered ring. 
The multiplicity ( d o d , y = 1 3 and 7 Hz) revealed that 
the proton would probably be coupled to only two pro­
tons, one being a geminal proton and another a proton 
on the adjacent carbon atom. In fact, irradiation at 
ô 3.20 and 2.30 decoupled the signal to two doublets 
with coupling constants of 7 and 13 Hz, respectively. 
Thus the proton in question (ô 3.82) must be one of 
the methylene protons at C6. T h e remarkable europi­
um-induced down-field shift of this proton, as compared 
with the other five-membered ring protons, suggested 
that the proton would be disposed in the neighborhood 
of the formyl group. This result was not compatible 
with formula 10a but only with formula 10b. O n the 
analogy of the structure and configuration of oxylubimin 
(4) described later, lubimin is represented most favora­
bly by the stereostructure 3, because the three subs-
tituents, formyl, hydroxyl, and methyl groups at C10, 
C2, and C4 in the A ring would evidently be oriented 
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equatorial. 
Oxylubimin. Planar Structure. The titled com­

pound (4), m p 85—86 °G and [a]D + 2 7 ° , had the mole­
cular formula G 1 5 H 2 4 0 3 and gave the diacetate (4a), 
oil and [a]D + 2 2 ° . Reduction of oxylubimin (4) with 
sodium borohydride afforded unsaturated triol, dihydro-
oxylubimin (11), m p 170—171 °C, which formed the 
triacetate (11a), oil, and, on hydrogénation over Adams 
platinum, yielded saturated triol, tetrahydrooxylubimin 
(12), m p 163—165 °C. Likewise, the diacetate (4a) 
was reduced with sodium borohydride to give diacetyl-
dihydrooxylubimin ( l i b ) , oil, which was converted into 
the triacetate (11a). The I R and N M R spectra of 
these compounds indicated that oxylubimin (4) con­
tained the following structural units: - G H ( G H 3 ) - [4 
and l i b , Ô 1.08 and 0.89 (each 3H, d, 7 = 7 Hz)] : - C H -
( C H O ) - [4, vmax 2715 and 1715 cm- 1 , «5 2.38 ( IH , do 
do d, 7 = 1 0 , 4, and 2.5 Hz) and 9.80 ( IH , d, 7 = 2 . 5 
H z ) ; l i b , vm a x 3460 cm- 1 , «5 3.34 and 3.92 (each IH , 
do ABq, 7 = 1 1 , 8 and 11, 3 H z ) ] : - C H ( C H 3 ) = C H 2 

[4> "m., 1645 and 895 cm- 1 , Ô 1.72 (3H, s) and 4.75 
(2H, br s ) ; l i b , vmax 1643 and 885 cm- 1 , ô 1.73 (3H, 
s) and 4.68 (2H, br s) ; 12, *m a x 1388 and 1372 c m - 1 ] : 
- C H ( O H ) C H ( O H ) - [4, positive to the H I 0 4 test,12) 
vmax 3560, 3300, and 3080 cm- 1 , ô 3.01 ( IH , t, 7 = 
10 Hz) , 3.48 ( IH , br t, 7 = 1 0 Hz, WH=20Hz), and 
3.90 (2H, br s, disappeared on addition of D 2 0 ) ; 
l l b > Vax 3460, 1745, and 1250 cm- 1 , ô 2.00, 2.04 
(each 3H, s), and 4.76 (2H, m) . 

These results and the spin-decoupling studies on the 
N M R spectra of oxylubimin (4) in the absence and 
also in the presence of the shift reagent Eu(fod)3 , the 
results being summarized in Table 3, elucidated the 
presence of a moiety «(quaternary c a r b o n ) - C H ( C H 3 ) -
C H ( O H ) - C H ( O H ) - C H 2 - C H ( C H O ) - H and hence ox­
ylubimin (4) could be regarded as a 3/?-hydroxyl deriva-

11 R = R = H 
11a R = R'=Ac 
lib R = Ac, R'=H 
lie R = COC6H5, R' = H 

12 R = H 
12a R = S02C6H4Br 

,CH20Ac 

13 

tive of lubimin (3). In good accord with this presump­
tion, triacetyldihydrooxylubimin ( H a ) exhibited the 13C 
N M R spectra (Table 1) closely similar to that of diacetyl-
dihydrolubimin (5a), apart from a signal due to the 
3-carbon atom, in which a quaternary carbon of spiro 
type was observed as a singlet peak at ô 48.0. More­
over, oxidation of triacetate ( H a ) by the Lemieux-
Johnson procedure13) gave methyl ketone (13), oil, which 
displayed a three-proton singlet and a broad one-proton 
peak (PKH=25 Hz) due to the acetyl and acetyl-methine 
protons at ô 2.16 and 2.83 in the N M R spectrum. 
T h e wide half-width of the methine proton signal in­
dicated that the acetyl group, derived from the isopro-
penyl group in oxylubimin (4), would not be located 
on the carbon atom adjacent to the spiro-carbon. 
Hence oxylubimin must be represented by (planar) for­
mula 10c. 

Stereochemistry. The four substituents in the A ring 

Fig. 2. The NMR spectrum of hydroxyoxolane (14) in the presence of the shift reagent 
Eu(dpm)3 (GG14, 100 MHz, and the reagent: 14 = 0.8 : 1). 
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TABLE 3. T H E NMR SPECITRA OF OXYLUBIMIN (4) IN THE ABSENCE [A] AND IN THE PRESENCE 

OF THE SHIFT REAGENT E u ( f o d ) 3 [B] AND SPIN-DECOUPLING RESULTS 

Irradiated proton (ô, Hz) Observed proton (ô) 
Multiplicity change and decoupled splitting (Hz) 

[A] (CC14, 100 MHz) 
9.80 (Ha) CH(CHO) (d, 7 = 2 . 5 ) 
2.38 (Hb) GH(CHO) (do do d, 7 = 1 0 , 4, and 2.5) 
1.76 (Hc) H (ax) at Cx (not clearly obsd) 

2.08 (Hd) H (eq) at Ci (not clearly obsd) 

3.48 (He) CH(OH) at G2 (br t, 7=10) 
3.01 (Hf) CH(OH) at C3 (t, y =10) 
1.60 (Hg) CH(CH3) (not clearly obsd) 

2.38 (Hb) 
9.80 (Ha) 
2.38 (Hb) 
3.48 (He) 

2.38 (Hb) 
3.48 (He) 
3.01 (Hf) 

3.48 (He) 
3.01 (Hf) 
1.08 (CH,) 

11.38 (Hc) 
10.77 (Hd) 
8.86 (Hb) 
10.77 (Hd) 
8.86 (Hb) 

11.38 (Hc) 
5.68 (GH3) 
11.20 (Hg) 

do t 
d 
do do 
br t 
ch 

br t 
t 
br t 
t 
d 

br q 
br d 
br d 
br d 

br d 
ch 

d 
br m 

-• do d (2.5) 
-* s (2.5) 
-> br s (10) 
-* br d (10) 

-> t (small) 
-> d (10) 
-* br d (10) 
-• d (10) 

- s (7) 

[B] (CG14, 100 MHz; the shift reagent: 4 = 1 : 1] 
8.86 (Hb) GH(CHO) (br d, 7=10) 

11.38 (Hc) H (ax) at Ct (br q, J « 10) 

10.77 (Hd) H (eq) at G, (br d, J =12) 

11.20 (Hg) CH(CH3) (br m) 
5.68 (CH,) (d, 7 = 7 ) 

do t (10) 
do d (small) 
br s (10) 
br s (12) 
d (small) 

s (7) 
d (7=10) (7) 

C =0 

of oxylubimin (4) were presumed to be all equatorial 
on the basis of the magnitudes of the vicinal coupling 
constants for each of the methine, methylene, and hydro-
xy-methine protons (7b>c , 7 b i d , JeiC, / „ , d , Jett, and Jttg 

= 10, 4, 10, small, 10, and 10 Hz) , estimated from the 
data in Table 3. Since the A ring would probably 
adopt a chair conformation, the relative configurations 
of the four substituents at C10, C2, C3, and C4 must be 
eis, trans, and trans, respectively. Moreover, the trans-
diequatorial disposition between the G3-hydroxyl and 
G4-methyl groups was also deduced from the 13G N M R 
specrum of triacetyldihydrooxylubimin ( H a ) , in which 
the 14-methyl carbon atom was observed at a higher 
field (ô 11.4) as compared with the corresponding carbon 
(ô 16.6) in diacetyldihydrolubimin (5a). This high-
field shift of the methyl carbon atom could be explained 
well as a neighboring effect due to the diequatorially-
oriented acetoxyl group at C3.14) T h e absolute con­
figurations of these substituents were decided by applica­
tion of "exciton chirality method"1 5) to dibenzoyldihy-
drooxylubimin ( H e ) , mp 58—59 °C. This dibenzoate 
was obtained by benzoylation of oxylubimin followed 
by sodium borohydride reduction and exhibited a char­
acteristic split curve in the CD spectrum (ethanol) ; 
Ae - 1 9 . 2 (235 nm) and + 5 . 9 (219) [cf., rishitin diben­
zoate, Ae - 1 7 . 6 (235 nm) and + 6 . 1 (218)].16) T h e 
negative sign of the first splitting effect indicated a 
left-hand helix for the vicinal dibenzoate moiety, lead­

ing to assignment of a-, a-, ß-, and a-configurations to the 
four substituents at G10, C2, C3, and C4 in the A ring. 

Tetrahydrooxylubimin (12), when treated with p-
bromobenzenesulfonyl chloride, underwent partial bro-
sylation to give monobrosylate (12a), mp 98—100 °C, 
which on treatment with potassium f-butoxide in /-butyl 
alcohol at 0 °C for 30 min yielded hydroxyoxolane (14), 
oil. The mass [mje 238 (M+) and 220] and I R spectra 
(vmKX 3420, 1390, 1372, 1079, and 1010 cm-1) were con­
sistent with the assigned structure, and the N M R spec­
t rum [Ô 0.88 (6H, d, 7 ^ 6 . 5 Hz, 12- and 13-CH3), 1.06 
(3H, d, 7 = 8 Hz, 14-CH8), 1.90 ( IH , t, 7 - 4 . 5 Hz, ß-H 
at C10), 2.36 ( IH , d, 7 = 1 2 Hz, ß-H at C ^ , 3.66 ( I H , 
do d, 7 = 8 and 4.5 Hz, a-H at C15), 3.78 ( IH , d, 7 = 5 
Hz, o-H at C3), 3.87 ( IH , d, 7 = 8 Hz, > H at C15), 
and 4.18 ( I H , t, 7 = 5 Hz, ß-H at G2)] , indicated the 
A ring to take a slightly deformed chair-form with the 
four substituents at C10, C2, G3, and C4 all axial; Jiß,ia, 

Jlß,2ß, Jla,2ß, Jiß,3a, Jsa,iß, Jl0ß,lß, Jl0ß,la, Jioß ,15a, 

Jioß.ub, a n d 7i 5 a ,nb=12, 0, 5, 5, 0, 0, 4.5, 4.5, 0, and 
8 Hz, respectively (see formula 14). Addition of 0.8 
mol equiv of the shift reagent Eu(dpm) 3 effected com­
plete separation of the N M R signals due to individual 
protons which were correlated to the respective signals 
by spin-decoupling studies (Fig. 2). As expected, most 
of the protons on the B ring were observed at higher 
fields (below ô 7.00) as compared with those on the A 
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T A B L E 4. T H E N M R SPEOTRUM OF HYDROXYOXOLANE (14) IN T H E PRESENCE OF THE SHIFT REAGENT 

Eu (dpm) 3 (CC14, 100 M H z ; T H E REAGENT; 14 = 0 . 8 : 1) AND SPIN-DEQOUPLING RESULTS 

Irradiated proton (<5, Hz) Observed proton (ô) 
Multiplicity change and decoupled splitting (Hz) 

9 .34 (HA) (do d, y = 1 3 and 8) 

6 .08 (HB) (do d, y = 1 3 and 9) 

4 . 69 (H c ) (sex, y « 8 ) 

3 .23 (HD) (m) 

d (13); 4 .69 (H c ) sex • 

d (13); 4 .69 (H0) sex -

d (8) ; 6 .08 (HB) do d 

6 .08 (HB) do d -

9 .34 (HA) do d -

9 .34 (HA) do d -

3 .23 (HD) ch 

4 .69 (Ho) sex > qui (8) ; 

2 .05 and 1.96 (11- and 12-GH,) each d 

-> qui (8) 

-* qui (9) 

- > d (9); 

s (6.5) 

r i ng . O n l y o n e e x c e p t i o n a l s ignal a t a l o w field, ô 9 .34 , 
w a s r e a s o n a b l y ass igned to t h e /?-proton a t C 6 ( H A ) , 
b e c a u s e t h e 6 - c a r b o n a t o m w a s d isposed 1,3-diaxial t o 
t h e 3/5-hydroxy 1 g roup . 1 7 ) S p i n - d e c o u p l i n g s tudies 
( T a b l e 4) con f i rmed t h a t t h e r e l e v a n t p r o t o n ( H A ) a n d 
t h e i sop ropy l g r o u p w e r e l o c a t e d o n t h e v ic ina l c a r b o n 
a t o m s , e s t ab l i sh ing t h e re la t ive d ispos i t ion of t h e iso-
p r o p e n y l g r o u p to t h e A r i n g in o x y l u b i m i n (4) . 
U n f o r t u n a t e l y , n o a s s ignmen t s cou ld b e m a d e to t h e 
con f igu ra t i on of t h e i sop ropy l g r o u p f rom t h e c o u p l i n g 
c o n s t a n t s (JA,C a n d JBC=S a n d 9 H z ) . H o w e v e r , in 
v i ew of t h e a b s o l u t e con f igu ra t i on ( R ) of t h e 7 - c a r b o n 
a t o m in n a t u r a l l y o c c u r r i n g vet isp i ranes , 1 8 ) o x y l u b i m i n 
m u s t b e r e p r e s e n t e d co r rec t ly b y f o r m u l a 4 . R e c e n t l y , 
Stoessl a n d coworkers615) c o m p l e t e l y def ined t h e r e l a t ive 
c o n f i g r u a t i o n of t h e w h o l e m o l e c u l e of o x y l u b i m i n o n 
t h e basis of t h e X - r a y c r y s t a l l o g r a p h y . T h e p r e s e n t 
resu l t l eads to t h e s a m e conc lus ion a n d also invloves 
decis ion of t h e a b s o l u t e cof igura t ion . 

14 

Exper imenta l 

All the melting points were uncorrected. T h e purity of 
each compound was always checked by T L C over silica gel 
(Wakogel B-5 or Merck GF-254) with various solvent systems, 
and the spots were developed with cer ium(IV) sulfate in 
dil sulfuric acid, iodine, vanilin-sulfuric acid and/or the 
Ehrlich reagent. T h e vanilin-sulfuric reagent was prepared 
by dissolving vanilin (250 mg) in coned sulfuric acid (100 ml) , 
and the Ehrlich reagent by dissolving /»-dimethylamino-
benzaldehyde (100 mg) in acetone (9 ml) and coned hydro­
chloric acid (1 ml) . T h e optical rotations, U V , and I R 
spectra were measured in 9 5 % ethanol, in 9 5 % ethanol, 
and in liquid state (oil) or in Nujol (crystals), respectively, 
unless otherwise stated. T h e N M R spectra were obtained 
in chloroform-^, unless otherwise stated, at 100 M H z , tetra-
methylsilane being used as an internal reference. T h e 
abbreviations "s , d, t, q, qui, sex, m, br, do, ch, and sh" 
in the spectral da ta denote "singlet, doublet, triplet, quartet , 
quintet, sextet, multiplet, broad, double, changed, and 
shoulder," respectively. T h e preparative T L C was carried 
out over silica gel (Merck GF-254), and the column chro­
matography over silica gel (Mallinckrodt AR-100) or a lumina 
(Merck Active I, neutral) . 

Isolation of Lubimin (3), Oxylubimin (4), and LubiminoP) (5). 
T h e fraction E (4.8 g) , yellow oil, described in the section 
of "Isolation of rishitin,"1) was dissolved again in ether 
and shaken with 10% aq sodium carbonate to remove acidic 
components. T h e ether soin was washed with 0.1 M hydro­
chloric acid and water, dried, and evaporated to leave neutral 
substances (3.8 g), which consisted of two main components 
and showed two pink spots with the Ehrlich reagent on 
T L C , the Rf values being 0.54 and 0.47 (benzene : e t h e r = 
2 : 1 ) . These were separated into two fractions by chromato­
graphy over silicic acid with benzene-ether (3 : 1). T h e 
less polar fraction (0.75 g) with Rf 0.54, oil, was further 
purified by preparative T L C , showing two bands, detected 
by spraying a soln of iodine in hexane, on T L C with benzene-
ether (1 : 2) . T h e more polar fraction on T L C was ex­
tracted with ethyl acetate containing a small volume of 
methanol to give crude lubimin, which was purified by T L C 
to give lubimin (3, 400 mg) , in pure state, oil and [a ] D + 39°; 
MS, m/e 236 (M+), 218, 203, 193, and 175; I R and N M R , 
in the text; G L C , Silicone SE-52 (Chromosorb W, D M C S , 
80—100 mesh), injection temp 200 °C, carrier gas nitrogen, 
45 ml/min, retention time 5.8 min. Found : C, 76.65; H , 
10.19%. Calcd for C 1 5 H 2 4 0 2 : C, 76.22; H , 10.24%. 

T h e fraction H (2.42 g) , oil,1) was dissolved in ether and 
shaken with 10% aq sodium carbonate. T h e ether soln 
was washed with 0.1 M hydrochloric acid and water, dried, 
and evaporated to leave oily neutral substances (2.37 g), 
which were again dissolved in ether and separated roughly 
into two fractions by chromatography over silicic acid ( 130 g) 
with ether, e ther-acetone, and acetone. Fractions, eluted 
later with ether and then with acetone, showed a magenta 
spot with the Ehrlich reagent on T L C and were combined 
and concentrated to leave oily residue (1.34 g), showing 
two spots on T L C widi cer ium(IV) sulfate. T h e residue 
was rechromatographed over silicic acid (120 g) with mixtures 
of ether-ethyl acetate. Early fractions eluted with e ther-
ethyl acetate (9 : 1, 400 ml) gave oily materials (378 mg) . 
Subsequent fractions eluted with the same solvent mixture 
(220 ml) gave a crystalline material (670 mg) , showing a 
single spot on T L C {Rf 0.50, ether) . This was purified by 
recrystallization from isopropyl ether to give oxylubimin 
(4, 330 mg) , needles, m p 85—86 °C and [a ] D + 2 7 ° ; M S , 
m/e 252 (M+), 234, 209, and 191 ; I R and N M R , in the text. 
Found : C, 71.48; H, 9 .59%. Calcd for C 1 5 H 2 4 0 3 : C, 
71.39; H, 9 .59%. Fur ther fractions eluted with e ther -
ethyl acetate ( 9 : 1 , 80 ml and 4 : 1 , 100 ml) afforded a 
crude crystalline material (122 mg) , which was again puri­
fied by chromatography over silicic acid (1.2 g) with a 4 : 1 
mixture of ether and ethyl acetate to give a crystalline sub­
stance (92 mg) , showing a single spot on T L C . This was 
recrystallized from ether to give lubiminol7) (5, 56 mg) in 
pure state, m p 129—130 °C and [ a ] D + 3 3 ° ; M S , m/e 238 
(M+), 220, 202, 187, and 107 (base); IR , v m a x 3410,3140, 
1642, 1048, 1036, 1009, and 884 c m - 1 ; N M R , «5 0.89 (3H, 
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d, 7 = 6 . 5 Hz, 14-CH3), 1.70 (3H, s, 13-CH3), 2.49 (2H, 
br s, 2 0 H ) , 3.28 (1H, t, 7 = 10 Hz, H at C15), 3.60 (1H, 
br m, ^ H = 2 5 Hz, H at C2), 3.90 (1H, do d, 7 = 1 0 and 2.5 
Hz, H at C15), and 4.66 (2H, br s, 2 H at C12). Found : C, 
75.77; H, 11.00%. Galcd for C 1 5 H 2 6 0 2 : C, 75.58; H, 
11.00%. 

Acetyllubimin (3a), Diacetyloxylubimin (4a), and Diacetyloxy-
lubiminol (5a). (i) Lubimin (3, 39 mg) was treated with 
acetic anhydride (Ac 2 0 , 0.5 ml) and pyridine (Py, 0.5 ml) 
at room temp for 16 h. After addition of ethanol, the 
reaction mixture was worked up as usual to leave oily residue, 
which was purified by preparative T L C to give 3a (23 mg) , 
colorless oil and [ a ] D + 3 5 ° ; M S , m/e 278 (M+), 236, 218, 
203, 191, 190, 189, and 175; I R , v m a x 3060,2715, 1735, 1640, 
1235, 1029, and 888 c m - 1 ; N M R , 0.95 (3H, d, 7 = 7 Hz, 
H-GH3), 1.69 (3H, s, I3-CH3), 4.65 (2H, s, 12-CH2), 4.70 
(1H, m, W H = 2 5 Hz, H at G2), and 9.76 (1H, d, 7 = 3 Hz, 
C H O ) . 

(it) Oxylubimin (4, 28 mg) was acetylated with A c 2 0 
(0.5 ml) and Py (0.5 ml) at room temp for 15 h to give 
4a (35 mg) , colorless oil and [ a ] D + 2 2 ° ; M S , m/e 336 (M+) 
and 276; IR , v m a x 3080, 2720, 1745, 1720, 1643, 1250, 1030, 
and 885 c m - 1 ; N M R , Ô 0.90 (3H, d, 7 = 7 Hz, 14-CH3), 
1.69 (3H, s, I3-GH3), 1.96 and 1.99 (each 3H, s, 2 0 C O C H , ) , 
2.35 (1H, m, H at G10), 4.65 (2H, br s, 12-CH2), 4.65 (2H, 
m, 2 H at G2 and G3), and 9.85 (1H, d, 7 = 3 Hz, C H O ) . 

(Hi) Lubiminol7) (5, 30 mg) was treated with A c 2 0 (0.2 ml) 
in Py (1.0 ml) at room temp for 23 h under stirring. T h e 
reaction mixture was worked up as usual to leave oily residue 
(39 mg) , which was purified by chromatography over silica 
gel (3.0 g) with benzene-ether (30 : 1) to give 5 a (35 mg) , 
oil and [ a ] D + 4 3 ° ; M S , m/e 262 ( M + - G 2 H 4 0 2 ) and 202; I R , 
vmtLX 2970, 2890, 1743, 1642, 1465, 1432, 1365, 1238, 1027, 
and 886 c m - 1 ; N M R , 0.94 (3H, d, 7 = 6 . 5 Hz , 14-CH3) , 
1.74 (3H, s, I3-GH3), 2.04 and 2.07 (each 3H, s, 2 0 C O C H 3 ) , 
3.83 and 4.36 (each 1H, do ABq, 7 = 1 1 , 8, and 4 Hz , 2 H 
at C15), 4.69 (1H, br m, WQ=25 Hz , H at C2) , and 4.70 
(2H, br s, 12-CH2). 

Dihydrolubimin (5) and Its Acetate (5a). A soln of 
crude lubimin (3, 180 mg) in ethanol (3 ml) was treated 
with sodium borohydride (18 mg) at room temp for 1.5 h 
under stirring. T h e mixture was worked up as usual to 
leave amorphous residue (196 mg), which crystallized on 
trituration with isopropyl ether and was collected by filtra­
tion to give crude 5 (55 mg) , m p 123—126 °C. T h e mother 
liquors were evaporated to leave oil, showing four spots on 
T L C , which was separated by preparative T L G over silica 
gel. A fraction with the smallest R{ value gave a crystalline 
substance (28 mg) , which was recrystallized from isopropyl 
ether to give crude 5, m p 124—127 °G. Both the samples 
5 were combined and recrystallized from isopropyl ether 
to give 5 (75 mg) in pure state, m p 128—130 °C and [ a ] D 

+ 28°. T h e mass, I R , and N M R spectra were identical 
with the corresponding spectra of lubiminol, isolated from 
the natural sources. 

Compound 5 (83 mg) , described above, was treated with 
A c 2 0 (1 ml) and Py (1 ml) at room temp for 16 h. After 
being worked up as usual, the reaction mixture gave an oily 
product, which was purified by preparative T L C over silica 
gel to give 5a (86 mg) , oil and [ a ] D + 3 5 ° . This sample 
was identical with that obtained from lubiminol in the mass, 
IR , and N M R spectra. 

Tetrahydrolubimin (6), Its 15-p-Bromobenzoate (6a), and Its 
15-Brosylate (6b). (i) Compound 5 (33 mg) was hydro-
genated over Adams plat inum (10 mg as P t 0 2 - 2 H 2 0 ) in 
ethanol (20 ml) at room temp for 3.5 h, when 2 mol of 
hydrogen had been consumed. After removal of the catalyst 

and solvent, the mixture gave a crystalline substance (33 mg) , 
which was recrystallized from isopropyl ether to give 6 (27 mg) , 
m p 145—147 °C and [ a ] D + 3 5 ° ; M S , m/e 240 (M+), 222, 
204, 197, 179, and 161; I R (GHC13), vm^ 3640 (sh), 3400, 
1387, 1372, 1045 (sh), 1030, and 916 c m - 1 ; N M R , Ô 0.86 
(9H, d, 7 = 7 Hz, 12-, 13-, and 14-CH3), 0.88 (2H, s, 2 0 H ) , 
3.32 and 3.90 (each 1H, do ABq, 7 = 1 1 , 8 and 11, 4 H z , 
2 H at C15), and 3.64 (1H, br m, W H = 2 5 Hz, H at C2) . 

(ii) T o a soln of 6 (17 mg, 7.8 X IO-5 mol) in Py (1 ml) 
was added dropwise a soln of jb-bromobenzoyl chloride 
(14 mg, 6.3 X IO-5 mol) in Py (2.5 ml) at 0 °C under stirring. 
The mixture was stirred at room temp for 20 h, and then 
diluted with dichloromethane (25 ml) and poured slowly 
into 0.6 M sulfuric acid (40 ml) cooled with ice. T h e whole 
mixture was separated into two layers, and the aq layer was 
extracted with dichloromethane ( 2 x 3 0 ml) . T h e combined 
organic soln was washed successively with 0.6 M sulfuric 
acid ( 2 x 3 0 ml) , 10% aq sodium carbonate ( 2 x 3 0 ml) and 
water, dried, and evaporated to leave gummy solid, which 
was submitted to preparative T L C over silica gel with chloro­
form-ether ( 7 : 1 ) . A fraction eluted with a low Rt value 
was extracted with ether containing methanol and gave 
a solid substance (14 mg) , which was again purified by pre­
parative T L C with benzene-ethyl acetate (5 : 1). Extrac­
tion of a band with a lower Rf value afforded a crystalline 
substance (11 mg) , which was recrystallized from ethanol 
to give 6a (10 mg) , m p 106—108 °C; M S , m/e 424 ( M + + 2 ) , 
422 (M+), 222, 204, 179, and 161; I R (CHC13), *>max 3400, 
1718, 1594, 1389, 1372, 1277, 1270, 1118, 1103, 1012, 963, 
and 847 c m - 1 ; N M R , ô 0.89 (9H, d, 7 = 7 Hz , 12-, 13-, 
and I4-CH3), 3.64 (1H, br m, ^ H = 2 5 Hz, H at C2), 3.99 
and 4.46 (each 1H, do ABq, 7 = 1 1 , 10 and 11, 2 Hz, 2 H 
at C15), 7.73 and 7.81 (each 2H, ABq, 7 = 8 Hz, BrC 6 H 4 CO) , 
and 1.60 (1H, br s, O H ) . Extraction of a band with higher 
R{ value gave the 2,15-dibenzoate (8 mg) , on tr i turation 
with hexane, m p 112—114 °C 

(iii) A soin of 6 (33 mg, 1 .4x10-* mol) and/»-benzene-
sulfonyl chloride (85 mg, 3.4 X 10-* mol) in dry Py (1 ml) 
was allowed to stand at 0 °C for 10 h. T h e mixture was 
poured into ice-water and extracted with ether and then 
with chloroform. Both the soins were washed successively 
with 0.5 M hydrochloric acid ( 2 x 1 5 ml) , 5 % aq sodium 
hydrogencarbonate ( 2 x 1 5 ml) , and saturated brine, com­
bined, dried, and evaporated to leave colorless oil (45 mg) , 
showing two spots with a U V lamp on T L C , which was 
separated into two fractions by preparative T L C over silica 
gel with benzene-ethyl acetate ( 9 : 1 ) . A less polar fraction 
afforded colorless oil (19 mg) , which showed a single spot 
on T L C and was presumed to be the dibrosylate; N M R , 
ô 0.86 (9H, d, 7 = 7 Hz) , 3.70 and 4.17 (each 1H, do ABq, 
7 = 1 1 , 8 and 11, 4 Hz) , 4.36 (1H, br m, W H = 2 5 Hz) , and 
7.67 (8H, s). A more polar fraction gave 6 b (23 mg) , color­
less oil, showing a single spot on T L C ; M S , m/e 238 and 
236 (BrC 6 H 4 S0 3 H+) , 222 ( M + - 2 3 6 ) , 204, 189, and 161; 
I R (CHCI3), i>max 3400, 1580, 1393, 1372, 1183, 1095, 1070, 
1012, 962, 945, and 820 cm" 1 ; N M R (CC14), ô 0.86 (9H, 
d, 7 = 7 Hz, 12-, 13-, and 14-CH3), 3.64 (1H, br m, 1 4 ^ = 2 5 
Hz, H at C2) , 3.70 and 4.15 (each 1H, do ABq, 7 = 1 1 , 
8 and 11, 4 Hz, 2 H at C15), 7.62 and 7.73 (each 2H, 
ABq, 7 = 8 Hz , B r C 6 H 4 S 0 4 ) . 

Oxidation of 6a into the 2-Dehydro Derivative (7) Followed 
by Deuteration. (i) A soln of 6a (7 mg) in Py (0.3 ml) 
was added to a slurry, prepared by adding chromium(VI) 
oxide (30 mg) to vigorously stirred Py (0.3 ml) , under cooling 
with ice-bath during 15 min. T h e mixture was stirred at 
the temp for 1 h and then allowed to stand at room temp 
for 16 h. T h e reaction mixture was poured into water 
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(10 ml) and extracted with ether. T h e ether soin was worked 
up as usual to leave oil (6 mg) , showing two spots, which was 
purified by preparative T L G over silica gel with benzene-
ethyl acetate (10 : 1). A fraction with a higher R{ value 
gave a crystalline material , which on recrystallization from 
hexane yielded 7 (3 mg) , m p 71—73 °C; M S , m/e 220 (M+ 
- B r C 6 H 4 C 0 2 H ) , 205, 195, 193, and 177: I R , v m a x 1720, 
1705, 1387, 1370, 1598, 1265, and 842 c m - 1 ; N M R , Ô 0.90 
(9H, d, y = 7 Hz, 12-, 13-, and 14-CH3), 3.99 and 4.40 (each 
I H , do ABq, 7 = 1 1 , 9 and 11, 3 Hz, 2 H at G15), 7.67 and 
7.77 (each 2H, ABq, 7 = 8 Hz, B r C 6 H 4 S 0 2 ) . 

(ii) A soln of 7 (5 mg) in a sodium deuteroxide soin, which 
had been prepared by adding sodium (50 mg) to a 2 : 1 
mixture (3.2 ml) of dry dioxane and deuterium oxide, was 
heated at 70 °C for 15 min under a stream of nitrogen. After 
removal of the solvents in vacuo, the mixture was extracted 
with ether. The ether extracts, oil, were again treated in 
the same manner as described above. T h e resulting oil 
was dissolved in chloroform, and the chloroform soln, after 
being dried, and evaporated, afforded a mixture of deuterated 
ketones including the ^-der ivat ive (8). T h e mixture showed 
the following spectra: M S , m/e 243 (M+ of 8), 242, 241, 
240, 239, 238, 225, 224, 223, 181, and 180; I R , vm&x 3450, 
2230, 1705, 1388, and 1372 cm. - 1 

Conversion of 6b into Oxolane (9). A soln of 6 b (24 mg) 
in f-butyl alcohol (0.4 ml) was stirred with potassium t-
butoxide in f-butyl alcohol (0.2 ml) , which had been prepared 
by dissolving potassium (29.7 mg) into f-butyl alcohol (1 ml) , 
at room temp for 150 min under nitrogen. T h e reaction 
mixture was poured into water and extracted with ether. 
T h e ether soln, after being worked up as usual, left oil, showing 
two spots, which was separated into two fractions by pre­
parat ive T L G over silica gel with benzene-ethyl acetate 
( 5 : 1 ) . A less polar fraction gave 9 (9.5 mg) , showing a 
single spot, oil; M S , m/e 222 (M+), 207, 191, 179, 161, and 
152; I R , v m a x 1388, 1372, 1205, 1170, 1105, 1072, 1052, 
1000, 912, 895, 860, and 815 c m - 1 ; N M R , in the text. 

The Periodic Acid Test for Oxylubimin (4) and Its Derivatives. 
T o a soln of periodic acid (50 mg as H 5 I 0 6 ) in water (10 ml) 
were added a drop of coned nitric acid and then a soln of 
sample in dioxane, and the whole soln was kept at room 
temp for 10—15 s. T o the resulting soln were added two 
drops of 5 % aq silver n i t ra te : oxylubimin (4), dihydro-
oxylubimin (11), and rishitin (1) formed white ppts of silver 
iodate, but lubimin (3) and methyl palmitate formed no 
ppt with the reagent. 

Dihydrooxylubimin (11), Its 2,3,15-Triacetate (11a), 2,3-
Diacetate (lib), and 2,3-Dibenzoate (lie). (i) A soln of 
4 (150 mg) in ethanol (7 ml) was treated with sodium boro-
hydride (30 mg) at room temp for 5 h under stirring. T h e 
reaction mixture was worked up as usual to leave crystalline 
residue (160 mg) , which was recrystallized from isopropyl 
ether containing methanol to give 11 (107 mg) , m p 170— 
171 °C ; M S , m/e 254 (M+), 236, and 218; I R , v m a x 3340, 
3080, 1645, 1090, 1072, 1033, 1002, and 890 c m - 1 ; N M R , 
Ô 1.01 {3H, d, 7 = 7 Hz, 14-CH3), 1.71 (3H, s, 13-CH3), and 
4.66 .(2H, br s, 12-CH2). Found : G, 70.59; H, 10.28%. 
Galcd for C 1 5 H 2 6 0 3 : C, 70.83; H , 10.30%. 

(ii) Compound 11 (120 mg) was stirred with A c 2 0 (2.5 ml) 
and Py (2.5 ml) at room temp for 19 h. T h e mixture was 
worked up as usual to leave oily residue (187 mg), which 
was purified by preparative T L C over silica gel with benzene-
ethyl acetate ( 9 : 1 ) to give 11a (161 mg) in pure state, 
colorless oil and [ a ] n + 21°; M S , m/e 380 (M+), 320, 260, 
and 200; I R , y m a x 3080, 1750, 1650, and 895 c m - 1 ; N M R , 
«5 0.90 (3H, d, 7 = 7 Hz, 14-CH3), 1.73 (3H, s, 13-CH3), 
2.00 and 2.04 (3H and 6H, s, 3 0 C O C H 3 ) , 3.86 and 4.25 

(each I H , do ABq, 7 = 1 1 , 9 and 11, 4 Hz, 2 H at C15), 4.70 
(2H, br s, 12-CH2), and 4.76 (2H, br m, W H = 3 0 H z , 2H 
at C2 and C3). 

(Hi) A soln of 4a (33 mg) in ethanol ( 1.5 ml) was stirred 
with sodium borohydride (4 mg) at room temp for 4 h. The 
reaction mixture was worked up as usual to give oil, which 
was purified by preparative T L C over silica gel to yield 
l i b (18 mg) in pure state, colorless oil and [a] D - f24° ; MS, 
m/e 320 ( M + - H 2 0 ) , 295, 278, 260, 218, 200, 187, and 159; 
I R and N M R , in the text. 

(iv) A soln of 4 (10 mg) in chloroform (0.3 ml) and Py 
(0.2 ml) was stirred with benzoyl chloride (25 mg) at room 
temp for 3.5 h. The mixture was diluted with chloroform, 
washed with 0.5 M sulfuric acid, water, 5 % aq sodium 
carbonate, and water, dried, and evaporated to leave amor­
phous residue, which was treated with sodium borohydride 
(15 mg) at room temp for 3 h. T h e reaction mixture was 
worked u p as usual to leave oily residue, (19 mg) , which 
was purified by preparative T L C over silica gel with benzene-
ethyl acetate (5 : 2) to give l i e (8.5 mg) , m p 58—59 °C 
(from hexane) : CD , Ae - 19.2 at 235 nm and + 5 . 9 at 219 
n m (c 1.6x 10-3 in ethanol, cell length 0.01 d m ) ; M S , m/e 
462 (M+), 340 ( M + - C 7 H 6 O a ) , 322, 218, and 105 (base); 
I R (CHC13), v m a x 3480, 3080, 1720, 1643, 1607, 1452, 
1315, 1280, 1175, 1115, 1024, 975, and 890 c m - 1 ; N M R , 
ô 0.99 (3H, d, 7 = 7 Hz, 14-CH3), 1.75 (3H, s, 13-CH3), 
3.45 and 3.99 (each 1H, do ABq, 7 = 1 1 , 8 and 11, 3 Hz, 
2 H at C15), 5.15 (1H, t, 7 = 10 Hz, H at C3), 5.21 (1H, m, 
H at C2), 7.47 and 7.93 (6H and 4H, m, 2COC 6 H 5 ) . 

Tetrahydrooxylubimin (12) and Its 15-Brosylate (12a). (i) 
Compound 4 (40 mg) was hydrogenated over Adams plat inum 
(50 mg) in ethanol (10 ml) at room temp for 3 h, when 
2 mol of hydrogen had been absorbed. After being worked 
up as usual, the reaction mixture left amorphous residue 
(39 mg) , which crystallized on trituration with isopropyl 
e ther-methanol . This was recrystallized from the same 
solvent mixture to give 12 (18 mg) , m p 163—165 °C; M S , 
m/e 256 (M+), 238, 220, 195, and 177, IR , in the text. This 
compound was also obtained by hydrogénation of 11. 

(ii) Compound 12 (63 mg) was stirred with /»-bromo-
benzenesulfonyl chloride (89 mg, 1.4 equiv) in Py (1.2 ml) 
at 5 °C for 22 h. T h e mixture was worked up as usual to 
leave oily residue (97 mg) , which was purified by preparative 
T L C over silica gel with benzene-ethyl acetate ( 5 : 1 ) to 
give 12a (51 mg) , m p 97—100 °C. This was recrystallized 
from isopropyl ether for analysis: m p 98—100 °C; M S , 
m/e 458 ( M + + 2 ) , 456 (M+), 440, 438, and 236 ( M + - B r C 6 -
H 4 S 0 3 H ) ; I R (CHC13), v m a x 3360,1583, 1373, and 1183 cm- 1 ; 
N M R , ô 0.84 and 0.99 (6H and 3H, each d, 7 = 7 Hz, 12-, 
13-, and 14-CH3), 2.93 ( I H , do d, 7 = 1 0 and 8 Hz, H at 
C3) , 3.41 ( I H , b r m , W H = 2 4 H z ) , 3.41 and 4.27 (each IH , 
do ABq, 7 = 1 1 , 8 and 11, 4 Hz, 2 H at C15), and 7.75 
(4H, s, B r C 6 H 4 S 0 4 ) . 

The lemieux-Johnson Oxidation of 11a to Methyl Ketone (13). 
T o a soln of 11a (31 mg, 8.2 X 10 - 4 mol) in distilled dioxane 
(2ml) and water (0.6 ml) was added osmium tetraoxide 
(5 mg) at room temp under stirring. T h e soln became 
dark brown. T o this soln was added sodium metaperiodate 
(60 mg, 2.8 x 10-3 mol) at 27 °C (bath temp) under stirring. 
After being kept for 2 h, the reaction mixture was diluted 
with water (10 ml) , and the aq soln was extracted with 
ether (30 ml) and chloroform (20 ml) . Both the soins were 
combined, washed with water, dried, and evaporated to 
leave oily residue (32 mg) , which was purified by preparative 
T L C over silica gel with benzene-ethyl acetate ( 2 : 1 ) . A 
main fraction gave 13 (27 mg) , colorless oil and [a] + 2 7 °; 
M S , m/e 382 (M+), 367, 325, 322, 307, 280, 262, 220, 219, 160, 
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and 159; I R , v m a x 1745, 1713, 1435, 1370, 1230, 1053, and 
1030 c m - 1 ; N M R Ô 0.90 (3H, d, J = 7 H z , 14-CH3), 2.00 
and 2.06 (3H and 6H, s, 3 0 C O C H 3 ) , 2.16 (3H, s, C O C H 3 ) , 
2.83 (1H, br m, Wn=25 Hz, H at C7), 3.82 and 4.29 (each 
1H, do ABq, 7 = 1 1 , 8 and 11, 3 Hz , 2 H at C15), 4.69 (1H, 
t, y = 1 0 H z , H at C3) , and 4.75 (1H, m, H a t C2) . 

Conversion of 12a into Hydroxyoxolane (14). Compound 
12a (51 mg) in f-butyl alcohol (0.8 ml) was stirred with 
potassium *-butoxide (0.15 ml) , which had been prepared 
by dissolving potassium (37.5 mg) into tf-butyl alcohol (1 ml) , 
at 0 °C for 30 min under nitrogen. T h e mixture was mixed 
with water (4 ml) and extracted with ether. T h e ether 
soin was washed with water, dried, and evaporated to leave 
14 (26 mg) , showing a single spot on T L C . This was purified 
by preparative T L C to give 14 in pure state, oil; M S , m/e 238 
(M+), 220, 195, 177, 151, 109, and 95 (base); I R and N M R , 
in the text. 
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l-(2,3-Epoxypropyl)-l-cyclohexanol (1) and its methyl analogues (2 and 3), when treated with base in 75% 
aqueous dimethyl sulfoxide, gave the corresponding oxetanes (9—11) as the main products, while treatment of 
compound 1 under anhydrous conditions afforded the oxolane dimer (17) as the sole identified product. 

Intramolecular cyclization of epoxy alcohols by ring 
cleavage usually leads to the formation of oxiranes, 
oxolanes, and/or oxanes.1) In an effort to prepare ß-
hydroxyoxolanes by ring closure of 3,4-epoxy alcohols 
with bases, we found that the reactions under controlled 
conditions resulted in regiospecific attack of the alkoxide 
anion at the 3-carbon a tom to give a-hydroxyalkyl-
oxetanes. T h e results were recently reported in a pre­
liminary communication2) and the details are described 
in the present paper. 

Three compounds, l-(2,3-epoxypropyl)-l-cyclohexa-
nol (1) and its methyl analogues (2 and 33)), were used 
for the reactions. These compounds (1—3), each oil, 
were prepared by epoxidation4) of the corresponding 
olefins (4,5) 5, and 6) as depicted in Scheme 1, and 
exhibited absorption signals near ô 2.7 due to the oxirane 
ring protons in the N M R spectra. Contrary to the 
expectation, an at tempted epoxidation of l-(3-methyl-
2-butenyl)-l-cyclohexanol (7) with perbenzoic acid4b) 
failed and, instead, produced an oxolane (8), oil, sug­
gesting facile cyclization to a five-membered ring under 
the acidic conditions used.6) Compound 8 and its 
monoacetate (8a), oil, displayed one-proton signals at 
Ô 4.00 (1H, t, 7 = 7 Hz, C H O H ) and 5.00 (1H, do d, 
J=6 and 4 Hz, CHOAc) in the respective N M R spectra. 

OH R' 

1 R = R' = R" = H 4 R = R' = R" = H 8 R' = R" = CH3 

2 R = CH3, 5 R = CH3, 15 R', R" = H 
R' = R" = H 

3 R = R" = H, 
R' = CH3 

R' = R" = H or GH3 

6 R = R" = H, 
R' = CH3 

7 R = H, R' = R" = CH3 

CHO (C,HS)3P=CHCH, CHSCOJH 
-*- 6 CHjCU OH DMSO 

(CHOaP-CtCH,), _ C.H5C03H 

+• 3 

DMSO 
-J- 7 CHzCU 

+- 8 

C,HSCN 

X^ MgCl 

C,HsCa.H Ä 
i» ) - 2 

Scheme 1. 

Trea tment of monosubstituted oxirane (1) and its 
methyl analogues (2 and 3) with a base in 75 % aqueous 

dimethyl sulfoxide7) at 140—150 °C (bath temp) pro­
duced a mixture of the corresponding oxetanes (9—11), 
each oil, and the triols (12—14), each crystals, no ox­
olane (15) being detected (Table 1). Evidently, the 
oxetanes resulted from attack of the alkoxide anion at 
the 3-carbon atom, because triol 12 was not converted 
into oxetane 9 (recovered unchanged) under the same 
conditions. 

9 R = R' = H 
10 R = CH3, R' = H 
11 R = H, R' = CH3 

12 R = R' = H 
13 R = CH3, R ' = H 
14 R = H, R' = CH3 

TABLE 1. REACTIONS OF 3,4-EPOXY ALCOHOLS WITH 

BASES IN AQUEOUS SOLVENTSA) 

Compound Base Time (min) Products (%) 

1 
1 
1 
2 
3 

KOH 
NaOH 
LiOHb> 
KOH 
KOH 

90 
45 
15 
60 
60 

9 (49), 12 (32) 
9 (49), 12 (32) 
9 (49), 12 (32) 

10 (67), 13 (14) 
11 (73), 14 (9) 

a) The reactions were carried out by heating (bath 
temp, 140—150 °C) with 10 mol equiv of bases in 75% 
aqueous DMSO, and were ceased when the starting 
oxiranes were consumed, b) Slightly heterogeneous. 

T h e structures of these products were elucidated on 
the basis of the chemical and spectral evidence, and one 
example is illustrated by oxetane 9. The compound 
(9), C 9 H 1 6 0 2 , readily formed its monoacetate (9a), an 
oil, C n H 1 8 0 3 : m/e, 9, 156 (M+); 9a, 198 (M+). Each 
of these compounds (9 and 9a) exhibited N M R signals 
due to the three protons on the oxetane ring as well as 
that due to the hydroxy-methylene or acetoxy-methylene 
protons: .5, 9, 2.22 (2H, d, / = 8 Hz, 2H at Cß), 4.70 
(1H, m, H at C„), and 3.64 (2H, m, C H 2 O H ) ; 9a, 2.08 
and 2.34 (each 1H, do ABq, 7 = 1 2 , 5.5 and 12, 8 Hz, 
2H at Cß), 4.76 (1H, m, H at C«), and 4.18 (2H, m, 
CH 2 OAc) . Trea tment of oxetane 9 with lithium alumi­
nium hydride in a 4 : 1 mixture of dioxane and tetra-
hydrofuran under reflux effected cleavage of the oxetane 
ring l c) to give a glycol (16), mp 53—54 °C, showing a 
triplet signal (2H, t, / = 6 Hz) at ô 3.62 in the N M R 
spectrum. This glycol (16) was also obtained by hydro-
boration of 1-ally ley clohexanol (4) followed by oxida-
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tion, confirming the structure of the glycol (16) and 
hence that of the oxetane (9). 

Oxirane ring opening reactions were then examined 
by treatment of oxirane 1 with various bases under an­
hydrous conditions, the result being listed in Table 2. 
As shown in Table 2, the reactions effected formation 
of a five-membered ether and produced the oxolane 
dimer (17), oil, and oligomers (not completely iden­
tified); however, the monomer (15, R ' = R " = H ) or 
oxetane (9) could not be detected. T h e structure of 
oxolane 17 was deduced from the following evidence. 
The mass spectrum, mje 312 (M+), 294, and 276, in­
dicated the compound to be a dimeric substance C18-
H 3 2 0 4 , having two hydroxyl groups susceptible to dehy­
dration. While the dimer (17), vm a x 3440 and 1128 
cm - 1 , was converted readily into its monoacetate (17a), 
vm&x 3440, 1750, and 1248 cm"1 , hydride reduction of 
oxolane 17 under the same or more severe conditions 
as that of oxetane 9 led to only recovery of the starting 
material. Moreover, these oxolanes (17 and 17a) re­
vealed N M R signals due to the four alkoxyl-methylene 
and one alkoxy-methine protons and also that due to 
the hydroxy-methine or acetoxy-methine proton in the 
respective spectra, which were consistent with the as­
signed structures: ô, 17, 3.42 (4H, m, 4 H at C a and 
Ca')t 4.64 (1H, m, H a t Cß), and 4.13 (1H, m, C H O H ) ; 
17a, 3.54 (4H, m, 4 H at C a and G«'), 4.71 (1H, m, H 
at Cß), and 5.23 (1H, m, CHOAc) . 

H20H 

17 

The results in Tables 1 and 2 are summarized as 
follows. Treatment of 3,4-epoxy alcohol (1) with base 
in aqueous dimethyl sulfoxide produced a monomeric 
four-membered ether ring (9), while the treatment under 
anhydrous conditions (in aprotic solvents) led to forma­
tion of a dimeric five-membered ether ring (17). Moreover, 
it is emphasized from Table 1 that (i) the oxetanes 
were formed preferentially under the hydrolysis con­
ditions,8) regardless of the relative degree of substitu­

tion of the oxirane ring,9) (ii) the yields of the oxetanes 
increased with the number of substituents on the epoxy 
alcohols,10) and (iii) the reaction of oxirane 1 with dif­
ferent bases gave the products (9 and 12) in the same 
ratio (49 : 32) with the reaction rate varying slightly 
but definitely depending on the nature of the base used. 
Here we add the fact that these major products, the 
oxetane (9) and the oxolane (17), were recovered un­
changed, when the former (9) was treated under the 
anhydrous conditions (NaH in T H F , reflux, 11 h) and 
the latter (17) under the hydrous conditions ( K O H in 
7 5 % aq D M S O , 140—150 °C, 60 min) , respectively. 

Recently, Stork and coworkers11) reported intramolec­
ular cyclization of epoxy nitriles with bases, which 
involved results inconsistent with usual cyclization reac­
tions proceeding through *S*N2 type transition states.12,13) 
They pointed out the necessity of a proper collinear 
arrangement in the transition state for displacement at 
the oxirane carbon atom and rationalized their result, 
specially the small (three- and four-membered) ring for­
mation, in terms of the collinearity requirement and 
the relative degree of substitution of the oxirane ring. 
This collinearity requirement and the preference for 
diaxial opening were later accentuated in intramolec­
ular cyclization of allyl 2,3-epoxyalkyl ether to a four-
membered ring (oxetane).14) Baldwin's "rules for ring 
closure"15) appears to be based on these results for the 
cyclization to small rings. However, the collinearity 
requirement for the four-membered ring formation has 
recently been criticized by Lallemand and Onanga,16) 
who observed preferential cyclization of (4is)-4,5-epoxy 
nitriles to five-membered rings (cyclopentane), indicat­
ing the importance of "statistical and geometrical fac­
tors." All these factors seem to be useful and necessary 
for interpretation of their results and also of our result. 

O u r result constitutes the first example indicating 
a pronounced solvent dependency in the intramolecular 
ether ring formation by the oxirane ring cleavage and 
is not readily explained on the basis of the current "SN 

mechanisms." One plausible explanation, based on 
the recent works, assuming that the proposed factors 
controlling the reaction pathway in intramolecular at­
tack of carbanions to oxirane rings are applicable to 
the corresponding reactions of alkoxide anions, follows 
as. The cyclization in aprotic solvents (anhydrous con­
ditions) with low solvating power involves attack of 
anions with extremely high nucleophilicity,17) which 

TABLE 2. REACTIONS OF 3,4-EPOXY ALCOHOL (1) WITH BASES IN ANHYDROUS SOLVENTS 

Base 

NaH 
NaH 
NaH 
NaH 
NaH 
NaH 
NaH 
BuLi 
LiN(*-Pr)2 

Mol 

1.5 
2.5 
1.5 
1.5 
1.5 
2.0 
1.5 
1.2 
1.2 

Solvent 

THF 
THF 
THF-HMPA 
THF-HMPA 
DMSO 
DME 
THF-DMF 
THF 
THF-HMPA 

Temp (°G) 

reflux 
reflux 
reflux 
reflux 
50—60 
reflux 
reflux 
15—18 

-70—0b> 

Time (h) 

9 
11 
9 

19 
14.5 
25 
16 
48 

2b) 

Products (%) 

1 (95) ~ 
17 (60) 
1 (23), 17 (38) 

17 (31) a> 
17 (29) a> 
17 (32) a> 
1 (11), 17 (31)a> 
1 (98) 
1 (97) 

a) The remaining products were oxolane oligomers, not completely identified, b) 0.5 h at — 70 °G and 1.5 h 
at 0°G. 
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would not always require the collinearity in the transi­
tion state. Then, the reaction would proceed with 
displacement at the less substituted carbon of the oxirane 
ring, as had been illustrated by many base-catalyzed 
oxirane ring opening reactions,9*1) leading to formation 
of an oxolane ring with less steric constraint. O n the 
other hand, the cyclization in aqueous dimethyl sul­
foxide (hydrous conditions) would take place only when 
the collinearity is satisfied in the transition state, be­
cause of lower nucleophilicity of an attacking anion as 
well as higher solvating power of the solvent system as 
compared with those in aprotic solvents.17»18) The ob­
served enhanced rate in passing from potassium to 
lithium hydroxide would result from increasing coor­
dinating power of the metal cation19) to the oxirane 
oxygen in the relevant solution. T h e hypothesis un­
doubtedly requires evidence to be demonstrated and 
investigations in line with this are now in progress. In 
connection with this, we treated l-(epoxylethyl)-l-
cyclohexanol (18), prepared from 1-vinylcyclohexanol,20) 
in aqueous dimethyl sulfoxide under the same condi­
tions and isolated the corresponding oxirane (19) as a 
single product (78%). The result was consistent not 
only with well-known facile formation of a three-mem-
bered ringlc>21) but also with the "collinearity" principle. 
Here we again emphasize that the present result offers 
intrinsic interest for the mechanistic studies and also 
constitutes a new non-photochemical synthesis of oxetanes.2^ 

CH2OH 

bOH k 

O 
18 19 

Exper imenta l 
All the melting and boiling points were uncorrected. The 

homogeneity of each compound was always checked by TLG 
over silica gel (Wakogel B-5) with various solvent systems, 
and the spots were developed with cerium(IV) sulfate in 
dil sulfuric acid and/or iodine. The IR and NMR (100 MHz) 
spectra were measured in liquid state and in chloroform-rf, 
unless otherwise stated. The abbreviations "s, d, t, m, br, 
and do" in the NMR spectra denote "singlet, doublet, triplet, 
multiplet, broad, and double," respectively. The preparative 
TLG and column chromatography were carried out over sili­
ca gel (Wakogel B-5) and silicic acid (Kieselgel 60), respec­
tively. All the solvents were distilled before use after being 
dried; ether, tetrahydrofuran (THF), and 1,2-dimethoxy-
ethane (DME) from lithium aluminium hydride (LAH); 
dichloromethane and benzene from phosphorus pentaoxide; 
dimethyl sulfoxide (DMSO) and hexamethylphosphoramide 
(HMPA) from calcium hydride. The latter two solvents were 
stored over molecular sieves. 

1-Allylcyclohexanol (4), and Its Methyl Analogues (5 and 6), 
(i) Compound 4 (7.14 g) was prepared by the Grignard 
reaction of cyclohexanone (6.5 g) in ether (50 ml) with al-
lylmagnesium bromide, prepared from allyl bromide (12 g) 
and magnesium turnings (3.5 g) in ether (30 ml), at room 
temp for 3.5 h, and had bp 75—77 °C/15 Torr [lit,5) 62—64 
°C/3Torr]; IR, vmax 3400, 1605, 1000, 975, and 910 cm"1; 
NMR, Ô 2.22 (2H, d, 7 = 7 Hz), 4.98 (1H, m), 5.20 (1H, br 

s, OH), and 5.93 (2H, br m). 
(it) A soln of cyclohexanone (30 g), freshly distilled, in 

ether (400 ml) was added to a cold suspension of 2-methylal-
lylmagnesium chloride, prepared from 2-methylallyl chloride 
(90 g) and magnesium turnings (30 g) in ether (360 ml), dur­
ing 2 h under stirring, and the whole mixture was stirred at 
room temp for 2 h. The reaction mixture was worked up as 
usual to leave a colorless oil (49.5 g), which was distilled to 
give 5 (45 g), in pure state, bp 80—85 °C/11 Torr; MS, mje 
154 (M+) and 136; IR, vmax 3460, 1640, and 885 cm"1; NMR, 
ô 1.83 (3H, s), 2.16 (2H, s), 4.66 and 4.92 (each 1H, br s). 
Found: G, 77.71; H, 11.62%. Calcd for C10H18O: G, 
77.86; H, 11.76%. 

(iii) A soin of 4 (7.0g) in a 1 :4 mixture (150ml) of 
dioxane and water was mixed with a 1 mM soln of osmium 
tetraoxide in dioxane (25 ml), and was stirred vigorously for 
0.5 h. To the soln was added a soln of sodium periodate 
(25 g) in water (80 ml). The whole mixture was stirred at 
room temp for 2.5 h, and ppts formed were removed by 
filtration. The filtrate was evaporated in vacuo to remove 
dioxane and extracted with ethyl acetate repeatedly. The 
acetate soln was washed with water, dried, and evaporated 
to leave a pale brown oil, 2-cyclohexyl-2-hydroxyacetalde-
hyde (7.2 g); IR, vmax 3440, 1743, and 1723 cm-1; NMR, ô 
2.59 (2H, d, 7 = 2 . 5 Hz), 3.0 (1H, br, OH), and 9.82 (IH, 
t, 7 = 2 . 5 Hz). This sample was used for the next reaction 
without further purification. 

To a stirred soln of sodium methylsulfinylmethanide23) in 
DMSO, prepared by addition of sodium hydride (NaH, 192 
mg) into DMSO (4 ml) under nitrogen, was added a soln 
of ethyltriphenylphosphonium bromide (2.6 g) in DMSO (8 
ml) under cooling in an ice-cooled bath, when the soln became 
deeply red, indicating formation of the ethylidenephosphorane. 
To the soln was added the afore-mentioned jff-hydroxy alde­
hyde (710 mg) in DMSO (3 ml) at room temp during 15 min 
under stirring, and the whole mixture was further stirred at 
50—60 °C for 24 h. The mixture was cooled, poured into 
ice-water, and extracted with ether repeatedly. The ether 
soln, after being washed with water and dried, was eva­
porated to leave an oily solid, which was separated by 
chromatography over silica gel to give 6 (149 mg) from 
benzene eluates, bp (bath temp) 90—94 °G/7 Torr; MS, 
mfe 154 (M+) and 138; IR, t>max 3420 and 1660 cm-1; 
NMR, ô 1.66 (3H, d, J = 6 H z ) , 2.21 (2H, d, 7 = 7 Hz), 
and 5.50 (2H, br m). Found: C, 77.88; H, 11.57%. 
Galcd for G10H18O: G, 77.86; H, 11.76%. 

(iv) To a soln of sodium methylsulfinylmethanide in 
DMSO, prepared from NaH (172 mg) and DMSO (5 ml), 
was added a soln of isopropyltriphenylphosphonium bromide 
(2.8 g) in DMSO (5 ml), when the soln became deeply red. 
A soln of the /?-hydroxy aldehyde (710 mg) in DMSO (3 ml) 
was added to the red soln. The whole mixture was stirred 
at 50—60 °C for 18 h and, after being worked up as usual, 
left an oily solid (330 mg), which was separated by chroma­
tography over silicic acid to give 7 (71 mg), showing a single 
spot: MS, mje 168 (M+) and 150; IR, »>max 3220 and 1680 
cm-1; NMR, Ô 1.64 and 1.76 (each 3H, s), 2.14 (2H, d, J= 
8 Hz), and 5.22 (2H, br m, OH and GH=). 

7-(2,3-Epoxypropyl)-1-cyclohexanol (1), and Its Methyl An­
alogues (2 and 3). (i) A soln of 4 (6.05 g) in methanol 
(35 ml) and benzonitrile (4.20 g) was stirred with 30% aq 
hydrogen peroxide (8 ml) and potassium hydrogencarbonate 
(0.30 g) at room temp for 24 h and, after addition of 30% aq 
hydrogen peroxide (6 ml) and benzonitrile (4.0 g), was fur­
ther stirred at the temp for 26 h.4a) The reaction mixture, 
after being treated with 10% aq sodium thiosulfate to de­
compose excess of the hydrogen peroxide, was evaporated to 
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remove methanol and extracted with chloroform repeatedly. 
The chloroform extracts were washed with saturated aq 
sodium hydrogencarbonate, saturated brine and water, dried, 
and evaporated to leave an oil (1), which was distilled to 
give 1 (5.73 g) in pure state, bp 85—86 °G/2 T o r r ; M S , m/e 
156 (M+) and 138; IR , »>max 3420, 980, and 965 c m - 1 ; N M R , 
Ô 2.45 and 2.76 (each 1H, do ABq, 7 = 5 . 5 , 2.5 and 5.5, 4 
Hz, 2H at G r ) , and 3.15 (1H, m, H at G^). Found : G, 
69.52; H , 10.49%. Galcd for C 9 H 1 6 0 2 : C, 69.23; H , 
10.26%. 

(ii) A soln of 5 (1.5 g) in dichloromethane (50 ml) was 
stirred with perbenzoic acid (2.5 g, puri ty 97%) at room temp 
for 18 h.4b) T h e mixture was washed with 5 % aq sodium 
thiosulfate, 5 % aq hydrogencarbonate and water, dried, and 
evaporated to leave a pale yellow oil, which was distilled to 
give 2 (1.3 g) in pure state, bp 140—143 °G/13 T o r r ; M S , 
m/e 170 (M+) and 152; IR , J>max 3360, 975, and 960 cm-*; 
N M R , Ô I A4 (3H, s, CH 3 ) , 2.66 and 2.72 (each 1H, ABq, 
7 = 5 . 5 Hz, 2 H at G r ) . Found : C, 70.15; H , 10 .23%. 
Galcd for G 1 0H 1 8O 2 : G, 70.54; H, 10.66%. 

(iii) Compound 6 (61 mg) in dichloromethane (3 ml) was 
oxidized with perbenzoic acid (86 mg) in a refrigerator (0 °C) 
for 24 h under stirring. T h e mixture was worked up as usual 
to leave an oil (83 mg) , which was purified by distillation 
to yield 3 (54 mg) , bp (bath temp) 130—134 °C/5 T o r r ; M S , 
m/e 170 (M+) and 152; IR , j>max 3420, 1250, 975, 960, and 
855 c m - 1 ; N M R , ô 1.28 (3H, d, 7 = 6 Hz, CH 3) and 3.14 
(2H, m, 2 H at C^ and G r ) . Found : C, 70.15; H , 10 .23%. 
Calcd for C 1 0 H 1 8 O 2 : C, 70.54; H, 10.66%. 

2,2-Dimethyl-3-hydroxy-5,5-pentamethyleneoxolane (8), and Its 
Acetate (8a). A soln of 7 (50 mg) in dichloromethane 
(3 ml) was treated with perbenzoic acid (50 mg) in a refrige­
rator (0 °C) for 3 h. T h e reaction mixture was worked u p 
as usual to leave an oil (51 mg) , which was purified by pass­
ing through a short column packed with silicic acid to give 
8 (45 m g ) ; I R , *>max 3460 and 1073 c m - 1 ; N M R , ô 1.22 and 
1.24 (total 6H, each s, 2CH 3 ) , and 4.00 (1H, t, 7 = 7 Hz, 
H at C3). 

Compound 8 (10 mg) was treated with acetic anhydr ide 
(Ac 2 0 , 50 mg) and pyridine (Py, 100 mg) at room temp for 
15 h. T h e mixture was worked up as usual to give an oil 
(12 mg) , which was purified by chromatography over silicic 
acid with benzene to yield 8a (9 mg) in pure state; M S , 
tnfe 226 (M+), 167, 166, and 151; IR , v m a x 1746, 1235, 1079, 
and 1030 c m - 1 ; N M R , Ô 1.18 and 1.23 (each 3H, s, 2CH 3 ) , 
2.05 (3H, s, O C O G H 3 ) , and 5.00 (1H, do d, 7 = 6 and 4 Hz, 
H at C3). Found : G, 68.69; H, 10 .21%. Calcd for C13-
H 2 2 0 3 : G, 68.99; H , 9 .80%. 

7-(Epoxyethyl)-7-cyclohexanol (18). 1-Vinylcyclohexa-
nol (5.9 g) was prepared by the Grignard reaction of cyclo-
hexanone (6.7 g) in T H F (10 ml) with vinylmagnesium bro­
mide, prepared from vinyl bromide (12.7 g) and magnesium 
turnings (3.1 g) in T H F (10 ml) , at room temp overnight 
under stirring, and had bp 68—70 °C/23 Tor r [lit,14) 66— 
6 8 ° C / 1 4 T o r r ] ; IR , i>max 3500, 1650, 965, and 920 c m - 1 ; 
N M R , Ô 4.96 and 5.18 (each 1H, do ABq, J = 17, 2 and 17, 12 
Hz, 2 H at C,0, and 5.92 (1H, do d, 7 = 1 2 and 17 Hz , H at 
G«). 

T h e cyclohexanol ( 1.26 g) was treated with perbenzoic acid 
(2.76 g) in dichloromethane (90 ml) at room temp for 15 h 
under stirring. T h e mixture was worked up as usual to 
leave an oil (1.31 g), which was purified by distillation to 
give 18 (1.02 g) in pure state, b p 96—98 °C/12 T o r r ; M S , 
m/e 142 (M+), 124, 99, and 98 ; IR , y m a x 3448, 975, and 965 
cm- 1 ; N M R , Ô 3.88 (3H, m, 3H at C„ and C^). Found : 
C, 67.46; H, 9.94%. Calcd for C 8 H 1 4 0 2 : G, 67.57; H, 
9 .93%. 

Cleavage of Oxiranes (1—3, and 18) under Hydrous Conditions. 
T h e reaction conditions and results were summarized in 
Table 1 and two representative examples are described. 
(i) A soln of oxirane 1 (156 mg, 1 mmol) in D M S O (30 
ml) and water (10 ml) was stirred with potassium hydroxide 
(560 mg, 10 mmol) at 140—150 °C (bath temp) for 90 min 
under nitrogen, when the spot of 1 had disappeared on T L G . 
T h e mixture was cooled, poured into large excess of ice-
water, and extracted with ethyl acetate repeatedly. T h e ace­
tate extracts were washed with water, dried, and evaporated 
to leave an oil (142 mg) , showing two spots on T L C , which 
was separated into two fractions by preparat ive T L G over 
silica gel with ethyl acetate-benzene (1 : 3). Each fraction 
was purified by distillation and/or recrystallization to give 
2-(hydroxymethyl)-4,4-pentamethyleneoxetane (9, 76 mg) and 
3-(l-hydroxycyclohexyl)-l ,2-propanediol (12, 40 mg) . Com­
pound 9 had bp (bath temp) 97—99 °C/1 T o r r ; M S , m/e 
156 (M+), 138, 125, and 98 ; I R , j>max 3400, 1017, 995, 965, 
930, and 915 cm" 1 ; N M R , ô 2.22 (2H, d, 7 = 8 Hz, 2 H at 
G3), 3.64 (2H, m, C H 2 O H ) , and 4.70 (1H, m, H at G2). 
Found : G, 69.54; H , 10.50%. Galcd for C 9 H 1 6 0 2 : C, 
69.23; H , 10.26%. Compound 12 had m p 65—66 °G (from 
e ther ) ; M S , m/e 174 (M+), 156, 143, 125, and 107; I R , vm„x 

(Nujol) 3480 c m - 1 ; N M R , Ô 3.48 (2H, m, C H 2 O H ) , and 
4.07 (1H, m, C H O H ) . Found : C, 62.25; H , 10.26%. 
Galcd for C 9 H 1 8 0 3 : G, 62.07; H , 10.23%. 

(ii) A soln of oxirane 18 (284 mg, 2 mmol) in D M S O 
(60 ml) and water (20 ml) containing potassium hydroxide 
(1.12 g, 20 mmol) was heated at 130—140 °G (bath temp) 
for 15 min under stirring. T h e mixture was worked up as 
described above to leave an oil (370 mg) , showing a single 
spot, which still contained D M S O . T h e oily residue was 
purified by chromatography over silicic acid with e ther -
benzene ( 2 : 1 ) followed by distillation to give 2-(hydroxy-
methyl)-3,3-pentamethyleneoxirane (19, 225 mg) as a single 
product , bp (bath temp) 105—110 °G/5 T o r r ; M S , m/e 142 
(M+), 126, and 111; IR , *'max 3394, 1241, 951, and 891 c m - 1 ; 
N M R , ô 2.96 (1H, do d, 7 = 5 and 7 Hz , H at G2), 3.62 and 
3.84 (each 1H, do d, 7 = 1 2 , 5 and 12, 7 Hz, C H 2 O H ) . 
Found : C, 67.62; H , 9 .93%. Calcd for C 8 H 1 4 0 2 : G, 
67.57; H , 9 .93%. 

(iii) Oxetanes 10 and 11 and triols 13 and 14 had the 
following properties. Compound 10, bp (bath temp) 105— 
108 °C/2 T o r r ; M S , m/e 170 (M+), 139, and 99 ; I R , * m a x 

3400, 1028, 1002, 952, 927, and 912 c m - 1 ; N M R , Ô 1.38 
(3H, s , .CH 3 ) , 1.96 and 2.36 (each 1H, ABq, 7 = 1 1 Hz, 2 H 
at G3), and 3.42 (2FL_s, C H 2 O H ) . Found : C, 70.15; H , 
10.58%. Calcd for C 1 0 H 1 8 O 2 : C, 70.54; H , 10.66%. 

Compound 11, b p (bath temp) 108—112 °C/2 T o r r ; M S , 
m/e 170 (M+), 125, and 98 ; IR , *>max 3440, 1040, 996, 976, 
935, and 920 c m - 1 ; N M R , ô 1.08 (3H, d, 7 = 6 Hz, CH 3 ) , 
2.02 and 2.27 (each 1H, do ABq, 7 = 1 1 , 8 and 11, 7 Hz , 
2 H at C3), 3.80 (1H, m, C H O H ) , and 4.36 (1 H, m, H at G2). 
Found : C, 70.47; H , 10.49%. Calcd for C 1 0 H 1 8 O 2 : C, 
70.54; H , 10.66%. 

Compound 13, m p 39—41 °C (from e ther ) ; M S , m/e 188 
(M+), 170, 157, 139, and 121; I R (Nujol), *<max 3400 c m - 1 ; 
N M R , Ô 1.40 (3H, s, CH 3 ) , 3.34 and 3.50 (each 1H, ABq, 
7 = 1 1 Hz, C H 2 O H ) . Found : G, 64.18; H, 10.60%, 
Calcd for C 1 0 H 2 0 O 3 : C, 63.79; H , 10 .71%. 

Compound 14, m p 39—41 °C (from ether) ; M S , m/e 188 
(M+), 170, 143, and 107; I R , (Nujol) r m a x 3400 c m - 1 ; N M R , 
ô 1 .14(3H, d, 7 = 6 Hz, GH 3 ) , and 3.64 (2H, m, 2 C H O H ) . 
Found : C, 63.75; H , 10.98%. Calcd for C 1 0 H 2 0 O 3 : C, 
63.79; H , 10 .71%, 

(iv) Oxetanes 9—11 and oxirane 19 were converted al­
most quantitatively into the respective monoacetates (9a— 
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11a, and 19a) by treatement with Ac20 and Py at room temp, 
which had the following properties. Compound 9a, bp (bath 
temp) 95—97 °G/2 Torr; MS, m/e 198 (M+) and 138; IR, 
*max 1750, 1240, 1035, and 960 cm"1; NMR, Ô 2.11 (3H, s, 
OCOCH3), 2.08 and 2.34 (each 1H, do ABq, 7 = 1 2 , 5.5 and 
12, 8 Hz, 2H at C3), 4.18 (2H, m, CH2OAc), and 4.76 (1H, 
m, H at G2). 

Compound 10a, bp (bath temp) 85—92 °G/2 Torr; MS, 
m/e 212 (M+) and 152; IR, rm a x 1751, 1232, 1040, 963, and 
938 cm-1; NMR, Ô 1.42 (3H, s, CH3), 2.10 (3H, s, OCOCH3), 
2.14 and 2.26 (each 1H, ABq, J= 11 Hz, 2H at G3), and 4.00 
(2H, s, CH2OAc). 

Compound 11a, bp (bath temp) 92—95 °C/2 Torr; MS, 
m/e 152 ( M + - C 2 H 4 0 2 ) ; IR, vm a x 1743, 1235, 1030, 1010, 
970, 940, and 920 cm-1; NMR, ô 1.14 (3H, d, 7 = 6 Hz, CH3), 
2.08 (3H, s, OGOCH3), 2.14 and 2.30 (each 1H, do ABq, 
each, y = 1 2 and 7 Hz, 2H at G3), 4.48 (1H, do t, 7 = 1 1 , 
7, and 7 Hz, H at C2), and 4.91 (1H, m, CHOAc). 

Compound 19a, bp (bath temp) 95—103 °C/5 Torr; MS, 
m/e 184 (M+); IR, ymax 1751, 1230, 1033, 970, and 900 cm"1; 
NMR, à 2.12 (3H, s, OCOCH3), 2.98 (1H, do d, 7 = 7 and 
5 Hz, H at G2), 4.02 and 4.32 (each 1H, do ABq, 7 = 1 2 , 
7 and 12, 5 Hz, CH2OAc). 

3-(1-Hydroxycyclohexyl)-1 -propanol (Iß). (i) A soln 
of oxetane 9 (23 mg) in THF (1 ml) was added to a stirred 
suspension of LAH (100 mg) in a 4 : 1 mixture (10 ml) of 
dioxane and THF, and the mixture was refluxed for 20 h. 
After addition of a few drops of saturated aq ammonium 
chloride, the mixture was poured into ice-water, evaporated 
to remove most of the organic solvents, and extracted with 
ethyl acetate. The acetate extracts were washed with water, 
dried, and evaporated to leave an oil (27 mg), showing 
two spots on TLG, which was separated into two fractions 
by preparative TLC over silica gel to give 16 (10 mg) and 
9 (11 mg), oil, the latter being was identified as starting 
oxetane. Compound 16 had mp 53—54 °C (from ether) ; 
MS, m/e 158 (M+), 140, and 127; IR (Nujol), vm&x 3280 
cm-1; NMR, ô 3.62 (2H, t, 7 = 6 Hz, CH2OH). Found: 
C, 68.36; H, 11.44%. Calcd for C9H1 802 : C, 68.35; H, 
11.39%. 

(ii) Into a stirred soin of olefin 4 (164 mg, 1.2 mmol) 
in THF (5 ml) was passed diborane, generated by addition 
of a soln of boron trifluoride etherate (0.75 ml, 6 mmol) in 
THF (3 ml) into a soln of sodium borohydride ( 170 mg) in 
THF (7.5 ml), at room temp for 10 min. The mixture was 
then heated at 50 °C (bath temp) for 3 h under stirring, 
cooled, and treated with water (1 ml) and then immediately 
with 30% aq hydrogen peroxide (7 ml) and 0.2 M aq sodium 
hydroxide (6 ml) at room temp for 48 h under stirring. After 
addition of 5% aq sodium thiosulfate to decompose excess 
of the peroxide, the reaction mixture was extracted with 
ether and then with ethyl acetate. The combined extracts 
were washed with water, dried, and evaporated to leave an 
oil (169 mg), which was separated by chromatography over 
silicic acid with benzene-ether (1 : 1) to give 16 (111 mg), 
mp 51—53 °C identical with the sample described above (MS, 
IR, NMR, and TLC). 

Cleavage of Oxirane 1 under Anhydrous Conditions. The 
reaction conditions and results were summarized in Table 
2, and two representative examples are described, (i) A 
soln of 1 (520 mg, 3.3 mmol) in THF (30 ml) was added 
dropwise to a stirred suspension of mineral oil-free sodium 
hydride (NaH, 200 mg, 8.3 mmol) in THF (30 ml). The 
mixture was refluxed gently for 11 h, cooled, and poured into 
ice-water, and extracted with ethyl acetate. The acetate ex­
tracts, after being worked up as usual, left a pale yellow oil 
(52 mg), which was separated by chromatography over silicic 

acid with benzene-ethyl acetate ( 4 : 1 ) to give an oxolane 
dimer (17, 311 mg) and unidentified polymers (102 mg) with 
smaller Rt value. The dimer had bp (bath temp) 169—172 
°C/2Torr; MS, IR, and NMR, in the text. Found: C, 
69.18; H, 10.32%. Calcd for C18H3204: C, 68.77; H, 10.32 

/o» 

The dimer gave its monoacetate (17a), bp (bath temp) 
155—159 °C/2 Torr; MS, m/e 354 (M+), 295, 294, and 276; 
IR and NMR, in the text. 

(ii) A soln of lithium diisopropylamide (LDA, ca. 1.2 
mmol), prepared by treatment of diisopropylamine (0.167 
ml) with 10% butyllithium (BuLi) in hexane (0.768 ml) under 
cooling with Dry Ice-acetone ( — 78 °C), was added dropwise 
to a soln of 1 (156 mg, 1 mmol) and HMPA (179 mg, 1 mmol) 
in THF (1 ml) at —78 °C under nitrogen. The whole soln 
was stirred at the temp for 30 min and then at 0 °C for 2 h. 
The reaction mixture was worked up as usual to leave a color­
less oil (171 mg), showing a single spot on TLC, which was 
purified by chromatography over silicic acid to give the start­
ing oxirane (1, 152 mg). 
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Dimethyl methylenesuccinate (1) was found to equilibrate with dimethyl mesaconate (3) at elevated tem­
peratures. Thermal rearrangements of 1 and 3 were studied kinetically and a plausible mechanism is proposed. 

The rearrangement2) and isomerization2) of unsatu­
rated esters in thermal3-5) and photochemical6"8) re­
actions have received much attention. In the preced­
ing paper of this series, it was reported that some un­
saturated dicarboxylic acids exhibited unique equilib­
rium composition during thermal reactions2) and a 
plausible mechanism was proposed.1) 

O n the other hand, it has been found that the cor­
responding unsaturated esters behave quite differently 
from the free acids. T h e present paper deals with the 
interconversion between dimethyl methylenesuccinate 
(1), dimethyl citraconate (2), and dimethyl mesaconate 
(3), and the mechanism for this interconversion will be 
discussed. 

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

All the boiling points are uncorrected. 
Materials. Dimethyl methylenesuccinate (dimethyl 

methylenebutanedioate) (1), bp 105 °G/22 Torr, dimethyl 
citraconate (dimethyl (Z)-2-methyl-2-butenedioate) (2), bp 
104 °C/25 Torr, and dimethyl mesaconate (dimethyl (E)-2-
methyl-2-butenedioate) (3), bp 96 °G/20 Torr, were prepared 
according to the literature.9) Organic solvents were puri­
fied by the standard methods. Other reagents were com­
mercial materials and were used without further purification. 

Procedure. A mixture of 0.30 g (1.9 mmol) of an un­
saturated ester, 0.60 g of methanol, and a small amount of 
hydroquinone was sealed at atmospheric pressure in a glass 
tube, which was heated to an appropriate temperature in 
an autoclave filled with aqueous methanol. After cooling 
the autoclave, the tube was opened and the mixture was 
analyzed by GLG as described in a preceding paper.1) When 
the reaction was carried out in the presence of iodine, the 
cooled reaction mixture was treated with aqueous sodium 
thiosulfate, and then the products were extracted with benzene. 
The benzene solution was subjected to GLC. 

Reaction in Methanol-d. A mixture of 0.40 g of 1 and 
1.30 g of methanol-^ was sealed in a glass tube. After the 
reaction, the mixture of esters was recovered by distillation 
under reduced pressure. The distillate diluted with CC14 

was subjected to NMR analysis. The deuterium content was 
calculated from the relative intensities of the NMR signals 
(in GG14, TMS) at Ô 6.26 (=CH2), 5.70 (=GH2), and 3.28 
(-CH2-) for 1, and 6.83 (=GH) and 2.24 (-GH3) for 3. The 
NMR spectra were recorded on a Varian T-60A spectrom­
eter. 

Kinetics. A mixture, consisting of 0.30 g of ester and 
0.60 g of methanol, in a sealed tube was placed in an autoclave. 
The temperature was raised at a rate of 5 °G/min. After 
maintaining the mixture at an appropriate temperature for 
a desired period of time, the vessel was cooled immediately 
to room temperature. The cooled mixture was analyzed 

using GLC. Each run correctly followed first-order kinetics. 
The results at 250 °C were analyzed using equilibrium kinet­
ics.10) 

R e s u l t s 

It was confirmed by GLG that the reaction mixture 
contained three isomers of the esters and no by-product 
was detected. T h e reaction was carried out in metha­
nol, since thermal reaction without a solvent brought 
about the polymerization of 1 and the decomposition 
of the esters. In benzene, practically no reation occur­
red. 

H2C=C 
/CH 2 C0 2 Cri 3 A 

\G0 2 GH, 

1 

^ 3 ^ \ /G0 2GH 3 
G = C 

H,CO,C/ \ H 

3 

HoGs ,H 
+ G = C 

HoCOoG/ \C0 2 CH b 

Equilibria. T h e reactions in methanol for 1, 2, 
and 3 were studied at 250 °C and the results are sum­
marized in Table 1. The equilibrium composition in 
methanol at 250 °C were found to be 4 1 % for 1, 5 % 
for 2, and 5 4 % for 3. For the corresponding diethyl 

TABLE 1. EQUILIBRIUM AT 250 °Ca) 

Starting 
ester 

1 
3 
1 
3 
1 
3 
1 
3 
1 
3 
1 

1:3=1:2 
1:3=1:2 

3 
2 

Time, 
h 

2 
2 
4 
4 
7 
7 

10 
10 
26 
26 
44 
44 
44 
44 
44 

Coi 

1 

90.8 
15.2 
77.5 
23.6 
64.7 
27.1 
61.8 
39.0 
42.2 
41.6 
41.5 
40.3 
41.4 
40.3 
37.0 

mposition, 

3 

9T2 
84.5 
22.1 
76.4 
34.4 
72.0 
37.3 
54.3 
53.7 
53.5 
53.9 
54.4 
54.5 
54.2 
47.1 

% 

~^2 

— 
0.3 
0.5 
— 
0.8 
0.9 
1.1 
6.7 
4.1 
5.1 
4.6 
5.3 
4.1 
5.5 

16.0 

Total 
yield, % 

9ÖT5 
89.6 
81.3 
86.6 
78.7 
88.9 
80.9 
87.0 
67.1 
74.1 
53.3 
46.3 
56.0 
47.5 
62.5. 

a) Ester, 0.3 g; methanol, 0 .6g. 
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TABLE 2. cis-trans ISOMERIZATION IN THE PRESENCE OF I2
a> 

Starting 
ester 

2 
2 
3 
1 
1 
1 
3 
3 
2 
2 

a) Ester, 0.3 g; 

Starting 
ester 

1 
1 
3 
3 

Temp, 
°C 

200 
200 
200 
200 
250 
250 
250 
250 
250 
250 

benzene, 0.6g. 

Solvent 

Methanol 
Methanol -d 
Methanol 
Methanol-^ 

Time, 
h 

6 
6 
6 
6 
2 
2 
2 
2 
2 
2 

TABLE 3, 

(à 

/ 
B 
6 

1 
1 
1 
1 

h, 
mmol 

0 
0.76 
0.76 
0.76 
0 
0.19 
0 
0.19 
0 
0.19 

NMR DATA 

ta 
.26) 

.0 

.0 

.0 

.0 

1 

0.2 
0.4 
0.4 

98.8 
99.4 
78.5 
0.2 
7.3 
0.6 
7.3 

Composition, 

3 

0.4 
90.1 
90.6 

1.2 
0.6 

15.7 
99.8 
82.5 

0.4 
82.0 

FOR THE REACTION8^ 

Hb 

(5.70) 

1.1 
1.1 
1.1 
1.1 

Relative areab> 

Hc 

(3.28) 

2.1 
0.98 
2.1 
1.1 

% 

2 

99.4 
9.5 
9.6 
— 
— 
6.0 
— 

10.2 
99.0 
10.7 

Hd 

(6.83) 

1.1 
0.30 
1.3 
0.61 

Total 
yield, % 

86.6 
83.7 
83.0 
53.7 
84.8 
48.8 
97.7 
64.8 

100.0 
65.9 

He 

(2.24) 

3.1 
1.5 
4.0 
2.1 

a) Ester, 0.4 g; solvent, 1.3g; temp, 250 °G; reaction time, 26 h. b) The relative area of terminal methylene 
of 1 (ô 6.26) is estimated to be 1.0. 
( a ) H x ( c ) ( e ) H 3 G x / C 0 2 C H 3 

G=GGH2G02GH3 G = G 
( b ) H / | H 3 G0 2 C/ M i ( d ) 

G02GH3 

esters, the values were 27, 3, and 70%, respectively. 
The addition of iodine to the reaction mixture dra­

matically accelerated the isomerization, whereas the 
rate of rearrangement remained unaffected. T h e re­
sults are shown in Table 2. 

The results of the reactions of the esters in methanol-
d are shown in Table 3. When 1 was heated in metha­
nol-*/, deuterium atoms were incorporated into the a-
methylene group of 1 recovered and into the methyl 
group of 3 produced. 

Kinetics. Kinetic studies were undertaken in the 
temperature range from 200 to 280 °C. In methanol, 
the esters were recovered in good yield even after pro­
longed heating. The reaction was unaffected by the 
presence of hydroquinone. The first-order rate con­
stants for the disappearance of 1, 2, and 3 were measured 
at appropriate temperature. The results are listed in 
Table 4. I t should be noted that the initial rate con­
stants, k, obtained from an analysis using first-order 
kinetics (the sum of the rate constants for the forward 
and reverse reactions) do not differ markedly from the 
rate constants, k!, obtained on the basis of equilibrium 
kinetics10) (the rate constants for the forward reaction 
only). The linearity of ln[C]0 /[C] plotted against time 
was observed up to a conversion of about 3 0 % . T h e 
Arrhenius plot for the rate of disappearance of 1 was 
correctly linear ( r=0.995) , from which A / / * and AS* 
were calculated to be 77.8 k j mol - 1 and 1 8 4 J K - 1 

mol - 1 , respectively. 

TABLE 4. TEMPERATURE DEPENDENCE OF THE RATE 

CONSTANTS FOR THE DISAPPEARANCE OF THE ESTERS8") 

Starting 
ester 

1 
1 
1 
1 
3 
2 

Temp,b> 
°G 

200 
230 
250 
280 
250 
250 

Rate 

£ x l 0 5 s - l c > 

0.228 
0.984 
1.58 
4.96 
1.50 
1.14 

constant 

* ' x l 0 5 s - l d ) 

1.76 

1.35 
1.15 

a) Ester, 0.3 g; methanol, 0.6 g. b) ± 1 °G. c) The 
error in k is expected to be in the range of 5—10%. 
d) First-order rate constants calculated for equilibrium 
systems.10) 

D i s c u s s i o n 

The equilibrium composition of the esters is com­
pletely different from that of the corresponding acids, 
for which methylenesuccinic and mesaconic acids are 
the most and the least abundant materials, respectively.1) 
This fact appears to indicate that the factor which 
governs the relative stability of the esters in equilibrium 
is different from that for free acids. 

A free-radical mechanism may be disregarded in the 
rearrangement of the esters, because the addition of 
iodine as a radical source accelerated isomerization at 
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low temperature (200 °G), whereas little rearrangement 
occurred. In addition, it was found that hydroquinone 
affected neither the equilibrium composition nor the 
rate constants. 

For thermal rearrangement of unsaturated esters, a 
mechanism has been proposed which involves enoliza-
tion followed by the intramolecular rearrangement of 
the enol-proton to the terminal methylene group.4) 
However, an inspection of the Dreiding model of enol-
methylenesuccinate, a possible common intermediate of 
the rearrangement, reveals that the orbital of the ter­
minal methylene is not arranged in a position suitable 
for accepting the enol-proton intramolecularly. In the 
reverse process, the intramolecular abstraction of a 
methyl-proton in 3 by the carbonyl-oxygen must pro­
duce a twisted enolate of 1, in which conjugative sta­
bilization of diene is hardly conceivable. Thus, from 
a consideration of the orbital arrangement, it is pre­
dicted that cyclic intramolecular process for the rear­
rangement is unfavorable. 

HO 
\ 

H2C C-OGH3 

1 — C - C ^± 3 

H3G02G H 
Consequently, another plausible mechanism is the 

intervention of a carbanion, which has been proposed 
for the corresponding free acids:1) 

H2G H 

TÏT / ~~ \ ^ 
H3G02G C0 2CH 3 

4 

H2G G02GH3 

-H* \ _ / + H* 
1 ^=z± C — G ^ = ± 3 

/ \ 
H3G02C H 

5 

The rate-determining reaction for the formation of car-
banions, 4 and 5, under the general-base catalysis of 
methanol, is supported by the facile hydrogen-deuterium 
exchange at the position expected for these species and 
by first-order kinetics for the rearrangement of the esters. 
If the reaction proceeds for the carbonium ion under the 
general-acid catalysis of methanol, the protons of the 
terminal methylene group in 1 must be replaced by 
deuterium atoms faster than those of the a-methylene 
group, because protonation to 1 is expected to take 
place at the terminal methylene group. Similarly, for 
general-acid catalysis, the a-methylene protons in 1 
formed should be replaced by deuteriums faster than 
the methyl protons in 3. This is, however, is not the 
case. The general-base catalysis of methanol is also 
confirmed by preliminary results for triethylamine-
catalyzed reactions of the esters.11) Since it was ob­
served that the addition of triethylamine accelerated 
both the rearrangements of 1 and 3, the mechanism 
involving carbanion intermediates is the more reasonable 

for this reaction. Furthermore, the formation of 1 from 
2 is not interpreted using the intramolecular mechanism. 
Once again the intramolecular mechanism appears 
doubtful. 

T h e fact that the thermodynamically least-stable ester 
(2) has the smallest rate constant is compatible with 
the carbanion mechanism. The rate for the formation 
of 2 is slower than that of 3, because carbanion 5 is more 
stable than 4. I t is interesting to note that 1 predomi­
nated over 3 at the initial stage of the rearrangement of 
2. Direct i iterconversion between carbanions, 4 and 
5, may be negligible, since the rate constant for the 
disappearance of 1 is larger than that of 3 and since 1 
is less abundant than 3 at equilibrium. The above 
results show that it is unreasonable to expect facile direct 
isomerization between 2 and 3.12) 

T h e difference between the compositions resulting 
from the rearrangement of the free acids and the rear­
rangement of the esters is accounted for as follows. 
Equilibrium between citraconic and methylenesuccinic 
acids is interpreted using the intermediate m-carbanion, 
whose configuration is fixed by intramolecular hydrogen 
bonding.1) However, the esters are free from intra­
molecular hydrogen bonding and the trans-ca.rban.ion 
favors the rearrangement of the esters. Consequently, 
3 appears as the most abundant product. 

T h e author wishes to thank Professor Emeritus Sango 
Kunichika of Kyoto University for his encouragement 
throughout this work. He is also grateful to Profes­
sors Shinzaburo Oka, Norito Uchino, Yasumasa 
Sakakibara, and Atsuyoshi Ohno for their continuous 
guidance and helpful discussions. 
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Photoreduction of N-Acetyldiphenylmethyleneamine (1) in 2-propanol was studied both by the ESR spectro­
scopy of irradiated imine 1 in a matrix solvent at —196 °G and by the deuteration analysis of acetone formed from 
2-propanoW in the photoreduction process. The ESR spectrum consists of a broad singlet and a quartet. The 

latter is assigned to the CH3CH(OH)CH2 radical, which can be produced by /^-hydrogen abstraction by the ex­
cited imine 1 from 2-propanol, but not by the excited benzophenone. Formation of acetone-rf on irradiation of 
1 in 2-propanol-rf suggests that the imine 1 in the excited state has a hydrogen abstracting character. 

When acyclic imino compounds are irradiated in 2-
propanol, a O N bond is reduced to a - C H - N H - group. 
This photoreduction has been studied on various deriv­
atives as one of the fundamental photoreactions of a 
G=N chromophore.1 - 5) Two reaction mechanisms are 
proposed for this photoreduction. One is the "chemical 
sensitization" mechanism.3) According to this mecha­
nism, the reaction proceeds via an aminoalkyl radical 
formed by thermal hydrogen transfer from a ketyl ra­
dical to the imine. The ketyl radical is derived from 
the excited triplet state of the corresponding ketone 
present in the starting imine as an impurity. The other 
is the mechanism where imine itself has a hydrogen 
abstracting character in the excited state.4 '5) 

We have reported that the irradiation of iV-acetyl-
diphenylmethyleneamine (1) in 2-propanol gives the 
amide derivative and that only the G=N bond is selec­
tively reduced.4) 

Ph2G=NCOCH3 + (CH3)2CHOH 

(1) 

—?-+ Ph2CHNHGOGH3 + (GH3)2C=0 

In order to decide which mechanism is reasonable in 
this reaction, it seems important to compare the photo-
reaction of the imine 1 with tha t of benzophenone. 
The reaction proceeds in a radical fashion, whichever 
mechanism is adopted. So we have investigated this 
reaction by an ESR technique to detect the interme­
diate radical of the reaction. 

Exper imenta l 

Materials. 2-Propanol was refluxed on anhydrous ba­
rium oxide and distilled. Acetonitrile was used after distil­
lation. 2-Propanol-rf was obtained from E. Merck Japan Ltd. 
Benzophenone was recrystallized from ethanol. JV-Acetyldi-
phenylmethyleneamine (1), bp 170—172 °C/3 Torr (lit,6) bp 
168—170 °C/1 Torr) and iV-propionyldiphenylmethylene-
amine (2), mp 79.3—79.9 °G (lit,6) mp 78—79.5 °G), were 
prepared by the reaction of diphenylmethyleneamine with 
acetic anhydride and propionic anhydride, respectively, and 
purified before use. 

ESR Measurement. A solution of imine (ca. 250 mg) 
in a solvent (1 ml) was poured into an ESR tube and was 
degassed in four successive freeze-thaw cycles. The sealed 
sample tube in a transparent qaurtz Dewar bottle filled with 
liquid nitrogen was set in a cavity. UV light was irradiated 
from outside and ESR spectra were measured by using a 
JEOL 3BS-X type spectrometer. All irradiations were car­
ried out with an Ushio type 500D ultrahigh pressure mercury 

lamp through a glass filter transparent to wavelengths longer 
than 320 nm. The field modulation was 100 kHz, and mo­
dulation width was 5.3 gauss during ESR measurements. 
g-Factors and hyperfine coupling constants were corrected 
by using a Mn2+ marker. 

Photoreaction of the Imine in 2-Propanol-d. One gram of 
imine 1 was dissolved in 5 ml of 2-propanol-rf in a quartz 
tube. Irradiation was carried out at room temperature or 
at —196 °C for 20 h in a similar manner as described in ESR 
measurements. A 2-propanoW (5 ml) solution of benzophe­
none (260 mg) was also irradiated for 5 h at room temperature. 
After irradiation, the solvent was separated by vacuum distil­
lation and mass spectra of acetone produced were measured 
by a Hitachi M-52 type GC-MS analyzer. The deutera­
tion degree of the acetone was calculated from the base peak 
of the mass spectrum. 

R e s u l t s 

ESR Measurements. O n irradiation of imine 1 in 
2-propanol at — 196 °C, stable five lines were observed 
in an ESR spectrum as shown in Fig. 1A. When the 
system was warmed up to — 154 °G, a broad single line 
remained and other four lines disappeared (Fig. IB). 
The absorption and the second derivative type spectra 
of Fig. 1A are shown in Fig. 2A and 2B, respectively. 
The former indicates the intensity ratio of four lines 
to be ca. 1 : 3 : 3 : 1, and the latter indicates that four 
lines have the same splitting constant of 23.2 G 

(A) 
-196°C 

(B) -154°C 

Fig. 1. ESR spectra (First Derivatives) of UV-irradi-
ated iV-acetyldiphenylmethyleneamine (1) in 2-
propanol at (A) - 1 9 6 ° G and (B) -154°G. Irra­
diations were carried out at —196 °G for 20 min. 
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R u n 
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B 

C 

Imine 

1 

1 

2 
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T A B L E 1. 

Solvent 

2 -P rOH 

2-PrOH/CH 3CN b> 

2-PrOH/CH 3 CN l » 
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PARAMETERS OF OBSERVED E S R SPECTRUM 

«H (G) 

2 3 . 2 ± 0 . 4 

2 3 . 0 ± 0 . 4 

2 2 . 5 ± 0 . 4 

Quar te t 

Intensity ratio 

ca. 1 : 3 : 3 : 1 

ca. 1 : 3 : 3 : 1 

ca. 1 : 3 : 3 : 1 

g 

2.002 

2.002 

2 .003 

[Vol. 

Singlet 

A / / m s i a ) 

10 

8 

9 

50, No. 5 

(G) 

a) The maximum slope distance, b) 1 : 1 by volume ratio. 

h-aH 

Fig. 2. Absorption (A) and 2nd derivative (B) of ESR 
spectra of UV-irradiated iV-acetyldiphenylmethylene-
amine (1) in 2-propanol at —196 °C. 
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Fig. 3. Dependence of quartet intensity on the N-
acetyldiphenylmethyleneamine (1) concentration. 
Samples of 2-propanol solution were UV-irradiated 
for 30 min at —196 °G with constant concentration 
of benzophenone (0.48mol/l). 

When JV-propionyldiphenylmethyleneamine (2) was 
used instead of 1, the ESR spectra of the solution gave 
the same signal.7) A central singlet was broad in all 
cases and have no special relation to the quartet in 
intensity. The parameters of these ESR spectra are 
given in Table 1. The dependence of the intensities 
of a quartet upon the concentration of the imine 1 was 
investigated. The experiment was carried out with the 

constant concentration of benzophenone at each point. 
The heights of the outer lines of the quartet noticeably 
increased with the concentration of 1 as shown in Fig. 
3. 

Photoreaction of Imine 1 in 2-Propanol-d. In order 
to detect the position of hydrogens abstracted in 2-
propanol, the deuteration degree of acetone was in­
vestigated. Acetone is formed from 2-propanol during 
the photoreaction of 1. The results are shown in Table 
2. The deuteration degree was small when benzo­
phenone was used as a substrate, but relatively high 
when imine 1 was used . 

TABLE 2. DEUTERATION DEGREES OF AOETONE FORMED 

BY THE PHOTOREDUQTIONS IN 2-PROPANOL-RF 

Substrate Temperature Deuteration degree 
of acetone (%) 

Benzophenone Room temperature ~ 5 
Imine 1 Room temperature ~ 15 
Imine 1 - 1 9 6 ° C -=21 

D i s c u s s i o n 

Assignment of ESR Signals. From the tempera­
ture dependence of signals as shown in Fig. 1, it is con­
cluded that the five lines observed on irradiation at 
—196 °G consist of a broad singlet and a quartet. A 
quartet is not due to the radical from imine because 
both ESR spectra from imine 1 and imine 2 show the 
same patterns (cf. Table 1, Runs A and C). As an 
acetonitrile solution of imines gives no quartet, the 
quartet is not due to a radical from acetonitrile either. 
Furthermore, quite different signals were observed when 
other alcohols than 2-propanol were used as a solvent. 
From these experimental facts, the quartet is attributed 
to a radical from 2-propanol used as a solvent. As 
regards 2-propanol radicals, the ESR spectra of two 
radicals have been reported.8) One is an a-hydroxy 

radical (CH 3 ) 2 COH which is formed by a-hydrogen 
abstraction from 2-propanol with Fenton's reagent, and 
shows a septet signal with intensity ratio of 1 : 6 : 15 : 
20 : 15 : 6 : 1 and aH of 19.5 G. The other is a ß-

hydroxy radical G H 3 C H ( O H ) C H 2 by /S-hydrogen abst­
raction and this radical shows a quartet signal with 
intensity ratio 1 : 3 : 3 : 1 and aH of 22.5 G. Com­
parison of the experimental values (Table 1) with 
these reported values clearly indicates that the quartet 
observed in the present experiment is due to the radical 

C H 3 C H ( O H ) G H 2 . 
As regards a broad singlet, it may be attributed to 
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O 

Scheme 1. 

a mixed signal composed of P h 2 C N H G O C H 3 from imine 
1 and benzophenone ketyl radical from benzophenone 
as an impurity of 1. Thus it is reported that the ESR 
spectra of both the ketyl radical9) from benzophenone 

and the aminoalkyl radical Ph2CNH2 ,2) analogous to the 

radical P h 2 C N H C O C H 3 , were observed not to split by 
the coupling with the adjacent nitrogen atom and 
showed a broad singlet with the similar g-values on 
irradiation in a matrix solvent at a low temperature 
(AHmsl values of both radicals are 14 and 18 G, 

respectively). As the acetyl group of P h 2 C N H C O C H 3 

can be supposed not to effect also to the hyperfine struc­
ture of the radical in a rigid matrix, it is reasonable 

that P h 2 C N H C O C H 3 shows a signal not so different 

from that of Ph 2 CNH 2 . Therefore it is conceivable that 
the observed singlet is due to the mixed signal of radi­
cals P h 2 C O H and P h 2 C N H C O C H 3 . 

Reaction Processes. The ESR studies show the for­

mation of the ß-hydroxy radical C H 3 C H ( O H ) C H 2 on 
irradiation of imine 1 in 2-propanol in a rigid matrix 
at —196 °C. In the photoreduction of imine 1 in 2-
propanol at low temperature, however, only acetone was 
produced from 2-propanol quantitatively, and no 2,5-
hexanediol, a coupling product of the /^-hydroxy radical, 
was detected. In order to satisfy the both facts, acetone 
must be formed from 2-propanol through the path b 
of Scheme 1. Contribution of both paths a and b to 
the reaction can be determined by product analysis 
when 2-propanoW is used in the present photoreduc­
tion instead of 2-propanol. 

The results show that the deuteration degree of ace­
tone produced is low (5%) in the case of benzophenone 
which is recognized generally to abstract a-hydrogen of 
2-propanol. In the case of the imine 1, however, the 
deuteration degree is 1 5 % when irradiation was car­
ried out at room temperature, and 2 1 % at —196 °C. 
As these values are apparently higher than that in the 
case of benzophenone, ^-hydrogen abstraction from 2-
propanol occurs more frequently in the photoreduction 
of the imine 1 in 2-propanol than that of benzophenone 
in 2-propanol. 

As shown in Fig. 3, the quartet intensity of the ß-
hydroxy radical increased with the concentration of the 
imine 1, and became zero when the concentration of 
the imine 1 was zero though benzophenone was exist 
in the solution. Since the concentration of benzophe­
none was equal at each point, it can be concluded that 

the G H 3 G H ( O H ) G H 2 radical is formed through the hy­
drogen abstraction from 2-propanol by the imine 1. 
This conclusion is supported by the following experi­
mental result. Thus, when the ESR spectrum of a 2-
propanol solution of benzophenone was measured under 
irradiation in a matrix at — 196 °C, the quartet due to 

C H 3 C H ( O H ) C H 2 was not observed, but weak outer 

bands of septet due to (CH 3 ) 2 COH and a strong broad 
singlet due to benzophenone ketyl radical were obtained. 
I t is not clear why the imine 1 abstracts ß-hydrogen 
from 2-propanol, but one of the reasons might be the 
specific interaction between the imine 1 and 2-propanol 
as a Fenton's reagent generally abstracts co-hydrogen 
of alcohols.8) I t can be concluded that not the excited 
benzophenone, but the excited imine 1 abstracts ß-
hydrogen from 2-propanol especially in the photoreduc­
tion of imine 1 in 2-propanol. Namely the imine 1 in 
the excited state has a great deal to do with the photo­
reduction in contrast with the chemical sensitization 
mechanism.3) 

Partial financial supports of this work by the Grant-
in-Aid for Scientific Research from the Ministry of 
Education, the Kawakami Foundation, and the Sakkokai 
Foundation (to N . T.) are gratefully acknowledged. 
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The g- and D-tensor values of p- and m-phenylenebis(galvinoxyl) biradicals in several solvents have been 
determined from their asymmetric frozen ESR spectra. The spectra suggested that only one conformer out of two 
possible ones, "propeller" and "anti-propeller" structures, exists in each biradical. The D-tensor values were cal­
culated for the two possible conformers, based on assumed molecular structures and spin distribution. The results 
indicate that the "propeller" structure with a 30° twist angle is preferable for the m-phenylenebis(galvinoxyl). In 
the case of the/>-phenylenebis(galvinoxyl), a considerable accordance between the measured and calculated values 
for the two conformers with a 30° twist angle was obtained. Notable solvent effects in the g- and D-tensor values 
were observed for the m-phenylenebis(galvinoxyl), but not for the />-phenylenebis(galvinoxyl). 

Recently, one of the present authors has reported the 
preparation of p- and m-phenylenebis(galvinoxyl) bira­
dicals, (I) and ( I I ) , which are fairly stable phenoxyl 
biradicals; their structures are shown in Fig. I.1) T h e 
biradicals were produced by the P b O a oxidation of 
phenol precursors in 2-methyltetrahydrofuran (2-
M T H F ) under a vacuum. The fluid solution ESR 
spectra of the biradicals consist of nine lines due to 
eight equivalent meta-ring protons. Gierke et al. also 
obtained the biradicals from different phenol precursors 
by P b 0 2 oxidation.2) ESR zero-field splittings in rigid 
media at 77 K were observed, indicating the existence 
of the triplet state in the biradicals. However, no de­
tailed analyses of the ESR spectra of the biradicals have 
been reported, although various types of information 
about the conformation, symmetry, and electronic state 
of triplet molecules have been obtained from the rigid 
matrix ESR spectra.3-7) 

In the present paper, the g- and D-tensor values of 
p- and m-phenylenebis(galvinoxyl) biradicals (I and II) 

(a) 

^ 

(b) 

- | -:tBu 

Fig. 1. Molecular structures of 
bis(galvinoxyl) biradical (I) and 
bis(galvinoxyl) biradical (II). 

(b) 
/>-phenylene-
m-phenylene-

in several solvents have been determined from their 
asymmetric frozen ESR spectra. T h e D-tensor values 
were calculated for two possible conformers in each 
biradical, based on the assumed molecular structures 
and spin distribution. O n the basis of these data, the 
conformation and electronic structure of the biradicals 
and the solvent effect have been discussed. The hy-
perfine splittings of many stable hindered phenoxyl ra­
dicals, including several biradicals, have been studied 
by a number of investigators with the aid of the ESR 
spectra.8) However, the g- and D-tensor values of these 
phenoxyl radicals have never been reported, as far as 
we know. 

Exper imenta l 

The syntheses of />-bis[bis(3,5-di-f-butyl-4-hydroxyphenyl)-
methyl]benzene (mp 290—292 °G) and m-bis[bis(3,5-di-f-
butyl-4-hydroxyphenyl)methyl]benzene (mp 223—224 °G) 
were reported previously.1) The p- and m-phenylenebis(galvi-
noxyl) biradicals (I and II) were prepared by the oxidation 
of the above phenol precursors with PbOa in the 2-MTHF 
solvent under a nitrogen atmosphere, with the temperature 
kept between 5 and 10 °G, following the method of Kharash 
and Joshi.9) 

All the ESR measurements were carried out using a JES-
ME-3X spectrometer equipped with a Takeda-Riken micro­
wave frequency counter. The ESR splittings were deter­
mined using (KS03)2NO (aN= 13.05±0.03 G) as a standard. 
The ^-values were measured relative to the value of Li-
TCNQ. powder, calibrated with (KSOs)2NO {g=2.0054). 10> 

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

ESR Spectral Analyses. T h e 2 - M T H F solution 
spectra of the p- and m-phenylenebis(galvinoxyl) radi­
cals (I and I I ) show nine line hyperfine splittings due 
to the equivalent eight meta-ring protons in the two 
galvinoxyl rings, as has been reported previously.1) 
The spectra were ascribed to a biradical whose exchange 
energy, J, is larger than the proton coupling constant, 
ö m

H ( < / »a m
H ; ö m

H /2=0 .69 G for I and I I ) . When the 
solution containing the I and I I biradicals is frozen into 
a rigid glass (77 K ) , one can observe some dipolar split­
tings, as Figs. 2 and 3 show. 

The biradical in a rigid glass can be treated as a two-
spin system which forms a triplet and a singlet state. 
The usual spin Hamiltonian3 '6) for the triplet state is: 
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/ / = /?H.g.S + S.D-S, (1) 

where g is the g tensor, D is the spin-spin dipolar in­
teraction tensor, and the other symbols have the usual 
meanings. When the radical has the property of a 
triplet without axial symmetry, we usually observe three 
pairs of absorption lines, from whose separations the 
zero-field parameters (D and E) of the dipolar electron-
electron interaction can be obtained.3>6,7> T h e spec­
trum of the I biradical can be explained as two inner 
pairs of lines overlapping each other, because of the 
small distances between zero-field absorption lines com­
pared with the line-width of each absorption line. In 
the spectrum, the high-field line of the inner pair of 
lines is broader than the other and has a shoulder, sug­
gesting the overlapping of two lines. A central line at 
g=2 is attributable to the monoradical impurity. In 
fact, in the case of the I I biradical, five out of six lines 

Fig. 2. ESR spectrum of the biradical (I) in 2-MTHF 
at 77 K. 

0 G 

theoretically expected for a non-axially symmetrical 
triplet are resolved, as is shown in Fig. 3. 

In both the biradicals (I and I I ) , the zero-field para­
meters (D and E) and the g-tensor values have been 
estimated from the positions of three pairs of turning 
points (XX', YY', and ZZ'), which are shown in Figs. 
2 and 3, in the following way. The separation between 
the outer pair of lines {XX') in the spectrum of the I 
biradical is 2 D = 4 0 . 0 ± 0 . 4 G. Because of the localiza­
tion of each unpaired electron on two galvinoxyl rings, 
as will be discussed later, the principal X axis of the D 
tensor, corresponding to the maximum value of 2D, is 
probably parallel to the line connecting two carbon 
atoms bonded to the centered phenylene ring. Because 
of the symmetry of the biradical molecules, we can ex­
pect that the principal axes of the D and g tensors are 
coaxial. Consequently, the frequency center of these 
lines gives ^ ^ . = 2 . 0 0 4 5 ^ 0 . 0 0 0 2 . The remaining pairs, 
ZZ' and YY', are separated by ( Z ) + 3 £ ) = 2 2 . 7 ± 0 . 6 G 
and (D—3E) = 16.0±0.6 G respectively. Although, be­
cause of overlapping lines, this distance cannot be mea­
sured accurately, the value of Z )=19 .4±0 .6 G shows a 
considerable accordance with the value (Z)=20.0±0.2 
G) from two external lines; thus, the E value was 
estimated to be E= 1.1 ± 0 . 2 G. The ^-values from the 
frequency center of these two pairs of absorption lines 
are ^ = 2 . 0 0 4 3 ±0.0002 (ZZ') and £ 2 =2.0049±0.0002 
(YY'). By comparingg x andg 2 , the smaller, g1=2.0043, 
was tentatively assigned to gzz, and the larger, g2— 
2.0049, to gyv, as will be discussed later.* The iso­
tropic gUo value of the I biradical was measured in 2-
M T H F at room temperature. The average gav value 
of ( l / 3 ) t e „ + £ „ + * „ ) = 2 . 0 0 4 5 ± 0 . 0 0 0 2 is in agreement 
with the isotropic gUo=2.00441 ±0.00003 value measu­
red at room temperature, indicating that the g-tensor 
values obtained by the above analysis are reliable. All 
these values are summarized in Table 1. Similar anal­
yses were performed for the frozen solution ESR spec­
t rum of the I I biradical in 2 - M T H F . The D- and g-
tensor values obtained are Z>=26.1±0.2 G, £ = 1 . 9 ± 
0.2 G, and £ X Ä =2.0039±0.0002, g y l ,=2 .0056±0.0002, 
£Z 2=2.0038±0.0002, respectively. The average gav 

value of ( l / 3 ) t e „ + £ + £ „ ) = 2 . 0 0 4 4 ± 0 . 0 0 0 2 is in 
agreement with the isotropic £ i s o =2.00443±0.00003 
value measured in 2 - M T H F at room temperature. 
The D- and g-tensor values obtained are listed in 
Table 2. Both the D and E values of the I I biradical 
are larger than those of the I biradical. 

T h e shift of the g value from that (£ e=2.0023) of the 
free electron is determined mainly by spin-orbit coupl­
ing, which may be large because of the presence of the 
nonbonding a electrons of the oxygen atom. The 
energy due to the so-called n-n transitions may be low 

Fig. 3. ESR spectrum of the biradical (II) in 2-MTHF 
at 77 K. 

* This assignment was also supported by the calcula­
tions of the dipolar splitting parameters, D and E, as 
will be described below. The values of the D and E 
parameters calculated for both the "propeller" and "anti-
propeller" structures of jfj-phenylenebis (galvinoxyl) biradical 
are negative and positive respectively. Therefore, Dgt> 
Dyv~>0, where Dzz and Dyy are the principal values of 
the D-tensor; thus, the smaller, gx=2.0043, is attributable 
to gzzV 
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TABLE 1. g- AND D-TENSOR VALUES OF THE />-PHENYLENEBIS (GALVINOXYL) BIRADICAL 

Solvent | J ) | i > 
(G) 

| £ | a ) 
(G) Svv gu 

2-MTHF 
Toluene 
Ethyl alcohol 
Diethyl ether 

20.0 
19.8 
19.9 
20.0 

1.1 
1.0 
1.2 
1.2 

2.0045 
2.0044 
2.0045 
2.0045 

2.0049 
2.0048 
2.0049 
2.0047 

2.0043 
2.0042 
2.0040 
2.0039 

2.0045 
2.0044 
2.0045 
2.0044 

2.00441 
2.00443 
2.00440 
2.00441 

a) The experimental errors in the values of \D\ and \E\ are ± 0 . 2 G. b) The experimental errors in the 
values of gxx, gyy, gzz, and gav are ±0.0002. c) The average gav = (lß)(gxx + gyy + gzz)- d) The experimental 
errors in the values of gUo are ±0.00003. 

TABLE 2. g- AND D-TENSOR VALUES OF THE TW-PHENYLENEBIS (GALVINOXYL) BIRADICAL 

Solvent \D\» 
(G) (G) gyy gav" gu d) 

2-MTHF 
Toluene 
Ethyl alcohol 
Diethyl ether 

26.1 
21.9 
26.0 
26.9 

1.9 
1.5 
1.9 
1.8 

2.0039 
2.0043 
2.0038 
2.0039 

2.0056 
2.0055 
2.0054 
2.0057 

2.0038 
2.0039 
2.0039 
2.0041 

2.0044 
2.0046 
2.0044 
2.0046 

2.00443 
2.00441 
2.00434 
2.00441 

a) The experimental errors in the values of \D\ and \E\ are ± 0 . 2 G. b) The experimental errors in the 
values of gxx, gVy, gzz, and gav are ±0.0002. c) The average gav=^(^ß)(gxx + gyy + gzz)- d) The experimental 
errors in the values of giso are ±0.00003. 

in these systems; therefore, these transitions contribute 
strongly to the shift in the g value.11-12) However, in 
the planar aromatic radicals the contribution to the 
gza value (perpendicular to the molecular plane) from 
the n-n transitions vanishes. Therefore, the value of 
gzz should be close to the free-spin value, while gxx and 
gyy are larger than ge. In the />-phenylenebis(galvin-
oxyl) radical, the g-tensor values estimated from the 
frozen-solution spectrum are g a . a .=2.0045±0.0002, gx= 
2.0043±0.0002, and £ 2 =2.0049±0.0002. By compar­
ing g1 and g2, the smaller gx was tentatively assigned 
to gzz, and the larger g2, to gyy. Similarly, the g-tensor 
values of the m-phenylenebis (galvinoxyl) radical are 
^ a ; = 2 . 0 0 3 9 ± 0 . 0 0 0 2 , ^ y = 2 . 0 0 5 6 ± 0 . 0 0 0 2 , and g„= 
2.0038±0.0002. The g„ values of both biradicals show 
a large deviation from that of the free electron. This 
is mainly due to the nonplanar character of the I and 
I I biradicals. 

D- Tensor Calculation with Spin Densities. In order 
to clarify the molecular structures of the p- and m-
phenylenebis(galvinoxyl) biradicals, and in order to de­
termine the directions of the principal axes, X d , Yd, 
and Zd , of the D-tensor in the molecules, the calcula­
tions of the dipolar splitting tensors were performed for 
two possible conformers in each biradical, based on the 
assumed molecular structures and spin distribution. 

p- And m-phenylenebis(galvinoxyl)s (I and I I ) are 
thought to be weakly ^-conjugated biradicals because 
of the small spin density on the central phenylene ring. 
The orbital containing the unpaired electron of phenyl-
galvinoxyl radical has, at least in the Hückel approxima­
tion, a node in the phenyl r ing; in fact, a recent E N D O R 
study found a small hyperfine splitting (au—0.207 G) 
for phenyl-ring protons.13) In such a case, the elec­
tronic structures of the two galvinoxyl rings in these 
biradicals must be similar to that of the phenylgalvin-
oxyl. The isotropic giso values also show an excellent 
agreement between the phenylgalvinoxyl (gUo=2.00440 
±0.00003), the I biradical ( ^ „ = 2 . 0 0 4 4 1 ±0.00003), 

and the I I biradical (gUo=2.00443±0.00003), support­
ing the above anticipation. Therefore, the dipolar mag­
netic system of the I and I I biradicals can be adequately 
described as an isolated two-spin system consisting of 
two galvinoxyl groups, each containing one unpaired 
electron. 

T h e phenylgalvinoxyl radical may, on the other hand, 
be considered a triphenylmethyl derivative. A molec­
ular model indicates that the main steric interaction 
in phenylgalvinoxyl works between the ring protons, 
although weak interactions can be seen between the 
substituted tertiary butyl groups. Thus , the radical pro­
bably adopts a propeller configuration, the twist angle 
of phenyl rings being estimated to be about 30° about 
the methyl bond.14) The /»-phenylenebis(galvinoxyl) 
radical will have a similar configuration. Because the 
steric interactions between the substituted tertiary butyl 
groups of the two galvinoxyl rings are considered to be 
weak (see Fig. 1), the twist angle of phenyl rings about 
the methyl bond will still be about 30°. Consequently, 
we can expect two possible conformations, (A) and (B), 
in />-phenylenebis (galvinoxyl), in which each monorad­
ical half is considered to have a propeller configura­
tion. In the (A) conformation, the two 2pz orbitals of 
two triphenylmethyl carbon atoms twist by 60° each 
other, while in the (B) conformation, the two 2pz or­
bitals are parallel to each other, having a 30° twist 
angle to the ^-orbital of the centered phenylene ring. 
These two conformations, (A) and (B), are shown in 
Fig. 4 and are named as "propeller" and "anti-propeller" 
structures, considering the figure as a whole molecule. 
Similarly, two conformations can be expected in m-
phenylenebis(galvinoxyl). However, the Stuart mole­
cular model indicates that the "anti-propeller" structure 
is not probable in this radical because of the strong 
steric interaction between two galvinoxyl rings, espe­
cially through nearest-neighboring tertiary butyl groups 
(see Fig. 1(b)); thus, only the "propeller" structure is 
probable (see Fig. 5). 
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0 0 

Propel ler 

o o 

0 0 

Anti-propeller 

Fig. 4. "Propeller" and "anti-propeller" structures of p-
phenylenebis(galvinoxyl) biradical, showing the molec­
ular axes x, y, and z and the principal axes Xd, Yd, 
and Zd of the D-tensor. 

(y) 
Yd 

Fig. 5. "Propeller" structure of m-phenylenebis(galvin-
oxyl) biradical, showing the molecular axes x, y, and 
z and the principal axes Xd, Yd, and Zd of the D-
tensor. 

In the "propeller" structure of the I and I I bira-
dicals, to achieve symmetry, the molecular z axis is 
chosen perpendicular to the central phenylene ring, 
while the x axis parallels a line connecting the two car­
bon atoms bonded to the central phenylene ring. O n 
the other hand, in the "anti-propeller" structure of the 
I biradical, while the x axis is chosen similarly, the 
z axis is chosen perpendicular to a plane containing 
four oxygen atoms. W e assumed that the principal 
axes—Xd , Yd , and Zd of the D-tensor are parallel to the 
molecular axes—x, y, and z, because of the symmetry of 
the biradical molecules, as is shown in Figs. 4 and 5. 
This is a favorable situation for calculating the D-tensor 
values, because, in such a case, the matrix of the D-
tensor can be diagonalized. Therefore, the D and E 
parameters of the dipolar splitting can be calculated 

with the aid of the following equations:15-17) 

^ { f a ^ S ^ ^ W (2) 
* iJ rij 

E = ^gis<?ß*liyiJ*~Z/PiPj (3) 

where rtj is the distance between the i and j atoms and 
where pt and pj are the rc-spin densities on the i atom 
in one galvinoxyl group and on the j atom in the other 
galvinoxyl group in a molecule. Here we have chosen 
the following parameters : the twist angle of each phe­
nyl ring to the 2pz orbitals of the two triphenylmethyl 
carbon atoms is 30°, as has been described above; the 
C - O bond length is 1.27 A, and the C-G bond length 
is 1.40 Â in the average, as obtained by an X-ray analysis 
of the galvinoxyl radical;18) the McLachlan spin densities 
were taken from Ref. 13. 

Using these parameters, the calculations of the D and 
E values were performed for two possible conformations, 
the "propeller" and "anti-propeller" structures, of the I 
biradical, and one possible conformation, the "propeller" 
structure, of the I I biradical. The results are sum­
marized in Table 3, together with those obtained ex­
perimentally in the 2 - M T H F solvent. For the I birad­
ical, the calculated D and E parameters are 18.0 
and 0.6 G for the "propeller" structure, and 21.7 and 
1.7 G for the "anti-propeller" structure, while the observed 
ones are 20.0 and 1.1 G in 2 - M T H F respectively. 
For the I I biradical, the calculated D and E values 
are 27.0 and 1.3 G for the "propeller" structure, while 
the observed ones are 26.1 and 1.9 G in 2 - M T H F 
respectively. T h e p- and m-phenylenebis (galvinoxyl) 
biradicals (I and I I ) are thought to be weakly n-
conjugated biradicals, with a twist angle of the phenyl 
rings of about 30°. Therefore, the calculations of the 
D and E parameters were performed by assuming that 
the I and I I biradicals consist of isolated two galvinoxyl 
groups, each containing one unpaired electron, as has 
been described above. The considerable accordance 
between calculated and observed values indicates that 
the above assumptions for the electronic structure and 
the twist angle of the I and I I biradicals are reliable. 
T h e results also suggest that the principal X d axis of 
the D tensor, corresponding to the maximum 2D value, 
is parallel to the molecular x axis ; this is consistent with 
our expectations. 

TABLE 3. T H E D AND E PARAMETERS (IN G) OF THE 

DIPOLAR SPLITTING CALCULATED FOR THE "propeller" 

"anti-propeller" AND "planar" STRUCTURES OF THE 
p- AND m-PHENYLENEBIs(GALVINOXYL) BIRADICALS 

(I AND II) 

Propeller 
Anti-propeller 
Planar 
Experimental*) 

I Biradical 

\D\ 
(G) 

18.0 
21.7 
22.3 
20.0 

1*1 
(G) 

0.6 
1.7 
1.9 
1.1 

II Biradical 

\D\ 
(G) 
27.0 
— 

94.2 
26.1 

1*1 
(G) 
1.3 
— 

4.5 
1.9 

a) D-tensor values measured in 2-MTHF at 77 K. 
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The frozen-solution ESR spectrum of the I biradical 
in 2 - M T H F (see Fig. 2) suggests that only one con-
former exists in the biradical; if two conformers exist 
in the I biradical at the same time, we should, at least, 
observe a splitting in the X and/or X' absorption lines, 
as the results of the calculation of the D and E param­
eters indicate. Unfortunately, it is not possible to 
decide whether the I biradical molecule takes a "pro­
peller" or an "anti-propeller'" structure, because both the 
D and E values experimentally obtained are just the 
medium ones of those calculated for the two assumed 
conformers. By comparing the g-tensor values of the 
biradicals with those of the monoradicals, the confor­
mations of some nitroxide biradicals have been deter­
mined recently.5 '6) The g-tensor values of phenoxyl 
monoradicals including galvinoxyl and the phenylgal-
vinoxyl radical have not been reported, though, as far 
as we know. Therefore, we can not utilize the observed 
g-tensor values of the I biradical in order to determine 
the conformation of the radical. The frozen-solution 
ESR spectrum of the I I biradical in 2 - M T H F (see Fig. 
3) also indicates that only one conformer exists in this 
radical. The observed D and E parameters show a 
considerable accordance with those calculated for the 
expected "propeller" structure, as described above. 

The discrepancy between the observed and the cal­
culated parameters will depend mainly on the difference 
between the true and the presumed vector distances, 
that is, probably in this case, the twist angle. Therefore, 
calculations were also performed for the "planar" 
structure of both the biradicals for reference. In fact, 
in the case of the I I biradical, the D and E parameters 
(Z>=94.2 and £ = 4 . 5 G) calculated for the "planar" 
structure show a large discrepancy from those (Z) = 26.1, 
£ = 1 . 9 G) observed in 2 - M T H F and from those 
(Z>=27.0, £ = 1 . 3 G) calculated for the "propeller" 
structure with a 30° twist angle. T h e results indicate 
that the dipolar splitting calculations are very sensitive 
to the twist angle, because, for instance, the nearest 
neighboring interatomic distances are 4.79 A for the 
"propeller" structure and 2.42 Â for the "planar" struc­
ture. O n the other hand, in the case of the I birad­
ical, the dipolar splitting values are not sensitive to 
whether the radical molecule takes the "planar" or the 
"non-planar" structure, as is shown in Table 3. How­
ever, the "planar" structure shows the largest deviations 
of both the calculated D and E parameters from the 
experimental ones among the three structures. 

Solvent Effect for the Structure of the Biradicals. 
Many investigations of the solvent effects of free radi­
cals, including phenoxyl radicals, in solution have been 
reported.19) The effects may be explained as a redis­
tribution of the ^-electron spin density in a radical mole­
cule induced by the electrostatic interaction and/or the 
hydrogen-bond formation between radical and solvent 
molecules. In addition to the above effects, recent 
E N D O R studies of the phenylgalvinoxyl radicals in 
solution have provided evidence that solvent molecules 
may play an important role in fixing the conformation 
and, thus the unpaired electron distribution, of the 
radical molecules.13) Based on the E N D O R data, in­
teresting changes in conformation and symmetry for 
these radicals due to steric interactions and solvent 

effects have been discussed. Therefore, the effects of 
the solvent in the frozen-solution ESR spectra of the 
I and I I biradicals have also been examined. 

In the I biradical, identical spectra were obtained in 
frozen toluene, ethanol, and diethyl ether solutions. 
The observed values of the zero-field splittings, the g 
tensors, and the average gav have been summarized in 
Table 1. T h e isotropic gUo values of the I biradical 
were also measured in toluene, ethanol, and diethyl 
ether solvents at room temperature. In the I biradical, 
all these values are very close to the corresponding ones 
in 2 - M T H F , within the limits of experimental error. 
This indicates that the effect of the solvent is too small 
to induce the change in the unpaired spin distribution 
and the molecular structure. 

O n the other hand, notable solvent dependences were 
observed in frozen-solution spectra of the I I biradical; 
the results are summarized in Table 2. T h e observed 
D values are 26.1 G in 2 - M T H F , 21.9 G in toluene, 
26.0 G in ethanol, and 26.9±0.2 G in diethyl ether. 
The g-tensor values also appear to be slightly different 
from the corresponding ones in other solvents, whereas 
the respective average gav values are close to the cor­
responding giso values. In addition, the gUo values for 
the I I biradical in 2 - M T H F , toluene, ethanol, and 
diethyl ether at room temperature are 2.00443, 2.00441, 
2.00434, and 2.00441 ±0.00003 respectively; i. e., there 
are virtually the same, within the limits of experimental 
error, except for the small change in ethanol. From 
the values of D, the distances between the radical cen­
ters in the point-dipole approximation were estimated 
to be about 10.2 Â for the largest Z)-value in diethyl 
ether and 10.8 Â for the smallest Z)-value in toluene. 
These results may be explained by assuming that the 
twist angle between the 2pz orbitals of the triphenyl-
methyl carbon atom and of the centered phenylene 
ring of the I I biradical is larger in toluene than in di­
ethyl ether. 

We are very grateful to Professor Kazuhiko Ishizu 
and Professor Yasuo Deguchi for their kind advice and 
encouragement. We are also grateful to Miss Atsuko 
Shibayama for her kind help in the calculation of the 
zero-field splitting parameters. 
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The differential capacity and the surface tension at the electrode-electrolyte interface of a dropping-mercury 
electrode were measured in 0.5 M H 2S0 4 and 0.5 M Na2S04 solutions for various concentrations of benzoic acid. 
On the basis of the Frumkin-Damaskin theory, the adsorption of benzoic acid on mercury was studied in the acid 
solution, and the parameters involved in the F-D theory were determined: A = 1.6 |xj cm-2 (rm=6.5x\0-10 

mol cm-2), £0=5971mol-1 , a= - 0 . 3 5 - 2 . 5 E/V, and (7=5.95 jxF cm"2. The experimental values of the ca­
pacity and the surface tension are in good agreement with the theoretical values calculated by using the param­
eters obtained. The absence of an anodic maximum in the capacity-potential curve in the presence of benzoic 
acid was determined to be associated with a strong repulsive force between the adsorbed molecules. The value 
obtained for the maximum surface excess of benzoic acid is explained in terms of adsorption of the acid molecules for 
a vertical orientation on the electrode surface. This conclusion was supported by comparing the B0 value for 
benzoic acid with those for phenol and aniline. The adsorption of benzoic acid in neutral solutions is also discussed. 

The adsorption of organic substances on mercury 
electrodes has been reported by many workers.1 '2) 
At present, two theories developed by Frumkin and 
Damaskin (F-D theory)1) and by Bockris, Devanathan, 
and Müller (B-D-M theory)3) are applicable for 
describing the effect of an electric field on the adsorption 
of organic substances on the electrode surface. T h e 
adsorption of aliphatic amines,4) alcohols,4-5) carboxylic 
acids,6«7) aromatic amines,8 '9) and phenol10) has been 
investigated on the basis of the F-D theory, since 
this theory gives a quantitative description of the 
relationship between the surface tension or the dif­
ferential capacity and the electrode potential in the 
presence of organic substances. Good agreement 
between the theoretical and experimental results has 
usually been obtained. In addition to the above 
compounds, the adsorption of aliphatic ketones11-12) 
was studied using a modified F-D theory.7) However, 
only a few reports have been made on the adsorption 
of aromatic carboxylic acids. Blomgren et a/.13) have 
carried out the measurement of electrocapillary curves 
on a mercury electrode in 0.1 M HCl solutions contain­
ing benzoic acid at concentrations less than 10 m M 
with the results treated on the basis of the Langmuir 
isotherm. Therefore, a precise experiment is required 
to further clarify the adsorption behavior and to eluci­
date the reduction mechanism of benzoic acid.14) 

Here, the adsorption of benzoic acid on a mercury 
electrode in aqueous sulfuric acid and sodium sulfate 
solutions investigated by measuring the differential 
capacity at the electrode-electolyte interface and the 
surface tension of a dropping-mercury electrode are 
reported. The results are discussed on the basis of 
the F-D theory. 

Exper imenta l 

T h e differential capacity of the double layer was measured 
by means of an AG impedance bridge possessing a large ca­
pacity to prevent D C flow through the bridge and having a 
choke to prevent AG flow through the D C polarization circuit. 
T h e measurements were carried out on a dropping-mercury 
electrode with a droplife of 11—13 s (rate of mercury flow: 
0.629 m g s - 1 ) , and at various frequencies (0.2—10 kHz, Vpp: 
5 m V ) . In the case of benzoic acid solutions of more than 1 C1 

m M , the frequency dispersion of the capacity was not observed 
at the bot tom of the capacity curves. At the peak of the 
curves, the capacity depends slightly on the frequency of the 
applied AG signal. T h e capacity at equilibrium was obtained 
from an extrapolation of the peak capacity to zero frequency 
as a function of the square root of the frequency, as described 
by Hansen et a/.15) When the electrode has a long droplife, 
the influence of diffusion on the measured capacity is neg­
ligible. T h e capacity at equilibrium obtained by extrapola­
tion is nearly equal to the capacities measured at 0.5 or 1 
kHz, and the curves measured at 0.5 and 1 kHz are considered 
to be the equilibrium curves for solutions of more than 10 
m M of benzoic acid without introducing any appreciable 
error. 

T h e surface tension of the mercury electrode was measured 
by the drop-t ime method.16) T h e surface tension at the 
electrocapillary max imum was evaluated from the measured 
surface tension.17-18) 

All measurements were repeated at least three times and 
the average of the measured values is adopted as the final 
value. T h e uncertainty is within ± 3 % . 

Benzoic acid (analytical G R reagent grade) was recrystal-
lized twice from water. T h e test solution was freshly pre­
pared before the measurements. T h e concentration of benzoic 
acid was determined by means of U V absorption at 230 nm. 
T h e solution in the cell was deaerated by bubbling for more 
than one hour with purified nitrogen that had been passed 
through a washing bottle containing the same solution. 

T h e physical meanings of all symbols appearing in this 
paper are summarized as follows: 
(Roman letters) 
A Constant equal to RTTm (\LJ cm"2) 
a Interaction constant of adsorbed molecules; a is a func­

tion of E 
a0 Value of a at zero charge potential in the solution 

without benzoic acid 
B Equil ibrium adsorption constant at potential E (1 mol - 1 ) 

Value of B at zero charge potential in the solution 
without benzoic acid (1 mol - 1 ) 
Differential capacity ([xF c m - 2 ) 
Differential capacity of the solution without benzoic 
acid (\iF cm - 2 ) 
Differential capacity for full coverage of electrode with 
benzoic acid ([iF cm - 2 ) 
Min imum differential capacity of the capacity-poten­
tial curves in the presence of benzoic acid (jxF c m - 2 ) 
Peak capacity ((iF c m - 2 ) 

Bo 

C 

Co 

c 
^•min 
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c 
E 

AE 
££mln 

jg-max 

E7, 

Kn 

Ço 

R 
r 
T 

y 

Concentration of benzoic acid (mol 1_1) 
Electrode potential with respect to zero charge poten­
tial in the solution without benzoic acid (V) 
Width of the capacity peak (V) 
Potential corresponding to the minimum capacity (V) 
Potential corresponding to the maximum capacity (V) 
Potential difference between the respective zero charge 
potentials for zero and full coverage of the electrode 
with benzoic acid (V) 
Shift of the zero charge potential for a given coverage 
(V) 
Integral capacity in the solution without benzoic acid 
(jxF cm"2) 
Charge density of the electrode surface in the solution 
without benzoic acid (JAG cm"2) ; q0 was determined 
by graphical integration of C0 

Gas constant (J K_ 1 mol-1) 
Function of a for a given fraction of the peak height 
Absolute temperature (K) 
Relative concentration of benzoic acid, cjcs-Q^ 

(Greek letters) 

ß 

7o 

0max 

Coefficient of the potential dependence of a (V-1) 
Maximum surface excess of benzoic acid (mol cm -2) 
Interfacial tension of the solution with benzoic acid 
(lO-SNcm-1) 
Interfacial tension of the solution without benzoic acid 
( lO^Ncm- 1 ) 
Surface coverage 
Value of 0 at Emin 

Frequency (kHz) 

R e s u l t s 

In Acid Solution. Examples of typical capacity-
potential curves for 0.5 M H 2 S 0 4 solutions of various 
concentrations of benzoic acid are shown in Fig. 1. 
The capacity curves exhibit no anodic maximum. 

H 400 

-bso 

Potential vs. S. C. E./V 

Fig. 1. Differential capacitance curves and electrocapil­
lary curves at 1 kHz and 25 °C in solutions of 0.5 M 
H 2S0 4 at various concentrations of benzoic acid ; : 
OmM, • : 2.5 mM, A : 7.5 mM, Q: 15 mM, 

At high negative potentials, the capacity-potential 
curves and the electrocapillary curves approach the 
curve obtained for a 0.5 M H 2 S 0 4 solution without 
benzoic acid, and this indicates the desorption of 
benzoic acid from the mercury surface. 

T o obtain the values of the constants characterizing 
the adsorption of benzoic acid on mercury, the results 
were treated on the basis of the Frumkin-Damaskin 
adsorption isotherm at the potentials corresponding 
to the maximum adsorption and the maximum capacity. 

Bc = 
l - ( 

-exp(-2aö). :i) 

T h e dependence of a on E was first evaluated as follows. 
Since the coverage is given in the potential region 
of maximum adsorption by 

* = - & (2) 

the attraction constant a was determined from the 
reduced adsorption isotherm1,2) 

y = 
te =0.5 1-1 

-exp[a(l-20)]. (3) 

T h e value of C was determined by extrapolating the 
plot of 1/Cmln against \\c to l /c=0.1 9) T h e extrapo­
lation was made by the least-squares method for the 
data obtained in benzoic acid solutions of more than 
7.5 m M . The results are shown in Figs. 2 and 3. 

T h e values of a at the peak potentials were calculat­
ed from AE using1 '2 '19) 

/ (« ) = lg-
1 - r ar AE 

2 
dlgc 

dEm*x (4) 

where r is a function of a for a given fraction of the 
peak height, that is, 

»1/2 - / 
2 - a 
\-a and r3/4 = V-guf - ' (5) 

with the subscripts indicating the function of a which 
should be used for r in Eq. 4 when AE is used either 
at one half or at three-quarters of the peak height. The 
values of a a t the peak potentials were also determined 
from the slope of the curve of lg c vs. Em&x using 

1 0.15 h 
tu 

a 
o 

0.10^ 

0.10 0.15 

r V m M - 1 

Fig. 2. The plot of the inverse of the minimum capacity 
against the inverse of the concentration of benzoic acid 
in 0.5 M H 2S0 4 solution. 
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A = y-y0 (8) 

Fig. 3. Adsorption isotherm of benzoic acid in 0.5 M 
H2S04 solution at -0 .55 ( # ) , - 0 .60 (O), and -0 .66 
(A) V vs. S. G. E. Solid lines are calculated from 
Eq. 3 wi thf l=-0 .7(a t -0 .55 V), -0 .1(a t - 0 . 6 V), 
and 0.55 (at - 0 .66 V). 

dE* 2.3 (C 0 -C) 
dlgc ~ 2-a • ( 6 ) 

Since this treatment is applicable only to equilibrium 
capacity-potential curves, the data obtained at 0.5 
and 1 kHz in benzoic acid solutions of concentration 
greater than 10 m M and those obtained by extrapo­
lation to v=0 were used for the above calculation. 

The values of a thus found are plotted against the 
electrode potentials in Fig. 4. When the values of 
a were assumed to be a linear function of E, 

a = a0 + ßE, (7) 

thus (although some deviation was observed) the 
values of a0 and ß are found to be —0.35 and —2.5 V - 1 , 
respectively. 

Other parameters, such as EN, A, and B0, were 
evaluated using the following treatment. The value of 
EN was determined from the electrocapillary curves2-19) 
to be —0.05 V. The value of A was calculated from 
the following relation:2) 

2 

1 

0 

-1 

• 

A 

1 

A ^ ^ 

n ^s* 

yS^ • 

-0.5 -1.0 
Potential vs. S. G. E./V 

Fig. 4. Dependence of the attraction constant on poten­
tial in 0.5 M H 2S0 4 solution. The values of a were 
obtained from; A : the shape of the adsorption iso­
therm (Eq. 3), O : the width of the capacitance peaks 
at half of their height (Eqs. 4 and 5), # : the width 
of the capacitance peaks at three-quarters of their 
height (Eqs. 4 and 5), Q : the slope of the curve of 
lg c vs. £ m a x (Eq. 6). 

l n ( l - 0 )+ f l 0
2 ' 

The mean value of A was 1.60 u j c m - 2 in the 15 m M 
benzoic acid solution (Table 1). The value of B0 

was evaluated from19) 
/»£max 

/ q0dE+C'E* <(EV-E™*I2) 

\nB0 = —a0 — In c -f 

(9) 

The value of B0 was also calculated by substituting 
the coverage 6 and a into Eq. 1 for zero charge potential 
in the solution without benzoic acid (i.e., —0.5 V 
vs. S.C.E.). T h e values of B0 obtained by the different 
methods are in fairly good agreement with each other 
(Table 2). 

Thus, the parameters were found to be A=l.6 
[xFcm-2, 5 0 = 5 9 7 1 mol-1 , C ' = 5 . 9 5 fxFcm-2, Ö 0 = - 0 . 3 5 , 
and £ = - 2 . 5 V" 1 . 

TABLE 1. VALUE OF A OALOULATED FROM Eq. 8 USING 

THE DATA FOR THE 15 m M BENZOIC! AQID SOLUTION 

Evs. SGE 
V 

- 0 . 5 5 
- 0 . 6 0 
- 0 . 7 0 

Y-Yo Q 
l O ^ N c m - 1 

- 3 4 . 0 0.865 
- 3 3 . 0 0.856 
- 3 0 . 0 0.861 

TABLE 2. ESTIMATE OF THE 

Benzoic acid 
concentration 

mM 

15.0 
17.8 

Bo 

From Eq. 9 

A 
Mj cm-2 

- 0 . 2 3 1.56 
- 0 . 1 0 1.64 

0.15 1.61 
mean 1.60 

B0 VALUE 

1 mol-1 

From Eq. 1 

596 598 
578 617 

mean 597 

In Neutral Solution. The capacity-potential curves 
and electrocapillary curves in 0.5 M N a 2 S 0 4 solutions 
containing various amounts of benzoic acid are shown 
in Fig. 5 (The p H value of the solution was adjusted 
to 7.2 by adding an N a O H solution). Small peaks 
(or humps) were observed around —0.5 V (vs. S.G.E.) 
for the capacity-potential curves. A decrease in surface 
tension due to adsorption of benzoate anions was 
observed for a positively-charged surface, while for 
a negatively-charged surface the surface tension and 
the capacity approached the values obtained in a 
0.5 M N a 2 S 0 4 solution without benzoic acid. Thus, 
the hump appearing in the capacity curve is regarded 
as the adsorption-desorption peak of the benzoate anion. 

D i s c u s s i o n 

T h e adsorption of benzoic acid in acid sulutions 
is now considered in detail. At negative potentials, 
an attractive force is observed between the adsorbed 
acid molecules. The attractive force changes to a 
repulsive force as the potential becomes positive (Fig. 4). 
A similar change in a with the potential has been 
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-0.5 -1.5 

Potential os. S. C. E./V 

Fig. 5. Differential capacitance curves and electrocapil-
lary curves at 1 kHz and 25 °C in solutions of 0.5 M 
Na2S04 at various concentrations of benzoic acid ; : 
OmM, • : 5 m M , A : 15 mM, O: 50 mM. 
The pH value of the solution was adjusted to 7.2 by 
adding an NaOH solution. 

observed for pyridine ( j 3 = - 2 . 8 V " 1 ) 1 , 2 ° ) and phenol 
{ß=— 2.05 V-1).10) When the value of a is considera­
bly negative, no peak is observed in the capacity-
potential curves.19'21) I t is also considered that the 
strong repulsion between the adsorbates observed for 
positive potentials causes appreciable desorption of the 
adsorbed benzoic acid in spite of the increase in the 
jr-electron interaction between the adsorbed molecules 
and the positively-charged surface. These considera­
tions are consistent with the experimental results for 
a positively-charged surface: no anodic maxima in 
the capacity-potential curves were observed and the 
degree of decrease of the surface tension became smaller 
with increasing potential, as is shown in Fig. 1. T h e 
potential Emln shifted to more negative potentials with 
increasing benzoic acid concentration (Fig. 1). T h e 
degree of this shift was explained using the negative 
ß value (—2.5 V - 1 ) obtained in this study according 
to the following relation19) (Fig. 6) 

9£min 2Aß 

50r Ko-C 
(10) 

The experimental results were compared with the 
calculated capacity-potential curve and electrocapil-
lary curve in order to examine whether or not the 
adsorption of benzoic acid follows the F-D theory 
over the entire potential region. The curves relating 
the capacity and the surface tension to the potential 
were calculated using 

C = C o ( l - 0 ) + C'0 + 
[qo + C'(EN-E) + ßA(l-2d)]*h 

> 
w 
u 
C/3 

» (3 

& 

-0.8 

-0.7 

-0.6 

-0.5 

_ 

u 9^^ ° 

1 ! 

o ^ 

/ o 

1 

0.5 0.6 0.7 0.8 0.9 1.0 

Fig. 6. Variation of the potential of minimum capacity 
with the coverage. Solid line indicates the theoretical 
dependence of Emin on 0max calculated from Eq. 10 by 
assuming the value of K0 of 20 (jtF cm -2. 

where 

h = 
0(1-0) 

(12) 
1 - 2 A 0 ( 1 - 0 ) ' 

and 

y = yQ+A[ln(l-d) +00*]. (13) 

The value of 0 appearing in Eqs. 11 and 13 was eval­
uated as follows.2,19) T h e value of B was first deter­
mined using 

B = B0 exp IÔ« ,dE+C'E(Ex-EI2) 
exp(-ßE), (14) 

for a given potential, and then 6 was calculated from 
Eq. 1 for a given concentration of benzoic acid. As 
is shown in Fig. 7, good agreement is obtained between 
the calculated values and experimental results for the 
capacity and the surface tension over the potential 
region investigated. The discrepancy observed for 
positively-charged surfaces in the capacity-potential 
curves is probably due to the ^-electron interaction. 
However the agreement between the experimental 
electrocapillary curve and the calculated curve shows 
that the interaction is probably rather small. 

When benzoic acid molecules are adsorbed on the 
electrode in either the vertical or the flat orientations, 
the two-condensers-in-parallel model (F-D theory) may 
be applied. If benzoic acid molecules are adsorbed 
on the electrode for both orientations, the three-con­
densers-in-parallel model would be applicable.2) Both 
the two- and three-condenser models were tested by 
plotting the shift of the zero charge potential, Ez, 
against the coverage. For the two-condenser model, 
Ez is a function of 0:2) 

E* = 
EN6 

(Co/C')(l-0) + 0 ' 
(15) 

O n the other hand, the relationship between Ez and 
0 derived for the three-condenser model is2,22) 

(H) 
E« = 

£N 10[(£N 2 /£N l ) ( l -0) + 0] 
(C o /C ' ) ( l -0)+0 

(16) 
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Potential vs. S. G. E./V 

Fig. 7. Differential capacitance curves and electrocapil-
lary curves in 0.5 M H2S04 solution (broken line) con­
taining 15 mM of benzoic acid. O : experimental re­
sults at 1 kHz, # : calculated from Eqs. 11 and 13. 

where EN1 and EN2 are the shifts of the zero charge 
potential when the electrode is fully covered by adsorbed 
molecules in the vertical and flat orientations, re­
spectively. 2sN2 was calculated to be —0.72 V from2) 

ß = 
— C(Em—£"N2) 

(17) 

assuming i i N 1 =i s N = — 0.05 V. 
The experimental results for the relation between Ez 

and 6 are shown in Fig. 8, together with the theoret­
ical curves given by Eqs. 15 and 16. The two-con-

0.10 k 

> 
3 

0.05 h 

Fig. 8. Dependence of the point of zero charge on sur­
face coverage with adsorbed benzoic acid in 0.5 M 
H2S04 solution. Solid and broken lines are calculated 
from Eqs. 15 and 16. 

denser model is more successful in explaining the 
experimental results. 

From the above arguments, it is concluded that 
the adsorption of benzoic acid molecules follows the 
F-D theory of the two-condenser model and that the 
values of the parameters obtained are reasonable. 

Orientation of Adsorbed Molecules. T h e orientation 
of the adsorbed benzoic acid molecules on the electrode 
surface can be discussed on the basis of the values of 
A, because A is related to the maximum surface excess. 
T h e experimental value of A corresponds to a maximum 
surface excess of 6.5 X 10 - 1 0 mol cm"2 . In the case 
of monolayer adsorption, the area occupied by one 
molecule of benzoic acid is calculated to be 26 Â2 

(1 Â = 0 . 1 nm) . According to the Fisher-Taylor-
Hirschfelder model,13) one molecule of benzoic acid 
occupies 56 Â2 for flat orientation and 20 Â2 for vertical 
orientation. T h e area estimated from the A value 
indicates that for adsorption, benzoic acid has a verti­
cal orientation. 

The vertical orientation of the adsorbed benzoic 
acid molecules is also supported by the value of B0 

as follows. The value of B0 is related to the standard 
free energy of adsorption, — AGI, by2) 

-AGI = AT In (55.5 BJl mol"1). (18) 

The calculated — AG! value is 26 k j mol" 1 (6.2 kcal 
mol- 1 ) . T h e value of B0 (597 1 mol"1) obtained is 
less than that of phenol10) (16401 mol"1) for the flat 
orientation and is larger than that of aniline9) (191 
1 mol - 1 ) for the vertical orientation. The —AGI and 
B0 values decrease when the 7r-electron interaction 
between the adsorbate and the electrode decrease, 
and the specific interaction between functional groups 
and a mercury surface is considered to result in a 
change in orientation from flat to vertical. Taking 
into account the specific interaction of functional 
groups of aliphatic compounds with a mercury surface 
(the order of specific interaction has been reported 
to be - O H < - C O O H < - N H 2 ) , 7 ) the decrease of B0 

values in the order, phenol > benzoic acid > aniline, 
is explained reasonably well in terms of the change 
in orientation from flat to vertical. Since some phenol 
molecules can undergo adsorption in the vertical 
orientation,15,22) benzoic acid is expected to be adsorb­
ed in the vertical orientation. This is because benzoic 
acid has a greater possibility of existing in the vertical 
orientation than phenol, because of its smaller value 
of B0 and the stronger interaction of a carboxyl group 
with a mercury surface than a hydroxyl group. This 
conclusion agrees with that derived from the evalua­
tion of the maximum surface excess. 

In the neutral solution (0.5 M N a 2 S 0 4 , p H 7.2), 
the value a<— 4 obtained from the shape of the h u m p 
indicates that there is a strong repulsive force between 
the adsorbates in the potential region of the hump . 
Since the pK& of benzoic acid is 4.2,23) the adsorbed 
species at p H 7.2 should be the benzoate anion. The 
repulsive force may be caused by the Coulombic 
interaction between adsorbed benzoate anions, because 
no strong repulsive force was observed in the acid 
solution. T h e low and broad humps in the capacity-
potential curves due to desorption extend to —0.25 V 
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(vs. S.G.E.), and this fact indicates that desorption 
occurs even on a positively-charged surface because 
of the significantly large repulsive force between the 
adsorbed anions. The capacity-potential curves and 
electrocapillary curves are almost independent of the 
concentration of benzoate anion. These phenomena 
suggest that the adsorbed anions covered the electrode 
surface almost completely in the solution of a low 
concentration of benzoic acid. 
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In order to determine the optimum irradiation conditions to produce the 61Gu for nuclear medical use, ex­
citation curves and thick-target yield curves were determined for the a reactions producing 61Cu, 57Go, and 58Co, 
and 3He reactions producing 61Cu, 56Co, 57Co, and 58Co, both from natural cobalt. The 59Go(a, 2n) 61Gu and the 
59Go(3He, n) 61Cu reactions give cross section peaks of 340 mb and 6 mb at 25 MeV and 35 MeV, respectively. 
The 61Gu thick-target yields for these reactions at 40 MeV were 6 mCi/fiAh and 110 [xGi/(jtAh, respectively. A 
simple and reliable anion-exchange method was developed to provide carrier-free 61Gu. The purity of 61Cu 
was determined with a Ge(Li) spectrometer. Photopeak efficiencies have been calculated at principal y-ray 
energies of 61Gu, 64Gu, and 67Cu, for a 1/2 in. Nal scintillation camera. Alternative nuclear reactions and the 
methods for producing 61Gu are compared. 

61Cu has better nuclear properties for use in nuclear 
medicine.1) Its 3.32 h half-life and 284 keV y-ray make 
it a particularly useful diagnostic scanning agent 
giving a much lower absorbed dose for a given count 
rate than the more readily available 64Cu and 67Cu. 6 1Cu 
can be produced with a cyclotron by a 59Co(a,2n) 
61Cu reaction: this reaction results in a maximum 
of 6 mCi/[xAh for 40 MeV a bombardment.1) Bom­
bardment of cobalt has an additional advantage in 
that the inexpensive monoisotopic element cobalt 
can be used. 

In producing a short-lived radionuclide for use in 
clinical diagnostic procedures, two factors of prime 
importance are the yield of the desired nuclide and 
the degree of contamination with other isotopes, 
particularly those which have relatively long half-lives 
and which cannot be separated chemically. To deter­
mine the optimum irradiation condition to maximize 
the yield of the desired nuclide and to minimize the 
yield of other by-product nuclides, the excitation 
curves for the reactions concerned must be known. 

We have investigated the excitation curves and 
the thick-target yield curves of 61Gu and by-product 
nuclides such as 56Co, 57Co, and 58Co. Photopeak 
efficiencies have been calculated at y-ray energies of 
these nuclides for sodium iodide crystals. This is 
of interest in the design of y-ray taking devices such 
as a scintillation camera. T h e information would be 
of value to users of medical cyclotron interested in the 
production of 61Cu. 

Exper imenta l 

Target Preparation. A thin cobalt target (15—25 mg/ 
cm2) was electro-deposited from a cobalt sulfate solution 
(CoS04-7H20 500 g/1, NaCl 17g/l, H3B04 45 g/l) onto 
a disk of electrolytic copper foil (35 \L thick). The electro-
deposition was performed at 20—28 °C in a 30 mm diam 
cell with a platinum wire anode at the current density of 50 
mA/cm2 for 170—380 min. After electro-deposition the cobalt 
foils were carfeully removed from the cathode, washed, 
dried, and weighed. About ten to fifteen foils were stacked 
on a brass target-holder with water cooled pipes. 

Bombardment. The stacked target was attached to the 
beam duct of No. 2 of I PCR cyclotron and bombarded with 
0.5—1 (/A beam of 40 MeV a and 3He particles. A colli-
mater situated in front of the target reduced the spead in 

width of beam to ca. 1.5 x 1.5 cm2. The beam current was 
measured with a beam current integrator. There was 8% 
excess in the reading owing to the secondary electrons in the 
slit edge, the target and of a and 3He particles scattering at 
the slit edge2). The duration of bombardment was 30—60 
min. 

Measurement. After bombardment, y-ray spectra of 
each foil were measured with a 15 cm3 Ge(Li) detector, which 
had been accurately calibrated using IAEA y-ray standard 
sources. The specific y-rays and half-lives were sufficiently 
distinguished without chemical separation. The principal 
photopeaks of nuclide were followed in order to determine the 
half-life and confirm the identity of the nuclides. The dead 
time losses were always less than 10%. For the sake of ob­
taining better sensitivities the longer-lived nuclides (56Go, 57Co, 
and 58Go) were analyzed after the decay of 61Gu was complete. 
The yields of the nuclides produced in each target were cal­
culated in terms of [id/[iAh at the end of bombardment. 
The data, foil thickness and the result of beam current measure­
ment were used to calculate the reaction cross sections for all 
the nuclides observed in each foil. The energy and the in­
tensity of the photopeaks: 61Cu (284 keV, 12%), 56Co (847 
keV, 100%), "Go (122 keV, 87%), 58Go (810 keV, 99%). 

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

y-Ray Spectra. A representative example of the 
y-ray spectra is shown in Fig. 1. T h e upper curve 
was taken 3.3 h after the end of a bombardment . 
T h e median energy in this foil was 28.8 MeV. 
The lower curve was taken 6 days after the end of 
bombardment . y-Rays from the decay of the longer-
lived radionuclide 57Co can be identified in addition 
to the 511 keV annihilation quanta from positron 
emitters such as 61Cu and 58Go. No peaks which 
seem to be due to impurities were observed. T h e 
spectra of y-rays from a 3 He bombardment foil in 
which the median 3He energy was 38.8 MeV are 
shown in Fig. 2. In addition to y-rays from 61Cu, 
57Go, and 58Co, photopeaks from 56Go can be identified. 
The Q, values for the nuclear reaction concerned are 
given in Table 1. 

Excitation Curves and Thick-target Yield Curves. 
a Reactions'. The yields of 61Cu, 57Co, and 58Go in 

each target were calculated in terms of (xGi/(xAh at 
the end of bombardment . T h e reaction cross sections 
were then calculated by means of the relation: 
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Fig. 1. y-Ray spectra for a bombarded target of cobalt. A) taken 3.3 h after 
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Fig. 2. y-Ray spectra for 3He bombarded target of cobalt. A) taken 3.3 h after 
bombardment, B) taken 3 d after bombardment. 

oE = (l-e-xt)-N-<f> ' 

where 
tT£ = the cross section for the reaction at energy E, 
A0=activity in dps at the end of bombardment , 
N= number of target nuclei of cobalt target, 
0 = particle flux, 
A=decay constant for the nuclide, 
t~ duration of bombardment . 

The excitation curves for the production of 61Cu by 
a bombardment on cobalt are shown in Fjg. 3. The 
maximum cross section of 350 mb is shown at 25 M e V . 
Above 25 M e V the cross section for 61Cu production 
decreases; probably because the 5 9Co(a,an)5 8Co and 

5 9Co(a,a2n)5 7Co reactions are more probable than the 
59Co(a,2n)61Gu reaction in this energy region (Fig. 4). 

T h e thick-target yield curves were obtained by 
integrating the thin-target yield vs. target depth curves. 
T h e thick-target yield curves of 61Gu, 57Co, and 58Co 
for a bombardment of cobalt are given in Figs. 3 and 5. 

me Reactions: T h e yields of 61Gu, 66Co, 57Co, and 
58Co were calculated in terms of LtCi/jxAh and the 
reaction cross sections were calculated exactly in the 
same way as for the a particle bombardment described 
above. The excitation curves for these reactions are 
plotted in Figs. 6 and 7. The Coulomb barrier for 
the interaction of 3 He with 58Co is about 9.72 MeV, 
whereas the Q, values for the 59Co(3He,n)61Cu, 59Co-
(3He,a)58Co, 5 9Co(3He,an)5 7Co, and 59Co(3He,a2n)56Co 
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T A B L E 1. a AND 3 He REACTIONS WITH COBALT TARGET 

a Reactions 

50Go(a,n)62Cu 
(a,2n)6iGu 
(a, 3n)6°Cu 
(a, 4n)59Cu 

(a,p)62Ni 
(a, pn)61Ni 
(a, p2n)60Ni 
(a, p3n)59Ni 

(a,an)58Co 
(a,a2n)"Co 
(a,a3n)56Co 

d Value 
(MeV) 

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

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

- 1 0 . 4 
- 1 9 . 0 
- 3 0 . 4 

3He Reactions 

5flCo(3He,n)61Cu 
(3He, 2n)6<>Cu 
(3He, 3n)59Cu 
(3He, 4n)58Gu 

(3He, p)61Ni 
(3He,pn)60Ni 

(3He, p2n)59Ni 
(3He, p3n)58Ni 

(3He,a)58Go 
(3He, an)"Co 
(3He,a2n)56Go 
(3He,a3n)55Go 

Q Value 
(MeV) 

+ 6.6 
- 5 . 1 

- 1 5 . 2 
- 2 7 . 9 

+ 9.6 
+ 1.8 
- 9 . 6 

- 1 8 . 6 

+ 10.1 
+ 1.5 
- 9 . 4 

- 1 9 . 9 

SI 

< 
Ü 

>> 

en 

15 

10 

(Af9Co(<^.^nf6Co 
(Bf9Co(c(.oC2n)57Co 

10 20 30 

Incident beam energy (Mev) 

40 

Fig. 5. Thick-target yield curves for a reactions on 
cobalt producing 57Go and 5 8Co. 
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Fig. 3. Excitation curve and thick-target yield curve 
for a reaction on cobalt producing 61Gu. 
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Fig. 6. Excitation curve and thick-target yield curve 
for 3He reaction on cobalt producing 61Gu. 

reactions are + 6 . 6 , + 1 0 . 1 , + 1 . 5 , and —9.4 MeV, 
respectively (Table 1 ). This indicates that, for the 3He 
particles with sufficient kinetic energy to cross the 
Coulomb barrier, the cross section for the first reac­
tion is negligibly small. 

T h e 59Go(a,2n)61Cu and the 5 9Co(3He,n)6 1Cu reac­
tions have cross section peaks of 340 and 6 mb at 25 
and 35 MeV, respectively. The 61Cu thick-target 
yields for these reactions were 6 mCi/(xAh and 110 \iCil 
(xAh, respectively. This shows that a bombardment 
is more advantageous than 3He bombardment for the 
production of 61Gu. 

Chemical Separation and Radionuclidic Purity. In 
order to separate 61Gu from 56Co, 57Co, 58Go, and 
target material, we used the anion-exchange method.1) 
The method has been simplified, with completely 
satisfactory results, and used for routine production 
as follows : After 4 h cooling period required to 
allow the short-lived nuclides such as 60Cu(23.4 m) 
and 62Cu(9.76 m) to decay almost completely, irradiated 

file:///iCil
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Fig. 8. Thick-target yield curves for 3He reactions on 
cobalt producing 66Co, 57Co, and 58Go. 

cobalt target ( 150 mg) was dissolved in a mixture 
of 2 ml of 4 M H N 0 3 and a few ml of 6 M HGl to 
which a drop of bromine had been added in order 
to oxidize copper ions. The solution was evaporated 
nearly to dryness in order to remove excess H N 0 3 

and Br2. Twenty-five ml of 8 M HCl was added to 
form chloride complexes of Gu 2 + and Go2+. The 
solution was then transferred into a 150 m m X 13 m m 
column of Dowex 1-X8 anion-exchanger resin,chloride 
form, 100—200 mesh. Under these conditions, Co 2 + 

and Cu 2 + are adsorbed on the resin but not Ni2-1-.1'4) 
Go2+ and Cu 2 + can be eluted from the column with 
25 ml of 4 M HCl and 2 M HCl , respectively. Carrier-
free 61Cu is recovered as a radionuclidically pure 

material in 25 ml of 2 M HCl solution, which can 
be easily evaporated to dryness. This make it possible 
to convert the tracer into a suitable chemical form. 
The radiochemical yield was 9 5 % . The procedure 
is simple, taking less than 150 min. The high radio­
nuc l ide purity of 61Cu attained was determined by 
y-ray spectrometry using a Ge(Li) detector. No 
radionuclides of longer-life could be detected. 

Comparison of Nuclear Reactions for Producing 61CM. 
Deuteron Bombardment of Natural Zinc Targets: The 
thick-target yield of 61Cu from deuteron bombardment 
of natural zinc target was ca. 1.2 mCi/(xAh at 15 MeV.5) 
However, the purity of 61Cu produced by the 64Zn-
(d,an)6 1Cu is restricted by 64Cu produced by the 
6 6Zn(d,a)6 4Cu, 6 7Zn(d,an)6 4Cu, and 64Zn(d,2p)64Cu 
reactions and 67Cu produced by the 6 8Zn(d,3He)6 7Cu 
and 6 7Zn(d,2p)6 7Cu reactions. At a bombardment 
energy of 15 MeV, the maximum levels of 64Cu and 
67Cu contaminants were 45 and 30%, respectively. 

3He Bombardment of Natural Copper Targets: The 
maximum cross section for the 6 3Cu(3He,an)6 1Cu 
reaction is 88.2 m b at 19.6 MeV, whereas those for 
the 6 3Cu(3He,2p)6 4Cu and the 6 3Cu(3He,a)6 2Cu reactions 
are 126 mb at 21.7 MeV and 42.7 mb at 22.4 MeV, 
respectively.6) The results indicate that the purity of 
61Cu produced by this method is not suitable for in 
vivo studies, even if other by-product nuclides such 
as 65Ga, 66Ga, 67Ga, 62Zn, 63Zn, and 65Zn are chemically 
separable. 

Proton Bombardment of Natural Copper Targets: 61Cu 
is also produced by the 6 3Cu(p,p2n)6 1Cu and the 
6 5Cu(p,p4n)6 1Gu reactions. A limitation of the above 
nuclear reactions is that the required particle energies 
(e.g. 35—60 MeV protons) are not attainable with 
compact cyclotrons suitable for routine production. 
Only the cyclotron of the National Institute of Radio­
logical Science can be used. The maximum cross 
sections for these reactions are approximately 3 times 
less than that for the 59Co(a,2n)61Cu reaction. The 
experimental data available show that the maximum 
cross sections for the 6 3Cu(p,p2n)6 1Cu and the 65Cu-
(p,p4n)6 1Cu reactions are 130 mb at 35 MeV and 
lOOmb at 60 MeV, respectively.7) This indicates that 
the yield of these reactions are not practical for routine 
production. 

a Bombardment of Enriched Nickel Targets: A rela­
tively high cross section has been reported for the 58Ni-
(a,p)6 1Cu reaction which has a maximum value of 
310 mb at particle energy 11 MeV.8) However, the 
method is not practical, because of the use of a Van 
de Graaff accelerator and highly enriched nickel 
isotope (98.4%). 

An alternative method was studied in order to 
obtain 61Cu by the 3He bombardment on natural 
nickel target. The results of preliminary studies are 
satisfactory and have advantages over the above 
mentioned 5 8Ni(a,p)6 1Cu, primarily because its thick-
target yield is 4.9 mCi/|j.Ah with 3He particle bom­
bardment energy of 40 MeV.9) 

Relative Detection Efficiency. The average absorbed 
dose delivered to the total body, spleen, kidneys, 
liver, heart, and brain by 61Cu, 64Cu, and 67Cu 
has been calculated.1) The results show that 61Cu 
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TABLE 2. PERCENTAGE OF USABLE }>-RAYS OF 61Cu, 64Cu, AND 6 7 CU 
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Radionuclide Decay 
mode 

y-Ray 

Energy 
(MeV) 

Intensity 
(%) 

Trans­
mission 

(%) 

Detection 
efficiency 

(%) 

Usable 
y-ray 
(%) 

6 1Cu(3.32h) 

6 4Gu(12.8h) 

6 7 Cu(6l .7h) 

ß+ 60% 
ß~ 30% 

ß+ 19% 
ß~ 38% 
EC 43% 

ß~ 

0.284 
0.511 
1.19 

0.511 
1.34 

0.092 
0.184 

12 
120 

5 

38 
0.5 

23 
40 

62 
63 
53 

63 
53 

53 
59 

58 
35 
21 

35 
19 

99 
58 

4.3 
26.5 
0.5 

8.3 
0.05 

12.1 
13.7 

has the lowest absorbed dose to various organs and 
tissues. The relative photopeak efficiencies have been 
calculated at several y-ray energies of 61Cu, 64Cu, and 
67Cu for a 1/2 in. N a l scintillation camera. T h e 
photopeak detection efficiencies for 1/2 in. N a l 
crystal,10) intensity3) and the tissue attenuation of 
y-rays were used to calculate the relative usable y-ray 
flux. The results of these calculations are given in 
Table 2. Usable y-ray flux from 61Cu was higher 
than that from an equal amount of 64Cu. With the 
scintillation camera, the 284 keV y-ray of 61Cu provides 
4 . 3 % usable y-ray, while the 1340 keV y-ray of 64Gu 
gives as small as 0 .05% usable y-ray. This indicates 
that the principal y-ray of 61Cu(284 keV) is more 
intense and in an energy range that is more advan­
tageous for scinti-scanning than that of 64Cu. 

O n the other hand, five millicuries of 67Cu is produced 
by the reaction 68Zn(y,p)67Gu for 48 h irradiation of 
natural zinc in the bremsstrahlung beam from a linear 
accelerator.11) 67Cu has the advantage that the relative 
detection efficiency for its intense 184 keV y-ray (40%) 
is 13.7%. However, its absorbed dose is too high 
to be used in vivo clinical studies,1) even if high specific 
activity 67Cu, having a half-life of 61.7 h, is useful 
in particularly time consuming biochemical studies. 

The 284 keV y-ray of 61Cu approaches an opt imum 
energy that is low enough to be efficiently counted 
with thin N a l crystals allowing use of high resolution 
collimators, but high enough to obtain necessary tissue 
penetration. These characteristics make this nuclide 
highly desirable for nuclear medical application. 

Conclus ion 

We found the bombardment of cobalt at 40 MeV 
to be the best method to produce 61Gu in sufficient 
quantity for radiopharmaceutical studies. Advantages 
are the relatively high yield as compared with other 

methods, and the high radionuclidic purity of carrier-
free 61Cu. For routine production we have chosen 
the following bombardment conditions : energy of the 
incident particles 40 MeV, target thickness 250 mg/cm,2 

beam current 5{xA. The irradiation time varies 
according to the required quanti ty of 61Gu from 1—2 h. 
Under these conditions, the yield of 61Cu obtained at 
the end of 1 and 2 h of bombardment is ca. 13 and 
26 mCi, respectively, corrected for losses during the 
course of recovery. 

The authors wish to thank Dr. Tadashi Nozaki 
and members of the cyclotron group of the Institute of 
Physical and Chemical Research for their valuable 
discussions and cooperation. 
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The electronic absorption spectra of naphthalene, anthracene, and naphthacene in dried, molten zinc chloride 
were measured and found to be almost the same as those of aromatics-aluminum chloride complexes in the solid 
state. ESR measurements were also made; they confirmed the presence of radicals. From these results, it was 
concluded that the aromatics reacted with molten zinc chloride to form EDA-complexes, i. e., tr-complexes and 
cation radicals. 

I t has been known that a massive quanti ty of zinc 
chloride used in the molten state is a superior catalyst 
for the hydrocracking of polycondensed aromatics into 
gasoline fractions, although partial hydrogénation 
is predominant when the amount of zinc chloride is 
relatively small; the activity of the catalyst has been 
considered to originate in a proton produced by the 
dissociation of water coordinated to the zinc chloride 
molecule.1-4) 

However, when aromatics come into contact with 
dried, molten zinc chloride under a vacuum, colored 
products are observed to be produced. This suggests 
that the products are complexes of the electron donor-
acceptor type and might also play a role in the hydro-
cracking of aromatics as reaction intermediates, because 
we have already confirmed that, in the hydrocracking 
of aromatics with molten zinc chloride, the conversion 
is correlated with their ionization potentials.2) 

The measured electronic spectra of aromatics-zinc 
chloride complexes were almost the same as those 
of aromatics-aluminum chloride complexes in the solid 
state observed by Perkampus and Kranz5) and by 
Sato and Aoyama.6) Furthermore, the complexes gave 
strong ESR signals of the singlet type. 

From these results, aromatics and zinc chloride in 
the molten state were found to form «r-complexes, 
radicals, and additional intermediates between the 
ff-complexes and the aromatics. 

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

Materials. Zinc chloride, naphthalene, anthracene, 
and naphthacene of the G. R. grade were used without 
purification. 

Electronic Absorption Spectra. Zinc chloride, after hav­
ing been introduced into the rectangular quartz cell shown 
in Fig. 1, was heated at 200±10 °G under a vacuum below 
10 -3 Torr in an electric furnace for 2—3 h. After the cell 
has then cooled to room temperature, an aromatic compound 
sample in a vacuum stopcock (cf. Fig. 1) was dropped into 
the cell. The cell was then evacuated again at about 10~3 

Torr, and the upper neck of the cell was sealed off by 
fusion. The cell containing the sample was then heated in 
an electric furnace above 280 °G to melt it. When this mol­
ten zinc chloride was placed in sufficient contact with aro­
matics, colored products were observed to develop in the trans­
parent molten zinc chloride. This sample cell was mounted 
in a specially constructed cell holder kept at 300±10 °C, and 
the absorption spectra were measured with a Hitachi 624-
type spectrophotometer. 

c 

CZ 

)i 

to vacuum system 

Sample 

to fuse 

ZnCl, 

5 mm thickness quartz ce l l 

Fig. 1. Apparatus for the absorption spectroscopic 
study. 

To confirm more exactly the formation of colored products 
of the ff-type, anhydrous zinc chloride was carefully prepared 
from silver chloride and metallic zinc powder in a vacuum 
according to a procedure similar to Wallace and Willard's 
for the preparation of anhydrous aluminum chloride;7) it was 
then reacted with anthracene in a sealed glass tube. 

ESR. Samples for the ESR measurements were pre­
pared in ESR tubes in a way similar to that described above. 
The ESR signals were measured with a Jasco model ME-
type spectrometer at room temperature, while the ^-values 
were determined by the use of MnO as the reference substance. 

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

Electronic Absorption Spectra. The absorption spectra 
of the colored products in molten zinc chloride for 
naphthalene, anthracene, and naphthacene are shown 
in Fig. 2 and are summarized in Table 1 for purposes 
of comparison. 

The spectrum of molten zinc chloride only (Fig. 2-(l)) 
did not show any special absorption bands within 
the range in question. Upon reaction with molten 
zinc chloride, anthracene gave three absorption bands 
at 425, 620, and 725 nm (Fig. 2-(3)), naphthalene 
gave two weak absorption bands at 385 and 590 nm 
(Fig. 2-(2)), and naphthacene gave strong absorption 
bands at 360 and 460 nm (Fig. 2-(4)). After prolonged 
contact, a new band at 705 nm for naphthalene (Fig. 2-
(2')) and one at 710 nm for naphthacene (Fig. 2-(4')) 
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TABLE 1. COMPARISON OF THE ABSORPTION BANDS OF THE ^-COMPLEXES, RADICALS, 

HF-BF3, BF-1,2-DICHLOROETHANE, AND Na- OR K-THF SYSTEMS 

Species 

a-Complex 

Proton-addition complex 

Radical, monopositive 
ion, or negative ion 

Dinegative ion 
or others 

System 

( A 

B 
( D 

C 

f A 

B 

I E 

E 

Naphthalene 

366, 

385 
380 

390 

705 

735, 

590 

813 

Anthracene 

425 
420 
423 

408 

725 

735 

369, 715 

620 
665 

333, 613 
(unit; nm) 

Naphthacene 

355, 
670, 
359, 

353, 

460 
468 
452 

435 

710 
385, 395, 
769, 850 
403, 704 

360 

398, 621 

A; Molten zinc chloride. B; Aluminum chloride.5-6) C; HF-BF3.10.11) D; BF3-l,2-Dichloroethane.9> E; 
Sodium- or Potassium-THF.16<17> 

(1) Molten Zinc Chloride 

(3) Anthracene 

Fig. 2. Absorption spectra of aromatics in molten zinc 
chloride. Absorbance vs. wavelength (nm). 
(1) Molten zinc chloride, (2) (2') naphthalene, 
(3) anthracene, (4) (4') naphthacene. 

were observed to develop. 
ESR Signals. All the samples gave strong and 

broad singlets with the ^-values of 2.0028, 2.0031, 
and 2.0030 for naphthalene, anthracene, and naphtha­
cene respectively {cf. Fig. 3). 

o-Complex Formation. As may be seen in Table 1, 
the absorption bands at 385 nm for naphthalene, 
425 nm for anthracene, and 460 nm for naphthacene 
in molten zinc chloride were found to be almost the 
same as those of the corresponding aromatics-aluminum 

Fig. 3. ESR spectrum of naphthalene cation radical 
formed in molten zinc chloride. 

3.0 h 

> 

2.0 

6.0 7.0 

/D (eV) 

Fig. 4. Dependence of the position of CT bands on 

ionization potentials of donors. 

chloride complexes in the solid state, the latter being 
confirmed as <r-complexes(7r, v-complexes according 
to their notation) by Perkampus and Kranz.5) 

Figure 4 shows the linear correlation between their 
absorption energy, hvCT, and the ionization potential, 
7D, of the corresponding aromatics; this correlation 
suggests EDA-complex, i.e., ff-complex formation, as 
in the case of aromatics-ethanol-zinc chloride-chloro­
form system investigated previously by the present 
authors.8) 
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However, since the proton-addition complexes are 
quite similar to the ^-complexes in the position of 
the absorption band (Table l ) , 9 ~ n ) we tried to elimi­
nate the effect of the trace amount of water on the 
complex formation in the present system; it could 
be confirmed that a colored product was produced 
by the reaction of anthracene with anhydrous molten 
zinc chloride carefully prepared from zinc metal and 
silver chloride in a vacuum. 

These results strongly suggest that aromatics directly 
react with molten zinc chloride to form EDA-complexes, 
i.e., ff-complexes. Accordingly, the absorption bands 
at 385 nm for naphthalene, 425 nm for anthracene, 
and 460 nm for naphthacene can be attributed to 
the formation of aromatics-zinc chloride ff-complexes. 

H H H (ALCL3)n H (ZnCL2)n 

(A) (B) (C) 

T h e structure of the proton-addition complexes of 
aromatics proposed by Gold and Tye12) has been both 
experimentally and theoretically confirmed;11 '13,14) for 
example, the proton-addition complex of anthracene 
has been fomulated in the form of (A). Perkampus 
and Kranz proposed the (B) structure for the anthra­
cene-aluminum chloride complex on the basis of the 
similarity in the absorption spectrum.5) The (C) 
structure can also be proposed for the an thracene-
zinc chloride complex on the basis of the similarity 
of the absorption spectrum of anthracene in molten 
zinc chloride with that in aluminum chloride in the 
solid state. 

Ion or Radical Formation. Naphthalene in molten 
zinc chloride has a paramagnetic property and a 
characteristic color which gradually changes from 
purple to dark green.15) I t gave an absorption band 
at 705 nm quite different from the absorption band 
for sodium16) or potassium17) naphthalenide in the 
T H F solution assigned as a free radical. However, 
this band is assumed to correspond to the naphthalene 
cation radical, because it is more difficult for naphtha­
lene to form a radical than for the other two aromatics 
and because the band at 705 n m in the spectrum 
of Fig. 2-(2') and the strong ESR signal appeared only 
when naphthalene was in sufficient contact with 
molten zinc chloride. The band at 590 nm in the 
spectrum of Fig. 2-(2) or (2') has been attributed to 
the dipositive ion or an intermediate between naphtha­
lene and the naphthalene-zinc chloride ff-complex, 
as Sato predicted,6) but further investigation is neces­
sary for a certain assignment. 

Distler and Hohlneicher showed that the anthracene 
cation radical has absorption maximum at 735 nm, 
and the naphthacene radical, at 348, 397, 667, 752, 
and 833 nm.18) The present work confirmed that 
anthracene, when in sufficient contact with molten 
zinc chloride, showed a characteristic deep green 
color15) and was strongly paramagnetic. The absorp­
tion band at 725 n m can thus be attributed to the 
formation of the cation radical derived by the ionization 

of the ^-complex (C). The absorption band at 620 nm 
seemed to correspond to that observed on the silica-
alumina surface19) and that observed for the anthracene-
aluminum chloride complex.6) Hall19) supposed that 
the 665 nm species might be a dipositive anthranium 
ion on the basis of Aalbersbers's work20) and from 
the calculations of Balk et al.21) Sato and Aoyama 
proposed that it might be a secondary a- or jr-complex 
produced by anthracene and the anthracene-aluminum 
chloride «r-complex. In the case of the anthracene-
molten zinc chloride system, further investigation is 
necessary to assign the band at 620 nm. 

In the case of naphthacene, the formation of the 
cation radical was also confirmed by the production 
of ESR signals and the characteristic blue color.15) 
T h e absorption spectrum (Fig. 2-(4)) did not show 
any special band within the range between 500 and 
800 nm, but a weak absorption band around 710 nm 
(Fig. 2-(4')) grew with prolonged contact. This band 
may be attributed to one band of the naphthacene 
cation radical. The absorption band about 360 nm 
may be supposed to be overlapped with the absorption 
bands of naphthacene itself, the cation radical, and 
the dipositive ion. 
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The Structure of the Cyclodextrin Complex. IV. The Crystal Structure 
of a-Cyclodextrin-Sodium 1-Propanesulfonate Nonahydrate 
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a-Cyclodextrin, which is a cyclic oligosaccharide consisting of six D-glucose residues, forms a 1 : 1 complex with 
sodium 1-propanesulfonate. The crystal structure was determined by the X-ray method. The crystal is ortho-
rhombic, and the space group is P21212 with cell dimensions of a=21.608(2), b= 16.700(2), and £=8.302(1) Â, and 
Z = 2 . The structure was solved on the basis of 2219 diffractometer data and refined by the block-diagonal least-
squares method to the final Ä-value of 0.077. The a-cyclodextrin molecule is nearly hexagonal with diagonal dis­
tances of 8.40—8.59 Â between the glycosidic oxygen atoms. The framework of the crystal is built up of a stack of 
a-cyclodextrin rings along the c axis in head-to-tail arrangement, with channel-type structure. The adjacent a-
cyclodextrin molecules along the channel are linked by six 0(3)---0(6) hydrogen bonds. The guest 1-pro­
panesulfonate anions are located in channels, having statistical disorder. The primary hydroxyl groups of a-
cyclodextrin exhibit gauche-trans conformation, and they form hydrogen bonds with the sulfonato group resulting 
in oxygen-oxygen distances of 2.72—2.80 Â. The propyl group is in contact with the 0(2) , 0(3) side of the a-
cyclodextrin ring. The sodium ion is located outside the channel, and is surrounded by five oxygen atoms which 
form a distorted trigonal bipyramid. 

a-Cyclodextrin (a-CDx) is a cyclic oligosaccharide 
consisting of six D-glucose residues. I t has a cylindrical 
cavity with a diameter of about 5 Â and a height of 
8 Â in the center of the molecule. At both ends of the 
cavity, the hydroxyl groups are located, while in the 
interior of the ring the twelve C - H groups are oriented 
to the center of the cavity. Therefore, the cavity is of 
relatively hydrophobic nature. a-CDx forms a number 
of inclusion complexes with a variety of guest molecules 
which range from polar ones, such as potassium acetate, 
to non-polar ones, such as the rare gases.1-4) The com-
plexing ability has been considered to be largely deter­
mined by the relative size of the guest molecule. Recent 
X-ray analyses have revealed that the guest molecules 
are situated in the interior of the cavity, and that the 
macro-cyclic conformation of the a-CDx ring changes 
with the dimension and the shape of the guest mole­
cule.5-16) The a-CDx ring in the 1-propanol complex8) 
is nearly hexagonal, but remarkable deformation of the 
a-CDx ring is observed in the water complex.6) 

a-CDx has been used as an enzyme model,3) since it 
exhibits catalytic properties for some chemical reactions. 
The interaction between a-CDx and the guest molecule 
is of interest in relation to the enzyme-substrate interac­
tion. Saenger and his coworkers6-9) have proposed 
the inclusion mechanism on the basis of the fact that 
the driving force for the complex formation is derived 
from the difference between the conformational energy 
of a-CDx for the " tense" state and that for the "relaxed" 
state. O n the other hand, a theoretical calculation of 
the complex formation energy15) has shown that the 
stability of the complex is mainly determined by the 
difference between the solvation energy for the com-
plexed state and that for the uncomplexed state, and 
that the inclusion of the hydrophobic group gives a 
more stable complex than does the inclusion of the 
hydrophilic group. Sodium 1-propanesulfonate (PSNa) 
consists of a hydrophobic propyl group and a hydro­
philic sulfonato group. An X-ray analysis of the a-
CDx-PSNa complex was performed to investigate the 
conformation of a-CDx and the interaction between a-
CDx and PSNa, in comparison with those of other a-

CDx complexes. 

Exper imenta l 

Crystals of the a-GDx-PSNa complex were obtained by 
cooling an aqueous solution containing a-CDx and PSNa with 
a 1 : 1 molar ratio. These are colorless and orthorhombic 
prisms elongated along the c axis. The density was measured 
by the flotation method in a mixture of chloroform and dioxane. 
The diffraction measurements were carried out with the crystal 
enclosed in a quartz capillary containing a small amount of 
water, since the crystal decomposes in air. The crystal data 
are given in Table 1. The intensity data were obtained on 
a Rigaku automatic four-circle diffractometer using graphite 
monochromatized GuKa radiation and the 0-20 scan tech­
nique. 2570 independent reflections were obtained up to 
120° in 20, but 351 reflections with \F0\<3a(F) were treated 
as unobserved, where a{F) is the standard deviation estimated 
from counting statistics. No correction was made for absorp­
tion and extinction. 

TABLE 1. CRYSTAL DATA 

C36H6o030 • C3H7S03Na • 9HaO, 
Molecular weight 

Cell dimensions 

Cell volume 
Space group 

Density 

a 
b 
c 
V 

z 

Orthorhombic 
1281.1 
21.608(2) Â 
16.700(2) 
8.302(1) 

2995.7 Â3 

P 2 A 2 
2 
1.42 g cm - 3 

1.42 

D e t e r m i n a t i o n a n d Ref inement 
o f the Structure 

The crystal structure of the a -CDx-PSNa complex 
was solved on the basis of the assumption that the loca­
tion of the a-CDx molecule is same as that of the iso-
morphous crystal of the sodium benzenesulfonate (BSNa) 
complex15). The atomic parameters of a-CDx were 
refined by the block-diagonal least-squares method, 
starting from those of the BSNa complex. Then, a 
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Fourier map was calculated, and the PSNa and water 
molecules were found from it. The l-propanesulfonate 
anion is statistically disordered on the two-fold axis. 
Unreasonably short intermolecular distances were found 

TABLE 2. ATOMIC! PARAMETERS (xlO4) FOR 

NON-HYDROGEN ATOMS 

The anisotropic thermal factors are of the form: 
exp [ - (ßuh* + B22k

2 + B33P+Bnhfc + BJtl+B31lh)]. 

C ( 1 , G 1 ) 
C ( 2 , G 1 ) 
C ( 3 , G 1 ) 
C ( 4 , G 1 ) 
C ( 5 , G 1 ) 
C ( 6 , G 1 ) 
0 ( 2 , G l ) 
0 ( 3 , G l ) 
0 ( 4 , G l ) 
0 ( 5 , G l ) 
0 ( 6 , G l ) 
C U , G 2 > 
C ( 2 , G 2 ) 
C ( 3 , G 2 ) 
C ( 4 , G 2 ) 
C ( 5 , G 2 ) 
C ( 6 , G 2 ) 
0 ( 2 , G 2 ) 
0 ( 3 , G 2 ) 
0 ( 4 , G 2 ) 
0 ( 5 , G 2 ) 
0 ( 6 , G 2 ) 
C ( 1 , G 3 ) 
C ( 2 , G 3 ) 
C ( 3 , G 3 ) 
C ( 4 , G 3 ) 
C ( 5 , G 3 ) 
C ( 6 , G 3 ) 
0 ( 2 , G 3 ) 
0 ( 3 , G 3 ) 
0 ( 4 , G 3 ) 
0 ( 5 , G 3 ) 
0 ( 6 , G3) 
Na 
S 
0 ( 1 , P S ) 
0 ( 2 , P S ) 
0 ( 3 , P S ) 
C d , P S ) 
C ( 2 , P S ) 
C ( 3 , P S ) 
0(W1) 
0(W2) 
0(W3) 
0(W4) 
0(W5) 
0(W6) 
0(W7) 

X 

1 5 4 1 ( 4 ) 
1 2 7 2 ( 5 ) 

5 B 6 ( 4 ) 
2 4 0 ( 4 ) 
5 5 6 ( 4 ) 
2 6 9 ( 5 ) 

1 6 1 9 ( 3 ) 
3 1 3 ( 3 ) 

- 3 6 2 ( 3 ) 
1 1 9 8 ( 3 ) 

5 1 8 ( 4 ) 
2 4 6 9 ( 5 ) 
2 6 1 4 ( 5 ) 
2 1 1 6 ( 5 ) 
2 0 5 8 ( 4 ) 
1 9 4 2 ( 5 ) 
1 9 7 4 ( 6 ) 
2 6 8 5 ( 4 ) 
2 2 6 3 ( 3 ) 
1 5 0 3 ( 3 ) 
2 4 2 9 ( 3 ) 
1 8 1 7 ( 5 ) 

8 8 8 ( 5 ) 
1 3 1 9 ( 5 ) 
1 4 9 7 ( 5 ) 
1 7 9 7 ( 4 ) 
1 3 7 1 ( 5 ) 
1 6 8 9 ( 5 ) 
1 0 1 4 ( 3 ) 
1 9 3 9 ( 3 ) 
1 8 7 4 ( 3 ) 
1 2 0 0 ( 3 ) 
1 2 7 1 ( 4 ) 
3 5 2 1 ( 5 ) 

O ( - ) 
4 4 ( 1 8 ) 

5 3 0 ( 1 2 ) 
- 5 0 1 ( 1 9 ) 

O ( - ) 
2 2 2 ( 3 7 ) 
1 4 8 ( 1 2 ) 

3 5 8 2 ( 5 ) 
3 3 1 1 ( 4 ) 
1 2 2 9 ( 1 0 ) 

O ( - ) 
4 6 8 5 ( 1 1 ) 
3 8 7 2 ( 1 2 ) 
4 1 3 5 ( 9 ) 

y 
2 4 5 7 ( 6 ) 
2 8 7 3 ( 6 ) 
2 6 2 0 ( 7 ) 
2 8 3 1 ( 6 ) 
2 4 1 2 ( 6 ) 
2 6 9 0 ( 7 ) 
2 6 7 5 ( 4 ) 
3 0 4 3 ( 5 ) 
2 4 7 3 ( 4 ) 
2 6 7 3 ( 4 ) 
2 2 3 5 ( 5 ) 
- 5 0 4 ( 7 ) 

2 4 ( 7 ) 
6 4 6 ( 6 ) 

1 1 3 9 ( 6 ) 
5 8 9 ( 7 ) 

1 0 2 4 ( 7 ) 
- 4 5 1 ( 4 ) 
1 2 0 0 ( 4 ) 
1 6 1 9 ( 4 ) 

- 2 0 ( 5 ) 
5 3 6 ( 5 ) 

- 2 9 6 3 ( 6 ) 
- 2 8 8 5 ( 6 ) 
- 2 0 0 2 ( 6 ) 
- 1 6 9 9 ( 6 ) 
- 1 8 3 1 ( 6 ) 
- 1 6 5 1 ( 7 ) 
- 3 1 9 4 ( 5 ) 
- 1 9 2 1 ( 5 ) 

- 5 8 6 ( 4 ) 
- 2 6 8 0 ( 4 ) 
- 1 7 0 4 ( 5 ) 

- 9 5 ( 7 ) 
O ( - ) 

- 7 8 5 ( 1 2 ) 
3 7 8 ( 3 2 ) 
3 9 9 ( 1 9 ) 

O ( - ) 
- 9 3 ( 7 5 ) 

5 ( 6 2 ) 
1 3 1 5 ( 6 ) 

- 1 5 7 2 ( 6 ) 
4 8 9 8 ( 1 1 ) 
5 0 0 0 ( - ) 
- 3 5 5 ( 1 5 ) 
- 1 7 7 ( 1 3 ) 
- 2 9 7 ( 1 2 ) 

z 
3 3 3 1 ( 1 2 ) 
4 3 0 1 ( 1 3 ) 
4 9 8 6 ( 1 3 ) 
3 4 5 0 ( 1 2 ) 
1 9 8 6 ( 1 2 ) 

4 0 9 ( 1 2 ) 
6 2 0 8 ( 9 ) 
6 2 8 4 ( 9 ) 
3 6 3 2 ( 8 ) 
1 9 4 3 ( 8 ) 
- 9 0 5 ( 9 ) 
3 3 2 3 ( 1 3 ) 
4 7 4 3 ( 1 2 ) 
4 9 4 9 ( 1 3 ) 
3 3 8 4 ( 1 3 ) 
1 9 5 3 ( 1 4 ) 

3 5 7 ( 1 3 ) 
6 1 7 5 ( 9 ) 
6 2 2 8 ( 9 ) 
3 6 0 9 ( 9 ) 
1 9 0 6 ( 8 ) 
- 9 3 5 ( 1 0 ) 
3 3 0 6 ( 1 4 ) 
4 7 6 9 ( 1 2 ) 
4 9 7 7 ( 1 2 ) 
3 4 3 4 ( 1 2 ) 
1 9 6 3 ( 1 2 ) 

3 9 5 ( 1 3 ) 
6 1 5 2 ( 1 0 ) 
6 2 4 7 ( 9 ) 
3 6 4 6 ( 8 ) 
1 9 0 4 ( 8 ) 
- 9 1 3 ( 9 ) 

6 7 1 ( 1 1 ) 
- 1 1 6 4 ( 6 ) 

- 6 8 3 ( 3 9 ) 
- 7 2 2 ( 3 8 ) 

7 1 3 ( 4 0 ) 
- 3 2 0 5 ( 3 2 ) 
- 4 2 6 8 ( 4 5 ) 
- 6 1 5 7 ( 3 3 ) 

8 8 7 ( 1 2 ) 
7 7 4 ( 1 1 ) 

2 1 7 0 ( 2 3 ) 
3 4 0 0 ( 3 3 ) 
3 1 1 4 ( 4 2 ) 

6 4 7 ( 4 3 ) 
2 9 9 4 ( 3 3 ) 

B l l 
1 2 ( 2 ) 
1 4 ( 3 ) 

9 ( 2 ) 
1 3 ( 2 ) 
1 0 ( 2 ) 
1 4 ( 2 ) 
1 6 ( 2 ) 
1 6 ( 2 ) 

7 ( 1 ) 
1 1 ( 2 ) 
2 0 ( 2 ) 
1 3 ( 3 ) 
1 2 ( 2 ) 
1 0 ( 2 ) 
1 1 ( 2 ) 
1 6 ( 3 ) 
3 0 ( 4 ) 
2 3 ( 2 ) 
1 9 ( 2 ) 

9 ( 1 ) 
1 6 ( 2 ) 
4 6 ( 3 ) 
1 3 ( 2 ) 
1 7 ( 3 ) 
1 5 ( 3 ) 
1 1 ( 2 ) 
1 8 ( 3 ) 
2 1 ( 3 ) 
1 6 ( 2 ) 
1 5 ( 2 ) 
1 4 ( 2 ) 
1 1 ( 2 ) 
2 6 ( 2 ) 
3 3 ( 3 ) 
2 6 ( 1 ) 

1 1 3 ( 1 5 ) 
2 8 ( 7 ) 

1 3 2 ( 2 1 ) 
1 1 9 ( 2 1 ) 
1 0 2 ( 4 6 ) 

1 8 ( 1 3 ) 
4 9 ( 4 ) 
3 2 ( 3 ) 
4 7 ( 7 ) 

1 5 7 ( 1 7 ) 
3 9 ( 7 ) 
3 7 ( 8 ) 
2 8 ( 5 ) 

B 2 2 
1 9 ( 4 ) 
2 5 ( 4 ) 
3 2 ( 5 ) 
2 5 ( 4 ) 
2 5 ( 4 ) 
3 7 ( 5 ) 
3 0 ( 3 ) 
4 1 ( 4 ) 
2 3 ( 3 ) 
2 8 ( 3 ) 
4 7 ( 4 ) 
2 9 ( 5 ) 
2 4 ( 4 ) 
2 6 ( 4 ) 
2 8 ( 4 ) 
2 8 ( 5 ) 
3 0 ( 5 ) 
2 7 ( 3 ) 
3 0 ( 3 ) 
1 6 ( 2 ) 
2 7 ( 3 ) 
4 0 ( 4 ) 
2 3 ( 4 ) 
2 6 ( 4 ) 
2 2 ( 4 ) 
2 6 ( 4 ) 
1 9 ( 4 ) 
3 6 ( 5 ) 
3 7 ( 4 ) 
4 2 ( 4 ) 
1 5 ( 2 ) 
2 4 ( 3 ) 
4 7 ( 4 ) 
3 6 ( 4 ) 
3 3 ( 2 ) 
2 1 ( 8 ) 

3 9 3 ( 5 8 ) 
1 1 9 ( 2 2 ) 
2 0 5 ( 3 7 ) 
2 1 4 ( 5 4 ) 
1 2 8 ( 2 2 ) 

4 0 ( 4 ) 
4 7 ( 4 ) 
3 1 ( 8 ) 
4 9 ( 9 ) 
6 3 ( 1 3 ) 
3 7 ( 1 1 ) 
5 2 ( 1 0 ) 

B 3 3 
6 6 ( 1 5 ) 
7 8 ( 1 6 ) 
7 1 ( 1 5 ) 
6 2 ( 1 4 ) 
5 6 ( 1 5 ) 
5 9 ( 1 5 ) 
8 2 ( 1 1 ) 
6 1 ( 1 1 ) 
8 5 ( 1 1 ) 
6 4 ( 1 1 ) 
5 9 ( 1 1 ) 
7 9 ( 1 6 ) 
8 1 ( 1 6 ) 
6 7 ( 1 5 ) 
8 4 ( 1 7 ) 
8 3 ( 1 7 ) 
4 2 ( 1 5 ) 
9 7 ( 1 2 ) 
6 5 ( 1 1 ) 
9 2 ( 1 1 ) 
7 2 ( 1 0 ) 
8 7 ( 1 3 ) 
8 9 ( 1 7 ) 
5 8 ( 1 5 ) 
4 4 ( 1 4 ) 
5 3 ( 1 5 ) 
4 1 ( 1 4 ) 
5 7 ( 1 6 ) 

1 0 8 ( 1 3 ) 
5 2 ( 1 0 ) 
5 7 ( 1 0 ) 
6 3 ( 1 0 ) 
7 2 ( 1 2 ) 

1 0 8 ( 1 4 ) 
1 6 0 ( 8 ) 
4 7 7 ( 7 8 ) 
3 5 9 ( 7 0 ) 
3 6 9 ( 7 5 ) 

9 4 ( 3 8 ) 
2 0 8 ( 6 7 ) 
1 5 9 ( 4 4 ) 
1 4 9 ( 1 7 ) 
1 2 4 ( 1 5 ) 
2 1 9 ( 3 7 ) 
4 7 1 ( 6 4 ) 
5 5 8 ( 8 8 ) 
6 3 2 ( 9 7 ) 
3 9 4 ( 6 0 ) 

B 1 2 
- 5 ( 5 ) 
- 2 ( 6 ) 
- 1 ( 6 ) 
- 2 ( 5 ) 
- 7 ( 5 ) 
- 2 ( 6 ) 

7 ( 4 ) 
4 ( 4 ) 

- 1 ( 3 ) 
5 ( 4 ) 

- 2 ( 5 ) 
7 ( 6 ) 
9 ( 6 ) 

- 2 ( 5 ) 
- 1 ( 5 ) 
1 4 ( 6 ) 

7 ( 7 ) 
- 6 ( 4 ) 

2 ( 4 ) 
2(3> 
9 ( 4 ) 
0 ( 6 ) 
0 ( 5 ) 
4 ( 6 ) 

- 1 ( 5 ) 
3 ( 5 ) 
1 ( 5 ) 

- 3 ( 7 ) 
1 ( 4 ) 
1 ( 4 ) 
0 ( 3 ) 
8 ( 4 ) 

- 6 ( 5 ) 
1 2 ( 6 ) 

5 ( 3 ) 
- 8 8 ( 2 0 ) 

- 1 9 6 ( 3 7 ) 
2 0 5 ( 3 7 ) 
- 1 4 ( 5 2 ) 
1 5 0 ( 9 4 ) 

3 2 ( 5 4 ) 
- 3 6 ( 7 ) 

3 3 ( 6 ) 
1 5 ( 1 3 ) 
1 7 ( 2 3 ) 

- 4 1 ( 1 6 ) 
2 5 ( 1 6 ) 

- 1 4 ( 1 2 ) 

B 2 3 
7 ( 1 3 ) 

- 7 ( 1 5 ) 
- 3 6 ( 1 5 ) 

- 2 ( 1 5 ) 
- 1 ( 1 4 ) 
2 1 ( 1 6 ) 

- 1 5 ( 1 1 ) 
- 1 8 ( 1 2 ) 

1 5 ( 1 0 ) 
9 ( 1 0 ) 

- 1 6 ( 1 2 ) 
2 5 ( 1 5 ) 

5 ( 1 7 ) 
- 5 ( 1 5 ) 
2 4 ( 1 6 ) 

9 ( 1 6 ) 
- 1 1 ( 1 5 ) 

3 2 ( 1 2 ) 
6 ( 1 1 ) 

1 7 ( 1 0 ) 
- 3 ( 1 2 ) 
1 5 ( 1 3 ) 
1 4 ( 1 5 ) 
3 4 ( 1 4 ) 

0 ( 1 3 ) 
1 1 ( 1 4 ) 
- 1 ( 1 3 ) 
2 3 ( 1 6 ) 
5 8 ( 1 3 ) 
2 9 ( 1 1 ) 

2 ( 9 ) 
- 1 7 ( 1 0 ) 

8 ( 1 3 ) 
1 3 ( 1 6 ) 

0 ( - ) 
5 ( 4 5 ) 

4 0 ( 1 1 7 ) 
6 3 ( 7 2 ) 

0 ( - ) 
- 2 9 ( 1 7 6 ) 
- 2 1 ( 1 0 3 ) 

- 9 ( 1 5 ) 
- 4 ( 1 4 ) 

- 1 9 ( 3 1 ) • 
0 ( - ) 

4 8 ( 6 3 ) 
4 4 ( 6 0 ) 
8 5 ( 4 4 ) 

B 3 1 
- 5 ( 1 0 ) 

7 ( 1 1 ) 
5 ( 1 0 ) 

1 0 ( 1 1 ) 
1 1 ( 1 0 ) 

- 1 2 ( 1 0 ) 
- 2 2 ( 8 ) 

7 ( 8 ) 
6 ( 7 ) 
7 ( 7 ) 
1 ( 8 ) 

1 2 ( 1 2 ) 
- 6 ( 1 1 ) 
- 8 ( 1 1 ) 

7 ( 1 1 ) 
1 0 ( 1 2 ) 

2 ( 1 3 ) 
- 2 2 ( 1 0 ) 

- 3 ( 8 ) 
4 ( 7 ) 

3 0 ( 8 ) 
2 1 ( 1 2 ) 

0 ( 1 1 ) 
- 3 ( 1 1 ) 

- 1 2 ( 1 0 ) 
1 1 ( 1 0 ) 

8 ( 1 1 ) 
6 ( 1 2 ) 

- 1 ( 9 ) 
- 1 3 ( 8 ) 

1 9 ( 8 ) 
0 ( 7 ) 

- 6 ( 1 0 ) 
3 0 ( 1 2 ) 

0 ( - ) 
- 8 ( 7 2 ) 

5 ( 4 0 ) 
8 2 ( 7 0 ) 

O ( - ) 
1 4 4 ( 8 7 ) 

4 ( 3 2 ) 
- 3 8 ( 1 4 ) 

1 8 ( 1 1 ) 
- 1 8 9 ( 2 9 ) 

O ( - ) 
- 9 8 ( 5 0 ) 

8 0 ( 5 2 ) 
- 5 1 ( 3 4 ) 

TABLE 3. FRACTIONAL GOORDINATES (XlO3) AND ISOTROPIG 

THERMAL FACTORS OF HYDROGEN ATOMS 

The thermal factors are equal to those of the adjacent 
carbon or oxygen atoms. 

H ( G 1 , G 1 ) 
H ( C 2 , G 1 ) 
H ( C 3 , Gl ) 
H ( C 4 , Gl ) 
H ( G 5 , G 1 ) 
H ( C 6 A , Gl ) 
H ( G 6 B , Gl ) 
H ( 0 2 , G l ) 
H ( 0 3 , Gl ) 
H ( G 1 , G2) 
H ( C 2 , G2) 
H ( C 3 , G2) 
H ( C 4 , G2) 
H ( G 5 , G2) 
H ( C 6 A , G 2 ) 
H ( G 6 B , G2) 
H ( 0 2 , G2) 
H ( 0 3 , G2) 
H ( C 1 , G 3 ) 
H ( C 2 , G3) 
H ( C 3 , G3) 
H ( C 4 , G3) 
H ( G 5 , G3) 
H ( C 6 A , G3) 
H ( C 6 B , G3) 
H ( 0 2 , G3) 
H ( 0 3 , G3) 

x ' 

196(5) 
129(5) 
53(5) 
17(4) 
55(4) 
34(4) 

-19 (5 ) 
175(5) 
35(6) 

280(5) 
313(6) 
159(5) 
247(4) 
144(5) 
240(4) 
168(6) 
251(6) 
222(6) 

77(6) 
167(5) 
108(5) 
222(5) 
98(5) 

204(4) 
182(5) 
67(5) 

178(6) 

y 

262 (6) 
362(6) 
188(6) 
357(5) 
171(6) 
345(6) 
262(7) 
222(7) 
287 (8) 

-95(6) 
19(8) 
35(7) 

146(6) 
28(7) 

126(6) 
142(7) 

-79 (7 ) 
100(7) 

-370(7) 
-328(6) 
-157(6) 
-194(6) 
-137(7) 
-201(6) 
-111(7) 
-316(5) 
-186(7) 

z 

300(15) 
462(13) 
521(14) 
343(12) 
217(12) 

18(12) 
41(15) 

621(15) 
704(17) 
302(14) 
457(15) 
530(14) 
304(12) 
205(14) 
-3 (13) 
33(16) 

623(16) 
726(16) 
295(16) 
450(13) 
529(13) 
319(14) 
213(15) 

3(12) 
40(15) 

613(14) 
708(16) 

B/A* 

1.7 
2.7 
2.2 
1.6 
1.8 
1.9 
1.9 
2.7 
2.5 
2.3 
3.0 
2.2 
2.4 
2.3 
3.1 
3.1 
2.6 
2.7 
3.3 
2.8 
2.4 
1.9 
1.5 
2.0 
2.0 
2.9 
2.4 

for N a - 0 ( W 6 ) , 0 ( W 3 ) - 0 ( W 6 ) , 0 ( W 5 ) - 0 ( W 7 ) , 
and 0 ( W 6 ) " - 0 ( W 7 ) , indicating that the locations 
of these atoms are statistically disordered. An average 
population of 0.5 is assigned to the sodium ion, since 
there are only two PSNa molecules per unit cell in 
spite of the four equivalent positions. The population 
of 0 ( W 6 ) is also 0.5 since the 0 ( W 6 ) atom occupies 
the position when the sodium ion is absent. Then, the 
abnormally short distances for 0 ( W 3 ) — 0 ( W 6 ) , O 
( W 5 ) - 0 ( W 7 ) , and 0 ( W 6 ) - 0 ( W 7 ) can be rea­
sonably interpreted by assigning 0.5 to the respective 
occupancies of 0 ( W 3 ) , 0 ( W 5 ) , and 0 ( W 7 ) . The 27 
hydrogen atoms were found on the difference-Fourier 
map . A refinement of the atomic parameters was car­
ried out by the block-diagonal least-squares method. 
T h e isotropic thermal factors of hydrogen atoms were 
taken to be equal to those of the carbon or oxygen 
atoms to which the hydrogen atoms are bonded, and 
were not refined. T h e final R-value is 0.077 for the 
2219 reflections. The quantity minimized was ^w 
( | F01 - | Fc | )

2 with w = 1.0 for all reflections used. The 
atomic scattering factors were taken from "Interna­
tional Tables for X-ray Crystallography."17) The 
atomic parameters are shown in Tables 2 and 3. T h e 
observed and calculated structure factors are given in 
Table 4.* 

Descr ip t ion and D i s c u s s i o n 
o f the Structure 

T h e structure and numbering scheme of the a -CDx-
PSNa complex are shown in Fig. 1. T h e a-CDx mole­
cule is nearly hexagonal. T h e l-propanesulfonate an­
ion is located in the channel which is formed by the 
stacking of the a-CDx rings (Fig. 2). Bond distances, 
angles, and conformation angles are given in Table 5. 
T h e geometrical data describing the macro-cyclic con­
formation of a-CDx ring are shown in Tables 6 and 7. 
T h e crystal structure and hydrogen-bonding scheme are 
shown in Figs. 4—7. 

Bond Distances and Angles. T h e bond distances 
and angles for a-CDx in the present complex are not 
significantly different from those for the potassium ace­
tate (ACK) complex,13) the Methyl Orange complexes,14) 
and the BSNa complex15) which have channel-type 
structures. The average bond lengths for the three 
glucose residues are in good agreement with the average 
values for the a-D-glucose residues given by Arnott and 
Scott.18) However, regarding bond angles, the average 
value for C ( 3 ) - C ( 4 ) - 0 ( 4 ) in a-CDx is 105.2°, which is 
smaller than the Arnott and Scott value of 110.4°. 
T h e C ( l ) - 0 ( 4 ' ) - G ( 4 ' ) angles of 117.5—119.0° are larger 
than those for the disaccharides.18) These C(3 ) -C(4 ) -
0 ( 4 ) and C ( l ) - 0 ( 4 ' ) - C ( 4 ' ) , however, are commonly 
observed in a-CDx complexes. 

T h e abnormally short bond length and large angles 
are found in the l-propanesulfonate anion (Fig. 3). 
This may be due to the disorder of the anion on the 
two-fold axis. The C ( l , PS) atom is found to lie on 
the two-fold axis, but the thermal factor is relatively 

* Table 4 is kept as a Document at the office of The 
Chemical Society of Japan. (Document No. 7706). 
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Fig. 1. A stereoview of the a -GDx-PSNa complex. Intermolecular 0 - - 0 and O - N a contacts less 
than 3.0 Â are shown with thin lines. W l , W2 , W 3 , and W 5 denote oxygen atoms in water molecules. 

Fig. 2. A stereoview showing the stacking feature of a-CDx molecules. Intermolecular O — O and 0 - - -Na 
contacts less than 3.0 Â are shown with thin lines. Circles, in order of decreasing size, represent sulfur, 
sodium, oxygen, and carbon atoms. 

0(1, PS) 

0(2,PS) 

0(2,PS) 

0(3,PS) 

O(I.PS) 

117(2) 

112(2) 

0(3,PS) 

C C(1,PS) 

^C(2,PS) 

CO.PS) 

1.59(11) 

C(3,PS) 

(2.PS) 

C(3,PS) 

Fig. 3. Bond distances '(//A) and angles (<j>l°) in the 1-propanesulfonate anion. T h e short C ( 1 , P S ) -
C(2,PS) distances and large valence angles of C(1,PS) and C(2,PS) are due to the small displacement of 
C(1,PS) from the c axis, as shown with the broken line. 
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T A B L E 5. BOND DISTANOES (//Â), ANGLES (^/°) , AND 

CONFORMATION ANGLES {<j>j°) IN a-OYOLODEXTRIN 
A prime (') denotes the atom in the adjacent 

glucose residue. 

C( l ) -C(2 ) 
CU)-0<5) 
C U ) - 0 < 4 ' ) 
C(2)-C(3) 
C(2 ) -0 (2 ) 
C(3)-C(4) 
C(3)-0<3) 
C(4)-C(5) 
C ( 4 ) - 0 ( 4 ) 
C(5)-C(6) 
C<5)-0(5) 
C(6 ) -0 (6 ) 

C ( 2 ) - C ( l ) - 0 ( 5 ) 
C ( 2 ) - C ( l ) - 0 ( 4 ' 
0 ( 5 ) - C ( l ) - 0 ( 4 « 
C(l ) -C<2)-C{3) 
C(l ) -C<2)-0<2) 
C(3)-C<2)-0<2) 
C(2)-C(3)-C{4) 
C<2)-C(3)-0<3) 
C(4)-C(3)-0<3) 
C(3)-C(4)-C{S) 
C(3)-C(4)-0<4) 
0 (5 ) -C(4 ) -0<4) 
C<4)-C(5)-C(6) 
C(4).-C<5)-0<5) 
C(6)-C(5)-0<5) 
C(5)-C(6)-0<6) 
C ( l ) - 0 ( 5 ) - C < 5 ) 
C ( l ) - 0 ( 4 ' ) - C ( 4 

Gl G2 
1.520(14) 1.505(15) 1 
1.418(12) 1.430(13) 1 
1.420(12) 1.438(12) 1 
1.547(15) 1.506(15) 1 
1.427(13) 1.438(13) 1 

G3 
.537(15) 
.425(12) 
.426(12) 
.534(14) 
.420(13) 

1.520(14) 1.543(15) 1.523(14) 
1.418(13) 1.443(13) 1 
1.560(14) 1.522(15) 1 
1.439(12) 1.456(12) 1 
1.522(15) 1.512(16) 1 
1.453(12) 1.464(13) 1 
1.434(13) 1.389(15) 1 

Gl G2 
109.6(8) 109.0(8) 

) 107.3(8) 106.3(8) 
) 110.6(8) 109.3(8) 

108.8(8) 110.2(9) 
110.5(8) 110.3(8) 
111.0(8) 111.2(8) 
108.9(8) 109.3(8) 
109.8(8) 111.7(8) 
108.5(8) 107.2(8) 
109.5(8) 110.5(9) 
105.1(8) 104.7(8) 
106.9(8) 107.3(8) 
110.8(8) 112.8(9) 
107.6(8) 108.7(9) 
106 .1(8) 106.1(9) 
109.8(8) 112.6(10) 
113.8(7) 114.5(8) 

) 118.3(7) 119.0(7) 

Gl G2 
C ( l ) - C ( 2 ) - C ( 3 ) - C ( 4 ) - 5 7 . 3 - 5 7 . 3 
C(2) -C(3) -C(4) 
C(3)-C(4)-C<5)-
C(4)-C(5)-0<5) 
C ( 5 ) - 0 ( 5 ) - C ( l ) 
0 ( 5 ) - C ( l ) - C < 2 ) 
0 ( 4 ' ) - C ( l ) - C ( 2 

•C(5) 57 .3 55.4 
-0(5) - 5 7 . 7 - 5 4 . 2 
-C(l) 61 .8 59.0 
-C(2) - 6 3 . 5 - 6 1 . 4 
-CO) 59.0 59.4 
- 0 ( 2 ) 61 .0 64 .9 

0(2) -C(2) -C<3)-0<3) 62 .2 61.6 
0(3) -C(3) -C<4)-
0 ( 4 ) - C ( 4 ) - C ( 5 ) -
0 (5 ) -C(5) -C<6) . 
C(4)-C(5)-C<6)-
C ( 2 ) - C ( l ) - 0 < 4 ' 
Q ( 5 ) - C ( l ) - 0 { 4 ' 
C ( l ) - 0 ( 4 ' ) - C < 4 
C ( l ) - 0 ( 4 ' ) - C < 4 

•0(4) - 6 8 . 8 - 6 8 . 3 
•C(6) 73.5 74.9 
-0(6) 69 .8 6 6 . 1 
•0(6) - 1 7 3 . 7 - 1 7 5 . 0 
-C(4 ' ) - 1 2 9 . 1 - 1 3 2 . 1 
-C(4 ' ) 111.4 110.5 
) -C(3 ' ) 129.0 130.0 
) -C(5 ' ) - 1 1 3 . 6 - 1 1 0 . 7 

.429(12) 

.545(14) 

.428(12) 

.502(15) 

.467(12) 

.415(14) 

G3 
109.3(8) 
106.6(8) 
110.0(8) 
108.8(8) 
109.1(8) 
112.0(8) 
109.4(8) 
110.0(8) 
107.8(8) 
111.3(8) 
105.9(8) 
107.9(8) 
112.5(9) 
108.3(8) 
106.2(8) 
111.1(9) 
114.3(7) 
117.5(7) 

G3 
- 5 7 . 1 

55.6 
- 5 4 . 4 

59 .1 
- 6 2 . 6 

59.7 
63.2 
64.2 

- 6 7 . 8 
72.7 
6 7 . 1 

- 1 7 4 . 5 
-128 .9 

112.7 
131.2 

- 1 1 2 . 5 

AVERAGE 
1 . 5 2 1 
1 . 4 2 4 
1 . 4 2 8 
1 . 5 2 9 
1 . 4 2 8 
1 . 5 2 9 
1 . 4 3 0 
1 . 5 4 2 
1 . 4 4 1 
1 . 5 1 2 
1 . 4 6 1 
1 . 4 1 3 

AVERAGE 
109.3 
106.7 
110.0 
109.3 
110.0 
111.4 
109.2 
110.5 
107.8 
110.4 
105.2 
107.4 
112.0 
108.2 
106.1 
111.2 
114.2 
118.3 

AVERAGE 
- 5 7 . 2 

5 6 . 1 
- 5 5 . 4 

6 0 . 0 
- 6 2 . 5 

5 9 . 4 
63.0 
62.7 

- 6 8 . 3 
73.7 
67.7 

-174 .4 
- 1 3 0 . 0 

111.5 
130.1 

- 1 1 2 . 3 

T A B L E 6. LEAST-SQUARES PLANES AND DEVIATIONS 

OF ATOMS (d/A) 

An asterisk (*) indicates an atom related by the two­

fold symmetry. 

(1) T h e plane through six 0 ( 4 ) atoms 

o.oooo* + o.oooor + i .ooooz = 3.0127 
0 ( 4 , Gl ) 0.003 0 ( 4 , G l ) * 0.003 
0 ( 4 , G2) - 0 . 0 1 7 0 ( 4 , G2)* -0 .017 
0 ( 4 , G3) 0.014 0 ( 4 , G3)* 0.014 

(2) Planes through C(2) , C(3) , G (5), and 0 ( 5 ) atoms 

in glucose residues 

(i) G l residue 

- 0 . 2 9 1 5 A T + 0 . 9 4 9 1 F - 0 .1197Z = 3.2812 

C ( 2 , G l ) - 0 . 0 0 7 0 ( 5 , G l ) 0.007 

G (3, G l ) 0 .006 G ( 1 , G 1 ) -0 .689 a > 

G (5, G l ) - 0 . 0 0 7 G (4, G l ) 0.712a> 

(ii) G2 residue 

0 . 6 8 1 5 * + 0 . 7 1 9 4 7 - 0 .1342Z = 3.3449 

C (2, G2) 0 .004 0 ( 5 , G2) - 0 . 0 0 5 

G (3, G2) - 0 . 0 0 4 C ( 1 , G 2 ) - 0 . 6 8 6 a > 

G (5, G2) 0 .004 C (4, G2) 0.676a> 

(iii) G3 residue 

0 . 9 6 1 3 * - 0 . 2 3 9 9 F - 0 . 1 3 5 2 Z - 3.3559 

C (2, G3) 0 .004 0 ( 5 , G3) - 0 . 0 0 4 

C (3, G3) - 0 . 0 0 4 C ( 1 , G 3 ) - 0 . 6 9 7 a > 

G (5, G3) 0 .004 G (4, G3) 0.672a> 

a) Atoms not included in the plane. 

T A B L E 7. GEOMETRICAL DATA FOR T H E CONFORMATION OF a-OYOLODEXTRIN 

Asterisks (*) and primes (') indicate atoms related by two-fold symmetry and atoms in the adjacent glucose 
residues, respectively. 

Guest Residue Torsion-
angle index (°) 

0 ( 4 ) - 0 ( 4 ' ) 
distances (Â) 

0 ( 4 ) - 0 ( 4 * ) 
distances (Â) 

0 ( 2 ) . ~ 0 ( 3 ' ) 
distances (Â) 

A G K 

BSNa 

MONa a> 

MOKb> 

PSNa 

Gl 
G2 
G3 

Average 

G l 
G2 
G3 

Average 

G l 
G2 
G3 

Average 

Gl 
G2 
G3 

Average 

Gl 
G2 
G3 

Average 

127.1 
136.3 
127.9 
130.4 

122.0 
136.4 
128.1 
128.8 

127.8 
133.5 
129.6 
130.3 

121.0 
136.1 
128.7 
128.6 

126.6 
127.5 
128.5 
127.5 

4 .29 

4 . 2 0 

4 .25 

4 .25 

4 . 3 6 

4 .12 

4 .28 

4 .25 

4.38 
4.07 
4.28 
4.24 

35 
09 
28 
.24 

27 
21 

.24 
4.24 

8.31 
8.50 
8.67 
8.49 

8.19 
8.52 
8.81 
8.51 

8.08 
8.56 
8.82 
8.49 

8.06 
8.54 
8.84 
8.48 

8.40 
8.45 
8.59 
8.48 

2.82 
2.85 
2.86 
2.85 

2.83 
2.93 
2.85 
2.87 

2.84 
2.87 
2.78 
2.83 

2.84 

2 .89 

2.81 

2 .85 

2 .83 

2 .94 

2 .88 

2 .88 

a) Methyl Orange sodium salt, b) Methyl Orange potassium salt. 
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large (the isotropic thermal factor is 13.2 Â2) . The 
short C ( l , PS)-C(2, PS) distance and large angles for 
S -C( l , PS)-C(2 , PS) and C ( l , PS)-C(2 , PS) -C(3 , PS) 
are reasonably explained as being due to a slight devia­
tion of the C ( l , PS) atom from the fwo-fold axis, as 
shown in Fig. 3, although this was not resolved on the 
electron-density map. 

Conformation of x-Cyclodextrin. Each glucose resi­
due is in a CI chair conformation, and is a-l,4-linked. 
The primary hydroxyl groups show a gauche-trans con­
formation. None of the conformation angles in the 
glucose residues deviates from the mean value of the 
three glucose residues by more than 2.3°. T h e con­
formation angles in the pyranose ring are in good agree­
ment with the Arnott and Scott values.18) The a-CDx 
ring in the PSNa complex is more symmetrical than 
those in the ACK,13) Methyl Orange,14) and BSNa15> 
complexes. T h e diagonal distances between the gly­
coside oxygen atoms are 8.40, 8.45, and 8.59 Â (Table 
7). In the Methyl Orange complexes and the BSNa 
complex, the a-CDx rings are elliptical due to the 
inclusion of the planar group; the 0 ( 4 , G 3 ) - - 0 ( 4 * , 
G3) distances are longer than the 0 ( 4 , G l ) - - 0 ( 4 * , 
G l ) distances by 0.6—0.8 Â. The conformation angles 
involving C ( l ) - 0 ( 4 ' ) - C ( 4 ' ) linkages are in good agree­
ment with each other for complexes having a channel-
type structure. Therefore, the distortion of the a-CDx 
ring is not described by the conformation angles involv­
ing the glycosidic linkages. 

French and Murphy1 9) have discussed the deforma­
tion of the pyranose ring of the a-D-glucose residue in 
terms of the 0 ( l ) - - - 0 ( 4 ) distance and the torsion-
angle index; the torsion-angle index is defined by 

l ^ ( C ( l ) - C ( 2 ) ) | + | ^ ( G ( 2 ) - C ( 3 ) ) | + l ^ ( C ( 5 ) - 0 ( 5 ) ) | + 
| ^ ( 0 ( 5 ) - C ( 1 ) ) | - | ^ C ( 3 ) - C ( 4 ) ) | - | ^ ( C ( 4 ) - C ( 5 ) ) | 
when the torsion-angle of C ( l ) -C(2 ) -C(3 ) -C(4 ) is ex­
pressed by 0(C(2)-C(3)) . They have also shown that 
the 0 ( l ) - " 0 ( 4 ) distance is closely related to the tor­
sion-angle index. The 0 ( 4 ) - - 0 ( 4 ' ) distances in the 
PSNa complex are 4 .24±0.03 Â, and this value agrees 
with 4.25 À predicted for the a-CDx having regular 
hexagonal symmetry.20) In the Methyl Orange com­
plexes and the BSNa complex, the 0 ( 4 ) - - 0 ( 4 ' ) distan-

Mathyt Orang« Sodium B*nx*n«suifonate 

Fig. 4. A comparison of the arrangements of guest 

ces in the G2 residues are shorter by 0.24—0.31 Â than 
those in the G l residues, although the average values 
are close to 4.25 Â. The different conformations of the 
pyranose ring result in different torsion-angle indices. 
In the PSNa complex, the torsion-angle indices are 
126.6—128.5°. In the Methyl Orange complexes and 
the BSNa complex, the torsion-angle indices of the G2 
residues are greater by 4.7—15.1° than those of the G l 
residues. Therefore, the elliptical structure of a-CDx 
in the Methyl Orange complexes and the BSNa complex 
is ascribed to a deformation of the pyranose rings, that 
is, a difference between the conformation angles in the 
pyranose rings. No significant difference was observed 
for the 0 ( 2 ) - - ' 0 ( 3 ' ) distances, indicating that the 
distortion of the a-CDx ring does not affect the intra­
molecular hydrogen bonds in complexes with channel-
type structures. 

Geometry of Inclusion. a-CDx molecules are 
stacked in a head-to-tail arrangement, and form endless 
channels along the c axis. The a-CDx molecule has 
two-fold symmetry, but the asymmetric 1-propanesul­
fonate anion is located in a channel with statistical dis­
order on the two-fold axis. The anion is in contact 
with two a-CDx molecules. T h e propyl group contacts 
with the 0 ( 2 ) , 0 ( 3 ) side of the a-CDx ring (Fig. 2). 
The sulfonato group is hydrogen-bonded to three of the 
primary hydroxyl groups, 0 ( 6 * , G l ) , 0 ( 6 , G2), and 
0 ( 6 * , G3) with oxygen-oxygen distances of 2.72, 2.80, 
and 2.75 A, respectively. A different hydrogen-bond­
ing contact was observed in the BSNa complex.15) T h e 
sulfonato group forms hydrogen bonds with four of the 
primary hydroxyl groups, 0 ( 6 , G l ) , 0 ( 6 , G3), 0 ( 6 * , 
G l ) , and 0 ( 6 * , G3), with the respective distances being 
2.80, 2.86, 2.71, and 2.86 Â. The primary hydroxyl 
groups of the G2 residues in the BSNa complex do not 
form hydrogen bonds because of the elliptical structure 
of a-CDx. In the A C K complex and the Methyl 
Orange complexes, the primary hydroxyl groups are 
also hydrogen-bonded to the ionized group of the guest 
molecule. I t is noted that the sulfonato group and the 
acetate ion are nearly trigonal. T h e trigonal group 
fits well into the 0 ( 6 ) side of the a-CDx ring, as is 
shown in Figs. 1 and 2. 

in the channel. Broken lines denote hydrogen bonds. 
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Fig. 5. A packing feature of a-CDx molecules in the 
crystal. 

Schematic drawings of the arrangements of the guest 
molecules in the channel are shown in Fig. 4. A long 
molecule, as well as a small molecule, can be situated 
in the channel. In the A C K complex,13) the acetate 
anion is so small that the empty space in the cavity is 
filled with two water molecules. O n the other hand, 
a long guest anion extends through two a-CDx rings 

in the Methyl Orange complexes. For bulky guest 
molecules, the suitability of the guest molecule to the 
cavity may determine the geometry of the complex. 
In the interior of the cavity, the C ( 3 ) - H and C(5 ) -H 
groups are oriented at the center of the a-CDx cavity. 
T h e circle composed of six hydrogen atoms attached 
to the G(5) atoms forms the neck of the cavity. In 
the Methyl Orange complexes, the azo group is situated 
at the neck, but in the other complexes the guest mole­
cules are not located at the neck. T h e conformation 
of the a-CDx ring in cage-type structures5-^) changes 
remarkably with the dimension and the shape of the 
guest molecule. In channel-type structures,13-15) how­
ever, the conformation change is quite small. This 
may be due to the fact that the framework of the a-CDx 
ring is held together by the hydrogen bonds between 
the a-CDx molecules and between a-CDx and the ionized 
group. 

Crystal Structure and Hydrogen Bonds. The frame­
work of the crystal is built up of endless cylinders formed 
by stacks of the a-CDx rings, as is shown in Fig. 5. 
The space outside the channel is filled with cations and 
water molecules (Fig. 6). The two adjacent a-CDx 
molecules are linked by 0 ( 2 , G 3 ) - 0 ( W l ) - 0 ( 5 , 
G3), 0 ( 2 , G l ) - 0 ( W 2 ) - 0 ( 5 , G l ) , and 0 ( 2 , G 2 ) -
0 ( W 3 ) - N a - 0 ( 5 , G2) linkages except for 0 ( 3 ) -
0 ( 6 ) hydrogen bonds. The sodium ion is surrounded 
by five oxygen atoms, O ( W l ) , 0 ( W 2 ) , 0 ( W 3 ) , 0 ( W 7 ) , 
and 0 ( 5 , G2), which form a distorted trigonal bipyramid 
(Fig. 7). T h e Na- -O distance varies from 2.36 to 
2.58 Â. These values are in good agreement with those 
of 2.34—2.55 Â found for the BSNa complex.15) In the 
A C K complex13) and the Methyl Orange complexes,14) 
the cations are surrounded by six oxygen atoms which 
form a distorted octahedron (Fig. 8). 

The hydrogen-bonding scheme is similar to that of 
the BSNa complex (Fig. 9). In the G l residue, 0 ( 2 , 
G l ) and 0 ( 5 , G l ) are hydrogen-bonded to 0 ( W 2 ) , 
while 0 ( 3 , G l ) is bonded to 0 ( W 5 ) . Both of 0(2 ,G3) 

Fig. 6. A stereoview of the crystal structure viewed along the c axis. 
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0(W1) 

Fig. 7. Geometry of the sodium-ion coordination shell. 

Sodium Benzenesulfonate Sodium 1-Propanesutfonate 

Fig. 8. Comparison of the geometry of the coordi­
nations of alkali metal ions in the a-CDx complexes 
with the channel-type structure. OW and OG 
indicate oxygen atoms in water and glucose residue, 
respectively. 

and 0 ( 5 , G3) in the G3 residue form hydrogen bonds 
with O ( W l ) . In the G2 residue, only 0 ( 2 , G2) is 
involved in the hydrogen-bonding with water. The 
primary hydroxyl groups do not form hydrogen bonds 
with water, but they form hydrogen bonds with 0 ( 3 ) 
atoms in the adjacent a-CDx molecule. 

Conclus ions 

So far, three channel-type structures with head-to-
tail arrangement of a-CDx have been revealed; the 
ACK complex,13) the Methyl Orange complex,14) and 
the BSNa complex.15) The PSNa complex has been 

0(5,G3) 

0(2,G3) HI o(W1) 0(2,Gl) 

0(W6) 2 6 3 0(W2) 

Fig. 9. The hydrogen-bonding scheme in crystals of 
a-CDx-PSNa nonahydrate. 

shown to have the same crystal structure. It is note­
worthy that these complexes crystallize in approximately 
isomorphous structures, although the shapes and dimen­
sions of the guest molecules are quite different. T h e 
adjacent a-CDx molecules along the channel are con­
nected by 0 (3) - - -0 (6) hydrogen bonds. The hexa­
gonal structure of a-CDx may be stabilized by hydrogen-
bonding with the ionized group, which has a trigonal 
structures. T h e change in the macro-cyclic conforma­
tion of a-CDx, which is caused by the inclusion of the 
planar group, affects the lattice parameters. The el­
liptical a-CDx ring is parallel to the ac plane, and the, 
long axis is oriented along the a axis. Therefore, the 
a dimensions of crystals of the Methyl Orange complexes 
and the BSNa complex are longer by 0.22—0.51 Â than 
that of the PSNa complex, while the b dimensions are 
shorter by 0.17—0.34 Â. 

Another type of channel-type structure has been found 
in the a-CDx-polyiodide complexes.16) In this case, 
the a-CDx molecules are arranged in a head-to-head 
fashion, that is, the 0 ( 2 ) , 0 ( 3 ) side of the a-CDx ring 
is facing the same side of the adjacent a-CDx ring, and 
the 0 ( 6 ) side is facing the 0 ( 6 ) side. The conformation 
of the primary hydroxyl groups is gauche-gauche, and 
thus, these groups cannot form hydrogen bonds includ­
ing the guest molecule. In the channel, the guest mole­
cules are arranged with statistical disorder, forming an 
infinite polyiodide chain. 

In both types of channel-type structures, the guest 
anions are included in the cavity, but the cations are 
located outside the a-CDx ring. This may be due to 
the fact that the a-CDx cavity has a relatively posi­
tively-charged character. The interior of the cavity 
contains C(3 ) -H , C(5) -H, H - C ( 6 ) - H , and 0 ( 4 ) whose 
charges were estimated to be 0.11, 0.14, 0.14, and 
—0.25, respectively.15) Moreover, the C ( 3 ) - H and C-
(5) -H groups are oriented to the center of the a-CDx 
ring. Therefore, it appears that the inclusion of an 
anion is more favorable than the inclusion of a cation. 
Outside the channel, the oxygen atoms surrounding the 
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O (6, G2) 
0 ( 5 , G 2 ) 
O ( W l ) 
0 ( W 2 ) 
0 (W7) 
O(Wl ) 
0 (W2) 
0 ( W 3 ) 
0 ( W 5 ) 
0 (W6) 
0 (W5) 
0 ( W 6 ) 

Kazuaki HARATA 

TABLE 8. INTERMOLEOULAR 

- 0 ( 2 , P S ) 
-Na 
-Na 
-Na 
-Na 
- O (W6) 

0 (W6) 
- O (W4) 
- O (W6) 
-Na 
- O (W7) 
- O (W7) 

2.80 
2.58 
2.36 
2.51 
2.37 
2.58 
2.63 
2.85 
2.72 
0.77a> 
1.20») 
2.04a) 

Symmetry 
None 

i 
ii 
iii 
iv 
V 

vi 

DISTANCES ( / / Â ) LESS 

code 

0 ( 3 , G 1 ) -
0 ( 3 , G2) 
0 ( 3 , G3)-
0 ( 6 , G 1 ) 
0 ( 6 , G3) 
0 ( 5 , G 1 ) 
O (W3) • 
0 ( 2 , G 1 ) 
C-(3,G1)-
Na 
0 ( 5 , G3) 
0 ( 2 , G2) 
0 ( 2 , G3)-

1/2-
1/2-
1/2-
1/2-

THAN 3.0 Â 

- 0 ( 6 , G 1 ) 
- 0 ( 6 , G2) 
- 0 ( 6 , G3) 
- O ( l . P S ) 
- 0 ( 3 , P S ) 
-O (W2) 
-O (W6) 
-O (W2) 
-O (W5) 
-0 (W3) 
- O ( W l ) 
-O (W3) 
- O ( W l ) 

(0 
(i) 
(i) 
(") 
(Ü) 
(iii) 

(iii) 

(iv) 

(iv) 

(v) 
(v) 
(vi) 

(vi) 

Symmetry operator 
X, 

X, 

•x, 

-x, 
x, 

•x, 

-x, 

y, 

y> 

-y» 
1/2+* 
1/2+* 

- 1 / 2 + * 

-\ß+y, 
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2.73 
2.78 
2.79 
2.72 
2.75 
2.79 
2.35a> 
2.81 
2.72 
2.42 
2.90 
2.78 
2.73 

z 
l+z 

z 
—z 

1-z 
—z 

1-z 

5 

a) The distance between disordered atoms. 

cation form the coordination shell. 
The geometry of the PSNa complex is similar to that 

of the BSNa complex. T h e hydrophobic propyl group 
is in contact with the 0 ( 2 ) , 0 ( 3 ) side of the a-CDx 
ring, while the sulfonato group is hydrogen-bonded to 
the primary hydroxy 1 groups. When we consider a 
structure in an aqueous solution, the solvation effect is 
important as has been shown in a previous paper.15) 
T h e transfer of the propyl group from the water environ­
ment to the interior of the cavity will reduce the solva­
tion energy of PSNa, since the propyl group may be 
more likely to be found in the hydrophobic and non-
polar cavity than in the water environment. When the 
sulfonato group is included in the cavity, it may form 
hydrogen bonds with the primary hydroxyl groups. 
But, as has been suggested by Griffiths and Bender,3) 
the hydrogen bonds do not appear to be important in 
the stabilization of the complex, since the sulfonato group 
may be hydrogen-bonded to water molecules in the 
uncomplexed state. Therefore, the inclusion of the 
propyl group will give a more stable complex than the 
inclusion of the sulfonato group in an aqueous solution. 

The author would like to acknowledge the helpfull 
suggestions of Dr. Alfred D. French. The author also 
wishes to thank Dr. Hisashi Uedaira for supporting this 
study and for useful discussions. T h e stereoviews were 
drawn on a Hewlett-Packard 7200A graphic plotter. 
T h e computation was done on a H I T A C 8450 computer 
in this laboratory. 
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Electronic Absorption and Fluorescence Spectra of 5-Hydroxytryptamme 
(Serotonin). Protonation in the Excited State 
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(Received October 28, 1976) 

The fluorescence spectra of 5-hydroxytryptamine (serotonin) in acidic media have been studied by means 
of fluorescence polarization, temperature dependence of fluorescence, and kinetics of the protonation in H 2 0 and 
D 2 0 . The red-shifted emission appearing by protonation in the excited state is ascribed to the protonated form 
of serotonin at G4. In order to confirm the assignment of electronic spectra, the absorption spectra of the single 
crystal of 5-methoxyindole-3-acetic acid have been measured by means of reflection technique, the directions 
of transition moments being determined by polarization analysis. Calculation was carried out on the energy 
levels of the excited state for serotonin and its protonated forms, and the directions of transition moments were 
compared with the experimental results. 

5-Hydroxytryptamine (serotonin) found in many 
mammal tissues has several unknown physiological 
effects, such as on nervous impulse transmission and 
mental activity.1) T h e fluorescence assay of serotonin 
is important in biomedical analysis. Udenfriend et 
al.2) found that the fluorescence of serotonin in a strong­
ly acidic solution appears at 18000 cm" 1 in the visible 
region, and at 30000 c m - 1 in a neutral solution. 
Bridges and Williams,3) and Chen4) studied the mecha­
nism of this anomalous fluorescence and postulated that 
the emitting species is the protonated excited state 
form of serotonin. However, no detail of the proton­
ated structure was established, the postulate remaining 
unsettled. 

I II II + H+ > 

H 

R ' O v / \ / R R ' 0 \ / / \ _ _ / R 
I II + II or H | || || 

H H rt 

We have attempted to clarify the structure of the 
protonated form on the basis of ( 1 ) polarization measure­
ment of the fluorescence, (2) temperature dependence 
of the fluorescence in the acidic media, (3) lifetime 
measurement of the fluorescence of both unprotonated 
and protonated serotonin in the acidic media, (4) 
polarization measurement of the reflection spectra of 
a crystal of serotonin derivative, and (5) theoretical 
calculation on serotonin and its protonated forms. 

The electronic states and structures of serotonin 
and its protonated form were clarified from the results. 
The results are discussed in connection with the electron­
ic spectra of the parent molecule, indole. 

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

Material. Serotonin creatinine sulfate (Nakarai Chem­
ical Co.) was purified by repeated recrystallizadon from 
water. Ethylene glycol-water (7 : 3) (EGW) with 1.2 M 
HCl was used as a solvent for the fluorescence polarization 
measurement. The fluorescence lifetime were measured with 
solutions of 2 X 10-5 M in H 2 0 or D 2 0 by adding appropriate 

Present address : National Research Institute of Police 
Science, 6, Sanban-cho, Chiyoda, Tokyo 102. 

amounts of HCl or DC1. 5-Methoxyindole-3-acetic acid (pfs 
grade, Sigma Chemical Co.) was recrystallized from metha-
nol-water. The compound was supplied by Prof. K. Tomita 
of Osaka University. 

Methods. The temperature dependence of the fluores­
cence was measured in a thermostated cell with a Carl Zeiss 
spectrofluorometer in the temperature range —56—6 °C. 
A HTV-R446UR photomultiplier tube was used, no correc­
tion being made for the spectral responce of the detecting 
system. The polarization of the fluorescence was measured 
with the same apparatus combined with a calcite polarizer 
for excitation and a polacoat polarizer for analysis at —52 °C. 
The polarization characteristic of the polacoat polarizer was 
checked before the measurement, the stray light beirg less 
than 1%. The instrumental depolarization effect was cor­
rected following the procedure of Azumi and McGlynn.5) 
Fluorescence lifetimes were measured with an Ortec 9200 
photon counting system. An Ortec nanosecond light puiser 
was used as an excitation source through a Toshiba DV-25 
filter, with 20% NiS04 solution and 0.2% K 2 Cr0 4 solution 
of each 1 cm path. The fluorescence was detected through 
filters of a Toshiba UV-D1B and a Nd glass for the 29600 
cm-1 band and a Fuji Color SC-52 for the 17800 cm-1 band. 
The reflection spectra were recorded by the microscopic re­
flecting system constructed in this laboratory. 

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

The fluorescence spectra of indole in polar solvents 
exhibit a conspicuous red shift.6-11) I t is considered 
that the second excited level is stabilized and the 
fluorescence occurs from this state. The absorption 
and fluorescence spectra of serotonin are shown in 
Fig. 1 together with the polarization values for the 
excitation and emission. There are more than three 
absorption bands in the 31000—47000 c m - 1 region. 
The first band appears in the 31000—34000 c m - 1 

range, the second band overlapping with it at 33000 
c m - 1 and extending to the 37000 c m - 1 region, and the 
third band appearing with a maximum at 45300 cm - 1 . 
Although the first and the second bands overlap in 
the 33000 c m - 1 range, their maxima appear at dif­
ferent energies, differing from the case of indole where 
they overlap strongly. 

The fluorescence spectra measured at —52 °G in 
an acidic media are shown in Fig. 1. T h e emission 
band with a maximum at 29800 c m - 1 is ascribed to a 
neutral molecule and the band appearing at 17800 c m - 1 
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X 2l 

Wave number/1CP cm-"1 

Fig. 1. The absorption ( ), emission ( ), and 
polarization spectra of serotonin in EGW with 1.2M 
HCl at - 5 2 °C. 
The fluorescence polarization (FP) spectra ( - # - # - ) 
were measured by exciting at 32500 cm -1 . The 
fluorescence excitation polarization (APF) spectra were 
recorded by monitoring the fluorescence at 30000 
cm-1 ( - 0 - 0 - ) and at 18000cm-1 (-X-X-). 

is assigned to the protonated form. The maximum 
of this emission shifted to 17600 c m - 1 when correction 
was made on the response of the photomultipher tube. 

Polarization Measurement of Fluorescence. The flu­
orescence excitation polarization (APF) spectra for 
the neutral molecule were measured by setting the 
detecting monochromator at 30000 cm - 1 . I t was found 
that the first absorption band shows/»-values of 0.4—0.2. 
This indicates that the fluorescence originates from 
the first excited state. The second absorption band 
showed negative p-values of —0.12 0.17. Thus 
the direction of the transition moment is considered 
to be nearly perpendicular to the first band. 

The fluorescence polarization (FP) of 29800 c m - 1 

emission band was measured by exciting at 32500 cm - 1 , 
the /»-values being always positive (0.4—0.25) in the 
range 31000—26000 cm"1 . This shows that the emis­
sion band consists of a unique origin, namely the 
fluorescence occurs from the lowest excited state. 

The emission bands at 17800 c m - 1 appearing in 
a strongly acidic solution showed a quite different 
polarization character as compared to the 29800 c m - 1 

band, its FP spectra measured by exciting at 32500 c m - 1 

showing a constant negative /»-value of —0.18. In 
line with this results, the APF spectra in the first ab­
sorption region showed negative /»-values of —0.2— 
—0.1 , while the second absorption band showed 
positive /»-values of 0.2—0.3 in the 35000—39000 c m - 1 

range. 
The 17800 c m - 1 band is considered to be due to 

the protonated form of serotonin.4) The present 
results show that the rotational motion of serotonin 
molecule in the excited state is frozen at —52 °C 
in E G W to give definite /»-values, while the proton 
transfer occurs under these conditions and the proton­
ated serotonin is formed consequently. The long 
wavelength fluorescence shows a different polarization 
character as compared to the parent molecule. T h e 
absorption spectra of serotonin in 1M HCl solution 
Was almost the same as those in neutral solution. I t 

was confirmed that the protonation occurs after the 
excitation of the neutral molecule, since a close cor­
relation was found between the absorption and polar­
ization spectra of the parent molecule and the proton­
ated form. The direction of the transition moment 
of the protonated emitting species was shown to be 
nearly perpendicular to the first absorption band and 
parallel to the second absorption band. 

Temperature Dependence of Fluorescence. The tem­
perature dependence of the fluorescence in acidic 
media is shown in Fig. 2, the solution being excited 
at 33500 cm- 1 . At 6 °G the peaks for neutral and 
protonated species were found at 29600 cm- 1 and 
17800 cm- 1 , respectively. By lowering the temperature 
the intensity of the fluorescence from the neutral 
form increased, the peak showed a blue shift of 200 cm - 1 , 
and the emission from the protonated form diminished. 
T h e results are explained by a retardation of the 
protonation in terms of increase in the viscosity of 
the solvent caused by fall of temperature. The dis­
appearance of the visible fluorescence at — 196 °G was 
reported by Chen.4> This provides another evidence 
that the emission occurs from the protonated species. 

Lifetime of Fluorescence. The rise and decay of 
fluorescence of the neutral and protonated forms are 
shown in Fig. 3. The lifetime of neutral species 

30 25 20 15 
Wave number/103 cm - 1 

Fig. 2. The temperature dependence of the fluorescence 
of serotonin in EGW with 1.2 M HCl. 
1. 6 °C; 2. - 9 °G; 3. - 19 °C; 4. - 4 0 °C; 5. - 5 6 °G. 
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Fig. 3. The rise and decay curves of the fluorescence 
of the free and protonated serotonin in 0.04 M DG1. 
1. Fluorescence intensity of serotonin measured at 
30000 cm -1 , 2. Fluorescence intensity of serotonin 
with 0.04 M DC1 measured at 30000 cm-1, 3. Fluores­
cence intensity of protonated form of serotonin with 
0.04 M DC1 measured at 18000 cm-1, 4. The flash 
profile. 
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decreases with increase in acid concentration. T h e 
rise and decay curves of the lower energy emission 
indicate that the excited species were produced after 
the excitation via the protonation of serotonin in the 
excited state. 

Following Chen's4) scheme, the reaction of the excited 
species is written as 

(1) 

where S* is the excited serotonin, kx and k_x are the 
rate constants for the protonation and deprotonation 
reactions, respectively, k^ and k/, and /cq and kq' are 
the rate constants for radiative and radiationless pro­
cesses of neutral and protonated species, respectively. 
If we assume that A;1[H+]>A;_1, then the lifetime r of 
the excited neutral molecule S* is given by 

1/r = kt + Aq + *1[H+]. (2) 

The change of the fluorescence lifetime at 20 °C 
with increase in the hydrogen ion concentration is 
given in Table 1. The fluorescence quenching by 
the counter ion C I - was examined. I t was found 
that the effect is negligible in the concentration range 
of Gl - less than 0.1 M. The plot of 1/T against [H+] 
or [D+] gives the rate constant, ^ ( H ) and Â;1(D). 
The results are 

*i(H) = 2 . 9 x l 0 9 s - 1 M - 1 , 

*i(D) = l .Gxl .O's- iM- 1 , 

TABLE 1. FLUORESCENCE LIFETIME OF SEROTONIN 

IN THE ACIDIC MEDIA 

and 

A1(H)/*1(D) = 1.8. 

The linear relation between 1/T and [H+] or [D+] 
supports Scheme l for the reaction of the excited species. 
The kinetic isotope effect found in these reactions 
can be correlated with the motion of the hydrogen 
ion in an aqueous solution, since the reaction seems 
to be a diffusion controlled process. The ratio of 

[H+] 

OmM 
40 
60 
80 

In H 2 0 

4.65 ns 
3.72 
3.30 
2.99 

In D 2 0 

5.57 ns 
4.81 
4.43 
4.13 

the rate constants A;1(H)/Â;1(D) shows a normal isotope 
effect.12) I t is interesting that the value is close to 
the ratio of the mobilities of proton and deuteron, 
M{H+)lfi(T>+) (1.44) at 25 °C.13) I t might imply that 
the proton transfer occurs in the charge-separated 
excited species through the Grotthuss mechanism.14) 

Theoretical Calculation of Electronic State. The 
electronic energy levels of serotonin and its protonated 
forms were calculated by the Pariser-Parr-Pople 
method15 '16) by using the Nishimoto-Mataga potential17) 
and taking into account the configuration interaction. 
The calculated transition energy, size and direction 
of the transition moments are given in Table 2 and 
Fig. 4. The directions of 1Lb and xL a transitions 

Fig. 4. The theoretical prediction of the direction of 
transition moments of the excited singlet states (1La 

and 1Lb) of serotonin and its protonated forms. S4 or 
S6 are is direction of the transition moment of the 
lowest singlet state of the protonated forms by adding 
proton at C4 or C6 positions, respectively. 

TABLE 2. THEORETICAL CALCULATIONS OF THE SINGLET EXCITED STATES OF 

SEROTONIN AND IT3 PROTONATED FORMS 

State 
symbols 

State 
energy 

Transition-moment 
length 

R, R, 

Oscillator 
strength 

I 

Observed 
values 
- 1 ( / ) cm 

Serotonin 

Protonated at C4 

Protonated at C6 

f ^ K 
rBb 
l l B a 

32940 
38500 
43840 
46390 

r 22750 
28720 
39020 

^ 43690 

r 21890 
28730 
37840 

^ 43130 

0.079 
- 0 . 6 9 4 

1.136 
- 0 . 6 8 2 

1.553 
0.161 

- 0 . 0 2 8 
0.268 

- 1 . 0 4 5 
0.662 

- 0 . 1 4 3 
0.947 

0.174 
0.395 
0.571 
0.589 

0.028 
- 0 . 0 5 9 

0.464 
0.552 

0.656 
0.576 

- 0 . 1 9 4 
0.155 

0.013 
0.267 
0.769 
0.409 

0.596 
0.009 
0.091 
0.178 

0.362 
0.240 
0.024 
0.431 

33000(0.054) 
36000(0.098) 
45300(0.56) 

20000 
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(Fig. 4) are given for serotonin; the transition moment 
to the x L b state makes 85° with that of the 1 L a , while 
the observed value estimated from the /»-values and 
the relation between the /»-value and the angle 6 made 
of transition moments1 8 '19) given by 

3cos»0-l 
P= 3 + COS2 0 ( 3 ) 

is 90°. The agreement between these two values is 
satisfactory, since the depolarization and other possible 
experimental errors might not be completely corrected. 

Calculation for the protonated forms was carried 
out by assuming that the proton attack at C4 or G6 

position of the indole ring and positive charge was 
put on oxygen atom (Table 2). The positions of 
proton attack were presumed since these protons are 
known to be easily deuterated in acidic media. The 
lowest energy transitions were calculated for G4 and 
C6 adducts at 22750 c m - 1 and 21890 cm- 1 , respec­
tively. These values are in good agreement with the 
position of the fluorescence band when we consider 
a mirror image relationship between the absorption 
and emission spectra. T h e directions of transition 
moments from these levels to the ground state are 
along S4 or S6 (Fig. 4). A comparison of the cal­
culated directions with the /»-values suggests that the 
lowest state of the protonated form has a transition 
moment along S4. As an example, from the observed 
/»-values, the first and second transitions of parent 
molecule (xLb and xLa) make 69° and 31°, respec­
tively, with the direction of the emission of protonated 
form, while the calculated values with S4 direction 
are 65° and 31°, respectively. In contrast, the transi­
tion moments to the x L b and 1 L a states makes 82° 
and 2°, respectively, with S6 direction. Thus the 
position of proton attack may be assigned at C4. How­
ever, an alternative choice remains at C6 since a quanti­
tative coincidence of/»-values may not be easily realized, 
and the values can be affected by experimental artefact. 
Chen4) presumed that the proton attack occurs at 
C6 position, on the basis of the calculated charge 
density by DeVoe, who showed that the charge density 
in the excited state is the largest at this position. In 
spite of this the predicted /»-values by the C6 adduct 
are —0.32 and + 0 . 5 for the first and the second bands, 
while the observed values are —0.18 and +0-32 , 
respectively. The calculated values by the C4 adduct 
are —0.15 and + 0 . 3 3 , respectively, the C4 protonated 

Fig. 5. The charge density of serotonin in the lowest 
excited state. 
The charge density in the ground state was also shown 
in parenthesis. 

form thus being more plausible than the C6 adduct. 
We have calculated the charge density in the lowest 
excited state, the result of which is shown in Fig. 5. 
We see that the proton attack at C4 is a reasonable 
process in view of charge distribution. The N M R 
spectra of serotonin in acidic media have been studied 
by Daly and Witkop20) who found that the C4 proton 
is most labile in an acidic media. This is in line with 
our conclusion that the proton attacks at C4 position 
in the excited state of 5-hydroxyindole derivatives 
in an acidic media. 

Thus the excited-state reaction of 5-hydroxyindole 
derivatives can be depicted as: 

H H 

H O N / / V ,R 

H 

+ H+ 
HO\s ,R 

H 

Reflection Spectra of 5-Methoxyindole-3-acetic Acid. In 
order to confirm the assignment of spectra of 5-hydro­
xyindole derivatives, the polarized reflection spectra 
were measured with a single crystal of 5-methoxyindole-
3-acetic acid on its (100) plane. The crystalline 
structure was determined by Sakaki, Wakahara , 
Fujiwara, and Tomita.21> Projection of the molecule 
on (100) plane is shown in Fig. 6. I t is noted that 
the short molecular axis is nearly parallel to the crystal­
line c-axis while the long axis lies nearly perpendic­
ular to this plane. T h e crystals used for spectral 
measurement were 0.8 X 2 m m X ca. 0.3 mm. The devel-

r 

Fig. 6. Projection of 5-methoxyindole-3-acetic acid 
molecule onto the (100) plane of the crystal. 

o 
V 

V 

30 

20 

10 

• x 

• ^ ^ y 

|\ 

VI 

1 i 1 * ^ iu—1 

45 25 40 35 30 
Wave number/103 cm - 1 

Fig. 7. Reflectivity of 5-methoxyindole-3-acetic acid 
crystal. Polarization of the light parallel to the b-axis 
( ) and the c-axis ( ). 
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45 40 35 30 
Wave number/103 cm - 1 

Fig. 8. Absorption spectra of 5-methoxyindole-3-acetic 
acid crystal obtained from Kramers-Kronig trans­
formation. b-axis, c-axis. 

oped plane was confirmed by X-ray photographs. 
The reflection spectra calibrated with SiC standard 
are shown in Fig. 7. T h e Kramers-Kronig trans­
formation of reflectivity gives the absorption coeffi­
cient (Fig. 8). 

The first band shows a vibronic structure at 31800, 
32500, and 33100 cm- 1 . Appearance of this structure 
peculiar to the first 1Lb band has also been observed 
in the spectra of indole in the gaseous states.22'23) 
The first absorption band shows a strong dichroism, 
strong along the c-axis. T h e direction of the transition 
moment obtained from the dichroic ratio confirms 
the calculated one shown in Fig. 4 and the band is 
thus assigned to the 1 L b state. The second band 
observed at 36000 cm" 1 is weak on this crystalline 
face, its dichroic ratio being fjfc=2. The band is 
assigned to the xLa band at 36000 c m - 1 in solution 
spectra, its direction being consistent with that of 
the xL a band deduced from theoretical calculation. 

In their paper on indole derivatives, Yamamoto 
and Tanaka24) estimated the directions of the transi­
tion moments of indole for 1 L b and xL a bands to make 
angles of 54 and —38°, respectively, to the long 
molecular axis. T h e present result confirms these 
assignments, viz., although the present molecules have 
a hydroxyl or methoxyl substituent at G5, the spectral 
features are very close to those of indole. Actually 
the calculated result on 5-hydroxyindole differs only 
by 9° rotation into anti-clockwise way from the result 
on indole by Yamamoto and Tanaka . Song and 
Kurtin9) indicated that the transition moments of 
1 L b and 2 L a states of indole are on the first and third 
quadrant and the second and fourth quadrant , re­
spectively (Fig. 4). This is qualitatively in line with 
our result, but the directions are not in quantitative 
agreement with our assignment of indole and serotonin 
1 L b and !L a bands. 

As regards the oscillator strengths of 1Lb and 1 L a 

bands, whose relative intensity was discussed by Andrews 
and Forster,11) the two bands overlap strongly but the 
whole band can be divided into two parts, / -values 
being estimated as 0.098 and 0.054 for ^ and x L b 

bands, respectively. From the crystalline spectra, the 

f-values for the 1 L b band is estimated to be greater t h sn 
0.27, which is much greater than the value expected 
from the solution spectra (0.16), thus giving rise to 
a batho-chromic effect. The intensity ratio for 1 L a / 1 L b 

bands is 1.8, whereas Andrews and Forster11) estimated 
it to be 3—4 on indole and Yamamoto and Tanaka 
as 11. The effect of hydroxyl substituent is significant 
in enhancing the 1'Lb band. 

The authors thank Mr. Tsutomu Kouyama, Physics 
Department , for his help in the fluorescence lifetime 
measurement and Dr. Tsuguhiro Kaneda of this 
laboratory for taking the X-ray photographs. 
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Chloroform was pyrolyzed in the absence and in the presence of one of three additives—D2, GH4,and CD4,over 
the temperature range of 1000—1200 K in a single-pulse shock tube. The main products of the decomposition of 
chloroform by itself were tetrachloroethylene and hydrogen chloride. On the other hand, tetrachloroethylene, 
trichloroethylene, dichloromethane, and hydrogen chloride were the major products in the presence of D2, while 
in the chloroform-methane systems they were tetrachloroethylene, trichloroethylene, 1,1 -dichloroethylene, vinyl 
chloride, ethane, and hydrogen chloride. From the deuterium distribution of the products, as determined by 
mass spectrometry, it is found that the hydrogen atoms of trichloroethylene and 1,1-dichloroethylene mainly came 
from chloroform and methane respectively, while the hydrogen atoms of vinyl chloride came from both chloro­
form and methane. The change in the product distribution resulting from the addition of deuterium or me­
thane and the hydrogen isotopic distribution suggest that the mechanism is composed of Gl atom elimination in 
the initiation step and successive reactions involving "hot" molecule reactions. The hydrogen isotopic distribution 
of vinyl chloride may indicate that the three-centered hydrogen elimination (oca) process competes with the four-
centered (aß) process in the decomposition of "hot" 1,1-dichloroethane. 

The decomposition of chloroform has been investi­
gated by several authors. Among them, the studies of 
Semeluk and Bernstein1) and Shilov and Sabirova2) 
have been detailed. However, they came to different 
conclusions about the initiation process. 

Semeluk and Bernstein1) investigated the decomposi­
tion of chloroform at about 800 K by the flow method ; 
they found that hydrogen chloride and tetrachloro­
ethylene (C2C14) were the main products and that the 
decomposition rate was first-order with respect to chloro­
form. They proposed the radical chain mechanism to 
explain the main product distribution and the kinetics; 

CHC13 > CHC12. + CL, (1) 

Cl- + GHGI3 >CC1 3 -+HC1 , (2) 

CC13. > CG12: + Gl-, (3) 

CC13- + Gl- • CC14, (4) 

CC12: + CHCI3 > C2C14 + HCl. (5) 

O n the other hand, Shilov and Sabirova2) studied 
the decomposition in a toluene carrier and found no 
bibenzyl. From their results, they proposed another 
mechanism ; 

CHCI3 > CC12: + HCl, (6) 

CC12: + CHCI3 • C2C14 + HCl. (5) 

It is desirable to investigate further the initiation step 
of the chloroform decomposition by the shock-tube tech­
nique, which enables us to neglect the surface reaction. 
Although the two mechanisms mentioned above pro­
duce the same main products and give similar kinetics 
of the first order, they produce different radicals in the 
initiation step. This provides a possible way to check 
both mechanisms. In order to detect the radicals 
formed in the initiation step, we pyrolyze chloroform 
in the presence of a relatively large amount of methane 
or hydrogen, whose decomposition itself can be neg­
lected at the reaction temperatures. We found the change 
in the product distribution to result from the interaction 
between the radicals and the added gas molecule. Fur­
ther, by the use of deuterated chloroform or deuterated 
additives, we also found the hydrogen isotopic distribu­
tion to be dependent upon the characteristics of the 

interaction. 

Exper imenta l 

Apparatus. The decomposition was studied in a 4-cm-
i.d. single-pulse shock tube. The design and operation of 
the shock tube were fully described previously.3) 

Materials and Procedure. Chloroform of a research grade 
was purified as follows. In order to purge the trace of ethanol 
involved as a stabilizer, we first shook unpurified chloroform 
with coned H 2S0 4 in a separatory funnel, washed it with 
water, dehydrated it, and distilled it. Finally, we distilled 
chloroform three times under a vacuum. Deuterated chloro­
form obtained from E. Merck Co. was also distilled three 
times under a vacuum. Methane (99.5% purity) and deu­
terium of a research grade (99.5 D atom %) and argon of 
an ultra-high purity (99.999% purity) were used without 
further purification. A considerable amount of oxygen was 
present in the methane-rf4 (99.5 D atom %) of the Matheson 
Co. ; it was removed by passing it through a reduced copper 
column.4) , Experiments were carried out with the gas mix­
tures listed in Table 1. 

TABLE 1. T H E REACTANT MIXTURES AND THEIR 

COMPOSITIONS 

Series No. Components Composition in mol% 

I CHC13/Ar 1.5/98.5 
II CHC13/D2/Ar 1.5/4.8/93.7 
I l ia CHC13/CH4/Ar 2.4/4.6/93.0, 1.1/4.4/94.5 
I l lb CHC13/CD4/Ar 1.8/3.7/94.5, 2.0/4.0/94.0 
IIIc CDC13/CH4/Ar 1.0/7.8/91.2, 1.0/3.1/95.9 

1.9/5.8/92.3, 1.0/2.2/96.8 

The hydrocarbons and chlorinated hydrocarbons were sep­
arated and analyzed on a Yanaco G-80 gas Chromatograph 
equipped with a temperature programer. The gas sample 
was separated on a 2-m-long Porapak Q, column, with He 
as the carrier gas; the separated components were detected 
by means of thermal-conductivity and flame-ionization de­
tectors. As occasion demanded, we determined each eluted 
component by mass spectrometry in order to confirm the 
identification of each peak of the gas chromatography. 

After the separation of the product gas mixture into com-
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ponents on a gas Chromatograph, we analyzed the separated 
elutant by mass spectrometry in order to determine the hy­
drogen isotopic distribution. For the simplification of the 
mass spectrum, a low ionization voltage was employed. At 
an ionization voltage of about 10 eV, only the parent peak 
remained except for chloroform. In the case of chloroform, 
GHGlg, the peak intensity of CHC12+ was much stronger than 
that of GHG13

+, even at a low ionization voltage. 

R e s u l t s 

The dwell time was practically constant (1 ms), and 
the total density behind the reflected shock waves was 
about (2 .4—3.9 )x l0 - 5 mol /cm 3 . The reaction tem­
perature range was about 1000—1200 K. It was true 
in all the series that chlorinated ethylene and hydrogen 
chloride were the main products and that the chlorinated 
ethane was not present or, occasionally, present in a 
very small amount.5) When one of the reactants was 
deuterated, the hydrogen isotopic isomers of chloroform 
were analyzed by mass spectrometry after the shock 
heating. I t was thus confirmed that the isomer of 
chloroform converted by H / D exchange reaction was 
negligibly small. The experimental results for each 
series are described below. 

Series I. Tetrachloroethylene and hydrogen 
chloride were produced predominantly. The hydrogen 
chloride was not quantitatively analyzed, since an exact 
determination of the yield is difficult because of the 
surface reactions. As the minor products, four species 
were found; trichloroethylene, dichloromethane, 1,1,2,2-
tetrachloroethane, and an unidentified species. The 
characteristics of the product distribution were con­
sistent with those reported of Semeluk and Bernstein.1) 
Table 2 shows the yields of C2G14 and G2HC13, together 
with the conversion of chloroform. 

Series II. When deuterium was added, much 
more species were produced than those obtained from 
the decomposition of chloroform alone. Fifteen species 
involving unidentified peaks were detected. Trichloro­
ethylene, which has been a minor product in Series I, 

TABLE 2. T H E CONCENTRATIONS OF C2G14 AND G2HC13 

IN THE PRODUCT GAS MIXTURE A N D THE CONVERSION 

OF CHLOROFORM 

T / R 

975 
1005 
1033 
1058 
1073 
1090 
1093 
1103 
1105 
1155 

C2CL/) 

135 
320 
310 
770 
2300 
1690 

1680 
2370 
1770 
3350 

C2HCV> 

13 
26 
21 
44 
48 
77 
75 
116 
84 
33 

Chloroform 
conversion1^ 

c ) 
c ) 
c ) 
18 
40 
39 
39 
51 
43 
80 

a) The concentration is expressed in ppm. b) The 
conversion is expressed in %. c) The values in this 
column were obtained from the analysis of chloroform. 
The value denoted by c is slightly negative due to 
the analytical error. 

here appeared as the main product. Tetrachloroeth­
ylene, dichloromethane, 1,1-dichloroethylene, vinyl 
chloride, and chloroacetylene were identified, while as 
trace species methane, ethylene, ethyl chloride, and 1,1,-
2,2-tetrachloroethane were detected. T h e yields of the 
principal products are plotted against the chloroform 
conversion in Fig. 1. 

As is shown in Fig. 1, trichloroethylene, G2G14, and 
dichloromethane increase linearly with the increase in 
the conversion at relatively low conversions, but they 
show their maximum at higher conversions. O n the 
other hand, 1,1-dichloroethylene, vinyl chloride, and 
chloroacetylene were hardly detected at all at low con­
versions ; they increased remarkably at high conversions. 

The deuterium content of trichloroethylene is shown 
in Table 3. I t should be noted that the yield of C2HC13 

is much greater than that of C2DC13 over a wide con­
version range. 

Series HI. Many species (13 species) were ob­
served, as in the case of Series I I . The principal prod­
ucts of the Series I l i a were 1,1-C2H2G12, C2H3C1, G2Hg, 
C2H4 , G2HG13, and G2C14. Their yields, except for 
that of G2G14, are plotted against the chloroform con­
version in Fig. 2 (G2C14 was not determined by gas 

1000 r 

0 30 60 90 

Conversion of chloroform ( %) 

Fig. 1. Plots of product yield for series II, vs. chloroform 
conversion. 

Trichloroethylene, • : C2C14, A : dichloromethane, 
1,1-dichloroethylene, • : chloroacetylene, 
vinyl chloride. 

TABLE 3. HYDROGEN ISOTOPIC DISTRIBUTION OF 

TRICHLOROETHYLENE FOR SERIES I I 

C,HCL*> C,DC1,!> Chloroform 
conversion1) 

91.8 
87.8 
78.0 
72.2 

8.2 
12.2 
22.0 
27.8 

23.0 
43.6 
67.7 
72.6 

a) These values are expressed in percentages. 
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chromatography, but the mass spectra showed the yield 
of G2C14 was comparable with that of C2HG13). The 
product distributions of Series I l l b and I I I c were sim­
ilar to that of Series I l i a . 

T h e main hydrogen isotopic isomers of each product 
for Series I l l b and I I I c are shown in Table 4. When 
the conversion of chloroform is smaller than 5 0 % , 1,1-
dichloroethylene and trichloroethylene almost always 
consist of only one hydrogen isotopic isomer; the other 
isomers form less than one tenth of the main isomer. 
Vinyl chloride consists of two hydrogen isotopic isomers 
of comparable amounts. 

In Table 4, if we replace the H and D atoms of 
Series I I I c by D and H atoms respectively, we obtain 
the distributions of the isotopic isomers of Series I l l b . 
The hydrogen of trichloroethylene came mainly from 
the reactant chloroform. O n the contrary, the hydro­
gens of 1,1-dichloroethylene came from the reactant 
methane. T h e hydrogens of vinyl chloride, like 1,1-
dichloroethylene, were supplied mainly by the methane, 
but partly by the chloroform. 

Figure 3 shows the hydrogen isotopic distribution of 

20 40 60 80 
Conversion of chloroform (%) 

Fig. 2. Plots of product yield for series I l i a (1.1 /4.4/94.5) 
vs. chloroform conversion. 
©: 1,1-Dichloroethylene, O : vinyl chloride, 
# : trichloroethylene, ® : ethane, Q : ethylene. 

TABLE 4. MAIN HYDROGEN ISOTOPIC ISOMERS OF 

CHLORINATED ETHYLENE FOR SERIES I I I 

Species Series I l lb Series IIIc 

Dichloroethylene C2DaCl2 G2H2C12 

Vinyl chloride C2D3C1, G2HD2C1 G2H3G1, G2H2DG1 
Trichloroethylene a ) G2DG13 

a) This was not determined by mass spectrometry, but 
it may be C2HC13 in view of the results of Series II 
and IIIc. 

1000 1100 1200 
T/K 

Fig. 3. Dependence of RaßjRaa on temperature and 
concentration ratio of r= [methane]/[chloroform] for 
series I l l b and IIIc. The ratio of Raß/Raa is equal 
to [CHC1=CD2]/[CDC1 = CD2] and [CDC1=CH2]/ 
[CHC1=CH2] for I l l b and IIIc, respectively. 
• : r=2.0 (Illb), • : r=7.8 (IIIc), A: r=3.1 
(IIIc), O : r=3.0 (IIIc), 3 : r=2.2 (IIIc). 

vinyl chloride, which is dependent upon the temperature 
for Series I l l b and I I I c . The ratios of [CHC1=CD2]/ 
[CDC1=CD2] and [CDC1=CH2]/[CHC1=CH2] for Series 
I l l b and I I I c respectively are plotted against the tem­
perature. In the following discussion, it will be shown 
that they are equal to the ratio of the rate of the ocß 
process to that of the ococ process in the decomposition 
of " h o t " 1,1-dichloroethane. The Raß/Raa ratio de­
creases with an increase in both the temperature and the 
[methane]/[chloroform] ratio. There is no detectable 
isotope effect in the I l l b and I I I c series. 

D i s c u s s i o n 

T h e product distribution was changed drastically by 
the addition of methane or hydrogen. One of the 
characteristic changes is the decrease in C2C14; another 
is the increase in trichloroethylene. 

In the case of D 2 addition, trichloroethylene, C2G14, 
and dichloromethane are supposed to be the primary 
products, because, in Fig. 1, their yields are linear to 
the conversion6) at a low conversion. In the case of 
methane addition, ethane, vinyl chloride, 1,1-dichloro­
ethylene, trichloroethylene, and G2G14 are probably the 
pr imary products, while ethylene is a secondary pro­
duct, as may be seen from Fig. 2, although their plots 
are somewhat scattered. 

T h e change in the product distribution can be readily 
explained by the CI atom elimination, proposed by 
Semeluk and Bernstein,1) from the chloroform molecule 
in the initiation step. In the case of D 2 addition, the 
CI a tom formed by Step 1 may abstract the D atom 
from the D 2 present in a large amount ; then DC1 and 
the D atom are produced; 

CI- + D2 > DC1 + D- . (7) 

T h e D atom produced in Reaction 7 then further reacts 
with chloroform; 

D- + CHG13 > GHC12- + DC1 . (8) 

Since there is a competitive relation between Reactions 
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7 and 2, Reaction 7 retards the radical-chain reaction 
to yield G2C14. O n the other hand, because of the par­
ticipation of Reaction 8, the formation rate of the GHG12 

radical is increased. The " h o t " molecule of 1,1,2,2-
tetrachloroethane may be produced via the combina­
tion reaction of the GHC12 radical; 

2CHC12- • CHC12CHG]2* . (9) 

The "ho t " molecule is stabilized by collisions or decom­
poses to an ethylene-type molecule and hydrogen chlo­
ride via a unimolecular reaction; 

+ M 
CHC12CHC12* • CHCl2CHCla, (10) 

• C2HC13 + HCl. (11) 

The fact that hardly no 1,1,2,2-tetrachloroethane is 
found may show that the " h o t " molecule prefers the 
decomposition to the stabilization under our experi­
mental conditions. Dichloromethane as a primary pro­
duct may be formed via a hydrogen-abstraction reaction 
of the CHG12 radical; 

CHC12- + D2 • CHDC12 + D-. (12) 

The production of G2C14 can be explained by the partly 
surviving chain reaction proposed by Semeluk and 
Bernstein.1) I t is apparent that the trichloroethylene pro­
duced through Reactions 9 and 11 has the same hydro­
gen isomer as the reactant chloroform. 

O n the other hand, the assumption by Shilov and 
Sabirova2) that the CG12 radical is formed in the ini­
tiation step is not reasonable. In explaining the for­
mation of trichloroethylene, the following plausible re­
actions are assumed on the basis of analogy with the 
CH 2 radical; 

CC12: + D2 > CDC12. + D-, (13) 

D- + CHC13 • CHC12- + DC1 . (8) 

The decrease in the formation rate of C2C14 can be 
explained by the competition between Reactions 5 and 
13. However, the yields of C2HG13 and G2DG13 which 
are produced from " h o t " tetrachloroethanes would then 
be equal, since the formation rates of the GHC12 and 
CDC12 radicals are supposed to be equal. This expec­
tation is not consistent with the experimental result; 
that is ,the formation of the CC12 radical in the primary 
step is doubtful. The increase in the composition of 
C2DC13 with the increase in the conversion (Table 3) 
may be the result of some secondary reactions.7) 

In the case of the methane addition, in the I I I c series 
for example, the CI atom elimination reaction also agrees 
with the experimental results. The following reactions 
may give Cx radicals; 

CDC13 • CDC12- + CI-, (1) 

CI- + CH4 • CH3 . + HCl , (14) 

Gl- + CDCI3 • GGI3. + DC1. (2) 

The "ho t " ethane-type molecules are formed via the 
association of these Cx radicals. These " h o t " chlori­
nated ethanes decompose to ethylene-type molecules and 
hydrogen chloride. Ethane and G2C16 are only be 
stabilized by collisions; 

2GDC12- • CDC12CDC12* • C2DC13 + DG1, (11) 

CDC12- + CH3- > CDC!2CH3*, 

- ^ + CDC1=CH2 + HCl , (15) 

-^U CHC1=CH2 + DC1, (16) 

CDC12- + CCI,- • 

CDC12CC13* • C2C14 + DC1, (17) 

CH3- + C C 1 3 . • 

CH3CC13* • CH2=CC12 + HCl , (18) 
+ M 

2CH3. > C2H6* > C2H6 , (19) 
+ M 

2CC13- > C2C16* > C2C16, (20) 

All the products formed by Reactions 11 and 15—20 
except G2G16 were identified as the primary products. 
The partly surviving chain mechanism as well as Reac­
tion 17 may be responsible for the formation of C2G14, 
as in the case of D 2 addition. 

The hydrogen isotopic distributions of trichloroeth­
ylene and 1,1-dichloroethylene through Reactions 11 
and 18 are in good agreement with the experimental 
results. The assumption that the " h o t " GDC12CH3 

molecule decomposes not only through the ocß process 
but also through the aa process can well explain the 
isotope distribution of vinyl chloride. I t is well known 
that the haloethane eliminates hydrogen chloride via 
the ocß process. Recently, however, Perona et a/.8) 
found the aa process in the chemical activation study of 
the " h o t " CHF 2 CD 3 , and its occurrence has lately been 
confirmed by Kim et a/.9) Moreover, Perona et a/.8) 
suggested that the aa process was competitive with the 
ocß process only when two halogen atoms are attached 
to the same carbon atom. It was also found from the 
studies of " h o t " l,l,2-trichloroethane-l-ö'1

10) that the 
aa process competed with the a/? process. Therefore, 
the fact that the vinyl chloride consists of two hydrogen 
isotopic isomers may be evidence in support of the pro­
posal by Perona et a/.8) Figure 3 indicates that the 
rate ratio of RaßjRaa decreases with the increase in the 
temperature; behavior like this has already been de­
scribed by Perona et al.8) and K i m et a/.9) This tem­
perature dependence can be qualitatively explained by 
the R R K theory.8-11) The RaßjRaa ratio is expressed 
by the following equation; 

Raß/Raa = Aaß(\-E*ßIE)^{Aaa(l-E*alE)^}-K 

T h e number of effective oscillators, n, is assumed to be 
the same for both eliminations, and a value of n = 1 2 
has been adopted.11) T h e internal energy, E, was taken 
to vary between 85.4 kcal/mol at 298 K and 109.6 kcal/ 
mol12) at 1200 K. The temperature dependence is 
ascertained by the choice of E*aß—52 kcal/mol13) and 
E*aa=62 kcal/mol. T h e difference in the critical en­
ergies (E*aa—E*aß) is similar to that obtained by Perona 
et al.,8) but is somewhat larger than that for " h o t " 1,1,2-
trichloroethane-l-tf'1.10) A more exact study will be 
necessary for a quantitative discussion. 

In conclusion, in the case of methane addition, the 
product distribution and hydrogen isotopic distribu­
tions support the Gl atom elimination in the initiation 
step. O n the contrary, the assumption that the GG12 

radical is formed in the initiation step does not agree 
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with the experimental results. If the following reac­
tions were possible; 

CC12: + CH4 • CHG12. + CH3 . , (21) 

GC12: + CDC13 > CDG12. + CCI3., (22) 

the formation rate of C2HC13 would be larger than that 
of G2DC13, because Reaction 21 must be predominant 
over the Reaction 22 in the presence of excess methane. 
Vinyl chloride would be produced by the following 
reactions ; 

CHC12. + GH3. • 

GHG13GH3* • CHCl=CHa + HCl, (15) 

CDG12. + CH3 . • 

CDG12CH3* - i . CDC1=GH2 + HCl, (15) 
aa 

• CHG1=GH2 + DG1. (16) 

Reaction 15' might be predominant over the others, 
and the yield of CDC1=CH2 would be considerably 
small. These expectations are actually not in agree­
ment with the experimental results. Further, the pos­
sibility of the insertion reaction of GC12 into C - H or 
a C-Gl bond and the successive elimination of hydrogen 
chloride may be considered. However, these reactions 
can not satisfactorily explain the variety of the products 
and the hydrogen isotopic distributions. 

The reaction scheme based on the Gl atom elimina­
tion in the initiation step can well account for the 
variety of the products and their isotopic distributions. 
T h e scheme can not, however, explain the relative 
yields of the products without any modification. For 
the case of methane addition, 1,1-dichloroethylene was 
the main product, as is shown in Fig. 2. This can not 
be derived from the scheme. Under the experimental 
conditions, the formation rates of the Cj radicals of 
GDG12, GH3 , and CG13 decrease in that order.14) 
Therefore, the [vinyl chloride] > [1,1-dichloroethylene] 
relation might be expected. Perhaps this apparent con­
tradiction can be solved by the assumption that there 
is another path to produced 1,1-dichloroethylene in 
addition to Reaction 18. 

In the study of the chemical activation of GHF 2 CD 3 , 
Perona et al.8) found the yield of CF2=CD2 to be about 
1/2—1/10 of that of vinyl fluoride. They supposed a 
third unimolecular reaction path of " h o t " C H F 2 C D 3 ; 

CHF2CD3* • GF2=GD2 + HD. (23) 

Kim et al.9) also found GF2=CD2 in a similar reaction 
system and confirmed the unimolecular pressure depend­
ence of the yield. Although they did not agree with 
the third unimolecular path because of its unusual 
nature, they could not find out any evidence denying it. 
Perona et al.8) thought that Process 23 had a larger 
critical energy than those of the ccß and aa processes. 
T h e importance of the third path may, then, become 
greater at higher temperatures. T h e following reac­
tion is assumed by analogy with Reaction 23 ; 

CDC12CH3* • GG12=CH2 + HD. (24) 

Since Reaction 24 competes with the aß and the aa 
processes, the formation rate of vinyl chloride decreases 
and that of 1,1-dichloroethylene increases. 

Let us examine other possible paths yielding 1,1-
dichloroethylene. Tschuikow-Roux et al.15) found GF2= 
GH 2 besides the main product CHF=CH 2 in their shock 
tube study of CHF 2 GH 3 . They suggested the following 
reactions for the formation of CF2=CH2 ; 

GH3- + GH3GHF2 > CH3CF2. + GH4, (25) 

2CH3CF2- • CF2=CH2 + CH3CHF2. (26) 

In the present case, 1,1-dichloroethylene may be pro­
duced by the following reactions analogous to Reactions 
25 and 26; 

CDC12. (or GH8.) + CH3GDC12 > 

GH3CG12. + CD2C12 (or GH3D), (27) 

2CH3CC12. > CH2=CG12 + GH3CHC12. (28) 

In the present experiment, however, neither dichloro-
ethane nor dichloromethane was found in the products. 
This indicates that Reactions 27 and 28 are not impor­
tant for the formation of dichloroethylene. Next, let 
us consider the disproportionation of the GDG12 radical ; 

2CDG12. • GD2C12 + GC12:5 (29) 

CC12: + CH3- • CH3CC12* • GH2=CG12 + H- . 

(30) 

These reactions would produce a considerable amount 
of dichloromethane, which also is not compatible with 
the above observation. Therefore, it may be concluded 
that Reaction 24 is the most probable process for yield­
ing dichloroethylene. 

The author would like to express his grateful acknowl­
edgments to Professor Kenji Kuratani , the University 
of Tokyo, for his encouragement and kind discussion 
throughout the work. 
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It was shown that cyclohexyl radicals formed by the y-radiolysis of cyclohexane were trapped by phenyl f-butyl 
nitrone (PBN) to give a nitroxide with a well denned ESR spectrum. We measured the yield of this nitroxide. 
In order to establish the radical and electron scavenging properties of PBN, we measured the effect of this compound 
on the yields of hydrogen and nitrogen by adding dinitrogen oxide in cyclohexane together with PBN. The 
results suggested that PBN is able to scavenge not only free radicals but also electrons. The following relative 
rates were obtained: *(e-+PBN->PBN")/Ä:(e-+N2O->N2O-) = 0.7 and A ( H + P B N - H > H P B N ) / * ( H + C 6 H 1 2 - * H 2 

+ C6Hn)ft;200 at room temperature. The G-value of the scavengeable hydrogen atoms from cyclohexane was 
estimated to be 3.4±0.4. 

The spin t rapping technique has been applied to 
detect the short-lived free-radicals produced in various 
chemical reactions.1) Since Eiben and Fessenden2) used 
this technique in the study of the three primary species 
(e~a q , H , O H ) produced in the radiolysis of water, this 
technique has been used in radiation chemistry, especial­
ly for the radiolysis of aqueous solutions,3) water,4) and 
alcohols.5'6) So far, there seems to have been only one 
report about liquid alkanes.7) Here, we wish to report 
the results obtained in the y-radiolysis of cyclohexane 
using phenyl f-butyl nitrone (PBN) as a spin t rap . 

T h e radiolysis of cyclohexane has been studied ex­
tensively in many laboratories and it is now well known 
that the main radicals produced in the primary reac­
tion are cyclohexyl radicals and hydrogen atoms. PBN 
as a spin t rap reacts easily with free-radicals to produce 
relatively stable nitroxide and this nitroxide has a charac­
teristic ESR spectrum. 

for cyclohexene. 

PhCH=N-C(CH3)3 + R 
4 
o 

PhCH-N-C(CH3)3 

I I 
R O-

(1) 

When we apply this technique to the study of the 
mechanism of the y-radiolysis of liquid alkane, it is neces­
sary to check the reactivity of PBN with free-radicals 
and electrons. 

Exper imenta l 

PBN was prepared by the method of Emmons.8) Cyclo­
hexane (pure grade, Tokyo Kasei Kogyo Co.) was purified 
by being passed through an activated silica gel column. 

For the ESR measurement, a constant volume (0.25 ml) 
of cyclohexane containing a certain concentration of PBN 
was sealed in a 4 mm i.d. Suprasil quartz tube in a mercury-
free vacuum system. These samples were y-irradiated with 
60Co y-rays at a dose rate of 3.4 X 1017—5.5 x 1018 eV g"1 

h_ 1 at room temperature to a total dose 5x l0 1 5 —5xl0 1 7 

eV g_1. These samples were measured with a JEP-1 X-
band ESR spectrometer with a field modulation of 100 kHz. 
The spin concentration was estimated by comparing integrat­
ed area of the spectrum with that of DPPH. 

For the product analysis, 1 ml of cyclohexane-PBN 
solution was y-irradiated. The yields of hydrogen and 
nitrogen were measured with a Toepler-McLeod gauge 
which was attached to a cuprous oxide furnace. The columns 
used for the gas chromatographic analysis were PEG-600: 
2 m long for bicyclohexyl and dimethylsulfolane : 6 m long 

R e s u l t s 

T h e y-radiolysis of 0.1 M PBN solution in cyclohexane 
at room temperature gave the spectrum shown in Fig. 
1. T h e spin adduct was quite stable at room tempera­
ture ; no appreciable decay could be observed over one 
day. T h e spectrum was a triplet of doublets with aN «*» 
14.5±0.2 G and Û H ^ 2 . 2 ± 0 . 2 G , which are charac­
teristic to a cyclohexyl radical spin adduct. However, 
no hydrogen atom and electron spin adducts were de­
tected. 

Fig. 1. A typical ESR spectrum of 0.1 M PBN solution 
in cyclohexane after y-radiolysis at room temperature. 

10 20 
Dose (Xl016eV/g) 

Fig. 2. The yield of nitroxide I as a function of radia­
tion dose. PBN concentration; O: 0.1 M, A : 
0.05 M, • : 0.01 M. 
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Figure 2 shows the yields of the spin adduct as func­
tions of the irradiation dose for 0.1, 0.05, and 0.01 M 
PBN solutions in cyclohexane. T h e yields are not linear 
with dose. This suggests that secondary reactions which 
destroy the spin adduct are occurring during the ra-
diolysis. As the dose increases, the increasing rate of 
the yield decreases and the yield has a tendency to 
saturate. The saturating values are dependent on the 
PBN concentration. 

Figure 3 shows the relation between the yield of the 
spin adduct and the dose rate for 0.1 M PBN solution. 
The yields show little dependence on the dose rate. 
This suggests that the reaction between two cyclohexyl 
radicals is not important compared with the reaction 
of cyclohexyl radicals with PBN to produce spin ad-
ducts. 

Figure 4 shows the reciprocal of the G-value of spin 
adduct vs. the irradiation dose. Extrapolation to zero 
dose gives the results for the primary G-values of 3.1 ± 
0.5, 2.9 ± 0 . 5 , and 2 .8±0 .5 respectively for 0.1, 0.05, 
and 0.01 M solutions. 

In order to study the reaction of PBN in the radiolysis 
of cyclohexane, we measured the yields of several pro­
ducts from the y-irradiated solutions. Figure 5 shows 

o 

2r 

2 i 
x 

I " D J 
n n 

r A A H 
A A 

L o ° J 
o o 

0 io18 io19 

Irradiat ion dose rate (eV g - 1 h _ 1 ) 

Fig. 3. The yield of nitroxide I as a function of radiation 
dose rate. Total dose; O : 3.0X IO16, A : 5.0X IO16, 
• •* 1.0 X IO17 e V g - 1 at room temperature . 

1 2 3 

Irradiation dose ( x l O ^ e V g - 1 ) 

Fig. 4. The reciprocal of the G-value of nitroxide I as 
a function of radiation dose. PBN concentration; 
O: 0.1 M, A : 0.05 M, • : 0.01 M. 

the yield of hydrogen. Figures 6 and 7 compare the 
yields of nitrogen and hydrogen respectively vs. the con­
centration of dinitrogen oxide in cyclohexane without 
PBN and with 0.1 M PBN. Solid lines are theoret-

- 3 - 1 - 2 

log [PBN] 

Fig. 5. The G-value of hydrogen molecule as a function 
of PBN concentration. The solid line is the theoret­
ical fit (see in the text). 

"0 0.5 1.0 1.5 
N 2 0 (M) 

Fig. 6. The G-value of nitrogen as a function of the 
concentration of dinitrogen oxide. The total dose is 5.2 
Xl0 1 9 eVg _ 1 at room temperature (O). The plots 
of cyclohexane without PBN refers to the paper of 
Takeuchi et al. (#).1 3 ) The solid line is obtained 
from the relation proposed by Schuler et a/.11«12) 

0.5 1.0 1.5 
N 2 0 (M) 

Fig. 7. The G-value of hydrogen molecule as a function 
of the concentration of dinitrogen oxide. The total dose 
is 5.2 X IO19 e V g - 1 at room temperature (O). The 
plots of cyclohexane without PBN refers to the paper 
of Takeuchi et al. (#).1 3 ) 



1280 Haruo IWAHASHI, Yo-ichi ISHIKAWA, Shin SATO, and Kinko KOYANO [Vol. 50, No. 5 

TABLE 1. T H E EFFECTS OF THE RADIOAL SCAVENGERS 

ON THE G-VALUES OF PRODUOTS IN THE Y-RADIOLYSIS 

OF QYQLOHEXANE 

Radical 
scavenger 

C3H7SSC3H7
17) 

C3H7SH18> 

o2
1 5) 

/>-Benzoquinone15) 
PBN (This work) 

Total dose 
(eVg-1) 

l .OxlO1 9 

1.5xl0 1 9 

> 2 . 5 x l 0 1 9 

12.8X1019 

5 . 4 x l 0 1 9 

Prodi 

(c-C6Hn)2 

0.15 
0.26 
0.29 
0.29 
0.34 

icts 

c-C6ri10 

1.10 
1.57 
1.49 
1.54 
1.52 

ical fits (see Discussion). Table 1 summarizes the 
yields of bicyclohexyl and cyclohexene in a y-irradiated 
cyclohexane containing 0.1 M PBN together with the 
yields obtained by using different radical scavengers. 

D i s c u s s i o n 

T h e transient radicals produced in the radiolysis of 
cyclohexane are cyclohexane ion, electron, hydrogen 
atom, and cyclohexyl radical.9) In the present ex­
periment, the cyclohexyl radicals were identified as the 
nitroxide I : 

G 6 H n + PBN -+ (PBN)-C6Hn . I (2) 

However, no other nitroxides could be observed, even 
though they were thought to be formed by the trapping 
of C6H12+, e~, and H by PBN. This does not neces­
sarily mean that PBN does not react with them. In 
the study of the radiolysis of water in the presence of 
PBN, Sargent and Gardy suggested the existence of 
(PBN)~.4> O n the other hand, the formation of (PBN)-
H has been actually observed by ESR in the y-radiolysis 
of methanol at low temperature6) and during the ra­
diolysis of water.4) In the y-radiolysis of hydrocarbon 
at room temperature, however, the formation of (PBN) -
H has not been reported, except for the paper by Mao 
and Kevan.7) Consequently, we think that nitroxides 
I I and III are unstable and decay before the ESR 
measurement at room temperature: 

e- + PBN -> (PBN)" II (3) 

H + PBN -> (PBN)-H. I l l (4) 

T h e curves shown in Fig. 2 have the same tendency 
as that obtained by Mao and Kevan in the y-irradiated 
methanol containing PBN.6) The nitroxide I may be 
attacked by cyclohexyl radicals or hydrogen atoms dur­
ing the y-irradiation : 

(PBN)-C6Hn + C.HU -> X , (5) 

(PBN)-G6HU + H - » Y . (6) 

As the concentration of PBN can be thought to change 
little during the y-irradiation, the rate of formation of 
nitroxide I may be constant (Reaction 2). If this ni­
troxide I is consumed by the secondary reactions 5 and 
6, we can derive the following relation for the steady-
state t reatment: 

[(PBN)-C6Hn] = J[PBN](1 - e x p ( - Ä ) ) . (I) 

Here, A stands for k2[C9Hn'\l(k6[G9H1d+k9\H]) and 
B for ^[GßHiJ+AjefH] . This relation can explain 
qualitatively the experimental result that saturating 

values are proportional to the concentration of PBN. 
The hydrogen producing process in the y-radiolysis of 

cyclohexane may be described as follows: 

C6H12 -W-> C6H12+ + e- -> C ,H n + H , (7) 

-> G6H10 + H 2 , (8) 

-» (C6Hn)2 + H 2 , (9) 

- W ^ C6H12* -» C,HU + H , (10) 

->G 6H 1 0 + H 2 , (11) 

-> (C6Hn)2 + H 2 , (12) 

H + C6H12 -> H2 + C 6 H n . (13) 

Reactions 9 and 12 explain the formation of bicyclohexyl 
which is not suppressed by the presence of radical scaven­
ger (Table 1). There are two processes in which PBN 
disturbs the formation of hydrogen : one is the capture 
of electrons produced in Reaction 7 and the other is 
the capture of hydrogen atoms produced in Reactions 
7 and 10. 

In order to determine the ability of PBN to capture 
electrons, we measured the yield of nitrogen from the 
0.1 M PBN solution in the presence of dinitrogen oxide, 
which is a well known electron scavenger:10) 

e- + N 2 0 -> N 2 0 - -> <5Na. (14) 

( 1 < ^ 2 ) 

Figure 6 shows the results. Obviously, the yield of ni­
trogen was decreased by the presence of PBN. Schüler 
et a/.11»12) proposed an analytical treatment for the ra­
diolysis system in which two electron scavengers are 
present. Using their technique, we estimated that k3= 
1.7 x 1012 M " 1 s-1. Here, we assumed ku=2A X 1012 

M - i s-1.13) 
With k3 estimated, we can calculate the G-value of 

hydrogen in the presence of PBN, if PBN does not 
scavenge hydrogen atoms. T h e calculated result is 
shown in Fig. 5 as the solid line. The difference between 
the solid line and the experimental plots must be due 
to the hydrogen-atom-scavenging by PBN. 

T h e decrease in the G-value of hydrogen, AG(H 2) , 
can easily be derived from the steady-state treatment 
of Reactions 4 and 7—13: 

AG(H2) = AG(H2)r + AG(H2), , 

= G°<H>-™rA G<H^- (II) 

Here, G0(H) stands for the G-value of hydrogen atoms 
in the y-radiolysis of pure cyclohexane, AG(H 2 ) t for the 
decrease of hydrogen due to the electron scavenging 
by PBN, and AG(H 2 ) r for the decrease due to the hydro­
gen-atom-scavenging by PBN. AG(H 2 ) i can be cal­
culated with the value of kz, while AG(H 2 ) r can be 
estimated from the experimental data. Figure 8 shows 
the plots between AG(H2) and AG(H 2 ) r / [PBN]. From 
this linear relationship, we can estimate the following 
values: G 0 ( H ) = 3 . 4 ± 0 . 4 and Ar13/A;4=(6.0±0.6) X 10"3. 

T h e decrease in the G-value of hydrogen in the pres­
ence of dinitrogen oxide together with PBN is shown 
in Fig. 7. T h e difference between the G-value with 
PBN and without PBN must be due to the hydrogen-
atom-scavenging by PBN. 

T h e effect of PBN on the yields of bicyclohexyl and 
cyclohexene is shown in Table 1, together with some 
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T 1 1 1 r 

AG(H2)r/[PBN] 

Fig. 8. The decrease in the G-value of hydrogen 
molecule as a function of AG(Ha)r/[PBN]. (Relation 
(H)) 

past data of radical scavengers. There is little dif­
ference between them, except in the case of di-n-propyl 
disulfide. I t can thus be understood that PBN is one 
of the good radical scavengers. 

Cyclohexane is probably the most popular hydrocar­
bon for the study of radiolysis. In spite of a large 
number of investigations, however, the quantitative as­
sessment of the yields of the products from the radiolysis 
of cyclohexane such as the G-values of electrons, hydro­
gen atoms, and cyclohexyl radicals have not been settled 
yet. Only the G-value of hydrogen molecules seems to 
have reached a final assessment: G(H 2 )=5 .7±0.2 . 1 4 ' 1 5 ) 
For the G-value of electrons two values are proposed : 
One is about 4.0,11) the other is around 5.2.16) Both 
values were estimated by extrapolation to the infinite 
concentration of radical scavenger on the assumption 
of a certain reaction mechanism. T h e discrepancy be­
tween the two values is obviously beyond the experi­
mental error. This difference is strongly connected to 
the fundamental interpretation of the radiolysis of hydro­
carbons. 

In the present study, we have estimated the G-value 
of hydrogen atoms. So far, this value has been esti­
mated from the effect of the radical scavenger on the 
G-value of the hydrogen molecules produced ; however, 
as is well known, the reaction of each radical scavenger 
is not clear cut. As has been stated above, the reaction 
of the spin trap, PBN, is also not clear cut ; moreover, 
the spin adducts produced are not stable for reactive 
species. This fact complicates the analysis. Con­
sequently, we regretfully have to say that the utilization 

of the spin t rap for the quantitative estimation of the 
products in the radiolysis of hydrocarbons is not a very 
good technique. 
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Electronic absorption spectrum of 2-ethylthio-l,3-diazaazulene (ESDA) is investigated by means of dichroism 
analysis using the stretched PVA film. Seven n-n* bands and an allowed n-n* band are assigned. The experi­
mental assignment of n-n* bands is in good agreement with the theoretical result using the PPP calculation. The 
effect of substituent groups on 1,3-diazaazulene (DA) is discussed by making use of a correlation diagram of SCF 
MO's of ESDA, 2-ethoxy-1,3-diazaazulene (EODA), DA, and the substituent groups. Configuration analysis of 
wave functions for ESDA and EODA is carried out, and the substituent effects of the ethylthio and ethoxyl 
groups are compared. The result shows that the ethylthio group perturbs the electronic structure of DA more 
strongly than the ethoxyl group. 

T o date we have investigated the electronic spectra, 
including n-n* transition bands, of 1,3-diazaazulene 
(abbreviation, DA) and its derivatives, such as 2-ethoxy-
1,3-diazaazulene (EODA).1-3) We have determined 
that they have five n-n* transition bands above 220 nm, 
which are correspondent to each other concerning the 
transition direction, the position, and the relative in­
tensity. These bands also correspond in nature to the 
respective ones of azulene. T h e only difference is that 
all bands of DA (and EODA) are at shorter wavelengths 
than the corresponding bands of azulene. 

In this series of study on the 1,3-diazaazulenes, we 
expected that 2-ethylthio-1,3-diazaazulene (ESDA) 
would also reveal a spectrum similar to EODA, but 
found that the ESDA spectrum does not always cor­
respond to those of E O D A and DA. This fact has 
already been noticed by Nozoe et al. ;4) they have pointed 
out that the absorption spectrum of 2-methylthio-1,3-
diazaazulene as well as that of the 2-dimethylamino 
derivative does not resemble that of DA. T h e only dif­
ference in the chemical structure between E O D A and 
ESDA is in the substituent group: ethoxyl and ethyl­
thio. For that reason, their spectral characteristics 
must be attr ibuted to the difference of the substituent 
effect between the ethoxyl and the ethylthio groups. 

We will first analyze the absorption spectrum of ESDA 
theoretically and experimentally. Then, in order to 
clarify the distinction between the ethylthio and the 
ethoxyl groups for the substituent effect on the M O 
levels of DA, we will examine the correlation diagram 
of their M O levels, and also analyze the state wave 
functions of ESDA and E O D A by means of the con­
figuration analysis proposed by Baba et a/.5) 

E x p e r i m e n t a l and Calculat ion 

2-Ethylthio-1,3-diazaazulene (ESDA) was provided by the 
Sankyo Company Ltd. It was recrystallized from cyclo­
hexane solution. The analytical values in percent were 
as follows: 
Found: G, 63.28; H, 5.50; N, 14.80; S, 17.00%. Calcd 
for C10H10N2S: C, 63.15; H, 5.30; N, 14.73; S, 16.72%. 

The measurement of the solution spectrum was carried 
out by using a Shimadzu MPS-50L recording spectrophoto­
meter. The details of measurement and analysis of the 
dichroic spectra are given in the previous paper.1-3) In the 
figure of the dichroic spectra, Z)// and Dj_ indicate the ab-
sorbance for the plane polarized light whose electric vector 

is respectively parallel (//) and perpendicular ( J J to the 
stretched direction of the film. The dichroic ratio Rd is 
defined as D/i/D±. Rs is the stretching ratio of the film. 

We followed the Pariser-Parr-Pople method modified by 
the Nishimoto-Mataga approximation6) including CI. The 
CI caluculation was limited to all the singly excited con­
figurations. The one-center Coulomb repulsion integral was 
set equal to the valence state ionization potential (Ip) minus 
the valence state electron affinity (£a) after Pariser and 
Parr.7) The two-center repulsion was estimated by the 
Nishimoto-Mataga formula.6) The core resonance integral 
(ßpv) was constant. Parameters used are listed in Table 1. 

TABLE 1. PARAMETER VALUES USED 

Ionization potential (eV) 
Electron affinity (eV) 

C S 
11.16 22.2 

0.03 9.15 

N O 
14.12 33.00 

1.78 11.47 

Core resonance integral 
(eV) 

C-C C-S C-N C-O 

- 2 . 3 2 - 1 . 1 6 - 2 . 3 8 - 2 . 3 0 

The molecular geometry of the diazaazulene skeleton 
used was the same as before.2) The bond lengths of carbon-
carbon and carbon-nitrogen were taken as 1.40A, and those 
of carbon-oxygen and carbon-sulfur as 1.37Â and 1.70Â, 
respectively. 

A s s i g n m e n t 

The calculated result for ESDA is given in Table 2 
and is compared with the absorption spectrum deter­
mined in cyclohexane solution in Fig. 1. I t has already 
been shown that both 1,3-diazaazulene (DA) and 2-
ethoxy-1,3-diazaazulene (EODA) have five electronic 
transitions (bands) in the region below 50000 cm - 1 .1) 
In the case of ESDA, however, eight transitions are 
computed in the same region. 

From the comparison of the calculated result and the 
observed spectrum shown in Fig. 1, the following as­
signment is obtained. The shoulder in the region of 
23000—25000 c m - 1 corresponds to the first n-n* transi­
tion (Y-polarization), the intense band with the double 
peak in the region of 26000—30000 c m - 1 to the second 
transition (X) , and the two peaks in 30000—34000 cm- 1 

to the third transition (Y). The intense bands at about 
37000 and 41000 c m - 1 are respectively correspondent to 
the fourth (X) and the sixth (X) transitions. An absorp-
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TABLE 2. CALQULATED RESULTS AND ASSIGNMENT FOR 2-ETHYLTHIO-1,3-DIAZAAZULENE (ESDA) 

Number of 
Transition 

1 

2 

3 

4 

5 

6 

7 

8 

Transition 

calcd 

22480 cm-1 

(445 nm) 
26660 
(375) 
31890 
(314) 
35020 
(286) 
40090 
(249) 
40900 
(245) 
47030 
(213) 
48760 
(205) 

energy 

obsda> 

23800 cm-1 »» 
(420 nm) 
26500 
(378) 
31500 
(318) 
36630 
(273) 

41320 
(242) 

Oscillator 

calcd 

0.007 

0.323 

0.154 

0.279 

0.002 

1.187 

0.565 

0.004 

strength 

obsdc> 

0.001 

0.267 

0.099 

0.263 

0.387 

Polarizationd> 

calcd 

Y 

X 

Y 

X 

Y 

X 

Y 

X 

obsde> 

Y 

X 

Y 

X 

Y 

X 

Y 

a) Observed in cyclohexane solution, b) Shoulder, c) Estimated by the following equation using the component 
spectra obtained in the dichroism analysis: / = 4 . 3 2 X 10"9XemaxX (A")i/2? where (A^)i/2 is the half value width in 
cm - 1 units and for the extinction coefficient, emax , the value in ethanol is used instead of that in PVA film. 
Band shapes of IV and VI are determined by the optional way. d) X and Y are molecular long and short 
axes, respectively, e) Results of dichroism analysis using a stretched PVA film. 

220 250 300 350 
Wave length 

400 nm 

Fig. 1. Absorption spectrum of 2-ethylthio-l,3-diaza-
azulene (ESDA) in cyclohexane solution and the 
calculated result. 

300 350 
Wavelength 

400 

Fig. 2. Absorption spectra of 2-ethylthio-l,3-diaza-
azulene (ESDA) in cyclohexane ( ) and ethanol 
solution ( ). 

tion band due to the fifth transition (Y) which is com­
puted to be of very low intensity (see Table 2) should 
be hidden in the intense band which has been attr ibuted 

to the sixth transition. T h e assignment thus deduced 
is tabulated in Table 2. 

Figure 2 illustrates a solvent effect on the absorption 
spectrum of ESDA. T h e spectrum in ethanol solution 
loses its structure and undergoes a blue shift in com­
parison with that in cyclohexane solution. A similar 
situation is also observed for the spectrum in PVA film. 

As above, we could characterize the absorption bands 
from the point of view of transition energy and intensity. 
However, in order to accomplish the assignment, it is 
desirable to examine the polarizations of the bands. 

D i c h r o i s m A n a l y s i s 

Since the symmetry of the n electron system of the 
ESDA molecule belongs to the point group C2 v , the 
possible 7i-7i* transitions must be along the long (X) 
or the short axis (Y) in the molecular plane. Accord­
ing to the dichroism-measurement using stretched PVA 
film, this is simply decided by the fact that the dichroic 
ratio (Rd=D///D±) of a band polarized along the long 
axis of the molecule is larger than that along the short 
axis, because the orientation of the molecule by stretch­
ing is preferential in its longitudinal direction. Con­
cerning the band polarizations in the quantitative sense, 
the dichroism analysis can provide the orientation angles 
of bands : the angles between an orientation axis of a 
molecule and the transition moments of bands. Since 
an orientation axis of a molecule must be a common 
axis to all the band polarizations which will determine 
orientation angles, the angle between any two band 
polarizations can be obtained by taking the sum or dif­
ference of the two experimental orientation angles, pro­
vided that the orientation axis and the two polariza­
tions are in the same plane. In this case, when the 
two bands are both due to the transitions to the pure 
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220 250 300 350 400 nm 
Wavelength 

Fig. 3. Dichroic spectra and Rd curve of 2-ethylthio-
1,3-diazaazulene (ESDA). Ra=8.0. 

electronic excited states, the sum of the orientation an­
gles must be equal to 90° or the difference to 0° accord­
ing to whether two band polarizations are orthogonal 
or parallel to each other, respectively. But it is rarely 
the case that the orthogonal-parallel relation is rigor­
ously obtained under actual conditions, because there 
is often some mixing of other kinds of transitions and 
overlapping of other kinds of absorption bands with the 
band under consideration. 

Figure 3 shows the dichroic spectra of ESDA in the 
stretched PVA film. The figures indicated along the 
Rd curve represent the orientation angles of the bands 
at the respective wavelengths. According to Fig. 3, the 
absorption band in the region 330—420 nm seems to 
be a single band. However, the Rd curve for the ab­
sorption above 400 nm falls slightly, indicating that a 
weak absorption is hidden. T h e presence of this weak 
absorption (the first band) is obvious from the absorp­
tion below 25000 c m - 1 in Fig. 1. 

T h e Rd value at 380 n m of the second band is the 
highest in the whole region observed (Fig. 3). I t can 
be said, therefore, that the polarization of the second 
band is along the molecular long axis (X) and the 
first band which is hidden in the long wavelength tail 
of the second band must be polarized to the short axis 
(Y). T h e polarizations of other bands can be qualita­
tively discussed in the same way. 

Incidentally, it should be noticed that the Rd curve 
is somewhat depressed (260 nm) between the strong 
fourth and sixth bands of X-polarization. This sug­
gests the presence of a weak (fifth) band with Y-polariza-
tion. 

In order to discuss in detail the polarization, in the 
next section, we will resolve the spectrum into the X-
and Y-components. 

Component Spectra of ESDA. T h e absorption 
spectrum of ESDA determined in a non-stretched PVA 
film could be decomposed into X- and Y-component 
spectra1) using the Rd value in Fig. 3, assuming that 
the absorption at 380 nm, which shows the highest Rd 

value, has the pure X-polarization. T h e result is shown 
in Fig. 4. 

From a comparison of the component spectra in Fig; 
4 and the calculated results in Table 2, the absorption 

220 250 300 350 400 nm 
Wave length 

Fig. 4. Component spectra of 2-ethylthio-l, 3-diazaazu-
lene (ESDA). X(——) and Y( ) mean the compo­
nents whose polarizations are along the molecular 
long and short axes, respectively. 

spectrum of ESDA in the PVA film is characterized 
in the following way. The second, fourth, and sixth 
bands which are polarized along the long axis (X) of 
the molecule can be attributed respecitvely to the second, 
fourth, and sixth transitions with X-polarizations. In 
addition, the observed bands and the calculated transi­
tions correspond well to one another with respect to 
the relative intensities as well as the transition energies. 
Concerning the Y-component spectrum, the first, third, 
fifth, and seventh bands can be attributed to the first, 
third, fifth, and seventh transitions, respectively. In 
this assignment, however, the calculated oscillator 
strength of the fifth transition (Table 2) seems to be 
extremely small compared with the observed intensity 
of the fifth band (Fig. 4). Furthermore, the component 
spectra of Fig. 4 show that the shoulder due to the 
fifth band (Y) is at a shorter wavelength than the max­
imum of the sixth band (X). Therefore, the numbering 
of the order of the fifth (Y) and sixth (X) transitions 
by calculation must be reversed. 

An extra weak absorption appears in the Y-component 
spectrum of Fig. 4, which extends from 320 to 365 
nm. This is also suggested by the behavior of the RA 

curve in Fig. 3, that is, the Rd curve shows some depres­
sion in that region. This extra band may be assigned 
to the forbidden character of the second n-n* transi­
tion band and/or n-n* transition band. However, since 
similar extra bands have been found in the Y-component 
spectrum of DA (1,3-diazaazulene) and EODA (2-
ethoxy-l,3-diazaazulene) and have reasonably been as­
signed to allowed n-n* transition bands polarized nor­
mal to the molecular plane (Z axis),1) we may take the 
latter assignment here. (In the dichroism analysis, it 
must be noted that the Z- and Y-components cannot 
be distinguished from each other.1 '3)) 

Subst i tuent Effect 

Correlation Diagram of Molecular Orbitals. I t has 
already been pointed out that the absorption spectrum 
of ESDA does not resemble that of DA, while that of 
E O D A does.4) T h a t is to say, while all the bands ob­
served for E O D A keep the one-to-one correspondence 
to those of DA, in the case of ESDA, there appears 
an extra fourth and fifth band. T h e reason is to be 
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found in the difference of the substituent effect of the 
ethoxyl and ethylthio groups. In such a case, we can 
explain the substituent effect from the point of view of 
a one-electron molecular orbital. This is carried out 
by expanding the j - t h SGF M O wave function <pj of 
EODA (or ESDA) into the SCF M O wave functions 
<p0,s of DA and the ethoxyl (or ethylthio) group. Thus 
we have 

^(EODA) = S Ci0°(DA) + Cl<pi{0) . (1) 

Using the expansion coefficients, we can make a corre­
lation among the SGF M O wave functions of E O D A 
(or ESDA), DA, and the substituent. A correlation 
diagram of energy levels is shown in Fig. 5. T h e dia­
gram consists of five sets of levels : from left to right, 
the energy levels for the M O ' s of substituent sulfur (S), 
ESDA, DA, EODA, and substituent oxygen (O). T h e 
levels are drawn by full and dotted lines which represent 
the symmetry species a2 and b x , respectively. For both 
ESDA and EODA, the occupied orbitals consist of four 
b x and two a2 orbitals. DA has three b x and two a2 

occupied orbitals and three h± and two a2 unoccupied 
ones. The substituents S and O have only one occupied 
orbital of b± symmetry, to which the substituents belong 
in the molecules. 

Now, as is known from the symmetry consideration 
in the case of ESDA, for instance, the orbital of S cannot 
couple with a2 type orbitals but only with bx type orbit-

eV 

-5 

-10h 

-15L 

ESDA DA EODA 

Fig. 5. Correlation diagram for SCF MO. From 
left to right, SCF MO's for sulfur, ESDA (2-ethylthio-
1,3-diazaazulene), DA (1,3-diazaazulene), EODA (2-
ethoxy-l,3-diazaazulene) and oxygen are arranged. 
a2 and ba type SCF MO's are represented by the hori­
zontal full and dotted lines, respectively. The figures 
along the joining fine lines are contribution weight 
from the MO's of sulfur, DA, oxygen to the MO's of 
ESDA and EODA. Each transition, being numbered 
by Roman numerals along the vertical arrow, is 
represented by the configuration which contains the 
two MO's connected with arrow and whose contribu­
tion weight is shown as the figure beneath the transi­
tion number. 

als of DA. Actually, all four full lines (a2) of ESDA 
or E O D A keep nearly the same levels as the correspond­
ing ones of DA. Furthermore, from the comparison 
of the unoccupied orbitals of ESDA (or EODA) and 
those of DA, it is recognized that even the b r orbitals 
are not perturbed by the substituent orbital. For that 
reason, in the correlation diagram, we can restrict the 
discussion to the relation between the substituent or­
bital and the occupied b j orbitals of DA. 

The figures indicated on the correlation lines of Fig. 
5 show the square values of the coefficients of Eq. 1 
and represent the extent of the contribution from each 
of the wave functions. The highest occupied b± M O 
of ESDA, for instance, receives contributions of 6 5 % 
and 31 % from the M O of substituent S and the highest 
occupied b± M O of DA, respectively. 

As the correlation diagram shows, the orbital of sub­
stituent S lies at around the highest occupied b x M O 
of DA, while the M O level of substituent O is much 
lower than that of the DA orbital. Consequently, the 
S M O couples strongly with the highest b x M O of DA 
to make two b a M O ' s of ESDA, while the O M O in 
E O D A interacts more or less with all the occupied bx 

M O ' s of DA, but its interaction with the highest bA 

M O is especially weak (14%). This difference in the 
extent of interactions of the S and O orbitals with the 
DA orbitals could produce such differences in the spectra 
of ESDA and E O D A as were described before ; in com­
parison with the spectrum of DA, an extra band (either 
fourth or fifth band) is found in that of ESDA. 

CA for Wave Functions of ESDA and EODA. The 
substituent effect can also be discussed from a point of 
view of CA (configuration analysis).5) Making use of 
the CA method, any of the state wave functions of E O D A 
or ESDA can be explained in terms of the wave func­
tions of DA and the charge-transfer configurations which 
represent transitions from the jz-orbital of the substituent 
to unoccupied molecular orbitals of DA. In short, we 
can write down the i-th state wavefunction Wt (EODA) 
or Wt (ESDA) by the reference configurations W°'s as 
follows : 

^ ( E O D A ) = ^dWl (DA) + S C I ^ T « , 
* t 

(2) 

where W°k(T>A) stands for the A;-th wave functions of 
DA and WgTl stands for the /-th charge transfer configu­
ration (electron excitation to the /-th molecular orbital 
of DA from the orbital of the subsituent). 

By squaring the coefficients C* and C CTJ, we can 
obtain the relative contribution of the respective configu­
rations W°k and WSti to the state wave function Wt (EO­
DA) or Wt (ESDA). The difference of the substituent 
effect of the ethoxyl and ethylthio groups can therefore 
be estimated by comparing the absolute values of CCTI 
of Vt (EODA) and ¥t (ESDA). 

Figure 6 shows the results of CA. T h e square values 
of the expansion coefficients are represented by circles 
which are drawn in such a way that their areas are 
proportional to the square values. Circles of values 
below 1 % are omitted in Fig. 6. State wave functions 
(Wt) are put on the tops of the columns and the reference 
configurations (W%, Wgn) are arranged in the left column. 
Total weights are listed at the bottom of the columns. 
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Fig. 6. The result of Configuration Analysis (CA). 
Top of each column is the state wave function of EODA 
and ESDA. Left hand side of each row is the refer­
ence configuration. 

Since the total weight of the respective columns is 
nearly 9 0 % , we may safely discuss the substituent effect 
without taking into account other wave functions such 
as doubly excited configurations. We can read any 
column in accordance with Eq. 2 ; for example, the 
ground (WQ) and the first excited (Wj) state wave func­
tions of ESDA are as follows: 

WG(ESDA) = (0 .923)W°(DA) + ... 

+ ( 0 . 0 3 3 ) W ° T 7 , (3) 

^ (ESDA) = (0 .917)V^(DA) + ••• 

- (0 .020)W C ° T 8 , (4) 

where W°Q (DA) and V\ (DA) are the wave functions of 
the ground and first excited configurations of DA, re­
spectively, and ^CT/ and ?P*CT8 mean respectively the 
transitions to the uncocupied DA orbitals 7th and 8th 
from the substituent orbital. In Eqs. 3 and 4, the 
absolute values of the coefficients of W% (DA) and V\ 
(DA) are the largest and all the other coefficients are 
small enough to be neglected. In the first approxima­
tion, therefore, we can correlate WQ (ESDA) and W1 

(ESDA) to VI (DA) and W° (DA), respectively. 
Any wave functions for ESDA and E O D A in Fig. 6 

can be read in the same manner as above. As shown 

in Fig. 6, all wave functions from ¥Q to W6 of EODA 
are approximately equivalent to those from W% to W°6 

of DA, respectively. As for ESDA, however, there is 
no one-to-one correspondence except for the pairs of 
W0-Wl and Wt-W\. In fact, all four wave functions, 
W2 to Ws, of ESDA involve two kinds of predominant 
configurations: localized and charge transfer ones. 
Conversely, W% of DA are distributed to W2 and ?P"4 of 
ESDA, and V°3 (DA) to W3 (ESDA) and ¥& (ESDA). 
Therefore, the wave functions W2 to W6 of ESDA cannot 
be correlated by a one-to-one correspondence to W\ or 
W% of DA. However, ¥9 and W7 of ESDA correspond 
well to W\ and W° of DA. 

From the above discussion, we can conclude as fol­
lows. T h e five transition bands of EODA correspond 
to each of the respective five bands of DA. Direct 
correspondence of the transition bands of ESDA and 
E O D A exists between both of the first bands, between 
the sixth (ESDA) and fourth (EODA) bands and be­
tween the seventh (ESDA) and fifth (EODA) bands. 
But the second, third, fourth, and fifth bands of ESDA 
do not correspond directly to any single transition band 
of E O D A . 

T h e authors are greatly indebted to Dr. H . Negoro, 
Dr. G. Sunagawa, Dr. N. Soma, and Dr. H. Nakao 
of the Sankyo Company Ltd., for providing the sample. 
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Vibrational Spectra and Normal Coordinate Calculations 
for Trimethylarsine-Borane 
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Studies were carried out on the infrared spectra (33—4000 cm-1) of eight isotopic trimethylarsine-boranes, 
(CH3)3AsBH3, (CH3)3As10BH3, (CH3)3AsBD3, (CH3)3ASi°BD3, (CD3)3AsBH3, (CD3)3As"»BH3, (CD3)3AsBD3, and 
(GD3)3As10BD 3, in the solid state at low temperature, and on the Raman spectra (0—4000 cm 1) in the solid 
state and in solution of dichloromethane at room temperature. The spectra were interpreted on the basis of 
C3V molecular symmetry, complete assignments for all fundamentals except the internal torsion being made. 
Normal coordinate calculations were carried out utilizing a symmetry force field in order to confirm the 
assignments. One of the methyl rocks was found to be mixed with the borane rock, making the assignments 
of these frequencies complicated. The As-B and As-G force constants were found to have the values 1.849 
and 3.087 mdyn/Â, respectively. 

Group 11 l b and Group Vb compounds form the 
so-called Lewis acid-base complexes. Reactions of 
diborane with several trialkyls of Group V b elements 
and properties of the complexes were discussed by 
Hewitt and Holiday.1) As regards phosphorus-boron 
and arsenic-boron bonding, Burg and Wagner,2) and 
Stone and Burg3) reported the preparation and proper­
ties of several phosphine-boranes and arsine-boranes. 
The arsine-borane compounds are less stable than the 
corresponding phosphine-boranes. Trimethylarsine-
borane is slightly sensitive to water vapor, bu t stable 
at room temperature when kept in a vacuum or an 
inert gas atmosphere. 

In studing these electron donor-acceptor complexes, 
the properties of the donor-acceptor bonds are of 
interest. Durig et al.*) reported on microwave, vibra­
tional, and N M R studies. During a course of vibra­
tional studies on trimethylarsine oxide5) and other 
trimethylarsine addition compounds, vibrational assign­
ments obtained for trimethylarsine moiety were found 
to differ from the assignments of Durig et al. A 
detailed vibrational study was considered necessary for 
consistent assignments. A report is given herewith on 
infrared and R a m a n studies of trimethylarsine-borane 
for eight isotopic compounds prepared from (CH3)3As, 
(CD3)3As, B2H6, B2D6, 10B2H6 , and 10B2D6 (the relative 
abundances of two isotopes in natural boron are 80 .4% 
n B and 19.6% 10B). The vibrational assignments were 
made by means of normal coordinate calculations. 

Exper imenta l 

All the preparative work was carried out in a conventional 
vacuum-line. Spectral measurements were made in a 
vacuum. Trimethylarsine-</0 and -d9 were prepared by 
reactions of Grignard reagents, CH3MgI and CD3MgBr, 
with AsClg. B2H6 was prepared by the addition of BF3-
ether complex to LiAlH4 suspension in ether.6) B2D6 was 
prepared in a similar manner using LiAlD4. In the pre­
paration of 10B isotopic diboranes, 10BF3-ether complex was 
used, which was obtained by dissolving 10BF3 gas in ether 
evolved by the thermal decomposition of K10BF4 at 750 °C.7> 

Trimethylarsine-borane complex was prepared by condens­
ing trimethylarsine and diborane in a 2 : 1 mole ratio into 
a small reaction tube fitted with a stopcock at liquid nitrogen 
temperature. After closing the stopcock the tube was left 
to stand until it attained room temperature. It was then 

immersed in a — 22 °C bath (carbon tetrachloride slush) 
and opened to the vacuum-line to remove volatile substances. 

Infrared spectra were recorded on a Perkin-Elmer Model 
337 in the region 400—4000 cm -1 . Frequencies were read 
on a Hitachi QPD-33 recorder by abscissa expansion with 
use of a Perkin-Elmer Expanded Scale Readout Kit. The 
instrument was calibrated in the ususal manner.8) The 
spectra were obtained for the samples deposited onto a Gsl 
plate cooled by liquid nitrogen. Before recording the spectra, 
the samples were annealed till there was a slight increase 
in intensity of absorption over that immediately after de­
position. 

Far infrared spectra were obtained between 33 and 400 cm - 1 

with a Hitachi FIS-III spectrophotometer which was eva­
cuated in order to remove atmospheric water vapor. The 
instrument was calibrated with water vapor frequencies. 
The sample was sublimed onto a polyethylene window which 
was cooled by liquid nitrogen. The sample was annealed 
in a similar way to that for the mid-infrared study. The 
double chopping method was used to avoid the radiation 
effect resulting from the temperature difference between 
the sample and reference beam paths. 

Raman spectra were recorded from 0 to 4000 cm - 1 on a 
JEOL JRS-S1 laser Raman spectrophotometer equipped 
with a NEC GLG 108 He-Ne laser. The Raman spectro­
photometer was calibrated with the emission lines of neon. 
The spectra were obtained at room temperature in the solid 
state and in CH2C12 solutions sealed into capillaries of about 
1.5 mm o.d. 

R e s u l t s a n d Vibrat ional A s s i g n m e n t s 

The infrared spectra of 10B complexes are shown 
in Fig. 1, and the R a m a n spectra of solid 10B compounds 
in Fig. 2. In the far infrared spectra, only two absorp­
tions were observed, one very weak and the other 
intense but broad. Since these frequencies are not 
sufficiently accurate because of high noise level and 
broadness, the spectra are not shown and no frequency 
data are used in this study. 

If we assume a molecular symmetry of G3v, we see 
from group theory that its 45 molecular vibrations 
are distributed as 10AJL + 5A2-I-15E, in which Aj and 
E vibrations are active in both infrared and R a m a n 
spectra, A2 being inactive in both. 

Nearly all the vibrations are observed in the region 
expected from trimethylarsine,9) trimethylarsine addi-
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Fig. 1. Infrared spectra of (A) (CH3)3As10BH3, (B) (CH3)3As1oBD3, (C) (CD3)3As10BH3, 
and (D) (CD3)3As10BD3 recorded at -196° . 

tion compounds10 '11^ and borane adducts.12-17* For 
these vibrations, assignments are straightforward by 
comparison with the spectra for related compounds 
and taking into account of shifts upon deuteration. 
However, complexities are found in the region below 
900 cm. - 1 T h e infrared spectra for all the eight isotopic 
compounds in this region are shown in Fig. 3. 10B-
n B shifts are useful for assigning vibrational frequencies. 

In the infrared spectrum of (CH3)3As10BH3 (Fig. 1), 
two absorptions are observed at 919 and 9 1 1 c m - 1 , 
corresponding to 925 and 912 c m - 1 absorptions of 
(CH3)3As10BD3. T h e E methyl rock is assigned to the 
higher frequency band and the \ x rock, to the lower 
band. T h e two rocking frequencies shift on deuteration 
of the methyl groups to 728 and 710 cm" 1 for (CD3)3-
As10BH3, and to 726 and 711 c m - 1 for (CD8)8As10BD8. 

T h e 857 c m - 1 absorption in the infrared spectrum 
of (CH3)3As10BH3 was assigned to the BH 3 rock by 
Durig et al.*) However, no absorption is found in the 
region 800—970cm- 1 in the spectrum of (CD3)3As10BH3. 
T h e corresponding absorption for (CH3)3AsAuX 
(X = G1, Br, I)10) has been observed in the region 830— 
840 c m - 1 . No absorption is expected from -AsAuX 

group in the region 830—840 cm- 1 . I t is very 
unlikely that the 857 c m - 1 band of (CH3)3As10BH3 is 
due to the BH 3 rock as Durig et al. assigned it. Con­
sequently this 857 c m - 1 band is assigned to the C H 3 

rock. The features of C D 3 rocking absorptions for 
(CD3)3As10BD3 are similar to those of (CH3)3As10BH3 

except for the shifts toward lower frequencies. The 
664 c m - 1 band of (CD3)3As10BD3 is assigned to the 
C D 3 rock. 

No absorption is found in the 850—900 cm- 1 region 
in the spectrum of (CH3)3As10BD3. The CH 3 rock 
of this compound is assigned to the 844 c m - 1 band. 
In the spectrum of (CDg^As^BHg also, no absorption 
is observed around 660 cm - 1 , where the C D 3 rock of 
(CD3)3As10BD3 was assigned. T h e C D 3 rock of this 
compound is assigned to a low frequency band at 
611 cm- 1 . 

T h e antisymmetric BH 3 and BD 3 deformations 
exhibit no resolvable 1 0B-nB isotopic shift. The sym­
metric deformation and the rocking of BH 3 and BD3 

groups have recognizable features of a 10B-11B isotopic 
shift in the infrared spctra (Fig. 3). 

T h e symmetric BH 3 deformation indicates a clear 
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Fig. 2. Raman spectra of (A) (CH3)3As10BH3, (B) 
(CH3)3As10BD3, (C) (CD3)3As"BH3, and (D) (CD,),-
As10BD3 recorded in the solid state at room temperature. 

1 0B-nB isotopic shift at 1070 and 1060 c m - 1 for the 
(GH3)3As adduct, and at 1076 and 1065 c m - 1 for the 
(CD3)3As adduct. The infrared spectrum of (CD3)3-
As10BH3 represents curious features of a moderately 
strong absorption at 1059 cm - 1 , which is lower by 
6 c m - 1 than the n B H 3 symmetric deformation frequency 
(1065 cm - 1 ) and more intense than that expected from 
n B content (94% 10B and 6 % n B ) . The assignment 
of this absorption is still uncertain. 

The symmetric BD 3 deformation for (CD3)3As adducts 
are found at 842 cm- 1 for 10BD3 and at 827 c m - 1 

for 11BD3. The antisymmetric BD 3 deformations are 
assigned to the bands at 842 c m - 1 of the same fre­
quency as that the symmetric 10BD3 deformation. T h e 
symmetric BD3 deformation for (GH3)3As adducts is 
assigned to the absorption at 834 c m - 1 for 10BD3 and 
at 819 c m - 1 for 11BD3. Similarly the antisymmetric 
BD3 deformation of (GH3)3As adducts is assigned to 
the band at 834 c m - 1 of the same frequency as the 
symmetric 10BD3 deformation. We observe another 
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Fig. 3. Infrared spectra in the 1200—400 cm - 1 region 
at - 1 9 6 ° . (A) (GH3)3AsBH3, (B) (CH3)3As1<>BH3, 
(G) (CD3)3AsBH3, (D) (CD3)3As"BH3, (E) (CH3)3-
AsBD3, (F) (CH3)3As10BD3, (G) (CD3)3AsBD3, and 
(H) (CD3)3As™BD3. 

T 

Fig. 4. Internal coordinates for trimethylarsine-borane. 



1290 Fumio WATARI [Vol. 50, No. 5 

absorption at 844 c m - 1 in this region, which was 
previously assigned to the C H 3 rock. 

A 10B-11B isotopic shift is also useful for the assignment 
of the BH 3 and BD 3 rocks. However, the rocks are 
rather weak and a coupling with the C H 3 or C D 3 

rock makes the assignment more complicated. The 
10BH3 rock of (CD3)3As10BH3 is assigned to a band 
of weak intensity at 769 cm - 1 . The n B H 3 rocking 
frequency shifts by 6 c m - 1 to 763 c m - 1 . No absorp­
tions assignable to the BH 3 rock are observed in the 
region 700—800 c m - 1 in the infrared spectrum of 
(CH3)3As10BH3 , but two very weak absorptions are 
found at 784 and 715 cm- 1 . The latter band exhibits 
an isotopic shift, corresponding to the 710 c m - 1 band 
for (CH3)3AsBH3 . Thus the 715 and 710 c m - 1 bands 
are assigned to the 1 0BH3 and 1 1BH3 rocks, respective­
ly for (CH3)3AsBH3 . 

In the infrared spectrum of (CH3)3As10BD3, the 
566 c m - 1 band is assigned to the 10BD3 rock, and the 
U B D 3 rock is assigned to the 560 c m - 1 absorption 
shifting by 6 cm"1 . For (CD3)3AsBD3 adducts, the 
weak bands of low frequencies at 545 and 541 c m - 1 

are assigned to the 10BD3 and n B D 3 rocks, respectively. 
Another absorption is observed in the region 450— 

500 c m - 1 exhibiting a 10B-11B isotopic shift, which is 

assigned to the As-B stretching vibration. This vib­
ration gives the most intense R a m a n band. 

We should expect three skeletal deformations except 
the torsional modes in the region below 300 cm - 1 . 
In the R a m a n spectra two strong R a m a n lines are 
observed. Durig et al*) resolved the higher frequency 
line into two at 232 and 217 cm- 1 for (CH3)3AsBH3, 
and at 232 and 216 cm- 1 for (CH3)3AsBD3, at liquid 
nitrogen temperature. We could not resolve the lines 
into two in either the infrared or R a m a n spectra 
under the experimental conditions. Consequently a 
higher frequency R a m a n line is assigned to the sym­
metric and the antisymmetric AsC3 deformation. 
Finally a lower one is assigned to the AsC3 rock which 
can be described as the CAsB bending mode. 

One torsional mode should be observed, but no 
features ascribable to this mode were found in both 
the infrared and R a m a n spectra. 

N o r m a l Coordinate Analys i s 

Normal coordinate analysis was carried out in order 
to confirm the above assignments. The analysis was 
made by Wilson's GF matrix method on an ACOS 
77/700 computer at the Computer Center, Tohoku 

TABLE 1. SYMMETRY GOORDINATJS FOR TRIMETHYLARSINE-BORANE** 

S2 

s3 
s4 
s5 

s6 
s7 

s8 
s9 

s„ = 

S12 — 

( 2 r i - r 2 - r 3 ) + ( 2 r 4 - r 5 - r 6 ) + ( 2 r 7 - r 8 - r 9 ) 
( r i + r2 + r3) + (r4 + r5 + r6) + (r7 + r8 + r9) 
(ti + t2 + t3) 
( 2 a 1 - a 2 - a 3 ) + ( 2 a 4 - a 5 - a 6 ) + ( 2 a 7 - a 8 - a 9 ) 
(a1 + a2 + a3 —bi —b2 —b3) 
+ (a4 + a5 + a6 —b4 —b5 —b6) 
+ (a7 + a8 + a 9 - b 7 - b 8 - b 9 ) 
/«(Cj + Ca + Cg) - (d1 + d2 + d3)

b> 
( 2 0 , - 0 , - 0 , ) + ( 2 b 4 - b 5 - b 6 ) + ( 2 b 7 - b 8 - b 9 ) 
( R j + R ^ R g ) 
T 
«(Aj+Aa + AJ - (B1 + Ba + B8)°) 
(ai + aa + aa + bi + hj + ba) 

+ (a4 + a5 + a6 + b4 + b5 + b6) 
+ (a7 + a8 + a9 + b7 + b8 + b9) 
(Cj + Ca + Ca) + ^ d i + da + dg)15) 
( A ^ A a + Aa) + n(B1 + B2 + B8)

c> 

A2 S14 = ( r 2 - r 3 ) + ( r 5 - r 6 ) + ( r 8 - r 9 ) 
Sis = (a 2 -a 3 ) + (a 5 -a 6 ) + (a 8 -a 9 ) 
S16 = (b 2 -b 3 ) + (b 5 -b 6 ) + (b 8 -b 9 ) 

S 1 7 = (Pi + p2 + P3)d) 

S18 - P4e) 

E S19 = 2 ( 2 r i - r a - r 3 ) - ( 2 r 4 - r 5 - r 6 ) - ( 2 r 7 - r 8 - r 9 ) 

520 = - ( r 5 - r e ) + ( r 8 - r 9 ) 
521 = 2(r1 + r2 + ra) - (r4+r5 + r6) - (r7 + r8 + r9) 
522 = ( 2 ^ - t a - t a ) 
523 = 2 ( 2 a 1 - a 2 - a 3 ) - ( 2 a 4 - a 5 - a 6 ) - ( 2 a 7 - a 8 - a 9 ) 
524 = - ( a 5 - a 6 ) + (a 8 -a 9 ) 
525 = 2(a1+a2 + a 3 - b 1 - b 2 - b 3 ) 

- (a4 + a5 + a 6 - b 4 - b 5 - b 6 ) 
— (a7 + a8 + a9 — b7 — b8 — b9) 

526 — 
527 = 

528 = 
529 = 

530 = 

^ 3 1 — 

o 3 2 = 

S33 = 

(2^-Ca-Ca) 

2 ( 2 ^ - 0 , - 0 3 ) - ( 2 b 4 - b 5 - b 6 ) 
- ( 2 b 7 - b 8 - b 9 ) 
- ( b 5 - b 6 ) + (b 8 -b 9 ) 
( 2 d . - d . - d 3 ) 
( 2 ^ - ^ - ^ ) 
(2A a -A 2 -A 3 ) 
( 2 6 , - 6 , - 6 , ) 

- ( P 2 - P 3 ) d ) 

2(a1 + a2 + a3 + b1 + b2 + b3) 
- (a4 + a5 + a6 + b4 + b5 + b6) 
- (a7 + a8 + a9 + b7 + b8 + b9) 

E S35 = 

536 = 

537 = 

538 = 

539 = 
540 = 
S„ = 

(2r4 - r5 - r6) - (2r7 - r8 - r9) 
2(r 2 - r 3 ) - ( r 6 - r 6 ) - ( r 8 -
(r4 + r5 + r6) - (r7 + r8 + r9) 
( t 2 - t 3 ) 
( 2 a 4 - a 5 - a 6 ) - ( 2 a 7 - a 8 -
2(a 2-a 3) - (a 5 -a 6 ) - (a8 

(a4 + a5 + a 6 - b 4 - b 5 - b 6 ) 
- (a7 + a8 + a 9 - b 7 - b 8 - b 9 ) 

S42 = (c2 — c3) 
S 4 3 = ( 2 b 4 - b 5 - b 6 ) - ( 2 b 7 - b 8 -
544 = 2(b 2-b 3) - (b 5 -b 6 ) - (bs 
545 = (d2 —d3) 
546 = ( R 2 — R3) 
^47 — (A 2 —A 3 ) 

548 = (B2 —B3) 

549 = (2P!-P2-P3)d> 
550 = (a4 + a5 + a6 + b4 + b5 + b6) 

- (a7 + a8 + a9 + b7 + b8 + b9) 

a9) 
- a 9 ) 

b9) 
- b 9 ) 

a) Normalization factors are omitted, b) m= — v/3cos(rf)/cos(c/2). 
torsions are p l 5 p2, and p3. e) The 6H3 torsion is p4. 

c) n=~^Tcos(B)/cos(A/2), d) The CH3 

2d.-d.-d3
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T A B L E 2. VIBRATIONAL NUMBERS FOR T H E FUNDAMENTALS 

OF TRIMETHYLARSINE-BORANEa) 

T A B L E 4. OBSERVED AND OALOULATED FREQUENCIES 

(cm-1) FOR (CH3)3As10BD3
a> 

Number 
Vibrational mode 

A1 E 

Stretching (CH 3 ) a or (GD 3) a 1 11 16, 17 

Stretching (CH3)S or (CD3)S 2 18 

Stretching (BH3) or (BD3) 3 19 

Deformation (CH 3 ) a or (CD 3 ) a 4 12 20, 21 

Deformation (GH3)S or (CD3)S 5 22 

Deformation (BH3) or (BD3) 6 23 

Rocking (CH8) or (CD3) 7 13 24, 25 

Rocking (BH3) or (BD3) 26 

Stretching (AsG3) 8 27 

Stretching (AsB) 9 

Deformation (AsG3) 10 28 

Rocking (AsC3) 29 

Torsion (CH3) or (CD8) 14 30 

Torsion (BH3) or (BD3) 15 

a) Abbreviations used: a, antisymmetric; s, symmetric. 

T A B L E 3. OBSERVED AND GALOULATED FREQUENCIES 

(cm-1) FOR (CH3)3As10BH3a) 

No. 
Infrared R a m a n R a m a n 
solid solid solution Galcd PEDb> 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

2994 w 

2919 m 

2346 m 

1427 w 

1278 w 

1070 s 

911 s 

610 m 

510 w 

3001 m 

2921 m 

2350 m 

1419 m 

1289 m 

1067 s 

912 vw 

609 m 

506 vs 

226 vs 

2924 m , 

2350 m , 

1286 m , 

1069 m , 

900 w 

606 s, p 

498 m , 

219 s 

3002 

2920 

2347 

1430 

1280 

1074 

919 

613 

518 

224 

1 0 0 ^ 

94F2 

88F3 

94F4 

86F5 , 13F2 

79F6 , 17F3 

92F7 

83F8 , 13F9 

83F9 , 14F8 

97F1 0 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

2994 w 

2994 w 

2919 m 

2393 s 

1433 m 

1427 w 

1269 m 

1141 m 

919 s 

857 m 

715 vw 

629 s 

3001 m 

3001 m 

2921 m 

2401 m 

1431 m 

1279 w 

1144 m 

917 vw 

859 vw 

721 vw 

630 m 

226 vs 

175 m 

2924 m 

2402 s 

1269 m 

1 1 4 4 m 

900 w 

854 vw 

626 m 

219 s 

166 s 

3002 

3001 

2922 

2397 

1439 

1429 

1275 

1146 

930 

862 

725 

640 

225 

173 

78F1 6 ,22F1 7 

78F17, 22F16 

95F1 8 

99F19 

94F2 0 

96F2 1 

88F2 2 

97F23 

79F24 

67F 2 5 ,15F 2 6 

73F26 , 25F2 5 

85F2 7 , 13F24 

96F2 8 

97F29 

a) Abbreviations: v, very; w, weak; m, med ium; s, 
strong; p , polarized, b) Values less than 10% in 
magnitude are omitted. 

Un ive r s i ty , b y m e a n s of t h e u s u a l i t e r a t i ve least -
squa res p r o c e d u r e . 

T h e 50 s y m m e t r y c o o r d i n a t e s ( T a b l e 1) w e r e cons t ­
r u c t e d f rom t h e 50 i n t e r n a l c o o r d i n a t e s (Fig . 4 ) . T h e 
s y m m e t r y coo rd ina t e s a r e m u t u a l l y o r t h o n o r m a l , a n d 
b y us ing t h e m t h e G m a t r i x is c o m p l e t e l y b r o k e n i n t o 

No. 
Infrared R a m a n R a m a n 
solid solid solution Calcd PEDb> 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

2994 w 

2920 m 

1715 s 

1425 w 

1278 w 

834 s 

912 s 

606 s 

469 s 

3001 w 

2921 m 

1715 m 

1417 w 

1289 w 

827 m 

920 vw 

604 m 

465 s 

226 s 

2924 m , p 

1714s ,p 

1286 m , p 

827 s, p 

917 w 

601 vs, p 

458 m , p 

219 s 

3002 

2920 

1717 

1430 

1280 

836 

919 

608 

466 

223 

lOOFj 

94F2 

81F3 

94F4 

86F 5 , 10F 2 

68F 6 , 20F 3 , 11F 9 

92F7 

91F8 

78F9 

96F1 0 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

2994 w 
2994 w 
2920 m 
1816 s 
1434 m 
1427 w 

1270 w 
834 s 
925 s 
844 m 
566 m 
632 s 

3001 w 
3001 w 
2921 m 2924 m 
1815 m 1816 m 

1428 w 

1270 w 1267 m 
827 m 827 s 
920 vw 

565 vw 
630 m 627 m 
226 s 219 s 
158 m 151s 

3002 

3001 
2922 
1809 
1439 
1428 
1275 
831 
929 
844 
551 
642 
224 
160 

78F 1 6 ,22F 1 7 

78F1 7 , 22F16 

95F1 8 

98F1 9 

94F2 0 

96F2 1 

88F2 2 

84F 2 3 ,13F 2 5 

80F2 4 

75F25, 13F23 

97F2 6 

85F27 , 13F24 

96F2 8 

96F2 9 

a) For abbreviations, see Table 3. 
b) Values less than 10% in magni tude are omitted. 

a 10 b y 10, a 5 b y 5 , t w o 15 b y 15 m a t r i c e s a n d 5 
r e d u n d a n c i e s , n o t i n c l u d i n g n o n - z e r o cross t e r m s 
b e t w e e n a n y t w o s y m m e t r y b locks . T h e c o r r e s p o n d i n g 
t e r m s of t w o d e g e n e r a t e p a i r s a r e e q u a l to e a c h o t h e r . 
I n c o n s t r u c t i n g t h e s y m m e t r y c o o r d i n a t e s of C 3 v ( X Y 3 ) 3 Z 
g r o u p , those of K u r o d a a n d K i m u r a 1 8 ) w e r e often 
u sed . C a r e s h o u l d b e t a k e n so t h a t t h e m a t r i x is 
c o m p l e t e l y b r o k e n i n t o t h e s y m m e t r y b locks , a n d for 
t h e d e g e n e r a t e s y m m e t r y species in p a r t i c u l a r , e a c h 
e l e m e n t of a m a t r i x m u s t b e e q u a l to t h e c o r r e s p o n d i n g 
o n e of a n o t h e r d e g e n e r a t e p a i r . 

T h e G m a t r i x w a s c a l c u l a t e d b y use of t h e s t r u c t u r a l 
p a r a m e t e r s d e t e r m i n e d f rom t h e m i c r o w a v e s tudy 4 ) 
a s s u m i n g t e t r a h e d r a l a n g l e a r o u n d c a r b o n a t o m s : 
r ( C - H ) = 1 . 0 9 Â , r ( B - H ) = 1 . 2 1 2 Â , r ( A s - C ) = 1.945 Â , 
r ( A s - B ) = 2 . 0 3 5 Â , Z ( H B H ) = 113.5° , a n d Z ( C A s C ) = 
105°. 

I n t h e ca l cu l a t ions t h e in f ra red f requenc ies w e r e 
used e x c e p t for t h e A s C 3 d e f o r m a t i o n for w h i c h t h e 
R a m a n f requenc ies w e r e t a k e n a n d t h e obse rved 
f requencies w e r e w e i g h t e d b y (1/A). I n i t i a l force 
cons t an t s for t h e b o r a n e g r o u p w e r e t a k e n f rom t h e 
va lues b y D u r i g et a/.,4) a n d for t r i m e t h y l a r s i n e m o i e t y , 
f r o m those for t r i m e t h y l a r s i n e oxide. 5 ) 

T h e l eas t - squares r e f i n e m e n t w a s c a r r i e d o u t in 
t e r m s of s y m m e t r y force c o n s t a n t s , w h i c h w e r e f i t ted 
to t h e obse rved f requenc ies for four 1 0B c o m p o u n d s 
s i m u l t a n e o u s l y . 

T h e obse rved a n d c a l c u l a t e d f requenc ies a r e g iven 
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T A B L E 5. OBSERVED AND CALCULATED FREQUENCES 

(cm-1) FOR (CD3)3As10BH3*> 

No. 

T A B L E 6. OBSERVED AND OALOULATED FREQUENOIES 

(cm-1) FOR (CD3)3As10BD3a> 

Infrared R a m a n 
solid solid 

R a m a n 
solution Calcd PEDb> No. 

Infrared R a m a n R a m a n 
solid solid solution 

Calcd PEDb> 

1 2248 w 2252 s 2252 m 2238 98FX 
2 2127 w 2129 s 2131 s, p 2126 99F2 
3 2346 m 2351m 2351 m,p 2347 88F3 
4 1034 m 1039 m 1037 m 1031 96F4 

5 989 m 995 s 992vs,p 987 75F5, 13F2, 11F8 
6 1076 s 1071m 1070 m,p 1074 79F6, 17F3 
7 710 s 712 w 701 89F7 

8 567 m 565 m 561 m,p 564 47F8, 38F9 
9 499 w 496 vs 487 s, p 501 56F9, 37F8 
10 197 s 188 s 200 95F10 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

2248 w 

2128 w 

1720 m 

1035 m 

990 m 

842 s 

711 s 

556 m 

463 m 

2251 m 

2128 s 

1718 m 

1035 m 

995 s 

838 s 

713 w 

555 m 

457 s 

195 m 

2251 m 2238 

2129 vs,p 2126 

1723 m, p 1717 

1035 m 

992 vs, p 

835 s, p 

553 s, p 
451 s, p 
188 s 

1031 
987 
837 
700 
551 
459 
199 

98Fa 

90F2 

81F3 

96F4 

75F 5 ,13F 2 , 11F8 

67F 6 ,20F 3 , 11F9 

90F7 

71F 8 ,11F 9 

71F 9 ,13F 8 

95F10 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 
26 

27 

28 

29 

2248 w 

2248 w 

2127 w 

2392 s 

1046 m 

1034 m 

984 m 

1143 m 

728 s 

611 w 

769 w 

577 m 

2252 s 

2252 s 

2129 s 

2400 w 

1054 m 

1044 m 

990 sh 

1144 w 

712 w 

614 vw 

763 w 

576 w 

197 s 

169 m 

2252 m 
2252 m 

2131 s 

2400 w 

1037 m 

1037 m 

986 sh 

1144 m 

573 m 

188 s 

157 s 

2238 

2236 

2124 

2397 

1038 

1033 

978 

1146 

712 

614 

777 

564 

197 

166 

51F16,47F17 

51F17,47F16 

91^18 
99F19 

93F20 

95F21 

75F22, 12F27, 10F18 

97F23 

59F24, 12F27 

79F25, 16F26 

76F26 

60F27, 28F24 

93F28 

97F29 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

2248 w 

2248 w 

2128 w 

1815 s 

1048 m 

1035 m 

985 m 

842 s 

726 s 

664 w 

545 w 

578 m 

2251 m 

2251 m 

2128 s 

1813 m 

1041 m 

1035 m 

988 sh 

838 s 

713 w 

663 w 

576 m 

195 m 

150 m 

2251 m 

2251 m 
2129 vs 

1816 m 

1035 m 

1035 m 

985 sh 

835 s 

662 w 

573 m 

188 s 

142 s 

2238 

2236 

2124 

1809 

1038 

1032 

978 

833 

720 

652 

539 

565 

197 

152 

51F16,47F17 

51F17,47F16 

91F18 

98F19 

93F20 

95F21 

75F22, 12F27, 10F18 

97F23 

53F24, 16F27 

62F25, 13F24, 13F26 

75F26, 21F25 

62F27,29F24 

94F28 

96F29 

a) Abbreviations: sh, shoulder. For the others, see 
Table 3. 

b) Values less than 10% in magni tude are omitted. 

a) Abbreviations: sh, shoulder. For the others, see 
Table 3. 

b) Values less than 10% in magnitude are omitted. 

in T a b l e s 3 — 6 for four 1 0B isotopic species , in w h i c h t h e 
v i b r a t i o n a l n u m b e r s refer to t h e v i b r a t i o n a l m o d e s 
( T a b l e 2 ) . T h e c a l c u l a t e d f requenc ies h a v e a n a v e r a g e 
e r r o r of 0 . 5 2 % for A x v i b r a t i o n s a n d 0 . 7 4 % for E 
v i b r a t i o n s . T h e s u m of t h e w e i g h t e d s q u a r e s of e r ro r s 
m b s d - A c a l c d ) 2 M o b s d w a s 2 . 2 4 X 1 0 - 3 for A x a n d 
7.02 X 10~ 3 for E . T h e s y m m e t r y force c o n s t a n t s 
t o g e t h e r w i t h t h e u n c e r t a i n t y f rom t h e las t cyc le of 
t h e l eas t - squares r e f i n e m e n t a r e g iven in T a b l e 7. T h e 
obse rved f requenc ies of t h e 1 1B c o m p o u n d s t o g e t h e r 
w i t h t h e f requenc ies c a l c u l a t e d b y use of t h e force 
c o n s t a n t s ( T a b l e 7) a r e g iven in T a b l e 8. 

D i s c u s s i o n 

As seen in t h e p o t e n t i a l e n e r g y d i s t r i bu t ions , t h e 
B H 3 a n d B D 3 rocks c o u p l e w i t h t h e C H 3 a n d C D 3 

rocks , m a k i n g t h e r o c k i n g f r equency r e g i o n c o m p l i ­
c a t e d . 

T h e v a l e n c e force c o n s t a n t s o b t a i n e d f rom t h e s y m ­
m e t r y force c o n s t a n t s a r e c o m p a r e d w i t h those of o t h e r 
b o r a n e a n d r e l a t e d c o m p o u n d s ( T a b l e 9 ) . T h e force 
c o n s t a n t / N _ B of H 3 N B H 3 is g r e a t e r t h a n t h a t of ( C H 3 ) 3 -
N B H 3 , w h e r e a s t h e force c o n s t a n t fP_B of H 3 P B H 3 is 
sma l l e r t h a n t h a t of ( C H 3 ) 3 P B H 3 . A r s i n e , A s H 3 , 
forms n o a d d i t i o n c o m p o u n d w i t h b o r a n e . I f a r s ine 
c o u l d fo rm a b o r a n e a d d u c t , fAs_B of a r s i n e - b o r a n e 
w o u l d b e s m a l l e r t h a n 1.849 m d y n / Â o b t a i n e d for 

T A B L E 7. SYMMETRY FOROE CJONSTANTS AND THEIR 

UNCERTAINTIES FOR TRIMETHYLARSINE-BORANEa> 

^ 1 

F, 

F3 

F, 

F, 

F, 
F7 

Fs 
F9 

F10 

^ 2 , 5 

•^3,6 

^ 5 , 8 

•^6,9 

4.790 

4.736 

2.983 

0.516 

0.532 

0.583 
0.575 

2.924 

1.849 

0.605 

- 0 . 3 8 5 

- 0 . 4 4 2 

- 0 . 1 7 0 

- 0 . 1 5 9 

a 

0.011 

0.054 

0.047 

0.003 

0.016 

0.021 

0.005 

0.038 

0.039 

0.018 

0.066 

0.048 

0.033 

0.030 

^ 1 6 

F„ 
F18 

F19 

F2o 
F21 

F22 

F?3 

Fu 

F25 

F26 

F,7 

F,s 

F.i9 

Fl8,22 

•^22,27 

•^24,27 

-^25,26 

4.792 

4.791 

4.762 

2.973 

0.523 

0.520 

0.534 

0.383 

0.575 

0.473 

0.465 

3.169 

0.713 

0.383 

- 0 . 3 5 6 

- 0 . 2 6 5 

- 0 . 2 6 4 

0.065 

a 

0.028 

0.028 

0.079 

0.013 

0.004 

0.004 

0.022 

0.004 

0.016 

0.009 

0.009 

0.125 

0.030 

0.021 

0.101 

0.045 

0.049 

0.007 

a) T h e stretching force constants are given in mdyn/ 
A, the deformation force constants in mdyn Â, 
the stretching-deformation interaction constants in 
mdyn. 
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TABLE 8. OBSERVED AND CALCULATED FREQUENCIES (cm-1) FOR U B ISOTOPIQ SPECIES'1) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

(CrU 
"BH 3 

2995 
2920 
2346 
1427 
1279 
1060 
913 
610 
497 
226 

2995 
2995 
2920 
2380 
1433 
1427 
1270 
1140 
921 
858 
710 
631 
226 
173 

Observed 

,As 

U B D 3 

2993 
2918 
1701 
1427 
1278 
819 
913 
606 
459 
225 

2993 
2993 
2918 
1797 
1433 
1425 

1269 
834 
927 
844 
560 
631 
225 
155 

(infrared) 

(CA,), 
U B H 3 

2248 
2128 
2346 
1034 
989 
1065 
710 
564 
488 
198 

2248 
2248 
2128 
2382 
1046 

1035 
985 
1141 
729 
612 
763 
578 
198 
165 

jAs 

U B D 3 

2249 
2127 
1700 
1035 
990 
827 
711 
556 
454 
196 

2249 
2249 
2127 
1797 
1047 
1035 
984 
842 
726 
663 
541 
578 
196 
147 

Calculated 

(GH3)3As 

n B H 3 

3002 
2920 
2340 
1430 
1280 
1065 
919 
612 
504 
224 

3002 
3002 
2922 
2383 
1439 
1429 
1275 
1143 
930 
861 
722 
640 
225 
171 

"BD 3 

3002 
2920 
1706 
1430 
1280 
823 
919 
608 
458 
223 

3002 
3002 
2922 
1788 
1439 
1428 
1275 
827 
929 
844 
548 
642 
225 
159 

(CD,); 

"BH 3 

2238 
2126 
2340 
1031 
987 
1065 
701 
559 
490 
200 

2238 
2236 
2124 
2383 
1038 
1033 

978 
1143 
713 
614 
773 
564 
197 
163 

jAs 

U B D 3 

2238 
2126 
1706 
1031 
987 
823 
700 
550 
451 
199 

2238 
2236 
2124 
1788 
1038 
1032 
978 
830 
720 
651 
536 
565 
197 
151 

a) The force constants in Table 7 were used in frequency calculations, 
number 10, 28, and 29 are taken from the Raman spectra. 

Observed frequencies for the vibrational 

TABLE 9. COMPARISON OF THE VALENQE FORGE CONSTANTS 

(mdyn/A) FOR THE BORANE ADDITION COMPOUNDS 

(X=N, P, As) 

H 3NBH 3 

(CH3)3NBH3 

F3PBH3 

H3PBH3 

CH 3PH 2BH 3 

(CH3)3PBH3 

(CH3)3AsBH3 

(CH3)3AsO 
(CH3)3As 

/B-X 

2.90 
2.36 

2.59 
2.39 
1.78 
1.97 
2.44 
2.37 
1.84 
1.849 

/AS-C 

2.97 
3.087 

3.099 
2.56 
2.63 

/B-H 

2.88 
2.7 
2.49 

3.10 
3.07 
2.987 
3.06 
2.976 

Ref. 

19 
19 
13 
20 
15 
21 
14 
12 
4 

This work 
5 
4, 22 
23 

(CH3)3AsBH3. As expected the stability of trimethyl-
arsine-borane is less than that of N and P analogs. 
The trend is reflected in the stretching force constants 
of the donor-acceptor bonds. 

The CAsC angle becomes larger by adduct formation 
toward the tetrahedral angle and s character increases 
in rehybridization around the arsenic atom. This 
accounts for the increase in the As-C force constant 

and in the As-C stretching frequencies. 
The As-B force constant is in good agreement with 

the value obtained by Durig et al.,*) the jfAs_c value 
being slightly larger than theirs, but in accord with 
that in (CH3)3AsO. The B - H force constant is larger 
than that in amine-boranes, but smaller than that 
in phosphine-boranes. Accurate examination for other 
boranes would be necessary in order to compare the 
B - H force constant with the value obtained in this 
study. 

The author wishes to express his sincere gratitude 
to Prof. K. Aida for his continued encouragement 
during this work. 
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13C Spin-Lattice Relaxation Times in Liquid Crystalline /?,//-Azoxyanisole 
Kikuko HAYAMIZU and Osamu YAMAMOTO 

National Chemical Laboratory for Industry, Honmachi, Shibuya-ku, Tokyo 151 
(Received November 24, 1976) 

The 13G spin-lattice relaxation time Tx in the liquid crystalline compound />,/?'-azoxyanisole; (PAA; 4,4'-
dimethoxyazoxybenzene) was observed in the nematic and isotropic liquid phases. From the obtained T/s of the 
ring and the methyl carbons, the anisotropic rotational diffusion constants were determined. It is concluded 
that the rotational reorientation around the molecular axis is faster by an order of 103 than the rotational motion 
around the axis perpendicular to the molecular axis in the nematic and isotropic liquid states. 

Nuclear relaxation time in the liquid crystals is 
known to give important information about molecular 
motions and intermolecular interactions of some in­
teresting compounds. The nematic liquid crystal p,p-' 
azoxyanisole (PAA) ; 4,4'-dimethoxyazoxybenzene) and 
its deuterated species have been studied by observing 
!H, 2D, 13G and/or 14N relaxation times.1-9) Most of 
the relaxation studies were made by the 1 H resonance, 
but the 1 H relaxation time is affected by both intra-
and intermolecular interactions. T h e spins of the other 
nucleus, however, relax predominantly by the intra­
molecular processes. In particular, the relaxation of 
13C nuclei, which is bonded by one or more protons, 
mainly takes place through the dipole-diploe interac­
tion with the attached protons modulated by the 
molecular reorientations. 

PAA contains two different types of carbons bearing 
protons, i. <?., the ring carbons and the methyl carbons. 
Clearly the relaxation times of the ring carbons can be 
expected to be affected by the motion of the nematic 
director. Although the motion of the methyl carbons 
is averaged by the internal rotation, the relaxation time 
will be also affected by the anisotropic motion of the 
elongated molecule in the nematic state. Here we 
would like to present the temperature dependence of 
13G spin-lattice relaxation times for the ring and the 
methyl carbons observed in the nematic liquid crystal­
line and in the isotropic liquid states, and to discuss 
the anisotropic rotation of the nematic molecule. 

Exper imenta l 

PAA was purified by the zone melting method, degassed, 
and then sealed into a 12-mm sample tube under vacuum. 
The 13C relaxation times were obtained by the 180°—r—90° 
pulse method using a Varian XL-100-15 spectrometer 
operating at 25.16 MHz in the external 19F lock mode with 
proton decoupling. The temperature range of the nematic 
liquid crystalline phase is 117—135 °G for PAA, and 7Ys 
were observed both in the nematic and in the isotropic liquid 
states by varying the temperature from 118 to 175 °G. In 
the nematic phase the measurement was made without 
sample spinning in order to prevent the disturbance of the 
allignment of the nematic director along the external magnetic 
field. 

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

The 13G spectrum of PAA in CDG13 solution at am­
bient temperature consists of ten peaks arising from the 
10 chemically non-equivalent carbons.10) In the iso­
tropic state at higher temperature, the 13G spectrum 
shows a similar pattern to that for the CDC13 sloution, 

but only 8 peaks are observed due to the overlapping 
of two sets of two peaks, i. e., the signals from two 
methyl carbons and from four ring carbons meta to 
O G H 3 group. Here four peaks are obtained from the 
carbons bearing protons. In the isotropic state the 13C 
chemical shifts relative to that of the methyl carbons are 
nearly constant throughout the temperature range 
studied, and agree with those in GDG13 solution within 
0.8 ppm. This fact suggests that the molecular structure 
of PAA does not significantly change from ambient to 
sufficient high temperatures. 

In the nematic state where the molecules are in an 
anisotropic condition, the 13G spectral lines for PAA 
are rather broad, probably due to insufficient proton 
decoupling. The lines of the two quaternary aromatic 
carbons bonded to nitrogen disappear, as shown by 
Pines and Chang.11) But the change in the spectrum 
from the isotropic to the nematic states in the 13C 
resonance is much smaller than that in the 1 H or 2D 
resonances, so that the measurement of 13C relaxation 
times is still possible by the usual high resolution tech­
nique. 

In this paper, since the molecular motion of PAA 
will be discussed assuming the dipole-dipole mechanism 
as the relaxation process, X^'s are observed for the car­
bons bonded by protons, i. e., three aromatic carbon 
peaks and one methyl carbon peak. T h e temperature 
dependences of these T^'s are shown in Fig. 1, which 

4;X103 

T 

Fig. 1. The temperature dependences of 13C relaxation 
times for PAA in the nematic and isotropic states. 
The ring carbons are expressed from a lower to a higher 
field by O? •> a n d A- I n the nematic phase the two 
signals at the lower field collapses to a broad line which 
is shown by Q. 
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TABLE 1. NOE OF PAA IN THE 

Temperature Methyl 

137°C 2.1 
160°G 2.3 

ISOTROPIC! 

3.0 
2.6 

LIQUID STATE 

Ring 

2.8 2.7 
2.7 2.6 

have been observed both in the nematic and the iso­
tropic liquid state. In order to estimate the contribu­
tion of the dipole-dipole relaxation mechanism to the 
observed 13G relaxation times, N O E was determined in 
the isotropic state, as shown in Table 1. If we consider 
the experimental uncertainty, the observed NOE's are 
not very temperature dependent. Table 1 shows that 
the contribution of the dipole-dipole mechanism is a 
little larger in the ring carbons than in the methyl car­
bons, probably because the spin-rotation mechanism 
from the internal rotation may be effective in the 13G 
relaxation of the methyl carbons. The dipole-diploe 
relaxation time Tld can be calculated from the observed 
Tx as follows12): 

l j T l d ' 1.988 XlJTv 

A theoretical expression of nuclear magnetic relaxa­
tion in molecules with multiple internal rotations was 
first derived by Wallach.13) In this derivation the molec­
ular motion was treated as isotropic. I t was shown 
that each internal rotation which is much faster than 
the overall molecular motion contributes a single factor 
((3 cos2 0—1)/2)2 to the relaxation rate, where 0 is the 
angle from the internal rotational axis of interest to the 
next internal rotational axis, or for the last internal 
rotational axis to the label axis of interset. Then Le-
vine and his coworkers14) have extended the theory to 
the dipolar relaxation for the case where the molecular 
motion is anisotropic, and presented the numerical re­
sults of the 13C relaxation times in a hydrocarbon chain 
attached to an axially symmetric molecule. 

The methyl groups of PAA are a dual rotation system 
which has internal rotations around the G - O bond and 
the three-fold axis. Possible mechanisms which are ef­
fective in the 13G dipolar relaxation process for the 
methyl groups of PAA are molecular overall reorienta­
tion and the internal rotations. Since these dual inter­
nal rotations are reported to be activated in solid state,19) 
it may be assumed that the methyl groups rotate freely 
around both bonds at higher temperatures in the ne­
matic and isotropic states. We also assume that PAA 
is a symmetric rotor having two rotational diffusion con­
stants, DN and D±, where D/, is the rotational diffusion 
constant for the motion about the molecular symmetry 
axis and D± is for the motion about an axis perpendicular 
to the molecular axis. According to the theory devel­
oped by Wallach and Levine et al., and using the spec­
tral density function for the internal rotation system 
attached to the molecule undergoing anisotropic molec­
ular motion, the dipolar relaxation rate l/Tla for the 
methyl carbons of PAA can be derived as 

/ 1 \ 3y*y'2H2 

V * i d /Me 

X 3 
6Z> 

2 r 6 

3cos 2 0- l \ 2 

+ 
1 

2AL + 4 A 
sin40 

/ 3cos20'-l y / 3 c o s 8 e " - i y 
a: 

where 6 is the angle between the molecular axis and 
the G - O axis, 0' is Z C O C , and 0" is Z O C H . The 
factor 3 corresponds to the three protons of the methyl 
groups. When 0 = 0 ° , Du does not contribute to the 
relaxation rate of the methyl carbons. Even if 0 is 
assumed to be 100,14) the contribution of Du will be 
negligibly small because of the term sin40. In other 
words, the rotation around the molecular axis of PAA 
has little effect on the relaxation rate of the methyl 
carbons, and ( l / T ^ ) ^ may be assumed to be only a 
function of DA.. T h e angle Z G O C , 0' was determined 
to be 118° by the X-ray analysis.16) Since the geo­
metric factor ((3 cos2 0'—1)/2)2 is very sensitive to even 
small changes of this angle, the D± calculated using 
Eq. 1 contains some error due to the ambiguity of 0' 
in the nematic and isotropic states, in addition to the 
experimental error of ( l /T^Me-

O n the other hand, since the ring carbons constitute 
the skeleton of the PAA molecule, the most important 
mechanism for the 13G dipolar relaxation of the ring 
carbons bearing protons will be the molecular overall 
rotation. Huntress17) has derived a theoretical expres­
sion for the relaxation rate of a nuclear spin in a mole­
cule undergoing anisotropic diffusional rotation, which 
may be applied to the dipolar relaxation rate of the 
ring carbons of PAA. Then 

\ J- id / R i n g 

3 y»/»fr 1 r 3(Z)±-Z)A 

2 r6 6D± L 5D± + D„ 

X sin2a[ 1 + — i - ^ ^ 
2(D± + 2D„) 

sin2a (2) 

where a is the angle between the molecular axis and 
the label axis of interest. For the dipole-dipole relaxa­
tion rate for the ring protons, a = 5 8 . 7 ° (an average for 
two C - H bonds),20) since the rotation around the molec­
ular axis is expected. From Eq. 2, Du can be cal­
culated using the D± value obtained from the relaxa­
tion time of the methyl carbons and Eq. 1. In Table 
2 the calculated values of Du and D± are listed, together 
with those for Diso, which are calculated from the as­
sumption of isotropic motion. 

TABLE 2. ROTATIONAL DIFFUSION QONSTANTS OF PAA 

Temper­
ature 

137 °G 
160 °G 

D± 

4.1X108 

4.8X108 

Du 

0.86X1011 

1.7 X1011 

Aso 

methyl ring 

1.7X1011 1.2X1010 

2.0X1011 1.8X1010 

Although Eqs. 1 and 2 are approximate equations 
for describing the internal and the anisotropic molec­
ular rotations for an aligned molecule such as PAA 
in the nematic phase and in the isotropic phase near 
the transition point, where the short range order remains, 
they may be safely applied to the 13G dipolar relaxa­
tion rate of PAA molecules at higher temperature in 
the isotropic state. T h e obtained rotational diffusion 
constants describe the molecular motion of PAA mole­
cule in the isotropic state. The rotation around the 
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long molecular axis is much faster by an order of 103, 
than the rotation around the axis perpendicular to the 
molecular axis. Since the observed 7 \ is continuous 
at the transition point from the nematic to the isotropic 
liquid states, as shown in Fig. 1, the same picture for 
the molecular motion of the PAA molecule will be almost 
true in the nematic state. The rotational motion ex­
pressed by the diffusion constant D± obtained from the 
13C relaxation time may be compared with the thermal 
fluctuation of the nematic director in the nematic state, 
which contributes to the 1 H relaxation rate as a frequen­
cy dependent phenomenon1 '2 '9). T h e order fluctua­
tion of the director is shown to remain in the isotropic 
state,5-7) and this is consistent with the fact that D± 
obtained in the isotropic state is still very small com­
pared with the obtained D,/. Otherwise, in the usual 
isotropic liquid, D± and D„ would have the values of 
the same order for a molecule about 18 Â in length 
and 6 Â in diameter, the approximate size of PAA.16> 

The measurement of 2D relaxation time has been made 
by Orwoll et al.8) for PAA-d8 (ring positions are deutera-
ted) in the nematic and isotropic liquid states. Al­
though the relaxation mechanism is different for the 
13C and 2D resonances, the direction of the interaction 
vector for the 2D resonance in PAA-d8 is the same as 
that for the 13G resonance in the ring carbons of PAA. 
The correlation times calculated based on the assump­
tion of the isotropic motion in the 2D resonance are 
a little longer, by several percents, than thoes in the 
13G resonance at every temperature. Orwoll et al. also 
observed no frequency dependence of the 2D relaxation 
time in the nematic and isotropic states. Since the 
correlation times and the observing frequencies are in 
a similar order for the 13C and the 2D resonances, it 
can be assumed that the 13G relaxation time for the 
ring carbons is also frequency independent, and then 
the extreme narrowing condition will hold in the 13C 
relaxation time when Eq. 2 is applied. From our meas­
urement of 2D relaxation times of PAA-rf6 (the methyl 
protons are deuterated) in the isotropic state18), there 
is also the same trend in the correlation times of the 
methyl groups. T h e temperature dependences of the 
13G relaxation times in the ring and the methyl carbons 
shown in Fig. 1 are similar to those of the 2D relaxation 
times in the ring position8) and the methyl groups,18) 
except that at the transition point there was observed 
the discontinuity in the Tx of the 2D resonance, while 
the TVs of the 13G resonance are continuous. Arrhe-
nius plots of the 13G relaxation times give the activation 
energies of 5.6 and 5.0 kcal/mol for the ring and the 

methyl carbons, respectively. T h e activation energy 
obtained for PAA-rf8 in the isotropic state is 5.5 kcal/ 
mol,8) and the agreement is good. Schwartz et al.V 
obtained the activation energy of 6.5 kcal/mol for the 
13G relaxation time for the ring carbons of PAA in a 
similar temperature region, and interpreted it by activa­
tion of the internal rotation about the C - N bond. But 
as discussed above and as also pointed out by Orwoll 
et al. from the results of the 2D resonance, the main 
activation process which affects the temperature depen­
dent 13C and/or 2D relaxation times from the nematic 
to the isotropic liquid phases may be concluded to be 
the anisotropic molecular rotational process. 
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The activity coefficients of glycylglycine and a-aminobutyric acid in aqueous sucrose solutions have been meas­
ured by the isopiestic vapor pressure method at 25 °C. a-Aminobutyric acid is salted-out by sucrose, the effect 
increasing with an increase in the concentration of sucrose and a decrease in the concentration of amino acid. 
However, in the glycylglycine-sucrose-water system at lower concentrations of solutes salting-in of glycylglycine 
by sucrose takes place and then salting-out predominates at concentrations higher than 1 mol kg - 1 glycylglycine 
and 2 mol kg - 1 sucrose. The pairwise interactions and the free energy of the transfer of amino acids from water 
to various concentractions of sucrose solutions are calculated. The results account for the stabilizing effect of 
sucrose on the higher structure of globular proteins. 

Although sugars have long been observed to affect 
the stability and activity of proteins, the mechanism of 
the effect remains unclear. Beilinson1) found that su­
crose and glycerol inhibit the heat coagulation of oval­
bumin. Ball et Ä/.2> reported that various sugars pre­
vent heat coagulation of serum albumin. Gersma and 
Stuur3) found that polyvalent alcohols show protective 
effects on the reversible thermal denaturation of 
lysozyme, ribonuclease, and chymotrypsinogen A. 

Shimpson and Kauzman 4 ' found that sucrose and 
glycerol inhibit the denaturation of ovalbumin by urea. 
According to Shikama,6) the bovin serum albumin mole­
cule denaturated by urea has different conformations 
after the renaturation in 1 mol k g - 1 sucrose solutions. 
Metral and Yon6) showed that the inhibition caused by 
sucrose on triptic hydrolysis of ß-lactoglobulin A is due to 
the fixation of sucrose on this protein and to the existence 
of strong stabilizing interactions. Furthermore, at low 
concentration the sugars accelerate the rate of subunit 
dissociation of the olygomeric enzyme L-asparaginase 
with urea, and at higher concentrations, sugars decrease 
the rate at which the enzyme dissociates in the presence 
of urea.7) 

In order to clarify the fundemantal mechanisms in­
volved in these phenomena, a thermodynamic study 
with model compounds is one of the best approaches. 
Lakshimi and Nandi8) obtained the activity coefficients 
of aromatic amino acids and their JV-acetyl ethyl esters 
in sucrose and glucose solutions by means of solubility 
measurements. 

In the present work, the activity coefficients of glycyl­
glycine (glygly) and a-aminobutyric acid (aABA) in 
sucrose solutions were determined by the isopiestic vapor 
pressure methods. These amino acids were selected as 
models of peptide unit and amino acids having alkyl 
side chains. The isopiestic method is superior to the 
solubility method in that the change in interactions with 
both concentrations of amino acid and sucrose can be 
obtained. 

Exper imenta l 

Materials. Glygly (G. R.) was decolorized and 
recrystallized twice from a water-ethanol solution. Sucrose 
and aABA were recrystallized from a water ethanol solution. 
The samples were dried in vacuo over phosphorus pentaoxide 
at room temperature. Potassium chloride (analytical grade, 
Merck Co.) was dried in vacuo over phosphorus pentaoxide 

at 110°C. Solutions were prepared with deionized water 
freed of air by boiling. 

Measurements and Calculation of the Activity Coefficients. 
Osmotic and activity coefficients were determined with the 
same apparatus as previously reported.9) Several ternary 
solutions of amino acid and sucrose with varing compositions 
and reference potassium chloride solutions were put in silver 
dishes. The dishes were placed on a flat copper block in a 
glass vacuum dessicator set in a thermostat bath at 25 °C.9> 
The initial concentrations in the ternary solutions were ad­
justed to be sufficiently close to their equilibrium concentra­
tions.10) The time required for attainment of equilibrium 
was 4—14 days. Equilibrium concentration was measured 
by weighing, all the weights being corrected to those in va­
cuum. 

In the analysis of the results we use the function A, defined 
by") 

A — 2mB0R — mx$x — m2<j>2, (1) 

where mx and m2 are the molalities of solute 1 (glygly or aABA) 
and solute 2 (sucrose), respectively, in aqueous ternary solu­
tions; <j)x and çia are the osmotic coefficients of binary aqueous 
solutions of solutes 1 and 2 at a molality of m1 and m2, respec­
tively; mB and çSR are the molality and osmotic coefficient, 
respectively, of the reference potassium chloride solution which 
is in vapor pressure equilibrium with a ternary solution con­
taining solutes 1 and 2 at molalities mx and m2. 

The value of A\mxm2 is given by the equations 

A\mxm2 = S S ^ A W (n=i+j=2 or 3) (2) 

From Eqs. 1 and 2, the activity coefficient for solute 1 in the 
ternary solution is given11'12) by 

In yx = In y10 + A00m2 + i410i«1»ia + —A01m2
2 + A2<Am^m2 

2 1 3 
+ -TAi™i™2a + T^o2m23 + A30mi

3m2 + —Aïxm^m2
2 

+ y^i2™i™2
3 + "£"4M»»24 , (3) 

and that of solute 2 by 

In y2 = In y20 + A^mx + -^-Awm^ + ^ m ^ 4- —A^mj3 

2 1 1 
+ y-4u»»i2»»g + A^m^m? + —A^m^ + —A21m^m2 

3 
+ —Anml

2m.i
2 + A^mxm2

z , (4) 

where yx and y2 are the molal activity coefficients of solutes 
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T A B L E 1. T E R N A R Y ISOPIESTIO DATA AT 25 °C FOR T H E SYSTEMS GLYOYLGLYOINE-SUGROSE-WATER 

AND a-AMINOBUTYRia AGID-SUGROSE-WATER 

A J 171^2 

mR ml 

0.17518 
0.26074 
0.42168 
0.55101 
0.73539 

0.25219 
0.44359 
0.65823 
0.86390 
1.0524 

0.58512 
0.88214 
1.1583 
1.3936 

0.27866 
0.57402 
0.87125 
1.2258 
1.4723 

0.30159 
0.52929 
0.80052 
1.0730 
1.3232 
0.28058 
0.60993 
0.92873 
1.2170 
1.4622 
0.25757 
0.83440 
1.1102 
1.4335 
0.24079 
0.51140 
0.82222 
1.1378 

0.15289 
0.27378 
0.36844 
0.45887 
0.61716 
0.20515 
0.37736 
0.57167 
0.74552 
0.91333 
0.19248 
0.48244 
0.72733 
1.0272 
1.2812 

m2 
Exptl 

Glycylglycine-Sucrose-Water 
0.55396 
0.48299 
0.34959 
0.24348 
0.091227 

0.78754 
0.63745 
0.46967 
0.30841 
0.15741 

0.86910 
0.64024 
0.43184 
0.24999 
1.5876 
1.3735 
1.1631 
0.91511 
0.73519 

2.0461 
1.8921 
1.7067 
1.5256 
1.3569 
2.8240 
2.6101 
2.4068 
2.2253 
2.0690 
3.9720 
3.6171 
3.4518 
3.2582 
4.9649 
4.7984 
4.6149 
4.4055 

a-Aminobutyric 
0.56465 
0.45279 
0.36689 
0.27343 
0.12142 
0.81427 
0.65626 
0.47473 
0.30529 
0.13887 
1.1680 
0.91170 
0.68513 
0.40075 
0.14770 

- 0 . 0 2 1 5 4 

-0 .026 1 2 

- 0 . 023 0 1 

-0 .026 4 3 

-0 .037 6 0 

-0 .003 7 7 

-0 .004 9 8 

-0 .002 8 2 

-0 .002 4 2 

0.00029 

-0 .002 6 3 

0.01732 

0.01674 

0.00829 

0.01851 

0.03271 

0.03745 

0.03503 

0.035O2 

0.03800 

0.03831 

0.04458 

0.04476 

0.04437 

0.04121 

0.04647 

0.05001 

0.05062 

0.05056 

0.02815 

0.04389 

0.04636 

0.04759 

0.02935 

0.03750 

0.04067 

0.05177 

Acid-Sucrose-Water 
0.13234 

0.08334 

0.04044 

0.08731 

0.052„2 

0.07269 

0.06124 

0.05124 

0.05571 

0.05970 

0.09216 

0.06775 

0.06753 

0.06339 

0.07981 

Calcda> 

- 0 . 0 2 3 2 1 

-0 .024 9 7 

-0 .026 9 4 

-0 .027 5 2 

-0 .027 7 0 

- 0 . 0 0 5 9 1 

-0 .006 9 1 

-0 .006 1 5 

-0 .004 9 4 

-0 .004 7 5 

- 0 . 0 1 1 4 7 

0.01428 

0.01529 

0.01210 

0.02677 

0.02918 

0.03368 

0.03607 

0.03215 

0.03547 

0.03813 

0.04297 

0.04684 

0.04675 

0.03825 

0.04359 

0.05006 

0.05280 

0.04996 

0.03084 

0.04345 

0.048 n 

0.04661 

0.029n 

0.03535 

0.04409 

0.04987 

0.09844 

0.08399 

0.07527 

0.06899 

0.062n 

0.08971 

0.07297 

0.06199 

0.05815 

0.05881 

0.08943 

0.065 u 

0.05727 

0.05895 

0.06651 

Diff. %b> 

- 0 . 0 2 
0.02 

- 0 . 0 8 
- 0 . 0 2 

0.09 

- 0 . 0 4 
- 0 . 0 5 
- 0 . 1 0 
- 0 . 0 6 
- 0 . 0 8 

0.49 
- 0 . 1 2 
- 0 . 0 5 

0.09 

0.18 
- 0 . 1 3 
- 0 . 1 8 

0.06 
- 0 . 1 5 

- 0 . 0 6 
- 0 . 0 1 
- 0 . 0 8 

0.12 
0.16 

- 0 . 0 6 
- 0 . 1 2 

0.00 
0.15 

- 0 . 0 5 
0.05 

- 0 . 0 2 
0.12 

- 0 . 0 8 
0.00 

- 0 . 0 7 
0.17 

- 0 . 1 3 

- 0 . 3 9 
0.01 
0.62 

- 0 . 3 0 
0.10 
0.26 
0.27 
0.27 
0.05 

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

0.41292 

0.59975 

0.81372 

1.1610 

1.5188 

2.1221 

3.0536 

3.8765 

0.41893 

0.60585 

0.83636 
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TABLE 1. (Continued) 

WR 

0.87464 

1.1436 

1.5601 

2.0610 

2.5831 

2.7287 

2.9161 

3.0421 

3.3771 

3.6267 

m1 

0.20041 
0.50305 
0.75888 
1.0716 
0.39163 
0.68999 
0.97043 
1.3165 
1.6161 
0.32964 
0.63128 
1.1290 
1.5484 
1.8648 
0.32614 
0.64124 
1.0351 
1.3484 
1.7479 
0.19494 
0.54857 
0.80056 
1.1392 
1.3856 
1.6907 
0.20449 
0.57545 
0.84047 
1.1971 
1.4500 
1.7794 
0.35899 
0.66476 
0.94791 
1.2875 
1.6002 
0.37288 
0.69071 
0.98479 
1.6642 
0.35322 
1.0433 
1.3038 
0.37633 
1.1130 
1.3920 

m2 

1.2161 
0.95060 
0.71485 
0.41810 
1.4369 
1.1789 
0.92902 
0.60988 
0.31341 
2.0478 
1.8023 
1.3856 
1.0166 
0.70963 
2.6944 
2.4470 
2.1369 
1.8829 
1.5432 
3.4234 
3.1652 
2.9752 
2.7143 
2.5261 
2.2794 
3.5911 
3.3203 
3.1235 
2.8522 
2.6435 
2.3989 
3.7005 
3.4811 
3.2676 
3.0172 
2.7794 
3.8437 
3.6170 
3.3948 
2.8906 
4.2703 
3.7607 
3.5743 
4.5497 
4.0121 
3.8161 

A/n, 

Exptl 

0.09317 

0.06791 

0.06660 

0.06399 

0.06635 

0.06196 

0.05786 

0.04978 

0.07310 

0.07168 

0.06654 

0.05923 

0.05321 

0.06128 

0.05928 

0.06335 

0.06004 

0.05779 

0.05704 

0.07238 

0.06054 

0.06033 

0.06040 

0.05778 

0.05850 

0.07049 

0.06114 

0.05953 

0.05890 

0.06369 

0.05634 

0.067„4 
0.05948 

0.06052 

0.05693 

0.05531 

0.06253 

0.05655 

0.05894 

0.05355 

0.04628 

0.05542 

0.05285 

0.04834 

0.05365 

0.05045 

iitn2 

Calcda) 

0.08827 

0.06397 

0.05685 

0.05969 

0.07008 

0.05775 

0.05708 

0.064n 

0.07153 

0.07367 

0.05982 

0.05944 

0.06468 

0.06273 

0.07188 

0.06035 

0.05963 

0.06190 

0.05753 

0.07488 

0.06055 

0.05888 

0.06092 

0.06116 

0.05473 

0.07182 

0.05916 

0.05860 

0.06100 

0.06008 

0.04906 

0.06160 

0.05709 

0.05864 

0.06050 

0.05538 

0.05904 

0.05592 

0.05830 

0.05167 

0.05205 

0.05608 

0.05717 

0.04486 

0.05364 

0.0532a 

Diff. %b> 

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

0.10 
- 0 . 1 7 
- 0 . 0 3 

0.56 
- 0 . 0 4 

0.05 
- 0 . 2 7 

0.01 
0.64 
0.07 
0.29 

- 0 . 1 3 
- 0 . 0 2 

0.28 
0.03 
0.03 
0.00 

- 0 . 0 7 
0.03 
0.25 

- 0 . 3 0 
0.02 

- 0 . 0 7 
- 0 . 0 5 

0.14 
- 0 . 2 7 
- 0 . 6 1 
- 0 . 1 3 
- 0 . 1 0 
- 0 . 1 1 

0.25 
0.01 

- 0 . 0 9 
- 0 . 0 3 
- 0 . 0 4 
- 0 . 1 6 

0.14 
0.04 
0.31 

- 0 . 0 9 
- 0 . 0 0 

0.21 

a) Calculated by the least-squares treatment of Eq. 20 and Table 2. b) Percentage error denned by Kelly et a/.l6> 

1 and 2 in a ternary solution containing solutes 1 and 2 with 
molalities nzx and m2, respectively; y10 and y20 are the molal 
activity coefficients, respectively, of binary solutions contain­
ing only solute 1 at molality m, or solute 2 at molality m2. 
The values of osmotic and activity coefficients for reference 
potassium chloride solutions were taken from the values given 
by Robinson and Stokes.13) The values of osmotic and acti­
vity coefficients for glygly and aABA solutions were taken 

from the data of Ellerton et a/.,14) and the values for sucrose 
solutions, from Robinson and Stokes.15) 

R e s u l t s 

The equilibrium molalities of solute 1 and 2 in 
ternary solutions and of potassium chloride in ref­
erence solutions for the systems, glygly-sucrose-water 
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TABLE 2. COEFFICIENTS IN Eq. 2 FOR THE TERNARY 

SOLUTIONS GLYOYLGLYaiNE-SUOROSE-WATER ( I ) AND 

a-AMINOBUTYRia AdlD-SUaROSE-WATER(II) AT 25 ° C 

Coefficients 

AmXlO 
^1 0X10 
J0 1X10 
A20XlO 
AiXlO 2 

A2XIO2 

JaoXlO2 

^21X102 

^1 2X103 

A3XIO3 

I 

-0 .77385 
0.34859 
1.0532 
0.50339 

-3 .2769 
-3 .0133 
-2 .6230 

0.1266 
5.098 
2.647 

II 

1.3170 
-2 .0566 
-0 .15888 

1.8176 
2.1159 
0.4932 

-4 .6886 
-1 .3365 

0.668 
1.012 

and aABA-sucrose-water, are given in Table 1, together 
with the values of experimental quantities Ajm1m2 de­
fined by Eq. 1. In order to fit the experimental values 
of A\m-jn2 to a power series in m1 and m2 with the form 
of Eq. 2, two polynomials involving terms up to squares 
or cubes in m1 and m2 were examined with a H I T A G 
8450 computer. In both systems, the better polynomials 
for representing the data are equations containing terms 
up to cubic. Their coefficients are given in Table 2. 

From Eqs. 3 and 4 and Table 2, we obtain 
In y1 = In yw - 0.077385m2 + 0.034859m1/ra2 

+ 0.052662m2
2 + 0.050339 V™;! - 0.021846m1m2

2 

- 0.010044 V - 0.026230V™2 + 0.000949m1
2m2

2 

+ 0.002549^™./ + 0.000662 V , (5) 

In y2 = In y20 - 0.077385^ + 0.017429T«!2 

+ 0.10532f«17w2 + 0.016780V - 0.021846V™2 

- 0.030133?^ V - 0.006557V + 0.000633 V™2 

+ 0.003824 V V + 0 .002647^^3, (6) 

for the system glygly-sucrose-water, and 

In yx = In y10 + 0.13170m2 - 0.20566mlWz2 

- 0.007944V + 0.18176V»2 + 0.014106/^V 

+ 0.0016439 V - 0.046886m^m, - 0.010024m! 2m2
2 

+ 0.000334^ V - 0.000253m2
4, (7) 

In y.2 = In y20 + 0.13170^ - 0.10283mx
2 - 0.015888mim2 

+ 0.060588V + 0.01410&V»!, 4- 0.004932mxV 

- 0.011721V - 0.006683V»2 + 0 . 0 0 0 5 0 1 V V 

- O . O O I O ^ V , (8) 

for the system aABA-sucrose-water. 
The activity coefficients of glygly in binary solution 

and in ternary solutions containing several concentra­
tions of sucrose are given in Fig. 1 and the activity 
coefficients of aABA in binary and in ternary solutions 
in Fig. 2. The activity coefficients of glygly and aABA 
increase with the concentration of sucrose. At lower 
concentrations, however, sucrose has a different effect 
on the activity coefficients of glygly and aABA. As 
shown in Fig. 1, when sucrose concentration is lower 
than 2 mol k g - 1 glygly is salted-in by sucrose, but at 
higher concentrations of both glygly ( > 1 mol kg - 1 ) 
and sucrose ( > 2 m o l k g - 1 ) sating-out predominates. 
The activity coefficient of aABA increases for all the 

Fig. 1. Activity coefficients of glycylglycine in sucrose 
solutions: , in water; , in sucrose solutions 
at several concentrations of sucrose. The concentra­
tions of sucrose (mol kg"1) : 1, 1.0; 2, 2.0; 3, 3.0; 
4, 4.0; 5, 5.0. 

£ 

1.0 

1.5 

1.4 

1.3 

1.2 

1.1 

1 n 

• \ \ \ 

^ - - 4 

3 , 

2 - - ' ' 

" - - " " ^ , . . . 

0.5 1.0 1.5 

Fig. 2. Activity coefficients of a-aminobutyric acid in 
sucroes solutions: , in water; , in sucrose 
solutions at several concentrations of sucrose. The 
concentrations of sucrose (mol kg-1) : 1, 1.0; 2, 2.0; 
3, 3.0; 4, 4.0. 

concentrations studied, the increasing effect being 
greater at lower concentration of aABA. 

D i s c u s s i o n 

From the isopiestic data , the excess free energy of 
mixing per kilogram of solvent, zlmGtx, can be calcul­
ated. AmG7 for a mixture of two solutions of non-
electrolytes A (concentration V and B (m2) is given 
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TABLE 3. FREE ENERGY EFFEOTS OF PAIRWISE AND TRIPLET INTERACTIONS 

[Vol. 50, No. 5 

B (AB}ga) 
J mol-» kg 

{AAB}g 
J mol"3 kg2 

{ABB}g 
J mol -3 kg2 

a-Aminobutyric acid 
Glycylglycine 
a-Aminobutyric acid 
Glycylglycine 
Sucrose 

Sucrose 
Sucrose 
Urea 
Urea 
Urea 

160 
- 9 6 
-54b> 

-123b> 
- 1 5 5 

- 8 5 
14 
0.13 

41 
7.5 

- 6 . 6 
44 

2.1 
4.0 
6.2 

a) {AB}g is (2.303RT) times the "limiting interaction coefficients" which is defined by Schrier and Robinson19* 
as a measure of the mutual interaction of the solutes (and the solvent) free of the contribution from concentra­
tion dependent terms, b) Lilley and Scott20) obtained the values, —35 and —119 (J mol -2 kg), for aABA-urea 
and glygly-urea, respectively. 

by Cassel and Wood17) as follows: 

AmG™/RT = (Hh-rWIj^mix - m ^ i - ?«202 

= [2{AB}gWlm2 + 6{AAB}gmi
2m2 

+ 6{ABB}smim2* + -]/RT, (9) 

where ^ m i x is the osmotic coefficient of a ternary solu­
tion, the species in brackets denoting the particles in­
teracting, and subscript g the free energy of interaction. 
T h e values of the pairwise and triplet interactions cal­
culated by Eq. 9 are given in Table 3, together with 
values for the systems aABA-urea-water,1 8) glygly-urea-
water,9) and sucrose-urea-water.12) Using an expres­
sion17) similar to Eq. 9 and the data for binary solutions, 
the pairwise interactions for binary solutions of aABA,14) 
glygly,14) sucrose15) and urea12) are calculated to be 62, 
— 660, 180 and —110 (J mol-2kg), respectively. 

Pairwise and triplet interactions formally depend only 
on the solute species, but they are affected by the in­
teractions with the solvent water as Schrier and Robin­
son19) pointed out. 

I t is interesting to classify the pairwise interactions 
by the effect of these solutes on water structure. 
Walrafen21) showed from R a m a n spectral measurements 
that sucrose has a structure promoting effect on water. 
Taylor and Rowlinson22) measured the heat of dilution 
of sucrose in water and concluded that strong hydrogen 
bonding exists between sucrose and surrounding water 
molecules. The self diffusion coefficients of water in 
aqueous solutions of glygly and aABA were measured 
at 25—50 °G by Altunina et al.23) Glygly and aABA 
decrease the activation energy of self diffusion of water. 
On the other hand, the structure-making solutes cause 
the water near them to be more ice-like than normal ; 
the melting of such a structure requires greater energy 
with the result that such solutes give rise to positive 
excess partial molal heat capacities.24 '25) Spink and 
Wadsö26) measured the heat capacities of solid aABA 
and aqueous solution of the amino acid at 25 °C and 
also enthalpies of solution at several temperatures. 
By both direct and indirect measurements they deter­
mined the partial molal heat capacity, C°iS and excess 
partial molal heat capacity, AC°P, of aABA, 222—226 
and 76—80 (J k _ 1 mol _ 1 ) , respectively. T h e correspond­
ing values for glygly which are determined from the 
data of heat capacity of solid,27) and of aqueous solu­
tions28) are 159 and - 4 . 6 (J l r t n o l " 1 ) for (7°,2, and 
ACp, respectively. The N M R and calorimetric data 
for aABA are not consistent as to the effect on the water 

structure, probably because aABA is near the borderline 
of the structure-making and structure-breaking solutes. 
We believe, however, that the precise calorimetric re­
sults by Spink and Wadsö are more reliable and thus, 
aABA is considered to be a weak structure maker. 
M a n y papers have appeared on the effect of urea on 
water structure, but it is generally accepted that urea 
behaves as a structure breaker.29) 

Thus , aABA and sucrose are ranked as structure 
makers (positive hydration) and glygly and urea as 
structure breakers (negative hydration). From Table 
3, it is seen that the pairwise interactions between the 
two structure making solutes are positive (aABA -f- su­
crose, sucrose+sucrose and aABA+aABA) , and the in­
teractions between the two structure breaking solutes 
are negative (glygly+urea, glygly+glygly and urea + 
urea). For the systems containing structure-making and 
structure-breaking solutes (sucrose+urea, glygly+su­
crose and aABA + urea) , the interactions are negative. 
T h e triplet interactions have signs opposite to the pair-
wise interactions between unlike solutes in the same sys­
tems. 

T h e nature of the structure-making effect of hydro-
phylic sucrose on water structure differs from that of 
aABA having hydrophobic ethyl group, and the struc­
ture-breaking effects of glygly and urea are not the same. 
In spite of these differences, the signs of excess pairwise 
interactions entirely depend on the above classification 
by the effect on water structure. 

In order to obtain the concentration dependency of 
the interaction quantitatively, the free energy of the 
transfer is calculated. The activity coefficients of the 
amino acids in sucrose solutions measured by the iso-
piestic method are referred to unity in the standard 
state in water, and not to the standard state in a water -
sucrose solvent.30) Thus the free energy of transfer at 
constant concentration of the solute is calculated from 
the change in activity coefficients. Consequently, the 
free energy of transfer, AG t , of solute 1 from water to 
sucrose solution is given by31) 

AGt = RTIn (f Jf10), (10) 

where f10 and fx are the activity coefficients in mole 
fraction scale of solute 1 in binary and ternary sucrose 
solutions, respectively, both at the same mole fraction; 

fx and f10 are defined as before.31) 
T h e values of AGt of glygly and aABA from water 

to various concentrations of sucrose solutions are given 
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TABLE 4. FREE ENERGY OF TRANSFER (in J mol) OF 

GLYOYLGLYOINE AND a-AMINOBUTYRIG AGID FROM 

WATER TO SUOROSE SOLUTIONS 

ro10a) , . 
0.5 1.0 2.0 3.0 4.0 5.0 

Glycylglycine 
0 
0.2 
0.5 
1.0 
1.5 

0 
0.2 
0.5 
1.0 
1.5 

-44.1 
-37.4 
-20.0 
13.5 

30.2 
a-

181 
140 
106 
97.5 
111 

-40.3 
-31.3 
-2.6 

54.4 

76.7 

53.3 190 
57.5 183 
95.7 223 
178 318 
188 297 

-Aminobutyric acid 

354 
275 
210 
194 
215 

686 992 
536 791 
418 632 
388 590 
402 

a) The molality of solute 1 in a binary solution. The 
molalities in ternary solutions are slightly greater than 
ml0 as the transfer is made at constant mole fraction.31) 

in Table 4. At higher concentrations of sucrose ( > 2 
m), AGt of both glygly and aABA increases with in­
creasing concentration of sucrose, the increasing effect 
on aABA being much larger than that on glygly. T h e 
values of AGt depend differently on the concentration 
of the amino acids. AGt increases with increasing con­
centration of glygly and with decreasing concentration 
of aABA. At lower concentrations (m1 0<1.0 and m 2 < 
2.0), the sucrose solution is a more favorable solvent 
than water for glygly. T h e results indicate that the 
sucrose solution environment is much more unforable 
than water for aABA having an alkyl side chain as 
compared with glygly which has no side chain. I t 
would require much more work for alkyl groups in the 
interior of the protein to be exposed in the sucrose solu­
tion than in water, they would thus be caused by the 
sucrose solution to enter into the interior of protein, as 
Lakshimi and Nandi8) reported for amino acids with 
aromatic side chain. 

The denaturing process can be considered to involve 
a dilution process of local concentrations of amino acid 
residues in a protein. The dilution process of a solute 
is accompanied by the decrease of its chemical potential 
since the term RT In y1m1 decreases with dilution. 
While yx of glygly in a sucrose sloution increases with 
decreasing concentration more solwly than in water, y1 

of aABA increases with decreasing concentration at a 
concentration lower than 0.5 mol k g - 1 even though 
y10 decreases with decreasing concentration. (Fig. 1 
and 2). 

Klotz32) obtained values for the average molar local 
concentrations of peptide and low apolar residues (Ala 
+ V a l + Ileu + Phe) whihin molecular volume of pro­
teins (insurine, ribonuclease, ovalbumin and bovin se­
rum albumin) to be 12—13 M and 3—4 M, respec­
tively. Though the concentration range of the present 
work is lower than the values estimated by Klotz, and 
it is difficult to determine the real local concentration 
of amino acid residues at the surface of the protein 

molecules, the results suggest that the decrease in chem­
ical potential with denaturing (dilution) process is 
less in sucrose solutions than in water for apolar residues. 
When dénaturant molecules cause the loosening of the 
globular structure of the protein resulting in a contact 
of the interior hydrophobic side chains to solutions, the 
decrease in chemical potential with the subsequent ex­
tending process would become less in sucrose -j- dénatur­
ant solution than in dénaturant solution. This would 
also result in more stability of a protein molecule in a 
sucrose solution and would reduce the extent of denatu-
ration of protein molecule induced thermally or by 
dénaturants. 

The results with glygly suggest that the interaction 
of sucrose on peptide group is somewhat complicated. 
A sucrose solution is a favorable solvent for glygly at 
low concentration of sucrose, becoming unfavorable at 
higher concentration. Shifrin and Parrott7) have de­
monstrated that low concentrations of polyhydric al­
cohols (including glucose and sucrose) accelerate the 
rate of dissociation of tetrameric L-asparaginase by urea, 
and higher concentrations of polyols protect the enzyme 
against the dissociating effect of urea. T h e change in 
the effect of polyols on the protein with concentration 
might be related to the switch from salting-in to salting-
out of glygly by sucrose with increase in sucrose concen­
tration. 

The author wishes to thank Dr. Hisashi Uedaira for 
his valuable discussions. 
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Electric conductivities of the sodium salts of mono-, di-, and tri-chloroacetic acids were measured in water at 15, 
25, and 35 °G. The molar conductivities were analyzed by the Fuoss-Onsager equation to obtain the limiting mo­
bility. On the basis of the temperature dependence of the limiting mobilities, the dynamic structure of water 
around these anions was investigated by means of Samoilov's theory, Chloroacetate ions are structure maker and 
the degree of the positive hydration is in the order TCA~> acetate ion > D C A - > MCA - . From the results, it is 
shown that a competition between the different orientation of water molecules in the surroundings of-CH2Cl and 
-CHC12 groups occurs, and consequently, shown that the water molecules around DCA - and MCA - ions more 
mobile than those around T C A - and acetate ions. 

There have been many investigations on the hydration 
of aqueous solutions of organic electrolytes. T h e 
particular interest in the hydration is related to the 
interactions between water and the hydrophobic or 
ionized groups of these electrolytes. 

The study of aqueous solutions of halogenized organic 
compounds is important from both theoretical and 
biochemical point of view. For example, trifluoro-
acetic and trichloroacetic acids cause denaturation of 
proteins and nucleic acids. The systematic investiga­
tions, however, have been scarecely made. 

Robinson and Jencks1) determined the activity coef­
ficient of acetyltetraglycine ethyl ester in the presence 
of various organic electrolytes. According to their 
results, trichloroacetate ion behaves as the structure 
breaker in contrast to acetate ion. O n the other hand, 
Engel and Hertz2) showed that the trichloroacetate ion 
is structure maker by means of the measurement of 
proton relaxation rates in aqueous solutions of the 
various electrolytes. Recently, we have measured the 
turbidity of several proteins in aqueous solutions by 
some aromatic sulfonic acids and trichloroacetic acid.3) 
Only trichloroacetic acid gave a common profile for 
all of the proteins examined, i. e., the turbidity of protein 
solutions increases abruptly with increasing the con­
centration of trichloroacetic acid, and above 0.5 mol 
d m - 3 of trichloroacetic acid goes through a maximum. 
The values of maximum turbidity are similar for all 
of the protein solutions. 

I t is thought that the peculiar interaction between 
trichloroacetic acid and protein may be related to the 
nature of hydration of the precipitant. But on the 
hydration of trichloroacetate ion the above mentioned 
contradictory results are obtained. In a series of our 
studies of the effects of organic electrolytes on the 
dynamic structure of water, it was shown that the water 
structure around organic ions is affected by the in­
dividual interactions between water and the ionized, 
hydrophobic, or hydrophilic groups.4 - 7) From this 
point of view, in order to examine the interaction 
between trichloroacetate ion and water, we present 
here the electric conductivities of the sodium salts of 
mono-, di-, and trichloroacetate in water a t 15, 25 , 
and 35 °G. The dynamic structure of water around 

these anions are discussed on the basis of Samoilov's 
theory.8) 

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

Monochloroacetic and trichloroacetic acids (G. R., Wako 
Pure Chemicals) without further purification were neutralized 
with NaOH (G. R., Wako Pure Chemicals). Dichloroacetic 
acid (E. P., Wako Pure Chemicals) was once distilled before 
neutralization with NaOH. These sodium salts (NaMCA, 
NaDCA, and NaTCA) were recrystallized five times from 
ethanol for NaMCA, and from ethanol-water for NaDCA and 
NaTCA, and dried at 55 °C in vacuo over phosphorus pentoxide. 

Water was deionized, glass-distilled, and the electrolytic 
conductivity of water was about 1 X 10-8 ß - 1 cm - 1 at 25 °C. 
All the solutions were prepared by weighing and all the 
weights were corrected to those in vacuum. The molar con­
centrations of these solutions were calculated from solution 
densities. Electric conductivities of all the solutions were 
measured at 15, 25, and 35±0.001 °C. The procedure of 
the measurements of the conductivity and density are described 
elesewhere.9) 

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

T h e molar conductivities of N a M C A , NaDCA, and 
N a T C A in water at 15, 25, and 35 °C are given in 
Tables 1, 2, and 3, respectively. T h e limiting molar 
conductivities of salts, A0, were determined by the 
Fuoss-Onsager equat ion/ 0 ) 

.A = A° - SV~~c + Ec log c + Jc, (1) 

where c is a molar concentration and the other symbols 
are defined in Ref. 10. The plots of molar conductiv­
ities vs. c1/2 at 25 °C are shown in Fig. 1, where the 
solid lines were calculated from Eq. 1. 

The A+ (Na+) used to calculate X- from the Kohlraush 
rule were obtained from the literature.11) The tem­
perature dependence of A- for MCA~, D C A - , and 
T C A - ions are shown in Fig. 2-

According to Samoilov,8 '12) the dynamic structure of 
water around an ion is described by the quantities 
TJ/TO and AEi} and the following relation; approxi­
mately holds between these quantities : 

TtfT0 = exp (AEJRT), (2) 
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TABLE 1. MOLAR OONDUOTIVITIES OF SODIUM MONOQHLOROAQETATE IN WATER AS~FUNOTION OF TEMPERATURE 

c 
(mol m - 3) 

0 
0.09446 
0.20032 
0.35782 
0.55623 
0.80029 
1.10141 
1.43009 
2.21919 
3.36991 
4.37920 
5.66748 

TABLE 2. 

c 
(mol m - 3) 

0 
0.20595 
0.35868 
0.55703 
0.80286 
1.09032 
1.42231 
2.22863 
3.20101 
4.38957 

TABLE 3. 

c 
(mol m - 1) 

0 
0.08473 
0.18446 
0.33866 
0.52955 
0.76237 
1.03783 
1.35270 
2.11642 
2.98928 
4.15373 
5.38978 

15 °G 

A 
(cm2 f i 1 mol"1) 

71.53 
70.62 
70.64 
70.43 
70.20 
70.04 
69.69 
69.63 
68.98 
68.55 
68.26 
67.82 

MOLAR CONDUCTIVITIES 

15 °C 

A 
(cm2 D,-1 mol 1 ) 

69.55 
68.61 
68.36 
68.11 
67.83 
67.61 
67.33 
66.82 
66.32 
65.80 

MOLAR aoNDuorivrnEs 

15 °C 

(cm 
A 

t2 O" 1 moi-1) 

67.39 
66.83 
66.82 
66.26 
65.92 
65.73 
65.51 
65.29 
64.94 
64.33 
63.91 
63.44 

c 
(mol m - 3) 

0 
0.18868 
0.38206 
0.55420 
0.80334 
1.08936 
1.42188 
2,22546 
3.04732 
4.43901 
5.93186 

25 

,-

°G 

A 
(cm2 f l 1 mol-1) 

90.27 
89.05 
88.83 
88.34 
88.11 
87.66 
87.59 
86.88 
86.66 
85.97 
85.26 

OF SODIUM DIOHLOROAOETATE IN WATER 

C 

(mol m -3) 

0 
0.19990 
0.35322 
0.55505 
0.82304 
1.08632 
1.40913 
2.221578 
2.88883 
4.36259 

25 °G 

A 
(cm2 f i 1 mol-1) 

88.27 
87.09 
86.72 
86.50 
86.13 
85.79 
85.39 
84.72 
84.23 
83.30 

OF SODIUM TRiaHLOROAQETATE IN WATER 

C 

(mol m~3) 

0 
0.19128 
0.33988 
0.53254 
0.75835 
1.04199 
1.32992 
2.12819 
2.87635 
3.93795 
5.15951 

25 °G 

A 
(cm2 O" 1 mol-1) 

85.76 
84.27 
84.30 
83.90 
83.67 
83.29 
82.94 
82.30 
81.68 
81.03 
80.49 

c 
(mol m -3) 

0 
0.19857 
0.35304 
0.55159 
0.79823 
1.08461 
1.41036 
2.19660 
3.18045 

35 °G 

(cir 
A 

L2 O - 1 mol"1) 

111.80 
110.44 
109.85 
109.83 
109.35 
108.91 
108.41 
107.83 
107.08 

AS FUNOTION OF TEMPERATURE 

C 

(mol m -3) 

0 
0.29099 
0.47540 
0.73606 
1.06371 
1.45131 
1.90373 
2.94811 
4.20935 

35 °C 

(cm 
A 

t2 a 1 mol-1) 

108.97 
107.10 
106.63 
106.31 
105.76 
104.97 
104.65 
103.85 
102.88 

AS FUNOTION OF TEMPERATURE 

C 

(mol m -3) 

0 
0.19092 
0.33748 
0.52748 
0.76188 
1.03524 
1.35195 
1.97345 
3.04430 

35 °G 

(cm 
A 

2 O - 1 mol"1) 

106.33 
105.02 
104.33 
103.68 
103.21 
102.74 
102.14 
101.54 
100.52 

where TX and T0 are the mean residence times of a 
water molecule in the immediate neighbourhood of 
the ion in an aqueous solution and in the immediate 
vicinity of a water molecule in pure water, respec­
tively. AEi is the difference of the activation energies 
for the removal of a water molecule from the immediate 

neighbourhoods of the ion and the water molecule. 
T h e value of AEL is obtained from the temperature 

dependence of the limiting mobility of the ion. One 
of the authors (H. U.) together with Uedaira4) obtained 
the following equation for organic ions and molecules 
by extending the Samoilov's equation,8) which holds 
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0 2 4 6 
«V»/(mol m-3)1/* 

Fig. 1. Electric conductivities of NaMCA, NaDCA, 
and NaTCA in water at 25 °G. 
— # — NaMCA, — 3 — NaDCA, — Q— NaTCA. 

i 
o 

3.2 3.3 3.4 3.5 
r - 1 10-3/(degree) 

Fig. 2. Temperature dependence of limiting mobilities 
of MCA-, DCA-, and TCA~ ions. 
— # — MCA-, — 3 — DCA-, —O— TCA-. 

for inorganic ions; 

1 dXl J _ 
_4~ ~T + J_ dDw AEt 

(3) 
A° d r r Dy, dT RT* ' 

where D^ is the self-diffusion coefficient of pure water. 
AEi consists of two terms, 

A£i = AEt + AE2, (4) 

where AE± and AE2 represent the effects of the ionized 
and the hydrophobic groups on the thermal motion 
of water molecule around the organic ion, respectively. 
In general, AE2 represents the effect of any group except 
the ionized group. 

TABLE 4. T H E VALUES OF A-EI AND T^T,, FOR MONO-, 

DI-, AND TRIOHLOROADETATE IONS AT 2 5 ° C 

Ions r(10-10m) A£i(J/mol) * l /*0 

MCA-
DCA-
TCA-

2.41 
2.54 
2.67 

285 
582 

1247 

1.12 
1.26 
1.65 

From the results of Fig. 2 and the self-diffusion 
coefficient of water,13) the values of A ^ and TJT0 

for M C A " , DCA", and TCA~ ions at 25 °C were cal­
culated by the Eqs. 2 and 3. The calculated results 
and the ionic radii estimated by the Pauling model14) 
are presented in Table 4. The values of A-Ej and 
rjr0 for M C A - , D C A - , TCA~, and acetate ions4) 
are shown in Fig. 3 as a function of the ionic radius. 

I t is seen from Table 4 that the residence times of 
a water molecule around M C A - , D C A - , and TCA~ 
ions are larger than that in pure water. T h a t is to 
say, these anions are structure maker, and the structure 
making effect increases with an increase in the number 
of the chlorine atom. 

As the result of the molecular motion, a water mole­
cule change very rapidly its position and the momentary 
configurations between individual molecules. If the 
residence time of a water molecule in the hydration 
sphere of an ion is longer than that in pure water, 
also its reorientational time in the hydration sphere 
is longer than that in pure water. Hertz and Zeidler15) 
showed that the residence time of the water molecule 
in the hydration sphere, Ti} must be approximately 
equal to the reorientational correlation time. This 
concept was confirmed in the case of inorganic16) and 
organic ions.4) Engel and Hertz2) obtained the value 
of 1.7, as the ratio of the reorientational correlation 
time in the hydration sphere to that in pure water 

2.2 2.4 2.6 2.8 
Ionic radius 10-10/(m) 

Fig. 3. The values of A-Ei and ri/r0 of acetate, MCA~, 
DCA-, and TCA~ ions. 
— # — AEl} —O— *i/r0. 
A; acetate ion, B; MCA~, C; DCA-, D; TCA~. 
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for T C A - ion at 25 °C. Their result coincides very 
good with the result of Table 4. 

From Fig. 3 one sees that Aii, and TJTQ for acetate 
ion are larger than those for M C A - and D C A - ions. 
Since AEl and rljr0 are the characteristic quantities of 
the hydration at infinite dilution, the difference in AEL 

among acetate and chloroacetate ions is attributed to 
the difference in AE2 in Eq. 4. Consequently, the 
thermal motion of the water molecule around - C H 3 

group is slower than those around -CH 2 C1 and - C H C 1 2 

groups. 
T h e possible explanation for this result is made as 

follows. At present, it is not yet clear what kind of 
water structure is formed around the alkyl groups 
in water. According to Wen,17) there are two pos­
sibilities: ice-like and gashydrate-like types. T h e 
water molecule in the vicinity of the chlorine a tom 
of M C A - , D C A - , and T C A - ions may turn its proton 
preferentially towards the chlorine atom during the 
residence in the hydration sphere. This orientation 
is different from that of the water molecule around 
- C H 3 group. In the surroundings of -CH 2 C1 and 
- C H C 1 2 groups, therefore, a competition between the 
different orientatins of water molecules occurs, and 
on account of this competitive action the water structure 
around these two groups may be in a state more dis­
turbed than those around - C H 3 and - C C 1 3 groups. As 
a result, the thermal motion of the water molecules 
around -CH 2 C1 and - C H C 1 2 groups are faster than 
those around - C H 3 and - C C 1 3 groups. Taking ac­
count of the fact that AEt of T C A - ion is larger than 
that of acetate ion, the thermal motion of water molecule 
around -CH 2 C1 group is most vigorous (see Fig. 3).' 

If T C A - ion and a compound with the hydrophobic' 
group coexist in an aqueous solution, the water structure 
around the hydrophobic group may be disturbed by 
- C C 1 3 group. T h a t is, T C A - ion behaves like a 
structure breaker and the hydrophobic compound is 
sal ted-in by T C A - ion. T h e result of Robinson and 
Jencks1) is accounted in this manner. 

Both T C A " and acetate ions are structure maker, 
but the water structure around them is very different 
from each other. Probably, the chlorine atom does 
not from the hydrogen bond with the water molecule, 
taking account of the values of TJ/T0. Actually, 
Walrafen18) found no evidence of the presence of the 
hydrogen bond between the water molecule and the 
chlorine atom by the measurement of R a m a n spectra 
of aqueous solution of NaTCA. 

I t is interesting to compare the dynamic structure 
of water around the chloro and methyl substituent 
groups of the protons in the methyl group of an acetate 
ion, since the van der Waals volume of the chlorine 
atom is equal to that of the methyl group. T h e limiting 
mobility is inversely proportional to both the ionic 
radius and the microviscosity of water around the ion, 
which depends on the water structure.19) M C A - , 
D C A - , and T C A - ions have the same volumes as 
propionate, isobutyrate, and trimethyl acetate ions, 
respectively. Therefore, the difference of the limiting 

mobilities of the ions can be ascribed in the difference 
in water structure around the ions. The limiting 
mobilities of propionate, isobutyrate, and trimethyl 
acetate ions at 25 °C are 35.82,20) 24, and 2 3 4 ) 0 - 1 cm2 

mol - 1 , respectively. 
From the values of the limiting mobilities, it is 

found that the microviscosities of water around M C A - , 
D C A - , and T C A - ions are smaller than those around 
the corresponding methyl substituents of the acetate 
ion. Thus, the degree of the structure making effect 
of the chloroacetate ions is lower than that of the 
corresponding methyl substituents. Recently, we found 
that the degree of hydrophobic hydration of isobutyrate 
and trimethyl acetate ions is very strong.4) These 
results support the existence of the competition between 
the different orientations of water molecules around 
-CH 2 C1 and - C H C 1 2 groups. 

The authors wish to acknowledge the helpful discus­
sions and criticisms extended by Dr. Hatsuho Uedaira. 
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Microwave Spectrum, Dipole Moment, Structure, and Internal Motion 
of 1-Silabicyclo [2.2.1] heptane 
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The rotational constants of 1-silabicyclo[2.2.1]heptane in the ground vibrational state were determined to be 
^0=2744.775 (2) MHz, £„=2662.017 (2) MHz, and C0=2145.994 (2) MHz, with the standard deviations in paren­
theses. Because the spectrum was very rich, the Stark effects of two transitions were analyzed by a simulation 
technique. The dipole moments thus obtained are / / b=0.5±0.1 D, /fc=0.05±0.01 D, and / / t=0.5±0.1 D. 
The observed spectra did not exhibit any anomalies which were due to deviations of the molecular symmetry from 
Gs. Three structural parameters, Si-C(7), ZC(2)-Si-C(6), and ZSi-G(2)-G(3), were adjusted so as to reproduce 
the rotational constants observed for the ground state. The Si-C(7) bond was found to be longer than Si-C(2) 
by 0.07 Â. Two vibrational satellites were detected and were assigned to the v= 1 and the v=2 states of a torsional 
mode of the skeleton. A relative-intensity measurement resulted in the excitation energies of 70±25 cm - 1 and 
160±60 cm - 1 for z;= 1 and v—2, respectively. The molecular structure and the internal motions were discussed in 
terms of intramolecular forces. 

Bicyclic compounds are often characterized by highly 
strained structures of their skeletons, which involve 
three-, four-, and/or five-membered rings in most cases. 
Because two or more such rings are condensed to 
constitute the skeleton of a bicyclic molecule, new 
aspects are often introduced in the resultant structure. 
Bicyclo[2.2.2]octane, for example, has cyclohexane rings 
as constituents, and may thus be free from the strain of 
the valence angles. However the cyclohexane rings 
are forced to be of the boat form in the bicyclo [2.2.2]-
octane molecule, rather than of the more stable chair 
form. T h e conformation about the three C-G bonds 
is thus eclipsed, provided that the molecular symmetry 
is D8hr. We might, however, expect additional lowering 
in energy by twisting slightly the skeleton about the 
symmetry axis. In fact, we have shown in our previons 
papers3»4) that simple derivatives of bicyclo[2.2.2]-
octane have a double-minimum potential function to 
the torsion of the skeleton and the height of the poten­
tial barrier which is sensitive to the substituents is 
explained by balance of two forces due to the valence-
angle strain and to the internal-rotation potential. 

Bicyclo[2.2.1]heptane or norbornane is obtained by 
replacing one of the three ethylene bridges by a methyl­
ene bridge. We have thus here two C-C bonds with 
unstable conformation. Furthermore, the methylene 
bridge which is introduced will cause considerable 
strain in the molecular skeleton. These two facts 
will thus favor the G2v symmetry much higher than 
G2 or the twisted form. In fact, electron-diffraction 
data on norbornane5) are consistent with C2 v . Un­
fortunately this molecule has too small dipole moment 
to observe its microwave spectrum. In the present 
work we investigated the 1-silabicyclo[2.2.1]heptane 
molecule by microwave spectroscopy. 

Exper imenta l 

A sample of 1-silabicyclo[2.2.1]heptane was prepared by 
a procedure described in Ref. 6. It is a white crystalline 
solid with mp of 75 °C. ^Because this compound sublimes 
easily, the sample was purified by sublimation before use. 
However, the vapor pressure permitted observation of the 

microwave spectrum only at room temperature or higher. The 
microwave spectrometer which was used was of conventional 
Stark-modulation type with a 110 kHz sine-wave or square-
wave oscillator as a modulator. 

Rotat iona l Spectra 

By transferring appropriate structure parameters from 
norbornane,5) dimethylsilane,7) and trimethylsilane8) we 
calculated the rotational constants of 1-silabicyclo-
[2.2.1]heptane on an assumption of Ga symmetry. 
Bond-moment consideration indicated that the b com­
ponent of the dipole moment was much larger than 
the c component, while the a component was zero 
because of symmetry (see Fig. 1, where the heavy 
atoms are given numbers for identification). 

We first searched the spectra in the 20—30 GHz 
region. We observed a number of lines with nearly 
firstrorder Stark effects, which we subsequently assigned 
to the ô-type Q^-branches of high J and high K+1. 
Figure 2 shows a portion of the observed spectra, 
which are assigned to 7if+1=20<-21. Because the 
members of the series are weak in the limit of J=K+1, 
it is difficult to determine the J numbers unambig­
uously. We therefore searched the 6-type R branches 
in higher-frequency region, where the R branches 

Fig. 1. l-Silabicyclo[2.2.1]heptane. The heavy atoms 
are given numbers for identification. 
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T A B L E 1. OBSERVED FREQUENCIES OF I-SILABIOYCILO[2.2.1]HEPTANE 

IN THE GROUND STATE ( M H Z ) 

Transition11) 

8, 8—7, 7 
8, 7-7, 6 
8, 2, 6-7, 3, 
8, 3, 6-7, 2, 
8, 8, 0-7, 7, 
8, 8, 1-7, 7, 
8, 7, 1-7, 6, 
9, 9—8, 8 
9, 8—8, 7 
9, 2, 7-8, 3, 
9, 3, 7-8, 2, 
9, 3, 6-8, 4, 
9, 4, 6-8, 3, 
9, 4, 5-8, 5, 
9, 5, 5—8, 4, 
9, 5, 4-8, 6, 
9, 6, 4-8, 5, 
9, 7, 3-8, 6, 
9, 8, 2-8, 7, 
10, 10—9, 9 
10, 9—9, 8 
10, 8—9, 7 
10, 3, 7-9, 4, 
10, 4, 7-9, 3, 
10, 4, 6-9, 5, 
10, 5, 6-9, 4, 
10, 10, 0—9, S 
10, 10, 1—9, 9 
10, 9, 2-9, 8, 
10, 9, 1-9, 8, 
10, 8, 2-9, 7, 
10, 8, 3-9, 7, 
11, 11 — 10, 10 
11, 10—10, 9 

11, 9—10, 8 

11, 4, 7—10, 5 
11, 5, 7—10, 4 

11, 6, 6—10, 5 

11, 5, 6—10, 6 
11, 6, 5—10, 7 
11, 7, 5—10, 6 
11, 7, 4—10, 8 
11, 8, 4—10, 7 
11, 9, 3—10, 8 
11, 11, 1—10, 
11, 11, 0—10, 
11, 10, 2—10, ! 
11, 10, 1 — 10, ! 

11, 9, 2-10, 8; 
11, 8, 3—10, 7; 
12, 12—11, 11 
12, 11—11, 10 
12, 10-11, 9 
12, 9—11, 8 

12, 4, 8-11, 5, 
12, 5, 8-11, 4, 

l\ 
1 
0 
2 

t\ 
l\ 
4 
4 
3 
3 
2 
1 

§ 
5 
5 

», 1 
', o 
1 
2 
3 
2 

, er 
, 5 

, 5 
, 4 
, 4. 
, 3 
, 3 
, 2 
10, 0 
10, 1 

9, 1 
9, 2 
, 3 
, 4 

, 7i 

34 
36 

37 

43 
43 
43 
39 
40 

41 

42 

43 
43 
44 
44 
46 
48 
43 
44 
45 

46 

47 
47 
54 
54 
53 
54 
55 
52 
47 
48 
49 

52 

53 
53 
54 
54 
55 
56 
58 
60 
60 
59 
59 
60 
62 
52 
53 
54 
55 

56 

Obsd. 

891.37 
003.37 

116.18 

739.89 
641.89 
873.25 

183.31 
295.20 

407.60 

522.20 

634.58 
653.92 
645.12 
943.67 
682.80 
303.08 

475.00 
586.95 
699.12 

812.66 

929.00 
931.19 
685.26 

654.92 
923.86 
507.37 
379.70 
386.10 

766.78 
878.63 

990.78 

218.93 

344.12 
337.94 

429.43 
542.58 
174.74 
142.70 
111.44 
151.39 
167.75 
515.76 
889.97 
510.81 

279.29 

058.27 
170.30 
282.27 
394.80 

509.07 

Ab> 
-0.04 
0.00 
0.02 

-0.12 

-0.02 
-0.03 
-0.01 

0.07 
0.06 

0.00 
-0.01 
0.36 

-0.22 

-0.01 

-0.02 
-0.01 

0.02 
-0.00 
-0,01 

-0.03 
0.06 

-0.02 
0.03 

-0.01 
-0.05 
0.10 

-0.03 

0.03 
-0.01 
-0.01 
0.05 

-0.00 

0.01 
0.01 
0.05 

0.04 
-0.14 

0.07 
-0.04 
-0.01 
0.04 

o.'ot 
-0.01 
-0.04 
0.07 
0.07 
0.03 

-0.03 
0.15 

-0.06 

-0.20 
-0.01 
-0.07 
-0.Î6 

-0.02 
-0.04 

Transition*1) 

21, 19—21, 20 
22, 19—22, 20 
23, 19—23, 20 
24, 19—24, 20 

25, 19—25, 20 

26, 19—26, 20 
27, 19—27, 20 
28, 19—28, 20 

21, 20—21, 21 
22, 20—22, 21 
23, 20—23, 21 
24, 20—24, 21 
25, 20—25, 21 
26, 20—26, 21 
27, 20—27, 21 
28, 20—28, 21 
29, 20—29, 21 
30, 20—30, 21 
31, 20—31, 21 
32, 20—32, 21 
33, 20-33, 21 
34, 20—34, 21 
35, 20—35, 21 
36, 20—36, 21 
37, 20—37, 21 
38, 20—38, 21 
39, 20—39, 21 
40, 20—40, 21 
41, 20—41, 21 

23, 21—23, 22 
24, 21—24, 22 
25, 21—25, 25 
26, 21—26, 22 
27, 21—27, 22 
28, 21—28, 22 
29, 21—29, 22 
30, 21—30, 22 
31, 21—31, 22 
32, 21—32, 22 
33, 21—33, 22 
34, 21—34, 22 
35, 21—35, 22 

23, 22—23, 23 
24, 22—24, 23 

25, 22—25, 23 
26, 22—26, 23 
27, 22—27, 23 
28, 22—28, 23 

29, 22—29, 23 
30, 22—30, 23 
31, 22—31, 23 
32, 22—32, 23 
33, 22—33, 23 
34, 22—34, 23 
35, 22—35, 23 

21 
21 
21 
21 
21 
21 
21 
21 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
25 
25 
25 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

Obsd. 

671.60 
666.90 
660.95 
654.44 

647.07 

639.25 

630.21 
620.06 

788.34 
783.50 
778.52 
772.87 
766.53 
759.43 
751.50 

742.80 
733.11 
722.56 

710.94 
698.14 
684.13 
668.96 
652.25 

634.13 
614.70 
593.59 
570.75 
546.08 
519.42 

895.59 
890.47 
884.97 
878.59 
871.60 
863.89 
855.44 
845.90 

835.72 
824.56 
812.14 

799.05 
784.38 

012.15 
007.65 
002.55 
996.78 
990.47 
983.80 

976.08 
967.62 
958.55 
948.68 
937.88 
925.96 
913.44 

Ab) 

-0.15 
0.22 
0.01 

-0.04 
-0.16 

0.11 
0.08 

-0.08 

0.19 
-0.16 
-0.08 
-0.04 

-0.02 
-0.02 
-0.06 

-0.02 
-0.06 
0.01 
0.07 
0.06 
0.02 
0.10 

-0.02 
-0.12 
-0.01 
0.03 
0.04 
0.03 

-0.07 

0.01 
-0.05 
0.10 
0.01 

-0.00 
0.00 
0.07 

-0.11 

-0.02 
0.05 

-0.10 
0.17 
0.03 

0.09 
0.14 
0.10 

-0.04 

-0.12 
0.09 

-0.05 
-0.19 
-0.14 
-0.05 

0.02 
-0.08 
0.23 
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Transition11) 

12, 5, 7—11, 6, 6 
12, 6, 7—11, 5, 6 
12, 7, 6—11, 6, 5 
12, 6, 6—11, 7, 5 
12, 7, 5 - 1 1 , 8, 4 
12, 12, 1—11, 11, 0 
12, 12, 0—11, 11, 1 
12, 11, 2—11, 10, 1 
12, 11, 1—11, 10, 2 
12, 10, 3—11, 9, 2 
12, 9, 4—11, 8, 3 
12, 8, 5 - 1 1 , 7, 4 
12, 8, 4—11, 9, 3 
13, 13—12, 12 
13, 12—12, 11 
13, 11—12, 10 
13, 10—12, 9 

a) J',K+X'-J", K+1" 
transitions, b) Obsd-

57 
57 
58 
58 
59 
65 
65 
65 
65 
63 
61 
60 
60 
56 
57 
58 
59 

for the 
-Calcd. 

Microwave Spectrum 

Obsd. 

626.82 
627.52 
764.23 
748.06 
804.40 
644.36 
653.19 
077.92 
307.95 
841.73 
839.44 
037.59 
304.52 
350.24 
461.88 
574.10 
686.38 

degenerate 

TABLE 

Ab) 

- 0 . 0 2 
0.07 
0.05 

- 0 . 1 0 
0.07 

- 0 . 0 5 
0.10 

- 0 . 0 2 
- 0 . 1 6 

0.03 
0.03 
0.05 

- 0 . 0 8 
0.13 

- 0 . 0 7 
0.18 
0.05 

of l-Silabicyclo[2.2.1]heptane 

1. (Continued) 

Transition*) 

13, 9—12, 8 
13, 5, 8—12, 
13, 6, 8—12, 
13, 6, 7 - 1 2 , 
13, 7, 7 - 1 2 , 
13, 8, 6—12, 
13, 7, 6—12, 
13, 8, 5—12, 
13, 9, 5—12, 
13, 9, 4 - 1 2 , 
14, 14—13, U 

6, 71 
5, 7f 
7, 6 
6, 6 
7, 5 
8, 5 
9, 4 
8, 4 
10, 3 

1 
14, 13—13, 12 
14, 12—13, 11 
14, 11 — 13, 1C 
14, 10—13, 9 
15, 15—14, 14 

transitions and J', K-^ K+i'—J" 
The calculated frequt mcies are obtained usin 

) 

[ 

K-i"> 

60 

61 

63 
63 
64 
64 
65 
65 
65 
60 
61 
62 
63 
65 
64 

K+1" for 

Obsd. 

799.67 

915.75 

036.99 
038.76 
196.21 
157,92 
146.46 
587.20 
311.59 
641.76 
753.55 
865.44 
977.70 
090.80 
933.20 

the non 

1311 

Ab> 

- 0 . 1 2 
0.03 

- 0 . 0 2 
0.05 

- 0 . 0 0 
0.02 

- 0 . 0 7 
- 0 . 1 0 

0.02 
0.06 
0.07 
0.02 

- 0 . 0 3 
- 0 . 0 3 

0.05 
- 0 . 0 2 

-degenerate 
g the constants listed in Table 2. 

% 

35 

25 

62 

J 

22 

21 

30 

IM LÀ |v 4 u 
2 2 6 

I 
I 
I 

1 1 
| 35 

30 j 

r 
K 

V-2 

• = 20 — 21 

61 

Fig. 2. A part of the è-type Q-branch spectra of 1-
silabicyclo[2.2.1]heptane, recorded at room tempera­
ture with the AG modulation field of 20—40 V/cm 
superposed on the DC Stark field of 160—200 V/cm 
and with the time constant of 0.4 s. 

were stronger than the CL branches. T h e R branches of 
K+i=J w e r e degenerate and showed the first-order 
Stark effects. We observed peculiar lineshapes for 
transitions with small Ä"-type splittings, that is, stronger 
Stark components between weaker zero-field doublets. 
This is due to Stark mixing of the K doublets, which 
induces forbidden transitions at finite Stark fields. 
Table 1 lists the observed frequencies of the assigned 
transitions, which we analyzed by a least-squares 
method taking into account the centrifugal distortion 
effects to the first order. In addition to those given 
in Table 1 we also observed the following transitions, 
but did not include them in a least-squares analysis; 
d branches of K+1= 19*-20, J=29—44, of # + 1 = 
20*-21, 7 = 4 2 — 6 2 , of X + 1 = 2 1 « - 2 2 , 7 = 3 6 — 6 7 , of 
iC+ 1=22<-23, 7 = 3 6 — 7 1 , of JT+1.=23*-24^ J = 4 8 — 

TABLE 2. ROTATIONAL OONSTANTS AND OENTRIFUGAL 

DISTORTION OONSTANTS OF 1-SILABIOYOLO [ 2 . 2 . 1 ] -

HEPTANE ( M H z ) a > 

Constant G. S. v=l v = 2 

A 
B 
C 

^aaaa 
Tbbbb 
Tcccc 
Tbbcc 

Taacc 

2744.775 (2) 
2662.017 (2) 
2145.994 (2) 

-0.00116 (4) 
-0.00075 (3) 
-0.00075 (2) 
0.0141 (3) 

-0.0178 (4) 

2745.94 (2) 
2662.79 (2) 
2148.779 (3) 

-0.0008 (4) 
-0.0007 (2) 
-0.00078 (4) 
0.016 (4) 

-0.020 (5) 

2746.88 (5) 
2663.59 (6) 
2150.931 (6) 

-0.0032 (7) 
-0.0020 (4) 
-0.00060 (6) 
-0.014 (9) 
0.02 (1) 

a) Values in parentheses denote the standard deviations 
and apply to the last digits of the constants. The 
Taabb constant is fixed to zero. 

75, of K+1=27*-2Q, 7 = 2 9 — 3 2 , of K+1=52*-53, 
y = 5 4 — 8 3 , of K+1=54*-55, 7 = 6 6 — 8 0 , and of 
-K+i=55«-56, 7 = 5 7 — 8 3 , and four R branches, 

and 5 '24^^"Ti3J î4^_"T235 v^05^"Ti45 .«a"1-1 ^i5^"404 (the latter 
two are degenerate). Table 2 lists the rotational 
constants and the centrifugal distortion constants which 
are thus derived. We set arbitrarily the Taabb con­
stant to be zero. The transition frequencies which 
are calculated using the constants of Table 2 are 
compared with the observed frequencies in Table 1. 

In addition to the ground-state spectra we observed 
two prominent sets of the vibrational satellites. Based 
on the frequency shifts from the ground-state spectra 
and on the relative intensities, which are observed, 
we assigned these two to the first and the second excited 
states of the lowest normal mode, probably the skeletal 
torsion. We listed the observed transitions in Table 3, 
and the rotational constants and the centrifugal dis­
tortion constants, which were derived by a least-
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T A B L E 3. OBSERVED FREQUENCIES OF I-SILABIOYOLO[2.2 .1]HEPTANE IN THE 

EXOITED VIBRATIONAL STATES ( M H Z ) 

y - 1 0 = 2 
Transition*1) ~ -. , ~ , 

Obsd Ab> Öbsd A b ) 

24, 20—24, 21 
25, 20—25, 21 
26, 20—26, 21 

27, 20—27, 21 
28, 20—28, 21 
29, 20—29, 21 
30, 20—30, 21 
31, 20—31, 21 
32, 20—32, 21 
33, 20—33, 21 
34, 20—34, 21 
35, 20—35, 21 
36, 20—36, 21 
37, 20—37, 21 
38, 20—38, 21 
39, 20—39, 21 
40, 20—40, 21 
41, 20—41, 21 
42, 20—42, 21 
43, 20—43, 21 
44, 20—44, 21 
45, 20—45, 21 
46, 20—46, 21 
48, 20—48, 21 
10, 10—9, 9 
10, 9—9, 8 
10, 8—9, 7 
10, 3, 7-9, 4, 
10, 4, 7-9, 3, 
10, 4, 6-9, 5, 
10, 5, 6-9, 4, 
10, 6, 5-9, 5, 
10, 5, 5-9, 6, 
11, 11 — 10, 10 
11, 10—10, 9 
11, 9—10, 8 
11, 8—10, 7 
11, 4, 7-10, 5, 
11, 5, 7-10, 4, 
11, 5, 6-Î0, 6, 
11, 6, 6—10, 5, 
11, 7, 5-10, 6, 
11, 6, 5-10, 7, 

12, 12—11, 11 
12, 11—11, 10 

12, 10—11, 9 
12, 9—11, 8 
12, 4, 8-11, 5, 
12, 5, 8—11, 4, 
12, 5, 7-11, 6, 
12, 6, 7-11, 5, 
12, 6, 6-11, 7, 
12, 7, 6—11, 6, 
12, 7, 5-11, 8, 
12, 8, 5-11, 7, 

% 
5 
5 
4 
4 

% 
5 
5 
4 
4 

6 
6 
5 
5 
4 
4 

22 
22 
22 
22 
22 
22 
22 

22 
22 
22 
22 
22 
22 
22 
22 
22 
22 

22 
43 
44 
45 

46 

47 
47 
49 
49 
47 
48 
50 

52 

53 
53 
54 
54 

52 
53 
54 
55 

56 

57 
57 

58 
58 
59 
60 

647.50 
635.76 
622.82 
608.84 

593.52 
576.74 
558.60 

538.80 
517.46 
494.40 
469.62 
442.42 
413.82 
382,80 
349.26 
313.50 
275.26 
190.24 
528.93 

637.02 
745.61 

855.52 

968.46 

970.47 
122.58 
071.52 

826.21 
934.39 
042.82 

263.81 

379.06 
385.34 
582.51 
466.15 

123.39 
231.54 
340.00 
449.02 

559.49 

673.77 
674.40 

791.20 
807.68 
841.69 
081.00 

-0.02 
-0.01 
-0.08 
0.02 
0.06 
0.01 
0.05 

-0,04 
-0.03 
-0.01 
0.12 

-0.23 
0.07 
0.12 

-0.06 
-0.04 
0.06 

-0.02 
0.07 

-0.05 
-0.05 
0.001 

-0.041 

0.13 
0.03 

-0.05 
-0.08 
0.05 
0.04 
0.00 

0.09) 
-o.ioj 
-0.14 
-0.15 
0.28 
0.11 

-0.02 
-0.06 

0.02 
0.06 

-0.02) 
-0.03J 
0.12 
0.11 

-0.09 
-0.20 
-0.02 
-0.11 

22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 

43 
44 
45 

46 

47 
48 

47 
48 
50 
51 

52 

53 
53 

52 
53 
54 
55 

56 

57 
57 
58 
58 

643.28 
636.44 
628.94 
621.20 
612.20 
602.14 
591.44 
579.34 
566.34 
552.06 
536.48 
519.48 
501.10 

481.04 
459.14 
435.76 
410.48 
382.80 
353.70 
322.08 
288.04 
251.46 

212.38 

571.00 
676.26 

782.28 

889.50 

999.84 
002.00 

872.41 
978.08 
083.79 
190.34 

299.48 

412.28 
419.04 

174.08 
279.53 
385.34 
491.86 

599.50 

711.00 
711.90 
826.09 
843.53 

0.24 
-0.07 
-0.29 
0.06 
0.01 

-0.16 
0.03 

-0.11 
-0.02 
0.02 
0.06 
0.06 
0.16 

0.13 
-0.07 
0.01 
0.06 

-0.30 
0.02 
0.04 
0.02 

-0.05 
0.05 

0.23 

-0.09 
-0.04 
-0.07 
-0.12 
0.08 
0.04 

-0.02 
0.09 

-0.03 
-0.17 
-0.01 
-0.21 
-0.02 
0.18 

0.02 
-0.06 
0.01 
0.18 

-0.07 
-0.09 
-0.14 
0.08 
0.12 
0.27 
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TABUS 3. (Continued) 

13, 
13, 
13, 
13, 
13, 
13, 
13, 
13, 
13, 
13, 
13, 
14, 
14, 
14, 
14, 
14, 

13—12, 12 
12—12, 11 
11 12, 10 
10—12, 9 
9—12, 8 
5, 8 - 1 2 , 6, 
6, 8 - 1 2 , 5, 
6, 7 - 1 2 , 7, 
7, 7 - 1 2 , 6, 
8, 6 - 1 2 , 7, 
7, 6 - 1 2 , 8, 
14—13, 13 
13—13, 12 
12—13, 11 
11—13, 10 
10—13, 9 

l\ 
6 
6 
5 
5 

o=\ 
^ 

Obsd 

56 
57 
58 
59 
60 

61 

63 
63 
64 
64 
60 
61 
62 
64 
65 

420.63 
528.60 
637.25 
745.77 
855.83 

968.15 

085.74 
087.49 
242.51 
202.95 
717.80 
825.91 
934.08 
042.73 
152.53 

Ab> 

0.03 
- 0 . 1 9 

0.13 
- 0 . 1 2 

0.10 
0.08) 
0.03J 
0.00 

- 0 . 1 5 
0.05 
0.03 
0.06 

- 0 . 0 3 
- 0 . 1 5 
- 0 . 1 2 

0.28 

v = 2 
^ 

Obsd 

56 
57 
58 
59 
60 

62 

63 
63 
64 
64 
60 
61 
62 
64 
65 

475.60 
581.09 
686.88 
792.91 
900.06 

010.00 

125.06 
126.91 
279.94 
238.82 
777.07 
882.50 
988.30 
094.18 
201.50 

Ab> 

- 0 . 0 4 
- 0 . 0 7 

0.05 
- 0 . 0 4 
- 0 . 0 9 

0.12 
0.06 
0.12 

- 0 . 0 5 
- 0 . 2 2 
- 0 . 1 5 
- 0 . 1 0 
- 0 . 1 9 
- 0 . 0 1 
- 0 . 0 9 

0.48 

a) / ' , K+1'-J", K+1" for the 
transitions, b) Obsd —Calcd. 

degenerate transitions and / ' , K+1', K-i—J", K+1", K-i' for the non-degenerate 
The calculated frequencies are obtained using the constants listed in Table 2. 

TABLE 4. RELATIVE INTENSITIES OF VIBRATIONAL 

SATELLITES^ 

Transition 

J'» K+i'—J"> K+i 
o=l o=2 

14, 13-13 , 12 
13, 13—12, 12 
13, 12—12, 11 
13, 11—12, 10 
13, 10—12, 9 
12, 11—11, 10 
12, 10—11, 9 

0.75 
0.71 
0.67 

0.75 
0.67 
0.73 

0.43 

0.45 

0.42 
0.54 

Av. 
^(cm- 1 )") 

0.713±0.093 
70±25 

0 .46±0.14 
160±60 

a) Referred to the ground-state transitions, at room 
temperature. Errors are 2.5 times standard deviations. 
b) k T= 207 cm-1 or T=298K. 

squares analysis, in Table 2. Although we included 
only the observed lines of J ^=-48 in a least-squares 
analysis, we measured additional lines which were 
mainly high J and K+1 transitions as in the case of 
the ground state. T h e intensities of the satellites were 
compared with those of the ground-state spectra at 
room temperature, as shown in Table 4. We thus 
determined the excitation energies to be 7 0 ± 2 5 c m - 1 

and 160±60 c m - 1 for v=\ and v=2, respectively. 
We did not observe any anomalies in the rotational 
spectra, even for the vibrational satellites, which were 
due to deviations of the molecular symmetry from Gs. 

Dipole M o m e n t 

Because the spectrum is rich and weak, it is difficult 
to resolve the Stark components completely. We thus 
analyzed the Stark effects by a simulation technique 
similar to that described in our previous paper.9) 

We made the following assumptions: (1) the line-
widths of the Stark components are the same as that 
of the zero-field line, (2) the Stark components have the 

V/cm 
100 200 400 

obs. ^v -J l 

cole ,-X-
H 

0.35 

E- 8 0 0 
V/cm 

obs. 

calc. 

0.40 0.5O 0.71 
MHz 

(b) 

Fig. 3. Analysis of the Stark effects by a simulation 
method. 
(a) J, Ä"+1=13, 13^-12, 12. Calculated spectra are 
obtained using Av(HWHM)=0.26 MHz and //c=0.05 
D. 
(b) JK-X , *+, = 11 n a «- 1010f0. Calculated spectra are 
obtained using -dp=0.25 MHz, # b =0.5 D, and fic= 
0.05 D. 
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T A B L E 5. MOLEQULAR STRUCTURE OF l-siLABiaYQLO[2.2.1]HEPTANE1) 

Assumed : 

Fitted: 

Si-G(2) 
G(2)-G(3) 
C(3)-G(4) 
G(4)-C(7) 
G(4)-H 
other C-H 
Si-H 
Cs symmetry 
Si-C(7) 

1.868Â 
1.5527Â 
1.5362 A 
1.5579Â 
1.11 A 
1.11 A 
1.489 A 

1.9431 A 

ZC(2)-C(3)-C(4) 
ZG(3)-C(4)-G(5) 
ZH-Si-C(7) 
ZH-C(4)-C(7) 
Z H - C - H 
GH2 plane bisects G-C-C 
or Si-G-G angles 

ZC(2)-Si-C(6) 
ZSi-G(2)-C(3) 

106.5° 
111.0° 
109.4° 
109.4° 
109.4° 

104.1° 
102.8° 

a) See Fig. 1 for the atom numbers. 

Lorentzian lineshape, and (3) the inhomogeneity of 
the Stark1 field may be neglected. We calibrated the 
Stark field' using the J= 1^-0 transition of O C S as 
a reference1.5 

To determine the fic component we analyzed a 
X-degenéraie transition J, K+1= 13, 13^-12, 12. Its 
first-order Stark effect ' is 'determined by the ^ c o m ­
ponent at, low StarJc fields. Overall fitting may be 
judged by jtwo parameters, the intensity and the dif­
ference between the peak frequencies of the zero-
field and of the Stark pomponents. Wç obtained best 
fitting using ' the linéwidth parameter Av ( H W H M ) of 
0.26 M H z and fiQ of 0.05 t>. T h e calculated spectrum 
thus obtained is compared with the observed in Fig. 3a. 
The error of //c is ±0 .01 D. We determined the fib 

component from a similar analysis of the l l n i < -
10io,o transition. T h e two parameters which were 
derived are 4?*=0.25 M H z and / / b = 0 . 5 ± 0 . 1 D. 
total dipole moment is 0.5±0.1 D. 

The 

Molecu lar Structure 

As stated above we did not observe any deviations 
of the molecular symmetry from C s . An assumption 
of the C s symmetry leaves nine parameters as independ­
ent to determine the heavy-atom skeleton. W e 
adjusted three of the nine parameters, Si-G(7), Z G 
(2)-Si-G(6) , and ZSi -C(2 ) -C(3 ) , so as to reproduce 
the observed rotational constants, while others were 
fixed to the values of the related molecules.5'7»8) Table 
5 summarizes the fitted as well as the assumed param­
eters. 

D i s c u s s i o n 

We have recently shown10) that the 1-silabicyclo-
[2.2.2]octane molecule hâs a double-minimum potential 
function to ̂ the skeletal torsion and the potential hump 
(212 cm^)- ' is even higher than that (67 cm- 1) in 
l-halQgenb ,Dicyclo[2.2.2]octane.3) The present work 
shows that replacement of one ethylene bridge by 
a methylene^ bridge removes the hump from the tor­
sional potential function, and the 1-silabicyclo [2.2.1]-
heptane, molecule actually belongs to G8, symmetry. 
This«) result is in accord with our expectation; the 
number of the C - C bonds with unstable eis confor­
mation is decreased from three to. two and the skeleton 
is more strained, and both factors favor the untwisted 
conformation. We have, however, still one silacyclo-

hexane ring with unstable boat conformation. I t may 
thus be easy to twist the molecular skeleton. In fact, 
we found that the frequency of the skeletal torsion 
was as low as 70 c m - 1 . I t may be interesting to 
compare this value with the torsional frequency of 
132 c m - 1 obtained for 7-thiabicyclo[2.2.1]heptane.n) 

We estimated only three structure parameters. The 
two angles, ZC(2) -S i -C(6) and ZSi -C(2) -C(3) , may 
be compared with the corresponding angles, 103.5° 
and 104.3°, in norbornane.5) It is interesting to note 
that Si-C.(7) is considerably longer than Si-,C(2) or 
the S i -C length (1.868 Â) in trimethylsilane.8) The 
ZSi-C(7) -G(4) angle is calculated to be 87.1° using 
the parameters of Table 5. 

T h e dipole moment of 1-silabicyclo[2.2.1]heptane is 
close to that of trimethylsilane (0.525 B),8) although 
methylsilane12) and dimethylsilané7) have the dipole 
moments of about 0.2 D larger. 

The calculation in the present work is carried out 
at the Computation Center of Kyushu University. 
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Department of Chemistry, Science University of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo 162 
(Received August 23, 1976) 

The liquid-liquid partition of nickel(II) between hexane containing trioctylphosphine oxide or 4-methyl-
2-pentanone and 1 mol dm"3 Na(SGN, C104) solutions at 25 °C was measured. The absorption spectra of the or­
ganic and aqueous phases at equilibrium were also measured. From an analysis of these data, the extraction; con­
stant and absorption spectrum of each organic species were determined. By comparing the extraction and optical 
absorption of cobalt(II) complexes in the same systems with the above results for nickel(II), it was concluded that 
cobalt(II) thiocyanate complexes changed from octahedral to tetrahedral form upon extraction, but that nickel(II) 
thiocyanate complexes remained in octahedral form throughout. 

It is known that cobalt(II) in thiocyanate solutions 
can be extracted with various oxygen-containing organic 
solvents. Since the extraction of cobalt(II) in these 
solutions is much better than that of nickel ( I I ) , this 
thiocyanate method has been recommended for the 
separation of trace amounts of cobalt(II) from large 
amounts of nickel(II).1) 

O n the other hand, nickel(II) was found to form 
slightly more stable thiocyanate complexes in aqueous 
solutions than cobalt(II),2) and the great difference 
in the extractability of these metal thiocyanates cannot 
be attributed to differences in the stabilities of the 
complexes in aqueous phase. 

In order to learn further details of the thiocyanate 
extraction of these metal ions, solvent extraction and 
optical absorption measurements were made in aqueous 
phase for 1 mol dm~3 Na(SGN, C104) and in organic 
phase for hexane containing trioctylphosphine oxide 
(TOPO) or for 4-metyl-2-pentanone at 25°G. 

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

All the reagents were of analytical grade. The TOPO 
was supplied by Dojindo & Co., Kumamoto. The sodium 
Perchlorate was recrystallized three times from water. 

All the distribution experiments and spectrophotometric 
measurements were performed in a thermostatically-controlled 
room at 25±0.3 °C. A portion of an aqueous 1 mol dm - 3 

Na(SGN, G104) solution containing lO"5 to 10"2 mol dm-3 

of nickel(II) or 10~* to 10-2 mol dm-3 of cobalt(II) and the 
same volume of hexane containing TOPO or of 4-methyl-2-
pentanone were placed in a stoppered glass tube and the tube 
was settled on a rotating frame (20 rpm). Since it was found 
that agitation for 2 h and for 24 h was sufficient to attain 
equilibrium distributions of cobalt(II) and nickel(II), respec­
tively, agitation for the respective extractions were continued 
for these periods. , The metal content in the organic phase 
was determined after back extraction into 0.1 mol dm - 3 per­
chloric acid, while that in the aqueous phase was determined 
directly, in both cases, by the atomic absorption method. 
The optical absorption of the solutions was measured with a 
spectrophotometer (Hitachi type 139) using glass cells of 10-
mm light paths. 

Statist ical 

Throughout this paper, the subscript "o rg" denotes 
that in the organic phase while the lack of any sub­
script denotes that in the aqueous phase. T h e notation 
L~ represents the thiocyanate ion. 

Since only the M 2 + , ML+, and M L 2 species are 
assumed to be present in the aqueous phase when 
extraction of higher complexes into the organic phase 
was possible, the following equation may be written 
for the distribution rat io: 

D = ([M(ClO4)2]0rg + [ML(ClO4)]0rg + [ML2]o r g 

+ [ML3Na]org + [ML4Na2]org)([M2+] 

+ [ML+] + [ML2])-i, 

= (S^e X , a [L- ] a [Gio 4 - ? ) ( l+Ai [L- ] + A[L-]2)-S (1) 

where 

ßn = [ML^"][M2+]-i[L-]-", (2) 

Kex,a = [ML t t(G104)6Nac]org[M2+]-i[L-]-«[pi04-]-B . (3) 

The sodium ion concentration was unity and thus the 
corresponding term was dropped. Here, a~\-b—c=2. 
Sodium ions were found in the extracted species only 
for a>2. Perchlorate ions were found only for a<2 
and in such cases a~\-b=2. 

The extraction data can be analyzed in a similar 
manner to that described in Ref. 3. 

The optical absorption of the organic phase at a 
given wavelength can be written as; 

E = £ £ a [ML a (C10 4 ) ô Na c ] o r g , 

= 2e a JU , a [M^] [L- ]* [C10 4 -p , (4) 

where 0^<a<4. The total metal concentration in each 
phase was obtained by chemical analysis; The con­
centration of each species in each phase was calculated 
by Eq. 1 using these total metal concentrations and 
the stability and extraction constants which had been 
obtained from the distribution experiments. T h e molar 
extinction coefficient of the M(C10 4 ) 2 ' .species was 
obtained from an organic phase which was in contact 
with an aqueous solution containing no thiocyanate 
and those of the other metal species containing thio­
cyanate ions were obtained by analysis of the absorption 
curves of the organic phases which were in contact 
with aqueous thiocyanate solutions at various concent­
rations. 

R e s u l t s 

Figure 1 gives the extraction curve of nickel(II) 
with 4-methyl-2-pentanone as a function of the thio­
cyanate concentration and also the curve for cobalt-
(II) extraction from a previous study.4) As is seen 
in Fig. 1, the shape of the two curves is quite different 
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- 1 0 
log [SGN-] 

Fig. 1. Exrtaction curve of nickel (II) with 4-methyl-2-
pentanone. The solid line was calculated by intro­
ducing the values in Table 1(a) and 1(b) into Eq. 1. 
The dotted curve is that of cobalt (I I) in Ref. 4. The 
left ordinate is for the nickel (I I) curve and the right 
ordinate is for the cobalt(II) curve. 

TABLE 1. SUMMARY OF EQUILIBRIUM OONSTANTS11) 

(a) Stability constants of aqueous thiocyanate complexes. 
log ft log & 

Go(II) 1.00 1.32 
Ni(II) 1.1 1.6 

(b) Extraction constants with 4-methyl-2-pentanone. 
logA:ex0 \ogKexl \ogKex2 \ogKexS \ogKexi 

Go(II) — — — — 2.96 
Ni(II) - 4 . 4 5 - 2 . 6 6 - 1 . 5 4 — — 

(c) Extraction constants with TOPO. 

Co(II) 

Ni(II) 

[TOPO]orff 

, 0.005 
0.01 
0.02 
0.04 

* 0.08 

, 0.02 
0.03 
0.04 
0.05 

^ 0.06 

log Kex0 

— 
— 

- 2 . 0 6 
- 0 . 9 4 

0.00 

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

log Kexl 

- 1 . 0 0 
- 0 . 4 3 
- 0 . 3 4 

1.37 
2.18 

0.63 
1.10 
1.30 
1.43 
1.58 

log Kex2 

1.10 
1.80 
2.58 
3.32 
4.00 

0.66 
1.24 
1.64 
1.90 
2.20 

l og #6X3 

0.49 
1.48 
2.48 
3.34 
— 
— 
— 
— 
— 
— 

a) The values in (a) were taken from Refs. 2 and 4, 
and the values for cobalt(II) in (b) and (c) from 
Ref. 4. 

- 2 - 1 
log [SGN-] 

Fig. 2. Extraction curves of nickel(II) into hexane with 
0.06 ( o ) , 0.05 (©), 0.04 ( # ) , 0.03 O ) , and 0.02 ( 0 ) 
mol dm - 3 of TOPO. The solid curves were calculated 
by introducing the values in Table 1(a) and 1(c) into 
Eq. 1. The dotted lines from the top to the bottom 
are curves of cobalt(II) into hexane with 0.04, 0.02, 
and 0.01 mol dm"3 of TOPO in Ref. 4. 

and the extraction of nickel (II) is much poorer than 
that of cobal t ( I I ) . Figure 2 shows the extraction 
curves of nickel(II) with T O P O at various concent­
rations in hexane as a function of the thiocyanate 
concentration and also shows the curves for cobalt (I I) 
from a previous study.4) The shapes of the nickel(II) 
curves in this figure are similar to those of the curves 
of cobal t(II) . However, the D values for nickel(II) 
are lower than those for cobal t ( I I ) , especially, in the 

TABLE 2. ESTIMATED SOLVATION NUMBER OF METAL SPEOIES 

FOR TOPO EXTRAOTED INTO THE HEXANE PHASE 

M(G104)2 M(SGN)(G104) M(SGN)2 M(SGN)3Na 

Co(II)a> 
Ni(II) 

ca. 2 
3 not extracted 

a) Taken from Ref. 4. 

higher thiocyanate concentration region. From an 
analysis of these distribution data, the extraction 
constants were obtained, as given in Table 1. 

The extraction constant with T O P O for each metal 
species, Kex a , is dependent of the T O P O concentration. 
From the treatment described in Ref. 3, the solvation 
number of each species was obtained from the T O P O 
dependence of the constant, as listed in Table 2. 

Figures 3a and 4a show the absorption curves for 
the organic phase obtained under the conditions des­
cribed in the captions. Figures 3b and 4b show the 
absorbance per mole of complex for each extracted 
species calculated from the data in Figs. 3a and 4a 
using the procedures described in the statistical section. 
The absorption curve of cobalt(II) extracted into 
4-methyl-2-pentanone has already been reported in 
Ref. 4(Fig. 7). This curve should be the absorption 
curve for the Co(SGN)4

2~ species in 4-methyl-2-pen-
tanone. T h e absorption of nickel(II) extracted into 
this solvent was too weak to be determined because of 
the low metal concentration due to poor extraction. 

T h e absorption curves of the aqueous phases contain­
ing cobalt(II) or nickel(II) in 1 mol d m - 3 Na(L, 
G104) solutions were similar to those reported previously, 
for example (Ref. 6), the cobalt(II) solutions had an 
absorption peak at 510—520 nm, while the nickel(II) 
solutions had two peaks at 390—400 and 640—650 nm. 
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Wavelength (nm) 

Fig. 3(a). Absorption curve of cobalt (II) extracted into 
hexane containing 0.04 mol dm-3 of TOPO from 1 mol 
dm-3 Na(SGN, GIOJ aqueous solutions when [SGN-] 
was 1, 0.1, 0.03, and 0.01 mol dm~3 from the top to 
the bottom (the absorbance per mole of the complex 
on the left ordinate). The dotted line is the curve 
when [SGN-] was zero (the absorbance per mole of 
the complex on the right ordinate). Fig. 3(b). Ab­
sorption curve of Go(G104)2 • , Co(SCN)(C104) 

, Go(SGN)2 , and C o ( S C N ) , - — — — 
species combined with TOPO molecules in hexane 
obtained by analysis of the data in Fig. 3(a). 

D i s c u s s i o n 

It is known that cobalt(II) in aqueous solutions 
forms six-coordinated octahedral complexes which color 
the solution pink and four-coordinated tetrahedral 
ones which color the solution deep blue, while nickel(II) 
usually forms six-coordinated octahedral complexes in 
aqueous solutions except in some cases, such as those 
having chelating ligands (for example, see Ref. 6). 
The absorption for the aqueous phase in the present 
study ( [L~]<1 mol d m - 3 ) , as described above, shows 
that both cobalt(II) and nickel(II) are present in 
six-coordinated octahedral form in the aqueous phase. 

The absorption of the Go(C10 4 ) 2 (TOPO) 3 species 
in hexane, shown in Fig. 3, indicates that this cobalt(II) 
should also be in this form. However, it is notable 
that all the CoL(C10 4 ) (TOPO) 3 , GoL 2 (TOPO) 2 , Na-
CoL 3 (TOPO) 3 species absorbed much more strongly 
and at higher wavelengths than the Co(C10 4 ) 2 (TOPO) 3 

species and that all absorptions of these three 
thiocyanate species can usually assigned to a four-coordi­
nated tetrahedral complex.6) T h e absorption curve 
of the CoL 4

2 _ complex extracted into 4-methyl-2-
pentanone together with two sodium ions in a previous 
study4) also suggests the extraction of a four-coordinated 
tetrahedral species for this system. 
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Fig. 4(a). Absorption curve of nickel(II) extracted into 
hexane containing 0.06 mol dm - 3 of TOPO from 1 mol 
dm-3 Na(SGN, G104) aqueous solutions when [SCN~] 
was 1 , 0.3 , 0.1 , 0.03 —.—.—, 
and zero mol dm - 3 . Fig. 4(b). Absorption curve 
of Ni(G104)2 , Ni(SGN)(G104) , and Ni-
(SGN)2 species combined with TOPO mole­
cules in hexane obtained by analysis of the data in Fig. 
4(a). 

T h e absorption curve of the organic phase which 
had extracted the Ni (G10 4 ) 2 (TOPO) 4 , NiL(C10 4 ) -
(TOPO) 4 , and N i L 2 ( T O P O ) 3 species are similar to 
that of the aqueous phase and thus these species in the 
organic phase should be of six-coordinated octahedral 
form. 

The atom through which a thiocyanate ion coordi­
nates with the metal ion has been discussed previously.7) 
I t is not possible to further discuss the position of the 
extractant in the coordination sphere or the details 
of the structure of the extracted species only on the 
basis of the present data. However, the extraction 
constants in Table 1 show that the extractabilities 
of the both Perchlorates are similar, while the extrac­
tabilities of the other cobalt(II) thiocyanate complexes, 
which are assumed to be tetrahedral, are much higher 
than those of the other nickel (II) complexes, which 
are assumed to be octahedral. 

An explanation for the higher extraction of the 
cobalt(II) tetrahedral species over that of the corres­
ponding nickel (I I) octahedral species may be that the 
latter accept water molecules more readily than the 
former and this stronger hydration hinders the extrac­
tion of the nickel (I I) octahedral species more than 
that of the cobalt(II) tetrahedral species. However, 
much information appears to be necessary in order 
to explain this complicated phenomenon in more 
detail. 

There have been some recent reports on the absorp­
tion spectra of cobalt(II) and nickel(II) Perchlorates 
and thiocyanates in aqueous and nonaqueous solu­
tions8-10) and these as well as several previous reports6«7) 
appear to support the conclusions of the present study. 
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Poor extraction of nickel(II) from thiocyanate 
solutions with various oxygen-containing solvents has 
been reported.1 1 - 1 5) However, not much is known of 
the details of the nickel(II) distribution equilibria 
in these systems. 
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(Received October 12, 1976) 

The reaction of bis(acetylacetonato)palladium(II), [Pd(acac)2] with AlR2(OEt) in the presence of tertiary 
phosphine, L, in diethyl ether yields a series of dialkylpalladium(II) complexes, [PdR2L2], where R = M e , Et, and 
Pr"; L=PEt3 , PPh2Me, and ^Ph2PGH2GH2PPh2 (dpe). These complexes were characterized by means of 
elemental analysis, IR and 1H-NMR spectra and of some decomposition reaction such as thermolysis' and 
acidolysis. The trans- and ci^-configurations of [PdMe2L2] (L=PEt 3 and PPh2Me, respectively) in solution were 
established on the basis of the 1H-NMR spectra. The examination of XH-NMR spectra in the presence of 
tertiary phosphine suggests the ligand exchange processes promoted by the added phosphine. [PdR2L2] 
(L=PEt3 and PPh2Me) reacted with CO in toluene to yield the quantitative amounts of thé corresponding 
dialkyl ketones. The reactions of the complexes [PdR2L2] with iodine afforded [PdI2L2] and RI, and of 
[PdR2(dpe)] with Mel gave GH3H, GH3GH3, R ( - H ) , RH, R C H 3 , R R , and RI together with [PdI2L2], 
suggesting the presence of a quadrivalent, six-coordinate intermediate palladium species. 

Among the transition elements, palladium and its 
compounds are known to show the most versatile catalyt­
ic activities, which include olefin oxidation (Hoechst-
Wacker process), oligomerization, carbonylation, vi-
nylation, acetoxylation, isomerization, and hydrogéna­
tion of olefins, dienes and acetylenes.1) In most of these 
catalytic reactions, formation of the intermediate species 
possessing an unstable palladium-carbon ff-bond is 
thought to constitute one of the key steps.1) In this 
respect, the systematic studies of the alkylpalladium com­
plexes are expected to provide the useful information 
related to the mechanistic aspect of the catalytic reac­
tions and to the exploitation of the new catalytic pro­
cesses. 

Since the first syntheses of the methylpalladium com­
plexes by Calvin and Coates in I960,2) various kinds 
of methylpalladium complexes have been prepared:3) 
the preparation method includes alkylation of halogeno-
palladium(II) complex with methyl Grignard reagent 
or methyllithium,2) and with dimethyl (1,5-cyclopcta-
diene)platinum(II),4) and oxidative addition of methyl 
halide to the palladium(O) complex.5 '6) The isolation 
of the ethylpalladium complex, on the other hand, has 
been limited to only one example: diethyl{1,2-bis(di-
cyclohexylphosphino) ethane} palladium (I I) which was 
prepared by the reaction of [Pd(acac)2] (acac=acetyl -
acetonato) with diethylaluminum monoethoxide in the 
presence of a tertiaryphosphine ligand under the atmos­
phere of ethylene.7) Following our systematic studies 
on the preparations of series of alkyl complexes of Cr,8) 
Fe,9) Co,10) Ni,11) and Cu12) by the use of alkylaluminum 
compounds as the alkylating agent, we succeeded in the 
isolation of the series of dialkylpalladium complexes by 
the analogous method. Alkylation of bis(acetylaceto-
nato) palladium by alkylaluminum compounds has the 
advantage over the conventional alkylation reaction us­
ing palladium halides and alkyllithium or Grignard 
reagent in that the product can be isolated simply by 
the filtration and washing with some organic solvents 
such as hexane. This merit enables the reaction prod­
uct isolable even if it is susceptible to water and is 
stable only at the low temperature. 

Here we report the preparation, characterization and 
some reactions of the series of dialkylpalladium com­

plexes with tertiary phosphine ligands. Zerovalent 
complexes, such as [Pd(PPh3)4],13) [Pd(CO)(PPh3)3] ,1 4) 
[Pd(CO)PPh 3 ] n , " ) [Pd3(CO)3(PPh3)4] ,"> [Pd(C 2H 4 ) -
(PPh3)2],7) and [Pd{P(C6H11)3}2],15) and diethyl and 
dihydrido complexes, [PdEt 2 {(C 6 H n ) 2 PCH 2 CH 2 P(C 6 -
Hu)2>]7) and [PdH2{P(C6H11)3}2],15) have been hitherto 
reported as reaction products between palladium ace-
tylacetonate and alkylaluminum compounds. 

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

Preparation of Dialkylpalladium Complexes. The 
reaction of [Pd(acac)2] , tertiary phosphine, L, and di-
alkylaluminum monoethoxide (molar ratio, 1 : 2 : 3 — 
5) in diethyl ether under a nitrogen atmosphere afforded 
a series of dialkylpalladium complexes. 

[Pd(acac)2] + 2L + AlR2(OEt) -* [PdR2L2] 

L = PEt3, R = Me, l a ; Et, 2a; and Pr«, 3a. 

L = PPh2Me, R = Me, l b ; Et, 2b; and Pr", 3b; 

L = — d p e , R = Me, l e ; Et, 2c; and Pr", 3c. 

(dpe = Ph2PGH2GH2PPh2) 

T h e results of the elemental analysis for these complexes 
are listed in Table 1 together with their decomposition 
points measured in vacuo. Among the complexes, [Pd-
Me 2 (PEt 3 ) 2 ] ( la )and [PdMe 2 (dpe)]( lc) have been al­
ready prepared by Calvin and Coates by thé method 
employing methyllithium as an alkylating agent.2') The 
complexes, white solid except for complex 2c, 'Which 
is yellow, are diamagnetic and mostly sensitive to air. 
When L = P E t 3 , ethyl and propyl complexes, 2a and 
3a, are thermally unstable and decompose at room tem­
perature even under a nitrogen atmosphere. Thermal 
stability increases in the order of P E t 3 < P P h 2 M e < d p e 
for the complexes with the same alkyl groups, and of 
P r n ( w - C 3 H 7 ) < E t < M e for those with the same phos­
phine ligands. T h e latter series of stability suggests 
that the mechanism involving ^-hydrogen abstraction16) 
is operative in the thermal decomposition of these com­
plexes (vide infra). The solubility of the complexes de­
pends mostly on the phosphine ligand. O n the whole 
the complexes with PEt 3 are soluble in most organic 
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TABLE 1. ANALYTIOAL DATA AND DECOMPOSITION POINTS OF [PdR2L2] 

Compounds 
Analysis (%)*) 

G H Pd 

Dec. pt.b> 
°C 

[PdMe2(PEt3)2] 
LPdEt2(PEt3)2] 
[PdPr»2(PEt3)2] 

l a 
2a 
3a 

44.7(45.1) 

[PdMe2(PPh2Me)2] l b 
[PdEt2(PPh2Me)2] 2b 
[PdPr»2(PPh2Me)2] 3b 

[PdMe2(dpe)] 
[PdEta(dpe)] 
[PdPr»2(dpe)] 

l c 
2c 
3c 

63.2(62.6) 
64.5(63.8) 
63.9(64.9) 

62.3(62.9) 
62.6(64.0) 
64.6(65.0) 

10.4(9.7) 
c) 

c) 

6.5(6.0) 
7.2(6.4) 
6.9(6.8) 

6.0(5.6) 
6.3(6.1) 
7.1(6.5) 

28.7(28.5) 
26.9(26.5) 
24.4(24.8) 

19.0(19.8) 
18.7(18.8) 
17.8(18.0) 

19.6(19.9) 
19.2(18.9) 
18.4(18.0) 

56—64 
<20 
<20 

110—115 
73—76 
58—63 

166—168 
144—148 
132—140 

a) Calculated values are in parentheses, b) Decomposition points were measured on a hot stage with a 
sample in a small capillary sealed under vacuum and are uncorrected, c) The complexes were too 
unstable to obtain good micro-analytical results. 

TABLE 2. GASES EVOLVED BY THE DECOMPOSITION OF [PdR2L2] 

C\r\m 

[Pd 

' 
R 

Me 
Et 
Pr" 
Me 
Et 
Prn 

Me 

Et 

Pr« 

ipounds 

IR2L2] 

• 

L 

PEt3 

PEt3 

PEt3 

PPh2Me 
PPh2Me 
PPh2Me 

ydpe 

—dpe 

ydpe 

l a 
2a 
3a 
l b 
2b 
3b 

l c 

2c 

3c 

Temp 
°C 

70 
35 
40 

100 
70 
70 

170 

145 

220 

R ( - H ) 

— 
0.38 
0.50 
0 
0.50 
0.50 

— 

0.31 

0.30 

Thermolysis*) 

Evolved gases 

Molar ratio 

RH 

tracef> 
0.62 
0.50 
0 
0.50 
0.50 

0.01 

0.22 

0.20 

^ 
R R 

0.90f> 
0 

d ) 
1.00 
0 

d ) 

0.92 

0.47 

d ) 

others 

C2H4(0.10)f> 
— 
— 
— 
— 
— 

C2H4(0.07) 

— 

C2H4(0.50) 

" 

S R C ) 

% 

130 
80 
55«) 
75 
95 
85«) 

70 

45 

10e) 

Acidolysisb> 

Evolved gases 

Molar ratio 

d ) 
C2H6(1.0) 
C3H8(1.0),C2H6 (trace)11) 

d ) 
C2H6(1.0) 
C3H8(1.0),C2H6 (trace)*> 

CH4(1.0) 

C2H6(1.0) 

C3H8(0.8), C3H6(0.2) 

C2H6 (trace)*).*) 

S R C 

% 

40 
25 

60 
35 

100 

65 

15 

a) Thermolysis in vacuo, b) Acidolysis by coned H2S04 . c) S R = {moles (R( -H)+RH + 2R-R+others)/2mol 
(complex)}x 100. d) Not investigated, e) Besides the hydrocarbons, the evolved gas contained H2 (0.54mol/ 
mol of the complex), f) The similar results have been reported by Calvin and Coates, see Ref. 2. g) The 
figures do not include the possible non-gaseous product, R-R (hexane). h) Ethane might have come from the 
trace amounts of diethylpalladium impurities possibly produced by AlEt2(OEt) contaminated in AlPrn

2(OEt). 

solvents while those with dpe are scarcely soluble. 
Thus, complex l a was recrystallized from hexane and 
2a, 3a, l b , 3b , and l c from acetone. The rest failed 
to be recrystallized. 

Decomposition of the Complexes. Thermolysis of the 
dialkyl complexes released the corresponding alkene 
( R ( - H ) ) and alkanes ( R H and R - R ) as are shown in 
Table 2. T h e formation of ethylene and methane in 
the thermolysis of dimethyl complexes, l a and l c , sug­
gests the possibility of occurrence of the following a-
elimination reaction as has been reported for [FeMe2-
(dpe)2].17> 

2>Pd /CH 3 
^CH3 

H 

CH2=CH2 + 2CH4 (1) 

As the alternative source of ethylene, the alkyl groups 
in the tertiary phosphine ligand cannot be ruled out 
at present. In fact a high value of S R in the case 
of l a (130 %) may be ascribed to the decomposition of 
triethylphosphine which might be catalyzed by Pd 
moiety. 

Decomposition of the complexes with coned H 2 S 0 4 

evolved mainly the corresponding alkane (R-H) . The 
results are included in Table 2. T h e reason for evolu­
tion of smaller amounts of the gases as compared with 
the theoretical amount (except for methyl complex lc ) 
may be ascribed to the dissolution of the product gases 
into sulfuric acid. The acidolysis of propyl complex 
3c evolved H 2 and propene, together with propane. 
T h e decomposition of 3c with D 2 S 0 4 evolved hydrogen 
gas which was consisted mainly of H D (0.84) together 



Compounds 
»>C-HC> 

T A B L E 3. 

IR data 

<5C-H<D vPd-C 

IRa> AND iH-NMR1») SPEQTRAL DATA OF [PdR3L2] 

*H-NMR datas) 

Solvent Temp/°C Rd-R signals PR3 ' signals 

[PdMe2(PEt3)2] l a 

[PdEt2(PEt3)2] 2a 

[PdPr»2(PEt3)2] 3a 

[PdMe2(PPh2Me)2] l b 

[PdEt2(PPh2Me)2] 2b 

[PdPr"2(PPh2Me)2l 3b 

[PdMe2(dpe)] l c 

[PdEt2(dpe)] 2c 

[PdPr»2(dpe)] 3c 

2900 s 

2875 s 
2825 s 

2855 s 
2805 s 

2860 s 

2890 s 
2830 s 

2880 s 
2850 w 
2810 s 

1130 m 455 s 

2900 s 
2815 s 

2900 s 
2850 s 
2810 m 

1145 s 
1360 m 

1125 s 
1360 m 
785 m 

1125 s 

1140 m 
1355 m 

1120 s 
1360 m 

2845 m 1130 m 

1140 s 
1360 m 

1135 m 
1360 w 
785 m 

455 s 

(560 s)e) 

475 s 

455 s 

(560 s)e> 

f ) 

f ) 

f ) 

(CD3)2CO 

(CD3)2CO 

(CD3)2CO 

(CD3)2CO 

C6D5CD3 

25 

25 

25 

- 0 . 6 1 (t; 7 = 5 . 5 , 6H, Pd-CH3) 1.75 (m, 12H, P-CH2-) 
1.10 (qu; 7=8 .0 , 18H, P-C-CH,) 

0.33 (q; 7=8 .0 , 4H, Pd-CH2-) 1.82 (m, 12H, P-CH2-) 
1.12 (qu; 7=8 .0 , 24H, Pd-C-CH 3+P-C-CH 3) 

0.32 (m, Pd-C-(CH2-) 1.75 (m, P-CH2-) 
1.19 (qu; 7=8 .0 , Pd-CH2-C-CH3 + P-C-CH,) 

25 0.10 (q,h> 6H, Pd-CH3) 

-40 1.04 (br, Pd-C2H5) 

(CD3)2CO - 4 0 0.27 (br, Pd-CH2-C-CH3) 
0.90 (br, Pd-C-CH2-) 

CH2C12 25 0.31 (t; 7=7 .0 , 6H, Pd-CH3) 

C5H5N 25 1.96 (br, Pd-CH2-) 
1.72 (br, Pd-C-CH,) 

C6D5CD3 - 4 0 1.23 (br, Pd-C-CH2-CH3) 
0.90 (br, Pd-CH2-) 

1.58 (d; 7=5-0, 6H, P-CH3) 

1.83 (s, P-CH3) 

1.70 (br, P-CH3) 

2.26 (d; 7 = 1 8 , 4H, P-CH2-

2.31 (d; 7 = 1 8 , P-CH2-) 

1.68 (d; 7 = 1 8 , P-CH2-) 

I 
B 

o 
3 

T3 

a) KBr disc, in cm -1 , b) 100 MHz, chemical shifts are in ô values (ppm) with respect to tetramethylsilane as an external standard (down field positive). 
Coupling constants, J, are in Hz. c) v(C-H) of the coordinated alkyl group, d) The band due to the C-H deformation of the palladium-bonded methyl group 
and may contain contribution due to the other vibrations, e) The assignments are not certain, see text, f) v(Pd-C) were not discernible from the complicated 
bands due to dpe. g) Multiplicity abbreviations are: s, singlet; t, triplet; q, quartet; qu, quintet, m, multiplet; br, broad singlet, h) An abnormal quartet, see 
Fig. 1 and text. 

03 
NO 
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with minor amounts of H 2 (0.05) and D 2 (0.11) as 
analyzed by mass spectrometry. These results suggest 
the presence of such a ^-elimination process as shown 
in Eq. 2, in addition to the normal protonation of propyl 
group with D 2 S 0 4 to yield p ropane -^ . 

CH3 

/ P d \ G 3 H 7 

2D+ 

HD + C3H6 + C3H7D (2) 

Infrared Spectra of the Complexes. [PdR2L2]. T h e 
representative absorption assignable to v (C-H) , <5(C-
H) etc. of the coordinated alkyl group are listed in Table 
3 together with P d - C stretching vibrations. These as­
signments were made by comparing the spectra each 
other and with those of the corresponding dichloro com­
plexes, [PdCl2L2] . 

Somewhat different frequencies from those observed 
for our complexes were reported by Calvin and Coates 
for the methyl complex la,2) i. e., d (C-H) = 1164 and 
v ( P d - C ) = 4 9 1 and 457 cm"1 . The difference in the 
configuration of the complex might have caused such 
differences (as for the discussion about the configura­
tions of the complexes, see the following section). The 
palladium-carbon stretching frequencies of the dimethyl 
and diethyl complexes with L = P E t 3 and P(Ph 2 Me) 3 

are observed in the region of 455—475 c m - 1 which is 
lower than those of the corresponding Pt complexes 
(495—525 cm-1),18) reflecting the weaker P d - C bond 
than P t - C . 

The W-NMR Spectra of the Complexes, [PdR2L2]. 
T h e results of the ^H-NMR measurements of the dialkyl 
complexes are included in Table 3. Some complexes 
are unstable in the solution even at low temperatures 
making their assignments somewhat tentative. The 
spectra of [PdEt 2(PPh 2Me) 2] (2b) and [PdPrn

2L2] ( L = 
PEt3 , 3 a and PPh 2 Me, 3b) accompanied the weak sig­
nals due to ethane and propane, respectively, which 
may be formed by partial decomposition of the original 
complexes in solution. For the dimethyl complexes, 
[PdMe 2 L 2 ] , well resolved spectra were obtained and are 
reproduced in Fig. 1 for L = P E t 3 ( l a ) and PPh 2 Me 
( l b ) . 

The apparent doublet of the phosphine-methyl signal 
in l b suggests that the complex is in eis configura­
tion.19'20) This is further supported by observation of 
the complicated pattern of P d - C H 3 signal centered at 
0.10 ppm, the pattern of which is very close to those 
of P t - C H 3 signals reported for m-[PtMe2L2].2 1"2 5) In 
contrast to the eis configuration of [PdMe 2 (PPh 2 Me) 2 ] , 
l b , the triethylphosphine complex, [PdMe 2(PEt 3) 2] , l a , 
was found to possess trans configuration. As is shown 
in Table 3 and Fig. 1, palladium-bonded methyl pro­
tons in l a resonates at —0.61 p p m as a triplet due to 
the coupling with two equivalent phosphorus atoms pre­
sent in mutually trans positions. T h e apparent quintet 
pattern of the methyl protons in the phosphine ligand 
is also characteristic of the trans-bis (triethylphosphine) 
complexes.26) 

The same dimethyl complex as l a has been prepared 

MePh2PN ,CH3 

MePh2p' \H3 

1 b 

S, Pf*" 2 

Fig. 1. iH-NMR spectra (100 MHz, methyl and meth­
ylene region) of the complexes, [PdMe2L2], L=PEt 3 

l a (A) and PPh2Me l b (B) in (CD3)2CO at 25 °C. 
The sign x refers to the solvent impurities. 

by Calvin and Coates via methylation of [PdCl2(PEt3)2] 
with methyllithium.2) Although no 1 H - N M R spectral 
data have been reported, they assumed eis configuration 
for the complex through the dipole moment measure­
ment. Furthermore, a slow isomerization in the solu­
tion from eis to trans as monitored by a decrease in 
the dipole moment has been suggested. In fact, the 
i H - N M R spectrum taken in (CD 3) 2CO by us for 
[PdMe2(PEt3)2] prepared by Calvin and Coates' 
method2) showed two sets of P d - C H 3 signals, one at 
0.01 p p m as a deformed quartet characteristic of the 
m-dimethyl complex (vide supra) and the other at 
—0.67 p p m as a triplet corresponding to the trans-
dimethyl isomer. These findings indicate that the 
product contains both eis and trans isomers in accord 
with the observation by Calvin and Coates.2) 

T h e 1 H - N M R spectra of the solutions of diethyl com­
plexes, either after being heated at ca. 40 °C (for 2a) 
or kept at room temperature for several days (for 2b) , 
indicated the formation of the ethylene-coordinated com­
plex with the accompnaying evolution of ethane. As 
is shown in Fig. 2, the very small signals at 0.86 and 
2.90 p p m observed in the spectrum of the freshly pre­
pared acetone-fi?6 solution of 2a (Fig. 2A) grew con­
siderably on heating the solution at the expense of the 
quartet at 0.33 p p m assigned to the palladium-attached 
methylene protons (Fig. 2B). A sharp singlet at 0.86 
p p m in Fig. 2B can be assigned to ethane evolved 
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( A ) 

Et3PN ,CH2CH3 

H3CH2c' PEt3 

2a 

rrTn 

P-C-CÜ3 

Pd-C-CH3 

5. ppm 

Fig. 2. XH-NMR spectra of [PdEt2(PEt3)2] 2a in 
(CD3)2CO at 25 °C. (A) Freshly prepared sample 
solution. (B) After being heated at 40 °C. The signals 
x refer to the solvent impurities. 

whereas the one at 2.42 p p m (shifted upheld from the 
initial position of 2.90 ppm in Fig. 2A) to the coordinated 
ethylene protons. The similar values of the chemical 
shifts of the coordinated ethylene protons have been 
reported for [Ni(C2H4)(PPh3)2] (2.55 ppm in toluene-
</8)

27) and [Pt(C2H4)(PPh3)2] (2.41 p p m in toluene-</8).
27) 

[Pd(C2H4)(PPh3)2] prepared by the method reported 
by van der Linde and de Jongh7) had the value of 2.88 
ppm in acetone-ûf6 at 25 °C. In the case of PPh 2 Me 
complex 2b, the proton resonance of the coordinated 
ethylene appeared at 3.64 ppm as a broad singlet, which 
is somewhat lower than the other coordinated ethylenes. 
The complete absence of the signal in the region of 
free ethylene (5.35 ppm in toluene-ay27) suggests that 
ethylene, evolved by the decomposition of the diethyl 
complex according to the following equation, coordi­
nates to palladium preferentially to form the zero-valuent 
ethylene complex. 

I / ^ C 2 H 5 

H 
I 

CH2 

I / r d \ C , H , 

T C!H2 

S P d - | | + G2H6 I / 1 

CH9 

(3) 

Attempted isolation of the ethylene complex by treat­
ment of 2b with excess ethylene in toluene failed. 

Some evidence for the ligand exchange in the dimethyl 
complexes l a and l b was obtained by measuring the 
1 H - N M R spectra in the presence of added phosphine 
ligand. Addition of PEt 3 to the solution of [PdMe2-
(PEt3)2] l a caused the 1 H - N M R spectral change from 
the triplet to a singlet for the P d - G H 3 signal, from the 
multiplet to a quartet for the P - C H 2 - signal and from 

the quintet to a triplet for the P - C - C H 3 signal. The 
existence of a rapid exchange between the coordinated 
and dissociated PEt 3 has been demonstrated for [CoMe2-
(acac)(PEt3)2] , where triplet, quintet and multiplet sig­
nals of the protons due to, respectively, Co -CH 3 , P - C -
CH 3 , and P - C H 2 - , at —20 °C changes to singlet, triplet, 
and quartet , respectively, at 0 °C.10c) The similar dis­
sociation-exchange process has been observed for [NiMe2 

(PEt3)2] whose N M R at 25 °C consists of a siglet due 
to N i - C H 3 , a triplet due to P - C - C H 3 , and a quartet 
assignable to P-CH2-protons.28> The monomethyl com­
plex [PdMeCl(PEt3)2] also behaves quite similarly. 

The *H-NMR spectrum of a mixture of [PdMe2-
(PPh2Me)2] and PPh 2 Me at —40 °C in acetone-öf6 

showed the resonances of the methyl protons of free 
PPh 2 Me at 1.66 p p m as a singlet, of coordinated PPh 2 Me 
at 1.49 ppm as a doublet ( 7 = 5 Hz) and of P d - C H 3 

at 0.0 ppm, which appears as a distorted quartet as 
mentioned previously but is somewhat ill-resolved in 
the present spectrum. The reason for the absence of 
phosphorus coupling in the methyl proton signal of free 
PPh 2 Me is uncertain. O n raising the temperature to 
25 °G, the methyl protons of the coordinated and unco­
ordinated PPh 2 Me collapsed to a broad singlet at 1.6 
p p m and the resonance due to P d - C H 3 also changed 
to a broad singlet at 0.04 ppm. T h e existence of the 
free phosphine ligand may be accelerating the exchange 
of the phosphine ligand and the exchange rate may be 
enhanced at the higher temperature. T h e similar 
ligand exchange process has been reproted for [NiR-
(acac)(PPh 3 ) l o r 2 ] . 2 ») 

Reactions of Dialkylpalladium Complexes with Carbon Monox­
ide. Booth and Chat t have reported that the re­
action of carbon monoxide with monomethyl complex, 
[PdMeCl(PEt 3 ) 2 ] , afforded the acyl complex [Pd(CO-
Me)Cl(PEt 3 ) 2 ] , while the reactions with dimethyl com­
plexes [PdMe2L2] either gave uncharacterizable pro­
duct ( L = P E t 3 ) or led to decomposition ( L = ^ dpe).30> 

Introduction of carbon monoxide into the toluene 
solution of dialkyl complexes [PdR2L2] (L = PEt3 and 
PPh 2 Me; R = M e , Et, and Prn) at ca. 1 a tm afforded 
immediately a red clear solution, whose G L C analysis 
indicated the formation of a quantitative amount of the 
corresponding dialkyl ketone. None of alkanes, alkenes 
and a-diketones were detected in the system. The red 
solution was unstable in the absence of carbon monoxide 
and the removal of the solvent by evaporation in vacuo 
left a viscous yellow oil whose I R spectra showed the 
characteristic C^O stretching band at 1800 and 1805 

..cm - 1 for the PEt 3 and PPh 2 Me complexes, respectively. 
This result suggests formation of carbonyl complexes, 
which may possibly be related to the reported palladium-
carbonyl complexes, [Pd(CO)(PPh 3 ) 3 ] , [Pd(CO)PPh 3 ] n 

or [Pd3(CO)3(PPh3)4]1 4). However, purification and 
characterization of the complexes were not successful. 
Monitoring the reaction of [PdEt2(PPh2Me)2] with C O 
in toluene-<4 by means of 1 H - N M R spectroscopy also 
supported the formation of a zero-valent palladium 
carbonyl complex as well as of diethyl ketone, since the 
spectrum consisted of the signals due to diethyl ketone 
(0.90 ppm, triplet, / « 7 Hz, 4H, - C H 2 - and 1.87 ppm, 
quartet , y « 7 H z , 6H, - C H 3 ) and the coordinated 
PPh 2 Me (1.59 ppm, doublet, y « 7 H z , 6H, P - C H 3 ) . 
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[PdR2L2] + CO -> {Pd(COR)RL2} 

CO 
• R2CO + [Pdx(CO)yLz] 

Dialkylcobalt(III) complexes [CoR 2(acac)(PR' 3) 2] , 
have also been found to give the corresponding dialkyl 
ketones, R 2 C = 0 , in a quantitative yield on the reac­
tion with carbon monoxide,10) while [CuR(PR 3 ) n ] and 
[NiR2(bpy)] (bpy=2,2 '-bipyridine) afforded ketones 
and/or diketones whose relative yield depended on the 
conditions employed.12a-31) T h e formation of biacetyl 
by the reaction of C O with [PtMe2(PEt3)2] has been 
reported.30) The acyl complexes which are considered 
to be the intermediates of the ketone or a-diketone for­
mation have been isolated when [NiR(acac)(PPh3)2],32) 
[CoMe(dpe)2],10a '33> and [MRX(PEt 3 ) 2 ] ( M = P d and 
Pt, X = h a l o g e n , NCS, N O a , and NO3)30> were allowed 
to react with carbon monoxide. 

The reactions of [PdR2(dpe)] with carbon monoxide 
led to the decomposition of the complex evolving ethane 
(when R = Me) and ethylene and ethane (when R = 
Et) . When R = P r " , dipropyl ketone was formed in 
17% yield with concomitant evolution of propane. 

Reactions of Dialkyl Palladium Complexes with Iodine. 
Diethyl and dipropyl complexes of palladium [PdR2-

L2] in benzene reacted with excess amounts of iodine 
at room temperature to yield di-iodo complex [PdI2L2] 
(as analyzed by I R spectra and elemental analyses), 
the corresponding alkyl iodide, R I , and the gases such 
as ethylene and ethane when R = E t and propylene 
and propane when R = P r n (Table 4). T h e analogous 

TABLE 4. T H E REAQTION PRODUOTS OF [PdR2L2] AND I2 

Compounds 

[PdEt2(PEt3)2] 
[PdPr»2(PEt3)2] 
[PdPr»2(PPh2Me)2] 
[PdEt2(dpe)] 
[PdPr"2(dpe)] 

2a 
3a 
3b 
2c 
3c 

Molar ratio 

R ( - H ) 

0.42 
0.06 
0.33 
0.40 

c ) 

R . H 

0.58 
0.94 
0.67 
0.60 

c ) 

£Ra> 
% 

30 
3 
9 

10b> 

c ) 

RI 
% 

trace 

54 
37 
74 
18 

a) S R = {mol(R( - H) + R • H)/2 mol (complex)} X 100 
where R( —H) corresponds to C2H4 (R = Et) and C3H6 

(R = Pr") and R . H to C2H6 (R = Et) and C3H8 ( R = 
Pr"). b) R contained a trace amount of C4H10. c) Not 
measured. 

reaction involving dimethyl (bipyridine) palladium and 
iodine to produce methyl iodide and [Pdl2(bpy)] has 
been reported by Maitlis and Stone.34) 

Reactions of [PdR2(dpe)] with Methyl Iodide. Addi­
tion of methyl iodide to [ P d R 2 ( d p e ) ] ( R = M e , l e ; Et, 
2 c ; and Pr", 3c) in vacuo yielded a clear red solution 
from which a yellow solid precipitated with the ac­
companying evolution of gases and alkyl iodides. The 
yellow powder thus obtained was identified as [Pdl2-
(dpe)] by means of I R spectroscopy. When R is CH3 , 
the evolved gas was mainly ethane containing a trace 
of methane. T h e amount of the produced R I (CH3I) 
could not be measured because of the presence of the 
unreacted CH 3 I . As is shown in Table 5, the gases 
evolved by the reactions of diethyl and dipropyl com­
plexes (2c and 3c) with CH 3 I contained Cx to C4 hydro­
carbons. T h e formation of propane as well as ethyl 
iodide in the case of diethyl complex and of ethane, 
butane, and propyl iodide in the case of dipropyl com­
plex by the reactions with CH 3 I , suggest the formation 
of intermediate Pd(IV) species as shown below. 

CH, 
/ 

| ) P d < + R C H 3 
\ p / \ i CH3I / P \ I / R 

[PdR2(dpe)] > I > P d < 
\ p / I \ R V / P . y C H 3 

I N I > P d < 
\ p / \ R 

4 - R . I 

(5) 

Beside the above equation, a number of processes may 
be postulated as the routes to yield the products listed 
in Table 5. Whichever process the reaction may fol­
low, the six-coordinate palladium(IV) species seems to 
play an important role in these reactions. Although 
little has been known about the palladium (IV) com­
pounds, quadrivalent platinum compounds have been 
amply reported including [PtMe2I2(PEt3)2],35) [Pt-
(tolyl)RI2(py)2],36) [PtMeRX2(PMe2Ph)2],23>37) and [Pt-
Me2RX(PMe2Ph)2]2 3 .3 7 '3 8) which were prepared by the 
oxidative addition of alkyl or aryl halide to the cor­
responding bivalent platinum-dialkyl or -alkyl halide 
complexes. Furthermore, the products of the thermal 
decomposition of series of plat inum (IV) alkyl halide 
complexes have been studied38 '39) and the formation of 
ethane, methyl chloride and [PtClMe(PMe2Ph)2] has 

TABLE 5. T H E REAOTION PRODUCTS OF [PdR2(dpe)] AND EXOESS CH3I 

Compounds 

[PdMe2(dpe)] 

[PdEt2(dpe)] 

[PdPr»2(dpe)] 

l c 

2c 

3c 

CH4 

mol/mol • 

trace 

0.52 

0.19 

Pd C2H4 

0 

0.23 
( R ( - H ) ) 

0 

G2H6 

1.00 
(R.R) 

0.36 
/ R . H 
VGH3. 

0.12 
(GH3.i 

Products 

Molar ratio 

G3H6 

0 

0 

CH3) 

0.34 
CH3) ( R ( - H ) ) 

G3H8 

0 

0.35 
(R-CH3) 

0.21 
(R.H) 

G 4 H 1 0 

0 

0.06 
(R.R) 

0.33 
(R-CH3) 

RI 
mol/mol • Pd 

a ) 

0.22 

0.26 

a) Not measurable, see text. 
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b e e n obse rved w h e n [ P t C l M e 3 ( P M e 2 P h ) 2 ] w a s h e a t e d 
a t 170 °C.3 9) T h e a t t e m p t e d i so la t ion of t h e i n t e r m e ­
d i a t e P d ( I V ) species in t h e r e a c t i o n of [ P d E t 2 ( d p e ) ] 
2 c w i t h C H 3 I b y q u e n c h i n g t h e r e d c lea r so lu t ion b y 
t h e a d d i t i o n of E t 2 0 w a s n o t successful, b u t t h e o r a n g e 
p o w d e r w h i c h m a y b e a m i x t u r e of severa l k inds of 
P d complexes i n c l u d i n g [ P d l 2 ( d p e ) ] w a s o b t a i n e d . 
E v o l u t i o n of C H 4 as wel l as C 2 H 6 o n d e c o m p o s i t i o n of 
t h e o r a n g e p o w d e r w i t h H 2 S 0 4 i n d i c a t e s t h e p r e s e n c e 
of P d - G H 3 species in t h e m i x t u r e as t h e resul t of o x i d a ­
t ive a d d i t i o n of C H 3 I to 2 c . 

I n t h e me ta thes i s r e a c t i o n of [ P d M e 2 ( b p y ) ] w i t h p e r -
f luoropropy l i od ide to y ie ld e i t he r [ P d M e ( C 3 F 7 ) ( b p y ) ] 
( w h e n e q u i m o l a r a m o u n t of w-C 3F 7 I w a s e m p l o y e d ) o r 
[ P d ( C 3 F 7 ) 2 ( b p y ) ] ( e x c e s s C 3 F 7 I ) , Ma i t l i s a n d S t o n e pos ­
t u l a t e d t h e q u a d r i v a l e n t s i x - coo rd ina t e p a l l a d i u m in ­
t e r m e d i a t e , [ P d M e 2 ( C 3 F 7 ) I ( b p y ) ] , 3 4 ) a l t h o u g h t h e o t h e r 
possible b y - p r o d u c t s , M e l , M e - C 3 F 7 , etc. h a v e n o t b e e n 
de t ec t ed . 

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

All manipulations were carried out under an atmosphere 
of deoxygenated nitrogen or argon, or in vacuo. Solvents 
were dried in the usual manner , distilled, and stored under 
a nitrogen atmosphere. 

Infrared spectra were recorded on Hitachi E P I - G 3 and 
295 spectrometers using KBr pellets prepared under an 
inert atmosphere. N M R spectra were measured on J E O L 
PS-100 spectrometer by Mr . Y. Nakamura of our reseach 
laboratory to whom we are indebted. X H-NMR signals 
are referred to tetramethylsilane as internal s tandard unless 
otherwise stated. Analysis of the gases evolved by the reac­
tion or decomposition of the alkyl complexes was carried 
out by mass spectrometry and/or gas chromatography 
(Shimadzu GG-3BT) after collecting gases fractionally using 
a Toepler pump , by which the volumes of gases were also 
measured. Micro analyses (G, H , and halogens) were 
carried out by Mr . T . Saito of our laboratory using Yanagimoto 
G H N Autocorder Type M T - 2 (for G and H analyses). 
Analysis of palladium content was performed by E D T A -
back titration method using Z n ( N 0 3 ) 2 aqueous solution. 
The complete ionization of the pal ladium metal in the complex 
was achieved by treating the sample with a hot aqua regia. 

Triethylphosphine (Strem) was used as purchased. Di-
phenylmethylphosphine40) and l,2-bis(diphenylphosphino)-
ethane41) were prepared by the literature method starting 
from PPh2Gl (Strem) and PPh 3 (kindly donated by Iha ra 
Chemical Industry Go. Ltd. ) , respectively. Dialkylmono-
ethoxyaluminums, AlR 2 (OEt) ( R = M e , Et, and P r " ) , were 
prepared by the reactions of the corresponding trialkyl-
aluminums and the equimolar amount of ethanol at a low 
temperature. [PdCl2L2] ( L = P E t 3 and PPh 2 Me) were pre­
pared by the analogous way as reported for [PdCl2{tris-
(dimethylamino)phosphine}2].4 2 ) [PdCl2(dpe)] was obtained 
from PdCl2 and dpe according to the method described in 
the literature.30) The monomethyl complex, [PdMeCl(PEt 3 ) 2 ] 
was prepared by the methylation of [PdCl2(PEt3)2] with 
MeMgBr in Et2C\2> 

Preparation of Dimethylbis(triethylphosphine)palladium (II), la. 
T o a yellow heterogeneous mixture of [Pd(acac)2] (1.5 g, 
5.0 mmol), PEt 3 (1.5 cm3 , 10 mmol) and 30 ml of diethyl 
ether cooled at - 7 0 °G, AlMe 2 (OEt) (3.0 cm3 , 18 mmol) 
was added dropwise. O n raising the temperature of the 
mixture gradually, it became homogeneous at - 3 0 °C. T h e 
solution was stirred for several hours a t 0 °C. Cooling the 

clear solution at — 70 °G overnight yielded a white precipi­
tate, which was filtered off, washed with a small amount 
of E t 2 0 at the same temperature and dried in vacuo. The 
product was recrystallized from cold hexane to yield color­
less needles of [PdMe 2 (PEt 3 ) 2 ] l a (0.71 g, 4 0 % ) . Similarly 
obtained were [PdEt2(PEt3)2] 2a and [PdPr" 2 (PEt 3 ) 2 ] 3 a 
by the use of, respectively, AlEt 2 (OEt) and AlPrw

2 (OEt) in 
place of AlMe 2 (OEt ) . Complexes 2a and 3a were crystal­
lized quickly from acetone at low temperatures. T h e low 
yields of crystallized complexes 2a and 3a (less than 15%) 
may be accounted for instability of the complexes in solution. 

Preparation of Dimethylbis (diphenylmethylphosphine)palladium (II) 
lb. T o the heterogeneous yellow mixture of [Pd(acac)2] 

(1.5 g, 5 mmol) , PPh 2 Me (2.3 cm3 , 12 mmol) and diethyl 
ether (30 cm3) cooled at - 70 °C, was added 3 cm3 (25 mmol) 
of AlMe 2 (OEt) dropwise. Gradua l warming of the system 
to — 20 °C with stirring afforded a clear red solution, and 
the solution was further stirred at 0 °G for several hours. 
Cooling the solution at — 70 °C overnight yielded a white 
precipitate which was filtered off, washed with E t a O and 
hexane at low temperature and dried in vacuo. T h e product 
was crystallized from cold acetone to give white crystals 
of [PdMe 2 (PPh 2 Me) 2 ] , l b , (0.23 g, 10%). 

Similarly obtained were its ethyl and propyl analogs, 
2 b and 3b , using AlEt 2 (OEt) and AlPr" 2 (OEt) , respectively, 
in place of AlMe 2 (OEt ) . Crude complex 2 b (0.70 g, 25%) 
could not be crystallized due to its poor solubility. White 
crystals of 3 b (0.33 g, 10%) were obtained by the careful, 
low temperature crystallization from acetone. 

Preparation of Dimethyl{l,2-bis(diphenylphosphino)ethane}palla-
dium(II), lc. In to the cooled ( — 70 °G) heterogeneous 
mixture of [Pd(acac)2] (1.5 g, 5 mmol) , l,2-bis(diphenyl-
phosphino)ethane (dpe, 2.2 g, 5.5 mmol) , and E t 2 0 (30 cm3) , 
was added dropwise 3 cm3 (16 mmol) of AlMe 2 (OEt ) . Stir­
ring the mixture at —20 to —30 °C yielded, at first, a sticky 
solid, and then finally a white precipitate, which was filtered 
off, washed with E t a O and hexane, and dried in vacuo. Re-
crystallization of the product from acetone yielded white 
crystals of [PdMe 2 (dpe)] l c (1.6 g, 4 5 % ) . 

T h e analogous complexes, [PdEt 2(dpe)] 2c and [PdPr"2-
(dpe)] 3c were obtained by the similar method as above 
using AlEt a (OEt) and AlPr» 2 (OEt) , respectively, as alkylating 
agents in place of AlMe 2 (OEt ) . Complexes 2c (2.1 g, 75%) 
and 3c (2.5 g, 85%) could not be crystallized due to their 
poor solubility. 

Reactions of Dialkylpalladium Complexes with Carbon Monoxide. 
T o the pre-evacuated flask containing the mixture of [PdMe 2 -
(PEt3)2] l a (46.5 mg, 0.125 mmol) and toluene (1cm 3 ) 
freezed at —198 °C, carbon monoxide was introduced. 
T h e system turned red instantly on melting by raising the 
temperature under carbon monoxide. At room temperature, 
a clear red solution resulted. No gas evolution was observed 
in the system. T h e formation of acetone (0.108 mmol, 
9 0 % on the basis of the amount of l a used) in the solution 
was confirmed by means of G L C . 

T h e similar reactions of C O with complexes 2a, 3a , l b , 2b , 
and 3 b yielded the corresponding ketones as shown in Table 6. 

Reactions of Dialkylpalladium Complexes with Iodine. [PdEt2-
(dpe)] (2c) : In to the Schlenk flask fitted with a side arm, 74.1 
mg (0.132 mmol) of [PdEt2(dpe)] was placed. T h e benzene 
(2 cm3) solution of iodine ( 1.0 g) in a L-shaped tube was 
connected to the side a rm of the flask. After being evacuated 
by freeze-thaw method, the contents were mixed together 
by rotating the L-shaped tube. T h e mixture was stirred 
at room temperature for several hours. T h e gases evolved 
by the reaction are listed in Table 4. From the solution, 
all volatile liquid was removed by a trap-to-trap distillation 
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T A B L E 6. T H E AMOUNT OF DIALKYLKETONES FORMED BY T H E REACTIONS 

OF [PdR2L2] WITH CARBON MONOXIDE 

Complexes 

mg (mmol) 

Dialkylketones 

mmol (%) 
[PdMe2(PEt3)2] 
[PdEt2(PEt3)2] 
[PdPr«2(PEt3)2] 
[PdMe2(PPh2Me)2] 
[PdEt2(PPh2Me)2] 
[PdPr"2(PPh2Me)2] 

l a 
2a 
3a 
l b 
2b 
3b 

46.5 
52.1 
21.1 
77.0 
49.9 
25.2 

(0.125) 
(0.130) 
(0.049) 
(0.143) 
(0.088) 
(0.042) 

Me2CO, 
Et2CO, 
Pr"2CO, 
Me2CO, 
Et2CO, 
Pr"2CO, 

0.108 
0.144 
0.046 
0.129 
0.088 
0.042 

( 85) 
(110) 
( 95) 
( 90) 
(100) 
(100) 

to leave a residual orange solid. T h e presence of methyl 
iodide (0.196 mmol, 7 4 % on the basis of the amount of initially 
used complex) was confirmed by means of G L C . Recrystal-
lization of the residue from acetone-hexane yielded orange 
crystals of [Pdl 2 (dpe)] (Found: C, 41.6; H , 3.8; I, 33 .0%. 
Calcd for C2 6H2 4I2P2Pd : C, 41.2; H , 3.2; I, 33 .5%) . 

Similarly carried out were the reactions of [ P d E t ^ P E t ^ ] 
and [PdPr n

2 L 2 ] ( L = P E t 3 , PPh 2 Me, and l/2dpe) with iodine. 
Reactions of [PdR2(dpe)~\ with methyl iodide. \PdMe2(dpe)~\: 

Methyl iodide (ca. 2 cm3) was distilled over calcium hydride 
under a vacuum into a flask containing [PdMe 2 (dpe)] (69.6 
mg, 0.13 mmol) . O n stirring the mixture at room tem­
perature, the initial white suspension turned to a clear red 
solution and then finally to the suspension containing a 
yellow precipitate which was identified as [Pdl 2 (dpe)] on the 
basis of the I R spectrum. T h e evolution of ethane contain­
ing a trace of methane was observed as analyzed by G L C . 
T h e amount of ethane can not be measured due to the coexis­
tence of unreacted CH3I. T h e reactions of diethyl and 
dipropyl complexes with methyl iodide were carried out 
similarly. 

W e t h a n k t h e K a w a k a m i F o u n d a t i o n for financial 
s u p p o r t . 
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Kinetics of the Proton-Transfer Reaction of 4-(2,4-Dihydroxyphenylazo)-
nitrobenzene in Dioxane-Water Media* 

Noboru YOSHIDA and Masatoshi FUJIMOTO 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received October 30, 1976) 

Kinetics of proton-transfer reactions in 4 to 50%(v/v) dioxane-water media between hydroxide ion and 4-
(2,4-dihydroxyphenylazo)nitrobenzene (Magneson; MAG) having a strong OH--N intramolecular hydrogen-
bond are studied by means of the temperature-jump method. The forward and the backward rate constants k£ 

k{ 

and * r [H 2 0] for the reaction O H - + H A - ^ ^ H 2 0 + A 2 - are evaluated to be in the range of 9.2 X 105—1.3 X 105 

moi - 1 dm3 s_1 and 5.5 X 103—1.8 X 103 s_1, respectively. The dependence of the kt and the acid dissociation 
constant Kt on the dioxane contents of the medium is interpreted on the basis of solute-solvent interactions. 

T h e kinetic studies of proton-transfer reactions in 
mixed solvents are of particular importance for the 
interpretation of fast proton-transfer reactions in 
aqueous solutions, especially from the point of view 
of solute-solvent interactions. 

1,4-Dioxane, a typical water-miscible aprotic solvent, 
can cover the wide range of dielectric constant of 
the medium on mixing with water. This character­
istic is favorable for evaluating the solvent effects 
such as electrostatic effect in the fast proton-transfer 
reactions. Many investigations on the structure of 
dioxane-water solutions have so far been reported 
in detail.1) However, it is necessary to get further 
information on the liquid structure of dioxane-water 
system at the periphery of a bulky solute molecule 
such as 4-(2,4-dihydroxyphenylazo)nitrobenzene (Mag­
neson; MAG) . 

In a previous paper2) we determined the overall 
rate constants kt and kT for the proton-transfer reactions 
between hydroxide ion and some ortho-hydroxy azo 
and azomethine compounds HA in 50%(v/v) diox­
ane-water medium and proposed the following reac­
tion mechanism for this medium; 

HA + O H -
*12 

HA* + O H -
* 2 1 

[1] [2] 

H A * - ( H 2 0 ) n - O H - ^ 
k 

[3] 

A - + H 2 0 . 

[4] 

In the step [ 1 ] ; = ^ [ 2 ] , the hydrogen-bonded proton 
in H A is set free from the azo-nitrogen atom and 
interacts with solvent water molecules to form HA*. 
Recently Jost and Liphard directly proved the exist­
ence of the first elementary step [ 1 ] ^ ^ [ 2 ] from the 
activation volume of the overall reaction determined 
by the temperature-jump study under pressure.3) 

In the present study we found that for the uninegative 
acid H A - of M A G the recombination rate constant 
kt decreases with increasing dioxane contents in the 
medium. This dependence in the kt was attr ibuted 
to the change of the two terms, K12—k12lk21 and &23. 
From the dependence of log kt on the value of the 
macroscopic dielectric constant of the medium, the 

Presented in part at the 26th Annual Meeting on Co­
ordination Chemistry, Sapporo, August 30, 1976, Ab­
stract p. 252. 

MAG: ÇA 

number of intervening water molecules in the encounter 
complex, H A * " - ( H 2 0 ) n - " O H _ , was estimated to be 
« = 4 — 5 . 

Exper imenta l 

Reagents. The water used here was deionized and 
distilled. Guaranteed grade dioxane (Wako) was distilled 
and used without further purification.2) 4-(2,4-Dihydroxy-
phenylazo) nitrobenzene was purified by repeated recrystal-
lization from methanol. Dioxane solution of the dye (3x 
10 -3 mol dm -3) was stored in a well-stoppered bottle to avoid 
evaporation. 

Measurements. pH in the Mixed Solvent: We used the 
following relationship4) between pH-meter readings (pH*) 
and values of —log (CH/mol dm -3) = pCH 

log Un = pCH - pH*, 

where CH denotes the analytical concentration of the solvated 
proton determined titrimetrically. The plot of pH* vs. pCH 

shows a good linear relationship for any dioxane content in 
the medium. The values of log t/H were evaluated in the 
range of pH* = 3—12 at 25 °C and 7=0.1 mol dm"3 (NaC104) 
to be -0 .07 , - 0 . 0 3 , -0 .06 , -0 .08 , - 0 . 1 1 , and -0 .14 for 
the mixed solvent containing 0, 10, 20, 30, 40, and 50%(v/v) 
dioxane, respectively. Hitachi-Horiba pH-meters Model P 
and Model M-7 were used throughout the study. 

Equilibria and Kinetics: The acid dissociation constants of 
MAG were determined spectrophotometrically with a Hitachi 
recording spectrophotometer Model EPS-3T. The kinetic 
measurements were carried out with a Union Giken co-axial-
cable temperature-jump apparatus Model RA-105. The 
temperature-jump cell was made of Teflon and equipped with 
gold electrodes. Temperature-rise was determined for dis­
charge at 25 kV from the calibration curve between the light 
intensity and the temperature of the sample solution at / = 
0.1 mol dm"3 (KN03) to be 4.4 and 3.8 °C in the aqueous 
and the 50%(v/v) dioxane-water solution,, respectively. The 
rise-time of the temperature in 50%(v/v) dioxane-water solu­
tion was ca. 5 (JLS.5> To avoid partial decomposition of the 
dye after repeated discharges on the same sample solution, 
we often renewed the sample solution in the cell. As the 
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noise-level in the signal was serious for dioxane-water system, 
the discharge voltage was carefully controlled below 25 kV. 
The reaction was followed on the screen of an oscilloscope 
Tektronix Type 545B at the absorption maximum of the 
conjugated base of the Bronsted acid. Temperature of the 
solution was kept constant by circulating the water ther-
mostated with a regulator Lauda Type K2R or Goolnics 
Model GTR-1B. 

R e s u l t s 

Equilibria of the Reaction. The apparent ionic 
product Ä"w=[H][OH] of the water in dioxane-water 
mixture at 25 °G and 7=0 .1 mol d m - 3 (NaC104) was 
calculated using the values of log UK derived from the 
data of the Potentiometrie titrations as described in 
detail in a previous paper.2) The values of Kl thus 
obtained were used for the evaluation of the acid dis­
sociation constant Kl based on the kinetic data, accord­
ing to the relation J n = [H][A]/[HA] = (£ f /£ ) [H] [OH] 
—KtKl, where Kl denotes the ratio kjk'r and k'r=kr-
[H2OJ. Figure 1 shows the dependence of the pKl 
{= — log(/Cw/mol2 dm - 6 ) ) on the mole fraction of 
dioxane in the medium, # d l o x , indicating the decrease 
in Kl with increasing dioxane content. 

The absorption coefficient A of the solution at wave­
length where the absorption of an acid form HA~ 
of M A G can be neglected is given by 

A = ÊHACHA + eA£A - £ACA, (1) 

where e and C denote the molar absorption coefficient 
and the equilibrium concentration, respectively. T h e 
acid dissociation constant UTâ = [H][A]/[HA] is derived 
from the following equation; 

C/AA = l/eA + CHteAKl, (2) 

where C denotes the total concentration, C = CHA + CA, 
and AA the absorption coefficient of a basic form ^42~. 
The plot of C\AA vs. CH for each dioxane content of 
the medium gives a straight line as shown in Fig. 2. 
From the slope and the intercept of the straight line, 
the values of the Kl and eA are obtained, respectively. 
The acid dissociation constants Kl in the medium of 
varying dioxane content are summarized in Table 1. 

15 
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*diox 

Fig. 1. Dependence of thep K% on the mole fraction 
of dioxane, #dj0x- At 25 °C and 7=0.1 mol dm - 3 

(NaC104). 

CH /10- 1 2moldm- 3 

Fig. 2. Plots of C/AA vs. CH in dioxane-water media. 
Dioxane content: (1) 4, (2) 10, (3) 20, (4) 30, (5) 40, 
and (6) 50%(v/v). At 25 °G and 7=0.1 mol dm"3 

(KNO,). 

TABLE 1. ACID DISSOCIATION CONSTANTS Kl OF MAGNESON 

IN DIOXANE-WATER MEDIUM AT 2 5 ° G DETERMINED 

FROM THE SPECTROPHOTOMETRIC DATA 

Dioxane/%(v/v) pKl ( - - l o g (Kl/mol dm~3))a) 

4 11.66 
10 11.88 
20 12.26 
30 12.60 
40 12.98 
50 13.23 

a) Kl = [A] [H]/[HA], 1= 0.1 mol d m - 3 (KN03) . 

In Fig. 4(a) the spectrophotometric acid dissociation 
constants are plotted against the mole fraction of 
dioxane, xdIox. Increasing dioxane content in the 
medium would lead to a decrease in the acid dis­
sociation constant of H A - . A linear relationship be­
tween pKl and xdlox is observed in the range of #dlox 

lower than 0.09, while for simple nonaromatic car-
boxylic acids such as acetic acid Van Uitert and 
Haas,4) and Harned and Owen6) reported the cor­
responding linear relationship in by far the wider 
range of the mole fraction of dioxane. 

Kinetics. For the proton-transfer reactions of 
uninegative acid HA~ in the mixed solvent, 

HA- + O H - = 4 b A 2- + H 2 0 

with the equilibrium constant Kt=k{lkT=CAICHACOH, 
the relaxation time x is expressed by 

r - 1 = kt(C0H + CHA) + k't, (3) 

where k't involves the concentration of the water in 
the mixed solvent and equal to £ r [ H 2 0 ] . Figure 3 

shows the plots of T " 1 VS. CnA-\-CQn, giving kt and k't 
from the slope and the intercept, respectively. The 
values of k{, k'v, and Kt are summarized in Table 2. 
In Fig. 4, pKl evaluated as Kl=KtKl from the kinetic 
data is plotted against #dlox together with the spectre-
photometric pKl. Figure 5 shows a dependence of 
log k{ on xd lox . At higher dioxane content, marked 
deviation from the linear dependence is observed. 
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TABLE 2. RATE CONSTANTS FOR THE PROTON-TRANSFER REAOTION OF MAGNESON HA- + O H - ^ = ^ A 2 - + H 2 0 

IN DIOXANE-WATER MEDIUM AT 25 ° C 

Dioxane kt k\ Kt 
%(v/v) 

4 
10 
20 
30 
40 
50 

105mol - i d m h " 1 

9.2 
6.4 
4.5 
2.5 
1.5 
1.3 

1 0 3 s - l a ) 

5.5 
5.2 
3.8 
2.5 
2.4 
1.8 

10 2moldm- 3 

1.7 
1.2 
1.2 
1.0 
0.63 
0.72 

pKl ( = - l o g (X:/mol dm-»))»» 

11.5 
11.8 
12.2 
12.5 
13.1 
13.3 

a) k't = * r [ H 2 0 ] . 
b) Kt = K°bKl, / - 0.1 mol dm- 3 (KN03). 

2 4 

£ H A + £ O H / 1 0 - 2 mol dm- 3 

Fig. 3. Plots of the reciprocal relaxation time, T - 1 , VS. 
ÔHA + ÔÎH in dioxane-water media. Dioxane con­
tent: (1) 4, (2) 10, (3) 20, (4) 30, (5) 40, and (6) 50% 
(v/v). At 25 °G and 7=0.1 mol dm-3 (KNO,). 

*diox 

Fig. 4. Dependence of the acid dissociation constants 
Kt of MAG on the mole fraction of dioxane, #dlox. At 
25 °G and 7-0 .1 mol dm"3 (KN03) . (a) The plot of 
the spectrophotometric pKl vs. xälox. (b) The plot of 
the kinetic pKl vs. xdiox. 

0.05 0.10 

*diox 

Fig. 5. Dependence of the recombination rate constants 
k{ on the #dlox. At 25 °C and 7— 0.1 mol dm - 3 

(KN03) . 

D i s c u s s i o n 

In Fig. 6 the kinetic and the spectrophotometric 
pKt are plotted against the inverse macroscopic dielec­
tric constant of the medium.7) Both p ^ â ' s increase 
with decreasing dielectric constant of the medium, 
though the linear dependence of pKt on D~x as inter­
preted by Gilkerson in terms of electrostatic interactions8) 
is observed only for the lower dioxane contents. The 
free energy of the acid dissociation is a sum of the ener­
gies required to break the O - H bond, the energies re­
quired to break the intramolecular hydrogen-bond, and 
the hydration energies of various species involved.9) The 
decrease of Kt with increasing dioxane content in the 
medium shown in Fig. 6 would partly be ascribed 
to the difference in the energies of hydration of the 
reactants.10) 

The recombination of hydroxide ion with a uni-
negative 4- (2-hydroxy-4-ethylphenylazo) benzenesulfo-
nate ion having no para-OH group was found to 
be almost diffusion-controlled,11) and the value of 
pKt for the hydrogen-bonded proton is by two orders 
of magnitude lower than that of a uninegative ion 
of 4- (2,4-dihydroxyphenylazo) nitrobenzene having a 
dissociated para-OH group. These facts would lead 
to the following conclusions: 1. T h e thermodynamic 
stability of the intramolecular hydrogen-bond increases 
mainly due to the presence of a para-0~ group which 
contributes to a resonance quinoidal form and enhances 
the electron density on the azo-nitrogen. 2. Increased 
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1 

D - 7 I O - 2 

Fig. 6. Dependence of the acid dissociation constant Kl 
of MAG on the dielectric constant of the medium. 
At 25 °C and 7=0.1 mol dm-3 (KNO,). (a) The plot 
of the spectrophotometry pKi vs. the dielectric constant 
of the medium, (b) The plot of the kinetic pKl vs. 
the dielectric constant of the medium. 

double-bond character of a G-N bond between an azo-
nitrogen and the benzene ring owing to the resonance 
contribution from the para-0~ substituent may restrict 
the internal rotation about the G-N axis and further 
enhance the thermodynamic stability of the intra­
molecular hydrogen-bond. More recently, from the 
similar point of view Töei12> and Johnson and Florence13) 
have also explained the stability of the complexes of 
o-hydroxyphenylazo multidentate ligands having a 
para-OH. group in terms of a charge-quinone hy­
pothesis. 

For the proton-transfer reactions of a uninegative 
Bronsted acid ion H A - + O H - ^ ^ A 2 ~ + H 2 0 in diox-
ane-water media, we propose the following mechanism 
which postulates the existence of the first pre-equilibrium 
between HA~ and H A * - ; 

HA- + O H -

[1] 

HA*- + O H -

[2] 

^ k H A * - - ( H a O ) „ - O H - ^± A 2- + H 2 0 , 

[3] [4] 

where H A - stands for the uninegative species having 
a para-O* group and an intramolecular hydrogen-
bond, and H A * - an intermediate species without an 
intramolecular hydrogen-bond. The ortko-bydroxyl 
proton in H A - is set free from the intramolecular 
hydrogen-bond and associated with surrounding water 
molecules via hydrogen-bond to form H A * - . If a 
proton-transfer reaction in dioxane-water media pro­
ceeds in accordance with the above mechanism, the 
relations between rate constants of the overall reaction 
and those for each elementary step are shown by 
Eqs. 4 and 5. 

k{=K12k23, (4) 

and 
kv = k3JKu, (5) 

where K12=k12/k21 and K3i=ksJkàZ. The equilibrium 
constant K12 is characteristic of the structure of the 
Bronsted acid and may reflect the liquid structure 
of the water at the periphery of the reactant, namely, 
that in the vicinity of the hydroxyl proton. O n the 
other hand, k23 is a function of the solvent composition 
and of the dielectric constant of the medium. Thus 
the value of K12 appears to be one of the measures 
of the differences in solute-solvent interactions for H A -

and H A * - . The values of kf and kx in dioxane-water 
media are found to be smaller than those in aqueous 
medium. As discussed above, this decrease in the 
recombination rate constant in the mixed solvent 
system is due to two terms K12 and k23. 

By neglecting the ionic-atmosphere term in 
Christiansen-Scatchard equation14) we obtain 

In (kt/k°t) - -ZiZ,é*/kTr"D, (6) 

where zt and zy represent the charge of the reactants, 
D is the dielectric constant of the medium, k Boltzmann's 
constant, T the absolute temperature, r* the reaction 
distance, e the elementary charge, and k% the rate 
constant at infinite dielectric constant. As shown in 
Fig. 7, the log kf vs. Z) -1-plot is linear in the region 
of higher dielectric constant (7)=78—52) . Since the 
decrease of log kf in Fig. 7 (a) is due to two terms K12 

and k23, and the term K12 is not constant15) in this 
region, we obtain an unexpectedly small value of the 
reaction distance (2.9 Â) from the slope (a) in Fig. 7. 
In the region, where the term K12 is assumed to be 
nearly constant,16) the slope in Fig. 7 is reduced to Eq. 7. 

d log (ÂTf/mol-1 dm3 s - i j / d i ) " 1 

~ d log (kjmol-1 dm3 s-^/d D~l. (7) 

From the slope (b) of the log (Ajf/mol_1 dm 3 s_1) vs. 
7)_1-plot we obtain the value of r* = 18 Â as a phenom-
enological reaction distance. This value of the reaction 
distance would be reasonable in view of the charge and 
the size of the reactants, though further investigation is 
needed with respect to the phenomenological reaction 
distance derived from the assumption K12 — constant. 
From the value 18 Â for r*, the number of the inter-

S 
T5 

Fig. 7. Dependence of the log kf on the dielectric con­
stant of the medium. At 25 °G and 7=0.1 mol dm - 3 

(KNO3). 
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4 12 13 14 

Fig. 8. Dependence of the recombination rate constants 
k{ on the acid dissociation constants Kl of MAG in 
dioxane-water media. Dioxane content: (1) 4, (2) 
10, (3) 20, (4) 30, (5) 40, and (6) 50%(v/v). At 25 °G 
and 7-0 .1 mol dm-3 (KNO,). 

vening water molecules in the encounter complex, 
H A * - " - ( H 2 0 ) n - - - O H - would be estimated to be 
« = 4 — 5 . T h e value is larger than that ( n = 2 ) for the 
neutralization reaction between the proton H a O+ and 
the hydroxide ion O H - in aqueous solution.17) 

For a given solvent composition, it was found that 
the pKl of the Bronsted acids of analogous structures 
shows a linear dependence on the value of log (&f/mol_1 

dm 3 s-1).2) Figure 8 shows the linear relationship 
between log (£ f /mol - 1 dm 3 s -1) and pKl of M A G 
with respect to the medium effect. Since the variation 
of & by varying solvent composition is small, the 
variation of Kl=Kl{ktlk'x) depends almost entirely on 
kt and Kl. The plot of pKl against pKl for varying 
solvent composition shows a linear relationship, pKl 
= 0 . 8 pÄ"a+4.3. The plot in Fig. 8 gives a relation­
ship, log (kjmol-1 dm 3 s-1) = —0.5 pKl + 11.5, or 
kf = G(Kt)a, where G and a are constants. From Eq. 
4 we have a simple relationship, K12k23=G(Kl)a. 
Considering the smaller variation in k2S than that in 
K12 we obtain 

Ki* = G'(KIY, (8) 

where G' is a constant. Thus, the linear relationship 
between pKl and log (£ f /mol - 1 dm 3 s_1) of M A G with 
respect to the medium effect could be explained by 
the linear relationship between pKt and log K12. 
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In order to determine the best conditions for the preparation of potassium hexafluorovanadate(III), the 
reaction of V a 0 3 with KHF2 was studied by means of thermogravimetric analysis, differential thermal analysis 
and X-ray diffraction analysis. The reaction begins at about 225 °G and terminates at about 300 °C, and the 
decomposition of excess KHF2 terminates at from 300 to 450 °C, depending on the amount of the mixture of 
V 2 0 3 and KHF2. Potassium hexafluorovanadate(III) is stable in air up to about 300 °C and is oxidized at tem­
peratures higher than 300 °C. Potassium hexafluorovanadate(III) has four polymorphic forms, and the transition 
points are 158, 200, and 218 °C. The transition from Ô to y or from y to ß on cooling is hindered by adding a small 
amount of sodium ion. 

Previously we measured the freezing points of 
the KCl-VFg, NaCl-VF 3 , KCl-NaCl(equimolar ) -VF 3 , 
KG1-KF-K 3 VF 6 , NaCl -NaF-Na 3 VF 6 , K F - N a F - K 2 -
NaVF 6 , and K C l - N a C l - K 2 N a V F 6 systems and pointed 
out that compositions in the vicinity of the minimum 
melting point of the K G l - N a C l - K 2 N a V F 6 system are 
suitable as an electrolyte for the electrorefining or 
electroextraction of vanadium.1 '2) Most regions of the 
K C l - N a C l - K 2 N a V F 6 system, shown by hatching in 
Fig. lb , can be prepared by the use of K 3 VF 6 , which 
can be more easily prepared than K 2 NaVF 6 . Several 
methods for the preparation of K 3 VF 6 have been 
reported by several groups of workers,3-5) but none 
of these methods are practicable from the viewpoint 
of cost. In a previous paper,6) we reported that 
(NH4)3VF 6 can be prepared by fusing a mixture 
of V 2 0 3 and N H 4 H F 2 in an inert atmosphere. By 
analogy with this preparation of (NH 4) 3VF 6 , K 3 VF 6 

may be expected to be prepared by fusing a mixture 
of V 2 0 3 and K H F 2 . This work was undertaken to 
determine the conditions for the preparation of K 3 VF 6 

from V 2 0 3 and K H F 2 , and also to examine the poly­
morphic transition of K 3 VF e . 

Na3VCI6 

"3 

K 2 N a V F 6 

KoVF, 
K2NaVF6 

Na3VF6 

-7>3<KF) 

3(NaCl) 3(NaF) 3(KCl) 3(NaCl) 
(a) ( b ) 

Fig. 1. (a) KCl-NaCl-VCl3-KF-NaF-VF3 system and 
(b) KCl-NaCl-K3VF6-Na3VF6 cross section. 

Exper imenta l 

The vanadium(III) oxide used was prepared by the hydro­
gen reduction of V 2 0 5 of a special reagent grade at 800— 
900 °G for 3 h. The potassium hydrogenfluoride and lithium 
fluoride used were of a special reagent grade, while the sodium 
hydrogenfluoride was reagent-grade. X-Ray diffraction pat­
terns at elevated temperatures were taken with an X-ray dif-
fractometer, Rigaku Denki Model SG-7, equipped with a 
high-temperature attachment, with a Ni-filtered CuKoc radia­

tion. The diffraction angles were corrected by using the dif­
fraction angles of silicon. The differential thermal analysis 
curves were taken with an apparatus constructed in our lab­
oratory by using 10 mg of a sample at a heating rate of 
5 °C/min. The thermocouple used was calibrated by the 
transition temperatures of KNOa(129 °G) and KG104(299 °C). 
The thermogravimetric analysis curves were taken with a 
microthermobalance, Shimadzu Model TG-20, by using 10 
mg of a sample and at a heating rate of 5 °C/min. 

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

X-Ray Diffraction Analysis. A mixture (2.5844 g) 
of V 2 0 3 and K H F 2 in a molar ratio of 1 : 8 was placed 
in a plat inum boat and heated at a given temperature 
for 30 min in a stream of argon (20 ml/min). Figure 2 
shows a schematic diagram of the apparatus used for 
this experiment. T h e reaction product was identified 
by X-ray diffraction analysis at room temperature. 
Potassium hexafluorovanadate(III) was identified on 
the basis of the set of interplanar spacings for the low-
temperature form of K 3 VF 6 reported by Cretenet.7) 
Table 1 shows the compounds identified in the product. 
T h e reaction of V 2 0 3 with K H F 2 began at 225 °G 
and was completely terminated a t 300 °G. T h e de­
composition of the excess K H F 2 was almost terminated 
at 400 °C and completely terminated at 450 °G. As 
is shown in Table 1, K F - 2 H 2 0 was detected in the 
products. The thermogravimetric study of K F - 2 H 2 0 
showed that K F - 2 H 2 0 released the water of crystal­
lization a t 200—300 °C and that the residue was K F . 
Therefore, the K F - 2 H 2 0 detected in the products is 
considered to have been formed while the substance 

Fig. 2. Schematic diagram of the apparatus used for 
the preparation of K3VF6. 
1. Nickel reaction tube, 2. platinum boat, 3. inlet 
of argon, 4. vinyl chloride tube, 5. copper cooling 
tube, 6. furnace, 7. outlet of argon. 
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was standing at room temperature by the reaction 
of K F with the moisture in air. 

Differential Thermal Analysis. The differential 
thermal analysis curve for the reaction of V 2 0 3 with 
K H F 2 is shown in Fig. 3. For comparison, the differen­
tial thermal analysis curve for the decomposition of 
K H F 2 is also shown in Fig. 3. Peaks a and b corres­
pond to the transition(194 °G) and melting (225 °C) 
of K H F 2 . Peak c is judged to correspond to the 
begining of the reaction of V 2 0 3 with K H F 2 on the 
basis of the fact that the reaction of V 2 0 3 with K H F 2 

was observed with the naked eye to begin immediately 
after the melting of K H F 2 , and the fact that K 3 VF 6 

was identified in the product obtained at 225 °G, as 
is shown in Table 1. 

Thermogravimetric Analysis. The thermogravimet-
ric analysis curve for the reaction of V 2 0 3 with K H F 2 

is shown in Fig. 4. For comparison, the thermo­
gravimetric analysis curve for the decomposition of 
K H F 2 is also shown in Fig. 4. In curve a, the weight 
loss began at about 200 °C and terminated at about 
300 °C; in curve b , while the weight loss also began 
at about 200 °G, it terminated at about 340 °G. T h e 
temperature at which the decomposition of excess K H F 2 

terminated differs in Table 1 and Fig. 4. This can 
be ascribed to the difference in the weight of the samples 

——^_A_ 

B 

^ ^ 9 

194 

\ 
t b 
A 225 A 

O A T ^ i ^ 5 ^ i c ^ = ^ 7 

1/1 \>^ 1 , 
^^^ 

IJc^\} ^-

100 200 300 
Tempera ture (°G) 

Fig. 3. DTA curves. 
Curve A: KHF2, curve B: a mixture of V2Oa 

KHF9 in a molar ratio of 1 : 8. 
and 

TABLE 1. RELATIONSHIP BETWEEN REACTION TEMPERATURE 

AND COMPOUNDS IN THE REAOTION PRODUOT 

Temperature Compounds detected by X-ray diffrac-
(°C) tion analysis at room temperature 

150 
200 
225 
250 
300 
350 
400 
450 
500 
600 

v2o3, 
v2o3, 
v2o3, 
v2o3, 
KHF2, 
KHF2 , 
KHF2, 
K3VF6, 
K3VF6, 
K3VF6, 

KHF2 

KHF2 

KHF2, K3VF6 

KHF2, K3VF6 

K3VF6, KF-2H 2 0, 
K3VF6, KF-2H 2 0, 
K3VF6, KF-2H 2 0, 
KF .2H 2 0 , KF 
KF-2H 2 0, KF 
KF-2H 2 0, KF 

KF 
KF 
KF 

100 200 300 
Temperatuure (°C) 

400 

Fig. 4. TG curves. 
Curve a: KHF2, curve b : a mixture of V 2 0 3 and 
KHF2 in a molar ratio of 1 :8 . 

used. T h e weight loss in the vicinity of 200 °G is 
considered to be due to the vaporization of H F from 
solid K H F 2 , because the reaction of V 2 0 3 with K H F 2 

begins at about 225 °G. 
From the results of the X-ray diffraction analysis, 

differential thermal analysis, and thermogravimetric 
analysis, it was found that the reaction of V 2 0 3 with 
K H F 2 begins at about 225 °G and terminates at about 
300 °G, and that the decomposition of excess K H F 2 

terminates at 300—450 °C, depending on the weight 
of the mixture of V 2 0 3 and K H F 2 . 

Molar Ratio of V203 to KHF2. Since a part 
of the K H F 2 in a mixture decomposes without reacting 
with V 2 0 3 , an excess of K H F 2 is necessary for preparing 

^ - 7 

- 6 
- 8 

-11 

-10 

Fig. 5. Schematic diagram of the apparatus used for 
the preparation of K3VF6. 
1: Mixture(about 300 g) of V2Oa and KHF2, 2: 
graphite crucible (72 mm in inside diameter and 160 
mm in height), 3: perforated lid, 4: stainless steel 
vessel, 5 : copper cooling tube, 6 : bolt and nut, 7 : 
copper cooling tube, 8: inlet and outlet of argon, 
9: O-ring. 
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Fig. 6. Scanning electron micrographs of K3VF6. The bars represent 10 |j.m. 
a :V 2 0 3 /KHF 2 =l /7 , b : V 2 0 3 /KHF 2 =l /8 , c: V203 /KHF2=1/12. 

K 3 VF 6 free from V 2 0 3 . In order to determine the 
lower limit of the excess of K H F 2 , a 300-gram portion 
each of mixtures in the molar ratios 1 : 6 , 1 : 6.5, 
1 : 7, 1 : 8, 1 : 9, 1 : 10, 1 : 11, and 1 : 12 was heated 
at 600 °C in a stream of argon(200 ml/min) with the 
apparatus shown in Fig. 5. After having been cooled, 
the reaction products were leached with water, and 
the residue was examined with the naked eye and also 
analysed by an X-ray diffraction technique. Vanadium-
(III) oxide is black or brown, while the color of K 3 V F 6 

is bright green. When a reaction product was leached 
with water, the remaining V 2 0 3 particles, if any, 
could be well discriminated from the K 3 VF 6 in water 
with the naked eye. T h e mixtures in the molar ratios 
of 1 : 6 and 1 : 6.5 gave K 3 VF 6 contaminated with 
V 2 0 3 , but those in the molar ratios of 1 : 7—1 : 12 
gave K 3 VF 6 free from V 2 0 3 . Figure 6 shows the 
scanning-electron micrographs of K 3 VF 6 prepared from 
the mixtures of V 2 0 3 and K H F 2 in the molar ratios 
of 1 : 7, 1 : 8 , and 1 : 12. As is shown in Fig. 6, 
the crystals of K 3 VF 6 were fine at the molar ratios 
of 1 : 6—1 : 7 and coarse at 1 : 8—1 : 12. T h e growth 
feature observed at 1 : 8—1 : 12 indicates that the 
grain of K 3 VF 6 somewhat dissolves in the K H F 2 melt. 

^5 

.0 

500 
Temperature (°G) 

Fig. 7. Oxidation curve of K3VF6 in air. 

Oxidation-resistance of KSVF6. A knowledge of 
the oxidation-resistance of K 3 VF 6 is important for the 
synthesis of K 3 VF 6 and also for the preparation of the 
electrolytic bath for the electroextraction of vanadium. 
One gram of K 3 VF 6 , the crystal sizes of which are 
shown in Fig. 6b, was heated at a given temperature 
for 30 min in air; then the product was weighed and 
analysed by means of an X-ray diffraction technique. 
T h e thermogravimetric analysis curve thus obtained 
is shown in Fig. 7. I t may be seen that K 3 VF 6 is 

V 

•a 

A_JU 
î t t 

156 200 2ia 

rA 
154 172 215 

A 

U 
U8 176 220 

50 250 100 150 200 
Temperature (°C) 

Fig. 8. DTA curves of K3VF6. 
Curve a : K3VF6 prepared by using KHF2 of a special 
reagent grade, curve b, c, d, e: K3VF6 prepared by 
using KHF2 with the addition of a small amount of 
NaHF2 or LiF. 
b : NaHF2 /KHF2= 1/999, c: NaHF2 /KHF2=l/99, 
d: NaHF2/KHF2=5/95, e: LiF/KHF2= 1/999. 
Heating rate: 5 °C/min. 
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The transition of K 3 V F 6 

stable in air up to about 300 °G and is oxidized at 
temperatures higher than 300 °G. Therefore, when a 
mixture of V 2 0 3 and K H F 2 is heated at temperatures 
higher than 300 °C in order to decompose the excess 
K H F 2 , heating must be done in a stream of an inert 
gas. T h e decomposition of excess K H F 2 to K F and 
H F makes the subsequent water-leaching easy. The 
product oxidized at 700 °C was yellowish green and 
was readily soluble in water. Its X-ray diffraction 
pattern was quite different from that of a-K3VF6 , bu t 
was similar to that of y-K3VF6 , which will be shown 
below. This product is suspected to be tetrafluoro-
dioxovanadate(V), K 3 V 0 2 F 4 . 

Transition of K3VF6. 
was examined by differential thermal analysis and 
X-ray diffraction analysis. Curve a in Fig. 8. is the 
differential thermal analysis curve of the K 3 VF 6 obtained 
by using K H F 2 of a special reagent grade. From 
curve a it may be seen that K 3 V F 6 has four polymor­
phic forms and that the transition points are 158, 
200, and 218 °C. These polymorphic forms will be 
called a, ß, y, and Ô respectively as follows: 

158 200 218 

These transitions are all reversible. Figure 9 shows 
the X-ray diffraction patterns of a, ß, y, and ô. ô was 
found to be cubic with a lattice parameter of a=8 .722Â 
at 235 °G. Cretenet7) has found two polymorphic 
forms for K 3 V F 6 and reported that the high-tem­
perature form is cubic, with a lattice parameter of 

TABLE 2. T H E INFLUENCE OF SODIUM ION ON THE 

CJRYSTAL TRANSITION OF K 3 V F 6 

± i 

A 

J J 1 

(a) 

S 

J . 1 

1 1 1 

t 

ill * 

il 

Li; 

1(b) 
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*- - -JL J 

1 L 

-«—
 

J 
r 

J>Jv 

(c) 
ß 

_L -A 

/[_ L 

-

J 

I 

J y I 
(d) 

at 

L ,, 
20 30 40 50 60 

2d (deg) 
Fig. 9. X-Ray diffraction patterns of K3VF6(CuÜTa, Ni-

filter). (a):230°C, (b):210°G, (c):180°C, (d): 
room temperature. 

Molar ratio 
of NaHF2 
to KHF2 

1/999— 
3/997 

8/992— 
20/980 30/970 50/950 

Type of 
K3VF6 

7 
ô 

K2NaVF6 

ô 
K,NaVFß 

K3VF6 was synthesized by heating a mixture of KHF2 

(with the addition of a small amount of NaHF2) and 
V 2 0 3 in a molar ratio 1 : 8 at 450 °C in a stream of 
argon. 

« = 8 . 7 A at 250 °C. 
When K H F 2 of a reagent grade was used in the 

synthesis of K 3 VF 6 , the X-ray diffraction pattern of 
the product showed some peaks of y besides the peaks 
of a, or only the peaks of y at room temperature. This 
was considered to be due to some impurity in the 
reagent used. Thus , N a H F 2 or LiF was deliberately 
added to K H F 2 of a special reagent grade in the synthesis 
of K 3 VF 6 . T h e K 3 V F 6 thus obtained was examined 
by X-ray diffraction analysis and differential thermal 
analysis. Table 2 shows the relationship between the 
ratio of N a H F 2 to K H F 2 and the form of K 3 VF 6 . I t 
may be seen that, on the addition of a small amount 
of Na+, y and ô remain stable, even at room temperature. 
Curve b , c, d, and e in Fig. 8 are the differential thermal 
analysis curves of the K 3 VF 6 prepared by using the 
K H F 2 reagent with the addition of Na+ or Li+. With 
an increase in the amount of Na+, first the ß-y transition 
temperature decreased, then the ß-y transition dis­
appeared, and finally the y-ô transition disappeared. 
These results show that a small amount of Na+ stabilizes 
the high-temperature forms, y and <5, at room tempera­
ture. This effect may be explained by the idea that 
Na+, which has a smaller ionic radius than K+, cancels 
the distortion of the lattice contraction caused by a 
lowering of the temperature. O n the addition of a 
minute amount of Li+, the ß-y transition temperature 
decreased, as in the case of Na+. Lithium fluoride 
was almost insoluble in K H F 2 , so the addition of more 
than 1/999 of LiF was not at tempted. 

The authors wish to express their thanks to Professor 
Tomoo Kir ihara of Nagoya University for his helpful 
discussions. 
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Synopsis. The infrared spectrum of /»-iodanil was 
measured and the fundamental frequencies were assigned by 
using simple Urey-Bradley force field. The electronic state 
of /»-iodanil was also discussed on the basis of those experi­
mental results. 

Halogen-substituted jfr-benzoquinones such as /»-chlor-
anil and /»-bromanil (see Fig. 1 ) are known to be strong 
electron acceptor molecules, and much attention has 
been paid to the charge-transfer complexes with those 
acceptors.1) However, only few attempts have been 
made to study the vibrational spectra of such acceptor 
molecules. In previous papers, we examined the in­
frared spectra of/»-chloranil, jfr-bromanil, 2, 5-dibromo-
3,6-dichloro-/»-benzoquinone, and their anion radicals, 
and assigned their fundamental frequencies by using 
simple Urey-Bradley force fields (UBFFs).2~4) This 
kind of investigation was found to be also very useful 
to study the electronic states of those ^-conjugated p-
benzoquinones, because the intramolecular force con­
stants of those molecules are closely related to their elec­
tronic states. In the present paper, we examined the 
infrared spectrum and the electronic state of/»-iodanil 
(see Fig. 1 ), which is one of the derivatives of iodo-sub-
stituted /»-benzoquinones. I t is interesting to compare 
the results of/»-iodanil with those previously investigated 
for /»-chloranil and /»-bromanil.2'3) 

O 

II II 

x/\/\x 
II 

o 
Fig. 1. Halogen-substituted /»-benzoquinones ; (a) 

chloranil, (b) /»-bromanil, and (c) ^-iodanil. 

( a ) ; X=C1 

( b ) ; X = Br 

( c ) ; X = I 

P-

/»-Iodanil was prepared by the reaction of /»-bromanil 
with potassium iodide and sodium iodide and was cry­
stallized from an ethyl acetate solution.5) I t was puri­
fied by sublimation in vacuo. The infrared spectrum of 
the solid jfr-iodanil was measured as Nujol mulls in the 
range from 400 to 4000 c m - 1 using an I R - G infrared 
spectrophotometer ( J apan Spectroscopic Go. Ltd. ) . 
The infrared spectrum in the regions where the absorp­
tion due to Nujol appears was measured using hexa-
chlorobutadiene mulls. The observed absorptions are 
collected in Table 1. 

Since only the intramolecular vibrations are expected 
to appear in the region from 400 to 4000 c m - 1 , the 
vibrational spectrum of the solid compound can be ap­
proximately treated under the jfr-iodanil molecular point 
group D211. In order to understand the spectroscopic 

TABLE 1. T H E OBSERVED AND 

( c m - 1 ) FOR THE FUNDAMENTAL 

QALGULATED FREQUENCIES 

VIBRATIONS OF /»-IODANIL 

Obsda> 

1659 ( s ) 
1515 ( s ) 
1192 (sh) 
1174 ( s ) 
1161 (sh) 
1026 (sh) 
1013 ( s ) 
838 (w) 

833 (w) 

824 (w) 
695 ( s ) 
578 (sh) 
567 (m) 

} 

} 

Calcd 

1665 
1506 

1167 

1024 

838 

562 

Assignment 

B2U, v(C-O) 
B3U, „(C-C) 

B3U, v(G-G) 

B2U, v(G-G) 

B >(G-C) 
ß 2 u ' V(G-I) 

B l u , out-of-plane 

B3U, v(C-I) 

a) s: strong, m: medium, w: weak, sh: shoulder. 

data, a normal coordinate treatment was made with 
/»-iodanil molecule,, and Wilson's GF matrix method was 
used for this purpose.6) The structural data of/»-iodanil 
were taken from those reported by Kobayashi et al?) 
Assuming that the /»-iodanil molecule is planar, thirty 
normal modes of vibrations were reduced to the sym­
metry species: 

r = 6Ag + 5B lg + 5B2U + 5B3U + lB2g + 3B3g 

+ 2AU + 3B1U, (1) 

where the first four are the in-plane vibrations, and 
the rest, the out-of-plane vibrations. We calculated 
only the in-plane vibrations. A simple Urey-Bradley 
force field was employed as the potential function. 
The calculation process of the fundamentals of/»-iodanil 
was very similar to the cases previously studied with 
/»-chloranil and /»-bromanil,2 '3) because the chloro-sub-
stituents or bromo-substituents were replaced by the 
iodo-substituents. Some of the force constants of p-
iodanil could be transferred from those of /»-chloranil 
or /»-bromanil.2»3) Refinements of the force constants 
were then carried out by the trial-and-error method 
making use of the Jacobian matrices. The calculated 
values of the /»-iodanil fundamental vibrations with these 
force constants agreed well with the observed values. 
This is shown in Table 1 together with the assignments 
of the fundamental absorptions. In the following, we 
will only discuss the bond-stretching force constants, be­
cause the observed fundamentals arise mostly from the 
bond-stretching modes. 

As for the G = 0 bond-stretching force constant, K-
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(C=0) of />-iodanil was estimated to be 9.56 mdyn/Â, 
whose value is close to the 9.7 value of/»-chloranil or the 
9.62 value of />-bromanil.2>3) The G=G bond-stretching 
force constant, K(C=C), of j&-iodanil was calculated 
to be 6.32 mdyn/Â, which is found to be somewhat 
smaller than the 6.6 value of j&-chloranil or the 6.67 
value of />-bromanil.2'3) O n the other hand, the C-G 
bond-stretching force constant, Ä"(C-C), of/>-iodanil was 
estimated to be 2.43 mdyn/Â. This value was found 
to be almost the same magnitude as those of the force 
constants for G-G single bonds of aliphatic hydrocar­
bons.8) The C-G bond of/»-iodanil appears to have 
more single bond character than have those of p-ch\or-
anil and jfr-bromanil. In fact, the C - C bond-stretch­
ing force constants of /»-chloranil and /»-bromanil have 
been estimated to be 3.0 mdyn/Â and 2.96, respec­
tively2«3); these values are appreciably larger than the 
2.43 mdyn/Â value for /»-iodanil. In order to see this 
situation more quantitatively, the bond-stretching force 
constant, K(12), in a jr-conjugated system was related 
to the bond order,p{ 12), and self-polarizability, jr(1212), 
of a bond (12) according to the Coulson and Longuet-
Higgins formula:9) 

K(12) = {{l-p(l2))Kg+p(l2)Kd} 

j KsKd(s-d) j ^ (1212) 
^(Ks(l-p(l2))+Kdp(l2)] 2 ' w 

where s, d, K,, and Kd are the bond lengths and the 
force constants associated with pure single and double 
bonds, respectively. 

In a homopolar carbon-carbon bond, the second term 
involving the self-polarizability may be small.2) By the 
use of the empirical relationship between ^ (12 ) and 
p{\2) given in the previous paper,2) we estimated the 
bond orders in /»-iodanil as />(C=C)=0.82 and />(C-C) 
<£0.15, respectively. Thus, the C - C bond of /»-iodanil 
corresponds almost to pure single bond, and there is a 
strong alternation of the bond order between the C=C 
and C - C bonds. j&-Iodanil appears to have more quin-
oid structure than has />-chloranil or /?-bromanil.2 '3) 
This strong quinoid character of /»-iodanil is also evi­
denced by the crystal structure analysis made by 
Kobayashi et a/.7) They reported the C - C bond length 
of/>-iodanil to be 1.50 Â, which is as long as that of 
C - C pure single bond. 

As for the heteropolar C = 0 bond, if we take, in Eq. 
2, the values of iC,=5.0 mdyn/Â and Kd=\0.7 proposed 
by Bratoz and Besnainou,10) and if we neglect the con­
tribution of the self-polarizability to K(C°0), the K 

(C=0) force constant of /»-iodanil gives the value for 
the bond order of />(C=0) =0 .80 , which should be com­
pared with />(C=O)=0.82 of/»-chloranil or 0.81 of p-
bromanil.2 '3) 

The C - I bond-stretching force constant, K(C-I), of 
/»-iodanil was estimated to be 1.43 mdyn/Â. This value 
was somewhat close to the value for the C - I bond-
stretching force constant of alkyl iodides.8) 

W e observed a strong absorption at 695 c m - 1 in p-
iodanil, but could not assign it to any of the in-plane 
fundamental vibrations. However, /?-chloranil and p-
bromanil have analogous absorptions at 715 c m - 1 and 
705, respectively,2 '3) and these absorptions show no ap­
preciable frequency shifts in going from /»-chloranil, p-
bromanil to /»-iodanil. Girlando et al. assigned the 715 
c m - 1 band of/»-chloranil to the B l u out-of-plane vibra­
tion of C = 0 bending mode.11) Therefore, the same as­
signment is applicable to the 695 c m - 1 absorption of 
j&-iodanil. 

In view of these results, the application of the infrared 
spectrum of/»-iodanil is very useful to study the elec­
tronic states of the molecule. Kobayashi et al. have 
reported on some solid-state properties characteristic of 
/»-iodanil.7) In connection with the electronic states of 
the molecule, there remains a possibility that such pro­
perties may be induced by the strong quinoid structure 
of /»-iodanil molecule. 
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Synopsis. A semi-empirical NDDO MO method was 
applied to formyloxyl(HCOO) and acetoxyl(CH3COO) radi­
cals in order to determine whether the ground-state electronic 
structure of the acyloxyl radical is of a- or rc-type. A <7-type 
state was found to be more stable than a 7i-type state over 
the entire range of values of the OCO angles of these radicals. 
This appears to be in agreement with the experimental facts 
which have been derived from the ESR spectra of several 
acyloxyl radicals. 

Acyloxyl radicals are important intermediates in the 
thermal decomposition of acyl peroxides, although only 
a few acyloxyl radicals have directly been detected.1 - 2) 
An important problem related to the acyloxyl radicals 
is to determine whether their ground-state electronic 
structures are of o- or crc-type. This problem is a key 
point in clarifying the role of acyloxyl radicals in the 
decomposition processes of acyl peroxides and has al­
ready been investigated both experimentally and the­
oretically. The observed principal values and direc­
tions of the ^-tensors1'2) appear to support a «/-type 
ground state for the acyloxyl radicals, while theoretical 
calculations performed up to now using INDO 3 ) and 
STO-3G4) methods support a rc-type state. This note 
presents theoretical results which were obtained using 
a semi-empirical N D D O M O method and which sup­
port a ff-type electronic structure for the ground-state 
of the acyloxyl radical. 

The restricted SCF procedure for open-shell elec­
tronic systems proposed by Pople et al.5) was applied 
to the simple acyloxyl radicals, the formyloxyl and ace­
toxyl radicals. In the SGF procedure, the M O of an 
open-shell system are divided into three parts, doubly-
occupied, singly-occupied, and empty M O . A varia­
tional method was successively applied to two of the 
three groups, and the M O for a given electron con­
figuration were determined by SGF iteration. T h e o-
and jr-type electronic structrues for a given conforma­
tion of the acyloxyl radicals were obtained by assigning 
the singly-occupied M O to o- and jr-orbitals, respec­
tively. In the evaluation of the matrix elements, the 
N D D O approximation,6) which gives well-balanced 
molecular geometries and excitation energies, was em­
ployed. 

The energetic dependence of o- and jr-states of the 
formyloxyl and acetoxyl radicals on their molecular 
geometries was calculated in detail. In the calculation 
of formyloxyl, a planar conformation was assumed. 
G2v and GB symmetries are possible geometries for the 
planar formyloxyl radical: 

/ O 
R — C < 

x o 
C2v 

R - C ^ 

The expected lower electronic states of G2v symmetry 
are written as: 

•••(b.Wa.WaO1; 2AX(S) 
...(a2)2(ai)

2(b2)i; 2B2(£) 
. . . ( a O W C a , ) ! ; 2A2(II) 

and those of Gs symmetry as: 

•••(a") 2^ ' ) 1 ; »A' ( S ) 
•••(a'JVa")1; W f l l ) 

T h e schematic shapes of the M O in the avove con­
figurations are shown in Fig. 1. The energy variation 
of each electronic state on the O C O angle is shown 
in Fig. 2. T h e curves were obtained with C H and C O 

C,„ H C 
/b 

H C 

o 
H C 

b. 

C„ H C H C 

a 
Fig. 1. Schematic representation of MO's which may 

be occupied by unpaired electron. 

100" 110° 120° 130° 140° 

Z0C0 

150° 

cs 

Fig. 2. Dependence of electronic states of formyloxyl 
radical upon the OCO angle. 2B2, 2Al5 and 2Ar 

states correspond to the "a-radical" and 2A2 and 
2A" to the "7T-radical". 
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bond lengths which were optimized for each O C O angle 
and each state. 

A «/-type electronic structure is more stable than a 
7r-type structure over the entire range of O C O angles. 
The most stable jr-type radical lies 13 kcal/mol above 
the most stable «/-radical. This is contrary to the the­
oretical results obtained up to the resent2-4) and agrees 
with the experimental results which were derived from 
the g-tensors of several acyloxyl radicals.1,2) Two sta­
ble conformations are expected for the ground state of 
formyloxyl: one is of C2 v symmetry ( I : 2B2 with 
L O C O = 100°) and the other is of Gs symmetry ( I I : 

2A' with Z O C O =125° ) . Although the energy dif­
ference between I and I I is very small, their electronic 
structures differ greatly. In radical I, more than 9 8 % 
of the unpaired electrons are equally shared on two 
equivalent oxygen atoms, while about 9 0 % of the un­
paired electrons localized on oxygen atom in radical 
I I . The geometrical changes of formyloxyl along the 
lowest curve are listed in Table 1. 

TABLE 1. GEOMETRY OF THE 2 S - T Y P E 

FORMYLOXYL RADIQAL 

Total energy ZOCO C-O(l) C-0(2) C-H 

-772 .04 eV 
-772 .51 
-772 .43 
-772 .52 
-772 .50 
-772 .31 
-772 .20 
-772 .15 

90° 
100 
110 
120 
130 
140 
150 
160 

1.315Â 
1.250 
1.210 
1.245 
1.240 
1.230 
1.220 
1.190 

1.375Â 
1.250 
1.290 
1.300 
1.290 
1.255 
1.220 
1.190 

1.065 
1.075 
1.085 
1.075 
1.148 
1.225 
1.320 
1.420 

The results for the acetoxyl radical were almost iden­
tical to those of the formyloxyl radical. In the acetoxyl 
radical, as for the formyloxyl radical, the energy dif­
ference between the two «/-radicals corresponding to I 
and I I of formyloxyl is very small ( < 2 kcal/mol) and 
the barrier for the conversion between them is also very 
small ( < 2 kcal/mol). This indicates that the conver­
sion 

C H 3 - C < f ^ = ± C H 3 - C 4 

is very fast. In fact, the very fast scrambling between 
the two oxygen atoms, and the equivalence of the two 
oxygen atoms before the successive reactions involving 
the acetoxyl radical, have been confirmed experimen­
tally.7) A slight difference between formyloxyl and ace­
toxyl is the unpaired-electron distribution in radical I I ; 
13 % of the unpaired electrons delocalizes on the methyl-
carbon atom in acetoxyl. 

T h e question remains whether conventional M O 
methods can correctly predict the small energy difference 
between two closely adjacent electronic states. How­
ever, the present results are the first theoretical support 
for a «/-type ground state of the formyloxyl and acetoxyl 
radicals which appear to agree with the experimental 
facts derived from ESR spectra of several acyloxyl ra­
dicals. 
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geometries, heats of reactions, and excitation energies. 

7) J . W. Taylor and J . C. Martin, J. Am. Chem. Soc, 
89, 6904 (1967); T. Kashiwagi, S. Kozuka, and S. Oae, 
Tetrahedron, 26, 3619 (1970); R. Kaptein, J . Brokken-Zijp, 
and F. J. J . de Kanter, J . Am. Chem. Soc, 94, 6280 (1972). 
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ESR of F Center in HgI2«2HgS Darkened with Sunlight 
Kunio T A K E I , Hitoshi HAGIWARA, and Hiroshi T A N A K A * 
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(Received October 25, 1976) 

Synopsis. When yellow powders of HgI2-2HgS turn 
black in sunlight in a few seconds, the black powders show 
an ESR signal, whose intensity increases with the time of 
irradiation; its Rvalue is 2.0046±0.00028. The result of 
analysis shows that this signal is due to F centers, consisting 
of electrons captured by positive holes prepared at sites of 
S2~ ions in the crystal. 

Twenty five years ago one of the authors1* observed 
by means of Gouy's method that initially diamagnetic 
yellow powders of HgI 2 -2HgS become paramagnetic 
after a darkening with sunlight. A print-out of mercury 
atoms and evolution of S 0 2 and I2 from these crystals 
during irradiation with sunlight were confirmed by chem­
ical analysis2) and the darkening process was con­
sidered to occur as follows. When electrons belonging 
to S 2 _ or I - ions in the crystals absorb wavelengths 
shorter than 510 nm and are excited to upper states, 
these electrons leave behind neutral S or I atoms, which 
diffuse toward the crystal surface, resulting in the for­
mation of gases of S 0 2 or I2 . Some parts of the excited 
electrons neutralize H g 2 + ions in the crystal, resulting 
in the formation of H g atoms, which diffuse toward 
the crystal surface and aggregate there to form colloidal 
mercury. Other excited electrons are captured by pos­
itive holes, which were created at the sites of S 2 _ or 
I~ ions in the crystals after neutral S or I atoms escaped 
thermally out of the crystals. These trapped electrons, 
i. e., F center electrons exhibit a paramagnetic behavior. 

In recent years the authors3) found by means of a 
radioactive tracer technique that when the yellow Hgl 2 -
2Hg35S or Hg 1 3 1I 2-2HgS is darkened in sunlight, gases 
of 3 5 S 0 2 or 1 3 1I 2 evolve and that the evolution velocity 
of the former gases is larger than that of the latter. 
I t was found that the longer the time of irradiation, 
the larger the quantity of 3 5 S 0 2 . This fact suggests 
that S 2 _ ions are more sensitive to sunlight than I -

ions and the paramagnetism of the darkened crystals 
is chiefly due to the F center electrons, consisting of 
positive holes and electrons belonging to S2~ ions. 
These trapped electrons must show an ESR signal, the 
details of which will be discussed in the present paper. 

The ESR measurements were carried out at liquid 
nitrogen temperature by using a J E O L X-band spectro­
meter. Yellow powders of HgI 2 -2HgS were made by 
the action of purified H2S on a methanol solution of 
mercury(II) iodide, which was purified three times by 
sublimation. If crude powders of mercury(II) iodide 
were used as the material, the yellow powders showed 
an ESR signal in the dark. When the yellow powders 
prepared from the purified mercury(II) iodide, which 
gave no ESR signal, were darkened black as much as 
possible in sunlight with stirring by a glass rod for 1 or 
2 h, an ESR signal appeared, as is shown in Fig. 1. 

The obtained signal is not sharp and the intensity is 
weak. This is due to the fact that the samples are 
powders, the particles of which are not completely dark­
ened with sunlight. If the signal is due to a formation 
of a color center, the density of the color center of the 
darkened powders must be larger than 1016 c m - 3 , be­
cause in general a color center can be recognized as 
an ESR line when the density reaches this value. The 
£-value of the observed signal, with a mean value from 
about 8 measurements for 8 different samples, was esti­
mated to be 2.0046±0.00028. This signal intensity in­
creased with the time of irradiation with sunlight. 
This relation is shown in Fig. 2. When the darkened 
samples were heated at 95 °C for 30 and 60 min, the 

Fig. 1. ESR spectrum of HgI2-2HgS irradiated by 
sunlight for 10 min. 
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Fig. 2. ESR signal as a function of exposure time. 
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Fig. 3. ESR spectra of (HgI2-2HgS)* heated at 95 °G 
for some min. 
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intensity decreased with the time of heating and the 
sharpness increased, accompanied by a rapid recovery 
of the color. This relation is shown in Fig. 3. The 
g-value after thermal treatment, with a mean value of 
about 6 measurements for 6 different samples, was esti­
mated to be 2.0026±0.00018. 

T h e £-value obtained for the darkened HgI 2 -2HgS 
is in agreement with the £-values of F centers presented 
by Alger4) for different inorganic powder substances, and 
with the £-values of F centers for alkali halides given by 
Holton and Blum,5) and with the g-value of the F center 
for M g O obtained by Wertz and his co-workers.6) The F 
center ESR line often has some nuclear isotropic effects. 
Wertz and Auzins,6) for example, found the F center 
ESR line for M g O with one or two 2 5Mg ions around 
the negative ion vacancy, giving a six- or eleven-line 
hyperfine pattern centered upon the strong component. 
Similarly, Hausmann7) found the F center ESR line for 
Z n O with one 67Zn ion around the negative ion vacancy, 
giving a hyperfine pattern centered upon the strong com­
ponent. In our sample, however, no effects of the nu­
clear spin of 1 9 9Hg or 2 0 1Hg on the pattern were observed, 
because of the complexity of the crystal structure of the 
sample. In 1972, Fujiwara and Isobe8) showed that 
hot ions of the paramagnetic Hg(I ) complex are formed 
by y-irradiation of powders of K 2 [Hg(CN) 4 ] and that 
these ions are thermally very unstable at room tempera­
ture. All the spectra of the hot ions showed isotropic 
hyperfine splitting, which was recorded at K- or X-
band frequency. The paramagnetism of the darkened 
HgI 2 -2HgS, however, is thermally very stable at room 
temperature and no isotropic hyperfine splitting ap­
peared in spite of a sweep from 1000 to 10000 G. 
In 1966, Shields9) reported that a reduction of silver 
ions in a pyrex glass by y-rays induces an ESR spectra 
of Ag° accompanied with an isotropic hyperfine split­
ting. In our sample, the Hg° or H g atom has nuclear 
spin, but no unpaired electrons. These discussions show 
that the ESR line in our sample cannot be explained 
by the mechanism of formation of Hg(I ) or Hg°. 

Moran and his co-workers10) reported that the 
bleaching of an F band produces a more rapid decrease 
in the density of magnetic centers than of the centers 
giving optical absorption in the F band ; they suggested 
the presence of R, M, or N centers by a study of the 
temperature dependence of the relaxation time of F 

centers. O u r complicated mercury complex exhibits a 
characteristic magnetic behavior, i. e., a more rapid 
decrease in optical absorption centers than of the mag­
netic centers. This behavior is possible, because the 
results of thermal bleaching depend on the preparation 
methods of the F centers, as is reported by Alger.11) 
If the signal in our sample is related to the existence 
of Hg+ ions, or S or I neutral atoms in the crystal, the 
intensity of the signal should decrease rapidly when 
heated at 95 °C, because these ions or atoms are ther-
maly mobile in the crystal at 95 °C. I t is conculded 
that the signal is not due to H g + ions or S or I neutral 
atoms, but due to F centers, which are located at a 
deep energy level. When heated at 95 °C, the centers 
release slowly a small part of the trapped electrons, 
most of which are still captured, resulting in a formation 
of a new center, as is shown in Fig. 3. This new center 
has 2.0026±0.00018 as its g-value. The released elec­
trons will be again captured by neutral atoms of S or 
I in the crystals to form S 2 _ or I - ions, which react 
with H g 2 + ions to form HgS (black) or Hgl 2 , the ex­
istence of which was already chemically confirmed by 
the one of the authors.2) 

The authors with to thank Dr. S. Fujiwara, Dr. L. 
Shields, and Dr. A. Hausmann for many helpful dis­
cussions and suggestions during this work. 
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Synopsis. Quantum yields and lifetimes of fluores­
cence and phosphorescence were measured for 2-, 3-, 4-amino-
pyridines, 2-, and 4-(dimethylamino) pyridines in ethanol-me-
thanol, in an acidic ethanol-methanol mixture, and in a mix­
ture of triethylamine and 2-methyltetrahydrofuran at 300 K 
and at 77 K. Quantum yields of fluorescence of 2- and 3-
substituted pyridines are appreciable, while those of 4-sub-
stituted pyridines are as low as or less than 0.01 at 77 K. 
In view of the significant quantum yields of fluorescence for 
2- and 3-substituted pyridines in the aprotic solvent, it may 
be concluded that the higher excited x{mi*) or 3(nn*) states 
are not so close in energy to the lowest excited l(nK*) states. 

Quan tum yields of fluorescence (0t) of aminopyridines 
measured by Weisstuch and Testa1) at room tempera­
ture suggest that the lowest excited singlet states (Sx) 
of 2- and 3-aminopyridines are assigned to {nn*), in 
contrast with that of 4-aminopyridine, which is assigned 
to (njr*) in nonpolar solvents or to the charge transfer 
type [nn*) in polar solvents. However, in view of the 
significant temperature dependence of 0t's for some ni-
trogen-heterocyclics,2) measurements of # f 's and life­
times of fluorescence (rf) at low temperature are desir­
able. 

$ f 's, Tf's, quan tum yields (0p) , and lifetimes (rp) of 
phosphorescence for 2-, 3-, 4-aminopyridines, 2-, and 

4-(dimethylamino)pyridines are summarized in Tables 
1 and 2. Solvents used were ethanol-methanol (A), 
an acidic (0.05 M H 2 S 0 4 ) e thanol-methanol mixture 
(H+), and a mixture of triethylamine and 2-methyl­
tetrahydrofuran (B). T h e first absorption bands of 2-
and 3-substituted pyridines correspond fairly well to 
their fluorescence bands, as judged by the mirror sym­
metry relationship to each other. S^s and the lowest 
excited triplet states (Tx) of 2- and 3-substituted pyri­
dines are assigned unambiguously to (7171*) from 0t's 
and Tp's in Table 1. The rate constants of the radiative 
transition (k() from Sx are fairly independent of tem­
perature and of protonation, while those of the radia-
tionless deactivation (knT), which are composed of the 
rate constants of the internal conversion and the inter-
system crossing from S1} depend significantly on tem­
perature and on protonation. If it is presumed that 
the £f's are constant irrespective of the presence or 
absence of protons in solvents, then knr's are estimated 
from 0{'s without the observed r f ' s . A;nr's at 77 K, des­
ignated in parentheses in Table 1, are calculated on 
this assumption, and those at 300 K on the assumption 
of the temperature-independent k/s. As the 0p's of 2-
and 3-substituted pyridinium cations used in this work are 
as low as 01 less than 0.01 at 77 K, their A;nr's correspond 

TABLE 1. QUANTUM YIELDS AND LIFETIMES OF FLUORESQENOE AND PHOSPHORESCENCE 

FOR 2-, 3-AMINOPYRIDINES, AND 2- (DIMETHYLAMINO) PYRIDINE 

300 K 
2AMP(H+) 

(A) 
(B) 

2DMAMP(H+) 
(A) 
(B) 

3AMP(H+) 
(A) 
(B) 

77 K 
2AMP(H+) 

(A) 
(B) 

2DMAMP(H+) 
(A) 
(B) 

3AMP(H+) 
(A) 
(B) 

"f max 
(nm) 

366 
348 
338 

370 
351 
402 
352 
344 

349 
346 
341 
389 
355 
346 
377 
352 
344 

0f 

0.63 
0.28 
0.06 

<0 .01 
0.36 
0.23 
0.44 
0.24 
0.06 

0.71 
0.52 
0.35 
0.47 
0.44 
0.29 
0.70 
0.54 
0.15 

Tf 

M 

14.8 

12.2 

18.8 

16.2 
11.7 

15.0 
13.6 

20.5 
16.3 

kfXlO-7 

(s-1) 

4.3 

3.0 

2.3 

4.4 
4.4 

3.1 
3.2 

3.4 
3.3 

* n r XlO- 7 

(s-1) 

2.5 
(12) 
(70) 

5.3 

(H) 
3.0 

(10) 
(52) 

1.8 
4.1 

(8) 
3.5 
4.1 

(8) 
1.5 
2.8 

(19) 

•̂p max 
(nm) 

482 
441 
435 
472 
441 
431 
452 
465 
442 

* p 

<0.01 
0.10 
0.19 

<0 .01 
0.16 
0.18 

<0 .01 
0.33 
0.41 

TP 
( s ) 

1.8 
2.0 
1.4 
1.4 
1.7 
1.1 
1.3 
3.0 
2.7 

2AMP, 3AMP, and 2DMAMP represent 2-, 3-aminopyridines, and 2-(dimethylamino) pyridine, respectively. 
kfS and kaT's are deduced from the following equations: kt=0f/r{ and £ n r = ( l — 0 f)/r f . 
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TABLE 2. QUANTUM YIELDS AND LIFETIMES OF 

PHOSPHORESCENCE FOR 4-AMINOPYRIDINE 

AND 4-(DIMETHYLAMINO)PYRIDINE AT 77 K 

""P max 

M 
359 
359 
373 
401 
392 
388 

0p 

0.45 
0.51 
0.32 
0.12 
0.42 
0.24 

Tp 

(s) 

2.0 
1.9 
0.7 
1.6 
1.6 
0.5 

approximately to the rate constants of the internal con­
version from S^ However, the estimated £nr 's in an 
aprotic solvent at 77 K are fairly large, and suggest a 
significant contribution of the rate constants of the inter-
system crossing from S1} in view of decrease in <Pf's and 
the corresponding increase in <Pp's. An increase in 
A;nr's for 2- and 3-aminopyridines in the aprotic solvent 
at 300 K may arise from the temperature dependence 
of the rate constants of the intersystem crossing3) as well 
as those of the internal conversion, in marked contrast 
with the almost temperature-independent knT of 2-(di-
methylamino) pyridine in the same solvent. However, 
the fairly large knI for a 2-(dimethylamino)pyridinium 
cation might be deduced from the scarcely observed 
Ot at 300 K, which is quite opposed to the change in 
# f ' s found in 2- and 3-aminopyridinium cations. In 
view of the large $ f 's even in the aprotic solvent at 77 
K, the singlet or triplet (njr*) states of 2- and 3-sub-
stituted pyridines are not so close in energy to the S/s . 

The # f ' s of 4-substituted pyridines are smaller than 
0.01 at 77 K, irrespective of the solvents used in this 
work. T h e phosphorescence spectra of 4-aminopyridine 
show vibrational structures, in which a characteristic 
vibration at 850 cm- 1 , indicative of the G - H out-of-
plane deformation mode of aromatic rings, may be 
found, while those of 4-(dimethylamino) pyridine are 
without vibrational structures.4) As is summarized in 
Table 2, the large 0p 's and the long rp 's suggest that 

the Tj 's of 4-substituted pyridines are (nn*) irrespective 
of solvents used. The small 0/s of 4-substituted pyri­
dines in the aprotic and the acidic solvents at 77 K 
are consistent with the assignment of Si's proposed by 
Weisstuch and Testa.1) 

Exper imenta l 

2-, 3-, 4-Aminopyridines, and 4-(dimethylamino) pyridine 
were recrystallized three times from ethanol-ligroin, then pu­
rified through a basic alumina column, and finally sublimed 
in vacuo. 2-(Dimethylamino)pyridine was distilled through a 
spinning band column, then purified through a basic alumina 
column, and finally distilled twice in vacuo. Triethylamine 
and 2-methyltetrahydrofuran were stored over sodium-potas­
sium alloy after distillation through a stainless steel helices 
packed column, and used without exposure to air. The meth­
ods of purification of other solvents and reagents were 
described elsewhere.5) 

Measurements of 0/s> $p's> *t% and TP'S were the same as 
those described elsewhere.5) The concentrations used in the 
measurements of 0 / s and &p's and those of rf's and TP'S were 
10-2—10"3 M and 10~4—10~5 M, respectively. In the former 
case, the correction of concentration quenching, if necessary, 
was made by the use of the Stern-Volmer equation. All 
the samples were evacuated by the repeated cycles of 
freezing, pumping, and thawing. Then, the sample cells 
were sealed off from the evacuation system. 
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Synopsis. Kinetics of the complex formation between 
In (III) and murexide was studied by means of the tempera­
ture-jump method and the rate of decomposition of the ligand 
in acid nitrate media. The complex formation of InOH2 + 

with murexide is about 10 times faster than that of In3+. 
The stability constants indirectly obtained from the decom­
position rate of murexide coincide with those from direct 
stopped-flow measurements. 

Murexide, ammonium purpurate , is a useful metallo-
chromic indicator except for the acid region where 
it decomposes to uramil and alloxan.1) Kawai et al. 
studied the kinetics on the complex formation of mu­
rexide with In (III) and the decomposition of murexide 
in acid Perchlorate media in the presence of In(I I I ) . 2 ) 
In this study no dependence of the rate of complex 
formation on hydrogen-ion concentration (0.001— 
0.5 M) could be observed. In addition a discrepancy 
in the stability constants was obtained from the two 
methods, the indirect calculation from the rate of 
decomposition of murexide giving a stability constant 
twice as large as that from the direct stopped-flow 
measurement. We have reexamined the questions with 
use of potassium nitrate instead of sodium Perchlorate 
for adjusting the ionic strength in order to avoid the 
influence of the ion-pair formed between sodium ion 
and murexide anion. 

Exper imenta l 

Materials. In order to prepare a stock solution of 
In(III) containing 1 M nitric acid, indium(III) oxide (Koso) 
was dissolved in excess of nitric acid by warming on a water 
bath. The concentration of In (III) was determined by titra­
tion with EDTA using Xylenol Orange as an indicator. The 
freshly prepared stock solution was used within a day in order 
to avoid undesired polymerization of In (III). Murexide was 
prepared and recrystallized.3) A weighed amount of murexide 
was dissolved in water immediately before use. Acidity and 
ionic strength of the solution were adjusted with nitric acid 
and potassium nitrate. 

Measurements. The rate of complex formation was 
measured with a Union Giken co-axial-cable temperature-
jump apparatus Model RA-105. A Hitachi ESP-3T spectro­
photometer equipped with a recorder was used to measure 
the rate of decomposition. Visible spectrum of unstable pur­
puric acid was obtained with a Union Giken rapid-scan spec­
trophotometer RA-1300, and the acid dissociation constant 
with a Yanagimoto SPS-1 stopped-flow apparatus. 

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

Rate of Complex Formation. The rate of complex 
formation between In ( I I I ) and murexide was measured 

* Present address: HOXAN Research Laboratories, 
Sapporo 060. 

at the absorption peak of the complex, 460 nm, by 
means of the temperature-jump method at 20 °G and 
ionic strength 0.2 M ( K N 0 3 ) . Acetic acid and potas­
sium acetate were used to adjust p H . The results 
suggest the presence of a base-catalyzed path, the 
following mechanism being considered; 

In + L InL 

* a 

In (OH) + 
+ H+ 

[ H ] + # a 

* 3 

Cln + 

t In(OH)L 
+ H+ 

* 2 [ H ] + y i : b 

[H]+/ t b 

where C In is the total concentration of In ( I I I ) (C I n > 
[L]). The value of K& in literature is adopted 
( # a = 1 0 - 4 - 4 2 M ) . 4 ) The values of rate constants are 
determined to be £ 1 = 6 . 0 X 105 M " 1 s"1, £ 2 = 5 0 s-1, k3= 
6 . 8 x l 0 6 M " 1 s - 1 , and £ 4 # b = 2 . 3 M s"1. The hydro-
lyzed form, I n O H 2 + , reacts with the ligand about 
10 times faster than the aquo form. This is in line 
with the tendency that the rate of complex formation 
of hydroxo metal ion is higher than that of the corre­
sponding aquo metal ion.5) 

Acid Dissociation Constant of Purpuric Acid. 
Since murexide decomposes rapidly in an acid solution, 
the acid dissociation constant of protonated murexide 
or purpuric acid was measured by the stopped-flow 
method, giving pKx= —0.24. Rapid-scan spectroscopy 
gave A m a i = 4 4 4 n m , £ = 2 . 2 X 104 1 m o l - 1 cm" 1 with an 
isosbestic point at 485 n m for purpuric acid. 

Effect of [//] on the Decomposition Rate of Murexide. 
The decomposition of murexide is accelerated by acid. 
The reciprocal of the pseudo-first-order rate constant 
for the decomposition of murexide has a linear rela­
tionship with respect to [ H ] _ 1 , as shown in Fig. 1. 
The reaction mechanism is as follows; 

MX + H 

/ .dec - 1 . 
'«'Obsd — T T^ 

MXH 

1 

+ H 2 0 
Uramil + Alloxan, 

1 
kKu [H] ' 

where M X and M X H denote purpura te anion and 
purpuric acid, respectively. Since the intercept of the 
straight line in Fig. 1 is too small for evaluation, the 
value obtained above is introduced into KB(Kn=K1~

1), 
giving the result £ = 0 . 1 3 s_1. 

Rate of Decomposition of Murexide in the Presence of 
In (III). The rate of decomposition of murexide 
was measured at the absorption maximum of the 
complex. The rate decreases with increase in the 
concentration of In ( I I I ) (Fig. 2). T h e following 
reaction scheme is proposed: 
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[HJ - i /M- 1 

Fig. 1. Plot of Aobsd-1 vs. inverse of hydrogen-ion con­
centration. At 520 nm, 10 °G, 7= 1.0 M (KNO,), and 
[MX] 0 =5 .0x lO- 5 M. 

5 10 

[ I n y i 0 - * M 

Fig. 2. Plot of AJ;;«-1 VS. total concentration of In(III). 
At 460 nm, 10 °C, [H] = 0.25M, 7=1.0 M (KN03), 
and [MX] 0 =5 .0x lO- 5 M. 

MX + In ^ 

MX + H ^ 

InMX 

MXH 
+ H 2 0 

Uramil + Alloxan. 

T h e rate of decomposition is given by 

+ 
KT [H]7TH+1 

[H\kKu ' \H]kKH 
[In]0. 

Introduction of the above results into Kn and k leads 
to J T I n = 1 . 5 x l 0 4 M - 1 . The value coincides with the 
direct stopped-flow data, Kin=kJk2=lAx 104 M" 1 , 
7 = 1 M ( K N 0 3 ) at 10 °C. Agreement of the two 
values indicates that the proposed mechanism is correct. 
The terdentate structure of the complex coordinated 
at the central nitrogen atom of the ligand stabilizes 
the ligand molecule against decomposition.6) 

The discrepancy in the two stability constants derived 
from the direct and the indirect measurements2) would 
be clarified in terms of two effects of the sodium ion : 
(1) Sodium ion forms an ion-pair with purpurate 
anion, which is fairly stable against acid. (2) The 
ion-pair, Na+"-MX~, also forms a complex with 
I n ( I I I ) . Since the data on the ion-pair are very 
limited, no further discussion can be made. 

T h e present work was supported by a grant-in-aid 
for Scientific Research from the Ministry of Education. 
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Synopsis. The Polarographie waves of Pb(II), Cd 
(II), Zn(II), and T1(I) ions in molten salts of K N 0 3 - L i N 0 3 -
NaN0 3 were measured by means of d.c. polarography, using 
an Ag/AgNOa reference electrode. The half-wave potential 
of metal ions was shifted toward more negative values in 
comparison with those in a nitrate melt containing no Li (I) 
ion. 

The formation constants of several metal halide 
complexes in an alkali nitrate melt have been deter­
mined by means of d.c. polarography. 1_3> O n the 
other hand, there have been only a few studies about 
the effect of the alkali metal ion as a component of 
the solvent on the half-wave potential of the reducible 
species. Kawamura 4 - 6 ' studied, by means of voltam-
metry and chronopotentiometry, the change in the dif­
fusion coefficient of the Ag(I) ion over a wide com­
position range of molten salts of K N 0 3 - N a N 0 3 , K N 0 3 -
L i N 0 3 , and K N 0 3 - C s N 0 3 . Francini and Mart ini 
reported that the peak potentials (Ep) of the oscillo-
polarogram of some metal ions in molten salts of K N 0 3 -
N a N 0 3 were shifted toward more positive values by 
adding variable quantities of L i N 0 3 to the melt.3) 

The present authors have studied the half-wave 
potential (E1/2) of the Polarographie wave of several 
metal ions in the molten salts of K N 0 3 - L i N 0 3 - N a N 0 3 , 
using the A g / A g N 0 3 reference electrode, and compared 
the obtained half-wave potential with the data obtained 
by Swofford and Holified7) and by Tridot et al.s) 

Exper imenta l 

Reagent-grade chemicals were used in these experiments. 
The solvent used was the KN0 3 -LiN0 3 -NaN0 3 (53 : 30 : 17 
mol%, mp 120 °C) eutectic system. The eutectic materials 
were separately dried in a vacuum-oven at 100 °G for several 
days, and these mixed and gently fused in an argon gas at­
mosphere. 

The metal salts used were Pb(N03)2 , T1N03, Cd(N03)2-
4H 20, and Zn(N03)2-6HaO. The Polarographie waves of 
the metal ions were not disturbed by the crystal water in 
metal salts. The concentration of the metal ions in a melt was 
determined by means of EDTA titration. The capillary used 
as the dropping mercury electrode (DME) was made of Pyrex 
glass. The drop time of the DME was about 3—5 s per drop 
at a height of 60—80 cmHg. The Ag/AgNO3(0.05 mol/kg) 
electrode was used as the reference electode. Asbestos was 
used as a diaphragm between the reference electrode and 
the test solution. The temperature used in the experiments 
was 180 °G. The rest of the experimental procedure has been 
described elsewhere.9) 

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

The Polarographie waves of some metal ions at 
180 °C are shown in Fig. 1, in which curve (a) is a 

typical residual current curve and in which the useful 
potential range available to obtain Polarographie waves 
is from 0 to — 1 . 4 V vs. the A g / A g N 0 3 reference 
electrode; the maximum current obtained in this range 
was about 2 (xA at —1.4 V. However, the final 
ascendent potential in the residual current was shifted 
toward a positive potential and the useful potential 
range was diminished about 100 mV, when the solution 
stood for a day and night. Curves (b), (c), (d), and (e) 
in Fig. 1 are the Polarographie waves of the Pb( I I ) , 
Gd( I I ) , T1(I), and Zn(I I ) ions. The Polarographie 
waves of these metal ions indicated S-shaped waves. 
T h e plots of £ vs. log[i/(id—i)] for Polarographie waves 
are shown in Fig. 2, in which the plots give a straight 
line and the slope of the line was Pb(I I ) : 45 mV, 
Cd(II ) : 41 mV, T1(I) : 80 mV, and Zn(I I ) : 41 m V 

0.6 0.7 0.8 0.9 1.0 I.I 1.2 1.3 1.4 1.5 

—E(V vs. Ag/AgN03 reference electrode) 

Fig. 1. Polarographic waves of some matel ions at 
180 °C, 
(a) : Residual current curve of the molten salts of 
KN0 3 -LiN0 3 -NaN0 3 , (b) : Pb(II) ion, 2 mmol/kg, 
(c) : Cd(II) ion, 1 mmol/kg, (d) : T1(I) ion, 0.2 mmol 
/kg, (e) : Zn(II) ion, 3 mmol/kg. 

—E(V vs. Ag/AgN03 reference electrode) 

Fig. 2. Analyses of the Polarographie waves of some 
metal ions at 180 °C. The slope of the line is 45, 
41, 80, or 41 mV against log[t7(»d-»)] for Pb(II), Gd(II), 
T1(I), or Zn(II) ions. 
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TABLE 1. T H E HALF-WAVE POTENTIALS OF SOME METAL IONS IN MOLTEN ALKALI NITRATES 

~~ -Elh (V vs. Ag/AgN03) 
- — • ' ' " " . R e f . 

Pb(II) Cd(II) T1(I) Zn(II) 

Holifield and Swofford — 0.665 0.828 — (7) 
Tridot etal. 0.560 0.565 0.730 0.820 (8) 
Present authors 0.744 0.800 0.949 1.034 

(2 .303ÄT/F=90 m V at 180 °C). These Polarographie 
waves are reversible, and the electrode reactions of 
metal ions are the transfer of two electrons (one electron 
in the case of the T1(I) ion). The half-wave potentials 
of the metal ions were determined from the logarithm 
plots; they are tabulated in Table 1. As is evident 
from Table 1, the half-wave potentials of metal ions 
had more negative values than that obtained in the 
solvent containing the Li(I) ion and the useful potential 
range is diminished as compared with those obtained 
in the molten salts of K N 0 3 - N a N 0 3 by Swofford 

(c) / 
ish I /(b) 

rL 

5 

It I I I i t I 
0 I 2 3 4 5 

Conen (mmol/kg) 

Fig. 3. Relationships between the limiting current and 
the concentrations of some metal ions at 180 °G. 
(a) : Pb(II) ion, (b) : Cd(II) ion, (c) : Zn(II) ion. 

lie et al. and by Tridot et al. The half-wave potentials 
of of the metal ions obtained by Swofford et al. also dif-
3n fered from those obtained by Tridot et al. It is con-
ils sidered that the discrepancy in the half-wave poten-
m tials in their data reflects the difference in the con-
nt centration of A g N 0 3 in the reference electrode, 
ns The linear dependence of the diffusion current on 
be the metal ion concentration is shown in Fig. 3. The 
al Ilkovic equation was applied in the ranges of 0.0— 
;d 3.0 mmol/kg for Pb ( I I ) , 0.0—5.0 mmol/kg for Gd(II ) , 
rd and 0.0—3.0 mmol/kg for Zn( I I ) . The diffusion cur­

rent coefficients ( I : [fxA]/[mg2/3s -1/2] [mmol/kg]) of 
the metal ions were Pb(I I ) : 3.04, C d ( I I ) : 3.11, 
Z n ( I I ) : 3.17. In the case of the T1(I) ion, the 
maximum wave appeared in the concentration of the 
T1(I) ion of more than 0.4 mmol/kg. 
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Synopsis. The UV-irradiation of ferrocene and 
dimethyl acetylenedicarboxylate in acetic acid-water solution 
afforded dimethyl ferrocenylmaleate and dimethyl ferrocenyl-
fumarate in 40 and 5% yield, respectively. Methyl 3-carba-
moylpropiolate, dicyanoacetylene, and methyl propiolate were 
also reactive and the corresponding substituted ferrocenes 
were obtained. The reaction can be considered to proceed 
via the excitation of the charge transfer complex between 
ferrocene and acetylene derivatives. 

As reported,1) UV-irradiation of the ferrocene-haloge-
nated hydrocarbon-ethanol system gave substituted 
ferrocene via the excitation of the charge transfer 
complex between ferrocene and halogenated hydro­
carbon. We found a similar photo-substitution of 
ferrocene with some electron defficient acetylene 
derivatives. 

When an acetic acid-water solution of ferrocene (1) 
and dimethyl acetylenedicarboxylate (2a) in a quartz 
vessel was irradiated with 254 nm light for 24 h 
under nitrogen atmosphere, dimethyl ferrocenylmaleate 
(3a) and dimethyl ferrocenylfumarate (4a) were obtain­
ed in 40 and 5 % yield, respectively. When methyl 
3-carbamoylpropiolate (2b), dicyanoacetylene (2c), and 
methyl propiolate (2d) were used instead of 2a, photo-
products similar to 3a and 4a were obtained. However, 
the yields of the photo-products were lower than 
those of 3a and 4a, and the isomer ratio, 3/4, was 

different from that obtained in the case of 2a. The 
results of the photoreactions are listed in Table 1. 
Other acetylene derivatives, such as phenylacetylene, 
diphenylacetylene, methyl 3-phenylpropiolate, phenyl-
propiolaldehyde, and acetylenedicarboxamide, were 
unreactive for this photoreaction and gave no sub­
stituted ferrocene under the UV-irradiations. The 
effect of additives and the wavelength of light used 
were examined for the l -2a-ace t ic acid-water systems 
which showed the highest yields of the photo-products. 
The results showed that the radical scavenger, cyclo-
hexene, retarded the photo-substitution of ferrocene 
very little [yield of 3a : without additive, 21 % ; with 
cyclohexene, 1 4 % ] . This result indicates that this 
photo-substitution does not proceed via the coupling 
of free, separate radicals as reported for the reaction 
of furan with 2a,2) but proceed via the geminate coup­
ling of the radical pair in the solvent cage.3) Benzo-
phenone, a triplet sensitizer, was not effective for the 
formation of 3a and 4a. This result indicates that 
the contribution of the triplet state of 1 or 2a for the 
photo-substitution is very small. In the irradiation 
with light of wavelength longer than 300 nm(high 
pressure mercury lamp with a Pyrex filter), only a 
trace amount of 3a was obtained and more than 6 0 % 
of 1 and 2a were recovered. 

The formation of the charge transfer complex between 
1 and 2a in the ground state was supported by the 

TABLE 1. PHOTO-SUBSTITUTION OF FERROQENE WITH SOME ACETYLENE DERIVATIVES1) 

2a: 
2b: 
2c: 
2d: 

Fe 

R = R ' = - C 0 2 M e 
R = -C0 2Me, R' = -CONH2 

R = R ' = -CN 
R = -H, R' = -C0 2 Me 

hv 
•^ Fe J N r Fe rf 

R 
C 
III 
C 

k 
2 3 4 
3a, 4a: R = R' = -C0 2 Me 
3b, 4b: R = -C0 2 Me (or -CONH2), R' = -CONH2 (or -C02Me) 
3c, 4c: R = R ' = -CN 
4d: R = -G0 2Me, R , = - C H 3 

1 
(mmol) 

0.2 

2.0 
4.0 
1.0 

2 
(mmol) 

2a 0.4 

2b 2.0 
2c 2.0 
2d 2.0 

(40 ml) 

GH 3 C0 2 H-H 2 0 
(3 : 1, v/v) 
CH3G02H 
GH3G02H 
CH 3 C0 2 H-H 2 0 
(3 : 1, v/v) 

Light 
Source3)/Time 

(h) 
LP / 24 

LP / 24 
LP / 214> 
LP / 13 

Conver­
sion 

(%) 
64 

60 
6.4 

15 

Products and yields2) (%) 

3 4 

3 a : 40.6(26) 4a : 4.7(3) 

3b : 7.4( 4.4) 4b : 7.4(4.4) 
3c : 16.1 ( 1) 4c : 6.7(0.4) 

— 4 d : 20.3(3) 

1) These photoreactions were carried out below 25 °G. 2) Yields based on consumed ferrocene. The yields in 
parentheses are the net yields based on ferrocene used. 3) LP denotes a low pressure mercury lamp. 4) This 
reaction was carried out above 35 °C. 
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spectral data. The UV-spectra of 1 and 2a in acetic 
acid showed an increment of absorption in the 250— 
300 nm region and the N M R spectra (measured at 
90 MHz) of the mixed solution of 1 and 2a in acetic 
acid showed a small downfield shift of the proton 
signals of 1 and an upperfield shift of those of 2a, as 
compared to the corresponding proton signals measured 
independently. Based on these spectral data and on 
the effect of additives, the following processes can be 
considered for the present photo-substitution of ferro­
cene: i) The excitation of the charge transfer complex 
of 1 and 2a to its singlet state, ii) One electron trans­
fer from 1 to 2a, followed by the formation of ferro-
cenium cation and anion radical of 2a. iii) Coupling 
of the radical anion of 2a with ferrocenium cation 
in the solvent cage, iv) Deprotonation and protonation 
to the anionic center of olefin,4) or proton transfer. 

I I I c a g e 
CT complex ' I 

Fe ©c 
<©> R 

Protonati on-deprotonation 
or Proton transfer 

When acetone, acetonitrile, ethyl acetate, and 
methanol was used as the solvent, the yields of 3a were 
much lower. This solvent effect indicates that the 
protic solvent with high polarity is necessary for this 
photo-substitution. 

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

Materials. Commercially available ferrocene (Wako 
Junyaku, GR-grade reagent) was used without further 
purification. Dimethyl acetylenedicarboxylate (Wako Jun­
yaku, EP-grade reagent) was purified by column chromato­
graphy on silica gel (Merck, GF-254, Type 60) before use. 
Methyl 3-carbamoylpropiolate was prepared by mixing 
dimethyl acetylenedicarboxylate and ammonia-water for 
several hours. Dicyanoacetylene was prepared by the method 
described in the literature.5) Commercial methyl propiolate 
(Wako Junyaku, EP-grade reagent) was used without further 
purification. Acetic acid and other solvents used in this 
reaction were all purified by distillation under nitrogen 
atmosphere and dried just before use. 

Irradiation Procedure. The general execution of the 
photoreaction is represented by the procedure for the photo-
substitution of ferrocene with dimethyl acetylenedicarboxy­
late. 

Photoreaction of Ferrocene (1) with Dimethyl Acetylenedicarboxy­
late (2a). The acetic acid-water(3 : 1, v/v, 40 ml) solu­
tion of 1 (37 mg, 0.2 mmol) and 2a (57 mg, 0.4 mmol) 
was degassed and then filled with nitrogen. This sample 
solution was irradiated in a quartz vessel with a low pressure 
lamp(Taika Kogyo, 16 W) for 24 h. After the irradiation, 
100 ml of ethyl acetate was added to the reaction mixture 

and washed with water and then with aqueous sodium hydro-
gencarbonate solution. The ethyl acetate solution was dried 
and concentrated under reduced pressure. The residue was 
subjected to preparative TLC on silica gel (Merck, CF-254). 
3a and 4a were obtained as a mixture. Further separa­
tion with TLC afforded 17.3 mg (40.6%) of 3a as a red-
purple oily solid. 3a: IR(KBr) 1718, 1725 cm-1 (G=0), 
1620 cm-1 (G=G), 1100, 1000 cm-1 (monosubstituted ferro­
cene); NMR(GC14), <5(ppm from TMS) 3.69 (s, 3H, -GH3), 
3.85 (s, 3H, -GH,), 4.15 (s, 5H, C5H5), 4.32 (4H, C5H4), 
5.86 (s, 1H, olefinic proton); MS(70 eV), m/e, 328(M+). 
Found: C, 57.96; H, 5.00%. Calcd for C16H1604Fe: C, 
58.57; H, 4.88%, M, 328. From another fraction, 2 mg 
(4.7%) of 4a was obtained. 4a: IR(direct) 1720, 1725 
cm-1 (G=0), 1620 cm-1 (G=G), 1100, 1000 cm-1 (mono­
substituted ferrocene); NMR(GC14), (5(ppm from TMS) 
3.65 (s, 3H, -GH3), 3.86 (s, 3H, -CH3), 4.06 (s, 5H, G5H5), 
4.30 (t, 2H, 3-, 4-position of C5H4-), 4.70 (t, 2H, 2-, 5-position 
of C5H4-), 6.37 (s, 1H, olefinic proton); MS(70 eV), m/e, 
328(M+). Found: G, 58.10; H, 4.95%. Calcd for G16-
H1 604Fe: C, 58.57; H, 4.88%, M, 328. 

3b and 4b were obtained in the photoreaction of 1 with 2b. 
3b and 4b were obtained as a mixture and further separation 
was not possible. NMR(mixture in GC14), <5(ppm from 
TMS) 3.71 (s, 3H, -GH3 of ester 4b), 3.87(s, 3H, -CH 3 

of ester 3b), 4.13(s, 5H, G5H5 of 4b), 4.19(s, 5H, C5H5 

of 3b), 4.3—4.6(6H, G5H4- of 3b, and H2, and H5 of 
C5H4- of 4b), 4.74(t, 2H, H3, H4 of C5H4- of 4b), 5.34 
(s, 1H, olefinic proton of 3b), 6.08(s, 1H, olefinic proton 
of 4b); IR(mixture, KBr) 3490, 3390, 1630, 1550 cm"1 

(NH2 of primary amide), 1665 cm - 1 (C=0 of amide), 
1715 cm-1 (C=0 of ester), 3080, 1600, 780 cm-1 (G=G), 
1100, 1000, 830 cm - 1 (monosubstituted ferrocene). 

3c and 4c were obtained only when the acetic acid solution 
of 1 and 2c was irradiated at 35—40 °G. As the isolation 
of 3c and 4c was not possible, the assignment and the quanti­
tative analysis were done based on the NMR spectra of the 
mixture. NMR (mixture in CG14), d(ppm from TMS) 4.24 
(s, 5H, C5H5 of 4c), 4.26(s, 5H, G5H5 of 3c), 4.49 (t, 2H, 
H2, H5 of G5H4- of 4c), 4.60(t, 2H, H2, H5 of C5H4- of 3c), 
4.94(t, 2H, H3, H4 of G5H4- of 4c), 5.05(t, 2H, H3, H4 of 
C5H4-of 3c), 5.72(s, 1H, olefinic proton of 3c), 6.45(s, 1H, 
olefinic proton of 4c); IR (direct) 3080, 1605, 770 cm-1 

(G=G), 2210 cm-1 (-C=N), 1105, 1030, 990(sh) cm-1 

(monosubstituted ferrocene). 
4d was obtained in the photoreaction of 1 with 2d in acetic 

acid-water solution. As a main product, 4d was obtained 
from TLC. NMR(GG14), <5(ppm from TMS) 2.12 (s, 3H, 
-CH3) , 3.81 (s, 3H, -CH 3 of ester), 4.10 (s, 5H, C5H5), 4.32 
(s, 4H, C5H4-), 6.17 (s, 1H, olefinic proton). IR(KBr), 
1725 cm-1 (G=0), 1580 cm-1 (G=G), 1100, 1000 cm-1 

(ferrocene). 
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Synops i s . T h e elimination reactions of hydrogen 
chloride from 1-chlorobutane and 2-chlorobutane over molten 
salts (ZnCl2 , SnCl2 , CuGl melts) have been studied by using 
both a microreactor and a conventional flow reactor. T h e 
preferential formation of m-2-butene in the reaction of 2-
chlorobutane can be explained in terms of the stereochemistry 
of the surface-adsorbed carbonium ion. 

S o m e m o l t e n salts , s u c h as S n C l 2 - K C l a n d Z n C l 2 -
c o n t a i n i n g mel t s , a r e k n o w n to assist t h e d e h y d r o h a l o -
g e n a t i o n of alkyl ha l i de s . 1 - 4 ) H o w e v e r , l i t t le is k n o w n 
a b o u t t h e s t e r eochemis t ry of d e h y d r o h a l o g e n a t i o n o v e r 
mol t en - sa l t ca ta lys ts . T h e p r e s e n t i nves t iga t ion w a s u n ­
d e r t a k e n in o r d e r to o b t a i n s t e r e o c h e m i c a l i n f o r m a t i o n 
a b o u t t h e d e h y d r o c h l o r i n a t i o n of c h l o r o b u t a n e s ove r 
Z n C l 2 - K C l - N a C l mel t s , S n C l 2 - K C l me l t s , a n d G u C l -
KG1 mel t s f rom t h e b u t è n e i s o m e r - d i s t r i b u t i o n a n d in 
o r d e r to discover a c o n v e n i e n t m e t h o d of us ing t h e pu l se 
t echn ique 5 ) for such a d e h y d r o c h l o r i n a t i o n . 

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

Elimination by Microcatalytic Reaction. T h e c o n t a c t 
t i m e of r e a c t a n t s w i t h mo l t en - sa l t ca ta lys t s w a s a r b i t r a ­
r i ly def ined to b e t h e r ec ip roca l of t h e flow r a t e of h y d r o ­
gen (F~x s /ml ) , w h e r e v a r i o u s flow veloci t ies w e r e a t ­
t a i n e d b y v a r y i n g t h e flow r a t e of t h e h y d r o g e n c a r ­
r ie r gas . T h e convers ion p e r c e n t a g e of 2 - c h l o r o b u t a n e 
is p l o t t e d as a func t ion of F-1 a t 250 °G a n d 2 8 0 °G 
in F ig . 1, w h e r e t h e r a t i o of % c o n v w i t h t h e Z n C l 2 

mel t s to t h a t w i t h t h e S n C l 2 me l t s is s h o w n to b e a b o u t 
10 to 1 (a t 250 ° C ) , w h i l e this conve r s ion r a t i o is a b o u t 
2 — 3 to 1 in t h e case of t h e r a t i o of t h e S n C l 2 m e l t s to 
t h e C u C l me l t s (280 ° C ) . T h e r e f o r e , t h e re l a t ive a c ­
tivities for d e h y d r o c h l o r i n a t i o n a r e Z n C l 2 > S n C l 2 > 
C u G l mel t s . 

T h e d i s t r i b u t i o n of b u t è n e i somers o v e r t h r e e k i n d s 

100 

80 

60 

40 

201-

^ , -C-250C 
o~~ Z n C l 2 - K C l - N a C l 

P ' 

^ -o- 2 8 0 C S n C l 2 - K C l 

„ ^ - ' t C Z l - °-280°C C U C I - K C I 
3 JO -O ' 2 5 ( f C S n C l 2 - K C l 

1 2 3 

F'1 (s/ml) 

Fig. 1. Plots of % conv. of 2-chlorobutane vs. F - 1 . 

of m o l t e n salts a r e s h o w n in T a b l e 1, w h e r e t h e va lues 
of t h e t h e r m a l r e a c t i o n a n d t h e e q u i l i b r i u m va lues a r e 
also c i t ed for c o m p a r i s o n . A l t h o u g h t h e % c o n v v a r i e d 
m a r k e d l y f rom m e l t t o m e l t , t h e cis/trans r a t ios (c i ted 
in T a b l e 1) of 2 - b u t e n e p r o d u c e d a r e m u c h t h e s a m e 
(1 .3—1.4 ) ove r t h e series of me l t s . T o e x a m i n e t h e 
possibi l i ty of t h e i s o m e r i z a t i o n of t h e olefins after e l imi­
n a t i o n , t h e pulses of 1 -bu tène a n d 2 - b u t e n e i somers 
w e r e passed o v e r t h e Z n C l 2 mel ts . 6 ) H o w e v e r , n o iso­
m e r i z a t i o n a m o n g t h e 1-, cis-2-, a n d trans-2-butcnes w a s 
obse rved . T h e cis/trans r a t i o of t h e 2 - b u t e n e p r o d u c e d 
o v e r these sal ts is l a r g e r t h a n t h e e q u i l i b r i u m v a l u e s ; 
th is p r e f e r a b l e f o r m a t i o n of a .y-2-butene is cons ide r ed 
to b e c h a r a c t e r i s t i c of this r e a c t i o n . 

T h e r eac t iv i ty of 1 - c h l o r o b u t a n e ove r these m o l t e n 
salts b e c o m e s c o n s i d e r a b l y l o w e r t h a n t h a t of 2 -ch lo­
r o b u t a n e . W i t h Z n C l 2 me l t s , t h e % c o n v of 2 -ch lo ro ­
b u t a n e is 25 t imes as l a r g e as t h a t of 1 -ch lo robu tane , 
w h i l e t h e reac t iv i ty r a t i o of 2 - c h l o r o b u t a n e / 1 - c h l o r o ­
b u t a n e b e c o m e s a b o u t 9 in t h e case of t h e S n C l 2 me l t s . 
T h e r e l a t ive ca t a ly t i c ac t iv i ty of these m e l t s for t h e d e -

T A B L E 1. ELIMINATION REACTION OF 2-CHLOROBUTANE 

Meltsa> ZnCl2-KCl-NaClb> 
( 3 : 1 : 1 ) 

SnCl2-KClc> 
( 1 . 5 : 1 ) 

CuCl-KCld> 
( 1 . 8 : 1 ) 

Homogeneous 
reaction in 
gas phase6) 

Equil ibr ium 

Temp (°C) 

Products (%)• 

cis/trans 

[ 1-butène (%) 
trans-2-butene (%) 
m-2-butene (%) 

205 
9.8 

37.4 
52.8 

1.4 

250 
10.8 
37.3 
51.9 

1.4 

290 
7.9 

39.8 
52.3 

1.3 

350 
12.8 
38.6 
48.6 

1.3 

280 
11.1 
38.1 
50.8 

1.3 

320 
11.9 
37.3 
50.7 

1.4 

400 450 
39.3 37.4 
38.6 36.3 
22.1 26.3 
0.57 0.72 

200 300 400 
13 19 23 
55 50 46 
32 31 31 
0.58 0.62 0.67 

a) The figures in parentheses indicate the molar ratio of the components. Hereafter, the melts will be denoted 
ZnCl2 melts, SnCl2 melts, and CuCl melts respectively, b) F " 1 : 2 . 2 s/ml. c) F " 1 : 3 .3 s/ml. d) F " 1 : 2 . 5 s/ml. 
e) F-1: 2 . 5 s/ml. 

* Organic Reaction in Fused Salts. X I . 
Part X : S. Kikkawa, M . Nomura , and M . Shimizu, Chem. Lett, 1977, 317. 
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TABLE 2. ELIMINATION REACTION OF 1-CHLOROBUTANE 

Melts ZnCl, Melts») SnCl2 Melts") 

Temp (°C) 

Products (%) 

Conv (%) 
cis/trans 

1-butène (%) 
<ran*-2-butene (%' 
m-2-butene (%) 

350 
15.9 
39.7 
44.4 
18.8 
1.1 

400 
18.7 
38.6 
42.7 
51.0 

1.1 

370 
15.3 
39.1 
45.6 
15.5 
1.2 

400 
16.9 
39.5 
43.6 
31.9 

1.1 

a) F-1: 2.78 s/ml. b) F" 1 : 3.22 s/ml. 

TABLE 3. 

Melts 

ELIMINATION REACTION OF 1-CHLOROBUTANE 

AND 2-CHLOROBUTANEa> 

ZnCU Melts SnCl, Melts CuCl-KCl-NaCl 
( 3 : 1 : 1 ) 

1-Chlorobutane (400 °C) 

Products 
(%) 

Conv (%) 
cis/trans 

1-butene (%) 
•Jiranj-2-butene (%) 
m-2-butene (%) 

22.2 
39.4 
38.4 
43.3 

1.0 

31.1 
32.3 
36.6 
21.8 

1.1 

41.2 
27.3 
31.5 
13.0 
1.2 

Products (%) 

Conv (%) 
cis/trans 

2-Chlorobutane (300°C) 

f 1-butene (%) 14.5 
j/ranj-2-butene (%) 39.2 
(m-2-butene (%) 46.3 

62.8 
1.2 

12.4 
38.5 
49.1 
20.9 

1.3 

16.7 
34.8 
48.5 
0.7 
1.4 

a) Flow rate of Ar: 0.056 mol/h. Feed rate of reactant: 0.12mol/h 

hydrochlorination of 1-chlorobutane was found to be 
different from that for 2-chlorobutane; that is, the ratio 
of % conv with the ZnCl 2 melts to that with the SnCl2 

melts is 2.5 to 1 (at 310 °C). 
Table 2 shows the distribution of butène isomers re­

sulting from the reaction of 1-chlorobutane over molten 
salts. In the last row of Table 2, the cisjtrans ratios 
of 2-butene are presented. T h e preferable formation 
of2-butene from 1-chlorobutane indicates that this elim­
ination proceeds via a carbonium-ion mechanism in­
volving rearrangement.3 '4) 

The finding that m-2-butene is formed in preference 
to frmy-2-butene in the reaction of 2-chlorobutane over 
a series of molten salts can be explained in terms of 
the stereochemistry of the surface-adsorbed carbonium 
ion proposed by Noller, with the elimination of chloro­
butane over C a O solid catalysts.7) T h e secondary 
carbonium ion is attached to the molten-salt surface, 
where its most favorable conformation is as is shown 
in Fig. 2. Accordingly, m-2-butene is preferably for­
med by sharing a free-electron pair resulting from the 
removal of H b (by the chloride ion), with the vacant p 
orbital at G2 (preferred path of the lower-energy bar-

///////////////////////// 
2nCl3" 

Fig. 2. Molten salts surface-adsorbed carbonium ion. 
Dotted line shows the vacant p orbital. 

Elimination by Conventional Flow Method. Since 
the present elimination reaction is considered to be 
first-order, it was expected that the results from the 
pulse technique would be in agreement with those from 
the flow method. Table 3 shows the distribution of 
butène isomers obtained from both 1- and 2-chloro­
butane, along with the values of % conv and the cisj 
trans ratios. As Table 3 clearly indicates, no notable 
differences were observed in the product distribution, 
the cis/trans ratio, or the % conv between the micro-
catalytic and the steady-state-flow reaction data. Tha t 
is, in the study of such an elimination reaction over mol­
ten salts, the application of this microcatalytic method 
is of use experimentally. However, with the flow me­
thod, there was a tendency for the ZnCl2 melts to have 
lower eis/trans ratios of the elimination of 2-chlorobutane 
compared with the results of the pulse method. This 
tendency may be explained by considering the small 
amount of the isomerization of products assisted by the 
considerable amounts of HCl dissolved in ZnCl2 melts. 

Exper imenta l 

Reagents. The 1-chlorobutane and 2-chlorobutane 
were obtained from Wako Pure Chemical Industries, Ltd. 
along with the three isomers of butène. The metal halides 
were guaranteed reagents from Nakarai Chemicals. 

Apparatus and Procedure. A commercial gas Chromato­
graph was arranged so as to record the amount of the pulse 
of the reactant (injected by means of a microsyringe, 1 \il) 
with a Silicone DC 550 column (75 cm) and to separate the 
products obtained after the reactant had passed over the 
melts in the reactor using a BMEE column (6 m) at 0 °C. 
A Pyrex-tube reactor containing the molten salts, immersed 
in a temperature-controlled salt bath, was connected to the 
gas Chromatograph by means of a six-port valve which also 
served to dry the molten salt media by passing N2 through 
before carrying out the pulse reaction. 

For conventional flow experiments,8) a vapor mixture of 
Ar and chlorobutane was bubbled up through dry molten 
salts for a period of 30 min. An Ar flow containing vaporized 
products was introduced, from the exit side, to the gas sampler 
once every 15 min. The gas-chromatographic separation of 
the products was done with a BMEE column (6 m). 
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Synopsis. Photolysis of diphenyltin polymer, (Ph2-
Sn)m, afforded diphenylstannylene, Ph2Sn:, which was 
captured by alkyl halides, R'X, to give the insertion products, 
Ph2R'SnX. The reactivity of Ph2Sn: was found to be 
lower than that of dibutylstannylene, Bu2Sn:. 

In continuation of our investigations of diorgano-
stannylenes,1-3) the photolytic formation and some re­
actions of diphenylstannylene have been investigated. 
Diphenylstannylene, transiently formed, has been ef­
ficiently captured by several alkyl bromides and methyl 
iodide. 

A solution of pale yellow diphenyltin, (Ph2Sn)m ,4) in 
a large excess of ethyl bromide was irradiated with a 
high pressure mercury lamp through a pyrex filter at 
0 °C to give a mixture of distillable phenyltin bromides : 
viz., Ph2EtSnBr (64%), Ph2SnBr2 (20%), PhEtSnBr2 (3 
% ) , and Ph3SnBr (2%) , together with a trace of undis-
tillable stannoxanes. The major product, Ph2EtSnBr, 
should be produced by the insertion reaction of di-
phenyl stannylene, Ph2Sn: (2), into the C-Br bond 
of ethyl bromide (Eq. 2). The minor disproportion-
ation products, Ph3SnBr and PhEtSnBr2 , could be 
formed by the photo-induced transposition1) of the 
phenyl group and the scrambling of the phenyl and 
bromide groups, respectively. 

Av 

(Ph2Sn)m > [Ph2Sn:] + ( P h ^ n ) ^ 
1 2 1 

Ph Ph Ph 

or - S n - ^ ^ ^ S n . (1) 
I I I 

Ph Ph Ph 
3 

R'Br 

[Ph2Sn:] > Ph2R'SnBr (2) 
2 

It is important to note that a considerable amount 
(20%) of diphenyltin dibromide was obtained. In con­
trast, photochemical reactions of dibutyltin with alkyl 
bromides gave only a low yield of dibutyltin dibromide 
(4%).!) There seem to be two possible pathways for 
the formation of diphenyltin dibromide. (i) A par t of 
diphenylstannylene might possess a biradical character 
(i. e., in a triplet state) and abstract two bromine atoms 
from ethyl bromide to give the dibromide. Although 
the spin state of the stannylene cannot be discussed 
from our present results, the idea of triplet diphenyl­
stannylene could offer one explanation for the form­
ation of diphenyltin dibromide. (ii) Diphenylbromo-
stannyl radical (5) formed by the photochemical cleav­
age of the Sn-Sn bond of the compound (4) could 

Ph Ph Ph Ph Ph Ph 
I I I | | | „ 

•Sn-(Sn)5^-Sn. • Br-Sn-CSnJsz^Sn-Br > 
I I I I I I 

Ph Ph Ph Ph Ph Ph 
3 4 
Ph Ph Ph 

I I I 
Br-Sn-(Sn)m_3. + -Sn-Br > 

I I I 
Ph Ph Ph 

5 
Ph Ph Ph 

I I I 
Br-Sn-(Sn) s r^Br + Br-Sn-Br (3) 

I I I 
Ph Ph Ph 

6 
afford diphenyltin dibromide (Eq. 3). T h e possible 
intermediate, 1,2-dibromotetraphenylditin (4, m = 3 ) , 
could not be found in the reaction products. This 
compound could be completely consumed to give 
diphenyltin dibromide according to Eq. 3. This shows 
that the Sn-Sn bond of the tetraphenylditin com­
pounds (3, 4, m=3) could be cleaved by the U V 
irradiation in the case of diphenyltin derivatives. 
This is in sharp contrast to the case of dibutyltin, in 
which 1,2-dibromotetrabutylditin was formed in about 
3 0 % yield.1) 

Another noticeable observation in the photolytic re­
action of diphenyltin is the lower reactivity of diphenyl­
stannylene compared with that of dibutylstannylene. 
T h e lower reactivity of diphenylstannylene might be 
implied by the following facts: A longer irradiation 
time was needed to achieve a high conversion, and di­
phenyltin did not react with alkyl monochlorides. 
Even after the irradiation of diphenyltin in propyl chlo­
ride for 90 min, the insertion product, Ph2PrSnCl, was 
not detected in the reaction mixture. A low yield (26 

TABLE 1. PHOToaHEMiaAL REACTIONS OF (Ph2Sn)m 

WITH R'X 

Yields of products (%) 
R'X . -

Ph2R'SnX Ph2SnX2 PhR'SnX2 Ph3SnX 

Mel 77 16 Ö Ö 
EtBr 64 20 2.6 2.2 
PrBr 63 20 3.3 1.8 
BrCH2Bra> 71 27 0 1.7 
G1GH2G1 26 14 11 27 

a) Distribution was determined by the integral values 
in the *H-NMR spectrum. 
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TABLE 2. CHEMICAL SHIFTS OF Ph2R'SnX IN 13G-NMR SPEQTRA 

PhaR'SnX 

Ph2MeSnI 
Ph2EtSnBr 
Ph2PrSnBr 
Ph2(BrCH2)SnBr 
Ph2(GlGH2)SnCl 

Gx 

a) 
a) 
a) 
a) 

137.6 

G2 

135.5 
135.8 
135.9 
136.0 
136.0 

Chemical shifts (ppm) 

Ph 

G3 

128.6 
128.9 
129.1 
129.1 
129.1 

G4 

129.8 
130.0 
130.6 
130.6 
130.8 

(GDG13) 

C, 

- 3 . 1 
9.6 

20.0 
10.7 
28.7 

R' 

G2 

10.3 
19.6 

c3 

18.2 

a) Undetected. 

%) of the insertion product, Ph2(ClCH2)SnCl, was ob­
tained in the reaction with dichloromethane.5) 

All the results of the photochemical reactions of di-
phenyltin with alkyl halides and the 1 3 C-NMR spectral 
data of the insertion products are listed in Tables 1 and 
2, respectively. 

Photolysis of diphenyltin has been proved to be a 
more effective and facile method for the formation of 
diphenylstannylene than a thermal reaction of diphenyl­
tin.3) In the thermal reaction, formation of diphenyl­
stannylene was a minor reaction path and various dis-
proportionation reactions predominated. 

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

The 13G-NMR spectra were recorded in the pulse Fourier 
transform mode using a JEOL-FX 60 spectrometer operating 
at a resonance frequency of 15.03 MHz. The parameters 
used were : pulse width 8 (JLS, spectral width 2500 Hz for 
8 K data points. Chemical shifts are given in ppm down-
field from internal TMS. 

The XH-NMR spectra were measured in deuteriochloro-
form with a Varian EM 360 spectrometer operating at 60 
MHz. 

Gas-liquid chromatography (GLC) was carried out at 
230 °C using Apiezon grease L as a stationary phase. 

Photolytic Reaction of Diphenyltin with Ethyl Bromide. 
Yellow crystalline diphenyltin4) (0.362 g) was dissolved in 
a large excess of ethyl bromide (8 ml) in a sealed pyrex 
glass ampoule, and was irradiated with a high pressure 
mercury lamp (450 W) at 0 °C under nitrogen atmosphere 
for 80 min. After irradiation, the excess of ethyl bromide 
was evaporated off to give a viscous liquid. The product 
was distilled in vacuo using a Kugelrohr (bath temperature 

was up to 200 °G) to give a trace of residue and a colorless 
distillate (0.813 g) containing PhEtSnBr2, Ph2SnBr2, Ph2-
EtSnBr, and Ph3SnBr. These bromides were identified by 
the IR, iH-NMR,3) and »G-NMR spectra. A part of the 
distillate was treated with a large excess of methylmagnesium 
iodide in ether to convert the phenyltin bromides quanti­
tatively into the phenylmethyltin derivatives. Distribution 
of the products was determined by GLC : PhEtSnMe2 : Ph2-
SnMe2 : Ph2EtSnMe : Ph3SnMe = 2.8 : 24.1 : 69.5 : 2.7. It 
was confirmed that vacuum distillation caused no noticeable 
change in the distribution of the products. 

The reactions with methyl iodide, propyl bromide, di­
chloromethane, and dibromomethane were carried out under 
similar conditions. In the reaction with methyl iodide, the 
product was treated with ethylmagnesium bromide for the 
determination of the distribution. In the reaction with 
dibromomethane, the product was distilled under high vacuum 
(0.02 Torr) to avoid the thermal decomposition. The 
distribution was determined by the integral values in the 
*H-NMR spectrum, since the methylation of Ph2(BrCH2)-
SnBr with methylmagnesium iodide gave undetectable 
compounds on GLC analysis. 
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Synopsis. The reaction between alkali metal tri­
chloroacetate and cyclohexene was studied in an aprotic 
medium in the presence and also in the absence of crown 
ethers. The crown ethers catalyzed decarboxylation but 
reduced the yield of the dichlorocarbene adduct. 

Since the discovery of crown ethers and their metal 
complexes, numerous applications in organic chemistry 
have been worked out, in particular on the activation 
of anionic species as regards synthetic problems.1) 
The anionic activation through complexation of alkali 
metal cations by crown ethers has been confirmed by 
the enhancement of nucleophilicity and basicity. How­
ever, recent studies show a variation of anionic acti­
vation, in which decarboxylation of certain alkali 
metal carboxylates is greatly accelerated. Hunte r 
et al.2") decarboxylated sodium 3-(9-fluorenylidene)-2-
phenylacrylate in T H F in the presence of dibenzo-
18-crown-6 (I) , and Smid et al.3> described the de-
carboxylative rearrangement of potassium 6-nitro-
benzisoxazole-3-carboxylate in aqueous media under 
the catalysis of a polymer crown, poly(vinylbenzo-
18-crown-6). These works prompted us to examine 
the catalytic effect of crown ethers on the decarboxy­
lation of alkali metal trichloroacetates, which has a 
synthetic utility to generate dichlorocarbene under 
neutral conditions.4 '5) 

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

The reaction of alkali metal trichloroacetate with 
cyclohexene under decarboxylative conditions (Eq. 1) 
was studied in a suspension or solution in aprotic 
solvent using a thermostatted cell fitted with a small 
reflux condenser at 50—80 °G with and without added 
crown ether. The reaction was monitored by measuring 

- C 0 2 -MCI 
GGl3GOOM > GG13M > : GG12 

A 

0 / \ /CI 
> I | X (M=Li , Na, K) (1) 

\ y x c i 

the volume of evolved gas and analyzing the reac­
tion mixture directly on GLG for 7,7-dichloronorcarane. 
In a typical run, 1.0 g of trichloroacetate salt, 2.6 g of 
cyclohexene (a large excess), 10 ml of appropriate 
solvent and 5—20 mol % (based on the salt) of 
crown ether (I, benzo-15-crown-5 (II) and dicyclohexyl-
18-crown-6(III)) were utilized under anhydrous condi­
tions. After the salt had been dried in the thermostatted 
cell under reduced pressure for 30 min, cyclohexene 
and the solvent were introduced into the cell, which 

was then connected to a gas burette, and the mixture 
was vigourously stirred magnetically. Grown ether 
dissolved in a solvent was used. 

Reaction in the Absence of Crown Ether. T h e 
decarboxylation of potassium trichloroacetate at 80 °G 
was almost complete ( > 9 0 % of the theoretical amount 
according to Eq. 1) within 30 min in acetonitrile and 
1,2-dimethoxyethane (DME) , while in benzene only 
2 0 % decarboxylation was observed after 5 h. As a 
solvent acetonitrile was at least four times more effective 
than D M E when the reaction was carried out at 70 °G. 
Sulfolane behaved similarly to acetonitrile. T h e forma­
tion of dichloronorcarane paralleled the time course 
of the decarboxylation, b u t the yield remained at « 5 0 % 
after 30 min (and for the rest of the reaction time) 
in acetonitrile and D M E , and only at 2 % (or 10% 
based on the salt decomposed) after 5 h in benzene. 
While the former yields are comparable to those origina­
lly reported by Wagner for the sodium salt in DME, 4 ) 

the extremely low yield in benzene is obviously caused 
by the insolubility of the salt, where decarboxylation 
took place in the suspended solid. T h e effect of 
cations (Li+, Na+, K+) studied in acetonitrile (70 °C) 
and D M E (80 °C)* showed that the initial rate of 
decarboxylation and the carbene adduct formation 
were in the increasing order of K + > N a + > L i + in line 
with previous results.5> A difference of several times 
the magnitude of rates was observed between adjacent 
cations. Decomposition is accelerated when the anion 
is less tightly bound to cations of larger ionic radius. 
T h e enhanced reactivity in acetonitrile as compared 
with D M E is also in line with the medium effect expected 
on the structure of ion pairs in aprotic medium.2) 
However, it was noticeable that the final yield in the 
adduct was not proportional to the ease of decarboxy­
lation. As an example, lithium salt in acetonitrile 
at 70 °C attained 8 0 % decarboxylation and 6 0 % 
yield of 7,7-dichloronorcarane in 5 h, and the reaction 
was still in progress. O n the other hand, the reaction 
was complete for potassium and sodium salts well 
within a half hour, but the yields of the carbene adduct 
were 52 and 5 5 % respectively. 

Effect of Crown Ethers. T h e effect of added 
crown ethers in acetonitrile or D M E was found to 
proceed in two ways, i.e., a rate acceleration (both 
in decarboxylation and carbene adduct formation) 
and a decrease in the final yield of the carbene adduct. 
The rate increase in the initial phase of the reaction 
in the presence of 20 mol % of I I ranged from two to 

Solubility of the salts in the solvents was in the order 
Li> Na> K. Lithium and sodium salts essentially gave 
uniform solutions. 
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Reaction time (h) 

Fig. 1. Decarboxylation of potassium trichloroacetate 
in benzene (80 °C). Benzene, 10ml; cyclohexene, 
2.6 g; GG13G02K, 1.0 g(5.0 mmol). —A— 1(0.3 
mmol); — • — 11(1.0 mmol); — # — 111(1.0 mmol); 
— 3 — 111(1.0 mmol), without benzene, cyclohexane 
10ml; —O— without crown ether. 

nine times of that in the case of its absence depending 
on the cation and the solvent. T h e rate increase 
was sufficient to lower the practical reaction tempera­
ture by 10—20 °C. However, the advantage was 
counterbalanced by the decrease in the yield of the 
adduct to two thirds of those in the case of the absence 
of crown ethers. T h e effect of crown ethers in benzene 
was much more pronounced. O n addition of 20 mol % 
of I I I the reaction effectively approximated that in 
D M E , as shown in Fig. 1. Even the reaction in 
cyclohexene (as both reactant and solvent) was suc­

cessful. Obviously the crown ethers functioned as a 
solid-liquid phase-transfer catalyst.1) In line with a 
similar observation on the effect of alkali metal ions, 
the trichloroacetate ion which is less tightly bound 
to the cation or freed from the cation by the inter­
vention of crown ether decarboxylates more readily, 
but it introduces some unfavorable effects on the 
subsequent carbene formation and its reaction to form 
the adduct . T h e exact nature of these effects is not 
clear at present in view of the complexity of the side 
reactions involved in the carbene-generating system.5'6) 
Decarboxylation on alkali metal trichloroacetate in 
aprotic medium was accelerated considerably by the 
cation complexation with crown ethers, but the extent 
was far less than the cases in which the resulting anions 
were strongly resonance-stabilized.2,3 '7 '8) The accelera­
tion of decarboxylation was counterbalanced by the 
reduced yield of dichlorocarbene adduct, thus dimin­
ishing the synthetic utility of crown ethers in the system. 
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The Preparation of 3,5-Diacetoxy-l-cyclopentene^ 
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Synopsis. The phase-transfer reaction of 3,5-di-
bromo-1-cyclopentene with potassium acetate was studied 
using trialkylamines and a trialkylphosphine as catalysts. 
Various metal acetates were examined for their effects in 
this reaction. 

We recently reported2) on the nucleophilic substitu­
tion reaction of alkyl bromides with potassium acetate 
employing a quaternary ammonium ion catalyst in 
a heterogeneous system. This phase-transfer reaction 
provided a convenient synthetic method for acetates 
from the corresponding bromides besides previously 
developed methods using silver acetate, tetraethyl-
ammonium acetate, or potassium acetate in glacial 
acetic acid and acetic anhydride.2) Thus, cis-3,5-
diacetoxy-1-cyclopentene 2 was prepared from cis-3, 
5-dibromo-l-cyclopentene 1, 4-acetoxy-2-cyclohexen-
1-one from 4-bromo-2-cyclohexen-l-one, and octyl 
acetate from octyl bromide. In the course of the 
study of the synthesis of prostaglandins, we succeeded 

phase-transfer catalyst 
RX > ROAc 

KOAc 

in converting the diacetate 2 into chiral 4-hydroxy-
2-cyclopenten-l-one,3 '4) which is a key intermediate 
to prostaglandins5) and their mimics.6) Furthermore, 
it was reported that the diacetate 2 was effectively 
transformed into a useful lactone intermediate for the 
synthesis of prostaglandins.7) 4-Cyclopentene-l,3-diol, 
which is easily accessible from the diacetate 2 is also 
a useful precursor for the synthesis of prostagland­
ins8) and their intermediates.9) These results led us 
to study the phase-transfer reaction of 3,5-dibromo-
1-cyclopentene 1 indetail and to extend the scope of 
the reaction using i) various catalysts and ii) various 
metal acetates. 

B r x _ 

B r / " 
1 2 

Quaternary ammonium and phosphonium salts are 
well known to be good catalysts in phase-transfer 
reactions.10) Tertiary amines have also been reported 
to be effective for the dichlorocarbene generation.11) 
More recently, it has been reported that tertiary amines 
as well as primary and secondary amines catalyzed 
the nucleophilic conversion of alkyl bromides into alkyl 
cyanides.12) Tertiary amines also catalyzed the alkyl-
ation of the a-carbon attached to the carbonyl group 
with alkyl halides.13) We first carried out the nucleo­
philic substitution reaction of 3,5-dibromo-l-cyclo-
pentene14) with potassium acetate in mixtures of water 
and carbon tetrachloride, using either trioctyl- or 

TABLE 1. PHASE-TRANSFER REACTIONS OF 3,5-DIBROMO-

1-CYCLOPENTENE WITH POTASSIUM ACETATE 

Catalyst Yielda> of 3,5-diacetoxy-l-
cyclopentene 

Trioctylphoshine 
Trioctylamine 
Tridecy lamine 

58% 
49 
55 

a) Isolated yield. 

tridecylamines. These reactions resulted in the form­
ation of the diacetate 2 in moderate yields (see 
Table 1). 

To our knowledge, it has not been reported that 
trialkylphosphines catalyze the nucleophilic substitution 
reaction in a heterogeneous system. We were interested 
to examine the possibility of trialkylphosphines as 
phase-transfer catalysts, because trialkylphosphines are 
known15) to react with alkyl halides, e.g., in refluxing 
benzene, to form tetraalkylphosphonium salts, which 
could be catalysts for our reaction. In fact, the phase-
transfer reaction of the dibromide 1 with potassium 
acetate, using trioctylphosphine as a catalyst, proceeded 
to give the acetate 2 in a 5 8 % yield (Table 1). 

In order to examine the effect of metal acetate, 
phase-transfer reactions were studied using various 
metal acetates, such as the Group I, I I , V I I , and V I I I 
metal acetates. Trioctylpropylammonium chloride was 
used as the catalyst. T h e results are summarized in 
Table 2. I t is interesting that magnesium acetate 
and alkali metal acetates were among the most effective 
acetates. Since magnesium, lithium, and sodium 
acetates have a higher solubility in water than the other 
acetates16) listed in Table 2, our results suggest that 
the solubility of the metal acetate in the aqueous 
phase plays an important role this phase-transfer 
reaction. 

Exper imenta l 

Using Trioctylphosphine. A mixture of 3,5-dibromo-l-
cyclopentene 1 (45.2 g, 0.2 mol), potassium acetate (99 g, 
1 mol), and trioctylphosphine (14.8 g, 0.04 mol) in carbon 
tetrachloride (120 ml) and water (45 ml) was vigorously stir­
red at 60 °G for 5 h. The reaction mixture was then ex­
tracted with carbon tetrachloride (3x30 ml), dried, and 
evaporated. The residue was distilled to give 3,5-diacetoxy-
1-cyclopentene 2 (21.3 g; 58% yield) : bp 70.5 °G/0.08 Torr. 

Using Trioctylamine. A mixture of the dibromide 1 
(151 g, 0.67 mol), potassium acetate (300 g, 3 mol), and 
trioctylamine (10 g, 0.029 mol) in carbon tetrachloride 
(400 ml) and water (150 ml) was vigorously stirred at 60 °C 
for 12 h. The mixture was then treated as above to give 
the diacetate 2 (68.7 g; 55% yield). 
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T A B L E 2. PHASE-TRANSFER REACTIONS OF DIBROMIDE 1 W I T H VARIOUS METAL 

ACETATES IN T H E PRESENCE OF ( C 8 H 1 7 ) 3 C 3 H 7 N + G 1 - A> 

Metal acetate, g (mmol) 
Solvent 

H 2 0 GG14 

Reaction 
conditions 

Yield1» of 
diacetate 2 

Solubility«) 

L i O A c 2 H 2 0 
NaOAc-3HaO 
Mg(OAc)2 .4H20 
Ga(OAc)2 

Ba(OAc)2 

Gu(OAc)2 .H20 
Zn(OAc)2 .2H20 
Mn(OAc)2-4H20 
Go(OAc)2-4H20 
Pb(OAc)2-3H20 

10.2 (100) 
4.1 ( 30) 
6.4 ( 30) 
2.6 ( 30) 
7.6 ( 15) 
6.0 ( 30) 
6.6 ( 30) 
7.4 ( 30) 
7.5 ( 30) 

11.4 ( 30) 

6 ml 
2 
4 
3.5 
4 
6 

10 
10 
10 
3 

15 ml 
6 
8 
6 
7 

15 
25 
25 
25 
7 

70°G 
60 
60 
60 
60 
60 
60 
70 
70 
60 

5 h 
4 

18 
6 
6 
3 
3 
5 
3 
6 

52% 
37 
35 
8 

14 
15 
13 
17 
15 
9 

300 

76 

120 

37 

59 

7 

31 

46 

a) All the reactions were carried out using 2 .26 g (10 mmol) of 3,5-dibromo-l-cyclopentene 1 and 0 .86 g (2 mmol) 

of t r ioctylammonium chloride. T h e reaction conditions and yields are not optimized. 

b) Isolated yield, c) Solubility in grams per 100 ml in cold water.16) 

Using Tridecy lamine. T h e dibromide 1 (54 g, 0.139 
mol), potassium acetate (90 g, 0.9 mol), tridecylamine (5.9 g, 
0.014 mol), water (45 ml) , and carbon tetrachloride (120 ml) 
were used. T h e yield of the acetate 2 was 21.6 g (49%) . 

Using Various Metal Acetates. T h e reactions were 
carried out substantially as has been described above under 
the conditions summarized in Tab le 2. 

T h e a u t h o r s a r e g ra te fu l to D r s . T . N o g u c h i a n d S. 
T s u n o d a of Te i j i n , L t d . , for t he i r e n c o u r a g e m e n t 
t h r o u g h o u t t h e course of this w o r k . 
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Synthesis of Some Imidazo[l,2-c][l,2,3]triazolo[4,5-e]pyrimidines 
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Synopsis. The reaction of 7-amino[l,2,3]triazolo-
[4,5-rf] pyrimidine (la) with chloroacetaldehyde gave imidazo­
l i n e ] [1,2,3] triazolo[4,5-<?]pyrimidine (2a) which underwent 
facile ring opening in dilute hydrochloric acid. The methyl 
derivatives (2b,c,d) were similarly made from the appropriate 
triazolopyrimidine (lb,c,d) and chloroacetaldehyde. 

The isolation and structural elucidation of the fluores­
cent imidazo [1 ,2 -Ö] purines from baker's yeast Phet-
RNA1) and T. utilis Phet-RNA2) has aroused conside­
rable interest in the chemistry and biology of fused 
tricyclic compounds derived from the common base 
residues of nucleic acids. At about the same time, 
Kost and his co-workers reported that the reaction 
of 9-methyladenine with chloroacetaldehyde gave fluo­
rescent 3-methylimidazo[2,l-f]purine.3) The ribonu-
cleoside and ribonucleotides of imidazo[2, \ - i \purine 
have been synthesized and their activities in several 
enzymatic systems reported.4) I t has also been shown 
that two fluorescent substances derived from JV6-(3-
methyl-2-butenyl) adenosine, a clinically useful antileu­
kemic agent, were members of the imidazo[2,l-f]purine 
series.5) This finding prompted us to investigate the 
synthesis of analogous ring systems with a view to 
possible biological activities. In the present paper, 
we describe the synthesis of certain imidazo [1,2-tf] -
[1,2,3] triazolo[4,5-tf]pyrimi dines. 

Treatment of 7-amino[l,2,3]triazolo[4,5-d]pyrimi-
dine (la)6) with chloroacetaldehyde in aqueous ethanol 
in the presence of sodium acetate gave the fluorescent 
imidazo[l,2-c][l,2,3]triazolo[4,5-tf]pyrimidine (2a) in 
moderate yield. The 1H N M R spectrum of 2a in T F A 
exhibited a pair of doublets at <5 8.25 and 8.62 (J= 
2.0 Hz) representing protons at the 7- and 8-position, 
and a singlet at ô 9.77 for 5-H. Similarly, the conden­
sation of 7-amino-5-methyl[l,2,3]triazolo[4,5-rf]pyrimi-
dine (lb)7) with chloroacetaldehyde gave 5-methylimi-
dazo[l,2-<|[l,2,3]triazolo[4,5-éf]pyrimidine (2b). This 
compound showed U V spectra very similar to those 
of 2a ; also a singlet at ô 3.82 and a pair of doublets 
at ô 8.28 and 8.42 ( J = 2 . 0 Hz) in its ^ N M R 
spectrum. 

When 2a was treated with dilute hydrochloric acid, 
its fluorescence disappeared and a ring-opened product, 
4-amino-5-(2-imidazolyl)-l,2,3-triazole (3) was obtained. 
The same compound was formed also, but more slowly, 
when 2a was boiled in water. The structure of 3 
was derived from elemental analysis, U V spectra, and 
a XH N M R spectrum exhibiting a sharp singlet at 
ö 7AS for both 4- and 5-H of the imidazole ring. 
This ring opening took place most probably by nucleo-
philic addition of water at the 5,4-double bond. There­
fore, a compound such as 2b , with a blocking methyl 
group8) at the site of potential addition, is expected 
to resist ring opening. In fact, no ring opening was 

detected when 2 b was treated with hydrochloric acid 
as above. 

3-Methyl-(2c) and 3,5-dimethyl-imidazotriazolo-
pyrimidines(2d) were made similarly from 3-methyl-
and 3,5-dimethyl-7-aminotriazolopyrimidine(2c or d) 
respectively. 

We also investigated the reaction of l a with bromo­
acetone. Under a variety of conditions, the reaction gave 
7-acetonylamino[l,2,3]triazolo[4,5-</]pyrimidine(4a) as 

a main product ; several minor products were formed, 
but no imidazotriazolopyrimidine was detected. The 
structure of 4a was confirmed by elemental analysis 
and by U V spectra which were very similar to those 
of l a . Its *H N M R spectrum showed singlets at 
ô 2.63(CH3) , ô 5.93(CH2), and «5 8.80 (the aromatic 
proton of the pyrimidine ring). The reaction of l b 
with bromoacetone took place in a similar manner 
to give the 5-methyl compound (4b) without any 
imidazotriazolopyrimidine. 

NH2 
i 

N 

R / ^ N / N 

— N 
ii 
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H 
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-N N * \ _ 

H 2 N / \ N ? R / W \ N > 

i 

H 
i 

R, 

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

The elemental analyses were done by the Analytical Section, 
Meijo University, Nagoya. The p2Ca values were determined 
by a spectroscopic method and the UV spectra on a JASCO 
UVIDEG-1 spectrophotometer. The 1H NMR spectra were 
determined on a JEOL JNM-MH-60 NMR spectrometer 
in TFA with TMS as an internal standard. 

Imidazo\1,2-c\\1,2,3]triazolo[4,5-e]pyrimidine (2a). One 
gram of la, chloroacetaldehyde (0.50 g,) and NaOAc (1.0 g) 
were heated in 50% aq EtOH (200 ml) under reflux for 
2 h. The solution was evaporated to dryness and the residue 
was chromatographed on a Florisil column (4 x 40 cm) by 
gradient elution using 0—1% ammonia (1.0 1). The fluores­
cent fractions were combined, concentrated to ca. 50 ml under 
reducted pressure, treated with charcoal, and chilled to 
give colorless needles ( 1.10 g) of 3a ; mp > 300 °G (Found : C, 
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38.67; H , 3.55; N , 44 .87%. Calcd for G 6 H 4 N 6 - 1 . 5 H 2 0 : G, 
38.50; H, 3.74; N, 44 .92%) ; XH N M R : ô 8.25(d, 7 = 2 . 0 Hz , 
1), 8.62(d, 7=2 .0 .Hz , : . . l ) , and 9.77(s, 1); p i f r 2 .46- t0 .03 ; 
l m M (log e) a t p H 0.44: 214(4.35), 270(sh, 3.83), 282(3.88) ; 
at p H 5.0: 219(4.32), 235(sh, 4.19), 284(3.82). 

5-Methylimidazo[/,2-c] [7,2,3]triazolo[4,5-e]pyrimidine (2b)• 
A solution of lb7) (2.5 g) , chloroacetaldehyde (2.0 g) , and 
N a O A c (4g) were refluxed in 5 0 % aq E t O H (400 ml) 
for 4 h. Evaporat ion under reduced pressure and subsequent 
crystallization from water gave colorless needles (2.0 g) . of 
2 b ; m p > 3 0 0 ° G (Found: G, 48.09; H, 3.27; N , 48 .55%. 
Calcd for G 7H 6N 6 : C, 48.27 ; H , 3.45 ; N . 48.26% ) ; * H N M R : 
Ô 3.82(s, 3), 8.28(d, 7 = 2 . 0 Hz, 1), a n d 8.42(d, 7 = 2 . 0 Hz , 
1); pJCa 2 . 5 7 ± 0 . 0 2 ; A m a s (log e) at p H 0.44: 212(4.38), 
270(sh, 3.85), 279(3.90); at p H 5.0: 217(4.31), 240(sh, 
3.97), 285(3.87). 

4-Amino-5-( 2-imidazolyl)-1,2,3-triazole (3). A solution 
of 2a (270 mg) in 1M-HC1 (20 ml) was kept at 20 °C for 10 h. 
Evaporation to dryness under reduced pressure and crystal­
lization from E t O H gave colorless needles (145 mg) of 3 as 
hydrochloride; m p > 3 0 0 ° C (Found: C, 32.45; H , 3.66; 
N, 44 .99%. Calcd for C 5 H 6 N 6 - H C 1 : C, 32.17; H , 3.75; 
N , 45 .04%) ; * H N M R : ô 7.48(s); p i t a 8 .30±0 .03 , 5 . 2 4 ± 
0.03, and - 1 . 3 9 ± 0 . 0 5 ; Am a x (log e) a t H0 - 3 . 0 : . 251 
(4.05), 295(sh, 3.41); at p H 2.0: 243(3.86), 278(4.10); at 
p H 6.5: 243(3.87), 277(4.08); at p H 10.5: 215(3.81), 
273(4.15). 

3-Methylimidazo\1,2-c][7,2,3]triazolo[4,5-e]pyrimidine (2c) and 
the 3,5-Dimethyl Derivative (2d). 7-Amino-3-methyltriazolo-
pyrimidine9) (1.0 g), chloroacetaldehyde (2g) and N a O A c ( 2 g ) 
were heated in water (300 ml) at 60 °C for 5 h. Evaporation 
under reduced pressure to ca. 20 ml gave a solid which was 
crystallized from M e O H to give colorless needles (0.45 g) of 2c. 
T h e analytical sample was prepared by sublimation a t 160 °C/1 
Tor r ; m p 282—283 °C(decomp) (Found: C, 48.57; H , 
3.27; N, 47 .82%. Calcd for C 7 H 6 N 6 : C, 48.27; H, 3.47; 
N, 48 .26%) ; i H N M R : ô 4.67(s, 3), 8.25(d, 7 = 2 . 0 Hz, 1), 
8.60(d, 7 = 2 . 0 Hz, 1), and 9.70(s, 1); pK„2A7±0.0l; Am a x 

(log e) at p H 0.44: 219.5(4.38), 263(3.74), 281(3.73); 
at p H 5.0: 229(4.35), 260(3.60), 298(3.50). 

4-Amino-6-chloro-2-methyl-5-nitropyrimidine10> and 3 0 % 
methanolic methylamine under reflux gave the 6-methylamino 
analogue in 9 0 % yield; m p 242—243.5 °C (from M e O H ) 
(Found: C, 39.29; H , 4.82; N , 38 .23%. Calcd for C 6H 9-
N 5 0 2 : C, 39.34; H , 4.92; N , 38.25%,). The nitropyrimidine 
(2.0 g) was hydrogenated over Pd /C in 0.5M-HC1 (50 ml) , 
and subsequently treated with N a N 0 2 to give 7-amino-3,5-
dimethyl[7,2,3]triazolo[4,5-d]pyrimidine ( Id) (1.35 g; colorless 
needles when recrystallized from water) ; m p > 300 °C (Found : 
C, 44 .13; H , 4 .95; N, 51 .46%. Calcd for C 6 H 8 N 6 : C, 43.89; 
H , 4.29; N , 51.19%). This compound was treated with 
chloroacetaldehyde as in the foregoing reaction to give 2 d 

(95% yield); m p 221—222 °C (sublimed at 160 °C/1 Torr) 
(Found: C, 51.23; H , 3.91 ; N, 44 .35%. Calcd for C 8 H 8 N 6 : 
C, 51.04; H , 4.29; N , 44 ,66%) ; X H N M R : ô 3.27(s, 3), 
4.58(s, 3), 8.20(d, 7 = 2 . 0 Hz, 1). and 8.37(d, 7 = 2 , 0 Hz, 1); 
pJCa 2 . 6 5 ± 0 . 0 1 ; Am a x (log e) at p H 0.44: 219(4.41), 268.5 
(3.79), 281(3.81); at p H 5.0: 219(4.35), 266.5(3.60), 295.5 
(3.65). 

7-Acetonylamino\1,2,3]triazolo[4,5-d]pyrimidine (4a) and Its 15-
Methyl Derivative (4b). A solution of l a (1.0 g) and bromo-
acetone (2.5 g) in 5 0 % aq E t O H (300 ml) was refluxed for 2 h. 
Evaporation under reduced pressure and subsequent crystal­
lization from water gave colorless needles (0.50 g) of 4 a ; m p > 
300 °C (Found: C, 43.63; H , 4 .03; N , 43.87%. Calcd for 
C 7 H 8 N 6 0 : C, 43.74; H , 4.20; N , 43 .73%) ; » H N M R : Ô 
2.63(s, 3), 5.93(s, 2), and 8.80(s, 1), pJCa 2 . 4 2 ± 0 . 0 1 ; Am a x 

(log e) a t p H 0.44: 205(4.27), 264(4.09); at p H 4.5: 214 
(4.07), 279(4.06). 

T h e 5-methyl derivative (4b) was similarly obtained from 
l b in 5 6 % yield; m p > 3 0 0 ° C (Found: C, 46.32; H, 4.85; 
N , 40 .62%. Calcd for C 8 H 1 0 N 6 O: C, 46.59; H, 4.90; N, 
40 .76%) ; p i t a 3 .08±0 .02 ; A m a x ( log £ ) at p H 0.83: 205(4.30), 
264(4.10); at p H 5.5: 215(4.22), 277(4.06); ! H N M R : ô 
5.82(s, 3), 2.88(s, 3), and 5.87(s, 2) . 

W e t h a n k Miss N o r i k o I t o h for m e a s u r i n g the 
pKR va lues a n d U V spec t r a , Miss K e i k o S h i b a t a for 
m e a s u r i n g t h e X H N M R spec t r a , a n d D r . D . J . B r o w n 
of A u s t r a l i a n N a t i o n a l U n i v e r s i t y for discussion. 
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Solid-state Reactions between CVD-TiCh and BaC(>3 
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The solid-state reactions between CVD-TiOa powders of anatase- and rutile-forms with various particle 
sizes and BaCOa were investigated in 0 2 and C0 2 . The reactivity of the TiOa powders and the apparent activation 
energy for the reaction were independent of the crystal type of TiOa. The reactivity of the TiOa powders increased 
remarkably as the particle sizes grew smaller than 0.15 (xm. When such fine CVD-TiOa powders were used, the 
reaction proceeded to completion at temperatures below 1000 °C in both 0 2 and C 0 2 and gave fine BaTi03 pow­
ders. The particles of BaTi03 produced appeared single-crystalline and kept a shape similar to that of the starting 
TiOa particle. The sizes of the BaTi03 particles were controlled by those of the starting T i 0 2 and were indepen­
dent of those of BaCOa. 

O n the solid-state reactions between T i 0 2 and BaCO a , 
there have been several investigations concerning the 
effects of the particle size and crystal type of the starting 
T i 0 2 powders on the reactivity.1 '2) In these studies, 
anatase-TiOa powders were produced by wet methods 
and ru t i le -Ti0 2 powders were prepared by the calcina­
tion of ana tase-Ti0 2 at temperatures above 900 ° C 
The primary TiOa-particles aggregated in the powders, 
especially in calcined ruti le-TiO a powders. Therefore, 
it is questionable whether or not the observed reactivities 
truly represent the effect of the size or crystal type of the 
primary Ti02-part icles. 

O n the other hand, both the anatase and ru t i l e -T i0 2 

powders produced by vapor-phase reactions ( C V D -
TiO a) are characterized by high purity, a very closely 
controlled particle-size distribution, and easy dispersion, 
and consist of single-crystalline particles. Therefore, 
the effects of the size and crystal type of Ti0 2-part ic les 
on the reactivity are expected to be caught more 
exactly by using C V D - T i 0 2 powders. The present 
authors have reported that G V D - T i 0 2 powders prepar­
ed from the T i C l 4 - 0 2 system show a high reactivity in 
the reaction with B a C 0 3 and that the resulting B a T i O s 

powders consist of particles with the shape of the 
starting T i O a particles.3) 

In the present investigation, in order to elucidate the 
effects of the crystal type and particle size of T i 0 2 -
particles on the reactivity and the properties of B a T i O s 

powders produced, the solid-state reaction between T i 0 2 

and B a C 0 3 was carried out by using C V D - T i 0 2 

powders obtained from the reaction systems of T i C l 4 - 0 2 , 
T i C l 4 - H 2 0 , T i C l 4 - H 2 0 - H 2 , and T i C l 4 - H 2 - C 0 2 . 

Materials. The titanium dioxide powders were pre­
pared by vapor-phase reactions, as has been described pre­
viously.4'5) Their properties and electron micrographs are 
shown in Table 1 and Fig. 1, respectively. The TiOa powders 
obtained from the TiCl4-H20-H2 system consist of nealy 
spherical or cubic particles smaller than 0.1 |xm in size (Figs. 1 
(a) and (b)). The T i 0 2 powders obtained from the TiCl4-
H 2 -G0 2 system consist of plate-like particles grown pref­
erentially in the plane perpendicular to the c-axis5> (Figs. 1 
(c) and (e)). The TiOa powders obtained from the TiCl4-
0 2 system consist of square and plate-like or square-bipy-
ramidal particles grown in the plane perpendicular to the 
c-axis (Figs. 1 (d) and (f )). 

TABLE 1. REACTION SYSTEMS AND THE CHARACTERISTICS 

OF TiOa POWDERS 

No. 

a-20 
a-15 
a-13 
a-7 
A-ll 
A-1 
R-22 
R-7 
D-l 

Reaction 
system 

TiCl4-H20-H2 

TiCl4-H20-H2 

TiCl4-H20 
TiCl4-H20-H2 

TiCl4-02 

TiCl4-02 

TiCl4-H2-C02 

TiCl4-H2-C02 

TiCl4-02 

Db0(Dw—D90) 

(y-r 
0.05(0.03—0.07) 
0.06(0.04—0.08) 
0.09(0.05—0.12) 
0.09(0.06—0.11) 
0.18(0.13—0.24) 
0.37(0.24—0.46) 
0.42(0.29—0.54) 
1.0 (0.67—1.3 ) 
1.5 (1.1 —1.9 ) 

* J B E T wK (mVg)b> (%)' 

— • 

21 
— 
17 
— 

8 
3 

— 
1 

0 
5 

52 
100 
100 
100 

0 
5 

100 

a) D50, Dw, and Z>90 are the particle sizes at which 
the weight of particles reaches 50, 10, and 90% re­
spectively on the cumulative weight % distribution 
curve, b) Specific surface area obtained by the BET 
method, c) Content of the anatase form. 

GR-grade BaCOa was obtained from Wako Pure Chemical 
Ind., Ltd. (purity>99.7%).6> The particles of the BaCOs 

powder are needle-like and 0.5—10 (im long. They showed 
no weight loss when heated to 1000 °C at 5.4 °C/min in 0 2 . 

Solid-state Reactions. Equimolar mixtures of T i 0 2 and 
BaC0 3 were prepared by mixing with an ultrasonic wave in 
absolute ethanol. The mixture of 70—130 mg was heated 
in a platinum vessel up to 950—1100 °C at 5.4 °C/min in a 
flow of C02-free Oa or COa. The flow rate was about I S O -
ISO ml/min (the I.D. of the reactor was 17 mm). The weight 
loss caused by the reaction was followed by means of an electro-
balance.7) X-Ray diffraction [CoKcc] and electron-micro­
scopic analyses of the products were done in the course of the 
reaction. 

Thermogravimetric Analysis of Reactions between Ti02 and 
BaC03. T h e T G curves of equimolar T i 0 2 - B a C 0 3 

mixtures are shown in Figs. 2 and 3. T h e reaction 
begins at about 530 °C, and the weight loss reaches 
100% at 930—1010 °C in 0 2 . As the T i O a powders 
become finer, the reaction proceeds faster and the 
weight loss reaches 100% at a lower tempera ture ; that 
is, the reactivity of the T i 0 2 powders increases. The 
decrease in reactivity with the particle size of T i 0 2 , 
however, becomes smaller as the particles grow larger. 
In C 0 2 , the beginning and completion temperatures 
of the reaction are higher by 50 to 100 °C than those in 

Exper imenta l R e s u l t s a n d D i s c u s s i o n 
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Fig. 1. Electron micrographs of T i 0 2 powders. 
(a), a-7; (b), a-15; (c) and (e), R-7; (d), A- l l ; (f), D-L 

500 600 700 800 900 1000 

Temperature (°C) 

Fig. 2. TG curves of the reaction between TiOa and 
BaC0 3 in 0 2 . 
TiO a : (a), a-20; (b), a-15; (c), a-13; (d), a-7; (e), 
A- l l ; (f), R-22; (g), A-l ; (h), R-7; (i), D-l. 

500 600 700 800 900 1000 

Temperature (°C) 

Fig. 3. TG curves of the reaction between TiOa and 
BaC0 3 in C0 2 . Keys are the same as in Fig. 2. 
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0 2 . The T G curves in G 0 2 are classified into one- and 
two-step types. When the starting T i O a powders 
consist of particles smaller than 0.15 [im, the T G curves 
are of the first type and the reaction is completed below 
1000 °C. When the T i O a powders contain particles 
larger than 0.15 [im, the T G curves are of the second 
type and the reaction is completed above 1000 °C. 
In the latter case, the rate of reaction in the first step is 
higher as the T i 0 2 powders become richer in small 
particles. T h e difference in the T G curves between the 
reactions in 0 2 and in C 0 2 is due to the difference in the 
structure of the product layers.3) 

In the reactions using other BaCO a powders which 
consisted of spherical particles finer than the present 
one,3) the T G curves changed with the particle size of 
T i O a in a manner similar to the present results, although 
the beginning and completion temperatures of the 
reaction were lower by 50—100 °C than in the present 
work. Therefore, the features of the T G curves in 
Figs. 2 and 3 may be considered to reflect the properties 
of the T i 0 2 powders themselves. 

The T G curves of a-15, a-13, and a-7, in which the 

TABLE 2. REACTION PRODUCTS AND ACTIVATION 

ENERGIES FOR REACTIONS IN 0 2 

Group 
of 

TiO„a> 

Former stage 
of reaction 

Later stage 
of reaction 

Run 
< 8 5 0 ° C < ^ ° : G > 8 5 0 ° C > 8 « : C 

Product1» E^f{- Product-» E J k ^ mol -1 mol -1 

BT 
BT 
BT 
BT 
BT 
BT 
BT 
BT 
BT 

55 
56 
56 
56 

32 
38 
37 
36 
36 

BT 
BT 
BT 
BT 

BT+B2T 
BT+B2T 
BT+B 2T 
BT+B2T 
BT+B2T 

100 
86 
95 

100 
120 

a) S, particle size <^0.15 |xm; L, the curves of the 
particle-size distributions extended above 0.15 [xm. 
b) BT, BaTi03 ; B2T, Ba2Ti04. 

Fig. 4. Electron micrographs of the reaction products. 
(a), (b), (c), (d), (e), and (f ), TiO a : R-7, in 0 2 . Final 
temperature and % of reaction: (a), original mixture; 
(b) and (e), 905 °C, 25%; (c), 950 °C, 60%; (d) and 
(f ), 1010 °C, 100%. (g), T i 0 2 : D-1, in 0 2 , 1062 °C, 
100%. ba r=2 fxm. 



1364 Yoko SUYAMA and Akio KATO [Vol. 50, No. 6 

Fig. 5. Electron micrographs of the reaction products 
(Ti0 2 : a-15, in 0 2 ) . 
Final temperature and % of reaction: (a), 780 °G, 
50%; (b), 970 °C, 100%; (c), electron diffraction 
pattern of a BaTi03 particle shown in photo (b). 

particle sizes of the T i O a powders are close, while the 
contents of the anatase-form differ, show little difference, 
indicating that the crystal form of T i 0 2 , whether 
anatase or rutile, does not affect the reactivity. I t 
should be noted here that, in the course of the reaction 
of a-7, the unreacted T i O a consisted only of the anatase-
form at 780 °C (the fraction reacted was 40%) , although 
the anatase-rutile transition of the T i 0 2 powders becomes 
appreciable above 900 °C when they are heated at 
5.4 °C/min and the transition rate increases as the T i 0 2 

powders become finer.3) 
Reaction Products. T h e reaction products in 0 2 

are shown in Table 2, where the starting T i 0 2 powders 
are classified into two groups according to the particle 
size: the T i O a powders consisting of particles smaller 
than 0.15 (xm (S group) and the other T i 0 2 powders 
(L group). In the S group, B a T i 0 3 was the only 
product throughout the course of the reaction in both 0 2 

and C 0 2 . In the L group, B a T i 0 3 was formed at first, 
and subsequently B a 2 T i 0 4 was formed above 850 °C 
in 0 2 . The amount of B a 2 T i 0 4 produced increased 
as the T i 0 2 powders became coarser, in accord with the 

findings of a previous work.1) In C 0 2 , the formation of 
B a 2 T i 0 4 is suppressed thermodynamically up to 1145 
°C.8'9> 

It is clear that the C V D - T i 0 2 powders consisting of 
particles smaller than 0.15 yon show especially high 
reactivities and are converted into the B a T i 0 3 powders 
at temperatures below 1000 °C. 

Morphology of the Products. The electron micro­
graphs of the products are shown in Figs. 4 and 5. 
Figure 4(a) shows the starting mixture of R-7. The 
particles of BaCO a are needle-like in shape. When a 
mixture is heated to 905 °C in 0 2 , products are formed 
on the surface of the T i O a particles consuming the 
neighboring B a C O s particles (Figs. 4(b) and (e)). The 
B a C 0 3 particles become thinner with the progress of 
the reaction. When the mixture is finally heated to 
1010 °C, all particles of the products maintain the 
outline of the starting T i 0 2 particles (Figs. 4(d) and 
(f)). Figure 4(g) also shows the characteristic shape of 
the square and plate-like particles of the product in 
D-l (compare with Fig. 1(f)). The change in the shape 
of particles in the course of the reaction of a-15 in 0 2 is 
shown in Fig. 5. In this case, the change in the B a C 0 3 

particles is more significant. When the mixture is 
heated to 780 °G, large numbers of fine particles are 
attached to large particles of B a C 0 3 , as seen in Fig. 5(a). 
When the mixture is heated to 970 °C and wholly 
converted to B a T i 0 3 , the large particles disappear, as 
seen in Fig. 5(b). Although the particles are aggregated 
in part , they are cube-like and show the single-crystal 
pat tern of B a T i 0 3 in electron diffraction, the outline 
of the shape of the starting T i 0 2 particles being held, 
too (Fig. 5(c)). 

From the morphology mentioned above, it may be 
concluded that the BaTiOg is formed by a topotactical 
reaction of C V D - T i 0 2 with B a C 0 3 . The manner of 
change in the shapes of the T i O a and BaCO a particles in 
the course of the reaction indicates that the reaction 
proceeds from the surface of the TiOa-particle into 
the inside by the diffusion of the BaO component, 
forming a reaction-product layer on the surface of the 
T i O a particle. 

When the reaction takes place by this model on a 
spherical T i O a particle with the radius of r0, the fraction 
reacted a is given by : 

. = . - ( ^ ) ' . (» 

where x is the thickness reacted. The values of a at 
840 °C in Fig. 2, where B a T i 0 3 is the only product, are 
compared in Fig. 6 with the ones calculated by means 
of Eq. 1. When the value of x at a given temperature 
is independent of r0, the experimental and calculated 
values of a should agree. The agreement is not very 
good, but one can see that the present reaction model 
explains well the accelerated increase in the reactivity 
as the particle size of T i 0 2 becomes smaller. 

T h e particle-size distributions of the resulting B a T i 0 3 

and the starting T i 0 2 are compared in Fig. 7. The 
average particle-size of the resulting B a T i 0 3 is about 
1.3 times that of the starting T i 0 2 . It is found that 
the T i 0 2 powders with average particle-size of 1.3 y.m 
were converted into the BaTiO a powders with that of 
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h* 
(2) 

0.5 1.0 

2 r0 (|un) 

Fig. 6. Relation between the fraction reacted and 
particle size. 

, Calculated: 1, x = 0.01 fxm; 2, x= 0.015 (im; 
3, x=0.025 [xm; 
—O—, observed (at 840 °C). 
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Fig. 7. Particle size distributions of the starting TiOa 

and the resulting BaTi03 powders of a-15. 
, TiO a ; , BaTi03 . 

ar0
2 (3) 

where a is the fraction reacted at t ime t, k is the rate 
constant, and r0 is the initial radius of the T i 0 2 particle. 
We tried to analyze the T G curves in 0 2 by the use of 
Jander ' s equation. To apply the equation to the T G 
data, it was modified as Eq. 3.1 2~1 4 ) 

2 ( 1 - j / F ^ Aa L 
3( l -a ) 2 /3 A T 

where a is the heating rate. T h e values of K were 
calculated by taking A T = 2 5 °C. Plots of log K vs. l/T 
are shown in Fig. 8. Jander ' s equation holds well up to 
«*770 °C for the S group and up to ^ 8 4 0 °C for the L 
group. O n the L group, the slope changes at «»840 °C, 
suggesting that the reaction mechanism changes at this 
temperature. This may be caused by the appearance of 
B a 2 T i 0 4 at ^ 8 5 0 °C. 

* -4L 

io3/r 
Fig. 8. Plots of log K vs. 103/7"for the reactions in 0 2 . 

O , a-20; # , a-7; 3 , a-15; 0 , a-13; A , A-l ; A , A-ll ; 
• , R - 2 2 ; B , R - 7 ; 0 , D-l. 

1.6tim,3> the ratio of the average particle sizes being 1.2. 
When a TiO., particle is converted into a BaT iO s particle, 
the particle size should increase by 1.26 times. The 
observed values are close to the calculated one. This 
supports also the reaction model mentioned above. 

When reaction mixtures are heated up to 1100 °C, the 
resulting BaTiO a particles suffer sintering to a con­
siderable extent. However, the reaction can be com­
pleted below 1000 °C by selecting appropriate reaction 
conditions such as the particle size of T i O a and B a C 0 3 , 
the heating rate, or the atmosphere. In this case, the 
particle sizes of the BaT iO s powders produced are 
controlled by those of the starting T i 0 2 powders, and 
one can produce ultrafine B a T i 0 3 powders, which have 
a fineness comparable with that obtained by the thermal 
decomposition of oxalate,11) by a solid-state reaction. 

Application of Jander's Equation. When the reaction 
between T i 0 2 and BaCO a powders occurs in the manner 
mentioned above, the reaction rate may be controlled 
by the diffusion of the BaO component through the 
product layer and the kinetics may follow Jander ' s 
equation (2) : 

From the linear parts of the plots, the apparent 
activation energies are obtained (see Table 2). The 
activation energies for the former stage are different 
between the S and L groups. However, it should be 
noted that the activation energy is also independent of 
the crystal type of T i O a in each group. The activation 
energies reported hitherto are shown in Table 3. All 
of these activation energies are claimed for the diffusion 
process. When the diffusion of the BaO component 
in the B a T i 0 3 layer is the rate-determining step, each 
experiment should give comparable activation energies 
independently of the crystal type of Ti0. 2 . This is not 
the case, as may be seen in Table 3. However, it is 
interesting to note that, regardless of the crystal type 
of T i 0 2 , most of the values fall into two ranges : 34—36 
and 54—60 kcal/mol ; this is in good agreement with the 
results of the present work. T h e value of 99 kcal/mol is 
close to that of the L group in the higher-temperature 
range in the present work. This exceptionally high 
value, therefore, is considered to be due to the formation 
of B a 2 T i 0 4 and not to the fact that Ti0 . 2 has a rutile 
form. 
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TABLE 3. ACTIVATION ENERGY FOR THE FORMATION 

OF BaTiOg 

Workers ^ ^ J ^ of T i 0 2 

Kubo and Shinriki16) Anatase 
Kubo and , Rutile 
Shinriki15) ^ Anatase 

Kuno **«/.» { ^ u t U e 

Anatase 
Arai et a/.14) Anatase 

# a 

kcal • mol - 1 

54 
99 
58 
36 
34 
60 

Rate 
equation 

Jander 
modified 
Jander 

Tamman 

Jander 

T h e reason why the activation energies differ between 
the S and L groups, although both groups give the same 
reaction product, BaTiOg, below 840 °C, is not clear at 
present. However, the following should be noted here. 

I t has been reported by Nakayama and Sasaki10* that 
the activation energy of the diffusion of bar ium into the 
rutile-TiOj, crystal is 59 kcal/mol for a direction perpen­
dicular to the c-axis and 43 kcal/mol for a direction 
parallel to the c-axis. T h e activation energies obtained 
for the S and L groups in the lower-temperature range 
are of the same order of magnitude as the values of the 
former and the latter, respectively. T h e ru t i l e -Ti0 2 

particles used in the present work are spherical or cubic 
in the S group and plate-like grown in the plane perpen­
dicular to the c-axis in the L group. Accordingly, in the 
reaction of the L group, the diffusion of the BaO 
component may mainly occur along the direction of the 
c-axis of rut i le-TiO, and give a lower activation energy. 
O n the other hand, in the reaction of the S group, the 
diffusion may occur more isotropically and give a higher 
activation energy. O n ana ta se -T i0 2 particles, the same 
interpretation may be applied in explaining the different 
hehavior between the two groups. 

Reactivity and Crystal Type of Ti02. O n the solid-
state reaction of the T i 0 2 - B a C 0 3 system, it has general­
ly been accepted that ana t a se -T i0 2 shows a lower 
activation energy and a higher reactivity than rutile-
TiOa.1) In the present study, however, there were no 
observable differences in the reactivity and activation 
energy between anatase- and rutile-forms. This is to be 
expected when the reaction is limited by a diffusion 

through the same reaction product. T h e particle size 
of T i O a governs the reactivity. In previous works, in 
which the differences in the reactivity and the activation 
energy between the two forms of T i O a were observed, 
the secondary properties of the T i O a powders such as 
the state of the agglomeration of primary particles, 
especially in the case of calcined ruti le-Ti02 > would 
affect the reactivity and result in different reactivities 
between the two types of T i 0 2 . 

This research was supported in part by the Science 
Foundation of the Ministry of Education (No. 885150). 
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Photoreduction of Quinones. I. One-electron Transfer to p-Benzoquinone 
in Ethanol Studied by ESR during Continuous Photolysis 
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Faculty of Engineering, Hokkaido University, Kita-ku, Sapporo 060 
(Received August 7, 1976; in revised form December 21, 1976) 

Electron spin resonance was examined during the continuous photolysis of a flowing solution of/>-benzoquinone 
in ethanol at room temperature. It was found that both semiquinone anions and semiquinone radicals were 
generated, but their relative yields changed depending on the experimental conditions. The semiquinone anion 
was generated in a comparatively high yield at low concentrations of /»-benzoquinone and at high flowing rates. 
Its formation was, however, quenched by the addition of acetic acid without transformation to the semiquinone 
radical. The semiquinone radical was generated efficiently at high /»-benzoquinone concentrations and at low 
flowing rates. Its formation was enhanced by the addition of hydroquinone. These results, as well as the previous 
results on the effect of the wavelength of light, indicate, in contrast with the currently accepted view, that there is 
effectively no equilibrium in ethanol between the semiquinone radical and the semiquinone anion under the present 
experimental conditions, and that the latter is formed by a photoinduced one-electron transfer from solvent to 
jfr-benzoquinone. The semiquinone radical seems to arise from the hydrogen abstraction of excited //-benzoqui-
none from the hydroquinone formed as a product during photolysis. 

One of the main interests in photobiology is associated 
with the naturally occuring quinones mediat ing in the 
electron-transport mechanism in photosynthesis.1) Such 
a biological function of quinones seems to have attracted 
the interest of chemists in studying the photochemistry 
of simple quinones, such as jö-benzoquinone and 
duroquinone, by means of the flash photolysis-optical 
absorption technique2 - 7) as well as the photolysis-
electron spin resonance (ESR) technique.8 - 1 4) The 
flash photolysis studies have stressed the hydrogen-
abstraction reaction of simple photoexcited quinones 
since the pioneering works by Bridge and Porter.2) T h e 
transient optical absorption due to the semiquinone 
radical and the semiquinone anion was observed in 
hydrogen-donating solvents such as ethanol or in the 
presence of hydrogen donors ; the formation of the latter 
has generally been attr ibuted to its equilibrium with the 
former, generated primarily by the hydrogen-abstraction 
reaction : 

a * + CH3CH2OH • QH + CH3CHOH (1) 

QH • Q~ + H+ . (2) 

This seems to be the currently accepted reaction 
mechanism,15) and it seems to have been supported also 
by ESR studies,10-13) because only the ESR spectrum of 
semiquinone radicals, presumed to be generated 
primarily through Reaction 1, has been detected from 
solutions of quinones in alcohols. 

However, our previous ESR study seems to conflict 
with the above mechanism, because the ESR spectra of 
both semiquinone radicals and semiquinone anions were 
observed from a solution of jfr-benzoquinone and its 
methyl derivatives in ethanol or methanol during 
continuous photolysis and the effective wavelength of 
the photolyzing light was found to be different between 
the semiquinone anions and the semiquinone radicals.16) 
The results suggested that the semiquinone anions might 
be generated primarily from photoexcited quinones, but 
not by Reaction 2. However, this was not conclusively 

* Present address: Mitsui-Toatsu Co., Ltd., Mobara, 
Chiba 297. 

proven, because the observed ESR signals depended very 
much on the experimental conditions and we could not 
verify the factors controlling the yields of both the 
semiquinone anions and the semiquinone radicals. 

The previous study of detecting semiquinone inter­
mediates by ESR has now been extended to verify the 
factors controlling their yields and to give firm indica­
tions against Reactions 1 and 2. The advantage of such 
an ESR study is that semiquinone anions and semi­
quinone radicals are clearly distinguished from each 
other,16) while the spectra of semiquinone anions, 
radicals, and triplet quinones overlap each other, and 
so it is not easy to study the kinetic behavior of the 
semiquinone intermediates separately in flash photoly­
sis-optical absorption studies. 

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

Chemicals. The />-benzoquinone (BQ ) was purified by 
sublimation three times. The purified B Q showed a melting 
point of 387—389 K, identical with that quoted in chemical 
handbooks. The hydroquinone (BQH2) was sublimed twice 
under a vacuum, volatile impurities being removed by means 
of a liquid nitrogen trap. Ethanol with a claimed purity of 
99.5% was generally used without further purification. 
Occasionally, however, it was purified further by distilling 
it after reflux with sodium hydroxide and zinc powder to 
remove the acetaldehyde, by refluxing it with magnesium 
ethoxide prepared from magnesium and absolute ethanol in 
the presence of ethyl bromide to remove the water, and by 
then distilling it again. However, such additional purifica­
tion of the ethanol caused no difference in the results. The 
acetic acid was used as received. All the chemicals used were 
of an SG grade and were supplied by Wako Pure Chemical 
Ind., Ltd. 

Photolysis and ESR Measurements. The experimental 
instrument has already been described elsewhere:17) it is 
essentially the same as that developed first by Livingston and 
Zeldes.18) Sample solutions were purged with helium gas 
for at least half an hour under dimmed room light. This 
procedure was essential to obtaining reproducible results. 
The solutions were allowed to flow at a rate of from 0.014 to 
5.0 cm3 s-1, which gave a resident time of 3.6 s to 10 ms of 
the flowing solution within the effective volume of the ESR 
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resonant cavity. Photolysis was carried out at room tempera­
ture with unfiltered light of a wavelength longer than 270 nm 
from a super-high-pressure mercury lamp (Philips, SP-500). 
The intensity of light gradually changed in the shorter-
wavelength region, thus causing a scattering of the results. 
Therefore, each series of data shown in one figure was obtained 
at one time. The solution was warmed during photolysis, 
but its temperature immediately after photolysis was found to 
be 290^2 K except when the flow rate was extremely slow. 

R e s u l t s 

The ESR signal observed from the ethanol solution of 
B Q generally consisted of a spectrum of benzosemi-
quinone radicals (triplet of double triplet, with hyperfine 
separations of 0.51, 0.19, and 0.03 mT) and one of 
benzosemiquinone anions (quintet, with a separation of 
0.24 m T ) . These spectra are essentially the same as 
those reported previously.8 '16 '19) The most prominent 
finding was that the relative intensities of both spectra 
changed depending on the experimental conditions. For 
instance, Fig. 1 shows the ESR signals recorded for two 
different concentrations of B Q , the other experimental 
conditions being unchanged. The dependence of the 
observed yield for both the benzosemiquinone radical 
(BQH-) and the benzosemiquinone anion (BQ~) on the 
B Q concentration is shown in Fig. 2 for two different 
resident times of the solutions. B Q H - was generated 
only at high B Q concentrations, whereas B Q - was 
observed to form in a high yield even if the concentration 
was lowered to 0.01 mmol d m - 3 . 

0.2mTn 

Fig. 1. ESR signal recorded during photolysis of />-
benzoquinone in ethanol flowing at a resident time of 
0.5 s at 293 K. Concentration of quinone, (A) 10 and 
(B) 1.0 mmol dm-3. 

The observed yields of B Q H • and B Q - are plotted as 
functions of the resident time in Fig. 3 for particular 
B Q concentrations. B Q H - was observed only at long 
resident times for the higher B Q concentrations; its 
yield increased with the resident time up to about 1 s. 
O n the other hand, the B Q - yield showed no increase 
with the resident time. Rather , it remained constant 
for the lower B Q concentrations, or it decreased from 
the highest value observed at the shortest resident time 
examined for the higher B Q concentrations.20) These 
observations agree qualitatively with the results obtained 

0.1 1 10 
Concentration of benzoquinone (mM) 

Fig. 2. Dependence of yield of benzosemiquinone anion 
and benzosemiquinone radical observed during photo­
lysis of /»-benzoquinone in ethanol on the benzoquinone 
concentration. Benzoquinone anion at resident time 
of {%) 1 s and (A) 0.5 s, benzosemiquinone radical at 
resident time of (Q) 1 s a n d (A) 0.5 s. 

0.01 0.1 1 
Resident time (s) 

Fig. 3. Dependence of the yield of ( # ) benzosemi­
quinone anion and (O) benzosemiquinone radical 
observed during photolysis of flowing solution of 1.0 
mmol dm - 3 /»-benzoquinone in ethanol, and (A) that 
of the yield of benzosemiquinone anion from the solu­
tion of 0.01 mmol dm-3/»-benzoquinone on the resident 
time of the solutions within the effective volume of cell. 
No benzosemiquinone radical was detected from the 
diluted solution. 

independently for the relationship between the yield and 
the B Q concentration, as is shown in Fig. 2. 

Since B Q H • is generated appreciably only at high B Q 
concentrations and at long photolysis times, it seems 
essential to study the effect of a photoproduct, B Q H 2 , 
on the formation of B Q H • and on that of B Q - as well. 
The yields of B Q H - and B Q - were examined by inten­
tionally adding B Q H 2 to a solution of 1 mmol d m - 3 B Q 
under conditions where both B Q H - and B Q - were 
generated without added B Q H 2 . The yield of B Q -
remained unchanged, whereas that of B Q H - increased 
with the concentration of the added BQH 2 , as is shown 
in Fig. 4. Although both B Q H • and B Q - were found 
to form in the B Q H 2 solution in ethanol, the increase 
in the B Q H • yield shown in Fig. 4 cannot be attributed 
simply to the photodissociation of the added B Q H 2 to 
B Q H - , because the effect of the added B Q H 2 is promi­
nent at its low concentrations. It should noted that the 



June, 1977] Photoinduced One-electron Transfer to /»-Benzoquinone in Ethanol 1369 

0 0.5 1.0 
Concentration of hydroquinone (mmol/dm3) 

Fig. 4. Effect of the addition of hydroquinone into the 
solution of 1.0 mmol dm"3 /»-benzoquinone in ethanol 
on the yield of ( £ ) benzosemiquinone anion and (O) 
benzosemiquinone radical observed during photolysis 
at resident time of 1 s. 

B Q - formation from BQ, is not affected by the addition 
o fBQH 2 . 

Previously the addition of acids to the solution was 
found to eliminate the ESR spectrum of B Q - . This was 
interpreted as being due to the protonation to BQ7, 
resulting in the transformation of B Q - into BQH-. 1 6) 
In the present study, however, it was found that the 
addition of acetic acid in increasing amounts up to 
16 mmol d m - 3 caused only a decrease in the B Q - yield 
to zero, but no increase in the B Q H - yield. When the 
B Q concentration was so low that only B Q - was detect­
ed, the addition of acetic acid totally eliminated the 
ESR signal, indicating the absence of the transformation 
o f B Q - t o B Q H - . 

D i s c u s s i o n 

Although the ESR spectra of semiquinone anions have 
been recorded from halogenated benzoquinones21 '22) 
and anthraquinone,9) the spectra recorded from B Q in 
fluid alcoholic solutions have been almost exclusively 
those of B Q H ..9,10,12,13,23,24) Qn t h e basis of the present 
results (Figs. 2 and 3), the absence of the B Q - spectrum 
in the previous studies may be at tr ibuted to the effects 
of the B Q concentration and the photolysis time, since 
the solutions with comparatively high B Q concentrations 
were sealed in a sample tube and photolyzed for a long 
time or repeatedly by light pulses to overcome a poor 
signal-to-noise ratio. Pedersen et al. observed the 
coexistence of BQ~ and B Q H - in an ethanol solution 
of B Q at a low concentration during photolysis by 
recycling a large volume of the solution.14) This and 
our own previous studies16) have been the only cases 
where evidence of the BQ~ formation was obtained by 
means of the ESR technique. 

B Q - was found to be generated at short resident 
times and/or at low B Q concentrations, while no B Q H • 
at all was observed under the same experimental 
conditions. This strongly suggests that B Q - is generated 
directly from B Q through a photoinduced one-electron 
transfer from the solvent ethanol. Although the above 

view of the BQ, - formation is not in accord with the 
currently accepted reaction mechanism for the photo-
reduction of quinones,2 '15) it is consistent with Tollin's 
interpretation of the observation of BQ7 by photo-
lyzing B Q in a low-temperature ethanol matrix.25) 
McLauchlan and Sealy applied the spin-trapping 
technique to the photochemical reaction of quinones 
including BQ, in fluid alcoholic solutions and detected 
no 1-hydroxyethyl radical generated by Reaction 1, 
though they did detect alkoxyl radicals.26) These radicals 
seem to have been generated through the deprotona-
tion of the molecular cation of the alcohols primarily 
formed by the one-electron transfer between the quinones 
and the alcohols. The photoinduced electron transfer 
was demonstrated by Davis et al. by means of product 
analysis to occur from the alkoxide ion to amino anthra-
quinone derivatives.27) They postulated that this 
reaction involves the charge-transfer lowest excited 
state. 

One would anticipate that B Q - might be generated 
from the pr imary intermediate, B Q H - , by Reaction 2, 
which was so rapid that the pr imary intermediate could 
not be observed under the present experimental condi­
tions. However, if the B Q " formation is directly 
correlated to the B Q H - formation by the rapid equilib­
ration between these semiquinone intermediates, their 
relative yields should not depend on the B Q concentra­
tion. I t can also be expected that the decrease in the 
B Q - yield caused by the addition of acetic acid should 
be followed by an increase in the BQFI- yield. Even 
if the equilibration was not rapid enough compared 
with the lifetime of the semiquinone intermediates, the 
pr imary intermediate should be observed comparatively 
more readily than the secondary one at short resident 
times. None of the present results, then, give any 
indication of a reaction mechanism comprising Reac­
tions 1 and 2 for the B Q - formation. 

We found previously that B Q H - was effectively 
generated with light of wavelengths of 260—300 nm, 
whereas BQ~ was generated with light of wavelengths 
around 460 nm.16) The study of the wavelength effect 
on the formation of semiquinone intermediates is very 
undeveloped, but early in 1960 Bridge found, in his 
flash photolysis study, that the quan tum yield of the 
durosemiquinone anion was the largest for the light 
of 350—400 nm, the longest wavelength examined.28) 
This is consistent with our previous results.16) The 
different wavelengths effective for the formation of B Q _ 

and B Q H • support the view that the formation of the 
former is independent of that of the latter. 

Some comments may be needed here on the B Q H -
formation, because it has thus far been believed to be 
the principal semiquinone intermediate in the photo-
reduction of B Q into B Q H 2 . The enhancement of the 
B Q H - formation caused by the addition of a small 
amount of B Q H 2 (see Fig. 4) seems to indicate that the 
hydrogen abstraction of photoexcited B Q from B Q H 2 

is one of the main sources of B Q H - . This reaction 
reasonably interprets the observed dependence of the 
B Q H • yield on the resident time and on the B Q con­
centration; the increase in the concentration of the 
photoproduct, BQH 2 , during the photolysis of which the 
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rate is the higher for the higher B Q concentration, 
results in the observation of B Q H - at long resident 
times from the solutions with higher B Q concentrations. 
I t has been already observed in the flash photolysis 
study of duroquinone in ethanol3 '5 '7) that the triplet 
excited quinone abstracts hydrogen from durohydro-
quinone with a diffusion-controlled rate, but from 
solvent ethanol only very slowly. However, we should 
reserve other possible sources for B Q H - , especially for 
that observed at long resident times, because BQ, is 
readily depleted under the present experimental 
conditions. In a separate experiment, for example, 
1 mmol d m - 3 B Q was found by optical absorption study 
to have been almost entirely transformed into B Q H 2 and 
other unidentified stable products after the photolysis 
and ESR measurements at the resident time of 0.5 s. 
Therefore, the photodissociation of B Q H 2 and the other 
products may be responsible for the BQH« formation 
in the later period of photolysis at a long resident time. 
Photolysis with light of selected wavelengths would give 
an insight into the detailed mechanism for the B Q H -
formation, but it could not be done mainly because of 
the limited sensitivity of the experimental method used. 

In conclusion, the present ESR investigation revealed 
that the pr imary step in the photochemical reaction of 
BQ, in ethanol is the one-electron transfer giving BQ~ : 

BQ* + CH3CH2OH • BQ" + CH3CH2OH+. (3) 

A question may arise as to the role of BQ~ in the 
photoreduction of B Q ; is it really involved in the 
reduction process? In order to answer this question, 
we examined, though qualitatively, the optical absorp­
tion of the BQ, solutions after the photolysis and ESR 
measurements under the conditions where BQ, - was 
exclusively formed, and found that a fraction of B Q 
had been transformed into BQH 2 , giving an absorption 
band with its maximum at 295 nm. We are inclined 
to believe that BQ,~ but not B Q H - is involved in the 
photoreduction of B Q in ethanol, for which we propose 
the following reaction scheme based on the present 
results : 

CH3GH2OH+ + CH3CH2OH • 

CH3CH2Ô + CH3CH2OH2
+, (4) 

CH3CH2Ô + CH3CH2OH > 

CH3CH2OH + CH3CHOH, (5) 

GH3CHOH + BQ CH3CHOH + BQ-, (6) 

C H J J C H O H + CH3GH2OH • 

CH3CHO + CH3CH2OHa
+ , (7) 

2BQ- • B Q + B Q 2 - (8) 

BQ2" + 2CH3GH2OH2
+ • 

BQH2 + 2CH3GH2OH. (9) 

T h e above reaction scheme is only a mat ter of specula­
tion. However, Reaction 4 is consistent with the 
detection of alkoxyl radicals by the spin-trapping 
technique applied to the photoreduction of quinones in 
alcohols.26) Reaction 6 gives a reason why the hydroxy-
ethyl radical was not observed in the present investiga­

tion, though it had been detected in a similar ESR 
study of the photoreduction of benzophenone in 
ethanol.17) I t was inferred in Willson's pulse radiolysis 
work29) to occur as a route for the formation of the 
semiquinone anion. The disproportionation of semi-
quinone anion, Reaction 8, has been observed in the 
flash-photolysis study of duroquinone in an alkaline 
ethanol-water mixture.2) This reaction, together with 
Reaction 9, explains the route without the participation 
of B Q H - for the formation of BQH 2 . 

A par t of this work was carried out at the Research 
Reactor Institute, Kyoto University, with the kind 
experimental assistance of Tetsuo Warashina. to whom 
we wish to express our sincere thanks. 
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Magnetic Properties and Low-Field ESR of Organic Free Radicals, 
Monochloroporphyrexide and Porphyrexide 

Toshio YOSHIOKA* 

Department of Chemistry;, Faculty of Science, Kyoto University, Sakyo-ku, Kyoto 606 
(Received August 9, 1976) 

The static magnetic susceptibility, and ESR and proton NMR spectra of powder samples of monochloro­
porphyrexide were measured above 1 K and compared with those of porphyrexide. A broad maximum in the 
static susceptibility of monochloroporphyrexide, indicating an antiferromagnetic interaction, appeared at 22.5 K. 
The relative susceptibilities of the two radicals obtained from the ESR signal intensities and the proton NMR 
shifts agree qualitatively with the static susceptibilities. In the low-field ESR spectra (135 MHz) of each radical, 
broadening of the£=2 absorption line and distinct appearance of the g—4: absorption line were found in the tempera­
ture region below Tm, the temperature at which the susceptibility is maximum. The anisotropy of the g-value 
was estimated from Q-band ESR spectra. Furthermore, the unpaired electron-spin distribution over the ring 
was estimated from the X-band ESR and the proton NMR spectra. The results are interpreted assuming that the 
magnetic behavior of the two radicals is due to alternating antiferromagnetic Heisenberg linear chains with alternat­
ing parameters, a=0.4 and a=0.6, respectively. 

At low temperatures, the magnetic susceptibility of 
many stable neutral radicals deviates from the Curie-
Weiss law and sometimes has a broad maximum which 
indicates the presence of an antiferromagnetic exchange 
interaction J between unpaired electrons of the 
radicals.1-5) This anomalous magnetic behavior has 
been interpreted in terms of the one-dimensional 
Heisenberg model with an antiferromagnetic exchange 
interaction.3) Such an interaction is considered to be due 
to the overlap of the 2P27r-orbitals, each of which is 
occupied by an unpaired electron, and the one-dimen­
sionality may be caused by the uniaxial characteristic 
of the 7r-orbital. I t has been reported in previous 
papers, however, that for the porphyrexide radical the 
magnetic behavior is different from that for 2,2,6,6-
tetramethyl-4-hy droxypiperidine-1 -oxyl (TANOL) ,which 
is a one-dimensional Heisenberg antiferromagnet typical 
of organic neutral radicals.3»4) Its magnetic susceptibil­
ity is better interpreted using the Ising model ra ther 
than the linear Heisenberg model. T h e difference 
between the magnetic properties of T A N O L and 
porphyrexide has been considered to be due to their 
different molecular structures; the former has a non-
planar molecular framework and a localized spin 
distribution, while the latter is somewhat planar with 
the unpaired electron expected to be over the ring. In 
order to clarify the magnetic properties of porphyrexide 
radicals, a chloroderivative of porphyrexide has been 
chosen as an appropriate sample. In this paper, the 
results of the magnetic susceptibility and ESR and 

HN HN H X Ü I 1 

J—NH J—NH r-^X 
CH3>/ V C H 3 7 V CH3J U H 3 
C H 3 ^ N ' > N H C H 3 ^ > N C l C H ^ . A C H ° 

o 6 o 
A) B) c ) 

Fig. 1. Molecular structures of the radicals. 
A) Porphyrexide, B) Cl-porphyrexide, C) TANOL. 

* Present address: Fibers Research Laboratories, Toray 
Industries, Inc., Sonoyama, Otsu 520. 

proton N M R measurements of monochloroporphyrexide 
(Cl-porphyrexide) are reported for temperatures above 
1 K, and the exchange interaction, spin correlation, and 
unpaired electron-spin distribution in porphyrexide 
radicals are discussed by comparing the results with 
those of porphyrexide and T A N O L . Cl-porphyrexide 
has been suggested to have the molecular structure 
shown in Fig. 1.6) 

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

The porphyrexide radical was obtained commercially and 
was used without further purification. The sample of mono­
chloroporphyrexide was prepared according to the procedure 
of Piloty and Schwerin,7) and was purified by recrystalliza-
tion from methanol, mp 151—152 °G. The results of elemental 
analysis correspond closely to the calculated values. Found: 
C, 34.42; H, 4.61 ; N, 31.99; Gl, 20.10%. Calcd for C5H8N4-
OG1: C, 34.18; H, 4.56; N, 31.91; CI, 20.22%. TANOL 
was prepared by the oxidation of 2,2,6,6-tetramethyl-4-
hydroxypiperidine according to the process of Rozantsev,8) 
and was purified by recrystallization. 

The magnetic susceptibilities were measured for powder 
samples of about 80 mg in a field of 8.8 kG from 1.7 to 300 K 
by means of a magnetic torsion balance described elsewhere,9) 
The temperatures were measured with an AuCo-Cu thermo­
couple and a carbon resistor calibrated by measuring not 
only the magnetic susceptibility of Mn-Tutton salt, but also 
the vapor pressures of liquid helium, liquid hydrogen, and 
liquid nitrogen. The proton NMR measurements were 
carried out using a Robinson-type spectrometer operating at 
35.0 MHz with an 80-Hz field modulation and with a field 
sweep. The magnetic field was calibrated by means of the 
proton absorption of H aO. The low-field ESR (LF-ESR) 
spectra were observed using a Benedek-Kusida type spectrom­
eter at 135 MHz.10) Details of the apparatus for the low-
field ESR measurements have been described elsewhere.11) 
A conventional cryostat was used, and temperatures were 
determined using an Allen-Bradley carbon resistor calibrated 
against the vapor pressures of liquid helium, hydrogen, and 
nitrogen. The high-field ESR spectra in solution and in the 
crystalline state were obtained at room temperature, using 
JEOLCO X-band and Q,-band spectrometers, respectively. 
The magnetic field was calibrated using the hyperfine split­
tings of Mn2+ doped in MgO. 
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TABLE 1. RESULTS FROM SUSCEPTIBILITY MEASUREMENTS 

1373 

(10-4emu/mol) 
6 

(K) (K) (10- emu/mol) y/*(K) a 

Cl-porphyrexide 
Porphyrexidea) 

TANOLb> 

- 1 . 0 8 
- 0 . 8 5 
- 1 . 1 

- 2 0 

- 6 

22.5 
7.2 
6.5 

72 
207 
226 

0.96 
0.91 
1.00 

- 1 8 . 2 
- 5 . 9 
- 5 . 0 

0.4 
0.6 
1.0 

a) Ref. 4. b) Ref. 3. 

R e s u l t s 

Susceptibility. The diamagnetic correction was 
made using Pascal's constant. The diamagnetic suscep­
tibility, Xd> 1S listed in Table 1. In the temperature 
range above 40 K, the paramagnetic susceptibility, xp> 
of Cl-porphyrexide follows the Curie-Weiss law, with a 
Weiss constant of 0 = — 20 K and a spin concentration 
of 96 .5%. As the temperature is lowered below 40 K, it 
deviates from the Curie-Weiss law and reaches a broad 
maximum at 7~'m = 22.5 K, as is shown in Fig. 2. After 
passing through the maximum, it decreases gradually 
down to 3.5 K. However, below 3.5 K it increases 
again as the temperature is lowered. In the region from 
1.7 to 2.3 K, the Curie-Weiss law was observed with a 
spin concentration of 0 .5% and a Weiss constant of 
—0.4 K. When this low-temperature paramagnet ic 
impurity curve is extrapolated to higher temperatures 
and subtracted from the experimental values, the 
corrected curve shown in Fig. 2 is obtained. 

Proton NMR. In the proton N M R spectra of a 
powder sample of Cl-porphyrexide at 35.0 M H z , an 
assymetric single line was observed at a free proton 
position in the temperature range of 1.6—77 K. When 
the temperature was lowered below 77 K, the linewidth 
defined as the maximum slope width of signals obtained 
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Fig. 2. Paramagnetic molar susceptibility of Cl-porphy­
rexide radical. The full circles represent the experi­
mental values. The impurity curve indicated by the 
broken line is an extrapolation of the low temperature 
Curie-Weiss data. The solid line shows the difference 
between the experimental values and the impurity 

Fig. 3. Proton magnetic resonance spectra of porphy-
rexide, measured at 35 MHz. The solid line and the 
broken line represent the spectra at 20 K and 4.2 K, 
respectively. 

by 80-Hz field modulation increased and reached a 
maximum value of 8.0 G in the vicinity of 7~'m=22.5 K. 
Below Tm) it decreased as the temperature was lowered, 
and reached a value of 5.5 G at 4.2 K. 

The proton N M R spectra of a powder sample of 
porphyrexide at 35.0 M H z are shown in Fig. 3. In 
addition to the central unshifted line, one more absorp­
tion line shifted to higher magnetic field was observed 
in the temperature region 3.0—30 K. The magnitude 
of the shift was largest in the vicinity of Tm = 7.6 K.4) 
The resonance field of the unshifted line almost cor­
responded to the magnetic field of a free proton at 
that frequency. 

X-Band ESR in Solution. The X-band ESR 
spectrum of Cl-porphyrexide in a chloroform solution 
is shown in Fig. 4. Triplet splitting (aN = 8.5 G) , caused 
by the hyperfine interaction between an unpaired 
electron and a 1 4N nucleus, and several subsplittings 
are observed. The g-value of Cl-porphyrexide in solution 
was determined to be 2.0060, which coincides with 
the values of other nitroxide radicals. 

5G 
Fig. 4. The X-band ESR spectrum of Cl-porphyrexide 

in a chloroform solution. 
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(a) 

Fig. 5. The Q-band ESR spectra of porphyrexide (a) 
and Cl-porphyrexide (b) measured at room tempera­
ture. 

d-Band ESR. T h e Qrband ESR spectra for 
powder samples of porphyrexide and Cl-porphyrexide 
measured at room temperature are shown in Figs. 5(a) 
and (b), respectively. A relatively symmetrical single 
line was observed for porphyrexide. O n the other hand, 
the spectrum of Cl-porphyrexide consists of three peaks. 
When single crystals of Cl-porphyrexide were used, a 
single line was obtained for any crystal orientation; the 
resonance field exhibited an angular dependence for an 
external magnetic field applied in a certain plane. 

0 50 G 
i 

Fig. 6. The LF-ESR spectra of Cl-porphyrexide 
measured at 135 MHz. 
(a) T=77 K, (b) r = 6 . 3 K, (c) T=4.2 K, (d) T=2.0 K. 

50G 
i 

Fig. 7. The LF-ESR spectra of porphyrexide (a) and 
TANOL (b) measured at 135 MHz and at 1.4 K. 

LF-ESR. The LF-ESR absorption spectra of 
powder samples of Cl-porphyrexide, porphyrexide, and 
T A N O L all exhibit a single line which has an exchange-
narrowed Lorentzian shape at room temperature. The 
temperature dependence of the LF-ESR spectrum for 
Cl-porphyrexide is shown in Fig. 6. Figures 7(a) and (b) 
show the LF-ESR spectra of porphyrexide and T A N O L , 
respectively, measured at 1.4 K. When the temperature 
was lowered below room temperature, the linewidth 
of the g=2 absorption, defined as the peak-to-peak 
linewidth of the first derivative of the absorption 
spectrum, gradually decreased and exhibited a minimum 
in the vicinity of Tm. Then, it started to increase rapidly 
as the temperature was further decreased. Cl-por­
phyrexide and porphyrexide linewidths decreased again 
below given temperatures. The temperature dependence 

3 

O 

'§ 

10 20 50 100 

Temperature, K 

Fig. 8. The temperature dependence of the LF-ESR 
linewidth. 
—%—, Cl-porphyrexide, — • — porphyrexide, 
—A— TANOL. 
The solid lines represent the curves calculated by Eq. 6. 
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of the line width for each sample is shown in Fig. 8. T h e 
relative susceptibility, obtained from the signal intensity, 
agreed qualitatively with the static susceptibility; it 
could not be treated quantitatively since the spectrom­
eter sensitivity changed with temperature. The g = 4 
absorption could not be observed at room temperature 
or at liquid nitrogen temperature. Below the tempera­
ture at which the susceptibility deviated from the 
Curie-Weiss law, the g=4 ESR absorption was detected 
as the temperature was lowered. The linewidth of the 
g = 4 ESR absorption was independent of the tempera­
ture within the experimental error. The ratio of the 
peak intensity of the g=4 resonance absorption to that 
of the g=2 absorption depended upon the angle between 
the direction of the radio-frequency field and that of the 
static magnetic field; it was the smallest when the 
radio-frequency field and the static magnetic field 
were perpendicular to each other. 

D i s c u s s i o n 

Susceptibility. The behavior of the magnetic 
susceptibility of Cl-porphyrexide is very similar to that 
of porphyrexide,4) although the temperature Tm for the 
former is almost three times as high as that for the 
latter. The magnetic behavior cannot be explained 
quantitatively by the well-known pair model described 
by: 

ZP.= (Ng*ß2S(S+l)ßkT)[l + (lß) exp (A/kT)r\ (1) 

where A is the energy splitting between the ground 
singlet and the excited triplet states and is equal to 2 J. 
The maximum value of the observed susceptibility, xm , 
is about 15% smaller than the theoretical value calculat­
ed from Eq. 1. Moreover, the experimental values 
deviate from the theoretical Xp-T curve as the tempera­
ture is decreased below Tm. These discrepancies can 
be reduced by introducing the alternating antiferro-
magnetic Heisenberg linear chain model12) or the 
anisotropic regular chain model.13) The susceptibility 
data of the nitroxide radical, T A N O L , has been analyzed 
successfully on the basis of the regular Heisenberg 
model.3) In the case of Cl-porphyrexide and por­
phyrexide, the ^-values are nearly isotropic and are 
similar to those of nitroxide radicals, as is shown below, 
so that it is not appropriate to discuss their magnetic 
properties on the basis of the latter model. Therefore, 
the susceptibility data have been analyzed using the 
former model. The spin Hamil tonian for the former 
model is given by : 

i = l 
(2) 

where J is the exchange integral coupling a certain spin 
with its nearest neighbor and a J is the exchange integral 
of a spin with its next nearest neighbor. This model 
corresponds to the pair model when a=0 and to the 
regular Heisenberg model when a=l. The exact 
eigenvalue spectrum and thermodynamic properties of 
Eq. 2 have been calculated for short chains by Duffy 
and Barr.12) 

In Fig. 9, the {xvlP)~T data for Cl-porphyrexide and 
porphyrexide are given together with the "best fit" 

100 

•Ä 10 

10 
I I M I I 

100 

Temperature, K 

Fig. 9. Magnetic molar susceptibilities of Cl-porphy­
rexide (a) and porphyrexide (b). The full circles 
represent the experimental values of XpiP' The solid 
lines represent the theoretical %V-T curves with a=0.4 
and . / / * = - 1 8 . 2 K (a), and a=0.6 and J/k=-5.9 K 
(b). 

theoretical curves with a=QA and Jjk— —18.2 K, and 
a = 0 . 6 and Jfk=—5.9 K, respectively. Here , p is the 
spin concentration which was found from the Curie-
Weiss law observed at high temperature and is given in 
Table 1. T h e theoretical curves for JV=10 were used, 
since it has been reported that the 10-spin chain values 
and oo-spin chain estimates differ by less than 0 .5% at 
kTI\J\>0, 0, 0.65, and 0.80 for a = 0 . 2 , 0.4, 0.6, and 0.8, 
respectively. T h e experimental results are in fairly good 
agreement with the theoretical curves. T h e interpreta­
tion based on this model may be tentative due to lack 
of a detailed crystal-structure determination. However, 
it may be concluded that the deviation of the suscep­
tibility data from the pair-model curve is probably due 
to the existence of the second-strongest exchange 
interaction, since the curve for the pair model is describ­
ed only by the strongest exchange interaction. The 
resulting parameters are summarized in Table 1, 
together with those for T A N O L . The exchange param­
eter J for Cl-porphyrexide is relatively large in 
comparison with those of other neutral organic radicals 
and is the largest of the ring-iminoxyl radical exchange 
parameter investigated. The rise in the susceptibility of 
Cl-porphyrexide below 3.5 K is at t r ibutable to the 
impurity effect, as no abnormal behavior in the proton 
N M R spectra was found in this temperature range. 

Recent specific heat and proton magnetic resonance 
measurements below 1 K, in the case of T A N O L , 
revealed that the magnetic-phase transition occurs a t 
about 0.4 K.14 '15) O n the other hand , it may be impos­
sible for Cl-porphyrexide and porphyrexide to change 
into a long-range ordered state even if the temperature 
is lowered below 1.4 K, since the magnitude of the 
susceptibilities is so small at 1.4 K that the exchange 
interaction leading to a long-range ordered state, such 
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as the interchain exchange interaction, is no longer 
effective. 

Proton NMR. In the polycrystalline samples, the 
proton-resonance signal shift from the free-proton 
position in the direction of higher field can be approxi­
mately described by the following equation:16 '17) 

ÖH= -aBXHfgßgvßv. (3) 

T h e paramagnet ic shift, ÔH, is proportional to the 
hyperfine coupling constant, an, and to the static 
magnetic susceptibility per molecule, X- Taking the 
molecular framework of porphyrexide into account, the 
absorption line shifted to higher field can be roughly 
at tr ibuted to the three protons at tached to the nitrogen 
atoms and the unshifted line to the six protons of the 
two methyl groups, since the spin density of the carbon 
atoms at tached to the two methyl groups is expected 
to be very small. T h e hyperfine coupling constants 
of the three protons are evaluated to be —2.5 G using 
the susceptibility results.4) From McConnelPs relation, 
the unpaired electron-spin densities of the three nitrogen 
atoms are estimated to be +0 .074 using Q.(NH) = — 33.7 
as obtained by Barton and Frenkel.18) This assignment 
may be valid since the sign of the spin densities of 
the three nitrogen atoms is expected to be positive on the 
basis of electronic structure. 

T h e resolved spectrum of Cl-porphyrexide could not 
be observed, since the static susceptibility is relatively 
small even at Tm. However, the asymmetric line shape 
may be due to the existence of a hyperfine interaction 
between the unpaired electron and the two protons 
at tached to the nitrogen atoms. T h e temperature 
dependence of the linewidth may be explained by the 
hyperfine interaction which is related to the static 
susceptibility.17) T h e susceptibility of T A N O L obtained 
from the proton N M R shifts in single crystals agrees 
quantitatively with that of the one-dimensional 
Heisenberg model.19) 

X-Band ESR in Solution. T h e 14N hyperfine 
constants, flN, obtained in solution are shown in Table 
2 20,2i) T h e hyperfine constants arising from the nitrogen 
nucleus of the N O group can be semiempirically 
described by the following equation:22-23) 

a„ = 134.8^>N - 35.8,00, (4) 

where |0N and p0 are the unpaired 7r-electron spin 

TABLE 2. HYPERFINE CONSTANTS AND SPIN DENSITIES 

«N(G) |0N PO 

TANOL 15.5a> ÖT^Ö Ö77Ö 
Porphyrexide 10.0b> 0.22 0.56 
Cl-porphyrexide 8.5 0.20 0.51 

a) Ref. 20. b) Réf. 21. 

TABLE 3. PRINCIPLE 

gx gy 

Cl-porphyrexide 2.0048 2.0098 
Porphyrexide — — 
TANOL 2.0064 2.0096 
H2NOa> 2.0062 2.0091 

densities at the nitrogen and oxygen atoms. In T A N O L 
the values of |0N+i°o is considered to be 1.0 since the 
unpaired electron is almost localized on the N O group 
masked by the four methyl groups. In porphyrexide the 
value of |0N+i°o is estimated to be 0.78 using the N M R 
results neglecting the spin densities of the two carbon 
atoms at tached to the nitrogen atoms which are expected 
to be negative and small on the basis of the electronic 
structure. Therefore, />N and p0 were calculated from 
Eq. 4. In Cl-porphyrexide, they were calculated 
assuming that the value of |0N/i°o is equal to that of 
porphyrexide. The results are summarized in Table 2. 
The N M R and ESR results indicate that, in 
porphyrexide radicals, 20—30% of the unpaired electron 
from the N O group is distributed over the ring. 
Derea l iza t ion of the unpaired electron over the ring 
may play some role in the exchange interaction. Further­
more, it may be related to the high stabilization of these 
radicals, in addition to the steric hindrance of the two 
methyl groups. 

QjBand ESR. The Q-band ESR spectrum for 
powder samples of Cl-porphyrexide can be interpreted 
in terms of the ^-factor anisotropy. The principal g-
values obtained using the approximation of Kneübuhl24) 
are shown in Table 3. Kikuchi has calculated the 
^-values of several nitroxide radicals using the CNDO/2 
molecular-orbital calculation method.25) The calculated 
principal ^-values of H 2 N O are cited in Table 3, along 
with the principal axes given by Kikuchi. The principal 
values are in fairly good agreement with those of Cl-
porphyrexide. Furthermore, in the case of single 
crystals crystallized from methanol in rhombic plates, a 
single line was obtained for any crystalline orientation. 
These facts indicate that probably all the Cl-
porphyrexide radicals are oriented with the N - O bond 
aligned along a unique direction in the crystalline state 
even if there is more than one site per unit cell. One-site 
ESR spectra were observed in the case of T A N O L , as 
is expected from its crystal structure.26) The principal 
velues are also given in Table 3. 

O n the other hand, a relatively symmetrical single line 
was observed for porphyrexide, with g=2 .0060 which 
corresponds to the averaged £-value for the nitroxide 
radicals. The porphyrexide molecules have at least two 
different orientations in the crystalline state, so that 
the ^-factor anisotropy may be averaged Out by the 
exchange interaction between the unpaired electrons of 
two molecules oriented differently. The fact that Cl-
porphyrexide has a large exchange interaction compared 
with that of porphyrexide can be ascribed to the differ­
ence in the crystal structure. The strongest exchange 
interaction of Cl-porphyrexide may arise from the 
overlap of the Pz7r-orbitals between adjacent molecules 

AND AVERAGED £-VALUES 

gz £av AXIS 

2.0034 2.0060 R R 2 x 
2.0061 v . / # _ _ 

2.0027 2.0062 , I 
2.0023 2.0059 ° * V 

a) Calculated values (Ref. 25). 
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aligned in the z-direction. The decrease in the strongest 
exchange interaction of porphyrexide in comparison 
with that of Cl-porphyrexide is considered to be due 
to the increase in the distance between the two molecules 
or to the twisted overlap of the Pz:rc-obitals, which is 
caused by the existence of more than two molecular 
orientations. 

LF-ESR. In the case of powder samples, the 
LF-ESR linewidths are more important since the 
contribution to the linewidth from the anisotropy of the 
^-values is excluded. The absorption lines observed 
at room temperature exhibit exchange-narrowed 
Lorentzian shapes. We can apply the usual three-
dimensional Anderson-Weiss formula for a Lorentzian 
line:27) 

A /7=A/ / d
2 /VTi / ex , (5) 

where AH is the peak-to-peak linewidth, A i / d
2 the 

second moment of the sum of the dipole-dipole interac­
tions that would be observed in the absence of exchange, 
and Hex the exchange field which is directly propor­
tional to the exchange interaction J. In the low-field 
case, the so-called 10/3 effect is taken into account in 
Eq. 5. Since the crystal structures of Cl-porphyrexide 
and porphyrexide have not been determined, the 
second moment cannot be estimated from the V a n 
Vleck formula. However, the second moment is the 
sum of the dipole-dipole interactions within the crystal, 
so that it is not as sensitive to changes in the crystal 
structure as is the exchange interaction. Therefore, 
the ratio of the exchange integrals J of Cl-porphyrexide 
and porphyrexide are evaluated from the ESR line-
widths at 290 K and Tm to be 4.7 and 3.7, respectively, 
provided that the second moment of Cl-porphyrexide 
is approximately equal to that of porphyrexide. This 
ratio is consistent with the ratio 3.1 obtained from the 
magnetic susceptibility results (Table 1). This suggests 
that the ESR lines are narrowed predominantly by the 
strongest exchange interaction in the high-temperature 
range. 

TABLE 4. PARAMETERS FOR TEMPERATURE DEPENDENT 

LF-ESR LINEWIDTH: AH=X exp(ßJfkT) 

« ß 
Cl-porphyrexide 1.1 0.93 
Porphyrexide 3.0 0.95 
TANOL 3.6 0.48 

The decrease in the linewidth from room temperature 
to T m may be interpreted in terms of the contribution 
of spin-lattice relaxation to the linewidth since the spin-
lattice relaxation time generally increases with decreas­
ing temperature. The rapid broadening of the resonance 
is attributable to an increase in the correlation time for 
exchange motion because of spin ordering below the 
temperature of maximum susceptibility. As is shown in 
Fig. 7, the observed linewidth versus temperature below 
T m can be fitted to the following empirical relation: 

AH=«exp(ßJ/kT). (6) 

The a and ß values are summarized in Table 4. The ß 
value is considered to be associated with the correlation 

mechanism of exchange motion which may be related 
to the magnetic behavior of the system. I t is interesting 
that the ß value for Cl-porphyrexide is roughly equal 
to that for porphyrexide and is almost twice as large 
as that for T A N O L . These results indicate that the 
magnetic behavior of Cl-porphyrexide is similar to that 
of porphyrexide in spite of the difference in the crystal 
structures expected on the basis of the Q-band ESR 
spectra and is different from that of T A N O L . Further­
more, they suggest that the exchange correlation time 
increases more rapidly in a pair-like system such as an 
alternating linear-chain system than in a regular linear-
chain system. The narrowing of the resonance line 
below a certain temperature is probably due to para­
magnetic impurities. Such behavior was also found in 
PAC and in Würster 's blue Perchlorate.28* 

The resonance line at £ = 4 is not due to the AM =2 
transition within the triplet levels caused by pairs of 
exchange coupling spins, since it has been found even 
for T A N O L , in which no electron spin pairing occurs. 
I t is probably caused by a forbidden transition due to 
dipolar interaction, as has been reported by Rhodes 
et ö/.28> In the high-temperature region, the strong 
exchange interaction averages the dipolar coupling, so 
that the g = 4 resonance cannot be detected.29) The 
appearance of the g = 4 resonance at low temperatures 
can be explained by an increase in the correlation time 
for exchange motion, as is expected from the linewidth 
of the g—2 resonance and the susceptibility data. 

S u m m a r y 

Because of the isotropic character of the ^-factor, the 
susceptibility of Cl-porphyrexide was interpreted assum­
ing that the magnetic behavior is due to alternating 
antiferromagnetic Heisenberg linear chains. The 
parameters derived from the susceptibility are 0=—20 
K, r m = 2 2 . 5 K , xm = 7 2 x l 0 - 4 e m u / m o l , Jfk=-18.2 
K, and a = 0.4. The fact that the strongest exchange 
interaction for Cl-porphyrexide is almost three times as 
large as that for porphyrexide is considered to be due 
to the difference of the crystal structures, as is expected 
from the Q-band ESR spectra. T h e LF-ESR lines are 
narrowed by the exchange interaction in the high-
temperature region and the ratio of the strongest 
exchange integral J for Cl-porphyrexide to that for 
porphyrexide obtained from the linewidth is consistent 
with the ratio obtained from the susceptibility data. The 
rapid broadening of the g=2 absorption line and the 
distinct appearance of the g=4 absorption line are 
at tr ibutable to an increase in the correlation time for 
exchange motion resulting from spin ordering below 
the temperature of the susceptibility maximum. The 
susceptibility data and the temperature dependence of 
the LF-ESR linewidths indicate that the magnetic 
behavior of Cl-porphyrexide is similar to that of por­
phyrexide and is different from that of T A N O L . In 
porphyrexide radicals, 20—30% of the unpaired electron 
is distributed over the ring from the N O group. More 
quantitative discussions concerning the magnetic interac­
tion will be possible when detailed crystal-structure 
determinations are available in the future. 



1378 T o s h l O YOSHIOKA [Vol. 50, No. 6 

T h e author is deeply indebted to Professor Yasuo 
Deguchi for his continuous encouragement throughout 
this work, and also to Drs. Hiroaki Ohya-Nishiguchi, J u n 
Yamauchi , and Akira Nakajima for helpful advice 
and discussions. H e also thanks Mr . Teruaki Fujito 
for supplying the susceptibility data of porphyrexide. 
Thanks are also due to Dr. Kohji Watanabe for his 
advice on the preparat ion of the samples. 

References 

1) W. Duffy, Jr., and D. L. Standburg, J. Chem. Phys., 
46, 456 (1967). 

2) W. Duffy, Jr., and K. P. Barr, Phys. Rev., 165, 647 
(1968). 

3) J. Yamauchi, Bull. Chem. Soc. Jpn., 44, 2301 (1971). 
4) T. Fujito, H. Nishiguchi, Y. Deguchi, and J. Yamauchi, 

Bull. Chem. Soc. jpn., 42, 3334 (1969). 
5) N. Azuma, J. Yamauchi, K. Mukai, and H. Ohya-

Nishiguchi, Bull. Chem. Soc. Jpn., 46, 2728 (1973). 
6) A. R. Forrester, J. M. Hay, and R. H. Thomson, 

"Organic Chemistry of Stable Free Radicals," Academic Press, 
London (1968), p. 227. 

7) O. Piloty and B. G. Schwerin, Ber., 34, 2354 (1901). 
8) E. G. Rozantev, Izv. Akad. Nauk. SSSR, Ser. Khim., 12, 

2218 (1964). 
9) H. Mekata, J. Phys. Soc. Jpn., 17, 796 (1962). 

10) G. B. Benedek and T. Kusida, Phys. Rev., 118, 46 ( 1960). 
11) M. A. Garstens, L. S. Singer, and A. H. Ryan, Phy. 

Rev., 96, 53 (1954). 
12) W. Duffy, Jr., and K. P. Barr, Phy. Rev., 96, 53 (1954). 

13) J. C. Bonner and N. E. Fisher, Phy. Rev. A, 135, 640 
(1964). 

14) S. Saito and T. Sato, Phys. Lett. A, 44, 2301 (1971). 
15) J. P. Boucher, M. Hechtschein, and M. Saint-Paul, 

Phys. Lett. A, 42, 397 (1972). 
16) T. Yoshioka, H. Ohya-Nishiguchi, and Y. Deguchi, 

Bull. Chem. Soc. jpn., 47, 430 (1974). 
17) T. Yoshioka, K. Watanabe, and H. Ohya-Nishiguchi, 

Bull. Chem. Soc. Jpn., 48, 2533 (1975). 
18) B. L. Barton and G. K. Frenkel, J. Chem. Phys., 41, 

1455 (1964). 
19) T. Yoshioka, unpublished work. 
20) K. Watanabe, J. Yamauchi, H. Takaki, H. Nishiguchi, 

and Y. Deguchi, Bull. Inst. Chem. Res., Kyoto Univ., 48, 264 
(1970). 
21) K. H. Hausser, Z. Naturforsh, 14a, 425 (1959). 
22) K. Mukai, H. Nishiguchi, K. Ishizu, Y. Deguchi, and 

H. Takaki, Bull. Chem. Soc. Jpn., 40, 2731 (1967). 
23) P. H. Rieger and G. K. Fraenkl, J. Chem. Phys., 39, 

609 (1963). 
24) F. K. Kneubühl, J. Chem. Phys., 33, 1074 (1960). 
25) O. Kikuchi, Bull. Chem. Soc. Jpn., 40, 704 (1967). 
26) J. Lajzerowicz-Bonneteau, Acta Crystallogr, Sect. B, 24, 

196 (1968). 
27) P. W. Anderson and P. R. Weiss, Rev. Mod. Phys., 25, 

269 (1953). 
28) R. S. Rhodes, J. H. Burgess, and A. S. Edelstein, Phys. 

Rev. Lett., 6, 462 (1961). 
29) V. I. Konovalov and S. M. Ryabchenko, Soviet Physics-

Solid State, 8, 2833 (1967). 



June, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (6), 1379—1381 (1977) 1379 

Simple Relations between Scattering Cross Sections and 
Molecular Diameters 

Yoshitsugu OONO and Yukio NISHIMURA 
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(Received August 12, 1976) 

Empirical linear relations between the square roots of the electron-scattering cross sections for molecules and 
the cube roots of the van der Waals volumes for molecules due to Bondi are shown. The relations allow one to 
estimate, for example, the electron-impact ionization cross sections at 75 eV to within an error of ± 1 5 % . A 
dimensional analytic explanation of the relations is given. 

I t is a natural idea that the scattering cross section for 
a given collision process strongly depends on the size 
of the target. For example, in the case of electron 
collisions with molecules, Schmieder1) has shown that 
there is a positive correlation between the molecular 
size and the collision probability Pc {i.e., the number of 
collisions, per unit electron flux, per unit path length, 
per unit pressure at 0 °C). However, since the method 
for the evaluation of the size of the molecule was not 
systematic, it has not been possible to render this idea 
quantitative. Recently, Christophorou et al?} have 
shown that the cross section for the scattering of thermal 
electrons by normal alkanes is proportional to the mean 
square end-to-end distance, although the method for 
evaluating of the molecular size cannot be extended to 
molecules other than normal alkanes. 

In this paper, it is shown that the following relation 
holds for several scattering processes involving molecules 
of molecular liquids : 

aV2 = AvV* + B, 

where a is the scattering cross section, v the van der 
Waals volume of the molecule,3) and A and B are 
numerical constants independent of the target molecule. 
Since the van der Waals volume is a good measure of 
the molecular size, this linear relation is a quantitative 
version of the natural idea mentioned above. There 
exist other measures of the molecular size, but the van 
der Waals volume is convenient for small molecules. 
For large molecules (or molecules with melting points 
higher than 150 K ) , the method of evaluation using the 
effective hard-core size of the molecule, proposed by one 
of the present authors,4) can also be successfully used. 

By using an empirical linear relation, rough estima­
tions of the cross sections are possible. Such a relation 
reminds one of the Hammet t rule, since the coefficients 
of the linear relation are independent of the target 
molecule and dependent only on the nature of process 
(or reaction). 

A brief dimensional analytic account of the empirical 
relation will be given. 

Empir i ca l R e l a t i o n s 

The van der Waals volumes for molecules, v, are 
calculated using the tables of Bondi.3) V a n der Waals 
volumes for rare gas atoms and hydrogen chloride are 
calculated from their critical volumes, Vc, using the 
crude relation, z;—0.18 Vc. 

The relation between the ionization cross sections for 

Fig. 1. The square root of the electron impact (75 eV) 
ionization cross section alon (in Â2)5> vs. the cubic root 
of the van der Waals volume v (in cm3/mol). The 
line denotes Eq. 1. 
1 : Helium, 2 : neon, 3 : hydrogen, 4 : oxygen, 5 : argon, 
6: ammonia, 7: nitrogen oxide, 8: nitrogen, 9: carbon 
monoxide, 10: hydrogen chloride, 11: krypton, 12: 
methane, 13: carbon dioxide, 14: hydrogen sulfide, 
15: xenon, 16: acetylene, 17: ethylene, 18: chloro-
methane, 19: ethane, 20: cyclopropane, 21 : propene, 
22: chloroethane, 23: propane, 24: isobutylene, 25: 
isobutane, 26: butane, 27: benzene, 28: cyclopentane, 
29: isopentene (probably a mixture), 30: isopentene, 
31: neopentane, 32: pentane, 33: cyclohexane, 34: 
hexane. 

75-eV electrons a-lon^ and v is shown in Fig. 1. From 
Fig. 1 we get 

<W1/2 = 1-73^/3 _ 2.37, (1) 

where c i o n is in Â2 and v in cm3 /mol. Using Eq. 1, we 
can estimate a i o n . T h e accuracy of the estimate is 
a b o u t i 15%, except for krypton, xenon, isobutane, and 
cyclohexane. 

The linear relations between Pc
1/2 and v1/3 for 

electron energies, E, of 49 and 25 eV are shown in 
Fig. 2. Even for £"=4 eV this linear relation holds 
(Fig. 3). For 50 eV>;2s^ 15 eV these linear relations 
can be summarized as 

PCV2 ~ (5.56 -0 .22£ 1 / 2 ) (^ / 3 -1 .0) . 

T h e linear relation between P c
1 / 2 and v1/z also holds 

for much larger values of E, because the Born approxi­
mation is rather accurate for large E. However, the 
linear relation between Pc

1/2 and E 1 / 2 is crude and, for 
too large E, this linear relation ceases to hold. 

For the case of monoatomic elements, it is known6) 
that Pc is inversely proportional to the ionization 



1380 Yoshitsugu OONO and Yukio NISHIMURA [Vol. 50, No. 6 

12 

8 

4 

- (a) 

2 

21 
y 1 9 ^ * ^ 

4^KÎV 1 4 

^-T./101112 

./"I 
22 

Ü 1 / 3 

Fig. 2. The square root of the probability of collision 
P c (in cm2/cm3 Torr)1'6) vs. the cubic root of the van 
der Waals volume v (in cm3/mol). (a) is for the elec­
tron energy 49 eV, and (b) for 25 eV. The line in 
(a) denotes PCV2=4.02z;1/3-4.31 and that in (b) 
P C V 2 = 4 . 2 6 Ü ] / 3 _ 4 . 4 9 . 

1: Helium, 2: neon, 3 : argon, 4: oxygen, 5: nitrogen, 
6: krypton, 7: carbon monoxide, 8: dinitrogen oxide, 
9: carbon dioxide, 10: fluoromethane, 11: acetylene, 
12: hydrogen chloride, 13: methanol, 14: methylamine, 
15: ethane, 16: dimethyl ether, 17: ethanol, 18: di-
methylamine, 19: propane, 20: trimethylamine, 21: 
isobutane, 22 : pentane, 23 : xenon. 

Fig. 3. The square root of the probability of collision 
P c (in cm2/cm3 Torr) of electron1'6) vs. the cubic root 
of the van der Waals volume v (in cm3/mol) at electron 
energy 4 eV. The numbers in the figure are the same 
as in Fig. 2. 

potential, / . Although there is some correlation between 
the ionization potential and a i o n

- 1 or P^1, no clear 
relation similar to that shown above exists between 
them. According to Morrison (cited in Ref. 3) the van 
der Waals radii of atoms are proportional to I~V2, but 
this relation does not hold as accurately as the empirical 
relations proposed here. Lampe et al.^ have shown that 
a i o n is proportional to the polarizability, a. I t is also 

t> 4 ^ 

Fig. 4. The square root of the scattering cross section 
of thermal electrons with normal alkanes (methane to 
decane from left to right) CTT (in Â2)2) vs. the cubic root 
of the van der Waals volume v (in cm3/mol). The 
line denotes Eq. 2. 

Fig. 5. The square root of the scattering cross section 
of thermal argon with hydrocarbons aA (in Â2)8) vs. 
the cubic root of the van der Waals volume v (in 
cm3/mol). The line denotes Eq. 3. 

known that Pc is proportional to a. However, it appears 
to be very difficult to explain these proportionalities. 
T h e explanation of Lampe et a!, is based on the Born-
approximation expression7) of the cross sections, so that 
it is not conclusive. 

T h e relation between the total cross section crT for the 
scattering of thermal electrons by normal alkanes2) and 
v is shown in Fig. 4. The relation between the total 
cross section GA for the scattering of thermal argon 
atoms by hydrocarbons8) and v is shown in Fig. 5. The 
empirical linear relations are as follows: 

aTV2 = 2.91z>V3 - 6.32 (2) 
and 

aAV2 = 4.79z;1/3 + 7.38, (3) 

where CTT and CTA are in Â2. For these very low-energy 
processes, the linear relations are valid only in a restrict­
ed group of compounds (e.g., hydrocarbons), and hence 
are not very interesting, since we are interested in 
properties not strongly dependent on the electronic 
structure of the molecules. 
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D i s c u s s i o n 

For higher-energy processes the Born approximation 
is valid, which suggests7) that the cross sections are 
proportional to the geometrical cross sections of the 
target molecules. However, for lower-energy processes 
(for example, processes involving electrons having 
kinetic energy less than 100 eV), the Born approxima­
tion is not reliable. The theoretical calculation of the 
scattering cross sections for low-energy processes is very 
complicated. Thus, the derivation of the empirical 
relations above from scattering theory may be very 
difficult. 

However, physical insight may be obtained from a 
dimensional analysis. All the relations obtained above 
are linear ones between v^a-\-r0 and G1/2, where cr is the 
scattering cross section and r0 is some constant. This 
suggests that the measure of the molecular diameter for 
collisional processes is not v1^, bu t vx^-\-rQ. T h e 
constant r0 is considered, for example, to represent the 
Ramsauer-Townsend effect. Fur ther considerations of 
r0 are given below. Other relevant quantities with the 
dimension of length are cr, and the de Broglie wavelength 
of the projectile, X. Hence we conclude that 

oV« = (vV3 + r0)f((vV* + r0)ß), (4) 

where / i s an appropriate function. In the high-energy 
limit, the scattering processes can be treated classically, 
so that "-ÎÔ f((v1/3+r0)/X) must be a finite constant. 
Therefore, for higher-energy scattering processes, f 
depends only slightly on fl1/3+r0 and the empirical 
linear relation shown is obtained. As is seen in Figs. 
1—5, r0 is negative for a i o n , PCi and <yT and is positive 
for <jA. For the total cross sections for the scattering of 
positrons GP by rare gas atoms,9) r0 is also negative. 
Thus, we may concluded that r0 is negative for charged 
particle scattering and positive for neutral particle 
scattering. For crT and crP, the negative r0 can be 
explained by the Ramsauer-Townsend effect.9) For 
impact ionization, an electron must strongly interact 
with the electron cloud of the target molecule, so that 
the length scale governing the cross section is not v1^3 

itself but the diameter of the electron cloud. Thus, the 
r0 for <rion can be considered to represent the difference 
between the van der Waals diameter and the diameter 
of the electron cloud. For a i o n , r0 is ca. 1.8 A and is 
about the twice the difference between the van der 
Waals radius and the covalent bond radius of Pauling. 
This may be a correct interpretation of r0 for electron-
impact ionization processes. 

The square root of the (scattering) cross section vs. 
v1/3 plot may be used to extract the specificity of 
molecules, since it has been implicitly assumed in 
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Fig. 6. The square root of the quenching cross section 
of He (2XS) <JQ (in Â2)10> vs. the cubic root of the van 
der Waals volume v (in cm3/mol). 0 Roughly satisfy 
a linear relation between OQ1/2 and v1^, but O 
significantly deviate from this relation. 
1: Neon, 2: argon, 3: nitrogen, 4: nitrogen oxide, 5: 
carbon monoxide, 6: methane, 7: krypton, 8: xenon, 
9: ethane, 10: propane, 11: butane, 12: hydrogen, 
13: oxygen, 14: dinitrogen oxide, 15: carbon dioxide, 
16: ammonia. 

deriving Eq. 4 that the electronic structure of the 
target molecules is relevant only through the van der 
Waals diameter. For example, the quenching cross 
sections of H e (21S) by atoms and molecules10) are 
shown in Fig. 6. From this, it may be concluded that 
ammonia, carbon dioxide, dinitrogen oxide, oxygen, and 
hydrogen have chemically specific properties in this 
reaction. 

One of the authors (Y. O.) would like to thank Dr. 
M . Tsuji for his encouragement. 
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The Raman Spectra of Solid and Liquid Tetramethylsilane 
Takako SHINODA 

National Chemical Laboratory for Industry, Shibuya-ku, Tokyo 151 
(Received September 16, 1976) 

Laser Raman spectra of tetramethylsilane in its three crystalline forms and in the liquid state have been observed 
for the lattice and intramolecular vibrational regions. The bands due to lattice vibrations increase as the transitions 
from a to ß and to y occur. The spectra of the ß and y forms exhibit crystal-field splittings of intramolecular bands. 
The observed spectra suggest that the ß and y forms are isomorphous with each other and the a form has a higher 
symmetry. 

Solid Si(CH 3) 4 has been shown by calorimetric 
studies1) to have three crystalline forms designated by 
a,/?, and y, their triple point temperatures being 165.91, 
170.98, and 174.05 K, respectively. T h e transitions 
a-to-/?-to-y seem to be irreversible. T h e infrared and 
R a m a n spectra of the liquid state were measured 
and band assignments made by several authors,2) but 
the crystal structures of the three forms have not been 
studied. 

In the present investigation, the R a m a n spectra of 
Si(CH3)4 in its three crystalline phases and liquid state 
have been measured for the entire spectral region 
including lattice and intramolecular vibrations in order 
to obtain information on the crystal structure and 
molecular motions of the three forms. 

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

The sample of Si(CH3)4 was the same as that used in a 
previous calorimetric measurement,1) the purity of which was 
determined to be 99.9954 mol% by the measurement of melt­
ing point. The Raman spectra were obtained with a Raman 
spectrometer, Kawaguchi Electric Works Ltd. model RL-62. 
The exciting light was 488.0 or 514.5 nm line of the Ar+ 
laser, NEC model GLG2003. The cryostat, experimental 
techniques and temperature measurements have been re­
ported.3) The crystals were grown from the liquid by careful 
cooling. The result of total thermal analysis obtained by 
using the apparatus for laser Raman measurements is shown 
in Fig. 1. After each measurement, the crystalline form was 
checked by observing its melting point. 

Fig. 1. Cooling curve (total thermal analysis) of Si-
(GH3)4. 

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

Raman Spectrum in the Lattice Region. The observed 

spectrum in the lattice region consists of very weak and 
broad ghost bands. The lattice bands became very weak 
in the ß and y forms because a transparent crystal could 
not be obtained. T h e slitwidths of 3.1—3.6 c m - 1 were 
used for reasonable intensities without too much 
background noise. The spectrum of the a-form in the 
lattice region is compared with corresponding spectrum 
of the y-form in Fig. 2. The temperature measured was 
163.9 K, which is about 2 K below the melting point 
of the a-form. The spectrum in the lattice vibrational 
region for the /?-form at 152.7 K, about 18 K below its 
melting point, is shown in Fig. 3 together with the 
corresponding spectrum of the y-form. 

T h e R a m a n spectra of the ß and y forms have a 
pat tern similar to each other with a large number of 
bands (Fig. 3). A similar spectral pat tern suggests the 
two forms to be isomorphous with each other. Many 
bands in the lattice region suggest that the crystal 
contains many molecules of non-identical spatial position 
or orientation in a crystallographic unit cell with a low 
symmetry, as solid-CCl4

4) and solid-CBr4
5) in the low-

temperature phases. I n the R a m a n spectrum of the 

Fig. 2. Raman spectra in the lattice region of the a 
and y forms at 163.9 K. 
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Fig. 3. Raman spectra in the lattice region of the ß 
and y forms at 152.7 K. 

a-form the number of bands is smaller than that for the 
ß and y forms, probably owing to the high symmetry of 
the unit cell. We find no values in literature to compare 
with the v values of lattice vibrations observed. The 
activation energies for the molecular reorientation or 
tumbling motion for y-Si(CH3)4 were found to be 
7.23±0.40 and 8 .7±0 .5 kcal mo l - 1 (above ^ 1 4 0 K) 
by Smith6) and Albert and Ripmeester7) from their 
N M R studies. If molecules are assumed to be rigid 

rotators in a potential field of the type 

r = ( l / 2 ) F o ( l - c o s n 0 ) 5 (1) 

the corresponding frequencies of librational lattice 
vibrations can be estimated from the above activation 
energies. The value of the moment of inertia of the 
molecule was calculated to be 27.20 X 10~39 g cm2 by 
assuming the bond angle to be ^ H C H = 1 0 9 ° and 
interatomic distances r C H =1.10 and r C S i = 1.888 Â.8) 
T h e calculated results for n=2 and n=3 give values 
of frequencies of 32—35 and 48—53 c m - 1 , respec­
tively. Thus, the present values of lattice vibrations are 
reasonable. 

Raman Spectrum of Intramolecular Vibrations. The 
R a m a n spectra of the liquid state and the three crystal­
line forms of Si(CH3)4 are shown in Fig. 4 for the 
intramolecular vibrational regions. The observed 
frequencies are given in Table 1 together with those 
reported.2) T h e lines of the ß and y forms show a 
splitting of the degenerate fundamental of 7—26 cm - 1 . 
In the crystal, the presence of some molecules of non-
identical spatial position or orientation in the unit cell 
induces a splitting of the vibrational levels. In recent 
studies of other similar tetrahedral molecular crystals 
(CF4

9> and CC14
10>) under high resolution, crystal split­

tings of the degenerate fundamentals were observed. The 
splittings observed for the degenerate fundamentals in 
the ß and y forms may be due to crystal effects. 

The relative intensities of the lines obtained by 
integration are given in Table 1. We see that the 
relative intensities of the lines belonging to species e are 
large in a and those in ß and y are similar to each other. 
If only skeletal modes are taken into account, the 
vibrations vx{a.^)i v2(e), f3(f2), v4(f2) are active in R a m a n 
scattering in the free molecule (T d symmetry), The 
ratios of the intensity to that of the totally symmetric 
vibration, vlt for the liquid state, a, ß and y forms were 
estimated. T h e results are as follows, I{v<t){I{vx) '• 1-3, 

TABLE 1. OBSERVED RAMAN ACTIVE MOLECULAR VIBRATIONS OF Si(CH3)4 

Liqui 

V 

(cm-1) 

199 

245 

593 
694 
862 

1250 
1263 
1418 

2900 
2957 

da> 

Int 

80 

46 

40 
33 

8 
8 

40 

100 
88 

' 
V 

(cm-1) 

199.5 

245 

594 
694 
861.5 

1250 
1263 
1418 

2900 
2957., 

Liquid 

Int 

36(53) 

22 (27) 

24(30) 
21(19) 

7.7(4.9) 

2.7(1.5) 
1.1(0.9) 

14(11) 

100(100) 
88(76) 

x 

r(K) 

176.65(295.2) 

176.5 (295.2) 

176.2 (295.1) 
176.25(295.05) 
176.4 (295.15) 

176.2 (295.2) 
176.2 (295.2) 
176.0(295.0) 

176.2 (294.9) 
176.2 (294.9) 

Solid (a) 

V 

(cm-1) 

201 . , 

243 

595 
694., 
860.8 

1251 
1264 
1418., 

2902 
2958.5 

Int 

98 

58 

44 
37 
18 

5 
0.7 

27 

69 
100 

r(K) 

163.9 

163.9 

163.9 
163.9 
164.0 

163.9 
163.9 
163.85 

164.0 
163.95 

< 

V 

(cm-1) 

205 

2321 
248J 

593 
694 
853] 
862 \ 
866j 

1248 
1257 
14181 
1425 J 
2901 
2961 

3olid(0) 

Int 

45 

29 

61 
21 

10 

3.3 
2.5 

18 

100 
77 

N 

T(K) 

152.65 

152.7 

152.6 
152.65 

152.6 

152.6 
152.6 

152.6 

152.65 

152.6 

V 

(cm-1) 

181 
207., 
235.5 
248.5 
249.5 
592 
694.5 

854.5 
864.5 

1247., 
1256.6 

1418.5] 
1429.5 
2901 
2957 1 
2959.5 
2963 \ 

Solid (y) 

In t 

• 35 

19 

48 
18 

i 9 

2.3 
1.9 

\ i e 

100 

90 

T(K) 

102.2 

102.2 

102.2 
102.2 

102.15 

102.1 
102.1 

102.16 

107.46 

107.6 

Sym. 
species 

e 

f2 

ax 

fi 

f2 

f. 
ax 

e 

i l l 

fa 

a) Ref. 2. The relative intensities are integrated intensities referred to the maximum intensity of 100. Correction in 
sensitivity dependent upon the exciting light is made. 
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y cm"' y cm"1 

Fig. 4. Raman spectra in the intramolecular vibrational region of liquid and 
three crystalline forms. The temperatures observed are given in parentheses. 

2.0, 0.67, 0.73; I{vz)jl{vx): 0.87, 0.84, 0.35, 0.38; 
IMIUPi)' °-81> L 2> °-44> °-40> respectively.* The 
values for the ß and y forms are close to each other, 
the values for the a-form being nearer those for liquid 
than for the ß and y forms. O n the assumption of the 
oriented gas model,11) the derived polarizability tensor 
of the crystal related to the R a m a n intensity is obtained 

* The temperature dependence of the intensity is given by 
I(T1)II(T2) = [l-exp(-hv/kT2)]/[l-exp(-hv/kT1)]. The 
present results are estimated at T== 102 K. 

by the elements of the derived polarizability tensor of the 
free molecule and information on molecular orientation 
in crystal. I t seems that the molecules of the a-form 
orientate in disorder favoring a high unit-cell symmetry, 
if we take into account the fact that the spectrum of 
the a-form exhibits on crystal-field splitting of intra­
molecular bands. 
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Metal-ion Complexation of Noncyclic Poly (oxyethylene) Derivatives. I. 
Solvent Extraction of Alkali and Alkaline Earth 

Metal Thiocyanates and Iodides* 
Shozo YANAGIDA, Kazutomo TAKAHASHI, and Mitsuo OKAHARA 

Department of Applied Chemistry, Faculty of Engineering, Osaka University 
Yamadakami, Suita, Osaka 565 

(Received September 20, 1976) 

The reaction of noncyclic poly (oxyethylene) derivatives with alkali and alkaline earth metal ions was inves­
tigated by means of the solvent extraction of their thiocyanates or iodides. Polyethylene glycols with more than 23 
oxyethylene units showed a strong extracting power comparable to those of the crown ethers, and the power 
increased with the increasing number of oxyethylene units in them. Extraction studies using homogeneous poly-
(oxyethylene) monododecyl ethers revealed that more than 7 oxyethylene units were necessary to bind the potassium 
ion in the water phase and to transfer the complexed salt to the organic phase, and that the extracting ability of 
octa(oxyethylene) monododecyl ether was about one sixth of that of 18-crown-6. The monododecyl ether is 
fairly effective as a complexing agent for potassium picrate even below its critical micelle concentration; the stoichio-
metry of the extractable complex was found to be 0.8: 1 with respect to the ether and the picrate. There was no 
remarkable difference in the selectivity for alkali metal ions between noncyclic poly (oxyethylene) derivatives and 
18-crown-6. 

In comparison with cyclic polyethers, noncyclic 
polyethers seemed extraordinarily weak in ability of 
metal ion complexation,1 - 3) while a search of the 
literature revealed that, before Pedersen's discovery of 
macrocyclic polyethers,4) high-molecular-weight poly­
ethylene glycols had been reported to form complexes 
with mercuric chloride5) and with alkaline ear th metal 
salts, especially in the presence of tetraphenylborate.6 - 8) 

Recently, in connection with the progress of the 
chemistry of macrocyclic polyethers, the interaction of 
open-chain poly (oxyethylene) derivatives with metal ions 
has attracted special interest; the unusual reaction of 
alkali metal in the presence of polyethylene glycol,9) 
octopus molecules, and related compounds,10»11) the 
isolation of the complexes with metal salts,12'13) the 
crystalline structures of the complexes with mercuric 
and cadmium chlorides,14-16) and solvent extraction 
using poly (oxyethylene) derivatives (POE) as extrac-
tants17) are noteworthy. 

The purpose of the present investigation is to clarify 
the effectiveness of noncyclic poly (oxyethylene) deriva­
tives as complexing agents for metal ions. At first, 
solvent extraction was undertaken, because it is very 
convenient for the rapid screening of the complexing 
efficiency. 

As regards the extraction of metal salts with cyclic 
polyethers, large hydrophobic anions such as picrate18 -21) 
and dipicrylaminate,22) have been used as counter 
anions, since the ion-paired complexes formed are more 
extractable and can be easily determined colorimetrical-
ly. I t has now been found, however, that thiocyanate 
and iodide salts form extractable salt-polyether com­
plexes. Further, because they are stable and neutral in 
their aqueous solution, the thiocyanates and iodides 
were used in this extraction study. 

* A preliminary report of this work was presented at the 
34th National Meeting of the Chemical Society of Japan, 
Hiratsuka, April, 1976. 

Exper imenta l 

Materials. The following chemicals were obtained in 
the best available purity from the sources indicated: KSCN, 
Ba(SCN)2 .2H20, Ca(SGN)2 .3H20 (Pr. G. grade) NH4SGN 
(G. R. grade), Csl (reagent grade) (Wako Pure Chemicals 
Industries, Ltd.); NaSCN, KI (G. R. grade), NH4I, Mg-
(SCN)2 .4H20 (E. P. Grade) (Nakarai Chemicals, Ltd.); 
Lil (G. R. grade) (Mitsuwa's Pure Chemicals), polyethylene 
glycols** 300 (n=7), 400 («=9), 600 («=14), 1000 («=23), 
4000 (»=90), 6000 («=140), 20000 («=450), polypropylene 
glycols** 1000; (diol type, «=17), 3000 (triol type, «=52), 
(Wako Pure Chemicals Industries, Ltd); penta(oxyethylene), 
hexa (oxyethylene), and octa (oxyethylene) monododecyl 
ethers (Tokyo Kasei Kogyo Co., Ltd.) (The purity was ascer­
tained by NMR); and dicyclohexyl-18-crown-6 (Nakarai 
Chemicals, Ltd.). Block copolymers of propylene oxide (PO) 
and ethylene oxide (EO) (Pluronics), P0 3 4 E0 5 , P0 3 4 EO u , 
P0 3 4E0 4 5 , and P0 3 4E0 2 3 2 were obtained from the Daiichi 
Kogyo Seiyaku Co., Ltd. The mole ratios of PO to EO were 
determined by means of both NMR and the molecular 
weight. Dibenzo-18-crown-6 and 18-crown-6 were prepared 
according to the methods of Pedersen23) and Cram24) respec­
tively. Poly(oxyethylene) monododecyl ether with an aver­
age of 25 oxyethylene units was prepared by the reaction of 
dodecyl alcohol with ethylene oxide in the presence of sodium 
hydroxide. The average number of oxyethylene units was 
ascertained by NMR spectrometry. 

Extraction Procedure. By preliminary experiments, 
halogenated solvents, such as dichloromethane, chloroform, 
and carbon tetrachloride, were found to be preferable, since 
other solvents, such as hexane and benzene, are readily 
emulsified in the presence of POE and are difficult to separate 
from the water phase. Considering the efficiency of dichloro-
methane for the extraction with cyclic polyethers,19) we chose 
it as the solvent. An aqueous POE solution (0.02 M***, 
25 cm3), 25 cm3 of a thiocyanate solution (1.0 M), and 50 cm3 

** The figures indicate the nominal average molecular 
weight. The figures («) in parentheses are the average 
numbers of oxyethylene units, calculated from the average 
molecular weight. 
*** Throughout this paper, 1 M = 1 mol dm - 3 . 
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of dichloromethane saturated with water were transferred 
into 250-cm3 Erlenmeyer flask equipped with a well-grounded 
stopper. The mixture was placed in a thermostated water 
ba th (25 ± 0 . 5 °C) for ten minutes, and then shaken 200 times 
vigorously; this was found to be sufficient for equilibration. 
The stopper was replaced by the separation cock so as to use 
this Erlenmeyer flask as a separatory funnel in succession, 
and then the flask was turned upside down. With few ex­
ceptions, the phases separated clearly on standing. T h e 
dichloromethane layer was separated. After removing the 
dichloromethane by means of a rotary evaporator, the thio-
cyanate ion in the residue was determined by Volhard 's 
method. In the extraction of potassium nitrate, the potas­
sium ion in the residue was determined by means of Nippon 
Jarrel l Ash Atomic Absorption Spectrometer AA-1 . Dupli­
cates agreed, usually to less than 5 % from the mean, and were 
averaged for use in the calculation of the degree of extraction 
(Figs. 1, 2, 5, and 6.). 

Percent Extraction of POE. According to the above-
mentioned procedure, the extraction of the P O E by dichloro­
methane was carried out in the absence of any salts. T h e 
residue of the dichloromethane layer was kept standing under 
a vacuum to a constant weight. T h e weight thus obtained 
was used in the calculation of the percentage of extraction 
(Table 1). 

Extraction of Potassium Picrate. The extraction was worked 
out according to the procedure outlined by Frensdorf.19) The 
picrate concentration in the water phase was measured by 
means of a Shimadzu Double-beam Spectrometer, UV-200, 
using as the extinction coefficient (A=357 nm, e = 1.46x10* 
in water) . 

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

T h e d e g r e e of e x t r a c t i o n of p o t a s s i u m t h i o c y a n a t e a n d 
t h e d e g r e e p e r o x y e t h y l e n e u n i t a r e p l o t t e d a g a i n s t t h e 
n u m b e r of o x y e t h y l e n e un i t s i n e a c h e x t r a c t a n t in F igs . 1 
a n d 2 . P o l y e t h y l e n e glycols w i t h m o r e t h a n a b o u t 23 
oxye thy l ene u n i t s w e r e f o u n d to h a v e a s t r o n g p o w e r 
of e x t r a c t i n g t h e p o t a s s i u m ion , o n e w h i c h w a s c o m -

50 100 

N O . of E O . and/or P O . units 
450 

Fig. 1. Extraction of potassium thiocyanate into di­
chloromethane by poly (oxyethylene) derivatives. Thio­
cyanate concentration [Mo] = 0.5 M . P O E concentra­
t ion: 0.01 M . A , Polyethylene glycols; V , polypro­
pylene glycols; O , the block copolymers of P O and 
E O (Pluronics); • , 18-crown-6; A> the degree of 
extraction per one oxyethylene unit by polyethylene 
glycols. : Average value. 

bo Oh 
Q 5 10 15 20 

N O . o f E O . units (n) 

Fig. 2. Extraction of potassium thiocyanate into di­
chloromethane by homogeneous poly (oxyethylene) 
monododecyl ethers. Thiocyanate concentration [Af0] 
= 0.5 M . Polyether concentrat ion: 0.01 M . Q, 
homogeneous poly (oxyethylene) monododecyl ethers 
(The ether having 25 E O units is not homogeneous.); 
0 , the degree of extraction per one oxyethylene unit. 

: Average va lue ; • , 18-crown-6; 0 , dicyclo-
hexyl-18-crown-6; ^ , dibenzo-18-crown-6. 

p a r a b l e to those of t h e m a c r o c y c l i c p o l y e t h e r s . I n 
a d d i t i o n , t h e e x t r a c t a b i l i t y p e r o x y e t h y l e n e u n i t was 
a l m o s t c o n s t a n t . T h e s a m e is t r u e of t h e p o l y ( o x y -
e t h y l e n e ) m o n o d o d e c y l e t h e r s w i t h m o r e t h a n seven 
o x y e t h y l e n e un i t s (F ig . 2 ) . W h i l e p o l y p r o p y l e n e glycols 
s h o w e d a low e x t r a c t i n g p o w e r , a series of b lock copoly­
m e r s of p r o p y l e n e ox ide a n d e t h y l e n e o x i d e i nc rea sed i n 
t h e i r e x t r a c t i n g p o w e r w i t h t h e i nc rease i n t h e n u m b e r of 
o x y e t h y l e n e u n i t s (F ig . 1 ) . T h e s lope of t h e e x t r a c t i o n 
c u r v e w a s a l m o s t t h e s a m e as t h a t of p o l y e t h y l e n e 
glycols, sugges t ing t h a t t h e r e p e a t i n g o x y e t h y l e n e is a 
fac tor g o v e r n i n g t h e e x t r a c t i o n . T h e s e facts i n d i c a t e 
t h a t e v e n n o n c y c l i c po ly (oxye thy lene ) d e r i v a t i v e s h a v e 
a r e m a r k a b l e c o m p l e x i n g p o w e r for t h e p o t a s s i u m ion , 
e v e n in a n a q u e o u s p h a s e , if t h e y h a v e m o r e t h a n a 
def ini te n u m b e r of o x y e t h y l e n e un i t s , a n d t h a t t h e 
s t r e n g t h inc reases l i nea r ly w i t h t h e n u m b e r of r e p e a t i n g 
oxye thy l enes . 

As is s h o w n in T a b l e 1, t h e affinity of P E G to d i c h l o r o ­
m e t h a n e i n c r e a s e d w i t h t h e n u m b e r of o x y e t h y l e n e 
u n i t s . T h e r a t h e r h y d r o p h o b i c p r o p e r t y of t h e h i g h -
m o l e c u l a r - w e i g h t P O E is w o r t h n o t i n g . 

E x t r a c t i o n p r o p e r t i e s a r e g o v e r n e d n o t on ly b y t h e 
s t r e n g h t of c o m p l e x f o r m a t i o n , b u t a lso b y t h e so lubi l i ty 

T A B L E 1. PERCENTAGE OF EXTRACTION OF POLY-

(OXYETHYLENE) DERIVATIVES BY 

DICHLOROMETHANE 

Polyethylene 
glycols 

Percentage 
of 

extraction 

Pluronics of 
alkylated 

ether 

Percentage 
of 

extraction 

P E G 400 («=9)a> 6% P 0 3 4 E O u 9 1 % 
P E G 600 (n=14)a> 14% P 0 3 4 E 0 4 5 9 5 % 
P E G 1000 («=23)a> 2 7 % P 0 3 4 E 0 2 8 2 9 3 % 
P E G 4000 (n=90)a> ca. 100% C 1 2 H 2 5 E 0 2 5 - H 9 3 % 

a) T h e figures indicate the nominal average molec­
ular weight. T h e figures (») in parentheses are the 
average numbers of oxyethylene units, calculated 
from the average molecular weight. 
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relation of the extractant and the formed complex.19) 
The less efficient extraction of the short-chain poly­
ethylene glycols is, thus, apparently due to their hydro-
philic character. 

T h e extraction using homogeneous poly(oxyethylene) 
monododecyl ethers as extractants has made it clear 
that seven repeating oxyethylenes are the minimum 
number to bind the potassium ion effectively in the 
water phase and to transfer the complexed salt to the 
dichloromethane phase (Fig. 2). This finding quite 
agreed with that of Liu,25) who observed that the 
interaction of polyethylene glycols with potassium iodide 
in methanol became distinguished above heptaethylene 
glycol.28) 

1.0 

[POE]/4, 

Fig. 3. Extraction of potassium picrate into dichloro-
mehtane by homogeneous poly(oxyethylene) mono­
dodecyl ethers. Picrate concentration [A0] = 7x 10-5 

M. Potassium ion concentration [Af0] = 10_1 for a; 
5 x l O - 3 M f o r b. 
O J Octa(oxyethylene) monododecyl ether; 
A 5 hexa(oxyethylene) monododecyl ether. 

However, the poly(oxyethylene) monododecyl ethers 
examined were all typical nonionic surfactants, and the 
effect of the micelle formation was conceivable under 
the conditions thus far discussed. To eliminate the 
influence of the micelle on the extracting properties as 
much as possible, the extraction of potassium picrate 
was undertaken when the extractants were diluted to 
around their critical micelle concentration.26) Figure 3 
shows that, even below the C M C , the extracting ability 
is fair for octa(oxyethylene) monododecyl ether, but 
very poor for the hexa(oxyethylene) ether. Compared 
with the results with dicyclohexyl-18-crown-6 under the 
same conditions,19) the extracting ability of the octa-
(oxyethylene) ether was about one-sixth of that of the 
crown ether. This approximation is consistent with the 
results shown in Fig. 2. As expected, the extractability 
by the octa(oxyethylene) ether decreased much more 
drastically with a decrease in the potassium-ion con­
centration than by the crown ether.19) 

Assuming from the results shown in Table 1 that there 
is no complication due to the distribution of the ether 
between the two phases, the logarithm of the distribution 
rat io calculated from the degree of extraction by the 
octa(oxyethylene) ether was plotted against the 
logarithm of the total concentration of the ether (Fig. 4). 

-1.5 
-4.5 -4.0 

Log [POE] 

Fig. 4. Distribution ratio of potassium picrate vs. con­
centration of octa(oxyethylene) monododecyl ether. 
The conditions used are identical with those in Fig. 3. 
POE: Octa(oxyethylene) monododecyl ether. 

This plot gave a straight line with a slope of about 0.8: 1 
in respect to the ether and the picrate. The deviation 
from 1: 1 is probably due to a partial micelle formation, 
since the CMC's of these types of nonionic surfactants 
are generally lowered by the presence of an electrolyte.27) 

Calzolari et al.12) recently reported the isolation of 
the complex formed by hexa(oxyethylene) diphenyl 
ether and sodium cobalt(II) thiocyanate. The composi­
tion of the complex indicates that the hexa(oxyethylene) 
coordinates with one sodium ion. Considering our result 
and this earlier finding, six to seven oxyethylene units 
seem critical for the complexation with alkali metal 
ions.28) This conclusion contrasts with the 1: 2 and 1: 4 
compositions needed in the H g C l 2 - P O E complexes.14-15) 

T h e extraction was also extended to other potassium 
salts. The iodide was found extractable to the same 
extent as the thiocyanate by both 18-crown-6 and 
noncyclic poly (oxyethylene) derivatives (Fig. 5). How-

Potassium salts 

Fig. 5. Extraction of potassium salts into dichloro­
methane by poly(oxyethylene) derivatives. Concentra­
tion of each salt [Af0] = 0.5 M. POE concentration: 
0.01 M. • , 18-Crown-6; O , C^Ff^EO^-H; A, PEG 
1000. 
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Fig. 6. Extraction of alkali metal iodides and alkaline 
earth metal thiocyanates into dichloromethane by 
poly(oxyethylene) derivatives. The conditions and 
symbols used are identical with those in Figs. 2 and 5. 

ever, the nitrate, bromide, and chloride could not be 
extracted effectively by either of the extractants. The 
formation of extractable complexes with the thiocyanate 
and iodide may well be explained by the concept of 
water structure-enforced ion pairing.29) 

Figure 6 shows the extractions of other alkali and 
alkaline earth metal salts by polyethylene glycols (PEG) 
1000 (n = 23) and 18-crown-6. I t is interesting to note 
that the selectivities for alkali metal ions are very similar 
to one another. O n the other hand, ammonium iodide 
was found to be less extractable by PEG 1000. 

As for bar ium thiocyanate, PEG 1000 was more 
effective than 18-crown-6. However, when dicyclohex-
yl-18-crown-6 was employed, the 1: 1 complex4) was 
precipitated during the extraction. The degree of 
extraction was found to be 7.2 X 10~3, which corresponds 
to more than four times as much as that of 18-crown-6 ; 
it went up to 17.2 X 10~3 when the complex precipitated 
was included in the calculation of the degree of extrac­
tion. I t should also be noted that 18-crown-6 extracted 
slightly more calcium thiocyanate than the bar ium salt; 
this is in contrast with their large differences in complex-
ing stability constants reported by Izatt et a/.30) Recently, 
Rais et al. observed the synergistic effect of P E G in the 
extraction of alkaline earth metal ions by nitrobenzene.31) 
In view of these findings, the solubility relation might 
exert much influence on the extraction of alkaline earth 
metal salts. 

I t was once concluded that the poly(oxyethylene) 
chain existed in a zigzag conformation at a low degree of 
polymerization and in a meander conformation at a 
high degree of polymerization.32) Recently Tadokoro 
et ß/.33) have established that the structure of poly-
(oxyethylene) in the crystalline state has a distorted 
helical structure containing seven oxyethylene units and 
two turns, and that it takes a planar zigzag structure only 
when it is elongated.34) T h e molecular model (Corey-
Pauling-Koltum model) based on this fact indicates that 
the helical structure is convenient for disposing the 
oxygen atoms of poly (oxyethylene) to the cationic 
species and can easily take a conformation very similar 

to 18-crown-6 by a slight rotation of each bonding. T h e 
hydrophobic property of high-molecular-weight poly-
(oxyethylene) derivatives, proved by the high-percent 
extraction by dichloromethane, implies that the helical 
conformation is energetically favorable in an organic 
solvent. In view of these points, noncyclic poly (oxy­
ethylene) derivatives may take, on the average, a helical 
conformation even in the liquid state and may favorably 
complex with cations, or the cations may induce an 
energetically favorable helical structure and, as a result, 
show a fair extracting power for the cationic species. 
Polypropylene glycols were confirmed to have a non-
planar zigzag chain because of the steric effect of the 
methyl groups.35) Thei r low extracting ability may be 
at tr ibutable to their nonplanar zigzag conformation. 

A further investigation based on these results is now 
in progress. 

The authors wish to express their thanks to Professor 
J . Shiokawa, Mr . Y. Hirashima, and Dr. M. Yokoyama 
(Department of Applied Chemistry of this Faculty) for 
their helpful discussions and kind advice. They also 
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used in this work by Dr. H . Maki of the Daiichi Kogyo 
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A Theoretical Study on Biradicals. I. Theoretical 
Characteristics of Biradicals 
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An interpretation is given on the characteristics of biradicaloids, such as the bonding, polar, and biradical 
characters of singlet biradicals. Systematization of the reactivity of singlet and triplet biradicals is based on the 
principle that 1) deformation takes place in the direction of bonding in singlet biradicals, and 2) deformation or 
bond formation occurs to separate unpaired-electrons from each other in triplet biradicals. Combination of the 
two principles is applied to the theory of orientation and stereoselection in excited-state reactions. 

The word "bi radica l" in a chemical sense makes us 
think of a species having an odd electron on each of two 
sites of a molecule. This conforms to the interpretation 
of a biradical in the triplet state. However, problems 
may arise in the case of a singlet biradical. 

The conversion of biradical species along the path of 
ground- and excited-state reactions has been treated 
theoretically.1-4) Salem et al. discussed the nature of a 
singlet biradical by taking ionic states into account and 
explained a number of experimental results in regard to 
various reaction intermediates in photochemistry.5-10) 
T h e present paper gives some new material. 

Stabi l izat ion o f Singlet Biradical b y a 
Correlated M o t i o n o f Elec trons 

Consider a pair of two independent normalized one-
electron space functions a and b whose overlap integral 
is s. In the case of biradical problems these two orbitals 
can be made to represent the two "unpaired"-electron 
orbitals essentially localized at each radical site. T h e 
following three configurations are here taken into 
consideration to treat the problem as a two-electron 
system : 

a -e- "b $l (1'2) = -72W{a(1) i (2) + i(1)a(2)} 

a-e-o- <&*(!, 2) =«(1)«(2) 

-e-e-b $ 3 (1 , 2) = b{l)b{2) 

(1) 

It is assumed that orbitals a and b are real and their 
signs are chosen in such a way that s becomes positive. 

The electronic states of this two-electron system are 
then given by 

V N (2) 

where Clt C2, and C3 can be obtained by solving the 
eigenvalue problem of the Hamiltonian matrix, and 
l/\/ÏV is the normalization factor. They are the usual 
energy-extremized wave functions in which the effect of 
correlation in electron motion is taken into account. 

Direct consideration of the correlated motion of 
electrons might also be considered. The extent of 
correlation in orbital motion could roughly be represent­
ed by the averaged reciprocal interelectronic distance, 

^ = -^\W'2ll'2)-hm{2)- (3) 

(v : number of electrons) 

where r12 is the distance of electrons 1 and 2, and 

,o(l ' ,2' | l ,2) = ^f^-^*(ri'<h> r2
fa2> r3a3, ...) 

X?r(r1cT1, r2(T2, r3CT3, - O d « ^ « ^ ^ ^ ... (4) 

is the second-order spinless density matrix. For the 
present two-electron problem, we have 

y = - 1 - = ( fy*( l , 2 ) — y ( 1 , 2)do(l)d»(2). (5) 
^12 J J r12 

The extremization of 1 /r12 is achieved by obtaining the 
stationary values satisfying 

dy = 0. (6) 

The variation with respect to Cly C2, and C3 leads to the 
secular equation 

y 2 i -^ 2 iy y 2 2 - y ^ s - ^ s y = o, (7) 

\Y3iS3iY 732-^32? ?33-y I 

where 

and 

^ = ^ * y * ( l , 2 ) * Ä ( l , 2 ) d , ( l ) d , ( 2 ) 

(j, k=l, 2, and 3). 

The coefficient of $y in Eq. 2 can be obtained simul­
taneously, giving correlation-extremized wave functions 
{W{i)y which are always mutually orthogonal. Both 
energy-extremization and correlation-extremization give 
wave functions with an essentially parallel trend in 
nonpolar species.11) Thus in such favourable cases, we 
can use correlation-extremized wave functions as an 
approximate substitute of the usual energy-extremized 
functions. Such a consideration of the interaction of at 
least three configurations as mentioned above is essential 
in the theoretical interpretation of biradicals. 

Bonding Character b e t w e e n T w o 
R a d i c a l Si tes 

The bonding character between two radical sites each 
containing essentially one electron can be discussed by 
using ¥ of Eq. 2. A most reasonable scale of bonding 

file:///Y3iS3iY


1392 Kenichi FUKUI and Kazuyoshi TANAKA [Vol. 50, No. 6 

character12) might be the magnitude of accumulation of 
electron population in the intermediate region between 
two radical sites.13-15* 

T h e distribution of electron density is given by 

in which 

P(\) = 2jy*(i,2)y(i,2)d*(2). (8) 

The density p(l) is divided into three terms as 

p(l) = Alia(\y + 2A12a(l)b(l) + A22b(l)\ (9) 

The bonding strength can be determined by the 
second term of r.h.s. since the coefficient A^2 of the cross 
term a(\)b(l) contributes to the accumulation of 
electrons in the intermediate region. 

I t follows from Eq. 2 that 

A-,» — ~rz 
N [l+s2 C ' S + V T 

where 

N = Q 2 + C2
2 + Q 2 + 

+ ̂ 2 

2VT 

C1(C2+C3) + 2sC2C3\, (10) 

•^rC^Cs+Cs) + 2s*ac3. 

In general, Cj may be complex. However, for the sake 
of simplicity, Eq. 9 is written for the real values of Cj. 
If we allow C l5 C2, and C3 of Eq. 2 to take any real 
values, the maximum and minimum values which A12 

can take are 1/(1 -\-s) and —1/(1—5) corresponding to 
the wave functions 

and 

¥ <AB) -^fïh{VW?^-V7^+^}' 1 
(n; 

respectively. Thus , we see that the most bonding state 
(?P"(B)) or the most antibonding state (#r<AB>) is obtained 
in the case of moderate mixing of three configurations 
<£>!, <E>2, and <3>3. This implies that admixture of the ionic 
configuration <3>2 or <ï>3 with the covalent configuration 
<&!, or the delocalization of each odd electron to the 
other radical site, serves as an effective origin of bonding 
character between two weakly interacting radical sites. 
The importance of such electron delocalization in the 
bond formation between molecules or radicals was early 
pointed out.1 6 - 1 9) In particular, special importance of a 
cross term arising from two configurations, correspond­
ing in the present case to the terms of CXC2 or C1CZ in A12, 
was stressed.20-22^ 

The bonding character of a singlet biradical is thus 
represented by sA12. In the light of the relation 

An + 2sA12 + A%2 = 2, 

we can also measure the less bonding character by 

the quanti ty \ l2{Alx-\-A22). 

P o l a r Character o f T w o 
R a d i c a l Si tes 

T h e density p{\) also provides information as to what 
extent the two radical sites are polar. Evidently, 
polarity parallels \A1X—A22\. We tentatively define the 
polar character of a singlet biradical by means of 

A\\ —A% 

n = A1± + A2 
(12) 

^ = i 
A _ 1 

Thc^+¥SC^+2C>2 

i 
i+*! ^ + V / A T T ? C I C 3 + 2 C 3 2 

:i3) 

These are the coefficients of the fl(l)2 and b{\)2 terms in 
p{\) of Eq. 9 which is derived from a wave function ?F 
already correlation-extremized according to the procedure 
in previous section. 

By this definition, we have 

T Z W = 0, 77(*2) = 77(3>3) = 1, 

provided that <£>l9 <E>2, and <E>3 are correlation-extremized 
states. 

A change in electron distribution can be expected to 
arise causing bonding stabilization through a moderate 
mixing of ionic structures. In this connection the work 
of Wulfman and Kumei,23) who first pointed out the 
high possibility of polarization in singlet excited states 
of alkenes, is of interest. 

Biradical Character o f Singlet 
Biradica ls 

Since the bonding character between two radical 
sites becomes maximum only in the case of moderate 
admixing of ionic configurations with a covalent 
configuration, the less ionic character can not be 
adopted for the measure of biradical character. 

We must take into account the following requisites 
which qualify a biradical: 

1 ) The bonding character between two radical ends 
should be small since a species with too large bonding 
character might be called a molecule, but not a biradical. 
T h e value l/2(^411+^422) should not be small. 

2) The polar character should not be large since a 
species with a strong inequality in electron density at 
the radical ends should be called a zwitterion. Namely, 
(1—77) should not be small. 

A conventional but reasonable definition of the 
biradical character 33 may therefore be given by 

S = y ( A i + ^2 2 ) ( l - / 7 ) = y { A i + 4 2 - I A i - ^ 2 2 l } 

= (the smaller of AX1 and A22). (14) 

Thus , the maximum possible biradical character in a 
bonding state is unity (=1 / (1+ .? ) ) , and the maximum 
biradical character in an antibonding state is larger than 
unity ( = 1/(1— s)). We also have 

1 
»(^) = l + -f2' 

58($2) = 0, 58($3) = 0, 

in which <3>l5 <3>2>
 a n d ^3 are the functions of Eq. 1, 

assuming that they are correlation-extremized ones. 
T h e discussion can be easily extended to the case of 

complex wave functions. 

N o n b o n d i n g Biradica ls 

I t may happen that each odd electron occupies each 
of two orbitals orthogonal to each other so that the 
overlap integral s in Eq. 9 disappears. Hence, the 
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qrV) 

(— - i ) ( 

V2 
={«(1)*(2) + *(1)«(2)} % (-

^={«(1)4(2)-ft(l)fl(2)} 3A2 

maximal biradical character is unity. 
An example is perpendicular ethylene in which two 

orthogonal radical orbitals a and b are (2px)A and 
(2py)B, respectively, A and B denoting two carbon 
atoms. In this case, it follows from symmetry relations 
that 

VIA = Via = °> S12 = S13 = 0 

in Eq. 7. Thus, <^1=\IV2{a(l)b(2)+b(\)a(2)} is 
already a correlation-extremized wave function with 
which $ 2 or c£>3 of different symmetry does not mix. 
From the definition of Eq. 14, the state ?F (1>=*1 has 
the 93 value of unity and can be called "pure ly" 
biradical. The other two states (? r (2) = l / \ /2( ( ï ) 2+*3) 
and r ( 3 ) = l / v / 2 ( * 2 - * 3 ) ) also have the 93 value of 
unity. Such a biradical species may be called a non-
bonding biradical. 

The level situation of three correlation-extremized 
states is given above, together with the value of y. The 
result is qualitatively consistent with that of numerical 
calculations.24) 

I t is to be noted that the level gap between 1B1 and 
3A2 states is very small (ca. 1 kcal/mol) in this example. 
The small S-T separation is characteristic of nonbonding 
biradicals. From an energetic point of view, they are 
expected to interchange easily between singlet and 
triplet states. 

Biradical w i t h Cycl ic Orbi ta l s 

Singlet Oxygen. Let two (^g) orbitals of the 
oxygen molecule be 

1 
V 2 - 2 * 

1 
^ 2 ^ 2 : 

^(2P x)1-(2px)2>, 

{(2P y)1-(2P y)2>, 

where 01~~ 0 2 axis is parallel to the z-axis and s is the 
overlap integral of (2px)i and (2px)2 or that of (2p y ) 1 

and (2py)2 . Three configurations are specified by 

3>2 = n+{\)n+{2), 

$ 3 = n-(\)n-{2), 

where 

rc+ = -Jjtyx+ty?)* 

( -

aa\aa) + (ab\ab) «*0.89120(a.u.) 

(aa\aa) - (ab\ab) ^0.88969 

{aa\bb)+(ab\ab) ^0.39420 

{aa\bb)-{ab\ab) ^0.39268 

$ l 5 <E>2, and <£>3 of different symmetries are correlation-
extremized wave functions corresponding to the sta­
tionary values of y. 

#n*> y 

* i = ^ r { ^ ( l ) ^ ( 2 ) + ç5y(l)çiy(2)> 

1He* (xx\xx) + (xy\xy), 

[Sfc ^3] = [ ^ { ^ ( 1 ) ^ ( 2 ) - 0 y ( l ) 0 y ( 2 ) } , 

^ r C ^ ( l ) ^ ( 2 ) + ç5y(l)^(2)}] 

xAg —(xx\xx) + -^-(xx\yy), 

^ { ^ ( I ) ^ y ( 2 ) - ç 5 y ( l ) ç 5 x ( 2 ) } 3 2 V {**]&)-(V\v) 

((xy\xy), etc., denote (0x<ßy\0x<f>y), etc.). 

The uppermost level corresponds to 12 ,
g+ excited singlet 

state and the lower degenerate level to XAK state. T h e 
former stands for the configuration 

71* TT 
( - - ) 

with 33=1 . T h e species can thus be called purely 
biradical. 

In the latter state, the correlation-extremized wave 
functions consist of purely doubly-occupied configura­
tions 

TT TL' / TC* TU x , 
f-e-e- J and f-

with 33=0. 
I t should be noted that we have to employ the 

symmetry orbitals n+ and n~ to construct wave functions 
with definite angular momenta . 

Such cyclic orbitals, however, do not reflect the 
concept of radical site. The interpretation of 93-values 
in this case should be made with certain reservation. 

Cyclobutadiene (Planar Square). The orthogonal 
nonbonding orbitals can be taken as 

0 2 = / y / 2 - 2 ^ { ( 2 P z ) l ~ ( 2 P z ) 3 > > 
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where (2pz)y (j= 1, 2, 3, and 4) are the four 2p z orbitals 
and s' is the overlap integral of (2pz)! and (2pz)3. 
The three states are as follows. 

^ { ^ i W i ( 2 ) + &(l)&(2)} *Alg (11|11) + (12|12), 

^ 2 - { ^ ( l ) ^ ( 2 ) - ^ ( l ) ^ 2 ( 2 ) > *Blg 

- ^ - { ^ ( 1 ) ^ ( 2 ) + ç52(l)^(2)> 

^/Y^ l (1)^(2)-^(1)ç5l(2)> 

!ß '2g 

(11| 11)-(12| 12), 

(11|22) + (12|12), 

*A2K (11122)-(12| 12), 

((11|22), etc., denote (QMfafa), etc.). 

The level situation is consistent with the results of more 
elaborate calculations.25) 

Singlet Planar Trimethylenemethane.2^ T h e two 
orthogonal orbitals containing nonbonding electrons are 
written as 

^ 2 = V2(i-.0 (X2~X3)> 

where x^ ( i ^ l » 2, 3, and 4) are the four 2pz orbitals, 
and s' is the overlap integral of X\ and %2- T h e resulting 
three states are 

^ ; ^ 0 i ( l ) # i ( 2 ) + &(l)&(2)}, 

*E' 

^ = { ^ ( 1 ) ^ ( 2 ) + &(1)&(2)}, 

^ { 0 1 ( 1 ) 0 1 ( 2 ) -&(1 )&(2)} , 

3A2' ^ # i ( l ) & ( 2 ) - & ( 1 ) & ( 2 ) } 

The density of 1 E ' ground state becomes 

piX) = ^[{%i( i ) 2 +x 2 ( i ) 2 +x 3 ( i ) 2 > 3 ( 1 - / ) 

-{zi(Dz.(i)+Zi(i)z.(i)+z.(i)z.(i)}] 
showing that this is an ant ibonding biradical with 35 = 
1/(1—/). The antibonding character might primarily 
cause the nonpolar geometry of singlet ground-state 
tr imethylenemethane. 27> 

General Character izat ion o f 
Biradica l s 

The correlation-extremization approach developed in 
previous section is convenient for grasping a qualitative 
feature, but it can not be used in polar species where the 
potential field is partial to either one of the two radical 
sites. In such cases, the usual energy-extremization 
procedure, viz., the configuration interaction (CI) 
approach, must be taken. 

We use a CI wave function of n electron system 
W{\, 2, n) to construct the density distribution p{\), 

which is decomposed in such a way as 

p(ï): = Au«(l)» + 2AM«(1)*(1) + A22£(l)2 

+ 2J}{BaJa(l) + BbJb(l)}Xj(l) 

j.k 

The set of orbitals, a, b, and Xj, in principle atomic 
hybrids or usual atomic orbitals, is obtained by a 
relevant transformation of the set of valence-shell 
atomic orbitals in such a way that orbitals a and b are 
appropriately associated with essentially located radical 
sites. 

T h e bonding character and polar character can be 
represented by sA-l2 and TT of Eq. 12, respectively. We 
define a new concept, the delocalized character of a 
biradical, #>, by 

P=2- (A11 + 2jA12 + Aaa). (16) 

The biradical character of Eq. 14 can then be modified 
as 

33 = Atl + A22 / J _ TJ\ 
2 - , 

2 
2 - , 

(the smaller of A n and A22). ;i7) 

Bonding D e f o r m a t i o n of Singlet 
Biradica ls 

In the following examples, where the polar character 
II can be put equal to zero, the biradical character 33 
depends only upon the overlapping between radical 
sites. Thus singlet biradicals stabilize with increasing 
overlapping between radical sites, which is in accordance 
with the direction of decreasing biradical character 33. 
In contrast, the triplet species tend to decrease overlap­
ping to stabilize.29 '30) 

A molecular deformation in singlet biradicals to raise 
overlapping may even take place when stabilization 
overcomes destabilization, if it arises, due to the defor­
mation. I t may happen that a triplet biradical with 
minimal overlapping shifts to the singlet state through 
intersystem crossing to cause stabilization by bonding 
deformation. Let us discuss the bonding deformation in 
the direction of decreasing 33 with regard to several 
examples of singlet biradicals. 

T h e dependence of energy on the torsional angle 0 in 
perpendicular ethylene discussed in previous section is 
shown below.24) T h e lowest singlet has a deformation-
instability in addition to the triplet-instability near 
6=71/2. T h e 3A2 ground state of perpendicular geometry 
once formed may tend towards the planar form through 
the intersystem crossing to produce 1 A g ground-state 
ethylene. 

T h e direction of bonding deformation of perpendicular 
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species is simply represented by the following orbital 
phase scheme.28) 

(e - f ) (e = o) 

Similarly, the direction of deformation of square 
cyclobutadiene is given by the direction of in-phase 
overlapping of two odd-electron orbitals. 

Also planar octagonal cyclooctatetraene will deform 
in the following way. 

(o = ) 

T h e bonding deformation consideration is employed to 
predict the geometry of stable intermediates in singlet 
radical reactions. 

methylene-
cyclopropane 

methylene-
cyclobutane 

1,2-dimethylene-
cyclobutane 

31) 

32) 

33) 

S O M O denotes a singly occupied molecular orbital. 
The bond alternation in carbon 2pjr chains can be 

explained by the following. The highest occupied (HO) 
and the lowest unoccupied (LU) M O ' s of a chain of 
equally distanced four p orbitals result approximately 
from the combination of the following two orbitals a 
and b. 

fa-». 
a-©-*' V©- b 

'' o o '' 

( a + b ) 

In this fictitious singlet biradical, the direction of 
deformation is also caused by the bonding overlapping 
of a and b to form a butadiene molecule, shown by 

T h e lower occupied n orbital has hardly any connection 
with this deformation owing to its less nodal property. 

Similarly, the difference in bond lengths in hexatriene, 
fulvene, naphthalene, etc., is explained by considering 
the next H O M O ' s which contribute to the deformation 
less than H O M O because of their less nodal character. 

An interesting application of the bonding deformation 
approach may be the prediction of the reaction path in 
excited states. In the n-n* excited singlet state of 
hexatriene, the highest half-occupied orbital (a') and the 
lowest unoccupied orbital {b') are represented by 

In order to consider bonding stabilization of the electron 
in orbital a', let us construct in the place of a' and b' the 
following quasiorthogonal orbitals. 

T^'-M 

Combinations of these orbitals lead to orbitals a' and b', 
the former becoming occupied by a single electron to 
contribute to the bonding stabilization, and the direc­
tion of ring closure, if it occurs simultaneously, should be 
conrotatory. T h e conclusion is unchanged in the excited 
state with doubly occupied a'. In contrast, in the 
excited butadiene, the direction of hypothetical 1,4-
bonding would be disrotatory. 

+ 

T h e lower singly occupied orbitals would contribute less 
by a similar discussion in terms of their less nodal 
property. 

The simple approach is useful since it can be applied 
to a rough estimation of the direction of bonding in 
higher excited singlet states of a known electron configu­
ration. The configuration might have several S O M O ' s . 
The general procedure is as follows : 

i) By a linear combination of the H O M O (singly or 
doubly occupied) and the L U M O , say a' and b', we 
construct two MO's , a and b, which are mutually 
orthogonal and spatially separated from each other to 
construct a fictitious singlet biradical species. 

ii) The direction of maximal overlapping of a and b 
to decrease the biradical character 33, obtained by the 
usual procedure in the orbital interaction approach,28) 
leads to a favourable reaction path. 

In some cases, an excited state of the species before 
deformation may correlate to the ground state of the 
species after deformation, as in the following, 
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initial 
deformation 

final 

An example is the hypothetical disrotatory cyclization 
of S2 excited butadiene to S0 cyclobutene in the Longuet-
Higgins-Abrahamson state correlation diagram.34) The 
direction of such processes can be discussed by the 
method mentioned above. 

Unpaired-Elec tron Iso lat ing D e f o r m a ­
t ion or Bonding i n Tr ip le t 

B iradica l s 

Once a triplet state is formed photochemically or 
thermally, a deformation or bond formation may be 
liable to take place to acquire stabilization in such a way 
that each of the two unpaired-electrons enters each of 
two orthogonal orbitals, or they become separated from 
each other by the newly formed bond as far away as 
possible.9'30) In this connection Michl 's conception 
of "loose" and " t igh t" biradicaloids is useful.300) The 
following examples are given for illustration. 

Consider a n-n* triplet hexatriene molecule. Twisting 
of the carbon chain would certainly diminish the 
overlapping of the two unpaired-electron orbitals. Two 
possibilities exist in regard to the twisting. 

The sum of conjugation stabilization in the two separated 
parts in (I) is greater than in ( I I ) . T h e resulting 
geometry is shown in ( I I I ) . Courtot and Salaün35a> 
showed that sensitized photoreactions of hexatrienes 
preferentially cause the cis-trans isomerization of the 
central double bond, and that the singlet reaction causes 
isomerization of the terminal double bonds. T h e 
results are consistent with the theoretical prediction by 
Baird and West35b) that the twisting of inner bonds 
should be preferred in the lowest triplet excited state of 
polyenes. In the singlet reaction a structure essentially 
like 

may be prevalent on account of the bonding nature of 
singlet biradicals, which will favour the terminal bond 
isomerization. 

Geometries in which the planes associated with two 
unpaired-electron orbitals are perpendicular to each 
other might be expected more widely.350) 

UMO 28) 36) 

— (H3C)2=CO 4-

1.2-dioxetane (triplet) 

(Similar reactions are considered in chemiluminescent 
decomposition of 1,2-dioxetanone derivatives.37)) 

38) 

LUMO ~ 2 

)M0 

<m hV 

fOMO 

Dewar benzene 

OMO 

naphthvalene 

T h e above are examples of the separation of unpaired-
electron orbitals by deformation. The isolation of 
unpaired-electrons also takes place by the formation of 
separating bonds. 

In the singlet-state reaction, a similar reaction takes 
place. In this case a certain concertedness may be 
mixed in the mechanism.28) 

LUM 
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I t appears that combination of the principle of unpaired-
electron isolation in the triplet state with that of bonding 
deformation in the singlet state brings about a plausible 
mechanism occasionally prevalent in photochemical 
processes in which biradicaloid intermediates play an 
important role. 

Suppose that the lowest triplet state (Tj) is produced, 
in some cases from higher excited singlet states (SM) 
via S l9 through radiationless transitions (triplet biradical 
formation by a nonsensitized photoprocess). A possible 
deformation path might be composed of stages (I) and 
(II) as shown in Fig. 1. 

S-Tcrossing 
> reaction path 

Fig. 1. A possible reaction path. (S0: singlet ground 
state; Tx: first triplet state; — : radiationless transi­
tion) 

Stage (I) involves separation of unpaired-electron 
orbitals by orthogonally twisting deformation or bond 
formation, occuring in the first triplet state. Stage (II) 
is that of bonding deformation or bond formation in the 
singlet ground state, S0. 

By considering intermediate T l 5 stereoselective 
phenomena can be explained by the augmenting chance 
to undergo further conversion due to the long lifetime 
of the triplet state. 

This mechanism of the intermediation of triplet state 
is supported by Kushick and Rice42) as regards the 
effectuation of the S-T transition by dynamical coupling 
of the torsional motion around the C^-Ca bond in the 
eis-trans photoisomerization of butadiene. 

Let us consider excited-state reactions of benzene, 
six n MO's of which are given below. 

52g 

*2u 

O - o o e ig 

*2u 

Thus, Dewar benzene might be produced from e l g-*e2 u 

excited singlet ( ^ J , 4 3 3 ) 

Dewar benzene 

and the formation of benzvalene, prismane, and Dewar 
benzene would be favoured by triplet intermediation. 

Dewar benzene 

c b—4 b 
X; V N 1/ 

CT), 

•> 

ISC " ' 

benzvalenex 

prismane 

together ^ \ 
with ts^y"" 

fulvene 

The mechanism involved might control the direction 
of reaction, giving a new principle of orientation or 
stereoselection in excited-state reactions. 
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Large-Area (600 mm2) Bimolecular Film in Aqueous Solutions. 
The Effect of an Amine-M2+ Complex on the Stability 

of cis-9-Octadecenylamine Bimolecular Film 
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A large, planar, bimolecular film (bilayer, 600 mm2) of m-9-octadecenylamine (oleylamine) was found to be 
formed in an NiCl2 solution. From the effect of the added metal ions on the proton magnetic resonance spectrum of 
octadecenylamine, it appears that the complex between the octadecenylamine molecule and the metal ion increases 
the stability of the bilayer. The thickness of the bilayer depended strongly on the kind of solvent in the film-
forming solution. When decane, a normal alkane solvent, was used, the thickness of the bilayer was greatest 
(4.6 nm), and the temperature effect was smallest. The experimental results are explained in terms of (i) the 
influence of the solvent on the conformation of the octadecenyl chain and (ii) the amount of solvent remaining 
in the film. 

A previously reported bilayer of 1-tetradecanol in an 
aqueous solution was stable, but not large (1 mm2).1 '2) 
An increase in the bilayer size is essential to the improve­
ment of the accuracy of electrical and optical measure­
ments. Using a dipping technique, Tien et al. have 
prepared the largest planar bilayers thus far produced 
(ca. 100 mm2).3) Spherical bilayer has also been 
produced with areas up to ca. 100 mm 2 using a bubble 
technique.4) For most measurements, however, a 
spherical bilayer is not as appropriate as a planar 
bilayer. 

In order to prepare a large bilayer, it is necessary to 
increase the layer stability. T h e bonds between the 
constituent molecules and their surroundings may have 
a stabilizing effect on the bilayer. For example, it is 
expected that complex formation between the hydro-
philic group of molecules in the bilayer and multivalent 
ions in the aqueous solution increases the stability of the 
bilayer. 

O n the other hand, it has been found empirically 
that no stable bilayer can be prepared from a dilute 
film-forming solution (surface-active molecule/organic 
solvent).2) 

Therefore, the molecules of an unsaturated hydro­
carbon chain are more suitable than those of a saturated 
chain in view of the solubility. As a system which 
satisfies the above factors governing stability, a cis-9-
octadecenylamine bilayer was formed in an NiCl2 

solution. 

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

Materials. The distilled m-9-octadecenylamine 
(purity^>99%) used in this study was purchased from the 
Tokyo Kagaku Seiki Co., Ltd. The aqueous solution sur­
rounding the bilayer were prepared from redistilled water and 
guaranteed reagents (Wako Pure Chemical Industries, Ltd.). 
All solvents were of reagent grade. 

Preparation of Large Bilayer Films. Bilayers were pre­
pared by two methods (I and II), using the dipping technique. 
Method I : (1) Two compartments (Fx and F2) of the same 
volume were separated by a Teflon plate A (thickness : 2 mm) 
having a unique hole (width : 13 mm, length : 60 mm) at its 
center (Fig. 1). A 30 mM* NiCl2 solution was introduced 

side-view of b 

Fig. 1. Method (I) for the preparation of large bilayer. 
A : Teflon plate, B : aqueous solution, C : Teflon tube, 
D: a drop of the octadecenylamine/decane solution, 
E: large bilayer (width w= 12 mm, length i = 6 0 mm), 
Tx and T2: tube. 

into both compartments through tubes (T1 and T2) until the 
water levels were raised to a point just below the hole in the 
Teflon plate (Fig. la). A small volume D (ca. 0.1 cm3) of an 
octadecenylamine/alkane solution [i.e., the film-forming 
solution, 0.2/1 (v/v)] was then delivered onto the rim around 
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* Throughout this paper, 1 M = 1 mol/dm3. 

Fig. 2. Method (II) for the preparation of large bilayer. 
A: Frame of Teflon-coated wire (diameter: 2 mm), 
B, C, D, and E are the same as those of Method (I), 
F : joint. 
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the hole with the help of a Teflon tube G (diameter : 1 mm) 
attached to a syringe. (2) The 30 mM NiCl2 soultion was 
gradually added to both compartments. Two water levels 
were maintained at equal heights. The water levels were 
then raised until they reached ca. 5 mm above the hole (Fig. 
lb). By this procedure, a colored film formed over the hole 
in the Teflon plate. After ca. 10 min, the colored film became 
black. Method II : A frame of Teflon-coated wire (diameter : 
2 mm, Fig. 2a) was used in place of the Teflon plate. (1) A 
small volume D of the film-forming solution was delived onto 
the frame A in a manner similar to that described for Method I. 
(2) By lowering the frame into the aqueous solution (30 mM 
NiCl,), a colored film formed on the frame (Fig. 2b). (3) 
After the frame had been further lowered, the major axis 
of the frame was rotated around the joint F through 90 ° 
(Figs. 2c and 2d). Thus, a longer film formed in the lateral 
direction, as well as in the vertical direction. 

After ca. 10 min, these colored films became black. In 
order to improve the stability of the black film, care was taken 
to protect the film from vibration. The stability of the film 
was also increased by prepainting the frame with the sample 
solution. 

Measurements. In order to estimate the thickness of 
the black film, the electrical capacitance of the film was 
measured by means of an AC bridge (Ando Electric Co., Ltd., 
Model TR-IC). Measurements were carried out in the 
frequency range from 30 Hz to 3MHz. The resistance of the 
black film was also obtained by the transient DC method. 
The potential across the film was measured using an electro­
meter of high-input impedance (Takeda Riken Industry Co., 
Ltd., Model TR-8651) by means of a pair of reversible 
Ag/AgCl electrodes. The area of the film was estimated 
from a photograph. The temperature of the film and its 
surrounding solution was maintained constant to within an 
accuracy of ±0.5 °C by thermostatically-controlled water 
circulation. Proton magnetic resonance (PMR) spectra of 
metal octadecenylamine complexes were obtained at 60 MHz 
and 35 °C, using a Hitachi R-24 spectrometer. Monolayer 
characteristics of the octadecenylamine at the air-aqueous 
solution interface were obtained using the Wilhelmy method. 

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

The black film formed by Method I is suitable for the 
measurement of electric properties, while that formed 
by Method I I is suitable for the measurement of optical 
properties. The stability of the films was greatly 
influenced by the kind of solvent in the film-forming 
solution. W h e n octane and dodecane were used as 
film-forming solution solvents, planar black films with 
areas up to 600 mm 2 were formed in the 30 m M NiCl2 

solution. In the case of decane as the solvent, the 
largest bilayer (5000 mm2) was obtained. T h e films 
persisted over a period of one hour. When hexane, 
tetradecane, and hexadecane were used as solvents, 
however, the areas of the black films were less than 
10 mm2 . 

The stability of the bilayer was also influenced by the 
cation in the aqueous solution. The order of the stabil­
ities of large black films was Ni 2 +>Co 2 +>Mn 2 +. On 
the other hand, stable black films were not formed in 
NaCl, KCl, CaCl2 , and MgCl 2 solutions (30—100 m M ) . 
T h e addition of Ni2+ ions changed the P M R spectrum 
of the octadecenylamine (Fig. 3). The - N H 2 signal o 
octadecenylamine was no longer observable, as can be 

Fig. 3. Effect of added Ni2+ ion on the PMR spectrum 
of octadecenylamine ; (a) octadecenylamine, (b) 1 dm3 

octadecenylamine plus 4 mM NiCl2-6H20. 
Internal reference: TMS. 

seen in Fig. 3b. The - C H 2 N < signal is shifted downfield 
by 0.3 p p m and is also broadened. When ethyl glycinate 
was mixed in a 0.1 m M Cu2+ ion solution, the glycine-
C H 2 - signal changed in a manner similar to that for the 
- C H 2 N < signal.5) T h e change in the glycine-CH 2 -
signal is accounted for by the proximity of the para­
magnetic Cu2 + ion. Therefore, it appears that the 
proximity of the paramagnetic Ni2 + ion to the nitrogen 
atom of the octadecenylamine molecule is responsible 
for the change in the P M R spectrum (Fig. 3b). The 
magnitude of change in the - C H 2 N < signal was 
dependent on the kind of metal ion in the aqueous 
solution (Fig. 4). In particular, the addition of Ni2 + 

ions results in a remarkable change in the - C H 2 N < 
signal. T h e order of the change in magnitude of the 
- C H 2 N < signal was compatible with the Irving-
Williams series ( N i 2 + > C o 2 + > M n 2 + ) , with respect to the 
stability of the complexation. The order of the stabilities 
of black films also agree with the Irving-Williams 
series. 

From the above argument, it can be assumed that 
the interaction (complex formation) between the 
octadecenylamine molecule and metal ion (particularly, 
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Fig. 4. Effect of the concentration of added metal ions 
on the -CH2N<^ signal of octadecenylamine; (a) NiCl2 • 
6H 2 0 plus octadecenylamine, (b) CoCl2-GH20 plus 
octadecenylamine, (c) MnCl2-4H20 plus octadecenyl­
amine. Internal reference: TMS. 
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the Ni2 + ion) increases the stability of black film and 
that black films of large area are thus formed in aqueous 
solutions. 

In accordance with the suggestion of Hana i et a/.,6> 
the static capacitance Ct (0 Hz) of the entire system 
(i.e., the black film and its surrounding aqueous solution) 
is equal to the capacitance Cm of the black film itself, 
C t ( 0 H z ) = C m . For several systems it was found that 
the static capacitance and the capacitance at 1 kHz 
agree with each other, C t(0 H z ) = C t ( l kHz). Thus, the 
capacitance of the black film itself can be approximated 
by the observed capacitance of the entire system at 
1 kHz. This approximation is the same as that which 
was used for 1 -tetradecanol bilayers.1) T h e capacitance 
of the black film itself depends strongly on the kind of 
hydrocarbon solvent used in its formation. In Fig. 5, 
it is seen that with decane as the film-forming solution 
solvent, the capacitance is smaller than that for any 
other alkane. In CoCl2 solutions, as well as in NiCl2 

solutions, decane minimizes the capacitance. 

Fig. 5. Capacitance per unit area of black films of 
octadecenylamine dissolved in various alkanes. JV 
is the number of carbon atoms of alkane used as solvent. 
O : In 30 mM NiCl2 solution, # : in 30 mM CoCl2 

solution. 

The capacitance of the black film is influenced both by 
the thickness and the dielectric constant of the hydro­
carbon core of the film. Since the volume fraction of 
the solvent in core is not known, the dielectric constant 
of the core cannot be unequivocally estimated. Thus, 
the thickness of the black film cannot be accurately 
calculated from the capacitance measurement. Assum­
ing, however, that the dielectric constant of the core 
has an intermediate value between that of the solvent 
of the sample solution and that of the octadecenyl 
chains, the thickness of the core may be estimated, as is 
shown in Fig. 6. The thickness of the film has a 
maximum value in the case of decane. The variation in 
thickness suggests that the hydrocarbon solvent greatly 
affects the conformation of the octadecenyl chains. 

Fettiplace et Ö/.7> have reported the for hydrocarbon 
solvents of chain lengthgreater than decane, the 
thickness of black films (of glycerol monooleate or of 
lecithin) decrease with increasing solvent chain length. 
In addition, the following fact was observed. For 
solvents of chain length shorter than decane, the 
thickness of the octadecenylamine films decreases 
markedly with decreasing length of the hydrocarbon 

Fig. 6. Curve (a) : calculated thickness of black film in 
the 30 mM NiCl2 aqueous solution. JV is the number 
of carbon atoms of alkane (solvent of the sample 
solution). The upper end of vertical line indicates 
the calculated value, assuming the dielectric constant 
of the core of black film to be equal to the value in curve 
(b) (i.e. the dielectric constant of normal alkane in 
the same solution). The lower end of vertical line 
indicates the calculated values, assuming the dielectric 
constant of the core to be that 1-octadecene, 2.15. 
The curve shows the mean value. 

chain of the solvent (Fig. 6). This experimental, result 
can be accounted for both by (i) the influence of the 
solvent on the conformation of octadecenyl chain and 
(ii) that of the amount of solvent remaining in the film 
as described below, (i) The influence of the solvent 
on the conformation of the octadecenyl chain: The 
monolayer of octadecenylamine on the NiCl2 solution 
(30 mM) is not condensed, but expanded. As a result, 
it appears that the molecular cavity (vacancy) between 
octadecenyl chains is larger than that between octadecyl 
chains, but that the octadecenyl chains are contiguous 
with each other due to the Van der Waals force which 
minimizes the molecular cavity. This property of 
octadecenylamine may appear also in black films of this 
molecule (note the properties of monolayers and bilayers 
of tetradecanoic acid1)). Therefore, the effective length 
of a octadecenyl chain in a black film (i.e., the thickness 
of the film) becomes shorter than the length of the fully 
extended form. Since the alkane molecules used as 
solvents occupy the molecular cavity of the octadecenyl 
chain, the conformation of the octadecenyl chain should 
be influenced by both the kind and the amount of solvent 
remaining in the film. In other words, the effective 
length of the octadecenyl chain (i.e., the thickness of the 
black film) should be increased by the solvent remaining 
in the black film, (ii) T h e influence of the amount of 
solvent remaining in the film on the film thickness: 
Bewing and Zisman8) have estimated the amount of 
normal alkanes in alkylamine-normal alkane mixed films 
adsorbed on platinum. Thei r conclusion is as follows. 
When both chains contain the same number of carbon 
atoms, the largest quantities of alkanes remain in the 
film. When the length of the alkane molecule is shorter 
or longer than that of the alkylamine molecule, the 
molar fraction of the alkane remaining in the films 
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decreases. Their conclusion was made on the basis of 
the alkane remaining in saturated hydrocarbons. O n 
the other hand, Shah and Schulman9> have suggested 
from the additivity of the surface areas of mixed leci thin-
cholesterol monolayers that the stereochemical dimen­
sions of cholesterol are appropriate for occupying the 
molecular cavities in lecithin monolayers. In the 
present case, it appears from curve (a) in Fig. 6 that 
decane rather than other normal alkanes tends to 
remain among the octadecenyl chains. T h e decrease 
in the molar fraction of alkane in the film increases the 
conformational change of the octadecenyl chains, and 
the film thus becomes thinner. Consequently, decane 
as a solvent results in maximum film thickness. 

From the above argument , the change in the film 
thickness may be interpreted on the basis of the solvent 
in the film. 
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Fig. 7. Effect of temperature on the capacitance of 
black films in the 30 mM CoCl2 solution. 
(a) : Film formed from octadecenylamine/hexane solu­
tion, (b) : Film formed from octadecenylamine/tetra-
decane solution, (c) : Film formed from octadecenyl-
amine/decane solution. 

Figure 7 shows the influence of temperature on the 
capacitance of the films. For films formed from an 
octadecenylamine/hexane or tetradecane solution, a 
marked effect of temperature on the capacitance of the 
film is found. It appears that the temperature depen­
dence of the capacitance is associated with the molar 
fraction of the solvent in the films. T h a t is to say, the 
molar fraction of the solvent in the films decreases with 
decreasing temperature , and then the octadecenyl chains 
in the film approach each other in order to reduce the 
molecular cavity from which the solvent molecules 
emerged. Consequently, the capacitance of the film 
increases with decreasing temperature . Since the 
capacitance of octadecenylamine and hexane films 
remains constant below 15 °C, it appears that hexane 

is almost completely excluded from the film. On the 
other hand, for black films produced in octadecenyl-
amine/decane solutions, the capacitance also remains 
constant. However, the reason for the constancy of 
curve c in Fig. 6 differs from that for the flat part of 
curve a. As described above, it may be assumed from 
curve a that decane rather than other alkanes tends to 
remain in the octadecenyl chains. Therefore, since 
decane molecules in the film are hardly excluded, in 
spite of the decrease in temperature (from 32 to 15 °C), 
no temperature dependence of the capacitance is 
observed. The experimental results shown in Fig. 7 is, 
therefore, consistent with the assumption for curve a 
in Fig. 6. 

For the film formed in an octadecenylamine/decane 
solution, the resistance of the NiCl2 solution (30 mM) 
was in the range from 4 to 8 x l 0 6 O c m 2 . For films 
formed from octadecenylamine dissolved in other 
solvents, their resistances were from 1 to 5 X 106 O cm2. 
In view of the uncertainties in the experimental results, 
it cannot be asserted that films formed with decane 
had higher resistances. The above result, however, 
suggests that a change in the film thickness has no 
significant effect on the film resistance. In other words, 
it appears that the rate-determining step for the permea­
tion of ions across the black film is not the stage at 
which the ions move through the hydrocarbon core 
of the film, but the stage at which the ions enter from 
the aqueous solution into the hydrocarbon core of the 
film. 
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A general method is developed to derive the Gibbs adsorption equation in the form applicable to aqueous 
solutions of electrolytes, either strong or weak, composed of multi-components. Assuming that the solution is ideal, 
the chemical potentials of solute electrolytes are represented by their concentrations, and the lowering of surface 
tension is calculated as a function of variations of these concentrations. Explicit expressions for surface excesses of 
various species are obtained on aqueous solutions of two strong electrolytes having a common cation, such as 
sodium dodecyl sulfate and NaCl, and on solutions containing a weak acid adjusted its ionization by addition of 
alkali, such as fatty acid or soap, in the presence of an added salt. The convention for drawing the Gibbs 
dividing plane is discussed when the Gibbs adsorption equation is represented in terms of all the species in solution. 

For the experimental verification of the Gibbs 
adsorption isotherm, aqueous solutions of surface-active 
substances are the most appropriate to be examined, 
but, owing to the electrolytic nature of most of the 
well-defined surfactants, the Gibbs adsorption equation 
has to be cast into a form applicable to such multi-
component systems. Nevertheless, considerable contro­
versy has been raised about it, since Brady1) and 
Hutchinson2^ first gave an equation for a solution of 
strong electrolyte, in which each constituent ionic species 
contributes to the lowering of surface tension.3-7) Later 
it was shown, however, that when an excess amount 
of salt is added, the electric double layer reduces the 
contribution of counter ion, and only the surfactant ion 
is responsible for surface activity.8-11) Davies12) derived 
an approximate form of the Gibbs adsorption equation 
for a solution of strong electrolyte, which gave the 
results cited above in both extreme cases, i.e., in the 
absence and excess presence of added salt.13»14) Recently, 
Tajima15) succeeded to find an exact equation for 
aqueous solution of strong electrolytes. 

In the present work, we will develop a general method 
to derive the Gibbs adsorption equation in the form 
applicable to aqueous solutions of electrolytes, either 
strong or weak, composed of multi-components. This 
method is first adapted to a solution of two strong 
electrolytes having a common cation, i.e., N a D and 
NaCl, where D - may be any anion other than C I - . 
Then it is extended to treat aqueous solutions containing 
a weak electrolyte, H D , such as a solution of H D , N a O H 
and NaCl, or solutions of NaD, HCl, and NaCl, or NaD, 
N a O H , and NaCl, in the latter two of which H D is 
generated by hydrolysis. The binary system containing 
H D or N a D alone will appear as a limiting case of 
ternary or quaternary systems cited above. 

O u r approach is general and purely thermodynamic. 
The Gibbs adsorption equation is expressed in terms of 
chemical potentials of added solute components. T h e 
method is applicable to any multi-component systems. 
The assumption is made that the solution is dilute 
and ideal, in spite of electrolytes involved, so that the 
activity coefficients of solute components are put equal 
to unity. The lowering of surface tension is then given 
as a function of variations of concentrations of added 
solute components. 

Princ ip les o f the M e t h o d 

O u r starting equation is given by 

-dy = Ç/Vto, (1) 

where y is the surface tension, -Tj is the surface excess 
referred to a dividing plane set at an unspecified position 
of the interface between two phases (vapor and solution), 
and Mi is the chemical potential or may be the electro­
chemical potential (in the solution phase). T h e suffix, 
i, represents the chemical species, either nonionic or 
ionic, and the summation extends over all species 
actually present in the system (solution).16-18) In the 
three-component system concerned, i stands for H 2 0 , 
Na+, D - , and Cl~, and in the case of hydrolysis occurring, 
it should include H D , H+, and O H - . In the four-
component systems, all these species must be taken into 
account. 

I t should be noticed that values of T ; thus given are 
not definite unless the position of the dividing plane is 
specified. When n-x moles of species i are distributed 
between vapor and solution phases, in which its molar 
concentrations are Cx' and Ci3 respectively, the surface 
excess, r b is given by 

AT, = «! - VC,' -VC,, (la) 

where A is the area of the plane interface. Volumes of 
the vapor phase and the solution phase, V and V, are 
not definite as far as the location of dividing plane is 
unspecified, while the system is closed and V'-\-V is 
constant. Consequently, values of F ; remain indefinite 
a t this stage.16-18) 

Let v neutral components be added to make up the 
solution, where v is 3 or 4. When H D is involved, two 
ionization equilibria are set up . The condition for 
equilibrium is determined by 

Mi = Mn+ + M*, (2) 

where X is H 2 0 or H D and a is O H - or D - . I t should 
be noticed that fix stands for the chemical potential of 
water component or the weak acid added as well as 
that of unionized H 2 0 or HD.17) Furthermore, the 
chemical potential of a (uni-univalent) strong electrolyte 
can also be represented by the sum of the potentials of 
its constituent ions: 

Mx = Mk + n&> (3) 

where A is NaD, HCl, N a O H , or NaCl, and k and a are 
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the corresponding cation and anion, respectively. 
By means of Eqs. 2 and 3 we eliminate all the chemical 

potentials of ionic species except for one, and then we 
can express the decrease in surface tension in terms 
of the variations of chemical potentials of added neutral 
components and that of the single ionic species. As the 
chemical potential of a single ion cannot be altered by 
itself, the relevant term should not appear, and it is 
actually found that the condition is satisfied by the 
electroneutrality among surface excesses of ionic species. 
Equation 1 is then written in a form 

-dy = a/Vta,, (4) 

where X runs over all v neutral components actually 
added, including water as 1. A is here expressed by an 
algebraic sum of F i 5 when started from Eq. 1, but it 
represents the surface excess of added neutral com­
ponent, A. 

In a r-component system composed of two phases 
(vapor and solution), the number of degrees of freedom 
is v—1 at constant temperature . Consequently, a term 
of Eq. 4 must vanish, and for dilute solutions the solvent, 
water, term is chosen, so that the coefficient of d^H«o, 
i.e., r±, is put equal to zero.18) This procedure is 
equivalent to set the dividing plane of the interface at a 
definite position, which makes the surface excesses of 
solute components definite. In Appendix an alternative 
definition of surface excesses is given, which eventually 
agrees with the above. 

The Gibbs adsorption equation is now given by 

-dy = S / Y 1 ^ , (5) 

where the superfix, (1), for r* implies that the dividing 
plane is placed at such a position that the surface excess 
of water, 1, is zero. An algebraic sum of JY15 will 
replace for J Y " . In the following we will omit the 
superfix, (1), for the sake of brevity, which will not 
cause any confusion. 

I t remains to express the chemical potentials of added 
neutral solutes by their concentrations. In the present 
work we make an assumption that the solution is ideal 
so that the activity coefficients of the solute components 
are unity. Then the chemical potential of an unionized 
solute species (or a weak electrolyte), 2 = H D , has a 
form 

Mi = rf + RT In Cx, (6) 

where Cx is the molar concentration of X and the 
superfix, O, refers to the standard state. T h e chemical 
potential of a strong electrolyte has a form 

Mx = M° +RT\nCkC&, (7) 

where Ck and Ca are the molar concentrations of cation 
and anion, respectively. The concentrations, Cx, C k , 
and Ca, can be expressed by the concentrations of added 
neutral solutes and the degree of ionization. 

Ternary S y s t e m : H 2 0 + N a D + N a C l 

We consider an aqueous solution of N a D and NaCl, 
where N a D may be an anionic surfactant. Hydrolysis 
of N a D is not taken into account, and accordingly, the 

ionization of water is not involved either. Then we 
have four chemical species in solution, and Eq. 1 is 
written as 

-dy = rH,od^H,o + rNa+d//Na+ + rD-d^D-

+ / V d ^ c r - (8) 

Using Eqs. 3 for chemical potentials of N a D and NaCl, 
Eq. 8 is converted into 

- d y = rH!od/*Hlo + /Vd/ iN a D + rCi-d/*NaCi 

+ (rNa+-rD— J V ) d / w (9) 
As the chemical potential of Na+ cannot be varied by 
itself, the last term should not appear, but its coefficient 
vanishes owing to the electroneutrality condition 

rNa+ = TV + r c r . (io) 

According to the phase rule, the system must have two 
degrees of freedom at constant temperature, so that we 
may put 

rH , 0 = o> (ii) 
which defines the position of dividing plane and the 
surface excesses of solutes. Eq. 9 then becomes 

-dy = TD-d^NaD + Tcrd^Naci. (12) 

It is evident that T V is identical with the surface excess 
of N a D and T V is that of NaCl. 

If the molar concentrations of added N a D and NaCl 
are represented by C and C s , respectively, the concentra­
tions of ions are 

Qla+ = C + Cs, 

Co- = C, (13) 

Q r = Cs-
Substituting Eqs. 13 into Eqs. 7 for N a D and NaCl, 
and putt ing them into Eq. 12, we obtain 

-dy = RT[r2dlnC + r3dlnCs], (14) 

where 

r* = {l+ch)r°-+-chr°" (14a) 

r» = cVD -+ ( 1 +ofe) r r a - (14b) 

Solving Eqs. 14a and b, we have the surface excesses 
or the adsorbed amounts of ions of N a D and NaCl : 

F°- = V -2(C + C3))
r° ~ 2(C + Cs)

r" ( 1 5 a ) 

r-- - -Wïcy r=+ ('- 2 ( c w h <I5b> 
T h e surface excess of Na+ is given by 

rNa+ = / v + rcl- = y(ra+r3). (i5c) 

The equations derived by Tajima16) reduce to Eqs. 15a 
and 15b, if the activity coefficients of solutes are sub­
stituted by unity, instead of being given by the Debye-
Hückel limiting law. Eqs. 14 and 15 are applicable to 
solutions of sodium dodecyl sulfate in the presence or 
absence of NaCl, provided that no (surface) hydrolysis 
occurs. I t is easy to show that no surface hydrolysis 
occurs unless HCl is added, as far as H D is a strong 
acid.19) 

When H D is generated by hydrolysis, as in solutions 
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of sodium carboxylate, three additional species, H D , 
H+, and O H - , must be taken into account. Such a 
system will be treated as a special case of the quaternary 
systems below. 

Quaternary S y s t e m s 

When we consider an aqueous solution of H D , N a O H , 
and NaCl, in which H D is a weak acid such as fatty acid, 
there are seven chemical species in it. Clearly these 
species are also produced in solutions of N a D and NaCl, 
either in the presence or absence of HCl or N a O H . 
Then the Gibbs adsorption equation, Eq. 1, for these 
quaternary systems is commonly written as 

-dy = rH,0d^H,o + rHD^HT, + rH+dfiK+ + rOH-d/̂ H-
+ rNa*d/*Na+ + rD-d//D- + rCi-d^ci-5 06) 

For these systems the electroneutrality of surface 
excesses of ionic species 

JV + rNa+ = J V + rOH- + Ter. (17) 
holds. 

There exist ionization equilibria given by Eqs. 2 for 
water and the weak acid, and these equilibrium condi­
tions can be substantially represented by the molar 
concentrations of added H D or NaD, C, and of added 
NaCl, Cs, if the activity coefficients of solutes are 
assumed to be unity. 

When the apparent ionic product of water is defined 
by Kw, Eq. 2 may be put as 

CH+COH- = Kw. (18) 

Similarly, when the degree of ionization of the weak 
acid is a and its ionization constant is K, then the 
concentrations of unionized and ionized acid species 
are given by 

CHD = (l—ct)Cy 

CD- = ocC, (19) 

and Eq. 2 reduces to 

<v 1 - o c 
= K. (20) 

By means of the electroneutrality condition of the 
solution 

Qi+ + CNE+ = CD~ + Q)H- + CCr> (21) 

we can obtain CH
+ and a as a function of C and CA or 

CB for the individual systems, where CA and CB are the 
molar concentrations of added HCl and N a O H , 
respectively. I t is ready to substitute the variations of 
solute concentrations, C, CA or CB, and Cs, for the 
differentials of chemical potentials. 

(I) H 2 0 + H D + N a O H + N a C l 

For this system Eqs. 3 are used for N a O H and NaCl, 
and Eq. 16 is modified into a form composed of terms 
for added neutral components and a term of d^oir. 
I t is found that the coefficient of the last term is equal 
to zero owing to Eq. 17, and we have 

- d y = ( r H t 0 + / V - / V ) d ^ H 2 0 + ( r H D + /V)d^HD 

+ (rVa.* —rCr)d//Na0H + -Tci-d^Naci (23) 

As the number of degrees of freedom of the system 

should be 3 a t constant temperature, the solvent, water, 
term is put equal to zero. 

r H , o + / V - J V = 0 (24) 

Equation 24 implies that the dividing plane of two 
phases be drawn at such a position as to make the 
surface excess of added water zero. T h e left-hand side 
of Eq. 24 is equal to the surface excess of water com­
ponent, since either H+ or H 2 0 is generated by the 
dissociation of H D or the reaction of H D with O H - , 
the amount of which being equal to that of D~ formed. 
T h e water component should be considered to contain 
H+ or O H - as well as H 2 0 , when weak electrolytic 
solute is present, and its surface excess should be i~,H2o+ 
rK+=rH2o-\-r'oH-, when the solute is absent. Thus we 
obtain 

-dy = (rHD+rD-)d^HD + (rNa+-rCi-)d/iNa0H 
+ rci-d/*Nac, (25) 

where . T H D + J V is the total surface excess of the weak 
acid added, J V + — rC\- is clearly equal to the surface 
excess of N a O H , and rCr is totally assignable to that 
of NaCl. 

For the ideal solution, the chemical potential of H D 
is given by Eq. 6, and those of N a O H and NaCl are 
given by Eqs. 7, in which 

Qja+ = CB + Cs, 

Ccr = Cs. (26) 

Replacing Eqs. 18, 19, and 26 into Eq. 21, and combining 
it with Eq. 20, we have an equation for CH+ or a, which 
can give dCH+ or da in terms of dC and dCB explicitly. 

T h e final form of the Gibbs equation is then written 
as 

- d y = RT{r2d In C + TBd In CB + T3d In Cs}, (27) 

where 

A = f i + ^ ( r „ D + r D - ) - -^crNa—TV), (27a) 
a* a, 

rB = - ^ - c r „ D + / v ) + (-£_+• 
ÜB \ iCB Cn+Cs 

Na+ 

C B r> 

r» = 

& B 

GB + GS 
"î Na-*- + -Ter* 

(27b) 

(27c) 

and 

a B = « ( 2 - a ) C - C B + 2CO H-= - a 2 C + C B + 2CH+. (27d) 

Solving Eqs. 27a, b , and c, the surface excesses or the 
adsorbed amounts of the weak acid, Na+ and Cl~ are 
obtained as follows: 

r„ + r,-^{(I+^)r. 
+ (4^+ 

HB + Gg / Gß 
^ r B - OLC 

Cß + Cs 
T3 \, (28a) 

r^=<^U+H^rB+r,l 
Hn 

•" B l Gß + ^S 

+(I+i&£)4 

(28b) 

(28c) 
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and 

HB = 2OLC + 2CS + 2COH- = 2CB + 2CS + 2CH+. (28d) 

This kind of equations is applicable to the solutions of 
monolauryl phosphoric acid in the presence of N a O H , 
as studied recently by Nakagaki, Handa , and 
Shimabayashi,20) when it is modified for a uni-di-
valent acid instead of H D . 

In particular, in the absence of added N a O H , rB = 
rBjCB—0, and also in the absence of added NaCl, 
JTq=0. Then we have 

+ A>- = l - oc2C 
r,. (29) 

2aC + 2COH-, 

This case corresponds to that often cited for illustration 
of the Traube 's rule and Langmuir 's deduction of fatty 
acid solutions,21) which has been treated as <x=0. 

(II) H 2 0 + N a D + H C l + N a C l 

For this system Eq. 16 is rearranged, by using Eqs. 3 
for NaD, HCl , and NaCl, into a form composed of terms 
of added neutral components and a term of dvcr- T h e 
coefficient of the last term is found to vanish owing to 
Eq. 17. Thus we have 

-dy = (rH,o+r0H-)d//H.o + (rHD+/V)d^NaD 

+ o v - rNa++rHD+JV)d/*Hci 
+ (rNa+-rHD-/V)d^NaC1. (30) 

By the requirement of phase rule, the number of variables 
must be 3 at constant temperature , and accordingly, the 
dividing plane should be set in such a way that 

rH l 0 + / V - = o. (3i) 
This means that the surface excess of added water, 
^Hao+^oH-, is zero, as O H - has arisen from water by 
self ionization or by the reaction with D~ but H+ is 
generated from HCl as well as from water. Then Eq. 30 
becomes 

-dy= ( r H D + rD-)d^NaD 

+ (TV- rNa*+rHD+/v)d^Hci 
+ (rNa+-rHD-/V)d^NaC1. (32) 

The chemical potentials of the three neutral com­
ponents are given by Eqs. 7 in which 

Qja.+ = C + Cs, 

Cor = CA + Q . (33) 

After straightforward calculation we have 

- dy = R T{r2d In C + J \ d In CA + T3d In Cs} (34) 

where 

<x(l-a)C 
r , = l -

+ £ A + 

(rHD 

c 
c+cs 

+JV) 

-^Na+ ~ 

r A = a C A ( r H D + r D - ) - CA 

a 
+ 

A = C+Q 

(U cA+cs 

-rNa+ + 

<2A 

-Tco 

CA + CS 
"•T'CI-J 

ilg^rcr, (34a) 

(34b) 

(34c) 

and 

Q , A = ( l - a * ) C - C A + 2CH += _ ( l _ a ) 2 C + C A + 2COH-. 

(34d) 

No such system as that formed by neutralization of 
N a D by addition of HCl seems to have been dealt with 
experimentally. In the case of fatty acid, the formation 
of acid soap22-24) would complicate the situation. 
Accordingly, we will not pursue this line further. 

However, in the absence of added HCl and NaCl, 
i.e., for C A = C s = 0 , Eq. 34a yields 

( l - a )»C 
A = 2 + ( r H D +/v) (35) 

( l - a 2 ) C + 2CH+ 

Aqueous solutions of sodium carboxylate such as sodium 
laurate correspond to this system. Surface tension of 
such solutions has been measured by Powney.25) 

(Ill) H 2 0 + N a D + N a O H + N a C I 

Equation 16 is now converted into a form of terms of 
neutral components, by the use of Eqs. 3 for NaD, N a O H , 
and NaCl, in such a way to leave the term of d/*Na+ 
as a term of a single ion, which eventually vanishes by 
means of Eq. 17. As a result, we obtain 

-dy = (rHlo+/v+rHD)dAI,o + (rHD+/v)d/*NaD 

+ rCrd/iN a C l . (36) 

Because of the condition imposed for the dividing plane, 
the coefficient of the first term must be zero : 

rH,o + / v + r„D = o. (37) 
T h e left-hand side of Eq. 37 comes from the fact that 
H 2 0 is consumed by reaction with D~ by the amount 
equal to that of H D formed, while H+ remaining 
unaltered. Then Eq. 36 becomes 

-dy = (rHD+rD-)d#NaD 

+ (r Na+ — i^Cl • T ' H D - - ^ D - j d ^ N a O H 

+ /Vd/iN a C i , (38) 

where .THD+JPD- is the surface excess of NaD, 

r N a +- r C i—r H D —r D -= r O H —r H +- r H D is that of 
N a O H , and r 0 i - is that of NaCl . 

T h e chemical potentials of the three solutes are 
given by Eqs. 3, for which 

Cm- = Q. (39) 

After direct calculations we reach the equation in a 
form 

- d y = RT{r2d In C+rBd In CB + T3d In Cs>, (40) 

where 

r,= (i-^£-)(rSD+rB-) 

, , ( l - q ) C , C 
PB C + CB + Cg r^a ( l - q ) C r 

r B = -

+ 

P 
B(rHD+rD-) 

-+ C + CB + CS 
I Na+ — 1 r 

(40a) 

(40b) 
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r» = c T & r - + r - (40c) 

and 

PB = ( l - a 2 ) C + C B + 2CH+. (40d) 

Solving Eqs. 40a, b , c, the surface excesses or the 
adsorbed amounts of the salt, either ionic or hydrolyzed, 
and Na+ and Cl~ are found to be 

rHD + /V = ^-{(c+cB+pB+2cs)r2 

— ^ [ ( l - a ) ( C + CB + 2Cs) + P B ] r B - a C r 3 } , (41a) 

r^= c+^+Cs{ar3--^[«(i-a)c-FB]rB+r3}, 

(41b) 

T V = ^ - { - « C g r 1 4 - g - [ a ( l - a ) C - P B ] r B 

+ [( l+a")C + CB + /»B + C a ] ra} , (41c) 

and 

ZB = 2C + 2CB + 2CS + 2CH+. (41d) 

These equations are applicable to the solutions of 
sodium carboxylate in the presence of N a O H , such as 
studied by Powney and Addison.25) T h e effect of 
added K 2 C 0 3 on the surface tension of aqueous solutions 
of potassium laurate26) may also be treated along the 
same line of consideration.27) 

In the absence of added N a O H and NaCl, i.e., for 
C B = C s = 0 , again we can arrive at Eq. 35 from Eq. 40a. 

Discussion 

It was shown that the Gibbs adsorption equation for 
a plane surface of electrolyte solution can be represented 
either in terms of all species, both ionic and nonionic, 
present in the solution, as given by Eq. 1, or in terms 
of added neutral components, as shown by Eq. 4. T h e 
equivalence of both representations has not been well 
recognized so far, and the former representation has 
been preferred by most workers,8-15 '19 '28) although the 
latter representation is more favorable and convenient 
for thermodynamic treatments. W e have also followed 
the former. 

To make the values of surface excess definite, a 
dividing plane has to be drawn at a definite position 
between two phases. The usual convention for dilute 
solutions is to set the plane in such a way as to extinguish 
the surface excess of added water component. As far 
as the solution of nonelectrolytes or strong electrolytes 
is concerned, this convention usually does not cause any 
confusion, irrespective of which kind of representa­
tion has been employed, because neither H + and O H -

nor the ionization of water need be taken into 
account. However, once a weak electrolyte is involved, 
the choice of the representation comes to have a 
serious effect on the formal expression of conven­
tion. While the representation in terms of the neutral 
components does not require any novel expression for 
the surface excess of water, the representaion in terms 
of all species in the solution distinguishes unionized 
water, H 2 0 , from total added water, because the 
ionization of water itself must be taken into account. 

Consequently, the surface excess of added water com­
ponent, which should be put to be zero, is expressed by 
the sum of the surface excesses of unionized water, H 2 0 , 
and of H+ or O H - formed by the dissociation, in the 
absence of solutes. However, the significance of the 
setting of the dividing plane is nothing new but remains 
as usual, although the formal expression differs. 

I t is also noted that the measurements of surface 
tension on solutions containing a weak acid does not 
permit to estimate / Y D or r D - separately but only gives 
the values of P H D + ^ D - ^ They are also limited in the 
evaluation of rR+, r0u- or even JHH+ — A>H- and can 
give only the value of F H

+ + - T ' H D — - T O H - . 
For the rigorous treatment of experimental results, 

the postulate of ideal solution should be removed, but 
the introduction of the limiting expressions of the 
Debye-Hückel theory for activity coefficients of ions 
leads to explicit results with great difficulty, in general. 

Appendix 

For simplicity, we assume the concentrations of all species 
in the vapor phase to be negligible. In the solution phase the 
Gibbs-Duhem equation holds among chemical potentials 
of all species, and it can be written as 

ÇÇd/i! = 0. (Al) 

By means of Eqs. 2 and 3 and the condition of electroneutrality 
among concentrations of ionic species, Eq. Al can be rewritten 

SJCad/n = 0. (A2) 
-t=i 

Equation A2 is the Gibbs-Duhem equation given in terms 
of all the neutral components added, and Cx is actually ex­
pressed by an algebraic sum of C{. 

From Eq. A2 the variation of chemical potential of water 
component, 1, is represented by 

dßj. = d^Hio = - T ^ ä C a d ^ . (A3) 

Substituting Eq. A3 into Eq. 4, we have Eq. 5, in which 

JY 1 ' = rx — ^ - J Y (A4) 

Equation A4 gives jPi ( 1 )=0, which is equivalent to set the 
dividing plane at the definite position. 
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The Theoretical Estimation of the G-Values for the Ionization 
and Excitation of Thirty-eight Gaseous Compounds 

Irradiated by 100 keV Electrons 
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The G-values for the ionization and excitation of thirty-eight gaseous compounds irradiated by 100 keV elec­
trons have been calculated by combining the binary-encounter-collision theory with the theory of the degradation 
spectrum, which is based on the continuous-slowing-down approximation (CSDA). The thirty-eight compounds 
include C2—C6 alkanes, cycloalkanes, C2—C4 olefins, acetylene, 1,3-butadiene, benzene, toluene, phenol, pyrrole, 
furan, several alcohols, ethers, ketones, acetaldehyde, carbon dioxide, and hydrogen cyanide. Most of the calculated 
G-values of the electrons were in fair agreement with the experimental values. In the cases of several hydrocarbons, 
the dissociation from the superexcited state into the neutral fragments was taken into account, since the data for the 
fragmentation ratios were available. In the case of acetylene, the discrepancy in the G-values of electrons obtained 
experimentally and theoretically suggests that excited acetylene gives rise to a chemi-ionization reaction. In order 
to check the CSDA, the Fowler equation for helium has been calculated and the results compared with those obtain­
ed under the CSDA. The discrepancy in the G-values obtained by the two methods did not exceed 7%. 

Three years ago we started the theoretical calculation 
of the G-values for the ionization and excitation of 
gaseous compounds irradiated by 100 keV electrons. 
Previously we have reported the results obtained with 5 
rare gases (He, Ne, Ar, Kr , and Xe),1»2) 5 diatomic 
molecules (H2 , N2 , CO, N O , and 0 2) , 3) and 3 ten-
electron-containing molecules ( H 2 0 , NH 3 , and CH4).4>5) 
All of the G-values estimated were in fair agreement 
with the experimental ones. This agreement encouraged 
us to extend the calculation to other compounds. In 
this paper, we wish to report the results obtained with 
38 gaseous compounds, which include most of the 
compounds whose W^-values have been reported in the 
literature. 

M e t h o d o f Calculat ion 

The details of the method of calculation have been 
reported in previous papers;1 - 5) therefore, we will not 
repeat them here. In the present calculation, we do not 
take the double collision into account, since we know 
that the contribution of this process to the final G-values 
does not exceed 5 % if the molecules consist of atoms 
with low atomic numbers.5) 

In the following calculation, all of the molecules 
excited to above their ionization potentials are assumed 
to ionize. Strictly speaking, this is not correct, for some 
of the superexcited states are known to dissociate into 
neutral fragments, as was mentioned by Platzman.6) 
The correction for this process will be discussed in a 
later section. 

Constants U s e d for Calculat ion 

In order to perform the calculation, we need the 
constants belonging to each electron in the molecules; 
the binding energy (!{), the average kinetic energy (£;) , 
and the energies of the lowest excited singlet and triplet 
states of the molecules (Es and Et). 

The binding energy of an electron in the outermost 
shell is the ionization potential of the molecule. This 
value has been measured accurately by means of 
photoelectron spectroscopy.7) For the binding energies 

TABLE 1. THE ENERGIES OF THE LOWEST 

AND TRIPLET STATES (EV) 

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

10. 
11. 
12. 
13. 
14. 

15. 
16. 

17. 
18. 

19. 

20. 

21 . 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31 . 

32. 

33. 
34. 

35. 

36. 

37. 

38. 

Compound 

Ethane 
Propane 
Butane 
Isobutane 
Pentane 
Isopentane 
Neopentane 
Hexane 
Cyclopropane 
Cyclopentane 
Cyclopentene 
Cyclopentadiene 
Cyclohexane 

Spiro[2.2]pentane 

Ethylene 
Propylene 

1-Butène 
cù-2-Butene 

/ran.y-2-Butene 

2-Methyl-1 -propene 

Acetylene 

s-trans-1,3-Butadiene 

Benzene 

Toluene 

Phenol 

Pyrrole 

Furan 

Methanol 

Ethanol 

1-Propanol 

2-Propanol 

Dimethyl ether 

Diethyl ether 

Acetone 

2-Butanone 

Acetaldehyde 

Carbon dioxide 

Hydrogen cyanide 

Es 

7.7a> 
7.6 
7 .5 
7 .5 
7 .5 
7 .5 
7 .5 
7 .5 
7 .8 
8.7 
6 .2 
4.8a> 
8.7b> 

7 .8 

5.0a> 
6.5a> 

6.2 
6 .2 

6 .2 

6 .2 

5.2a> 
6.0a> 

4.7a> 

4 . 7 

4 . 6 

5.7a> 

5.9a> 

4 . 0 

4 . 0 

4 . 0 

4 . 0 

3 .8 

3 .8 

3.8a> 

3 .8 

3.6a> 

5.7a> 

6.5a> 

E* 

6 .3 
6 .2 
6 .1 
6 .1 
6 .1 
6 .1 
6 .1 
6 .1 
6 . 4 
7 .3 
4 .2 
3 .4 
7 .3 
6 .4 

3.6a> 
5.1 

4 . 8 
4 . 8 

4 . 8 

4 . 8 

4 . 0 

3 .9 

3.6a> 

3 .6 

3 .5 

4.5a> 

4 . 7 

3 .0 

3 .0 

3 .0 

3 .0 

2 . 8 

2 . 8 

2 . 8 

2 . 8 

2 . 6 

4 . 5 

5 .0 

a) Ref. 10. b) Ref. 11. 
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TABLE 2. THE G-VALUE OF IONIZATION FROM EACH ORBITAL 

The binding energy of the electron in the orbital is 7j. The number in parentheses behind the value of Ix is 
the number of electrons in the orbital. The number in parentheses behind the value of Gx is the number of 
electrons ejected because of the Auger effect. 

Compound /, (eV) and G, 

Ethane 

Propane 

Butane 

Isobutane 

Pentane 

6. Isopentane 

7. Neopentane 

8. Hexane 

9. 

10. 

Cyclopropane 

Cyclopentane 

11. Cyclopentene 

12. Cy clopentadiene 

13. Cyclohexane 

14. Spiro[2.2]pentane 

15. 

16. 

Ethylene 

Propylene 

7t 11.51(2), 11.92(4), 14.15(4), 20.96(2), 28.84(2), 307(4) 
Gi 0.90, 1.67, 1.22, 0.33, 0.21, 0.020(6) 

Lx 11.06(4), 11.35(2), 12.67(2), 12.84(2), 13.91(2), 14.87(2), 19.71(2), 23.95(2), 
30.63(2), 307(6) 

Gt 1.28, 0.61, 0.50, 0.49, 0.42, 0.38, 0.24, 0.18, 0.13, 0.021(6) 
7t 10.67(2), 11.25(2), 11.66(2), 11.91(2), 12.04(2), 13.25(2), 13.41(2), 13.58(2), 

15.29(2), 19.53(2), 21.25(2), 26.41(2), 31.62(2), 307(8) 
Gi 0.62, 0.55, 0.51, 0.48, 0.47, 0.39, 0.38, 0.37, 0.30, 0.20, 0.18, 0.13, 0.10, 

0.022(9) 

/i 10.69(4), 11.43(2), 12.27(2), 12.73(4), 13.73(4), 14.85(2), 18.75(2), 24.08(4), 

32.05(2), 307(8) 

Gi 1.12, 0.49, 0.43, 0.79, 0.69, 0.30, 0.21, 0.29, 0.096, 0.022(7) 

/i 10.37(2), 11.21(2), 11.57(2), 11.66(2), 11.79(2), 12.24(2), 12.57(2), 12.96(2), 
13.80(2), 13.99(2), 15.54(2), 19.57(2), 19.92(2), 23.42(2), 28.13(2), 32.22(2), 
307(10) 

Gi 0.56, 0.50, 0.43, 0.42, 0.41, 0.38, 0.36, 0.33, 0.30, 0.29, 0.24, 0.17, 0.16, 

0.13, 0.096, 0.080(2), 0.022(7) 

7t 10.32(2), 10.68(2), 11.39(2), 11.80(2), 11.98(2), 12.41(2), 12.71(2), 13.21(2), 
13.74(2), 14.25(2), 14.99(2), 18.65(2), 21.14(2), 24.15(2), 26.79(2), 32.83(2), 
307(10) 

^ 0.57, 0.52, 0.44, 0.41, 0.39, 0.37, 0.35, 0.32, 0.30, 0.28, 0.26, 0.18, 0.15, 

0.12, 0.10, 0.078(2), 0.022(7) 

7i 10.40(6), 12.31(6), 13.11(4), 14.25(6), 17.64(2), 24.22(6), 33.25(2), 307(10) 

^ 1.40, 1.01, 0.60, 0.78, 0.18, 0.34, 0.073(2), 0.022(7) 

7i 10.43(2), 11.19(2), 11.20(2), 11.51(2), 11.65(2), 11.85(2), 12.17(2), 12.30(2), 
13.03(2), 13.34(2), 13.60(2), 14.23(2), 15.06(2), 20.10(2), 20.43(2), 22.26(2), 
24.76(2), 26.95(2), 28.39(2), 307(12) 

G, 0.46, 0.38, 0.38, 0.36, 0.35, 0.33, 0.31, 0.31, 0.27, 0.26, 0.25, 0.23, 0.21, 
0.13, 0.13, 0.11, 0.095, 0.084, 0.078, 0.022(7) 

7i 10.06(4), 11.95(4), 12.64(2), 15.35(2), 20.17(4), 31.63(2), 307(6) 
^ 1.73, 1.24, 0.56, 0.40, 0.53, 0.14(2), 0.023(7) 
7i 10.49(4), 11.04(4), 11.34(4), 13.50(4), 14.21(2), 15.75(2), 18.58(4), 25.52(4), 

33.30(2), 307(10) 
^ 1.09, 0.97, 0.91, 0.65, 0.29, 0.25, 0.38, 0.23, 0.080(2), 0.024(7) 
7i 9.00(2), 10.57(2), 10.60(2), 10.95(2), 11.33(2), 11.80(2), 12.92(2), 14.54(2), 

15.03(2), 17.33(2), 18.60(2), 24.82(2), 25.05(2), 32.99(2), 307(10) 
^ 0.80, 0.54, 0.54, 0.50, 0.47, 0.43, 0.36, 0.29, 0.28, 0.22, 0.20, 0.13, 0.13, 

0.086(2), 0.025(7) 

7t 8.55(2), 10.40(2), 10.45(2), 10.78(2), 10.85(2), 11.59(2), 13.86(2), 14.72(2), 
16.97(2), 17.66(2), 24.14(2), 24.51(2), 32.78(2), 307(10) 

^ 0.84, 0.55, 0.55, 0.51, 0.51, 0.45, 0.33, 0.29, 0.23, 0.22, 0.14, 0.14, 
0.090(2), 0.026(7) 

7i 9.81(4), 11.05(2), 11.43(2), 11.57(4), 12.39(4), 13.89(4), 14.31(2), 14.83(2). 
18.67(2), 20.25(4), 26.95(4), 33.98(2), 307(6) 

^ 1.15, 0.42, 0.39, 0.76, 0.65, 0.52, 0.25, 0.23, 0.16, 0.28, 0.18, 0.066(2), 
0.024(7) 

7t 9.45(2), 9.82(4), 11.06(2), 11.82(2), 12.10(2), 12.71(2), 14.54(4), 17.53(2), 
20.25(4), 27.44(2), 33.08(2), 307(10) 

Gf 0.76, 1.37, 0.51, 0.44, 0.42, 0.38, 0.60, 0.22, 0.35, 0.11, 0.086(2), 0.025(7) 

7i 10.50(2), 11.47(2), 11.65(2), 14.37(2), 19.21(2), 20.01(2), 307(4) 

Gi 1.00, 0.86, 0.84, 0.60, 0.39, 0.23, 0.022(7) 

7i 9.69(2), 10.73(2), 11.45(2), 12.63(2), 13.30(2), 14.22(2), 18.31(2), 23.57(2), 
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Compound /i (eV) and Gt 

29.82(2), 307(6) 

G, 0.98, 0.79, 0.69, 0.57, 0.52, 0.47, 0.31, 0.21, 0.15(2), 0.023(7) 

7i 9.59(2), 10.50(2), 11.39(2), 11.80(2), 11.98(2), 13.16(2), 13.58(2), 14.62(2), 
18.34(2), 20.87(2), 26.04(2), 30.96(2), 307(8) 

Gi 0.78, 0.64, 0.54, 0.50, 0.49, 0.41, 0.38, 0.34, 0.23, 0.19, 0.14, 0.11(2), 

0.023(7) 

7i 9.12(2), 10.56(2), 11.76(2), 11.85(2), 12.74(2), 12.99(2), 13.61(2), 14.90(2), 

17.10(2), 22.48(2), 25.25(2), 31.16(2), 307(8) 
Gt 0.90, 0.64, 0.51, 0.50, 0.44, 0.42, 0.39, 0.33, 0.26, 0.17, 0.15, 0.11(2), 

0.023(7) 

7, 9.12(2), 10.24(2), 11.42(2), 11.95(2), 13.03(2), 13.36(2), 13.44(2), 13.55(2), 
18.16(2), 21.32(2), 26.08(2), 30.77(2), 307(8) 

^ 0.89, 0.68, 0.54, 0.49, 0.42, 0.40, 0.39, 0.39, 0.24, 0.19, 0.14, 0.11(2), 

0.023(7) 

I, 9.17(2), 10.55(2), 10.91(2), 12.12(2), 12.68(2), 13.46(2), 13.90(2), 13.97(2), 
17.05(2), 23.48(2), 24.32(2), 31.12(2), 307(8) 

^ 0.88, 0.64, 0.59, 0.48, 0.44, 0.39, 0.37, 0.37, 0.26, 0.16, 0.15, 0.11(2), 

0.023(7) 

7i 11.04(4), 17.86(2), 20.44(2), 27.34(2), 307(4) 

^ 1.74, 0.43, 0.36, 0.24, 0.024(6) 

7, 9.07(2), 10.30(2), 11.27(2), 11.38(2), 11.68(2), 13.47(2), 13.72(2), 18.00(2), 

19.58(2), 25.81(2), 30.36(2), 307(8) 

^ 0.92, 0.70, 0.58, 0.57, 0.54, 0.42, 0.40, 0.26, 0.23, 0.15, 0.12(2), 0.025(7) 

7i 9.24(4), 10.07(4), 11.30(2), 12.29(4), 12.49(2), 14.80(2), 15.22(2), 19.24(4), 

26.05(4), 32.75(2), 307(12) 

^ 1.05, 0.90, 0.37, 0.63, 0.31, 0.23, 0.23, 0.32, 0.20, 0.075(2), 0.026(7) 

/, 8.82(2), 9.58(2), 9.80(2), 10.12(2), 11.06(2), 11.74(2), 12.15(2), 12.29(2), 
13.14(2), 13.51(2), 14.37(2), 15.07(2), 18.48(2), 19.42(2), 22.99(2), 26.12(2), 
27.86(2), 33.15(2), 307(14) 

^ 0.60, 0.50, 0.47, 0.44, 0.37, 0.33, 0.31, 0.30, 0.26, 0.25, 0.23, 0.21, 0.15, 

0.14, 0.11,0.090, 0.083(2), 0.064(2), 0.027(7) 

7i 8.52(2), 9.80(2), 10.09(2), 10.48(2), 10.99(2), 12.03(2), 12.43(2), 12.45(2), 
12.53(2), 13.62(2), 14.69(2), 15.17(2), 18.68(2), 19.48(2), 24.79(2), 26.27(2), 
31.45(2), 34.55(2), 307(12), 540(2) 

^ 0.66, 0.48, 0.45, 0.41, 0.37, 0.31, 0.30, 0.29, 0.29, 0.25, 0.22, 0.20, 0.15, 

0.14, 0.098, 0.091(2), 0.070(2), 0.062(2), 0.023(8), 0.0019(10) 

7i 8.2(2), 9.2(2), 12.6(2), 13.0(2), 13.7(2), 14.3(2), 14.8(2), 17.5(2), 18.1(2), 
18.8(2), 22.3(2), 23.8(2), 29.5(2), 290.3(8), 406.1(2) 

G, 1.11, 0.84, 0.43, 0.40, 0.37, 0.34, 0 .32 ,0 .24 ,0 .23,0 .21,0 .16,0 .15,0 .11(2) , 

0.023(7), 0.0038(9) 

7t 8.9(2), 10.3(2), 13.0(2), 13.8(2), 14.4(2), 15.1(2), 15.6(2), 17.5(2), 18.6(2), 
19.2(2), 23.5(2), 25.2(2), 34.1(2), 290.9(8), 539.4(2) 

^ 0.98, 0.69, 0.42, 0 .38 ,0 .35 ,0 .32 ,0 .30 ,0 .25 ,0 .22 ,0 .21 ,0 .16 ,0 .14 ,0 .091(2) , 
0.023(7), 0.0027(10) 

17. 1-Butène 

18. cis-2 -Butène 

19. trans-2 -Butène 

20. 2-Methyl-l-propene 

21. Acetylene 

22. s-trans-l ,3-Buta.diene 

23. Benzene 

24. Toluene 

25. Phenol 

26. Pyrrole 

27. Furan 

28. Methanol 

29. Ethanol 

30. 1-Propanol 

7i 10.83(2), 11.98(2), 12.82(2), 13.97(2), 14.49(2), 22.88(2), 33.84(2), 307(2), 
540(2) 

^ 0.80, 0.68, 0.61, 0.53, 0.50, 0.26, 0.15(2), 0.0097(7), 0.0049(9) 

7i 10.46(2), 11.47(2), 11.96(2), 12.50(2), 13.00(2), 14.38(2), 14.65(2), 20.07(2), 
26.83(2), 34.06(2), 307(4), 540(2) 

^ 0.65, 0.55, 0.51, 0.48, 0.45, 0.38, 0.37, 0.23, 0.15, 0.11(2), 0.014(7), 
0.0035(9) 

7t 10.25(2), 11.44(2), 11.45(2), 12.02(2), 12.13(2), 13.28(2), 13.68(2), 13.94(2), 
15.20(2), 19.60(2), 22.53(2), 29.31(2), 34.17(2), 307(6), 540(2) 

G, 0.55, 0.45, 0.45, 0.41, 0.40, 0.35, 0.33, 0.32, 0.28, 0.19, 0.15, 0.11, 
0.085(2), 0.016(7), 0.0027(9) 
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Compound 7t (eV) and G, 

31. 2-Propanol 

32. Dimethyl ether 

33. Diethyl ether 

34. Acetone 

35. 2-Butanone 

36. Acetaldehyde 

37. Carbon dioxide 

38. Hydrogen cyanide 

I, 10.18(2), 11.23(2), 11.78(2), 12.31(2), 12.69(2), 12.85(2), 13.66(2), 13.95(2), 
14.93(2), 18.87(2), 24.21(2), 28.02(2), 34.53(2), 307(6), 540(2) 

Gj 0.57, 0.47, 0.43, 0.40, 0.38, 0.37, 0.33, 0.32, 0.29, 0.20, 0.14, 0.11, 
0.084(2), 0.016(7), 0.0027(9) 

7i 9.94(2), 11.73(2), 11.98(2), 12.89(2), 13.33(2), 14.27(2), 14.58(2), 22.37(2), 
23.53(2), 34.83(2), 307(4), 540(2) 

Gt 0.71, 0.53, 0.51, 0.45, 0.43, 0.38, 0.37, 0.20, 0.18, 0.11(2), 0.014(7), 

0.0035(9) 

I, 9.51(2), 11.02(2), 11.42(2), 11.79(2), 12.03(2), 12.40(2), 12.58(2), 13.27(2), 
14.01(2), 14.28(2), 14.84(2), 19.88(2), 20.29(2), 26.07(2), 27.74(2), 35.17(2), 
307(8), 540(2) 

Gi 0.55, 0.41, 0.38, 0.36, 0.34, 0.33, 0.32, 0.29, 0.26, 0.26, 0.24, 0.15, 0.15, 

0.10, 0.093, 0.067(2), 0.018(7), 0.0022(10) 

7i 9.68(2), 11.79(2), 12.12(2), 12.49(2), 13.28(2), 13.96(2), 14.05(2), 14.67(2), 
17.46(2), 24.91(2), 27.53(2), 34.47(2), 307(6), 540(2) 

G£ 0.67, 0.46, 0.44, 0.42, 0.37, 0.34, 0.34, 0.32, 0.24, 0.14, 0.12, 0.091(2), 

0.017(7), 0.0029(10) 

I{ 9.51(2), 11.47(2), 11.86(2), 12.24(2), 12.51(2), 12.96(2), 13.21(2), 13.96(2), 
14.59(2), 14.95(2), 17.37(2), 21.89(2), 25.90(2), 29.43(2), 34.64(2), 307(8), 
540(2) 

^ 0.59, 0.40, 0.38, 0.36, 0.34, 0.32, 0.31, 0.28, 0.26, 0.25, 0.20, 0.14, 0.11, 

0.092(2), 0.074(2), 0.019(7), 0.0023(10) 

/i 10.20(2), 12.23(2), 12.38(2), 13.17(2), 14.21(2), 14.58(2), 19.27(2), 26.66(2), 

34.14(2), 307(4), 540(2) 

Gt 0.72, 0.53, 0.52, 0.47, 0.42, 0.40, 0.26, 0.17, 0.12(2), 0.015(7), 0.0038(9) 

7i 13.79(4), 17.59(4), 18.07(2), 19.36(2), 33.73(2), 34.67(2), 307(2), 540(4) 

^ 0.95, 0.66, 0.31, 0.28, 0.13, 0.13, 0.0082(6), 0.0082(8) 

/, 13.0(2), 14.4(2), 21.1(2), 33.1(2), 308(2), 426(2) 

^ 1.10, 0.93, 0.52, 0.27, 0.016(6), 0.011(7) 
TABLE 3. CALCULATED G-VALUES (GS : singlet excitation, Gt: triplet excitation, Ge: electrons, 

Ge': electrons corrected for the neutral fragmentation of the superexcited 
State) AND OBSERVED G-VALUES OF ELECTRONS ( G | x p ) 

1. 

2 . 

3 . 

4 . 

5 . 

6 . 

7. 

8 . 

9 . 

10. 

11 . 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

Compound 

, Ethane 
Propane 
Butane 

, Isobutane 
Pentane 
Isopentane 
Neopentane 
Hexane 
Cyclopropane 
Cyclopentane 
Cyclopentene 
Cyclopentadiene 
Cyclohexane 
Spiro [2.2] pentane 
Ethylene 
Propylene 
1-Butène 
cis-2 -Butène 
trans-2 -Butène 

Gs 

1.94 
2.20 
1.50 
1.97 
1.35 
1.33 
2.05 
1.25 
1.75 
0.94 
2.04 
3.87 
0.68 
0.87 
5.07 
2.29 
2.37 
2.26 
2.24 

Gt 

0.93 
0.94 
1.07 
1.01 
1.08 
1.08 
1.01 
1.06 
0.92 
0.73 
1.67 
2.44 
0.74 
0.95 
1.68 
1.36 
1.51 
1.55 
1.55 

Ge 

4.45 
4.37 
4.84 
4.56 
5.03 
5.06 
4.61 
4.88 
4.91 
5.08 
5.25 
5.11 
5.28 
5.52 
4.06 
5.00 
5.02 
5.10 
5.14 

G: 
3.88 
3.68 
4.27 

4.26 

4.11 

3.22 
4.17 
4.27 
4.39 
4.38 

GfP 

4.24 
4.27 
4.22 
4.35 
4.26 
4.18 
4.31 
4.27 
4.22 
3.94 

4.41 

3.92 
4.03 
4.20 
4.24 
4.24 

a) 

a) 

b) 

a) 

b) 

a) 

c) 

b) 

c) 

d) 

b) 

c) 

a) 

c) 

c) 

c) 

20 . 

2 1 . 

22 . 

2 3 . 

24 . 

2 5 . 

26 . 

2 7 . 

2 8 . 

29 . 

30 . 

3 1 . 

32 . 

3 3 . 

34 . 

3 5 . 

36 . 

37. 
38. 

Compound 

2-Methyl-1-propene 
Acetylene 
s-t rans-1,3-

Butadiene 
Benzene 
Toluene 
Phenol 
Pyrrole 
Furan 
Methanol 
Ethanol 
1-Propanol 
2-Propanol 
Dimethyl ether 
Diethyl ether 
Acetone 
2-Butanone 
Acetaldehyde 
Carbon dioxide 
Hydrogen cyanide 

Gs 

2.26 
6.52 

2.41 

4.91 
3.87 
4.04 
2.54 
2.67 
7.38 
6.74 
6.32 
6.38 
7.23 
6.56 
6.96 
6.68 
8.05 
5.55 
4.19 

Gt 

1.54 
0.91 

2.66 

1.61 
2.03 
2.05 
1.60 
1.52 
1.37 
1.60 
1.75 
1.77 
1.73 
2.08 
1.85 
2.00 
1.73 
0.77 
0.94 

Ge G 

5.12 
2.92 

5.17 4. 

4.57 
5.22 
5.28 
5.22 
4.78 
3.78 
4.12 
4.29 
4.30 
4.11 
4.50 
4.20 
4.45 
3.85 
2.58 
2.99 

e' GT 

4.20 
3.95 

13 4.00 

4.29 

4.24 
3.98 
4.08 
4.13 
4.18 
4.24 
3.88 

3.79 
2.99 

c) 

a) 

c) 

c) 

c) 

b) 

b) 

b) 

c) 

b) 

c) 

a) 

a) 

a) G. G. Meisels, J. Chem. Phys., 41, 51 (1964). b) P. Adler 
c) R. M. Leblanc and J. A. Herman, J. Chim. Phys., 63, 1055 
Chem.,71, 3228 (1967). 

and H. K. Bothe, Z. Naturforschg., 20a, 1700 (1965). 
(1966). d) L. M. Hunter and R. H. Johnsen, J. Phys. 
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of the other electrons in several molecules, the 
experimental data obtained by ESCA are available;8) 
however, most of the binding energies of electrons in 
large molecules are not known. In this case, we use 
the values calculated by Dewar and Worley.9) They 
obtained these values by using the M I N D O approxi­
mation. 

We previously calculated the average kinetic energies 
by using the SCF functions reported in the literature. 
In the present paper, we use the following relation to 
estimate them, since the SCF functions are not available 
for most of the molecules : 

E.x = 2.34/i0-93. (1) 

Equation 1 roughly satisfies the relation between the It 

and Et values for rare gases, diatomic molecules, and 
ten-electron-containing molecules. 

For the Es and Et values, we use the values reported 
by Herzberg10) and Lassettre and Francis.11) When no 
data are available, these values are tentatively assumed 
from those of similar compounds. T h e Es and Et values 
used in the present calculation are summarized in 
Table 1. 

R e s u l t s 

The calculated results are summarized in Tables 2 
and 3. Table 2 shows the G-values of ionization from 
each orbital in the molecules. This table can be used 
when discussing the initial process of energy absorption 
from high-energy electrons and also the properties of 
the ions initially produced. So far, such a discussion 
has been made for an only limited number of mole­
cules.3-5) 

In Table 3, the total G-values of ionization and 
excitations are summarized ; the experimental values are 
listed in the last column. Except for a few compounds, 
the calculated G-values of electrons are roughly equal 
to, or a little larger than, the observed ones. 

D i s c u s s i o n 

Neutral Fragmentation of the Superexcited State. In 
the present calculation, all compounds excited to above 
their ionization potentials are assumed to ionize; 
therefore, if the neutral fragmentation of the superexcited 
state is an important process, the G-values of the electrons 
listed in Table 3 may be overestimated. Since the 
amount of the neutral fragmentation is dependent upon 
the form and energy of the superexcited state, the 
estimation is not easy. However, we have a procedure to 
estimate them, although it is very rough—the optical 
approximation proposed by Platzman.12) 

According to the Bethe theory, the total cross section 
for ionization may be expressed as follows: 

dXT)=^~M» In ^ (2) 

Here, a0 is the Bohr radius, R is the Rydberg energy, 
C\ is a constant, and M{

2 is the dipole matrix-element 
squared for ionization: 

^2 = I> ( £ ) l fd E (4) 

where E is the excitation energy, / is the ionization 
potential, df/dE is the differential oscillator strength, and 
f\{E) is the probability of ionization upon excitation at 
E. O n the other hand, the total cross section of dissocia­
tion into the neutral fragments may be expressed as 
follows : 

Od(r ) = - ^ — ^ " i n - ^ . (4) 

Here, Md
2 is the dipole matrix-element squared for 

dissociation : 

«„•-J^i-,(*)]§ ^ d a (5) 

Therefore, if we can assume that these two total cross 
sections are applicable throughout the energy range of 
the incident electron, the ratio of neutral fragmentation/ 
ionization may be expressed in this form: 

F = Afd»/M* = <V/G.'. (6) 

Here, Gd' and Ge' are the G-values of neutral fragmen­
tation and of ionization from the superexcited state 
respectively. In the present calculation, the sum of Gd' 
and Ge' should be equal to Ge. 

Using the oscillator strengths reported in the litera­
ture,1 3 - 1 5) Ha tano estimated the F ratios for several 
hydrocarbons.16) We can use these values for the 
calculation of Gd and Ge'. T h e calculated results are 
included in Table 3. Except for a few compounds, the 
corrected G-values of the electrons, Ge', are in good 
agreement with those obtained experimentally. Most of 
the differences between calculation and experiment in 
the G-value of electrons, Ge and G e

e x p , seem to be 
explainable in terms of this fragmentation of the 
superexcited state. If this is true, Table 3 suggests that 
the neutral fragmentation from the superexcited state 
of oxygen-containing compounds is small compared with 
that of hydrocarbons. 

Chemi-ionization. In the cases of a few compounds 
(C2H2 , C H 3 O H , and CO;,), the calculated G-values of 
electrons are smaller than the observed ones. In the 
case of acetylene especially, the difference in G!-value 
amounts to 1.0. 

It is well known that some of the excited states of 
rare gases give rise to the Hornbeck-Molnar process, 
which induces an extra ionization:17) 

M* + M • Af2
+ + e" 

If a similar reaction should occur in acetylene, the 
difference in the G-value of electrons may be explainable. 
According to the mass-spectrometric study by Koyano 
et al., acetylene excited by ultraviolet light at 121.6 nm 
gives rise to the following chemi-ionization:18) 

C2H2* + C2H2 y C4H3
+ + H + e" 

^ C4H2
+ + H2 + e~ 

This process might be the cause of the difference in the 
G-value of electrons between calculation and experi­
ment. Such processes, however, have not been reported 
with methanol and carbon dioxide. 

G-value of Excitation. T h e calculated G- values for 
singlet and triplet excitations are summarized in Table 
3 ; however, there are no available experimental data 
which they can be directly compared with. In Fig. 1, 
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Fig. 1. Correlation between the Calculated G-values of 
Electrons (Ge) and Excited States (Gt + Ga). The 
number corresponds to the compounds listed in Table 3. 

we plot all of the calculated G-values, including the 
results obtained in the previous papers.1 - 5) T h e G-values 
of the electrons range from 2 to 6, while those of the 
excitations range from 1 to 11. Although the plots 
are widely scattered, there are some tendencies: the 
ratios of G (excitation) jGe are smaller than unity for 
rare gases and saturated hydrocarbons, while those 
for oxygen-containing compounds and unsaturated 
hydrocarbons range from 1 to 4. This figure may 
provide useful information when the details of the 
radiolysis are discussed. 

Appendix 

In order to calculate the degradation spectrum, we have 
thus far used the CSDA. However, this approximation 
has not been justified quantitatively.19) Before the concept 
of the degradation spectrum was developed, the W-values 
(W=l00/Ge) had been calculated by using a more direct 
method.20'21) The equation used for such calculations is 
called the Fowler equation. The actual calculation using 
the Fowler equation, however, is very tedious, even if an 
electronic computer is used. Consequently, only a few com­
pounds have been subjected to the calculation.22'23) 

In the following, we will show the calculation for helium 
using the Fowler equation and compare its result with that 
obtained under the CSDA. Since both calculations use 
exactly the same cross sections for various inelastic collisions, 
the results may clarify the limits of the applicability of the 
CSDA in the calculation of the W^-value. 

The Fowler equation to be calculated may be written as 
follows : 

k 

+ ^{Nm(T-E) + Nm(E-Ii) + 5lm}^P-dE (7) 

Here, JVm( T) is the number of atoms in the excited or ionized 
state, m, produced by the impinging of an electron with the 
energy, T, into a helium gas; I{ is the binding energy; Ek is 
the energy of the k-th excited state, and E is the energy loss. 
The suffixes i and k indicate the ionized and excited states 
respectively. p^{T) is the probability that an electron with 
the energy, T, loses its energy, Ek, in the first collision with 
the medium and excites the atom to the k-th state. When 
the medium absorbs the residual energy, T—Ek, of the elec­
tron, the number of the m-th excited state produced is Nm(T— 
Ek). The {dp^^/dEydE is the probability that an electron 
with the energy, T, loses its energy, E<^E-\-dE, in collision 
with an atom and ionizes the atom to the i-th state. As a 
result of this collision, the energies of the scattered and ejected 
electrons are T—E and E—I^ respectively. Therefore, the 
numbers of the m-th excited states produced by absorbing the 
energies of T—E and E-I{ are Nm(T-E) and N^E-IJ. 
The ôkm and ôim are Kronecker deltas. When m is equal to 
k, <5km=l; i.e., an atom is excited to the m = k state in the 
first collision with the electron of energy, T. The formula­
tion of Px(T) and •{d/)i(7

T)/d£'}-d£' can easily be made as the 
ratios of the total cross section for ionization and excitations 
previously formulated.1) 

Equation 1 is a Volterra second-kind integral equation. 
In order actually to solve this equation, we must first calculate 
Nm(T) numerically at an energy near the threshold energy. 
Then, using the obtained Nm(T), we calculate Nm(T) at a 
higher energy. This calculating method is opposite to that 
used in the calculation of the degradation spectrum under 
CSDA, where the calculation is carried out from the higher 
energy to the lower energy. 

For the estimation of the yields of ionization and excita­
tions, we have to set up a Fowler equation for each process, 
one for ionization and two for the excitations, singlet and 
triplet. Since Nm(T) at lower energies (T<^100 eV) depends 
strongly upon T, the mesh of the calculation must be taken 
to be as small as possible. In the present calculations, we 
took 0.2 eV for the mesh. Consequently, the calculation 
time for the Fowler equation was about sixty times that of the 
method of the degradation spectrum under CSDA. These 
calculations were carried out by means of two computers, 
HITAC 8700 at the Tokyo Institute of Technology and 
HITAC 8800 at the University of Tokyo. 

The Nm(T) values for the ionization and singlet and triplet 
excitations in helium are shown in Fig. 2 as functions of the 

T(eV) 

Fig. 2. The yields of ionization and excitations in helium 
as functions of the incident electron energy. 
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TABLE 4. COMPARISON OF THE G-VALUES ESTIMATED BY 

USING THE F O W L E R EQUATION WITH THOSE OBTAINED 

BY THE METHOD OF THE DEGRADATION 

SPECTRUM UNDER C S D A 

Method of 
calculation 

Incident 
electron 
energy 
(keV) 

G0 a Gt 

Fowler equation 

Degradation spectrum 

1 2 .35 0 .94 0 .18 
100 2 .38 0.91 0 .17 

1 2 .23 0 .88 0 .17 
100 2 .27 0 .85 0 .17 

Ionization 

Allowed Excitation 

Forbidden Excitation 

10 10s 103 103 

T ( e V ) 

Fig. 3. T h e G-values for ionization and excitations as 
functions of In T. 
• : Estimated by using the Fowler equation, 

: estimated by the method of the degradation 
spectrum under CSDA. 

T A B L E 5. COMPARISON OF THE W-VALUES OBTAINED 

EXPERIMENTALLY AND THEORETICALLY 

Theoretical : 

Method of calculation W 

E" esent 42 .0 

iller21> 4 6 . 5 
khazov22> 46 .45 ± 1 . 0 

Degradation spectrum Douthat2 4 ) 4 7 . 9 
Degradation spectrum under CSDA 44 .05 

Experimental : 

Exciting source W 

Po-a 
Po-a 
Tritium-/? 
Proton (3.6 MeV) 

4 2 . 7 a) 

46 .0 b) 
4 2 . 3 c) 

45 .2 d) 

a) W.P . Jesse and J . Sadauskis, Phys. Rev., 90, 1120 
(1953). b) J . C. Bortner and G. S. Hurst , Phys. Rev., 
93, 1236 (1954). c) W. P. Jesse and J . Sadauskis, 
Phys. Rev., 107, 766 (1957). d) J . E. Parks, G. S. 
Hurst , T . E. Stewart, and H . L. Weidner, J. Chem. 
Phys., 57, 5467 (1972). 

electron energy, T. All the yields at the lower energies 
( T < 5 0 0 eV) are strongly dependent on the energy of the 
incident electron. However, the yields at the higher energies 
( T > 1 0 0 0 e V ) are nearly linear with T. Actually we have 
calculated the Nm(T) from the threshold energy to 1200 eV, 
and then extrapolated it to 100 keV by using the linear 
relation between Nm(T) and T. 

Table 4 shows the G-values for ionization and two excita­
tions estimated by the Fowler equation, together with those 
estimated by the degradat ion spectrum under CSDA. T h e 
values estimated by the two methods agree with each other 
within 7%. Figure 3 shows the incident electron-energy 
dependence of the G-values. 

For comparison, the experimental and other theoretical 
^ -va lues of helium are listed in Table 5. T h e W-value 
obtained in the present calculation (42.0 eV) seems to coincide 
with the experimental value (42.3 eV) reported by Jesse and 
Sadauskis, who used /5-rays as the exciting source, while other 
experiments used heavier particles. This coincidence, 
however, should be taken as accidental, because the cross 
sections of ionization and excitations used in the present 
calculation cannot be more accurate than those used by 
Miller21) and Alkhazov.22) This point has already been 
discussed.1) 
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The Structure of the Cyclodextrin Complex. V. Crystal Structures 
of a-Cyclodextrin Complexes with p-Nitrophenol 

and p-Hydroxybenzoic Acid 
K a z u a k i H A R A T A 

Research Institute for Polymers and Textiles, Sawatari 4, Kanagawa-ku, Yokohama 221 

(Received November 30, 1976) 

a-Cyclodextrin (a-CDx) forms a 1: 1 complex with /»-nitrophenol (/>-NP) and /»-hydroxybenzoic acid (p-HB). 
T h e crystal structures were determined by the X-ray method. T h e crystals of both complexes are orthorhombic, 
and the space group is P212121 with Z = 4 . The cell dimensions are a= 13.455(1), b= 15.296(1), and c=24.740(3) 
Â for the/»-NP complex, and a= 13.356(1), b= 15.342(1), and c=24.896(2) Â for the/»-HB complex. The crystal 
structures were determined on the basis of the isomorphous structure of the/»-iodophenol complex by using 4811 
reflections for the /»-NP complex and 4692 reflections for the p-HB complex, and refined by the block-diagonal 
least-squares method to the final Ä-values of 0.066 and 0.067 respectively. In both complexes, the guest molecule 
is included in the a-CDx cavity, and the a-CDx ring is deformed from the regular hexagonal symmetry as a result 
of the inclusion of the p lanar molecule. T h e nitrophenyl or carboxyphenyl group is located in the cavity, while 
the phenolic hydroxyl group protrudes from the secondary hydroxyl side of the cavity. Several intermolecular 
hydrogen-hydrogen contacts shorter than the ideal van der Waals contact are observed between a-CDx and guest 
molecules, indicating that the guest molecule is rigidly fixed in the cavity. T h e nitro or carboxyl group is situated 
on the 0 ( 6 ) side and is hydrogen-bonded to water or a hydroxyl group of the adjacent a-CDx molecule. The 
geometry of the complex gives a reasonable model for the a-CDx-substrate complex in the hydrolysis of/»-nitro­
phenyl acetate and /»-carboxyphenyl acetate catalyzed by a-CDx. 

a - C y c l o d e x t r i n ( a - C D x ) forms a n u m b e r of inc lus ion 
c o m p l e x e s w i t h a v a r i e t y of m o l e c u l e s a n d ions,1) a n d 
t h e i nc lus ion p rocess affects t h e r e a c t i v i t y of t h e gues t 
molecu le . 2 ) A r e m a r k a b l e s tereospecif ic a c c e l e r a t i o n is 
c a u s e d b y a - C D x in t h e hydro lys i s of s u b s t i t u t e d p h e n y l 
esters.3) T h e r a t e of p h e n o l - r e l e a s e f rom meta-subs t i tu ted 
p h e n y l es ters is g r e a t l y e n h a n c e d , w h e r e a s t h e r a t e of 
p h e n o l - r e l e a s e f rom t h e c o r r e s p o n d i n g j ta ra- i somers is 
on ly s l ight ly e n h a n c e d . I t h a s b e e n e m p h a s i z e d t h a t 
t h e m a g n i t u d e of t h e r a t e a c c e l e r a t i o n does n o t p a r a l l e l 
t h e s tabi l i t ies of t h e a - C D x - e s t e r c o m p l e x , b u t d e p e n d s 
o n t h e g e o m e t r y of t h e c o m p l e x . M o r e o v e r , t h e s t e r eo -
specif ici ty of t h e r a t e a c c e r e l a t i o n h a s b e e n i n t e r p r e t e d 
o n t h e basis of t h e i n t e r a c t i o n of t h e s e c o n d a r y h y d r o x y l 
g r o u p s of a - C D x w i t h t h e c a r b o n y l c a r b o n of t h e 
s u b s t r a t e i n t h e a - C D x c a v i t y . 

T h e c rys ta l s t r u c t u r e s of m a n y a - C D x c o m p l e x e s 
h a v e b e e n d e t e r m i n e d b y t h e X - r a y m e t h o d . 4 - 1 6 ) I n 
t h e c o m p l e x e s w i t h /»- iodoani l ine (/»-IA)14>15) a n d p-
i o d o p h e n o l Qb-IP),16) t h e h y d r o p h o b i c i o d o p h e n y l g r o u p 
is l o c a t e d i n t h e a - C D x cav i ty , w h i l e t h e a m i n o or 
h y d r o x y l g r o u p p r o t r u d e s f rom t h e s e c o n d a r y h y d r o x y l 
s ide . / » -Ni t ropheno l (jb-NP) a n d /» -hydroxybenzo ic a c i d 
(/»-HB) forms a 1: 1 c o m p l e x w i t h a - C D x . I n th is case , 
t h e n i t r o o r c a r b o x y l g r o u p h a s b e e n e x p e c t e d , f rom t h e 
k ine t i c s t u d y of t h e a - C D x - c a t a l y z e d hydro lys i s of p-
n i t r o p h e n y l a c e t a t e a n d / » - ca rboxypheny l ace t a t e , 3 ) to b e 
s i t u a t e d o n t h e 0 ( 6 ) s ide of t h e cav i ty . T h e X - r a y 
ana lys i s of a - C D x c o m p l e x e s w i t h /»-NP a n d /»-HB w a s 
c a r r i e d o u t in o r d e r to i nves t i ga t e t h e g e o m e t r y of t h e 
c o m p l e x e s i n r e l a t i o n to t h e ca t a ly t i c p r o p e r t y of a - C D x . 

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

A yellowish and plate-like crystal of the a-CDx-/»-NP 
complex was prepared by cooling an aqueous solution con­
taining a-CDx and /»-NP in a 1: 1 molar ratio. The crystals 
of the a-CDx-/>-HB complex, which were obtained by the 
same procedure, are colorless needles. The determination 

of the lattice parameters and the intensity measurements were 
carried out on a Rigaku automatic four-circle diffraetometer 
with graphi te-monochromated CuÄa radiation. Intensity 
d a t a were collected up to 150 ° in 20 by using the 26-OJ scan 
technique. 5765 independent reflections for the /»-NP com­
plex and 5410 for the p-HB complex were obtained, but re­
flections with [ F J < 3 ° - ( F ) , 9 5 4 for the p-NP complex and 
718 for the p-HB complex, were treated as unobserved. No 
correction was made for absorption and extinction. The 
crystal da t a are shown in Table 1. 

T A B L E 1. CRYSTAL DATA 

a-Cyclodextrin-
/»-nitrophenol 

C 3 6 H 6 0 O 3 0 • 
C « H ! ; N O , . 3 H , 0 

a-Cyclodextrin-
/»-hydroxybenzoic 

acid 
C36ri 6 0O 3p • 

C 7 H 6 0 3 - 3 H 2 0 

Molecular weight 1166.0 
Crystal system 

Cell dimensions 

Cell volume 
Space group 

Density 

Orthorhombic 
a 13.455(1)A 
b 15.296(1)A 
c 24.740(3)A 
K5092.1(8)A 3 

P212121 

Z 4 
Z>m 1.53 g e m - 3 

£L 1.52 

1165.0 
Orthorhombic 
13.356(1)A 
15.342(1)A 

24.896(2)A 
5101.4(6)A3 

P212121 

4 
1.53 g cm-3 

1.52 

D e t e r m i n a t i o n a n d R e f i n e m e n t 
o f t h e S t r u c t u r e 

T h e crys ta ls of t h e a - C D x - / » - N P c o m p l e x a n d t h e 
a - C D x - / > - H B c o m p l e x a r e i s o m o r p h o u s w i t h t h e crystals 
of t h e a-CDx-p-lA complex 1 4 - 1 5 ) a n d t h e a - C D x - / » - I P 
complex . 1 6 ) A set of c o o r d i n a t e s of a - C D x found in t h e 
a - C D x - / ? - I P c o m p l e x w a s used to c a l c u l a t e t h e in i t ia l 
p h a s e s for t h e /»-NP c o m p l e x a n d t h e p-HB c o m p l e x . 
T h e p h a s e s w e r e ref ined b y t h e b l o c k - d i a g o n a l least-
s q u a r e s m e t h o d . T h e n , a n e l ec t ron -dens i t y m a p w a s 
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T A B L E 2. FINAL ATOMIC PARAMETERS ( X 104) FOR THE NON-HYDROGEN ATOMS 

The anisotropic thermal factors are of the form: exp [— (B11h
2-\-B22k

2~\-B33l
2-\-B12hk-\-B23kl-\-B31lh)]. 

O C indicates the occupancy factor of the disordered atom. 

a-Cyelodextrin-p-Nitrophenol Compl o-Cyclodextrin-p-Hydroxyb«nioic Acid CoBple 

C(1 ,G1) 
C(2 ,G1) 
C(3 ,G1) 
C(4 ,G1) 
C(5 ,G1) 
C(6 ,G1) 
0 ( 2 , G 1 ) 
0 ( 3 , G l ) 
0 ( 4 , G 1 ) 
0 ( 5 , G l ) 
0 ( 6 , G l ) 
C(1 ,G2) 
C(2 ,G2) 
C(3 ,G2) 
C(4 ,G2) 
C ( 5 , G 2 ) 
C(6 ,G2) 
0 ( 2 , G 2 ) 
0 ( 3 , G 2 ) 
0 ( 4 , G 2 ) 
0 ( 5 , G 2 ) 
0 ( 6 , G 2 ) 
C(1 ,G3) 
C(2 ,G3) 
C13.G3) 
C(4 ,G3) 
C(5 ,G3) 
C(6 ,G3) 
0 ( 2 , G 3 ) 
0 ( 3 , G 3 ) 
0 ( 4 , G3) 
0 ( 5 , G 3 ) 
0 ( 6 , G 3 ) 
C(1 ,G4) 
C(2 ,G4) 
C(3 ,G4) 
C(4 ,G4) 
C(5 ,G4) 
C(6 ,G4) 
0 ( 2 , G 4 ) 
0 ( 3 , G 4 ) 
0 ( 4 , G 4 ) 
0 ( 5 , G 4 ) 
0 ( 6 A , G 4 ) 
0 ( 6 B , G 4 ) 
C ( 1 , G 5 ) 
C(2 ,G5) 
C(3 ,G5) 
C ( 4 , G 5 ) 
C(5 ,G5) 
C ( 6 , G 5 ) 
0 ( 2 , G 5 ) 
0 ( 3 , G 5 ) 
0 ( 4 , G 5 ) 
0 ( 5 , G 5 ) 
0 ( 6 , G 5 ) 
C(1 ,G6) 
C(2 ,G6) 
C(3 ,G6) 
C(4 ,G6) 
C(5 ,G6) 
C(6 ,G6) 
0 ( 2 , G 6 ) 
0 ( 3 , G 6 ) 
0 ( 4 , G 6 ) 
0 ( 5 , G 6 ) 
0 ( 6 , G 6 ) 
C(1 ,NP) 
C(2 ,NP) 
C(3 ,NP) 
C(4 ,NP) 
C(5 ,NP) 
C(6 ,NP) 
N(NP) 
0(1 ,NP> 
0 ( 2 , H P ) 
0 (3 ,MP) 

0(H1) 
0(H2A) 
0(W2B) 
0(W3A) 
0(W3B) 

1 4 9 1 ( 5 ) 
1 2 3 7 ( 5 ) 
1 8 8 0 ( 5 ) 
1 7 4 9 ( 5 ) 
1 9 8 8 ( 6 ) 
1 7 9 4 ( 8 ) 
1 4 3 4 ( 5 ) 
1 5 4 9 ( 4 ) 
2 4 5 6 ( 4 ) 
1 3 4 9 ( 4 ) 

8 2 6 ( 5 ) 
2 0 8 9 ( 5 ) 
2 2 9 7 ( 5 ) 
3 4 2 2 ( 5 ) 
3 9 3 1 ( 5 ) 
3 6 4 6 ( 5 ) 
4 0 4 2 ( 6 ) 
1 7 4 5 ( 4 ) 
3 6 6 2 ( 4 ) 
4 9 8 0 ( 3 ) 
2 5 7 7 ( 3 ) 
3 7 9 8 ( 5 ) 
5 6 3 0 ( 5 ) 
6 2 6 3 ( 5 ) 
6 7 9 8 ( 5 ) 
7 3 7 4 ( 5 ) 
6 7 6 7 ( 5 ) 
7 4 1 0 ( 6 ) 
5 6 2 8 ( 3 ) 
7 4 8 7 ( 4 ) 
7 5 9 7 ( 3 ) 
6 2 6 9 ( 3 ) 
8 2 2 1 ( 4 ) 
8 5 6 8 ( 5 ) 
8 8 8 8 ( 6 ) 
8 3 0 2 ( 6 ) 
8 3 0 9 ( 5 ) 
7 9 1 3 ( 5 ) 
7 9 6 0 ( 7 ) 
8 7 7 8 ( 4 ) 
8 7 6 1 ( 4 ) 
7 6 5 0 ( 3 ) 
8 5 8 0 ( 3 ) 
9 0 5 3 ( 1 4 ) 
7 4 0 0 ( 6 ) 
8 0 1 9 ( 5 ) 
7 8 0 1 ( 5 ) 
6 6 7 4 ( 5 ) 
6 1 4 7 ( 5 ) 
6 4 5 7 ( 5 ) 
6 0 5 5 ( 5 ) 
8 2 8 0 ( 4 ) 
6 4 7 6 ( 4 ) 
5 1 0 8 ( 3 ) 
7 5 2 4 ( 3 ) 
6 2 1 1 ( 4 ) 
4 4 4 0 ( 5 ) 
3 7 4 0 ( 5 ) 
3 2 3 9 ( 5 ) 
2 7 3 4 ( 5 ) 
3 4 0 4 ( 5 ) 
2 8 1 2 ( 6 ) 
4 2 6 1 ( 4 ) 
2 5 2 2 ( 4 ) 
2 5 0 0 ( 3 ) 
3 8 8 0 ( 3 ) 
1 8 7 0 ( 4 ) 
5 2 8 6 ( 6 ) 
5 0 4 6 ( 7 ) 
4 9 1 7 ( 7 ) 
5 0 5 9 ( 5 ) 
5 3 0 2 ( 6 ) 
5 4 1 5 ( 7 ) 
4 9 6 7 ( 5 ) 
5 4 3 0 ( 4 ) 
4 7 4 2 ( 6 ) 
5 1 4 9 ( 6 ) 
5 0 7 7 ( 6 ) 
4859 (6) 
3 5 7 1 ( 2 5 ) 

1 9 0 ( 1 4 ) 
9 7 9 8 ( 7 ) 

- 4 9 1 ( 4 ) 
- 1 2 1 5 ( 4 ) 
- 1 1 3 1 ( 4 ) 

- 2 1 4 ( 4 ) 
4 7 4 ( 4 ) 

1 4 0 0 ( 5 ) 
- 2 0 3 4 ( 3 ) 
- 1 7 5 0 ( 3 ) 

- 1 3 8 ( 3 ) 
3 3 2 ( 3 ) 

1 5 1 0 ( 4 ) 
1 2 2 ( 4 ) 

- 6 2 5 ( 4 ) 
- 7 9 5 ( 4 ) 

4 2 ( 4 ) 
8 0 3 ( 4 ) 

1 6 7 2 ( 4 ) 
- 1 3 9 3 ( 3 ) 
- 1 4 4 2 ( 3 ) 

- 1 2 3 ( 3 ) 
8 8 7 ( 3 ) 

1 8 1 7 ( 4 ) 
8 4 ( 4 ) 

- 7 2 9 ( 4 ) 
- 9 7 4 ( 4 ) 
- 2 0 7 ( 4 ) 

6 5 2 ( 4 ) 
1 4 5 6 ( 4 ) 

- 1 4 3 6 ( 3 ) 
- 1 6 9 3 ( 3 ) 

- 4 7 7 ( 3 ) 
7 7 7 ( 3 ) 

1 5 0 1 ( 3 ) 
- 3 2 0 ( 4 ) 

- 1 1 5 0 ( 4 ) 
- 1 2 5 3 ( 4 ) 

- 4 2 6 ( 4 ) 
3 3 4 ( 4 ) 

1 2 1 5 ( 4 ) 
- 1 9 0 5 ( 3 ) 
- 1 9 4 9 ( 3 ) 

- 5 7 6 ( 3 ) 
4 1 7 ( 3 ) 

1 4 5 8 ( 9 ) 
1 8 5 1 ( 4 ) 
- 4 1 7 ( 4 ) 

- 1 2 3 4 ( 4 ) 
- 1 3 9 1 ( 4 ) 

- 5 6 1 ( 4 ) 
2 3 9 ( 4 ) 

1 0 9 8 ( 4 ) 
- 1 9 7 2 ( 3 ) 
- 2 0 8 2 ( 3 ) 

- 7 1 5 ( 3 ) 
3 1 6 ( 2 ) 

1 1 6 8 ( 3 ) 
- 5 8 9 ( 4 ) 

- 1 3 7 8 ( 4 ) 
- 1 4 3 8 ( 4 ) 

- 5 6 3 ( 4 ) 
2 3 8 ( 4 ) 

1 0 8 7 ( 4 ) 
- 2 1 5 5 ( 3 ) 
- 2 1 2 6 ( 3 ) 

- 5 9 9 ( 3 ) 
1 8 5 ( 3 ) 

1 0 2 5 ( 4 ) 
- 2 2 0 9 ( 4 ) 
- 1 8 2 3 ( 5 ) 

- 9 3 8 ( 5 ) 
- 4 3 7 ( 4 ) 
- 8 0 4 ( 5 ) 

- 1 7 0 9 ( 5 ) 
5 1 7 ( 4 ) 

- 3 0 9 1 ( 3 ) 
8 4 9 ( 4 ) 
9 5 1 ( 4 ) 

- 1 1 0 9 ( 5 ) 
- 1 5 4 1 ( 6 ) 
- 2 5 2 7 ( 1 9 ) 
- 1 7 1 3 ( 1 3 ) 
- 2 5 7 4 ( 7 ) 

6 9 5 7 ( 3 ) 
6 5 6 2 ( 3 ) 
6 0 6 1 ( 2 ) 
5 8 1 3 ( 2 ) 
6 2 3 9 ( 3 ) 
6 0 3 7 ( 3 ) 
6 8 3 0 ( 2 ) 
5 6 5 8 ( 2 ) 
5 3 7 8 ( 2 ) 
6 7 0 2 ( 2 ) 
5 8 1 5 ( 3 ) 
4 8 5 7 ( 3 ) 
4 4 6 9 ( 2 ) 
4 4 5 3 ( 3 ) 
4 2 9 0 ( 2 ) 
4 6 6 4 ( 3 ) 
4 4 6 8 ( 3 ) 
4 6 1 5 ( 2 ) 
4 0 4 9 ( 2 ) 
4 3 5 1 ( 2 ) 
4 6 8 8 ( 2 ) 
3 9 0 9 ( 3 ) 
3 9 1 5 ( 2 ) 
3 8 0 8 ( 2 ) 
4 3 1 8 ( 2 ) 
4 5 6 0 ( 2 ) 
4 5 7 0 ( 2 ) 
4 6 5 8 ( 3 ) 
3 6 2 5 ( 2 ) 
4 2 2 9 ( 2 ) 
5 1 0 0 ( 2 ) 
4 0 6 3 ( 2 ) 
4 2 9 3 ( 2 ) 
5 3 1 1 ( 2 ) 
5 6 2 2 ( 3 ) 
6 1 3 4 ( 2 ) 
6 4 7 4 ( 2 ) 
6 1 1 7 ( 2 ) 
6 4 1 4 ( 3 ) 
5 2 7 6 ( 2 ) 
6 4 3 2 ( 2 ) 
6 9 1 5 ( 2 ) 
5 6 5 8 ( 2 ) 
6 5 1 6 ( 6 ) 
6 0 8 7 ( 3 ) 
7 4 4 2 ( 2 ) 
7 7 9 3 ( 2 ) 
7 8 2 9 ( 3 ) 
8 0 1 3 ( 2 ) 
7 6 7 7 ( 2 ) 
7 8 9 5 ( 3 ) 
7 5 5 9 ( 2 ) 
8 2 0 2 ( 2 ) 
7 9 3 0 ( 2 ) 
7 6 7 4 ( 2 ) 
8 4 6 6 ( 2 ) 
8 3 6 2 ( 2 ) 
8 3 6 1 ( 3 ) 
7 8 1 2 ( 3 ) 
7 6 8 2 ( 2 ) 
7 7 6 7 ( 2 ) 
7 7 5 1 ( 3 ) 
8 4 9 3 ( 3 ) 
7 8 2 1 ( 2 ) 
7 1 1 7 ( 2 ) 
8 2 9 1 ( 3 ) 
8 0 0 7 ( 2 ) 
6 0 6 8 ( 3 ) 
6 5 6 3 ( 3 ) 
6 5 8 9 ( 3 ) 
6 1 2 5 ( 3 ) 
5 6 3 6 ( 3 ) 
5 6 0 4 ( 3 ) 
6 1 6 0 ( 3 ) 
6 0 7 4 ( 2 ) 
6 5 9 7 ( 3 ) 
5 7 4 8 ( 2 ) 
2 5 1 0 ( 3 ) 
9 6 8 8 ( 3 ) 
9 3 8 1 ( 1 2 ) 
7 9 2 3 ( 8 ) 
8 2 1 9 ( 4 ) 

4 4 ( 4 ) 
4 2 ( 4 ) 
4 4 ( 4 ) 
3 5 ( 4 ) 
6 2 ( 5 ) 

1 3 4 ( 9 ) 
8 5 ( 4 ) 
8 2 ( 4 ) 
3 9 ( 3 ) 
5 8 ( 3 ) 

1 0 1 ; 6 ) 
3 9 ( 4 ) 
4 5 ( 4 ) 
4 6 ( 4 ) 
3 7 ( 4 ) 
4 5 ( 4 ) 
6 0 ( 5 ) 
5 8 ( 3 ) 
6 2 ( 4 ) 
3 2 ( 2 ) 
3 5 ( 3 ) 
7 0 ( 4 ) 
3 6 ( 4 ) 
3 7 ( 4 ) 
4 0 ( 4 ) 
3 6 ( 4 ) 
3 7 ( 4 ) 
5 2 ( 5 ) 
4 0 ( 3 ) 
4 2 ( 3 ) 
3 4 ( 3 ) 
4 3 ( 3 ) 
6 0 ( 4 ) 
3 7 ( 4 ) 
5 3 ( 5 ) 
5 8 ( 5 ) 
4 5 ( 4 ) 
5 1 ( 4 ) 
9 0 ( 6 ) 
7 9 ( 4 ) 
8 0 ( 4 ) 
3 5 ( 3 ) 
4 2 ( 3 ) 

1 1 9 ( 1 5 ) 
4 0 ( 5 ) 
4 5 ( 4 ) 
4 1 ( 4 ) 
4 4 ( 4 ) 
3 4 ( 4 ) 
2 8 ( 3 ) 
4 8 ( 4 ) 
5 8 ( 3 ) 
7 0 ( 4 ) 
3 4 ( 3 ) 
3 9 ( 3 ) 
4 4 ( 3 ) 
4 5 ( 4 ) 
4 6 ( 4 ) 
3 9 ( 4 ) 
3 1 ( 4 ) 
4 5 ( 4 ) 
6 1 ( 5 ) 
5 5 ( 4 ) 
5 5 ( 3 ) 
3 3 ( 3 ) 
4 1 ( 3 ) 
6 5 ( 4 ) 
5 0 ( 5 ) 
8 1 ( 6 ) 
7 8 ( 6 ) 
4 1 ( 4 ) 
7 5 ( 6 ) 
7 0 ( 6 ) 
5 7 ( 4 ) 
7 1 ( 4 ) 

1 4 4 ( 7 ) 
1 2 1 ( 6 ) 

8 0 ( 5 ) 
4 8 ( 5 ) 
8 4 ( 2 5 ) 
7 5 ( 1 3 ) 
5 7 ( 7 ) 

2 9 ( 3 ) 
2 8 ( 3 ) 
2 2 ( 3 ) 
1 9 ( 2 ) 
2 1 ( 3 ) 
2 0 ( 3 ) 
2 7 ( 2 ) 
2 1 ( 2 ) 
3 1 ( 2 ) 
2 8 ( 2 ) 
4 5 ( 3 ) 
2 9 ( 3 ) 
2 5 ( 3 ) 
2 0 ( 2 ) 
1 5 ( 2 ) 
1 9 ( 3 ) 
1 7 ( 3 ) 
3 5 ( 2 ) 
2 0 ( 2 ) 
2 1 ( 2 ) 
2 0 ( 2 ) 
3 4 ( 3 ) 
2 4 ( 3 ) 
2 4 ( 3 ) 
1 4 ( 2 ) 
2 0 ( 2 ) 
1 8 ( 2 ) 
1 8 ( 2 ) 
2 6 ( 2 ) 
2 0 ( 2 ) 
2 7 ( 2 ) 
1 9 ( 2 ) 
3 7 ( 3 ) 
2 8 ( 3 ) 
2 8 ( 3 ) 
1 7 ( 2 ) 
1 7 ( 2 ) 
1 6 ( 2 ) 
1 5 ( 3 ) 
3 1 ( 2 ) 
1 9 ( 2 ) 
2 2 ( 2 ) 
2 4 ( 2 ) 
2 8 ( 6 ) 
1 2 ( 3 ) 
1 9 ( 2 ) 
2 1 ( 3 ) 
2 1 ( 3 ) 
2 2 ( 3 ) 
2 3 ( 3 ) 
1 9 ( 3 ) 
2 5 ( 2 ) 
2 3 ( 2 ) 
3 1 ( 2 ) 
1 6 ( 2 ) 
3 3 ( 2 ) 
2 7 ( 3 ) 
2 4 ( 3 ) 
2 2 ( 3 ) 
2 2 ( 3 ) 
1 8 ( 2 ) 
2 3 ( 3 ) 
2 9 ( 2 ) 
2 0 ( 2 ) 
2 4 ( 2 ) 
2 5 ( 2 ) 
3 7 ( 3 ) 
2 3 ( 3 ) 
3 2 ( 3 ) 
3 5 ( 3 ) 
2 5 ( 3 ) 
3 0 ( 3 ) 
4 1 ( 4 ) 
2 8 ( 3 ) 
2 6 ( 2 ) 
3 1 ( 3 ) 

3 3 ( 3 ) 
7 4 ( 4 ) 
7 9 ( 5 ) 
4 5 ( 1 5 ) 
8 7 ( 1 2 ) 
5 8 ( 5 ) 

1 1 ( 1 ) 
1 0 ( 1 ) 

8 ( 1 ) 
1 0 ( 1 ) 
1 1 ( 1 ) 
•14(1) 
1 0 ( 1 ) 
1 0 ( 1 ) 

7 ( 1 ) 
9 ( 1 ) 

2 3 ( 1 ) 
1 0 ( 1 ) 

9 ( 1 ) 
1 0 ( 1 ) 

9 ( 1 ) 
1 3 ( 1 ) 
2 2 ( 2 ) 
1 0 ( 1 ) 
1 4 ( 1 ) 

8 ( 1 ) 
1 3 ( 1 ) 
2 6 ( 1 ) 

7 ( 1 ) 
7 ( 1 ) 
9 ( 1 ) 
8 ( 1 ) 
8 ( 1 ) 

1 4 ( 1 ) 
9 ( 1 ) 

1 1 ( 1 ) 
7 ( 1 ) 
9 ( 1 ) 

1 8 ( 1 ) 
9 ( 1 ) 
8 ( 1 ) 
9 ( 1 ) 
8 ( 1 ) 
8 ( 1 ) 

1 0 ( 1 ) 
1 1 ( 1 ) 
1 2 ( 1 ) 

7 ( 1 ) 
9 ( 1 ) 

1 7 ( 3 ) 
9 ( 1 ) 
9 ( 1 ) 

1 0 ( 1 ) 
9 ( 1 ) 
9 ( 1 ) 

1 0 ( 1 ) 
1 2 ( 1 ) 
1 3 ( 1 ) 
1 4 ( 1 ) 

8 ( 1 ) 
8 ( 1 ) 

1 4 ( 1 ) 
7 ( 1 ) 

1 2 ( 1 ) 
1 2 ( 1 ) 

9 ( 1 ) 
8 ( 1 ) 

1 4 ( 1 ) 
2 6 ( 1 ) 
1 7 ( 1 ) . 

8 ( 1 ) 
7 ( 1 ) 

1 7 ( 1 ) 
1 3 ( 1 ) 
1 0 ( 1 ) 
1 1 ( 1 ) 

9 ( 1 ) 
1 1 ( 1 ) 
1 1 ( 1 ) 
1 5 ( 1 ) 
1 6 ( 1 ) 
2 1 ( 1 ) 
1 7 ( 1 ) 
1 6 ( 1 ) 
2 5 ( 2 ) 
2 0 ( 6 ) 
2 9 ( 4 ) 
1 9 ( 2 ) 

- 2 ( 6 ) 
- 1 0 ( 6 ) 

- 4 ( 5 ) 
- 1 ( 5 ) 

2 ( 6 ) 
3 ( 9 ) 

- 4 2 ( 5 ) 
- 9 ( 5 ) 

2 ( 4 ) 
2 3 ( 5 ) 
7 5 ( 7 ) 

5 ( 6 ) 
- 1 2 ( 6 ) 
- 1 1 ( 6 ) 

4 ( 5 ) 
2 ( 6 ) 

- 3 ( 6 ) 
- 4 3 ( 5 ) 
- 1 0 ( 5 ) 

1 1 ( 4 ) 
7 ( 4 ) 
2 ( 6 ) 
1 ( 5 ) 
1 ( 5 ) 

1 6 ( 5 ) 
6 ( 5 ) 

- 5 ( 5 ) 
- 6 ( 6 ) 
- 3 ( 4 ) 

6 ( 4 ) 
- 3 ( 4 ) 

4 ( 4 ) 
- 4 1 ( 5 ) 

- 9 ( 6 ) 
2 0 ( 6 ) 

5 ( 6 ) 
1 ( 5 ) 
3 ( 5 ) 
8 ( 7 ) 

4 0 ( 5 ) 
2 4 ( 5 ) 
- 7 ( 4 ) 

- 1 3 ( 4 ) 
- 9 ( 1 6 ) 

5 ( 6 ) 
0 ( 6 ) 

1 3 ( 5 ) 
1 ( 6 ) 

- 1 ( 5 ) 
2 ( 5 ) 

1 6 ( 6 ) 
2 5 ( 5 ) 
- 7 ( 5 ) 
- 3 ( 4 ) 

4 ( 4 ) 
9 ( 5 ) 
4 ( 6 ) 

- 3 ( 6 ) 
• 1 1 ( 6 ) 

- 4 ( 5 ) 
- 6 ( 5 ) 

1 ( 6 ) 
1 ( 5 ) 

- 2 6 ( 5 ) 
0 ( 4 ) 
1 ( 4 ) 

3 0 ( 5 ) 
1 0 ( 6 ) 

1 ( 8 ) 
- 1 1 ( 8 ) 

- 4 ( 6 ) 
- 2 ( 7 ) 
1 2 ( 8 ) 
- 2 ( 6 ) 
1 6 ( 5 ) 
- 5 ( 7 ) 

- 1 ( 7 ) 
- 6 ( 8 ) 
2 7 ( 9 ) 

9 ( 3 3 ) 
1 2 ( 2 1 ) 
3 0 ( 1 0 ) 

2 ( 3 ) 
1 ( 3 ) 

- 2 ( 3 ) 
3 ( 3 ) 

- 3 ( 3 ) 
1 0 ( 4 ) 

9 ( 2 ) 
- 2 ( 2 ) 

6 ( 2 ) 
- 5 ( 2 ) 
1 7 ( 3 ) 
1 0 ( 3 ) 

3 ( 3 ) 
- 8 ( 3 ) 

3 ( 2 ) 
- 8 ( 3 ) 
- 5 ( 4 ) 

5 ( 2 ) 
- 1 2 ( 2 ) 

4 ( 2 ) 
8 ( 2 ) 

3 1 ( 3 ) 
5 ( 3 ) 
0 ( 3 ) 

- 2 ( 2 ) 
3 ( 3 ) 

- 1 ( 3 ) 
- 4 ( 3 ) 
- 7 ( 2 ) 
- 5 ( 2 ) 

4 ( 2 ) 
8 ( 2 ) 

1 2 ( 3 ) 
- 1 0 ( 3 ) 

- 7 ( 3 ) 
- 3 ( 3 ) 
- 4 ( 3 ) 
- 3 ( 3 ) 
- 5 ( 3 ) 

- 1 6 ( 2 ) 
2 ( 2 ) 

- 3 ( 2 ) 
- 1 ( 2 ) 

- 2 3 ( 7 ) 
3 ( 3 ) 
0 ( 3 ) 

- 4 ( 3 ) 
4 ( 3 ) 
4 ( 3 ) 
3 ( 3 ) 

- 3 ( 3 ) 
- 2 ( 2 ) 
1 3 ( 2 ) 
- 4 ( 2 ) 
- 6 ( 2 ) 

- 1 6 ( 2 ) 
7 ( 3 ) 
9 ( 3 ) 
6 ( 3 ) 

- 1 ( 3 ) 
- 4 ( 3 ) 

1 ( 3 ) 
1 8 ( 3 ) 

6 ( 2 ) 
- 3 ( 2 ) 
- 6 ( 2 ) 
- 8 ( 3 ) 

8 ( 3 ) 
1 ( 3 ) 

- 5 ( 3 ) 
1 ( 3 ) 
2 ( 3 ) 

- 2 ( 4 ) 
- 6 ( 3 ) 

9 ( 3 ) 
- 1 1 ( 3 ) 

1 6 ( 3 ) 
1 6 ( 4 ) 
2 8 ( 5 ) 
4 4 ( 1 6 ) 

- 1 0 ( 1 2 ) 
- 1 1 ( 5 ) 

0 ( 4 ) 
- 1 ( 4 ) 
- 7 ( 3 ) 

0 ( 3 ) 
- 4 ( 4 ) 

- 1 6 ( 6 ) 
- 1 6 ( 3 ) 
- 1 5 ( 3 ) 

- 1 ( 2 ) 
0 ( 3 ) 
6 ( 5 ) 

- 2 ( 3 ) 
- 9 ( 3 ) 

2 ( 3 ) 
2 ( 3 ) 
3 ( 4 ) 

1 3 ( 5 ) 
- 1 0 ( 3 ) 

1 6 ( 3 ) 
- 1 ( 2 ) 

7 ( 3 ) 
1 2 ( 4 ) 

0 ( 3 ) 
- 1 ( 3 ) 

2 ( 3 ) 
- 4 ( 3 ) 

1 ( 3 ) 
- 9 ( 4 ) 
- 2 ( 2 ) 

0 ( 3 ) 
- 5 ( 2 ) 
- 1 ( 2 ) 
- 1 ( 3 ) 
- 3 ( 3 ) 

- 1 1 ( 4 ) 
- 1 3 ( 4 ) 

1 ( 3 ) 
4 ( 3 ) 

- 1 4 ( 4 ) 
- 1 4 ( 3 ) 

- 1 ( 3 ) 
- 1 ( 2 ) 

1 ( 2 ) 
1 2 ( 1 1 ) 0 . 4 
- 2 ( 4 ) 0 . 6 
- 3 ( 3 ) 
- 2 ( 3 ) 

2 ( 3 ) 
- 4 ( 3 ) 
- 3 ( 3 ) 

2 ( 4 ) 
5 ( 3 ) 

1 4 ( 3 ) 
2 ( 2 ) 

- 3 ( 2 ) 
- 4 ( 3 ) 

5 ( 3 ) 
- 3 ( 4 ) 
- 3 ( 4 ) 
- 1 ( 3 ) 
- 3 ( 3 ) 

- 1 1 ( 4 ) 
- 1 9 ( 4 ) 
- 1 0 ( 3 ) 

- 3 ( 2 ) 
- 1 ( 2 ) 

9 ( 3 ) 
1 6 ( 4 ) 
1 6 ( 5 ) 
2 0 ( 5 ) 
- 4 ( 3 ) 
1 0 ( 4 ) 
1 9 ( 5 ) 
- 3 ( 4 ) 
2 9 ( 3 ) 
2 9 ( 5 ) 

3 ( 5 ) 
- 1 8 ( 4 ) 

2 3 ( 5 ) 0 . 8 
1 8 ( 2 1 ) 0 . 2 

8 ( 1 3 ) 0 . 4 
- 2 0 ( 6 ) 0 . 6 

C ( l 
C(2 
C ( 3 
C ( 3 
C(5 
C ( 6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C(3 
C(4 
C ( 5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C ( 3 
C ( 4 
C(5 
C ( 6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C(3 
C ( 4 
C ( 5 
C ( 6 
0 ( 2 
0 ( 3 

,G1) 
,G1) 
,G1) 
,G1) 
,G1) 
,G1) 
,G1) 
,G1) 
,G1) 
,G1) 
,G1) 
,G2) 
,G2) 
,G2) 
,G2) 
,G2) 
,G2) 
G2) 

,G2) 
G2) 
G2) 

,G2) 
,G3) 
,G3) 
,G3) 
,G3) 
,G3) 
G3) 

,G3) 
G3) 
G3) 

,G3) 
,G3) 
,G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 

0 ( 4 , G 4 ) 
0 ( 5 G4) 
0 ( 6 A , G 4 ) 
0 ( 6 
C ( l 
C(2 
C ( 3 
C ( 4 
C ( 5 
C ( 6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C(3 
C(4 
C(5 
C ( 6 
0 ( 2 
0 ( 3 
0 ( 4 

3,G4) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 

0 ( 5 , G 6 ) 
0 ( 6 
C ( l 

G6) 
HB) 

C(2 ,HB) 
C ( 3 
C ( 4 

HB) 
HB) 

C(5,HB) 
C ( 6 
C ( 7 

HB) 
HB) 

0 ( 1 , H B ) 
0 ( 2 , H B ) 
0 ( 3 

o(w 
HB) 

D 
0(W2A) 
0(W B) 
0 ( » 3 A ) 
0(W38) 

1 5 0 2 ( 5 ) 
1 2 6 0 ( 5 ) 
1 8 9 2 ( 5 ) 
1 7 3 7 ( 5 ) 
1 9 6 8 ( 6 ) 
1 7 0 2 ( 8 ) 
1 4 4 7 ( 4 ) 
1 5 6 4 ( 4 ) 
2 4 3 4 ( 4 ) 
1 3 3 4 ( 4 ) 

7 3 2 ( 5 ) 
2 0 4 3 ( 5 ) 
2 2 3 4 ( 6 ) 
3 3 4 6 ( 5 ) 
3 8 9 1 ( 5 ) 
3 6 3 7 ( 6 ) 
4 0 4 1 ( 7 ) 
1 6 6 3 ( 4 ) 
3 5 6 9 ( 4 ) 
4 9 3 3 ( 3 ) 
2 5 4 9 ( 4 ) 
3 8 0 5 ( 7 ) 
5 5 8 9 ( 5 ) 
6 2 2 5 ( 5 ) 
6 7 8 6 ( 5 ) 
7 3 6 4 ( 5 ) 
6 7 4 4 ( 6 ) 
7 3 8 7 ( 7 ) 
5 6 0 6 ( 3 ) 
7 4 6 5 ( 4 ) 
7 5 9 0 ( 4 ) 
6 2 4 2 ( 4 ) 
8 1 9 2 ( 4 ) 
8 5 7 2 ( 5 ) 
8 8 7 5 ( 6 ) 
8 2 9 6 ( 6 ) 
8 3 6 8 ( 5 ) 
7 9 8 5 ( 5 ) 
8 0 6 3 ( 7 ) 
8 7 4 1 ( 5 ) 
8 7 4 9 ( 4 ) 
7 7 2 3 ( 3 ) 
8 6 2 7 ( 4 ) 
9 1 2 8 ( 6 ) 
7 4 4 2 ( 1 5 ) 
8 1 1 1 ( 5 ) 
7 9 1 0 ( 6 ) 
6 7 8 2 ( 6 ) 
6 2 3 1 ( 5 ) 
6 5 3 2 ( 5 ) 
6 1 1 9 ( 5 ) 
8 3 8 0 ( 4 ) 
6 5 9 3 ( 4 ) 
5 1 8 8 ( 4 ) 
7 6 2 5 ( 4 ) 
6 2 6 2 ( 4 ) 
4 4 9 1 ( 6 ) 
3 8 2 9 ( 6 ) 
3 2 8 6 ( 6 ) 
2 7 6 6 ( 5 ) 
3 4 3 4 ( 5 ) 
2 8 5 8 ( 6 ) 
4 4 6 5 ( 5 ) 
2 5 7 4 ( 4 ) 
2 5 1 0 ( 3 ) 
3 9 1 2 ( 4 ) 
1 9 0 7 ( 4 ) 
5 2 6 1 ( 5 ) 
5 1 1 0 ( 6 ) 
5 0 3 2 ( 7 ) 
5 1 5 1 ( 6 ) 
5 2 6 8 ( 7 ) 
5 3 3 4 ( 6 ) 
5 1 7 7 ( 7 ) 
5 3 6 8 ( 4 ) 
5 1 6 8 ( 7 ) 
5 3 1 2 ( 7 ) 
5 0 4 7 ( 6 ) 
4 9 3 2 ( 7 ) 
3 7 1 6 ( 1 2 ) 

2 7 7 ( 7 ) 
9 7 9 8 ( 1 5 ) 

- 4 7 3 ( 4 ) 
- 1 1 9 9 ( 4 ) 
- 1 1 1 4 ( 4 ) 

- 2 0 6 ( 4 ) 
4 9 6 ( 5 ) 

1 4 0 8 ( 5 ) 
- 2 0 1 6 ( 3 ) 
- 1 7 3 9 ( 3 ) 

- 1 2 2 ( 3 ) 
3 3 4 ( 3 ) 

1 4 6 7 ( 4 ) 
1 3 9 ( 5 ) 

- 5 9 7 ( 5 ) 
- 7 8 0 ( 4 ) 

3 9 ( 4 ) 
7 9 9 ( 4 ) 

1 6 6 5 ( 5 ) 
- 1 3 5 7 ( 4 ) 
- 1 4 2 0 ( 3 ) 

- 1 4 9 ( 3 ) 
9 0 0 ( 3 ) 

1 8 1 3 ( 4 ) 
. 5 5 ( 4 ) 

- 7 6 2 ( 4 ) 
- 9 9 5 ( 4 ) 
- 2 2 1 ( 4 ) 

6 2 2 ( 4 ) 
1 4 3 3 ( 4 ) 

- 1 4 6 5 ( 3 ) 
- 1 7 0 8 ( 3 ) 

- 4 6 7 ( 3 ) 
7 4 5 ( 3 ) 

1 4 9 7 ( 4 ) 
- 3 3 9 ( 4 ) 

- 1 1 6 9 ( 4 ) 
- 1 2 6 1 ( 4 ) 

- 4 2 2 ( 4 ) 
3 3 6 ( 4 ) 

1 2 1 6 ( 4 ) 
- 1 9 3 3 ( 3 ) 
- 1 9 6 4 ( 3 ) 

- 5 4 4 ( 3 ) 
3 9 6 ( 3 ) 

1 4 5 0 ( 5 ) 
1 8 6 1 ( 9 ) 
- 3 8 2 ( 4 ) 

- 1 1 9 3 ( 5 ) 
- 1 3 5 3 ( 4 ) 

- 5 4 1 ( 4 ) 
2 6 5 ( 4 ) 

1 1 1 7 ( 4 ) 
- 1 9 3 9 ( 3 ) 
- 2 0 4 1 ( 3 ) 

- 6 9 1 ( 3 ) 
3 4 5 ( 3 ) 

1 1 7 4 ( 3 ) 
- 6 1 7 ( 5 ) 

- 1 4 3 3 ( 5 ) 
- 1 4 3 4 ( 5 ) 

- 5 7 0 ( 4 ) 
2 1 9 ( 4 ) 

1 0 7 6 ( 5 ) 
- 2 1 8 7 ( 3 ) 
- 2 1 3 6 ( 3 ) 

- 5 7 5 ( 3 ) 
1 4 7 ( 3 ) 

1 0 1 2 ( 4 ) 
- 2 1 7 5 ( 4 ) 
- 1 7 3 7 ( 5 ) 

- 8 4 7 ( 5 ) 
- 3 6 6 ( 5 ) 
- 7 9 7 ( 5 ) 

- 1 7 0 8 ( 5 ) 
6 0 2 ( 5 ) 

- 3 0 5 7 ( 3 ) 
9 6 9 ( 4 ) 

1 0 1 7 ( 4 ) 
- 1 1 5 1 ( 5 ) 
- 1 6 7 7 ( 1 0 ) 
- 2 4 6 7 ( 1 0 ) 
- 1 7 1 3 ( 8 ) 
- 2 5 9 4 ( 1 3 ) 

6 9 4 4 ( 3 ) 
6 5 4 9 ( 3 ) 
6 0 4 4 ( 2 ) 
5 8 0 3 ( 2 ) 
6 2 2 7 ( 3 ) 
6 0 2 1 ( 3 ) 
6 8 1 2 ( 2 ) 
5 6 5 2 ( 2 ) 
5 3 6 6 ( 2 ) 
6 6 8 6 ( 2 ) 
5 7 7 1 ( 3 ) 
4854(3> 
4 4 6 2 ( 3 ) 
4 4 3 5 ( 3 ) 
4 2 7 8 ( 2 ) 
4 6 5 0 ( 3 ) 
4 4 6 3 ( 4 ) 
4 6 0 5 ( 2 ) 
4 0 2 5 ( 2 ) 
4 3 2 9 ( 2 ) 
4 6 7 9 ( 2 ) 
3 9 0 6 ( 4 ) 
3 9 0 5 ( 2 ) 
3 8 0 2 ( 2 ) 
4 3 1 7 ( 2 ) 
4 5 4 3 ( 2 ) 
4 5 5 5 ( 2 ) 
4 6 4 0 ( 3 ) 
3 6 2 6 ( 2 ) 
4 2 3 2 ( 2 ) 
5 0 9 0 ( 2 ) 
4 0 4 6 ( 2 ) 
4 2 6 0 ( 2 ) 
5 2 8 8 ( 2 ) 
5 5 9 3 ( 3 ) 
6 1 1 8 ( 3 ) 
6 4 4 7 ( 2 ) 
6 1 0 2 ( 2 ) 
6 3 8 9 ( 3 ) 
5 2 7 0 ( 2 ) 
6 4 0 9 ( 2 ) 
6 8 9 9 ( 2 ) 
6 5 2 7 ( 2 ) 
6 5 0 9 ( 3 ) 
6 0 9 8 ( 7 ) 
7 4 1 9 ( 3 ) 
7 7 6 4 ( 3 ) 
7 8 1 4 ( 3 ) 
7 9 9 3 ( 2 ) 
7 6 6 3 ( 3 ) 
7 8 8 2 ( 3 ) 
75 3 5 ( 2 ) 
8 1 8 9 ( 2 ) 
7 8 9 5 ( 2 ) 
7 6 5 3 ( 2 ) 
8 4 5 4 ( 2 ) 
8 3 2 5 ( 3 ) 
8 2 9 4 ( 3 ) 
7 7 6 2 ( 3 ) 
7 6 5 2 ( 2 ) 
7 7 4 8 ( 2 ) 
7 7 3 8 ( 3 ) 
8 3 4 9 ( 3 ) 
7 7 6 9 ( 2 ) 
7 0 9 1 ( 2 ) 
8 2 7 5 ( 2 ) 
7 9 9 4 ( 2 ) 
6 0 7 3 ( 3 ) 
6 5 5 2 ( 3 ) 
6 5 5 8 ( 3 ) 
6 0 9 2 ( 3 ) 
5 6 0 4 ( 3 ) 
5 5 9 2 ( 3 ) 
6 1 0 3 ( 3 ) 
6 0 7 9 ( 2 ) 
6 5 6 1 ( 2 ) 

5 6 7 6 ( 2 ) 
2 5 0 7 ( 3 ) 
9 6 9 0 ( 4 ) 
9 3 8 3 ( 8 ) 
79SO (5) 
8 2 0 1 ( 7 ) 

4 6 ( 4 ) 
4 6 ( 4 ) 
4 9 ( 4 ) 
4 2 ( 4 ) 
8 0 ( 6 ) 

1 2 3 ( 9 ) 
8 5 ( 4 ) 
8 7 ( 4 ) 
4 2 ( 3 ) 
7 3 ( 4 ) 

1 0 8 ( 6 ) 
4 4 ( 5 ) 
5 2 ( 5 ) 
5 0 ( 4 ) 
4 6 ( 4 ) 
5 1 ( 5 ) 
8 3 ( 7 ) 
6 2 ( 4 ) 
7 6 ( 4 ) 
4 4 ( 3 ) 
5 0 ( 3 ) 

1 4 2 ( 8 ) 
5 2 ( 4 ) 
4 9 ( 4 ) 
4 7 ( 4 ) 
5 2 ( 4 ) 
6 3 ( 5 ) 
8 8 ( 6 ) 
4 1 ( 3 ) 
4 6 ( 3 ) 
4 7 ( 3 ) 
6 1 ( 3 ) 
6 8 ( 4 ) 
4 1 ( 4 ) 
6 0 ( 5 ) 
6 0 ( 5 ) 
4 8 ( 4 ) 
6 2 ( 5 ) 
9 3 ( 7 ) 
8 7 ( 5 ) 
9 2 ( 4 ) 
3 8 ( 3 ) 
5 2 ( 3 ) 
8 2 ( 6 ) 
9 0 ( 1 5 ) 
5 6 ( 5 ) 
5 5 ( 5 ) 
6 8 ( 5 ) 
5 0 ( 4 ) 
4 3 ( 4 ) 
4 9 ( 5 ) 
7 7 ( 4 ) 
7 5 ( 4 ) 
4 4 ( 3 ) 
4 3 ( 3 ) 
4 4 ( 3 ) 
6 0 ( 5 ) 
6 5 ( 5 ) 
5 1 ( 5 ) 
4 4 ( 4 ) 
4 9 ( 4 ) 
6 4 ( 6 ) 

1 0 3 ( 5 ) 
7 4 ( 4 ) 
3 8 ( 3 ) 
5 6 ( 3 ) 
7 0 ( 4 ) 
3 8 ( 4 ) 
5 6 ( 5 ) 
8 0 ( 6 ) 
5 3 ( 5 ) 
8 5 ( 6 ) 
7 3 ( 6 ) 
9 1 ( 7 ) 
6 8 ( 4 ) 

2 0 5 ( 9 ) 

1 8 1 ( 8 ) 
8 1 ( 5 ) 
4 5 ( 6 ) 
4 0 ( 1 1 ) 
6 0 ( 7 ) 
7 1 ( 1 4 ) 

3 1 ( 3 ) 
2 7 ( 3 ) 
2 9 ( 3 ) 
2 7 ( 3 ) 
3 2 ( 3 ) 
3 0 ( 3 ) 
3 0 ( 2 ) 
2 3 ( 2 ) 
3 9 ( 2 ) 
2 8 ( 2 ) 
5 0 ( 3 ) 
4 3 ( 4 ) 
3 8 ( 3 ) 
2 4 ( 3 ) 
1 6 ( 2 ) 
2 2 ( 3 ) 
3 4 ( 4 ) 
5 5 ( 3 ) 
2 3 ( 2 ) 
2 6 ( 2 ) 
2 8 ( 2 ) 
4 6 ( 3 ) 
2 8 ( 3 ) 
2 4 ( 3 ) 
1 9 ( 2 ) 
2 4 ( 3 ) 
2 4 ( 3 ) 
2 2 ( 3 ) 
2 9 ( 2 ) 
2 1 ( 2 ) 
3 0 ( 2 ) 
2 3 ( 2 ) 
5 0 ( 3 ) 
3 5 ( 3 ) 
3 0 ( 3 ) 
2 2 ( 3 ) 
2 4 ( 3 ) 
2 2 ( 3 ) 
1 6 ( 3 ) 
4 3 ( 3 ) 
2 2 ( 2 ) 
2 7 ( 2 ) 
3 2 ( 2 ) 
3 3 ( 3 ) 
2 2 ( 6 ) 
2 7 ( 3 ) 
3 2 ( 3 ) 
2 0 ( 3 ) 
2 1 ( 3 ) 
2 7 ( 3 ) 
2 7 ( 3 ) 
3 6 ( 2 ) 
2 8 ( 2 ) 
3 5 ( 2 ) 
2 2 ( 2 ) 
4 1 ( 2 ) 
3 3 ( 3 ) 
3 9 ( 3 ) 
3 0 ( 3 ) 
2 7 ( 3 ) 
3 2 ( 3 ) 
3 5 ( 3 ) 
2 9 ( 2 ) 
3 4 ( 2 ) 
3 8 ( 2 ) 
3 2 ( 2 ) 
5 6 ( 3 ) 
2 9 ( 3 ) 
4 4 ( 4 ) 
3 9 ( 3 ) 
3 9 ( 3 ) 
3 6 ( 3 ) 
4 3 ( 4 ) 
3 9 ( 4 ) 
3 4 ( 2 ) 
3 1 ( 3 ) 

4 8 ( 3 ) 
1 0 1 ( 5 ) 
2 2 2 ( 1 4 ) 

3 4 ( 8 ) 
1 1 3 ( 8 ) 

5 8 ( 1 0 ) 

1 1 ( 1 ) 
1 2 ( 1 ) 

9 ( 1 ) 
9 ( 1 ) 

1 0 ( 1 ) 
1 6 ( 1 ) 
1 1 ( 1 ) 
1 2 ( 1 ) 
1 0 ( 1 ) 
1 1 ( 1 ) 
2 6 ( 1 ) 
1 2 ( 1 ) 
1 1 ( 1 ) 
1 1 ( 1 ) 
1 0 ( 1 ) 
1 6 ( 1 ) 
2 9 ( 2 ) 
1 0 ( 1 ) 
1 4 ( 1 ) 

7 ( 1 ) 
1 7 ( 1 ) 
4 7 ( 2 ) 

7 ( 1 ) 
9 ( 1 ) 

1 0 ( 1 ) 
7 ( 1 ) 
9 ( 1 ) 

1 4 ( 1 ) 
9 ( 1 ) 

1 1 ( 1 ) 
8 ( 1 ) 

1 0 ( 1 ) 
1 8 ( 1 ) 
1 0 ( 1 ) 
1 1 ( 1 ) 
1 3 ( 1 ) 

9 ( 1 ) 
9 ( 1 ) 

1 4 ( 1 ) 
1 2 ( 1 ) 
1 1 ( 1 ) 
1 0 ( 1 ) 
1 0 ( 1 ) 
1 5 ( 1 ) 
1 7 ( 3 ) 
1 0 ( 1 ) 
1 1 ( 1 ) 
1 1 ( 1 ) 
1 1 ( 1 ) 
1 1 ( 1 ) 
1 4 ( 1 ) 
1 4 ( 1 ) 
1 7 ( 1 ) 

8 ( 1 ) 
1 2 ( 1 ) 
1 6 ( 1 ) 

9 ( 1 ) 
1 4 ( 1 ) 
1 4 ( 1 ) 
1 0 ( 1 ) 

9 ( 1 ) 
1 7 ( 1 ) 
2 9 ( 1 ) 
1 6 ( 1 ) 

8 ( 1 ) 
8 ( 1 ) 

1 6 ( 1 ) 
1 2 ( 1 ) 
1 0 ( 1 ) 

9 ( 1 ) 
1 1 ( 1 ) 

8 ( 1 ) 
1 0 ( 1 ) 
1 4 ( 1 ) 
1 5 ( 1 ) 
1 6 ( 1 ) 

1 3 ( 1 ) 
1 8 ( 1 ) 
2 2 ( 2 ) 
2 5 ( 4 ) 
3 6 ( 3 ) 
1 8 ( 4 ) 

- 6 ( 6 ) 
- 9 ( 6 ) 

0 ( 6 ) 
- 4 ( 6 ) 

- 1 4 ( 7 ) 
- 2 6 ( 9 ) 
- 3 4 ( 5 ) 

8 ( 5 ) 
6 ( 5 ) 

1 7 ( 5 ) 
6 8 ( 7 ) 
1 6 ( 7 ) 
- 3 ( 7 ) 

4 ( 6 ) 
1 0 ( 5 ) 
1 3 ( 6 ) 

8 ( 9 ) 
- 4 8 ( 6 ) 

- 4 ( 5 ) 
1 3 ( 4 ) 
2 3 ( 5 ) 

8 ( 9 ) 
1 3 ( 6 ) 
- 4 ( 6 ) 
- 3 ( 5 ) 

- 1 5 ( 6 ) 
1 ( 6 ) 

- 1 9 ( 7 ) 
3 ( 4 ) 
0 ( 4 ) 

- 5 ( 4 ) 
- 1 ( 4 ) 

- 4 3 ( 6 ) 
- 6 ( 6 ) 
1 4 ( 6 ) 

5 ( 6 ) 
- 6 ( 6 ) 
- 6 ( 6 ) 
- 4 ( 7 ) 
4 6 ( 6 ) 
1 9 ( 5 ) 
- 4 ( 4 ) 

- 3 4 ( 5 ) 
3 3 ( 8 ) 

- 3 4 ( 1 7 ) 
1 ( 6 ) 

1 1 ( 7 ) 
3 ( 6 ) 

- 7 ( 6 ) 
- 3 ( 6 ) 
1 0 ( 6 ) 
4 0 ( 5 ) 

5 ( 5 ) 
- 1 0 ( 4 ) 

2 ( 4 ) 
1 8 ( 5 ) 

- 1 5 ( 7 ) 
- 4 0 ( 7 ) 
- 2 5 ( 6 ) 
- 1 4 ( 6 ) 

- 8 ( 6 ) 
- 7 ( 7 ) 

- 1 9 ( 6 ) 
- 4 3 ( 5 ) 
- 1 4 ( 4 ) 

- 2 ( 5 ) 
2 0 ( 6 ) 

- 1 0 ( 6 ) 
8 ( 7 ) 

1 4 ( 8 ) 
- 1 ( 7 ) 

- 1 7 ( 8 ) 
- 2 9 ( 8 ) 

7 ( 9 ) 
9 ( 5 ) 

3 5 ( 9 ) 

- 7 2 ( 9 ) 
- 3 9 ( 9 ) 

3 1 ( 1 6 ) 
1 9 ( 1 5 ) 

- 1 4 ( 1 2 ) 
2 9 (21 ) 

- 2 ( 3 ) 
1 ( 3 ) 

- 4 ( 3 ) 
- 1 ( 3 ) 
- 6 ( 3 ) 
- 1 ( 4 ) 

2 ( 2 ) 
- 3 ( 2 ) 

1 ( 2 ) 
- 2 ( 2 ) 
1 7 ( 4 ) 

5 ( 3 ) 
3 ( 3 ) 

- 2 ( 3 ) 
- 1 ( 2 ) 
- 7 ( 3 ) 
- 7 ( 5 ) 

1 ( 3 ) 
- 7 ( 2 ) 

6 ( 2 ) 
5 ( 2 ) 

4 3 ( 5 ) 
4 ( 3 ) 
2 ( 3 ) 
1 ( 3 ) 
2 ( 3 ) 
3 ( 3 ) 

- 1 ( 3 ) 
- 8 ( 2 ) 

1 ( 2 ) 
1 ( 2 ) 

1 0 ( 2 ) 
1 1 ( 3 ) 
- 7 ( 3 ) 
- 9 ( 3 ) 
- 9 ( 3 ) 
- 4 ( 3 ) 
- 2 ( 3 ) 
- 8 ( 3 ) 

- 1 7 ( 3 ) 
1 ( 2 ) 

- 5 ( 2 ) 
- 4 ( 2 ) 

- 1 8 ( 4 ) 
- 2 5 ( 8 ) 

- 3 ( 3 ) 
0 ( 3 ) 
1 ( 3 ) 

- 2 ( 3 ) 
- 1 ( 3 ) 

3 ( 3 ) 
- 7 ( 3 ) 
1 6 ( 2 ) 
- 3 ( 2 ) 
- 9 ( 2 ) 

- 1 9 ( 3 ) 
1 ( 3 ) 
6 ( 4 ) 
4 ( 3 ) 

- 5 ( 3 ) 
- 6 ( 3 ) 
- 1 ( 4 ) 
1 1 ( 3 ) 

3 ( 3 ) 
- 8 ( 2 ) 
- 8 ( 2 ) 

- 2 2 ( 3 ) 
3 ( 3 ) 

1 1 ( 3 ) 
- 8 ( 3 ) 
- 9 ( 3 ) 

1 ( 3 ) 
- 6 ( 3 ) 

- 1 3 ( 4 ) 
4 ( 3 ) 

- 9 ( 3 ) 

1 4 ( 3 ) 
2 7 ( 4 ) 
6 9 ( 9 ) 
1 3 ( 9 ) 

- 2 6 ( 8 ) 
- 4 ( 1 0 ) 

1 1 ( 4 ) 
- 1 4 ( 4 ) 

- 9 ( 3 ) 
3 ( 3 ) 

1 2 ( 4 ) 
1 0 ( 6 ) 

- 2 5 ( 3 ) 
- 1 5 ( 3 ) 

2 ( 3 ) 
1 2 ( 3 ) 
1 8 ( 5 ) 

1 ( 4 ) 
- 6 ( 4 ) 
- 1 ( 4 ) 

3 ( 3 ) 
1 4 ( 4 ) 
1 1 ( 7 ) 

- 1 4 ( 3 ) 
7 ( 3 ) 
2 ( 2 ) 

1 2 ( 3 ) 
8 ( 8 ) 
5 ( 3 ) 
3 ( 3 ) 
3 ( 4 ) 

- 3 ( 3 ) 
- 4 ( 4 ) 

- 1 6 ( 5 ) 
2 ( 2 ) 

- 4 ( 3 ) 
- 5 ( 2 ) 
- 3 ( 3 ) 
- 3 ( 4 ) 
- 7 ( 3 ) 

- 1 3 ( 4 ) 
- 1 0 ( 4 ) 

3 ( 3 ) 
4 ( 4 ) 

- 7 ( 5 ) 
- 2 3 ( 3 ) 

- 1 ( 3 ) 
- 5 ( 2 ) 

2 ( 3 ) 
5 ( 5 ) 0 . 7 

2 9 ( 1 2 ) 0 . 3 
- 6 ( 4 ) 
- 5 ( 4 ) 
- 4 ( 4 ) 

- 1 1 ( 4 ) 
- 3 ( 4 ) 
- 1 ( 4 ) 
- 9 ( 3 ) 

1 ( 3 ) 
- 4 ( 2 ) 
- 2 ( 3 ) 
- 5 ( 3 ) 

2 ( 4 ) 
- 1 4 ( 4 ) 

3 ( 4 ) 
9 ( 3 ) 

- 6 ( 4 ) 
- 1 3 ( 5 ) 
- 4 1 ( 5 ) 

- 5 ( 3 ) 
- 1 ( 2 ) 
- 6 ( 3 ) 
1 2 ( 3 ) 
1 5 ( 4 ) 
1 6 ( 4 ) 

9 ( 4 ) 
- 1 ( 4 ) 

4 ( 4 ) 
1 7 ( 4 ) 

2 ( 5 ) 
3 2 ( 3 ) 

9 ( 6 ) 

- 5 ( 5 ) 
- 2 8 ( 4 ) 

0 ( 6 ) 0 . 7 
2 3 ( 1 1 ) 0 . 3 
3 5 ( 7 ) 0 . 7 
- 7 ( 1 2 ) 0 . 3 

T A B L E 3. FRACTIONAL COORDINATES ( x ÎO3) AND ISOTROPIC THERMAL FACTORS (B/A2) FOR HYDROGEN ATOMS 

H(C1 
H(C2 
H(C3 
H(C4, 
H ( C 5 , 
H(C6A 
H(C6B 
H ( 0 2 , 
H ( 0 3 , 
H ( C 1 , 
H ( C 2 , 
H ( C 3 , 
H ( C 4 , 
H ( C 5 , 
H(C6A 
H(C6B 
H ( 0 2 , 
H ( 0 3 , 
H ( C l , 
H ( C 2 , 
H ( C 3 , 
H(C4 , 
H(C5 , 
H(C6A 
H(C6B 
H ( 0 2 , 
H ( 0 3 , 
H ( 0 6 , 
H ( C 1 , 

H ( C 3 | 
H ( C 4 , 

G l ) 
G l ) 
G l ) 
G l ) 
Gl ) 
,G1) 
,G1) 
G l ) 
G l ) 
G2) 
G2) 
G2) 
G2) 
G2) 
,G2) 
,G2) 
G2) 
G2) 
G3) 
G3) 
G3) 
G3) 
G3) 
,G3) 
,G3) 
G3) 
G3) 
G3) 
G4) 
G4) 
G4) 
G4) 

a - C y c l 

1 0 9 ( 6 ) 
4 2 ( 6 ) 

2 7 5 ( 6 ) 
9 3 ( 6 ) 

2 8 5 ( 6 ) 
2 3 8 ( 7 ) 
1 8 5 ( 7 ) 
1 0 0 ( 6 ) 
1 9 3 ( 6 ) 
1 2 8 ( 6 ) 
2 0 7 ( 6 ) 
3 6 7 ( 6 ) 
3 7 1 ( 6 ) 
3 8 9 ( 6 ) 
4 8 5 ( 6 ) 
3 7 9 ( 7 ) 
1 9 2 ( 6 ) 
3 0 8 ( 6 ) 
5 2 7 ( 6 ) 
6 7 9 ( 6 ) 
6 2 4 ( 6 ) 
8 0 9 ( 6 ) 
6 2 4 ( 6 ) 
7 6 5 ( 6 ) 
6 9 5 ( 6 ) 
5 0 2 ( 6 ) 
7 7 5 ( 6 ) 
8 2 4 ( 7 ) 
9 1 0 ( 6 ) 
9 7 1 ( 6 ) 
7 3 9 ( 6 ) 
9 1 0 ( 6 ) 

o d e x t r i n -

y 

- 4 8 ( 5 ) 
- 1 1 6 ( 5 ) 
- 1 2 8 ( 5 ) 

- 1 5 ( 5 ) 
4 4 ( 5 ) 

1 5 7 ( 6 ) 
1 8 5 ( 6 ) 

- 2 3 0 ( 6 ) 
- 2 0 3 ( 6 ) 

2 9 ( 5 ) 
- 4 5 ( 5 ) 

- 1 0 2 ( 5 ) 
1 7 ( 5 ) 
6 7 ( 5 ) 

1 6 8 ( 5 ) 
2 1 4 ( 5 ) 

- 1 6 0 ( 6 ) 
- 1 3 4 ( 5 ) 

2 9 ( 5 ) 
- 5 8 ( 5 ) 

- 1 1 6 ( 5 ) 
- 1 0 ( 5 ) 

5 9 ( 5 ) 
1 4 4 ( 5 ) 
1 9 9 ( 5 ) 

- 1 5 2 ( 5 ) 
- 1 6 9 ( 5 ) 

1 7 0 ( 6 ) 
- 1 8 ( 5 ) 

- 1 0 9 ( 5 ) 
- 1 3 8 ( 5 ) 

- 3 3 ( 5 ) 

- p - N i t r o p h « 

7 3 5 ( 3 ) 
6 4 4 ( 3 ) 
6 1 8 ( 3 ) 
5 6 3 ( 3 ) 
6 3 6 ( 3 ) 
5 7 5 ( 3 ) 
6 3 6 ( 4 ) 
6 5 4 ( 3 ) 
5 6 5 ( 3 ) 
4 9 0 ( 3 ) 
4 0 6 ( 3 ) 
4 8 6 ( 3 ) 
3 8 6 ( 3 ) 
5 0 7 ( 3 ) 
4 5 8 ( 3 ) 
4 7 1 ( 3 ) 
5 0 1 ( 3 ) 
4 1 5 ( 3 ) 
3 5 6 ( 3 ) 
3 5 1 ( 3 ) 
4 6 6 ( 3 ) 
4 3 3 ( 3 ) 
4 9 2 ( 3 ) 
5 0 3 ( 3 ) 
4 6 2 ( 3 ) 
3 7 9 ( 3 ) 
3 8 6 ( 3 ) 
4 0 7 ( 4 ) 
5 0 2 ( 3 ) 
5 7 2 ( 3 ) 
6 0 5 ( 3 ) 
6 6 7 ( 3 ) 

m a l C 

2 . 8 
2 . 6 

2 ^ 

4 ! o 
4 . 0 
3 . 2 
3 . 1 
2 . 5 

2.'4 
1 . 8 

l'.2 
3 . 2 
3 . 1 
2 . 9 
2 . 1 

2il 
1 . 9 
2 . 8 
2 . 8 

4.'o 
2 . 4 

2^2 
1 . 9 

o n p l e x 

H ( C 5 , 
H ( 0 2 , 
H ( 0 3 , 
H ( C 1 , 
H ( C 2 , 
H ( C 3 , 
H ( C 4 , 
H ( C 5 , 
H(C6A 
H(C6B 
H ( 0 2 , 
H ( 0 3 , 
H ( 0 6 , 
H ( C 1 , 
H ( C 2 , 
H ( C 3 , 
H ( C 4 , 
H ( C 5 , 
H(C6A 
H(C6B 
H ( 0 2 , 
H ( 0 3 , 
H ( 0 6 , 
H ( C 2 , 
H ( C 3 , 
H ( C 5 , 
H ( C 6 , 
H ( 0 1 , 
H ( 0 A , 
H ( 0 B , 
H(0A, 

G4) 
G4) 
G4) 
G5) 
G5) 
G5) 
G5) 
G3) 
,G5) 
,G5) 
G5) 
G5) 
G5) 
G6) 
G6) 
G6) 
G6) 
G6) 
,G6) 
,G6) 
G6) 
G6) 
G6) 
SP) 
MP) 
DP) 
SP) 
SP) 
Kl) 
Hl) 
*2A) 

7 1 0 ( 6 ) 
8 6 6 ( 7 ) 
8 6 7 ( 6 ) 
8 8 2 ( 6 ) 
8 0 9 ( 6 ) 
6 3 2 ( 6 ) 
6 3 1 ( 6 ) 
6 1 6 ( 6 ) 
6 4 5 ( 6 ) 
5 2 8 ( 6 ) 
9 0 0 ( 6 ) 
6 7 0 ( 6 ) 
5 7 4 ( 6 ) 
4 8 1 ( 6 ) 
3 1 5 ( 6 ) 
3 8 4 ( 6 ) 
1 9 9 ( 6 ) 
3 9 9 ( 6 ) 
3 2 9 ( 6 ) 
2 7 3 ( 6 ) 
4 9 1 ( 7 ) 
2 2 4 ( 7 ) 
1 7 0 ( 7 ) 
4 9 5 ( 7 ) 
4 8 0 ( 7 ) 
5 3 4 ( 7 ) 
5 6 1 ( 7 ) 
5 3 5 ( 7 ) 
4 6 5 ( 7 ) 
5 2 2 ( 7 ) 
4 8 0 ( 8 ) 

y 

1 8 ( 5 ) 
- 1 8 0 ( 5 ) 
- 2 0 9 ( 6 ) 

- 2 3 ( 5 ) 
- 1 1 7 ( 5 ) 
- 1 5 3 ( 5 ) 

- 4 9 ( 5 ) 
1 2 ( 5 ) 

1 6 0 ( 5 ) 
1 1 8 ( 5 ) 

- 2 1 8 ( 5 ) 
- 2 1 3 ( 6 ) 

1 2 7 ( 6 ) 
- 5 0 ( 5 ) 

- 1 3 3 ( 5 ) 
- 1 5 8 ( 5 ) 

- 5 2 ( 5 ) 
2 4 ( 5 ) 

1 6 1 ( 5 ) 
1 2 4 ( 6 ) 

- 2 1 5 ( 6 ) 
- 2 1 4 ( 6 ) 

1 1 2 ( 6 ) 
- 2 1 5 ( 6 ) 

- 6 4 ( 6 ) 
- 4 9 ( 6 ) 

- 2 0 7 ( 6 ) 
- 3 3 0 ( 6 ) 

- 8 7 ( 6 ) 
- 1 2 3 ( 6 ) 
- 1 5 2 ( 7 ) 

5 9 8 ( 3 ) 
4 8 4 ( 3 ) 
6 8 0 ( 3 ) 
7 4 1 ( 3 ) 
8 2 3 ( 3 ) 
7 4 1 ( 3 ) 
8 4 3 ( 3 ) 
7 2 6 ( 3 ) 
7 6 9 ( 3 ) 
7 8 0 ( 3 ) 
7 7 9 ( 3 ) 
8 4 9 ( 3 ) 
8 6 5 ( 3 ) 
8 7 5 ( 3 ) 
8 6 8 ( 3 ) 
7 5 0 ( 3 ) 
7 9 2 ( 3 ) 
7 4 3 ( 3 ) 
7 9 6 ( 3 ) 
7 3 0 ( 3 ) 
8 2 5 ( 3 ) 
7 5 1 ( 3 ) 
8 3 7 ( 3 ) 
6 9 9 ( 3 ) 
7 0 1 ( 4 ) 
5 2 0 ( 3 ) 
5 2 3 ( 3 ) 
5 6 7 ( 4 ) 
2 6 6 ( 4 ) 
2 8 1 ( 4 ) 
9 9 4 ( 4 ) 

3 i l 

2^0 
2 . 2 
2 . 4 
2 . 1 
2 . 4 
2 . 6 
2 . 6 
2 . 9 
3 . 2 
3 . 2 

2'. 5 
2 . 2 

3 ! l 
3 . 1 
3 . 8 

3^8 

3." 8 
3 . 4 
3 . 5 
3 . 9 
5 . 0 
5 . 0 
6 . 1 

H ( C 1 , 
H ( C 2 , 
H ( C 3 , 
H ( C 4 , 
H ( C 5 , 
H(C6A 
H(C6B 
H ( 0 2 , 
H ( 0 3 , 
H ( 0 6 , 
H ( C 1 , 
H ( C 2 , 
H ( C 3 , 
K ( C 4 , 
H ( C 5 , 
H(C6A 
H(C6B 
H ( 0 2 , 
H ( 0 3 , 
H ( C 1 , 
H ( C 2 , 
H ( C 3 , 
H ( C 4 , 
H ( C 5 , 
H(C6A 
H(C6B 
H ( 0 2 , 
H ( 0 3 , 
H ( 0 6 , 
H ( C 1 , 
H ( C 2 , 
H ( C 3 , 
H ( C 4 , 

G l ) 
G l ) 
G l ) 
G l ) 
G l ) 
,G1) 
,G1) 
G l ) 
G l ) 
G l ) 
G2) 
G2) 
G2) 
G2) 
G2) 
,G2) 
,G2) 
G2) 
G2) 
G3) 
G3) 
G3) 
G3) 
G3) 
,G3) 
,G3) 
G3) 
G3) 
G3) 
G4) 
G4) 
G4) 
G4) 

a - C y o l 

9 5 ( 6 ) 
4 3 ( 6 ) 

2 7 6 ( 6 ) 
9 2 ( 6 ) 

2 7 8 ( 6 ) 
2 3 8 ( 7 ) 
1 7 2 ( 7 ) 
1 2 2 ( 6 ) 
1 9 6 ( 6 ) 

3 1 ( 7 ) 
1 2 1 ( 6 ) 
1 8 9 ( 6 ) 
3 6 0 ( 6 ) 
3 6 9 ( 5 ) 
3 9 9 ( 6 ) 
4 9 2 ( 7 ) 
3 6 3 ( 7 ) 
1 6 6 ( 6 ) 
3 4 1 ( 6 ) 
5 1 4 ( 6 ) 
6 7 4 ( 6 ) 
6 2 1 ( 6 ) 
8 0 7 ( 6 ) 
6 1 6 ( 6 ) 
7 6 8 ( 6 ) 
6 9 6 ( 6 ) 
5 0 0 ( 6 ) 
7 9 2 ( 6 ) 
8 9 0 ( 7 ) 
9 1 6 ( 6 ) 
9 7 1 ( 6 ) 
7 3 6 ( 6 ) 
9 2 0 ( 6 ) 

o d e x t r i n -

y 

- 4 6 ( 5 ) 
- 1 1 7 ( 5 ) 
- 1 2 6 ( 5 ) 

- 1 0 ( 5 ) 
4 9 ( 6 ) 

1 6 0 ( 6 ) 
1 8 1 ( 6 ) 

- 2 4 6 ( 6 ) 
- 2 2 8 ( 6 ) 

1 6 2 ( 6 ) 
3 7 ( 5 ) 

- 4 3 ( 5 ) 
- 9 9 ( 5 ) 

2 1 ( 5 ) 
6 8 ( 5 ) 

1 7 4 ( 6 ) 
2 2 7 ( 6 ) 

- 1 3 8 ( 6 ) 
- 1 9 2 ( 5 ) 

2 8 ( 4 ) 
- 6 3 ( 5 ) 

- 1 1 6 ( 5 ) 
- 1 3 ( 5 ) 

5 9 ( 5 ) 
1 4 6 ( 6 ) 
2 0 5 ( 6 ) 

- 1 5 2 ( 5 ) 
- 1 5 4 ( 5 ) 

1 7 0 ( 6 ) 
- 1 9 ( 5 ) 

- 1 1 5 ( 5 ) 
- 1 4 0 ( 5 ) 

- 2 9 ( 5 ) 

p - H y d r o x y b e n z o i c 

7 3 1 ( 3 ) 
6 4 5 ( 3 ) 
6 1 3 ( 3 ) 
5 6 5 ( 3 ) 
6 3 5 ( 3 ) 
5 8 2 ( 3 ) 
6 3 4 ( 3 ) 
6 3 9 ( 3 ) 
5 6 8 ( 3 ) 
6 1 9 ( 4 ) 
4 8 8 ( 3 ) 
4 0 7 ( 3 ) 
4 8 1 ( 3 ) 
3 8 5 ( 3 ) 
5 0 7 ( 3 ) 
4 5 7 ( 4 ) 
4 6 9 ( 4 ) 
5 0 0 ( 3 ) 
4 1 7 ( 3 ) 
3 5 6 ( 3 ) 
3 4 6 ( 3 ) 
4 6 1 ( 3 ) 
4 3 2 ( 3 ) 
4 9 2 ( 3 ) 
4 9 6 ( 3 ) 
4 6 2 ( 3 ) 
3 8 1 ( 3 ) 
3 8 4 ( 3 ) 
4 1 4 ( 4 ) 
4 9 6 ( 3 ) 
5 6 7 ( 3 ) 
6 0 0 ( 3 ) 
6 6 3 ( 3 ) 

4 

3 
5 
3 

5 

2 

2 

2 
4 

2 

2 

8 
7 

4 
0 

6 

6 

5 

8 

4 

A c i d Comple 

H ( C 5 , G 4 ) 
H ( 0 2 , G 4 ) 
H ( 0 3 , G 4 ) 
H ( C 1 , G 5 ) 
H ( C 2 , G 5 ) 
H ( C 3 , G 5 ) 
H ( C 4 , G 5 ) 
H ( C 5 , G 5 ) 
H(C6A,G5) 
H(C6B,G5) 
H ( 0 2 , G 5 ) 
H ( 0 3 , G 5 ) 
H ( 0 6 , C 5 ) 
H ( C 1 , G 6 ) 
H ( C 2 , G 6 ) 
H ( C 3 , G 6 ) 
H ( C 4 , G 6 ) 
H ( C 5 , G 6 ) 
H(C6A,G6) 
H(C6B,G6) 
H ( 0 2 , G 6 ) 
H ( 0 3 , G 6 ) 
H ( 0 6 , G 6 ) 
H(C2,HB) 
H(C3,HB) 
H(C5,HB) 
H(C6,HB) 
H ( 0 1 , H B ) 
H ( 0 2 , H B ) 
H(OA,Wl) 
H(OB,Wl) 
H(OA,W2A) 

7 0 7 ( 6 ) 
8 6 5 ( 7 ) 
8 6 8 ( 6 ) 
8 9 5 ( 6 ) 
8 1 5 ( 6 ) 
6 4 8 ( 6 ) 
6 4 1 ( 6 ) 
6 2 3 ( 6 ) 
6 4 6 ( 6 ) 
5 3 4 ( 6 ) 
9 0 6 ( 6 ) 
6 4 6 ( 7 ) 
5 7 5 ( 6 ) 
4 9 4 ( 6 ) 
3 2 6 ( 6 ) 
3 9 3 ( 6 ) 
2 0 7 ( 6 ) 
4 0 7 ( 6 ) 
3 2 9 ( 7 ) 
2 7 2 ( 7 ) 
4 8 9 ( 7 ) 
2 2 4 ( 7 ) 
1 7 7 ( 7 ) 
5 0 3 ( 6 ) 
4 9 2 ( 6 ) 
5 2 7 ( 6 ) 
5 3 8 ( 6 ) 
5 7 6 ( 6 ) 
4 3 2 ( 8 ) 
4 7 3 ( 7 ) 
5 4 0 ( 7 ) 
4 9 3 ( 7 ) 

y 

2 2 ( 5 ) 
- 1 7 7 ( 6 ) 
- 1 9 8 ( 5 ) 

- 2 4 ( 5 ) 
- 1 1 5 ( 5 ) 
- 1 5 3 ( 5 ) 

- 4 4 ( 5 ) 
1 9 ( 5 ) 

1 6 3 ( 5 ) 
1 1 4 ( 5 ) 

- 2 0 5 ( 5 ) 
- 2 1 9 ( 6 ) 

1 3 1 ( 5 ) 
- 5 4 ( 5 ) 

- 1 4 1 ( 6 ) 
- 1 5 7 ( 5 ) 

- 4 8 ( 5 ) 
2 3 ( 5 ) 

1 6 1 ( 6 ) 
1 2 5 ( 6 ) 

- 2 6 7 ( 6 ) 
- 2 0 2 ( 6 ) 

1 1 3 ( 6 ) 
- 2 0 9 ( 5 ) 

- 5 2 ( 5 ) 
- 3 9 ( 5 ) 

- 2 0 4 ( 6 ) 
- 3 2 7 ( 6 ) 

1 1 1 ( 6 ) 
- 9 1 ( 6 ) 

- 1 2 6 ( 6 ) 
- 1 4 2 ( 6 ) 

5 9 9 ( 3 ) 
5 0 1 ( 3 ) 
6 7 9 ( 3 ) 
7 3 9 ( 3 ) 
8 1 7 ( 3 ) 
7 4 3 ( 3 ) 
8 4 3 ( 3 ) 
7 2 3 ( 3 ) 
7 7 0 ( 3 ) 
7 7 8 ( 3 ) 
7 7 9 ( 3 ) 
8 6 8 ( 3 ) 
8 6 1 ( 3 ) 
8 6 7 ( 3 ) 
8 6 1 ( 3 ) 
7 4 5 ( 3 ) 
7 9 1 ( 3 ) 
7 4 3 ( 3 ) 
7 9 3 ( 3 ) 
7 2 9 ( 3 ) 
8 1 8 ( 4 ) 
7 5 1 ( 3 ) 
8 3 1 ( 3 ) 
6 9 5 ( 3 ) 
6 9 8 ( 3 ) 
5 2 5 ( 3 ) 
5 2 3 ( 3 ) 
5 7 7 ( 3 ) 
6 7 1 ( 4 ) 
2 6 6 ( 4 ) 
2 7 3 ( 4 ) 
9 9 6 ( 4 ) 

2 . 6 
3 . 6 
3 . 1 

2' .9 
2 . 3 

3 . 3 
3 . 3 
3 . 5 
3 . 9 
3 . 3 

2~.7 
2 . 5 
4 . 0 

5 . 4 
3 . 9 
4 . 6 

3^6 

i'.O 
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calculated. The guest molecule and water molecules 
were found on the map . T h e hydrogen atoms were 
found on a difference-Fourier map . In both complexes, 
0 ( 6 , G 4 ) , 0 ( W 2 ) , and 0 ( W 3 ) were revealed to be 
statistically disordered. The occupancy was estimated 
on the electron-density map , but they were not refined. 
The refinement of the crystal structures was carried 
out by the block-diagonal least-squares method. The 
quanti ty minimized was ^jw(\F0\— \FC\)2, with w= 
1.0 for the all reflections used. The thermal factors of 
the hydrogen atoms were not refined, but they were 
fixed as equal to the isotropic ones of the carbon or 
oxygen atoms to which the hydrogen atoms are bonded. 
The final ^-values were 0.066 for the p-NP complex 
and 0.067 for the p-HB complex. The atomic scattering 
factors were taken from "Internat ional Tables for X-ray 
Crystallography."17) T h e atomic parameters are listed 
in Tables 2 and 3. The observed and calculated 
structure factors are given in Table 4.* 

Descr ip t ion o f the Structure 
a n d D i s c u s s i o n 

The structure and numbering schemes of the com­
plexes are shown in Figs. 1 and 2. The atom numbering 
for a-CDx is the same as that used in the p-lA complex14) 
and the p-IP complex.16) T h e bond distances, angles, 
and conformation angles are shown in Figs. 3—6 and 
Tables 5* and 6. The geometrical data for the complex 
are shown in Tables 7 and 8. T h e crystal structure and 

Fig. 1. The structure and numbering scheme of the oc-
cyclodextrin-j&-nitrophenol complex. 

* Tables 4 and 5 are kept in the office of The Chemical 
Society of Japan (Document No. 7707). 

Fig. 2. The structure and numbering scheme of the 
oc-cyclodextrin-/>-hydroxybenzoic acid complex. 

hydrogen-bonding schemes are given in Figs. 7—9 and 
Table 9. 

Structure of OL-CDX. In both the a-CDx-j6-NP 
complex and the a-CDx-jfe-HB complex, the conforma­
tion of oc-CDx is nearly identical with the conformation 
found in the complexes with p-lA and p-IP. The 
distances of the C( l ) -C(2 ) and C(4)-C(5) bonds are 
slightly longer than the C(2)-C(3) and C(3)-C(4) 
distances, while the contrary tendancy is observed in 
a-D-glucose monohydrate.18) The C ( 4 ) - 0 ( 4 ) bond of 
the glycosidic linkage is longer than the G ( l ) - 0 ( 4 ) 
bond. In the pyranose ring, the C ( 5 ) - 0 ( 5 ) bond is 
longer than the G ( l ) - 0 ( 5 ) bond; a similar effect is 
observed in a-D-glucose monohydrate. The C ( l ) - 0 ( 5 ) -
G(5) angles are in good agreement with the values 
found in the a-D-glucose derivatives18 '19) and in the 
maltose derivatives.20-22) The a-1,4-linking oxygen 
angles of C ( 4 ) - 0 ( 4 ) - C ( l ' ) are a little larger than those 
found in the maltose derivatives, but such large values 
are commonly observed in other a-CDx complexes. 

A small conformational difference is observed among 
the glucose residues. One of the indices which represent 
the conformational change of glucose residues is the 
0 ( 4 ) - 0 ( 4 ' ) distance.23) The 0 ( 4 ) - 0 ( 4 ' ) distance 
in the jb-NP complex and the j^-HB complex (Table 7) 
are quite small compared with that found in a-D-glucose 
monohydrate. This may be due to the cyclic structure 
of a-CDx. The distance of the C(4) atom from the plane 
through C(2), C(3), C(5), and 0 ( 5 ) also indicates the 
conformational change in the pyranose ring (Table 8). 
T h e C(4) a tom approaches to the plane slightly when 
the 0 (4 ) - - -0 (4 ' ) distance is shortened. 
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Fig. 3. Average bond distances and angles for the glucose residue in the 
a-cyclodextrin-/>-nitrophenol complex (left) and the a-cyclodextrin-/»-
hydroxybenzoic acid complex (right). Standard deviations given in 

6 

parentheses were estimated according to a= EC** -#)2 /5]1 / 2 , where xt 
i = i 

is the bond distance or angle in the i-tb. glucose residue and x is the 
average value. 

TABLE 6. CONFORMATION ANGLES (<p/°) IN IX-CYCLODEXTRIN 

A prime (') indicates the atom in the adjacent 
glucose residue. 

C < l ) - C < 2 ) - C ( 3 ) - C < 4 ) 
C ( 2 ) - C ( 3 ) - C ( 4 ) - C ( 5 ) 
C < 3 ) - C ( 4 ) - C < 5 > - 0 < 5 ) 
C < 4 ) - C ( 5 ) - 0 < 5 ) - C < l > 
C ( 5 ) - 0 < 5 ) - C < l > - C < 2 > 
0 < 5 ) - C ( l ) - C ( 2 ) - C < 3 > 
0 ( 4 , ) - C ( l ) - C ( 2 ) - 0 ( 2 ) 
0 ( 2 ) - C ( 2 ) - C < 3 ) - 0 < 3 > 
0 < 3 ) - C ( 3 ) - C ( 4 ) - 0 < 4 ) 
0 ( 4 ) - C ( 4 ) - C ( 5 ) - C ( 6 ) 
0 < 5 ) - C ( 5 ) - C < 6 ) - 0 < 6 > 

C ( 4 ) - C ( 5 ) - C ( 6 ) - 0 ( 6 ) 

C ( 2 ) - C ( l ) - 0 ( 4 , ) - C ( 4 1 ) 
0 ( 5 ) - C ( l ) - 0 ( 4 ' ) - C ( 4 ' ) 
C ( l ) - 0 ( 4 , ) - C ( 4 ' ) - C ( 3 ' 
C ( l ) - 0 ( 4 , ) - C ( 4 , ) - C ( 5 ' 

C ( l ) - C ( 2 ) - C ( 3 ) - C ( 4 ) 
C ( 2 ) - C ( 3 ) - C ( 4 ) - C ( 5 ) 
C ( 3 ) - C ( 4 ) - Ç ( 5 ) - 0 ( 5 ) 
C ( 4 ) - C ( 5 ) - 0 ( 5 ) - C ( l ) 
C ( 5 ) - 0 ( 5 ) - C ( l ) - C ( 2 ) 
0 ( 5 ) - C ( l ) - C ( 2 ) - C ( 3 ) 
0 ( 4 ' ) - C ( l ) - C ( 2 ) - 0 ( 2 ) 
0 ( 2 ) - C ( 2 ) - C ( 3 ) - 0 ( 3 ) 
0 ( 3 ) - C ( 3 ) - C ( 4 ) - 0 ( 4 ) 
0 ( 4 ) - C ( 4 ) - C ( 5 ) - C ( 6 ) 
0 ( 5 ) - C ( 5 ) - C ( 6 ) - 0 ( 6 ) 

C ( 4 ) - C ( 5 ) - C ( 6 ) - 0 ( 6 ) 

C ( 2 ) - C ( l ) - 0 ( 4 ' ) - C ( 4 f ) 
0 ( 5 ) - C ( l ) - 0 ( 4 ' ) - C ( 4 ' ) 
C ( l ) - 0 ( 4 ' ) - C ( 4 ' ) - C ( 3 ' 
C ( l ) - 0 ( 4 • ) - C ( 4 • ) - C ( 5 • 

a - C y e l o d e x t r i n - p 

G l 

- 5 6 . 0 
5 6 . 0 

- 5 7 . 0 
6 2 . 3 

- 6 2 . 5 
5 7 . 9 
5 6 . 9 
6 9 . 4 

- 6 7 . 9 
6 8 . 0 

- 6 7 . 4 

5 1 . 7 

- 1 3 1 . 9 
1 0 8 . 3 

) 1 2 2 . 4 
) - 1 1 5 . 7 

G2 

- 5 7 . 2 
5 5 . 2 

- 5 4 . 0 
5 6 . 8 

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

- 6 7 . 9 
7 1 . 5 

- 7 0 . 0 

5 0 . 6 

- 1 1 8 . 0 
1 2 2 . 0 
1 2 7 . 2 

- 1 1 4 . 9 

- N i t r o p h e n o l C o m p l e x 

G3 

- 5 2 . 5 
4 5 . 1 

- 4 4 . 8 
5 7 . 3 

- 6 6 . 4 
6 1 . 8 
6 4 . 6 
6 5 . 0 

- 7 1 . 6 
7 9 . 8 

- 6 9 . 2 

5 1 . 9 

- 1 2 9 . 1 
1 1 3 . 2 
1 2 9 . 9 

- 1 1 0 . 4 

G4 

- 5 1 . 1 
5 6 . 0 

- 6 0 . 6 
6 5 . 4 

- 6 0 . 3 
5 1 . 2 
5 2 . 7 
6 7 . 1 

- 6 7 . 9 
6 8 . 1 

- 5 0 . 9 * 
7 4 . 2 * * 
6 5 . 5 * 

- 1 6 9 . 4 * » 
- 1 3 7 . 5 

1 0 1 . 4 
1 3 6 . 6 

- 1 0 1 . 8 

G5 

- 5 2 . 6 
5 0 . 5 

- 5 3 . 0 
6 0 . 9 

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

- 7 0 . 4 
7 1 . 1 

- 7 3 . 8 

4 7 . 3 

- 1 2 9 . 3 
1 1 2 . 2 
1 2 8 . 0 

- 1 1 5 . 3 

a - C y c l o d e x t r i n - p - H y d r o x y b e n z o l o A c i d C o m p l e x 

Gl 

- 5 5 . 6 
5 5 . 2 

- 5 6 . 7 
6 2 . 7 

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

- 6 7 . 9 
6 9 . 9 

- 7 0 . 5 

4 6 . 7 

- 1 3 0 . 3 
1 1 1 . 4 

) 1 2 2 . 1 
) - 1 1 6 . 4 

G2 

- 5 7 . 0 
5 4 . 3 

- 5 2 . 8 
5 7 . 0 

- 6 1 . 4 
6 0 . 3 
6 6 . 1 
6 2 . 1 

- 6 7 . 3 
7 1 . 6 

- 7 1 . 5 

4 9 . 0 

- 1 1 7 . 5 
1 2 3 . 5 
1 2 7 . 8 

- 1 1 3 . 6 

G3 

- 5 2 . 0 
4 6 . 0 

- 4 6 . 9 
5 9 . 1 

- 6 6 . 7 
6 1 . 0 
6 3 . 7 
6 3 . 4 

- 7 2 . 4 
7 9 . 8 

- 6 7 . 1 

5 3 . 4 

- 1 3 1 . 3 
1 1 1 . 2 
1 3 0 . 6 

- 1 0 8 . 9 

G4 

- 5 1 . 4 
5 6 . 5 

- 6 0 . 9 
6 4 . 4 

- 5 9 . 0 
5 1 . 5 
5 3 . 0 
6 5 . 2 

- 6 8 . 4 
6 6 . 9 

- 5 4 . 9 * 
7 7 . 2 * » 
6 2 . 9 * 

- 1 6 5 . 0 * * 
- 1 3 5 . 2 

1 0 3 . 3 
1 3 3 . 7 

- 1 0 5 . 6 

G5 

- 5 1 . 3 
4 8 . 7 

- 5 1 . 2 
6 0 . 4 

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

- 7 2 . 4 
7 1 . 9 

- 7 5 . 2 

4 6 . 2 

- 1 2 8 . B 
1 1 3 . 7 
1 2 8 . 8 

- 1 1 4 . 2 

* The a n g l e s o f 0 < 5 , G 4 ) - C ( 5 , G 4 ) - C < 6 , G 4 > - 0 < 6 A , G 4 ) a n d C ( 4 , G 4 ) - C ( 5 , G 4 ) 

G6 

- 5 4 . 2 
4 8 . 9 

- 4 8 . 4 
5 7 . 0 

- 6 5 . 5 
6 3 . 1 
6 6 . 5 
6 1 . 9 

- 7 3 . 5 
7 5 . 9 

- 8 1 . 6 

3 9 . 0 

- 1 3 5 . 1 
1 0 6 . 0 
1 2 6 . 9 

- 1 1 2 . 6 

G6 

- 5 0 . 3 
4 7 . 9 

- 4 9 . 6 
5 8 . 7 

- 6 4 . 6 
5 9 . 4 
5 9 . 6 
6 8 . 4 

- 7 3 . 9 
7 3 . 8 

- 8 1 . 3 

3 9 . 7 

- 1 3 2 . 4 
1 1 7 . 1 
1 2 3 . 7 

- 1 1 6 . 1 

- C ( 6 , G 4 ) -
* * The a n g l e s o f 0 ( 5 , G 4 ) - C ( 5 , G 4 ) - C ( 6 , G 4 ) - 0 ( 6 B , G 4 ) a n d C ( 4 , G 4 ) - C ( 5 , G 4 > - C < 6 , G 4 > -

AVERAGE 

- 5 3 . 9 
5 2 . 0 

- 5 3 . 0 
6 0 . 0 

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

- 6 9 . 9 
7 2 . 4 

- 6 8 . 8 

5 1 . 0 

- 1 3 0 . 2 
1 1 0 . 5 
1 2 8 . 5 

- 1 1 1 . 8 

AVERAGE 

- 5 2 . 9 
5 1 . 4 

- 5 3 . 0 
6 0 . 4 

- 6 3 . 1 
5 8 . 0 
6 0 . 1 
6 5 . 3 

- 7 0 . 4 
7 2 . 3 

- 7 2 . 4 

4 9 . 7 

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

- 1 1 2 . 5 

0 ( 6 A , G 4 ) . 
0 ( 6 B , G 4 ) . 

T A B L E 7. G E O M E T R I C A L D A T A F O R a-CYCLODEXTRiN 

I. Distances (//Â) between glycosidic oxygen atoms 
in the p-NP complex (A) and in the p-HB com­
plex (B). 

- _ 

0(4, G l ) -0 (4 , G6) 
0(4, G l ) -0 (4 , G2) 
0(4, G2)-0(4, G3) 
0(4 , G3)-0(4, G4) 
0(4 , G4)-0(4, G5) 
0(4, G5)-0(4, G6) 
Average value 
0(4, Gl ) -0 (4 , G4) 
0(4, G2)-0(4, G5) 
0(4 , G3)-0(4, G6) 
Average value 

II. Torsion-angle indexa> (0/°) in the />-NP complex 
(A) and in the/>-HB complex (B). 

4.361 
4.241 
4.016 
4.493 
4.249 
4.049 
4.235 

7.984 
8.902 
8.457 
8.457 

4.351 
4.219 
4.053 
4.509 
4.201 
4.103 
4.239 

8.055 
8.923 
8.418 
8.465 

Index Index 
Residue Residue 

B A B 

The conformation angles in the G4 residue, which 
gives the largest 0 ( 4 ) - - 0 ( 4 ' ) distance are in agreement 
with those of a-D-glucose monohydrate within 3.0° in 
the p-NP complex and within 4.0° in the p-HB complex. 
A small difference in the pyranose-ring conformation 
is observed between the G3 residue and the G4 residue. 
The G(3) -G(4) -G(5) -0 (5) conformation angle of the 
G3 residue is greater by 15.8° in the jö-NP complex and 
by 14.0° in the p-HB complex than the values found 
in the G4 residue. The change in the pyranose-ring 
conformation is also clearly shown by means of the 

Gl 125.7 127.1 G4 111.4 108.9 
G2 125.8 128.6 G5 131.5 133.6 
G3 148.1 145.9 G6 142.5 135.5 

Average value 130.8 129.9 

a) The torsion-angle index is defined as follows: 
|^(G(1)-G(2))| + |^(C(2)-G(3))| + ^ ( G ( 5 ) - 0 ( 5 ) ) | 
+ |^(O(5)-C(l)) |- |0(C(3)-C(4)) |- |çi(C(4)-C(5)) | , 
if the conformation angle of C(l)-C(2)-C(3)-C(4) is 
expressed as 0(C(2)-C(3)). 

torsion-angle index defined by French and Murphy.23) 
The torsion-angle indices in the p-NP complex and the 
p-HB complex, except for that in the G4 residue, are 
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Fig. 4. Plot of the 0(4)—0(4') distance against the 
torsion-angle index in the a-cyclodextrin complexes 
with jtara-disubstituted benzenes (Q), the complexes 
with the cage-type structure ( 0 ) , and the complexes 
with the channel-type structure (A)-

greater than that found in a-D-glucose monohydrate. 
The glucose residue, which has a small 0 ( 4 ) — 0 ( 4 ' ) 
distance, gives a large torsion-angle index, and vice 
versa. T h e value found in the G3 residue is considerably 
larger than the values of 112.6—134.6° found in the 
a-CDx-water complex. This suggests that the pyranose 

ring changes its conformation when a-CDx includes the 
planar molecule. 

The 0 (4 ) - - -0 (4 ' ) distance is plotted against the 
torsion-angle index for the three types of crystal struc­
tures in Fig. 4. In the complexes with jbara-disubstituted 
benzenes, a correlation similar to that found in mono-, 
di-, and trisaccharides23) is found between the two 
variables, while in the complexes with the cage-type 
structure4 - 8) or the channel-type structure9-12) the 
correlation is not clear. In the channel-type structure, 
the 0 ( 4 ) - - 0 ( 4 ' ) distance and the torsion-angle index 
are found in a relatively small region, although the 
dimension and shape of the guest molecule are quite 
flexible. This indicates that the geometrical freedom 
of the pyranose ring is restricted not only by the guest 
molecule, but also by the crystal structure. 

The a-CDx ring shows a distorted hexagon. The 
diagonal distances measured between the glycosidic 
oxygen atoms vary from 7.984 to 8.902 A in the jö-NP 
complex and from 8.055 to 8.923 À in the/>-HB complex 
(Table 7). O n the other hand, the PSNa complex12) 
gives 8.40—8.59 Â, showing a nearly regular hexagon. 
A distorted hexagon was also observed in the other 
a-CDx complexes with phenyl derivatives. The 
planari ty of the six 0 ( 4 ) atoms is quite good (Table 8). 

TABLE 8. LEAST-SQUARES PLANES AND DEVIATIONS OF ATOMS FROM THE PLANE (//Â) 

An asterisk (*) indicates an atom not included in the plane. 

I. a-Cyclodextrin-/»-nitrophenol complex. 
(i) The plane through C(2), C(3), C(5), and 0(5). 

The plane equation is of the AX-\-BY+CZ=D 
form. 

II . a-Cyclodextrin-/>-hydroxybenzoic acid complex, 
(i) The plane through C(2), G(3), C(5), and 0(5), 

The plane equation is of the AX+BY+CZ=D 
form. 

Residue A B C 

Gl 0.8120 -0 .1425 0.5660 
G2 0.0029 -0 .2186 0.9758 
G3 0.8801 0.1257 -0 .4578 
G4 0.8015 0.1501 0.5789 
G5 0.0166 0.1393 0.9901 
G6 0.8920 -0 .0991 -0 .4411 

Deviations of atoms from the plane. 

Residue G(l)* C(2) C(3) C(4)* 
Gl - 0 . 6 8 2 - 0 . 0 0 9 0.009 0.699 
G2 - 0 . 6 7 6 - 0 . 0 1 2 0.011 0.660 
G3 - 0 . 7 6 8 - 0 . 0 0 4 0.004 0.559 
G4 - 0 . 6 3 8 - 0 . 0 3 9 0.039 0.723 
G5 - 0 . 6 9 8 - 0 . 0 1 5 0.014 0.630 
G6 - 0 . 7 1 6 - 0 . 0 0 4 0.003 0.592 

(ii) The plane through six 0(4) atoms. 

0.0432X+ 0.9942 y + 0.0988Z= 1.1267 
0(4 , Gl) 0.121 0(4 , G4) 
0(4 , G2) 0.040 0(4, G5) 
0(4 , G3) - 0 . 1 6 3 0(4 , G6) 

(iii) The benzene plane. 

0.9711X+0.1004F+0.2163Z=9.8172 
C(l, NP) - 0 . 0 0 1 C(6, NP) -
C(2, NP) 0.008 N(NP)* 
C(3, NP) - 0 . 0 1 0 0 ( 1 , NP)* 
C(4, NP) 0.004 0(2 , NP)* 
G(5, NP) 0.004 0 ( 3 , NP)* 

D 

10.7960 
11.0176 
2.9684 

17.4115 
19.0157 

-4 .4224 

C(5) 
- 0 . 0 0 9 
- 0 . 0 1 2 
- 0 . 0 0 4 
- 0 . 0 4 0 
- 0 . 0 1 5 
- 0 . 0 0 4 

0.133 
0.022 

- 0 . 1 5 2 

-0.004 
0.050 
0.053 
0.040 
0.133 

0(5) 
0.010 
0.013 
0.004 
0.041 
0.016 
0.004 

Residue A B C 
Gl 0.8205 -0 .1266 0.5574 
G2 0.0136 -0 .2242 0.9744 
G3 0.8777 0.1223 -0 .4633 
G4 0.8255 0.1224 0.5510 
G5 0.0327 0.1384 0.9898 
G6 0.8854 -0 .0630 -0 .4606 

Deviations of atoms from the plane. 

Residue G(l)* G(2) G(3) C(4)* 
Gl - 0 . 6 8 5 - 0 . 0 1 3 0.012 0.693 
G2 - 0 . 6 8 6 - 0 . 0 0 9 0.008 0.644 
G3 - 0 . 7 2 1 - 0 . 0 1 1 0.010 0.571 
G4 - 0 . 6 2 9 - 0 . 0 3 3 0.032 0.720 
G5 - 0 . 6 9 8 - 0 . 0 2 0 0.019 0.610 
G6 - 0 . 6 8 5 - 0 . 0 1 7 0.016 0.587 

(ii) The plane through six 0(4) atoms. 

0.0422X+ 0.9950 Y+ 0.0908Z= 1.0190 
0(4 , Gl) 0.145 0(4 , G4) 
0(4 , G2) 0.011 0(4 , G5) 
0(4 , G3) - 0 . 1 5 4 0(4, G6) 

(iii) The benzene plane. 

0.9892X+ 0.0585 7+0.1345Z= 8.7861 
C(l, HB) 0.003 G(6, HB) 
G(2, HB) 0.003 C(7, HB)* 
G(3, HB) - 0 . 0 1 8 0 ( 1 , HB)* 
G(4, HB) 0.027 0(2 , HB)* 
C(5, HB) - 0 . 0 2 1 0 (3 , HB)* 

D 

10.6892 
11.0791 
2.7799 

17.2970 
19.2449 

-4 .8608 

C(5) 0(5) 
- 0 . 0 1 3 0.014 
- 0 . 0 0 9 0.009 
- 0 . 0 1 1 0.011 
- 0 . 0 3 3 0.034 
- 0 . 0 2 0 0.021 
- 0 . 0 1 7 0.017 

0.145 
0.004 

- 0 . 1 5 2 

0.007 
0.151 
0.067 
0.326 
0.225 
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The intramolecular 0 ( 2 ) - - 0 ( 3 ) hydrogen bonds are 
observed between the adjacent glucose residues (Table 
9). Not all of these hydrogen bonds are oriented in the 
same direction, but both 0 ( 2 ) - > 0 ( 3 ) and 0 ( 3 ) - > 0 ( 2 ) 
hydrogen bonds are found. In the G4 and G6 residues, 
both of the secondary hydroxyl groups act as donors, 
but in the G l residue, they are acceptors. The 0 ( 2 ) 
hydroxyl group in the G2 and G3 residues donates the 
hydrogen atom. 0 ( 2 , G 4 ) - - 0 ( 3 , G 3 ) in the p-NP 
complex and 0(2 ,G6)-- -0(3 ,G5) in the p-HB complex 
are rather doubtful hydrogen bonds since the 0 - H - - 0 
angles are too small. 

Structures ofp-NP and p-HB. The bond distances 
and angles in p-ISP (Fig. 5) are in good agreement with 
those found in the crystal structure of />-NP.24,25> The 
inequality in the C ( 2 ) - C ( l ) - 0 ( 1 ) and G ( 6 ) - C ( l ) - 0 ( 1 ) 
angles which is found in jfr-NP is not found in p-HB 
(Fig. 6). T h e bond distances of C ( 7 ) - 0 ( 2 ) and C ( 7 ) -
0 ( 3 ) in p-HB agree with those found in />-chlorobenzoic 
acid.26) In both jfr-NP and jö-HB, the benzene ring shows 
a good planarity (Table 8). 

OL-CDx-Guest Interaction. The nitrophenyl or car-
boxyphenyl group is located in the a-CDx cavity, while 
the phenolic hydroxyl group protrudes from the 0 ( 2 ) , 

<* 
JV 

H(C3.G6)QT? 
<fr 

0 ( 4 . 0 5 ) ^ - ' - " 2-305 y 

T'y «N(, 

H(C5,G6)Ö 
H(C5.G5)Q 

A., D
 H ( C 3 'Q3) 

.._339.8_—,'.'-'- -_-QoU.G3> 

/ 2.23r~-~-~-00U,G2) 

1 

a* 
\ \ 
£)H(C5.G3) 

Fig. 5. Bond distances (//A) and angles (0/°) in /»-nitrophenol. Intermolecular 
distances between /»-nitrophenol and a-cyclodextrin are shown by dashed 
lines. 

3 0 H(C3,G3) 

0 ( 4 . 0 5 ) Q - - | ^ - - - - ^ 

C5i:—--3-5-7 

H(C5,G5)0' 4?'' 

H(C5,G6)(]3 

V r
 V " 0 HCC5.G3) 

Fig. 6. Bond distances (//Â) and angles (0/°) i n /»-hydroxybenzoic 
acid. Intermolecular distances between /»-hydroxybenzoic acid and 
a-cyclodextrin are shown by dashed lines. 
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TABLE 9. HYDROGEN BOND DISTANCES (//Â) 

AND ANGLES (0 / ° ) 

0 
0(3, G6) 
0(2, G2) 
0(2,G3) 
0(2,G4) 
0(3,G4) 
0(2,G6) 
0(W1) 
0(2,G5) 
0(2,G6) 
0(2,G5) 
0(6,Gl) 
0(W2A) 
0(6,G6) 
0(6A,G4) 
0(3,G5) 
0.(W1) 
0(6, G2) 
0(6, G2) 
0(3,G3) 
0(6, G3) 
0(1,NP) 
0(6, G2) 
0(6,G2) 
0(2,Gl) 
0(3,Gl) 
0(3, G2) 
0(W1) 
0(6,Gl) 
0(6B,G4) 
0(6,G5) 
0(3,NP) 

0 
0(3,G6) 
0(2,G2) 
0(2,G3) 
0(2,G4) 
0(3,G4) 
0(2,G6) 
0(W1) 
0(2,G5) 
0(2,G6) 
0(2,G5) 
0(6,Gl) 
0(W2A) 
0(6,G6) 
0(3,G5) 
0(6A,G4) 
0(W1) 
0(6,G2) 
0(6,G2) 
0(3,G3) 
0(6,G3) 
0(2,Gl) 
0(3,Gl) 
0(6,G2) 
0(6,G2) 
0(W1) 
0(1,HB) 
0(3,G2) 
0(3,HB) 
0(6,Gl) 
0(6,G5) 
0(2,G6) 

Code 
None 

a 
b 
c 
d 
e 

a-Cyclodextrin 

H 
H(03,G6) 
H(02,G2) 
H(02,G3) 
H(02,G4) 
H(03,G4) 
H(02,G6) 
H(0B,W1) 
H(02,G5) 

H(02,G5) 

H(0A,W2A) 
H(06,G6) 

H(03,G5) 
H(0A,W1) 

H(03,G3) 

H(01,NP) 

H(02,G1) 
H(03,G1) 

H(06,G5) 

0 
0(2,Gl) 
0(3,Gl) 
0(3, G2) 
0(3,G3) 
0(2, G5) 
0(3,G5) 
0(2,G3) 
0(W3B) 
0(W2B) 
0(W3A) 

-p-Nitrophenol Complex 

(a) 
0(6A,G4)(b) 
0(6,Gl) 
0(3,G2) 
0(W1) 
0(6,G3) 
0(6,G6) 
0(W3A) 
0(W3B) 
0(6,G5) 
0(W2A) 
0(2,G2) 

(c) 
(o) 
(d) 
(d) 
(e) 
(e) 
(f) 
(f) 
(f) 
(g) 

0(6A,G4)(h) 
0(6B,G4)(h) 
0(2, G3) 
0(3,G3) 
0(3,G4) 
0(W3B) 
0(W3B) 
0(2,G6) 
0(1,NP) 
0(W2B) 

(i) 
(i) 
(i) 
(i) 
(j) 
(j) 
(j) 
(j) 

0-H 
0.852 
1.054 
0.921 
1.104 
0.942 
1.052 
0.791 
1.174 

1.174 

0.628 
0.931 

0.787 
0.771 

0.972 

1.045 

1.004 
0.667 

0.798 

a-Cyclodextrin-p-Hydroxybenzoic 

H 
H(03,G6) 
H(02,G2) 
H(02,G3) 
H(02,G4) 
H(03,G4) 
H(02,G6) 
H(0B,W1) 
H(02,G5) 

H(02,G5) 
H(06,G1) 
H(0A,W2A) 
H(06,G6) 
H(03,G5) 

H(0A,W1) 

H(03,G3) 
H(06,G3) 
H(02,G1) 
H(03,G1) 

H(Ol,HB) 
H(03,G2) 

H(06,G1) 
H(06,G5) 
H(02,G6) 

0 
0(2,Gl) 
0(3,Gl) 
0(3,G2) 
0(3,G3) 
0(2,G5) 
0(3,G5) 
0(2, G3) 
0(W3B) 
0(W2B) 
0(W3A) (a) 
0(6A,G4)(b) 
0(6,Gl) 
0(3,G2) 
0(6, G3) 
0(W1) 
0(6,G6) 
0(W3A) 
0(W3B) 
0(6,G5) 
0(W2A) 
0(2,G3) 
0(3,G3) 

(c) 
(c) 
(d) 
(d) 
(e) 
(e) 
(f) 
(f) 
(f) 
(g) 
(g) 

0(6A,G4)(h) 
0(6B,G4)(h) 
0(W3B) 
0(2, G2) 
0(3,G4) 
0(W2B) 
0(W3B) 
0(1,HB) 
0(2,HB) 

Symmetry Operator 
x, 

1+x, 
-1+x, 
1/2-x, 
3/2-*, 
1/2-*, 

Ht 
hi 
Vt 

(i) 
(i) 
(i) 
(j) 
(j) 
(j) 
(k) 

a 
z 
z 

- „ . 1/2+8 
- y , 1/2+s 
- v , -1/2+a 

0-H 
0.792 
0.986 
0.936 
0.716 
0.944 
1.018 
0.740 
1.126 

1.126 
1.218 
0.784 
0.839 
1.246 

0.686 

1.174 
1.037 
0.928 
0.995 

0.978 
0.876 

1.218 
0.816 
1.018 

Code 

DISTANCE 
H-'-O 
2.015 
1.693 
1.943 
2.189 
1.960 
2.116 
2.111 
1.620 

1.783 

2.326 
1.826 

2.201 
2.236 

1.889 

2.057 

2.036 
2.114 

1.969 

o-.-o 
2.860 
2:650 
2.847 
2.736 
2.863 
3.068 
2.901 
2.771 
2.453 
2.751 
2.950 
2.938 
2.753 
2.774 
2.871 
2.897 
2.800 
2.798 
2.697 
2.764 
2.580 
2.861 
2.773 
2.814 
2.709 
2.737 
2.730 
2.894 
2.896 
2.730 
2.914 

Acid Complex 
DISTANCE 
H-.-O 
2.046 
1.715 
1.991 
2.491 
1.908 
2.474 
2.279 
1.643 

1.746 
1.778 
2.196 
1.879 
1.863 

2.333 

1.563 
2.087 
1.916 
1.699 

1.634 
2.281 

1.939 
1.941 
2.183 

0---0 
2.824 
2.674 
2.897 
3.114 
2.845 
2.878 
2.926 
2.709 
2.795 
2.757 
2.824 
2.851 
2.718 
2.808 
2.756 
2.886 
2.682 
2.829 
2.706 
2.739 
2.809 
2.685 
2.891 
2.730 
2.629 
2.588 
2.715 
2.667 
3.023 
2.736 
2.880 

ANGLE 
0-H... 0 
171.2 
148.6 
166.6 
107.8 
159.9 
149.3 
176.6 
165.1 

136.0 

165.4 
173.5 

143.3 
144.3 

138.7 

108.1 

132.6 
149.3 

159.3 

ANGLE 
0-H..-0 
167.3 
163.2 
162.4 
146.6 
171.5 
102.9 
146.7 
155.7 

146.7 
140.3 
141.4 
180.0 
128.1 

138.2 

162.6 
118.6 
160.8 
170.3 

163.9 
110.5 

145.6 
164.5 
124.1 

Symmetry Operator 
f 3/2-x, -y, 1/2+3 
g 1/2+x, -1/2-t,, 
h -1/2+x, 1/2-y, 
i -1/2+x, -1/2-t,, 
j 
k 

1-3 
1-3 
1-Z 

1-x, 1/2+y, 3/2-a 
1-x, -1/2+1/, 3/2-s 

0 ( 3 ) side. T h e relative orientation of the guest molecule 
in the cavity is similar to that found in the p-IA complex 
and the p-IP complex. In the channel-type structure 
and the cage-type structure, the hydroxyl group or 
sulfonato group of the guest molecule is hydrogen-
bonded to the pr imary hydroxyl group with the gauche-
trans conformation. However, in the complexes with 
p-NP and p-HB, the nitro or carboxyl group does not 
form the hydrogen bond with 0 (6B,G4) , although the 
C(6 ,G4)-0(6B,G4) bond shows the gauche-trans confor­
mation. I t is noteworthy that the location of the 
benzene ring is the same as in the other oc-CDx complexes 
with the aromatic guest molecule, such as />-IA,14>15) 
/--IP,1«) Methyl Orange,10) and BSNa.11) This may be 
due to the fact that this position is sterically most 
favorable for the benzene ring. The plane of the guest 
molecule is nearly parallel to the longest diagonal line 

which passes through 0 (4 ,G2) and 0 (4 ,G5) . The 
benzene ring makes angles of 80.6 and 83.6° against 
the plane through the six 0 ( 4 ) atoms in the p-NP 
complex and the p-HB complex respectively, while in 
the BSNa complex the benzene plane is perpendicular 
to the 0 ( 4 ) plane. T h e distances of 0(4,G2)---C(5,NP), 
0 ( 4 , G 5 ) - C ( 3 , N P ) , 0 ( 4 , G 2 ) - C ( 5 , H B ) , and 0(4 ,G5) 
•••C(3,HB) are in good agreement with the correspond­
ing distances found in the p-IA complex, the p-IP 
complex, and the BSNa complex. Several hydrogen-
hydrogen contacts shorter than the ideal van der Waals 
contact27) are found between a-CDx and the benzene 
ring, as is shown in Figs. 5 and 6. This indicates that 
the guest molecule is tightly packed in the a-CDx ring. 
T h e hydrogen atoms attached to G(3) and C(5) of 
a-CDx are located inside the cavity, and are in contact 
with the guest molecule. T h e six hydrogen atoms 
bonded to C(5) form a neck of the cavity. The C ( 4 ) -
G(7) bond of p-HB and C(4) -N bond of jö-NP are 
located at the neck, showing a good fit of the guest 
molecule to the cavity. A similar geometrical fitness is 
observed in the complexes with p-IA, p-IP, Methyl 
Orange, and iodine.4) 

In the p-IA complex and the p-IP complex, the 
iodine atom is found at the position where the nitro or 
carboxyl group is located. In this case, the inclusion 
of the iodophenyl group has been interpreted as being 
mainly due to the hydrophobic interaction, since the 
interior of the cavity is relatively hydrophobic. I t has 
also been shown by the theoretical calculation of the 
complex formation energy11) that the inclusion of the 
hydrophobic group gives a more stable complex than 
the inclusion of the hydrophilic group when the guest 
molecule consists of hydrophobic and hydrophilic 
groups. In the complexes with p-NP and p-HB, the 
nitro or carboxyl groups are hydrophilic, and they form 
hydrogen bonds with water and the hydroxyl group of 
the adjacent a-CDx molecule (Table 9). I t is geometri­
cally possible that the p-NP and p-HB molecules are 
situated upside down in the cavity, that is, the nitro or 
carboxyl group protrudes from the secondary hydroxyl 
side of the cavity, and the phenolic hydroxyl group is 
situated at the pr imary hydroxyl side in the cavity. 
However, this structure may be unfavorable in view 
of the fit of the guest molecule to the a-CDx cavity. 
T h e guest molecule seems to be more loosely packed in 
the cavity. Moreover, the phenolic hydroxyl group 
can not be in contact with water or hydroxyl groups 
outside the cavity, since it is buried in the cavity. Thus, 
the geometry of inclusion may be determined by the 
fit of the guest molecule and the hydrogen bonds. 

Crystal Structure and Hydrogen Bonds. The a-CDx 
molecules are arranged nearly parallel to the ac plane, 
forming a molecular layer (Fig. 7). The least-squares 
plane through the six 0 ( 4 ) atoms makes an angle of 
6.2° in the p-NP complex and one of 5.7° in the p-HB 
complex against the ac plane. This type of the crystal 
structure is different from the cage-type structure,4-8) 
since both ends of the cavity are open to the space 
between the layers. The a-CDx molecule, which lies 
in the next layer, is slipped so that the overlap of the 
annular aperture is quite small. Therefore, this arrange-
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Fig. 7. A stereo drawing of the packing of the complex, viewed down along the a axis. 

Fig. 8. A stereo drawing of the crystal structure of the a-cyclodextrin-
/»-nitrophenol complex, viewed down along the b axis. 

ment of a-CDx molecules does not form a continuous 
channel such as is found in the channel-type struc­
ture.9 - 1 2) T h e guest molecules are situated nearly 
parallel to the be plane. The empty space between the 
a-CDx molecules is filled with three water molecules, 
two of which are statistically disordered. 

A complete explanation of the hydrogen-bonding 
scheme is impossible since not all of the hydrogen atoms 
have been determined, but intermolecular oxygen-
oxygen contacts less than 3.0 Â were considered as 
hydrogen bonds. All of the pr imary or secondary 
hydroxyl groups except for 0 (2 ,G4) and 0 (3 ,G6) are 
involved in the intermolecular hydrogen bonds in both 
the p-NP complex and the jb-HB complex (Table 9). 
The phenolic hydroxyl groups of p-NP and jö-HB 
donate the hydrogen atom to the 0 (2 ,G2) of a-CDx 
in the next layer, and accept it from 0 (6 ,G5) of the 
symmetry-related a-CDx by the two-fold screw axis 
parallel to the b axis. The hydrogen bonds of the same 
type are also found in the p-IA complex,14 '15) and the 
p-lP complex.16) However, different hydrogen bonds 
are observed between the a-CDx and guest molecules. 
The carboxyl group of/»-HB forms the two hydrogen 
bonds with 0 (W2B) and 0 (2 ,G6) in the next layer, 
while the nitro group is hydrogen-bonded to only 
0 ( W 2 B ) . In the p-IA complex and the jb-IP complex, 
0 ( W 2 ) is not disordered, but occupies the same position 
as 0 ( W 2 A ) . Therefore, the hydrogen bonds involving 

0(6A,G4)-

0(1,G6)-
2 8 9 4 

2-938 
(2-851) 

0(W2A) 

2764 
(2-739) 

0(6,G3) 

2-897 
( 2 8 8 6 ) 

(2.756) 
-0(W1)-

2-901 

(2926) 

2-730 
(2-629) 

(3.023) 
-0(W3B)- 2.771 

(2-709) 

-0(2.G3) 

-0<2,G5) 

2-798 
(2-829) 

0(6,G2)-

2-751 
(2.757) 

(2.682) 
-0(W3A) 

0(2,G6)-
2-453 

(2-795) 
-0(W2B)-

(2667) ( 0 ( 3 i H B ) ) 

Fig. 9. A hydrogen-bonding scheme involving water 
molecules in the a-cyclodextrin complexes with p-
nitrophenol and /»-hydroxybenzoic acid. Hydrogen 
bond distances (//Â) in the j^-hydroxybenzoic acid 
complex are shown in parentheses. 
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0 (W2B) are not found in these complexes. O ( W l ) 
forms the four hydrogen bonds with 0 ( 2 , G 3 ) , 0 (6A,G4) , 
0 ( 6 , G 6 ) , and 0 ( W 3 A ) , as is shown in Fig. 9. Both 
0 ( W 3 A ) and 0 ( W 3 B ) are hydrogen-bonded to 0 (2 ,G5) 
a n d O ( 6 , G 2 ) . 

Structure and Catalytic Ability of <x-CDx. a-CDx 
catalyzes the hydrolysis of jb-nitrophenyl acetate and 
j&-carboxyphenyl acetate.3) The reaction mechanism 
has been interpreted on the basis of the a-CDx-substrate 
inclusion complex and the nucleophilic attack of the 
secondary hydroxyl group on the carbonyl carbon atom 
of the substrate. The structures of the p-NP complex 
and the p-HB complex support this reaction mechanism. 
If the /?-nitrophenyl group or /?-carboxyphenyl group is 
included in the same manner as in the crystal, the 
carbonyl group of the ester will be situated near the 
secondary hydroxyl side of a-CDx. However, the 
carbonyl carbon atom is expected for geometrical 
considerations to be more than 5 Â apar t from the 
secondary hydroxyl groups. T h e phenyl group is 
rigidly fixed in the cavity so that the severe restriction 
is imposed on the translational and rotational freedom 
of the included substrate. Therefore, a considerable 
strain energy may be required to the a-CDx molecule 
to bring the carbonyl group in close contact with the 
secondary hydroxyl groups. As has been suggested by 
VanEt ten et a/.,3) this seems to be the reason why the 
catalytic ability of a-CDx is low in the hydrolysis of 
/>ara-substituted phenyl acetates. 

The author wishes to thank Dr. Hisashi Uedaira for 
supporting this study and for his helpful discussions. 
The computation was carried out on a H I T A C 8450 
computer in our laboratory. 
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Conductance of Some High Valence Type Electrolytes in Mixed 
Solvents. II. Conductance of Pentaamminenitrocobalt(III) 

and Tris(l,10-phenanthroline)iron(II) Sulfates in 
Water-Ethylene Glycol Mixtures at 25 °C* 
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Conductance data are reported for dilute solutions of pentaamminenitrocobalt(III) sulfate, [Co(N02)(NH3)5]-
S0 4 , and tris(l,10-phenanthroline)iron(II) sulfate, [Fe(phen)3]S04 in water-ethylene glycol mixed solvents at 
25 °C. The conductance data were analyzed in terms of the 1957 Fuoss-Onsager and Fuoss-Hsia equations. 
While the application of the 1957 Fuoss-Onsager equation to [Fe(phen)3]S04 data suggested a complete dissociation 
of the salt over the entire range of solvent compositions, the Fuoss-Hsia equation fitted the data better and yielded 
KA values which are in accord with the ion association theories. [Co(N02)(NH3)5]S04 had a higher association 
constant in the range of solvent composition studied (0 to 40% ethylene glycol) than the predictions of the ion 
association theories. 

In a previous paper1) we reported the conductance 
data of [Fe(phen) 3 ]S0 4 in a water -methanol mixed 
solvent at 25 °C. The association constant of the salt 
was estimated to be 40 in water by the analysis of the 
data with the Fuoss-Hsia equation2) in the form develop­
ed by Fernandez-Prini.3) 

Masterton and Biery4> reported that [ C o ( N 0 2 ) -
(NH 3 ) 5 ]S0 4 is much more ion-paired than has been 
calculated from the ion association theory, the associa­
tion constants being 400 in water at 25 °C. Since the 
values of the association constants of bivalent metal 
sulfates are 150—250 in water and those of the m-
benzenedisufonates of bivalent metals are much lower 
than the constants of the corresponding sulfate, the 
complex salt seems to be the most highly associated 2 : 2-
type sulfate in water.5) 

It seemed interesting to study the association equi­
l ib r ia of the complex salts in water-organic solvent 
systems. Thus, the conductance of [Co(N0 2 ) (NH 3 ) 5 ] -
S 0 4 and [Fe(phen) 3 ]S0 4 in water-ethylene glycol 
mixtures was measured at 25 °G, and the association 
constants thus derived were compared with the predic­
tions of the ion association theories. 

Exper imenta l 

Materials. The [Co(N02)(NH3)5]S04 was synthesized 
as has been described in the literature.6> The [Co(N02)-
(NH3)5]C12 was prepared by reaction between [CoCl(NH3)5]-
Cl2 and sodium nitrate; it was then converted to [Co(NO„)-
(NH3)5]S04. The raw crystals were recrystallized repeatedly 
from a hot aqueous solution by adding ethanol and then dried 
at 105 °C. The procedure was carried out in the dark as far 
as possible to avoid nitrito-form contamination. The purity 
of the sample was checked by means of its UV and IR spectra, 
by elementary analysis (Found: N, 29.25; H, 5.32%. Calcd: 
N, 29.37; H, 5.28%), and by a total-cation determination 
untilizing cation-exchange resin. 

The [Fe(phen)3]SOi was prepared and purified as has been 
described in the previous paper.1) 

The ethylene glycol was dried with anhydrous sodium sulfate 
and fractionally distilled at 5 Torr. The specific conduc-

* Presented in part at the 29th National Meeting of the 
Chemical Society of Japan, Nagoya, October 1974. 

tivity was less than 7x 10~8 ohm - 1 cm -1 . 
Apparatus and Measurement. The conductance measure­

ment was performed by a transformer bridge (with a repro­
ducibility of 0.005%) and a 3—10 kHz audio oscillator. Two 
flask-type cells with constants of 0.11631 and 0.09695 cm - 1 

were used. The temperature of the liquid paraffin bath was 
controlled at 25.000±0.0O5 °C. 

The dilution method of a stock solution was not suitable for 
the preparation of [Co(N02)(NH3)5]S04 solutions because 
of the low solubility of the salt. The samples (10—20 mg) 
were weighed in small polyethylene dishes 10 mm in diameter, 
and the dishes were thrown into the cell. The conductivity 
was measured after each dissolution of samples. 

[Fe(phen)3]S04 had enough solubility for preparing the 
stock solution over the complete range of solvent compositions. 

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

T h e conductance data of [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 and 
[Fe(phen) 3 ]S0 4 in water-ethylene glycol are given in 
Tables 1 and 2 respectively. 

The data were analyzed by means of the Fuoss-
Onsager (1957) equation:7) 

A = A0- ScWy*/* + Ecy log cy + Jcy - KAcyAf±\ (1) 

where the symbols have their usual meanings.1) The 
f's were calculated from the extended Debye-Hückel 
theory, including the ion-size parameter , a. The 
coefficient, J, is also a function of â; the adjustable 
parameters are thus A0, KA, and â. T h e results of the 
computer analysis of the [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 data are 
summarized in Table 3. 

T h e application of Eq. 1 to the [Fe(phen) 3 ]S0 4 data 
gave negative K& values, as in the data for the salt in a 
water-methanol mixture.1) Thus, the data were fitted 
by means of Eq. 2 for unassociated electrolytes:7) 

A = A*- ScV* + Ec log c + Jc. (2) 

Here , the adjustable parameters are A0 and â. The 
results are given in Table 4. 

For the [Fe(phen) 3 ]S0 4 data in water-methanol , the 
Fuoss-Hsia2) equation was applied in the form of Eq. 3 
developed by Fernandez-Prini:3) 

A = A0 - & V y / 2 + Ecy log cy + Jxcy 

- y ^ ' / V " - K*9VAf±\ (3) 
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TABLE 1. EQUIVALENT CONDUCTANCES AND CONCENTRATIONS OF [ C O ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 

IN WATER-ETHYLENE GLYCOL AT 2 5 °CA»B) 

0% Ethylene 
glycol 

Z>=78.30 
10-^=8.903 

10% 

0.81562 
1.1627 
1.3006 
1.7636 
2.0948 
2.7598 
3.1299 
3.3635 
4.0820 
4.5080 
5.2253 
5.7822 
6.3016 
7.2328 
7.3927 
8.1406 
8.3004 
9.1147 

10.104 
10.259 
11.109 
11.319 

A 

135.06 
133.15 
132.60 
130.34 
128.92 
126.54 
125.20 
124.59 
122.43 
121.28 
119.49 
118.10 
116.98 
115.08 
114.78 
113.36 
113.07 
111.68 
110.13 
109.91 
108.61 
108.26 

10% Ethylene 
glycol 

£>=75.93 
10s? =11.40 

10% A 

0.75060 
1.4165 
2.1559 
2.9798 
3.7614 
4.7133 
5.7809 
6.8444 
8.2655 
9.2510 

10.513 
11.472 
12.438 
14.499 

108.60 
105.50 
102.61 
99.815 
97.718 
95.305 
93.017 
90.973 
88.610 
87.129 
85.366 
84.153 
83.100 
80.944 

20% Ethylene 
glycol 

£>=73.25 
103?= 14.50 

10% 

1.3390 
2.2305 
3.1271 
4.1033 
4.9826 
5.8667 
7.0449 
8.3689 
9.3785 

10.442 
11.545 
12.692 
13.929 
15.301 

A 

83.099 
79.931 
77.296 
74.948 
73.116 
71.558 
69.621 
67.753 
66.490 
65.189 
64.103 
62.922 
61.853 
60.718 

30% Ethylene 
glycol 

Z>=70.43 
1039= 18.30 

10% 

0.73736 
1.4932 
2.2686 
3.0706 
3.9176 
4.8122 
5.8846 
7.0000 
8.3381 
9.7533 

10.831 
11.843 
12.726 

A 

66.446 
63.524 
61.087 
59.083 
57.304 
55.566 
53.972 
52.488 
50.860 
49.318 
48.336 
47.469 
46.781 

40% : 
gi 

10*9= 

10% 

1.4415 
2.2746 
3.1991 
4.2445 
5.0779 
6.0095 
7.0822 
7.9862 
8.9833 
10.063 

11.222 
12.412 
13.609 

Ethylene 
ycol 
:67.30 
23.90 

A 

48.393 
46.024 
43.946 
42.053 
40.761 
39.496 
38.257 
37.351 
36.430 
35.554 
34.693 
33.908 
33.181 

a) c, in mol dm - 3 ; A, in ohm - 1 cm2 equiv-1. b) D, dielectric constant; rj, viscosity (poise), Ref. 19). 

TABLE 2. EQUIVALENT CONDUCTANCES AND CONCENTRATIONS OF [Fe(phen)3]S04 

IN WATER-ETHYLENE GLYCOL AT 2 5 ° C a ) 

20% Ethylene 
glycol 

£>=73.25 
103J?= 14.50 

10% 

1.3565 
2.0994 
2.9888 
4.3533 
5.3797 
5.9415 
6.6305 
6.9474 
7.4935 
8.2785 

A 

69.889 
69.111 
68.402 
67.492 
66.965 
66.698 
66.399 
66.254 
66.064 
65.779 

40% Ethylene 
glycol 

Z>=67.30 
1 0 3 J ? = 2 3 . 9 0 

10% 

2.0101 
2.3156 
2.8292 
3.8810 
4.8364 
6.3137 
8.7512 

12.326 

a) Table 1, a) and b). 

The application improved GA and 

A 

40.173 
40.029 
39.749 
39.249 
38.832 
38.307 
37.672 
36.853 

60% Ethylene 
glycol 

Z>=60.50 
103J7=41.30 

10% 

2.6545 
4.0023 
5.2773 
6.3007 
7.4408 
8.5096 
9.6793 

12.167 

gave reasonable KA 

A 

23.226 
22.871 
22.522 
22.294 
22.054 
21.852 
21.662 
21.281 

80% Ethylene 
glycol 

£>=51.80 
1039=79.50 

10% 

2.6402 
3.4761 
5.0588 
6.1119 
7.8546 
9.1025 
9.9287 

13.255 

a A = 

A 

11.507 
11.333 
11.110 
10.970 
10.770 
10.637 
10.571 
10.304 

exptl 

100% Ethylene 
glycol 

Z>=37.70 
103J?= 169.0 

10% 

2.0997 
2.4603 
3.1656 
3.9743 
4.7148 
5.3202 
6.1617 
6.9619 
7.8798 
9.1063 

10.007 
10.752 

— Scaled) 

A 

4.7133 
4.6467 
4.5532 
4.4689 
4.4076 
4.3476 
4.2938 
4.2440 
4.1923 
4.1298 
4.0910 
4.0559 

11/2 
(4) 

values. Therefore, the fitting of the present data to Eq. 3 
was examined. 

The best-fit values of A0, KA, and â were calculated 
by a successive approximation for the series of initial 
values of the ion-size parameter , âî} between 1—28 Â 
with 0.05 Â intervals, a A is defined as: 

I JV-3 J 

where N is the number of experimental points. 
An example of the results is shown graphically in 

Fig. 1 for the [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 data in water. The 
solid lines of Fig. 1 indicate the variation in A0, KAt a A, 
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T A B L E 3. CONDUCTANCE PARAMETERS FOR [ C O ( N 0 2 ) -

( N H 3 ) 5 ] S 0 4 IN WATER-ETHYLENE GLYCOL AT 

2 5 ° C , CALCULATED FROM THE FUOSS-

ONSAGER EQUATIONa) 

Solvents 
(wt %) Ao Kà <*A N 

0 1 4 2 . 6 4 ± 0 . 0 6 7 . 9 ± 0 . 3 
10 1 1 5 . 0 9 ± 0 . 0 6 7 . 7 ± 0 . 3 
20 9 1 . 5 0 ± 0 . 0 8 7 . 9 ± 0 . 3 
30 7 1 . 5 4 ± 0 . 0 8 7 . 5 ± 0 . 5 

2 8 1 ± 6 0 .06 22 

3 6 3 ± 3 0 .05 14 
4 8 0 ± 9 0 .05 14 
6 1 0 ± 1 5 0 .06 13 

40 5 5 . 9 6 ± 0 . 0 4 8 . 2 ± 0 . 2 9 2 3 ± 8 0 .02 13 

a) Aos limiting conductance (ohm- 1 cm2 equ iv - 1 ) ; 
âj, ion-size parameter ( A ) ; KA, ion association con­
stant (dm3 mo l - 1 ) ; es A, s tandard deviation of N, ex­
perimental points. 

T A B L E 4. CONDUCTANCE PARAMETERS FOR [Fe(phen) 3 ]S0 4 

IN WATER-ETHYLENE GLYCOL AT 2 5 ° C , CALCULATED 

FROM THE F U O S S - O N S A G E R EQUATIONa) 

Solvents 
(wt %) ÜJ oA N 

0b> 114.58 ±0 .06 
20 73.61 ±0 .03 
40 43.29 ±0 .05 
60 25.70 ±0 .07 
80 13.06 ±0 .05 

100 5.712±0.026 

a) Table 1, a), b) Ref. 

7.06±0.08 
8.9 ± 0 . 2 
7.6 ± 0 . 2 
7.3 ± 0 . 2 
7.6 ± 0 . 2 
8.1 ± 0 . 2 

1. 

0.14 
0.04 
0.08 
0.07 
0.06 
0.04 

17 
10 
8 
8 
8 

12 

Fig. 1-A. Values of parameters and standard deviations 
as a function of ̂  for [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 in water . 
T h e units of A0 and a A are o h m - 1 cm2 equ iv - 1 and 
those of KA are dm 3 mo l - 1 . T h e broken lines are 
calculated by fixing a—q in the Jx axidf± terms. 

a n d a w i t h t h e c h a n g e i n ai. W h i l e t h e KA a n d A0 

va lues i nc rease w i t h t h e âï} GA h a s t w o s imi l a r m i n i m a 
c o r r e s p o n d i n g to t h e â v a l u e s of 9.0 a n d 12.0 Â . I n 
F ig . 2, t h e G A v a l u e s a r e s h o w n as c o n t o u r l ines w i t h t h e 

143.0 

142.9 h 

142.8h 

o 142.7 h 
^ 

142.6h 

142.5H 

142.4 

a(A) 

Fig. 1-B. Contour d iagram for the [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 

in water . T h e contour lines illustrate how a A depends 
on different conbinations of the Ao and a. T h e figures 
on the contours represent the values of 102ayl. T h e 
minimum at point X , a/1 = 0.06, corresponds to the 
parameters , A0= 142.68, KA=3\6, a = 9 . 2 Â , while 
the min imum at point Y, GA= 0.06, corresponds to 
Ao= 142.72, # A = 3 4 3 , â= 12.4A. 

c> 114.3 

Fig. 2. Values of parameters and aA as a function of at 

for [Fe (phen) 3 ]S0 4 in water. T h e broken lines are 
calculated by fixing a = q in the Jx a n d / ± terms. 

v a r i a t i o n i n t h e ai a n d A0 v a l u e s . I t is a p p a r e n t t h a t t w o 
sets of p a r a m e t e r v a l u e s w e r e o b t a i n e d b y t h e a b o v e 
c o m p u t a t i o n m e t h o d . F o r t h e [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 

d a t a in o t h e r w a t e r - e t h y l e n e glycol so lvent sys tems, t w o 
sets of p a r a m e t e r v a l u e s of t h e m i n i m u m GA w i t h 
d i f ferent â v a l u e s a r e o b t a i n e d . T h e a p p e a r a n c e of t h e 
t w o m i n i m a in f i t t ing t h e c o n d u c t a n c e d a t a t o t h e 
F u o s s - H s i a e q u a t i o n w e r e o b s e r v e d for s o m e 1 : 1-type 
electrolytes . 8 ) I t is r a t h e r difficult t o d e c i d e w h i c h 
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TABLE 5-A. CONDUCTANCE PARAMETERS FOR [ C O ( N 0 2 ) -

( N H 3 ) 5 ] S 0 4 IN WATER-ETHYLENE GLYCOL AT 2 5 ° C , 

CALCULATED FROM THE FUOSS-HSIA EQUATION 

IN THE FERNANDEZ -PRINI FORM*1) 

Sol­
vents 
(wt %) 

Âo aJa 
K> oA N 

0 

10 

20 

30 

40 

14.3 

14.8 

15.3 

15.9 

16.6 

142.68±0.05 
142.72±0.05 

115.15±0.06 
115.20±0.07 

91.57±0.07 
91.62±0.07 

71.56±0.08 
71.64±0.10 

56.03±0.04 
56.10±0.05 

9 .2±0 .6 
12.4±0.5 

8 .8±0 .7 
12.7±0.5 

9 .5±0 .6 
12.5±0.5 

7 .5±1 .5 
15.7±0.9 

9 . 1 ± 0 . 5 

316±3 0.06 
343±3 0.06 

400±4 0.06 
437±5 0.07 

527±5 0.05 
560±5 0.05 

705±10 0.06 
736±12 0.08 

976±6 0.02 
14.2±0.4 1047±7 0.02 

22 

14 

14 

13 

13 

<! 

£ 

TABLE 5-B. CONDUCTANCE PARAMETERS FOR [Co(N02)-

( N H 3 ) 5 ] S 0 4 IN WATER-ETHYLENE GLYCOL CALCULATED 

FROM THE FUOSS-HSIA EQUATION IN THE FERNANDEZ-

PRINI FORM, FIXING ât=q IN THE JX AND/ ± TERMS&) 

Sol­
vents 
(wt %) 

0 
10 
20 
30 
40 

q 

14.3 
14.8 
15.3 
15.9 
16.6 

Âo 

142.74± 0.05 
115.22±0.08 
91.68±0.07 
71.62±0.08 
56.14±0.05 

äj, KA 

14.0±0.4 358±3 
14.4±0.6 455±5 
14.6±0.4 589±5 
16.1±0.8 734±11 
16.1±0.4 1077±7 

oA 

0.06 
0.07 
0.04 
0.06 
0.03 

N 

22 
14 
14 
13 
13 

a) q, Bjerrum's distance (Â) ; âj,, ion-size parameter 
(A); Table 1, a). 

minimum is preferable. Thus , both sets of parameters 
are given in Table 5-A, which summarizes the results for 
[ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 . 

For the [Fe(phen) 3 ]S0 4 data also, two minima with 
the lowest aA value are obtained, but the one corre­
sponding to the lower a has a negative KA value. The 
results obtained for the data in water are shown as solid 
lines in Fig. 3. Similar results were obtained for the 
data in water-ethylene glycol solvents and for the data1) 
of the [Fe(phen) 3 ]S0 4 in water-methanol . In this case, 
the minimum aA values with a negative KA are 
disregarded; the results are summarized in Table 6-A. 

As another method of fitting the data to Eq. 4, the 
ion-size parameters appearing in the Jx and f± terms 
were fixed as equal to the Bjerrum q values,9) and the 
best-fit a values for the J2 term were calculated. The 
results of the calculation are shown as broken lines in 
Figs. 1 and 3. In this case, a single minimum of aA 
was obtained; the corresponding aJt was close to the q 
values. Tables 5-B and 6-B summarize the results for 
[ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 and [Fe(phen) 3 ]S0 4 respectively. 

Tables 5-A and 5-B show that, in comparison with the 
parameters listed in Table 3, the Fuoss-Hsia equation 
gives the same values of A0 within the limits of error, 
but the values of KA and a are a little larger than those 
obtained by means of the Fuoss-Onsager equation. O n 
the other hand, Tables 6-A and 6-B show that the 
application of the Fuoss-Hsia equation to the 

2.0 2.5 

100/Z) 

Fig. 3. Plot of log KA vs. l/D. 
• , [Co(N02)(NH3)5]S04 and O , [Fe(phen)3]S04, 
the present work at 25 °C. A> MnS0 4 in water-
ethylene glycol and 0 , [Fe(phen)3lS04 in water-
methanol at 25 °C. Curves are theoretical curves due 
to Bjerrum's ( •) and Yokoyama-Yamatera's ( ) 
theories9'16) with each ion sizes. 

[Fe(phen) 3 ]S0 4 data gives apparently better data, just 
fitting the results on the data of the salts in water -
methanol. T h e association constant is estimated to 
increase with a decrease in the solvent dielectric constant. 
A conductance equation which contains higher terms 
than c seems to be required as the reference function 
in the analysis of the conductance data of slightly 
associated 2 : 2 electrolytes. 

Fuoss has revised his conductance equation recently;7) 
also, an extended conductance equation10) including the 
cz/% term has been proposed by Pitts.11 '12) These equa­
tions will have to be examined for the conductance data 
of a slightly associated 2 : 2 electrolyte. At present, the 
discussion is based on the results obtained by means 
of the Fuoss-Hsia equation. 

A0 value of [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 obtained here in 
water, 144.9, is about 2 units lower than that reported 
by Masterton and Bierly; the association constant 
obtained is also a little lower than their value. The 
ionic conductances of [Co(N0 2 ) (NH 3 ) 5 ] 2 + and [Fe-
(phen) 3 ] 2 + ions in water are obtained as 63.1 and 34.6 
by subtracting the ̂ 0

- =80 .0 1 3 ) of the S 0 4
2 _ ion from 

the A0 values. T h e latter values are in accord with 
values, 34.8—34.9, reported by Yamamoto et al. in 
their conductance measurements of the chloride and the 
bromide in water.14) The ionic conductance of the 
aquo Co2+ ion has been reported as 52.8,15) while those 
of the [Ni(en)3]2 + and aquo Ni 2 + ions were estimated as 
58.9 and 49.416) respectively. The substitution of the 
first hydration-sphere by a ligand gives the ion higher 
mobility. A large ligand like phenanthroline, which may 
cover more than the second hydration sphere, will 
decrease the mobility of the ion. 
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TABLE 6-A. CONDUCTANCE PARAMETERS FOR [Fe(phen)3]S04 IN WATER-ETHYLENE GLYCOL AT 25 °C, 

CALCULATED FROM THE FuOSS-HsiA EQUATION IN THE F E R N A N D E Z - P R I N I FORM 

Solvents 
(wt %) 

0b) 

20 

40 

60 

80 

100 

q 

14.3 

15.3 

16.6 

18.5 

21.6 

29.7 

Ao 

114.18 ±0 .10 
114.33 ±0 .10 

73.20 ±0 .05 
73.45 ± 0 . 0 3 

42.96 ±0 .05 
43.09 ±0 .06 

25.15 ±0 .05 
25.39 ±0 .08 

12.65 ±0 .02 
12.86 ±0 .04 

5.354±0.022 
5.616±0.014 

o 

aJt 

6 . 0 ± 1 . 0 
12.9±0.5 

4 . 6 ± 2 . 0 
15.4±0.4 

5 . 1 ± 1 . 3 
17.5±0.6 

4 . 1 ± 1 . 4 
20 .8±0 .7 

5 .2±0 .5 
20 .8±0 .4 

6 . 8 ± 0 . 4 
23 .0±0 .2 

KA 

- 2 8 ± 5 
35± 5 

- 8 7 ± 6 
40± 3 

- 8 5 ± 8 
82±10 

- 1 7 8 ± 1 5 
128±20 

- 2 7 2 ± 1 1 
207±19 

- 6 9 6 ±42 
759±27 

oA 

0.09 
0.09 

0.02 
0.01 

0.03 
0.03 

0.02 
0.03 

0.001 
0.01 

0.007 
0.05 

N 

17 

10 

8 

8 

8 

12 

TABLE 6-B. CONDUCTANCE PARAMETERS FOR [Fe(phen)3]S04 IN WATER-ETHYLENE GLYCOL AT 

25 °C, CALCULATED FROM THE FUOSS-HSIA EQUATION IN THE FERNANDEZ -

PRINI FORM, FIXING aI=q IN THE JX A N D / ± TERMS8^ 

Solvents 
(wt %) 

0b) 
20 
40 
60 
80 

100 

q 

14.3 
15.3 
16.6 
18.5 
21.6 
29.7 

A0 

114.37 ±0 .10 
73.45 ± 0 . 0 3 
43.09 ±0 .06 
25.37 ± 0 . 0 8 
12.86 ±0 .04 
5.650±0.017 

aJt 

13.8±0.5 
15.3±0.4 
17.1±0.6 
19.8±0.7 
21 .1±0 .4 
25 .5±0 .2 

* A 

51± 5 
39± 3 
72± 9 
95±18 

228±19 
1131±34 

<*A 

0.09 
0.01 
0.03 
0.03 
0.01 
0.005 

N 

17 
10 
8 
8 
8 

12 

a) q, Bjerrum's distance (Â); aJt, ion-size parameter (Â); Table 1, a), b) Ref. 1. 

In Fig. 3 the log #A ' s of [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 and 
[Fe(phen) 3 ]S0 4 in water-ethylene glycol are plotted 
against the reciprocal of the dielectric constants of the 
solvents. The predictions of the ion association theories 
of Bjerrum9) and Yokoyama-Yamatera1 7) are shown as 
solid and dotted lines respectively for the specific 
contact distances. The data of [ G o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 

are on a straight line, which is located on Bjerrum's 
prediction corresponding to about 3.7 Â. 

The size of the [Co(N0 2 ) (NH 3 ) 5 ] 2 + ion could be 
estimated from the X-ray crystal analysis data of 
[CoCl(NH3)5]Cl2.18> The minimum distance of the 
approach of the cobalt atom and chloride in the crystal 
is 4.2 Â. T h e crystal analysis data19) of anhydrous 
sulfates of alkaline earth and first-transition metals gave 
effective radii of the sulfate ions ranging 2.3 to 2.5 Â. 
If the effective radius of [Co(N0 2 ) (NH 3 ) 5 ] 2 + is close 
to that of [CoCl(NH3)5]2+, the closest distance of 
approach in the sulfate would be about 4.8 Â. This is 
larger than the distance found from the location of the 
log Kx—l/D plot in Fig. 3. The plot of the M n S 0 4 data 
in the same solvent system20) corresponds to a contact 
distance of 4.6 Â, judging from a comparison with 
Bjerrum's theory. The minimum distance of M n 2 + and 
S 0 4

2 _ separation in the anhydrous M n S 0 4 crystal is 
3.3 Â.19> 

The above results suggest that the main species of 
association in the M n S 0 4 solution might be a solvent-
separated ion pair. The M n - S 0 4 distance separated 
by one water molecule would be about 4.8 Â, which 

is found as the closest distance between metal and 
sulfur in the [N i (OH 2 ) 6 ]S0 4 crystal. O n the other hand, 
in the [ C o ( N 0 2 ) ( N H 3 ) 5 ] S 0 4 solution, the main species 
of association would be a contact-ion pair, as was 
suggested by Osugi et al. in their interpretation of the 
pressure dependence of the ion association constant.12) 
Interaction between opposite-charged ions other than 
the coulombic attraction of opposite charges stabilizes 
the contact-ion pair. Masterton et al. suggested that the 
extra stability of the associated species comes from a 
dispersion interaction. D'Aproano and Fuoss22) inter­
preted the high association constant of T1C1 in wa te r -
dioxane mixture by calculating the energies due to the 
interaction between the charges and the induced 
dipoles. In a 1: 1 cobalt complex salt solution, an extra 
stability of associated species sometimes promotes the 
KA value to an order higher.4) In a 2 : 2 electrolyte, 
however, the effect of extrastabilization is not so 
remarkable as in the 1: 1 salt solution, since the charge-
charge interaction energy is larger; yet it is clear that 
the effect is maintained independently of the macrosco­
pic dielectric constant of the solvent. 

T h e data of the logi^A of [Fe(phen) 3 ]S0 4 in wa te r -
methanol are plotted in Fig. 3 for purposes of com­
parison. T h e plots for the two solvent systems coincide 
with each other in the water-rich solvent range, but 
deviate in a high organic solvent content medium. This 
suggests that solvent-separated association species may 
contribute by some extent. The overall data points are 
located close the Yokoyama-Yamatera theory of 10 Â. 
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I n this case , t h e c a t i o n is l a r g e e n o u g h a n d is n o t easi ly 
p o l a r i z a b l e , a n d t h e specific i n t e r a c t i o n w i t h t h e sulfate 
i on c o n t r i b u t e s l i t t le to t h e e x t r a s t ab i l i ty of t h e c o n t a c t -
ion p a i r . 

All t h e ca l cu l a t i ons w e r e p e r f o r m e d o n H I T A C 10-11 
r e m o t e - b a t c h sys tem, F A C O M 230-60 , a n d H I T A C 
8 8 0 0 / 8 7 0 0 c o m p u t e r s u s i n g t h e p r o g r a m of F O R T R A N 
I V . T h e a u t h o r s wish to t h a n k t h e staffs of t h e S h i n s h u 
U n i v e r s i t y R e m o t e B a t c h C o m p u t a t i o n C e n t e r , N a g o y a 
U n i v e r s i t y C o m p u t a t i o n C e n t e r , a n d T o k y o U n i v e r s i t y 
C o m p u t a t i o n C e n t e r for t h e use of t h e c o m p u t e r s . 
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T h e catalytic N O reduction with N H 3 over Cu( I I ) ion-exchanged zeolite was studied with special attention 
to the temperature dependence of catalytic activity which reaches max imum at ca. 120 °C. ESR study showed 
that in the catalytic system all the exchanged copper ions exist as Cu( I I ) u p to ca. 120 °C, above which Cu( I I ) 
ions decrease with a rise in temperature . T h e reaction rates measured at 110 and 140 °C were found to show similar 
dependence on both N O and N H 3 part ial pressures, indicating that the reaction mechanism does not differ much. 
By lowering temperature the Cu(I) ions formed at higher temperatures were reoxidized to C u ( I I ) , accompanied 
by N a O formation due to the disproportionation of N O . From the results and the I R spectroscopic da ta a reaction 
mechanism was proposed. I t includes a step in which N O reacts with N H 3 adsorbed to Cu( I I ) ions to give rise 
to the evolution of N 2 and the reduction of Cu( I I ) ions, and steps in which Cu( I I ) ions are regenerated accom­
panying the evolution of N 2 + N 2 0 . 

T h e c a t a l y t i c r e d u c t i o n of n i t r o g e n o x i d e w i t h 
a m m o n i a is i m p o r t a n t f rom t h e s t a n d p o i n t of r e m o v a l of 
a i r p o l l u t a n t s . F o r t h e r e d u c t i o n w e f o u n d t h a t C u ( I I ) 
i o n - e x c h a n g e d zeol i te e x h i b i t s p r o n o u n c e d u n i q u e 
c a t a l y t i c act ivi ty . 1- 2) I n a d d i t i o n to t h e s ignif icant 
c a t a l y t i c ac t iv i ty s h o w n a t t e m p e r a t u r e s b e l o w 100 ° C , 
a c h a r a c t e r i s t i c b e l l - s h a p e d t e m p e r a t u r e d e p e n d e n c e 
w i t h a m a x i m u m a p p e a r i n g a t ca. 120 °C w a s o b s e r v e d . 
T h i s c a t a ly t i c r e a c t i o n is n o t on ly of p r a c t i c a l i m p o r t a n c e 
w i t h i ts low t e m p e r a t u r e p e r f o r m a n c e , b u t i t a lso gives 
a case i n w h i c h c o m p l e x f o r m a t i o n a n d r e d o x c h a n g e 
of t h e e x c h a n g e d m e t a l ions w i t h i n t h e zeo l i te f r a m e w o r k 
t a k e p l a c e reve r s ib ly . T h e s e a r e i n m a r k e d c o n t r a s t to 
t h e case of C o ( I I ) i o n - e x c h a n g e d zeol i tes , first r e p o r t e d 
b y W i n d h o r s t a n d Lunsford , 3 ) i n w h i c h C o ( I I ) i o n s 
a r e r e a c t i v e to t h e m i x t u r e of N O a n d N H 3 i n a s i m i l a r 
t e m p e r a t u r e r e g i o n b u t a r e i r r eve r s ib ly o x i d i z e d to 
u n r e a c t i v e C o ( I I I ) . 

T h e c a t a l y t i c N O r e d u c t i o n w i t h N H 3 ove r G u ( I I ) 
i o n - e x c h a n g e d zeo l i t e , h o w e v e r , r e m a i n s unc la r i f i ed as 
r e g a r d s t h e p a t h a n d m e c h a n i s m of t h e r e a c t i o n a n d 
t h e role of c o p p e r ions . W e h a v e i n v e s t i g a t e d t h e 
p r o b l e m s b y m e a n s of E S R spec t roscopy , I R s p e c t r o ­
scopy, a n d r e a c t i o n k inet ics . Efforts w e r e m a d e to 
e l u c i d a t e t h e b e l l - s h a p e d c o r r e l a t i o n b e t w e e n t h e 
ca t a ly t i c a c t i v i t y a n d t e m p e r a t u r e . A k i n d of t e m p e r a ­
t u r e j u m p m e t h o d w a s a p p l i e d to p u r s u e t h e t r a n s i e n t 
p h e n o m e n a obse rved w h e n t h e c a t a l y t i c sys t em w a s 
forced t o shift f rom o n e s t a t i o n a r y s t a t e t o a n o t h e r , 
especia l ly i n r e l a t i o n to t h e r e g e n e r a t i o n s t ep of C u ( I I ) 
ions f rom C u ( I ) . 

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

Partly Cu( I I ) ion-exchanged zeolites, C u ( I I ) N a Y and 
C u ( I I ) N a X , were prepared by treating Linde Y and X 
zeolites with aqueous C u S 0 4 solutions. The ion-exchanged 
samples were thoroughly washed with deionized water and 
dried at 100 °C. T h e ion-exchange levels of Cu( I I ) were 
determined by X-ray fluorometry. 

The ESR spectra of Cu( I I ) ions were recorded in the X-
band region at room temperature with a Hitachi 771 spectro­
meter, by using 2,2-diphenyl-l-picrylhydrazyl (DPPH) 

s tandard (£=2.0036) . 
I R spectra were recorded with a J A S C O - I R - G spectro­

photometer in the double beam absorbance mode. T h e 
infrared cell consists of a Pyrex glass fitted with potassium 
bromide windows. T h e cell allowed heating of the sample 
wafer at elevated temperatures measured with a thermo­
couple in contact with the wafer. The sample wafer, 20 m m 
diameter, was prepared by pressing the exchanged zeolite 
powder (ca. 10 mg) at 100 kg/cm2 . 

Stationary as well as non-stationary reactions between N O 
and N H 3 were carried out in a fixed bed flow reactor under an 
atmospheric pressure. T h e gas composition was analyzed 
by gas chromatography. 

R e s u l t s 

Oxidation State of Copper Ions. For the catalyt ic 
N O r e d u c t i o n w i t h N H 3 , C u ( I I ) i o n - e x c h a n g e d zeol i te 
e x h i b i t s c a t a l y t i c a c t i v i t y w i t h u n i q u e t e m p e r a t u r e 
d e p e n d e n c e . 1 ' 2 ) A typ i ca l ac t iv i ty vs. t e m p e r a t u r e 
profi le of a c o n v e x be l l - shape is exempl i f i ed b y c u r v e (a) 
i n F ig . 1 w h e r e ac t iv i t y is g i v e n i n t e r m s of t h e conve r s ion 
of N O . T h e r e a c t i o n p r o d u c t s a r e N 2 , N 2 0 , a n d H a O . 

1001« • »v 31.0 * , 

5 \ ° 
5- I \ I •»-

o \ ° 
M \ <W I 
g \ * 

Q\ 1 Sfr-» f i l Q <u 
100 200 300 oc 

Temp.(°C) 
Fig. 1. Changes in catalytic activity (a) and in Cu( I I ) 

concentration (b) with temperature in the catalytic 
N O - N H 3 reaction over copper ion-exchanged Y 
zeolites. 
Feed; N O (3%) + N H 3 (2%) + H e , 
Contact time ; 1.0 g • s/mol. 
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T h e selectivity for N 2 0 ( N 2 0 / ( N 2 + N 2 0 ) ) is little 
influenced by the reaction temperature . I t seems that 
such an activity profile is correlated with the change in 
oxidation state of the copper ions present in the zeolite 
framework, as observed by the change in the coloration 
of catalysts. The correlation was first examined by 
ESR study as follows. 

Cu( I I )NaY zeolite with 60% cation exchange (150 
mg) was loaded as a catalyst bed in a Pyrex glass tube 
of o.d. 3.5 mm, which was thereafter connected to a 
gas flow system. After heating the catalyst bed to the 
desired temperature, a stream (10 cm3/min) of gas 
mixture of N O (3%) , N H 3 (2%), and H e (95%) was 
introduced. The same composition and contact time as 
those used to obtain curve (a) in Fig. 1 were selected. 
After treatment for 4 h, which was found to be sufficient 
for the catalytic system to reach a stationary state, the 
catalyst was purged of the gaseous compounds at the 
same temperature for 15 min by He stream. The Pyrex 
glass tube containing the catalyst was then removed 
from the flow system, and the catalyst was subjected to 
ESR measurement at room temperature. Figure 2 

g | (=2.32 A, = 150 G 

(5) 300°C 

(4)210°C 

(3) 160°C 

(2)120'C 

i i i I 

V 7.7*10 

U.Ù gx=2.07 

(1) 25 °C 

Fig. 2. ESR spectra of Cu(II) ions for a 60% copper 
ion-exchanged Y zeolites treated by NO (3%)+NH 3 

(2%) at various temperatures. 

shows ESR spectra of Cu(I I ) ions recorded after the 
treatment at various temperatures. All the spectra were 
taken for one and the same sample by subjecting it to 
repeated treatment. T h e signals except (5) turned or 
nearly turned in to symmetric ones due to high Cu(I I ) 
concentrations. Spectra (1) and (2) can be ascribed 
to square planer Cu( I I ) (NH 3 ) 4 ( g / / = 2 . 2 3 , A//=l.68 
G),4) while (3) and (4) agree with the spectra recorded 
for partially dehydrated Cu( I I )NaY. T h e decrease in 
Gu(II) concentration at elevated temperatures made the 
hyperfine structure of the signal to appear in spectrum 
(5) ; £ values (£x=2.07, # „ = 2 . 3 2 , A/;=\50 G) show that 

the Cu(II ) center is dehydrated and probably located 
at site I or I'.5) I t is evident that the Cu(II) ions ex­
changed in the zeolite exist mostly as tetraammine 
complexes below 120 °C, above which the complexes 
are replaced by partially or entirely dehydrated Cu(II) 
ions. No particular evidence was obtained for the 
formation of distorted tetrahedral C u ( I I ) - N H 3 com­
plexes reported by Vansant and Lunsford.5) 

By double integration of the ESR signals the concen­
trations of Cu(II ) ions were determined relative to that 
obtained after the treatment at 25 °C. They are 
plotted against temperatures (curve (b), Fig. 1). The 
Gu(II) concentration remains up to 120 °G, but 
decreases monotonously at higher temperatures. The 
decrease in Cu(I I ) concentration is related to that in 
catalytic activity shown by curve (a). However, 
agreement of the two curves is not satisfactory in detail. 
With rise in temperature , the activity falls more rapidly 
than Cu(I I ) concentration. At 200 °C, the activity is 
almost completely lost but the Cu(II ) concentration 
remains near 50% level. The discrepancy seems to be 
correlated to the distribution of Cu(I I ) ions over several 
sites in the zeolite framework; the Cu(II ) ions present 
above 200 °C are mostly located at inactive "locked-in" 
sites within the sodalite cage or hexagonal prism. 

In dehydrated Cu( I I )NaY zeolite, Gu(II) ions show 
rather strong preference to the "locked-in" sites.6,7) 

In the presence of water or ammonia, however, the 
the Gu(II) ions are pulled toward the supercage by 
complex formation as reported by Huang and Vansant.8> 
Under the present reaction conditions, the catalytic 
activity of Cu( I I )NaY catalyst at 120 °C has been 
found to be proportional to the Cu(II ) ion-exchanged 
level.2) This indicates that at temperatures below 120 °C 
the Gu(II) ions are dominantly present in the supercage 
and act as active catalytic sites. Above 120 °C, however, 
the present ESR study shows that complex formation 
of Cu(I I ) with N H 3 or water molecules becomes 
increasingly difficult. This might be the reason for the 
Gu(II) ions returning to the "locked-in" sites at higher 
temperatures. The decrease in catalytic activity above 
120 °C (curve (a)) results from a decrease in Cu(II) 
concentration within the supercage, which is caused 
partly by the reduction of Cu(I I ) ions to Cu(I) and 
partly by the migration of Cu(I I ) ions towards the 
"locked-in" site. 

Reaction Kinetics. The reaction kinetics of the 
N O reduction with N H 3 over Cu( I I )NaY catalysts was 
studied at 110 and 140 °C in a flow system. The tem­
peratures were so chosen as to include the temperature 
for maximum activity (120 °C). As a result, the reaction 
rates at both temperatures were found to be expressed 
by empirical equations of the following form; 

dP, 
d* 

L pn Dm 
— Ä l / N O / N H , 3 

where PNO and -PNH3 denote the partial pressures of 
nitrogen oxide and ammonia, respectively, and kx is a 
rate constant. Pm and PN H 3 were varied in the range 
0.01—0.08 a tm. T h e reaction orders, n and m, obtained 
at 110 and 140 °C are given in Table 1. T h e difference 
in reaction temperature affects both n and m only 
slightly. 
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TABLE 1. REACTION ORDERS ON NO AND NH3 (Eq. V 

IN THE NO AND NH3 REACTION OVER A Cu(II)NaY 

CATALYST (Contact time ; 1.0 g • s/cm3) 

Temp (°C) 

110 
140 

a) Mols NO/s 

n m 

1.0 0.63 
0.92 0.53 

• (atm) n+m • g . 

A;a> 

2.45x10-* 
0.79x10-* 

The rate data were found to satisfy the following 
expression within experimental errors at both tempera­
tures. 

r _ ^2*NO^NH. 

(1+ /WVJ 2 (2) 

This was derived by assuming a Langmuir-Hinshelwood 
type of reaction between weakly adsorbed N O and 
strongly adsorbed NH 3 . Here , ANH3 is the adsorption 
equilibrium constant and k2 is a constant. I t turned out 
subsequently, however, that the rate data also satisfy 
the equation 

r _ "-3-^NCT N H , 

( i + J W W ' (3) 

which implies that N O weakly adsorbs on sites different 
from those for N H 3 or that a Redeal type of reaction 
takes place between N O and adsorbed NH 3 . Differen­
tiation between (2) and (3) was difficult on the basis of 
kinetic data only. However, the results of I R study 
suggest that (3) appears to be more appropriate . The 
kinetic scheme does not change much for the two 
temperatures. Kinetic study also revealed that selec­
tivity of the N 2 0 formation is slightly dependent upon 
the contact time as shown in Fig. 3. The selectivity 
ratio N 2 / N 2 0 was extrapolated to exactly 2 : 1 at 
contact time 0. The increase of the ratio at longer 
contact times indicates a consecutive reduction of N a O 
to N2 . 

Fig. 3. 

0.4 0.8 

Contact time(g-s/cm3) 

Effect of the contact time on the conversion and 
selectivity of the NO-NH3 reaction. 

IR Study on NO-NH% Reaction. I R study was 
carried out to pursue in situ the reaction between N O 
and N H 3 over Cu( I I )NaY catalysts. N H 3 undergoes 
adsorption on both the zeolite skeleton and the Gu(II) 
ions exchanged. T h e latter amounts to 3—4 N H 3 

molecules per Cu(II ) ion at room temperature in 
agreement with the result of Lunsford et al. who reported 
the formation of tetraammine complexes of Cu(II ) ions 
in the zeolite cavity.4) As for the N O adsorption, ca. 

one N O molecule is adsorbed per Cu(II ) ion at room 
temperature with no detectable adsorption on the zeolite 
skeleton. 

The results of I R spectroscopic study of the reaction 
at room temperature are shown in Figs. 4 and 5. A 
32% Cu(II ) ion-exchanged zeolite was used. The 
zeolite wafers were evacuated for 4 h at 400 °G in the 
I R cell before experiments. Introduction of N O over 
Gu( I I )NaY gave curve 2 in Fig. 4. A strong absorption 
band at 1910 c m - 1 is attr ibutable to the stretching of the 

3500 2500 1900 1700 1500 1300 
Wave Number ( cm - 1 ) 

Fig. 4. Infrared spectra produced on introduction of 
NH3 over a Cu(II)NaY preadsorbing NO (recorded 
at 25 °C). (1) Cu(II)NaY after evacuation at 400 °C 
for 4 h. (2) 30 min after the exposure to NO (49.5 
Torr) at 25 °C. (3), (4), and (5) 30, 60, 180 min after 
the introduction of NH3 (8 Torr) to (2), respectively. 

3500 2500 1900 1700 1500 

Wave Number(cm-1) 
1300 

Fig. 5. Infrared spectra produced on introduction of 
NO over a Cu(II)NaY preadsorbing NH3. 
(1) Cu(II)NaY after evacuation at 400 °C for 4 h. 
(recorded at 25 °C). (2) Cu(II)NaY evacuated for 
30 min after the adsorption of NH3 (0.75 Torr) at 25 °C. 
(3) 60 min after the introduction of NO (64 Torr) to 
(2) at 25 °C. (4) After heating of (3) to 80 °C. 
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adsorbed N O , as first reported by Tarr i t et a/.9> Bands at 
1875 c m - 1 are ascribable to gaseous N O . Gaseous N O 
shows a typical rotation-vibration spectrum with its Q, 
branch centered at 1875 cm - 1 , as exemplified by curve 2 
or 3 in Fig. 5. A band at 2240 c m - 1 is due to gaseous 
N. 20, mainly brought about as an impurity contained 
in N O gas. Curves 3, 4, and 5 in Fig. 4 were recorded 
30, 60, and 180 min respectively after the addition of 
N H 3 (8 Torr ) . T h e band at 1910 c m - 1 became weaker 
with the elapse of time while the intensities of the band 
at 1620 c m - 1 and a broad one at 1430 c m - 1 increased. 
A shoulder at 1270 c m - 1 is a characteristic band due 
to the symmetric deformation vibration of N H 3 contain­
ed in Cu( I I ) (NH 3 ) 4 . 

N H 3 was adsorbed prior to the introduction of N O 
(Fig. 5). I n curve 1, bands at 1270 and 1620 c m - 1 and 
a broad band around 3300 c m - 1 are ascribable to 
adsorbed NH 3 , while a broad band around 1430 c m - 1 

is due to the deformation vibration of NH4+ formed. 
Major changes in the spectra caused by the introduction 
of gaseous N O (64 Torr) were the increase of the broad 
band centered at 1430 c m - 1 and the slight increase of 
the band at 1620 cm- 1 . Bands in 1910—1840 c m - 1 of 
curves 2 and 3 are attr ibuted to gaseous N O . Through­
out Figs. 4 and 5, there is no evidence for the formation 
of nitrosyl ammine complex of Gu(II) ions. The N O 
adsorption is much weaker as compared with N H 3 

adsorption. The adsorbed N O is easily replaced by 
NH 3 . This makes the Langmuir-Hinshelwood type of 
reaction between adsorbed N O and adsorbed N H 3 

(Eq. 2) less plausible. T h e reaction between N O and 
N H 3 gives rise to a remarkable increase in intensity of 
the broad band around 1430 cm - 1 . I t is probable that 
this band is in fact a composite of bands responsible for 
NH4+ and some other adsorbates. It seems that in this 
case the absorption of N 0 2 ~ overlaps that for NH,}+. 
N 0 2 " shows absorption at 1430 and 1330 c m - 1 in 
[Co(NH3)MN02]2+, and at 1630, 1420, 1332, and 1260 
c m - 1 in K 2Ba[Cu(N0 2) 6] . 1 0 ' 1 1) 

Regeneration of Cu(II) from Cu(I). The bell-
shaped dependence of the catalytic activity of Cu( I I ) -
NaY catalysts implies that a reversible redox change 
occurs between Cu(I I ) and Gu(I) with the change in 
reaction temperature. Elucidation of the redox step 
is considered to contribute to the understanding of the 
catalytic reaction. A study was made on how the Gu(I) 
ions produced in the catalytic reaction a t high tempera­
ture were reoxidized by lowering temperature in the 
same system. The experiments were performed in a 
flow system as well as in a pulse reactor. In the flow 
experiments, either a gas of N O (3%) , N H 3 (2%) , and 
He (95%) or a purge gas of He was allowed to flow 
(60 cm3/min) over the catalyst bed. Gu( I I )NaY with 
60% cation exchange were first treated in a stream of 
the gas mixture at 300 °C for 4 h and then purged by He 
stream for 15 min. Almost all the Cu(I I ) ions were 
reduced to Cu(I) as revealed by ESR. The reduced 
sample was then cooled to the desired temperature and 
brough again into contact with the flow of the gas 
mixture. This caused a transient reaction to occur until 
a stationary catalytic reaction between N O and 
N H 3 was reached. T h e stationary state was reached 

60 120 
Time (min) 

Fig. 6. Time course of NO conversion observed when 
gas mixture NO (3%) + NH3 (2%) was contacted to 
reduced copper ion-exchanged Y zeolites at various 
temperatures. 

60 90 
Time (min) 

Fig. 7. Time course of the slectivity to N 2 0 , corres­
ponding to Fig. 6. 

within 60 min at 150 °C and above, while a period 
longer than 2 h was required at 90 °C and below. 

The transients in conversion of N O and in selectivity 
for N 2 0 formation are shown in Figs. 6 and 7, respec­
tively. The former transients are complicated. 
Selectivity for N a O formation, on the contrary, showed 
monotonous decreases with time from the initial values 
to the stationary ones near 1/3 except for the case at 
25 °G, where no stationary reaction proceeded at a 

50 
Time (mi n) 

Fig. 8. Time course of N 2 0 and NO formation observed 
when NO (3%) + NH3 (2%) was contacted to a 
reduced copper ion-exchanged 13X zeolites at 15 °C. 
Contact time ; 1.0 g • s/cm3. 
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significant rate. The high N 2 0 selectivity at the initial 
period, especially at lower temperatures, suggests that 
the transient reaction is connected to the reoxidation 
of Cu(I) to Gu(I I ) . The transients at 15 °C are describ­
ed in more detail in Fig. 8. In this case, Gu( I I )Na 
13X with 66% Gu(II) ion-exchanged was used after 
the reduction. T h e consumption of N O decreased 
rapidly with time until it ceased within ca. 1 h. A 
corresponding change took place in the evolution of 
N 2 0 , while N 2 formation in small quantities decreased 
more gradually over a longer reaction period. The 
color of the catalyst turned rapidly into pale greyish blue 
on contact with the gas mixture, and then gradually 
into blue developing from an upstream end of the 
catalyst bed to another. When the catalyst became 
entirely blue, N 2 0 formation stopped. The greyish 
blue might be due to the complex formation of a trace 
amount of unreduced Cu(II ) ions with NH 3 . The blue 
coloration is ascribable to the ammine complex of the 
Cu(II) ions regenerated. 

The transient reaction at 15 °G was examined by a 
pulse reaction technique in order to obtain quantitative 
information. I t was found that 2.7 mol of N O and 
0.8 mol of N 2 0 are consumed and formed, respectively, 
to regenerate 1.0 mol of Cu( I I ) . This strongly indicates 
the following disproportionation reaction. 

+3NO 
Cu(I)(NH3)m Cu(II)(NH3)mN02- + NaO (4) 

The reaction was found to proceed only in the presence 
of NH 3 . After the completion of reaction, the catalyst, 
when heated at 150 °C in the same atmosphere, evolved 
a large amount of N 2 presumably by the following 
reaction. 

Cu(II)(NH3)mNCV + NH4
+

ad — 

Cu(II)(NH3)m + N2 + 2H 2 0 (5) 

Nitrite ion N 0 2 ~ is known to react with NH4+ to produce 
N2 . Reaction (5) is considered to be slow at 25 °C, 
judging from the prolonged evolution of a small amount 
o fN 2 (Fig. 8). 

D i s c u s s i o n 

From the results, we propose the following reaction 
path for the steady reaction between N O and N H 3 over 
Gu(II )NaY catalysts. 

Cu(II)(NH3)„ + NO -A> Cu(I)(NH3)m + N2 

+ H 2 0 + ( n - m - l ) N H 3 + H+
a d (6) 

H \ d + NH3 • N H 4 \ d (7) 

Cu(I)(NH3)m + 3NO > 

Cu(II)(NH3) roN02- + N 2 0 (8) 

Cu(II)(NH3) roN02- + NH4
+

ad • 

Cu(II)(NH3)ro + N2 + 2H 2 0 (9) 

Cu(II)(NH3)m + (n-m)NH3 • Cu(II)(NH3)n (10) 

4NO + 2NH3 > 2N2 + NaO + 3H20 (11) 

Here, n and m are the numbers of N H 3 molecules 
coordinating to a Gu(II) ion, probably 4 and 2, respec­
tively, because of the complexes Gu( I I ) (NH 3 ) 4 and 
Cu(I) (NH 3 ) 2 . Reaction (6), initiated between N O and 
coordinated NH 3 , produces N2 , H 2 0 , and an atomic 

hydrogen, the last species of which reduces a Cu(I I ) 
ion to Gu(I) through a electron transfer. The H+ 
produced is adsorbed on the framework oxygen of 
zeolite, being ammoniated to form NH4+ according to 
Reaction (7). Reactions (6) and (7) are supported by the 
result of I R study which shows that the band intensity 
of NH4+ at 1430 c m - 1 for NH3-preadsorbed Cu( I I ) -
NaY increases on contact with N O . Reaction (8), which 
is identical with Reaction (4), is applied to regenerate 
Cu(I I ) ions. The N 0 2 ~ produced then reacts with 
NH4+ by Reaction (9) to evolve N2 . The overall reaction 
is reduced to Reaction (11) which explains the observed 
N 2 0 selectivity at zero contact t ime. 

The bell-shaped temperature dependence of catalytic 
activity is explained as follows. At temperatures lower 
than 120 °C, React ion (6) is slow and rate-determining. 
Above 120 °C, on the other hand, it is presumed that 
Reaction (8) becomes less and less favored with an 
increase in temperature , causing the stationary Cu(I I ) 
concentration and therefore the steady reaction rate 
also to decrease with increasing temperature. 

Reaction (8) can formally be separated into the follow­
ing two reactions. 

3NO • N 0 2 + N 2 0 (12) 

Cu(I)(NHa)m + N 0 2 • Cu(II)(NH3)TON02- (13) 

T h e disproportionation reaction of N O on zeolites was 
first reported by Addison and Barrer.12) They found 
that over unexchanged zeolites the reaction is fast at 
dry ice temperature or at 0 °G but very slow at 25 °G. 
Regarding Reaction (13), Kasai and Bishop reported that 
addition of N 0 2 to Cu( I )NaY at room temperature 
restores the ESR signal of Cu( I I ) instantaneously.13) 
T h e important result in the present study is that Reaction 
(8) proceeds only in the presence of NH 3 . This implies 
that Reaction(8) can not be separated into Reactions(12) 
and (13). The crucial role of N H 3 for Reaction (8) may 
come from two possible effects. 

(1) T h e redox potential between Cu(I) and Cu(II ) 
is lowered by the formation of ammine complexes ; it is 
0.153 eV for C u ( I ) - > C u ( I I ) + e , whereas - 0 . 0 1 eV 
for C u ( I ) ( N H 3 ) 2 + 2 N H 3 - > C u ( I I ) ( N H 3 ) 4 + e . 

(2) The location of copper ions in the zeolite 
framework is affected by the presence of NH 3 . As a 
result of coordination, N H 3 pulls out copper ions from 
the sodalite cage or hexagonal prism toward the super-
cage in which the copper ion becomes more easily 
accessible for reactants. 

Which of the two effects is more dominant can not be 
distinguished at present. However, the same effects 
can be operative for the depression of the reaction rate 
above 120 °C. The dissociation pressure of N H 3 for 
C u S 0 4 - 4 N H 3 - > C u S 0 4 - 2 N H 3 + 2 N H 3 is 0.08 a tm at 
120 °C.14> 

It is of interest to compare the present reaction with 
the oxidation of ammonia with oxygen over Cu( I I )NaY 
catalyst reported by Williamson et a/.15) In the latter 
reaction, the rate was found to show first and zero 
orders with respect to N H 3 and 0 2 , respectively, and 
was concluded to be solely determined by a step in 
which Cu(I I ) ions are reduced to Gu(I) by NH 3 . There 
are several marked contrasts between the reactions of 
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N H 3 - N O and N H 3 - 0 2 . 
( 1 ) The dependence of the rate on the N H 3 part ial 

pressure differs entirely for the two reaction. This 
reflects that, unlike the N H 3 - 0 2 reaction, the N H 3 - N O 
reaction does not follow a simple redox mechanism. 

(2) The N H 3 - N O reaction is characterized by the 
bell-shaped temperature dependence, whereas the rate 
of the N H 3 - 0 2 reaction shows a normal increase with 
increasing temperature . This indicates that , at higher 
temperatures, the reoxidation of Gu(I) to Gu(II ) is 
much slower in the former case. This would be 
important when the N H 3 - N O reaction is carried out 
in the presence of oxygen. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Educat ion (No. 110306) 
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ESR of Hot Ions: Low Spin Pt(III) Complex Ions Produced 
by ^-Irradiation 
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Hongo, Bunhyo-ku, Tokyo 113 
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Tervalent platinum complex ions have been observed by the electron spin resonance method upon y-irradiation 
of both bivalent and quadrivalent complexes. From their g-values, the tervalent complex ions can be classified 
into two types, one axially symmetric and the other rhombic, the former having typical g-values of 2 (g//) and 2A(g±), 
and the latter a gj-value slightly lower than the free electron value of 2.0023. It has been shown by means of 
ligand field theory that both types have 5d7 low spin electron configuration. The hyperfine interaction due to 
195Pt is one order of magnitude larger than that in cobalt complexes with 3d7 low spin configuration, indicating 
that the configuration interaction involving 6s-orbital is more important than that for 3d transition metal complexes 
involving 4s-orbital, and that 5d electrons penetrate deeply into inner shells, resulting in core polarizarion. 

y-Irradiation produces metal complex ions with 
unusual valence states, Co2+, Ni+, Pd+, Zn+, Cd+ etc.1'^ 
All these hot ions are produced through reduction of 
original complexes having the usual valence. Thus 
univalent plat inum complexes which seem to have 5d9 

electron configuration are expected to be produced by 
y-irradiation of bivalent complexes. The electronic 
states of transition metal ions belonging to the 5d group 
remain unclarified. Neither visible nor ultraviolet 
absorption spectra have been assigned to any transitions 
between multiplet states, and the order of one-electron 
energy levels has not been established. Almost all the 
complexes with d9 electron configuration studied thus 
far show the same type of £-value: g//^>g^>2. I t has 
not been clarified whether univalent plat inum complexes 
show this type of g-value. 

In the present work eleven bivalent plat inum 
complexes and three quadrivalent ones were y-irradiated 
at 77 K and their ESR spectra were recorded. The 
present paper reports on a new valence state of tervalent 
platinum complex ions along with a discussion on their 
electronic state. 

Exper imenta l 

Both platinum metal and hydrogen hexachloroplatinate(VI) 
(H2PtCl6«6H20) were used to synthesize bivalent and quadri­
valent platinum complexes. Copper(II) ions contained in 
commercial H2PtCl6 .6H20 were removed in synthetic pro­
cesses; they were not found in potassium tetrachloroplatinate-
(II). The complexes subjected to y-irradiation are summarized 
in Table 1. Each complex of polycrystalline state was put 
into a radiation-protected sample tube for ESR measurement, 
in 50—100 mg amount. The sample tubes were immersed 
in liquid nitrogen and subjected to y-irradiation at 77 K. 

They were inverted on y-irradiation, the upper half of the tubes 
shielded with lead blocks to prevent production of para­
magnetic centers. The tubes were again inverted before ESR 
measurement. The total dose was 106 R with a 5 X 104 R/h 
dose rate at 77 K, and 107 R with a 5 X 105 R/h dose rate at 
room temperature. ESR spectra were recorded with a 
JEOL 3BSX spectrometer. 

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

[Pt(py) 4] Cl2 • 3H20. T h e ESR absorption shown 
in Fig. 1 was obtained on y-irradiation of a polycry­
stalline sample. T h e strong absorption at about 2800 G 
shows a large £-shift (Ag=£—2.0023), which suggests 
that the paramagnetic center is due to a plat inum 
complex; the large £-shift is caused mainly by the 
strong spin-orbit interaction. Plat inum has a large 
spin-orbit coupling constant, e.g. 3368 c m - 1 for Pt+ 
ion.5) The strong singlet line is accompanied by weak 
doublet satellite lines at 2300 and 3100 G. T h e doublet 

ytyVS-J^ 

t+. 

3500 3000 2500 
«—H 
2000G 

Fig. 1. The ESR spectrum of [Pt(py)4]
3+ produced by 

y-irradiation. 

TABLE 1. BIVALENT AND QUADRIVALENT PLATINUM COMPLEXES 

Pt(II): 

Pt(IV) : 

K2[Pt(N02)4] • 2H 20, K2[Pt(CN)4] • 3H 20, K2[Pt(C204)2], [Pt(NH3)4]Cl2, [Pt(py)4]Cl2 • 3HaO, 
[Pt(acac)2], m-[Pt(py)2Cl2],[Pt(gly)2], [Pt(dmgH)2], [Pt(xant)2], ^ - [ P t ( P y ) 2 C l 2 ] 
K2[PtCl6], K2[PtI6], K2[Pt(SCN)6] 

C 2 0 4 : oxalate, py: pyridine, acac: acetylacetonate, 
gly: glycinate, dmgH: dimethylglyoximate, xant: ethylxanthate 

* Present address: Department of Engineering Physics, The University of Electro-Communications, Chofugaoka, Chofu, 
Tokyo 182. 
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T A B L E 2. PREDICTED g-VALUES FOR FOUR CASES 

Case Configuration Multiplet ill g± Order 

A 
B 
C 

D 

d9 

d9 

d7 

2A 
i g 

2 + 8Ç/£(2B2g)
a> 

2 
2 

2+(4+8a1b1K/E(*B2g)V 
+ (4+80A)Ç/2?(2B2g

b)b) 

2+2C/£( 2 ig 
2 + 6Ç/£(2Eg) 

2 + ( 3 + & A ) C W ) 
+ (3 + 6flA)C/£(2Eg

b) 
2+(l+2 f lA)C/^( 2E g

a ) 
+ (l+2«A)C/JB(2EK

b) 

g//>g±>2 
g±>g//=2 

g±>g//=2 

g//>g±>2 

a) Energy value of multiplet when that of the ground multiplet is set to zero, b) ax= — 105/{(45+C+^4)2 + 
WOB2}1/2, bx= (4B+C+A)I{{4B+C+A)2+ 10QB2}1/2, a2=-10B/{(4B+C-A)2+ 100B2}1/2, b2= (4B+C-A)/ 
{(4B+C-A)2+ 10QB2}1/2, A= (1 \6B2 + 8BC+C2)1/2. A, B, and C are Racah's parameters. 

has a large splitting of ca. 800 G, presumably due to 
the hyperfine interaction with 195Pt, only one stable 
isotope with nonzero nuclear spin 1/2. Since the 
natural abundance of 195Pt is 33.8%, the relative 
absorption strength of one of the doublets to the main 
singlet should be 1 /4 (Fig. 1 ). The shift of the singlet 
from the center of the doublet toward upper field is due 
to the large hyperfine interaction with 195Pt nucleus.6) 
The spectral feature shows that the paramagnetic 
plat inum complex ion produced takes axial symmetry 
and the absorption at 2800 G is a perpendicular com­
ponent. The parallel component should be much 
weaker than the perpendicular one. I t would be 
observed near 3300 G, where the strong absorption of 
unidentified radicals obscures the observation of the 
parallel component. Careful investigation shows that 
no parallel component was found at any other magnetic 
field strength. 

The value of g± was found to be 2.377±0-002, which 
can be directly calculated from the main singlet line, 
that of gii being probably 2. The principal value of the 
hyperfine splitting tensor due to 195Pt, A±, also obtained 
by use of the usual second order perturbation formula, 
is 8 7 7 x l 0 - 4 c m - 1 . 6 ) 

As regards the valence state of paramagnetic plat inum 
complexes, two possibilities should be considered, 
univalent complexes with 5d9 electron configuration and 
tervalent complexes with 5d7 electron configuration. 
The ^-values for possible ground states for these two 
valences have been calculated by means of ligand field 
theory (Table 2).2) T h e experimental ^-values are 
consistent in cases B and C. However, B corresponds to 
the structure of uniaxially compressed D 4 h , found to be 
very rare for d9 configuration, while C corresponds to 
the uniaxially elongated structure, which seems 
reasonable in consideration of the tetragonaly four-
coordinated structure of the original complex. The 
complexes having d7 low spin configuration have been 
shown to take this multiplet in several cases.7'8) Thus, 
the paramagnetic center observed can be assigned to a 
tervalent plat inum complex ion which takes 2 A l g as the 
ground multiplet, having one unpaired electron in 5dz2 
orbital. 

In contrast to the transition metal complexes of the 
3d group, no systematic studies have been made on the 
electronic state of the 5d group. Optical absorption 
spectra of some Pt(I I ) complexes were studied by 
Chatt , Gamlen, and Orgel.9) The order of the one 
electron energy level for [PtGl4]2 _ was determined: 
5d x 2_ y 2>5d x y >5d y z > z x >5d z 2, though the position of 

5dz2 was uncertain. However, it seems difficult to 
assign an absorption band to a certain transition between 
multiplets because of the presence of strong spin-orbit 
coupling. Krigas and Rogers studied y-irradiation of 
K2[PtCl4] by the ESR method and found the formation 
of [P tC l 5 ] 2 - with 5d7 electron configuration.10) Since 
the original [PtCl4]2~ takes a tetragonally four-coor­
dinated structure, one chlorine ion appears to be 
at tached to the axial position in the course of oxidation. 
I t is concluded that one electron energy level of [PtCl5]2 _ 

has the order: 5dx2_y2>5dz2>5dxy/>5dyZrZX . The 
unusually high energy of 5dz2 was explained to be 
caused by the presence of the axial chloride ion. The 
present £-values of [Pt(py)4]3 + are also in line with this 
order. However, there can be no chloride ion at the 
axial position, since the absorption of the perpendicular 
par t (Fig. 1 ) has a very narrow width of about 20 G, 
showing neither hyperfine splitting by chlorine nucleus 
nor line broadening due to unresolved structure by 
chlorine. 

Let us compare the hyperfine splitting of [Pt(py)4]3+ 
with that of bivalent cobalt complexes having 3d7 low 
spin configuration. A comparison between tervalent 
nickel and tervalent palladium and tervalent platinum 
complexes would have been preferable, but we could 
not obtain the A-vsdues of either tervalent nickel or 
tervalent pal ladium of low spin type. We chose ß-
cobaltphthalocyanine as an example, since this is one 
of the few bivalent cobalt complexes taking low spin 
configuration, .^-values of /?-cobaltphthalocyanine have 
been reported to be 160 X 10~4 cm" 1 (A//) and 280 X 10~4 

c m - 1 (^4±).7) In order to see the effect of electron 
orbitals, we compared the values which can be obtained 
by dividing the experimental A-values by nuclear 
moment of each isotope. They are 60.3 for the cobalt 
complex and 1480 for the plat inum complex on a 
ceartin scale, which shows that the latter is about 
twenty times greater than the former. In 5d transition 
metal complexes the valence electrons mainly in metal 
5d orbitals could penetrate deeply near the metal 
nucleus because of the incomplete shielding of the 
nuclear potential by the other inner closed shell elec­
trons, resulting in large core polarization. 

K2[Pt(N02)4] -2H20. There is a strong absorp­
tion at 2500 G with a weak satellite at 1900 G (Fig. 2). 
This should be due to plat inum complexes because of 
the large g-shift and the large hyperfine splitting. From 
the line shape this can be ascribed to the perpendicular 
component, which splits slightly to form g2 and g3 

component. A parallel component is also observed at 
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TABLE 3. ESR PARAMETERS OF LOW SPIN Pt3+ COMPLEXES 

1439 

A) Axial symmetry 

Complexes ill g± An A± (lO-^cm-1) 

[Pt(Py)4]3+ 

[Pt(NH3)4]3+ 
m-[Pt(py)2Cl2] + 
[PtCI6]3-

(~2) 
(~2) 
(~2) 
(«2) 

2.377 
2.395 
2.544 
2.659 

877 
940 
768 
591 

B) Rhombic symmetry 

Complexes gx 

[Pt(giy)2]+ 1-939 
[Pt(N02)4]- 1.910 

£2 

2.338 
2.572 

£3 

2.674 
2.622 

A 
1025 
1690 

A 

— 

A3 ( lO^cm-1) 

1210 

*000 jppo «poo «^j 

Fig. 2. The ESR spectrum of [Pt(NOa)4]- produced 
by y-irradiation. The splitting of g± part shows the 
small distortion of ligand configuration. 

slightly upper field than that of strong absorptions due 
to unidentified radicals with g-value of 2. Very weak 
satellites are observed at both 2000 and 1400 G. 
The ESR parameters obtained are given in Table 3. 

Since original [P t (N0 2 ) 4 ] 2 ~ has square-planar con­
figuration of ligand ions, the tervalent plat inum complex 
produced through oxidation should show a line with 
axial symmetry, if the original configuration is main­
tained. However, the line shape (Fig. 2) indicates that 
the tervalent plat inum has a slightly deformed ligand 
configuration. Some of the complexes having d7 low 
spin configuration have been shown to have smaller 
gl I- or ^ -va lue like this. As an example, /?-cobalt-
phthalocyanine has g// of 1.91.7) Griffith tried to explain 
this by means of ligand field theory.11) He assumed 
several ground multiplets which arise from different 
orders of one electron energy levels, and concluded that 
the ground state is ld z x d z x d y z d y z d x y d x y d z 2 | and that 
the smaller g// than 2 is due to the third order terms of 
spin-orbit interaction. I t is uncertain, however, whether 
the sum of many spin-orbit terms can result in g// 
smaller than 2. O n the other hand, we presume that gx 

smaller than 2 is caused by the lowering of symmetry 
from D 4 h . In D 2 h symmetry, 5dz2 orbital mixes with 
5dx2_z2 to form new one-electron eigenfunctions. I t 
can be assumed from the small splitting of g± component 
observed that the distortion from D 4 h to D 2 h is small. 
We obtained one-electron eigenfuctions in D 2 h ligand 
field 5dYV, 5dV7, 5d7V, 5d z 2 '=( l+ ö 2)- i /2 ( 5 d z 2 _L. 

a5dx2_y2) and 5d x 2_ y 2 ' = ( l +a 2 ) - 1 / 2 (5d x 2_ y 2- f l 5d z 2) , 
where a is a small mixing coefficient. Considering 
electron-electron repulsion, the ground multiplet be­
comes 12Alg 1 / 2 > = 15dy z5dy z5d z x5d z x5dx y5dx y 5dz2' |. 
Applving the usual perturbation formula to calculate 
^-values, we have £ l = 2 + 8 « 2 ( l + a 2 ) - 1 / £ ( 2 B l g - 2 A l g ) . 

This predicts that g1 is slightly greater than 2, a disap­
pointing result. The simple model presented here gives 
no reasonable explanation of the observed g-value. 

eis- [Pt (py) 2C/2]. Although this complex does not 
have a fourfold axis, the electronic state can be explained 
approximately in terms of D 4 h . The ligand field of 
m- type complexes has D 4 h symmetry contrary to their 
geometrical symmetry.12) T h e ESR spectrum which 
can be assigned to [Pt(py)2Cl2]+ from its large £-shift 
showed that the complex has D 4 h or C4 v symmetry in 
spite of the lack of a fourfold axis in geometrical struc­
ture. This suggests that the tervalent pla t inum complex 
ion does not suffer from distortion through oxidation. 
gll is probably 2, though it was not observable in the 
superposition of the strong absorption of unidentified 
radicals. £raftj--[Pt(py)2Cl2] was also examined, but it 
gave no ESR absorption other than that of radicals at 
3300 G. This indicates that the tervalent complex of the 
m-type is produced in a greater amount than the 
trans-type by a factor of at least 100. 

trans-lPt(gljy)2]. This complex has a asymmetry 
between the axis of N - P t - N and that of O - P t - O in the 
plane formed by ligand and a central pla t inum ion. 
Thus, the ESR spectrum of the tervalent plat inum 
complex produced by oxidation should show asymmetric 
shape with three different principal values of g-tensor 
(Fig. 3). T h e ^ - v a l u e less than 2, 1.939 also obtained 
in this case, suggests that a ^j-value smaller than 2 may 
be due to the lack of a fourfold axis. 

K2[PtCl6~\. A tervalent plat inum complex was 
produced on y-irradiation at room temperature . This 
tervalent pla t inum has different ESR parameters from 

-X— 
T 

1 

1 * 
3500 3000 25,000 

Fig. 3. The typical rhombic ESR spectrum of [Pt(gly)3]+ 
produced by y-irradiation, 
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the paramagnetic chlorine-coordinated plat inum com­
plexes reported by Krigas and Rogers.10) g// was not 
observable, but it is probably 2, considering that ESR 
absorption was not observed at any other position than 
near 3300 G where unidentified absorption of complex 
structure was observed. O n the other hand, y-irradia­
tion at 77 K gave ESR absorption, which may come 
from plat inum complexes by considering its large £-shift, 
+0 .379 . However, the hyperfine splitting due to 195Pt 
was not clearly observed. The g±-value is similar to 
that of the [PtCl5]2~ reported by the above authors. 

In contrast to the formation of univalent complexes 
upon y-irradiation of bivalent nickel and bivalent 
palladium complexes, y-irradiation of bivalent pla t inum 
complexes gives tervalent complexes but not univalent 
ones. Since ionization probability is proportional to 
electronic density, it seems reasonable that the tervalent 
plat inum complexes are produced in a greater amount 
than tervalent nickel or palladium complexes. T h e 
tervalent plat inum complexes usually take 5d7 low spin 
electron configuration and show typical ^-values like 
those of 3d complexes: g±^g//^»2. The ^ - v a l u e smaller 
than 2 observed in rhombic complexes seems to come 
from the lack of a fourfold axis, but no simple explana­
tion can be given. The ^4-values of the tervalent 
plat inum complexes are usually one order greater than 
those of the cobalt complexes, suggesting that 5d 
electrons penetrate deeply into the closed shell and 
result in the large core polarization. The yield of the 
tervalent plat inum complexes varies from complex to 
complex, as shown typical between eis- and trans-
[Pt(py)2Cl2] . I t is interesting to see whether univalent 
plat inum complexes would show the typical ^-values of 
3d9 and 4d9 complexes: g//^>g±^>2. 

We wish to thank Dr. Yoji Arata for reading this 
manuscript. 
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The radiation-induced decoloration of azo and anthraquinone dyes was studied in NaO-saturated aqueous 
solutions containing NCS - . In the NaO-saturated solutions, the decoloration yield, G (-Dye), increased markedly 
upon the addition of NCS", which is an efficient scavenger of the OH radical—that is, from 1.46 up to 2.10 for Acid 
Red 265 and from 0.51 up to 1.51 for Acid Blue 40 upon the addition of 1 mM NCS - . In the nitrogen-saturated 
solutions, however, the G(-Dye) decreased upon the addition of NCS - . It is concluded that the increase in the 
G(-Dye) upon the addition of N C S - in the N20-saturated solutions is mainly attributable to the attack of the 
radical anion (NCS)2

- on the ring structure of the dyes. This radical anion is formed through the following path: 
N C S - + O H - ^ N C S + O H - and NCS+NCS" ^±(NCS)2~. At low NCS - concentrations, the G(-Dye) decreased for 
Acid Red 265 and increased for Acid Blue 40. This may be attributable to the larger reactivity of (NCS)a~ on Acid 
Blue 40 than on Acid Red 265. 

As has been described in preceding papers,1 '2) the 
radiation-induced decoloration of Acid Red 265 (azo 
dye) in aqueous solutions is mainly attr ibutable to the 
attack of the O H radicals on the aromatic rings connect­
ed directly to the azo group, while that of Acid Blue 40 
(anthraquinone dye) is attr ibutable to the attack of the 
hydrated electrons on the carbonyl group in the anthra­
quinone ring, in addition to the attack of the O H 
radicals on the anthraquinone ring. In both cases, the 
decoloration is promoted in the N aO-saturated solutions ; 
that is, this increase in the G (-Dye) is due to the conver­
sion of the hydrated electrons into the O H radicals by 
means of the following reaction;3) 

NaO + e"q • OH + OH" + Na. (1) 

The yield of the O H radical in the N aO-saturated 
aqueous solution ( G ( O H ) + G ( e ~ q ) = 5 . 5 ) 4 ) becomes 
about twice as large as that in the nitrogen-saturated 
aqueous solution (G(OH)=2.74).4> 

In such systems, the rate constants of the reactions 
of the hydrated electron with N 2 0 and Acid Blue 40 are 
8.7 X 109 M - 1 s-1 at p H 75) and 1.5 X 1010 M - 1 s-1 at p H 
6.3—5.12) respectively. In the N aO-saturated 0.1 m M 
Acid Blue 40 solution, since the N 2 0 concentration 
(about 3 x l 0 - 2 M ) i s about 300 times larger than the 
dye concentration, a large portion of the hydrated 
electrons are converted into O H radicals because 
(8.7 x 109 M - 1 s-1) x (3 x 10-2 M ) > ( 1 . 5 X 1010 M - 1 s-1) 
x ( l x l O " 4 M ) . Therefore, in the N aO-saturated 
solution, the O H radical is considered to be the only 
active species. In the present study, the effect of N C S - , 
which is an efficient scavenger of the O H radical, on the 
radiation-induced decoloration of azo and anthra­
quinone dyes was investigated in order to demonstrate 
the above scheme more clearly. 

Exper imenta l 

The experimental procedures were the same as in the 
preceding works.1'2) The dye solutions were prepared by 
dissolving recrystallized Acid Red 2651) or Acid Blue 402) in 
triply distilled water. The solutions were bubbled with NaO 
for 20 min prior to irradiation and were then irradiated with 
cobalt-60 gamma rays at room temperature. 

The absorption spectra were measured with a Shimadzu 
UV-200 spectrophotometer. The decoloration yield was 
determined by measuring the optical density at 542 nm for 
Acid Red 265 and at 610 nm for Acid Blue 40. The NCS~ 
concentration was determined by the iron-thiocyanate 
method.6> 

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

N20-saturated NCS~ Solutions without Dye. In order 
to study the effect of N C S - on the radiation-induced 
decoloration of the dyes in N aO-saturated solutions, it is 
necessary first to elucidate the behavior of the consump­
tion of N C S - in a solution without the dye. Thus , the 
N C S - concentration in N 2 0 - and nitrogen-saturated 
solutions without the dye was measured after irradiation. 

The reduction of N C S " , G ( - N C S - ) , for the N 2 0 - and 
nitrogen-saturated solutions without the dye (initial p H 
7.2) is shown as a function of the N C S - concentration 
in Fig. 1. The G ( - N C S - ) for the N aO-saturated solution 
increased steeply with an increase in the N C S - concen­
tration up to about 0.4 m M , and then it increased 
gradually above about 0.4 m M . T h e G ( - N C S - ) 
increased up to 1.72 from 0.96 in the N C S - concentration 

_ , , , , ,—fS— 

o 0-8 [ -j 

0.4 L ^ * - ^ ±-4tÀ 

o L 1 1 1 1 1—(h-.J 

0 0.2 0.4 0.6 0.8 1.0 2D 

NCS** (mM) 

Fig. 1. G(-NCS -) as a function of N C S - concentra­
tion in the N 2 0 - and nitrogen-saturated N C S - solutions 
without the dye. 
Dose: 1.8xlO4 rad. NaO saturation (O) and Na 

saturation (A)» 
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range from 0.02 to 2 m M . O n the other hand, the 
G(-NCS~) for the nitrogen-saturated solution increased 
with an increase in the N C S - concentration up to about 
0.2 m M , and then it was kept nearly constant above 
about 0.2 m M . The G ( - N C S - ) increased up to 0.43 
from 0.22 in the N C S - concentration range from 0.02 
to 2 m M . The ratio of G(-NCS - ) N 2 o/G(-NCS - ) N 2 is 
about 4 - t l in this N C S - concentration range. 

In the irradiated N aO-saturated solution, the hydrated 
electrons are converted into the O H radicals as Reaction 
1. The O H radical reacts rapidly with N C S - to form 
the NCS radical, following the formation of the radical 
anion (NCS)2

-;7>8> 

NCS- + OH - A NCS + OH", (2) 

NCS + NCS- +=± (NCS)2-. (3) 

Then;7-9) 

2(NCS)2- • (NCS)2 + 2NCS-, . (4) 

NCS + NCS • (NGS)a. (5) 

Baxendale et al. determined the value of kz (2.8 x l O 1 0 

M - 1 s -1) from a kinetic study of the equil ibrium of 
Reaction 3 at p H 7 by pulse radiolysis (Ar3a=7.0x 109 

M - 1 s - 1 and £3b = 3 .4x 104 s - 1) .7 ) O n the other hand, 
Willson et al. concluded that the most reasonable value 
of k2 was 1.03 X 1010 M - 1 s - 1 , since the above value was 
significantly higher than the values obtained by other 
methods.10) 

Since the ratio of G(OH)N 2o/G(OH)N 2 equals about 2, 
as has been described already, the ratio of G ( - N C S - ) N 2 O / 
G(-NCS~)N 2 should equal about 2. However, the ratio 
of G(-NCS-) N 2 o/G(-NCS-) N 2 (about 4 ± 1 ) obtained 
from Fig. 1 is larger than the above ratio. This may 
be mainly at tr ibutable to the consumption of the NCS 
radical by the hydrated electron in the nitrogen-
saturated solution as Reaction 6:9) 

NCS + e: NCS- (6) 

N20-saturated Acid Blue 40 Solutions. The G (-Dye) 
for the N 2 0-sa tura ted 0.1 m M Acid Blue 40 solutions 
containing N C S - (initial p H 6.3) is shown as a function 
of the N C S - concentration in Fig. 2. The G (-Dye) 
increased steeply with an increase in the N C S - con-

0.2 1.0 2.0 0.4 0.6 0.8 

NCS" (mM) 

Fig. 2. Effect of N C S - on G(-Dye) in the NaO-saturated 
Acid Blue 40 solutions. 
Dye concentration: 0.1 mM. Dose: 1.8xl04 rad. 

centration up to about 0.4 m M , and then it increased 
gradually above about 0.4 m M . The G (-Dye) increas­
ed up to 1.51 upon the addition of 1 m M N C S - from 
0.51 for the N^O-saturated solution without N C S - . I t 
is noteworthy that the tendency of the G ( -Dye) -NCS -

concentration curve is similar to that of the G ( - N C S - ) -
NCS~ concentration curve for the N aO-saturated N C S -

solution without the dye in Fig. 1. In the case of an 
unirradiated N sO-saturated solution, the absorption 
spectrum was not changed upon the addition of N C S - . 
O n the other hand, in a nitrogen-saturated solution, 
the G (-Dye) decreased to 0.06 upon the addition of 1 
m M N C S - from 0.18 for the solution without NCS - .2) 

The radiation-induced decoloration scheme of Acid 
Blue 40 in the nitrogen-saturated solution has been 
represented in a preceding paper2) as follows: 

AB + OH 

AB + OH 

AB + e-q -

AB + e-q -

• ABOH (decolored product), (7) 

• ABOH' (colored product), (8) 

ABred (decolored product), (9) 

ABred ' (colored product), (10) 

where AB, ABOH, and AB r e d are Acid Blue 40, its 
O H adduct , and its reduction product by the attack 
of the hydrated electron respectively. In the NaO-
saturated solution, however, since the hydrated electrons 
are converted into the O H radicals as Reaction 1, Acid 
Blue 40 is decolored only by Reaction 7. 

According to the earlier studies of the radiation-
induced inactivation of lysozyme in the N aO-saturated 
solution containing NCS - ,8 , 1 1) the inactivation was 
caused by a reaction between lysozyme and ( N C S ) 2

- : 

lysozyme + (NCS)2" >• inactive product (11) 

The site of the ( N C S ) 2
- attack is the ring structure of 

t ryptophan in lysozyme; that is, the reaction with 
( N C S ) 2

- is a direct addition to the ring structure of 
t ryptophan (T ) ; 

T + (NCS)2- y (T(NCS)2)-. (12) 

In the Acid Blue 40 solution containing NCS~~, most 
of the O H radicals react rapidly with NCS~ to form the 
NCS radical at N C S - concentrations above about 0.2 
m M , because k2 is larger than k7 (6.6 x 109 M - 1 s_1 at p H 
6.3—5.1).2) Therefore, it may be concluded from these 
facts that the increase in the G (-Dye) upon the addition 
of N C S - in the N aO-saturated solution is mainly 
at tr ibutable to the attack of the radical anion ( N C S ) 2

-

formed through Reactions 2 and 3 on the Acid Blue 40 
molecule as follows: 

AB + (NCS)2- y 

(AB(NGS)a)- (decolored product), (13) 

AB + (NCS)2- v 

(AB(NCS)2)"' (colored product). (14) 

The Acid Blue 40 molecule has two kinds of reaction 
sites for Reactions 13 and 14; (a) the anthraquinone 
ring and (b) the substituted benzene ring, not conjugat­
ed to the carbonyl group in the anthraquinone ring. 
T h e attack of the radical anion ( N C S ) 2

- on Site b is 
independent of the decoloration reaction. The increase 
in the G (-Dye) in Fig. 2 indicates that the radical anion 
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Fig. 3. Absorption spectra of unirradiated and irradiated 
NaO-saturated Acid Blue 40 solutions containing 
1 mM NCS". 
Dye concentration: 0.1 mM. Doses (rad) : 0 (Curve 
1), 1.8x10* (Curve 2), 3.7x10* (Curve 3), 5.5x10* 
(Curve 4), 1.1 X 105 (Curve 5), and 3.9x 105 (Curve 6). 

0.8 r 

400 500 600 700 
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800 

Fig. 4. Absorption spectra of irradiated NaO-saturated 
Acid Blue 40 solutions without NCS". 
Dye concentration: 0.1 mM. Doses (rad): 3.7x10* 
(Curve 2), 1.7xl05 (Curve 3), 3.9x 105 (Curve 4), 
a n d 5 . 5 x l 0 5 (Curve 5). 

(NCS) 2
- destroys the dye chromophore more efficiently 

than the O H radical does. 
The absorption spectra for the unirradiated and 

irradiated N 2 0-sa tura ted solution containing 1 m M 
N C S - are shown in Fig. 3. The absorption band at 
610 nm disappeared with an increase in the dose, and 
at the same time, the new absorption band near 460— 
490 nm seems to appear at a slightly higher dose 
(Curves 5 and 6 in Fig. 3). This new absorption band 
hardly appeared at all in the N 2 0-sa tura ted solution 
without N C S - , as is shown in Fig. 4. The absorption 
band near 460—490 nm coincides approximately with 
that for the reduction products of Acid Blue 40 formed 
by the attacks of the hydrated electron and the alcohol 
radical on the carbonyl group in the anthraquinone 
ring.2) I t is known that quinones are easily reduced by 
such reducing species as alcohol radicals.12 '13) There­

fore, it is assumed that a part of the Acid Blue 40 is 
reduced by the attack of the radical anion ( N C S ) 2

- on 
the carbonyl group in the anthraquinone ring, thus 
forming the reduction product as follows: 

AB +• (NCS)2- y 

ABred (decolored product) + (NCS)2 (15) 

O n the other hand, the G(-Dye) for the nitrogen-
saturated solution decreased upon the addition of 
NCS - , 2 ) in contrast to that for the N 2 0-sa tura ted 
solution. The decrease in the G (-Dye) upon the addition 
of N C S - in the nitrogen-saturated solution may be 
mainly at tr ibutable to the consumption of the NCS 
radical by Reaction 6, without forming (NCS) 2

- . 

2.5 

2J0 

Q 1.5 
1 
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Fig. 5. Effect of NCS- on G(-Dye) in the N20-saturated 
Acid Red 265 solutions. 
Dye concentration: 0.1 mM. Dose: 1.8X 10* rad. 

N20-saturated Acid Red 265 Solutions. The G (-Dye) 
for the N 2 0-sa tura ted 0.1 m M Acid Red 265 solutions 
containing N C S - (initial p H 6.4) is shown as a function 
of the N C S - concentration in Fig. 5. The G(-Dye) 
decreased at first to 0.85 upon the addition of 0.1 m M 
N C S - , and then it increased steeply with an increase 
in the N C S - concentration up to about 0.6 m M N C S - , 
in contrast to the result for the Acid Blue 40 solution in 
Fig. 2. The G (-Dye) increased up to 2.10 upon the 
addition of 1 m M N C S - from 1.46 for the N aO-saturated 
solution without N C S - . In the case of the unirradiated 
N aO-saturated solution, the absorption spectrum was 
also unchanged upon the addit ion of N C S - . O n the 
other hand, in the nitrogen-saturated solution the 
G (-Dye) decreased to 0.22 upon the addition of 1 m M 
N C S " from 1.00 for the solution without NCS - . 1 ) 

The radiation-induced decoloration scheme of Acid 
Red 265 in the nitrogen-saturated solution has been 
represented in a preceding paper1) as follows: 

AR + OH • AROH (decolored product) (16) 

AR + OH • AROH' (colored product) (17) 

where A R and A R O H are Acid Red 265 and its O H 
adduct respectively. 

In the N 2 0-sa tura ted solution containing N C S - , the 
increase in the G (-Dye) is also mainly at tr ibutable to 
the attack of the radical anion ( N C S ) 2

- formed through 
Reactions 2 and 3 on the Acid Red 265 molecule as 
follows ; 
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AR + (NCS)2- > 

(AR(NGS)a) - (decolored product), (18) 

AR + (NGS)a- • 

(AR(NCS)2)-' (colored product). (19) 

The Acid Red 265 molecule has two kinds of reaction 
sites for Reactions 18 and 19; (a) the aromatic rings 
connected directly to the azo group, and (b) the sub­
stituted benzene ring, not conjugated to the azo group. 
The attack of the radical anion ( N C S ) 2

- on Site b is 
independent of the decoloration reaction. I t is difficult 
for the direct attack of the radical anion (NCS)3~ on the 
azo group to take place because the azo group is sta­
bilized by the hydrogen bonding with an adjacent O H 
group in a naphthalene ring.1) Fur thermore, the 
masking of the azo group can be expected because of 
the steric effect of the adjacent SO s Na and C H S groups.1) 

The decrease in the G (-Dye) upon the addition of 
N C S - up to 0.1 m M in Fig. 5 may be explained as 
follows. At low N C S - concentrations, since the equi­
librium of Reaction 3 may be rather shifted to the left 
side, a part of the NCS radical is consumed by Reaction 
5, thus decreasing the G (-Dye). As the N C S - con­
centration increases, the O H radicals are scavenged 
efficiently by N C S - and the equilibrium of Reaction 3 
is shifted to the right side. Therefore, the G (-Dye) 
increases at high N C S - concentrations, as has previously 
been described. 

The decrease in the G (-Dye) upon the addition of 
N C S - was not observed in the N 2 0-sa tura ted Acid Blue 
40 solution. This may be attr ibutable to the larger 
reactivity of the radical anion ( N C S ) 2

- on Acid Blue 
40 than on Acid Red 265, because the increase in the 
G (-Dye) upon the addition of N C S - is larger for Acid 
Blue 40 than for Acid Red 265 in spite of the smaller 

G (-Dye) value for the Acid Blue 40 solution without 
N C S - than for the Acid Red 265 one. 

The authors wish to thank Mr. Masamitsu Washino 
of J A E R I for his encouragement and support. 
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The electronic spectrum of solid ion radical salt is known to be different from the monomer spectrum of the 
radical ion and to show an intermolecular charge-transfer band in the low-energy region. In order to understand 
the character of this charge-transfer absorption, one-dimensional Hubbard model was applied to such solid ion 
radical salt. The transition energy and the theoretical line shape of the charge-transfer absorption were derived 
and were compared with those of certain TCNQ, anion radical salts. 

The prominent magnetic, electrical, and optical 
properties of a number of solid ion radical salts have 
been the subject of many theoretical and experimental 
investigations over the past fifteen years.1-5) In such ion 
radical salts, the planar ion radical molecules are known 
to form, in themselves, a plane-to-plane stacking into 
infinite one-dimensional columns so as to make a large 
overlap between their half-filled molecular orbitals.6»7) 
In this case, since any individual radical molecule 
interacts through charge-transfer most strongly with two 
other neighboring radicals, the electronic spectrum of 
the solid salt differs distinctly from the monomer 
spectrum of the radical ion in solution but shows a 
charge-transfer transition between ion radicals in the 
low-energy region.3-5) 

In the present paper, we applied one-dimensional 
Hubbard model to the columns of ion radical molecules, 
and investigated the optical properties of solid ion 
radical salts. We attempted to explain the character of 
such charge-transfer absorptions on the basis of Green's 
function method. The transition energy and the 
theoretical absorption shape were compared with those 
observed for K+ T C N Q / anion radical salt, where 
T C N Q i s 7,7,8,8-tetracyanoquinodimethane. 

Theoret ica l 

In a narrow energy band with strong electron correla­
tion, an electron transfers from one site to another site, 
but a strong repulsive force will take place when an 
electron happens to come onto a site which is already 
occupied by another electron with opposite spin. Let 
us denote the intra-site Coulomb repulsive energy as / , 
and consider a system of electrons described by the 
following Hamiltonian, which is often called the 
Hubbard Hamiltonian;8 , 9) 

3^ = Tlhfi%CJa + I^nunu, (1) 
i.i.o i 

where «,-<,=C/<,
+Cj„, and Ct<,+ and C{„ are the creation 

and annihilation operators of an electron with ff-spin 
at the i-th site, respectively, and where ty is the transfer 
matrix element between the z'-th and j-th sites, and the 
repulsive potential, / , appears only when two electrons 
are at the same site. We put ^ = 0 without loss of 
generality. The unperturbed band energy, &k, of the 
system is related to tjj by 

sk = J}ttjé
k-(*i-«jK (2) 

Hubbard studied, in his first paper (it is often referred 

to as Hubbard I),8) the one-particle Green's function of 
this system by using decoupling method of equation of 
motion. The Green function is given by 

U*a[*)-27z[ ES.-EÈ, E-E& 

where 

E& = j(sk + I + Vek
2 + 2(2n_tt-l)ekI + P), 

E& = j(Ek+I-Vsk
2 + 2(2n_a-l)ekI + P). 

Here Ekc
h is the energy of an electron with tf-spin 

which moves about avoiding other electrons with — a-
spin, while Ek„

u is the energy of an electron which 
propagates mainly among sites already occupied with 
electrons with —a-spin. 

O n the other hand, starting from Kubo 's formula,10) 
Kubo expressed the conductivity tensor of the Hubbard 
Hamiltonian in terms of two-time Green's function.11) 
The spectrum of optical absorption from Ek„

L to Ek„
ü 

{i.e., the intermolecular charge-transfer absorption) is 
given by the real part of the diagonal element of the 
frequency-dependent conductivity tensor, Reoxx(co), 
that is, 

Reff„(û») = - 4 - S] d(œ-Eg+E£) 
nV a) k.o 

where V is the volume of the system, and f(E) is the 
Fermi distribution function. 

In order to apply this theory to one-dimensional 
stacks of ion radical molecules, we consider non-
alternant linear chain of sites for which the transfer 
matrix elements are assumed to exist only between 
nearest neighbor sites. In this case, the unperturbed 
band energy is given by 

sk = 2 Tcos ka, ( - ^ k ^ ) , (5) 

where T"(<0) is the transfer matrix element between 
nearest neighbors and a is the lattice separation. Re 
OXX{(JÙ) in Eq. 4 is composed of two contributions from 
the transitions of electrons with up and down spins. 
In the following, we only consider the contribution of 
electrons with up spin, but the optical absorption by 
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electrons with up spin depends strongly upon nx through 
correlation effect. From the ^-function of Eq. 4, an 
electron with a wave vector k absorbs the electro­
magnetic wave with the frequency a»; 

<o* = ek* + 2(2nl-l)Iek + P. (6) 

This leads to 

sk = fi^co) = - 7 ( 2 ^ - 1 ) ± A / ö> 2 -47 2 n i ( l -n ; ) . (7) 

The optical transition from Ek„
L to Ek„

u with the wave 
vector fc, which satisfies ek=s+(co), gives the absorption 

J » M l - n , ) 

X v / 4 r 2 - { _ ( 2 n i - l ) 7 + V ^ 2 - 4 7 2 n ; ( l - « 7 y F ö + H , (8) 

where 

0 ± H =f{E±°) -f(E±v), 

ES = y { E
± ( ö > ) + 7 - V ( e ± ( ^ ) + ^ ) 2 - 4 / ( l - n 1 ) e ± ( ö > ) } , 

E±
u = - i - { e

± H + 7 + v
/ ( e

± ( ^ ) + / ) 2 - 4 7 ( l - « l ) e ± H > . 

In a similar way, the transition between the two states 
with the wave vector k, which satisfies eÄ = e~(co), gives 
the absorption 

r> - / \ * 2 - ^ 2 " l ( l — w i ) 
Re<T (a,) = T ^v^/^Tir^T) 

x V 4 7 ' 2 - { - ( 2 n 1 - l ) 7 - V ^ _ 4 7 2 „ i ( 1 _ „ i ) | 2 0 _ ( û > ) . ( 9 ) 

Therefore, the total contribution to the optical absorp­
tion, R.eaxx(co), due to the electrons with up spin is 
given by Reö-+(co)4-Re<7_(co). 

D i s c u s s i o n 

In this section, we shall apply this theory to the 
optical properties of certain crystalline T C N Q anion 
radical salts. Let us consider, for example, a system of 
simple anion radical salt of K + T C N Q " . According to 
Anderson and Fritchie's X-ray analysis data,6) the 
crystal structure of K+TCNQJ belongs to the monoclinic 
system with space group P2 t /n . T h e structure consists 
of one-dimensional columns of T C N Q T ions parallel to 
the a (needle) axis with a plane-to-plane stacking; the 
molecular normal vectors nearly coincide with the 
column axes. Each column is surrounded by four 
columns in which the TCNQ/" ions are rotated by 90° 
from those in the central column. T h e potassium ions 
occupy sites between T C N Q J columns in such a manner 
that each K+ ion is surrounded by eight nitrogen atoms 
at the corners of a distorted cube. 

O n the other hand, each T C N Q anion radical 
molecule is almost planar, and has sixteen molecular 
orbitals for seventeen 2p7i electrons.12) Therefore, in 
the ground state, the molecular orbitals from the lowest 
to the 8 th are fully occupied, while an unpaired 
electron is in the 9 th molecular orbital. The other 
molecular orbitals are vacant orbitals. 

In order to apply Hubba rd model of Eq. 1 to the 
crystalline K+ T C N Q T anion radical salt, we consider 
the column of T C N Q anion radicals. We take only the 
9 th molecular orbital of the unpaired electron for one 
site of T C N Q anion radical, and assume a model of 

non-alternant one-dimensional column composed of 
infinite number of such sites. From the crystallographic 
data,6) the intermolecular distance between nearest 
neighbor sites, a in Eq. 5, is of the order of 3.4 Â. 
Therefore, in this model, each T C N Q anion radical 
site has one identical molecular orbital with equal 
energy level, and there is one electron per each site. 
Then , we have « j = 0 . 5 if we assume a paramagnetic 
state for our system. Under these situations, we 
consider the optical absorption (charge-transfer absorp­
tion) of the crystalline K+TCNQ/" anion radical salt 
as expressed by Eqs. 8 and 9. By using nx = 0 . 5 , we can 
easily obtain 

72 

Rea+(a>) = ^ - T 7 i r W 4 7 , , - f f l » + / « f l + ( ( ö ) , 
8 0)i\/(Di—Iz 

(10) 

72 

R e a"H = T ^W^^"/4T2~a)2+Pd-{w)- (11) 

Here we assume, for the sake of simplicity, that the 
Coulomb repulsion potential is much greater than the 
band width, or we consider the absorption spectrum at 
very low temperature. In this case, d±(a>) = \ so that 
both Re<H-(eo) and Reö~(co) in Eqs. 10 and 11 have the 
same absorption spectrum. Fig. 1 shows a schematic 
description of Reff+(ft>) or Retf_(ft>) versus co for this 
case, as is shown by the (a) line. Therefore, the total 
contribution to the absorption spectrum, Reö,+(co) + 
Retf~(ft>), is given by the (b) line of Fig. 1. 

As is shown in Fig. 1, the theoretical optical absorption 
due to the charge-transfer transition between T C N Q 
anion radical sites has a sharp divergent peak at the 
energy a>=I, where the spectrum has a van Hove 
singularity in the lower energy side.11) The spectrum 
has no absorption in the energy region co<X but has 
an absorption intensity in the region OJT>I. The absorp­
tion intensity is the greatest at co=I, and decreases 
progressively with the increase of w. The highest 
energy of the absorption takes place at a>=\/I2-\-4T2, 

Fig. 1. The theoretical absorption line shape due to the 
charge-transfer transition between ion radical mole­
cules in one-dimensional Hubbard model. Curve (a) 
indicates the spectrum of Reo+(w) of Eq. 10 or Re 
a~(w) of Eq. 11 with 6±(w) = l, while curve (b), 
that ofRetf+(w) + Retf-(w). See text. 
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where the intensity falls down to zero. The spectrum 
has a shoulder in the region / < C O < A / ^ 2 + 4 7 7 2 . There-
fore, the charge-transfer absorption has a width of 
,v / / 2+4T 2— I . This width is caused by the existence of 
non-zero transfer matrix element of T in the unper turb­
ed energy band of Eq. 5. In fact, if we assume T=0, 
that is, if we assume an independent site model in the 
unperturbed energy band, the absorption spectrum, 
Re<y+(<ü)4-Rea~(ft)), is only a ^-function at co=-I with 
no width, as this model requires. 
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Fig. 2. The experimental result on the diffuse reflection 
spectrum of solid K+ TCNQ/ anion radical salt, where 
the value of Kubelka-Munk function, f(R) = (l-R)2/ 
2R, was plotted versus wave number (103 cm - 1 unit). 
See Ref. 3. 

Let us compare these theoretical predictions with the 
experimental electronic spectrum of crystalline K+ 
T C N Q J anion radical salt. In a previous paper,3) we 
measured the electronic spectrum of this salt by means 
of diffuse reflection method. The observed spectrum is 
reproduced in Fig. 2. The Kubelka-Munk function, 

f(R) = (\-Ry/2R, where R is the reflectance and f(R) 
is proportional to the absorbance, was plotted against 
the wave number ( 103 c m - 1 unit) . In the energy 
region from 5000 to 30000 c m - 1 the solid-state spectrum 
of K+ TCNQ7 anion radical salt has three absorptions. 
The absorptions at 16400 and 27800 cm" 1 are the 
shifted bands of the monomer spectrum of the T C N Q , 
anion radical at 11900 and 25300 c m - 1 , respectively, 
while the low-energy band at 8500 c m - 1 characteristic 
of the solid salt has been assigned to the charge-transfer 
transition between T C N Q , anion radicals in one-
dimensional column.3) If the theoretical absorption of 
Fig. 1 is applied to this characteristic low-energy band, 
the observed absorption peak value, 8500 cm - 1 , should 
correspond to co=I, so that the intra-site Coulomb 
repulsive energy for the system of T C N Q , anion radicals 
is estimated to be 7=8500 c m - 1 . As for the line shape 
and the line width, the theoretical spectrum has no 
absorption in the region eo</ , while the observed 
charge-transfer absorption has a considerable width even 
in the energy region lower than its peak position. 
Moreover, the theoretical spectrum has absorption only 
in the region I<a)<,*/I2jrVT2 so that the line shape 
should be asymmetrical with respect to o)=I. However, 

this asymmetric character is not obvious in the observed 
charge-transfer absorption, although the charge-
transfer band overlaps with the higher-energy band of 
16400 c m - 1 . There may be several reasons for these 
discrepancies : 

(1) An important one is that in our theory we 
assumed, as is shown in Eq. 4, a (3-function for the 
elementary transition from Ek„

L to Ek„
u at each wave 

vector, while the actual elementary transition is not a 
(5-function but involves finite width. In fact, the indi­
vidual site in our Hubbard model is the T C N Q anion 
radical molecule composed of 20 atoms. Then, the 
elementary absorption may involve a width of vibra­
tional structures due to the vibronic effect of the 
molecule. 

(2) Another reason for the broadening of elementary 
transition at each wave vector comes from two elec­
tronic effects in the scattering process of an electron by 
those with opposite spin.9) One is the effect of the 
randomness in the spacial distribution of electrons with 
opposite spin; Hubba rd called it as the scattering 
correction. Another is the effect of the motion of 
electrons with opposite spin ; he called it as the resonance 
broadening correction. These two electronic effects will 
also influence significantly the shape of charge-transfer 
absorption spectrum. We can make these corrections 
if we use the method proposed by Hubba rd in his third 
paper.9) There has been a relevant work made by 
Sadakata and Hanamura,1 3) who examined the optical 
properties of three-dimensional half-filled band system 
for certain transition metal compounds. 

(3) In the theoretical absorption spectrum of Fig. 1, 
we neglected the temperature effect and only considered 
the extreme case of 0± (o>) = 1. However, the experimental 
spectrum of Fig. 2 was observed at room temperature. 
Therefore, if we consider the effect of Fermi distribution 
term, 6±(co), at finite temperature, the theoretical 
spectrum of Fig. 1 will become more smoothed. 

At any rate, in the charge-transfer absorption of K+ 
T C N Q 7 system, the observed line shape is almost 
symmetrical with respect to co=I. In this respect, the 
absorption line width due to the transfer matrix element, 
AS/P

Jf-4T2—I, seems to be very narrow compared 
to the width due to the elementary transition, 3500 
c m - 1 , so that the \T\ value may be much less than 
4200 cm - 1 . As this | T\ value appears much less than 
the I value, we can well see that a narrow band system 
with strong electron correlation takes place in such 
one-dimensional column of T C N Q anion radicals. O n 
the other hand, however, it is very important to find 
certain crystalline ion radical salts where transfer 
matrix element is comparable to or larger than the 
width of elementary transition, because they will show 
asymmetric charge-transfer absorption with a shoulder 
in the high-energy region. Then we can estimate the 
magnitude of T directly by analyzing such asymmetric 
line shape with our theoretical model, as long as the 
approximation for the Green function of Eq. 3 is 
applicable to our system. 

So far, in order to apply simple one-dimensional 
Hubbard Hamiltonian of Eq. 1 to the crystalline K+ 
TCNQ,T salt, we have only considered the 9 th molecular 
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orbital of the unpaired electron as one site of T C N Q , 
anion radical, and neglected the other occupied and 
vacant molecular orbitals. This simple model solely 
leads to the optical properties of the charge-transfer 
transition between T C N Q anion radicals, but cannot 
explain the character of other higher-energy electronic 
transitions which arise mostly from local excitations of 
T C N Q , anion radical molecules. Therefore, further 
theoretical t reatment including all of the molecular 
orbitals is required to explain those higher-energy 
transitions as well as the low-energy charge-transfer 
transition in such crystalline ion radical salts. 

In the present paper, we have only discussed the 
one-dimensional system of simple T C N Q , anion radical 
salts, where each T C N Q , anion radical has one unpaired 
electron so that each T C N Q site is equivalent. However, 
there are a number of complex T C N Q , anion radical 
salts,1'2) which include not only T C N Q anion radicals 
but also formally neutral T C N Q molecules so that each 
T C N Q site is no longer equivalent. In order to take 
into account this inequivalence, Soos and Klein modified 
the Hubba rd Hamil tonian of Eq. 1 and studied the 
electronic states of less than half-filled band system for 
those complex T C N Q anion radical salts.14) Therefore, 
we will also at tempt to investigate, by extending our 
present method, the optical properties of such complex 
T C N Q anion radical salts. 

The author wishes to express his thanks to Dr. Kenn 
Kubo of Tokyo Kyoiku University for his valuable 
discussion regarding this work. 
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A flowing-afterglow method was applied to the formation of CN(B2H+) from CH3CN by impact of metastable 
argon atoms, Ar (3P2i0). Emission spectra of CN B22+-X22> (violet band) were analyzed to estimate the energies 
distributed to the vibrational and rotational motions of CN(B22+). In comparison with the CN(B2Z+) produced 
from HCN under similar experimental conditions, relative populations in excited vibrational states are smaller. The 
effective rotational temperatures range from 5000± 1000 K (o=0—2) to 2000± 1500 K (»=5—10). An intensity 
anomaly caused by the rotational perturbation with A2IT is used for estimating the ratio of the formation rates of 
CN B2Z+ and A2II, FB/FA, to be 0.19±0.05. 

Metastable argon atoms, Ar(3P2>0), are known to 
react with cyanides (XGN, X = H , CI, Br, I, CN, and 
CH3) and produce CN radicals in electronically excited 
states. Studies on light emission from the CN radicals 
thus formed have been reported.1 - 6) The vibrational 
and rotational distributions of the CN(A2I1) and CN-
(B2H+) radicals produced by photodissociation7 '8) and 
electron impact9,10) have also been studied in detail. 
A comparison of the results shows that the distributions 
resulting from the metastable reactions extend more 
broadly among different internal states and that the 
production of CN(A2IT) is more favored than that in 
the other reactions. 

The emission from CN(B2£+) formed in the reaction 
of metastable argon atoms with C H 3 C N has previously 
been studied; spectra were reported in Refs. 1 and 5, 
and an analysis of a vibrational distribution was made 
on a spectrum taken with medium resolution,3) where 
no rotational structure was observed. In the present 
paper a detailed analysis of the CN violet emission from 
acetonitrile based on a spectrum taken with higher 
resolution is presented. Rotational and vibrational 
distributions are obtained by a band envelope analysis 
for A P = 0 and —1 sequences. In addition, quant i ta­
tive information on the formation rate to the CN A2II 
and B22+ states is obtained by an analysis of anomalies 
in the rotational distribution caused by the rotational 
perturbation between the two states. 

A flowing afterglow apparatus1) was used. The flow tube 
was evacuated by a mechanical booster pump (5001/s). 
Argon gas (99.99% nominal purity) was admitted into the 
flow tube after passing through a liquid nitrogen trap and is 
subjected to microwave discharge (2450 MHz, 500 W). 
Ionic species generated in the discharge section were collected 
on grids, and neutral atoms were led into the reaction zone. 
Acetonitrile (extra pure) was introduced into the flow about 
15 cm downstream from the discharge section. The time of 
flight of argon atoms from the discharge section to the reaction 
zone was estimated to be of the order of 1 ms. The flame in 
the reaction region was observed through a quartz window 
and focused by a lens on a Spex 1704 monochromator. A 
photomultiplier (HTV R585) and a photon counting unit 
were used. The CN violet system (B22+-X22+) was 
observed for A v= + 1 , 0, and — 1 sequences. 

The pressures of argon and the sample were monitored at 

the reaction zone by a Pirani gauge, which was calibrated 
against a McLeod gauge. Typical pressures were 0.3 and 
0.01 Torr for argon and acetonitrile, respectively. 

The effect of the light generated in the discharge section 
was checked by a time-of-flight experiment13) and was found 
to be negligible. 

Vibrat iona l a n d Rotat iona l 
D i s t r ibut ions 

Provided the CN(B2H+) formed has thermal velocity, 
the effect of collisional relaxation on the rotational 
distribution can be ignored, since the mean time 
between effective collisions (200 ns, as estimated from 
the cross section of rotationally inelastic collision, 85 
Â2)4) is appreciably longer than the radiative lifetime of 
CN(B22+) (60 ns14)). I t is not known, however, whether 
the CN(B22+) produced is thermal. Therefore, the 
effect of collisional relaxation was tested by taking 
spectra at different argon pressures (Fig. 1). Since the 
spectra were essentially pressure-independent, the effect 
of rotational relaxation was ignored in the present 
analysis of relative intensities. 

0.A Torr J '\j\kj' I f I 

"38Ï ' 383 ' 385 ' 387 ' 389 
nm 

Fig. 1. Check of dependence of the spectra on argon 
pressure, CN B2Z+-X22+ 0-0 sequence. No appre­
ciable collisional relaxation with argon is observed. 

The CN B22+-X22+ A y = 0 and - 1 sequences were 
used for analysis. Since transitions from different 
vibrational states, especially from higher vibrational 
states, were heavily overlapped by one another in these 
sequences, their band envelopes were analyzed by 
simulation. Relative vibrational populations and 
effective rotational temperatures were taken as param­
eters. T h e intensity of a transition is given by 

Experimental 

file://'/j/kj'


1450 Kaoru SUZUKI and Rozo KUCHITSU [Vol. 50, No/6 

Iv"N" OC "v'N,(lv'V"V ^N'N"^-V'N'IQ.V'^ ;i) 
where PV-N- is the population in the level v' and N', v is 
the transition frequency, qv,v.. is the Franck-Condon 
factor, SN.N.. is the rotational line-strength, Q_v. is the 
rotational state sum, and RV>N> is the rotational distribu­
tion, which is assumed to follow the Boltzmann statistics. 
The intensities were superposed to obtain a band 
envelope. Molecular constants15»16) and the Franck-
Condon factors17) were taken from the literature. 
Rotational line-strengths were calculated according to 
Mulliken's formulas.18) 

388 nm 

Fig. 2. Observed and simulated spectra of the CN 
B2£+-X22+ 0-0 sequence. Those lines in the ob­
served spectrum for which rotational perturbations 
with the A2II state are known (indicated by arrows) 
are enhanced. 

obsd 

410 415 420 
Fig. 3. Observed and simulated spectra of the CN 

B22+-X22+ 0-1 sequence. Asterisks indicate argon 
stray lines. 

Simulated spectra are shown in Figs. 2 and 3 for the 
A Ö = 0 and —1 sequences, respectively. The observed 
and simulated spectra agree well except in the region 
where the intensities of the observed spectra are enhanc­
ed by the rotational perturbation with the A2IT state. 
The parameters used are listed in Table 1. The 
available energy, which is calculated from the argon 
metastable energies (11.55 and 11.72eV19)) and the 
C-C bond dissociation energy (5.220) or 5.32 eV21>), is 
such that CN radicals can be excited up to z /=14 in 
the B2£+ state. Nevertheless, levels higher than z / ' = l l , 
which are expected to appear as tail bands, were not 
observed. 

Excess energy is defined as Eexcess=EAl{,Pttt)—DQ— 
£CN(B)> where EAr(,,P,^ is the excitation energies of 
Ar(3P2,o), DQ is the dissociation energies for H - C N and 
C H 3 - C N , and ^CNCB) is the electronic excitation energy 
of the CN(B22+). Then, excess energies for H C N and 
CH 3 CN are nearly equal, since the dissociation energies, 
D0, for H - C N (5.222> or 5.5 eV20)) and CH 3 CN (5.220) or 
5.32 eV21)) are nearly equal. The excess energy is 
distributed to vibration and rotation of CN(B2X]+) and 
the translational motions of the fragments. For CH 3CN, 
energy is also consumed in the internal degrees of 
freedom of the methyl radical. 

Fig. 4. Relative vibrational populations of the CN 
(B22+) formed by impact of argon metastable atoms 
from CH3CN (O, this work), HCN ! # , Ref. 2), and 
HCN ( • , Ref. 5). 

Relative vibrational populations for the CN(B22+) 
from C H 3 C N are compared with those from HCN2'3»5) 
in Fig. 4. I n spite of a slight discrepancy existing in the 
published populations for H C N , a clear difference is 
observed in the C H 3 C N and H C N cases; populations 
in higher vibrational states are lower in the former case. 
The rotational excitation in the CN(B22>) from CH 3 CN 
is higher than that from H C N (Table 1) in the v'=0—3 
states. 

TABLE 1. RELATIVE VIBRATIONAL POPULATIONS, Fvib, 

AND EFFECTIVE ROTATIONAL TEMPERATURES, TIot, 

OF C N ( B 2 2 + ) FORMED IN A r ( 3 P 2 > 0 ) REACTIONS 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

from CH3CNa> 

* vib 

0.23 
0.19 
0.15 
0.12 
0.11 
0.09 
0.05 
0.04 
0.02 
0.01 

< 0 . 0 1 

^ r o t / K 

5000 
5000 
5000 
4000 
3000 
2000 
2000 
2000 
2000 
2000 
2000 

from HCNb> 

P vib TTolfK. 

0.137 \ 
0.126 | 2400 
0 .114 J 
0.105 
0.094 
0.084 
0.073 
0.066 
0.054 
0.045 
0.038 

) 1900 

a) Errors in Pv l b are about 0.02 
0.01 fo r z ;>5 . Errors 
about 1000 K for v < 4 and 
>; 4. b) Ref. 2. 

for v <^ 5 and about 
are estimated to be 
about 1500 K for v 
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Average energies distributed to vibration and rotation 
are 0.794^0.10 and 0.354^0.09 eV, respectively, for the 
CN(B22+) from CH 3 CN, to be contrasted with those 
for HCN,2) 1.2 and 0.2 eV, respectively. Accordingly, 
the CN(B25>) produced from C H 3 C N is vibrationally 
less populated than that produced from H C N . This 
trend may be explained as that the methyl radical acts 
as an energy absorber,3) i.e., the residual energy may be 
used to excite the internal motions of the methyl radical. 
A similar trend was observed in the reaction of active 
nitrogen with organic compounds.23) 

Rotat iona l Per turbat ion 

The CN A2II and B2D+ states are coupled through 
rotational perturbation,24) and extra lines and anomalies 
in emission intensities have been observed. In order to 
estimate the ratio of the formation rates to the A2II and 
B22+ states, relative intensities for rotationally perturbed 
lines were analyzed. The analysis followed the scheme 
used in the analyses of the CN radicals formed in the 
reaction of active nitrogen with organic compounds,25) 
in the electron impact on X C N ( X = H , Br, and CN),11) 
in the metastable-Ar impact on H C N and BrCN,5) and 
in the photodissociation of ICN.12> 

Enhancement of intensities of the transitions from 
N'=4, 7, 11, and 15 in the v'=0 state were observed 
in a low resolution spectrum (Fig. 2). These states are 
known to be rotationally perturbed by the corresponding 
rotational levels in the y = 1 0 level of the A2Il state. 
The R(14) transition was used for the analysis as the 
most suitable case. 

B 2 2 , v = 0 P 

ROA) ( 0 , 0 ) 

386.3 .9nm 

Fig. 5. A portion of the CN violet 0-0 band showing 
the rotationally perturbed R(14) lines (indicated as 
E andM) . 

A typical observed spectrum showing a rotationally 
perturbed line is given in Fig. 5. T h e spectrum was 
taken with a slit width of 10 jxm. An extra line and a 
main line, which is overlapped by an unperturbed line, 
were observed. The relative intensities of the extra and 
main lines were essentially independent of the argon 
pressure between 0.3 and 0.8 Torr . Therefore, the 
effect of collisional relaxation is ignored in the following 
analysis. 

The energy-level relations relevant to the rotational 
perturbation at the B22+, y = 0 , JV=15 level are shown 

N J 

15 ^ 0 F 2 -

N J 

u ^ e F , 

© F 1c 2 

A2TT,v = 10 

CN 

X22,v = 0 

u 3}®F2 

Fig. 6. Energy level diagram (schematic) for the rota­
tional perturbation at the B2H+, v=0, N=15 level, 
drawn after Refs. 11, 24, and 26. 

in Fig. 6. The rate equations for the states shown in 
Fig. 6 lead to 

/„ l+fr>'/(l-p') 
\+ß(\-p*)/p* 

l - ^ + cep» 

4 + J u 

^ + « { 2 - ^ +ft>»/(l-*>»)}' (2) 

where a is the ratio of formation rates to the B22+ and 
A 2 n states, FB/FA, ß is the ratio of the radiative lifetimes 
of the states, TB /TA , and p2 is a parameter representing 
the degree of mixing of the states. The values for ß and 
p2 are characteristic of the states and reported to be 
0.14 and 0.22 respectively. Thus , the relative formation 
rate, a, is a function of the observable value, 7 E / ( / M +/u) . 
In deriving Eq. 2 the following assumptions are made : 
1 ) Collisional transitions to and from the states shown in 
Fig. 6 are negligible. This implies that Eq. 2 is an exact 
expression for the low pressure limit. 2) The rates of 
formation of the different spin sublevels are equal. 
3) A steady state is established. 4) T h e transition 
moment for the A 2 n to X22+ states is negligible in 
comparison with that for the B22+-X2H+ transition. 
In addition, the difference in the transition frequencies 
between the extra and main lines is disregarded. 

Since the rotational temperatures of the CN(B22+) 
levels obtained by a band envelope analysis are several 
thousand kelvins, the R(14) line is overlapped by the 
P-branches of v' = 0 and 1. T h e intensities, IE and 
/ M + A J , are estimated by subtracting the overlapping 
band intensities estimated from the rotational tempera­
tures. 

The a value is then estimated from IE and 7 M +/u 
to range between 0.14 and 0.23. In other words, the 
A 2 n state is formed 4—7 times faster than the B22+ state. 
This value is consistent with those produced from BrCN 
(a—0.08 obtained by extrapolating the values in Ref. 5 
to zero pressure) and from H C N (a<0.18).5) Accord­
ingly, a typical value of a in metastable argon reactions 
seems to be of the order of 0.1. This is in striking 
contrast with the corresponding values in electron-
impact dissociative excitations of H C N , BrCN, and 
C2N2 ( 0 . 5 ^ a ^ l . 3 ) u ) and in photodissociation of H C N 
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a n d B r C N ( a > l ) 7 > b y r a r e - g a s ( X e , K r ) , H g (184.9 n m ) , 
a n d Br ( 1 4 5 — 1 7 0 n m ) l a m p s . ( N o t e , h o w e v e r , t h a t a 
r e c e n t p h o t o d i s s o c i a t i o n e x p e r i m e n t w i t h t h e h y d r o g e n 
L y m a n - a l ine (10.2 e V ) o n I C N g a v e a = 0 . 3 — O . 5 . 1 2 ) ) 
T h e d i f fe rence in a b y di f ferent m e t h o d s of e x c i t a t i o n 
i n d i c a t e s a d i f ference in t h e exc i t ed s ta tes of t h e p a r e n t 
m o l e c u l e s f rom w h i c h C N A 2 I I a n d B 22+ a r e p r o d u c e d . 

N o t e a d d e d i n proof . According to a xecent report 
by Ashfold and Simons (Chem. Phys. Lett., 47, 65 (1977)), GN-
(A2II) as well as CN(B 2 2 + ) was formed in the vacuum U V 
photodissociation of BrCN. See also Luk and Bersohn, J. 
Chem. Phys., 58, 2153 (1973). 
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Kinetic Study of Oxidative Addition and Replacement Reactions 
of Chlorotris(triphenylphosphine)rhodium (I) in Benzene 
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Chlorotris(triphenylphosphine)rhodium (I) exists in benzene as RhCl(PPh3)3, a dimeric species [RhCl(PPh3)2]2 

and a reaction intermediate RhCl(PPh3)2. The rates of oxidative addition and replacement reactions were ex­
amined in benzene. For the oxidative addition reaction, RhCl(PPh3)3, RhCl(PPh3)2, or [RhCl(PPh3)2]2 + 

Aadd 

X ^ ^Products (X 1 =H 2 , 0 2 , C2H4, CHC1=CC12, GH3I), it was found that the reaction intermediate RhCl(PPh3)2 

is most reactive, the degree of its reactivity depending largely on the reactants (Xx). A significant enhancement 
&sub 

of the rate (^sub/^add) w a s observed for the ligand substitution reaction, RhClX1 (PPh3) m4- X2 < *RhClX2-
(PPh^n+X! (m, n = 3 or 2), where X ! = H 2 and X2=olefin and vice versa. The results are discussed in relation to the 
mechanism of hydrogénation. 

In recent years homogeneous reactions catalyzed by 
metal complexes have attracted attention and have been 
studied extensively.x) Wilkinson's complex, chlorotris-
(triphenylphosphine)rhodium(I), is well known owing to 
its high reactivity in hydrogénation reactions.2-6) A 
number of works have appeared on the mechanisms 
of the hydrogénation reactions catalyzed by this complex. 
In most works the overall rate of the reactions was 
determined by following the rate of H 2 gas absorption3 '4) 
or the change in concentration of the reactant and the 
product by gas-liquid chromatography.7 '8) T h e 
mechanisms of the hydrogénation of olefins were 
assumed by the dependence of the overall rate on the 
reactant concentrations. However, this sometimes leads 
to erroneous conclusions. There is another method in 
which the concentration change of the identified species 
of metal complexes or metal-reactant complexes is 
followed in solution. From the transient change of the 
species, it would be possible to establish the sequence 
of the reaction steps leading to the final hydrogénation 
products. Halpern and Wong studied the H 2 addition 
on Wilkinson's complex in benzene with a stopped-
flow apparatus.9) They determined the rate constant 
for several elementary steps with little ambiguity. We 
applied a similar method to study monomer«±dimer 
reactions of Wilkinson's complex, 2RhGl(PPh3)3^± 
[RhCl(PPh 3 ) 2 ] 2 +2PPh 3 , in benzene,10) and identified 
the total mechanisms of the above reaction taking the 
intermediate species RhCl(PPh 3 ) 2 into consideration. 

As an extension of the above work we report on the 
results of kinetic studies on the reactivities of the three 
species for the addition and the replacement reactions, 

RhCl(PPh3)3, RhCl(PPh3)2, [RhCl(PPh3)2]2 + X, <=» 
Products (addition) 

RhClX^PPhs)« + X2 « = £ RhClX2(PPh3)„ + X l5 

(replacement), 

where X denotes a substrate and m, n=3 or 2. T h e 
intermediate structure of Wilkinson's complex during 
the course of hydrogénation is also discussed. 

Exper imenta l 

Chlorotris (triphenylphosphine) rhodium (I) was prepared by 
the method described by Osborn et a/.3> Di-^-chloro-tetrakis-
(triphenylphosphine)dirhodium(I) [RhCl(PPh3)2]2 was ob­

tained by dissolving Wilkinson's complex in benzene in 
vacuo and heating at ca. 60 °C. The precipitate was rapidly 
filtered and stored in vacuo. For the kinetic measurements it 
was solubilized in benzene by warming at 60 °C in vacuo. 
Triphenylphosphine was recrystallized from ethanol. Ben­
zene, trichloroethylene, and acrylonitrile were distilled. 
Hydrogen, oxygen, ethylene, and methyl iodide were used 
without purification. The concentrations of H2, Oa, and 
C2H4 at 1 atm were calculated from the solubility data.n> 
The concentrations of H2 and G2H4 were obtained by the gas-
chromatography with a Molecular sieve 5A. 

All the reactions were studied at 20 °C in oxygen-free 
benzene. The addition reactions of CHC1=CC12 and CH3I 
were slow enough to measure with a Hitachi recording spec­
trophotometer model EPS-3T in vacuo. The progress of the 
reaction was followed by the absorbance change at 400 nm for 
CHC1=CG12 and 430 nm for CH3I. The experiments of the 
addition and the replacement reactions involving C2H4, 
CH2=CHCN, H2, and 0 2 were carried out with a Union 
Giken RA-1300 stopped-flow apparatus. The addition and 
the replacement reactions of C2H4 and CH2=CHCN were 
followed by the absorbance change at 422 nm and 400 nm, 
respectively. The addition reaction of Oa was followed at 
400 nm or 440 nm. The replacement reactions, RhClXj-
(PPh 3) r o+X 2^RhClX 2(PPh 3) n+X 1 (m, n=3 or 2), were 
observed by mixing an X3 solution with an RhClX1(PPh3)OT 

solution, where X ! = H 2 and X3=olefin and vice versa. Above 
reactions were followed either by the decrease of RhClXx-
(PPh3)OT or by the increase of RhClX2(PPh3)„. 

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

Oxidative Addition Reactions. Figure 1 shows the 
visible spectra of the addition products between RhCl-
( P P h 3 ) 3 ( 5 . 0 x l O - 4 M ) a n d H 2 (1.4 x 10~3 M) , 0 2 ( 4 . 6 x 
1 0 - 3 M ) , C2H4 ( 7 . 5 x l 0 - 2 M ) , C H 2 - C H C N ( 1 . 5 x l O - 1 

M), CHC1=CC12 (0.56 M ) , and CH 3 I ( 2 . 5 x l O ~ 2 M ) . 
The values in parentheses are the initial concentrations 
of the reactants. 

Addition of Ethylene: Ethylene reacts reversibly with 
Wilkinson's complex to produce RhCl(C 2 H 4 )L 2 , where 
L = PPh3.3>12) The stoichiometry of the reaction is 

RhClL3 + C2H4 <=> RhCl(C2H4)L2 + L. (1) 

The equilibrium constant of Eq. 1 is calculated to be 
K=0A, which agrees with the value obtained by Tolman 
and co-workers.12) The pseudo-first-order rate constant 
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400 500 450 

Wavelength/nm 

Fig. 1. Visible spectra of the equilibrium addition prod­
ucts on RhClL3. [RhClL3] = 5.0x 10-4 M, and 
[PPh3] = 3 X 10~3 M was added to exclude dimer forma­
tion. (A) none, (B) H2 (1.4x 10~3 M), (C) 0 2 (4.6 X 
10~3 M), (D) CaH4 (7.5 x 10-2 M), (E) CH2=CHCN 
(1.5X10-1 M), (F) CHC1=CC12 (5.6X10-1 M), (G) 
CH3I (2.5 X 10-2 M). The values in the parentheses 
are the initial concentrations of the reactants. 

5 10 

[PPh3]/10-3 M 

Fig. 2. Dependence of the observed rate constant of 
the ethylene addition reaction on the concentration 
of PPh3. [RhCl(PPh3)3]0=5.0xlO-4 M, [C2H4] = 
7.5 x 10-2 M, and at 422 nm. 

of the ethylene addition, £obsd, is dependent neither on 
the concentration of L (0.002—0.16 M) (Fig. 2) nor 
on that of ethylene (0.025—0.075 M) added. The rate 
of the dissociation of ethylene from RhCl(C 2 H 4 )L 2 was 
measured by mixing the solution of L with the solution 
of the ethylene complex, RhCl(C 2 H 4 )L 2 . The dissocia­
tion rate constant is also independent of the concentra­
tions of L (0.012—0.081 M) (Fig. 3a) and ethylene 
(0.012—0.075 M) (Fig. 3b). T h e results are consistent 
with the following mechanism: 

RI1CIL3 + C2H4 ^ ± RhClL2 + L + C2H4 

* - i 

RhCl(C2H4)L2 + L. (2) 

The value of kohsA is expressed in terms of kls A;_l3 k2, 
and A:_2 as 

"A.CÔ.HJ+ÂlxÏL]" ' 

Since the rate of addition and dissociation show no 
dependence on the concentration of either C2H4 or L, 

(3) 

(a) 

2.5 5.0 7.5 

[PPh3]/10~2 M 

(b) 

0 2 4 6 8 

[C2H4]/10-2 M 

Fig. 3. Dissociation rate of ethylene from RhCl(C2H4)-
(PPh3)2. (a) Plot of kobsdvs. [PPh3]. [RhCl(C2H4)-
(PPh3)2]0=5x 10-* M, [C2H4] = 7.5x 10-2 M, and at 
422 nm. (b) Plot of kohsA vs. [C2H4]. [RhCl(C2H4)-
(PPh 3 ) 2 ] 0 =5xl0- 4 M, [PPh3] = 5.2xlO-2 M, and at 
422 nm. 

we have kx=k^'t that is, A;Obsd=A;1=A;_2=0.4 s_1 from 
Figs. 2 and 3. The value of the ratio k^Jk^^O.16 s"1 

since K=k1k2jk_1k_2=0A. I t is found that C2H4 reacts 
with only RhClL 2 , whereas RhClL 3 is inactive for C2H4 

addition. 
Addition of Oxygen. Molecular oxygen adds to the 

Wilkinson's complex,3-13) followed by the oxidation of 
the ligand PPh 3 in the Wilkinson's complex with 
coordinated active oxygen. In the present work, the fast 
addition reactions were studied: 

RhClL3>2 + Oa -

(RhClL2)2 + 0 2 

RhCl(Oa)Ln (n = 3 o r 2 ) 

Product. 
(4) 

W h e n a solution of Wilkinson's complex ( 5 . 0 x l O _ 4 M ) 
was mixed with a solution of 0 2 (9.1 x 10~3 M) under 
the conditions where the concentration of L is lower 
than 3 X 10~3 M, a two-step increase in absorbance was 
observed at 400 nm, the faster process terminating within 
2 s and the slower one within 20 s. At 440 nm, the 
isosbestic point for RhClL 3 and R h C l ( 0 2 ) L w in equi­
librium,14) only the faster increase of the absorbance 
was observed. W h e n the concentration of L exceeded 
3 X 10~3 M, the faster process disappeared. This indicates 
that the slower step consists of the reaction between 
monomeric species RhClL 3 (RhClL2 partly participates) 
and molecular oxygen. T h e faster one consists of the 
reaction between the dimer (RhClL2)2 and 0 2 . This 
was confirmed by a study of the solution containing only 
di-/*-chloro-terakis(triphenylphosphine)dirhodium (I) 
and oxygen. 

T h e rate of the slower step is proportional to the 
concentration of 0 2 ((0.9—4.1) x 10~3 M ) . Figure 4 
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shows the dependence of the observed rate constant, 
ôbsd, on the concentration of L added. The value of 

£0bsd decreases until the concentration of L becomes ca. 
1 x 10 - 2 M, attaining a constant value beyond this value. 
This trend is similar to that of the addition reaction of 
H 2 to the same complex reported by Halpern and 
Wong.9) As in the case of the H 2 addition, the decrease 
of £obsd with the addition of L may arise from the 
decrease of an active intermediate, RhClL 2 , which is 
produced from RhClL 3 according to 

RhClL3 T=± RhClL2 + L. (5) 

The mechanism for the 0 2 addition to the monomeric 
species RhClL 3 is thus expressed by 

RhClL3 + 0 2 — ^ RhCl(02)L 

*,{}*-, fast (6) 

RhClL2 + 0 2 

+ 
L 

RhCl(Oa)L 

+ 
L 

Application of the steady state approximation to RhClL 2 

gives the following rate law : 

d [RhdL 3 ] _ . 
+ *_![!-]+A,[OJ 

[02][RhClL3]. (7) 

The ratio kxjk-x is less than 1 X 10 - 5 M.9> kx was found 
to be 0.4 s_ 1 from the experiments of ethylene.15) Thus 
A ; _ 1 > 4 x l 0 4 M - 1 s - 1 . The value of ku is found to be 
26 M - 1 s_ 1 by means of Eq. 7 from the constant value 
in Fig. 4. Introducing the above values of k_x and A;M 

into Eq. 7 and applying the curve-fitting method to the 
results given in Fig. 4, we get the following rate con­
stants: *!*,/*_! = 1.7 X10-2S-1 , Â ; i > 1 . 7 x l 0 3 M - 1 s - 1 . 

0.25 

0.20 

0.15 

0.10 

[PPh3]add/10-3 M 

Fig. 4. Plot of the observed rate constant of the addition 
of 0 2 vs. [PPh3]. A solid curve is calculated from Eq. 
7. [RhCl(PPh3)3]0=2.5x 10-4 M, [ 0 2 ] = 4 . 6 x 10~3 M, 
and at 400 nm. 

The rate of the following dimerization is negligibly 
small as compared to the rates of the O a addition (4).10) 

2RhClL3 +=± (RhClL2)2 + 2L (8) 

The rate constant of the O ä addition on the dimer 
which initially exists in Eq. 8 can thus be obtained by 
observing the decrease of the initial concentration of 
the dimer estimated from Eq. 8. The result is given in 
Fig. 5 : A;D = 7 .5x 1 0 2 M - 1 s - 1 , where kD is the addition 
rate constant on the dimer. The figure also contains 
the result involving only the dimer and 0 2 . I t is seen 

5 10 15 

[(RhCl(PPh3)2)2]0/10-5 M 

Fig. 5. Addition rate constant of 0 2 on the dimer. 
O j using Wilkinson's complex, A *• using a pure dimer 
solution. [02] = 4.6x 10~3 M, at 440 nm. 

that the faster process mentioned above corresponds 
to the 0 2 addition on the dimer. Ethylene does not 
react with the monomer, while oxygen reacts with the 
monomer. The order of the rate constants is k^k^ku 
for the 0 2 addition. The order corresponds to that for 
the H 2 addition reported by Halpern and Wong.9) 

"0 2 4 6 8 

[PPh3]add/10-3 M 

Fig. 6. Addition rate of CHC1=CG12. Plot of kobsA vs. 
[PPh3]. [RhCl(PPh3)3]0=5.0x 10~4 M, [CHCl=GCla] 
= 5.4 X 10-2 M, and at 400 nm. 

Addition of Trichloroethylene. T h e observed rate con­
stant for the addition of CHC1=CC12 on Wilkinson's 
complex depends on the concentration of L as shown in 
Fig. 6. T h e trends of kohsé

 a r e similar to those for the 
0 2 addition (Fig. 4), analysis thus being carried out in a 
similar way to that for oxygen. T h e results £ M = 4 . 6 x 
10-3 M - 1 s-1, k1klfk-1 = 6.5 X lO"5 s"1 and kY > 6.5 M" 1 -
s - 1 were obtained. 

' 0 5 10 

[PPh3]/10-3 M 

Fig. 7. Addition rate of CH3I. Plot of £obsd vs. con­
centration of PPh3. The curve is calculated from Eq. 
9. [RhCl(PPh3)3]0=5.1 x 10-4 M, [CH3I] = 2.5x 10-2 

M, anda at 400 nm. 
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Addition of Methyl Iodide. Figure 7 shows the depend­
ence of £obsd f ° r t n e addition of CH 3 I on the concentra­
tion of L. When [ L ] > 1 X 10"2 M , phosphonium salt 
precipitates during the course of measurement. However 
the CH 3 I addition rate is not affected.16) The value of 
A:0bsa decreases with the addition of L as in the case of 0 2 

and CHC1=CC12. 
By assuming the following mechanism involving the 

fast monomer-dimer equilibrium we obtained the curve 
given in Fig. 7. 

K 
RhClL3 + RhClL3 «=> (RhClL2)2 + 2L 

+ 
CH3I 

* M 

+ 
CH3I (9) 

Product A Product B 

_ ^ [ R h p L 3 ] = £M [ R hciL3][CH3I] + *D[(RhClL2)2][CH3I], 

(10) 

= *M[RhClL3][CH3I] + * D t f [ * ^ ^ [ C H 3 I ] , 

(10') 

*<**= {AH + ^ J ^ ^ - J C G H , ! ] , ir 

where ku is the rate constant under the higher L con­
centration ( > 3 x l 0 - 3 M) and kD the rate constant 
obtained for the solution of di-//-chloro-tetrakis(triphe-
nylphosphine)dirhodium(I) and CH 3 I . T h e curve shows 
that the decrease of £obsd is interpreted by the monomer-

[RhClL3]0/10-4 M 

Fig. 8. Addition rate of CH3I. Plot of kohS(i vs. [RhCl-
(PPh3)3]0. [CH.I] = 2.5x10-2 M , [PPh3]add = 0 M, 
and at 400 nm. 

dimer equilibrium species alone. No contribution of the 
reaction intermediate, RhClL 2 , is observed. This is 
confirmed by the dependence of £obsd on the concentra­
tion of RI1CIL3 ((2—15) X IO-4 M) observed without L 
added ([CH 3I] =0 .025 M=cons t . ) (Fig. 8). The fact 
that £obsd increases with the increase in the total 
concentration of R h complex even under the conditions 
of [ C H 3 I ] > [ R h complex] indicates that the aggregated 
form of R h complex (dimer) is more active than a 
monomer for the addition of CH 3 I . 

If the dimerization process is rate-determining in the 
reaction path of product B, Eq. 10 is modified as Eq. 
13: 

+ RhClL3 < = • RhClL3 + RhClL2 + L 
*. 

RhClL3 

+ 
CH3I 

Product A 

• (RhClL2)2 + 2L 
+ 

CH3I (12) 

Product B 

_-d[RhClL3] = *M[RhClL3][CH3I] + W * ^ 3 1 2 , (13) 

ôbsd = ^ M [ C H 3 I ] + Kxk2
 3 , 

where K1k2= 1.1 X 10~3 s-1.10> The intercept of the curve 
in Fig. 8 gives 8 X 10 - 4 s_ 1 which is equal to the value in 
the higher concentration of L in Fig. 7. Thus the value 
8 X 10~4 s - 1 corresponds to the observed rate constant 
of the reaction of CH 3 I with the monomer. 

Conclusion of the Addition Reactions : The results are 
summarized in Table 1. The main findings are as 
follows. 

(i) Except for CH 3 I , an intermediate complex 
(RhClL2) is the most reactive among the three species, 
RhClL 3 , RhClL 2 , and (RhClL2)2 . 

(ii) The values of A;M and kv increase in the sequence 
of C H C 1 = C C 1 2 < C H 3 I < H 2 < 0 2 and ki in the sequence 
of C H C 1 = C C 1 2 < 0 2 < C 2 H 4 < H 2 . 

RhClL 2 might be a solvated species obtained by 
replacing one L of RhClL 3 with a solvent molecule. 
Thus the first finding implies that the main factor in 
determining the reactivity of the metal complex for 
oxidative addition is the presence of the labile site 
occupied by a solvent molecule. If the addition rate 
were determined by the dissociation of L from RhClL 3 

(Eq. 5), ki would be constant irrespective of the kind 
of substrate. However, as stated in (ii), ki varies over 
several orders of magnitude for the substrates studied. 
ki is remarkably large for C2H4 and H 2 but not for 0 2 . 
Therefore the addition reaction on RhClL 2 may be of an 

TABLE 1. RATE CONSTANTS OF OXIDATIVE ADDITION 

C2H4 

H2
a> 

o2 CHC1=CC12 

CH3I 

M ^ s - 1 

smallb> 
4.8 
2 .6x10 
4 . 6 x l 0 - 3 

3 . 3 x l 0 - 2 

*D 
M ^ s - 1 

— 
5.4 
7 . 5 x l 0 2 

l .OxlO-2 

2.5X10-1 

k1kI/k_1 

s-1 

1.6X10-1 

4.8X10- 1 

1.7X10-2 

6.5X10-5 

smallb> 

* i 
M - i s - i 

> 1 . 6 x l 0 4 

> 4 . 8 x l 0 4 

> 1 . 7 x l 0 3 

> 6 . 5 
smallb> 

kjku 

very large 
> l x l 0 4 

> 6 . 3 x l 0 
> 1 . 4 x l 0 3 

smallb) 

a) From Ref. 9, at 25 °C. b) The exact values could not be estimated. 
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associative character proceeding through a five coor­
dinated complex, RhClL2SYZ, where S and YZ are the 
solvent molecule and the reactant, respectively. 

The kinetic nature of Wilkinson's complex becomes 
more evident when the present results are compared 
with those for Vaska's complex, I rCl (CO)L 2 . Vaska's 
complex undergoes the oxidative addition reaction as 
follows. 

IrCl(CO)La + X <=» IrClX(CO)La. 

For Vaska's complex, the rates of the addition of various 
substrates follow the order C 2 H 4 < 0 2 < H 2 in chloro-
benzene at 30 °C.17) Probably because of the presence 
of a labile site in Wilkinson's complex, the magnitude 
of ki is generally much higher than for Vaska's com­
plex.18) Comparing the reactivities with C2H4 and 0 2 of 
Wilkinson's complex with those of Vaska's complex we 
find that their reactivities are reversed. The difference 
in the reactivities for both complexes may also be 
related to the bond nature of metal-substrate, but not 
entirely to the electronic property intrinsic to the 
substrate such as electron affinity. 

Chock and Halpern18) suggested that for the addition 
reaction of CH 3 I to the I rCl (CO)L 2 complex the 
transition-state configuration would be 

L 2 (CO)ClIr 5 + . .CH 3 . .F- . 

The present reaction for CH 3 I may proceed through a 
similar transition-state configuration. Thus the change 
in the polarity both in a central metal and CH 3 I plays 
a more important role than the substitution lability in 
RhClL2 . The labile site is not highly effective also in 
the case of the addition reaction of CH 3 I on Pt complex. 
The rate constants are reported to be 3.5 X 1 0 - 3 M - 1 s _ 1 

and 2 . 0 x l - 0 - 2 M - 1 s - 1 for Pt (PPh 3 ) 3 and Pt(PPh 3 ) 2 , 
respectively.16) 

Replacement Reactions. RhCl(C2Hi)L2-\-H2-\-L and 
RhClH^+C^: When a solution of RhCl(C 2 H 4 )L 2 

([C2H4] = 7 .5x lO-2 M) is mixed with a solution of H 2 

([Ha] = 1.4x 10-8 M) , a rapid decrease of RhCl (C 2 H 4 ) -
L2 occurs. No hydrogénation of C2H4 takes place within 
the time range3) studied. There is no free R h complex 
present under the given H 2 and C 2 H 4 concentrations. 
The reaction of RhCl(C 2 H 4 )L 2 and H 2 thus seems to 
proceed as follows : 

RhCl(C2H4)L2 + H2 + L ^ = > R h C l H 2 L 3 + C2H4. (14) 

The equilibration is confirmed by the same spectra of 
R h C l ( C 2 H 4 ) L 2 + H 2 + L and of RhClH 2 L 3 + C2H4 , 
irrespective of the mode of mixing. Figures 9(a) and 
(b) give the dependence of kohsd on [L] for the reaction 
of R h C l ( C 2 H 4 ) L 2 + H 2 + L and RhClH 2 L 3 + C2H4 , 
respectively. Increase of £obsd with decreasing [L] 
suggests that in the replacement reaction RhClH 2 L 3 is 
activated by dissociation of an L molecule. Thus the 
mechanism of the replacement reaction is 

RhCl(C2H4)L2 + H2 + L ^L± 

RhClH2L2 + C2H4 + L 

= *i[H2] + k_x 

RhClH2L3 -f- C2H4, 
[G2H4] 

1 + [L]/JT 

(15) 

(16) 

where K is the equilibrium constant for the dissociation 
of L from RhClH 2 L 3 . It is assumed in the derivation 
of the equation that the dissociation of L from RhClH 2 L 3 

is much faster than the replacement reaction of RhCl-
(C2H4)L2 with H2.19) Equation 16 shows that the value 
of kohsi in the plateau region of Figs. 9 (a) and (b) (20 s -1) 
corresponds to the forward reaction rate of Eq. 14 
(when [ L ] > 5 X 10-3 M, A;obsd=A;1[H2]). Figures 10(a) and 
(b) show the dependence of kohs<i on the concentration 
of H 2 and C2H4 for the reactions R h C l ( C 2 H 4 ) L 2 + H 2 + L 
and R h C l H 2 L 3 + C 2 H 4 , respectively ([L] = 7 .0x 10~3 

M ) . T h e fact that &obsd is independent of [C2H4] is in 
line with the conclusion that £obsd corresponds to the 
forward reaction rate. It will be expected from Eq. 16 
that kohsd is proportional to [H 2 ] . T h e dependence of 
£0bsd on the H 2 concentration, however, does not follow 
the relation A;obSd=^1[H2]. The results in Fig. 10(a) 
imply that the forward rate consists of at least two 
terms, one independent of [H2] and the other propor­
tional to [H 2 ] . Thus we assume two parallel paths for 
the replacement of RhCl (C 2 H 4 )L 2 with H2 . 

RhCl(C2H4)L2 + H2 — 

-^* RhClHaL3 + C2H4 (path 1) 
A 

Rh*Cl(C2H4)L2 + H2 ( 1 7 ) 

r 
RhClH2L3 + C2H4 (path 2) 

Path 1 is the direct exchange between H 2 and the co­
ordinated C2H4 (A;=7.8 X 103 M " 1 s"1). Path 2 involves 
the uni-molecular step (B) in which RhCl (C 2 H 4 )L 2 is 

(a) 

5 10 

[PPh3]/10-3 M 

80 
< 

60 

w 

- ^ 4 0 

o 

20 

n 

i 

\ 

V 
A 

\ x ^ _ _ r t 

i i i 

(b) 

0 5 W 

[PPh3]/10-3 M 

Replacement reactions. Plot of kobsd vs. [PPh3]. 
RhCl(C2H4)(PPh3)2+H2+PPh3 ; [RhCl(C2H4)-

(PPh3)2]=2.5x 10-4 M, [C2H4] = 7.5x 10"2 M, [H2] = 
1.4 x 10-3 M, and at 422 nm. (b) RhClH2(PPh3)3+ 
C2H4; [RhClH2(PPh3)3]0=2.5xl0-4 M, [H 2]=1.4x 
10~3 M, [C2H4] = 7.5x 10-2 M, and at 422 nm. 

Fig. 9. 
(a) 
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(a) 

(b) 

[C2H4]/10-2 M 

Fig. 10. Replacement reactions. Plots of A;obsd vs. con­
centration of the reactants. (a) RhCl(C2H4)(PPh3)2 + 
H 2 +PPh 3 ; dependence of kobsd on the concentration 
of H2. [RhCl(C2H4)(PPh3)2]0= 1.6 x 10-4 M, [C2H4] 
= 7.5x 10-2 M, [PPh3] = 7.0x 10-3 M, and at 422 nm. 
(b) RhClH2(PPh3)3+C2H4; dependence of £obsd on the 
concentration of C2H4. [RhClH2(PPh3)3]0 = 2.5 X 10~4 

M, [H2]0= 1.4 x 10-3 M, [PPh3] = 7.0x 10-3 M, and at 
422 nm. 

activated ( £ = 7 s _ 1 ) . Process B does not involve the 
dissociation of C2H4 . T h e rate constant of the dissocia­
tion of C2H4 , A:diss, is 0.4 s - 1 as determined previously. 
O n the other hand the intercept in Fig. 10(a) gives 
7 s - 1 to the rate constant of the uni-molecular process 
in path 2, which is much greater than kass. The 
uni-molecular process seems to be the dissociation 
process of a solvent molecule which is loosely coordinated 
to the central metal above or below the plane of RhCl-
(C2H4)L2 complex. 

RhCl(CH2=CHCN)L2+H2+L and RhClH2Lz+CH2= 
CHCN: T h e results of kinetic studies on this system 
are very similar to those obtained for RhCl (C 2 H 4 )L 2 + 
H 2 + L and R h C l H 2 L 3 + C 2 H 4 . T h e results are sum­
marized in Table 2. 

TABLE 2. OBSERVED RATE CONSTANTS OF THE REPLACE­

MENT REACTIONS (RhClX1L r o+X2i±RhClX2Ln+ 

Xx; m,n=3 or 2) 

*obsd/s~ 

RhClX.L. 

H2 

C2H4 

CH2=CHCN 
Nonea> 

H2 

— 
18 
20 

0.071 

x2 
^ 

C2H4 

20 
— 

250 
0.4 

CH2=GHGN 

32 
310 
— 

0.5 

a) Observed rate constants of the addition reactions 
under comparable conditions. [RhCl(PPh3)3]0 = 
2.5x10-* M, [PPh3] = 7x10-3 M, [ H 2 ] 0 = 1 . 4 x l 0 - 3 

M, and [C2H4] = [CH2=CHCN] = 7.5x 10~2 M. 

Conclusion on the Replacement Reactions : In the replace­
ment reaction the rate of replacement of the coordinated 
olefin by H 2 is greater by about two orders of magnitude 
than the rate of the oxidative addition of H 2 on R h 
complex under comparable conditions. The accelera­
tion effect observed implies that the approach of H 2 to 
R h (olefin) complex makes the coordinated olefin labile. 
In other words, a strong interaction exists through the 
central metal between H 2 and the coordinated olefin. 
I t strongly supports the presence of an associative 
intermediate RhClH 2 (olefin) L2. The hydrogénation of 
the olefins proceeds much more slowly than the replace­
ment reaction.3) However, it is probable that on 
hydrogénation of the olefins the same associative inter­
mediate exists, on which 2H migrate on olefin to 
produce paraffin. If that is the case the complex 
formation step is considered to be a pre-equilibrium in 
the hydrogénation of olefins. If this conclusion is 
correct, there is no question as to whether H 2 or olefin 
adds first on the R h complex during the course of 
hydrogénation, that is the hydride route or the 
unsaturate route.3 '4,6 '7) 

RhClL2 + H2 

+ 
olefin 

RhClH2L2 

+ 
olefin 

RhCl (olefin) L2 

hydride route 

RhClL2 + paraffin 
unsaturate route 

We consider that the high activity of Wilkinson's 
complex may arise from the existence of both the 
intermediates RhClL 2 and RhClH 2 (olefin) L2 through 
which hydrogénation of the olefin proceeds. 

We wish to express our thanks to Dr. Tokio Iizuka of 
this depar tment for the supply of ethylene. The present 
work was supported by the Grant-in-Aid for Scientific 
Research from the Ministry of Education. 
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8-Quinolinethiol reacts with indium in the presence of acetic acid to give a yellow ternary complex. The 
complex, which has a greenish-yellow fluorescence with an emission maximum at 515 nm, can be extracted into 
chloroform at pH 2—4. In the ternary complex, the fluorescence intensity was about two times as large as that 
of the indium 8-quinolinethiolato complex containing no acetate ion. The fluorescence was stable for at least 1 h. 
By the use of a 0.2 (xg/ml uranine solution as the setting reagent, 0—25 \x,g of indium in 10 ml of chloroform was 
determined. The coefficient of the variation was 3% for 12 [xg of indium. The extractability of the ternary 
complex from 50 ml of an aqueous solution into 10 ml of chloroform was 99%. Iron, mercury, and silver, which 
interfere with the determination of indium, were masked with ascorbic acid, potassium iodide, and thiourea. Other 
interfering elements, including zinc, cadmium, gallium, nickel, palladium, cobalt, antimony, gold, copper, bismuth, 
and vanadium, must be removed before any analysis. 

8-Quinolinethiol reacts with metal ions to form water-
insoluble chelates, and they are extracted into some 
organic solvents. The indium 8-quinolinethiolato 
chelate extracted into chloroform or benzene has been 
used in spectrophotometric2) and fluorometric3'4) deter­
mination methods. T h e spectra and the composition 
of the indium chelate have also been obtained by 
Davis.3) Suprunovich et alß found that the indium 
8-quinolinethiolato chelate reacts with acetic acid to 
form a ternary complex. However, the determination of 
indium in terms of the ternary-complex formation has 
not yet been studied. Recently, the present authors have 
found the ternary complex of indium-8-quinolinethiol-
acetic acid to have a stronger fluorescence than the 
indium 8-quinolinethiolato chelate containing no acetate 
ion. 

The present paper will report on the fundamental 
conditions for the fluorometric determination of indium 
with 8-quinolinethiol in the presence of acetic acid. 
Chloroform and methyl isobutyl ketone (MIBK) were 
used as the extraction solvents. 

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

Reagents. Standard solution of indium: 0.2502 g of 
99.99% indium metal (Mitsubishi Kinzoku) was dissolved in 
25 ml of hydrochloric acid, and then the solution was diluted 
to 250 ml with water. The solution was diluted further as a 
more diluted solution was required. 

0.2% 8-Quinolinethiol Solutiol: In 50 ml of 6 M (M=mol 
dm-3) hydrochloric acid, 0.1 g of 8-quinolinethiol hydrochlo­
ride (Dojin Yakukagaku) was dissolved. 

Buffer Solution: A 2% ammonium acetate solution was 
prepared. The pH of the buffer solution was adjusted with 
hydrochloric acid or ammonia. 

Acetic Acid: Glacial acetic acid of an analytical grade 
(Wako Chemicals Co.) was used. 

A 0.2 fig I ml Uranine Solution: 0.1 g of uranine was dis­
solved in water, and the solution was diluted to 100 ml. The 
solution was then further diluted with water to obtain a 
solution containing 0.20 (xg uranine per ml. 

Other Reagents : The chloroform and MIBK used as extract­
ion solvents and the other chemicals used were all of an 
analytical reagent grade. 

Apparatus. The fluorometric measurements were car­
ried out using a Hitachi fluorescence spectrophotometer, 
Model 203, with a mercury lamp. A 120-W Xenon lamp was 

used as the exciting source for the measurements of the fluores­
cence and excitation spectra. A 1 cm X 1 cm quartz cell was 
used. The pH was measured with a Toa Denpa Model HM-5 
pH meter. An Iwaki KM shaker was used. 

Procedure. To a sample solution containing 0.5—25 [ig 
of indium, we added 10 ml of glacial acetic acid and 0.2 ml of a 
0.2% 8-quinolinethiol solution. After the solution had then 
been diluted to 50 ml with water, the pH of the solution was 
adjusted to 2.5 with diluted hydrochloric acid or ammonia. 
The resultant aqueous solution was then transferred into a 
separatory funnel. The indium complex was extracted with 
10 ml of chloroform or MIBK by shaking it vigorously for 
2 min. After the separation of the mixture into two phases, 
the organic phase was transferred into a quartz cell and the 
fluorescence intensity of the extract was measured using a 0.2 
[xg-per-ml uranine solution as the reference standard. The 
excitation and fluorescence wavelengths used were 365 and 
515 nm respectively. The content of indium was calculated 
using the calibration curve. 

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

Excitation and Fluorescence Spectra. The apparent 
excitation and fluorescence spectra of the ternary 
complex and the indium 8-quinolinethiolato chelate 
extracted into chloroform and M I B K are given in Fig. 
1. The ternary complex had an excitation maximum 
at 395 nm and a fluorescence maximum at 515 nm, 
while the indium 8-quinolinethiolato chelate had an 
excitation maximum at 395 nm and a fluorescence 
maximum at 505 nm. No shift of these maximum 
wavelengths due to extraction solvents was observed. 
The ternary complex, however, had a fluorescence 
intensity about two times as large as that of the indium 
8-quinolinethiolato chelate. The fluorescence intensity 
of the complex extracted into chloroform was greater 
than that of the complex extracted into MIBK. 

Effect of the pH. The effect of the p H of the 
aqueous phase on the fluorescence intensity is shown 
in Fig. 2. The opt imum p H for the extraction of the 
indium 8-quinolinethiolato chelate was 1.6. The 
maximum extractability of the ternary complex into 
chloroform was, however, obtained at p H values from 
2 to 4 and the fluorescence intensity of the complex in 
M I B K gave a maximum at p H 1.8—2.2. Therefore, 
the extractions of the ternary complex were carried out 
at p H 2.5 in chloroform and at p H 2.0 in MIBK. 
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Fig. 1. Excitation and fluorescence spectra of indium 
complexes. Excitation spectra (I) : Excited with xenon 
lamp and analyzed at wavelength for maximum fluo­
rescence intensity. Emission spectra (II) : Excited at 
395 nm, a: acetic acid 10 ml, chloroform extraction, 
pH: 2.5, b : acetic acid 10 ml, MIBK extraction, pH: 
2.0, c: acetic acid 0 ml, chloroform extraction, pH: 1.6, 
In 12 [xg. 

Fig. 2. Effect of pH on fluorescence intensity. In: 12 
>j.g, I : acetic acid 10 ml, chloroform extraction, I I : 
acetic acid 10 ml, MIBK extraction, I I I : acetic acid 
0 ml, chloroform extraction, IV: reagent blanks. 

Effect of the Acetic Acid Concentration. The effect 
of the acetic acid concentration in the aqueous phase 
on the extraction of ternary complex was examined 
by varying the acetic acid concentration. As the 
concentration of the acetic acid increased, the fluores­
cence intensity of the extract increased remarkably. 
However, above 3.4 M (10 ml acetic acid/50 ml) the 
fluorescence intensity increased gradually with the 
amount of acetic acid, as is shown in Fig. 3. O n the 
other hand, since acetic acid in concentrations higher 
than 6.8 M gave difficulties in the p H adjustment and 
in the separation of the aqueous and M I B K phases, the 
concentration of acetic acid was kept at 3.4 M. 

Effect of the Concentration of 8-Quinolinethiol. T h e 
effect of the 8-quinolinethiol concentration in the 
aqueous phase on the extractability of the ternary 

'0 1 2 3 4 5 6 7 

Acetic acid/M 

Fig. 3. Effect of the concentration of acetic acid on 
fluorescence intensity. In: 12 \J-g, I : chloroform ex­
traction, I I : MIBK extraction, I I I : reagent blanks. 

0.2% 8-quinolinethiol/ml 

Fig. 4. Effect of amount of 8-quinolinethiol on fluores­
cence intensity. I : chloroform extraction, In: 18 jxg, 
I I : chloroform extraction, In: 12 [xg, I I I : MIBK ex­
traction, In: 12 [i.g, IV: reagent blanks, Acetic acid: 
10 ml. 

complex was examined by varying the amount of the 
0.2% 8-quinolinethiol solution added, while the other 
variables were held constant. The results shown in 
Fig. 4 indicate that the opt imum amount of the reagent 
was 0.1 ml of the 0.2% solution for 12 (xg of indium, 
and from 0.1 to 0.2 ml for 18 jj.g of indium. T h e 
fluorescence intensity of the extracts decreased gradually 
with the increase in the reagent. The reagent blank was 
constant. Therefore, the amount of the 0.2% 8-
quinolinethiol solution was kept at 0.2 ml. 

Effect of the Volume of the Aqueous Solution. For the 
investigation of the effect, the volume of the organic 
phase was kept at 10 ml, while tha t of the aqueous phase 
was varied from 30 to 150 ml. When the concentration 
of acetic acid added was kept at 3.4 M, the fluores­
cence intensity in chloroform was nearly constant 
regardless of the increase in the volume of the aqueous 
phase. O n the other hand, when M I B K was used for 
the extraction of the complex, a small amount of M I B K 
dissolved in the aqueous phase, so that the fluorescence 



1462 Kunihiro WATANABE, Akio FUJIWARA, and Kyözö KAWAGAKI [Vol. 50, No. 6 

100 120 140 

Volume/ml 

Fig. 5. Effect of volume of aqueous solution on fluores­
cence intensity. I, I I I : Concentration of acetic acid 
was kept at 3.4 M, II, IV: amount of acetic acid added 
was kept at 10 ml, I, I I : chloroform extraction, III , IV: 
MIBK extraction. 

intensity gradually increased with the volume of the 
aqueous phase. However, when the amount of 
acetic acid added was kept a t 10 ml, the fluorescence 
intensities in organic solvents decreased with a decrease 
in the concentration of acetic acid. T h e results are 
shown in Fig. 5. 

Effect of the Shaking Time, and the Stability of the Ternary 
Complex. The shaking time was varied from 0.25 
to 30 min. I t was found that shaking for 1 min was, in 
most cases, long enough for the extraction. A shaking 
time of 2 min was chosen, however, taking into consider­
ation the possibility of accidental failure in extracta-
bility. 

T h e fluorescence intensity of the ternary complex in a 
closed quartz cell was measured at 5 min intervals. The 
fluorescence intensity was constant until 10 min, past 
which point it increased gradually with the decrease 
in the amount of the solvent because of evaporation. 
However, after the ternary complex had been extracted, 
the fluorescence was stable at least for 60 min in a 
separatory funnel. I t is recommended, therefore, to 
measure the fluorescence intensity of the complex within 
10 min after it is transferred into a quartz cell. 

TABLE 1. RELATIVE FLUORESCENCE INTENSITIES OF THE 

INDIUM-8-QUINOLINETHIOL-ACETIC ACID COMPLEX 

IN VARIOUS ORGANIC SOLVENTS 

Relative fluorescence intensity 

Solvent (10 ml) 
Complex H ° , Difference 

blank 

Chloroform 49.1 2.0 47.1 
Benzene 31.8 1.2 30.6 
MIBK 30.7 2.2 28.5 
Toluene 27.0 1.8 25.2 
Carbon tetrachloride 24.8 1.2 23.6 
Xylene 26.1 2.9 23.2 
Diisopropyl ether 23.0 1.2 21.8 
Cyclohexane 4.0 1.2 2.8 

Extractability. A 50 ml portion of the aqueous 
phase containing the indium complex was shaken with 
10 ml of chloroform, and the fluorescence intensity of 
the extract was measured. Then the indium remaining 
in the aqueous phase was extracted twice with chloro­
form. Extractability was calculated from the sum of 
the fluorescence intensities of the extracts and that of 
the first extract. I t was found that 9 9 % of indium was 
extracted by a single extraction. 

Choice of Solvent. Chloroform was used as the 
extraction solvent of indium 8-quinolinethiolato chelate 
by Davis,3) while benzene was used by Korenman et al.*) 
T h e ternary complex of indium-8-quinolinethiol-acetic 
acid can also be extracted into many organic solvents. 
Therefore, the relative fluorescence intensities of the 
ternary complex extracted into several organic solvents 
were examined. T h e experimental results showed 
that chloroform and benzene, as well as MIBK, were 
excellent solvents, as is shown in Table 1. Chloro-

TABLE 2. EFFECTS OF DIVERSE IONS 

Ion(mg) Added as In found ((xg) 

In: 12 (xg. 

AP+ 8.0 A1(N03)3 .9H20 12.0 
Na+ 8.0 NaCl 12.0 
Mg2+ 8.0 Mg(N0 3 ) 2 .6H 20 12.0 
Caa+ 8.0 Ca(N0 3) 2-4H 20 12.0 
Ba2+ 8.0 BaCl2 .2H20 12.0 
Cr3+ 8.0 Cr(N03)3-9H20 12.0 
Sr2+ 8.0 Sr(N03)2 11.9 
Zr4+ 4.0 ZrOCl2-8H20 12.0 
Cu2+ 0.01 CuS0 4 . 5H 2 0 12.0 

0.02 CuS0 4 -5H 2 0 10.5 
Ag+ 0.061 AgNOa 10.9 

1.0 AgN03 + 1 0 % thiourea 1 ml 12.0 
Hg2+ 0.1 Hg(N0 3 ) 2 . l /2H 2 0 5.0 

0.1 Hg(NO3)2-l /2H2O+10% 11.8 
ascorbic acid 1 ml+2N KI 2 ml 

Fe3+ 0.042 F e + H N 0 3 9.5 
1.0 F e + H N 0 3 + 1 0 % ascorbic 12.0 

acid 1 ml 
Ni2+ 0.023 N i + H N O a 9.8 
Co2+ 0.011 Co(N03)2 .6H20 9.5 
Cd2+ 0.06 C d + H N O a 12.0 

0.148 C d + H N 0 3 13.2 
Zn2+ 0.006 Zn+HCl 17.6 
Ga3+ 0.015 Ga 2 0 3 +HCl 24.3 
Mn2+ 1.0 MnCl2 12.0 
T1+ 8.0 T1N03 12.4 
Pb2+ 5.0 P b + H N 0 3 12.5 
Sn2+ 0.2 SnCl2 .2H aO+HCl 11.9 
Bi3+ 0.05 Bi(N03)3 .5H20 9.9 

0.1 Bi(N03)3-5H20 6.3 
Sb3+ 0.07 S b + H a S 0 4 12.0 

0.3 S b + H 2 S 0 4 6.6 
As3+ 5.0 As 2 0 3 +NaOH 12.0 
Pd2+ 0.04 PdCl2+HCl 3.0 
La3+ 0.6 La 2 0 3 +HCl 12.4 
Au3+ 0.046 HAuCl4.4HaO 6.5 
W6+ 8.0 Na 2 W0 4 .2H 2 0 12.0 
V5+ 0.04 NH 4 V0 3 5.2 

In taken: 12.0 fxg; 0.2% 8-quinolinethiol 0.2 ml; pH 
2.5. 
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In [xg/10 ml CHC13 

Fig. 6. Calibration curves for indium. Fluorometer 
reading was set at 50 div. (curve I) or 30 div. (curves 
II, III) with the uranine reference solution (0.2 (xg/ml). 
I, I I : chloroform extraction, III: MIBK extraction. 

form and M I B K have been chosen as the solvents. 
Calibration Curves. Figure 6 shows the calibration 

curves for indium, which were obtained by the described 
procedure above, based on the experimental results. 
However, the pH's of extraction were 2.5 in the chloro­
form extraction and 2.0 in the M I B K extraction. The 
sensitivity of the fluorometer was adjusted by setting 
the fluorescence of the standard uranine solution (0.2 
u.g/ml) at 30 or 50 on the fluorometer scale. 

A good linear relationship was obtained over the 
concentration ranges from 0 to 25 u,g per 10 ml of 
chloroform, and from 0 to 32 fxg per 10 ml of MIBK. 

The coefficient of the variation obtained in 25 measure­
ments was 3 % for 12 \xg of indium. 

Effects of Diverse Ions and of Masking. The effects 
of 29 cations on the determination of indium were 
studied under opt imum conditions. The results are 
shown in Table 2. Gallium, zinc, and cadmium gave 
positive errors in the determination of indium, and 
copper, cobalt, iron, nickel, palladium, mercury, 
bismuth, antimony, gold, vanadium, and silver ions 
reduced the fluorescence, but the other ions presented 
in Table 2 did not interfere. 

The interference of ions such as iron (up to 1 mg), 
mercury (up to 100 \ig), and silver (up to 1 mg) can be 
masked by using ascorbic acid, a mixture of ascorbic 
acid and potassium iodide, and thiourea respectively. 

Composition of the Ternary Complex. By using the 
variation method fluorometrically, the molar ratio of 
indium to 8-quinolinethiol was found to be 1: 2. How­
ever, the molar ratio of indium to acetic acid was not 
determined. 
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Cobal t ( I I ) , nickel(II) , and copper(II ) complexes with iV-(9-fluorenyl) salicylideneaminates (abbreviated as 
X-sal-fl) have been examined in relation to the effect of steric condition on the structure of the metal complexes. 
Compounds of the type M(X-sal-fl)2 and their pyridine adducts were isolated as crystals. Complexes of the type 
Cu(X-sal-fl)Cl were also obtained. Both in the solid state and in non-donor solvents, the complexes Co(X-sal-fl)2 

have a te t rahedral configuration, and Ni (X-sal-fl) 2 and Cu (X-sal-fl) 2 have a square-planar configuration. Possible 
structures of the pyridine adducts are discussed. T h e results indicate that the steric hindrance caused by fluorenyl 
is greater than tha t by diphenylmethyl. 

T r a n s i t i o n m e t a l c o m p l e x e s w i t h TV-substituted salicyl-
i d e n e a m i n a t e s ( a b b r e v i a t e d as X - s a l - R , a ) v a r y w i d e l y 
i n s t r u c t u r e , d e p e n d i n g u p o n t h e s te r ic c o n d i t i o n s a r i s i n g 
f rom t h e s u b s t i t u e n t R.1 _ 3> M a n y 3d m e t a l c o m p l e x e s 
w i t h JV-isopropyl- a n d iV-d ipheny lme thy l sa l i cy l idene -
a m i n a t e s (b , c)4> w e r e syn thes i zed a n d t h e s te r ic effect 
of t h e s u b s t i t u e n t s o n t h e s t r u c t u r e of t h e m e t a l c o m ­
p lexes w a s discussed. T h e p r e s e n t w o r k dea l s w i t h 
c o b a l t ( I I ) , n i c k e l ( I I ) , a n d c o p p e r ( I I ) c o m p l e x e s w i t h 
JV-(9-fluorenyl) s a l i c y l i d e n e a m i n a tes ( d ) , w h o s e s te r i c 
c o n d i t i o n is e x p e c t e d to differ s l ight ly f rom t h a t of t h e 
7V-d ipheny lmethy l -de r iva t ives . 

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

Materials. Analytical d a t a of the new complexes are 
given in Tables 1 and 2. 

J 5 W [ N - (9-fluorenyl)salicylideneaminato]metal (II) Complexes, M-
(X-sal-fl)2 (M=Co, Ni, Cu). These complexes were 
obtained as crystals by methods similar to those reported 
previously.1 '2 '4) Two methods were used. (A) T o a sus­
pension of bis(salicylaldehydato)metal(II) (0.01 mol) in 
ethanol (20 ml) was added 9-aminofluorene (0.02 mol) at 60 °C 
under stirring. (B) T o a solution of X-salicyldehyde (0.01 mol) 

in ethanol (25 ml) was added 9-aminofluorene (0.01 mol) 
at 60 °C and the mixture was stirred for 30 min. A solution 
of the appropria te meta l ( I I ) salt (0.005 mol) in ethanol (15 ml) 
was added to the resulting solution and stirred for 15 min, 
followed by addition of an aqueous solution of sodium car­
bonate (0.01 mol) . 

In both cases the reaction mixture was heated on a water-
ba th at 60 °C for about 2h. T h e resulting precipitate was 
recrystallized from chloroform. 

T h e cobal t ( I I ) , nickel(II) , and copper(II) complexes ob­
tained are orange, olive-green and olive-green, respectively. 
They are moderately soluble in chloroform and benzene with 
the exception of bis[iV-(9-fluorenyl)-2-hydroxy-l-naphthyl-
methyleneaminato]nickel(II) , abbreviated as Ni(5,6-benzo-
sal-fl)2, which is less soluble than the others. They are almost 
insoluble in methanol , ethanol and acetone. T h e cobalt(II) 
and nickel(II) complexes are almost insoluble in cold pyridine 
bu t soluble in hot pyridine, accompanied by colour change. 
T h e copper(I I ) complexes are soluble in pyridine at room 
temperature , the colour of the solution changing gradually 
with time. 

B is [N- ( 9-fluorenyl) salicylideneamina to] metal (II) Monopyridine 
Adducts, M(X-sal-fl) 2 -py (M= Co, Ni, Cu). These adducts 
were obtained as crystals when a hot saturated solution 
of the paren t complex was allowed to stand overnight in a 

T A B L E 1. ANALYTICAL DATA OF N I C K E L ( I I ) AND COBALT( I I ) COMPLEXES 

Compound 

" Ni(H-sal-fl)2 

Ni(5-Br-sal-fl)2
a> 

Ni(5-Cl-sal-fl)2 

Ni(3-CH30-sal-fl)2
b> 

Ni (5,6-benzo-sal-fl) 2 

Co(H-sal-fl)2 

Co(5-Br-sal-fl)2 

Co(5-Cl-sal-fl)2 

Co (5,6-benzo-sal-fl) 2 

Ni(5-Br-sal-fl)2.pyc> 
Ni(5-Cl-sal-fl)2.py 
Ni (5,6-benzo-sal-fl) 2 • py 
Co(5-Cl-sal-fl)2-py 
Co (5,6-benzo-sal-fl) 2 • py 

C 

76.58 
58.70 
69.00 
72.44 
79.25 
76.55 
61.17 
68.97 
79.22 
62.53 
69.71 
79.32 
70.27 
78.69 

Calcd, % 

H 

4.50 
3.22 
3.77 
4.78 
4.43 
4.50 
3.34 
3.76 
4.43 
3.62 
4.03 
4.64 
4.03 
4.62 

x 
N 

4.47 
3.40 
4.02 
4.02 
3.85 
4.46 
3.57 
4.02 
3.85 
4.86 
5.42 
5.23 
5.42 
5.22 

C 

76.45 
58.41 
68.89 
72.64 
79.08 
76.51 
60.84 
68.55 
78.99 
62.11 
69.62 
78.91 
69.99 
78.90 

Found, °/( 

H 

4.51 
3.37 
3.84 
4.92 
4.41 
4.48 
3.37 
3.79 
4.47 
3.82 
3.95 
4.58 
4.03 
4.62 

\ 
N 

4.36 
3.55 
4.01 
4.43 
3.87 
4.38 
3.75 
4.16 
3.83 
4.89 
5.45 
5.15 
5.89 
5.28 

M 

dia 
dia 
dia 
dia 
dia 

4.06 
4.23 
4.23 
4.21 
dia 
dia 
dia 

4.25 
2.52 

Mp 
°C 

263 
269 
288 
206 
195 
185 
235 
217 
236 
dec 
dec 
dec 
dec 
dec 

ju : B M at room temperature, 
molecule. 

a) With 1/3 CHC1 3 . b) Wi th 1/2H 20. c) Notation py denotes a pyridine 
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TABLE 2. ANALYTICAL DATA OF COPPER(II) COMPLEXES 

Calcd, % Found, % ~ 
Compound --— *. ^ -^ v 0 A 

C H N C H N u 

Cu(H-sal-fl)2 75.99 4^46 4^43 75.91 4^45 4^46 205 
Cu(5-Br-sal-fl)2

a> 58.08 3.14 3.36 58.13 3.29 3.39 217 
Cu(5-Cl-sal-fl)2

a> 65.13 3.69 3.80 65.34 3.81 3.90 207 
Cu(5-NCysal-fl)2

b> 64.90 3.81 7.56 64.42 3.84 7.55 239 
Cu(5,6-benzo-sal-fl)2 78.92 4.41 3.85 78.68 4.39 3.84 220 
Cu (5,6-benzo-sal-fl) 2-py 78.45 4.60 5.18 78.91 4.50 5.17 dec 
Cu(H-sal-fl)Cl 62.66 3.68 3.65 62.84 3.83 3.60 174 
Cu(5-Br-sal-fl)Cl 51.97 2.84 3.03 52.26 2.95 3.12 177 
Cu(5-Cl-sal-fl)Cl 57.68 3.14 3.35 57.68 3.23 3.54 179 

a) 1/3 CHC13. b) 1/2H20. 

refrigerator. The cobalt(II) and nickel (II) complexes are 
reddish brown, and the copper(II) complex is dark green. 
They are soluble in cold pyridine, chloroform and acetone and 
almost insoluble in methanol and ethanol. They do not lose a 
pyridine molecule in the atmosphere at room temperature. 

Cu(X-sal-fl)CI (X=H, 5-Br, 5-Cl). Salicylaldehyde 
(0.01 mol) was added to a solution of copper(II) chloride 
hydrate (0.01 mol) in ethanol (20 ml) under stirring at 70 °C. 
After 10 min a solution of sodium carbonate (0.005 mol) in 
water (5 ml) was added to the resulting solution; a yellowish 
green precipitate appeared in the solution. To this mixture 
was added 9-aminofluorene (0.01 mol), and stirred for 1 h 
at 70 °C. Brown microcrystals were filtered off and washed 
with ethanol. Recrystallization was unsuccessful. 

They are insoluble in benzene, methanol, ethanol and water 
but are soluble in chloroform, undergoing decomposition. 

Measurements. Electronic absorption spectra of the 
complexes were measured on a Shimadzu MPS 50L spectro­
photometer. Solubility of some complexes in appropriate 
solvents was too low for spectral measurements. Infrared 
spectra of the complexes were recorded as Nujol mulls using a 
Hitachi EPI-S2 infrared spectrophotometer and a Hitachi 
215 infrared spectrophotometer. 

Magnetic measurements were carried out at room tem­
perature by the Gouy method. Powder diffraction patterns 
were obtained with a Rigakudenki 4001-A2 diffractometer 
using CoiCa radiation and an iron filter. 

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

Nickel(II) and Cobalt (II) Complexes. Complexes of 
the type Ni (X-sal-fl) 2 are diamagnetic in the solid state, 
indicating that they have a four-coordinate, square-
planar structure. They show electronic absorption 
spectra typical of the square-planar nickel(II) complexes 
in non-donor solvents or in the solid state (Table 3). 
A d-d band with a maximum at about 16000 c m - 1 , 
which may be ascribed to a dX2-y2

<r~dxy transition, is 
slightly lower than that of the A^diphenylmethyl 
analogue,4) implying that the ligand field produced by 
X-sal-fl is weaker than that by X-sal-dpm (dpm, 
diphenylmethyl). 

In spite of the steric hindrance, the tetrahedral species 
has neither been isolated as crystals nor detected in 
solution at room temperature for the nickel(II) com­
plexes of the type Ni (X-sal-fl) 2. This finding is similar 
to that for Ni(X-sal-dpm) 2 but contrary to that for 
Ni(X-saW-C3H7)2.4> 

TABLE 3. MAIN d-d ABSORPTION MAXIMA OF NICKEL(II) 

AND C O B A L T ( I I ) COMPLEXES OF THE TYPE M ( X - S a l - f l ) 2 

Compound 

Ni(H-sal-fl)2 

Ni(5-Br-sal-fl)2 

Ni(5-Cl-sal-fl)2 

Ni(3-CH30-sal-fl)2 

Ni (5,6-benzo-sal-fl) 2 

Co(H-sal-fl)a 

Co(5-Br-sal-fl)2 

Co (5,6-benzo-sal-fl) 2 

Solvent 

CHCI3 
Nujol 
pyridine80 

CHCI3 
pyridinea) 

CHCI3 
CHCI3 
Nujol 
CHCI3 

pyridinea) 

CHCI3 

CHCI3 

v (log e) 

15.9(1.95) 
16.0 
17.5(2.45) 
16.0(1.90) 
17.5(2.38) 
15.9(1.90) 
15.7(1.91) 
16.0 
7.5(1.78),10 
17.5(1.88) 
6.4(1.30), 10 
7.5(1.81),10. 
17.5(1.82) 
7.8(1.90),10. 

.6(1.56)sh, 

.5(0.81) 
,3(1.63)sh, 

,4(1.50)sh 

v: 103 cm -1, a) With the solution obtained by heating 
at 70 °C for a few hours. 

I t has not been possible to isolate tris(SchifF base)-
cobalt(III) complexes so far, probably owing to the 
steric condition. The cobalt(II) complexes Co(X-sal-fl)2 

are paramagnetic with magnetic moments of 4.0—4.3 
BM, which lie in the range expected for the tetrahedral 
cobalt(II) complex. They also show electronic absorp­
tion spectra typical of the tetrahedral cobalt (I I) com­
plex (Table 3). The d-d band at 7500—8000 cm" 1 

with a shoulder at 10300—10600 c m - 1 may be assigned 
to a transition 4Tj(F)*-4A a . 

Monopyridine adducts of the type M (X-sal-fl) 2-py 
were isolated as crystals. Six-coordinate bis (pyridine)-
adducts have neither been isolated in crystals nor 
detected in solution, in contrast to the i^-diphenylmethyl 
analogues.4) The steric hindrance due to the ligands 
X-sal-fl is thus greater than that due to X-sal-dmp. 

The pyridine molecule in M (X-sal-fl) 2-py is not 
readily lost. No weight loss was observed when the 
adducts were heated at 100 °C for several hours. I t is 
likely that the pyridine molecule is bound with the 
metal(II) ion in the adducts. This presumption seems 
to be borne out by the observation that the parent 
complexes are not soluble in pyridine at room tempera­
ture, and that the adducts M (X-sal-fl) 2«py isolated 
from hot pyridine are readily soluble in cold pyridine. 
Since the pyridine adducts show infrared r ( C - O ) 
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(1520—1530 cm-1) and r(C=N) bands (1600—1610 
cm - 1 ) a t almost the same frequencies as those of the 
parent complexes, it is presumed that the ligands X-sal-fl 
in the pyridine adducts function as bidentates, as in the 
parent complexes. All these findings indicate that the 
pyridine adducts with cobalt(II) and nickel(II) com­
plexes have a five-coordinate structure. 

4.0 

3.0 

2.0 

[ 

1" Y il 
i' 

i i ; 

1 / ' 

—1 1 ' 

2 

1 1 
10 15 20 25 

Wave number (103 cm-1) 

Fig. 1. Electronic absorption spectra of nickel(II) com­
plexes: 1. Ni(5,6-benzo-sal-fl)2-py, in Nujol, scale 
arbitrary; 2. Ni(5,6-benzo-sal-fl)2«py, in pyridine; 
3. Ni(5,6-benzo-sal-fl)2, in Nujol, scale arbitrary. 

Since the nickel (I I) complexes Ni (X-sal-fl) 2 ' p y are 
diamagnetic, they are considered to be spin-paired, 
five-coordinate complexes. As shown in Fig. 1, the solid 
state spectra of Ni (X-sal-fl) 2 ' py , which are essentially 
similar to the spectra of their pyridine solutions, have a 
main d-d band at 17400—17800 cm- 1 . T h e band 
maxima are much higher than those (15700—16000 
cm - 1 ) of the parent complexes, which have a diamagnet­
ic square-planar structure, and the intensity of the d-d 
bands for the pyridine adducts is significantly higher than 
of the parent complexes. These findings are also in 

TABLE 4. MAIN d-d ABSORPTION MAXIMA OF 

M (X-sal-fl) 2-py, M n BEING CO AND Ni 

agreement with the five-coordinate structure for the 
pyridine adducts. The principal spectral data are 
summarized in Table 4. 

Two types of structure may be considered for the 
five-coordinate complexes, trigonal-bipyramidal and 
square-pyramidal. Spin-paired, five-coordinate, trigonal-
bipyramidal nickel (II) complexes having NP3C1, NP3Br, 
and NAs3Br donors sets6) were reported to show a 
d-d band at a much lower frequency than the pyridine 
adducts ( N 3 0 2 set) obtained in the present work 
(about 18000 c m - 1 ) . Even the trigonal bipyramidal 
complex with the P4C1 donor set shows the band at 
17500 cm - 1 , al though the P4C1 donor set is expected 
to produce considerably stronger ligand field than the 
N 3 0 2 set. The trigonal-bipyramidal structure, therefore, 
seems to be unlikely. O n the contrary, the spectra of 
Ni (X-sal-fl) 2 -py may reasonably be interpreted on the 
basis of the model of spin-paired, five-coordinate, 
square-pyramidal stereochemistry.5) For the square-
pyramidal structure I I rather than structure I (Fig. 2) 

Py 

Art A.. 
/ M....vpy 

(I) (II) (III) 

Fig. 2. Some possible structures for M(5,6-benzo-sal-
fl)2.py (M=Co, Ni, and Cu). 

is considered to be more likely, judging from their 
formation reaction; the pyridine adducts are obtained 
only on heating the parent complexes in pyridine. 
Simple axial addition of a pyridine molecule to the 
square-planar complex would readily produce structure 
I, for instance, without heating, if this species were 
stable enough a t all. This, however, is not the case. 
The very high frequencies of the d-d band maxima for 
Ni (X-sal-fl) 2 *py also favor structure I I , suggesting that 
the bond between the nickel(II) ion and the axial fifth 
donor atom is weak. 

The d-d band maxima in the spectra of the pyridine 
adducts in chloroform are almost the same as those of 
the pyridine adducts in pyridine or in the solid state, 
indicating that the structure of the adducts in the solid 
state is retained in the chloroform solution. 

Compound 

Ni(5-Br-sal-fl)2.py 

Ni(5-Cl-sal-fl)2.py 

Ni (5,6-benzo-sal-fl) 2 • py 

Co(5-Cl-sal-fl)2.py 

Co (5,6-benzo-sal-fl) 2 • py 

v: 103 cm -1 . 

Solvent 

Nujol 
pyridine 
Nujol 
pyridine 

CHC13 

Nujol 
pyridine 
CHC13 

Nujol 
pyridine 
CHCI3 
Nujol 
pyridine 
CHCI3 

v (log e) 

17.6 
17.5(2.38) 
17.6 
17.4(2.37) 

17.5(2.32) 
17.8 
18.0(2.62) 
18.0(2.62) 
6.6, 11.7 
6.7(1.38), 
5.3(1.20), 
5 .3 ,8 .3 
5.5(1.42), 
5.5(1.50), 

11 
8 

8 
8 

.5(1 .14) 

.1(1.33) 

1(1 
2(1 

.28) 

.47) 

TABLE 5. X-R AY POWDER DIFFRACTION DATA C 

benzo-sal-

M= 

d,k 

11.41 
8.81 
6.94 
5.69 
4.95 
4.77 
4.38 
4.14 
3.65 

= Co 

fl)2-py> 
>F M(5,6-

USING C o X a RADIATION 

WITH AN IRON FILTER 

/ 
100 
15 
12 
40 

6 
7 
7 
8 
4 

M = 

d,k 
11.41 
8.78 
6.94 
5.71 
4.95 
4.77 
4.38 
4.12 
3.65 

-Ni 

/ 

100 
12 
10 
45 
6 
7 
7 
7 
4 
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Wave number (103 cm-1) 

Fig. 3. Electronic absorption spectra of cobalt(II) 
complexes: 1. Co(5,6-benzo-sal-fl)2'Py, in Nujol, scale 
arbitrary; 2. Co(5,6-benzo-sal-fl)2-py, in pyridine; 
3. Co(5,6-benzo-sal-fl)2, in chloroform. 

Two types of cobalt(II) pyridine adducts were isolat­
ed as a solid, one being spin-paired and the other spin-
free. One of them, Co(5,6-benzo-sal-fl)2 'py, is para­
magnetic with a moment of 2.53 BM and is thus regard­
ed to be a spin-paired, five-coordinate complex. Its 
X-ray powder diffraction pattern (Table 5) is almost the 
same as that of Ni(5,6-benzo-sal-fl)2-py, which was 
presumed to consist of a spin-paired, five-coordinate 
complex. This is also borne out by the infrared spectrum 
in the whole 250—4000 c m - 1 region of the cobalt(II) 
complex, which is slmost the same as that of the nickel-
(II) analogue. I t is thus presumed that Co(5,6-benzo-
sal-fl)2 'py has the same structure as that of Ni (5,6-
benzo-sal-fl)2-py, possibly a spin-paired, square-
pyramidal structure. The solid state spectrum of this 
cobalt(II) compound is essentially similar to the 
spectrum of its pyridine solution having a rather narrow 
band at 8400 cm"1 , in addition to a band at about 
5300 c m - 1 (Fig. 3). T h e spectrum is found to be 
correlated with that of a spin-paired, five-coordinate, 
square-planar cobalt(II) complex.7) A remarkable 
similarity of its solid spectrum to that of the spin-paired, 
square-planar cobalt(II) complex indicates that the 
bond between the cobalt(II) ion and the axial fifth 
donor a tom is weak, as in the corresponding nickel(II) 
analogue. 

In contrast to Co(5,6-benzo-sal-fl)2«py, Co(5-CI-sal-
fl)2«py is paramagnetic with a moment of 4.25 BM, 
indicating that the latter is a spin-free, five-coordinate 
cobalt(II) complex. The solid state spectrum of Co(5-
Cl-sal-fl) 2 • py, which is very similar to the spectrum of 
its pyridine solution, differs a great deal from that of 
the tetrahedral cobalt(II) complex as well as from that 
of the six-coordinate, octahedral compex. l ln contrast, 
the solid spectrum is similar to the spectra of the spin-
free, five-coordinate cobalt(II) complexes.8) 

The spectrum of Co(5-Cl-sal-fl)2 'py in chloroform 
differs considerably from its solid state spectrum, but 

2.0 

1.0 

0 

, 
' 1 / / I 

'-v4 / \/y2 

! v'~\ V if 
/ \ / ';/ 

/ \ / \ '* y I'l 
\ 1 \ ,y^** 11 
M^N \ / \ / / 

'u \\\ Y ^-fi 
VMV / 

1 1 1 iJ 
10 15 20 

Wave number (103 cm-1) 

Fig. 4. Electronic absorption spectra of cobalt(II) 
complexes: 1. Co(5-Cl-sal-fl)a-py, in Nujol, scale 
arbitrary; 2. Co(5-Cl-sal-fl)2.py, in Nujol; 3. Co-
(5-Cl-sal-fl)2*py, in chloroform; 4. Co(5-Cl-sal-fl)2, 
in chloroform. 

is remarkably similar to the solid spectrum of Co (5,6-
benzo-sal-fl)2 'py, which was presumed to have a spin-
paired, five-coordinate structure (Fig. 4) . I t is interesting 
to note that the conversion of the spin state, probably 
accompanied by configurational change, occurs in this 
pyridine adduct on going from the solid state to the 
chloroform solution. If the pyridine molecule were lost 
from Co(5-Cl-sal-fl)2-py on dissolution in chloroform, 
remaining complex Co(5-Cl-sal-fl)2 would assume a 
tetrahedral configuration. 

The pyridine solutions of Co(H-sal-fl)2 and Co(5-Br-
sal-fl)2, obtained by heating the complexes in pyridine, 
show electronic absorption spectra similar to the solid 
spectrum of Co(5-Cl-sal-fl)2-py, which was presumed to 
have a spin-free, five-coordinate complex. 

Copper (II) Complexes. Electronic absorption 
spectra of copper(II) complexes of the type Cu(X-sal-fl)2 

in non-donor solvents have a d-d band at about 16000 
c m - 1 . From the frequency of the band, it may be 

reasonable to assume that these copper(II) complexes 
in non-donor solvents have an essentially square-planar 
configuration. 

T h e complexes Cu(X-sal-fl)2 are soluble in pyridine 
at room temperature, but the colour of the solution 
changes with t ime. The complexes, which are originally 
olive-green, turn bluish green immediately upon dissolu­
tion in pyridine, becoming greenish brown by reflected 
light (orangish brown by transmitted light) after more 
than 24 h. Absorption spectra of Cu(5-Cl-sal-fl)2 in 
pyridine are shown as representative data in Fig. 5. 

T h e spectrum obtained within 8 min after dissolution 
in pyridine (curve 2) has a broad d-d band, which shifts 
toward significantly lower frequencies than the d-d 
band of the original complex. I t is recognized that 
curve 2 is similar to the spectrum expected for the five-
coordinate species formed by axial addition of a pyridine 
molecule to the square-planar copper(II) complexes.9) 
When dissolved in pyridine the first d-d band of the 
copper(II) complex shifts toward considerably lower 
frequencies, becoming also much broader than that of 
the complexes in non-donor solvents. In fact, curve 2 
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Wave number (103 cm-1) 

Fig. 5. Electronic absorption spectra of Cu(5-Cl-sal-
fl)2: 1. in chloroform; 2. in pyridine (measured within 
8 min after dissolution); 3. in pyridine (measured after 
24 h). 

is very similar to the spectra of Cu(X-sal-dpm)2 in 
pyridine.4) The species corresponding to curve 2, 
therefore, may be assumed to have structure I in Fig. 2, 
or a structure slightly distorted from it. 

The spectrum recorded after more than 24 h (curve 3), 
which differs entirely from curves 1 and 2, has a d-d 
band with a distinct maximum at about 18000 c m - 1 . 
T h e pyridine adduct Cu(5,6-benzo-sal-fl)2-py also 
shows a similar solid state spectrum having a d-d band 
at nearly the same frequency as that of curve 3. I t 
is most likely that the main species existing after 24 h in 
pyridine may have the same structure as that of Cu(5,6-
benzo-sal-fl)2-py in the solid state. T h e pyridine adduct 
shows infrared y(C-O) (1530 cm- 1) and v ( O N ) (1610 
c m - 1 ) , which are almost the same frequencies as those 
of the parent complexes. It is thus very likely that the 
ligand functions as a bidentate, as in the parent com­
plexes. 

I t seems that one of the most probable structures of 
the species corresponding to curve 3 is structure I I in 
Fig. 2. The considerably high frequency of the d-d band 
maximum seems to exclude a trigonal-bipyrarnidal 
structure,10) which would show the corresponding band 
at a much lower frequency. The bond between the 
copper(II) and the axial fifth donor a tom would not 
be strong. 

•0" 

N-R 
(a) 

R: - I 

-H 
C-CH3 

CH3 
(b) 

Complexes of the type Cu(X-sal-fl)Cl ( X = H , 5-Br, 
5-CI) at room temperature have subnormal magnetic 
moments of 1.35, 1.34 and 1.39 BM, respectively, which 
are much lower than the normal magnetic moments 
expected for the d9 system. A sort of interaction, 
therefore, may be expected to exist between two copper-
(II) ions, as in complexes of a similar type.11-13) Their 
infrared v(G-O) bands appear at 1550 ( X = H ) , 1535 
(X=5-Br ) and 1540 c m - 1 (X=5-C1) , respectively. 
They are significantly higher than those of Cu(X-sal-fl)2, 
which appear at 1525 cm" 1 for X = H, 5-Br and 5-C1. 
Based upon the criteria proposed previously,11-13) the 
present finding on the infrared spectra seems to indicate 
that these complexes have a binuclear structure with 
the phenolic oxygen atom bridging two copper (I I) ions. 

Their solid state electronic spectra, which are similar 
to each other, show the first d-d band as a shoulder at 
about 11500 c m - 1 and the next shoulder at 15600 cm - 1 , 
more intense absorption rising up in the higher frequency 
region. Kato et al.12> classified the spectra of the Cu(X-
sal-alkyl) CI type complexes into two groups, designating 
them as B- and Y-type. The spectra of Cu(X-sal-fl)Cl 
are similar to those of B-type, their magnetic moments 
also being in the range expected for B-type complexes. 

T h e authors are grateful to Professor Shoichi Kume 
and Dr. Yoshinari Miyamoto, Institute of Geology, 
Osaka University, for X-ray powder diffraction patterns. 
Thanks are also due to Mr . Hiro K u m a for valuable 
discussions. 
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A procedure has been established for obtaining quantitative diffusion profiles by means of an ion microana-
lyzer in the narrow region within 1 \xm of the glass surface. The interdiffusion of silver and sodium ions in Pyrex 
glass immersed in molten silver nitrate was studied as an example. 

Diffusion kinetics during ion exchange in various 
glasses has been studied by many workers1) from purely 
physicochemical points of view {e.g., to get a better 
understanding of the basic mechanism of ionic transport 
in glass and the structure of glass) and in connection 
with industrial problems {e.g., the strengthening of glass). 
The radioactive tracer technique and electron micro-
probe X-ray analysis have been employed extensively 
in these studies to obtain diffusion profiles (concentration 
vs. depth curves). 

Secondary ion mass spectrometry (SIMS) offers a 
new means for obtaining profiles in the near-surface 
region (within 1 fxm of the surface). I n this technique, 
the sample surface is bombarded with a beam of high-
energy primary ions, and the resulting ions from the 
sample are analyzed by means of a mass spectrometer. 
The successive removal by sputtering of the surface 
layers enables one to obtain the profiles by monitoring 
the ion intensity at the appropriate mass vs. sputtering 
time. This technique, however, is still semiquantita­
tive,2) because there remain three unresolved problems. 
First is the quantification of the S I M S intensities, i.e., 
the conversion of the ion intensity at the appropriate 
mass into the concentration of the corresponding 
element. T h e large variations in the secondary ion 
yields and the matrix effects complicate the quantifica­
tion. Although a theoretical correction procedure based 
on the local thermal equilibrium model has been 
proposed by Andersen and Hinthorne,3) standard 
samples are still generally required for an accurate 
quantification. These standards have to shape both the 
chemical and physical nature of the sample as much as 
possible; therefore, their preparat ion is often very 
difficult. Second is the depth assignment, i.e., the 
conversion of the sputtering time into depth. The rate 
of material removal depends on the sample matrix as 
well as the primary ion characteristics. Third , ion 
migration induced by ion bombardment may distort 
the diffusion profiles.4) 

The present work has been undertaken in order to 
resolve these problems and to establish a procedure for 
obtaining quantitative diffusion profiles in the near-
surface region by SIMS. Experiments have been 
carried out on the interdiffusion of silver and sodium 
ions in Pyrex glass immersed in molten silver nitrate. 

Exper imenta l 

Apparatus. A Hitachi IMA-2 ion microanalyzer was 
operated under the following conditions unless otherwise 
stated: primary ion-source gas, 99.99% argon; primary ion-
accelerating voltage, 15 kV; primary beam current, 0.1 (zA; 

spot diameter, 250 [im; sample chamber pressure, 3 x l 0 - s 

Pa; secondary ion-accelerating voltage, 3 kV; electron-
multiplier voltage, 2 kV. The electric charges accumulated 
on the glass surfaces were eliminated by means of the electron-
spray method. The SIMS peak ratios—109Ag+/30Si+, 23Na+/ 
28Si+, and 39K+/28Si+—were measured after rastering the 
primary beam (total number of scanning lines, 500; line 
frequency, 100 Hz) over an area 0.8 mm square around the 
spot to be measured. A Mizojiri Kogaku model II multiple-
beam interferometer (Hg 546.1 nm, magnification 40X) was 
used to measure the depth of craters formed on glass surfaces 
by ion etching (ion sputtering) and the thickness of the chemi­
cally etched glass-surface layers. A Nippon Jarrell-Ash AA-1 
MK II atomic-absorption flame-emission spectrophotometer 
with an SA-61 slit burner (acetylene 2 1/min, air 7 1/min) and 
a Hitachi model QPD53 recorder was employed for the atomic-
absorption spectrophotometric determination of silver at 
328.1 nm and the flame-photometric determination of sodium 
at 589.3 nm. 

Material. Pyrex glass sheets (81% Si02 , 13% B203, 
4% NaaO, 2% A1203, 0.5% or 0.04% K 2 0 ; density, 2.2 g/ 
cm3) were annealed at 550 °C for 30 min and then cooled to 
room temperature at a rate of 1—2 °C/min. They were then 
washed with a detergent solution, followed by water, at room 
temperature, and subsequently dried. 

A 

B 

C 

m 

F 

E 

D 

K -

o 

^ I— 

Fig. 1. Standard sample. 

Preparation of Standard Sample. A 30-mm-square glass 
piece was immersed in molten silver nitrate at 335 °C for 90 
min to effect the interdiffusion of silver and sodium ions into 
the glass. The piece was then withdrawn, cooled, washed in 
water, and dried. A 10 x 7 mm piece was cut from the above 
piece, and after covering Part A of the piece (see Fig. 1) with 
paraffin wax, we immersed it in 5% hydrofluoric acid at 
19 °C for 15 min, withdrew it, washed it in water, and dried 
it. Parts B to E of the piece were successively covered with 
paraffin wax, and the above chemical etching was repeated. 
Finally, all the paraffin was removed with benzene. The 
piece thereafter served as a standard sample with 6 different 
surface concentrations of silver and sodium. 

The surface concentrations were determined as follows. 
Another 10x7 mm piece was cut from the 30-mm-square 
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piece, and after its edges had been covered with paraffin 
wax, immersed in 5% hydrofluoric acid at 19 °C for 15 min, 
withdrawn, washed in water, and dried. The hydrofluoric 
acid and the washings were analyzed for silver and sodium by 
atomic absorption spectrometry and flame photometry. The 
above procedure was then repeated. The means of the con­
centrations of silver (or sodium) in two adjacent etched 
layers correspond to the surface concentrations of the standard 
sample. 

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

Construction of Concentration Calibration Curves. A 
standard sample was prepared by the interdiffusion of 
silver and sodium ions in Pyrex glass, followed by 
chemical etching as has been described above. The 
corresponding diffusion profiles, obtained by chemical 
etching and chemical analysis, are shown in Fig. 2. T h e 
potassium profile was measured by S IMS, the details of 
which will be published elsewhere. T h e sum of the 
atomic concentrations of silver and sodium, as well as 
the potassium concentration, remained nearly constant 
over the whole range. Figure 3 illustrates the concen­
tration calibration curves constructed by the use of the 
standard sample. Before each SIMS measurement, the 
surface layer (about 30 nm) of the standard sample 

3000 6000 

Depth (nm) 

Fig. 2. Diffusion profiles. Pyrex (0.5% K 2 0) . 335 °C, 
90 min. — : Sum of Ag and Na. 

Conen (atomic %) 

Fig. 3. Concentration calibration curves. Pyrex (0.5% 
K 2 0) . 

was removed by ion etching (0.1 [iA, 7-min rastering). 
T h e S IMS peak ratios were proportional to the atomic 
concentrations of the corresponding ions, with maximum 
deviations of about ± 1 0 % . There was no day-to-day 
variation in the calibration curves. 

Depth Resolution and Depth Scale Assignment. When 
the pr imary beam was continuously focused on a spot 
on the glass surface, a conical crater was produced by 
ion sputtering and the signal from the crater walls 
deteriorated the depth resolution. To overcome this 
difficulty, the pr imary beam (0.3 (/A) was rastered over 
an area 0.8 m m square in order to produce a flat-
bottomed crater; then the beam (0.1 (/A) was focused 
for 1 min on the center of the area for S IMS measure­
ments. A fresh spot on the glass surface was used for 
each measurement. Thus, a depth resolution of the 
order of 10 nm was achieved. 

20 40 

Sputtering time (min) 

Fig. 4. Plots of crater depth vs. sputtering time. 
0 : Pyrex (0.5% KaO), 3 : Pyrex (0.5% KaO) in 
which Na is nearly completely replaced by Ag. 

The rate of material removal by ion sputtering under 
the above conditions was independent of the possible 
variation in composition of the glass under study, as 
is shown in Fig. 4. In addition, the day-to-day instru­
mental fluctuation was negligible. Therefore, the 
sputtering time can be readily converted to the depth. 

-

y K 

L i • i 

Ag 

-

300 600 

Depth (nm) 

Fig. 5. Diffusion profiles. Pyrex (0.5% K 2 0) . 335 
1 min. # 0 : I ° n etching, A A : chemical etching. 
— : Sum of Ag and Na. 

C, 
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600 900 

Depth (nm) 

Fig. 6. Diffusion profile. Pyrex (0.04% K 2 0) . 335 °G, 
1 min. £ • : Data on two separately prepared samples. 

a 

0.04%K2O 

- 0 ^ 

0.5%K2O 
0 ST% 

Ag concn (atomic %) 

Fig. 7. Interdiffusion coefficients D vs. silver concentra­
tion. Data from Fig. 2 (Q), Fig. 5 ( 0 ) , and Fig. 6 «>)• 

Diffusion Profiles in the Near-Surface Region. The 
interdiffusion of silver and sodium ions was effected at 
335 °C for 1 min, after which the diffusion profiles 

were obtained by S IMS. The results are shown in 
Figs. 5 and 6. The distortion of the diffusion profiles due 
to ion migration during the ion etching is negligible, 
because there is no appreciable difference from the 
profiles obtained by chemical etching with 0.8% 
hydrofluoric acid instead of ion etching prior to S I M S 
measurements. 

Interdiffusion Coefficients. T h e interdiffusion 
coefficients at 335 °G were obtained from the profiles 
shown in Figs. 2, 5, and 6 by the Boltzmann-Matano 
method.5) T h e results are illustrated in Fig. 7. The 
interdiffusion coefficients (between 1 and 2.4 atomic % 
Ag) are 1.4X 10 - 1 1 cm2 s _ 1 for Pyrex glass containing 
0 .5% K 2 0 and 2.7 x 10~ n cm2 s"1 for Pyrex glass 
containing 0.04% K a O , showing the mixed alkali 
effect.6) The latter value is in reasonable agreement 
with the values obtained for Pyrex glass containing a 
negligible amount of potassium by Sjöblom and 
Andersson (2.6 X 1 0 - 1 1 cm2 s -1)7) and by Doremus 
( 3 . 0 x l 0 - 1 1 c m 2 s - 1 ) . 8 ) 
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Ionic Equilibria in Mixed Solvents. XII. Hydrolysis of Cadmium(II) 
Ion in Dioxane-Water and Methanol-Water Mixtures 

Haruo MATSUI and Hitoshi OHTAKI*'** 

Government Industrial Research Institute, Nagoya, Hirate-machi, Kita-ku, Nagoya 462 
^Department of Electronic Chemistry, Tokyo Institute of Technology, O-okayama Meguro-ku, Tokyo 152 

(Received December 25, 1976) 

The hydrolytic reactions of cadmium(II) ions were studied at 25 °C in dioxane-water and methanol-water 
mixtures with varying compositions of the organic solvents, each mixture containing 3 mol dm - 3 (Li)C104 as an 
ionic medium. Emf measurements were carried out over the range of the total cadmium(II) concentrations 
of 0.2 to 0.8 mol dm - 3 in all the systems. Two complexes Cd2OH3+ and GdOH+ were found in the dioxane-
water mixtures, but the latter complex was not detected in the methanol-water system. The formation constant 
of the Cd2OH«3+ complex was slightly larger in the methanol-water mixtures than in the dioxane-water mixtures at 
the same mole-fraction concentration of the organic solvents. 

T h e formation of the mononuclear complex CdOH+ 
was reported by many authors1 - 6) in the hydrolytic 
reactions of cadmium(II ) ion in aqueous solutions. T h e 
formation of the dinuclear Gd2OH3+ complex, which 
has been first reported by Biedermann and Ciavatta,7) 
was confirmed by us in a previous work.8) However, 
the existence of the tetranuclear Cd4(OH)4

4+ complex 
was doubtful as an equilibrium species of hydrolyzed 
cadmium ions.8) 

T h e solvent effects on the hydrolytic reactions of 
various metal ions such as beryllium,9-11) copper,12-13) 
nickel,14) and aluminium15) have so far been studied 
in various aqueous-organic mixtures and the results 
can be summarized as follows: 1) T h e formation 
constants of the complexes, most of which were large 
polynuclear complexes, were little affected by the 
solvent composition even though the dioxane concentra­
tion changed widely, e.g., 0—83% w/w, in contrast with 
the dissociation constants of carboxylic acids16) and 
phenols,17) which markedly changed with the solvent 
composition. 2) Similar results were found in other 
solvent systems, water-methanol , water-ethanol , and 
water-acetone mixtures. 3) T h e solvent effects on the 
hydrolytic reactions of metal ions were qualitatively 
explained by Kawai18) in terms of the changes in the 
activity coefficients of the ions in solutions. 

However, W a d a and his coworkers19»20) have shown 
that the formation constant *ßlti of the mononuclear 
hydroxo complex of Fe 3 + monotonously increased with 
the increase of the concentration of methanol in which 
0.5 mol d m - 3 (Na ,H)C10 4 was contained as an ionic 
medium, as well as the formation constant of the FeCl2 + 

complex in the same ionic medium, containing methanol 
up to 0.52 mole fraction (about 6 6 % w/w). 

In order to find if the formation constant of a 
mononuclear hydroxo complex would be affected by 
the solvent composition of aqueous mixed solvents in a 
different manner from that of a polynuclear complex, 
we have examined the hydrolysis of cadmium(II ) ions 
in dioxane-water and methanol-water mixtures, because 
both mononuclear and polynuclear complexes are 
formed in this system and their formation constants 
can be determined with reasonable accuracies in various 
mixed media. 

Exper imenta l 

Reagents. Cadmium(II) Perchlorate: Cadmium oxide 
(99.99%, Mitsuwa Pure Chemicals Co., Osaka) was dissolved 
in 1: 1 HC104 (Super special grade, Wako Pure Chemical 
Ind., Osaka) and cadmium Perchlorate thus prepared was 
recrystallized three times from water. The purity of the 
cadmium oxide had been checked by emission spectroscopy. 

Lithium Perchlorate and lithium hydroxide were prepared by the 
same procedures as described in the previous paper.8) Dioxane 
purified by the ordinary method13) was stored in a refrigerator 
and melted just before preparation of a test solution. Methanol 
of reagent grade was distilled twice. 

Apparatus. Beckman (No. 40498) glass electrodes 
were used in combination with an Orion Digital pH Meter 
Model 801. A cadmium-ion selective electrode Model 94-
48A (Orion Research Inc., Mass., USA) was used, and the 
potentials were measured by use of Takeda Riken Digital 
Multimeter 6854. The potentials were reproducible within 
±0.1 mV in the mixed solvents used. A Metrohm E211 
type Coulometer was employed as a current source for genera­
tion of hydrogen ions in a solution during the course of titra­
tions. Silver-silver chloride electrodes set in the Kawai 
type11) of the half-cell were prepared according to Brown.21) 

Preparation of the Test Solutions. A slightly acid cad-
mium(II) Perchlorate solution in a mixed solvent was placed 
in a glass vessel and bubbled with nitrogen gas to remove 
carbon dioxide, and then a small amount of CdO powder 
was added to the solution. White precipitates appeared in 
the solution while agitating for several hours. The agitation 
was continued for a day passing nitrogen gas through the 
mixture and then the glass vessel was tightly sealed. The 
mixture was still continuously agitated for about 20 days in a 
thermostated room at 25I{=1.50C. Then the solution was 
filtered through G-3 and G-4 glass filters and the filtrate was 
left to stand for one day at 25 °C in a liquid paraffin ther­
mostat. This solution was filtered again through a G-4 
glass filter to a measuring vessel. The volume of the test 
solution was determined from the weight and density of the 
test solution in the vessel. The total concentration of cadmium 
ion in the test solution was determined gravimetrically as 
Cd2P207 . 

The method of emf measurements was essentially the same 
as that used in the previous works of this series. 

All the measurements were carried out at 25.00.-^0.02 °C in 
a liquid paraffin bath set in a room thermostated at 25.0^ 
1.5 °C. 

To whom correspondence should be addressed. 
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R e s u l t s and D i s c u s s i o n 

When cadmium (II) ions hydrolyze in a solution, the 
reaction equilibrium may be written as follows: 

qCd2+ + pH20 = Cdç(OHy2«-*>+ + pü+. (1) 

The average number of hydrogen ion set free per metal 
ion Z is given as follows : 

z = S S ^ , ^ - W (2) 
q p 

where *ßp,q is the formation constant of a species defined 
by Eq. 3 

*ßP,q = [Cd3(OHy2*-*> +Wlbq, (3) 

and B stands for the total concentration of cadmium ion, 
6=[Cd 2 +] and A=[H+] at equilibrium. 

0.002 

0.001 

O 0.6713 M 
A 0.A668 

D 0.360, 
0 0.229 

6.50 6.75 
- l o g h 

7.00 

Fig. 1. Values of Z vs. —log h in the 0.10 mole fraction 
dioxane-water mixture. Solid lines show calculated 
curves of Z with the formation constants listed in 
Table 1. 
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Fig. 2. Values of Z vs. —log h in the 0.10 mole fraction 
methanol-water mixture. Solid lines show calculated 
curves of Z with the formation constant listed in 
Table 1. 

Typical results represented by Z plotted against —log 
h are graphically shown in Figs. 1 and 2 for the 0.1 mole 
fraction dioxane-water and methanol-water systems, 
respectively. According to the same procedure described 
in the previous paper,8) we obtained a set of horizontal 
lines of Zh vs. hrx and the intercepts which were depen­
dent on B in each solvent. Thus we concluded that 
homoligandic complexes, p=l, were formed and the 
equilibrium species were Cd 2OH 3+ and CdOH+. 

TABLE 1. FORMATION CONSTANTS (log *ßp,q) OF THE 

Cdç(OH)2,(2(Z-î')+ COMPLEX IN DIOXANE-WATER 

A N D METHANOL-WATER MIXTURES A T 2 5 ° C 

Solvent 
Dioxane-Water 

Gd9OH3+ CdOH+ 

Methanol-
Water 

Cd3OH3+ 

Aqueous 
0.05 mole 
fraction 
0.10 mole 
fraction 
0.15 mole 
fraction 
0.20 mole 
fraction 

- 9 . 1 3 ± 0 . 0 1 

- 9 . 2 3 ± 0 . 0 2 

- 1 0 . 3 ± 0 . 1 

- 9 . 9 ± 0 . 1 

- 9 . 1 3 ± 0 . 0 1 

- 9 . 0 7 ± 0 . 0 2 

- 9 . 2 8 ± 0 . 0 2 - 1 0 . 7 ± 0 . 1 - 9 . 0 8 ± 0 . 0 2 

- 9 . 3 7 ± 0 . 0 2 - 1 1 . 0 ± 0 . 1 — 

- 9 . 3 ± 0 . 2 _ J 0 . 7 ± 0 . 5 - 9 . 3 ± 0 . 2 

Table 1 lists the values of log *ßp.q determined by the 
least squares method18) with a help of an electronic 
computer H I T A C 8700 situated at the Tokyo Institute 
of Technology. T h e solid lines in Figs. 1 and 2 show 
calculated Z values with the constants which are 
inserted into Eq. 4. 

Z= {*ßltlbh-^ + *ßlt^h^)/B (4) 

In the methanol-water mixtures, the values of */?i,i 
were so small in all the solvents that the values were 
not evaluated with reasonable accuracies. 

The solvent effect of the organic solvents on the 
formation constants of cadmium(II ) hydroxo complexes 
is rather small as is expected from the results obtained 
previously of this series. 

T h e formation constant of the Cd 2OH 3+ complex 
monotonously decreases with the increase of the dioxane 
concentration. In the methanol-water mixtures */?i,2 

is slightly larger than that in aqueous solution, but the 
change in *ßi,2 is not systematic. T h e formation 
constant of the CdOH+ complex in the dioxane-water 
mixtures first increases with increasing concentration 
of dioxane up to 0.05 mole fraction and then decreases. 
T h e similar change in the formation constants, i.e., 
*ßp.Q increases with the dioxane concentration and then 
decreases after passing through a broad maximum at 
around 0.1 mole fraction dioxane, has been observed in 
,*/03.s of beryllium,10) *ßltl of copper,13) *ßiA of nickel,14) 
and */?4.4 and */?8,6 of lead hydroxo complexes.18) The 
values of */?i,i of the mononuclear CdOH+ complex 
changed in a different manner from that of */?i,i of 
Fe3+ observed by W a d a and his coworkers.19,20) 

Since the changes in *ßp,Q in a constant ionic medium 
with the solvent composition are caused by the changes 
of the ratios of activity coefficients of relevant ions in 
Eq. 1 and the concentration of water, the changes of 
the activity coefficients of the metal and hydrogen ions 
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were measured with varying solvent compositions by 
means of emf measurements of the cells, 

Cd(selective electrode) |test solution|Ref (5) 

and GE|test solution | Ref. (6) 

The potentials of the cells may be written as follows : for 
cell (5) 

£Cd = £c°d + 29.58 log b + 29.58 \ogyCd + Ei (7) 

and for cell (6) 

En = E° + 59.15 log h + 59.15 logyH + Ei (8) 

where JJ denotes the activity coefficient of a species in the 
solution. In an acid solution where no hydrolysis of 
cadmium ion occurs, B=b. At low and constant b and 
h, the potential changes of cells 5 and 6 with the solvent 
composition are proportional to the values of log 
-Ocd<mix>/j'cd<aq>} and log Ondnixj/j'HCaq)}, respectively, 
and the change of the liquid junct ion potentials is 
negligible in a high ionic medium.22) Thus, the changes 
of the activity coefficients of cadmium and hydrogen ions 
in a 3 mol d m - 3 L iC10 4 can be described with a good 
approximation as follows : 

l o g Ocd(mix) /^Cd(a q )> = A ^ C d / 2 9 . 5 8 , (9) 

and 
log O H ( m i x ) / j H ( a q ) > = A £ „ / 5 9 . 15, (10) 

where &Ecd and AEn represent the potential changes 
of cells (5) and (6), respectively, with the solvent 
composition. 

If the standard state of any reacting species is so 
chosen that the activity coefficient of the species 
approaches unity when the solution approaches 3 mol 
d m - 3 L iC10 4 aqueous solution, the activity coefficient 
of the reacting species y in the aqueous medium is regard­
ed as unity. Therefore, Eqs. 9 and 10 may be simplified 
as Eqs. 11 and 12, respectively. 

logj^c = A£Cd/29.58 (11) 
and 

logj„ = A£H/59.15 (12) 

T h e values of log yCd a n d log j / H thus evaluated in 
dioxane-water and methanol-water mixtures are plotted 
against the concentration of the organic solvents in 
Figs. 3 and 4, respectively. 

T h e formation constant of the C d ^ O H y 2 * - ^ * 
complex is given in terms of activities as follows : 

^.oo _ aCdq(.Oa)p'aH 
Pp-9 — nq -p 

"Cd "H,0 

_ [Cd q (OHV 2g-g>+ ] .^ 1 Jcdg(OH)P^g m . 
b« ' [ H 2 O F * jcVAlo * l ' 

*ß°p.q is the formation constant thermodynamically 
defined, which is independent of the solvent composition 
at a given temperature. T h e activity coefficient y is 
defined in terms of molarity and is independent of the 
concentration of the relevant species in a constant ionic 
medium, but is dependent on the solvent composition. 

yH2o is the activity coefficient of water in a mixed solvent 
expressed by the mole fraction scale of the solvent 
component. Since the value [Cd, (OH)^ <»*-*>+]A*/6«= 
*ßp.q is experimentally determinable for the complex 
C d J O H ) / 2 « - * ' * in a given solvent and *ß°p,q is the 
formation constant of the complex in the aqueous 

0.05 0.10 0.15 0.20 

Mole fraction of dioxane 

Fig. 3. Variations of log y for H+, Cd2+, and CdaOH3+ 
ions with the concentration of dioxane-water mixtures. 
The error bar shown for the Gd2OH3+ curve represents 
an estimated error in log ̂ Cd2OH from the uncertainty 
of the log */?1>2 value. 

0.05 0.10 0.15 0.20 

Mole fraction of methanol 

Fig. 4. Variations of log y for H+, Cd2+, and Gd2OH3+ 
ions with the concentration of methanol in methanol-
water mixtures. The error bar shown for the 
Cd3OH3+ curve represents an estimated error in log 
ĉdoOH from the uncertainty of the log *j5lt2 value. 

medium according to definition stated above, the 
difference between the formation constants obtained in 
a mixed solvent and in the aqueous solution may be 
given as follows: 

A log *ßp>q = log *ßM{wSx) - log *ft,,,(aq) 

= log[H 2 0]* + l o g O c y j £ } 

- log Ocd«(OH) p/fio}- (14) 

T h e first two terms of the right hand side of Eq. 14 can 
be determined experimentally and log OcdQ(oH)p//H,op} 
is thus determined. The values of log {ycdq(omPlfiitOp} 
are plotted for the Cd2OH3+ complex against the mole 
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fractions of dioxane and methanol at [ H 2 O ] = 0 . 9 5 , 
0.90, 0.85, and 0.80 in Figs. 3 and 4, respectively. If 
we can assume t h a t / H l o = l as a first approach over 
the range of the solvent composition examined here, 
the curves thus drawn may represent the variations of 
the activity coefficients of the Cd 2OH 3+ complex in the 
dioxane-water and methanol-water mixtures containing 
3 mol d m - 3 LiC10 4 at 25 °C. It seems reasonable that 
the activity coefficient of the Cd2OH3+ ion, as well as 
those of Cd2 + and H+ ions, was more sensitive to the 
solvent composition in the dioxane-water mixtures than 
that in the methanol-water mixtures, because it is 
expected that the dielectric constants of the former 
solvent may be lower than that of the latter at the same 
mole-fraction composition. The change in the activity 
coefficient of the Cd2OH3+ ion was much larger than 
those of Cd2 + and H+ ions in the both solvents as is 
expected from the larger charge of the complex ion. 

The authors wish to thank Dr. T . Kawai for his 
technical assistance during the work. T h e work is 
financially supported by the Ministry of Education and, 
in part, by the Ministry of International T rade and 
Industry. 
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Enhancement of the Pfeiffer Effect Arising from the 
Cation-Cation Interaction* 

Katsuhiko MIYOSHI, Yasushige KURODA, Hiroshi OKAZAKI, and Hayami YONEDA 

Department of Chemistry, Faculty of Science, Hiroshima University Higashi-senda-machi, Hiroshima 730 
(Received January 5, 1977) 

The influence of added sodium and potassium chloride, bromide, and sulfate was examined on the Pfeiffer 
effect of the [Co(phen)3]2+- and [Ni(phen)3]

2+-rf-cinchoH+ systems in water (phen= 1,10-phenanthroline, and 
fi?-cinchoH+=<&xfr0-cinchoninium ion). It was found that the added anions enhance the circular dichroism (CD) 
induced in the d-d transition region of [Co(phen)3]2+ and [Ni(phen)3]2+ ions, and that the CD-enhancing order 
is Br-^>Cl-^>S04

2-/2. These findings were well interpreted in terms of reduced electrostatic repulsion between 
[Co(phen)3]

2+ or [Ni(phen)3]2+ and rf-cinchoH+ by the added anions, and of the resulting enhanced enantiomeriza-
tion of these cationic complexes in favor of ^-isomers in the presence of d-cinchoH+. Logarithm of the magnitude 
of the induced CD was found to be a linear function of logarithm of the total anion concentration in all the systems 
examined. This fact gives a strong support to the above interpretation, and suggests a close resemblance of these 
Pfeiffer-active systems to aqueous cationic surfactant solutions. 

When a racemic mixture of a labile metal complex is 
added to a solution containing a certain chiral molecule 
called an environment compound, additional optical 
activity is sometimes developed. This phenomenon is 
known as the Pfeiffer effect,1) and several possible 
mechanisms have been proposed, e.g., configurational 
activity,2) differential association,lc»3) equilibrium shift 
(enantiomerization),4) hydrogen bonding,5) and hydro­
phobic bonding.10»6) T h e fact that partial resolution of 
some metal complexes is performed by exploiting this 
phenomenon,4 a '4 b '7) provides decisive evidence for the 
equilibrium shift mechanism by which metal complexes 
enantiomerize in favor of either d- or /-isomer, depending 
on the spacial demand of the chiral environment 
compound present. As a result, the Pfeiffer effect is 
successfully applied to assign the absolute configuration 
of metal complexes,5»7-9) in particular for those which 
are so labile that conventional resolution techniques 
fail to isolate them as antipodes.10»11) 

I t seems convenient to classify the Pfeiffer-active 
systems into three groups according to their charge type 
as far as tris-phen or tris-bpy complexes are concerned; 
i) systems of the same charge, e.g., [M(phen) 3 ] 2 + - / -
stryH+ and -<f-cinchoH+ in water, ii) systems of opposite 
charge, e.g., [M(phen)3]2+-rf-BCS~ in water, and iii) 
systems containing nonelectrolytes, e.g., [M(phen ) 3 ] 2 + -
/-malic acid and -ûf-tartaric acid in water, and [Ni-
(phen)3]2+ in /-2,3-butanediol4b> ( M ( I I ) = C o ( I I ) or Ni-
( I I ) , phen=l ,10-phenan thro l ine , bpy=2,2 ' -b ipyr id ine , 
/ - stryH+ = tew-strychninium ion, </-cinchoH+ = dextro -
cinchoninium ion, and ö?-BCS_=fife*fro-3-bromocamphor-
9-sulfonate ion). Among these groups, the first group is 
seemingly unusual in the sense that the Pfeiffer effect is 
well observed despite the inevitable electrostatic repul­
sion between cationic complexes and cationic environ­
ment compounds even at a low concentration in water. 
Thus, some mechanisms must operate which force these 
cations to attract each other against their mutual 
repulsion. In this paper, we present some experimental 
results suggesting a close resemblance of these Pfeiffer 

* Preliminary results of this work were reported in, H. 
Yoneda, K. Miyoshi, and S. Suzuki, Chem. Lett., 1974, 349; 
K. Miyoshi, K. Sakata, and H. Yoneda, ibid., 1974, 1087. 

systems to aqueous ionic surfactant solutions in which 
hydrophobic ions of the same charge associate to form 
aggregates called micelles. 

Exper imenta l 

Sample solutions containing both [Co(phen)3]Cl2 and d-
cinchoHCl were prepared by diluting respective stock solutions 
with water in volumetric flasks. To prevent the decomposition 
of the complex, a small amount of free phen was added.4b> To 
these solutions were added varying amounts of NaCl or KCl. 
Completely the same operation was employed to prepare the 
corresponding bromide and sulfate solutions, and NaBr or 
KBr, and Na2S04 or K 2S0 4 were added respectively in place 
of NaCl or KCl. Tetraalkylammonium bromides R4NBr 
(R=methyl to butyl) were also added to the bromide solution 
in place of NaBr or KBr. A similar procedure was applied 
to the [Ni(phen)3]

2+-</-cinchoH+ system, but the sample 
solutions thus prepared were allowed to stand for two weeks at 
room temperature to attain an enantiomerization equilib­
rium.411) Absorption (AB) and circular dichroism (CD) 
spectra were recorded on a Shimadzu UV-200 and a Jasco 
J-40CS spectrometer at ambient temperature, and optical 
rotations were measured with a Union-Giken PM-71 Polari­
meter in a 5 cm cell. All chemicals used were of reagent 
grade. 

Fig. 1. CD spectra induced in the [Ni (phen)3]S04 

(0.03 M)-</-cinchoHl/2SO4(0.03 M) systems containing 
various amounts of Na2S04 . 
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TABLE 1. INTENSITIES OF THE INDUCED CD 

Fig. 2. CD spectra induced in the [Co(phen)3]Cl2(0.015 
M)-rf-cinchoHCl (0.03 M) systems containing various 
amounts of NaCl. 

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

Figures 1 and 2 show the CD induced in the d-d 
transition region for the [Ni(phen) 3 ]S0 4 -^-c inchoHl / 
2 S 0 4 and the [Co(phen)3]Cl2-<f-cinchoHCl systems in 
water, where varying amounts of N a 2 S 0 4 and NaCl 
are added respectively. I t is seen that the CD spectrum 
for the former system is almost the same in shape as tha t 
of /m>-[Ni(phen)3]2+ ion,4b>12> and that its intensity is 
enhanced uniformly throughout the spectrum upon the 
addition of N a 2 S 0 4 . These facts mean that an enan-
tiomerization of [Ni(phen)3]2 + ion actually takes place 
in favor of its levo- or A -isomer13) in the presence of d-
cinchoH+ and is enhanced by added N a 2 S 0 4 , and tha t 
the same will be true for the [Co(phen)3]Cl2-ü?-cincho-
HC1 system. Similar results obtained in other systems 
are summarized in Table 1, which clearly indicates 
that the intensities of the induced CD are dependent 
on the kind of the added anions, but not of cations when 
they are compared at a fixed concentration of added 
salts. Therefore, it is concluded that the added anions 
are responsible for the enhancement of the Pfeiffer 
effect shown in Figs. 1 and 2 and Table 1. 

The influence of added inert counter-ions on the 
optical activity of metal complexes has been extensively 
studied14) and has been usually at tr ibuted to outer-
sphere association of the complexes with added counter-
ions. However, the anion effect shown in Figs. 1 and 2 
and Table 1 is not ascribed to usual ion association, 
because each component of the induced CD in [Ni-
(phen)3]2+ and [Co(phen)3]2 + ions is affected uniformly 
but not differently by the added anions.120 '14) Instead, 
it is attributed to reduced electrostatic repulsion between 
these cationic complexes and </-cinchoH+ by the added 
anions and to the resulting enhanced enantiomerization 
of [Ni(phen)3]2 + or [Co(phen) 3] 2 + ion in the presence of 
rf-cinchoH+. 

In order to confirm the above interpretation, an 

[Ni(phen)3]SO4(0.03M)-</-cinchoHl/2SO4(0.03M) 

Na2S04 

0.05N 
0.1 N 
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0.4 N 
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0.05N 
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0.2 N 
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0.8 N 
slope 
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[Co(phen)3]SO4(0.015M)-rf-cinchoHl/2SO4 (0.03M) 

Na2S04 
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Fig. 3. CD spectra of the [Ni (phen)3]S04 (0.03 M)-d-
cinchoHl/2S04 (0.03 M) systems containing various 
amounts of Na2S04 , measured after they are re-dis­
solved in acetone—water mixtures (1:1 volume ratio). 
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TABLE 2. DEGREE OF OPTICAL RESOLUTION 

[Ni(phen)3]SO4(0.03M)-rf-cmchoHl/2SO4(0.03M)a> 

0.2N Na2S04 2.2%(497nm) 2.0%(562nm) 

0.8N Na2S04 3.0%(497nm) 2.9%(562nm) 

[Co(phen)3]Cl2(0.015M)-rf-cmchoHCl(0.03M)b> 

0.2 N NaCl 1.1% (492 nm) 
0.4N NaCl 1.4%(492nm) 

a) A e 4 9 7 = - 4 . 5 7 x 10-2 and Ae 5 6 2 =-5 .12X 10-afor 
optically-pure J-[Ni(phen)3]2+ in an acetone-water 
mixture. Racemization of [Ni(phen)3]2+ in this mixed 
solvent is not taken into account. See, N. R. Davies 
and F. P. Dwyer, Trans. Faraday Soc, 50, 1325 (1954). 
b) A e 4 9 2 = - 1.29 for optically-pure zl-[Co(phen)3]

3+ 
in water. See, Ref. 18. Oxidation of [Co(phen)3]2+ 

with H 2 0 2 to [Co(phen)3]3+ is not necessarily quan­
titative. 

excess amount of N a C 1 0 4 was added to the [Ni(phen)3]-
S0 4 -</ -c inchoHl/2S0 4 system and resulting precipitates 
containing both [Ni(phen)3](C104)2 and <s?-cinchoHC104 

were re-dissolved in acetone-water mixtures (1 :1 volume 
ratio). In Fig. 3 are shown their CD spectra, which are 
completely the same in shape as that of J - [N i (phen ) 3 ] 2 + 

ion in an acetone-water mixture.120) Since the Pfeiffer 
effect is not exhibited in this mixed solvent, our inter­
pretation is verified, and the degree of optical resolution 
estimated is given in Table 2. However, a detailed 
examination of Fig. 1 reveals that the CD induced in 
the [Ni(phen)3]S04-ûf-cinchoHl/2S04 system is some­
what different in shape from that of Zl-[Ni(phen)3]2 + 

ion resolved by a usual method,120) in particular at a 
long wavelength region, e.g., the 3A2g-*-3T2g transition 
in an O h approximation. T h a t is, the E(3T2 g) com­
ponent is greater in magnitude than the A1(3T2 g) 
component in the Pfeiffer system,15) while the corre­
sponding E component of resolved [Ni(phen)3]2+ ion 
is not detected in water unless acetone or some polyoxy-
anions are added.12c> This difference is attr ibuted to 
marked association of [Ni(phen)3]2+ ion with d-
cinchoH+, because the Pfeiffer effect is not exhibited 
unless the complex comes into direct contact with chiral 
environment compounds.16) 
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Figure 4 shows the CD spectra of the [Co(phen)3]Cl2-
</-cinchoHCl systems containing varying amounts of 
NaCl after they are oxidized with H 2 0 2 in the presence 
of M n 0 2 . I t is seen that their CD spectra are the same 
in shape as that of resolved levo- or zJ-[Co(phen)3]3 + 

ion,12b'17»18) and that their intensity is increased as the 
amount of NaCl added to these systems is increased. 
Since [Co(phen)3]3+ ion does not exhibit the Pfeiffer 
effect with </-cinchoH+, it is confirmed that [Co-
(phen)3]2+ ion also enantiomerizes7) in favor of its A-
isomer in the presence of ûf-cinchoH+ like [Ni(phen)3]2 + 

ion does. By comparing the CD intensities, the degree 
of optical resolution is estimated as before for the 
[Co(phen)3]Cl2-fi?-cinchoHCl systems and is included in 
Table 2. 

I t is now well known that ionic surfactants associate 
to form aggregates called micelles at relatively low 
concentrations against their mutual electrostatic repul­
sion in water. In the process of micellization, two 
opposing factors19) are usually taken into account, i.e., 
electrostatic repulsion between surfactant ions of the 
same charge, and the hydrophobic interaction20) which 
is regarded as a main driving force for the aggregation of 
surfactants in water. If anions (or cations) are added to 
cationic (or anionic) surfactant solutions, the resulting 
reduced electrostatic repulsion leads to increased micelle 

H - 2 . 9 

H - 3 . 1 -2.9h 

l o g Q 

Fig. 5. Plots of log (Ae) at 497 and 560 nm vs. log Cs 

for the [Ni(phen)3]SO4(0.03 M)-rf-cinchoHl/2SO4(0.03 
M) system. 

Fig. 4. CD spectra of the [Co(phen)3]Cl2 (0.015 M)-d-
cinchoHCl (0.03 M) systems containing various 
amounts of NaCl after oxidation with H 20 2 . 

Fig. 6. Plots of log (Ae) at 450 nm vs. log Cs for the 
[Co(phen)3]S04 (0.015 M)-rf-cinchoHl/2S04 (0.03 M) 
system. 
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logC s 

Fig. 7. Plots of log(Ae) at 450 nm vs. log Cs for the 
[Co(phen)3]Cl2(0.015 M)-</-cinchoHCl(0.03 M) system. 

stability.21) Tha t is, the C M C (critical micelle concentra­
tion) is greatly lowered by added ions possessing charges 
opposite in sign to those of surfactant ions. According 
to the theory of micellization for ionic surfactants,21) 
the C M C is expressed as a function of the total equivalent 
counter-ion concentration C s by 

log (CMC) = — Ks log Cs + constant, 

where Kg is a measure of the degree of charge neutrali­
zation on the micelle surface. Since fl?-cinchoH+ is a 
bulky organic ion with its positive charge localized on 
its nitrogen atom like usual cationic surfactant molecules, 
and since tris-phen complexes are surrounded by bulky 
organic ligands, they are all regarded as hydrophobic. 
In fact, the hydrophobic nature of [Fe(phen) 3] 2 + ion22 '23) 
and some compounds24) like <f-cinchoH+ or /-stryH+ has 
been recently examined by some workers. Conse­
quently, it is fairly plausible for these hydrophobic cations 
to attract each other through the hydrophobic interac­
tion to form aggregates in water like cationic surfactants. 
Though the structure and the aggregation number of 
the aggregates are not known, highly aggregated species 
are improbable, judging from the molecular structures 
of [M(phen) 3 ] 2 + and ü?-cinchoH+. Then, by analogy 
with aqueous ionic surfactant solutions, log (Ae) is 
plotted against log Cs for both the [Co(phen) 3 ] 2 + - and 
[Ni(phen)3]2+-<£-cinchoH+ systems in Figs. 5—7. Good 
linear relationships are observed in these plots, derived 
slopes of which are listed in Table 1. I t should be noted 
here that these plots have an almost constant slope for a 
given system irrespective of the kind of added cations 
and of the wavelength chosen for the CD measurement, 
and that the slope is constant for sulfate systems whether 
the central metal ion is Co(II) or Ni ( I I ) . These findings 
are completely consistent with the above interpretation 
for the anion effect shown in Figs. 1 and 2 and Table 1. 
Furthermore, the increasing order of the degree of 
charge neutralization, i.e., the increasing order of the 
induced CD is B r - > C l - > S 0 4

2 - / 2 , 2 5 > which is in agree­
ment with the decreasing order of the C M C of usual 
cationic surfactants in water (Hofmeister or lyotropic 
series).26) This order is also consistent with the influence 
of the added anions on the chemical potential of cationic 
tris-phen complexes in aqueous solutions.27) T h a t is, 
hydrophobic cations like these complexes are more 

time (h) 

Fig. 8. Plots of the Pfeiffer rotation ocp vs. time (h) for 
the [Ni(phen)3]Gl2 (0.016 M)-</-cinchoHCl (0.016 M) 
systems containing various amounts of NaCl, measured 
at 436 nm in a 5 cm cell. 0.0 N NaCl; ap (0) = 
-0.122°, ap (oo) = -0.505°, 0.1 N NaCl; ap (0) = 
-0.138°, ap (oo) = -0.661°, 0.2 N NaCl; ap (0) = 
-0.135°, ap (oo) = -0.759°. 

1.5h 

l.o h 

0.5 h 

NaCl = 0.0 N 

NaCl= 0.1 N 

NaCl = 0.2 N 

Fig. 9. Plots of log[(ap(oo)-ap(0))/(ap(oo)-ap(0)] vs. 
time (h) for the [Ni(phen)3]Cl2(0.016M)-</-cinchoHCl 
(0.016M) systems containing various amounts of NaCl. 

stable when their counter-ions are structure-breaking 
anions like B r - than when they are structure-making 
anions like S0 4

2 - . 2 8 ) 
In order to elucidate the anion effect more clearly, 

we examined the influence of the added NaCl on the 
time-dependence41 '11) of the Pfeiffer rotation ap.1) 
Figure 8 shows the plots of ap vs. t ime after mixing 
[Ni(phen)3]Cl2 with ü?-cinchoHCl in water, where 
varying amounts of NaCl are added. I t is seen tha t ap 

increases exponentially with time,1»43) and is enhanced 
by the added NaCl. In Fig. 9 is plotted log[(oep(°o) — 
ap(°) ) / ( a p( 0 0 )— a p ( 0 ) l against time t, ap(0) and ap(f) 
being the Pfeiffer rotation immediately after mixing and 
at a time t after mixing, respectively, and ap(°°) the 
Pfeiffer rotation at enantiomerization equilibrium. I t is 
seen that the value of log[(ap(°o)— ap(0))/(ap(°o) — 
a p ( 0 ) l is almost constant at a given time after mixing 
whether NaCl is added or not. This suggests tha t added 
NaCl has no effect at all on the rate constant of the 
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enantiomerization of [Ni(phen)3]2+ in the presence of 
d?-cinchoH+, but increases the number of [Ni(phen)3]2+ 
ion interacting with fi?-cinchoH+, thereby enhancing the 
Pfeiffer effect. The same will be true for the sulfate 
system as well as for the [Co(phen)3]2+-ü?-cinchoH+ 
systems, though the enantiomerization is too rapid7) 
to be measured for the latter systems under our experi­
mental conditions. 

J L 

(mol/1) 

Fig. 10. Plots of the intensity of induced CD at 450 nm 
vs. molar concentration of added R4NBr (K=methyl to 
butyl) for the [Co(phen)3]Br2(0.0075M)-rf-cinchoHBr 
(0.03M) system. 

In Fig. 10 is plotted the intensity of the induced CD 
at 450 nm as a function of molar concentration of added 
tetraalkylammonium bromides R 4NBr (R== methyl to 
butyl) for the [Co(phen)3]Br2-</-cinchoHBr system. I t 
is seen that the intensity of the induced C D ceases to 
increase and finally decreases as the alkyl group of 
added R4N+ ion becomes bulky, in other words, as the 
R4N+ ion bears hydrophobic character.29) This may 
be interpreted to mean that, when the added R4N+ ion 
is hydrophobic, the hydrophobic bond is formed be­
tween R4N+23>30> and [Co(phen)3]2+ or </-cinchoH+, and 
that as a result, the hydrophobic bonding between the 
complex and ûf-cinchoH+ giving rise to the Pfeiffer 
effect, is thereby prohibited. Interestingly enough, 
Steigman et A/.31) have found the addition of hydrophobic 
R 4NBr to raise the C M C of a cationic surfactant, 
hexadecyltrimethylammonium bromide in aqueous solu­
tions despite the accompanying increase in the counter-
ion (Br~) concentration. They attr ibuted this anomalous 
cation effect to highly organized water-structure brought 
about by the added R4N+ ion. However, it is still 
difficult at this stage to decide which explanation is 
more probable.26d»32) 

Finally, Kirschner and Ahmad, l b> and K a n and 
Brewer33) have reported that J-isomer13 '34 '35) is enriched 
in both the [Co(ox) 3 ] 3 - - and [Cr(ox)3]3--</-cinchoH+ 
systems in water (ox=oxala te anion). O n the other 
hand, A -isomer is enriched in the present [Co(phen) 3 ] 2 + -
and [Ni(phen)3]2+-</-cinchoH+ systems, though the 
same environment compound as above is used. Conse­
quently, the Pfeiffer effect does not work as an absolute 
tool for the determination of the absolute configuration 
of labile metal complexes.9) 

In conclusion, [Co(phen)3]2+ or [Ni(phen)3]2 + ion 
comes into contact with </-cinchoH+ to enantiomerize in 
favor of its A -isomer, and added anions reduce the 

electrostatic repulsion between the cationic complexes 
and ö?-cinchoH+, thereby enhancing the enantiomeriza­
tion of these complexes. This situation is similar to that 
encountered in aqueous cationic surfactant solutions in 
which ions of the same charge associate to form 
aggregates against their mutual electrostatic repulsion 
and added anions facilitate their aggregation greatly. 
Therefore, so-called long-range interaction is not 
important to the chiral discrimination even in the 
Pfeiffer-active systems of the same charge, contrary 
to the speculation of Schipper. l d) 
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Reactions of Aminoalkanols with Some CopperjII) Complexes of the 
Mixed and Non-mixed BisfSchiff base) Ligands 

V. B. MOHANKUMAR, B. T . T H A K E R , Rakesh K. K O H L I , and P. K. BHATTAGHARYA 

Chemistry Department, Faculty of Science, M. S. Universiry of Baroda, Baroda 390-002, India 
(Received March 22, 1976; in revised form January 18, 1977) 

Reactions of aminoalkanols have been carried out with mixed and non-mixed bis(Schiff base) complexes of 
copper(II). In these reactions one of the ligands combines with the aminoalcohol forming a tridentate ligand, 
wheras another ligand is removed. From the resulting complexes the tendency to form the Schiff base is found 
to be in the order 2-hydroxybenzophenone«=2-hydroxy-l-naphthaldehyde>salicylaldehyde>2-hydroxyaceto-
phenone. The complexes formed have been characterized by analytical, spectral, and magnetic studies. 

Tr identate Schiff bases of amino acids with salicyl-
aldehyde, and other similar tr identate Schiff base 
ligands form 1 : 1 complexes with copper(II) , 1 - 6 ) 
the fourth site being occupied by a water molecule2>3K 
Aminoalkanols are also known to form tridentate Schiff 
base with aromatic aldehydes or ketones.7) I t has been 
shown by X-ray studies that the tridentate ligand 
occupies three positions around the metal ion.2) 
Ghakravorty and co-workers8) have recently observed 
that mixed-ligand complexes of copper(II) containing 
salicylaldehyde, and the Schiff base of iV,iV-diethyl-
ethylenediamine with salicylaldehyde react with acids 
to lose the salicylaldehyde part , and that a complex 
of tridentate Schiff base is formed with water at the 
forth position. These facts suggest that the tridentate 
Schiff bases have a great tendency to form stable copper-
(II) complexes. An a t tempt was, therefore, made to 
study the reactions of aminoalkanols with bis (bidentate 
Schiff base)complexes of copper(I I ) , and to confirm the 
formation of copper(II) complexes with tridentate Schiff 
bases through an amine-exchange reaction.9) T h e 
reactions were also carried out on the mixed Schiff 
base complexes of copper(II) reported by us earlier10-12) 
to compare the relative reactivity among the tridentate 
ligands. T h e structures of the resulting tridentate 
Schiff base complexes have been discussed, and the 
machanism of the formation of the 1 : 1 complex 
has been suggested. 

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

All the complexes used for the reactions with aminoalka­
nols were prepared according to the published proce­
dures.10-16) Aminoalkanols used were 2-aminoethanol(mea) 
and l-amino-2-propanol(ipa) of A. R. quality. 

Reactions with Bis(imine) Complexes of Copper{II). The 
following bis-complexes have been used: 
(a) Bis(salicylideneaminato)copper(II), 
(b) bis(2-hydroxy-l-naphthylmethyleneaminato)copper(II), 
(c) bis [ 1 - (o-hydroxyphenyl) ethyleneaminato] copper (I I), 
(d) bis[a-(o-hydroxyphenyl) benzylideneaminato] copper (II). 

The complexes (a), (b), (c), or (d) (1 g) was taken in sus­
pension in ethanol (30 ml), and to this was added mea (2 ml) 
or ipa (2 ml), and the mixture was refluxed for 3 h. The 
reaction mixture was stirred well, and water was added when 
a solid separated out. It was filtered, washed and dried. 

Reactions with the Mixed Schiff Base Complexes of Copper (II). 
The reactions were carried out with the following mixed 

complexes : 

(a') (Salicylideneaminato) (2 -hydroxy- 1-naphthylmethylene-
aminato) copper ( 11 ), 

(b') (salicylideneaminato) [ 1 - (o-hydroxyphenyl) ethylidene-
aminato]copper(II), 

(c') (salicylideneaminato) [a- (o-hydroxyphenyl) benzylidene­
aminato] copper (II), 

(d') (2-hydroxy-1 -naphthylmethyleneaminato) [a- (o-hydro­
xyphenyl) benzylideneaminato] copper (II). 
An ethanolic (30 ml) suspension of the complex (a'), (b'), 

(c'), or (d') (1 g) was refluxed for 3 h with 2-aminoethanol 
(2 ml) or l-amino-2-propanol (2 ml). The reaction mixture 
was stirred well and water was added to obtain the compound. 
The complex was filtered, washed, and dried. 

The complexes have been analysed for metal, N, G, and H 
(in some cases). The results have been tabulated in Table 
1. Conductivity measurements were carried out in chloro­
form using a Toshniwal conductivity bridge Type GLOI/OIA. 
The magnetic susceptibilities of the complexes were deter­
mined at room temperature by the Gouy method using 
Hg[Go(NGS)4] as the calibrant. Infrared spectra of the 
complexes were recorded on a Perkin Elmer 427 infrared 
grating spectrophotometer in the form of KBr pellets. The 
electronic spectra of the complexes in chloroform solutions 
were taken on a Beckman DU-2 spectrophotometer at room 
temperature using 1 cm quartz cells in the range of 400— 
1000 nm. The reflectance spectra in the LiF medium have 
been obtained for some of the complexes. 

The molar conductances of all the copper(II) complexes 
in chloroform show them to be non-electrolytes. The mag­
netic and spectral data have been presented in Table 1. 
The important IR bands of some of the complexes are listed 
in Table 2. 

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

T h e reactions of 2-aminoethanol with the complexes 
(a), (b), (c), and (d) gave the products (A), (B), (G), 
and (D), respectively. Similar reactions take place 
with 1-amino-2-propanol and, the products obtained 
are (E), (F), (G), and (H). T h e reaction schemes 
proposed are as follows: 

R' 
I 

O HN=G 
/ \ / \ / \ / \ 
| O I Cu | O I + H2N-CH-CH2-OH > 

\y\ / \ /\y i 
G=NH O R " 

I 
R 
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T A B L E 1. ANALYTICAL DATA 
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Sample Complex 
Meta l % C and H % N % 

"^ /-
Calcd Found Calcd Found Calcd Found 

"max 
(nm) 

Men 
(B.M) 

( A ) [JV- (Hy droxyethy 1) salicy lidene-
a m i n a t o ] C u ( I I ) H 2 0 

( B ) [JV-(2-Hydroxyethyl)-2-hydroxy-

1 -naphthylmethyleneaminato] C u ( 11 ) H 2 O 

( C ) [JV- (2-Hydroxyethyl) -1 - (o-hydroxy-
phenyl)ethylideneaminato] Cu ( I I) H 2 0 

( D ) [JV- (2-Hydroxyethyl) -a- (o-hydroxy-
phenyl ) benzylideneaminato] Cu ( 11 ) H 2 O 

( E ) [JV-(2-Hydroxy-1-methylethyl) sali-
cy l ideneamina to]Cu(I I )H 2 Ö 

( F ) [JV- (2-Hydroxy-1 -methylethyl)-
2-hydroxy-1 -naphthylmethylene-
a m i n a t o ] C u ( H ) H 2 0 

( G ) [JV- (2-Hydroxy-1 -methylethyl) -
1 - (o-hydroxyphenyl) -ethylidene-
a m i n a t o ] C u ( I I ) H 2 0 

( H ) [JV- (2-Hydroxy-1 -methylethyl) -
a-(hydroxyphenyl) benzylidene­
aminato] C u ( I I ) H 2 0 

( A ' ) [JV- (2-Hydroxyethyl) -2-hydroxy-
1 -naphthylmethyleneaminato] Cu ( 11) H 2 0 

(B ' ) [JV- (2-Hydroxyethyl) salicylidene-
a m i n a t o ] C u ( I I ) H 2 0 

(C ' ) [ JV- (2-Hydroxyethyl) -a- (o-hydroxy­
phenyl) benzy l ideneamina to ]Cu( I I )H 2 0 

(D') [JV-(2-hydroxy-1 -methylethyl) -
2-hydroxy-1 -naphthylmethylene­
aminato] Cu (II) H 2 0 

(E ' ) [JV- (2-hydroxy-1 -methylethyl) sali­
cy lideneaminato] Cu ( 11 ) H 2 O 

39.25 
4.49 

— 

41.77 
5.02 

56.16 
4.68 

— 

_ 

39.15 
4.25 

— 

41.52 
4.92 

55.82 
4.48 

— 

_ 

5.72 

4.75 

5.41 

4.37 

5.41 

4.38 

5.85 

4.85 

5.54 

4.40 

5.81 

4.52 

610 

630 

600 

620 

610 

620 

1.50 

1.72 

2.01 

1.97 

1.44 

1.75 

25.98 25.58 

21.57 21.25 

24.54 24.62 

19.82 19.69 

24.58 24.21 

19.88 19.50 

23.22 23.00 — — 5.11 

18.99 18.75 

21.57 21.32 — — 

25.98 25.70 

19.82 19.58 

19.88 19.60 — 

24.58 24.56 — — 

5.24 610 1.95 

4.18 

4.75 

5.72 

4.37 

4.38 

5.39 

3.85 

5.41 

5.30 

4.50 

4.80 

5.50 

620 

620 

600 

620 

620 

610 

1.90 

1.78 

1.52 

1.96 

1.74 

1.50 

TABLE 2. IR SPECTRAL DATA 

Complex C=N stretch 
(cm-1) 

O - H stretch 
(cm-1) 

O- H deformation 
mode (cm - 1 ) 

( A ) [JV-(2-Hydroxyethyl)sal icylideneaminato]Cu(II)H20 

( B ) [JV-(2-Hydroxyethyl)-2-hydroxy-1 -naphthyl­
methyleneaminato] Cu ( 11) H 2 O 

( C ) [JV- (2-Hydroxyethyl) -1 - (o-hydroxyphenyl) -
e thy l ideneamina to ]Cu( I I )H 2 0 

( D ) [JV- (2-Hydroxyethyl) -a- (o-hydroxyphenyl) -
benzylideneaminato] Cu ( 11 ) H 2 O 

( E ) [JV-( 2-Hydroxy-1-methylethyl) salicylidene-
a m i n a t o ] C u ( I I ) H 2 0 

( F ) [JV- (2-Hydroxy-1 -methylethyl)-2-hydroxy-
1 -naphthylmethyleneaminato] Cu( I I ) H 2 Ô 

( G ) [JV-(2-Hydroxy-1-methylethyl)-1-(o-hydroxyphenyl)-
ethylideneaminato] Cu ( 11) H 2 O 

( H ) [JV- (2-Hydroxy-1 -methylethyl) -a- (o-hydroxyphenyl) -
benzylideneaminato] Cu( I I ) H 2 0 

1600 

1600 

1600 

1600 

1600 

1590 

1600 

1590 

3350 

3400 

3300 

3400 

3400 

3400 

3400 

3400 

900 
880 

890 

900 

910 

880 

900 

880 

O O H 2 O H 

/ \ / \ / / \ / 
I O I G u ^ + I O 1 + NH3 

\ / \ / ^ \ V\ 
C = N - C H - C H ^ O C = N H R R " 

R = R ' = H , CH 3 , or C 6 H 5 

R " = H or C H , 

R ' 

T h u s i t is o b s e r v e d t h a t t h e a m i n o a l k a n o l s r e p l a c e 

a m m o n i a f rom of t h e Schiff b a s e m o l e c u l e , a n d t h e 

r e s u l t i n g t r i d e n t a t e Schiff b a s e o c c u p i e s t h r e e pos i t ions 

a r o u n d t h e m e t a l ion , t h e o t h e r Schiff b a s e m o l e c u l e 

b e i n g r e m o v e d . T h e fou r th pos i t ion m a y b e o c c u p i e d 

b y a w a t e r m o l e c u l e . 

T h e r e a c t i o n c a n b e e x p l a i n e d b y a n a l o g y w i t h t h e 

Schiff b a s e c o p p e r ( I I ) c o m p l e x of JV,iV-diethylethylene-
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diamine.8) I t can be considered that the O H of the 
aminoalkanol liberates on coordination the H+ ion 
which attacks the phenolic-O of the other Schiff base 
molecule reforming O H , and that a Schiff base molecule 
is detached. 

T h e reactions of 2-aminoethanol with the mixed 
complexes (a ' ) , (b ' ) , and (c') gave the products (A') , 
(B'), and (C') , respectively, salicylideneamine or 
l-(o-hydroxyphenyl)ethylideneamine being removed. 
Similar reactions take place with l-amino-2-propanol. 
Reactions of l-amino-2-propanol with (c') gave no 
definite compound. T h e reactions can be shown by the 
same scheme as above where R is H and R ' is GH3 . 

Thus it is observed that for the mixed ligand 
complexes also aminoalkanol replaces ammonia from 
one of the ligands forming a tridentate Schiff base and 
another ligand molecule is removed. 

T h e above reaction is a confirmation of the fact that 
the mixed Schiff base complex (CuLL') is really a 
mixed ligand complex. If it were a mixture of the two 
bis-compounds, GuL 2 and GuL2 ' , a mixture of complexes 
of tridentate Schiff base from both the ligands (L and L') 
would have been obtained. In the cases of reactions 
of mea and ipa on mixed Schiff base complexes, it is 
also interesting to observe which ligand forms the 
tridentate Schiff base, and which one is displaced. 
For the copper(II) complexes (b ') , salicylaldehyde is 
retained, and l-(o-hydroxyphenyl)ethylideneamine 
is removed. This shows that salicylaldehyde has a 
stronger tendency to form the Schiff base. For the 
complex (c'), 2-hydroxybenzophenone is retained, 
and salicylideneamine is removed. I t is indicated that 
2-hydroxybenzophenone has a stronger tendency to 
form the Schiff base than salicylaldehyde. Thus the 
order found is as follows: 

2-hydroxybenzophenone > salicylaldehyde > 

2- hydroxy acetophenone. 

Similarly with complex (a ' ) , 2-hydroxy-1-naphth-
aldehyde is retained, salicylideneamine being removed. 
For the complex (d ') , no definite compound was 
obtained on reaction with 2-aminoethanol. T h e com­
position of the compound obtained is very close to 
the complex in which both 2-hydroxy-1 -naphthaldehyde 
and 2-hydroxybenzophenone form Schiff bases and 
remain with copper (I I ) . This shows that 2-hydroxy -
1-naphthaldehyde and hydroxybenzophenone have 
similar tendencies to form a Schiff base. Thus the 
order of forming Schiff base is 2-hydroxybenzophenone 
« 2-hydroxy-1 -naphtha ldehyde> salicylaldehyde > 
2-hydroxyacetophenone 

This is expected from theoretical considerations also. 
Schiff base formation or amine exchange is due to the 
nucleophilic attack of an amine on the positively 
charged carbonyl carbon atom.17) Attachment of a 
methyl group with the + 1 effect lowers the positive 
charge on the carbon atom, reducing the nucleophilic 
attack. Thus 2-hydroxyacetophenone is less susceptible 
to Schiff base formation. T h e at tachment of a phenyl 
group with the —I effect to C = 0 group increases the 
possibility of the nucleophilic attack of 2-hydroxy­
benzophenone. Similarly the naphthalene ring in 
2-hydroxy-1-naphthaldehyde makes the carbonyl 

carbon atom more positive. 
Above reactions with mixed and non-mixed Schiff 

base complexes show that copper(II) prefers to form 
a 1 : 1 complex with the tridentate Schiff base. 
All the copper (I I) complexes formed are paramagnetic, 
corresponding to the nearly spin-only value of one 
unpaired electron. This shows that a water molecule 
is in the coordination sphere, and it is a monomeric 
complex. In some copper(II) complexes the magnetic 
moment is slightly lower than the spin-only value of 
one unpaired electron. This may be due to the fact 
that the complexes are anhydrous and dimeric, leading 
to the Gu-Cu interaction and the lowering of para­
magnetism.18) The electronic spectra of all the copper 
(II) complexes are similar and show a peak at «=620 nm 
expected for the C u ( N ) ( 0 ) 3 type complexes19). This 
broad band is a combination of three bands corres­
ponding to 

2Blg > 2Alg, 2B lg > 2B2g and 
2B lg > 2Eg transitions.20) 

T h e I R spectra of copper(II) complexes exhibit a 
broad band at 3400 c m - 1 showing the presence of water. 
Since there is a band at 900 c m - 1 corresponding to 
the O - H out-of-plane deformation mode, this suggests 
the coordinated water molecule21). T h e absence of the 
N - H stretching frequency at about 3300 c m - 1 is also 
in keeping with the structure of the complexes. 

Authors ' thanks are due to Prof. S. M . Sethna, former 
Head , Depar tment of Chemistry, for providing all the 
laboratory facilities. Two of the authors (V.B.M) and 
(R.K.K) are also grateful to M. S. University, Baroda, 
and U.G.G. New-Delhi for providing fellowships. 
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Lead(II) Butanedioate-Pentanedioate Mixed Complexes 
S. C. BAGHEL, K. K. CHOUDHARY, and J. N. GAUR 

Department of Chemistry, University of Rajasthan, Jaipur 302004, India 
(Received June 21, 1976) 

Butanedioate and pentanedioate form 1 : 3 highest complexes separately with lead(II) in aqueous medium, 
three mixed complexes of these two ligands with the metal ion expected in solution being observed. The formation 
constants of mixed complexes have been evaluated on the basis of Polarographie measurements by the method of 
Schaap and McMasters. The formation constants of the mixed complexes [Pb(X)(Y)]2-, [Pb(X)(Y)2]4-, and 
[Pb(X)2(Y)]4" are 3.57, 4.22, and 4.49 respectively in their logarithmic form at 303 K, where X2~ and Y2~ stand for 
butanedioate and pentanedioate ion, respectively. The statistically calculated values of logarithm of formation 
constants are 3.43, 4.43, and 4.49 in the above order. The small differences in the observed and calculated values 
may be due to electrostatic, steric etc. factors. The relative probability of the existence of these mixed complexes 
and also simple complexes has been explained. 

When two or more complexing species are added 
to a solution containing a metal ion, it has been observed 
that metal ion forms complex with all the ligand 
molecules simultaneously. The complexes so formed 
in the solution are called mixed complexes. Such 
species have been found as components in natural waters 
and biological fluids. 

Many workers have reported the existence of mixed 
complexes.1-4) Polarographic measurements have also 
shown the formation of mixed complexes in solution.5-8) 

Discussion of the Schaap and McMasters method 
has been given in detail in our previous publication.5) 

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

All the chemicals used were of reagent grade purity. The 
sodium salts of butanedioic and pentanedioic acids were used 
as complexing species at pH 6.8±0.1. The capillary of DME 
had the following characteristics, m=2.14 mg s - 1 and t=4.65 s, 
where m is the mass of mercury in milligram falling from 
capillary per second and t is the drop life in seconds. Ionic 
base strength was kept constant at 2.0 mol dm - 3 using KNO s as 
electrolyte. At 5x 10-4 mol dm - 3 metal ion concentration 
no maximum suppressor was required. Potentials were meas­
ured with reference to SGE. All solutions were prepared in 
twice distilled water. The temperature was maintained con­
stant at 303±0.1 K using a U3 Ger. Nr. 8954 type thermostat. 

R e s u l t s 

Polarographic Behavior. Simple Systems: In each 
case a single well denned reversible and diffusion 
controlled reduction wave was obtained. Reversi­
bility and the diffusion controlled nature of reduction 
were revealed from the slope (31 ± 1 ) m V of the Eie vs. 
log(il(id—i)) plots and the i vs. A1/2 straight line plots, 
respectively, where Eäe is applied potential, i& is diffusion 
current, i is current at any potential and h, is effective 
height of mercury head of D M E . The method of 
DeFord and Hume1 0) was used to calculate the overall 
formation constants (/?'s) of complexes formed by buta­
nedioate and pentanedioate ions individually with 
lead(II ) . The results are as follows: 

Equilibria with Butanedioate: 
[Pb(H20)6]2+ + X 2 - ^ [Pb(H20)4X]; ß10 (230) 
[Pb(H2O)0]2+ + 2X 2 - - [Pb(H20)2(X)2]2-; ß20 (3250) 
[Pb(H20)6]2+ + 3X2- - [Pb(X)3]*-; ßM (11700) 

Equilibria with Pentanedioate: 
[Pb(H20)6]2+ + Y2 - - [Pb(HaO)4Y]; ß01 (200) 

[Pb(H20)6]2+ + 2Y2~ ^± [Pb(H20)2(Y)2]2-; ß02 (2950) 
[Pb(HaO)6]2+ + 3Y2- - [Pb(Y)3]4-; ß03 (7850) 

where the numerals in parentheses are the overall 
formation constant at 303 K. 

Mixed Systems: The lead(II) butanedioate-pen-
tanedioate mixed complexes were found to reduce 
reversibly at D M E with the involvement of two elec­
trons. The ions reaching the electrode were solely due 
to diffusion. T h e above conclusions were drawn from 
the slopes of the log plots (30—32) m V and the con­
stancy of the ratio of diffusion current and square root 
of the effective height of mercury column. 

In the first set of observations the fixed concentration 
of pentanedioate ion was 0.075 mol d m - 3 in all the 
solutions. The varying quantities of butanedioate were 
added to the solutions. A cathodic shift in the half 
wave potential was observed as a function of butane­
dioate concentration. The shift was greater in the 
presence of pentanedioate than the one obtained for 
the simple lead (II) butanedioate system. This indi­
cates the mixed ligand complex formation of butane­
dioate and pentanedioate with lead (II) . In the second 
set of observations the pentanedioate ion concentration 
was fixed at 0.2 mol d m - 3 . 

The Schaap and McMasters functions F i 0 given in 
the theory were computed. The graphical extra­
polation of the plots of F i 0 vs. Cx gave the values of A, 
B, C, and D; A, B, C, and D are constants and are the 
intercepts of the plots of F0 0 , F1 0 , F20, and F30 vs. Cx 
on the F i 0 axis, respectively. Cx is the butanedioate 
concentration which is varied. The functions F i 0 and 
the constants A, B, C, and D have been defined in our 
previous publication.5) The values of A, B, C, and D 
for the two fixed concentrations of pentanedioate are 
recorded below: 

[Pentanedioate] Temperature 303 K 
in mol d m - - J— ~ ^ 

0.075 35 600 5550 12200 
0.20 200 1850 9400 14100 

The values of ßn and ß12 were calculated using 
values of B at two fixed concentrations of pentane­
dioate by means of the equation 

* = Ä o + Ä i [ Y ] + £12[Y]2, 
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TABLE 1. POLAROGRAPHIC MEASUREMENTS AND Fi0 FUNCTION 

VALUES OF L E A D ( I I ) BUTANEDIOATE-PENTANEDIOATE 

SYSTEM AT 3 0 3 Ka> 

Cxb> 

0.025 
0.05 
0.10 
0.15 

0.20 
0.30 
0.40 

- £ l / 2 C ) 

(V vs. 
SGE) 

0.4215 
0.4265 
0.4355 
0.4425 
0.4490 
0.4585 
0.4665 

/dd> 
(Divs.) 

51.0 
50.5 
50.0 
48.0 
47.5 
45.5 
44.0 

-̂ 00 

53.70 
80.23 

161.60 
288.00 
479.30 
1037.00 
1983.00 

*"io 

748.0 
904.6 

1266.0 
1686.6 
2221.5 
3340.0 
4870.0 

^20 

5920 

6092 
6660 
7244 
8107 
9133 
10675 

F30 

14800 
10840 
11100 
11293 
12787 
11944 
12812 

m = 2.1.4mgs-1, / = 4.6s, and ^ = 2.0 moldnr~3. 
ju is ionic strength of the electrolyte solution, 

a) Concentration of Pentanedioate = 0.075 mol dm - 3 

(fixed). b) Cx=Butanedioate concentration in mol 
dm - 3 . c) —Zî /2 of simple metal ion = 0.3695 volts, 
d) iâ of simple metal ion = 51 Divisions. 

TABLE 2. POLAROGRAPHIC MEASUREMENTS AND Fi0 EUNCTION 

VALUES OF L E A D ( I I ) BUTANEDIOATE-PENTANEDIOATE 

SYSTEM AT 3 0 3 Ka> 

<V» 
- £ l / 2 C ) 

(V vs. 
SCE) 

fd*> 
(Divs.] 

0.025 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.40 

0.4400 
0.4420 
0.4495 
0.4545 
0.4590 
0.4635 
0.4670 
0.4735 

50.0 
49.5 
48.0 
47.0 
47.0 
46.5 
46.0 
45.0 

228.3 
268.7 
494.0 
739.1 
1044.0 
1189.0 
1970.0 
3318.0 

1132 
1374 
2940 
3594 
4220 
5156 

5900 
7795 

9280 
9480 
10900 
11626 
11850 
13224 
13500 

14862 

— 
— 

15000 
14840 
12250 
15296 
13666 

13656 

a) Concentration of Pentanedioate = 0.20 mol dm - 3 

(fixed), b), c), d)See footnotes b), c), d) of Table 1. 

from which we get ßu and ß12 to be 3.57 and 4.22, 
respectively, in their logarithmic form. The /?'s are 
overall formation constants of the corresponding simple 
and mixed complexes. 

The two values of C gave two values of log ß21, both 
of which are 4.49. The relation between ß21 and C is 
given by 

C = ßM+ß».m-
The Polarographie measurements and the values of 

F i 0 functions values are given in Tables 1 and 2 at 
pentanedioate concentrations 0.075 and 0.20 mol d m - 3 , 
respectively. 

D i s c u s s i o n 

The structures of butanedioate and pentanedioate 
are as follows: 

As is evident from their structures the butanedioate 
complexes are more stable than the pentanedioate 

O 

CH2— C— O-

CH a—C—O-
II 
o 

Butanedioate 

O 
II 

CH a —C—O-

CH2 

CH 2 —C—O-

O 

Pentanedioate 

complexes (see results of the simple complexes). The 
highest complex formed with lead(II) is 1 : 3 with 
each ligand which shows the formation of three mixed 
complexes, viz. [Pb(X)(Y)]*- , [Pb(X) 2 (Y)] 4 - , and 
[Pb(X)(Y) 2 ] 4 - , where X 2 " and Y2~ stand for butane­
dioate and pentanedioate ion, respectively. The 
schematic representation of all the complexes (simple 
as well as mixed) present in the system and the equlib-
ria between them are : 

4.068 

1 
r r p b ] 2 + ,1™L+ [Pb(X)] _L15?_>[Pb(X)J 

3|£ Ti67 \ !„• 
4.487 

[Pb(Y)]. 

- IS 

[Pb(Y)J' 

1.266 
[Pb(X)(Y)]s-

0.920 

4.218 

0.748 

3 

i - 2 Ä [ P b ( X ) J « -

• [Pb(X)2(Y)]*-

L 
[Pb(X)(Y)J*- 0.269 

0.419 

0.323 
[Pb(Y)3]4-

The numerical values in the scheme above are log K 
values for the step indicated where K is the equilibrium 
constant for that step. 

Statistical calculations9) suggest that 

fin = 2- 3. &0V
3. /?n3V

3, 

A» = 3. fij/*. A*2'3, 

and ß21 = 3. &o2/3- Ao31/3-

The statistically calculated values of log ßtl, log ß12 and 
log ß21 are 3.43, 4.43, and 4.49, respectively. The 
observed and calculated values of log ß21 agree well, 
while those of log /5 n and log ß12 slightly differ. The 
deviations in the values of ßtl and ß12 may be due to 
steric or electrostatic factors and also to different ap­
proaches for getting these values. From the theory it 
is seen that log D equals log ß30 as was observed in our 
results. 

we can compare the tendency of various unsaturated 
complex species to add another ligand with that of 
saturated complex species to substitute another ligand. 
The complexes [Pb(X)] and [Pb(Y)] have a tendency 
to add Y2~ and X 2 - , respectively. The equilibrium 
constants in the logarithmic form for these addition 
reactions are 1.205 and 1.266, respectively. These 
values show greater probability of the formation of the 
mixed complex [Pb(X) (Y) ] 2 - from [Pb(Y)] than from 
[Pb(X)] and hence a slightly greater complexing ten­
dency of X 2 - than of Y 2 - . The tendency of [Pb(X)] 
to add X 2 - and Y 2 _ shows that there is a greater 
probability of a mixed ligand complex formation than a 
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simple complex formation. The same is also concluded 
from the relative tendency of [Pb(Y)] to add X 2 - and 
Y2~. T h e equilibrium constants for all the above 
addition reactions are nearly equal, showing a nearly 
equal complexing tendency of the two ligands, as seen 
from their nearly equal size. 

T h e tendency of [ P b ( X ) 2 ] 2 - to add X 2 - and Y2~ 
favor the formation of mixed complexes. Similarly 
X 2 - is more easily added to [Pb(Y2)]2~ than Y2~. I t is 
also seen that [Pb (X) 3 ] 4 _ has a tendency to substitute 
Y 2 - and [Pb(Y)3]4~ to substitute X 2 - . These substitu­
tion reactions prove that formation of mixed complexes 
is favored. 

T h e unsaturated mixed complex [Pb (X) (Y) ] 2 _ has 
a greater tendency to add X 2 - than Y 2 - , which shows 
that the approach of Y2~ to [Pb (X) (Y) ] 2 - is hindered 
to a greater extent. T h e saturated mixed complex 
[Pb(X) (Y) 2 ] 4 - can substitute X 2 - but not Y 2 - . T h e 
saturated mixed complex [Pb(X) 2 (Y) ] 4 _ can substitute 
neither X 2 - nor Y 2 - . 
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Metal Complexes of Sulfur-Nitrogen Chelating Agents. IV. Complexes 
of Ni(II), Pd(II), Pt(II), and Rh(III) with Methyl Ester of 

2-Amino-l-cyclopentene-l-carbodithioic Acid 
D. S. JOARDAR, S. K. M O N D A L , and K. N A G * 

Department of Inorganic Chemistry, Indian Association for the Cultivation of Science, Calcutta 700032, India 
(Received August 23, 1976) 

The methyl ester of 2-amino-l-cyclopentene-l-carbodithioic acid (HE) acts both as an unidentate and a 
bidentate ligand. With Ni(II) and Pd(II) the deprotonated chelates of the ME2 type are obtained readily, the 
corresponding Pt(II) complex being obtained on the addition of an equivalent amount of alkali. In these com­
pounds, bond formation takes place from the nitrogen and the sulfur atoms and there is strong derealization in 
the chelate ring. Unidentate bonding behavior of the ligand is observed in the complexes Pt(HE)2Gl2 and Rh-
(HE)3G13, where the bonding takes place through the nitrogen atom only. 

Coordination compounds with ligands showing link­
age isomerism are a topic of interest. We have 
shown1-4) that in the complexes of 2-amino-l-cyclopen­
tene-1-carbodithioic acid (ACDA) and its JV-ethyl de­
rivative the metal-ligand bonding takes place either 
from the amino nitrogen and the deprotonated thiol 
sulfur or from the dithiocarboxylic moiety depending 
on the type of a metal ion. The methyl ester of ACDA 

SCH 3 

which contains the skeletal unit H 2 N - C H = C H - C = S is 
also capable of forming linkage isomers with metal ions. 
There are several possibilities for the ligand to bind a 
metal ion, e. g. (i) through N H 2 and C=S, (ii) through 
N H 2 and the deprotonated thiol sulfur or through the 
deprotonated amino nitrogen and C=S, (iii) through 
N H 2 only, (iv) through C=S only, and (v) interaction 
of SCH 3 in combination with the other donor atoms. 

We wish to report here the preparat ion and char­
acterization of Ni ( I I ) , Pd ( I I ) , P t ( I I ) , a n d R h ( I I I ) com­
plexes with the methyl ester of 2-amino-l-cyclopentene-
1-carbodithioic acid (hereafter abbreviated as H E ) . 

Exper imenta l 

The ligand was prepared by the method of Bordas et a/.5) 
and recrystallized from (1 :1 ) ethanol-water mixture (mp 75 
°C, lit,5) 77—79 °G). Satisfactory results in the elemental 
analysis of the compound were obtained (Table 1). Other 
chemicals used were of reagent grade. 

Preparation of the Complexes. NiE2: To an ethanolic 
solution of the ligand (4 mmol) was slowly added an ethanolic 
solution of hydrated nickel chloride (2 mmol) with stirring. 
The complex began to separate almost immediately, but to 
ensure the completion of reaction the mixture was stirred for 
30 min. The olive green crystals were collected by filtration, 
washed with ethanol, and recrystallized from chloroform; 
yield 90%. 

PdE2: On slow addition of an ethanolic solution of the 
ligand (4 mmol) to an ethanolic solution of sodium tetrachlo-
ropalladate(II) (2 mmol), a brownish yellow compound was 
formed. This was filtered and washed first with ethanol and 
then with water till the filtrate showed negative test for 
chloride ion. The compound was recrystallized from chloro­
form; yield 80%. 

Pt(HE)2Cl2: A mixture of potassium tetrachloroplatinite 
(II) (2 mmol) and HE (4 mmol) in acetone was stirred for 
2 h. The brownish red product was filtered, washed with 

* Responsible coauthor. 

ethanol and warm water, and finally recrystallized from 
chloroform; yield 70%. 

PtE2-H20: To a solution of potassium tetrachloroplatinite 
(2 mmol) in acetone was added dropwise a mixture of 4 mmol 
of the ligand and 5 mmol of sodium hydroxide in ethanol. 
The brick red product was filtered and washed successively 
with petroleum ether, 1 : 1 aqueous ethanol, and warm water. 
The compound was recrystallized from chloroform; yield 70%. 

Rh(HE)3Cl3-2H20: A mixture of hydrated rhodium chlo­
ride (2 mmol) and the ligand (6.5 mmol) in acetone was 
stirred for 4 h. A brown compound precipitated slowly was 
collected on a glass frit, and washed with acetone and water. 
The compound was dried over fused calcium chloride but 
could not be recrystallized due to the lack of solvent; yield 
50%. _ 

Physical Measurements. Infrared spectra were recorded 
in nujol mulls on a Perkin-Elmer 457 spectrophotometer in 
the frequency range 4000—250 cm - 1 . The NMR spectrum 
of the ligand in carbon tetrachloride was recorded on a 
Varian T 60 spectrometer using TMS as a reference. 
Electronic spectral measurements were made on a Hilger 
UV-spek spectrophotometer. Conductivity measurements 
were carried out using a Philips PR 9500 conductivity bridge. 
Magnetic measurements were performed on a Guoy balance. 
Thermal analysis was carried out in a Derivatograph (MOM). 
Molecular weight determination was made with a Mechrolab 
vapor phase osmometer. 

Analyses. G and H were determined by micro com­
bustion analysis, nitrogen by semimicro combustion analysis, 
and sulfur and metal ions as described earlier.1) 

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

T h e analytical data (Table 1) indicate that with H E 
two types of compounds are obtained, viz. (a) type 
ME 2 (Ni , Pd, Pt) in which the ligand is in the depro­
tonated form, and (b) type M ( H E ) m X „ ( P t , Rh) in 
which the ligand is in the uncharged form. With Ni-
(II) and Pd ( I I ) , compounds of the type M(HE) 2 C1 2 

could not be prepared; NiE 2 is formed even in slightly 
acidic solution ( p H = 2 ) . Of the compounds, NiE2 is 
soluble in chloroform, acetone, and D M F ; PdE 2 in 
chloroform, nitrobenzene, and D M S O , P t E 2 - H a O in 
chloroform and D M F , Pt (HE) 2 Cl 2 in acetone, chloro­
form, and nitrobenzene, and R h ( H E ) 3 C l 3 - 2 H 2 O i n D M F . 
T h e diamagnetic nature of the compounds under in­
vestigation indicates the square planar configuration of 
Ni ( I I ) , Pd ( I I ) , and Pt(I I ) complexes and the octahedral 
configuration of the R h ( I I I ) complex. Both Pt (HE) 2 -
Cl2 and Rh(HE) 3 Cl 3 act as non-electrolytes (in nitro-
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TABLE 1. ANALYTICAL DATA 

[Vol. 50, No. 6 

Compound 
% C % H %G1 %M %N %S Decom­

poses at 
°G Calcd Found Calcd Found Calcd Found Calcd Found Galcd Found Galcd Found 

C7HuNS a 75 
C14H20N2S4Ni 250 
C14H20N2S4Pd 240 
G14H22ON2S4Pt 220 
C14H22N2S4Cl2Pt 200 
C21H3702N3S6Cl3Rh 250 

48.56 48.48 6.36 6.28 8.09 8.20 37.00 36.81 
14.58 14.61 
23.62 23.54 

30.16 30.32 
27.45 27.60 
32.97 33.12 

3.95 
3.59 
4.32 

4.05 
3.65 
4.45 

11.58 11.40 
13.67 13.51 

7.01 
6.22 
5.02 
4.57 
5.50 

6.94 
6.30 
5.10 
4.61 
5.43 

31.71 31.65 
28.42 28.31 

TABLE 2. SOME STRUCTURALLY IMPORTANT INFRARED BANDS IN THE DEPROTONATED CHELATES OF HE 

HE NiE, PdE9 PtE , -H ,0 Assignments 

3240 (b,w) 
1595(s) 
1410(w) 
1305(w) 
1260(w,b) 

1155(w,b) 
970(m) 

905 (m) 

610(m) 
— 

— 

3260 (m) 
1580(s) 
1420(m) 
1305 (w) 
1290(w)~ 
1255 (m) 
1225 (w)_ 
1130(w) 
980 (m)" 
965 (m) 
910(s)~ 
860 (w)_ 
630 (w) 
490 (w) 

380 (m) 

3255 (w) 
1585(s) 
1420 (m) 
I310(w) 
1290(w)" 
1245(b) . 

1140(w) 
975(w)" 
960 (w) 
9 0 0 ( s ) " 
840 (w) . 
630 (w) 
520 (m) " 
490 ( w ) . 
350 (m) 

3280 (b,w 
1585(m) 
1410(w) 
1310(w) 
1290(w)1 
1245(w) 
1215(w)_ 
1130(w) 
980 (w) 

915(s)~ 
860 (w)_ 
630 (w) 
500 (w) 

355 (w) 

) v(N-H) 
ôÇN-H)+v(C^C) 
v(a==G)+v(G=~ N) 
*(S-CH,) 
v(G--^N)+v(C-^S) 

V(C^ S)+^(G—N) 
GH2 rocking 

assym(CSSCH3) 

sym(CSSCH3) or v(G-S) 
v(M-N) 

v(M-S) 

benzene) which indicate the unidentate behavior of the 
ligand in these compounds. 

In order to confirm the coordination sites involved 
in bond formation, the structure of the ligand itself 
requires prior consideration. T h e P M R spectrum of 
the ligand has the following characteristics: 4-CH 2 

(<3 1.78 p p m ; quintet) , SCH 3 (Ô 2.50 p p m ; singlet), 
3,5-GH2 (Ô 2.33—2.93; multiplet), N H (<5 5.66 p p m ; 
broad, slowly exchanged with D 2 0 ) . T h e above as­
signments are compatible with structures I and I I , 
excluding other structures which could be envisaged. 
The hydrogen bonded structures are also supported by 
the I R spectra of the ligand (in the solid state and in 
chloroform) which show the presence of a weak broad 
band due to v (N-H) at 3240 cm"1 , and the absence of 
a band due to v(S-H) . I t appears that both the tauto­
meric forms coexist in solution. 

In the M E 2 type chelates bond formation may take 
place as in I I I or IV. If the bond type is I I I , bands 
due to C=C and G=S stretching should be expected in 
the I R spectra. In the bond type I V both v(C=G) and 
v(C=N) vibrations will be observed but no band due 
to v(C=S). For substituted cyclopentenes v(C=C) is 
observed in the range 1670—1620 cm- 1 , and for non-
conjugated systems v(G=N) is usually observed in the 
range 1690—1640 c m - 1 . For a series of esters of carbo-
dithioic acid Bellamy and Rogasch6) reported v(C=S) 
in the range 1200—1170 cm- 1 . Thus , a band around 
1650 c m - 1 is expected in both I I I and IV. How­
ever, if a delocalized chelate ring (V) results from 

the conjugation of 1,3-double bonds present in I I I and 
IV, bond orders of C=C, G=N, and G=S will decrease 
to a great extent. As a result, the stretching vibrations 
will be observed at lower frequencies. This was actually 
the case as shown in Table 2. I t can be seen that the 
v(N-H) band of the ligand at 3240 c m - 1 remains almost 
in the same position as in the chelates. The lowering 
of v(N-H) frequency in the ligand is shown to be due 
to hydrogen bonding and in the chelates the lowering of 
this band to a similar extent is also justified with the 
bond type (V). Two new bands appearing at 500 c m - 1 

and in the 380—350 cm" 1 range are assigned to v(M-N) 
and v(M-S) respectively. In Table 2 assignments, based 
on observations made in several other related sys­
tems,1-4 '6 - 9) have been made to several other vibrations 
which are structurally important . 

Bond formation may take place either as V I or V I I 
in Pt(HE) 2Gl 2 and in Rh(HE) 3 Cl 3 where the uniden­
tate nature of the ligand has been indicated. If bond 
formation takes place through the thione sulfur atom, 
v (N-H) should be expected to occur in the 3500—3300 
c m - 1 range (the usual range for primary amines), 
whereas bond formation through the amino nitrogen 
atom would result in its displacement to lower fre­
quency. In the Pt ( I I ) complex two weak bands appear 
at 3220 and 3150 cm"1 , and in the R h ( I I I ) complex 
these two bands are observed at 3240 and 3140 cm- 1 . 
T h e presence of two bands and their shift to lower 
frequency indicates bond formation through the nitro­
gen atom. T h e band due to (N-H) deformation ap-



June, 1977] Metal Complexes of Sulfur-Nitogen Chelating Agents. IV 1491 

pears as a shoulder in the Pt ( I I ) complex and as a 
band of medium intensity in the R h (I I I ) complex at 
1580 cm - 1 . In these two compounds a new band ob­
served at 1630 c m - 1 is absent in the ligand as well 
as in the deprotonated chelates. O n the basis of the 
preceding arguments we assign this band due to v(C= 
C). Moreover, a band due to v(C=S) as required in 
V I is observed in the expected range, viz. at 1200 c m - 1 

in the Pt(I I ) complex and at 1215 cm" 1 in the R h ( I I I ) 
complex. Although v(M-N) appears in both com­
pounds at 500 c m - 1 , v(M-Cl) which is usually observed 
at 350—300 c m - 1 probably gets merged with the ligand 
band at 320 c m - 1 . Except for these bands no other 
significant variation in the spectral features of these 
compounds from the deprotonated chelates could be 
observed. 

H x / H x 

N S 

S—CH, 

H V , H X 

N S 

/ \ / C s 
S—CH, 

I 

H x / M x 

N S 

1 1 S—CH3 

II 

HX/MN 

N S 
II 1 

1 1 : S—CH, 

III IV 

1'. ' 

v 
M—NH„ 

S—CH3 

NH9 

A -s 
C C 

^S—CH, ' \S—CH, 

VI VII 

The electronic spectra of the compounds proved to 
be less useful in confirming the bond types because of 
the presence of high intensity ligand bands in the U V 
region. In methanol, the ligand shows the presence of 
two bands at 25840 and 32050 c m - 1 with the extinc­
tions (log e) 4.38 and 4.10, respectively (in chloroform 
these bands are shifted slightly to lower energy). T h e 
spectra of the complexes were measured in chloroform 
solution except for the R h ( I I I ) compound for which a 
dimethylformamide solution was used. In the nickel 
complex the lowest energy band at 15870 c m - 1 (log £ = 
1.98) is the v1 band (1A lg->1A2g) of the square planar 
complexes. T h e next higher energy band observed at 
22730 cm- 1 (log e—3.72) appears to be the v2 band 
(1A l g-^1B l g) , but the high extinction indicates that it 
is mixed with the ligand band in this region. A third 
band at 33560 c m - 1 (log £=4.68) arises due to internal 
ligand transition. I t is interesting to note that in 
complexes containing the chromophore [NiS4], the v1 

band is observed in the range 14500—16000 cm - 1 ,1 0) 

whereas for[NiN2S2] chromophore, it is usually observed 
at 18000 cm-1 .11 '12) The energy of the vx band in our 
complex (15870 cm - 1 ) on this basis would indicate 
disulfur chelated species. However, molceular weight 
determination in chloroform established the monomeric 
nature of the complex and the infrared data showed 
that chelation takes place from the nitrogen and the 
sulfur atoms. There are increasing evidences13'14) to 
show that in [NiN2S2] chromophores having strong 
delocalization in the chelate ring the energy range for 
the vx band is 15500—16500 cm- 1 . 

No band due to d-d transition could be noted in 
the Pd ( I I ) , P t ( I I ) , and R h ( I I I ) complexes. This is 
not unexpected since the energy range at which such 
transitions occur is masked by the ligand band. The 
Pd( I I ) complex shows two bands at 24510 c m - 1 (log 
e=3 .93) and 32680 c m - 1 (log £=4.38) due to the ligand, 
however a band at 41150 c m - 1 (log e=4 .55) appears to 
be due to charge transfer transition. Similar is the case 
with P t E 2 H 2 0 whose bands are located at 26320 c m - 1 

(log e=3 .87 ) , 31250 cm" 1 (log £=4.25) and 41150 c m - 1 

(log £=4 .24) . Pt (HE) 2 Cl 2 shows only two bands at 
30770 c m - 1 (log £=4.33) and 41490 c m - 1 (log £=4.34) . 
In the R h ( I I I ) complex also only the ligand bands at 
25840 c m - 1 (log £=4.28) and 36360 c m - 1 (log £=4.59) 
are observed. 

Thanks are due to Dr. T. Seshadri, Institut für 
anorganische Chemie, Technische Hochschule, Karl­
sruhe for some of the infrared spectra and to Prof. 
G. B. Singh of Beneras Hindu University, India for 
molecular weight measurement. One of us (DSJ) is 
indebted to CSIR, India, for awarding a PDF. 
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Photocatalytic reductions of Mn04~, Cr 2 0 7
2 - , and Fe3+ on illuminated rutile were demonstrated. The suita­

bility of a method to analyze the reduction process of the photocatalytic reaction was discussed. It was concluded 
that a high utilization of light energy could not be expected for photocatalytic reactions because both bands of the 
semiconductor participated in the reaction. In such a case, the development of the photocatalytic process into 
a photoelectrochemical cell has a great advantage from the point of view of energy utilization. 

Recently, electrochemical reactions on semiconductor 
electrodes have been investigated extensively.1-3) The 
"Photo-sensitized electrolytic react ion" on an illuminated 
semiconductor electrode is one of the most interesting 
features of semiconductor electrochemistry.4) Fujishima 
and Honda reported a photo-electrochemical cell with 
a decomposition of water,5 '6) and the cells of this type 
have been investigated intensively.7-9) O n the other 
hand, photocatalytic reactions on illuminated semi­
conductor catalysts seem to be another feature of the 
"photo-sensitized electrolytic reaction."10 '11) Some 
attempts have been made to analyze a photocatalytic 
reaction on an illuminated semiconductor catalyst by 
electrochemical methods.11) 

I t has been reported that electrochemical measure­
ments based on the local cell process are useful for 
analyses of the reaction rates and mechanisms of the 
reduction of Methylene Blue12) and quinones13) dissolved 
in methanol on illuminated rutile catalysts. The local 
cells of these reactions were found to be composed of 
the "photo-sensitized electrolytic oxidation" and the 
cathode process of a reaction which obeys usual thermo­
dynamics.10) 

When the local cell is established on an illuminated 
semiconductor catalyst, a photo-electrochemical cell can 
be constructed in which the cell reaction is composed 
of the two individual reactions. This idea was successfuly 
demonstrated in a previous paper.10) 

I t is well known that water is oxidized to oxygen on 
an illuminated rutile anode in the following way: 4 - 7 ) 

2H 2 0 + 4p+ 0 2 + 4H+ , :i) 

where p+ denotes a positive hole in the valence band of 
rutile. If one chooses an oxidizing agent whose redox-
potential is more noble than the potential at which the 
oxidation of water commences on an illuminated rutile 
electrode, then one can easily construct a photo-
electrochemical cell by using a rutile anode and a Pt 
cathode. T h e performance of the cell will be different 
depending on the redox-potentials of the oxidizing 
agents chosen so long as the anode process is not heavily 
disturbed by the existence of the oxidizing agent, which 
may cause a partial cathodic current. 

If the Pt cathode is taken out from the cell, and the 
rutile electrode is illuminated at the open-circuit 
condition, then a local cell must be established on the 
illuminated rutile surface with the same reaction as that 
in the photo-electrochemical cell. T h e reaction in this 

case may be termed a photocatalytic reaction, as in 
the cases of the reduction of Methylene Blue12) and 
quinones13) on illuminated rutile in methanol solutions. 
I t is quite natural to expect, however, that the reaction 
behavior will be different between the photo-electro­
chemical cell and the photocatalytic process. 

The purpose of this paper is to present the difference 
in the behavior between the two kind of reactions by 
using several kinds of oxidizing agents. 

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

A commercial single crystal of rutile (1 X 1 X0.2 cm) was 
used as the electrode material. It was reduced in an argon 
atmosphere at 800 °G for 2 h. Before being mounted in a 
glass tube with epoxy resin, the rutile was etched in a coned 
H 2S0 4 solution containing the same weight of (NH4)2S04 at 
240 °C for 0.5 h. The (100) face was chosen as the electrode 
surface. Its carrier concentration (ND), as estimated from 
Mott-Shottky plots in the dark, was about 1019/cm3. Before 
measurements, the rutile electrode was dipped in a coned 
H N 0 3 solution for 2 min, washed with de-ionized water for 
about 0.5 h, and then dried by hot air. A Pt electrode (1 X 
1 cm) as the cathode of a photo-electrochemical cell and rutile 
powder as the catalyst were prepared in a manner described 
previously.13) 

The solution used in this study was 0.5 mol dm - 3 H2S04 

containing an oxidizing agent. The oixdizing agents chosen 
were KMn0 4 , K2Cr207 , and Fe2(S04)3. The water used as 
the solvent was distilled twice, and the H 2S0 4 solution was 
pre-electrolyzed for 48 h. All the chemicals were of a guaran­
teed reagent grade. Nitrogen gas was bubbled into the 
solution during all the electrochemical and chemical experi­
ments. 

A 500 W ultra-high pressure Hg arc lamp (Ushio Electric, 
Inc.; model UI-501) was used as the light source. The light 
of wavelengths shorter than 350 nm was cut off by setting a 
convex glass lens in front of the quartz window of the measure­
ment cell. In the case of the experiment using the K M n 0 4 

solution, a CoS04-solution filter was set in front of the cell to 
prevent the photo-excitation of Mn04~.14> 

Polarization curves were obtained in a steady-state condi­
tion by means of a potentiostat (Hokuto Denko Co. ; model 
ps-500B). The potentials were measured against the SCE. 
The concentration of chemical species in the solution was 
determined by means of absorptiometry. A Hitachi 124 
spectrophotometer was used for this purpose. 

The other details such as the purification of the gas, the 
construction of the measurement cell, and the procedure for 
the chemical analysis, have been described before.13) 
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0 0.4 0.8 1.2 

E (V vs. SCE) 

Fig. 1. Polarization curves of the illuminated rutile and 
the Pt electrodes in 0.5 mol dm~3 H 2S0 4 solution with 
and without 5 x 10~4 mol dm - 3 of the oxidizing agent. 
(O) Anodic curve at rutile without the oxidizing agent, 
and cathodic curves at Pt with (A) KMn0 4 , ( • ) 
K2Cr207, and (V) Fe2(S04)3. 

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

Photo-electrochemical Cells. Figure 1 shows the 
polarization curves of the photo-electrochemical cells of 

rutile|0.5moldnr3 H2S04 |Ox, 0.5 mol dm""3 H2S04 |Pt, 

where Ox denotes the oxidizing agent. This figure 
suggests that if the cell of 

rutile|Ox, 0.5 mol dm"8 H2S04 |Pt 

works ideally, the cell reaction is composed of the 
oxidation of water and the reduction of the oxidizing 
agent. The term "ideally" means that the partial 
cathodic reduction of Ox and the oxidation of the 
product formed at the Pt cathode are negligible a t the 
rutile electrode. The establishment of this ideal condi­
tion was confirmed, at least in the cases of the reduction 
of M n 0 4 ~ to M n 0 2 and of C r 2 0 7

2 _ to Cr3+, by analyzing 
the concentration of the oxidizing agent in the cell as a 
function of the quantity of electricity drawn under short-

- 4 . 4 

0 2 4 6 

Time (h) 

Fig. 2. Change of the concentration of oxidizing agents 
in 0.5 mol dm - 3 H 2S0 4 with the reaction time on the 
illuminated rutile powder catalyst. The solutions 
containing (T) Fe3+, ( • ) l/2Cr207

2-, and (A) Mn0 4 " , 
respectively. 

circuited conditions. 
Chemical Analysis of Photocatalytic Reactions. When 

a rutile powder catalyst was suspended in a 0.5 mol 
d m - 3 H 2 S 0 4 solution (50 cm3) containing an oxidizing 
agent, the concentration of the oxidizing agent was 
decreased by illumination. The results are shown in 
Fig. 2. 

The solutions retained their original absorbance when 
they were illuminated without the rutile catalyst for 
20 h. By the reaction, the solution containing K M n 0 4 

produced a brown precipitate and the purple solution 
turned light yellow. The other solutions became 
transparent, and no deposit was detected on the catalyst. 
Accordingly, the cathode processes of the photocatalytic 
reactions are the reductions of M n 0 4 ~ , C r 2 0 7

2 _ , and 
Fe3+ to M n 0 2 , Cr3+, and Fe2+ respectively. O n the 
other hand, the anodic process is the oxidation of 
water.4 - 7) These results suggest that illuminated rutile 
worked effectively as a catalyst, causing the same 
reaction as in the photo-electrochemical cell. 

The reaction in Fig. 2 seems to be first-order with 
respect to the oxidizing agent chosen, since linear 
relations were established between the logarithm of the 
concentration of the oxidizing agent and the reaction 
time. The rate constant calculated from the slopes of 
the lines are summarized in Table 1. 

T A B L E 1. R E A C T I O N R A T E S D E T E R M I N E D B Y E L E C T R O ­

C H E M I C A L ANALYSIS AND REACTION RATE CONSTANTS 

DETERMINED BY CHEMICAL ANALYSIS 

Solution K2Cr207 K M n 0 4 Fe2(S04) 

Electrochemical 
analysis (fxA) 
Chemical analysis 
(X 10-*, 1/8) 

0.26 

1.1 

0.73 

1.5 

2.2 

6.0 

i 4 

- 0 i 0.4 0.8 - 0 . 4 0 

E (V vs. SCE) 

Fig. 3. Polarization curves of the rutile electrode in 0.5 
mol dm - 3 H 2S0 4 solution with and without 5 x l 0 - 4 

mol dm - 3 KMn0 4 . (a) : Anodic curve without K M n 0 4 

under illumination, (b) : anodic curve with K M n 0 4 in 
the dark, (c) : cathodic curve with K M n 0 4 in the dark, 
(d) : cathodic curve without K M n 0 4 in the dark. 

Electrochemical Analysis of Photocatalytic Reactions. 
Figure 3 shows the polarization curves of the rutile 

electrode in 0.5 mol d m - 3 H 2 S 0 4 solutions with and 
without 5 X 10 - 4 mol d m - 3 K M n 0 4 . T h e anodic curve 
(a), obtained under illumination in a solution without 
K M n 0 4 , is the same as the curve at the rutile anode in 
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Fig. 1, and indicates the anodic oxidation of water by 
positive holes.4-7) This curve was little affected by the 
presence of K M n 0 4 in the solution. O n the other hand, 
it can be noticed, from a comparison of the two cathodic 
curves (c) and (d), that the cathodic current was 
distinctly increased by addition of K M n 0 4 to the solu­
tion. This increase in the cathodic current may be 
ascribed to the participation of the reduction of K M n 0 4 

to M n O a . T h e magnitude of the current in the presence 
of the oxidizing agent was by far larger than that in 
the absence of it. This means that the polarization curve 
of the oxidizing agent was eventually the same as curve 
(c). T h e stagnation of the cathodic current in curve (c) 
under a relatively high cathodic polarization is at tr ib­
utable to the deposition of M n 0 2 onto the rutile surface. 
T h e cathodic process is based on the conduction-band 
electrons, since the cathodic current increased exponen­
tially with an increase in the cathodic polarization.1-3) 

Similar results were obtained for the solutions with 
the other oxidizing agents. T h e reduction curves of 
these oxidizing agents are summarized in Fig. 4, together 
with the oxidation curve of water. 

-0 .6 0.2 0.4 -0.4 -0 .2 0 

E (V vs. SCE) 

Fig. 4. Polarization curves of the rutile electrode in 0.5 
mol dm - 3 H 2S0 4 solution with and without the oxidiz­
ing agent. (O) Anodic curve without the oxidizing 
agent under illumination. Cathodic curves with 5 x 
10-* mol dm-3 (A) KMn0 4 , and 2.5 X 10~4 mol dm-3 

(T) Fe2(SOd)3 and ( • ) K2Cr207 in the dark. 

When the cathodic polarization curves obtained in 
the dark are not changed by the illumination, the rate 
of the catalytic reaction on illuminated rutile can be 
estimated as the current value at the intersection point 
of the anodic and the cathodic curves in Fig. 4 ; this 
procedure is widely adopted in the estimation of the 
corrosion rates of metals.15) The illumination has a 
negligible influence on the cathodic polarization curves 
when the electron concentration at the rutile surface 
is almost unchanged by the illumination. Therefore, 
it is necessary to discuss whether or not such a condition 
is fulfilled in the present study. 

The electron concentration at equilibrium in the rutile 
electrode at room temperature (w0) was about 1019/cm3, 
as stated in the experimental section. T h e concentration 

of excited electrons by the illumination («*) is given as a 
function of the distance x from the illuminated surface 
by16) 

dn*(x)Jdt = a / ' exp ( — ax) — di/dx — n*(x)/r, 

i = -Ddn*(x)ldx (2) 

where a, . / ' , r , and D denote the absorption coefficient 
of rutile, the numbers of incident photons per cm2 per 
second on the crystal, the lifetime of the carrier in rutile, 
and the diffusion constant of the carrier in rutile respec­
tively. In a steady state, Eq. 2 becomes 

a / ' exp ( -a*) + Dd2n*(x)/dx2 - H*(*)/T = 0 (3) 

since dn*(x)ldt=0.16) By applying the conditions that 
»*(#) becomes 0 when x is infinitely large, and that 
carriers which diffuse to the surface can escape from the 
crystal to cause the current to flow, that is, f = 
—D{dn* (x) /dx}x_0=n* (x—>0), Eq. 3 gives the following 
equation : 

n* (*) = a/'r{exp ( - ax)}/ ( 1 - Dm2) 

+ Kexp{-xj(Dr)V2} 

K = a / V / 2 ( D a - l)/{(Da2T- l)(Z>V2_Ti/2)} (4) 

a is judged to be 103/cm for the light of 400 nm,17»18) 
which gives the maximum photo-response at the rutile 
electrode.19»20) r has been reported to be 5 X 10~6 s and 
almost independent of the applied electric field and 
temperature.21) If a value of 1 cm2 /V s is chosen as the 
electron mobility,22»23) then we can obtain 3 X 10 - 2 cm2/s 
for D from the well-known Einstein relation.24) 

The quan tum yield of the "photo-sensitized electro­
lytic oxidation" of water is dependent on the wavelength 
and ND, and is around 0 .3±0-2 in an rutile anode having 
1019 carriers/cm3 at 2 V vs. SCE for the light of 400 nm.19) 
If it is assumed that the numbers of holes reached at the 
electrode surface per second are a 0.1 fraction of that 
of the incident photons, we can get a rough measure of 

f from a knowledge of the saturated photo-current. 
We use here the smallest value of the quantum yield, 
0.1, because we have to estimate the upper limit of«* . 
In the present study, the saturated hole current at 2 V 
vs. SCE in a 0.5 mol d m - 3 H 2 S 0 4 solution was 875 
[iA/cm2. Accordingly, y was estimated to be less than 
101 7/cm2s. 

In order to get information on the concentration of 
photo-generated electrons at the surface, Eq. 4 was 
simplified with the condition of x-M) : 

n*(x->0) = oLfrlil-Dr*2) + K. (4') 

By substituting the just-estimated values into Eq. 4', 
n*(x-+0) was determined to be smaller than 1015/cm3. 

Now it is possible to get information on the relative 
measure of the numbers of photo-generated electrons 
at the surface of rutile to those of electrons at equilibrium 
in the dark. T h e electron concentration at the surface 
of the electrode ns in the dark is given by Eq. 5:25) 

ns = n0cxp{-c(E-E{b)/kT} (5) 

where E and Etb are the electrode potential and the 
flat-band potential of rutile respectively. The Eih of 
rutile in a 0.5 mol d m - 3 H 2 S 0 4 solution was reported 
to be —0.1 V vs. SCE.26) A similar argument can also 
be applied to n*(x-+0) when the effect of the band 
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bending is taken into consideration for «*(#—>0). 
Anyway, comparing the value of ns with that of 
h*(x—>0), n*(x—>0) is too small to give a distinct change 
in the numbers of electrons a t the rutile surface. 

I t may also be valuable to discuss the effect of the 
photovoltage on cathodic polarization curves obtained 
in the dark. A depletion layer is formed when an «-type 
semiconductor electrode such as rutile is placed in 
contact with a solution containing a chemical species 
which has a more noble redox-potential than Eih. By 
illumination, the degree of the band bending is reduced, 
and this effect causes the so-called photovoltage.27) 
According to Genscher, the electron-energy level in the 
semiconductor is changed by illumination by the 
magnitude of the photovoltage, and the change is 
equal to e(E*—ET) eV, where E* and EF denote the 
Fermi levels of the semiconductor under illumination 
and in the dark respectively. By the illumination, the 
electrode potential is shifted toward a cathodic direction 
by the magnitude of the change in the band bending. 
If the illuminated electrode is polarized anodically by 
\Ef—EF\f,.thc electrode potential is brought back to 
the same value as before illumination, and simultaneous­
ly the band bending also returns to the same situation as 
before illumination. I t is concluded from this discussion 
that the same band situation is realized at rutile elec­
trodes both with and without illumination if the 
electrodes are polarized at the same potential. 

I t is, therefore, believed that the reduction curves 
obtained in the dark in Fig. 4 represent the behavior 
of the reduction of the oxidizing agents on the illuminat­
ed rutile catalyst. 

I t is, then, possible to determine the rates of the 
photocatalytic reactions as the current values of the 
intersection points in Fig. 4.12>13) In the cases of M n 0 4

-

and C r 2 0 7
2 - , three and six Faradays are needed to 

produce 1 mol of M n 0 2 and 2 mol of Cr3 + respectively. 
One-third of the current values at the intersection points 
in Fig. 4 thus correspond to the reaction rates for these 
systems. The reaction rates estimated from the electro­
chemical measurements are summarized in Table 1, 
together with the reaction rate constants determined 
by the chemical analysis described above. 

The rutile powder catalyst used in the chemical 
analysis had an unidentified ND and various crystal 
planes exposed to the solution. O n the other hand, the 
electrochemical analysis was performed on the single 
crystal which had a fixed ND and crystal plane. Never­
theless, the results in Table 1 show that the reaction 
rates determined by the two kinds of methods had a 
similar tendency in their relative magnitudes. The 
important influence of ND on the rate of the photo-
electrochemical reaction was theoretically predicted27) 
and was also experimentally found on the photo-
electrolytic decomposition of water at rutile anodes and 
GaP cathodes.19) However, the ambiguity of AD does 
not cause any serious problem in the qualitative com­
parison of the reaction rates determined by the two 
kinds of methods, because the dimensions ofthe reaction 
rates are completely different between the two kinds 
of methods, and the same powder catalyst was used in 
the series of the experiments, by which the effect of ND 

was fixed in various systems of the photocatalytic 
reactions. 

T h e value of the reaction rates on the illuminated 
rutile catalyst is determined by the feasibility of electron 
exchange between the semiconductor and the species 
in the solution, as has been discussed in a previous 
paper in the case of quinones dissolved in methanol.13) 
The feasibility is determined by the positions of the 
energy levels of the band edges of semiconductor relative 
to the electron-energy levels of the chemical species, 
which are distributed with a specified rearrangement 
energy.2 '3) Accordingly, the difference in the reaction 
rates of the oxidizing agents in Table 1 seems to be due 
to this factor. No detailed discussion of the difference 
in the reactivity could be done, however, since we have 
no data on the rearrangement energy of M n 0 4 ~ and 
C r 2 0 7

2 _ , which are reduced by three-step processes. 
Difference in the Behavior of the Cathodic Polarization 

Curves between Photo-electrochemical Cells and Photocatalytic 
Reactions. I t can be noticed by comparing Figs. 1 
and 4 that the main difference lies in the cathodic 
polarization behavior of the oxidizing agents. 

The cathodic curves on the rutile electrode given in 
Fig. 4 commenced at almost the same potential of 0.1 V 
vs. SGE. This means that the overpotential was different 
depending on the kind of oxidizing agent. In the case 
of a semiconductor electrode, an externally applied 
potential causes a change in the band bending in the 
semiconductor.1-3) When the semiconductor electrode 
is polarized at potentials anodic to Efh, the bands bend 
up toward the surface.1-3) Consequently, the cathodic 
current should be controlled by this energy barrier, and 
it shoud eventually be independent of the redox-
potentials of the oxidizing agents used as long as the 
cathodic process is affected only by the electron density 
at the semiconductor surface. The validity of this view 
has already been reported in connection with ZnO.25) 
In that case, the potential barrier to bringing the 
cathodic current flow of an order of 0.1 piA/cm2 was 
0.6 eV at most.25) Therefore, the cathodic polarization 
curves in Fig. 4 are judged to be reasonable, since the 
Efb values of rutile in 0.5 mol d m - 3 H 2 S 0 4 has been 
reported to be - 0 . 1 V vs. SCE.26> 

O n the other hand, the polarization of the rutile 
electrode at a potential cathodic to E{h causes an 
energy barrier for the positive holes reaching the 
electrode surface in the same manner as electrons for 
the anodic process.1-3) 

When both electrons and positive holes transfer from 
the electrode to the chemical species in the solution, as 
is the case in the present photocatalytic reaction, the 
flat-band condition will be feasible for the transfer of 
both carriers. The potential where the reaction proceeds 
reflects this situation and is located around Eih, as 
Fig. 4 shows. Unde r these conditions, the quan tum 
yield of the reaction should be quite low, since electron-
hole recombination predominates,19 '27 '28) and the reac­
tion rate is low, as is shown in Fig. 4. Therefore, it can 
be confirmed in the present study that a good utilization 
of light energy can not be expected for a photocatalyst 
where both bands participate in the reaction. 

In the case of photo-electrochemical cells using the 
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illuminated rutile anode and metal cathode, it is 
necessary to take the energy barrier into consideration 
only for positive holes in the anode. When the energy 
bands bend up enough to accelerate positive holes 
effectively to the semiconductor surface, a larger 
reaction rate can be expected than that of the photo-
catalytic reaction. 
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Separation Column Having Horizontal Barriers 
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The performance of a hot wire type thermal separation column in which many horizontal barriers of Teflon 
or copper plates are installed has been examined. At the optimum spacing of barrier plates, the quality factor 
defined by (2AL)barrIer/(2AL)open exceeds 3. This means that a barrier column constructed properly has a 
performance equivalent to that of an open column of three times taller in height. Visualization of a stream line in 
the barrier assembly indicates that a helical transverse motion takes place in the space partitioned by two 
adjacent barrier plates. 

We have studied the effect of installing flow barriers 
inside the gas chamber of a thermal separation 
column.1 - 3) I t was concluded that the presence of a flow 
barrier retards the convectional velocity of separating 
gas mixture and the largest separation is at tainable 
when convectional velocity is minimized. A similar 
conclusion was also obtained from the study of a tilted 
column.4) 

Although the use of a vertical barr ier has been proved 
effective to improve the performance of thermal separa­
tion, there are some difficulties as regards the construc­
tion of the vertical barrier system. 

This paper deals with the effect caused by the use of 
horizontal barriers in place of vertical ones. T h e 
structural difficulty in the vertical system can mostly be 
eliminated by use of the horizontal barrier system for 
which there is no difficulty in selecting the standard 
of comparison.3) Utilization of horizontal barriers was 
first studied by Treacy and Rich5) who claimed the meri t 
of the barriers. However, the procedure of the experi­
ment and the data do not seem convincing. 

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

Apparatus. An outline of the column is shown in Fig. 1. 
A straight column employing an iron tube for the outer wall 

Fig. 1. Illustration of barrier-column. 
1 : Micalex rod, 2 : O-ring seal, 3 : terminal plates, 
4: gas inlet, 5: sampling port, 6: water jacket, 7: flat 
doughnut barrier, 8: cruciform barrier, 9: nichrome 
heater, 10: weight, 11 : mercury pool, 12: fine wire. 

of the gas chamber is fixed vertically as accurately as possible. 
Inclination of a column seriously affects the degree of equili­
brium separation.4) The upper end of the center wire (diam. 
0.23 mm, nichrome) (9) is tightly fixed to the column top 
which is electrically insulated from the column body. A 
micalex rod (1) was used for this part. At the lower end of 
the heater wire, a copper rod (10), 99 g, is connected to 
assure the verticality and tautness of the heater wire. A 
mercury pool (11) is provided in contact with the tail end 
of the weight to make allowance for the thermal elongation 
of heating wire. The elongation is measured with a travelling 
microscope in order to estimate the heater temperature. The 
length of the column as measured by the distance between two 
sampling ports (5) at top and bottom is 54 cm. 

Barriers. The horizontal barrier assembly consists of 
many plane parallel plates made from Teflon (0.8 mm thick) 
or copper sheets (0.55 mm thick). Each barrier plate is in 
the form of a flat doughnut (7) having outer and inner diam­
eter of 12.0 and 4.7 mm, respectively. The desired number 
of barrier plates are assembled into one unit by keeping 
the plates plane parallel with a regular distance. This was 
done by sewing the plates with two pieces of fine wire (12). At 
least 89 and at most 260 plates were fitted over the whole 
length of the barrier assembly (52 cm). Regardless of the 
number of barrier plates fitted, twelve cruciform barriers (8), 
slightly larger than the doughnut barriers, were placed every 
4.7 cm in place of the doughnut barrier. This was necessary 
for assuring the installation of the barrier assembly in the 
proper position inside the column space. When copper was 
used as barrier material, the contact point between the plate 
and sewing wire was cemented by epoxy resin, while no cement 
was necessary for Teflon plates. The barrier assembly built 
up outside the column was carefully transferred into the column 
space and fixed to the terminal plates (3) located at the top 
and bottom of the gas chamber. 

Operation of the Column. Operation of the column was 
more or less the same as described previously.2) A d.c. power 
source with stabilized voltage was used for heating the 
nichrome wire. The column was filled with test gas before 
heating current was supplied. After steady temperature 
difference had been set up the column was evacuated and 
filled with fresh gas in order to start the measurement. The 
gas pressure was kept at 785 ± 4 Torr throughout the ex­
periment. The test gas was an equimolar mixture of argon 
and nitrogen. 

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

Theoretical Value ofqefor the Open Column. So far 
we have no reliable means to predict a theoretical value 
of qe attainable in a column having a horizontal barrier 
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TABLE 1. CALCULATED VALUES OF TRANSPORT COEFFICIENTS AND EQUILIBRIUM SEPARATION FACTOR 

AT (°C) AxlO3 Ar.XlO2 / /XlO 4 

(g/s) 
Kcxl02 

(g cm/s) 
Kdx\0* 
(g cm/s) 

AV X 103 

(cm-1) 

221 
310.4 
419 
527.7 

a) A=-^ 
H 

4.10 
6.30 
8.53 
10.5 

b) 

1.74 
2.15 
2.48 
2.51 

qe=exp(2AL) 

0.52 
0.53 
0.54 
0.56 

. 

1.60 
2.46 
3.33 
4.11 

1.97 
2.44 
2.81 
2.84 

6.17 
6.28 
6.47 
6.66 

3.93 
4.91 
5.80 
7.05 

1.53 
1.70 
1.87 
2.14 

assembly. A theoretical value can be obtained only 
for the open column. 

T h e basic equation derived by Jones and Furry6) 
was used for calculation. The following values were 
used for basic parameters; 

ot = 0 .127-13.6 / r , 7 ) (Z)^! = 0.20cm2 s"1, 

( p ) 1 = 1 .53xl0- 3 gcm- 3 , ( T J ) 1 = 1.97x10-* pois. 

Subscript 1 outside the parentheses refers to the 
temperature of the cold wall taken to be 289 K. The 
numerical tables by Saxena and Raman 8 ) were used 
for the corrections as regards the cylindricity of the 
column. This is equivalent to assuming both argon and 
nitrogen molecules to be rigid spheres. The calculated 
values of equilibrium separation factor, qe, as well as 
the transport coefficients are given in Table 1. 

Experimental Results. Measurements were carried 
out (1) with an open column in which no barrier was 
installed, (2) with a column having Teflon barriers, and 
(3) with a column having copper barriers. In the 
measurements with barrier-columns the effect of 
barrier distance, i.e. vertical distance between two 
adjacent plates, was also studied. Altogether, seven 
series of experiments were made, the results of which 
are summarized in Table 2. 

T h e progress of separation with time for the initial 15 
min of each measurement is shown in Fig. 2. The curves 
are numbered according to the series of experiments and 
correspond to those in Table 2. 

Variations of equilibrium separation, qe, with 
temperature difference, AT, are shown in Fig. 3. We 
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Fig. 2. Progress of separation with time. 
The magnitude of separation is the difference in mole 
fractions of component 1 between top and bottom of 
the column. 

see that in each series of experiments with the barrier-
column, qe increases linearly with increasing AT". 

The dotted line connects theoretical values calculated 
for the open column. T h e experimental values for qe 

for the open column are much lower than those of 
theoretical prediction. In contrast, the qe values 

TABLE 2. EXPERIMENTAL RESULTS 

Series Barrier 
Barrier 
spacing, 
d(mm) 

AT(°C) (min) / 

1 

2 

3 

4 

5 

: ! 

None 

> Teflon < 

Copper 

— 

5.3 

3.5 

2.1 

1.0 

5.3 

. 2.8 

J200±5 
\400±10 
J200±5 
|400±10 
}200±5 
1400±10 
J200±5 
\400±10 
J200±5 
\400±10 
J200±-5 
\400±10 
{200 ± 5 
\400±10 

1.205 
1.279 
1.463 
1.845 
1.534 
2.027 
1.527 
2.059 
1.460 
1.885 
1.521 
1.963 
1.61 
2.15 

2.1 
0.6 
7.6 
5.4 

10.6 
6.2 

13.6 
8.8 

16.7 
11.1 
12.9 
7.5 

18.3 
10.4 

1 
1 
2.04 
2.49 
2.29 
2.87 
2.27 
2.93 
2.03 
2.58 
2.25 
2.74 
2.55 
3.11 

a) Average of at least three measurements. 
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Fig. 3. Equilibrium separation factor, qe, against the 
temperature difference applied. Numerical figures 
attached are serial number of experiments. 

observed with barrier-columns are always larger than 
those with the open column even in comparison with 
theoretical prediction. T h e quality factor, f2) defined 
by 

/ = (I« ? e) barrier/On ? e) open 

takes values greater than two (Table 2). In this equa­
tion, qe is defined by 

In ge = 2AL, 

where A is the characteristic constant of each individual 
column and L the column length. T h e two fold increase 
in the quality factor is equivalent to using an open 
column of two times taller in height. T h e quality factor 
seems to be affected largely by spacer distance. This 
is shown in Fig. 4, where the solid curve stands for Teflon 
barriers and the dotted curve for copper barriers. An 
optimum appears at about 2.8 mm. 

Effect of Barrier Material. T h e barrier material 
affects the equilibrium separation, copper being superior 

BARRIER SPACING ( mm) 

1 2 5 4 5 6 
I 1 1 1 1 1 1 n 

2.20 r 

2.10 L 

2,00 L / \ \ 

/ \ ^ 
1,90 \ 1 \ ^ 
1.80 Y- i \ 

I I I J 1 

0,5 1.0 1.5 (d/w) 

Fig. 4. Change in qe against the barrier spacing, d, as 
well as the ratio of d to the barrier width, w. Full 
line; Teflon plates, Dotted line; copper plates. 

to Teflon. Prior to the experiment we surmised that ge 

would be reduced by the local disturbance of uniform 
temperature gradient caused by the metallic heat 
conductor. T h e result was contrary to expectation but 
it is understandable if we take the temperature gradient 
in a field of forced convection into consideration. The 
temperature is thought to fall steeply at the surface 
region of the central heater, never changing linearly. 
I t seems that, in the column studied, most par t of the 
temperature gradient is set up in a restricted region 
near the heater surface and the space in which barr ier 
plates are located is almost isothermal. If this is the 
case, the barrier material would have no effect. Actually, 
however, copper enhances the equilibrium separation. 
T h e enhancing effect of metallic barriers can be attribut­
ed to the enhancement of net heat conduction through 
the column. T h e primary driving force of thermal 
diffusion is undoubtedly the heat flux. T h e presence 
of a heat conductor inside the gas chamber, even in the 
isothermal region, would increase the net heat flux 
giving rise to an enhanced separation. This is in accord­
ance with the fact that when the barrier assembly of 
copper plates was used approximately 10% larger 
power dissipation was necessary for maintaining a given 
temperature difference as compared to the case in which 
Teflon plates were used. Teflon plate is also a better 
heat conductor when compared with separating gas. 
As a result, power dissipation always increases when 
barriers are used. 

Effect of Barrier on the Rate of Separation. Use of 
horizontal barriers resulted in an appreciable increase 
in qe (Table 2). This is reflected in the retardation of 
the rate of separation. If we assume that the separation 
proceeds by the exponential function10) 

J=-Je ( l -e-»/«0, • 

we can estimate the relaxation time, tr, experimentally. 
T h e values of tT thus determined are given in Table 2. 
We see that the use of barriers increases the transition 
time a great deal ; the denser the barrier spacing, the 
greater the transition time (Fig. 5). This is in line with 
what we found in the case of vartical barrier, that the 
retardation of convectional velocity is the pr imary 
factor for the enhancement of equilibrium separation.1) 
In the present case, however, it should be emphasized 
that too dense installation of barrier plates reduces ge 

and an opt imum appears in the relation between ge and 
barrier spacing (Fig. 4) . This suggests that the enhance­
ment in equilibrium separation can not be entirely 
at tr ibuted to the retardation of convectional velocity 
(Fig. 2) . T h e rate of separation (tangential slope of 
each curve at / = 0 ) varies with curve. However, the 
slopes have no simple correlation with the relaxation 
time. It seems that the greater the equilibrium separa­
tion the faster the intial rate of separation. 

Visualization of Stream Line. Let us consider the 
question of why the use of the barrier assembly increases 
the magnitude of qe. Each barrier plate serves to disturb 
the stream line of flowing gas making the flow turbulent. 
A turbulent flow would act to mix rather than to separate 
the mixed components. Actually, this was not the case 
and the use of barrier was unexpectedly effective for 
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Fig. 5. Relaxation time against the barrier spacing. 
Full line, Teflon plates, Broken line, copper plates, 
Dotted straight line, open column. 

attaining a larger separation. We thus a t tempted to 
visualize the flow pat tern inside the barrier-column. 
Attempts in a gas sample using several kinds of aerosols 
were unsuccessful. We then carried out the experiment 
with use of a solid suspension in a liquid. Fine powder of 
polyethylene suspended in a water-isopropyl alcohol 
mixture was employed. A model column of a glass 
tube, in which a barrier assembly and a central heater 
wire were installed, was filled with the indicator solution. 
The whole apparatus was immersed vertically in a 
thermostatted water bath (25 °C). T h e temperature 
of the heater wire was not measured but the heating 
current was so controlled as to make the flow pat tern 
visible. 

A typical example of stream line is shown in the 
photograph attached. I t is evident that the flow of 
fluid occurs in a regular manner . The path of particle 
movement as observed in a vertical cross section is a 
circle. I t is unlikely that indicator particles move only 
in a fixed vertical plane. T h e pa th of each particle must 
be continuous in the transverse direction. I t is highly 

probable that the path of stream line forms a doughnut-
shaped circular helical coil surrounding the central 
heater wire. Although the picture was taken in a 
dummy column with a liquid sample which might differ 
from gaseous sample in many respects, a rough concept 
on the nature of flow pattern can be attained. 

The flight length of a particle in upward convection 
stream should be L, the length of column, in the open 
column. T h e flight length should be elongated in the 
barrier column by involvement in the helical transverse 
motion. Involvement in the helical transverse motion 
might be rationalized from the view that the value of 
the quality factor, / , can be considered as an effective 
elongation of column length. 

Optimum Spacing of Barriers. We see in Fig. 4 
that an opt imum barrier distance exists for the large st 
separation. T h e scale of abscissa is also expressed 
tentatively in terms of the ratio of spacer distance, d, 
against the width of barrier plate, w. The optimum lies 
at about 0.75 of this scale. T h e opt imum distance 
should be a function of the relative dimension of inner 
and outer diameters of barrier plate relative to those of 
column and heater wire. 

Conclus ion 

1. Installation of a horizontal barrier assembly, 
consisting of many plates with the form of a flat 
doughnut, remarkably increases the equilibrium separa­
tion as compared with the open column. The spacing 
between two adjacent barrier plates has an appreciable 
effect on the eqilibrium separation. There is an optimum 
spacing for the largest separation. Almost three times 
greater separation can be obtained by suitable choice 
of horizontal barriers. 

2. As the barrier material , copper was found to be 
superior to Teflon. The presence of the barrier assem­
bly, which is a better heat conductor as compared with 
gaseous material, increases the effective heat conductivity 
of the whole apparatus and the increase in heat flux 
enhances the separation. The enhanced separation 
would be partly due to this effect. The power dissipa­
tion per unit t ime increases by using barriers. 

3. Installation of a barrier assembly reduces the rate 
of separation and elongates the relaxation time for 
separation. T h e relaxation time is a simple function 
of the barrier spacing, increasing monotonously with 
decreasing barrier spacing (increasing number of 
barrier plates). However, the actual rate of separation 
determined from the tangential slope of separation-time 
curve has no simple correlation with the relaxation time. 
T h e rate so determined varies in line with the statement 
" the greater the separation, the greater the ra te . " 

4. Attempts were made to visualize the flow pattern 
in the barrier column with use of a dummy column. 
The movement of polyethylene powder suspended in a 
water-isopropyl alcohol mixture in the field of forced 
convection was recorded in order to show that the 
stream line forms a helical coil at each space partitioned 
by barrier plates. I t is suggested that the use of 
horizontal barriers is equivalent to lengthening the open 
column. The situation is similar to that observed in 
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a tilted column.4) 
5. In contrast to the vertical barrier, the enhancement 

of separation in a horizontal barrier system can not be 
attributed solely to the retardation of convectional 
velocity. The regular helical motion of molecules would 
have an important effect. 
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Nanosecond Fluorescence Anisotropy of the DNA-Acridine Complexes 
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The rotational motions of various acridine dyes bound to DNA were investigated by the measurements of 
nanosecond fluorescence anisotropy. It was found that the total decay of fluorescence is a single exponential, 
whereas the decay of fluorescence anisotropy is a sum of an exponential function and a constant. The apparent 
values of the rotational relaxation time of the complexes calculated from anisotropy data range from 21 to 31 ns. 
The results are discussed by comparing with those obtained from the measurements of steady-state fluorescence 
depolarization. 

Since Lerman1»2) proposed the intercalation model in 
which the dye molecule is sandwiched between the 
adjacent base pairs of D N A by extension and local 
unwinding of the helix, the general features of the model 
have been widely accepted.3»4) However, the exact 
location of the intercalated dye is not yet definitely 
known. One of the approaches to elucidate the possible 
location of the dye is a systematic investigation of the 
dependence of the binding nature on the dye struc­
ture.5-7) 

In a previous paper,6) it was found that the mean 
rotational relaxation times of the DNA-acridine com­
plexes obtained from the measurements of steady-state 
fluorescence depolarization depend on the dye structure. 
In this paper, nanosecond fluorescence anisotropy and 
viscosity studies have been undertaken to obtain further 
information on the rotational motions of the dye bound 
to DNA, using various acridine dyes. 

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

Materials. Calf thymus DNA was purchased from 
Worthington Biochemical Corporation. The concentration 
of DNA was determined spectrophotometrically at 260 nm 
with the extinction coefficient per mol of DNA phosphate 
(ep^GoOOM-icm-1).8) Acridine Orange (AO), Proflavine 
(PF), 3,6-bis(methylamino)acridine (Ac[NHMe]2), 3,6-bis-
(ethylamino)acridine (Ac[NHEt]2), 3,6-bis(diethylamino)acri­
dine (Ac[NEt2]2), 3,6-bis(dimethylamino)-10-propylacridi-
nium chloride (AO-propyl) and 3,6-bis(dimethylamino)-
10-isopropylacridinium chloride (AO-isopropyl) were the 
same as previously reported.6'7) 

Nanosecond Fluorescence Anisotropy. Fluorescence decay 
curves were measured with an Ortec 9200 single photon 
counting nanosecond fluorometer.9) In the measurements of 
fluorescence anisotropy, the exciting light was vertically 
polarized. A polarizer was also placed in the emission beam, 
which could be rotated by 90 ° to permit the measurements 
of the intensities of the vertically and horizontally polarized 
components. The time-dependent anisotropy r(t) is defined 

U / „ ( 0 + 2 / L C ) s(t)> 
(1) 

where I//{t) and I±(t) are the fluorescence intensities observed 
with the analyzer parallel and perpendicular to the direction 
of polarization of the exciting light. Unequal response of the 
detector system to the polarized light was corrected using an 

aqueous dilute solution of 9-aminoacridine.9) The total 
decay of fluorescence s(t) was determined independently. 
This was achieved by orienting the polarization axis of the 
analyzer at 35.3 ° from the vertical direction and using un-
polarized exciting light.10) In the measurements of the 
fluorescence decay curves, there was a small contribution of 
the scattered light; this was subtracted from the decay curves 
prior to analysis. 

In agreement with previous observations,6»11) the polariza­
tion of fluorescence was constant above ca. 400 nm and showed 
a minimum around 320—340 nm. Therefore, the com­
plexes were excited at 430 nm for the measurements of nano­
second anisotropy. 

All the measurements were carried out in 5 mM phosphate 
buffer (pH 6.9, ionic strength of 0.01) at room temperature 
(23±1°C). The molar ratio of DNA phosphate to dye 
(P/D) was about 200, and the dye concentration ranged from 
5 x l 0 - 6 to 10-5 M. In such conditions, the concentration 
of free dye and energy transfer between bound dye molecules 
were negligible.7'11) 

Analysis of Nanosecond Anisotropy Decay Curves. The 
fluorescence decay functions S(t) and D(t) are related to the 
observed decay curves s(t) and d{t) by the following convolu­
tion integrals; 

s(t) = f'^(«-a)£(a)dtt, 

d(t) = \tD(t-u)E(u)du, 

(2) 

(3) 

where E(t) is the response function of the apparatus to the 
exciting pulse. First, S(t) was determined by deconvolution 
of Eq. 2. In every case, S(t) was found to be a single ex-
ponetial ; 

S(t) = ,ï0e-*A, (4) 

where x is the fluorescence lifetime. Next, the result was 
checked by a synthetic method.12) The anisotropy decay 
function is given by 

R{t) ~ -sjtj" (5) 

where S(t) is the function given by Eq. 4. Several R(t) func­
tions were tested so that the numerically computed convolu­
tion of D(t) with E{t) may fit the experimental decay curve. 
The computed curve,/0(k), was then visually compared with 
the experimental curve, f(k), and the weighed residue (x2) was 
calculated according to the method of Knight and Selinger.13) 
Here, k denotes channel number. 

1 n 1 
* n JE=X. 

U(k)-f°(kW. (6) 

* Present address: Department of Chemistry, Yamaguchi 
University, Yamaguchi 753. 

The best fit between the computed and experimental decay 
curves was achieved by minimizing the y? value. 



June, 1977] DNA-Acridine Complexes 1503 

Deconvolution was made with the aid of the methods of 
moments14'15) and Laplace transformation.16) Both methods 
yielded very similar results. Copies of the computer pro­
grams for these methods were kindly supplied to us by Dr. 
D. R. Dyson and Dr. L. Brand. All the analyses were carried 
out with a Univac 1108 computer. 

Viscosity Measurements. Viscosity measurements of the 
sonicated DNA-acridine complexes were performed at 25± 
0.05 °C by means of a Ubbelohde viscometer. The flow 
time of the solvent (5 mM phosphate buffer) was 270 s. We 
limited our study to r values smaller than 0.12 to avoid the 
errors due to the possible presence of the weakly bound dye 
molecules; r represents the number of moles of dye bound per 
DNA phosphate. The r value was determined by using data 
of equilibrium dialysis reported previously.7) 

Sonication of DNA was carried out with a Kubota ultra-
sonicator (200 W, 9 kHz). Immediately prior to irradiation, 
the sample solution was flushed with nitrogen gas, and during 
irradiation, ice-cold water was circulated through the jacket 
sorrounding the steel cup of a sonic oscillator. The molecular 
weight of sonicated DNA was determined to be 5.2 X 105 from 
the viscosity measurements ; this value means that the sonicated 
DNA behaves almost like a rigid rod.17) 

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

A typical set of anisotropy data is shown in Fig. 1 
for the D N A - A O complex, where the observed s(t), 
d(t), and E{t) values are plotted every five channels. 
After deconvolution using the methods of moments14 '15) 
and Laplace transformation,16) the function S(t) was 
found to be a single exponential. O n the other hand, 
the function D{t) was found to be a sum of two ex­
ponential functions whose decay constants are very close. 
Figure 1 shows that, at large channel numbers, s(t) 
and d(t) are superposable on each other upon trarisla-

0 100 200 300 

Channel nurhber(l38 ps/channel) 

Fig. 1. Fluorescence decay curves of DNA-AO complex 
(/»//)=204) in 5 m M phosphate buffer (pH 6.9) at 
22°C. Open circles are observed decay curves, and 
solid lines are the best-fit curves. Excitation wave­
length: 430 nm. Emission wavelength: 520 nm. 
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Fig. 2. Observed anisotropy decay curves at 22°C. 
(A) DNA-PF complex (P/D = 204). Excitation wave­
length : 430 nm. Emission wavelength : 500 nm. (B) 
DNA-Ac[NEt2]a complex (P/Z> = 242). Excitation 
wavelength : 430 nm. Emission wavelength : 520 nm. 

tion. As can be seen in Figs. 1 and 2, the anisotropy 
curves r(t)=d(t)/s(t) obtained by point by point division 
exhibit non-exponential decays. They tend to decay 
exponentially at the initial stage and then to become 
constant, al though the calculated points are somewhat 
scattered after channel 200. In view of these findings, 
it seems reasonable to assume that R(t) and D(t) are 
expressed by the following equations:12 '18) 

A ( 0 = / W « - « / # + l _ a ) ; - ' (7) 
D(t) = R(t)S(t) = 5 ,

0Äoae-«A''+5'0Ä0(l-a)e- t/', (8) 

where 

0 + T' 
(9) 

and where $ corresponds to the rotational correlation 
time of the dye. This is a rather general result for the 
dye-macromolecule and dye-membrane systems in 
which the motion of the dye is locally limited. 12>18>19) 
Since two decay constants are very close in our case 
(T/T'— 1.5), we can not accurately deconvolute the 

observed d{t) curves.16'20) Therefore, using the decon­
v o l v e d S(t) function which is a single exponential like 
Eq. 4 and assuming appropriate a and ^ in Eq. 7, 
several R{t) functions were tested so that the numerically 
computed convolution of D(t) with E(t) may fit the 
experimental curve. T h e solid line for d(t) in Fig. 1 
shows the calculated best-fit curves. 

Table 1 summarizes the results of nanosecond 
anisotropy. The two different methods were used for 
deconvolution of the observed s{t) curves. Both methods 
give almost the same lifetimes, which are in fairly good 
agreement with the lifetimes obtained by phase-shift 
method.6) All anisotropy decay curves for the complexes 
are expressed by a function like Eq. 7. I t should be 
noted that acridine dyes bound tp DNA behave similarly 
to ethidium bromide (another intercalative dye) with 
respect to the anisotropy decay.18) T h e values of 
limiting anisotropy (R0=0.31—0.36) are comparable to 
those obtained from the measurements of steady-state 
depolarization.6 '21) The apparent values of the rotational 
relaxation time (pa=f=30) were calculated using decon-
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TABLE 1. RESULTS OF NANOSECOND ANISOTROPY AND VISCOSITY 

Dye 

PF 
Ac[NHMe]2 

Ac[NHEt]2 

Ac[NEt2]2 

AO 
AO-propyl 
AO-isopropyl 

P/D 

204 
201 
205 
242 
204 
201 
201 

a) 

6.50 

4 . 1 , 
4.49 

4.73 

5.63 

4.97 

4.64 

r/ns 

6.54 

4-l5 

4.44 

4.7X 

5.6X 

4.97 

4.63 

Ä(0 

0.34 (0.62e-t/io.. + o.38) 
0.36 (0.60e-'/w..+ o.40) 
0.34 (0.60e-'/9.4-+0.40) 
0.32 (0.72e-*/».«. + 0.28) 
0.33 (0.71e-'/io..+o.29) 
0.32 (0.71e-*/ lo-+0.29) 
0.31 (0.70e-f/7-9 '+0.30) 

c) 

31 
28 
27 
21 
28 
28 
22 

Pa/ns 

d) 

60 
55 
52 
35 
50 
48 
37 

^ e ) 

52 
48 
45 
32 
48 

ß 

1.30 
1.25 
1.05 
0.60 
1.30 
1.15 
0.70 

a) Analyzed by the method of moments.14'16> b) Analyzed by the method of Laplace transformation.18) 
c) The apparent value of the rotational relaxation time (p a=30) for the aqueous solution at 25 °G. 
d) Calculated using Eq.14 (pa=30')« e) Obtained from the measurements of steady-state depolarization. 

voluted R(t) functions; the results are listed in Table 1. 
The pa values are much smaller when compared to the 
values obtained by a steady-state study (Table 1).6> 

A continuous light source may be considered as a sum 
of an infinite number of pulses. Therefore, the observed 
static anisotropy is the mean value of R(f). 

<R> = 
\lD{t)àt 

(10) 

If S(t) is a single exponential like Eq. 4, Eq. 10 gives 

<i?> = — 1 R(t)c-^dt. (11) 
T Jo 

Put the case that R(t) is an exponential function like 
R(t)=R0e-"*, Eq. 11 leads to 

<R> = (12) 
1+T/0-

Equation 12 is equivalent to Perrin's well-known 
formula.22) When R(t) is a function like Eq. 7, which is 
the present case, one obtains 

= JW+(1-CQT}' = * , 

0 + T 1 
where 

•+tlf 
(13) 

1 = -±-0+(l-«)T}. 
oc 

(14) 

According to Eq. 13, Perrin's plot in the steady-state 
study gives us $' instead of <f>. If Eq. 14 is applied to 
the deconvoluted R{t) functions for the DNA-acr id ine 
complexes, the pa values ( p a = 3 0 ' ) listed in Table 1 are 
obtained. These values are in agreement with those 
obtained from the steady-state measurements (Table 
l).6) Thus , the discrepancy between steady-state and 
nanosecond anisotropy results can be understood. 

I t should be noted that the pa values reported here 
are comparable to the rotational correlation times for 
the DNA-eth id ium bromide18) and CI. perfringens D N A -
pp23) complexes which were obtained by nanosecond 
fluorometry. However, the pa values are too much small 
to correspond to the rotation of the whole DNA 
molecule.24) T h e most probable origin for the observed 
depolarization appears to be a local deformation motion 
of DNA base pairs.18-21) 

As is seen in Table 1, the pa values for acridine dyes 
with bulky substituents (Ac[NEt2]2 and AO-isopropyl) 

are a little smaller than those obtained with the other 
dyes. Further, fluorescence quenching5) and equilibrium 
dialysis7) studies showed that the binding constant and 
the max imum number of binding sites per DNA phos­
phate are much smaller for acridine dyes with bulky 
substituents. This implies that the bulky groups attached 
to the acridine ring (e.g., diethylamino and isopropyl) 
produce some steric hindrance to the binding. 

Due to the presence of bulky substituents on the 
acridine ring, some changes in hydrodynamic properties 
of DNA may arise when acridine dyes are bound to it. 
Cohen and Eisenberg25) showed that for short, almost 
rodlike fragments of DNA, the ratio of the contour 
length at the binding ratio r to that in the absence of 
dye (L/LQ) can be calculated from the viscosity da ta : 

L _ [M/(/>)ol1/3
 (m 

L0 " lMo/(/0J • ( ] 

where f{p), a function of the axial ratio p of the DNA 
rod, is insensitive to variations in p for large p, and [TJ] 
and j//)]0 are intrinsic viscosities, respectively, in the 

0.12 

Fig. 3. Variation of L/L0 as a function of r for sonic­
ated DNA-acridine complexes. The molar concentra­
tion of DNA phosphate : 3.7 x 10~4 M. Acridine dyes : 
OPF, # AO, A Ac[NHMe]2, A Ac[NHEt]2, 
• Ac[NEt2]2. 
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presence and absence of dye. T h e results obtained with 
various acridines are plotted in Fig. 3. In all cases, 
L/L0 varies linearly with the binding ratio r. 

~=\+ßr. (16) 

The values of the slope ß are listed in Table 1. T h e 
result obtained with PF is in good agreement with that 
previously reported.25) As is clearly seen in Fig. 3 and 
Table 1, ß is dependent on the dye structure; the ß 
values for Ac[NEt 2 ] 2 and AO-isopropyl are much smaller 
than those for the other dyes. 

Lerman's intercalation model1 '2) predicts that the 
DNA molecule is lengthened by 3.35 Â p e r intercalated 
dye molecule. If all bound molecules are completely 
intercalated, the slope of the L/L0 vs. r plot should be 
2.i,25) F r o m temperature j u m p relaxation studies of the 
D N A - P F complex, Crothers et a/.26-27) showed that most 
of bound PF molecules are intercalated, but some of 
those are bound outside of the D N A helix even at low 
binding ratios. O n the other hand, Müller et al.28) and 
Bontemps et al.29) showed that a derivative of PF with 
bulky side chains, 3,6-diamino-2,7-di-J-butylacridine, 
binds to DNA but not by intercalation ; they concluded 
that an outside bound complex is formed. In view of 
these, our viscosity results can be interpreted as follows : 
( 1 ) the ß values smaller than 2 result from the existence 
of the outside bound complex which would not con­
tribute to an increase in the length of DNA2 5 - 2 7) and (2) 
there exists a higher fraction of the outside bound 
complex in the case of Ac[NEt 2 ] 2 and AO-isopropyl 
because of the presence of bulky substituents. 

Hydrodynamic and thermodynamic properties of 
outside bound dye are different from those of intercalated 
dye, while their optical properties are very similar.26,27) 
In practice, the fluorescence decay of the complex could 
be characterized by a single exponential function (Fig. 1 ; 
Table 1 ). However, the structure of the outside bound 
complex is not yet well-defined.26'27) In conclusion, the 
interpretation of the anisotropy results may be com­
plicated by the heterogeneity of binding sites (inter­
calating and outside binding sites). If we assume that 
the local movement of the outside bound dye is more 
rapid compared to that of the intercalated dye which 
is restricted between adjacent base pairs, the smaller pa 

values obtained with Ac[NEt 2 ] 2 and AO-isopropyl may 
be qualitatively understood. Fur ther study would be 
necessary to clarify the origin for depolarization of the 
DNA-acridine complexes. 

The authors are indebted to Dr. Ming S. T u n g and 
Dr. Lih-Heng T a n g for valuable advice and helpful 

discussions. We also thank Mr . Masaaki Wakita for 
viscosity measurements. 
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The Crystal and Molecular Structure of dl-2-cis~4:"t vans-Abscisic Acid 
Hideo UEDA* and Jiro TANAKA 

Department of Chemistry, Faculty of Science, Nagoya University, Chikusa, Nagoya 464 
(Received December 22, 1976) 

The crystal and molecular structure of dl-2-cisA-trans-absciûc acid has been determined by the X-ray method. 
The crystal is monoclinic, P2JC, with lattice parameters a=6.316(l), 0 = 33.575(3), £=7.607(1) Â, and 
ß= 118.42(1)°. The molecule has two independent conjugated systems forming respective planes which are 
orthogonal to each other. The molecules form a dimer by the hydrogen bonding and are connected by the other 
hydrogen bonding along the c-axis. 

Abscisic acid is an important plant hormone which 
promotes abscission of leaves and dormancy in buds 
and seeds. Ohkuma, Lyon, and Adicott1) isolated 
abscisic acid and determined its chemical structure. 
Cornforth and his co-workers2-3) synthesized and 
determined the absolute configuration of natural ( + ) 
abscisic acid as (I) by applying Mill's empirical rule 
to the diols obtained through the reduction of optically 
active abscisic acid. 

I II "1 

Burden and Taylor4) reported that (-\-) 589-2-transA-
£ran.r-abscisic acid(II) obtained from violaxanthine 
shows a positive Cotton effect, which is in contradiction 
with the result of Cornforth and his co-workers. Ori tani 
and Yamashita,5~7) Ryback,8) Mori,9) and Weiss, 
Koreda, and Nakanishi10) showed that the natural 
( + )589-abscisic acid has S-configuration(III) at C / . 

The crystal structure of dl-2-transA-trans-abscisic acid 
has been determined recently by Swaminathan, 
Vijayalakshmi, and Srinivasan;11) the acid has only 1% 
activity as compared to the natural (S)-2-cisA-trans-
abscisic acid.2 '12) 

In this paper we report on the crystal and molecular 
structure of dl-2-cisA-trans-ahscisic acid, which has the 
most efficient hormonal activity. 

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

The crystals were obtained as transparent thin plates from 
ethanol solution in the dark in a refrigerator. 

The space group was determined as P2j/c from the oscilla­
tion and Weissenberg photographs. The density was meas­
ured by the floatation method in KI aqueous solution. The 
unit-cell parameters were determined by the least-squares 
method, using twelve reflections carefully measured on Hilger 
& Watts four circle diffractometer with Ni-filtered CuKx 
radiation (A = 1.5418 Â). The intensity data were collected 
on the diffractometer with the 20-oi scanning mode (2d^L 
57°). The size of the crystal used was 0.2 X 0.1 X 0.3 mm. 
The crystal used for the X-ray measurement was mounted 
in a glass capillary. In order to confirm the stability of the 
crystal and the counting system, the intensities of three standard 

* Present address: Central Research Laboratory, Ube 
Industries Ltd., Nishihon-machi, Ube, Yamaguchi 755. 

reflections were measured every 50 reflections. The fluctua­
tion and decay of standard reflections were within 5%. No 
absorption nor extinction correction was made. The crystal 
data are given in Table 1. 

T A B L E 1. CRYSTAL DATA 

C15H20°4 
Mol wt: 264.32 
Crystal system: P2i/c; Z = 4 
a=6.316(1), £=33.575(3), c=7.607(1) Â; 
£=118.42(1)° 
Z>m= 1.232, D c = 1.237 g cm-a 
ju—7.37 cm-1 (for GuKcc radiation) 

D e t e r m i n a t i o n a n d Ref inement 
o f the Structure 

T h e structure was determined by the direct method 
with the program MULTAN 1 3 ) using 162 reflections 
with |Zs |^1.70. An E map computed from the phase 
set with the highest figures of merit (FOM=1.16) 
revealed the positons of 16 atoms. Other atoms were 
found by the successive Fourier synthesis. Refinement 
of the structure was performed by the block-diagonal 
least-squares method with 1315 independent reflections 
of | F ° | ^ 3 < J . T h e final refinement was carried out with 
anisotropic thermal parameters for non-hydrogen atoms 
and isotropic thermal factors for hydrogen atoms. The 
Ä-index converged to 0.071 with an equal weight for 
each reflection. T h e atomic scattering factors were 

04 03 

Fig. 1. The atomic labelings of abscisic acid. Carbon 
and oxygen atoms are represented as thermal ellip­
soids of a size such that the vibrating atoms have a 
50% probability of being found within them. 
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Fig. 2. A stereoscopic view of abscisic acid. The criterion to the 
themal ellipsoids of carbon and oxygen atoms are the same as in 
Fig. 1. 

Fig. 3. Hydrogen bond network viewed along the a-
axis. Carbon atoms are depicted as filled circles and 
oxygen atoms as open circles. Hydrogen bonds are 
represented with both dotted and broken lines. 

taken from the International Tables for X - R a y Crystal­
lography.14) The program HBLS-IV coded by Ashida 
in U N I CS was utilized for the refinement. T h e program 
O R T E P coded by Johnson was used for drawing of 
Figs. 1 and 3. A par t of the computation was performed 
at the Nagoya University Computat ion Center. The 
observed and calculated structure factors are given in 
Table 2.20> 

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

The molecular structure, atomic labelings, and thermal 
ellipsoids are shown in Fig. 1. I t can be seen that the 
conformation around C - C double bonds is eis-trans. The 
positional and thermal parameters of non-hydrogen 
atoms with their standard deviations are given in 
Tables 3 and 4, respectively. T h e coordinates and 
isotropic thermal parameters of hydrogen atoms are 
given in Table 5. 

Molecular Structure. The bond lengths and bond 
angles with their standard deviations are given in 
Tables 6 and 7, respectively. T h e bond distances are 
normal. The C = 0 bond of the carboxylic group takes 
the cw-conformation with respect to the diene group. 
The angles, G(1)C(7)C(8), G(7)C(8)C(9), C(8)C(9)-

C(10), and C(9)C(10)C(11), are larger than 120°, 
having values 128, 123, 126, and 128°, respectively. 
The conjugated double bond of the diene group forms 
plane A. Deviations of atoms from the plane and 
equations of the planes are given in Table 8. T h e 
carboxylic group forms plane B, at 9° to plane A. 

T h e six-membered ring is puckered, C( l ) and C(6) 
being out of plane C formed by the remaining atoms, 
C(2), G(3), G(4), C(5), C(12), and 0 ( 2 ) . T h e planari ty 
of plane C is fairly good, the largest deviation being 
0.016 Â of C(3). 

Planes A and C are orthogonal; the dihedral angle is 
91°. A stereoscopic projection of the (^- isomer is shown 
in Fig. 2. Two independent chromophores take a chiral 
configuration, the strong optical rotatory power of the 
( + )5S9-abscisic acid thus being explained. 

Crystal Structure. T h e crystal structure projected 
along the a-axis is shown in Fig. 3. T h e molecule is 
connected with neighboring ones by the hydrogen bonds; 
two molecules related by a center of symmetry form a 
dimer through the hydrogen bonds of carboxylic groups. 

T A B L E 3. ATOMIC COORDINATES AND THEIR STANDARD 

DEVIATIONS OF HEAVY-ATOMS 

O(l ) 
0(2) 
0 (3) 
0(4) 
C( l ) 
G (2) 
G (3) 
G (4) 
G (5) 
G (6) 
G (7) 
G (8) 
G (9) 
G (10) 
C ( l l ) 
G (12) 
G (13) 
G (14) 
G (15) 

X 

0.7982(8) 
0.5798(10) 
0.3078(9) 
0.5107(8) 
0.6629(11) 
0.8387(11) 
0.8011(12) 
0.6163(14) 
0.4581(12) 
0.5644(12) 
0.4714(11) 
0.4473(10) 
0.2706(10) 
0.2421(11) 
0.3681(11) 
1.0300(13) 
0.7673(14) 
0.3582(14) 
0.1037(11) 

y 
0.1463(1) 
0.1750(2) 

-0.0211(1) 
0.0363(1) 
0.1460(2) 
0.1314(2) 
0.1408(2) 
0.1678(2) 
0.1874(2) 
0.1878(2) 
0.1143(2) 
0.0849(2) 
0.0535(2) 
0.0222(2) 
0.0139(2) 
0.1034(2) 
0.2189(2) 
0.2002(2) 
0.0554(2) 

z 
0.0594(6) 
0.6589(7) 

-0.4123(6) 
-0.3416(6) 

0.1663(8) 
0.3769(8) 
0.5332(9) 
0.5158(8) 
0.3191(8) 
0.1716(8) 
0.0868(8) 

-0.0385(8) 
-0.0896(8) 
-0.2077(9) 
-0.3252(8) 

0.3986(10) 
0.2437(10) 

-0.0331(10) 
0.0032(9) 
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TABLE 4. ANISOTROPIC THERMAL FACTORS^ ( X 104) AND 

THEIR STANDARD DEVIATIONS OF HEAVY-ATOMS 

TABLE 7. BOND ANGLES AND THEIR STANDARD DEVIATIONS 

B, B* B, B» B« 

O(l ) 
0 (2) 
0 (3) 
0 (4) 
G(l) 
G (2) 
G (3) 
G (4) 
G (5) 
G (6) 
G (7) 
G (8) 
G (9) 
G (10) 
C ( l l ) 
G (12) 
G (13) 
G (14) 
G (15) 

424(18) 
898(32) 
560(22) 
472(20) 
390(25) 
378(27) 
521(32) 
580(33) 
508(24) 
512(31) 
335(24) 
336(24) 
299(23) 
301(24) 
310(25) 
445(32) 
691(39) 
655(39) 
312(26) 

9(1) 163(10) 
19(1) 220(12) 
9(1) 274(13) 

10(1) 276(12) 
7(1) 126(13) 
7(1) 187(15) 
9(1) 159(15) 
9(1) 177(15) 
8(1) 188(15) 
7(1) 166(15) 
7(1) 161(14) 
6(1) 141(13) 
6(1) 158(14) 
6(1) 216(16) 
7(1) 172(15) 

13(1) 222(18) 
8(1) 308(20) 

10(1) 222(18) 
10(1) 248(17) 

- 8 ( 5 ) 
26(8) 

-24(5) 
-30(5) 
-20(6) 
- 5 ( 6 ) 

3(8) 
-26(8) 
-6 (7 ) 

9(7) 
7(6) 

17(6) 
6(6) 
3(6) 

15(6) 
38(9) 

-36(8) 
17(8) 

-18(7) 

- 2 ( 4 ) 382(23) 
- 4 ( 5 ) 747(35) 

-42(4) 462(29) 
-47(4) 455(28) 
-9 (5 ) 323(31) 
- 1 ( 5 ) 249(35) 

6(5) 343(37) 
-14(5) 432(39) 
-7 (5 ) 444(38) 

4(5) 409(36) 
3(5) 282(31) 
1(4) 224(30) 

-2 (5 ) 173(31) 
- 7 ( 5 ) 240(33) 
- 7 ( 5 ) 128(32) 
24(7) 299(40) 

-14(6) 620(49) 
16(6) 496(45) 

-24(6) 304(36) 

a) The anisotropic thermal factors are of the form 
cxpi-^B^+k^B^+^B^+hkB^+hlB^+klB^)}. 

TABLE 5. HYDROGEN ATOM PARAMETERS AND THEIR 

STANDARD DEVIATIONS 

y #/A2 

H(Ol) 
H(03) 
H(G3) 
H(G5a) 
H(C5b) 
H(G7) 
H(G8) 
H(G10) 
H(G12a) 
H(C12b) 
H(G12c) 
H(C13a) 
H(C13b) 
H(C13c) 
H(C14a) 
H(G14b) 
H(C14c) 
H(C15a) 
H(C15b) 
H(G15c) 

0.375(12) 
0.699(11) 
0.905(12) 
0.420(10) 
0.296(11) 
0.372(10) 
0.546(10) 
0.125(9) 
0.957(11) 
1.135(11) 
1.122(11) 
0.832(11) 
0.705(11) 
0.924(12) 
0.324(10) 
0.254(10) 
0.427(11) 
0.204(11) 

-0.024(10) 
0.014(10) 

-0.026(2) 
0.159(2) 
0.125(2) 
0.219(2) 
0.176(2) 
0.113(2) 
0.083(2) 
0.000(2) 
0.077(2) 
0.112(2) 
0.095(2) 
0.224(2) 
0.250(2) 
0.211(2) 
0.233(2) 
0.178(2) 
0.206(2) 
0.054(2) 
0.038(2) 
0.083(2) 

-0.473(10) 
-0.039(9) 
0.662(10) 
0.338(8) 
0.257(9) 
0.662(9) 

-0.093(8) 
-0.234(7) 
0.342(11) 
0.349(11) 
0.508(9) 
0.134(9) 
0.241(10) 
0.380(10) 

-0.019(8) 
-0.077(8) 
-0.109(9) 
0.134(9) 

-0.058(8) 
-0.025(8) 

4.8(1.8) 
3.3(1.5) 
3.3(1.9) 
1.8(1.3) 
3.5(1.6) 
3.3(1.6) 
1.5(1.3) 
0.6(1.1) 

3(2.1) 
2(2.1) 
1(1.7) 
8(1.6) 
2(1.6) 
3(1.7) 
6(1.4) 

1.9(1.3) 
3.6(1.6) 
4.1(1.6) 
2.3(1.4) 
2.2(1.3) 

TABLE 6. BOND LENGTHS AND THEIR STANDARD DEVIATIONS 

0(1) -G(1) 
0 ( 3 ) - C ( l l ) 
G( l ) -G(2) 
G( l ) -G(7) 
G(2)-C(12) 
G(4)-C(5) 
C(6)-C(13) 
G(7)-C(8) 
G(9)-C(10) 
G ( 1 0 ) - G ( i r 
C(i)-H(i) 

Average 
Range 

1.433(8) A 
1.312(9) 
1.532(10) 
1.503(10) 
1.476(11) 
1.499(11) 
1.538(12) 
1.330(9) 
1.337(9) 
1.479(9) 

0.99 
0.81—1.15 

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

1.239(10)A 
1.224(9) 
1.545(10) 
1.356(11) 
1.433(11) 
1.558(11) 
1.537(12) 
1.449(9) 
1.524(10) 

0(1)-G(1)-G(2) 105.8(5)° 
0(1)-C(1)-C(7) 110.9(5) 
C(2)-C(l)-C(7) 103.9(6) 
C(l)-C(2)-C(3) 120.4(7) 
G(3)-G(2)-G(12) 121.6(7) 
G(2)-G(3)-G(4) 122.7(7) 
C(3)-C(4)-C(5) 119.4(7) 
C(l)-C(6)-C(5) 109.1(6) 
C(l)-C(6)-C(14) 111.9(6) 
G(5)-G(6)-C(14) 107.0(6) 
C(l)-C(7)-C(8) 127.5(6) 
C(8)-C(9)-C(10) 126.3(6) 
C(10)-C(9)-C(15) 116.6(6) 
0(3)-G(l l ) -0(4) 123.1(6) 
O(4)-C(ll)-C(10) 125.4(6) 

0(1)-G(1)-G(6) 111.3(6)° 
C(2)-G(l)-G(6) 111.1(6) 
G(6)-G(l)-G(7) 113.4(6) 
G(l)-G(2)-G(12) 117.6(6) 
0(2)-G(3)-G(4) 121.6(8) 
0(2)-G(4)-G(5) 119.0(7) 
C(4)-C(5)-C(6) 114.8(6) 
C(l)-C(6)-C(13) 110.5(6) 
C(5)-C(6)-G(13) 108.5(6) 
G(13)-G(6)-C(14) 109.7(7) 
G (7)-G (8)-G (9) 123.0(6) 
C(8)-C(9)-C(15) 117.1(6) 
G(9)-G(10)-G(ll) 128.2(6) 
O(3)-G(ll)-G(10) 111.5(6) 

TABLE 8. DEVIATIONS OF NONHYDROGEN ATOMS FROM 

LEAST-SQUARES PLANES CONTAINING THE 

CONJUGATED DOUBLE BONDS 

Plane Aa> Plane Bb> Plane Cc> 

G (7) 0.008A 0(3) 0.000Â G (2) -0 .008Â 
- 0 . 0 0 6 
- 0 . 0 0 3 

0.036 
- 0 . 0 2 0 
- 0 . 0 1 5 

0.147 
0(l)d> - 0 . 0 0 5 
0(3)d> 0.144 
0(4)d> - 0 . 1 9 7 

G (8) 
G (9) 
G (10) 
G ( l l ) 
G (15) 
G (l)d> 

0(4 ) 0.000 
G(10) 0.000 
G( l l ) 0.000 
C(9)d> 0.088 

G (3) 
C(4) 
G (5) 
G (12) 
0 (2) 

0.016 
0.010 
0.000 

- 0 . 0 0 4 
- 0 . 0 1 4 

C(l)d> - 0 . 2 0 5 
C(6)d> 0.484 

a) The equation of the plane is: 0.3286X-0.5420F 
+ 0 . 5 2 3 8 2 - 3 . 2 2 0 = 0 . b) The equation of the 
plane is: 0 .4212^-0.4217F+0.5057Z-3.378=0. 
c) The equation of the plane is: 0.6007^+0.75777 
- 0 . 0 6 1 8 Z - 5 . 8 8 5 = 0 . d) Omitted from the least-
squares plane calculation. 

TABLE 9. HYDROGEN BONDS AND SHORT VAN DER 

WAALS CONTACTS 

The Roman numerals represent the symmetry oper­
ators relevant to the atoms listed second. 

Hydrogen bonds 

Donor Aceptor 
O( l )—H(01) - -0 (2 ) i 

0(3)— H(03) - . -0 (4) u 

Short van der Waals contacts 
0 ( 2)-G(14)m 3.360(11)A 0 ( 3)-G( 9)1 

Distance 
D - A H - A 

2.848(8)A 2.14(7)A 
2.670(7) 1.91(8) 

0 ( 3)-G(10)v 

0 ( 3)-G(12)iv 

0 ( 4)-G(12)vl 

C( 9)-G(ll) l v 

G(12)-C(15)vii 

.296( 9) 

.524(10) 

.534(10) 
,664( 9) 
.632(11) 

0 ( 3)-G(l l ) ü 

0 ( 4)-G(l l) i l 

0 ( 4)-G(15)v11 

G(10)-G(10) l ix 

Angle 
D - H - A 
147(6)° 
171(8) 

3.629(8)A 
3.482(9) 
3.421(9) 
3.459(9) 
3.608(9) 

Symmetry code 
Superscript 

i) 
Ü) 

iii) 
iv) 
v) 

vi) 
vii) 
iix) 

Symmetry operator 

x 
l-x 

X 

l-x 
—x 

l+x 
- l + x 
- l - x 

y 
-y 

y 
-y 
-y 

y 
y 

-y 

l + z 
- l - z 
- l + z 

— z 
- l - z 

l + z 
z 

—z 
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The 0 ( 3 ) - H - 0 ( 4 ) distance is 2.67 Â, the angle 
0 ( 3 ) - H — 0 ( 4 ) is 171°, and the H atom is nearly on the 
line 0 (3 ) - - -0 (4 ) . Another hydrogen bond exists 
between the hydroxyl group attached to the cyclo-
hexenone ring and the carbonyl group of the ring of the 
adjacent molecule. The 0 ( l ) - H - 0 ( 2 ) distance is 
2.85 Â and the angle 0 ( l ) - H - 0 ( 2 ) is 147°. The 
hydrogen bond is not linear, but the distance is within 
the range of the O - H - O hydrogen bond.15) 

Other short contacts are given in Table 9. Most of 
them are in the range of van der Waals contact, but 
O(3)--C(10) 3.30 Â is slightly shorter than the sum of 
van der Waals radii (3.40 Â) . Close C---0 contacts 
have been reported and several types of molecular 
interaction have been recognized.16-19) In one type the 
C - H group is attached to the electronegative oxygen 
atom. In another type the C = 0 group interacts with 
aromatic rings or C=C groups. In the present crystal 
the oxygen atom of the carboxylic group is close to the 
carbon atom of the diene group and situated anti-
parallel. 

The authors are grateful to Dr. Takayuki Ori tani , 
Tohoku University, for the supply of the sample. They 
also thank Mr. Chuji Katayama for his help in collection 
of the data. 
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iV-Alkylation of Nitrogen Heterocyclic Compounds with 
Dialkyl Phosphites 

Masahiro HAYASHI, Kiyoshi YAMAUCHI, and Masayoshi KINOSHITA 

Department of Applied Chemistry, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received August 26, 1976) 

Dialkyl phosphites were found to be efficient alkylating agents for various nitrogen heterocyclic compounds, 
especially for imidazole analogs and pyridones, producing the corresponding iV-alkyl derivatives. 

Generally, JV-alkylation of nitrogen heterocyclic 
compounds has been at tempted with dialkyl sulfates or 
alkyl halides. Recently, trialkyl phosphate, dialkyl 
phosphonate, and alkyl phosphinate were found to 
alkylate nitrogen heterocyclic compounds to give the 
corresponding iV-alkyl derivatives in good yields.1-4) 

O n the other hand, there are a few reports which 
show the addition of a dialkyl phosphite to the carbonyl 
groups of various heterocyclic compounds5»6) and to 
etherify cholestérols.7) However, there has been no 
report on the use of a dialkyl phosphite as an alkylating 

agent. The present paper shows a new method for the 
alkylation of imidazoles, 2,4-pyrimidinediols, and 
pyridones by means of a dialkyl phosphite. 

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

Reactions were carried out by heating a mixture of a 
heterocyclic compound and a dimethyl, diethyl, diiso-
propyl, or dibutyl ester of phosphorus acid. The 
products were isolated by distillation or extraction after 
neutralization of the reaction mixtures. In the reaction 

T A B L E 1. REACTIONS OF NITROGEN HETEROCYCLIC COMPOUNDS WITH DIALKYL PHOSPHITES 

Heterocyclic 
Gompd 

Imidazole 
(Im, la) 

Benzotriazole 
(Bztri, Ha) 

Pyrazole 
(Pyra, IVa) 

Theophylline 
(TP, Va) 

Uracil 
(U, Via) 

Thymine 
(T, Vila) 

2-Pyridone 
(2-Py, Vi l la) 

4-Pyridone 
(4-Py, Xa) 

R o f 
(RO)2 P (0 )H 

Me 

M> 
IVJ. C 

Me 

Me 

Et 

Me 

Me 

Et 

Me 

Me 

Et 

Isopropyl 

Bu 

Me 

Me 

Et 

Et 

Me 

Et 

Time 
(h) 

1 

i 
i 

1 

4.5 

7 

4 

IP) 

5 

4 

Ha) 

12 

13 

13 

6 

11 ^ 
i i . j 

6 

44.5 

5.5 

5.75 

Temp 
(°G) 

155 

1fi5 1 U J 

130 

130 

180 

170 

140 

196 

172 

140 < 

176 

182 

180 | 

171 

100 | 

171 

100 | 

169 1 

173 1 

T^ITWil 1 f t 
-L IUU.U.UL 

1-Methyl-Im (lb) 

f 1-Methyl-Bztri (lib) 
2-Methyl-Bztri (III) 

1-Methyl-Pyra (IVb) 

7-Methyl-TP (Vb) 
(Caffeine) 

7-Ethyl-TP 
1,3-Dimethyl-U (VIb) 
3-Methyl-U (Vic) 
1-Methyl-U (VId) 

1 1,3-Dimethyl-U (VIb) 
3-Methyl-U (Vic) 
1-Methyl-U (VId) 
1,3-Diethyl-U 

k 3-Ethyl-U 
' 1,3-Dimethyl-T (VHb) 

3-Methyl-T (VIIc) 
k 1-Methyl-T (VHd) 

1,3-Dimethyl-T (VHb) 
1-Methyl-T (VHd) 
1,3-Diethyl-T 
3-Ethyl-T 

w 1-Ethyl-T 
1-Isopropyl-T 
3-Butyl-T 
1-Butyl-T 

iV-Methyl-2-Py (VHIb) 

JV-Methyl-2-Py (VHIb) 
2-Methoxypyridine (IX) 
JV-Ethyl-2-Py 
iV-Ethyl-2-Py 
2-Ethoxypyridine 

V-Methyl-4-Py (Xb) 

^-Ethyl-4-Py 

Yield 
(%) 

58 

46 
4 

69 

71 

60 
12 
29 
11 
19 
13 
26 

7 
4 

10 
4 

35 
6 

25 
2 
1 

30 
1 
1 
4 

81 

52 
5 

80 
5 

10 

98 

86 

a) Tributylamine was added. 
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of uracil and thymine, the yields of products were 
obtained spectrometrically. The results are summarized 
in Table 1. 

The reaction of imidazole (la) with dimethyl phos­
phite proceeded smoothly at 155 °C to give 1-methyl -
imidazole (lb) as a liquid with the coformation of 
monomethyl phosphite or phosphorus acid. Facile 
alkylations were also observed in theophylline (Va) and 
pyrazole (Via) giving 7-alkyl and 1-alkyl derivatives, 
respectively. Selective alkylation took place in benzo-
triazole (Ha) in which alkylation occurred at the N- l 
position preferentially to the N-2 position producing 
1-methylbenzotriazole ( l ib ) and 2-methylbenzotriazole 
(III) at an approximately 11 to 1 molar ratio. Othe r 
alkylating agents, such as dialkyl sulfates, alkyl halides, 
and diazomethane, are known to give N- l and N-2 
derivatives at less selective ratios (2: 1, 5 : 3 , and 3 : 10, 
respectively). 8-14> 

In 2,4-pyrimidinediols, the yields of iV-alkyl deriva­
tives was rather low, e.g., in the reaction with uracil 
(Via) at 170 °C, 1,3-dimethyluracil (VIb) , 3-methyl-
uracil (Vic) , and 1-methyluracil (VId) were obtained 
in 12, 29, and 1 1 % yields, respectively. But when a 
large amount of a tertiary amine was used in the reac­
tion, the conversion of uracil to methylated derivatives 
increased even at low reaction temperature (140 °G), 
e.g., for tributylamine, 1,3-dimethyluracil (VIb) , 3-
methyluracil (Vic) , and 1-methyluracil (VId) were 
obtained in 19, 13, and 26% yields, respectively, with 
no other product. The employment of solvents, such as 
JVjiV-dimethylformamide, ethanol, and diglyme, 

(RO)aP(0)H Dialkyl phosphite 
R = Me, Et, Isopropyl, Bu 

IT—N 

i 
R 

I I N 
i 

R 

I I N 

li n 

R = H (la) 
Me (lb) 

R = H (Ha) 
Me (lib) 

R = Me (III) 

R = H (IVa) 
Me (IVb) 

R 

Me O R 
N N ' \ N ' R = H (Va) 

0ANJV Me(Vb) 
Me 

Ra 
O 

vYR' 
O ^ N / 

i 

Ri 

R1 = R3 = R5 = H (Via) 
R1 = R3 = Me, R5 = H (VIb) 
R1 = R5 = H, R3 = Me (Vic) 
R1 = Me, R3 = R5 = H (VId) 
R1 = R3 = H, R5 = Me (Vila) 
R1 = R3 = R5 = Me (Vllb) 
R1 = H, R3 = R5 = Me (VIIc) 
R1 = R5 = Me, R3 = H (Vlld) 

n 
i 

R 

^ N ^ O R 

O 
ii 

II II 
1 

R 

R = H (Villa) 
Me (VHIb) 

R = Me (IX) 

R = H (Xa) 
Me (Xb) 

lowered the yield of the 7V-alkyl derivatives by about 
one-third, but tended to increase the relative yield of 
the 1-alkyl derivatives produced. In the reaction of 
thymine ( V i l a ) , alkylation occurred mainly at the N- l 
position giving 1-alkyl derivatives along with small 
amounts of 3-alkyl and 1,3-dialkyl derivatives. I n this 
case, the reaction was not appreciably affected by the 
addition of a tertiary amine. The yield of the 1,3-dialkyl 
derivative increased with the reaction temperature and 
no O-alkylation was observed for these 2,4-pyrimidine­
diols (Via, V i l a ) . At higher temperature (about 200 
°G), the yields of alkylated products from V i a and V i l a 
decreased and relatively large amounts of unknown 
products were obtained, which appeared to be derived 
from decomposition of the pyrimidine ring, since no 
absorption was observed in the aromatic region of 
complex N M R spectra. 

However, for 2-pyridone ( V i l l a ) , alkylation occurred 
very smoothly giving the corresponding JV-alkyl deriva­
tive. Here, the O-alkyl derivative was isolated only when 
the reaction was carried out at low temperature and was 
found to undergo rapid thermal rearrangement to the 
corresponding iV-alkyl derivative upon heating at high 
temperature. Similar facile alkylation was observed in 
4-pyridone (Xa) although the O-alkyl derivative was 
neither isolated nor detected even at low temperature 
(97 °C). 

For the above reactions, the reactivities of the dialkyl 
phosphites were found to be in the following general 
order; me thy l>e thy l>bu ty l> i sopropy l as shown in 
Table 1. T h e present results suggest that dialkyl phos­
phites may be utilized as covenient alkylating agents, 
especially for imidazole analogs and pyridones. 

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

UV and IR spectra were measured with Hitachi 3-T and 
Jasco IR-G spectrometers, respectively. NMR spectra were 
recorded on a Hitachi-Perkin Elmer R-20 spectrometer with 
a dilute solution in deuterochloroform and deuterium oxide 
using tetramethylsilane as an internal and external standard. 

Preparative thin-layer chromatography (aluminium oxide, 
Merck Art 1064) was used to analyze the reaction products. 

All materials are commercially available and were used 
without further purification. The reaction conditions are 
given in Table 1. The following experiments are typical. 
Other compounds in the table were prepared similarly and 
their physical constants agreed with the literature values. 

Methylation of Imidazole (la). A mixture of la (1.00 g, 
0.015 mol) and dimethyl phosphite (0.81 g, 0.70 mol) was 
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heated at 155 °G with stirring for 1 h. After the reaction 
mixture had been neutralized by aqueous sodium hydrogen-
carbonate, it was extracted with tetrahydrofuran. Upon 
concentration of the organic extract, 1-methylimidazole (lb) 
was obtained as a liquid; (0.70 g, 58%). bp 76—77°G/11 
Torr (lit,11) 94—95 °C/13 Torr). IR and NMR spectra of 
the product are identical with those of an authentic sample. 

Methylation of Theophylline (Va). 1.01 g (0.0056 mol) 
of Va and 1.20 g (0.0109 mol) of dimethyl phosphite were 
heated at 130 °G for 4.5 h with stirring. The reaction mixture 
was neutralized and extracted with chloroform. The organic 
layer gave 7-methyltheophylline (Vb, caffeine, 0.775 g, 71%). 
IR, NMR, UV, and mp measurements were consistent with 
those of an authentic sample. 

Methylation of Pyrazole (IVa). A mixture of IVa 
(1.00 g, 0.0147 mol) and dimethyl phosphite (0.81 g, 0.0073 
mol) was heated at 130 °C for one hour with stirring. 1-
Methylpyrazole (IVb) was distilled at 127 °G during the 
reaction through a distillation column; (0.85 g, 69%). bp 
127 °G (lit,16> 127 °C); NMR: T ( C D G 1 3 ) : 2.60 (d, J=3 Hz, 
2H, ring), 3.81 (t, 7 = 3 Hz, 1H, ring), and 6.20 (s, 3H, -GH3). 

Methylation of Benzotriazole (Ha). A mixture of Ha 
(2.00 g, 0.0168 mol) and dimethyl phosphite (0.93 g, 0.0084 
mol) was heated at 165 °C with stirring for one hour. The 
reaction mixture was neutralized with aqueous sodium hydro-
gencarbonate and extracted with chloroform. The organic 
layer was concentrated to give the residue (1.44 g), the NMR 
spectrum of which showed only peaks attributable to 1-methyl-
benzotriazole (lib), 2-methylbenzotriazole (III), and benzo­
triazole (Ha). From the area ratio (34: 3: 4) of the singlet 
peaks of the GH3 groups of both isomers ( T = 5 . 8 3 for l i b and 
T = 5 . 6 0 for III), and the NH group of Ha ( T = - 5 . 5 0 ) , the 

yields of l ib , I II , and Ha were calculated to be 46,4, and 16%, 
respectively. Isolation of these products was carried out in a 
manner similar to that mentioned in a previous paper.4) The 
values of the physical constants agree with those of authentic 
samples. 

Methylation of Uracil (Via). A mixture of Via (3.01 g, 
0.0268 mol), dimethyl phosphite (6.00 g, 0.0545 mol), and tri-
butylamine (10.0 g) was heated at 140 °C for 11 h with stirring. 
After one hour of heating, Via was a thoroughly mixed solu­
tion. The reaction mixture was diluted with water to 50 ml, 
then separated using preparative aluminium oxide thin-layer 
chromatography (eluted with CHG13: MeOH=10: 1). This 
gave four ultraviolet absorbing spots [R{ and Amax (myi) : a = 
0.97, 267.5, b=0.57, 260.0, c -0 .38 , 268.0, and d=0.10, 
259.5], which were identified to be a=l,3-dimethyluracil 
(VIb), b=3-methyluracil (Vic), c=l-methyluracil (VId), 
and d=uraci l (Via), from a comparison of the physical con­
stants (from IR, UV, NMR, and mp determinations) with 
literature values7'16'17) and authentic samples. The yields 
for the reaction products were calculated to be VIb=19 , 
VIc=26, and VId=30%. 

Methylation of Thymine (Vila). A mixture of Vi la 
(0.50 g, 0.0039 mol) and dimethyl phosphite (2.40 g, 0.0218 
mol) was heated at 172 °C for 4 h with stirring. The reac­
tion mixture was neutralized with sodium hydrogencarbonate 
and diluted to 80 ml and then separated in a manner similar 
to that described above. The following products were ob­
tained (their physical constants are consistent with those of 
authentic samples and literature values) : JV-Alkyl derivatives, 
yield, Rt (CHCl 3 :MeOH=10: 1), and Amax(H20): 1,3-di-
methylthymine (VHb), 10, 0.98, 272, 3-methylthymine (VIIc), 
4, 0.72, 265, and 1-methylthymine (Vlld), 35%, 0.47, 273 mjx, 
respectively; (lit,18) VHb, 272, VIIc, 264.5, and Vlld, 273 
m[x). 

Methylation of 2-Pyridone (Villa). A mixture of V i l l a 
(3.00 g, 0.0316 mol) and dimethyl phosphite (3.60 g, 0.0327 
mol) was heated at 100 °G for 11.5 h. Then the mixture was 
made alkaline with aqueous sodium hydroxide and then 
extracted with chloroform. Thin-layer chromatography 
(eluted with GHG13: MeOH=10: 1) showed three spots (Rf, 
e=0.77, f =0.44, g=0.33). The spots e and g were identified 
from authentic samples to be JV-methyl-2-pyridone (VIHb) 
and 2-pyridone (Villa) , respectively. The residue (1.97 g) 
from the organic layer dissolved with deuterochloroform in 
order to obtaine the NMR spectrum. From the area ratio 
(20: 2.1) of the singlet peaks of the CH3 groups of both isomers 
[r=6.62 for VIHb and T = 6 . 2 7 for 2-methoxypyridine (IX)], 
the yield of iV-methyl and 0-methyl derivatives were calculated 
to be 52 and 5%, respectively. Distillation of this mixture 
gave IX (trace) and VIHb (1.44 g, 42%): 2-methoxypyridine 
(IX) ; bp 60 °C/50 Torr (lit,20) 142.4 °C), picrate (acetone-
H aO); mp 141—143 °G (lit,20) 145—146 °C): JV-methyl-2-
pyridone (VIHb); bp 92 °G/4 Torr (lit,19) 250 °G). 

Methylation of 4-Pyridone (Xa). 1.74 g (0.0183 mol) of 
Xa and 2.04 g (0.0185 mol) of dimethyl phosphite reacted at 
169 °G for 5.5 h. The reaction mixture produced only one 
thin-layer chromatographic product; Rt=0.72 (Xb) and Rf= 
0.41 (Xa) (eluted with GHG13: MeOH=10: 1). Making 
the solution alkaline with aqueous sodium hydroxide and 
extracting with chloroform gave JV-methyl-4-pyridone (Xb, 
1.95 g, 98%); picrate (acetone-HaO), mp 183.5—184.5 °C, 
NMR; x (CDC13) 2.49 (d, J=l Hz, 2H, ring), 3.77 (d, J= 
7 Hz, 2H, ring), and 6.36 (s, 3H, -CH3) . 
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Enammonium salt of 2-methyl-l-(jS-methylstyryl)piperidine (1) was isolated for the first time and charac­
terized. The enammonium salt, 2-methyl-l-(/?-methylstyryl)piperidinium chloride (2), was found to change 
easily to the corresponding iminium salt, 2-methyl-l-(2-phenylpropylidene)piperidinium chloride (3), at room 
temperature. The structure of the salts derived from l-(jff-methylstyryl)piperidine (4), 2-methyl-l-(/S-methyl-
styryl)pyrrolidine (5), 1 -(ß-methylstyryl)pyrrolidine (6), l-(2-methyl-l-propenyl)pyrrolidine (7), and 2-methyl-l-
(2-methyl-l-propenyl)piperidine (8) were also examined. 

Enamines are useful as a starting material for various 
organic syntheses, and their reactivities have been 
investigated by many workers.1) One of the reactions 
is the formation of salts with acids. Protonation on the 
nitrogen or the /?-carbon of the enamine to give the salt 
(I) or (II) is possible. 

R R 3 H 
i \ i i / 

C = C - N + 
R / " « ^ 

X R 

R l R 3 

, - C - C = 

H 

N- X 

Enammonium salt (I) Iminium salt (II) 

It has been shown that the protonation takes place 
rapidly on nitrogen and is followed by a transfer of the 
proton to the carbon. The evidence for iV-protonation 
has been based on the reaction of ozone, diazomethane 
or lithium aluminum hydride with iV-protonated salts 
under cooling.2) Existence of the enammonium salt and 
its rearrangement to the corresponding iminium salt 
were also suggested kinetically.3* However, the enamine 
salts so far isolated have the iminium salt structure (II) .4 ) 

This paper deals with the isolation and identification 
of iV-protonated salt derived from 2-methyl-l-(/?-
methylstyryl)piperidine (1), 2-methyl-l-(/?-methylstyr-
yl)piperidinium chloride (2), and its rearrangement to 
the corresponding iminium salt (3). Structures of the 
salts derived from l-(/?-methylstyryl)piperidine (4),5) 
2-methyl-l-(ß-methylstyryl)pyrrolidine (5),6> l-(/?-meth-
ylstyryl) pyrrolidine (6)>5) l -(2-methyl-l-propenyl)-
pyrrolidine (7)3> and 2-methyl-l-(2-methyl-l-propen-
yl)piperidine (8) were also examined. 

rjAcH 
r ^ i G l ~ 

CH 
II 

c 

CH 
0 

C C c^tr-C— CH3 

or ^H3 0- -en, u^ 0-
CH 

c\ 
"CH, 

[>OCH3 

CH 
n 

C 

Ç 

or ̂  or 
CH 
n 

'CH3 

V 
CH 
it 

CH, CH, 

^ C H 3 

X 
CH3 CH3 

8 

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

Proton magnetic resonance spectra were obtained with a 
JNM-PS-100 Spectrometer. Chemical shifts are indicated 
in ô value using TMS as an internal standard. The IR spectra 
were recorded with a JASCO IR-S Spectrometer. Gas 
chromatographic analyses were carried out on a 2 m column 
of 20% Carbowax 20 M on Cromosorb W with a Hitachi 
Gas Chromatograph, Model K 53. 

Materials. Enamines, 1, 4, 5, 6, 7, and 8 were prepared 
by the usual azeotropic procedures with benzene as a solvent. 
8; bp 66.5—67 °C (17 Torr). 

Preparation of the Salts. The preparation of the salts 
was carried out as follows. Dry hydrogen chloride gas was 
bubbled into a benzene solution (60 ml) of each enamine 
(0.1 mol) under cooling in an ice-salt bath. White very fine 
needles precipitated out gradually. The needles were 
separated from the solution by filtration, washed with benzene 
completely in a dry box, and dried under vacuum. The 
data of PMR spectra and IR spectra are summarized in Tables 
1 and 2, respectively. 

PMR Spectra of Enamines and Their Salts. The solutions 
for PMR spectral measurements were prepared by dissolving 
about 30 mg of the enamines or their salts in 0.5 ml CD3OD 
or CDClg in a dry box. They are easily soluble in both 
solvents. The spectra of the salts were obtained immediately 
after preparation of the samples. 

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

The salts derived from 1, 4, 5, and 6 are highly 
hydroscopic and decompose into 2-phenylpropanal and 
the amine hydrochlorides on exposure to air. No 
elemental analyses of these salts could be carried out. 
The salts were hydrolyzed and the resulting 2-phenyl­
propanal was estimated gas-chromatographically. (The 
2-phenylpropanal obtained from the hydrolyzates of the 
salts: 0.93 mol/1 mol salt of 1, 0.91 mol/1 mol salt of 4, 
0.97 mol/1 mol salt of 5, 0.95 mol/1 mol salt of 6). T h e 
results show that one mol of 2-phenylpropanal is 
obtained from one mol of each salt within experimental 
error. 

P M R spectra of 1, 2, and 3 in C D 3 O D and those of 2 
and 3 in CDC13 are shown in Fig. 1. T h e spectrum of 1 
in CDC13 was essentially the same as that of 1 in GD 3 OD. 

Two olefin proton signals (5.75 and 5.99 ppm) and 
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(A) in , CD3OD 

8 7 6 5 4 3 2 1 0 
tPPm) 

Fig. 1. 100 MHz PMR spectra of 1,2, and 3 in CD3OD 
or CDC13. 

two propenyl methyl proton signals (1.95 and 2.10 ppm) 
were observed (Fig. 1-(A)). The area ratio of the former 
signals 5.75 p p m : 5.99 ppm is 8 : 9 2 , coinciding with 
that of the latter 1.95 p p m : 2.10 p p m (10: 90). This 
shows that 1 is a mixture of two geometrical isomers, 
one of which prédominantes over the other. The 
existence ratio of the isomers in CDC13 is essentially the 
same as that in CD 3 OD. The predominant one seems 
to have a structure where the phenyl and the 2-methyl-
piperidino groups are situated in trans position to each 
other judging from the steric models of the two 
geometrical isomers. Allyl couplings (1.5 Hz) are 
observed between the corresponding olefin and methyl 
protons. T h e allyl coupling constant, 1.5 Hz, was also 
observed between the olefin proton (6.27 ppm) and the 
propenyl methyl protons (2.48 ppm) (Fig. 1-(B)). This 
shows that 2 has the same partial structure, N - C H = C -
CH3 , as enamine, 1. T h e propenyl methyl signals at 
2.10 p p m in spectrum (A) shift toward lower field, 2.48 
ppm, in spectrum (B). This also supports the partial 
structure of the enammonium salt, N + H - C H = C - C H 3 . 
The occurrence of the proton exchange between CD 3 OD 
and N + H - G H = C - C H 3 or HCl is shown by the 
appearance of the signal a t 5.10 p p m assignable to 
C D 3 O H in spectrum (B). The hydrochloric acid might 
be derived from that of crystallization. The P M R 
signals of the two geometrical isomers in C D 3 O D are 
considered to completely overlap each other, because 
of the existence of the isomers as shown in Fig. 1-(C). 
The existence ratio of the geometrical isomers was 
determined as 2 : 3 based on the area ratio of the 
respective signals. This suggests that the formation of 
the enammonium salt is accompanied by geometrical 
isomerization. The isomerization was also observed in 

the case of 4.5> T h e signal of the olefin proton seems 
to be the A part of a nearly pure first-order A M X 3 

pat te rn ; major isomer ( y = 8 . 0 , 1.2 Hz) , minor isomer 
( .7=9 .1 , 1.5 Hz) . The coupling constant, 1.2 or 1.5 Hz, 
is due to the allyl coupling between the olefin proton 
and the propenyl methyl protons. The coupling 
constant, 8.0 or 9.1 Hz, may be due to the coupling 
between this olefin proton and the proton attached to 
the nitrogen atom. The major one seems to have a 
structure in which the phenyl and the 2-methyl-
piperidino groups are situated in trans position to each 
other. The smaller allyl coupling constant of the major 
isomer (1.2 Hz) suggests that the propenyl methyl group 
is situated in trans position of the olefin proton, because 
Tcisoid is usually larger than /transoid-7* 

When the C D 3 O D solution of 2 was heated up to 
50 °C, the signals of the P M R spectrum of 2 (spectrum 
B) changed to those of 3 in a CD 3 OD solution (Fig. 
1-(D)). The methyl proton signal at 2.48 ppm in 
spectrum B is shifted to the higher field (at 1.70 ppm) 
in spectrum D. This suggests that the enammonium 

1 1 1 
structure, CH 3 -C=C-N+- , was converted in solution 

1 1 

into the iminium structure, CH 3 -C-C=N + . The signal 

at 1.70 ppm was singlet, and no allyl coupling could be 
observed, indicating tha t 3 in C D 3 O D had been 
deuterated at the /9-carbon. This shows that 2 is easily 
deuterated in C D 3 O D to the iV-deuterated salt which is 
subsequently rearranged to the corresponding iminium 
salt. The sequence of the reactions (Scheme 1) is in 
line with the generally accepted mechanism of the 
iminium salt formation. 

a CI" ci a 
ÇH _ML^"^CH _ ^ f £ H . 

Qrc^H3 o^c"CH3 cfc"CH3 C r 
ÇH 
6-CH3 

D 

3d 

Scheme 1. 

In the case of a CDC13 solution, the signals of the 
P M R spectrum of 2 (Fig. 1-(C)) also changed to those 
of 3 (Fig. 1-(E)).8> Addition of CD 3 OD to the CDC13 

solution of 2 is recognized to accelerate the rearrange­
ment, giving 3-d (Fig. 1-(D)). Possibility of the existence 
of two geometrical isomers of 3 can be neglected by 
consideration of the steric interaction using models 
(Corey-Pauling-Kaltum type and Dreiding type).6> 
P M R spectra of the salts derived from 4 and 5 were 
also obtained. As shown in Table 1, the produced salts 
have the iminium salt structures. Bubbling of dry 
hydrogen chloride gas into the solution of 4 or 5 under 
cooling also gave the corresponding enammonium salts 
al though their amounts were much smaller in com­
parison with those of the iminium salts. 

From the P M R spectral data of the enamines and 
their salts, 1—8 (Table 1), we see that the salts except 
for 2 have an iminium salt structure. 

T h e complex bands observed in 2350—2600 c m - 1 in 
the I R spectrum of 2 were assignable to the ammonium 
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TABLE 1. PMR SPECTRAL DATA OF ENAMINES, ENAMMONIUM AND IMINIUM SALTS (IN CDC13) 

Ï major: 1.03 (d, 7=6.70 Hz, N-CH-CH3) , 2.10 (d, 7 = 1 . 5 Hz, CH=C-CH3), 5.99 (d, 7 = 1 . 5 Hz, 
CH=C-CH3), minor: 1.09 (d, 7=6 .70 Hz, N-CH-CH 3) , 1.95 (d, 7 = 1 . 5 Hz, CH=C-CH3), 5.75 
(d, 7 = 1 . 5 Hz, CH=C-CH3). 

2 major: 1.63 (d, 7 = 6 . 0 Hz, NH-CH-CH3) , 2.72 (d, 7 = 1 . 2 Hz, CH=C-CH3), 5.90 (dq, 7=8 .0 , 

1.2 Hz, CH=C-CH3), minor: 1.51 (d, 7 = 6 . 0 Hz, NH-CH-CH3) , 2.66 (d, 7 = 1 . 5 Hz, CH=C-
CH3), 6.09 (dq, 7 = 9 . 1 , 1.5 Hz, CH=C-CH3). 

3 major: 1.40 (d, 7 = 7 . 0 Hz, N-CH-CH3) , 1.69 (d, 7 = 7 . 5 Hz, CH-CH-CH3) , 9.00 (m, N=CH-C), 

minor: 1.29 (d, 7 = 6 . 5 Hz, N-CH-CH 3 ) , 1.66 (d, 7 = 7 . 5 Hz, CH-CH-CH3) , 9.08 (m, N=CH-G). 

4 major: 2.09 (d, 7 = 1.2 Hz, CH=C-CH3), 6.11 (d, 7 = 1.2 Hz, CH=C-CH3), minor: 1.97 (d, J= 
1.6 Hz, CH=C-CH3), 5.82 (d, 7 = 1 . 6 Hz, CH=C-CH3). 

Salt of 4 1.46 (d, 7 = 7 . 0 Hz, CH-CH-CH3) , 9.65 (m, N=CH-C). 

5 major: 1.17 (d, 7 = 6 . 3 Hz, N-CH-CH 3 ) , 2.15 (d, 7 = 1 . 3 Hz, CH=C-CH3), 6.40 (d, 7 = 1 . 3 Hz, 
CH=C-CH3), minor: 1.17 (d, 7 = 6 . 3 Hz, N-CH-CH3) , 2.04 (d, 7 = 1 . 5 Hz, CH= C-CH3), 6.11 
(d, 7 = 1.5 Hz, CH=C-CH3). 

Salt of 5 major: 1.55 (d, 7 = 7 . 0 Hz, N-CH-CH 3) , 1.80 (d, 7 = 7 . 5 Hz, -CH-CH 3 ) , 8.86 (m, N=GH-G), 

minor: 1.55 (d, 7 = 7 . 0 Hz, N-CH-CH 3) , 1.78 (d, 7 = 6 . 5 Hz, -CH-CH 3) , 8.86 (m, N=CH-C). 

6 major: 2.07 (d, 7 = 1.2 Hz, CH=C-CH3), 6.38 (d, 7 = 1 . 2 Hz, CH=C-CH3), minor: 1.95 (d, 7 = 
1.6 Hz, CH=C-CH3), 6.07 (d, 7 = 1 . 6 Hz, CH=C-CH3). 

Salt of 6 1.80 (d, 7 = 7 . 5 Hz, -CH-CH 3) , 9.76 (m, N=CH-C). 

7 major: 1.75 (s, -CH3) , 5.67 (m, CH=C-CH3), minor: 1.68 (s, -CH3) , 5.67 (m, CH=C-CH3). 

Salt of 7 1.32 (C-CH3), 8.15 (d, 7 = 9 . 0 Hz, N=CH-). 

8 mixture of two geometrical isomers (1: 1) 0.97 (d, 7 = 6 . 2 Hz, N-C-CH3) , 1.67 (d, 7 = 1 . 6 Hz, 
C=C-CH3), 1.72 (d, 7 = 1.4 Hz, C= C-CH3), 5.24 (m, N-CH-C). 

Salt of 8 1.37 (d, 7 = 6 . 8 Hz, N-C-CH3) , 1.61 (d, 7 = 7 . 2 Hz, N=C-C-CH3), 9.14 (d, 7 = 8 . 0 Hz, N=CH). 

structure, N+-H. In the case of nicotine hydrochloride, 
it was reported that the band attr ibutable to the ammo­
nium structure was observed in the region of 2350—2440 
cm - 1 .9) T h e I R spectrum of 3 was obtained after 
concentration of its CDC13 solution. The absorption 
band, 1637 c m - 1 , due to the double bond stretching of 
the enamine shifts by 21 and 34 c m - 1 toward higher 
frequencies in those of 2 and 3, respectively. Leonard 
and Gash reported a shift of 20—50 c m - 1 toward higher 

T A B L E 2. INFRARED FREQUENCIES OF ENAMINES, 

ENAMMONIUM AND IMINIUM SALTS 

1 
2 
3 
4 
Salt of 4 
5 
6 
Salt of 6 
7 
Salt of 7 
8 
Salt of 8 
Nicotine HCl 
Nicotine 2HC1 

*c=c 
1637 
1658 

1637 

1631 
1633 

1672 

1675 

frequencies when an enamine was converted into its 
iminium salt.4) The salts derived from enamines except 
for 2 have an iminium salt structure, since the band due 
to vNH connot be observed in the spectra of these salts 
(Table 2). 

I t seems that the enammonium salt is too labile to be 
isolated. Salt 2 seems to be the first case of the isolation 
of the enammonium salt. Preparation of the salts of 
4, 5, and 6 under cooling also gave the enammonium 
salts although their contents were low. This shows that 
4, 5, and 6 as well as 1 have a possibility of giving their 
corresponding enammonium salt. No enammonium 
salts could be detected in the salts derived from 7 and 8. 
The stability of the enammonium salt can be at tr ibuted 
to the conjugation of the G=G double bond with benzene 
ring. The salt isolated as crystals derived from 1 was 
enammonium salt 2, and iminium salt 3 could be 
obtained as the product of the rearrangement of 2. 
O n the other hand, the salts of 4, 5, and 6 isolated as 
crystals were iminium salts. I t seems that enammonium 
salt of 1 is sparingly soluble in benzene, but those of 
4—5 are readily soluble and subsequently converted 
into the corresponding less soluble iminium salts. Thus, 
it is concluded that in the case of the salt of 1, rearrange­
ment from 2 to 3 would be interfered by the immediate 
precipitation of 2 out of the solution. This may be the 
reason why the salt derived from 1 has the enammonium 
salt structure. 
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Ethoxycarbonyl nitrene, generated by the photolysis of ethyl azidoformate (I), was inserted preferentially 
into the a C-H bonds of acyclic ethers. Each of the reactions with acyclic ethers gave iV-alkoxyurethane via a 
cleavage of the G-O bond, indicating that an O-N ylide is an intermediate of the nitrene reaction. Comparing 
sensitized photolysis with direct photolysis of I in ethers and in alcohols, it was found that the nitrene insertion 
into the a G-H bonds of ethers proceeds for both singlet and triplet and that the insertion into the ß and y C-H 
bonds of ethers and the O-H bonds of alcohols proceeds only for the singlet. 

In a previous paper,1) the photolysis of ethyl azido­
formate (I) in cyclic ethers was reported. The ethoxy-
carbonyl nitrene, generated by the photolysis of I, was 
inserted preferentially into the a C - H bonds of cyclic 
ethers. The reactions with cyclic ethers bearing an 
alkyl group at the a-position gave unsaturated alkoxy-
urethane via a cleavage of the ring C - O bond. In 
addition, the nitrene insertion into the a C - H bonds 
of eis- and £rarcj-2,5-dimethyltetrahydrofurans proceeded 
non-stereospecifically. From these results, a mechanism 
which included an O - N ylide intermediate for the 
insertion reaction was proposed, although the hydrogen 
abstraction-recombination mechanism was not ruled out. 

The present paper reports further information about 
the mechanism based on a study of the photolyses of I 
carried out in acyclic ethers and in alcohols. Further­
more, the sensitized photolysis of I was examined and 

compared with direct photolysis in the ethers and 
alcohols. 

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

Direct Photolysis of Ethyl Azidoformate in Acyclic Ethers. 
Ethyl azidoformate (I) in acyclic ether ( I I I ) was 
irradiated by the light (mainly of 2537 Â) from a low-
pressure mercury arc at 0 °C with stirring in an atmos­
phere of nitrogen. Insertion products (IV) of ethoxy-
carbonyl nitrene (II) into the C - H bonds of the acyclic 
ethers were obtained, accompanied by the hydrogen 
abstraction product, urethane (VI) , and small amounts 
(0.3—1.3%) of diethyl hydrazodiformate (VII ) . In 
addition, iV-alkoxyurethanes (V) were obtained for each 
reaction. 

TABLE 1. DIRECT PHOTOLYSIS OF ETHYL AZIDOFORMATE IN ACYCLIC ETHERS 

Ether (III) 
Product (%)a> 

Insertion (IV) C-O Cleavage (V) Abstraction (VI) 

(a) Diethyl 

(b) Dipropyl 

(c) Dibutyl 

(d) Diisopentyl 

(e) Isobutyl 
methyl 

(f ) 2-Methoxy-
ethanol 

(a) C H 3 C H O C 2 H 5 

N H R 

r (bj) C H 3 C H 2 C H O C 3 H 7 

N H R 

i (b2) C H 3 C H C H 2 O C 3 H 7 

N H R 
(Cl) C H 3 C H 2 C H 2 C H O C 4 H 9 

N H R 

(c2) C H 3 C H 2 C H C H 2 O C 4 H 9 

N H R 
v (c3) C H 3 C H C H 2 C H 2 O C 4 H 9 

N H R 

t (dx) ( C H 3 ) 2 C H C H 2 C H O C 5 H n 

N H R 

1 (d2) ( C H 3 ) 2 C C H 2 C H 2 O C 5 H n 

N H R 

r ( e j ( C H 3 ) 2 C H C H O C H 3 

N H R 

• (e2) ( C H 3 ) 2 C H C H 2 O C H 2 

N H R 

NDe> 

31.2 

3 2 . 3 

3.1 

2 5 . 0 

3 .8 

3 .9 

17.1 

5 .7 

16.5 

5 .7 

(a) CH3CH2ONHRb> 

(b) CH3CH2CH2ONHR 

3.9 

5.6 

17.6 

20.5 

(c) CH3CH2CH2CH2ONHR 4.1 17.4 

(d) (CH3)2CHCH2CH2ONHR 2.4 

(ei) (CH3)2CHCH2ONHR 2.6 

(e2) CH3ONHR trace 

(f) CH3OCH2CH2ONHRd> 37.8 

15.1 

20.3 

21.2 

a) Calculated on the basis of the azide used. b) R : COOEt. c) ND : not detected. d) This compound 
is the O-H insertion product. 
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N„COOEt —-* :NCOOEt 
R-0-CMH2n+i 

(I) 
- N , 

(II) 
R-0-C„H2„NHCOOEt + R-ONHCOOEt 

(IV) (V) 

(VI) 

NHCOOEt 
+ NH2GOOEt + | 

NHCOOEt 

(VII) 

The yields of the products mentioned above are listed 
in Table 1. 

The insertion occurred preferentially at the C - H bonds 
of the a-position. In the reaction with an unsymmetrical 
ether, isobutyl methyl ether, insertion into the secondary 
a G - H bond predominated over insertion into the 
pr imary a C - H bond. In the reaction with 2-methoxy-
ethanol (methylcellosolve), however, the product of O - H 
insertion was isolated instead of that of C - H insertion. 
T h e formation of iV-alkoxyurethane (V) shows that 
cleavage of the C - O bonds occurs during the reactions. 
Olefins, al though not detected, might be formed 
concomittantly by V, in analogy to the formation of an 
unsaturated product of the cleavage of the ring C - O 
bonds of cyclic ethers.1 '2) 

Relative Reactivities. As mentioned above, the 
a C - H bonds of the acyclic ethers were more reactive 
for nitrene insertion than the other C - H bonds. In 
order to compare the insertion reactivities of the a C - H 
bonds with those of the cyclohexane C - H bonds, direct 
photolysis of I was carried out in a mixture of equimolar 
amounts of an acyclic ether and cyclohexane. The 
yields of the products and the reactivities are summarized 
in Table 2, with the reactivities of pr imary (1°), secon­
dary (2°), and tertiary (3°) C - H bonds in 2-methyl-
butane.3) 

TABLE 2. DIRECT PHOTOLYSIS OF I IN A MIXTURE OF 

AN ACYCLIC ETHER AND CYCLOHEXANE 

(Ci) 

(c2) 

(c8) 

(di) 
(d2) 

Product (%)a> 

Cyclohexyl-
/jyx urethane 

17.8 12.0 
2.8 
3.0 

13.2 9.2 
4.5 

Type of 
C-H 
bond 

2°(«) 
2°(ß) 
2° (y) 
2°(«) 
3° (y) 

. Rela­
tive 
reacti­
vity1') 

4.5 
0.7 
0.8 
4.4 
2.9 

2-Methylbutane 

1° 2° 3° 

0.09 0.8 3.0 

a) Calculated on the basis of the azide used. 
b) Relative reactivity : per C-H bond of cyclohexane. 

The secondary C - H bonds at the a-position of the 
acyclic ethers were much more reactive for nitrene 
insertion than the corresponding C - H bonds of hydro­
carbons. Such unusually high reactivities and the 
formation of 7V-alkoxyurethanes (V) are very similar 
to reactions with cyclic ether.1) Thus the reaction of 
nitrene with acyclic ethers may involve the O - N ylide, 
which has been proposed for the reaction with cyclic 
ethers.1) 

Sensitized Photolysis in Ethers. As has been pointed 

out in a previous paper,1) the abstraction-recombination 
mechanism due to the triplet nitrene was not ruled out 
for insertion into the a C - H bonds of the ethers. Thus, 
the decomposition of I was carried out under conditions 
involving no singlet nitrene. Ethyl azidoformate (I) 
in ether was irradiated with the light from a high-
pressure mercury lamp in the presence of a sensitizer, 
acetophenone, in an atmosphere of nitrogen. A 1.5 M-
C u S 0 4 aqueous solution was circulated as a filter. The 
filter completely inhibited the direct excitation of I. 
The yields of the products are listed in Table 3, in 
which they are compared with those for reactions using 
a low-pressure mercury lamp (direct photolysis). 

TABLE 3. SENSITIZED PHOTOLYSIS OF I IN ETHERS 

Product (%)a> 

Ether Insertion into 
a C-H bond 

(IV) 

Abstraction Ratio 
(VI) VI/IV 

I I 
x o / 

27.0(32.8) 44.6(22.2) 1.7(0.7) 

o/ 

N 0 / N C H 3 

(CH3CH2CH2-
CH2)aO 

27.8(25.0)b) 72.5(16.0) 2.6(0.6) 

16.5c>(12.0)b'c> 65.2(34.0) 4.0(2.8) 

8.4(25.0) 50.5(17.4) 6.0(0.7) 

( ) Indicates the values for direct photolysis. 
a) Calculated on the basis of the azide used. 
b) From Ref. 1. 
c) Insertion into the tertiary C-H bond. 

The nitrene species involved in these sensitized 
photolysis reactions must be in the triplet state.4) The 
molar ratios of V I / I V for sensitized photolysis are larger 
than those for direct photolysis. T h e findings for 
dioxane are similar to those reported by Nozaki et alß 
In the sensitized photolysis with dibutyl ether, neither 
the products of insertion into the ß and y C - H bonds nor 
iV-butoxyurethane were detected in contrast to direct 
photolysis, as is shown in Table 1. Furthermore, neither 
the product of insertion into the ß C - H bonds of tetra-
hydropyran nor the C - O cleavage product in 2-methyl-
tetrahydropyran was detected, although both were 
isolated for direct photolysis.1) It is noteworthy that 
both singlet and triplet ethoxycarbonyl nitrenes are 
inserted into the C - H bonds adjacent to the oxygen 
atom, in contrast to insertion by only the singlet into 
the C - H bonds of hydrocarbons.6 - 8) 

The insertion of the triplet nitrene is initiated by 
hydrogen abstraction from the etheral a-position, 
followed by the radical recombination, as shown in 
Scheme 1. 

R - N . 

-O-C-CH,-
~ H 

-> -OT-C-CH-- + HNR 

. <n) . 
triplet nitrene 0 - C - C H 2 

HNR 
Scheme 1. 
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Concerning hydrocarbons, such a radical recombina­
tion mechanism has been ruled out because of no 
insertion by the triplet.6-8) For ethers, however, the 
a-carbon radical is stabilized by the adjacent oxygen 
atom, permitting recombination with the H N R radical. 
As is seen in Table 3, the molar ratios of V I / I V for 
direct photolysis are much smaller than those for 
sensitized photolysis. This means that the singlet 
nitrene participates in the insertion into the a G - H 
bonds. Judging from the view point of non-stereo-
specific insertion,1) the singlet nitrene is not inserted into 
the a C - H bonds by a one-step mechanism. 

The insertion of the singlet nitrene, which results 
only from direct photolysis, is initiated by the formation 
of an O - N ylide (VIII) with the ethereal oxygen. T h e 
ylide V I I I abstracts a proton from the a C - H bond, 
followed by homolytic cleavage of the O - N bond giving 

-O-CH2-
elNi 

1 
R 
(VIII) 

the radical species, the a-carbon radical, and H N R . 
The recombination of these two radicals results in the 
a-insertion product as has been reported in a preceding 
paper.1) O n the other hand, V I I I leads to V via 
hydrogen abstraction and cleavage of the C - O bond.1) 

Insertion into the ß and y- C - H bonds, however, may 
proceed by the one-step mechanism proposed for the 
reaction with hydrocarbons,6 - 8) since the ß- and y-
carbon radicals, whose resonances with the oxygen lone 
pair are insulated by the methylenes, are not as stable 
as the a-carbon radical. These two distinct mechanisms 
can explain the difference in reactivity between the a 
C - H bond and the ß or y C - H bond shown in Table 2. 

In the reaction with isobutyl methyl ether, as shown in 
Table 1, preferential insertion into the a-methylene 
group may be due to the difference between the radical 
stabilities o f - Ô H O C H 3 and - C H 2 O C H 2 . 

Direct and Sensitized Photolysis in Alcohols. T o 
obtain further information about the behavior of the 
nitrene for other oxygen compounds, direct and sensitized 
photolysis of I were carried out in alcohols. The results 
are shown in Table 4. Direct photolysis gave products 
for nitrene insertion into the O - H bonds, while sensitiz-

TABLE 4. 

Alcohol 

PHOTOLYSIS OF I : [N ALCOHOLS 

Product (%)a>b> 

Insertion into 
O-H bond 

Direct Sensitized 

CH3CH2OH 11.0 NDC> 
CH3CH2CH2OH 15.0 ND 
CH3CH2CH2CH2OH 27.0 ND 

Abstraction (VI) 

Direct Sensitized 

71.0 64.6 
46.0 80.5 
47.0 74.9 

a) Calculated on the basis of the azide used. 
b) Photolysis gave the corresponding aldehydes in 
addition to the insertion and abstraction products. 
c) ND : not detected. 

ed photolysis gave no such insertion products. There­
fore, it is concluded that the O - H insertion products are 
formed only by the singlet nitrene as shown in Scheme 
2.9) The O - H insertion can be considered to proceed 
by a one-step of the singlet nitrene. 

-O-H 

+ 

IN 

k 

- f>H 

R 

singlet 
nitrene (IX) 

-01 
- > 1 

INH 
R 

(O-H 
insertion) 

-Q-H 

iljl-
R 

triplet 
nitrene 

Scheme 2. 

However, it is more reasonable that O - H inserion 
proceeds via an O - N ylide intermediate ( IX) , in analogy 
to reactions of ethers with the singlet nitrene, as mention­
ed above. 

Reaction Course. T h e facts observed for the 
reactions of nitrene with ethers and alcohols can be 
accommodated into Scheme 3. 

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

Most of the equipment and techniques have been described 
in preceding papers.1'10) In addition, a Nippon Bunko 
(JASCO) Model A-3 photometer was used for the IR measure­
ments and a 20% mixture Apiezone Grease L on Neosorb NC 
(60—80 mesh) was employed as the absorbent for VPC. 

Materials. Ethyl azidoformate (I) was prepared by 
the method of Lwowski and Mattingly.4) Cyclohexane, 
dioxane, alcohols, and most of the ethers were used after the 

photosensiti-
zation 

>3000A 
-• R-N, 

R-N, 

2537 À 

triplet excited 
azide 

•+ R - N , 

singlet excited 
azide 

-• R - N -

triplet nitrene 
Scheme 1 

-> R - N 

singlet nitrene 

Ylide 
(VIII or IX) 

Scheme 2 

Scheme 3. 

Abstraction product (VI) 

~* a C-H insertion products (IV) 

-• O-H insertion products 

-» C-O cleavage products (V) 

-• ß, y C-H insertion products (IV) 
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commercial reagents h a d been purified according to published 
directions.11) All the acyclic ethers were purified by boiling 
with sodium and by distillation. T h e absence of alcohols in 
the ethers was confirmed by V P C . Isobutyl methyl ether 
was prepared from sodium isopropoxide and methyl iodide 
using the Williamson procedure ; bp 58.5 °G (lit,12) 59 °C) ; 
yield, 7 3 % . Diisobutyl ether was prepared from isobutyl 
alcohol and concentrated sulfuric acid. A mixture of 100 ml 
of concentrated sulfuric acid and 400 ml of isobutyl alcohol 
was refluxed in a flask equipped with a distillation column. 
A fraction, bp 82—91 °C, was collected and dried over an­
hydrous calcium chloride. After the solid pa r t had been 
removed by filtration, the filtrate was washed with water, 
dried over anhydrous calcium chloride, and distilled; bp 120— 
123 °G (lit, 122—124 °G). T o prepare the authentic IVc 2 , 
amino ether was prepared from 2-amino-l -butanol and butyl 
iodide using the Williamson procedure; bp 96 °G/25 T o r r ; 
yield, 7 6 % . A solution of 10 g of the amino ether in diethyl 
ether was cooled and 7 g of ethyl chloroformate was added 
dropwise to the solution. T h e solution was washed with 10% 
sodium carbonate and with water. T h e ether layer was 
dried over anhydrous sodium sulfate, the solvent was evap­
orated, and the residue was distilled; bp 124 °C/3 T o r r ; 
yield, 5 6 % . 

Direct Photolysis of I in Acylic Ethers. A solution of 5.0 g 
(0.043 mol) of ethyl azidoformate in 0.5 mol of acyclic ether 
was irradiated using a low-pressure mercury lamp, with stirr­
ing and cooling at 0 °C, until the evolution of nitrogen was no 
longer observed. T h e nitrogen evolved then gave almost 
the theoretical amount based on the azide used. T h e excess 
substrate was removed by distillation at 25—85 °G and 20— 
30 Torr . T h e residue was analyzed by V P C on columns. 
T h e I R and N M R spectra and V P C retention time of ure thane 
(VI) were identical to those of an authentic sample, and a 
mixed melting point test with the authentic sample was unde­
pressed. Diethyl hydrazodiformate (VII) was obtained in 
yields of 0.01—0.05 g for each experiment. T h e I R and N M R 
spectral, and elemental analysis d a t a of V I I have been de­
scribed previously.1) T h e insertion products (IV) and N-
alkoxyurethanes (V) displayed strong absorptions in the 
3260—3360 and 1700—1730 c m - 1 regions due to the N H 
groups and the ester C = 0 groups, respectively. T h e N M R 
spectra of I V and V were measured in carbon tetra­
chloride and the chemical shifts were given in T values. T h e 
I R and N M R spectral da ta , and the V P C retention times of V 
are identical to those of the products obtained by nitrene 
insertion into the O - H bonds when I was photolyzed in 
alcohols.13) 

(a) In Diethyl Ether (Ilia): JV-(l-ethoxyethyl)urethane 
(IVa, 2 .16g) and iV-ethoxyurethane (Va, 0.22 g) were iso­
lated. I V a : N M R : 4.25 (NH, 1H, bs), 5.00 (CH, 1H, m ) , 
5.94 (ester-CH2 , 2H, q ) , 6.50 (OCH 2 , 2H, m ) , 8.70 (CH 3 , 
3H, d ) , 8.76 (ester-CH3 , 3H, t) , 8.86 (CH 3 , 3H, t ) . Found : 
C, 52.58; H , 9.51 ; N , 8.46%. Calcd for C 7 H 1 5 0 3 N : C, 52.15; 
H, 9.38; N , 8.69%. V a : N M R : 1.97 (NH, 1H, bs), 5.85 
(ester-CHa , 2H, q) , 6.14 (CH 2 , 2H, q) , 8.70 (CH3S 3H, t) , 
8.73 (ester-CH3 , 3H, t ) . Found : C, 45.62; H , 8.08; N, 
10 .91%. Calcd for C 5 H n 0 3 N : C, 45.10; H , 8.33; N, 10.52%. 

(b) In Dipropyl Ether (IHb): iV-(l-propoxypropyl)ure­
thane ( IVb l 3 2.62 g) , iV-[l-(propoxymethyl)ethyl]urethane 
( IVb 2 , 0.25 g) , and JV-propoxyurethane (Vb, 0.35 g) were 
isolated. I V b x : N M R : 4.65 (NH, 1H, bs), 5.25 (CH, 1H, 
m) , 5.93 (ester-CH2 , 2H, q) , 6.57 (OCH 2 , 2H, m ) , 8.40 (CH 2 , 
4H , m) , 8.76 (ester-CH3 , 3H, t) , 9.08 (CH3 , 6H, t) . Found : 
C, 56.98; H , 10.01; N , 7.62%. Calcd for C 9 H 1 9 0 3 N : C, 
57 .11; H , 10.12; N , 7.40%. I V b 2 : N M R : 5.29 (NH, 1H, 
bs), 5.97 (ester-CH2 , 2H , q) , 6.06 (CH, 1H, m) , 6.64 (OCH 2 , 

2H , b t ) , 6.68 (CH 2 , 2H, d ) , 8.40 (CH2 , 2H, m) , 8.84 (CH3 , 
3H, d ) , 8.78 (ester-CH3 , 3H, t) , 9.07 (CH3 , 3H, t ) . Found: 
C, 57.37; H , 10.28; N, 7.15%. Calcd for C 9 H 1 9 0 3 N : C, 
57.11 ; H , 10.12; N, 7.40%. V b : N M R : 2.00 (NH, 1H, bs), 
5.86 (ester-CH2 , 2H, q) , 6.25 (OCH 2 , 2H , t) , 8.37 (CH2 , 2H, 
six), 8.71 (ester-CH3 , 3H, t ) , 9.03 (CH3 , 3H, t) . Found: 
C, 49.15; H , 9.12; N , 9 . 8 1 % . Calcd for C 6 H 1 3 0 3 N : C, 48.96; 
H , 8.90; N , 9.52%. 

(c) In Dibutyl Ether (IVc): JV-(l-butoxybutyl)urethane 
( IVc l 5 2.33 g) , iV-[l-(butoxymethyl)propyl]urethane (IVc2 , 
0.35 g), iV-(3-butoxy-l-methylpropyl)urethane (IVc3 , 0.36 g), 
and iV-butoxyurethane (Vc, 0.28 g) were isolated. IVc x : 
N M R : 5.15 (NH, 1H, bs), 5.16 (CH, 1H, m) , 5.94 (ester-
CHa, 2H, q) , 6.56 (OCH 2 , 2H, t) , 8.53 (CH2 , 8H, m) , 8.74 
(ester-CH3 , 3H, t) , 9.05 (CH3 , 6H, t ) . Found : C, 61.08; 
H , 10.35; N, 6 .18%. Calcd for C u H 2 3 0 3 N : C, 60.80; H , 
10.67; N, 6 .45%. I V c 2 : N M R : 5.30 (NH, 1H, bs), 5.96 
(ester-CH2 , 2H, q) , 6.40 (CH, 1H, m) , 6.62 (OCH 2 , 4H, bt) , 
8.25 (CHCH 2 , 2H , m) , 8.52 (CH 2 , 4H , m) , 8.77 (ester-CH3, 
3H, t ) , 9.06 (CH3 , 6H, t ) . Found : C, 61.18; H , 10.42; N, 
6 .08%. Calcd for C n H 2 3 0 3 N : C, 60.80; H , 10.67; N, 
6 .45%. I V c 3 : N M R : 4.85 (NH, 1H, bs), 5.98 (ester-CH2, 
2H, q) , 6.33 (CH, 1H, m) , 6.56 and 6.65 (OCH 2 , 4H, t ) , 
8.50 (CH2 , 6H, m) , 8.58 (CH3 , 3H, d) , 8.79 (ester-CH3, 3H, 
t) , 9.07 (CH 3 , 3H, t ) . Found : C, 60.98; H , 10.38; N, 6 .11%. 
Calcd for C n H 2 3 0 3 N : C, 60.80; H , 10.67; N, 6 .45%. V c : 
N M R : 1.97 (NH, 1H, bs), 5.86 (ester-CH2, 2H, q), 6.22 
(OCH 2 , 2H, t) , 8.2—8.9 (CH2 , 4H, m) , 8.71 (ester-CH3, 3H, 
t) , 9.05 (CH3 , 3H, t ) . Found : C, 52.51 ; H , 9.19; N, 8.44%. 
Calcd for C 7 H 1 5 0 3 N : C, 52.15-; H , 9.38; N, 8.69%. T h e 
insertion product , IVc2 , exhibited I R and N M R spectra and 
a V P C retention time identical with those of an authentic 
sample. 

(d) In Diisopentyl Ether (Hid): iV-(3-methyl-l-isopentyl-
oxybutyl)urethane ( IVdj , 1.80 g), iV-(l,l-dimethyl-3-iso-
pentyloxypropyl)urethane (IVd2 , 0.60 g), and iV-isopentyloxy 
ure thane ( Vd, 0.18 g) were isolated. IVd x : N M R : 5.14 (NH, 
1H, bs), 5.14 ( O C H , 1H, t) , 5.94 (ester-CH2 , 2H, q) , 6.57 
(OCH 2 , 2H , t) , 8.15 and 8.30 (CH, 2H, m) , 8.70 (CH2 , 4H, 
m) , 8.75 (ester-CH3 , 3H, t) , 9.06 and 9.10 (CH3 , 12H, d) . 
Found : C, 63.69; H , 10.92; N, 5 .58%. Calcd for C 1 3 H 2 7 0 3 N: 
C, 63.64; H , 11.09; N, 5 . 7 1 % . I V d 2 : N M R : 4.55 (NH, 1H, 
bs), 6.04 (ester-CH2 , 2 H , q) , 6.50 and 6.60 (OCH 2 , 4H, t) , 
8.39 (two C H 2 and C H , 5H, m) , 8.66 (CH3 , 6H, s), 8.80 
(ester-CH3 , 3H, t) , 9.08 (CH3 , 6H, d ) . Found : C, 63.23; 
H , 10.98; N , 5 .95%. Calcd for C 1 3 H 2 7 0 3 N : C, 63.64; H , 
11.09; N, 5 . 7 1 % . V d : N M R : 2.08 (NH, 1H, bs), 5.85 
(ester-CH2 , 2H, q) , 6.18 (OCH 2 , 2H, t) , 8.1—8.6 (CH 2 and 
C H , 3H, m) , 8.71 (ester-CH3 , 3H, t) , 9.06 (CH3 , 6H, d) . 
Found : C, 54.52; H , 9.54; N, 8.27%. Calcd for C 8 H 1 7 0 3 N : 
C, 54.83; H , 9.78; N , 7.99%. 

(e) In Isobutyl Methyl Ether (Hie): iV-(l-methoxy-2-
methylpropyl)urethane (IVe l 5 1.24 g) , iV-(isobutoxymethyl)-
ure thane (IVe2 , 0.43 g) , and JV-isobutoxyurethane (Ve l3 

0.18 g) were isolated. I V e ^ N M R : 4.68 (NH, 1H, bs), 5.45 
( O C H , 1H, m) , 5.90 (ester-CH2 , 2H, q) , 6.71 (OCH 3 , 3H, 
s), 8.26 (CH, 1H, m) , 8.75 (ester-CH3 , 3H, t) , 9.08 (CH3 , 6H, 
d) . Found : C, 55.12; H , 9.92; N, 7.69%. Calcd for C8H17-
0 3 N : C, 54.83; H , 9.78; N, 7.99%. IVe 2 : N M R : 4.19 (NH, 
1H, bs), 5.14 (NCH 2 , 2H, d ) , 5.87 (ester-CH2 , 2H, q) , 6.77 
(OCH 2 , 2H, d ) , 8.10 (CH, 1H, m) , 8.74 (ester-CH3, 3H, t ) , 
9.10 (CH 3 , 6H, d ) . Found : C, 55.05; H , 9.98; N, 7.70%. 
Calcd for C 8 H 1 7 0 3 N : C, 54.83; H , 9.78; N, 7.99%. V e i : 
N M R : 2.04 (NH, 1H, bs), 5.85 (ester-CH2, 2H, q) , 6.42 
(OCH 2 , 2H , d) , 7.63—8.57 (CH, 1H, m) , 8.71 (ester-CH3 , 
3H, t ) , 9.05 (CH 3 , 6H , d ) . Found : C, 52.51; H , 9.12; N , 
8 .81%. Calcd for C 7 H 1 5 0 3 N : C, 52.15; H , 9.38; N, 8.69%. 
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T h e V P C retention time for methoxyurethane (Ve2) was 
identical with that of an authentic sample. 

(f) In 2-Methoxyethanol (Illf): iV-(2-methoxyethoxy)-
urethane (Vf, 2.39 g) was isolated. Vf: N M R : 1.37 (NH, 
1H, bs), 5.84 (ester-CH2, 2H, q) , 5.81—6.21 (CH 2 ON, 2H, 
m) , 6.26—6.58 (GH2 , 2H, m) , 6.62 (GH3 , 3H, s), 8.72 (ester-
CH 3 , 3H, t) . Found : C, 49.25; H, 9.12; N , 9 .28%. Galcd 
for G 6 H 1 3 0 3 N : C, 48.96; H, 8.90; N, 9 .52%. 

Direct Photolysis of I in Dioxane and Alcohols. In dioxane, 
ethyl l ,4-dioxan-2-ylcarbamate was obtained in yield of 
2.47 g. N M R : 4.37 (NH, 1H, bs), 4.87—5.27 (CH, 1H, m) , 
5.82 (ester-CH2 , 2H, q) , 5.97—6.77 (GH2 , 6H, m) , 8.74 
(ester-GH3, 3H, t) . Found : C, 47.46; H , 7.62; N , 8 . 2 1 % . 
Calcd for C 7 H 1 3 0 4 N : C, 47.99; H, 7.48; N, 8.00%. T h e 
N M R spectrum was in good agreement with that reported in 
Ref. 8. In the alcohols, Va , Vb , and Vc were obtained in 
yields of 0.63, 0.95, and 1.87 g, respectively. 

Sensitized Photolysis of I in Ethers and Alcohols. A solution 
of 2.3 g (0.02 mol) of ethyl azidoformate (I) and 3.12 g (0.026 
mol) of acetophenone in 0.5 mol of a substrate was irradiated, 
with stirring at 25 °C, using a high-pressure mercury l amp 
until the evolution of nitrogen was no longer observed. T h e 
reaction mixture was treated as in the case of direct photo­
lysis. In addition, for each of the reactions with alcohols, 
the excess substrate and a volatile product , aldehyde, were 
t rapped in a flask immersed in a Dry Ice-methanol ba th un­
der reduced pressure. T h e t rapped solution was added to a 
2,4-dinitrophenylhydrazine solution and the aldehyde was 
converted to hydrazone. For ethanol, 1-propanol, and 1-
butanol, acetaldehyde, propionaldehyde, and butyraldehyde 
were isolated as hydrazones in yields of 0.43, 0.58, and 0.53 g, 
respectively. For the reactions with I I I c , dioxane, tetra-
hydropyran, and 2-methyltetrahydrofuran, IVc l 5 ethyl 1,4-
dioxan-2-ylcarbamate, ethyl 2- tetrahydropyranylcarbamate, 
and ethyl 2-methyl-2-tetrahydrofurylcarbamate were isolated 
in yields of 0.36, 0.95, 0.96, and 0.57 g, respectively. T h e 
identification procedure for the third and fourth products 
has been reported elsewhere.1) 

Direct Photolyses of I in a Mixture of Acyclic Ether and Cyclo-
hexane. A solution of I (5.0 g, 0.043 mol) in I I I (0.25 
mol) and cyclohexane (21 g, 0.25 mol) was irradiated internal­
ly as described above. T h e excess substrate was removed by 
distillation, and the residue was analyzed by V P C . T h e 
iV-cyclohexylurethane was identified by comparison with an 

authentic sample. T h e yields of the insertion products and 
ure thane are displayed in Tab le 2. 

T h e a u t h o r s a r e p a r t i c u l a r y i n d e b t e d to D r . H i s a o 
A r a k a w a of t h e S c i e n c e E d u c a t i o n I n s t i t u t e of O s a k a 
P re f ec tu r e for h e l p in t h e p r e p a r a t i o n of th is p a p e r a n d 
for m a n y useful sugges t ions . 
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The Benzannelated Annulenones. Syntheses and Properties of 10-
Methylbenzo[«f|- and Dibenzo[d,j']-6,8-bisdehydro[13]annulenone 

Juro OJIMA,* Yöji YOKOYAMA, and Michiko ENKAKU 

Department of Chemistry, Faculty of Science, Toyama University, Gofuku, Toyama 930 
(Received October 21, 1976) 

In order to examine the paratropic nature expected for a thirteen-membered ring system arising from polari­
zation of the carbonyl group, the two benzannelated bisdehydro[ 13] annulenones, VI and IX, were prepared 
respectively by the aldol condensation of an appropriate aldehyde and an appropriate ketone followed by the 
oxidative coupling of the resulting acyclic ketone containing terminal acetylene groups. The NMR spectra indicate 
that both of VI and IX, as well as the respective protonated species, VII and X, are paratropic and paratropicities 
decrease in the sequence of VI^>IX with the increasing number of fused benzene ring. The dibenzannelated 
annulenone (IX) and its precursor (VIII) were converted into the corresponding alcohols or ethers (Xlla, X l lb 
and XIa, Xlb), respectively, to test the presence of the paratropic nature of IX. The NMR spectra of XIa, Xlb 
and Xl la , Xl lb , in addition to those of VIII and IX, suggested that IX seemed to be weakly paratropic. An 
attempt made to prepare the dibenzannelated bisdehydro[13]annulenyl anion (XIII) was unsuccessful. 

A series of fully conjugated monocyclic monoketones 
(annulenones) are expected to be diatropic or paratropic 
owing to polarization of a carbonyl group provided they 
contain a (4w+3)-membered ring or (4rc-fl)-membered 
ring, respectively.1) 

In connection with the studies to confirm this predic­
tion Howes et al. have reported a simple general 
approach to bisdehydro[13]- (I) , [15]-, and [17]-
annulenones in which the carbonyl group is flanked by 
ethylenic bonds on both sides.2) T h e method consists 
in employing an aldol condensation of an appropriate 
aldehyde and ketone, containing terminal acetylene 
group, followed an intramolecular oxidative coupling 
of the resulting acyclic ketone. 

I 

* Author to whom correspondence should be addressed. 

We have now applied with advantage the method to 
the synthesis of benzannelated bisdehydro[ 13] annu­
lenones (VI and IX) by using ö-ethynylbenzaldehyde (II) 
as the starting material and essentially by the same 
approach as that of Howes et al. It is now established3) 
that the annelated benzenoid nuclei such as benzene or 
naphthalene reduce the diatropic nature of a (4«+2)-
membered annulene. However, when this work was 
commenced, little reports had yet appeared concerning 
the effect of annelation of benzene nuclei on annu­
lenones.4) Some aspect of this work have appeared in 
the preliminary form.5) In this paper, we present a 
full account of our investigation on the synthesis and 
properties of monobenzo and dibenzo analogues of I, 
i.e., 10-methylbenzopi]- (VI) and dibenzopij]-6,8-
bisdehydro[ 13]annulenone ( IX) . 

T h e preparat ion of V I and I X was carried out as 
follows. T h e ketone (III) was obtained by treatment 
of o-ethynylbenzaldehyde (II) with excess acetone in the 
presence of aqueous sodium hydroxide as previously 

XIa .R=H XIIa:R=H XIII 
b: R=Me b:R=Me 
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Proton 

TABLE 1. *H-NMR PARAMETERS OF V, VI, VIII, IX, XIV, AND XV IN CDC13 AT 60 MHz 
(r-values; Internal standard, TMS; Rvalues in Hz in parentheses) 

Va> VI VIIIb> IX XIVb> XV AVI- A I X - A X V -
VIIIe» XIVe) 

HA 

HB 

H c 

HA ' 
HB/ 

H c ' 
GH3 

Benzenoid 
H 

3.68d(17)d> 3.90d(16)e> 2.84d(16) 3.24d(16) 3.55d(16) 3.90d(17) +0 .22 +0 .40 +0 .35 
1.82d(16) 1.53d(16) 2.32dd(16,ll) 0.61dd(17,10) - 0 . 5 3 - 0 . 2 9 - 1 . 7 1 1.98d(17) 1.45d(16) 

3.42d(17)d) 3.68d(16)e> — 
2.13dd(17,ll) 1.26dd(16,10) — 

3.54d(ll) 3.71d(10) 

3.32d(ll) 
8.07s 

.60d(10) 
,17s 7.98s 8.26s 

+ 0.26 
- 0 . 8 7 
+0 .28 
+ 0.10 

— +0.17 

— +0.28 

2.47—3.10m 2.73—2.92m 2.22—2.76m 2.5—2.8m — 

a) In addition, a singlet at 6.87 ( - O C H ) . b) In addition, a singlet at 6.54 (-C=CH). c) This shows the 
chemical shift differences, d), e) These assignments may be reversed in each group. However, most probable 
values are given in Table 1 by referring to the chemical shifts of the related compounds.9) 

reported.6) Aldol coupling of I I I and m-3-methyl-2-
penten-4-ynal (IV)7) by methanolic potassium hydroxide 
gave the acyclic ketone (V) in a 10% yield, upon 
chromatographic purification of the product over 
alumina, as an unstable orange liquid. Both of the 
aldehyde (IV) and the ketone (V) were unstable at 
room temperature. Oxidative coupling of V, under 
Eglinton's conditions using copper(II) acetate in 
pyridine,8^ gave the cyclic ketone, the desired annulenone 
(VI) , in a 2 0 % yield as relatively stable crystals. 
While, condensation of 2 molar equivalents of I I with 
1 molar equivalent of acetone, under the same conditions 
as indicated for the reaction of I I I and IV, afforded a 
4 4 % yield of the acyclic ketone (VI I I ) . Oxidation of 
V I I I with copper(II) acetate as before, gave the 
dibenzannelated annulenone (IX) in a 6 1 % yield. T h e 
assigned conformations were given to the annulenones 
(VI) and (IX) in analogy with the compound (I) which 
was shown to have the conformation based on N M R 
spectroscopy of dideutrio compound of I.2) Trea tment 
of V I or I X with trifluoroacetic acid gave the corre­
sponding carbonyl protonated species, V I I (dark red; 
Amax 277 sh, 292, 350 sh, with absorpt ion>700 nm) or 
X (yellow brown; Amax 285 sh, 301, 348, 413 sh, with 
absorption>700 nm) , respectively. 

XIV XV XVI 

The X H-NMR parameters of the obtained compounds, 
V and V I , are listed in Table 1, as well as the chemical 
shift differences for various resonances on passing from 
V to VI , indicating the magnitude of the upfield shift 
of the outer proton signals and the downfield shift of the 
inner proton signals. 

The comparison of the N M R spectra of V and V I 
(Table 1) reveals the compound V I to be paratropic, 
as expected for a potential 12^-electron system by the 
polarization of the carbonyl group, since the inner 
proton (HB, HB ') resonances of V I have moved to a 
lower field, the outer (HA, HA ' , H c ' ) and methyl 

proton resonances to a higher field, as compared with 
those of the corresponding proton of V. 

In order to obtain an approximate measure regarding 
the effect of benzannelation on thirteen-membered ring 
system, the N M R spectral data of V I I I and I X , and the 
chemical shift differences are also given in Table 1, 
together with those of X I V and X V which were prepar­
ed by Ojima and Sondheimer.9) The data (Table 1) 
suggests that I X is also paratropic as V I , because the 
inner proton (HB) signal has moved to a lower field, 
and the outer proton (HA) signal to a higher field as 
compared with that of the respective proton of V I I I . 

As indicated in Table 1, an examination of the N M R 
spectra demonstrated that the thirteen-membered ring 
system in dimethyl compound X V is paratropic, in 
monobenzo-fused compound VI , it is less paratropic, 
in dibenzo-fused compound IX , it is at most weakly 
paratropic. This can be seen in part icular by the 
downfield shifts, as compared with the respective models 
(XV, V I , I X ) , of the inner proton (HB, HB ') bands 
[ - 1 . 7 1 , ( - 0 . 5 3 and - 0 . 8 7 ) , - 0 . 2 9 ppm, respectively], 

TABLE 2. ^ - N M R PARAMETERS OF XVI, VII, AND X 

IN CF3COOD AT 60 MHz (r-values; Internal stan­
dard, TMS ; J values in Hz in parentheses) 

XVI 

HA 3.85 
d(16) 

HB - 0 . 7 9 

VII 

3.75a> 
d(17) 
0.65 

dd(16,10) d(17) 
H c 3.88 

d(10) 
HA/ 

HB/ 

H c ' 

CH3 8.33s 
Benzenoid 
H 

3.47a) 
d(17) 
0.19 
dd(17,ll) 
3.42 
d( l l ) 
8.20s 
2.80— 
2.97m 

v A X V I -
A XIV 

3.00 
d(16) 
0.98 
d(16) 

2.6— 
2.8m 

+ 0.30 

- 3 . 1 1 

+ 0.34 

+ 0.35 

A V I I -
V 

+ 0.07 

- 1 . 3 3 

+ 0.05 

- 1 . 9 4 

+ 0.10 

+ 0.13 

A X -
VIII 

+ 0.16 

- 0 . 8 4 

a) These assignments may be reversed in this group, 
as described in Table 1. 
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Table 3. *H-NMR PARAMETERS OF XIa, Xlb, Xl la , AND X l l b IN CDC1» 
(r-values ; Internal standard, TMS ; J values in Hz in parentheses) 

HA 

HB 

H c 

- O H 

-OMe 

XIaa> 

3.87 
dd(16,6) 
3.07 
d(16) 
5.65 
t(6) 
7.13 
broad s 

-CsGH 6.80 s 
Benzenoidr, a n c\ 
TT 2 . 6 — 2 . 9 m 

a) At 60 MHz. 

XIbb> 

3.85 
dd(16,7) 
2.95 
d(16) 
6.08 
t(7) 

6.69 s 
6.70 s 

2.40—2. 

XIIab> XIIba> 

4.10 4.23 
dd(16,6) dd(17,7) 
3.27 3.18 
d(16) d(17) 
4.91 5.43 
t (6) t (7) 
8.10 
broad s 

6.50 s 

85m 2.50—2.87m 2.4—2.8m 

b) At 100 MHz. 

A I X - V I I I 

+ 0.40 

- 0 . 2 9 

A X I I a - X I a 

+0 .23 

+ 0.20 

A X I I b - X I b 

+ 0.38 

+ 0.23 

and the chemical shifts [0.61, (1.45 and 1.26), 1.53 r , 
respectively]. 

Furthermore, the result analogous to the above is also 
obtained by the comparison of the N M R spectra in 
GF3COOD (Table 2) ; the same trend is observed in the 
downfield shifts and the chemical shifts of the inner 
proton (HB, HB ') bands [ - 3 . 1 1 , ( - 1 . 9 4 and - 1 . 3 3 ) , 
- 0 . 8 4 p p m ] , [ - 0 . 7 9 , (0.65 and 0.19), 0.98 r ] of the 
respective models (XVI , V I I , X).9-10> 

As described above, it was concluded that the 
dibenzannelated [13]annulenone ( IX) is paratropic. 
This conclusion was derived by comparing the chemical 
shifts of H A and HB protons of I X with those of the 
acyclic ketone (VIII ) which is an atropic compound. 
However, the chemical shift differences between V I I I 
and I X are so small that we at tempted to examine these 
differences in the corresponding atropic models.11) 
Along this line we undertook to prepare the alcohols 
(XIa, X l l a ) and the methyl ethers ( X l b , X l l b ) which 
are the corresponding atropic models of V I I I and IX . 

Reduction of the acyclic ketone (VII I ) in ether with 
sodium borohydride gave a 5 7 % yield of the alcohol 
(XIa) as a pale yellow liquid. T h e methylation of X I a 
with methyl iodide and silver oxide gave fruitless results. 
However, methylation of X I a could be effected with 
methy iodide and sodium hydride12) to afford a 5 1 % 
yield of the ether (Xlb) as a pale yellow liquid. The 
cyclic ketone (IX) was reduced more readily than the 
acyclic ketone (VII I ) by sodium borohydride to afford 
alcohol ( X l l a ) in a 9 1 % yield. Methylation of X l l a 
with methyl iodide and silver oxide in ether gave a 6 7 % 
yield of the ether ( X l l b ) as crystals. 

T h e 1 H - N M R data of the compounds thus obtained 
are given in Table 3, as well as the chemical shift 
differences. As illustrated in Table 3, we can see the 
chemical shift differences between X I a and X l l a , or 
between X l b and X l l b , which are definitely atropic. 
T h e chemical shift differences of H A proton between 
X I a and X l l a , and that between X l b and X l l b , 
respectively, ( + 0 . 2 3 and +0 .38) are smaller than that 
of HA between V I I I and I X ( + 0 . 4 0 ) . Whereas, as for 
HB proton the reverse is observed ( + 0 . 2 0 and + 0 . 2 3 , 
- 0 . 2 9 ) . 

This result seems to suggest that the compound I X is 

weakly paratropic although the differences in chemical 
shifts of both H A and HB are small. 

We have also at tempted without success to prepare the 
dibenzannelated [13]annulenylanion (XII I ) by abstrac­
tion of 1 H from X l l b with dimsyl sodium in DMSO,1 3) 
as reported by LeGoff and Sondheimer.14) Under 
conditions performed, X l l b afforded a deep green 
solution, however all attempts to obtain a satisfactory 
N M R spectrum were failed owing to the unstability of 
the product. 

Experimental 

Freshly deoxygenated ether, methanol, and acetone were 
used to minimize an oxidation of the compounds used for 
aldol condensation. The ether was freed from a peroxide by 
passing through a short column of basic alumina (Act. I) 
followed by flushing with nitrogen. The methanol and 
acetone were flushed by nitrogen. All 20% methanolic 
potassium hydroxide solutions were prepared by dissolving 
10 g of potassium hydroxide in 50 ml of methanol and by 
flushing the solution with nitrogen immediately prior to use. 
All the melting points are uncorrected. Brockmann alumina 
(Act. II—-III) was used for column chromatography. The 
1H-NMR, IR, UV, and mass spectra were taken using the 
instruments JEOL-JNM-MH-60 or Varian XL-100, Hitachi 
EPI-S2, Hitachi-124, and JEOL-MS-OI-SG-2, respectively. 
Shoulders in UV spectra are denoted by sh. 

o-Ethynylbenzaldehyde (II) and 4-(o-Ethynylphenyl)-l-buten-
2-one (III). The aldehyde (II) and the ketone (III) were 
prepared as reported previously.8) 

cis-3-Methyl-2-penten-4-ynal (IV). The aldehyde (IV) 
was obtained by the reported method.7) 

9- (o-Ethyny [phenyl) -3-methyl-3,5,8-nonatrien- 1-yn- 7-one ( V). 
A mixture of the ketone (III, 3.6 g, 21.2 mmol) and the 
aldehyde (IV, 2.0 g, 21.3 mmol) in deoxygenated ether (85 ml) 
was treated with a 20% methanolic potassium hydroxide 
(3.1 ml). The mixture was further stirred at room temp for 
2 h. Neutralization with acetic acid (4.0 ml) followed by 
addition of water (100 ml), and extraction with ether, and 
work up in the usual manner gave a dark red liquid. Chro­
matography of the liquid over alumina (80 g) with light 
petroleum-ether (8: 2) as eluent gave the desired ketone (V, 
0.5 g, 10%) as an unstable organge liquid: M S : m/e 246 
(M+, 40), 149 (100); mol wt, 246.29; IR (neat): 3250 (-C= 
CH), 2100 (-C=C-), 1660, 1615, 1600 (C=0, G=C), 980 cm-1 
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(trans C=C); U V : A ^ H 226 (11000), 248 (9230), 321 n m 
(8830); N M R : see Table 1. 

10-Methylbenzo[d]-6,8-bisdehydro[13~\annulenone (VI). 
A soln of V (0.5 g, 2.0 mmol) in pyridine (11 ml) was added 
dropwise to a stirred soln of copper(II) acetate monohydrate 
(5.5 g) in pyridine (19 ml) for 10 min at 50—55 °C, and the 
reaction mixture was stirred for further 2 h at 55—65 °C. 
T h e ppt formed on cooling and diluting with benzene (100 ml) 
was washed with benzene (50 m i x 2) . Then the filtrate 
was washed with 6 % hydrochloric acid until it was slightly 
acidic, saturated aq sodium hydrogencarbonate, and sodium 
chloride solutions successively, and dried over sodium sulfate. 
T h e residual dark red liquid obtained after evaporation of the 
solvent was chromatographed on a lumina (80 g) with light 
petroleum-ether (7 : 3) to afford V I (0.1 g, 20%) as relatively 
stable solid. Recrystallization from hexane gave pure V I as 
orange needles: m p ca. 160 °C (dec); I R (KBr disk): 2150 
( -C=C-) , 1630, 1610, 1590 ( C = 0 , C=C), 980 c m - 1 [trans 
C=C); U V : X$gg 236 (9880), 258 (15800), 388 n m (2100); 
M S : m/<?244 (M+, 20), 215 (100); mol wt, 244.28; N M R : 
see Table 1. 

l,5-Bis(o-ethynylphenyl)-l,4-pentadien-3-one (VIII). T o 
a stirred soln of o-ethynylbenzaldehyde ( I I , 4.0 g, 0.031 mol) 
and acetone (0.94 g, 0.016 mol) in deoxygenated ether (48 ml) 
was added a 2 0 % methanolic potassium hydroxide soln 
(1.5 ml) at 15—16 °C. After stirring for 3 h at the same temp, 
the reaction was quenched with acetic acid (1.5 ml) . A 
dark red liquid obtained by usual work up of the ethereal 
extracts was purified by chromatography over a lumina (150 g) 
using light petroleum-ether (95: 5—90: 10) as eluent. T h e 
fractions containing V I I I were collected and evaporated, 
yielding the ketone (1.9 g, 44%) as a par t ly crystalline oil. 
Crystallization from light petroleum-benzene formed yellow 
cubes: m p 101.3—101.7 °C; M S : m/e 282 (M+, 20), 155 
(100); mol wt, 282.32; I R (KBr disk): 3250 ( -C=CH) , 2100 
( -C=C-) , 1660 ( C = 0 ) , 1595 (C=C), 985, 965 c m - 1 (trans 
G=G); U V : X%™ 250 (24400), 332 n m (24500); N M R : see 
Table 1. 

Found: C, 89.18; H, 4 .76%. Calcd for C 2 1 H 1 4 0 : C, 89.33; 
H , 5.00%. 

Dibenzo[d,}]-6,8-bisdehydro[13~\annulenone (IX). A soln 
of the ketone (VI I I , 1.15 g, 4.07 mmol) dissolved in pyridine 
(25 ml) was added dropwise to a stirred soln of copper(I I ) 
acetate monohydrate (12.0 g) in pyridine (40 ml) for 10 min 
at 50 °G, and the reaction mixture was stirred for further 3 h 
at 60—65 °C. T h e mixture was cooled, diluted with benzene 
(300 ml), and the resulting mixture was filtered through Hyflo 
Super-Cel and washed with benzene (100 m i x 2 ) . Work up 
of the filtrate, as described for the isolation of V I , gave a dark 
red solid. The solid was chromatographed on a lumina (70 g) 
and the ketone ( IX, 0.7 g, 61%) was eluted with light petro­
leum-ether ( 9 : 1 — 8 : 2 ) . Recrystallization from benzene 
gave pure I X as yellow cubes: m p 194 °C (dec); M S : m/e 
280 (M+, 100) ; mol wt, 280.31 ; I R (KBr disk) : 2150 ( -C=C- ) , 
1640, 1620, 1590 ( C = 0 , C=C), 975 c m - 1 (trans G=G); U V : 
^ H 284 (39000), 298 (46000), 379 sh (3820), 468 sh (1380), 
N M R : see Table 1. 

Found : C, 90.03 ; H , 4 .59%. Calcd for C 2 1 H 1 2 0 : C, 89.98 ; 
H , 4 .32%. 

l,5-Bis(o-ethynylphenyl)-l,4-pentadien-3-ol (IXa). T o a 
stirred soln of the ketone ( V I I I , 3.5 g, 0.012 mol) in dry ether 
(300 ml) was added a soln of sodium borohydride (8.5 g, 
0.22 mol) in absolute ethanol (400 ml) . After stirring at 20 
—23 °C for 20 h the reaction mixture was poured into water 
(900 ml) containing acetic acid (6 ml) . T h e organic layer 
combined with the ethereal extracts was washed with dilute 
acetic acid, water, saturated aq sodium hydrogencarbonate, 

and sodium chloride successively, and dried over sodium 
sulfate. T h e residual yellow liquid obtained after evapora­
tion of the solvent was chromatographed on a lumina (100 g) 
and the fractions eluted with light petroleum-ether (4: 6— 
2 : 8 ) gave the desired alcohol (XIa , 2.0 g, 56%) as a pale 
yellow l iquid: M S : m/e 284 (M+, 10), 129 (100); mol wt, 
284.34; I R (neat) : 3300 ( - O H ) , 3250 ( -G=CH), 2100 ( -C=C-) 
1700, 1640, 1595 (C=C), 965 cm" 1 (trans C=G); U V : Ag»H 

226 sh (12100), 233 (15000), 239 (12800), 249 (8550), 264 
(8430), 276 n m (6350); N M R : see Table 3. 

4,5 : 10,ll-Dibenzocyclotrideca-2,12-diene-6,8-diyn-l-ol (XIIo). 
T o a stirred soln of the ketone ( IX, 0.60 g, 2.14 mmol) in dry 
ether (600 ml) was added a soln of sodium borohydride (900 
mg, 0.024 mol) in absolute ethanol (120 ml) at room temp, 
and the reaction mixture was allowed to stir at the same temp 
for 2 h. Then the mixture was poured into water (450 ml) 
containing acetic acid (3 ml) and worked up as described 
for the isolation of X I a . T h e residual, part ly crystallized, 
pale yellow liquid was chromatographed on a lumina ( 100 g) 
with benzene-chloroform (1 :1 ) to give the alcohol ( X I I a, 
0 . 5 5 , 9 1 % ) . Recrystallization from benzene formed white 
needles: m p ca. 150 °G (dec); M S : m/e 282 (M+, 25), 253 
(100); mol wt, 282.32; I R (KBr disk): 3350, 3250 ( - O H ) , 
2150 (-G=G-) , 1640 (C=G), 975, 9 6 5 c m - 1 (trans C=C) ; 
U V : Xg? 257 (20700), 268 (20000), 297 (13200), 322 (16500), 
343 (17500), 368 sh n m (3310); N M R : see Table 3. 

1,5-Bis(o-ethynylphenyl) -3-methoxy-1,4-pentadiene (Xlb). 
T o a slurry of sodium hydride (derived from washing 0.065 g 
of 5 3 % N a H in oil) was added a soln of the alcohol (XIa , 
0.24 g, 0.85 mmol) in dry tetrahydrofuran (20 ml) and methyl 
iodide (5 ml) at room temp under a nitrogen atmosphere. 
T h e reaction mixture was stirred at the same temp and the 
reaction was monitored at appropriate intervals by T L C . 
After stirring for 20 h addit ional methyl iodide (2 ml) and 
sodium hydride (30 mg) was added. After stirring for a 
total 26 h, the mixture was poured into water (200 ml) and 
extracted with ether. T h e extracts were washed with satu­
rated aq sodium chloride soln and dried over sodium sulfate. 
T h e residue obtained after the evaporation of the solvent was 
chromatographed on a lumina ( 130 g) with light petroleum 
to give the ether ( X l b , 0.13 g, 51%) as a pale yellow liquid: 
I R (nea t ) : 3300 ( -C=CH) , 2100 ( -C=C-) , 1145, 1110, 1080 
( C - O - C ) , 970 c m - 1 (trans G=G); U V : A ^ H 231 (59900), 238 
(47900), 256 (33900), 265 (35300), 274 n m (23100); N M R : 
see Table 3. 

l-Methoxy-4,5:10,11 -dibenzocyclotrideca-2,12-diene-6, 8-diyne 
(XHb). T o a stirred soln of the alcohol (XIa , 0.25 g, 
0.90 mmol) in dry ether (40 ml) was added methyl iodide 
(10 ml) and silver oxide (2 g), and the mixture was allowed 
to stir for 7 h at the same temp. A second silver oxide (2 g) 
was added and stirring was continued for another 8 h at the 
same temp. Then the mixture was filtered and the filtrate 
was concentrated under reduced pressure to give a pale 
yellow liquid. Chromatography of the liquid on a lumina 
(100 g) with light petroleum-ether ( 9 5 : 5 — 9 0 : 10) afforded 
the ether ( X l l b , 0.15 g, 57%) as yellow liquid which gave 
white crystals (mp 79—82 °C) on strong cooling. Attempts 
to recrystallize this material were failed. M S : m/e 296 (M+, 
40), 266 (100) ; mol wt, 296.35; I R (KBr disk) : 2200 ( -C=C-) , 
1105, 1080 ( C - O - C ) , 970 c m - 1 (trans G=C); U V : A*** 231 
(40200), 257 (19000), 268 (17900), 300 (8730), 320 (13100), 
342 n m (13400); N M R : see Table 3. 

Attempts to Prepare the Anion XIII. T o a soln of the 
ether ( X l l b , 252 mg) in dimethyl-rf6 sulfoxide (4 ml) was 
added a dimsyl anion (0.6 ml, prepared from dimethyl-rf6 

sulfoxide and sodium hydride)13) with stirring at room temp. 
A deep green color developed. However, no satisfactory 
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N M R spectrum could be obtained although we performed 
several runs under similar conditions for various elapse of t ime. 

W e wish to t h a n k Professor F r a n z S o n d h e i m e r , 
U n i v e r s i t y Col lege , L o n d o n , for useful sugges t ions , a n d 
D r . S h u z o A k i y a m a a n d Professor M a s a z u m i N a k a g a w a , 
O s a k a U n i v e r s i t y , for m e a s u r e m e n t of N M R s p e c t r a a t 
100 M H z . T h i s r e s e a r c h w a s s u p p o r t e d b y a G r a n t - i n -
A i d for Scient i f ic R e s e a r c h f rom t h e M i n i s t r y of E d u c a ­
t i on (054103 , 1975) , w h i c h is gra te fu l ly a c k n o w l e d g e d . 
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Formose Reactions. III. Evaluation of Various Factors 
Affecting the Formose Reaction 
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By an analytical method using oxidation-reduction potential measurements of the formose reaction, which 
were previously shown to be useful for separately analyzing the induction and the formose-forming steps, 
the influence of various factors on each step and on the sugar yield were examined. It was found for the batch-
system formose reaction that the rate of both steps and the sugar yield are affected by the concentration of formal­
dehyde, the amount of calcium hydroxide, and also by the ratio of the two. The dissolved calcium ion is believed 
to be an essential catalyst for either the induction or the formose-forming step, with the hydroxy anion playing 
significant role as the catalyst for the latter step. The optimum conditions necessary for obtaining the sugars in high 
yields are discussed. 

Since Butlerow1) found in 1861 that various sac­
charides are formed from an aqueous formaldehyde 
solution in the presence of Ca(OH) 2 , many investiga­
tions concerning the formose reaction have been 
undertaken concerning many aspects,2) such as the 
catalytic effect of organic and inorganic bases,3-5) the 
function of a co-catalyst having enediol-forming ability,6) 
and analytical techniques for the products.7) The 
formose reaction is considered to proceed via the follow­
ing two steps.2) The first step is an induction period 
involving most probably formaldehyde condensation 
forming glycolaldehyde, and this induction period can 
be reduced by the addition of substances capable of 
forming an enediol, e.g., various monosaccharides and 
benzoins.8) In the subsequent step, rapid aldol conden­
sation, a Cannizzaro reaction, and a cross-Cannizzaro 
reaction take place simultaneously resulting in formal­
dehyde condensation to saccharides. Some other 
reactions such as the interconversion of intermediates 
(the Lobry de Bruyn-Alberda van Eckenstein rearrange­
ment) and the decomposition of various products also 
accompany the above reactions. 

There are two important unsolved problems concern­
ing the formose reaction which has rather complex 
features. One is to provide a convenient method for 
separately analyzing the induction step and the formose-
forming step, and the other is to separately examine the 
roles of the dissolved and undissolved amounts of the 
Ca (OH) 2 catalyst. Although many approaches have 
been made to understanding the mechanism of the 
formose reaction and a number of workers have proposed 
the mechanism of C a ( O H ) 2 catalytic action,4 '9 '10) there 
are still ambiguities to be clarified with respect to these 
two points. Weiss et al. have reported important aspects 
of the kinetics of the formose reaction using a continuous­
ly stirred tank reactor (CSTR) which was desinged to 
maintain the reaction in steady-state conditions. They 
observed inevitable instabilities caused by varying the 

** The term "concentration," which was used by Weiss 
et al. for Ca(OH)2, is not relevant, because their reaction 
system (CSTR) was not initially homogeneous, but can 
accurately be called heterogeneous, in view of the coexistence 
of dissolved and undissolved calcium hydroxide in the system. 

formaldehyde concentration, the calcium hydroxide 
concentration,** or the reaction pH.9 '11 '12) However, 
as far as their method is concerned, no discussion of the 
induction-step mechanism is possible because they 
allowed the reaction to start by adding an endiol 
initiator, in which case the formose-forming step occurr­
ed instantly without any induction period. 

In an approach to the investigation of the formose 
reaction, the measurement of the oxidation-reduction 
potential (ORP) during the Ca(OH)2-catalyzed reaction 
in the batch system has proven useful for the separate 
analysis of each reaction step.13 '14) This showed that 
whenever the formose reaction occurs, the O R P curve 
invariably shows a minimum at the beginning of the 
formose-forming step and a maximum near the end point 
of the reaction (the so-called yellowing point5 '15)), at 
which the highest sugar yield is usually obtained. In 
a continuation of this study using the O R P method, 
this paper reports detailed examinations of various 
factors affecting the induction step, the sugar-forming 
step, and the sugar yield. Part icular attention is placed 
on the following factors; the formaldehyde concentra­
tion, the Ca (OH) 2 quanti ty and particle size, the 
dissolved Ca (OH) 2 , and the initial p H . 

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

A formaldehyde solution was prepared as follows: 200 g 
of paraformaldehyde (Merck) was suspended in 400 ml of 
distilled water, refluxed for 4 h, and filtered through a sintered 
glass disk. The filtrate containing ca. 30 wt-% of formal­
dehyde was stored in a brown bottle at the dark and was used 
for experiments within a few days, in order that no substances 
accelerating the formose reaction be produced. Commercial 
grade Ca(OH)3 was used as a catalyst and the ground powder 
was passed through a 200 mesh sieve. When other Ca(OH)2 

particle sizes were required, the Ca(OH)2 was prepared by a 
method similar to that described by Huttig and Arbes16> and 
fractionated into the desired sizes by sieving. 

The formose reaction was started without adding any 
initiator but by adding Ca(OH)2 to a formaldehyde solution 
pre-heated to 60±1 °C. The procedure and apparatus used 
in the present experiments, the methods for determining the 
formaldehyde consumption and sugar yield, and the manner 
of measuring the ORP were essentially the same as those 
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described in a previous paper.14) The dissolved calcium ion 
concentration was determined by the EDTA method with an 
NN-reagent as the indictator.17) 

The sugar composition of the formose product for several 
runs was determined by GLG after trimethylsilylation.18) 
The chromatographic patterns obtained were virtually 
identical in all cases. 

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

Throughout the present paper, the following terms 
are adopted : [ H C H O ] is the formaldehyde concentra­
tion, [Ca(OH) 2 ] the quanti ty of calcium hydroxide 
added as catalyst, !Tmin the length of the induction 
period, which is the time from the start of the formose 
reaction to the O R P minimum,14) Tmax the time from 
the start to the O R P maximum,1 4) and Tmax—Tmin 

the length of the formose-forming period. Tm-ln and 
Tmax—Tm-m can be used for evaluating the rate of 
each step. 

Effects of [HCHO] and [Ca(OH)2]. As has been 
observed by Weiss et al., the formose reaction is sensitive 
to [ H C H O ] and [Ca(OH) J . In the present work, this 
sensitivity to concentration is shown to occur in both 

0.5 1.0 
( C a ( 0 H ) 2 ) / ( H C H 0 ) 

Fig. 1. Effect of [Ga(OH)J on Tmin and T m a x - T n 

[HCHO] : • , 0.1 M; 
Ca (OH) 2: 200 mesh. 

>,0.5M; A , 1 . 0 M ; O , 2 .2M; 

30h 

'20h 

I Oh 

-D^Z 

W * * ? ^ 
05 1.0 1.5 

(Ca(0H)2)/(HCH0J 

Fig. 2. Effect of [HCHO] on !Tmin and T m a x - Tmln. 

the induction and formose-forming steps and to affect 
the sugar yield. 

The Effect on the Induction Period: These are shown 
in Figs. 1 and 2. Figure 1 shows that, for increased 
[Ca(OH) 2 ] a t constant [ H C H O ] , Tmln decreases, 
passes through a minimum and then at about [Ca(OH) 2] 
/ [ H C H O ] =0.1—0.2 becomes constant. Similar 
behavior is observed for decreased [ H C H O ] at constant 
[Ca(OH) 2 ] , however, Tmin tends to be prolonged (Fig. 
2). In both cases, the formose reaction did not occur 
when the [Ca (OH) 2 ] / [ H C H O ] ratio was set to less than 
0.05. As is seen in Table 1, which shows the effects of 
[ C a ( O H ) 2 ] / [ H C H O ] on the initial p H , the Ca(OH) 2 

solubility and the amount of H C H O adsorbed on solid 
Ca (OH) 2, the p H decreases at lower [Ca(OH) J / 
[ H C H O ] ratios; for example, it is as low as 10.5 at 
[ C a ( O H ) 2 ] / [ H C H O ] = 0 . 0 5 . I t is known that the 
formose reaction does not occur such a low p H value.9) 

TABLE 1. THE EFFECTS OF 

ON pH AND Ca (OH) g 
[HCHO] AND [Ca(OH)2] 
SOLUBILITY AT 6 0 ° C 

[HCHO] 

(M) 

1.90 
1.90 
1.90 
1.90 
1.53 
2.99 
5.94 

[Ca-
(OH)2] 

(M) 

0.60 
0.40 
0.20 
0.16 
0.30 
0.30 
0.30 

[Ca-
(OH)J/ 

[HCHO] 

0.32 
0.21 
0.11 
0.08 
0.20 
0.10 
0.05 

pH 

11.3 
11.2 
11.0 
11.0 
11.4 
11.0 
10.5 

Dis­
solved 

Ca(OH)2 

0.11 
0.12 
0.12 
0.12 
0.09 
0.14 
0.21 

HCHO 
adsorbed 
on solid 

Ca (OH) 2 
(mg/ml) 

10.9 
6.8 
3.3 
1.4 
1.0 
4.2 
8.4 

Ca(OH)2: 200 mesh; \J, 0.05 M ; 
0.25 M; A, 0.33 M. 

I, 0.13 M; O , 

In spite of the fact that Weiss et al. have observed in 
their C S T R experiments that the reaction does not 
occur when the [Ca(OH) 2 ] / [ H C H O ] ratio is more than 
2, it was demonstrated that the reaction did occur for 
the appearance of the O R P minimum and maximum 
even at [ C a ( O H ) 2 ] / [ H C H O ] = 5 . Furthermore, experi­
ments at extremely low or high [ H C H O ] showed that 
such conditions are not appropriate for the formose 
reaction. Thus, when the [ H C H O ] is set to less than 
0.01 M, neither did the O R P minimum appear nor 
did the reaction occur even for an extension of the 
reaction time up to 90 min. At high [ H C H O ] (ca. 10 
M) , the reaction occurred whenever an adequate 
amount of C a ( O H ) 2 was used. However, because of a 
highly exothermic reaction, the mixture became too 
viscous to control properly. 

The Effect on the Formose Forming Step. These effects 
were examined at constant [ H C H O ] and [Ca(OH) 2 ] 
and are shown as dotted curves in Figs. 1 and 2, respec­
tively. At constant [ H C H O ] , Tmax — Tmin is sharply 
reduced with increased [Ca(OH) 2 ] in the range of 
[ C a ( O H ) 2 ] / [ H C H O ] ratios between 0.1 and 0.3, and 
remains constant at higher ratios. For constant [Ca-
(OH) 2 ] , it also decreases with decreasing [ H C H O ] for 
lower [Ca(OH) 2 ] / [ H C H O ] ratios but increases with 
decreasing [ H C H O ] for higher ratios. 

In comparison with the effects on the induction 
period (Figs. 1 and 2), the kinetics for the formose-
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forming step apparently differ from those for the induc­
tion step. However, when a comparison is made in the 
region of [Ca (OH) 2 ] / [ H C H O ] ratios greater than 0.3, 
for both steps the rate increases with increasing [ H C H O ] 
at constant [Ca(OH) 2 ] (Fig. 2), but the rate remains 
unchanged with increasing [Ca(OH) 2 ] at constant 
[HCHO] (Fig. 1). These results suggest that, under 
certain conditions ( [ C a ( O H ) 2 ] / [ H C H O ] > 0 . 3 ) , the 
reactions for both the induction and formose-forming 
steps are of zeroth order for C a ( O H ) 2 and probably of 
first order for formaldehyde. This is contrary to the 
concept of Weiss and Lapierre12) that, at intermediate 
conversion levels, the formose reaction is of first order 
for Ca (OH) 2 and of zeroth order for the organics. 
Although there are some difficulties in accounting for 
the discrepancy between their and the present results, 
it is reasonable to assume that this is due to a difference 
between the C S T R kinetics and those of the present 
study. 

The Effect on Sugar Yield: As shown in Figs. 3 and 4, 
the sugar yield is considerably altered by varying the 
[ H C H O ] and [Ca(OH) 2 ] , In summarizing the results, 
it can generally be said that the sugar yield increases 
with a decrease in either the [ H C H O ] or [Ca(OH) 2 ] . 
This may be partly explained in terms of the Cannizzaro 
reaction for formaldehyde. The consumption of formal­
dehyde in the induction period is known to be largely 
caused by the Cannizzaro reaction,1 â> the rate of which 
is expressed by - d [ H C H O ] / d / = = Ä [ O H - ] ! - 2 [ H C -
H O ] 1-2.2,19-21) Therefore, a higher [ H C H O ] or [Ca-

0.5 
fCa(0H)2 j / [HCH0) 

1.0 

Fig. 3. Effect of [Ca(OH)2] on the sugar yield. 
[HCHO]: D . 1.0 M; O , 2.2 M; Ca(OH)2: 200 mesh. 
The sugar yield is based on the used formaldehyde. 

0.5 1.0 1.5 
CCa(OH)2VCHCHO) 

Fig. 4. Effect of [HCHO] on the sugar yield. 
Ca(OH)2: 200 mesh; \J, 0.13 M ; A, 0.25 M; Ç), 
0.33 M. The sugar yield is based on the used formal­
dehyde. 

(OH) 2 ] is not recommended for obtaining sugar products 
in a high yield. As discussed below, a higher [Ca(OH) 2 ] 
also causes facile decomposition of the sugars formed. 

Effect ofCa(OH)2 Particle Size. As a probe of the 
catalytic action of Ca (OH) 2 , which exists in several 
forms, e.g., dissolved, undissolved, or free and bound to 
organic materials, the influence of C a ( O H ) 2 particle 
size was examined. The results are shown in Table 2. 
For a constant [Ca(OH) 2 ] (0.22 or 0.33 M) , an increase 
in particle size led to an increase of both Tmin and 
T —T • 
x max •* min-

Since, in general, the particle size of a solid is inversely 
proportional to the specific surface area, the increase in 
the Ca(OH) 2 particle size causes a lowering of the 
dissolved ra te . Thus , as shown in Table 3 (Runs 2, 5, 
and 6), the dissolved calcium ions at the beginning (Ts) 
decrease with increasing C a ( O H ) 2 particle size. The 
delay in the induction period caused by the increase in 
Ca (OH) 2 size suggests that the dissolved calcium 
species plays an important role in the catalysis of this 
step. Conversely, undissolved C a ( O H ) 2 may not be 
an essential catalyst but may play the role of either 
continuously supplying the dissolved calcium species or 
maintaining the p H range required for the induction 
period. 

T h e delay effect on the rate of the formose-forming 
step for the larger C a ( O H ) 2 particles can also be 
explained in terms of the slow dissolution rate. The 
particle size did not have any appreciable influence on 
the sugar yield, even when the formose reaction proceed-

TABLE 2. THE INFLUENCE OF Ca(OH)2 PARTICLE-SIZE ON THE FORMOSE REACTION*) 

[Ca(OH)2] 
(M) 

Particle size T • T T -T S u g a r y i e l d S u g a r y i e l d 

rdlllUCMZe 1 m i n -»max -* max -»min „ t 3 rnin after 

(mesh) (min) (min) (min) T
 a* ^ nun alter 

-* max \ /o) -» max 0.22 
0.22 
0.22 
0.33 
0.33 
0.33 

200 
60—100 
20—30 

200 
60—100 
20—30 

12.5 
19.0 

unknown 
13.2 
15.2 
38.6 

23.0 
unknown 
unknown 

15.3 
18.7 
47.5 

10.5 
— 
— 

2.1 
3.5 
8.9 

39.6b> 
3.8C) 
0.6C> 

48.5 
48.0 
49.1 

48.4b> 
— 
— 

16.4 
24.3 
31.3 

a) [HCHO] ; 2.2M. b) TmAX was somewhat obscure, c) Sugar yield at 30 min. 
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R u n 
No. 

r~ 
2 
3 
4 
5b> 
6C> 
7 
8 
9 

10 

11 

12 
13 
14 

[ H C H O ] 
(M) 

2 . 0 
2 . 0 
2 . 0 

2 . 0 
2 . 0 
2 . 0 
0 . 5 

1.3 
2 . 5 
5 .0 

1.0 
1.0 
1.0 
1.0 

Yoshihiro SHIGEMASA 

[Ca-
(OH) 2 ] 

(M) 

0 .16 

0 .22 
0 .60 

1.00 

0.22 
0.22 
0 .25 

0 .25 
0 .25 
0 .25 
0 .10 
0 .10 
0 .10 
0 .10 

T A B L E 3. T H E 

T • 
m m 

(min) 

_ d ) 

14.6 
16.8 

17.0 
2 2 . 0 
_ d ) 

19.4 

15.0 
11.8 

d) 

21 .0 

33 .7 
4 1 . 5 
_ d > 

T 
1 max 

(min) 

Z7> 
18.5 
2 0 . 5 

18.5 
_ d ) 

_ d ) 

2 1 . 6 

17.0 
_ d ) 

_ d ) 

2 8 . 8 
37 .7 

44 .2 
_ d ) 

, Takashi FUJITANI, Chikahiro SAKAZAWA, and Ter o MATSUURA 

EFFECTS OF INITIAL CONDITIONS ON T H E FORMOSE REACTION* ' 

T^~ 

11.0 
11.2 
11.3 
11.4 

11.1 
11.2 
11.2 
11.4 
11.1 
10.8 

1 1 . 3 « 

11 .5« 
11 .7« 
12 .0« 

P H 
at 

•̂  m i n 

(10.6)10
e> 

10.9 
11.1 

11.1 
10.7 

( H . l ) i o 
11.5 

11.2 
10.8 

(10.3)1 0 

11.0 
11.2 
11.3 

(11-9)30 

T 
* max 

(10-2)30 
9 . 8 

10.9 

10.9 

(9.1)30 
(10.8)30 
11.5 
11.0 

(9.0)3 0 

(9.5)3 0 

10.2 
10.9 

11.3 

(11-6) , , 

H C H O 
consumption 

(%) at 

T T 
x min •* max 

(18)« 
30 
34 

28 
34 

(14)30 

23 
25 
26 

(13)io 
28 

42 
42 

(41)30 

(25)30 

98 
98 

98 

(55)30 

(33)30 

99 

98 

(85)30 

(18)30 

98 
99 
99 

(52)60 

i 

T 
1 s 110 

116 

112 
108 
89 
30 
35 

72 
121 
150 
53 

32 
16 
9 

Dissolved 
Ca2+ (mM) 

at 

T T 
* min -* max 

(140)30 

182 196 
262 425 

220 368 
192 (205)30 

(175)30 

53 195 
133 210 
212 (220)30 

(232)30 

80 85 
69 86 
50 86 

(14)3Q (19)60 

[Vol. 50, No . 6 

Sugar 
yiel( 

T 
* max — 
4 8 . 4 
36 .5 

33 .0 

(15 
— 

5 8 . 7 

4 8 . 7 

i ( % ) 
at 

"~7V> 

— 
40 .4 
14.6 

7 .5 

•0)30 

— 
27 .0 

18.8 

(23.1)3o 
— 

52 .4 
50 .5 

46 .7 

— 

— 
48 .6 

15.8 
12.9 

— 

a) Reaction temp, 60 °C; Ca(OH)2, 200 mesh. b) Ca(OH)2, 60—100 mesh, c) Ca(OH)2, 20—35 mesh, d) The 
minimum ORP and/or maximum ORP were obscure, e) In cases when Tmln and Tm&K were obscure, the measure­
ment were performed for reaction times of 10 and 30 min respectively, the results of which are shown in parenthesis 
with a subscript number, f) T"3=3 min after T"max. g) The pH was adjusted with coned KOH. 

ed slowly (see Table 2, for a 0.33 M [Ca(OH) 2 ] ) . 
However, the decomposition of sugar products after 
Tmax was found to be suppressed with increased C a ( O H ) 2 

size, al though the Tmax—Tm[n was prolonged. This 
may also be due to the slow dissolution rate of Ca (OH) 2 

which is considered to accelerate the decomposition of 
sugar in dissolved form. 

Effects of the pH and the Dissolved Calcium Ions. 
The above results led us to the preliminary conclusion 
that the p H and the dissolved calcium species may be 
important factors in the formose reaction, in addition 
to the effect of the [ H C H O ] and [Ca(OH) 2 ] . The 
importance of the p H effect has already been pointed 
out.9-22'23) Weiss and J o h n have shown that the con­
sumption rate of formaldehyde using C S T R is highly 
pH-dependent at constant [ H C H O ] and [ C a ( O H ) 2 ] : 
for example, the highest rate is observed for a p H of ca. 
11.0 for 1.3 M [ H C H O ] and 0.45 M [Ca(OH) 2 ] and 
for a p H of ca. 11.5 for 1.3 M [ H C H O ] and 0.35 M 
[Ca(OH)2].s> 

In order to gain more insight into the nature of the 
formose reaction, the effects of the initial conditions 
were examined while measuring the initial p H and 
dissolved calcium ion and the Tm[n and Tmax points, 
as well as the formaldehyde consumption and the sugar 
yield. T h e results are summarized in Table 3. T h e most 
typical standard conditions that give good sugar yields 
are Runs 2, 8, and 11, which will be compared with 
other Runs in the following discussion. 

The Effect of [Ca(OHJ2] (Runs 1—4). At the 
same [ H C H O ] and C a ( O H ) 2 particle size, the initial 
p H (at Ts) increases with increasing [Ca(OH) 2 ] , in 
accord with the results shown in Table 1, however, the 
initial concentration of the dissolved calcium ion is 
virtually independent of the [Ca(OH) 2 ] which has a 
significant effect on the yield and the sugar decomposi­
tion rate. 

The Effect of the Ca(OH)2 Particle Size (Runs 2, 5, and 
6). Delayed effects similar to those described above 
were observed for Tm-m and F m a x - ^ m i n ( T a b l e 2 ) . I t 
should be noted that the initial concentration of the 
dissolved calcium ion decreases significantly with 
increased particle size despite the fact that the initial 
p H is practically the same in all cases. 

The Effect of [HCHO] (Runs 7—10). For the same 
[Ca(OH) 2 ] and C a ( O H ) 2 particle size, the initial p H 
showed a tendency to decrease with increasing [ H C H O ] , 
while the initial dissolved calcium ion increased. 

The Effect of the Initial pH (Runs 11—14). For 
constant [ H C H O ] and [Ca(OH) 2 ] , the effect of the 
initial p H was examined, as adjusted to the desired 
value by the addition of potassium hydroxide. For 
increased p H , the initial concentration of dissolved 
calcium ions decreased and, in proportion to this 
decrease, Tm-m increased while 2"max—^min decreased. 

Other Significant Observations. Tm[n is increased with 
decreasing initial concentration of the dissolved calcium 
ion. Also, ^max-^min is prolonged with decreasing p H 
at 2"min. A lowering of the p H was observed throughout 
the induction and formose-forming steps; this was more 
significant in the latter step. The p H lowering near the 
end of the formose-forming step has previously been 
reported.5 '6) This may be largely due to the facile 
complex formation between sugars and Ca(OH)2.5>9) 
In fact, when an aqueous C a ( O H ) 2 solution was titrated 
with a solution of several sugars, an appreciable fall 
in the p H was observed, as is shown in Fig. 5. However, 
for titration with 0.1 M glucose, the p H of a Ca(OH) 2 

solution showed no tendency to decrease. I t should be 
noted that the formation of organic acids by the Canniz-
zaro reaction may also contribute to the p H lowering 
either in the induction or the formose-forming step, and 
it has been shown that the rate of organic-acid formation 
in the induction period is similar to that for the formose-



June, 1977] Factors Affecting the Formose Reaction 1531 

0 25 50 
Sugar solution (ml) 

Fig. 5. pH change of 0.1 M Ca(OH), solution (50 ml) 
by titration with an aqueous sugar solution. Temp, 
26°C; Sugar solution: • , Blank; Q, 0.1 M glucose; 
A, 0.1 M xylose; £ , 1.0 M glucose; A, 1.0 M xylose; 
• , 1.0 M fructose. 

forming step.3'14) 
Conclusion. From these observations, one can 

draw the following conclusions. First, the formose 
reaction does not occur for low [ C a ( O H ) 2 ] / [ H C H O ] 
ratios « 0 . 0 5 ) . Under such conditions, the induction 
step is not initiated because of the low p H « 1 0 . 5 ) . 
Second, the dissolved calcium ion may act as an active 
catalyst in the induction step when the p H is maintained 
at the appropriate range (approximately 10.8—11.7) 
and when the [ C a ( O H ) 2 ] / [ H C H O ] ratio is not extreme­
ly low « 0 . 1 ) . The undissolved C a ( O H ) 2 may not play 
a significant role in the catalysis during the induction 
period, but may serve as a supplier of dissolved calcium 
ions, which are consumed by the Cannizzaro reaction 
for formaldehyde, and for maintaining the neccessary 
p H . Third, the dissolved calcium ion is considered to 
be essential for catalyzing the formose-forming step. 
However, due to the fact that the rate of this step is 
accelerated with increasing initial p H (Tmïn), it is 
suggested that the O H ~ ion plays a significant role in 
the catalysis of the formose-forming step. 

There are some discrepancies between the results of 
Weiss et a/.9'11'12) and those presented here regarding 
the kinetic behavior of the formose reaction. However, 
the above conclusions are not inconsistent with those 
of Weiss et al. such as the suggestion that CaOH+ might 
be the true catalyst in the overall formose reaction, 
in view of the p H dependence and the sensitivities to the 
[Ca(OH) 2 ] and [ H C H O ] . More details on the nature 
of the catalyst will be reported in a subsequent paper. 

Finally, the present investigation provides the follow­
ing guide-lines for obtaining high sugar yield in batch-
reaction systems. The amount of formaldehyde consum­

ed by the Cannizzaro reaction must be minimized. 
This may be done at low formaldehyde concentrations 
( [ H C H O ] < l M) , at relatively low p H values, such as 
ca. 11.2 (Table 3, Runs 7 and 11) and at high [Ca(OH) 2 ] 
/ [ H C H O ] ratios with low [Ga(OH) 2 ] (Fig. 4). In order 
to prevent sugar decomposition, it is strongly recom­
mended to stop the reaction exactly at Tmax and to set 
the p H as low as possible. For example, under the 
conditions described here, when the [Ca(OH) 2 ] / 
[ H C H O ] ratio was set in the range from 0.11 to 0.15, 
the sugar yields were 45 and 5 8 % at 2.2 and 1.0 M 
[ H C H O ] , respectively (Fig. 3). When the [Ca(OH) 2 ] / 
[ H C H O ] ratio was set to 1.5, the sugar yields were 60 
and 77% at 0.33 and 0.13 M [Ca(OH) 2 ] , respectively 
(Fig. 4) . However, when the [ H C H O ] was less than 
0.01 M for any [Ca ( O H ) 2 ] / [ H C H O ] ratio, the formose 
reaction could not occur. 
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Asymmetric Reactions. II. Asymmetric Synthesis of Methyl 
a-Phenylpropionate by Means of Chiral Polymers 
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The asymmetric addition of methanol to phenylmethylketene was carried out in the presence of propionyl-
cinchonine and poly(aeryloylcinchonine). The use of poly(acryloylcinchonine) produced additional products 
with higher optical yields than that of propionylcinchonine. The highest optical yield (35%) was obtained with 
the above polymeric catalyst at — 78 °G. An insoluble, cross-linked polymer obtained by the co-polymerization of 
acryloylcinchonine with iV,iV'-diacryloylhexamethylenediamine, was also used as a catalyst. The products 
obtained for the cross-linked polymer showed a linear correlation between log kRjks and l/T while those with 
non-cross-linked poly (acryloylcinchonine) exhibited a relationship deviating somewhat from linearity. A linear 
relationship was also observed using insoluble, cross-linked poly(acryloylquinine). 

The use of chiral synthetic polymers for asymmetric 
synthesis has been at tempted by several workers1 ~8) 
because of the interest in the study of asymmetric 
reactions, new catalysts, enzyme models, and polymer 
effects. 

In a previous paper,1) the asymmetric addition of 
methanol to phenylmethylketene (PMK) was examined 
in the presence of optically-active polymers and their 
corresponding monomeric model compounds. 

Phs 
G=C=0 + GH3OH 

Catalyst Phv £> 
GH-C 

C H / CH. / \ O C H , 

A distinct polymer effect with regard to stereoselec­
tivity was observed with poly(iV-benzyl-2-pyrrolidinyl-
methyl acrylate) (P- l ) and poly(acryloylquinine) (P-2). 

Figure 1 indicates the result of the addition reaction 
obtained with P - l and iV-benzyl-2-pyrrolidinylmethyl 
propionate in plots of log kRfks against l/T [kR(k$) : the 
rate constant for the R(S)-isomer]. T h e addition 
products with P - l showed a linear relationship between 
log kR/ks and l /T. 

+ 0.05f 

-0.051-

kK/r 
Fig. 1. Plots of log kR/k$ against l/T in case of P-l 

(—O) a n d iV-benzyl-2-pyrrolidinylmethyl propionate 

Pracejus and his co-workers9) have previously reported 
that a linear correlation between log kR/ks and l/T was 
observed with a-isocinchonine9c) (B) (a cyclic ether 
derived from cinchonine) rather than with acetylcin-
chonine9b> (A-l) (see Fig. 2). 

Pracejus et al. explained their results using the effect 
of molecular immobility. Rotat ion about the carbon-
carbon bond (G8-C9) of B is strongly restricted, and the 
conformation of B is more rigid than tha t of A- l . 

-0.2h 

- 0 . 3 h 

4 

kK/r 
Fig. 2. Plots of log kRjks against l /T in case of cincho­

nine catalysts 
A-l - # , A-2 - 0 , B - O , P-3 - 3 , P-4 - C . 

R-C-0. H 

H8 
>k 

Acylcinchonine (A) 
A-l, CH3 

A-2, CH2CH3 

A-3, CH=CH2 

a-Isocinchonine (B) 

T h e results obtained with P - l are interpreted on the 
basis of the concept of Pracejus et al. T h e steric bulkiness 
of the back-bone of the polymer restricts the mobility of 
the side chain and increases the degree of conformational 
rigidity of the molecules in the side chain. 

In the present work, this sort of polymer effect was 
examined in detail with cinchonine and quinine 
derivatives as catalysts. T h e reactions of cinchonine with 
acetic anhydride, propionic anhydride and acryloyl 
chloride was carried out in the presence of triethylamine 
producing A- l , A-2, and A-3, respectively. 

Acryloylcinchonine (A-3) was polymerized using 
azobisisobutyronitrile as an initiator in dry benzene 
under reflux giving a polymer (P-3) soluble in common 
organic solvents. 

An insoluble, cross-linked polymer (P-4) was obtained 
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by the co-polymerization of A-3 with 7V,iV'-diacryloyl-
hexamethylenediamine.10) Acryloylquinine1) was simi­
larly co-polymerized with N, iV'-diacryloylhexameth-
ylenediamine and iV,iV'-diacryloyldodecamethylenedi-
amine to give P-5 and P-6, respectively. These insoluble, 
polymeric catalysts were easily separated from the 
reaction mixture by filtration. 

T h e asymmetric addition of methanol to P M K was 
carried out with the above catalysts in a manner similar 
to that reported earlier.1) T o one equivalent amount 
of P M K and a small excess of methanol was added a 
0.01 molar equivalent of the catalyst. 

The molar equivalent amount of the polymeric 
catalyst was calculated on the basis of that of the 
monomer used in the polymerization {e.g., 10 mg of 
P-3 corresponds to 10 mg of A-3). 

TABLE 1. THE SPECIFIC ROTATIONS, OPTICAL YIELDS 

AND CONFIGURATIONS OF THE ADDITION PRODUCTS 

T(°G) 

Cata- _ 7 8 0 + 5 0 G o n f b) 

[q]T~O.Y.a> [aLp~O.Y. [aJT^O.Y. 
A-2 - 4 . 8 4.4 - 1 0 . 5 9.6 - 8 . 9 8.2 R 
P-3 +38.1 35.0 +23 .6 21.7 + 2 9 . 6 27.2 S 
P-4 +33.1 30.4 +23 .3 21.4 +17 .5 16.1 S 
P-5 - 1 6 . 2 14.9 - 1 1 . 4 10.5 - 8 . 4 7.7 R 
P-6 - 1 2 . 9 11.8 - 1 1 . 3 10.4 - 1 0 . 1 9.3 R 

a) The O.Y. (optical yield, %) was calculated from 
the specific rotation of the product and that of 
optically pure methyl a-phenylpropionate9a) (.S-form, 
[a]S=+109°, c 6.2, toluene), b) Configuration of 
the predominant isomer. 

Table 1 gives the specific rotations, optical yields 
and configurations of the addition products obtained 
with cinchonine and quinine catalysts at —78, 0 and 
+ 5 0 °C. 

Figure 2 shows the log (kRjks) vs. \jT relation of the 
addition products obtained for the cinchonine catalysts 
(A-2, P-3 , and P-4) . 

The products for P-4 (cross-linked) showed a linear 
relationship between log k^jks and 1 / T while those with 
P-3 (non-cross-linked) showed a relation deviating from 
linearity. 

In Figure 3 are shown plots of log £B/&S against \\T 
in the case of the quinine catalysts (P-2, P-5, and P-6). 

Fig. 3. Plots of log kR/ks against l/T in case of 
P-2 ( - © ) , P-5 ( - O ) , P-6 ( - # ) . 

T h e products for the cross-linked polymer (P-5 and 
P-6) showed a linear correlation between log kn/ks and 
l/T. 

Figures 2 and 3 suggest that the cross-linking of 
polymers, which further restricts the mobility of the side 
chain, resulted in the linear relationship for the addition 
products of the cinchonine and quinine catalysts. 

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

Propionylcinchonine (A-2). A solution of cinchonine 
(1.5 g), propionic anhydride (0.7 g) and triethylamine (0.8 g) 
in dry benzene (100 ml) was stirred under refluxing. After 
4 h, the solution was cooled to room temperature, and poured 
into water (100 ml). The organic layer separated out was 
washed with saturated sodium hydrogènearbonate and water, 
and dried over anhydrous sodium sulfate. After removal of 
the solvent, the residue was recrystallized from ether. Yield, 
90%. Mp 46 °G. [<x]2D°= + 101 ° (c 2, chloroform). Found: 
G, 75.60; H, 7.50; N, 8.15%. Galcd for G22H2602N2: G, 
75.42; H, 7.42; N, 8.00%. IR (cm-1): 1720, 1180: NMR 
(ppm) : 1.1, 2.4 (propionyl group proton), 5.5—6.5 (olefinic 
proton), 7.5, 8.1, 8.8 (quinoline ring proton). 

Acrylqylcinchonine (A-3). To a solution of cinchonine 
(3 g) and triethylamine (1.5 g) in dichloromethane (100 ml) 
a solution of freshly distilled acryloyl chloride (1.3 g) in 
dichloromethane (50 ml) at —20 °G was dropwise added with 
stirring. After standing overnight, the reaction mixture was 
poured into water (200 ml). The organic layer separated 
out was washed with saturated sodium hydrogencarbonate 
and water, and dried over anhydrous sodium sulfate. 

The solution was concentrated, and subjected to chromato­
graphy on alumina (2x30 cm, 200 mesh, neutral). Elution 
with ethyl acetate gave A-3 as a clear oil in a 94% yield. 
[<x]2

D°=+80 ° (c 2, chloroform). TLC of A-3 gave only one 
spot for several solvent systems. IR (cm - 1): 1720, 1180, 
990. NMR (ppm): 5.6—6.5 (olefinic proton), 7.5, 8.1, 8.8 
(quinoline ring proton). 

Poly (acrylqylcinchonine) (P-3). A solution of A-3 (1 g) 
and azobisisobutyronitrile (10 mg) in dry benzene (10 ml) 
was refluxed with stirring in an argon atmosphere. After 
20 h, the solution was cooled to room temperature and poured 
into ether. A precipitate (P-3) was filtered off and washed 
thoroughly with ether. Yield, 74%. [a]2

D°=+50° (c 1, 
chloroform). Mol wt 13000 (dichloromethane). 

Acryloylquinine1) was similarly polymerized to give P-2.1) 
Yield, 56%. [a]2

D°=-14° {c 1, chloroform). Mol wt 14000 
(dichloromethane). 

Cross-linking Agents. 1 ) N,N' -diacryloylhex amethylenedi-
amaine (CA-1) was prepared by the reaction of hexa-
methylenediamine with acryloyl chloride according to the 
method reported previously.10) Mp 147 °C. Found: C, 
64.45; H, 9.00; N, 12.11%. Galcd for G12H20N2O2: G, 64.28; 
H, 8.92; N, 12.50%. IR (cm-1): 3300, 1660, 1610. NMR 
(ppm): 5.5—6.5 (olefinic proton). 2) iV,iV'-Diacryloyldode-
camethylenediamine (CA-2) was obtained similarly by the 
reaction of dodecamethylenediamine with acryloyl chloride. 
Mp 123—125 °G. Found: G, 69.90; H, 10.50; N, 8.70%. 
Calcd for G18H32N202: G, 70.12; H, 10.38; N, 9.09%. IR 
(cm-1) : 3300, 1665. NMR (ppm) : 5.6—6.6 (olefinic proton). 

Co-polymers. A solution of A-3 (700 mg), CA-1 (224 
mg) and azobisisobutyronitrile (10 mg) in dry benzene (10 ml) 
was refluxed with stirring in an argon atmosphere. After 
40 h, a white precipitate was filtered off and washed thor­
oughly with acetone, benzene, chloroform, ethanol and ethyl 
acetate, successively. An insoluble polymer (P-4) was 
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obtained in an 8 0 % yield. Acryloylquinine was similarly 
co-polymerized with GA-1 (CA-2) to give P-5 (P-6) in an 
80—90% yield. 

Poly(N-benzyl-2-pyrrolidinylmetkyl acrylate) (P-l). 
iV-Benzyl-2-pyrrolidinylmethyl acrylatex> (2.1 g) containing 

azobisisobutylronitrile (21 mg) was polymerized without 
solvents in a sealed tube at 80 °C for 70 h and cooled to room 
tempera ture . T h e product was dissolved in benzene and the 
solution was poured into methanol . A yellow precipitate 
was filtered off and washed with methanol . Yield, 5 0 % . 
[ ° G D = — 4 3 ° (c ^ benzene). Mol wt 5300 (dichloromethane). 

T h e polymerization of iV-benzyl-2-pyrrolidinylmethyl 
acrylate was not successful under the conditions described 
for the cases of P-2 and P - 3 . 

T h e co-polymerization of iV-benzyl-2-pyrrolidinylmethyl 
acrylate with CA-1 and CA-2 was also unsuccessful and gave 
only polymers of CA-1 and CA-2. T h e iV-benzyl-2-pyrrol-
idinylmethyl acrylate was largely recovered. T h e shapes 
of the O R D and C D curves for P - l were similar to those 
of JV-benzyl-2-pyrrolidinylmethyl propionate. T h e hydrolyzed 
P - l showed no optical activity. 

These facts suggest tha t there was no occurrence of asym­
metric induction to the main chain configuration of P - l . 

Similar results11) were also observed for P-2 l l a> and P -3 . 
The Addition Reaction of Methanol with PMK. (A) Freshly 

distilled P M K (330 mg) and P-5 (11 mg) were added to 25 ml 
of dry toluene a t — 78 °C in an argon atmosphere. After 
addit ion of methanol (82 mg) , the mixture was stirred at the 
same tempera ture for 20 h. T h e end point of the reaction 
was confirmed by the absence of the yellow color of P M K . 
After the removsl of P-5 by filtration, the toluene solution was 
washed with saturated sodium hydrogencarbonate and water, 
and dried over anhydrous sodium sulfate. T h e solution was 
evaporated to dryness under reduced pressure. T h e residue 
was distilled to give a colorless oil in a 7 0 % yield. Bp 69— 
71 °C at 2 m m H g . [a]«,°= - 16.2 ° (c 10, toluene). 

T L C and G L C of the product showed it to be a single 
material . T h e I R and N M R spectra of the product were 
completely in agreement with those of authent ic methyl <x-
phenylpropionate . T h e addit ion of methanol to P M K was 
carried out similarly in the presence of other insoluble 
catalysts (P-4 and P-6) at various reaction temperatures. 

(B) Freshly distilled P M K (330 mg) and A-2 (8 mg) were 
added to 25 ml of dry toluene at — 78 °C in an argon atmos­
phere. After the addit ion of methanol (82 mg) , the mixture 

was stirred at the same temperature for 10 h. T h e toluene 
solution was poured into dilute hydrochloric acid. T h e 
organic layer separated out was washed with saturated sodium 
hydrogencarbonate , water, and dried over anhydrous sodium 
sulfate. After removal of the solvent, the residue was distilled 
to give an oil in a 72% yield. [ a ] £ = - 4 . 8 ° (c 10, toluene). 

T h e structure of this oil was confirmed in the manner 
described in (A). 

T h e use of other soluble catalysts was similarly at tempted 
at various reaction temperatures. 

F o r t h e m e a s u r e m e n t of t h e s a m p l e s , a J a s c o I R A - 1 
( I R ) , a J e o l - 6 0 M C ( N M R ) , a V a r i a n M 9 2 0 ( G L C ) , 
a J a s c o J - 2 0 ( O R D , C D ) , a R e x - a u t o m a t i c P o l a r i m e t e r 
(specific r o t a t i o n , l e n g t h of s a m p l e : 10 c m ) a n d a 
K n a u e r v a p o r - p r e s s u r e o s m o m e t e r ( m o l e c u l a r we igh t ) 
w e r e used i n th is e x p e r i m e n t . 
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Reduction by a Model of NAD(P)H. XIV. Mechanistic 
Consideration on the Role of Metal Ion 
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The driving force for the catalytic activity of metal ions on the reduction of a-keto esters with an NAD(P)H-
model compound has been discussed. The scope of the reaction and spectroscopic investigations as well as molecular 
orbital consideration have revealed that the transition state of the reaction consists of a ternary complex in analogy 
with a coenzyme-enzye-substrate complex in an enzymic system. It is concluded that, at the transition state, 
one electron migrates from a model compound to a substrate through a metal ion, which is followed by the transfer 
of a proton. 

Dihydropyridine nucleotides, N A D H and N A D P H , 
are coenzymes which are widely co-operating with 
dehydrogenases. I t has been acepted that the reaction 
with NAD(P)H proceeds with a one-step hydride 
transfer from the coenzyme to a substrate.1 '2) O n the 
other hand, recent model reactions revealed that the 
reduction involves at least one intermediate,3 '4) and that 
there appear ion-radicals during the reduction.5 '6) 
ESR signals were also observed with enzymic systems.7) 
Yet, the mechanism or the driving force of the reduction 
with N A D ( P ) H or its model compounds has not been 
understood. 

In a series of investigations, we found that 1-benzyl -
1,4-dihydronicotinamide (BNAH) or its analogs reduces 
a-keto esters in acetonitrile in the presence of a bivalent 
metal ion such as magnesium or zinc Perchlorate.8) 
When the amide-nitrogen is substituted by a chiral 
group, asymmetric reduction takes place.8) T h e ratio 
of the concentration of metal Perchlorate to that of 
the model compound, but not the absolute concentration 
of metal perchlorate, influences the optical yield of the 
product.9) 

The metal ion in the present model reaction may be 
regarded as a mimetic enzyme in the sense that it 
catalyzes the reaction as does an enzyme in biological 
reactions, and the information for the mechanism of the 
model reaction may provide an insight into the mecha­
nism of enzymic reactions. The purpose of the present 
paper is focused to elucidate the role of metal-ion 
catalysts. 

R e s u l t s 

Reaction. As was reported, the reaction of 
methyl benzoylformate (1) with /?-( — )- or S-(-\-)-N-{OL-
methylbenzyl) -1 -propyl-1,4-dihydronicotinamide (2) 
afforded R-( — ) - or £-(-4-)-methyl mandelate , respec­
tively, in quantitative chemical yield with about 15% 
enantiomeric excess, in the presence of equimolar 
amount of magnesium perchlorate.10) When magnesium 
perchlorate was substituted by lithium perchlorate, the 
catalytic efficiency decreased remarkably and 6 to 8 
molar excess of the lithium salt resulted in the formation 

* Department of Chemistry, Faculty of Science, Tokai 
University. 
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of methyl mandelate in only 60—70% yield. Moreover, 
it is surprising that the reaction with li thium perchlorate 
is non-stereospecific. Although less than 1% of enantio­
meric excess was observed with the lithium salt, the 
value was well within the experimental error of ± 2 % . 
Tetraethylammonium perchlorate was ineffective to 
promote the reaction. T h e reaction was not catalyzed 
by acetylacetonate magnesium or tris(3-trifluoroacetyl-
^-camphor)europium, Eu(TFAC) 3 , effectively; 10 and 
12% reductions were observed with these catalysts, 
respectively. 

T A B L E 1. ELECTRONIC SPECTRA OF JV-(a-METHYL-

BENZYL)- 1 -PROPYL- 1,4-DIHYDRONICOTINAMIDE 

(2) IN ACETONITRILE IN THE ABSENCE OR 

PRESENCE OF MAGNESIUM PERCHLORATE 

([Mg*+]/[2] I 
max) n m emax 

0 351 7765 
0.25 352 7647 
0.50 352 7718 
1.0 353 7605 
2.0 354 7824 
3.0 354 8047 
4.0 355 7906 
6.0 356 8194 
8.0 357 8194 

400 367 — 

Spectroscopy. The absorption maximum of 2 at 
351 n m shifted toward the region of longer wave-length 
with the addition of magnesium perchlorate as listed 
in Table 1. With lithium perchlorate, no shift was 
observed up to the ratio of 10. However, 18 n m of the 
shift was recorded at the point of [Li+] / [2]=400. 
Tetraethylammonium perchlorate did not change the 
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wc 

H - 2 0 0 

1 2 3 [Mg"]/[Model] 7 8 9 

Fig. 1. Variations of [<x]D ( -) and maximum inten­
sity in CD spectrum ( •) of JV-(a-methylbenzyl)-l-
propyl-l,4-dihydronicotinamide (2) as a function of 
[Mg2+]/[2] (in CH3CN). 

spectrum even at its saturated concentration. The 
dependencies of the intensity of the CD spectrum, 
observed at around 350 nm, and [OC]D of 2 on the molar 
ratio are illustrated in Fig. 1. Chemical shifts of protons 
in N M R spectrum of 2 were not altered significantly 
by the addition of magnesium Perchlorate.11) Remark­
able shift was observed, however, with the addition of 
chiral shift reagents, E u ( T F A C ) 3 and its yt terbium 
analog. Nevertheless, the protons at the chiral and 
prochiral centers in R- and S-2 behaved similarly (Fig. 
2). No appreciable difference was detected from I R 
spectra of 2 with and without magnesium Perchlorate. 

4 ° 1 u 

1 1 ^ 1 3 

12 

° - 4 [M(TFAC)3]/ [Model] 

Fig. 2. Variations of chemical shift of protons in JV-(a-
methylbenzyl)-l-propyl-l,4-dihydronicotinamide (2) as 
functions of [Eu(TFAG)3]/[2] ( •) and [Yb(TFAC)3] 
/[2] ( ) (in GDG1,). 

All spectra were recorded with acetonitrile solutions 
and were not affected by the addition of 1. The elec­
tronic and vibrational spectra of 1 remained unchanged 
in the presence of magnesium ion. 

D i s c u s s i o n 

T h e absorption at around 350 nm is attributed to the 
7i,n* transition of the dihydropyridine moiety.12 '13) I t 
should be noted that only closed (ring) enamine-
structure can account for the absorption at such a long 
wavelength as 350 nm.12) All spectral data are in 
accord with the concept that the metal ion coordinates 
onto the dihydropyridine moiety instead of the amide-
carbonyl; the absorption at 350 nm was affected by the 
addition of magnesium ion; but not by the addition of 
tetraethylammonium ion; only slight difference was 
observed in the C D spectrum; the chiral N M R shift 
reagent did not discriminate the chiral protons; no 
shift was observed for the stretching frequencies of the 
a m i d e - C - O , O N , and N - H groups; the fact that the 
band at 350 n m is the longest-wavelength absorption 
indicates that the ^-orbital of the dihydropyridine ring 
is the highest-occupied molecular orbital ( H O M O ) of 
2. Coordination of metal ions onto the pyridine ring of 
nicotinamide has also been witnessed.14,15) The meaning 
of min imum and maxima in curves shown in Fig. 1 is 
equivocal because the absorption spectra did not show 
an isosbestic point to calculate the dissociation constant 
of the complex. A complex containing four moelcules 
of BNAH coordinated onto a magnesium ion has been 
isolated from an acetonitrile solution.11) I t is also 
reported that the rate vs. molar ratio, [Mg2+]/[BNAH], 
profile for the reaction of BNAH with 2-benzoylpyridine 
has a maximum at the ratio of O.4.11) 

Since the prochiral C4-protons were shifted in the 
same extent by the chiral N M R shift reagent, it is 
apparent that the coordination does not introduce the 
chirality a t the C4-position, or the C4-protons still 
remain to be prochiral in the coordination complex. 

T h e red-shift of the absorption maximum at 350 nm 
indicates tha t the decrease of the energy level of the 
lowest-unoccupied molecular orbital (LUMO) of 2, by 
the influence of magnesium ion, is larger than that of 
the HOMO. 1 7 ) Consequently, the hyperconjugative 
participation of the C 4 - H cr-bond to the ?r-orbital of the 
dihydropyridine moiety (or, more precisely, the 
contribution of the C 4 - H a-bond to the molecular 
orbital which is mainly constituted by TT-orbitals of 
dihydropyridine moiety) becomes larger when magne­
sium ion coordinates onto the ring. T h e importance of 
the C4-moiety was emphasized at the beginning of this 
discussion. Under such a circumstance, it is highly 
unlikely to expect that a hydride ion dissociates from 
the C4-position, whereas a proton may easily dissociate 
because of the developing positive charge on the dihydro­
pyridine ring in the complex. T h e localization of large 
positive-charge density on the C4-protons is also proved 
by the large down-field shift of the corresponding N M R 
signal on complexation of 2 with Yb(TFAC)3 .1 6) 

O n the other hand, molecular orbital theories have 
proposed that a positive charge operates to decrease 
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the energy level of the L U M O of a carbonyl group so 
that the carbonyl group is activated to accept an 
electron.17-19) Since magnesium ion is a bivalent 
cation, a one-to-one complex of 2 and magnesium ion 
remains one more positive charge on the magnesium 
ion formally, which, in the present reaction, may play 
to activate the substrate, l.20) In other words, an 
electron migrates from 2 to 1 in the transition-state 
ternary-complex, 2-Mg 2 + - l , which is followed by the 
migration of a proton from the cation-radical of 2 to 
the anion-radical of 1.21>22) The transfer of an electron 
may or may not precede the migration of a proton. 
What is the most important here is that an electron and 
proton move separately and the movement of an 
electron triggers the migration of a proton. Catalytic 
activity of alkali and alkaline earth metal ions in an 
electron-transfer process has been reported and discussed 
in relation to the polarizabilities of metal ions and 
ligands.23) T h e same kinetic deuter ium isotope effect 
for an electron-transfer process25) and for the reduction 
of an organic substrate (^»1.7)4) as well as large and 
similar isotope partitioning ratios in products from 
various reductions («*4)1,3»4) also suggest the existence 
of two distinguishable processes for electron- and proton-
migrations.25) The migration of a second electron seems 
to take place almost spontaneously, because the pyridinyl 
radical can gain large stabilization energy by converting 
into the pyridinium ion.26) Thus, the chirality in 2 is 
recognized by 1 in a complex, or with intramolecular 
fashion. When magnesium ion is substituted by 
univalent lithium ion, on the other hand, the corre­
sponding binary complex, 2-Li+, remains no positive 
charge on the metal ion and another lithium ion (or 
ions) has to be used to activate the substrate. In this 
case, therefore, the reaction takes place bimolecularly 
and the transition state is so loose that the chirarity 
in 2 cannot be recognized by 1. T h e idea of a positive-
charge-promoted reaction discussed above is supported 
by the inability of tetraethylammonium and chelated 
metal ions to catalyze the reaction.20) The dependency 
of the optical yield on the molar ratio of [Mg2+]/[2]9) 
can also be interpreted with the present proposal: 
under the condition of [Mg 2 + ] / [2 ]<0 , is favored the 
formation of complexes composed of a magnesium ion 
and more than two molecules of 2. The positive charge 
in such a complex is so diffused that it has no facility 
to activate the substrate and the situation becomes 
similar to that with lithium perchlorate. 

The scheme for the stereospecific reaction may be 
represented as follows: 

MgX2 <=± MgX+ + X-, 

NH + MgX+ <=> (NH-MgX)+ , 

(NH-MgX)+ + S • [(NH-Mg-S)2+]2+ + X~ 

I 
N+ + HSMg+ 

2HSMg+ + 2X- Ï = ± Mg(SH)2 + MgX2 

where X , N H , N+, S, and S H are perchlorate ion, 
reduced form of a coenzyme-model, oxidized form of a 
coenzyme-model, a-keto ester, and the anion of a-

Fig. 3. Schematic representation of the transition state 
of the reaction. 

hydroxy ester, respectively. T h e double dagger stands 
for the transition state, which may be depicted as shown 
in Fig. 3. I t seems better, as a minor effect, to take into 
account the interaction between the amide-carbonyl 
group and magnesium ion, because the stereospecificity 
of the reaction depends on the basisity of the carbonyl-
oxygen.27) 

Mechanistic studies so far reported have had no 
facility to discriminate the one-step hydride transfer 
and three-step electron-proton-electron transfer mecha­
nisms and the present paper is the first one to deal with 
the detailed interaction of molecules at the transition 
state of the reaction in favor of the latter process. 
Kinetic studies will provide further support for the 
discussed concept and the research in our laboratories 
is in progress toward this end. 

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

Preparation and purification of materials and general pro­
cedure of the reduction were described previously.10) Tris (3-
trifluoroacetyl-rf-camphor)-europium and -ytterbium were 
prepared according to the literature.28) 

UV, IR, NMR, and CD spectra were recorded on Union 
Giken SM-401, Hitachi EPI-S2, Varian T-60, and Union 
Giken CD-1000 spectrometers, respectively. Optical rotations 
were observed with a JASCO DIP-180 automatic Polari­
meter. 

Support for a part of this research by the Ministry 
of Education, Japanese Government, with a Scientific 
Research Grant is acknowledged. The authors also 
wish to thank Dr. S. Inagaki of Gifu University for 
fruitful discussions on molecular orbital theory. 
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Direct Synthesis of Methyl Isobutyl Ketone by Reductive 
Aldol Condensation. III. Kinetics 
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Tokuyama Soda Co., Ltd., Mikage-cho, Tokuyama, Yamaguchi 745 

(Received November 19, 1976) 

T h e kinetics of the direct catalytic conversion of acetone and hydrogen into methyl isobutyl ketone (MIBK) 
were investigated in the liquid phase using pal ladium-zi rconium phosphate as a catalyst. Kinetic studies on the 
conversion of acetone into mesityl oxide (4-methyl-3-pentene-2-one) and its hydrogénation were separately carried 
out using the same catalyst. I t was found tha t the direct reaction proceeded via a sequence of processes : mesityl 
oxide was first formed by condensation of acetone on acid sites of the catalyst and M I B K was then produced by 
hydrogénation of the mesityl oxide on pal ladium metal in the catalyst. Moreover, the experimental results were well 
interpreted by assuming tha t the condensation of acetone was controlled by a surface reaction between the acetone 
molecules adsorbed on the catalyst surface and tha t the ra te of hydrogénation of mesityl oxide was determined by a 
surface reaction between dissociated hydrogen atoms and adsorbed mesityl oxide molecules. 

R e c e n t l y , severa l processes h a v e b e e n d e v e l o p e d for 
t h e p r o d u c t i o n of m e t h y l i sobu ty l k e t o n e ( M I B K ) b y 
t h e d i r ec t c a t a l y t i c r e a c t i o n of a c e t o n e w i t h h y d r o g e n 
o n p a l l a d i u m m e t a l s u p p o r t e d o n solid ac ids s u c h as 
c a t i o n - e x c h a n g e res ins , 1 - 5 ) a l u m i n a , 6 - 8 ) a n d zeo l i t e . 9 - 1 0 ) 

S o m e k ine t i c s tud ies o n t h e c a t a l y t i c conve r s ion of 
a c e t o n e i n t o mes i ty l oxide 1 1) a n d o n t h e h y d r o g é n a t i o n 
of mes i ty l oxide1 2) h a v e b e e n r e p o r t e d i n d e p e n d e n t l y , 
b u t l i t t le w o r k h a s b e e n d o n e o n t h e k ine t i cs of t h e d i r e c t 
c a t a ly t i c r e a c t i o n of a c e t o n e w i t h h y d r o g e n t o fo rm 
M I B K . 

I n a p r e v i o u s pape r , 1 3 ) z i r c o n i u m p h o s p h a t e c o n t a i n ­
i n g d i spe r sed m e t a l l i c p a l l a d i u m w a s s h o w n t o b e a 
h igh ly -ac t ive b i fuc t iona l ca t a lys t for d i r e c t M I B K 
synthes is . 

T h e p r e s e n t p a p e r dea l s w i t h t h e k ine t ics of t h e d i r e c t 
r e a c t i o n us ing a p a l l a d i u m - z i r c o n i u m p h o s p h a t e ca t a lys t 
( P d - Z r P C a t ) . T h e d i r e c t r e a c t i o n m a y invo lve t h e 
revers ib le c o n d e n s a t i o n of a c e t o n e to mes i ty l o x i d e o n 
t h e ac id sites of z i r c o n i u m p h o s p h a t e a n d consecu t ive 
h y d r o g é n a t i o n of mes i ty l o x i d e to M I B K o n t h e p a l l a ­
d i u m m e t a l : 

2 C H 3 C O C H 3 < = ± ( C H 3 ) 2 O C H C O C H 3 + H 2 0 (1) 

(CH 3 ) 2 C=CHCOCH 3 + H 2 • 

( C H 3 ) 2 C H C H 2 C O G H 3 (2) 

T h e a b o v e m e c h a n i s m w a s i n v e s t i g a t e d i n d e t a i l b y 
c o m p a r i n g t h e r a t e c o n s t a n t s for t h e d i r e c t r e a c t i o n 
w i t h those for a c e t o n e c o n d e n s a t i o n a n d h y d r o g é n a t i o n 
of mesi ty l ox ide m e a s u r e d i n d e p e n d e n t l y . 

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

Catalyst and Reagents. P d - Z r P cat was prepared accord­
ing to the method described in a previous paper.13) After 
being treated with hydrogen, the catalyst was ground to fine 
powder in order to pass through a 100 mesh sieve. Before use, 
the catalyst was dried in a stream of nitrogen at 400 °C for 
3 h. Acetone and hexane were purified by distillation after 
the dehydration with P 2 0 5 and a molecular sieve 5A, respec­
tively. Commercial mesityl oxide (reagent grade) was used 
without further purification. 

Apparatus and Procedure. Figure 1-A shows the appara tus 
for the condensation of acetone. T h e reaction vessel was 
equipped with a Dry Ice-methanol condenser and a sampling 
tube with a rubber stopper. T h e upper pa r t of the reactor 

Fig. 1. Appara tus . 1 : Dry Ice-methanol condenser, 
2 : Glass beads, 3 : sampling tube, 4 : rotator, 5 : water 
ba th , 6 : water heater and circulator, 7: magnetic 
stirrer, 8: CaCl 2 tube, 9 : hydrogen delivery tube, 10: 
hydrogen gas outlet. 

was filled with glass beads to prevent gasification of the 
reactant , as is shown in Fig. 1-A. T h e direct conversion of 
acetone as well as the hydrogénation of mesityl oxide was 
carried out using the appara tus shown in Fig. 1-B. T h e 
reaction vessel was fitted with a hydrogen-delivery tube, a 
Dry Ice-methanol condenser and a sampling tube. T h e reac­
tion vessel containing the catalyst (0.1—2.0 g) was filled with 
hexane, and immersed in a water ba th mainta ined at a given 
temperature ( ± 0 . 5 °C). T h e reaction was initiated by in­
ject ing the reactant through the rubber stopper into the 
reaction vessel with a syringe. T h e total volume of the 
reactant and the solvent was mainta ined constant (50 ml) . 
T h e reactants were vigorously stirred in order to reduce 
physical effects to a negligible level. All of the experiments 
were carried out at a temperature between 30 and 50 °C at 
atmospheric pressure. Except dur ing the condensation of 
acetone, hydrogen was continuously introduced into the 
vessel at a ra te of 20 ml/min through the delivery tube, and 
the vapor of the reactants contained in the exhaust hydrogen 
gas completely condensed in the Dry Ice-methanol condenser. 
T h e product was sampled using a syringe and analyzed by 
gas chromatography on a column of PEG-1000; the operat­
ing conditions were identical to those described previously.13) 
In all experiments in the present study, no by-products, such 
as 4-hydroxy-4-methyl-2-pentanone, 4-methyl-2-pentanoI 
and other high-boiling point products, were detected. 



1540 Yoshiaki WATANABE, Masato OKADA, Yusuke IZUMI, and Yukio MIZUTANI [Vol. 50, No. 6 

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

Condensation of Acetone to Mesityl Oxide. In order 
to determine the rate-determining step of the conden­
sation of acetone, the changes in conversion with reac­
tion time at constant volume were measured for different 
initial concentrations of acetone in hexane (Fig. 2). 
The conversion rate was approximately proportional 
to the reaction t ime. Accordingly, the initial reaction 
rates for mesityl oxide formation can be determined 
from the slopes of the straight lines in Fig. 2 and are 
given in Table 1. 

CA"-0.258 

CÄ=0.760, 

Cl=1.357 

£=2.768 

Reaction time (min) 

Fig. 2. Effect of the initial concentration of acetone in 
hexane on the charge in conversion with reaction time. 
Conditions: temp; 45 °C, catalyst; 1.000 g. 

TABLE 1. THE EFFECT OF THE INITIAL CONCENTRATION 

ON THE INITIAL RATE 

Initial 
concentration 

of acetone 
(CA°) (mol/1) 

Initial rate (r0) 
(mol/1 h g-cat) l/CA W'o 

0.258 
0.442 
0.760 
1.357 
2.768 

0.01225 
0.01358 
0.0144 
0.0148 
0.0153 

3.876 
2.262 
1.316 
0.737 
0.361 

9.03 
8.58 
8.33 
8.22 
8.08 

Temp: 45 °C, catalyst: 1000 g. 

The over-all reaction is shown by reaction 1. If the 
reaction between acetone molecules adsorbed on the 
catalyst surface is rate-determining, the rate equation 
should be : 

r = kc(CA*-CuCw/K) , . 
( l+XACA + iCMCM + XwCw + i f s C s )^ {) 

where kc denotes the rate constant for acetone 
condensation, KA, Ku, K^, Ks are the adsorption 
equilibrium constants for acetone, mesityl oxide, water 
and hexane, respectively, K is the equilibrium constant 

and CA, CM , C W , and C s are the concentrations of acetone, 
mesityl oxide, water and hexane, respectively. 

For lower conversion rates, the reverse reaction of 
acetone condensation and the adsorption terms for 
mesityl oxide and water in the rate equation are 
negligible. Assuming that the hexane used as a solvent 
is not appreciably adsorbed on the catalyst, the adsorp­
tion term may be also omitted from the rate equation.14) 
Consequently, the initial rate can be expressed in terms 
of the initial concentration of acetone : 

rn = 
(1+*ACA)2 (4) 

If the assumptions described above are a reasonable 
interpretation of the results given in Table 1, the plot 
of 1/CA vs. 1/V% should be a straight line. In reality, 
Fig. 3 shows a linear relationship between 1/CA and 
1 / V ^ J which suggests that the surface reaction between 
adsorbed acetone molecules is rate-controlling. 

The rate constant and the adsorption equilibrium 
constant for acetone at unit catalyst concentration 
calculated from Fig. 3 are shown in Table 2. 

TABLE 2. VALUE OF THE RATE PARAMETERS OBTAINED 

BY FITTING Eq. 3 TO THE DATA SHOWN 

IN Fig. 2 AT 45 °C 

Rate parameter Value 

*c 17.8mol/l h g-cat 
33.9 1/mol 

Another possible mechanism that the rate-determining 
step might be the adsorption of acetone, the desorption 
of mesityl oxide or the desorption of water is unsatisfac­
tory in interpreting the results. 

T h e effect of temperature on the initial reaction rate 
was examined at an acetone concentration of 2.768 
mol/1 in the temperature range of between 35 and 50 °C. 
The relation between the logarithm of r0 and the 
reciprocal of the absolute temperature is shown in Fig. 
4. The apparent activation energy was calculated to be 
18.4 kcal/mol. This value indicates that probably 
diffusion of the reactants does not control the reaction 
rate. The activation energy for the formation of 4-
hydroxy-4-methyl-2-pentanone from acetone with a 
base catalyst has been reported to be 17.3 kcal/mol by 
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Fig. 4. Arrhenius plot. 
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Fig. 5. Effect of the initial concentration of mesityl 
oxide in hexane on the charge in conversion with reac­
tion time. Conditions: temp; 45 °G, catalyst; 0.500 g. 

Lemcoff et a/.15> 
Hydrogénation of Mesityl Oxide. The changes in 

the conversion rate with reaction time at constant 
volume were measured with different initial concentra­
tions of mesityl oxide in hexane, as is shown in Fig. 5. 
The rate of hydrogénation of mesityl oxide decreases 
gradually with reaction time. 

In order to estimate the initial rates with accuracy, 
the time-conversion curve shown in Fig. 5 can be 
empirically represented by the following third-order 
equation : 

B = Xt3 + Yt2 + Zt, (5) 

where B denotes CBI{CB-\-CIIÙ after reaction time t and 
X, Y, and Zare constants. The rate after reaction time 
t is derived from Eq. 5 and is found to b e : 

^ = 3Xt* + 2Yt + Z 
at 

Thus, the initial rate is given by 
fdB\ 

d*A=0 
= Z. 

(6) 

(7) 

<V (mol/1) 

Fig. 6. Effect of the initial concentration of mesityl 
oxide on the initial rate at various reaction tempera­
tures. 

The initial rates for hydrogénation of mesityl oxide 
are plotted against the initial concentration of mesityl 
oxide in Fig. 6. The results suggest that the reaction 
proceeds according to the Langmuir-Hinshelwood 
mechanism, in which hydrogen and mesityl oxide are 
absorbed competitively. The rate equation corre­
sponding to the mechanism is 

r = *H'0H-0M> (8) 

where A;H denotes the rate constant of the surface 
reaction, ÔH the fractional surface coverage of hydrogen, 
and 0M that of mesityl oxide. From Eq. 8 Teranishi 
et a/.14) and Kubomatsu et a/.16) have obtained 

_ V K L (9) 
(1+*CM)2 ' 

where CM denotes the concentration of mesityl oxide, 
and b is a function of the hydrogen concentration. 

When the rate of hydrogénation is measured at 
constant hydrogen pressure, and the solubility of 
hydrogen is considered to be independent of the composi­
tion of the reaction mixture, b has a constant value at a 
given temperature . T h e adsorption of hexane is 
negligible. 

Equation 9 can be rearranged to 
1/2 1 

v* 
1/2 

+ i"-)ßc, (10) 

Plots of (CM/r0) ̂
2 vs. CM at various reaction tempera­

tures are straight lines, as is shown in Fig. 7. 
Assuming that hydrogénation occurs between the 

dissociated hydrogen atoms and the molecules of 
mesityl oxide adsorbed on the catalyst surface, the plot 
of (CM/r0)1/3 VS. C M should be a straight line. However, 
such plots actually deviate from straight lines, as is 
shown in Fig. 8. 

T h e adsorption of mesityl oxide, the adsorption of 
hydrogen with or without dissociation, or the desorp-
tion of M I B K might be considered as the rate-controlling 
step, although they do not reasonably explain the data. 

O n the other hand, the fact that the rate of formation 
of M I B K decreases gradually with reaction time, as is 
shown in Fig. 5, suggests that the rate is retarded by the 
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Fig. 7. (CM
o/r0)V2 us. CM°. 

0 0.2 0.4 0.6 0.8 1.0 1.2 

CM° (mol/1) 

Fig. 8. (CM°/r0)V3 w> Cuo 

adsorption of M I B K onto the catalyst. By introducing 
the M I B K adsorption term into Eq. 9, we obtain 

r = h-b-C* / U N 
(l+bCu + KßCß)*

 K ' 

Using Eq. 11, the values of £H, b, and KB obtained from 
the data shown in Fig. 5 are given in Table 3. 

TABLE 3. VALUES OF THE RATE PARAMETERS OBTAINED 

BY FITTING EQ. 11 TO THE DATA SHOWN 

IN Fig. 5 AT 45 °G 

Rate parameter 

b 

KB 

Value 

3.70 mol/1 h g-cat 
4.751/mol 

19.65 1/mol 

The relation between the logarithm of kH calculated 
from the plots in Fig. 7 and the reciprocal of the absolute 
temperature is shown in Fig. 9. T h e apparent activation 
energy for the hydrogénation of mesityl oxide is 8.1 
kcal /mol. This value is considered to be reasonable 

2.2 

( i / r ) x i o 3 

Fig. 9. Arrhenius plot. 

compared with those reported by other authors.14 '16) 
Direct conversion of Acetone and Hydrogen to MIBK. 

In the direct conversion of acetone and hydrogen to 
M I B K using a bifuctional catalyst, it appears probable 
that the condensation of acetone on the acid sites of 
the catalyst and hydrogénation of the resultant mesityl 
oxide on palladium metal occur in succession. 

The rate equations for the consecutive reactions are 
obtained by combining the individual rate equations 
obtained from studies of acetone condensation and of 
the hydrogénation of mesityl oxide. Considering that 
the direct synthesis of M I B K was carried out in an 
acetone medium and that the hydrogénation was 
separately investigated in a medium of mesityl oxide-
hexane, the rate equation for hydrogénation of mesityl 
oxide by direct synthesis may include an adsorption 
term for acetone : 

dCA _ od^M _ 2 ^ w _ 
dt dt dt 

KXCK> 
(1 + 33.9CA)2 ' 

dt 
17.8CM 

(1 +4.75CU + KICA + 19.65CB)2 

(12) 

(13) 

where kx denotes the apparent rate constant for acetone 
condensation. 

T h e above differential equations were integrated 
using the Runge-Kutta-Gil l method. The minimum 
value of the sum of the square of the difference between 
the experimental and the calculated concentration 
distributions was chosen as the parameter using Hill-
Climbing, as is given in Table 4. 

T h e apparent rate constant for acetone condensation 
and the adsorption equilibrium constant for acetone at 
unit catalyst concentration were calculated from the 
data in Table 4 as given in Table 5. 

T h e molar fractions of mesityl oxide and M I B K for 
various reaction times were calculated from Eqs. 12 and 
13 by substituting the numerical values for kx and KA. 
The solid curves shown in Fig. 10 are in good agreement 
with the data. 

The value of kx is about 1.6 times larger than that 
of the rate constant Kc obtained independently from 
the study of acetone condensation. The reason for 
this is not obvious at the present t ime. However, the 
difference appears to be due to experimental error. 
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TABLE 4. DATA FOR THE DIRECT CONVERSION OF ACETONE AND HYDROGEN TO MIBK 

Conditions: CA°: 2.768 mol/1; catalyst: 1.000 g; H2 flow rate: 20 ml/min; temp: 45 °C 

Time 

0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 

JA 

1.00000 
0.99631 
0.99581 
0.99259 
0.99072 
0.98845 
0.98610 
0.98425 
0.98210 
0.97970 
0.97770 

Experimental results 

y* 
0.00000 
0.00110 
0.00185 
0.00220 
0.00255 
0.00295 
0.00301 
0.00310 
0.00310 
0.00326 
0.00328 

ya 
0.00000 
0.00075 
0.00235 
0.00485 
0.00675 
0.00860 
0.01090 
0.01265 
0.01480 
0.01705 
0.01910 

J>A 

1.00000 
0.99561 
0.99122 
0.98683 
0.98244 
0.97630 
0.97366 
0.96927 
0.96488 
0.96049 
0.95611 

Computed results 

yu 
0.00000 
0.00137 
0.00192 
0.00221 
0.00242 
0.00259 
0.00276 
0.00293 
0.00310 
0.00328 
0.00346 

Ĵ B 

0.00000 
0.00082 
0.00247 
0.00437 
0.00636 
0.00838 
0.01041 
0.01243 
0.01445 
0.01647 
0.01848 

TABLE 5. VALUE OF THE RATE PARAMETERS OBTAINED 

FOR DIRECT CONVERSION OF ACETONE AND 

HYDROGEN TO M I B K 

Rate parameter Value 

28.48 mol/1 h g-cat 
0.686 1/mol 

0.02 

0.01 h 

0 1 2 3 4 5 

Reaction t ime (min) 

Fig. 10. Comparison of calculated curves with experi-

-: calculated curve. 
mental data. 

When the condensation reaction of acetone to mesityl 
oxide and the direct reaction of acetone and hydrogen 
to M I B K are carried out in acetone alone using the 
apparatus shown in Fig. 1-B, both rate constants are 
approximately equal. On the other hand, when the 
condensation of acetone to mesityl oxide is carried out 
using the apparatus shown in Fig. 1-B or when direct 
conversion of acetone to M I B K is carried out in a 
mixture of acetone and hexane, reproducible data 
cannot always be obtained. 

In conclusion, the direct reaction by reductive aldol 
condensation over a P d - Z r P catalyst involves the 

condensation of acetone to mesityl oxide on the acid 
sites of the catalyst and subsequent hydrogénation of the 
mesityl oxide to M I B K on the palladium metal dispersed 
over the catalyst. 

T h e authors express their sincere thanks to Prof. 
Yoshinobu Takegami of Kyoto University and to Dr. 
Yasuharu Onoue, Director of the Tokuyama Soda Co. 
for valuable discussion and advise. 
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h 
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A One-step Synthesis of 2,7-Dimethyl-5-silaspiro[4.4]nona-2,7-diene 
and the Synthesis of Its Derivatives 

Daiyo TERUNUMA, Satoshi HATTA, Tsunao ARAKI,* Tadashi UEKI, 

Tsutomu OKAZAKI, and Yasutaka SUZUKI 

Department of Applied Chemistry, Faculty of Engineering, Saitama University, Urawa, Saitama 338 
(Received November 27, 1976) 

The in situ reaction of dialkoxydichlorosilanes, such as dimethoxy-, diethoxy-, dipropoxy-, dibutoxy-, and 
diisobutoxydichlorosilane, with isoprene and magnesium in tetrahydrofuran (THF) was investigated. It was 
found that the double annelation product, i.e., 2,7-dimethyl-5-silaspiro[4.4]nona-2,7-diene (1), was obtained from 
diethoxy-, dipropoxy-, and dibutoxydichlorosilane in 87.0, 65.2, and 66.5% yields respectively. On the other 
hand, the reaction of dimethoxy- and diethoxydichlorosilane with butadiene and magnesium in THF gave 5-
silaspiro[4.4]nona-2,7-diene (7) in 20.7 and 35.4% yields respectively. Several silaspirononane derivatives were 
synthesized from 1. 

Recently, Salomon reported on the synthesis of 5-
silaspiro[4.4]nona-2,7-diene by a one-step reaction1) 
from silicon tetrachloride and the butadiene-magnesium 
complex prepared from active-magnesium2) and buta­
diene. Takase et al. reported independently on the 
preparation of silaspiro compounds by treating silicon 
tetrachloride with diene-magnesium compound in a 
step-by-step manner.3) In a preliminary communica­
tion,4) we have reported on a convenient method for 
the preparation of 2,7-dimethyl-5-silaspiro[4.4]nona-2,7-
diene (1). The double annelation product was obtained 
in a high yield when a mixture of diethoxydichlorosilane 
and isoprene in a molar ratio of 1 /2 was refluxed in the 
presence of magnesium in T H F . In this paper we wish 
to describe further details of the double annelation 
reaction and the synthesis of the derivatives of 1. 

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

Reaction of Dialkoxydichlorosilanes with Isoprene and 
Magnesium. Dialkoxydichlorosilanes, such as 
dimethoxy-(2), diethoxy- (3), dipropoxy-(4), dibutoxy-
(5), and diisobutoxydichlorosilane (6), were obtained by 
means of disproportionation reactions between the 
appropriate tetraalkoxysilane and silicon tetrachloride 
in a manner described by Kumada 5) [Table 1]. 

160"C 
Si(OR)4 + SiCl4 > 

30 h 

ROSiCL, + (RO)2SiCl2 + (RO)3SiCl 

R = Me, Et, n-Pr, «-Bu, »-Bu 

To investigate the effect of the varieties of alkoxyl 
groups of dialkoxydichlorosilanes in the preparat ion of 

1, the reactions of dialkoxydichlorosilanes ( R = M e , Et, 
Pr, Bu) with two mole equivalents of isoprene and 
magnesium were carried out in T H F [Table 2] . It was 
observed that the magnesium dichloride precipitated at 
the beginning of the exthothermic reaction dissolved 
gradually as the reaction proceeded. The reaction 
mixture became homogenous at the end of the reaction. 
These observations presumably indicate that the 
isoprene-magnesium complex reacts with dialkoxy­
dichlorosilanes in 2 steps, i.e., a first reaction with 
chloride groups, and a second reaction with alkoxide 
groups. In this reaction it was found that 3 was the best 
agent for the preparation of the double annelation 
p roduc t ( l ) . In contrast, 2, like silicon tetrachloride, 
was found to be less effective for the preparation of 1. 
The predominance of the yield of 1 in the reaction using 
3 as the starting material may be considered to be 
because 3 contains Si-Cl and S i - O R bonds which have 
a suitable reactivity difference from the isoprene-
magnesium complex without decreasing the reactivity 
of the alkoxy group itself. 

/Me 
Me I | 

I 2Mg < ) 
(RO)2SiCl2 + 2CH2=C-CH=CH3 -> Si T H F 

R = Me, Et, «-Pr, n-Bu 
Me / _ 

The reactions of the dialkoxydichlorosilanes with 
equimolar amounts of isoprene and magnesium were 
then carried out. When such dialkoxydichlorosilanes as 
3, 4, 5, and 6 were employed in the reaction, it was 
found, by GLG analysis of the reaction mixture, that 
not only the mono annelation product, i.e., 1,1-dialkoxy-

TABLE 1. THE PREPARATION OF DIALKOXYDICHLOLOROSILANE 

R Si(OR)4 

g (mol) 
SiCl4 

g (mol) 
Temp 

°C 
Time 

h 

(RO)2SiCl2 

Bp °C/Torr Yield, g(%) 

Me 
Et 
n-Pr 
n-Bu 
/-Bu 

70.4(0.46) 
55.0(0.26) 

156.6(0.59) 
70.0(0.22) 
64.0(0.20) 

78.7(0.46) 
44.9(0.26) 

100.7(0.59) 
37.2(0.22) 
34.0(0.20) 

150 
160 
160 
160 
160 

30 
30 
30 
30 
30 

96—100 
135—137 
173—175 
115/20 
119—198 

89.6(60.1) 
61.6(60.0) 

151.1(58.7) 
69.6(64.9) 
53.4(54.5) 

* Present address: Department of Environmental Engineering, Saitama Institute of Technology, Okabe, Saitama 369-02. 
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TABLE 2. REACTION OF DIALKOXYDICHLOROSILANES WITH 

TWO MOLE EQUIVALENTS OF ISOPRENE AND MAGNESIUM 

R 

Me 
Et 
n-Pr 
n-Bu 

(RO)2SiCl2 

g(mol) 

16.1(0.1) 
75.5(0.4) 
21.7(0.1) 
24.5(0.1) 

Mg 
g (mol) 

5.3(0.22) 
21.4(0.88) 

5.3(0.22) 
5.3(0.22) 

Isoprene 
g (mol) 

17.0(0.25) 
68.0(1.0) 
17.0(0.25) 
17.0(0.25) 

Yield of 1 
g(%) 

0.8(5) 
57.2(87.0) 
10.7(65.2) 
10.9(66.5) 

3-methyl-l-sila-3-cyclopentene(7), but also the double 
annelation product (1) and tetraalkoxysilanes were 
formed [Table 3]. These results may support the above 
consideration that the 2-mole-equivalent reaction of 
isoprene-magnesium complex with unimolar dialkoxy­
dichlorosilanes proceeds in 2 steps: 

Mg 
-> 7 + 1 + Si(OR), 

Me 

(RO)aSiCL, + CH2=C-CH=CH2 

THF 
R = Et, n-Pr, n-Bu, i-Bu 

T A B L E 3. REACTION OF DIALKOXYDICHLOROSILANES WITH 

EQUIMOLAR AMOUNTS OF ISOPRENE AND MAGNESIUM 

(RO)2SiCl2 

R = 

Me 
Et 
n-Pr 
n-Bu 
i-Bu 

7 

5 
32.5 
40.0 
49.4 
36.5 

Yield*) (%) 

1 

5 
23.2 
20.1 
18.9 
10.1 

Si(OR)4 

5 
23.1 
25.0 
18.4 
15.4 

a) The yields were estimated by GLG. 

I t may be considered that the tetraalkoxysilanes 
found in the above experiment resulted from the reac­
tion of magnesium dialkoxides with dialkoxydichloro­
silanes as follows: 

Mg 
1 + Mg(OR)2 

isoprene 
Mg(OR)2 + (RO)2SiCl2 - Si(OR)4 + MgCl2 

When butadiene was used as an annelating agent, 2 
and 3 gave 5-silaspiro[4.4]nona-2,7-diene(8) in 20.7 and 
35.4% yields respectively. 

(RO)aSiCla + CH2=CH-CH=CH2 f-> N S i ' + Si(OR)4 
THF / \ 

R = Me, Et 8 

O n the other hand, when the reaction of 3 and the 
Grignard reagent prepared from 1,4-dibromobutane in 
a molar ratio of 1/2 was carried out, 5-silaspiro[4.4]-
nonane(9) was obtained in a 61.6% yield. 

Mg \ / 
2Br(CH2)4Br -f- (EtO).,SiCl, .-> Si 

EtoO / \ 

West6) obtained 9 in a 26 .5% yield by the treatment of 
silicon tetrachloride with the same Grignard reagent, 
followed by treatment with the organolithium reagent 
prepared from 1,4-dibromobutane. These results 
indicate that 3 is also useful for the one-step synthesis 
of 9. 

Preparation of the Derivatives of 1. The new 
derivatives of silaspirononane synthesized in the present 
work are 2,7-dimethyl-2,3: 7,8-dimethylene-5-silaspiro-
[4.4]nonane(10), 2,7-dimethyl-2,3: 7,8-diepoxy-5-sila-
spiro[4.4]nonane( l l ) , 2,7-dimethyl-5-silaspiro[4.4]-
nonane(12), 2,7-dimethyl-5-silaspiro[4.4]nonane-3,8-
diol(13), and 2,7-dimethyl-5-siIaspiro[4.4]nonane-3,8-
diamine (14). The silaspirononane 10 was obtained 
in a 54.9% yield by using the Simmons-Smith agent.7) 
The silaspirononane 11 was obtained in a 65.4% yield 
by the treatment of 1 with perbenzoic acid in chloro­
form.8) The structural assignment was done by the 
analysis of the I R and N M R spectra. (10, I R spectrum; 
- C H - in the cyclopropane ring, 3030 c m - 1 ; skeletal 
vibration, 1030, 1010 c m - 1 : 11, I R spectrum; skeletal 
vibration, 1040, 1005 c m - 1 ; N M R spectrum; (ô) 3.0— 
3.1 / O y H ) . 

T h e hydrogénation of 1 by using P d - C catalyst in 
hexane gave 12 in a 78.8% yield. Although the hydro­
génation of l,l,3-trimethyl-l-sila-3-cyclopentene(15) 
using P d - C catalyst in methanol afforded only a ring-
opening product, i.e., dimethylmethoxyisopentylsilane,7b) 
that of 1 in the presence of methanol gave 12 in a 64.4% 
yield. The hydroboration of 1, followed by treatment 
with hydrogen peroxide in the presence of sodium 
hydroxide8*5'9) or with hydroxylamine-O-sulfonic acid,10) 
gave 13 and 14 in 46.0 and 46.8% yields respectively. 
A large excess of diborane was required to attain the 
complete hydroboration of the bifunctional compound 
(1). The diol 13 and the diamine 14 were identified by 
the analysis of the I R and N M R spectra. (13, I R 
spectrum; skeletal vibration, 1075, 1040, 1030 c m - 1 ; 
N M R spectrum; (Ô) 3.6 ( C H - O ) : 14, I R spectrum; 
skeletal vibration, 1075, 1040, 1030 c m - 1 ; N M R spec­
t rum; (<3) 2.7 ( C H - N ) ) . 

/ X x / M e 

\ / 
Si 

/ \ 
M e / X x / 

10 :X = CH2 

11 :X = 0 

X x / M 

Si 
/ \ 

Me/ ^X 

12:X = H 
13: X = OH 
14: X = NH2 

The interfacial polycondensation reaction11) of the 
diamine (14) with adipoyl dichloride was carried out, 
and a white solid polymer (16) ([?]] = 1.07) was thus 
obtained in a 69 .8% yield. The polymer was soluble 
in methanol and ethanol, but insoluble in such solvents 
as ether, benzene, and acetone. 

-f-HNN_ _ / M e 

I ^S[/ I 
;Me /_/ X — \NHCO(CH2)4COj-n 

16 
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Experimental 

All the boiling and melting points are uncorrected. The 
IR and mass spectra were recorded on a JASCO IR-2A 
spectrometer and on a JEOL-01SG instrument respectively. 
The NMR spectra were recorded on a Varian A-60 spec­
trometer in CC14 using TMS as the internal standard. The 
analytical GLG was carried out with a Shimadzu GC-3A 
Chromatograph [1.5 m, 15% SE-30 on Chromosorb W (60— 
80 mesh)]. 

Preparation of Dialkoxydichiorosilanes. A mixture con­
sisting of the appropriate tetraalkoxysilane and silicon tetra­
chloride was placed into a sealed glass tube. The reaction 
tube was then maintained at 160 °C (at 150 °C for tetra-
methoxysilane) for 30 h. The fractional distillation of the 
reaction mixture by using a 1 X 60 cm column packed with 
Fenske ring gave the dialkoxydichiorosilanes in about a 60% 
yield. The results are shown in Table 1. 

Reaction of 3 with Two Mole Equivalents ofhoprene and Mg. 
A mixture of 3 (75.5 g, 0.4 mol), isoprene (68.0 g, 1.0 mol), 
and Mg (21.4 g, 0.88 mol) in dry THF (300 ml) was refluxed 
with stirring for 30 h under a nitrogen atmosphere. During 
the reaction, the internal temperature gradually rose from 
60 to 69 °C. After the removal of the solvent from the 
reaction mixture, dry hexane (150 ml) was added to the 
residue, and then the deposited magnesium salts was separated 
by filtration. The distillation of the mixture gave 1 in a 
87.0% (57.2 g) yield. NMR: (<5) 1.1—1.4 (m, 8H, Si-CH2) 
1.5—1.7 (m, 6H, G-CH3) 4.9—5.2 (m, 2H, =CH). IR 
(neat): 2900, 1640, 1450, 1430, 1400, 1220, 1160, 1100, 
1030, 1010, 760 cm-1. Mass, m/e 164 (M+). Bp 140 °G/ 
105 Torr, n% 1.5062, d? 0.9897. Found: Si, 17.1%. Galcd 
for G10H16Si: Si, 17.2%. 

The reaction of 4 and 5 with isoprene and Mg was carried 
out in THF under the reaction conditions described above. 
These results are shown in Table 2. 

Reaction of 3 with Equimolar Amounts of Isoprene and Mg. 
A mixture of 3 (25 g, 0.13 mol), isoprene (16.5 g, 0.24 mol), 
and Mg (3.2 g, 0.13 mol) in dry THF (160 ml) was refluxed 
with stirring for 30 h under a nitrogen atmosphere. After the 
removal of the solvent, dry hexane (150 ml) was added to the 
residue, and the deposited magnesium salts were filtered off. 
The resulting solution was evaporated to give l,l-diethoxy-3-
methyl-l-sila-3-cyclopentene (17), 1, and tetraethoxysilane in 
32.5, 23.2, and 23.1% yields respectively, as determined by 
GLG analysis. 17, NMR: (Ô) 1.1 (t, 6H, CH3), 0.9—1.2 (m, 
1H, Si-CH2), 1.5—1.6 (m, 3H, =C-CH3), 3.4 (q, 4H, 0-CH2) , 
5.0 (m, 1H, =CH). IR (neat): 2900, 1640, 1440, 1400, 
1160, 1080, 1030, 1010, 780 cm-1. Mass, m/e 172 (M+). 
Bp 190 °C,n% 1.4389. 

The reaction of 4, 5, and 6 with isoprene and Mg was 
carried out in THF under the reaction conditions described 
above, and the yields of the products were estimated by GLC. 
These results are shown in Table 3. 

Reaction of 3 with Butadiene and Mg. A mixture of 3 
(18.9 g, 0.1 mol), Mg (8.2 g, 0.3 mol), and dry THF (150 ml) 
was placed in a flask equipped with a magnetic stirrer and a 
Dry Ice trap. Butadiene was then introduced into the mixture 
at room temperature under a nitrogen atmosphere. After 
stirring for 30 h, saturated aq NH4C1 (100 ml) was added to 
the mixture. The organic layer was separated and then 
treated with 4M NaOH at room temperature for 24 h in 
order to hydrolyze the side reaction product, i.e., tetraethoxy­
silane. Then the mixture was washed with two 50 ml por­
tions of water, and dried over Na2S04 . Evaporation and 
distillation gave 8 in a 35.4% (4.8 g) yield. Bp 102 °C/72 

Torr (lit, 65—68 °G/13 Torr).1) In a similar manner, when 
2 was employed in place of 3, 8 was obtained in a 20% yield. 

Preparation of 9. A mixture of 3 (23.2 g, 0.12 mol) 
and 1,4-dibromobutane (53.0 g, 0.25 mol) in diethyl ether 
(100 ml) was added, over a 3-h period to magnesium (14.2 g, 
0.58 mol) in diethyl ether (400 ml). After stirring had been 
continued for an additional 8 h, 150 ml of water was added 
to the mixture. The organic layer was separated, washed 
with water, and then dried over CaCl2. Evaporation and 
distillation gave 9 in a 61.6% (10.6 g) yield. Bp 103 °C/90 
Torr (lit, 178.5 °C).6> 

Preparation of 10. A mixture of 1 (3.3 g, 0.02 mol) and 
diiodomethane (26.8 g, 0.1 mol) in dry ether was refluxed 
in the presence of a Zinc-Copper couple (6.5 g) with stirring 
for 30 h. The ether slution was decanted from the unreacted 
couple, washed with two 30 ml portions of saturated aq 
NH4C1, and then dried over Na2S04 . Fractional distillation 
gave 10 in a 54.9% (2.1 g) yield. NMR: (ô) - 0 . 2 , 0.5 (m, 
4H, /CHaO, 0.7—1.2 (m, 8H, Si-CH2), 1.2—1.5 (m, 6H, 

C-CH3). IR (neat): 3030, 2900, 1440, 1400, 1250, 1180, 
1160, 1120, 1060, 1030, 1010, 930, 850, 750 cm-1. Bp 110— 
112°C/34 Torr, n% 1.5033, d? 0.9802. Found: Si, 14.6%. 
Calcd for C12H20Si: Si, 14.9%. 

Preparation of 11. To a solution of perbenzoic acid 
(0.09 mol) in chloroform (157 ml), 1 (4.9 g, 0.03 mol) was 
added at 5 °C over 1 h. After the mixture had been main­
tained at 5 °C for two days, benzoic acid and excess perbenzoic 
acid were extracted with IM NaOH (200 ml). The chloro­
form solution was washed with two 60 ml portions of water, 
and then dried. The removal of the solvent under reduced 
pressure at room temperature, followed by distillation, gave 
11 in a 65.3% (3.8 g) yield. NMR: (ô) 0.7—1.3 (m, 8H, 

Si-GH2), 1.2—1.5 (m, 6H, C-CH3), 3.0—3.1 (m, 2H, N ^ H ) î 
IR (neat): 2950, 1450, 1390, 1260, 1180, 1040, 1005, 950, 
900, 830, 780, 760 cm-1. Bp 80 °C/0.45 Torr, n2

D° 1.4969, rf» 
0.9974. Found: Si, 14.3%. Calcd for C10H18O2Si: Si, 
14.9%. 

Preparation of 12. Compound 1 (6.6 g, 0.04 mol) was 
hydrogenated in a catalytic hydrogenating apparatus in 
hexane, using palladium charcoal (0.3 g) as the catalyst, at 
room temperature. The hydrogen up-take was almost 
theoretical. After the removal of the solvent, distillation gave 
12 in a 78.7% (5.3 g) yield. NMR: (ô) 0.2—1.0 (m, 8H, 
Si-CH2), 1.0 (d, 6H, -CH3), 1.1—2.0 (m, 6H, -CH 2 -CH-) . 
IR (neat): 2940, 1450, 1405, 1370, 1180, 1080, 1040, 1030, 
970, 840, 780, 750, 720 cm"1. Bp 105—107 °C/45 Torr, 
n2

D° 1.4079, dV 0.8682. Found: Si, 16.9%. Galcd for C10H20-
Si: Si, 16.7%. 

Preparation of 13. Gaseous diborance generated from 
NaBH4 (2.8 g) in diglyme and BF3OEt2 was added to a 
solution of 1 (8.2 g, 0.05 mol) in THF (125 ml) at 0 °C over a 
period of 2 h. After the mixture had then been stood for 2 h at 
room temperature, small chips of ice were added to hydrolyze 
the excess diborane. The solution was then immersed in an 
ice bath, and 3M NaOH (11 ml) was added, followed by 
30% H 2 0 2 (11 ml) over a period of 1 h. One hour later the 
organic layer was extracted with ether. The combined 
organic layer was dried and distilled to yield 4.6 g (46.0%) 
of 13. NMR: («5) 0.25—0.6 (m, 4H, Si-CH2), 0.95 (d, 6H, 
C-CH3), 0.7—1.3 (m, 4H, Si-CH 2 -C-0) , 1.5—2.1 (m, 2H, 
CH), 2.4 (s, 2H, OH), 3.6 (q, 2H, CH-O). IR (neat): 
3300, 2900, 1450, 1400, 1330, 1250, 1190, 1130, 1075, 1040, 
1030, 1000, 900, 840, 800, 780 cm"1. Bp 122 °C/0.1 Torr. 
Found: Si, 14.9%. Calcd for C10H20Si: Si, 14.0%. 

Preparation of 14. Gaseous diborane generated from 
NaBH4 (4.5 g, 0.12 mol) in diglyme and BF3OEt2 was added 
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to a solution of 1 (6.6 g, 0.04 mol) in diglyme (100 ml) at 
0 °G over a period of 3 h. After the mixture was stood for 
2 h at room temperature , a solution of N H 2 O S 0 3 H (18.1 g, 
0.16 mol) in diglyme (30 ml) was added. T h e solution was 
then refluxed for 4 h. T h e mixture was cooled, t reated with 
coned H C l (32 ml) , and poured into water (200 ml) . T h e 
acidic solution was then m a d e strongly alkaline with a coned 
N a O H solution, and the l iberated amine was extracted with 
ether. T h e extracts was dried over K O H , and the solvent 
was evaporated. T h e residual solid product was distilled 
to yield 3.7 g (46.8%) of 14. N M R : (<5) 0.25—0.7 (m, 4 H , 
Si-CH 2) , 0.95 (d, 6H, C-CH 3 ) , 0.8—1.3 (m, 4H, S i - C H 2 - C N ) , 
1.0 ( s , 4 H , N H 2 ) , 1.3—1.9 (m, 2H , C H ) , 2.7 (q, 2H , C H - N ) . 
I R (nea t ) : 3350, 2900, 1560, 1450, 1360, 1100, 1075, 1040, 
1030, 800, 760 cm- 1 . Mass : m/e 198 (M+). M p 53 °C, 
Bp 79 °C/0.5 Torr . Found : N, 13.90, Si, 13 .9%. Calcd for 
C1 0H2 2N2Si: N , 14.11, Si, 14 .2%. 

Polycondensation of 14 with Adipoyl Dichloride. A solution 
of adipoyl dichloride (0.17 g, 0.93 mmol) in CC14 (7 ml) was 
placed in beaker. A solution of 14 (0.5 g, 2.5 mmol) in 3.3 ml 
of water was then carefully poured over the acid chloride 
solution. T h e polymeric film which formed at the interface 
of the two solutions was grasped with tweezers and raised from 
the beaker. Yield 0.2 g (69 .8%). I R ( K B r ) : 3250, 2950, 
1640, 1540, 1460, 1400, 1280, 1160, 1075, 1010, 770 cm-*. 
[3?] = 1.07 ( M e O H ) . Found : N , 8 .73%. Calcd for C1 6H a 8-
N 2 0 2 S i : N , 9 .80%. 

T h e a u t h o r s w i sh to t h a n k Professor N o h i r a for his 
m a n y he lpfu l discussions a n d t h e N i h o n G o s e i - G o m u 

C o . for p r o v i d i n g t h e i s o p r e n e . 
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Lithium aluminium hydride reduction of 6,6-dimethylspiro[2.5]octane-4,8-dione in tetrahydrofuran gave 
eis- and frans-6,6-dimethylspiro[2.5]octane-4,8-diols. Almost the same ratio of eis: trans=l : 2 was obtained with 
various substrate-reagent ratios. In the case of Meerwein-Ponndorf-Verly reduction, however, cis-diol was obtained 
almost exclusively. It is clear that the former reduction gave kinetically-controlled products and that the latter 
gave thermodynamically-stable products. Unusual results were obtained by changing the hydrolysis conditions 
for the lithium aluminium hydride reduction products and these are explained assuming that the intermediate 
aluminium alkoxide is oxidized by acid. 

The reduction of 6,6-dimethylspiro[2.5]octane-4,8-
dione (1) produces eis- and £ra«^-6,6-dimethylspiro[2.5]-
octane-4,8-diols (eis- and trans-2). Because of the special 
structure of 1, a study of the steric course will provide a 
convenient tool for examining the mechanism for 
various reducing reagents and the spectral data of the 
resulting diol will be useful in stereochemistry. In this 
article, the results of lithium aluminium hydride and 
Meerwein-Ponndorf-Verly reductions of 1 are reported. 

Lithium aluminium hydride reduction of 1 in tetra­
hydrofuran at 0 °C gave two kinds of diols, A and B, 
which were separated by fractional recrystallization from 
chloroform. As mentioned below, it was concluded that 
A (mp 166—168 °G) is cis-2 and B (mp 119—121 °C) is 
trans-2. 

The melting points of the eis- and trans-isomers of 
1,3-cyclohexanediols appear to be related to the confor­
mations. The melting points of the m-isomers which 
can form intramolecular hydrogen bonds are higher 
than those of the trans-isomers, but this relation is 
reversed in cases where the intramolecular hydrogen 
bond is difficult to form due to steric repulsion. Related 
data are shown in Table 1. Applying this conclusion to 
the present case, it appears likely that A and B are cis-
and trans-2 respectively. 

Finegold and Kwar t have discussed the conformation 
of the 1,3-cyclohexanediol system and concluded that 
the hydroxyl groups of the m-isomer are diaxial forming 
an intramolecular hydrogen bond when C-5 has no 
substituent, and are diequatorial when C-5 is substituted 
with two methyl groups because of the 1,3-diaxial 
repulsion between the hydroxyl and methyl groups.1) 
Therefore, two hydroxyl groups of the present cis-2 
should also be diequatorial. 

The N M R spectra can be explained reasonably well 
in terms of the above conformations. Protons of the 
two methyl groups at the G-6 position of trans-2 gave only 
one singlet at (5=1.09, since rapid ring-inversion renders 
the two methyl groups equivalent. In the case of cis-2, 
two singlets were observed at <5=1.00 (axial) and at 
(5=1.13 (equatorial), since ring inversion is restricted. 
Cyclopropane ring protons of trans-2 gave a multiplet 
of A2B2 type centered at (5=0.52. The same protons of 
cis-2 gave a singlet at (5=0.54, since the cyclopropane 

TABLE 1. MELTING POINTS AND IR ABSORPTIONS DUE 

TO THE HYDROXYL GROUP OF 1,3-DIOLS 

Diol , , o r , IR absorption, 
i V 1 P ' ^ rrrx - 1 

eis 166—168 3610 (free) 
trans 119—121 3610 (free) 

OH 

OH 

1 HO 

. OH 

HO OH 

b) -

c ) | 

- ) 1 

e ) -

f) 

' eis 

. trans 

eis 
trans 

eis 
trans 

eis 

i trans 

eis 

86—87 

116—116.5 

147—148 
102—104 

205—206 
107—108 

3619 (free), 
3544 (bonded) 
3625 (free) 

3635 (free) 
3637 (free) 

3615 (free), 
3575 (bonded) 
3615 (free) 

3616 (free), 
3530 (bonded) 

a) Determined in carbon tetrachloride, b) L. P. 
Kuhn, J. Am. Chem. Soc., 74, 2492 (1956). c) H. 
Finegold and H. Kwart, J. Org. Chem., 27, 2361 
(1962). d) H. Favre and J. C. Richer, Can. J. 
Chem., 37, 411 (1959). A. W. Allan, R. P. A. Sne-
eden, and J . M. Wilson, J. Chem. Soc., 1959, 2186. 
e) J . G. Durocher and H. Favre, Can. J. Chem., 42, 
260 (1964). f) D. Lenoir and P. von R. Schleyer, 
Chem. Commun., 1971, 26. 

ring is perpendicular and symmetrical to the plane of 
C-l , C-4, and C-8 which includes the two C - O H bonds. 
Assignments of the signals due to the cyclohexane ring 
protons are as follows. In the case of cis-2, a doublet 
( / = 1 2 . 0 Hz) of doublets C / = 8 Hz) centered at 0= 
1.45 can be assigned to the signals of the two axial 
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hydrogens a t G-5 and C-7, a doublet ( 7 = 1 2 Hz) of 
doublets C / = 4 Hz) centered a t (5=1.65 to those of the 
two equatorial hydrogens, and a doublet ( 7 = 8 Hz) of 
doublets ( 7 = 4 Hz) centered a t (5=3.67 to the two 
methine protons at C-4 and C-8, respectively. In the 
case of trans-2, a doublet (J— 13 Hz) of doublets (J= 
7 Hz) centered at (5=1.45 can be assigned to the two 
axial protons at G-5 and G-7, a doublet {J= 13 Hz) of 
doublets ( 7 = 4 Hz) centered at (9 = 1.16 to those of the 
two equatorial protons, and a doublet (J= 7 Hz) of 
doublets ( / = 4 Hz) centered at (3=3.77 to the two 
methine protons, respectively. The protons of the 
hydroxyl groups gave a ra ther sharp singlet a t (5=1.54 
in the case of cis-2, and a rather broad singlet at (5=1.61 
which overlapped with the signals of the axial protons 
in the case of trans-2. 

Lithium aluminium hydride reduction of 1 in tetra­
hydrofuran at 0 °C followed by hydrolysis gave eis- and 
trans-2 in a ratio of 37: 63. In contrast, a luminium 
isopropoxide reduction in 2-propanol under reflux 
followed by hydrolysis gave cis-2 almost exclusively 
(the eis- to trans-2 ratio was 99: 1). These results are in 
accordance with the conclusions of Dauben et al. that 
the Meerwein-Ponndorf-Verly reduction gives thermo-
dynamically more stable products (product develop­
ment-control) and that lithium aluminium hydride 
reduction gives sterically approach-controlled products.2) 

Attacks by aluminium isopropoxide on 1 appear to 
occur to form the less hindered diequatorial intermediate 
leading to cis-2. Because the reduction is reversible, 
thermodynamic stabilities of the products determine 
the product distribution. T h e possibility that one 
aluminium isopropoxide molecule reacts with two 
carbonyl groups of the same molecule leading to cis-2 
appears to be unlikely because of the steric repulsion 
with cyclopropyl group. 

In the case of l i thium aluminium hydride, the 
reduction process is not reversible. In the intermediate 
of the attack on the first carbonyl, the - O A l H 3

_ group 
will take the equatorial position, prohibit ring inversion, 
and fix the conformation. The less hindered reaction 
path for second carbonyl group reduction appears to 
proceed from the opposite side of the axial methyl 
group at C-5 and results in trans-2 preferentially. 

Unusual results were obtained during the course of 
the attempts to obtain the hydroxy ketone by the half 
reduction of dione 1. In tetrahydrofuran at 0 °C, 1 was 
treated with a 1/3 mole equivalent of li thium aluminium 
hydride. After one hour, 2 M-HC1 was added. I n one 
experiment, the reaction mixture was heated to 40—50 
°C to remove the solvent using a rotary evaporator 
immediately after the addition of hydrochloric acid. 
In another experiment, the solvent was evaporated 
after standing at room temperature for two days. 
The former experiment gave 2-(2-chloroethyl)-3-
hydroxy-5,5-dimethyl-2-cyclohexanone (3), which is the 
enol form of 2-(2-chloroethyl)-5,5-dimethyl-l,3-cyclo-
hexanedione (4) and is the cleaved product of the 
cyclopropane ring of 1 with hydrochloric acid. The 
latter gave diol 2. Related results are shown in Table 2. 
Since the experiments were carried out on a small 
scale because of the limited amount of 1 available and 

the product separations were performed by column 
chromatography, the data are not quantitative. 

These results show that the reduction intermediate, 
a luminium alkoxide, decomposes to give 3 at a higher 
temperature, 40—50 °C, and hydrolyzes slowly to give 
2 at room temperature. The addition of hydrochloric 
acid to the intermediate alkoxide results in the rapid 
hydrolysis of the hydrides bonded to aluminium. The 
hydrolysis of the A l - O bond, however, appears to be 
not always fast. For example, it is well known that the 
B - O bond in the borohydride reduction intermediate 
is sometimes hydrolyzed only slowly with acid. Rickborn 
and Quar tucci have suggested the possibility that the 
intermediate of lithium aluminium hydride reduction of 
epoxide could be oxidized to ketone by a hydride 
acceptor (A1H3).3) In the present case, oxidation back 
to ketone 1 and its subsequent decomposition by hydro­
chloric acid cannot explain the results, because 1 does 
not react with hydrochloric acid under the same 
conditions, but does react giving 6,6-dimethyl-2,3,4,5,-
6,7-hexahydrofuran-4-one (5) instead of 3 under 
tetrahydrofuran refluxing. The formation of 3, there­
fore, follows some other reaction path. The most 
probable scheme is depicted in Fig. 1 together with 
those of related reactions. The oxidation step with 
hydrochloric acid might be intramolecular, if both or 
either of the H+ and C I - ions come from the ligands of 
aluminium. However, further detailed experiments are 
required to examine this interesting possibility. 

The unusual results were obtained only in runs with 
smaller l i thium aluminium hydride to 1 ratios ( 1 : 2— 
1:3) , and no formation of the expected hydroxy ketone 
was observed. These results appear to show that the 
oxdation of alkoxide with acid occurs only in the case of 
an R O - A l H 2 - O R type alkoxide where the hydrolysis 
of A l - O bond is strongly hindered by two bulky R 
groups. 

Some of the chemical properties of 3 were investigated. 
The reaction with equimolar sodium carbonate in 75% 
ethanol at 40 °C for 24 h gave 1. T h e changes of 3 in 
pyridine were followed by N M R at 40 °C (NMR-probe 
temperature) . Into 0.5 ml of pyridine were dissolved 
30 mg of 3 and the spectra were determined immediately 

TABLE 2. THE EFFECTS OF HYDROLYSIS CONDITION 

ON THE PRODUCT DISTRIBUTION*1* 

Run l/LiAlH4 Duration time p H t 
No. mole ratio of hydrolysis 

Ï 0.6/1 10 min 2 
2 3.0/1 48 h 2 

3 3.0/1 40 min ? a n d p „ 
' trace of 2 

4 3.0/1 10 min 3 
5b> 2.3/1 l h 3 

a) 1 (3 mmol in runs 1 and 5 and 5 mmol in runs 2, 
3, and 4, respectively) was reduced with lithium 
aluminium hydride in 30 ml of tetrahydrofuran at 
0 °C for 1 h. The reaction mixtures were treated 
with 4 ml of 2M-HC1 to hydrolyze the products at 
room temperature for the duration times given in 
the table, b) Diethyl ether (30 ml) was used in 
place of tetrahydrofuran. 
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Fig. 1. Reaction of 1 and related reaction scheme. 

af ter p r e p a r a t i o n of t h e so lu t ion , a n d a t 2 4 a n d 4 8 h 
af ter p r e p a r a t i o n . W h e n one d r o p of D 2 0 w a s a d d e d 
to t h e s a m p l e , t h e s p e c t r a s h o w e d t h a t 3 w a s t r a n s f o r m e d 
to 1 af ter 2 4 h a n d f u r t h e r t o 5 af ter a n o t h e r 2 4 h . 
W h e n n o D 3 0 w a s a d d e d , t h e c h a n g e s w e r e m u c h 
s lower. T h e r e a c t i o n of 1 w i t h a h a l f m o l of a l u m i n i u m 
ch lo r ide in c h l o r o f o r m a t r o o m t e m p e r a t u r e g a v e 3 . 

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

Materials. T h e prepara t ion of 1 has been reported 
previously.4) Aluminium isopropoxide was prepared by a 
method reported in the literature.5) Commercial te t rahydro-
furan and 2-propanol were dried over calcium hydride and 
distilled before use. Other reagents were commercial ones 
of analytical grade. 

Reduction of 1 with Lithium Aluminium Hydride. T h e 
following examples show typical experimental procedures. 
In to a tetrahydrofuran (20 ml) solution of li thium a luminium 
hydride (0.379 g, 10 mmol) was added a tetrahydrofuran 
(10 ml) solution of 1 (1.68 g, 10 mmol) over a period of 5 min 
at 0 ° C . After 2 h, 2 M-HG1 (5 ml) was added. After 
standing for 24 h, the solvent was evaporated with a rotary 
evaporator (bath temperature, 40—50 °G) and the residue 
was dissolved in ethyl ether, washed with a saturated aqueous 
sodium chloride solution, and dried over anhydrous sodium 

sulfate. After evaporation of the ether, a colorless solid of 2 
(1.58 g) was obtained. T h e eis- to trans- 2 rat io in the crude 
2 was determined to be about 1: 2 by measuring the proton 
rat io of the N M R spectra in pyridine. T h e solid was dis­
solved in ether and passed through Wakogel G-200, 2çJ X 3 
cm, to remove inorganic salts. After evaporat ing the solvent 
the product was recrystallized from chloroform (20 ml) to 
give fraction A, m p 166—168 °C (Found: C, 70.54; H , 
10.54%. Calcd for C1 0H1 ( jO2 : C, 69.93; H , 10.54%) and 
fraction B, m p 119—121 °G (Found: G, 69.85; H , 10.56%). 

1 (0.83 g, 5 mmol) was reduced with l i thium aluminium 
hydride (0.062 g, 1.63 mmol) by the same procedure as 
described above, except that tetrahydrofuran was removed 
from the reaction mixture just after the addition of 2 M-HG1 
using a rotary evaporator at 45—50 °C. T h e evaporation 
required about 10 min. A work-up gave crystals of 3 , m p 
144—145 °C (0.524 g, 5 2 % yield). Found : C, 58.83; H , 
7.21; CI, 17 .21%. Calcd for C 1 0 H 1 5 ClO 2 : C, 59.26; H , 
7.46; CI, 17.59%. N M R in d imethy l -^ sulfoxide Ô: 0.95 (s, 
6H, methyl) , 2.23 (s, 4H, cyclohexane ring methylene), 2.62 
(t, 7 = 7 . 0 Hz, 2H , branched a-methylene), 3.49 (t, 7 = 7 . 0 Hz, 
2H, branched ^-methylene), and 4.10 (s, broad, 1H, hydrox-
yl). I R (KBr disc): 3350 (v0_H), 2470 ( » W - H - O ) , 1635 

(vc-o)> a n d 1 5 5 8 c m _ 1 (*o-c)-
Meerwein-Ponndorf-Verly Reduction of 1. According to 

the reported method,5) 1 ( 1.0 g, 6 mmol) was reduced with 
a luminium isopropoxide (4.08 g, 20 mmol) in dry 2-propanol 
(9.0 g, 150 mmol) . 2 was obtained in a yield of 9 8 % (0.98 g). 
Gas-chromatographic analysis could not be applied to 2. 
However, application of the trimethylsilylation method6) 
gave satisfactory results, al though the detector was damaged 
after repeated analyses. T h e rat io of eis- to trans-2 was found 
to be 99 : 1. 

T h e N M R spectra were recorded on a Var ian Associates 
HR-220 spectrometer at 220 M H z at room temperature or 
on a Jeol P M X - 6 0 spectrometer. T h e I R spectra were 
recorded on a Hitachi EPI -G2 spectrometer. T h e gas-
chromatographic analyses were carried out by Yanaco G C -
550 T P H Chromatograph with a 1.5 m OV-17 column. 

T h i s w o r k w a s p a r t i a l l y s u p p o r t e d b y a G r a n t - i n - A i d 
for Scient i f ic R e s e a r c h ( N o . 911503) f rom t h e M i n i s t r y 
of E d u c a t i o n , J a p a n . 
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3ß,4/3-Epoxyshionane (15) was treated with boron trifluoride etherate in ether at —30 °C to give dihydro­
baccharis oxide (4; yield 17%), 4a-fluoroshionan-3ß-ol (17; 10%), D: B-friedo-bacchar-5-en-3ß-ol (18; 18%), 
D:B-friedo-bacchar-5(10)-en-3ß-ol (20; 15%), and D: C-friedo-bacchar-7-en-3/3-ol (21; 15%). The reaction 
in benzene, toluene, cyclohexane, or in hexane at —5 °C or at room temperature yielded bacchar-12-en-3/?-ol (5), 
D: C-friedo-bacchar-8-en-3/?-ol (25), 18, 20, and 21. The reaction product ratios in the same reaction in various 
solvents are listed in Table 1. 

Baccharis oxide (l)2) is a triterpene oxide isolated 
from Baccharis halimifolia L. and shionone (2)3) is a 
tetracyclic triterpene ketone contained in Aster tataricm 
L. These two triterpenes are biogenetically considered 
to be derived from a common intermediate (3) (or its 
equivalent species) and closely related to each other.2»3) 
Baccharis oxide (1) may be formed from 3 by an attack 
of an oxygen atom on C-3 to the cationic center at 
C-10. 

I t has been reported that a boron trifluoride etherate-
catalyzed rearrangement of dihydrobaccharis oxide (4) 
gives bacchar-12-en-3/?-ol (5).2b '4) In view of a correla­
tion between compounds with shionane (D : A-friedo-
baccharane) and baccharane skeletons, we previously 
investigated5) a backbone rearrangement of 3a,4a-
epoxyshionane (6)5) to afford bacchar-12-en-3a-ol (7) 
and D:B-friedo-bacchar-5(10)-en-3a-ol (8). We also 
reported6) a transformation of friedelin (9) into dendro-
panoxide (10).7) 3/?,4/?-Epoxyfriedelane (11) prepared 
from 9 was treated, according to HalsalPs procedures,8) 
with boron trifluoride etherate to give 10 together with 
D : B-friedo-olean-5(10)-en-3^-ol (12), D : B-friedo-olean-
5-en-3ß-ol (13), and ß-amyrin (14).6) 

Backbone rearrangements in the steroid and terpenoid 
fields are well documented.9) Intracyclic tension in the 
rigid polycyclic ring provokes of backbone rearrange­
ments to give the products less constrained. Electronic 
effects resulting from the presence of functional groups 
and kinetic effects due to the nature of reagents can 
modify the development of rearrangement.1 0) T h e 
shionane skeleton is considered to be 3a-(4-methyl-
pentyl) -3ß, 5a, 8/?, 17a/?-tetramethyl- D -homoandrostane, 
in which there exists an intracyclic tension due to 1,3-
diaxial interactions among the alkyl substituents. The 
backbone rearrangements in 6 were shown to proceed 
from ring A towards ring D;5) a 1,3-diaxial interaction 
between the side chain and the 13a-methyl group is 
released in 7. The present paper deals with a reaction 
of 3/?,4/?-epoxyshionane (15) with boron trifluoride 
etherate and a preparat ion of dihydrobaccharis oxide 
(4) .2) Solvent effects on this reaction were also examined. 

Shionone (2) was converted via shionan-3-one 
(16),3b>c> shionan-3ß-ol,3b 'c) and shion-3-ene,3c) into 
3/?,4/?-epoxyshionane (15)5) by known procedures. 
Trea tment of the ^-epoxide (15) with boron trifluoride 
etherate in anhydrous ether at —30 °C for 1 h gave a 
complex mixture which was separated by column 

chromatography over silica gel, recrystallization, pre­
parative thin-layer chromatography (TLC), column 
chromatography on silica gel impregnated with silver 
nitrate, and by high performance liquid chromatography 
(HPLC) (cf. Experimental) . 

T h e reaction mixture was separated into five com­
ponents ( a — e ; designated in an order of the elution) 
by column chromatography (Column I ) . The least 
polar component a (yield: ca. 17%) was shown to be 
identical with dihydrobaccharis oxide (4),2) mp 127— 
128.5 °C, by direct comparison with an authentic 
specimen, which was prepared by hydrogénation of 
baccharis oxide (1) over palladium charcoal.2b) The 
second component b (y: ca. 1%) was found to be the 
starting /^-epoxide (15). 

T h e third component c (17; y : ca. 10%), G3 0H5 3OF, 
m p 174—175 °C, was suggested to be a fluoro alcohol 
based on the spectral data and elemental analysis. 
T h e I R spectrum showed a band attr ibutable to a 
hydroxyl group and the P M R spectrum showed a 
quintet centered at ô 3.70 due to a proton on a carbon 
atom (G(3)) bearing the hydroxyl group. In the P M R 

1 R=(CH2)2CH=C(CH3)2 2 R = (CH2)2CH=C(CH3)2 

4 R=(CH2)3CH(CH3)2 16 R = (CH2)3CH(CH3)2 

5 R=/?-OH 

7 R=o-OH 

6 3a,4a-epoxide 8 R=a-OH 
15 3/3,4/3-epoxide 20 R = /?"OH 
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11 
12 5(10)-ene 

\ / 13 5-ene 

14 

measurement using Eu(fod)3-ûf27 as a shift reagent, 
signals due to a methyl group on a carbon atom bearing 

i 

a fluorine atom (CH 3 -C-F) suffered a considerable 

downfield shift and were observed as a doublet ( y = 2 3 
Hz) . The fluoro alcohol (17) was treated with potassium 
hydroxide in methanol under reflux to generate the 
starting 3/?,4/?-epoxide (15). The reaction of an epoxide 
with boron trifluoride etherate to give a fluorohydrin is 
often encountered.11) These observations together with 
the mechanistic consideration11) led to the conclusion 
that the fluoro alcohol should be formulated as 4a-
fluoroshionan-3/?-ol (17). 

The presence of a secondary hydroxyl group [ IR 
3450 cm- 1 ; P M R Ô 3.47 (1H, t-like; C ( 3 ) -H) ] and a 
trisubstituted double bond [ IR 820 cm- 1 ; P M R Ô 5.62 
(1H, m ; C(6)-H)] was shown for the fourth component 
d (18; y : ca. 18%), C3 0H5 2O, m p 124—125 °C, by its 
I R and P M R spectra. The appearance of peaks at mje 
276 and mje 152 due to a retro-Diels-Alder fragmenta­
tion12) in the mass spectrum showed the presence of 
the double bond between C-5 and C-6. Thus the 
structure of D : B-friedo-bacchar-5-en-3/?-ol (18) was 
proposed for the fourth component d. This was sub­
stantiated by the following transformation. T h e 
unsaturated alcohol (18) was converted by a usual 
procedure into a corresponding acetate. Oxidation 
of the acetate with selenium dioxide in acetic acid 
under reflux gave a diene identical with a known D : B-
friedo-bacchara-l(10),5-dien-3/?-yl acetate (19).5> 

The fifth component e was found to be a mixture of 
two compounds (20 and 21) containing a small amount 
of 17 and 18 by H P L C examination. T h e component e 
was chromatographed on silica gel impregnated with 
silver nitrate (Column II) to give a mixture of two 

compounds (20 and 21). This mixture could not be 
separated into pure compounds by repeated column and 
thin layer chromatography and by recrystallization. 
Application of H P L C however gave a satisfactory 
separation: D : B-friedo-bacchar-5(10)-en-3/?-ol (20; y : 
15%) and D : C-friedo-bacchar-7-en-30-ol (21 ; y : 15%) 
were obtained. Their structures were characterized as 
follows. 

The former compound (20), m p 142—143 °C, showed 
the same spectral data and melting point (and mixed 
mp) as those of an authentic D : B-friedo-bacchar-5(10)-
en-3/?-ol (20)13) prepared from shionanone (16) via D : B-
friedo-bacchara-1,5(10) -dien-3-one .13) 

T h e latter compound was inferred to be 21 by the 
following evidence. T h e compound (21) had mp 136.5— 
137.5 °C and a molecular formula G3 0H5 2O. The 
presence of a secondary hydroxyl group [ IR 3350 c m - 1 ; 
P M R ô 3.26 (1H, dd, y 2 ß , 3 « = 8 and J2a>3a=5 H z ; 
C(3«)-H)] and a trisubstituted double bond [ IR 820 
c m - 1 ; P M R ô 5.39 (1H, quartet , J6ß,7 = 3, J6a,7 = 3, and 
^7,9« = 3 H z ; C(7)-H)] was indicated by the I R and 
P M R spectra. In the P M R spectrum using Eu(fod)3-d27 

as a shift reagent, signals due to the olefinic and allylic 
protons and the methyl protons at C-10 shifted to 
downfield and were easily assignable (Fig. 1). The 
magnitude and tendency of the shift of these protons 
were found to be similar to those (Fig. 2) of a-spinasterol 
(22).14) T h e position of the trisubstituted double bond 
between C-7 and C-8 was supported by fragment ion 
peaks at mje 247 and mje 229. The peak at mje 247 is 
characteristic for A1- and Zl8-triterpenoids15) and the 
latter peak at mje 229 is corresponding to the dehydration 
peak of the former ion. I t is therefore concluded that 
the compound (21) should be formulated as D : G-
friedo-bacchar-7-en-3/?-ol. T h e proposed structure was 
further supported by the following transformations (a 
and b) . 

a) T h e compound (21) was acetylated in a usual 
manner to give an acetate (23), C 3 2 H 3 4 0 2 , which also 
showed a characteristic fragment ion peak at mje 289 
due to a retro-Diels-Alder fragmentation of A1- and 
Zl8-triterpenoids15) accompanied with a peak at mje 229 
due to loss of acetic acid from the ion at mje 289. In the 
P M R and I R spectra, the presence of an acetoxyl 
group and an olefinic proton [ P M R ô 5.39 (1H, quartet , 
76ß,7 = 3, y 6 a , 7 = 3, and J 7 j 9 a = 3 H z ; G ( 7)-H)] was 
observed. O n allylic oxidation with £-butyl Chromate,16) 
the acetate (23) afforded an enone acetate (24), C32H52-
0 3 , as an oil. Its IR , U V [Amax 248 n m (e 12000)], 
and P M R [Ô 2.17 (s, C ( 5)-H) and 5.81 (d, J7f9a=2A 
H z ; C(7)-H)] spectral data may best be interpreted 
by a structure of D : C-friedo-bacchar-7-en-6-on-3/?-yl 
acetate (24). 17> 

b) Trea tment of the acetate (23) with hydrogen 
chloride in chloroform, followed by alkaline hydrolysis 
and purification by H P L C , gave an isomerized product 
(25), C3 0H5 2O, as an oil. T h e presence of a hydroxyl 
group and the absence of olefinic proton in 25 were 
shown by the I R and P M R spectra. Prominent peaks at 
mje 247 and 229 characteristic for A7- and Zl8-triter-
penoids15) were observed in the mass spectrum. When 
23 was treated with hydrochloric acid in acetic acid at 
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60 °C and then subjected to alkaline hydrolysis, the 
12-ene (5)2b,4> was formed together with 25. These 
observations suggest the structure of D : C-friedo-
bacchar-8-en-3/?-ol for the isomerized alcohol (25) and 

E u ( f o d ) 3 - d 2 7 / S a m p l e ( M/M ) 

Fig. 1. Induced paramagnetic shifts for D : C-friedo-
bacchar-7-en-3/?-ol (21) in a 3% (w/v) solutic" :~ 
CDC13. 

13(3-Me 

0.2 0.4 0.6 0.8 1.0 

Eu( f od ) 3 - d 2 7 /Somp le (M/M ) 

ion in 

Fig. 2. Induced paramagnetic shifts for oc-spinasterol 
(22) in a 3% (w/v) solution in CDG13. 

that of D : C-friedo-bacchar-7-en-3/?-ol for the alcohol 
(21). 

Solvent effects on the formation of these reaction 
products were then investigated. The small scale 
reaction using 1—3 mg of the 3/?,4/?-epoxide (15) and 
boron trifluoride etherate (2 drops) in a solvent (2—10 
ml) was carried out at room temperature or at —5 °C. 
T h e reaction mixture, after the usual treatment, was 
extracted with ether to give a residue. This residue was 
dissolved in 10% ether-hexane and the identification 
of each component and the determination of its relative 
amount were carried out by H P L C (Table 1). 

In the reaction conditions listed in Table 1, five 
alcohols were detected besides dihydrobaccharis oxide 
(4) and the fmorohydrin (17), and four of the alcohols 
were identified to be 18, 20, 21 , and 25 by H P L C . The 
fifth alcohol was found to be bacchar-12-en-3/?-ol (5) 
by direct comparison (IR, mass spectrum, TLG, and 
HPLC) with an authentic specimen20) prepared by the 
acid-catalyzed rearrangement of dihydrobaccharis oxide 

(4). 
In the rearrangement of the 3/?,4/?-epoxide (15), the 

cationic center at G-4 was initially formed by boron 
trifluoride etherate-attack to an oxygen atom of the 
epoxide. A sequence of 1,2-shifts of methyl group(s) 
and hydrogen atom(s) were then followed. From the 
derived cations in various rearranged stages, the 
rearranged alcohols (5, 18, 20, 21 , and 25) would be 
produced after deprotonation in the last step.18) 

I t is obvious that the rearrangement in solvents with 
low nucleophilicity e.g. such as nitromethane, proceeds 
up to C/D rings because the cationic centers survive 
longer in these solvents and spread over the whole 
skeleton; therefore the formation of bacchar-12-en-3/?-ol 
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T A B L E 1. RELATIVE AMOUNT RATIOS OF THE PRODUCTS 

IN THE REACTION OF 1 5 W I T H BORON 

TRIFLUORIDE ETHERATEA ) 

Solvents 

GH3N02 

CH2CI2 
Benzene 
Toluene 

Temp 
(°C) 

r ^ 
r.t. 
r.t. 
r.t. 

Cyclohexane r.t. 
Hexane 
CH3CN 
Ether 
DME 
THF 
CH3N02 

CH2CI2 
Toluene 
Hexane 
GH3GN 
Ether 
DME 
THFC> 
Ether 
Etherd'e> 

r.t. 
r.t. 
r.t. 
r.t. 
r.t. 
- 5 
- 5 
- 5 
- 5 
- 5 
- 5 
- 5 
- 5 

- 3 0 
- 3 0 

Time 
(min) 

' 5 " 
5 
5 
5 
5 
5 
5 
5 
5 
5 

15 
10 
15 
5 

10 
50 
20 
5 

60 
60 

17 

~ 0 ~ 
0 
0 
0 
0 
0 
0 

40 
0 
0 
0 
0 
0 
0 
0 

30 
0 
0 

10 
10 

4 

~~(T 
0 
0 
0 
0 
0 
0 

25 
15 
0 
0 
0 
0 
0 
0 

25 
15 
0 

25 
17 

18 
(5-

ene) 
0 

20 
15 
10 
15 
25 
15 
5 

30 
45 

trace 
10 
10 
25 
15 
10 
30 
10 
20 
18 

20 
[5(10)-

ene] 
Ö~~ 

trace 
20 
15 
25 
25 
35 
15 
40 
50 

0 
20 
10 
25 
50 
20 
30 
10 
15 
15 

25 
(8-

ene) 
30 
25 
20 
25 
25 
20 
25 
0 
0 
0 

35 
25 
25 
15 
20 

0 
0 
0 
0 
0 

21 5 
(7- (12-

ene) ene) 
0 7 0 " 

trace 55 
15 30 
15 35 
15 20 
5 25 

15 10 
15 trace 
15 0 
5 0 

30 35 
10 35 
20 35 
25 10 
15 trace 
15 trace 
25 0 

0 0 
30 0 
15 0 

a) Relative yields were determined by H P L C . Meas­
urements were carried out a t room temperature 
using a Liquid Chromatograph Model A L C / G P C 
202/401 (Waters Assoc.) with an R I detector; 
column: J J L - P O R A S I L 1/8 (inch) X 1 (foot); solvent 
system: 1 or 10% e ther -hexane ; flow r a t e : 1.0 or 1.2 
ml/min; pressure: ca. 500 psi. Unde r the conditions 
( 1 % e ther -hexane; 1.0 ml/min) , retention time for 
17, 4, 18, 20, and 21 was shown to be 54.7, 8.3, 51.7, 
69.7, and 81.7 min, respectively. Unde r the other 
conditions (10% e ther -hexane; 1.2 ml /min) , reten­
tion time for 18, 20, 25, 21 , and 5 was found to be 
11.0, 14.6, 17.0, 15.6, and 18.3 min, respectively. 

b) Room temperature (r.t.) refers to a temperature 
range between 20 and 28 °C. c) T h e epoxide 
(15) was recovered in about 8 0 % yield, d) Yields 
in this line are expressed as isolated yields (in % ) . 
e) A small quant i ty (ca. 1%) of the starting material 
(15) was recovered. 

(5) , d e r i v e d from a species w i t h a c a t i o n i c c e n t e r a t 
C-13 , was o b s e r v e d . O n t h e c o n t r a r y , i n a s o l v e n t a p t 
to c o o r d i n a t e w i t h a c a t i o n s u c h as d i m e t h o x y e t h a n e 
( D M E ) , t e t r a h y d r o f u r a n , o r e t h e r , t h e r e a r r a n g e m e n t 
r e a c t i o n was i n t e r r u p t e d in e a r l y s tages ; e.g. t h e D : B -
f r i edo- type a lcohols (18 a n d 20) w e r e f o r m e d p r e f e r e n ­
t ia l ly i n t h e r e a r r a n g e m e n t i n t h e f o r m e r t w o solvents 
( D M E a n d T H F ) (vide infra for t h e r e a c t i o n i n e t h e r ) . 

I n t h e r e a c t i o n of t h e 3/?,4/?-epoxide (15) i n e t h e r o r in 
d i m e t h o x y e t h a n e , d i h y d r o b a c c h a r i s ox ide (4) w a s 
fo rmed t o g e t h e r w i t h t h e o t h e r r e a c t i o n p r o d u c t s , w h i l e 
n o 4 was p r o d u c e d in t h e r e a c t i o n i n n i t r o m e t h a n e , 
d i c h l o r o m e t h a n e , b e n z e n e , t o l u e n e , c y c l o h e x a n e , 
h e x a n e , a c e t o n i t r i l e , a n d i n t e t r a h y d r o f u r a n . 

D i h y d r o b a c c h a r i s o x i d e (4) w a s t h e n t r e a t e d w i t h 
b o r o n t r i f luor ide e t h e r a t e i n e t h e r a t v a r i o u s t e m p e r a ­
tu re s . N o r e a c t i o n o c c u r r e d a t a t e m p e r a t u r e r a n g e 

b e t w e e n — 4 0 a n d 0 ° C ; th i s shows t h a t t h e i n t e r -
m e d i a c y of t h e o x i d e (4) for t h e f o r m a t i o n of t h e r e a r ­
r a n g e d a l coho l s (18 , 2 0 , a n d 21) f rom 3/?,4/?-epoxy-
s h i o n a n e (15) u n d e r t h e s i m i l a r c o n d i t i o n s ( a t —30 
a n d a t — 5 °C) is i m p r o b a b l e . T h e r e a c t i o n of 4 i n 
e t h e r a t r o o m t e m p e r a t u r e for 1 h g a v e 18 ( re la t ive 
y ie ld d e t e r m i n e d b y H P L C : 1 0 % ) , 2 0 ( 8 % ) , a n d 2 1 
( 2 % ) , bes ides t h e s t a r t i n g m a t e r i a l ( 4 ; 8 0 % ) . 

A c c o r d i n g to A n t h o n s e n ' s p r o c e d u r e , 2 0 ) d i h y d r o b a c ­
cha r i s o x i d e (4) w a s t r e a t e d w i t h b o r o n t r i f luo r ide 
e t h e r a t e i n b e n z e n e a t r o o m t e m p e r a t u r e for 10 m i n . 
A n e x a m i n a t i o n of t h e r e a c t i o n m i x t u r e b y H P L C 
s h o w e d t h a t bacchar -12-en-3 /? -o l ( 5 ; 5 0 % ) w a s t h e 
m a i n p r o d u c t a n d t h a t m i n o r p r o d u c t s w e r e 18 ( 1 0 % ) , 
2 0 ( 1 0 % ) , 2 1 ( 1 0 % ) , a n d 2 5 ( 2 0 % ) . 

T h e conve r s ion of s h i o n o n e (2) i n t o d i h y d r o b a c c h a r i s 
o x i d e (4) via t h e 3/?,4/?-epoxide (15) w a s t h u s s h o w n . As 
t h e to t a l synthes i s of s h i o n o n e (2) w a s r e c e n t l y 
ach ieved , 1 9 ) t h e p r e s e n t r e p o r t cons t i tu tes fo rma l ly t h e 
t o t a l synthes is of d i h y d r o b a c c h a r i s ox ide (4) . 

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

Melting points were measured on a Mel- temp capillary 
melting point appara tus (Laboratory Devices) and were un­
corrected. I R and U V spectra were determined on a Hitachi 
EPI-G2 and EPS-2 spectrometer, respectively. Mass spectra 
were taken on a Hitachi RMU-6-Tokuga ta mass spectrom­
eter and high resolution mass spectra on a Hitachi R M H - 2 
mass spectrometer operat ing at 70 eV with a direct inlet 
system. P M R spectra were measured using a J E O L J N M 
PS-100 (100 M H z ) , a Hi tachi R-20B (60 M H z ) , or a J E O L 
J N M FX-60 (Fourier Transform) spectrometer in deuterio-
chloroform. Measurements of optical rotations were carried 
out using a J A S C O Polarimeter DIP-SL. Th in layer chro­
matography (TLC) was carried out on Kieselgel PF 2 5 4 (E. 
Merck) in 0.25 or 0.5 m m thickness or Wako Alumina B-10F 
(Wako). Wakogel C-200 (Wako) was used for column 
chromatography. 

Reaction of 3ß,4ß-Epoxyshionane (15) with Boron Trifluoride 
Etherate in Ether. T o a solution of 3/?,4/?-epoxyshionane 
(15; 384 mg)5) in ether (30 ml, distilled from sodium wire) at 
— 30 °C was added boron trifluoride etherate (1.0 ml) with 
stirring. After 1 h the starting material mostly disappeared 
and several spots were observed on T L C . T h e reaction was 
stopped by addition of 5 % methanolic potassium hydroxide 
(10 ml) kept at the same temperature . T h e reaction products 
were extracted with ether twice (each 50 ml) and the organic 
layer was washed with water (50 ml) and brine, dried over 
magnesium sulfate, and evaporated to give a colorless oil 
(384 mg) . 

T h e resulting oil was dissolved in petroleum ether-ether 
(10: 1), absorbed on silica gel (200 g), and eluted with the 
following solvent system (each fraction 1 0 0 m l ; Column I ) : 
frs. 1—6, petroleum ether-e ther (10: 1); frs. 7—12, (5 : 1); 
frs. 13—35, ( 1 0 : 3 ) . 

From frs. 5—8 was obtained dihydrobaccharis oxide (4; 
42 mg)2> after purification by preparat ive T L C and crystal­
lization from ethyl aceta te-methanol , m p 127—128.5 °C (lit, 
127—128 °C)2b>; I R (KBr) 1000 and 910 c m - 1 ; P M R Ô 3.73 
(1H, d, J2ß,3a—5 H z ; C ( 3 a ) - H ) ; mass spectrum m/e (relative 
intensity %} 428 (23; M+), 413 (73), and 137 (base peak) ; 
[a ] D + 4 5 ° (c 1.7, chloroform) [lit, + 4 4 ° (c 2.30)]2b); F o u n d : 
G, 84.00; H, 12 .31%. Calcd for C 3 0 H 5 2 O: C, 84.02; H , 
12 .23%. 
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Fr. 9 gave the starting material (15; 4 mg) . 
From frs. 10—12 was obtained a mixture of dihydrobac-

charis oxide (4) and 4a-fluoroshionan-3/?-ol (17), which was 
further separated by preparat ive T L C to give 17 (35 mg) , 
m p 174—175 °C (crystallized from methanol ) ; I R (KBr) 
3450 c m - 1 ; P M R <5 3.70 (1H, quintet, J2ß,3a=3, J2a,3a=3, and 
J3a,F = 6 H z ; C ( 3 a ) - H ) ; mass spectrum mje 448 (11 ; M+), 433 
(8),' 428 [18; ( M - H F ) + ] , 413 (11), 343 (46), 275 (33), 247 
(33), 229 (28), 220 (31), and 95 (base peak) ; Found : C, 80.29; 
H , 11.87%. Calcd for C 3 0 H 5 3 O F : C, 80.30; H , 11.90%. 

From frs. 13-—15 was obtained a mixture of 4oc-fluoro-
shionan-3ß-ol (17) and DrB-friedo-bacchar-S-en-Sß-ol (18), 
which was passed through a short column of silica gel (4 g) 
impregnated with silver ni t ra te (20%, 1 g) and eluted with 
benzene to afford 17 (0.5 mg) and 18 (63 mg) , m p 124—125 °C 
(crystallized from acetone); I R (KBr) 3450, 1630, 1100, 
830, and 820 c m - 1 ; P M R Ô 3.47 (1H, t-like, Wl/2 6 H z ; 
C ( 3 a ) - H and 5.62 (1H, m, C ( 6 ) - H ) ; mass spectrum m/e 428 
(8; M+), 413 (10), 410 (5), 395 (8), 276 (39), 261 (base peak) , 
152 (21), and 134 (79); Found : C, 84.07; H , 12.62%. Calcd 
for C 3 0 H 5 2 O: C, 84.04; H , 12.23%. 

Fractions 16—22 gave a mixture (194 mg) of D : B-friedo-
bacchar-5(10)-on-3ß-ol (20) and D:C-friedo-bacchar-7-en-
3/3-ol (21) containing a small amount of 17 and 18. This 
mixture was dissolved in benzene, absorbed on silica gel 
(34 g) impregnated with silver ni t rate (20%, 8 g) , and eluted 
with the same solvent (Column I I , each 100 ml) . Frs. 1 
and 2 gave 17 (4 mg) , while 18 (6 mg) was obtained from frs. 
13—18. Since frs. 3—12 afforded a mixture of 20 and 21 
in a various rat io, these fractions were combined and sub­
jected to separation by H P L C (vide infra). 

Frs. 23—35 afforded a mixture of 20 and 2 1 , which was 
also subjected to H P L C separation (vide infra). 

Separation of D: B-Friedo-bacchar-5( 10)-en-3ß-ol (20) and 
D: C-Friedo-bacchar-7-en-3ß-ol (21) by High Performance Liquid 
Chromatography (HPLC). T h e above fractions (Column I, 
frs. 23—35 and Column I I , frs. 3—12) were subjected to 
separation by H P L C to give D : B-friedo-bacchar-5(10)-en-
3/S-ol (20) and D : C-friedo-bacchar-7-en-3ß-ol (21). Each 
compound was collected by repeat ing the procedure to afford 
20 (59 mg) , m p 142—143 °C (crystallized from acetone) (lit, 
141.5—142 °C)13>; I R (KBr) 3350 c m - 1 : P M R «5 3.48 (1H, 
dd, J2ß,3a= 10 and J2a,3a = ^ Hz , C ( 3 a ) - H ) ; mass spectrum m/e 
428 (17; M+) and 135 (base peak) , and 21 (59 mg), m p 136.5 
—137.5 °C (crystallized from petroleum e ther ) ; I R (liquid) 
3350, 1630, 1035, and 820 cm" 1 ; P M R Ô 3.26 (1H, dd, J2ßl3a = 
8 and J2a,3a = 5 Hz , C { 3 B ) - H ) and 5.39 (1H, quartet , J6ß,7 = 3, 
J6a,7 — 3, and J7l9a = 3 Hz, C ( 7 ) - H ) ; mass spectrum m/e 428 
(25, M+), 413 (base peak) , 395 (51), 247 (14), 229 (28), and 
135 (46); high resolution mass spectrum, Found : 428.4000. 
Calcd for C 3 0 H 5 2 O: 428.4015. Found : 247.2045. Calcd for 
C 1 7 H 2 7 0 : 247.2060. Found : 229.1928. Calcd for C 1 7H 2 5 : 
229.1954. 

Base Treatment of 4cr.-Fluoroshionan-3ß-ol (17). 4a-
Fluoroshionan-3/3-ol (17; 64 mg) was treated with 5 % methan-
olic potassium hydroxide (15 ml) for 21 h under reflux 
temperature . T h e reaction mixture was extracted with 
chloroform followed by the usual work-up to give a residue 
(62 mg) , which was crystallized from acetone to afford 3/3,4/3-
epoxyshionane (15; 34 mg) as white needles, m p 152.5— 
153.5 °C (lit, 154—155 °C)5); I R , P M R , and mass spectrum 
were superimposable with those of an authentic specimen. 

D : B-Friedo-bacchara-1(10), 5-dien-3ß-yl Acetate (19). 
D : B-Friedo-bacchar-5-en-3/?-ol (18; 23 mg) was treated 

with acetic anhydride (1.5 ml) in pyridine (2 ml) at room 
temperature and was allowed to stand overnight. After usual 
work-up, the corresponding acetate (24 mg) was obtained. 

A mixture of this acetate ( 11 mg) in acetic acid (3 ml) and 
selenium dioxide ( 11 mg) in water (0.5 ml) was heated under 
reflux for 5 h. After the similar work-up according to Ref. 
5b, an oil was obtained. T h e dehydrogenation reaction of 
the acetate (5 mg) was repeated once more and the resulting 
oil was combined and passed through a short column of silica 
gel to afford a residue (16 mg) . Purification by preparative 
T L C and crystallization from methanol gave white crystalline 
D:B-friedo-bacchara-l(10),5-dien-3 jff-yl acetate (19; 7 mg), 
m p 123—124 °C (lit, 123—123.5 °C).5> 

Acetylation of D: C-Friedo-bacchar-7-en-3ß-ol (21). 
A solution of D : C-friedo-bacchar-7-en-3ß-ol (21; 32 mg) in 
pyridine (2 ml) and acetic anhydride (1 ml) was allowed to 
stand overnight at room temperature . Methanol was added 
and the reaction mixture was poured into water and extracted 
with ether three times. O n usual work-up, a colorless gum 
(23; 31 mg) was obtained. I R (liquid) 1730, 1240, 1030, 
820, and 760 c m - 1 ; P M R «5 2.04 (3H, s, - O C O C H 3 ) , 4.51 (1H, 
dd, , / 2 M a = 9 and 72 a > 3 a = 5 H z ; C ( 3 a ) - H ) , and 5.39 (1H, 
quartet , J6ßt7 = 3, y 6 a , 7 = 3 , and J7,9a = 3 H z ; C ( 7 ) - H ) ; mass 
spectrum m/e 470 (36; M+), 455 (base peak) , 395 (57), 289 
(7), and 229 (28); molecular weight (by high resolution mass 
spectrometry), Found : 470.4121. Calcd for C 3 , H 5 1 0 2 : 
470.4121. 

Ally lie Oxidation of D: C-Friedo-bacchar-7-en-3ß-yl Acetate 
(23). A solution of D : C-friedo-bacchar-7-en-3ß-yl 
acetate (23; 19 mg) in benzene (1 ml) was treated with f-butyl 
Chromate in benzene [0.1 ml ; prepared from f-butyl alcohol 
(24.6 g) , chromium trioxide (11.1 g), and benzene (50 ml)] 
and was allowed to stand overnight at room temperature. 
Satura ted aqueous formic acid solution was added and the 
reaction mixture was poured into water and extracted with 
ether three times. O n usual work-up, a pale yellow oil was 
obtained, which was separated by T L C to give D : C-friedo-
bacchar-7-en-6-on-3/3-yl acetate (24; 0.5 mg) and the starting 
material (23; 14 mg) . This procedure was repeated twice 
and the enone-acetate fractions were combined (1.8 mg) , and 
purified by silica gel T L C , a lumina T L C , and then by H P L C . 
D : C-Friedo-bacchar-7-en-6-on-3/3-yl acetate (24; ca. 1.5 mg) 
was obtained as an oil, I R (liquid) 1730, 1660, 1610, and 
1245 c m - 1 ; U V 7 ^ 248 n m (e 12000); P M R ô 2.17 (s, 
C ( 5 a ) - H ) and 5.81 (d, y7>9a = 2.4 Hz, C ( 7 ) - H ) ; mass spectrum 
m/e 484 (13; M+), 469 (4), 424 (23), 409 (17), 302 (43), 277 
(9), 243 (9), 217 (25), 196 (50), and 121 (base peak) ; molec­
ular weight (by high resolution mass spectrometry), Found : 
484.3902. Calcd for C 3 2 H 5 2 0 3 : 484.3913. 

Isomerization of D: C-Friedo-bacchar-7-en-3ß-yl Acetate (23). 
a) Hydrogen chloride was bubbled for 5 min through a 
solution of D : C-friedo-bacchar-7-en-3/?-yl acetate (23; 7 mg) 
in chloroform (3 ml) at 0 °C. T h e solution was kept for 
10 min at the same temperature , poured into water, extracted 
with chloroform, washed with 10% aqueous sodium carbonate, 
and brine, and then evaporated. A resulting residue was 
treated with 5 % methanolic potassium hydroxide (10 ml) 
at 60 °C for 2 h. T h e reaction mixture was diluted with 
water and extracted with ether. After usual work-up and 
purification by preparat ive T L C , D : C-friedo-bacchar-8-en-
3/3-ol (25; 1.8 mg) was obtained as an oil, which was subjected 
to examinat ion by H P L C and proved to be pure. I R (liquid) 
3400 c m - 1 ; P M R «5 3.28 (1H, m, C ( 3 a ) - H ) , no olefinic proton 
was observed; mass spectrum mje 428 (29; M+), 413 (base 
peak) , 395 (50), 247 (13), and 229 (40); high resolution mass 
spectrum, Found : 428.4018. Calcd for C 3 0 H 5 2 O: 428.4015, 
F o u n d : 247.2056. Calcd for C 1 7 H 2 7 0 : 247.2059. Found: 
229.1929. Calcd for C 1 7H 2 5 : 229.1954. 

b) T o a solution of D : C-friedo-bacchar-7-en-3/5-yl acetate 
(23; 1.5 mg) in acetic acid (2 ml) was added coned hydro-
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chloric acid (0.2 ml) and the mixture was heated at 60 °C 
for 19 h. T h e reaction mixture, after usual t reatment , was 
extracted with ether to give a residue, which was treated with 
5 % methanolic potassium hydroxide (2 ml) at room tempera­
ture overnight. T h e usual work-up gave an oil, which was 
subjected to examination by H P L C and was found to be a 
mixture of the 7-ene (21), the 8-ene (25), and the 12-ene 
(5)2b>4) in a rat io of 6 : 9 : 5 . 

Reaction of Dihydrobaccharis Oxide (4) with Boron Trifluoride 
Etherate in Ether and in Benzene. Boron trifluoride etherate 
(4 drops) was added to a solution of dihydrobaccharis oxide 
(4; 5 mg)2> in ether (1 ml) , and the solution was kept at room 
temperature for 1 h. T h e reaction mixture was treated as 
usual to give a residue. An examinat ion of this residue by 
H P L C showed that it consisted of the 5-ene (18; relative 
amount ratio 10%), the 5(10)-ene (20; 8%) , the 7-ene (21 ; 
2 % ) , and of the oxide (4; 8 0 % ) . 

T h e small scale reaction of 4 (9 mg) with boron trifluoride 
etherate (5 drops) in benzene2b> (2 ml) was effected at room 
temperature for 10 min. T h e product was found to be a 
mixture of the 12-ene (5 ; relative amount rat io 10%), 18 
(10%), 20 (10%) , 21 (10%) , and the 8-ene (25; 2 0 % ) , by 
H P L C examination. 

T h e a u t h o r s wish t o t h a n k D r . T o r g e r B r u u n , N o r g e s 
T e c k n i s k e H ^ g s k o l e , T r o n d h e i m , N o r w a y , for a g e n e r o u s 
gift of a n a u t h e n t i c s a m p l e of b a c c h a r i s o x i d e . T h e 
a u t h o r s also wish to t h a n k D r . N o b u o N a k a m u r a , D r . 
H i d e h i r o I s h i z u k a , a n d D r . K a z u y u k i A i z a w a for t h e 
m e a s u r e m e n t s of P M R ( F T ) , P M R (100 M H z ) , a n d 
h i g h reso lu t ion m a s s s p e c t r a , r e spec t ive ly . 
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Reactions of a Variety of Diazoalkanes with o-Sulf obenzoic Anhydride 
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It was found that a number of diazoalkanes (I) bearing a relatively small substituent reacted with o-sulfo-
benzoic anhydride (II) in acetonitrile at an ordinary temperature to give the o-(substituted glycoloyl)benzene-
sulfonic acid sultones (IV), which correspond formally to the products from the insertion into the C-O bond of II 
by the carbenes, while diaryldiazomethanes underwent decomposition under the same conditions to produce the 
corresponding tetraarylethylenes (V) instead of the inserted products (IV). The olefin formation reaction was 
very fast compared to the sultone formation and was considered to be the result of the acid-catalyzed decomposition 
caused by the contaminant o-sulfobenzoic acid (III) which was derived from II . The kinetics and the mechanism 
of these reactions were discussed on the basis of the nature of diazoalkanes. 

It is well known that diazoalkanes (I) undergo decom­
position in the presence of protic acids,1) a variety of 
metalic halides,2) or other Lewis acids3>—e.g., ZnCl2 , 
Hg2Cl2 , and BF3—involving intermediate diazonium 
ions or carbenoids. However, the decomposition of I 
under the influence of an organic Lewis acid has not 
been widely investigated.4) During our recent study 
of a mixed sulfonic carboxylic anhydride such as o-
sulfobenzoic anhydr ide( I I ) , we found that I I can act 
as an electron acceptor toward tertiary amines, thus 
giving rise to their radical cations.5) This Lewis acid 
behavior of I I led us to investigate the decomposition of 
diazoalkanes using it. We now wish to report that o-
sulfobenzoic anhydride(II) reacts under ordinary condi­
tions with a variety of diazoalkanes (I) to afford the keto 
sul tones (IV), and that, in the case of diaryldiazo­
methanes, a trace amount of contaminant o-sulfobenzoic 
acid (III) rather than I I preferentially causes the acid-
catalyzed decomposition to yield the olefins (V). 

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

The reactions of a variety of diazoalkanes(I) with I I 
in dry acetonitrile gave the keto sultones(IV) or the 
tetraarylethylenes (V) depending on the nature of 
I (Scheme 1 and Table 1). 

As may be seen in Table 1, the diazoalkanes (1-1—5) 
which bear a relatively small substituent, R l 3 such as H 
or CH 3 , gave the keto sultones(IV), while when the 
Rj and R 2 substituents were both aryl rings (1-6—9), 
the olefins (V) were isolated instead of the keto sultones 
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for Rr-H.CH3 

RfH.Aryl 

for R1(R2=Aryl 

(V) 

T A B L E 1. PRODUCT DISTRIBUTIONS FROM THE REACTIONS 

O F A N U M B E R O F D I A Z O A L K A N E S ( I ) W I T H O-SULFO­

BENZOIC A N H Y D R I D E ( I I ) IN ACETONITRILE 

AT ROOM TEMPERATURE11* 

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

1-9 

R i 

H 
H 
H 
H 

CH3 

C6H5 

C6H5 

/>-C6H4OCH3 

0: 

R2 

H 
C 6 H 5 

/>-C6H4CH3 

/>-C6H4Cl 
C6H5 

C6H5 

/>-C6H4CH3 

/>-C6H4OCH3 

Products (Yieldb>) 

IV-1 (74) 
IV-2 (71) 
IV-3 (81) 
IV-4 (95) 
IV-5 (67) 

— 
— 
— 

— 

— 
— 
— 
— 
— 

V-6 (96) 
V-7 (97) 
V-8 («100) 

V-9 (75) 

a) Reaction time: 1 h. 
based on the I used. 

b) The yield is in mol% 

In the course of these reactions it was noticed that the 
disappearance of diazo-color and the evolution of 
nitrogen gas occurred very much more rapidly and 
vigorously in the case of the diaryldiazomethanes 
(1-6—9) than in the case of the monoaryldiazomethanes 
(1-2—5). The marked difference in the product distribu­
tions and the reaction velocities suggests that these 
reactions proceed by way of a different mechanism 
between the monoaryldiazomethanes and the diaryl­
diazomethanes. 

R2
7 

:C=N2 + 

(i) 

0 

(II) 

SO? 

0 
e,U 

slow 

0 
11 

C^/Ri 

SO2 
6 ^ 

(IV) 

Scheme 1. Scheme 2. 
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t/min 

Fig. 1. Second-order kinetic behavior in the reactions 
of aryldiazomethanes with o-sulfobenzoic anhydride 
(II) in acetonitrile at 23 °C; a plot of the integrated 
form [l/(a—b) In b(a—x)/a(b—x)] against time, where a 
and b are the initial concentrations of II and I respec­
tively, x being the concentration of product IV. 
A: p-Tolyldiazomethane (1-3); 2.71 x 10"2 M, I I ; 
8.43xlO-2M, B: phenyldiazomethane (1-2); 2.54 X 
10"2M, I I ; 9.50 X lu"2 M, C: /»-chlorophenyldiazo-
methane (1-4); 2.21 X 10-a M, I I ; 9.00X 10"2 M. 

The kinetic measurements of these reactions provided 
some information about the mechanism. Keto sultone 
formation reactions obeyed a clean second order, as is 
shown in Fig. 1, suggesting a rate-determining nucleo-
philic attack of diazoalkanes at the carbonyl position of 
I I (Scheme 2). This is also supported by the tendency 
for the rate constants to increase with the electron-
donating ability of the aryl substituents of these mono-
aryldiazomethanes : £ = 1 . 2 5 (1 m o l - 1 min - 1 ) (p-C\), k= 
2.48 (/>-H), and £ = 6 . 8 5 (/>-CH8). Taking into account 
the fact that I I is a good acylating reagent,6) it is 
reasonable to account for this insertion reaction in terms 
of the nucleophilic attack of the diazo-carbon at the 
carbonyl position of I I . 

O n the other hand, as Fig. 2 shows, the olefin-forma-
tion reactions progressed quickly even in the presence 
of a catalytic amount of I I . Here , it is noteworthy that 
1-7, bearing an electron-donating /»-substituent (CH3) , 
decomposes much faster than 1-6. In addition, the 
I R spectra of equimolar I and I I in acetonitrile showed 
no change in the two characteristic carbonyl absorptions 
at 1818 and 1836 c m - 1 of I I after the reactions. These 
facts imply that the decomposition of diaryldiazo­
methanes does not consume I I and that it proceeds 
through a catalytic mechanism. 

Considering that I I invariably contains a trace 
amount of free acid,7 '8) o-sulfobenzoic acid ( I I I ) , it seems 
possible that this free acid induces the decomposition of 
diazoalkanes. The quantitative formation of the 
tetraarylethylenes in our present reaction is well con­
sistent with that in the acid-catalyzed decompositions 
of diaryldiazomethanes in aprotic solvents with such 
strong acids as /»-toluenesulfonic acid.10 '9-10 '11) Keeping 
this in mind, we examined the decompositions of I by 

t/min 

Fig. 2. Decay curves for aryl- and diaryldiazomethanes 
under the influence of o-sulfobenzoic anhydride (II) 
or o-sulfobenzoic acid (III) in acetonitrile. D0 is the 
initial optical density, Dt and D„ being the values when 
the reaction time is t and when the reaction was com­
plete respectively. 
A : Phenyldiazomethane (1-2); 2.44X 10-2 M, I I I ; 
1.15xlO-3M, 23 °C, A : />-tolyldiazomethane (1-3); 
3.38x 10-2 M, I I I ; 1.15X 10-3 M, 21 °G, 0 : diphenyl-
diazomethane (1-6); 1.01 X 10-2 M, I I ; 2.10X 10"4 M, 
20 °C, # : 1-6; 1.01xlO-2M, I I I ; 9 .7x lO- 5 M, 
20 °C, D : /»-tolylphenyldiazomethane i1'7)', S.34x 
10-3M, I I ; 2 .10xl0-*M, 20 °C, | : 1-7; 8.34x 
10-3M, I I I ; 9.7X10-5 M, 20 °C, 0 : 1-6; 1.01 X 
10-2 M, I I ; 2.1 X 10-4 M,* 20 °C. 
# o-Sulfobenzoic anhydride solution used here is iden­
tical to that used in the case of marked O D u t has been 
stood for 1 day in glass stoppered flask. 

I l l , which had been prepared independently, and 
compared the decompositions with those by I I (Fig. 2). 

As for the reaction leading to V, the kinetic order by 
authentic I I I was very similar to that by I I : the kinetic 
order was close to zero up to the final stage of the 
reaction, in analogy with that of the /»-toluenesulfonic 
acid-catalyzed decomposition of diaryldiazomethanes in 
dry acetonitrile.12) Furthermore, a rate acceleration was 
observed when we employed a solution of I I which had 
been stored for one day (Fig. 2). This phenomenon is 
due to the partial transformation of I I to I I I by the 
action of atmospheric moisture, as was confirmed by 
the U V spectra of I I , as may be seen in Fig. 3. When 
the measurement was done one day later, the intensity 
in the U V spectrum of I I (Curve b) decreased at Amax = 
286.5 nm and had new absorption maxima at 237 and 
278.5 nm instead of at 239 and 279 nm, with two 
isosbestic points at 254 and 284 nm. Therefore, it is 
apparent that the decomposition of diaryldiazomethanes 
was induced by the trace amount of I I I instead of by I I . 

As is well known, the acid-catalyzed reaction of 
diaryldiazomethanes, involving a rate-determining 
proton transfer and obeying a pseudo-first order, 
proceeds by way of intermediate diazonium ions10,9 '10 '11) 
(or carbonium ions derived from them). Bethell and 
Callister11) studied the decomposition of diphenyl-

100 
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220 250 300 310 
A(nm) 

Fig. 3. UV spectra of II under the various conditions, 
a: Measured immediately after preparation, b : me­
asured after 1 day, c: measured after hydrolysis. 

diazomethane in dry acetonitrile with perchloric acid, 
which is fully ionized in this solvent,13) and found the 
kinetic order to be pseudo-first, as is formulated in 
Scheme 3 : 

H+ slow 
Ph2CNa > Ph2CHN, 

- N , 

2 

PhaCNa 

* 2 

-> Ph2C=CPh2 + N2 + H+ 

A, 

Ph2CH+ 

Kinetic equation : 

-d[Ph2CN2] = 2^[H+][Ph2CN2] = ^'[Ph2GN2] 
at 

Scheme 3. 

However, at the same time they found that the kinetic 
order changes to zero when perchloric acid is replaced 
by /»-toluenesulfonic acid, which reacts in an undissociat-
ed form in dry acetonitrile.12) As to this zero order 
decomposition, they thought that the diphenyldiazo-
methane reacts first to form the benzhydryltoluene-
sulfonate intermediate, which subsequently undergoes 
a slow solvolysis to form tetraphenylethylene, as is 
formulated in Scheme 4 : 

Ph2CN2 + HOTs <==* [Ph2CHN2
+ "OTs • 

k-3 

£4 slow Ph2CN2 

Ph2CHOTs] - * Ph2CH+ + -OTs : 

Ph2C=CPh2 + HOTs + N2 

Kinetic equation : 

if &/*-.)[Ph2CN2] > 1, ~ d [ P ^ C N 2 ] = ^4[HOTs]s t 

[HOTs] s t : the stoicheiometric acid concentration 

Scheme 4. 

In the present system, o-sulfobenzoic acid (III) has 
both carboxyl and sulfo groups, and its behavior toward 
diazoalkanes can be regarded as being comparable to 
j&-toluenesulfonic acid because the two acids similarly 

bring about a quantitative olefin formation under zero 
order kinetics. 

T h e decompositions of monoaryldiazomethanes by 
the action of I I I were quite slow compared with those 
of diaryldiazomethanes, even in the presence of about 
a ten-fold concentration of I I I (Fig. 2). This marked 
change in the decomposition rate between the monoaryl­
diazomethanes and the diaryl ones may be attr ibuted to 
the differences in the stabilities of the intermediate 
sulfonates. The sulfonates derived from diaryldiazo­
methanes seem to be much more subject to solvolysis 
than the corresponding_ sulfonates from monoaryl­
diazomethanes. 

Consequently, it is concluded that, in the cases of 
diazomethane and monoaryldiazomethanes, the inser­
tion reaction is preferential because these diazoalkanes 
have an effective nucleophilicity toward I I ; even if the 
reaction could occur with a trace amount of I I I , it would 
essentially stop at the stage of the sulfonate formation 
because of its stability against solvolysis. O n the other 
hand, in the cases of diaryldiazomethanes, the lesser 
nucleophilicity of the diazo-carbon atom toward I I 
resulting from the conjugation with the two aromatic 
rings as well as the steric effects and the readier solvolysis 
of the sulfonates make the acid-catalyzed decomposition 
predominant . From these observations, the present 
decomposition reactions are formulated as follows 
(Scheme 5) : 

RK 

/>N2 

2 ( I ) \ r ^ ^ v C 0 0 H 
- N 2 

k^>S03H 
(IH)(a trace amount) 

* H 0 0 K 
Rl= R2=Aryl 

R.. 
HOOC 

R j R, - ! COOH 

/ CHS0 J M-^-> W + [ | +N2 

(V) 

Scheme 5. 

Exper imenta l 

The NMR spectra were obtained with a Varian EM-360 
(60 MHz) instrument, with tetramethylsilane as the internal 
standard. The IR spectra were recorded on a Hitachi 215 
Grating Infrared Spectrophotometer; a 0.1 mm NaCl cell 
was used for the measurement in solution. The UV spectra 
were taken with a Union SM-401 spectrophotometer. 

Materials. The acetonitrile was purified by careful 
distillation from phosphorus pentoxide through a 10-in 
helix-packed column. The middle fractions were collected 
and stored in a glass-stoppered flask. The o-sulfobenzoic 
anhydride (II) was prepared by the method of Clarke and 
Dreger,14) and recrystd from benzene; mp 126—127 °C, 
(lit,1*) 126—127 °C); IR (in CH3CN) : 1836 and 1818 (C=0), 
1206, 996, 810 cm-1. The anhyd o-sulfobenzoic acid (III) 
was given on the hydrolysis of II and was dried in vacuo above 
105 °C; mp 140—141 °C; IR(Nujol): 3500—2500 (COOH 
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and S 0 3 H ) , 1720 ( C = 0 ) , 1160 and 1020 cm" 1 ( S 0 2 ) . Be­
cause of moisture-sensitive substances, the anhydride and the 
acid, placed in a bottle fitted with a sealing cap, were stored 
in a desiccator, with silica gel as the desiccant. T h e diazo-
methane was prepared by the procedure in the literature,15) 
and its ethereal solution was dried over potassium hydroxide. 
T h e monoaryldiazomethanes and diaryldiazomethanes were 
synthesized by the methods of Closs and Moss16) and Smith 
and Howard1 7) respectively. >lmax(e) in C H 3 C N : 488 n m (25) 
for phenyldiazomethane (1-2), 495 (25) for /»-tolyldiazo-
methane (1-3), 484 (32) for jb-chlorophenyldiazomethane (1-4), 
525 (95) for diphenyldiazomethane (1-6); these values are 
essentially identical with those in the literature.11»16) 

/>-Tolylphenyldiazomethane (1-7); m p 51—53 °C, reddish 
purple needles (from petroleum ether) , (lit,18) 53—55 °C), 
Amax(e) in C H 3 C N : 530 n m (98). Bis(^-methoxyphenyl)-
diazomethane (1-8); m p 99 °C (dec), purple needles (from 
ether), (lit,11) 99—100 °C (dec)). 9-Diazofluorene (1-9); 
m p 94—95 °C (from E t O H ) , (lit,19) 94—95 °C) . Because 
of the unstability of the diazo compounds, they were prepared 
just before use for the aryldiazomethanes and were purified 
before use by recrystallization for the diaryldiazomethanes. 

Kinetic Measurements. T h e temperature dur ing the 
measurements was not especially controlled, but its change 
was within ± 0 . 5 °C. As a rule, solutions of I, I I , and I I I 
were made up separately just before use. T h e change in the 
optical density at the wavelength of the absorption m a x i m u m 
of I in the visible region was followed spectrophotometrically. 
T h e second order rate constants, k, were determined graphical­
ly from the plots of l/(a—b) In b{a—x)ja{b—x) against the 
time. 

General Procedure. T o a three-necked flask (100 ml) 
equipped with a dropping funnel, a thermometer, and a dry­
ing tube of calcium chloride, we added I I (5 m mol) in dry 
acetonitrile (25 ml) , and then I (5 m mol) in dry aceto-
nitrile (25 ml) was stirred in over a 10-min period. Stirring 
was then continued for 50 min. In the case of diazomethane, 
its excess in an ether solution dried over potassium hydroxide 
was dropped in. T h e addition of I caused the evolution of 
nitrogen gas. T h e removal of the solvent in vacuo gave oily 
reaction mixtures in the cases of 1-1—5 or solid ones in the 
cases of 1-6—9. T h e same procedure was used for the o-
sulfobenzoic acid-catalyzed decomposition of diaryldiazo­
methanes (1-6—8) by employing a catalytic amount of I I I 
instead of I I . These catalytic decompositions also gave 
almost quantitative olefins for 1-6—8. These reaction mixtures 
were submitted to chromatography, using silica gel as the 
adsorbent. Elution with a petroleum ether-ether gave the 
olefins (V), while elution with chloroform gave the keto 
sultones ( IV) . T h e olefins, V-6, 8, were identified by com­
parison with authentic specimens,11) while the V-7 and V-9 
were confirmed by elemental analyses: V-7 ; Found : C, 93.11; 
H, 6.79%. Calcd for C2 8H2 4 : C, 93.29; H, 6 . 7 1 % . V-9 ; 
Found : C, 94.74; H, 5 .11%. Calcd for C 2 6H 1 6 : C, 95.09; 
H , 4 . 9 1 % . l,2-Di-/>-tolyl-l,2-diphenylethylene (V-7) showed 
two kinds of methyl signals to the same extent, centered at 
<5 2.2 and due to the eis and trans isomers. T h e structures 
of the keto sultones (IV-1—5) were determined by means of 
elemental analyses and by measurements of the IR , N M R , and 
Mass spectra. 

o-Glycolqylbenzenesulfonic Acid Sultone (IV-1) : M p 93—94 °C, 
colorless needles (from C H 3 O H ) , (lit,20) 93—94 °C). I R 
(Nujol): 1700 ( C = 0 ) , 1367 and 1195 c m - 1 (SO,) . M S : 
m/e=198 (M+). N M R («5, CDC13) : 7.7—8.2 (m, 4 H ) , 5.25 
(s, 2H) . Found : C, 48.27; H , 3.17%. Calcd for C 8 H 6 0 4 S : 
C, 48.49; H, 3 .05%. 

o-(Phenylglycoloyl)benzenesulfonic Acid Sultone (IV-2): M p 

54—55 °C, colorless needles (from C H 3 O H ) . I R (Nujol): 
1703 (G=0) , 1370 and 1195 c m - 1 (SO a ) . M S : m/e=274 
(M+). N M R (Ô, CDC13): 7.67—8.17 (m, 4H) , 7.40 (s, 5H) , 
6.38 (s, 1H). Found : C, 61.22; H , 3 .77%. Calcd for C14H10-
0 4 S : C, 61.32; H, 3 .68%. 

o-( Tolylglycoloyl) benzenesulfonic Acid Sultone (IV-3) : M p 123 
— 1 2 4 ° C , pale yellow needles (from C H 3 O H ) . I R (Nujol): 
1700 ( C = 0 ) , 1365 and 1195 c m - 1 ( S 0 2 ) . M S : m/e=288 (M+). 
N M R (ô, CDC13): 7.67—8.17 (m, 4H) , 7.25 (s, 4H) , 6.37 
(s, 1H), 2.37 (s, 3H) . Found : C, 62.52; H , 4 . 2 3 % . Calcd 
for C 1 5 H 1 2 0 4 S : C, 62.50; H , 4 .20%. 

o-(p-Chlorophenylglycoloyl) benzenesulfonic Acid Sultone (IV-4): 
M p 89—90 °C, colorless needles (from C H 3 O H ) . I R (Nujol) : 
1705 ( C = 0 ) , 1360 and 1195 c m - 1 ( S 0 2 ) . M S : m/e=308, 
310 (3 : 1) (M+). N M R (ô, CDC13) : 7.73—8.33 (m, 4H) , 
7.40 (s, 4H) , 6.40 (s, 1H). Found : C, 54 .21; H , 3 .35%. 
Calcd for C 1 4 H 9 0 4 SC1: C, 54.40; H , 3 . 0 1 % . 

o-(Methylphenylglycoloyl) benzenesulfonic Acid Sultone (IV-5): 
M p 80—81 °C. Colorless needles (from C H 3 O H ) . I R (Nujol) : 
1700 ( C = 0 ) , 1365 and 1194 c m - 1 ( S 0 2 ) . M S : m/*=288 
(M+). N M R (ô, CDCI3): 7.67—8.07 (m, 4H) , 7.27—7.57 
(m, 5H) , 2.28 (s, 3H) . Found : C, 62 .41; H , 4 .59%. Calcd 
for C 1 5 H 1 2 0 4 S : C, 62.50; H , 4 .20%. 
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Photochemistry of 1,2-Diphenylcyclohutene in Protic Solvents. 
Addition of Alcohols, Acetic Acid, and Water 

Masako SAKURAGI, Hirochika SAKURAGI,* and Masaki HASEGAWA 

Research Institute for Polymers and Textiles, 4 Sawatari, Kanagawa-ku, Yokohama 221 
*Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 

(Received December 14, 1976) 

Irradiation of 1,2-diphenylcyclobutene (1) in methanol affords the methyl ethers, 1,2-diphenyl-l-methoxycyclo-
butane (2a) and l-(a-methoxybenzyl)-l-phenylcyclopropane (3a). In acetic acid and in a mixture of water 
and dioxane, the corresponding esters (2b and 3b) and alcohols (2c and 3c) are formed, respectively. Evidence 
supporting the involvement of a singlet species was obtained upon finding that the fluorescence of 1 is substantially 
quenched upon the addition of methanol or acetic acid to a solution of 1 in hexane. 

One of the simplest organic chromophores is the 
carbon-carbon double bond. However, its photo­
chemical behavior is not at all simple. This chromo-
phore undergoes, on direct or sensitized irradiation, 
cis-trans isomerization, cycloaddition, reduction, and the 
addition of protic solvents depending on the nature of 
the double bond, the solvent, and the sensitizer.1) 
Even for the photochemical behavior of cyclic olefins in 
protic solvents, no consistent explanation has been given. 
The behavior of six- and seven-membered cycloalkenes 
are the best documented and most studied.2) Direct or 
sensitized irradiation of cyclohexenes and cycloheptenes 
in an (acidic) alcoholic solution affords ethers arising 
from the addition of the alcohol to the double bond.2) 
In these cases, the orthogonal excited triplet olefin or a 
highly-strained ground state of trans-olefin is considered 
to be the reactive species.2) 

Eight-membered cycloalkenes, which easily isomerize 
through the triplet state upon irradiation, also undergo 
this polar addition, but less efnciently.2b '2d '2i '3) Polar 
addition disappears on going to smaller ring sizes. 
Cyclopentenes undergo reduction of the double bond, 
but do not undergo the addition of protic solvents.2*1 >2e'23') 
However, bicyclic olefins containing a five-membered 
ring, such as 2-phenylbicyclo[2.2.1]hept-2-ene and its 
1,7,7-trimethyl derivative, have been reported to 
undergo polar addition of methanol under illumina­
tion.4) T h e reaction products are apparently similar 
to those from cyclohexenes, cycloheptenes, and cyclo-
octenes, but the reaction course is unequivocally 
different because the bicyclic olefins fail to transform to 
the orthogonal triplet states or to the tfraTU-configurations. 
T h e polar addition of the bicyclic olefins as well as 
styrene derivatives has been interpreted in terms of a 
reactive singlet excited state displaying a charge-
transfer character.4) 

I n a previous communication,5) the first example of 
the photochemical ionic addition to the rigid cyclo-
butene system was reported and evidence supporting the 
involvement of a singlet excited species in the addition 
was presented by showing that the irradiation of 1,2-
diphenylcyclobutene (1) in methanol and acetic acid 
affords polar addition products, methyl ethers and 
acetates and that the fluorescence of 1 is quenched 
substantially by methanol. In the present paper, the 
details of these results will be described. 

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

A solution of 1,2-diphenylcyclobutene (1, 5 X 10~6 M) 
in methanol, ethanol, acetic acid, or in a mixture of 
water and dioxane was irradiated with 330 nm light. 
T h e bands of 1 at 227 and 297 n m decreased in intensity 
during the irradiation. A typical example is shown for 
methanol in Fig. 1. Three isosbestic points maintained 

Fig. 1. Spectral change of a solution of 1,2-diphenyl­
cyclobutene (1) in methanol (4x 10~6 M) during 
irradiation with 330 nm light. 

their positions during the reaction, suggesting that this 
reaction is straightforward. In order to obtain the 
reaction products, 1 in methanol ( 7 x l O - 3 M ) was 
irradiated by a 500 W xenon lamp through a filter 
(Corning glass filter 0—54, nominally wavelengths 
longer than 300 nm) . T h e reaction mixture was 
separated by column chromatography on silica gel into 
two components in addition to the recovered starting 
material . One component was a colorless liquid which 
was identified as l-(a-methoxybenzyl)-l-phenylcyclo-
propane (3a) by the presence in the N M R spectrum of a 
four-proton multiplet at ô 0.65—1.15 which is charac­
teristic of methylene protons at tached to a cyclopropane 
ring and by elemental analysis (cf. Experimental) . The 
other component was a white crystalline solid which was 
characterized as 1,2-diphenyl-1 -methoxycyclobutane 
(2a) from the spectral data and elemental analysis (cf. 
Experimental) . Gas chromatographic analysis and the 
N M R spectrum show that 2a consists of only one 
isomer. 
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Ph / J 
+ ROH 

^ P h Ph OR 

a : R = CH3 
b : R = CH3GO 
c : R = H 

H Ph 

2 

+ 
Ph-CH/XPh 

OR 

Similar irradiation of 1 in acetic acid afforded 1,2-
diphenylcyclobutyl acetate (2b) and oc-(l-phenylcyclo-
propyl) benzyl acetate (3b). Their structures were 
established from spectral data and elemental analysis 
(cf. Experimental) . Compound 2 b was also found to 
consist of one isomer from gas chromatographic analysis 
and N M R data. T h e addition products, 2a and 2b , as 
well as N,iV-disubstituted 1,2-diphenylcyclobutan-
amines, the adducts of 1 with ^-amines, displayed a 
multiplet due to a methine proton at the same region 
(Ô 3.7—4.2) as did £«-l,2-diphenylcyclobutane, while 
£rarc.y-l,2-diphenylcyclobutane exhibited a multiplet at a 
somewhat higher field (ô 3.2—3.6).6> Taking into 
account the small effect of the /?-substituents on the 
chemical shift of a methine proton,7) 2a and 2b can 
safely be assigned to the m-configuration. The results 
are summarized in Table 1. 

TABLE 1. PRODUCTS FROM THE IRRADIATION OF 1,2-

DIPHENYLCYCLOBUTENE (1 ) IN POLAR SOLVENTS 

Solvent Irradiation time 
(h) 

Product yield (%)a> 

MeOH 
AcOH 
H2Ob> 
D2O

b> 

18 
100 
80 
90 

25 
50 
12 
16 

43 
17 
44 
34 

a) The yield based on the amount of 1 reacting. 
b) In dioxane. 

a, 1-Diphenylcyclopropanemethanol (3c) and 1,2-
diphenylcyclobutanol (2c)8) were similarly obtained 
upon irradiation of 1 in a mixture of water and dioxane 
( 1 : 4 by volume), as is summarized in Table 1. These 
products, 2c and 3c, were characterized by their spectral 
data and by comparing the spectral data of their 
acetates with those of 2b and 3b . 

The possibility that 2 and 3 could have arisen non-
photochemically from 1 was eliminated by leaving 
solutions of 1 in methanol, acetic acid, and wa te r -
dioxane in the dark for 3 days. 

The formation of 3, as well as 2, from 1 suggests that 
these products arise from an initial photoprotonation of 
1 with the formation of a cyclobutyl cation, which in 
turn undergoes three competing reactions: a) nucleo-
philic capture by the solvent to afford 2, b) skeletal 
rearrangement to a cyclopropylmethyl cation, with 
subsequent capture by the solvent affording 3, and c) 
deprotonation which regenerates the starting olefin 1. 

Although a protonated bicyclobutane has been 
proposed as an intermediate in the deamination of 
cyclobutanamine and cyclopropylmethanamine produc­
ing the same mixture of cyclobutanol and cyclopropane-
methanol in each case,9) there is no need to postulate a 
nonclassical cation in this photochemical process, and 

the product ratio is at tr ibutable to kinetic control in the 
nucleophilic capture by the solvent. This assumption 

Ph/ 

hv, ROH 

^ P h Ph-

H 
+ 

Ph 

ROH 

Ph-CH^Ph 
+ 

ROH 

Ph- -OR 

H Ph 

2 

Ph-CH/XPh 

OR 

is consistent with the sole formation of the eis-cyclobutane 
derivatives since the nucleophile would preferentially 
attack the 1,2-diphenylcyclobutyl cation from the less 
hindered side. The behavior of the diphenylcyclo­
butyl cation upon rearrangement to the cyclopropyl­
methyl cation is in remarkable contrast to that of the 
1-phenylcyclobutyl cation, which shows no tendency to 
rearrange in superacid solutions.10) For the photoreac-
tion of 2,3-diphenyl-l,3-butadiene in methanol, Baldry11) 
has isolated 2a and 3a together with 1 and other 
products, and postulated a mechanism for the ether 
formation involving a bicyclobutane intermediate.12) 
However, the possibility that 2a and 3a arise from the 
photoprotonation of primarily formed 1 can not be 
ruled out completely in view of the photolability of 1. 

TABLE 2. KINETIC DATA FOR THE PHOTOPROTONATION 

OF 1,2-DIPHENYLCYCLOBUTENE (1) IN HEXANEa> 

Mo (M"') 

Quencher From fluorescence From quantum-
quenching yield 
experiment measurement 

EtOH 
AcOH 

0.36 
0.38 

0.41 
0.40 

hIK 

12 
9 

a) Conducted under aerated conditions. 

In order to gain more insight into the mechanism for 
the polar addition, a labeling study using deuterated 
water as the additive was undertaken. 1,2-Diphenyl-
cyclobutene (1) was irradiated in a mixture of deuterated 
water and dioxane ( 1 : 4 by volume), and the products 
were isolated in a manner similar to that described 
above. The deuteration position for each product was 
determined by comparing its N M R spectrum with that 
of the non-deuterated product ; 1,2-diphenylcyclo-
butanol (2c-d) undergoes deuteration at the 2-position 
and a, 1-diphenylcyclopropanemethanol (3c-d) at the 
a-position. These results confirm the assumption that 
the addition proceeds from the initial photoprotonation 
of the cyclobutene (1). 

Ph-
| + D 2 0 > 
" x P h dioxane Ph-

D 

2c-d 

-O H 

Ph 

+ 
Ph-CDXPh 

OH 

3c-d 

Since the quan tum yield for fluorescence of 1 is 
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reported to be almost as high as unity in a diluted 
solution,13) photoprotonation is assumed to proceed from 
the excited singlet state of 1. Evidence supporting the 
involvement of a singlet species was obtained from the 
finding that the fluorescence of 1 is substantially quench­
ed upon the addition of methanol, ethanol, and acetic 
acid to the solution of 1 in hexane. Plots of the 
reciprocals of the relative fluorescence intensities against 
the quencher concentrations are linear and can be fitted 
to the Stern-Volmer equation, 

IJI = 1 + Aqr,[Q.], 

where 70 and / denote the intensities of the fluorescence 
of 1 in the absence of and in the presence of the 
quencher, respectively, in the concentration [ Q ] , kn is 
the rate constant of the bimolecular quenching process, 
and r 0 denotes the average lifetime of the excited singlet 
state of 1 in the absence of the quencher. T h e quenching 
constants, £qr0, obtained from the slopes of these plots 
are 0.42, 0.36, and 0.38 M _ 1 for methanol, ethanol, and 
acetic acid, respectively. The singlet lifetime of 1 (T0) 
has been reported to be shorter than 5 ns,13) and thus 
the kq values are estimated to be larger than 8 x l 0 7 

M - 1 s"-1, and are probably about 108 M - 1 s - 1 , suggesting 
that the excited singlet state of 1 interacts with the 
ground state of the alcohols and acetic acid. 

T h e quan tum yield of the photochemical polar 
addition of ethanol and acetic acid to 1 was determined 
under aerated conditions in hexane by monitoring the 
decrease of 1 upon irradiation with 3304^7 n m light. 
A linear relationship is found between the reciprocal 
of the quan tum yield ((D) for the decrease of 1 and the 
reciprocal of the concentration of the additive. The 
intercepts and the slopes were estimated to be 13 and 32 
for ethanol, and 10 and 25 for acetic acid, respectively. 

T h e simplest mechanism which accounts for all the 
above results can be written as follows, 

1 + hv • 1* 

1* > 1 _|_ hv' 

1* + 0 2 - ^ * 1 + 0 2 

1* + HOR • [1 ••• HOR]* 

kt 
[1 ... HOR]* • 1 + HOR 

Ar 

[ l - . - H O R ] * • [ l -H + + -OR] • products, 

where 1* denotes the excited singlet state of 1. At 
infinite dilution under degassed conditions, the quantum 
yield for the fluorescence of 1 is unity,13) and therefore, 
intersystem crossing to the triplet state can be neglected. 
By making the usual steady-state assumption, the 
quan tum yield for the decrease of 1 is written as follows ; 

l / ^ = ( l + * d / A r ) ( l + l/*QTo[Q.])-
The kdjkr values, i.e., the ratio of rates for the decay 
process and the protonation in the interaction of excited 
1 and the polar solvent, can be estimated to be 12 for 
ethanol and 9 for acetic acid, and the kqr{) values were 
found to be 0.41 M " 1 for ethanol and 0.40 M " 1 for 
acetic acid. These values are in good agreement with 
those obtained in the fluorescence quenching experi­

ments : 0.36 M - 1 for ethanol and 0.38 M - 1 for acetic 
acid. These results substantiate the above mechanism. 

When 1-phenylcyclobutene was irradiated in 
methanol no addition products resulted. This, combined 
with the results for 1,2-diphenylcyclobutene, suggests 
that substituents on the cyclobutene ring play important 
roles in the reactivity of cyclobutenes. These substituent 
effects upon the reactivity will be discussed in a future 
publication. 1,2-Diphenylcyclopentene was also irradiat­
ed in methanol giving no polar addition products but a 
phenanthrene derivative, the formation of which was so 
efficient that it was observed in the course of the fluores­
cence measurement. 

The only previously observed ring system for photo­
protonation from the excited singlet state is the case of 
2-phenylbicyclo[2.2.1]hept-2-ene derivatives,4) and thus 
1,2-diphenylcyclobutene is the first example for a four-
membered cycloalkene. For three-membered cyclo-
alkenes, l,2-diphenyl-3,3-dimethylcyclopropene has 
been reported to give open-ring products, 1,2-diphenyl-
l-methoxy-3-methyl-2-butene and m-l ,2-diphenyl-3-
methoxy-3-methyl-2-butene, upon irradiation in 
methanol, through a carbene intermediate arising from 
the excited singlet state with subsequent capture by 
methanol.14) I t is interesting that the cyclobutene 
system has almost the same strain energy as the bicyclo-
[2.2.1]hept-2-ene system, the cyclopropene system 
having a much higher energy.15) 

Recently, the reactive intermediate in the photo­
protonation of 1-phenylcyclohexene was shown to be 
£ra/2.y-phenylcyclohexene, which must be very twisted, 
by more than 90°. 16> This is assumed to be the case for 
the phenylcycloheptene photoprotonation. These trans-
cycloalkenes are singlet in nature and possess a partial 
singlet diradical character if the twist is not completed 
to 180°.16) This may be common to the excited singlet 
states of highly-strained cycloalkenes, such as the 
phenylbicyclo[2.2.1]heptenes and diphenylcyclobutene. 
Thus , protonation in the highly-strained cw-cycloalkenes, 
as well as in the highly-twisted tom-cycloalkenes, would 
be effected by the simultaneous release of strain in 
those intermediates. 

Exper imenta l 

The IR and UV spectra were recorded on a Hitachi EPI-G3 
grating infrared spectrophotometer and a Hitachi EPS-3 
recording spectrophotometer, respectively. The NMR spectra 
were recorded on a JEOL C-60HL spectrometer. GLPC 
analysis was performed on a Hitachi 163 gas Chromatograph 
equipped with a flame ionization detector. 

Materials. l,2-Diphenylcyclobutene,17> 1-phenylcyclo­
butene,18) and 1,2-diphenylcyclopentene19) were prepared 
according to reported methods. Solvents were purified by 
distillation. 

Irradiation of 1,2-Diphenylcyclobutene (1) in Methanol. A 
solution of 1 (300 mg) in methanol (200 ml) was irradiated 
in a nitrogen atmosphere for 18 h using a 500-W xenon lamp 
and a Corning 0—54 filter. This procedure was repeated 
six times. The reaction mixtures were combined, and the 
solvent was removed by rotary evaporation. The residue 
was subjected to chromatography on silica gel using hexane-
benzene eluants affording a colorless liquid (540 mg), a white 
crystalline solid (310 mg), and the starting olefin (720 mg). 
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The colorless liquid was identified to be l-(a-methoxy-
benzyl)-1-phenylcyclopropane (3a) from the spectral d a t a 
and elemental analysis. Bp ca. 270 °C. I R (liquid film) 
1090 cm- 1 . N M R <5 0.65—1.15 (m, 4H, cyclopropyl GH 2-
CH 2 ) , 3.22 (s, 3H, O C H 3 ) , 4.02 (s, 1H, methine H ) , 6.8—7.4 
(m, 10H, aromatic H ) . Found : C, 85.47; H , 7.44%. Calcd 
for C 1 7 H 1 8 0 : C, 85.67; H, 7 . 6 1 % . 

T h e white solid was deduced to be 1,2-diphenyl-l-methoxy-
cyclobutane (2a) from the spectral da t a and elemental analysis. 
The G L P C analysis and N M R da ta showed that 2a consists 
of only one isomer. M p 91.5—92.0 °C (from petroleum 
ether). I R (KBr) 1080 cm- 1 . N M R (CDC13) Ô 1.7—2.3 
(m, 4H, CH 2 CH 2 ) , 2.93 (s, 3H, O C H 3 ) , 3.7—4.1 (m, 1H, 
methine H ) , 6.6—7.3 (m, 10H, aromatic H ) . Found : C, 
86.09; H, 7.54%. Calcd for C 1 7 H l s O : C, 85.67; H , 7 . 6 1 % . 

Irradiation of 1,2-Diphenylcyclobutene (1) in Acetic Acid. 
A solution of 1 (2.0 g) in acetic acid (200 ml) was similarly 
irradiated for 100 h using a 500-W xenon l amp. T h e solvent 
was removed by rotary evaporation, and the residue was sub­
jected to chromatography on silica gel with hexane-benzene 
eluants resulting in three components: the first white solid 
(640 mg) was found to be the starting olefin, and the second 
colorless liquid (300 mg) was identified as <x-(l-phenylcyclo-
propyl)benzyl acetate (3b) from spectral d a t a and elemental 
analysis. Bp ca. 300 °C. I R (liquid film) 1740, 1240 cm- 1 . 
N M R (CC14) ô 0.6—1.4 (m, 4H, cyclopropyl C H 2 C H 2 ) , 
1.95 (s, 3H, O C O C H 3 ) , 5.40 (s, 1H, methine H ) , 6.6—7.2 
(m, 10H, aromatic H ) . Found : C, 81.17; H , 6 .74%. Calcd 
for C 1 8 H l s O : C, 81.17; H, 6 . 8 1 % . 

T h e third colorless liquid (870 mg) was characterized as 
1,2-diphenylcyclobutyl acetate (2b) from spectral d a t a and 
elemental analysis. T h e G L P C analysis and N M R da ta 
showed that 2b consists of only one isomer. Bp ca. 235 °C. 
I R (liquid film) 1745, 1240 cm- 1 . N M R (CC14) Ô 1.90 
(s, 3H, O C O C H 3 ) , 1.7—3.35 (m, 4H, C H 2 C H 2 ) , 3.7—4.1 
(m, 1H, methine H ) , 6.4—7.2 (m, 10H, aromatic H ) . Found : 
G, 81.01; H , 6.90%. Calcd for C 1 8 H 1 8 0 : C, 81.17; H, 6 . 8 1 % . 

Irradiation of 1,2-Diphenylcyclobutene (l) in a Mixture of Water 
and Dioxane. A solution of 1 (300 mg) in a mixture 
of water (40 ml) and dioxane (160 ml) was similarly i rradiated 
by a 500-W xenon l amp for 80 h. This procedure was 
repeated twice. T h e reaction mixtures were combined, and 
the solvent was removed by rotary evaporation. T h e residue 
was subjected to chromatography on silica gel. T h e products 
obtained were diphenylacetylene20) (20 mg) , <x,l-diphenyl-
cyclopropanemethanol (3c, 235 mg) , 1,2-diphenylcyclobutanol 
(2c, 65 mg) , and 1,2-dibenzoylethane21) (40 mg) . T h e start­
ing olefin (10 mg) was recovered. 3c and 2c were identified 
upon esterification with acetic anhydride to the correspond­
ing acetates, 3 b and 2b , respectively. 

a, l-Diphenylcyclopropanemethanol (3c). N M R (CD3-
COGD3) ô 0.6—1.4 (m, 4H, cyclopropyl C H 2 C H 2 ) , 4.45 
(s, 1H, O H , exchanged with D 2 0 ) , 4.75 (s, 1H, methine H ) , 
7.2—7.7 (m, 10H, aromatic H ) . 

1,2-Diphenylcyclobutanol (2c).8) N M R (CD 3 COCD 3 ) 
ô 2.0—3.0 (m, 4H, C H 2 C H 2 ) , 3.9—4.4 (m, 1H, methine H ) , 
5.15 (s, 1H, O H , exchanged with D 2 0 ) , 6.9—7.9 (m, 10H, 
aromatic H ) . 

Irradiation of 1,2-Diphenylcyclobutene (1) in a Mixture of 
Deuterated Water and Dioxane. The irradiation of 1 (500 
mg) in a mixture of deuterated water (40 ml) and dioxane 
(160 ml) was performed under otherwise similar conditions. 
Deuterated products, a,l-diphenylcyclopropanemethanol-a-rf 
(3c-d, 140 mg) and l ,2-diphenylcyclobutanol-2-i (2c-d, 
70 mg) , were isolated in a similar manner together with 1,2,5,6-
tetraphenyltricyclo[4.2.0.02>5]octane13>2°) (35 mg) , 1,2,5,6-tetra-
phenylcycloocta-l,5-diene13,2°) (10 mg) , and the recovered 

starting olefin (120 mg) . T h e position of deuterat ion in the 
products, 2c-d and 3c-d, was determined by comparing 
their N M R spectra with those for non-deuterated products, 
2c and 3c, respectively. 

Quenching of the Fluorescence of 1,2-Diphenylcyclobutene (1). 
T h e fluorescence of 1 ( 4 x l 0 _ 4 M ) in hexane containing 
various concentrations of alcohols or acetic acid (0—0.8 M) 
was determined using a Hi tachi MPF-2A fluorescence spectro­
photometer. 

Quantum-yield Measurements. T h e exciting light for the 
quantum-yield measurements was furnished by a J A S C O 
C R M - F A spectroirradiator. Hexane solutions of 1 (10~3 M) 
and ethanol or acetic acid (0—1 M) were i r radiar ted with 
3 3 0 ± 7 nm light for 3 min. T h e reaction mixture was diluted 
twenty times with the same solvent and its U V spectrum was 
measured. T h e light intensity was measured by potassium 
ferrioxalate actinometry. 
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The Highly Selective Sulfonylation of Cycloheptaamylose and 
Syntheses of Its Pure Amino Derivatives 
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(Received December 14, 1976) 

Mesitylenesulfonyl chloride reacted selectively with primary hydroxyl groups of cycloheptaamylose to give 
hexakis(6-O-mesitylsulfonyl)cycloheptaamylose (II) and heptakis(mesitylsulfonyl)cycloheptaamylose (I). The 
selectivity of mesitylenesulfonyl chloride in the preferential sulfonylation is 24 times larger than that of tosyl chloride. 
Pure hexakis (6-azido-6-deoxy)cycloheptaamylose (III) and hexakis(6-amino-6-deoxy) cycloheptaamylose (IV) were 
synthesized from II. Pure heptakis(6-amino-6-deoxy)cycloheptaamylose (VII) and mixture of positional isomers 
of hexakis(6-amino-6-deoxy)mesitylsulfonylcycloheptaamylose (VIII)* were obtained by the catalytic hydrogéna­
tion of the corresponding azido compounds V and VI,* which were themselves given by the reaction of I with 
sodium azide. These amino derivatives, IV, VII, and VIII,* showed significant antimicrobial activities against 
such gram-negative bacteria as Escherichia, Shigella, and Pseudomonas. These compounds also exhibited 
hypocholesterolemic effects in the chick when added in the diet for two weeks, probably through sequestration 
of intestinal bile acids. 

Cycloamyloses have attracted increased interest in 
recent years1) because of their ability to include a 
compound into their cavity utilizing hydrophobic 
interaction in an aqueous solution. In this respect, a 
variety of cycloamylose derivatives have been prepared 
as models of enzymes.2) Therefore, the pure sulfonyl -
esters of cycloamylose have been required as important 
key intermediates. 

Lautsch and his co-workers3) were the first to a t tempt 
the selective modification of one position in each D-
glucose residue. They at tempted to prepare heptakis-
(6-O-tosyl) and heptakis (6-0-mesyl)cycloheptaamyloses 
by using one molar equivalent of the corresponding 
sulfonyl chlorides per D-glucose residue. 

Recently, Cramer and his co-workers4) studied in 
detail the specific modification of each D-glucose residue 
of cycloamyloses at a primary carbon atom and claimed 
that hexakis- and heptakis(6-0-tosyl)cyclohexa and 
cycloheptaamyloses were obtained by the reaction of a 
50% excess of tosyl chloride and the corresponding 
cycloamyloses. 

Using this method with a 50% excess of tosyl cloride, 
Umezawa and Tatsuta5) reported that the product was 
a mixture of tosylated cyclohexaamyloses and that pure 
hexakis(6-0-tosyl)cyclohexaamylose was obtained after 
purification on a silica gel column. 

However, it is still uncertain whether tosylation 
occurred exclusively at the pr imary hydroxyl groups in 
all the residues as claimed by these workers, because the 
tosylation of monosaccharides, such as a-D-glucose6) and 
methyl a-D-glucopyranoside,7) and polysaccharides, 
such as amylose8) and cellulose,9) under similar condi­
tions has been reported to cause further tosylation at 
some secondary hydroxyl groups. T h e tosyl esters in 
which all the tosyloxyl groups are at tached to 
primary carbon atoms are obtained only by purification 
in the case of monosaccharides, while such tosyl esters 
can not be obtained in the case of polysaccharides. 
Thus, a functional modification of cycloamyloses has 
been prevented by difficulties in purifying the products 
and it has been practically impossible to obtain the pure 
products by the usual methods. 

Pure sulfonylesters of cycloamyloses must have 

definitive numbers and established positions of sulfon-
yloxyl groups such as all at the C-2, C-3, or C-6 positions. 

Both the number and the position of sulfonyloxyl 
groups are equivocal in Cramer 's work, in which the 
term "hexakis" or "heptakis" represents only the 
average number of the tosyl groups of a complex 
mixture of the products. In Umezawa's work the 
number is evident upon the separation of the products, 
but the position has not been established. I t seems most 
likely that they obtained a mixture of the positional 
isomers of hexakis (tosyl) cyclohexaamyloses, as we have 
clarified in the present work that the heptasulfonyl ester 
of cycloheptaamylose with a single spot in its thin-layer 
chromatography was found to be still a mixture of the 
positional isomers. 

I t seems almost impossible to obtain the pure sulfonyl 
esters without utilizing more highly selective sulfonylat-
ing agents than tosyl chloride or mesyl chloride. 

Meanwhile, the use of mesitylenesulfonyl chloride 
(MstCl) as a selective sulfonylating agent has been 
reported. Palmer and his co-workers10) reported that 
MstCl was a preferable sulfonylating agent in the case 
of secondary and tertiary hydroxyl groups of a steroid 
system. Furthermore, Creasey and Guthrie11) found 
that MstCl reacted more selectively with one hydroxyl 
group of a vicinal secondary diol of a-D-glucopyranoside 
than did tosyl chloride, though Johnson et al.12) showed 
in their aldosterone synthesis that the use of MstCl 
offered no significant advantage over the use of tosyl 
chloride for the selective esterification of a pr imary 
hydroxyl group in the presence of a secondary one. 

In this paper we wish to report a highly selective 
sulfonylation of the primary hydroxyl groups of cyclo­
heptaamylose using MstCl and describe the synthesis 
of some pure derivatives of cycloheptaamylose. 

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

T h e selective esterification was carried out by adding 
a 20% excess of MstCl to a solution of cycloheptaamylose 
in dry pyridine at 0—5 °C and by then allowing the 
mixture to stand at room temperature for 3 days. The 
product was obtained as a white powder, and its 
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I : A mixture of la and lb*. 
Mst : 2,4,6-trimethylbenzenesulfonyl. 
* This represents one of many kinds of possible positional 

isomers with regard to one secondary sulfonyl group. 

thin-layer chromatography (TLC) gave only three spots 
(i? f; 0.79, 0.41, 0.02). 

Compound l b * , with an Rf value of 0.79, was 
separated on silica gel column and was established to be 
heptakis(mesitylsulfonyl) cycloheptaamylose by analyz­
ing the sulfur content, while the one(II) with an Rf 

value of 0.41 was determined to be hexakis(mesityl-
sulfonyl)cycloheptaamylose in the same manner . A 
small amount of the compound with an Rf value of 
0.02 may be pentakis(mesitylsulfonyl) cyclohepta­
amylose, though it was not further examined. The 
reaction of compound I I with sodium azide in D M F 
at 80—85 °C, instead of at the 135 °C previously 
reported,5) for 7 h led to the complete replacement of 
all the mesitylsulfonyloxyl groups by the azido groups. 

The I R absorption bands at 1600, 1350, 1190, and 1170 
c m - 1 due to the mesitylsulfonyloxyl group disappeared 
completely, while the one at 2100 c m - 1 due to the azido 
group appeared. The azido compound obtained in this 
way was determined to be pure hexakis(6-azido-6-
deoxy)cycloheptaamylose (III) with satisfactory physical 
properties. This indicates that I I contains sulfonyloxyl 
groups only at the pr imary carbon atoms and none at 
the secondary ones, since a sulfonyloxyl group attached 
to a secondary carbon atom can hardly be replaced by 
an azido group under these reaction conditions. 13> 
Therefore, I I must be pure hexakis(6-0-mesitylsulfonyl)-
cycloheptaamylose. 

CH2N3 

/A 
OH 

(HI) 

CH2OH 

^ A o -
OH 

CH2NH2 

OH 
(IV) 

t 

CH2OH 

OH 

bands due to the mesitylsulfonyloxyl group together 
with the band due to the azido group and gave a 
satisfactory analysis for a mixture of the positional 
isomers of hexakis(6-azido-6-deoxy)mesitylsulfonylcyclo-
heptaamylose, in which the mesitylsulfonyl group is 
considered to bind with one among the fourteen secon­
dary hydroxyl groups. Thus, l b * was determined to be 
the positional isomers of hexakis(6-0-mesitylsulfonyl)-
mesitylsulfonylcycloheptaamylose, in which six sulfonyl 
groups are attached to six primary hydroxyl groups, 
while one is at tached to one among the fourteen secon­
dary hydroxyl groups. 

Meanwhile, Compound I, with the same Rf value 
as that of l b * , was also obtained by washing the crude 
sulfonylation product with an appropriate solvent (see 
Experimental section). The azido compound obtained 
from I in the manner described above gave two spots 
in its T L C ( i? f =0.01 , 0.37); each component was 
separated on treatment with an appropriate solvent. 
T h e compound with an Rf value of 0.37 proved to be 
identical with the V I * previously obtained from l b* . 
O n the contrary, Compound V, with an Rf vaiue of 
0.01, had the I R absorption bands at 2100 c m - 1 due 
to the azido group, with no sulfonate band, and had 
seven azido groups, as evidenced by its elemental 
analysis. Therefore, V was determined to be pure 
heptakis (6-azido-6-deoxy) cycloheptaamylose. Thus, 
from these results, I, with the same Rf value as that of 
l b * , was found to be a mixture of heptakis(6-0-mesityl-
sulfonyl)cycloheptaamylose (la) and l b * . The latter 
had previously been obtained by the separation of the 
crude sulfonylation product by column chromatography. 
These results suggest that l a , with its highly crowded 
and strained structure, may be easily hydrolyzed to 
the more stable I I during separation on a silica gel 
column. Actually, the sulfonyl esters of cyclohepta­
amylose were not stable, and their T L C figures were 
changed almost completely when methanol solutions 
of the esters were allowed to stand at room temperature 
for two weeks. 

CH2N3 

h-o 

OH 
(V) 

CH2NH2 

h-o 

CH2N3 CH2OH 

OH (VI)„ OMst 

CH2NH2 CH20H 
h- Ov h-0 

^ Au ^ OH OMs OH 
(VII) 

-0-
OMst 

(VIII)* 

The catalytic hydrogénation of I I I gave pure hexakis-
(6-amino-6-deoxy)cycloheptaamylose (IV) as a hexa-
hydrochloride with satisfactory physical properties. IV 
was also obtained directly by the reaction of I I with 
ammonia in methanol . 

O n the other hand, l b * gave an azido compound 
(VI)* upon heating with sodium azide in D M F at 
85—90 °C for 7 h. The product V I * , whose T L C gave 
almost a single spot ( i? f=0.37) , had the I R absorption 

The catalytic hydrogénation of V and V I * gave 
hydrochlorides of heptakis(6-amino-6-deoxy) cyclohepta­
amylose (VII) and positional isomers of hexakis 
(6 - amino - 6 - deoxy) mesitylsulfonylcycloheptaamylose 
( V I I I ) * respectively. 

The more highly selective sulfonylation of cyclohepta­
amylose with MstCl than with TsCl was clearly revealed 
by plotting the average number of the sulfonyloxyl 
groups against the reaction time. In dry pyridine, 
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J 1 1 1 1 L 

1 2 3 4 5 6 7 
day 

Fig. 1. Relation between average numbers of entered 
sulfonyloxyl groups and reaction time. 

O : MstCl, A : TsGl. 
[Numbers of primary, and secondary R S 0 3 ; A: 6.2, 
1.1; B: 6.6, 0.5; C: 6.1,01. 

cycloheptaamylose was esterified by the use of 4 eq-
moles of the corresponding sulfonyl chlorides for the 
D-glucose residue at 15 °G. 

The average number of the sulfonyloxyl groups 
introduced was determined by analyzing the sulfur 
content of the products which has been obtained from 
an aliquot of the reaction mixture. Furthermore, the 
positions of the sulfonyloxyl groups were determined by 
the transformation of the samples (A, B, and C) to 
azido compounds by the usual method. The number 
of the sulfonyloxyl groups remaining after this t reatment 
should correspond to the number of the secondary 
sulfonyloxyl groups. T h e results are shown in Fig. 1. 
These data indicate that the preparat ion of pure 
heptakis(6-O-tosyl) cycloheptaamylose is almost impos­
sible, while that of l a or II is possible. As can be seen 
from the figure, both the sulfonylating reagents react 
with the six hydroxyl groups of cycloheptaamylose at a 
similar rate. After the six pr imary hydroxyl groups are 
esterified, however, subsequent sulfonylation becomes 
very slow in the case of MstCl, while TsCl reacts rapidly 
until eight hydroxyl groups are esterified. After 7 days, 
MstCl had reacted with eight hydroxyl groups, probably 
corresponding to seven pr imary and one secondary 
groups, while TsCl esterifies twelve hydroxyl groups, 
which may consist of seven pr imary and five secondary 
groups. This result indicates that bulky MstCl reacts 
less readily with a secondary hydroxyl group than does 
TsCl. It takes 5 h for TsCl and 120 h for MstCl to 
increase the sulfonylation number from six to eight; 
the latter process may involve one or two secondary 
hydroxyl groups. In conclusion, the selectivity of MstCl 
in the preferential sulfonylation of the pr imary hydroxyl 
groups is 24 times larger than that of TsCl. T h e surpris­
ingly large selectivity may be due to the doughnut-
shaped structure14) of cycloheptaamylose, where the 
primary hydroxyl groups are located apar t from the 
side of the torus, while the secondary hydroxyls are 
located directly on the other side of the torus. 

P r e l i m i n a r y Biological T e s t s 

It has been found that the amino compounds, IV, 
V I I , and V I I I * , showed significant antimicrobial 
activities, as tested by the two-fold dilution method in a 
heart-infusion agar medium, though it was earlier 
reported5) that hexakis(6-amino-6-deoxy)cyclohexaam-
ylose inhibited the growth of Bacillus subtilis PCI 219 
at the concentration of 2000 pig/ml. These amino 
derivatives inhibited the growth of Staphylococcus 
aureus at concentrations of 25—100 [i,g/ml, of 
Escherichia coli at 12.5—50 [i,g/ml, of Shigella flexneri 
and sonnei at 1.56—100 {xg/ml, and of Pseudomonas 
aeruginosa at 6.25—50 fxg/ml. 

I t is also noteworthy that some of these compounds 
exhibited hypocholesterolemic activities, which were 
tested by feeding groups of 10 male one-day old chicks 
with a diet containing 0.2% cholesterol and a 1% test 
compound for two weeks, and by then determining the 
serum cholesterol using the method of Zak et A/.,15) with 
blood samples obtained through heart puncture. In 
this method, a mixture of I V and V I I depressed the 
cholesterol level by 10—15% in comparison with the 
control groups. The details of the results will be reported 
elsewhere. 

Exper imenta l 

All the melting points are uncorrected. The solutions were 
concentrated under reduced pressure at a bath temperature 
not exceeding 50 °G. The IR spectra were taken in Nujol 
mull on a Hitachi 215 spectrometer. The optical rotations 
were measured in a 0.5-dm tube with a Jasco DIP-180 Polarim­
eter and were corrected as an anhydrous form if a compound 
had several molecules of adherent water. The TLG was 
performed on Merck TLG plate silica gel 60 F251. Con­
centrated sulfuric acid was used as the spray reagent. The 
column chromatography was carried out by the use of Merck 
silica gel 60. The paper chromatography was conducted by 
using Merck Pre-Goated TLG Plates cellulose as a substitute 
for paper, and the substances were detected by the use of 
ninhydrin spray. The following solvent systems were used: 
for TLC, methanol-chloroform (3: 7) (Solvent A) ; for column 
chromatography, methanol-chloroform (1:5) (Solvent B) ; 
for paper chromatography, 1-butanol-pyridine-acetic acid-
water ( 1 : 5 : 2 : 4 ) (Solvent C) and 1-propanol-pyridine-
acetic acid-water (6 :4 : 1:3) (Solvent D). 

Selective Sulfonylation of Cycloheptaamylose', Heptakis (mesityl-
sulfonyl)cycloheptaamylose (I and lb*) ; Hexakis(6-O-mesitylsul-
fonyI) cycloheptaamylose (II). Into a solution of cyclohepta­
amylose (32.7 g, containing 0.8% water) in dry pyridine (320 
ml), we stirred MstCl (55.6 g, 1.2 eq-moles for the D-glucose 
residue) at 0—5 °G. After 3 h, the mixture was allowed to 
stand for 3 days at room temp. To the mixture 20 ml of cold 
water was stirred in, drop by drop, under cooling after which 
the new mixture was allowed to stand for 1 h at room temp. 
The mixture was then poured into a large volume of a dil-HCl 
solution under cooling to obtained a white precipitate which 
was collected and washed with water; yield, 66.0 g (S, 9.07%). 
TLC with Solvent A proved the product to be composed of 
three components with R{ values of 0.79, 0.41, and 0.02. 
These products (33.0 g) were chromatographed on a silica 
gel column (60 X 700 mm) with Solvent B. The substance 
with an R{ value of 0.79 was obtained as a white powder and 
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was determined to be l b * ; yield, 5.0 g; m p 187.0 °G (decomp), 
[a]2

D° + 7 0 . 8 ° (c 1.0, chloroform), I R spectrum: 1600 (phenyl), 
1350, 1185, 1170 (sulfonate) cm- 1 . Found : G, 52.20; H , 
5.89; S, 9.40%. Galcd for C1 0 5H1 4 0O4 9S7 : G, 52.33; H , 5.81 ; 
S, 9 .30%. 

T h e substance with an R{ value of 0.41 was also obtained 
as a white powder and was determined to be I I ; yield, 12.5 g; 
m p 189.5 °C (decomp), [oc]2D° + 7 6 . 2 ° {c 1.0, chloroform), I R 
spectrum; 1600 (phenyl), 1355, 1185, 1180 (sulfonate) cm" 1 . 
Found : C, 51.64; H , 5 .91; S, 8.76%. Galcd for C96H130-
0 4 7 S 6 : G, 51.75; H , 5.84; S, 8 .63%. 

T h e powdered mixture of the crude sulfonyl esters (33.0 g) 
described above was suspended in a mixture of ethyl acetate 
(800 ml) and ethanol (200 ml) at 50 °C for 1 h. T o the 
mixture, ethyl acetate (500 ml) was then added, and the 
mixture was stirred for 10 h at room tempera ture and sub­
sequently filtered. T h e remaining powder was suspended 
in a mixture of the same solvent; to the mixture we then 
added ethyl acetate, and then we stirred and filtered the 
solution. This t rea tment was repeated two more times. 
T h e filtrate (about 5 1) was then concentrated, and the residue 
was suspended in a hot ethyl acetate (2 1) for 30 min, stirred 
at room tempera ture overnight, and filtered. T o the filtrate 
ether was added, drop by drop, until the clear solution became 
slightly cloudy after which it was allowed to stand overnight. 
After the precipitate h a d then been filtered off, the filtrate 
was concentrated, the residue was dissolved in hot ethyl 
acetate (1.5 1), and ether was added. These procedures were 
repeated two further times, after which the white precipitate 
I was obtained by adding ether to the last residue. This 
was practically pure heptakis(mesitylsulfonyl)cyclohepta-
amylose, as determined by T L C ( i? f =0.79) , though a trace 
of I I (Ä f =0.41) was still present; yield, 1.4 g; m p 177—181 °C 
(decomp), [oc]2D° + 6 9 . 8 ° (c 1.0 chloroform). F o u n d : G, 
52.66; H , 6.06; S, 9 .38%. T h e substance with an R{ value 
of 0.02 was not further examined. 

Hexakis(6-azido-6-deoxy)cycloheptaamylose (III). T o a 
solution of I I (3.0 g) in dry iV,iV-dimethylformamide (30 ml) , 
sodium azide (3.0 g) was added after which the mixture was 
heated with stirring at 80—85 °G for 7 h. T h e reaction 
mixture was then poured into a large volume of cold water 
the white precipitate thus obtained was collected and washed 
with water ; yield, 1.60 g (92 .5%) ; m p above 230 °G (decom­
posed slowly); I R spect rum: 2100 (azido) c m - 1 , no sulfonate 
band . F o u n d : G, 39.07; H , 5.26; N , 19.24%. Galcd for 
G 4 2 H 6 4 N 1 8 0 2 9 : G, 39.25; H , 4.98; N , 19.63%. 

Heating of I and lb* with Sodium Azide: Heptakis(6-azido-6-
deoxy)eyeloheptaamylose (V) and Hexakis (6-azido-6-deoxy)mesityl-
sulfonylcycloheptaamylose (VI)*. T o a solution of I (1.2 g) 
in dry JV,7V-dimethylformamide (20 ml) sodium azide (1.2 g) 
was added ; there after the mixture was heated with stirring 
at 85—90 °G for 7 h and then poured into a large volume 
of cold water. A white precipitate (0.60 g) was collected, 
washed with water, and dried ; it showed two spots in its T L C 
with Solvent A (Rf 0.37 and 0.01). T h e precipitate was 
dissolved in a mixture of methanol (20 ml) and iV,iV-dimethyl-
formamide (20 ml) , and then diisopropyl ether was added 
slowly. T h e white precipitate which separated was collected. 
This t rea tment was repeated twice more. A white powder 
(0.20 g) thus obtained was determined to be V ; m p above 
220 °G (decomposed slowly); I R spectrum: 2100 (azido) 
cm- 1 , no sulfonate band . Found : C, 38.24; H , 5.04; N , 
21.54%. Calcd for C 4 2 H 6 3 N 2 1 0 2 8 : G, 38.50; H , 4 .81 ; N, 
22 .46%. 

T h e filtrate was concentrated, the residue was dissolved in 
ethyl acetate, and the solution was treated with active charcoal 
a n d filtered. T o the filtrate, diisopropyl ether was added, 

and the white precipitate V I * , whose T L C gave only one 
spot (Ä f =0.37) , was collected; yield, 0.3 g; m p 211—216 °C 
(decomp). I R spectrum; 2100 (azido), 1600 (phenyl), 1185, 
1175 (shoulder) (sulfonate) cm- 1 . Found : G, 41.41 ; H , 5.16; 
N, 17.74; S, 2 . 2 3 % . Galcd for G 5 1 H 7 4 0 3 1 N 1 8 S: C, 41.75; 
H , 5.05; N, 17.19; S, 2 .18%. Compound V I * was also 
obtained by heat ing l b * with sodium azide in iV,iV-dimethyl-
formamide at 85—90 °C for 7 h. 

Hexakis(6-amino-6-deoxy) cycloheptaamylose (IV). 
A sample ( 1.20 g) of I I I was suspended in methanol (200 ml) 
containing 5%-HCl aq (20 ml) , and the mixture was hydro-
genated with p la t inum dioxide (300 mg) under 3 a tm of 
hydrogen pressure at 10—20 ° G for 2 days. After the removal 
of the catalyst, the filtrate was concentrated. T o the residue 
ethanol was added, and the precipitate which was thus 
separated was collected and dissolved in a small amount 
of water. T h e solution was lyophilized, and the hexahydro-
chloride of I V was obtained as a white powder; yield, 1.15 g 
( 9 1 % ) ; m p 190.5—191.5 °C (decomp). [a]^0 + 1 3 6 . 4 ° (c 
1.0, H 2 0 ) , £ f = 0 . 3 7 with Solvent G. I R spectrum; 3300 
(y O H , N H , broad) , 1600 (<5 as NH 3+), 1550 (ô s NH3+) cm- 1 . 
Found : C, 34.05; H , 6.13; N , 5.64; CI, 14 .23%. Calcd for 
C 4 2 H 8 2 0 2 9 N 6 G 1 6 . 7 H 2 0 : C, 34.22; H , 6.52; N, 5.70; CI, 
14.46%. 

A small quant i ty of I V was hydrotyzed with 3M hydro­
chloric acid in a sealed tube for 4 h at 100 °G, and the mixture 
was concentrated. T h e hydrolyzate was then paper-chro-
matographed with Solvent D and detected by ninhydrin. 
T h e chromatogram was completely identical ( i? f=0.27, 
violet; Rt=0.63, yellow) with tha t obtained from the hydro­
lysis of 6-amino-6-deoxy-a-methylglucoside (mp 200—201 °G, 
lit,16> m p 195—200 °C, Ä f = 0 . 4 1 with Solvent D ) . 

Heptakis ( 6-amino- 6-deoxy) cycloheptaamylose ( VII). A 
sample (200 mg) of V was subjected to catalytic hydrogén­
ation with p la t inum dioxide (100 mg) in a mixture of methanol 
(200 ml) and 3%-HCl aq (5 ml) and then treated in a manner 
similar to that described above. T h e heptahydrochloride 
of V I I was obtained as a white powder; yield, 150 mg (70%) ; 
m p 182—185 °G (decomp). [a]^0 + 1 3 1 °G (c 1.0, H 2 0 ) . 
£ f = 0 . 3 0 with Solvent C. I R spect rum: 3300 (v O H , N H , 
broad) , 1600 (Ô as NH 3+), 1500 (<5 s NH3+) cm- 1 . Found: 
G, 33 .41 ; H , 6.32; N , 6 .21 ; CI, 16.03%. Calcd for C42H84-
0 2 8 N 7 C 1 7 . 8 H 2 0 : C, 33.02; H , 6.55; N , 6.42; Gl, 16.28%. 

Positional Isomers of Hexakis ( 6-amino-6-deoxy) mesitylsulfonyl-
cycloheptaamylose (VIII). A sample (600 mg) of V I * 
was hydrogenated with p la t inum dioxide (150 mg) in methanol 
(50 ml) containing 5%-HCl aq (10 ml) in a manner similar 
to tha t described above; the hexahydrochloride of V I I I * was 
thus obtained as a white powder; yield, 550 mg (88%) ; 
m p 187—188 °C (decomp). [a]2

D° + 1 1 2 ° (c 1.0, H 2 0 ) . 
Ä f = 0 . 6 9 with Solvent C. I R spect rum: 3300 (broad, v O H , 
N H ) , 1605 (<5asNH3+), 1505 (<5sNH3+), 1195, 1175 (shoulder) 
(sulfonate) cm- 1 . F o u n d : G, 36.20; H , 5 .91; N, 5.24; CI, 
13.51; S, 1.94%. Galcd for G51H92031N6G16S • 7 H 2 0 : C, 
36.98; H , 6.40; N , 5.08; CI, 12.87; S, 1.93%. 

Reaction of II with Ammonia in a Methanol Solution. 
A sample (6.0 g) of I I was dissolved in a 10%-NH 3 -methanol 
solution (100 ml) , and the mixture was heated at 70—75 °C 
in a sealed tube for 3 days. After the reaction mixture had 
then been cooled to 0—10 °G, the slightly yellow crystals 
which were thus separated were collected and washed with 
methanol . T h e crystals were dissolved in water (30 ml), 
treated with active charcoal, and lyophilized. T h e free base 
of I V was thus obtained as a white powder; yield, 2.7 g (89%) ; 
m p above 230 °C. I R spectrum; 3300, 3350 (v O H , N H ) , 
1600 (Ô NH 2 ) cm- 1 . Found : G, 42.75; H , 6.52; N, 6.79%. 
Calcd for G 4 2 H 7 6 0 2 9 N 6 . 3 H , 0 : C, 42.64; H , 6.94; N, 7 .11%. 
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T h e aqueous solution of the base was neutralized with 
hydrochloric acid to p H 2 and then concentrated. T h e white 
precipitate of the hexahydrochloride was obtained by adding 
ethanol to the residue. T h e physical properties of the hexa­
hydrochloride thus obtained were identical with those of the 
hexahydrochloride which was obtained by the hydrogén­
ation of I I I . 

More Highly Selective Sulfonylation of Gycloheptaamylose with 
MstCl than with TsCl. In to a solution of cyclohepta-
amylose (9.97 g, containing 2 . 5 % water) in dry pyridine 
(200 ml) we quickly stirred a solution of the corresponding 
sulfonylating agent (MstCl, 55.47 g, TsCl 48.36 g ; 4.0 eq-
moles respectively) in dry pyridine (100 ml) at 15.0 °G; the 
mixture was then kept at 15 .0±0 .5 °G dur ing experiments. 
An aliquot portion (10—15 ml) of the reaction mixture was 
taken up from time to t ime and was quenched with 1 ml of 
cold water. After 3 h the aliquot was poured into a large 
volume of water to give a white precipitate, which was col­
lected. T h e average number of entering sulfonyloxyl groups 
was determined by analyzing the sulfur content of the pre­
cipitate. T h e results are shown in Fig. 1. T h e samples 
(A, B, and G) were all heated with sodium azide in D M F 
at 80 °C for 7 h, and the average numbers of the sulfonyloxy 
groups remaining and of the azido group replacing them 
were analyzed. T h e average number of the azido groups 
introduced corresponds to the number of the pr imary sul­
fonyloxyl groups, while tha t of the sulfonyloxy groups remain­
ing represents the number of secondary sulfonyloxy groups 
in the samples (A, B, and G). 

T h e a u t h o r s wish to express t h e i r t h a n k s to M r . 
M i c h i o Y a m a z a k i , D i r e c t o r of th is L a b o r a t o r y , for his 
e n c o u r a g e m e n t a n d to D r . T o m i s h i g e M i z o g u c h i for 
his k ind a d v i c e . T h a n k s a r e also d u e to D r . S h i g e y u k i 

T a k e y a m a for t h e h y p o c h o l e s t e r o l e m i c ac t iv i t y tests a n d 
to D r . T o t a r o Y a m a g u c h i for t h e a n t i m i c r o b i a l ac t iv i ty 
tes ts . 
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Nucleoside Analogs. 4. Synthesis of 3'-Amino-3'-deoxyadenosine Analogs 
Kin-ichi TADANO, Yasufumi EMORI, Mitsukuni AYABE, and Tetsuo SUAMI 

Department of Applied Chemistry, Faculty of Engineering, Keio University, Hiyoshi, Yokohama 223 
(Received December 15, 1976) 

Three 9-(3-amino-2,4,5-trihydroxycyclopentyl)adenines and their iV-acyl derivatives were prepared as car-
bocyclic analogs of 3'-amino and S'-acetamido-S'-deoxyadenosine from the three diastereomers of diaminocyclo-
pentanetriol and 4-amino-6-chloro-5-nitropyrimidine. 

We have been working on a synthesis of nucleoside 
analogs, in which the ribofuranosyl moiety of adenosine 
is replaced by a cyclopentane ring stable against 
hydrolysis and enzymic action. In connection with the 
preceding paper,1) we wish to report a synthesis of 
carbocyclic analogs of 3'-amino-3'-deoxyadenosine. 

3'-Amino-3'-deoxyadenosine (1) has been found in a 
fermentation broth of Helminthosporium,2) Cordyceps 
militarise and Aspergillus nidulans.^ The compound has 
ant i tumor and antimitotic activity, inhibiting growth 
of Cryptococcus neoformans 4806 and Candida albicans.4) 
3'-Acetamido-3'-deoxyadenosine (2)5) was found in a 
culture filtrate of Helminthosporium together with 1, but 
inhibited growth of neither Ehrlich carcinoma nor of 
bacteria.5) 

T h e structural requirements in puromycin analogs 
for inhibition of protein synthesis were demonstrated by 
Daluge and Vince6) in a synthesis of carbocyclic analogs 
of puromycin. They suggested that the ribofuranosyl 
ring can be replaced by the cyclopentyl ring without 
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loss of activity, and that removal of the hydroxymethyl 
group is not detrimental to the activity, its removal 
being desirable for reducing toxicity. 

We were prompted to a t tempt the synthesis of a 
carbocyclic analog retaining the structural features 
suggested so far. We have prepared 9-(3-amino-2,4,5-
trihydroxycyclopentyl) adenines (16, 17, and 18) and 
their JV-acyl derivatives (13, 14, and 15) by the following 
reaction routes (Scheme 2). 
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* Structures in Schemes 1 and 2 dipict only one enantiomer of the racemic form actually obtained in the present experiment. 
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T r i - 0 - a ce ty l - D L - ( 1,2,4/3,5) - 5 - a c e t a m i d o - 2 - a z i d o -
1 ,3 ,4-cyc lopentane t r io l 7 ) was select ively O - d e a c e t y l a t -
ed , a n d s u b s e q u e n t l y h y d r o g e n a t e d to g ive D L - ( 1 , 3 , 5 / 
2 , 4 ) - 2 - a c e t a m i d o - 5 - a m i n o - l , 3 , 4 - c y c l o p e n t a n e t r i o l (3) . 

Hydro lys i s of t h e s t a r t i n g m a t e r i a l i n 3 M h y d r o ­
ch lor ic ac id , fol lowed b y r e m o v a l of t h e c h l o r i d e ion , 
gave 5 - a m i n o - 2 - a z i d o - l , 3 , 4 - c y c l o p e n t a n e t r i o l (4) . A n ­
o t h e r d i a s t e r e o m e r : t r i - 0 - a c e t y l - D L - ( l , 2 , 3 / 4 , 5 ) - 5 - a c e t -
a m i d o - 2 - a z i d o - l , 3 , 4 - c y c l o p e n t a n e t r i o l 7 ) w a s O-deace ty l -
a t e d , a n d s u b s e q u e n t l y h y d r o g e n a t e d ca t a ly t i ca l ly 
to give D L - ( 1 ,4 ,5 /2 ,3 ) -2 -ace t amido-5 -amino-1 ,3 ,4 -cyc lo -
p e n t a n e t r i o l (5) . 

C o m p o u n d s 3 , 4 , a n d 5 w e r e c o n d e n s e d w i t h 4 - a m i n o -
6-ch lo ro-5-n i t ropyr imid ine 8 > (6) to g ive t h e c o r r e s p o n d ­
i n g p y r i m i d i n e de r iva t ives (7) , (8) , a n d (9) , r e spec t ive ly . 
R e d u c t i o n of t h e n i t r o g r o u p , fo l lowed b y r i n g c losure 
of t h e r e spec t ive p y r i m i d i n e d e r i v a t i v e s (10) , (11) , a n d 
(12) w i t h f o r m a m i d e , g a v e t h e c o r r e s p o n d i n g 3'-iV-acyl 
a d e n i n e de r iva t i ve s (13) , (14) , a n d (15) , r e spec t ive ly . 
Hydro lys i s of 1 3 , 14 , a n d 15 i n b a r i u m h y d r o x i d e 
so lu t ion y i e lded t h e c o r r e s p o n d i n g a d e n i n e a n a l o g s (16) , 
(17) , a n d (18) , respec t ive ly . T h e s e c o m p o u n d s s h o w e d 
n o b io logica l a c t i v i t y a g a i n s t H e L a S3 cell . 

Exper imenta l 

Melting points were determined in capillary tubes in a 
liquid ba th and are uncorrected. Solutions were evaporated 
under reduced pressure at 40—50 °C. T L C was performed 
on a silica gel plate (Wakogel B-10, Wako Pure Chemical 
Industries Ltd . ) . Elemental analyses were performed by Mr . 
Saburo Nakada to whom our thanks are due. 

DL-( 1,3,5/2,4)-2-Acetamido-5-amino-1,3,4-cyclopentanetriol (3). 
A 4.94 g portion of DL-l,3,4-tri-0-acetyl-(l,2,4/3,5)-5-acet-
amido-2-azido-l,3,4-cyclopentanetriol7> was O-deacetylated in 
methanolic ammonia . T h e product was catalytically hydro­
genated in 5 0 % aqueous ethanol in the presence of R a n e y 
nickel to give 2.48 g of crude 3, which was recrystalHzed from 
aqueous ethanol to give 0.98 g (36%) of pure 3, m p 199— 
200 °C. 

Found : C, 44.16; H, 7.39; N, 14.72%. Calcd for C7H1 4-
N 2 0 4 : C, 44.20; H , 7.42; N , 14 .73%. 

DL-f 1,2,4/3,5)-5-Amino-2-azido-l)3,4-cyclopentanetriol (4). 
DL-l,3,4-tri-0-acetyl-( 1,2,4/3,5)- 5- acetamido- 2- azido- 1, 3,4-
cyclopentanetriol7) (5.39 g) was hydrolyzed in 3 M hydro­
chloric acid (100 ml) at 100 °G for 3 h, and the solution was 
evaporated. T h e residue was dissolved in water and the 
solution was treated with Amberli te IRA-400 (OH~) resin 
in a column. T h e effluent was evaporated and the residue 
was recrystallized from isopropyl alcohol to give 2.40 g (88%) 
of 4, mp 115—116 °C. 

Found: C, 34.73; H , 5.78: N , 32 .02%. Calcd for C5H1 0-
N 4 0 3 : C, 34.48; H , 5.79; N , 32 .17%. 

DL- ( 1,4,5/2,3) -2-Acetamido-5-amino-1,3,4-cyclopentanetriol (5). 
DL-l,3,4-Tri-0-acetyl-(l , 2 ,3 /4 ,5)-5-acetamido-2-azido-1 ,3 ,4-
cyclopentanetriol7) (3.35 g) was O-deacetylated in methanolic 
ammonia to give 2.45 g of crude product . T h e product was 
tr i turated in ethanol to give 1.97 g (93%) of O-deacetylated 
derivative, m p 168—169 °C. 

Found: C, 38.77; H , 5.74; N, 25 .60%. Calcd for C7H1 2-
N 4 0 4 : C, 38.89; H, 5.60; N, 25 .92%. 

The above product (1.38 g) was catalytically hydrogenated 
in water (32 ml) overnight to give 1.17 g (97%) of crude 5, 
which was recrystallized from ethanol to give an analytical 
sample, m p 175—176 °C (dec). 

Found : C, 43.90; H, 7.36; N, 14.56%. Calcd for C7H1 4-
N 2 0 4 : C, 44.20; H , 7.42; N, 14 .73%. 

T h e hydrochloride melted at 194—195 °C. 
Found : C, 37.29; H , 6 .61; N , 12.13; CI, 15.72%. Calcd 

for C 7 H 1 5 N 2 0 4 C 1 : C, 37.09; H , 6.67; N, 12.36; CI, 15.64%. 
6- [DL- ( 1, 2, 4/3, 5) - 3- Acetamido - 2, 4, 5- trihydroxycyclopentyl] -

amino-4-amino-5-nitropyrimidine (7). A mixture of 3 ( 1.00 g), 
4-amino-6-chloro-5-nitropyrimidine8) (6) (1.10 g) and triethyl-
amine (1 ml) was heated in 2-methoxyethanol (50 ml) 
at 90—95 °C for 1.5 h. After being cooled to ambient 
temperature , the resulting crystalline product was collected 
by filtration. T h e product was recrystallized from hot water 
and subsequently washed with warm ethanol to give 1.58 g 
(92%) of 7, 275—285 °C (dec). 

Found : C, 40.34; H 4.89; N, 25 .72%. Calcd for C n H l ß -
N 6 0 6 ; C, 40.25; H , 4 .91 ; N, 25 .60%. 

4-Amino-6-\p-L-( 1,4/ 2,3,5)-3-azido-2,4,5-trihydroxycyclopentyl]-
amino-5-nitropyrimidine (8). A mixture of 4 (1.00 g) , 4-
amino-6-chloro-5-nitropyrimidine8) (1.10 g) and tr iethylamine 
(1 ml) was heated at 80 °C in 2-methoxyethanol (30 ml) for 
1 h. T h e reaction mixture was evaporated and the residue 
was tr i turated with warm benzene. T h e residual solid was 
recrystallized from hot water to give 1.70 g (95%) of 8 as 
yellow crystals, m p 206—207 °C (dec). 

Found : C, 34.68; H , 3.88; N, 35 .66%. Calcd for C9H1 2-
N 8 0 5 : C, 34.62; H, 3.88; N, 35 .89%. 

6- [DL- ( 1,2,5/3,4) -3-Acetamido- 2,4,5-trihydroxycyclopentyl] amino-
4-amino-5-nitropyrimidine (9). A mixture of 5 (1.17 g) , 4-
amino-6-chloro-5-nitropyrimidine8> (1.29 g) and triethylamine 
(2.4 ml) was heated in 2-methoxyethanol (59 ml) at 85 °C for 
3 h. T h e reaction mixture was evaporated and the residue 
was t r i turated with warm ethanol to give 1.43 g (71%) of 9 
as yellow crystals, m p 237—238 °C (dec). 

Found : C, 40 .31 ; H , 4 .93; N, 25 .28%. Calcd for C n H 1 6 -
N 6 O e : C, 40.25; H, 4 .91 ; N, 25 .60%. 

6- [DL- ( 1,2,4/3,5) -3-Acetamido-2,4,5-trihydroxycyclopentyl] amino-
4,5-diaminopyrimidine (10). Compound 7 was dissolved 
in hot water (80 ml) and to the resulting solution zinc powder 
(15 g) was added. T h e mixture was heated under reflux for 
7.5 h, and filtered. T h e filtrate was evaporated and the 
residue was washed with ethanol to give 455 mg (100%) of 10, 
which was acetylated in the usual way to give a hexa-iV,0-
acetyl derivative. T h e product was recrystallized from ethyl 
acetate-ethanol ( 1 : 1 v /v%) to give an analytical sample, 
m p 232—233 °C (dec). 

Found : C, 49.69; H , 5.73; N , 16.68%. Calcd for C2 1H2 8-
N 6 0 9 : C, 49.60; H, 5.55; N, 16 .53%. 

6- [ D L - ( 1,2,5/ 3,4) - 3-Acetamido- 2,4,5-trihydroxycyclopentyl] amino-
4,5-diaminopyrimidine (12). Compound 9 (504 mg) was 
reduced with zinc powder in boiling water as in the p repara ­
tion of 10. T h e crude product was recrystallized from ethanol 
to give 402 mg (88%) of 12. An analytically pure sample 
was obtained by further recrystallization from water as pale 
yellow crystals, m p 237—238 °C (dec). 

Found: C, 44.40; H , 6.17; N , 27 .84%. Calcd for C n H , 8 -
N 6 0 4 : C, 44.29; H, 6.08; N, 28 .17%. 

9- [DL- ( 1, 2,4/3, 5)- 3-Acetamido- 2, 4, 5-trihydroxycyclopentyl] -
adenine (13). Compound 10 was heated at 175—180 °C 
in formamide (10 ml) for 1.5 h, and evaporated. T h e residue 
was recrystallized from hot water (3 ml) to give 131 mg (37%) 
of 13 as colorless needles, m p 290—300 °C (dec). 

U V : A 0 ^ H C I 259 nm ( e = 12400), A™ 261 nm ( e = 12900), 

^max Na0H 259 nm (e=6450) . 
Acetylation of 13 in the usual way gave 9 - [ D L - ( 1 , 2 , 4 / 3 , 5 ) -

3 - acetamido - 2 ,4 , 5 - triacetoxycyclopentyl] - 6 - diacetylamino-
purine, m p 201—203 °C. 

Found : C, 50.90; H, 5.10; N, 16.13%. Calcd for C22H26-
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N 6 0 9 : C, 50.96; H , 5.06; N, 16 .21%. 
9-\p\,-( 1,4/2,3, 5)-3-Formamido- 2, 4, 5- trihydroxycyclopentyl]-

adenine (14). Compound 8 (600 mg) was hydrogenated 
in the presence of Raney nickel under hydrogen atmosphere 
(3.4 kg/cm2) for 18 h in a Parr apparatus . After the catalyst 
had been filtered off, the filtrate was evaporated. T h e residue 
(484 mg) was heated at 170 °C for 1 h in formamide (20 ml) 
and subsequently evaporated. T h e residue was dissolved 
in hot water and decolorized with active charcoal. T h e 
solution was evaporated, and the residue was recrystallized 
from hot water to give 235 mg (42%) of 14, m p 277—278 °C 
(dec). 

Found : G, 44.64; H , 5.07; N, 28 .77%. Calcd for C n H 1 4 -
N 6 0 4 : G, 44.90; H , 4.79; N, 28 .56%. 

9- [DL- ( 1,2,5/3,4) -3-Acetamido-2,4,5-trihydroxycyclopentyl] -
adenine (15). Compound 12 was heated at 175 °C for 
2 h in formamide (30 ml) , and evaporated. T h e residue was 
decolorized with active charcoal in boiling water to give 
381 mg (42%) of crude product . Recrystallization from hot 
water gave 318 mg (34%) of 15, m p 278—280 °C (dec). 
15 was acetylated in the usual way to give penta-iV,0-acetyl 
derivative. T h e product was recrystallized from ethyl 
acetate to give an analytical pure sample, m p 219—220 °C 
(dec). 

Found : C, 50.15; H , 4.99; N, 17.72%. Calcd for C2 0H2 4-
N 6 0 8 : C, 50.42; H , 5.08; N , 17.64%. 

9-[T>T--( 1, 2, 4/3, 5)-3-Amino-2,4, 5-trihydroxycyclopentyl] adenine 
(16). Compound 13 (150 mg) was heated at 85 °C for 
3 h in a bar ium hydroxide [ B a ( O H ) 2 - 8 H 2 0 , 300 mg] solution 
(water, 23 ml) . Carbon dioxide was bubbled into the solution 
and the resulting precipitate was filtered off. T h e filtrate 
was evaporated to a small volume and the residue was allowed 
to stand in a refrigerator to give 114 mg (88%) of crystals. 
T h e product was recrystallized from hot water to give an 
analytical sample of 16, m p 280—290 °C (dec). 

Found : C, 45.09; H , 5.34; N, 31 .19%. Calcd for G 1 0 H U -
N 6 0 3 : C, 45 .11 ; H , 5.30; N, 31.56%. 

U V : A^aM
HC1259 nm ( e = 14200), A£° 260 nm (6=12400), 

^max Na0H 261 n m (e=6700) . 

9-\pi,-( 1,4/ 2,3,5)-3-Amino-2,4,5-trihydroxycyclopentyl]adenine 
(17). Compound 14 (230 mg) was treated with Dowex 
IX-2 ( O H - ) (5 ml) in water (180 ml) at 50 °C for 3 h with 
agitation. After the resin h a d been filtered off, the solution 
was evaporated. T h e residue was recrystallized from hot 
water to give 176 mg (85%) of 17, m p 255—256 °G (dec). 

F o u n d : C, 44 .81 ; H , 5.25; N, 30.99%. Calcd for C10H14-
N 6 0 3 : C, 45 .11 ; H , 5.30; N, 31.56%. 

U V : A ^ M H C I 258 nm (0=15000) , A££ 260 nm ( e = 16000), 
^MNaOH 261 n m (e=16000) . 

The hydrochloride melts at 250 °C (dec). 
Found : C, 39.49; H , 4.97; N , 27.49; CI, 11.75%. Calcd 

for C 1 0 H 1 5 N 6 O 3 Cl: C, 39.68; H , 4.99; N , 27.76; CI, 11 .71%. 
9- [DL- ( 1,2,5/3,4)-3-Amino- 2, 4, 5-trihydroxycyclopentyl] adenine 

(18). Compound 15 (200 mg) was hydrolyzed by treat­
ing in the bar ium hydroxide solution for 6 h as in the prepara­
tion of 16 to give 105 mg (61%) of 18, m p 264—266 °C (dec). 

Found : C, 44.69; H , 5.25; N, 30 .69%. Calcd for C10H14-
N 6 0 3 . l / 4 H 2 0 : C, 44.36; H , 5.40; N , 31.04%. 

U V : A ^ H C 1 258 n m ( e = 14300), A™ 259 nm ( e = 14600), 
C M Na0H 259 nm ( e = 14500). 
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The condensation of /S-cyclocitral (4) with 3-isopropyl-4-methoxybenzyl chloride (5) in the presence of lithium 
naphthalenide gave an alcohol (6), which was then oxidized to the corresponding oc,/?-unsaturated ketone (7). The 
Intramolecular cyclization of 7 with polyphosphoric acid yielded (=h)-12-methoxyabieta-8,ll,13-trien-6-one (8) 
and its m-isomer (9), which was then successfully converted into 8 via an enol acetate (11). The 8 ketone was 
demethylated with boron tribromide to give a phenol (18), and this was then reduced with lithium aluminium 
hydride to yield the corresponding alcohol (19). The oxidation of the C-ll position in 19 with benzoyl peroxide 
gave (±)-12-benzoyloxyabieta-8,ll,13-trien-6/3,ll-diol (20), which, on reduction with lithium aluminium hydride 
and subsequent oxidation with Jones reagent, afforded (±)-taxodione (1). The reductive cleavage of the hydroxyl 
group in 6 with dichloroaluminium hydride, followed by cyclization, gave ( ± )-ferruginyl methyl ether (12), which 
was then demethylated with boron tribromide to produce (±)-ferruginol (2). Further, the oxidation of 12 with 
chromium trioxide, followed by demethylation, gave (±)-sugiol (3). 

Taxodione (1), a tumor-inhibitory diterpene quinone 
methide, was isolated from Taxodium distichum Rich 
by Kupchan et al.1) In a previous paper, Matsumoto 
et al.2^ reported the total synthesis of ( ± ) - l by the route 
of G—»B—>A ring construction. However, this synthetic 
route involves eighteen reaction steps and affords a low 
over-all yield (ca. 0 .3%). Very recently, Matsumoto 
and Harada3) also reported the syntheses of highly-
oxygenated tricyclic diterpenes, taxoquinone, 7a-acet-
oxyroyleanone, dehydroroyleanone, horminone, 7-
oxoroyleanone, and inuroyleanol, all starting from 
ferruginol (2). In conjunction with these previous 
works, we studied a general synthetic route for the 
naturally-occurring tricyclic diterpenes (C2 0unit) . This 
paper4> will describe the simple and short-step syntheses 
of ( ± ) - l , ( ± ) - 2 , and (±)-sugiol (3) starting from two 
C10 units, /5-cyclocitral (4)5) and 3-isopropyl-4-methoxy-
benzyl chloride (5). 

The condensation of 4 with 5 in the presence of 
lithium naphthalenide in tetrahydrofuran in a stream 
of nitrogen afforded the desired alcohol (6), which was 
then oxidized with the chromium trioxide-pyridine 
complex to yield an oc,/?-unsaturated ketone (7). The 
intramolecular cyclization of 7 with polyphosphoric acid 
afforded ( ± ) -12-methoxyabieta-8,11,13-trien-6-one (8) 
as the minor product and its m-isomer (9) as the major 
one, along with a small amount of ( i ) - x a n t h o p e r y l 
methyl ether (10),6) which must have been produced 
by the air-oxidation of 9 during chromatographic 
purification. The m-configuration of an A/B ring 
junction in 9 and 10 was supported by their N M R 
spectra, which showed signals due to the C4« methyl 
group7) at ô 0.32 and 0.44 ppm respectively. Since all 
natural compounds (1, 2, and 3) possess a trans A/B ring 
junction, the 9 m-isomer was then converted into the 
8 trans-isomer in the following manner. T h e oxidation 
of 9 with the Jones reagent readily produced 10, which, 
on being refluxed with acetic anhydride in the presence 
of sodium acetate, gave the corresponding enol acetate 
(11) in a good yield. The 11 acetate in ethyl acetate 
was then submitted to catalytic hydrogénation over 
P d - C in the presence of perchloric acid to afford a 
mixture of (d=)-ferruginyl methyl ether (12, 33%) , 8 
(2%), ( ± ) - 6 a - and (±)-6ß-acetoxy-12-methoxyabieta-

8,11,13-triene (13) {ca. 3 : 2 , 4 2 % ) , and ( ± ) - 1 2 -
methoxyabieta-8,l l ,13-trien-6a-ol (14, 5%) . The 
treatment of 13 with lithium aluminium hydride in 
refluxing ether, followed by the oxidation of the resulting 
alcohols with the Jones reagent, afforded 8. Further, 
the oxidation of 12 with lead tetraacetate in acetic acid 
afforded a mixture of 7a- and 7/?-acetoxy compounds 
(15), which were then refluxed with dilute hydrochloric 
acid to yield (±)-12-methoxyabieta-6,8, l l ,13-tetraene 
(16). The 16 tetraene was then oxidized with m-
chloroperoxybenzoic acid and the epoxide (17) was 
treated with dilute hydrochloric acid to give 8. Subse­
quently, the 8 trans-ketone was demethylated with boron 
tribromide in dichloromethane, giving the corresponding 
phenol (18). The reduction of the carbonyl group in 18 
was carried out with lithium aluminium hydride; ( ± ) -
abieta-8,ll,13-trien-6/?,12-diol (19) was thus obtained. 
The oxidation of the C- l l position in 19 with benzoyl 
peroxide in chloroform yielded (=b)-12-benzoyloxy-
abieta-8,l l ,13-trien-6/?,l l-diol (20), which responded 
positively to the Gibbs test,8) suggesting the presence of 
an aromatic proton para to a phenolic hydroxyl group. 
The reductive cleavage of the benzoyl group in 20 with 
lithium aluminium hydride and the subsequent oxidation 
of the crude product with the Jones reagent afforded 
( ± ) - l . The I R and N M R spectra of the synthetic 1 
were identical with those of natural taxodione. Thus, 
( ± ) - l was synthesized starting from /5-cyclocitral (4) 
in eight steps, giving an over-all yield of ca. 7%. 

As has been described above, ferruginol (2) is an 
important intermediate for the syntheses of the highly-
oxygenated tricyclic diterpenes.3) Therefore, it is 
worthwhile to synthesize 2 by a simple and short-step 
procedure, although several synthetic routes have 
already been reported by other workers.9-13) For this 
purpose, the hydroxyl group in 6 was reductively remov­
ed with dichloroaluminium hydride in ether, and the 
resulting phenethyl derivative (21) was cyclized with 
anhydrous aluminium chloride in refluxing benzene, 
thus producing 12. T h e demethylation of 12 with boron 
tribromide in dichloromethane gave ( i ) - fe r ruginol (2), 
which was characterized as its benzoate (22).9>10>13) 
Subsequently, 12 was oxidized with chromium trioxide 
in acetic acid to afford the corresponding 7-oxo com-
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p o u n d (23).6> T h e d e m e t h y l a t i o n of 2 3 w i t h b o r o n 
t r i b r o m i d e y i e l d e d (zb) -sugio l (3),1 1) w h i c h w a s also 
c h a r a c t e r i z e d as its a c e t a t e (24) a n d b e n z o a t e (25) . 

3 
23 
24 
25 

\ 
R= 

•R = 
R= 
R= 

v ^ "U 

•H 
>Me 
=Ac 
=C0Ph 

OMe 

*CHO 

6 
7 

21 

\ R 
R=H,0H 
R=0 
R=H2 

X H • / \ 0 
8 R=Me 

18 R=H 

OMe 

9 R = H2 

10 R = 0 

OMe 

13 R-OAc.R'-H 
14 R=0H,R-H 
15 R=H,R'=0Ac 

OMe 

R = R'=H 
R=OH,R=C0Ph 

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

All melting points are uncorrected. T h e I R spectra were 
taken in chloroform, and the N M R spectra in carbon tetra­
chloride at 60 M H z , with tetramethylsilane as the internal 
s tandard, unless otherwise stated. T h e chemical shifts are 
presented in terms of ô values. Column chromatography 
was performed using Merck silica gel (0.063 m m ) . 

3-Isopropyl-4-methoxybenzyl Chloride (5). A solution of 
methyl 3-isopropyl-4-methoxybenzoate (2.48 g)14) in dry ether 
(7 ml) was added, d rop by drop, to a suspension of li thium 
aluminium hydride (500 mg) in dry ether (20 ml) over a 
20-min period. T h e mixture was then refluxed for 1 h, 
poured into an iced aqueous ammonium chloride solution, 
and extracted with ether. T h e extract was washed with brine. 
T h e dried extract was evaporated in vacuo to give 3-isopropyl-
4-methoxybenzyl alcohol as an oil; N M R : 1.18 (d, 6, 7 = 7 Hz, 
- C H ( C H 3 ) 2 ) , 2.72 (s, 1, - O H ) , 3.28 (m, 1, - C H ( C H 3 ) 2 ) , 
3.78 (s, 3, - O C H 3 ) , 4.42 (s, 2, - C H 2 - ) , 6.65 (d, 1, 7 = 8 Hz) , 
7.00 (dd, 1, 7 = 8 and 2 Hz) , and 7.07 (bs, 1) (aromatic 
protons). 

A solution of the above alcohol in thionyl chloride (2.0 ml) 
was stirred at 0 °C for 30 min and then at room temperature 
for 1 h, decomposed with ice water, and extracted with ether. 
T h e dried extract was evaporated in vacuo to give 5 as an oil 
(1.82 g: 7 7 % ) ; N M R : 1.20 (d. 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 
3.28 (m, 1, - C H ( C H 3 ) 2 ) , 3.80 (s, 3, - O C H 3 ) , 4.48 (s, 2, 
- C H 2 - ) , 6.67 (d, 1, 7 = 9 Hz) , 7.08 (dd, 1, 7 = 9 and 2 Hz) , 
and 7.10 (d, 1, 7 = 2 Hz) (aromatic protons). 

In another experiment, the above benzyl alcohol derivative 
was prepared from 3-isopropyl-4-methoxybenzaldehyde15) by 
a similar reduction. 

Condensation of ß-Cyclocitarl (4) and 3-Isopropyl-4-methoxy-
benzyl Chloride (5). A mixture of naphthalene (1.92 g) 
and small pieces of li thium (103 mg) in dry tetrahydrofuran 
(15 ml) was stirred for 1.5 h at room temperature under an 
atmosphere of nitrogen. In to the above solution we then 
stirred, drop by drop, a solution of ß-cyclocitral (610 mg) 
and 3-isopropyl-4-methoxybenzyl chloride (890 mg) in dry 
tetrahydrofuran (3.0 ml) at 0—10 °C over a 15-min period. 
T h e mixture was then stirred at room temperature for 2.5 h 
in a stream of nitrogen, diluted with ether and then with 
aqueous ammonium chloride, and extracted with ether, and 
the extract was washed with brine. T h e dried extract was 
evaporated in vacuo to give a crude product which was sub­
sequently purified by column chromatography on silica gel, 
using benzene-ether (98 :2) as the eluent, to afford an 
oily alcohol (6) (1.10 g : 8 7 % ) ; I R : 3580 cm"1 , N M R : 
0.94 and 1.08 (each s, 6, - C ( C H 3 ) 2 ) , 1.20 (d, 6, 7 = 7 Hz, 
- C H ( C H 3 ) 2 ) , 1.88 (s, 3, =CCH 3 ) , 3.15 (m, 1, - C H ( C H 3 ) 2 ) , 
3.77 (s, 3, - O C H 3 ) , 4.27 (dd, 1, 7 = 4 and 9 Hz, - C H O H ) , 
6.63 (d, 1, 7 = 9 Hz) , 6.90 (dd, 1, 7 = 9 and 2 Hz) , and 6.92 
(d, 1, 7 = 2 Hz) , (aromatic protons). Found : C, 79.93; H , 
10.32%. Calcd for C 2 1 H 3 2 0 2 : C, 79.70; H , 10.19%. 

2,6,6- Trimethyl- 1-cyclohexenyl 3-Isopropyl-4-methoxybenzyl 
Ketone (7). A solution of the 6 alcohol (5.424 g) in 
pyridine (10 ml) was added, drop by drop at 7—10 °C, to a 
chromium trioxide-pyridine complex prepared from chro­
mium trioxide (5.0 g) and pyridine (50 ml) . T h e mixture 
was stirred at 10—20 °C for 3.5 h, poured into ice-dilute 
hydrochloric acid, and extracted with ether. T h e ether 
extract was washed with brine, dried, and then evaporated. 
T h e crude product was purified by column chromatography 
on silica gel (500 g), using benzene-ether (99 :1) as the 
eluent, to give an oc,/?-unsaturated ketone 7 as an oil (3.507 g: 
6 5 % ) ; I R : 1690cm- 1 , N M R : 1.02 (s, 6, - C ( C H 3 ) 9 ) , 1.19 
(d, 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 1.52 (s, 3, =CCH 3 ) , 3.29 (m, 
1, - C H ( C H 3 ) 2 ) , 3.65 (s, 2, - C O C H 2 - ) , 3.80 (s, 3, - O C H 3 ) , 
6.65 (d, 1, 7 = 8 . 5 H z ) , 6.91 (dd, 1, 7 = 8 . 5 and 2 Hz) , and 
6.93 (d, 1, 7 = 2 Hz) (aromatic protons). Found : C, 79.98; 
H , 9 .43%. Calcd for C 2 1 H 3 0 O 2 : C, 80 .21; H , 9.62%. 

Intramolecular Cyclization of 7. A mixture of 7 (879 mg) 
and polyphosphoric acid prepared, from 8 5 % phosphoric 
acid (9 ml) and phosphorus pentaoxide (13 g) at 100 °C for 
1 h, was heated at 100 °C for 1.5 h. After cooling, the mixture 
was diluted with water and extracted with ether, and the 
dried extract was evaporated to dryness. The crude product 
was purified by column chromatography on silica gel (90 g) 
using benzene-ether (99: 1 and then 97 : 3) as the eluent, to 
give three ketones (8—10). 

a) (±)-12-Methoxyabieta-8, l l ,13- t r ien-6-one (8) as an 
oil (182 m g : 2 1 % ) ; I R : 1708 cm- 1 , N M R : 1.06 and 1.13 
(each s, 6, - C ( C H 3 ) 2 ) , 1.14 and 1.16 (each d and 7 = 7 Hz, 
6, - C H ( C H 3 ) 2 ) , 1.28 (s, 3, C 1 0 -CH 3 ) , 2.29 (s, 1, C 5 - H ) , 3.22 
(m, 1, - C H ( C H 3 ) 2 ) , 3.43 (s, 2, - C O C H 2 - ) , 3.78 (s, 3, - O C H 3 ) 
6.67 and 6.75 (each s, 2, C n - H and C 1 4 - H ) . Found: C, 
80.09; H , 9 .32%. Calcd for C 2 1 H 3 0 O 2 : C, 80 .21 ; H , 9.62% 

b) (±)-12-Methoxy-5/SH-abieta-8,l l ,13-ti ien-6-one (9). 
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(341 m g : 3 9 % ) ; m p 94—95 °C (from methanol) , I R : 1692 
cm- 1 , N M R : 0.33 (s, 3, C 4 a - C H 3 ) , 0.92 (s, 3, C 4 r C H 3 ) , 
1.07 (s, 3, C 1 0 -CH 3 ) , 1.18 (d, 6, / = 7 H z , - C H ( C H 3 ) 2 ) , 1.99 
(s, 1, C 5 - H ) , 3.10 (m, 1, - C H ( C H 3 ) 2 ) , 3.42 (s, 2, - C O C H 2 - ) , 
3.83 (s, 3, - O C H 3 ) , 6.70 and 6.78 (each s, 2, C n - H and 
C 1 4 -H) . Found: C, 80.11 ; H , 9 .54%. Galcd for C 2 1 H 3 0 O 2 : 
C, 80.21 ; H , 9.62%. 

c) (± ) -Xan thope ry l methyl ether (10) (13 m g : 1%), 
which has been obtained from benzene-ether (97 :3 ) frac­
t ion; m p 204—207 °C (from methanol) (lit,6) m p 205 °C), 
I R : 1715, 1668 cm- 1 , N M R (CDC13) : 0.44 (s, 3, C 4 „-CH 3 ) , 
0.98 (s, 3, C 4 / r C H 3 ) , 1.23 (s, 3, C 1 0 -CH 3 ) , 1.24 (d, 6, J= 
7 Hz, - C H ( C H 3 ) 2 ) , 2.66 (s, 1, C 5 - H ) , 3.28 (m, 1, - C H ( C H 3 ) 2 ) , 
3.98 (s, 3, - O C H 3 ) , 6.82 (s, 1, C n - H ) , 7.96 (s, 1, C 1 4 - H ) . 
Found : C, 76.73; H , 8 .69%. Calcd for C 2 1 H 2 8 0 3 : C, 76.79; 
H , 8.59%. 

T h e 10 diketone was also obtained in a 9 2 % yield by the 
oxidation of 9 in acetone with the Jones reagent at room tem­
perature for 30 min. 

( ± ) - 6-Acetoxy-12-methoxyabieta- 5,8,11,13-tetraen- 7-one (11). 
A mixture of 10 (511 mg) and anhydrous sodium acetate 
(2.0 g) in acetic anhydride (20 ml) was refluxed for 33 h, 
and then filtered. After the filtrate had been evaporated 
to dryness, the residue was extracted with ether and the 
extract was washed with aqueous sodium hydrogencarbonate 
and water. T h e dried extract was evaporated to yield a 
crude product which was subsequently purified by column 
chromatography on silica gel (70 g) , using benzene-ether 
(97: 3) as the eluent, to give 11 (556 m g : 9 6 % ) , which was 
then recrystallized from methanol ; m p 126—126.5 °C, I R : 
1755, 1648 cm- 1 , N M R : 1.22 and 1.26 (each d and 7 = 7 Hz , 
6, - C H ( C H 3 ) 2 ) , 1.31 and 1.36 (each s, 6, - C ( C H 3 ) 2 ) , 1.57 
(s, 3, C 1 0 -CH 3 ) , 2.27 (s, 3, - O C O C H 3 ) , 3.23 (m, 1, - C H -
(CH 3 ) 2 ) , 3.88 (s, 3, - O C H 3 ) , 6.78 (s, 1, C n - H ) , 7.79 (s, 1, 
C 1 4 -H) . Found : C, 74.70 ; H , 8.19 % . Calcd for C 2 3 H 3 0 O 4 : 
C, 74.56; H, 8.16%. 

Catalytic Hydrogénation of the Enol Acetate (11). A 
mixture of 11 (283 mg) , 5 % P d - C (250 mg) , and 7 0 % per­
chloric acid (10 drops) in ethyl acetate (10 ml) was subjected 
to catalytic hydrogénation at room temperature . After the 
usual work-up, the crude product was purified by column 
chromatography on silica gel (25 g), using hexane-benzene 
( 1 : 1) and benzene-ether (97: 3) as eluents, to yield 12, 8, 
13, and 14 (in the order of elution). 

a) ( ± ) - 12 - Methoxyabieta - 8 , 1 1 , 1 3 - triene (ferruginyl 
methyl ether) (12) as an oil (76 m g : 33%>); N M R : 0.94 (s, 
6, - C ( C H 3 ) 2 ) , 1.14 (d, 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 1.18 (s, 3, 
C 1 0 -CH 3 ) , 3.15 (m, 1, - C H ( C H , ) 2 ) , 3.72 (s, 3, - O C H 3 ) , 
6.53 and 6.67 (each s, 2, C u - H and C 1 4 - H ) . Found : C, 
84.17; H , 10.76%. Calcd for C 2 1 H 3 2 0 : C, 83.94; H , 10 .73%. 

b) 8 (4.3 m g : 2 % ) , whose I R and N M R spectra were 
identical with those of (±)-12-methoxyabie ta-8 , l l ,13- t r ien-
6-one. 

c) (±)-6oc- and 6/?-Acetoxy-12-methoxyabieta-8,l 1,13-
triene (13) as an oil (115 m g : 42%0); I R : 1721 cm- 1 . T h e 
ratio of 6a- and 6ß-acetoxy compounds was found to be ca. 
3 : 2 by N M R analysis of the mixture, using signals due to 
C 6 - H at Ô 5.35 (m, WJ2=\9 Hz) and 5.65 (m, Wl/2= 10 Hz) 
ppm. 

d) (±)-12-Methoxyabieta-8, l l ,13-tr ien-6a-ol (14) as an 
oil (13 m g : 5 % ) ; I R : 3600 cm- 1 , N M R : 1.10, 1.10, and 1.15 
(each s, 9, - C ( C H 3 ) 2 and C 1 0 -CH 3 ) , 1.16 (d, 6, 7 = 7 Hz, 
- C H ( C H 3 ) 2 ) , 4.20 (m, 1, W 1 / 2 = 1 6 H z , < V H ) , 3.77 (s, 3, 
- O C H 3 ) , 6.58 and 6.78 (each s, 2, C n - H and C 1 4 - H ) . 

(±)-12-Methoxyabieta-8,ll,13-trien-6-one (8). a) A 
mixture of 13 (177 mg) and lithium aluminium hydride 
(20 mg) in dry ether (10 ml) was refluxed for 1 h. After the 

usual work-up, the crude alcohol was immediately oxidized 
at 0 °C for 5 min with the Jones reagent (8N, 12 drops) 
in acetone (3.0 ml) . T h e mixture was diluted with water, 
and the ether extract was washed with brine, dried, and 
evaporated. T h e product was then chromatographed on 
silica gel (15 g) , using benzene as the eluent, to give a ketone 
(127 m g : 8 2 % ) , whose I R and N M R spectra were identical 
with those of the trans-ketonz 8. 

b) A solution of 12 (110 mg) and 8 5 % lead tetraacetate 
(290 mg) in acetic acid (1.0 ml) was heated at 42—47 °C for 
1 h in a stream of nitrogen. T h e solution was then diluted 
with water and extracted with ether, and the extract was 
washed successively with water, aqueous sodium hydrogen-
carbonate, and water. T h e dried extract was evaporated 
to give a crude acetate (15) (129 mg) ; I R : 1720 cm- 1 , N M R : 
1.97 and 2.06 (each s, C 7 - O C O C H 3 ) . 

T h e above crude acetate (129 mg) was dissolved in ethanol 
(5.0 ml) containing 10% hydrochloric acid (1.0 ml) and 
refluxed for 2 h. After the solution had been diluted with 
ether, the ether solution was washed with brine, dried, and 
then evaporated to give (rt)-12-methoxyabieta-6,8,11,13-
tetraene (16) as an oil (109 m g ) ; N M R : 0.97, 1.01, and 1.04 
(each s, 9, - C ( C H 3 ) 2 and C 1 0 -CH 3 ) , 1.15 and 1.19 (each d 
and 7 = 7 Hz, 6, - C H ( C H 3 ) 2 ) , 3.21 (m, 1 , - C H ( C H 3 ) 2 , 3.79 
(s, 3, - O C H 3 ) , 5.78 (dd, 1, 7 = 3 and 10 Hz , C 6 - H ) , 6.42 (dd, 
1, 7 = 3 and 10 Hz , C 7 - H ) , 6.57 and 6.77 (each s, 2, C n - H 
and C 1 4 - H ) . 

A solution of 16 and 8 5 % m-chloroperoxybenzoic acid 
(90 mg) in chloroform (3.0 ml) was allowed to stand at room 
temperature for 6 h and then diluted with ether. T h e 
solution was washed successively with aqueous potassium 
iodide, aqueous sodium hydrogencarbonate , and brine. 
After the removal of the solvent, the crude epoxide (17) was 
refluxed with dilute hydrochloric acid in ethanol (5.0 ml) 
for 1 h and then diluted with ether. T h e ether solution was 
washed with brine, dried, and evaporated. T h e chromato­
graphic purification of the crude product afforded 8 (39 m g : 
3 4 % from 12). 

(±)-12-Hydroxyabieta-8,ll,13-trien-6-one (18). A 
solution of 8 (143 mg) and boron tr ibromide (0.2 ml) in di-
chloromethane (2.0 ml) was stirred at 0 °C for 30 min, diluted 
with ether, and then poured into ice water . T h e mixture 
was extracted with ether, and the extract was washed succes­
sively with aqueous sodium thiosulfate and brine. T h e dried 
ether solution was then evaporated to dryness and purified 
by column chromatography on silica gel (15 g) , using benzene-
ether (97 :3 ) as the eluent, to produce 18 (117 m g : 8 5 % ) , 
which was subsequently recrystallized from hexane-ace tone ; 
m p 134—135 °C, I R : 3605, 3360, 1707 cm" 1 , N M R : 1.08 
and 1.10 (each s, 6, - C ( C H 3 ) 2 ) , 1.20 (d, 6, 7 = 7 Hz , - C H -
(CH 3 ) 2 ) , 1.29 (s, 3, C 1 0 -CH 3 ) , 2.33 (s, 1, C 5 - H ) , 3.51 (s, 2, 
- C O C H 2 - ) , 6.15 (bs, 1, - O H ) , 6.67 and 6.73 (each s, 2, C n - H 
and C 1 4 - H ) . Found : C, 80.08; H , 9 .34%. Calcd for 
C 2 0 H 2 8 O 2 : C, 79.95; H , 9 .39%. 

(±)-Abieta-8,ll,13-trien-6ß,12-diol (19). A mixture of 
18 (117 mg) and lithium aluminium hydride (20 mg) in dry 
ether (10 ml) was refluxed for 1 h. T h e mixture was then 
poured into ice-aqueous ammonium chloride and extracted 
with ether. T h e extract was washed with brine. T h e dried 
extract was evaporated to give 19 (108 m g : 9 2 % ) , which was 
subsequently recrystallized from hexane-ace tone; m p 174— 
176 °C, I R : 3610, 3350 c m 1 , N M R (CDC13): 1.03 and 1.28 
(each s, 6, - C ( C H 3 ) 2 ) , 1.22 (d, 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 
1.53 (s, 3, C 1 0 -CH 3 ) , 4.5—4.9 (m, 2, - O H and C 6 - H ) , 6.67 
and 6.82 (each s, 2, C n - H and C 1 4 -H) . Found : C, 79.24; 
H , 9.94%. Calcd for C 2 0 H 3 0 O 2 : C, 79.42; H , 10.00%. 

(±)- 12-Benzoyloxyabieta- 8,11,13-trien- 6ß, 11-diol (20). 
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A solution of 19 (185 mg) and benzoyl peroxide (160 mg) in 
chloroform (10 ml) was allowed to stand at room temperature 
for 5 h, diluted with ether containing a small amount of acetic 
acid, and washed successively with aqueous potassium iodide, 
aqueous sodium thiosulfate, aqueous sodium hydrogen-
carbonate , and water . After drying over sodium sulfate, 
the solvent was removed and the residue was chromatographed 
on silica gel (35 g) , using benzene-ether (98: 2) as the eluent, 
to yield 20 (152 m g : 5 9 % ) , which responded positively to 
the Gibbs test;8) m p 2 0 1 — 201.5 °C (from hexane-acetone) , 
I R : 3580, 3400, 1743 cm- 1 , N M R (CDC13) : 1.04 and 1.23 
(each s, 6, - C ( C H 3 ) 2 ) , 1.20 (d, 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 
1.70 (s, 3, C 1 0 -CH 3 ) , 4.64 (m, 1, Wl/2 = 9Hz, C 6 - H ) , 6.62 
(s, 1, C u - H ) , 7.4—8.3 (m, 5, - C 6 H 5 ) . Found : C, 76.96; 
H , 8.20%. Calcd for C 2 7 H 3 4 0 4 : C, 76.74; H , 8 .11%. 

(zh)-Taxodione (1). A mixture of 20 (70.0 mg) and 
li thium aluminium hydride (30 mg) in dry tetrahydrofuran 
(10 ml) was refluxed for 1.5 h and then treated by a method 
similar to that used for 19. T h e crude product was immedi­
ately oxidized with the Jones reagent (3 drops) in acetone 
(2.0 ml) at 0 ° C for 2 min. After the usual work-up, the 
product was purified by column chromatography on silica 
gel (10 g) , using hexane-benzene ( 1 : 4 ) as the eluent, to 
yield an oil (1) (19.6 m g : 3 8 % ) ; I R : 3344, 1670, 1641, 1625, 
1616, 1598 cm- 1 , N M R : 1.10, 1.26, and 1.26 (each s, 9, 
- C ( C H 3 ) 2 and C 1 0 -CH 3 ) , 1.18 (d, 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 
2.50 (s, 1, C 5 - H ) , 6.13 (s, 1, C 7 - H ) , 6.85 (s, 1, C 1 4 - H ) , 7.50 
(s, 1, - O H ) . T h e I R and N M R spectra of ( ± ) - l were 
identical with those of na tura l taxodione. 

2- ( 2,6,6- Trimethyl- 1-cyclohexenyl) -1- ( 3-isopropyl-4-methoxy-
pheny) ethane (21). L i th ium aluminium hydride (110 mg) 
was added to a solution of anhydrous a luminium chloride 
(1.2 g) in dry ether (18 ml) , and then the mixture was stirred 
at room tempera ture for 100 min. T o the above solution 
we then added , d rop by drop , a solution of 6 (315 mg) in dry 
ether (4.0 ml) a t 5—6 °C over an 8-min period. T h e mixture 
was further stirred at this tempera ture for 30 min, poured 
into ice-di lute hydrochloric acid, and extracted with ether. 
T h e ether extract was washed with brine, dried over sodium 
sulfate, and evapora ted to give an oil which was purified by 
column chromatography on silica gel (30 g) , using hexane 
as the eluent, to yield 21 (142 m g : 4 7 % ) ; N M R : 1.04 (s, 6, 
- C ( C H 3 ) 2 ) , 1.20 (d, 6, 7 - 7 Hz , - C H ( C H 3 ) 2 ) , 1.65 (s, 3, 
=CCH 3 ) , 3.23 (m, 1, - C H ( C H 3 ) 2 ) , 3.74 (s, 3, - O C H 3 ) , 6.58 
(d, 1, 7 = 9 H z ) , 6.86 (dd, 1, 7 = 9 and 3 H z ) , and 6.9 (d, 1, 
7 = 3 Hz) (aromatic protons). Found : G, 84.14; H , 10.43%. 
Calcd for C 2 1 H 3 2 0 : C, 83.94; H , 10 .73%. 

(±)-12-Methoxyabieta-8,ll,13-triene (12). A mixture of 
21 (298 mg) , anhydrous a luminium chloride (140 mg) , and 
dry benzene (10 ml) was refluxed for 3 h. T h e mixture was 
then poured into water and extracted with ether. T h e 
extract was washed with water , dried, and then evaporated. 
T h e chromatographic purification on silica gel (30 g) yielded 
12 (155 m g : 5 2 % ) , whose I R and N M R spectra were identical 
with those of an authentic sample. 

(±)-Ferruginol (2). A solution of 12 (138 mg) and 
boron tr ibromide (0.2 ml) in dichloromethane (2.0 ml) was 
allowed to stand at room tempera ture for 2 h. T h e solution 
was then poured into water and extracted with ether. T h e 
extract was washed with brine, dried, and then evaporated 
to dryness. T h e crude product was purified by column 
chromatography on silica gel (15 g) , using hexane-benzene 
(6: 4) as the eluent, to give 2 as an oil (127 m g : 9 6 % ) ; I R : 
3605, 3355 cm- 1 , N M R : 0.93 (s, 6, - C ( C H 3 ) 2 ) , 1.11 (s, 3, 
C 1 0 -CH 3 ) , 1.19 (d, 6, 7 = 7 Hz , - C H ( C H 3 ) 2 ) , 3.08 (m, 1, 
- C H ( C H 3 ) 2 ) , 4.70 (s, 1, - O H ) , 6.42 and 6.67 (each s, 2, 
C u - H and C 1 4 - H ) . T h e I R and N M R spectra of the 

synthetic 2 were identical with those of authentic ferruginol. 
( ± ) -Ferruginyl Benzoate (22). A mixture of 2 ( 12 7 mg) 

and benzoyl chloride (0.1 ml) in pyridine (1.0 ml) was heated 
at 50 °C for 1 h. After the usual work-up, the crude product 
was chromatographed on silica gel (20 g) , using benzene as 
the eluent, to yield 22 (146 m g : 8 5 % ) , which was subsequent­
ly recrystallized from methanol ; m p 125—126 °G (lit,13) m p 
127—130 °C), I R : 1728 cm" 1 , N M R : 0.95 (s, 6, - C ( C H 3 ) 2 ) , 
1.19 (d, 6, 7 = 7 Hz, - G H ( G H , ) 2 ) , 1.21 (s, 3, C 1 0 -CH 3 ) , 
6.82 and 6.86 (each s, 2, C u - H and C M - H ) , 7.3—8.2 (m, 5, 
- C 6 H 5 ) . Found : C, 83.01 ; H , 8.75%,. Calcd for C 2 7 H 3 4 0 2 : 
C, 83.03; H , 8 .78%. 

(±)-12-Methoxyabieta-8,ll,13-trien-7-one (23). A 
mixture of 12 (161 mg) and chromium trioxide (160 mg) in 
acetic acid (5.0 ml) was stirred at room temperature for 11 h. 
After the usual work-up, the product was purified by column 
chromatography on silica gel (15 g) , using benzene as the 
eluent, to yield 23 (110 m g : 6 5 % ) , which was subsequently 
recrystallized from methanol ; m p 125—126 °C (lit,6) m p 
125—126 °C), I R : 1660 cm- 1 , N M R 0.95 and 1.00 (each s, 6, 
- C ( C H 3 ) 2 ) , 1.21 (d, 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 1.24 (s, 3, 
C 1 0 -CH 3 ) , 3.21 (m, 1, - C H ( C H 3 ) 2 ) , 3.87 (s, 3, - O C H 3 ) , 
6.66 (s, 1, C n - H ) , 7.69 (s, 1, C 1 4 - H ) . F o u n d : 80.01; H , 
9 .48%. Calcd for C 2 1 H 3 0 O 2 : C, 80 .21 ; H , 9 .62%. 

(±)-Sugiol (3). A solution of 23 (110 mg) and boron 
tr ibromide (0.3 ml) in dichloromethane (2.0 ml) was allowed 
to stand at room temperature for 4 h and then treated as has 
been described for 2. T h e crude product was chromato­
graphed on silica gel (15 g) and eluted with benzene-ether 
(99: 1) to give 3 (84 m g : 8 0 % ) , which was then recrystallized 
from methanol ; m p 246.5—247 °C, I R (KBr) : 3120, 1643 
cm- 1 , N M R (pyridine-^) : 0.83 and 0.87 (each s, 6, - C ( C H 3 ) 2 ) , 
1.14 (s, 3, C 1 0 -CH 3 ) , 1.35 (d, 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 
3.60 (m, 1, - C H ( C H 3 ) 2 ) , 7.05 (s, 1, C n - H ) , 8.30 (s, 1, C 1 4 -H) . 
Found : C, 79.73; H , 9 .25%. Calcd for C 2 0 H 2 8 O 2 : C, 79.95; 
H , 9 .39%. 

(±)-Sugiyl Acetate (24). A solution of 3 (49 mg) and 
acetic anhydr ide (0.2 ml) in pyridine (2.0 ml) was heated a t 
50—55 °C for 3 h. T h e crude product was then chromato­
graphed on silica gel (10 g) and eluted with benzene to 
afford 24 as an oil (47 m g : 8 5 % ) ; I R : 1753, 1675 cm- 1 , 
N M R (CDC13): 0.93 and 1.01 (each s, 6, - C ( C H 3 ) 2 ) , 1.22 
(d, 6, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 1.25 (s, 3, C 1 0 -CH 3 ) , 2.32 (s, 
3, - O C O C H 3 ) , 2.99 (m, 1, - C H ( C H 3 ) 2 ) , 6.96 (s, 1, C n - H ) , 
7.94 (s, 1, C 1 4 - H ) . Found : C, 77.44; H , 8 .88%. Calcd for 
C 2 2 H 3 0 O 3 : C, 77.15; H , 8 .83%. The N M R spectrum was 
identical with that published7) for ( + )-sugiyl acetate. 

(±)-Sugiyl Benzoate (25). A solution of 3 (48 mg) , 
benzoyl chloride (0.1 ml) , and pyridine (1.0 ml) was heated 
at 50—55 °C for 1 h. T h e crude product was then chromato­
graphed on silica gel (15 g) and eluted with benzene-ether 
(99: 1) to give 25 (57 m g : 88%,), which was subsequently 
recrystallized from methanol ; m p 164—166 °C, I R : 1734, 
1673 cm- 1 , N M R : 0.97 and 1.02 (each s, 6, -C (CH 3 ) 2 ) , 
1.25 and 1.27 (each d a n d 7 = 7 Hz, 6, - C H ( C H 3 ) 2 ) , 1.28 
(s, 3, C 1 0 -CH 3 ) , 3.06 (m, 1, - C H ( C H , ) 2 ) , 7.02 (s, 1, C n - H ) , 
7.89 (s, 1, C 1 4 - H ) . Found : C, 80.05; H , 8 .11%. Calcd for 
C 2 7 H 3 2 0 3 : C, 80.16; H , 7 .97%. 
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S'^'-Dideoxykanamycin B was prepared from kanamycin B via 4",6"-0-cyclohexylidenation, iV-benzyloxy-
carbonylation, 3',4',2"-tri-0-benzylsulfonylation, double bond formation at C-3',4', removal of the cyclohexylidene 
group, simultaneous removal of the JV,0-protecting groups with sodium metal in liquid ammonia and hydrogéna­
tion of the resulting 3',4'-dideoxy-3'-eno-kanamycin B. 

3',4'-Dideoxykanamycin B1) (Dibekacin) (10) has 
strong antibacterial activities against usual and resistant 
bacteria including Pseudomonas aeruginosa. The first1) 
and an improved synthesis2) have been reported. This 
paper describes another synthesis of 10. 

In this synthesis, various protecting groups used in 
transformation of aminoglycoside antibiotics were first 
studied to increase the yield of 10. 

In order to prepare kanamycin derivatives, protection 
of the amino groups is generally the requisite step which 
comes first, but we tried, in this paper, to protect the 
4"- and 6"-hydroxyl groups in advance to the protection 
of the amino groups. In this at tempt, kanamycin B 
(KMB) was converted to its penta-/?-toluenesulfonate (1) 
in order to raise the solubility of kanamycin B in organic 
solvents. T h e pentasulfonate was treated with 1,1-
dimethoxycyclohexane in iV,iV-dimethylformamide 
(DMF) in the presence of ^-toluenesulfonic acid in 
a manner as described in a previous paper2) to give 
4",6"-0-cyclohexylidene-kanamycin B (2) in 8 5 % yield. 
Similar t reatment of the pentasulfonate (1) with 2,2-
dimethoxypropane gave the corresponding 4",6"-0-
isopropylidene derivative (3). T h e low yield (48%) of 
the latter compound will be due to3) the low boiling 
point of the ketal reagent. I t was surprising that 2 and 

NH, 

KMB-5CH3 -@-S03H 

2 : 

3 : 

R=0< 

3 (especially 3) retained antibacterial activity as shown 
in Table 1. As already reported, even minor modifica­
tions of 6-amino-6-deoxyglucose and 2,6-diamino-2,6-
dideoxyglucose moieties of kanamycin (3'-0-methyl-
kanamycin4)) and neamine (3'- and 4'-0-methylne-
amines5)) gave derivatives almost devoid of antibacterial 
activity. However, it seems that the antibacterial 
activity is not strongly reduced by minor modifications 
of the 3-amino-3-deoxyglucose moiety of kanamycins or 
other related antibiotics. 

T h e amino groups of 2 were protected with benzyl 
chloroformate in a usual manner to give 4 in 94% yield. 
To carry out 3',4'-di-0-sulfonylation, which is the 
requisite step for making 3',4'-unsaturation bond, 
benzylsulfonylation was adopted from the following 
reason. In iV-tosyl derivatives2) of kanamycin B, 3',4'-
dibenzylsulfonylation can smoothly be carried out and 
the 2"-0-benzylsulfonyl group, which is simultaneously 
formed, can readily be removed in addition to the 
iV-tosyl groups in a later step without formation of 
2",3"-epimine. O n the other hand, 3',4'-di-0-tosylation 
was shown to be difficult to attain on account of steric 
hindrance caused by the first tosyl group introduced 
at C-3 ' or C-4' of the iV-ethoxycarbonyl derivative6) 
of kanamycin B. Instead of tosylation, 3' ,4 '-di-0-

NHZ 

Hz ) \ ) VNHZ 

.OR' 

NHZ 

Z^CHf i^ 

R R* 

4 H H 
5 SOjCKjCgHs H 

6 * SOPW^ 

Cxo0 
NHZ 7 

o(04^0/ 
OSO^^CgHj 

1-1 „ ï "2 

AH2 J 
HO 

10 (3',4'-Dideoxykanamycin B) 
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TABLE 1. ANTIBACTERIAL SPECTRA OF 2, 3, 9, 10, AUTHENTIC SAMPLE OF 10, AND KANAMYCIN B (KMB) 

Test organisms** 

Staphylococcus aureus FDA 209P 
Sarcina lutea PCI 1001 
Bacillus subtilis NRRL B-558 
Klebsiella pneumoniae PCI 602 
Salmonella typhi T-63 
Escherichia coli K-12 
Escherichia coli K-12 ML 1629b> 
Pseudomonas aeruginosa A3 
Mycobacterium smegmatis ATCC 607c> 

/ 
KMB 

0.39 
12.5 

< 0 . 2 
0.39 

< 0 . 2 
0.78 

>100 
25 

1.56 

Minimal inhibitory concentration 

2 

1.56 
50 

0.78 
6.25 
0.39 
1.56 

>100 
>100 

25 

3 

0.78 
12.5 
0.4 
1.56 
0.78 
0.78 

>100 
>100 

12.5 

9 

1.56 
>100 

0.78 
12.5 
12.5 
12.5 
25 
12.5 
3.12 

(mcg/ml) 

10 

< 0 . 2 
12.5 

< 0 . 2 
0.78 
0.78 
0.39 
0.78 
0.39 
0.39 

10 
(authentic) 

< 0 . 2 
12.5 

< 0 . 2 
0.78 
0.39 
0.39 
0.78 
0.39 
0.39 

a) Agar dilution streak method (nutrient agar, 37 °C, 18 h), b) A strain of clinical origin having the ability 
of phosphorylating the 3'-hydroxy 1 group of kanamycin B. c) 48 h. 

mesylation is also possible, however, 2"-0-mesyl group, 
which is simultaneously formed, resists7) sometimes to 
elimination in t reatment with sodium metal in liquid 
ammonia in comparison to the 2"-0-benzylsulfonyl 
group. In view of these results benzylsulfonylation was 
selected. When 4 was treated with benzylsulfonyl 
chloride in pyridine-collidine ( 1 : 1 ) , 3' ,4' ,2"-tri-0- (5) 
and 5,3',4',2"-tetra-0-benzylsulfonyl (6) derivatives were 
formed. The formation of the 5-0-sulfonate was 
unexpected, because 5-0-acylation of kanamycins in 
pyridine occurs scarcely, in general. Since 6 gave, in 
the next unsaturation step, an unidentified product, 5 
was selected for the precursor for unsaturation and an 
effort was made to increase the yield of 5. When 4 was 
treated with four equivalents of benzylsulfonyl chloride 
for 4 at —20 °C for 4.5 h, 5 was obtained in 9 8 % 
yield. 

3' ,4'-Unsaturation of 5 was tried firstly with sodium 
iodide in D M F in a similar fashion as described2) for 
3',4' - di - 0 - benzylsulfonyl - penta - N- tosylkanamycin B 
derivative, however, no unsaturated compound was 
obtained as previously2) experienced. Raising the 
reaction temperature or prolongation of the reaction 
period also failed to give the desired product. Addition 
of zinc dust, however, readily gave the 3' ,4 '-unsaturated 
derivative (7) in 8 6 % yield. The presence of the 3',4'-
unsaturation bond was supported by the optical rota­
tion1 '2 '8) and also by the P M R spectrum, in which a 
2-proton AB quartet [Jf» 11 Hz) assignable to protons of 
eis double bond8) was observed. In this reaction, no 
2",3"-aziridine as experienced in the above-described 
iV-tosyl derivative2) of kanamycin B was formed. These 
features of reactions may be due to the nature of the 
iV-protecting groups, i.e. the benzyloxycarbonyl and 
tosyl groups. 

Acidic hydrolysis of 7 gave the decyclohexylidenated 
product (8). Trea tment of 8, which has been carefully 
purified to remove inorganic impurities,9) with sodium 
metal in liquid ammonia at —50 °C for 1 h gave 
the desired 3',4'-unsaturated derivative (9), both the N-
benzyloxycarbonyl10) and O-benzylsulfonyl groups being 
readily removed. Catalytic hydrogénation of 9 gave 
3',4'-dideoxykanamycin B (10) in 9 5 % yield. T h e 
physical constants, I R and P M R spectra, and anti­
bacterial activity were identical with those of specimen 

previously prepared.1 '2) Overall yield of 10 from 
kanamycin B was over than 5 0 % of the theoretical. 

Antibacterial activities of the synthesized products and 
related antibiotics are ahown in Table 1. T h e anti­
bacterial activity of 9 was found to be fairly weaker than 
that of 3' ,4'-dideoxykanamycin B (10), although 9 
inhibited growth of resistant bacteria and Pseudomonas 

Experimental 

PMR spectra were recorded at 60, 90, and 100 MHz with 
Hitachi R-24A, Varian EM-390, and Varian XL-100 spectro­
meters, respectively. Thin-layer chromatography (TLC) was 
performed on Wakogel B-5 with sulfuric acid spray for detec­
tion. Paper chromatography (PPC) was carried out on 
Toyo-Roshi No. 50 descending with 1-butanol-pyridine-water-
acetic a c i d = 6 : 4 : 3 : 1 and detected by 0.5% ninhydrin in 
pyridine. For column chromatography, silica gel (Wakogel 
C-200) was used. For experiments at lower than 0 °C, cooling 
assembly of Haake constant temperature circulator KS60W 
was used. 

Kanamycin B Penta-p-toluenesulfonate (1). To an aqueous 
solution (5 ml) of kanamycin B monocarbonate (4.1 g), p-
toluenesulfonic acid monohydrate (8.5 g) was added and to 
the acidic solution (pHüs»l), acetone (300 ml) was added. 
Precipitates were collected, washed thoroughly with acetone 
and dried in vacuo in a desiccator to give kanamycin B penta-
/»-toluenesulfonate as tetrahydrate, 10.17 g (96%), [a]2

D
5 +55° 

(c 1, water). 
Found: C, 45.15; H, 5.65; N, 4.83; S, 11.29%. Calcd for 

C18H37N5O10.5C7H8O3S.4H2O: C, 44.94; H, 6.05; N, 4.94; 
S, 11.32%. 

4",6"-0-Cyclohexylidenekanamycin B (2). Compound 1 
tetrahydrate (5.16 g) was dried at 60 °C in vacuo in the presence 
of CaHa for 2.5 h and the dried 1 was dissolved in dry DMF 
(26 ml). To the solution, anhydrous />-toluenesulfonic acid 
(1.85 g) and 1,1-dimethoxycyclohexane (4.2 ml) were added 
and the solution was kept at room temperature overnight, 
further at 50 °C for 30 min and at 65 °C for 15 min in vacuo 
(both at 20 Torr). The solution contained two components, 
2 (major, TLC, Rt 0.38 with l-BuOH-EtOH-CHCl3-17% 
N H 4 O H = 4 : 4 : 2 : 3 , doubly developed; cf. 1, Rt 0.05) and 
dicyclohexylidene derivative (R{ 0.52). Water (0.015 ml) 
was added and the solution was kept at room temperature 
overnight. Dicyclohexylidene derivative almost disappeared. 
The solution was poured into 8 M ammonia solution (20 ml) 
with vigorous stirring and concentrated in vacuo. The residue 
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was dissolved in water and the solution was passed through a 
column of Amberl i te I R A 900 ( O H form, 50 ml) with water . 
T h e ninhydrin-positive fractions were concentrated to give 
a solid (2.8 g) , which was further chromatographed over 
GM-Sephadex C-25 (NH 4 form, 300 ml) with 0.03-^0.15 M 
ammonia (gradually changed) . After minor product was 
eluted («»0.2 g) , 2 was eluted, 1.93 g (85% as monocarbonate) , 
[oc]2D

5 + 1 1 4 ° (c 1, w a t e r ) ; P M R (D aO) Ô: 1.0—2.2 (12H, 
H-2,2 and cyclohexylidene), 4.98 and 5.32 (each 1H d, 7 « * 
3 Hz , anomeric) . 

Found : C, 48 .31 ; H , 7.77; N , 11 .31%. Calcd for C2 4H4 5-
N 5 O 1 0 . H 2 C O 3 : C, 47.97; H , 7.57; N , 11.20%. 

4''',6''-O-Isopropylidenekanamycin B (3). Compound 1 
te t rahydrate (100 mg) was treated with 2,2-dimethoxypropane 
(0.1 ml) similarly as described for 2 to give 3 as a solid of 
monocarbonate , 20.0 mg (48%) . Recovered 2 was 13 mg. 

Compound 3 : [a]2
D

5 + 1 1 0 ° {c 0.5, w a t e r ) ; P M R ( D 2 0 ) 
Ô: 1.94 and 2.07 (each 3 H s, (CH 3 ) 2 C). 

Found : C, 45.10; H , 7.47; N , 11.74%. Calcd for C2 1H4 1-
N 5 O 1 0 . H 3 C O 3 : C, 45 .12 ; H , 7.40; N , 11.96%. 

Penta-N-benzyloxycarbonyl-4"',6"-0-cyclohexylidenekanamycin B 
(4). T o a stirred mixture of 2 ( 1.60 g) and anhydrous 
sodium carbonate (1.57 g) in acetone (16 ml ) -wa te r (16 m l ) -
methanol (1.6 ml) , benzyl chloroformate (2.05 ml) was added 
and the mixture was stirred at room tempera ture for 2 h. 
After concentrat ion, the residue was washed successively 
with ether and water and dried, 2.97 g (94%) , [a]2

D
5 + 4 7 ° 

(c 1, pyr id ine) ; I R (KBr) : 1700, 1520 cm- 1 . 
F o u n d : C, 62.06; H , 6 .11; N , 5 . 6 1 % . Calcd for C6 4H7 5-

N 5 O 2 0 : C, 62.28; H , 6.12; N , 5 .67%. 
Penta-N-benzyloxycarbonyl-3',4',2"-tri-0- and 5,3',4',2"-tetra-

O-benzylsulfonyl-4"',6''-O-cyclohexylidenekanamycin B (6 and 5). 
Reaction 1. T o a cold solution ( - 2 0 °C) of 4 (1.00 g) in 
dry pyridine-coll idine ( 1 : 1 , 20 ml ) , benzylsulfonyl chloride 
(925 mg, 6 equivalents for 4) was added and the solution was 
kept at — 20 °C for 20 h. T h e solution was gradual ly wa rmed 
to 3 °C in 20 min and further kept at the tempera ture for 2 h . 
Wate r (0.1 ml) was added to stop the reaction and the solution 
was allowed to s tand at 3 °C for 1 h. T h e solution was poured 
into aqueous 0 .05% sodium carbonate solution. Slightly 
yellow precipitates were collected, washed with water , and 
dissolved in chloroform. T h e solution was washed with 
water , dried ( N a 2 S 0 4 ) , and concentrated to give a solid 
(1.67 g) . T h e solid was chromatographed over silica gel 
with ch loroform-ace tone= 12: 1 to give 5 (847 mg, 6 2 % , 
R{ 0.5 with benzene-ethyl a c e t a t e = 2 : 1) and 6 (327 mg, 
2 2 % , Rt 0.77). 

5 : m p 198—205 °C (dec), [a]2
D

5 + 5 9 ° (c 0.8, dioxane). 
F o u n d : C, 59.90; H , 5 .45; N, 4 .03; S, 5 .67%. Calcd for 

C 8 5 H 9 3 N 5 0 2 6 S 3 : C, 60.17; H , 5.52; N , 4 .13 ; S, 5 .67%. 
6 : m p 110—114 °C, [a]^5 + 5 2 ° (c 0.8, d ioxane) . 
F o u n d : C, 59.68; H , 5.40; N , 3.69; S, 6 .79%. Calcd for 

C 9 2 H 9 9 N 5 0 2 8 S 4 : C, 59.70; H , 5.39; N , 3.78; S, 6 .93%. 
Reaction 2. T o a cold solution ( - 2 0 °C) of 4 (200 mg) 

in dry pyridine (4 ml) , benzylsulfonyl chloride (123 mg, 4 
equivalents for 4) was added and the solution was kept a t 
- 2 0 °C for 4.5 h . After addit ion of water (0.02 ml) , the 
solution was further kept a t the tempera ture for 1 h. T h e 
solution contained, on checked by T L C , 5 accompanied by 
only a slight amont of 6. T h e solution was poured into 
aqueous 0 .05% sodium carbonate solution. Colorless solid 
precipitated was then treated similarly as described in Reac ­
tion 1 (but without column chromatography) to give a solid, 
which was purified by reprecipitation with chloroform-hexane 
to give 5, 270 mg ( 9 8 % ) . 

Penta-N-benzyloxycarbonyl-2''-O-benzylsulfonyl-4"',6''-O-cyclo-
hexylidene-3'',4''-dideoxy-3'-eno-kanamycin B (7). A mixture 

of 5 (169 mg) , sodium iodide (1.7 g) , and zinc dust (840 mg) 
in dry D M F (3.4 ml) was stirred at 95 °C for 35 min. T h e 
solution, which soon solidified on cooling, was extracted with 
chloroform (7 m i x 6). T h e solution was washed with water, 
dried ( N a 2 S 0 4 ) , and concentrated. T h e resulting syrup was 
dissolved in a mixture of hot chloroform (16 ml) and hexane 
(6 ml) and gradual ly cooled to give precipitates. After 
filtration, hexane was added to the filtrate to give additional 
precipitates. T h e process was further repeated three times. 
Precipitates combined were chromatographically homo­
geneous colorless solid, 115mg (86%) , [a]^5 + 1 2 . 5 ° (c 0.8, 
d ioxane) ; P M R (CDC13) : ô 1.1—1.9 (12H, H-2,2 and cyclo­
hexylidene), d«»5.5 (12H, CH 2 Ph) , a deformed AB quartet 
(2H, 7«*11 Hz) centered at ô 5.6 (H-3 ' ,4 ' ) . 

Found : C, 62.73; H , 5.96; N , 5.04; S, 2 .32%. Calcd for 
C 7 1 H 7 9 N 5 O 2 0 S: C, 62.96; H , 5.88; N , 5.17; S, 2 .32%. 

Penta-N-benzyloxycarbonyl-2/'-0-benzylsulfonyl- 3'', 4' -dideoxy-3'-
eno-kanamycin B (8). A suspension of 7 (115mg) in a 
mixture of dioxane (0.25 ml ) -wa te r (0.15 ml)-acet ic acid 
(1.6 ml) was heated at 80 °C for 2.5 h. T h e solution showed, 
on T L C with ch lo ro fo rm-ace tone=2 : 1, a spot a t Rt 0.15 (8), 
and the spot of R{ 0.85 (7) disappeared. T h e solution was 
concentrated with several additions of toluene to give a 
residue, which was dissolved in dioxane. Addition of water 
gave precipitates, which were washed with hexane and with 
water to give a solid, 104 mg (96%) , [a]^5 + 1 0 ° (c 0.2, 
dioxane) . 

Found : C, 61.43; H , 5 .71 ; N , 5.70; S, 2 .78%. Calcd for 
C 6 5 H 7 1 N 5 O 2 0 S: C, 61.26; H , 5.62; N, 5.50; S, 2 .52%. 

3',4'-Dideoxy-3'-eno-kanamycin B (9). A hot solution of 
8 (61 mg) in dioxane (4 ml) was filtered with aid of absorbent 
cotton in close distance of a ba r magnet , and to the filtrate, 
Dowex 50W X2 resin (H form, 1 ml) pretreated with dioxane 
was added. After agitation for a while, the mixture was 
filtered and the filtrate was concentrated. T h e residual 
solid was dried a t 65 °C in vacuo for 2 h. An air-proof vessel 
containing the above solid was cooled to —60 °C and to it, 
ammonia was introduced. T o the resulting solution («»18 
ml) , a piece of sodium meta l («»120 mg) was added and the 
solution was warmed to —50 °C with stirring within 15 min. 
T h e deep-blue solution was kept a t the temperature for 1 h. 
After addit ion of methanol , ammonia was evaporated with 
g radua l warming to room temperature . T o an aqueous 
solution of the residue, Dowex 50W X2 resin (H form, 4 ml) 
was added and after agitation for a while, the mixture was 
poured into a column containing the same resin (3.5 ml) . 
T h e column was washed thoroughly with water and the 
product was eluted with 1 M aqueous ammonia . T h e nin­
hydrin-positive fractions were collected and concentrated 
to give a solid, which was thoroughly dried in vacuo to give 9 
as monocarbonate , 23.8 mg (97%) , [ce] g + 4 4 ° (c 0.4, wa te r ) ; 

9 has slightly slower mobility than tha t of 10 on PPC, and 9 
gives bluish brown coloration (cf. 10, blue) with ninhydrin 
in pyridine. P M R ( D a O + s l i g h t DC1) Ô: 1.3 (1H q, 7«»12 
Hz , H-2 a x ) , 2.0 (1H double t, 7 = 3 — 4 , 3—4, and 12 Hz, 
H-2 e q ) , 5.0 (1H m, H - l ' ) , 5.4 (1H, d, 7 = 3 Hz, H - l " ) , 5.82 
(2H, slightly broadened s, H-3 ' ,4 ' ) . 

F o u n d : C, 44.76; H , 7 .51; N , 13.75%. Calcd for C18H35-
N 5 0 8 . H a C 0 3 : C, 44 .61 ; H , 7.29; N , 13.69%. 

3',4'-Dideoxykanamycin B (10). T o an aqueous solution 
(0.3 ml) of 9 monocarbonate (12.1 mg) , plat inum oxide 
(^»3 mg) was added and the mixture was hydrogenated with 
hydrogen under pressure (3.5 kg/cm2) at room temperature 
for 1.5 h. Filtration followed by concentration gave a solid, 
which was dried thoroughly to give 10 as monocarbonate, 
11.5 mg (95%) , [a]2,5 + 1 0 9 ° (c 1, water) (lit,1) + 1 3 2 ° as 
free base). 
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Found : C, 44.91 ; H , 7.96; N , 13 .63%. Calcd for C1 8H3 7-
N 5 0 8 . H 2 C 0 3 : C, 44.44; H, 7.65; N, 13.64%. 
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The benzannelated annulenones VII and XI have been synthesized to establish the effect of annelation of 
benzene ring on the seventeen-membered ring system. An examination of the NMR spectra suggested that both 
of VII and XI are paratropic and the paratropicities decrease in the order of VII^>XI with the number of benzene 
ring fused to seventeen-membered ring system. 

As reported in the previous papers,1) the monobenzo-
(I) and dibenzobisdehydro[13]annulenone (II) were 
prepared by an aldol condensation of an appropriate 
aldehyde and ketone containing terminal acetylene 
group, followed by an oxidative coupling of the resulting 
acyclic ketone. T h e same approach has been now 
extended to synthesis of a next higher ( 4 « + l ) -membered 
ring system. T h e present paper deals with the synthesis 
and properties of the respective vinylogues of I and I I , 
i.e., 12-methylbenzo[/]- (VII) and dibenzo[/, /]-8,10-
bisdehydro[17]annulenone (XI).2) 

0 

I II 
As outlined in Scheme, the methylbenzo[17]-

annulenone (VII) was synthesized as follows. T h e 
starting material was the available cw-3-methyl-2-
penten-4-ynal (III).3) This substance was converted 
to the vinylogue (IV) in an 8 8 % overall yield by 
transformation to the diethyl acetal of I I I followed by 
condensation with ethyl vinyl ether in the presence of 
zinc chloride and t reatment of the ethoxy acetal of the 
resulting vinylogue with sodium acetate in acetic acid 
according to the method of Isler et <?/.4»5) o-Ethynylcin-
namaldehyde ( IX) , prepared from o-ethynylbenzalde-
hyde (VII I ) as has been reported previously,6) was 

condensed with acetone in the presence of aqueous 
sodium hydroxide to afford the ketone (V) in a high 
yield. Aldol condensation of the dienyne aldehyde (IV) 
and the ketone (V) by means of methanolic potassium 

TABLE 1. 1H-NMR PARAMETERS OF VI AND VII IN 
CDC13 AT 100 MHz (T-values; internal standard, 

TMS; J in Hz in parentheses) 

Proton 

HA 

HB 

H c 

HD 

H A / 

HB ' 
H c ' 
HD ' 
HE ' 
CH3 

VP) 

3.53d(15)b> 
2.48dd(15,ll)c> 
3.05dd(15,ll)d> 
2.49d(15) 
3.44(15)1') 
2.53dd(15,ll)c> 
3.54dd(15,ll)d> 
2.45dd(15,ll)c> 
2.95d(ll) 
8.10s 

Benzenoid2 5 2 _ 2 7 8 m 

VII 

4.03d(16)e> 
2.28—2.78f>h> 
3.51dd(16,ll)s> 
1.94d(16) 
4.00d(16)e> 
2.10dd(16,ll)f> 
3.76dd(16,ll)e> 
1.85dd(16,ll)f> 
3.50d(ll) 
8.13s 

2.28—2.78m 

Avu-vr) 
+ 0.50 

+ 0.46 
- 0 . 5 5 
+ 0.56 
- 0 . 4 3 
+ 0.22 
- 0 . 6 0 
+ 0.55 
+0 .03 

a) In addition, two singlets at 6.57 and 6.61 ( -OCH) . 
b),c),d),e),f),g) These assignments may be reversed in 
each group, but most probable values are given by refer­
ring to the NMR spectra of the related compounds.1) 
h) This proton signal is submerged by those of benzenoid 
protons, i) This exhibits the chemical shift differences 
for the resonances on passing from IV to V. 

X CHO A™ * 
5$ 

III 

a CHO 

VIII 

* T h e author to whom correspondence should be addressed. 
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TABLE 2. 1H-NMR PARAMETERS OF X AND XI AT 90 MHz (r-values; 
Internal Standard, TMS ; J in Hz in Parentheses) 

Proton X in CDCl/> XI in CDC13 XI in GF3COOD A X I - X 

Ï Ï 1 3.43d(15) 3.92d(16) 3.60d(16) +0 .49 
HB 3.05dd(15,ll) 2.28dd(16,ll) 1.18dd(16,ll) - 0 . 7 7 
H° 3.33dd(16,ll) 3.20dd(16,ll) (+1 .0—+0.53) 
HD 2.08d(16) 1.03d(16) ( - 0 . 7 2 0.22) 

2 .3-2.8m b> 

a) In addition, a singlet at 6.63 (-C=CH). 
b) The resonances of H c and HD protons are submerged by those of benzenoid protons. 

hydroxide gave the acyclic ketone (VI) in a 3 8 % yield. 
Oxidation of V I with copper(II) acetate in pyridine7) 
afforded the monobenzannelated annulenone (VII) as 
yellow crystals in a low yield. 

While, a condensation of 2 molar equivalents of I X 
with 1 molar equivalent of acetone, under the same 
conditions as indicated for the reaction of IV and V, 
afforded the acyclic ketone (X) in a 2 8 % yield as orange 
crystals. Oxidation of X as before yielded the dibenzan-
nelated annulenone (XI) as yellow crystals. 

An inspection of the Dreiding molecular model reveals 
that the title compounds V I I and X I should have the 
assigned conformations corresponding to those for I and 
I I , respectively. 

The 1 H - N M R parameters of the compounds thus 
obtained are shown in Tables 1 and 2. T h e comparison 
of V I and V I I (Table 1) suggests that the compound 
V I I is paratropic, as expected for a potential 16?T-
electron system due to the polarization of the carbonyl 
group, since the inner proton (HB, HB / , HD , HD/) 
resonances have moved to a lower field, and the outer 
(HA, HA / , H c , H c ' , HE ' ) and methyl ones to a higher 
field, as compared with those of the corresponding 
protons of the acyclic analogue (VI) , respectively. 

The similar result as above is obtained for the com­
parison of the parameters between X and X I (Table 
2),8> although the chemical shift differences are smaller 
than those between V I and V I I . Furthermore, the 
chemical shifts of the olefinic protons of X I in CF 3 -
C O O D (the carbonyl protonated species) also suggest 
that X I is paratropic, if we consider the small downfield 
shift of all protons may be caused by introduction of 
the positive charge. 

XII XIII 

In order to obtain an approximate measure of the 
effect of benzannelation on seventeen-membered ring 
system, the 1 H - N M R parameters of the model com­
pounds (XII and X I I I ) synthesized by Ojima and 
Sondheimer,9) are listed in Table 3. 

As shown in Tables (1, 2, 3), an examination of the 
N M R spectra demonstrated that the seventeen-member-

TABLE 3. XH-NMR PARAMETERS OF XII AND XIII AT 
60 MHz (T-values; internal standard, 

TMS ; J in Hz inparentheses) 

Proton XIP> XIII A X I I I - X I I 

HA 3.57d(16) 4.20d(16) +0 .63 
HB 2.64dd(16,ll) 1.37dd(16,ll) - 1 . 2 4 1.55 

or or 
2.92dd(16,ll) 1.40dd(16,ll) 

H c 3.61dd(16,ll) 3.98dd(16,ll) +0 .37 
HD 2.64dd(16,ll) 1.37dd(16,ll) - 1 . 2 4 1.55 

or or 
2.92dd(16,ll) 1.40dd(16,ll) 

HE 3.60d(ll) 3.67d(ll) +0 .07 
CH3 8.01s 8.23s +0 .22 

a) In addition, a singlet at 6.59 (-GsCH). 

ed ring system in dimethyl compound X I I I is paratropic, 
in monobenzo-fused compound V I I , it is less paratropic, 
and in dibenzo-fused compound X I , it is at most 
weakly paratropic. The sequence can be seen in 
particular by the downfield shifts, as compared with the 
respective models (XI I I , V I I , X I ) , of the inner proton 
(HB, HB ' , HD , HD/) bands [ ( - 1 . 2 4 1.55), ( - 0 . 4 3 — 
—0.60), (—0.22 0.77) ppm, respectively], and the 
chemical shifts [(1.37—1.40), (1.85—),10) (2.08—2.28) 
T, respectively]. 

T h e result obtained in the above is accord with that 
on thirteen-membered ring system obtained by us.1) 

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

The deoxygenated ether, methanol, and acetone were used 
to minimize an oxidation of the compounds used for aldol 
condensation and prepared immediately before use. The 
ether was freed from a peroxide by passing through a short 
column of basic alumina (Woelm, Act. I) followed by flush­
ing with nitrogen. The methanol and acetone were flushed 
by nitrogen immediately prior to use. All 20% methanolic 
potassium hydroxide solutions were prepared before each use 
by dissolving 10 g of potassium hydroxide in 50 ml of methanol 
and flushing the solution with nitrogen. All the melting 
points are uncorrected. Brockmann alumina (Act. II—III) 
was used for column chromatography unless otherwise indi­
cated. The IR, UV, and mass spectra were taken on a 
Hitachi EPI-S2 or a Unicam SP-200, a Hitachi 124 or a 
Unicam SP-800, and a JEOL-JMS-SG-2 or an AEI MS-12 
spectrometers, respectively. Shoulders in UV spectra are 
denoted by sh, and wavelength of absorption maximum is 
recorded in nm and e-values are given in parentheses. NMR 
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spectra were taken on a Var ian XL-100, a Var ian EM-930, 
a J E O L - J N M - M H - 6 0 or a Var ian T-60 spectrometer. 
Chemical shifts are given in r-values with respect to T M S as 
an internal s tandard, while the coupling constants (J) are 
given in Hz . 

5-Methyl-2,4-heptadien-6-ynal (IV)^ A 1% solution of 
jb-toluenesulfonic acid monohydra te in absolute ethanol (9 
drops) was added to a solution of the aldehyde ( I I I , 3.0 g, 
0.032 mol) and ethyl orthoformate (6.0 g, 0.04 mol) in absolute 
ethanol (5 ml) . After being stirred at room tempera ture for 
24 h, the mixture was treated with pyridine (0.5 ml) and 
poured into 2 % aqueous sodium hydrogencarbonate (50 ml) . 
Extraction with ether, drying over magnesium sulfate, and 
evaporation of the solvent yielded the crude diethyl acetal 
of I I I as a red liquid. T h e liquid was dissolved in ethyl 
acetate (5 ml) and warmed to 35 °G in a flask equipped with 
two dropping funnels, a condenser, and a magnetic stirrer. 
A 10% solution of zinc chloride in ethyl acetate (10 drops) 
was added, and then simultaneously this solution (5 ml) and 
ethyl vinyl ether (20 ml) dur ing 15 min with stirring a t 35 °C. 
T h e mixture was stirred for 2 h at room temperature , stop­
pered, and allowed to stand for 17 h. A solution of sodium 
acetate (10 g) in water (7 ml) and acetic acid (100 ml) was 
then added, and the mixture was heated to 90 °C for 2 h . 
Dilution with water (500 ml) , extraction with ether, drying 
over magnesium sulfate, and evaporation gave a residue, 
which was chromatographed on a lumina (100 g, Woelm, 
Act. I I I ) . Elution with pen tane-e ther ( 9 6 : 4 — 9 4 : 6 ) and 
evaporation of the solvents gave the aldehyde (IV, 3.4 g, 
88%) as pale yellow liquid, I R (nea t ) : 3250 ( -C=CH) , 2100 
( -C=C-) , 1675, 1615 ( C = 0 , C=C), 980 c m - 1 {trans G=C), 
U V : Ä r 290 (24100), 300 sh n m (23100), N M R (CDG13 , 
60 M H z ) : 0.33 (d, 7 = 8 , 1H, - C H O ) , 2.47 (dd, 7 = 1 5 , 11, 
1H, H B ) , 3.47 (d, 7 = 1 1 , 1H, H c ) , 3.83 (dd, 7 = 1 5 , 8, 1H, 
H A ) , 6.32 (s, 1H, - C k C H ) , 7.95 (s, 3H, - C H 3 ) , M S : mje 120 
(M+), 119 (M+-1) , 105 (M+-15), 91 (M+-29) ; mol wt, 
120.14. 

6-(o-Ethynylphenyl)-3,5-hexadien-2-one (V). T o a stirred 
solution of o-ethynylcinnamaldehyde ( IX, 4.7 g, 0.031 mol) in 
acetone (250 ml) was added under a nitrogen atmosphere a 
5 % aqueous sodium hydroxide solution (135 ml) over a 
period of 15 min at room temperature and stirring was con­
tinued for further 2 h at the same tempera ture . Neutral iza­
tion with acetic acid and addit ion of water (250 ml) was 
followed by extraction with ether. T h e extracts were washed 
successively with saturated aqueous sodium hydrogencar­
bonate and sodium chloride solutions, dried over sodium 
sulfate and evaporated. T h e residue was chromatographed 
on a lumina (130 g), eluting with 3 0 % ether in light petroleum 
to give the ketone (V, 4.8 g, 81%) as crystals. Recrystal-
lization from hexane-benzene afforded pure V as yellow cubes, 
m p 75.0—76.5 °C, I R (KBr disk): 3250 ( -CkCH) , 2100 
(-G=G-) , 1655, 1620, 1595 ( C = 0 , C=C), 1000, 970 c m - 1 

(trans C=G), M S : mje 196 (M+, 55), 153 (100); mol wt, 
196.24, U V : A™F

X 246 (11000), 254 (15000), 320 n m (29500), 
N M R (GDGlg, 60 M H z ) : 2.47—3.05 (m, 6H , phenyl and 
olefinic H ) , 3.25 (dd, 7 = 1 6 , 10, 1H, H B ) , 3.85 (d, 7 = 1 6 , 
1H, H A ) , 6.55 (s, 1H, - G s C H ) , 7.82 (s, 3H, M e ) . 

Found : C, 85.42 ; H , 6 .09%. Galcd for C 1 4 H 1 2 0 : C, 85.68 ; 
H , 6 .16%. 

l-(o-Ethynylphenyl)- 11-methyl-1,3, 6, 8,10-tridecapentaen-12-yn-
5-one (VI). T o a mixture of the dienyne aldehyde (IV, 
1.5 g, 0.0125 mol) and the ketone (V, 1.2 g, 0.0061 mol) in 
deoxygenated ether (80 ml) was added a 2 0 % methanolic 
potassium hydroxide solution (4.5 ml) with stirring on ice-
ba th . T h e mixture was then stirred at room temperature 
for 90 min. Neutral izat ion with acetic acid (5 ml) followed 

by pouring into water (1000 ml) and extraction with benzene 
gave an organic extract which was washed successively with 
saturated sodium hydrogencarbonate and sodium chloride 
solutions, and dried over sodium sulfate. T h e residue ob­
tained by evaporation of the solvent was chromatographed 
on a lumina (100 g) with light petroleum-ether (7: 3) to give 
the ketone (VI, 0.7 g, 38%) as unstable solids. Recrystal-
lization from hexane-benzene formed yellow-brown needles, 
m p 121.5—122.5 °C, M S : mje 298 (M+, 80), 154 (100); 
mol wt, 198.36, I R (KBr disk): 3300, 3250 ( -C=CH), 
2100 (-G=G-), 1660, 1605, 1600 ( C = 0 , G=G), 1010 c m - 1 

(trans C=C), U V : A™F
X 258 (20200), 267 (21800), 288 sh 

(18500), 378 n m ((40700), N M R : see Table 1. 
12-MethylbenZo[î]-8,10-bisdehydro[17]annulenone (VII). 

A solution of V I (0.6 g, 0.002 mol) in pyridine (26 ml) was 
added, d rop by drop, with stirring over a period of 10 min 
into a solution of copper(II ) acetate monohydrate (9.0 g) in 
pyridine (19 ml) kept at 55 °C; the mixture was stirred for 
further 2 h at 60—65 °C. Then the mixture was chilled, 
di luted with benzene (200 ml) , and poured into 6 % hydro­
chloric acid ( 1000 ml) . T h e layers were separated, and the 
aqueous layer was extracted with benzene. T h e combined 
benzene layer was washed successively with aqueous sodium 
hydrogencarbonate and saturated sodium chloride solutions, 
dried over sodium sulfate, and evaporated in vacuo. T h e 
residue was chromatographed on a lumina (100 g) with light 
pet roleum-ether ( 1 : 1) to give V I I (0.07 g, 12%) as relatively 
stable solids. Recrystallization from hexane-benzene af­
forded pure V I I as yellow cubes, mp ca. 180 °C (dec), M S : 
mje 296 (M+, 45), 252 (100); mol wt, 296.35, I R (KBr disk): 
2200 (-Cs=C-), 1630 ( C = 0 ) , 1595 (C=C), 995 c m - 1 (trans 
C=G), U V : A™F 285 sh (28500), 299 (35500), 317 (30400), 
400 n m (2760), N M R : see Tab le 1. 

1,10-Bis (o-ethynylphenyl) -1,3,6,8-decatetraen-5-one (X). 
A 2 0 % methanolic potassium hydroxide solution (2 ml) was 
added dropwise to a stirred solution of o-ethynylcinnamal­
dehyde ( IX, 5.0 g, 32.0 mmol) and acetone (1.14 g, 19.6 
mmol) in deoxygenated ether (103 ml) at room tempera­
ture over a period of 15 min. After had been stirred for 2 h 
at the same temperature , the reaction mixture was neutralized 
with acetic acid (2 ml) and mixed with water (300 ml) . T h e 
mixture was extracted with benzene. After work up of the 
extracts in the s tandard way, a dark red liquid obtained 
was chromatographed on a lumina (150 g) with light petro­
leum-ether ( 7 5 : 2 5 — 5 5 : 4 5 ) to give X (1.49 g, 28%) as 
solids. Recrystallization from light petroleum-benzene gave 
pure X as orange needles, mp 149.0—149.8 °C,n> M S : mje 
334 (M+, 85), 154 (100); mol wt, 334.39, I R (KBr disk): 
3250 ( - C ^ C H ) , 2100 (-G=G-), 1660, 1620, 1595 ( C = 0 , C=C), 
995 c m - 1 (trans C^G), U V : A™F 236 (42200), 259 (29500), 
267 (29800), 369 n m (57400), N M R : see Tab le 2. 

Found : C, 89.59; H , 5 .18%. Calcd for C 2 5 H 1 8 0 : C, 
89.79; H , 5 . 4 3 % . 

Dibenzo [f, 1 ] - 8,10-bisdehydro [77] annulenone (XI). A 
solution of the ketone (X, 2.08 g, 6.22 mmol) in pyridine 
(35 ml) was added to a stirred solution of copper(II) acetate 
monohydra te (17.0 g) in pyridine (56 ml) at 50 °C over a 
period of 30 min, and the reaction mixture was stirred for 
further 3 h at 60—65 °G. T h e precipitate formed on cooling 
and diluted with benzene (300 ml) was washed with benzene 
(50 m i x 3). Then the filtrate was washed with 6% hydro­
chloric acid until it was slightly acidic, and saturated aqueous 
sodium hydrogencarbonate and sodium chloride solutions 
successively, and dried over sodium sulfate. T h e residual 
dark red liquid obtained after evaporation of the solvent was 
chromatographed on a lumina (130 g) with light pet roleum-
ether ( 1 : 1) to give the ketone (XI , 348 mg, 17%) as crystals. 
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Recrystallization from benzene gave pure XI as yellow cubes, 
mp 209—210.5 °G (dec),11) MS: m/e 332 (M+, 60), 313 
(100); mol wt, 332.38, IR (KBrdisk): 2200 (-C=C-), 1640, 
1606, 1594 (C=0, C=C), 1000, 960 cm-1 (trans C=G), UV: 
A™F 224 (63300), 297 (63300), 313 nm (70000); Amax (CF8-
COOH) : 275 sh, 292, 309, 328, 355 sh, 395 sh, 572 nm, NMR: 
see Table 2. 

Found: C, 90.33; H, 4.79%. Calcd for C.25H160: C, 
90.33; H, 4.85%. 
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The title adducts are produced upon treatment of a mixture of polyhalomethane and a carbonyl compound with 
a hindered lithium amide. The kinetically controlled, selective lithiation of the halide enables us to avoid a trou­
blesome procedure involving preformed lithium carbenoid. The halide components examined are dichloromethane, 
dibromomethane, diiodomethane, chloroform, and bromoform, while the carbonyl ones are ubiquitous ketones and 
nonanal. A ^m-dichloroallyllithium is generated similarly from 3,3-dichloropropene and, furthermore, the 
procedure is successfully extended to the Darzens-type reaction of oc-halo esters. 

Polyhalomethyllithiums have proved to be extremely 
useful in organic synthesis as shown in the accompanying 
scheme.2 '3 '4) For example, nucleophiHc addition of 
dichloromethylHthium to ketones, followed by a-chloro 
aldehyde formation and dehydrochlorination, gives one 
carbon homologated a,/?-unsaturated aldehydes.413) 

O OLi OH 
II LiCHCla | H 2 0 | 

R C H 2 - C - R ' •-> R C H 2 - C - R ' —-• RCH 2 -C -R ' 
CHCL, CHC1 

- L i C l 

O R \ / O x /CI 
RCHo-C-CH-R' C C 

^ R C H / \ H 
C=CCL> 

R x / R ' 
c =c 

H / \CHO 

- H C l 
Cl 

RCH2-C-CHO 
i 

R' 

R C H / 

OH 

RCH2-C-CHO 
i 

R' 

Difficulties arise from the extreme thermolability of 
the carbenoids2 '3) in generating them on a large scale. 
Slow and constant addition of butylli thium under 
vigorous stirring of the halide solution is essential even 
at —78 °C in order to prevent the local heating, which 
causes the rapid decomposition of the resulting li thium 
reagent. The opt imum reaction temperature , which 
is normally between —70 and —120 °C (internal tem­
perature) , is limited at the lower end of the range by 
the rate of formation, and the upper end by the tendency 
of the carbenoids to decompose. 

We have disclosed that the in situ reaction of a poly-
halomethyllithium with carbonyl compounds offers a 
simple and direct solution to this problem. Trea tment 
of a mixture of polyhalomethane and carbonyl 
component with an JV,iV'-disubstituted lithium amide5) 
results in the preferential formation of polyhalomethyl-
lithium instead of the expected enolate. T h e carbenoid 
attacks instantaneously the carbonyl group prior to its 
thermal decomposition. With this new technique in 
hand, we can prepare dichloromethyllithium-cyclohex-
anone adduct even at the reaction temperature of 0 °C 
in an 8 9 % isolation yield. Table 1 summarizes the fairly 
extensive scope of this technique. 

CH2C12 

=o > 
o°c, 89% \ _ / CHC1 

OH 

Obvious side reaction is the formation of 2-halo-
oxirane, whose rearrangement produces a-halo aldehyde. 
T h e extent of such consecutive reactions was not 
significant upon treatment of simple ketones or aldehydes 
with dichloro- or dibromomethyllithium. However, 
the rate of ring closure was found to be greatly enhanced 
in the reaction of dibromomethyllithium with carbonyl 
componenents having bulky group directly attached to 
G = 0 moiety, probably owing to the steric acceleration. 
Minimizing this pathway has been attained by 
performing the reaction in less polar solvents and at 
lower temperatures. Ether was found to be a favorable 
solvent for the isolation of hydroxylic adducts, while 
tetrahydrofuran (THF) gave poor yields. Although the 
safe upper limit of the reaction temperature was found 
to be — 78 °G, the reaction of crowded carbonyl com­
ponents should preferably be performed at —95 °C. 

Both diiodomethyllithium and tribromomethyllithium 
are extremely unstable even at — 110 °C.6) The carbonyl 
adducts of these carbenoids could, however, be prepared 
in good to excellent yields by means of the present in situ 
technique at — 78 °C (external cooling). Although 
cyclopentanone is known as one of the readily enolizable 
ketones, the generation of polyhalomethyllithium pro­
ceeded in preference of the enolate formation to afford the 
desired adducts in good yields. With respect to the basic 
reagent, lithium diisopropylamide, lithium dicyclohexyl-
amide, and lithium 2,2,6,6-tetramethylpiperidine all 
gave satisfactory results. 

Seyferth and co-workers previously prepared gem-
dichloroallyllithium from Ph 3PbCH 2CH=CGl 2 by the 
action of butyllithium.7) In extention of the present 
method, the carbenoid-carbonyl adduct was synthesized 
directly from 3,3-dichloropropene in a single step. 
Addition of lithium diisopropylamide to a mixture of 
cyclododecanone and the dichloride furnished l-(3,3-
dichloropropenyl)cyclododecanol 2 in 6 6 % yield. 

CHCl2CH=CHa 

-78°C, 66% 

Attempts to obtain a carbonyl adduct of monohalo-
methyllithium derived from allyl bromide or methyl 
iodide failed to success. T h e halides containing - C O O R 
moiety on the a-carbon afforded the desired adducts 
almost quantitatively. Trea tment of a mixture of 
methyl bromoacetate and cyclohexanone with lithium 
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T A B L E 1. PREPARATIONS OF POLYHALOMETHYLLITHIUM-

CARBONYL ADDUCTS =o 
Polyhalo-
methane 

CH2C12 

CH2GI2 
GH2GI2 
CH2C12 

CH2Cl2 
CH2CI2 

CH2C12 

CH2CI2 
CH2Br2 

CH2Br2 

CH2Br2 

CH2Br2 

CH2Br2 

CH2Br2 

CH2Br2 

CH2Br2 

CH2Br2 

CH2Br2 

CH2Br2 

CH2I2 

CHCI3 
CHCI3 
CHCI3 
CHBr3 

Carbonyl Methodc> 

Cyclohexanone 
Cyclohexanone 
Cyclohexanone 
Cyclopentanone 
Cyclopentanone 
Cycloheptanone 
6-Methyl-5-

hepten-2-one 
Nonanal 
Cyclopentanone 
Cyclohexanone 
Cycloheptanone 
Cyclooctanone 
Cyclododecanone 
2-Methyl-

cyclohexanone 
2-Methyl-

cyclododecanone 
2-Methylcyclo-

tetradecanone 
2-Cyclohexanone 
2-Cycloheptanone 
Nonanal 
Nonanal 
Cyclopentanone 
Cyclohexanone 
Cyclohexanone 
Cyclohexanone 

A 
B 
C 
A 
A 
A 

A 

C 
C 
C 
C 
D 
E 

E 

E 

E 

D 
D 
C 
C 
F 
C 
F 
C 

Temp, 
°C 

- 7 8 
0 

- 7 8 
0 

- 2 0 
- 2 0 

0 

0 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 9 5 

- 7 8 

- 7 8 

- 7 8 

- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 

% 
Yieldb> 

quant. 
89 
86 
66 
90 
88 

84 

73 
82 
91 
76 
70 
81 

75 

66 

78 

67 
75 
77 
79 
91 
92 
94 
91 

CUCHCOOEt 

-78°C, 91% 

—v O H 

a) For details, see experimental par t , b) Yields are 
based on material isolated by column or thin layer 
chromatography. c) Method A: L i th ium dicyclo-
hexylamide (2 equiv) was added to a polyhalometh-
ane solution of carbonyl compound over a period 
of 1 h ; Method B: L i th ium dicyclohexylamide (2 
equiv) was added to a polyhalomethane solution of 
carbonyl compound over a period of 10 min ; Method 
C: Li thium dicyclohexylamide (2 equiv) was added 
to a T H F solution of carbonyl compound and 
polyhalomethane (24 equiv) over 1 h ; Method D : Li th­
ium 2,2,6,6-tetramethylpiperidine (2.2 equiv) was 
added to a T H F solution of carbonyl compound and 
polyhalomethane (2.2 equiv) over a period of 1 h ; 
Method E: Li th ium 2,2,6,6-tetramethylpiperidine 
(2.2 equiv) was added to an ether solution of car­
bonyl compound and polyhalomethane (2.2 equiv) 
over a period of 1 h ; Method F: Li th ium dicyclo­
hexylamide (2 equiv) was added to a T H F solution 
of carbonyl compound and polyhalomethane (2 
equiv) over a period of 1 h. 

d i c y c l o h e x y l a m i d e af forded a D a r z e n s - t y p e p r o d u c t , 
m e t h y l a , / ? -epoxycyc lohexy lace ta t e 3 , i n 9 3 % yield. 8) 
I n c o n t r a s t , e thy l d i c h l o r o a c e t a t e g a v e a n a ldo l , e t h y l 
d i c h l o r o ( l - h y d r o x y c y c l o h e x y l ) a c e t a t e 4 , in 9 1 % yie ld . 
T h i s v a r i a t i o n p r o v i d e s a s imple a n d efficient m e a n s of 
p r e p a r i n g t w o c a r b o n h o m o l o g a t e d es ters . 

o° BrCH,COOMe 
• * • 

-78°C, 93% 
-^ Ä 

— / C C l 2 C O O E t 
4 

C O O M e 

Exper imenta l 

T h e I R spectra were determined on a Shimadzu IR-27-G 
spectrometer; the mass spectra, on a Hitachi R M U - 6 L mass 
spectrometer; and the N M R spectra, on a J E O L C-60-H 
or a Var ian EM-360 spectrometer. T h e chemical shifts are 
given in ô, with T M S as the internal s tandard . T h e analyses 
were carried out by the staff at the Elemental Analyses Center 
of Kyoto University. All the experiments were carried out 
under an atmosphere of dry nitrogen, by preparat ive thin-
layer chromatography (PLC) on silica gel PF-254 plates (Merck) 
with benzene as an eluent, and by preparat ive column chro­
matography on silica gel Wakogel C-100 (Wako). 

Preparation of Polyhalomethylcarbinoh. Method A: 
Lithium dicyclohexylamide (50 mmol) was prepared from 
dicyclohexylamine (9.05 g, 50 mmol) in dry T H F (50 ml) 
with butylli thium (50 mmol , 33 ml of 1.5 M hexane solution) 
at 0 °C. This solution was added dropwise into a well-
stirred polyhalomethane (50 ml) solution of carbonyl com­
pound (25 mmol) under a nitrogen atmosphere over a period 
of 1 h at the low tempera ture described in Tab le 1. T h e 
mixture was then allowed to stand for 1 h at the same low 
temperature . After hydrolysis at tha t temperature , the 
resulting organic layer was extracted with ether, and the 
extract was washed with water and dried over anhydrous 
N a 2 S 0 4 . T h e solution was condensed under reduced pres­
sure, and the residue was purified by column chromatography 
using benzene as an eluent. 

Method B: A well-stirred solution of carbonyl compound 
(1.0 mmol) in polyhalomethane (2.0 ml) was cooled to the 
temperature listed in Tab le 1. T o the mixture was added 
a T H F solution of l i thium dicyclohexylamide (2.0 mmol) 
dropwise over a period of 10 min, and the resulting solution 
was stirred for 5 min at the same temperature . After ex­
tractive work up , polyhalomethylcarbinol was obtained by 
PLC using benzene as an eluent. 

Method C: A well-stirred solution of polyhalomethane 
(50 mmol) and carbonyl compound (25 mmol) in dry T H F 
(50 ml) was cooled to the tempera ture described in Tab le 1. 
T o the mixture was added a T H F solution of lithium di­
cyclohexylamide (50 mmol) dropwise over a period of 1 h. 
T h e mixture was stirred for 1 h at that temperature . After 
extractive work up , polyhalomethylcarbinol was obtained by 
column chromatography using benzene as an eluent. 

Method D : A T H F solution of l i thium 2,2,6,6-tetramethyl-
piperidide (2.2 mmol) was added to a stirred solution of 
polyhalomethane (2.2 mmol) and carbonyl compound (1.0 
mmol) in dry T H F over a period of 1 h at low tempera ture . 
Polyhalomethylcarbinol was obtained according to the 
similar procedure. 

Method E: T o an ether solution of polyhalomethane (2.2 
mmol) and carbonyl compound (1.0 mmol) was added a T H F 
solution of l i thium 2,2,6,6-tetramethylpiperidine (2.2 mmol) 
mmol) over a period of 1 h at low temperature , and the 
solution was stirred for 1 h at the same temperature . Poly­
halomethylcarbinol was obtained according to the similar 
procedure. 

Method F: A well-stirred solution of polyhalomethane 
(24 mmol) and carbonyl compound ( 1 mmol) in dry T H F was 
cooled to low temperature . T o the mixture was added a 
T H F solution of l i thium dicyclohexylamide (2 mmol) over a 
period of 1 h and the resulting solution was stirred for 1 h at 
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the same temperature . After extractive work up , poly-
halomethylcarbinol was obtained by P L C using benzene as 
an eluent. 

1-Dichloromethylcyclopentanol: Bp 110°C (bath temp 14 
T o r r ) ; I R (neat) 3450, 790, 760 c m - 1 ; N M R (CC14) «5 1.46— 
2.15 (m, 8H) , 2.25 (s, 1H), 5.65 (s, 1H) ; M S : m/e (%) 139 
(11), 85 (100). F o u n d : C, 42.9; H , 6 .2%. Calcd for 
C 6 H 1 0 Cl 2 O: C, 42.6; H , 6 .0%. 

1-Dichloromethylcyclohexanol: Bp 118 °C (20 Torr) ; I R (neat) 
3460, 980, 785, 750 cm" 1 ; N M R (CCLJ «5 1.10—2.10 (m, 
10H), 2.20 (s, 1H), 5.49 (s, 1H) ; mass m/e (%) 149 (1), 139 
(4), 99 (100). Found : C, 46.0; H , 6 .9%. Calcd for C7H1 2-
C 1 2 0 : C, 45.9; H , 6 .6%. 

1-Dichloromethylcycloheptanol: Bp 155 °C (bath temp 14 
T o r r ) ; I R (neat) 3460, 805, 780, 732 c m - 1 ; N M R (CC14) 
ô 1.35—2.30 (m, 12H), 2.18 (s, I H ) , 5.54 (s, I H ) ; mass m/e 
(%) 173 (trace), 113 (100). Found : C, 48.9; H , 7 .4%. Calcd 
for C 8 H 1 4 C1 2 0 : C, 48 .8 ; H , 7 .2%. 

l,l-Dichloro-2,6-dimethyl-5-hepten-2-ol: Bp 110°C (bath 
t emp 2 T o r r ) ; I R (neat) 3470, 796, 7 7 0 c m - 1 ; N M R (CC14) 
«5 1.36 (s, 3H) , 1.58 (s, 3H) , 1.64 (s, 3H) , 1.70—2.45 (m, 4 H ) , 
5.07 (m, I H ) ; mass m/e (%) 212 (3), 210 (5), 109 (68). Found : 
C, 51 .3 ; H , 7 .8%. Calcd for C 9 H 1 6 C1 2 0 : C, 51.2; H , 7 .6%. 

l,l-Dichloro-2-decanol'. Bp 130 °C (bath temp 2 T o r r ) ; I R 
(neat) 3500, 780 c m - 1 ; N M R (CCLJ ô 0.75—1.10 (m, 3H) , 
1.10—1.85 (m, 14H), 2.65 (m, I H ) , 3.75 (m, I H ) , 5.54 (d, 
7 = 4 , I H ) ; mass m/e (%) 143 (18), 83 (45). F o u n d : C, 
52.6; H , 9 .0%. Calcd for C 1 0 H 2 0 Cl 2 O: C, 52.9; H , 8 .9%. 

1-Dibromomethylcyclopentanol'. Bp 140 °C (bath temp 2 
T o r r ) ; I R (neat) 3450, 745, 688 c m - 1 ; N M R (CC14) «5 1.55— 
2.25 (m, 8H) , 2.30 (s, IH) 5.68 (s, I H ) ; mass m/e (%) 137 
(6), 135 (6), 85 (100). F o u n d : C, 28.0; H , 3 .7%. Calcd 
for C 6 H 1 0 Br 2 O: C, 27.9; H , 3 .9%. 

1-Dibromomethylcyclohexanol: Bp 74 °C (2 T o r r ) ; I R (neat) 
3570, 974, 745 c m - 1 ; N M R (CC14) ô 1.30—2.20 (m, 10H), 
1.98 (s, I H ) , 5.59 (s, I H ) ; mass m/e (%) 231 (trace), 229 
(trace), 227 (trace), 99 (100). F o u n d : C, 31.0; H , 4 . 5 % . 
Calcd for C 7 H 1 2 B r 2 0 : C, 30.9; H , 4 . 5 % . 

1-Dibromomethylcycloheptanol: Bp 152 °C (bath temp 2 
T o r r ) ; I R (neat) 3460, 800, 720 c m - 1 ; N M R (CC14) ô 1.30— 
2.27 (m, 12H), 2.31 (s, I H ) , 5.62 (s, I H ) ; mass m/e (%) 288 
(trace), 286 (trace), 284 (trace), 113 (100). Found : C, 
33.8; H , 4 . 9 % . Calcd for C 8 H 1 4 B r 2 0 : C, 33.6; H , 4 . 9 % . 

1-Dibromomethylcyclooctanol: Bp 150 °C (bath temp 1 T o r r ) ; 
I R (neat) 3460, 787, 688 c m ' 1 ; N M R (CCLJ ô 1.10—2.23 
(m, 14H), 2.33 (s, I H ) , 5.68 (s, I H ) ; mass m/e (%) 302 (1), 
300 (2), 298 (1), 127 (100). Found : C, 36 .3 ; H , 5 .4%. 
Calcd for C 9 H 1 6 B r 2 0 : C, 36.0; H , 5 .4%. 

1-Dibromomethylcyclododecanol: M p 61 °C ; I R (Nujol) 3450, 
693 c m - 1 ; N M R (CDC13) «5 0.77—2.00 (m, 22H) , 2.08 (s, 
I H ) , 5.73 (s, I H ) ; mass m/e (%) 279 (3), 277 (3), 183 (100). 
F o u n d : C, 43.9; H , 6 .8%. Calcd for C 1 3 H 2 4 B r 2 0 : C, 43.8. 
H , 6 .8%. 

l-Dibromomethyl-2-methylcyclohexanol\ Bp 156 °C (bath temp 
15 T o r r ) ; I R (neat) 3560, 737, 684 c m - 1 ; N M R (CCLJ 
ô 0.90 (d, 7 = 6 , 3H) , 1.07—2.36 (m, 9 H ) , 2.47 (s, I H ) , 5.70 
(s, I H ) ; mass m/e (%) 288 (1), 286 (2), 284 (1), 95 (100); 
Found : C, 33 .8 ; H , 5 .0%. Calcd for C 8 H 1 4 Br a O: C, 33.6; 
H , 4 . 9 % . 

l-Dibromomethyl-2-methylcyclododecanol: M p 61 °C ; I R (Nujol) 
3500, 958, 700 c m - 1 ; N M R (CDC13) ô 5.73 (s, CHBr 2 of major 
isomer), 5.81 (s, CHBr 2 of minor isomer) ; mass m/e (%) 380 
(2), 197 (100). F o u n d : C, 45.6; H , 7 . 3 % . Calcd for 
C 1 4 H 2 6 Br 2 0 : C, 45.4; H , 7 . 1 % . 

l-Dibromomethyl-2-methylcyclotetradecanol: Bp 190 °C (bath 
temp 2 T o r r ) ; I R (neat) 3580, 978, 702 c m - 1 ; N M R (CCLJ 
ô 5.78 (s, CHBr 2 of major isomer), 5.86 (s, CHBr 2 of minor 

isomer); mass m/e (%) 398 (trace), 225 (51), 55 (100). Found : 
C, 48.1 ; H , 7 .6%. Calcd for C1 6H : J 0Br2O: C, 48 .3 ; H , 7.6%. 

l-Dibromomethyl-2-cyclohexenol'. Bp 110°C (bath temp 2 
T o r r ) ; I R (neat) 3450, 850, 736 cm" 1 ; N M R (CC14) «5 1.52— 
2.30 (m, 6H) , 2.38 (m, 1H), 5.63 (s, 1H), 5.70—6.16 (m, 2 H ) ; 
mass m/e (%) 272 (1), 270 (2), 268 (1), 97 (100). Found : 
C, 31.1 ; H , 3 .9%. Calcd for C 7 H 1 0 Br 2 O: C, 31.1 ; H , 3 .7%. 

l-Dibromomethyl-2-cycloheptenol: Bp 125 °C (bath temp 1 
T o r r ) ; I R (neat) 3450, 861, 757 c m - 1 : N M R (GG14) Ö 1.30— 
2.50 (m, 8 H ) , 1.62J(s, 1H), 5.69 (s, 1H), 5.60—6.20 (m, 2 H ) ; 
mass m/e (%) 286 (trace), 284 (trace), 282 (trace), 111 (100). 
Found : C, 33.9; H , 4 . 4 % . Calcd for C 8 H 1 0 B r 2 0 : C, 33.8; 
H , 4 . 3 % . 

l,l-Dibromo-2-decanol: Bp 165 °C (bath temp 4 T o r r ) ; 
I R (neat) , 3450, 708 cm" 1 ; N M R (CC14) ô 0.66—1.06 (m, 
3H) , 1.06—1.97 (m, 14H), 2.77 (m, I H ) , 3.75 (m, I H ) , 
5.64 (d, 7 = 4 , I H ) ; mass m/e (%) 205 (trace), 203 (1), 201 
(trace), 143 (40), 69 (100). Found : C, 38.2; H , 6 .6%. 
Calcd for C 1 0 H 2 0 Br 2 O: C, 38.0; H , 6 .4%. 

l,l-Diiodo-2-decanol: Bp 180 °C (bath t emp 0.1 T o r r ) ; 
I R (neat) 3440, 758, 677 c m - 1 ; N M R (CCLJ «5 0.65—1.05 
(m, 3H) , 1.05—2.00 (m, 14H), 2.96 (m, I H ) , 3.05 (m, IH) , 
5.22 (d, 7 = 4 , I H ) ; mass m/e (%) 410 (M+, 1), 283 (10), 
268 (15), 170 (15). 

1 - Triehloromethyleyclopentanol: Bp 135 °C (bath temp 14 
T o r r ) ; I R (neat) 3470, 886, 830, 786 c m - 1 ; N M R (CCLJ 
«5 (1.50—2.80 (m, 8 H ) , 2.58 (s, I H ) ; mass m/e (%) 186 (1), 
85 (100). F o u n d : C, 35.6; H , 4 . 7 % . Calcd for C 6 H 9 C1 3 0 : 
C, 35.4; H , 4 . 5 % . 

1-Trichloromethylcyclohexanol: M p 56 °C ; I R (Nujol) 3480, 
812, 780 c m - 1 ; N M R (CCLJ ô 1.30—2.50 (m, 10H), 2.06 
(s, I H ) ; mass m/e (%) 198 (3), 99 (46). 

1-Tribromomethylcyclohexanol: M p 74 °C ; I R (Nujol) 3450, 
760, 696 c m - 1 ; N M R (CCLJ ô 1.40—2.80 (m, 10H), 2.13 
(s, I H ) ; mass m/e (%) 273 (1), 271 (3), 269 (1). 99 (100). 
Found : C, 24.0; H , 3 .2%. Calcd for C 7 H n B r 3 0 : C, 23.9; 
H , 3 .0%. 

Preparation of Methyl <x,ß-Epoxycyclohexylideneacetate. T o 
a solution of methyl bromoaceta te (168 mg, 1.1 mmol) and 
cyclohexanone (98 mg, 1.0 mmol) in dry T H F (2 ml) was 
added dropwise a solution of lithium dicyclohexylamide (2.0 
mmol) in T H F over a period of 30 min at - 7 8 °C. T h e 
reaction mixture was then stirred for 1 h at the same tempera­
ture, and for 3 h at room temperature . After extractive 
work-up 158 mg (93%) of methyl a,/?-epoxycyclohexylacetate 
was obtained by preparat ive T L C using benzene as an eluent. 

Preparation of Ethyl Dichloro(l-hydroxycyclohexyl) acetate. 
T o a stirred solution of cyclohexanone (98 mg, 1.0 mmol) 
and ethyl dichloroacetate (0.246 ml, 2.0 mmol) was added 
dropwise l i thium dicyclohexylamide (2.0 mmol) over a period 
of 30 min at — 78 °C, and the reaction mixture was stirred 
for 30 min at the same temperature . According to the usual 
procedure 234 mg (92%) of ethyl dichloro(l-hydroxycyclo-
hexyl) acetate was obtained by PLC using benzene as an 
eluent: Bp 165 °C (bath t emp 5 T o r r ) ; I R (neat) 3475, 872, 
694, 666 c m - 1 ; N M R (CC14) ô 1.36 (t, 7 = 8 , 3H) , 1.20—2.20 
(m, 10H), 3.71 (s, 1H), 4.03 (q, 7 = 8 , 2H) ; mass m/e (%) 
218 (10), 98 (100). Found : C, 47.4; H , 6 .6%. Calcd for 
C 1 0 H 1 6 Cl 2 O 3 : C, 4 7 . 1 ; H , 6 . 3 % . 

Preparation of l-(3,3-Dichloropropenyl)cyclododecanol. 
T o a solution of cyclododecanone (3.64 g, 20 mmol) and 3,3-
dichloropropene (2.42 g, 22 mmol) in dry T H F (40 ml) was 
added dropwise l i thium diisopropylamide (30 mmol) at 
— 78 °C over a period of 30 min, and stirred for 30 min at the 
same tempera ture . After extractive work-up 3.83 g (66%) 
of l-(3,3-dichloropropenyl)cyclododecanol was obtained by 
column chromatography using benzene as an eluent: M p 
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89 °C; IR (Nujol) 3480, 840, 794 cm-1; NMR (CC14) «5 1.20— 
2-00 (m, 22H), 2.08 (s, 1H), 5.26 (d, 7 = 1 0 , d, J=\, 1H), 
5.76 (d, J= 16, d, J= 1, 1H), 6.30 (d, / = 16, d, J= 10, 1H) ; 
mass m/e (%) 292 (4), 243 (32). Found: C, 61.7; H, 9.2%. 
Calcd for C]5H26C12C-: C, 61.4; H, 8.9%. 

T h e authors wish to thank the Ministry of Education 
J apan , for a Grant-in-Aid (No. 911506). 
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A Facile Ring Enlargement Reaction via ß-Oxido Carbenoid1) 
Hiroaki TAGUCHI, Hisashi YAMAMOTO, and Hitosi NOZAKI 
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A general method of transforming a cyclic ketone to the next higher ring homolog chlorinated at the a-carbon 
or alternatively to its parent ketone is described. Treatment of a dichloromethyllithium-carbonyl adduct 2 with 
butyllithium affords a /3-oxido carbenoid 3 at low temperature. Upon warming, 3 decomposes to a lithium enolate 
4, which is quenched with diluted hydrochloric acid to give the a-chloro ketone 5. Cycloalkanone is converted to 
a one-carbon ring enlarged halogenated ketone. Meanwhile, dibromomethylcarbinol 7 is transformed to the 
halogen-free ketone 8 via monobromo jS-oxido carbenoid upon treatment with butyllithium. a-Methyl substituted 
ketone is exclusively converted to the /S-methyl substituted homolog and therefore ä?/-muscone is synthesized from 
cyclotetradecanone according to this new method. 

T h e construction of the desired medium or large ring 
structure can be performed easily by ring enlargement of 
readily available cyclic compounds.2) The one-carbon 
ring expansion is most important and has been attained 
by either (a) diazomethane reaction3) or (b) the 
Tiffeneau-Demjanov rearrangement.4) However, pre­
parative disadvantages arise from either the complex 
mixture being formed in the method (a) or from the 
number of steps required in the method (b).5) In 
addition, regioselectivity can hardly be expected when 
these methods are applied to an a-substituted or an a,ß-
unsaturated cyclic ketone. In this report we describe a 
new method, which is not only simple and convenient, 
but is highly regioselective. The method is based on 
smooth decomposition of a /?-oxido carbenoid to a 
lithium enolate. 

Synthesis of a-Chloro Ketones.la>6) Nucleophilic 
addition of dichloromethyllithium to a carbonyl com­
ponent 1 proceeds smoothly at low temperature to afford 
a lithium (dichloromethyl)alkoxide 2. Trea tment of the 
solution with butyllithium at —95 °C, gradual warm­
ing to 0 °C, and quenching with diluted hydrochloric 
acid yielded a one-carbon homologated a-chloro ketone 
5. The reaction obviously involves initial formation of 
the dilithiated intermediate, /?-oxido carbenoid 3, follow­
ed by decomposition to the enolate 4 as shown in 
Scheme 1. 

From benzaldehyde ( l a ) , phenacyl chloride (5a) was 
obtained in 72% yield. T h e possible phenyl migration 

O 
ii 

R i - G - R 2 
LiCHCU 

OLi 

Ri-C-CHCLj 
i 

R2 

OLi 
-L iC l | 

» R i - C U C - C l 
i 

R2 

H+ 

OLi 
M-BuLi | 

> Ri-C-C(Li)Cl2 
i 

R2 

3 

O 

-^Ri -G-CH-Cl 
i 

R2 

5 

R ^ P h , R2 = H 

I», R^n-GgHi , , R2 = H 
R1 = 2-furyl, R2 = H 
R!= (CH3)aC=CH(CH2)2C(CH3)=CH-, 
R2 = H 

e . R 1 , R2 = - (CH 2 ) U -
£ : R i , R2 = -(CH2)4-

Scheme 1. 

producing P h C H C l C H O was anticipated, but the N M R 
assay of the reaction product indicated the absence of 
any isomer other than 5a before and after purification. 

The reaction of P h C D O (98% D content)7) gave 
P h C O C H D C l (97% D content) after recrystallization 
from the crude product . This is a token indicating the 
intermediacy of the enolate 4a resulting from intra­
molecular carbene insertion to the adjacent C - H bond 
of /?-oxido carbenoid. 

The conversion of cyclic ketones to the one-carbon 
ring enlarged chloro ketones was performed under 
similar conditions. Sequential t reatment of cyclodo-
decanone ( le ) with dichloromethyllithium at —78 °C 
and then with butyllithium at —30 °C afforded 4 6 % 
of2-chlorocyclotridecanone (5e). 

Similarly, nonanal ( l b ) , furfural ( l c ) , citral ( Id ) , and 
cyclopentanone (If) gave the one-carbon homologated 
chloro ketones in the yield as shown in Table 1. 

TABLE 1. PREPARATION OF <X-CHLORO KETONE 

Carbonyl compd a-Chloro ketone Yield, % 

PhCHO 
l a 

PhCOGH2Cl 
5a 

CH3(CH2)7CHO CH3(CH2)7COCH2Gl 
l b 5b 

O^CHO 

1c 

CHO 

o 
5c 

)d 5d 

CI 

CI 

ä 
if 

Ù 
5f 

CI 

72 

62 

62 

51 

46 

64 

One-Carbon Ring Enlargement of Cyclic Ketones. The 
next problem was the synthesis of halogen-free ketones 
under one-carbon homologation, which required genera­
tion of monohalo /?-oxido carbenoids. This was attained 
by the lithium-halogen exchange proceeding upon 
t reatment of lithium (dibromomethyl)alkoxide with 
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butyllithium. 
The dibromides 7 were readily prepared from cyclic 

ketones 6 by the previous method.8 ) Trea tment with 
butyllithium in tetrahydrofuran (THF) gave the 
homologous ketones 8 as shown in Table 2. Thus a 
two step, facile transformation of a cyclic ketone to a 
next higher ring homolog has been established. 

TABLE 2. PREPARATION OF CYCLOALKANONES FROM 

1 -DIBROMOMETHYLCYCLOALKANOLS 

(CH2)„-

6 

HOwCHBr2 

O-
V ( C H 2 ) ^ 

(CH2)„-

8 

Dibromide Product Yield, % 

7a 
7b 
7c 
7d 
7e 

12 8a 
8 8b 
7 8c 
6 8d 
5 8e 

89 
87 
80 
70 
92 

Regioselectivity in the Ring Enlargement Reaction. 
2-Methylcyclohexanone gives the dibromide 9b , whose 
treatment with butyllithium afforded methylcyclo-
heptanone. Yields and isomer ratios under various 
reaction conditions are listed in Table 3. Thus, the 
regioselectivity is highly dependent upon the nature of 
solvent and the reaction temperature. When the reac­
tion was conducted at —95 °C in ether, 3-methylcyclo­
heptanone (10b) was obtained with high selectvity 
(97: 3). At —45 °G a significant amount of 2-methyl-
cycloheptanone was produced. T H F as a solvent was 
characterized by higher selectivity giving 3-methyl 
ketone 10b almost exclusively. In ether, 10b still 
dominated, but significant amount of 2-methyl ketone 
l i b was produced at —78 °C. In hexane solvent the 
regioselectivity was scarcely observed, and the yield 
was poor. The low yield in T H F was ascribed to the 
thermal lability of dibromide 9 b even at — 78 °C. 

The high selectivity was observed as well in the larger 
ring system. Under similar procedure the dibromide 9c 
(«=12) afforded 9 6 % isolated yield of 3-methylcyclo-
tridecanone (10c) in 9 9 % selectivity. 

The regioselectivity is rationalized by assuming the 
contribution of /?-oxido carbenoid 12 and 13 (from the 
dibromide 9b) to be in equilibrium. The absence of 
repulsion between bulky bromine and methyl group 
should favor 12 thermodynamically over 13. Curved 
arrows indicate that simultaneous elimination of Br ­
and selective migration of methyl substituted carbon 
should afford the observed 3-methylcycloheptanone 
(10b) in preference. 

Li. 
(K Li 

H Br Br H 

TABLE 3. PRODUCT DISTRIBUTION OF RING EXPANSION 

REACTION OF 1-DIBROMOMETHYL-

2-METHYLCYCLOALKANOL 

OH 
CHBr2 

Dibromide n Tempb> 
°G Solvent 

Isomer d) 

distri- 0 , 

9a-frflfu*> 
9a-me> 
9bf> 
9b 
9b 
9b 
9b 
9b 
9b 
9ch> 
9d'> 

5 
5 
6 
6 
6 
6 
6 
6 
6 

12 
14 

- 7 8 
- 7 8 
- 7 8 
- 9 5 
- 4 5 
- 7 8 
- 9 5 
- 7 8 
- 9 5 
- 7 8 
- 7 8 

THF 
THF 
THF 
THF 
ether 
ether 
ether 
hexane 
hexane 
THF 
THF 

69:31 
49:51 
98:2 
99:1 
86:14 
95:5 
97:3 
66:34 
65:35 
99:1 
97:3» 

90 
73 
29*) 
51 
62 
82 
86 
71 
68 

(96) 
(79) 

12 13 

a) Prepared according to the previously reported 
procedure.85 b) Cooling bath temperature, c) De­
termined by GLPC assay on analytical samples before 
bulk purification, d) The yields were determined 
by analytical GLPC using an internal standard : iso­
lated yields in parentheses. e) Reaction of cyclo-
pentanone with dibromomethyllithium afforded 9a 
in a ratio of trans: eis— 7: 3. The isomers were sep­
arated by preparative TLC. The stereochemical 
course of the reaction was estimated by the analogy 
in similar systems. See, for example, E.C. Ashby 
and J . T. Laemmle, Chem. Reo., 75, 521 (1975). 
f ) Only one isomer was detected from the reaction of 
dibromomethyllithium and 2-methylcyclohexanone. 
2-Methylcyclohexanone is known to be attacked 
from the equatrial side to a large extent. It has 
been suggested that the 2-methyl group introduces a 
pseudo-axial hydrogen into the molecule which in­
creases hindrance of attack from the axial side; see 
G. Chauviere, Z. Welvart, D. Eugene, and J . Richer, 
Can. J. Chem., 47, 3285 (1969). g) Low yield of this 
reaction was due to the thermal lability of dibromide 
9b even at —78 °C. h) Mixture of stereoisomers 
(«»4:1 by NMR assay). i) Mixture of stereoisomers 
(**»8: 1 by NMR assay), j) Estimated by NMR 
analysis. 

T h e effectiveness of T H F may be at tr ibuted to the 
increased stability of the /?-oxido carbenoid because of 
the solvation of T H F for lithium atom.5) Since the 
/5-oxido carbenoid is stabilized more in T H F than in 
less polar solvent such as ether or hexane, the species 
is supposed to have enough time for establishment of 
the equilibrium 12<^13, which should result in the 
observed high regioselectivity. 

The novel reaction of remarkable regioselectivity has 
a wide applicability as exemplified by the following dl-
muscone synthesis.9) Addition of dibromomethyl­
lithium to 2-methylcyclotetradecanone (14) afforded 1-
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d i b r o m o m e t h y l - 2 - m e t h y l c y c l o t e t r a d e c a n o l ( 9d ) i n 7 8 % 
y ie ld . T h e d i b r o m i d e 9 d w a s t r a n s f o r m e d i n t o dl-

m u s c o n e ( lOd) exc lus ive ly ( ^ » 9 7 % of select ivi ty) i n 
7 9 % y ie ld b y t h e r e a c t i o n w i t h b u t y l l i t h i u m . 

HOv ,CHBr2 
Me 

lOd 

T h e p r e s e n t m e t h o d is successfully a p p l i e d also to t h e 
regiose lec t ive r i n g e n l a r g e m e n t of oc,/?-unsaturated cycl ic 
k e t o n e a f fo rd ing / ? , y - u n s a t u r a t e d k e t o n e . T r e a t m e n t 
of t h e d i b r o m i d e 1 5 a a n d 1 5 b w i t h b u t y l l i t h i u m g a v e 
3 - cyc looc t enone (16a) ( 8 5 % y ie ld , 9 8 % of select ivi ty) 
a n d 3 - c y c l o h e p t e n o n e (16b) ( 7 6 % y ie ld , 9 5 % of 
select ivi ty) respec t ive ly . 

HO CHBr2 O 

15a 16a 15b 
J 

16b 

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

T h e I R spectra were determined on a Shimadzu IR-27-G 
spectrometer; the mass spectra on a Hitachi R M U - 6 L mass 
spectrometer; the G L P C analyses on a Yanagimoto G C G -
550F; and N M R spectra on a Var ian EM-360 spectrometer. 
T h e chemical shifts are given in ô with T M S as the internal 
s tandard. T h e analyses were carried out by the staff at the 
the Elemental Analyses Center of Kyoto University. All the 
experiments were carried out under an atmosphere of dry 
nitrogen, preparat ive thin layer chromatography (PLC) on 
silica gel PF-254 plates (Merck) with benzene as an eluent, and 
preparat ive column chromatography on silica gel Wakogel 
C-100 (Wako). T H F was purified by distillation from Li-
A1H4. E ther and hexane were dried over N a metal . 

Preparation of Dichloromethyllithium. T o a stirred solution 
of d ichloromethane (0.18 ml, 2.8 mmol) in dry T H F (5 ml) 
butyll i thium (2.4 mmol) was added drop by drop at — 95°C. 
T h e resulting solution was stirred for 0.5 h at the same tem­
pera ture and used immediately. 

Preparation ofPhenacyl Chloride. Benzaldehyde (212 mg, 
2.0 mmol) was added slowly to a stirred solution of dichloro-
methyll i thium (2.4 mmol) at —95 °C. T h e reaction mixture 
was stirred for 2 h at the same temperature . T o the solution, 
butyll i thium (3.6 mmol) was added dropwise at —95 °C. T h e 
resulting mixture was warmed gradual ly to 0 °C for 20 min, and 
then quenched with 1M hydrochloric acid. T h e aqueous layer 
was separated a n d extracted with ether 3 times. All organic 
layers were combined, washed with brine, dried over N a 2 S 0 4 , 
and concentrated in vacuo. Preparat ive T L C of the residue 
gave 223 mg (72%) of phenacyl chloride: I R (KBr) 1699, 
1600 c m - 1 ; N M R (CCLJ Ô 4.52 (s, 2 H ) , 7.30—8.05 (m, 5 H ) ; 
mass m/e (%) 156 (1), 105 (100). 

PhCDO was obtained from benzil by the method of Bur-
gstahler.7) 

PhCOCHDCl: N M R (CC14) Ô 4.52 (s, 1H) ; mass m/e (%) 
157 (1), 105 (100). 

T h e reactions of aldehydes, such as furfural, nonanal , and 

citral, were carried out according to the above procedure, 
and the yields of the corresponding chloromethyl ketones are 
summarized in Table 1. T h e spectral and analytical da ta of 
the products are listed below. 

l-Chloro-2-decanone: I R (neat) 1719 c m - 1 ; N M R (CC14) 
<5 3.89 (s, 2 H ) ; mass m/e (%) 190 (1), 141 (59), 57 (100). 

2-(Chloroacetyl)furan: I R (neat) 1682 c m - 1 ; N M R (CC14) 
ô 4.46 (s, 2H) , 7.23—7.72 (m, 3 H ) ; mass mie (%) 146 (8), 95 
(100); Found : C, 50.0; H , 3 .6%. Calcd for C 6 H 5 C10 2 : 
C, 49.9; H , 3 .5%. 

l-Chloro-4,8-dimethyl-3,7-nonadien-2-one: I R (neat) 1710 
c m - 1 ; N M R (CC14) ô 3.84 (s, 2 H ) ; mass m/e (%) 202 (1), 69 
(100); F o u n d : C, 65 .5 ; H , 8 .7%. Calcd for G U H 1 7 C 1 0 : 
C, 65 .8 ; H , 8 .5%. 

Preparation of 2-Chlorocyclotridecanone. T o a stirred 
solution of dichloromethyllithium (2.4 mmol) , a solution of 
cyclododecanone (364 mg, 2.0 mmol) in dry T H F (2 ml) was 
added slowly at — 78 °C. T h e resulting solution was stirred 
for 1.5 h at the same temperature , and for 0.5 h at —26 °C. 
T o the solution butylli thium (6.0 mmol) was added at the 
same tempera ture . T h e resulting mixture was warmed 
gradual ly to 0 °C for 20 min, and then quenched with I M 
hydrochloric acid. After extraction with ether, the combined 
organic layers were washed, dried, and then concentrated 
under reduced pressure. T h e residue was purified by pre­
parat ive T L C affording 212 mg (46%) of 2-chlorocyclo-
t r idecanone: I R (neat) 1715 cm" 1 ; N M R (CC14) «5 4.20 (m, 
1H) ; mass m/e (%) 232 (3), 98 (74), 55 (100). T h e prepara­
tion of 2-chlorocyclohexanone was carried out under the 
same procedure, and the yield is given in Table 1. 

2-Chlorocyclohexanone: I R (neat) 1720 cm" 1 ; N M R (CC14) 
<5 4.32 (m, 1H) ; mass m/e (%) 134(10), 117 (50), 55 (100). 

Preparation of Cyclotridecanone. 1-Dibromomethylcyclo-
dodecanol (365 mg, 1.0 mmol) was dissolved in dry T H F (3 
ml) under nitrogen and cooled to —78 °C. T o the stirred 
solution butyll i thium (1.3 ml of a 1.6M hexane solution, 2.1 
mmol) was added dropwise over a period of 30 min. The 
resulting pale yellow solution was stirred for 30 min at — 78 °G 
and 5 min a t 0 °C, quenched by pouring into ice cold 1 M 
hydrochloric acid, and extracted with ether 3 times. The 
ethereal layers were washed with brine, dried over N a 2 S 0 4 , 
and concentrated in vacuo to afford cyclotridecanone in 8 9 % 
yield after preparat ive T L C on silica gel using benzene as an 
eluent : I R (neat) 1715 c m - 1 ; mass m/e (%) 196 (26), 55 (100). 

T h e preparat ions of cycloalkanones, such as cyclohexanone, 
cycloheptanone, cyclooctanone, and cyclononanone were 
carried out according to the above procedure, and the yields of 
cycloalkanones are listed in Tab le 2. T h e product was 
identified by the comparison of its spectral da t a or m p of 2,4-
dini trophenylhydrazone derivative with those of the authentic 
specimen. 

Reaction of l-Dibromomethyl-2-methylcyclopentanol with Butyl­
lithium. T o a T H F (5 ml) solution of 1-dibromo-
methyl-2-methylcyclopentanol (272 mg, 1.0 mmol) , butyl­
l i thium (2.2 mmol) was added dropwise over a period of 10 min 
at — 78°C. T h e resulting pale yellow solution was stirred for 
1 h at — 78 °C and 5 min at 0 °C, quenched by pouring into ice 
cold 1M hydrochloric acid, and extracted with ether. The 
G L P C analysis of the ethereal layers was performed using 
cycloheptanone as an internal s tandard. T h e yields and 
isomer ratios are given in Table 3. 

Reaction of l-Dibromomethyl-2-methylcyclohexanol with Butyl­
lithium. T h e reactions under various conditions were 
carried out similarly as described above. T h e G L P C analyses 
of the ethereal layers were performed using cyclooctanone as 
an internal s tandard, and the results are summarized in 
Table 3. 
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Preparation of 3-Methylcyclotridecanone. To a solution of 
l-dibromomethyl-2-methylcyclododecanol (370 mg, 1.0 mmol) 
butyllithium (2.2 mmol) was added dropwise over a period of 
10 min at —95 °C. The resulting solution was stirred for 1 h 
at the same temperature and 5 min at 0 °C. Usual work up 
afforded a colorless oil after preparative TLC on silica gel using 
benzene as an eluent. Before and after purification, GLPC 
analyses showed that the oil contains 99% of 3-methylcyclo-
tridecanone (yield 96%): IR (neat) 1710, 1370, 1124, 780 
cm-1; NMR (CC14) Ô 0.95 (d, 7 = 6 , 3H), 1.06—1.88 (m, 
18H), 2.00—2.60 (m, 5H); mass m/e (1) 210 (22), 125 (23), 
110 (42), 55 (100). 

Preparation of 2-Methylcyclotetradecanone. To a solution 
of diisopropylamine (0.77 ml, 5.5 mmol) in dry THF (5 ml) 
butyllithium (5.5 mmol) was added at 0°C and the resulting 
solution was stirred for 10 min. A solution of cyclotetrade-
canone (1.05 g, 5.0 mmol) in dry THF (3 ml) was added to 
the solution, and the reaction mixture was stirred for 30 min 
at 0°G. To the solution, hexamethylphosphoric triamide 
(HMPA) (1 ml) and methyl iodide (0.62 ml, 10 mmol) was 
added at — 78 °C. The mixture was stirred for 30 min at the 
same temperature, and 2 h at room temperature. After 
extraction with ether, the ethereal layer was concentrated 
to afford 2-methylcyclotetradecanone (820 mg, 73%) after 
preparative TLC using benzene as an eluent: IR (neat) 
1710, 1020, 720cm-1; NMR (CCLJ Ô 1.01—2.86 (m, 25H); 
mass m/e (%) 224 (22), 166 (15), 98 (30), 55 (100). 

Preparation of l-Dibromomethyl-2-methylcyclotetradecanol. 
A well-stirred solution of dibromomethane (0.73 ml) and 2-
methylcyclotetradecanone (819 mg, 3.7 mmol) dissolved in 
dry ether (18 ml) cyclotetradecanone (819 mg, 3.7 mmol), 
dissolved in dry ether (18 ml) and dry THF (2 ml) was 
cooled to — 78 °C. To the mixture, lithium 2,2,6,6-tetra-
methylpiperidide (prepared from 2,2,6,6-tetramethylpiperidine 
(1.14 g, 8.1 mmol) and butyllithium (3.3 ml of 2.4 M 
hexane solution at 0 °C) was added dropwise over a period of 
2 h. The mixture was stirred for 30 min at that temperature. 
After hydrolysis at — 78 °G, the resulting organic layer was 
extracted with ether, and the extract was washed with 1M 
hydrochloric acid 3 times and water. The mixture was 
dried over anhydrous Na2S04 , and condensed under reduced 
pressure to afford l-dibromomethyl-2-methylcyclotetrade-
canol (1.14 g, 78%) after preparative TLC using hexane 
and ether mixture (15: 2) as an eluent: bp 190 °C (bath temp 
2 Torr); IR (neat) 3580, 1460, 1154, 978, 708 cm-1; NMR 
(CC14) ô 0.93 (d, 7 = 6 , CH3 of major isomer), 1.02 (d, J = 6 , 
CH3 of minor isomer), 5.78 (s, CHBr2 of major isomer), 5.86 
(s, CHBr2 of minor isomer); mass m/e (%) 398 (trace), 225 
(51), 55 (100). Found: C, 48.1; H, 7.6%. Calcd for 
C16H30Br2O: C, 48.3; H, 7.6%. 

Preparation of dl-Muscone. l-Dibromomethyl-2-methyl-
cyclotetradecanol ( 183 mg, 0.46 mmol) was dissolved in dry 
THF (2.5 ml) and cooled to — 78 °C. The stirred solution, 
butyllithium (0.65 ml of a 1.6 M solution, 1.0 mmol) was 
added dropwise over a period of 10 min. The resulting solu­
tion was stirred for 1 h at — 78 °C and 5 min at 0 °C, quenched 
by pouring into ice cold 1M hydrochloric acid, and extracted 
with ether. The ethereal layer was concentrated to afford 
<//-muscone (86 mg, 79%) after preparative TLC. Before 
purification, the product was shown by NMR analysis to 

contain 97% of 3-methylcyclopentadecanone (dl-muscone) : 
bp 140 °C (bath temp 2 Torr) ; IR (neat) 1710, 1370, 1280, 
1125, 1055, 790 cm-1; NMR (CC14) ô 0.92 (d, J=6.5, 3H), 
1.01—1.85 (m, 22H), 1.90—2.50 (m, 5H); mass m/e (%) 238 
(21), 223 (9), 55 (100). Found: C, 80.4; H, 12.4%. Calcd 
for C16H30O: C, 80.6; H, 12.7%. 

Preparations of 3-Cyclooctenone and 3-Cycloheptenone. These 
/?,y-unsaturated ketones were prepared from 1-dibromomethyl-
2-cycloheptenol and l-dibromomethyl-2-cyclohexenol respec­
tively by the method similar to the preparation of 3-methyl-
cyclotridecanone. 

The authors wish to thank the Ministry of Education, 
J a p a n , for a Grant-in Aid (No. 911506). 
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Synthesis of Mesoionic Triazolopyridine. I. iV-Alkylation of 
l,2,4-Triazolo[4,3-a]pyridin-3(2jy)-one 

Akio SAITO and Bunji SHIMIZU 

Central Research Laboratories, Sankyo Co., Ltd., Hiromachi, Shinagawa-ku, Tokyo 140 
(Received January 6, 1977) 

Mesoionic flnAyrfro-l-alkyl-3-hydroxy-l,2,4-triazolo[4,3-a]pyridinium hydroxide (6) was synthesized by selective 
alkylation at the A^-position of l,2,4-triazolo[4,3-a]pyridin-3(2i/)-one (8). The selectively depends on the use of a 
mercuric salt catalyst in combination with the trimethylsilyl derivative of 8, and its mechanistic features were also 
studied with reference to the benzylation of 8. 

During the course of an investigation on nucleoside 
and nucleotide synthesis we found that the mercuric 
salt catalyzed silyl procedure* is an excellent method 
for the glycosylation of purine and pyrimidine bases.1) 
In this procedure, the reaction proceeds under mild 
conditions, the yield being satisfactory. The procedure 
has been widely applied4) to the glycosylation of a 
variety of iV-heterocycles. 

In a series of studies on the application, we attempted 
the glycosylation of 2-trimethylsilyl-l,2,4-triazolo[4,3-a]-
pyridin-3(2//)-one (1) with O-acyl-glycosyl halide (2) 
expecting to obtain .iV2-glycosyltriazolopyridine (4). 
However, an unusual glycoside which showed strong 
fluorescence in an aprotic solvent in day light, exhibiting 
polar behavior as compared with 4 on TLC, was 
obtained as the main product along with a small amount 
of 4. By comparison of its IR, UV, and NMR spectra 
with those of authentic samples of anhj>dro-\-benzy\-3-
hydroxy-l,2,4-triazolo[4,3-<2]pyridinium hydroxide (6, 
R=benzyl), the glycoside was found to have mesoionic 
structure (3), which was the first example of a mesoionic 
triazole glycoside. 

Mesoionic 1,2,4-triazoles were prepared by cycliza-
tion of appropriate hydrazidine derivatives.6) Mesoionic 

triazolopyridines (6, R=alkyl) have also been obtained6) 
in this way from l-alkyl-l-(2-pyridyl)hydrazine (7). It 
may be possible to obtain the mesoionic compound (6) 
if the reaction occurs exclusively at the iV1-position in 
the alkylation of l,2,4-triazolo[4,3-a]pyridin-3(2//)-one 
(8). In the alkylation of 8 an JV2-alkylated product (9) 
was known7) to be obtained predominantly. Our 
findings in the glycosylation of 1 suggested the possibility 
of this approach. By applying the "mercuric salt 
catalyzed silyl procedure" to the alkylation, we found 
it possible to obtain the mesoionic compounds (6) from 

8. 

VNH2 c4 
0 

6 

o 

0 
C0 N 

OR 

10 
R : alkyl 

0 

BzOCH2 N ± f j 

Cy*N^ UOv „ HgBr2 BzOCH2 VT^^ BzOCH 
^N-TMS+ \Q~Br ^ 0 ' 

io 
BzO OBz 

BzO OBz 
4 

TMS '• trimethylsilyl 

Bz I benzoyl 

* The term "silyl solvent method" was proposed in a 
previous paper.lb> It refers to an improved silyl procedure in 
which the glycosylation of trimethylsilylated purine or pyri­
midine bases with O-acyl-glycosyl halide is conducted in the 
presence of a mercuric salt, e.g. mercury(II) chloride or 
mercury(II) bromide, in a solvent. An analogous procedure, 
in which the mercuric salt was used in combination with 
mercury(II) oxide, was reported independently by Witten-
burg.2) Several Lewis acids have been surveyed3) as an 
alternative to the mercuric salt in this procedure, tin (IV) 
chloride being most widely employed. 

This report deals with a novel synthesis of mesoionic 
triazolopyridines (6). A detailed study of benzylation 
of 8 or 1 was also carried out under various conditions 
in order to clarify the procedure. 

Result and Discussion 

by an The synthesis of mesoionic compound (6) 
alkylation of 8 was conducted as follows. 

The reaction of the trimethylsilyl derivative of 8 with 
an equimolar amount of alkyl halide or alkyl tosylate 
in the presence of mercury(II) bromide in nitrobenzene 
at 60—90 °C gave 6 as the HgBr2-complex in moderate 
yield. The other alkylated products, 9 and 10, were 
obtained in a negligible amount. 

/ y N v 

k̂ N^ 
0 

N-TMS 
HgBr2 

R 
I 

rV±N-HgBr2 "aS > 
^ s s » - J \ \ / or Dowex-1 

J (I1CO0 o 

X : Br or OTs 
6a R : CH2-

6b R : CH 2 -CH = CH2 

6c R : CH2COOC2H5 

6d R : CH3 

file:///Q~Br
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TABLE 1. YIELDS AND PHYSICAL DATA OF MESOIONIC TRIAZOLOPYRIDINES (6) 

Compound 

6a 
6b 
6c 
6d 

Mp 
°G 

163—164 
108—109 

190 
220 

Yields 
% 

79 
74 
85 
78 

C 

69.36 
61.71 
54.36 
56.34 

Found % 

H 

4.92 
5.36 
5.04 
4.73 

N 

18.59 
23.89 
18.97 
28.16 

C 

69.31 
61.70 
54.29 
56.55 

Calcd % 

H 

4.92 
5.17 
5.01 
4.71 

N 

18.66 
23.98 
18.99 
27.93 

U V : A | T ( n m ) 

236,285,348 
235,282,341 
235,282,340 
235,281,342 

a) Based on the products isolated. 

The physical properties of the free mesoionic com­
pounds (6) obtained by treating the complex with 
hydrogen sulfide or ion exchange resin (Dowex-1, 
H C 0 3

- ) are given in Table 1. 
Detailed studies on the benzylation of 8 were carried 

out in order to elucidate the factor inducing the re­
markable selectivity on alkylation. 

Since 8 includes three active sites for alkylation iV^iV2, 
and 0 ) , a number of products would be expected. In 
fact, three monoalkylated products, 6a, 9a ( R = b e n z y l ) , 
and 10a (R=benzy l ) were obtained by the reaction of 
Ag-salt of 8 with benzyl bromide under mild conditions 
(80 °G, in nitrobenzene). The reaction of 8 with benzyl 
bromide at relatively high temperature gave 9a predom­
inantly with a small amount of 6a. T h e reaction was 
accelerated by the addition of mercury(II ) bromide, 
the main product being 6a. Trimethylsilyl substitution 
at the imposi t ion of 8 afforded a result similar to that 

TABLE 2. BENZYLATION^ OF 1 OR 8: REACTION 

CONDITIONS AND PRODUCTS 

Exp S t a f t i n S 
N £ material 

React React 
temp time 
(°C) (h) 

Cat 
(HgBr2) 

Yieldb> (%) 
of the product 

10a 6a 9a 

Ag-salt 
of 8 

8 
8 
1 
1 

80 

125 
125 
125 
85 

12 
3 
5 

20 

— 19 

1-eq. — 

1-eq. — 

38 

12 
68 
21 
79 

29 

78 
20 
68 

trace 

a) Carried out using 1-eq. of benzyl bromide in nitro­
benzene, b) Based on the product isolated. 

obtained by the use of 8 itself on benzylation with 
regard to the distribution of the products. Sufficient 
selectivity to give 6a on the benzylation was obtained 
by the use of 1 in combination with mercury(II) 
bromide. T h e results on the benzylation of 1 or 8 are 
given in Table 2. 

T h e results indicate that products can be selected by 
varying the reaction conditions appropriately. Previous 
studies8) on the alkylation of purine bases revealed that 
alkyl migration plays an important role in determination 
of the reaction product. T h e following experiments 
suggest that the benzyl moiety at tached to the triazolo-
pyridine ring easily migrates under the same reaction 
conditions as described above, the migration proceeding 
successively in the order O—+N1—>N2. 

Heating of 10a in nitrobenzene (100—110 °C, 23 h) 
gave 6a exclusively. T h e conversion was accelerated 
by the addition of a mercuric salt catalyst, e.g. HgBr2 

or Hg(GN) 2 . Conversion of 6a into 9a was observed 
in the presence of mercury(I I ) bromide, but not in the 
absence of the catalyst even at high temperature 
(150 °G). 

OBy 
10a 

HgBr2 HgBr2 

By : benzyl 

o 
9a 

Benzyl bromide was found to act as a more efficient 
catalyst for these conversions. Trea tment of 10a with a 
catalytic amount of benzyl bromide in nitrobenzene at 

Exp 
No. 

Starting 
material 

TABLE 3. BENZYL MIGRATION*5 : 

React 
Cat temp 

(°G) 

REACTION CONDITIONS AND PRODUCTS 

React Yield (%) of the product 
time / ~ 
(h) 10a 6a 9a 11 12 

6 
7 
8 
9 

10 

10a 
10a 
10a 
10a 

10a 

6a 
6a 
6a 
6a 

6a 

1-eq. Hg(CN)s 

1-eq. ByBr 
0.1-eq. ByBr 

1-eq. ByBr 
+ 1-eq. HgBr2 

1-eq. HgBra 

1-eq. ByBr 
0.1-eq. ByBr 

1-eq. ByBr 
+ 1-eq. HgBra 

100—110 
100—110 

80 
80 

25 

150 
150 
125 
125 

125 

23 
15 
5.5 

25 

25 

50 
50 

1 
20 

15 
17 
2 

33 

76 
73 
93 
63 

no reaction 
— 8 
— trace 
— 19 

52c> 

55 trace 
90 — 
76 — 

3 7 c ) 

a) Conducted in nitrobenzene, b) Based on the product isolated, c) HgBr2-complex. 
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80 °G for 5 h gave 6a almost quantitatively. Conversion 
of 6a into 9a took place by a similar t rea tment of 6a 
with benzyl bromide at 120 °C 

Quaternary salts (11) and (12), assumed to be the 
intermediates of these conversions, could be isolated as 
HgBr2-complexes. Detailed results are given in Table 3. 

10a 
ByBr 

By -
I 

N 

OBy _ 

11 

j ByBr 
— - 6a -

By 
i 

N 
ï+îN-By-Br-
V o 

12 

9a 

Demercurat ion of the complex of 12 gave a free 
quaternary salt which decomposed easily to give 9a 
in nitrobenzene at 80 °C. O n treatment with hydrogen 
sulfide, the HgBr2-complex of 11 gave 6a as a result 
of the instability of the free quaternary salt. 

The results suggest that the primary factor determin­
ing the products of benzylation is the benzyl migration 
under the reaction conditions employed. Presumably, 
the initial product is either 6a or 10a. However, the 
formation of the latter is uncertain in the reaction of 
8 with benzyl bromide since conversion of 10a into 6a 
is very rapid. When the reaction is carried out at high 
temperature , these compounds are transformed easily 
into thermodynamically more stable 9a by benzyl 
migration. T h e migration seems to proceed mainly 
through intermediates 11 and 12. In order to obtain 
the mesoipnic compound (6a) by the benzylation of 8, 
it is apparent tha t further benzylation of 6a should be 
suppressed. T h e use of trimethylsilyl substituent with 
mercury(II) bromide for the benzylation makes the 
formation of 6a under mild conditions possible, 6a not 
undergoing further benzylation. T h e metal probably 
not only acts as a Friedel-Grafts catalyst bu t also 
suppresses the nucleophilic capability of the N2-atom 
by the complex formation with 6a. 

By applying the mercuric salt catalyzed silyl procedure 
to the alkylation of. 8, the reaction was controlled 
sufficiently to give the mesoionic compound as a product. 
An analogous controlled acylation of 8 was found to 
give a new mesoionic iV-acyltriazolopyridine (6, R = 
acyl). 

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

Melting points were determined on a Yazawa hot-stage 
apparatus and are uncorrected. Infrared, UV and NMR 
spectra were recorded on Hitachi EPI-S2, Hitachi-124 and 
Varian T-60 spectrometers respectively. 

Triazolopyridine (8) was prepared by the method of Potts 
and Burton.9) An authentic sample of 6a was prepared by 
ring closure of 1 -benzyl- l-(2-pyridyl)hydrazine with urea and 
that of 10a by the reaction of 3-bromo-l,2,4-triazolo[4,3-ß]-
pyridine with sodium benzyl alcoholate. 

2- Trimethylsilyl-l,2,4-triazolo[4,3-a]pyridin^3(2'H.)-one (1). 
To a mixture of 8 (13.6 g), trimethylchlorosilane (13.0 g) in 
dry benzene (200 ml) under stirring was added dropwise a 
solution of triethylamine (12.1 g) in dry benzene (50 ml). 
After being stirred at room temperature for 2 h, the reaction 
mixture was filtered, and the cake was washed with a small 
amount of dry benzene. The combined filtrate and washings 
were evaporated to give a solid product: yield 20.65 g (99.7%). 

UV: A££ane 252, 268, 279, 345 nm. Found: C, 51.95; 
H, 6.45; N, 20.03%. Calcd for C19H]3N3OSi: C, 52.10; 
H, 6.31 ; N, 20.05%. (Owing to the instability of the product 
toward water, all the operation had to be performed under 
the conditions protected from atmospheric moisture.) 

Anhydro-1-( ß-D-ribofranos- 1-yl) -3-hydroxy-1,2,4-triazolo[4,3-
di\pyridinium Hydroxide (5) and Its N2-Isomer. Acetic 
anhydride (0.05 ml) and acetic acid (5 ml) saturated with 
hydrogen bromide were added to a solution of 1-O-acetyl-
2,3,5-tri-0-benzoyl-/?-Z>-ribofranoside (2.52 g) in dry chloro­
form (5 ml). The resulting solution was allowed to stand 
at room temperature for 45 min, and then evaporated in vacuo 
to give a thick sirup at a temperature below 40 °C. Co-
evaporation with dry toluene was repeated three times. The 
residual sirup was dissolved in dry benzene (10 ml), and 
mercury (II) bromide (1.80 g) and 1 (1.04 g) were added. 
The mixture was stirred at room temperature for 2 h, then 
evaporated in vacuo, and the residue was extracted with 
chloroform. The extract was washed successively with 25% 
potassium iodide (2 times) and with water, dried over anhy­
drous sodium sulfate, and evaporated to give an amorphous 
solid (3.169 g). The protected glycoside thus obtained was 
heated in methanol (70 ml) containing sodium methoxide (216 
mg) under reflux for 60 min. The reaction solution was 
cooled, then evaporated in vacuo to dryness, and the residue 
was dissolved in water (10 ml). The aqueous solution was 
washed with ether, rendered neutral with I'M HCl, and 
applied to a column of 50 ml of Dowex-1 x 4 (OH-, 100—200 
mesh) anion exchange resin. The column was washed with 
water (200 ml) and eluted with 40% methanol. The eluate 
could be separated into two fractions. Evaporation of the 
first fraction gave 5, which was recrystallized from aqueous 
ethanol. Yield 989 mg (74% ) ; fine needles, mp 204—206 °C. 
UV ÂeOH 236, 283, 339 nm. IR (Nujol) : 1660 cm"1 (C=0). 
NMR (D 2 0) ; Ô: 8.18 (d, / = 7 H z , 1, H-5), 7.7—8.0 (m, 2, 
H-7 and H-8), 7.1—7.4 (m, 1, H-6), 6.12 (d, 7 = 5 Hz, 1, 
H-l ' ) , 3.8—4.9 ppm (m, 5, ribose ring protons). Found: 
C, 49.60; H, 5.07; N, 15.85%. Calcd for C u H 1 3 N 3 0 5 : C, 
49.47; H, 4.91; N, 15.73%. On evaporation, the second 
fraction yielded 2-(ß-Z)-ribofranos-l-yl)-l,2,4-triazolo[4,3-a]-
pyridin-3(2#)-one; 57 mg (4.3%) mp 172—173 °C. UV: 
A ™ 220, 259(sh), 275, 328 nm. IR (Nujol); 1710 cm-1 

(C=0). Found: C, 49.70; H, 4.92; N, 15.65%. Calcd for 
GiiH13N305: C, 49.47; H, 4.91 ; N, 15.73%. 

Anhydro- l-benzyl-3-hydroxy-l,2,4-triazolo[4,3-a.]pyridinium 
Hydroxide (6a). A mixture of 1 (2.08 g), benzyl bromide 
(1.75 g) and mercury(II) bromide (3.60 g) in nitrobenzene 
(10 ml) was stirred at 85 °C for 20 h. 2-Propanol was then 
added. The crystals deposited were collected by filtration to 
give HgBr2-complex of 6a: yield 4.878 g (83.5%); mp 1 l o ­
i n °C. The complex was suspended in methanol (300 ml), 
and then treated with hydrogen sulfide stream until the 
starting white crystals disappeared. The resulting precipitate 
of mercury sulfide was filtered off. The filtrate was evaporated 
to give a yellow powder, which was crystallized from 2-
propanol. Yield 1.79 g,(79.5%, based on 1); yellow needles; 
mp 163—164 °C. UV; A ™ 236, 285, 348 nm. IR (Nujol) ; 
1660 cm-1 (C=0). NMR (DMSO-rf6); Ô: 8.21 (m, 1, H-5), 
7.5—7.9 (m, 2, H-7 and H-8), 7.02 (m, 1, H-6), 5.41 ppm (s, 
2, CH2-Ph). Found: C, 69.36; H, 4.92; N, 18.59%. Calcd 
for C 1 3 H n N 3 0 : C, 69.31 ; H, 4.93; N, 18.66%. 

General Procedure for the Preparation of 6. A mixture of 1 
(10 mmol), alkyl halide (or alkyl tosylate) (10—11 mmol) and 
mercury(II) bromide in nitrobenzene (10 ml) was stirred at 
60—90 °C under monitoring with TLC until the starting 
material disappeared, and then evaporated in vacuo. The 
residue was dissolved in methanol. The resulting solution 
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was neutralized with Dowex-1 ( H C 0 3 ~ ) , and the resin was 
filtered off. T h e filtrate was evaporated in vacuo to give a 
yellow powder, which was crystallized from appropr ia te 
solvent. Yields and physical constants of the products are 
given in Table 2. 

Reaction of the Ag-salt of 8 with Benzyl Bromide. A 
suspension of the Ag-salt of 8 (121 mg) in ni trobenzene (1 ml) 
containing benzyl bromide (81 mg) was stirred at 80 °C for 
3 h, and then evaporated in vacuo to give sirupy residue which 
was extracted with chloroform. Chromatographic separation 
of the extract on a silica gel plate yielded three isolated 
products: 9a (31.1 mg) , 10a (20.3 mg) and 6a (40.5 mg) . 
Physical constants of 9a: m p 114—115 °C. U V X&f* 222, 
260 (sh), 268, 278, 331 nm. I R (Nujol); 1720 c m - 1 ( G = 0 ) . 
N M R ( D M S C K ) ; «5: 7.89 (m, 1, H-5) , 7.36 (s, 5, C 6 H 5 ) , 
7.15—7.3 (m, 2, H-7 and H-8) , 6.63 (m, 1, H-6) , 5.15 p p m 
(s, 2, CH 2 -Ph) . Found : C, 69.22; H , 5.02; N , 18.69%. 
Calcd for Q a H n N a O : C, 69 .31 ; H , 4 .93 ; N , 18.66%. Phy­
sical constant of 10a: oil. U V I*«*1

 2 2 7 , 256 (sh), 260, 271, 
301 nm. N M R (DMSO-</6); Ô: 8.08 (m, 1, H-5) , 7.2—7.7 
(m, 2, H-7 and H-8) , 7.43 (s, 5, C 6 H 5 ) , 6.85 (m, 1, H-6) , 5.70 
ppm (s, 2, CHä-Fh) . 

Reaction of 8 with Benzyl Bromide, a) A mixture of 8 (1.35 
g) and benzyl bromide (1.80 g) in ni trobenzene (10 ml) was 
stirred at 125 °C for 12 h, and then evaporated in vacuo. T h e 
residue was dissolved in methanol , neutralized with Dowex-
1 ( H C 0 3 ~ ) , and the resin was filtered off. T h e filtrate was 
concentrated in vacuo giving a crystalline mass, which was 
recrystallized from 2-propanol to give pure 9a : yield 1.482 g 
( 6 6 % ) ; mp 114—115 °C. A further crop of 9a (280 mg, 
12.4%) and 6a were isolated from the mother l iquor by column 
chromatography on silica gel. 

b) In the Presence of HgBr2. A mixture of 8 (1.35 g) , 
benzyl bromide (1.80 g) and mercury(I I ) bromide (3.60 g) 
in nitrobenzene (10 ml) was stirred at 125 °C for 3 h, then evap­
orated in vacuo, and the residue was dissolved in methanol . 
T h e solution was neutralized with Dowex-1 ( H C 0 3 ~ ) , filtered, 
and the filtrate was evaporated to give a sirupy residue. 
Chromatographic separation of the residue on silica gel (40 
g, 1 % methanol in chloroform was used as eluent) yielded two 
isolated product : 6a (1.537 g, 68.3%) and 9a (450 mg, 2 0 % ) . 

l-Benzyl-3-benzyloxy-l,2,4-triazolo[4,3-a]pyridinium Bromide 
(11). A solution of 10a (678 mg) , benzyl bromide 
(513 mg) and mercury (I I) bromide (1.08 g) in nitrobenzene 
(3 ml) was stirred at room temperature for 20 h, and then 
poured into a large amount of ethanol . T h e precipitate 
formed was crystallized from methanol to give HgBr2-complex 
of 11 : yield 1.175 g (51.7%) ; m p 78—80 °C. U V -Ca°x

H 218, 
260 (sh), 299 nm. N M R (DMSO-rf6); a: 7.4—8.8 (m, 14, 
pyridine and phenyl ring H ) , 5.83 and 5.74 p p m (two s, 4, 
CH 2 -Ph) . Found : C, 31.75; H , 2.40; N , 5.55; Br, 10.56%. 
Calcd for C 2 0 H 1 8 N 3 OBr.HgBr 2 : C, 31.90; H , 2.70; N , 5.49; 
Br, 10.72%. 

l,2-Di-benzyl-3-oxo-l,2,4-triazolo[4,3-a]pyridinium Bromide 
(12). A solution of 6a (1.13 g) , benzyl bromide (90 mg) 
and mercury(II) bromide (1.80 g) in nitrobenzene (5 ml) was 
stirred at 125 °C for 3 h. Methanol was added to the reaction 
solution giving a crystalline solid. O n filtration, the pure 

HgBr2-complex of 12 was obta ined: yield 1.39 g (36.8%) ; m p 
157—158 °C. F o u n d : C, 41.77; H , 3.31 ; N , 7.16; Br, 14.08%. 
Calcd for C 2 0 H 1 8 N 3 OBr. l /2HgBr 2 : C, 41 .73; H , 3.49; N, 
7.77; Br, 13.82%. 

T h e complex (577 mg) was dissolved in methanol . Hy­
drogen sulfide was bubbled through the solution until the 
precipitation of mercury sulfide was complete. T h e precipi­
tate was then filtered off. Evaporat ion of the filtrate gave 
white powder which was crystallized from ethanol-ether to 
give pure 12: yield 376 mg ( 9 5 % ) ; m p 157—158 °C. U V 
AE*? 212, 230 (sh), 260 (sh), 328 n m . I R (Nujol) ; 1770 cm- i 
( C = 0 ) . N M R (DMSO-rf6); <5: 8.79 (m, 1, H-5) , 8.2—8.5 
(m, 2, H-7 and H-8) , 7.56 (m, 1, H-6) , 5.85 and 5.41 p p m 
(two s, 4, CH 2 -Ph ) . F o u n d : C, 60.41 ;H, 4.60; N, 10.55; 
Br, 20 .05%. Calcd for C 2 0 H 1 8 N 3 OBr: C, 61.60; H, 4.58; 
N , 10.60; Br, 20 .16%. 

Benzyl Migration. A solution of the starting material 
(10a or 6a, 10 mmol) in ni trobenzene (10 ml) was heated 
with (or without) a catalyst (HgBr2 or benzyl bromide) in the 
desired temperature range. T h e reaction mixture was 
worked up in the manner described above. 

T h e a u t h o r t h a n k D r . Y . B a b a of t hese L a b o r a t o r i e s 
for he lpfu l discussions. 
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by Means of Dialkylcopperlithiums 
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The transformation of ̂ m-dihalocyclopropanes (1) into 1-alkyl-l-butylcyclopropanes (2 and 3) is established 
by successive treatment with dibutylcopperlithium and several electrophiles. This sequence is found to be stereo-
chemically controllable and is successfully applied to <#-sirenin synthesis. In contrast to the reaction of dibutyl­
copperlithium, dimethyl- and divinylcopperlithiums convert l,l-dibromo-2-phenylcyclopropane (la) into 1-
bromo-1 -methyl- and l-bromo-l-vinyl-2-phenylcyclopropanes (15a, 16a and 15b, 16b) respectively. 

I t is remarkable that a class of natural products 
commonly possess a substituted cyclopropane ring1) in 
spite of the large strain energy therein involved. One 
of the most facile routes to the smallest carbocyclic ring 
is dihalocyclopropanation of olefins2) by phase-transfer 
technique, but unfortunately efficient methodology has 
never been recorded for replacing each halogen atom 
of the dihalocarbene-adducts with two different alkyl 
groups successively. Although monoalkylation of gem-
dihalocyclopropanes proceeds effectively and stereo-
selectively,3) the second alkylation of the resulting a-
alkylcyclopropyl halides has turned out extremely 
arduous. Remarkably, it is known that the reaction of 
^m-dihalides with dimethylcopperlithium results in 
gem-dimethylation.4«5) Being interested in this particular 
observation we have carefully investigated the interac­
tion of g£m-dihalocyclopropanes with dibutylcopper­
lithium to find that a-butylcyclopropylcopper com­
pounds thus initially produced react with methyl iodide 
giving stereoselectively the desired dialkylated products 
which have the methyl group always on the more 
hindered (eis or endo) site. O n the basis of this finding a 
novel approach to sirenin synthesis has been exploited.6) 

Reaction of gem-Dihalocyclopropanes with Dibutylcopper­
lithium. Upon treatment with 5 mol of dibutyl­
copperlithium the dibromocyclopropane l a , for 
example, produced a stereoisomeric mixture of organo-
metallic species, which after workup with excess methyl 

Ph X 

l a : X = B r 
l b : X=G1 

Br 

Br 

l e 

Ph Me 

R̂ 

2a: R=«-Bu 
2b; R=$-Bu 
2c: R=f-Bu 

Ph R 

2d: R = E t 
2e: R = A c 
2f: R = H 
2 g : R = I 

R Br 

l c : R=n-C6H1 3 

Id : R=PhCH2OCH2 

3a: R=n-Bu 
3b: R=5-Bu 
3c: R=/-Bu 

Ph 

R 

3d: R = E t 
3e: R = A c 
3f: R = H 
3g: R = I 

TABLE 1. STEREOSELECTIVE DIALKYLATION OF ^m-DiHALocYCLOPROPANES 

Entry gem-D'ihalo-
cyclopropane 

Ria) R2-Yb> Reaction 
temp (°C) Products Yield (%) 

of 2 and 3 2:3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

l a 
l a 
l a 
l a 
l a 
l a 
l a 
l a 
l b 
l c 
Id 
l e 
If 

n-Bu 
n-Bu 
J - B U 

t-Bu 
n-Bu 
n-Bu 
n-Bu 
n-Bu 
n-Bu 
n-Bu 
n-Bu 
n-Bu 
n-Bu 

Mel 
Mel 
Mel 
Mel 
EtI 
AcBr 
HOEt 

I i 
Mel 
Mel 
Mel 
Mel 
Mel 

- 4 8 
- 7 8 
- 7 8 
- 5 5 
- 4 8 
- 4 8 
- 4 8 
- 4 8 
- 6 0 
- 4 8 
- 4 8 
- 4 8 
- 4 8 

2a and 3a 
2a and 3a 
2b and 3b 
2c 
2d and 3d 
2e and 3e 
2f and 3f 
2g and 3g 
2a and 3a 
2h and 3h 
2i and 3i 
2j and 3j 
2ke> 

100 
64 
43 
20 
65 
34 
96 
79 
71 
50 
50 
82 
78 

80:20 
86: 14 
93:7 

100:0 
51:49 
80:20 
81: 19 
66: 34e> 
41: 59d> 
76:24 
70:30 
99: 1 

100:0 

a) Butyl group in dibutylcopperlithium. b) Electrophiles (see Scheme 1 ). c) l,l-Dibutyl-2-phenylcyclo-
propane (17c) was obtained as a by-product (see Experimental), d) The reason for the inverted isomer-
preference is not clear, e) After deacetalization of the primary product. 
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R Me 

2h: R=w-C6H13 

2i: R=PhCH2OCH9 

Me 
3h: R=n-C eH1 3 

3i: R=PhCH 2 OCH 2 

Me 

3j 2k 

iodide afforded a 4 : 1 mixture of 2a and 3a in a quan­
titative yield. Various ^m-dihalocyclopropanes were 
allowed to react first with some dibutylcopperlithiums 
and then with a variety of electrophiles including 
methyl iodide. The results are summarized in Table 1. 
Preliminary experiments revealed, however, that the 
yields were very much influenced by the reaction condi­
tions. Among solvent systems examined (hexane, 
hexane-ether, ether, tetrahydrofuran ( T H F ) , T H F -
hexamethylphosphoric triamide (HMPA)) hexane-ether 
gave the best results. The strict absence of unchanged 
butyllithium should be assured and therefore a slight 
excess of cuprous iodide was used for the preparat ion 
of the cuprate. Finally, the reaction temperature should 
be controlled carefully: the temperature during the 
reaction of the cuprate with dihalocyclopropanes being 
adjusted at —40 to —78 °C and the second alkyla-
tion at —20 °C. 

Of importance in the alkylation is the stereochemical 
consequence. The reaction of l a under the condition 
cited above resulted in the preferred formation of ay-
methyl isomer (entry 1). The ratio was better at low 
temperatures, while the use of more polar solvent 
systems ( T H F or T H F - H M P A ) or the presence of 
n-Bu3P as a ligand gave no improvement. Reaction of 
l a with di-j-butylcopperlithium or di-f-butylcopper-
lithium followed by methylation afforded predominantly 
m-methylated 2 b and 2c albeit in lower yields (entry 
3, 4). Noteworthy is the reaction of 7,7-dibromonor-
carane ( le ) and its derivative If, in which endo-methy\ 
isomers (2j and 2k) were formed exclusively (entry 12 
and 13). 

Rx ,Br R, 7Br 

K — > 
Scheme 1. 

These stereochemical results are explained by Scheme 
1 which involves halogen-copper exchange at the less 
hindered halogen, the consecutive £N2 type alkyl migration 
(inversion on the cyclopropane carbon), and the second 
alkylation by R 2 - Y with retention of configuration. The 
steric hindrance of large substituent(s) and/or the 

bulkiness of the copper reagent would strongly direct 
the dialkylcuprate to attack the less hindered halogen. 

The configurational stability of a-alkylcyclopropyl-
copper reagent of type 5 was verified as follows. At 
—78 °C the dibromocyclopropane l a was treated 
with 5 mol of dibutylcopperlithium which had been 
prepared at —48 °G, and then the reaction mixture 
was gradually warmed up finally to —10 °C in ca. 3 h. 
Aliquots of the sample at various temperatures were 
withdrawn, quenched with methanol and the products, 
l-butyl-2-phenylcyclopropanes (2f and 3f) , were analyz­
ed by G L C to give a nearly invariable ratio of 4 : 1 
of 2f/3f throughout the period of experiment. This 
indicates that the species 5 is configurationally stable 
at the temperature range examined. 

I f a,b,c 

MeOOC 

a: (Me2C=CHCH2CH2)2CuLi; b : Mel ; 
c: H 2 S0 4 -H 2 0 ; d: NaH-(MeO)2CO. 

8a: R = H 
8b: R = O H 

Application to dl-Sirenin Synthesis.7) With these 
observations in hand we extended the reaction to the 
preparat ion of a key intermediate of fi#-sesquicarene and 
ß#-sirenin syntheses. As at tempted preparat ion of the 
dibromocarbene adduct of cyclohexenone ethylene 
acetal failed to success, we were compelled to start 
with the dichlorocarbene adduct I f which was obtained 
by the phase-transfer technique.2) Trea tment of I f 
with bis-(4-methyl-3-pentenyl)copperlithium and then 
with excess methyl iodide, followed by deacetalization, 
afforded 6 in 4 4 % yield. The G L C and P M R analyses 
showed no contamination of the stereoisomer. The 
configuration was established by the methoxycarbonyla-

Fig. 1. The PMR spectrum of the keto ester 7 (CC14, 
100 MHz). 
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tion of 6. The methyl chemical shift (ô 1.02) of the 
product 7 (Fig. 1) was strictly the same as that of the 
7-endo-methy\ keto ester and clearly different from that 
of 7-ßvo-methyl isomer (ô 1.14).7a) Further transforma­
tion of 7 to ^//-sesquicarene (8a) and ü#-sirenin (8b) has 
been already established.73) 

Stereochemistry of Dialkylated Cyclopropanes. The 
configuration of each phenyl substituted cyclopropane 
(2a—g, 3a—g) was identified by the comparison of 
P M R spectra. In general, the methyl signal eis to 
phenyl group appeared at higher field than that of 
trans isomer (see Experimental).3) For example, the 
methyl signal of 2a appeared at ô 0.73, whereas that of 
its stereoisomer 3a appeared at ô 1.18. Similarly, 
m-acetylated cyclopropane 2e showed acetyl signal at 
ô 1.61 and its trans isomer 3e at (5 2.12. The peak shape 
analysis of butyl signal also afforded a basis for the 
stereochemical determination of 2 d and 2f. T h e a-
methylene proton peak of butyl group eis to phenyl 
group appeared at slightly higher field than that of the 
trans isomer due to the shielding effect of the benzene 
ring. T h e stereochemical assignment is also possible 
from the fact that proton (s) eis to butyl group on the 
three membered ring generally appeared at higher field 
than the trans proton (s) probably due to the deshielding 
effect by c bond(s).8) This criterion was applied to 
the determination of the iodinated cyclopropanes: 
benzylic proton of 2g at ô 2.16 and that of 3g at ô 2.78. 

^ 2 h 

a: PBr3; b : n-AmMgBr; c:CH2I2/Zn-Cu; 
d: NaH/PhCH2Cl. 

Scheme 2. 

Stereochemistry of 2h and 2i was unambiguously 
determined by the independent syntheses as shown in 
Scheme 2. An allyl alcohol 99) was converted into a 
trisubstituted olefin 10, which was subjected to the 
Simmons-Smith reaction10) to give 2h and 3h (84: 16). 
The authentic samples of 2i and 3i were obtained by 
cyclopropanation on 9 and the successive benzylation. 
Scheme 3 shows the syntheses of the authentic specimens 
of 2j and 2k. The route involves a well-established 
diazoketone cyclization.11) Copper catalyzed thermal 

2k 2i 

12 {E:Z 77:23) 
a: NaCH(COOEt)2; 
d: SOCl2; e: CH2N2; 
KOH, HO(CH2CH20)3H. 

Scheme 3. 

14 
b : NaOH; c: H aO+ , A; 
f: CuS04 , A; g: NH2NH2, 

decomposition of 14 afforded 2k and its stereoisomer 
(71: 29). The Wolff-Kishner reduction12) of 2k gave 
the hydrocarbon 2 j . 

Further Extention and Possible Reaction Mcehanism. 
In sharp contrast to the above reaction of dibutyl-
cuprates, dimethylcopperlithium reacted with l a in 
T H F at - 7 8 °G to afford dimethylated product 17a 
(48%). Remarkably, the same procedure at — 38 °C 
in ether gave a mixture (43: 57) of mono-methylated 
products 15a and 16a (49% yield) along with 17a 
(17%). More drastic change of the reaction path was 
achieved only by temperature control in the reaction of 
divinylcopperlithium. Whereas at —48 °C in ether 
divinylcyclopropane 17b was obtained in 4 7 % yield, 
the reaction at —78 °G afforded 1-bromo-l-vinylcyclo-
propanes 15b and 16b (26: 74) in 8 0 % yield. I t 
should be noted that the reaction of l a with dibutyl-
copperli thium gave no 17c. 

Ph ,R Ph ,R 

R 
Pli Dr rn iv *» , 

M* MB- M 
15 16 17 
a: R = M e ; b : R=vinyl; c: R=«-Bu 

Ph Br 
1a R2CuLi M«**—-M 

R = M e or vinyl 

/ 
R 

18 
Scheme 4. 

Ph Br 

R 

15 or 16 

We do not believe that all these three cuprates react 
with l a by a single mechanism. T h e initial step in the 
reaction of dibutylcopperlithium shown in Scheme 1 
is copper-halogen exchange (two-electron transfer 
process)53) to afford a mixed cuprate 4 which easily 
rearranges to an a-alkylated cyclopropylcopper 5 under 
S*2 type alkyl migration. Another possibility is shown 
in Scheme 4 in which a trivalent copper species is 
assumed in the initial step. Reductive elimination of 
this unstable transient affords an a-alkylated cyclopro 
pyl bromide. T h e reaction of dimethyl- ;or divinylcop­
perlithium should be explained by this scheme, which 
is quite similar to the one proposed for the coupling 
of dialkylcuprates with alkyl halides and tosylates.13) 

T h e Scheme 1 is supported by the related observa­
tions as follows. When /ran.r-l-bromo-2-phenylcyclo-
propane (19) was treated with 4 mol of dibutylcopper­
lithium in T H F and successively with allyl bromide, 
tow-l-allyl-2-phenylcyclopropane (20) was obtained in 
9 7 % yield. No butylated product was detected and, 
therefore, the copper intermediate is probably the one 
as shown below. I t should be noted that 19 was more 
susceptible to the reaction than its eis isomer.14) 

Ph 

Br 

Ph ™ Ph Ph 

MB. t , 
19 20 
a: n-Bu2CuLi/THF; b : CH2=CHCHaBr. 
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Ph Br Ph Li 

M; —><^ 
T h e s econd s tep i n S c h e m e 1 is t h e i n t r a m o l e c u l a r 

6^2 t y p e a lkyl m i g r a t i o n w h i c h is exempl i f i ed b y t h e 
fol lowing e x p e r i m e n t . A so lu t i on of l a i n T H F w a s 
a d d e d to a so lu t ion of b u t y l l i t h i u m (3.3 m o l ) in T H F a t 
—95 ° C . A q u e o u s w o r k u p a f fo rded /ran.y-l-butyl-2-
p h e n y l c y c l o p r o p a n e . 1 5 ) I n t r o d u c t i o n of b u t y l g r o u p is 
a t t r i b u t e d to n u c l e o p h i l i c a t t a c k of b u t y l a n i o n as 
i l l u s t r a t ed below. 1 6 ) 

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

All the temperatures are uncorrected. T h e I R spectra 
were obtained on a Shimadzu spectrometer 27-G, M S on a 
Hitachi R M U - 6 L , and P M R on J E O L J N M - P M X 60, 
Var ian EM-360, or Var ian HA-100D spectrometers. Butyl-
li thium and f-butyllithium were purchased from Aldrich Co. 
Ltd. Vinyllithium in ether,17) methyll i thium in ether,18) and 
j-butyll i thium in pentane19) were prepared according to the 
literature. Commercial cuprous iodide was purified accord­
ing to the literature.20) Ether and hexane were distilled 
and dried on sodium metal . T H F was dried on benzo-
phenone ketyl and distilled. All the reactions were performed 
under a nitrogen atmosphere. T h e cold ba th of —48 °C 
was prepared by mixing Dry Ice and m-xylene. 

gem-Dihalocyclopropanes. These were prepared by the 
reaction of the corresponding olefins with bromoform/*-BuOK. 
g^m-Dichlorocyclopropanes were prepared by the phase 
transfer method. A typical procedure is illustrated in the 
synthesis of If. 

7,7-Dichloronorcaran-2-one Ethylene Acetal (If). A 
solution of cyclohexenone ethylene acetal (11.2 g, 80 mmol) 
in benzene (10 ml) was mixed with 120 ml of 5 0 % aqueous 
sodium hydroxide. T h e mixture was warmed to 40 °C and 
under vigorous stirring 80 ml of chloroform was added dur ing 
4 h. After the addition was completed, the reaction mixture 
was stirred at 40 °C for 2 h. Extraction with hexane and 
subsequent fractionation through a 15 cm Vigreux column 
gave I f (88—90 °C/1 Torr , 11.6 g, 7 1 % based on the con­
sumed starting olefin). I R (neat) : 1107, 1020, 948, 784 c m - 1 ; 
M S : m/e (%) , 226 ( M + + 4 , 0.5), 224 (M+ + 2 , 2) , 222 (M+, 
3.4), 187 (32), 99 (100), 86 (37); P M R (CC14): «5 1.0—2.3 
(m, 8H) , 3.7—4.2 (m, 4 H ) . F o u n d : C, 48.7; H , 5 .7%. 
Calcd for C 9 H 1 2 C1 2 0 2 : C, 48.5; H , 5 .4%. 

l-Butyl-l-methyl-2-phenylcyclopropane (2a and 3a). Di-
butylcopperlithium was prepared by the t rea tment of butyl-
lithium (5.7 ml of 1.75 M hexane solution) with cuprous 
iodide (0.96 g, 5.0 mmol) suspended in ether (10 ml) at 
- 4 8 °C. A solution of l a (0.28 g, 1.0 mmol) in ether (1 ml) 
was added dropwise to this solution. T h e reaction mixture 
was gradually warmed up to — 20 °C in 1 h, t reated with 
excess methyl iodide (1 ml) , and further warmed to room 
temperature dur ing 15 h. W o r k u p followed by short pa th 
distillation at 82—92 °C/26 Tor r gave a mixture of 2a and 
3a (0.19 g, quanti tat ive yield). Each isomer was separated 
by preparative G L C (20% Silicone H V grease on Celite 545, 
1 m, 160 °C, He , 1.2 kg/cm2) . 

r-l-Butyl-l-methyl-t-2-phenylcyclopropane (2a): Rt 25 m i n ; 
bp 84—89 °C (bath temp)/2 T o r r ; I R (nea t ) : 3070, 3040, 
1605, 1580, 1498, 1450, 1385, 1070, 1030, 780, 735, 700 c m - 1 ; 
M S : m/e (%) , 188 (M+, 16), 173 (2), 131 (100), 117 (15), 104 
(32), 91 (34); P M R (CC14): Ô 0.6—1.7 (m, 11H), 0.73 (s, 3H, 

Me) , 1.83 (t, 7 = 7 Hz, 1H, P h C H ) , 6.8—7.4 (m, 5H, Ph) . 
Found : C, 89 .3 ; H , 10.9%. Calcd for C 1 4 H 2 0 : C, 89 .3 ; 
H , 10.7%. 

Y-l-Butyl-l-methyl-c-2-phenyleyclopropane (3a) : Rt 20 min ; 
bp 85—95 °C (bath t emp) / l T o r r ; I R (nea t ) : 3070, 3040, 
1605, 1497, 1460, 1380, 1025, 777, 699 c m - 1 : M S : m/e (%) , 
188 (M+, 14), 173 (2), 131 (100), 117 (18), 104 (39), 91 (37); 
P M R (CC14): «5 0.5—1.6 (m, 11H), 1.18 (s, 3H, Me) , 1.83 
(dd, J = 6 , 8 Hz , 1H, P h C / / ) , 6.9—7.4 (m, 5H, Ph) . Found : 
C, 89.5; H , 10.7%. Calcd for C l 4 H 2 0 : C, 89 .3 ; H , 10.7%. 

r-l-s-Butyl-l-methyl-t-2-phenylcyclopropane (2b). A cooled 
solution of ^-butyllithium (16 ml of 0.62 M pentane solution, 
10 mmol) was added to a suspension of cuprous iodide (0.95 g, 
5.0 mmol) in ether (10 ml) at — 78 °C. T h e suspension 
immediately turned to black, and after 5 min a solution of l a 
(0.28 g, 1.0 mmol) in ether ( 1 ml) was added. T h e reaction 
mixture was gradually warmed to —20 °C in 3 h, treated 
with methyl iodide ( 1 ml) and further warmed to room temp 
dur ing the period of 5 h. Aqueous workup and subsequent 
preparat ive T L C (silica gel, hexane, R{ 0.7—0.8) afforded 
83 mg of 2 b ( 9 3 % pure on G L C assay). Analytical sample 
was obtained by preparat ive G L C . Bp 84—92 °C (bath 
temp)/23 T o r r ; I R (nea t ) : 3060, 3040, 1603, 1575, 1498, 
1450, 1370, 1075, 1020, 775, 733, 700 c m - 1 : M S : m/e (%) , 
188 (M+, 4) , 131 (100), 117 (11), 104 (45); P M R (CCLJ: 
«5 0.3—1.7 (m, 11H), 0.61 (s, 3H, Me) , 1.83 (dd, 7 = 6 , 8 Hz , 
1H, P h C i / ) , 6.7—7.3 (m, 5H , Ph) . Found : C, 89.0; H , 
10.6%. Calcd for C 1 4 H 2 0 : C, 89 .3 ; H , 10.7%,. G L C separa­
tion of minor components gave 3 b which was identified by 
M S : m/e 188 (M+). 

r-l-t-Butyl-l-methyl-t-2-phenylcyclopropane (2c). To di-
f-butylcopperlithium, prepared from f-butyllithium (3.1 ml 
of 1.6 M pentane solution, 5.0 mmol) and cuprous iodide 
(0.48 g, 2.5 mmol) in ether (5 ml) at - 5 5 °C, l a (0.14 g, 
0.5 mmol) in ether ( 1 ml) was added, and the reaction mixture 
was gradually warmed up to —20 °C in 3 h, then treated 
with methyl iodide (1 ml) a n d further warmed u p to room 
temp dur ing the period of 15 h. Workup followed by pre­
parat ive T L C (silica gel, hexane, Rt 0.7—0.8) gave 2c (19 mg} 

2 0 % yield). Any isomer was not detected by G L C or P M R 
assay. Bp 95—100 °C (bath temp)/24 T o r r ; I R (nea t ) : 
3090, 3050, 1605, 1580, 1500, 1383, 1363, 1172, 1080, 1028, 
773, 734, 699 c m - 1 ; M S : m/e ( % ) , 188 (M+, 3), 131 (78), 

84 (100), 69 (73), 57 (46), 41 (38); P M R (CC14) : «5 0.66 (s, 
3H, M e ) , 0.7—1.3 (m, 2H) , 0.93 (s, 9H, t-Bu), 2.10 (dd, 7 = 5 , 
9 Hz , 1H, P h C / / ) , 6.8—7.3 (m, 5H , Ph ) . F o u n d : C, 89.6; 
H , 11.0%. Calcd for C 1 4 H 2 0 : C, 89 .3 ; H , 10.7%. 

l-Butyl-l-ethyl-2-phenylcyclopropanes (2d and 3d). A 
solution of l a (0.28 g, 1.0 mmol) in ether (1 ml) was added 
to n-Bu2CuLi (5.0 mmol) prepared at — 48 °C. Stirring was 
continued for 1 h and ethyl iodide (1 ml) was added. T h e n 
the mixture was gradual ly warmed to room temp dur ing 15 h. 
Workup and preparat ive T L C (silica gel, hexane, i?f 0.8—0.9) 
afforded an isomeric mixture of 2 d and 3 d (0.14 g, 6 5 % ) . 
Each isomer was separated by G L C (Silicone H V grease, 
150 °C H e , 1.7 kg/cm2) . 

Y-l-Butyl-l-ethyl-t-2-phenylcyclopropane (2d) : Rf 16 min ; 
b p 87—95 °C (bath temp)/27 T o r r ; I R (nea t ) : 3060; 3040, 
1605, 1580, 1497, 1453, 1378, 1070, 1029, 774, 730, 699 c m - 1 ; 
M S : m/e (%) , 202 (M+ 18), 173 (28), 145 (100), 117 (78), 
104 (52), 91 (76); P M R (CC14): «5 0.5—1.6 (m, 16H), 1.87 
(dd, 7 = 6 , 8 Hz, 1H, P h C / / ) , 6.9—7.4 (m, 5H, P h ) . Found : 
C, 88 .8 ; H , 10.9%. Calcd for C 1 5 H 2 2 : C, 89.0; H , 11.0%. 

r-l-Butyl-l-ethyl-c-2-phenylcyclopropane (3d): Rt 13 min ; 
bp 82—89 °C (bath temp)/20 T o r r ; I R (nea t ) : 3070, 3040, 
1605, 1580, 1499, 1450, 1380, 1070, 1029, 778, 730 cm" 1 ; 
M S : m/e (%) , 202 (M+, 19), 173 (28), 145 (100), 117 (76), 
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104 (57), 91 (61); P M R (CCLJ: Ô 0.5—1.6 (m, 16H), 1.82 
(dd, 7 = 6 , 8 Hz , 1H, P h C H ) , 6.8—7.4 (m, 5H, Ph) . Found : 
C, 88.8; H , 11.0%. Calcd for C 1 5H 2 2 : C, 89.0; H , 11.0%. 

l-Acetyl-l-butyl-2-phenylçyclopropanes (2e and 3e). A 
solution of l a (0.28 g, 1.0 mmol) in ether (1 ml) was treated 
with n-Bu2CuLi (5.0 mmol) in ether (10 ml) at - 4 8 °C. T h e 
reaction mixture was warmed to —20 °C during 1 h and then 
cooled again to —78 °C. Acetyl bromide (1.0 ml) was added 
and the reaction mixture was gradually warmed to room 
temp dur ing 15 h . Workup and preparat ive T L C (silica 
gel, hexane-e ther (4: 1) gave 2e and 3e . 

r-1-Acetyl-l-butyl-c-2-phenylcyclopropane (2e): R{ 0.4—0.5; 
bp 70—75 °C (bath temp)/0.07 T o r r ; I R (nea t ) : 1690, 1600, 
1580, 1498, 1450, 1355, 1196, 1134, 1025, 958, 768, 730, 
695 c m - 1 : M S : m/e (%) , 216 (M+, 18), 173 (26), 129 (17), 
117 (19), 91 (20), 43 (100); P M R (GG14): «5 0.7—2.5 (m, 
12H), 1.61 (s, 3H, Ac), 6.9—7.4 (m, 5 H , Ph ) . Found : C, 
83.2 ; H , 9 .4%. Calcd for C 1 5 H 2 0 O : C, 83.3 ; H , 9 . 3 % . 

r-1-Acetyl-l-butyl-t-2-phenylcyclopropane (3e) : Rf 0.3—0.4; 
bp 66—70 °C (bath temp)/0.06 T o r r ; I R (nea t ) : 1688, 1605, 
1580, 1500, 1450, 1380, 1356, 1200, 1142, 778, 732, 700 cm-*; 
M S : m/e (%) , 216 (M+, 16), 173 (24), 129 (13), 117 (27), 
91 (19), 43 (100); P M R ( C C I J : ô 0.5—1.9 (m, 11H), 2.12 (s, 
3H, Ac), 2.57 (dd, 7 = 7 , 9 Hz , 1H, P h C H ) , 6.9—7.3 (m, 5H, 
Ph) . Found : C , 83.0; H , 9 . 5 % . Calcd for C 1 5 H 2 0 O : C 
83.3 ; H , 9 . 3 % . 

l-Butyl-2-phenylcyclopropanes (2f and 3f). A solution 
of l a (0.28 g, 1.0 mmol) in ether (1ml ) was treated with 
n-Bu2CuLi (5.0 mmol) in ether (10 ml) at - 4 8 °C. T h e 
reaction mixture was warmed up tp —20 °C during 1 h, and 
ethanol (2 ml) was added. Workup and subsequent pre­
parat ive T L C purification gave a mixture of 2f and 3f (0.17 g, 
9 6 % yield). Each isomer was separated by preparat ive G L C 
(Silicone H V grease, 150 °C, 0.7 kg/cm2) . 

trans-l-Butyl-2-phenylcyclopropane (2f): Rt 12 min ; bp 
82—83°C/21 T o r r ; I R (nea t ) : 1605, 1500, 1465, 1084, 1020, 
750, 695 c m - 1 ; M S : m/e (%) , 174 (M+, 22), 117 (77), 104 
(100), 91 (33); P M R (CCLJ: «5 0.5—1.7 (m, 13H), 6.7—7.3 
(m, 5H, Ph) . F o u n d : C, 89.5; H , 10 .3%. Calcd for C13-
H 1 8 : C, 89.6; H , 10.4%. 

eis- 1-ButyI-2-phenylcyclopropane (3f): Rt 11 min ; bp 70— 
74 °C (bath temp)/4 T o r r ; I R (nea t ) : 1600, 1495, 1025, 770, 
723, 700 c m - 1 ; M S : m/e (%) , 174 (M+, 17), 117 (72), 104 
(100), 91 (32); P M R (CC14) Ô 0.4—1.7 (m, 12H), 1.7—2.3 
(m, I H ) , 7.0—7.2 (m, 5H, Ph) . F o u n d : C, 89 .5 ; H , 10.7%. 
Calcd for C 1 3H 1 8 : C, 89.6; H , 10.4%. 

Reaction of l,l-Dichloro-2-phenylcyclopropane (lb) with Dibutyl-
copperlithium. A solution of l b (0.19 g, 1.0 mmol) in 
ether (1 ml) was added to a solution of n-Bu2CuLi (5.0 mmol) 
prepared at —48 °C, and the reaction mixture was warmed 
to 0 °C in 3.5 h, t reated with methyl iodide (1 ml) , and allowed 
to w a r m to room temp (15 h ) . Workup and preparat ive 
T L C afforded a mixture of 2a and 3a (97 mg, 7 1 % yield) 
besides a recovered start ing material (49 mg) . 

l-Iodo-l-butyl-2-phenylcyclopropane (2g and 3g). A solu­
tion of l a (0.28 g, 1.0 mmol) in ether ( 1 m l ) was treated 
with n-Bu2CuLi (5.0 mmol) in ether (10 ml) at - 4 8 °C. T h e 
reaction mixture was warmed to — 30 °C in 1 h and then 
treated with iodine (2.5 g, 10 mmol) dissolved in T H F (4 ml) , 
and further warmed up to room temp. Usual workup in­
volving reduction of the excess iodine with aq. sodium thio-
sulfate, followed by prepara t ive T L C (silica gel, hexane) , 
gave 2g (Rt 0.5—0.6, 0.16 g, 52%) and 3g (R{ 0.6—0.7, 81 mg, 
27%) along with 17c ( £ f 0.7—0.8, 22 mg, 10%) . 

v-1-Iodo-l-butyl-c-2-phenylcyclopropane (2g) : Bp 123—128 °C 
(bath temp)/3 T o r r ; I R (neat) : 3090, 3060, 3040, 1602, 1580, 
1497, 1450, 1370, 1150, 1022, 780, 756, 722, 690 c m - 1 ; M S : 

m/e (%) , 300 (M+, 2), 217 (5), 173 (38), 131 (22), 117 (100) 
91 (68); P M R (CC14): ô 0.6—2.2 (m, 12H), 6.8—7.4 (m, 
5H, Ph ) . Found : C, 52 .3 ; H , 5 .8%. Calcd for C 1 3H 1 7 I : 
C, 52.0; H , 5 .7%. 

r-l-Iodo-l-butyl-t-2-phenylcyclopropane (3g): Bp 118—124 °C 
(bath temp)/3 T o r r ; I R (nea t ) : 3090, 3070, 3040, 1600, 
1580, 1499, 1450, 1370, 1195, 1142, 770, 725, 695 cm- 1 ; 
M S : m/e (%) , 300 (M+, 2) , 217 (1), 173 (37), 131 (23), 117 
(100), 91 (68); P M R (CCLJ: à 0.5—1.8 (m, 11H), 2.78 (dd, 
7 = 7 , 10 Hz, I H , P h C / / ) , 7.0—7.4 (m, 5H, Ph) . Found: 
C, 52 .3 ; H , 5 .8%. Calcd for C 1 3 H 1 7 I : C, 52.0; H , 5.7%. 

l,l-Dibutyl-2-phenylcyclopropane (17c): Bp 80—86 °C (bath 
temp)/2 T o r r ; I R (nea t ) : 3040, 1600, 1495, 1460, 1027, 780, 
727, 700 c m - 1 ; M S : m/e (%) , 230, (M+, 17), 173 (66), 117 
(100), 104 (55), 91 (68); P M R (CC14): ô 0.5—1.7 (m, 20H), 
1.83 (dd, 7 = 7 , 10 Hz , I H , P h C / / ) , 6.8—7.3 (m, 5H, Ph) . 
Found : C, 88.4; H , 11.4%. Calcd for C1 7H2 C : C, 88.6; 
H , 11.4%. 

Air Oxidation of the Cyclopropylcopper Reagent Prepared from l a 
and Dibutylcopperlithium. A solution of l a (0.28 g, 1.0 
mmol) in ether ( 1 ml) was treated with n-Bu2CuLi (5.0 mmol) 
in ether (10 ml) at —48 °C. After 1 h dry air (passed through 
CaCl 2 and silica gel) was introduced into the reaction mixture 
which was subsequently allowed to warm to 0 °C in 3 h. 
Workup and subsequent T L C purification (silica gel, hexane) 
gave 17c (R{ 0.7—0.8, 80 mg, 34%) , 3g (Rt 0.6—0.7, 38 mg, 
12%) , and 2g (Rt 0.5—0.6, 54 mg, 18%) . 

l-Butyl-l-methyl-2-hexylcyclopropane (2h and 3h). Di-
bromocyclopropane l c (0.30 g, 1.0 mmol) in ether (1ml ) 
was treated with n-Bu2CuLi (5.0 mmol) in ether (10 ml) at 
- 4 8 °C to - 2 0 °C for 1 h. Addit ion of methyl iodide (1 ml) 
at —20 °C, followed by usual workup and preparat ive T L C 
(silica gel, hexane, Rt 0.8—0.9), gave a mixture of 2h and 3h 
(0.10 g, 5 0 % yield). Each product was separated by G L C 
(Silicone H V grease, 150 °C, 0.8 kg/cm2) . 

Y-l-Butyl-l-methyl-t-2-hexylcyclopropane (2h): Rt 58 min; 
bp 75—80 °C (bath temp)/4 T o r r ; I R (nea t ) : 3050, 2930 
2860, 1465, 1375, 1020, 730 c m - 1 ; M S : m/e (%) , 196 (M+, 4) 
154 (6), 139 (11), 126 (4), 111 (8), 97 (24), 83 (55), 69 (98), 
55 (100); P M R (CCLJ: ô - 0 . 3 — 0 . 5 (m, 3H) , 0.97 (s, 3H, 
M e ) , 0.7—1.9 (m, 22H) . Found : C, 85.8; H , 14.5%. Calcd 
for C 1 4 H 2 8 : C, 85.6; H , 14.4%. 

r- 1-Butyl-l-methyl-c-2-hexylcyclopropane (3h) : Rt 38 min ; 
bp 60—65 °C (bath temp)/3 T o r r ; I R (nea t ) : 3050, 2930, 
1460, 1370, 1255, 1015 c m - 1 ; M S : m/e (%) , 196 (M+, 3), 
154 (5), 139 (8), 126 (3), 111 (11), 97 (17), 83 (41), 69 (79), 
55 (78), 44 (100); P M R (CC14): Ô - 0 . 3 — 0 . 6 (m, 3H) , 0.99 
(s, 3H, M e ) , 0.6—1.7 (m, 22H) . Found : C, 85.6; H , 14.4%. 
Calcd for C 1 4 H 2 8 : C, 85.6; H , 14.4%. 

l-Butyl-l-meihyl-2-benzyloxymethylcyclopropanes (2i and 3i). 
A solution of I d (0.32 g, 1.0 mmol) in ether (1 ml) was treated 
with n-Bu2CuLi (5.0 mmol) in ether (10ml) at - 4 8 °C. T h e 
reaction mixture was gradual ly warmed up to —20 °C during 
1 h and treated with methyl iodide (1 ml) , and then further 
warmed to room temp in 15 h. Workup and preparat ive 
T L C (silica gel, hexane-e ther 1:1) gave a mixture of 2i and 
3i (0.12 g, 5 0 % yield). Each product was separated by 
preparat ive G L C (Apiezon L (30%) and K O H (10%) on 
Chromosorb W , 2 m, 150 °G, 1.0 kg/cm2 of H e gas). 

r- 1-ButyI-l-methyl-t-2-benzyloxymethy{cyclopropane (2i) : Rt 35 
min ; bp 73—80 °C (bath temp)/0.06 Tor r ; I R (nea t ) : 1492, 
1450, 1374, 1254, 1090, 1025, 790, 734, 700 c m - 1 ; M S : m/e 
(%) , 232 (M+, 0.2), 217 (0.1), 191 (2), 188 (1), 175 (2), 91 
(100); P M R (CCLJ: ô 0.3—0.6 (m, I H ) , 0.7—1.7 (m, 11H), 
1.03 (s, 3H, M e ) , 3.17 (dd, 7 = 8 , 10 Hz , I H , O C / / 8 H b ) , 
3.53 (dd, 7 = 6 , 10 H z , I H , O C H a / / b ) , 4.43 (s, 2H, PhC/ / 2 ) , 
7.2—7.3 (m, 5H , P h ) . Found : C, 82.9; H , 10.6%. Calcd 
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for C1 6H2 40: C, 82.7; H, 10.4%. 
Y-l-Butyl-l-methyl-c-2-benzyloxymethylcyclopropane (3i) : Rt 30 

min; bp 75—83 °C (bath temp)/0.06 Torr; IR (neat): 1494, 
1451, 1375, 1255, 1090, 1027, 805, 736, 700 cm-1; MS: m/e 
(%), 232 (M+, 0.05), 217 (0.1), 191 (0.5), 188 (0.5), 175 (0.5), 
91 (100); PMR (CC14): Ô 0.3—0.5 (m, 1H), 0.7—1.7 (m, 
11H), 1.03 (s, 3H, Me), 3.22 (dd, 7 = 8 , 10 Hz, 1H, OC// aHb) , 
3.50 (dd, 7 = 6 , 10 Hz, 1H, OCH a i / b) , 4.41 (s, 2H, PhCH2), 
7.2—7.4 (m, 5H, Ph). Found: C, 82.6; H, 10.5%. Calcd 
for C1 6H2 40: C, 82.7; H, 10.4%. 

7-exo-Butyl-7-endo-methylnorcarane (2j). A solution of 
7,7-dibromonorcarane (le) (0.26 g, 1.0 mmol) in ether (1 ml) 
was treated with w-Bu2CuLi (5.0 mmol) in ether (10 ml) at 
—48 °G. After l h methyl iodide (1.0 ml) was added and 
the reaction mixture was gradually warmed up to room temp 
in 3 h. Workup and subsequent preparative TLG (silica 
gel, hexane, Rt 0.8—0.9) afforded 2j (0.14 g, 82% yield). 
Bp 100—106 °C (bath temp)/15 Torr; IR (neat): 3000, 1465, 
1449, 1380, 785 cm-1; MS: m/e (%), 166 (M+, 5), 152 (3), 
151 (3), 123 (9), 110 (54), 109 (100), 95 (26); PMR (GC14): 
Ô 0.4—0.6 (m, 2H), 0.93 (s, 3H, Me), 0.6—2.6 (m, 17H). 
Found: C, 86.6; H, 13.6%. Calcd for C12H22: C, 86.7; 
H, 13.3%. 

exo-7-Butyl-endo-7-methylnorcaran-2-one (2k). Dichloro. 
carbene addüct If (0.22 g, 1.0 mmol) in ether ( 1 ml) was 
treated with n-Bu2CuLi (5.0 mmol) in ether (10 ml) at —48 °C 
to 0 °C for 3 h and at 0 °G for 1 h. After the addition of 
methyl iodide (1 ml) the reaction mixture was gradually 
warmed to room temp (3 h). Workup and concentration 
in vacuo afforded an oil which was subsequently treated with 
a mixture of THF (1 ml) and 1.5 M aq H 2S0 4 at room temp 
for 1 h. Workup and subsequent TLC (silica gel, hexane-
ether 3 : 1 , Rt 0.3—0.4) afforded 2k (0.14 g, 78% yield). Bp 
90—97 °G (bath temp)/15 Torr; IR (neat): 1690, 1470, 1320, 
1240, 1180, 1110, 890 cm-1; MS: m/e (%), 180 (M+, 8), 124 
(42), 95 (100), 82 (84); PMR (GG14): ô 0.6—2.6 (m, 17H), 
1.09 (s, 3H, Me). Found: G, 80.0; H, 11.3%. Calcd for 
C12H20O:C, 79.9; H, 11.2%. 

exo-7-(4-Methyl-3-pentenyl)-endo-7-methylnorcaran-2-one (6). 
An ethereal solution of 4-methyl-3-pentenyllithium (14 ml 
of 0.86 M solution, 12 mmol) was added to cuprous iodide 
(1.1 g, 6.0 mmol) suspended in a mixture of hexane (15 ml) 
and ether (5 ml) at — 78 °C. During the period of 40 min 
the reaction mixture was warmed to — 70 °C and then a 
solution of If (0.27 g, 1.2 mmol) in ether (1 ml) was added to 
the resulting dark gray slurry. The reaction mixture was 
gradually warmed to —20 °C in 1 h, treated with methyl 
iodide (2 ml) and allowed to warm to room temp ( 16 h). 
Usual workup gave an oil which was subsequently treated 
with a mixture of THF (1 ml) and 1.5 M aq H 2S0 4 (1 ml) at 
room temp for 40 min. Workup and preparative TLC 
purification (silica gel, CH2C12, Rt 0.3—0.4) gave 6 (0.11 g, 
44%). Bp 95—105 °C (bath temp)/0.1 Torr; IR (neat): 
1685, 1445, 1380, 1349, 1330, 1245, 895, 790 cm-1; MS: m/e 
(%), 206 (M+, 5), 137 (22), 69 (87), 41 (100); PMR (CC14): 
ô 1.115 (s, 3H, Me), 1.59 (s, 3H, Me), 1.67 (s, 3H, Me), 1.2— 
2.3 (m, 12H), 4.9—5.2 (m, 1H). The product 6 was con­
verted into 3-carbomethoxy-£w-7-(4-methyl-3-pentenyl)«z</0-
7-methylnorcaran-2-one (7) according to the literature."1) 
Bp 110—120 °C (bath temp)/0.3 Torr; IR (neat): 1744, 1689, 
1644, 1610 cm-1; MS: m/e (%), 264 (M+, 3), 69 (82), 55 (48), 
41 (100); PMR: Fig. 1. 

Authentic Samples of2h and 3h. A solution of 3-methyl-
hept-2-en-l-ol (9) (0.74 g, 5.7 mmol, E: Z 80: 20) in ether (5 ml) 
was treated with phosphorous tribromide (0.52 g, 1.9 mmol) at 
— 78 °C. The solution was stirred at room temp for 3 h and 
worked up. Distillation (80—90 °C/18 Torr) of the crude 

product gave l-bromo-3-methylhept-2-ene (0.78 g, 71%). 
The bromide was directly treated with amylmagnesium 
bromide (5.0 mmol) in ether (4 ml) at room temp for 2 h. 
Workup and GLC separation (Silicone HV grease, 150 °C, 
0.8 kg/cm2, Rt 30 min) gave an isomeric mixture of 5-methyl-
5-dodecene (10) (15 mg, E: Z 82: 18), which was converted 
to a mixture of 2h and 3h (ratio 84: 16) upon heating with 
methylene iodide (85 mg, 0.32 mmol), zinc powder (42 mg, 
0.64 mmol), and cuprous chloride (10 mg, 0.10 mmol) for 
15 h.10> GLC separation of the products gave the authentic 
samples of 2h and 3h, both of which showed the identical 
GLC retention times (5% Apiezon L grease and 1% KOH 
on Chromosorb W, 2 m, 104 °C, 0.6 kg/cm2; Rt of 2h, 27 min; 
Rt of 3h, 25 min) and MS spectra with the samples prepared 
by the cuprate reaction. 

Authentic Samples of 2i and 3i. The allyl alcohol 9 
(0.13 g, 1.0 mmol, E: Z 80: 20) was transformed, upon heat­
ing with methylene iodide (0.41 g, 1.5 mmol), zinc powder 
(0.20 g, 3.0 mmol) and cuprous chloride (30 mg, 0.30 mmol) 
in ether (2 ml) for 15 h,10) to the cyclopropyl carbinol 11: 
bp 85—95 °C (bath temp)/56 Torr; IR (neat): 3340, 1020 
cm-1: MS: m/e 124 ( M + - H a O ) ; PMR (CC14): ô 1.05 (s, 3H, 
Me), 3.1—3.8 (m, 2H, CH 2 0) . The crude cyclopropyl 
carbinol 11 in N,iV-dimethylformamide (DMF) (0.5 ml) was 
mixed with sodium hydride (50 mg) in DMF ( 1 ml) and the 
whole was stirred at room temp for 1 h, treated with benzyl 
chloride (0.15 ml) and worked up after 30 min. Preparative 
TLC of the crude product (silica gel, ether-hexane 1: 3, 
Rt 0.8) gave a mixture of 2i and 3i (92 mg, 40% overall 
yield from 9, 76: 28 ratio). GLC separation afforded each 
isomer which was identical with the samples prepared by 
cuprate reaction. 

Authentic Samples of 2k. A solution of 12 (0.76 g, 
3.7 mmol, E: Z 77: 23) in ethanol (1 ml) was treated with 
diethyl sodiomalonate (prepared from 1.2 g of diethyl malo-
nate, 7.4 mmol) according to the literature.7*1) Workup and 
short path distillation at 124—134 °G/6 Torr gave crude 
diethyl 4-methyl-3-octenylmalonate (0.49 g) which was direct­
ly hydrolyzed (KOH, ethanol reflux) and decarboxylated 
(acetic acid, reflux for 2 days).7d) Short path distillation at 
106—116 °C/4 Torr gave 6-methyl-5-decenoic acid (13) 
(0.24 g); IR (neat) : 3600—3200, 1710, 1410, 1240, 930 cm-1; 
PMR (CC14) : ô 1.60 and 1.68 (s, 3H, vinylic methyl of E and 
Z isomers), 5.06 (t, 7 = 6 Hz, 1H); E: Z 70: 30. The acid 
13 (0.24 g, 1.3 mmol) was heated with SOCl2 (0.18 g, 1.5 
mmol) in dry benzene (5 ml) to reflux for 1 h and the mixture 
was concentrated. The residue was distilled at 90—100 °C/ 
0.2 Torr and the distillate was treated with excess diazo-
methane in ether at 0 °C and left over night. The solvent 
and the excess diazomethane were removed by passing a 
nitrogen stream over the surface. The concentrated crude 
diazoketone 14 was dissolved in cyclohexane (1 ml) and 
added dropwise to a suspension of cupric sulfate (0.30 g, 1.9 
mmol) in refluxing cyclohexane (110 ml). After 2 h reflux 
the reaction mixture was filtered and concentrated in vacuo. 
Short path distillation of the residue at 100—115 °C/5 Torr 
afforded an oil (0.18 g, 78% overall yield from 13). Although 
the product showed identical IR and MS spectra with that 
of 2k prepared by cuprate reaction, GLC (3% Apiezol L 
grease and 10% KOH on Neosorb NG, 154 °C, 1.0 kg/cm2 

of He) and PMR revealed that it was a mixture (71: 29) of 2k 
(Rt 6.9 min, methyl signal at ô 1.09) and its stereoisomer (Rt 

5.6 min, methyl signal at ô 1.11). 

Authentic Samples of 2j. A mixture of 2k (0.14 g, 0.78 
mmol), 80% hydrazine hydrate (3.2 g, 51 mmol) and hydra­
zine dihydrochloride (0.65 g, 6.2 mmol) in triethylene glycol 
(15 ml) was heated at 130 °C. After 3 h potassium hydroxide 
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(0.96 g, 17 mmol) was added and the mixture was heated 
at 210 °G for 3 h during which volatile products were 
distilled off. Preparative TLC (silica gel, hexane) of the 
distillate gave an oil (Rt 0.9, 24 mg) which was further puri­
fied by preparative GLC (Silicone HV grease, 130 °C, He, 
0.8 kg/cm2) giving an authentic sample of 2j. 

Reaction of la with Dimethylcopperlithium in Ether. Methyl-
lithium (20 ml of 0.5 M ether solution, 10 mmol) was added 
to cuprous iodide (0.95 g, 5.0 mmol) suspended in ether 
(5 ml) and hexane (15 ml) at 0 °C. After cooling to - 3 8 °C 
l a (0.28 g, 1.0 mmol) in ether (1ml) was added and the 
reaction mixture was gradually warmed to 0 °C in 3 h. Work­
up and preparative TLC (silica gel, hexane) afforded 1,1-di-
methyl-2-phenylcyclopropane (17a) (Rt 0.6—0.7, 26 mg, 
17%) and a mixture of 15a (Rt 0.4—0.5, 46 mg, 21%) and 
16a (Rf 0.5—0.6, 60 mg, 28%). Physical properties of 17a: 
bp 69—76 °C (bath temp)/20 Torr; IR (neat): 1609, 1580, 
1499, 1451, 1375, 1028, 779, 730, 700cm-1; MS: m/e (%), 
146, (M+, 38), 131 (100), 117 (20), 91 (50); PMR (CC14): 
Ô 0.5—2.0 (m, 3H), 0.78 (s, 3H, Me), 1.22 (s, 3H, Me), 6.7— 
7.3 (m, 5H, Ph). Found: G, 90.6; H, 9.4%. Calcd for 
C n H 1 4 : C, 90.4; H, 9.7%. 

Conversion of la to 17a. A solution of methyllithium 
(3.2 ml of 1.9 M ether solution, 6.0 mmol) was added to a 
suspension of cuprous iodide (0.58 g, 3.0 mmol) in THF 
(10 ml) at 0 °C. The reaction mixture was cooled at —78 °C, 
treated with l a (0.28 g, 1.0 mmol) in THF (1 ml) and warmed 
to room temp in 15 h. Workup and preparative TLC 
(silica gel, hexane, R{ 0.7—0.8) afforded 17a (69 mg, 48% 
yield). 

Reaction of la with Divinylcopperlithium. A solution of 
vinyllithium (35 ml of 0.85 M ether solution, 30 mmol) was 
added to a suspension of cuprous iodide (2.9 g, 15 mmol) in 
hexane (18 ml) at —48 °C. After 5 min the cuprate solution 
was cooled to —78 °C and a solution of l a (1.4 g, 5.0 mmol) 
in hexane (2 ml) was added. After 2 h the reaction mixture 
was quenched with ethanol ( lml) and allowed to warm to 
room temp. Workup and subsequent preparative TLC 
(silica gel, hexane) afforded 15b and 16b. 

r-l-Bromo-c-2-phenyl-l-vinylcyclopropane (15b) : Rt 0.7—0.8, 
0.23 g, 20% yield; bp 80—87 °C (bath temp)/3 Torr; IR 
(neat): 1630, 1604, 1500, 1450, 1120, 1020, 970, 903, 698 
cm-1; MS: m/e (%), 222 (M+, 1), 195 (1), 143 (89), 141 (24), 
128 (100), 115 (35), 91 (24), 65 (15); PMR (CC14): Ô 1.5— 
1.9 (m, 2H), 2.23 (dd, J=8, 10 Hz, 1H, PhCH), 4.9—6.1 
(m, 3H), 7.0—7.4 (m, 5H, Ph). Found: C, 59.2; H, 4.9%. 
Calcd for G u H u B r : C, 59.2; H, 5.0%. 
. v-l-Bromo-t-2-phenyl-l-vinylcyclopropane (16): R{ 0.8—0.9, 
0.66 g, 59%; bp 75—82 °C (bath temp)/2 Torr; IR (neat): 
1630, 1602, 1496, 1450, 1160, 970, 903, 697 cm-1; MS: m/e 
(%), 222 (M+, 1), 195 (1), 143 (86), 141 (26), 128 (100), 
115 (45), 91 (21), 65 (16); PMR (CC14): «5 1.4—2.0 (m, 2H), 
2.91 (dd, J - 8 , 9 Hz, 1H, PhCH), 4.9—5.5 (m, 3H), 7.0— 
7.3 (m, 5H, Ph). Found: C, 59.3; H, 5.0%. Calcd for 
GuHuBr: C, 59.2; H, 5.0%. 

1-Phenyl-2,2-divinylcyclopropane (17b). A solution of l a 
(0.14 g, 0.50 mmol) in ether (0.5 ml) was added to a solution 
of divinylcopperlithium (2.5 mmol) in a mixture of ether 
(6 ml) and hexane (4 ml) at — 48 °C. The reaction mixture 
was gradually warmed to 0 °C during the period of 3 h. 
Workup followed by preparative TLC (silica gel, hexane, 
Rt 0.3—0.4) gave 17b (40 mg, 47%). Bp 61—66 °C (bath 
temp)/3 Torr; IR (neat): 1634, 1623, 1600, 1492, 985, 895, 
773, 733, 695 cm-1; MS: m/e (%), 170 (M+, 58), 155 (82), 
141 (46), 128 (85), 115 (80), 91 (100); PMR (GG14): ô 0.8— 
1.7 (m, 2H), 2.35 (dd, / = 6 , 9 Hz, 1H, PhCH), 4.7—6.3 (m, 
6H), 6.9—7.3 (m, 5H, Ph). Found: C, 91.9; H, 8.4%. 

Calcd for C13H14: C, 91.7; H, 8.3%. 
trans-l-Allyl-2-phenylcyclopropane (20). A solution of 

H-BuLi (7.2 ml of 1.7 M hexane solution, 12 mmol) was 
added slowly to a stirred suspension of cuprous iodide (1.1 g, 
6.0 mmol) in THF (20 ml) at - 4 8 °C. After 10 min a 
solution of tom.y-l-bromo-2-phenylcyclopropane (19) (0.29 g, 
1.5 mmol) in THF (2 ml) was added and stirring was con­
tinued further 49 min at this temp. AUyl bromide (1.5 ml) 
in HMPA (1 ml) was then added and after 30 min the reac­
tion mixture was worked up as usual. Preparative TLC 
(silica gel, hexane, Rt 0.3—0.4) of the crude oil gave 20 (0.22 g, 
97%). Bp 55—60 °C (bath temp)/15 Torr; IR (neat): 
1639, 1605, 1497, 1460, 1030, 995, 913, 790, 756, 700 cm-1; 
MS: m/e (%), 158 (M+, 6), 143 (4), 129 (9), 117 (100), 104 
(36), 91 (35); PMR (CC14): ô 0.6—1.5 (m, 3H), 1.5—1.9 
(m, 1H, PhCH), 2.0—2.4 (m, 2H, allylic H), 4.9—6.3 (m, 
3H), 6.8—7.4 (m, 5H). Found: C, 90.8; H, 9.0%. Calcd 
for C12H14: C, 91.1; H, 8.9%. 

T h e authors wish to thank the Ministry of Education, 
Japanese Government, for a Grant-in-Aid (011010). 
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The 13G NMR spectra of thirteen acyclic and cyclohexenyl 7r-allyl palladium chloride dimers are examined 
and their chemical shifts are compared with those of the corresponding olefins. The signals for the central carbons 
of the Ji-allyl palladium moiety were displaced upfield by 8.0—25.5 ppm and those for the terminal carbons by 
34.9—55.9 ppm compared to the corresponding carbons of the corresponding olefins. 

In recent years, considerable effort has been directed 
towards the elucidation of the molecular structures of 
organic compounds using 13G N M R spectroscopy. 
However, its application to organometallic compounds 
has so far been limited. Although there have been a 
number of 1H N M R studies on jr-allyl pal ladium 
chloride dimers, the 13C N M R spectra of only a few 
simple chain compounds are to be found in the litera­
ture.1) Here 13G N M R spectra of rc-allyl palladium 
chloride dimers of simple acyclic olefins and substituted 
cyclohexenes are reported. The carbon chemical shifts 
are compared with those of the corresponding olefins. 

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

The TT-allyl pal ladium chloride complexes of acyclic 
olefins were prepared from the corresponding allylic 
chlorides2) and those of cyclic olefins from the corre­
sponding olefins.3) Natural abundance 25.15-MHz 13C 
F T - N M R spectra were obtained using the 1 H noise-
decoupling technique. The spectra were obtained in 
CDClg as a pr imary solvent. Since 2- (4) and 1 -phenyl-
yr-allyl pal ladium chloride (5) were not sufficiently 
soluble in this solvent, DMSCW 6 was also used. T h e 
signals were assigned by comparing the signal shifts 
due to the structural differences between closely-related 
compounds and by using the 1 H off-resonance decoupl­
ing technique. T h e carbon chemical shifts obtained are 
listed in the table together with those of the correspond­
ing olefins. T h e butenyl pal ladium chloride complex (3) 
and 5 are assumed to be composed predominantly of 
5)>«-isomers.4) Although each of the cyclohexenyl 
palladium chloride complexes, 9, 10, and 12, can exist 
as two stereoisomers, it was impossible to determine the 
stereochemistry of the complexes obtained here. 

For the carbon chemical shifts of the rrc-allyl palladium 
moiety, the resonances for the tertiary central carbons 
of the endo-cyclic complexes appeared at fields slightly 
higher than those of the exo-cycïic complexes, while the 
resonances for the secondary terminal carbons of the 
endo-cyclic complexes appeared at fields lower than those 
of the 6*0-cyclic isomers. T h e carbon resonances for the 
acyclic compounds appeared at fields lower than those 
of the corresponding cyclic complexes. 

T h e 13G chemical shift of yr-allyl pal ladium complexes 
were compared with those of the corresponding olefins. 
The chemical shifts of 3 and 5 were compared with those 
of the corresponding internal olefins and only the 
chemical shifts for the pr imary terminal carbons were 

compared with those of the terminal olefins. For cyclic 
7r-allyl pal ladium complexes, the 13C chemical shifts 
were compared with those of the corresponding cyclo­
hexenes. Only the pr imary terminal carbons were 
compared with those of the corresponding methylene-
cyclohexanes. In order to evaluate the solvent shifts by 
D M S O , the 13C spectra of the rc-allyl (1), 2-methylallyl 
(2), 3 and cyclohexenyl palladium chloride complexes 
(6) were also measured in the DMSO-<tf6 solvent. The 
carbon resonances for the central carbons moved 
downfield by 6.4—7.6 p p m and those of the terminal 
carbons by 4.1—4.7 ppm. I t has been reported that the 
bridged rc-allyl pal ladium chloride dimers in D M S O 
are converted to form solvent adducts5) and that the *H 
resonances of the allyl par t of the adducts moved 
downfield compared to the parent bridged dimers.6) 
A similar t rend was observed for the 13C N M R spectra. 
If the averaged values of such solvent shifts are applied 
to the 13C chemical shifts of 4 and 5, the values for 
CDC13 can be estimated. These values are tabulated 
in the table. 

T h e signals for the secondary central carbons revealed 
upfield shifts of 14.4—25.5 ppm, while those of the 
tertiary carbons shifts of 8.0—19.3 ppm. For the 
terminal carbons, the signals for the pr imary position 
moved upfield by 47.1—55.9 ppm, for the secondary 
ones by 42.7—52.5 p p m and for the tertiary one by 
34.9 p p m . Such upfield shifts of the carbon resonances 
of these 7r-allylic ligands are generally observed in the 
13G N M R spectra of rc-allylic-type transition metal 
complexes.7) T h e bonding of the rrc-allyl metal complexes 
involves two components: forward donation from the 
<p± orbital to an empty metal d orbital, which causes 
the electron density to decrease around all three carbon 
atoms, and interaction of the <p% and <p3 orbitals, which 
increases the electron density only for the terminal 
carbon atoms of the rc-allylic ligand.8) This results in 
larger upfield shifts for the terminal carbons in the n-
allyl pal ladium moiety than for the central carbon atoms. 

The 13G N M R spectra of 1 -phenylcyclohexene reveal­
ed that the resonances corresponding to the carbons 
of the phenyl group, excepting that of the substituted 
carbons moved downfield for the rc-allylic complex 13, 
especially those corresponding to the para- and ortho-
related carbons. This implies that the electrons, as a 
whole, are shifted by the complex formation from the 
ligand to the metal. 

For the carbons of the remaining 7r-cyclohexenyl 
ligands, the G-3 and G-5 signals of the endo-cycXic 
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TABLE 1. CARBON-13 CHEMICAL SHIFTS FOR TT-ALLYL PALLADIUM CHLORIDE DIMERS AND FREE LIGANDS 

No. Compound Solvent C-l C-2 C-3 C-4 C-5 C-6 G-7 C-8 C„HK-

s\ 
A<5*> 

A "9 

X v^f* 
" % 

A 
A<5 

3 

PdCl/2 

/V 
^s/ A<5 

4 CgHg 

l^s^^Kx 15s* 1 »s^ 

PdCl/2 
G6H6 

A 
AÔ 

i^p^'CeHs 
PdCl/2 

/ % / c « H S 

CDC13 

DMSO-<4 
CH2CI2 

neat 

CDClg 
DMSO-(/6 

CH2C12 

CDCI3 
CDClg 
DMSO-</6 

neat 

DMSO-4, 
CDCI3 

CDClg 

DMSO-</6 

CDClg 

CDCI3 

62.91 
67.58 
63.2 

115.4 
- 5 2 . 1 

61.88 
66.49 
61.7 

109.8 

- 4 7 . 9 

58.30 
59 
62.43 

17.3 
112.8 

- 5 4 . 5 

63.87 
[59.5] 

112.36 

- 5 3 . 0 

64.18 
[59.8] 

18.26 

111.08 
118.67 
111.9a) 

135.7 18.7b) 
- 2 2 . 0 

126.92 22.75 
134.14 22.75 
127.9 23.la) 

141.2 23.3d) 

- 1 4 . 3 - 0 . 6 

111.39 81.42 18.01 
111 81 18e) 
117.82 86.27 17.29 

125.8d) 
140.2b) 

- 1 4 . 4 - 4 4 . 4 0.7 

132.86 
[125.9]« 

141.36 21.78 

- 1 5 . 5 

112.60 86.57 
[105.6] [82.1] 

128.95 131.37 

^ / 
C8HK 

AS 

«—!3 , p d C 1 / 2 

o 
A<5 

7 6 i 

O 
AS 

6 1 

0£*% 

CDCL 

CDCI3 
DMSO-</6 

CDCL 

CDClg 

CDCI3 

CDCL 

115.63 128.50 40.34 

-55.9 -22.9 -49.3 

78.81 101.74 78.81 
83.42 108.17 83.42 

28.81 19.41 28.81 
28.27 18.56 28.27 

127.28 127.28 25.54 23.11 23.11 25.54 

- 4 8 . 5 - 2 5 . 5 5.7 - 3 . 7 3.3 

77.90 116.18 77.90 29.06 20.08 19.06 22.56 

121.34 133.96 30.33 24.02 23.35 25.54 22.69 

- 4 3 . 3 - 1 7 . 8 5.0 - 3 . 3 3.5 - 0 . 1 

68.80 126.01 (28.81)h) (21.05) (17.59) (26.93) 58.24 

j-Cf) 

o-C 
m-C 
p-C 
s-C; 

o-C, 

m-C, 

P-C; 

s-C; 

o-C; 

m-C; 

p-C; 

s-C; 

o-C; 

m-C; 

P-C; 
s-C; 

o-C; 

m-C; 

P-C; 

135.52 
126.55 
128.85 
129.94 
143.36 
125.58 
128.25 
127.46 

136.87 
128.01 
128.62 
128.01 
138.05 
125.98 
128.50 
126.56 
143.79 
128.50 
128.68 
126.13 
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TABLE 1. (Continued) 

No. Compound Solvent C-l C-2 C-3 C-4 C-5 C-6 C-7 C-8 CftHs-

CDClg 121.34 133.96 30.33 24.02 23.35 25.54 22.69 

CDC13 35.55 149.97 35.55 28.45 26.51 28.45 106.65 

- 5 2 . 5 - 8 . 0 - 4 8 . 4 

\—!^p< 

^./PdC/2 

11 

^PdCI / 2 

12 

13 

Aô 

CDClg 78.20 114.99 78.20 35.91 31.48 35.91 (22.44) (20.99) 

CDCI3 120.91 133.53 31.54 30.39 28.51 34.15 23.60 21.90 

- 4 2 . 7 - 1 8 . 5 5.5 3.0 1.8 

CDCI3 71.40 123,10 (31.36) (29.49) 27.47 (35.24) 55.87 21.59 

CDClg 120.91 133.53 31.54 30.39 28.51 34.15 23.60 21.90 

CDCI3 36.58 149.43 36.58 34.82 32.39 34.82 106.78 22.02 

- 4 9 . 5 - 1 0 . 4 - 1 . 0 - 5 0 . 9 - 0 . 3 

CDCI3 90.70 113.33 75.71 29.00 20.87 36.34 (22.14) (19.29) 

CDCI3 

CDCI3 

CDCI3 

CDCI3 

CDCI3 

CDClg 

CDC1, 

125.64 125.64 31.39 23.72 23.72 31.91 19.17 19.17 

33.67 138.03 121.76 25.96 22.02 31.85 20.02 19.65 

- 3 4 . 9 - 1 2 . 3 - 4 6 . 1 5.3 - 2 . 9 4.4 

71.71 121.76 20.99 (29.30) (16.01) (26.81) 57.27 18.74 

121.76 138.03 33.67 31.85 22.02 25.96 20.02 19.65 

36.88 154.18 37.73 36.22 26.08 28.87 104.35 18.68 

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

75.96 117.39 75.96 29.36 19.96 29.36 

124.43 136.69 27.54 23.23 22.38 26.02 

s-C; 136.75 
o-C; 126.13 
m-C; 128.56 
p-C; 128.56 

-48.5 -19.3 6.1 -2.4 3.3 

s-C 
o-C 

m-C 
p-C 
s-C 
o-C 

m-C 
p-C 

142.63 
124.98 
128.13 
126.49 
-5.9 
1.2 
0.4 
2.1 

a) These values are taken from Ref. la. b) These values are taken from G. B. Savitsky, P. D. Ellis, K. Namikawa, 
and G. E. Maciel, J. Chem. Phys., 49, 2395 (1968). c) The value for the complex minus that for the olefin. Positive 
values represent shifts toward lower field, d) These values are taken from J . B. Stothers, "Carbon-13 NMR Spectro­
scopy," Academic] Press, New York (1972), p. 70. The solvent used was not indicated, e) These values are taken 
from Ref. le. f) Substituted, g) The values in brackets are estimated. See text, h) The values in parenthesis may 
be interchanged. 
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complexes are usually shifted downfield, while the C-4 
signal is shifted upfield relative to the corresponding 
carbons of the corresponding olefins. Such a downfield 
shift of the C-3 and C-5 signals implies that these 
carbons are closer to the pal ladium atom than C-4 and 
the nonbonding paramagnetic shielding effect of a 
palladium atom which is a function of (rM_c)~3,9) plays 
a major role in the shift to lower field for complex 
formation. T h e exception is the case of C-4 for complex 
9. The deformation of the six-membered ring due to the 
replacement of the hydrogen at the C-4 position with 
the methyl group may result in a net decrease in the 
shielding of this carbon. In the m>-cyclic complexes, 
it was impossible to assign the carbon signals other 
than that for the 7r-allyl pal ladium moiety to specific 
carbon atoms. T h e resonances for the substituted 
methyl groups revealed no appreciable shift due to 
complex formation. 

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

NMR Spectra. 13C FT-NMR spectra were obtained at 
25.15 MHz using a JEOL JNM-MH-100 instrument equipped 
with a JNM-MFT-100 Fourier transform accessory; the 
instrument was controlled by a JEC-6 spectrum computer. 
The samples were in 5-mm spining tubes in 20± 10% solutions 
of CDC13 or DMSO-<4 at 26 °C. The solvents provided the 
internal lock signal. Measurement conditions were as follows : 
pulse width, 27.5 pis (ca. 45°); reptition time, 4 s; spectral 
width, 6250 Hz; data points, 8192; and acquisition time, 
0.65 s. Noise-modulated proton decoupling was carried out 
at a nominal power of 20 W. All chemical shifts are expressed 
in ô (ppm downfield from internal Me4Si). Each observed 
chemical shift is estimated to be accurate to within ± 0.06 ppm. 

Materials. jr-Allylic palladium complexes, 1—5 were 
prepared by the method of Dent et al.2s-> or Hüttel et al.zb> 
The complexes, 6—13 were prepared by the method of Trost 
and Strege.3* For the synthesis of the new compounds (9— 
13), the following general procedure was used; sodium acetate 
(6.0 g, 0.073 mol), sodium chloride (4.2 g, 0.072 mol), cupric 
chloride (4.6 g, 0.034 mol) and palladium chloride (1.0 g, 
0.006 mol) were stirred for 2 h at 95 °C in 62 ml of glacial 
acetic acid and 1.3 ml of acetic anhydride. The solution was 
cooled and 0.013 mol of the corresponding cyclohexene in 
4 ml of acetic acid was added. The solution was heated for 
several hours. The reaction temperature and time were as 
follows: 9 from 1,4-dimethylcyclohexene, 60 °C, 4 h ; 10 from 
1,4-dimethylcyclohexene, 60 °C, 27 h ; 11 from 1,2-dimethyl-
cyclohexene, 55 °C, 5 h ; 12 from 2,3-dimethylcyclohexene, 
60 °C, 44 h ; and 13 from 1-phenylcyclohexene, 55 °C, 24 h. 
The solution was cooled to room temperature and filtered. 

After an aqueous work-up and extraction with benzene, the 
crude yellow oil was purified by chromatography on SiOa 

with chloroform as the eluting solvent. The addition of 
pentane to the purified yellow oil and refrigeration (at 5 °C) 
for 2 days induced crystallization giving pure yellow crystals. 
Since compounds 10 and 11 were obtained in a mixture with 
9 and 12, respectively, separation was performed using Si02 

chromatography with benzene. Compound 10 was only 
partially separated (80% purity). Compound 9; vield, 
0.36 g (26%); mp 82—86 °C (dec) (Found: C, 38.01; H^ 5.02 
%. Calcd for C16H26Pd2Cl2: C, 38.26; H, 5.18%); *H 
NMR (CDC13); ô 4.86 (bs, 2H), ô 2.07 (s, 3H), ô 0.91 (d, 
7 = 6 . 8 Hz, 3H), ô 1.5—2.3 (5H) : compound 10; yield, 0.22 g 
(16%); mp 114—118 °C (dec) (Found: C, 38.19; H, 5.15%. 
Calcd for C16H26Pd2Cl2: C, 38.26, H, 5.18%); *H NMR 
(CDC13); ô 4.16 (bs, 1H), ô 3.62 (bs, 1H), ô 2.63 (bs, 1H), ô 
0.92 (d, 7 = 6 . 8 Hz, 3H), ô 1.5—2.2 (7H) : compound 11, 
yield, 0.65 g (46%); mp 79—81 °C (dec) (Found; C, 37.91; 
H, 5.02%. Calcd for C16H26Pd2Cl2: C, 38.26; H, 5.18%); 
XH NMR (CDCLj); ô 5.23 (bs, 1H), ô 2.08 (s, 3H), ô 1.23 (s, 
3H), ô 1.0—2.3 (6H): compound 12; yield, 0.60 g (43%); 
mp 98—100 °C (dec) (Found; C, 38.49; H, 5.08%. Calcd 
for C16H26Pd2Cl2: C, 38.26; H, 5.18%); *H NMR (CDC13); 
ô 4.43 (bs, 1H), ô 3.76 (bs, 1H), ô 2.67 (bs, 1H), ô 1.23 (d, 
7 = 6 . 5 Hz, 3H), ô 1.2—2.2 (7H) : compound 13, yield, 0.28 g 
(17%); mp 188—190 °C (dec) (Found; C, 48.29; H, 4.07%. 
Calcd for C24H26Pd2Cl2: C, 48.18; H, 4.35%); *H NMR 
(CDCI3); ô 7.27 (m, 5H), ô 5.30 (bs, 2H), ô 1.0—2.3 (6H). 
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Starting from raffinose (1), its 6"-0-trityl (2) and 6'-O-trityl derivative (6) have been prepared. Acetylation 
of 2 and 6 gave deca-0-acetyl-6"-0-tritylraffinose (3) and deca-0-acetyl-6'-0-tritylrafiinose (7) respectively. Detrit-
ylation of 3 gave two products: l/,2,2",3,3',3",4,4/,4",6/-deca-0-acetylraffinose (4) as a main product and l',2,2",3,-
3/,3",4,4',6/,6"-deca-0-acetylraffinose (5) as a minor product, which were successfully separated by a column 
chromatography. On the other hand, detritylation of 7 gave l/,2,2",3,3/,3",4,4/,4",6"-deca-0-acetylraffinose (8) 
as a sole product. Their structures were established by NMR spectra, together with a chemical evidence. 

Tri-O-tritylraffinose has been described by 
Josephson1) in 1929, but mono-O-tritylraffinose has 
never been described in a literature. In connection 
with our previous studies on sucrochemistry,2-6) mono-
O-trityl derivatives of raffinose have been prepared in 
our laboratory. By acetylation and subsequent de­
tritylation, mono-O-tritylraffinose was readily converted 
to deca-O-acetylraffinose, which is an attractive key 
compound for a synthesis of a tetrasaccharide. For 
instance, a naturally occurring tetrasaccharide: 
stachyose will be prepared from l',2,2",3,3',3",4,4',4",6'-
deca-O-acetylraffinose (4), since a-D-galactopyranosyl 
group is linked to the 6"-OH of raffinose in this tetra­
saccharide. 

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

A reaction between raffinose (1) and trityl chloride 
in pyridine afforded a mixture of mono-, di-, and tri-O-
tritylraffinoses. T h e di- and tri-O-tritylraffinoses are 
considerably less soluble in cold water, compared to 
the mono-O-tritylraffinoses. The mono-O-tritylraffinoses 
were able to be separated from the others by means of 
this solubility difference in an aqueous solution. The 
mono-O-tritylraffinoses thus obtained consisted of two 
components of 6"-O-trityl (2) and 6'-0-tritylraffinose 
(6). After acetylating, the intact mixture of 2 and 6 
revealed two peaks in a ratio of 4 : 1 on a high perform­
ance liquid chromatogram. T h e major component was 
assumed to be deca-0-acetyl-6"-0-tritylraffinose (3) and 
the minor component was assumed to be deca-O-acetyl-
6'-0-tritylraffinose (7), since in the case of sucrose,7) 

CH20R' 

1: R = R ' = R " = R ' " = H 2: R = R / = R " / = H , R " = T r 
3 : R = R / = R / / / = A c , R / / = T r 4 : R = R / = R ' " = A c , R " = H 
5: R = R ' = R " = A c , R / / / = H 6: R = R " = R ' " = H , R / = T r 
7: R = R / / = R / , / = A c , R ' = T r 8: R = R " = R / " = A c , 
R ' = H 9: R = R ' = R " = R / " = A c 

Ac: COCH3, Tr : C(C6H5)3 

Scheme 1. 

the hydroxyl group on C-6 of the D-glucopyranosyl 
moiety is most reactive and the hydroxyl group on C- l ' 
of the D-fructofuranosyl moiety is least reactive among 
the three pr imary hydroxyl groups against tritylation. 

Compounds 2 and 6 were successfully separated by 
a column chromatography, and subsequently acetylated 
to give 3 and 7 respectively. 

The assumed structure of 3 was confirmed by the 
following evidence. T h e 1 H N M R spectrum of 3 
revealed the signals of the two methylene groups (4 
protons) in a region between ô 2.9 and 3.9. These 
signals were regarded as two AB parts of ABM-systems, 
and each of them consisted of eight-line-signals. The 
signal pat tern in a lower field was almost superposable 
on the signal pat tern of the bridge methylene protons 
(C-6) of raffinose undecaacetate (9). The signal pattern 
in a higher field was coincident in the chemical shifts 
and coupling constants with that of the methylene 
protons of methyl 2,3,4-tri-0-acetyl-6-0-trityl-a-D-galac-
topyranoside (10). Therefore, the signal pattern was 
at tr ibutable to the methylene protons on C-6" of 3, on 
which the trityloxyl group was attached (Fig. 1). 

T h e structure of 7 was deduced from carbon-13 
nuclear magnetic resonance (13C N M R ) spectrum of its 
detritylation product. T h a t is, detritylation of 7 with 

10 

4.0 3.5 3.0 2.5 

ô ppm 

* To whom correspondence should be addressed. 
Fig. 1. 1H NMR signals of O-methylene groups of 3, 9, 

and 10. 
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L_ j I I L_J I 111 I II l H 

j J \L i m l i H i H 

V.2,3.3'.4.4'.6-
hepta-O-acetylsucrose 

j 1 i_ [_ j—LUI—a_jL 
r,2.3,3'.4.4'.6,6'- / \ \ \ / 
octa-O-acetyl- ;. ; V ; / 

2 ' ** 3;W ' 2,3.4.5 67^6' 
I I I I I 

1Q0 90 80 70 60 

Ô TMS Ppt" 

Fig. 2. Correlation map of 13C NMR spectra of 8, 9, 1,2,3,3',4,4',6-hepta-O-
acetylsucrose,8) and r^^^é'^^'-octa-O-acetylsucrose.12) 

hydrogen bromide in glacial acetic acid gave r ,2 ,2" ,3 , -
3',3",4,4 /,4",6"-deca-0-acetylraffinose (8) as a sole 
product. 13C N M R spectrum of 8 revealed the signals 
of the three methine carbons of C-3' , 4 ' and 5 ' in the 
D-fructofuranosyl moiety in a region between 74 and 82 
ppm, which were shifted remarkably from the signals 
of the corresponding three methine carbons of 9 and were 
almost the same as those revealed by these carbons of 
1',2,3,3',4,4',6-hepta-O-acetylsucrose8) (Fig. 2). 

On the other hand, detritylation of 3 with hydrogen 
bromide in glacial acetic acid under ice cooling gave a 
mixture of two products. These products were separated 
by a column chromatography, and the major component 
was assumed to be l ' ,2,2",3,3',3",4,4',4",6'-deca-0-
acetylraffinose (4). The minor component was assumed 
to be r,2,2",3,3',3",4,4',6',6"-deca-0-acetylraffinose (5). 

To establish the structure of 4, a deuteration technique 
for an individual acetyl group9) was applied. When 
1 H N M R spectrum of a deuterioacetyl derivative of 4 
was compared with the spectrum of 9, it was readily 
observed that an intensity of the signal (6 protons) at 
ô 2.05 in the spectrum of 9 was reduced to one half 
(3 protons) in the spectrum of the deuterioacetyl 
derivative. The missing half of the signal was at tr ibuted 
to the acetoxyl group on C-6" of 9, since the acetoxyl 
group on C-6 of methyl 2,3,4,6-tetra-O-acetyl-a-D-
galactopyranoside11) (12) revealed its signal at ô 2.04. 
Furthermore, this assignment of the signal of 12 was 
achieved by comparing the 1 H N M R spectrum of 
methyl 2,3,4-tri-0-acetyl-6-O-trideuterioacetyl-a-D-
galactopyranoside (11) with that of 12. Therefore, the 
structure of 4 was reasonably established. 

CH20R 

V^)oCH3 

OAc 

1 0 : R = T r l l : R = C O C D 3 12: R = A c 
Ac: COCH3, Tr: C(C6H5)3 

Scheme 2. 

Meanwhile, 5 might be formed from 4 by an acetyl 

group migration from 4"-OH to 6"-OH during a course 
of the reaction, and this has been verified by the fact 
that detritylation of 3 in an aqueous acetic acid solution 
at elevated temperature yielded 5 as a main product. 

Exper imenta l 

General Methods. Raffinose was purchased from a 
commercial source. Melting points were determined in 
capillary tubes and are uncorrected. Solutions were evap­
orated under diminished pressure below 40 °C. Optical 
rotations were measured on a Japan Spectroscopic DIP-SL 
Polarimeter. 1H NMR spectra were recorded on a Varian A-
60D spectrometer at 60 MHz or a Varian XL-100 spectrometer 
at 100 MHz. 13C NMR spectra were recorded by the 
Fourier transform technique on a Varian CFT-20 spectrometer 
at 20 MHz. In both spectra, deuteriochloroform was used 
as a solvent and tetramethylsilane was used as an internal 
standard, and the peak positions are given in ô values. A high 
performance liquid chromatogram was obtained on a Varian 
Model 8520 liquid Chromatograph equipped with a MicroPak 
Si-10 column using dichloromethane as an eluting solvent. 
Acetylation was carried out with acetic anhydride in pyridine 
in the usual manner. TLG was performed on Wakogel 
B-10 (Wako Pure Chemical Co., Ltd.) plates, and silica gel 
(Wakogel C-300) was employed for a column chromatography. 
Elemental analyses were performed by Mr. Saburo Nakada. 

6"-O-Tritylraffinose (2) and 6'-O-Tritylraffinose (6). 
After drying over phosphorous pentoxide at 50 °C for several 
days, raffinose (1, 7.45 g, 14.8 mmol) was treated with trityl 
chloride (7.00 g, 25.1 mmol) in dry pyridine (60 ml) for 
64 h under mild stirring at ambient temperature. The 
reaction mixture was poured into ice cold water (11), and an 
insoluble matter was filtered off. The filtrate was evaporated 
to one tenth of the original volume to give 2.74 g of amorphous 
precipitates which were collected by filtration. The product 
consisted mainly of mono-O-tritylraffinoses. The product 
was fractionated on a column using 4: 9: 4: 1 (v/v) acetone-
chloroform-methanol-water as an eluant, and each fraction 
was monitored on TLC in the same solvent system. 

The fractions which showed a single spot at R{ 0.40 were 
combined and evaporated. The residue was recrystallized 
from ethanol to give 1.04 g (9.4%) of 2, mp 221—222 °C, 
[a]2

D' +70.9° (c 1.03, pyridine). 
Found: C, 59.66; H, 6.17%. Calcd for C37H46016: C, 

59.51; H, 6.21%. 
The fractions having a single spot at i?f 0.31 were combined 
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and evaporated to give 0 .19g (1.7%) of 6 as a glassy solid, 
[a]2

D' + 8 8 ° (c0.5, pyridine) . 
l'2,2"3',3",4',4",6',-Deca-0-acetyl-6"-0-tritylraffinose (3). 

Compound 2 ( 1.04 g) was acetylated, and the product was 
recrystallized from isopropyl alcohol to give 1.07 g (66%) of 
3 , m p 96—98 °C, [a]2

D
2 + 7 3 . 8 ° (c 0.84, chloroform). 1H 

N M R : <5 1.87 (s, OAc) , 1.95 (s, 3, OAc) , 2.04 (s, 12, 4 0 A c ) , 
2.09 (s, 6, 2 0 A c ) , 2.12 (s, 3, OAc) , 2.15 (s, 3, OAc) , 4.77 
(dd, 1, y1>2 3.5 Hz , y2 > 3 10.5 Hz , H-2) , 5.72 (d, 1, H - l ) . 

Found: ' C, 58.64; *H, 5 .80%. Calcd for C 5 7 H 6 6 0 2 6 : C, 
58.66; H , 5 .70%. 

r,2,2",3,3',3",4,4',4",6",-Deca-0-acetyl-6'-0-tritylrqffinose(7). 
Compound 6 ( 186 mg) was acetylated, and the product was 
recrystallized from isopropyl alcohol to give 187 mg (64%) of 
7, m p 96—97.5 °C, [a]2

D
3 + 9 8 . 1 ° (c 1.05, chloroform). *H 

N M R : «5 1.78 (s, 3, OAc) , 1.88 (s, 3, O A c ) , 1.96 (s, 3, OAc) , 
2.02 (s, 6, 2 0 A c ) , 2.04 (s, 3, OAc) , 2.09 (s, 9, 3 0 A c ) , 2.14 
(s, 3, OAc) , 4.70 (dd, 1, Jx a 3.7 Hz , J2, 10.5 Hz , H-2) , 5.04 
(dd, 1, y3.4 9.5 Hz , y4>5 9.5 Hz , H-4) , 4.65 (d, 1, H - l ) . 

Found : C, 58 .43; H , 5 .75%. Calcd for C 5 7 H 6 6 0 2 6 : C, 
58.66; H , 5 .70%. 

Detritylation of 3. T o a solution of 3 (1.12 g) in glacial 
acetic acid (10 ml) , a 0.5 ml port ion of glacial acetic acid 
saturated with hydrogen bromide was added under ice cooling 
with agitation. After two min, the mixture was quenched 
into ice cold water , and the solution was extracted with 
chloroform repeatedly. T h e chloroform solution was washed 
with sodium hydrogencarbonate solution and water . After 
drying over sodium sulfate, the solution was evaporated to give 
1.05 g of a crude product , which showed two spots on T L C 
at R{ 0.54 (major component) and 0.50 (minor component) 
in 20 : 1 (v/v) chloroform-ethanol with a rat io of approximately 
4 : 1. 

T h e major componen t : l ' ,2,2",3,3 / ,3",4,4 / ,4",6 /-deca-0-
acetylraffinose (4, l l O m g , 12%) was obtained from the 
mixture by a column chromatography with 1: 5 (v/v) ace tone-
benzene as an eluant . T h e amorphous product of 4 h a d 
[a]2

D
3 +101 .8° (c 0.56, chloroform), *H N M R : «5 1.97 (s, 3, 

OAc) , 2.00 (s, 3, OAc) , 2.05 (s, 3, OAc) , 2.08 (s, 3, OAc) , 2.10 
(s, 6, 2 0 A c ) , 2.12 (s, 3, OAc) , 4.80 (dd, 1, Jlt2 3.5 Hz , J2,3 

10.5 Hz , H-2) , 5.06 (dd, 1, Jx»& 5.0 Hz , y2„>3„ 10.5 Hz , 
H-2"), 5.10 (dd, 1, J3A 10.0 H z , Jr4,5 10.0 H z , H-4) , 5.24 (d, 
1, H - l " ) , 5.26 (dd, 1, y3",4»4.5 or 3.5 Hz , J^A„ 3.5 or 4.5 Hz , 
H-4") , 5.66 (d, 1, H - l ) . ' 

Found : C, 49 .31 ; H , 5 .69%. Calcd for C 3 8 H 5 2 O a 6 : C, 
49.35; H , 5 .67%. 

Compound 4 (45 mg) was acylated with acetic anhydride-
d6 in pyridine to give 46 mg of l / ,2,2",3,3 / ,3",4„4',4",6 /-deca-
0-acetyl-6"-O-trideuterioacetylraffinose as a glassy solid, 
[a]2

D° + 8 8 . 9 ° (c 2.07, chloroform). *H N M R : Ô 1.955 (s, 3, 
OAc) , 2.015 (s, 3, OAc) , 2.055 (s, 3, OAc) , 2.10 (s, 6, 2 0 A c ) , 
2.105 (s, 3, OAc) , 2.11 (s, 3, OAc) , 2.12 (s, 3, OAc) , 2.135 
(s, 3, OAc) , 2.175 (s, 3, OAc) . 

T h e minor componen t : l / ,2,2",3,3 / ,3",4,4' ,6 / ,6"-deca-0-
acetylrafHnose (5, 100 mg, 11%) was obtained by the column 
chromatography as described above. T h e amorphous product 
of 5 had [a]2^ +101 .0° (c 1.00, chloroform). *H N M R : Ô 2.02 
(s, 3, OAc) , 2.06 (s, 3, OAc) , 2.075 (s, 3, OAc) , 2.095 (s, 6, 
2 0 A c ) , 2.12 (s, 9, 3 0 A c ) , 2.15 (s, 3, OAc) , 2.18 (s, 3, OAc) , 
3.50 (dd, 1, y 6 % > 6 , b 10.0 Hz ,y 6 „ a t 5 „ 1.3 Hz , H-6"a) , 3.75 (dd, 1, 
yfi„b)5* 5.0 Hz , H-6"b) , 4.78 (dd, 1, JU2 3.5 Hz , y2 > 3 10 Hz , 
H-2) , 5.66 (d, 1, H - l ) . 

Found : C, 49.08; H , 5 .50%. Calcd for C 3 8 H 5 2 0 2 6 : C, 
49.35; H , 5 .67%. 

Besides 4 and 5, a mixture of 4 and 5 (340 mg, 38%) was 
recovered from the column. 

Detritylation of 3 in 98% Acetic Acid. Compound 3 

(120 mg) was heated in 9 8 % acetic acid (5 ml) on a boiling 
water ba th . After 70 min, the solution was evaporated, and 
the residue was purified by a column chromatography with 
1: 5 (v/v) acetone-benzene as an eluant to give 48 mg (51%) 
of 5 as a main product . 

Detritylation of 7. Compound 7 (166 mg) was detrityl-
ated with hydrogen bromide in glacial acetic acid under ice 
cooling as described in the case of 5, to give 159 mg of a 
crude product . T h e product was purified by a column 
chromatography with 1: 5 (v/v) acetone-benzene as an 
e luant . T h e fractions that showed a single spot at R{ 0.53 
on T L C in 20 : 1 (v/v) chloroform-ethanol were combined 
and evaporated to give 107 mg (81%) of V,2,2"ß,$',y ,A-,A',-
4",6"-deca-0-acetylrafnnose (8) as a glassy solid, [a] g +101.0° 
(c 1.00, chloroform). *H N M R : ô 1.97 (s, 3, OAc) , 2.02 
(s, 3, OAc) , 2.08 (s, 6, 2 0 A c ) , 2.13 (s, 15, 5 0 A c ) , 2.20 (s, 3, 
OAc) , 4.79 (dd, 1, Jx 2 3.5 Hz , J2 3 10.5 Hz , H-2) , 5.70 (d, 1, 
JU2 3.5 Hz , H - l ) . 

F o u n d : C, 48.84; H , 5 .49%. Calcd for C 3 8 H 5 2 0 2 6 : C, 
49 .35; H , 5 .67%. 

Methyl 2,3,4-Tri-0-acetyl-6-0-trityl-a-D-galactopyranoside (10). 
Methyl a-D-galactopyranoside10) (1.6 g) was treated with 
trityl chloride (6.5 g) in pyridine for 47 h, and subsequently 
acetylated in the conventional method. T h e product was 
purified by a column chromatography with 1: 40 (v/v) 
acetone-benzene to give 3.6 g of a crude product . Recrystal-
lization from ethanol gave 2.9 g (63%) of 10, m p 179—180 °C, 
[a]2

D
5 + 6 9 . 2 ° {c 1.71, chloroform). 

F o u n d : C, 68.39; H , 6 .09%. Calcd for C 3 2 H 3 4 0 9 : C, 
68 .31 ; H , 6 .09%. 

Methyl 2,3,4- Tri-O-acetyl-6-O-trideuterioacetyl-ai-D-galacto-
pyranoside (11). Compound 10 (0.5 g) was detritylated 
with hydrogen bromide in glacial acetic acid under ice cooling 
analogously as described above and the product was purified 
by a column chromatography with 1: 5 (v/v) acetone-benzene 
to give 0.24 g (86%) of methyl 2,3,4-tri-O-acetyl-a-D-galacto-
pyranoside as a glassy solid, [<x]2D° + 5 6 . 8 °C (c 0.67, chloro­
form) . 

T h e product (60 mg) was acylated with acetic anhydride-</6 

in pyridine, and the product was purified by a column chro­
ma tography to give 62 mg (91%) of 11 as a glassy solid, 
[a]2

D° + 1 3 0 °C (c 1.6 chloroform). 
1H N M R : ô 1.97 (s, 3, O A c ) , 2.07 (s, 3 , O A c ) , 2.13 (s, 3, 
OAc) , 3.40 (s, 3, O C H 3 ) . 

*H N M R spectrum of methyl 2,3,4,6-tetra-O-acetyl-a-D-
galactopyranoside (12) was determined by Ra thbone and his 
coworkers11) [Ô 1.97 (s, 3, OAc) , 2.035 (s, 3, OAc) , 2.07 
(s, 3, OAc) , 2.13 (s, 3, OAc) , 3.40 (s, 3, O C H 3 ) ] . 
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Kinetics and Mechanism of the Oxidation of Substituted Benzyl 
Alcohols by Chloramine-T in Acid Solution 
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(Received August 16, 1976) 

The oxidation of benzyl alcohol and eight monosubstituted benzyl alcohols by chloramine-T in acid solution 
has been studied. The reaction is of first order with respect to the concentration of alcohol and oxidant. The 
rate constant is proportional to the square of hydrogen ion concentration. The kinetic isotope effect (£H/A;D) is 4.13 
at 303 K. The solvent isotope effect (£(D20)/£(H20)) is 5.93 at 303 K. The activation enthalpies and entropies 
are linearly related. The reaction exhibited a reaction constant p+= —2.08±0.08 at 303 K. The active oxidizing 
species is considered to be (H2OGl)+. A mechanism involving transfer of a hydride ion to the oxidant is suggested. 

Chloramine-T (CAT) acts as an oxidizing agent in 
both acid and alkaline solutions. The kinetics of the 
oxidation by alkaline C A T has received much atten­
tion.1 '2) T h e reports on the oxidation by CAT in acid 
solutions are rather scanty. Mushran et al.z) studied 
the oxidation of some pr imary alcohols in the p H range 
4.0—5.2. Mahadevappa and Naidu4) reported the ox­
idation of allyl alcohol by C A T in aqueous HCl 
medium. 

This paper deals with the oxidation of monosub­
stituted benzyl alcohols by C A T in acid solution and 
the evaluation of the reaction constant. During the 
course of this investigation the oxidation of 2-propanol 
in acid solutions was reported by Natarajan and Thiaga-
rajan.5) Their results are also discussed. 

R e s u l t s 

The oxidation of benzyl alcohol by C A T in acetic 
acid-water ( 1 : 1 (v/v)), in the presence of perchloric 
acid, results in the formation of benzaldehyde as the 
main product. 

Stoichiometry. Excess of CAT was allowed to 
react with 0.02 M benzyl alcohol at various acidities. 
For some runs the carbonyl product was determined 
using an excess of benzyl alcohol. Values of A [CAT]/ 
A[alcohol] and A [CAT]/A [benzaldehyde] in Table 1 
show that the overall reaction corresponds to 

PhCH2OH + MeC6H4S02NCl- -> 

PhCHO + MeC6H4S02NH2 + Cl". (1) 

Rate Laws. The rate laws were determined for 
the oxidation of benzyl alcohol and the eight mono-
substituted benzyl alcohols. Since the results are simi­
lar, only those of benzyl alcohol are reproduced. 

When the alcohol is in excess, the rate of disap-

TABLE 1. STOICHIOMETRY OF THE OXIDATION 

OF BENZYL ALCOHOL (BA) BY CAT 

T A B L E 2. OXIDANT DEPENDENCE OF THE REACTION RATE 

[H+]M A [CAT] /A [BA] A [CAT] /A [Benzaldehyde] 

0.2 
0.5 
1.0 
1.2 
0.5 
1.0 
1.2 

1.01 
0.97 
0.96 
1.03 
— 
— 
— 

0.91 
0.88 
0.91 

[BA] 0.20 M [H+] 0.5 M Temp 303 K 

[CAT] M 
107 kj_ s-1 

0.01 
3.15 

0.02 
3.20 

0.04 
3.15 

0.06 
3.11 

T A B L E 3. SUBSTRATE DEPENDENCE OF THE REACTION RATE 

[CAT] 0.02 M [H+] 0.5 M Temp 303 K 

[BA] M 
107 kx s-1 

0.10 
1.60 

0.20 
3.15 

0.40 
6.31 

0.60 
9.50 

1.0 
15.8 

T A B L E 4. ACIDITY DEPENDENCE OF THE REACTION RATE 

[BA] 0.20 M [CAT] 0.02 M Temp 303 K 

[H+] M 
108 kx s-1 

106 *X/[H+]2 

0.1 
1.29 
1.29 

0.2 
5.10 
1.27 

0.5 
31.5 

1.26 

0.8 1.0 
80.0 125 

1.25 1.25 

pearence of C A T follows the first-order rate laws. The 
rate constant is independent of the initial concentra­
tion of C A T (Table 2), confirming that the order with 
respect to C A T is one. The reaction is of first order 
with respect to the alcohol concentration also (Table 
3). T h e rate constant is proportional to the square of 
hydrogen ion concentration (Table 4). The rate law 
for the oxidation is therefore given as follows: 

Rate = £[CAT] [Alcohol] [H+]2. (2) 

The rate law differs from those reported for the 
oxidation of pr imary alcohols and allyl alcohol in 
aqueous solutions.3,4) However, it agrees with the re­
sults of Natarajan and Thiagarajan5) obtained in the 
oxidation of 2-propanol in acetic acid-water (1 : 4 (v/ 

The rate constants for the oxidation of benzyl alcohol 
and a,a-dideuteriobenzyl alcohol in acetic acid-water 
(1 : 1 (v/v)) at 303 K, are 106 £ = 6 . 3 2 and 1.53 P m ^ s " 1 , 
respectively. The kinetic isotope effect (£H/£D) is 4.13 
at 303 K. 

Benzyl alcohol was oxidized in 9 5 % deuterium oxide 
and the rate constant was 16.7 X 10~6 l3 m ^ s " 1 at 303 K. 
T h e rate constant under similar conditions in water is 
2.81 x 10 - 6 l 3 m - 3 s - 1 . The solvent isotope effect 
(£(D20)/A;(H20)) is 5.93 at 303 K. In this set of ex­
periments no acetic acid was present. 

T h e oxidation of benzyl alcohol in an atmosphere 
of nitrogen failed to induce polymerisation of acrylo-
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T A B L E 5. OXIDATION OF BENZYL METHYL ETHER BY 

CHLORAMINE-T AT 303 K IN 1 : 1 (v/v) 

ACETIC A C I D - W A T E R 

[Substrate] M 

0.10 
0.20 
0.40 
0.20 
0.20 
0.20 
0.20 
0.20 

[GAT] M 

0.02 
0.02 
0.02 
0.01 
0.04 
0.02 
0.02 
0.02 

[H+] M 

1.0 
1.0 
1.0 
1.0 
1.0 
0.5 
0.8 
1.6 

106 £ = 5.04±0.07 l3 mol-3 s-1. 

T A B L E 6. RATE CONSTANTS FOR THE OXIDATION OF 

SUBSTITUTED BENZYL ALCOHOL BY CHLORAMINE-T 

l O ^ P m o l - S s - 1 

Substituent ~ 

H 
«-Me 
p-Et 
p-Me 
p-OMe 
p-Cl 
m-Br 
/>-N02 

m-NOa 

298 

431 
596 

1740 
1950 

20000 
278 

51.3 
8.95 

15.8 

300 

631 
850 

2400 
2630 

23900 
363 
95.5 
15.1 
26.3 

308 

900 
1200 
3230 
3540 

30200 
556 
123 
24.8 
42.7 

313 

1410 
1680 
4360 
4680 

37100 
759 
185 
40.3 
68.4 

318 

1780 
2290 
5820 
6200 

— 
1050 
275 
64 

1 

T A B L E 7. ACTIVATION PARAMETERS 

Substituent 

AH * kj mol"1 

- AS* J mol-1 K-1 

Substiutent 

AH* kj mol-1 

- A ^ * J m o l - 1 K - 1 

H 

55.4 
165 

p-G\ 

59.6 
158 

m-Me 

52.0 
169 

m-Br 

66.4 
145 

FOR THE OXIDATION 

p-Et p-Me 

47.0 45.8 
182 184 

/>-N02 

77.7 
123 

p-OMe 

34.4 
203 

m-N02 

75.6 
124 

nitrile. Thus a hydrogen abstraction giving rise to free 
radicals is unlikely. 

The oxidation of benzyl methyl ether also follows 
similar rate laws, the ease of its oxidation being com­
parable to that of benzyl alcohol (Table 5). 

The oxidation of benzyl alcohol and the monosub-
stituted benzyl alcohols was determined at various tem­
peratures (Table 6) and the activation parameters were 
evaluated (Table 7). The average errors in the values 
of AH* and AS* are ± 4 k j mol" 1 and ± 1 1 J m o l ^ K " 1 , 
respectively. 

D i s c u s s i o n 

Ghloramine-T is a strong electrolyte dissociating into 
ions in aqueous solution;6) 

RNGlNa ^ = i RNG1- + Na+, (3) 

where R=j&-MeG6H4S02 . The anion is protonated 
in acid solution to give the acid. No free acid could 
be isolated since it undergoes hydrolysis;4) 

RNC1- + H30+ ;j=± RNHC1 + H 2 0 , (4) 

RNHG1 + H 2 0 ^==b RNH2 + HOC1. (5) 

However, the second order dependence on acidity 
and the magnitude of the solvent isotope effect suggest 
that a protonated species is involved in the rate-deter­
mining step. Thus Eq. 5 is followed by a protonation 

HOG1 + H3O+ ? = i H2OCl+ + H 2 0 . (6) 

This accords well with the suggestion of earlier work­
ers4»5) that in the oxidation by GAT in acid solution, 
the active oxidizing species is (H2OCl)+. Natarajan 
and Thiagarajan5) have suggested an alternate ox­
idizing species (RNH2G1)+ in the oxidation of 2-pro-
panol. Some earlier workers7) however, have prefer­
red HOG1 as the oxidizing species in a weak acid solu­
tion. T h e sulfonamide group is not likely to be suf­
ficiently basic to accept another proton. 

T h e kinetic isotope effect, £ H / £ D = 4 . I 3 , is very close 
to the value obtained in the oxidation of benzyl alcohol 
by bromine.8) The mechanistic conclusion is that the 
rate-determining step involves a G - H bond rupture 
from the carbinol carbon. 

The difference in the rate laws of the oxidation of 
allyl alcohol4) and benzyl alcohol can be explained on 
the basis of different reactivities of the two alcohols 
towards the oxidant. In the case of allyl alcohol, the 
oxidation is a fast step following the slow formation of 
HOG1 or H 2OGl+ (depending upon the reaction con­
ditions) , wheras the oxidation of benzyl alcohol is solwer 
than the formation of the oxidizing species. Thus the 
oxidation of benzyl alcohol should be slower than that 
of allyl alcohol. This is actually the case. The oxida­
tion of allyl alcohol is so fast that it has been studied 
at 273 K. 

T h e activation enthalpies and entropies of the nine 
compounds are linearly related ( r=0 .991) . The cor­
relation was tested and found genuine by applying 
Exner's criterion.9) T h e isokinetic temperature com­
puted from the plot is 5 4 0 ± 3 5 K. Current views do 
not attach much physical significance to isokinetic 
temperature,10) though a linear relation is usually a 
necessary condition for the validity of the Hammet t 
equation. 

No systematic study of the effect of substituents on 
the oxidation of alcohols by C A T is available. The 
rates of the oxidation of monosubstituted benzyl alcohols 
correlate well with 0+ values ( r=0.996) . The reaction 
constant was p+=~2.08±0.08 at 303 K. The nega­
tive value of the reaction constant indicates an electron-
deficient carbon center in the transition state. 

Natarajan and Thiagarajan5) have suggested an initial 
formation of a hypochlorite in the oxidation of 2-
propanol. However, the ester formation is unlikely in 
view of the almost equal ease of the oxidation of benzyl 
alcohol and its methyl ether. The large negative reac­
tion constant thus arises only out of the differential 
effects of the substituents in the rate-determining step. 
T h e correlation with o+, together with the substantial 
deuterium isotope effect suggest a considerable carbon-
ium ion character in the transition state. 

From the results, a mechanism involving transfer of 
a hydride ion from the alcohol to the oxidant is sug­
gested. Simultaneous release of hydroxylic proton is 
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unlikely in view of the observed solvent isotope effect 
and the magnitude of the reaction constant. The polar 
requirement on the alcohol carbon for hydride release 
from G - H is opposite to that for proton release from 
O - H , the reaction constant being likely to be nearly 
zero in a concerted process: 

slow 

PhCH2OH + (H2OCl)+ > 

PHCHOH + H30+ + CI" (7) 
+ fast 

PhCHOH > PhCHO + H+. (8) 

I t is of interest to recall here that in the oxidation 
of substituted benzyl alcohols by bromine8) and acid 
permanganate,1 1) which involve rate-determining trans­
fer of a hydride ion, the reported values of p are —2.3 
and —1.76 respectively. 

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

Materials. The preparation and specification of the 
alcohols used have been described earlier.11) Isotopic purity 
of a,a-dideuteriobenzyl alcohol, as determined by NMR, was 
9 2 ± 5 % . Commercial benzyl methyl ether was purified by 
distillation from all glass apparatus. Aqueous solution of 
chioramine-T (E. Merck, pro analysi) was stored in dark 
bottles. Acetic acid was purified by the usual methods.12) 
Perchloric acid was used as a source of hydrogen ions. 

Product Analysis. Benzaldehyde was characterized and 
estimated by the isolation of its 2,4-dinitrophenylhydrazone. 

Kinetic Measurements. The reactions were carried out 
under pseudo-first-order conditions by keeping a large excess 
of the alcohol over CAT. The temperature was kept con­
stant to ±0 .1 K. The solvent used was acetic acid-water 

( 1 : 1 (v/v)), unless otherwise stated. The reactions were 
followed iodometrically up to nearly three half-lives, the 
reactions being found smooth. The rate constants were 
evaluated from the plots of log [oxidant] against time and 
were reproducible within ± 3 % . Preliminary experiments 
showed that the oxidation is not sensitive to ionic strength, 
hence no attempt was made to keep it constant. The rate for 
the deuterated alcohol was corrected for the ordinary alcohol 
present. The usual concentration of the reactants in the 
reaction mixture was: the alcohol 0.05—1.0 M, CAT 0.01 
—0.08 M, and perchloric acid 0.1—1.5 M. 
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T h e ni tromethane addition to l,2-O-isopropylidene-5-O-trityl-a-D-e?7£Ar0-pentofuranos-3-ulose (1) proceeded 
smoothly to give the corresponding branched-chain sugar (2), which on acetylation afforded (3) followed by 
elimination of acetic acid in presence of a base catalyst, resulted in the formation of the corresponding nitro olefin 
(4). The nitro olefin when subjected to borohydride reduction gave 5-0-acetyl-3-deoxy-l,2-0-isopropylidene-
3-(nitromethyl)-a-D-ribofuranose (5), which on catalytic hydrogénation followed by acetylation yielded the 3-
(acetamidomethyl)-5-0-acetyl-3-deoxy-l,2-0-isopropylidene-a-D-ribofuranose (6). By the study of the N M R 
spectra of 3-deoxy derivatives (5) and (6), their D-ribo configurations were established. 

T h e synthesis of v a r i o u s b r a n c h e d - c h a i n c a r b o ­
h y d r a t e s w a s t h e a i m of severa l inves t iga to r s in r e c e n t 
years . 1 , 2 ) T h e s e syntheses u sua l ly ut i l ise t h e r e q u i r e d 
oxo sugar s as i n t e r m e d i a t e s , w h i c h t h e n c o n d e n s e 
w i t h d i a z o m e t h a n e , 3 ) o r g a n o l i t h i u m c o m p o u n d s , 1 ' 4 ) 
G r i g n a r d reagen t s , 1 , 4 , 5 ) sulfur ylides,6) a n d p h o s p h o -
r ane . 7 , 8 ) 

T h e synthesis of a m i n o suga r s b y t h e m e t h o d of 
n i t r o m e t h a n e - s u g a r d i a l d e h y d e 9 ) h a s b e e n modif ied , 1 0 ) 
b y us ing n i t r o e t h a n e to afford b r a n c h e d - c h a i n a m i n o 
d e o x y suga r s , in w h i c h b r a n c h i n g is o n t h e c a r b o n a t o m 
h a v i n g t h e a m i n o g r o u p . 

A r ecen t m e t h o d 8 ) d e s c r i b e d t h e synthesis of d e o x y 
sugars h a v i n g a n i t r i l e o r a n a m i n o g r o u p o n t h e 
b r a n c h e d - c h a i n . T h e synthesis of b r a n c h e d - c h a i n 
n i t r o sugars1 1) w a s c a r r i e d o u t b y t h e a d d i t i o n of n i t r -
yl i o d i d e to a b r a n c h e d - c h a i n u n s a t u r a t e d suga r s , 
w h e r e a s M i c h a e l a d d i t i o n of n i t r o - a l k a n e s to u n s a t u r a ­
t ed n i t r o suga r s p r o d u c e d b r a n c h e d - c h a i n d i n i t r o s u g a r 
der ivat ives . 1 2 ) T h e n i t r o m e t h a n e m e t h o d 9 ) h a s n o w 
b e e n a p p l i e d to oxo s u g a r to p r o d u c e s u g a r d e r i v a t i v e s 
w i t h a n i t r o g r o u p o n t h e b r a n c h , w h i c h c o u l d b e 
read i ly c o n v e r t e d i n t o d e o x y suga r s h a v i n g a n i t r o o r 
a n a m i n o g r o u p on t h e b r a n c h e d - c h a i n . T h i s m e h t o d 
a n d others 1 3 ) l ed to t h e d i r e c t i n t r o d u c t i o n of a func-
t iona l i zed o n e - c a r b o n b r a n c h i n t o c a r b o h y d r a t e s . 

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

T h e r e a c t i o n of l , 2 - 0 - i s o p r o p y l i d e n e - 5 - 0 - t r i t y l - a -
D-£ry£/zro-pentofuranos-3-ulose14) (1) w i t h a suspens ion 
of t h e s o d i u m salt of n i t r o m e t h a n e ( p r e p a r e d b y carefu l 
a d d i t i o n of s o d i u m h y d r i d e to n i t r o m e t h a n e ) in n i t r o ­
m e t h a n e af forded l , 2 - 0 - i s o p r o p y l i d e n e - 3 - ( n i t r o m e t h y l ) -
-5-O- t r i ty l -a -D-r ibofuranose (2) in 7 6 % yie ld . 
I t s N M R s p e c t r u m s h o w e d t h e ex is tence of a n e x c h a n g e ­
a b l e p r o t o n ( 3 - O H ) a n d a n A B q u a r t e t of t h e t w o 
m e t h y l e n e p r o t o n s of t h e b r a n c h . T h e I R s p e c t r u m 
s h o w e d t h e p re sence of a n i t r o g r o u p . 

A c e t y l a t i o n of 2 w i t h ace t i c a n h y d r i d e in t h e p r e s e n c e 
of />-toluenesulfonic a c i d resu l t ed i n acetolysis of t h e 
5-tr i tyl e t h e r in a d d i t i o n to a c e t y l a t i o n of t h e 3 - h y d r o -
xy l g r o u p , to p r o d u c e 3 , 5 - d i - 0 - a c e t y l - l , 2 - 0 - i s o p r o p y l -
i d e n e - 3 ( n i t r o m e t h y l ) - a - D - r i b o f u r a n o s e (3) . 

jS-Acetoxyni t roa lkanes a r e useful p r e c u r s o r s for 
a - n i t r o a l k e n e synthesis , s ince t h e y easi ly u n d e r g o b a s e -
c a t a l y z e d e l i m i n a t i o n of ace t i c ac id . 1 5 ) T h u s , t r e a t m e n t 
of 3 w i t h a n h y d r o u s s o d i u m c a r b o n a t e in d r y b e n z e n e 
r e a d i l y g a v e t h e n i t r o olefin (4 ) , w h i c h w a s t h e n r e d u c e d 

TrOH.C . 0 TrOaÇ o 

\CH2NO* 

O-C-Me 
i 

Me 

AcOH2Ç o 

\CH2NO, 

AcO 

ACOH2C M 

O 

HO 

AcOH.C ^ 0 

O 

O-C-Me 
Me 

O-C-Me 
Me 

HCNOÎ I I 
O-C-Me 

„ Me 

AcOH2C O . 

—* VY° 
H 2 C N 0 2 ^ _ M e AcHNH.C ^ _ M e 

5 Me 6 Me 

us ing s o d i u m b o r o h y d r i d e in a q u e o u s ace toni t r i le , 1 6 ) 
to g ive t h e c o r r e s p o n d i n g b r a n c h e d - c h a i n d e o x y n i t r o 
s u g a r (5) in a g o o d ove ra l l y ie ld . T h e 1,2-O-isopropyl-
i d e n e g r o u p , as e x p e c t e d , c o n t r o l l e d t h e r e a c t i o n 
s ter ica l ly . F r o m t h e N M R d a t a of 5 , t h e conf igura ­
t ion a t G-3 w a s d e d u c e d . I t s h o w e d a d o u b l e t a t 
T 4 . 1 4 ( H - l ) a n d a t r ip l e t a t 5 .19 ( H - 2 ) , i n d i c a t i n g 
t h a t i t w a s also c o u p l e d to H - 3 . S ince t h e r e w a s n o 
c o u p l i n g b e t w e e n H - 2 a n d H - 3 in 1 ,2-O- i sopropyl idene 
-a-D-xylo-furanose, 1 7 ) t h e p r o d u c t s h o u l d h a v e t h e 
deoxy-D- r ibo c o n f i g u r a t i o n . 

C a t a l y t i c r e d u c t i o n of 5 fol lowed b y a c e t y l a t i o n 
a f forded 3 - ( a c e t a m i d o m e t h y l ) - 5 - O - a c e t y l - 3 - d o x y - l , 2 - 0 -
i sop ropy l idene -a -D- r ibo fu ranose (6) . I t s N M R s p e c t r a l 
d a t a also c o n f i r m e d t h e d e o x y - D - r i b o c o n f i g u r a t i o n . 

T h i s series of r eac t i ons desc r ibes t h e synthes is of 
func t iona l i zed b r a n c h e d - c h a i n d e o x y suga r s f rom a 
b r a n c h e d - c h a i n s u g a r w i t h inve r s ion of con f igu ra t i on 
a t t h e c e n t e r of b r a n c h i n g , w h i c h is a c h i e v e d b y t h e 
s ter ic in f luence of t h e 1 ,2 -O- i sopropyl idene g r o u p . 

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

Melting points were determined with a Fischer-Jones ap­
paratus and were uncorrected. N M R spectra were observed 
on a Var ian HA-100 spectrometer using T M S as an internal 
s tandard. I R spectra were recorded with a Unican SP 200 
spectrometer. Optical rotations were determined with a 
Perkin-Elmer 141 recording Polarimeter. Solutions were 
concentrated on a rotary evaporator at below 20 °G under 

file:///CH2NO*
file:///CH2NO
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reduced pressure. 
1,2-0-Isopropylidene-3- (nitromethyl) - 5 - 0 - trityl-a- D - ribofuranose 

(2). A suspension of sodium hydride (0.15 g) in nitro-
methane (10 ml) was added dropwise to a cooled (Dry Ice 
ba th below — 20 °G) and stirred solution of 1,2-O-isopropylidene-
5-0-trityl-a-D-er)tfAro-pentofuranos-3-ulose14) (1.1 g) in nitro-
methane ( 10 ml) . T h e reaction mixture was stirred for one 
additional hour at room temperature and neutralized with 
glacial acetic acid, and the solvent was evaporated. T h e 
residue was dissolved in water (60 ml) and extracted with 
chloroform ( 3 x 5 0 ml) , washed with water and dried. T h e 
syrup obtained on evaporation of the extract was crystallised 
from acetone-hexane to give the title compound 2 (0.9 g, Y= 
7 6 % ) ; m p 120—122 °C, [a]2

D°+29° (c 1, GHG1,), I R v™ 
3450 ( O H ) , 1560 c m - 1 ( N 0 2 ) ; N M R (CHG13) : r 3.98 (1H, 
d, Jlt2 4.0 H z ) ; 5.13 (2H, d ) , 5.88 (4H, t, / 4 ) 5 5 H z ) ; 
6.68 (5H, m ) ; 5.59 ( C H 2 N 0 2 , q, / a , b 12.5 H z ) ; 8.40, 8.60 
(CMe 2 , s ) ; 6.83 ( O H , s, disappeared on deuteration with 
D . O ) . 

Found : C, 68.5 ; H , 5.7 ; N, 3 .0%. Galcd for G 2 8 H 2 9 N 0 7 : 
C, 68.4; H , 5.9; N, 2 . 8 % . 

3,5-Di-O-acetyl-l ,2-O-isopropylidene- 3 - (nitromethyl) - a - D - ribo­
furanose (3). A solution of 2 (0.6 g) in acetic anhydride 
(6 ml) was stirred overnight at room temperature in the 
presence of anhydrous />-toluenesulfonic acid (0.1 g). T h e 
reaction mixture was then slowly poured onto an aqueous 
solution of sodium hydrogencarbonate and the gummy prod­
uct was decanted, washed several times with cold water and 
dissolved in chloroform, which was washed with water and 
dried ( N a 2 S 0 4 ) . O n evaporation of the dried chloroform, 
compound 3 was obtained as a pale yellow syrup (0.4 g) ; 
I R *maX 1760 (OAc) ; 1 5 1 0 c m - 1 ( N 0 2 ) . 

Found : G, 45.1 ; H , 4.8 ; N , 4 .6%. Calcd for C 1 2 H 1 6 N 0 9 : 
G, 45 .3 ; H , 5.0; N , 4 .4%. 

5-0-Acetyl-3-deoxy-1,2 - O - isopropylidene -3- (nitromethyl) - a - D -
ribqfuranose (5). Powdered potassium carbonate (0.5 g) 
was added to a solution of 3 (1.8 g) in dry benzene (25 ml) 
and the suspension was stirred magnetically for 6 h at room 
temperature . T h e mixture was filtered using Celite pad and 
the filtrate was evaporated to give 4 as yellow viscous syrup. 
I t was dissolved in acetonitrile (25 m) , cooled in an ice bath , 
stirred. T o this was added a solution of sodium borohydride 
(0.2 g) in water (2 ml) . After one hour stirring, the reaction 
mixture was diluted with water (100 ml) and extracted with 
chloroform ( 4 x 2 5 ml) . T h e extracts were washed with water 
and dried ( N a 2 S 0 4 ) . O n evaporation, the residue obtained 
(0.8 g, Y = 5 8 % ) was crystallised from acetone-hexane, m p 
127—129 °G; [a]s

D° + 6 2 ° (c 1, GHG13), I R v™ 1750 (OAc), 
1565 c m - 1 ( N 0 2 ) , N M R (GDG13) : r 4.14 (1H, d, JU2 4.0 
H z ) ; 5.14 (2H, t ) ; 7.32 (3H, m ) ; 5.70—6.07 (3-proton, m, 
4 H , 5 H ) ; 5.39 ( G H 2 N 0 2 , q ) ; 8.52, 8.72 (GMe2 , 2 s) ; 7.96 
(Ac, s). 

Found : C, 48.2 ; H , 6.3 ; N , 4 . 9 % . Galcd for C n H 1 7 N O T : 
G, 48.0; H , 6.2; N, 5 . 1 % . 

3- {Acetamidomethyl) S-O-acetyl-3- deoxy -1,2 - O - isopropylidene-cc-
v-ribqfuranose (6). A solution of 5 (0.14 g) in ethanol (20 
ml) was reduced with hydrogen in the presence of p la t inum 
oxide (0.1 g) at room temperature under atmospheric pressure 

for 2 h, dur ing which the calculated amount of hydrogen was 
consumed. T h e reaction mixture was filtered and evaporated 
to give the corresponding amine as a syrup. I t was dissolved 
in dry pyridine (2 ml) and acetic anhydride (2 ml) was added, 
and the solution was stirred for 2 h. T h e reaction mixture 
was then poured onto ice, and extracted with chloroform (4 X 
20 ml) . T h e extracts were then washed with cold dilute hy­
drochloric acid, aqueous sodium hydrogencarbonate and 
water, and dried (Na 2 S0 4 ) . O n evaporation of the dried 
extract compound 6 was obtained as a syrup, (0.11 g, F = 
82%) M2

D°+57° (c 1, CHG13); I R vm&x 3450 (NH), 1750 
(OAc), 1680, 1 5 2 5 c m - 1 (NHAc) ; N M R (GDG13): r 4.20 
(1H, d, y l t 8 4.0 H z ) ; 5.34 (2H, t ) ; 3.74 (NH, broad );7.93, 
8.04 (Ac, two s) ; 8.50, 8.70 (CMe2 , two s). 

Found : G, 54.4; H , 7.6; N, 4 .7%. Galcd for G 1 3 H 2 1 NO e : 
G, 54 .3 ; H , 7.4; N, 4 .9%. 
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Synopsis. Solid CH3NHCONH(CH2)nCH3 ( n= l— 
15) gave two intense Raman lines in the 100—500 cm - 1 

region. The frequency of one of them varied with n, but that 
of the other was unvarying. The «-dependent frequencies fit 
the theoretical v-ô curve of C-C-C deformation of poly­
ethylene and were, therefore, assigned to the accordion modes. 

In early R a m a n studies of normal paraffin crystals, 
Mizushima and Shimanouchi1) found sharp R a m a n lines 
which appeared at frequencies inversely proportional 
to the number of carbon atoms ; they assigned them to 
the accordion-like motion of the totally symmetric 
skeletal deformation. Schaufele and Shimanouchi2) 
elucidated the frequencies (v) of the accordion modes of 
C H H 2 M + 2 molecules in terms of the phase difference (d) 
of the vibrational displacements between two adjacent 
methylene groups. 

We ourselves have previously studied the vibrational 
spectra of alkylureas3-5) and pointed out that the 
C ^ N - C - N - C skeleton of the C H 3 N H C O N H C H 2 -
group is of a planar zigzag structure.3) In the present 
study we examined the accordion modes of dialkylureas 
of C H 3 N H C O N H ( C H 2 ) M C H 3 ( n = l — 1 5 ) . These 
compounds were prepared by a standard method4) and 
were purified through repeated crystallization. The laser 
Raman spectra were excited by the 514.5 nm line and 
recorded on a JEOL-400D R a m a n spectrometer. 

Two prominent R a m a n lines were found in the region 
between 100 and 500 cm - 1 . One of them appeared 
around 230 c m - 1 irrespective of n, but the other was 
located at a frequency which varied sensitively with n, 
although it became a shoulder of the libration band at 
about 100 c m - 1 when ri^6. The frequencies of the 
latter group of the R a m a n lines were approximately 
inversely-proportional to w+5 and were thus assigned 
to the accordion mode. 

The w-dependent frequencies observed for solid 
CH 3 NHCONH(CH 2 ) M CH 3 are plotted against the phase 
difference in Fig. 1, where ô=27z/(n-{-5) (instead of 
j r /n+5) is used to refer to the theoretical v-ô curve of the 
polyethylene crystal. The observed frequencies fit 
closely the theoretical curve (solid line) calculated for 
the v5 branch of the polyethylene crystal by Kitagawa 
and Miyazawa.6) The v-ô curve used has also been 
applied satisfactorily to the analysis of the skeletal 
modes of CH3(CH2)KCONH2 .7> Furthermore, the 
corresponding v-ô plots observed for various polyethers 
of the [ - ( C H 2 ) m - 0 - ] M type have been reported to fit 
the theoretical v-ô curve of the infinite polymethylene 
chain.8) 

Upon the determination of ô for the skeletal deforma­

tion vibrations of chain molecules with a trans zigzag 
structure, the number of constituent atoms is taken, in 
general, as the denominator.2) In the present case, if 
the plane of the G - N - C - N - C of C H 3 N H C O N H C H 2 -
coincides with the trans zigzag plane of - (CH 2 ) M CH 3 , 
there will be n + 5 atoms as the constituents of the trans 
zigzag chain of C H 3 N H C O N H ( C H 2 ) M C H 3 molecule; 
therefore w + 5 was adopted for the denominator in the 
plot of Fig. 1. 

Phase difference 

Fig. 1. The v-ô plots for the accordionlike motion of 
CH3NHCONH(CH2)nCH>5. 

Usually, when n is small, the experimental v-ô plots 
deviate considerably from the theoretical v-ô curve and 
a correction for the effect of the end group is required.7) 
Nevertheless, it is surprising that the present data for 
small n values fall closely on the theoretical curve 
without any correction for the end group. This fact may 
imply that all the skeletal atoms constitute a trans 
zigzag plane, and also that the deformations of N H -
C O - N H and C O - N H - C H 2 (or CH3) are effectively 
coupled with other skeletal deformations of the molecule 
just as where those parts are replaced with C H 2 - C H 2 -
CH 2 . If this consideration is correct, then it is not 
unexpected that the present data for n=2 fall on the 
theoretical v-ô curve, because it corresponds to the 
case of the n = l of CwH2w+2 , for which the observed 
frequency fits the theoretical curve fairly well. 
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Synopsis. X-Ray diffraction patterns have been 
observed for metal soaps of fatty acids with odd carbon 
numbers. The soaps of Pb, Cd, Ba, and Zn were prepared 
from the fatty acids of hexanoic, heptanoic, nonanoic, decanoic, 
undecanoic, dodecanoic, tridecanoic, tetradecanoic, penta-
decanoic, hexadecanoic, heptadecanoic, and octadecanoic, 
the long spacings of which were studied in comparison with 
those of sodium soaps. The most prominent characteristic 
of these soaps is the presence of a definite order of long spacing 
which is directly proportional to the number of carbon atoms 
in the hydrocarbon chains, this is in contrast to the sodium 
soaps, which show a zigzag relation. 

Although many reports have been presented on X-Ray 
diffraction studies on metal soaps, they have been 
concerned with the fatty acid salts of even carbon 
numbers originating from natural fatty oils.1-6) 

Recently, though the advance of organic synthesis has 
made the fatty acids of odd carbon numbers readily 
available for technical uses. I t is important to investigate 
the properties of metal soaps of fatty acids with odd 
carbon numbers to facilitate the present industrial 
activity. With this in view, X-Ray diffraction patterns 
have been obtained for the metal soaps of fatty acids of 
odd carbon numbers in this study. 

Na-soap 

Pb-soap 

Zn-soap 

20 

Fig. 1. X-Ray diffraction pattern of metal soaps of 
tridecanoic acid. 

Exper imenta l 

Materials. Fatty Acids: The fatty acids, from hexanoic 
acid (C6) to octadecanoic acid (G18), used in this investigation 
were supplied from the Ajinomoto Co., Ltd. The purities 
of the fatty acids were confirmed to be over 98.5 per cent by 
gas chromatography. 

Metal Salts: The inorganic chemicals used in the prepara­
tion of metal soaps were a reagent grade: lead acetate Pb(CH3-
COO)2, cadmium sulfate CdS04 , barium nitrate Ba(N03)2, 
and zinc acetate Zn(CH3COO)2. 

Preparation of Metal Soaps. The soaps of Pb, Cd, Ba, and 
Zn were prepared by the addition of aqueous solutions of 
sodium soaps to a large excess of solutions of the metal salts. 
The precipitates were washed with water and then with 
ethanol, and successively extracted with boiling acetone. 
The purified metal soaps were dried in vacuo and then stored 
in a desiccator at room temperature for two months. 

Apparatus. The X-ray diffraction measurements were 
performed with a Rigaku Denki Geiger Spectrometer D-9C 
instrument, using copper Ka radiation through a nickel 
filter, under the following conditions: voltage, 30 kV; 10 mA; 
count full scale, 1000 c/s; scanning speed, 2/min; time con­
stant, 2 cm/min. 

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

X-Ray diffraction patterns were obtained for a series 
of metal soaps made from straight-chain fatty acids 
containing 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, and 18 

carbon atoms. Figure 1 shows the X-Ray diffraction 
patterns of the metal soaps of tridecanoic acid in 
comparison with the sodium soap. 

All of the metal soaps showed several strong diffrac­
tion patterns corresponding to the spacings. I t is noticed 
that sodium soap diffracts strongly, showing the higher 
crystallinity of sodium soaps than those of the other 
metal soaps. Similar results were also obtained for the 
metal soaps of the other fatty acids. 

In Table 1, the long spacings for the metal soaps of 

TABLE 1. LONG SPACING (Â) OF METAL SOAPS 

Carbon 
number 

of fatty acid 

C 1 8 

C„ 
Cl6 

c„ 
c14 
Cl3 

c12 
C i i 

Cio 

c9 
c8 
c7 
c6 

Na-soap 

48.21 
45.17 
42.75 
39.00 
37.35 
33.99 
32.34 
29.16 
27.83 
24.57 
23.28 
20.28 
20.13 

Pb-soap 

51.27 
48.87 
46.50 
43.47 
41.43 
37.89 
35.37 
33.00 
30.84 
28.23 
25.77 
23.28 
20.70 

Cd-soap 

50.01 
47.90 
45.72 
42.46 
40.17 
36.84 
34.47 
32.37 
30.15 
26.01 
22.68 
20.91 
20.58 

Ba-soap 

48.10 
46.35 
44.17 
40.56 
38.43 
35.85 
32.72 
30.48 
28.53 
25.77 

— 
— 
— 

Zn-soap 

42.70 
41.88 
38.46 
36.05 
34.02 
33.12 
— 

27.98 
26.01 
23.49 
20.91 
— 
— 
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TABLE 2. SHORT SPACING OF METAL SOAPS 

Short spacing (Â) 

(i) C16-soaps 
Na-soa& 4.60 (m) 4.17(m) 3.87 (ss) 
Pb-soap 4.10(ss) 3.93 (m) 
Cd-soap 4.08 (ss) 3.90 (m) 
Ba-soap 4.57 (s) 4.04(m) 
Zn-soap 4.55 (s) 4.33 (m) 

(ii) C13-soaps 
Na-soap 4.91 (s) 4.19(m) 3.87(ss) 
Pb-soap 4.2 l(m) 4.08 (ss) 
Cd-soap 4.12(m) 3.78 (m) 
Ba-soap 4.60 (m) 4.42 (m) 
Zn-soap 4.62 (ss) 4.27 (m) 

3.82 (m) 
3.19(s) 
3.90 (s) 
4.04 (m) 

3.85(m) 
3.53(w) 
4.35 (m) 
4.15(m) 

3.56 (m) 
3.66(s) 
3.68(m) 
3.72 (s) 
3.85 (ss) 

3.56 (m) 
3.79(w) 3.65 (m) 

4.01 (m) 3.80(m) 
4.10(ss) 3.80(m) 

fatty acids with even and odd carbon numbers from C6 

to C18 are shown. The short spacings for metal soaps of 
hexadecanoic and tridecanoic acid are shown in Table 
2. The short spacings permit the identification of the 
soaps. 

bO 

.5 

a, 
c/3 
W) 
Ö 
O 

50 

40 

30 

20( 

I 
. 

. 
. 

r/j*' 
.A-'' 

A- . . • * ' ' 

.-•A" 
.A*' 

A 

6 7 8 9 10 11 12 13 14 15 16 17 18 

Carbon number of fatty acids 

Fig. 2. Long spacing of sodium soaps in reference with 
those of fatty acids. 
O J Sodium soap, A j fatty acid. 

Figure 2 shows the long spacings of the sodium soaps 
and the fatty acids. T h e data for the fatty acids are 
taken from the literature.7 '8) Here , the crystalline 
forms of the acids are denoted as the B-form for even-
carbon-number acids and as the B'-form for odd-
carbon-number acids. 

When the long spacings of the sodium soaps of 
saturated fatty acids are plotted against the number of 
carbon atoms, as in Fig. 2, one obtains a zigzag curve 
(high a t even carbon numbers and low a t odd) . I t is 
also well known that the long spacings of fatty acids are 
related to the carbon numbers of the fatty acids in a 
zigzag curve. 

O n the other hand, the melting points of saturated 
fatty acids with even and odd numbers of carbon atoms 
are known to be related to the carbon number in a 
zigzag curve with higher melting points for the even 
fatty acids than those for the odd ones. This is because 
fatty acids with odd carbon numbers have structures 
of the cis-îorm, by analogy with other organic compounds 

showing long and short terminal distances between two 
adjacent molecules when the molecules arc declined, 
while the fatty acids with even carbon numbers have 
structures of the trans-form showing a short terminal 
distance only. Therefore, the packings of fatty acids 
with odd carbon numbers are more loose than those of 
even ones. 

10 11 12 13 14 15 16 17 18 

Carbon number of fatty acids 

Fig. 3. Long spacing of metal soaps. 
O ; Pb-soap, • ; Cd-soap, 
A ; Ba-soap, x ; Zn-soap. 

Figure 3 shows plots of the long spacings of the metal 
soaps against the carbon numbers of the fatty acids. 
I t may be noted in the figure that the long spacings of 
these metal soaps increase linearly with the number of 
carbon atoms in the fatty acids. 

Void et Ö/.4) have reported that the long spacings of 
heavy metal soaps are correlated with their structures, 
in which the cations are separated in parallel planes at a 
distance somewhat less than the length of two fatty acid 
radicals. In this work, it was found that the regular 
increase in spacing (about 2.5 Â per additional carbon 
atom) corresponds to twice the size of the C H 2 unit. 

However, the slope of the linear relation for Zn-soap 
differs from those of the other metal soaps. Matuura6) 
found that the long spacings for the soaps of fatty acids 
with most of the light metals in the periodic table appear 
to be peculiar. The peculiarity of Zn-soaps seems to be 
related to Matuura ' s result. The theoretical approaches 
to the details of this evidence will be here after studied. 
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Synopsis. The possibility of a long migration of hot 
H atoms through crystalline alkane is discussed in terms of a 
simple channeling theory. The potential energy surface for 
an H atom in crystalline neopentane shows that the channeling 
directions are perpendicular to the [110] and [100] planes. 
The energy dependence of the channeling of hot H atoms 
is discussed. 

Recently Miyazaki et al. found that H atoms, which 
are produced by the radiolysis of solvent neopentane or 
by the photolysis of hydrogen halide, react selectively 
with a small amount of solute alkane in a neopentane 
matrix at 77 K.1) A similar phenomenon has also been 
observed in isobutane, 2,2,3,3-tetramethylbutane 
and cyclopropane matrices at 77 K.1) At present, we 
cannot give a clear answer to the question whether the 
reactive H atoms are thermal or hot. 

T h e following observations, however, favor the 
hypothesis of the hot H atoms: (1) The competitive 
reaction between o C 6 H 1 2 and H I for H atoms was 
studied in the radiolysis and photolysis of a n£0-C5H12-
c-C6H1 2-HI mixture at 77 K. The rate constants of 
these reactions in the neopentane matrix are quite 
different from those of the thermal H atom reaction.1) 
(2) When a H atom is produced by the photolysis of 
HBr with a 185 nm light, the hot H atom has initially a 
kinetic energy of 67 kcal/mol. When C3H8 is present 
in the z-C4H10 matrix, the hot H a tom reacts selectively 
with solute C 3H 8 to form the C 3H 7 radical.1) (3) T h e 
selective hydrogen atom abstraction by H atoms occurs 
even at 4 K in /2eo-C5H12 matrix and the H atoms can­
not be detected at all by ESR spectroscopy.2) 

There is, however, a dogmatic conception that a long 
migration of a hot H atom through solid alkane is quite 

A, (l 10] plane B. [100] plane C, [l 11] plane 

Fig. 1. Projections of potential energy distribution in 
neopentane crystal. 
Contour lines are : a, 1.0 kcal/mol; b, 3.0 kcal/mol; 
c, 5.0 kcal/mol; d, 9.3 kcal/mol. Position of the contour 
map represents the position of mass center of H atom. 

improbable. In this report the author will discuss the 
possibility of a long migration of the hot H atom by 
means of the channeling phenomenon.3) 

Potential Energy Surface for H Atoms in Crystalline 
Neopentane. The occurrence of the channeling in 
the crystal depends on the existence of the channeling 
region, which is decided by the potential energy distribu­
tion in the crystal. Since the calculation of the potential 
energy between né?o-C5H12 and an H atom is quite 
difficult, the potential energy between an H atom and 
CH 4 , which is a very similar compound to ^o-C 5 H 1 2 , is 
applied here to the neopentane crystal as an approxi­
mation. Recently Raf t has calculated the potential 
energy surface between CH 4 and a T atom.4) H e 
considered the energy for an angular displacement of 
C - H bonds in addition to the energy calculated by 
London-Eyring-Polanyi-Sato's method. The potential 
energy, v{Rh 0,-), is given by: 

F(A«,0«) = T{RvR»Rt) + T(R2,R&,R,) + T(R3,R„R8) 

+ T(Ri} R5, R7) + \jjkjidj - 0 / ) » ( 1 ) 

where Ri represents the interparticle distance between 
C, H, and T atoms. The 0,- are the six H - C - H angles 
of CH4 . The bending-force constant for the 0y angle 
is kj, with Of representing the equilibrium angle. T h e 
four terms (T(Ri, Rj, Rk)) in Eq. 1 represent the 
energies of three-body interaction among C, H, and T 
atoms. 

Raff calculated the potential energy surface of the 
C H 4 - T system by means of the above procedure. 
Here the potential energy surface calculated by him is 
applied to the crystalline n<?o-C5H12-H atom system. 
The crystalline structure of neopentane at 77 K consists 
of face-centered cubic unit cells with a lattice constant 
of 11.4 A.5) Since the chemical structure of neopentane 
is symmetrical, the structure is depicted as a sphere. 
Since an overall rotation of the neopentane molecule 
occurs even at 77 K,6) the positions of the H atoms of 
the methyl group are not fixed in the lattice. Therefore, 
the depiction of the neopentane molecule as a sphere is 
reasonable. T h e energy of the abstraction saddle point 
on the potential energy surface is normalized to 9.3 
kcal/mol,7) which is the observed activation energy for 
an H atom-abstraction reaction from neopentane by an 
H atom. Projections of the potential energy distribu­
tions of the three principal planes of the f.c.c. lattice of 
neopentane are shown in Fig. 1. The potential energy 
surface in Fig. 1 is based on the energy of the H and CH 4 

pair, and the distance between the reactive H atom and 
the H atom of the methyl group is 1.08 Â at the saddle 
point of the potential energy surface. T h e distances 
between the reactive H atom and the nearest H atoms 
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of the other methyl groups are 1.9 Â for the other 
methyl group of the same neopentane molecule and 2.9 Â 
for the methyl group of the neighboring neopentane 
molecule. Therefore, the interaction energies of the 
reactive H atom and these nearest H atoms may be 
negligible as compared with the energy at the saddle 
point. 

I t is clear that the layers of the [110] and [100] 
orientations exhibit low potential regions to the incident 
H atoms, which are produced by the radiolysis of 
neopentane or by the photolysis of hydrogen halide. 
If the energy in the transverse motion of a hot H atom is 
larger than the 9.3 kcal/mol shown in Fig. 1A and B, 
the H atom reacts with neopentane. If, on the other 
hand, the energy in the transverse motion is smaller 
than 9.3 kcal/mol, the hot H atom travels a long 
distance by a succession of glancing collisions with the 
channel walls of neopentane molecules and then reacts 
with a solute alkane, which may exist as a defect in the 
neopentane crystal. When hot H atoms are incident 
upon the [111] plane, however, they react with neo­
pentane molecules in the first collision (Fig. 1C). 

The selective hydrogen atom abstraction reaction by 
H atoms in neopentane-alkane mixtures is not observed 
in the liquid phase.1) This phenomenon can be explained 
by the channeling hypothesis. Since a r andom arrange­
ment of molecules in the liquid phase does not contain 
channels, the hot H atom collides head-on with a solvent 
molecule in the liquid phase and loses its energy by 
chemical reaction or deactivation. 

Energy Dependence of the Channeling of Hot H Atoms. 
When the channeling of H atoms takes place, the 
intervals of glancing collisions of H atoms with the 
channel wall are much longer than in the lattice period. 
I t is a good approximation3) to assume that the potential 
distribution of Fig. 1A or B continues in a direction 
perpendicular to the [110] or [100] plane. The collision 
in the channeling is depicted in Fig. 2A, where E is 
the kinetic energy of an H atom. If the energy of an H 
atom in its x-direction motion is smaller than 9.3 
kcal/mol, then: 

B 
O 1 • • • • J 

0 20 40 60 80 100 
Energy of H atom, kcal/mol 

Fig. 2. Critical angle of channeling of hot H atom. A, 
Glancing collision of hot H atom with channel wall of 
9.3 kcal/mol. B, Dependence of critical angle of chan­
neling upon kinetic energy of H atom. 

£ s i n 2 0 < 9.3 kcal/mol (2) 

where 6 is the angle between the H-atom motion and 
the channel direction. 

Though the thermalization process of the hot H atom 
may be important , only the hydrogen-atom-abstraction 
reaction is considered in this model for the following two 
reasons : (1) The cross section of the H atom abstraction 
reaction by hot H atoms in the 3-methylpentane matrix 
at 77 K is three times as large as that of the thermaliza­
tion.8) (2) Though the H atom abstraction reaction by 
hot H atoms takes place in the neopentane matrix at 
4 K, t rapped H atoms are not observed at 4 K by ESR 
spectroscopy.2) 

The substitution reaction of hot H atoms is neglected 
also in this treatment for the following reasons. The 
activation energy for the substitution reaction is about 
35 kcal/mol,9) which is much higher than that for the 
H-atom-abstraction reaction. The cross section for 
the abstraction from methane by a 65 kcal/mol tritium 
atom is 3.7 times as large as that for the substitution 
reaction.9) 

The critical angle for the channeling of the hot H 
atoms can be calculated by means of Eq. 2 ; it is shown 
in Fig. 2B. The H atoms easily undergo a channeling 
with a decrease in the kinetic energies, when they 
converse upon the crystal from all directions. 

When hot H atoms are produced by the photolysis of 
hydrogen halide or by the radiolysis of the solvent alkane, 
the direction of the initial motion of the H atoms is also 
important . If hydrogen halide is dissolved in a void 
space of the lattice, as is shown in Fig. 1A, the H atoms 
easily converse upon the channeling region. 

I t can be concluded that the channeling phenomenon 
of hot H atoms can take place in the organic crystal if 
the conditions are optimum. We cannot reject a priori 
the possibility of long migrations of hot H atoms in the 
organic crystal. 

The author wishes to express his appreciation to 
Professor Noriaki I to, Professor Kenji Fueki, and Dr. 
Kenji Mori ta of Nagoya University for their fruitful 
discussions. 
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Synopsis. In the N-C2H4 system, the main final 
product was HCN, and the stoichiometry (AN/HCN) of the 
reaction was about 1.3. In the N-C2D4 system, CD2 and 
CD2N were found as the reactive intermediates. We sug­
gested a mechanism different from that proposed by Herron. 

O n the reaction of N with C2H4 , the following 
reaction mechanism was postulated by Herron:1) 

N + C2H4 • HCN + GH3 (1) 

N + CH3 > HCN + 2H (2) 

H + G2H4 • C2H5 (3) 

H + C2H5 — ^ 2CH3 (4) 

N + C2H5 > NH + C2H4 (5) 

N + NH • N2 + H (6) 

The features of this mechanism are that the amount of 
C H 3 produced through the reaction depends on the 
competition between H and N for C 2H 5 and that the 
formation of H C N is mainly due to the reaction of 
N with CH3 . This list of reactions is not meant to be 
inclusive. For instance, it does not account for the 
recombination of C H 3 which proceeds with a rate 
constant of 3.6 X 10~ n ml/molecure-s.2) This rate is so 
fast that, in order to produce H C N in Reaction 2, the 
rate constant, #N-CHS, between N and C H 3 needs to 
have a value greater than 1 0 ~ n ml/molecule «s. T h e 
value of £N_CH. has not been evaluated experimentally; 
however, 10 - 1 1 ml/molecule-s for £N-CH, seems to be too 
large. 

In order to define the intermediate compounds and 
to determine the reaction mechanism, the reactions of 
N with C2H4 and C2D4 were reinvestigated. 

Exper imenta l 

The apparatus and procedure were almost the same as 
those used by Herron and Klein.3) N was generated by a 
2450 MHz electrodeless discharge in N2. A reaction tube 
of Pyrex glass, 20 mm i.d. and 100 cm long, formed a part 
of the fast-flow system. G2H4 and C2D4 diluted with Ar were 
added through a movable central inlet tube in the reaction 
tube. At the end of the reaction tube, the sampling orifice 
of a mass spectrometer was located. The mass spectra were 
recorded on a quadrupole mass spectrometer. The pressure 
in the reaction tube was about 4 Torr and the linear velocity 
of the gas was 200 cm/s. The materials used in this experi­
ment were research-grade. The observation was carried 
out at room temperature. The initial concentration of N 
was measured by means of a gas-phase titration with NO.4) 
The HCN was determined by titration with AgNOs. The 
reaction time was calculated from the linear velocity of the 
gas and from the distance between the tip of the inlet of 
the hydrocarbon reactants and the sampling orifice. 

The quantities of reactants and products were followed by 
the ion current with ionization by 23 eV. As to the inter­
mediate products, assuming that they had the same mass 

spectrometric sensitivity as N, the quantities were determined. 
The measurements were done in both the N-C2H4 and N -
C2D4 systems. 

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

Substracting the background ion current from the 
observed value in the reaction, the detectable species 
and their concentrations are determined. T h e atoms 
and free radicals investigated in these observations are 
as follows: 

m/e 14 15 16 27 29 30 34 

Species N,GH2 CH3 GD2 HCN C2H5 CD2N,C2H6 C2D5 

In the N - C 2 H 4 system, the quantities of species of m/e 
14, 15 and 27 are plotted as functions of the reaction 
time. They are shown in Fig. 1. In this figure, the 
quanti ty of species of m/e 14 shows a max imum at the 
beginning of the reaction, and the maximum moves in 
the direction of the increase in the reaction time with 
the decrease in the initial concentration of C2H4 . This 
fact suggests that C H 2 is formed in the course of the 
reaction. The quantities of species of m/e 15 and 29 
produced through the reactions are small and about 
equal in amount . The species of m/e 30 is not found as a 
product. T h e stoichiometry of the reaction (AN/HCN) 
is evaluated to be about 1.3. 

3.75 7.50 

Reaction time (s) x 102 

Fig. 1. Kinetics of the reaction of N with C2H4. 
O : m/e 14, Q : m/e 27, %: m/e 15. 

Initial concentration 

A 
B 
C 

[N]0xlQ-1 4 

atoms ml - 1 

2.90 
2.90 
2-90 

[C2H4]0xlO-14 

molecules ml - 1 

3.25 
2.66 
1.42 
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Fig. 2. Kinetics of the reaction of N with C2D4. 
O : m/e 14, # : m/e 16, 0 : m/e 30. 
Initial concentration 

[N]0: 2.90 X 1014 atoms ml"1, 
[C2D4]0: 2.66 X 1014 molecules ml"1. 

• : Experimental results, : calculated results. 

As a supplementary method to determine the forma­
tion of CH 2 , the reaction was studied in the N - C 2 D 4 

system. T h e results are shown in Fig. 2 in the same 
manner as in Fig. 1. I n this case, the decrease in the 
quanti ty of the species of rnje 14 with the reaction time 
is shown by a monotonous curve, Curve A, and the 
concentrations of species of m/e 16 and 30 are varied 
with the time, having these maximum values in the 
course of the reaction, shown as Curve B. No species of 
m/e 34 was found. 

At the same initial concentrations of reactions in the 
N - C 2 H 4 and N - C 2 D 4 systems, assuming that the 
quanti ty of N (m/e 14) in the N - C 2 H 4 system represented 
as a function of the reaction time is equal to that in the 
N - C 2 D 4 system, we can estimate the quanti ty of CH 2 

3.75 7.50 

Reaction time (s) X 102 

Fig. 3. Kinetics of the reaction of N with C2H4„ 
- O - : m/e 14, • : m/e 14(N), 

: m/e 14 (estimated value of CH2). 
Initial concentration 

[N]0: 2.90 X 1014 atoms ml"1, 
[C2H4]0: 2.66 X 1014 molecules ml"1. 

produced in the N - C 2 H 4 system. It is shown in Fig. 3. 
I t is impossible, though, to measure the quantity of 
CH 2 N produced in the reaction, because CH 2 N has the 
same m/e value as N2 . 

Comparing these results obtained in the N - C 2 H 4 

system with those in the N - C 2 D 4 system, we can suggest 
that CH 2 and C H 2 N are produced as intermediate 
compounds in the course of reactions in the N - C 2 H 4 

system. 
In the N - C 2 H 4 system, it seems possible that CH 2 and 

CH 2 N might be formed at the beginning of the reaction : 

N + C2H4 v CH2 + CH2N 
N + CH2 • CH2N 
CH2N v HCN + H 
N + CH2N • N2 + CH2 

H + CH2N • H2 + H C N 
GH2 -f- GH2 • C2H4 

N + N + M • N2 + M 
H + H + M * H2 + M 

CH2 + wall • 4~C2H4 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 

(9) 

In the N - C 2 D 4 system, the reaction mechanism is 
almost the same as that considered in the N - C 2 H 4 

system. The main feature of the mechanism is the 
competition reaction between N and H for CH 2 N in 
Steps 4 and 5. This competition roughly determines 
whether N will be detected as H C N or will remain 
undetected as N2 . An increase in the concentration of 
H would favor Reaction 5 relative to Reaction 4 and, 
hence, bring about a decrease in the A N / H C N ratio. 
I t is known that the A N / H C N ratio approaches unity1) 
with the introduction of H into the reactor. 

TABLE 1. EVALUATED RATE CONSTANTS IN THE 

N-C2D4 SYSTEM (at room temperature) 

Step ml molecule-1 s-1 Step ml molecule-1 s_1 

1 
2 
3 
4 
5 

l .OxlO-1 3 

5 . 0 x l 0 - 1 4 

6 .0x10 
5.0X10-1 4 

l .OxlO- 1 4 

6 
7 
8 
9 

2.0X10-1 2 

5.0X10-16 

5.0X10-16 

3.0x10 

In the N - C 2 D 4 system, the rate constants are evaluated 
by a computer simulation of the experimental data. 
T h e rate constants for the reactions are listed in Table 1. 
With these values, the quantities of N, CD 2 , and CD2N 
are calculated as function of the reaction time. The 
results are shown by dotted lines in Fig. 2. The curves 
are seen to be identical within the limits of experimental 
uncertainty. 
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Synopsis. A self-consistent renormalized RPA and 
its approximated analogues are compared in the calculation 
of the electronic excited states of benzene by using the INDO/S 
method. 

In previous papers,1 '2) we have presented an approx­
imate self-consistent renormalized random-phase 
approximation (SCrRPA) with the C N D O / S method 
and shown that making use of a well-correlated ground 
state charge density the rRPA equation can be self-
consistently solved though approximately. In this note, 
we like to present the result of the complete SCrRPA 
calculation for benzene and compare it with those of 
the approximate SCrRPA ones. We use the I N D O / S 
basis, since the C N D O method has a deficiency that 
energy separations between the singlet and triplet levels 
of both an* and na* states are calculated to be zero 
in high-symmetry molecules like benzene. 

For the real basis, the rRPA equation is given by3 '4) 

/ Ä{S) -B(S) w f ( i y ) | = ^ /(ios-K 

\-B*(S) -Ä*(sy\z(Asy \z(}S)r 
where 

^ph,vf(S) = ôpyôbf(Ep-Eh) + (îPïfa-pJWfa-pJW 

X(A%.yî(S)-ôpvôb{(Eh-Ep)), 

£ph,vfW = (l/2Xph-pp)^(Pî-pv)^Blh,Yt(S). 

A0 and B° are the well-known normal RPA(nRPA) 
matrices for the H F ground state, Ei the zth H F orbital 
energy, pi the charge density (non-integral occupation 
number) of the fth M O in the correlated R P A ground 
state. Subscripts ph and y/~are used for the particle-hole 
and vacant-filled M O pair states, respectively. We are 
interested in the cases except ph—pf = 2 and pp=pv=0 
(nRPA), which correspond to a higher R P A and are 
referred to merely as R P A in the following. The renor­
malized transition amplitudes matrices Y and Z are 
given by the unrenormalized ones Y and 2T.5) The Ath 
excited state creation operator Otsx which satisfies 
OtsM\0^>=\ASM^> is expanded in terms of the singly 
excited unrenormalized amplitudes Yph(ÀS) and Z p h -
(AS) and the particle-hole pair creation and annihilation 
operators C^SM) and Cph(SM). The correlated R P A 
ground state is unknown before solving Eq. 1 and is 
assumed to take the form 

|0> = J V ^ H F ) (2) 
with 

^ = ( 1 / 2 ) 2 S Jl S Cpb)Yt(S)Cp\(S0)CJi(SÖ), (3) 
S=o.l i pher« vfe?i 

r being denote the irreducible representation of a 
certain set of the excited states under consideration, 
and N0 the normalization constant. CphM(S) in Eq. 3 

is then given by a solution of the equation 

O,SM|0> = 0 (all XSM), (4) 

leading to the equation Z=CYand/or Z=CY. Assuming 
the starting value of CphwVl{S) under this constraint, 
we can determine by an iterative prodecure the occupa­
tion number of the ith M O averaged with respect to a 
trial ground state. Invoking the identity, operator 
X e^, we can derive the correlated charge densities of the 
uih particle and oth hole states averaged according to 
the correlated R P A ground state as follows; 

/5u = 21/*<0jCu
+

u(00)|0> 

= (i/2)E22ICnh,vfOS)l», ( for a11 A ) (5) 
* h vf 

and 
^o = 2V2<0JCo+(00)|0> 

= 2 - ( l /2 )SSS |Cp„ ,Tf (5 ) l» . (for all rt) (6) 
* p vf 

In order to circumbent the triplet instability at an 
initial stage, we start a computation by making use of 
the following trial correlated coefficients of a ground 
state wavefunction,6) so as to satisfy the equation 
Z=CY, 

Cg&iS) = (Ep + Ey~Eh-Ef)->B<>h^(S). (7) 

We can then iteratively determine new renormalized 
coefficients as7»8) 

CD™(S) & (Y-\S)Z(S)y™. (8) 

The convergence criterion used is l/0,-(new)—|0,-(old)|^5 
10-5 (i for all the MO's ) . 

T h e summation over i of 71,- indicates that the excited 
states of different symmetry groups affect the correlated 
ground state. Therefore, if possible, it is better to solve 
such an r R P A equation that all the possible particle-
hole pair configurations are involved in a one matrix, 
without paying attention to a special symmetry represen­
tation. At least for the R P A equation of limited particle-
hole pairs this may play a considerable role in the 
computation of p's. 

In our previous SCF calculation of benzene by the 
I N D O / S method,9) the ground-state electronic configu­
ration was given by 

(lfllg)*(2, 3«lu)4(4, 5*2g)*(6alg)*(7ilu)
2(8*2u)

2(9, 10*lu)
4 

(ll7rû2u)3(12, I3e2e)*(14n, 15nelg)* (I6n, 17^2u)° 

(18^ )0 (19^)0 (20 , 21*2g)0(22ûlg)°(23, 24, lu)« 

(25*lu)o(26, 27*lu)°(28, 29*2g)o(30fllg)o. 

From this, we take thirty particle-hole pair configuration, 
in which we promote an electron from five M O ' s below 
the highest occupied orbital to six M O ' s above the 
lowest unoccupied orbital. Then, we solve a 60 X 60 
matrix of the r R P A equation involving an*, na*, aa*, 
and Tin* particle-hole pairs, iteratively. For comparison, 
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TABLE 1. EXCITATION ENERGIES (eV) OF BENZENE COMPUTED 

BY T H E R P A EQUATIONS CONSTRUCTED FROM 

T H I R T Y SIGMA-PI P A R T I C L E H O L E P A I R S a ) 

State 

, B.a (K»*) b ) 

^ufar*) 
%«(««*) 

^ „ ( « r * ) 

%«(*<**) 
%»(««*) 
^ „ ( « r « ) 

%,(***) 
S B 1 U (^*) 
3E lu(™*) 
aB2ll(nn*) 
SE2g(7l7t*) 
3E2ll(7ra*) 

SCrRPA 

5.07 
5.46 
6.92 

(1.324)d> 
7.97 

(0.003) 
8.00 
8.10 
8.17 
8.20 
2.90 
4.58 
5.07 
6.33 
7.30 

rRPA/CI 

4.97 
5.36 
6.84 

(1.321) 
7.92 

(0.003) 
7.95 
8.05 
8.12 
8.13 
2.72 
4.46 
4.97 
6.22 
7.24 

rRPA/RS 

4.86 
5,27 
6.76 

(1.316) 
7.86 

(0.003) 
7.89 
7.99 
8.07 
8.07 
2.55 
4.35 
4.86 
6.15 
7.18 

TDA 

4.90 
5.21 
7.23 

(2.070) 
7.82 

(0.003) 
7.88 
7.95 
.8.02 
8.15 
3.04 
4.26 
4.90 
6.11 
7.16 

nRPA 

4.76 
5.18 
6.68 

(1.310) 
7.82 

(0.003) 
7.84 
7.95 
8.02 
8.03 
2.39 
4.25 
4.76 
6.08 
7.13 

Obsdc> 

4.93 
6.21 
6.96 

(0.690) 

3.95 
4.75 
5.60 
6.75 

a) Geometry: C-C 1.40 Â; C-H 1.10 A. b) Symbols in braces show 
the main contribution, c) J . Karwowski, Acta Phys. Pol. A, 37, 417 
(1970). d) Figures in braces are the values of oscillator strength. 

TABLE 2. PURE nn* EXCITATION ENERGIES (eV) 

OF B E N Z E N E , F O R W H I C H NINE 7171* P A R T I C L E -

H O L E P A I R CONFIGURATIONS ARE TAKEN 

FROM THE I N D O / S BASIS M O V 

State 
aB2„ 
*!„ 
' E l u 

**** 
**** 
a B l n 
3 B l n 
s E l n 
3 B 2 i t 
3 E 2 , 

» E 2 , 
3 B 1 H 

SCrRPA 

5.06 
5.45 
7.07 

(1.572) 
8.25 

10.48 
12.82 
2.88 
4.56 
5.06 
6.32 

10.07 
12.42 

rRPA/CI 

4.98 
5.37 
7.00 

(1.565) 
8.21 

10.44 
12.81 
2.74 
4.47 
4.98 
6.26 

10.03 
12.41 

rRPA/RS 

4.85 
5.26 
6.91 

(1.554)-
8.13 

10.37 
12.77 
2.53 
4 .34 
4.85 
6.15 
9.96 

12.37 

TDA 

4.90 
5.21 
7.44 

(2.553) 
8.22 

10.39 
12.79 
3.04 
4.26 
4.90 
6.12 
9.92 

12.36 

nRPA 

4.76 
5.18 
6.84 

(1.545) 
8.08 

10.33 
12.76 
2.39 
4.25 
4.76 
6.08 
9.92 

12.36 

a) See the footnotes of Table 1, 

we calculate pure nn* excitations taking nine nn* 
particle-hole pair configurations. 

Without solving Eq. 1 iteratively, the coefficients 
Cph(Vf(iS) can be approximately determined either (i) 
by using the perturbat ion theory in the CI language to 
include doubly excited configurations which mix with 
the H F ground state (referred to as rRPA/CI ) , or (ii) 
by relating CphfWi(S) with B°ph.yf(S) matrix in the 
basis of Rayleigh-Schrödinger perturbation theory (Eq. 
7) (as rRPA/RS) . Wi th the trial R P A ground state 
to be obtained in such ways, we can bypass the problem 
of solving Eq. 4, in case when the trial coefficients 
satisfy Eq. 4 approximately. These methods have been 
called an approximate SCrRPA in our previous paper.5) 

The numerical results are summarized in Tables 1 
and 2. T h e SCrRPA results satisfactorily agree with the 
experimental values except for the lowest 3 B l u state. 
The self-consistency has been attained after nine 
iterations. I t should be mentioned that we have fixed 
the correlated charge densities as p (new') = ( 1 /2) 
X {|0 (new)+/0 (old)} at every iterative step in order to 
get a quick convergence. I t is observed that the follow­
ing relationship holds for most cases : 

«(rRPA) > «(TDA) > «(nRPA) (9) 

or in more detail 

«(SCrRPA) > «(rRPA/CI) > «(rRPA/RS) > 
«(TDA) > «(nRPA). (10) 

The 1 E l u and 3 B l u transition energies fall out of this 
sequence, for which co (TDA) >a> (SCrRPA). It has 
been numerically ascertained that this sequence also 
holds for the electronic excited states of DNA bases in 
the CNDO/S method.5) The treatment including <r 
electrons (Table 1 ) gives rise to the considerable lowering 
of the transition energy and oscillator strength of the 
dipole-allowed 1 E l u transition, compared with that of 
the n electrons only (Table 2). This can be ascribed to 
the sigma-pi coupling; i.e., the so-called dynamical 
screening effect of the nn* transition by a electrons 
which has been pointed out previously by several 
authors.10-11) 

The sequence of Eq. 10 and Table 1 indicates that 
rRPA/CI promises to give a good approximation to 
SCrRPA, and that the correlated ground-state wavefunc-
tion ( H F + d o u b l y excited CI's) takes in the triplet 
correlation effect through B°ph.vt(S) matrix elements 
in a somewhat skillful way. I t might also be concluded 
that to solve the n R P A equation with a partinent choice 
of parameters in the semiempirical M O methods rivals 
a higher RPA, fully accounting the correlation effect 
in large conjugated systems. This can also be visualized 
in a Green's function language; i.e., the use of the 
C N D O / S and/or I N D O / S parametrization together 
with n R P A has a drastic effect upon the self-energy 
part , leaving the zero-order polarization propagator 
unaffected.12) 

Comparison of the present semiempirical results with 
the ab initio ones computed by Rose et a/.10) suggests 
that if the present restricted configurational space is 
extended the lowest 3 B l u state will be refined. This 
possibility can be observed from the inspection of Tables 
1 and 2, where the sigma-pi coupling effect puts the 
lowest 3 B l u state a little bit up. Extensive calculation 
including a larger particle-hole pair space is now in 
progress. 
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Synopsis. The parameters concerning the micelle 
formation of Aerosol OT in organic solvents were determined. 
In order to determine CMC, an apparatus was constructed 
for the measurement of the interfacial tension between mercury 
and organic media. The association numbers were estimated 
by vapor pressure depression measurements. 

The behavior of oil-soluble surfactants in organic 
solvents has been studied from the stand-point of 
micelle formation, 1>2> but more data are needed for its 
elucidation as compared with the behavior of surfactants 
in water. We have carried out the following experi­
ments on Aerosol O T (sodium l,2-bis(2-ethylhexyloxy-
carbonyl)ethane-1-sulfonate, American Cyanamid Co., 
Ltd.) in benzene, cyclohexane, and carbon tetrachloride. 
In order to determine C M C , a new method and 
apparatus based on interfacial tension measurement 
between mercury and organic media were devised. The 
number average association numbers were estimated by 
vapor pressure depression measurements. 

ft! 

Concentration X 103 (mol kg-1) 

Fig. 1. Thermister bridge reading (AR) vs. solute con­
centration in benzene. 

0 = Aerosol OT as solute at 25 °C. 
Aerosol OT as solute at 37 °C. 
Aerosol OT as solute at 45 °C. 
Triphehylmethane as solute at 25 
Triphenylmethane as solute at 37 

C. 
C. 

Triphenylmethane as solute at 45 °C. 

(1) Vapor Pressure Depression Measurement: For this 
a molecular weight apparatus (Hitachi-Perkin-Elmer, 
Type 115) was used. The thermister bridge reading, 
Ai?, which depends only on the vapor pressure, is 
plotted against the solute concentration in benzene in 
Fig. 1. The results for other solvents are similar to 
those shown in Fig. 1. In each measurement, triphenyl­
methane was used as a standard substance for calibra­
tion. The relationship of thermister bridge reading, 
AR, vs. solute concentration in benzene was linear 
above 1 X 10~3 mol kg-1 . As the ratio of the slope for 

TABLE 1. CMC AND ASSOCIATION NUMBER (N) 

OF AEROSOL OT IN ORGANIC SOLVENTS 

CMC (mol kg- N 

CCL 

G6H6 

C«H, 

25 °C 
30 °C 
37 °C 
45 °C 

25 °C 
37 °C 
45 °C 

25 °C 
37 °C 
45 °C 

l x l O - 4 

1.5X10-4 

2.5X10-4 

4 x 1 0 ^ 

5 x l 0 - 4 

17 
17 
17 
17 

13 
13 
13 

17 
17 
17 

Aerosol O T to that for reference, the number average 
association number was estimated to be 13. T h e values 
in other solvents are summarized in Table 1. The 
temperatue dependence of association numbers was 
small. 

weighing 
assembly 

e l e c t r o b a l a n c e 

c i r c u l a t i n g 
water 

concrete pier 

Fig. 2. The apparatus for the interfacial tension 
measurement between mercury and organic media. 

(2) Interfacial Tension Measurements between Mercury 
and Organic Media: The measurements were carried 
out by the drop weight method. The apparatus is 
shown in Fig. 2. In order to drop mercury without 
vibration, the thermal expansion of mercury was 
employed according to the method of Sonntag and 
Strenge.3) The bulb is heated just a little for the mercury 
to expand and fall into the plat inum pan after a long 
interval. T h e weight of falling mercury drop in the 
organic media containing various amounts of Aerosol 
O T was measured in situ with the accuracy of ± 1 0 _ 5 g 
by means of the load added to the electrobalance 
(Cahn R G Electrobalance, Cahn Instrument Co., 
Ltd.) holding the pan. T h e interfacial tension was 
calculated according to the method of Harkins and 
Brown.4) T h e radius of the tip (0.045 cm) was obtained 
by calculation using the data5) between mercury and 
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Concentration (mol kg-1) 

Fig. 3. Interfacial tension between mercury and carbon 
tetrachloride vs. solute concentration in logarithmic 
scale. 

© : at 25°C. O : a* 30°C. © : a* 37°G. 

benzene. As shown in Fig. 3, the plots of interfacial 
tension between mercury and carbon tetrachloride 
solution show a behavior similar to that of the surface or 

interfacial tension of aqueous solution of surfactant near 
C M C . From the equation of adsorption isotherm (Eq. 
1 ), surface (or interfacial) tension against solute concen­
tration in logarithmic scale breaks when the relationship 
between activity and concentration of surface active 
solute has a breaking point or C M C . 

-dy = RTrd\nai (1) 

Since the depression (Fig. 3) indicates the surface 
activity of solute to mercury/organic medium interface 
and relatively large association numbers were obtained 
(Table 1 ), we identified the breaking points in Fig. 3 as 
the C M C of Aerosol O T in carbon tetrachloride, also 
given in Table 1 with those in benzene and cyclohexane. 
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Synopsis. The microwave spectrum of methyltri­
chlorosilane has been re-examined in order to determine the 
precise molecular structure by observing the spectra due to 
the isotopic species. The previously reported value of the 
nuclear quadrupole coupling constant of trichlorosilane has 
been corrected by the reinvestigation of the hyperfine struc­
ture. 

The microwave spectra of methyltrichlorosilane and 
its isotopic species have been investigated first by 
Mockler et a/.1) and recently by Mitzlaff^ a/.2) In both 
cases, the spectrum arising from the silicon isotopic 
species has not been observed, and therefore the precise 
molecular structure has not been determined. We 
reinvestigated the microwave spectrum of this molecule 
in order to obtain the spectrum of the silicon isotopic 
species, and succeeded in observing it. Furthermore, we 
found the spectrum of the 13C species at frequencies 
different from the previously reported values. In their 
paper2) Mitzlaff et al. have also reported the quadrupole 
coupling constant of trichlorosilane. Their value, 
however, seemed too small compared with that of 
chlorosilane. We reinvestigated the spectrum of this 
molecule and corrected their value. In this paper we 
report the newly determined molecular constants and 
the precise molecular structures of methyltrichlorosilane 
and trichlorosilane. 

Methyltrichlorosilane. The spectra were examined 
with a conventional 100 kHz Stark-modulation spectrom­
eter, with a 3-m X-band waveguide cell. Both 29Si 
and 13C species were measured in natural abundances. 
To obtain the spectrum due to the 29Si species, the 
regions near the high-J transitions of normal species 
were searched, because the low-y transitions have fairly 
broad linewidths and low intensities. Very low modula­
tion voltages (ca. 10 V/cm) were used to prevent 
disturbances by the Stark lobes of the normal species 
and its strong excited states. The transitions of the 29Si 
species were assigned on the basis of the intensity ratio 
to the lines of normal species, and the assignment was 
confirmed by the measurement of the intensity change 
between room and Dry Ice temperatures. Unfortunately, 
the line due to the 30Si species could not be obtained, 
since the predicted positions were overlapped by the 
strong vibrational satellites. The observed transition 
frequencies are listed in Table 1. For the precise 
determination of the rotational constants, several 
transitions of normal species including low-J transitions 
were also measured. Since the observed peak positions 
differ from the hypothetical unsplit values because of 
the hyperfine structure due to the chlorine nuclei, 
the observed peak values were corrected to unsplit 
values3) using the calculated frequency differences on 
the assumptions of eqQ= — 40 M H z and Z^ClSiCl = 

108.6°. The rotational constant and the centrifugal 
distortion constant, D3, were obtained by a least-squares 
fit of all the corrected transition frequencies in Table 1. 
The rotational constant of the 29Si species listed in the 
table was determined from the h igh-y transitions, 
assuming the same Dj value. 

The obtained rotational constants lead to the C-Si 
bond distance of 1.865 Â by the use of Krai tchman's 
equation, if the previously reported rotational constant 
of 13C species2) is included. This C-Si distance, which is 
close to that of methylsilane (1.867 Â), seemed too long 
considering that the substitution of the hydrogen atoms 
by the halogen atoms should cause a fairly large bong 
shortening;4) in fact the C-Si distance in CH 3 SiF 3 is 
1.812 A. Therefore, a reinvestigation of the spectrum 
of the 13C species was undertaken. We tried to observe 
a few high-y transitions of the 13C species, but we could 
not find them at the frequencies calculated from the 
B value reported in Ref. 2 except for the y=9<—8 
transition, which is the only transition observed by 
Mitzlaff et al. Furthermore, the intensity measurements 
at room and Dry Ice temperatures showed that it was 
impossible that this transition belongs to the ground 
state line. Presumably it is to be ascribed to one of the 
excited vibrational states of the 35C12

37C1 species, since 
this region is near to its ground state transitions. We 
found several lines which should be ascribed to the 
spectrum of the 13C species at slightly lower frequencies, 
as calculated from the reported value. T h e assignment 
was confirmed by a comparison of the intensities with 
those of the 29Si species and by the change in the inten­
sities between room and Dry Ice temperatures. The 
molecular structure, except for the methyl group, was 
determined by the substitution method, as Table 1 
shows. T h e coordinates of the chlorine atoms were 
obtained by combining the A and B rotational constants 
of 35C12

37C1 species and the B rotational constants of 
the 35C13 and 37C13 species with a modification of 
Krai tchman 's equation.5) The obtained S i -C bond 
distance shows a clear bond shortening upon the substitu­
tion of chlorine atoms for hydrogen atoms attached to 
the silicon. The amount of the shortening is about a 
half of that by fluorine substitution, as has been estimated 
from the results for other molecules.6) 

Trichlorosilane. Mitzlaff et al. have also inves­
tigated the microwave spectrum of trichlorosilane. They 
have reported the eQVzz to be + 1 2 . 8 M H z , which was 
obtained from the measurement of the two strong lines 
in the J = 2 < - l transition on the basis of the theory 
presented by Wolfe.7) This theory, however, was found 
to be incorrect and was amended by Wolf et al. recently.3) 
If we analyze the reported frequencies by means of the 
new theory, the eQVzz of trichlorosilane becomes 8 
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TABLE 1. THE OBSERVED AND CALCULATED FREQUENCIES, ROTATIONAL PARAMETERS, AND MOLECULAR 

STRUCTURES OF TRICHLOROMETHYLSILANE AND TRICHLOROSILANE ( M H Z ) 

CHgSiClg 

F^~ 
4 — 
5 
6 — 
7 — 
8 — 
9 — 

10 — 
11 — 
12 — 
13 — 
14 — 

B 

Dj 

J 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

r* 
r i 

SiHCl3 

F^~ 
2 — 

3 — 
4 — 
5 — 
6 — 
7 — 
8 — 

B 
Dj 

]/_ 
1 

2 
3 
4 
5 
6 
7 

edq 
rs 
rs 

,(Si-
Jß* 

.(Si-

.(Si-

~C\) = 
-C) = 

-H) = 
-CI). 

Obsd 

14157.85 
17697.54 
21237.05 
24776.70 
28316.24 
31855.67 
35394.13 
38934.13 

46012.36 
49551.38 

1769.797 
0.00026 

=2.026 Â 
= 1.848 A 

Obsd 

9888.07e) 
9890.19e) 

14833.95 
19779.23 
24724.22 
29668.86 
34613.57 
39558.00 
2472.468 

0.00085 
- 3 7 . 0 

= 1.464 A 
=2.020 A 

12CH3
28Si35Cl 
^̂̂  

Corra> 

14158.32 
17697.81 
21237.23 
24776.82 
28316.33 

b 
b 
b 

b 
b 

^ C l - S i - C l = 
ZJOr-Si-Cl = 

HSi35Cl3 

Corra> 

9889.89 

14834.84 
19779.68 
24724.49 
29669.03 
34613.69 

b 

ZlCl-Si-Cl= 
ZH-Si -Cl = 

3 

Obsd-Calcd 

ÖTÖ1 
- 0 . 0 3 
- 0 . 0 9 

0.02 
0.11 
0.09 
0.03 
0.00 

- 0 . 0 5 
- 0 . 0 4 

108.6° 
110.3° 

Obsd-Calcd 

- 0 . 0 3 

0.02 
0.01 
0.06 

- 0 . 0 6 
0.05 

- 0 . 0 3 

=109.4° 
=109.5° 

GH 29SiCl v J l l g OlVJlg 

35383.51 

49535.46 
1769.228 

HSi37Cl3 

32845.83 
37537.65 
2346.213 

13PU Si CI VJX XgkJlV^lQ 

31350.10 
34832.78 
38315.98 
41798.92 
45281.90 
48764.91 

1741.700 

H29SiCl3 

34568.78 
39506.68 

2469.279 

a) The corrected frequencies considering the shift resulting from the nuclear quadrupole interaction, 
correction was neglected, c) K— 1 component. 

b) The 

M H z ; this leads to —25 M H z of eQVaa, by assuming 
Z C l S i C l = 109.6°. This eQVaa seemed too small 
compared with the eQjq of —40 M H z in SiH3Cl. There­
fore, we reinvestigated the hyperfine structure of 
trichlorosilane. 

The J=2<—\ transition was measured carefully and 
repeatedly, and two strong components were found at 
the values calculated from the high-y transitions and a 
reasonable eQVaa value. We did not find strong lines 
at the frequencies reported by Mitzlaff et al. From 
these two components, the eQVzz is determined to be 
12 M H z , which leads to an eQVaa value of —37 M H z . 
This value is quite reasonable as the quadrupole 
coupling constant of the chlorine a tom attached to 
silicon. T h e rotational constants obtained by Mitzlaff 
et al. were also refined using the quadrupole coupling 
constant newly determined by the method used for the 
analysis of methyltrichlorosilane ; they were determined 
to be as listed in the table. The molecular structure 

was also recalculated with these rotational constants by 
means of the substitution method. However, the change 
in the molecular structure is small, since the changes in 
the rotational constants are very small. 
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S y n o p s i s . T h e y - F e 2 0 3 with a high coercive force 
was prepared by reducing the acicular y - F e O O H at 300 °C 
and by then reoxidizing it at 250 °G. A conversion from y-
F e O O H to y-Fe 2O a at lower temperatures was effective in 
obtaining acicular particles without pores because of the large 
mobilities of ions in the crystal. 

T h e y - F e 2 O a w i t h a h i g h coe rc ive force h a s usua l ly 
b e e n p r e p a r e d f rom t h e a c i c u l a r a - F e O O H t h r o u g h 
c o m p l e x processes : d e h y d r a t i o n , r e d u c t i o n , a n d r e o x i d a -
t ion , especia l ly b y t h e h e a t t r e a t m e n t of t h e a - F e 2 0 3 

before t h e r educ t i on . 1 ) T h e s e t h r e e processes w e r e also 
effective in o b t a i n i n g t h e y - F e 2 0 3 w i t h a h i g h coe rc ive 
force w h e n t h e y - F e O O H w a s used as t h e s t a r t i n g 
m a t e r i a l , w h i l e t h e y - F e 2 0 3 o b t a i n e d b y on ly t h e 
d e h y d r a t i o n of t h e y - F e O O H e x h i b i t e d a v e r y low 
coerc ive force. I n this w o r k , t h e effect of th is h e a t 
t r e a t m e n t o n t h e coerc ive force w a s e x a m i n e d for t h e 
y - F e O O H . 

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

Two kinds of y - F e O O H were prepared as the starting 
materials by the method described in a previous paper.2) 
Three kinds of a - F e O O H were also prepared by the 
method reported by Nakajima et al.1* in order to compare 
them with the y - F e O O H as follows: a solution of i ron(II) 
chloride or sulfate was made alkaline (pH 13.1—13.7) after 
the dissolved oxygen h a d been removed, and then the iron(II) 
ions were oxidized at 45 °C by bubbling air at the flow rate 
of 2.5 1/min, while the p H value of the reaction mixture was 
not controlled. T h e preparat ive conditions are shown as 
follows : 

S a J ? P l e Product 
No. 

Initial concn 
mol/1 

p H 
T e m p 

°C 

L-l 
L-2 
G-l 
G-2 
G-3 

y - F e O O H 
y - F e O O H 
a - F e O O H 
a - F e O O H 
a - F e O O H 

0.064 (FeCl2) 
0 .096 (FeCl2) 
0 .064 (FeCl2) 
0 .064 ( F e S O J 
0.257 (FeCl2) 

6 .5 
6 .5 

13 .7—12.8 
13 .5—12.5 
13 .1—12.2 

25 
25 
45 
45 
45 

These iron (III) hydroxide oxides were then converted to 
y -Fe 2 0 3 in the following manners : 

Process 1. 

y -FeOOH ] 

a - F e O O H 

Heat treatment, in air 

; 
440—800°C (60 min) 

a-FeoCK 

Reduction in H2 Reoxidation in air 
• Fe ,0„ > y - F e 2 0 3 

360°C (30 min) 

Process 2. 

y - F e O O H 1 

a - F e O O H 

250°C (30 min) 

Dehydration and reduction in Ha 

300—340°C (30 min) 

Reoxidation in air 
F e 3 0 4 

250°C (30 min) 
->• y - F e 2 0 3 

T h e coercive force, BHC (maximum applied field; Hm= 
2 K O e ) , of the y - F e 2 0 3 was measured at 25 °G at the packing 
density of 0.1 with an automat ic B-H curve tracer, model 
BHH-5 , from the Riken Denshi C o . ; the packing density, 
p, was expressed as follows: p = d/d0, where d is the apparent 
density of a cylindrical specimen, and d0, the intrinsic density 
o fy -Fe 2 O a (5.24 g/cm3).3) 

T h e particles were observed at magnifications of from 
24000 to 36000 times with an electron microscope, model 
HU-200F, from Hitachi Seisakusho. 

T h e crystallite sizes of the heat- treated a-Fe 2O a were 
estimated by the Scherrer method4) a t the directions of [012], 
[104], [110], and [113] by using FeKa radiation. 

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

F i g u r e 1 shows t h e r e l a t i o n s h i p s b e t w e e n t h e coerc ive 
force of t h e y - F e 2 0 3 a n d t h e r e d u c t i o n t e m p e r a t u r e i n 
Process 2 o r t h e h e a t - t r e a t m e n t t e m p e r a t u r e i n Process 1. 
T h e y - F e 2 0 3 w a s f o u n d to e x h i b i t sufficiently h i g h 
coe rc ive forces w h e n t h e s a m p l e s w e r e p r e p a r e d f rom 
t h e y - F e O O H b y Process 2 a t t h e r e d u c t i o n t e m p e r a t u r e 
of 300 °G. T h e y - F e O O H w a s n o t r e d u c e d c o m p l e t e l y 
i n t o t h e F e 3 0 4 b e l o w 300 °G. T h e coe rc ive force, 
h o w e v e r , w a s l o w e r e d a b r u p t l y w i t h t h e rise i n t h e 
r e d u c t i o n t e m p e r a t u r e i n Process 2 a n d i n t h e h e a t -
t r e a t m e n t t e m p e r a t u r e i n Process 1. O n t h e c o n t r a r y , 
a r e m a r k a b l e effect o n t h e coe rc ive force w a s o b s e r v e d 
b y h e a t t r e a t m e n t a t 600 o r 700 °C i n Process 1 w h e n 
t h e a - F e O O H w a s used as t h e s t a r t i n g m a t e r i a l . T h i s 
effect h a s p r e v i o u s l y b e e n r e p o r t e d b y N a k a j i m a et alV 

T h e D T A p a t t e r n of t h e y - F e O O H s h o w e d a n 
e n d o t h e r m i c p e a k n e a r 2 7 0 °C b a s e d o n t h e d e h y d r a t i o n 
of s t r u c t u r a l w a t e r a n d a n e x o t h e r m i c p e a k n e a r 440 °G 
b a s e d o n t h e t r a n s f o r m a t i o n to a - F e 2 0 3 f rom y - F e 2 0 3 . 

400 h 

<ü 

o 
U 

300h 

200 
500 

T e m p , °C 

Fig. 1. Relationships between coercive force of y - F e 2 0 3 

and reduction or heat- t reatment temperature . 
- 0 - : L - l , - A _ : L - 2 , - Q - : G- l , - A - : G-2, 
— • — : G-3. 
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Fig. 2. Particles of y-, oc-FeOOH and y-Fe203. 
a: y-FeOOH(L-l), b : y-Fea03, reduced L-l at 300°C 
in Process 2, c: y-Fe203, heat-treated L-1 at 600°C in 
Process 1, d: oe-FeOOH(G-l), e: y-Fe2Os reduced 
G-l at 300°C in Process 2, f: y-Fe203, heat-treated 
G-l at 600°C in Process 1. 

Figures 2a and 2d show the original y- and a - F e O O H 
particles with acicular shapes. When the y - F e 2 0 3 was 
obtained only by the dehydration at 300 °G, countless 
number of fine pores were observed, while the particles 
kept the original shapes of the y - F e O O H . This y - F e 2 0 3 

exhibited very low values of the coercive force, 126 and 
129 Oe . 

Figure 2b shows the y - F e 2 0 3 particles obtained from 
the y - F e O O H by Process 2. Few pores were observed 
in the particles thus prepared, while the shapes were 
deformed in some degree compared with the original 
ones. Much deformation and sintering were, however, 
observed among the particles prepared by the heat 
t reatment at 600 °G in Process 1, as is shown in Fig. 2c. 
O n the contrary, several pores were observed in the 
particles, though there was less deformation, when the 
y - F e 2 0 3 was prepared from the a - F e O O H by Process 2, 
as is shown in Fig. 2e. The pores, however, were 
scarcely detectable by heat treatment, especially at 600 
or 700 °G, in Process 1, as is shown in Fig. 2f. Remark­
able deformation and sintering among the particles 
were observed by heat t reatment at 800 °G, even when 
the a - F e O O H was used as the starting material as well 
as the y - F e O O H . 

In the acicular particles of y -Fe 2 O s with a single 
domain size,5) the shape anisotropy is well known to 
dominate their coercive force; Hc=(l/2)AN-Ms in 
random-oriented powders,6) where AN is the difference 
between the demagnetizing factors along the minor and 
major axes of the acicular particles, which can take 2n 
as the maximum value in the CGS-Gauss unit system, 
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Fig. 3. Plots of crystallite size, D10i, of a-Fe20;! against 
heat-treatment temperature. 

_ 0 - : L - l , _ A - : L - 2 , - ~ 0 - : G - l , - A - : G - 2 , 
— D — : G - 3 . 

and Ms, the saturation magnetization. Therefore, the 
coercive force depends mainly on the acicularity of the 
particles. O n the other hand, the existence of pores 
in the particles lowers the coercive force.5) The coercive 
force of the y - F e 2 0 3 varies reasonably according to the 
degree of deformation and the existence of the pores, as 
Figs. 1 and 2 show. 

The crystallite size, -D104, for [104] of the a -Fe 2 0 3 , the 
intermediate in Process 1, grew as the heat-treatment 
temperature increased, as is shown in Fig. 3. The 
crystallite of the a - F e 2 0 3 obtained from the y - F e O O H 
grew much extensively than that obtained from the 
a - F e O O H . Similar tendencies were confirmed for the 
other directions of the a - F e 2 0 3 lattice. Such a clear 
difference between them is considered to be due not to 
the absorbed Gl~ ions, but to the difference in the 
structural arrays of ions in the i ron(II I ) hydroxide 
oxides, judging from the corresponding results between 
the G-l and G-2 samples. This fact indicates that the 
ions in the lattice moved easily when the a-Fe 2O s was 
obtained from the y - F e O O H . It can be considered 
tha t the large mobilities of ions in the lattice carry a 
positive effect which serves to abolish the pores, but also 
a negative effect which serves to keep the acicularity 
of the particles, when the y - F e O O H is converted into 
the y -Fe 2 0 3 . 
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Synopsis. A hedta (H3hedta=iV-(2-hydroxyethyl)-
ethylenediamine-iV,Ar/,iV/-triacetic acid) complex of molyb­
denum^) , Mo204(hedta)(H20) - , has been prepared and 
characterized. The rate of acid hydrolysis of this complex 
in an aqueous perchloric acid solution ([H+] = 0.5—2.0 mol 
dm - 3 ; 7=2.0) is of similar magnitude to that of Mo204(edta)2 -

(H4edta=ethylenediaminetetraacetic acid), increasing with 
increase in [H+]. 

A dimeric unit, Mo 2 0 4
2 +, di-^-oxo-bis(oxomolyb-

denum(V)) is common in molybdenum (V) chemistry in 
aqueous media. The ligand substitution reactions on 
the M o 2 0 4

2 + center have been studied with various 
ligands such as edta4 - ,1) i d a 2 - (H 2 ida=iminodiacet ic 
acid),2) C204

2 - ,2> and NCS-.3) T h e results show that 
the rate of substitution reactions on the M o 2 0 4

2 + center 
varies remarkably with ligand, spanning six orders of 
magnitude. The number of ligating atoms of a ligand, 
and/or the location on the oxo metal moiety at which 
substitution occurs (eis or trans to oxo ligand) would be 
important factors controlling the substitution rate . In 
order to obtain further information on the substitution 
reactions on the M o 2 0 4

2 + center, we used h e d t a 3 - as a 
ligand, the structure of which is similar to that of ed ta 4 - . 

Exper imenta l 

Material. Sodium Salt of Aqua[N-(2-hydroxyethyl)ethylene-
diamine-N, N', W-triacetate]- di-[L-oxo-bis(oxomolybdate(V)) Com­
plex, Na[Mo204(hedta)(H20)]'2H20: Nine grams of dipyri-
diniumpentachlorooxomolybdate(V), (pyH)2[MoOCl5],

4> and 
2.8 g of H3hedta were dissolved in 100 cm3 of water. The 
solution was warmed at 90 °G for about 3 h with constant 
stirring, and then cooled to room temperature. To this 
solution were added 5 g of NaC104 and then 100 cm3 of 
ethanol, and the solution was kept in a refrigerator for a day. 
Orange crystals were filtered off, washed with ethanol, and 
dried in air. They were recrystallized from water. Found : 
C, 19.53; H, 3.62; N, 4.74; Mo, 31.15%. Calcd for C10H21-
N2014NaMo2: C, 19.75; H, 3.48; N, 4.61; Mo, 31.55%. 

Measurements. Ultraviolet and visible absorption spectra 
were recorded with a Hitachi 323 spectrophotometer. For 
kinetic studies, a Hitachi 124 spectrophotometer with a 
Hitachi recorder QPD-34 was used. The acid dissociation 
constant of the complex was determined by pH titration with 
a pH-meter E300B of Metrohm Herisau. The meter was 
standardized against perchloric acid solutions in 2 M LiC104 

(M=mol dm -3) so that H+ concentration rather than activity 
was measured. Thermal decomposition curves of the com­
plexes were obtained with a Shinku Riko TGD-3000 differen­
tial thermal microbalance with a heating rate of 10 K/min. 

Kinetic Runs. All the solutions used for kinetic runs 
were prethermostatted at a given temperature for at least 20 
min. A solution of the complex was mixed with a per­
chloric acid solution for starting the kinetic run. The solutions 

contained appropriate amounts of lithium Perchlorate to 
adjust ionic strength. The change of absorbance was followed 
at a fixed wavelength (mostly at 295 nm). Rate constants 
were evaluated from the first-order plots of absorbance changes. 
Since the aqua ion of molybdenum(V), Mo204(aq)2+,5> 
undergoes slow oxidation by oxygen,1) some runs were carried 
out under a nitrogen atmosphere. 

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

I t was suggested that the two peaks at ca. 300 nm 
(e = 3000—100001 m o l - 1 c m - 1 per dimer) and at ca. 
390 n m (100—400) are characteristic of complexes 
containing the dimeric unit, Mo 2 0 4

2 + . 2 ' 6 ) The present 
complex has two peaks in these two regions, indicating 
the presence of M o 2 0 4

2 + group. The complex liberates 
two water molecules at 20—90 °C and one at 100—140 
°C. We assigned the former to the water of crystallization 
and the latter to the coordinated water . This was 
supported by the patterns of thermal decomposition of 
other molybdenum(V) complexes, B a [ M o 2 0 4 ( C 2 0 4 ) 2 -
( H 2 0 ) 2 ] - 3 H 2 0 (liberate three water molecules at 20— 
100 °C and two at 140—180 °C)7> and Na[Mo 2 0 4 ( ed t a ) ] 
(no weight loss up to 370 °C). O n the basis of these 
findings, the structure of the present complex is consider­
ed as follows. 

H2CH2OH 

T h e p H of an aqueous solution of the hedta complex 
(ca. 5 X 1 0 - 3 mol d m - 3 ) is ca. 2. The solution was titrate 
with 0.1 M sodium hydroxide. There was one sharp 
break for one equivalent sodium hydroxide to the 
complex, no further inflection being observed up to 
p H = l 1. T h e sharp break would be associated with the 
deprotonation of the coordinated water as follows. 

Mo 20 4 (hedta) (H20)-
(aqua form) 

Mo204(hedta)(OH)2- + HH 

(hydroxo form) 
(1) 

T h e pKa value for this process was estimated from the 
p H titration curve; 3 .02±0.03 at 25 °C and 1=2.0 M. 
The absorption spectrum of the aqua complex was 
measured in 0.1 M perchloric acid in the presence of the 
ligand added in order to avoid dissociation of the 
ligand from the complex. T h e spectrum of the hydroxo 
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complex was measured in an acetate buffer at p H 5. 
Peak positions (and intensities) are 383 nm (e=300) and 
295 n m (9200) for the aqua complex, and 393 n m (300) 
and 305 nm (9500) for the hydroxo complex. 

In acidic aqueous solution, the complex decomposed to 
give M o 2 0 4 ( a q ) 2 + and the protonated forms of the free 
ligand. 

Mo204(hedta)(H20)- + nH+ —U 

Mo204(aq)2+ + HwhedtaC3-w>- (2) 

The rate of this reaction was measured at [H+] =0 .5—2.0 
M, 7 = 2 . 0 M and at 20—35 °C. (The k{ was not 
obtained accurately at [H+]<^0.5 M since reaction (2) 
did not proceed completely.) The observed first-order 
rate constant (k{) was of similar magnitude to that of 
the acid hydrolysis of Mo 2 0 4 (ed ta ) 2 - , 1 ) and much 
smaller than that of other complexes of Mo 2 0 4

2 + . 2 , 3 ) 

The dependence of k{ on [H+] is not simple (Fig. 1 ). 

1.0 1.5 
[H + ] /M 

Fig. 1. [H+] -Dependence of kt for the acid hydrolysis of 
Mo204 (hedta) (H20)~ in aqueous perchloric acid solu­
tions. Each point represents the average of at least 3 
runs. The inset is a similar plot for Mo204(edta)2_.2> 

As in the case of the edta complex, kf increases when 
[H+] exceeds 1.0 M . There is a slight tendency for the 
kf value to saturate when [H+] increases. For the edta 
complex, it was suggested from the analysis of [H+] 
dependence that the cleavage of the last acetate group, 

viz. the dissociation of H3edta~ (uni- or bidentate), is 
rate-determining, its rate being of similar magnitude to 
that of the overall rate.1) A similar rate-determining 
process would be possible for the hedta complex at least 
in a higher [H+] region. I t should be noted that the 
multi-step preequilibria would not be necessarily 
responsible for the slow rate of acid hydrolysis of these 
complexes. 

In a lower [H+] region ( [ H + ] < 1 . 0 M ) , unlike the 
edta complex, kf does not approach zero. The difference 
can be explained by considering equilibrium ( 1 ) of the 
hedta complex. If both aqua and hydroxo forms of the 
complex contribute to the dissociation reaction (rate 
constants are expressed as £H,o and £0H, respectively), kf 

is written as follows under the conditions Ä"a<[H+]. 
*f = ^ o n t H + r 1 + kKi0 (3) 

Here both kul0 and &0H may change with [H+]. No path 
corresponding to k0n is expected for the edta complex in 
which no coordinated water exists. No discussion will 
be given on the mechanism as for the edta complex,1) 
since we cannot estimate each term of (3) accurately. 

T h e sequence of the apparent rate of acid hydrolysis 
of various ligands from the M o 2 0 4

2 + center is given in 
the following, with order of rate (s_1) at 25 °C and at 
[H+] = 1.0M in parentheses.1-3) 

edta4" & hedta3" < ida2~ < C204
2~ < NCS~ 

(10-3) (10-3) (10-2atO°C) (10°) (102) 

The rate decreases remarkably as the dentate number 
of the ligand increases. 

We are grateful to Professor K. Saito for his helpful 
discussion and to Dr. K. Nagase for the measurement of 
thermal decomposition of the complexes and his helpful 
discussion. 
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Synops i s . Bis (phenylethynyl) mercury reacts with 
carbon monoxide and alcohol at room temperature in the 
presence of pa l lad ium(I I ) salt to form dialkyl phenylmaleate , 
accompanied by small amounts of alkyl phenylpropiolate and 
dialkyl phenylfumarate. An alkoxycarbonylation at 100 °C 
afforded a trialkoxycarbonylation product , accompanied by 
dialkoxycarbonylation products. T h e alkoxycarbonylation of 
bis (ethylethynyl) mercury proceeds similarly. 

The palladium-promoted alkoxycarbonylation of 
alkyl,1) aryl,2) and vinyl-mercury compouns3) has been 
described. Heck4) has also reported the palladium-
catalyzed carbonylation of olefins and acetylenes with 
methoxycarbonylmercuric chloride. In this paper, we 
wish to report the palladium-catalyzed alkoxycarbonyla­
tion of bis (phenylethynyl) mercury (1) and bis(ethyl-
ethynyl) mercury (2). 

T h e methoxycarbonylation of 1 was carried out at 
room temperature under a carbon monoxide pressure 
of 20 a tm in the presence of lithium tetrachloropalladate-
(II) in methanol to give dimethyl phenylmaleate (3a) 
as the main product. Small amounts of methyl phenyl­

propiolate (4a) and dimethyl phenylfumarate (5a) 
were also produced. T h e methoxycarbonylation of 1 at 
100 °G resulted in the formation of 3a, 4a , 5a, and 
trimethyl 2-phenyl-l , l ,2-ethanetricarboxylate (6a). In 
ethanol, the corresponding ethyl esters were obtained. 
Similarly, the alkoxycarbonylation of 2 at room tempera­
ture afforded dialkoxycarbonylated products, and the 
reaction at 100 °G led to the formation of trialkoxy­
carbonylation products. These results are presented 
in Table 1. 

The palladium-catalyzed alkoxycarbonylation of 1 
and 2 undoubtedly proceeds by means of an initial 
mercury-palladium exchange reaction, carbon monoxide 
insertion into the resultant ethynyl palladium com­
pounds, and subsequent alcoholysis to give 4 and 
[HPdCl] . T h e formation of 3 and 5 could be explained 
by considering the re-addition of [HPdCl] to 4. A 
proposed reaction mechanism is shown in Scheme 1. 
Tha t the elimination and addition of [HPdCl] on 
unsaturated carbon-carbon bond proceed via a. cis 
stereochemistry is well-known.5) Consequently, the 

TABLE 1. ALKOXYCARBONYLATION OF BIS(PHENYLETHYNYL)-

MERCURY ( 1 ) AND BIS (ETHYLETHYNYL) MERCURY ( 2 ) 

Mer­
curial R O H 

T e m p 
°C 

Product 
Yield 

0 / o a , 

1 

1 

1 

1 

2 

2 

CH3OH 

CH3OH 

C2H6OH 

C2H5OH 

C2H5OH 

C2H5OH 

25 

100 

25 

100 

25 

100 

Methyl phenylpropiolate (4a) 
Dimethyl phenylmaleate (3a) 
Dimethyl phenylfumarate (5a) 

4a 
3a 
5a 
Trimethyl 2-phenyl-1,1,2-
ethanetricarboxylate (6a) 

Ethyl phenylpropiolate (4b) 
Diethyl phenylmaleate (3b) 
Diethyl phenylfumarate (5b) 

4b 
3b 
5b 
Triethyl 2-phenyl-1,1,2-ethane-
tricarboxylate (6b) 

Ethyl 2-pentynoate (4c) 
Diethyl ethylmaleate (3c) 
Diethyl ethylfumarate (5c) 

4c 
3c 
5c 
Triethyl 1,1,2-butanetricar-
boxylate (6c) 
Triethyl 1,2,2-butanetricar-
boxylate (8) 

4 
58 
4 

3 
43 
10 

12 

5 
62 
6 

2 
48 
11 

8 

6 
40 
10 

1 
46 
4 

6 

2 

a) Yields are based on the mercurial used. 

(R-CK^Hg 
1:R**Ph 
2: R=Et 

R COOR' 
v C=C 

cr * 

\co 

,C00R' 

Li2PdCl4 [/?-C=C-Pd-C/l CO 

>[HPdCJ\ ROH 

cr ^co 
•H 

R-CsC-COOR' 
+ 

[HPdCl] 
4-a: R=Ph,R'-CH3 
4-b:R-Ph,R'=EtJ 

4-c:R=Et,R'=Et 

R-CmC-CO-Pd-CI 

R,r r,C00R' 

R'OH 

,C*c,C00R' 
0 < 

Cl CI 

R COOR' 
0=C=C-C-H 

ci a 
-

R 

# '0R'\ 
ci ci j 

Jf 
flx ,C0OR' 

, C=C' +[HPdCt] 
FtOOC' v tf ROOC' COOR 

* [HPdO\ 
R'OH 

>lHPdCl] 
5-a:R=Ph,R'=CH3 

5-b:R=Ph,R'=Et 
5-c:R=Et,R'=Et 

>{HF&i\ 
3-a : R=Ph, R'=CH3 
3-b : R-Ph, R'=Et 
3-c:R=Et, R'~Et 

o*c' Ç-° 
<;Pd*o.R> 

CI SCI 

R COOR' 
R'OOC-C-C-H 

CIPd H 

I CO 

I R'OH 

COOR' 
R-Ç-CH2C00R'+ [HPdCl] 

COOFf 
8: R=Et, R'=Et 

R'OOC COOR' 
R-C-C-H 

H PdCl 

| CO 

I R'OH 

R'OOC COOR' 
R-C-C-H 

H COOR' 
[HPdCl] 

6-a : R=Ph, R<=CH3 
6-b : R=Ph. R'=Et 
6-c : R=Et, R'=Et 

Scheme 1. 
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reaction pathway of the formation of 5 may very 
probably include a eis addition of [HPdCl] to 4, but the 
cis-trans isomerization (5—>3) can not be explained only 
in terms of a palladium-hydride addition-elimination 
mechanism in the present case. Furthermore, the 
product, 5, did not isomerize to 3 under the present 
reaction conditions. 

Schoenberg et a/.6) reported that the palladium-
catalyzed butoxycarbonylation of (Z)-/?-bromostyrene 
gave a mixture of (E)- and (Z)-butyl cinnamate, and, 
with reference to the formation of the (E) -isomer, they 
suggested that the cis-trans isomerization proceeds 
probably via a ionic carbene-type intermediate or a 
yr-acryloylpalladium-type intermediate. As they have 
pointed out, the mechanism of the formation of 3 
probably involves a 7r-acryloylpalladium-type inter­
mediate (7), and the overwhelming formation of 3 
compared with 5 is consistent with this process, because a 
coordination of the palladium atom to the alkoxycarbon-
yl group occurs. In the alkoxycarbonylation of 1 and 2 
at 100 °G, the formation of 6 and/or 8 proceeds via a 
re-addition of [HPdCl] to 3 and/or 5. 8a and 8b could 
not be detected because of their poor yields. 

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

Materials. The bis (phenylethynyl) mercury (1) and 
bis (ethylethynyl) mercury (2) were prepared according to the 
method described by Johnson and McEwen.7) 

General Procedure for the Alkoxycarbonylation of 1 and 2. 
A lithium tetrachloropalladate(II) solution was prepared 

by stirring 0.82 g (20 mmol) of lithium chloride with 1.77 g 
(10 mmol) of palladium(II) chloride overnight at room tem­
perature in 80 ml of methanol or ethanol. In this solution, 
5 mmol of mercurial (1 or 2) was then carbonylated under a 
carbon monoxide pressure of 20 atm for 6 h with shaking. 
The reaction mixture was then filtered to remove a precipi­
tated palladium and distilled under reduced pressure to re­
move the solvent. The products were isolated by preparative 
gas chromatography or column chromatography (A1203-
hexane), analysed by gas chromatography on 1-m SE 30 
(5% on celite) column with a Hitachi K-53 gas-chromato-
graph, and identified by comparing their retention time and 
IR and NMR spectra with those of an authentic sample. 
The reactions carried out are listed in Table 1. 
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Synopsis. Dibenzyl selenoxides reacted with dimethyl 
acetylenedicarboxylate and tetracyanoethylene to give new 
ylides, while the reaction of selenonium ylides produced new 
ylides or cyclopropane derivatives. 

Although the reactions of selenoxides and selenomium 
ylides have attracted attention over the last few years,1) 
no systematic study seems to have appeared on their 
reactions with unsaturated C-C bonds. We wish to 
report on the reactions obtained by use of dimethyl 
acetylenedicarboxylate and tetracyanoethylene (TCNE) 
representing an electron-deficient olefin and acetylene, 
respectively. 

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

A number of addition reactions to dimethyl acetyl­
enedicarboxylate affording ylides, known as the reverse 
Wittig reactions, were reported with regard to various 
oxides such as amine and arsine oxides,2-3) and 
sulfoxides.4) We have observed new examples of such 
reaction type, giving new ylides. 

The reaction of dibenzyl selenoxide (1) with the 
carboxylate ester was found to produce the corre­
sponding stable ylide (2) in a good yield.5) T h e structure 
of the product was easily assigned on the basis of 

(PhCH2)2Se=0 + (MeOOCC=)2 

(1) 
r.t., CHCI3 /GOOMe 

-• (PHGH2)2Se=G 
^CGOOMe 

11 
O 

2h, quant . 

(2) 

some spectral evidence and by the independent synthesis 
from the correspoding selenoxide and the active 
methylene compound.6) 

r.t., CHC13 

(PhCH2)2Se=0 + MeOOCCH2GOCOOMe - • 2 
5 min 

Similarly, dibenzylselenonium cyano(methoxycarbon-
yl)methylides, 3a and 3b , were allowed to react with the 
carboxylate at room temperature in CHC1 3 to afford 
the unstable oily ylides, 4a and 4b , respectively. T h e 
N M R spectrum of 4a in CDC13 shows a multiplet 
between 3 and 4 ppm due to the three methoxycarbonyl 
methyl groups and a quartet centered at 4.2 p p m 
due to the benzyl protons characteristic of the 
dibenzylselenonium ylide, its I R spectrum displaying 
moderately intense bands at 2200, 1655, and 1720 c m - 1 

due to the C=N and C=0 's , respectively. 

,CN 
R2Se=C + (MeOOCC=)2 

^COOMe 
3a : R = PhCH2 

3b:R = MeC6H4CH2 

r.t., CHCI3 /GOOMe 
r-+ R2Se=G 

24 h \CCOOMe 

MeOOCCCN 
4a: 78% 
4b: 90% 

A suspension of T C N E in a CHC1 3 solution of 3a at 
room temperature immediately afforded a violet-colored 
solution. O n being stirred vigorously for 1 h, the cyclo­
propane derivative (5) was obtained as a precipitate in 
an excellent yield. 

/GN 
R2Se=C + TCNE 

^COOMe 
3a (3b) 

r.t., CHC1S 

-» R2Se + 
2 h 

NCX .COOMe 

(NC)2C^-^C(CN)2 

82% (90%) 5: 98% (82%) 

Trost reported on a similar decomposition reaction of 
dimethylsulfonium ylides in the presence of olefins to 
yield cyclopropane derivatives.7) T h e results can thus 
be explained in terms of initial addition of the starting 
ylide to the olefinic carbon atom to form the zwitter-ion 
intermediate, with subsequent three-membered ring 
closure on the ylide carbon to give the products. 

The treatment of dibenzyl selenoxide with an equi­
valent of T C N E at room temperature in polar aprotic 
solvents such as C H 3 C N and T H F afforded the precipita­
tion of dibenzylselenonium dicyanomethylide (6). Yields 
greater than 14% were not attained. 
(Reaction A) 

r.t., 

30 min 
R2Se=0 + TCNE 

la : PhCH2 

l b : MeC6H4CH2 

R2Se=C(CN)2 + RSeCN + R2Se 

(6) (7) 

From the reaction mixture two additional products 
were isolated and identified as selenocyanates (7) 
and selenides. T h e results are summarized in Table 1 
together with those for reaction B of the selenides with 
T C N E oxide (Table 2).8) 

file:///CCOOMe
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{Reaction B) 

R2Se + (NC)2C C(CN)2 • 

R2Se=C(CN)2 + RSeCN 

Several pathways to these products are possible. One 
of them is the formation of a selenide and T C N E oxide 
at the initial stage. 

R 2 S e = 0 > TCNE > R2Se-0-C(CN)2 
eC(CN)2 

• Re2Se + (NG)2G C(CN)2 

The mechanism bringing about such a cyclization has 
been found in the reaction of ylides affording cyclo­
propane derivatives, referred to above. However, this 
pathway is highly unlikely and, even if operative, would 
be a minor one. T h e two related reactions A, and B, 
give the same products having markedly different ratios 
in the distribution of ylides and selenocyanates especially 
in non-polar solvents such as benzene and CHC13 . 
The ylide formation is nil in the reaction of a selenoxide 
with T C N E , while it exceeds 5 0 % in that of selenides 

TABLE 1. REACTION (A) OF DIBENZYL SELENOXIDES 

WITH TCNE AT ROOM TEMPERATURE 

Yield, isolated % 
Selenoxide 

(R) 

MeC6H4CH2 

MeC6H4CH2 

MeC6H4CH2 

MeC6H4GH2 

PhCH2 

PhCH2 

Solvent 

Benzene 
GHG13 

THF 
CH3CN 
THF 
GH3CN 

R2Se= 
C(CN)2 

0 
0 

14 
5 

14 
6 

RSeCN 

56 
87 
57 
64 
52 
56 

R2S< 

0 
3 

17 
18 
11 
14 

TABLE 2. REACTION (B) OF DIBENZYL SELENIDES 

WITH TCNE OXIDE AT ROOM TEMPERATURE 

Selenide 
(R) 

Solvent 

Yield, isolated 

C ( 2 C N 1 2
 R S e C N 

% 

R2Se 

MeC6H4CH2 Benzene 52 trace 16 
MeC6H4CHa CHC13 65 9 4 
PhCH2 THF 14 15 44 
PhCH2 CH3CN 10 11 43 

with T C N E oxide, the yields of the selenocyanates 
being far higher in the latter in all solvents employed. 

The results can only be rationalized by the assumption 
that the reaction proceeds via at least two common 
intermediates which are not so rapidly equilibrated as 
to give an identical product distribution for the two 
reactions. 

Exper imenta l 

All the reactions were performed at room temperature in 
the mole ratios of 1: 1. Products except 5 and 6 were iso­
lated by preparative TLC using CHC13 as eluant. Physical 
properties of products are as follows. 

2: IR(KBr) 1725 (C=0), 1655 cm-1 (C=0); NMR 
(CDCI3) 0=4.10 (s, 3H), 4.60 (s, 3H), 5.64 (q, 4H), 8.74 ppm 
(s, 10H). 

4a: IR (neat) 1720 (G=0), 1655 cm"1 (C=0); NMR 
(CDCI3) 0=3.78—3.93 (m, 9H), 4.87 (q. 4H), 7.44 ppm 
(s, 10H). 

4b: IR (neat) 1725 (C=0), 1660 cm-1 (G=0); NMR 
(CDCI3) 0=2.29 (s, 6H), 3.62—3.78 (m, 9H), 4.66 (q, 4H), 
7.10 (s, 9H). 

5: IR (KBr) 2200 (G=N), 1775 (C=0), 1280 cm-1 

(C-O); Found: C, 53.21; H, 1.99; N, 29.84%; M+, 225. 
Calcd for C10H3N5O2: C, 53.34; H, 1.34; N, 31.10%; mol 
wt, 225. Mp 175—177 °C. 

7a: Found: C, 48.78; H, 3.64; N, 7.17%. 
7b: IR (neat) 2145 cm-1 ( C H N ) ; NMR (CDC13) d= 

2.32 (s, 6H), 4.26 (s, 4H), 7.25 ppm (s, 8H); Found: C, 51.28; 
H, 4.22; N, 6.60%. Calcd for C9H9NSe: C, 51.43; H, 4.28; 
N, 6.67%. Mp 53—55 °C. 
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Synopsis. A number of 3- (alkoxycarbonylmethylthio) -
coumarins (3) were prepared by reactions of thiocyanato­
acetic esters (1) with salicylaldehydes in the presence of potas­
sium carbonate. 

In previous papers,1 - 5) it has been shown that thio­
cyanatoacetic ester (1) is available for the synthesis of 
sulfur-containing heterocycles. Here, the direct synthesis 
of the hitherto unknown coumarin derivatives from 1 
and salicylaldehydes are reported. The reaction of l b 
with salicylaldehyde was carried out in the presence of 
potassium carbonate at room temperature giving 3-
(methoxycarbonylmethylthio) coumarin (3b) as the 
major product and 3,3'-thiodicoumarin (4) as a minor 

product. T h e structural elucidation of the products are 
based on elemental analysis and spectral studies. Further 
confirmation of the structure (3b) was made by a 
comparison with an authentic sample prepared from 
2-mercapto-3-(o-hydroxyphenyl) acrylic acid (5) and l b 
or ethyl chloroacetate (6). O n the other hand, 4 was 
also obtained by the reaction of 3 with 2 in the presence 
of potassium carbonate. In this reaction, 1 and substitut­
ed salicylaldehydes also gave similar coumarin deriva­
tives (3), but the product corresponding to 4 could not 
be found. 

Although an investigation of the reaction mechanism 
was not undertaken, the reaction is considered to proceed 

TABLE 1. COMPOUNDS 3a—f, 4, AND 5 

Compound Yield 
(%) 

Mp 
(°G) Formula 

Found % Calcd % 

C H C H 

3a 
3b 
3c 
3d 
3e 
3f 
4 
5 

29 
36 
17 
20 

7 
12 

4a>, 6b> 
81 

143—144 
113—114 
118—119 
129—130 
158—159 
155—156 
271—273 
134—135 

Ci2H10O4S 

Q13H12O4S 
Ci3H1205S 
Ci4H1406S 
C laH804SBr2 

Ci3H10O4SBr2 

Ci8Hi0O4S 
G9H803S 

57.22 
59.19 
55.72 
57.27 
35.15 
37.11 
66.98 
54.75 

3.92 
4.64 
4.32 
4.55 
2.01 
2.39 
2.98 
4.11 

12.79 
12.13 
11.40 
10.64 
7.78 
7.60 
9.95 

16.50 

57.60 
59.08 
55.72 
57.14 
35.29 
36.96 
67.08 
55.10 

4.03 
4.58 
4.53 
4.80 
1.96 
2.36 
3.13 
4.11 

12.81 
12.13 
11.42 
10.87 
7.84 
7.58 
9.92 

16.31 

a) From l a and 2a. b) From Id and 2a. 

TABLE 2. IR AND NMR DATA FOR THE COMPOUNDS 3a—f, 4, AND 5 

Compound IRa> 
( W > c m 4 ) 

NMR") Ô, (ppm) 

3a 

3b 

3c 

3d 

3e 

3f 

4 
5 

1745, 

1734, 

1740, 

1728, 

1728, 

1760, 

1697, 
3400, 
1680, 

1706, 

1706, 

1705, 

1698, 

1698, 

1730, 

1605 
3150, 
1615 

1600 

1610 

1610 

1610 

1610 

1600 

2570, 

7.90 (s, 1H, -CH=C=), 7.15—7.75 (m, 4Harom), 4.30 (s, 2H, -S-CH 2-) , 
3.69 (s, 3H, -COOCH3) 
7.90 (s, 1H, -CH=CH=), 7.26—7.66 (m, 4Harom), 3.81—4.31 (m, 4H, 
-COOCH2-CH3 , -S-CH 2 - ) , 1.20 (t, 3H, -COOCH2-CH3) 
7.86 (s, 1H, -CH=C=), 7.00—7.47 (m, 3Harom), 4.02 (s, 2H, -S-CH 2-) , 
3.90 (s, 3H, -OCH3) , 3.67 (s, 3H, -COOCHg) 
7.86 (s, 1H, -CH=C=), 7.15—7.35 (m, 3Harom), 3.80—4.30 (m, 7H, 
-COOCH2-CH3 , -S-CH2- , -OCH3) 
8.00 (s, 1H, -CH=C=), 7.65—7.95 (m, 2Harom), 4.00 (s, 2H, -S-CH 2-) , 
3.68 (s, 3H, -COOCH3) 
8.06 (s, 1H, -CH=C=), 7.70—7.96 (m, 2Harom), 4.00—4.17 (m, 4H, 
-COOCH2-CH3 , -S-CH 2-) , 1.20 (t, 3H, -COOCH2-CH3) 
8.33 (s, 2H, 2x-CH=C=), 7.35—7.75 (m, 8Harom) 
9.10 (b, 3H, -SH, - O H , -COOH), 8.10 (s, 1H, -CH=C=), 7.70 (q, 1H, 
aromatic H relative to the OH group), 6.70—7.30 (m, 3Harom) 

a) The IR spectra were recorded for Nujol mulls. b) The NMR spectra were determined in DMSO-rf6 for 
3a—3f, CF3COOH for 4, solution of CDCl3:DMSO-</6=3:l for 5 with tetramthylsilane as internal reference; 
s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, broad. 
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ÇH2C00R F&j^CHO K 2 C 0 

SCN 

1 

T OH 
Ft 
2 

1a R=*CH3 2a R=H , R"=H 

bR=C2H5 bR=0CH3,R=H 

c R=Br, R'=Br 

^ + CH2COOR j 
SH 

B 

R' 

Scheme 1. 

>R"0CC2 C O O R+a 
3 ( 4 

3aR=CH3,R'=H, R"=H 

bR=C2H5,R'=H, R"=H 

cR=CH3, R '=OCH 3 ,R '=H 

dR=C2H5,R'=OCH3;R=H 

eR=CH3,R'=B|V R"=Br 

t R=C2H5/R'=B'> R"=Br 

CH=CCOOH 
lb 

K2C03 

CH2COOC2H5 NaOC2H5 

CI 

3b 

2« 

2a 

3a 

3b 

, K2CO3 

K2CO3 

Scheme 2. 

via route A or B. Product 4 may form upon further 
condensation of 3 with 2 as depicted above. 

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

Preparation of 3 and 4. A mixture of 1 (0.02 mol), 
salicylaldehyde (0.01 mol) and potassium carbonate (0.01 mol) 
was stirred in 10 ml of acetone at room temperature for 6—7 h. 
Upon cooling to room temperature, crystals precipitated; the 
precipitate was washed with water, dried, and then washed 
with hot ethanol. The residue was recrystaUized from dioxane 
to give 4. To the ethanolic washing was added a small 
amount of water, and then the solution, when allowed to 
stand overnight at room temperature, gave pale yellow crystals 
(3) which were recrystaUized from alcohol. Substituted 
coumarines (3c—f) are also obtained similarly, but no com­
pound of type 4 could be found. 

Preparation of 2-Mercapto-3-(o-hydroxyphenyl) acrylic Acid (5). 
The title acid was prepared by a modification of the reported 
method.6> 5-(o-Hydroxybenzylidene)-2-thioxothiazolidin-4-
one (0.01 mol) was hydrolyzed with 8% sodium hydroxide 
(20 ml) by heating to 50—60 °C. The mixture was well 
stirred until a clear solution was obtained. After cooling 
with an ice-salt mixture, the solution was acidified with 3M-
hydrochloric acid, and the stirring was continued for 30 min. 

The resulting acid was washed with water, dried in air, and 
recrystaUized from dichloromethane. 

Preparation of an Authentic Sample from 2-Mercapto-3-(o-hydroxy-
phenyI) acrylic Acid (5) and Ethyl Chloroacetate. To a solu­
tion of sodium 2-mercapto-3-(o-hydroxyphenyl)acrylate (0.005 
mol) in absolute ethanol (10 ml) was added ethyl chloroacetate 
(0.005 mol). The solution was stirred for 4 h and then 
allowed to stand overnight in a refrigerator. The resulting 
crystals were collected on a filter, washed with water, and 
dried. Recrystallization from ethanol gave 3b; yield: 0.6 g 
(45%); mp 113—114 °C. 

Preparation of an Authentic Sample from 2-Mercapto-3-(o-
hydroxyphenyl)acrylic Acid and lb. A mixture of 2-mer-
capto-3-(o-hydroxyphenyl)acrylic acid (0.005 mol), l b (0.005 
mol) and potassium carbonate (0.005 mol) in acetone (10 ml) 
was stirred at room temperature for 5 h. After the mixture 
was allowed to stand overnight in a refrigerator, crystalline 
matter separated out. Recrystallization from ethanol gave 
3b; yield: 0.5 g (38%); mp 113—114 °C. 

Preparation of 4 from 3 and Salicylaldehyde. A mixture 
of 3 (0.005 mol), salicylaldehyde (0.005 mol), and potassium 
carbonate (0.005 mol) in acetone (10 ml) was stirred for 1 h. 
Crystalline matter precipitated out during the reaction; this 
was recrystaUized from dioxane affording 4; yield 0.9 g (56%) 
from 3a and salicylaldehyde; 1.1 g (69%) from 3b and salicyl­
aldehyde: mp 271—272 °C. 
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Synopsis. Esters of /S-keto thiocarboxylic »S-acids (5) 
were synthesized from S-ethyl bromothioacetate (1), through 
a reaction sequence involving the reduction of sulfonium 
ylides (4) with zinc in acetic acid. 

»S-Ethyl acetothioacetate (5a) reacts with mercury(II) 
oxide to afford diacetylacetone and mercury(II) ethane-
thiolate, along with carbon dioxide.1) Since the corre­
sponding oxygen ester dose not react with mercury(II) 
oxide in a similar way, we thought it of interest to 
develop a general method of preparing esters of /Mceto 
thiocarboxylic S-acids. 

Esters of acetothioacetic »S-acid, representative esters 
of /?-keto thiocarboxylic .S-acid, are readily prepared by 
the Glaisen ester condensation2) or by the reaction of 
alkanethiols with diketene.1 '3) However, no other 
esters of/3-keto thiocarboxylic £-acids can be obtained. 
In this paper, we wish to report a new general route for 
the preparation of esters of ß-keto thiocarboxylic £-acids 
(5) starting from .S-ethyl bromothioacetate (1). 

•S-Ethyl bromothioacetate 1, obtained from bromo-
acetyl bromide and ethanethiol in the presence of 
triethylamine, was treated with dimethyl sulfide at 
room temperature for 24 h to afford [(ethylthio)-

carbonylmethyljdimethylsulfonium bromide (2, 70%) , 
which was deprotonated with sodium hydride in a 
tetrahydrofuran solution affording [ (ethylthio) carbonyl-
methylenejdimethylsulfurane (3, 8 5 % ) . 3 was obtained 
as a yellow solid (mp 50—52 °C) after evaporation of 
the solvent, while sulfonium ylide of the corresponding 
oxygen ester was obtained as a yellowish oily substance.4) 
Acylation of 3 with a half-equivalent amount of acid 
chlorides gave new ylides, [[(ethylthio)carbonyljacyl(or 
benzoyl) methylene] dimethylsulfuranes (4, Table 1). 
Ylides 4 were readily reduced with zinc in acetic acid 
as in the case of sulfoxonium ylides,5) affording esters 
of jö-keto thiocarboxylic £-acids (5, R = a l k y l , Table 2) 

CH3SCH3 + NaH 
BrCH2COSEt • (CH3)2SCH2COSEt Br~ -> 

1 2 

(CH3)2S=CHCOSEt 

3 

Zn-AcOH 

RCOC1 
(CH3)2S=CCOSEt 

4 COR 
R = alkyl or Ph 

RCOCH2GOSEt 

5 
R = alkyl 

TABLE 1. YIELDS AND PHYSICAL DATA FOR SULFONIUM YLIDES (4) 

R Yield1) 
(%) 

Mp 
(°G) 

IRb) (C=0) 
(cm"1) NMR (<5) in CDG13 

Anal, S% 

Found Galcd 

4b 

4c 

4d 

4e 

Me 

Et 

iso-Pr 

*-Bu 

Ph 

53 

46 

69 

52 

77 

107—108 

78—79 

137—138 

188—189 

169—170 

1640 
1590 
1620 
1585 

1600 
1570 

1590 
1560 
1590 
1550 

1.28 (t, 3H), 
2.90 (q,2H), 
1.09 (t, 3H), 
2.84 (q,2H), 
3.02 (s, 6H) 
1.07 (d, 6H), 
2.85 (q,2H), 
3.55 (m, 1H) 
1.26 (t, 3H), 
2.83 (q,2H), 
1.24 ( t ,3H), 
2.94 (s, 6H), 

2.44 (s, 3H) 
3.03 (s, 6H) 
1.27 (t, 3H) 
2.88 (q, 2H) 

1.25 (t, 3H) 
3.01 (s, 6H) 

1.28 (s, 9H) 
3.00 (s, 6H) 
2.83 (q, 2H) 
7.35 (s, 5H) 

31.32 

29.18 

27.14 

26.01 

23.71 

31.08 

29.10 

27.36 

25.81 

23.89 

a) Based on acid chlorides used. b) In Nujol. 

TABLE 2. YIELDS AND PHYSICAL DATA FOR ESTERS OF /S-KETO THIOCARBOXYLIC S-ACIDS (5) 

R Yielda> 
(%) 

Bp 
(°C/Torr) 

IRb) (C=0) 
(cm"1) Enol %c> 

Anal, S% 

Found Calcd 

5a 
5b 
5c 
5d 

Me 
Et 

iso-Pr 
f-Bu 

50 
43 
57 
53 

80/8 
81/5 

88—90/6 
85/6 

1725 
1730 
1720 
1725 

1680 
1680 
1685 
1680 

1625 
1620 
1605 
1620 

33d) 
33 
56 
63 

19.75 
18.46 
17.03 

20.01 
18.40 
17.03 

a) Based on sulfonium ylides 4 used, b) In liquid film, c) Estimated from integration of the NMR signal, 
d) Lit,2) 30.8%. 
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in moderate yields. 
O n the other hand, reduction of ylide 4e ( R ^ P h ) 

did not give the expected compound »S-ethyl benzoyl-
thioacetate (6), but afforded .S-ethyl 3-hydroxy-3-phenyl-
propanethioate (7, 15%) and S-ethyl 3-acetoxy-3-
phenylpropanethioate (8, 38%) . 

r / / -> PhGOGH2GOSEt 

(CH3)2S=CCOSEt 

COPh 

4e 

Zn-AcOH 

PhGH(OH)CH2COSEt 

7 

+ 
PhCH(OAc)CH2COSEt 

8 

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

All the melting points and boiling points are uncorrected. 
The IR spectra were obtained on a Hitachi EPI-G2 spectrom­
eter and the NMR spectra on a Varian A-60 spectrometer, 
using tetramethylsilane as an internal standard. Mass spectra 
were taken with a Hitachi RMU-7M mass spectrometer at 
70 eV by a direct insertion technique. 

S-Etkyl Bromothioacetate (1). Bromoacetyl bromide 
(101 g, 0.5 mol) was added dropwise over a 1 h-period at 
0—5 °C with stirring to a solution of ethanethiol (37.3 g, 
0.6 mol) and triethylamine (50.5 g, 0.5 mol) in ether (200 ml). 
The reaction mixture was stirred at the same temperature 
for 5 h and then poured into water (200 ml). The organic 
layer was separated and the aqueous layer was extracted 
with ether. The combined ether solution was dried over 
anhydrous sodium sulfate and evaporated under reduced 
pressure. Distillation of the residue gave 65.9 g (72%) of 1. 
Bp 60°G/5 Torr; IR (liquid film): 1685cm-1 (COS). 
Found: S, 17.63%. Calcd for C4H7OSBr: S, 17.51%. 

Sulfonium Bromide 2. Treatment of S-ethyl ester 1 
(54.9 g, 0.3 mol) with dimethyl sulfide (27.9 g, 0.45 mol) at 
room temperature for 24 h afforded 51.5 g (70%) of 2. Recrys-
tallization from ether-ethanol gave a pure sample. Mp 
117—118 °C; IR (Nujol): 1670 cm"1 (COS); NMR (tri-
fluoroacetic acid): Ô 1.36 (t, 3H), 3.15 (s, 6H), 3.16 (q, 2H), 
4.75 (s, 2H). Found: C, 26.15%. Calcd for C6H13OS2Br: 
S, 25.97%. 

Sulfonium Ylide 3. Sodium hydride (5.76 g, 0.2 mol), 
free of mineral oil, was added portionwise with stirring to a 
suspension of sulfonium bromide 2 (49 g, 0.2 mol) in tetra-
hydrofuran (150 ml). After stirring for 10 h at room tem­
perature, the precipitate was filtered off and the filtrate was 
concentrated to afford 27.9 g (85%) of crude ylide 3. Mp 
50—52 °C; IR (Nujol): 1600 cm"1 (COS); NMR (CDC13): 
ô 1.24 (t, 3H), 2.83 (q, 2H), 2.88 (s, 6H), 3.58 (s, 1H). 

General Procedure for Acylation of 3. An acid chloride 
(0.1 mol) was added dropwise to a solution of »S-ethyl ester 
ylide 3 (0.2 mol) in benzene (250 ml), the temperature being 
kept below 30 °C by occasional cooling. After being stirred 
at room temperature for 24 h, the precipitate (f (ethylthio)-
carbonylmethyl] dimethylsulfonium chloride, mp 150—151 
°C) was filtered off. Addition of hexane to the filtrate resulted 
in the precipitation of a new ylide 4 (Table 1). 

General Procedure for Reduction of 4. Zinc powder (0.25 
mol) was added in many portions to a solution of a ylide 4 
(0.05 mol) in acetic acid (50 ml), the temperature being kept 
below 20 °C with external cooling. The reaction mixture was 
stirred at 15—20 °C for 30 h. The insoluble material was 
filtered and washed with ether. Concentration of the filtrate 
afforded a crude product, which was purified by distillation. 
Yields and physical properties of 5 thus obtained are shown 
in Table 2. The NMR data (in CC14, ô) of 5 are as follows: 
5a: 1.25 (t), 1.92 (s), 2.19 (s), 2.90 (q), 3.63 (s), 5.43 (s), 
12.66 (s). 5b: 1.02 (t), 1.27 (t), 2.20 (q), 2.54 (q), 2.90 (q), 
3.59 (s), 5.38 (s), 12.70 (s). 5c:«> 1.08 (d), 1.14 (d), 1.28 (t), 
2.89 (q), 3.60 (s), 5.32 (s), 12.73 (s). 5d: 1.15 (s), 1.28 (t), 
2.89 (q), 3.65 (s), 5.37 (s), 12.94 (s). 

Reduction of 4e. Zinc powder (4.9 g, 75 mmol) was 
added portionwise at 15—20 °C with stirring to a solution 
of 4e (1.34 g, 5 mmol) in acetic acid (20 ml). The reaction 
mixture was stirred at the same temperature for 24 h and the 
insoluble material was filtered off. Concentration of the 
filtrate gave a colorless liquid which was subjected to column 
chromatography on silica gel (Wakogel C-200) to afford 
158 mg (15%) of 7 and 475 mg (38%) of 8 by eluting with 
benzene. 7: IR (liquid film): 1685 cm"1 (COS); NMR 
(CC14): ô 1.22 (t, 3H), 2.83 (d, 2H), 2.84 (q, 2H), 3.31 (s, 
1H), 5.06 (t, 1H), 7.22 (s, 5H); MS m/e, 210 (M+). 8: IR 
(liqid film): 1745 (COO) and 1685 cm"1 (COS); NMR 
(CC14): ô 1.18 (t, 3H), 1.98 (s, 3H), 2.81 (m, 4H), 6.20 (m, 
1H), 7.28 (s, 5H); MS m/e 252 (M+). 
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Synopsis. Benzoylphenyldiazomethane and diazo-
acetophenone react with several nitriles in the presence of 
WC16 catalyst to produce 2-substituted 4,5-diphenyloxazoles 
(la—d) and 2-methyl-5-phenyloxazole (2) in good yields. 
The remarkable catalysis is ascribed to the good affinity of 
tungsten with carbenes. The catalytic decomposition of di-
phenyldiazomethane yields diphenylcarbenium ion, which 
is transformed into triarylmethanes in aromatic solvents. 

Lewis acid-catalyzed decomposition of diazo com­
pounds gives intermediary carbene complexes, which are 
often too much reactive for synthetic applications.1) T h e 
requisite selectivity should be attained by proper choice 
of the metal salt catalyst in which the central metal atom 
has good affinity with carbenes and therefore stabilizing 
the intermediate carbene complex. Among them 
tungsten salt seems to be a candidate since low valent 
tungstens give very stable carbene complexes.2) O n this 
account we have investigated the catalytic activity of 
tungsten hexachloride in the thermal decomposition of 
diazo compounds. 

Decomposition of Diazo Ketones in Nitriles. When 
benzoylphenyldiazomethane was treated with tungsten 
hexachloride suspended in benzonitrile at room tempera­
ture, immediate decomposition occurred. Work-up gave 
2,4,5-triphenyloxazole ( l a ) . Similarly upon the catalytic 
decomposition in several nitriles the diazo ketone 
afforded oxazoles l b — d in good to moderate yields. 
Diazoacetophenone was also converted into 2-methyl-5-
phenyloxazole (2). 

Ph N C / ,N 2 

1 + 
P h / C \ 0 

N 
in 
C 

i 
R 

WCl, P h x N 

-N, P h ^ O ^ R 

1 

a : R = P h ; d: R = Me 
c; R = Et; d : R = CHS 

P h ^ O ^ M e 

2 

,=CH 

The results are in sharp contrast to the thermal, 
photochemical or copper(II)-catalyzed decomposition 
which give only negligible yields of oxazoles.3) T h e 
remarkable catalysis by WG16 can be at tr ibuted to the 
Lewis acidity of the salt4) coupled with its good affinity 
with carbenes.2,5) T h e dual character would probably 
account for the assumption that both a-keto carbenes and 
nitriles are assembled together within the ligand sphere 
of W(VI ) and are cyclocoupled effectively. Another 
noteworthy facet is the formation of 2-vinyl-4,5-diphenyl-
oxazole ( Id) in the reaction of benzoylphenyldiazo­
methane with acrylonitrile, where none of the cyclo-
propanation product has been detected. This suggests 
the electrophilic nature of carbenic center.6) These 
observations are in accord with the following mechanistic 
postulation.7) 

N 
111 
C 

A-

-:C * & . / * 

// 
,C—R" N (O 

\ r r-
t\ v 

^ L 

R" 

Decomposition of Diphenyldiazomethane. Tungsten 
hexachloride catalyzes the decomposition of diphenyl­
diazomethane (3) in another way. iV-Benzhydrylacet-
amide was produced in the reaction with acetonitrile. 
When 3 was treated with WC16 dissolved in N,N-
dimethylformamide (DMF) , immediate decomposition 
was again observed and a light green solution was 
obtained which upon hydrolysis gave benzhydrol and 
upon methanolysis benzhydryl methyl ether (see 
Experimental) . Deuterium oxide quenching of this 
solution resulted in no deuterated benzhydrol. 
Obviously the aliphatic proton of diphenylcarbenium 
ion intermediate originates from the catalyst, but the 
proton source could not be eliminated in spite of 
repeated sublimations.8) T h e catalytic decomposition 
of 3 in aromatic solvents (benzene, toluene, and anisole) 
gave Friedel-Crafts type products, triarylmethanes 
(Ph 3 CH, 5 8 % ; Ph 2 CHC e H 4 Me, 4 7 % ; Ph2CHC6H4-/>-
O M e , 76% respectively). 

Exper imenta l 

All the temperatures were uncorrected. The IR spectra 
were obtained on a Shimadzu spectrometer 27-G, mass 
spectra on a Hitachi RMU-6L, and PMR spectra on JEOL 
JNM-PMX 60, JEOL G-60-H, or Varian EM-360 spectrom­
eter. Unless otherwise stated, commercial tungsten hexa­
chloride was sublimed once (160 °C/0.2 Torr). All the ex­
periments were performed under a nitrogen atmosphere 
and at room temperature. 

Triphenyloxazole (la). A solution of benzoylphenyl­
diazomethane (0.11 g, 0.50 mmol) in benzonitrile (3 ml) was 
added to a suspension of WC16 (0.20 g, 0.49 mmol) in the 
same solvent (2 ml). Nitrogen evolution immediately occur­
red and after 5 min the solution turned to light brown, then 
to dark blue after 2 h. After the addition of water the reac­
tion mixture was extracted (AcOEt), dried (Na2S04), and 
concentrated in vacuo. Preparative TLC (alumina, benzene, 
Rf 0.6—0.8) afforded 2a (80 mg, 66%). Mp 113—115 °C 
(lit,9> 114—115 °C); IR (Nujol): 3050; 1602, 1595, 1555, 
1490, 1450, 968, 770, 694, cm"1; MS: mje 297 (M+); PMR 
(CG14): ô 7.2—8.1 (m, Ph). Byproducts were diphenyl-
ethanedione (4) (13 mg, 12%) and 2-chloro-l,2-diphenyl-
ethanone (5) (21 mg, 18%). 

2-Methyl-4,5-diphenyloxazole (lb)& 65% yield; bp 80— 
90 °C (bath temp)/0.1 Torr; IR (neat): 3060, 2940, 1602, 
1585, 1500, 1443, 1270, 1226, 1051, 1020, 967, 767, 699 cm-*; 
MS: m/e 235 (M+) ; PMR (GC14) : Ô 2.50 (s, 3H, Me), 7.1—7.6 
(m, 10H, Ph). 
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2-Ethyl-4,5-diphenyloxazole (la)'V 45% yield; bp 110— 
125 °C (bath temp)/0.3 Torr; IR (neat): 3060, 1603, 1570, 
1500, 1450, 1211, 1060, 1024, 965, 761, 692 cm"1; MS: mje 
249 (M+); PMR (CC14): Ô 1.43 (t, 7 = 9 Hz, 3H, Me), 2.85 
(q, 7 = 9 Hz, 2H, CH2), 7.0—8.1 (m, 10H, Ph). 4 was a 
by-product (7%). 

4,5-Diphenyl-2-vinyloxazole (Id):1^ 50% yield; bp 150— 
168 °C (bath temp)/0.2 Torr; IR (neat): 1600, 1530, 1180, 
1070, 1029, 980, 760, 695 cm-1; MS: mje 247 (M+); PMR 
(CC14): ô 5.3—6.9 (m, 3H, CH=CH2), 7.0—8.2 (m, ÎOH, 
Ph). By-products were 4 (19%), 5 (13%) and 2-hydroxy-
1,2-diphenylethanone (15%). 

2-Methyl-5-phenyloxazole (2): 66% yield; mp 56—58 °C 
(lit,11) 58 °C); IR (Nujol): 1580, 1560, 1215, 1132, 1060, 
940, 839, 830, 764, 698, 676 cm-1; MS: m/e 159 (M+); PMR 
(CC14) : ô 2.48 (s, 3H, Me), 7.1—7.8 (m, 6H, aromatic protons). 
2-Chloro-l-phenylethanone (41%) was also obtained. 

Decomposition of 3 in Acetonitrile. A solution of 3 (97 mg, 
0.50 mmol) in acetonitrile (1 ml) was added to a suspension 
of WC16 (0.20 g, 1.5 mmol) in the same solvent (5 ml). After 
10 h the reaction mixture was worked up. Preparative TLC 
(silica gel, benzene) afforded iV-benzhydrylacetamide12) (i?f 

0.3—0.4, 38 mg, 32%) along with 9,10-diphenylphenan-
threne13) (Äf 0.9—0.95, 57 mg, 64%). 

Decomposition of 3 in DMF. A solution of 3 (97 mg, 
0.50 mmol) in DMF ( 1 ml) was added to a solution of WC16 

(0.20 g, 0.50 mmol) in DMF (5 ml). After 1 h the reaction 
mixture was quenched (H20) and extracted (ether). Pre­
parative TLC (silica gel, benzene, Rf 0.2—0.3) of the crude 
product afforded benzhydrol (63 mg, 77%) along with tetra-
phenylethylene [Rt 0.8—0.9, 13 mg, 9%). Quenching with 
methanol afforded benzhydryl methyl ether in 60% yield.14) 

Decomposition of 3 in Anisole. A solution of 3 (0.10 g, 
0.53 mmol) in anisole (1 ml) was added to a brown solution 
of WC18 (0.20 g, 0.51 mmol) in anisole (5 ml). After 5 h 
the reaction mixture was quenched with water and extracted 
with ether. The organic layer was dried (Na2S04), con­
centrated in vacuo, and the residue was purified by prepara­
tive TLC (silica gel, benzene, R{ 0.8—0.9, 0.10 g, 76%). 
Mp 61— 62 °C (lit,16) 61 °C); IR (Nujol): 1610, 1510, 1250, 
1030, 700 cm-1; MS: m/e 274 (M+); PMR (GC14): ô 3.73 
(s, 3H, OMe), 5.47 (s, 1H, GH), 6.6—7.1 (ABq, 4H, G6//4-
OMe), 7.0—7.5 (m, lOH, Ph). 
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Synopsis. 2 - Alkoxy - 3,4,6 - trihydroxyacetophenones 
have been prepared from 2,3,4,6-tetrakis (benzyloxy) aceto-
phenone (II) in good yields by the following reactions : hydrol­
ysis of II to 2-hydroxy-3,4,6-tris(benzyloxy)acetophenone 
(Ilia), alkylation of I l i a to 2-isopropoxy and 2-ethoxy-3,4,6-
tris(benzyloxy)acetophenones (IVa and VIb), and hydro-
genolysis of IVa and IVb to the corresponding 2-alkoxy-3,4,6-
trihydroxyacetophenones (Va and Vb). 

Synthsis of two kinds of monomethyl ether of 2,3,4,6-
tetrahydroxyacetophenone (I) (3 and 4 position) was 
reported by Phadke1* and Krishna.2) However, 2-
alkoxy-3,4,6-trihydroxyacetophenones have not been 
reported in literature. 

In the synthetic course of flavonoid compounds, we 
found a new synthetic method of 2-alkoxy-3,4,6-tri-
hydroxyacetophenones from 2-hydroxy-3,4,6-tris(benz-
yloxy)acetophenone ( I l i a ) which was obtained by the 
selective hydrolysis of 2,3,4,6-tetrakis (benzyloxy) aceto-
phenone ( I I ) . Recently, several polyhydroxy flavonoids 
(and/or their ether derivatives) have been found in 
nature.3,4> Therefore our method offers a good starting 
material for these flavonoid synthesis. 

I l i a was obtained when I I was hydrolyzed by 9 0 % 
acetic acid. T h e signal of hydrogen bonding O H (13.98 
ppm) with ketone in its N M R spectrum and hydrogen 
bonded ketone (1620 cm - 1 ) in its I R spectrum are 
observed. I l i a gave isopropoxy-tris (benzyloxy) aceto-
phenone (IVa) by isopropylation. Hydrogenolysis of 
IVa gave isopropoxy-trihydroxyacetophenone (Va). 
The compound V a was transformed to the corresponding 
trimethyl ether (VI) which was also obtained from the 
known compound, 2-hydroxy-3,4,6-trimethoxyaceto-
phenone (I l lb) .5) 

I l i a is an useful compound as a starting material in 
the synthesis of 2-alkoxy-3,4,6-trihydroxyacetophenones. 
For example, 2-ethoxy-3,4,6-trihydroxyacetophenone 
(Vb) was synthesized from I l i a in the same manner as 
described above. 

OR 

R O N y \ / O R ' 

^COCH, 

OR 

I, R = R / = H 
II, R = R '=CH 2 Ph 

I l ia , R = CH2Ph, R' = H 
b, R = Me, R ' = H 

IVa, R = CH2Ph, R' = Pr(») 
b, R = CH2Ph, R' = Et 

Va, R = H, R'=Pr( i ) 
b, R = H, R ' = E t 

VI, R = Me, R' = Pr(i) 

Exper imenta l 

All the melting points are uncorrected. The IR spectra 
were recorded with a Hitachi Model 285 infrared spectro­
photometer. The mass spectra were recorded with a JEOL 
Model JMS-OMS mass spectrometer. The NMR spectra 
were determined at 100 MHz with a JEOL Model 4H-100 

NMR spectrometer, using tetramethylsilane as the internal 
standard. 2,3,4,6-Tetrahydroxyacetophenone (I)6> was pre­
pared from 1,2,3,5-benzenetetrol which was obtained by 
hydrogenolysis of l,3-bis(benzyloxy)-2,5-benzenediol.7> 

2,3,4,6-Tetrakis( benzyloxy) acetophenone (II). A mixture 
of 2,3,4,6-tetrahydroxyacetophenone (I)6> (0.68 g, 3.7 mmol), 
benzyl chloride (3.14 g, 22 mmol) and potassium carbonate 
(anhyd 22 g) in JV,iV-dimethylformamide (DMF) (30 ml) was 
heated for 1 h at 190 °C. The reaction mixture was poured 
into ice-water, and then extracted with benzene. The 
benzene layer was chromatographed over silica gel and 
eluted with benzene to give 0.81 g of crystals of II, mp 81 °C. 
IR (KBr): 1680 cm-1 (C=0); MS m/e: 544 (M+); NMR Ô 
(GDClg) : 2.35 (3H, s, acetyl methyl), 4.98—5.08 (8H, benzyl 
methylene), 6.36 (1H, s, phenyl) and 7.15—7.45 (20H, 
phenyl). Found: C, 79.37; H, 5.99%. Calcd for C36H3205: 
C, 79.41 ; H , 5.88%. 

2- Hydroxy - 3,4,6- tris (benzyloxy) acetophenone (Ilia). A 
solution of II (1 g, 2 mmol) in 90% acetic acid (65 ml) was 
refluxed for 17 h. The reaction mixture was poured into 
ice-water, and then extracted with 300 ml of benzene. The 
benzene layer was washed with aqueous sodium hydrogen-
carbonate and water, dried and then evaporated to give I l i a 
as yellow crystals. Recrystallization from ethanol gave pale 
yellow needles of I l i a (0.65 g, 78%); mp 141—142 °C. IR 
(KBr): 1620cm-1 (C=0, hydrogen bonded); NMR ô (CD-
Cl3): 2.50 (3H, s, acetyl methyl), 4.93—5.02 (6H, benzyl 
methylene), 5.98 (1H, s, phenyl), 7.20—7.50 (15H, phenyl) 
and 13.98 (1H, s, hydrogen bonding OH). Found: C, 
76.41 ; H, 5.72%. Calcd for C2 9H2 605: C, 76.65; H, 5.73%. 

2-Isopropoxy-3,4,6-tris(benzyloxy)acetophenone (IVa). A 
mixture of I l i a (0.33 g, 0.7 mmol), isopropyl bromide (0.17 
g, 1.4 mmol) and potassium carbonate (anhyd 20 g) in DMF 
(30 ml) was heated for 1 h at 150 °C. The reaction mixture 
was poured into ice-water, and then extracted with benzene. 
The benzene layer was washed with water, dried, and then 
evaporated. Recrystallization of the residue from hexane 
gave 0.29 g (80%) of IVa as colorless needles; mp 114°C. 
IR (KBr): 1685 cm"1; MS m/e: 496 (M+); NMR ô (CDC18): 
1.16 (6H, d, isopropyl methyl, 7 = 7 Hz), 2.41 (3H, s, acetyl 
methyl), 4.65 (1H, septet, isopropyl methine, J=7 Hz), 
4.93—4.99 (6H, benzyl methylene), 6.32 (1H, s, phenyl) 
and 7.10—7.45 (15H, phenyl). Found: C, 77.55; H, 6.61%. 
Calcd for C3 2H3 205: C, 77.42; H, 6.45%. 

2-Ethoxy-3,4,6-tris(benzyloxy)acetophenone (IVb). IVb 
was prepared according to the procedure described above. 
In place of isopropyl bromide, ethyl iodide (0.22 g, 1.4 mmol) 
was used to give 0.3 g (86%) of IVb; mp 87 °C (from hexane). 
IR (KBr): 1695 cm-1; MS m/e: 482 (M+): NMR ô (CDC13): 
1.28 (3H, t, ethoxyl methyl, J=7.5 Hz), 2.40 (3H, s, acetyl 
methyl), 4.09 (2H, quartet, ethoxyl methylene, J =7,5 Hz), 
4.93—4.99 (6H, benzyl methylene), 6.29 (1H, s, phenyl), 
7.20—7.48 (15H, phenyl). Found: C, 77.26; H, 6.26%. 
Calcd for C31H30O5: C, 77.18; 6.22%. 

2-Isopropoxy-3,4,6-trihydroxyacetophenone (Va). A mix­
ture of IVa (0.2 g, 0.4 mmol), 5% palladium-charcoal (3 g), 
and ethanol (50 ml) was shaken under hydrogen atmosphere 
for 5 h at room temp. After the removal of the catalyst, 
ethanol was evaporated to give Va. Recrystallization from 
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water gave yellow plates of Va (86 mg, 94%); mp 137 °C. 
IR (KBr): 3450 (OH) and 1630 cm-1 (C=0, hydrogen 
bonded) ; MS m/e: 226 (M+) ; NMR Ô (CD3COGD3) : 1.32 (6H, 
d, isopropyl methyl, J=7 Hz), 2.61 (3H, s, acetyl methine, 
7 = 7 Hz), 6.17 (IH, s, phenyl), and 12.87 (IH, s, hydrogen 
bonding OH). Found: C, 58.69; H, 6.37%. Calcd for 
C n H ^ O ^ C , 58.40; H, 6.19% 

2-Ethoxy-3,4,6-trihydroxyacetophenone (Vb). Vb was pre­
pared according to the procedure described above. Recrys-
tallization from 30% ethanol gave yellow plates of Vb (96%); 
mp 169 °C. IR (KBr): 3350 (OH) and 1610 cm-1 (C=0, 
hydrogen bonded); NMR Ô (DMSO-</6) : 1.45 (3H, t, ethoxy 
methyl, J= 7.5 Hz), 4.21 (2H, quartet, ethoxyl mediylene, 
7 - 7 . 5 Hz) 6.18 (IH, s, phenyl), 9.80 (2H, broad, s, OH), 
and 13.42 (IH, s, hydrogen bonding OH). Found: C, 56.76; 
5.81%. Calcd for C10H12O5: G, 56.60; H, 5.66%. 

2-Isopropoxy-3,4,6-trimethoxyacetophenone (VI). A solu­
tion of 2,4-dihydroxy-3,6-dimethoxyacetophenone8> (1 g, 4.7 
mmol) in ether (10 ml) was treated with excess of etheral 
diazömethane for 1 h. Evaporation of ether gave a residue 
which was recrystallized from diisopropyl ether. 2-Hydroxy-
3,4,6-trimethoxyacetophenone (Hlb) thereby separated as 
yellow needles, mp 110—111 °C (lit,5) mp 112—113 °C). 
IR (KBr): 1630cm-1 (C=0, hydrogen bonded); NMR ô 
(CDClg): 3.64, 3.78 and 3.80 (methoxyl methyl), and 13.60 
(IH, s, hydrogen bonding OH). A mixture of I l l b (0.2 g, 
0.88 mmol), potassium carbonate (anhyd 5 g) and isopropyl 
bromide (0.2 g, 1.6 mmol) in DMF (20 ml) was heated for 
1 h at 150 °C. The product VI was recrystallized from 
hexane as colorless needles (0.19 g, 80%); mp 60 °C. IR 

(KBr): 1710 cm"1 (C=0); MS m/e: 268 (M+); NMR ô (CD­
Clg); 1.26 (6H, d, isopropyl methyl, J = 7 H z ) , 2.44 (3H, s, 
acetyl methyl), 3.79—3.88 (9H, methoxyl methyl), 4.56 (IH, 
septet, isopropyl methine, J=7 Hz), and 6.22 (IH, s, phenyl). 
Found: C, 62.29; H, 7.78%. Calcd for C14H20O5: G, 62.69; 
H, 7.46%. 
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The path of suprafacial 1,3-sigmatropic rearrangement is studied with the INDO-CI and INDO LMO meth­
ods. The methyl migration has been found to be represented by successive 1,2-shifts with a biradicaloid transi­
tion state. The interaction between the singly occupied MO's of allyl and methyl fragments is suggested to be 
responsible for the determination of the path. A subsidiary orbital also plays a part. On the other hand, the 
chlorine migration has been shown to be a direct 1,3-shift. The interaction between the lowest unoccupied MO of 
the allyl cationic part and the highest occupied MO of the remaining part, chloride anion, has been found to govern 
the path of chlorine migration. The lone pair electrons of the migrating fragment makes the successive 1,2-shifts 
quite unlikely in the 1,3-suprafacial chlorine rearrangements. 

The frontier orbital theory1) and Woodward-Hoffmann 
rule2) have been demonstrated to be useful in disclos­
ing the electronic control of chemical reaction paths. 
On the other hand, some interesting suggestions3) have 
been presented on the mechanism of the reactions 
which do not obey the prediction obtained from the 
usual orbital symmetry considerations. In this paper, 
the mechanistic difference between the suprafacial 1,3-
sigmatropic migrations of a methyl group and a chlorine 
atom over the allylic framework will be studied on the 
basis of a semiempirical all-valence electron M O 
calculation. 

Recently, there have been several notable develop­
ments in the study of 1,3-sigmatropic rearrangements. 
According to the Woodward-Hoffmann rule, 1,3-sigma­
tropic rearrangements should occur in a suprafacial 
fashion over the allylic framework with the inversion 
of the configuration of the migrating group, or in an 
antarafacial fashion with the retention of the configura­
tion of the migrating species. Experiments do show, 
however, that some thermal suprafacial 1,3-sigmatropic 
reactions take place with retention.4) O n the other 
hand, intramolecular chlorine migration was observed 
in allyl chloride.5) If the single chlorine p orbital 
participates in the rearrangement, the 1,3-migration 
would be a symmetry-disfavored process. There have 
been some M O calculations6) on the mechanisms of the 
1,3-migrations. However, the reaction paths have not 
been discussed in detail as yet. Accordingly it may 
be worthwhile to study the mechanism of the 1,3-sigma­
tropic rearrangements based on the detailed information 
on the possible course of the migration. 

We studied first the paths of the 1,3-methyl and 
chlorine migrations over the allylic framework by the 
use of the I N D O M O method. Then, the bond inter­
change along the reaction path was examined in terms 
of the localized molecular orbital (LMO) to get a 
clearer insight into the formation and breaking of 
chemical bonds which are characteristic of the migra­
tions. 

M e t h o d 

The INDO approximation7) is employed in the 
present M O calculation. The reaction system consists 
of an allyl and a methyl fragment and of an allyl and 
a chlorine fragment. T h e geometrical parameters 

of allyl and methyl fragment were taken after the 
standard values proposed by Pople.7a) Three typical 
pathways of a suprafacial 1,3-sigmatropic reaction, 
depicted in Fig. 1, have been examined tentatively. 
In the first model, Route 1, the migration occurs along 
the line connecting C± and G3 of the allylic framework. 
T h e second is Route 2 in which the migrating group 
(M) approaches first to C2, and then moves on to C3. 
In Route 3, M transfers from Cj to C 3 far away from C2 . 
T h e energies of the two reaction steps, Step 1 and Step 
2, for each of the models, Route 1—3, were compared. 
Figure 1 illustrates the variables representing the reac­
tion systems. Two independent parameters, Rt and i?2 

were selected. R1 represents the height of M above 
the plane of the allylic framework. R2 stands for the 
vertical distance between the point of the projection 
of M onto the allylic plane and the line connecting the 
two terminal carbons (Cj and C3) of the allylic frame­
work. T h e origin of the coordinate system is taken at 
the midpoint of Ct and C3. T h e minus sign of R2 

means that M moves away from the origin in the 
opposite direction to C2. Step 1 corresponds to the 
initial stage of the reaction. Namely, M is above the 

Route 1 Route 2 

•X 

Fig. 1. Assumed reaction models. The origin of the 
coordinate system is on the center of Cx-C3 line. 
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TABLE 1. TOTAL ENERGY OF METHYL MIGRATION Me Cl 

Ri R9 Total energy Total energy 
with CI 

Step 1 

Step 2 

1.50 Â 
1.50 
1.50 
1.40 
1.40 
1.40 

1.50 
1.50 
1.50 
1.40 
1.40 
1.40 

0.00 Â 
0.175 
0.35 
0.00 
0.175 
0.35 

0.00 
0.35 
0.70 
0.00 
0.35 
0.70 

-907 .46 eV 
-907 .56 
-907 .32 
-907 .45 
-907 .45 
-907 .15 

-904 .93 
-905 .22 
-904 .25 
-905 .37 
-904 .97 
-903 .68 

-907 .75 eV 
-907 .84 
-907 .57 
-907 .76 
-907 .77 
-907 .46 

-905 .36 
-906 .07 
-905 .31 
-905 .86 
-905 .79 
-904 .75 

TABLE 2. TOTAL ENERGY OF CHLORINE MIGRATION 

RI R, Total energy 

Step 1 

Step 2 

1.80 A 
1.80 
1.80 
1.80 

1.80 
1.80 
1.80 
1.80 

- 0 . 3 5 Â 
- 0 . 1 7 5 

0.0 
0.175 

- 0 . 7 0 
- 0 . 5 2 5 
- 0 . 3 5 

0.0 

-1073.45 eV 
-1073.46 
-1073.37 
-1073.18 

-1071.51 
-1071-59 
-1071.52 
-1070.95 

line (1) which is perpendicular to the line connecting 
Cx and G3 with X = one-fourth of Cj-Cg length. Step 
2 represents the transition state, and M is placed above 
the Y-axis. Total energies of the system are listed in 
Tables 1 and 2. 

T h e Reudenberg-Edmiston LMO's8) used in Steps 1 
and 2 were calculated to investigate the change in the 
chemical bonds during the reaction. T h e bond orbitals 
obtained visualize the appearance and disappearance 
of specific bonds along the reaction process, as will be 
seen in the next section.9) 

R e s u l t s 

From the results of the I N D O calculation without 
configuration interaction (CI) given in Table 1 it is 
seen that Route 2 is adequate for representing the 
methyl migration at the initial stage but is not suitable 
for describing the transition state. However, the result 
with CI suggests that the reaction path would be close 
to Route 2 throughout the migration. These results 
indicate that the inclusion of the CI is of essential 
significance in obtaining reasonable results in regard 
to the loosely bound transition state. T h e gross atomic 
charges given in Table 3 show that the methyl and 
allyl fragments tend to be neutral at the transition state 
( /2 1 =1.50A, A 2 = 0 . 3 5 Â ) . 

T h e most stable geometry for the chlorine migration 
was found to be J R 1 =1 .80Â and R2=— 0.175 A in 
Step 1, and A 1 = 1 . 8 0 Â , R2=— 0.525 A in Step 2, as 
shown in Table 2 : that is, the reaction path is close 
to Route 3. I t should be noted that the path is very 

The methyl migration. The chlorine migration. 

different from that of the methyl migration mentioned 
above. The chlorine migrates along the pathway as 
to minimize the interaction with C2 of the allylic frame­
work. In the chlorine migration the inclusion of the 
CI did not show any serious change in our conclusion, 
so the CI result was omitted in Table 2. The electron 
populations given in Table 3 show that the transition 
state of the chlorine migration is likely to be an ion-pair. 

T h e L M O ' s of the methyl migration are illustrated 
in Fig. 2. I t is found that the L M O ' s localized in 
C - H bonds do not change markedly throughout the 
migration. The methyl carbon ( C J J - C J bond which 
disappears in the reaction is transformed into a three-
centered bond, Cj-Cjc-Ca, and the double bond (C2= 
C3) is represented by two bent bonds in Step 1. In 
Step 2 one of the bent bonds of C2=C3 is transformed 
into the three-centered bond (C 2 -C M -C 3 ) , and the other 
bent bond is converted to a tf-bond (C 2 -C 3 ) . Accord­
ingly, two three-centered bonds appear in Step 2. The 
L M O ' s of the doubly-excited configuration were also 
calculated. The doubly-excited configuration in which 
a pair of electrons are promoted from the highest oc­
cupied (HO) M O to the lowest unoccupied (LU) M O 
of the whole system was found to be the most important 
one from the CI calculation. Figure 3 illustrates several 
L M O ' s of the doubly-excited configuration in Step 2. 
O n e of the two three-centered bond orbitals is converted 
to the C M -C 2 bond and the other is transformed to the 
orbital which localizes at Cx and C3. This localized 
orbital at Cj and C3 seems to represent the biradical 
na ture of the system. The transition state has been 
found from the CI calculation to be described sufficiently 
well by the linear combination of the ground configu­
ration and the doubly-excited configuration mentioned 
above. I t is concluded, therefore, that the transition 
state of the methyl migration possesses a biradical 
character to a certain extent. 

The L M O ' s for the chlorine migration are illustrated 
in Figs. 4 and 5. I t is seen that the L M O ' s localized 
in the C - H bonds are not changed markedly throughout 
the migration. Figure 4 demonstrates that the mode 

(a) (b) 

Fig. 2. The schematic presentation of the LMO's of the 
methyl migration, (a): Step 1. (b) : Step 2. 
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Fig. 3. The particular LMO shapes of the methyl mi­
gration. The density line is 0.3 e/Â3. (a) : One of the 
three-centered bonds of the ground configuration at 
the transition state, (b) : One of the LMO's of the 
doubly-excited configuration at the transition state. 
(c) : Another LMO of the doubly-excited configuration 
at the transition state. 

of bond interchange in the chlorine migration is dif­
ferent from that in the methyl migration. In the case 
of the chlorine migration, one of the bent L M O ' s re­
presenting G2=G3 bond is transformed into the L M O 
composed of three 2pz atomic orbitals (AO's) of allyl 
carbons. T h e chlorine a tom is bonded to Cj. and C 3 

of the allylic framework by the L M O corresponding 
to the chlorine lone pair at the transition state. How­
ever, the L M O representing Cj-Cl-Ca three-centered 
bond is almost exclusively localized at the chlorine 3px 

A O and, hence, the migrating chlorine is bound to the 
allylic framework very weak in the neighborhood of the 
transition state. T h e gross charges on the composed 
atoms and groups shown in Table 3 indicate that the 

(a) ( b ) 

Fig. 4. The schematic presentation of the LMO's of the 
chlorine migration, (a): Step 1. (b) : Step 2. Two 
shaded lobes which are nearly equal to chlorine 3px 

AO represent one of the chloride anion lone pairs, and 
one LMO is composed of three 2pz Ao's of the allyl 
carbons. 

Fig. 5. The particular LMO shapes of the chlorine 
migration. The density line is 0.3 e/Â3. (a) : Cx-Cl 
bond orbital of Step 1. (b) : C^-Cl-Cg bond orbital 
of Step 2. 

transition state should be described as an ion-pair be­
tween the allyl cation and chloride ion, in agreement 
with the result of the L M O calculation. 

We may conclude here from our I N D O - G I and L M O 
calculations that the suprafacial migration of methyl 
with retention of the configuration of the migrating 
center, takes place via successive 1,2-shifts. However, 
the migration possesses a single symmetrical transition 
state and, hence, it should be classified as a one-step 
process. O n the contrary, the chlorine migration is 
concluded to occur by way of a direct 1,3-shift with 
an ion-pair transition state. 
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TABLE 3. ATOMIC GROSS CHARGE AT THE TRANSITION STATE 

The optimized geometry without CI (R1 = 1.40 and R2 = 0.0) of the methyl migration. 

Allyl carbon A H y l 

c£ c2 c3 srouP 
Gross charge - 0 . 1 8 7 0.229 - 0 . 1 8 7 - 0 . 1 5 3 

The optimized geometry with CI (Äa = 1.50 and i?2 = 0.35) of the methyl migration. 

Allyl carbon A U y l 

C(~ C, ~ C3 S r o uP 

Gross charge without CI - 0 . 1 7 2 0.211 - 0 . 1 7 2 - 0 . 1 4 2 
Gross charge with GI - 0 . 1 6 2 0.203 - 0 . 1 6 2 - 0 . 1 3 1 

The optimized geometry (Rt = 1.80 and R2 = — 0.525) of the chlorine migration. 

Allyl carbon A U y l 

ci cz c3
 group 

Gross charge 0.143 0.043 0.143 0.400 

Methyl 
carbon 

0.394 

Methyl 
carbon 

0.333 
0.311 

Chlorine 

- 0 . 4 0 0 

Methyl 
group 

0.153 

Methyl 
group 

0.142 
0.131 

D i s c u s s i o n 

Let us interpret here the reaction mechanisms of the 
methyl and chlorine migrations by means of the orbital 
interaction in order to disclose the reason why the paths 
of the migrations are different from each other. 

Methyl Migration. T h e principal orbital interac­
tions involve the three n orbitals (jrl5 n2, and TT3) of the 
allyl group, and a ff-type (<!><,) and a rc-type ($&») 
orbitals of the methyl group as shown in Fig. 6. The 
interaction of <p„ with nx and nz gives <ft1} ^4 , and ^5 , 
and that between n2 and <p„ gives <p2 and <pz. T h e CI ™i stabilizes the system.3*) 

TABLE 4. T H E CI BOEFFICIENTS AND ORBITAL ENERGY 

AT THE TRANSITION STATE OF THE METHYL MIGRATION 

RI 

1.50 Â 
1.50 
1.50 

* 2 

0.70Â 
0.35 
0.0 

Go 

0.934 
0.950 
0.979 

G3-*4 

0.352 
0.309 
0.192 

<pz 
- 6 . 9 9 eV 
- 6 . 7 2 
- 6 . 3 1 

4>i 

2.39 eV 
3.31 
4.14 

The enhancement of mixing in of the diexcited configu­
ration is attr ibutable to the decrease in the energy gap 
between <pz and ç^4. The interaction between <pa and 

coefficients of the lowest closed-shell configuration and 
the <pz-^<Pi doubly-excited configuration are listed in 
Table 4, as well as the orbital energies of <pz and <p±. 
T h e contributions of the other excited configurations 
are found to be negligibly small. T h e M O ^ 4 has a 

the M O <Ps 
the 
the 

and CM, bu t bonding nature between G2 

is antibonding. Accordingly, the mixing in of 
^3~*^4 doubly-excited configuration gives rise to 
strengthening of both the a and n type bondings in 
the reaction system. Table 4 clearly indicates that the 
effect of the GI becomes more significant as the separa­
tion between the methyl carbon and C2 gets smaller. 

% 

n 

nj-e-.-f-e-e-v ^ 
y \ ;—e-

•h 
Fig. 6. The MO interaction diagram at the transition 

state of the methyl migration. 

O n the other hand, the 
interaction between (pa and nz leads to the lowering 
of the <p± orbital. I t is obvious that the dominant com­
ponent of <p4 is 7iz. T h e interaction between <pa and 
nz contributes to the stabilization of the transition state, 
as well as the interaction between (p„ and nXi through 
the lowering of the composite M O (J>x. 

Berson and Salem introduced the subjacent orbital 
effect in order to explain the occurrence of the formally 
symmetry-disfavored 1,3-migrations. They claimed 
that this resulted not from an effect on the H O M O 
but instead from the interaction of the carbon p orbital 
with a subjacent, bonding allyl orbital.3a) We feel, 
however, that the interaction of the carbon p orbital 
with a subjacent orbital (TIJ) was over-emphasized in 
their discussion. Since the carbon p orbital can interact 
both with n-L and TZZ, the role of nz orbital should be 
clearly recognized.10) O u r I N D O - C I calculation dis­
closed not only the importance of the depression of <px 

as the major stabilization through the direct overlap 
interaction between <pa and nx but also that of <p± for 
lifting the destabilization due to <p3 through the mixing 
in of the ^ 3 ->^ 4 doubly-excited configuration to facil­
itate the occurrence of the migration. 

The mechanism of 1,3-sigmatropic shift was ration­
alized above as a successive 1,2-shift. The interaction 

between the singly occupied (SO) M O of the allyl and 
the S O M O of the methyl is considered to have a key 
importance in stabilizing the reaction system at the 
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initial stage of the migration. As the migration pro­
ceeds, however, the stabilization decreases because of 
the out-of-phase overlapping of <pa with the C3 lobe 
of the antisymmetric n2 becomes large. Accordingly, 
the reaction would proceed along the pathway in which 
the G3 lobe and (p„ tend to overlap as little as possible. 
Tha t is, the migration seems to take the pathway in 
which the destabilization due to the weakening of the 
S O M O - S O M O interaction is as small as possible. 
Furthermore, the reaction should take place in a way 
as to give a large overlapping between (pa and TZV 

At the transition state the interaction of <p„ with TCX 

and JI3 orbitals is important. Since the nx and nz MO ' s 
possess the largest amplitudes at the central carbon, the 
methyl group comes closer to C 2 to create larger over­
laps of (pa with TZ1 and with nz. T h e reason why Route 
2 is the most favorable pathway is thus clarified. 

The preference of the 1,2-shift to the direct 1,3-shift 
is explained in another way by considering the orbital 
interaction between the TZ bond (C2-C3) and the o"-bond 
(Ci-Cji) to be broken.11) The reaction may be initiated 
by the charge-transfer interaction from the former to 
the latter and vice versa. The mode of the orbital 
interaction between the H O M O and the L U M O of the 
two localized bonding regions is depicted in Fig. 7. I t 

LUMO HOMO 

HOMO 

Fig. 7. The mode of the orbital interaction between 
the two bonding region. 

is seen that the overlapping of the H O M O of the C 2 -
C3 n bond with the L U M O of the C J - C J J a bond is 
ineffective, while the overlapping of the L U M O of the 
former with the H O M O of the latter is effective. I t is 
now obvious that the overlap interaction between the 
H O M O of the C J - G M bond and the L U M O of the 
C 2 -C 3 7t bond in this migration makes a successive 1,2-
shift more likely than a direct 1,3-shift. This explana­
tion leads to an important prediction that the 1,3-sigma-
tropic rearrangement with retention will occur easily 
when the migrating group has an electron donating 
group.12) 

The mechanism presented here (a successive 1,2-
shift) agrees with the experimental results in regard to 
the stereoselectivity of the migrating center.40) The rate 
ratio of the 1,3-suprafacial rearrangement with retention 
to the rearrangement with inversion increases in the 
order bicyclo[2.1.1]hexene series ( l )<bicyclo[3.2.0]-
heptene series (2)<bicyclo[4.2.0]octene series ( 3 )< 
monocyclic series (4).13) 

R-AJ R-^SJ 

(1) ( 2 ) (3 ) ( 4 ) 

Berson and Holder4c) proposed that this rate ratio might 
depend on the reactant structures. Namely, they sug­
gested that the overlap between the front lobe of the 
migrating carbon and the suprafacial lobe of the central 
carbon of the allylic framework would stabilize the 
transition state of the symmetry-disfavored reactions. 
T h e Berson's interpretation is consistent with our conclu­
sion derived here, i.e., the suprafacial 1,3-shift with 
retention of the configuration can be interpreted in 
terms of a successive 1,2-shift, because the facility of 
a 1,2-shift is also dependent upon the reactant structure. 

Chlorine Migration. The orbital interaction of 
Step 2 was examined in a similar way as that of the 
methyl migration. T h e principal orbital interaction 
seems to include the three n orbitals of the allylic frame­
work and chlorine 3p x and 3pz AO's . From the gross 
charges in Table 3, it is appropriate to consider here 
the orbital interaction between an allyl cation and a 
chloride anion. T h e M O interaction diagram is present­
ed in Fig. 8. I t is noted that the <pz and ^ 4 M O ' s 
are interchanged in chlorine migration in comparison 
with the case of methyl migration. This is a reason 
why the inclusion of the CI does not change seriously 
the conclusion derived from the results of calculation 
without CI . T h e M O <pz of the chlorine migration was 
found to have antibonding character between CI and 
C2 in the transition state. This means that the interac­
tion between 3pz A O and nx is greater than that between 
3pz A O and nz. T h e difference in the ordering of 
the <pz and <pA levels between methyl and chlorine migra­
tions is at tr ibuted to the lower energy of the chlorine 
3pz A O than that of the <pa M O of the methyl group. 
Figure 8 shows that the interaction between the H O M O 
(3px AO) of the chloride anion and the L U M O (TT2) 
of the allyl cation stabilizes the transition state effec­
tively. 

The pa th of the 1,3-migration of chlorine is ration­
alized in the following manner . T h e interaction between 
the 7t2 M O and the 3pz A O has a key importance in 
stabilizing the reaction system at the initial stage of the 
migration. As the migration proceeds, however, the 
stabilization decreases because the out-of-phase overlap­
ping of 3pz A O with the C3 lobe of the antisymmetric 
TT2 becomes large. However, throughout the chlorine 
migration reaction, unlike the methyl migration, the 
interaction between TZ2 and 3px A O is bonding in char­
acter to stabilize the system efficiently. T h e interac­
tion between nx and 3pz A O is larger than that be-

Fig. 8. The MO interaction diagram at the transition 
state of the chlorine migration. 
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tween nz and 3pz A O as mentioned above. Consequent­
ly, the interaction of 3pz with nx and nz leads to the 
destabilization of the reaction system. T h e destabili-
zation makes the chloride anion migrate in such a way 
as to minimize the overlap with C2. T h e reason why 
Route 3 is the most favorable pathway is clarified. The 
difference between the mechanism of the methyl migra­
tion and that of the chlorine migration can be ascribed 
to the presence of a low-lying pair of electrons in the 
migrating species in the latter case. 

I t is interesting to examine the intramolecular acid-
catalyzed isomerization of allyl alcohols14) in relation 
to the chlorine migration described above. 

RCH=CH-CHR' 
+OH2 

-CHff ^,CH-

V'' 
H2 

RCH-CH=CHR" 
+<DH2 

In this case, the transfer of the double-bond and the 
migration of the hydroxyl group as a neutral water mol­
ecule are supposed to take place simultaneously. 14b> It 
is considered that the path of isomerization may be 
similar to the chlorine migration, water molecule being 
bonded to two terminal carbons of the allylic framework 
at the transition state, because the migrating species 
has a lone pair orbital relevant to the orbital interac­
tion with the nx and nz M O ' s and another lone pair 
orbital to the interaction with TT2 M O of the allyl 
fragment. 

Conc lus ion 

It is concluded here that 1,3-sigmatropic rearrange­
ment may occur suprafacially on the allylic framework 
with retention of the configuration of the migrating 
center as the result of a successive 1,2-shift with a 
radical nature. This is interpreted by the S O M O -
S O M O interaction between the allyl radical and the 
methyl radical in the initial stage and the subsidiary 
orbital effect near the transition state. In the chlorine 
migration the H O M O - L U M O interaction between the 
allyl cation and the chloride anion provides the dom­
inant stabilization to the reaction system. From the 
present calculation, it is clarified that the mechanism 
of 1,3-migration in allylic framework depends on the 
property of the migrating species. 
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In order to determine the branching ratio for Hg(63P1) deactivation to the 63P0 and 6 % states in G O or N O , a 
modulation technique was utilized. T h e intensity of 253.7-nm radiation was modulated at a frequency in the 
range from 0.1 to 20 kHz, and the resulting a.c. component of the Hg(6 3 P x or 63P0) concentration was measured by 
monitoring the absorption of the 435.8- or the 404.7-nm emission line from an H g discharge lamp. T h e lower 
detection limit of excited H g atoms was 107 cm" 3 in this experimental method. O n the basis of the Hg(63P0) 
concentration relative to that of Hg(6 3Pi) in an A r + C O or N O mixture including information on the phase delay, 
the 63P1-^63P0 transition rate could be de termined; the &P1-->&P(t cross section was found to be 22.4 A 2 for C O 
and 7.1 Â2 for N O and the 63P0-^61S0 cross section to be 1.80 Â2 for C O and 37 Â 2 for N O at room temperature . 

A n u m b e r of studies1) h a v e b e e n r e p o r t e d o n t h e life­
t i m e m e a s u r e m e n t of H g ( 6 3 P 1 ) a t o m s , w h i c h gives t h e 
s u m of t h e r a t e cons t an t s for t h e col l is ional processes , 
63P1-^-63P0 a n d - ^ 6 1 S 0 . I n o r d e r to s e p a r a t e these t w o 
processes, it is necessa ry to m o n i t o r a t r a n s i e n t o r s ta­
t i o n a r y c o n c e n t r a t i o n of H g ( 6 3 P 0 ) a t o m s t h r o u g h a n 
e n e r g y t ransfer process . (He rea f t e r , H g ( 6 3 P 1 ) , H g 
(6 3P 0) a n d H g ( 6 1 S 0 ) wil l b e d e n o t e d b y H g l * , H g 0 * 
a n d H g , respect ive ly . ) T h r e e r e p o r t s h a v e a p p e a r e d 
o n t h e d e t e r m i n a t i o n of t h e H g 1 * ^ - H g 0 * sp in -o rb i t r e ­
l a x a t i o n r a t e . T h e m e t h o d e m p l o y e d b y G a l l e a r a n d 
M c G u r k 2 ) is b a s e d o n t h e fact t h a t t h e H g 0 * c o n c e n t r a ­
t ion in a q u e n c h i n g gas r e l a t ive to t h a t in N 2 j u s t af ter 
t h e flash exc i t a t i on of H g resul ts i n t h e q u a n t u m y ie ld 
of H g 0 * ( = t h e sp in -o rb i t r e l a x a t i o n r a t e d i v i d e d b y 
t h e H g x * d e a c t i v a t i o n r a t e ) , s ince N 2 d e a c t i v a t e s H g x * 
on ly to H g 0 * . I n a p r ev ious e x p e r i m e n t b y H o r i g u c h i 
a n d Tsuchiya, 3> a s t a t i o n a r y c o n c e n t r a t i o n of H g 0 * a t o m s 
yields t h e sp in -o rb i t r e l a x a t i o n r a t e if t h e H g 0 * d e a c ­
t iva t ion r a t e is k n o w n . Vikis et al.*) h a v e also d e t e r ­
m i n e d this r a t e b y d e t e c t i n g t h e H g 0 * a t o m s t h r o u g h 
t h e a m o u n t of H 2 f o r m e d b y t h e r e a c t i o n of e t h y l e n e 
w i t h H g 0 * . I n these e x p e r i m e n t s , h o w e v e r , if t h e col­
l is ional t r ans i t i on f rom t h e 63PX s t a te is mos t ly to t h e 
6 1 S 0 s t a te o r if t h e d e a c t i v a t i o n r a t e of H g 0 * is of t h e 
s a m e o r d e r of m a g n i t u d e as t h a t of H g ! * , t h e H g 0 * 
c o n c e n t r a t i o n b e c o m e s ve ry smal l , a n d i t is difficult to 
d e t e r m i n e it to h i g h a c c u r a c y . I n this p a p e r , a m o d u l a ^ 
t ion t e c h n i q u e is i n t r o d u c e d in o r d e r to i m p r o v e t h e 
de tec t iv i ty of t h e H g 0 * a t o m s as wel l as to o b t a i n in ­
f o r m a t i o n o n t h e kinet ics of exc i t ed H g a t o m s . 

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

T h e apparatus was essentially the same as that described 
in a previous paper.5> A quartz cell (3 cm in diameter and 
24 cm in length) containing a gaseous mixture of A r + a 
quenching gas containing H g vapor at 1 . 9x lO~ 4 Tor r was 
illuminated by six low-pressure H g discharge lamps (Toshiba 
10-W germicidal lamps). A 200-W oscillator (Elger, 251) 
with a frequency variable in the range from 0.01 to 10 kHz 
supplied the power for the lamps through ballast resistors. 
Then, the intensity of 253.7-nm radiation was modulated at 
twice the frequency of the power source with a waveform 
that was approximately tr iangular rather than sinusoidal. 
An example of the waveform is shown in Fig. 1. T h e wave­
form is composed mainly of the fundamental component, the 
harmonic contribution being less than 10% of the funda­

mentals. For the present experiment, only the fundamental 
component is considered. This is justified if the rate equa­
tion for H g * deactivation is of first order with respect to 
[Hg*] , since the harmonic components may be separated 
from the fundamentals. 

For detection of the H g * atoms, the 404.7- or 435.8-nm 
emission line from a d.c.-operated H g discharge lamp was 
passed through the cell, and then into a monochromator 
(Spex, 1700III) equipped with a photomultiplier. T h e out­
put was analyzed by a lock-in amplifier (P. A. R. 186), the 
reference signal of which was supplied from a photo- tube that 
monitored 253.7-nm radiation. A quadra tu re output from 
the lock-in amplifier divided by an in-phase output gave 
the tangent of the phase-shift angle for the a.c. component of 
the H g * concentration. Since the absorption intensity is not 
proportional to the H g * concentration at higher densities, a 
condition of a low H g * concentration was chosen in order to 
meet the requirement that the optical density for absorption 
be less than 0.02. T h e signal-to-noise ratio was greatly im­
proved by using a lock-in amplifier, so that absorptions with 
optical densities as small as 10 - 4 could be detected. This 
absorption corresponds to 107 c m - 3 of Hg 0 * or H g j * atoms 
under the present conditions. In a previous experiment,3) 
the lower detection limit of [Hg0*] was ca. 109 c m - 3 . This 
can be expected from the atomic absorption spectrometry 
for analyses of atoms having / - n u m b e r s similar to Hg 0 *. 
Thus , the sensitivity is improved by a factor of 102 in the 
present modulat ion technique. 

T h e nominal purities of the sample gases, Ar, N 2 , C O , 
and N O , were 99.999, 99.995, 99.5, and 9 8 . 5 % , respectively. 
T h e first two gases were used without further t reatment . 

Fig. 1. Waveform of the 253.7-nm radiation intensity 
from an H g discharge lamp powered by an oscillator 
whose frequency is 500 Hz (0.5 ms/div.). 
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C O was purified by repeated adsorption and desorption on 
molecular sieve 5A at liquid N 2 temperature, and N O was 
first passed through a column containing molecular sieve 5A 
and solidified several times for further purification. T h e frac­
tion of Ar or C O in an A r + C O mixture was determined by 
pressure measurement in a mixing vessel of calibrated volume. 
H g vapor in the gas mixture was once removed by passing 
the gas through a spiral t rap at 77 K, and later, the gas was 
fed into the cell through an H g saturator at 0 °C. Since 
Hg-sensitized decomposition of N O was expected, a flow tech­
nique was adopted for measurements in an A r + N O mix­
ture. A capacitance manometer (M.K.S . 210) was employed 
for the pressure measurements ; the fraction of N O in the mix­
ture was determined from the pressure increase which was 
measured differentially. 

P r i n c i p l e o f t h e M o d u l a t i o n T e c h n i q u e 

T h e application of the modulat ion technique to studies on 
chemical kinetics has been reviwed by Phillips.6) Here , the 
modulat ion spectroscopy to elucidate the initial stage of Hg-
photosensitized reactions will be discussed. If excited H g 
atoms are formed in an Ar- j -CO mixture, the following energy 
transfer processes should be taken into account : 

H g + A» (253.7-nm) ^ ^ H g l * , (1) 

H g l * + CO(» = 0) 5 = ± Hg 0 * + C O ( o = l ) , (2) 

H g l * + CO(» = 0) > H g + C O ( * > 0 ) , (3) 

Hg 0 * + CO(» = 0) > H g + C O ( * > 0 ) , (4) 

Hg 0 * • Hg , (5) 

C O ( y = l ) > CO(» = 0), (6) 

of which React ion 5 is the sum of all deactivation processes 
including wall collisions and those with impuri ty molecules, 
and React ion 6 represents similar processes for the deactiva­
tion of C O ( y = 1). Vibrat ional excitation of C O in Reactions 
3 and 4 has been demonstrated by the infrared emission 
measurements of Polanyi and coworkers. 7) However, direct 
experimental evidence for vibrational excitation in Reaction 2 
has not yet appeared. However, since the spin-orbit relaxation 
in N 2 accompanies vibrational excitation of N2 ,5 ) it is rea­
sonable to suppose a similar reaction for Hg j* -CO collisions. 

T h e modulated intensity of 253.7-nm radiation may be re­
presented as 

/ = / + / 0 e 1 - « , (7) 

where m is the angular frequency of modulat ion. Correspond­
ing to the above equation, the excited species formed make 
a cycle of appearance and dissipation, i.e., 

*o = [Hg] = x, 

*i = U*8i*\=*i+ *!&", 

*2 = [Hg0*] = *a + *3e*«", 

jr0 = [CO(* = 0)] =J0, 

^ 1 = [ C O . ( o = l ) ] = J 1 + ir1e1-«, 

where the first term of the r ight-hand side in each case re­
presents the d.c. component of the respective concentration 
and the second term the a.c. component , except for ground-
state atoms or molecules whose a.c. components are disregarded 
since they are much more abundan t than the excited species. 
T h e ampli tude of the a.c. component must be a complex 
number since a phase delay is expected. 

O n the basis of the mechanism involving Reactions 1—6, 
the rate equations can be written as 

dxjdt = kj0x0 - k-jXi - k2y^ - k^y^ + L J . J „ (8) 

and 

d*2/df = k^jo - k_zx.2yY - kAx2y0 - kbx2, (9) 

where the rate constant for Reaction j is denoted by k$ and 
the reverse reaction rate by k-y If the a.c. parts of these 
equations are separated, the following equations can be deriv­
ed : 

icojfj = kJoXç - {k-1-\-kzya-\-kJa)x1 + k-^x» (10) 

and 

iœx2 = ^ 0 * 1 - ( f c ^ i + ^ o + ^ W ( U ) 

In these equations, it is assumed that jVj> \Vi\, since the 
lifetime of C O ( P = 1 ) is much longer than co-1, which is less 
than 1.3 ms. T h e imaginary par t of Eq. 10 results in the 
equation, 

— x[/xl = tan 0 ! 

= [lKk-i + kJo + kJoïïlœ + k-J^-xl/xl)]. 

(12) 

T h e corresponding equation derived from Eq. 11 is 

— xlJxl = tan 0 2 

= [ l / (A- J 1 - rAJ 0 - rA 6 ) ] [û ) + A j 0 ( - * i / * ï ) ] - (13) 
Here , $x and çi2 are defined as phase delay angles for the 
a.c. components of [Hg!*] and [Hg 0 *] , respectively, and x] 
and x\ are the real and imaginary parts, respectively, of Xy 
T h e real par t may be obtained from the in-phase signal of 
the absorption and the imaginary from the quadra ture . 

T h e reciprocal radiative lifetime of H g j * is estimated to 
be 3.5 X 106 s _ 1 which is calculated according to the Milne-
Samson equation8) for the correction of radiation imprison­
ment effect. This value is much larger than the angular 
frequency of modulation in this experiment. Therefore, the 
phase delay for the H g j * concentration may not be of detect­
able magni tude, i.e., t anç i j^O. Hence, Eq. 13 can be ap­
proximated by 

tan <j)2 = to/ik-J^kJo + ks). (13') 

In addition, the real par t of Eq. 11 results in the relation, 

hyo = (o(xl/xl)(tan 0 2 + cot 0 a ) . (14) 

Thus , the spin-orbit relaxation rate of Hg!*—>Hg0* can be 
determined if the phase-delay angle and the a.c. component 
of the Hg 0 * concentration relative to that of H g j * are mea­
sured. 

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

I n F ig . 2 , t h e o b s e r v e d p h a s e - d e l a y a n g l e , ^ 2 , for 
t h e a . c . c o m p o n e n t of t h e H g 0 * c o n c e n t r a t i o n in a n 
A r + C O m i x t u r e is p l o t t e d as a func t ion of t h e m o d u l a ­
t i on f r equency . T h e resul ts a r e in g o o d a g r e e m e n t w i t h 
t h e r e l a t i on 

tan 0 2 = cor, (15) 

w h e r e r is t h e l i fe t ime of H g 0 * a n d is def ined b y E q . 

1 3 ' as 

T = (fc-sJi + ^ J o + A*)-1- (16) 

T h i s e q u a t i o n shows t h a t t h e l i fet ime is d e p e n d e n t o n 
t h e c o n c e n t r a t i o n of v i b r a t i o n a l l y exc i t ed C O as well 
as o n t h a t of g r o u n d - s t a t e C O . I f t h e sp in -o rb i t r e ­
l a x a t i o n a c c o m p a n i e s t h e v i b r a t i o n a l exc i t a t ion , a n ex­
cess a m o u n t of C O ( z / = l ) is f o rmed . H e n c e , it is ex­
p e c t e d t h a t s t r o n g 2 5 3 . 7 - n m r a d i a t i o n causes a n a c -
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TABLE 1. T H E RKCHPROCIAL LIFETIME OF Hg(63P0) IN AN Ar + GO MIXTURE AT 10 Torr 

AS A FUNCTION OF THE 253.7-nm PHOTON INTENSITY 

p(CO) 
(Torr) 

0.20 
0.01 

TABLE 2. A 

3.85X1015 

6.42 
5.03 

253.7-nm 

2.70X1015 

6.28 
5.46 

photon intensity (photon cm" 

1.33X1015 

5.76 
4.83 

-3 s-1) 

6.65X1014 

6.28 
4.70 

PART OF THE EXPERIMENTAL RESULTS FOR DETERMINATION OF 

AND Hg0*->Hg TRANSITION RATES 

a ) Data for Ar + CO mixtures at 10 Torr. 
P(GO) f . 
(Torr) (Hz) X*'Xl tan 02 

hi* 
(s-i) 

H g l * ^ H g 0 

3.40X1013 

6 . 2 2 x l 0 4 s - i 
4 . 7 9 x l 0 3 s - 1 

* 

(s-i) 

0.045 
0.106 

0.20 

0.37 

2X103 

2 
4 
8 
1 
2 
4 
2 

b ) Data for Ar + NO mixtures at 
2.20X10-4 

2.34 
4.00 
5.60 
5.88 

10.2 

200 
600 
200 
200 
600 
200 

6.71 
9.47 
7.03 
4.12 

11.7 
9.82 
9.45 

13.3 

1 Torr. 
0.116 
0.173 
0.071 
0.089 
0.084 
0.111 

0.923 
0.401 
0.865 
1.679 
0.106 
0.196 
0.434 
0.118 

0.36 
0.74 
0.33 
0.21 
0.43 
0.15 

1.69X106 

3.44 
3.57 
4.71 
7.01 
6.54 
6.50 

14.4 

A 2=(1.13±0.04) 
Xl0- 1 0 cm 3 s - 1 

351 
399 
241 
509 
596 
909 

£ a = ( 3 . 5 ± 0 . 9 ) 
Xl0 - 1 1 cm a s - 1 

1.36x10* 
3.13 
2.90 
2.99 
5.93 
6.41 
5.79 

10.65 

£ 4 =(8 .89±0 .27) 
XlO-^cnr ' s - 1 

3490 
5090 
3810 
5980 
8710 
8380 

A 4 =(1 .8±0 .5) 
Xl0 - 1 0 cm 8 s - 1 

2.0h 

1.5h 

*©• l.Oh 

0.5 h 

0 

\-

\-

u. 

( A ) / 

1 

( B ) / 

^y^ 

1 1 1 
3.0 6.0 9.0 

Modulation frequency/kHz 
Fig. 2. Plots of tan <j>2 against modulation frequencies; 

/»(CO) =0.045 (A), = 0.106 (B), = 0.20 (C), = 0.37 Torr 
(D), and p(CO)+p(Ar) = 10 Torr for all mixtures. 

cumulation of vibrationally excited C O which shortens 
the Hg 0* lifetime through Reaction 2 in the reverse 
direction. This has been confirmed in the lifetime 
measurements of Hg 0 * in A r + N 2 mixtures.5) How­

ever, in an A r + C O mixture, the lifetime of Hg 0 * does 
not depend on the intensity of 253.7-nm radiation, as 
is shown in Table 1, which lists the observed lifetimes 
as a function of the 253.7-nm photon intensity entering 
*he cell. The latter quanti ty was varied by changing 
the number of illuminating lamps and their distance 
from the cell; the intensity was estimated from the ob­
served value of Hg x * concentration in pure Ar, since 
Ar does not deactivate Hg x * and its concentration is 
given by x1=k1I0x0jk_1. The results in Table 1 leads 
to the conclusion that there is no accumulation of C O 
(v=\) in the present system, which is probably due to 
the relatively short lifetime of C O ( z / = l ) . Thus, the 
vibrational temperature of C O must be room tempera­
ture and the reverse of Reaction 2 may be disregarded. 
This estimate should be valid for other quenching gases, 
since these gases have relaxation times shorter than those 
of C O and N2 . 

T h e reciprocal lifetime determined from the data in 
Fig. 2 is proportional to the C O partial pressure and, 
thus, gives the rate constant for Hg 0 * deactivation, £4, 
which is ( 8 . 8 9 ± 0 . 2 7 ) x l 0 - 1 2 c m 3 s - 1 . The spin-orbit 
relaxation rate, k2, was determined to be (1.13±0.04) X 
10-1 0 cm 3 s"1 using Eq. 14 and the data listed in Table 
2. The rates thus determined may be converted to 
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TABLE 3. COLLISION QROSS SECTION FOR Hg* IN A 2 

Process 

Hg l*-> 
Hg0*, Hg 

H g l * ^ H g o * -

Hg„*->Hg 

Investigator 

f DPKa> 
\ MSb> 

this work 
GMC> 
VTLd> 
this work 
CM«) 
FMCPe> 

Collision 

CO 

21.7 
23.2 
22 .4±0 .8 
19.5 
16.1 
1.80±0.05 
2.06 
7.8 

partner 

NO 

88.9 
7 . 0 ± 1 . 8 

37±10(35±2)f> 
50.1 
41 

a) Deech et a/.9> b) Michael and Suess.10) c) Callear 
and McGurk.2) d) Vikis et a/.4> e) Freeman et a/.11) 
f) Observed in N2 + NO mixtures. 

collision cross sections as summarized in Table 3 together 
with the results for N O and literature values. The to­
tal deactivation cross section of Hg x * by a collision with 
C O (Reactions 2 and 3) has been measured accurately 
by Deech et a/.9> and found to be 21.7 Â2 at room tem­
perature. This value was determined from a measure­
ment of the 253.7-nm fluorescence decay after pulsed 
excitation of H g to Hg x*. T h e value agrees well with 
the present measurement of 22.4 Â2 for Reaction 2 with­
in the error limits. This means that the deactivation 
of Hg x * by collisions with C O leads mainly to forma­
tion of Hg 0 * and not to ground-state H g ; the latter 
process may occur with a probability of less than 2 % 
of the Hg x * deactivation. Clear evidence for vibra-
t onal excitation of C O by the spin-orbit relaxation was 
not obtained in the present experiment. However, 
since C O is isoelectronic with N 2 and the resonance 
is improved (AE-— 373 c m - 1 for C O compared with 
— 563 c m - 1 for N2) in Reaction 2, vibrational excita­
tion is expected to be accompanied by the spin-orbit 
relaxation.5) 

Formerly, it was difficult to detect Hg 0 * atoms pro­
duced in Hg!*-NO collisions, and, thus, the rate con­
stant, k2, could not be determined. However, the pres­
ent modulation technique makes it possible to detect 
the a.c. component of [Hg0*] which has been so small 
that rate constants, k2 and kx, cannot be determined 
accurately. A more reliable value for kx was obtained 
from phase-shift measurements of Hg 0 * in a mixture 
of N 2 + N O ; the cross section is given in Table 3. Con­
trary to the case of Hg 1 *-CO collisions, N O deactivates 
H g j * mainly to the ground state, with only 10% of 
the H g j * deactivation proceeding via spin-orbit relaxa­
tion. 

The energy transfer mechanism for H g * - C O colli­
sions can be understood if the non-adiabatic coupling 
between spin-orbit states is complete in the course of 
the collisional interaction via the simultaneous vibra­
tional excitation of C O , while adiabaticity is preserved 

between the 63P and 6XS states of Hg. Contrary to 
this, in Hg*-NO collisions, a large probability for cross­
ing from the 63P surface to the 6XS surface significant­
ly reduces the relative importance of the transition from 
the 6*?! state to the 63P0 state. 

Appendix 

For the readers' convenience, the equivalence of the sine 
or cosine formulation to the vector notation in the complex 
plane is explained. According to the radiation intensity ex­
pressed as 

/ = / + I0 sin cot, (Al) 

the Hgx* and Hg0* concentrations are described as 

*! = xx + Xi sin (cot—^j) (A2) 

and 

x2 — x2 + x2
 s i n (cot — <fr2). (A3) 

If these equations are substituted into Eqs. 8 and 9, and the 
coefficients of cos cot are taken, the following two equations 
can be derived: 

t anç^ = UKk-i + kJo + kJo)] 

X \pi + k-2yl{x2ûn^2jxlco?,<}>l)'\ (A4) 

and 

tan 02 = [ll(k-J1 + kJ0 + kb)'] 

X [co + k2y0(xt sin ^> Jx2 cos ^2)]. (A5) 

These equations are equivalent to Eqs. 12 and 13 assuming 
that 

x1 = x cos <j) a n d xi = x sin ( — <f>). 
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The absorption intensities of the 435.8- and 404.7-nm lines by H g ^ P j and 63P0) atoms were calculated taking 
into account the hyperfine structure under the assumption of a Doppler spectral line shape. The calculated values 
were tested by comparison with experimental absorption of the line in an A r + N 2 + H g mixture illuminated by 
253.7-nm radiation. This procedure led to the conclusion that the ratio of the spectral half-width of the 404.7-nm 
line from a low-pressure Hg lamp to that of the Hg(63P0) absorption line should be 2.25±0.25 instead of the value 
of 5 determined in the previous experiment. On the basis of this value, the quenching cross sections of the excited 
Hg atoms reported in the previous paper were revised. The corrections are generally less than 20%, so that it is not 
necessary to change the previous conclusions. 

In a previous paper,1) a method was described to 
determine the quenching rate of excited Hg atoms for 
the processes 63PX—>63P0 and ^ 6 1 S 0 from the observa­
tion of a stationary concentration of Hg(63P0) atoms 
in a gaseous mixture of quencher + H g vapor illumina­
ted by 253.7-nm radiation. (Hereafter, Hgx*, Hg 0*, 
and Hg stand for H g atoms in the 63P l 3 63P0, and 61S0 

states, respectively.) The Hg 0 * concentration [Hg 0 *] , 
was estimated by the absorption measurement of the 
404.7-nm line emitted from a low-pressure H g discharge 
lamp. In this procedure, care was paid to verify that 
the absorption intensity was a function of [Hg0*] as 
well as of the ratio of the spectral line half-width from 
the light source to that of the absorption line. In order 
to determine this ratio (denoted here by a) , it was as­
sumed that the [Hg0*] in the mixture of A r + N 2 is 
proportional to the intensity of the 253.7-nm radiation 
and that the 404.7-nm line is composed of a single 
spectral line. However, according to recent results,2) 
the [Hg0*] in the A r + N 2 mixture is proportional to 
the square root of the 253.7-nm radiation intensity. 
Moreover, the 404.7-nm line has 9 hyperfine compo­
nents resulting from the isotope shift and the nuclear-spin 
coupling. Therefore, the value of a reported pre­
viously must be corrected. In addition, the quenching 
cross sections3) of the excited H g atoms determined 
from the observed decay of the absorption at 404.7-nm 
must also be revised. 

Exper imenta l 

The apparatus is essentially the same as that described in 
Ref. 1. In a quartz cell (3 cm in diameter and 24 cm in 
length) containing an Ar+N 3 mixture with an Hg pressure 
of 1.9 X 10-4 Torr, excited Hg atoms were formed by illumina­
tion with 253.7-nm radiation from 6 low-pressure Hg discharge 
lamps (Toshiba, 10-W germicidal lamp) surrounding the cell. 
The cell has an outer jacket filled with a 0.6 M NiS04 aq 
solution to avoid excitation of the Hg atoms to levels higher 
than the 63Pa state. Another low-pressure Hg discharge lamp 
was employed as a light source for the 404.7- and 435.8-nm 
lines which were modulated by a chopper at 125 Hz before 
entering the cell. A d.c. source supplied the power for the 
Hg discharge lamps. A monochromator (Spex, 1700) and 
a lock-in amplifier (P. A. R. 186) were used to monitor the 
line intensity. The absorption due to [Hgj*] was very weak, 
so that the 253.7-nm radiation intensity was modulated at a 
frequency of 0.12—3 kHz and the resulting a.c. component 

of the absorption at 435.8-nm was measured without the chop­
per; the signal obtained divided by the d.c. intensity of the 
435.8-nm line from the source gives the absorbance. This 
procedure makes it possible to detect optical densities for ab­
sorption as small as 10-4. 

The rotational ( = translational) temperature of the sample 
gas in the cell under the irradiation of 253.7-nm radiation 
was 292±15 K. This was estimated from the observed rota­
tional temperature of CO, added as a tracer to the mixture.4) 

The nominal purities of the sample gases, Ar and N2, were 
99.999% and 99.99%, respectively. The method of gas hand­
ling is the same as that described previously. 

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

Calculation of the Absorption Intensities of Excited Atoms. 
Taking the hyperfine splitting of 404.7- and 435.8-nm 
lines into account, the intensities for absorption by Hg 0 * 
and Hg x * atoms were calculated. For the calculation, 
the fine structure of the Hg lines observed by Schüler 
and Keyston5) were adopted; the 404.7- and 435.8-
nm lines are composed of 9 and 15 hyperfine com­
ponents, respectively. It can be assumed that the line 
profile of each component of the 404.7- and 435.8-nm 
absorption lines is Doppler broadened with a common 
F. W. H . M . denoted by AvD. Though the line pro­
file for radiation from a discharge lamp is dependent 
on many factors such as Doppler and collisional broad­
ening, the Stark effect, etc., it can be approximated 
by a Doppler-broadened line with a F. W. H . M. of a 
times that of the absorption line, i.e., <xAvD. Thus, 
the spectral profile of the i-th component of the line 
from an Hg discharge lamp is given by 

EV(y) = £ 0
( i ) e x p { - ( l n 2 ) [ 2 ( v - V ^ / a A ^ ] 2 } , (1) 

where v0
(i) is the frequency at the line center of the 

i-th component and £"0
(1) is the peak intensity at v0

(1). 
Similarly, the absorption coefficient of the i-th com­
ponent is 

*<!)(„) = k0Wexp{-(\n2)l2(v-v0V)tAvv}*}. (2) 

Since the absorbance A is defined as 1 — (transmitted ra­
diation, / ) / (incident radiation, I0), the observed absorp­
tion which should be the sum of those for the individual 
hyperfine components is described as 

A = J^E^(v)ll-exp(-k^(v)l)-]dvl f^E^(i>)dvt (3) 

where / is the absorption length. The Hg discharge 
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lamp emits spectral lines under optically-thin condi­
tions, so that the relative intensity of each hyperfine 
component is equal to that for the absorption coef­
ficient ; 

k0W/ko = E0VjE0, 

where 2?0=S-E0
( i ) and £ 0 = S £ 0

( i ) - This last quantity 

is described as 

k0 = (2/AvIi)(\n2/7z)1/^7te2lmc)fN, 

where e and m are the charge and mass of electron, 
respectively, and c is the velocity of light, / t h e / - n u m b e r , 
and JV the number density of excited atoms; k0=5.905 
X l O - ^ J V c m - 1 for Hg 0 * and 6.207 X \0~12Ncm-1 for 

Hg!* atoms. 
Numerical integration of Eq. 3 was carried out for 

various a and k0l values. In Figs. 1 and 2, the calculat­
ed values of log(l— A)-1 which is equal to log(/„//) 
are plotted as a function of k0l. I t is obvious that the 
optical density calculated with the hyperfme splittings 
is smaller than that calculated assuming a single line. 
In the region of small optical densities (<0.1) the calcu­
lation assuming a single line for the 404.7-nm line gives 
4.6 times the value with the hyperfme splittings for a = l 
and decreases to 3.4 for a = 2 and 2.7 for a = 3 . This 
may be interpreted to a very rough approximation as 
a 404.7-nm line having 3 to 4 lines with equal inten­
sities ; a large a causes a dense overlapping of hyperfine 
lines resulting in a reduction in the effective number 
of lines. 

Determination of the Ratio of the Emission Line Width to 
the Absorption Line Width. Previously, it was as­
sumed that the [Hg0*] in an A r + N 2 mixture is pro­
portional to the intensity of 253.7-nm radiation. This 
is based on the processes for the Hg 0 * production: 

H g l*, (i) 

Hg + hv, (ii) 

Hg0* + N2, (iii) 

Hg. (iv) 

However, the recent measurement2) of the Hg 0 * life­
time indicates that the above processes cannot explain 
the formation and deactivation of Hg 0*, and that re­
action (iii) must be replaced by 

H g l * + N2(y = 0) -> Hg0* + N a (»=l ) , (v) 

where N 2 ( y = l ) is vibrationally-excited N2 . Moreover, 
the inverse of this reaction and the deactivation of N 2 

(v=\) must be added: 

Hg0* + N 2(»=l) -> H g l * + N2(i»=0), (vi) 

and 

N8(»=l) -> N2(i> = 0). (vii) 

A steady-state analysis of reactions (i)—(vii), excepting 
(iii), leads to the relation 

Hg + hv 

H g l * 

H g l * + N2 

Hg„* 

[Hg0*] = */™+i;+*S l[(x™+1)' 
[N2] + l)}, 

/[Hg][N2] 
1/2 

(4) 

where / is the intensity of the 253.7-nm radiation and 
kt is the rate constant for reaction (i). Equation 4 may 
be simplified to a good approximation as 

0.6h 

v 0.4 

§ 
0.2h 

I \a=\ 
\ i 
1 

1 j 

f / 
/ 

1 ' / 
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/ ' 
! / i 
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15 

Fig. 1. Absorption intensity of the 404.7-nm line by 
Hg(63P0) atoms as a function of a; solid line: calculation 
with the hyperfine line structure, broken line: calcula­
tion assuming a single line. 

k0l 

Fig. 2. Absorption intensity of the 435.8-nm line by 
Hg(63Pj) atoms as a function of a; solid line: calcula­
tion with the hyperfine line structure, broken line: 
calculation assuming a single line. 

[Hg0*] = ( W T t H g H N J / W e ) 1 / 2 (5) 

under the condition that k2>k5[N2]>k4. This condi­
tion is satisfied if the N 2 pressure is in the range from 
1 to 30 Torr . 

In order to determine a, the optical density of the 
404.7-nm absorption was measured as a function of the 
relative intensity of the 253.7-nm radiation, as well as 
of the N 2 partial pressure. The intensity was estimated 
from the absorption of the 435.8-nm line caused by 
the formation of Hg x* in pure Ar, i.e., 

[Hg l*]0 = MHg]/A a . (6) 

Substituting this equation into Eq. 5, the relation 
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TABLE 1. T H E CROSS SECTIONS (na2 IN Â2) FOR THE QUENCHING OF Hg (63Pi AND 63P0) BY VARIOUS MOLECULES^ 

Quencher 

N 2 0 

o2 
C2H4 

C3H6 

G2H2 

H2 

D2 

C3H8 

«-C4H10 

Î '-C4H10 

C(CH3)4 

CO 

NO 

NH3 

co2 
CH4 

C2H6 

N2 

e^^e^, 

53.6k> 
60.5f) 

15ls) 
179J) 

135') 

24.6f) 

22.7f) 

6.9s) 

18h> 

291) 

6.0e) 

21.7f) 

71.6k) 

12.7h> 

10.2f) 
0.25h) 
1.8h> 

0.73f> 

63P1->63P0 
1C 
à0 

This work 
< 6 
< 6 

<16 
<16 

<13 

< 0 . 3 

< 0 . 3 

3.0(3.7) 

11 

19(14) 

5.7(5.0) 

22(12) 

7.1(16) 

3.5(4.1) 

0.19(0.06) 
0.016(0.03) 
0.66(0.53) 

0.77 

CMb> 

< 7 
< 6 

<15 

< 0 . 7 

1.4 

19.5 

<11 
8.1 

0.2 
0.03 
1.2 

VTL«) 

0.87 

2.2 

1.06 

3.8 

16.1 

14.2 

0.12 

0.29 

This work 

35(44) 
35(50) 

129 
135(157) 

91(113) 

6.0(6.6) 

8.5(9.1) 

0.15(0.23) 

2.0(2.9) 

4.2(4.4) 

0.30(0.35) 

1.8(2.2) 

37(25) 

0.038(0.05) 

0.093(0.1) 
4 .1x10-* (4. 
5 . 3 x l 0 - 3 ( 6 . 

< 1 x 1 0 - 3 

4 x 10-*) 

3 x l 0 - 3 ) 

eaPo^So 

FECPd) 

14 
57 

5.1 

7.8 

41 

0.05 

0.091 

CM6) 

26.7 
37.7 
82.5 

3.0 

0.105 

2.06 

50.1 

0.049 

0.104 
9.0X10-4 

0.018 

a) Previous values are given in parentheses if corrected, b) Calculated from quantum yields of Hg0* determined 
by Callear and McGurk.7) c) Vikis, Torrie and LeRoy.8) d) Freeman, McEwan, Claridge, and Phillips.9) e) 
Callear and McGurk.7) f) Deech, Pitre and Krause.10) g) Kang Yang.11) h) The data of Zemansky12) multiplied 
by 1.379 a correction factor which is explained in Ref. 3. i) The value calculated from ö,2(?-C4H10)/a

2(n-C4H10) 
determined by Darwent.13) j) The data of Darwent14) multiplied by a correction factor of 1.85. k) the data of 
Michael and Suess15) multiplied by a correction factor of 0.805. 
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Fig. 3. Comparison of the calculated absorption inten­
sities (solid line) of the 404.7-nm line with the experi­
mental ones (circle) as a function of the N2 partial pres­
sure and the 253.7-nm radiation intensity. 

[Hg0*] = [(A;5[N2]/Ä4)[Hgl*]0(A;#6)]V2 (5/} 

is obtained. Here, the absorption at 435.8-nm is so 
weak that the optical density can be assumed to be 
proportional to [Hgx*] for any value of a. In Fig. 3, 
the optical density of the 404.7-nm absoption is plotted 
against log([N2] /)1 / 2 , together with the theoretical op­
tical density, as a function of log k0L The best fit to 

the experimental points is obtained for 

a = 2.25 ± 0 . 2 5 . 

With this value of a, the optical density of the absorp­
tion at 404.7-nm gives the absolute magnitude of k0l 
or [Hg 0 *] . The same value of a is assumed for the 
435.8-nm line in the absence of experimental evidence. 
However, only a very weak absorption appears at 435.8-
n m in the H g * quenching experiment, so that the error 
caused by this assumption is rather small as can be 
understood from Fig. 2, in which the optical density 
is seen to be almost proportional to k0l. 

Quenching Cross Sections of Hg(6*P1 and 6ZP0). 
T h e decay of the 404.7-nm absorption after a short pulse 
of 253.7-nm radiation was measured to estimate the 
Hg 0 * quenching cross section as well as the spin-orbit 
relaxation rate of Hg1*->Hg0*.3) The new value of 
a, which is 2.25 instead of 5, as found previously, changes 
the conversion from the optical density to the [Hg 0*] . 
Thus, the reported quenching cross sections are revised 
to new values as summarized in Table 1, in which the 
data for collision partners of C O and N O are given 
from the new measurement employing a phase-shift 
method.6) There are minor changes in the cross sec­
tions : most of the Hg 0 * deactivation cross sections are 
smaller by 10—20% than the previous values. This 
is due to the fact that the deactivation rate is deduced 
from the normalized quantity, [Hg 0*]/ [Hg 1*] 0 , which 
is not very sensitive to the value of a, especially for cases 
of weak absorption intensity. Thus, it is not necessary 
to change the conclusion derived in Ref. 3. 
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Semiempirical SCF-MO-GI calculation was carried out for the 1,4-dicyanobenzene (DGB) and naphthalene 
system which is known to form exciplex (DA)* and triple exciplex (D2A)*. Potential energy curves of the electronic 
interactions between excimer and electron acceptor molecule, and between exciplex and electron donor molecule 
were constructed. The results show that the array of component molecules in the triple exciplex is DDA, and the 
stabilization energy of triple exciplex is «0 .4 eV from the excimer and «0.2 eV from the exciplex. They are in 
line with results reported on the experiment of exciplex and triple exciplex formation. 

The system of 1,4-dicyanobenzene (DCB) and na­
phthalene exhibits exciplex fluorescence and also triple 
exciplex fluorescence as reported by Beens and Weiler. 
They suggested from the solvent effect of the fluorescence 
spectra that the array of component molecules in the 
triple exciplex is not DAD but DDA.1) Mimura and 
Itoh also reported the triple exciplex formation in 1,4-
dicyanobenzene and dinaphthylpropane(DNP) where 
an array of the triple exciplex was proposed to be DDA 
from a steric factor of the trimethylene chain in DNP.2) 
They reported on the mechanism of triple exciplex for­
mation in the DGB and several alkylnaphthalene sys­
tems. In high concentration of electron donor ( > 1 0 - 2 

M), the triple exciplex was formed from excimer of 
alkylnaphthalene and DGB as well as from exciplex and 
alkylnaphthalene, while the triple exciplex formation 
from exciplex and electron donor in the concentration 
below « 1 0 _ 2 M is predominant in another process.3) 
The dissociation process from the triple exciplex to the 
exciplex is so fast that the fluorescence rise of the triple 
exciplex and double exponential decay of the exciplex 
fluorescence are observed. The fluorescence rise as well 
as two-component decay of the exciplex was observed 
in the system of DCB and alkylnaphthalene which ex­
hibits no triple exciplex fluorescence. This was ex­
plained by the exciplex formation through triple exciplex 
via the excimer in high concentration of electron donor.3) 
A similar investigation was reported by Grellman and 
and Suckow in connection with the formation of triplet 
state of anthracene in the diethylaniline and anthracene 
system.4) 

Most molecular orbital calculations of the electron-
donor-acceptor (EDA) complex as well as the exciplex 
are based on the configuration interaction between the 
ground and locally excited states of each component 
molecule, including the charge transfer interaction (CT) 
which is called the method of "composite molecules." 
O n the other hand, some attempts have been made to 
calculate the electronic structure of the EDA complex 
as a single conjugate system of ^-electrons.5-7) T h e 
method of calculation of molecular orbital is almost 
the same as reported, namely the Pariser-Parr-Pople type 
semiempirical LGAO-SCF-MO method including CI.7) 
We have calculated the trimolecular system as well as 
bimolecular system as a single molecule. 

In this paper we discuss the electronic structure of 
triple complex in both the ground state and the excited 

state. The potential energy curves obtained revealed 
the correlation between four excited species, excited 
monomer, exciplex, excimer and triple exciplex. 

M e t h o d o f Calculat ion 

The method of calculation and the parameters used 
are the same as in the previous paper.7) I t was also 
assumed that rc-electron approximation is applicable to 
the triple complex. Two center resonance integrals 
were evaluated for the two molecules neighboring each 
other in the triple complex, but neglected for the two 
molecules far from each other. Two center resonance 
integrals were evaluated by following the Katagiri-
Sandorfy formula:8) 

H,v = - ^ ( ^ + ^ + 7 ^ + 7 ^ - 2 ^ ) ^ , , (1) 

where C^ is one center penetration integral and S^v 
is the overlap integral between atomic orbitals and e-
valuated from single Slater atomic orbitals. When two 
atomic orbitals are associated with different molecules, 
we use SCF-atomic orbitals.9) Two center repulsion 
integrals y^ were evaluated by the Nishimoto-Mataga 
formula,10) and y^ were estimated according to the 
Pariser-Parr method.11) Core energy, H^ is assumed 
to be the negative of the ionization potential, given by 
Hinze and Jaffé.12) Intermolecular core-core repulsion 
integrals y]xV were estimated by following the Dewar-
Klopman formula13) modified by Oh ta et a/.6) 

yl* = y,v + (-£ y ^ j e x p ^(R^-D^-D,)]. (2) 

Parameters used in this calculation (Table 1) are the 
same as those previously reported. The nature of elec­
tronic transition was estimated by the following equa­
tions which are almost the same as reported.7) 

LE(M1*M2M3) = S b\)m\m) , (3) 
ij 

CT(MtMlM 3 ) = S b\)m\m) , (4) 
ij 

where M< is i-th molecule in the complex and b\h m\ 
are given by Eqs. 5 and 6, respectively. 

w i = S t f „ (5) 

0* = S W , (6) 



1666 Tsutomu MIMURA, Michiya ÏTOH, Toshiaki OHTA, and Toshihiko OKAMOTO [Vol. 50, No. 7 

Fig. 1. The conformation and the geometrical param­
eters used for these calculations where Z(D-D) and 
Z(D-A) are distances between the molecular planes 
(parallel) of these component molecules. 

Z(D-A) 6.0 (X) 

Fig. 2. Potential curves of complex (DA). In the ex­
cited state, , , and indicate mainly 
(D+A-), (D*A) ^ b , and (DA*), respectively. 

TABLE 1. PARAMETERS USED IN THE CALCULATION 

H.JëV) y.JcV) C„(eV) Dp(a.u.) T ~ 

G+ - 1 1 . 1 6 
N+ - 1 6 . 1 8 

11.13 
11.52 

a = - 1 . 7 5 

14.5 
20.0 

2.0 
1.0 

1.625 
1.950 

where nx indicates the number of atoms in molecule 1, 
@a the wave function of a-th electronic excited state, and 
Wij a configuration promoting an electron from i-th. M O 
to j - t h M O . 

In the actual calculation of the electronic structures, 
molecular planes of each component molecule in the 
complex were assumed to be both parallel to each other 
and also to the long axes of each component molecule 
as shown in Fig. 1. The geometrical change from the 
standard conformation, such as component molecules 
being twisted together around an axis perpendicular to 
the molecular planes, did not affect so much the energy 
of the excited state of molecular complex. The itera­
tion of S C F - M O calculation was repeated until the 
deviation in the total electronic energy became less than 
10~4%. For evaluation of the electronic transition en­
ergy and the oscillator strength of each transition, forty 
lowest singly excited configurations were taken into ac-

Z(D-D) 

Fig. 3. Potential curves of dinier (DD). In the ex­
cited state, • indicates levels including xLa exciton 
interaction and charge resonance interaction, and 
indicates levels including xLb exciton interaction and 
charge resonance interaction. 

count. The calculation was carried out by the H I T A C 
8700/8800 operating system of the University of Tokyo. 

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

Potential energy curves of the ground state and the 
excited state of complex (DA) are shown in Fig. 2. 
T h e abscissa indicates the distance between electron 
donor D and electron acceptor A. T h e complex in the 
ground state is unstable between D and A. With de­
creasing distance of each component molecule (D and 
A), a charge transfer state (GT-state) is stabilized in 
the potential energy surface, crossing a potential energy 
curve of locally excited state (LE-state) of the electron 
donor at 6.2 Â. This indicates that an electron transfer 
state mixes with the LE state at 6.2 Â in association 
with the excited electron donor D and the electron ac­
ceptor A to form the exciplex (DA)*. A prominent 
feature of (DA) * is that the C T character of the first 
excited state amounts to 98—100% at any distance 
below « 6 A of Z ( D - A ) . 

T h e potential energy curves of the naphthalene di-
mer, (DD), both in the ground and excited states are 
shown in Fig. 3. The abscissa indicate the distance 
between two naphthalene molecules. T h e dimer (DD) 
is unstable in the ground state, while it is stabilized by 
the exciton interaction mixed with the charge resonance 
interaction. T h e mixing ratio of the molecular ex­
citon interaction with the charge resonance interaction 
is 1 : 1 for all the excited states. The first excited state 
of the dimer stabilized from the monomer is the state 
including xL a exciton interaction (not 1 L b exciton in­
teraction) in a D 2 h symmetry.14) 

T h e potential energy curves of the ground state and 
the excited state are shown in Fig. 4 for the case of 
an interaction of the exciplex and the donor molecule 
to form the array of DDA of the triple exciplex. The 
intermolecular distance between a centered electron 
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P.E. 

(eV) 

45 

4(H 

3.5H 

OM 

0.0-

T y p c : ( 0 D A ) 

3.0 4 0 5.0 
Z(D-D) 

6 0 ( A ) 

Fig. 4. Potential curves of complex (DDA). Variable 
parameter is Z(D-D) and Z(D-A) is constant (3.4 A). 
In the excited state, , , , and in­
dicate mainly (D---D+A-), (D-.-DA*), excimer (JLa) 
and excimer (1Lb) levels, respectively. 

Z(D-A) 
6.0 ( X ) 

Fig. 5. Potential curves of complex (DDA). Variable 
parameter is Z(D-A) and Z(D-D) is constant (3.4 A). 
In the excited state, , , and indicate 
mainly (D+D..-A-)<->(DD+--A~), excimer ^ L J , and 
excimer (1Lb) levels, respectively. 

donor and a terminal electron acceptor is set to be con­
stant (3.4 Â), and the intermolecular distance between 
two electron donors as is variable (Z(D-D) as abscissa). 
The triple complex is repulsive in the ground state. 
However, there is a shallow minimum in the first excited 
state of DDA which implies the triple exciplex forma­
tion in the excited state. 

Figure 5 shows the potential energy curves of the 
ground state and the excited state of electronic interac­
tion between the excimer and the electron acceptor to 

also form the array of DDA, where the intermolecular 
distance between electron donors in the dimer is con­
stant (3.4 Â) and the intermolecular distance between 
centered electron donor and terminal electron acceptor 
changes (Z(D-A) as abscissa). T h e first excited singlet 
state (Sx state) of this triple complex at the distance 
between D and A of 7.0 Â is almost first LE state of 
naphthalene dimer, namely excimer state. The charge 
transfer from the excimer to the electron acceptor occurs 
at the D - A distance « 6 Â , then the C T state is stabi­
lized by coulomb interaction between (DD)+ and A - . 
The energy gap of the triple exciplex from the excimer 
state of naphthalene was found to be ca. 0.4 eV. 

I t was suggested in the nano-second time resolved 
fluorescence investigation on the triple exciplex forma­
tion in the intermolecular system of DCB-alkylnaphtha-
lene that the triple exciplex is formed via exciplex in 
a dilute solution of the electron donor ( < 10 - 2 M ) , and 
the triple exciplex is also formed via excimer in a high 
concentration of the electron donor ( > 1 0 _ 1 M ) (see 
Scheme 1). 

D 
+ D 

D* - ^ (DD)* 

+ A 

(DA)* "TT* (DDA)* 

Scheme 1. 

I t was also verified that the dissociation process from 
the triple exciplex, (DDA)*, to the exciplex, (DA)*, 
is significant at room temperature. These results are 
clarified by the M O calculations described above. 
Since the energy gap of the stable triple exciplex, (D-
DA)*, from the exciplex, (DA)*, is 0.2 eV ( « 4 . 6 kcal/ 
mol), the triple exciplex (DDA)* and the exciplex (DA)* 
might coexist at room temperature, and the stable 
triple exciplex (Type: DDA) would be formed from 
the exciplex even in the considerably dilute solution of 
electron donor. O n the other hand, the energy gap 
between the excimer state of naphthalene and the more 
stable triple exciplex (Type: DDA) in the excited state 
is 0.4 eV ( « 9 . 2 kcal/mol) as shown in Fig. 5. T h e 
energy gap calculated is so great that the naphthalene 
excimer can not coexist thermodynamically with the 
triple exciplex of the array of DDA at room temperature. 
T h e triple exciplex formation via the excimer as well 
as via the exciplex with increasing concentration of elec­
tron donor greater than 10""1 M was mentioned. Sub­
sequently, the triple exciplex via the excimer may dis­
sociate easily to the exciplex at room temperature due 
to the small stabilization energy ( « 0 . 2 eV) of the triple 
exciplex. 

The potential energy curves of the ground state and 
the excited states for the array of component molecules, 
DAD, are given in Fig. 6. The intermolecular distance 
between a centered electron acceptor and one of two 
electron donors is constant (3.4 Â) , while that between 
A and D varies (Z(A-D) as abscissa). The triple com­
plex in the array of DAD is stable neither in the ground 
state nor in the first excited state. The exciplex (DA) * 
seems to be unperturbed by the approach of another 
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TABLE 2. THE FIRST ELECTRONIC TRANSITION 

ENERGIES (eV) 

4.0 5.0 (£) 
Z(A-D) 

Fig. 6. Potential curves of complex (DAD). Variable 
parameter is Z(A-D), and Z(D-A) is constant (3.4 Â). 

In the excited state, • , , , _J, and 

indicate mainly (D+A" -D), (DA-—D+), 
(DA* -D), (D*A- . .D)^(DA-D*) (!Lb) and (D*A--
D) (T^), respectively. 

(eV) 

-2.0 

-40 

-6.0^ 

-ao-

•10.0-

D 

6 

A 

A 

7 

6 

5 

4 

(DA) (DAD) D 

19 

yn \isr 6 
' 12 Î7 

11 '« 

Z ( D - A ) = Z ( A - D ) = 3 . 4 A " 

_ iQ _ « ^ 

__ j / 12 ^ 

7 

Fig. 7. Origins of SGF-MOs of complexes (DA) and 
(DAD) from SCF-MOs of component molecules. 

D molecule leading to the formation of DAD. The 
calculated results concerning with the array of the triple 
exciplex are in line with the experimental results of the 
intramolecular triple exciplex formation in 1,3-dinaph-
thylpropane (DNP) and DCB system and also with the 
suggestion by Beens and Weller.1) In the intramolec­
ular system, it is impossible that triple exciplex takes an 
array of DAD because of trimethylene chain of DNP.2) 

T h e first electronic transition energies calculated in 
D, (DD), (DA) and (DDA) are summarized in Table 
2 in comparison with the results from their fluorescence 

Da> (DA)a> (DD) (DDA) 

Galcd 
Obsd1» 

4.11 
3.68 

3.65 
2.95 

3.53 
3.09 

3.16 
2.58 

a) D and A are naphthalene and 1,4-dicyanobenzene, 
respectively, b) Obtained from the fluorescence maxima 
of respective excited species in 2-MN and DGB system. 

TABLE 3. CHARACTERS OF FIRST ELECTRONIC TRANSITION 

IN SEVERAL D-D DISTANCES OF THE TRIPLE 

COMPLEX (Type; D---DA) 

Character of 
transition 

(D*-DA) 
(D+.-D-A) 
(D+-.-DA-) 
(D-.--D+A) 
( D - D * A) 
(D-.-D+A-) 
(D-. -DA+) 
(D ..-D-A+) 
(D-..DA*) 

3.4 

0.03% 
0.75 

55.00 
0.03 
0.60 

43.15 
0.01 
0.02 
0.42 

Z(D-D)/A 

4.0 

0 .01% 
0.72 

55.69 
0.01 
0.56 

42.57 
0.00 
0.02 
0.42 

5.0 

0.00% 
0.26 

20.82 
0.00 
1.00 

77.20 
0.00 
0.03 
0.69 

6.0 

0.00% 
0.02 
1.35 
0.00 
1.24 

96.53 
0.00 
0.04 
0.82 

TABLE 4. CHARACTERS OF FIRST ELECTRONIC TRANSITION 

IN SEVERAL A-D DISTANCES OF THE TRIPLE 

COMPLEX (Type; DA---D) 

Character of 
transition 

(D*A—D) 
(D+A-..-D) 
(D+A—D-) 
(D-A+—D) 
(DA* -D) 
(DA+-D-) 
(D-A-D+) 
(DA--D+) 
(DA-..D*) 

3.4 

0.39% 
19.54 
0.39 
0.69 

57.99 
0.69 
0.39 

19.54 
0.39 

Z(A-D)/A 

4.0 

1.14% 
88.53 
0.23 
0.03 
0.80 
0.01 
0.12 
9.12 
0.02 

5.0 

1.26% 
97.71 
0.01 
0.04 
0.83 
0.00 
0.00 
0.14 
0.00 

6.0 

1.26 
97.88 
0.00 
0.04 
0.82 
0.00 
0.00 
0.01 
0.00 

spectra, where the molecular distance of component 
molecules are all 3.4 Â. T h e calculated transition ener­
gies are compared with those of fluorescence maxima, 
transition energy obtained in this kind of M O calculation 
being usually compared with that of electronic absorp­
tion spectra. Decrease in the transition energy in the 
order D > (DA) > (DD) > (DDA) is in line with that of 
transition energy from their fluorescence spectra, though 
all the energies were calculated to be ca. 0.5—0.6 eV 
greater than those of the corresponding fluorescence 
maxima, and the observed energy of (DD) is a little 
greater than that of (DA). Characters of the electronic 
transition of the lowest excitation in several D - D dis­
tance of the triple complex of DDA are given in Table 
3. When donor molecule approaches the exciplex 
which has great CT-character (D+A - ) , the electronic 
configuration (D+---DA -) gradually mixes with (D--
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(«V) 

-2.0 

-4.0-

-6.0-

-8.0-

-10.0-
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5 

I, 

A 

7 
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5 

4 

(DA) 

13 

' 12 

11 

(DDA) D 
19 

'« 6 

17 

16 

Z ( D - D ) = Z ( D - A ) = 3 . A X 

10 / 
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7 

15 
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V H / 
10 

Fig. 8. Origins of SGF-MOs of complexes (DA) and 
(DDA) from SGF-MOs of component molecules. 

(eV) 

-20 

-4.0 

-60 

-8.0 

-10.0 

(DD) (DDA) 

Z(D-D)=Z(D-A)=3.4 X 

Fig. 9. Origins of SGF-MOs of dimer (DD) and complex 
(DDA) from SCF-MOs of component molecules. 

D+A - ) . T h e dipole moment of the exciplex was cal­
culated to be 16.16 D, while that of the triple exciplex 
was 18.13 D at the most stable molecular distance shown 
in Figs. 2 and 4. If the donor molecule approaches 
the exciplex to form (DDA)*, the donor molecule shares 
a positive charge with the another D molecule in the 
(D+A -) of the exciplex leading to form ((DD)+A~). 
I t is necessary to stabilize the triple exciplex that 
two electron donors interact with each other effectively 
when the exciplex associates with another electron donor. 
In the symmetric triple exciplex (DAD)* formation 

(Fig. 6), however, the C T state of (DA-—D+) does not 
mix with (D+A~---D), the electronic structure of which 
is almost the same as that of the initial exciplex (D+A -) 
(Table 4). The first excited state of triple complex 
(DA---D) maintains the G T character of the exciplex 
(DA)* in approaching another D molecule. Figures 
7—9 show the molecular orbitals and their correlations 
obtained in each conformation. Higher occupied orbit­
als of triple complexes (DDA) and (DAD) and the 
complex (DA) are supplied from electron donor mole­
cule. In (DAD) alignment, the interaction between 
the highest occupied molecular orbital ( H O M O , 5th 
M O ) of electron donor and H O M O (10th M O ) of the 
complex (DA) which consists of mostly H O M O (5th 
M O ) of electron donor is not so great. They form 14 
and 15th MO' s (Fig. 7). However, the great interac­
tion occurs between 5th M O of D molecule and 10th 
M O of the complex (DA) which is supplied from the 
electron donor (Fig. 8) in DDA alignment. In the 
electronic interaction between (DD) and A, the elec­
tronic attribution of M O ' s of component molecules to 
M O ' s of the triple complex in DDA alignment is obvious 
(Fig. 9). T h e 14 and 15th M O ' s of the triple complex 
are supplied from the dimer. Since there is no chance 
for the two electron donors interacting with each other 
in DAD alignment, the symmetric exciplex of (DAD) 
would be unstable. 
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The Electron Capture by Bromobenzene in the f-Radiolyses 
of Cyclohexane and 2,2,4-Trimethylpentane 
Hidetoshi KARASAWA, Eung-Ryul K I M , and Shin SATO 

Department of Applied Physics, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152 
(Received November 22, 1976) 

The y-radiolyses of cyclohexane and 2,2,4-trimethylpentane have been reinvestigated. Bromobenzene was 
used as the electron scavenger. The analysis of the G-values of benzene obtained at high concentrations of bromo­
benzene showed that the empirical formula proposed by Hummel for the electron scavenging 

G=Gti+ G g l { l - e x p ( - l / ^ ) } 

is better than that proposed by Warman et al. The values of Gn-\-Gsi thus obtained were 3.7±0.3 for cyclohexane 
and 3.5±0.2 for 2,2,4-trimethylpentane. The bromobenzene-concentration dependence of the G-values of hydro­
gen and methane from 2,2,4-trimethylpentane was well explained by the hypothesis that the lifetimes of the 2,2,4-
trimethylpentane ion for the decomposition are in the same order as the time needed for the geminate recombination. 

Bromobenzene is an efficient electron scavenger in 
the radiolysis of hydrocarbon. As the product of the 
electron scavenging reaction, benzene is formed, in 
amounts which can easily be estimated by gas chromato­
graphy.1) In this paper we wish to report the G-values 
of benzene, hydrogen, and methane from cyclohexane 
and 2,2,4-trimethylpentane solutions as functions of the 
concentration of bromobenzene. 

Such studies have been carried out by many radia­
tion chemists in order to clarify the initial process of 
the radiation chemistry of hydrocarbons. Although 
many aspects of the initial process have been clarified 
by this method, one of the most interesting values has 
not yet been finally assessed—the total G-value of elec­
trons. In the gas phase, the G-value of electrons can 
easily be measured by the current-saturation-method. 
However, in the liquid phase, this method cannot easily 
be applied. Moreover, the definition of the ionization 
in the liquid phase itself is somewhat obscure; i.e., the 
ionized state and the highly excited state are not clearly 
distinguishable in the liquid phase. 

When we use the electron-scavenging method, the 
value we can determine is the G-value of scavengeable 
electrons, which might not equal the total G-value of 
the electrons. For example, a certain highly excited 
state might be quenched by the electron transfer to the 
scavenger.2 '3) Moreover, when we use the electron-
scavenging method, we have to face the problem of ex­
trapolation. If there are two different equations which 
fit the data at low concentrations of the scavenger, the 
extrapolation to an infinite concentration would give 
two different values of the total G-value of the scavenge­
able electrons. From this point of view, bromoben­
zene is one of the most useful electron scavengers, be­
cause we can make experiments with pure bromoben­
zene and, therefore, can apply the extrapolation tech­
nique from both sides, from lower concentrations and 
from higher concentrations, when the direct radiolysis 
of bromobenzene becomes important . In this paper, 
we wish to show that , in order to obtain a self-consistent 
value, the empirical formula proposed by Hummel4) for 
the electron scavenging is better than that proposed by 
W a r m a n et <z/.5> 

Exper imenta l 

The cyclohexane (Wako Pure Chemical Go. and Tokyo 

Kagaku Seiki Co.) and 2,2,4-trimethylpentane (Koso Chemical 
Co. and Tokyo Kagaku Seiki Co.) were used after being 
passed through 1-m-long silica gel columns. The bromoben­
zene (Wako Pure Chemical Co.) was purified by fractional 
distillation before use. 

The 2-ml solutions in vacuo were irradiated by 60Co y-rays. 
The dose rate was 3—9x 1019 eV/g h, and the total dose 
ranged from 1 to 15xl0 1 9 eV. 

The products noncondensable at the temperature of liquid 
nitrogen, hydrogen and methane, were collected in a Toepler-
McLeod apparatus and the amount measured by means of 
a gas buret. The gas was circulated through a cuprous 
oxide furnace maintained at 260 °C and a liquid nitrogen 
trap to convert the hydrogen into water. The residual gas, 
methane, was then collected again, and its amount was 
measured. 

The condensable products were measured gas-chromato-
graphically. The following columns were used: the 4-m 
tricresyl phosphate column at 60 °C for benzene, the 5-m 
dimethylsulfolane column at room temperature for cyclo-
hexene, and the 2-m polyethylene glycol column at 80 °C 
for bicyclohexyl. As the standard compound, toluene or 
hexane was used. 

R e s u l t s 

Figures 1 and 2 show the G-values of benzene, hydro­
gen, and methane from the bromobenzene solutions in 
cyclohexane and 2,2,4-trimethylpentane as functions of 
the concentration of bromobenzene, where the concen­
tration of bromobenzene is lower than 1 mol 1_1. 

In order to subtract the contribution of the direct 

I 1 1 1 1 1 

2r ^ ° ^ ^ i 

0 0.001 0.01 0.1 1 10 

[C6H5Br] (mol/1) 

Fig. 1. The G-values of benzene (O) and hydrogen 
( • ) from the bromobenzene solution in cyclohexane. 
For the filled circles and the curves, see the text. 
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O 

10 

[C6H5Br] (mol/1) 

Fig. 2. The G-values of benzene (O), hydrogen (Q), 
and methane (A) from the bromobenzene solution in 
2,2,4-trimethylpentane. For the filled circle and the 
curves, see the text. 

radiolysis of bromobenzene, we assumed that the G-
value of benzene from pure bromobenzene is 1.2 (see 
below) and that the energy absorption occurs pro­
portionally to the electron fraction. The filled signs in 
Figs. 1 and 2 represent the corrected values. 

The two kinds of curves for the G-values of benzene, 
solid and dashed, shown in Figs. 1 and 2, were drawn 
by using the following two empirical equations; for 
the solid curves, 

G(C6H6) = Gfi + G g I { l - e x p ( - i / ^ ) } (1) 

and for the dashed curves, 

G(C6He) = Gfi + GSI-
1 + VaS' 

(2) 

Here, S is the concentration of bromobenzene. Gfi, 
Ggl, and a are empirical constants, whose values are 
summarized in Table 1. Since the two equations co­
incide with each other at the low-concentration limit, 
the Gfi's in both equations should be the same. 

Figures 3 and 4 show the G-values of benzene observed 
at the concentrations higher than 1 mol 1_1. The ab­
scissa is the electron fraction of bromobenzene. O b ­
viously, the G-value of benzene has its maximum value 
at about 1 mol 1_ 1 of bromobenzene. The solid lines 
correspond to the equation 

G(C6H6) = £B(C6H6)eB + £ H ( C 6 H 6 ) £ H , (3) 

where EB and eH are the electron fractions of bromoben­
zene and the hydrocarbon used. The gB and gH values 
thus obtained may be summarized as follows; gB=l.2 
± 0 . 3 , £ H = 3 . 7 ± 0 . 3 for cyclohexane and g B = 1 . 0 ± 0 . 2 , 
g H = 3 . 5 ± 0 . 2 for 2,2,4-trimethylpentane. Since gn 

corresponds to the total G-value of benzene when ideal 
electron scavenging occurs in a pure hydrocarbon, 
the gn should be equal to the sum of Gfi and Ggi. 

TABLE 1. EMPIRICAL CONSTANTS OBTAINED BY FITTING 

THE DATA TO E q . 1 AND TO E q . 2 . 

Equation 

(1) 
(2) 

Cyclohexane 

Gfia> Ggl a*» 

0.15 3.8 10 
0.15 4.8 10 

2,2,4-Tr imethy lpent ane 

Gfi*> Gsi «*) 

0.33 3.5 18 
0.33 4.5 16 

0.2 0.4 0.6 0.8 1.0 

Electron fraction of C6H5Br 

Fig. 3. The G-values of benzene from the bromobenzene 
solution in cyclohexane at the high concentrations of 
bromobenzene. For the solid and dashed lines, see 
the text. 

1.0 0.2 0.4 0.6 0.8 

Electron fraction of C6H5Br 

Fig. 4. The G-values of benzene from the bromobenzene 
solution in 2,2,4-trimethylpentane at the high concen­
trations of bromobenzene. For the solid and dashed 
lines, see the text. 
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Fig. 5. Compensation between the G-value of benzene 
and the G-value of noncondensable products. O : 
rH2 from cyclohexane solution, • : rH2 from 2,2,4-tri­
methylpentane solution, and A : rcm from 2,2,4-tri­
methylpentane solution. 

Comparing the gH 's shown above with the values in 
Table 1, we can conclude that Eq. 1 gives more self-
consistent values than does Eq. 2. 

Figure 5 shows the following ratios; 

rH2 = (G0(H2) -G(H2)}/G(C6H6), (4) 

and 

rCH4 = {G0(GH4) - G(CH4)}/G(C6H6). (5) 
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TABLE 2. G-VALUES OF CYCLOHEXENE, BICYCLOHEXYL, 

AND CYCLOHEXYL BROMIDE FROM THE BROMOBENZENE 

SOLUTION IN CYCLOHEXANE 

Bromobenzene 
(mol l-1) G(C6H10) G(C12H22) G(C6HnBr) 

0 
0.00045 
0.42 
1.06 

3.01 
0 
0 
0 

1.95 
0.49 
0.31 
0.23 

0.75 
0.72 

Here, GQ stands for the G-value from a pure hydrocar­
bon. Obviously, in the case of cyclohexane, the G(H2) 
are compensated by the G(C6H6) . The G-values of hy­
drogen and methane from 2,2,4-trimethylpentane solu­
tion will be discussed later. 

A few experiments were made in the measurement 
of the G-values of cyclohexene, bicyclohexyl, and cyclo-
hexyl bromide in the presence of bromobenzene. 
The results obtained are summarized in Table 2. 

D i s c u s s i o n 

When W a r m a n et al. proposed Eq. 2 for expressing 
the G-values of the methyl radicals formed by the elec­
tron scavenging of methyl bromide in cyclohexane, they 
compared Eq. 2 with Eq. 1,6> which had been proposed 
by Hummel . Since their data beautifully fit Eq. 2, 
they abandoned Eq. 1. However, the highest concen­
tration they used was 0.5 mol 1_1, and the G-value ob­
tained at this concentration was 2.8, which corresponds 
to 72 % of the value of Ggl they estimated by applying 
Eq. 2 to their data. In other words, the Ggl value 
they determined is based on a long extrapolation. 
Consequently, it is doubtful that the sum of Gn and 
Ggi thus obtained is the true total G- value of scavenge -
able electrons. 

As is shown in Figs. 1 and 2, the present data obtained 
at lower concentrations of bromobenzene are not re­
producible enough to discriminate Eq. 1 from Eq. 2. 
However, as has been shown above, the extrapolation 
from the high-scavenger-concentration side seems to be 
more consistent with Eq. 1 than with Eq. 2. 

Theoretically we cannot discuss the merits of the two 
empirical equations. All we can say at present is that 
the sum of Gn and Ggi obtained by the use of Eq. 1 
is closer to the total G-value of scavengeable electrons 
estimated by the extrapolation from the high-concen­
tration side than that estimated by the use of Eq. 2. Of 
course, Eq. 3 is also an empirical equation. Therefore, 
G(C6H6) might deviate from Eq. 3 at the low-electron 
fraction of bromobenzene, as is shown by dashed lines 
in Figs. 3 and 4. However, we do not think this is 
plausible. 

As Fig. 5 shows, the G(H2) from the cyclohexane 
solution are compensated by G(C6H6) . This seems to 
substantiate the idea that one neutralization reaction 
between the cyclohexane ion and electron leads to the 
formation of one hydrogen molecule. The curve for 
G(H2) in Fig. 3 was drawn by the use of the equation 

G(H2) = 5.6 - [Gn + G g i { l - e x p ( - l / ^ ) } ] . (6) 

Here, the value of 5.6 is the G-value of hydrogen from 

pure cyclohexane. 
O n the other hand, in the case of 2,2,4-trimethyl­

pentane, the situation is much more complex. The 
ratios, r, for hydrogen and methane depend on the con­
centration of bromobenzene. In order to explain this 
dependence, we propose the following reaction mecha­
nism. 

According to the mass-spectrometric analysis, the par­
ent ion of 2,2,4-trimethylpentane is not stable, but 
easily decomposes into a butyl ion and a butyl radical. 
If this type of decomposition competes with the geminate 
recombination between the parent ion and an electron, 
and if the neutralization reaction between a butyl ion 
and an electron does not lead to the formation of hydro­
gen or methane, then we can derive the concentration-
dependences of G(H2) and G(CH 4 ) . 

The probability of the electron scavenging by bro­
mobenzene by the time t may be expressed as follows: 

I. kSe-kSt'dt' = 1 - e~kSt. (7) 

Here, k is the rate constant of the electron scavenging 
by bromobenzene. Then, the fraction of electrons 
which react with the electron scavenger should be ex­
pressed by the equation 

)d* 

= 1 - f°°f(t)e-kStdt. (8) 

Here, f(t) is the time distribution function of the gem­
inate electrons. If Hummel 's empirical equation can 
be used for expressing the electron scavenging in the 
present system, the f(t) function should satisfy the fol­
lowing equation: 

r. f(t)e~kStdt = exp (- l /ocS). (9) 

T h e F(<j>) fraction corresponds to the yield of benzene 
produced by the reaction between bromobenzene and 
geminate electrons. 

When the electron scavenger is absent, the formation 
of hydrogen depends on the decomposition lifetime of 
the parent ion ( T = 1 / £ 0 ) and on the efficiency of the 
hydrogen formation from the neutralization reaction (y) : 

F(H2) -'i: ^f(t)dt. (10) 

In the presence of bromobenzene, this fraction should 
be modified as follows: 

^(H,); = y J e~*0' tf(t)e-*stdt. (11) 

Therefore, we can easily derive the following equations : 

G(H2)0-G(H2) 
TH2 = 

= y-

Gtf)-Ga 

1 - f°°f(t)e-kStdt 

exp (-Vß)-exp (-Vß+aS) 
= y l-exp(-VocS) 

;i2) 
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nl 1 A 1 1 1 I 

0.001 0.01 0.1 1 
[G6H5Br] (mol/1) 

Fig. 6. The interpretation of the formation of hydrogen 
and methane from 2,2,4-trimethylpentane solution. 
• : r'H2 and A : r'CBU. 

Here, ß=k0oclk. The curve for r'H2 in Fig. 6 was drawn 
by using the following values; a = 1 8 1 mol - 1 , /?=0.052, 
and y=0.61. A similar treatment can be applied to 
r'cHé ratio. The value of y used for drawing the curve 
for methane was 0.16. 

In order to estimate the decomposition lifetime of 
the 2,2,4-trimethylpentane ion, let us assume that k = 
1013 1 m o l - 1 s-1.7> Then, the lifetime can be estimated 
to be 2 x l 0 " n s . 

Freeman and Sambrook commented that, when one 
uses a bromide compound as an electron scavenger, one 
has to pay attention to the effect of the product, especial­
ly hydrogen bromide, on the electron scavenging pro­
cess.8) According to the radiolysis study of pure bro­
mobenzene, the G-value of hydrogen bromide is not 
small, but ranges from 1.0 to 2.0.9> 

When we measured the G-value of benzene from the 
bromobenzene solution in cyclohexane, we observed the 
formation of cyclohexyl bromide as is shown in Table 2. 
Upon the addition of bromobenzene, the formation of 
cyclohexene was completely suppressed. This is pro­
bably due to the reaction of cyclohexene with the hydro­

gen bromide eventually produced. 
Although we could not clarify the fate of all of the 

bromine atoms, the final form of bromine atoms may 
be alkyl bromide. If such products as alkyl bromide 
should seriously affect the electron scavenging process of 
bromobenzene, some changes would be needed in the 
present treatment, especially for the absolute value of 
Ggl. However, since the absolute amount of any prod­
uct is much smaller than that of bromobenzene added 
to the solution, we do not think that the effect of a 
product such as alkyl bromide on the electron-scaveng­
ing process of bromobenzene is serious. 
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Cation Distribution in Mixed Formates. I. Change in Lattice Constants and 
in Infrared Spectra with the Chemical Constitution of (Cu,M")(HCOO)2 • 2H20 

Toshiko O G A T A , * Tooru T A G A , and Kenji OSAKI 

Faculty of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606 
(Received November 22, 1976) 

Mixed crystals of formates, with the general formula of (Cu,M I I)(HGOO)2-2H20, were found to show non­
uniform changes in lattice constants with the change in the chemical constitution. The reason for this unusual 
change was sought in relation to a possible non-uniform distribution of the cations over the two non-equivalent 
sites for metal ions. A simple model based merely on the difference in the radii of metallic ions did not agree with 
the results of IR measurements nor with those of an ESR study by Wagner et al. Another model, incorporating the 
change in the direction of the longest axis of the octahedron coordinating to the Cu2+ ion at the Ml-site, as suggested 
from the results of a related work (Part II) , was found not only to explain the changes in lattice constants, but 
also to conform with other evidences; it seems to be an essentially correct interpretation. 

I t has been reported that formates of divalent transi­
tional metals, such as M n , Fe, Co, Ni, Cu, Zn, and Cd, 
form isomorphous crystals with the general formula of 
M I I ( H C O O ) 2 - 2 H 2 0 . 1 - 7 ) Figure 1 shows the crystal 
structure of the copper salt as an example. T h e crystals 
are monoclinic, with a space group of P21/c, and the 
metal ions occupy two sets of non-equivalent centers 
of symmetry: the Ml-si te at 0,0,0, etc. and the M2-site 
at 1/2, 1/2, 1/2, etc. T h e metal ion at the Ml-si te is 
coordinated by an octahedron of six oxygen atoms, all 
from formate ions, while that at the M2-site is coordinat­
ed by a second octahedron of four water molecules and 
two oxygen atoms from formate ions. 

T h e existence of the two sets of metal sites with dif­
ferent surroundings suggested the possibility that, when 
mixed crystals were prepared among the members of 
this series, cations of différent chemical species might 
occupy different sites with different occupancy. Such 
a phenomenon would be interesting not only because it 
has been observed frequently in minerals, but also be­
cause it reminds us of the selectivity of biologically im­
portant substances to metal ions.8) 

From a series of preliminary experiments made in 
this laboratory,9) it has been found that mixed crystals 
containing copper ions as one of the components ex­
hibit an unusual behavior in the change of lattice con­
stants with the change in the molar ratio of cations. 
A systematic study was thus undertaken of copper-con­
taining mixed crystals of dihydrated formates. 

D e s c r i p t i o n o f the R e s u l t s 

Preparation and Chemical Constitution. Mixed crys­
tals with various molar ratios were prepared for the 
C u - Z n , Cu-Ni , and C u - M n systems by the slow evapo­
ration of the corresponding mixed solution at 5 5 ± 2 °C. 
Only a small portion from a large quanti ty of each solu­
tion was crystallized out so as not to cause a substantial 
change in the composition of the solutions during crystal­
lization. The relative amount of metallic ions in mixed 
crystals and in the mother liquor, both before and after 
the crystallization, were determined by absorptiometric 
methods. Figure 2 shows the relations between the 

* Present address: Medical Research Institute, Tokyo 
Medical and Dental University, Yushima, Bunkyo-ku, 
Tokyo 113. 

compositions of the solution and the mixed crystals ob­
tained in this way. 

Powder X-Ray Pattern and Lattice Constants. The 
mixed crystals obtained were studied by X-ray powder 
diffractometry; the results are shown diagrammatically 
in Fig. 3. I t may be noted that the 20 values of some 
of the reflections do not change uniformly, indicating 
that the change in the lattice constants with the chemical 
constitution is not uniform ; this can be seen more clearly 
in Fig. 4. T h e results obtained here seem to indicate 
a non-uniform distribution of the metal ions over the 
two possible sites, but a detailed interpretation will be 
given later. 

Study by Infrared Absorption. I R measurements 
were made in order to get some additional clue as to 
the possibility that either one of the two sites, M l or 
M2, might be preferentially occupied by Cu 2 + ions. 
T h e spectra that were found to be most useful for this 
purpose are those assigned to the wagging vibrations of 
the water molecules, as is shown in Table 1, where the 
assignment was obtained by studying the I R spectra 

Ml s i t e M2 s i t e 

O H 20 C Cu 

Fig. 1. Crystal structure of Cu(HCOO)2-2H20 pro­
jected on (010). 
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Fig. 4. Change of lattice constants with the chemical 

constitution. 
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W a v e l e n g t h s ( / / x c m ) 

Fig. 5. Infrared absorption spectra of pure dihydrated formates. Dotted curves shown 
for Gu salt and for Ni salt are those of the anhydrous salt and of the deuterated salt, 
respectively. 

reproduced in Fig. 5 with reference to some reports on 
related substances.10,:l1) 

Figure 6 shows how the spectra in this region change 
with the molar ratio of the cations. T h e relative a-
mounts of the two kinds of metal ions occupying the 
M2-sites were determined from these spectra by com­
paring the optical densities at appropriate wavelengths 
(600, 555, 550, and 568 cm" 1 for Gu, Zn, Ni, and Mn, 
respectively), assuming a 100% transmission at about 
430 c m - 1 and making use of the calibration curves pre­
pared by mixing known amounts of the two kinds of 
pure substances corresponding to Fig. 5. 

T h e results are shown in Fig. 7, in which the dotted 
lines, A, B, and C, correspond to the simple models 
described in the next section. Although there is some 
scattering of the observed points, it may be concluded 

that there is a definite tendency for the Cu 2 + ions to 
occupy the Ml-si te rather than the M2-site. 

D i s c u s s i o n 

As has already been stated, the observed characteristic 
change of the lattice constants shown in Fig. 3 can not 
be explained by the uniform replacement of the metal 
ions in both M l - and M2-sites; some kind of structural 
change must be taken into account in order to explain 
the results obtained. 

Model calculations were attempted of the lattice con­
stants, a and c, of the Gu-Ni and G u - M n systems, for 
which the two extreme structures are shown in Fig. 8 
in superposed projections. We assumed that the change 
in the lattice constants is mainly the result of the dif-
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ference in metal-oxygen distances observed in Fig. 8. 
In the first place, calculations were made for the three 
simplest models: 

(Model A) The two kinds of ions occupy the two 
sites without any preference; 

(Model B) T h e Gu2 + ions occupy the M2-sites, and 
the other ions occupy the Ml-sites, both with a 100% 
preference ; 

(Model G) The same as in model B, except that 
the M l - and M2-sites are interchanged. 
In all three cases, it was assumed that the orientations 
of the Gu-octahedra at the M l - and M2-sites are the 
same as those found in the crystal structure of the pure 
Cu salt.6) 

The results of these model calculations are shown in 

800 700 600 500 

(a) Cu/Zn 

800 700 600 500 

(b) Cu/Ni 

00 700 600 500 

(c) Cu/Mn 

Fig. 6. Changes of the IR spectra assigned to wagging 
vibrations of water molecules, caused by the change 
in the molar ratio of metal ions. The abscissa are 
the wavelengths (j>Xcm). 

Fig. 9. Of the three models given above, Model B 
appears to be in better agreement with the observed 
points than does A or C. However, this is just the 
opposite of the results of the I R measurements given 
above, and also contradicts the results of the ESR study 
by Wagner et al.12> Moreover, it is noticed that the 
change in a in Fig. 9 (a) is too big to be explained even 
with Model B. 

As a mat ter of fact, it has been shown, from the 
single crystal study described in Part II,13) that, in the 
1 : 1 mixed crystal of Gu and Zn salts, most of the Cu-
octahedra occupying the Ml-si te have their longest axis 
pointing normal to the [Gu(HGOO) 2 ] sheet, unlike 
those in the pure Cu salt. This is a possibility that has 
not been taken into account thus far, so model calcula­
tions were also tried for the following two models: 

(Model D) Similar to Model G, except that the 
orientation of the Gu-octahedron at the Ml-si te is 
varied according to the Zn /Gu rat io; the longest axis 
of the Cu octahedron mostly lies along the bc-plane, 
while the Zn/Cu ratio is low, but as the Zn/Gu ratio 
increases the proportion of the longest axis pointing 
normal to the bc-plane becomes larger, attaining to a 
70 to 8 0 % orientation at Z n / C u = l : 1 (Part I I ) ; 

(Model E) Both ions occupy both M l - and M2-
sites without any preference, as in Model A, but the 
longest axis of the Cu-octahedron at the Ml-s i te 
changes its direction, just as in Model D. 

In both cases, the longest axis of the Cu-octahedron 
at the M2-site always corresponds to M 2 - 0 3 ' . T h e 
results for these models, also shown in Fig. 9, seem to 
indicate that the best model lies somewhere between D 
and E. This result is also in accord with that of the 
I R measurements and seems to be the most reasonable 
interpretation of the mixed crystal formation in the 
( G u , M n ) ( H G O O ) 2 - 2 H 2 0 system. 

E x p e r i m e n t a l a n d Calculat ional De ta i l s 

Preparation of Mixed Crystals. A mixture of calculated 
amounts of the starting substances, carbonates for Zn and 
Mn or basic carbonates for Cu and Ni, was decomposed in 
water with a slight excess of formic acid. The solution thus 
obtained (pH 3—4) was then evaporated in a constant-
temperature box at 55±2 °C. 

Chemical Analysis. Mixed crystals from each batch were 
dissolved in water and analyzed by absorptiometry methods, 

c / oo 
.' o 

r -T- i -T- / 1 —i—r 

/ w * i 
i ' / 

/ O O / / 
c/o , ' / 

9 / ' 
o/ y A /E 

r - r -T -T i -n—r 

; ° ./; 
c/ o o / , 

1 . ' I 

,0 /K 

(a) Cu/Zn (b) Cu/Ni (c) Cu/Mn 

Fig. 7. Relative amount of metal ions coordinated by water molecules (in M2-sites) 
against the total amount contained in the mixed crystals. 
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(a) Cu/Ni (b) C u / M n 

Fig. 8. Crystal structures of C u ( H C O O ) 2 - 2 H 2 0 and of M n ( H C O O ) 2 - 2 H 2 0 , shown superposed 
in b-axis projections. Figures in ( ) and in [ ] are those for the Cu salt and for the salt of the 
other metals, respectively. 

For the case of Cu-Ni , the absorbance of the solutions colored 
by E D T A ( p H « 6 ) was measured at two suitable wavelengths 
selected from 740, 590, and 385 m|x according to the concen­
tration adopted (from 10~3 to 4 x 1 0 _ 2 m o l / l ) . For the case 
of C u - M n , M n was measured using the permanganic-acid 
method16>, while Cu was measured as in the case of Cu-Ni . 

X-Ray Powder Diffractometry. T h e conditions of powder 
diffractometry were, for the C u - Z n and C u - N i systems: 
Rigaku Geigerflex; Ni-filtered CuK radiat ion; 30 k V ; 15 m A ; 
receiving slit, 0.15 m m ; scanning speed, l ° /min ; time con­
stant, 4 s; for the C u - M n system: Norelco Diffractometer; 
Mn-filtered FeK radiation, 35 k V ; 10 m A ; receiving slit, 
0.006 inch; scanning speed, l ° /min; t ime constant, 8 s. 

No signs of unusual line broadening were detected in the 
powder diagrams of mixed crystals; this suggests that the 
compositions of the powdered crystal grains in the same batch 
were fairly uniform and that local fluctuations in the lattice 
constants were not appreciable. 

Indices were given at first only to lower-order, non-over­
lapping reflections, making use of the similarity in the powder 
patterns of the mixed crystals and of individual pure sub­
stances. T h e lattice constants calculated by the least-squares 
method from the observed spacings of these reflections made 
possible the indexing of additional reflections. This process 
was repeated until it became difficult to add new reflections. 

Infrared Absorption Measurements. T h e I R spectra 
shown in Fig. 5 were obtained with a Perkin-Elmer Model 
521, and those in Fig. 6, with a Koken DS-301, both using 
the nujol mull method. In Fig. 5, the spectra shown by 
dotted lines are those of the anhydrous salt in the case of 
C u ( H C O O ) 2 - 2 H 2 0 and those of the deuterates in the case 
of N i ( H C O O ) 2 - 2 H 2 0 . 

Model Calculations of the Lattice Constants. T h e following 
assumptions were also m a d e : 

1) T h e change in ß can be ignored; 
2) T h e change in the axial length, a, is mainly determined 

by the a-axis component of the variations in the M l - 0 4 ' 
bond distances, though some additional corrections were also 
applied taking into consideration the differences in the M 2 -

8 . 5 0 H 

1 0 0 

0 
A 

9 . 0 0 -

8 . 5 0 -

o "\ ' s 
' N 

^fjL^.^ \ 
^L "V * 

\ \ \ 
\ >v_ % 

\ ^ 
\_———n 

A 

9 .70H 

9.20H 

^ — ^ 

v ° ' b / 

V 
100 0 

(b) Cu/Mn 

1 0 0 

Fig. 9. Model calculations on the lattice constants a 
and c. 

model A, model D, 
model B, model E . 
model G, 

as will be described below. T h e same method was used also 
for the analysis of the mother liquor. 

For the case of Gu-Zn , the zincon method14 '15) was used. 
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0 4 ' distances which were actually observed in the Gu, Ni, 
and Mn salts; 

3) The change in the axial length, c, is mainly determined 
by the c-axis component of the difference in the M l - O l bond 
distances, though corrections similar to those above were also 
made for the change in the M l ' - O l distance. 

T h e authors are indebted to Professor Emeritus Eiji 
Suito, Institute for Chemical Research, Kyoto Univer­
sity, and to Professor Katsunosuke Machida of this 
Faculty for their helpful advice in doing the I R mea­
surements. The preliminary part of this work has 
been participated in by Miss Yoko Kokado (Mrs. 
Taga) , Miss Miyako Yasuda (Mrs. Hoshiai), Miss Ouko 
Hamada (Mrs. Umemura ) , Miss Noriko Okudaira , 
Miss Yuriko Tanaka (Mrs. Ohno) , Miss Yasuko Matsuo 
and Miss Yumiko Sumida, to all of whom the authors ' 
thanks are also due. 

One of the authors (K. O.) is also especially indebted 
to Professor Emeritus Isamu Nitta and Professor 
Emeritus Tokunosuké Watanabé , in the atmosphere oi 
whose laboratories in the Faculty of Science, Osaka 
University, the idea of this work has emerged. 

Most of the computations were performed on the 
H I T A C 5020 at the Kyoto University Computat ion 
Center or on the F A C O M 230-60 at the Data Process 
ing Center, Kyoto University, using U N I CS programs 
and those written by the authors. 
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Cation Distribution in Mixed Formates. II. The Structure of the 
Mixed Crystal Cu0 j&io 5(HCOO)2 • 2H20 
Toshiko O G A T A , * Tooru T A G A , and Kenji OSAKI 

Faculty of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606 
(Received November 22, 1976) 

The structure of the 1 : 1 mixed crystal between Cu(HCOO)2-2H20 and Zn(HCOO)2-2H20 has been 
determined on the basis of 878 visual intensity data. The space group is P2J/C, with a=8.77, £=7.25, c=9.17 Â, ß 
= 98.0°, and Z = 4 . The structure is similar to that of Cu(HCOO)2-2H20, except that the two metal ions are distri­
buted over two metal ion sites, the Cu2+ ions being mostly localized in the [Gu(HGOO)2] sheet, and except that the 
longest axis of the coordination octahedron around the Gu2+ ion in this sheet is nearly perpendicular to it. It is 
suggested that the type of sheet found in the mixed crystal as well as in Cu(HCOO)2-4HaO is more favorable than 
that in Cu(HCOO)2-2H20 for an independent [Cu(HGOO)2] sheet. 

In Par t I of this series,1) it has been shown that the 
lattice constants of the mixed crystals with the general 
formula of ( C u , M n ) ( H C O O ) 2 - 2 H 2 0 do not change 
uniformly with the change in the chemical constitution, 
and that simple models based merely on the preferen­
tial occupation of the two non-equivalent sites by dif­
ferent metal ions were unsatisfactory in explaining the 
observed results. I t was, therefore, hoped that a de­
tailed structure study of a 1 : 1 mixed crystal of this 
series would provide some evidence which might help 
elucidate the problem. 

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

Apparently single crystals containing approximately 
equal amounts of Cu 2 + and Z n 2 + ions were obtained 
by the slow evaporation of a mixed solution with an 
appropriate molar ratio, as determined from Fig. 2 of 
Part I . 

The lattice constants obtained from Weissenberg 
photographs are a = 8 . 7 7 ± 0 . 0 3 , £ = 7.25±0.02, c=9A7 
± 0 . 0 2 Â, and ß = 9 8 . 0 ± 0 . 5 ° . There are four formula 
units in this unit cell with the space group of P21/c, 
just as in C u ( H C O O ) 2 - 2 H 2 0 . 2 ) The intensity data , 
visually estimated on Weissenberg photographs and put 
on a common scale after necessary corrections, amounted 
to 878, excluding non-observed reflections. 

An approximate structure was easily obtained with 
reference to those of related formates,2 '3) assuming 
averaged atoms at both metal sites. Refinements were 
performed with full-matrix least-squares for the two 
cases: one with Zn 2 + at the Ml-si te and Cu 2 + at the 
M2-site (case 1), and the other in which they are inter­
changed (case 2), in the hope that the slight difference 
in the number of electrons in the metal ions might give 
evidence as to which of these two cases corresponds to 
the true structure. The results are given in Table 1. 
The R value was 0.110 for both cases. No significant 
difference was found in the positions of the lighter 
atoms. From the smaller difference in the thermal 
parameters for the two metal sites, it might seem that 
Case 1 could be the correct structure. As a matter of 
fact, it turned out that the final model adopted after 
a detailed examination of the structure (to be described 

* Present address: Medical Research Institute, Tokyo 
Medical and Dental University, Yushima, Bunkyo-ku, 
Tokyo 113. 

later) was closer to Case 2, though the localization of 
the metal ions was found to be incomplete. A reason­
able interpretation of the above contradiction is that the 
large difference in the thermal parameters has upset 
the effect of the small difference in electron density. 

T h e atomic scattering factors used were taken from 
the International Tables for X-ray Crystallography (Vol. 
3), and dispersion corrections were applied to the real 
parts of the scattering factors for Cu 2 + and Zn2+. The 

Ml s i t e M2 s i t e 

02 "rS 

0 1 " 

Fig. 1. Crystal structures of Cu0.5Zn0.5(HCOO)2-2H2O 
and Gu(HGOO)2-2H20 seen superposed in projection 
down the b-axis. 

Cu(HCOO)2«4H20 Cu(HCOO)2»2H20 Cuo.sZn0.5 (HCOO) 2 -2H20 

b=8.15 

o 
II 

o 

—» b=7 

K 
02 7 

. 15 

71 
_N 

b=7.25 

02 01 

Fig. 2. The structure of the [Cu(HCOO)2] sheets in 
the three related compounds. 
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T A B L E 1. POSITIONAL AND THERMAL PARAMETERS 

1681 

Atom y 
# /Â 2 

Case 1 Case 2 

M l 

M 2 
CI 

C2 

O l 

0 2 

0 3 

0 4 

( H 2 0 ) 1 

( H 2 0 ) 2 

0 

0 . 5 

0 .034(1) 

0 .324(1) 

0 .095(1) 

0.087(1) 
0.436(1) 

0 .214(1) 

0 .284(1) 

0 .413(1) 

0 

0 . 5 

0 .226(1) 

0 .612(1) 

0 .103(1) 

0 .279(1) 

0 .722(1) 

0 .664(1) 

0 .474(1) 

0 .107(1) 

0 

0 

0 .277(1) 

0 .438(1) 

0 .207(1) 

0 .405(1) 

0 .420(1) 

0 .502(1) 

0 .073(1) 

0 .300(1) 

1.72(05) 

1.48(05) 

1.96(18) 

1.96(18) 

2 .22(16) 

1.99(13) 

2 .87(16) 

2 .11(13) 

2 .19(13) 

3.06(16) 

.21(04) 

,07(05) 

.97(18) 

.01(18) 

.16(13) 

.00(13) 

.90(16) 

17(13) 

13(13) 

15(16) 

Case 1: Zn2+ in M l and Cu2+ in M 2 , Case 2 : Cu2+ in M l and Zn2+ in M 2 . 

T A B L E 3. INTERATOMIC DISTANCES AND ANGLES 

Atom 
pairsa> 

Cu0 .5Zn0 .5-
( H C O O ) 2 - 2 H 2 0 

Cu-
( H C O O ) 2 - 2 H 2 0 

M l - O l 

M l - 0 2 ' 

M l - 0 4 ' 

M 2 - W 1 

M 2 - 0 3 ' 

M 2 ' - W 2 

0 4 - M l ' - 0 1 " 

0 1 " - M l ' - 0 2 

0 4 - M l ' - 0 2 

0 3 - M 2 ' - W l ' 

W l ' - M 2 ' - W 2 

0 3 - M 2 ' - W 2 

C l - O l 

C l - 0 2 

C 2 - 0 3 

C 2 - 0 4 

O l - C l - 0 2 

0 3 - C 2 - 0 4 

W l ' - 0 2 

wr-04 
W 2 - 0 1 

W 2 - 0 3 " 

2 .10(2) Â 

2 .02(1) 

2 .22(1) 

2 .10(1) 

2 .19(1) 

2 .04(1) 

9 2 . 8 ( 4 ) ° 

9 1 . 2 ( 6 ) ° 

9 3 . 4 ( 7 ) ° 

8 9 . 3 ( 4 ) ° 

9 0 . 5 ( 8 ) ° 

9 0 . 1 ( 5 ) ° 

1.26(1) Â 

1.27(1) 

1.29(1) 

1.25(1) 

124(1)° 

121(1)° 

2 .82(2) Â 

2 .75(1) 

2 .79(2) 

2 .70(2) 

2 .30(2) Â 

1.98(2) 

2 .02(2) 

2 .04(2) 

2 .37(2) 

1.97(2) 

9 1 . 5 ( 6 ) ° 

8 9 . 2 ( 7 ) ° 

9 3 . 2 ( 7 ) ° 

8 7 . 6 ( 6 ) ° 

8 7 . 5 ( 7 ) ° 

8 6 . 9 ( 6 ) ° 

1.26(3) Â 

1.30(3) 

1.26(3) 

1.24(3) 

121(2)° 

130(2)° 

2 .82(2) Â 

2 .78(2) 

2 .77(3) 

2 .67(2) 

a) W in this column represents ( H 2 0 ) . 

obse rved a n d c a l c u l a t e d s t r u c t u r e factors a r e g iven in 

T a b l e 2 . * * 

Descr ip t ion and Interpretat ion 
o f the Structure 

T h e crys ta l s t r u c t u r e of C u 0 . 5 Z n 0 . 5 ( H C O O ) 2 - 2 H 2 O 
is s imi la r to t h a t of C u ( H C O O ) 2 - 2 H 2 0 , 2 > as is s h o w n 
in F ig . 1 in s u p e r p o s e d p ro jec t ions a l o n g t h e b -ax i s . 
T h e y b o t h c o n t a i n p a r a l l e l sheets w i t h t h e c o m p o s i t i o n 
of [ M n ( H C O O ) 2 ] , i n t e r l e a v e d w i t h a n o t h e r k i n d of 
sheet w i t h t h e c o m p o s i t i o n of [ M r i ( H 2 0 ) 4 ] a n d l i nked 

Table 2 is kept at the office of the Chemical Society 
of J a p a n , 1-5 Kanda-Surugadai , Chiyoda-ku, Tokyo 
113 (Document No. 7708). 

T A B L E 4. 

Bond 

OBSERVED AND CALCULATED M - O DISTANCES 

Calcda> 

7 0 % 8 0 % 100% 

M l - 0 4 ' 

M l - O l 

M l - 0 2 ' 

M 2 - 0 3 ' 

M 2 - W 1 

M 2 ' - W 2 

2 . 2 2 Â 2 . 2 0 Â 2 . 2 3 Â 2 . 2 7 Â 

2 .10 

2 .02 

2 .19 

2 .10 

2 .04 

2 .10 

2 .03 

2 .18 

2 .07 

2 .07 

2 .08 

2 .03 

2 .18 

2 .07 

2 .07 

2 .03 

2 .03 

2 .18 

2 .07 

2 .07 

a) T h e percentages given for the calculated values are 
the proportions of the longest axis orientated along 
M l - 0 4 ' . 

t o g e t h e r b y a s econd f o r m a t e ion . H o w e v e r , closer 
s t u d y shows t h a t , in t h e m i x e d c rys ta l , b o t h t h e M l -
0 4 ' a n d M 2 - 0 3 ' l isted in T a b l e 3 a r e def in i te ly l o n g e r 
t h a n those to b e e x p e c t e d for a Z n - O b o n d ( 0 . 7 4 + 
1 . 4 0 = 2 . 1 4 Â ) , a n d t h a t t h e longes t axis ( M l - 0 4 ' ) of 
t h e c o o r d i n a t i o n o c t a h e d r o n a t t h e M l - s i t e po in t s 
a l m o s t n o r m a l to t h e [ M n ( H G O O ) 2 ] shee t , w h i c h is 
q u i t e d i f ferent f rom t h a t f o u n d in C u ( H C O O ) 2 - 2 H 2 0 , 
w h e r e t h e longes t axis M l - O l lies a l o n g t h e shee t . T h e 
l a t t e r o b s e r v a t i o n suggests t h a t t h e longes t axis of t h e 
C u - o c t a h e d r o n a t t h e M l - s i t e c h a n g e s its d i r e c t i o n in 
r e l a t i o n w i t h t h e r e l a t ive c o n c e n t r a t i o n of t h e C u a t o m 
a n d o p e n s t h e poss ib i l i ty of s o m e n e w m o d e l s for t h e 
r e l a t i o n b e t w e e n l a t t i ce c o n s t a n t s a n d c h e m i c a l cons t i ­
t u t i o n w h i c h h a s b e e n discussed i n P a r t I . 

T h e o b s e r v e d l e n g t h of M l - 0 4 ' a n d M 2 - 0 3 ' c a n 
on ly b e e x p l a i n e d if i t is a s s u m e d t h a t b o t h M l a n d 
M 2 sites a r e o c c u p i e d b y C u 2 + ions to s o m e e x t e n t a n d 
t h a t t h e t w o b o n d l eng ths m e n t i o n e d a b o v e a r e t h e 
a v e r a g e va lue s i n c l u d i n g t h e c o n t r i b u t i o n s f rom t h e 
longes t axis of t h e C u o c t a h e d r o n . I f w e a d o p t t h e 
f indings of o u r I R s t u d y d e s c r i b e d in P a r t I , t h a t in 
a 1 : 1 m i x e d c rys ta l b e t w e e n t h e C u a n d Z n salts a b o u t 
7 0 % of t h e M l - s i t e is o c c u p i e d b y C u 2 + ions , a n d m a k e 
t h e f u r t h e r a s s u m p t i o n t h a t f rom a b o u t 70 to 100%o 

of t h e C u - o c t a h e d r a o c c u p y i n g t h e M l - s i t e a r e o r i en ­
t a t e d w i t h t h e i r longes t axis a l o n g M l - 0 4 ' , w e o b t a i n 
t h e c a l c u l a t e d M - O d i s t ances g iven i n T a b l e 4 . 

I t wil l b e seen t h a t a sa t i s fac tory a g r e e m e n t b e t w e e n 
o b s e r v e d a n d c a l c u l a t e d M - O l e n g t h s is o b t a i n e d w i t h 



1682 Toshiko OGATA, Tooru TAGA, and Kenji OSAKI [Vol. 50, No. 7 

a 70 to 8 0 % orientation. In this calculation, it was 
further assumed that all the Z n - O bond is 2.10 Â, 
while for C u - O , the longest axis is 2.35 Â and the 
shorter ones are 2.00 Â. 

The conclusions obtained here, that in the 1 : 1 mixed 
crystals between Cu and Zn salts, the Ml-si te is pref­
erentially occupied by Gu2+ ions and that most of the 
longest axes of the Cu-octahedra at the Ml-si te point 
to M 1 - 0 4 ' , while those a t the M2-site point to M 2 - 0 3 ' , 
not only explain the observed changes in the lattice 
constants with respect to the chemical constitution 
(Part I ) , but are in agreement with the results of an 
ESR study of the Cu-doped Z n ( H C O O ) 2 - 2 H 2 0 by 
Wagner et al.** if the principal axis of the magnetic 
field at the Cu 2 + ion found by ESR coincides with the 
longest axis of the Cu-octahedron. 

T h e structure of the 1 : 1 mixed crystal between Gu 
and Zn salts has now been elucidated including the 
distribution of the cations, but questions still remain 
as to why the Cu 2 + ion occupies the Ml-si te preferen­
tially and why the longest axis of the Cu-octahedron 
at the Ml-si te points to M l - 0 4 ' and not to M l - O l , as 
in the pure Cu salt. 

A sheet with the composition of [ M n ( H G O O ) a ] , 
similar to that found in the mixed crystal, is also found 
in C u ( H C O O ) 2 - 4 H 2 0 ; 5 ) it resembles the one in the 
mixed crystal also with respect to the orientation of 
the longest axis of the Cu-octahedron. The sheet in 
the tetrahydrate has been the subject of many investiga­
tions because of its remarkable anti-ferromagnetic 
nature,6 - 1 5) and it seems generally accepted that the 
superexchange interaction by way of the delocalized 
^-electron cloud of the formate ion is responsible for 
the magnetic interaction between the neighboring Cu 2 + 

ions in the sheet.4»16'17) Since the Cu 2 + ion is coordi­
nated with an elongated octahedron, an arrangement 
with the long axis almost normal to the sheet will be 
most favorable for a better overlapping between the 
copper d-orbitals and oxygen rc-orbitals of the formate 
ion. The very large exchange integrals observed for 
the tetrahydrate (—54 cm - 1)1 2) and for the Cu 2 + ions 
in Z n ( H C O O ) 2 - 2 H 2 0 (—33 cm - 1 ) 4 ) , as compared with 
the corresponding values for C u ( H C O O ) 2 - 2 H 2 0 (1.5 
K),18) seem to support this view. 

A comparison among the [ C u ( H C O O ) 2 ] sheets found 
in the three compounds discussed shows that the sheet 
in the mixed crystal is, in a sense, intermediate between 

those in C u ( H C O O ) 2 - 4 H 2 0 and in C u ( H C O O ) 2 - 2 H 2 0 
(Fig. 2). Perhaps it may be said that the sheets found 
in C u ( H C O O ) 2 - 4 H 2 0 and in the mixed crystal re­
present the most stable structure for a single [Cu-
(HCOO) 2 ] sheet, while that of the other type, found 
in C u ( H C O O ) 2 - 2 H 2 0 , is probably a result of some 
additional interaction through the second formate 
linkages. 

Most of the computations were made on the H I T A C 
5020 at the Kyoto University Computation Center, 
using programs written by the present authors. 
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Radiative Lifetimes of NH2(
2Ai) Produced by Photodissociation of NH3 

on Irradiation with Vacuum Ultraviolet Light 
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NH2(Ä
2A1) was produced by photolysis of NH3 on irradiation with vacuum ultraviolet light. The zero 

pressure lifetimes were evaluated to be ca. 15 fxs from the phase lag of the emission excited by modulated Xe and Kr 
resonance lamps. The quenching rate coefficient of NH2(2A1) for NH3 was determined to be ca. (1.6±0.3) X 10-10 

cm3/molecule • s. 

Emission from N H 2 * (* denotes 2A±) in the visible 
region was observed from various sources in discharges 
and flames.1' Steady state fluorescence was measured 
following the production of the excited state radical by 
photodissociation of N H 3 on irradiation with vacuum 
ultraviolet light from a hydrogen discharge lamp.2) 
Rare gas resonance lamps have been rarely used as an 
exciting light source. 

The radiative lifetimes and the quenching rate of the 
fluorescence for N H 3 was studied by Lenzi et al.3) by a 
static method. No absolute values could be determined. 
Only the product value T ^ could be obtained, where 
T0 is the zero pressure lifetime and k^ the quenching 
rate coefficient for NH 3 . Halpern et al.*) observed the 
time resolved fluorescence from N H 2 * following the 
excitation of the radical in its ground state by means 
of a pulsed tunable dye laser, and measured zero pres­
sure lifetimes and collisional de-excitation rate constants 
for several rovibronic levels of NH 2 * . The calculated 
values of r0A;q from their da ta disagreed with the values 
in the U V photolysis experiment.3) 

This work was undertaken with the object of meas­
uring T0 and £q, separately, for N H 2 * produced in the 
U V photolysis by using modulated resonance lamps. 
Through this work deals only with the lifetime measure­
ment of NH 2 * , it has a wide applicability. Recently, 
the pulse method seems to be much more popular than 
the modulation method for measuring emission lifetimes. 
This seems to be mainly due to the usefulness of pulsed 
lasers with a very short pulse width. I t is not easy 
to find a good pulsed light source in the vacuum U V 
region. Thus the method using modulated resonance 
lamps and digital lock-in detection of feeble emission 
light should be utilized for the lifetime measurement 
of various excited species produced by vacuum U V 
photolysis. 

Exper imenta l 

The apparatus is shown in Fig. 1. The fluorescence cell 
with several appropriate light horns is made of glass, the 
outside being blackened; the total volume is ca. 600 cm3. 

The sample gas, NH3, is illuminated with light from a 
2450 MHz microwave discharge lamp inserted directly into 
the fluorescence cell. The Xe (CaF2 window) and Kr(LiF 
window) lamps were of the type described by Loewenstein 
et al.5) The microwave power was modulated by a circuit 
similar to that described by Phillips.6) The light from the 
discharge lamp could be modulated as nearly a sine-wave 
form, judging from its oscilloscope trace. Observation was 
restricted to the UV-visible light from the lamp. 

Fig. 1. Reaction apparatus. 
1 : Fluorescence cell, 2 : vuv resonance lamp, 3 : micro­
wave cavity, 4: oil manometer, 5: microwave gener­
ator, 6: modulation circuit, 7: sine wave generator, 
8 : photon-counter with a synchronous sampler, 9 : chart 
recorder, 10: monochromator, 11: photomultiplier, 
12: high voltage power supply. 

Emission from NH2* was observed at right angles to the 
exciting beam with a //4.5 monochromator (Nikon P-250). 
The emission light was then converted into electron pulses by 
H.T.V. R464 and/or R456 photomultipliers and fed to a 
Brookdeal 5 Gl photon counter. For lifetime measurements, 
the reference signal in each cycle from the modulation circuit 
was fed to the synchronous sampler 5C21. The data of 
iiA,, — "B" were recorded, where "A" is the photon count 
number during a small sampling interval lagging from the 
reference signal by an arbitrary degree 0 and "B" is that by 
<f> + 180 degree. The percent duty, 2 X (sampling interval)/ 
(time for one cycle), was set to be 5%. 

Ammonia (Matheson Co., 99.99%) was purified by freeze-
thaw cycles. The pressure of NH3 in the cell was measured 
with an oil manometer. 

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

When N H 3 was irradiated by a X e lamp with a 
CaF 2 window (147 nm) , a weak emission was observed 
in the range 380—650 nm. The cut-off wavelength at 
the longer wavelength side could not be determined 
accurately because of the poorer response of the detector 
system at longer wavelengths. The Xe lamp with a 
LiF window (147, 129.6 nm) and a K r lamp (123.6 nm) 
eventually gave the same emission besides a much 
stronger N H (c->a) emission at 327 nm. Because of 
the weakness of emission, it could only be detected 
under relatively poor resolution of the monochromator 
(a band pa th width above 1.2 n m was adopted) and 
we could not determine whether the emission was of 
continuous or many-line type. However, it was evident 
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Fig. 2. A typical relationship between PNH3//fc
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Excitation by Xe lamp, observation at 520±6 nm. 
£q /#B=(2.6±0.4)x 10-15 cm3/molecule is obtained. 

from its behavior and the quenching experiments that 
the emission was from the electronically excited N H 2 . 
Becker and Welge7) failed to observe this emission with 
similar resonance lamps. This might be due to the fact 
that the emission lines were buried in the background 
under their relatively higher resolution, as suggested by 
Okabe and Lenzi.2) 

A typical plot is given in Fig. 2 which shows the 
quenching of N H 2 * due to N H 3 . T h e data for the 
quenching was treated according to the usual mecha­
nism. 

NH3 + hv > NH2* + H 

NH2* • NH2(X) + fluorescence k3 = rfx 

NH2* + NH3 > NH2(X) + NH3 *q 

The fluorescence intensity, 7fc, is related to N H 3 pressure, 
•PNHS, by the equation 

PNHJIÎC OC kB + A:qPNH3. (1) 

Under higher N H 3 pressures, the effect of N H 3 pressure 
on the light absorption should be considered. Neces­
sary corrections were made on the basis of the geometry 
of the cell and the extinction coefficient of N H 3 against 
the exciting lines.8) The maximum correction was ca. 
4 % . 

Exciting 
light 
(nm) 

151.8 
147 (Xe) 

139.7 
125.3 
123.6 (Kr) 

TABLE 1. 

Observation 
wavelength 

(nm) 

>350 
400±6a> 
440±6 
520±6 
560±6 

>350 
>350 

460±9 
530±9 

T H E RATIO kJkB 

kJkB 
(10-15 cm3/ 

molecule) 

2 . 9 ± 0 . 5 
2 . 4 ± 0 . 5 
2 . 3 ± 0 . 4 
2 . 6 ± 0 . 4 
3 . 0 ± 0 . 4 
2 . 2 ± 0 . 3 
3 . 0 ± 0 . 3 
3 . 1 ± 0 . 4 
2 . 9 ± 0 . 4 

Lit 

3 
this work 
this work 
this work 
this work 

3 
3 

this work 
this work 

a) Band path width. 

Fig. 3. The data of " ^ " — " 5 " at various phases in a 
modulation experiment. 
Excitation by modulated Kr lamp (50 kHz), observa­
tion at 520± 12 nm. PNH3=450 mTorr (O), 110 mTorr 
(# ) , 50 mTorr ( 3 ) . As for <ßv see text. 

The fluorescence was observed at several wavelengths. 
kJkB were evaluated from similar plots to those in 
Fig. 2 and are given in Table 1. The values are almost 
independent of the observation wavelength, though 
allowance should be made for the fact that the fluores­
cence was observed under relatively low resolution. 
These values seem to be in good agreement with those 
of Lenzi et a/.3) 

Direct lifetime measurements were carried out by 
means of a modulation technique. T h e exciting light 
was modulated as IQ=f0-{-I0sin(27ift), where /„ is the 
d.c. part and 70 is the amplitude of the a.c. part . The 
possible phase lag of the fluorescence is related to the 
kinetic process by the equation 

6 = tan-i[27t/(£B + ^ P M H , ) - 1 ] - (2) 

The value "^4" — "B" could be measured against any 
desired phase of degree 4> (Fig. 3). If we find the degree 
0 ! at which "A" — " 5 " is zero, ^x is equal to Q + &0, 
where <f>0 is the common, though unknown, phase lag 
of the exciting light from the reference signal of the 
modulation circuit. <f>Q was not measured directly. 
However, it was so selected that it might give the best 
linearity as indicated in Eq. 2 between 0( = çi1— 0O) 
and PNH 3 at various N H 3 pressures. 

The experiments were carried out with several modu­
lation frequencies. Figures 4 and 5 show the results 
in the case of Xe and K r lamp excitation, respectively. 
Because of the weakness of emission, the slightly dif­
ferent wave form of the a.c. part of the exciting light 
from a precise sine wave, and the relatively large duty 
factor in measuring "A" — "B", the precision in the 
measurements of the phase lag was only within ± 5 
degree. The data do not lie exactly on the straight 
line, the error limit at the zero pressure limit not being 
small. In order to confirm the reliability of this 
technique, measurement was made of the zero pressure 
lifetime of the c state of N H produced by the K r lamp 
excitation. The lifetime of 530 ns ( £ B = 1 . 9 x 106/s) was 
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2 3h 

CM 

^NH3 (1016 molecule/cm3) 

Fig. 4. Emission lifetimes of NH2* produced by modu­
lated Xe lamp at various pressures of NH3. 
Excitation by Xe lamp, observation at 530±12 nm. 
Modulation frequency, 54.3 kHz (O), 87.7 kHz (# ) , 
96.2 kHz ( x ) . £B==(0.7±0.3)xl05 /s ,£q=(1.7±0.3)x 
10-10cm3/molecule-s are obtained. 

Q5 

a 

i>NH3 (1016 molecule/cm3) 

Fig. 6. Emission lifetimes of NH (c) produced by Kr 
lamp at various pressures of NH3. 
O : 27Tjf-tan0~1 vs. PNH3J excitation by modulated Kr 
lamp, observation at 32 7 ± 3 nm, modulation frequency, 
87.7 kHz. 
# : /»NHj/Zfc vs- -PNHS» obtained by steady illumination 
of Kr lamp, observation at 327±3 nm. In this case, 
the unknown kB value (for NH) is assumed to be 1.9 X 
106/s in order to plot the value of PNH3//fC in the same 
scale as the data of 2nf-ta.nd~1. 

0 1 2 

^NHS (1016 molecule/cm3) 

Fig. 5. Emission lifetimes of NH2* produced by modu­
lated Kr lamp at various pressures of NH3. 
Excitation by Kr lamp, observation at 520rfcl2 nm. 
Modulation frequency, 54.1kHz ( # ) , 87.7 kHz (O). 
£B= (0.6±0.3) X 105/s, Aq= (1.6±0.3) X 10-10cm3/mole-
cule-s are obtained. 

obtained by the same procedure (Fig. 6). The result 
agrees with the reported value 4 8 0 ± 9 0 ns.9) 

The zero pressure lifetime 14 JJLS [ A B = ( 0 . 7 ± 0 . 3 ) X 105 

/s] for Xe lamp and 16 JJLS [A B =(0.6±0.3) x 105/s] for 
K r lamp excitation are near the lifetime 10 [xs for the 
(0,9,0) state obtained by laser light excitation.4) 

T h e kq values were (1.7±0.3) X lO"10 (Xe lamp) and 
(1.6±0.3) X 10-1 0 cm3/molecule-s (Kr lamp). T h e prod­
uct values r0/;q of 2.4 x 10"15 (Xe lamp) and 2 . 7 x 10~15 

cm3/molecule are in good agreement with the values 
given in Table 1. 

The £q values are much smaller than the value 10 X 
10-1 0cm3 /molecule-s for the (0,9,0) state. Thus the 
discrepancy between the r0kq value given by Halpern 
et al.4) and by Lenzi et al.3) seems to be mainly due to 
the large difference in the kq value. The present values 
as well as those of Lenzi et al.V are the average of the 
quenching coefficients for various different vibronic 
levels of N H 2 * produced by the dissociation of N H 3 . 
Fluorescence under low resolution was observed. I t 
should thus consist of the pr imary emission from the 
excited N H 2 * before any relaxation plus a secondary 
emission from the relaxed but still electronically excited 
N H 2 . The relatively small kq values in our case as 
compared with those of Halpern et al.4) indicates an 
appreciably efficient vibrational relaxation within the 
upper electronic state of N H 2 against electronic relaxa­
tion to the ground state N H 2 . 

The author is grateful to Professors S. Tsuchiya and 
K. Akita, Tokyo University, for their encouragement 
and valuable suggestions. Thanks are due to Dr. S. 
Tsunashima, Tokyo Institute of Technology, for his 
valuable comments as regards the construction of the 
modulation circuit. 
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Heat Capacities of Aqueous Solutions of Glutaric and Malonic Acids* 
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Using a calorimeter composed of a Dewar vessel and a Beckmann thermometer, the specific heat capacities 
of aqueous solutions of glutaric and malonic acids were measured at 30 °G. Techniques for establishing the 
temp erature gadient between the solution in the Dewar and the outer air bath were adopted. The partial molar 
heat capacities at infinite dilution were estimated assuming a relation of the form m^cP = bm-}-cm2. The contri­
butions of t h e - G H 2 - a n d - G O O H groups to the partial molar heat capacities in aqueous solution are roughly 
additive: for -CH 2 - a positive contribution and for -GOOH a negative one. The A(=Cp2°~Cp2(pure state)) 
were also calculated and positive and negative values were obtained for Zl(-CH2-) and /J(-COOH), respectively. 

I t is widely recognized tha t the heat capacity of a 
solution is one of the essential quantities which charac­
terizes the solute in solution, especially for solutes con­
taining both hydrophobic and hydrophilic groups. 1_4) 
From this point of view, the determination of the heat 
capacities of an aqueous solution of 1,2-ethanediol, 
1,2-propanediol, and 1,3-butanediol at 30 °C has been 
reported.5) 

The present study deals with similar work on aqueous 
solutions of glutaric and malonic acids using a labora­
tory-constructed calorimeter composed of a Dewar ves­
sel and a Beckmann thermometer. T h e heat capacities 
of aqueous solutions of monocarboxylic acids and their 
sodium salts have been reported many years ago with 
sufficient precision,6) but the situation is completely dif­
ferent for the dicarboxylic series. 

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

The calorimeter vessel used is shown in Fig. 1. Although 
the experimental procedures for determining the heat ca­
pacities of solutions are essentially the same as reported pre­
viously,5) the following should be mentioned regarding the 

m WW 
> 

¥ 
Fig. 1. Calorimeter. 

A: Wood plate, B: cork cap, 
C: Dewar vessel, D: Beckmann thermometer, 
E: glass tube containing heater (manganin wire), 
F: glass stirrer, 
G: stirring magnet driven externally. 

calorimeter and the manipulations in the present study. 1) 
The entire Dewar, except for the upper part of the stirrer 
and the Beckmann thermometer, is placed in a constant-tem­
perature air bath, while in a previous work,5) the Dewar was 
immersed up to the neck in a water bath. 2) In order to 
obtain more favorable adiabatic conditions, a magnetic stir­
ring system was used in the Dewar. The rotational speed 
of the stirrer is slow but no heat conduction delay due to 
the viscosity of the solution was observed. 3) The temperature 
of the air bath was maintained at a temperature lower than 
that of the solution in the Dewar. This latter temperature 
was set near 30 ° G and thus the temperature gradient between 
the solution in the Dewar and the air bath was established. 
Preliminary experiments showed that with the air bath main­
tained at 28 °G the most satisfactory results, i.e. the tempera­
ture variations as a function of time for the solution in the 
calorimeter before and after the heating are nearly "parallel" 
to each other (see Fig. 2), are obtained. 

The contact between the cork cap and the Dewar was not 
so tight as to prevent the passage of vapor from the solution. 
Other parts of the experimental equipment, such as the elec­
tric heating circuit, the circuit for the measurement of the 
supplied electric power, and the details of the manipulations 
for determining the heat capacities of the solutions are the 
same as reported previously.5) 

The heat capacities of the Dewar determined using 100 ml 
of water are 24.8 cal/K (1 cal=4.184J) and the reproducibil­
ity relative to this value was within ± 2 . 5 % . Therefore, 
the errors due to this uncertainty are ca. 0.5% for measure­
ments of 100 g solutions. The precision of the experiments 
using this calorimeter was checked with the aid of an aqueous 
solution of Na2G03 at 30 °G, the results being as shown in 
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Fig. 2. Temperature variations of the calorimeter with 
time. 
A; on, B; off. 
(I); H 2 0 , (II); Na 2 C0 3 15wt%. 
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TABLE 1. SPECIFIC HEAT CAPACITIES OF AQUEOUS 

Na2G03 SOLUTIONS AT 30 °G 

TABLE 2. SPECIFIC HEAT CAPACITIES OF AQUEOUS 

MALONIC ACID SOLUTIONS AT 3 0 ° C 

Concentration 
(wt%) 

15.26 
14.86 
9.48 
5.64 
5.46 
3.14 

Cp (This work) 
(cal/gK) 

0.867 
0.874 
0.900 
0.932 
0.941 
0.967 

Cp (Literature)8) 
(cal/gK) 

0.8835 
0.8855 
0.9138 
0.9445 
0.9462 
0.9685 

Ratio 

0.981 
0.987 
0.985 
0.987 
0.994 
0.998 

Concentration 
(mol/kg) 

1.715 
1.696 
1.069 
1.065 
0.7787 
0.6127 

Cp 
(cal/gK) 

0.898 
0.896 
0.916 
0.909 
0.933 
0.949 

Concentration 
(mol/kg) 

_ 0.5141 
0.5065 
0.4008 
0.2972 
0.2936 

Cp 
(cal/gK) 

0.952 
0.956 
0.968 
0.975 
0.973 

a) Estimated from the data in "Kagaku Binran," 
Maruzen, Tokyo (1966), p. 775. 

Table 1. There was no special reason for choosing Na 2C0 3 

as a standard sample, except that it is easy to handle. As 
shown in Table 1, the values obtained are always smaller 
than those found in the literature and the differences increase 
with concentration. These differences might arise from dif­
ferences in the degree of vaporization in pure water and that 
in the aqueous solution. 

On taking account of the uncertainty of the heat capacity 
relative to the Dewar, and the deviations shown in Table 1, 
in order to determine the specific heat capacity within a 
precision of 1%, the use of the present calorimeter should 
be limited to solutions whose specific heat capacities exceed 
ca. 0.9cal/gK. 

Guaranteed pure-grade reagents were used without further 
purification. 

TABLE 3. SPECIFIC HEAT CAPACITIES OF AQUEOUS 

GLUTARIC ACID SOLUTIONS AT 3 0 ° C 

Concentration 
(mol/kg) 

Cp 
(cal/gK) 

Concentration 
(mol/kg) 

Cp 
(cal/gK) 

1.337 
1.335 
1.324 
1.252 
1.229 
1.193 
1.129 
1.106 
1.032 
0.9326 
0.8479 

0.918 
0.914 
0.919 
0.923 
0.914 
0.933 
0.926 
0.921 
0.937 
0.930 
0.940 

0.8412 
0.8403 
0.7029 
0.6119 
0.5040 
0.4755 
0.3991 
0.3978 
0.3173 
0.3138 
0.2331 

0.933 
0.942 
0.942 
0.949 
0.961 
0.955 
0.963 
0.966 
0.975 
0.977 
0.983 

Results and Discussion 

The values of the specific heat capacities of the solu­
tions Cp are listed in Tables 2 and 3. T h e quanti ty 
which is of greatest importance in the discussion of the 
solute-solvent interaction in solution is the partial molar 
heat capacity, which is defined as 

<f>Cp = — { ( 1000 + mM2)Cp- lOOOÇfr}, (1) 

where M2 is the molar mass of the dissolved solute, m 
the molality, and the subscript 1 refers to the solvent. 
The limiting partial molar heat capacities, $cp=Cpi, 
can be estimated by extrapolating the relationship be­
tween <pCp and m. Carboxylic acids are electrolytes but 
the variation of the <f>Cp for the carboxylic acids with 
concentration is linear.6) Hence Cp% was obtained from 
least-squares calculation of the relation 

m$Cp = bm+cm2, (2) 

on taking account of the uncertainties of the Cp data 
which increase as the concentration becomes more dilute. 
The relation between m<j>Cp and m is shown in Fig. 3. 
The coefficients b and c obtained are, for glutaric 
acid, £ = 3 7 . 2 ± 4 . 6 and £ = 1 7 . 8 ± 4 . 0 , and for malonic 
acid, 6 = 0 . 2 ± 3 . 4 and c = 1 8 . 8 ± 2 . 4 . In Table 4 are 
summarized the values of Cp1{ = b) thus obtained, 
along with the results reported by Ackermann et a/.6»7) 
Table 4 also includes the values of A=Cp1— Cp2(pure 
state), which are considered to represent the degree 
of structural change caused by the dissolution of the 
solutes. 

From the data shown in Table 4, the contribution 

tf 

Fig. 3. Relation between apparent molar heat capacities 
and concentration. 
• : Glutaric acid, m0Cp = 37.2m+17.8m2. 
O : Malonic acid, m<fiCp=0.2m-\- 18.8m2. 

of the - C H 2 - and - G O O H groups to the Cp°2 values 
can be evaluated ; 
for - C H 2 - , 

l/2{(CH2)3(GOOH)2-CH2(GOOH)2} = 18.5 

monocarboxylc acids: 16.7—20.5 

and for - C O O H , 

(CH2)3(COOH)2-rc-C3H7COOH = - 3 8 . 3 

CH 2 (COOH) 2 -CH 3 COOH = - 4 1 . 8 . 
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TABLE 4. PARTIAL MOLAR HEAT CAPACITIES OF AQUEOUS 

SOLUTIONS OF MONO- AND DICARBOXYLIC ACIDS 

Molecule (pure state) , *i'\V\ / M M^\ 
(cal/mol K) M / m o l K) (cal/mol K) 

(GH2)3(GOOH)2 39.5a> 37 .2±4 .6 - 2 . 3 
GH2(COOH)2 28.6a> 0 . 2 ± 3 . 4 - 2 8 . 4 
HGOOH 23.7b> 21.5b> - 2 . 2 
CHgGOOH 29.5b> 42.0b> 12.5 
C2H5GOOH 38. lb> 58.8b> 20.7 
T Z - C 3 H 7 C O O H 45.3b> 75.5b> 30.2 

a) "International Critical Tables," Vol. 5, McGraw-
Hill, New York (1928), p. 102. b) Cited in Ref. 7. 

The values of t # ? ( - C H 2 - ) for an aqueous system ob­
tained in the present work are compatible with those 
reported previously,5) (14.9—20.9 cal/mol K) from 
diols. The Q>?(-CH2-) values have been determined 
for carboxylic acids by Ackermann et al.6'7) and Konicek 
and Wadsö8) (20.1), for amines8) (2-1.5), for ^-substi­
tuted amines8) (20.6), for alcohols9) (22.7), for w-alkyl-
amine hydrobromide3) (21.1), for bolaform electro­
lytes10) (19.4—23.7), and for alkyl-substituted ammo­
nium chlorides4) (12—18). 

Similar calculations for A result in the following 
values : 
for - C H 2 - , 

l/2{(CH2)3(COOH)2-CH2(GOOH)2> = 13.1 

monocarboxylic acids: 8.2—14.4 

and for - G O O H , 

(CH2)3(COOH)2-w-C3H7COOH = - 3 2 . 5 

GH 2 (COOH) 2 -GH 3COOH = - 4 0 . 9 . 

In Ref. 5, 8.1 and —1.6 cal/mol K were reported for 
z l ( -CH 2 - ) and z l ( -OH) , respectively. As mentioned 
above, A is a measure of the structural change accom­
panying the dissolution of a solute and positive values 
of z l ( -CH 2 - ) have been ascribed to the hydrophobic 
interaction between water and the - G H 2 - group, or 

iceberg formation. 
While the values of <j>°, the apparent molar volume, 

appear to be precise to within ± 0 . 0 5 cm3/mol or better 
at all temperatures, the situation is quite unfavorable 
for <f>%p. For instance, Ackermann et al.7) have given, 
for MeNH 3 Cl and EtNH 3 Cl, - 2 . 0 and 14.6 cal/mol K, 
respectively, at 25 °G, while Desnoyers et al.10) have re­
ported, for the corresponding bromides, 1.9 and 24.3 
cal/mol K, respectively. These differences are too large 
even after taking account of the difference between 
$cp(Cl~) and ^cp(Br-). I t is highly questionable, at 
least at the present stage of experimental accuracy 
inherent in the determination of Cp%, whether the small 
differences in the Cp° ( -CH 2 - ) and A ( -CH 2 - ) observed 
for different homologs, and also for the same homolog, 
can be related to the neighboring organic groups. 

References 

1) J. E. Desnoyers, R. Page, G. Perron, J-L. Fortier, P-A. 
Leduc, and R. F. Platford, Can. J. Chem., 51, 2129 (1973). 

2) P-A. Leduc and J. E. Desnoyers, Can. J. Chem., 51, 
2993 (1973). 

3) P-A. Leduc, J-L. Fortier, and J. E. Desnoyers, J. Phys. 
Chem., 78, 1217 (1974). 

4) K. Tamaki, S. Yoshikawa, and M. Kushida, Bull. Chem. 
Soc. jpn., 48, 3018 (1975). 

5) F. Kawaizumi, T. Otake, H. Nomura, and Y. Miya-
hara, Nippon Kagaku Kaishi, 1972, 1773. 

6) Th. Ackermann and F. Schreiner, Z. Elektrochem., 62, 
1143 (1958). 

7) H. Rüterjans, F. Schreiner, U. Sage, and Th. Acker­
mann, J. Phys. Chem., 73, 986 (1969). In Ref. 6, the values 
at standard state (298 K, y = l ) are shown, while in Ref. 7, 
the values refer to the state at infinite dilution. In Table 4, 
the values in Ref. 7 are adopted. 

8) J . Konicek and I. Wadsö, Acta Chem. Scand., 25, 1541 
(1971). 

9) E. M. Arnett, W. B. Kover, and J. V. Garter, J. Am. 
Chem. Soc, 91, 4028 (1969). 

10) C. Jolicoeur and J. Boileau, J. Solution Chem., 3, 889 
(1974). 



1690 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (7), 1690 1694 (1977) [Vol. 50, No. 7 

The Effect of Added Inorganic Salts on the Micelle Formation 
of Nonionic Surfactants in Aqueous Solutions 

Nagamune NISHIKIDO and Ryohei M A T U U R A 

Department of Chemistry, Faculty of Science, Kyushu University, Fukuoka 812 
(Received December 20, 1976) 

In order to divide the inorganic salt effect on the micelle formation of nonionic surfactants into the effects on the 
hydrocarbon and on the hydrophilic moieties of the surfactant, the critical micelle concentrations (CMC) of nonionic 
surfactant homologs (8,10,12 methylene and 6 oxyethylene groups) were determined in aqueous salt solutions. 
The salt-effect parameters of methylene and hexa (oxyethylene) groups were calculated from the CMC data. The 
orders of both the parameters with respect to the anion obeyed the Hofmeister series. The variation in the extent 
of the parameters with respect to the cation was much less than that with respect to the anion. These phenomena 
were discussed in terms of the direct and indirect effects of ions on the water structure around the hydrocarbon 
and hydrophilic moieties of the surfactants. In addition, the salt effect on the cloud point (CP) and the a-
mount of solubilization toward the Yellow OB dyestuff in aqueous solutions were discussed in connection with the 
salt effect on the hydrophilic moiety. 

The critical micelle concentrations (CMC) of non­
ionic surfactants in aqueous solutions are lowered by 
the addition of most inorganic salts.1-5) In explaining 
this phenomenon, it has been suggested that salts bring 
about the dehydration of the hydrophilic moiety of the 
surfactant "monomer ," causing the enhancement of the 
tendency toward micelle formation, i.e., C M C lower­
ing.2 '3) This mechanism has thus far been the standard 
view, although others have been suggested.6 '7) How­
ever, the micelle formation, i.e., the C M C , is deter­
mined by the balance of surfactant stability between 
that in the monomer and that in the micelle state. 
Salts have influence not only on the dissolved state of 
monomers, but also on that of micelles in the solution, 
and so the dehydration mechanism is questionable. 
Recently, Mukerjee proposed a salting-out mechanism 
of the hydrocarbon moiety of surfactant, in which the 
salt effects on the hydrophilic moieties of the monomer 
and micelle were assumed to be almost equal in mag­
nitude and to cancel each other out in determining the 
CMC.7 '8) More recently, Ray and Nemethy9) and 
Kresheck10) examined Mukerjee's suggestion. How­
ever, their discussion is insufficient because Mukerjee's 
assumption of the cancellation of the salt effect on the 
hydrophilic moiety was not fully taken into considera­
tion. In order to get rid of this ambiguity, it is neces­
sary to estimate separately the salt effects on hydrocar­
bon and hydrophilic moieties. 

In this study, the salt-effect parameter of each moiety 
during micellization was estimated. Also, we discus­
sed qualitatively the salt effect on the dissolved state 
of nonionic surfactants in an aqueous solution, since 
there have been no theories concerning the quanti ta­
tive clarification of the salt effect on aqueous polar or 
nonpolar substances.11-17) In this connection, the cloud 
points (CP) and the amount of solubilization toward 
Yellow OB in aqueous salt-nonionic surfactant mixed 
solutions were determined and discussed. 

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

Materials. The nonionic surfactants, poly (oxyethylene) 
alkyl ethers (abbreviated as CmE„; m: the number of me­
thylene groups; n: the number of ethylene oxide groups), 
were the same materials as those used in a previous paper.18) 

All the inorganic salts were of a reagent grade (min 99.0 or 
99.5% pure), supplied by the Wako Pure Chemical Co., and 
were used without further purification. The purification of 
the Yellow OB dyestuff (l-(o-tolylazo)-2-naphthylamine) as 
a solubilizate was described in the previous paper.18) 

Method. The CMC values of C8E6, C10E6 and C12E6 

in aqueous salt solutions at 20 °C were determined by plotting 
the surface tension against the logarithm of the concentra­
tion. The surface tensions were measured with the Du Noüy 
tensiometer. In Table 1 are tabulated the CMC values of 
C8E6, C10E6 and C12E6 in a pure aqueous solution. The cloud 
points were determined as the temperatures at which a sudden 
turbidity appeared or disappeared in the 1 wt% C12E6 aqueous 
solutions containing salts, when the solutions were heated or 
cooled at a constant rate of 0.5 °C/min under stirring. The 
change in the transparency of the solutions was observed with 
the naked eye. The procedure for determining the amount 
of solubilized Yellow OB in the aqueous C12E10-salt solutions 
at 30 °C has been described elsewhere.18) 

TABLE 1. THE VALUES OF THE CMC OF NONIONIC 

SURFACTANTS USED IN THIS STUDY IN AN 

AQUEOUS SOLUTION AT 20 ° C 

Surfactant CMC (lO"3 mol/dm3) 

C10E6 0.86 
C12E6 0.074 

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

Salt-effect Estimation from CMC Measurements. By 
considering the equilibrium between N' surfactant 
monomers and a micelle in an aqueous salt solution, 
it is shown that the molar s tandard free energy for 
micelle formation, AGm)0, is expressed by the follow­
ing equation: 

kT 
= kTln elf', — In c'mf'm, (1) 

where yu(c)0 denotes a molar standard chemical poten­
tial ; the subscripts m and 2 refer to the micelle and the 
monomer respectively, and where c and / ' denote a 
molar-concentration and a molar-activity coefficients 
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The number of methylene groups, m 

Fig. 1. log CMC vs. the number of methylene groups 
in CTOE6 in aqueous sodium chloride solutions at 20 °C. 
Sodium chloride cone: (1) 0, (2) 0.38 M*>, (3) 0.75 
M, (4) 1.28 M, (5) 1.50 M. 
*) Throughout this paper, 1 M = l mol dm - 3 . 

1.50 

L 1 0 0 170 2.0 

Concentration of salt (mol/dm3) 

Fig. 2. The plots of e/ against the concentration of 
salts at 20 °C. 
(1) Na2S04 , (2) NaI0 3 , (3) NaCI, (4) NaBr, (5) Nal, 
(6) NaSCN, (7) MgCl2, (8) KCl, (9) LiCl. 

TABLE 2. CALCULATED SALT-EFFECT PARAMETERS OF 

METHYLENE AND HEXAOXYETHYLENE GROUPS FOR 

NONIONIC SURFACTANTS' MICELLIZATION AT 2 0 ° C 

respectively. The molar activity coefficients of the 
monomer and the micelle are expressed by the well-
known Setschnow equation: 

l og / ; = k2Cs, \ogf'm = kmCs, (2) 

where A; is a salt-effect parameter and C8 is the molar 
concentration of salts. Here, it may be assumed that 
the concentrations of the monomer and the micelle are 
low enough and, therefore, that ideality holds near the 
C M C in the aqueous solution free of salts.15) By in­
troducing Eq. 2 into Eq. 1, and by using Phillips' de­
finition for C M C in the mass-action model,19) the fol­
lowing equation is derived: 

2 303kT 
AGLC)0 - kT\n C + 2.303 kTk2Cs '— kmCs, (3) 

where C is the C M C in the aqueous salt solution. In 
the aqueous solution free of salts, the molar standard 
free energy, AGm)0, is expressed as follows: 

AG^°~kTlnC, (4) 

where C is the C M C in the aqueous solution. From 
the standpoint of the pseudo-phase separation model,20) 
the following C M C equation holds:21) 

kT\nC= -mco + A + K(T,P), (5) 

where w and A denote the free energy difference of 
methylene and poly(oxyethylene) groups between in the 
monomer state and in the micelle state respectively; K 
is a constant at constant temperature and pressure, and 
m is the number of methylene groups in the hydrocar­
bon chain of the surfactant. We assume the addi-
tivity for the salt-effect parameters to be as follows: 

k2 = mkcm + £p>2, km = N'kp>m, (6) 

where AJCH« and kP,2 are the salt-effect parameters of 
the methylene and poly(oxyethylene) groups in the mon­
omer respectively and where kp<m is that of the poly-
(oxyethylene) group in the micelle, because the hydro­
carbon moieties form the micelle core and are shielded 
from the aqueous environment containing salts if we 
neglect the exposure of some of the hydrocarbon tails 
to the solvent near the micelle surface.22) Then, the 
following equation is derived formally from Eqs. 3—6: 

kTln C = -mco' + A' + K, (7) 

where 

co' = co + 2.303kTkCn2C&, (7a) 

and A' = A + 2.303Ar(£p ,m-£p ,2)C s . (7b) 

The values of the salt-effect parameters, £CH2 and kP,m 
—£pi2, can be determined by the use of Eqs. 7, 7a, and 
7b as follows. The value of co' can be determined from 
the slope in the log C" vs. m plots at a constant salt con­
centration CB; a representative example is shown in 
Fig. 1 for the case of the sodium chloride additive. 
These plots form a straight line and then give a well-
defined co' value. The value of co' thus determined is 
plotted in Fig. 2 against Cs. These plots also form a 
straight line, and the value of £CH2 can be determined 
from the slope of the line. The value of A' at a constant 
Cs can be calculated by introducing the value of co' 
and the experimental C into Eq. 7. Figure 3 shows 
the plots of A' vs. Cs, whose slope gives the value of 
£p>m— £p,2- The calculated respective salt-effect param-

Salt 

Na2S04 

NalOa 
NaCI 
NaBr 
Nal 
NaSCN 
KCl 
LiCl 
MgCl2 

^CH2 

(dm3/mol) 

0.170 

0.11. 
0.050 

0.036 

o.oi5 

0.000 

0.048 

0.037 

0.079 

"'Pji i i ^ p ^ 

(dm3/mol) 

0.76a 

0.512 

0.174 

0.074 

- 0 . 0 1 , 
- 0 . 1 8 4 

0.182 

0.16, 
0.360 
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i 1 1 1 1 

0 1.0 2.0 

Concentration of salt (mol/dm3) 

Fig. 3. The plots of A' against the concentration of salts 
at 20 °C. 
(1) Na2S04 , (2) NaI0 3 , (3) NaCI, (4) NaBr, (5) Nal, 
(6) NaSCN, (7) MgCl2, (8) KCl, (9) LiCl. 

eters are tabulated in Table 2. As may be seen from 
Table 2, the salt effect on the hydrophilic moiety dur­
ing micellization is found not to cancel out ; i.e., kptm— 
kp<2^0. T h e positive value of kp,m— kPt2 means that 
kp<m>kPt2>0. T h a t is, a salting-out effect occurs on 
the hydrophilic moieties in the monomer and micelle 
states, and the extent of the effect on the micelle is 
greater than that on the monomer state. This salting-
out effect, kp>m — kp>2>0, contributes to raising the C M C , 
as can be seen from Eqs. 7 and 7b. Therefore, in this 
case, the C M C lowering is caused by the salting-out 
effect on the hydrocarbon moiety, A:CH2>0, which over­
comes the kv<m—kp<2>0 effect from Eqs. 7 and 7a. 
O n the contrary, the negative kptm—kPt2 means that 
kp,m<kPi2<0; i. e. it is a salting-in effect, which con­
tributes to lowering the C M C . Especially in the solu­
tion containing sodium thiocyanate, the C M C lowering 
is at tr ibutable to the salting-in effect on hydrophilic 
moieties, because the value of kcm is nearly zero. As 
has been mentioned above, the various modes for the 
salt effect on the micelle formation are shown accord­
ing to the kind of salts. 

In addition, two features are found in Table 2 ; (1) 
the salt effects on the hydrocarbon and hydrophilic moi­
eties give the same order with respect to the relative 
efficiency, and (2) the variation in the extent of the 
salt effect with respect to the anion is larger than that 
with respect to the cation. By considering the above 
two features, the salt effect can be explained qualita­
tively as follows. In the case of sodium salts, the order 
of the salt effect follows the Hofmeister series or the 
order of the water-structure-making or -breaking capac­
ity of salts.23-26) T h a t is, the more strongly water-
structure-making salt gives the greater, positive l v a l u e , 
whereas the more strongly water-structure-breaking salt 
gives the smaller, negative A>value. Water molecules 
are oriented around the water-structure-making ions, 
which leads to the reduction of the hydrophobic or hy­
drophilic hydration of the surfactants as a salting-out 

effect. O n the contrary, the water-structure-breaking 
ions increase the ratio of monomeric water molecules 
in the bulk and promote the hydration of the surfac­
tants as a salting-in effect. However, the second feature 
suggests another source for the salt effect. The follow­
ing fact is suggestive in considering the second tendency; 
an a i r - or hydrocarbon-water interfacial tension is in­
creased by the kind of anion to a greater extent than 
in the case of cations. 12.27-»°) This fact shows that ca­
tions are almost completely excluded from an a i r - or 
hydrocarbon-water interface because of their require­
ment for hydration, whereas the less hydrated anions 
exhibit a large variation in the degree of their exclusion, 
and may even be concentrated at the interface. This 
situation may be applied to the exclusion of ions from 
the water region around the hydrocarbon moiety of a 
surfactant. T h a t is, the more weakly hydrated anions 
are excluded to a less extent and then directly disturb 
the hydrophobic hydration around hydrocarbon moi­
eties to a greater extent, which leads to salting-out. O n 
the contrary, the more strongly hydrated anions are 
excluded to a greater extent and so exhibit a less direct 
effect on hydration. Cations also exhibit a less direct 
effect. As a result of the two factors inferred from the 
above two features, (1) and (2), the more strongly water-
structure-making (more strongly hydrated) anions and 
cations have, for the most part , an indirect salting-out 
effect. The more strongly water-structure-breaking 
(more weakly hydrated) anions have an indirect salting-
in and a direct salting-out effect, which cancel each 
other out for the most par t in the overall salt effect, 
e.g., kcut — 0 for sodium thiocyanate. As for the water 
region near the polar poly(oxyethylene) moiety of a 
surfactant, ions will be less excluded from this region 
than in the case of the water region near the hydrocar­
bon moiety. The weakly hydrated anions, e.g., thio­
cyanate and iodide anions, may even be concentrated 
in this region; especially, the magnesium cation forms 
an oxonium compound with the lone-pair electrons of 
ether oxygen atoms in the poly(oxyethylene) moiety31) 
to cause salting-in. I t may be because of these factors 
that we find the experimental kp<m—kp<2<0 for sodium 
thiocyanate and iodide, and the large difference between 
the value of kPtJn—kPt2 for magnesium chloride and that 
for sodium sulfate, in which the two salts have nearly 
equal water-structure-making capacities. As we have 
mentioned, the salt effect includes two types of effects 
on the hydrophobic and hydrophilic hydration of sur­
factants : the direct effect by the accessibility of ions to 
the water region near the monomers and the micelles, 
and the indirect effect. 

Salt Effect on Cloud Points and Solubilization. The 
cloud points of 1 w t % C12E6 in aqueous salt solutions 
were measured; results similar to those reported in the 
literature were obtained.2 '3 1 - 3 4) Cloud points can be 
regarded as a measure of the affinity of the oxyethylene 
groups in a nonionic surfactant for the water environ­
ment.35) Then, the limiting slope in the plots of the 
cloud point vs. the salt concentration, lim(d CP/dC s) , 

may be regarded as the variation of this affinity by 
salt. These slopes are plotted in Fig. 4 against the 
values of kPtia— kPt2 for various salts. The plots give 
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lim (d GP/dCs) (°G/mol dm~») 
c8-o 

Fig. 4. kp m—kPt2 vs. lim(d GP/dCs) plots for various 
cs-+o 

salts. 
(1) Na2S04 , (2) NalOg, (3) NaCl, (4) NaBr, (5) Nal, 
(6) NaSCN, (7) MgCl2, (8) KCl, (9) LiCl. 

's «S 
. 3 

20.0 

C/2 — ' 

15.0h 

10.0 h 

0 1.0 2.0 

Concentration of salt (mol/dm3) 

Fig. 5. Solubilizing power of C12E10 in aqueous salt 
solutions at 30 °C. 
(0) Na2S04 , (O) NaCl, ( • ) NaSCN. 

two straight lines, which cross at the point that lim-
cs-o 

(d GP/d C s)=^p ,m—A;P i 2=0 and which divide the salts 
into the two groups, salting-out and -in. From the 
discussion in the previous section, this correlation shows 
that the strengthening or weakening of the affinity of 
oxyethylene groups for the water environment by salts 
is brought about through the promotion or reduction 
of the hydration of oxyethylene groups respectively. 
The strengthening of the affinity is also caused by the 
ion concentration in the water region near oxyethylene 
groups. 

Next, the amount of solubilization toward Yellow OB 
was determined at 30 °C in the aqueous C12E10 solutions 
containing sodium chloride, sulfate, and thiocyanate; 
it was found to increase linearly with the concentration 
of G12E10. The slopes of the lines, referred to as the 
solubilizing power,36) are plotted in Fig. 5 against the 
concentrations of three representative salts. I t may be 
found from Fig. 5 that the salts exhibiting a salting-out 

or -in effect on oxyethylene groups give an increased 
or decreased solubilizing power respectively with the 
salt concentration as compared with that in the salt-
free solution. The solubilizing power depends sensi­
tively on the compactness of the poly (oxyethylene) shell 
of the micelle,18 '36) and so the following explanation is 
possible. The oxyethylene groups on the micelle cohere 
as a result of the weakening of the hydration of these 
groups, and then this increased compactness brings about 
the increased solubilizing power. O n the contrary, the 
enhancement of the hydration of the oxyethylene groups 
on the micelle leads to a decreased compactness, which 
causes a decrease in the solubilizing power. 

We wish to express our hearty thanks to the Kaö 
Soap Co., Ltd. , and to Dr. Noboru Moriyama for sup­
plying the nonionic surfactants used in the present study. 
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The Nuclear Quadrupole Resonance of Dibromoiodate Ions 
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The NQR sepctra due to 81Br and 127I in potassium dibromoiodate and its monohydrate were observed, and 
the Zeeman effect of 81Br NQR in the monohydrate was examined. The resonance lines indicate that both com­
pounds have two kinds of dibromoiodate ions and that these ions in the anhydride are slightly asymmetric, while 
those in the monohydrate are symmetric. The difference in frequency between the two resonance lines due to 
each resonant nucleus in the monohydrate is explained in terms of the I---Br intermolecular interaction. The 
charge distributions in both compounds were evaluated to be about — 0.6<? and 0.2e on the terminal and central 
atoms respectively. 

In general, trihalide ions are almost linear and the 
iodine atom occupies the center of the ion.1) T h e 
reported halogen-halogen length is considerably larger 
than the sum of the covalent bond radii. The bonding 
in these ions is considered to result from the overlap 
of the valence np* orbitals of the constituting atoms. 
Trihalide compounds have been studied so far by means 
of the nuclear quadrupole resonance,2-9) since they can 
give more useful information about the bond character 
and the charge distribution. 

According to the crystal structure of K I B r 2 * H 2 0 as 
determined by X-ray analysis,10) the space group is 
Pnnm and all atoms lie on the mirror planes at 2 = 0 
2 = 1 / 2 . T h e structure consists of nearly linear chains 
of halogen atoms extending infinitely along the b axis, 
as is shown in Fig. 1. The two independent IBr2~ 
anions are linear and symmetric. T h e closest O - B r 
and I"-Br distances are 3.60 Â and 3.87 Â respectively, 
indicative of weak hydrogen bonding and intermolecular 
interaction. Therefore, it is interesting to examine not 
only the charge distribution on halogen atoms but also 
the influence of the intermolecular interaction on the 
electric field gradient of the halogen atom. 

Exper imenta l 

The potassium dibromoiodate monohydrate was prepared 
by heating an aqueous solution of potassium bromide, bro­
mine, and iodine. Its anhydride was obtained by dehydrat-

Br(2) 
->b 

a S f ^ V 3.87 o^o-o 

Br (2) 

°--0=o -°=0-0 

ing the monohydrate. The single crystal of the monohydrate 
was obtained by slowly lowering an ampoul filled with a 
saturated aqueous solution of potassium dibromoiodate 
through an electric furnace. The single crystal of the an­
hydride could not be obtained. 

A super-regenerative oscillator was used for the detection 
of the NQR line. The absorption lines were displayed on an 
oscilloscope. The resonance frequencies were determined by 
the use of a universal counter, TR-5578, of the Takeda Riken 
Industry Co. Ltd. The Zeeman effect was measured by means 
of the zero-splitting cone method. The magnetic field was 
provided by a Helmholtz coil with a field strength of about 
200 G. 

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

Table 1 shows 81Br and 127I N Q R frequencies of 
K I B r 2 - H 2 0 and KIBr2 . Since 127I has a nuclear spin 
equal to 5/2, it shows two N Q R lines. However, we 
could not observe the resonance line due to the transition 
between the ± 3 / 2 and ± 5 / 2 levels, because the reso­
nance frequency was too high to be detected with a 
conventional N Q R spectrometer. Two resonance lines 
each were observed for 81Br and 127I nuclei in the mono-
hydrate. O n the other hand, four and two resonance 
lines were observed for 81Br and 127I respectively in the 
anhydride. These findings indicate that both com­
pounds have two kinds of IBr 2

_ ions in the crystals, 
and that the IBr2~ ions are symmetric in the mono-
hydrate, while those in the anhydride are slightly 
asymmetric. In general, it is accepted that the tri­
halide ions are symmetric only when the cation in a 
trihalide compound is as large as a tetralkylammonium 
ion.8) In the present case, the IBr2~ ions seem to 
become symmetric in spite of having a small cation 
because the crystal includes a water of crystallization. 
The two resonance frequencies of 81Br in the mono-

TABLE 1. 81Br AND 127I NQR FREQUENCIES 

IN KIBr 2 -H 20 AND KIBr2 AT 300 K 

Fig. 1. The crystal structure of KIBr2H2(D projected 
onto the ab plane. 

Compound 

KIBr2 .HaO 

KIBr2 

Resonance 

,,(8iBr) 

124.17 
128.41 
123.54 
129.33 
129.63 
130.22 

frequency (MHz) 

V ( l /2~3/2) ( 1 2 T) 

421.51 
438.77 
425.83 
433.24 
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180 

bo 
v 

90 270 180 

0, degree 

Fig. 2. Zero-splitting patterns of 81Br Zeeman lines in 
K I B r 2 H 2 0 . 

TABLE 2. ANGLES BETWEEN DIBROMOIODATE IONS 

IN KIBr 2 .H 2 0 

360 

IBra-(a2) 
IBr,-(A) 
IBr2-(&) 

IBr2-(a i) 

17.21° 
80.87° 

116.77° 

IBr2-(a2) 

63.66° 
99.56° 

IBr2-(A) 

35.90° 

hydrate are so different that the interactions between 
the resonant nucleus and the surrounding atoms are 
quite different. This must be clarified by the assign­
ment of the Br atoms. Therefore, we observed the 
Zeeman effect on 81Br N Q R . The results are shown in 
Fig. 2. Each resonance line gives two zero-splitting 
patterns, indicating that the monohydrate crystal be­
longs to a monoclinic or a higher symmetric system. 
The Br atom was assigned on the basis of the angles 
between the IBr2~ ions, assuming that the principal z 
axis of the Br atom is parallel to the linear ion. T h e 
angles thus obtained are listed in Table 2. The X-ray 
analysis indicates that the angles between the chemically 
equivalent ions are 17.66° for the ions with Br( l ) and 
35.92° for those with Br(2). Therefore, the Br atoms 
contributing to the lower and higher resonance lines 
were assigned to Br( l ) and Br(2) respectively. 

Fortunately, the I atoms could be assigned from the 
intensities of the resonance lines on the single crystal. 
T h e principal z axis of the I atom is considered to be 
parallel to the linear IBr2~ ion, that is, parallel to that 
of the Br atom. T h e Zeeman analysis indicates that 
the angles between the principal z axis of the Br atoms 
and the rf coil axis are about 90° for Br( l ) and about 
45° for Br(2). Therefore, the strong resonance line is 
assigned to the I atoms bonded to Br ( l ) , and the weak 
line, to those bonded to Br(2). The observed intensity 
ratio of the higher resonance line to the lower was 
nearly 2 : 1 , indicating that the former line is due to 
1(1) and the latter to 1(2). 

T h e resonance frequency of Br( l ) is considerably 
lower than that of Br(2). Therefore, Br( l ) seems to 
be strongly affected by the intermolecular interaction. 
This is obvious from the temperature dependence of 
the resonance frequency shown in Fig. 3. The inter­
molecular interactions which affect the Br atoms 
include the O H - - B r hydrogen bonding and the Br—I 
interaction. T h e hydrogen bondings at both Br atoms 
are considered to affect the nuclei to almost the same 

E 

CT1 

pH 

- 2 0 0 - 1 0 0 0 

Temperature, °G 

Fig. 3. Temperature dependences of 81Br NQR fre­
quencies in KIBr2-HaO. 

TABLE 3. 81Br NQR PARAMETERS OF 

K I B r 2 H 2 0 AT 300 K 

Resonance line 
81Br(a) 
81Br(£) 

r(MHz) 

124.17 
128.41 

V(%) e*Qq/h(MHz) 

0 . 5 ± 0 . 3 248.34 
3 .4±1 .1 256.77 

extent, because the X-ray analysis10) indicates that the 
O - B r ( l ) and 0 - B r ( 2 ) distances are 3.60 Â and 
3.64 Â respectively. O n the other hand, the 1(1) 
- B r ( 2 ) distance is 4.23 Â and the I ( 2 ) - B r ( l ) 
distance is 3.87 Â, which is about 0.2 Â less than the 
sum of the van der Waals radii. Therefore, the dif­
ference in the resonance frequencies between Br( l ) and 
Br(2) is mainly to be ascribed to the I--Br interaction. 
In this case, the I(2)—Br(l) interaction is considered 
to be formed by the charge transfer from I to Br. The 
charge from the lone-pair orbital of 1(2) enters the 
bonding orbital of Br ( l ) , and the quadrupole coupling 
constant of Br( l ) decreases and that of 1(2) increases. 

The asymmetry parameters of the electric field gra­
dient are obtained from the zero-splitting loci ; they are 
listed in Table 3. The asymmetry parameters of both 
Br atoms are so small that the electric field gradients 
are almost axially symmetric. This may be seen from 
the fact that the IBr2~ ions are symmetric and the Br- I 
bond has little double-bond character. 

The charge on the Br atom can be obtained from the 
quadrupole coupling constant. All the asymmetry 
parameters of Br in K I B r 2 - H 2 0 and those of I in the 
trihalide ions are so small (up to 4%)5) that they can 
be neglected. Furthermore, s hybridization does not 
seem to participate in the halogen-halogen bond. Us­
ing the Townes-Dailey method,11) the following equa­
tions are obtained for the terminal and the central halo­
gen atoms. 

For a terminal a tom: 

(e2dq)c 
(e*Q.q)t 

= 1 — * = 2 — JV» (1) 
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T A B L E 4. ELECTRON POPULATIONS AND CHARGE 

DISTRIBUTIONS IN LINEAR TRIHALIDE IONS 

Compound 

KIBr2-H20 

KIBra 

KIC1 2 H 2 0 
KIC12 

N2 

Termi­
nal 

1.61 
1.60 
1.60 
1.66 
1.65 

Cen­
tral 

0.78 
0.82 
0.80 
0.70 
0.71 

dx(e) 

Termi­
nal 

- 0 . 6 1 
- 0 . 6 0 
- 0 . 6 0 
- 0 . 6 6 
- 0 . 6 5 

Cen­
tral 

0.22 
0.18 
0.20 
0.30 
0.29 

Total 
charge 

(e) 

- 1 . 0 0 
- 1 . 0 2 
- 1 . 0 0 
- 1 . 0 2 
- 1 . 0 1 

For a central a tom: 

(e*aq)< 
(e2dqh 

= (l-i) + 2i(l+e) = 1 + (l-JV z)(l + 2e), 

(2) 
where {e2Q,q)ohsA *s t n e observed quadrupole coupling 
constant and (̂ CL^Oatom is that due to one p a electron, 
i.e., 643.03 M H z for 81Br and 2292.71 M H z for 1271.12,13) 
£ is a correction factor for a positively charged resonant 
atom and 0.12 for 1 2 7I .n) Nz is the electron number 
of the p z orbital. Using the Nz values obtained from 
Eqs. 1 and 2, the charges, ££x, on the halogen atoms 
are readily calculated by means of the following rela­
tion: ££x = l— JVZ. The values thus obtained are 
listed in Table 4, in which the values for the I C 1 2

-

ions are given for purposes of comparison. Since no 
resonance lines except those in KIBr 2 • H a O are assigned, 
the charges on the halogen atoms were calculated for 
the averaged resonance frequency. T h e charges of the 

terminal and central halogen atoms in the IC12~ ions 
are larger than those in the IBr2~ ions. This can be 
explained by the difference in electronegativity between 
Br and Gl. In any case, the calculated total charges 
are equal to the theoretical value, —e. Therefore, the 
approximation used in the present work is reasonable. 
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Temperature and concentration dependences of the delayed luminescence observed in the naphthalene (guest) -
biphenyl (host) mixed crystal system have been studied. The presence of the temperature-independent delayed 
fluorescence (TIDF) and its significance in the evaluation of activation energy have also been confirmed in this 
system as in the case of the benzo[/]quinoline-biphenyl system previously reported, and the generality of 
the existence of TIDF as well as its significance in relation to activation energy has been suggested. In addition, 
some remarks have been made on the nature of TIDF and the decay behavior. 

We have observed T I D F of benzo[ / ]quinol ine in 
biphenyl host in the low temperature region from 90 K 
down to liquid helium temperature and showed that 
subtraction of this temperature-independent contribu­
tion (/TIDP) from the observed total delayed fluorescence 
intensity (( /D P) t o t a l) above 90 K gave straight-line fits 
of both log 7DF//p2 and log IDF vs. \jT plots, where 
IDF and 7p stand for the delayed fluorescence (DF) and 
phosphorescence (P) intensities, respectively, in good 
agreement with the usual temperature-dependent mod­
el.1-3) Moreover, it has been shown that the decay 
behavior of T I D F may be responsible for the unusual 
decay behavior of D F around 77 K, the decay of which 
deviates considerably from exponentiality in the lower 
temperature region where the exponential behavior is 
expected from the usual temperature-dependent model.2) 
T h e investigation on the temperature and concentration 
dependences of both the intensity and the decay of the 
delayed luminescence (P and DF) of naphthalene in 
biphenyl host has been made in order to examine the 
existence and its significance of T I D F as found in 
the benzo[ / ]quinol ine-biphenyl system. Incidentally, 
Misra4) reported an observation of T I D F in the same 
system. In the present work, therefore, we will mainly 
discuss whether this temperature-independent portion 
of D F plays an important role for the anomaly of D F 
observed in the lower temperature region in the naphtha­
lene-biphenyl system. Benzo[ / ]quinol ine has overlap­
ping phosphorescence and triplet-triplet absorption 
bands,5) whereas it is not the case in naphthalene.6) 
Since this type of overlapping might be significant in 
the triplet-triplet annihilation,7) it seems interesting to 
choose naphthalene as another guest to be compared 
with benzo[ / ]quinol ine . 

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

Chemicals were obtained from Tokyo Kasei Kogyo Co., Ltd. 
Biphenyl was recrystallized twice from ethanol, and was 
further purified by the method of repeated zone refining and 
abstraction of the non-emissive portions of the specimen. 
Naphthalene of the UP grade (zone refined, number of pass­
es: 23) was used without further purification. The poly-
crystalline samples used were prepared from the melts between 
two fused-silica plates which were mounted in a brass block 
holder. Concentration of the samples studied ranges from 
10~2 to 10~4 mol/mol. All apparatus and techniques were 
identical to those already described.2) 

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

Spectra. As shown in Fig. 1, the normal and 
delayed fluorescence spectra obtained at 77 K with a 
guest concentration of 1.0 x 10 - 3 mol/mol are in good 
correspondence with each other in any of the mixed 
crystal samples, giving a confirmation that the observed 
D F is genuine. T h e temperature dependence of the 
delayed luminescence was studied for bands b , c, and 
d in Fig. 1. T h e phosphorescence spectrum obtained 
at 77 K from the mixed crystals is given in Fig. 2, where 
" a " stands for the 0,0-band of P. The delayed lumines­
cence spectrum of the naphthalene-biphenyl mixed 
crystals has been reported, particularly by Misra and 
McGlynn.8) Comparing our observed spectrum with 
theirs, the naphthalene guest is identified to be the 
emitting species. 

Temperature Dependence of Intensity. The results of 
the temperature dependence of the delayed luminescence 
with a guest concentration of 1.0 X 10 - 2 mol/mol in the 

i i i i i 

320 340 360 

Wavelength/nm 
Fig. 1. Comparison of (A) normal and (B) delayed 

fluorescence of naphthalene in biphenyl host at 77 K. 
Conen : 1.0 X 10"3 mol/mol. 
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Fig. 2. Phosphorescence spectrum of naphthalene in 
biphenyl host at 77 K. Conen: 1.0 X 10~3 mol/mol. 

i — ' — ' — ' — I — ' — • — r 

80 120 160 200 240 

Fig. 3. Temperature dependence of the delayed lumines­
cence of naphthalene in biphenyl host in the tempera­
ture region above 77 K. Conen: 1.0 X 10-2 mol/mol. 
(a) : Phosphorescence intensity observed at 475 nm, i.e., 
the 0,0-band shown in Fig. 2 ; (b) and (c) : delayed 
fluorescence intensities observed at 318 nm (the 0,0-
band) and the corresponding band shown in Fig. 1, 
respectively. No correction was made for the spectral 
response of the apparatus. 

temperature region above 77 K are shown in Fig. 3. 
The results on D F observed at band d are not shown 
in the figure because it is similar to those of bands 
b and c as far as the temperature dependence is con­
cerned. The results obtained with the guest concentra­
tions of l . O x l O - 8 and 1.0 X 10~4 mol/mol were also 
similar to those obtained with the guest concentration 
of 1.0 X 10 - 2 mol/mol just mentioned above. As can be 
seen in Fig. 3, the D F intensities observed at bands b 

and c remain constant at least in the temperature range 
of 77—110 K. This thermal behavior is quite similar 
to that in the benzo[/"]quinoline-biphenyl system2) 
except that Tm!ix (the temperature at which maximum 
intensity of D F occurs) shifts to the higher temperature. 
These suggest that 7DF below 77 K may be independent 
of temperature. This system has very weak delayed 
luminescence at temperatures below 77 K, which we 
were not able to study quantitatively even by use of 
an N F LI-572B auto lock-in amplifier, partly because 
of the use of glass dewars. Incidentally, Misra4) has 
reported that ./DF observed in the same system remains 
fairly constant in the temperature range from 6 to 77 K, 
77 K being the highest temperature in their study. O n 
the other hand, we also observed T I D F in the range 
of 77—105 K. Combining these results obtained in the 
different temperature regions, it may be concluded that 
T I D F exists over a wide range of temperature in this 
system just as in the case of the benzo[ / ]qu ino l ine-b i -
phenyl system. Hence, the important features of T I D F 
may be investigated in the region above 77 K. In this 
system, a rather peculiar temperature dependence of 
7DF, as was already pointed out by Misra and McGlynn,8) 
was found in the lower temperature region where an 
exponential temperature dependence is expected. This 
peculiarity may be correlated to the D F decay behavior 
at the same lower temperature region2) and we em­
phasize that this peculiarity is due to the existence of 
T I D F over a wide range of temperature. 

Evaluation of Activation Energy from Intensity Analyses. 
We have emphasized in the previous papers1,2) that the 
peculiarity of D F in the lower temperature region can 
be understood well in accodance with the kinetic model 
if we take into consideration the temperature-independ­
ent portion of D F in a process of estimation of 7DF. 
We use the following three Arrhenius plots2,9) in order 
to estimate the activation energy AE from the intensity 
analyses : 

(1) In the higher temperature region, 

log/, vs. l /r (plot (i)) 
(2) in the lower temperature region, 

l o g / D F vs. l / r (plot (2)) 
(3) in the whole temperature region, 

l o g / D F / V w- l / r (plot (3)). 
In Fig. 4 are shown plots (1) and (2) obtained with three 
different concentrations, together with the plot obtained 
using corrected values of 7DF, i.e., [ ( / D F ) t o t a l —/ T I D P ] . 
Among the plots, only the latter one gave good fits to 
straight lines in all the concentrations studied. Figure 5 
shows the results obtained with plot (3) in the three 
different concentrations. Here also, only the plot 
obtained with the corrected values of 7DF gave a 
straight line over the whole temperature range. In 
the naphthalene-biphenyl system, however, the effect 
of the correction is found to be smaller than that in 
the benzo[ / ]quinol ine-biphenyl system, reflecting the 
fact that the temperature-independent fraction is 
much smaller, as can be seen in Fig. 3. The slopes 
of the straight-line portions shown in Figs. 4 and 5 
give the activation energies listed in Table 1, which 
are comparable with the spectroscopic value8) of 
1940 c m - 1 . Misra and McGlynn8) obtained the ac-
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TABLE 1. ACTIVATION ENERGIES*1) AND RATIOS /TIDF/(^DF)] 

Guest 
concn 

(mol/mol) 

AE (cm-1)*) 

Band«) log/DF//p2 vs. l/T 

Uncorrected*1) Corrected«1) 

log/D F vs. l/T 
Corrected6) log/p vs. \\T 

7 T ] 

CDF) ] 

1.OX lO-2 

l.oxio-3 

l.OxlO"4 

c 
c 
c 

1755 
1970 
2340 

1770 
2040 
2400 

1900 
1980 
1910 

1950 
2030 
1950 

0.012 
0.004 
0.004 

a) The spectroscopic energy gap of host triplet-guest triplet state is 1940 cm - 1 for the naphthalene-biphenyl 
system.8) b) Activation energy calculated from the temperature dependence of the delayed luminescence. See 
text, c) See Fig. 1. d) See text, e) Only the corrected plot gives a good fit to a straight line. See text. 
0 CDF)™. denotes the maximum /DP at Tm a x . 
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(A), and log Ip (# ) vs. \/T with 7DF at band c shown 
in Fig. 1. Concn: (a) 1.0 X 10~2, (b) 1.0 X 10~3, (c) 
1.0 x lO- 4 mol/mol. 
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Fig. 5. Plots of log (JDF)total/Jpa (O) and log [(/DF)totai 
—7TIDF]//p2 (X) vs. \jT with 7DF at band c. Concn: 
(a) l.OxlO-2, (b) 1.0x10 3, (c) l.OxlO-4 mol/mol. 

tivation energy of 1760 c m - 1 from the "uncorrected" 
par t of plot (3) and 175 K for Tm^. Our uncor­
rected results are in good agreement with theirs. We 
would like to emphasize here that, according to our 
results, the existence of shallow traps in host crystal 
lattices suggested by Misra and McGlynn8> as an inter­
pretation of D F in the lower temperature region is in 
doubt and that it should be re-interpreted as due to 
the existence of T I D F as has been detailed on the benzo-
[yjquinoline-biphenyl system.1-2) The activation ener­
gies obtained from plot (3) with a very low guest con­
centration of 10 - 4 mol/mol seem too large to fall within 
the experimental error in either of the spectroscopic 
value or the other thermal activation energies. As was 
already suggested in the previous paper,2) this may be 
due to an influence of a very weak t rap-DF observed 
at such a very low concentration. Judging from the 
thermal values obtained from the other sources (i.e., 
plots (1) and (2)) and from the discussion in the previous 
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paper,2) it may be concluded that the thermal activa­
tion energy is independent of concentration. 

Decay Behavior. We have observed exponential 
or nearly exponential decays of D F of naphthalene in 
biphenyl host crystals in the temperature range of 120 
—130 K,3) just as have been reported by Hirota9) and 
by McGlynn et a/.8-10-11) in the vicinity of the so-called 
characteristic temperature {i.e., the temperature at 
which deviations from exponential decay behavior of P 
begin to occur). These experimental observations 
indeed seem to be in accordance with our suggestion2) 
that when the contribution of T I D F is negligible and 
the decay of temperature-dependent D F remains ex­
ponential, the exponential decay behavior of D F to be 
observed will be expected at least in the vicinity of the 
characteristic temperature. Detailed results on the 
decay behavior will be presented elsewhere. 

Some Remarks on the Nature of TIDF. In the 
last column of Table 1 are given the ratios of I^m-p to 
IBF at r m a x , that is, / T I D F / ( / D P ) m . For naphthalene in 
biphenyl host, Misra obtained a value of 0.12 for the 
above ratio from the temperature dependence of IBF,^ 
while our values are lower by one order as listed in 
Table 1. These ratios seem to exhibit the concentra­
tion dependence, as have already been suggested by us, 
and are much smaller than those obtained in the benzo-
[/Jquinoline-biphenyl system.1,2) In any event, consi­
dering the fact that we have observed T I D F , it may be 
concluded that the overlap of the P and T-T absorp­
tion bands is not necessarily significant for the occur­
rence of T I D F . Recently, Gondo et al.12) have suggest­
ed, on the sound basis of the results on the concentra­
tion depolarization in P and normal fluorescence of 
some aromatic compounds in ethanol glass at 77 K, 
that formation of the molecular complexes might be 
responsible for the energy transfer observed in the benzo-
phenone-naphthalene-in-rigid-glass system by Terenin 
and Ermolaev.13) Namely, the experimental results 
that the triplet-triplet energy transfer is inefficient and 
is of the short range phenomenon,12) and that T I D F 
has been observed at the low concentrations of the 
order of 10 - 4 mol/mol, suggest that the formation of 
molecular aggregates in mixed crystals may be responsi­
ble for the existence of TIDF.2-14) 

Similar T I D F has also been observed for naphthalenes 
and phenanthrenes in biphenyl host crystals,4-9) for 
perprotobenzene in perdeuterobenzene host crystals,15) 
and in the crystalline 1,2,4,5-tetracyanobenzene-bi-
phenyl complex,16) as well as for the naphtha lene- and 

benzo[y]quinoline-biphenyl systems. Very recently, 
in the benzo[Ä]quinoline-biphenyl system, T I D F has 
also been observed and the above-mentioned correction 
has been carried out successfully.17) Therefore, it may 
be allowed to state that the existence of T I D F in 
organic mixed crystals is a general phenomenon and 
the correction should be carried out in those systems 
where T I D F is observed. 
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Construction of a 3He Calorimeter and Heat Capacity Measurement of the 1965 
Calorimetry Conference Copper Standard between 0.4 and 20 K 
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Construction of an isoperibol-type calorimeter with a 3He cryostat is described. A system of charcoal-adsorp­
tion-pump is adopted. A Ge-thermometer used in the heat capacity measurements is calibrated in the temperature 
range from 0.4 to 1.5 K against the magnetic susceptibility of chromium potassium alum. The precision and 
the accuracy of the calorimeter is ascertained by the heat capacity measurement of the 1965 Calorimetry Conference 
Copper Standard (T-8.6) in the temperature range from 0.420 to 19.46 K. The deviation of the experimental 
points from the "copper reference equation" is within the experimental error of ± 2 . 5 % between 0.4 and 0.9 K, 
± 1 . 5 % between 0.9 and 1.5 K, ± 1 . 2 % between 1.5 and 4 K, and ±0 .6% between 4 and 20 K. The highest 
deviation of absolute value of the present heat capacity data of copper is 1.86% smaller than the "selected values 
(Furukawa et al.)" around 6 K. This difference may be primarily attributable to the NBS-65 temperature 
scale adopted in the present experiment. 

In the field of magnetism, weak interactions among 
the magnetic moments are unambiguously interpreted 
based on the heat capacity measurements at extremely 
low temperatures where the lattice contribution is negli­
gibly small. In the temperature region below 1 K, 
there are known considerable number of inorganic and 
metallic substances on which magnetic heat capacity 
measurements are performed. However, precise heat 
capacity measurements of organometallic and complex 
compounds are very scanty because these compounds 
are usually obtained as a polycrystalline form. In this 
work we constructed a calorimeter capable of measur­
ing precisely the heat capacity of polycrystalline sample 
in the temperature range from 0.4 to 20 K. Two kinds 
of calorimeter cell suitable for this purpose were also 
designed. 

The calorimeter constructed here is an isoperibol 3He 
evaporation-type. To attain temperature significantly 
below 1 K there are two possible ways for evaporation ; 
one is to p u m p out 3He vapor by use of a diffusion 
p u m p or a rotary pump1-2) and the other is to use a 
charcoal adsorption pump.3-4) The latter is superior to 
the former due to the following three reasons, (i) The 
evaporation rate by an adsorption p u m p is much larger 
than that by an oil diffusion p u m p because it is possible 
to connect an adsorption p u m p to a 3 He pot via the 
extremely short pumping line which is everywhere near 
1 K. (ii) In case of an adsorption p u m p one can avoid 
the heat generation arising from mechanical vibration 
of a rotary pump . Mechanical vibration causes very 
large temperature drift of a calorimeter cell at very 
low temperatures, (iii) A gas handling system using 
an adsorption pump is much simpler and securer than 
that consisting of a rotary pump. Based on our design 
Oxford Instrument Co., Ltd. constructed a par t of the 
evaporation system of the present 3He cryostat. In the 
present investigation a charcoal adsorption pump is 
adopted to avoid mechanical vibrations. A germanium 
resistance thermometer used here was calibrated against 
the magnetic temperature scale derived from the magnet­
ic susceptibility of chromium potassium alum. For 
this end, an a.c. Hartshorn mutual inductance bridge 
and a coil assembly were constructed. The working 
principle of the 3He cryostat and the calibration of Ge-
thermometer will be described rather in detail. 

Any physical quanti ty can exhibit its exact meaning 
only when the precision and the accuracy are critically 
evaluated. A convenient method of their estimation is 
to compare particular physical quanti ty with a well-
established "s tandard" value. As to the low tempera­
ture calorimetry, heat capacity of high purity copper 
has been recommended as the calorimetry standard 
since last decade or so. At the 19th Annual Calori­
metry Conference (U. S. A.), it was recommended to 
use a specially prepared and characterized copper 
sample for this purpose. In response to this recommen­
dation, standard samples were prepared by Osborne et 
al., and these samples are now available from Argonne 
National Laboratory.5) 

T o estimate the precision and the accuracy for the 
present low temperature calorimetry, we measured the 
heat capacity of the 1965 Calorimetry Conference 
Copper Standard (Argonne Designation "T-8 .6") in the 
temperature range from 0.4 to 20 K. The results and 
comparison with those by other investigators will be 
described below. 

Exper imenta l 

7. Construction of Apparatus. The calorimeter consists 
of four major parts, namely a 3He cryostat of isoperibol type, 
calorimeter cell, temperature measuring circuit, and energy 
measuring circuit. 

7.7 zHe Cryostat: The cryostat consists of three precool-
ing steps and the innermost 3He refrigerant system. The three 
precoolants are liquid N2 and liquid 4He at 4.2 and 1.2 K, 
respectively. The liquid containers for these coolants are 
designated hereafter as the N2 reservoir, the 4He main bath 
and 1.2 K pot, respectively. In order to minimize a heat 
evolution caused by mechanical vibration due to both a rotary 
pump used for a vacuum system and the laboratory building, 
the metal frame supporting the cryostat has been installed 
on rubber-dampers "Rubloc" and suitable bellows are in­
serted into the pipings, which cut off the vibration conducted 
from the building. 

Figure 1 illustrates a schematic drawing of the main part 
of the 3He evaporation cryostat. In this figure the drawing 
of a part of the dewar vessel and the N2 reservoir is omitted. 
A gold-plated copper vacuum jacket (G) immersed in the 
4He main bath (C) houses the 1.2 K pot (K), a charcoal 
adsorption pump (N), a 3He evaporator or the 3He pot (P) 



July, 1977] Construction of a 3He Calorimeter and Heat Capacity of Pure Copper 1703 

Fig. 1. Schematic drawing of the main part of 3He 
evaporation-type cryostat (0.4—20 K) : (A) aluminium 
jacket (liquid N2 temperature), (B) vacuum space, (C) 
4He main bath, (D) vacuum pumping tube, (E) 3He 
filling tube, (F) Wood's alloy joint, (G) gold-plated 
copper vacuum jacket, (H) radiation shield, (I) thermal 
anchor for leads, (J) radiation shield, (K) 1.2 K pot, 
(L) 1.2 K shield, (M) flow-impedance, (N) charcoal 
adsorption pump, (O) heater, (P) 3He evaporator, 
(QJ bellows, (R) mechanical thermal switch, (S) ex­
perimental space. 

and a mechanical thermal switch (R). The 1.2 K pot (inner 
volume of 400 cm3) is filled with the liquid 4He in the main 
bath via a needle valve. The 1.2 K pot is pumped down 
slowly to 1.2 K. The charcoal adsorption pump is heated 
to about 30 K by use of a heater (O) wound around it. The 
3He gas admitted through a flow-impedance (M) from an 
external storage tank is liquefied by passing it through a tube 
which is in thermal contact with the 1.2 K pot. The liquid 
3He drops into the 3He pot. Then the heater is switched off 
and at the same time a compartment attached to the bottom 
of the adsorption pump is filled with liquid 4He via a needle 
valve. The adsorption pump is cooled down to 4.2 K and 
the 3He evaporator reaches rapidly its lowest temperature 
(0.26 K). The lowest temperature is sustained for more than 
ten hours in the heat capacity measurements. 

The mechanical thermal switch has the gold-plated copper 
jaws, which are anchored to the 3He evaporator by the copper 
braids. A stainless steel frame for sample mounting, which 
is not drawn in Fig. 1, is set in an experimental space (S) 
and supports a calorimeter cell with fine nylon threads. All 
the leads between the hermetic seals at the top of the cryostat 
at room temperature and the tag located under the 1.2 K 
pot are 46 S.W.G. enamelled copper and are thermally an­
chored at the 4.2 K spot (I) and at the 1.2 K pot, respectively. 

Figure 2 is a sketch of the experimental space inside the 
1.2 K shield. Here, a calorimeter cell is already mounted. 

1.2 Calorimeter Cells: Tow kinds of calorimeter cells were 
constructed for the heat capacity measurements of polycry-
stalline specimen in the low temperature region. One is to 
use a small amount of 3He gas as a heat exchanger, while 
the other is to use an organic material (Apiezon-N grease) 
forming a glassy state for good thermal contact. For con-

r-5em 

Fig. 2. Sketch of experimental space. The 1.2 K 
shield is dismantled and a calorimeter cell of type-1 
is mounted: (A) 1.2 K pot, (B) tag for leads, (C) 3He 
evaporator, (D) mechanical thermal switch, (E) calori­
meter cell, (F) sample mounting frame. 

I—5cm 

Fig. 3. Schematic diagram of calorimeter cell-type 1 : 
(A) germanium thermometer holder, (B) leads for ger­
manium thermometer, (C) heater, (D) eight vertical 
radial vanes, (E) 3He gas filling tube, (F) sample filling 
tube, (G) clamping post. 

venience, these two cells are designated hereafter the calori­
meter cell-type 1 and -type 2, respectively. 

1.2.1 Calorimeter Cell-Type 1: The calorimeter cell-type 1 
(Fig. 3) consists of two parts: the upper part made of gold-
plated copper is equipped with a clamping post (G) and a 
germanium thermometer holder (A), while the lower part 
is a sample container made of 20 carat gold which has a 
cylindrical form with the dimension of 4.2 cm in diameter, 
3.5 cm in height and ca. 42 cm3 of capacity. Both parts are 
connected mechanically. This device is necessary to protect 
the Ge-thermometer from contamination and mechanical 
vibration when the sample is loaded. Eight vertical radial 
vanes (D) in the cell makes the thermal equilibration within 
the cell easier and to the same end a small amount of 3He 
gas (ca. 2 kPa at room temperature) is also sealed. The 
heater (C) is formed of a strain-free manganin wire of about 
1.5 k ß (49 S.W.G.) wound non-inductively. The heater is 
wound directly on to the periphery of the cell for assurance 
of good thermal contact at very low temperatures. For im­
provement of electric insulation and thermal contact between 
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-3 cm 
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Fig. 4. Schematic d iagram of calorimeter cell-type 2 : 
(A) germanium thermometer holder, (B) thermometer 
leads, (G) heater, (D) copper stirring rod, (E) evacuat­
ing hole, (F) clamping post. 
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Fig. 5. Block-diagram of temperature measuring circuit. 

the cell and the heater, the manganin wire is coated with 
GE7031 varnish. Thermal contact between the Ge-thermo-
meter and the holder is increased by use of a small quant i ty 
of Apiezon-N grease between them. A par t of the leads is 
thermally anchored to the upper par t of the cell by means 
of GE7031 varnish. T h e cell is fixed to the sample mount ing 
frame by fine nylon threads. T h e clamping post is adjusted 
to locate symmetrically between the jaws of the mechanical 
thermal switch (see Fig. 2). 

1.2.2 Calorimeter Cell-Type 2: Figure 4 shows the calori­
meter cell-type 2. In this case a polycrystalline sample is 
mixed with Apiezon-N grease. Hea t transfer within the cell 
is promoted by a copper stirring rod (D) at tached to one 
end of the clamping post. T h e cell is a copper cylinder of 
2.5 cm in diameter , 3.5 cm in length and ca. 12 cm 3 of capa­
city. T h e clamping post (F), the thermometer holder (A) 
and so on are similar to those of the type 1. 

1.3 Temperature Measuring Circuit: T h e measurement of 
temperature is achieved by the potential drops across both 
a germanium resistance thermometer (GryoGal, Inc. , type 
GR100) and a s tandard resistor (1 k ß , Shimadzu Electrical 
Measuring Instruments Co., Ltd.) arranged in series with it 
(see Fig. 5) . These measurements are made by use of a 
Wenner- type potentiometer (Leeds & Nor th rup Co.) . T h e 
degree of imbalance of the potentiometer is monitored by 
a d.c. micro voltmeter (Ohkura Electric Co., model A M -
1001). T h e electric current used for the resistance measure­
ments of the Ge-thermometer is selected to be 3.6—46 \iA 
in the temperature range from 0.9 to 20 K, while below 0.9 
K 1 fjtA or less is used so that the self-heating effect can be 

Timer Digital voltometer 

LXZ W\A-
Heater 

S 
ÏL. V\AA 

Standard resistance 

Dummy resistance 

-i^-—® Y 
Fig. 6. Block-diagram of heating circuit. 

minimized. T h e thermal electromotive force generated in 
the circuit is compensated by the reversion of the electric 
current. T h e apparent temperature difference caused by the 
current reversion were, e.g., 0.6 m K at 0.61 K and 1.0 m K 
at 1.3 K. T h e standard resistor and an unsaturated-type 
standard cell (Epply Laboratory, Inc.) necessary for the poten­
tiometer are kept at constant temperature. 

1A Heating Circuit: Figure 6 shows the heating circuit. 
T h e heater current is supplied from a bank of low discharge 
lead storage batteries. T h e circuit is arranged to give a con­
tinuously variable current from 20 [xA to 3.7 mA. T h e elec­
tric current flowing through the heater is determined by the 
potential drop across a s tandard resistor (1 k f i ) . T h e heating 
element consists of a 49 S.W.G. manganin wire whose re­
sistance is ca. 1.5 k f i at room temperature. T h e d.c. voltages 
across the heater and the standard resistor are displayed on 
an integrating digital voltmeter (Takeda Riken Industry Co., 
Ltd. , model TR-6515D, 5 digits). A dummy resistor having 
a similar resistance to the heater is placed in parallel to the 
heater. This d u m m y circuit enables the batteries to supply 
a stable current for a long period. T h e durat ion of the heat­
ing period is determined by an electronic counter (Takeda 
Riken Industry Co., Ltd. , model TR-5104/04F, 6 digits). 

2. Calibration of Ge-thermometer between 0.4 and 1.5 K. 
T h e germanium resistance thermometer (GryoCal, Inc. , type 
C R 100) used for the present heat capacity measurements has 
been already calibrated in the temperature range from 1.5 
to 20 K at CryoCal, Inc . T h e temperature scale between 
1.5 and 2.0 K is based on the helium-4 vapor pressure scale 
of 1958 (TM). T h e 2.25 to 13 K readings are traceable to 
the National Bureau of Standards Provisional Scale 2—20 
(1965) through a secondary standard. T h e temperature scale 
between 14 and 20 K is based on the International Practical 
Tempera tu re Scale of 1968 (T68) through a secondary stan­
dard . 

Then the calibration below 1.5 K is made against the mag­
netic temperature scale derived from our measurement of 
magnetic susceptibility for chromium potassium alum. For 
this end, an a.c. Har tshorn mutual inductance bridge and 
a coil assembly for it were constructed. T h e oscillator is a 
commercially available audio-frequency signal generator 
(General Radio Co., type 1301-A). T h e frequency used here 
is 100 Hz. T h e inductive unbalance of the measuring 
secondary coil can be resolved into two components; the first 
component corresponds to the real par t of the magnetic suscep­
tibility of the paramagnet ic salt and can be compensated by 
a variable mutua l inductor (H. Tinsley & Co., Ltd. , type 
4229). T h e second component corresponds to the imaginary 
par t of the susceptibility and can be compensated by taking 
off a small voltage from a potentiometer. T h e null balance 
of the circuit is at tained by visual observation on the oscil-
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•3cm 

L-0 

Fig. 7. Schematic diagram of the coil assembly: (S) 
paramagnetic salt, (A) nylon bobbin, (B) primary coil, 
(C) measuring secondary coil, (D) compensating sec­
ondary coil, (E) germanium thermometer holder, (F) 
copper rod, (G) clamping post. 

lograph. 
In the coil assembly (see Fig. 7), the Nb-Ti superconduct­

ing wire is wound on a nylon bobbin as a primary coil. The 
use of superconducting wire prevents the heat evolution due 
to Joule-effect in the primary coil at low temperatures. The 
measuring and the compensating secondary coils (copper wire) 
are wound directly onto the primary coil in opposite direc­
tions so that the mutual inductance due to the empty coil 
may be reduced to a conveniently small value. A single 
crystal of chromium potassium alum (ca. 2 g) is mounted 
in the bobbin. 

The calibration procedure is as follows; in the first place, 
the magnetic susceptibility of the specimen was measured in 
the range from 1.5 to 7.0 K by use of the temperature scale 
of the Ge-thermometer. Based on these measurements we 
determined the Curie constant, the geometry factor of the 
salt, and the constant mutual inductance characteristic of the 
present apparatus. By assuming that these factors would not 
change below 1.5 K the Ge-thermometer was calibrated against 
the magnetic susceptibility in this temperature region. At 
each temperature the readings of the mutual inductor and 
the resistance of the thermometer were recorded over a period 
of 15—30 min. Twenty-seven sets of the experimental points 
were determined in the range between ca. 0.4 and 7 K. 
During the calibration the temperature of the coil assembly 
was controlled by both the mechanical thermal switch and 
the heater. 

The calibration data, together with those above 1.5 K, were 
fitted to the following polynomial by using the method of 
least squares in the fractional deviations with equal weight: 

i'=0 
(1) 

This polynomial with fourteen parameters can reproduce the 
calibration points within ± 2 mK below 6 K, within ± 5 mK 
between 6 and 15 K, and within ± 8 mK between 15 and 20 
K (see Fig. 8). 

The main source of experimental errors lies in the inac­
curacy of the measurement of the mutual inductance. Its 
readings have an uncertainty of ±0 .1 |j.H owing to the small 
current in the primary coil. On the other hand, the lowest 
range of the mutual inductor showed different values of the 
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Fig. 8. Deviation plot for the germanium thermometer. 
AT^T'caicd— Tobsd, where Tobsd is the calibrated tem­
perature and r c a l c d is the temperature calculated 
from the observed resistance R and the polynomial 
of the form given by Eq. 1. 

reading taken in the clockwise and the counterclockwise 
directions. This may be caused by the external electromag­
netic coupling around the mutual inductor. 

The validity of temperature calibration will be discussed 
later in connection with the heat capacity data of the 1965 
Calorimetry Conference Copper Standard. 

3. Heat Capacity Measurement of Standard Copper Sample. 
To evaluate the precision and the accuracy for the present 
low temperature calorimetry, we measured the heat capacity 
of the 1965 Calorimetry Conference Copper Standard (Argon-
ne Designation "T-8.6")5) in the temperature range from 0.4 
to 20 K. The purity of the present copper sample is guaran­
teed to be better than 99.999%. 

3.1 Preparation of Standard Copper Sample'. The standard 
copper sample employed for the present purpose was the 1965 
Calorimetry Conference Copper Standard (T-8.6), which was 
prepared in Argonne National Laboratory by vacuum casting 
99.999+% High Purity Copper (American Smelting and 
Refining Co.) into rods. The sample has a cylindrical form 
of 5.3 cm in height and 3.1 cm in diameter. It was cleaned 
first with nitric acid and then with hydrochloric acid, rinsed 
with distilled water and dried in vacuo. After the surface 
treatments was over it was annealed in H2 atmosphere 
for 2 h at 670 K, in 4He atmosphere for 4.5 h at 720 K, 
and cooled in vacuo overnight in a Pyrex vessel. The final 
mass of the sample was 376.605 g (/\5.92649 mol). 

For the heat capacity measurement the sample was mounted 
in a sample holder (Fig. 9). The sample holder consists of 
two flat copper disks (B) and (C) ; the upper one (B) is equip­
ped with a clamping post (D) and a germanium thermo­
meter holder (A). The sample (E) was interposed mechani­
cally between these two disks. The calibrated germanium 
thermometer was inserted into the thermometer holder. 
Small amount of Apièzon-N grease was used for the 
attainment of good thermal contact between each part. 
A heater consists of a manganin wire (49 S.W.G.) with 
about 1.5 k ß , which was wound directly onto the peri­
phery of the sample rod and glued with GE7031 varnish. 
The sample holder was tightly hung in the calorimeter 
mounting frame in the cryostat by fine nylon threads. The 
clamping post was adjusted to locate centrally between the 
pair of jaws of the mechanical thermal switch. The weight 
of the sample holder and other addenda was 84.333 g. 

3.2 Heat Capacity Measurement of Standard Copper Sample: 
The heat capacity measurement was made by an impulse 
method. The principle of this method is to measure a tern-
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TABLE 1. HEAT CAPACITY OF THE SAMPLE T-8.6 FROM 

THE 1965 CALORIMETRY CONFERENCE COPPER STANDARD 

(ATOMIC WEIGHT=63.546) 

r~3cm 

Fig. 9. Schematic diagram of the sample holder for 
standard copper: (A) germanium thermometer 
holder, (B) upper disk, (G) lower disk, (D) clamping 
post, (E) copper sample. 

perature increment AT after a known quantity of heat AQ, 
is introduced to a sample at a temperature T. The average 
heat capacity Cav in the temperature interval between T and 
T+ A T may be given by C a v = A Q,f A T. On the other hand, 
the true heat capacity (C) is defined as C=lim (AQ./AT) = 

AT->0 
dQ/dT. When the AT is small enough, Cav approximates 
well to C and can be regarded as the true heat capacity at 
the average temperature TaY (= T+ATfi). However, in the 
temperature region where the heat capacity is largely varied 
with temperature, the curvature correction should be made. 

The temperature drift was monitored over a period of ca. 
8 min and the attainment of thermal equilibrium in the sample 
was confirmed. The heat leak into the sample was estimated 
to be 20 nW at 0.45 K and - 2 1 nW at 0.68 K. On the 
other hand, a breaking-off operation of the thermal switch 
brought about a temperature rise of 50 mK from the realized 
lowest temperature {ca. 0.32 K). This heat evolution is 
caused by the friction between the clamping post and the 
jaws of the thermal switch. 

The heat capacity of the copper plus addenda was first 
measured in the temperature range from 0.391 to 20.02 K. 
Then the auxiliary measurement of the heat capacity of ad­
denda was made between 0.456 and 19.18 K. The same 
amount of Apiezon-N grease was used for both sets of measure­
ments. The ratio of the heat capacity of the addenda 
to the total amounts to about 20% at 0.42 K and becomes 
smaller with increasing temperature. 

Results and Discussion 

The experimental heat capacities, average tempera­
tures and temperature increments are given in Table 1. 
The curvature correction has been applied for the deter­
mination of the heat capacity over the whole tempera­
ture region investigated. The experimental values 
below 2.0 K are compared in Fig. 10 with the results 
of previous measurements on copper in this tempera­
ture region. The open triangle and square represent 
the individual experimental points of previous measure­
ments,5 '9) while a solid line is a smoothed curve calcu­
lated as an average of the data obtained by other two 

T 
"K~ 

0.420 
0.448 
0.481 
0.520 
0.554 
0.581 
0.607 
0.631 
0.656 
0.678 
0.702 
0.729 
0.748 
0.767 
0.786 
0.816 
0.834 
0.852 
0.859 
0.873 
0.889 
0.905 
0.920 
0.935 
0.950 
0.965 
0.978 

0.992 
1.007 
1.007 
1.024 
1.044 
1.058 
1.076 
1.101 
1.126 

cP 
mj K-1 mol-1 

0.2934 
0.3182 
0.3484 
0.3645 
0.4024 
0.4264 
0.4359 
0.4542 
0.4742 
0.4974 
0.5071 
0.5188 
0.5414 
0.5575 
0.5648 
0.5819 
0.6026 
0.6274 
0.6294 
0.6366 
0.6468 
0.6525 
0.6601 
0.6816 
0.7017 
0.7184 
0.7314 
0.7316 
0.7433 
0.7474 
0.7660 
0.7751 
0.7994 
0.8126 
0.8363 
0.8537 

Ar 
K 

0.024 
0.026 
0.033 
0.037 
0.028 
0.026 
0.025 
0.024 
0.026 
0.022 
0.029 
0.030 
0.022 
0.022 
0.024 
0.024 
0.025 
0.023 
0.022 
0.022 
0.024 
0.022 
0.024 
0.023 
0.022 
0.025 
0.023 
0.023 
0.028 
0.029 
0.024 
0.036 
0.026 
0.033 
0.035 
0.033 

T 
K 

1.161 
1.210 
1.291 
1.348 
1.406 
1.465 
1.529 
1.600 
1.767 
1.971 
2.224 
2.506 
2.794 
3.113 
3.514 
3.981 
4.523 
4.961 
5.400 
5.941 
6.574 
7.151 
7.616 
8.068 
8.518 
8.913 
9.217 
9.600 

11.06 
12.93 
14.10 
15.13 
16.04 
16.97 
18.19 
19.46 

cp 
mj K-1 mol-

0.8840 
0.9247 
1.001 
1.058 
1.114 
1.171 
1.234 
1.308 
1.478 
1.711 
2.030 
2.457 
2.937 
3.577 
4.500 
5.694 
7.374 
9.083 

11.10 
13.86 
17.91 
22.23 
26.13 
30.27 
35.35 
39.89 
43.71 
48.84 
72.93 

116.1 
150.6 
187.6 
226.5 
269.4 
334.9 
423.0 

Ar 
1 K 

0.056 
0.064 
0.071 
0.067 
0.064 
0.076 
0.072 
0.121 
0.231 
0.200 
0.339 
0.332 
0.278 
0.392 
0.451 
0.589 
0.549 
0.440 
0.481 
0.647 
0.667 
0.534 
0.445 
0.510 
0.442 
0.393 
0.362 
0.436 
2.538 
1.239 
1.135 
1.003 
0.835 
1.052 
1.414 
1.119 

groups.6 - 8) T h e present data (solid circle) agree well 
with these previous results except for several points 
around 1.0 K, which are scattered within ± 2 % . I t 
may be mainly caused by rather small temperature 
increments in the present heat capacity measurement 
in this temperature region. O n the whole, however, 
the calibration accuracy of the present thermometer 
below 1.5 K seems to be satisfactory. 

The heat capacities of copper were fitted to the fol­
lowing equation proposed by Barron and Morrison10) 
for the heat capacity of metallic solids, 

(2) 

by using the method of least squares weighted with 
1/Cp

2, so that the sum of squares of the fractional 
deviations of the observed Cp values from the calculated 
ones may be minimized. Here, the first term propor-
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2.0 

7VK 
Fig. 10. Heat capacity of copper below 2.0 K: solid curve, Martin,6,7) and Gmelin 

and Gobrecht;8* G> Hurley and Gerstein;9) A, Osborne et al.f) # , present work. 

tional to T is the "electronic heat capacity" due to 
conduction electrons and the remaining higher terms 
such as T3, T5 and so on correspond to the contribu­
tions from lattice heat capacity. Osborne et al.5) desig­
nated the polynomial as " the copper reference equat ion" 
and used it for the purpose of interlaboratory compari­
son of heat capacity measurements. For the calcula­
tion the higher terms greater than n = 6 were truncated. 
The "best fit" values of the coefficients were determined 
to be 

AJmJ K-2 mol-1 = 0.69783, 

AJmJ K-4 mol-1 = 0.45586 X 10"1, 

AJmJ K"6 mol-1 = 0.26336 x 10-4, 

AJmJ K-8 mol-1 = -0 .39043 X 10~7, 

AJmJ K-10 mol"1 = 0.16039 X ÎO"9, 

- 3 
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20 

and 

AJmJ K-12 mol-1 = -0 .15882 X 10-12. 

The percentage deviations of the present results from 
the polynomial are shown in Fig. 11. The deviation 
of the experimental points is within the experimental 
error of ± 0 . 6 % above 4 K, ± 1 . 2 % between 4 and 
1.5 K, ± 1 . 5 % in the range from 1.5 to 0.9 K, and 
± 2 . 5 % below 0.9 K. As described above, the rather 
large scatter between 0.9 and 1.5 K may attributable 
to the small temperature increment in the heat capacity 
measurement, while the systematic deviation between 
1.5 and 4 K may be caused by the discrepancy be­
tween the NBS-65 and the T58 scales. This problem 
will be discussed below together with the effect of both 
temperature scales upon the heat capacity values of 
copper. 

Ax is the coefficient of electronic heat capacity. The 
coefficient A2 corresponds to 127r4i?/5[0D(O)]3 and thus 
yields the Debye characteristic temperature 0D(O) at 0 
K, where R is the gas constant. In Table 2, both 

Fig. 11. Percentage deviations of the experimental Cp 

values from the calculated values, Cp(calcd), by the aid 
of the copper reference equation; ACP=CP — Cj,(calcd). 

values are compared with those reported in recent 
years by a number of workers.5-9 '11-15) Almost all the 
measurements have been made by using thermometers 
calibrated against the T58 scale, except for the case of 
Bloom et al.14) They have used the thermometer based 
on a combination of the T58 and the NBS-65 acoustic 
scales, as is in our case. The present value of 0D(O) 
is slightly larger than the previous results. T h e dif­
ference may be primarily attr ibuted to the temperature 
scale above 1.5 K because the data below 1.5 K coincide 
well with the reported values (see Fig. 10). In the 
present case, the calibration of the germanium thermo­
meter between 1.5 and 2.0 K is based on the helium-4 
vapor pressure scale of 1958 and that between 2.25 and 
13 K on the National Bureau of Standards Provisional 
Scale 2—20 (1965). T h e temperature scale between 
14 and 20 K is based on the International Practical 
Temperature Scale of 1968. T h e NBS-65 scale was 
determined on the assumption that the speed of sound 
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TABLE 2. COMPARISON OF THE ELECTRONIC COEFFICIENT AND THE DEBYE TEMPERATURE OF COPPER 

AT 0 K WITH THE REPORTED VALUES BY SEVERAL WORKERS 

Furukawa et al. 
Martin (1968) 
Martin (1969) 

Osborne et al. 
Ahlers 
Boerstoel et al. 
Gmelin and Gobrecht 

Bloom et al. 
Holste et al. 

Hurley and Gerstein 
Present work 

Ax 

HJ K-2 mol-1 

695±5 
691.5 
689.0 
689.9 
694.3 
696.0 
696.8 
696.0 
696.9 
690.3 
694.5 
696.5 
691.4 
697.8 
698.1 
697.3 

MO) 
K 

344.5± 1.5 
345.8 
347.7 
346.6 
344.5 
343.8 
344.4 
344.4 
344.6 
345.4 
343.7 
343.3 
343.9 
349.4 
348.5 
346.5 

Temperature range 
K 

0—5 
0.3—3 
0.4—3 
0.4—3 

1—25 
1.3—20 

1—30 
0.4—2.2 

2—30 
1.5—20 
1.5—30 
1.5—30 
0.6—28 
0.4—20 

1—5 
1—5 

(corrected) 

Sample 

Selected value 
ASARGO 
Single crystal ) 
ASARGO ( 
T - l . l 
T-1.2 
T-3.4 
T-4.4 1 
T-4.4 J 
T-5.4 
ASARCO (degassed) 
ASARGO 
T-6.2 
T-8.6 
T-8.6 
T-8.6 

Ref. 

(ïï) 
(6) 

(7) 

(5) 
(12) 
(13) 

(8) 

(14) 

} (15) 

(9) 

in helium gas is proportional to the square root of 
thermodynamic temperature. The NBS-65 scale is 
known to be higher than the T58 scale.11'16) Therefore, 
in order to investigate more critically the dependence 
of the heat capacity of copper on both temperature 
scales, we should convert the present data based on 
the NBS-65 scale into those based on the T58 scale 
in the temperature range between 1 and 5 K. 

To do this, we estimated the relationship between 
the T58 and the TNBS-65 scales by use of the numerical 
values listed in reference (11) and obtained the following 
equat ion; 

r 5 8 = -0 .1534X 10-a + 0.9982 (rNBS_65) 

-0 .5340 x 10-4 ( 7W 6 5 )2 . (3) 

For examination of the dependence of heat capacity 
on the two different temperature scales, two sets of 
values concerning Ax and 0D(O) were calculated by use 
of the heat capacity data in the range from 1 to 5 K. 
Firstly, the data due to the TNBS-SS scale were fitted 
to the equation, 

CP = A1T+AZT*, (4) 

by the method of least squares with a weight of 1/C% and 
Ax and 0D(O) were determined. Secondly, the heat 
capacity data recalculated based on the T5S scale (Eq. 3) 
were also fitted to Eq. 4. Two sets of the parameters 
Ax and 0D(O) are given in Table 2. The corrected 
values show evidently a tendency to approach the 
reported values. The TNBS-65 scale itself is smoother 
than the T58 scale as previously described, but it is, 
for the moment, realized by use of only the acoustic 
thermometer in U. S. National Bureau of Standards. 
The present germanium thermometer has been calibrat­
ed above 2.25 K not directly against the TNBS-65 scale 
but through a secondary thermometer possessed by 
CryoCal Co. I t is, therefore, plausible to consider that 
the extra errors have been included in the process of 
calibration. Another possible reason for the deviation 

of the heat capacity of copper may be caused by different 
qualities of copper from sample to sample, because the 
original data for the evaluation of the standard values11) 
include heat capacity measurements on a variety of 
coppers other than the calorimetry standard copper. At 
any rate, the temperature scales at low temperatures 
are hoped to be unified internationally as soon as 
possible. 

By use of this calorimeter, we have measured the 
heat capacity of a five-coordinated ferromagnet, Fe-
[S2GN(C2H5)2]2C1, in the temperature range from 0.4 
to 20 K. The detailed results will be published in due 
course.17) 

This work was partially supported by Grant-in-Aid 
for Fundamenta l Scientific Research from the Ministry 
of Education. T h e authors thank Dr. Darrell W. 
Osborne for providing them the 1965 Calorimetry 
Conference Copper. Experimental assistance by Mr. 
Masanori Yoshikawa is also gratefully acknowledged. 

References 

1) G. Seidel and P. H. Keesom, Rev. Sei. Instrum., 29, 
606 (1958). 

2) D. L. Martin, Proc. R. Soc. London, Ser. A, 263, 378 
(1961). 

3) B. N. Esel'son, B. G. Lazarev, and A. D. Shvets, 
Cryogenics, 3, 207 (1963). 

4) G. F. Mate, R. Harris-Lowe, W. L. Davis, and J . G. 
Daunt, Rev. Sei. Instrum., 36, 369 (1965). 

5) D. W. Osborne, H. E. Flotow, and F. Schreiner, Rev. 
Sei. Instrum., 38, 159 (1967). 

6) D. L. Martin, Phys. Rev. Ser. II, 170, 650 (1968). 
7) D. L. Martin, Can. J. Phys., 47, 1253 (1969). 
8) E. Gmelin and K. H. Gobrecht, Z. Angew. Phys., 24, 

21 (1967). 
9) M. Hurley and B. G. Gerstein, J. Chem. Thermodyn., 

6, 787 (1974). 
10) T. H. K. Barron and J. A. Morrison, Can. J. Phys., 



July, 1977] Construction of a 3He Calorimeter and Heat Capacity of Pure Copper 1709 

35, 799 (1957). 
11) G. T. Furukawa, W. G. Saba, and M. L. Reilly, 

Critical Analysis of the Heat-Capacity Data of the Literature 
and Evaluation of Thermodynamic Properties of Copper, 
Silver, and Gold from 0 to 300 K (U. S. Government Print­
ing Office, Washington, D. C , 1968), NSRDS-NBS 18. 

12) G. Ahlers, Rev. Sei. Instrum., 37, 477 (1966). 
13) B. M. Boerstoel, W. J. J . van Dissel, and M. B. M. 

Jacobs, Physica (Utrecht), 38, 287 (1968). 
14) D. W. Bloom, D. H. Lowndes, Jr., and L. Finegold, 

Rev. Sei. Instrum., 41, 690 (1970). 
15) J. C. Holste, T. C. Cetas, and C. A. Swenson, Rev. 

Sei. Instrum., 43, 670 (1972). 
16) H. Plumb and G. Cataland, Metrologia, 2, 127 (1966). 
17) N. Arai, M. Sorai, H. Suga, and S. Seki, / . Phys. Chem. 

Solids., to be published in 1977. 



1710 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (7), 1710—1715 (1977) [Vol. 50, No. 7 

Structural Studies of Asymmetric Hydrogénation. II*. The 
Crystal Structure of Methyl(Ä(+)-a-methylbenzylamine)-

bis(dimethylglyoximato)cobalt(III) Benzene Solvate 
Yuji O H A S H I and Yoshio SASADA 

Laboratory of Chemistry for Natural Products, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 152 
(Received January 28, 1977) 

The structure of methyl(Ä( + )-a-methylbenzylamine)bis(dimethylglyoximato)cobalt(III) benzene solvate 
has been determined by X-ray crystal analysis. The crystal is orthorhombic ; space group, V2-^.121; Z = 4 with 
0=14.074(1), ^=14.390(1), and c= 12.202(1) Â. The structure was deduced by the heavy-atom method and 
refined by the block-diagonal least-squares method to a final R value of 0.063 for 1413 observed reflections. The 
symmetry of the bis (dimethylglyoximato) cobalt moiety has been lowered from D2b to G2il as a result of the steric 
repulsion from optically active amine. It is proposed that this deformation is a factor inducing the asymmetry 
in the hydrogénation catalyzed by the complex of bis (dimethylglyoximato) cobalt and the active amine. 

I t has recently been shown that the complexes of 
bis (dimethylglyoximato) cobalt (abbreviated to Co-
(dmg)2 or cobaloxime) and optically active amine cat­
alyze the asymmetric hydrogénation of olefins with the 
CH 2=GXY formula, where X and Y are nucleophilic 
and electrophilic substituents respectively.2_7) The hy­
drogénation proceeds according to the scheme shown 
in Fig. 1. We explored the mechanism of inducing 
the asymmetry by analyzing the structures I, I I , and 
I I I . In the first place, the title complex was chosen 
because it is the simplest crystallized complex of the 
methylcobaloxime and the asymmetric amine. The 
methyl group does not seem bulky enough to change 
the structural features of the Co(dmg) 2 moiety, and it 
can be expected that the effect of the optically active 
amine on the structure of Co(dmg) 2 will be revealed. 

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

Dark red crystals of the title complex were obtained from 
a benzene solution. They are unstable in the air. The 
unit-cell dimensions were determined from zero-layer 
Weissenberg photographs, using CoKoc radiation about the 

Fig. 1. The reaction path of the asymmetric hydro­
génation, where B* is the optically active amine; (I) 
the catalyzer, (II) the 7r-complex, (III) the <y-complex, 
(IV) the substrate, and (V) the product. 

a and c axes. Spacing of 80 high-angle reflections (0i>7O°), 
calibrated with superposed silicon powder lines, were sub­
jected to the least-squares treatment. The crystal data are 
summarized in Table 1. 

Using a crystal with dimensions of 0.3x0.2 X 0.3 mm, 
coated with nail enamel, the intensities for the layers from 
M0 to M15 and Okl were collected on a Hilger-Watts linear 
diffractometer with MoKa radiation. The balanced Y/Zr 
filter pair was used. Out of 3190 independent reflections 
(3°^20^55°), 1418 were observed, those of 7<2.5 a(I) being 
regarded as unobserved. Only 65 reflections between 50° 
and 55°(20) had non-zero intensities. The usual Lorentz and 
polarization, but no absorption, corrections were made. 

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

T h e positions of the cobalt and the six coordinated 
atoms were obtained from the three-dimensional Pat­
terson function. The other atoms were revealed on 
the first Fourier m a p phased with those seven atoms. 

The structure was refined by the block-diagonal least-
squares methods. After several cycles of the refinement, 
the five strongest reflections were excluded because they 
seemed to be affected by secondary extinction. All the 
hydrogen atoms were found on the three-dimensional 
difference Fourier map. The final refinement was per­
formed including these hydrogen atoms, with isotropic 
temperature factors which were assumed to be equal 
to those of the directly bonded atoms. The weighting 

TABLE 1. CRYSTAL DATA 

Part I of this series1) deals with the crystal structure 
of /?-cyanoethyl (D ( — ) -erythro-1,2-diphenyl-2-hydroxy-
ethylamine) bis (dimethylglyoximato) cobalt (III). 

Formula 
F. W. 
Crystal system 
a 
b 
c 
Volume of a unit-cell 
Systematic absences 

Space group 
Z 
Density measured 
Density calculated 
H(MOKOL) 

Ci7H28N504Co • C6H6 

503.5 
Orthorhombic 
14.074(1) Â 
14.390(1) 
12.202(1) 
2471.3 Â3 

A00, h odd 
0£0, k odd 
00/, / odd 
P212121 

4 
1.353 g/cm3 

1.353 g/cm3 

7.57 cm-1 
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T A B L E 2. FRACTIONAL ATOMIC COORDINATES (XlO 4) AND THERMAL PARAMETERS ( x l O 5 ) 

FOR T H E N O N - H Y D R O G E N ATOMS 

T h e anisotropic thermal parameters are of this form: 

T = e x p [ - (Buh
2 + B22k

2+BB3l
2 + B12hk + B13hl+B23kl)]. 

The estimated s tandard deviations are in parentheses. 

Atom 

Co 
N(l) 

N(2) 
N(3) 
N(4) 
G(l) 

C(2) 
G(3) 
G(4) 
G(5) 
C(6) 
C(7) 
G(8) 
O(l) 
0(2) 
0(3) 
0(4) 
N(5) 
G(9) 
G(10) 
G(ll) 
C(12) 
C(13) 
C(14) 
G(15) 
G(16) 
C(17) 
C(18) 
G(19) 
C(20) 
C(21) 
C(22) 
C(23) 

X 

1869(1) 
2453 (6) 
2411(6) 
1217(7) 
1298(6) 
2903 (7) 
2926(8) 
0738(7) 
0757 (7) 
3450(8) 
3341(9) 

0231(10) 
0213(11) 
2404(6) 
2282(6) 
1291 (7) 
1401(6) 
3142(6) 
3493(8) 
4570(7) 
2984(6) 
2804(9) 
2395(10) 
2141(7) 
2346(10) 
2786 (9) 
0730(6) 
5561(10) 
4604(12) 
4122(9) 
4638(11) 
5570(9) 
6048 (9) 

y 

2399(1) 
3303(5) 
1598(6) 

1521(8) 
3218(6) 
3028(9) 
2001(8) 
1814(9) 
2817(10) 
3623 (9) 
1411(11) 
1212(12) 
3389(11) 
4204(5) 
0672(5) 
0612(6) 
4148(6) 
2220(5) 
2824(7) 
2688 (9) 
2683(8) 
1810(8) 
1721(10) 
2476(13) 
3348(10) 
3455 (9) 
2515(13) 
4843(8) 
5019(10) 
5244(9) 
5296 (7) 
5172(9) 
4966(10) 

z 

1149(1) 
0267 (7) 
0097 (8) 
2010(9) 
2185(8) 

-0562(10) 

-0655(9) 
2831(11) 
2916(10) 

-1368(10) 
-1526(11) 
3626(11) 
3780(12) 
0453 (7) 
0184(7) 
1837 (8) 
2117(7) 
1999(6) 
2875(10) 
3052(10) 
3981(8) 
4393(10) 
5404(13) 
6008 (9) 
5597(11) 
4594(11) 
0194(8) 
1688(13) 
1673(13) 
2579(14) 
3544(11) 
3579(11) 
2651(13) 

#n 

0302 (5) 
0478(54) 
0519(57) 

0507 (62) 
0409 (52) 
0322(67) 
0490(73) 
0185(54) 
0300 (59) 
0348(66) 
0412(86) 

0711(100) 
0815(103) 
0663 (55) 
0630(52) 
0892 (67) 
0500 (50) 
0328(42) 
0458(65) 
0335(60) 
0255 (50) 
0756 (90) 
0763 (95) 
0510(66) 
0785(94) 
0584(81) 
0320(55) 
0654(92) 
1232(149) 
0304(67) 
1070(122) 
0435 (72) 
0401(79) 

#22 

0336 (6) 
0210(48) 
0512(64) 

0682 (72) 
0338(52) 
0833(86) 
0479(61) 

0621(78) 
1111(115) 
0744(83) 
1142(115) 
1190(117) 
1259(121) 
0411(46) 
0262(41) 
0546(55) 
0687 (57) 
0437(52) 
0241(59) 
0682(84) 
0633 (66) 
0303(63) 
0629(95) 
1198(101) 
0761(100) 
0720(91) 
0734(75) 
0289 (63) 
0654(89) 
0455(71) 
0237 (58) 
0640 (79) 
0818(98) 

#33 

0419(7) 
0417(68) 
0458(71) 

0735 (85) 
0697 (80) 
0582(93) 
0273 (69) 
0877(111) 
0577(87) 
0783(116) 
0849(120) 
0654(124) 
0485(101) 
0833(75) 
0823 (75) 
0876(81) 
0752(70) 
0448(58) 
0699(91) 
0783(94) 
0333(64) 
0600(96) 
1062(139) 
0563(84) 
0610(106) 
0629(100) 
0699 (97) 
1341(147) 
0969(137) 
1850(190) 
0892(131) 
0886(130) 
1308(163) 

#12 

0050(17) 
0029(84) 
0273(102) 
0225(113) 
0445(91) 
0024(120) 
0432(110) 

0261(113) 
0494(139) 

-0117(120) 
-0020(156) 

-0735(184) 
0337(190) 
0037(86) 
0025(76) 

-0363(104) 
0287 (92) 

-0059(105) 
-0131(95) 
-0073(147) 
0007(119) 

-0098(122) 
-0334(161) 
0435(211) 
0383(165) 

-0002(141) 
0045(170) 
0494(137) 

-0043(200) 
0194(126) 

-0012(146) 
-0519(133) 
-0364(153) 

#13 

0040(16) 
0176(96) 

-0642(105) 

-0445(116) 
-0152(106) 
-0055(121) 
-0212(113) 
-0563(128) 
0212(118) 

-0021(136) 
0111(147) 
0106(175) 
0176(190) 

-0185(108) 
-0397(104) 
-0162(127) 
-0007(101) 
-0231(105) 
0217(130) 
0121(127) 

-0050(100) 
0276(151) 
0045(188) 
0094(125) 
0432(164) 
0073(149) 

-0205(113) 
0941(209) 

-0725(254) 
-0284(186) 
0678 (208) 
0184(160) 
0063(188) 

#23 

0068(19) 
0202 (89) 

-0229(117) 
-0009(135) 
-0307(108) 
0534(150) 
0142(107) 
0004(162) 

-0151(170) 
0546(162) 

-0401(191) 
0443(205) 

-0279(214) 
0115(105) 

-0339(95) 
0103(113) 

-0308(112) 
-0033(87) 
0066(116) 
0288(180) 

-0105(147) 
0079(131) 
0502(188) 
0382(281) 

-0397(174) 
-0375(163) 
0651 (219) 
0028(164) 
0278(196) 
0863(210) 
0214(141) 
0299(168) 
0764(224) 

T A B L E 3. FRACTIONAL COORDINATES (XlO3) AND THERMAL PARAMETERS FOR HYDROGEN ATOMS 

The estimated standard deviations are in parentheses. 

Atom 

H(N51) 
H(N52) 
H(9) 
H(101) 

H(102) 
H(103) 
H(12) 
H(13) 
H(14) 

H(15) 
H(16) 
H(171) 
H(172) 
H(173) 
H(18) 

H(19) 
H(20) 

X 

356(7) 
308(8) 
349(8) 
473(8) 
489(8) 

472(8) 
294(8) 
219(9) 
192(8) 
230(9) 
309(9) 
040(8) 
094(7) 
033 (9) 
583(9) 
419(9) 
351(9) 

y 

209 (7) 
163(7) 
343(8) 
215(7) 
283(7) 
314(7) 
121(8) 

101(9) 
228(9) 
395(9) 
418(8) 

212(8) 
264(9) 
304(8) 
454(8) 
494(8) 

542 (9) 

z 

130(9) 
223(9) 
258(10) 
330(9) 
242(10) 
355(10) 
408(10) 
568(11) 
662(10) 

609(12) 
429(10) 
037(10) 

-059(9) 
042(10) 
106(11) 

107(11) 
257(10) 

#/A2 

2.52 
2.52 
3.32 
3.52 

3.52 
3.52 
3.62 
4.72 
5.42 
5.52 
4.82 
4.22 
4.22 

4.22 
4.42 
4.42 
4.42 

Atom 

H(21) 
H(22) 
H(23) 

H(51) 
H(52) 

H(53) 
H(61) 
H (62) 
H(63) 
H(71) 

H(72) 
H(73) 
H(81) 
H (82) 
H(83) 

H(Ol) 
H(02) 

X 

413(9) 
611(9) 
683(10) 
334(8) 
303(9) 
406(9) 
385(9) 
383(9) 
272(10) 
047(9) 

-016(9) 
031(9) 

-015(9) 
069(9) 
007(10) 
187(9) 
184(9) 

y 

558(8) 
518(9) 
482 (8) 
430(8) 
355(8) 

346 (8) 
177(9) 
095(9) 
091(9) 

068(8) 
087 (9) 
157(9) 
305 (8) 
386(9) 
420(9) 

433 (8) 
072(8) 

z 

427(10) 
421(11) 
256(10) 

-106(11) 
-229(10) 
-143(10) 
-174(12) 
-126(11) 
-196(11) 
382(12) 
342(11) 
410(12) 
415(12) 
421(11) 
329(11) 
151(10) 
099(10) 

#/A2 

4.42 
4.45 
4.42 
4.02 
4.02 
4.02 
5.32 
5.32 
5.32 
5.02 
5.02 
5.02 

5.32 
5.32 
5.32 

4.42 
4.42 
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scheme of ^ = ( 1 3 . 8 / ] F 0 1 ) 2 if | F J > 1 3 . 8 , w=l.O if 
1 3 . 8 ^ 1 ^ 1 ^ 4 . 6 , and w=0.2 if \FJ <4 .6 was employed. 
The final R became 0.063 for 1413 observed reflections. 
At the final stage, no peaks higher than 0.03 e Â - 3 , ex­
cept for the peaks of 0.05 e A - 3 around the cobalt atom, 

were observed on the difference map. The atomic 
scattering factors were taken from International Tables 
for X-Ray Crystallography.8) The final atomic param­
eters and their standard deviations are given in Table 
2 for non-hydrogen atoms and in Table 3 for hydrogen 

Fig. 2. Projection of the structure along the c axis and the interatomic distances between 
the Co-complexes and between the Co-complex and benzene. Along the c axis the 
contacts, 3.775 Â for C(14)-C(6) , 2.77 Â for G(15)—H(52), and 2.30 A forH(15) — 
H(52), are observed. 

H(72) 

H(62) 

OB) 

H(53) 
H(52) 

H(16) (0.02) H(01) 10.04) 
HO) 

Fig. 3. Projection of the complex to the mean plane of four nitrogen atoms of Co(dmg)2 

and the short contacts between non-bonded atoms (//A), their threshold values being 
3.400 A for distances between the non-hydrogen atoms and 2.70 A for those including 
hydrogen atoms. The deviations of the non-hydrogen atoms of Co(dmg)2 from the plane 
are in parentheses. 
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atoms. A list of the observed and calculated structure 
factors is kept in the office of the Chemical Society of 
J a p a n (Document No. 7711). 

The computation was done on the H I T A G 8800 com­
puter at the University of Tokyo and on the H I T A C 
8700 computer at Tokyo Institute of Technology. The 
programs, P R O G for the data reduction and T L S U 
for the determination of the cell dimensions, were used. 
The other programs used were those in the U N I C S 

Program System9) with some modification. 

Descr ip t ion o f the Structure 

The crystal structure viewed along the c axis is shown 
in Fig. 2, in which the short interatomic distances are 
also given. There are no unusual short contacts be­
tween the Co-complexes, or between the Co-complex 
and the benzene molecule. The mean plane of the 

H072) 

H ( 1 7 3 ) ^ 5 - r ' , ' n ^ ^ 

H(82), <& * $ 
H(81) 

C(8)/5 

HCl) 

Y* va^H(52) 
,C(5r 

H(83) 

H(71) 

XW 

H(72) 
0(3) 

H(9) 

H(tt) 
.0JÊ-CC14) 

H(73) H(12) 

H03) & 

' A i36T(2ÖUC(12) 

jfp—% ,«» 

% C(16) 

H(15) 

H(16) 

H(19) 

C08)—H(18) 

H(22) 

< KC(22)1-R i n n . C(23) 
<$y 1351 (20) x \ 

IHC23) 

Fig. 4. Bond distances (//Â). Their standard deviations are in parentheses, while 
those involving hydrogen atoms are 0.11—0.15 Â and are omitted for clarity. 

H(172) 

H(81) 

£ 1 7 / M'2 
131 (76C(8)111 

H(K)-

H(72) 
, l " H(73) H(12) 

H(13) / 

\ i i e iHc(i2)i3o 
120 CO 3) 119 502) 

/121705) \1217(10) 
/ 120 2(11)C(11) 

108 / /11780O) 
-C0A)118 3(16) 

W \ l 2110 , )Jü5 2 ) C06) l18 
122 C05) 122 \ 

/116 \ 
/ H(16) 

H(15) 

118 6(15)C(18)—H(18) 
"12A 

,1197(13) 119904)/ 
136C(22) C(23)113 
/ 1 0 4 127 N. 

H(22) H(23) 

Fig. 5. Bond angles (çV°). Their standard deviations are in parentheses, while those 
involving hydrogen atoms are 6—14° and are omitted for clarity. 
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benzene ring is about at right angles to that of Co(dmg) 2 

and to that of the phenyl ring of a-methylbenzylamine 
(abbreviated as mba) . 

The four nitrogen atoms in Co(dmg) 2 are coplanar 
within the limits of 0.01 Â, and the equation of the 
best plane is given by: 

-0.8157JT + 0.0781F - 0.5731Z + 2.6438 = 0, 

where X, Y, and Z are the coordinates (in Â units) 
referred to the crystal axes. The deviations of the 
atoms from the plane and the distances between the 
non-bonded atoms in the complex are shown in Fig. 3. 
The G (8) atom over the phenyl ring is significantly out 
of the best plane, probably to avoid the short contact 
with the phenyl ring. The cobalt atom is slightly dis­
placed from the plane toward mba. The short contact, 
N(4) - -C(9) , which is also observed in the complex re­
ported in Part I (abbreviated as /?-cne(dphyea)cobal-
oxime), seems to represent a fairly strong steric re­
pulsion. The Go-N(5) bond makes an angle of 84° 
with the average plane. 

The bond distances and angles are shown in Figs. 4 
and 5 respectively. The Co(dmg) 2 moieties of aquo-
methylcobaloxime,10 '11) methylpyridinecobaloxime,12) 
and methyl (3-iV-methylimidazolyl)cobaloxime12) have 
the D211 symmetry. Bigotto et a/.12) have suggested, on 
the basis of all the reported structures of the alkylco-
baloxime complexes, that the standard values for Co-N, 
N - O , N - C , and C - C H 3 are 1.879, 1.343, 1.297, and 
1.500 Â respectively. In the present complex, however, 
the bonds of Co-N, N - O , and N - C around N(2) and 
N(4) are longer than the standard lengths, whereas 
those around N ( l ) and N(3) are shorter except for C o -
N(3) . The hydrogen atoms, H ( O l ) and H ( 0 2 ) , do not 
exist at the mid-point of O - O , but come close to 0 ( 2 ) 
and 0 ( 4 ) respectively. The three angles of C o - N - O , 
C o - N - C and O - N - C around N ( l ) are in fair agree­
ment with the corresponding angles of N(3) , but are 
distinct from those of N(2) , which, on the other hand, 
are close to those of N(4) . These dimensions indicate 
that Co(dmg) 2 has a two-fold axis perpendicular to its 
plane and that the symmetry is approximately C2 h . 

The C o - C distance coincides with those of the related 
methyl -Co(I I I ) complexes.10-14) 

Co 

5^3 H(9) 

H(N52T 7^->(37.0^H(N51) 

C(10) 

Fig. 6. Newman projection of mba along G(9)-N(5) 
with the angles (<p/°) between the projected bonds. 

The values of Co-N(5) and Co-N(5)-C(9) (2.087 Â 
and 125.4°) are nearly equal to those in ß-cne(dphyea)-
cobaloxime (2.08 Â and 126°), but significantly greater 
than the corresponding distance and angle of 2.001 Â 
and 119.5° in bis (aniline)cobaloxime chloride. 15) This 
is probably because of the steric repulsion between Co-
(dmg)2 and the pheny ring of m b a ; the 'trans-influence' 
suggested by Brückner and Randaccio16) would also be 
included. The conformation of mba is a staggered 
form as shown in Fig. 6. The N(5)-C(9) length of 
1.463 Â is close to the usual C-N(amine) distance 
(1.472±0.005Â),1 7) and the G(9 ) -G( l l ) value of 
1.541 Â is slightly longer than the usual C-C (aromatic) 
bond (1.505±0.005Â).1 7) The phenyl ring is planar 
within an error of 0.02 Â, and makes an angle of 10° 
with the Co(dmg) 2 plane. The deviation of C(9) 
from the phenyl ring plane is 0.04 Â, C ( 9 ) - C ( l l ) 
making an angle of 2.2° with the plane. 

D i s c u s s i o n 

A fairly strong steric repulsion between Co(dmg)2 and 
the axial ligand of the asymmetric amine was observed 
in the present complex. The Co(dmg) 2 moiety is de­
formed significantly, and its symmetry changes from 
D211 to C211 as a result of the repulsion. In order to 
explore the reaction mechanism, it is necessary to ex­
amine whether or not such a deformation can exist in 
the solution. 

In conformation analysis to solve the problem, we 
made some simplifying assumptions which will not lead 
to any serious errors: 

( 1 ) The structure of Co (dmg) 2 has the D 2 h symmetry 
and the dimensions suggested by Bigotto et al. ;12) 

(2) the dimensions and the conformation of mba 
are the same as those in the crystal, because the con­
formation around N(5)-C(9) is a stable staggered form 
and the rotation around C ( 9 ) - C ( l l ) is prevented by 
the Co (dmg) 2 plane when the amine enters into co­
ordination ; 

(3) the bond of Co-N(5) is perpendicular to the 
Co (dmg) 2 plane and has the same length as that in 
the crystal; 

(4) the formulae and the parameters for the van 
der Waals energy are those proposed by Giglio,18) be­
cause his parameters were deduced from the crystal of 
dime thy lglyoxime ; 

(5 ) the parameters of the methyl groups of Co (dmg) 2 

are the same as those of the nitrogen atom, because 
the methyl groups probably rotate freely around the 
C - C H 3 bonds.19) 

O n such simplifications, the van der Waals energy 
was calculated by changing the rotation angle, <p, 
around Co-N(5) , as shown in Fig. 7. The minimum 
energy was obtained at the angle of —13°, which is in 
good agreement with the observed dihedral angle of 
N(4 ) -Co-N(5) -C(9 ) , - 1 7 . 6 ° , in the crystal. The N(4) 
•••C(9) distance in the structure of the miniumm energy 
was 2.239 Â, which is shorter than that of the crystalline 
state. T o avoid such short contact, N(5) should be 
driven toward N(2) and Co-N(4) should be lengthened, 
as observed in the crystal. I t is reasonable to assume 
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E/kcal mol" 

•0 50f-

-io<n 

| .50 I 1 1 1 1 i i , 
-30 -13 0 30 60 90 120 150 0/° 

(a) 

(b) 

Fig. 7. (a) The variation of van der Waals energy, E, 
with the rotation angle, <ft, around Go-N(5), Co(dmg)2 

being fixed. The axial ligand of mba is rotated clock­
wise from the position in which the dihedral angle of 
N(4)-Co-N(5)-C(9) is zero, (b) The conformation 
with the minimum energy. 

Fig. 8. Two possible ways in which the substrate ap­
proaches the active site of the catalyzer. 

that such an elongation of Co-N(4) causes the change 
of the 7r-electron distribution and the geometry of dmg 
from D 2 h to C 2 v The negative charge in dmg is 
localized on the shorter bonds. 

The hydrogénation proceeds when the substrate has 
the nucleophihc and electrophihc substituents adjacent 
to the C=C double bond.2) These observations suggest 
that the electrostatic force controls the way in which 
the substrate comes close to the active site of the catalyz­
er. As shown in Fig. 8, the mode of approaching, 
(A), is more favorable than (B) in view of the electro­

static interaction, so that one configuration of the asym­
metric carbon in the intermediate a-complex (termed 
(III) in Fig. 1) should be preferable to the other. We 
propose that this is a factor for inducing the asymmetry 
in the hydrogénation. Besides the factor proposed 
above, some others, for example, the van der Waals 
force, probably affect the overall optical yield in the 
step of rc-bond formation and in the following steps 
illustrated in Fig. 1. We intend to examine those fac­
tors and correlate the optical yield to each factor in 
further studies of this series. 

T h e authors are grateful to Dr. Yoshiaki Ohgo and 
Professor Juji Yoshimura for kindly supplying the speci­
mens and for their valuable discussions. 
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Ultrasonic absorptions in aqueous solutions of allylamine have been measured in the frequency range from 
8.5 to 220 MHz at 20 °G. Only a single relaxational absorption has been observed in the concentration range from 
0.0562 to 4.00 M; this absorption has been attributed to the proton-transfer reaction. The rate constants and the 
standard volume change due to the reaction have been determined, and the results are compared with those for 
aqueous solutions of other amines previously published. It has been elucidated from the ultrasonic absorption 
data that the presence of the intermediate in the proton-transfer reaction is required in order to analyze the ultra­
sonic absorption mechanisms quantitatively. The hydrophobic effect in the aqueous solutions of amines has 
also been discussed. 

Ultrasonic absorptions in aqueous solutions of amines 
are characterized by two kinds of relaxation processes. 
One is the phenonemon associated with the Peak Sound 
Absorption Concentration, which is observed in rela­
tively concentrated solutions. Barfield and Schneider,1) 
and Andreae et al.2) have attributed the phenomenon 
to the solute-solvent interactions. However, on the 
basis of ultrasonic studies in aqueous solutions of several 
amines, the present authors3 '4) have concluded that the 
phenomenon is, rather, due to the aggregation reaction 
of amine molecules not ionized. 

T h e other is the relaxation phenomenon due to the 
proton-transfer reaction. Maass et #/.5>6) have reported 
the kinetic data of the proton-transfer reaction for 
various amines; also there have been several discussions 
for the role of the perturbation of the proton-transfer 
equilibria of the basic residues of proteins in aqueous 
solutions.7»8) 

T h e present authors intend to investigate the correla­
tions between these two kinds of phenomena in ultra­
sonic absorptions. In this paper the experimental re­
sults in an aqueous solution of allylamine will be re­
ported, and the results will be compared with those 
for other amines. 

Exper imenta l 

The ultrasonic absorption measurements were made at the 
odd harmonics of 0.5, 5, and 20 MHz x-cut quartz transducers 
by using the pulse technique. The frequency range was from 

I i 1 i n 

"«• 20r i 

10 50 100 500 

/ , MHz 

Fig. 1. Representative ultrasonic absorption spectra in 
aqueous solutions of allylamine at 20 °C. The arrow 
shows the relaxation frequency. C : 2.86 M, 0 : 0.435 
M, • : 0.0562 M. 

8.5 to 220 MHz. The sound velocity was measured by a 
sing-around method operated at 1.92 MHz. The major 
mechanical features of the apparatus have been shown else­
where.9) The values of pH were determined by means of 
Hitachi-Horiba F-5 pH-meter. A saturated solution of Ga-
(OH)2 was used as the standard reference of the electrode of 
the pH-meter. All the measurement were made in a dry 
nitrogen gas atmosphere in order to prevent the contamina­
tion of air, for the aqueous solutions of amines are highly 
basic. The allylamine was distilled once from a commercial 
product of a G. R. grade. The purity was confirmed by 
the gas-chromatographic method to be more than 99.9%. 
NaOH and HCl (guaranteed reagent) were used to obtain 
the desirable hydroxide concentrations. The measurement 
cells were immersed in a water bath mantained at a constant 
temperature within ±0.002 °G. All the measurements 
were made at 20 °G. 

R e s u l t s 

The sound absorption caused by a single relaxation 
process can generally be expressed by 

*lf* = AI[l + (Jlfx)*] +B, (1) 

where a is the sound absorption coefficient ; f, the fre­
quency; fT, the relaxation frequency; and A and B, 
the constants. Figure 1 shows some representative ul­
trasonic absorption spectra in an aqueous solution of 
allylamine. T h e spectra in the concentration range up 
to 4.00 M are all characteristic of a single relaxation 
process; the ultrasonic parameters, A, B, a n d / r , were 
determined so as to obtain the best fit of the experi­
mental data to Eq. 1. T h e parameters are listed in 
Table 1, along with the values of the density, the pH, 
and the activity coefficient of the solutions used. The 
activity coefficients were calculated by means of Daviss' 
equation, - l o g y = 0 . 5 [ ( V / T / ( l - f V / 7 ) ) - 0 . 3 7 ] , where 
I is the ionic strength. The relaxation frequencies and 
the excess absorptions increase continuously with the 
solute concentrations, and finally both of them reach 
their constant values. From these facts it is expected 
that only a single relaxation process is observed in the 
frequency range measured. The excess absorption is 
observed even in relatively dilute solution; thus, the 
perturbation of the following equilibrium will be con­
sidered as the excess absorption mechanism: 

R-NH3+ + OH- ^=4± R-NH3 + H 2 0 , (2) 

where kf and kb are the forward and backward rate 
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TABLE 1. ULTRASONIC PARAMETERS, DENSITY, AND ACTIVITY COEFFICIENTS IN AQUEOUS SOLUTIONS OF ALLYLAMINE 

Co 
M 

0.0562 
0.107 
0.247 
0.311 
0.435 
0.508 
0.636 
0.749 
1.15 
1.76 
2.02 
2.86 
3.00 
4.00 

pH 

11.16 
11.43 
11.62 
11.68 
11.80 
11.84 
11.90 
11.95 
12.02 
12.23 

— 
— 
— 
—. 

P 
(g cm"3) 

0.9966 
0.9958 
0.9950 
0.9943 
0.9930 
0.9927 
0.9913 
0.9903 
0.9873 
0.9818 

— 
— 
— 
— 

y 

0.966 
0.966 
0.944 
0.941 
0.933 
0.930 
0.926 
0.922 
0.912 
0.898 

— 
— 
— 
— 

A 

(10-

52.3 
58.6 
63.3 
65.6 
65.6 
70.6 
66.2 
72.5 
75.9 
70.3 
78.1 
76.6 
80.6 
81.2 

B 

17 s2 cm-1) 

23.3 
24.4 
24.4 
24.2 
24.2 
23.1 
23.0 
23.6 
24.9 
22.9 
26.9 
31.1 
36.8 
73.0 

fr 
(MHz) 

26 
30 
40 
40 
45 
47 
55 
53 
55 
65 
54.5 
55 
60 
50 

c 
( lO^ms- 1 ) 

1.497 
1.502 
1.507 
1.512 
1.520 
1.524 
1.532 
1.539 
1.561 
1.596 

— 
— 
— 
— 

Throughout this paper 1 M = 1 mol/dm3. 

range below 0.749 M were used because in the concen­
trated solutions the Daviss equation might not hold and 
another reaction, such as molecular aggregation with 
hydrogen-bonding, might affect the reaction of Eq. 2. 
The standard volume change is determined by Eqs. 4 
and 5. T h e obtained values are listed in Table 2 along 
with the results of other amines. T h e equilibrium con­
stants obtained by the K=kjkt relation are abnormally 
larger than the dissociation constants in the literature, 
as may be seen in Table 2. The dissociation constant, 
Kb, was calculated from the p H dependence on the 
analytical concentration by the equation, ÜT b =y 2 [OH - ] / 
( C 0 - [ O H - ] ) ; we obtained the value of 3.75 X 10~5 M10) 
for Kh which was in agreement with that in the 
literature (see Table 2). 

In order to ascertain the excess absorption mechanism 
associated with the reaction expressed by Eq. 2, the p H 
dependence of the absorption at a constant concen­
tration of allylamine has been investigated by adding 
small amounts of N a O H or HCl . However, the relaxa­
tion frequencies obtained did not agree with those calcu­
lated by means of Eq. 3 ; also the p H dependence of 
'"max w a s n o t m accordance with the theory. These 
facts indicate the presence of another equilibrium in 
the aqueous solutions of amines. 

D i s c u s s i o n 

T h e investigations of a number of proton-transfer reac­
tions of compounds containing the - N H 2 group have 
been performed and the kinetics have been rationalized 
in terms of the following mechanism:7 '8 '13) 

R-NH3+ + O H - ^ ± R-NH3+. .OH-
* 2 1 

^ k R-NH 2 + H 2 0 . (6) 

If the second step is faster than the first one, we get 
the following relations for each process: 

2nftl = *12y2([R-NH3+] + [OH-]) + M l + t f a T 1 ) - 1 , (7) 

constants respectively. The concentration dependences 
of the relaxation frequency and the maximum excess 
absorption per wavelength, /*max, for the above mech­
anism can be written as follows: 

2nfr = 2kcy*[OH-] + kh, (3) 

and 

/Wx = Afrc/2 = npc*(AV)*rc/2RT, (4) 

where 

T c = (l/[OH-] + 1/[R-NH3+] + l/[R-NH2])-i, (5) 

and where y is the activity coefficient; p, the density; 
c, the sound velocity; AV, the standard volume change 
associated with the reaction. T h e relaxation frequencies 
are plotted in Fig. 2 as functions of y 2 [ O H - ] ; the 
straight line drawn provides the rate constants from the 
slope and intercept, which are determined by using the 
least-mean square method. For determining the rate 
constants, the experimental values in the concentration 

300 

to 

0 

'—l 

^ 
I?2 0 0 

CM 

1 

-

0 y 

1 0 

1 

0 

-

0 2 A 6 
y2[OH]-, 10~3M 

Fig. 2. The plots of 2nfT vs. y2[OH_] in aqueous solu­
tions of allylamine at 20 °G. 
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T A B L E 2. R A T E CONSTANTS AND STANDARD VOLUME CHANGE OF PROTON-TRANSFER REACTIONS 

IN AQUEOUS SOLUTIONS OF AMINES 

Solute kt 
( l O ^ M s - 1 ) ( lO ' s - 1 ) 

K(kh/kf) 
(10 - 3 M- X ) 

AV 
(cm3 mol - 1 ) (10-4 M- 1 ) 

Ref. 

Propylamine 

Allylamine 

Butylamine 

Penty lamine 

Octylamine 

2 . 5 

3 .0 

1.9 

4 . 1 

3 .0 

1.0 

3.7 

1.2 

13 

12 

7 .5 

7 .6 

1.5 

0 . 4 

6 .8 

2 .9 

2 . 5 

7 .6 

21 

24 

29 

32 
25 

32 

3 .73 

3 .73 

0 .368 

4 .44 

4 . 9 4 

4 . 5 

5) 

4) 
This work 

16) 

4) 
17) 

a) T h e dissociation constants, Kb, are taken from Refs. 10 and 11. 

T A B L E 3. REEXAMINED RATE AND EQUILIBRIUM CONSTANTS 

OF PROTON-TRANSFER REACTIONS 

Solute k12 k21 

( l O ^ M s - 1 ) ( lO ' s - 1 ) 
-^12 

(103 M) 
K9 

Propylamine 

Allylamine 

Butylamine 

Pentylamine 

Octylamine 

2 .5 

1.9 

4 . 1 

3 .0 

1.0 

4 . 7 

13 

14 

8 .8 

8 .1 

0 .53 

0 .15 

0 .30 

0 .33 

0 .12 

4 . 0 

190 

6 . 5 

5 .1 

17 

27T/r2 — ^23 + "-32» (8) 

w h e r e fxl a n d fl2 a r e t h e r e l a x a t i o n f requenc ies as­
soc ia ted w i t h t h e first a n d second s tep respec t ive ly , a n d 
w h e r e K23=k23/k32. C o m p a r i n g E q . 3 w i t h E q . 7, t h e 
r a t e c o n s t a n t s o b t a i n e d f rom t h e p lo ts of 27i/ r vs. y2-

[ O H _ ] m a y easi ly b e w r i t t e n as fo l lows: 

kf = k12, kb = k21(l+K23-i)-\ (9) 

T h e d i ssoc ia t ion c o n s t a n t , Kb, w h i c h is d e t e r m i n e d b y 

t h e s ta t i c m e t h o d , m a y b e expressed b y t h e fo l lowing 
e q u a t i o n , c o n s i d e r i n g t h e d e t a i l e d e q u i l i b r i u m of E q . 6 : 

K,-1 = K12 + KnK2„ (10) 

w h e r e K12—k12jk21. T h e fo l lowing r e l a t i o n is d e r i v e d 
f rom E q s . 9 a n d 10 : 

K23 = khKb-i/kt. (11) 

T h e va lues of t h e r a t e c o n s t a n t s , k12 a n d k21, a n d t h e 
e q u i l i b r i u m c o n s t a n t s , K12 a n d K23) as c a l c u l a t e d f rom 
E q s . 9 a n d 11 , a r e l is ted in T a b l e 3 . T h e a b s o r p t i o n 
d a t a in a q u e o u s so lu t ions of o t h e r a m i n e s r e p o r t e d p r e ­
viously4 '1 6-1 7) w e r e r e e x a m i n e d b y u s i n g t h e a b o v e t r e a t ­
m e n t ; these resul ts a r e also l isted in T a b l e 3 . T h e 
va lues of K23 a r e l a r g e r t h a n u n i t y , w h i c h reflects t h e 
fact t h a t t h e i n t e r m e d i a t e of t h e hydro lys i s of a m i n e s 
is n o t v e r y s t ab le . 

Debye 1 4 ) h a s d e r i v e d a n express ion for t h e diffusion-
con t ro l l ed r a t e of t h e r e a c t i o n s of ions in so lu t ions a n d 
Eigen 1 5 ) h a s c o n s i d e r e d t h e reverse process of dissocia­
t ion to fo rm ions . T h e r a t e c o n s t a n t , k12, of t h e first 
s t ep i n E q . 6 is r e a s o n a b l e for t h e d i f fus ion-cont ro l led 
r e a c t i o n , b e c a u s e t h e r a t e c o n s t a n t d e t e r m i n e d ag rees 
v e r y closely w i t h t h e resul ts o b t a i n e d e x p e r i m e n t a l l y a n d 
theo re t i ca l l y for o t h e r c o m p o u n d s . 4 ' 7 ) H o w e v e r , t h e 
r a t e c o n s t a n t of t h e reverse process is too l o w b e c a u s e 
its o r d e r s h o u l d b e 101 0 s" 1 a c c o r d i n g to E i g e n ' s t h e o r y ; 7 ) 
t h e s imi la r d i sc repanc ie s h a v e also b e e n f o u n d b y A p ­
p l e g a t e et al.1) for s o m e a m i n o a c i d s a n d p o l y p e p t i d e s . 

P H 

Fig. 3. T h e p H dependence of the relaxation frequency 
associated with the proton-transfer reaction. T h e solid 
curve is the theoretical value. 

2.0 

1.5 

l l 

/ 1 II 

H8.0 

i 

o 

H 7.5 

11.5 12.0 

P H 

Fig. 4. T h e p H dependence of / / m a x
 a n d 

solid curve is the calculated value of f 0-
T R . T h e 

T h o u g h t h e p H d e p e n d e n c e s of fT a n d jKmax a r e dif­
ficult to b e i n t e r p r e t e d on ly in t e r m s of t h e process of 
E q . 2 , t h e i n t r o d u c t i o n of t h e i n t e r m e d i a t e expressed 
b y E q . 6 a l lows us to a n a l y z e t h e d e p e n d e n c e s q u a n t i t a ­
t ively. F i g u r e 3 shows t h e p H d e p e n d e n c e s of t h e r e ­
l a x a t i o n f requenc ies . T h e solid l ine r ep re sen t s t h e r e ­
l a x a t i o n f requenc ies c a l c u l a t e d b y E q . 7, w h e r e t h e a n ­
a ly t i ca l c o n c e n t r a t i o n h a s to b e w r i t t e n as C0— [ R - N H 3 + ] 
+ [ R - N H 3 + " . O H - ] + [ R - N H 2 ] . T h e p H d e p e n d e n c e 
of ßmSLX is a lso s h o w n in F ig . 4 , a l o n g w i t h t h a t of ra 
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which is nearly dependent on ßmSLX (see Eqs. 4 and 
5). Though the contribution from the fast process 
to the slow one for /zmax should be taken into account, 
the effects were very small. As may be seen in Fig. 4, 
the tendency of the p H dependence of Mm&x is similar to 
that of JTC. These facts confirm that the excess ab­
sorption mechanism in the aqueous solution of allyl-
amine is due to the perturbation of the equilibrium of 
Eq. 6. 

In aqueous solutions of allylamine, only one kind of 
excess absorption is found in the frequency range in­
vestigated here; the character of the excess absorption 
is similar to that obtained for propylamine.4) However, 
another excess absorption in aqueous solutions of butyl,3) 
pentyl,4) and octylamine18) has been observed in addi­
tion to that due to the proton-transfer reaction. The 
cause of the latter excess absorption has quantitatively 
interpreted by the molecular aggregation theory,4 '18) 
and this excess absorption may be the main cause of 
the phenomenon associated with the Peak Sound Ab­
sorption Concentration. These results lead us to pre­
dict that the characteristic ultrasonic absorption due to 
the molecular aggregation reaction is associated with 
the hydrophobicity in amine molecules; that is, the 
aggregate may be formed by hydrophobic effects. 
With decrease in the hydrophobic effects, the excess 
absorption disappears in the frequency range measured 
except for the absorption due to the proton-transfer 
reaction. 

The background absorption, B, in Eq. 1 increases 
with the analytical concentration. This means that 
the other excess absorption, e. g., that due to the 
aggregation reaction with hydrogen-bondings, may exist 
in the higher-frequency range. However, this is 
beyond the scope of this paper. 

In conclusion, the present ultrasonic study has re­
vealed that the excess absorption mechanism in aqueous 
solutions of allylamine is attr ibutable to the hydrolysis 
which proceeds through an intermediate, and the excess 

absorption associated with the Peak Sound Absorp­
tion Concentration has not been observed. 

This work was partially supported by the Sakkokai 
Foundation. 
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The Effective ^-Electron Hamiltonian for the Excited State. 
The Effect of 2-II Interaction* 
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The effective 7T-electron Hamiltonian for the excited molecule has been derived from the singly excited con­
figuration interaction method (SECI) considering Z-FI interaction. In this paper, the zero-differential ovedap 
(ZDO) approximation has been employed. Then, in SECI scheme, n-n* and a-a* configurations interact 
through the exchange type MO-integrals over n- and <r-MO's. As the result, only the excited singlet states are 
modified by S-FI interaction. So that the triplet states remain unchanged by this type of interaction. 

When the ZDO approximation is employed, the effective electron interaction over AO's, ~ylJtv, can be derived. 
It is found that y^ / s are represented approximately in terms of topological matrix, so named'bond index 
matrix'. 

Semiempirical L C A O - S G F - M O method for the n-
electron systems, namely P-P-P method,1) has been suc­
ceeded for both the ground and excited states. How­
ever, there are still some problems left behind. For 
the calculations of the excitation energies, there is no 
good formula of the electron repulsion integrals for both 
the triplet and singlet states. I t is generally known 
that Nishimoto-Mataga approximation2) gives good 
results for the calculation of the excited singlet states 
but not good for the triplet states. O n the other hand, 
Ohno-Klopman 3) and P-P4) approximations calculate 
the satisfactory energy separation between the first 
singlet state and triplet state, but not good for the excited 
singlet states. These problems seem to be mainly caused 
by the difference in the 2-FI interaction at the singlet 
and triplet states and also that in the electron correlation 
between each state. In this paper, we treat only the 
former problem. Concerning the 2-FI interaction, 
there are some approaches based on M O techniques,5) 
one approach is the M O - C I method considering all 
valence electrons, such as C N D O approximation.6) 
However, C N D O method is suitable for the calculations 
of the ground state properties, but not appropriate for 
the excited state. In order to improve this point, Bene 
and Jaffe introduced a o-n separation parameter and 
obtained good results of n-jr* and n-n* excitation ener­
gies.7) Recently, Lipari and Duke modified CNDO/2 
by introducing empirical formula for the electron re­
pulsion integrals and using different bonding param­
eters.8) 

In this paper, we analyze the 2-11 interaction ex­
plicitly from the standpoint of the rc-electron approxi­
mation. We also derive the effective jr-electron interac­
tion at the excited state considering its effect and 
derive the effective electron repulsion integrals, ypv. 

T h e o r e t i c a l 

The Effective n-Electron Hamiltonian for the Excited State. 
We are concerning with a closed system in the ground 

state and assume that the Hartree-Fock orbitals are 
already obtained. We use the following notation; i,j, 

* A preliminary report of this work was presented at the 
Oji International Seminar on Theories and Ab Initio 
Computations of Molecular Electronic Structure, 
Hokkaido, September 1976 

k, /,---for the occupied molecular orbitals and a, ß, y, 
ô,--for the unoccupied ones. 

Singly excited configuration interaction (SECI) me­
thod is our starting point.9) The excited state is ex­
pressed as follows; 

0 = E Q « | ï > , (1) 
ice 

where, \"> represents the singly excited configuration 
associated with the excitation of an electron from i to a 
Cta's are coefficients to be determined by the variation 
method. The variation of the expectation value of the 
total Hamil tonian JEt leads to the following seqular 
equation, 

[H - ET\C = 0, (2) 

where, H is Hamiltonian matrix represented by singly 
excited configurations. C is the coefficient vector. For 
the Simplicity, we use the Z D O approximation in this 
paper. Then configurations \l*> and \T> do not 
interact with |£*> or \T>. So that the matrix can 
be divided into two mutually independent groups; one 
is made from \T> and |2*> and another is made 
from |£*> and \T>. As we are interested in the 
n-n* excited state, hereafter we treat only the former 
group. In order to get the effective rc-electron 
Hamiltonian for the excited state, we divide the con­
figurations into two subgroups. One is a subgroup con­
taining \V> and another is one containing | "*> . 
Then Eq. 2 is written as follows; 

[fl-nn_£r/]cn + H^C* = o, (3-a) 

fl-znen + [HZZ-Er]CZ = 0, (3-b) 

where, Huu, 2Z"22, and H^n mean the submatrices 
with elements <V\n\V>, <T\B\T> and <"a*\H 
\T>, respectively. C n and C 2 are coefficient vectors 
corresponding to n-n* and a-a* subspaces, respectively. 
If the matrix [H^—EI]-1 has no singularities at 
n-n* excitation energies, C 2 can be given as follows 
from Eq. 3-b, 

CS = -[AM_J£/]-iff2:ncn. ^ 

Substituting this equation into Eq. 3-a, we obtain the 
equation containing only C n explicitly. 

rjynn _ jyns (jyzz _ EI) -iffM _ ET\ C n = 0, (5) 

or; 

\H™-H^(H^-ET)-1H^-Er\ = 0. (6) 



July, 1977] Effective 7T-Hamiltonian for Excited State 1721 

When we write, 

//mi = jyiiu _ H^[H^-Er]~lH^i, (7) 

then, the eigenvalue problem to be solved becomes as 
follows ; 

\mu-EI\ = 0. (8) 

Thus, I f™ represents the matrix associated with the 
effective jr-electron Hamiltonian of the excited state, 
H(n). And H{n) can be expressed in the operator form, 
referring to the partitioning technique proposed by 
Löwdin,10) 

H(n) = ff - VP-j^PV. (9) 

Where, H(n) is defined only in the subspace spanned by 
71-71* configurations and V means the operator associa­
ted with the electron repulsions. As we use the Hartree-
Fock basis, 2-FI interaction appears through the elec­
tron repulsions. P in Eq. 9 represents the projection 
operator defined by Eq. 10, which picks up a-a* 
configurations. 

p = si:*xri. (io) 
Thus the matrix elements associated with H(TI) coincide 
with Eq. 7. Referring to Eq. 9, the effective ^-electron 
interaction V(ri) can be defined as follows; 

V(n) = V - VP^-^PV. (11-a) 

V(n)=^v$v, (11-c) 
?v 

v?v means potential between £ and f] electrons and v?v 

is corresponding modified potential which is not given 
in the explicit form. 

As ff-MO may be considered to be approximately 
localized in the particular bond, the off-diagonal matrix 
elements of fi"ss in Eq. 5 may be negligibly small. 

So, the matrix element, < 11 H\ f > , becomes as follows ; 
For the singlet state, 

<?|/7|?> = (ea-ei)dtidaß - ViaJß + 2Vijaß 

-4T,VikarVkjrßekr, (12-a) 

ekr = [(WX-.BI)-*\kr,kr • 

For the triplet state, 

< î | * l ? > = {e.-*i)Waß - Viajß, (12-b) 

Vt.jß=fft*(l)**&) v12j(l)ß(2) d^dr, . 

Where, i, j , a, and ß are used for the TZ-MO'S and 

k, I, y, and <5 are for the ff-MO's. Comparing Eqs. 12-a 
and 12-b, it is seen that TI-TZ* configurations interact 
with a-a* ones only in the excited singlet state, but 
not in the triplet state.11) The matrix elements of the 
effective interaction of the excited singlet state can be 
divided into two parts, 

Exchange type interaction 

Vijaß = Vijaß - T S 4 F t t a r F w r ^ t r . (13-a) 

Coulomb type interaction 

Viajß = Viajß (13-b) 

From Eqs. 13-a and 13-b, it is seen that only the 
exchange type interaction between ^-electrons is modi­
fied by 2-II interaction. From the standpoint of the 
yr-electron approximation, it means that ^-electron ex­
citation makes <7-field polarize and ^-electrons in the 
excited state interact each other through the polarized 
ff-field, in addition to direct coulomb potential. Such 
kind of interaction appears only on exchange interaction 
between ^-electrons. So that only the exchange type 
integrals over M O ' s are modified. 

In the present study, E in the inverse matrix is 
treated as a parameter so that the calculated excitation 
energies agree with those of experiments. 
Using the L C A O approximation as, 

t 

the effective ^-electron repulsion integral, ypv, can be 
written as, 

Ypv = 7f!V + - T T S JVn„y,„, (15) 
•i rs 

where, 

n r s = — 4 5] dkrdrrdksdrsekr, (16) 
kr 

ypv and ypv are defined as follows, 

Y,* =ffmww) i.0,(i)0„(2) texà*» 

where, n and v are used for the rc-AO's and r and s 
for the ff-AO's. ITrs represents the mutual polarizabil-
ity associated with ^-electrons. Therefore, the second 
term of Eq.15 indicates the effect of the polarized 
c-field on the ^-electron-electron interaction. I t is 
interesting to note that the formula of ypv is similar 
to that of Little's which was derived by the R P A 
method.12) 

An Improvement of P-P-P Method Including o-Electrons 
as the Field. Following the result mentioned above, 
P-P-P method can be improved from the standpoint 
of 2-II interaction, including the a-electron as the 
field. 

Employing the avaraged energy parameter 1 je instead 
of e*r in Eq.16, ypv of Eq. 15 can be written as follows; 

7Mv = 7PV + Apv, (17-a) 

A P = - ^ S S 7,rdrs7s„ (17-b) 

drs = ~4JldkrdrrdkSdrs- (17-c) 
kr 

It is convenient to divide the correction term, ApV) 

into two terms, 
A,,,, = Al» + Apv. 

When r and s belong to the same atom A, the contribu­
tion is collected into the term A]tV. O n the other hand, 
if r and s belong to the different atoms, respectively, 
we collect the contribution into the term A?». Using 
the bond order Prs and the virtual bond order P* 
defined by 

occ. 
PrS = 2Hdkrdks, (18-a) 



1722 Izumi MAKI, Kazuo KITAURA, and Kichisuke NISHIMOTO [Vol. 50, No. 7 

unocc. 
P?, = 2 S drrdr 

r 
= 2ôrs - Pr 

Ajiv and AJ,V can be written as follows; 

- 1 
Ai„ -

AU = 

A r r j 

S S S S y.rPrlys 
B G r s 

(18-b) 

(19) 

(20) 

21 

1 
2? 

A 

B C 

L ^ J ^ - T n 
r, s 

B G 

r s 

r rr 

y a» 

When C N D O scheme is adopted, the electron re­
pulsion integrals, y ^ ' s depend only on the nature of 
atoms A, B, and C. Therefore, after the summation 
over r and s for each atom, Eqs. 19 and 20 become 
as follows: 

AU = - ^ - S U S (2Prr-Pr\-Pr\)]yAv, ( 2 1 ) 

(22) 
±e 15 C r s 

The terms, S ( 2 P r r - f V r - / V . ) in Eq. 21 and 2 (PA) 

in Eq. 22 correspond to the bond index proposed by 
Wiberg.13) These terms are easily understood by the 
concept of hybrid orbitals. T h e hibrid orbital, Xi, is 
constructed from the adequate unitary transformation 
of the basis AO's , ç$p's, which are s, p x , p y , and p z ; 
X h = S 4 p ^ p - Where, Xi means a hybrid orbital of 

the a tom A. The bonding orbital <p and antibonding 
orbital <p* associated with nonpolar <x-bond between 
atoms A and B can be approximately written in terms 
of the hybrid orbitals Xi and XI'; 

<p =-^-(xt+xS), 4>* = 
l 

V~2 -(xt-xz) 
A lone pair orbital of the atom A can be approximately 
written as <p=Xi. T h e values of Eqs. 21 and 22 are 
invariant to the unitary transformation, so that we can 
express approximately, 

S (2Prr-Prl-Pr\) = S (2P h h -P h \ ) , 

B G B C 

r s h h ' 

When Xh and Xh<, 

0-

(23) 

(24) 

belong to the same atom, P h h is 
equal to 1.0, except for the lone pair orbital. If Xb 

represents a lone pair orbital, Phh becomes 2.0. If there 
exists a nonpolar <r-bond between B and C, P 
comes 1.0. Otherwise, P h h ' is equal to zero, 
fore, the following simple relations are visualized. 

hn b e " 
There-

S (2Prr-Pr\-Pr\) = 
r, s 

Number of valence 
electrons of the 
atom A 

Number of lone 
pair electrons of 
the atom A 

Number of 
7T-electrons of 
the atom A 

(25) 

B C 

S S (PA) 

= NA [Number of <7-bond of the atom A] 

1
1 /If there exists «r-bond between atomsN 

^B and C ) 

0 (Otherwise) 

- 1 

0 

0 

0 

1 

0 

0 

- 1 

0 

0 

1 

0 

0 

0 

- 1 

0 

0 

1 

0 

0 

0 

- 1 

0 

1 

1 

1 

0 

0 

- 3 

1 

0 

0 

1 

1 

1 

- 3 

Fig. 1. The bond index matrix for ethylene and the 
numbering of the atoms. 

Combining Eqs.21 and 22, the following relation is 
obtained. 

I Bond 

A , , = - ^ E (-NA)YtlAyAv + S y„BycJ, (27) 
2 ^ A B - G 

bond 

where, the summation, S , runs over all the a-
B - C 

bonding atomic pairs. 
Using Eq. 27, the effective electron repulsion integrals 

given by Eq. 15 can be rewritten by the matrix repre­
sentation introducing a new matrix 2?, as follows; 

rn = rn + 4n, (28-a) 

jn = —^-7-112 B r2u, 
21 

= {r2 

(28-b) 

(28-c) 

fn, YU, and Jn are NxN square matrices and jr^n, 
NxM rectangular matrix and B, MxM square matrix. 
Here N and M are number of TZ-AO'S and that of 
atoms, respectively. T h e value of the diagonal term 
of the matrix B is equal to ( — NA). The value of the 
off-diagonal term is equal to P û n ' , namely 0 or 1. This 
matrix is named bond index matrix and is easily made 
from the structural formula of the molecule. As an 
example, B matr ix of ethylene is shown in Fig. 1. 
This matrix reflects bonding relations of atoms in the 
molecule. So that the correction terms, A^„, depend 
on the topological nature of the molecule. 

From these results we conclude that the most impor­
tant effect of 2 - n interaction on the 7r-electron-electron 
interactions depends on the topology and conformation 
of the molecule. Using Eqs. 28-a and 28-b, we can 
take into account the effect of ^-electrons explicitly in 
the ^-electron approximation. 

Calculational Procedure. n-n* Excitation energies 
are calculated, considering 2-FI interaction by the 
method mentioned above. According to the present 
theory, all valence electrons are taken into account, 
however, only the SCF-MO-CI calculation based on 
P-P-P scheme is needed, because ^-electrons are treated 
as it forms a field. 

T h e calculational procedure is summarized as follows. 
First of all, we carry out the usual P-P-P calculation 
for the ground state. Secondly, we evaluate the effec­
tive y,lv, using Eq. 28-a and an appropriate bare y ^ . 
Lastly, we perform the SECI calculation, in which we 
use yMV instead of y^„, only in the evaluation of the 
exchange type integrals over M O ' s in CI matrix 
elements. 

In the present calculation, Ohno-Klopman formula3) 
is applied for the standard (or bare) electron repulsion 
integrals, 
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14.40 
7« v "(eV), 

where R,iV is the interatomic distance between ßth 
and vth atoms. 

One center repulsion integrals, y ^ , are evaluated 
by the approximation suggested by Pariser and Parr,14) 

yfi fi •* p •^•(ti 

where Ap and 1^ are the valence state electron affinity 
and the valence state ionization potential of the #th 
atom, respectively. These values are found in the work 
of Hinze and Jaffé.15) Two center core integrals ßltv 

are approximated by the formula given by Nishimoto 
and Forster,16) 

ßpv =A0 + A1PIIV 

where, i%„'s are bond order which depend on each 
iteration. Standard values of parameters for A0 and 
A1 are summarized by Younkin et al.17) 

In order to estimate the correction term A^v in Eq. 27, 
the electron repulsion integrals between n and a AO's 
are required, which does not come out in the usual 
yr-electron theory. For the calculation of these integrals 
we employ the same approximations as used for the 
yr-electrons, namely, Pariser-Parr prescription for the 
one center electron repulsion integrals and Ohno-
Klopman formula for the two center ones. Iwata18) 
have pointed out that Pariser-Parr approximation for 
the one center electron repulsion integral includes 2-11 
interaction. Therefore, in this paper, we did not apply 
the present method to one center electron repulsion 
integrals. 

We use 13.0 eV as the value of the averaged energy 
parameter I to reproduce the lower excitation energies 
of benzene. We consider whether the approximation 
è and the value of 13.0 eV are reasonable or not by the 
following manner : The mutual polarizability of o"-cores, 
ri r a , is written by the atomic suffix as follows, 

A B 

IIAB = S S n r „ 
r s 

and riAB is related to the matrix element of the bond 
index matrix BAB by 

1 
n A B = •BA 

In Tables 1 and 2, the calculated values of riAB and 
(BAJ2ë) are listed, respectively. The atom-atom 
mutual polarizabilities associated with «r-electrons of 
ethylene are calculated by GNDO/2 . From these 
Tables, it is found that the present approximation is 
reasonable and the parametrized value, 13.0 eV, is also 
admittable in spite of the drastic approximation was 
introduced. There are small discrepancies among the 
values in these Tables, which are caused by the ap­
proximation of averaging eur and neglecting the off-
diagonal terms of the inverse matrix in Eq. 7. 

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

In Tables 3—6, the calculated excitation energies of 
polyacenes are summarized. As seen from these Tables, 
the agreement between calculations and experiments is 
satisfactory. 

TABLE 1. ATOM-ATOM MUTUAL POLARIZABILITY (nA B) a ) 

ASSOCIATED W I T H ff-ELECTRONS CALCULATED 

BY GNDO/2; ETHYLENE MOLECULE 

A 
B 

1 

1 - 0 . 0 9 9 - 0 . 0 0 6 0.016 0.012 0.092 - 0 . 0 0 8 
2 - 0 . 0 9 9 0.012 0.016 0.092 - 0 . 0 0 8 
3 - 0 . 0 9 9 - 0 . 0 0 6 - 0 . 0 0 8 0.092 
4 - 0 . 0 9 9 - 0 . 0 0 8 0.092 
5 - 0 . 2 3 1 0.069 
6 - 0 . 2 3 1 

a) Numbering of atoms is shown in Fig. 1. 

TABLE 2. THE VALUES OF THE BOND INDEX MATRIX (BAB) 

OF ETHYLENE DIVIDED BY THE ENERGY PARAMETER 13.0 EV 

B 

1 

2 

3 

4 

5 

6 

la) 

- 0 . 0 7 7 

2 

0 

- 0 . 0 7 7 

A 
,^ 

3 

0 

0 

- 0 . 0 7 7 

4 

0 

0 

0 

-0.077 

5 

0.077 
0.077 

0 

0 

- 0 . 2 3 1 

6 

0 

0 

0.077 
0.077 
0.077 

- 0 . 2 3 1 

a) Numbering of atoms is shown in Fig. 1. 

TABLE 3. BENZENE. EXCITATION ENERGIES (eV) 

AND OSCILLATOR STRENGTH (in parenthèse) 

Nishimoto-
Matagae> Ohnof> This calc. Exptl 

3 B 1 U 

3 F 

^ u 

^ a u 

• k m 

3.08 
3.99 
4.89 

(0 ) 
6.18 

(0 ) 
7.00 

(2.36) 

3.95 
4.46 
4.96 

(0 ) 
4.96 

(0 ) 
7.38 

(2.44) 

3.95 
4.46 
4.96 

(0 ) 
6.05 

(0 ) 
7.00 

(2.40) 

3.66a> 
4.59a> 
4.9b> 

(0 ) 
6.07c> 

(0.1 ) 
6.95°) 

a) Ref. 22. b) Ref. 19. c) Ref. 20. e) Nishimoto-
Mataga formula was used for y^. f) Ohno-Klopman 
formula was used for y^. 

TABLE 4. NAPHTHALENE. EXCITATION ENERGIES (eV) 

AND OSCILLATOR STRENGTH (in parenthèse) 

3 B 2 1 1 

3 B 3 t t 

^ a u 

^ u 

^ u 

^ u 

a) Ref. 

Nishimoto-
Mataga 

2.04 
3.03 
4.03 

(0 ) 
4.42 

(0.20) 
5.46 

(0 ) 
5.58 

(1.96) 

22. b) Ref. 

Ohno 

2.36 
3.38 
4.03 

(0 ) 
3.92 

(0.08) 
5.26 

(0 ) 
6.10 

(2.16) 

21 . 

This calc. 

2.36 
3.38 
4.03 

(0 ) 
4.68 

(0.23) 
5.67 

(0 ) 
5.80 

(2.00) 

Exptl 

2.64a> 
3.82a> 
3.97b> 

(0.002) 
4.51b> 

(0.18) 

5.63b> 
(1.70) 
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TABLE 5. ANTHRACENE. EXCITATION ENERGIES (eV) 

AND OSCILLATOR STRENGTH (in parenthèse) 

TABLE 6. NAPHTHACENE. EXCITATION ENERGIES (eV) 

AND OSCILLATOR STRENGTH (in paraenthese) 

Nishimoto-
Mataga Ohno This calc. Exptl 

Nishimoto-
Mataga Ohno This calc. 

TABLE 7. CORRECTION TERMS (Auv)a) OF NAPHTHALENE (eV) 

a) Numbering is shown in Fig. 2. 

Exptl 

3B2 U 

3B3 t t 

'Bau 

^ u 

'Bau 

'B 2 U 

a) Ref. 

0.99 
1.98 
3.39 

(0 ) 
3.41 

(0.26) 
4.76 

(2.60) 
5.69 

(0.10) 

22. b) Ref. 

1.75 
2.69 
3.51 

(0 ) 
3.33 

(0.18) 
5.33 

(2.96) 
5.77 

(0.38) 

21. 

1.75 
2.69 
3.51 

(0 ) 
3.79 

(0.30) 
5.11 

(2.72) 
6.13 

(0.72) 

1.82a> 
3.22a> 

3.34b> 
(0.1 ) 
4.83b> 

(2.5 ) 
5.61b> 

(0.3 ) 

3 B 2 a 

3B3 U 

' B 2 u 

'Bau 

'Bau 

'B 2 U 

a) Ref. 

0.86 
2.00 
2.89 

(0.29) 
3.28 

(0 ) 
4.41 

(3.30) 
4.82 

(0.05) 

22. 

1.43 
2.60 
3.04 

(0.29) 
3.49 

(0 ) 
4.97 

(3.73) 
4.75 

(0.03) 

1.43 
2.60 
3.25 

(0.40) 
3.49 

(0 ) 
4.81 

(3.49) 
5.14 

(0.07) 

1.28a> 
2.57a> 
2.63a> 

4.51a> 

ß 

1 

2 

9 

2 

- 0 . 8 9 

3 

- 0 . 0 4 

- 0 . 8 3 

4 

0.07 

- 0 . 0 4 

5 

0.34 

0.40 

V 

6 

0.40 

0.47 

7 

0.27 

0.44 

8 

- 0 . 3 3 

0.27 

9 

- 1 . 2 2 

- 0 . 2 1 

10 

- 0 . 2 6 

- 0 . 0 2 

- 1 . 4 3 

5 4 

Fig. 2. The numbering of the atoms of naphthalene. 

I t is seen from Table 3, 1 B 2 u excited state of benzene 
is unchanged by the 2-LI interaction. The 1 B 2 u excited 
state is much improved compared to that of Ohno 's . 

I t is also found from Tables 4—6 that 2-11 interaction 
has an effect of increasing the excitation energies of 
1 B 2 u ( 1 B l u in benzene) states which are polarized to the 
direction of molecular short axis. O n the other hand, 
the excitation energies of 1B3 u(1B2 u in benzene) states 
which are polarized to the direction of molecular long 
axis, remain unchanged or slightly decrease. These 
very interesting effect of 2-FI interaction can be under­
stood from the point of view of the polarization of the 
c-framework caused by n-n* excitation. I t should be 
noted that the calculated excitation energies of the singlet 
state by the present method are similar to the Nishimoto-
Mataga 's . 

In Table 7, the correction terms, A ^ , of naphthalene 
are given. From this Table , it is found that the magni­
tude of Apv depends considerably on the interatomic 
distance and also on the relative atomic sites in the 
molecule. Moreover, it can be generally said that the 
correction is larger at the inner par t than at the 
outer part in the molecule. 

We will apply the present theory to linear polyenes, 
aromatic derivatives, heterocycles and interaction of two 
aromatic systems connected by aliphatic chain in our 

next papers. 
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Electrical Conductivity of Single Crystals of iV-Methyl-
phenazinium-TCNQ and Rb-TCNQ 

Genshiro Fujn, Ichimin SHIROTANI, and Hiroshi NAGANO 

The Institute for Solid State Physics, The University of Tokyo, Roppongi, Minato-ku, Tokyo 106 
(Received February 5, 1977) 

Temperature and pressure dependence of the electrical conductivity of NMP(I)-, NMP(II)- , Rb(I) - and 
Rb(I I ) -TCNQ single crystals was studied. NMP(I) -TCNQ showing diffuse streaks was found to have a semi-
conductive behavior at atmospheric pressure and no conductive maximum appeared at low temperatures. More­
over the metallic behavior was not shown even at 100 kbar. The crystal structure of NMP(II) -TCNQ is not 
similar to that of NMP(I)-TCNQ. The difference of physical properties of two phases is discussed. The 
anomalous electrical behavior in the pressure range from 1 bar to 40 kbar was observed for Rb(I)-TCNQ. 
The resistivity of Rb( I I ) -TCNQ decreased monotonously with increasing pressure. The magnitude of their 
activation energies was 0.15 eV for Rb(I) salt and 0.11 eV for Rb(II) salt at 100 kbar. The insulator to 
metal transition could not be observed at least up to 100 kbar. 

Physical properties of T C N Q , (tetracyanoquinodi-
methane) salts which are quasi one-dimensional conduc­
tors have been a subject of considerable interest in 
recent years. N M P (JV-Methylphenazininum)-TCNQ 
and R b - T C N Q , are polymorphic having two crystalline 
forms at room temperature. One is a triclinic phase 
( N M P ( I ) - T C N Q , R b ( I I ) - T C N Q ) and the other is a 
monoclinic phase ( N M P ( I I ) - T C N Q , R b ( I ) - T C N Q ) . 

The crystal structure of N M P ( I ) - T C N Q consists of 
linear chains of T C N Q - anions and parallel chains of 
N M P + cations.1 '2) The crystals of this phase are one 
of the most highly conductive ion-radical salts. The 
electrical,3"5) magnetic,6) and optical7 '8) properties have 
been intensively studied. The conduction mechanism 
in N M P ( I ) - T C N Q c r y s t a l has been particularly discuss­
ed by many authors. 

The monoclinic phase of N M P ( I I ) - T C N Q shows 
semiconductive behavior; p « 1 0 4 ß cm at room tem­
perature with an activation energy of 0.4 eV.9) NMP+ 
cations and T C N Q - anions alternate in columns 
parallel to the c axis.10) The columnar structure of 
N M P ( I I ) - T C N Q is remarkably different from that of 
N M P ( I ) - T C N Q . 

R b ( I ) - T C N Q has monoclinic symmetry and the 
T C N Q - anions are stacked face to face to form 
columns of diadic units of a T C N Q - . Within a column, 
two different intermolecular spacings, 3.159 and 3.484 
Â, appear alternately.11) 

The X-ray study of R b ( I I ) - T C N Q shows a triclinic 
structure consisting of linear chains of identical T C N Q 
molecules stacked face to face and equally separated 
from one another.12) This columnar structure is very 
similar to that found in the crystal of N M P ( I ) - T C N Q . 
However, the electronic structure of R b ( I I ) - T C N Q is 
remarkably different from that of N M P ( I ) - T C N Q . 
The differences of the physical properties in both R b -
T C N Q have already been discussed in previous pa­
pers.13-15) 

In this paper, we present some findings on the tem­
perature and pressure dependence of electrical conduc­
tivity in single crystals of N M P - and R b - T C N Q and 
discuss the conduction mechanism for these salts. 

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

Preparation of Single Crystals. The acetonitrile solvent 
(Donin Yaku Kagaku, Spectro Grade) was refluxed over P a 0 5 

and fractionally distilled. TCNQ, (Tokyo Kasei Company) 
was recrystallized twice from pure acetonitrile and sublimed 
three times at 120 °C and 10~5 Torr. Only brilliant yellow 
orange T C N Q crystals from the center zone were collected 
for usage. NMP-TCNQ was prepared by treatment of N-
methylphenazinium methyl sulfate in hot alcohol with a boil­
ing solution of Li-TCNQ in ethanol.16> Li-TCNQ was 
prepared by the reaction of TCNQ and anhydrous Lil pro­
vided by Hashimoto.17) The phenazine provided by Anzai 
was purified by zone refining and sublimation. 

Black needle single crystals of NMP(I)-TCNQ were grown 
from saturated acetonitrile solutions by fast recrystallization. 
The largest crystal obtained was 0.6 X 0.08 x 5 mm3. Single 
crystals prepared by us showed the diffuse streaks along the 
c* direction.2) Crystals of NMP(II) -TCNQ were grown 
from dilute acetonitrile solutions by very slow recrystallization. 

The preparation of Rb-TCNQ has been reported in detail 
previously.13) 

Electrical Measurements. DC four-probe resistance meas­
urements were made on single crystals of NMP-TCNQ and 
Rb-TCNQ along the needle axis parallel to the T C N Q stacks. 
The gold wires (0.02 mm diameter) were used for electrical 
lead wires. Electrical contact with the crystals was made 
by wetting the electrical lead wires with a silver paste paint. 
Using this arrangement, the crystals could be thermally 
cycled without damage. The sample holder, in which the 
sample was already placed, was mounted in a vacuum can 
of a temperature-variable cryostat. The temperature, which 
was controlled by helium exchange gas and a heater, was 
determined by means of a copper-constantan thermocouple. 

Measurements of electrical resistance as a function of 
pressure were made using a clamped-type high-pressure 
anvils-apparatus as previously described.18) 

Optical measurements have been made by the same manner 
as described previously.13) 

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

NMP(I)-TCN(l. Fritchie's average structure 
of N M P ( I ) - T C N Q shows that NMP+ cation is located 
at the position (1/2, 1/2, 1/2) in unit cell,taking either 
of the two possible orientations of the methyl groups as 
equally probable1). O n the basis of this structure, Bloch 
et fl/.5) have tried to apply the theory of hopping in 
disordered systems to the conductivity of N M P ( I ) -
T C N Q . The hopping theory for one dimensional 
disordered system predicts \no{T)=\no{)— (TJT).^2 

They have found that the temperature dependence of 
the conductivity could be approximately fitted by lnff ~ 
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NMP1 

Fig. 1 (a). Crystal structure of NMP(I)-TCNQ. show­
ing diffuse streaks along b axis.2) 

Fig. 1 (b). Crystal structure of NMP(I) -TCNQ show­
ing diffuse streaks along a axis.2> 

(TQIT)1'2. O n the other hand, Coleman et alV have 
emphasized that the electronic and magnetic properties 
can be quantitatively described in terms of the one-
dimensional Mot t -Hubbard model. The temperature 
dependence of the conductivity of high purity single 
crystals has revealed that the plot of ln(ffja0) vs. l/T 
shows straight-line; this is not consistent with the 
analysis of Bloch et al. 

Recently, Kobayashi2) has studied an X-ray analysis 
of high purity single crystal of N M P ( I ) - T C N Q prepared 
by us. The X-ray diffraction patterns of this crystal 
show diffuse streaks along the c* direction. The analy­
sis of the intensities of these streaks reveals that the 
orientation of NMP+ cation is one-dimensionally disor­
dered along the c axis as is shown in Fig. 1. The 
structure obtained indicates that the potential exerted 
on an electron moving in a column of T C N Q , is not 
random, but can be expressed by a periodic function. 
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Fig. 2. Temperature dependence of the electrical con­
ductivity for NMP(I)-TCNQ. 

# : Present work, : Ref. 4. 

TABLE 1. PHYSICAL PROPERTIES OF NMP- AND R b -

TCNQ-

Polymorphic form 

Crystal symmetry 

Space group 

Unit of TCNQ. 

Interptanarspcing 
between TCNQ(A) 

Model of overtop 
between nearest 
molecule 

Resistivity at 1 bar 
( . f t - c m ) 

Activation energy 
at 1 bar (eV) 
Resistivity at 
100 kbar(-ft-cm) 

Activation energy 
at 100 k bar (eV) 

a) Ref. 1. 
Ref. 10. i 

NMP -
I 

triclinic" 

P Ï " 

monodic*' 

3.26 a> 

>Ä< 
-h) 

7.7x10"3
f ) 

2.63 x10"3 

0.06 h ) 

0.037 »' 
, h) 

1.38x10 •* 

0.02 h ) 

b) Ref. 9 
') Ref. 4. 

- TCNtt 
i i 

monoclinkb) 

P 2 , / n b ' 

feà^" 
1.3 x 10* 

0.405 b> 

, h) 
5.75x10* 

0.07 

. c) Ref. 
g) Ref. 13. 

Rb-
i 

monoclinicc> 

P 2 , / c c ) 

diadicc) 

3.484° 

' • 

3x10» * 

0.44 ~ 0.53 9> 

, h) 
7.5x102 

a.5h> 

- T C N C L 

I I 

triclinicd> 

Pïd) 

monadic d> 

3.a" 

>W<f 
1 x 1 0 2 

0.16— 0.22 g ) 

1.5 x10 - 2 

o.ii h) 

11. d) Ref. 12. e) 
h) Present work. 

The temperature and pressure dependence of the 
conductivity of single crystals of N M P ( I ) - T C N Q show­
ing the diffuse streaks were studied. T h e conductivity 
da ta are presented in Fig. 2, where log(^/o ,

300) is plotted 
as a function of T~x. The room temperature conduc­
tivity was 130 £l~x c m - 1 . The activation energy was 
0.06 eV as shown in Table 1. No conductivity max­
imum appeared. This behavior is not consistent 
with the data reported by Coleman et <z/.4) 

Morosin19) has pointed out that the single crystals 
supplied by Heeger did not show diffuse streaks. The 
conductivity of those crystals indicates a metallic state 
above 200 K with a continuous transition to an insulator 
below 200 K.3 '4) Morosin has conjectured that 
Kobayashi 's observation on N M P ( I ) - T C N Q arose from 
the disordered regions formed between the twin bound­
aries of two different phases of N M P - T C N Q . If 
single crystals are grown from saturated acetonitrile 
solution by fast recrystallization, crystals of the triclinic 
phase ( N M P ( I ) - T C N Q ) are only found. Crystals 
prepared by us showed diffuse streaks. Therefore, 
Kobayashi's observation does not arise from the twin 
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Fig. 3. Pressure dependence of the electrical resistivity 
for NMP-TCNQ.. 
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Fig. 4. Pressure dependence of activation energy for 
NMP- and Rb-TCNQ. 
• : NMP(I)-TCNQ, O: NMP(II) -TCNQ, • : 
Rb(I) -TCNQ, A: Rb(II ) -TCNQ. 

boundaries of two phases, but is the intrinsic property 
of N M P ( I ) - T C N Q . There is an apparent difference 
in the columnar structure of N M P + between Heeger's 
crystals and ours. This inconsistency may be due to 
the difference of the method of sample preparation. 

As is shown in Fig. 1, the positive potential exerting 
on an electron moving in a column of T C N Q , can be 
expressed by the periodic function. Therefore, the cor­
responding energy band has not to be a half-filled band, 
but a filled band.2) I t seems to be reasonable that the 

NMPOHCNQ 

NMP(D)-TCNQ 

RbdKCNQ 

Rb(ü)-TCNQ 

0 20 40 60 80 100 120 140 
PRESSURE (kbar) 

Fig. 5. Pressure dependence of relative resistance for 
NMP- and Rb-TCNQ. 
• : NMP(I)-TCNQ., O: NMP(II)-TCNQ, • : 
Rb(I)-TCNQ, A : Rb(II)-TCNQ. 

electrical behavior in N M P ( I ) - T C N Q , showing diffuse 
streaks is semiconductive. 

The pressure effect on electrical resistivity of this 
single crystals was measured along the conductive axis 
up to 100 kbar at room temperature. The result is 
shown in Fig. 3. The electrical resistivity decreased 
with increasing pressure. The resistivity at 100 kbar 
was 1.38 X 10 - 4 ß c m . Figure 4 exhibits the pressure 
dependence of the activation energies of the T C N Q 
salts. The activation energy of N M P ( I ) - T C N Q r a p i d l y 
decreased up to 20 kbar. I t was 0.02 eV at 100 kbar. 
N M P ( I ) - T C N Q showing diffuse streaks did not show 
the metallic behavior even at 100 kbar. 

NMP(II)-TCNQ. This compound crystallizes 
in space group P2x/n with a= 10.558, 0=25.952, c = 
7.0872 Â, a=90 .68° , and z=4. i°) The anion and 
cation alternate in the column parallel to the c axis 
with slightly unequal interplanar spacings. This struc­
ture does not resemble that of N M P ( I ) - T C N Q . 
Coleman et al.9) have already studied the temperature 
dependence of the electrical conductivity for N M P ( I I ) -
T C N Q ; this monoclinic phase is semiconductive with a 
room temperature conductivity of 7.67 X 10 - 5 il_1 c m - 1 

and an energy gap of 0.81 ±0 .02 eV. 
Recently the absorption spectra of two crystalline 

forms have been studied by Tanaka et al.8) Their 
absorption spectra are very different. The lowest 
energy transition in N M P ( I ) - T C N Q appears along the 
a axis at 5500 c m - 1 . This band is assigned to an inter-
molecular transition between T C N Q molecules. O n 
the other hand, the C T band in N M P ( I I ) - T C N Q is 
observed at near 8000 cm - 1 . This band corresponds to 
a charge transfer of an electron from the N M P molecule 
to T C N Q . The large difference between electrical 
and optical properties of such two-phase salts indicates 
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a crucial role of crystal structure of an organic salt. 
Mulliken20) discussed the effect of pressure on electronic 
state of D + A - complexes and predicted a red shift and 
an increase of absorption intensity of a C T band and 
a decreased resistivity with increasing pressure. The 
majority of D + A - complexes show a decrease in 
resistivity with increasing pressure.21»22) As shown in 
Figs. 3 and 4 the electrical resistivity and the activa­
tion energy in N M P ( I I ) - T C N Q single crystals rapidly 
droped in the low pressure region and above 30 kbar 
decreased monotonously with increasing pressure. 
Figure 5 exhibits the ratio of the resistance, log RjR0, 
for both N M P - T C N Q . Above 30 kbar the rate of 
the pressure change of resistivity for the N M P ( I ) salt 
is approximately equal to that for the N M P ( I I ) salt. 

The values of their activation energies (AEi and 
A£n) decrease in the rate of 

(dAEj/dP) r = - 3.5 X 10-* eV/kbar 

(dAEu/dP)T = - 4 . 4 x l 0 - 4 e V / k b a r . 

These values are nearly equal, though the crystal struc­
tures of both N M P - T C N Q are significantly different. 
This may have arisen from the comparable compress­
ibility between the two phases. Similar electrical 
behavior was found for both R b - T C N Q , salts, as 
discussed in the next section. 

We suggest that the electrical behavior of these salts 
above 30 kbar may mainly be due to the increase of 
interchain interactions. 

Rb(I)- and Rb(II)-TCNQ. Phase transitions 
and electrical and optical properties in both R b salts 
have been already studied.13) The relation between 
those properties and crystal structures have been discuss­
ed in the previous paper.14) The electrical resistance 
of powdered R b - T C N Q , has been measured up to 500 
kbar at room temperature.15) The lowest resistivity 
for the Rb(I ) salt is l ß c m at 135 kbar, while that for 
the Rb( I I ) salt is 0.06 flcm at 170 kbar. 

Figure 6 shows the effect of pressure on the resistance 
of single crystals of R b ( I ) - and R b ( I I ) - T C N Q . The 
positive slope of the electrical resistance in the pressure 
range from 1 bar to 40 kbar was observed for the 
Rb(I ) salt. Since the pressure induced phase transi­
tion in R b ( I ) - T C N Q has been found at about 3.5 
kbar,13) this positive slope may be due to the appearance 
of a high pressure phase at quasi hydrostatic pressure. 
The activation energy was 0.15 eV at 100 kbar. A 
phase transition to a metallic state was not observed. 

The resistivity of R b ( I I ) - T C N Q decreased mono-
tonically with increasing pressure. The resistivity along 
the conductive axis was 1 . 5 x l 0 _ 2 n c m and the acti­
vation energy was 0.11 eV at 100 kbar. The compress­
ibility of R b ( I I ) - T C N Q has not been measured, but 
it is probably comparable to that of aromatic crystals. 
From the relation between the pressure and the volume 
for molecular solid given by Samara and Drickamer,23) 
the average intermolecular distance at 100 kbar was 
estimated to be about 9 0 % of tha t at atmospheric pres­
sure. Therefore, we can estimate the interplanar 
spacings between T C N Q molecules in the Rb( I I ) salt 
around at 100 kbar to be shorter than that in metallic 
T C N Q salts at 1 bar.21> However, metallic behavior 
could not be observed in R b ( I I ) - T C N Q at 100 kbar 

• : Rb(I)-TCNQ 

* : Rb(I)-TCNQ 
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Fig. 6. Pressure dependence of electrical resistivity for 
Rb-TCNQ.. 
• : Rb(I ) -TCNQ, • : Rb(I I ) -TCNQ. 

The large difference in the conductivity of R b ( I I ) -
and N M P ( I ) - T C N Q at atmospheric pressure has been 
mainly explained by two models. LeBlanc25) suggested 
that the excitonic polarizability of the cation is the 
more important determinant of the variation in conduc­
tivities. O n the other hand, Torrance et al.1) proposed 
the new model in which the large conductivity of 
N M P ( I ) - T C N Q is at tr ibuted to incomplete charge 
transfer from the aromatic cation to T C N Q . 

Figure 7 shows the effect of pressure on the absorption 
spectra of N M P ( I ) - T C N Q a t room temperature. T h e 
absorption spectrum of N M P ( I ) - T C N Q is similar to 
that of complex salts such as Q - and A d - T C N Q 2 . 
T h e absorption bands have been assigned by Torrance 
et al.1) and Tanaka et A/.8) 

The pressure induced absorption band observed at 
around 20 X 103 c m - 1 for N M P ( I ) - T C N Q has also been 
found many complex salts.26) Oohashi and Sakata27) 
have suggested that the new band at high pressure may 
be assigned to the 8-»9' C T transition from T C N Q -
to T C N Q 0 . This shows that there may be neutral 
T C N Q molecules in N M P ( I ) - T C N Q . The incomplete 
charge transfer from N M P to T C N Q has been discussed 
by Butler et a/.28) and Kwak et al.29) Ukei30) has observed 
new weak X-ray diffuse streaks in addition to 
Kobayashi 's observation. These diffuse lines can be 
interpreted in terms of a Kohn anomaly. From the 
observed superperiod the degree of charge transfer is 
estimated. The characteristic electrical and optical 
behavior in N M P ( I ) - T C N Q arises from the incomplete 
charge transfer from N M P to T C N Q . 
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Figure 8 illustrates the pressure effect on absorption 
spectra of R b ( I I ) - T C N Q , at room temperature. The 
absorption bands in the visible region are the locally 
excited (LE) bands within the TCNQ," anion. These 
exhibit the spectral blue shift with increasing pressure. 
The rate of pressure shift was + 6 7 cm- 1 /kbar for 26.2 
X l O ^ m - 1 band and + 6 2 c m ^ / k b a r for 16.1 x 103 c m - 1 

band. The near-infrared band at around 5.5 x 103 c m - 1 

is assigned to the charge transfer band between T C N Q f 
anions. The pressure effect on the C T band could not 
be observed because of interference by the pressure-
transmitting fluid. The absorption spectrum of Rb( I I ) 
- T C N Q , is markedly different from that of N M P ( I ) -
TCNQ, . 

R b ( I I ) - T C N Q , is fully charge transferred from R b 
to T C N Q , . Torrance et a/.8> have pointed out that in 
the case of complete charge transfer the lower H u b b a r d 
band was full; such a compound was a Mot t insulator. 
Though N M P - and R b - T C N Q , are 1 : 1 simple salts, 
their electronic structures are essentially different. The 
conductivity along the conductive axis for the Rb( I I ) 
salt at 100 kbar is smaller than that of the N M P (I) 
salt at 1 bar, and the Rb( I I ) salt does not indicate 

the metallic behavior at 100 kbar though we can 
expect the interplanar distance between T C N Q , mol­
ecules in the Rb( I I ) salt at 100 kbar to be shorter than 
3.26 Â in N M P ( I ) - T C N Q , at 1 bar. These results 
indicate that the electrical conductivity depends not 
only on the molecular distance between T C N Q , mole­
cule but also to a good extent on the electronic struc­
ture of T C N Q . salts. 

The authors wish to thank Dr. Y. Oda , Mr . H . 
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The behavior of electronically excited chloranil interacting with the titled vinyl compounds and solvents 
has been studied by means of the nanosecond laser photolysis technique. Semiquinone radicals and/or chloranil 
anions have been detected as transients except in the system containing styrene. Careful observation and analysis 
of the kinetic behavior of the transient absorptions reveal that these transients are brought about by the interac­
tion of excited triplet state of chloranil with vinyl monomers and/or solvents. The logarithms of the quenching 
rate constants and rate constants of the formation of transients are linearly related to the ionization potentials 
of the vinyl monomers and solvents used. The mechanisms of the triplet quenching and transient formation can rea­
sonably be interpreted by taking the relaxed triplet-state complex with a charge-transfer character into account 
as the precursor leading to the production of semiquinone radicals, chloranil anions, and other intermediate com­
pounds. 

Several investigations of the behavior of the chloranil 
(GA) molecule, as a representative quinone, have been 
performed with reference to electron donor-acceptor 
(EDA) complex formations,1) photochemical reactions,2) 
electronic states,3) and electrical conductivities.4) 
Among these, the photopolymerization mechanism in 
which the excited state of GA plays an important role 
is one of the most interesting. Mikawa and his co­
workers5'6) have reported, in their studies concerning 
the photosensitized polymerization mechanism of JV-
vinylcarbazole (VCZ) by CA, that electron transfer oc­
curs from VGZ to excited GA, producing the CA anion 
(CA - ) and the V C Z cation, and that V C Z cations be­
have differently depending as the polarity of the solvents 
used; in a polar solvent such as acetone cyclodimeriza-
tion occurs,5»6) but in a nonpolar solvent such as benzene 
catonic polymerization occurs without any induction 
period.6) In contrast to their studies, we have con­
firmed7) that acrylonitrile (AN), methyl methacrylate 
(MMA), and styrene (ST) react with excited CA and 
that radical polymerization occurs after a well-defined 
induction period, during which addition compounds be­
tween CA and the vinyl monomers used are produced 
both in polar and in nonpolar solvents. The difference 
in the polymerization mechanisms between the two 
series of systems mentioned above seems to be originally 
attributable to a difference in the ionization potentials 
of the vinyl monomers. Mikawa and his co-workers 
used vinyl monomers with relatively small ionization 
potential values, while we used vinyl monomers with 
relatively large ionization potentials. I t is well known 
that, because of their strong electron-accepting and 
hydrogen-abstracting properties, G A molecules in the 
excited states interact with various electron and/or 
hydrogen donors, even with some solvents as well, 
to produce semiquinone anions and/or radicals.9-14) 
Furthermore, the presence of the excited triplet state 
EDA complex has been suggested by Tsubomura and 
his co-workers,10) who used a microsecond flach-photo-
lysis technique in a fluid solution of GA-benzene and 
CA-acetone systems. 

Since the excited CA behaves, as has been mentioned 
above, in very different ways as systems studied vary, 
very careful experiments should be performed to deter­
mine the photosensitized polymerization mechanisms, 

with special attention paid to the interaction between 
the excited CA and the vinyl monomers in both the 
presence and absence of solvents. 

In this work, as a par t of our studies of the polymeri­
zation mechanisms photosensitized by CA, nanosecond 
ruby laser photolysis has been carried out, with special 
attention paid to the detection of transients, tracing 
their origins, and making sure of the kinetic behavior 
of the transients produced by the interactions between 
excited CA and AN, M M A , ST, and tetrachlorohydro-
quinone in the presence and absence of dichloroethane, 
trichlorotrifluoroethane, and acetonitrile as solvents. 
T h e interactions of excited CA with dichloroethane, tri­
chlorotrifluoroethane, and acetonitrile have also been 
studied in order to obtain further knowledge. 

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

Apparatus and Measurements. The nanosecond laser 
photolysis apparatus used in the present study is shown sche­
matically in Fig. 1. A giant pulse of 694 nm, with an output 
of ca. 2 J , was generated with a ruby laser (JEOL, JLS-R3A) 
0,-switched by a rotating prism and passed through an ADP 
frequency doubler to obtain a second harmonic for excitation. 
After the elimination of an undoubled fundamental pulse with 
a 10-mm cell containing a saturated cupric sulfate solution, 
the doubled laser pulse of a 23 ns half-duration, with a wave­
length of 347 nm, was supplied into a sample in a 10-mm 
quartz cell mounted on a cell holder. The output energy 
of this laser pulse was measured with a thermopile (TRG, 
Model 107) combined with a recorder (Hitachi, Model 056) 
through a microvolt meter (Ohkura Electric Co., AM-1001). 
The power of the pulse through the sample cell was also 
measured with the same thermopile each time photolysis was 
done. In each measurement, the spectra of the transients 
were easily corrected to the same laser intensity by this way 
after confirmation of the absorption arising through the one-
photon process. Since the laser intensity effect on the absorp­
tion intensities of transients should be checked beforehand, 
a small part of the exciting pulse, which was reflected with 
a beam splitter placed between the solution filter and the 
sample cell, was simultaneously monitored by means of a 
photomultiplier, PM-1 (HTV, 1P28) with a high response. 
Glass plates were employed to reduce the intensity of the 
exciting pulse. A xenon flash of ca. 600 [is half-width from 
a stroboscope (SUNPAGK, Model 107) was used as an 
analysis flash for the detection of the transients; its peak 
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Fig. 1. Schematic diagram of the apparatus for nano­
second laser photolysis. L A : ruby laser, P : power 
supply and timing circuit, D V : degital voltmeter 
(Hitachi, Type 028-0010) by which supplied voltage 
to a pumping flash is externally read out. A : A D P 
frequency doubler, F : C u S 0 4 aq filter, BS: beam 
splitter which is removed in ordinary experiments, G 
sample cell, T : thermopile, V : fxV meter, R 
recorder, M L : monitor flash l amp, L : lens, G F 
glass filter, S: variable slit, M : monochromater , 
P M - 1 , 2, and 3 : photomultipliers, P D : photodiode, 
A T : light a t tenuator , O S : oscilloscope. 

was synchronized electronically with the laser pulse. After 
crossing through the sample cell at r ight angles with respect 
to the laser beam, this analyzing light was collected by a 
lens and focussed onto the slit of a grating monochromator 
which was a par t of a Hitachi U V - V I S spectrophotometer 
(model 139). An appropria te combination of glass filters a t 
the front of the cell was used not only to remove the second-
order stray light, but also to prevent the sample solution 
from being il luminated undesirably. T h e exit light from the 
monochromator was received by a photomultiplier tube, PM-2 
( H T V , R446) , loaded with a 75 Q resistor. T h e output 
signal from this tube was displayed on a 200 M H z oscillo­
scope (Iwatsu, SS-6200) which was triggered externally by 
the pulse from a photodiode (EG & G, SGD-100A) monitoring 
the laser pulse scattered from the A D P crystal. T h e rise 
and decay profile of a single sweep of the signal was photo­
graphed on X-ray films. Further , a third photomultiplier 
tube, P M - 3 ( H T V , 1P28), was used to correct the intensity 
fluctuation of the analysis l amp. T h e response of the photo­
multiplier which was exposed to the analyzing flash, at ten­
uated by half-transparent papers , was guided into the second 
channel of the oscilloscope; thus, a reference signal to the signal 
corresponding to a 100% transmittance of the analyzing light 
was obtained. Operat ion using the chopped-sweep function 
of the oscilloscope made it possible to photograph this reference 
signal and the decay of the transient absorption simultaneously. 
T h e n decay patterns of the long-life transients could be 
analyzed accurately, even in a t ime region where the intensity 
of the analyzing flash was no longer 'steady. ' I n addition, 
air conditioning was needed to obtain a constant output of 
second harmonics, because the best matched axis of the A D P 
crystal to the fundamental laser beam was quite sensitive 
to room temperature . T h e variation in the temperature in 
an operating room was controlled in the range of ± 1.0 °G 
during laser photolysis. Thus , the nanosecond time resolu­
tion was obtained by the use of this instrumental system and 
the transient spectra, and the rise and/or decay curves could 
be followed up quantitatively over the t ime range from the 

starting time of laser oscillation to ca. 200 fxs. 
When samples were photolyzed at the temperature of 

liquid nitrogen, the cell holder was replaced by a quartz 
vessel with three flat windows at right angles with each other. 
In the present study, all the experiments, except for the 
system of GA and M M A in EPA (ethylether : isopentane : 
e t h a n o l = 5 : 5 : 2 in volume), were carried out at room tem­
perature. 

T h e EDA complex formation in the ground state between 
CA and the vinyl compounds was examined by measurements 
of the absorption spectra using Hitachi 124 and 139 spectro­
photometers. T o describe the results briefly in this section, 
spectroscopic evidence for complexing in 1,2-dichloroethane 
was not observed in the G A - A N system. O n the other hand, 
in the G A - M M A system a new broad band appeared around 
315 n m as a shoulder of the falling branch of the intense 
7T-7T* transition of uncomplexed CA, which has a maximum 
at 292 nm, and in the C A - S T system a band having its maxi­
m u m at 420 n m was remarkably observed. Both of the 
latter bands can be reasonably interpreted as charge-transfer 
(CT) bands by the aid of the Benesi-Hildebrand equation, 
the Ketelaar equation, and the linear relation of CT-band 
energies against the ionization potentials of the donors. 

Materials. T h e chloranil (Tokyo Kasei, G. R. grade) 
was purified by a recommended method,15) i.e., recrystallized 
twice from benzene and chromatographed on freshly baked 
calcium carbonate, using purified benzene as the eluant in 
order to eliminate any acidic impurities. After one more 
recrystallization, a vacuum sublimation was undertaken just 
before use. T h e acrylonitrile (Wako, G. R . grade) was 
washed with 5 % N a O H a q , phosphoric acid, and distilled 
water, three times each. After drying over potassium carbo­
nate , it was fractionally distilled twice in an atmosphere of 
nitrogen under reduced pressure. Methyl methacrylate 
(Wako, G. R . grade) was purified by the method described 
else where. 16a> T h e styrene (Wako, Practical grade) was 
treated with 5 % N a O H a q , washed with distilled water, dried 
over calcium chloride and bar ium oxide, and purified twice 
by fractional distillation in a nitrogen atmosphere under 
reduced pressure. These vinyl monomers were passed through 
a short column of molecular sieves (Zeolite) and silica gel 
immediately before use. T h e tetrachlorohydroquinone (GA-
H2) (Tokyo Kasei, G. P. grade) was purified as follows. The 
faint pink substance which was obtained by two recrystalliza-
tions from glacial acetic acid and successive washing with hot 
water was treated with an aqueous solution of sodium sulfite 
in order to reduce, chemically, a little amount of contami­
nated G A to the corresponding hydroquinone. T h e precipi­
tates which were obtained by adding an adequate amount of 
hydrochloric acid to the aqueous solution were washed 
throughly with ethanolic water and dried. T h e raw product 
was sublimed under a vacuum. A pure white material was 
thus obtained; it was found by usual analytic methods, to 
be tetrachlorohydroquinone. T h e benzophenone, which was 
used as a standard to estimate the extinction coefficient of 
the triplet chloranil, CA(T) , was purified by the method 
described elsewhere. 16b> T h e 1,2-dichloroethane (DCE), 
acetonitrile, trichlorotrifluoroethane, ethyl ether, and iso­
pentane used as solvents were purified by ordinary methods,1?) 
while the ethanol (Kanto Chemical Co., G. R. grade) was 
used without further purification. T h e solutions subject to 
laser photolysis were deaerated carefully by the freeze-pump-
thaw cycle method. T h e concentration of GA in the solu­
tion was controlled in the range of (1—3) X 10~3 mol d m - 3 . 

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

Identification of Transients. CA-DCE System: 
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Fig. 2. Time resolved transient spectra for CA-DGE 
system: [CA] = 2 X 10-3 mol dm-3. The delay time 
from the laser pulsing, (1) 0, (2) 2, (3) 4, (4) 8 [is. 

Figure 2 shows the time-resolved spectra after laser ex­
citation for the system of CA alone in DCE. Observed 
bands with maxima at 510 and 370 n m in the spectrum 
immediately after pulsing closely resemble those of 
GA(T) in several solvents illustrated in Fig. 1 of Ref. 10 
and discussed in Ref. 9. From an examination of the 
exponential decay of the 510 nm band, its lifetime was 
determined to be 5.6 [is in the deaerated solution and 
0.45 [is in the aerated solution. These values are nearly 
equal to those for other solvent systems previously 
reported.9a»9c) This is other evidence that this band 
belongs to GA(T). According to the investigation by 
the authors of Ref. 10, the 370 nm band is also attr ibuta­
ble to CA(T) . From the standpoint of these authors, 
we may also regard this band as belonging to CA(T) , 
although, in our case, the band around 370 nm behaves, 
after a lapse of time, in the somewhat complicated man­
ner to be described below. With the lapse of time, 
the spectrum is gradually replaced by another with band 
maxima at 430 and 360 nm. As regards these two 
bands, we obtained the following information: (a) 
Both of these bands had a relatively long life, and they 
decayed with similar time profiles, (b) Both the shape 
of the 430 n m band and the position of the 360 nm 
band closely resemble those studied in Ref. 10, which 
were attributed to semiquinone radicals, (c) O u r ex­
periments, performed by replacing the D C E by trichlo-
rotrifluoroethane (with no hydrogen atom), revealed the 
non-existence of these bands. Using the microsecond-
flash-photolysis technique, in which the irradiation of 
light over a broader range of wavelengths than in the 
case of nanosecond-laser photolysis is not avoided, 
Tsubomura and his co-workers10) have reported the 
appearance of the bands attributable to the semiquinone 
radicals produced by the chlorine atom transfer to CA-
(T) from the Diflon S3 used as a solvent. This seems 
to indicate that the quite high excess vibrational energy 
in the lowest excited electronic state might be required 
for the abstraction of a 'heavy' chlorine atom in this 
system. An inspection of this information allows us to 
consider these two bands as belonging to semiquinone 
radicals of CA, CAH- , which have been produced by 
hydrogen-atom abstraction from the solvent. 

1.0 

0.8 

v 
ë 0.6 

£0.4 

Q2 

CA+AN/ DCE 

=^-S^>2 
V / X „ a***^ 

300 400 500 600 
A/nm 

Fig. 3. Time resolved transient spectra for CA-AN-
DCE system : [CA] = 2 X 10~3 mol dm-3, [AN] - 0.76 
mol dm - 3 . The delay time from the laser pulsing, 
(1) 0, (2) 2, (3) 4, (4) 8 us. 
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Fig. 4. Time resolved transient spectra for CA-MMA-
DCE system: [CA] = 2 X 10~3 mol dm-3, [MMA] = 
0.94 mol dm - 3 . The delay time from the laser pulsing, 
(1)0, (2)0.1, (3)0.2, (4)0.4iis. 
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Fig. 5. Time resolved transient spectra for CA-ST-DCE 
system: [GA]= 1.7x 10~3 mol dm-3, [ST] = 0.87x 
10-3 mol dm - 3 . The delay time from the laser pulsing, 
(1) 0, (2) 0.2, (3) 0.7, (4) 1.5 us. 

CA-Vinyl Monomer-DCE Systems: The transient ab­
sorption spectra changing with the lapse of time are 
exemplified for several systems in Fig. 3 ( C A - A N - D C E ) , 
Fig. 4 ( C A - M M A - D C E ) and Fig. 5 ( C A - S T - D C E ) . 
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The spectral features of the G A - A N - D G E system 
closely resemble those of the G A - D C E system (Figs. 2 
and 3). In the C A - M M A - D C E system containing a 
high concentration of M M A the 510 n m absorption of 
GA(T) decays rapidly and scarcely no spectral compo­
nents of CAH- remain (Fig. 4) . In the G A - S T - D G E 
system containing a high concentration of ST (^0 .1 mol 
dm~3) , no transient could be observed at all. How­
ever, in the same system containing a low concentra­
tion of ST, where ground-state EDA-complex forma­
tion is negligible, the initial spectrum rapidly disap­
pears, keeping its spectral aspects without any bands 
attr ibutable to semiquinone radicals being distinguisha­
ble (Fig. 5). 

Kinetic Behavior of the 425 nm Band. T h e behavior 
of the absorption band monitored at 425 n m in the C A -
D C E and C A - A N - D C E systems was followed from the 
time just after pulsing to ca. 10 fxs (Fig. 7a). The decay 
of this absorption apparently obeyed the second-order 
kinetics after a rapid rise just after pulsing. The absorp­
tion intensity at the pulse end was recognized to be 
linearly related with the power of the laser for excita­
tion. This means that this band arose through a one-
photon process. It was observed that the 510 n m band 
also arose through a one-photon process. Since species 
bearing the 425 n m absorption in our systems are CA-
(T) and GAH- , it is important to check if CAH• comes 
from the singlet excited state of GA, CA(S) or from 
CA(T) . This problem can be clarified by observing 
and analyzing the addition effect of ST, CAH 2 , and 
M M A , as will be described below. 

(a) As has previously been suggested for the G A -
S T - D C E system, CA(T) is quenched rapidly, keeping 
its spectral features, and no observable transient like 
CAH- exists during the quanching process. This indi­
cates that the initial appearance of the 425 nm band 
is due to CA(T) . We will further discuss what would 
happen if CAH- is assumed to be produced in CA(S). 
The disappearance of CAH- might occur following self-
disproportionation : l l a) 

CAH- + CAH- > GA + GAH3 kd, (1) 

and/or the conventional mechanism19) described below, 
which is generally accepted for a radical polymeriza­
tion with an induction period: 

GAH- (or ~~CA.) + ST • ~ S T - k0, (2) 

~ S T - + GA • —GA- kz, (3) 

—ST- + ST • ~ S T - *p . (4) 

Here, kAi k0, kz, and kp are the rate constants of Reactions 
1, 2, 3, and 4 respectively, and kd=\Ax 109 m o l - 1 

dm 3 s - 1 (to be described in detail later), kp=\23 m o l - 1 

dm 3 s-1,18) kjkp=2040 at 50 °C,18> and k0<kr^ An 
inspection of the values of those rate constants and the 
relation between them indicates that the disappearance 
of CAH- would be efficiently subject to self-dispropor-
tionation, which, in turn, is very slow compared to the 
disappearance of GA(T) under our experimental condi­
tions. O n the assumption that GAH- would be pro­
duced from CA(S), therefore, the 425 nm band due to 
CAH- should remain during the spectral change in 
question. This contradicts the experiments and suggests 
that GAH- is not produced from CA(S). 
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Fig. 6. Graphical analysis of the decay function of 
transient observed at 425 nm in CA-CAH3-DCE 
system: [CA] = 2.36x lO"3 mol dm-3, [CAH2]=2.58 
X 10"3 mol dm-3. Curve (1): observed, (2) triplet 
decay, (3): CAH- rise, Z>(0 = ( l ) - ( 2 ) , (4): rate 
determining curve for CAH- formation, AD(t) = Dp— 
D(t); £>p=0.92. 

(b) In order to clarify more distinctly the kinetic be­
havior of the absorption at 425 nm, we examined the 
addition effect of CAH 2 to the C A - D C E system. The 
decay profile followed up at 425 nm was analyzed kinetic-
ally for this system containing a small amount of CAH 2 

(2.6 X 10~3 mol d m - 3 ) , where no spectroscopic evidence 
exists as to a ground-state complex formation between 
CA and CAH 2 . T h e analyzed results regarding the 
kinetic behavior of the 425 nm absorption can be reason­
ably explained by considering that the GA(T) which 
is generated at first will be quenched dynamically by 
CAH 2 and that the GAH- will increase through the 
C A ( T ) + C A H 2 - > 2 C A H - reaction. In fact, in our ex­
periments, the increase in the 425 nm band was shown 
directly on the oscilloscope. Furthermore, this band 
was distinctly confirmed to belong to CAH- by an 
examination of its position and band shape as distin­
guished from all others in the spectrum. Figure 6 shows 
the results analyzed carefully. When the contribution 
of CA(T) to the absorbance at this wavelength, (2), 
is subtracted from the observed signal, (1), Curve (3) 
results; this curve refers to the growth of CAH- itself. 
Since the decay rate of the radical is much lower than 
that of the triplet (its decay time, T T = 7 3 ns in the 
present system), the disappearance of the former can 
reasonably be neglected during such a short time interval 
as in our experiments. Then, the subtraction of Curve 
(3), D(t), from the peak value, Dp, of the observed 
curve gives Curve (4), AD(t), from which the time 
constant of GAH- formation can be obtained. By 
these procedures, it was quantitatively ascertained that 
the initial absorption at 425 nm was certainly due to 
GA(T) and that the rise time of GAH- ( r r = 8 3 ns) was 
equal to the decay time of CA(T) , within our limits of 
experimental accuracy. T h a t is to say, CAH- is cer­
tainly produced via CA(T) . Another support to this 
reasoning is also obtained from a comparison of the 
decay patterns of the 425 n m absorption between the 
G A - D C E and C A - C A H 2 - D E G systems. Figure 7 
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Fig. 7. Plots of second-order kinetics for the decay 
observed at 425 nm. a: CA-DGE, b : CA-CAH2-
DCE system. 

shows the curves obtained by plotting the reciprocal of 
the optical density (D) against the lapse of time for 
these two systems. In the C A - C A H 2 - D C E system (Fig. 
7b), after the complete disappearance of CA(T) and the 
complete rising of CAH- at the initial stage of time 
lapse, the decay of the 425 nm band with reference to 
CAH- proceeds along a good straight line (Line b). 
In the C A - D C E system, there is apparently a straight 
line (Line a) following the second-order kinetics (Fig. 
7a). If the transients were the same for both systems, 
their decay constants and, accordingly, the slopes of 
Line a and Line b would have to be identical. However 
there is a remarkable discrepancy between these two 
slopes, as may be seen in Fig. 7. Since Line b is the 
very realization of the kinetic behavior of C A H •, Line 
a does not embody the kinetic behavior of only C A H •. 
Moreover, a close inspection of Fig. 7a shows the string 
of circles to form a slightly S-shaped curve. We ob­
served, further, a little more striking S-shaped curve for 
this system when the kinetic behavior was followed at 
430 nm. This decay picture is characteristic when the 
absorption of a long-life transient, obeying the second-
order decay kinetics, overlaps that of another transient 
decaying exponentially. Therefore, the observations 
can be understood by reasoning that, because of the 
superpostion of the CAH- rise and decay on the CA(T) 
decay, the absorption at 425 n m in the C A - D C E sys­
tem apparently behaves as if the initially formed C A H • 
has decayed alone and smoothly with the second-order 
kinetics. As has been mentioned in the previous sec­
tion, the 425 nm band in the C A - A N - D C E system also 
decayed apparently following the second-order kinetics 
from the time immediately after pulsing. This feature 
is the reflex of the same situation as that of Fig. 7a. 
These interpretations well correspond to those of K e m p 
and Porter9b) as to the origin of the durosemiquinone 
radical produced by microsecond-flash photolysis in 
liquid paraffin.20) Now, we can estimate the decay con­

stant of CAH- accurately from Fig. 7b. From the slope 
of Line b, which strictly obeys the second-order kinetics, 
the decay constant was determined to be 2.8 X 105f/ m o l - 1 

dm 3 s - 1 , where e is the molar extinction coefficient of 
C A H • at 425 n m and where / is the width of the photo-
lyzed part , which was estimated as 0.70 cm from the 
size of the second harmonics for excitation. The esti­
mated value, 1.4 X 10 9mol- 1 dm 3 s - 1 , was obtained using 
the reference value of E, 7.3 X 103 m o l - 1 dm 3 cm _ 1 . l l a > 

(c) In the system containing a high concentration of 
M M A , the absorption at 425 nm due to CA(T) early 
disappears exponentially, and after this rapid decay the 
remaining transient, C A H - , gradually decays with a 
long life. Although no exact analysis on the growth 
of CAH- was done in the D C E solvent, the above be­
havior and the results of kinetic analysis for CA~ and 
CAH- in the C A - M M A - C H 3 C N system described in 
the next section may allows us to consider that the 
formation of CAH- arises from CA(T) . I t is note­
worthy that CAH- is surely generated in this system, 
also through interaction between CA(T) and M M A . 

Therefore, from the above discussions it can safely 
be concluded that the origin of CAH- in the C A - D C E 
system, regardless of the presence or absence of the 
additives (ST, CAH 2 , AN, and M M A ) , is the triplet 
state of CA. 

Production of the Chloranil Anion in the Polar Solvent. 
T h e time-resolved spectra obtained by the laser photo­

lysis for the C A - C H 3 C N system are shown in Fig. 8a. 
CA(T) , with maxima at 510 and 370 nm, decays rela­
tively fast, and the absorption bands of maxima at 450, 
430, and 360 nm become conspicuous 5 fxs after flashing. 
These aspects closely resemble those obtained by the 
microsecond-flash photolysis for the same system.10) I t 
has already been known that C A - has absorption 
bands at 448, 422, and 321 nm.23) From this know­
ledge and from a comparison with the results for the 
C A - D C E system (Fig. 2), it is possible to deduce that, 
among the bands observed, the 450 nm band is brought 
about mainly from C A - , the 360 nm band mainly from 
C A H •, and the 430 n m band from both CA~ and C A H •. 
O n adding ST to this solution, CA(T) decayed rapidly, 
keeping its original aspects and without producing any 
transients, in the same way as in the case of the D C E 
solution. O n the other hand, however, as may be seen 
in Fig. 8b, the addition of 1.0 mol dm~3 M M A to the 
solution causes a rapid decrease in CA(T) and does 
not prevent C A - and CAH- from being produced and 
living for a relatively long time. The kinetic behavior 
of the band with its maximum at 450 n m was 
analyzed carefully in the same manner as in the C A -
C A H 2 - D C E system. T h e results revealed that CA~ 
grow simultaneously with the decay of CA(T) . T h e 
kinetic analysis at 420 n m also led to the same result. 
Therefore, which one of the two species, C A - or C A H - , 
is the primary transient is not proven, but it is elucidated 
that both of them come from CA(T) . 

Some observations have now established that the 
weak EDA complex in a polar solvent is photolyzed 
to produce the anion of an electron acceptor due to 
ionic dissociation in the first excited singlet state.21) 
However, for the C A - M M A complex in acetonitrile, no 
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TABLE 1. QUENCHING RATE CONSTANTS FOR TRIPLET 

CHLORANIL BY VINYL MONOMERS AND THEIR 

IONIZATION POTENTIALS ( / ) 

Quencher 

AN 

MMA 

ST 

J/eV 

10.91 

9.8 

8.47 

Solvent 

DCE 

DGE 
CH3GN 

DCE 
CHgCN 

Äq/mol"1 dm3 s - 1 

3.1X104 

5.1X106 

6.7X106 

2.5X109 

8.0X109 

indication of the direct production of the anion via the 
excited singlet state has been obtained. This may be 
interpreted as follows. As the C T band maximum of 
the G A - M M A complex is located at a higher energy 
than its locally excited band within the CA molecule, 
the lowest excited singlet state of the complex is probably 
similar in nature to that of uncomplexed CA. Accord­
ingly, a rapid intersystem crossing in the complex may 
occur, as in CA, immediately after pumping to the 
singlet state, this crossing being then followed by ionic 
dissociation. 

The Mechanism of Triplet Quenching and Semiquinone 
Formation. As is illustrated in Figs. 3, 4, and 5, 
CA(T) is quenched by each of the vinyl monomers. 
The rate of decay at 510 n m obeyed a Stern-Volmer­
type relation in the relatively low concentration range 
of quenchers: l / T = l / T 0 + £ q L Q J , where r and T0 are 
the decay times of CA(T) in the presence and absence 
of a quencher, Q,, respectively, where [QJ is the con­
centration of Q,, and where kq is the quenching rate 
constant. T h e values of the rate constants are listed 
in Table 1. T h e values of kq increase with a decrease 
in the ionization potentials of the quenchers, and an 
increase in the solvent polarity tends to enhance the 
quenching by vinyl monomers, especially by ST. This 
means that the C T interaction between CA(T) and ST 
is quite responsible for the quenching. 

For the purpose of estimating the quan tum yields of 
the transients, we estimated the molar extinction coef­
ficient of CA(T) at 510 n m by comparison with that 
of the benzophenone triplet at 532.5 n m in benzene,22) 
assuming the triplet yield of CA to be unity. The 
estimated value was (7.2±1.3) X 10 3 mol- 1 dm 3 c m - 1 in 
DCE, nearly equal to that of duroquinone triplet in 
cyclohexane or benzene.22) Using this value and that 
of C A H 1 1 ) or CA-,23) the yield, <p, of the CAH- o r C A -
formed from CA(T) can be approximately evaluated 
from the time-resolved spectra for the systems shown 
in Figs. 2, 3, 4, and 8 and for the system of CA in 
neat AN or M M A as well. In this estimation, the 
triplet yield of CA has already been assumed to be 
unity, and it was assumed that there was no effect of 
the solvent change upon the absorptivity of CA(T) . 
Since the observed 4> value corresponds approximately 
to ^ [ M J T , where kTi is the second-order rate constant 
for the transient arising from the interactions between 
CA(T) and the reactant, Mj (the vinyl compound and/or 
solvent), where [ M J is the concentration of M i 5 and 
where r is the lifetime of CA(T) under the examining 
conditions, one can estimate kr easily. These results 
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Fig. 8. Transient absorption spectra obtained by nano­
second laser photolysis for GA-GH3CN and CA-MMA-
CH3CN systems, a : [GA] = 1.5 X 10~3 mol dm"3, b : 
[CA] = 3 X 10-3 mol dm-3, [MMA] = 1.0 X 10-3 mol 
dm - 3 in acetonitrile. 

TABLE 2. YIELD OF CAH- AND CA~ FOR SEVERAL 

SYSTEMS AND RATE CONSTANTS FOR THEIR FORMATION 

Transient 

CAH- ^ 

GA-1» 

System 

GA-DCE 
CA-AN 
GA-MMA 

GA-GH3CN 
CA-MMA-GH3GN 

4> 
0.19 
0.20 
0.08 
0.08 
0.15 

^r/mol -1 dm3 s-1 

3X103 

7X103 

4X105 

9X102 

9X105 

a) The molar extinction coefficients at 435 and 420 nm 
in dioxane11) were used for all our systems: e(435) = 
7.7 X 103 mol-1 dm3 cm"1, e (425) = 7.3 X 103 mol-1 dm3 

cm-1, b) £(450) = 9 . 7 X 103 mol-1 dm3 cm-1 23> was used. 

are summarized in Table 2, along with the correspond­
ing 0 values. The low yields of CAH • and C A - imply 
that other quanching processes are efficiently competing 
with their formation. One of the competing processes 
is the rather efficient production of an intermediate 
compound during the induction period of the ST or 
M M A polymerization photosensitized by CA.7) Tha t 
is to say, the quenching of CA(T) by vinyl monomers 
results mainly in the production of adducts between CA 
and monomers, and partly in the formation of CAH-
and/or CA~. 

When the logarithms of the formation-rate constants 
(kT) of CAH • are plotted against the ionization potentials 
of the reactants, a linear relationship is obtained. 
Plots of log kq against the ionization potentials of the 
quenchers also show a linearity (Fig. 9). An inspec­
tion of these results reveals that the hydrogen transfer 
as well as the triplet quenching may be swayed by the 
C T interaction.25) Accordingly, the existence of a 
triplet state complex as a precursor may be safely as­
sumed, from which the electron transfer, the hydrogen 
transfer, the formation of intermediate componds for 
polymerization, and a return to the ground state may 
be thought to take place. In this connection, the next 
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Fig. 9. Plots of log kx and log kq, respectively, against 
ionization potentials (/). The horizontal scale a, b, 
c, and d refer to / values of ST, MMA, AN, and DGE, 
respectively. 
• : log kr, O : log kq. 

observation seems to supply additional support for the 
GT character of the triplet intermediate. The photo­
lysis for the C A - M M A complex at 77 K in EPA, where 
the ground-state conformation of the complex may be 
almost frozen, gave a new, weak, transient absorption 
in the 550—650 n m region like that of the triplet EDA 
complex between GA(T) and benzene or between CA(T) 
and acetone,10) although at room temperature such 
a broad band was not found, not even in a more con­
centrated M M A solution. These aspects are shown in 
Fig. 10. As the ionization potential of M M A is not 
very different from that of acetone, it may be pos­
sible to regard that absorption as the band arising 
from the GT interaction between GA(T) and M M A . 

The observations and considerations described above 
allow us to explain the interaction mechanisms of the 
excited state of CA with the vinyl monomers used in 
the present work by assuming the following scheme: 

CA(T) 4- M -> 3(CA5-..-M5+) -> CAH- + M'-
(TC) 

S \ 
GA(S0) + M P 

where M means the vinyl monomer; T C , the triplet 
complex, and P, the intermediate compound which 
relates to polymerization. The main features of this 
scheme resemble that proposed for the photoreduction 
of benzophenone by amines.25»26) Whether the semi-
quinones appear or not may be determined by the 
relative efficiency of each process under the effect of 
surrounding solvent molecules upon the triplet-state 
complex. In so far as our present systems are concern­
ed, both electron transfer and hydrogen abstraction by 
GA(T) should take place from a relaxed equilibrium 
state of the triplet intermediate after solvent reorienta­
tion is realized, because the triplet quenching is rather 
slow compared to the diffusion-controlled rate. 

This conclusion is very interesting compared to the 
assumption26) of the existence of a non-relaxed triplet-

and/or 

GA- + M+ 

400 500 600 
A/nm 

Fig. 10. Transient absorption spectra immediately after 
pulsing for CA-MMA-EPA and CA-MMA-DGE 
systems. (1): CA-MMA-EPA system at 77 K, 
[MMA] = 0.48 mol dm-3, (2): CA-MMA-DGE sys­
tem at room temperature, [MMA] = 0.94 mol dm - 3 . 

state encounter complex from which hydrogen-atom 
abstraction occurs, competing with the ionic dissocia­
tion, for the benzophenone-tertiary amine systems 
with relatively low ionization potentials. 
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Exciplex (DA)* and triple exciplex (DDA)* formation between 1,4-dicyanobenzene (DCB) and alkylnaphtha­
lenes was investigated by steady-state and nanosecond time-resolved fluorescence spectroscopies at room tem­
perature. Typical two-component decay of the exciplex and the fluorescence rise of the triple exciplex were 
observed in dioxane solutions of DCB and several alkylnaphthalenes. The results imply a significant dissociation 
process of (DDA)* to (DA)*. Triple exciplex formation via excimer (DD)* was proposed to be significant in a 
concentrated solution of alkylnaphthalene ( > 1 0 - 1 M ) , while the triple exciplex was formed via the exciplex in 
a dilute solution of the electron donor. 

Triple exciplex formation was reported first by Beens 
and Weller in the 1,4-dicyanobenzene (DCB) and naph­
thalene system. They reported the fluorescence life­
time of the exciplex ( « 30 ns) and an extraordinary 
rate constant (1.8 X 108 s ^ M - 1 ) of triple exciplex for­
mation from the exciplex.2) Recently, Saltiel et al. re­
ported triple exciplex emission in the system of 9,10-
dichloroanthracene and 2,5-dimethyl-2,4-hexadiene in 
a polar solvent such as acetonitrile.3) O n the other 
hand, Grellmann and Suckow have reported triple ex­
ciplex formation in the anthracene-diethylaniline system 
in the temperature region of «230—180 K and discus­
sed its intersystem crossing to the triplet state of an­
thracene.4) More recently, Mimura and Itoh reported 
an intramolecular triple exciplex formation between two 
naphthyl moieties of 1,3-dinaphthylpropane (DNP) and 
DCB, and they suggested that the triple exciplex was 
not formed via intramolecular excimer of DNP, but via 
exciplex (DA)* formed between DCB and DNP.5) 
Preliminary results of the exciplex and the triple exciplex 
were also reported for the DCB and alkylnaphthalene 
system. The dissociation process from the triple ex­
ciplex to the exciplex was so significant that this system 
exhibits typical two-component decay of the exciplex 
and fluorescence rise of the triple exciplex.6) Although 
two-component decay of D*(or A*) and also fluores­
cence rise of (DA)* has been reported,7) there are no 
reports of lifetime measurements which bear on the 
transformation between the exciplex, (DA)*, and the 
triple exciplex, (DDA)*. 

This paper reports steady-state and nanosecond time-
resolved fluorescence studies of the triple exciplex as 
well as the exciplex in several solvents of the DCB and 
several alkylnaphthalene systems at room temperature. 
Typical two-component decay of the exciplex fluores­
cence and the fluorescence rise of the triple exciplex 
were observed in the dilute solution of alkylnaphthalenes 
and DCB in dioxane. Concentrated solutions ( > 1 0 - 1 

M) of acenaphthene (AcN) and DCB in dioxane or 
T H F exhibit fluorescence rise of the exciplex, which is 
not attributable to exciplex formation from DCB and 
AcN, but to dissociation of the triple exciplex. Since 
a time-dependent exciplex concentration in the system 
cannot show any fluorescence rise of the exciplex (see 
Eq. I),7,8) the triple exciplex formation via the excimer 
is suggested not to be negligible. This is consistent 
with the fact that the fluorescence quenching of alkyl­

naphthalene by DCB depends remarkably on the con­
centration of alkylnaphthalene above « 1 0 - 1 M . The 
triple exciplex formation and dissociation in the inter-
molecular system of alkylnaphthalene and DCB are 
discussed in comparison with the results of the intra­
molecular system of D N P and DCB mentioned above. 

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

Commercially available 2-methylnaphthalene (2-MN), 1,5-
dimethylnaphthalene (1,5-DMN) and 2,3,6-trimethylnaph-
thalene (2,3,6-TMN) (Tokyo Kasei) were purified by silica 
gel chromatography and recrystallized from methanol (spec-
trograde) several times. Zone-refined acenaphthene (AcN) 
which was available commercially (Tokyo Kasei) was also 
purified in a manner similar to that described above. The 
fluorescence spectra were recorded with a Hitachi MPF-2A 
spectrophotometer with an exciting light of 310 nm. Good 
commercial solvents (Dotite spectrosols) were used, and chlo­
roform was used after purification through an alumina colum 
(Woelm, Activity I) for removal of methanol which was pres­
ent as a stabilizer. Solutions were contained in squartz cells 
(1 cm) equipped with graded seals, and were degassed by 
freeze-thaw cycles at 10~4— lO"5 Torr. Rectangular quartz 
cells with lightpath length 0.1 mm and 1 mm were also used 
for the concentrated solution. The time-resolved fluorescence 
spectra and the fluorescence lifetimes were determined by 
analyzing exponential decay curves measured by an oscil­
loscope (Tektronix 465), and a photomultiplier, HTV-R342 
or R666, and by excitation with a coaxial N2 gas laser which 
has a maximum 20-kW photon peak intensity at 3371 Â. 

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

Steady-State Fluorescence Study. Fluorescence spec­
tra of dioxane solutions of alkylnaphthalene, < 10~4 M, 
and in the presence of several concentrations of DCB 
at room temperature exhibit ordinary fluorescence be­
havior as expected for the electron donor-acceptor 
system. The fluorescence intensity of alkylnaphthalene 
decreases and the exciplex fluorescence intensity (^max = 
420—440 nm, T = » 1 0 — 1 5 ns) increases when the DCB 
concentration increases. Apparent rate constants for 
exciplex formation were obtained from linear Stern-
Volmer plots of the fluorescence quenching of 2-MN 
by DCB, and found to be 1.6 X 1010 s _ 1 M - 1 in dioxane 
and 2.5 X 109 s - 1 M - 1 in chloroform assuming negligible 
reversal of exciplex formation (Scheme 1). 
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Excitation spectra monitored at 450 nm (concent­
ration of electron donor < 1 0 - 1 M , where fluorescence 
was determined from front surface of the sample cell 
in the concentrated solution) and the absorption spectra 
of dioxane solutions of 2-MN and DCB by using 1 m m 
and 1 cm quartz cells indicate no complex formation 
in the ground state. Figure 1 shows fluorescence spectra 
of dioxane solutions of DCB (concentration, « 1 0 ~ 2 M ) 
and several concentrations of 2-MN. T h e fluorescence 
of both exciplex and alkylnaphthalene are quenched 
with increasing 2-MN concentration up to 10~3 M . In 
highly concentrated solution of electron donor, > « 1 0 - 1 

M , fluorescence intensity at the longer wavelength re­
gion increases and an isoemissive point is observed at 
« 4 8 0 nm. T h e fluorescence at 490 n m region may be 
ascribed to the triple exciplex, as mentioned in the pre­
vious paper.5»6) In the concentrated solution ( > 1 0 _ 1 

M) of 2-MN, however, it is difficult to determine an 
exact stoichiometry of the triple complex from fluores­
cence intensity. 

The Stern-Volmer plots of the fluorescence quench­
ing of 2-MN show a linear relationship against DCB 
concentration, as mentioned above. T h e slope of the 
Stern-Volmer plots increases markedly with increasing 
2-MN concentration > « 1 0 _ 1 M , as shown in Fig. 2. 
O n the other hand, excimer fluorescence is known to 
be observed for alkylnaphthalene such as [2-MN] 
> Ä ? 1 0 - 1 M , while excimer formation is negligible in 

DCB=2.5xl0'2M 

2-MN = 

400 500 U / n m ) 

Fig. 1. Fluorescence spectra of dioxane solutions of DCB 
and several concentrations of 2-MN at room tempera­
ture. 

Fig. 2. Stern-Volmer plots of fluorescence quenching of 
2-MN by DCB in several concentrations of 2-MN at 
room temperature. 

more dilute solution of alkylnaphthalene.9) However, 
unless triple exciplex formation via the excimer is taken 
into account, the fluorescence quenching of 2-MN by 
DCB cannot depend on the concentration of 2-MN 
(Scheme 1). This argument is still valid even if dis­
sociation of the long lived excimer to D * might be 
significant in the concentrated solution of 2-MN. 
Anomalous fluorescence quenching by DCB was ob­
served for other alkylnaphthalenes such as AcN in the 
concentrated solutions, [ A c N ] > « 1 0 _ 1 M. Therefore, 
the concentration dependence of the slope of the Stern-
Volmer plot shown in Fig. 2 may be attributable to 
the triple exciplex formation via the excimer. These 
transformations of the excited species are shown in 
Scheme 1. The anomalous fluorescence quenching of 
alkylnaphthalene evident in this steady-state fluorescence 
measurement agrees well with results of the time-re­
solved fluorescence studies in the following section. 

Time-Resolved Fluorescence Study. Figure 3 shows 
time-resolved fluorescence spectra of a dioxane solu­
tion of DCB and 2-MN. The fluorescence spectra cen-

(X/nm) 400 450 500 550 

Fig. 3. Time-resolved fluorescence spectra of the inter-
molecular system of 2-MN (2 X lO^M) and DCB (2x 
10~2M) in dioxane (extracted from the previous 
paper, Ref. 6). 

01 . , —J 
0 50 100 ns 

Fig. 4. Time development of the fluorescence of the 
exciplex, (DA),* and the triple exciplex, (DDA),* in 
dioxane solutions of 2-MN and DCB (2xl0~1M). 
The concentrations of 2-MN are 2.0 x lO^M (a), 3.5 X 
10-3M (b), and 8.8 X 10~4M (c), respectively. 
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tered at 420 and 490 n m are ascribed to the exciplex 
and the triple exciplex, respectively. T h e fluorescence 
spectrum of the exciplex with a maximum at the 420— 
430 nm region was observed at 4 ns after laser pulse, 
while the fluorescence spectra of the exciplex as well 
as the triple exciplex were observed at 50—100 ns after 
a laser pulse. Figure 4 shows semilogarithmic plots of 
the fluorescence decay monitored at 420 n m in dioxane 
solutions of DCB and several concentrations of 2-MN. 
The fluorescence at 420 n m shows a single exponential 
decay in a high concentration of 2-MN, while the 
fluorescence at 420 n m exhibits a double exponential 
decay with decreasing concentration of 2-MN. O n the 
other hand, fluorescence rise when the emission is mon­
itored in the 470—580 n m region was observed from 
a concentrated solution of 2-MN and DCB (Fig. 4). 

The photochemical interactions in the excited states 
are as follows: 

CAU 

< 

* 4 ' 

kotDl 

—> 

k 

__* *7,*8 k9' ki0,kn 

Scheme 1. 

where D and A are alkylnaphthalene and DCB, re­
spectively. The rate constants k^k^k?, and k10 are the 
radiative rate constants of each excited species, and k2, 
k6,ks, and kir are nonradiative rate constants. The rate 
constants k3,k±,k9) and k12, and their primed counter 
parts are for the association and dissociation of the ex-
cimer, the exciplex and the triple exciplex, respectively. 
If excimer formation is neglected in a dilute concentra­
tion of alkylnaphthalene,2) the time dependent con­
centrations of the exciplex (DA) * and the triple exciplex 
(DDA)* are expressed by the following well known 
equations:4-8) 

[(DA)*] = C lexp ( - V ) + c2exp (-A2f), (1) 

[(DDA)*] = ^{exp (-A,*) - e x p (-l,t)}, (2) 

where 

A1>3 = l/2[£7 + A8 + *9[D]+£9 ' + *io + £n + *i2 ' 

+ {(V + ^o + ^ l + ^ 1 2 ' - ^ - ^ 8 - ^ [ D ] ) 2 

+ 4*9*9'[D]}V2]. (3) 

The time lag (/L) between a response curve of the triple 
exciplex fluorescence and the exciting laser pulse is given 
by8) 

th = ]n(AJA1)l(Ai-?.1). (4) 

The value of A2 was obtained from th and decay of the 
triple exciplex for several concentrations of the electron 
donor in dioxane solution. The association rate con­
stant (k9) was obtained from a slope of A1+A2 against 
alkylnaphthalene concentration, and the dissociation 
rate constant (k'9) was obtained from A2 and fluorescence 
lifetimes of the exciplex, (A'8+A:7+A:8)-1, in a very dilute 
solution of electron donor compared with that of DCB. 
The rate constant k9 and k'9 obtained here for the 2,3,6-
T M N and DCB system are 2.1 X 109 s ^ M " 1 and 1.5 X 

2-MN = - 1 0 " 5 M inDioxane 

\lnm 400 450 500 

Fig. 5. Time-resolved fluorescence spectra of the inter-
molecular system 2-MN («10- 5M) and DGB (2x 
10_2M) in dioxane at room temperature and plots of 
cilc1 at several wavelengths. 

107 s - 1 , respectively as reported in a previous paper.5) 
These rate constants demonstrate a significant dissocia­
tion process of the triple exciplex to the exciplex, which 
are in good agreement with results obtained from the 
typical two-component decay of the exciplex fluores­
cence. However, the values of k9 determined in the 
concentrated solutions of alkylnaphthalene, > ~ 1 0 - 1 M, 
appear to be considerably smaller than those determined 
in dilute solution. This is at tr ibuted to formation of 
the triple exciplex via the excimer as well as the ex­
ciplex in concentrated solutions of alkylnaphthalenes. 

In order to exclude the ambiguity that the double-
exponential decay curve of the exciplex may overlap 
the decay of the triple exciplex, ratios of c2 and c1} in 
Eq. 1, were plotted vs. the wavelength. T h e values of 
cx and c2 were obtained by a deconvolution method 
from the decay curves of the exciplex. Figure 5 shows 
these plots and time-resolved fluorescence spectra in 
the dilute solution of 2-MN and DCB. T h e ratio of 
c2jcx does not depend on the wavelength in the 380— 
440 n m region in dioxane solution. The fact implies 
real two-exponential decay of the exciplex fluorescence. 
Time-resolved fluorescence spectra in dilute solution 
shown in Fig. 5 reveal no significant triple exciplex but 
two-component decay of the exciplex fluorescence. 
Similar behavior of the fluorescence decay of the ex­
ciplex was observed for DCB associated with other alkyl­
naphthalenes. The results are summarized in Table 1. 

T h e A c N - D C B system in a polar solvent such as 
T H F does not exhibit triple exciplex fluorescence in 
either steady-state fluorescence or in time-resolved 
fluorescence spectra. The plots of c2\cx also indicate 
no triple exciplex fluorescence even in 500—590 nm. 
Nevertheless, the double exponential decay of the ex­
ciplex fluorescence was observed at low concentration 
of the electron donor ( < 1 0 _ 5 M ) . A short lifetime 
component in the double exponential decay decreased 
and a long lifetime component increased with increas­
ing AcN concentration. Furthermore, the fluorescence 
rise of the exciplex was observed in concentrated solu­
tions of AcN > « 1 0 - 1 M . Semilogarithmic plots of 
these exciplex fluorescence decay for several concentra­
tions of AcN are shown in Fier. 6. 
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TABLE 1. FLUORESCENCE MAXIMA OF EXCIPLEX (DA)* AND TRIPLE EXCIPLEX (DDA)*, 

T H E I R LIFETIMES AND TIME LAGS ÉL 

Electron 
donor 

2-MN 
1,5-DMN 
2,3,6-TMN 

Fluorescence 

(DA)* 
(nm) 

425 
435 
440 

maxima 

(DDA)* 
(nm) 

480 
490 
510 

t^ 
(ns) 

6 
8 

12 

Fluorescence lifetimes 

(DA)* b) 
(ns) 

10 (49) 
6 (40) 
8 (49) 

(DDA)* a> 
(ns) 

56 
38 
55 

in THF DCB(1.2xiO"2M) 
AcN , 

a 8.8x10^ M 
b |.5xlO"3M 
c 7.5xlo"4M 
d 3.8 x • • 
e 1.9 x -

Concentration of DCB is constant (2X 10-2 M). Concentrations of electron donors are 10_ 1» 10-2 M (a) and « 10~4 

M (b), respectively. Values in parentheses are long lifetime components in exciplex fluorescence decay curves. 

other hand, the intramolecular excimer formation is well 
known in symmetric D N P {ßß- and aa-DNP).10> There­
fore, if the triple exciplex formation from the excimer 
and DCB is significant as mentioned above, the triple 
exciplex formation via the excimer can be also observed 
in the D N P and DCB system. The results of no triple 
exciplex formation via excimer in the DCB and D N P 
systems were ascribed to the different geometrical ar­
rangement of two naphthyl moieties in the triple ex­
ciplex from that of the excimer. The favorable intra­
molecular excimer of D N P was regarded as a parallel 
sandwich structure of the long axis in the naphthyl 
moiety,10) while two naphthyl moieties were regarded to 
be twisted in the molecular plane by a small angle 
around an axis perpendicular to the plane (a twisted 
model*)). These two models cannot be transformed into 
each other while retaining the distance between the 
two aromatic moieties which is imposed by the steric 
requirements of the trimethylene chain. In the forma­
tion of the triple exciplex from the excimer of alkyl-
naphthalene and DCB which is suggested here, no 
steric hindrance in the transformation between a par­
allel sandwich model and a twisted model is an­
ticipated. 

50 (T/ns) 

Fig. 6. Time developments of the fluorescence of the 
exciplex in the DCB-AcN system at room temperature. 

In the dioxane solution of AcN and DCB, slope of 
Stern-Volmer plots of the AcN fluorescence against 
DCB concentration increased with increasing AcN con­
centration, > « 10 - 1 M, as mentioned for the 2-MN and 
DCB system. The experimental fact was accounted for 
by a postulate of significant triple exciplex formation 
via excimer and dissociation to the exciplex in high 
concentration of AcN, as mentioned above. This is 
consistent with the observation of fluorescence rise for 
the exciplex in a concentrated solution of AcN, as shown 
in Fig. 6. The excimer is implicated in the triple ex­
ciplex formation because the time dependent exciplex 
concentration as expressed by Eq. 1 cannot show any 
fluorescence rise, nor is fluorescence rise from the direct 
formation of exciplex between excited AcN and DCB 
molecules detected. 

In the DCB and 1,3-dinaphthylpropane (DNP) sys­
tem, the absence of concentration dependence of the 
fluorescence lifetimes of the excimer on the DCB con­
centration suggested that the intramolecular triple ex­
ciplex is not formed via excimer but formed via exciplex, 
as reported in the previous papers.5»6) However, similar 
concentration dependence of the excimer fluorescence 
lifetimes was difficult to determine in the DCB and 
alkylnaphthalene systems. This is because the weak 
excimer fluorescence (lifetime r = ~ 3 5 n s ) was hardly 
distinguishable from the emission of the exciplex ( T = 
« 1 0 and « 4 5 ns). In the concentrated solution of 
alkylnaphthalene where the excimer formation occurs,9) 
the triple exciplex formation via the excimer as well 
as the exciplex was suggested in this paper. O n the 
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The rate constants of the bimolecular quenching (y), the hopping rate (A), and the diffusion coefficient (D) 
of triplet exciton in crystalline /»-dibromobenzene at temperatures between 160 and 77 K were obtained by ana­
lyzing the phosphorescence decay curves at high and low density excitations with the use of an N2 laser as an 
exciting pulsed light source. Estimated values of y, I, and D at room temperature (300 K) are (2± 1 ) X 10~12 cm3 • 
s-1, 9 ± 4 x l 0 9 s - 1 , and 2 ± 1 X 10~4 cm2 s"1, respectively. The activation energy of the exciton hopping was 
obtained to be 290±50 cm"1. This implies that the triplet exciton in /»-dibromobenzene crystal is described in 
terms of a localized exciton model. 

One of the most important properties of excitons is 
their ability to transport electronic excitation energy 
without transport of charge. The diffusion constant of 
a triplet exciton in aromatic crystals has been obtained 
by several methods: i.e. (1) the dependence of an inte­
grated intensity of delayed fluorescence in an aromatic 
crystal on the spatial distribution of excitons created 
by spatially inhomogeneous excitation,1) (2) the absorp­
tion spectrum for generation of a triplet exciton by 
polarized light,2) (3) surface quenching of a triplet 
exciton,3) (4) diffusion of the excitons out of the tracks 
where they were formed by ionizing radiation,4) (5) the 
magnetic field dependence of the effect of triplet excitons 
on the proton spin-lattice relaxation.5) In the present 
paper we determined the diffusion constant of the triplet 
exciton by observing the phosphorescence decay curve 
at high and low density excitations using an intense N 2 

laser light source in crystalline jfr-dibromobenzene 
(hereafter abbreviated to DBB). T h e present method 
of the determination of exciton migration rate has been 
applied to the singlet exciton in aromatic crystals6-8) 
and the triplet exciton in uranyl salts.9»10) 

Exper imenta l 

The determination method of the rate constants of the 
bimolecular quenching and exciton migration is the same as 
that described in a previous paper.8) The excitation pulsed 
light source is an N2 laser (Avco Everett Model 950) with 
the peak power of 48 kW and the pulse width of 10 ns. 

DBB was purified by repeated zone meltings. DBB single 
crystal in a Bridgman tube was cut in a size of 5 x 4 x 2 mm3 

(bXcXa, respectively). Incident laser light was focused on 
the be cleavage surface of the crystalline sample. The 
normal line of the surface and the incident light beam 
make an angle of about 45° with each other. Cooled 
nitrogen gas obtained from liquid nitrogen was used to 
control the tempetarure of the sample crystal between 97 
and 160 K. 

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

Phosphorescence Decay Curve. The phosphorescence 
decay curve at low density excitation observed at several 
temperatures between 77 and 160 K was exponential 

t On leave from Department of Chemistry, State Univer­
sity of New York at Stony Brook, New York, U. S. A.; 
present adress Department of Chemistry, Kyoto University, 
Kyoto. 

and was independent of the observing wavelength. This 
implies that the phosphorescence emission from the 
crystalline DBB sample used in the present work is 
not contaminated with the impurity emission. The 
phosphorescence intensity of DBB deviated from the 
exponential one at high density excitation at temperature 
between 77 and 160 K. The phosphorescence decay 
curves at low and high density excitations at 77 K are 
shown in Fig. 1. If the faster decay of phosphorescence 
at high density excitation is due to the biexcitonic 
quenching, the exciton concentration n(t) dit time t 
after excitation can be given by the following equa­
tion:6-7) 

l/n(0 = {l/«(0) 4- y/a} exp(af) - y/a, (1) 

where a and y are the rate constants of monomolecular 
and bimolecular anihilation processes, respectively, a 
is obtained from the decay curve of phosphorescence 
at low density excitation. 

The inverse of the exciton density in an arbitrary unit 
at high density excitation at 77 K is plotted against 
exp(otf), the result being shown in Fig. 2. As is shown 
in this figure, the existence of a good linear relation­
ship between the two quantities is consistent with the 
quenching mechanism given by E q . l . Therefore the 
shortening of the phosphorescence decay time observed 
at high density excitation can be explained in terms of 
biexcitonic quenching. From the estimation of the 
initial concentration of the exciton (n(0)) and the inter­
cept of the plot o£n(t)~x versus exp(o^), y can be obtained. 
The initial concentration of the triplet exciton can be 

0 200 400 600 

t (jiS) 

Fig. 1. Phosphorescence decay curves of crystalline 
DBB at 77 K at low ( ) and high ( ) density 
excitations. 
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exp (at) 

Fig. 2. The plot of \Jn versus exp(otf) for the triplet 
exciton in crystalline DBB at 77 K at high density 
excitation, n is in an arbitrary unit. The initial 
concentration, /z(0), is estimated to be 1 x 10~3 M 
( = 6x l0 1 7 cm- 3 ) . 

obtained by the T ^ - S Q absorption cross section of the 
DBB crystal at the wavelength of the excitation laser 
pulse. 

Estimation of the Initial Concentration of Triplet Exciton. 
The initial concentration of the triplet exciton, «(0), 
is estimated by using the following equation:8) 

»(0) = 
iVoO-e-1)!, 0.632#0L 

ASAl AS 
X 2.303 EG 

lA55N0ecL 

AS 
(2) 

where N0 and AS are the number of photons irradiated 
and the irradiated area on the sample crystal, respec­
tively, s and Al are the molar extinction coefficient 
and absorption depth of the T ^ S Q transition in the 
DBB crystal at the wavelength of the N 2 laser oscilla­
tion, respectively, and L and c are the light transmittance 
of lenses and dewar and the molar concentration of the 
DBB crystal, respectively. Crystal data11) were used to 
estimate c to be 9.96 M. From the data on the Tjt-S, , 
absorption spectrum of the DBB crystal measured by 
Castro and Hochstrasser,12) molar extinction coefficients 
parallel to b and c axes at 337.1 nm are estimated to 
be 5.0 and 7.5 M _ 1 cm - 1 , respectively. The average 
of the two values were used for the estimation of ra(0) 
using Eq. 2. By applying these values to Eq. 2, w(0) 
is estimated to be ca. 1 x 10"3 M ( = 6 x 1017cm-3). 

Estimation of y and Hopping Rate (A) of Triplet Exciton 
in DBB Crystal. From the estimated value of n(0) 
and the intercept of the plot, y is obtained to be (4±2) 
X 10 - 1 4 cm3 s - 1 at 77 K. T h e relationship between the 

biexcitonic quenching rate constant y and the hopping 
rate, A, of the exciton is expressed by the following 
equation10) : 

Vnzn Aß ( 3 ) 
y = (2-A) 

VtotZn A + ß 

Here A, zn, and zu are the quan tum yield of the forma­
tion of a triplet exciton from a pair of two nearest 
neighboring excitons, the number of sites in the nearest 
neighbor, and the number of molecules in a unit cell 
of the DBB crystal with volume V0, respectively, and 

103/T (K-1) 

Fig. 3. The logarithmic plot of y versus l/7Tor the triplet 
exciton in crystalline DBB. 

ß represents the rate of the quenching for a pair of two 
nearest neighboring excitons. 

Now we consider two extreme cases: (1) The rate 
of bimolecular quenching is determined by that of the 
transition to the final higher excited state and therefore 
is thought to be temperature independent. In this case, 

y={2-A)-^M. (4) 

(2) The bimolecular quenching rate is determined by 
the migration rate of the exciton and y increases or 
decreases with the increasing temperature dependeng 
upon the mechanism of exciton migration. With in­
creasing temperature the rate of the exciton migration 
in the hopping model (Case (b-1): A=Ab) increases, 
while the rate in the coherent model (Case (b-2) : 
A=AC) decreases. In this case, 

y = (2-A)VoZ* -L (5) 

The temperature dependence of y of the triplet 
exciton in crystalline DBB shows that it can be de­
scribed in the hopping model (Fig. 3). The activation 
energy of exciton hopping in DBB is obtained to be 
290±50 c m - 1 from the temperature dependence of y 
shown in Fig. 3. 

Since it is difficult to determine A experimentally, 
it is tentatively assumed to be unity. The assumption 
makes the y value different by factor of only 2 from 
that obtained by the assumption of A=0. The différence 
is smaller than the experimental error in the determina­
tion of «(0) and hence of y. The obtained value of y 
is listed in Table 1 together with the data of the triplet 
exciton in crystalline anthracene and pyrene previously 
reported by Avakian and Merrifield,13) and Ern et a/.,14) 
respectively. The values of y and D of triplet exciton 
in crystalline DBB are quite similar to those in crystal­
line anthracene and pyrene. The similarity in the 
magnitude of D and hence y of triplet exciton in an­
thracene, pyrene, and DBB is in contrast with the 
difference in the magnitude of y of singlet exciton in 
crystalline anthracene ( 7 = 1.25 X 1013 cm3 s-1)15) and 
pyrene (y = 5 X 1010 cm3 s -1) ,16) This may be interpreted 
in terms of the expected smaller difference in the ex-



July, 1977] Bimolecular Quenching of Triplet Exciton in j&-Dibromobenzefie 1745 

T A B L E 1. T H E RATE OF BIMOLECULAR QUENCHING, HOPPING RATE AND DIFFUSION COEFFICIENT OF EXCITON 

(y, X, AND D, RESPECTIVELY) IN DBB IN THE COMPARISON WITH THOSE OF ANTHRACENE AND PYRENE 

Crystal DBB Anthraceneb> Pyrenec> 

Tempera ture 

y /cm3 s _ 1 

D/cm2 s-1 

77 K 

( 4 ± 2 ) X 10-14 

( 2 ± l ) X l 0 8 

( 3 ± 1 . 5 ) x l 0 ~ 5 

300 K 

( 2 ± l ) x l 0 - 1 3 

( 9 ± 4 ) X 109 

( 2 ± 1 ) X l 0 ~ 4 

room tempera ture 

2 XlO" 1 2 

2 X l O - 4 

room tempera ture 

( 7 . 5 ± 4 . 0 ) XlO" 1 2 

(8 ± 4 ) X 1 0 - 4 

a) The values of y, X, and D at 300 K are estimated by the extrapolation from those values between 77 and 
180 K, with use of the activation energy of exciton migration, b) Ref. 15. c) Ref. 16. 

c h a n g e i n t e g r a l t h a n i n t h e e l ec t ron ic c o u p l i n g a m o n g 
a n t h r a c e n e , p y r e n e , a n d D B B . 
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A Chlorine NQR Study of Trichloromethyl Derivatives. I 
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The chlorine NQR frequencies of several benzene derivatives with -CC13 groups were measured at temperatures 
above 77 K. For all the compounds studied, the NQR signals of the -CC13 groups were observed to fade out; 
the fade-out temperatures (Tf) were in the temperature range of 130—370 K. It was found that the most im­
portant factors involved in determining the T{ value are the intramolecular steric hindrance, hyperconjugation, and 
intermolecular interactions. In some compounds, an increase in the NQR frequency was found to be caused 
by the intramolecular steric hindrance. 

I t is well known that the chlorine N Q R signals of 
the trichloromethyl (-CC13) group often fade out at 
temperatures far below the melting point. T h e fade-
out temperatures (Tt) reported so far for several com­
pounds are distributed over a fairly wide temperature 
range.1 - 7) The object of this work is to explore the 
role of the various factors involved in determining the 
Tf value. For this purpose, several tens of compounds 
with - C C 1 3 group(s) were investigated; of them, a 
series of benzene derivatives will be discussed here. 
Of the benzene derivatives, trichloromethylbenzene 
(I)1»7) and l-trichloromethyl-4-chlorobenzene (H) 5 ) 

have already been studied in detail. In this work, there­
fore, N Q R measurements were carried out for the 
materials shown below. 

CC13 

A 
CCI, CCL 

yvci yvci 
CCI3 

A/a 
\ / x ci x / 

i n IV 

CC13 
I 

CCI, 

ckxvci 
I II 

ci/x/NC1 

I 

CI 

VII 

CI 

V 
CI 
V 

CI 

ci/x/xci 
CC13 

VIII 

ci/x/NG1 

I 
CI 
V I 

CC13 

A 
X/xcci3 x / 

CCI, 

CCI 

A 

IX X 

Fig. 1. Cryostat for the NQR measurement. A: 
Sample. B: Sample coil, C: Copper plate. D: 
Teflon. E: Transmission line (stainless steel pipe). 
F : Electric heater. G: Copper case. H : Ther­
mocouple. I : Heater leads. J : Liquid nitrogen. 
K: Glass Dewar flask. 

Experimental 

The NQR signals of 35C1 were detected by a LC-push-pull 
type superregenerative spectrometer.8) For the measurement 
of the temperature dependence of the NQR frequency, the 
simple cryostat shown in Fig. 1 was employed. The tem­
perature was controlled by changing both the amount of 
liquid nitrogen and the heater current. The temperature 
was measured with a calibrated copper-constantan thermo­
couple. 

A commercial compound (Tokyo Kasei) of 1-trichloro-
methyl-3-chlorobenzene (III) was purified by vacuum distil­
lation (3 Torr, 120 °C). Commercial reagents (Tokyo Kasei) 
of l-trichloromethyl-2-chlorobenzene (IV), 1-trichloromethyl-
2,4-dichlorobenzene (V), 1,3-bis (trichloromethyl) benzene 
(IX), and 1,4-bis (trichloromethyl) benzene (X) were purified 
by recrystallization from ethyl ether. The 1-trichloromethyl-
2,3,4,5-tetrachlorobenzene (VI), l-trichloromethyl-2,3,4,5,6-
pentachlorobenzene (VII), and l,4-bis(trichloromethyl)-2,3,5, 
6-tetrachlorobenzene (VIII) were supplied by Professor Akira 
Fujino, Osaka City University. 

Results and Discussion 

The 35C1 N Q R frequencies of I I I , IV, V, VI , V I I , 
V I I I , I X , and X were measured at temperatures above 
77 K. T h e N Q R frequencies of these compounds at 
77 K are listed in Table 1. The results obtained for 
I I I , IV, I X , and X at 77 K in good agreement with 
the data reported by Ardalan and Lücken,9) except for 
slight differences in the data for IV and I X (see foot­
notes of Table 1 ). The N Q R signals corresponding to 
the chlorine atoms of the - C C 1 3 group (a-chlorine atoms) 
of each compound were found to fade out at temper­
atures below the melting point of the compound. The 
fade-out temperatures (Tf) are summerized in Table 2, 
together with the melting points (Tm). 

Four N Q R lines were observed for V at 77 K. As 
judged by the value of the resonance frequency, two 
of them (39.733 and 39.405 MHz) are assigned to a-
chlorine atoms, and, as the intensity of the line at 39.405 
M H z is stronger than that at 39.733 M H z , the lower-
frequency line is assigned to two equivalent a-chlorine 
atoms. 

The N Q R spectrum of V I consists of twelve lines. 
T h e number of resonance lines indicates that there are 
two crystallographically nonequivalcnt molecules in a 
unit cell and that each molecule has a mirror plane 
which coincides with the benzene ring. The most 
energetically favorable arrangement for the -CC1 3 
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TABLE 1. THE 35C1 NQR FREQUENCIES OF SOME BENZEN 

DERIVATIVES WITH - C C 1 3 GROUP (s) AT 77 K 

Compound Frequency/MHz 

39.510 
39.613 
39.733 
40.093 
38.430* 
37.907* 
41.744 
38.954* 
41.649 
39.689 
38.830* 
39.492 
38.921 
38.472 
39.628 
39.276 
38.300 

39.065 
39.602 
39.405 
39.909 
38.071* 
37.850* 
41.034 
38.878* 
41.214 
39.381 
38.825* 
39.470 
38.783 

39.408 
39.196 

39.045 
39.155 
36.816* 
39.851 
38.049* 
37.588* 
39.794 
38.467* 
41.169 
39.204* 

39.097 
38.698 

39.343 
38.907 

35.010*b> 
35.798* 
35.296* 
39.709 
37.990* 
37.274* 
39.361* 
38.377* 
40.491 
38.874* 

38.993 
38.590 

39.322 
38.716 

groups in these molecules appears to be the one in 
which two a-chlorine atoms are located symmetrically 
above and below the plane of the benzene ring, while 
the third one lies on it, pointing away from the ortho 
chlorine atom. Therefore, the two crystallographically 
nonequivalent molecules have the same molecular con­
figuration. Four of the twelve lines of V I (40.093, 
39.909, 39.851, and 39.709 M H z at 77 K) were found 
to fade out ; they are assigned to the two - C C 1 3 groups 
of the two crystallographically nonequivalent molecules. 
Since the intensities of the signals at 40.093 and 39.851 
M H z are approximately twice as strong as those at 
39.909 and 39.709 MHz, each of the former two lines 
corresponds to two equivalent a-chlorine atoms in a 

TABLE 2. FADE-OUT TEMPERATURES (Tt) OF THE NQR 

SIGNALS OF - C C I 3 GROUPS AND MELTING POINTS 

(Tm) OF SEVERAL BENZENE DERIVATIVES 

Compound 

la) 

Hb) 

III 
IV 
V 
VI 
VII 
VIII 
IX 
X 

rf/K 
130 and 215 

250 
260 
260 
320 

330 and 370 
260 
300 

145—160 
160—170 and 255 

rm/K 
265 
270 
270 
303 
323 
395 
345 
380 
308 
383 

a) Ref. 7. b) Ref. 5. 

molecule. 
Three of the eight N Q R lines of V I I (41.744, 41.034, 

and 39.794 MHz) and six of the ten N Q R lines of V I I I 
(41.649, 41.214, 41.169, 40.491, 39.689, and 39.381 
MHz) are undoubtedly to be assigned to a-chlorine 
atoms, because of the fade-out phenomena of these 
lines. 

Ballester et al. pointed out that the - C C 1 3 group of 
V I I is arranged in such a way that two a-chlorine 
atoms lie on one side, and the third one on the other 
side, of the plane of the benzene ring, and that the 
benzene ring is distorted as the result of a strong steric 
repulsion between the a-chlorine a tom and the ortho 
substituent.11) As is shown in Table 1, the - C C 1 3 

group of V I I gives three N Q R lines, two of them with 
relatively high resonance frequencies (41.744 and 41.034 
MHz) as compared to the third one (39.794 M H z ) . 
The two higher frequency lines are probably to be 
assigned to the two a-chlorine atoms, which interact 
with the ortho substituents. T h e reason for this as­
signment is as follows : the steric repulsion between the 
chlorine atoms causes a decrease in the ionic character 
of the C-Gl bond in the - C C 1 3 group, and, according to 
the theory of Townes-Daily,12) the decrease in the ionic 
character increases the resonance frequency. 

For the chlorine atoms attached to the benzene ring 
(olefinic chlorine atoms) of V I I , the mean N Q R 
frequency is 38.80 M H z , while that of hexachloro-
benzene is 38.45 MHz.13) The rise in the N Q R 
frequency in V I I is also to be attr ibuted to the steric 
repulsion between chlorine atoms. In the case of V I I I , 
the mean N Q R frequency (38.93 MHz) of the olefinic 
chlorine atom is higher than that of V I I , in accord 
with the fact that, in V I I I , all of the olefinic chlorine 
atoms are repelled. 

The fade-out phenomenon of the N Q R signals of 
the - C C 1 3 group is known to be due to the reorienta­
tion of the group around its three-fold axis.14) Recently, 
several authors have reported both the values of the 
potential barriers ( V0) for the reorientation of the group 
and the Tt's for some compounds.1 - 3 '5 '6) These data 
show that the values of V0 and Tt vary widely from 
compound to compound and that the Tt value tends 
to rise with an increase in the V0 value. Of the benzene 
derivatives studied in this work, the substances with a 

a) By thermal analysis, this compound was found to form 
a glassy state from a supercooled liquid (7^=166 K and 
JT C =201 K). For a quenched specimen, no NQR signals 
were observed because of the formation of the glassy state. 
b) The NQR frequencies corresponding to chlorine atoms 
attached to the benzene ring are denoted by asterisks. 
c) Aldaran and Lücken (A & L) reported three fre­
quencies, 39.602, 39.158, and 35.794 MHz, at 77 K and 
assigned the highest one to two equivalent a-chlorine 
atoms.9) The existence of the four lines was confirmed 
in this work by the temperature dependence of the 
NQR frequencies, d) Sasikala and Murty reported three 
NQR frequencies, 38.76, 36.40, and 34.87 MHz, at room 
temperature.10) e) A & L reported twelve frequencies, 
39.481, 39.461, 39.307, 39.084, 38.987, 38.913, 38.761, 
38.692, 38.640, 38.570 38.462, and 38.440 MHz, at 77 
K.9> Nine of these frequencies agreed with the present 
data, but the rest of them (39.307, 38.640, and 38.440 
MHz) were not detected, even in spite of careful 
measurement, f ) By thermal analysis it was found that 
the room-temperature modification of X is transformed 
into a high temperature phase at 362 K. The frequencies 
given in this table correspond to the room-temperature 
modification. A supercooled high-temperature mod­
ification gave fairly broad NQR signals at 77 K, their 
frequencies being 39.54, 39.42, 39.34, 39.23, and 38.82 
MHz. 
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Fig. 2. Fade-out temperature (TV) vs. melting point 
( r m ) plots of benzene derivatives. 
# : Substances without ortho-substituent, 
A: substances with ortho-substituent(s), 
• : perchloro-compounds. 

- C C 1 3 group with ortho substituent (s) show considerably 
high Tf values. Since the intramolecular steric hin­
drance between the -GC1 3 group and ortho substituent(s) 
raises a potential barrier for the reorientation of the 
- C C 1 3 group, it seems reasonable that the substances 
with ortho substituent (s) show high Tt values. I t is 
worth noting that the fade-out phenomenon was ob­
served even for the -CG1 3 groups of VII and V I I I , 
in which the groups are flanked by two ortho chlorine 
atoms. Moreover, despite the presence of the two ortho 
substituents, the Tt values of VII and V I I I are com­
parable with those of other compounds with one ortho 
substituent. Therefore, the distortion of the benzene 
ring in V I I and V I I I relieves the steric hindrance, 
thus decreasing the value of V0. 

In the single-crystal N Q R study of I I , Kiichi et al. 
reported the presence of hyperconjugation between the 
- C C 1 3 group and the ^-systems of the benzene ring.5) 
According to them, the hyperconjugation tends to lower 
both the N Q R frequency and the magnitude of the 
temperature coefficient of the a-chlorine atom associated 
with the hyperconjugation. The -CG1 3 group of III 
gives the N Q R frequencies of 39.510, 39.065, and 39.045 
M H z at 77 K ; their mean temperature coefficients are 
— 3.00, —3.23, and - 2 . 5 1 k H z / K respectively. 
The possibility of the hyperconjugation in I I I is sug­
gested by the fact that the lowest frequency line exhibits 
the smallest absolute value of the temperature coef­
ficient. In addition, the high Tf value of III seems 
to support the possibility of the hyperconjugation.5 '6) 

Qui te different T f values were found for the - C C 1 3 

groups of the two crystallographically nonequivalent 
molecules of V I . Among the nine N Q R signals of X , 
three signals (39.343, 39.276, and 38.716 M H z at 77 K) 
were observed up to 255 K, while the others faded out 

in the temperature region of 160—170K. The large 
differences in Tf evidently indicate that, in each of 
these compounds, there exist two kinds of - C C 1 3 groups 
with different potential barriers for the reorientation 
of the group. T h e cause of the difference in T{ for 
V I is probably of intermolecular nature, because the 
two crystallographically nonequivalent molecules have 
almost the same molecular configuration. 

For the benzene derivatives studied, Tt vs. Tm plots 
are shown in Fig. 2. In the series of the substances 
without an ortho substituent (denoted by # in Fig. 
2), Tf tends to increase with an increase in T'm.15) 
T h e same trend can be seen for the compounds with 
an ortho substituent (denoted by A ) and also for the 
perchloro compounds (denoted by • ) . Since Tm 

reflects the degree of intermolecular interaction, this 
tendency implies that Tt (in other words, V0) is affected 
not only by intramolecular interactions, but also by 
intermolecular ones. 

The author would like to express his gratitude to 
Professor Ryôiti Kir iyama for his helpful discussion. 
The author also wishes to thank Professor Akira Fujino 
for the generous gift of authentic samples of 1 -trichloro-
methyl-2,3,4,5-tetrachlorobenzene (VI) , perchloro-
toluene (VII ) , and perchloro j&-xylene (VI I I ) . Thanks 
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The Microwave Spectrum of 1-Propanethiol 
O s a m u O H A S H I , M a m o r u O H N I S H I , A k i r a T A G U I , T a k e s h i S A K A I Z U M I , a n d I c h i r o Y A M A G U C H I 

Department of Chemistry, Faculty of Science and Technology, Sophia University, Chiyoda-ku, Tokyo 102 

(Received March 1, 1977) 

T h e microwave spectra of 1-propanethiol and its deuterated species (CH 3 CH 2 CH 2 SD) were measured in the 
frequency region from 8.5 to 35 GHz. Several a-type R-branch transitions for the ground and excited vibra­
tional states of the normal species and for the ground state of the deuterated species were identified, and the follow­
ing rotational constants in M H z were obtained: ^ = 23429±653 , £ = 2 3 4 5 . 2 9 ± 0 . 0 3 , and C = 2 2 5 0 . 1 8 ± 0 . 0 3 for 
the ground state of the normal species; 4̂ = 24483±945 , 5 = 2 3 4 6 . 3 0 ± 0 . 0 4 , and C = 2 2 5 3 . 9 1 ± 0 . 0 4 for the excited 
state of the normal species, and J = 2 1 7 5 8 ± 4 6 1 , £ = 2 3 0 6 . 7 1 ± 0 . 0 3 , and C = 2 2 1 7 . 7 9 ± 0 . 0 3 for the ground state 
of the deuterated species. T h e spectrum assigned to the ground vibrational states has been at tr ibuted to the T - G 
rotational isomer, and the excited vibrational state has been ascribed to the - C H 2 - C H 2 - torsional motion. 

T h e c h e m i c a l t h e r m o d y n a m i c p r o p e r t i e s a n d r o t a ­
t iona l i somer i sm of 1 -p ropane th io l h a v e b e e n r e p o r t e d 
b y P e n n i n g t o n et al.1) I n t h e gas p h a s e , t h e p o t e n t i a l 
e n e r g y of t h e trans fo rm, a c o n f o r m e r w i t h respec t to 
the c e n t r a l C - C b o n d , is on ly a b o u t 400 cal m o l - 1 l o w e r 
t h a n t h a t of t h e gauche form.1) T h e v i b r a t i o n a l assign­
m e n t a n d r o t a t i o n a l i somer i sm of 1 -p ropane th io l h a v e 
b e e n r e p o r t e d b y H a y a s h i et al.2) T a k i n g a c c o u n t of 
t h e a d d i t i o n a l r o t a t i o n a l i somer i sm a r o u n d t h e C - S 
b o n d , w e w o u l d expec t t h e five possible r o t a t i o n a l iso­
mer s , T - T , T - G , G - T , G - G , a n d G - G ' , s h o w n in F ig . 
1, w h e r e t h e first s y m b o l refers to t h e i somer i sm a r o u n d 
t h e c e n t r a l C - C b o n d , a n d t h e second , to t h e o n e a r o u n d 
t h e C - S bond . 2 ) I n t h e gaseous a n d l iqu id s ta tes , t h e 
T - T i somer , t h e m o r e s t ab le o n e , a n d t h e G - T i s o m e r 
h a v e b e e n con f i rmed to exist.2) 

M i c r o w a v e spec t roscop ic s tudies h a v e s h o w n t h a t t h e 
gauche f o rm is m o r e s t ab le t h a n t h e trans fo rm for 1-
fluoropropane3) a n d 1-ch loropropane . 4 ) T h e 1-pro-
p a n o l m o l e c u l e has b e e n con f i rmed b y m i c r o w a v e spec ­
t roscopy to exist in b o t h trans a n d gauche forms.5) T h e 
re la t ive in tens i ty m e a s u r e m e n t h a s s h o w n t h a t t h e 
gauche form is m o r e s tab le t h a n t h e trans fo rm b y 0 . 2 9 ± 
0.15 kcal mo l - 1 . 5 ) 

T h e re la t ive in tens i ty m e a s u r e m e n t of t h e m i c r o w a v e 
spec t ra l l ines of e t h a n e t h i o l s h o w e d t h a t t h e gauche iso­
m e r is m o r e s t ab le t h a n t h e trans i somer b y 1 4 2 ± 15 c m - 1 

in the i r lowest v i b r a t i o n a l states.6) 
W e a r e in t e res t ed in t h e r o t a t i o n a l i somer i sm of 1-

C1 

C 2 ~ C 3 \ S ^ H 

CH3 CH3 

ëm 
G-G T-T T-G 

Fig. 1. Five possible rotational isomers and the number­
ing of carbon atoms. 

p r o p a n e t h i o l , a n d so w e e x a m i n e d t h e m i c r o w a v e s p e c t r a 
of t h e n o r m a l a n d d e u t e r a t e d ( C H 3 C H 2 C H 2 S D ) species . 

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

T h e sample of 1-propanethiol was obtained commercially 
(Tokyo Kasei Kogyo Co., Ltd.) and was purified by t rap-
to-trap distillation in vacuo. T h e deuterated species was pre­
pared in the absorption cell by the following procedures. 
First, the cell was filled with D 2 0 vapor. I t was then evac­
uated by means of a vacuum p u m p for about 20 min. At 
the end of this time, 1-propanethiol, purified beforehand, was 
admit ted into the cell. 

T h e spectrometer used was a conventional 100 kHz sinus­
oidal and square-wave Stark modulat ion type, with a phase-
sensitive detector. The measurements of the transition fre­
quencies were made with a Hewlett-Packard Model 5245 L 
frequency counter. 

T h e rotational spectra were observed in the frequency 
region from 8.5 to 35 GHz at about —40 °C. T h e measure­
ment of the relative intensity was made at about — 40 °C 
and at room temperature . The sample was renewed about 
every 30 min. 

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

Normal Species. I t has b e e n r e p o r t e d t h a t 1-

p r o p a n e t h i o l exists in t h e T - T a n d G - T forms a n d t h a t 
t h e T - T fo rm is m o r e s t ab l e t h a n t h e G - T fo rm in 
t h e gaseous a n d l i qu id s ta tes . 1 ' 2) C o n s e q u e n t l y , t h e 
s p e c t r u m of t h e T - T r o t a t i o n a l i somer w a s s e a r c h e d 
for a t first. T h e m o m e n t s of i n e r t i a c a l c u l a t e d f rom t h e 
a s s u m e d s t r u c t u r a l p a r a m e t e r s in T a b l e 1 i n d i c a t e d t h a t 
t h e T - T fo rm w a s n e a r l y p r o l a t e s y m m e t r i c t o p w i t h 
R a y ' s a s y m m e t r i c p a r a m e t e r of — 0 . 9 8 9 . A l a r g e c o m ­
p o n e n t of t h e d i p o l e m o m e n t in this m o l e c u l e w a s ex­
p e c t e d to lie close to t h e a axis . C o n s e q u e n t l y , s t r o n g 
a - t y p e R - b r a n c h a b s o r p t i o n l ines w e r e e x p e c t e d . 

M a n y g r o u p s of re la t ive ly s t r o n g a b s o r p t i q n l ines w e r e 
o b s e r v e d a t in t e rva l s of a b o u t 4 6 0 0 M H z . T h e s t r o n g 

T A B L E 1. STRUCTURAL PARAMETERS ASSUMED FOR 

1-PROPANETHIOL 

r(C-C) 
r(C-S) 
r(S-H) 
r(C-H) 

zccc 

1.534Â 
1.819 
1.336 
1.094 
110.5° 

zees 
ZCSH 
ZC.C.H 
ZC0C3H 

ZHCH 

111.0° 
96.5° 

110.1° 
109.6° 
108.8° 
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T A B L E 2. OBSERVED FREQUENCIES OF 1-PROPANETHIOL 

Transition Ground 

4)2" 101 

2 i i " l i o 

2 l 2 - 1 l l 

3o3"^02 

3 l2"Al 

3l3"2l2 

32i-220 

322-Al 

4o4"3o3 

4l3"3l2 

4l4"3l3 

4 2 2 - 3 2 i 

423-322 

43 i -3 3 0 ) 

432-331 ) 

5o5"4o4 

^14"4l3 

5l5"4l4 

^23-422 

^24"423 

^32-431 

^33-432 

^41-440 

^42-441 

6o6"5o5 

6 i5 -5 1 4 

6l6_^15 

"24-323 

625-324 

633-332 

634-333 

642-541 

643-342 

651-^50 

652 - 551 ' 

7o7"6o6 

7l6"6l5 

7l7-6l6 

725-624 

726-625 

734-633 

735-634 

743-642 

744-643 

752-651 

753-652 

7ei"66o 

762-66i ' 

Obsd 

9191.36 
9286.88 
9096.26 

13786.41 
13930.31 
13644.39 
13789.57 
13787.77 
18379.98 
18573.19 
18191.78 
18385.97 
18383.10 

18383.79 

22972.57 
23215.84 
22738.79 
22984.45 
22978.46 

22979.66 

1 I 
27563.42 
27858.24 
27285.81 
27584.18 
27573.22 

> 27576.04 } 

! 
32152.28 
32499.99 
31831.90 
32185.52 
32167.83 

J 32172.90 

} 
32171.89 { 

L 

Normal species 

state 

A^a) 

0.08 
- 0 . 0 7 

0.13 
0.39 
0.08 
0.39 
0.96 
0.46 
0.11 

- 0 . 0 7 
0.16 

- 0 . 1 0 
0.26 

0.06 

0.17 
- 0 . 1 2 
- 0 . 1 4 
- 0 . 1 5 

0.32 
- 0 . 3 2 
- 0 . 3 0 

0.08 

0.08 
- 0 . 0 3 
- 0 . 0 4 
- 0 . 3 0 

0.04 
- 0 . 3 9 
- 0 . 3 5 

0.31 

0.60 

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

- 0 . 1 2 

0.34 

0.58 

1 

I 
1 
! 

/ 

Excited 

Obsd 

9200.31 
9292.76 
9108.14 

13799.05 
13939.16 
13662.10 
13801.64 
13799.95 
18398.26 
18584.58 
18215.70 
18403.49 
18401.12 

18401.93 

22995.28 
23230.95 
22768.94 
23006.66 
23001.52 

) 

23003.22 

1 ! 
27590.92 
27876.14 
27321.77 
27610.57 
27600.17 

27603.14 

27602.51 

27602.25 

32185.52 
32521.24 
31874.15 
32216.35 
32199.58 

> 32203.67 

I 
L 

state 

A^a) 

0.17 
- 0 . 0 6 

0.10 
- 0 . 4 4 

0.11 
0.22 

- 0 . 1 6 
- 0 . 7 0 

0.28 
- 0 . 4 9 

0.20 
- 0 . 0 3 

0.48 

0.49 

- 0 . 0 3 
0.16 
0.10 
0.41 
1.08 
1.14 
1.16 

1.50 

- 0 . 2 8 
- 0 . 0 1 
- 0 . 0 5 

0.48 
0.18 
0.24 
0.28 

0.24 

0.24 
0.23 
0.16 
0.18 

- 0 . 2 3 
0.93 
0.32 

- 0 . 2 7 
- 0 . 2 0 

- 0 . 6 2 

1.14 

1.35 

D species 

Ground stat 

Obsd 

9048.81 

8960.02 
13572.58 
13706.65 
13440.20 

18095.03 
18275.27 
17919.69 

22616.49 
22843.44 
22398.93 

27136.40 
27411.48 
26877.66 

31654.55 
31978.55 
31356.26 

Ara) 

0.10 

- 0 . 0 7 
0.28 

- 0 . 0 6 
0.25 

0.05 
0.03 
0.11 

0.04 
- 0 . 0 5 

0.02 

0.00 
0.13 

- 0 . 2 0 

0.03 
-0 .18 
-0 .11 

Only the frequencies of the transitions with K-1=l,0 were fitted 
The calculated frequencies were obtained using the constants in 

to the rigid rotor Hamil tonian. a) Obsd —Calcd. 
Table 3. 
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TABLE 3. ROTATIONAL CONSTANTS OF 1-PROPANETHIOL 

(MHz) 

Normal species D species 

Ground state Excited state Ground state 

A 23429(649) 24483(934) 21758(461) 
B 2345.591(35) 2346.314(43) 2306.713(25) 
C 2250.181(35) 2253.911(42) 2217.793(25) 

z1(amuÂ2)a) 12.43(61) 11.81(79) 14.44(49) 

Values in parentheses denote the standard deviations 
and apply to the last significant digits, a) 7a + 7b —7e. 

lines in a group were preliminarily assigned to the T - T 
isomer in the ground vibrational state and fitted to the 
rigid rotor Hamiltonian by the least-squares method. 
These assigned absorption lines are accompanied by the 
several satellite lines. It seems reasonable to ascribe 
some of these satellite lines to the excited vibrational 
states. One set of the absorption lines, picked up from 
the bushes of the satellite lines, could be fitted to the 
rigid rotor Hamiltonian by the least-squares method 
and assigned to the first excited vibrational state. The 
observation of the temperature dependence of the lines 
led to the confirmation of the assignments of the sets 
of lines to the ground and excited vibrational states. 
The other sets of satellite lines were partly observed. 
The observed and calculated frequencies of the transi­
tion lines, assigned to the ground and excited states, 
are given in Table 2 and are in good agreement. T h e 
rotational constants obtained by the least-squares fit are 
given in Table 3. 

The A(=IA+Ih-Q value of 12.4 amu Â2 calculated 
from the rotational constants for the ground states is 
very different from that of 9.569 amu Â2 predicted from 
the T -T model. This indicates that the molecular 
structure in question deviates from the T -T form which 
has a plane of symmetry. 

Table 4 shows a comparison of the observed rotational 
constants, Ray's asymmetry parameters, and the values 
of A(IA-\-Ib—Ie) with those calculated from the assumed 
structural parameters for the five possible rotational iso­
mers. A comparison of the observed constants with 
the calculated ones in Table 4 reveals that the observed 

spectrum assigned to the ground vibrational state can 
reasonably be attributed to the T-G rotational isomer. 
Although the existence of the T - T and G-T forms has 
been confirmed in the gaseous and liquid states,2) that 
of the T-G rotational isomer has not yet been reported. 
T h e exsitence of the T-G isomer of 1-propanethiol in 
the gas phase is consistent with the following facts : the 
trans form of 1-propanethiol around the central C - C 
bond is more stable than the gauche form in the gas 
phase1 '2) and the gauche isomer of ethanethiol with re­
spect to the C-S bond is more stable than the trans 
isomer in the gaseous state.0') 

There are two possible equivalent configurations in 
the T-G form which can interchange with each other 
through thiol internal motion. T h e spectrum of the 
T-G form, therefore, can be expected to be split into 
doublets due to the tunneling effect of the thiol internal 
rotation, as is observed in the spectrum of ethanethiol.0) 
Therefore, the counterpart lines of the doublets were 
searched for in the vicinity of the lines assigned to 
the rigid T-G rotor, but there was no absorption line 
to be assigned as a counterpart line. Consequently, 
the analysis of the spectrum was done assuming the 
rigid T-G form. 

Deuterated Species. The transitions of the deuterat-
ed species were predicted from the assumed T-G model 
with the same structural parameters as for the normal 
species. The observed transition lines in Table 2 were 
identified by measurements of their Stark effects and 
fitted to the rigid rotor Hamiltonian in order to obtain 
the rotational constants in Table 3. Table 2 indicates 
that the observed and calculated transition frequencies 
are in good agreement. Table 4 shows that the ob­
served A value of 14.44 amu Â2 is in good agreement 
with the value of 14.016 amu Â2 calculated from the 
T-G model. 

Conformation of 1-Propanethiol. The rs coordinates 
of the thiol hydrogen atom were calculated from the 
observed rotational constants of the normal and deu-
terated species in Table 3, using the expressions given 
by Kraitchman.7) Table 5 shows that the rs coordinates 
obtained from the observed rotational constants are in 
good agreement with the coordinates calculated from 
the T-G model. This is consistent with the result ob-

TABLE 4. OBSERVED AND CALCULATED ROTATIONAL CONSTANTS ( M H Z ) OF 1-PROPANETHIOL 

Model 
G-T 
G-G' 
G-G 
T-T 
T-G 

Obsd (Ground state) 

T-T 
T-G 

Obsd (Ground state) 

A 

11222 
10869 
10867 
24153 
23341 
23429 

23004 
21580 
21758 

B 

3448.28 
3500.00 
3571.76 
2374.03 
2393.03 
2345.59 

2316.74 
2354.90 
2306.71 

C 

Normal species 
2915.87 
2980.33 
2971.11 
2253.81 
2288.57 
2250.18 

D species 
2316.74 
2256.05 
2217.79 

K 

-0 .87180 
-0 .86826 
-0 .84748 
-0.98902 
-0 .99008 
-0 .99099 

-0 .99393 
-0.98977 
-0 .99089 

A*) 
(amu A2) 

18.273 
21.316 
17.983 
9.569 

12.012 
12.43 

9.570 
14.016 
14.44 

The calculations of the rotational constants for the models were based upon the assumption that the gauche form 
has the dihedral angle of 120°. a) 7a + 7b —7C. 
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TABLE 5. rs COORDINATES OF THE THIOL 

H Y D R O G E N ATOM ( Â ) 

Coordinate 

a 
b 
c 

Obsd 

1.585 (85) 
0.83 (15) 
1.11 (13) 

Galcd 

T-G T-T 

1.553 2.296 
0.836 1.040 
1.050 0 

Values in parentheses denote the uncertainties estimated 
from the standard deviations of the rotational constants. 

tained above from Table 4. 
Dipole Moment. T h e dipole moments of the 

molecules were determined from the measurements of 
the Stark effect of the absorption lines for the ground 
and excited vibrational states of the normal species and 
for the ground state of the deuterated species. The 
observed Stark coefficients are listed in the third, sixth, 
and eighth columns in Table 6 for the ground and excited 
vibrational states of the normal species, and for the 
ground state of the deuterated species, respectively. 
The electric field inside the absorption cell was calibrat­
ed by observing the Stark shifts of the transitions, 1 <~0 
and 2<-T, of O C S , whose dipole moment is 0.71521 
D.8) 

In the T - T form, the component of ße along the c 
principal axis should be zero due to the plane of sym­
metry. T h e T-G rotational isomer, however, has no 
electronic plane of symmetry, and it is expected that 

all three components of fi will be nonzero. Schmidt 
and Quade6) have report d that, in the gauche isomer 
of ethanethiol, the inclusion of the tunneling energy in 
the denominator of the Stark coefficient of ßl gave the 
correct variation of Av/E2 for the doublet split due to 
the tunneling motion of the thiol hydrogen in the normal 
spectrum. We proceeded, however, to analyze the 
observed Stark coefficients without taking account of the 
tunneling motion of the thiol hydrogen atom, because 
we could not observe the doublet lines split due to the 
tunneling effect described above. 

The least-squares fit to obtain //a and ßh, assuming 
//e = 0, for the ground state gave the results presented in 
the fourth column (Galcd I) of Table 6. T h e calculated 
Stark coefficients for the M = 0 components of the tran­
sitions, 312<^2n , 404<-303, and 413<-312, are very different 
from the observed ones. These deviations may be at­
tributed to the assumption of the ßc component being 
zero, since the ß0 component of the dipole moment in 
this molecule, if there is one, should give rise to a large 
effect on the Stark coefficients of these transitions. 
This fact indicates that the molecule in question is not 
in the T -T form. This result is consistent with the 
one deduced from the observed and calculated rota­
tional constants. 

Since the T-G isomer was likely to exist in the gaseous 
state, as has been described above, the observed Stark 
coefficients were fitted to obtain all three components 
of the dipole moment by the following procedures. 
First, since the ßb and ßc components have a smaller 

TABLE 6. STARK COEFFICIENTS (Av/£2[MHz/(V/cm)2] X 10"5) AND DIPOLE MOMENTS OF 1-PROPANETIIIOL 

Transitu 

4)2" 101 

2 l 2 " l l l 

2ii-lio 

3o3"4)2 

•^13"2l2 

3i2"2n 

M)4~^03 

M 4 - 3 i 3 

4l3"-J l2 

M» 

) n | M | 

0 
1 
0 
0 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
2 
3 
0 
1 
2 
0 

L(D) 

//b(D) 

M< 3(D) 
/^total(D) 

Obsd 

- 2 . 1 9 
2.04 
1.89 
1.46 

- 0 . 4 0 
- 0 . 1 4 

0.63 
- 0 . 1 0 

5.02 
19.9 
0.18 

- 5 . 2 7 
- 1 9 . 1 

- 0 . 3 9 
- 0 . 1 4 

- 0 . 1 2 
0.52 
2.23 

- 1 . 3 7 

Normal species 

Ground state 

Galcd I 

- 2 . 0 5 
1.67 
1.68 
1.65 

- 0 . 3 5 
- 0 . 1 0 

0.64 
- 0 . 0 7 

5.33 
21.5 

- 0 . 1 0 
- 5 . 1 8 

- 2 0 . 4 
- 0 . 1 5 

0.05 

- 0 . 1 6 
0.47 
2.36 

- 0 . 0 8 
1.56 
0.2 

Calcd II 

- 1 . 9 9 
1.64 
1.61 
1.56 

- 0 . 3 9 
- 0 . 1 3 

0.62 
- 0 . 0 8 

5.02 
20.3 
0.12 

- 4 . 6 9 
- 1 9 . 1 

- 0 . 3 5 
- 0 . 1 0 

- 0 . 1 0 
0.48 
2.24 

- 1 . 6 8 
1.52±0.01 
0 .12±0.08 

O(Assumed) 0 .73±0.08 
1.57 1.69±0.05 

Excited 

Obsd 

- 2 . 0 5 
2.07 
1.83 
1.41 

- 0 . 4 2 
- 0 . 1 1 

0.50 
- 0 . 1 0 

5.15 
20.1 

- 4 . 3 8 

- 0 . 1 9 

0.34 

state 

Calcd 

- 2 . 0 6 
1.68 
1.68 
1.64 

- 0 . 3 6 
- 0 . 1 1 

0.65 
- 0 . 0 9 

5.47 
22.2 

- 5 . 3 0 

- 0 . 1 9 

0.29 

1.56±0.01 
0 .15±0 . 
0.4 ± 0 . 

.10 

.3 
1.62±0.20 

D species 

Ground state 

Obsd Calcd 

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

0.63 0.63 
- 0 . 1 0 - 0 . 1 0 

5.75 5.49 
23.1 22.2 
0.19 0.19 

- 5 . 2 0 - 5 . 1 0 
- 1 9 . 9 - 2 1 . 0 

1.53±0.03 
0 ± 0 . 2 
0.53±0.40 
1.62±0.30 
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effect on the Stark coefficients for the a-type R-branch 
transitions than the ßa component, the observed Stark 
coefficients of the M = 0 components of the transitions, 
3 0 3 ^2 0 2 , 31 2<-2n , 313<—212, and 414<-313, all sensitive to 
the nb and ßa components, were fitted to obtain all three 
components, /Ja, fih, and fic respectively. The values 
of fih and //c obtained are shown in the fifth column 
(Calcd II) of Table 6. Next, the values of //b and ßc 

obtained above were kept fixed, and all the observed 
Stark coefficients were fitted to obtain the fi& component. 
The results are listed in the fifth column of Table 6. 
The observed and calculated Stark coefficients are in 
good agreement, as a whole. 

The observed Stark coefficients for the excited vi­
brational state of the normal species and for the ground 
state of the deuterated species were fitted to obtain all 
three components, fia, ßh, and //e, by the same procedure 
as was used for the ground state of the normal species. 
The results are given in the seventh and last columns 
of Table 6 respectively. 

The value of the total dipole moment of 1-propanethi­
ol in the gas phase obtained in this work, 1.69 D, is 
considerably larger than the value of 1.33 D determined 
in a benzene solution.9) This difference may be com­
pared with that reported for ethanethiol; the dipole 
moments determined by microwave spectroscopic in­
vestigation, were 1.58 and 1.61 D in the gas phase 
for the trans form and for the gauche form respectively,6) 
and 1.39 D in a benzene solution.10) 

The values of fi^, fih, and ßc for the T-G isomer of 
1-propanethiol determined in this work can be compared 

with the values of> a (1.49 D) , ßb (0.19 D) , and Mc (0.59 
D) for the gauche isomer of ethanethiol in the gas phase.6) 

Excited Vibrational State. O u r measurements of 
the intensities of the transition lines, y—2<- l , 3<-2, and 
4 ^ 3 , in the excited state relative to the lines in the 
ground state yielded the vibrational frequency of 136± 
35 cm^1, This value is very close to the - C H 2 - - C H 2 -
torsional frequency of 130 c m - 1 calculated using the 
Urey-Bradley force field.2) Therefore, the assigned 
vibrational satellite can reasonably be ascribed to the 
excited state of the - C H 2 - C H 2 - torsional mode. 
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Thermal Decomposition of Hydrogen Cyanide in Shock Waves 
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(Received December 17, 1976) 

The thermal decomposition of hydrogen cyanide diluted to 0.2, 0.5, and 1.0mol% in argon was studied 
behind incident shock waves over the temperature range 2600—3600 K. The decomposition process was followed 
by monitoring the GN X22+-B22+ (0-0) absorption centered at 3883 Â. The bimolecular rate constants for the 
reaction H C N + A r - > H + C N + Ar were obtained from the initial slopes of absorption ; A1=(1.26±0.28) X 1016 exp-
[— (99.69±1.39)kcal mol^/RT] cm3 mol"1 s"1. The kinetic results are well fitted by the classical collision-theory 
expression, ^1=A(Z/n!)(£/ JRr)«exp(-£/i2r) , with A=0.22, «=3.5, and £=Z>0(H-CN) = 118.7 kcal/mol. The 
overall absorption profiles were found to be explicable on the basis of the reaction scheme involving the homore-
combinations of H and CN as well as the chain reaction with H and CN as carrier species. 

Precise kinetic studies of the thermal decomposition 
of cyano compounds in shock waves have already been 
reported for cyanogen (CaNg)1-2) chlorocyanogen (Cl-
CN),3) and bromocyanogen (BrCN).4 '5) The pr imary 
step of the overall decomposition process is established 
to be the bimolecular reaction of these compounds with 
diluent gas, to give GN radicals. The rate parameters 
obtained for this pr imary process over specified tem­
perature ranges were rationalized reasonably well in 
terms of the classical collision theory.6) 

In this work, we extend our absorption studies2'5) to 
the decomposition of hydrogen cyanide in argon behind 
incident shock waves. As in the cases of C1CN3) and 
BrCN,4»5) the overall kinetics of the H C N decomposi­
tion is expected to conform to the following reaction 
scheme : 

HCN + Ar ^± H + GN 4- Ar 

AH°0 = 118.7 kcal/mol, (1) 

C2N2 + Ar ^ 2CN 4- Ar 

Affl = 125.5 kcal/mol, (2) 

H2 + Ar ^± 2H 4- Ar 

AH? = 103.3 kcal/mol, (3) 

CN 4- HCN ^± C2N2 4- H 

AH°0 = - 6 . 9 kcal/mol, (4) 

H 4- HCN ^± H2 4- CN 

Am = 15.5 kcal/mol. (5) 

(lkcal = 4.184kj) 

O u r pr imary purpose is to obtain accurate rate con­
stant kx for the forward process of Reaction 1. Exami­
nation of the validity of the assumed mechanism (1)— 
(5) is also an aim of this work. 

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

Material. Hydrogen cyanide was generated7) by pour­
ing a saturated aqueous solution of sodium cyanide onto the 
surface of sulfuric acid and dried by passing through anhy­
drous calcium chloride. It was distilled over diphosphorus 
pentaoxide under a dry nitrogen atmosphere. The material 
was solidified at the temperature of Dry Ice-acetone bath and 
degassed several times by the freeze-thaw method. Mass 
spectrometric analysis of the purified sample showed no in­
dication of impurities. Argon, from the Osaka Sanso Kogyo 
Corp., having a purity of 99.99% was used as a diluent gas 
without further purification. Reaction mixtures of 0.2, 0.5, 
and 1 mol% HCN in Ar were prepared at a total pressure 

of 600 Torr and stored in 10-1 glass flasks. Mixing was al­
lowed to proceed by diffusion for at least 12 h before use. 

Procedure. Experiments were carried out in a stainless-
steel cylindrical shock tube having an internal diameter of 
10.4 cm. Variations in concentration of the CN radicals 
formed behind incident shock waves were followed by means 
of specific absorption spectroscopy. Details of the shock tube 
and associated equipments have been described previously.2) 

Shock waves were generated with hydrogen as driver gas. 
Mylar diaphragms of 0.1 and 0.188 mm in thickness, which 
corresponded to the burst driver pressures of 4 and 7.5 atm 
(1 a tm= 101325 Pa), respectively, were used. Prior to fill­
ing the test gas, the driven section was evacuated to a pressure 
less than 10~5 Torr. The leak rate was no greater than 
8.5xlO-6Torr/min (1 Tor r=( 101325/760) Pa). The initial 
pressure, P1} of the gas mixture was varied from 6.0 to 30 Torr 
to produce a given temperature condition for operation. The 
temperature range studied was 2600 to 3600 K. 

For measuring the CN concentrations, portions of CN 
X2Z+-B22+ (0-0) absorption (P branch, head at 3883 Â, 
lÂ=10~ 1 0 m) were utilized. A Rikotsusho MC-50 grating 
monochromator with 0.27-mm entrance and exit slits was set 
to isolate the spectral bandwidth 3880.6—3884.4 Â. This 
region encompasses the overlapping rotational lines J— 12— 
44 of the ground state CN (X22+, v=0). 

Thermodynamic properties of the shock-heated gas im­
mediately behind the shock front were calculated from the 
initial temperature and pressure in conjunction with the 
measured incident shock velocity. The gases were assumed 
to be ideal; no correction was made for the reaction heat 
behind the shock wave. Boundary layer effects8) on the gas 
properties were estimated to be small under our experimental 
conditions and hence were ignored throughout. All calcula­
tions were carried out on a NEAC N-2200 digital computer. 

R e s u l t s 

Equilibrium. T h e oscillographic records of the 
CN absorption generally showed a fast initial rise, fol­
lowed by a gradual rise to a steady level. This final con­
stancy in absorption intensity is an indication that the 
overall decomposition attains an equilibrium within the 
observation time. 

Concentrations of the five species H C N , H, GN, H2 , 
and C2N2 at any given time should bear the following 
constraints : 

[HCN]0 = [HCN] 4- [CN] 4- 2[C2N2], (6) 

[HCN]0 = [HCN] 4- [H] 4- 2[H2], (7) 

where [ H C N ] 0 denotes the concentration of hydrogen 
cyanide at zero time. I t follows that the concentra-
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TABLE 1. HCN DISSOCIATION RATE DATA 

m 
mol% 

0.217 
0.217 
0.217 
0.515 
0.498 
0.515 
0.498 
1.02 
1.02 
1.02 

Px 
Torr 

28.5 
22.1 
13.8 
23.0 
8.53 

15.0 
6.45 

11.4 
6.90 
6.18 

Us 
mm/fjis 

1.60 
1.70 
1.92 
1.69 
1.75 
1.82 
1.92 
1.73 
1.86 
1.92 

P2X 

3.57 
3.61 
3.69 
3.61 
3.63 
3.66 
3.69 
3.62 
3.67 
3.69 

T2 

K 

2577 
2861 
3590 
2846 
3016 
3235 
3591 
2968 
3368 
3570 

[Ar]0 

10~6 mol/cm3 

5.49 
4.32 
2.74 
4.47 
1.66 
2.96 
1.28 
2.19 
1.35 
1.22 

Xe 

0.360 
0.650 
0.989 
0.519 
0.805 
0.877 
0.988 
0.633 
0.935 
0.975 

Xe-J>e 

0.240 
0.590 
0.987 
0.432 
0.773 
0.858 
0.986 
0.570 
0.925 
0.971 

xe ze 

0.198 
0.529 
0.982 
0.364 
0.726 
0.820 
0.981 
0.500 
0.901 
0.961 

kx 
cm3 mol - 1 s - 1 

4.43X107 

3.05X108 

8.59X109 

2.55X108 

5.96X108 

2.38X109 

8.43X109 

6.46X108 

5.70X109 

1.05X1010 

tions of only three of the five species can be regarded as 
independent unknown quantities. Thus, the overall 
equilibrium can be represented by the scheme compris­
ing the three independent local equilibria as follows: 

HCN 
(l-Xe) 

C2N2 

Ue/2) 

H2 

{Zell) 

± H + 
(xe-Ze) 

t 2CN, 
(*e -Je) 

2H. 
(Xe — Ze) 

CN, 

(xe -J>e 
(8) 

0) 

(10) 

The fractions of dissociation at equilibrium, xe, ye, and 
ze, which are defined as in the above scheme, can be 
obtained by solving the following set of simultaneous 
equations : 

Kx = m(xe-ye)(xe-ze)P/(l-xe)S, (11) 

K2 = m(xQ-ye)*P/(yJ2)S, (12) 

Ks = m(x0-zeyP/(zJ2)S. (13) 

where Kv Kz, and K3 are the pressure-based equilibrium 
constants for Reactions 8—10, respectively; m is the 
initial molar fraction of H C N ; P is the total pressure of 
the shock-heated gas mixture; and S is the quanti ty 
defined by 

S=l + m(xe-yel2-ze/2). (14) 

Evaluations of the equilibrium constants were based 
on the thermodynamic data listed in the J A N A F Tables9* 
except for the new values A / / f S ( C N ) = 9 9 . 5 kcal/mol2) 
and AHft(HCN) = 32.4 kcal/mol.10) The values of xe, 
xe—ye, and xe — ze thus calculated for some representa­
tive runs are shown in Table 1. 

The equilibrium concentration of CN radicals is given 
by 

[CN]e = m(xe-ye)[Ar]0. (15) 

[Ar]0 being the concentration of argon heated by the 
shock. [CN] e should be related with the observed ab-
sorbance at equilibrium by 

In (IJQ = ß00lFah(T)[CNL, (16) 

where ß0Q is the effective absorption coefficient for CN 
radicals in the absorbing levels (X22+, v = 0, J =12 — 
44); / = 1 0 . 4 cm is the length of optical path across the 
tube diameter; and F&b(T) is the fractional population 
of the absorbing CN(X2H+) radicals at temperature 
T. In the present work, -Fab(T") is given by 

I 2 

^ 1 

c 

© 

© 

o 
o 

© 

n 

© O ~ 

HCN in Ar 
© 0.5mol% 
O 1.0mol% 

1 
2500 3000 

r/K 
3500 

Fig. 1. Temperature variation of the CN absorption 
coefficient ß00 at 3883 Â. 

F^(T) = 
S ( 2 / + 1) exp [ - 7 ( 7 + l)exot/kT] 

Q.rotQ.vib 
(17) 

where e ro t denotes the rotational quan tum of the CN 
radical and where QIot and Q_vlb respectively stand for 
its rotational and vibrational partition functions. 

T h e absorption coefficient ß00 which is related with 
the absorbance by Eq. 16 should by least temperature-
dependent.2) As is shown in Fig. 1, the values of ß00 

calculated from Eq. 16 for different runs were indeed 
nearly constant over the entire temperature range 
studied. T h e results assure that the assumption con­
cerning the complete equilibration of Reactions 1—5 
is basically correct and that the influence of CN emission 
on the absorbance is not significant below 3600 K. 
T h e average ß00 value was (1.90±0.12) X 107 cm2/mol. 

Dissociation Kinetics, At the initial stage of reac­
tion, disappearance of hydrogen cyanide by Reaction 1 is 
the only process to be considered. Thus, the bimolec-
ular dissociation rate constants kx can be evaluated 
from the initial slopes of the CN absorption traces. 
Guided by Eq. 16, we may write: 

k, = (d[CN]/d;)o/[HCN]0[Ar]0 

= rJß00lFah(T) [HCN]0[Ar]0, (18) 

where r0 is the initial slope of the absorbance 

r0 = {din (/„//)/d*}0. (19) 

We set / ? 0 0 =1.90x 107 cm2/mol as has been determined 
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TABLE 2. RATE CONSTANTS SELECTED FOR INTEGRATION 

[Vol. 50, No. 7 

Reaction Rate constant (cm3 mol - 1 s-1) Reference 

(1) 
(2) 
(3) 
(4) 
(5) 

kx = 1.26X 1016 exp ( -99 .69 kcal mol"1 fRT) 
k2 = 6.66 X 1016 exp ( - 98.64 kcal mol-1//? T) 
£3 = 2.23 X 1012 T1/2exp (-92.60kcalmol-1 /RT) 
£_4 = 8.0 X 1013 exp ( - 6 . 0 kcal mol-1/RT) 
kh = 5.0 X 1013 exp ( - 12.0 kcal mol'1/RT) 

This work 
2 

12 

10 

6 
2.5 

Roth and Jus t \ 
(Ref. 11) 

3.0 4.5 3.5 4.0 

lo1 r-VK-1 

Fig. 2. Arrhenius plots of kx. 
*!=1.26x 1016 exp (-99.69 kcal mol-11 RT) cm3 mol"1 

S" 1 . 

in the preceding section. 
Kinetic data were taken for 0.2, 0.5, and 1.0% H G N -

Ar mixtures at the total pressures between 0.353 and 
1.16 atm. The temperature range was limited by im­
measurably small initial rise of the absorption inten­
sities below 2600 K and by significant influence of the 
CN emission on the absorption trace above 3600 Ki 
The values of kx obtained for representative runs are 
listed in Table 1, together with pertinent experimental 
data, i.e., the initial pressure of the test gas, P l 5 the 
measured shock velocity, Us, the density ratio across the 
shock front, p21, the reaction temperature, T2, and the 
concentration of Ar behind the incident shock. 

Figure 2 shows Arrhenius plots of kx obtained for a 
total of 21 experiments. A single straight line fits the 
plots, irrespective of the [HCN] 0 / [Ar] 0 ratio. Least-
squares treatment of the data led to the Arrhenius 
expression : 

kx = (1.26±0.28)X101 6 

Xexp [ - (99 .69±1.39) kcal mol-11 RT\ cm3 mol"1 s"1. 

(20) 

In Fig. 2, the rate constants which Roth and Just11) 
have recently obtained by the H-atom resonance absorp­
tion spectroscopy are compared with our results. Their 
rate constants are expressed by 

k™ = 5.7 X 10ls 

X exp ( - 117.1 kcal mol'1 jR T) cm3 mol -1 s"1, (21 ) 

tips 

Fie. 3. Relative concentrations vs. particle time. 
T 2 -3235K, m=0.5 m o l % [HGN]0= 1.53X 10~8 mol 
/cm3, [CN]e= 1.31 X 10-8 mol/cm3. 

in the temperature range 2200—2700 K. Their results 
are uniformly smaller than ours by a factor of ca. 6 
in the overlapping temperature region. 

Overall kinetics. The rate equations pertinent to 
the entire mechanism (1)—(5) were subjected to numeri­
cal (Runge-Kutta-Gill) integration on a computer. 
Table 2 presents the rate parameters used for computa­
tion. The rate constants kx> k2, and k3 are those deter­
mined at high temperatures (~3000 K) behind shock 
waves.2,12> The rate constant k_x at room temperature 
was found to be 5.2 X 108 cm3 m o l - 1 s - 1 in a cyanogen 
flow.13) Assuming the activation energy for this reac­
tion to be close to its endothermicity, we estimated the 
preexponatial factor of A;_4 to be 8 X 1013 cm3 m o l - 1 s - 1 . 
For Reaction 5, we estimated the rate parameters by 
analogy with other metathetic reactions of the X + XGN 
type.3,5) Rate constants for the reverse reactions were 
all calculated from those for the forward reactions and 
the equilibrium constants. The time step used for in­
tegration was 0.2 [xs. 

The results of computation for the case of 7^=3235 
K as an example are shown in Fig. 3. The abscissa 
expresses the concentrations of the various species rel­
ative to [ H C N ] 0 while the ordinate, the particle time 
t. The experimental concentrations of GN radicals read 
from the GN absorption records are indicated with open 
circles. The agreement between the calculated and ex­
perimental concentration profiles of GN radicals is excel­
lent. 

The computation results for other temperatures were 
qualitatively much the same as those shown in Fig. 3. 
In all cases, the concentrations of H 2 and C2N3 reached 
their maxima at a relatively early stage of reaction while 
those of both H and GN increased monotonously. Im-
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portantly, however, these initial spikes of the H 2 and 
G2N2 concentrations were not so large as to affect the 
initial slope of the GN concentration curve which was 
calculated separately for Reaction 1 alone. The only 
rate constants which are adjustable for the present com­
putations are £_4 and kb. We varied these rate con­
stants over a wide range (by a factor of 5), but the 
computed concentration profiles remained essentially 
unaltered at least in the initial 20 % region of the H C N 
decomposition. It was also verified that Reactions 2 
and 3 exert virtually no influence on the initial portion 
of the GN concentration profile. Evaluation of kx from 
the initial slope of absorption is thus confirmed to be 
perfectly legitimate. 

D i s c u s s i o n 

The apparent activation energy of 99.7 kcal/mol ob­
served for Reaction 1 is clearly below the dissociation 
energy of H C N (118.7 kcal/mol). The results indicate 
that the internal energy of the molecule should partici­
pate in the activation process. The situation can most 
conveniently be represented by the Fowler-Guggenheim 
expression:6) 

kx = X{Zln\) (E/RT)»exp(-E/RT). (22) 

Under the assumption that E is equal to Z)0(H — GN) = 
118.7 kcal/mol, the best fit of the temperature variation 
is obtained when « = 3 . 5 . The least-squares fit of Eq. 
22 with « = 3.5 to the experimental values of kx led to the 
expression 

kx = [( 1.88±0.26) X 1012/3.5 !] T1/2 

X (E/RT)3-6 exp (-E/RT) cm3 mob 1 s"1. (23) 

The value of « = 3 . 5 obtained indicates that the num­
ber of the squared terms contributing to the dissocia­
tion process is 9, a nearly maximal value permissible from 
a classical point of view. Assuming a mean H C N - A r 
collision diameter of 3.54 Â, we obtain the steric factor 
A=0.22. These results do not appear unreasonable. 

The results reported by Roth and Just11) are somewhat 
anomalous in the sense delineated above. Their activa­
tion energy 117.1 kcal/mol for Reaction 1 is only slightly 
below the bond dissociation energy Z) 0 = 118.7 kcal/mol. 
If their rate constants, Eq. 21, are to be expressed in 
the Fowler-Guggenheim form, it is required to set n = 
1, which in itself may not be quite unreasonable. 
However, use of « = 1 leads to the steric factor A=9.2. 
Such an anomalously large X has never been met with 

in the existing literature. Even when we set D0 equal 
to 122.4 kcal/mol as these authors have done in their 
work, the results are still n = 1 . 5 and A=4.0. Perhaps, 
their resonance absorption technique involves some 
systematic errors. 

It is interesting to note that, although H C N bears 
similarities to BrCN and CICN in both the number of 
atoms and the kind of bonds involved, its activation 
invokes apparently more internal degrees of freedom 
than in the cases of its halogen homologs. More spe­
cifically, the rotational energy contributes to activation 
in the case of H C N only. This would not be surprising 
in view of the small momentum of inertia for H C N , a 
linear molecule which carries a hydrogen atom, an ex­
tremely light atom, at its terminal. 

This work was supported in par t by a Scientific 
Research Grant from the Ministry of Education (No. 
011002). 
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Color and Precipitation Reactions of Lanthanoids with Chlorophosphonazo III 
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(Received August 16, 1976) 

Aqueous solutions of p H 1—3 containing Chlorophosphonazo I I I chelates of lanthanoids give an absorption 
spectrum of the a-type, the spectrum showing two maximum peaks at approximately 620 and 670 nm, in the pres­
ence of an excessive amount of the reagent. However, the chelates of heavier lanthanoids give an absorption band 
of the /?-type, which extends from 700 to 800 n m with a max imum at 745 nm, with an increase in the mole ratio 
of the metal against the reagent. A dark-violet precipitate forms from the solution, giving the jß-type spectrum 
under certain experimental conditions. T h e combining ratio of the metal against the reagent in the precipitate 
is estimated to be 1:1. Since a reaction rate from the a-type to the /?-type corresponds to the second order, the 
combining form between the metal and the reagent in the jS-type chelate is assumed to be 2 : 2, i.e., a dimer. 
T h e chelates of l an thanum to samarium do not give the /?-type spectrum under the same conditions. 

T h e C h l o r o p h o s p h o n a z o I I I [2 ,7 -b i s (4 -ch lo ro -2 -phos -
p h o n o p h e n y l a z o ) - l , 8 - d i h y d r o x y n a p h t h a l e n e - 3 , 6 - d i s u l f o -
n ic a c i d ] r e a g e n t , w h i c h is o n e of t h e s y m m e t r i c a l b i sazo 
de r iva t ives of c h r o m o t r o p i c a c i d , w a s used b y 
O ' L a u g h l i n a n d J e n s e n to d e t e r m i n e a m i c r o - a m o u n t of 
t h e l a n t h a n o i d s . 1 ) T h e d e t e r m i n a t i o n w a s c a r r i e d o u t 
b y t h e m e a s u r e m e n t of t h e a b s o r b a n c e a t a m a x i m u m 
p e a k n e a r 670 n m of t h e a b s o r p t i o n s p e c t r u m . T h e 
p a t t e r n of t h e s p e c t r u m w a s p rev ious ly def ined as a-
t y p e b y t h e p r e s e n t a u t h o r . 2 ) O ' L a u g h l i n et al. r e p o r t ­
ed t h a t , w h e n t h e l u t e t i u m a n d y t t e r b i u m c o n c e n t r a ­
t ions w e r e i n c r e a s e d to a p p r o x i m a t e l y ha l f of t h e r e a g e n t 
c o n c e n t r a t i o n of 6 x 1 0 ~ 6 M a t p H 3.0, a p r e c i p i t a t e w a s 
f o r m e d a n d t h e so lu t ion b e c a m e colorless.1) T h e 
p r e s e n t a u t h o r f o u n d t h e h e a v i e r l a n t h a n o i d che la t e s 
g a v e a n a b s o r p t i o n b a n d , def ined as of t h e ß - t y p e , 
w h i c h e x t e n d s f rom 700 to 800 n m w i t h a m a x i m u m 
a t 745 n m , a n d a d a r k - v i o l e t p r e c i p i t a t e is f o r m e d in 
t h e so lu t i on c o n t a i n i n g t h e /?-type c h e l a t e u n d e r c e r t a i n 
e x p e r i m e n t a l condi t ions . 2 ) 

I n t h e p r e s e n t p a p e r , t h e e q u i l i b r i u m r e l a t i o n s h i p 
b e t w e e n t h e a - t ype a n d ß - t y p e che la t e s , t h e r e a c t i o n 
r a t e of t h e c h a n g e f rom t h e a - t y p e to t h e /?-type c h e l a t e , 
a n d t h e c o m b i n i n g r a t i o of a m e t a l a g a i n s t t h e r e a g e n t 
in t h e p r e c i p i t a t e a n d t h e ß - t y p e c h e l a t e a r e i nves t i ga t ed . 

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

Apparatus. All the absorption spectra were measured 
with a Hitachi EPS-3T automatic recording spectrophoto­
meter. T h e hydrogen-ion concentration was determined by 
means of a Hitachi model M-4 p H meter. 

Reagents. S tandard aqueous solutions of lanthanoid 
chlorides were prepared from the respective oxides in a 99 .9% 
purity. 

Chlorophosphonazo I I I obtained from the Dojindo Co., 
Ltd. , was used without further purification. T h e concent­
ration was represented by multiplying the amount weighed 
by 0.76 because the purity of this reagent was 76% .3> 

Procedure. T h e absorption spectra were recorded after 
the prepared solutions had been allowed to stand for more 
than 50 h, unless otherwise indicated. Since the precipitate 
formed in the solution was readily dispersed by shaking, the 
measurement could be carried out by using the resulting 
solution. 

T h e concentration of lanthanoid and phosphorus in the 
precipitate was estimated by the following procedure: the 
precipitate was obtained by adding 10 ml of a 2.4 x 10~4 M 
thulium, yt terbium, or lutetium chloride solution to 10 ml 

of a 2.4 X 10~4 M Chlorophosphonazo I I I solution at p H 1—2. 
T h e precipitate was then separated from the solution by cen-
trifuging, and the supernatant was removed from the tube. 
An acidic solution of p H 1 containing a samll amount of 
magnesium chloride, used for preventing deflocculation of 
the precipitate, was added to the precipitate in the tube. 
T h e centrifuge tube was then shaked to disperse the precipitate 
into the solution. Again, the solution was removed from the 
precipitate by centrifuging. T h e dispersing and centrifug-
ing was repeated 3—5 times. A part of the precipitate was 
then transferred into a conical beaker and decomposed by 
concentrated perchloric and nitric acids. After a clear solu­
tion had been obtained, the lanthanoid and phosphorus were 
determined spectrophotometrically by the O'Laughlin1) and 
Lucena-Conde4) methods respectively. 

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

Absorption Spectra of the Lanthanoid Chelates. F ig­
u r e 1 shows t h e a b s o r p t i o n s p e c t r a of t h e a q u e o u s 

600 700 800 

Wavelength, nm 

Fig. 1. Absorption spectra of lanthanoid Chlorophos­
phonazo I I I Chelates. Concentration of lanthanoids: 
7.50 X 10- 6M. Concentration of reagent : 7.50 X lO"6 

M . p H 1.6. 
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Fig. 2. Flariation of absorbance at 745 nm as a function 
of pH. Concentration of lanthanoids : 7.50 X 10~6M. 
Concentration of reagent: 7.50xlO~6M. 

\ * T b 
' \ \ > G d 

~- - ->Er 

0 1 2 3 
Mole ratio.. [Ln3+]/[reagent] 

Fig. 3. Variation of absorbance at 745 nm as a function 
of mole ratio, [Ln3+]/[reagent]. 
Concentration of lanthanoids : 7.50 X 10-~6M. pH 2.5. 

solution of p H 1.6 containing an equimole of each 
lanthanoid and Chlorophosphonazo I I I . The spectra 
of the chelates of lanthanum to terbium give an similar 
pattern and correspond to that of the a-type. On the 
other hand, the chelates of dysprosium to lutetium 
give a maximum absorption band at 745 nm, which is 
characteristic of the ß-type. T h e tendency for the con­
version from the a-type into the jö-type increases with 
an increase in the atomic number, except in the case 
of lutetium. 

Figure 2 shows the variation in the absorbance at 
745 nm for the chelates of several lanthanoids as a 
function of the pH. The height of the maximum 
peaks and the degree of the transfer of the maximum 
position to the lower region increase with an increase 
in the atomic number. The precipitate was observed 
in a lower p H range than each maximum position; 
the dotted line indicates the range. The chelates of 
lanthanum to gadolinium do not give the /?-type spec­
trum in the p H range between 1.0 and 4.0. 

Figure 3 shows the variation in the absorbance at 745 
nm as a function of the mole ratio of each lanthanoid 
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(v) 
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i , ^—-^Si 1 600 700 800 
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Fig. 4. Variation of absorption spectra of thulium 
chelate as a function of elapsing time. 
Concentration of thulium: 7.50xlO~6M. 
Concentration of reagent: 7.50xlO~6M. pH 2.0. 
(i) 0.0, (ii) 0.25, (iii) 0.5, (iv) 1.0, (v) 2.0, (vi) 6.0, 
(vii) 72 h. 

to the reagent. T h e intensity of the absorption band 
first increases and then decreases with an increase in 
the mole ratio. The maximum values of the ratio 
for thulium to lutetium, for terbium to erbium, and 
for europium to gadolinium were observed at the mole 
ratios of approximately 1 : 1, 1.5 : 1, and 2 : 1 respec­
tively. However, the absorption band of the /?-type was 
not observed in the case of l an thanum to samarium 
even when the mole ratio of [metal]/[reagent] attained 
15 : 1. 

Reaction Rate of the Variation from the oc-Type to the 
ß- Type Chelate. Figure 4 shows the variation in the 
absorption spectrum of the thulium chelate from the 
a-type to the ß-type as a function of the elapsed time. 
The spectrum gives the typical a-type at first, and then 
the pattern changes to the /?-type with time. An iso-
sbestic point is observed at approximately 700 nm. This 
fact suggests that an equilibrium relationship exists 
between the a-type and ß-type chelates. The order of 
the reaction rate was investigated, and the following 
results were obtained; (i) the concentration of the 
ß-type chelate follows Beer's law at 745 nm, and (ii) 
x and a, which represent the absorbance at 745 nm 
after t and 72 h respectively, are proportional to the 
reacting and initial concentration of the a-type chelate 
respectively. Figure 5 shows that the reaction rate for 
the thulium chelate is second-order, because the l/(a — 
x) vs. t diagram gives a straight line. 

Composition of the ß- Type Chelate. Figure 6 shows 
the the continuous-variation plots at 745 n m for the 
holmium chelate. The peak at the mole fraction [Ho] 
/ ( [Ho] + [reagent]) of 0.5 indicates that the combining 
ratio is 1 : 1. Moreover, the mole ratio of the lantha-
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TABLE 1. ESTIMATION OF THE COMBINING RATIO OF LANTHANOID TO A REAGENT BY MEANS 

OF AN ANALYSIS OF THE LANTHANOID AND PHOSPHORUS IN THE PRECIPITATE 

Lanthanoid used 
as précipitants 

Phosphorus in the 
precipitate 

(mmol) 

Lanthanoid in the 

precipitate 
(mmol) 

Combining ratio, 
[lanthanoid]/[reagent] 

Lu3+ 
Lu3+ 
Lu3+ 
Lu3+ 
Yb3+ 
Yb3+ 
Tm3+ 

3.390x10"* 
2.658x10-* 
1.665x10-* 
1.795x10-* 
2.950x10-* 
5.525x10-* 
2.458x10-* 

1.686x10-* 
1.354x10-* 
0.920x10"* 
0.917x10-* 
1.518x10-* 
2.642x10"* 
1.180X10-* 

1.00 
1.02 
1.10 
1.02 
1.03 
0.96 
0.96 

Average 1.01 

— l.oH 
h 0 

M00 
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Fi?. 5. Determination of order of reaction rate. 

v o 
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a 
•s 
Xi 

< 

0 " 0.5 1.0 

Mole fraction, [Ho3+]/([Ho3+] + [reagent]) 

Fig. 6. Continuous variation plots at 745 nm for hol-
mium chelate. 
[Ho3+] + [reagent] = 1.25 Xl0-5M. pH 2.2. 

lO"4 10"s 10"* 

Concentration of salts added, M 

Fig. 7. Variation of absorbance of dysprosium chelate 
at 745 nm with increasing of coexisting salts. 
Concentration of Dy3+: 6.25xlO"6M, 
Concentration of reagent: 6.25xlO-6M, pH 3.O. 

noid to phosphorus in the precipitate obtained from 
the solution of the ß-type chelate was estimated by the 
method described above. Table 1 shows that the mole 
ratio of lanthanoid against phosphorus is 1 : 2 ; i.e., the 
combining ratio of lanthanoid against the reagent is 
1 : 1 . The impurities in the Chlorophosphonazo I I I 
used were presumed to be mono- and bisazo derivatives 
of chromotropic acid and unreacted chromotropic acid.5) 
However, it is considered that these materials do not 
react to lanthanoids under the present experimental 
conditions. 

Savvin reported6) that only one functional group in 
Arsenazo I I I , which is one of the symmetrical deriva­
tives of chromotropic acid, participates in the 1 : 1 
chelate formation with lanthanoids. I t is expected that 
the form of the a-type chelate of Chlorophosphonazo 
I I I resembles that of the Arsenazo I I I chelate, because 
the ratio of the metal against Chlorophosphonazo I I I 
is known1) to be 1 : 1 and the spectrum of the a-type 
is similar to that of the Arsenazo I I I chelate. Thus, 
it may be concluded from the results of the reaction 
rate that the ß-type chelate is a 2 : 2 dimer. The 
present author previously reported2) that the ß-type 
chelate may be supposed to be a chained-form in which 
two functional groups of Chlorophosphonazo I I I inter­
act with the lanthanoids. However, the recent work 
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shows that the ß-type chelate is not the chained-form, 
but the 2 : 2 form. 

Figure 7 shows the variation in the absorbance of 
the dysprosium chelate as 745 nm as a function of the 
concentration of the coexisting metal ions. The ab­
sorbance increases with an increase in the concentra­
tion of the coexisting metal ions, and finally the precip­
itate is formed. The effects of the metals on the 
intensity of the absorbance are in the following increas­
ing order: sodium, potassium, and magnesium. How­
ever, it seems that anions do not contribute to the inten­
sity. The formation of the precipitate may be explained 
by a coagulation of the anionic /?-type chelate as a 
result of the influence of the coexisting cations. 

The /5-type spectrum was not observed in the Chloro-
phosphonazo I I I chelates of i ron( I I I ) , a luminum, gal­
lium, indium, scandium, zirconium, thorium, and uran-
ium(VI) , nor in the Arsenazo I I I chelates of these 
metals, including all of the lathanoids. O n the other 
hand, it has been reported by several investigators that 
the chelate formed between a lighter lanthanoid and 
Garboxynitrazo7) or Arsenazo-/>-N02,8,9) which is an 
unsymmetrical bisazo derivative of chromotropic acid, 

gives an absorption spectrum which is similar to the 
/5-type. It is interesting to study the reason why the 
/?-type spectrum appears considering the relationship 
between the positions or sorts of functional groups in 
the reagent and the ionic radius or coordination number 
of the metals. 
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Reactions of 125I Activated by 125Xe(EC)125I Process with Methane 
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(Received September 24, 1976) 

T h e reactions of 125I obtained from the 1 2 5Xe(EC)1 2 5I process with methane have been investigated. I t was 
confirmed that electron scavengers, such as I 2 , SF6 , and 0 2 , play an important role. The main product is only 
CH 3

1 2 5 I , the yield decreasing significantly with the concentration of Xe . By adding various additives, the yield 
of CH3

1 2 5I in the presence of trace amount of I 2 was assigned as follows: 8 . 7 ± 6 . 7 % by the hot atom reaction, 
3 5 . 8 ± 8 . 0 % by 125I+ in the XT>2 state, and 3 1 . 5 ± 2 . 0 % by 125I+ in the 3P states. The results are discussed in com­
parison with those reported on similar reactions utilizing different activation processes. Chemical sequences of 
the formation of CH3

1 2 5I are proposed. 

M a n y p a p e r s h a v e a p p e a r e d o n t h e r eac t ions of recoi l 
i o d i n e f rom v a r i o u s n u c l e a r t r a n s f o r m a t i o n s 1 - 1 2 ) w i t h 
s i m p l e a l k a n e s . I o d i n e ions in exc i t ed s ta tes a l w a y s p l a y 
i m p o r t a n t roles in t h e r eac t i ons . A n u m b e r of expe r i ­
m e n t s w e r e c a r r i e d o u t d e a l i n g w i t h t h e sys temat ics of 
t h e ro le of exc i t ed i o d i n e ions . 

R a c k a n d G o r d u s i nves t i ga t ed t h e r eac t ions of 1 2 8 I 
o b t a i n e d f rom t h e 1 2 7 I ( n , y ) 1 2 8 I r e a c t i o n w i t h gaseous 
m e t h a n e , a n d t h e y c o n c l u d e d t h a t a b o u t 1 8 . 4 % of t h e 
5 4 . 4 % o r g a n i c 1 2 8 I is f o r m e d as a resu l t of h o t 1 2 8 I 
r e ac t i ons , 11 % as a resu l t of exc i t ed i o d i n e ions in 3 P 2 , 
3 P 1 5 a n d / o r 3 P 0 s ta tes , a n d 2 5 % as a resu l t of r eac t ions 
of I+ ( 1 D 2 ) ions.3 '4) N i c h o l a s et al. r e a c h e d a s imi la r 
conc lus ion in t h e r eac t i ons of 1 3 0I a c t i v a t e d b y t h e (n,y) 
or ( I T ) process w i t h m e t h a n e s ( C H 4 a n d CD 4 ) . 5 ) 
D u e to r a t h e r h i g h y ie ld of h o t r e ac t i ons , t h e recoi ls , 
1 2 8 I a n d 1 3 0 I , h o w e v e r , a r e n o t necessar i ly s u i t a b l e for 
a specific s t u d y of t h e ro le of exc i t ed i o d i n e ions . 

L o b e r g a n d W e l c h chose 1 2 3 X e f o r m e d b y t h e 1 2 2 T e -
( 3 H e , 2 n ) 1 2 3 X e r e a c t i o n as n u c l i d e to g ive i o d i n e , a n d 
s t u d i e d t h e ion ic r eac t i ons of 1 2 3 I+ w i t h GH 4 . 1 0 ) T h e 
n u c l i d e , 1 2 3 X e , d e c a y s in t w o m o d e s , e l ec t ron c a p t u r e 
a n d ß+ decay . 1 3 ) I n t h e l a t t e r m o d e , 1 4 % of t h e 1 2 3 I 
recoi ls a r e f o r m e d in i t ia l ly in t h e I - s ta te . 1 0) T h i s in ­
d ica tes t h a t for a d e t a i l e d ana lys i s t h e ro le of t h e n e g a ­
t ive ion s h o u l d b e t a k e n i n t o a c c o u n t . T h e 1 2 5 I recoi l 
f rom 1 2 5 X e ( E C ) 1 2 3 I process is p r e f e r a b l e to o t h e r recoi ls 
for a specific i nves t iga t ion of i o d i n e ions , s ince t h e 
n u c l i d e , 1 2 5 X e , decays on ly b y e l e c t r o n c a p t u r e a n d t h e 
r e su l t i ng 1 2 5 I h a s a m a x i m u m k ine t i c e n e r g y of 15.6 
eV. 1 3 ) 

S c h r o t h a n d Adlof f e x a m i n e d t h e r e a c t i o n s of 1 2 5 I 
o b t a i n e d f rom 1 2 5 X e w i t h m e t h a n e . 6 ) Schleiffer a n d 
C e r t o u t also i nves t i ga t ed t h e s a m e r e a c t i o n system. 1 1) 
H o w e v e r , t h e y r e a c h e d dif ferent conc lus ions . 

W e h a v e s t u d i e d t h e r e a c t i o n s of 1 2 5 I o b t a i n e d f rom 
1 2 5 X e w i t h m e t h a n e in gaseous phases . T h e r e a c t i o n 
yie ld w a s careful ly i nves t i ga t ed b y a d d i n g v a r i o u s gases 
to t h e r e a c t i o n sys tem. T h e resul ts a r e discussed in 
c o m p a r i s o n w i t h those r e p o r t e d f rom t h e v i e w p o i n t cf 
t h e ro le of i o d i n e ions in t h e exc i t ed s t a t e . 

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

Chemicals. Xenon gas with natural composition 
(Nippon Sanso Co., purity 99.9%) and methane (Takachiho 
Chem. Co., purity 99.95%) were used. Other reagents used 
as additives had the highest purity among those available. 

Sample Preparation. Xenon gas with natural composi­

tion was introduced in a silica ampoule (18.5 ml) equipped 
with a breakable seal. T h e pressure was kept at around 
700 Torr . The ampoule was irradiated in the T-pipe of a 
J R R - 4 reactor of J A E R I for 30—120 min; the neutron flux 
at the irradiation port was 4 x 10 l a n c m - 2 s_1. After 4—12 h 
from the end of irradiation, the radioactive xenon mixture 
was purified by passing the mixture through a column packed 
with granular silver in order to remove 125I formed in the 
ampoule. 

Pyrex glass ampoules, with volume either 6.5 or 10.5 ml, 
were used as the reaction vessels. The irradiated and puri­
fied xenon gas, additive gas, when necessary, and methane 
were introduced into the reaction vessel by means of a vacuum 
line. T h e pressure of the reaction system was usually kept 
constant at 500 Torr , but it was widely varied for investiga­
tion of the dependence of the product yields on pressure. The 
pressure of radioactive xenon was usually kept at 20 Torr 
[0.04 m.f. (mole fraction)]. For the addition of excess iodine, 
a small amount of solid iodine was placed in an ampoule. 
Subsequently, air was pumped off and the radioactive xenon 
and methane were introduced. T h e samples were stored in 
the dark at room temperature for more than 4 days. Some 
samples were exposed to a 45 kCi 60Co source immediately 
after their preparat ion. 

Sample Processing. T h e reaction products were separa­
ted by means of a radio-gas Chromatograph. The sample 
was directly injected into a radio-gas Chromatograph by 
means of a vacuum line. A potassium hexacyanoferrate(II) 
16/20 mesh precolumn of 4 0 x 1 0 0 m m was placed in front 
of the separation column in order to prevent the introduc­
tion of inorganic iodides such as H I and I2.14) The separa­
tion column was 2.8 m D.O.P . column, Neopak 1A of 60/80 
mesh coated with 15% dioctyl phthalate . In the operation, 
the temperature of the column was raised from room tem­
perature to 115 °C at a rate of 8 °C min"1 . The effluent was 
collected by bubbling through a t rap filled with liquid scintil­
lator, after its activities had been continuously measured with 
a Na l (T l ) counter. The traps were radio-assayed with a 
liquid scintillation counter. 

Total organic yield in the reaction system of Xe(0.04 m.f.) 
and C H 4 was determined to be 60.7% by the conventional 
solvent extraction method. This particular reaction system 
was che sen as a reference in determining the total organic 
yield in other reaction systems. In the solvent extraction 
method, toluene with iodine carrier (10~3 M) was used as an 
organic layer and 0.5 M N a 2 S O s solution as an inorganic 
layer. The radioactivity of each layer was measured with 
a N a l scintillation counter and a liquid scintillation counter. 

The absolute yields (A Y) in other systems were determined 
according to the equation 

AY(%) = 6 0 . 7 (AxJAcml)xer(AF/AXc)sam, 

where 60.7 is the absolute yield in the reference sample. 
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A X P , Ar, and ^4CIT3I denote the activities of xenon, some 
product of interest and methyl iodide, respectively, in a radio-
gas chromatogram (ACU3i and AF were also measured with 
a liquid scintillation counter) . Subscripts "ref" and " s a m " 
denote the reference system (Xe(0.04 m.f.) and CH4) and 
any other reaction systems, respectively. 

R e s u l t s 

T h e v a c u u m l ine used in m o s t of t h e e x p e r i m e n t s w a s 
p rev ious ly u t i l i zed for s a m p l i n g gases i n c l u d i n g i o d i n e . 
T h e iod ine a d s o r b e d o n t h e sur face c a n n o t b e r e m o v e d 
comple t e ly . T h u s , a lmos t all r e a c t i o n sys tems wil l h a v e 
b e e n c o n t a m i n a t e d w i t h i o d i n e v a p o r , unless o t h e r w i s e 
s t a t ed . 

T h e to ta l o r g a n i c y ie ld in t h e r e a c t i o n sys tem, X e 
(20 T o r r ) a n d C H 4 ( 4 8 0 T o r r ) , w a s 6 0 . 7 ± 4 . 5 % . T h e 
resul ts b a s e d o n t h e t w o dif ferent m e a s u r e m e n t s , N a l 
a n d l i qu id sc in t i l l a t ion c o u n t e r s , a g r e e . T h e o r g a n i c 
y ie ld p r o d u c t in t h e gaseous p h a s e w a s on ly C H 3

1 2 5 I , 
unless o t h e r add i t i ves such as C 2 H 6 , C 2 H 5 C 1 , a n d solid-
la w e r e p r e sen t . 

W h e n t h e p re s su re w a s c h a n g e d f rom 16 to 923 T o r r , 
t h e X e / C H 4 r a t i o b e i n g k e p t a t 0 .10, t h e y ie ld of C H 3 -
1 2 5I r e m a i n e d a t 5 4 . 8 ± 4 . 1 % . T h e resul ts o b t a i n e d a t 
va r ious t e m p e r a t u r e s a r e g iven in T a b l e 1. T h e yie ld 
of C H 3

1 2 5 I r e m a i n e d u n c h a n g e d , s h o w i n g n o t e m p e r a ­
ture-effect . N o wa l l effect w a s o b s e r v e d . A d d i t i o n of 
0.5 g of q u a r t z w o o l ( 1 — 5 u.) ins ide a p y r e x a m p o u l e of 
s imi l a r size h a r d l y affected t h e resul ts . 

T h e v a r i a t i o n of C H 3
1 2 5 I - y i e l d w i t h t h e c o n c e n t r a ­

t ion of X e is g iven in T a b l e 2 . T h e yie lds d e c r e a s e d 
w i t h a n inc rease in t h e c o n c e n t r a t i o n of X e , f rom 74.0 
± 5 . 0 % (0.011 m.f. of X e ) to 3 1 . 5 ± 2 . 0 % (1.0 m.f. of 
X e ) . 

T h e effects of add i t i ves o n t h e r e a c t i o n sys tem of 0 .04 

T A B L E 1. EFFECT OF REACTION TEMPERATURE 

ON THE YIELD OF C H , 1 2 5 I 

Temperature 
(°G) 

Room 
0 

- 8 6 

Trace 

6 0 . 7 ± 4 . 5 % 
6 1 . 2 ± 5 . 0 % 
5 7 . 9 ± 4 . 3 % 

Iodine 

Macroscopic 

6 3 . 3 ± 7 . 1 % 
6 2 . 3 ± 4 . 6 % 
56 .7±5 .2% 

T A B L E 2. VARIATION OF C H 3
1 2 5 I - Y I E L D 

WITH THE CONCENTRATION OF X E 

Mole fraction 
of Xe 

Yield of 
CFL125I 

Mole fraction 
of X e 

Yield of 
CH3

1 2 5I 

0.00 
0.011 
0.021 
0.03 
0.04 
0.054 
0.10 
0.15 

(76.0±6.0) 
74 .0±5 .5 
71 .9±5 .3 
67 .6±5 .0 
60 .7±4 .5 
59 .7±4 .4 
54 .8±4 .1 
51 .9±3 .8 

0.21 
0.31 
0.40 
0.53 
0.62 
0.70 
0.80 
0.90 
1.00 

46 .3±3 .4 
39 .2±2 .8 
35 .5±2 .6 
31 .3±2 .3 
31 .5±2 .3 
31 .4±2 .3 
31 .4±2 .2 
31 .6±2 .3 

(31.5±2.0) 

0 0.2 0.4 0.6 0.8 1.0 
Additive/ (CH 4 + Additive) 

Fig. 1. Variat ion of the CH3
125I-yield with the concent­

rations of various additives. 
® : 0 2 , 0 : Ar, # : Kr , Q: N2 , • : SF 6 , 
A : CH3C1, A : C2H6 , ® : G2H5G1. 

m.f. of X e a n d C H 4 c o n t a i n i n g a t r a c e a m o u n t of I 2 

a r e s h o w n in F ig . 1. T h e y ie ld of C H 3
1 2 5 I d e c r e a s e d 

m o n o t o n i c a l l y w i t h a n i nc rease in t h e c o n c e n t r a t i o n of 
K r , A r , a n d N 2 . I t w a s e x t r a p o l a t e d to b e 5 2 . 0 ± 5 . 0 
% a t 1.0 m.f. of add i t i ve s . W h e n 0 2 o r S F 6 w a s c h o s e n 
as a n a d d i t i v e , t h e y ie ld i n c r e a s e d a t t h e b e g i n n i n g , 
b u t d e c r e a s e d w i t h a fu r the r i nc r ea se i n t h e c o n c e n t r a ­
t ions . T h e e x t r a p o l a t e d v a l u e a t 1.0 m.f. of 0 2 is also 
5 2 . 0 ± 5 . 0 % , b u t 3 1 . 5 ± 2 . 0 % for t h e case of S F 6 . W i t h 
t h e a d d i t i o n of C H 3 C 1 , C 2 H 5 C 1 , a n d C 2 H 6 , t h e y ie ld 
of C H 3

1 2 5 I d e c r e a s e d w i t h a n i nc rease in t h e con ­
c e n t r a t i o n s of add i t i ve s , t h e l i m i t i n g va lues b e i n g 4 . 9 ± 
0 . 8 % , a l m o s t 0 % , a n d 2 . 4 ± 0 . 4 % , respec t ive ly . A 
sma l l a m o u n t of C 2 H 5

1 2 5 I w a s d e t e c t e d in t h e case of 
C 2 H 5 C 1 a n d C 2 H 6 add i t i ve s . 

A d d i t i o n of Br 2 s ignif icant ly in f luenced t h e C H 3
1 2 5 I 

y i e l d ; less t h a n 0.5 m o l % of Br 2 r e d u c e d t h e y ie ld 
b e l o w 1 % . H o w e v e r , t h e a d d i t i o n of a m a c r o s c o p i c 
a m o u n t of I 2 h a s n o def ini te effect o n t h e C H 3

1 2 5 I y ie ld 
( T a b l e 1). A c o n c o m i t a n t f o r m a t i o n of C H 2

1 2 5 I I scar ­
cely o c c u r r e d ; t h e y ie ld w a s less t h a n 1 % . 

S o m e e x p e r i m e n t s w i t h C D 4 w e r e p e r f o r m e d . T h e 
y ie ld of m e t h y l i o d i d e , C D 3

1 2 5 I , w a s 5 9 . 9 ± 6 . 9 % a t t h e 
c o n c e n t r a t i o n of X e , 0 .04 m.f. T h e effects of p r e s su re 
ançl X e - c o n c e n t r a t i o n w e r e s imi la r to t h e case of t h e 

T A B L E 3. YIELDS OF GH3
1 2 5I OBSERVED IN THE 

REACTION SYSTEM EXPOSED TO A 6 0 G O SOURCEa> 

Reaction system yield of CH3*25I(%) 

C H 4 + X e ( 0 . 0 4 m.f.) 

C H 4 + X e ( 0 . 0 4 m.f.) 
+ SF6(0.02m.f.>b)i 

< 0 . 5 

3 8 . 5 ± 1 . 6 

a) Dose rate 2 . 1 X l 0 6 R / h , exposing time 20 h. 
b) O t h e r products : G2H5

1 2 5I : 1 2 . 3 ± 1 . 2 % 
z - - C 3 H / 2 * I : 2 . 1 ± 1 . 0 % , 
rc-C3H7

125I : 1 . 3 ± 0 . 5 % , and 
» -C 4 H, i« I 
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reaction with GH4 . 
Some samples were exposed to a 60Co source of 45 

kCi for 20 h within 30 min after preparation in a 
similar manner to that of other samples. The results are 
summarized in Table 3 with experimental conditions. 

D i s c u s s i o n 

Formation o/CH^125I via Energetic Process. Schroth 
and Adloff6) and Schleiffer and Certout11) studied similar 
reaction systems to those in the present experiments, 
although no reference was made to the hot atom reac­
tion. T h e latter gave the extrapolated value of 55 ± 
3 % at 1.0 m.f. of additives of He, Ne, Ar, and Kr.11) 
This is in good agreement with our results, 52 .0±5.0 
%. Schleiffer and Certout maintained the concentra­
tion of Xe at 0.025 m.f. throughout their experiments. 

Loberg and Welch investigated the reaction of 123I 
from 123Xe with methane and mentioned the following 
for the hot atom reactions: "this lack of reactivity due 
to kinetically hot species indicates that by the time the 
iodine ion has attained a charge of + 1 it has come to 
thermal equilibrium with its surroundings."10) How­
ever, they observed the hot a tom reactions with ethane 
and neopentane as reactants. The 123I atom from 123Xe 
has the maximum kinetic energy of 34.4 eV as a result 
of the electron capture decay.13) T h e excess kinetic 
energy corresponds to the median kinetic energies of 
80Br and 82Br from the isomeric transition processes.15) 
In the reactions of these recoil bromines with alkanes, 
it has been confirmed that the reactivity of methane was 
higher than that of other alkanes.16»17) From the chem­
ical similarity between bromine and iodine, the trend 
may be maintained also in the energetic reaction of 
recoil iodine. Thus, the failure of detection of energetic 
yield in the reaction of 123I with methane10) would not 
necessarily indicate the absence of the hot atom reac­
tions. 

The nuclide of 125I decays only by electron capture, 
and the d value of the decay is reported as 1.9 MeV.13) 
From this value, the maximum recoil energy possessed 
by the 125I atom is calculated to be 15.6 eV. The 
limiting yield of CH3

1 2 5I at 1.0 m.f. of additives is 52.0 
± 5 . 0 % for Kr , Ar, N a , and 0 2 (Fig. 1). T h e difference 
between the yield at 0.04 m.f. of Xe, 6 0 . 7 ± 4 . 5 % , and 
this limiting value, 5 2 . 0 ± 5 . 0 % , should be considered 
to result from hot atom reactions. Although the pre­
sence of 0.04 m.f. of Xe may influence the yield de­
pendence on kinetic energy, its extent is considered to 
be unimportant , being less than 1 % as referred to the 
results of bromine hot atom reaction.18) Thus, the 
yield of hot atom reaction is assigned to be 8 . 7 ± 6 . 7 % . 

Main Mechanisms of CHz
125I-formation via Ionic Process. 

The absence of the wall effect of vessel indicates that 
the reactions mainly occur in gaseous phase and the 
reactions are not catalyzed by the wall. 

The yield of CH3
1 2 5I decreased with an increase in 

the concentration of Xe (Table 2). The value extra­
polated to zero m.f. of Xe is 7 6 . 0 ± 6 . 0 % and the limit­
ing value at 1.0 m.f. of Xe is 3 1 . 5 ± 2 . 0 % . This re­
duction of the yield is due to the near resonant charge 
exchange between xenon and 1+ in the 1 D 2 state, and 

TABLE 4. EFFECTS OF ELECTRON SCAVENGERS 

ON THE YIELD OF G H 3
1 2 5 I 

Additive1) 

no 
SF6(0.07 m.f.) 
0 2 (0.30 m.f.) 

Yield of GH3
125I(%) 

By new line 

47 .8±4 .8 
57 .3±4 .8 
59 .3±4 .3 

By old line 

60 .7±4 .5 
60 .1±5 .9 
64 .0±6 .0 

1) All reaction systems contain 0.04 m.f. of Xe. 

the limiting yield, 31 .5±2 .0%, should be ascribed to 
reactions of 1+ in the 3P states.3'4»10'11) 

T h e yield of CH3
1 2 5I increases first with an increase 

in the concentration of 0 2 and SF6(Fig. 1). This sug­
gests that an electron scavenger plays an important role 
in the mechanism of CH3

125I-formation. Since I2 is 
also an excellent electron scavenger, experiments were 
carried out with a new vacuum line in order to investi­
gate of the effect of trace amout of I2 in the reaction. 
The results are shown in Table 4. The yield obtained 
by the new line was significantly lower than that by 
the old line contaminated with iodine vapor, the yield 
increasing by about 10%, on addition of SF 6 or 0 2 to 
the system. 

This trend was not observed with use of the old line. 
We see that the presence of electron scavengers raises 
the yield of CH3

1 2 5I . The following finding also sup­
ports the result. 

Samples prepared in a similar way using the old line 
were exposed to a 60Co source. T h e yield of CH3

125I 
in the system of C H 4 ± 0 . 0 4 m.f. of Xe was reduced to 
less than 0 . 5 % (Table 3). However, in the system con­
taining SF6 , the yield was 3 8 . 5 ± 1 . 6 % under the same 
conditions. The trace amount of I2 originally con­
tained in the system would have been consumed by 
the reactions with radiolysis-products of CH 4 and stabi­
lized to either H I or organic iodides. As a result, the 
system would be cleaned from I2 in the early stage of 
the reactions. Thus, we see that CH3

1 2 5I can not be 
produced in the system with carrier free 125I unless some 
other electron scavenger is present, and that the samples 
prepared by the new line are still contaminated by a 
trace amount of I2, although the extent is much less 
than with the old line. (Pumps and reagents were used 
in common in both experiments.) 

Schleiffer and Certout proposed the following reac­
tion sequences: 

CH4 + 125I+ -^ CH3
125I+ + H (1) 

CH3
125I+ + I8 -» CH3

125I + Ia+ (2) 

CH3
125I + e - -» GH3 +

 1 2 5I- (3) 

T h e mechanism involves a neutralization process of 
CH3

1 2 5I+ with additives and is consistent with the re­
sults. If the neutralization of CH3

125I+ is the working 
process, the role of SF6 observed in the systems exposed 
to 60Co-source can be ascribed to the following scheme 
in analogy with Reaction 2 : 

CH,™I+ + SF6 -* C H ^ I + SF6+ (4) 

However, a similarity in the effects of Xe and SF6 on 
the CH3

1 2 5I yield (Fig. 1 and Table 2) predicts that 
the ionization potential of SF6 is in the same range of 
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TABLE 5. COMPARISON OF THE 

Reaction system 

127I (n, y)128I + CH4 
1 2 9 I (n ,y) 1 30. i30m I + C H 4 

130mI(IT)13°I + CH4 
129I(n,y)13°.130™I + CD4 
130mI(IT)130I + CD4 
123Xe(EC, £+)123I + CH4 
123Xe(EC, jß+)123I + CH4 
125Xe(EC)l25I + CH4 
125Xe(EG)125I + CH4 
125Xe(EG)125I + CH4 

Iodine 
carrier 

yes 
yes 
yes 
yes 
yes 
no 
yes 
— 
yes 
yes 

Total 

54 .4±2 .0 
42 .5±2 .0 
25 .6±2 .0 
41 .3±2 .0 
26 .4±2 .0 
51 .8±2 .9 

53.8 
58±6 

75 
76 .0±6 .0 

PRESENT RESULTS WITH THOSE REPORTED 

Yield of CH3I(%) 

Hot 

18 .4±2.0 
16.5±2.0 
9 . 7 ± 2 . 0 

15 .3±2.0 
10 .5±2.0 

0 
0 
0 
0 

8 .7±6 .7 

1D2 

25 .0±2 .0 
9 . 5 ± 2 . 0 
5 .6±2 .0 
9 . 5 ± 2 . 0 
5 .6±2 .0 

21.2 
27.0 
40±7 

55 
35 .8±8 .0 

3P 

11.0±2.0 
16 .3±2 .0 
10 .3±2.0 
16 .5±2.0 
10 .3±2.0 

30.6 
25.4 
18±2a> 

20 
31 .5±2 .0 
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T? pfVri^rirp 
I v ^ l C I v^llV/^ 

3 
5 
5 
5 
5 

10 
10 
6 

11 
present work 

a) Assigned as the yield resulting from the reaction of I+ in the XS0 state. 

Xe, both being higher than that of CH 3 I . This im­
plies that Reaction 4 is unimportant . Loberg and Welch 
reported that the reaction to form CH3

1 2 5I+ is exother­
mic only with I+(1D2). 

Reaction 3 would not be important under the low 
electron density as in the present case. When samples 
which had been stored for more than 4 days after their 
preparation were exposed to a 60Co-source up to the 
total dose 6.6 X 105 R, more than 10% of CH3

1 2 5I still 
survived, even in the absence of an electron scavenger. 

The reaction sequences proposed by Schleiffer and 
Certout do not seem to be able to explain our results. 
Let us introduce the following reaction mechanisms: 

125I+ + CH4 -> (CH4
125I)+ (5) 

(CH4i25T)+ + CH4 -* CH3
125I + GH5+ (6) 

(CH4
125I)+ + e- -» CH4 + 125I (7) 

SF6, I2, or 0 2 + e- -> SF,-, I + I", or Oa" (8) 

According to the reaction sequences, CH3
1 2 5I is formed 

by Reactions 5 and 6. However, the formation will be 
interferred by Reaction 7. In the presence of SF6 , 0 2 , 
or I2, Reaction 8 occurs in competition with Reaction 
7. As a result the yield of CH3

1 2 5I would increase. 
As is shown in Table 1, no temperature effect was ob­

served within experimental error. CH3
1 2 5I will be pre­

dominantly produced by Reactions 5 and 6, and hot 
atom reactions. These reactions usually occur adiaba-
tically in a very short period. The energy required 
for the reactions is supplied by the excitation energy of 
1+ ions or the kinetic energy of recoils. This explains 
the fact that the yield is independent of temperature. 

In the reactions of 123I obtained from the decay of 
123Xe, Loberg and Welch stressed the importance of a 
molecular ion complex, AI+, where A can be any mol­
ecule involved in the system, for the formation of CH 3 -
123I, based on the observation that the yield increased 
with some additives such as Kr , Ar, and Ne.10) How­
ever, we have observed no such characteristic behavior of 
the yield. This suggests that the role of AI+ is much 
less important in the reactions of 125I as compared with 
those of 1 2 3I. 

Effects of Reactive Additives. When the additives 
CH3C1, C2H5C1, and C 2H 6 were added to the reaction 
system, the yield of CH3

1 2 5I decreased with an increase 

in the concentration of additives and continuously ap­
proached the values found in the absence of CH 4 , i.e., 
480 Torr of additive gas and 20 Torr of Xe (4 .9±0.8 
% for CH3C1, almost zero % for C2H5C1, and 2 . 4 ± 
0 .4% for C2H6) . 

The results indicate that the CH3
125I-yield resulting 

from the reaction with C H 4 can be suppressed by any 
of the additives. T h e ionization potentials (IP) of the 
reagents are 11.28±0.01 eV for CH3C1, 10.97±0.02 eV 
for C2H5C1, and 11 .65±0 .03eV for C2H6.20> Thus, 
the IP alone as a determining factor of the yield can 
not explain the efficient reduction of the yield by C2H6 , 
since the LP . of C 2H 6 is higher than that of 1+ state, 
11.34eV. Thus, an alternative reaction pathway for 
the reaction of 125I+ will be present, such as the one 
suggested by Loberg and Welch.10) 

12*I+(3P2) + C2H6 -> (C2H6i25i)+ ^ H i « I + C2H5+ (9) 

Similarly in the presence of CH3C1, Reaction 10 
would be important . 

125I+(3P2) + CH3C1 -> (CH3C1125I)+ -> 125IC1 + CH3+ 

(10) 

The addition of Br2 remarkably reduced the yield. 
However, when Br2 was added to the reaction system 
after the completion of the reactions (after more than 
4 days from the preparation of the sample), the yield 
was also reduced to less than 1.%. This is due to the 
fact that Br2 undergoes exchange with 125I in CH3

1 2 5I 
as follows: 

Br2 + GH3
125I -> CH3Br + 125IBr [11) 

Comparison of the Results. T h e present results as 
well as previous ones are summarized in Table 5. A 
general trend exists in the reactivities of excited iodine. 
Hot yields show a remarkable dependence on the initial 
kinetic energies possessed by the recoil iodines, decreas­
ing in the order (n,y) > ( I T ) > ( E C ) . T h e maximum 
kinetic energies imparted to the recoils are 194 eV for 
128I and 177 eV for 139I from the (n,y) process21) and 
15.6 eV for 125I from the (EC) process.13) From these 
values and experimental findings, the kinetic energy for 
i3oj from the (IT) process is assumed to be ca. 20 eV 
when CH3

1 3 0 mI is used as an iodine source. 
In contrast, the thermal ionic yield was the highest 

for 125I obtained from the (EC) process. I t can be 
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concluded that the population of the iodine ion in each 
excited state depends on the decay mode of precursors. 
We found that the population of 125I+(1D2) is slightly 
higher than that of 125I+ in the 3P states. This is in 
line with the results by Schleiffer and Certout12) and 
by Loberg and Welch10) in the presence of a macroscopic 
amount of I2. However, Schroth and Adloff6) and 
Schleiffer and Certout12) reported lower yields for 3P 
states than ours. This discrepancy may be due to the 
amount of I2 in the reaction system. In the former 
cases, they examined the system with saturated vapor 
pressure of I2 . We see from the results by Loberg and 
Welch10) that the presence of a macroscopic amount of 
I2 would protect 1+ in the 1 D 2 state. 

As regards the reactant-isotope-effect between CH 4 

and CD 4 , the present results, together with those re­
ported by Nicholas et Ö/.5) provide no positive evidence, 
indicating that the effect, if it exists at all, should be 
very small. In the reactions of 80Br obtained from 79Br-
(n,y)80Br process with methane the large reactivity-
isotope-effect was observed in the hot yields.18-22) 
However, it has been confirmed that the isotope effect 
is not present in the yield due to ionic processes.23,24) 
In the present system, over 8 0 % of CH3

1 2 5I is formed 
by the reaction of 1+ in the excited states. Thus, the 
expected isotope effect in hot reactions might have been 
overlooked because of large fluctuations in experimental 
conditions. 
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Methanol and the Water-Ethanol Mixed Solvents 
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The kinetics of the iodine-formate reaction gives an identical rate equation in several water-alcohol mixed 
solvents: rate = £[HCOO-] [I8-]/(a[I-] + 1). The values of k/M'1 s"1 and lO"3 a/M'1 are 5.5 and 16 in ethanol 
at 35 °C, 3.6 and 12 in methanol at 30 °C, and 0.06 and 0.7 in water at 30 °G, respectively. The values of a are 
comparable to the formation constants of I3

_ in the water-alcohol mixtures. The rate-determining step is the 
reaction between an iodine molecule and a formate ion. The activation parameters, AH*/kJ mol - 1 and AS*/J K _ 1 

mol-1, are 71 and —1 in the 0.95 mole fraction of methanol, 60 and —32 in the 0.92 mole fraction of ethanol, and 
75 and —20 in water, respectively. The entropy term contributes to the acceleration by alcohol in the water-
methanol mixtures, whereas both the entropy term and the enthalpy term contribute to the acceleration in the 
water-ethanol mixtures. These effects of the mixed solvents suggest that the specific interactions of the solvent 
molecule with the reactants and the activated complex, such as a specific solvation or a hydrogen bond, play an 
important role in the rate-determining step. 

The iodine-formate reaction 1 is remarkably acceler­
ated by the addition of dimetyl sulfoxide (DMSO) to 
water:1) 

I3- + HCOO- • 31- + H+ + C 0 2 (1) 

According to the electron-transfer theory,2) changes in 
dielectric properties are expected to affect the reorgani­
zation of a solvent molecule around the reactants and 
the activated complex. The water-alcohol solvent mix­
tures exhibit pronounced structural and dielectric 
changes at different component ratios.3) In the present 
paper, we will deal with the kinetics of Reaction 1 and 
will determine the activation parameters in the wa te r -
methanol and water-ethanol mixed solvents. T h e 
dependence of the rate and the activation parameters on 
the changes in such bulk properties as the dielectric 
property will be discussed quantitatively. The changes 
in the microscopic properties around the reactants and 
the activated complex, such as the specific solvation or 
the hydrogen bond, play an important role in the rate-
determining step in Reaction 1. 

Exper imenta l 

Reagents. The iodine, potassium iodide, sodium formate, 
methanol, and ethanol were obtained commercially. The 
ethanol was of Wako's super special grade, while the other 
substances were of a guaranteed grade. The iodine was puri­
fied by sublimation, and the solutions were prepared by dis­
solving the iodine in the potassium iodide solution in each 
measurement. The potassium iodide and sodium formate 
were dried at 120 °G overnight. The sodium Perchlorate 
was obtained from BDH Chemicals, Ltd. It was recrystal-
lized from water and used as a control of the ionic strength 
of the solutions. The pH of the aqueous solution was control­
led using a phosphate buffer. In the water-alcohol mixed 
solvents, the pH and ionic strength of the solution were un­
controlled. 

Measurements. The reaction was followed by measur­
ing the absorbance at 350 nm at different times, using a 
Hitachi 101 spectrophotometer with quartz cells in a thermo-
stated holder. When high iodide concentrations are employ­
ed, the iodine is completely converted into the triiodide ion. 
The ion is the only species which absorbs appreciably at 
350 nm. Independent experiments showed that Beer's law 
was obeyed in water-alcohol mixed solvents. The reaction 

was also followed by measuring the concentration of total 
iodine in the aqueous solution by iodometry. Both methods 
give the same rate constant. 

When mixtures of iodine and potassium iodide in several 
mixed solvents were left standing for 25 h, the absorbance 
of the solutions changed slightly (below 5%). The change 
was neglected compared with the rate of the reaction of iodine 
with formate. Irradiation with light of 350 nm had no effect 
on the rate. 

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

Kinetics and the Mechanism. The rate depended on 
the concentrations of iodine, iodide, and formate, and 
in the aqueous solution it was independent of the p H 
at 4—9 and of the ionic strength below 0.6 M, as is 
shown in Table 1. 

In all the kinetic runs, the initial concentrations of 
iodide and of formate were chosen to be much greater 
than the initial total iodine concentration. Under these 
conditions, the reaction was found to be a first-order 
reaction of the triiodide ion. T h e apparent first-order 
rate constant, kapp, is proportional to the formate 
concentration (Fig. 1). Figure 2 shows that the plot 
of Ilk' vs. [ I - ] , where * '=A; a p p / [HCOO-] , gives a 
straight line with an intercept. Thus, the following rate 
law describes the kinetics in the present solvents: 

Rate = -d[ I , - ] /df = A[Is-][HCOO-]/(*[I-] + 1). (2) 

Table 2 shows the kinetic parameters, k and a, in the 
various solvents. 

TABLE 1. T H E EFFECTS OF THE pH AND THE IONIC 

STRENGTH ON THE RATE IN AN AQUEOUS SOLUTION 

AT 30°C 

pH 103*a p p /s- i 

8.8 2.1 
7.5 2.0 
6.7 2.2 
5.9 1.9 
5.7 2.1 
[HCOONa]/M = 0.39 
[KI]/M = 0.015 

h 
0.035 
0.055 
0.085 
0.12 
0.32 
0.62 

lOUapp/s"1 

0.77 
0.81 
0.85 
0.84 
0.74 
0.81 

[HGOONa]/M = 0.02 
[KI]/M = = 0.02 
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TABLE 2. T H E KINETIC PARAMETERS IN VARIOUS SOLVENTS 

Solvent k/M- \0~3a/M- \0~3Kf/M- t/°C 

EtOH(0.98) 
EtOH-H2O(0.24) 
H2O(0.00) 
H2O(0.00) 
MeOH-H2O(0.31) 
MeOH(0.99) 

5 . 5 ± 0 . 1 
1.1±0.6 

O.llr tO.01 
0 .06±0.02 
0 .37±0.08 

3 . 6 ± 1 . 0 

16±1 
7 ± 4 

0 .57±0.03 
0 . 7 ± 0 . 2 
2 . 3 ± 0 . 4 

12±3 

17 
7.6 
0.59 
0.66 
2.7 

11 

35 
30 
35 
30 
30 
30 

( ) : mole fraction of alcohol. 

103 [HGOONa]/M 
20 40 

The rate equation is derived from the following 
mechanism:1) 

0 10 20 

103 [HCOONa]/M 

Fig. 1. Dependence of the apparent first-order rate 
constant on the formate concentration in various sol­
vents: a. EtOH, b. MeOH, c. EtOH-H aO, d. 
MeOH-H 2 0 , e. H 2 0 . 

103 [KI]/M 
20 40 

103 [KI]/M 

Fig. 2. Dependence of £'(=£ a p p /[HCOO-]) on the 
iodide concentration in various solvents: a. EtOH, 
b. MeOH, c. E tOH-H 3 0 ? d. MeOH-HgO, e. H aO. 

L -

I2 + HCOO-

I2 + !" 

Products. 

(3) 

(4) 

When kA, k3+, and k3- are the rate constants of the re­
spective reactions, 

- d p j / d * = * 4 [ IJ [HCOO-] - A,+[IS-] + * ,_[IJ[ I - ] , (5) 

-d[ I , - ] /d* = -t3+[I3-] - V [ I 2 ] [ I - ] 

= d[I2]/df + A4[Ia] [HCOO-]. (6) 

Assuming that Reaction 4 is slow and Reaction 3 is 
in pseudo-equilibrium, 

[IJ = [ I . - ] / (^ [ I - ] ) , (7) 

where Kt is the formation constant of I3~. 

d P J = 1 / d [ I , - ] [I3-] d[I-] 
d̂  X f[I-] V dt [I-] dt 

--KfiFi—àT> (8) 

because [ I 8 - ] / [ I - ] < l and | d [ I - ] / d « | < |3d[I 8-] /df | . 
When Eqs. 7 and 8 are substituted into Eq. 6, 

-d[I3-] /d* = A4[I,-] [HCOO-]/(iCf[I-] + 1). (9) 

Thus, the experimental kinetic parameters, k and a, 
equal A:4 and Kt respectively. The fourth column in 
Table 2 shows the Kî values obtained by the spectro-
photometric method.4) T h e finding that K{ is compa­
rable to a supports the mechanism proposed in the pre­
sent study. The mechanism involving the iodine 
atom5-6) is eliminated because the rate must be pro­
portional to the root of the iodine concentration in the 
mechanism. The effects of the p H and the water 
content of the solvent on the rate eliminate the mecha­
nism involving hypoiodous acid.7) The fact that the 
rate was independent of the ionic strength of the solu­
tion indicates that the rate-determining step involves 
a non-ionic species8-12) and supports the mechanism 
proposed in the present study. 

T h e slow step involves an iodine attack on the formate 
anion, although one can only speculate about the nature 
of the following intermediate. Hiller and Krueger1) 
proposed a rate-determining step involving a transfer of 
a hydride ion from carbon to iodine, as is shown in Eq. 
10, because D C O O - has a considerable effect on the 
rate ( £ ( H C O O - ) / £ ( D C O O - ) = 3 . 8 in water and 2.2 
in D M S O ) . 

I2 + HCOO- • I8H- + G0 2 (slow), (10) 
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I2H- > 21- + H + (fast). (11) 

In order to estimate the srtucture of the activated 
complex, the MO's energy and the formal charge for 
H C O O - were calculated by means of the C N D O 
method. The calculation indicated that the energy 
level of the highest occupied orbital of H C O O - (—2.26 
eV) is higher than that of the lowest vacant orbital 
in I2 ( —7.0eV13>). I t seems that the iodine molecule 
is an electrophilic reagent in the reaction with the 
formate ion.14) The formal charge and the frontier 
electron density15) of H C O O - shown in Table 3 suggest 

TABLE 3. THE FORMAL CHARGE AND THE FRONTIER 

ELECTRON DENSITY IN THE H C O O - ION 

Atom Formal 
charge 

Frontier 
electron density 

H 
C 
O 

+ 0.20 
-0 .27 
-0 .47 

0.0 
0.0 
1.0 

that an iodine molecule attacks the O-atom in H C O O - . 
The kinetic isotope data1) suggest that the H - C bond 
is loosened or severed by the attack of the iodine mol­
ecule. Thus, the activated complex may be proposed 
to be 1, in which the C - H bond is greater than those 
in a formate ion. 

H - C < >I2 

Table 2 shows that the rate in alcohol is much faster 
than that in water. The dependence of the rate on 
the solvents is, clearly, not caused by the change in 
the mechanism in the water-alcohol mixed solvents. 

The Activation Parameters in the Mixed Solvents. 
The apparent first-order rate constants were determined 
at various temperatures in mixed solvents of various 
alcohol contents. The rate constant, k, was calculated 

using the formation constant of the triiodide ion, Kf, 
which was determined by the spectrophotometric 
method.4) Table 4 shows the values of k, AH*, AS*, 
and the relative thermodynamic functions of activation, 
A{AH*) and A(-TAS*). The small maximum in 
AH* appears near the 0.1 mole fraction of methanol, 
and the entropy term contributes to the acceleration by 
alcohol in the water-methanol system, whereas the 
maximum in AH* disappears and both the entropy 
term and the enthalpy term contribute to the accelera­
tion in the water-ethanol system. 

For the reaction between an ion and a neutral mol­
ecule, the rate constant is given by Eq. 12:16) 

\nk = lnk0+ (AztpRTeJir-i-r*-1), ;i2) 

where A = NAe2/4:7zeQ. In Eq. 12, £r is a relative per­
mittivity; r and r*, the respective radii of the ion and 
the activated complex; z, a charge of the ion, and the 
others, the usual constants. Since r*>r, the rate 
constant increases with a decrease in the permittivity 
of the solution. When r and r* are independent of the 
temperature of reaction, the activation energy is given 
by : 

E, = E0- (4BV2)( r -*- r # - i ) ( l -*D/er , (13) 

where b is given by e r = c e x p ( — bT) and where £ 0 = 
—i?d(lnk 0 ) ld( l /T) . When b is calculated by means of 
the data of Albright and Gosting17) and Akerlöf,18) 
(1—bT)jeT is negative and decreases with an increase in 
the alcohol contents. Thus, Eq. 13 indicates that E& 

increases with an increase in the alcohol content. This 
prediction does not agree with the present results. 

T h e changes in the solvation properties also have an 
important influence on the rate. Laidler and Eyring19) 
and Scatchard20) recognized the possible importance of 
specific solvation as a determining factor in the behavior 
of the rate constant. Hyne21) ascribed the appearance 
of the maximum or the minimum in an activation 
energy to a specific solvation. According to him, the 
maximum appears as a result of the specific solvation 

Mole fraction 
of alcohol 

MeOH 
0.00 
0.10 
0.15 
0.22 
0.28 
0.47 
0.95 

EtOH 
0.05 
0.10 
0.17 
0.30 
0.52 
0.92 

TABLE 4. 

40 °C 

0.19 
0.27 
0.39 
0.61 
0.89 
2.5 
8.0 

0.31 
0.76 
1.8 
5.2 
9.4 

18 

THE VALUES OF THE 

k/M-

30 °C 

0.068 
0.094 
0.14 
0.22 
0.33 
0.95 
3.2 

0.11 
0.28 
0.72 
2.0 
3.8 
7.8 

i s - i 

20 °C 

0.024 
0.031 
0.045 
0.075 
0.11 
0.33 
1.2 

0.040 
0.10 
0.26 
0.73 
1.6 
3.4 

R A T E CONSTANT AND T H E 

~KTC 

0.008 
0.009 
0.014 
0.024 
0.037 
0.11 
0.40 

0.013 
0.034 
0.086 
0.26 
0.64 
1.4 

AH* 
kj mol-1 

75±1 
80±1 
80±1 
77±1 
76±1 
75±1 
71±1 

75±1 
74±0 
73±1 
72±1 
63±1 
60±1 

ACTIVATION 

AS* 
J K-1 mol-

- 2 0 ± 1 
- 1 ± 1 
+ 1±1 
- 3 ± 1 
- 5 ± 1 

+ 1±1 
- 1 ± 0 

- 1 5 ± 3 
- 1 2 ± 1 

- 8 ± 2 
- 4 ± 3 

- 2 5 ± 4 
- 3 2 ± 3 

PARAMETERS 

A(AH*)*) 
1 kj mol"1 

— 

+ 5 
+ 5 
+ 2 
+ 1 

0 
- 4 

0 
- 1 
- 2 
- 3 

- 1 2 
- 1 5 

A ( - T A S * ) b ) 

kj mol"1 

— 

- 6 
- 6 
- 5 
- 5 
- 6 
- 6 

- 2 
- 2 
- 4 
- 5 
+ 2 
+ 4 

a) A{AH*)=AH*-AH*{in HaO). b) A ( - TAS*) = - TAS* + TAS*(in HaO). 
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when the reactant is an ionic species and when the 
transition state is a "dipole," which means also a 
charge-delocalized species. In the transition state, 1, 
the negative charge must undergo derea l iza t ion pre­
liminary to the electron transfer. A consideration of 
the transition state, 1, as a "dipole" seems, therefore, 
a valid approximation. Then, the appearance of a 
maximum in A / / # can be expected. The small maxi­
m u m in AH* is possibly to be ascribed to the specific 
solvation in the water-methanol system. Though the 
relative permittivity suggests a larger maximum in the 
water-ethanol system than that in the water-methanol 
system,21) the experimental results indicate that the 
maximum disappears in the former system. 

Water forms a strong hydrogen bond to the O-atom 
in H C O O ~ and interferes with the approach of the 
iodine molecule to the ion. Since alcohol has a weak 
hydrogen-bonding property, the rate may be faster in 
alcohol than in water. Though D M S O has a greater 
permittivity than alcohols, it does not form a hydrogen 
bond, so the rate constant in D M S O is the largest among 
them.1) 

Hiller and Krueger observed that the ion-pairing of 
formate lowers the rate.1) Since the ion-pair association 
constant increases with a decrease in the permittivity 
of a solvent, the ion-pairing effect lowers the rate with 
an increase in the alcohol content. This is not consistent 
with the present results. 

Thus, the specific interactions of the solvent molecule 
with the reactants and the activated complex, such as 
the specific solvation or the hydrogen bond, possibly 
play an important role in the rate-determining step of 
Reaction 1. 
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Crystal and Molecular Structure of a Chelating Ylide Complex of 
Palladium : [(Benzoylmethylene)diphenyl-2-(diphenylphosphino)-

ethylphosphorane]dichloropalladium(II) Toluene Solvate 
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a n d Y u k i y o s h i S A S A K I * 
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The crystal structure of the title compound was solved by single-crystal X-ray diffraction techniques. Crystals 
are monoclinic, space group V2^jc, with cell dimensions a = 13.39(5), b= 16.88(1), c= 19.85(6) Â, ß= 123.54(1)°, 
Z = 4 . The final R was 0.065. The ylide ligand coordinates to pal ladium through the ylide carbon P d - C , 
2.115(15) Â andphosph ine phosphorus P d - P , 2.230(8)Â forming a six-membered chelate riner. The chelating 
ligand together with two chlorine atoms forms a square-planar geometry around the pal ladium. T h e Pd-Gl 
distances are discussed in terms of trans-inRuence of the ylide carbon. 

W e h a v e r e p o r t e d syntheses of c h e l a t i n g y l ide l i gands 
de r ived f rom l , 2 - b i s ( d i p h e n y l p h o s p h i n o ) e t h a n e a n d bis-
( d i p h e n y l p h o s p h i n o ) m e t h a n e a n d the i r p a l l a d i u m ( I I ) 
a n d p l a t i n u m ( I I ) complexes . 1_4> T h e c o o r d i n a t i o n of 
t h e y l ide c a r b o n to t h e m e t a l h a s b e e n infer red f rom 
inf rared , X H a n d 3 1 P N M R spec t ra . 4 ) T h e p r e s e n t X -
r a y s t r u c t u r e d e t e r m i n a t i o n of o n e of t h e y l ide c o m ­
plexes, [ ( b e n z o y l m e t h y l e n e ) d i p h e n y l - 2 - ( d i p h e n y l p h o s -
p h i n o ) e t h y l p h o s p h o r a n e ] d i c h l o r o p a l l a d i u m ( I I ) ( fo rmu­
l a t ed as [ P d C l 2 ( b d e p ) ] t in this p a p e r ) , h a s con f i rmed 
t h a t t h e y l ide c a r b o n a n d p h o s p h i n e p h o s p h o r u s c o o r d i ­
n a t e to p a l l a d i u m . T h i s p a p e r descr ibes t h e de ta i l s of 
the X - r a y s tudy , t h e p r e l i m i n a r y resul ts of w h i c h h a v e 
b e e n pub l i shed . 5 ) 

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

The chelating ylide ligand and its complex, [PdCl 2 (bdep)] , 
were prepared as described in an earlier report.4) 

Preparation of the Crystal. [PdCl2(bdep)j (0.1 g) was 
dissolved in nitromethane (7 ml) , and toluene (15 ml) was 
added to the solution. T h e solution was kept at 20 °C for 
three days. Yellow crystals were filtered, washed with diethyl 
ether, and dried in vacuo. A XH N M R spectrum and elemental 
analyses indicated that the crystals contained a toluene mole­
cule per palladium atom as a crystallization solvent. A 
single crystal with dimensions ca. 0.25 X 0.25 X 0.10 m m was 
used for measurement of diffraction intensities. 
Crystal Data. C 3 4 H 3 0 Cl 2 P 2 Pd-C 7 H 8 ,M= 786.0, monocli­

nic, 0=13.39(5) , 6=16.88(1) , c= 19.85(6) A, £=123 .54(1 )° , 
F = 3 7 4 0 A 3 , Z = 4 , Dm=\A2 and £> x =1.40 g/cm3, ^ /=7.47 
c m - 1 (Mo-ifa). Space group V2fc from systematic absences,, 
mi, l=2n+\ and 0A0, k=2n+l. 

Intensity da ta were recorded on a Rigaku automated 
four-circle diffractometer, by use of graphite-monochromatized 
Mo-Kx radiation. By the co —20 scan technique, diffraction 
intensities were measured up to 2 0 = 5 5 ° and 2652 independent 
reflections (\F0 |>3<r) were used for the structure analysis. 
Intensities were corrected for Lorentz and polarization effects 
but not for absorption and extinction. 

Determination of the Structure. T h e position of the pal­
ladium atom was deduced from a three-dimensional Patterson 
map, and the positions of non-hydrogen atoms including 
carbon atoms of toluene were determined by the usual heavy-

t bdep = C 6 H 5 - C - G - H - P + - ( C H 2 ) 2 - P - ( C 6 H 5 ) 2 

O (G6H5)3 

atom method. T h e structure was refined by block-diagonal 
least-squares, first with isotropic and then with anisotropic 
temperature factors. Of the 38 hydrogen atoms, 23 atoms 
were located from a difference Fourier m a p , and were refined 
with isotropic temperature factors. After inclusion of the rest 
of the hydrogen atoms whose positions were obtained by 
calculation, the final R value was reduced to 0.065. 

Atomic scattering factors were taken from ref. 6. A weight­
ing scheme adopted was a; = 1 . 0 for | F 0 | > 3 6 . 1 9 on an 
absolute scale and <» = 0.5 otherwise was employed. T h e 
calculation was performed on a H I T A C 8800/8700 computer 
at the Computer Center of the University of Tokyo using 
a local version of U N I C S programs.7)** 

Final positional and thermal parameters are given in Table 
1, with their estimated s tandard deviations. 

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

Molecular Structure. F i n a l pos i t i ona l a n d t h e r m a l 
p a r a m e t e r s a r e g iven in T a b l e 1, w i t h t h e i r e s t i m a t e d 
s t a n d a r d d e v i a t i o n s . T h e m o l e c u l a r s t r u c t u r e w i t h t h e 
n u m b e r i n g s c h e m e of a t o m s a n d a s t e r eov iew a r e 

Fig. 1. Molecular structure of [PdCl2(bdep)] and 
number ing scheme of non-hydrogen atoms. 

Observed and calculated structure factors are held by 
the office of the Chemical Society of J a p a n as Docu­
ment No. 7710. 
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T A B L E la . F INAL ATOMIC COORDINATES (XlO 4 ) AND ANISOTROPIC THERMAL PARAMETERS (XlO3) OF THE 

NON-HYDROGEN ATOMS WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

T h e C/ij's are defined by 

exp [-2n2 (h2a*2Un + k2b*2U22 + l2c*2U33 + 2hka*b*U12 + 2hla*c*U13 + 2klb*c*Um\. 

Pd 
Gl(l) 
Cl(2) 
P(l) 
P(2) 
O 
G(l) 
C(2) 

G(3) 
G(4) 
C(5) 
G(6) 

G(7) 
G(8) 

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

G (14) 
G(15) 
C(16) 
C(17) 

C(18) 
G(19) 
C(20) 
G(21) 
G (22) 
G(23) 
G (24) 

G(25) 
G (26) 
C(27) 
G (28) 
G (29) 
C(30) 
G(31) 

G (32) 
G(33) 
G (34) 
C(35) 
G (36) 
C(37) 
G (38) 
C(39) 
C(40) 
G(41) 

X 

839 ( 1) 
-922( 4) 
1898( 4) 
-183( 3) 
2473( 3) 
1332( 8) 
-99(12) 
1129(12) 

2305(12) 
583(12) 

-1415(12) 
-2006(14) 
-2982(16) 
-3256(14) 
-2690(15) 
-1732(13) 
-450(12) 
-1422(18) 
-1641(23) 

-946(16) 
-15(18) 
231(18) 
2952(13) 
2230(15) 
2619(16) 
3657(17) 
4423(17) 
4001(14) 
3774(11) 
4590(13) 
5581(14) 
5735(15) 
4868(17) 
3932(15) 
404(14) 

-618(16) 
-807(17) 
111(17) 
1118(18) 
1277(15) 

5084(22) 
4171(23) 

3455(22) 
3628(22) 

4574(22) 
5395(25) 
5948(32) 

y 

1247( 1) 
493 ( 2) 
582 ( 2) 
2784 ( 2) 
1994( 2) 
1798( 5) 
1723 ( 7) 

3288 ( 7) 
2865 ( 8) 
1411( 7) 
3104( 7) 
2589( 9) 
2882(11) 
3670(11) 

4177( 9) 
3895( 8) 
3121 ( 8) 
2816(13) 
3012(15) 

3553(11) 
3879(12) 
3669(11) 
2467( 8) 

2452( 9) 
2855(11) 

3255(10) 
3271(11) 

2876(10) 
1491 ( 7) 
1133(10) 

730(10) 
620(11) 
932(12) 
1365(11) 
555 ( 8) 
129( 9) 

-641 ( 9) 

-978 ( 9) 
-584(10) 
210( 9) 

4176(18) 
4700(15) 
4571(15) 
3924(15) 

3450(16) 
3454(17) 
4254(29) 

z 

3111 ( 1) 
2698( 2) 
4352 ( 2) 
1875 ( 2) 
3603 ( 2) 
1568( 6) 
1929 ( 7) 
2694( 8) 
2995( 8) 
1597( 8) 
1919( 8) 

2135(10) 
2183(11) 
2045(10) 
1814( 9) 

1787 ( 8) 
924 ( 8) 
243(10) 

-538(12) 
-575(11) 
101(12) 
877(10) 

4581( 8) 
4874 ( 8) 
5596(10) 
5975( 9) 

5711(10) 
4978( 9) 
3767 ( 8) 
4499( 8) 
4644( 9) 
4007(10) 
3259(10) 
3123 ( 9) 

1312( 7) 
1108( 9) 
776(10) 
729(10) 
947(10) 
1231( 9) 
3657(17) 
3228(17) 
2401(17) 
2001(17) 
2576(17) 

3445(20) 
4519(21) 

utl 
51 ( 1) 
74 ( 3) 
71 ( 3) 
47 ( 2) 
51 ( 2) 
56 ( 7) 
65(10) 
58(10) 
44 ( 9) 
60 ( 9) 
51 ( 9) 
63(11) 
83(13) 
73(11) 
83(13) 

67(10) 
49 ( 9) 
114(17) 
170(24) 
98(14) 
124(16) 

143(17) 
65(11) 

91(12) 
100(14) 
125(16) 
101(15) 

71(12) 
37 ( 8) 
64(10) 
63(12) 
79(14) 
101(14) 

92(13) 
79(12) 
105(14) 
130(17) 
122(16) 
120(17) 
73(12) 
116(21) 
158(24) 
145(23) 
141(21) 
135(20) 
186 (27) 
192(35) 

un 
32 ( 0) 
40 ( 2) 
46 ( 2) 
33 ( 2) 
36 ( 2) 
43 ( 6) 

23 ( 7) 
29 ( 7) 
44 ( 8) 
35 ( 8) 
28 ( 7) 
66(11) 
82(13) 
78(12) 
59(10) 
34 ( 9) 

52 ( 9) 
146(20) 
167(24) 

84(14) 
106(16) 
67(12) 
49 ( 9) 
55 ( 9) 
98(14) 

79(12) 
86(13) 

70(11) 
36 ( 8) 
68(11) 

77(12) 
106(15) 
138(18) 
89(13) 

47 ( 9) 
49(10) 
55(11) 
53(10) 
63(12) 
60(10) 
228(33) 

109(19) 
131(21) 
122(21) 
196(29) 
173(28) 
467(73) 

^33 

43 ( 1) 
66 ( 3) 
55 ( 2) 
43 ( 2) 

42 ( 2) 
60 ( 6) 
35 ( 8) 

52( 9) 
41 ( 8) 
49 ( 8) 
49 ( 8) 
78(12) 
101(14) 
89(12) 
67(11) 

62 ( 9) 
54 ( 9) 
47(11) 
68(14) 
88(13) 
131(16) 
90(13) 
32 ( 8) 
46 ( 9) 
62(11) 
29 ( 9) 
51(11) 

54(10) 
51 ( 9) 
56(9) 
68(11) 
84(13) 
73(12) 

69(11) 
24 ( 7) 
91(10) 
66(11) 

69(11) 
74(12) 
68(11) 
188(26) 

232(29) 
243(30) 
236(28) 
212(26) 

295(37) 
194(33) 

Un 

0( 1) 
-11( 2) 
16 ( 2) 

2( 2) 
2( 2) 
3( 5) 
12 ( 7) 

-7( 7) 
6( 7) 

-3( 7) 
-4( 7) 
0( 9) 

2(H) 
6(11) 
24 ( 9) 

-9( 7) 
19( 8) 

-38(15) 
-48(20) 

29(11) 
-2(14) 
-3(13) 
3( 8) 

3(9) 
28(12) 
11(11) 

-14(11) 

-15(10) 
2( 6) 
3(10) 
17(10) 
36(12) 
72(13) 

44(12) 
2( 8) 

-13(10) 
-20(11) 
11(10) 
12(11) 
12( 9) 

-97(21) 
-69(18) 
-40(18) 
-14(17) 

-33(19) 
-35(22) 
-159(41) 

uu 
33 ( 0) 
51 ( 2) 
41 ( 2) 

30 ( 2) 
30 ( 2) 
36 ( 6) 

30 ( 8) 
28 ( 8) 

24 ( 7) 
35 ( 8) 
35 ( 8) 
52(10) 
61(12) 
56(10) 
48(10) 
43 ( 8) 
33 ( 8) 

35(12) 
52(16) 

59(12) 
103(14) 
84(13) 
23 ( 8) 

46 ( 9) 
56(11) 

31(10) 
26(11) 

25(10) 

23 ( 7) 
33 ( 9) 

40(10) 
57(12) 
65(12) 
59(10) 
25(8) 
40(10) 
59(12) 
59(12) 
55(12) 
35(10) 
83(20) 
127(24) 
144(24) 

141(22) 
144(21) 
193(29) 
66(28) 

u23 
3( 1) 

-3( 2) 
41 ( 2) 

5( 2) 

1( 2) 
1( 5) 
4( 6) 

-12( 7) 
17( 7) 

0( 7) 
-3(6) 

-1( 9) 
-9(12) 
-7(11) 

2( 9) 
-3( 7) 
17(8) 
17(12) 
6(16) 

28(11) 
30(14) 

0(12) 
-7( 7) 

1( 8) 
10(11) 
2(9) 

-26(10) 
-20( 9) 

8( 6) 
-3( 9) 

10(10) 
9(11) 
31(12) 
11(11) 
3( 7) 

-7( 8) 
-8(9) 
-6( 9) 
2(10) 

-11( 9) 
-2(23) 

-38(20) 

9(21) 
10(20) 

-11(22) 
-65(26) 
31(39) 



July, 1977] Crystal and Molecular Structure of a Chelating Ylide Complex of Palladium 1773 

TABLE lb. FINAL ATOMIC COORDINATES (xlO3) AND 

ISOTROPIC T H E R M A L PARAMETERS OF T H E H Y D R O G E N 

ATOMS W I T H T H E I R ESTIMATED STANDARD 

DEVIATIONS IN PARENTHESES 

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

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

H(9) 
H(10) 

H(12) 
H(13) 

H(14) 
H(15) 
H(16) 

H(18) 
H(19) 
H(20) 
H(22) 
H (24) 
H(26) 

H(27) 
H(30) 
H(32) 

H(34) 

X 

109(9) 
115(9) 
306(8) 
223(10) 

-176(10) 
-402(11) 
-279(9) 
-121(10) 
-195(14) 
-217(15) 
-131(13) 

59(10) 
81(11) 
137(10) 
207(12) 
396(11) 
460(10) 
466(9) 
639(9) 
509(14) 

-134(11) 

-5(13) 

219(11) 

y 

378(7) 
323 (6) 
314(6) 
285(7) 
204(7) 
401 (8) 
483 (6) 
424(6) 
230(10) 
262(11) 
365(10) 
429(7) 
400(8) 
210(7) 
281(8) 

345(7) 
274(7) 
130(7) 
18(6) 
62(9) 
38(8) 

-162(6) 
57(7) 

z 

269(6) 
321(6) 
330(6) 
253(7) 
227 (6) 
205(7) 
185(6) 
159(6) 
15(9) 

-94(10) 
-121(9) 

14(7) 
134(7) 
455 (7) 
580(8) 

656(7) 
484(6) 
494 (6) 
410(6) 
293(9) 
99(7) 

78(9) 
150(7) 

B (A») 

2.8(27) 
1.8(26) 
0.4(22) 
3.4(31) 
2.4(28) 
5.0(37) 
1.9(27) 
2.4(28) 
8.2(49) 
10.0(56) 
8.0(44) 

2.6(30) 
4.9(37) 
2.9(30) 
5.4(38) 
3.8(34) 
2.4(28) 
2.5(26) 
1.8(27) 
8.3(49) 
4.3(34) 

6.9(43) 

3.7(32) 

illustrated in Figs. 1 and 2, respectively. Bond lengths 
and bond angles are listed in Tables 2 and 3. The 
results show that [PdCl2(bdep)] is an ylide complex in 
which the ylide carbon coordinates to palladium with 
Pd-G bond length of 2.115(15) A. This value is 
slightly larger than the metal-ylide carbon bond lengths 
(1.91—2.10 A) determined by X-ray diffraction for 
some other ylide complexes.8_1°) Although the ylide 

methine hydrogen atom could not be located, the bond 
angles around the ylide carbon Z P d - C ( l ) - P ( l ) (115.1 
(6)°), Z P d - C ( l ) - C ( 4 ) (102.9(9)°), and Z P ( 1 ) - C ( 1 ) -
G(4) (111.2(12)°), suggest that the G( l ) carbon orbital 
is nearly sp3 hybrid. This provides another example 
of the conversion of sp2 hybridized ylide carbon to sp3 

state on coordination to the metal.8 '11) T h e phosphine 
P also is coordinated to palladium with the Pd-P(2) 
bond length of 2.230(8) A, and a six-membered chelate 
ring is formed. The five atoms, Pd, C ( l ) , P(2), C l ( l ) , 
and Gl(2), are approximately coplanar and the coordi­
nation around the palladium has square-planar geom­
etry with the angles, Z C ( l ) - P d - P ( 2 ) (86.2(1)°), 
Z G ( 1 ) - P d - C l ( l ) (87.3(4)°), z C l ( l ) - P d - C l ( 2 ) (90.8 
(1)°), and ZCl (2 ) -Pd-P(2 ) (96.2(4)°). 

The bond lengths of the ylide system in the present 
complexes, P ( l ) - G ( l ) (1.795(12) A), G ( 4 ) - 0 (1.225(21) 
A, and G(4) -G( l ) (1.486(27) A) , indicate that the 
complex presumably takes the betaine structure (I) in 
contrast with the significant contribution of the betaine 
structure (II) in the free ligand which can be inferred 
from the lower v(GO) frequency in an infrared spec­
trum.4) The X-ray structure determination of a benzoyl 
stabilized ylide, benzoylchlorotriphenylphosphorane, has 
shown that the main contribution in the bonding is 
the betaine structure (II).12) 

H O 
I II 

P+_C-C-C 6 H 5 

I 
Pd-

(I) 

H O -

P+-C = C-CfiHfi 

(II) 

I t seems significant to compare the properties of 
ylides as ligands with those of phosphines, because both 
ylides (C ligands) and phosphines (P ligands) coordi­
nate to the metal in similar fashion formally. Bdep 
which has both ylide and phosphine parts in a molecule 
appears to be a suitable ligand for the comparison of 
such properties as trans-influence (or -effect) simulta-

TABLE 2. BOND LENGTHST(//A) WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Pd-C(l) 
Pd-P(2) 
Pd-Cl(l) 

Pd-Cl(2) 
P(l)-C(l) 

P(l)-G(2) 
P(l)-C(5) 
P(l)-C(ll) 
P(2)-C(3) 

P(2)-C(17) 
P(2)-C(23) 
C(l)-C(4) 

C(2)-C(3) 
C(4)-C(29) 
C(4)-0 
C(5)-C(6) 

G(6)-G(7) 
C(7)-C(8) 
C(8)-C(9) 

2.115(15) 
2.230(8) 
2.390(8) 
2.340(9) 
1.795(12) 
1.816(14) 

1.783(19) 
1.808(19) 
1.836(15) 
1.856(17) 
1.797(17) 
1.486(27) 

1.519(22) 
1.522(19) 
1.225(21) 
1.394(26) 

1.448(32) 
1.367(25) 
1.380(30) 

C(9)-C(10) 
C(10)-C(5) 
C(ll)-C(12) 
C(12)-C(13) 

C(13)-C(14) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(ll) 

C(17)-C(18) 
G(18)-G(19) 
C(19)-C(20) 
G (20)-C (21) 

C(21)-C(22) 
C(22)-C(17) 
G(23)-C(24) 
G(24)-C(25) 

G(25)-C(26) 
G(26)-C(27) 
C(27)-C(28) 

1.397(29) 
1.382(18) 
1.358(20) 
1.447(35) 
1.337(38) 
1.345(23) 
1.430(34) 
1.337(29) 
1.377(31) 
1.401(25) 
1.341(27) 
1.386(37) 
1.406(25) 

1.359(22) 
1.384(18) 
1.373(27) 

1.402(33) 

1.388(22) 
1.343(30) 

G(28)-G(23) 
G (29)-G (30) 
C(30)-C(31) 
C(31)-C(32) 
C(32)-C(33) 

G(33)-G(34) 

G (34)-G (29) 
G(35)-G(36) 
C(36)-G(37) 

G(37)-G(38) 
G(38)-G(39) 
G (39)-G (40) 
G (40)-G (35) 
C(41)-C(35) 

H(2)-G(2) 
H(3)-C(2) 
H(4)-G(3) 
H(5)-C(3) 

1.424(29) 
1.393(26) 
1.415(22) 
1.403(34) 
1.343(30) 
1.423(23) 
1.391(29) 
1.361(35) 
1.387(40) 
1.442(45) 
1.396(32) 
1.445(41) 
1.425(47) 
1.447(40) 

0.84(12) 
1.02(14) 
0.97(9) 
0.87(15) 

H(6)-C(6) 
H(8)-G(8) 
H(9)-G(9) 
H(10)-C(10) 
H(12)-G(12) 
H(13)-G(13) 
H(14)-C(14) 
H(15)-C(15) 
H(16)-C(16) 
H(18)-C(18) 
H(19)-C(19) 
H(20(-C(20) 
H(22)-G(22) 
H(24)-C(24) 
H(26)-C(26) 
H(27)-C(27) 
H(30)-G(30) 

H(32)-C(32) 
H(34)-C(34) 

0.97(11) 
1.18(17) 
1.12(11) 
1.13(15) 
1.08(17) 
0.97(16) 
1.09(16) 
1.04(13) 
0.98(11) 
1.14(11) 
1.02(19) 
1.05(13) 
1.01(16) 
0.87(14) 

1.08(12) 
1.00(21) 
0.97(15) 
1.11(15) 
1.21(13) 



1774 H. TAKAHASHI, Y. OOSAWA, A. KOBAYASHI, T. SAITO, and Y. SASAKI [Vol. 50, No. 7 

TABLE 3. BOND ANGLES {<pj°) WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Gl(l)-Pd-Gl(2) 
Cl(l)-Pd-C(l) 
Gl(2)-Pd-P(2) 
P(2)-Pd-C(l) 
Gl(l)-Pd-P(2) 
Cl(2)-Pd-G(l) 
Pd-G(l)-P(l) 
Pd-C(l)-C(4) 
P(l)-G(l)-G(4) 
G(l)-P(l)-C(2) 
C(l)-P(l)-C(5) 
G( l ) -P( l ) -C( l l ) 
C(2)-P(l)-C(5) 
C ( 2 ) - P ( l ) - C ( l l ) 
C(5)-P(l)-G(ll) 
Pd-P(2)-G(3) 
Pd-P(2)-G(17) 
Pd-P(2)-C(23) 
G(3)-P(2)-G(17) 
G(3)-P(2)-G(23) 
C(17)-P(2)-C(23) 
P(l)-C(2)-G(3) 
P(2)-G(3)-G(2) 
C(l)-G(4)-C(29) 
C( l ) -G(4)-0 
G(29)-G(4)-0 

90.8(1) 
87.3(4) 
96.2(4) 
86.2(1) 

174.1(2) 
173.2(4) 
115.1(6) 
102.9(9) 
111.2(12) 
114.6(5) 
109.2(7) 
110.3(7) 
106.1(7) 
108.9(7) 
107.5(8) 
115.6(5) 
112.9(5) 
115.5(5) 
100.9(7) 
104.7(7) 
105.8(7) 
114.3(10) 
111.1(12) 
119.5(14) 
123.4(14) 
117.0(15) 

P(l)-G(5)-G(6) 
P(l)-C(5)-C(10) 
C(6)-C(5)-C(ll) 
C(5)-C(6)-C(7) 
G(6)-G(7)-C(8) 
C(7)-C(8)-C(9) 
G(8)-G(9)-G(10) 
C(5)-G(10)-C(9) 
P(l)-G(ll)-C(12) 
P(l)-G(ll)-G(16) 
G(12)-G(ll)-G(16) 
G(ll)-G(12)-G(13) 
G(12)-G(13)-C(14) 
G(13)-G(14)-G(15) 
C(14)-G(15)-C(16) 
C(ll)-C(16)-C(15) 
P(2)-C(17)-C(18) 
P(2)-C(17)-C(22) 
G(18)-C(17)-C(22) 
G(17)-C(18)-G(19) 
C(18)-G(19)-C(20) 
C(19)-C(20)-C(21) 
C(20)-G(21)-C(22) 
G(17)-G(22)-G(21) 

121.6(12) 
118.6(12) 
139.4(14) 
119.5(16) 
118.2(20) 
122.3(20) 
119.1(16) 
121.0(16) 
116.6(13) 
122.8(13) 
120.6(17) 
119.7(21) 
118.8(19) 
120.9(22) 
120.7(22) 
119.1(17) 
121.1(12) 
118.3(14) 
120.5(16) 
118.2(16) 
120.2(21) 
123.4(19) 
115.2(18) 
122.4(19) 

P(2)-G(23)-G(24) 
P(2)-G(23)-G(28) 
C(24)-C(23)-C(28) 
G (23)-G (24)-C (25) 
G(24)-G(25)-C(26) 
C(25)-G(26)-G(27) 
G (26) -G (27) -G (28) 
G(23)-G(28)-C(27) 
G (4)-G (29)-G (30) 
C(4)-C(29)-C(34) 
G (30)-G (29)-G (34) 
C(29)-C(30)-C(31) 
C(30)-C(31)-C(32) 
G(31)-G(32)-G(33) 
G(32)-G(33)-G(34) 
G (29)-C (34)-C (33) 
G(36)-C(35)-C(40) 
G(36)-G(35)-G(41) 
G (40)-C (35)-C (41) 
G(35)-G(36)-G(37) 
G(36)-G(37)-G(38) 
G(37)-G(38)-G(39) 
C (38)-G (39)-G (40) 
G(35)-G(40)-G(39) 

121.4(13) 
121.1(11) 
117.1(15) 
123.2(18) 
118.9(16) 
117.5(19) 
124.0(21) 
119.1(16) 
121.7(16) 
118.1(15) 
120.2(16) 
120.2(19) 
117.7(18) 
122.6(18) 
119.8(21) 
119.2(17) 
132.8(26) 
122.4(29) 
104.7(24) 
115.7(28) 
123.7(24) 
109.5(24) 
136.2(29) 
101.7(23) 

Fig. 2. A stereoscopic view of the molecule; the thermal ellipsoids are drawn at the 50c 

probability level (ORTEP). 

- ecu « S l ^ 1 

Fig. 3. Crystal structure projected along the b axis. 

neously. Chlorine atoms in [PdCl2(bdep)] are bonded 
to palladium with bond lengths of"Pd-Cl( l ) (2.390(8) 
A) and Pd-Cl(2) (2.340(8) Â). The Pd-Cl(2) which 
is trans to the ylide C is somewhat shorter than the 
other P d - C l ( l ) which is trans to the phosphine P. 
Since longer bond length of the bond trans to a ligand 
can be regarded as an indication of larger /ra/zj-influence 
of the ligand,13) it is likely that the /ra/w-infiuecne of 
the ylide C is comparable with, but slightly smaller 
than, that of the phosphine P in bdep. 

Crystal Structure. The crystal structure projected 
along b axis is shown in Fig. 3. Toluene molecules 
are packed in voids formed by [PdCl.2(bdep)] molecules, 
but the molecular interaction seems to be rather loose 
judging from the intermolecular contacts which are 
larger than 4 A. 
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Stereoselectivity in Mixed Ligand Copper(II) Complexes with Electrostatic 
Ligand-Ligand Interactions. Application to Optical Resolution 

of a-Amino Acids with a Charged Side Chain 
Osamu YAMAUCHI, Takeshi SAKURAI, and Akitsugu NAKAHARA 

Institute of Chemistry, College of General Education, Osaka University, Toyonaka, Osaka 560 
(Received January 14, 1977) 

Optical resolution of DL-aspartic acid and DL-glutamic acid (abbreviated as DL-A) has been achieved via for­
mation of ternary copper(II) complexes composed of a DL-A and L-arginine, L-lysine, or L-ornithine (L-B). For 
every pair of ligands DL-A and L-B, a neutralized solution containing Gu(C104)2, DL-A, and L-B in the molar ratio 
of 1 : 2 : 1 gave the mixed ligand complex abounding in [CU(D-A)(L-B)] as crystals, from which incorporated A 
was isolated through a Dowex CCR-2 column after treating with H2S. In a very similar manner D-enantiomer-
rich B was obtained from DL-B by using an L-A. The optical purities of the resolved amino acids were as high as 
90 and 70% for aspartic acid and glutamic acid, respectively, and 40—50% for the basic amino acids. The find­
ing shows that the electrostatic ligand-ligand interactions in the mixed ligand complexes give rise to geometric 
isomerism around copper(II) and hence preferential formation and crystallization of the meso complexes, 
[GU(L-A)(D-B)] and [GU(D-A)(L-B)] , probably with a cis configuration. 

Stereoselectivity has been reported recently for kineti-
cally labile transition metal complexes containing 
simple amino acids1'2) and JV-carboxymethyl3) and N-
benzyl4* derivatives of amino acids, and in most cases 
the selectivity has been attr ibuted to the steric hindrance 
arising from two bulky ligands coordinated around a 
metal ion. In our previous studies electrostatic ligand-
ligand interactions between the oppositely charged 
groups in the side chains of coordinated amino acids 
and related compounds have been inferred from the 
CD (circular dichroism) spectral magnitude enhance­
ments in the d-d region, and interpreted as one of the 
driving forces leading to the formation of mixed ligand 
copper(II) complexes.5 '6) Because of the steric require­
ments for such interactions around the central atom, 
they were expected to give rise to geometric isomerism 
in the ternary copper(II) complexes, Cu(A)(B), where 
A refers to the ionized form of aspartic acid (Asp) or 
glutamic acid (Glu) and B to the protonated form of 
arginine (Arg), lysine (Lys), or ornithine (Orn).7) In 
fact,the infrared spectra of the isolated complexes in­
dicated the existence of the geometric isomerism,681) and 
molecular models suggested a trans structure (1) for 
C U ( L - A ) ( L - B ) and a cis structure (2) for C U ( D - A ) ( L - B ) . 

CU(L-A) (L -B) CU(D-AKL-B) 

The stereoselectivity attr ibutable to steric interac­
tions between the side chains of the ligands in the coordi­
nation sphere has been applied to optical resolution of 
amino acids with a bulky side chain by ligand-exchange 
chromatography in the presence of copper (II) and other 
metal ions.8) Since the selectivity is purely due to 
steric hindrance, resolvable amino acids have been 
confined to those having a bulky group, such as proline, 
valine, and leucine. 

O n the other hand, the stereoselectivity due to the 
electrostatic ligand-ligand interactions suggested the 
possibility of optical resolution of amino acids with a 
charged side chain, such as aspartic acid, glutamic acid, 
arginine, and lysine, which have been excluded from 
the resolution based on the bulkiness of the side chains. 
We reported in a previous communication9) that racemic 
aspartic acid and glutamic acid could be resolved into 
enantiomers by using copper(II) and an optically active 
basic amino acid, L - B , and now we have investigated 
the stereoselectivity in detail to explore a novel approach 
to optical resolution of the enantiomers of the mentioned 
amino acids via formation of mixed ligand copper(II) 
complexes. 

Exper imenta l 

Materials. D-Arginine hydrochloride and D-lysine hy­
drochloride were obtained from Fluka AG and D-ornithine 
hydrochloride from Sigma Chemical Co. All other amino 
acids were purchased from Nakarai Chemicals Ltd. Their 
purity was checked by the specific rotations, [<x]H9 (in 3M 
HCl; c=\), which were +25.7° (L-ASP) , -24.9° (D-ASP) , 
+ 31.9° (L-G1U), -30.9° (D-G1U), +22.8° (L-Arg-HCl), 
-21.7° (D-Arg-HGl), +20.8° (L-Lys-HCl), -20.5° (D-Lys-
HCl), +22.9° (L-Orn-HCl), and -22.5° (D-Orn-HCl). All 
the materials used were of reagent grade or of highest grade 
available. 

Measurements. Absorption spectra of the complexes 
were measured with a Union Giken SM-401 High-Sensitivity 
recording spectrophotometer and CD spectra with a JASCO 
MOE-1 spectropolarimeter in a 1-cm or a 2-cm quartz cell. 
The spectral measurements were made in the range 400— 
800 nm at a constant copper(II) concentration of 5.0 X 10~3 M 
in water at room temperature. The pH values (7.5—8.5) 
of the solutions were roughly adjusted with aqueous sodium 
hydroxide and dilute perchloric acid and finally determined 
immediately after the spectroscopic measurements. Optical 
rotations of amino acids were measured on a Yanagimoto 
OR-10 polarimeter at 589 nm in a 5-cm quartz cell at 20 
±0.1 °G. Infrared spectra of the isolated mixed ligand cop-
per(II) complexes were obtained in the range 4000—650 cm - 1 

with a Hitachi 215 grating infrared spectrophotometer with 
the KBr disk method. 

Optical Resolution of Racemic Aspartic Acid and Glutamic Acid. 
For every pair of DL-A and L-B, optical resolution of an 
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acidic amino acid was performed by essentially the same 
method as typically described for the Cu(II)-DL-Asp-L-Arg 
system. Copper(II) Perchlorate hexahydrate (3.70 g, 10 
mmol), DL-aspartic acid (2.66 g, 20 mmol) , and L-arginine 
hydrochloride (2.10 g, 10 mmol) were dissolved in ca. 50 ml 
of water, and the p H of the resulting solution was adjusted 
to ca. 7 with aqueous sodium hydroxide. After stirring for 
1 h at room temperature, the reaction mixture was concen­
trated in vacuo to a small volume at temperatures below 50 °C. 
Addition of ethanol to the residue gave [Cu(asp)(L-argH)] • 
2 H 2 0 as blue crystals (0.68 g, 1.7 mmol ; 17% based on the 
amount of copper(II) used). Found : C, 29.29; H , 5 .51; 
N, 17.27%. Calcd for C 1 0 H 1 9 N 5 O 6 C u - 2 H 2 O : C, 29.66; H , 
5.73; N, 17.30%. 

After copper(II) had been removed by treating an aqueous 
solution of the isolated complex with hydrogen sulfide, the 
incorporated aspartic acid was separated from L-arginine 
through a 1 x 100 cm column of Dowex CCR-2 (mesh 20— 
50) in the H + form by eluting with water. Isolated aspartic 
acid was recrystallized from aqueous ethanol to give a salt-
free product (0.16 g, 1.2 mmol ; 12% based on the half amount 
of DL-aspartic acid used). T h e specific rotation of —22.9° 
(in 3M H C l ; c=\) demonstrates that D-aspartic acid was 
preferentially incorporated into the ternary complex. Its op­
tical purity (89%) was substantiated by an estimation made 
from the CD curve of the isolated ternary complex in aqueous 
solution (pH 8.0) according to the method described belov . 

In order to determine the optical purities of the acidic 
amino acids incorporated into [Cu(asp)(L-lysH)], [Cu(asp)(L-
ornH)] , and [Cu(glu)(L-ornH)], the first crops, which were 
nearly pure, were recrystallized once from aqueous ethanol. 

Optical Resolution of Racemic Arginine, Lysine, and Ornithine. 
According to a procedure very similar to that described above, 
racemic basic amino acids were resolved into enantiomers 
by using a different Cu(I I ) : L - A : D L - B molar ratio of 1 : 1 : 
1.5 to avoid precipitation of less soluble binary complexes 
Cu(B)2 . T h e amino acids B incorporated into C U ( L - A ) ( B ) 
were separated from L - A through a 1 X 100 cm column of 
Amberlite IR-45 in the Cl _ form by eluting with water and 
obtained as hydrochlorides. 

Determination of Optical Purity by CD Spectral Curves. 
The optical purities of the incorporated amino acids were 
also determined by the CD calibration curves, which were 
based on either the magnitude or the maximum wavelength 
and set up for the C U ( A ) ( L - B ) and C U ( L - A ) ( B ) systems with 

five different enantiomer contents of A and B, respectively, 
at the molar ratio of 1 : 1 : 1 . The measurements were 
made at selected p H values where the complex formation 
was nearly complete. The enantiomer contents of the Cu-
(glu)(L-B) and C U ( L - A ) ( B ) systems were found to be linearly 
correlated with the CD magnitudes (A*0 at fixed wavelengths 
around 600 nm. Because the magnitudes for the Cu(asp)-
(L-B) systems changed only slightly at different L- or D-Asp 
contents, the calibration curves were made by plotting the 
enantiomer contents against the maximum wavelengths that 
shifted with the contents. 

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

Stereoselective Incorporation of Amino Acids into Ternary 

Complexes. Yie lds a n d o p t i c a l pu r i t i e s of t h e 

ac id ic a n d t h e bas ic a m i n o ac ids o b t a i n e d via t h e t e r n a r y 
c o m p l e x f o r m a t i o n a r e s u m m a r i z e d in T a b l e s 1 a n d 2 . 
T h e specific r o t a t i ons c lea r ly i n d i c a t e d t h a t t h e D-en-
a n t i o m e r s of t h e r a c e m i c a m i n o ac ids used w e r e pref­
e ren t ia l ly i n c o r p o r a t e d i n to t h e t e r n a r y c o p p e r (I I) 

T A B L E 1. YIELDS AND OPTICAL PURITIES OF THE 

D-ENANTIOMERS OF ACIDIC AMINO ACIDS ISOLATED VIA 

FORMATION OF THE TERNARY COMPLEXES, CU(A)(L-B) 

Ligand 

A B 

DL-Asp L-Arg 

L-Lys 

L-Orn 

D L - G 1 U L-Arg 

L-Lys 

L-Orn 

C U ( A ) ( L - B ) 

Yield 
(%)a) 

17 
28 
28 

61 
18 
21 

isolated 

Optical 
purity 
(%)b) 

93 
79 
50 

42 
75 
39 

A : 

Yield 
(%) c ) 

12 

11 

14 

53 

14 

12 

isolated 

Optical 
purity 
(%)d) 

89 
89 
44 

33 
70 
35 

a) Yield of the isolated complex based on the amount 
of copper(I I ) used, b) Optical purity of A estimated 
from the calibration curves shown in Fig. 1. c) Yield 
of isolated A based on the half amount of D L - A used, 
d) Estimated from the specific rotation, [<x]f89 (in 3 M 
H C l ; c=\). 

T A B L E 2. YIELDS AND OPTICAL PURITIES OF THE 

D-ENANTIOMERS OF BASIC AMINO ACIDS ISOLATED via 

FORMATION OF THE TERNARY COMPLEXES, C U ( L - A ) (B) 

Ligand 

B A 

DL-Arg L - G 1 U 

L-Asp 

DL-Lys L - G 1 U 
L-Asp 

DL-Orn L - G 1 U 

L-Asp 

C U ( L - A ) ( B ) isolated 

Yield ° P U
t
c a l 

/o/ \a) P u n t y 
[/0) (%)b> 
36 
63 

18 
39 

36 
34 

46 
42 

56 
16 

12 
42 

B isolated 

Yield ° P t ! c a l 

ro/ Ne) P u r i t y 
KM ( 0 / o ) d ) 

14 
30 

7 
21 

19 
29 

41 
38 

50 
11 

17 
36 

a) Yield of the isolated complex based on the amount of 
copper (II) used, b) Optical puri ty of B estimated from 
the calibration curves shown in Fig. 2. c) Yield of 
isolated B based on two-thirds of the amount of D L - B 
used, d) Estimated from the specific rotation, [a]^,, 
(in 3 M H C l ; c = l ) . 

c o m p l e x e s e a c h c o n t a i n i n g a n L - A o r a n L - B . A n o t h e r 
l ine of e v i d e n c e s u p p o r t i n g t h e i n c o r p o r a t i o n of t h e D -
e n a n t i o m e r s is g iven b y t h e o p t i c a l pu r i t i e s of A a n d 
B e s t i m a t e d d i r ec t l y f rom t h e C D s p e c t r a of t h e c o m ­
plexes in t h e d -d reg ion a c c o r d i n g to t h e c a l i b r a t i o n 
cu rves , such as a r e s h o w n in Figs . 1 a n d 2 . T h e 
o p t i c a l pu r i t i e s d e t e r m i n e d b y t h e t w o m e t h o d s a r e in 
r e a s o n a b l e a g r e e m e n t w i t h e a c h o t h e r , a n d t h e differ­
ences b e t w e e n t h e c o r r e s p o d i n g va lues m a y b e d u e to t h e 
i n a c c u r a c i e s p e r t a i n i n g to t h e c a l i b r a t i o n cu rves b a s e d 
on t h e C D s p e c t r a . T h e I R s p e c t r a of t h e i so la ted 
complexes , [ C U ( A ) ( L - B ) ] } s h o w e d t h e p a t t e r n s t h a t w e r e 
m o r e closely r e l a t e d to [ C U ( D - A ) ( L - B ) ] t h a n to [ C u -
( L - A ) ( L - B ) ] , f u r the r s u b s t a n t i a t i n g t h a t t h e meso c o m ­
plexes w e r e p re fe ren t i a l ly o b t a i n e d as crys ta ls u n d e r 
t h e c o n d i t i o n s e m p l o y e d . 

I t is i n t e r e s t i ng to n o t e t h a t , w h e r e a s X - r a y s t r u c t u r e 
analyses1 0-1 1) h a v e r e v e a l e d t h a t s o m e b i s ( a m i n o a c i d a t o ) -
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* 

Cu-Glu-L-Arg Cu-Glu-L-Lys Cu-Glu-L-Orn 

- 0 . 2 -O . l 0 

A^ai 6oo nm 
- 0 .2 -0.1 0 

AS at 600nm 
- 0 . 2 -0 .1 
AS at eoo nm 

100 

Cu-Asp-L-Arg Cu-Asp-L-Lys 

6 0 0 620 

/ \ ,max ,nm 

600 6 2 0 

A m a x . n m 

6 0 0 6 2 0 

A,max,nm 

Fig. 1. Determination of the optical purities of acidic amino acids incorporated into 
GU(A)(L-B) (#) from the calibration curves based on the CD spectra of the standard 
samples (O). 

Cu-L-Glu-Arg Cu-L-Glu-Lys Cu-L-Glu-Orn 

- 0 . 1 0 

at at 60onm 
-o.i o 

^ £ a t 6oo nm 
- o . i 

J E a t e ionm 

« 50 h 

Cu-L-Asp-Arg Cu-L-Asp-Lys Cu-L-Asp-Orn 

- O . I 0 

Ai at 6io nm 
-o.i o 

^ E a t e i o n m 
- o . i 

AE at e ionm 

Fig. 2. Determination of the optical purities of basic amino acids incorporated into 
CU(L-A)(B) (#) from the calibration curves based on the CD spectra of the standard 
samples (O). 

copper (II) complexes assume a cis structure while 
others assume a trans one, every possible combination 
of A and B invariably gives as the main product a 
meso complex probably with a cis structure.6a> 

Factors Affecting the Optical Resolution. Probably 
owing to the electrostatic ligand-ligand interactions, the 
protonated ternary copper(II) complexes containing 
L-histidine and a basic amino acid, such as L-arginine 
and L-lysine, have been reported to have slightly higher 

stability constants than those containing D-histidine in 
place of L-histidine.2b>2c> Although equilibrium con­
stants are a reliable source of information about the 
species distribution and hence the stereoselectivity in 
solution, it seems difficult to detect the selectivity in 
solution in the present cases, because the electrostatic 
ligand-ligand interactions are seriously affected by the 
ionic strength of the solution, whose influence has been 
found to be reflected in the CD magnitudes of the 
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ternary systems.5-6) A preliminary Potentiometrie 
study showed that the enantiomeric pairs of the ternary 
systems give almost identical titration curves at the ionic 
strength of 0.1 ( K N 0 3 ) . Accordingly, it may be unreal­
istic to expect large stability differences between the 
enantiomeric species present in the reaction media. 
No significant difference was observed between the C D 
spectra in the d-d region of 1 : 1 : 1 and 1 : 2 : 1 mix­
tures of Gu(I I ) , DL-A, and L - B , which indicates that 
there exists no remarkable preference of m-[Cu(D-A) 
( L - B ) ] over trans-[Cu(i,-A) (i^-B)] in solution and that 
the two isomers are approximately equally present. In 
contrast to this, the ternary complex isolated from 
a 1 : 1 : 1 mixture of Cu( I I ) , L-G1U, and DL-Orn had 
incorporated D-Orn with 17% enantiomeric excess. 
These findings suggest that the solubility factor rather 
than the stability factor plays an important role in the 
optical resolution via complex formation. 

In conclusion, the electrostatic interactions between 
the ligands within a complex molecule serve as an 
essential force fixing the structure of the complex in 
a particular configuration, and the resulting cis-trans 
isomerism makes optical resolution of racemic ligands 
feasible under favorable conditions. 

This work was supported in par t by a grant from the 
Ministry of Education, which is gratefully acknowledged. 
We also wish to thank Miss Teruko Kuroe for elemental 
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trans-Dinitro and dichloro cobalt(III) complexes containing (£)-2-(methylaminomethyl)pyrrolidine (JV-Me-
ampr) were prepared. Their stereochemistry differs a great deal from that of other JV-methylated 1,2-diamines. 
The iV-Me-ampr complexes prefer the trans,cis instead of the trans,trans configuration, the axial JV-methyl groups 
being fairly stabilized. In the case of the dinitro complex, only one isomer which has the axial JV-methyl groups, 
was isolated, but in the case of the trans-dichloro complex two diastereomers {trans,eis (RR) and trans,cis(SS)) were 
obtained. These dichloro isomers were slowly converted into an equilibrium mixture in methanol. The CD 
spectral data of the equilibrium mixture show that the trins,cis(RR) is more stable than the trans,cis(SS) isomer 
(-AG=0.4kcal /mol) . 

Substituents introduced into polyamine ligands have 
been seen to regulate the configuration of their metal com­
plexes. For example, the dianionobis (diamine) cobalt 
( III) complexes (diamine = iV-substituted 1,2-diamine) 
sterospecifically adopt the trans configuration with re­
spect to the unidentate anionic ligandsj and the N-
substituents take trans position to each other. Thus the 
structures of these complexes are not trans,cis but trans, 
trans configuration.1) The C- and JV-substituents in the 
chelate rings generally prefer the equatorial position2) 
and ensequently the chelate rings are fixed to the Ô 
or 2. gauche conformation. 

(S) -2- (Methylaminomethyl) pyrrolidine (iV-Me-ampr) 
has some characteristics differing from other C- and N-
substituted diamines. The absolute configuration of the 
asymmetric carbon in the five membered chelate ring 
is S and the gauche chelate conformation should be 
fixed to <5.3) The asymmetric nitrogen in the pyrrolidine 
ring is considered to coordinate with the S configra-
tion.4) On the other hand, the absolute configuration 
of the asymmetric nitrogen center with the JV-methyl 
groups is capable of having either the S or the R con­
figuration, corresponding to the axial or the equatorial 
iV-methyl groups, respectively. 

For the cobalt(III) complexes of the type [CoX2-
(7V-Me-ampr)2] + (X —Cl~ or N 0 2 ~ ) , we have observed 
some stereochemical features differing from the com­
plexes of other iV-methyl diamines. First, the iV-Me-
ampr complexes have the trans,cis configuration instead 
of the trans,trans. Second, the axial iV-methyl groups 
are fairly stabilized. Third , equilibrium between the 
isomer having the axial and that having the equatorial 
JV-methyl groups is influenced by the kind of apical 
anionic ligands. 

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

trans,cis(SS)-[Co(NOJ^N-Me-amprJ^ClO^ Air Oxi­
dation Method: To an aqueous solution of CoCl2-6H20 (1.19 
g in 10 cm3 of water) was added a solution of iV-Me-ampr 
(1.14 g in 5 cm3 of water containing 0.41 cm3 of concentrated 
hydrochloric acid), and NaN0 2 (0.69 g) then being added 
quickly. The resulting solution was vigorously aerated in an 
ice cold bath for 20 min, and then for 2 h at room temperature. 
The solution was warmed and evaporated to half its volume 
at 60 °C on a water bath. Yellow crystals appeared on ad­
dition of large excess of NaC104. The crystals were filtered 
off and washed with a small volume of cold wa^er, and etha­

nol and then ether, and air dried. The compound was re-
crystallized from a small volume of hot water. Yield ; 0.5 g. 
Found: C, 30.13; H, 5.59; N, 17.42%. Calcd for C12H28-
N608ClCo: C, 30.00; H, 6.06; N, 17.13%. 

Derivation from Sodium Hexanitrocobaltate (Na3[Co(N02)6]): 
A solution of Na3[Co(N02)6] (4.04 g in 30 cm3 of water) was 
mixed with N-Me-ampr (2.28 g), warmed on a water bath 
at 70 °C for 15 min and then filtered. Yellow crystals ap­
peared on addition of an excess of NaC104 (3 g) to the filtrate, 
and the mixture was warmed on a water bath at 60 °G for 
about 5 min. After being stored in a refrigerator overnight, 
the precipitate was filtered off, washed with a small volume 
of cold water and ethanol, and dried under reduced pressure. 
The compound was recrystallized from a small volume of 
water. Yield; 3.15 g. Found: C, 30.24; H, 5.89; N, 17.56%. 
Calcd for C12H28N608ClCo : C, 30.00; H, 6.06; N, 17.13%. 

The visible absorption, CD and *H NMR spectral data 
indicate that the dinitro complexes prepared by two methods 
are identical. 

trans,cis(SS)-[CoC7(NOJ (N-Me-amprJ^ClO^ A solu­
tion oftram,cù(SS)-[Go(NOs)2(N-Me-ampr)s]ClOé (2.0 g) in 
concentrated hydrochloric acid (4 cm3) was warmed at 40 °C 
on a water bath for 1 h. Excess LiC104 (0.5 g) was added 
and the solution was cooled to room temperature. Red crys­
tals were filtered off and washed with a small volume of 
cold water and ethanol and dried under reduced pressure. 
The product was recrystallized from methanol. Yield; 1.6 
g. Found: C, 30.54; H, 6.14; N, 14.35%. Calcd for 
C12H28N506Cl2Co: C, 30.78; H, 6.03; N, 14.96%. 

trans,cis(SS) -[CoCl2 (N-Me-ampr) 2] C704. trans,cis(SS) -
[CoCl(N02)(7V-Me-ampr)2]C104 (0.4 g) was dissolved in hy­
drochloric acid ( 10 cm3) and the solution was heated on a 
water bath at 80 °C until the color of the solution turned 
from red to deep green. Green crystals formed by the addi­
tion of perchloric acid (60% 3 cm3), were filtered off, washed 
with a small volume of cold water, ethanol and ether, and 
air dried. The product was recrystallized from methanol. 
Yield; 0.3 g. Found: C, 31.41 ; H, 6.15; N, 12.45%. Calcd 
for C12H28N404Cl3Co: C, 31.49, H; 6.17; N, 12.24%. 

trans,cis(RR)-[CoC/2fN-M^-om/)r;2]a04. To an aqu­
eous solution of CoCl2-6H20 (2.39 g in 15 cm3 of water) was 
added iV-Me-ampr (2.28 g in 10 cm3 of water) and the re­
sulting solution was aerated for 5 h with carbon dioxide free 
air. After concentrated hydrochloric acid ( 15 cm3) had been 
added, the solution was heated on a boiling water bath and 
concentrated to about half of its original volume. Green 
crystalline powder of the trans-d\c\\\ovo complex was formed 
by the addition of perchloric acid (60% 10 cm3), was filtered 
off, washed with a small amount of ethanol ^nd ether, and 
air dried) 
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Fig. 1. Absorption (upper) and CD spectra (lower) 
of t runs- [Co (N02) 2 ( iV-Me-ampr) 2] C104. 

ppm 

Fig. 2. XH NMR spectra of iV-Me-ampr complexes. 
a) /mn^-[Co(N02)2(#-Me-ampr)2]C104, b) trans,cis-
[CoCl(N02)(iV-Me-ampr)2]C104, c) trans,eis (SS)-
[CoCl2(7V-Me-ampr)2]C104, d) trans,eis (RR)-[CoC\2(N-
Me-ampr)2]C104. 

This product was found to be a mixture of two isomers 
of trans,cis(SS) and trans,cis(RR) on the basis of XH NMR 
and CD spectral data. The pure trans,cis(RR) isomer was 
obtained by repeated recrystallization from methanol (less 
soluble part). Yield; 2.0 g. Found: C, 30.93; H, 6.06; N, 
12.49%. Calcd for C12H28N404Cl3Co: C, 31.49; H? 6.17; 
N, 12.24%. 

Fig. 3. Four possible structures of fomy-[Co(N02)2-
(JV-Me-ampr)2] + ions. 
a) trans,trans (RR), b) trans,trans(SS), c) trans,äs (RR), 
d) trans,cis(SS). 

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

*ranj-[Ço(N02) a(JV-Me-ampr)JC104 was prepared 
by two methods (usual air oxidation and a reaction of 
diamine with [ C o ( N 0 2 ) 6 ] 3 - ion). The absorption, cir­
cular dichroism (CD) and 1H N M R spectra of the pro­
ducts obtained by the two methods were identical with 
each other, indicating the identity of the complexes. 
T h e absorption spectrum (Fig. 1) shows two absorp­
tion maxima at 465 nm ( e = 189.7) and 354 nm (e = 
3720), indicating that the complex has trans configura­
tion with regard to the nitrite ions.1-5) In the 1H N M R 
spectrum of this complex (in CD 3 OD) , one doublet as­
signable to the iV-methyl groups was observed at 2.36 
ppm, indicating that the two 7V-Me-ampr are chemi­
cally equivalent (Fig. 2). Since the CD spectrum of 
iV-Me-ampr complex (Fig. 1) differs a great deal from 
the other complexes of JV-substituted diamines with 
fixed ô conformations, the vicinal contribution from the 
asymmetric nitrogens would affect the CD pattern. 

Four possible structures of the trans-[Co(N02)2(N-
Me-ampr ) 2 ] + ion, with equivalent TV-Me-ampr, are 
shown in Fig. 3. Two forms (a,b) have the trans,trans 
configuration and the others (c,d) the trans,cis configura­
tion. T h e structures of this type were assigned by con­
verting them into chloronitro complexes in hydrochloric 
acid.5) When the dinitro isomer has the trans,trans con­
figuration, the chloronitro complex should be composed 
of two diastereomers, the yields of which would differ. 
In such diastereomers, however, both chelate rings are 
situated in identical chemical environment. Consequen­
tly, the *H N M R spectra of the trans,trans isomers would 
show two kinds of TV-methyl signals with different in­
tensities. O n the other hand, the trans,cis isomer should 
give rise to only one isomer of chloronitro complex; 
However, the two chelate rings are affected by distinct 
circumstances of anionic ligands, which will result in 
two JV-methyl resonances with equal intensities. 

T h e *H N M R spectrum of the [CoCl(N02)( iV-Me-
ampr)2]+ ion (in CD 3 OD) showed two JV-methyl dou­
blets at 2.24 p p m and 2.58 ppm (Fig. 2). T h e inten­
sities of these methyl signals could be regraded as practi­
cally equal. T h e spectral pattern did not change after 
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repeated recrystallization from methanol or I M HCl 
solution. This indicates that the chloronitro complex 
adopts the transmis configuration, though the absolute 
configuration of the TV-methyl centers, either the RR or 
the SS, can not be determined from the *H N M R data. 
The orientation of the iV-methyl group was clarified by 
examining the CD curves of dichloro complexes. 

The *rarcj,«>-[Co(N02)2(A^Me-ampr)2]+ ion was con­
verted into the *ra«j',m-[CoCl2(7V-Me-ampr)2] + ion in 
hydrochloric acid, where no stereochemical change in­
cluding the inversion of the JV-methyl centers should 
occur. The *H N M R spectrum of the dichloro com­
plex has a single doublet at 2.51 ppm assignable to the 
iV-methyl resonances, as expected (Fig. 2). The trans-
dichloro complex prepared by the usual air oxidation 
showed a CD curve differing a great deal from that of 
the trans,cis-d\ch\oro complex derived from the trans,cis-
dinitro complex (Fig. 4). This indicates that the trans-
(Cl)-[CoCl2(iV-Me-ampr)2] + ion exist in at least two 
isomeric forms. T h e *H N M R spectrum of the dichloro 
complex prepared by air oxidation showed only one 
doublet at 2.45 p p m assignable to the JV-methyl groups 
(Fig. 2), which shows that the 7V-Me-ampr chelates are 
situated in equivalent circumstances. 

Two isomers of the trans-dichloro complex show muta-
rotation in methanol solution, and the C D spectra of 
both isomers converge to the same curve. This sug­
gests that these complexes isomerize and give rise to the 
same equilibrium mixture. The configurational rear­
rangement from trans,eis to trans,trans and vice versa seems 
to be unlikely. However, it is possible that the inver­
sion of asymmetric nitrogen of TV-methyl group takes 
place to contribute to the mutarotat ion. We thus con­
clude that the /ra/w-dichloro complex prepared from air 
oxidation also has the trans,cis configuration. One of 
the dichloro isomers should adopt the RR configuration 
and the other the SS configuration with respect to the 
iV-methyl centers (Fig. 3). 

The CD spectrum is considered to arise from the con­
figurational, the conformational and the vicinal effects6). 
In the case of trans-dianiono complexes, only the latter 
two effects should be taken into consideration. It is 
assumed that the contribution from the ô conformations 
and asymmetric .S-nitrogens in pyrrolidine rings are 
equal for both of the trans-dichloro isomers, and that 
the vicinal contributions from the S and the R methy­
lated nitrogens are opposite in sign and have approxi­
mately equal intensities. Half of the subtract of the 
CD of transmis (SS) from that of the trans,eis (RR) would 
be regarded as the vicinal contribution of R nitrogens. 
The half of the CD curve obtained by subtracting the 
curve of the former dichloro isomer (from dinitro com­
plex) from that of the latter (by air oxidation) are given 
in Fig. 4 (\ j2( trans,eis (RR) —trans,eis(SS)) or vice versa). 
The vicinal contribution of the R nitrogens is known 
to have a positive and a negative Cotton effect dominat­
ing the E g and the A2 g (D4h) components, respectively, 
in the first d-d transition region6). From a positive 
(Eg) and a negative (A2g) maxima in the subtracted 
C D curve (Fig. 4), it is considered that the absolute 
configuration of JV-methyl centers in the dichloro com­
plex obtained by air oxidation is R (equatorially disposed 

+ 1.0F 
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Fig. 4. Absorption (upper) and CD (lower) curves of 
traas-dichloro isomers of JV-Me-ampr complexes SS 
( ) and RR( ), and the differential CD spect­
rum (l/2x (RR-SS)) ( ). 
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A/nm 

Fig. 5. CD spectra of trans-dichloro isomers and the 
equilibrium mixture ( ). 

TV-methyl groups), and that of the dichloro complex 
prepared from the dinitro complex as well as the parent 
dinitro complex is S (axial TV-methyl groups). 

From CD spectral data of an equilibrium mixture, 
the free energy difference between the axial and the 
equatorial TV-methyl groups is calculated to be ca. 0.4 
kcal/mol (axial(S) : equatorial (R) = l : 2) (Fig. 5). In 
trans-dianiono complexes JV-methyl groups in the axial 
orientation are known to interact with the apical ligands 
more strongly than those in the equatorial orientation. 
DeHayes and Busch calculated the free energy difference 
between the axial and the equatorial JV-methyl groups 
to be 0.49 kcal/mol from conformational analysis.7) 
However, the experimental data obtained so far show 
that the equatorial JV-methyl groups are far more pro­
fitable than the axial ones in octahedral Co (I II) com­
plexes. 

T h e stereochemistry of iV-Me-ampr complexes is quite 
different from that of other JV-methyl substituted dia­
mines. The iV-Me-ampr complexes prefer the trans,cis 
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Nitro (a) Plane (A) 

Fig. 6. Illustrative structure of trans,cis(SS)-[Go(N02)2-
(JV-Me-ampr)2]

+ ion. 

rather than the trans,trans configuration. The TV-methyl 
groups orientate to the axial position more easily than 
other TV-methylated diamine complexes. In the trans-
dinitro complex, the TV-methyl groups adopt stereospecif-
ically axial positions, and in the fr<my-dichloro complex, 
two isomers arise due to the difference of the absolute 
configuration of asymmetric nitrogen centers (axial and 
equatorial TV-methyl groups). 

The predominance of the axial TV-methyl groups in 
the trans-dinitro complexes in comparison with the trans-
dichloro complexes indicates that the orientation of TV-
methyl groups is affected by the kind of apical ligand. 
The characteristic orientation of the TV-methyl groups 
would be attributed to the geometry of apical ligands 
as well as the steric interaction among the pyrrolidine 
rings, the apical ligands and the TV-methyl groups. A 
possible structure of fröw^,a>-[Co(N02)2(TV-Me-ampr)2]

 + 

is illustrated in Fig. 6. The triangular nitro groups8) 
result in rotational isomers around the N 0 2

_ - C o - N 0 2
_ 

axis. When the nitro group (a) is situated on the plane 
(A) (Fig. 6), the steric repulsion between nitro group 
(a) and pyrrolidine ring (a) can be reduced, and another 
nitro group (b) will locate on the plane (B) for the 
same reason. The equatorial methyl groups will pro­
duce more strict steric repulsions than the axial ones. 
This may be the reason why the TV-methyl groups pre­

fer to axial position in the dinitro complex. 
Since the chloride ion has spherical symmetry, the 

trans-d\ch\oro complexes has no rotamer around the 
C l ~ - C o - C l - axis. The orientation of TV-methyl groups 
depends only on stereochemical interactions between 
the Cl~ and the TV-methyl groups. The equatorial TV-
methyl groups in the trans-dichloro complex are stabi­
lized to a great extent than the axial ones as well as 
other TV-methylated diamine complexes. However, the 
reason why the axial TV-methyl group is more stabilized 
than other TV-methyl derivatives is not clear. 

According to the conformational analysis of some C-
and/or TV-methyl substituted diamine complexes,7) the 
axial TV- and C-methyl groups flatten the chelate ring 
conformations. It was demonstrated by X-ray crystal 
structure analysis9) that a remarkable flattening of the 
chelate rings takes place in the cu-[Co(N0 2 ) 2 (ampr) 2 ]+ , 
(ampr=(£)-2-(aminomethyl)pyrrol idine) relative to 
ethylenediamine chelate rings. T h e averaged dihedral 
angle of N - C - C - N moieties in the ampr complex was 
46°, that for ethylenediamine chelate 55°. It is possible 
that the asymmetric ^-nitrogen in the pyrrolidine rings 
of TV-Me-ampr complexes would also flatten the chelate 
rings, reducing the energy difference between the axial 
and the equatorial TV-methyl groups. 
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13CFT NMR spectra have been obtained for ethyl tom.y-2-substituted cyclopropanecarboxylates. The chemical 
shifts have been compared with those of saturated and unsaturated compounds and with substituent constants. 
The chemical shifts of the methylene carbon of the ethyl group have been correlated linearly with am. 

A substantial body of evidence supporting resonance 
interactions between the cyclopropane ring and the p-
orbital of substituents has been obtained from spec­
troscopic measurements and chemical reactions.1) 
However, there has been little work suggesting such in­
teractions based on 13C N M R spectroscopy, which is 
a useful source of information on the nature of chemical 
bonds.2> This paper will describe some characteristic 
results for the 13C chemical shifts of ethyl trans-2-sub-
stituted cyclopropanecarboxylates. I t is hoped that the 
effects of the substituents at the 2-position of the ring 
on the chemical shifts of 13C of the ethyl group will 
provide a convenient tool for estimating the transmit­
ting ability of the polar effect through a cyclopropane 
ring. 

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

Proton-decoupled natural-abundance 1 3GFT N M R 
spectra were obtained at 25.15 M H z at 30 °C. The 
samples were run as a 1.5±0.1 M solution in CDC13 

containing tetramethylsilane as an internal reference. 
T h e signals have been assigned on the basis of the peak 
intensities and the chemical shifts reported in the liter­
ature.3_5> T h e assignments of the 13C resonances of 
the ethyl cyclopropanecarboxylates investigated in this 
work are shown in Table 1. 

X 
.(3) 

(2) GOOGH2CH3 
(4) (5) (8) 

Ring carbons are strongly affected by the substituents. 
The screening at the carbons of the a and ß positions 
relative to the substituents is influenced by several factors 
(inductive, steric, magnetic anisotropy, etc.) contributed 
by the substituents. One of the most common methods 
to interpret the substituent effects is a comparison with 
other similarly substituted compounds. 

The best agreement of the cyclopropyl a-carbon 
shieldings of the monosubstituted cyclopropanes vs. the 
shieldings of substituted methanes was found by Weiner 
and Malinowski.3) In addition to their results, a very 
high correlation of C^) chemical shifts with the chemical 
shifts of substituted methanes2*1'3'6) or those of the op­
position of 1-substituted pentanes2a ,2b) was obtained by 
others (slope, 0.80; Fig. 1.). Spiesecke and Schneider6 '7) 
reported that the chemical shifts of 13G, to which sub­
stituents were attached, were correlated by the elec­
tronegativity (Ex) of the substituents. In Table 2, the 
relations of the relative substituent-induced chemical 
shifts of a-carbons to substituents(Ca-scs) and Ex8) are 

0 20 40 60 

AC(l)-scs, X-C*-C-C-C-C 

Fig. 1. Comparison of relative substituent-induced 13C 
chemical shifts of the substituted carbons (AC(l)-scs) 
in 1-substituted pentanes and ethyl trans-2-subst-
tuted cyclopropanecarboxylates. 

summarized. The electronegativity of the group sub­
stituents, O C H 3 , NH 2 , and GH3 , was assumed to be 
that of the first atom in the group. Good correlations 
of Ca-scs with Ex were obtained except for the X-vinyl 
derivative. In the case of the X-vinyl derivative, 
neighbor-anisotropy may contribute considerably.2-7) In 
all five series, bromine deviated from the correlation 
line because of the contribution of ' the heavy-atom ef­
fect.21''9'10) T h e (G(0)-scs vs. Cx_Me-scs) slopes were paral­
lel to the (G(a)-scs vs. Ex) slopes. Thus, the electro­
negativity of the substituents is the most important fac­
tor in the 13C chemical shifts of a-carbons.6) I t may 
be though that the hydridization of a-carbons is a result 
of the susceptibility of the electronegativity. 

The chemical shifts of C<3) were slightly larger than 
those of C(2). There is a good linear relation between 
the shifts of G(3) and those of the ß-carbons of 1-sub­
stituted pentanes for the methyl, bromo, and methoxyl 
groups,11) while the cyano, formyl, methylcarbonyl, and 
acetyl groups are scattered (Fig. 2). Also the chemical 
shifts of C(3) can not be correlated by those of the ß-
carbons of substituted ethylenes.2 '12) 

For the ß-carbons to the substituents in the unsatu­
rated frameworks, the substituent effects exhibit a much 
wider range of shifts than those observed in saturated 
frameworks.2) The chemical shitfs may be indicated 
by the kinds of canonical resonance structures: 
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TABLE 1. 13C CHEMICAL SHIFTS FOR ETHYL trans-2-S\JBSTIT\JTVT> CYCLOPROPANECARBOXYLATES 

(The shifts are in PPM downfield from TMS) 

X 
I (3) 

<2> COOCH2CH3 
(4) (5) (6) 

x C(1) C(2) C(3) C(4) C(5) C(6) 

H 
CH3 

C6H5 

CH 3 0 
C2H50 
C6H50 
Br 
CH3OCO 
C2H5OCO 
CHO 
CH3CO 
COC1 
CN 

8.25(8.4)a> 
17.87 
26.15 (26.4) a> 
62.13 
66.62 
57.15 
15.17 
22.45 
22.33 
30.70 
30.70 
31.73 

5.64 

8.25(8.4)a> 
17.05 
17.05(16.9)a) 
15.72 
15.05 
15.59 
18.87 
15.35 
15.23 
14.80 
17.05 
17.96 
14.50 

12.92(13.2)a) 
21.30 
24.15(24.3)a> 
20.87 
21.17 
21.66 
23.78 
22.15 
22.33 
22.15 
24.15 
25.24 
21.05 

174.86(174. l)a> 
174.32 
173.22(172. l)a> 
172.49 
172.62 
172.06 
171.46 
171.65 
171.65 
171.09 
171.89 
170.01 
170.06 

60.37 (60.8) a> 
60.19 
60.61 (60.6) a> 
60.49 
60.49 
60.85 
61.10 
61.10 
60.97 
61.28 
61.04 
61.64 
61.70 

14.26(14.7)a> 
14.26 
14.32(14.5)a> 
14.26 
14.32 
14.26 
14.20 
14.20 
14.20 
14.14 
14.20 
14.14 
14.08 

a) O. A. Subbotin, A. S. Kozmin, Yu. K. Grishin, N. M. Sergeyev, and I. G. Bolesov, Org. Magn. Reson., 4, 
53 (1972). 

TABLE 2. COMPARISON OF THE SUBSTITUENT-INDUCED CHEMICAL SHIFTS OF <X-CARBON (C(a)-scs) 

AND THE RELATION OF C(a)-SCS TO THE ELECTRONEGATIVITY (Ex)
a> 

(1) 
(2) 
(3) 

(4) 

(5) 

a-Carbon 

X-Me 
X-c-Pr 
X-vinyl 

X-Ph 

trans-2-K-

(C(„)-scs 

c-Pr-C02Et 

vs. Cx_Me 

1.00 
0.82d> 
0.88d> 

0.541) 

0.80 

-scs)Slope (C(„)-scs vs. Ex)Slope 

43.4(0.940, H, Me, CI, Br, NH2, MeO)«) 
31.1(0.983, H, Cl, Br, NH2) 
15.7(0.738, H, Me, CI, Br, F, MeO) 
21.3(0.998, H, Me, MeO) 
20.45(0.846, H, Me, CI, Br, F, NH2, MeO) 
18.9(0.994, H, Me, F, NH2, MeO) 
37.7(0.923, H, Me, Cl, Br, MeO)e> 
38.0(0.979, H, Me, Cl, MeO) 

fb) 

1.00 
0.72 

0.49 

0.44 

0.82 

a) Ref. 8. b) Relative value of the (C (a)-ses os. Ex) Slope, c) Correlation coefficient and the substituents included 
for the calculation, d) Ref. 3. e) The value of the methyl ester (ô 33.25) was used for chlorine. 

5 - 5+ d+ 8-

X-C=C ^ X=C-C «-• X=C-C. (1) 
T h e cyclopropane ring exhibits a considerable degree 
of jr-bond character and interacts with the p-orbitals 
of the substituents, especially releasing electrons to sub­
stituents:1 '2^ 

X-<3 < > X—<^j 6+ (2) 
The cyano, formyl, methoxycarbonyl, and acetyl groups 
are electron-attracting groups by means of their res­
onance and decrease the electron densities of C(2> and 
C(3), as is shown in (2). Accordingly, C(2> and G(3) 
shift downfield from those expected from the shift of 
the saturated frameworks. I t may be thought that the 
interaction is responsible for the appreciable differences 
between the observed values and the predicted values 
(Table 3.) which were calculated by the simple additive 
rule.5) The shift differences in C(2> is largest in the 
three ring carbons except for the C(X) of the bromo 
derivative, to which the heavy halogen atom effect may 
contribute,2) In order to estimate semiquantitatively 

X-o 

AC(0-ses, X-C-C*-C-C-C 

Fig. 2. Plots of the relative substituent-induced 13C 
chmical shifts of C(3) (AC(3)-scs) in ethyl trans-2-
substituted cyclopropanecarboxylates vs. the relative 
substituent-induced 13C chemical shifts of /f-carbons 
(AG^-scs) in 1-substituted pentanes. 
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T A B L E 3. S H I F T DIFFERENCES BETWEEN THE OBSERVED 

VALUES AND THE PREDICTED ONE 

<Wd — ̂ obsd (in ppm) 

C( i) c (2) c (3) 

G 6 H 5 

Br 

C O G H 3 

COC1 

GN 

0 .75 

6 .13 

2 .20 

3.77 

2.41 

3.55 
5.03 
4.35 
5.64 
4.32 

1.25 

1.22 

2 .05 

3 .16 

2 .15 

T A B L E 4. A R VALUES FOR THE C(3) OF ETHYL trans-

2-SUBSTITUTED CYCLOPROPANECARBOXYLATES 

Substituent A R 

H 

C H 3 

CH3O 

Cl 

Br 

C H 3 O C O 

CH3CO 

C H O 

GN 

0 .0 

- 1 . 0 

4 . 9 

t h e c o n t r i b u t i o n of t h e ion ic c a n o n i c a l f o rm in (2 ) , t h e 
differences (A R ) in t h e c h e m i c a l shifts b e t w e e n C<3) 
(e thy l / r an j -2 -subs t i tu ted c y c l o p r o p a n e c a r b o x y l a t e ) a n d 
C( /3) ( l - subs t i tu ted p e n t a n e ) w e r e c a l c u l a t e d ( T a b l e 4 ) . 
F o r u n s a t u r a t e d f r a m e w o r k s , t h e s u b s t i t u e n t effects m a y 
b e d e s i g n a t e d as fol lows: 

AÔ = A<5Baturated + A R . (3) 

A l i n e a r c o r r e l a t i o n w a s o b t a i n e d b e t w e e n A R a n d GR 

for t h e e l e c t r o n - a t t r a c t i n g g r o u p s b y m e a n s of t h e r e ­
s o n a n c e (s lope, 1 5 . 9 7 ; r : c o r r e l a t i o n coefficient, 0 .980 ) . 
O n t h e basis of these resul ts , i t s e e m e d r e a s o n a b l e to 
a s s u m e t h a t t h e r e s o n a n c e i n t e r a c t i o n of a c y c l o p r o p a n e 
w i t h e l e c t r o n - a t t r a c t i n g s u b s t i t u e n t s p lays a n i m p o r t a n t 
ro le in t h e c h e m i c a l shifts of C<2) a n d C(3) . 

T h e m o s t s t r i k ing re su l t i n t h e p r e s e n t i n v e s t i g a t i o n 
is a m e a s u r a b l e c h e m i c a l shift of C(5) . I n g e n e r a l , 
c h e m i c a l shifts of t h e c a r b o n of t h e ô pos i t ion to s u b ­
s t i tuen t s a r e c o r r e l a t e d b y a H a m m e t t - t y p e e q u a t i o n 
b e c a u s e of t h e a b s e n c e of s ter ic i n t e r a c t i o n b e t w e e n t h e 
s u b s t i t u e n t s a n d ^ - c a r b o n . T h e p r e s e n t c h e m i c a l shifts 
of C(5) a r e c o r r e l a t e d w i t h am (s lope, 2 . 0 7 ; r = 0 . 9 8 5 ) , 
a n d a m o r e exce l l en t c o r r e l a t i o n w a s o b t a i n e d w i t h 
ffS (s lope, 2 . 1 7 ; r = 0 . 9 9 4 ) 1 3 ) a l t h o u g h om a n d < w e r e 
o b t a i n e d f rom t h e r e a c t i o n in h y d r o x y l i c so lvents , a n d 
s o l v e n t - v a r i a b l e s u b s t i t u e n t c o n s t a n t s a r e i n c l u d e d in 
t h e c a l c u l a t i o n s . 

A«5(06) = 2.07am, 

A<5(c5) = 2 . 1 7 < x ° . 

I t is n o t e w o r t h y t h a t om a n d &Z i n c l u d e c o n s i d e r a b l e 

c o n t r i b u t i o n s of t h e r e s o n a n c e effects.1»14) 

Om = «71 + 0.33tfR, 

A^(C5) = 2.1(7! + 0.72<7R. 

O n t h e basis of this c o r r e l a t i o n of 13C(5) c h e m i c a l shifts, 

i t s e e m e d r e a s o n a b l e t o a s s u m e t h a t t h e c y c l o p r o p a n e 

<5x — <5H(C<4)), 
C * O O C H 2 C H 3 

Fig. 3. Correlation between the 13C chemical shifts of 
carbonyl carbons and those of alkoxy carbons in ethyl 
fraw.y-2-substituted cyclopropanecarboxylates. 

r i n g c a n t r a n s m i t t h e r e s o n a n c e effect, a l t h o u g h its in­

f luence is r a t h e r sma l l . T h e pK& va lues of trans-2-

s u b s t i t u t e d c y c l o p r o p a n e c a r b o x y l i c ac ids in w a t e r o r 

in 5 0 % a q u e o u s a l coho l w e r e c o r r e l a t e d b y <7TO:15) 

ApK& = l.99am = 0.96A<5(C(5)) (in water) 

ApK& = 2.92<rm = 1.41A«5(C(B)) (in 5 0 % alcohol) 

T h u s , t h e re l a t ive ac idi t ies of ca rboxy l i c ac ids m a y b e 
e s t i m a t e d b y m e a n s of t h e 1 3 C c h e m i c a l shifts of a lkoxyl 
c a r b o n s of a p p r o p r i a t e esters , in w h i c h subs t i t uen t s a r e 
sufficiently r e m o t e f rom t h e c a r b o x y l g r o u p . 

A l i n e a r c o r r e l a t i o n w a s o b s e r v e d b e t w e e n t h e 1 3 C 
c h e m i c a l shifts of C ( 4 ) a n d those of C(5) (F ig . 3 ) . T h e 
u n s a t u r a t e d c o m p o u n d , h o w e v e r , d e v i a t e d f rom t h e cor­
r e l a t i o n l ine . T h e d i r e c t i o n of t h e c h e m i c a l shifts of 
C(4) is r eve r sed in t e r m s of t h e s u b s t i t u e n t e l ec t ron ic 
p r o p e r t i e s . A " r e v e r s e " c o r r e l a t i o n has p rev ious ly b e e n 
r e p o r t e d for t h e c h e m i c a l shifts of c a r b o x y l c a r b o n s in 
t h e s u b s t i t u t e d b e n z o i c acids1 6) a n d b e n z o c a i n e h y d r o ­
chlor ides 1 7 ) a n d of c y a n i d e c a r b o n s in t h e subs t i t u t ed 
benzoni t r i l es . 1 8 ) I t a p p e a r s t h a t t h e l a r g e c h a r g e sepa­
r a t i o n in t h e c a r b o x y l g r o u p is respons ib le for t h e r e ­
versa l in this d i r e c t i o n of t h e s u b s t i t u e n t effects. 

T h e C(6) , w h i c h is m o s t r e m o t e f rom t h e site of s u b ­
s t i t u t i on , is p r a c t i c a l l y n o t in f luenced a t al l b y t h e s u b ­
s t i t u e n t a n d has a c h e m i c a l shift e q u a l to 1 4 . 2 ± 0 . 1 
p p m f rom t c t r a m e t h y l s i l a n e . T h i s c a r b o n seems too 
d i s t a n t f rom t h e s u b s t i t u e n t for a n y s u b s t i t u e n t effect 
to b e d e t e c t e d . 

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

13C NMR Spectra. T h e 1 3 CFT N M R spectra were 
obtained at 25.15 M H z on a J E O L - J N M - P F T - 1 0 0 apparatus 
at 30 °C. Samples were dissolved in CDC13 containing tetra-
methylsilane as the internal reference. T h e concentrations 
were 1.5±0.1 M . T h e measurement conditions were as fol­
lows: puis width, 15 [AS(90O) ; repetition time, 2.5 s; frequency 
range, 6.25 K H z ; da ta points, 8192. T h e accuracy is at 
least ± 0 . 0 6 p p m . 

Materials. T h e materials were identified on the basis 
of spectroscopic and gas-chromatographic measurement and 
elemental analysis. T h e N M R spectra were measured on a 
J E O L - J N M - C - 6 0 H L ( 6 0 M H z ) spectrometer, with tetrameth-
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T A B L E 5. BOILING POINTS OF ETHYL trans-2-SUVSTITVTET> 

CYCLOPROPANECARBOXYLATE (°C/Torr) 

Substituent 

H 
CH3 

G6H5 

CH 3 0 
G2H50 
C6H5C-e> 
Brh> 
CHaOGO1) 
C2H5OCO 
CHO 
GH3CO 
GOG11) 
CN 

Observed*) 

127 
144 

132—135/7 

76—77/30 
95/32 

87—90/1.5 
98/40 

109/28 
101 — 103/5 

97/20 
83/6 

110/22 
82/5 

Lit, value 

134—135b), 50—51/4C> 
76/70 

94—95.5/0.65d> 
105—106/0.2e> 

61—63/15f> 
66/9f) 

101 — 114/15» 
117/17 
45/<lk> 

105/19« 

80—82/3 

a) Uncorrected, b) S. R. Landor and N. Punja, J. Chem. 
Soc, C, 1967, 2495. c) A. F. Ferris, J. Org. Chem., 20, 
780 (1955). d) C. H . Depuy, G. M . Duppen, K. L. 
Eilers, and R. A. Klein, J. Org. Chem., 29, 2813 (1964). 
e) M . Jul ia , S. Jul ia , and B. Bemont, C. R. Acad. Sei., 
245, 2304 (1957). f) Ref. 15. g) Found : C, 69.28; 
H, 6 .88%. Calcd for: C, 69.89; H, 6 .84%, N M R 
(CCLJ Ô 0.75—1.58 (2H, m, GH 2 , r ing), 1,26(3H, t, J= 
7 Hz, CH 3 ) , 1.68—2.02(1H, m, G H C O ) , 3.75—4.10(1H, 
m, O C H ) , 4.09(2H, q, J = 7 H z , O C H 2 ) , 6.6—7.3(5H, 
m, C 6H 5 ) . h) NMR(CC1 4 ) Ô 1.27(3H, t, 7 = 7Hz, GH 3 ) , 
1.2—1.7(2H, m, CH 2 , r ing), 1.80—2.20(1H, m, C H C O ) , 
2.95—3.35(1H, m, GHBr) , 4.16(2H, q, J=l Hz, O G H 2 ) . 
i) N M R ( C C L J ô 2.25(3H, t, 7 = 7 Hz, CCH 3 ) , 1.30— 
1.50(2H, m, CH 2 , r ing), 1.86—2.20(2H, m, GH, ring), 
3.61 (3H, s, O C H 3 ) , 4.06(2H, q, 7 = 7 Hz . O C H 2 C ) . 
j )Mixture of cis-trans isomers, L. L. McCoy, J. Am. Chem. 
Soc., 80, 6568(1958). k) Ref. 25. 1) NMR(CC1 4 ) ô 
1.27(3H, t, 7 = 7 Hz, CH 3 ) , 1.4—1.8(2H, m, CH 2 , r ing), 
2.16—2.75(2H, m, GH) , 4.11(2H, q, 7 = 7 Hz, O C H 2 ) . 

ylsilane employed as the internal s tandard. Two geometri­
cal isomers of ethyl 2-substituted cyclopropanecarboxylates 
were isolated by fractional distillation and/or by G L C . For 
the 2-phenyl derivative, the trans-isomev in a mixture of the 
two isomers was hydrolyzed to franj-2-phenylcyclopropane-
carboxylic acid, which was then converted to the appropriate 
ethyl ester by the usual method.1 9) T h e G L C analyses were 
carried out on a Yanaco GCG-550T, using a 1-m column 
of Silicone D C 550 or Silicone X F 1150. T h e trans-isomer 
always showed the shorter retention time. T h e separation 
of the two isomers were carried out on a Yanaco G80 ap­
paratus equipped with AP11 . T h e structure assignments for 
the geometrical isomers were made by means of the 1 H N M R 
spectra using shift reagents based on a generalization20) that 
the tendency of the shift of the signal of the eis proton to 
ethoxycarbonyl is larger than that of the shift of the trans 
protons. 

The ethyl 2-phenyl-, methoxy-, ethoxy-, phenoxy-, cyano-, 
and ethoxycarbonyl-cyclopropanecarboxylates were prepared 
by the reaction of ethyl diazoacetate with the appropriate 
alkene.15) Ethyl frvmy-2-methylcyclopropanecarboxylate was 
obtained by the ethanolysis of the appropriate acid chloride,21) 
itself prepared by the chlorination of fraw-2-methylcyclopro-
panecarboxylic acid21 '22) with thionyl chloride. T h e ethyl 
2-bromocyclopropanecarboxylate was synthesized by a 
Hunsdicker reaction23 '24) of silver /ra«5-2-ethoxycarbonylcyclo-

propanecarboxylate using bromine. T h e fra?u-2-ethoxycar-
bonylcyclopropanecarboxylic acid24) was chlorinated by 
thionyl chloride to tom.y-2-ethoxycarbonylcyclopropanecar-
bonyl chloride. T h e methanolysis of franj-2-ethoxycarbonyl-
cyclopropanecarbonyl chloride afforded methyl ethyl cyclo­
propane-1,2-dicarboxylate. Ethyl 2-formyl- and 2-cyano-
cyclopropanecarboxylates were obtained by the reaction of 
ethyl (dimethylsulfuranylidene) acetate with acrolein and 
acrylonitrile respectively.25) T h e boiling points of the ethyl 
fra/zj-2-substituted cyclopropanecarboxylates are summarized 
in Tab le 5. 

T h e a u t h o r s wish to t h a n k Professor Te i j i r o Y o n e z a w a 
a n d M r . T o s h i r o I n u b u s h i ( K y o t o U n i v . ) for t he i r 
1 3 C F T N M R m e a s u r e m e n t s . 
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Treatment of /-butyl 2-acetylamino-3-bromo-2-alkenoate with triethylamine gave /-butyl 5-alkyl-2-methyl-
oxazole-4-carboxylate by dehydrobromination, but no reaction occurred with primary amines. While treatment 
of /-butyl 2-acetylimino-3,3-dibromoalkanoate with hydroxylamine or several aliphatic and aromatic primary 
amines gave addition products, /-butyl 2-acetylamino-3,3-dioromo-2-(hydroxyamino)- and 2-(substituted amino)-
alkanoate, respectively, in fairly good yields. 

Previously, Shin et al. have reported on the facile 
synthesis off-butyl 2-(iV-bromoacetylamino)-2-alkenoate 
by the reaction of /-butyl 2-acetylamino-2-alkenoate with 
JV-bromosuccinimide (NBS), and its bromine migration 
into /-butyl 2-acetylamino-3-bromo-2-alkenoate (1).2) 

Repeated bromination of 1 and its migration gave /-
butyl 2-acetylimino-3,3-dibromoalkanoate (4), to which 
water or several kinds of alcohol were added readily 
to give the corresponding 2-hydroxy- and alkoxy deri­
vatives. x) 

Recently, it has been described that the same addition 
reaction of aliphatic primary and some secondary amines 
to methyl 2-acylamino-3,3-dichloroacrylate gave a mix­
ture of methyl 2-acylamino-2-(substituted amino)-3,3-
dichloropropanoate and oxazole derivatives.3,4) How­
ever, not only has the suppositional imino-form inter­
mediate, methyl 2-acylimino-3,3-dichloropropanoate, 
not been isolated, but also there was no evidence for 
the presence of the intermediate. 

In order to ascertain and extend the above addition 
reaction, the reaction of 4 with several aliphatic and 
aromatic primary amines and that of 1 with triethyl­
amine was carried out and these resulted in the con­
venient synthesis of 3,3-dibromo-2,2-diamino acid deri­
vatives and oxazole-4-carboxylic acids, respectively.5) 

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

Reaction of 1 with Triethylamine. When a solution 
of l a , b ( a ; R = CH 3 , b ; R = C2H5) and triethylamine 
in benzene was refluxed for 2.5 h, a colorless syrup, 
which gradually crystallized during distillation under 
reduced pressure, was obtained in a ca. 4 0 % yield. 
The colorless crystals isolated were determined to be 
/-butyl 5-alkyl-2-methyloxazole-4-carboxylate (2a, b) 
from elemental analysis and spectroscopic data. A 
similar treatment of ethyl 2-acetylamino-3-bromo-2-
butenoate ( l c ) , derived from the reaction of ethyl 2-
acetylamino-2-butenoate with NBS, also gave ethyl 2,5-
dimethyloxazole-4-carboxylate (2c). An independent 
preparation of 2c, by the reaction of ethyl 2-acetyl-
amino-3-oxobutanoate with phosphoryl chloride,6) de­
monstrated the structure unambiguously. 

* To whom all correspondence should be addressed. 

Et 3N 
-> CH 3 -C=C-COOEt 

I I 
O N 
^ C (2c) 

CH3 

POCI3 

CH 3 -C=C-COOEt 

Br NHCOGH3 

(lc) 

CH3-C—CH-COOEt 
II I 
O NHCOCH3 

Although the assignment of the proper configuration 
(E-, Z-) was not successful in this work, the geometric 
isomer of 1 was subjected to the cyclization reaction 
(Table 1). Moreover, 2a was converted into colorless, 
crystalline, 2,5-dimethyloxazole-4-carboxylic acid (3a) 
in a 5 7 % yield, by treatment with hydrogen chloride 
in chloroform at room temperature. O n the other 
hand, it was found that conversion of 1 into 2 by am­
monia or benzylamine did not occur. 

The yields, physical properties, and spectral data of 
2 and 3 are summarized in Table 1. 

Reaction of 4 with Several Amines. The compound 
4a,b (a ; R = CH 3 , b ; R = G2H5) used was prepared ac­
cording to the method previously reported.1) Treat­
ment of 4 with excess gaseous ammonia in ether with 
stirring below 10 °C gave only /-butyl 2-acetylamino-2-
amino-3,3-dibromoalkanoate (5) as colorless crystals in 
a ca. 70% yield. The subsequent acylation of 5 with 
acetic anhydride and benzoyl chloride in pyridine at 
room temperature or below, respectively, gave /-butyl 
2,2-diacetylamino- and 2-acetylamino-2-benzoylamino-
3,3-dibromoalkanoates (12 and 13), which could not be 
obtained independently from the direct addition of the 
acid amide to 4. Furthermore, a similar addition re­
action of almost equimolar 4 and alkylamines (benzyl­
amine and Phenylhydrazine) or arylamines (aniline, 
ethyl /»-aminobenzoate, 2-aminopyridine and 2-amino-
thiazole) in ethanol below 10 °G or at room temperature 
also gave /-butyl 2-acetylamino-2-(substituted amino)-
3,3-dibromoalkanoates (6—11) as colorless crystals in 
ca. 8 5 % yields, without the accompaniment of the ex­
pected oxazoline derivatives (19 and 20). 

From the above results, it was found that the amino 
group added readily and dominatly to the carbon-nitro­
gen double bond in 4, even in the presence of ethanol. 
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TABLE 1. 5-ALKYL-2-METHYLOXAZOLE-4-CARBOXYLIC ACIDS (2 AND 3) 

1789 

Compd 
No. 

Yield 
(%) 

Bp °C/Tofr 
(mp°C) Formula 

Found (Calcd), % 

C H N 

IR spectrum, 
cm - 1 in KBr 

NMR spectrum, ô 

5-RCH2 2-GH3 COOH 

2a 

2b 

2ce> 

3a 

58a> 
25b> 

23c) 
3 7 d ) 

410 

70—73/1.5 
(33—35) 

85—86.5/2 
(28.5—30) 
82—83/2e) 

57 (182.5—184.5) 

C10H15NO3 

G„H17NO, 

G 8 H n N0 3 

G6H7N03 

60.91 
(60.89 

62.44 
(62.54 
56.77 

(56.79 
50.96 

(51.06 

7.61 
7.69 

8.34 
8.11 
6.28 
6.55 
4.94 
5.00 

7.11 
7.10) 

6.74 
6.63) 
8.32 
8.28) 
9.85 
9.93) 

1735, 1710, 1625 2.57 s 
(R = H) 

2.44h> 

1727, 

1715, 

1716, 

1705, 1616 

1623 

1640 

2.75 t 2.45h> 
7 = 8 . 0 H z 
2.56 s 2.45h> 
(R = H) 
2.60 s 2.46 
(R = H) 

8.871) 

a) From l a 
l b (syrup).e> 
Measured in 

(mp 138— 139°C).e> b) From l a (mp 101—102.5 °C).e> c) From l b (mp 84—87°C).e> d) From 
e) Ref. 2. f) From a 1 : 1 mixture of E- and Z-isomer. g) Ref. 4 (bp 110—115 °C/10 Torr), h) 

CDC13. i) Measured in DMSO-</6. 

R - C = 

Br 

Br 
I 

R - G -
I 

Br 

= C-COOBu* 

NHCOCH3 

I NBS (1) 

-C-COOBu* 
II 

N-COGH3 

Et3N 

-»• R - C = 0 - 0 0 0 « ^ 
HCl 

R - C = C-COOH 

O N 

GH, 
(2) 

O N 

(3) 

N H 2 O R ! 

Br NHOR1 

-> R - C —G-COOBu* 
A c 2 0 or 

C t H . C O C l 

CH3 

Br NHOCOR1 

-> R - C —C-COOBu« 

(4) 

A c 2 0 or 
> 

C 6 H 5 COCl 

N H 2 R ' 

Br NHR1 

I I 
R - C — G-COOBu{ 

I I 
Br NHCOCH, 

(5) R! = H 
(6) R ^ C H ^ e H , 
(7) R ^ C e ^ 
(8) R ^ C e H ^ C O ^ t - ^ ) 
(9) R ^ C ^ N 

(10) RX = C 3 H 2 NS 

(11) R ^ N H C f t 

Br NHCOCHg 

(14) R* = H 

(15) Ri = CH2C6H5 

Br NHCOR1 

R - C — G-COOBu« 
I I 

Br NHCOCH3 

(12) R ^ C H , 

(13) R ^ C 6 H 5 

Br NHR1 

I I 
R - G — C-COOBu' 

O N (19) 

CH3 

a; R = CH3, b ; R = C2H5 

Scheme 1. 

Br NHCOCH3 

(16) Ri = CH3 

P (17) R ^ C Ä 

OH 

Br N-COR 1 

I I 
R - C — G-COOBu« 

I I 
Br NHCOCH, 

(18) 

R!HN NHR1 

I I 
R - C — C-GOOBu« 

I I 
O N (20) 

I 
CH3 

Moreover, the reaction of 4 with hydroxylamine in 
ethanol below 10 °C gave the expected /-butyl 2-acetyl-
amino-3,3-dibromo-2-(hydroxyamino)alkanoate (14) in 
an unstable crystalline state. The structure of 14 was 
assigned, on the basis of the appearance of the hydroxyl 
group absorption band at 3360—3370 c m - 1 in the I R 
spectrum and the subsequent acylation of 14. The 
acylation of 14 with acetic anhydride and benzoyl chlo­
ride in pyridine gave /-butyl 2-acetylamino-2-acetoxy-
amino- and 2-benzoyloxyamino-3,3-dibromoalkanoates 
(16 and 17) as colorless crystals in ca. 87 % yields. Com­

pounds 16 and 17 showed no coloration with methanolic 
ferric chloride, indicating the absence of hydroxamic 
acid structures. However, migration of the acyl group 
on an oxygen in 16 or 17 to a nitrogen atom, as reported 
an earlier paper,7) was not observed. Moreover, a 
similar treatment of 4 with O-benzylhydroxylamine gave 
/-butyl 2-acetylamino-2-benzyloxyamino-3,3-dibromoal-
kanoate (15). In this work, however, the conversion 
of 15 into 14 was unsuccessful. Although reactions of 
4 with other primary amines, for example, butylamine, 
cyclohexylamine and 2-aminoethanol, occurred, the un-
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/ Br NH-R1 

TABLE 2. /-BUTYL 3,3-DIBROMO-2-(SUBSTITUTED AMINO)-2-AGETAMIDO-2-ALKANOATES R-C — C-COOBuÉ 

V Br NHCOCH, , 

Compel 
No. 

~5a 

5b 

6a 

7a 

7b 

8a 

8b 

9a 

9b 

10a 

10b 

11a 

l i b 

12a 

12b 

13a 

14a 

14b 

15a 

15b 

16a 

16b 

17a 

17b 

1 Ri 

T H 

- H 

-CH2C6H5 

-C6H5 

-C6H5 

-C6H4C02Et(/>) 

-C6H4C02Et(/>) 

N = / 

_ / S \ 

N-il 

-NHC6H5 

-NHC6H5 

-COCH a 

-COCH3 

-COC6H5 

-OH 

-OH 

-OCH2C6H5 

-OCH2C6H5 

-OCOCH3 

-OCOCH3 

-OCOC6H5 

-OCOC6H5 

Yield 
(%) 

76.6 

67.7 

94.0 

97.0 

92.5 

97.6 

75.0 

87.6 

76.0 

73.1 

42.9 

96.7 

85.1 

60.3 

67.5 

57.0 

87.9 

83.0 

82.1 

78.9 

85.6 

87.4 

84.3 

91.1 

Mp°C 

137—138.5a-°> 

133— 134a-c> 

91.5—92.5d> 

121—122a«d> 

123.5—124a.d> 

126—127a-d> 

111 — 116a>d> 

138—139a-e) 

130—130.5a'f) 

145— 146a'S> 

138— 139a*s> 

127— 127.5a'd> 

124— 125a'd> 

135— 136a.h> 

131 —132c> 

133— 133.5a-e> 

crystals J) 

cry st als J) 

99.5—100.51) 

124— 125e> 

139—141a.h> 

124—125°) 

132.5—133«) 

121 — 122°) 

Formula 

C10H18N2O3Br2 

CnH20N2O3Br2 

C17H24N203Br2 

C16H22N203Br2 

C17H24N203Br2 

C19H26N205Br2 

C20H28N2O5Br2 

C15H21N303Br2 

G16H23N303Br2 

C13H19N303SBr2 

C14H21N30,SBr2 

Ci6H23N303Br2 

C17H25N303Br2 

G12H20N2O4Br2 

G13H22N204Br2 

C16H22N204Br2 

C17H24N204Br2 

C l8H26N204Br2 

C12H20N2O5Br2 

G13H22N205Br2 

C17H22N205Br2 

C18H24N205Br2 

Found (Calcd), % 

G H N 

32.14 4.80 7.49 
(32.11 4.84 7.51) 

34.11 5.13 7.12 
(34.04 5.19 7.22) 

43.92 5.30 5.91 
(43.99 5.21 6.03) 

42.45 4.97 6.12 
(42.69 4.93 6.22) 

44.12 5.24 6.16 
(43.99 5.21 6.03) 

43.63 5.01 5.30 
(43.70 5.02 5.36) 

45.16 5.26 5.29 
(44.80 5.26 5.22) 

39.86 4.70 9.05 
(39.93 4.69 9.31) 

41.28 5.08 8.88 
(41.30 4.98 9.03) 

34.38 4.23 9.16 
(34.15 4.19 9.19) 

35.87 4.58 8.89 
(35.69 4.49 8.92) 

41.08 4.96 8.96 
(41.31 4.98 9.03) 

42.73 5.28 8.94 
(42.61 5.26 8.77) 
34.70 4.88 6.82 

(34.64 4.84 6.73) 
36.29 5.23 6.49 

(36.30 5.16 6.51) 
41.31 4.77 5.99 

(41.22 4.76 6.01) 
— — — 1 

— — — 1 

42.77 5.01 5.85 
(42.52 5.04 5.83) 
43.88 5.31 5.70 

(43.75 5.30 5.67) 
33.62 4.70 6.57 

(33.36 4.67 6.48) 
34.66 4.88 6.21 

(35.00 4.97 6.28) 
41.51 4.55 5.61 

(41.32 4.49 5.67) 
42.97 4.74 5.58 

(42.54 4.76 5.51) 

IR, cm-1, in KBr NMR") 

NH, (OH), COO, NCO N H 7 ( O H ) 

3380,3340,1730,1670 

3380,3340,1730,1670 

3380,3310,1730,1680 

3350, 1720, 1690 

3330, 1710, 1680 

3350, 1710,1690 

3350, 1710, 1690 

3350, 1730,1690 

3350, 1730,1690 

3320, 1730, 1690 

3300, 1730, 1690 

3370,3260,1730,1680 

3320,3250,1720,1660 

3330,3320,1740,1700 
1670 

3310,3280,1730,1670 

3320,3300, 1730, 1690 
1650 

(3360), 3330, 1740, 1650 
3230 

(3370), 3330, 1730, 1650 
3220 

3360,3160, 1730,1680 

3370,3200,1730,1680 

3280,3220,1750,1650 

3380,3220, 1750,1690 
1730 

3340,3200,1730,1680 
1720 

3360,3190,1720,1680 

2.79,6.62 

4.02,6.76 

5.60 

5.62 

5.99,8.00 

5.74 

5.74 

7.02 

(7.95)5.36 

a) Decomposition, b) ô, in CDC13. c) Colorless needles from dibutyl ether, d) Colorless needles from ethanol-H20. 
e) Colorless prisms from dibutyl ether, f) Colorless needles from hexane. g) Colorless needles from ethanol. h) 
Colorless prisms from benzene-petroleum ether, i) Colorless prisms from hexane. j) Unstable. 

stable crystalline products obtained could not be con- _ . , 
r * experimental 
firmed. r 

The yields, physical properties, and spectral data of All boiling and melting points are uncorrected. The IR 
5—17 are summarized in Table 2. spectra were recorded with a Hitachi EPI-G3 Spectrometer. 
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The N M R spectra were measured using a JNM-PS-100 
Spectrometer ( Japan Electron Optics Laboratory Co., Ltd.) 
with tetramethylsilane as the internal s tandard. 

Materials. T h e E- and Z-isomers of l a , b were pre­
pared by the method recently reported.2) Similarly, l c was 
also obtained by the reaction of ethyl 2-acetylamino-2-bute-
noate (0.0304 mol) and NBS (0.0335 mol) in carbon tetra­
chloride (30 ml) . Colorless needles from dibutyl ether, yield 
5 5 % , m p 108—109 °C. I R (KBr) : 3245 (NH) , 1720 ( C O O ) , 
1660 and 1520 (NHCO) cm- 1 . N M R (Ô): 2.34, 2.55 (two s, 
C O C H 3 ) , 2.04, 2.07 (two s, CH 3 -C=) , 7.47, 8.20 (two broad 

s, N H ) , contributing to the mixture of the E- and Z-isomers 
of l c . From the intensity of the amide proton, l c was found 
to be composed of the E- and Z-isomers in a ratio of 1 : 1. 
Found : C, 38.52; H , 4 .81 ; N, 5.60%. Calcd for C8H1 2-
N 0 3 B r : C, 38.40; H, 4.80; N, 5.60%,. 

Preparation o/2a,b,c. A solution of l a , b , c (0.0036 mol) 
and triethylamine (0.0072 mol) in dry benzene (20 ml) was 
refluxed for 2.5 h. T h e triethylamine hydrobromide sepa­
rated out was filtered off, and then the benzene solution was 
washed three times with water (30 ml) . T h e benzene layer 
was dried over anhydrous magnesium sulfate and then evap­
orated under reduced pressure to give a colorless syrup. 
T h e residual syrup was distilled under reduced pressure to 
give crystals of /-butyl 2,5-dimethyloxazole-4-carboxylate (2a) 
and /-butyl 5-ethyl-2-methyloxazole-4-carboxylate (2b) or a 
syrup (2c). 

Preparation of 3a. A solution of 2a (0.0177 mol) in 
dry chloroform (10 ml) was saturated with dry hydrogen 
chloride with cooling. After standing overnight at room tem­
perature, colorless crystals gradually separated out from the 
resulting brown solution. T h e crystalline product was col­
lected and washed with chloroform and then recrystallized 
from ethanol to give colorless needles (3a). 

Preparation of 5a. When a solution of 4a (1.54 g, 
0.0043 mol) in ether (10 ml) was saturated with gaseous am­
monia with stirring below 10 °C, a colorless crystalline prod­
uct precipitated immediately. T h e crystals were identified 
to be /-butyl 2-acetylamino-2-amino-3,3-dibromobutanoate. 

In an analogous manner , /-butyl 2-acetylamino-2-amino-
3,3-dibromopentanoate (5b) was obtained from the reaction 
of 4b with ammonia . 

Preparation of 6a. A solution of 4a (0.0043 mol) and 
benzylamine (0.48 g, 0.0045 mol) in ethanol (10 ml) was 
stirred below 10 °C. A small quanti ty of water added to the 
resulting solution and a similar work u p gave /-butyl 2-acetyl-
amino-2-benzylamino-3,3-dibromobutanoate. 

Preparation of 7a. A solution of 4a (0.0043 mol) and 
aniline (0.42 g, 0.0045 mol) in ethanol (10 ml) was stirred 
below 10 °C and worked up similarly to give /-butyl 2-acetyl-
amino-2-anilino-3,3-dibromobutanoate. 

In an analogous manner , /-butyl 2-acetylamino-2-anilino-
3,3-dibromopentanoate (7b) was obtained from 4b and aniline. 

Preparation of 8a. /-Butyl 2-acetylamino-2-(4-ethoxy-
carbonylanilino)-3,3-dibromobutanoate was prepared from 4a 
(0.0043 mol) and ethyl /»-aminobenzoate (0.75 g, 0.0045 mol) 
in a manner similar to the preparat ion of 6a. 

Preparation of 9a. In a similar manner , /-butyl 2-acet-
ylamino-2-(2-pyridylamino)-3,3-dibromobutanoate was syn­
thesized from 4a and 2-aminopyridine (0.0045 mol) . 

Preparation of 8b. In to a solution of ethyl /»-amino-
benzoate (0.71 g, 0.0043 mol) in benzene (30 ml) , 4b (1.51 
g, 0.0041 mol) was added with stirring at room temperature . 
After stirring for 5 h, the resulting solution was washed suc­
cessively once with 3M-hydrochloric acid and once with water. 
The benzene layer was dried over anhydrous magnesium 

sulfate and then evaporated under reduced pressure to give 
crystals of /-butyl 2-acetylamino-2-(4-ethoxycarbonylanilino)-
3,3-dibromopentanoate. 

Preparation of 9b. /-Butyl 2-acetylamino-2-(2-pyridyl-
amino)-3,3-dibromopentanoate was obtained from 4b and 
2-aminopyridine in the manner described above. 

Preparation of 10a. In to a solution of 2-aminothiazole 
(0.45 g, 0.0045 mol) in benzene (30 ml) , 4a (0.0043 mol) was 
added with stirring at room temperature . After stirring for 
24 h, the crystalline product separated out was collected and 
washed with ethanol. T h e crystals were identified to be 
/-butyl 2-acetylamino-2-(2-thiazolylamino)-3,3-dibromobuta-
noate. 

I n an analogous manner , /-butyl 2-acetylamino-2-(2-
thiazolylamino)-3,3-dibromopentanoate (10b) was obtained 
from 4b and 2-aminothiazole, after stirring for 4 days. 

Preaparation of 11a. A solution of 4a (0.0043 mol) and 
Phenylhydrazine (0.49 g, 0.0045 mol) in ethanol (10 ml) was 
stirred below 10 °C, and a similar work u p gave /-butyl 2-
acetylamino-2-phenylhydrazino-3,3-dibromobutanoate. 

In an analogous manner , /-butyl 2-acetylamino-2-phenyl-
hydrazino-3,3-dibromopentanoate ( l i b ) was obtained from 
4b and Phenylhydrazine. 

Preparation of 14a. In to a solution of 4a (0.0043 mol) 
in ethanol (10 ml) , a solution of hydroxylamine (made from 
hydroxylamine hydrochloride (0.33 g, 0.0047 mol) and sodium 
hydrogencarbonate (0.4 g, 0.0047 mol) in water (3 ml)) was 
added dropwise with stirring below 10 °C. T h e reaction was 
immediately completed and a colorless crystalline product 
was separated out by adding water (10 ml) to the resulting 
solution. T h e crystals were collected and washed with a 
small quant i ty of petroleum ether, and identified as /-butyl 
2-acetylamino-3,3-dibromo-2-hydroxyaminobutanoate. 

In an analogous manner , /-butyl 2-acetylamino-3,3-dibromo-
2-hydroxyaminopentanoate (14b) was obtained from 4b and 
hydroxylamine. 

Preparation of 15a. A solution of 4a (0.0043 mol) and 
O-benzylhydroxylamine (made from O-benzylhydroxylamine 
hydrochloride (0.72 g, 0.0045 mol) and sodium ethoxide (made 
from sodium (0.1 g, 0.0045 mol) and ethanol (5 ml) ) in ethanol 
(50 ml) was similarly worked up to give a residual yellowish 
syrup. After adding benzene (50 ml) to the residue, the 
benzene solution was washed once with water and dried over 
anhydrous magnesium sulfate, and then evaporated under 
reduced pressure to give /-butyl 2-acetylamino-2-benzyloxy-
amino-3,3-dibromobutanoate. 

I n an analogous manner , /-butyl 2-acetylamino-2-benzyloxy-
amino-3,3-dibromopentanoate (15b) was obtained from 4b 
and O-benzylhydroxylamine. 

Preparation of 12a, 12b, 16a, and 16b. T h e acetylation 
of 5a, 5b, 14a, and 14b was carried out by the usual procedure 
using acetic anhydr ide and pyridine at room temperature , 
giving the acetoxyamino compounds, 12a, 12b, 16a, and 16b, 
respectively. 

Preparation of 13b. A solution of 5a (3 g, 0.008 mol) 
and benzoyl chloride (1.24 g, 0.0088 mol) in pyridine (20 ml) 
was stirred below 10 °C for 3 h, and a similar work up gave 
/-butyl 2-acetylamino-2-benzoylamino-3,3-dibromobutanoate. 

Preparation of 17a and 17b. Similarly, 14a and 14b 
were treated with benzoyl chloride below 10 °C in pyridine, 
giving the benzoyloxyamino compounds, 17a and 17b, respec­
tively. 
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JV-Chlorobenzamidine (1) reacted readily with dimethyl sulfide to form JV-benzimidoylaminodimethylsulfonium 
chloride (2). Treatment of 2 with sodium hydroxide gave JV-benzimidoyl-,S',£-dimethylsulfilimine (3) quantita­
tively. The thermolysis of acyl derivatives of 3 gave rise to 1,2,4-oxadiazoles. iV-Chloro derivative (6) prepared by 
treating 2 with sodium hypochlorite, reacted with potassium thiocyanate to form iV-(3-phenyl-l,2,4-thiadiazolyl-
5-yl)-.S,.S-dimethylsulnlimine (7). 

Sulfilimines, unique in reactivity, are useful for or­
ganic synthesis. Many studies on them have been re­
ported, but they deal with the stable JV-sulfonyl and 
JV-acysulfilimines. We wish to report the preparat ion 
of a new class of sulfilimines stabilized by an imino 
group together with some interesting reactions of acyl 
and JV-halogen derivatives of JV-benzimidoyl-l$

,,l$
,-di-

methylsulfilimine, 3. 

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

Preparation of N-Benzimidoylaminodimethylsulfonium Chlo­
ride (2). JV-Halogen compounds react readily with 
sulfides to form sulfonium salts.2'3) We investigated the 
possible formation of such a sulfonium salt from N-
chloroamidine and sulfide in various solvents. N-
Ghlorobenzamidine (1) reacted readily with dimethyl 
sulfide to form sulfonium chloride (2). Acetonitrile 
was found to be the most suitable solvent for the for­
mation of 2. When the concentration of 1 was high, 
the yield of 2 increased considerably. Compound 1 
did not react with ethyl phenyl sulfide. The results 
are summarized in Table 1. 

TABLE 1. PREPARATION OF SULFONIUM SALT (2) 

Ph-C-NH 2 + CH3SCH3 
II 
NCI 

15 °C 

/CjJrdo 

P h - C - N H - S 
\GH, 

NH 

cie 

Solvent (ml) Reaction time (h)a> Yield (%) 

EtOEt (20) 
CH2G12 (20) 
CH3CN (20) 
CH3GN (10) 

2.0 (-)*» 
1.5 (1.0) 
1.0 (0.3) 
1.0 (0.3) 

52 
62 
72 
84 

20 mmol scale. 
a) Active chlorine disappeared. 
not disappear. 

b) Active chlorine did 

Preparation of N-Benzimidoyl-S,S-dimethylsulfilimine (3). 
Treatment of 2 with aqueous sodium hydroxide gave 
3 quantitatively. Treatment of 3 with dry hydrogen 
chloride afforded the starting material, 2. The new 
sulfilimine, 3, which could be recrystallized from chloro­
form-ether, melts at 67—68 °G. Sulfilimine 3 is 
strongly hygroscopic and soluble in common organic sol­
vents except for hydrocarbons. I t was found that 3 
is quite stable under reflux in tetrahydrofurane for 3 h 
but decomposes evolving dimethyl sulfide under reflux 
in xylene for 2 h. 

However, the S-N bond of 3 was found to cleave 
easily on being treated with benzenethiol. 

3 + 2PhSH > 
room temp 

PhSSPh + Ph-C-NH2 + CH3SGH3 
II 
NH 

Structure of 3. The structures of 2 and 3 are 
discussed on the basis of spectral data as follows. In 
the I R spectra4) the G=N streching vibration of 2 is 
at 1650 cm- 1 , that of 3 at 1510 cm- 1 . T h e shift is 
analogous to that observed in the case of a carbonyl 
group attached to a ylide carbon or ylide nitrogen 
atom (a). 

In the U V spectra, 2 and 3 have the same ^ m a x (239 
nm) but £max of 3 (11300) is by 2100 larger than that 
of 2 (b). 

In the N M R spectra,5) the resonance of protons to 
the positively charged sulfur atom and the nitrogen 
atom shifts upfield by 0.3 and 3.5 ppm, respectively, 
in going from 2 to 3 (c). 

(a) and (c) suggest that form (3a) is a contributor 
to the sulfilimine structure, (b) and (c) suggest that 
the S-N bond posesses a partial double bond character 
due to 2p—3d orbital overlap, (3b). 

The overall structure can be represented by (A). 

0 © C H T 

NH CH3 

. (3) 

u CH3 

Ph-ON-
I 
NH 
0 (3a) 

®.CHo 

(3b) (A) 

Fig. 1. 

These resonance forms can contribute to the stabiliza­
tion of this new type sulfilimine. 

Amidino and Acyl Derivatives of 3. Addition of 3 
to diphenylcarbodiimide occurred easily at low tem­
perature to afford amidino derivative (4) in a good 
yield. 

3 + Ph-N=G=N-Ph 
in CH 2 C1 2 

3h 

0 ©/GH3 
P h - G - N - S 

II XCH3 (4) 
N \ 

C=N-Ph 
HN-Ph 

Yield 88%, mp 160 °G. 
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Gyanamide, which seems to be carbodiimide, did not 
react with 3 at room temperature, but gave 7V-cyano-
benzamidine in 6 0 % yield under reflux in tetrahydro-
furan for 30 min. 

>Ph-G-NHGN 

3 + H2NCN —| NH 

e e /CH 3 
--)£-» P h - C - N - S 

II NCH3 

N \ 
C=NH 

H 2 N/ 

Detailed mechanism has not been clarified yet. The 
reaction path might be similar to that proposed in the 
formation of cyanoamidine from amidine and cyan-
amide.6) 

Acyl derivatives of 3 were easily prepared by the 
treatment of 2 with acid anhydride. 

in CH2C12 O @> / G H 3 

3 + R - C - O - C - R > P h - C - N - S 

O O 
room temp 

] — 3 h N. 
\GH 3 

C - R 

O 
5a: R=Pn 
5b: R=/>-CH3C6H4 

5c: R = CH3 

The results and physical properties of 5 are given in 
Table 2. 

TABLE 2. PHYSICAL PROPERTIES OF 5 

Compounds Yield 
(%) 

Mp 
(°G) 

IR (cm-1) 

^C = N VC = 0 

uv 
^max ( e ) 

5a 66 188—190 1600 1570 245 (11700) 
5b 54 172—173 1590 1550 251 (18600) 
5c 60 114—116 1620 1600 230 (10800) 

These sulfilimines have relatively high melting points 
and are soluble in common organic solvents except for 
ether and hydrocarbons. 

In the I R spectra, the G=N absorption of 5 is at a 
shorter wavelength than that of 3. O n the other hand, 
the C = 0 absorption is at a longer wavelength than that 
of normal amide absorption. In view of these shifts 
in the I R spectra, the structure of 5 can be represented 
by (B). 

Ph-ff"S-CH3 
N ^ O . , 3 

I 

R 

Fig. 2. 

(B) 

The mass spectrum of 5a revealed that the primary 
fragmentation is loss of dimethyl sulfide. Thus , it was 
expected that 1,2,4-oxadiazole would be formed by 
elimination of dimethyl sulfide. In fact, heating of 5a 
and 5b without solvent in test tubes at about 200 °C 
gave rise to 1,2,4-oxadiazoles. However, 5c gave nr 

TABLE 3. FORMATION OF 1,2,4-OXADIAZOLES 

Ph-G C - R 

R 

Ph 
/>-CH3C6H4 

CH3 

N 

Reaction 
temp 
(°G) 

200—210 
190—200 

160 

— O 

Reaction 
time 
(min) 

10 
20 
5 

Yield 
(%) 

70 
63 

0 

Mp 
(°C) 

108 (108) 18> 
121—122 

corresponding product. The structures of these prod­
ucts were confirmed by elemental analyses and I R 
spectra. The results are given in Table 3. 

Detailed mechanism of this interesting internal ring 
formation has not been clarified. T h e thermolysis seems 
to proceed via a nitrene in view of oxadiazole formation 
from dimethyl diazidomalonate7) and iV-benzoyl-iV'-
chloroamidino compounds.8 '9) 

- C H 3 S C H 3 
5 > P h - C - N 

N O 

R 

Ph-G = N 
I I 

N O 

R 

Amidino derivative 4 was also expected to form 1,2,4-
triazole by thermolysis. However, no cyclization 
occurred. 

- C H 3 S C H 3 
4 y. > Ph-C 

N 

-N 

C -NH-Ph 
\ N / 

Ph 

Preparation and Reaction of N-Chloro Derivative of 3. 
Sulfilimines are stabillized by an electron-withdrawing 
group attached to the ylide nitrogen atom. Attempts 
were made to prepare iV-halogen derivative of 3. The 
iV-chlorosulfilimine (6) could easily be prepared quan­
titatively by treatment of 2 with sodium hypochlorite 
at low temperature. 

NaCIO 

3 ° C 
10 min 

e ®/CH3 

P h - C - N - S 
II NCH 3 

N v 
CI 

(6) 

The sulfilimine 6 which can be recrystallized from chlo­
roform-petroleum ether is relatively stable, its melting 
point being 98—99 °G (with decomposition). 

JV-Haloamidino compounds readily react with potas­
sium salts of thiocyanic acid and Gyanoiminothiocar-
bonic acid to give thiadiazoles10-12) and Zl4-1,2,4-
thiadiazolines13-16) in good yields. We investigated the 
reaction of 6 with potassium thiocyanate. The ex-

6 + KSGN — 
- K C l 

l h 

Ph-G N 
Il II e ®/CH a 
N G - N - S 

\ S / M3H3 

(7) 
Yield 68%, mp 168—169 °G. 
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o t h e r m i c r e a c t i o n p r o c e e d e d i m m e d i a t e l y in ace ton i t r i l e 
to afford JV-(3-phenyl-l ,2,4-thiadiazolyl-5-yl)- ,S , , ,S '-di-
methy l su l f i l imine (7) . 
T h e s t r u c t u r e of 7 w a s d e t e r m i n e d f rom t h e fo l lowing. 

(a) N o a b s o r p t i o n of a t h i o c y a n a t e g r o u p w a s o b ­
served in t h e I R s p e c t r u m . 

(b) T h e a n a l y t i c a l va lues of 7 a n d its p i c r a t e a r e 
in g o o d a g r e e m e n t w i t h t he i r t h e o r e t i c a l ones . 

(c) U V a n d N M R d a t a . 

T h e f o r m a t i o n of 7 m i g h t p r o c e e d as in t h e fo l lowing 
s c h e m e . T h e S - N b o n d w a s in i t ia l ly f o r m e d , i n t e r n a l 
r i n g f o r m a t i o n b e i n g t h e n fol lowed b y m i g r a t i o n of t h e 
d ime thy l su l fon io g r o u p to y ie ld 7. 

N o such m i g r a t i o n of a sulfonio g r o u p in sulf i l imine 
is k n o w n . 

(7) 

Scheme 1. 

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

The melting points are uncorrected. I R spectra were 
taken with a Hitachi EPI-S2 spectrometer. N M R spectra 
were recorded at 60 M H z with a Hitachi R-24A spectrom­
eter, and the chemical shifts were given in ^-values, T M S 
being used as an internal s tandard. Mass spectra were taken 
with a J E O L - D 1 0 0 mass spectrometer. U V spectra were 
taken in methanol with a Hitachi 624 spectrometer. 

iV-Chlorobenzamidine (1) was prepared by the method17) 
described previously. 

'N-Benzimidoylaminodimethylsulfonium Chloride (2). A solu­
tion of 1 (20 mmol) in acetonitrile (5 ml) was added drop 
by drop to a stirred solution of dimethyl sulfide (24 mmol) 
in acetonitrile (5 ml) . T h e temperature was maintained 
below 15 °C during the reaction. After stirring for ca. 0.3 h, 
active chlorine disappeared and sulfonium salt precipitated. 
The solid was separated by filtration and washed with aceto­
nitrile; yield, 8 4 % ; m p 183 °C. Recrystallization from etha-
nol gave a pure product ; m p 183—183.5 °C (Found: C, 
49.37; H , 5.76; N , 12.90%. Calcd for C9H1 3N2SG1: C, 
49.88; H, 6.05; N, 12.93%). Picra te : m p 152—153 °C 
(from water) . (Found: C, 44.15; H , 3.62; N , 17.15%. 
Calcd for C 1 5 H 1 5 N 5 S 0 7 : C, 44 .01 ; H , 3.69; N, 17.11%). 

T h e reaction when carried out in ether and dichloromethane 
in a similar way gave 2 in 52 and 6 2 % yields, respectively. 

N-Benzimidoyl-S,S-dimethylsulfilimine (3). 2 M sodium 
hydroxide (50 ml) was added to a stirred solution of 2 (70 
mmol) in water-chloroform (20—70 ml) at a tempera ture 
below 5 °C. After the chloroform layer was separated, residual 
3 was extracted twice with 15 ml portions of chloroform. T h e 
combined extracts were dried ( N a 2 S 0 4 ) , filtered, and evapo­
rated under reduced pressure. T h e residual needles were 
wahsed with ether and separated by filtration under nitrogen 
atmosphere; yield, quan t ; m p 65—67 °C. Recrystallization 

from chloroform-ether gave the pure sulfilimine; m p 67—68 
°C. (Found; N , 15.70%. Calcd for C 9 H 1 2 N 2 S: N , 15.54 
% ) . m/e 180 (M+). 

Reaction of 3 with Cyanamide. A mixture of 3 (10 mmol) 
and cyanamide (10 mmol) in T H F (10 ml) was refluxed for 
30 min. T h e reddish reaction mixture was treated with 
active carbon and was concentrated under reduced pressure. 
T h e remaining sirup was dissolved in hot chloroform. Ether 
was then added. After cooling, the resulting crystals were 
separated from solution by filtration, and the filtrate was 
evaporated. T h e remaining oily material was crystallized 
from 2 M hydrochloric acid. T h e total yield of iV-cyanoben-
zamidine was 6 0 % ; m p 141 °C (from e thanol -water ; Ref. 6 
m p 141—142 °C). 

N- (N-Benzoylbenzimidoyl) -S,S-dimethylsulfilimine (5a). 
A solution of benzoic anhydr ide (22 mmol) in dichloromethane 
(8 ml) was added to a stirred solution of 3 (20 mmol) in 
dichloromethane (7 ml) at 20—25 °C. After completion of 
addit ion, crystals precipitated. After 1 h of continued stir­
ring, the precipitated crystals were separated by filtration and 
the filtrate was concentrated. T h e remaining oily material 
was washed with 2 M sodium hydroxide (10 ml) and ether 
to give crystals of 5a. T h e total yield of 5a was 6 6 % ; m p 
188—190 °C (from chloroform-ether) . (Found; C, 67.36; H , 
5.70; N, 9 .70%. Calcd for C 1 6 H 1 6 N 2 OS: C, 67.58; H , 
5.67; N , 9 .85%). m/e 284 (M+). N M R (DMSO-</6) : 2.91 
(s, C//3S) and 7.20—8.15 (m, C 6 / / 5 C = 0 , C 6 i / 5 C=N). 

N- fN-p- Tolylbenzimidoyl) S,S-dimethylsulfilimine (5b). 
This was synthesized by the same procedure. Yield, 5 4 % ; 
m p 172—173 °C (from chloroform-ether) . (Found: C, 
68 .03; H , 6.13; N , 9 .10%. Calcd for C 1 7 H 1 8 N 2 OS: C, 
68.43; H , 6.08; N , 9 .39%). mje 298 (M+). N M R ( D M S O -
d6): 2.87 (s, C/ / 3 S) , 2.33 (s, C i / 3 C 6 H 4 ) , and 7.13—7.96 
(m, C 6 / / 5 , G H 3 C Ä ) . 

N- (N-Acetylbenzimidoyl) S,S-dimethylsulfilimine (5c). 
Acetic anhydr ide (17 mmol) and 3 (15 mmol) were stirred 
in dichloromethane ( 13 ml) in the presence of sodium carbo­
nate (8.5 mmol) at room tempera ture for 1 h. After the 
reaction mixture had been poured into water, the oily layer 
was separated. T h e aqueous layer was then extracted twice 
with 7 ml portions of dichloromethane. After the combined 
extracts had been dried over sodium sulfate, the solvent was 
removed by concentration. T h e remaining oily material was 
crystallized from ether ; yield, 6 0 % ; m p 114—116°C (from 
dichloromethane-ether) . (Found: C, 59.60; H , 6 .01; N , 
12 .51%. Calcd for C n H 1 4 N 2 O S : C, 59.43; H , 6.35; N, 
12.60%). N M R (DMSO-rf6): 2.72 (s, C/ / 3 S) , 2.02 (s, C/ / 3 -
O ) , and 7.17—7.75 (m, C 6 / / 5 ) . m/e 222 (M+). 

3,5-Dipheny 1-7,2,4-oxadiazole. Sulfilimine 5 a was heat­
ed in a test tube in an oil-bath at 200—210 °C for 10 min. 
Evolution of dimethyl sulfide was observed. T h e contents 
of the tube were cooled, and the resulting crystals were dis­
solved in ether. After being treated with active carbon and 
concentrated to dryness, the remaining crystals were purified 
by washing with a small amount of aqueous ethanol. Yield, 
7 0 % ; m p 108 °C (from aqueous e thanol ; Ref. 18 m p 108 °C) 

3-Phenyl-5-p-tolyl-1,2,4-oxadiazole. After heating 5 b at 
190—200 °C for 20 min and then cooling, the contents were 
dissolved in ether. Trea tment of the solution with active 
carbon and concentration under reduced pressure gave needle­
like crystals. Yield, 6 3 % ; m p 121—122 °C (from e thanol -
water) . (Found: C, 76.15; H , 5.08; N , 11.49%. Calcd 
for C 1 5 H 1 2 N 2 0 : C, 76.25; H , 5.12; N, 11.86%). m/e 
236 (M+). 

N-CN-Chlorobenzimidoyl)-S,S-dimethylsulfilimine (6). 
Sodium hypochlorite (40 mmol) was added to a stirred solu­
tion of 2 (36 mmol) in water (20 ml) and dichloromethane 
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(25 ml ; below 3 °G. After stirring for 10 min, the oily layer 
was separated, and the aqueous layer was extracted with 
dichloromethane (10 ml) . T h e combined extracts were dried 
over sodium sulfate, filtered, and concentrated under reduced 
pressure. T h e remaining oily substance was crystallized from 
ether. Yield, 9 2 % ; m p 98—99 °C (from chloroform-petro­
leum ether) . (Found: C, 50.05; H , 5.26; N, 13.25%. 
Calcd for C 9 H n N 2 S G l : G, 50.35; H , 5.16; N , 13.05%). 
U V : Am a x 217 n m (e: 14000). m/e 214 (M+). 

N-5-(Phenyl-7,2,4-thiadiazqyl)S,S-dimethßsulßlimine (7). 
A solution of 6 (7 mmol) in acetonitrile (4 ml) was added 
to a stirred suspension of potassium thiocyanate (8 mmol) 
in acetonitrile (6 ml) with cooling in an ice-bath. A violent 
exothermic reaction took place, the solution turning yellow. 
After stirring at room tempera ture for 1 h, insoluble mat ter 
was removed by filtration. A yellowish oily substance was 
obtained by concentrat ing the filtrate under reduced pressure. 
T h e oil was crystallized from ether and the resulting crystals 
were collected, yield, 6 8 % . Recrystallization twice from di-
chloromethane-ether gave pure 7 ; m p 168—169 °C. (Found: 
G, 50.35; H , 4.69; N, 17.88%. Galcd for C 1 0 H n N 3 S a : G, 
50 .61; H , 4.67; N , 17.70%). U V : Am a x 248 n m (e: 
34000). N M R (DMSO-</6): 2.88 (s, C/ / 3 S), 7.32—8.15 
(m, G 6 / / 5) . m/e 237 (M+). Picra te : m p 176 °C (from 
water) . (Found: C, 40 .93; H , 2 .95; N, 18.06%. Galcd 
for C 1 6 H u N 6 0 7 S 2 : C, 41.20; H, 3.03; N , 18.02%). 

W e t h a n k D r . E . I c h i k a w a of T o k y o I n s t i t u t e of 
T e c h n o l o g y a n d D r . H . M a t s u y a m a of T o k y o M e t r o ­
p o l i t a n U n i v e r s i t y for t he i r v a l u a b l e discussions. 
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Photochemical Reactions between Dibromomaleic Anhydride and 
Benzo[6] thiophene1* 

Taku MATSUO and Satoru M I H A R A 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Fukuoka 812 
(Received December 10, 1976) 

On the irradiation of dibromomaleic anhydride in the presence of benzo [Ä] thiophene, both photosubstitu­
tion and photocycloaddition are simultaneously induced. The ratio of the substituted product to the cycloadduct 
increased with solvent polarity, and the same Stern-Volmer plots were obtained with both of the reactions. Kinetic 
parameters, obtained under various concentrations of benzo [è] thiophene, indicate that the reactions proceed via 
a common triplet exciplex. The activation energy for the photosubstitution is higher than that for the cycloaddition 
by 1—2 kcal/mol, where the former reaction is considered to proceed via a more polar transition state than the 
latter. 

Photochemical reaction between maleic anhydride (or 
maleimide) and benzene (or alkyl-substituted benzene) 
affords cycloaddition compounds.2 - 4) Photosubstitu­
tions are observed, when dibromomaleic anhydride (or 
dibromomaleimide) is irradiated in the presence of aro­
matic compounds such as monosubstituted benzenes,5) 
phenylpyrrole,6) and indole.7) I n the case of dibromo­
maleic anhydride-benzo[£] thiophene system, as reported 
in this paper, both photosubstitution and photocyclo­
addition proceed simultaneously. The mechanistic de­
tail and the relationship between photosubstitution and 
photocycloaddition will be discussed below. 

R e s u l t s 

Reaction Products. After irradiation of dibromo­
maleic anhydride (1) and benzo [£] thiophene (2) with 
a high-pressure mercury lamp, the reaction mixture 
was treated with silica gel column chromatography, 
and two crystalline materials were obtained. O n the 
basis of the spectroscopic data, the crystalline materials 
were suggested to be l-bromo-2-(3-benzo[£]thienyl)-
maleic anhydride (4) and örcft*-l,2-dibromo- 1,2,2a, 
7b-tetrahydrocyclobuta [b] benzo [d] thiophene- 1,2- dicar-
boxylic acid (5). The compound 5 is a hydrolysis pro­
duct of tf«/z"-l,2-dibromo-l,2,2a,7b-tetrahydrocyclobuta 
[6]benzo[fiQthiophene-l,2-dicarboxylic anhydride (3). 
Thermal decomposition of 3 in acetic anhydride gave 
4 (6%) and l-bromo-2-(2-benzo[Z»]thienyl)maleic an­
hydride (6, 94%) . 

O H BrO V ^ O f O 

1 2 3 S 4 

H 2 0 | 

H Br 

iy i» 5^-+« COOH 
H Br 

5 

3 4 6 

Scheme 1. 

Quenching Studies. T h e variation of the quan tum 
yields for the formation of 3 and 4 in dichloromethane 
solutions was studied as a function of cyclooctatetraene 
(COT) concentration (Fig. 1). The amounts of 3 and 
4 were evaluated by the visible absorption and GLC, 
respectively.8) 

T h e Stern-Volmer plots of both 3 and 4 gave nearly 
the same straight lines up to $0/$-values near 5. The 
quenching constant (K)9) was found to depend on the 
concentration of 2. Assuming that A;q equals the dif­
fusion-controlled rate parameter, the lifetime of 31 (Tobsd) 
in various concentration of 2 can be estimated from 
the K-values. T h e correlation between the concentra­
tion of 2 and inverse of the Tobsd-value was linear (Fig. 
2). From the intercept, Tobsd can be calculated to be 
l x l 0 - 5 s . In addition to benzo\b]thiophene, kinetics 
were also investigated with phenylpyrrole, benzene and 
chlorobenzene, which gave substituted product by the 
photo-induced reaction with l.5 '6) T h e results are 
shown in Fig. 2. Slopes of the straight lines (kd) in 
Fig. 2 and the charge transfer bands of T C N E complex 
for each compound are summarized in Table 1. 

Quantum Yields. The reactions were carried out 
by the use of a modified merry-go-round irradiation 
apparatus. The light intensity of monochromatic light 
(313 nm) was monitored by the use of a photochemical 
reaction between 1 and phenylpyrrole.6) T h e quan tum 
yields for the formation of 4 was estimated by the ab-

TABLE 1. THE QUANTUM YIELDS FOR THE FORMATION OF 

THE SUBSTITUTED PRODUCTS (0S) AND CYCLOADDITION 

PRODUCTS (0A) AND £D-VALUES FOR VARIOUS 

AROMATIC COMPOUNDS*) 

iV-Phenyl- 2.28(A)«) 0.67 — 9.1X109 

pyrrole 
Benzol]- 2.35(B)d> 0.17 0.47 6.4X109 

thiophene 
Benzene 3.23(B)«1) 0.10 — 5 .2x10 s 

3.20(C)e> 
Ghloro- 3.27(C)e> 0.08 — 7.0X107 

benzene 

a) Solvent: GG14. [1] = [D-H] = 10~2 M. hv: 313 nm. 
b) hvCT TCNE complex. Solvent: (A) tetrachloro-
ethane, (B) chloroform, (c) dichloromethane. c) Seç 
Ref. 10. d) See Ref. 11. e) See Ref. 12-
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T A B L E 2. T H E QUANTUM YIELDS'1) FOR PHOTOCYCLOADDITION (0A) AND PHOTOSUBSTITUTION (@S)> 

AND THE DIFFERENCE OF ACTIVATION ENERGIES IN VARIOUS SOLVENTS UNDER 

IRRADIATION WITH 3 1 3 n m - L I G H T 

Solvent Polarity 
parameter5) 0> 0, 0A/0& 

AE 
(kcal/mol) 

Carbon tetrachloride 
Diethyl ether 
Dichloromethane 
Acetonitrile 

a) The values obtained by 

32.5 
34.6 
41.1 
46.0 

extrapolation to the 

0.23 
0.16 
0.23 
0.045 

infinite concentration 

0.17 
0.14 
0.32 
0.067 

of 2. [1] = = io-

1.4 
1.1 
0.72 
0.67 

2 M . b) Dimroth's 

1.4±0.2 
— 

1.0±0.2 
1.1±0.2 

> j^T-value. 
See Ref. 13. 

1 2 3 

[ C O T ] / 1 0 - 3 M 

Fig. 1. Stern-Volmer Plots of photosubstitution (—O—) 
and photocycloaddition (—A—) in dichloromethane 
solution. [ I ] = 1 . 5 x l 0 - 2 M , [ 2 ] = 1 X 10- 3 M. 

10 

5 

°J 

°/ 
o - o 

5 

o] 

k / 

D 

=y=d 
10 

[ D - H ] / 1 0 - * M 

Fig. 2. Relationship between triplet lifetime and concen­
tration of D - H in carbon tetrachloride. [1] = 1 X 10"2 

M . A : iV-Phenylpyrrole. B : Benzo[£]thiophene. C : 
Benzene. D : Chlorobenzene. 

s o r p t i o n m a x i m u m of vis ible s p e c t r u m . R e l a t i v e yie lds 
for t h e f o r m a t i o n of 3 to 4 w e r e e v a l u a t e d f rom t h e 
G L C p e a k s a r e a of t h e pyrolys is p r o d u c t s , 4 a n d 6 . 
T h e n t h e y ie ld for t h e f o r m a t i o n of 3 w a s c a l c u l a t e d 
f rom t h a t for 4 a n d t h e r e l a t i v e y ie ld , 4 / 3 . T h e inverses 
of t h e q u a n t u m yie lds for t h e s u b s t i t u t i o n a n d cyc lo­
a d d i t i o n r e a c t i o n s a r e p l o t t e d vs. [ 2 ] _ 1 in F ig . 3 a n d 
F ig . 4 , respec t ive ly . L i n e a r r e l a t i onsh ips w i t h di f ferent 

rxi-vi^M-1 

Fig. 3. Relationship between the quan tum yield of 4 
and the concentration of 2 in various solvents. A : 
Diethyl ether. B : Acetonitrile. C : Carbon tetra­
chloride. D : Dichloromethane. 

•«i 

•s. 

2 3 

[21-V103M- 1 

Relationship between the quan tum yield of 3 Fig. 4. 
and the concentration of 2 in various solvents, 
notations are the same as those in Fig. 3. 

T h e 

slopes a n d i n t e r c e p t s w e r e obse rved w i t h v a r i o u s solvents . 
T h e va lues for 0A a n d 0S a t t h e inf ini te c o n c e n t r a t i o n 
of 2 a r e g iven in T a b l e 2 . 

Temperature Effects. T h e r a t i o of q u a n t u m yields 
for f o r m a t i o n s of 4 to 3 in v a r i o u s solvents w a s m e a s u r e d 
a t v a r i o u s t e m p e r a t u r e s . T h e s lope of t h e A r r h e n i u s 
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3 4 5 6 

T-VIO^K- 1 

Fig. 5. Arrhenius plots of the product ratio (4/3) in 
various solvents. A: Carbon tetrachloride. B: Di-
chloromethane. G : Acetonitrile. 

plots of the ratio, as shown in Fig. 5, corresponds to 
the difference in activation energies between photosub­
stitution and photocycloaddition. The difference in ac­
tivation energies thus obtained also included in Table 2. 

D i s c u s s i o n 

The above experimental data clearly indicate that 
the cycloaddition and substitution simultaneously pro­
ceed upon the irradiation of 1 and 2. Thermal de­
composition of the cycloadduct 3 at high temperature af­
fords substituted benzo[£]thiophene isomers, 4 and 6 
(major product) , while the formation of 6 was not 
noticed at all in close examination of the 1 H N M R 
spectra of the irradiated solution. In other words, the 
photosubstitution takes place exclusively at the 3-posi-
tion of benzo[6]thiophene. The reactions, here in­
vestigated, may be summarized by the following scheme : 

On the basis of the Stern-Volmer plots (Fig. 1), it is 
concluded that the triplet species is involved in the for­
mation of both 3 and 4. The irradiation condition 
for the quenching experiments is adjusted so that 1 is 
exculsively excited. Besides, the triplet energy of 1 
(ET=53.5 kcal/mol) 14> is located between those of 2 
( £ T = 6 8 . 9 kcal/mol)15) and C O T ( £ T < 3 9 kcal/mol).16) 
Therefore, the active species under discussion must be 
3 1 . 

The triplet species is quenched by the addition of 
various aromatic substances as shown in Fig. 2. For 

a given concentration of the aromatic additive, the ap­
parent lifetime of the triplet (Tobsd) decreases with the 
increase in the electron-donating property of the ad­
ditive. Then, the presence of donor-acceptor type in­
teraction in the excited state is indicated. Based on 
the intercept of the straight lines in Fig. 2, the lifetime 
of the triplet in the absence of aromatic additive ( Tobsd) 
was estimated to be l x l 0 _ 5 s . 

In order to account for the above experimental facts, 
as well as a linear correlation between [ 2 ] _ 1 and 0>s

_1 

(or $A
_ 1) in Fig. 3 (or Fig. 4), the following reaction 

scheme is suggested. 

A 

lA 

l A 

3A 

hv 

*l i - l 

*A 

-> A 

-* 3A 

3A + Q 

3A + D 

-> A + 3 Q 

-> E 

E 

*„-„ 

-• 3A + D 

-> A + D 

E 

0* 

-> P , 

Ra te 

la 

k^A] 

^iscPA] 

*d-3[3A] 

* q [ 3 A ] [ Q ] 

* r [
3 A][D] 

* - r [ E ] 

*d-e[E] 

* A [ E ] 

*s[E] 

kA = 

(0A(or S))o 

0 A (or S) 
= 1 + 

^A + ^S + ^d-e 

^ i s c ' ^ A ( o r S ) \ 

^A + ^S + ^d-e 

^A + ^S + ^d-e + k-

1 ( *d-a + *q[Q.] \ 

*d[D] 

•kr 

*d[D]+A:d_3 

1 
Tobsd — 

1 

^d-3 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

[<U = 1+VobsdtQ] (13) 

(14) 

(15) 

Toi . = (ToVu)-1 + * d [D] (16) 

T h e role of donor-acceptor interaction is taken into 
consideration in the formation of the triplet exciplex 
(E) between the excited triplet and the aromatic addi­
tives. The relevant species 1, 2 or other aromatic ad­
ditives used in Fig. 2, the substituted product, the cyclo-

x°+@» 

Scheme 2-



1800 Taku MATSUO and Satoru MIHARA [Vol. 50, No. 7 

Fig. 6. Reaction diagram. 

adduct, and quencher (COT) are denoted by A, D, P s , 
PA, and Q,, respectively. 

T h e linear relationships in Fig. 2 are represented by 
Eq. 16, while those in Figs. 3 and 4 are explained by 
Eq. 11. By the use of Eq. 11, the kA • Tobsd-value for 
dibromomaleic anhydride-benzo[6]thiophene system in 
carbon tetrachloride is evaluated to be 3.7X 104 M - 1 

(Figs. 3 and 4). This value is in good agreement with 
the product between kd (6.4 X 109 M " 1 s"1) and To

0
bSd 

( l x l 0 _ 5 s ) , which were previously obtained by the 
quenching experiments (Fig. 2, Table 1). 

T h e £d-value increases with electron-donating ability 
of D, as summarized in Table 1. In the case of N-
phenylpyrrole and benzo[Ä]thiophene, the £d-values are 
practically the same as kdiff. The large £d-value is 
associated with high quan tum yields ( $ S + $ A ) - How­
ever, the variation in the £d-value is approximately ten-
times larger than that in the quan tum yield. I t may 
be that the deactivation of the triplet exciplex, as re­
presented by Eq. 8 and kà_e, becomes increasingly im­
portant as donor-acceptor interaction gets stronger.17) 

Donor-acceptor interactions are favored in polar sol­
vents. Then, the small quan tum yields of the photo-
products in acetonitrile is easily understood as due to 
the increased donor-acceptor interaction in the triplet 
exciplex in this highly polar solvent. In this connec­
tion, the quan tum yields in diethyl ether are extraor­
dinary small. Besides the polarity, donor-acceptor in­
teraction between 3A and the solvent itself should be 
taken into consideration, because ethers have been 
known to be good electron donors in the study of charge-
transfer complex. The donor-acceptor interaction be­
tween 3A and diethyl ether may induce quite effective 
deactivation of the former through radiationless transi­
tion. 

T h e ratio of photosubstitution relative to the cyclo­
addition increases with the temperature and polarity of 
solvent (Table 2 and Fig. 5). O n the basis of the above 
discussion, it is clear that both reactions proceed via 
the same active species (3A) and the triplet exciplex 
(E). Since, the photosubstitution is favored in polar 
solvents, the electronic structure of the transition state 
may be closer to a polar structure (A). O n the other 
hand, the contribution of a biradical structure (B) may 
be most important in the transition state of the photo-
cycloaddition, which is at lower energy by approximately 
1 kcal/mol than that of the photosubstitution as sum­
marized in Fig. 6. 

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

Materials and Equipments. Dibromomaleic anhydride was 

prepared by the reported procedure.18) Benzo[£]thiophene, 
GOT and solvents of guaranteed grade were purified before 
use. The photoproducts were isolated either by sublimation 
or by the use of column chromatography on silica gel (Mallin-
ckrot, silic acid 100 mesh). The IR, NMR, mass, and 
electronic spectra were recorded on JASGO DS-301, Varian 
A-60, JEOL JES-01SG, and Shimadzu UV-200 spectrom­
eters, respectively. GLG was obtained by a Shimadzu 
GG-3BF gas Chromatograph. 

Photoreaction between 1 and 2 in Preparative Scale. 
(A) A dioxane solution (250 ml) containing 1 (0.64 g) 
and 2 (0.34 g) was internally irradiated with a 400 W high-
pressure mercury arc lamp (Riko-Sha UVL-400HA) equip­
ped with pyrex jacket in a nitrogen atmosphere for 4.5 h. 
The pyrex jacket was filled with a filter solution (a layer 
(1 cm) of an aqueous solutions containing nickel sulfate 
(0.95 M) and potassium chromic sulfate (0.075 M)). After 
the solvent was completely removed under reduced pressure, 
4 and 6 were isolated from the residue by sublimation (1—2 
Torr, 110—150 °G). l-Bromo-2-(3-benzo[6]thienyl)maleic 
anhydride (4): mp 208—209 °G; IR (KBr) 1856, 1823, and 
1767 (C=0), 1244 and 1230 (GOG) cm"1; UV (Dioxane) : Amax 

225 (e 2.83x10*), 263 (8.45xl03), and 378 nm (1.82xl04) 
; Mass, m/e,310 (M+), 308; NMR (Dioxane) : Ô 8,60 (1H, 
s, 2-H) and 7.3—8.1 (4H, m, 4-H—7-H); Found: G, 
46.58; H, 1.64% Galcd for G12H5OBrS: C, 46.62; H, 
1.63%. l-Bromo-2-(2-benzo[£]thienyl)maleic anhydride (6): 
mp 146—147 °C; IR (KBr) 1846, 1816, and 1767 (G=0), 
1267, 1252, and 1229 (GOC) cm"1; UV (Dioxane): Amax 

266 (e 9.64x 103) and 383 nm (5.7X 103); Mass, m/e310 (M+) 
and 308; NMR (Dioxane) : ô 8.14 (1H, s, 3-H), 7.3—8.1 
(4H, m, 4-H—7-H). Found: G, 46.57; H, 1.68%. Galcd 
for C12H503BrS: G, 46.62; H, 1.63%. 
(B), A dichloromethane solution (3 ml) containing 1 (0.39 g) 
and 2 (0.21 g) was externally irradiated in a nitrogen atmos­
phere with a 400-W high pressure mercury arc lamp through 
a pyrex water jacket and window glass filter (2 mm) for 1 h. 
After the solvent was removed under reduced pressure, the 
residue was subjected to column chromatography. Elution 
with a hexane-benzene-ethyl acetate mixture afforded 4 
(60 mg) and 5 (143 mg). an^-l,2-Dibromo-1,2,2a,7b-tetra-
hydrocyclobuta[£]benzo[J]thiophene-l,2-dicarboxylic acid 
(5)19>: mp 151—153 °C; IR (KBr) 3452 and 3242 (OH), 
1760, 1726, and 1712 (C=0) cm-1; Mass, m/e 409 (M+), 
408 and 407; NMR (Acetonitrile): Ô 4.93 (2H, q, 2-H and 
3-H), 7.0—7.3 (4H, m, 4-H—7-H), y2 i 3=8.2 Hz. 

Photoreaction • between 1 and Chlorobenzene. A chloroben-
zene solution of 1 (1.3'g/200 ml) was internally irradiated 
with a 30-W low-pressure mercury arc lamp (Riko-Sha UVL 
303-QJ in a nitrogen atmosphere for 15 h. The GLG 
analysis (column: Silicone DC 430 5% on Chamerite GS 
60/80, oven temperature 210 °G) of the crude residue shows 
the formation of 7 (90% by peak area) accompanied with 
small amounts of other two products (10% by peak area). 
After the solvent and 1 were almost removed under reduced 
pressure, the residue was subjected to column chlomatography. 
Elution with benzene-hexane mixture afforded 7 (0.25 g). 
l-Bromo-2-(/>-chlorophenyl)maleic anhydride (7): mp 85— 
86 °G; IR (KBr) 1761 and 1839 (G=0), 1250, 1273 and 1293 
(COG) cm-1; Mass, m/e 290 (M+), 288 and 286; NMR 
(CC14): Ô 7.70(m). UV (GC14) : Amax, 339 nm (£=1.40x 
104). Found: C, 41.84; H, 1.42%. Calcd for C10H4O3-
BrCl: C, 41.78; H, 1.40%. 

Quenching Experiment. The relative quantum yields 
(313 nm) in various quencher concentrations were measured 
by the use of rotating cylinder.6) After the irradiation, the 
amount of photoproducts was determined by the use of either 
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the absorption spectra or GLG analysis (column: silicon 
OV-17 1.5% on Diasolid L ; oven tempera ture : 215 °G). 

Temperature Effects. In the experiments above room 
temperatures, various solutions containing 1 (1.5 X 10_ 2M) and 
2(1.5 X 10_ 2M) were placed in a pyrex tube and were im­
mersed in 1 1 beaker, whose temperature was controlled by 
a heater within ± 2 °G. In the case of temperatures below 
0 °G, the sample tubes were held in a pyrex dewar vessel, 
filled with methanol . The temperature of dewar vessel was 
controlled within ± 3 °C by adjusting the amount of Dry Ice. 
Both the dewar vessel and a 400-W high pressure mercury 
lamp were held in a plastic tube filled with running water . 
Under these conditions, sample tubes were externally ir­
radiated through the wall of either beaker or pyrex dewar 
vessel for about 1 h. T h e amount of photoproducts was eva­
luated either by the G L C or by the N M R spectra. 
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Irradiation of 1,2-diphenylcyclobutene (1) and diethylamine in hexane with light of longer wavelengths than 
300 nm affords iV,JV-diethyl-l,2-diphenylcyclobutanamine (2a), 1,2-diphenylcyclobutane (3), and l,l',2,2'-tetra-
phenylbicyclobutyl (4). Upon similar irradiation, 1 and morpholine afford JV-(l,2-diphenylcyclobutyl)morpholine 
3 and 4. A mechanism involving a charge-transfer complex is proposed on the basis of the observations that 
the amines quenched the olefin fluorescence at a rate close to the diffusion limit in hexane, and that when diethyl-
amine-JV-rf was used as an additive the deuterium was retained in the methine groups of compounds 2a, 3, and 4. 

Amines interact with excited states, singlets and trip­
lets of many molecules, including aromatic hydrocar­
bons and ketones. This interaction is believed to be 
of the charge-transfer type, which always results in 
deactivation of the excited state, and often in photo-
reactions.1) In the photoreaction of aromatic hydro­
carbons with tertiary amines an a-hydrogen atom of 
the amines is transferred to hydrocarbon anion radicals, 
resulting in reduction and addition products.1) With 
pr imary and secondary amines an amino hydrogen 
atom can be transferred more easily than the a-hydrogen 
atom, generating a radical pair containing an aminyl 
radical. Only a few reports have appeared on the 
amino hydrogen transfer.1-5) For example, 2-propan-
amine has been shown to react with 1-phenylcyclo-
hexene, affording a mixture of the C-adduct and the 
N-adduct in the proportion of 58 : 37.2) Piperidine 
and cyclohexanamine react with benzene to afford 
1,4-addition products, 2,5-cyclohexadienamine deriva­
tives.3) Recently, a report was given on the photo-
induced exchange of the nuclear hydrogen of benzo-
nitrile with an amino hydrogen of diethylamine and 
with water in the presence of triethylamine.4) 

In an investigation of the photochemical behavior 
of 1,2-diphenylcyclobutene (1) in protic solvents,6) it 
was shown that this cyclobutene is photoprotonated in 
methanol and acetic acid to give 1,2-diphenyl-l-meth-
oxycyclobutane and l-(a-methoxybenzyl)-l-phenylcyclo-
propane, and the corresponding acetates, respectively, 
and that the polar addition proceeds from the excited 
singlet state of the cyclobutene on the basis of quenching 
experiments of the olefin fluorescence. 

/ x + ROH > Ph-
Ph Ph 

-OR 

R = GH„ CH„CO 

H Ph 

+ Ph-GH / XPh 

OR 

We wish to report on an extended study of the photo­
chemical behavior of the four-membered cyclic olefin 
with amines. T h e excited singlet state of the cyclo­
butene was quenched efficiently by secondary and ter­
tiary amines, among which diethylamine and morpho­
line gave addition products, the corresponding cyclo-

butanamine derivatives. 

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

Fluorescence quenching experiments of 1,2-diphenyl­
cyclobutene (1) by amines were carried out under 
aerated conditions in hexane. No change was found 
in the fluorescence maximum and in the shape of fluores­
cence spectrum of 1 upon the addition of amines in 
various concentrations. Plots of the reciprocals of the 
relative fluorescence intensities against the concentra­
tions of the amines are linear, fitting the Stern-Volmer 
equation, 

/ 0 / / = i + V o [ Q ] , 
where I0 and / denote the intensities of the fluo­
rescence of 1 in the absence and in the presence 
of the quencher in the concentration [QJ , respectively, 
kq is the rate constant of the bimolecular quenching 
process, and T0 denotes the average lifetime of the ex­
cited singlet state of 1 in the absence of the quencher. 
The slopes of the Stern-Volmer plots (&qT0) are shown in 
Table 1 together with ionization potentials of the amines. 
Since the lifetime of the excited singlet state of 1 (T0) 

CT 
O 

/P/eV 

Fig. 1. Correlation of quenching constants 
diphenylcyclobutene fluorescence by amir 
their ionization potentials. 

of 1,2-
es with 
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T A B L E 1. QUENCHING OF THE FLUORESCENCE FROM 

1,2-DIPHENYLCYCLOBUTENE BY AMINES IN HEXANEA> 

Amine 
Ionization 

potential (eV)b> V o (M"1) 

n-BuNH2 

s-BuNH2 

*-BuNH2 

P h C H 2 N H 2 

/—\ O NH 
\—/ 

<"?H 

Et2NH 
Et3N 
Pr3N 
PhNHMe 
PhNMe2 

9.20, c> 9.40d> 
9.20°) 
9.20c> 
9.10e> 

8.91f> 

8.64,e)8.66 f 'h) 

8.63^) 
8.081) 
7.921) 
7.65-5) 
7.45» 

0.1 
0.1 
0.1 
0.1 

2.2 

6.2 

3.1 
1.9 

32 
41 
26 

a) Conducted under aerated conditions, b) Vertical 
ionization potentials obtained from photoelectron spec­
troscopy, c) H. Ogata, H. Onizuka, Y. Nihei, and H. 
Kamada, Bull. Chem. Soc. Jpn., 46, 3036 (1973), and Y. 
Nihei, private communication, d) S. Katsumata, T. 
Iwai, and K. Kimura, ibid., 46, 3391 (1973). e) T. P. 
Debies and J. W. Rabalais, Inorg. Chem., 13, 308 (1974). 
f ) F. P. Colonna, G. Distefano, S. Pignataro, G. Pitacco, 
and E. Valentin, J. Chem. Soc, Fraday Trans. 2, 71, 1572 
(1975). g) K. Yoshikawa, M. Hashimoto, and I. 
Morishima, J. Am. Chem. Soc, 96, 288 (1974). h) D. H. 
Aue, H. M. Webb, and M. T. Bowers, ibid., 97, 4137 
(1975). i) D. H. Aue, H. M. Webb, and M. T. Bowers, 
ibid., 97, 4136 (1975). j) J . P. Maier and D. W. 
Turner , J. Chem. Soc, Faraday Trans. 2, 69, 521 (1973). 

is reported to be shorter than 5 ns,7) the quenching rate 
constants (kq) of the secondary and tertiary amines can 
be estimated to be 108—109 M - 1 s_1, close to the diffusion 
limit, whereas the primary amines interact less efficiently 
with the cyclobutene. Plots of logarithms of the kqr0 

values against the ionization potentials of the amines 
give a linear relationship (Fig. 1). These results 
suggest that the singlet excited 1 interacts with the 
ground states of amines, possibly forming exciplex 
intermediates.8) 

A solution of 1,2-diphenylcyclobutene (1, 0.01 M) 
in a mixture of diethylamine and hexane (1 : 4 by 
volume) was irradiated with light of longer wavelengths 
than 300 nm using a 500-W xenon lamp through a filter. 
The reaction mixture was separated by column chro­
matography on silica gel into three principal components 
in addition to the recovered starting material. T h e 
products isolated were iV,iV-diethyl-l,2-diphenylcyclo-
butanamine (2a), 1,2-diphenylcyclobutane (3), and 1,1', 
2,2'-tetraphenylbicyclobutyl (4). These were identi­
fied mainly on the basis of their elemental analyses and 
spectral data. The N M R spectrum of the N-adduct , 
2a, of the amine and 1 displayed a six-proton triplet at 
ô 1.03 ( 7 = 7 Hz) and a four-proton quartet at ô 2.55 
(J= 7 Hz) attributable to the ethyl groups, and a one-
proton multiplet at ô 3.7—4.2 attributable to the methine 
proton. Gas chromatographic analysis showed that 
2a consists of only one isomer. From the N M R 
spectrum the reduction product, 3, was found to be 

a ca. 2 : 1 mixture of eis- and tomj'-diphenylcyclobutane. 
T h e reduction dimer, 4, was a mixture of more than 
two isomers, the ratio and configuration of which have 
not been determined. 

Ph Ph 
+ R2NH 

hv 
H - —-NR2 

Ph Ph 
2 

+ H- H + H 

Ph Ph 
3 

Ph Ph 

- H 

Ph Ph 

R: a : K = GH8GH2-
b : Ra = -CH2CH2OCH2CH2-

Similar irradiation of a solution of 1 (0.02 M) in a 
mixture of morpholine and hexane or benzene ( 1 : 4 
by volume) afforded N- (1,2-diphenylcyclobutyl) mor­
pholine (2b), 3, and 4. Small amounts of diphenyl-
acetylene and l,2,5,6-tetraphenyltricyclo[4.2.0.02>5]oc-
tane, the cleavage and dimerization products, 
respectively, were also obtained on irradiation in 
hexane.7-9) T h e adduct , 2b , displayed two four-proton 
triplets (Ô 2.37 and 3.59, J = 4 . 5 Hz) at tr ibutable to 
the ethylene groups in the morpholine moiety in the 
N M R spectrum. T h e gas chromatographic analysis 
showed that 2 b also consists of one isomer. T h e ad­
dition products, 2a and 2b , as well as aforementioned 
1,2-diphenyl-l-methoxycyclobutane and 1,2-diphenyl­
cyclobutyl acetate exhibited a multiplet or a broad 

TABLE 2. PRODUCTS FROM THE IRRADIATION OF 

1,2-DIPHENYLCYCLOBUTENE AND AMINESA> 

Amine 
(R2NH) 

Solvent 

Et2NH 

Hexane 

Et,ND 
/ — \ 

O NH 

Hexane Benzene Hexane 

Product (%)b> 

Ph Ph 

R,N-

Ph Ph 

Ph Ph 

26 

25 

17 

17c0 

12d> 

5-) 

39 

trace 

41 

40 8 
Ph Ph 

P h C z C P h 

Ph Ph 

Ph Ph 

a) In a mixture of an amine and a solvent (1 : 4 by 
volume), b) Yield based on the diphenylcyclobutene 
reacted. c) iV,JV-Diethyl-l,2-diphenylcyclobutanamine-
1-d. d) 1,2-Diphenylcyclobutane-l-rf. e) 1,1',2,2'-
Tetraphenylbicyclobutyl-2,2'-rf2. 
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triplet due to the methine proton at the same region 
(<5 3.7—4.2) as did «>-l,2-diphenylcyclobutane, while 
frW2.y-l,2-diphenylcyclobutane displayed a multiplet at 
a somewhat higher field (Ô 3.2—3.6).6-10> Taking into 
account the small effect of the /?-substituents on the 
chemical shift of a methine proton,11) 2a and 2 b can 
be safely assigned to «.y-configuration. The results are 
summarized in Table 2. Although the U V spectra 
of the amines extend to longer wavelengths than 300 
nm, their absorbances are very small in this region, 
more than 99 .9% of the incident light being absorbed 
by 1. 

In order to clarify the origin of hydrogen atoms 
incorporated in the products, labeling experiments were 
undertaken using diethylamine-JV-c? as the additive. 
A solution of 1,2-diphenylcyclobutene (1) in a mixture 
of diethylamine-iV-ö? and hexane (1 : 4 by volume) was 
irradiated similarly and the products were isolated in 
a way similar to that described above (Table 2). T h e 
N M R spectra of the products showed that a deuterium 
atom is incorporated in each cyclobutane ring of the 
product ; 1,2-diphenylcyclobutane (3-d) undergoes deu-
teration at G-l , l , l ' ,2,2'-tetraphenylbicyclobutyl 
(4-d) at G-2 and C-2', and JV,iV-diethyl-l,2-diphenyl-
cyclobutanamine (2a-d) at G-2. From these results 
it might be concluded that the photoreaction proceeds 

Ph Ph 
+ (CH3CH2)2ND 

atom abstraction from the solvent to afford 3, b) 
dimerization affording 4, c) recombination with the 
concurrently generated aminyl radicals to afford 2, 
and d) disproportionation with the aminyl radicals 
which regenerates starting materials. The fact that 
only cû-isomer of 2 was produced supports the view that 
2 arises from the combination of the diphenylcyclobutyl 
radical and the aminyl radical within the solvent 
cage in contrast to the out-of-cage formation of 3 
and 4. 

The quantum yields of the reactions of 1 were meas­
ured in hexane under aerated conditions in the presence 
of various amounts of the amines by monitoring the 
decrease of the starting olefin on irradiation with 
330±7-nm light. Although a linear relationship is 
found between the reciprocal of the quantum yield 
(0) for the decrease of the olefin and the reciprocal 
of the concentration of the amine, the intercept is not 
unity but 6.2 and 11 for diethylamine and morpholine, 
respectively. Since only bimolecular process need be 
considered upon extraporation to infinitely concentrated 
amine solution, these results indicate that there should 
be a bimolecular energy wastage step in the reaction. 
The following simplest mechanistic scheme accounts for 
all the above results. 

1* 

hv' 

1 + hv 

1* > 1 

1* + O, - i + o2 

D - -N(CH2CH3)2 + 

Ph Ph 
2a-d 

+ D 

Ph 

Ph 

Ph 
4-d 

Ph 

- D 

D - l-H 

Ph Ph 
3 d 

through an initial amino hydrogen transfer with the 
formation of diphenylcyclobutyl radicals (7), which in 
turn undergo four competing reactions: a) hydrogen 

1* + HNR, 

[1-

[1-

•HNR2]* 

•HNR2]* 
*r 

• [1».HNR2]* 

•+ 1 + HNR2 

-* 7 + -NR2 - • products, 

where 1* denotes the excited singlet state of 1, and 
[ 1 - - H N R 2 ] * the exciplex between 1 and the amine. 
At infinite dilution under degassed conditions the quan­
tum yield for the fluorescence of 1 is unity7) and therefore 
intersystem crossing to the triplet state can be neglected. 
Furthermore, the unimolecular reactions, ring fission 
giving diphenylacetylene and ethylene, and dimeriza­
tion, are minor perturbations under the conditions 

^ = \ + R2ND 
Ph Ph 

1 * \ d ) 

L P h 
•DNR5 

Ph 
NDR, 

L P h Ph 

D -
c) 

-NR, < D -
Ph Ph 

2 

D -

b ) 

Ph Ph 

a) 
+ NR, > D 

Ph Ph 

7 

- H 

Ph Ph 

3 

Ph Ph 

- D 
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e m p l o y e d , a n d c a n b e neg l ec t ed . T h u s , b y a d o p t i n g 

t h e u s u a l s t eady - s t a t e a s s u m p t i o n , t h e q u a n t u m yie ld 

for t h e d e c r e a s e of 1 is w r i t t e n as fol lows: 

1/0 = ( l+Ä d / / t r ) ( l + l / V o [ H N R 2 ] ) . 

T h e kjkj. va lues , i.e., t h e r a t i o of r a t e s for t h e d e c a y 
process a n d t h e a m i n o h y d r o g e n t rans fe r in t h e c h a r g e -
t ransfer c o m p l e x , c a n b e e s t i m a t e d to b e 5.2 for d i e t h y l -
a m i n e a n d 10 for m o r p h o l i n e , a n d t h e kqr0 v a l u e s , t h e 
q u e n c h i n g c o n s t a n t s , a r e e v a l u a t e d to b e 3.0 M _ 1 for 
d i e t h y l a m i n e a n d 2.2 M _ 1 for m o r p h o l i n e . T h e s e va lues 
a r e in g o o d a g r e e m e n t w i t h those o b t a i n e d in t h e fluores­
cence q u e n c h i n g e x p e r i m e n t s : 3.1 M _ 1 for d i e t h y l -
a m i n e a n d 2.2 M _ 1 for m o r p h o l i n e ( T a b l e 1). T h e s e 
resul ts s u b s t a n t i a t e t h e a b o v e m e c h a n i s m . 

T h e p r e s e n t resul ts t o g e t h e r w i t h those r e p o r t e d 
previously6»1 0) s h o w t h a t 1 , 2 - d i p h e n y l c y c l o b u t e n e (1) 
r eac t s , in its exc i t ed s inglet s t a t e , n o t on ly w i t h a lcohols 
a n d ace t i c a c id b y ion ic process b u t w i t h s e c o n d a r y 
a m i n e s b y r a d i c a l process t h r o u g h t h e c h a r g e - t r a n s f e r 
c o m p l e x , to give t h e a d d i t i o n p r o d u c t s , respec t ive ly . 

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

The I R and U V spectra were recorded on a Hitachi E P I -
G3 grating infrared spectrophotometer and a Hitachi EPS-3 
recording spectrophotometer, respectively. T h e N M R spectra 
were recorded on a J E O L G-60HL N M R spectrometer. 
GLPG analysis was performed on a Hitachi 163 gas Chro­
matograph equipped with a flame ionization detector. 
Fluorescence intensities were determined with a Hitachi M P F -
2A fluorescence spectrophotometer. 

Materials. 1,2-Diphenylcyclobutene was prepared ac­
cording to the method of Dodson and Zielske.12) Amines 
were purified by distillation or recrystallization. Special grade 
hexane and benzene were distilled prior to use. 

Photoreaction of 1,2-Diphenylcyclobutene with Diethylamine. 
A solution of 1,2-diphenylcyclobutene (400 mg) in a mixture 
of diethylamine (35 ml) and hexane (140 ml) was irradiated 
for 50 h using a 500-W xenon l amp through a Corning 0—54 
filter. This procedure was repeated five times. T h e reac­
tion mixtures were combined, concentrated, and subjected 
to chromatography on silica gel affording four components. 
T h e first white solid (trace amounts) was found to be the 
starting diphenylcyclobutene by G L P C analysis. T h e second 
white crystalline solid (500 mg) was deduced to be 1,2-
diphenylcyclobutane by comparing its N M R spectrum with 
that of an authentic specimen of m-1,2-diphenylcyclobutane, 
prepared by catalytic reduction of 1,2-diphenylcyclobutene,12) 
and the reported N M R data of eis- and frans-1,2-diphenyl-
cyclobutane.12) The diphenylcyclobutane obtained was found 
to be a ca. 2 : 1 mixture of eis- and trans-isomers from the N M R 
and G L P C data . Found : G, 92.28; H , 7 .55%. Calcd for 
C1 6H1 6 : G, 92.26; H , 7.74%. 

T h e third white crystalline solid (340 mg) was 1,1',2,2'-
tetraphenylbicyclobutyl, the structure of which was estab­
lished by the spectral da ta and elemental analysis. T h e N M R 
spectrum of the solid showed that it consists of more than 
two isomers. Recrystallization from ethanol gave a single 
isomer; m p 143—144 °C. NMR(CDC1 3 ) Ô 1.7—3.0 (m, 
8H, CH 2 CH 2 ) , 4.54 (t, 2H, methine H ) , 6.0—7.2 (m, 20H, 
aromatic H ) . Mass spectrum (m/e) 414 (M+). Found : 
C, 92.62; H, 7.37%. Calcd for C3 2H3 0 : C, 92.71 ; H , 7.29%. 

T h e fourth colorless liquid (700 mg) was 7V,iV-diethyl-l,2-
diphenylcyclobutanamine, the structure of which was estab­

lished by the spectral da ta and elemental analysis. T h e G L P C 
analysis showed that it consists of one isomer. NMR(CDC1 3 ) 
Ô 1.03 (t, 7 = 7 Hz , 6H, CH 3 ) , 1.7—2.5 (m, 4H , C H 2 C H 2 ) , 
2.55 (q, y = 7 Hz, 4H, CH 2 ) , 3.7—4.2 (m, 1H, methine H ) , 
6.6—7.3 (m, 10H, aromatic H ) . Mass spectrum (m/e) 279 
(M+). Found : C, 85.97; H , 9.24; N , 5 .02%. Calcd for 
C 2 0 H 2 5 N: G, 85.97; H, 9.02; N , 5 . 0 1 % . 

Photoreaction of 1,2-Diphenylcyclobutene with Morpholine. 
A solution of 1,2-diphenylcyclobutene (1 g) in a mixture of 
morpholine (40 ml) and benzene (160 ml) was irradiated 
similarly for 110 h. T h e reaction mixture was separated 
similarly, affording the starting olefin (290 mg) , 1,2-diphenyl-
cyclobutane (trace amounts) , l , r ,2 ,2 ' - te t raphenylbicyclobutyl 
(280 mg) , and j/V-(l,2-diphenylcyclobutyl)morpholine (395 
mg) . T h e structure of the last product was established by 
the spectral da ta and elemental analysis. T h e G L P C analysis 
showed that the adduct consists of one isomer. NMR(CDC1 3 ) 
ô 1.7—2.7 (m, 4H , C H 2 G H 2 of cyclobutane), 2.37 (t, J= 
4.5 Hz , 4H, N C H 2 ) , 3.59 (t, 7 = 4 . 5 Hz , 4H , O C H 2 ) , 3.90 
(t, 7 = 7 . 5 Hz, 1H, methine H ) , 6.5—7.1 (m, 10H, aromatic 
H ) . Found : G, 82 .01 ; H , 7.85; N, 4 .74%. Calcd for 
C 2 0 H 2 3 NO: C, 81.87; H , 7.90; N , 4 .77%. 

A solution of 1,2-diphenylcyclobutene (450 mg) in a mixture 
of morpholine (40 ml) and hexane (160 ml) was irradiated 
similarly for 110 h. T h e products separated similarly on 
silica gel were iV-(l,2-diphenylcyclobutyl) morpholine (260mg), 
diphenylacetylene (20 mg) , 1,2-diphenylcyclobutane (25 mg) , 
l , r ,2 ,2 ' - te t raphenylbicyclobutyl (35 mg) , and 1,2,5,6-tetra-
phenyltricyclo[4.2.0.02 '5]octane (25 mg).7-9) 

Photoreaction of 1,2-Diphenylcyclobutene with Diethylamine-N-d. 
A solution of 1,2-diphenylcyclobutene (1.5 g) in a mixture 
of diethylamine-iV-û'(40 ml) and hexane (160 ml) was irradi­
ated similarly for 150 h. T h e chromatographic separation of 
the reaction mixture gave the starting olefin (190 mg) , 1,2-
diphenylcyclobutane- \-d ( 160 mg) , 1,1 ' ,2,2'-tetraphenylbicy-
clobutyl-2,2'-rf2 (70 mg) , l,2,5,6-tetraphenyltricyclo[4.2.0.02>5]-
octane (160 mg) , and JV,iV-diethyl-l,2-diphenylcyclobutan-
amine-2-a' (300 mg) . T h e position of deuterat ion in each prod­
uct was determined by comparing its N M R spectrum with 
that for the corresponding non-deuterated product . 

Quantum-Yield Measurements. T h e exciting light for the 
quantum-yield measurement was furnished by a J A S C O 
C R M - F A spectroirradiator equipped with a 2-kW xenon 
l amp as the light source and a grating monochromator . T h e 
light intensity was measured by potassium ferrioxalate acti-
nometry. Hexane solutions of 1,2-diphenylcyclobutene (10~3 

M) and amine (0—1 M) were irradiated with 330z t7 -nm 
light for 3 min. T h e reaction mixture was diluted 20 times 
with the same solvent and its U V spectrum was measured. 
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Intrachain Charge-Transfer Complex in Ethanol Solution on a 
Polysarcosine Chain Having a Terminal Electron Donor 

and a Terminal Electron Acceptor Groups* 
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Polysarcosine having a terminal electron donating group (/?-dimethylaminoanilide group) and a terminal 
electron accepting group (3,5-dinitrobenzoyl group) was synthesized. An ethanol solution of the polymer showed 
a distinct charge-transfer absorption band around 435 nm. With use of the extinction coefficient determined for 
the low-molecular-weight model compounds, the fraction of polymers forming an intrachain complex was evaluated 
to be about 0.08 for rc=6 (h is the degree of polymerization of the polysarcosine chain). The fraction decreased 
with rise in temperature and increase in chain length. The fraction experimentally observed was considerably 
larger than that estimated from the Monte Carlo calculation on polysarcosine chain, indicating that the cyclic 
conformations are greatly stabilized by the intrachain charge-transfer interaction. Thermodynamic parameters 
were determined for the intrachain complex. The chain length dependence of the parameters in ethanol was the 
opposite of that obtained previously in a chloroform solution. The difference was explained in terms of the dif­
ference of the conformations of polysarcosine chain in chloroform and in ethanol solutions. This was evidenced by 
the NMR spectra recorded in the solvents. 

The intrachain reaction between a pair of terminal 
groups (X and Y) attached on a polymer chain is 
affected by the conformational properties of the con­
necting polymer chain in solution.1-9) For the reac­
tion with a moderately high activation energy, the 
intrachain reaction is determined by the equilibrium 
conformational property, i.e., the probability that a 
pair of reactive groups approach within a short distance 
capable of the reaction.2>5>8,io) The conformational 
equilibrium would depend not only on external factors 
such as temperature, solvent, etc., but also on internal 
factors such as intrachain interactions. If a stabilizing 
force operates between X and Y, the fraction of cyclic 
conformations would increase considerably, strongly 
enhancing the intrachain reaction or intrachain inter­
action. In this respect, protein molecules are regarded 
as a limiting case, in which various types of intramo­
lecular interactions operate to stabilize the three-di­
mensional structures in solution. 

The results of a study on the hydrolysis of a /»-nitro-
phenoxycarbonyl group catalyzed intramolecularly by 
a pyridyl group attached to the same polysarcosine 
chain were found to be in line with the ring-closure 
probability calculated by the Monte Carlo method 
taking no intrachain force into account.2) This indi­
cates that intrachain force virtually does not partici­
pate in the above system. O n the other hand, when 
electron-donating and electron-accepting groups are 
attached to respective ends of a polysarcosine chain, 
a relatively weak intrachain charge-transfer interaction 
greatly increases the fraction of cyclic conformations in 
a chloroform solution.3) This prompted us to investi­
gate the above system in more detail, the present ex­
periment being carried out with an ethanol solution. 
Since the conformation of polysarcosine has been found 
to show a marked solvent dependence,1 1 - 1 3) it was ex­
pected to clarify the effet of polymer conformation upon 
the intrachain interaction. 

* Intrachain Reaction of a Pair Reactive Groups Attached 
to Polymer Ends. Part IV. 

t The author to whom correspondence should be 
addressed. 

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

Polymer samples were synthesized by the polymerization 
of sarcosine iV-carboxyanhydride (NCA) with sarcosine p-
dimethylaminoanilide as an initiator. After complete poly­
merization, 3,5-dinitrobenzoyl chloride was added to incor­
porate an electron-accepting group into the other end of the 
polymer chain. The average degree of polymerization n was 
calculated by Eq. 1,14> the results agreeing with those deter­
mined by vapor pressure osmometry. 

n = [NCA]/[initiator] + 1 (1) 

A Poisson type distribution of the degree of polymerization 
was expected.14) This was confirmed with polysarcosines ob­
tained with use of sarcosine dimethylamide as an initiator.15) 
Details of the synthesis of other compounds and the char­
acterization of polymer samples have been reported.3) Etha­
nol used for the optical measurement was fractionally distill­
ed from magnesium metal. 220-MHz NMR spectra were 
obtained with a Varian HR-220 instrument. 

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

Intermolecualr Charge-Transfer Complex between Model 
Compounds. First, the nature of charge-transfer 
complex in an ethanol solution was examined with 
model compounds for the terminal electron-donating 
and electron-accepting groups. T h e absorption spec­
t rum of the mixture of Àr-acetyl-Ar,A7''-dimethyl-/>-
phenylenediamine (I) and A7-(3,5-dinitrobenzoyl)-
sarcosine dimethylamide (II) in ethanol is shown in 
Fig. 1. 

( C H 3 ) 2 N - < ^ > - N H C O C H 3 (I) 

_ / N 0 2 

(CH 3 ) 2 NCOCH 2 N-CO-/ \ (II) 

CH3
 = \ N 0 2 

The spectrum shows a typical charge-transfer band 
around 430 nm, where virtually no absorption was 
observed for the component species. No spectral 
change was detected at least for five days, indicating 
the chemical stability of the charge-transfer complex 
in the ethanol solution. T h e plots of the absorbance 
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TABLE 1. ASSOCIATION CONSTANT AND EXTINCTION 

COEFFICIENT FOR THE CHARGE-TRANSFER COMPLEX 

BETWEEN MODEL COMPOUNDS I AND I I 

IN ETHANOL SOLUTION 

Temp (°C) K2 (M -i\ e450 

13.0 
21.0 
30.5 
43.0 

1.14±0.01a> 
1.01±0.02 
0.89±0.02 
0 .73±0.04 

494±8a) 
494±7 
496±6 
497±6 

A//2 = - 1 1 . 3 kj mol-1, AS2 = - 38.4 J mol"1 K"1 

a) Standard errors obtained in non-linear least squares 
calculation. 

Fig. 1. Absorption spectra of a mixture of the model 
compounds I and II in ethanol solution at four different 
temperatures. [ I ] - 7 . 3 X 10"3, [II] = 3.7x 10-1 M. 
( ) : The spectrum of I, [I] = 7.3xl0~3 M, 
( ); The spectrum of II, [II] = 3.7x 10"1 M, cell 
length =1.0 cm. 
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Fig. 2. Extinction coefficient for the charge-transfer 
complex between I and II in ethanol solution at 13 °C 
( -#- ) and in chloroform solution at 10 °C (-0-) 
Vertical bars represent the standard errors in non­
linear least squares calculation. 

at 450, 500, and 550 nm were made as functions of 
the mole fraction of I, the total concentration of I and 
I I being kept constant. The intensity was strongest at 
an equimolar concentration of I and I I , showing that 
the composition of the charge-transfer complex was 1 : 1 . 

The association constant K2 and the extinction coef­
ficient £j at each wavelength for the complex were 
calculated by the non-linear least squares method.16) 
210 absorption values for 10 different pairs of concentra­
tions and 21 different wavelengths in the range 380— 
580 nm were used for the calculation. The measure­
ments were made at four temperatures and the least 
squares calculations were carried out independently at 
each temperature. T h e initial set of K2 and e/s for 
the iterative calculation was obtained from the Benesi-
Hildebrand plot.17) T h e results are given in Table 1 
and the extinction coefficients are plotted in Fig. 2 as 
a function of the wave number . T h e extinction coef­
ficient showed virtually no temperature dependence in 

Fig. 3. Absorption spectra of the polymer sample III 
in ethanol solution at four different temperatures, c0 = 
6 . 5 x l - 3 M, n=l6, Cell length=5.0 cm. 

the range 13—43 °C. Figure 2 also shows the extinction 
coefficients in a chloroform solution. T h e absorption 
maximum lies at about 435 nm and at 455 nm in ethanol 
and chloroform solutions, respectively. The hypsochro-
mic shift of the charge-transfer band caused by a strongly 
solvating solvent, such as alcohol, has been explained 
in terms of the specific solvation in the ground state 
of the component species.19) The association constant 
determined in an ethanol solution was nearly equal to 
that in a chloroform solution.3) 

The plot of log K2 against \jT gave a straight line. 
T h e thermodynamic parameters AH2 and AS2 were 
evaluated (Table 1 ). Although the values of K2 were 
almost the same in both solvents, the thermodynamic 
parameters in the ethanol solution were substantially 
different from those in the chloroform solution (AH2 

= - 5 . 8 6 k j mol-1 , A . S 2 = - 2 0 . 4 J mol^K- 1 ) . 3 ) 
Intrachain Charge- Transfer Complex on Polysarcosine Chain. 

Figure 3 shows the absorption spectrum of polysarcosine 
having a terminal />-dimethylaminoanilide group and 
a terminal 3,5-dinitrobenzoyl group ( I I I ) . Although 

_ / N 0 2 

( C H 3 ) 2 N - ^ _ ^ - N H - ( - G O C H 3 N - ) n - G O - ^ _ _ ^ 

~~ CH3
 _ X N 0 2 

(III) 

the polymer concentration is too low to form a measura­
ble amount of mfcr-molecular charge-transfer complex, 
the spectrum of I I I shows a considerable intensity 
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c0 (moldm-3) 

Fig. 4. Plots of A/ec0d against c0 for six different degrees 
of polymerization at 13 °C. Solid lines were drawn 
with a theoretical slope evaluated according to Eq. 2. 

around the charge-transfer band. This indicates the 
formation of an intrachain charge-transfer complex and 
its predominance over the intermolecular complex. 
The plot of the absorbance A at 450 nm against the 
polymer concentration c0 shows an upward deviation 
from a straight line, indicating an increased contribu­
tion of the intermolecular complex at higher concentra­
tions. In order to separate the contribution of the 
intrachain complex from that of the intermolecular one, 
Ajec0d was plotted against c0, where e is the extinction 
coefficient at 450 n m and d is the cell length (Fig. 4) . 
The intercept gives the fraction of polymers forming 
intrachain complex at infinite dilution W0, the slope 
being proportional to the association constant K2 for 
the intermolecular complex between polymer ends (see 
Appendix). 

Alec0d= W0 + K2(l-2W0)(l-W0)% + - (2) 

In Eq. 2 the extinction coefficient for the intrachain 
complex and that for the intermolecular complex 
between polymer ends are assumed to be identical with 
that for the intermolecular complex between the model 
compounds (Table 1). Figure 4 shows typical plots 
for different chain lengths at 13 °C, T h e slope is in 
good agreement with the calculated value using the 
association constant between model compounds. This 
shows that the stability of intermolecular charge-trans­
fer complex between polymer ends is almost the same 
as that between model compounds, irrespective of the 
chain length. 

The plots was made for six different chain lengths 
and at four different temperatures, values for W0 being 
obtained under various conditions. T h e results are 
plotted in Fig. 5 together with the data obtained in 
a chloroform solution.3) W0 increases with decrease in 
chain length and also temperature. The dependence of 
WQ on the chain length is more marked in a chloroform 
solution, while that on temperature is more marked in 
an ethanol solution. T h e values of W0 in either solu­
tion do not differ a great deal. They are 20—100 times 

Fig. 5. Dependence of the fraction of polymers forming 
intraction complex upon the chain length in ethanol 
solution (—O—), and in chloroform solution (—#—). 

as larger as those expected for "unper tu rbed" chains 
free from any interachain force. The unperturbed 
values have been estimated from the rate constants of 
intramolecularly catalyzed hydrolysis on polysarcosine 
chain1) and from the Monte Carlo calculation of ran­
domly coiled polysarcosine chain.2) The larger values 
of WQ indicate that the cyclic conformations are greatly 
stabilized by the intrachain force based upon the charge-
transfer interaction between a pair of terminal groups. 

Evaluation of the extent of the stabilization of cyclic 
conformations made previously3) was applied to the 
present case. The free energy of the electronic stabiliza­
tion in the intramolecular charge-transfer complex AGe 

was estimated from the thermodynamic parameters of 
model compounds (Table 1). 

A#e = AH2 = - 11.3 kj mol-1, 

A6*e = AS2 - ASb = - 3 8 . 4 - ( -15 .1 ) 

= - 2 3 . 3 J mol-1 K-1, 

ACe = A#e - TASe = - 4 . 2 3 kj mol-1 (30.5°C). 

(3) 

In the second equation the entropy for the bimolecular 
encounter *S'lb= —15.1 J m o l ^ K - 1 was subtracted from 
the total entropy for the model compounds.1 '3) T h e 
association constant for the intrachain complex Kx is 
related to W0 as 

* i = W V ( l - W 0 ) . (4) 

Kt should be related to the association constant K\ for 
the cyclization of a polymer chain which is free from 
intrachain interaction, according to the equation 

Kx = Kl exp ( - AGJRT). (5) 

T h e "unper tu rbed" value of the association constant 
Ki was evaluated from the rate constant of intramo­
lecularly catalyzed hydrolysis on polysarcosine chain 
in aqueous solution1) (Table 2). The value of Kx 

calculated by Eq. 5 is compared with that evaluated 
from the observed value of W0 (Eq. 4, Table 2). Al­
though the increase in the Kx value by the electronic 
stabilization is definite, the calculated value of Kx is 
still smaller than the observed one. 
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TABLE 2. ASSOCIATION CONSTANT FOR THE INTRACHAIN 

INTERACTION BETWEEN A PAIR OF TERMINAL GROUPS 

ATTACHED TO POLYSARCOSINE CHAIN 

p o ° m é r ? z a l n K' X l0* " * — * ' ° 2 b) * . . • « X ^ °> 

5 
6 
7 

10 
11 
12 
15 
16 
20 
21 
25 
30 
32 
35 

0.38 

0.37 
0.31 

0.28 
0.23 

0.16 

0.11 
0.098 

0.077 

2.0 

2.0 
1.7 

1.5 
1.2 

0.86 

0.60 
0.53 

0.41 

8.6 

5.79 

4.3 

3.3 
2.9 

2.6 

a) The "unperturbed" value evaluated from intra-
molecularly catalyzed hydrolysis on polysarcosine chain 
in aqueous solution at 35 "̂ C.1) b) Calculated by mean 
of Eq. 5 for 30.5 °C. c) Observed with the intrachain 
charge-transfer complex on polysarcosine chain in an 
ethanol solution at 30.5 °C. 

Thermodynamic Parameters for Intrachain Complex. 
The plot of log Kx against 1/7" is linear. Thermo­
dynamic parameters AHX and ASX were calculated from 
the slope and the intercept, respectively. They consist 
of two terms, one associated with the conformational 
change for the cyclization (AHC or ASC) and the other 
for the electronic change (AH0 or ASe). 

AHX = A#c + Atfe, A-Si = ASC + ASe. (6) 

The values of AHe and AS0 estimated in the preced­
ing section were used for calculating AHC and — TASa 

( T = 2 9 8 K ) . T h e results are plotted in Fig. 6 as func­
tions of chain length. In an ethanol solution the 
enthalpy required for the conformational change de­
creases slightly and the value of — TASC increases with 
increasing chain length. T h e results are in contrast to 
those obtained with a chloroform solution where AH0 

increases with increase in chain length ; — TASe remain­
ing nearly constant.3) T h e latter situation has been 
observed also in the activation parameters for confor­
mational change accompanied by the intramolecularly 
catalyzed hydrolysis on polysarcosine chain in aqueous 
solution.1) However, the present result is consistent 
with the result obtained from the Monte Carlo calcula­
tion.2) In the Monte Carlo calculation in which no 
conformational energy is taken into account, the fraction 
of cyclic conformations decrease with increase in chain 
length except for very short chains. This indicates 
that ASC decreases with increase in chain length whereas 
AHC is zero irrespective of the chain length. 

In view of these results, the experimental finding can 
be interpreted as follows. In an ethanol solution AHC 

is nearly zero irrespective of the chain length. In this 
case, the conformational energy can be neglected in the 
Monte Carlo calculation. T h e observed chain length 
dependence of ASe is in reasonable accordance with the 

Fig. 6. Dependence of the thermodynamic parameters 
upon the chain length in ethanol solution (—O—, 
—D—) and in chloroform solution (—#—, — • — ) . 
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Fig. 7. Correlation between the thermodynamic param­
eters for the intrachain charge-transfer complex. 
Numbers in the Figure indicate degree of polymeriza­
tion. 

calculated one. O n the other hand, AHC in a chloro­
form solution or A// c* in aqueous solution increases 
considerably with increase in chain length and becomes 
the dominant factor to determine the chain length 
dependence of the intrachain association constant or 
intrachain rate constant. Thus the results of the 
Monte Carlo calculation, in which no conformational 
energy has been taken into account, cannot be compared 
with the experimental data obtained in these solvents. 
The difference in thermodynamic parameters may be 
accounted for by the difference in the polymer confor­
mations in the three solvents. 

Figure 7 shows the plot of AHX against A ^ obtained 
for six different chain lengths. The plot lies on a straight 
line with a slope of —93 °C. This suggests that the 
chain length dependence of Kx vanishes at —93 °C and 
Kx increases with increase in chain length below —93 °C. 
However, this has not been observed because of 
experimental difficulties. 

I t is interesting to compare the present result with 
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TRANS CIS 

C2D5OD 

JO 2« 
ppm from TMS 

Fig. 8. Partial 220 MHz NMR spectra of polysarcosine 
in three different solvents. (Only the region of the 
main chain iV-methyl protons is shown.) Polymer 
concentration — ca. 10 w/v%. 

that obtained in the intramolecularly catalyzed hydro­
lysis in aqueous solution.1) In the latter case, the 
conformational activation enthalpy A// c* shows a linear 
relation to the conformational activatioon entropy ASe*, 
giving an isokinetic temperature of -[-93 °C. The 
temperature should coincide with that in the present 
experiment ( — 93 °G), if the conformational properties 
of polysarcosine chain were the same in both ethanol and 
aqueous solutions. It should be emphasized that in 
either case, a mechanism operates to compensate the 
loss of conformational entropy associated with the cycli-
zation by the decrease in conformational enthalpy, or 
vice versa. If this is the case, the isokinetic or isothermo-
dynamic temperature can be a parameter characteriz­
ing a thermodynamic property of polymer conforma­
tions in solution. By utilizing the compensation 
relation, it will be possible to control the intrachain 
reaction proceeding on a polymer chain by varying the 
temperature. 

Conformation of Polysarcosine Chain in Ethanol, Chloro­
form, and Aqueous Solution. It was suggested that 
the conformation of polysarcosine chain in chloroform 
and aqueous solutions differs a great deal from that in 
an ethanol solution. The conformation of polysarco­
sine chains in these solvents was studied by 220-MHz 
N M R spectroscopy. Figure 8 shows the JV-methyl 
region of the N M R spectra. T h e absorption bands 
split into several peaks due to the distribution of trans 
and eis amide links along the main chain. A peak 
assignment has been made.12) T h e lowest-field peak 
is ascribed to trans-trans and the second lowest to trans-
cis dyad sequence. These two peaks in lower field cor­
respond to a trans conformation. The remaining peaks 
in higher field correspond to a cis conformation. I t is 

evident that the fraction of m conformation in ethanol 
is considerably larger than that in the other two solvents. 
This relation holds for other chain lengths except for 
very short chains.13) 

The N M R data indicate that the conformation of 
polysarcosine chain in an ethanol solution differs from 
that in chloroform and aqueous solutions. This is in 
line with the result of thermodynamic parameters i.e., 
the dependence of thermodynamic perameters on the 
chain length in ethanol differs from that in the other 
two solvents. In an ethanol solution the stability of 
the eis conformation is nearly the same as that of trans. 
Hence, virtually no conformational energy is required 
to attain the cyclic conformations in which eis bond 
is preferred to trans (Fig. 6).13) For short polysarcosine 
chains (w^lO), the fraction of eis conformation has been 
found to decrease with decrease in chain length.13) T h e 
reduced stability of eis conformation may explain the 
higher conformational enthalpy observed for shorter 
chains. At present, however, a correspondence between 
N M R data and thermodynamic parameters is not clear 
in chloroform and aqueous solutions. 

Appendix 

In a solution containing X—Y-type polymers a series of 
linear polymers such as X—Y, X—YX—Y, etc. and series 
of cyclic polymers such as X—Y, X—YX—Y, etc. should 

be relevant to present treatment. The problem is much 
simplified if participation of the species beyond linear "trimer" 
and cyclic "dimer" is neglected at a low feed concentration 
of the linear "monomer" X—Y. If we denote [X—Y]=c, 
[X—Y]=c l3 [X—YX—Y]=c2, and the total feed concentra­
tion of X—Y=c0 , the association constant for the intrachain 
complex, Xj and that for the intermolecular complex, K2 are 
expressed as 

K1 = c1lc, (A.l) 

K2 = cjc*, (A. 2) 

with 

cQ = c + cj_ + 2c2. (A. 3) 

The absorbance at 450 nm is expressed as 

A = ed(c1+ci), (A. 4) 

where e is the extinction coefficient and d is the cell length. 
Using the above equations, A is expressed as a function of 
cQ as 

A = ed Ki 

W+*i 
\c0 + K, 

1 2 * i 

i(\+K,y (1+xoM 
+• 

(A. 5) 

where terms up to c0
2 are retained. Equation 2 is obtained 

by substituting ^ for W0=KJ (1 + KJ. 
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The Structure of Ikarugamycin, an Acyltetramic Acid Antibiotic 
Possessing a Unique as-Hydrindacene Skeleton1} 

Shosuke I T O and Yoshimasa H I R A T A 

Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya 464 
(Received December 25, 1976) 

The structure and configuration of an antibiotic, ikarugamycin, have been established to be l e on the basis of 
chemical reactions, especially of oxidative degradation. It is suggested that the aj-hydrindacene skeleton arises 
biogenetically via an intramolecular Diels-Alder reaction. 

A new antibiotic, ikarugamycin (C 2 9 H 3 8 N 2 0 4 ) , pos­
sessing specific antiprotozoal activity has been isolated 
from the culture broth of Streptomyces phaeochromogenes 
var. ikaruganensis Sakai by J o m o m et al.2> In this paper, 
we wish to describe evidence for assigning structure l e 
to ikarugamycin. A biogenesis of this antibiotic is 
also proposed. 

Chromophoric Part of Ikarugamycin. O n catalytic 
hydrogénation over P tO a for 1 h, ikarugamycin (1) ab­
sorbed 3 mol of hydrogen giving hexahydroikaruga-
mycin (2), C 2 9 H 4 4 N 2 0 4 . T h e presence of three disub-
stituted double bonds in 1 was revealed by P M R spec­
trometry (Fig. 1). The double bond bearing strongly 
deshielded H a and H b protons (ô 6.96 and 6.64, re­
spectively, in DMSO-<4) must be trans substituted (J= 
15.6 Hz) . The other two pairs of olefinic protons (<5 
5.6—6.2 in D M S O - Ü ? 6 ) should be attached to eis double 
bonds; although the H d proton signal is obscured by 
those of the H e and H f protons, its counterpart, the 
H c proton signal appears as a broad doublet with J= 
12 Hz,3) and the H e and H f protons are observed as a 
broad AB quartet with J= 10 Hz. The P M R spectrum 
of the hexahydro derivative (2) exhibited no signals for 
the olefinic protons. 

The presence of an enolized /9-tricarbonyl grouping 
in both 1 and 2 was suggested by an orange-red colora­
tion with ferric chloride and the formation of greenish 

copper complexes, as well as by the formation of an 
JV-methylpyrazole derivative upon heating with methyl-
hydrazine. Further catalytic hydrogénation of 2 over 
P tO a for 24 h resulted in conversion of one of the car-
bonyl groups into a methylene group4) giving deoxo-
octahydroikarugamycin (3), C 2 9 H 4 6 N 2 0 3 . The U V 
maximum for the compound displayed a bathochromic 
shift of 33 nm upon the addition of an alkali (Table 1 ). 
The P M R spectrum showed a signal at ô 10.32 at­
tributable to an enol proton. These data, coupled with 
a pÄ"a value of 7.8 and the formation of an enol ether, as 
well as of an enol acetate, indicates that an enolized 
/3-dicarbonyl group is present in 3. 

Upon reduction with LiBH4 , 3 was readily converted 
to deoxodecahydroikarugamycin (4), C 2 9 H 4 8 N 2 0 3 (pro­
bably a mixture of epimers) which could also be formed 

TMS 

à(PPM) 

Fig. 1. The 100 MHz PMR spectrum of ikarugamycin (1) in -pyr-d5. 
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T A B L E 1. U V SPECTRA OF IKARUGAMYCIN, ITS DERIVATIVES AND RELATED COMPOUNDS 

A, (*) Solvent 

Ikarugamycin (1) 

Hexahydroikarugamycin (2) 

Deoxooctahydroikarugamycin (3) 

Deoxodecahydroikarugamycin (4) 

Tenuazoic acid (10)8) 

Decahydroerythroskyrine9> 

227 (20700) 
243 (21400) : 

220 (5000), 
243 (10300) ; 

220 (6100), 
222 (3200), 

211 (910) 

217 (5100), 
239 (9600), 

225 (7200), 
246 (14100) 

327 (17300) 
321 (13300) 

280 (12400) 
279 (13600) 

240^(4600) 
273 (9300) 

277 (12900) 
279 (12000) 
284 (12900) 

288 (14100) 

M e O H 
0 .1 M N a O H - M e O H 

M e O H 
0 .1 M N a O H - M e O H 

M e O H 
0 .1 M N a O H - M e O H 

M e O H 

E t O H 
0 .1 M N a O H 

E t O H 
0 .1 M N a O H 

d i r ec t ly f rom 2 u n d e r m o r e d r a s t i c cond i t i ons . T h a t 
4 n o l o n g e r c o n t a i n s t h e /? -d icarbonyl g r o u p is e v i d e n t 
f rom its U V s p e c t r u m ( T a b l e 1) a n d t h e f o r m a t i o n 
of a n a c e t a t e . 

I n t h e P M R s p e c t r a of 1 t o 4 , t w o 1 H b r o a d s inglets 
w e r e a l w a y s o b s e r v e d in t h e r a n g e of ô 6 — 9 , w h i c h 
d i s a p p e a r e d u p o n t h e a d d i t i o n of d e u t e r i u m ox ide . 
T h i s i nd i ca t e s t h e p r e s e n c e of t w o s e c o n d a r y a m i d e 
g r o u p s in 1 to 4 , w h i c h is f u r the r s u p p o r t e d b y t h e I R 
s p e c t r u m of 4 s h o w i n g , in a d d i t i o n to a m i d e N H (3430 
c m - 1 ) a n d a m i d e I I (1520 c m - 1 ) b a n d s , t w o a m i d e ca r -
b o n y l b a n d s a t 1695 a n d 1655 c m - 1 . All of t h e o x y g e n 
a n d n i t r o g e n a t o m s p r e s e n t in 1 c a n t h u s b e ass igned 
to a /? - t r icarbonyl sys tem in w h i c h o n e of t h e c a r b o n y l 
g r o u p s is i nvo lved as a n a m i d e c a r b o n y l g r o u p , a n d 
to a n a d d i t i o n a l a m i d e g r o u p . 

T h e r e l a t ive pos i t ion of t h e t w o a m i d e n i t r o g e n a t o m s 
w a s t h e n e s t ab l i shed b y ozonolysis of 1. T h u s , e t h e r 
e x t r a c t i o n of t h e o x i d a t i o n m i x t u r e y i e lded a c a r b o x y l i c 
ac id w h i c h w a s i so la ted as b icyc l ic t e t r a m e t h y l es ter 
5 , C 1 4 H 2 2 ( C 0 2 M e ) 4 , a n d t h e w a t e r - s o l u b l e p a r t g a v e , 
after a c id hydro lys i s , L -o rn i th ine a n d oxal ic ac id . 
T h e s e resul ts led to t h e f o r m u l a t i o n of t h e c h r o m o p h o r i c 
p a r t of i k a r u g a m y c i n as l a ; in o r d e r to a c c o u n t for 
t h e f o r m a t i o n of 5 , as wel l as t h e shift of a U V a b s o r p ­
t ion m a x i m u m f rom 327 n m for 1 to 280 n m for 2 
( T a b l e 1), t w o d o u b l e b o n d s s h o u l d b e l o c a t e d a t t h e 
pos i t ions s h o w n in l a . 

/COzMecOïMe • s 
>KC COaMe 

C02Me 5£bc3r 
6a : R = H 
6b : R = Me 

C02R 

NHT\ 
P02U\—/ 

C02H 

C02Me 
R 

8 : R = CH2C02Me 
11 : R = C02Me 

I n p r i n c i p l e , a n a l t e r n a t i v e s t r u c t u r e l b is also con ­
sis tent w i t h these c h e m i c a l d a t a . H o w e v e r , s u c h a pos ­
sibi l i ty c a n b e r u l e d o u t b y t h e f o r m a t i o n of a - D N P -
o rn i th ine 5 ) f rom 3 via 6 a n d 7. C h r o m i c ac id o x i d a t i o n 
of 3 r e su l t ed in c l e a v a g e of t h e eno l ic d o u b l e b o n d to 
g ive t h e ke to ac id 6 a , C 2 9 H 4 6 N 2 0 5 a n d s imi la r ly , pe r ­
m a n g a n a t e o x i d a t i o n of t h e eno l e t h e r of 3 a f forded t h e 

c o r r e s p o n d i n g ke to es ter 6 b , C 3 0 H 4 8 N 2 O 5 . T r e a t m e n t 
of 6 a o r 6 b w i t h a lka l ine h y d r o g e n p e r o x i d e c l eaved t h e 
a -ke to a m i d e g r o u p , g iv ing a n a m i n o ac id , 7, w h i c h 
w a s c h a r a c t e r i z e d as its JV-acetyl d i m e t h y l ester . Ac id 
hydro lys i s of t h e D N P d e r i v a t i v e of 7 g a v e a - D N P - o r -
n i t h i n e a n d a ca rboxy l i c a c id i so la ted as t r i m e t h y l d i ­
m e t h y l es ter 8, G 2 1 H 3 6 ( C 0 2 M e ) 2 . T h u s , t h e p a r t i a l 
s t r u c t u r e l a w a s es tab l i shed for i k a r u g a m y c i n . T h e 
conf igu ra t ions of t h e t w o d o u b l e b o n d s w e r e ass igned o n 
t h e fo l lowing basis . T h e o c c u r r e n c e of t h e H a p r o t o n 

Hd He H 

a t a l ower field t h a n t h e H b p r o t o n is u n u s u a l for ole-
finic p r o t o n s in a t r a n s a , / ? -unsa tu ra ted c a r b o n y l sys­
t e m ; 6 ) a n e x a m p l e of such a case is found in a spe r t e -
t r o n i n A (9) w h i c h gives a P M R s p e c t r u m e x h i b i t i n g 
H a ' a n d H b ' p r o t o n s a t ô 7.32 a n d 7.06, respect ively. 7) 

N a t u r a l p r o d u c t s h a v i n g t h e a c y l t e t r a m i c ac id c h r o -
m o p h o r e a r e a l r e a d y k n o w n a n d e x a m p l e s i n c l u d e 
t e n u a z o i c ac id (10),8> e ry th roskyr ine , 9 ) etc.10*11) As ex­
p e c t e d , t h e p e c u l i a r U V spec t r a l b e h a v i o r of h e x a h y d r o ­
i k a r u g a m y c i n (2) closely pa ra l l e l s t h a t of o t h e r acyl ­
t e t r a m i c ac ids ( T a b l e 1). F u r t h e r c h e m i c a l ev idence 
for l a w a s p r o v i d e d b y a lka l i ne hydrolys is of 2 . T h e 
r e a c t i o n led to c l e a v a g e of t h e t r i c a r b o n y l sys tem a n d 
t h e a m i d e b o n d s to give t h e ca rbocyc l i c p a r t of 2 , a 
c a r b o x y l i c ac id i so la ted as d i m e t h y l ester 1 1 , C 2 0 H 3 4 -
( C 0 2 M e ) 2 . 

Drastic Oxidation of Ikarugamycin, Hexahydroikarugamycin, 

and Deoxooctahydroikarugamycin. F r o m t h e m o l e c u l a r 
f o r m u l a a n d t h e func t iona l g r o u p s ( t h r e e d o u b l e b o n d s , 
a d ike to a m i d e , a n d a n a m i d e ) , i k a r u g a m y c i n (1) is a 
p e n t a c y c l i c c o m p o u n d . T h e f o r m a t i o n of t h e b icycl ic 
t e t r a m e t h y l ester 5 b y ozonolysis of 1 a n d of t h e t r icycl ic 
d i m e t h y l es ter 11 b y hydro lys i s of 2 ind ica te s t h a t i) 
1 possesses t h r e e c a r b o c y c l i c r ings , o n e of w h i c h con­
ta ins t h e eis d o u b l e b o n d n o t s h o w n in l a a n d ii) t w o 
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2,-C0=Me 

CO, Me 

-C02Me 

C02Me 
5 : R = CH2C02Me 
16 : R = C02Mo 

Fig. 2. Permanganate oxidation products of ikaruga­
mycin (1). 

side chains in the partial structure l a are connected 
with the carbocyclic part, thereby forming a large-mem-
bered lactam ring. Although there are 16 carbon atoms 
in 1 which are not included in l a , little information 
has so far been obtained beyond that revealed by the 
P M R spectrum of 1 (Fig. 1) : the presence of a primary 
methyl (<5 0.93) and a secondary methyl (ô 0.88) groups. 
Since the carbon skeleton of 1 appeared to be unique, 
an attempt was made to obtain information on the 
structure of the carbocyclic part by oxidative degrada­
tions which were vigorous enough to cleave carbon-car­
bon single bonds. This approach was remarkably suc­
cessful, as the following results show. 

(a) Oxidation of Ikarugamycin (1) : Prolonged 
oxidation of 1 with K M n 0 4 in pyridine-water at 60 
°C yielded, after esterification with diazomethane, a 
series of esters which was effectively isolated by prepa­
rative GLC. The products, including 5 as the major one, 
are listed in Fig 2 in the order of their GLC retention 
times. The P M R sepctrum of 14 shows a doublet (J= 
7.5 Hz) at ô 0.85 due to a secondary methyl group, a 
triplet (J—6.7 Hz) at ô 0.89 due to a primary methyl 
group, a complex multiplet between ô 1.2 — 2.4 (6H), 
a triplet ( 7 = 8 . 0 Hz) at ô 2.79 and a multiplet (ddd, J= 
8.5, 8.0, and 7.5 Hz) at ô 3.09 attributable to two me-
thine protons on carbons bearing ester groups, and two 
3H singlets at ô 3.63 and 3.64 due to two methoxyl 
groups. Irradiation at ô 3.09 caused the triplet at ô 
2.79 to collapse to a doublet ( 7 = 8 . 0 Hz) , indicating 
a vicinal arrangement of the two methoxycarbonyl 
groups. O n the basis of these data, coupled with the 
concomitant formation of 13, the diester was formulated 
to be 14 (not considering stereochemistry). The r -1 , 
t-2, c-3, c-4-configuration has been unambiguously es­
tablished by the synthesis of the four possible 3,4-cis 
diastereomers.14) The trimethyl ester 15 produced a 
mass spectrum containing three characteristic peaks at 

m\e 169 due to the M + - M e 0 2 C C H 2 G H C 0 2 M e ion, at 
mje 146 due to the ( M e 0 2 C C H 2 C H 2 C 0 2 M e ) t ion form­
ed by MacLafferty rearrangement,15) and at mje 109 
due to the C8H13+ ion from the cyclopentane ring. 
This, together with the formation of 22 from 2 (see 
below), suggests the structure 16 for the ester. 

Next, chromic acid oxidation in 3 M H 2 S0 4 - ace t i c 
acid at 80 °G was examined. Compared with the per­
manganate oxidation, the reaction led to more extensive 

cleavage of carbon bonds as indicated by the products 
(Fig. 3). The structure for 19 was suggested by the 
empirical formula C 6 H 8 ( G 0 2 M e ) 4 and by the forma­
tion of 17 and 18. The relative configuration of 18 
has been established by synthesis.18) 

C 
COzMe MeOsC 

12 13 14 Me02C 

Me 

C02Me 

C02Me CO, Me 

0 , C - - / S ^ C ° 2 M e Me0 2 O-^S3-

NC03Me 
181T) 

sC02Mc 

'COüMe 
19' 

Fig. 3. Chromic acid oxidation products of ikaruga­
mycin (1). 

(b) Oxidation of Hexahydroikarugamycin (2) and Deoxo-
octahydroikarugamycin (3) : As expected, chromic acid 
oxidation of 2 under conditions similar to those for 1 
gave a completely different series of products (Fig. 4). 
The structures of 21 and 22 were deduced from their 
mass and P M R spectra (see Experimental) and were 
then confirmed by synthesis (of mixtures of diastreo-
mers).20) The mass spectrum of 23 shows two charac­
teristic peaks at mje 174 and 160 due to the (MeO a -
C C H 2 C H 2 C H 2 C H 2 C 0 2 M e ) t and ( M e 0 2 C C H 2 C H 2 -
C H 2 C 0 2 M e ) t ions, respectively, thus indicating the 
structure. Its threo configuration was established by 
synthesis.20) Structure of 24 was suggested by its mass 
spectrum and the formation of 20 and 23, and was 
eventually confirmed by synthesis (of a mixture of di-
astereomers).20) 

-C02Me j—LUîMe i—C0 2 Me 

"C02Me V n ™_ \ — C 0 2 M e 1 3 H 

Me02C> 

CO.Me ^ X ,R 

-C02Me Me02C C02Me 

20' 
21 : 20,R = CH2CO2Me 

22 : 2 0 )R-CH 2CH 2CO 2Me 

C02Me 
Me02C 

C02Me 
Me02C 

C02Me 

CO.Me 

2320) 2 4 i ! „ , 

Fig. 4. Chromic acid oxidation products of hexahydro­
ikarugamycin (2). 

Finally, chromic acid oxidation of 3 was examined, 
since it should give information concerning the position 
of the methylene group in 3 which was derived from a 
carbonyl group in the ^-tricarbonyl system of 2. The 
oxidation afforded, in addition to all the products from 
2, the trimethyl ester 25 and the tetramethyl esters 26 
and 27 (Fig. 5) which are the higher homologs of 20, 
23, and 24, respectively. Structure of 27 was suggested 
by its mass spectrum and the formation of 25 and 26, 
and was then confirmed by synthesis.20) 
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Me02C, 

C02Me 

252 

,C02Me 

Me02C. 
C02Me 
C02Me Me02C> 

262 272 

Fig. 5. Chromic acid oxidation products of deoxoocta-
hydroikarugamycin (3) (in addition to the compounds 
shown in Fig. 4). 

Structure of Ikarugamycin. The formation of 14 
from 1 and of 22 from 2 and 3 but not from 1 can be 
accounted for by the partial structure l c for ikaru­
gamycin. From the structural relationships among 17, 
24, and 27, coupled with the formation of 19 from 1, 
partial structure l a can now be extended to I d . The 

îsP 
coupling patterns of the H a - H d protons in the P M R 
spectrum of 1 (Fig. 1) are fully consistent with this 
structure. There then remain two possibilities to ex­
plain how these two parts, l c and Id , could be con­
nected to make up the remaining B ring. This problem 
was settled by the following experiment. Triester 15 
was prepared by the permanganate oxidation of 1 in 
pyridine-deuterium oxide and was examined by mass 
spectrometry which showed that the succinyl residue in 
15 contained only ca. 0.3 deuterium. This indicates 
that 15 was formed without decarboxylation and there­
fore, that the C-l position in 14 should be connected 
to C-l (not to C-2) in 19. Consequently, ikarugamycin 
can now be represented by structure 1. 

Stereostructure and Biogenesis of Ikarugamycin. In 
ikarugamycin there are eight consecutive asymmetric 
centers at the C-2, C-3, C-3a, C-8b, C-5a, C-6, and 
C-7 positions on rings A, B, and C, and one at the junc­
tion of rings D and E. T h e configuration of the latter 
is evident from L-ornithine. The relative configurations 
on rings A and C are also apparent from those of 14 
and 19, respectively. T h a t the latter were formed with­
out epimerization was proved by the oxidation of 1 
in deuterium-containing solvents. Thus, the perman­
ganate oxidation in pyridine-deuterium oxide yielded 
14 which according to the mass spectrum consisted of 
d0 (65%), d1 (30%), and d2 (5%) derivatives. Also, 
the chromic acid oxidation in 3M D 2 S 0 4 - D 2 0 gave 
19 consisting of dQ (85%) and d1 (15%) derivatives. 

I t has already been established that ( — )-erythro-2-
ethyl-3-methylglutarate, [a] D —14.9°, has the 2R : 3S 
(13a) configuration.13^ The natural 13 obtained by 
the oxidation of 1 has [a] D —8.6° and, therefore, must 
have the absolute configuration of 13a. The absolute 
configuration of trimethyl ( + )-l ,2,4-butanetricar-
boxylate, [a]D +16 .2° , has also been reported to be R 
(20a). 19b> Therefore, the absolute configuration of the 

natural 20 ( [a]D +12.6°) obtained by the oxidation of 
2 and hence that of C-7 in ring C was established 
as shown below. From the combination of these ab­
solute configurations, ikarugamycin can now be assigned 
the stereostructure l e . 

C02Me 
Me02C, 

C02Me 

13a 

C02Me 

H 

20a 

*C02Me 

Since, to the best of our knowledge, ikarugamycin 
is the first example of a natural product with an as-
hydrindacene skeleton, its biogenesis appears to be of 
considerable interest. I t has been proved that other nat­
ural acyltetramic acids, such as tenuazoic acid (10), 
can be biosynthesized from an amino acid (L-isoleucine 
in case of 10) and a polyacetate (diacetate in case of 
10).8b '9b '10b) I t appears likely, therefore, that ikaruga­
mycin can also be derived from L-ornithine and two 
hexaacetate chains as outlined in Scheme 1. Although 
exactly how the unique carbon skeleton is formed re­
mains a matter of conjecture, it is suggested that an 
intramolecular Diels-Alder reaction between the buta­
diene part and the double bond in a hypothetical in­
termediate such as I f could lead to the formation of 
the decahydro-ß.y-indacene skeleton of ikarugamycin. 

- ^ H 2 N ^ 
O^OH H2N \ 

v HO-£ 
0 0 0 ^ ^ • * 0 

(0) 0 0 
If 

Scheme 1. A biogenesis of ikarugamycin (1). 

Exper imenta l 

The mp values are uncorrected. The IR spectra were 
recorded with JASCO model IR-S and DS-402G spectro­
photometers and for the UV spectra a Perkin-Elmer model 
202 spectrophotometer was used. The PMR spectra were 
recorded on JEOL models JNM-C60H and 4H-100 spectrom­
eters ; the chemical shifts are given in ppm relative to internal 
TMS. The mass spectra were obtained with a Hitachi model 
RMU-6C mass spectrometer. Optical rotations were deter­
mined with a JASCO model ORD/UV-5 spectrophotometer 
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or a J A S C O model DIP-SL polarimeter (for 13 and 20) 
and pK& values were determined from titration curves taken 
with a Radiometer model T T T 1 titrater. For T L C , Merch 
GF2 5 4 or PF 254 silica gel was used and for column chromato­
graphy, Mallinckrodt silicic acid. Gas-liguid chromato­
graphy (GLC) was carried out with a Var ian Aerograph 
model 1828-4 Chromatograph. T h e column used for pre­
parative G L C was composed of 5 % SE-30 on celite 545 
(3 m x 0 . 9 5 cm). 

Properties of Ikarugamycin (1). Repeated recrystalliza-
tion of crude 1 from M e O H gave colorless needles, m p 228— 
229 °C (dec), [a]2

D
8+390° (c 0.19, D M F ) , slightly soluble in 

D M F , D M S O , T H F , E t O H , M e O H , and pyridine. T h e 
antibiotic showed pK& 5.6 (67% E t O H ) ; I R (CHG18) : 3450, 
1700, 1665, 1642, 1580, 1510 c m - 1 ; (KBr) : 3380, 3220, 1700, 
1678, 1645, 1583, 1519 c m - 1 ; P M R (pyr-rf5) : ô 0.88 (3H, 
d, 7 = 7 Hz) , 0.93 (3H, t, / = 7 ) , 3.6—4.4 (2H, m) , 4.1 ( I H , 
narrow m) , 5.72 and 5.95 (each I H , br ABq, 7 = 1 0 ) , 6.0 
( I H , m) , 6.20 ( I H , br d, 7 = 1 2 ) , 6.94 ( I H , dd, 7 = 1 5 . 6 and 
9.5), 7.62 ( I H , d, 7 = 1 5 . 6 ) , 8.7 and 9.6 (each I H , br s, D 2 0 
exchangeable); (DMSO-</6) : ô 5.6—6.2 (4H, m) , 6.64 ( I H , 
dd, 7 = 1 5 . 0 and 9.5 Hz) , 6.96 ( I H , 7 = 1 5 . 0 ) , 7.79 and 8.62 
(each IH , br s, D 2 0 exchangeable). Found : C, 72.67; H, 
8.20; N , 5 .90%; m/e 478.2771. Calcd for C 2 9 H 3 3 N 2 0 4 : G, 
72.77; H, 8.00 N , 5 .85%; M , 478.2731. 

Copper Complex of 1. A soln of 1 (50 mg) and cupric 
acetate (12 mg) in E t O H (30 ml) was heated under reflux 
for 2 h. Crystals deposited after cooling, which were re-
crystallized from E t O H to give yellow-green needles (21 mg) , 
m p > 2 8 0 ° C . Found : C, 63.50; H, 7.65; N , 5 .13%. Calcd 
for ( C 2 9 H 3 7 N 2 0 4 ) 2 C u . 4 H 2 0 : C, 63.86; H, 7.58; N, 5 .14%. 

Hexahydroikarugamycin (2). A soln of 1 (600 mg) in 
E t O H (200 ml) was hydrogenated in the presence of P t O a 

(100 mg) for 1 h at room temp and atmospheric pressure. It 
was filtered and evaporated to a small volume under reduced 
pressure. The solid that precipitated was recrystallized from 
CHC13 to give 350 mg of 2 as needles, m p 243—244 °G (dec), 
[a]2

D
5+110° (c 0.44, CHCI3), pK& 5.1 (67% E t O H ) , I R 

(CHCI3) : 3450, 1710, 1662, 1610, 1520 cm" 1 ; P M R (CDC13) : 
ô 5.86 and 6.0 (each IH , br s, exchangeable with D a O ) , 
no other signals above ô 4.0. Found : C, 71.51; H, 9.27; 
N, 5 .82%; m/e 484.3303. Calcd for C 2 9 H 4 4 N 2 0 4 : C, 71.86; 
H, 9.15; N, 5.78; M , 484.3301. 

Copper Complex of 2. Green crystals, m p > 2 8 0 °C (from 
E t O H ) . Found : C, 65 .01; H , 8.74; N , 4.99. Calcd for 
( C 2 9 H 4 3 N 2 0 4 ) 2 C u - 2 H 2 0 : C, 65 .21; H, 8.50; N, 5 .25%. 

N-Methylpyrazole Derivative of 2. A soln of 2 (48 mg) 
and #-methylhydrazine sulfate (20 mg) in 9 0 % E t O H (5 ml) 
was heated under reflux for 30 h. T h e product was subjected 
to preparative T L C ( C H C l 3 - M e O H , 4 : 1 ) , giving 19 mg of 
an oil, mass: m/e 494 (M+) ; I R (CHC13) : 3360, 1680, 
1654, 1540 c m - 1 ; U V (MeOH) : Am a x 226 nra (e 4900) ; P M R 
(CDCI3) : ô 3.85 (3H, s), 4.1 ( I H , m) , 6.8 ( I H , br s,) 8.2 ( I H , 
br s). 

Deoxooctahydroikarugamycin (3). A soln of 2 (500 mg) 
in E t O H ( 170 ml) was hydrogenated in the presence of P t O a 

(150 mg) for 24 h. I t was filtered and evaporated to give 
an oily residue which was crystallized from M e O H , affording 
350 mg of 3 as prisms, m p 155—157.5 °C, pK& 7.8 (67% 
E t O H ) , mass: m/e 470 (M+) ; I R (CHC13) : 3470, 3250, 
1775, 1705, 1665, 1510 c m - 1 ; P M R (DMSO-rf6) : ô 7.09, 
7.85, and 10.32 (each IH , br s, D 2 0 exchangeable). Found : 
C, 74.12; H, 9.99; N, 6 .04%. Calcd for C 2 9 H 4 6 N 2 0 3 : C, 
74.00; H , 9.85: N, 5 .95%. 

Enol Ether of 3. Trea tment of 3 (140 mg) with di-
azomethane yielded, after preparative T L C , 97 mg of an 
oil mass: m/e 484 (M+); I R (CHC13): 3450, 3300, 1677, 

1652, 1515 c m - 1 ; U V ( M e O H ) : Am a x 224 (e 5300) and 242 s h 

n m ( 4 6 0 0 ) : P M R (CDC13) : ô 3.98 (3H, s). 
Enol Acetate of 3. Acetylation of 3 with acetic an-

hydride-pyridine gave an oily enol acetate, mass: m/e 512 
(M+), 470, 452; I R (CHC13) : 3450, 3340, 1781, 1690, 1664, 
1515, 1185 c m - 1 ; U V ( M e O H ) : Am a x 222 n m (e 7000) ; 
P M R (CDCI3): ô 2.29 (3H, s). 

Deoxodecahydroikarugamycin (4). (a) From 3: A mix­
ture of 3 (100 mg) and LiBH 4 (100 mg) in T H F (20 ml) was 
stirred for 24 h at room temp. Water and then 2 M H C l 
were added to the ice-cooled mixture until it became a clear, 
neutral soln which was then extracted with CHC13 . T h e 
extract was washed with water, dried, and evaporated. T h e 
residue was crystallized from M e O H to give 68 mg of 4 as 
needles, m p 220—222 °C, mass: m/e 472 (M+), 454; I R 
(CHCI3): 3430,3500—3200, 1695, 1655, 1520 c m - 1 ; P M R 
(DMSO-d6): ô 4.4 ( I H , m) , 5.0, 7.65, 7.88 (each I H , br, 
exchangeable with D 2 0 ) . Found : C, 71.38; H , 10.18; N, 
5.62%. Calcd for C 2 9 H 4 8 N 2 0 3 • H 2 0 : C, 70.98: H , 10.27; 
N, 5 . 7 1 % . 

(b) From 2: A suspension of 2 (150 mg) and LiBH 4 (150 
mg) in dimethoxyethane (45 ml) was heated under reflux for 
6 h with stirring. T h e work-up described in (a) afforded 
68 mg of 4. 

Acetate of 4. Acetylation of 4 gave an oily acetate, 
mass: m/e 514 (M+), 454; I R (CHC13) : 3460, 3400—3200, 
1741, 1699, 1662, 1521, 1240 c m - 1 ; P M R (CDC13) : ô 2.18 
(3H, s), 5.53 ( I H , m) . 

Ozonulysis of 1: Formation of 5, Oxalic Acid, and 1,-Ornithine. 
Through a soln of 1 (100 mg) in M e O H (70 ml) at—70 °C 
ozonized oxygen was passed until the soln turned pale purple . 
After the excess of ozone had been expelled by a nitrogen 
stream, the solvent was removed at room temp and to the 
residue 9 8 % formic acid (10 ml) and 3 5 % hydrogen peroxide 
(1 ml) were added. T h e mixture was stirred for 1 h at 0 °C 
and then 14 h at room temp. After decomposition of the 
excess oxidant with N a H S O s (1 g), the mixture was evapo­
rated to dryness and the residue was dissolved in 0.5 M H 2 S 0 4 

(10 ml) and extracted with ether; the aqueous layer was saved 
for further experiment (see below). T h e ether extract was 
washed with water, dried, and evaporated to leave an oil 
which was then treated with diazomethane. T h e crude ester 
thus obtained was purified by preparat ive T L C (hexane-ether , 
1 : 1 ) , giving 40 mg of the tetramethyl ester 5, mass: m/e 
426 (M+), 366, 334 (base peak), 306, 246; I R (CC14) : 1740 
c m - 1 ; P M R (CC14) : ô 0.88 (3H, t, 7 = 6 . 2 Hz) , 0.88 (3H, 
d, 7 = 6 . 5 ) , 3.57 (3H, s), 3.59 (6H, s), 3.64 (3H, s), Found : 
m/e 426.2254. Calcd for C 2 2 H 3 4 0 8 : M, 426.2253. 

T h e aqueous layer (see above) was adjusted to 1 M with 
respect to H 2 S 0 4 by the addition of coned H 2 S 0 4 and heated 
under reflux for 4 h. Continuous extraction with ether af­
forded a crude acid which was recrystallized from e ther -CCl 4 , 
giving 16 mg of oxalic acid dihydrate (identified by IR) as 
prisms. T h e dimethyl ester derivative, m p 51—54 °C, also 
had an I R spectrum identical with that of dimethyl oxalate. 
T h e aqueous layer remaining after the continuous extraction 
was neutralized with 0.2 M B a ( O H ) 2 and the B a S 0 4 precipi­
tated was removed by filtration. T h e filtrate was concent­
rated to a small volume under reduced pressure and applied 
to a column (1 X 6 cm) of Dowex 50W-X8 (H+ form). Elu­
tion with 1 M N H 4 O H (60 ml) afforded an amino acid which 
was crystallized from dil HCl (pH ca. 4 ) - E t O H to give 15mg 
of L-ornithine monohydrochloride (identified by IR) as prisms, 
m p 224—229 °C (dec), [a]2

D
B+40° (c 0.42, 5 M HCl) , lit,22) 

[a]2
D

5+37.5° (c 2, 5 M HCl ) . Found : C, 35.29; H, 7.88; 
N, 16.60%. Calcd for C 5 H 1 2 N 2 0 3 • HCl : C, 35.61 ; H , 7.77; 
N , 16 .61%. 
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Keto Acid 6a. A suspension of 3 (94 mg) and CrO ; i 

(80 mg) in 3 M H 2 S 0 4 (10 ml) was heated at 80 °C for 2 h 
with stirring. Cooling of the resulting solution caused pre­
cipitation of crystals which were filtered, washed well with 
water, and recrystallized from M e O H - w a t e r , yielding 68 mg 
of microcrystals, m p 222—223 °G, I R (KBr) : 3300, 2800— 
2300, 1745, 1725, 1665, 1617, 1545 cm- 1 . Found : C, 67.56: 
H, 9.59; N, 5.32%. Calcd for C 2 9 H 4 6 N 2 0 5 - M e O H : C, 
67.38; H, 9.43; N , 5 .24%. 

Keto Ester 6b. T o a soln of the enol ether of 3 (145 
mg) in a mixture of acetone (20 ml) and water (30 ml) were 
added K H 2 P 0 4 (75 mg) , M g S O , (150 mg), and K M n 0 4 

(75 mg) . T h e mixture was stirred for 24 h at room temp and 
then made clear and neutral by the addit ion of N a H S O s 

powder and 2 M HCl . T h e soin was extracted with CHC1 3 

and the extract washed with water, dried, and evaporated 
to dryness. Crystallization of the residue from M e O H - w a t e r 
afforded 100 mg of 6b , m p 173—174 °C; mass: mje 516 
(M+), 488; I R (KBr) : 3430, 3310, 1760, 1739, 1660, 1639, 
1550 c m - 1 ; P M R (pyr-J5) : Ô 3.59 (3H, s), 3.63 (3H, s), 
4.90 (1H, m) , 8.5 and 9.7 (each 1H, br, exchangeable with 
D 2 0 ) . Found : C, 67 .51; H , 9.25; N, 5 .15%. Calcd for 
C 3 0 H 4 8 N 2 O 5 M e O H : C, 67.85; H, 9.55; N, 5 . 1 1 % . 

T h e keto ester was also obtained by esterification ( M e O H -
HC1) of keto acid 6a. 

Amino Acid 7. T o a soln of 6a (68 mg) in M e O H 
(10 ml) were added 1 M N a O H (10 ml) and 3 5 % hydrogen 
peroxide (0.9 ml) . After stirring for 64 h at room temp, the 
mixture was acidified with 6 M HCl , which caused precipi­
tation of an amorphous powder. I t weighed 64 mg, was 
homogeneous (R£ 0.7) on T L C in 1-butanol-acetic acid-water , 
4 : 1 : 2, and became pink with ninhydrin. 

N-Acetyl Dimethyl Ester of 7. T o a stirred soln of 7 
(18 mg) in 1 M N a O H (1 ml) was added acetic anhydride 
(0.1 ml) at room temp. After a time, an additional 1 M 
N a O H (1 ml) was added and the mixture was extracted with 
CHC13 . T h e aqueous layer was acidified with 2 M HCl , 
extracted with CHC13 , and the extract washed with a sat 
NaCl soln, dried, and evaporated. T h e residue was then 
treated with diazomethane and the product was purified by 
preparat ive T L C ( C H C l 3 - M e O H , 9 : 1 ) to give 5 mg of 
an oil, mass: m/e 562 (M+) ; I R (CHC13) : 3460, 3300, 
1739, 1673, 1513 c m - 1 ; P M R (CDC13) : Ô 2.04 (3H, s), 3.67 
(3H, s), 3.75 (3H, s), 4.5 (1H, m) , 6.0 (1H, br s), 6.50 (1H, 
br d, 7 = 8 Hz) . 

Hydrolysis of the DNP Derivative of 7: Formation of 8 and 
2,4-Dintrophenylornithine. T o a suspension of 7 (40 mg) in 
E t O H (2 ml) and water (2 ml) were added N a H C 0 3 (0.2 g) 
and 2,4-dinitrofluorobenzene (0.1 ml) . After stirring at 40 °C 
for 6 h, the E t O H was removed under reduced pressure and 
the aqueous residue was extracted with ether. T h e ether 
layer was washed with water, and the aqueous layers were 
combined, acidified with 6 M HCl , and extracted with E tOAc. 
T h e extract was washed with water and a sat NaCl aq soln. 
and dried. Evaporat ion of the solvent left an oil which was 
subjected to preparat ive T L C ( C H C l 3 - M e O H - a c e t i c acid, 
90 : 9 : 1), giving 30 mg of the D N P derivative as an amor­
phous powder. This was dissolved in coned HCl (3 ml) and 
acetic acid (3 ml) and heated to 110 °C. After 24 h, addi­
tional coned HCl (2 ml) was added and heating was continued 
for another 12 h. T h e hydrolysate was concentrated to dry­
ness under reduced pressure and the residue, taken u p in 
5 0 % M e O H , was placed on a column ( 1 . 2 x 2 cm) of Dowex 
50W-X8 (H+ form). Elution with 5 0 % M e O H yielded a 
crude carboxylic acid which was esterified with diazomethane. 
Preparat ive T L C (hexane-ether, 2 : 1 ) of the crude ester 
yielded 3 mg of oily 8, mass mje 406 (M+), 388 (base peak) , 

374, 356; I R (GG14) : 1743 cm" 1 ; P M R (CC14) : ô 3.61 
(6H, s). Found : m/e 406.3074. Calcd for C 2 5 H 4 2 0 4 : M , 
406.3083. 

T h e Dowex column was then eluted with 0.5 M N H 4 O H 
(40 ml) and 1 M N H 4 O H (20 ml) to afford an oil which 
was crystallized from dil HCl . Orange crystals (3 mg) of 
a-DNP-ornithine were obtained (identified by I R and paper 
chromatography in comparison with an authenic sample5)). 
T h e /2f values of the a- and <5-DNP-ornithines on paper chro­
matography in 1-butanol saturated with water were 0.48 and 
0.52, respectively. 

Alkaline Hydrolysis of 2: Formation of 11. A soln of 
2 (25 mg) in ethylene glycol (1 ml) was prepared by heating 
at 150 °C. T o this soln, 4 0 % N a O H (0.3 ml) was added 
and the mixture heated at 100 °C for 24 h. T h e ice-cooled 
mixture was acidified with dil HCl , extracted with EtOAc, 
and the extract was treated with diazomcthanne. After de­
composition of the excess diazomethane with acetic acid, the 
E tOAc soln was washed with water, an aq N a H C 0 3 soln, 
and again with water, and then dried. Evaporation of the 
solvent left an oil which was purified by preparat ive T L C 
(hexane-ether, 4 : 1 ) , giving 6 mg of dimethyl ester 11 as 
an oil, mass: m/e 392 (M+), 374, 361, 360, 343, 319 (base 
peak) ; I R (CC14) : 1743 c m - 1 ; P M R (CC14) : ô 0.89 (3H, 
t, 7 = 7 Hz) , 0.93 (3H, d, 7 = 7 ) , 3.62 (6H, s). Found: m/e 
392.2951. Calcd for C 2 4 H 4 0 O 4 : M, 392.2926. 

Oxidation of 1 with KMnO^ in Pyridine-Water. A mixture 
of 1 (478 mg) and K M n 0 4 (3.5 g) in pyridine (40 ml) and 
water (40 ml) was stirred at room temp overnight and then 
at 60 °C for 5 h. T h e solvents were evaporated under reduced 
pressure, water was added, and the evaporation repeated. 
T o the residue were added N a H S 0 3 powder and coned HCl 
until the mixture became a clear, acidic soln. T h e latter 
was continuously extracted with ether for 8 h and the extract 
was dried and evaporated giving a mixture of carboxylic 
acids which was then esterified with diazomethane. T h e 
esters (260 mg) thus obtained were partially separated by 
column chromatography on silica gel (5 g) ; elution with 
hexane-ether , 4 : 1 and then 1 : 1 gave 35 and 64 mg of 
oil, respectively. Preparat ive G L C of the former (column 
t e m p : 130—270 °C, 20 °C/min) afforded 12 (1.5 mg), 13 
(1.0 mg) , 14 (4.2 mg) , and 15 (0.3 mg) , and that of the latter 
(column t e m p : 270 °C) 16 (1.1 mg) and 5 (17 mg) . 

Dimethyl erythro-2~Ethyl-3-methylsuccinate (12): [a]2
D

6-f2.2° 
(c 0.44, CHC13) ; mass: m/e 157 ( M + - O M e ) , 102, 101 (base 
peak), 88, 87; P M R (CCLJ : ô 0.89 (3H, t, 7 = 7 . 2 Hz) , 
1.10 (3H, d, 7 = 7 . 0 ) , 1.2—1.8 (2H, m) , 2.4—2.7 (2H, m) , 
and 3.66 (6H, s). This compound was identified by means 
of I R , P M R , mass spectrometry, and GLG with an authentic 
sample of the erythro isomer.12) 

Dimethyl erythro-2-Ethyl-3-methylglutarate (13): K ] - 8 . 6 ° 
(c 0.64, CHCLJ, lit131» [ a ] î ï -14 .9° (c 1.19, CHC13) ; mass: m/e 
171 ( M + - O M e ) , 142, 129, 102, 101 (base peak), 87, 74; 
P M R (CCLJ: à 0.89 (3H, t, 7 = 6 . 8 Hz) , 0.93 (3H, d, J= 
6.3), 1.1—2.7 (6H, m) , 3.61 (3H, s), and 3.62 (3H, s). This 
ester was identical with an authenic sample of the erythro 
isomer (IR, P M R , mass, and GLC).13> 

Dimethyl c-3-Ethyl-c-4-methyl-r-1,t-2-cyclopentanedicarboxylate 
(14) -M) [«]£• + 2 3 ° (c 0.60, CHC13); mass: m/e 228 (M+), 
199, 197, 168, 109 (base peak). 

Trimethyl Ester 15: Mass: m/e 314 (M+), 169*, 146 (base 
peak) , 109. Found : m/e 314.1724. Calcd for C 1 6 H 2 6 0 6 : 
M , 314.1729. 

Tetramethyl Ester 16: P M R (CCLJ : ô 3.58, 3.59, 3.65, 

* T h e compositions of these peaks were established by 
high-resolution mass spectrometry. 
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and 3.67 (each 3H, s). Found : m/e 412.2075. Calcd for 
C 2 1 H 2 8 0 8 : M , 412.2097. 

Oxidation of 1 with Cr03 in H^SO^-Acetic Acid. A sus­
pension of 1 (500 mg) and C r 0 3 (2.5 g) in 3 M H 2 S 0 4 (25 ml) 
and acetic acid (25 ml) was heated at 80 °C with stirring. 
After 16 h, the oxidation mixture was concentrated under 
reduced pressure, water was added, and the concentration 
repeated. T h e residue was taken up in coned N H 4 O H (8 ml) 
and the still strongly acidic soin was continuously extracted 
with ether for 30 h. T h e crude acids (108 mg) thus obtained 
were first esterified with diazomethane and the resultant esters 
were heated under reflux in M e O H (10 ml) containing coned 
H 2 S 0 4 (1 drop) for 1 h to convert some ethyl esters formed 
during the ether extraction into methyl esters. T h e M e O H 
was evaporated, the residue diluted with water, and extracted 
with ether. T h e extract was washed with an aq N a H C O a 

soin, water, and a sat NaCl soin, and then dried. Evapora­
tion of the solvent left a mixture of methyl esters (110 mg) 
which was passed through a silica gel (3 g) column. Elution 
with ether gave 85 mg of an oil which was subjected to pre­
parative G L C (column temp : 200—280 °C, 4 °G/min). T h e 
products were (in the order of increasing retention time) : 
dimethyl succinate (4.7 mg) , 12 (0.5 mg) , 13 (3.8 mg) , 14 
(1.0 mg) , 17 (7.8 mg) , 18 (0.2 mg) , 15 (0.5 mg) , and 19 (1.6 
mg) . 

Tetramethyl meso-7,2,3,4-Butanetetracarboxylate (17) : M p 74 
—74.5 °C (from ether hexane), lit,16) m p 75 °C; mass: m/e 
259 ( M + - O M e ) , 139 (base peak) ; P M R (CC14) : Ô 2.1—3.4 
(6H, m) , 3.66 (6H, s), and 3.69 (6H, s). Found : C, 49.65; 
H , 6 .25%. Calcd for C 1 2 H 1 8 0 8 : G, 49.48; H , 6 .43%. This 
compound was identical with an authentic sample of the meso 
isomer (IR, P M R , mass, and GCL).16> 

Telramethyl r-7, c-2, t-3, c-4-Cyclopentanetetracarboxylate (18) : 
Found: mje 302.0976. Calcd for C 1 3 H 1 8 0 8 : M, 302.1001. 
This ester was identified with an authenic sample having the 
configuration depicted in 18 (IR, mass, and GLC).17) 

Trimethyl t-3- ( Methoxycarbonylmethyl) -r- 7, c-2, c- 4-cyclopenlane-
tricarboxylate (19) :18) Mass: mje 316 (M+), 285, 224, 165 
(base peak) ; P M R (CCLJ : Ô 2.0—3.4 (8H, m) , 3.58 (3H, 
s), 3.60 (6H, s), and 3.63 (3H. s). Found : mje 316.1160. 
Calcd for C 1 4 H 2 0 O 8 : M, 316.1158. 

Oxidation of 2 with Cr03 in H^SO^. A mixture of 2 
(330 mg) and C r 0 3 (1.2 g) in 3 M H 2 S 0 4 (35 ml) was stirred 
at 80 °C for 8 h. T h e work-up described for the C r 0 3 oxi­
dation of 1 gave 93 mg of methyl esters which were separated 
by preparative G L C (column t e m p : 120—280 °C, 10 °C/min) . 
The products were: dimethyl succinate (13.8 mg) , dimethyl 
glutarate (3.2 mg) , 13 (1.4 mg) , 14 (0.3 mg) , 20 (2.2 mg) , 
21 (0.4 mg) , 22 (0.9 mg) , 23 (2.9 mg) , and 24 (4.2 mg) . 

Trimethyl 7,2,4-Butanetricarboxylate (20) : [ a ]u+12 .6° (c 
0.68, acetone), lit10b) [a ]S+16.2° (c 13.7, acetone); mass: 
mje 201 ( M + - O M e ) ; P M R (CC14) : Ö 1.6—2.4 (7H, m ) , 
3.61, 3.62, and 3.64 (each 3H, s). This compound was 
identified with an authetic sample.19) 

Trimethyl 3-Ethyl-1,2,4-penlanetricarboxylate (21): Mass : 
mje 243 ( M + - O M e ) * , 214 ( M + - H C 0 2 M e ) , 187 (fragmen­
tation between C-3 and 4)*, 155 (base peak), 146 [ ( M e 0 2 -
C C H 2 C H 2 C 0 2 M e ) i ] * ; P M R (CCLJ: Ô 0.88 (3H, t, J= 
7.0 Hz) , 1.20 (3H, d, 7 = 7 . 0 ) , 3.69, 3.71, and 3.73 (each 3H, 
s). This ester exhibited a mass spectrum and G L C behavior 
identical to a synthetic sample (of a mixture of diastereo-
mers).20> 

Trimethyl 4-Ethyl-1,3,5-hexanctricarboxylaie (22): Mass: mje 
257 ( M + - O M e ) * , 228 (M+ - H G O a M e ) * , 201 (fragmentation 
between C-4 and 5)*, 169 (base peak), 160 [ ( M e O a C C H 2 -
C H 2 C H 2 C 0 2 M e ) + ] * , 129; P M R (CC14) : ô 0.89 (3H, t, 
7 = 7 . 6 Hz) , 1.18 (3H, d, 7 = 7 . 2 ) , 3.68 (6H, s), 3.70 (3H, s). 

This ester also exhibited a mass spectrum and G L C behavior 
identical to a synthetic sample (of a mixture of diastereo-
mers).20) 

Tetramethyl threo-1,3,4,7'-Heplaneletracarboxylale (23): Mass: 
m/e 301 ( M + - O M e ) * , 174*, 160*, 59 (base peak) ; P M R 
(CCLJ: ô 1.2—2.9 (12H, m) , 3.63 (6H, s), and 3.67 (6H, s). 
This compound was identical with a synthetic sample of the 
threo isomer ( IR, P M R , mass, and GLC).2 0) 

Trimethyl 3- (Methoxycarbonylmethyl) - 7,4,7-heptanetricarboxylate 
(24): Mass: mje 315 ( M + - O M e ) * , 174 [ ( M e 0 2 C C H 2 C H 2 -
C H 2 G H 2 C 0 2 M e ) + ] * , 59 (base peak) ; P M R (CCLJ : Ö 1.1— 
2.7 (14H, m) , 3.62 (9H, s), and 3.66 (3H, s). This ester 
exhibited a mass spectrum and G L C behavior identical to 
a synthetic sample (of a mixture of the threo and erythro 
isomers).20) 

Oxidation of 3 with Cr03 in HJSO^-Acetic Acid. A mix­
ture of 3 (100 mg) and C r 0 3 (600 mg) in 3M H 2 S 0 4 (5 ml) 
and acetic acid (5 ml) was stirred for 9 h at 80 °C. Work-up 
of the oxidation mixture gave 50 mg of a mixture of methyl 
esters which was separated by preparat ive G L C (column temp : 
140—290 °C, 10°C/min) . T h e products were : dimethyl 
succinate (10 mg) , dimethyl glutarate (3.2 mg) , 13 (0.2 mg) , 
20 (1.0 mg) , 25 (0.3 mg) , 21 (0.1 mg) , 22 (0.2 mg) , 23 (0.9 
mg) , 24 plus 26 (2.3 mg) , and 27 (0.9 mg) . 

Trimethyl 7,2,5-Pentanetricarboxylate (25): Mass: m/e 215 
( M + - O M e ) , 146; P M R (CCLJ : Ö 1.4—1.8 (4H, m) , 2 . 1 — 
2.9 (5H, m) , 3.65, 3.66, and 3.69 (each 3H, s), This ester 
was identical with an authent ic sample (IR, P M R , mass, 
and GLC).21) 

Tetramethyl threo-7,4,5,8-Octanetetracarboxylate (26): T h e 
P M R spectrum (CC14) of an inseparable mixture of 24 and 
26 in the presence of Eu(DPM) 2 3 ) gave rise to six mcthoxyl 
signals, two of which came from 26 and the others from 24; 
the intensities of the former increased upon the addition of 
a synthetic sample of 26.20) 

Trimethyl threo-J- (Methoxycarbonylmethyl) - 7,4,8-octanetricar-
boxylate (27): Mass: m/e 329 ( M + - O M e ) * , 174 [(MeO„-
C C H 2 C H 2 C H 2 C H a C 0 2 M e ) t ] * ; P M R (CCLJ : Ô 1.1—1.9 
( 8 H , m ) , 1.9—2.6 (8H, m) , 3.64 (9H, s), and 3.67 (3H, 
s). This compound was identical with a synthetic sample 
of the threo isomer ( IR, P M R , mass, and GLC).2 0) 

KMnO± Oxidation of 1 in Pyridine-D20. A mixture of 
1 (100 mg) and K M n 0 4 (700 mg) in pyridine (10 ml) and 
D 2 0 (10 ml) was heated at 60 °C with stirring. After 5 h, 
coned HCl and N a H S O s powder were added to the ice-cooled 
mixture until it became an acidic, clear soin. This was ex­
tracted with ether and the extract was washed with water 
and a sat NaCl aq soin, and dried. Evaporat ion of the ether 
left an oil which was treated with diazomethane. T h e esters 
were separated by preparat ive G L C (column t e m p : 140— 
290 °C, 10 °C/min) . Esters 14 (0.7 mg) and 15 (0.2 mg) were 
obtained. 

CrOz Oxidation of 1 in 3 M D^SO^. A mixture of 1 
(100 mg) and C r 0 3 (500 mg) in 3 M D 2 S 0 4 - D 2 0 (10 ml) 
was heated at 80 °C for 12 h with stirring. T h e reaction 
mixture was then continuously extracted with ether for 10 h 
and a subsequent work-up gave esters which were separated 
by preparative G L C giving 1.1 mg of 19. 

T h e a u t h e r s a r e g ra te fu l to t h e F u j i s a w a P h a m a c c u t i -
ca l C o . , L t d . , for t h e g e n e r o u s gift of i k a r u g a m y c i n a n d 
for t h e h i g h - r e s o l u t i o n mass s p e c t r o m e t r y . T h e y a r e 
a lso i n d e b t e d to D r . T a d a o K o n d o ( N a g o y a U n i v e r s i t y ) 
for t h e 100 M H z P M R m e a s u r e m e n t s . 
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1,4-Disubstituted 2,6-piperazinediones (1) are susceptible to oxidation at the methylene group in the piperazine 
ring, giving piperazinetetrone (4) on being treated with selenium dioxide in boiling dioxane. Treatment of 1,4-
diphenyl-2,6-piperazinedione (la) with either nitrobenzene or tosyl chloride and triethylamine in benzene gives 
cyclic dimer (9) of dehydrogenated la . Cycloadduct (10) is obtained in the presecne of JV-phenylmaleimide. It 
seems that both 9 and 10 are formed via labile mesoionic intermediate (8). Piperazinedione (la) reacted with tosyl 
chloride, pyridine, and benzoyl chloride to give mesoionic compound (11) having 3-benzoyl and 5-(jf?-tolylthio) 
groups. 

Only a few papers have appeared on the oxidation 
of 2,6-piperazinedione derivatives. Oxidation of pi-
perazinediones by chromium trioxide1) or nitric acid2) 
was reported to afford piperazinetetrônes. Honzl et 
al.3) reported that the reaction of 1,4-disubstituted 2,6-
piperazinedione (1) with phosphorus pentachloride fol­
lowed by hydrolysis afforded a piperazinetetrone, while 
the reaction of 1,4-disubstituted 2,6-piperazinedione with 
arenesulfonyl chloride in pyridine yielded six-membered 
mesoionic compound (2) by dehydrogenation and sub­
stitution at positions 3 and 5. The reaction of 1,4-
disubstituted 2,6-piperazinedione with chloranil afforded 
cycloadducts (3) formed by the addition of chloranil 
to the dehydrogenated 2,6-piperazinedione at positions 
3 and 5.4> 

(1) R 
a: Ph 
b: Ph 
c: Ph 
d : PhCH2 PhChÇ 

Ar-S 0 
Ar-N ± N-Ar 
Ar-S 0 

R ' (2) 
Ph 
CH3 

PhCH2 

The peculiar behavior of 2,6-piperazinedione to form 
a mesoionic intermediate is similar to that of hydro-
genated benzenoid aromatics which show a tendency 
to form aromatic systems by dehydrogenation. These 
results prompted us to examine the behavior of 2,6-
piperazinedione towards various oxidizing reagents. 
The positions susceptible to oxidation are apparently 
3 and 5, the anticipated reactions being the formation 
of piperazinetetrone (4) and a mesoionic intermediate 
(8). The final products of the latter reaction depend 
on the stability of the mesoionic intermediate and the 
nature of the oxidizing reagents employed. In the case 
the intermediate is labile, isolation of its substituted 
derivative, dimerization product or cycloadduct with a 
trapping reagent may be anticipated. The present 
paper deals with the reaction of 1,4-disubstituted 2,6-
piperazinediones with several oxidizing reagents other 
than those so far reported. 

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

Oxidation with Selenium Dioxide. Selenium dioxide 
is usually used for the oxidation of an active methylene 
or methyl group to a carbonyl group and sometimes 

(1) 
Q. SeQ2 in Dioxane 

b. H202 in AcOH 

%9 
R:N N-R 

0 0 
U) 

(la) a- P^OZ, 
b. TsCl 

(Et)3N 
in C6H6 

TsCl, PhCOCl 
in Pyridine 

0 COPh 

Ph-f^TN-Ph 
O B C 6 H 4 C H 3 ( P ) 

(11) 

O H 
Ph-f^±|i-Ph 

SA ' 
Ph-N N-Ph 

dHrf J 
(8) (9) 

N-PhMaleimiae 

n 0 

Ph-N N-Pn Kl-Ph 

(10) 

Fig. 1. Reaction scheme cf 1,4-disubstituted 2,6-
piperazinediones. 

for the dehydrogenation of dihydroaromatics to aro­
matic compounds. We have found that the oxidation 
of 1,4-disubstituted 2,6-piperazinediones (1) with sele­
nium dioxide in dioxane afforded the corresponding 
piperazinetetrones, (4a—d) no formation of mesoionic 
intermediate being observed. The yields, melting 
points, and I R absorptions of the products are sum­
marized in Table 1. 

When some acid anhydrides are used as the cycliza-
tion reagent in the synthesis of five-membered mesoionic 
heterocycles, the products isolated are frequently their 
stable derivatives formed by acylation of the cyclization 
products.5) An at tempt to isolate the labile inter­
mediate in the form of its acetyl derivatives by using 
acetic anhydride instead of dioxane was unsuccessful. 

In view of the current mechanism of the selenium 
dioxide oxidation,6) the selective oxidation of ring meth­
ylene group to carbonyl group can be ascribed to 
the initial enolization which facilitates the attack of 
selenium dioxide. When 1,4-diphenyl- or l-phenyl-4-
benzyl-2,6-piperazinedione was oxidized with selenium 
dioxide in dioxane, a samll amount of the correspond­
ing iV,iV'-disubstituted oxamide was isolated along with 
the tetrone. T h a t these oxamides are formed by hy­
drolysis of the tetrones was confirmed by a separate 
experiment wherein the hydrolysis of 1,4-diphenyl-
piperazinetetrone in boiling dioxane containing a small 
amount of water in the presence of selenium dioxide 
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TABLE 1. PRODUCTS FROM THE OXIDATION OF 1,4-DISUBSTITUTED 2,6-PIPERAZINEDIONE 

WITH SELENIUM DIOXIDE 

4a 

4b 

4c 

4d 

Product 
R R ' 

Ph 

Ph 

Ph 

PhCH2 

Ph 

CH3 

PhCH2 

PhCH3 

Mp (°G) 
(Recryst. solv.) 

290—295 
(DMF-EtOH) 

314—316 
(DMF-EtOH) 

268—271 
(Acetone-Et20) 

263—265 
(GH2GN) 

1770 
1689 
1767 
1704 
1770 
1688 
1760 
1686 

IR 
(cm-1) 

1710 
1680 
1744 
1688 
1713 

1705 

1696 

1712 

1704 

1696 

Yield 
(%) 
34 

65 

46 

99 

By-product 
(Yield %) 

(PhNHGO)2 

(6%) 

PhNHGOGONHCH2Ph 

(3%) 

afforded iV,iV'-diphenyloxamide. The formation of the 
tetrone derivatives was also observed when 1,4-diphenyl-
2,6-piperazinedione was oxidized with hydrogen per­
oxide in acetic acid. 

Reaction with Bromine. Investigation of the be­
havior of 2,6-piperazinediones towards bromine seems 
to be of interest in view of the validity of bromine both 
as an oxidizing and brominating reagent and the poly-
functional structure of 1,4-disubstituted 2,6-pipera­
zinedione. Among the reactions of bromine we have 
carried out, only one reaction gave an isolable product : 
the reaction of l,4-diphenyl-2,6-piperazinedione ( l a ) 
with an equimolar of bromine in acetic acid at room 
temperature occurred immediately affording 4-(/>-bro-
mophenyl) -1 -phenyl-2,6-piperazinedione hydrobromide 
which was readily hydrolyzed by water to give the free 
base (5). This shows that the ^-position of the 4-phenyl 
substituent is activated by the amino nitrogen towards 
electrophilic substitution. Further reaction of the free 
base with bromine in chloroform immediately gave a 
precipitation, but work up of the precipitate gave mostly 
the starting material. From the mother liquor of the 
reaction, trione (6) was isolated in poor yield which 
was characterized by elemental and spectral analyses. 
When 5 was reacted with bromine in nitrobenzene at 
100 °G, tetrone (7) was isolated along with the trione 
in a poor yield. 

*CK^fe> BrOt^O> *<© ẑ|<ö> 
(5) (6) (7) 

Oxidation with Nitrobenzene. A well-known reac­
tion in which nitrobenzene plays a role of dehydrogena-
tion to form an aromatic system is the Skraup synthesis 
of quinoline. T h e fact that 2,6-piperazinediones are 
readily dehydrogenated to an aromatic system led us 
to investigate the reaction of 2,6-piperazinediones with 
nitrobenzene, the formation of mesoionic intermediates 
being expected. 

When l a was heated in nitrobenzene under reflux, 
a product isolated in poor yield was considered to be 
a dimer of mesoionic intermediate (8) on the basis of 
elemental and spectral analyses. The formation of this 
dimcr (9) was not observed at 170—175 °G and decom­
position of l a predominated at 210 °G. It was found 
that the addition of acetic anhydride to the reaction 

mixture loweres the reaction temperature, improving 
the yield of the dimer to 2 3 % . However, the role of 
acetic anhydride in this reaction remains unsettled. 
The formation of the dimer may be ascribed to the 
dimerization of the 1,3-dipolar mesoionic intermediate 
(8). The proposed intermediate could successfully trap­
ped by addition of iV-phenylmaleimide to the reaction 
mixture and a cycloadduct (10) was obtained. 10 was 
isolated by the reaction of l a with chloranil in the 
presence of iV-phenylmaleimide.4^ 

Reaction of 2,6-Piperazinedione with Tosyl Chloride. 
Honzl et al. obtained mesoionic compounds (2) by the 
reaction of 2,6-piperazinedione with tosyl chloride in 
pyridine, though the mechanism of this reaction re­
mains unsolved. We tried to improve the yield of the 
mesoionic product following their procedure3) by vary­
ing the reaction time, reaction temperature, molar ratio 
of the reactants and using pyridine homologues as the 
solvent instead of pyridine. However, no improve­
ment was achieved. The reaction of 2,6-piperazine­
dione with tosyl chloride in benzene in the presence 
of triethylamine gave the same dimer (9) as that ob­
tained by oxidation of 2,6-piperazinedione with nitro­
benzene. When the reaction was carried out in the 
presence of iV-phenylmaleimide, the cycloadduct (10) 
was obtained. We then performed the reaction of 2,6-
piperazinedione with tosyl chloride in pyridine in the 
presence of benzoyl chloride anticipating the formation 
of a mesoionic compound having benzoyl groups in­
stead of jö-tolylthio groups of compound 2. The reac­
tion gave mesoionic compound (11) with a 3-benzoyl-
5-Qo-tolylthio) substituent in 14% yield along with a 
small quantity of 2, no 3,5-dibenzoyl derivative being 
isolated. Compound 11 could be formed neither from 
l a nor 2 by heating with benzoyl chloride in pyridine. 
This indicates that 11 was formed not via 2, but pre­
sumably by benzoylation of mesoionic intermediate hav­
ing one /?-tolylthio group. 

Exper imenta l 

All the melting points are uncorrected. The IR spectra 
were recorded on a JASGO IRA-2 spectrometer and NMR 
spectra on a JEOL H-100 spectrometer. 

Materials. Commercial seleium dioxide, chloroform, 
nitrobenzene, triethylamine, benzoyl chloride, pyridine, and 
iV-phenylmaleimide were used without further purification. 
Dioxane was distilled and tosyl chloride was recrystallized 
from benzene. 
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General Procedure for Oxidation with Selenium Dioxide. 
Selenium dioxide (10 mmol) was added to a solution of 1,4-
disubstituted 2,6-piperazinedione (5 mmol) ' in dioxane (20 
ml) , and the resulting mixture was refluxed for 6 h. After 
being cooled, solid products were collected by filtration and 
subjected to continuous extraction with acetone in a Soxhlet 
apparatus. The extract was evaporated to dryness under re­
duced pressure and the residue was recrystallized from the 
solvents given in Table 1. 

1-Methyl-4-phenylpiperazinetetrone (4b). Colorless silky 
crystals, m p 314—316 °G. Found : G, 56.86; H, 3.38; N, 
12.21%. Galcd for C n H 8 N 2 0 4 : C, 56.89; H , 3.48: N, 
12.07%. 

1-Benzyl-4-phenylpiperazinetetrone (4c). Colorless silky 
crystals, m p 268—271 °G. Found : G, 66.30; H , 3.96; N , 
8 .93%. Galcd for C 1 7 H 1 2 N 2 0 4 : C, 66.22; H , 3.93; N , 9.09 

%• 
1,4-Dibenzylpiperazinetetrone (4d). Colorless needles, m p 

263—265 °C. Found : C, 67.19; H , 4.38; N, 8.79%. 
Calcd for C 1 8 H 1 4 N 2 0 4 : G, 67.07; H, 4.39; N, 8.69%. 

4,9,11,12- Tetrapheny 1-4,9,11,12-tetraazatricyclo [5.3.1.12'6] dode-
cane-3,5,8,10-tetrone (9). Method A: A mixture of l a 
(3 g, 11.3 mmol) , acetic anhydride (2.3 g, 22.6 mmol) , and 
nitrobenzene (30 ml) was heated at 170—175 °G for 5 h. 
The mixture was concentrated under reduced pressure and 
cooled, and the resulting brown solid was filtered and washed 
with ethanol. Recrystallization of the solid from D M S O gave 
0.8 g (27%) of 9. Colorless needles, m p 420—423 °C. 
Found: C, 72.35; H, 4.60; N, 10.58%. Calcd for C3 2H2 4-
N 4 0 4 : C, 72.71; H , 4.58; N , 10.60%. I R (KBr) : 1730, 
1690 cm- 1 . M S : m/e 528 (M+). 

Method B : Triethylamine (3 g, 30 mmol) was added to a 
solution of l a (4 g, 15 mmol) and tosyl chloride (5.7 g, 30 
mmol) in benzene (55 ml) , and the resulting mixture was 
refluxed for 27 h. T h e solvent was evaporated under reduced 
pressure to give an oil which gradually crystallized by addi­
tion of a small amount of benzene under cooling. The crys­
tals were filtered and washed with water to give 0.4 g (10%) 
of crude 9. 

4,9,11- Triphenyl-4,9,11 -triazatricyclo\_5.3.1 .Ö2'6] undecane-3,5,8,-
10-tetrone (10). Method A: A mixture of l a (1 g. 2.3 
mmol) , iV-phenylmaleimide (0.65 g, 3.8 mmol) , and nitro­
benzene (15 ml) was refluxed for 8 h. After cooling, crystals 
were filtered and washed with diethyl ether. Recrystalliza­
tion of the product from acetonitrile gave 0.2 g (12%) of 

10 as colorless needles, m p 326—327 ÖC. I R (KBr) : 1742, 
1708, 1684 c m - 1 . The product was identified as 10 by com­
parison of its I R spectrum and mixed melting point measure­
ment with the authentic sample synthesized by the method 
using chloranil.4) 

Method B : Triethylamine (0.8 g, 8 mmol) was added to 
a solution of l a (1 g, 3.8 mmol) , iV-phenylmaleimide (0.65 
g, 3.8 mmol) , and tosyl chloride (1,5 g. 7.9 mmol) in benzene 
(10 ml) , and the mixture was refluxed for 20 h. Whi te crys­
tals formed gradually dur ing the course of heating were fil­
tered and washed with water . T h e crude product was re­
crystallized from acetonitrile. 

Anhydro-3-benzoyl-2,6-dihydroxy-1,4-diphenyl-5- (p-tolylthio)-
pyrazinium dihydroxide (11). A solution of benzoyl chloride 
(3.2 g, 22.6 mmol) in pyridine (15 ml) was added dropwise 
to a solution of l a (3 g, 11.3 mmol) and tosyl chloride (4.3 
g, 22.6 mmol) in pyridine (40 ml) under reflux over a period 
of 1 h. T h e resulting mixture was refluxed for 19 h. After 
cooling, the reaction mixture was poured into ice-water and 
the resulting dark brown solid was chromatographed on silica 
gel using chloroform as an eluent. T h e 4th fraction gave 
0.73 g (13.8%) of 11 as yellow needles, m p ca. 240 °C. This 
was recrystallized from 1-propanol to give yellow needles, 
m p 244—245 °C. Found : C, 73.13; H , 4 .58; N , 5 .54%. 
Calcd for C 3 0 H 2 2 N 2 O 3 S: G, 73.45; H , 4.52; N , 5 . 7 1 % . 
I R (KBr) : 1675, 1650, 1620cm- 1 . N M R ( T ) : 2.4—3.0 
(m, 19, Ar -H) , 7.75 (s, 3, CH 3 ) . M S : m/e 490 (M+). 

Mesoionic l,4-diphenyl-3,5-di(/»-tolylthio) derivative (2) was 
isolated from the 3rd fraction of chromatography described 
above as yellow needles, m p 239—241 °G. 
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Two new lignans, kadsurin and kadsurarin, were isolated from Kadsura japonica Dunal, and their structures 
were established. The stereostructures of the schizandrin-type lignans including their conformations were 
elucidated by measurements of intramolecular nuclear Overhauser effects.1) 

The decoction of the stems of Kadsura japonica Dunal 
("Binnan Kadsu ra" in Japanese) is used in Taiwan as 
a remedy for snake-bites and also as an antipyretic, 
antispasmodic and anodyne by the local people.2) In 
the course of our search for physiologically active sub­
stances of this plant, we isolated two new schizadrin-
type lignans, named kadsurin (1) and kadsurarin (2). 
In this paper we wish to describe the isolation and struc­
tures of kadsurin and kadsurarin. T h e conformation 
of these new lignans with a cyclooctadiene system, 
which can adopt two possible conformers, is discussed. 

T h e dried stems of Kadsura japonica Dunal were plu-
verized, and then extracted with a large amount of 
hexane. The extracts were directly chromatographed 
on silica gel (Kieselgel, E. Merck, Darmstadt) and 
eluted with hexane-EtOAc ( 4 : 1 ) to give colorless nee­
dles of kadsurin (1), mp 157—158 °C, in a 0.0015% 
yield. Fur ther elution with hexane-EtOAc ( 2 : 1 ) af­
forded colorless needles of kadsurarin (2), mp 255—256 
°C, in a 0.005 % yield. 

Structure of Kadsurin. Kadsurin (1) has a molec­
ular formula G2 5H3 0O8 , a n d "can be regarded as a bi-
phenyl-type compound with two aromatic protons (ô 
6.48 and 6.60) on the basis of its spectral data [^max 1615, 
1600, 1585, and 1495 cm- 1 ; Am&x 278, 254, and 230 nm 
(e, 3500, 11300, and 26300, respectively)]. T h e U V 
spectrum of this lignan in particular is almost super­
imposable on that of schizandrin (3) ,3) indicating that 
kadsurin is a schizandrin-type lignan. From the N M R 
spectral data (see the Table) , kadsurin has four meth-
oxyl groups (<5 3.65, 3.83, 3.89, and 3.92) and one 
methylenedioxy group (ô 5.99). All of them should be 
attached to the two aromatic rings, although their ac­
curate positions are still uncertain. T h e presence of a 
partial structure [ • - C H ( O A c ) - C F I ( M e ) - C H ( M e ) -
CH 2 -B] can be confirmed by analysis of the N M R spec­
t rum of kadsurin with aid of double resonance experi­
ments: irradiation at the center of ô 1.92—2.20 (2H, 
complex) caused each signal at ô 0.95, 1.08, 2.67, and 
5.67 to collapse to a sharp singlet. The presence of 

i 

the A c O - C H - grouping is also confirmed by its mass 
and N M R spectra [m/e 3 9 8 ( M + - A c O H ) ; ô 1.60 and 
5.67] together with the following chemical evidence. 
Reduction of Kadsurin (1) with LiAlH4 (room temp, 
6 h) readily afforded the corresponding hydroxy com­
pound (4) (mp 134—135 °C; C 2 3 H 2 8 0 7 ; i>max 3560 cm ' 1 ) 
in high yields, although 1 resisted base-catalyzed hydro­
lysis (0.5 M K O H in MeOH-dioxane) in contrast to 

t To whom inquiries should be addressed. 

kadsurarin (2). In the N M R spectrum of 4, the sharp 
singlet at ô 1.60 in 1 was not observed, but the signal 
at ô 5.67 in 1 shifted to ô 4.64 in a higher magnetic 
field. The structure including the position of each 
functional group and conformation of kadsurin (1) was 
clarified by measurement of intramolecular nuclear 
Overhauser effects (NOE) , as follows. 

i 

Low intensity irradiation at ô 5.67 (AcO-CH- ) caused 
a 21 % increase in the integrated intensity of one of the 
aromatic protons (H a ) , no enhancement of the signal 
intensity of the remaining proton (Hb) being observed. 
This indicates that the distance between H a and the 
proton, which is attached to the carbon atom bearing 
the acetoxyl group, is short. I t should be noted that 
the signal intensity of H a was not increased by irradia­
tion at the frequencies corresponding to the absorbance 
of each methoxyl group, indicating that none of them 

1 R = A c 
4 R = H 

a ) 

2 R = Ac 
5 R = H 

n°< 

( b ) 

Fig. 1. 
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T A B L E . N M R SPECTRA OF KADSURIN (1) AND 

KADSURARIN (2) 

1 

0.95(3H, d, J= 
1.08(3H, d, J= 

1.60(3H, s) 

1.92—2.20 (2H, 
2.67(2H, d, J= 
3.65(3H, s) 
3.83(3H, s) 
3.89(3H, s) 
3.92(3H, s) 
5.67(1H, brs) 
5.99(2H, brs) 

6.48(1H, s) 
6.60(1H, s) 

= 7.0Hz) 
= 7.0Hz) 

complex) 
= 4.2 Hz) 

2 

1.23(3H, d, y = 6 . 8 H z ) 
1.36(3H, s) 
1.40(3H, fine spritted s) 
1.60(3H, s) 
1.85(3H, d q , y = 7 . 5 , 1.5 Hz) 
2.10(1H, br s, OH) 
2.16(1H, q, 7 = 6 . 8 Hz) 

3.64(3H, s) 
3.75(3H, s) 
3.90(3H, s) 
3.95(3H, s) 
5.68(2H, brs) 
5.90(2H, s) 
6.00(1H, brq , 7 = 7 . 5 Hz) 
6.43(1H, s) 
6.60(1H, s) 

can occupy the position adjacent to H a . Thus, the 
remaining methylenedioxy group should be located at 
the position adjacent to H a , as shown in [A]. In the 
next step, the measurements of N O E were focused on 
the signal (<5 6.60) corresponding to the aromatic pro­
ton Hb . Low intensity irradiation at ô 3.92, 2.67, and 
0.95 caused 11, 13, and 9 .6% enhancement, respec­
tively, of the signal intensity of H b . Therefore, one of 
four methoxyl groups (ô 3.92) should be located at 
a position adjacent to H b , and one of two secondary 
methyl groups (ô 0.95) and H b should be close to each 
other. The configuration of the remaining secondary 
methyl group was clarified by the following N O E meas­
urements. Low intensity irradiation at ô 1.08 caused 
a 12 % increase of the signal intensity of the proton at­
tached to the carbon atom bearing the acetoxyl group 
(ô 5.67), no interaction between the secondary methyl 
group (<3 1.08) and H a (<5 6.48) being detected. T h e 
undetermined secondary methyl group (ô 1.08) should 
be placed in such a space as depicted in [A]. This is 
also confirmed by the appearance of the N M R singlet 
at ô 5.67 with J value ( ~ 0 H z ) , indicating that the 
dihedral angle between the two vicinal methine pro­
tons is almost 90°. Thus , the results can be explained 
only by the conformation [A] for kadsurin (1), and not 
by the other conformation [B]. 

Structure of Kadsurarin. Kadsurarin (2), whose 
molecular formula is G^^ti^O^, has the same schi-
zandrin-type chromophore as that of kadsurin (1) on 
the basis of its spectral data [vmax 1620, 1585 sh and 
1500 cm- 1 ; Amax 280, 255, and 231 nm (e, 3200, 10600, 
and 30000, respectively); ô 6.43 and 6.60]. Further 
analysis of its N M R spectrum indicates that kadsurarin 
(2) has the same carbon skeleton as that of 1 except 
for some functional groups. 

Comparing the N M R spectra of 1 and 2 (see the 
Table) , we see that the former has two secondary meth­
yl groups (ô 0.95 and 1.08) and one methylene group 

[A] 

'**• [B] 
OMe 

OM, [G] 2 R = Ac 
y 5 R = H 

Fig. 2. 

(<5 2.67), while 2 has one secondary methyl group 
(ô 1.27) and no methylene group. However, the latter 
has a tertiary methyl group (ô 1.36) on the carbon 
atom having a hydroxyl group, and one proton (ô 
5.68)4) attached to the carbon atom bearing an oxygen 
atom constituting a part of the angelate (ô 1.40, 1.85, 
and 6.00). 

Kadsurin (1) is quite stable under basic conditions. 
However, when treated with 0.5 M K O H in M e O H -
dioxane (room temp, 4.5 h) , kadsurarin (2) was selec­
tively converted into deacetyl kadsurarin (5), mp 227 
—228 °C (G2 8H3 4O1 0), in high yields. In the N M R 
spectrum of 5, a new singlet was observed at ô 4.84 
(1H) instead of disappearance of the sharp singlet at 
ô 1.60 (3H) in 2 together with decrease in the integrat­
ed intensity at ô 5.68 in 2. T h e easy and selective 
hydrolysis of the acetoxyl group in 2 is at tr ibutable to 
a proximity effect of the tertiary hydroxyl group, whose 
configuration is based on the N O E measurements of 5. 
As shown in [C], the results are essentially similar to 
those of kadsurin (1) except for the following points. 
No interaction between the tertiary methyl group (<5 
1.32) and H b was detected. However, low intensity 
irradiation at ô 1.32 caused a 17% enhancement of the 
integrated intensity of the singlet at ô 5.66. This in­
dicates that the configuration of the tertiary methyl 
group in 2 clearly differs from that of the corresponding 
secondary methyl group in 1. As the first example, 
the stereostructures of schizandrin-type lignans were 
established. The stereostructure of schizandrin is still 
undetermined,3) but may be similar to that of kadsurarin 
(2), as shown in 3. 

Quite recently, Ikeya et al. reported the isolation of 
gomicin D (6), whose stereostructure was also elucidated 
by means of an X-ray crystallographic analysis of the 
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c o r r e s p o n d i n g d i b r o m i d e . 5 ) T h e s t e r e o s t r u c t u r e of go -

m i c i n D is i d e n t i c a l w i t h t h a t of k a d s u r a r i n (2 ) , sug­

ges t ing t h a t t h e f o r m e r c a n b e p r o d u c e d f rom d e a c e -

t o x y k a d s u r i n in t h e p l a n t . 

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

All the nips are uncorrected. I R spectra were recorded 
on a J A S C O IR-S spectrophotometer. U V spectra were 
taken on a Perkin-Elmer 202 spectrophotometer using M e O H 
as a solvent. N M R spectra were recorded on a Var ian HA-
100 N M R spectrometer using GDC13 as a solvent. T h e chem­
ical shifts are given in p p m relative to the internal T M S , 
only prominent signals being cited (d, double t ; m, mult iplet ; 
q, quar te t ; s, singlet; t, triplet). Mass spectra were obtained 
on a Hitachi R M U - 6 D mass spectrometer, operating with an 
ionization energy of 70 eV. Optical rotations were measured 
on a J A S C O O R D / U V - 5 spectrometer using CHC1 3 as a 
solvent. 

Isolation of Kadsurin and Kadsurarin. T h e dried material 
(2 kg) of the stems of the plant Kadsura japonica Dunal was 
pulverized and extracted with hexane (8 1) by refluxing for 
3 h. T h e hot mixtures were filtered from the undissolved 
residue which was extracted again in the same way using 
hexane (81). T h e combined filtrates were evaporated to 
dryness under reduced pressure. T h e resulting dark green 
substance (20 g) was directly chromatographed on silica gel 
(Kieselgel, E. Merck, Darmstadt) (800 g), and eluted with 
hexane -E tOAc ( 4 : 1 ) to give crude crystals which were 
repeatedly recrystallized from E t O H to afford colorless nee­
dles (30 mg) of kadsurin (1) ; m p 157—158 °C ; [ a ] 2

D
8 =-39° 

(c = 0.13); vmSiX (Nujol) 1735, 1615, 1600, 1585,and 1495 c m - 1 ; 
m/e 458 (M+) and 398 ( M + - 6 0 ) (m* = 346) (Found: C, 
65 .33; H , 6 .66%. Calcd for C 2 5 H 3 0 O 8 : C, 65.49; H, 6.60 
% ) . Fur ther elution with hexane -E tOAc ( 2 : 1 ) afforded 
crude crystals, which were recrystallized from E t O A c to give 
colorless needles (100 mg) of kadsurarin (2) ; m p (dec) 255— 
256 °C (in a sealed tube) ; [a]2

D
5= - 6 5 ° (c=0.10) ; vm&x (Nujol) 

3550, 1735, 1720 sh, 1643 sh, 1620 1600 1585 sh, and 1500 
c m - 1 ; m/e 572 (M+), 512 ( M + - 6 0 ) (m*=458) , and 412 
(Found: C, 63.49; H, 6 .28%. Calcd for C 3 0 H 3 6 O n : C, 
62.95; H , 6 .30%). 

Reduction of Kadsurin with LiAlH^ T o a solution of 
kadsurin (20 mg) in tetrahydrofuran (2 ml) was added LiAlH 4 

(10 mg) at room tempera ture for 6 h with stirring. After 
decomposition of excess reagent with ice water, the reaction 
mixture was diluted with 5 % HCl aq solution, and then ex­
tracted with E tOAc . T h e extract was washed with water 
and then dried over anhydrous N a 2 S 0 4 . Removal of the 

tt T h e plant was collected at Chiayi, Ta iwan. 

solvent under reduced pressure gave a white solid (17 mg), 
which was recrystallized from M e O H to afford colorless nee­
dles of deacetylkadsurin (4) ; m p 134—135 °C; vmSiX (Nujol) 
3560, 1620, 1595, 1575, and 1495 c m - 1 ; Ô 0.95 (3H, d, J= 
7.0 Hz) , 1.17(3H, d, 7 = 7 . 0 Hz) , 1.45 (1H, br s, O H ) , 1.95 
(1H, q, 7 = 7 . 0 Hz) , 2.05(1H, m) , 2.65(2H, d, 7 = 4 . 5 Hz) , 
3.68(3H, s), 3.84 (3H, s), 3.89(3H, s), 3.90(3H, s), 4.64(1H, 
br.s), 5.98 (2H, s), 6.34(1H, s), and 6.60(1H, s); m\e 416 
(M+) and 398 (Found: m/e 416.1829. Calcd for C 2 3 H 2 8 0 7 : 
m/e 416.1835). 

Hydrolysis of Kadsurain with Methanolic KOH. T o a solu­
tion of kadsurarin (23 mg) in a mixed solvent of dioxane 
(1 ml) and M e O H (0.5 ml) was added, with stirring, 0.5 M 
methanolic K O H (1 ml) at room temperature. The resulting 
solution was stirred at room temperature for 4.5 h, and then 
diluted with a large amount of water to give crystalline pre­
cipitates, which were washed with water and then dried under 
reduced pressure. Recrystallization from hexane-EtOAc 
afforded colorless needles (16 mg) of deacetylkadsurarin (5); 
m p 227—228 °C; v m a x (Nujol) 3500 br, 1715, 1645 sh, 1620, 
1585 sh, and 1500 c m - 1 ; Ô 1.32 (3H, s), 1.36 (3H, d, J= 
7.2 Hz) , 1.39(3H, fine splitted s), 1.73(2H, br s, O H ) , 1.85 
(3H, dq, J = 7 . 5 , 1.7 Hz) , 1.98(1H, q, 7 = 7 . 2 Hz) , 3.73(6H, 
s), 3.87(3H, s), 3.90(3H, s), 4.84(1H, s), 5.66(1H, s), 5.88 
(1H, d, 7 = 1.2 Hz) , 5.92(1H, d, 7 = 1.2 Hz) , 5.99(1H, qq, 
7 = 7 . 5 , 1.5 Hz) , 6.28(1H, s), and 6.76(1H, s), m/e 530 (M+), 
512 and 412 (Found: m/e 530.2146. Calcd for C 2 8H 3 4O 1 0 : 
m/e 530.2152). 

T h e a u t h o r s wish to t h a n k D r s . M a s a y a s u K u r o n o 
a n d M a s a a k i T o d a , O n o C e n t r a l R e s e a r c h L a b o r a t o r i e s , 
for m e a s u r e m e n t s of h i g h r e so lu t ion mass spec t r a . 
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Studies of Unusual Amino Acids and Their Peptides. VIII. 
The Syntheses of an Iminohexapeptide as a Model of 

Bottromycin and Its Related Iminopeptides1* 
Takashi YAMADA, Toshifumi MIYAZAWA, Shigeru K U W A T A , and Hiroshi WATANABE 

Laboratory of Chemistry, Faculty of Science, Könan University, Okamoto, Higashinada-ku, Kobe 658 
(Received January 17, 1977) 

As a model of bottromycin, the structure of which had been proposed by Nakamura et al, an iminohexapeptide, 
Z-Val-Val-ImPro-Gly-Phe-Phe-OMe, and its related iminopeptides were synthesized in good yields. 
These syntheses were achieved by the condensation of the imidates, Z-ImPro-OEt, Z-Val-ImPro-OEt-HCl, 
or Z-Val-Val-ImPro-OEt-HCl, with the peptide esters, Gly-Phe-OMe • HBr or Gly-Phe-Phe-OMe • HCl, 
in the presence of triethylamine. All of the resulting iminopeptides were isolated as the hydrobromide 
or the hydrochloride. The p/Ta values of these iminopeptide salts were measured to be 9.75—9.3 in 
methanol-water; they showed that the pKK rule of Nakamura et al. could not be applied in the cases of these 
iminopeptides. 

In a previous paper,2) we have reported on some 
properties and reactions of iminodipeptides and con­
cluded that it is impossible to elongate the C-terminal 
of iV-benzyloxycarbonyl(Z)-(iminoprolyl)glycine3> be­
cause of the easy formation of an imidazolone derivative. 
This means that bottromycin (Fig. 1), the structure of 
which was proposed by Nakamura et a/.,1»4) could not 
be synthesized by the fragment condensation of the three 
already known dipeptide components; pivaloyl-Meucyl-
valine,5) (iminoprolyl) glycine,2) and /?-methylphenyl-
alanyl-ß-(2-thiazolyl)-ß-alanine methyl ester.6) An­
other possible route to build up bottromycin may be 
through the coupling of the two tripeptide components 
(pivaloyl-Meucylvalyl(iminoproline) and glycyl-/?-me-
thylphenylalanyl-/?-(2-thiazolyl) -^-alanine methyl ester) 
at the iminopeptide bond situated in the middle of this 
antibiotic molecule, because imidazolone formation 
could successfully be avoided by locating a carboxyl 
group (or an alkoxycarbonyl group) sufficiently apar t 
from an imino group in the molecule—e.g., the imidate 
(I) could be coupled with the dipeptide ester ( I I ) , 
affording the desired iminotripeptide (III)2) (Scheme 

In order to ascertain the possibility of the latter 

method, as well as to reveal the properties of imino­
peptides, we tried to synthesize an iminohexapeptide, 
Z - V a l - V a l - I m P r o - G l y - P h e - P h e - O M e ( X V I I ) , as a 
model of bottromycin, and its related iminopeptides. 

As the JV-terminal fragments for this purpose, three 
sorts of imidates were prepared: ethyl iV-Z-2-pyrro-
lidinecarboximidate (I),2) ethyl JV-(N-Z-valyl)-2-pyrro-
lidinecarboximidate hydrochloride (VI I ) , and ethyl 
N- ( JV-Z-valylvalyl) -2-pyrrolidinecarboximidate hydro­
chloride (XI ) . T h e synthetic routes of these compounds 
are shown in Scheme 2. T h e imidates thus obtained 
were used for the next reaction without further purifica­
tion. 

As the C-terminal components, glycylphenylalanine 
methyl ester hydrobromide (II) and glycylphenylalanyl-
phenylalanine methyl ester hydrochloride (XII ) were 
used. Every coupling reaction was carried out by 
stirring a methanol solution of a free imidate, prepared 
from the hydrochloride just before the reaction, or an 
imidate hydrochloride itself, and a peptide ester salt in 
the presence of triethylamine at room temperature for 
2 days. The products were isolated by chromatography 
on silica gel. 

By the coupling of the imidate (I) with the dipeptide 

S N 
Bu* Pr* y \ v C6H5CHCH3 \ C 

I I I I II 
X-NHGHG-NHCHC-N—CHC-NHCH2C-NHCHC-NHCHGH2C-OCH3 

II II II II II II 
O O NH O O O 

Fig. 1. The structure of bottromycin proposed by Nakamura et al. 
X = pivaloyl or 4-methyl-2-pentenoyl ; Y = H or CH3; 
Bu' = f-butyl ; Pr* = isopropyl 

I I 
Z-N—CH-G-OEt 

NH 

(Z-ImPro-OEt) 

(I) 

Gly-OMe-HCl 

Et 3 N 

Gly-Phe-OMe-HBr ( I I ) 

Et 3 N 

Z-N—GH-G 

N 

H 

GH2 

I 
-C 

* Z-ImPro-Gly-Phe-OMe-HBr 

(III) 

Scheme 1. 
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Compd 

XIII 

XIV 

XV 

XVI 

XVII 

Iminopeptide hydrohalides 

Z-ImPro-Gly-Phe-Phe-OMe • HCl 

Z-Val-ImPro-Gly-Phe-OMe • HBr 

Z-Val-ImPro-Gly-Phe-OMe • HCl 

Z-Val-ImPro-Gly-Phe-Phe-OMe • 
HCl 
Z-Val-Val-ImPro-Gly-Phe-Phe-
O M e H C l 

Yield 
(%) (c 

60 

25a> 

36a> 

59 

70 

.[«]S 
1, MeOH) 

- 1 7 . 0 ° 

- 4 0 . 9 ° 

- 2 8 . 9 ° 

- 1 0 . 6 ° 

- 3 5 . 7 ° 

Molecular 
formula 

G34H39N506.HC1-H20 

G30H39N5O6.HBr.2H2O 

C3oH3 9N506 .HCl.H20 

C39H48N607-HC1.H20 

C44H57N708-HC1-H20 

Found 

C 

61.26 
(61.12) 
52.22 

(52.79) 
58.24 

(58.10) 
60.98 

(61.05) 
61.30 

(60.99) 

I (Calcd) 

H 

6.45 
(6.34) 
6.58 

(6.50) 
7.10 

(6.83) 
6.54 

(6.70) 
7.35 

(6.98) 

(%) 

N 

10.11 
(10.48) 
10.13 

(10.25) 
11.07 

(11.29) 
10.92 

(10.95) 
10.80 

(11.32) 

a) Both compounds were isolated from the same reaction mixture. See Experimental par t . 

Tos-Cl | | 1) HCl, EtOH 
(1) Z-Pro-NH2 > Z-N—CH-CN > 

pyridine 2) K 2 C 0 3 

Z-ImPro-OEt 

(I) 

Pro-OMe N H 3 / M e O H 

(2) Z-Val - • Z-Val-Pro-OMe > 

T A B L E 2. pA"a VALUES OF IMINOPEPTIDES 

DCC 
(IV) 

y\ 
pocia 1 1 

Z-Val-Pro-NH2 > Z-Val-N—CH-CN 
(V) 

HCl, EtOH 

pyridine 

(VI) 

* Z-Val-ImPro-OEt-HCl ether 

(VII) 

HBr/AcOH 

(3) Z-Val-Pro-NH2 • Val-Pro-NH2 • HBr 

(V) 

Z-Val 
-* Z-Val-Val-Pro-NH2 

(IX) 

(VIII) 

pocia 

pyridine 

Z-Val-Val-N—CH-CN 

(X) 

HCl, E tOH 

ether 

Z-Val-Val-ImPro-OEt • HCl 

(XI) 

Scheme 2. Synthetic routes of the imidates of N-
terminal fragments. 

ester hydrobromide ( I I ) , the desired iminotripeptide 
derivative was obtained as a foamy solid; however, 
unexpectedly, it proved to be the hydrobromide instead 
of the free compound, as described previously.2) This 
was also the case for the coupling of the imidate (I) with 
the tripeptide ester hydrochloride (XI I ) , which yielded 
the iminotetrapeptide hydrochloride ( X I I I ) . In the 
coupling of the imidate hydrochloride (VII) with the 
ester hydrobromide ( I I ) , the resulting iminotetrapeptide 
derivative was found to be a mixture of the hydrobromide 
(XIV) and the hydrochloride (XV) , which could be 
separated chromatographically, though two equivalents 

Iminopeptides pK& (temp) 

I I I Z - I m P r o - G l y - P h e - O M e - H B r 9.75a> (22 °C) 

X I I I Z - I m P r o - G l y - P h e - P h e - O M e - 9.65b> (17 °C) 
HCl 

X I V Z - V a l - I m P r o - G l y - P h e - O M e - 9.4a> (18 °C) 
HBr 

X V I Z - V a l - I m P r o - G l y - P h e - P h e - 9.45a) (18 °C) 
O M e - H C l 

X V I I Z - V a l - V a l - I m P r o - G l y - P h e - 9.3b) (18 °C) 
O M e - H C l 

a) M e O H - H 2 0 (1 : 1). b) M e O H - H a O (3 : 2). 

of triethylamine were used. The coupling of the di-
peptide imidate (VII) with the tripeptide ester (XII) 
was carried out by using both the hydrochloride in the 
presence of triethylamine, and the iminopentapeptide 
derivative was obtained as the hydrochloride (XVI) . 

Finally, the coupling of the tripeptide imidate hydro­
chloride (XI) with the tripeptide ester hydrochloride 
(XII ) was attempted under the same conditions as 
above; the desired model compound (XVII) could be 
obtained in a 7 0 % yield as the hydrochloride. The 
synthetic results of these iminopeptides are summarized 
in Table 1. Supported by this success, we decided to 
couple the two tripeptide fragments at the iminopeptide 
bond for the total synthesis of bottromycin. The 
results will be published later.7) 

T h e iminopeptides seemed to be more basic than tri­
ethylamine, because all the iminopeptides were isolated 
as salts in spite of the presence of equimolecular tri­
ethylamine, as has been seen above. Therefore, we 
measured the pK& values of these iminopeptides, there­
by examining the validity of the p^Ta rule used by 
Nakamura et al.ih>s) in order to elucidate the position 
of the imino group in the bottromycin molucule. The 
results are shown in Table 2. T h e basicities of these 
iminopeptides were unexpectedly found to be less than 
that of triethylamine ( p i ^ l O . 4 in M e O H - H 2 0 (3 : 2)) 
but the differences were small, so that the unusual iso­
lation of the iminopeptide salts could be explained by 
also considering the volatility of triethylamine. There 
also exsists a tendency, though not so marked, that 
the more inner the iminopeptide bond comes to? the 
smaller the pK& value, 
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I t shou ld b e p o i n t e d o u t t h a t t h e pK& r u l e of 
N a k a m u r a et al. c o u l d n o t b e a p p l i e d in t h e cases of 
o u r i m i n o p e p t i d e s , b e c a u s e t h e r u l e p r e d i c t s t h a t eve ry 
pKK v a l u e of t h e m is 8 .1—8.4 . F u r t h e r m o r e , it is n o t e ­
w o r t h y t h e t t h e i m i n o h e x a p e p t i d e d e r i v a t i v e ( X V I I ) , 
p r e p a r e d h e r e as a m o d e l of b o t t r o m y c i n , h a s a pK& v a l u e 
of 9 .3 , in c o n t r a s t w i t h t h e 8 .1—8.3 va lue 4 b ) of t h e 
an t ib io t i c . 

T h e a n t i m i c r o b i a l act ivi t ies of these i m i n o p e p t i d e s 
aga ins t severa l m i c r o o r g a n i s m s (g r am-pos i t i ve b a c t e r i a 
c o n t a i n i n g Mycobacterium, a n e g a t i v e o n e , a n d s o m e fungi) 
w e r e e x a m i n e d , b u t n o act iv i t ies w e r e obse rved in a n y . 

Exper imenta l 

All the melting points are uncorrected. The optical rota­
tions were measured by means of a Yanagimoto Polarimeter, 
OR-10. The pK& values were measured by means of a Hitachi-
Horiba p H -meter, F-7. Thin-layer chromatography .(TLG) 
was done on Merck's Kieselgel GF 2 5 4 (Type 60), and circular 
paper chromatography, on Toyo Roshi No. 2. 

Z~Val-Prq-OMe (IV). In to a cold mixture of Z -
V a l - O H (5.03 g, 20 mmol) , H - P r o - O M e • HCl (3.31 g, 20 
mmol), and Et 3N (2.02 g, 20 mmol) in CH2G12 (50 ml) and 
dioxane (20 ml) , a solution of DGG (4.32 g, 21 mmol) in 
GH2G12 (10 ml) was stirred below —5 °C. T h e mixture was 
stirred at 0 °C for 3 h and then at room temperature over­
night. The reaction mixture, treated as usual, gave a crude 
dipeptide as an oil, which was chromatographed on a silica 
gel column with benzene-AcOEt ( 4 : 1 ) to afford a colorless 
oil ; yield, 5.81 g (80.1 %) ; [a]2D° - 87.7° (c, 1 M e O H ) . Found : 
Ç, 62.77; H , 7.28; N, 7.64%. Galcd for G 1 9 H R 6 N 2 0 5 : C, 
62.96; H, 7.23; N, 7 .73%. 

Z-Val-Pro-NH2 (V). A solution of I V (1.631 g, 4.5 
mmol) in a saturated solution of N H 3 in M e O H (21.9%) 
(20 ml) was allowed to stand at room temperature for 5 
days. T h e solution was then evaporated under reduced pres­
sure to give a syrup, which afforded white crystals when treated 
with" AcOEt ; yield, 535 mg (34 .2%); mp, 131—132.5 °G, 
[a]2D° - 8 1 . 6 ° (c 1, M e O H ) . 

When condensed, the filtrate gave a syrup (1.060 g) which 
was mainly composed of the starting material . T h e syrup was 
treated again with a saturated solution of N H 3 in M e O H 
(20 ml) at room temperature for 15 days, affording white crys­
tals after the t reatment described above; yield, 733 mg (46.9 
% ) , m p 131—132 °G, [a]2

D° - 8 1 . 3 ° (c 1, M e O H ) . 
All the crystals obtained were combined and recrystallized 

from AcOEt-pe t ro leum ether; m p 133—134 °C, [oc]2D° —84.3° 
(c 1, M e O H ) . Found : C, 62.02; H, 7.38; N, 11.92%. 
Calcd for C 1 8 H 2 5 N 3 0 4 : C, 62.23; H , 7.25; N, 12 .01%. 

N-(Z-Val)-2-cyanopyrrolidine (VI). T o a stirred solu­
tion of V (1.390 g, 4 mmol) in dry pyridine (7 ml), POCl 3 

(0.48 ml, 5.2 mmol) in CH2C12 (0.9 ml) was added, drop by 
drop, below —7 °G. T h e resulting solution was stirred at 
about —10 °C for 1 h, and then treated with ice (50 g) and 
extracted with AcOEt . T h e organic layer was successively 
washed with 1M-HC1, water, l M - N a H C 0 3 and water, and 
dried over M g S 0 4 ; yield, 1.278 g (97%0); slightly yellow oil, 
[a]2D° - 8 9 . 0 ° (c 1, M e O H ) . Found : G, 65.79; H, 7.23; 
N, 12.64%. Galcd for C 1 8 H 2 3 N 3 0 3 : C, 65.63; H , 7.04; 
N, 12.76%. 

Z-Val-ImPro-OEt-HCl (VII). This compound was 
prepared by bubbling dry HCl into a cold solution of V I 
(658 mg, 2 mmol) and absolute E t O H (120 mg, 2.6 mmol) 
in dry ether (10 ml) according to our previously described 
procedures;2) yield, 820 mg (99 .5%); a foamy solid. This 

imidate hydrochloride was used for the next reaction without 
purification. 

H-Val-Pro-NH2-HBr (VIII). This compound was 
prepared by the removal of the Z group from V (2.084 g, 
6 mmol) with 2 5 % HBr in A c O H (6 g) as usual. A crude 
product , a yellow syrup, was treated with M e O H - e t h e r to 
give white crystals; yield, 1.632 g (92 .5%) ; m p 214—217 °G 
(sublim.), [a]2

D° - 4 5 . 6 ° (c 1, M e O H ) . Found : C, 40 .71 ; 
H, 7.26, N, 14 .01%. Calcd for C 1 0 H 1 9 N 3 O 2 H B r : C, 40.83; 
H, 6.85; N, 14.28%. 

Z-Val-Val-Pro-NH2 (IX). In to a cold solution of Z -
V a l - O H (754 mg, 3 mmol) and iV-methylmorpholine (304 mg, 
3 mmol) in T H F (10 ml) , zBoc-Cl (410 mg, 3 mmol) was stir­
red, d rop by drop, below —10 °C, after which the turbid 
mixture was stirred for 15 min at the same temperature . 
T o the mixture we then added a mixture of V I I I (883 mg, 
3 mmol) and iV-methylmorpholine (304 mg, 3 mmol) in D M F 
(10 ml) below - 1 0 °C for 15 min, at about - 5 °C for 1 h, 
and then at room temperature overnight. After the removal 
of a precipitate, the filtrate was concentrated under reduced 
pressure. T h e residual D M F solution was diluted with water 
(100 ml) , extracted with AcOEt , washed with water, 1M-
N a H C 0 3 , and water, and dried over M g S 0 4 . T h e solution 
was evaporated to a foamy solid; yield, 1.275 g (95 .2%) ; 
[a]2

D° - 9 4 . 5 ° (c 1, M e O H ) . Found : G, 61 .61; H , 7.72; 
N, 12.45%. Calcd for C 2 3 H 3 4 N 4 0 5 : C, 61.86; H, 7.68; 
N , 12.55%. 

N- (Z- Val- Val) -2-cyanopyrrolidine (X). This compound 
was prepared by the dehydrat ion of I X (1.340 g, 3 mmol) 
with POGl 3 (0.36 ml, 3.9 mmol) in a mixture of dry pyridine 
(5 ml) and CH2C12 (0.7 ml) below - 1 0 °C, as has been de­
scribed above for the preparat ion of V I ; yield, 1.131 g 
( 8 8 % ) ; a foamy solid, [a]2

D° - 1 0 3 . 0 ° (c 1, M e O H ) . 
Found : C, 64.26; H, 7.56; N, 13.19%. Calcd for C23-
H 3 2 N 4 0 4 : C, 64.46; H , 7.53; N, 13.08%. 

Z-Val-Val-ImPro-OEt • HCl (XI). This compound w â§ 
prepared by passing dry HCl into a mixture of X (900 rng, 
2.1 mmol) and absolute E t O H (126 mg, 2.73 mmol) in dry 
ether as has been described above; yield, 1.002 g (93 .4%) ; 
a foamy solid. 

H-Gly-Phe-Phe-OMe • HCl (XII). This compound was 
prepared by the coupling of Z-Gly-ONp 9 > with H - P h e - P h e -
O M e in D M F according to the method of Katsoyannis et 
a/.,10) followed by the hydrogénation of the resulting Z-
tripeptide ester (5.17 g, 10 mmol) over 5 % pa l lad ium-carbon 
( 1.5 g) in M e O H (200 ml) containing concentrated hydro­
chloric acid (0.9 ml) ; yield, 3.75 g (76.5%, based on Z - G l y -
O N p ) ; m p 190—192.5 °C (dec), [a]2

D° + 8 . 4 ° (c 1, M e O H ) . 
Found : C, 59.49; H , 6.28; N , 9.48%0. Calcd for C2 1H2 5N3-
0 4 - H C l : C, 60.07; H , 6.24; N, 10 .01%. 

Iminopeptides. a) General Procedure: A solution of an 
imidate hydrochloride (1.2 mmol) , a peptide ester hydro­
chloride (or hydrobromide) (1.0 mmol) , and Et 3 N (2.2 mmol) 
in dry M e O H (5 ml) was stirred at room temperature for 
2 days. T h e solution was then evaporated under reduced 
pressure, leaving a syrup with some crystals. T h e syrup was 
taken up in AcOEt and freed from any insoluble materials 
by filtration. T h e filtrate was chromatographed on a silica 
gel column with M e O H - A c O E t (1 : 4), or on preparat ive 
layers of silica gel with M e O H - A c O E t (1 : 4) or GHG1 3 -
M e O H - A c O H (95 : 15 : 3), to give a foamy solid. T h e results 
are summarized in Table 1. 

b) The Hydrobromide (XIV) and the Hydrochloride (XV) of 
Z-Val-ImPro-Gly-OMe: A solution of the imidate hydro­
chloride (VII) (820 mg, 2.0 mmol) , the dipeptide ester hydro­
bromide (II)2) (634 mg, 2.0 mmol) , and Et 3N (404 mg, 4.0 
mmol) in M e O H (10 ml) was stirred at room temperature 
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for 2 days. After the procedure described above, the result­
ing foamy solid was chromatographed on a silica gel column 
with M e O H - A c O E t ( 1 : 9 ) eluting one compound (A: 336 
mg), and then with M e O H eluting the other compound (B: 
430 m g ) ; T L C : Compound A, Rt 0.37, Compound B, Rt 

0.23 ( M e O H - A c O E t (1 : 4)) . Circular paper chromatogra­
phy ( 1 - B U O H - A C O H - H 2 0 ( 4 : 1 : 2, upper phase)) of the 
hydrolysates of these compounds showed both to contain 4 
amino acids, and elemental analyses revealed that Compound 
A is iminotetrapeptide hydrobromide (XIV) and Compound 
B is the hydrochloride (XV) . 

T h e p r e s e n t w o r k w a s s u p p o r t e d b y a G r a n t - i n - A i d 
for Scientif ic R e s e a r c h f rom t h e M i n i s t r y of E d u c a t i o n 
(14703 , 1976) . W e a r e gra te fu l to D r . I c h i r o C h i b a t a 
a n d his co -worke r s , T a n a b e S e i y a k u C o . , L t d . , for t h e 
test of t h e a n t i m i c r o b i a l ac t iv i ty . 
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ii 

N H 
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N H 
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4) a) S. Nakamura , T . Chikaike, H . Yonehara, and H. 
Umezawa, J. AntibioL, 18A, 60 (1965); S. Nakamura , T . 
Chikaike, H . Yonehara, and H. Umezawa, Chem. Pharm. Bull., 
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Synthesis of Methyl-substituted 1-Cyclopentene-l-carboxylates 
and Related Compounds* 
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(Received January 20, 1977) 

The treatment of methyl-substituted l-chloro-2-oxo-l-cyclohexanecarboxylic esters (7a—e) with anhydrous 
Na 2 C0 3 in refluxing xylene gave the corresponding methyl-substituted l-cyclopentene-l-carboxylic esters (la—e). 
Several intermediates important in the synthesis of natural products, such as 4,4-dimethyl-l-cyclopentene-l-carbal-
dehyde (9), 5-methyl-l-cyclopentene-l-carbaldehyde (12), a-(3-methyl-l-cyclopentenyl)propionic acid (16), and 
ethyl 2-methyl-3-oxo-l-cyclopentene-l-carboxylate (17), have been prepared starting from esters le , Id, l b , and 
la, respectively. 

During the course of our work in cyclopentane mono-
terpene synthesis we required several methyl-substituted 
l-cyclopentene-l-carboxylic esters ( la—d) and/or the 
corresponding aldehydes (2). The synthetic procedures 
of 1 as well as 2 so far reported appear to be inconvenient 
because they yield a mixture of structural isomers.1'2) 
Recently Büchi et a/.3) have reported the dehydrochlori-
nation-decarbonylation of 2-chloro-2-alkyl-l,3-cyclo-
hexanedione to produce 2-alkyl-2-cyclopentene-l-one. 
The reaction was then extended to other 2-chloro-l, 
3-dicarbonyl compounds, such as cyclic a-chloro-/?-keto 
aldehydes and a-chloro-/?-keto esters. Thus, the de-
hydrochlorination-decarbonylation of methyl 1-chloro-
2-oxo-l-cyclohexanecarboxylate (3) with sodium carbon­
ate in hot xylene afforded methyl 1-cyclopentene-l-
carboxylate (5) .4) Büchi has suggested that the product 
originates from the cyclopropanone intermediate (4) by 
thermal, nonconcerted elimination of carbon monooxide. 

02CH3 à C02CH3 ^ C 0 2 C H 3 

We decided to investigate the dehydrochlorination-de-
carbonylation of four methyl-substituted l-chloro-2-
oxo-1-cyclohexanecarboxylic esters (7a—d) in an at­
tempt to devise a straightforward synthesis of the desired 
esters l a — d . 

6 

C02Et 

* 

^ W C ° 2 B 

<t RA 

6a, 7a, l a : R ^ C H . , , R2 = R3 = R4 = H 
6b, 7b, l b : R2 = CH3, R1 = R3 = R4 = H 
6c, 7c, l c : R3 = CH3, R1 = R2 = R4 = H 
6d, 7d, Id : R4 = CH3, R1 = R2 = R3 = H 

* Presented in part at the 33rd Annual Meeting of the 
Chemical Society of Japan, Fukuoka, October 1975. 

Four methyl-substituted 2-oxo-l-cyclohexanecarbox-
ylic esters (6a—d) were chlorinated with /-butyl hypo­
chlorite (/-BuOCl) under conditions similar to those in 
the literature4) to give the corresponding a-chloro-/?-keto 
esters (7a—d) in good yields (Table 1 ). T h e spectral 
data given in Table 2 support their structure. Both 
the I R spectra and the N M R spectra of compounds 
7 a — d clearly show that they are nonenolizable ß-keto 
esters. T h e N M R signals of the methyl protons of 7d 
shifted to a lower field (ô 1.30) as compared with the 
other isomers, being affected by the neighboring chlorine 
atom. 

These chlorides were treated with anhydrous N a 2 C 0 3 

in refluxing xylene in the presence of glass powder until 
their exhaustion to give the corresponding 1-cyclo-
pentene-1-carboxylates ( l a — d ) in 47—82% yields. T h e 
results are listed in Tables 3 and 4. 

Starting from appropriate cyclopentenecarboxylates, 
we also prepared several intermediates such as 4,4-
dimethyl-1-cyclopentene-l-carbaldehyde (9),10) 5-meth-
yl-1-cyclopentene-l-carbaldehyde (12),12'13) a-(3-meth­
yl-l-cyclopentenyl) propionic acid (16),14> and ethyl 
2-methyl-3-oxo-l-cyclopentene-l-carboxylate (17), use­
ful for the synthesis of natural products. 

T h e chlorination of ethyl 5,5-dimethyl-2-oxo-l-cyclo-
hexanecarboxylate (6e)u> with J-BuOCl gave ethyl 1-
chloro-5 ,5-d imethyl -2-oxo- 1 - cyclohexanecarboxylate 
(7e) in a 7 9 % yield. T h e treatment of 7e with 
N a 2 C O s afforded ethyl 4,4-dimethyl-l-cyclopentene-l-
carboxylate ( le) in a 7 6 % yield. T h e reduction of l e 
with LiAlH4 gave 4,4-dimethyl-l-cyclopentenylmetha-
nol (8) in a 9 3 % yield. This alcohol was oxidized with 
active manganese dioxide15) to the aldehyde 9 in a 3 3 % 

le 

Ph3P=CHC02CH3 

id 
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y ie ld . C o m p o u n d 9 w a s fu r the r c o n v e r t e d i n to m e t h y l 
£ r a / u - / ^ 4 , 4 - d i m e t h y l - l - c y c l o p e n t e n y l ) a c r y l a t e (10)1 0) b y 
t h e W i t t i g r e a c t i o n w i t h P h 3 P = C H C 0 2 C H 3 . 1 6 ) E t h y l 
5 - m e t h y l - 1 - c y c l o p e n t e n e - 1 - c a r b o x y l a t e ( I d ) w a s also 
c o n v e r t e d i n t o a l d e h y d e 12 via 5 - m e t h y l - 1 - c y c l o p e n t e n y l -
m e t h a n o l (11) in a 3 5 % overa l l y ie ld . E t h y l 3 - m e t h y l -
1 -cyc lopen tene -1 -ca rboxy la t e ( l b ) c a n b e used as a 
s t a r t i n g m a t e r i a l to p r e p a r e t h e ac id 16 . T h e r e a c t i o n 
of 3 - m e t h y l - l - c y c l o p e n t e n e - 1 - c a r b o n y l c h l o r i d e (14) 
w i t h d i a z o e t h a n e a f forded t h e c o r r e s p o n d i n g d i a z o 
k e t o n e (15) . T h e t h e r m a l d e c o m p o s i t i o n of 15 a n d t h e 
s u b s e q u e n t hydro lys i s of t h e p r o d u c t g a v e t h e ac id 16 . 
C o m p o u n d s 12 a n d 16 a r e i m p o r t a n t i n t e r m e d i a t e s for 
t h e synthesis of i r i d o m y r m e c i n . 1 2 - 1 4 ) T h e o x i d a t i o n of 
e t h y l 2 - m e t h y l - 1 - c y c l o p e n t e n e - l - c a r b o x y l a t e ( l a ) w i t h 
C r O s in g lac ia l ace t i c a c id g a v e 2 -me thy l -3 -oxo-1 -cyc lo ­
p e n t e n e - l - c a r b o x y l a t e (17) , t h e ester of t h e s t r u c t u r a l 
i somer of s a r c o m y c i n e , in a 2 0 % yield.1 7) 

l b 

1 4 
OCl 

CH3CHN2 

7t02H 

COC(CH3)N2 1 6 
1 5 

l a 
Cr03 

O2C2H5 

F u r t h e r s y n t h e t i c a p p l i c a t i o n w a s c a r r i e d o u t b y t h e 
use of e t h y l 3 - b r o m o - 2 - o x o - l - c y c l o h e x a n e c a r b o x y l a t e 
(18) , 18'19> 2 - c h l o r o - 2 - a c e t y l c y c l o h e x a n o n e (19),2 0) 2-
c h l o r o - 2 - a c e t y l c y c l o p e n t a n o n e (22),21> p r o p y l 1-chloro-
2 - o x o - l - c y c l o p e n t a n e c a r b o x y l a t e (23) , 2 -ch lo ro -2 -
f o r m y l c y c l o h e x a n o n e (24) , a n d 2-ch lo ro-2- fo rmyl -4 ,4 -
d i m e t h y l c y c l o h e x a n o n e (25) as subs t r a t e s . T h e t r e a t ­
m e n t of t h e b r o m i d e 18 w i t h N a 2 C 0 3 y i e lded e t h y l 
1 - c y c l o p e n t e n e - l - c a r b o x y l a t e ( I f ) , t h e s a m e p r o d u c t 
as t h a t f rom t h e 2 - h a l o g e n o d e r i v a t i v e , in a 61 % 
yie ld . W h i l e t h e I R s p e c t r u m of 19 o b t a i n e d b y t h e 

-C02Et ^ J lpxya 

,C02Et 

Ö 
p02Et 

if 

c h l o r i n a t i o n of 2 - a c e t y l c y c l o h e x a n o n e (31)3 0) w i t h t-

B u O C l w a s i d e n t i c a l w i t h t h a t of t h e l i t e ra tu re , 2 0 ) t h e 
T L C ana lys i s as wel l as t h e N M R s u r v e y i n d i c a t e d t h e 
p r e s e n c e of t h e 6 -ch lo ro i somer (20) (19 : 2 0 = 1 : 4 ) . 
T h i s m i x t u r e of i somers 19 a n d 2 0 w a s used for t h e n e x t 
s t ep w i t h o u t s e p a r a t i o n , s ince t h e b o t h c o m p o u n d s 
s h o u l d g ive t h e s a m e F a v o r s k i i - t y p e p r o d u c t s , as is 
s h o w n in t h e case of 18 . T h u s , t h e r e a c t i o n of t h e 

m i x t u r e of i somers 19 a n d 2 0 a f forded 1-acetyl-1-cyclo­

p e n t e n e (26) in a 2 3 % yield.2 2) T h e reac t ions of 

c o m p o u n d s 2 2 , 2 3 , 2 4 , a n d 2 5 failed to afford t h e 

a n t i c i p a t e d p r o d u c t s , i n s t ead y ie ld ing on ly t a r r y m a t e r i ­

al.2 1) 

COCH3 
OCH3 

19 26 

S tud i e s of t h e synthesis of fu rope la rgone 2 3 ) f rom t h e 

ester l b , t h a t of pho toc i t r a l 2 4 ) f rom t h e a l d e h y d e 12, 

a n d t h a t of n e p e t a l i c ac id 2 5 ) f rom t h e ester I d a r e n o w 

in progress . 

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

T h e melting points and boiling points are uncorrected. 
T h e elemental analyses were carried out by Mr . Eiichiro 
Amano of our laboratory. T h e analytical determinations by 
GLPG were performed on a Hitachi Model K-53 gas Chro­
matograph fitted with the following columns (3 m m o.d. X 1 m) 
A, 10% Apiezon Grease L on Chromosorb W ; B, 10% 
poly(neopentyl glycol succinate) on Chromosorb W ; C, 10% 
SE-30 on Chromosorb W . T h e preparative isolations by 
G L P C were performed on a Yanagimoto Model GCG-550T 
gas Chromatograph (3 m m o.d. X 2.25 m, 10% Apiezon Grease 
L on Chromosorb W ) . T h e mass spectra were obtained with 
a Hitachi Model R M S - 4 mass spectrometer. T h e N M R spec­
tra (60 M H z ) were recorded with a Hitachi Model R-24 ap­
paratus . T h e thin-layer chromatograms were prepared with 
Merck Kieselgel 60 PF 2 5 4 (E. Merck AG, Darmstadt ) . T h e 
column chromatograms were prepared with Wakogel B-5F 
(Wako Junyaku Kogyo Co., Ltd . ) . 

T h e following compounds were obtained in ways which 
have been described in the l i terature: 6a,5) 6b,6> 6c,7) 6d,8> 
I8,19) 2-acetylcyclopentanone (21),28) 2-hydroxymethylene-
cyclohexanone (30),29> and 31.30> 

T h e following are typical runs. T h e reaction of 6b il­
lustrates the manner in which the chlorination of 6a—d and 
the dehydrochlorination-decarbonylation of the chlorides 7a 
— d were carried out. 

Ethyl 1 -Chloro-4-methyl-2-oxo-1 -cyclohexanecarboxylate (7b). 
T o a stirred solution of 7.4 g (0.04 mol) of ethyl 4-methyl-2-
oxo-1-cyclohexanecarboxylate (6b)6) dissolved in 60 ml of 
methanol was added 4.8 g (0.044 mol) of /-BuOCl31) below 0°C 
under nitrogen. After it had been stirred for an additional 
1 h at the same temperature , the mixture was kept in a re­
frigerator for 40 h, and then allowed to stand at room tempera­
ture for 4 h. After the evaporation of methanol, the solution 
was distilled under reduced pressure to give 7.9 g (91%) of 
7b . 

Ethyl 3 - Methyl-1-cyclopentene-1-carboxylate (lb). Fol­
lowing the procedure reported by Biichi,4) a flask was charged 
with 9.3 g (0.088 mol) of crushed, anhydrous N a 2 C 0 3 and 
36 g of glass powder. After the content of the flask had been 
dried at 160 °C for 2 h in vacuo, it was filled up with nitrogen 
gas. A solution of 16 g (0.073 mol) of the chloride 7 b in 110 
ml of xylene was then added to the flask, and the mixture was 
refluxed with stirring. T h e reaction was continued for 40 h 
until the chloride 7 b had been exhausted, as checked by 
G L P C . T h e resulting mixture^ was cooled and filtered. 
After evaporation of the solvent, it was fractionally distill-
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T A B L E 1. CHLORINATION OF ETHYL 2-OXO-1-CYCLOHEXANECARBOXYLATES (6a—d) 

Product Yield 

(%) 
Bp (Torr) 

Found (%) 

C H 

Calcd (%) for C 1 0 H 1 5 ClO 3 

C H 

7aa> 
7ba> 
7ca> 
7db> 

62 
91 
79 
70 

80— 83 (0.05) 
99—100 (0.07) 
80— 81 (0.035) 

100—102 (0.05) 

54.76 
54.78 
55.14 
55.10 

6.82 
6.93 
6.98 
6.84 

54.93 
54.93 
54.93 
54.93 

6.91 
6.91 
6.91 
6.91 

a) f-BuOCl 1.1 times as much as 6 in mol was used, b) / -BuOCl 1.6 times as much as 6 in mol was used. 

T A B L E 2. SPECTRAL DATA OF ETHYL 1-CHLORO-2-OXO-1-CYCLOHEXANECARBOXYLATES 

Compound 
N M R (CC14, Ô) 

C H 3 (ring) d O o Ci rd o VJ rdo CiOoCiHoGHq Ring-proton 
IR (neat, cm"1) 

7a 1.04 (d, y=6 Hz, 3H) 1.34 (t, 3H) 4.24 (q, 2H) 
7b 1.05 (d, 7=6 Hz, 3H) 1.30 (t, 3H) 4.23 (q, 2H) 
7c 1.05 (d, y=6 Hz, 3H) 1.31 (t, 3H) 4.25 (q, 2H) 
7d 1.30 (d, 7=6 Hz, 3H) 1.31 (t, 3H) 4.22 (q, 2H) 

1.5—3.0 (m, 7H) 
1.6—3.0 (m, 7H) 
1.6—2.7 (m, 7H) 
1.5—3.0 (m, 7H) 

1730 
1725, 1750 
1725, 1750 
1730 

T A B L E 3. DEHYDROCHLORINATION OF 1-CHLORO-2-OXO-1-CYCLOHEXANECARBOXYLATES (7a—d) 

Sub- -D , ^ Yield 
. . Product , n / N strate (%) 

Found (%) Calcd (%) for C 9 H 1 4 0 2 

C ~ C H H 
M S (70 eV) mje (rel intensity) 

7a l a 74 69 .89 9 .17 70 .10 9 .15 154 (19, M + ) , 125 (23), 109 (55), 81 (100) 

7b l b 79 69 .79 8 .79 70.10 9 .15 154 (9, M + ) , 125 (9) , 109 (53), 81 (100) 

7c l c 82 69.81 9 .15 70 .10 9 .15 154 (13, M + ) , 109 (42), 81 (100) 

7d I d 47 70.32 9 .15 70.10 9 .15 154 (16, M + ) , 109 (57), 81 (100) 

T A B L E 4. SPECTRAL DATA OF METHYL-SUBSTITUTED 1-CYCLOPENTENE-1-CARBOXYLATES 

Compound 

l a 
l b 
lc 
Id 

CH3 (ring) 

2.08 (s, 3H) 
1.07 (d, 3H) 
1.05 (d, 3H) 
1.12 (d, 3H) 

NMR (CC14, Ö) 

CO2CH2CH3 CO2CH2CH3 

1.28 (t, 3H) 
1.23 (t, 3H) 
1.24 (t, 3H) 
1.27 (t, 3H) 

4.13 (q, 2H) 
4.08 (q, 2H) 
4.08 (q, 2H) 
4.11 (q, 2H) 

1.6-
1.5-
1.6-
2.0-

Ring-proton 

yn yu 
-2 .9 (m, 6H) 
-2 .9 (m, 5H) 6.50 (s, br, 
-3 .0 (m, 5H) 6.56 (s, br, 
-3 .2 (m, 5H) 6.59 (s, br, 

1H) 
1H) 
1H) 

IR (neat, 

c=o 

1705 
1710 
1710 
1710 

cm -1) 

c=c 

1642 
1625 
1625 
1623 

ed under diminished pressure to give 8.9 g (79%) of the 
ester l b : bp 93—94 °C/22 Torr . 

Ethyl 5,5-Dimethyl-2-oxo-1-cyclohexanecarboxylate (6e).11) 
This substance was prepared from 4,4-dimethylcyclohexanone 
(29)27> in a 24%, yield by an adaptat ion of Snyder's method:9) 
bp 9 0 — 1 1 0 ° C / 6 0 T o r r [lit,11) bp 75 ° C / l T o r r ] ; I R (neat) 
1755, 1720, 1668, and 1627 cm" 1 ; N M R (CDC13) Ô 0.98 (s, 
6H) , 1.30 (t, 3H) , 2.20 (s, 2H) , 2.28 (m, 4H) , and 4.20 p p m 
(q, 2H) . 

Ethyl 1-Chloro-5,5-dimethyl-2-oxo-l-cyclohexanecarboxylate (7e). 
The ester 6e (1.22 g, 62 mmol) was chlorinated in 15 ml of 
methanol with 0.85 g (7.9 mmol) of /-BuOCl in the manner 
used in the preparat ion of 7b . T h e distillation of the residue 
obtained after working up as usual gave 1.12 g (79%) of the 
chloride 7e : bp 115°C (0.2 m m ) ; I R (neat) 1730 c m - 1 ; 
N M R (CC14) ô 1.07 (s, 3H) , 1.14 (s, 3H) , 1.33 (t, 3H) , 4.22 
(q, 2H) , and 1.6—3.0 ppm (m, 6 H ) . 

Found: C, 56.99; H , 7.20%. Calcd for C n H 1 7 C 1 0 3 : C, 
56.78; H, 7.36%. 

Ethyl 4,4-Dimethyl-l -cyclopentene-1 -carboxylate (le). T h e 
dehydrochlorination-decarbonylation of the chloride 7e (0.512 

g, 2.1 mmol) with anhydrous N a 2 C 0 3 (0.256 g, 2.4 mmol) 
was carried out in refluxing xylene (4 ml) in the presence 
of glass powder (1.5 g) . T h e reaction was continued for 28 h 
at the refluxing temperature until 7e was exhausted, as checked 
by G L P C . T h e resultant mixture was cooled, filtered, and 
passed through a column of 10 g of dried silica gel. After 
the removal of xylene, using hexane as the eluant, a colorless 
eluate was collected with chloroform. T h e subsequent evap­
oration of chloroform afforded 267 mg (76%) of a pure ester 
( l e ) : I R (neat) 1725, and 1630cm" 1 ; N M R (CC14) Ô 1.16 
(s, 6H) , 1.23 (t, 3H) , 2.3 (m, 3H) , 2.31 (s, 2 H ) , 4.07 (q, 
2H) , and 6.51 p p m (br, 1H). 

4,4-Dimethyl-1-cyclopentenylmethanol (8). T o a stirred 
suspension of LiAlH 4 (77 mg, 2 mmol) in 3 ml of dry ether 
was added dropwise the ester l e (267 mg, 5 mmol) dissolved 
in 1 ml of dry ether at — 76 °C over a period of 0.5 h. After 
the addition had been completed, the mixture was stirred 
for an additional 4.5 h at —50 20 °C. T o the mixture 
which had been allowed to w a r m u p to room tempera ture 
was added 132 mg (1.5 mmol) of ethyl acetate to decompose 
the excess of LiAlH4 . T h e resulting mixture was treated with 
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0.35 ml of saturated aqueous ammonium chloride. T h e solid 
residue was washed with ether. T h e combined ethereal solu­
tion was then dried ( M g S 0 4 ) and evaporated to yield 175 
mg (93%) of crude alcohol (8) : I R (neat) 3360 cm" 1 ; N M R 
(CCLJ Ô 1.07 (s, 6H) , 2.10 (s, 4 H ) , 3.15 (br, s, 1H), 4.00 
(s, 2H) , and 5.41 p p m (br, s, 1H). 

4,4-Dimethyl-l-cyclopentene-l-carbaldehyde (9). A mixture of 
2.0 g of active manganese dioxide,15) 175 mg (1.39 mmol) of 
crude alcohol 8, and 10 ml of petroleum ether (bp 30—44 °C) 
was stirred for 3.5 h under nitrogen at room temperature , 
filtered and evaporated to give 168 mg of a crude product . 
Separation by column chromatography (silica gel) afforded 
56 mg (33%) of pure aldehyde (9) : I R (neat) 1678, and 
1617 c m - 1 ; N M R (CCLJ Ô 1.12 (s, 6H) , 2.32 (m, 4H) , 6.63 
(br, s, 1H), and 9.67 p p m (s, 1H). 

Methyl trans-/?-(4,4-Dimethyl-1-cyclopentenyl)acrylate (10). 
A solution of 56 mg (0.45 mmol) of the aldehyde 9 in 1 ml 
of benzene was added to 196 mg (0.59 mmol) of Ph3P= 
C H C 0 2 C H 3 , 1 6 ) after which the mixture was refluxed for 17 h. 
After working up,2> 30 mg (37%) of the ester 10 was obtained. 
T h e spectral da ta ( IR and N M R ) of this product were identical 
with those of the literature.10) 

5-Methyl-l'-cylopentenylmethanol (11). T o a stirred sus­
pension of LiAlH 4 (300 mg, 7.9 mmol) in 12 ml of dry ether 
was added dropwise ethyl 5-methyl-l-cyclopentene-1-car-
boxylate ( Id ) (937 mg, 6.1 mmol) dissolved in 5 ml of dry 
ether at — 76 °C over a period of 20 minutes. T h e crude 
product which was obtained after working up in the manner 
used in the preparat ion of the alcohol 8 was subjected to 
vacuum distillation to yield 257 mg (38%) of pure alcohol 
(11): bp 62—64 °C (10 m m ) ; I R (neat) 3350 c m - 1 ; N M R 
(CDCLJ ô 1.05 (d, 3H, y = 6 Hz) , 1.55 (m, 2H) , 2.27 (m, 
2H) , 2.70 (br, m, 1H), 3.60 (br, s, 1H, - O H ) , 4.18 (s, 2H , 
- C H 2 O H ) , and 5.69 p p m (br, s, 1H). 

F o u n d : C, 74.76; H , 10 .63%. Calcd for C 7 H 1 2 0 : C, 
74.95; H , 10.78%. 

5-Methyl-1-cyclopentene-1-carbaldehyde (12). A mixture 
of 3.2 g of active manganese dioxide, 250 mg (2.2 mmol) of 
the alcohol 11, and 16 ml of petroleum ether was stirred for 
5.5 h under nitrogen at room temperature . T h e working-up 
was essentially the same as in the preparat ion of the aldehyde 
9, yielding 159 mg (65%) of the aldehyde 12: I R (neat) 
1672, and 1610 cm" 1 ; N M R (CDC13) ô 1.13 (d, 3H, 7 = 6 
Hz, - C H 3 ) , 1.65 (br, m, 2 H ) , 2.50 (br, m, 2 H ) , 3.00 (br, m, 

1H), 6.78 (m, 1H, = / - ) , and 9.75 ppm (s, 1H, - C H O ) . 
3-Methyl-1 -cyclopentene- 1 -car boxy lie Acid (13). T o a solu­

tion of potassium hydroxide (67 g, 1.2 mol) in 500 ml of etha-
nol was added 57 g (0.37 mol) of ethyl 3-methyl-l-cyclo­
pentene-1-carboxylate ( l b ) . T h e soultion was then refluxed 
for 20 h. After the evaporation of the solvent, enough dilute 
hydrochloric acid to acidify the mixture was added. T h e 
acidic organic layer was then extracted with ether. After 
being dried with M g S 0 4 , the ethereal solution was evaporated 
to dryness to give 47 g (quantitative) of the acid 13 : m p 
34 °C (lit,32) m p 35—36 °C) ; I R (Nujol) 3600—2100, 1675, 
and 1625 cm" 1 ; N M R (CCLJ ô 1.11 (d, 3H, 7 = 7 Hz) , 1.3— 
3.1 (m, 5H) , and 6.70 p p m (m, 1H). 

3-Methyl-1-cyclopentene-1-carbonyl Chloride (14). This 
substance was prepared by treating the acid 13 (875 mg, 7 
mmol) with SOCl 2 (1.05 g, 8.8 mmol) as usual. T h e sub­
sequent removal of the excess SOCl 2 by evaporation gave 
838 mg (84%) of the chloride 14: bp 75—79 °C/31 T o r r ; 
I R (neat) 1752, and 1623 c m - 1 ; N M R (CCLJ ô 1.16 (d, 3H, 

7 = 7 Hz) , 1.3—3.3 (m, 5H) , and 6.96 p p m (m, 1H, = ' - ) . 
a-(3-Methyl-\-cyclopentenyl)propionic Acid (Iß). T h e 

Arndt-Eistert reaction with diazoethane33) was employed to 

prepare this compound. T h e chloride 14 (793 mg, 5.8 mmol) 
was allowed to react with 15 mmol of diazoethane in 100 
ml of ether to give the diazo ketone (15) : I R (neat) 3400, 
2070, 1718, 1621, and 1550 cm- 1 . This product was then 
subjected to thermal decomposition, followed by hydrolysis. 
T h e subsequent purification of the crude product with T L C 
[silica gel, benzene-methano l -AcOH (50 : 1 : 1), i ? f =0.3] 
gave 156 mg of the acid 16 (18%, yield from 14): I R (neat) 
3600—2400, 1700, and 1628 c m - 1 ; N M R (CDCLJ ô 1.10 (d, 
3H) , 2.12 (d, 3H) , 1.0—3.0 (br, m, 6H) , 6.77 (m, 1H), and 
7.44 p p m (br, s, 1H, C 0 2 H ) . 

Ethyl 2-Methyl-3-oxo-1-cyclopentene-1-carboxylate (17). 
T o a stirred solution of ethyl 2-methyl-l-cyclopentene- 1-car­
boxylate ( l a ) (1.96 g, 12.7 mmol) in 2.5 ml of glacial acetic 
acid was added dropwise a solution of chromium trioxide 
(2.0 g, 20 mmol) in aqueous acetic acid (3.8 ml of A c O H 
mixed with 1.1 ml of H 2 0 ) over a 1-h period at room tem­
perature . After the completion of the addition, the mixture 
was stirred for a further 54 h. T h e resulting mixture was 
treated with 70 ml of brine and then extracted with ether. 
T h e ethereal layer was washed twice with a 5 % aqueous 
sodium hydroxide solution and dried over M g S 0 4 . After 
the evaporation of the solvent, the residue was subjected to 
column chromatography (silica gel, hexane : acetone = 50 : 1 
to 20 : 1), giving 615 mg of the unchanged ester and 418 mg 
(20%) of the ester 17: I R (neat) 1712 and 1637 cm" 1 ; 
N M R (CCLJ ô 1.33 (t, 3H, - C 0 2 - C - C H 3 ) , 1.99 (t, 3H, 

= < G - 3 ) , 2.32 (m, 2H , = < G - 2 ~ ) , 2.65 (m, 2H, - C - C H 2 - ) , 

6 
4.25 ppm (q, 2H, - C 0 2 - C H 2 - ) ; M S (70 eV) m/e (rel in­
tensity) 168 (M+, 31), 140 (30), 123 (33), 112 (55), 95 (25), 
67 (100). 

Ethyl 1-Cyclopentene-1-carboxylate (If). A mixture of 
3.27 g (13.1 mmol) of ethyl 3-bromo-2-oxo-l-cyclohexanecar-
boxylate (18),19) 2.0 g (19 mmol) of anhydrous N a 2 C 0 3 , and 
10 g of glass powder was heated in refluxing xylene (20 ml) 
under an atmosphere of nitrogen for 29 h. T h e resulting 
mixture was filtered and passed through a column packed 
with 6 g of dry silica gel. After the elution of xylene with 
hexane, 1.12 g (61%) of the product If, was obtained by 
washing out with chloroform: I R (neat) 1715 and 1630 
c m - 1 [lit,34) I R (CCLJ 1710 and 1620 c m " 1 ] ; N M R (CC14) 
ô 1.23 (t, 3H) , 1.5—2.7 (m, 6H) , 4.09 (q, 2H) , and 6.63 
p p m (br, s, 1H). 

2-Chloro-2-acetylcyclohexanone (19) and 6-Chloro-2-acetyl-
cyclohexanone (20). f-BuOCl (2.15 g, 19.8 mmol) was stir­
red into a solution of 2-acetylcyclohexanone (31)30) (2.31 g, 
16.5 mmol) in absolute methanol (20 ml) under nitrogen over 
a 40 minute period, the temperature being kept below —20 
°C. T h e mixture, which was then worked up as usual, 
yielded 1.77 g (62%) of a mixture of isomers 19 and 20 : 
bp 85—105 °C (0.3 Torr) [lit,20) bp 50—51 °C/0.1 T o r r ] . 
T h e preparat ive T L C of this product (80 mg) afforded 14 
mg of the chloride 19 [ t f f =0 .38 ; I R (neat) 1724 cm" 1 ; N M R 
(CCLJ «5 2.29 (s, 3H, - C - C H 3 ) , 1.5—2.6 ppm (m, 8H, ring 

H 

O 
proton)] , together with 54 mg of the chloride 20 LR f=0.24; 
IR(nea t ) 1720, 1630, and 1585 c m - 1 ; N M R (CCLJ «5 2.29 
(s, 3H, - C - C H 3 ) , 1.5—2.3 (m, 7H) , 4.1—4.5 (br, m, 0.6H, 

ii 

O 
- C - C H - C - ) , and 15.02 p p m (s, 0.4H, - C = C - ) ] . 

H H i 

O O O H 
2-Chloro-2-acetylcyclopentanone (22). T h e chlorination of 

2-acetylcyclopentanone (21)28) with /-BuOCl gave this sub­
stance in an 8 0 % yield: bp 75—80 °C (0.1 Torr) [lit,21) bp 
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92—94 °C/13 T o r r ] ; I R (neat) 1750, 1715, and 1650 cm" 1 ; 
N M R (CC14) Ô 2.40 (s, 3H, - C - C H 3 ) , and 1.7—2.7 p p m (m, 

M 

O 
6H, ring proton) . 

Propyl 1-Chloro-2-oxo-l-cyclopentanecarboxylate (23). T h e 
chlorination of propyl 2-oxo-l -cyclopentanecarboxylate (27) 
with f-BuOCl gave the chloride 23 in an 8 5 % yield: b p 
105—110 °C (0.05 T o r r ) ; I R (neat) 1755, and 1723 c m - 1 ; 
N M R (CC14) «5 0.77 (t, 3H) , 1.72 (m, 2 H ) , 2.0—3.0 (m, 6H) , 
and 4.14 p p m (t, 2 H ) . 

2-Chloro-2-formylcylclohexanone (24). T h e chlorination of 
2-hydroxymethylenecyclohexanone (30)29> with /-BuOCl in 
chloroform gave this substance in a 70% yield: bp 50—60 
° G / 5 T o r r ; I R (neat) 1740 and 1720 c m - 1 ; N M R (CCLJ Ô 
1.98 (m, 4H) , 2.4—3.3 (m, 2H) , and 9.55 p p m (s, 1H, - C H O ) . 

2-Chloro-2-formyl-4,4-dimethylcyclohexanone (25). T h e 
chlorination of 2-hydroxymethylene-4,4-dimethylcyclohexa-
none (28) with f-BuOCl in chloroform gave this substance 
in a 5 9 % yield: bp 74—77 °G/5 Tor r ; I R (neat) 1740 and 
1730 c m - 1 ; N M R (CC14) ô 1.08 (s, 3H, - C H 3 ) , 1.28 (s, 3H, 
- C H 3 ) , 1.5—3.0 (m, 6H, ring proton) , and 9.37 ppm (s, 1H, 
- C H O ) . 

1 -Acetyl-1 -cyclopenlene (26). Dehydrochlorination-decarbonylation 
of the Chloride 19. T h e t reatment of the crude chloride 
19 (554 mg, 3.2 mmol) with 450 mg of anhydrous N a 2 C 0 3 

in refluxing xylene afforded 267 mg of a crude product , which 
was subsequently purified by preparat ive T L C (silica gel, 
hexane : a c e t o n e = 1 0 : 1) to give 79 mg (23%,) of the ketone: 
I R (neat) 1663 and 1616 c m - 1 ; N M R ( C C l j ô 2.20 (s, 3H, 
- C - C H 3 ) , 1.7—2.8 (m, 6H, ring proton) , and 6.52 p p m (br, 

H 

O 

s, 1H, = < - ) • 

Propyl 2-Oxo-7-cyclopentanecarboxylate (27). This sub­
stance was prepared in a 79% yield by the Dieckmann con­
densation26) of dipropyl ad ipa te : bp 95—100 °C/7 T o r r ; I R 
(neat) 1755, 1720, 1658, and 1620 c m - 1 ; N M R (CC14) ô 0.95 
(t, 3H) , 1.65 (m, 2H) , 2.14 (m, 6H) , 3.00 (m, 1H), and 
4.01 p p m (t, 2H) . 

2-Hydroxymethylene-4,4-dimethylcyclohexanone (28). This 
substance was prepared in a 4 5 % yield by the formylation 
of 4,4-dimethylcyclohexanone (29)27> in a manner similar to 
that used in the preparat ion of 2-hydroxymethylenecyclo-
hexanone (30)29>: bp 63—65 °C/10 T o r r ; I R (neat) 2900, 
1640, and 1600 c m - 1 : N M R (CC14) ô 1.00 (s, 6H) , 1.45 
(t, 2H) , 2.10 (s, 2H) , 2.42 (t, 2H) , 8.50 (s, 1H, = C H - O H ) , 
and 14 p p m (br, s, 1H, = C H O H ) . 
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The isolation and structures of six new alkaloids [yuzurine, daphnigracine, daphnigraciline, oxoda-
phnigracine, oxodaphnigraciline, and epioxodaphnigraciline] are described. The structure of yuzurine, 
which has been elucidated by means of an X-ray crystallographic analysis of the corresponding methiodide, is in 
full agreement with its spectral data. The structures of the other five alkaloids, all of which were isolated from 
the plant Daphniphyllum gracile Gage collected in New Guinea, were deduced on the basis of an exhaustive comparison 
of their spectral data coupled with chemical evidences. Finally, a plausible biogenesis of these alkaloids with a 
new type of nitrogen heterocyclic skeleton is discussed. 

The plant Daphniphyllum macropodium Miquel ("yuzuri-
h a " in Japanese) contains a great variety of related 
alkaloids, which can be regarded as a triterpene alka­
loid. From a structural point of view, they are divided 
into five types of nitrogen heterocyclic skeleton re­
presented by daphniphyldine, secodaphniphylline, daph­
nilactone A, daphnilactone B, and yuzurimine.1) How­
ever, all of them possess in common the 2-azabicyclo-
[3.3.1]nonane system [A], a par t of which constitutes 
a part of the bicyclo[5.3.0]decane system. Thus, these 
daphniphyl lum alkaloids are reasonably related to one 
another by bond formation or fission on the basis of 
our biosynthetic study indicating that they are bio-
synthesized from six molecules of mevalonic acid via 
a squalene-like intermediate.2) In particular, the isola­
tion of daphnilactones A and B strongly suggests that 
such compounds as [B] and [C] must be key inter-

[A] 

[B] 

MeOOC 

[G] 

Fig. 1. 

t To whom inquires should be addressed. 

mediates between two main groups represented by 
daphniphylline and yuzurimine.3) In connection with 
the above biogenetic consideration, our considerable 
efforts have been made to search for the biogenetically 
important intermediates. In the present paper, we wish 
to describe the novel structures of six new daphniphyllum 
alkaloids that have no 2-azabicyclo[3.3.1]nonane system 
and differ from the other structurally known alkaloids. 

The Structure of Yuzurine. Yuzurine (1) has been 
isolated from the bark and leaves of the plant Daphni­
phyllum macropodum M. as one of the minor components, 
and cited as the alkaloid A2.

4> This alkaloid is a color­
less viscous liquid with a molecular formula [C 2 4 H 3 7 0 4 N 
(mje 403 (M+))] and characterized as the corresponding 
methiodide (7); mp 229—230 °C; C2 5H4 0O4NI \_m\e 
403 (M+—Mel) ] . Although this base can be regarded as 
one of the C22-alkaloids from its molecular formula, the 
spectral data of 1 and 7 indicate that the carbon skeleton 
of yuzurine seems to be considerably different from those 
of the other daphniphyllum alkaloids, whose structures 
have been already established. 

Firstly, yuzurine (1) has one ethyl group [ô 0.85 (3H, 
t, / = 7 . 4 H z ) ] . Furthermore, the N M R spectrum of 
the free base has two methyl singlets at ô 2.17 and 3.21 
due to each one of N M e and O M e groups in addition 
to the presence of a methoxycarbonyl group (^max 1740 
cm" 1 and ô 3.64) and a - C H 2 - 0 - grouping [Ô 3.93 (2H, 
s)]. In the case of the corresponding methiodide (7), 
the methyl singlet at ô 2.17 in 1 was shifted to lower 
magnetic field and two singlets were observed at ô 
3.57 and 3.63 assignable to two methyl groups attached 
to the newly formed quaternary nitrogen atom. 
Secondly, three doublets with a geminal coupling 
constant ( y=12—13 .5 Hz) were newly observed at ô 
3.35, 4.06, and 4.10 in the N M R spectrum of 7. In 
addition, the N M R signal corresponding to the geminal 
doublet at ô 4.06, is present at ô 3.67—3.85. From these 
data, the methiodide (7) must have a partial structure 

Me 
i + 

( - C H 2 - N - C H 2 - ) . Finally, the complex structure of 
Me 

yuzurine (1) was elucidated by means of an X-ray 
crystallographic analysis of the methiodide (7),5> which 
was subjected to Hofmann degradation to give the 

file:///_m/e
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TABLE 1. NMR SPECTRA OF DAPHNIGRACINE (2) AND 

DAPHNIGRACILINE (3)a> 

1 R = OMe, R! = Et, R2 = H2 

2 R = OH, R ^ i - P r , R2 = Ha 

3 R = OH, R* = Et, R2 = H2 

4 R = OH, R ^ i - P r , R2 = 0 
5 R = OH, Rx = Et, R2 = 0 
6 R = E t , R! = OH, R2 = 0 

12 R = Et, R ^ O M e , R2 = H2 

¥ H 

7 R = OMe, R* = Et 
8 R = OH, R ^ t - P r 
9 R = OH, R* = Et 

13 R = Et, R ^ O M e 

10 R = /-Pr 
11 R = Et 

14 R = Me, R ^ H a 
15 R = H, R* = H2 

16 R = H, R L R ^ O 

Fig. 2. 

original alkaloid (1). Further study on this quaternary 
base6) has revealed that yuzurine (1) has the same 
absolute configuration as those of daphmacrine7) and 
methyl homosecodaphniphyllate.8) The structure of 
yuzurine so far obtained is in full agreement with its 
spectral and chemical data. 

As described earlier, many number of alkaloids have 
been isolated from the plant Daphniphyllaceae growing 
in Japan.1-3) Recently, an extensive survey was made of 
the occurrence of alkaloids in New Guinea plants,9) and 
according to general procedures (see Experimental) the 
crude alkaloidal components were obtained from the 
plant Daphniphyllum gracile Gage by one of us (J. A. L) . 
Interestingly, an analytical T L C of the crude oil so 
far obtained did not show any spots corresponding to 
daphniphylline and yuzurimine, both of which had 
been already isolated from the Japanese species as a 
main product.10) This crude oil was further separated 
carefully by repeated preparetive T L C [Kieselgel PF 2 5 4 ; 
h e x a n e - E t 2 0 - E t 2 N H (10 : 10 : l ) ] to give five new 
alkaloids, namely daphnigracine (2), daphnigraciline 
(3), oxodaphnigracine (4), oxodaphnigraciline (5) and 
in epioxodaphnigraciline (6) in 0.0046, 0.023, 0.0041, 
0.016, and 0.019% overall yields, respectively.11) 

The Structures of Daphnigracine and Daphnigraciline. 
Daphnigracine is a colorless viscous liquid [2, C24H37-
0 4 N ; mje 403 (M+) and 385 ( M + - 1 8 ) ] . This alka­
loid has each one of hydroxyl and methoxycarbonyl 

0.93(6H, d, J=7.0 Hz) 
2.15(3H, s) 
3.62(3H, s) 
3.89(1H, dd, 7 = 1 2 . 5 , 

2 Hz) 
4.32(1H, d, 7 = 1 2 . 5 H z ) 

0.94(3H, t, 7 = 7 . 0 Hz) 
2.19(3H, s) 
3.62(3H, s) 
3.90(1H, dd, 7 = 1 2 . 5 , 

2 Hz) 
4.35(1H, d, 7 = 1 2 . 5 H z ) 

a) In CDG13. 

TABLE 2. NMR SPECTRA OF THE METHIODIDES 

(8 AND 9)a> 

1 
R 

1 

8 

0.95(3H, d, 7 = 7 . 0 Hz) 
0.96(3H, d, 7 = 7 . 0 Hz) 
3.45(3H, s) 
3.50(3H, s) 
3.68(3H, s) 
3.00—3.90(5—6H, 

complex) 
4.42(1H, d, 7 = 12.5 Hz) 

9 

0.97(3H, t, 7 = 7 . 0 Hz) 

3.44(3H, s) 
3.48(3H, s) 
3.70(3H, s) 
3.00—3.90(5—6H, 

complex) 
4.43(1H, d, 7 = 12.5 Hz) 

a) In GDCI3-CD3OD. 

groups [vmax 3450 cm- 1 ; vmax 1730 c m - 1 and ô 3.62 
(3H, s)], and can be characterized as the corresponding 
methiodide [8, mp (dec) 198—199 °C; G S 5 H 4 0 O 4 NI] . 
Daphnigraciline [3, mp 76—78 °C; C 2 3 H 3 5 0 4 N ; mje 
389 (M+) and 371 (M+—18)] has a hydroxyl group 
(vmax 3500 cm - 1 ) and a methoxycarbonyl group [vm£LX 

1735 c m - 1 and Ô 3.62 (3H, s)]. Similarly, t reatment 
of 3 with M e l in acetone afforded the corresponding 
methiodide [9, mp (dec) 163—165 °C; C 2 4 H 3 8 0 4 -
N I ] , in an almost quantitative yield. As shown in 
Tables 1 and 2, the spectral data, particularly N M R 
spectra, of both alkaloids are quite similar to each other 
except for the following points: the N M R signal due 
to an isopropyl group is observed at ô 0.93 in 2, while 
daphnigraciline (3) has a methyl triplet at ô 0.94. 
Furthermore, when treated with A c 2 0 - A c O H (1 : 1), 
both of the methiodides (8 and 9) were readily converted 
into the corresponding dehydration products (10 and 11) 
in high yields [10; m p (dec) 243—245 °C; C 2 5 H 3 8 0 3 N I ; 
m\e 385 ( M ^ — M e l ) ; r m a x 1675cm- 1 ; ô 4.44 (1H, 
m) . 1 1 ; mp (dec) 235—237 °C; C 2 4 H 3 6 0 3 N I ; mje 371 
( M + - M e l ) ; ^ m a s 1680 cm- 1 ; (3 4.39 (1H, m ) ] . From 
these data, clearly, daphnigracine and daphnigraciline 
must have the same carbon skeleton except for the 
different alkyl groups. Finally, the structures of these 
alkaloids were elucidated by conversion of daphni­
graciline (3) into yuzurine (1), as follows. 

When treated with M e O H containing one drop of 
A c O H (room temp, overnight), daphnigraciline (3) was 
converted into yuzurine (1), in a high yield, in addition 
to a small amount of an epimer (12) which was char­
acterized as the corresponding methiodide [13: mp 
(dec) 144—146 °G; C 2 5 H 4 0 O 4 NI; mje 403 ( M + - M e l ) ; 
Vax 1730 c m - 1 and no O H absorption band ; ô 3.11 
(3H, s)] . O n Hofmann degradation, 13 was easily re-
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converted into the starting base (12). 
Finally, although the configuration of the hydroxyl 

group in a acetal moiety is not determined chemically, 
the N M R spectrum of 2 (or 3) indicates that this 
hydroxyl group must be in an axial configuration, as 
discussed below. In the N M R spectrum of daphni-
gracine (2), as expected, a sharp doublet (ô 4.32) due 
to the geminal proton (HA) , which is in a 1,3-diaxial 
relationship to the hydroxyl group, is observed in lower 
magnetic field than the N M R signal at ô 3.89 assignable 
to the equatorial geminal proton (HB) which can couple 
with a proton (H c) along the 'W ' pa th . 

The Structures of Oxodaphnigracine, Oxodaphnigraciline 
and Epioxodaphnigraciline. The IR, UV, and N M R 
spectra of oxodaphnigracine (4: m p 116—117 °C; 
G 2 4 H 3 5 0 5 N) and oxodaphnigraciline (5: mp 107—109 
°G; G2 3H3305N) indicate that these two alkaloids must 
be quite similar to each other except for the alkyl group 
[Ô 0.88 (6H, d, 7 = 7 . 0 Hz) in 4 ; ô 0.94 (3H, t, 7 = 7 . 0 
Hz) in 5] , as seen in the cases of daphnigracine (2) 
and daphnigraciline (3). In the U V spectra of 4 and 
5, particularly, the absorption maximum is observed 
at 253 nm, indicating the presence of an a,/5-unsaturated 
C O group which must be included in the seven-member-
ed ring.12) 

Epioxodaphnigraciline (6: mp 102—104 °C; C23H33-
0 5 N ) has the same molecular formula as that of oxo­
daphnigraciline (5), and their spectral data are also quite 
similar to each other. However, a remarkable dif­
ference is seen in the following points: the N M R 
spectrum of the former has the sharp doublet (ô 3.88) 
due to the geminal proton (HA) at slightly higher magne­
tic field than that of 5 (ô 4.03). Therefore, the structure 
of epioxodaphnigraciline must be represented by 6. 
Furthermore, these results are supported by the 13C 
N M R spectra of the dehydration products (14, 15, and 
16), which have been obtained on dehydration of the 
corresponding alkaloids 2, 3, and 5 (or 6) with A c 2 0 -
A c O H (1 : 1). 

As demonstrated in the previous paper,13) the methyl, 
methylene, methine and quaternary carbon signals in 
the 13C N M R spectra of these dehydro compounds are 
easily differentiated by measurements of their partially 
relaxed F T 13C N M R spectra coupled with off-reso­
nance experiments, and the results are summarized in 
Table 3. In the spectrum of 14, nine methylene 
and four methine signals are observed, while ten methyl­
ene and three methine signals are found in that of 15. 
In the case of 16, nine methylene and three methine 
signals are found in addition to one new G O signal 
(ô 208.9). Furthermore, the olefinic signals at ô 138.6 
and 183.3 strongly suggest that this C O group must 
conjugate with the tetra-substituted double bond ( C 6 -
C7) in 16. In the cases of 15 and 16, the 13C N M R 
signals of the N M e group [Ô 26.6 in 15; ô 26.5 in 16] 
appear at extraordinary high magnetic field. This may 
be due to complicated steric compression. The other 
signals of these three dehydration products show the 
one-to-one correspondence to one another. 

From a biogenetic point of view, these new alkaloids 
may be produced from the plausible intermediate [B] 
according to a pathway (a) or (b), as shown in Scheme 

TABLE 3. 13G CHEMICAL SHIFTS OF 14, 15, AND 16 

Functional 
group 

GH3-

-CH 2 -

- C H -
i 

i 

- C -
i 

>c=c< 

)G=0 

14 

20.4(2 Me) 
32.1 
51.0 

27.2 
27.2 
28.1 

39.8a> 
42.6a> 
46.6a> 
56.5 
62.1 
69.4 

34.2 
42.6 
54.9 
27.4 

36.6 
46.5 

90.3 
133.6 
159.5 
145.8 

175.4 

15 

11.6 
26.6 
51.0 

27.2 
27.2 
27.4 
28.0 

39.9a> 
42.6a> 
46.6a> 
56.4 
62.2 
69.6 

34.3 
42.6 
54.9 

36.6 
46.4 

92.0 
133.5 
156.0 
145.9 

175.5 

16 

11.4 
26.5 
51.5 

21.1 
26.3 
27.7 
38.2a> 

38.6a) 

46.1 
56.1 
62.9 
69.1 

34.4 
42.6 
45.0 

37.1 
50.3 

91.8 
138.6 
156.1 
183.3 

173.7 
208.9 

Assignment 

C-21 
C-22 
C-23 

C-9, 13, 14,20 

C-18 
C-8 
C-10 
C-5 
C-l 
C-15 

C-4 
C-12 
C-ll 
C-20 

C-3 
C-2 

C-17 
C-7 
C-16 
C-6 

C-19 
C-8 

a) Assignment of chemical shifts for close-lying peaks 
may be reversed. 

[B] 

MeOOO 

NR • 1 , 3 
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1. O f t w o possibil i t ies, t h e i so la t ion of d a p h n i g r a c i n e 
(2) w i t h a n i sop ropy l g r o u p f rom t h e p l a n t suggests 
t h a t y u z u r i n e (1) a n d d a p h n i g r a c i l i n e (3) b o t h a r e n o t 
necessar i ly d e r i v e d f rom y u z u r i m i n e B (17) , b u t m a y 
b e p r o d u c e d b y ox ida t i ve d e m e t h y l a t i o n of d a p h n i g r a ­
c ine (2) or its p r e c u r s o r B iosyn the t i c e x p e r i m e n t s a r e 
fu r the r r e q u i r e d to solve these p r o b l e m s . 

Exper imenta l 

All the mps are uncorrected. I R spectra were recorded 
on a J A S C O Model IR-S spectrophotometer. U V spectra 
were obtained on a Perkin Elmer 202 spectrophotometer, using 
M e O H as the solvent. N M R spectra were recorded on a 
Varian Associate AH-100 or A-60, or J E O L J N M - P S 100 
N M R spectrometer, using GDG13 as the solvent, unless other­
wise stated. The chemical shifts are given in p p m relative to 
the internal T M S , and only prominent signals are cited (d, 
doublet; m, multiplet; q, quar te t ; s, singlet; t, triplet). Mass 
spectra were taken on a.Hitachi R M U - 6 G mass spectrometer, 
operating with an ionization energy of 70 eV. 

Column chromatography was carried out on basic alumina 
(Nakarai Chemical Co., Ltd. , ca. 300 mesh) or on silicic acid 
(Mallinckrodt, 100 mesh). Thin layer chromatography was 
performed on Kieselgel PF2 5 4 using h e x a n e - E t 2 0 - E t 2 N H 
(10 : 10 : 1) or E t 2 0 - E t 2 N H (40 : 3), unless otherwise stated. 

Physical Properties of Yuzurine (1). Isolation of this 
alkaloid was reported in the reference 4. Yuzurine is a 
colorless viscous liquid (1); v m a x (film) 1740 c m - 1 ; <5 0.85(3H, 
t, 7 = 7 . 4 Hz) , 2.17(3H, s), 3.21 (3H, s), 3.64(3H, s), and 3.93 
(2H, s) ; mje 403 (M+ for C 2 4 H 3 7 0 4 N) , 388, 372, 360, and 
344. 

Formation of Yuzurine Methiodide (7). A solution of 
yuzurine (40 mg) and M e l ( 1 ml) in acetone (2 ml) was 
allowed to stand at room temperature overnight, and then 
concentrated under reduced pressure to give pale yellow crys­
tals (45 mg) . Recrystallization from b e n z e n e - M e O H af­
forded pale yellow needles, which were subjected to an X-
ray crystallographic analysis.5) Its physical da ta are as fol­
lows: m p (dec) 229—230 °C; i^max (KBr) 2700 and 1740 
cm- 1 ; Ô 0.87 (3H, t, 7 = 7 . 0 Hz) , 3.20(3H, s), 3.35(1H, br d, 
7 = 1 3 . 5 Hz,) 3.57(3H, s), 3.64(3H, s), 3.67(3H, s), 3.67— 
3.85(1H, superimposed on M e signals), 3.85(2H, b r s ) , 4.06 
(1H, d, 7 = 1 2 Hz) , and 4.10(1H, br d, 7 = 1 3 . 5 H z ) ; mje 403 
( M + - M e l ) (Found: C, 54 .51; H , 7.44; N, 2 . 5 1 % . Calcd 
for C 2 5 H 4 0 O 4 NI: C, 55.04; H , 7.39; N, 2 .57%). 

Hofmann Degradation of Yuzurine Methiodide. T o a solu­
tion of yuzurine methiodide (80 mg) in M e O H - H 2 0 [(4 : 1) 
5 ml] was added excess amounts of Ag a O {ca. 200 mg). 
The reaction mixture was stirred at room temperature for 
1 h, and then filtered. The filtrate was concentrated under 
reduced pressure to leave a crystalline residue, which was 
heated in vacuo at ca. 200 °C for 10 min, and then cooled. 
The resulting oily residue was purified by preparative T L C , 
using h e x a n e - E t 2 0 - E t 2 N H (10 : 10 : l) to afford a colorless 
oil of yuzurine (47.2 mg) (analytical T L C and I R spectrum). 

Isolation of Daphnigracine (2), Daphnigraciline (3), Oxo-
daphnigracine (4), Oxodaphnigraciline (5), and Epioxodaphni-
graciline (6). The leaves of the plant Daphniphyllum 
gracile Gage growing in New Guinea were collected late in 
January . According to a usual procedure,9) the air-dried 
leaves were milled and extracted by continuous percolation 
with M e O H at 40 °C. T h e methanolic extracts were con­
centrated under reduced pressure so that the temperature of 
the solution did not exceed 40 °C. T h e concentrate was 
diluted with water, and then acidified by addition of I M 

H 2 S 0 4 . T h e solution was filtered and made basic by ad­
dition of ammonia , and then extracted repeatedly with chloro­
form. Evaporat ion of the combined chloroform extracts gave 
the crude alkaloids as a dark brown residue. This residue 
was dissolved in chloroform (apart from a small amount of 
largely nonalkaloidal gum) and the alkaloids were extracted 
from the solution by repeatedly shaking with successive lots 
of I M H 2 S 0 4 . T h e crude alkaloids as a dark brown oil were 
recovered from the aqueous acidic solution by basification 
with ammonia followed by extraction with chloroform. Yield 
of the crude alkaloids from the air-dried leaves is 0 .15% in 
weight. 

T h e dark brown oil (556 mg) was further separated carefully 
by repeated preparat ive T L C using h e x a n e - E t a O - E t 2 N H 
(10 : 10 : 1) to give five new alkaloids in the following order 
from the less polar to polar fractions: daphnigracine (2) (17.2 
mg) , daphnigracil ine (3) (84.3 mg) , oxodaphnigracine (4) 
(15 mg) , oxodaphnigraciline (5) (61.4 mg) and epioxodaphni-
graciline (6) (70.8 mg) . Their physical da ta are shown below. 

Daphnigracine (2) as a colorless viscous l iquid: v m a x (film) 
3450 and 1730 c m - 1 : mje 403 (M+) and 385 (Found: mje 
403.27186. Calcd for C 2 4 H 3 7 0 4 N : mje 403.27224). 

Daphnigraciline (3) : M p 76—78 °G (from hexane-E t a O) ; 
»'max (Nujol) 3500 and 1735 cm" 1 ; mje 389 (M+) and 371 
[Found: C, 70.70; H , 9.25; N, 3 .23% (mje 389.25396). 
Calcd for C 2 3 H 3 5 0 4 N : C, 70.92; H , 9.06; N , 3.60% (mje 
389.25659)]. 

Oxodaphnigracine (4): M p 116—117°C (from hexane -
Et a O) ; v m a x (Nujol) 3400 br, 1730, 1685, and 1650 cm" 1 ; A m a s 

253 n m (e, 7500); Ô 0.88(6H, d, 7 = 7 . 0 Hz) , 2.10(3H, s), 
3.60(1H, dd, 7 = 1 1 , 2 Hz) , 3.69(3H, s), a n d 4 . 0 3 ( l H , d, J= 
11 H z ) ; m/« 417 (M+) and 399 (Found: mje 417.25334. 
Calcd for C 2 4 H 3 5 0 5 N : mje 417.25151). 

Oxodaphnigraciline (5) : M p 107—109 °C (from h e x a n e -
E t a O ) ; *Wx (Nujol) 3380 br, 1730, 1685, and 1648 c m - 1 ; 
A m a s 253 n m (e, 8060); «5 0.94(3H, t, 7 = 7 . 0 H z ) , 2.12(3H, 
s), 3.58(1H, dd, 7 = 1 1 . 5 , 3 Hz) , 3.70(3H, s), and 4.03(1 H , 
d, 7 = 11.5 H z ) ; mje 403 (M+) and 385 (Found: mje 
403.23692. Calcd for C 2 3 H 3 3 0 5 N : mje 403.23585). 

Epioxodaphnigraciline (6): M p 102—104 °C (from hexane -
E t a O ) ; fmax (Nujol) 3400 br, 1735, 1685, and 1650 c m - 1 ; 
Am a x 252 n m (e, 7000); ô 0.92 (3H, t, 7 = 7 . 5 Hz) , 2.15(3H, 
s), 3.61 (4H, s)*, and 3.88(1H, d, 7 = 1 2 H z ) ; mje 403 (M+) 
and 385 (Found: mje 403.23532. Calcd for C 2 3 H 3 3 0 5 N : 
mje 403.23585). 

Formation of Daphnigraciline Methiodide (9). According 
to the similar procedure as that of yuzurine (1), a solution 
of daphnigracil ine (20 mg) in acetone (5 ml) was treated with 
M e l (1 ml) at room temperature overnight to give pale 
yellow crystals in quanti tat ive yield:; m p (dec) 163— 
165 °C (from a c e t o n e - E t 2 0 ) ; v m a x (Nujol) 3300 and 1710 
c m - 1 ; mje 371 ( M + - M e I - H a O ) (Found: C, 54.17; H, 
7.36; N, 2 .45%. Calcd for C 2 4 H 3 8 0 4 N I : C, 54.23; H , 
7 .21; N , 2 .64%) . 

Formation of Daphnigracine Methiodide (8). Unde r the 
same conditions as that of daphnigracil ine (3), daphnigracine 
methiodide was also produced in an almost quanti tat ive yield ; 
m p (dec) 198—199 °C (from ace tone -E t 2 0) ; x<max (Nujol) 
3450 br, 3320 and 1710 c m - 1 ; mje 385 ( M + - M e I - H a O ) 
(Found: C, 53.57; H, 7.15; N , 2 .46%. Calcd for 
C 2 5 H 4 0 O 4 N I - H 2 O : C, 53.28; H , 7.15; N , 2 .64%) . 

Dehydration of Daphnigraciline Methiodide (9). A solu­
tion of 9 (15 mg) in A c 2 0 - A c O H [(1 : 1) 2 ml] was allowed 
to stand at room temperature overnight, and then concent­
rated under reduced pressure at 100 °C to leave a crystalline 

* One of the geminal protons (HB) is included. 
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solid (13 mg) . Recrystallization from acetone—EtaO gave 
pale yellow needles (11): m p (dec) 235—237 °C; v m a s 

(Nujol) 1730 and 1680 c m - 1 ; «5 1.00(3H, t, 7 = 7 . 2 Hz) , 3.29 
(1H, d, 7 = 1 3 . 5 Hz) , 3.54(3H, s), 3.61(3H, s), 3.62(3H, s), 
3.73—3.92(2H, br ) , 4.02(1H, d, 7 = 1 2 Hz) , 4.18(1H, d, J= 
13.5 H z ) , 4.38(1H, d, 7 = 1 2 Hz) , and 4.39(1H, m ) ; m/e 371 
( M + - M e l ) , 356, 343, 340, 328, 314, 312, and 300 (Found: 
C, 55.99; H , 7.13; N, 2 . 3 1 % . Calcd for G 2 4 H 3 6 0 3 N I : G, 
56.14; H, 7.07; N , 2 .72%). 

Dehydration of Daphnigracine Methiodide (8). Unde r the 
similar conditions as that of 9, daphnigracine methiodide 
(20 mg) was treated with A c a O - A c O H [(1 : 1) 3 ml] to give 
a crystalline solid (ca. 20 mg) , which was recrystallized from 
ace tone-Et a O to give pale yellow needles (10): m p (dec) 
243—245 °C; v m a x (Nujol) 1730 and 1675 c m - 1 ; «5 1.01(6H, 
d, 7 = 7 . 0 Hz) , 3.30(1H, d, 7 = 13.5 Hz) , 3.57(3H, s), 3.63(3H, 
s), 3.65(3H, s), 3.7—3.90(2H, br) , 4.02(1H, d, 7 = 1 2 Hz) , 
4.21(1H, d, 7 = 1 3 . 5 Hz) , 4.44(1H, d, 7 = 1 2 Hz) , and 4.44 
(1H, m ) ; m/e 385 ( M + - M e l ) , 370, 357, 354, 342, 326, 314, 
and 300 (Found: G, 57.45; H , 6 .83; N , 2 .38%. Calcd for 
C 2 5 H 3 8 0 3 N I : C, 56.92; H , 7.26; N, 2 .66%). 

Conversion of Daphnigraciline Methiodide (9) into Yuzurine Me­
thiodide (7). Daphnigracil ine methiodide (10 mg) was 
dissolved in M e O H (2 ml) containing one drop of A c O H . 
T h e resulting solution was allowed to stand at room tempera­
ture overnight, and then concentrated under reduced pressure 
on a boiling water-bath to give a pale brown solid (ca. 10 mg) , 
which was crystallized from M e O H - b e n z e n e to afford pale 
yellow crystals of yuzurine methiodide (7) (mp and I R spec­
trum) . 

Conversion of the Dehydration Product (11) into Yuzurine Meth­
iodide (7). According to the same procedure as that of 
daphnigracil ine methiodide (9), 11 (10 mg) was treated with 
M e O H (2 ml) containing one drop of A c O H to give a crystal­
line solid quantitatively, which was recrystallized from M e O H -
benzene to give yuzurine methiodide (7) (mp and I R spec­
t rum) . 

Conversion of Daphnigraciline (3) into Yuzurine (1) and Epi-
yuzurine (12). A solution of 3 (100 mg) in M e O H (5 
ml) containing A c O H (ca. 0.01 ml) was stirred at room tem­
perature for 4 h, and then concentrated under reduced pres­
sure at 100 ° G to leave a slightly brown residue, which was 
separated by preparat ive T L G [ h e x a n e - E t 2 0 - E t 2 N H (20 : 
20 : 3)] to give yuzurine (75 mg) (TLG and I R spectrum) 
and a colorless viscous liquid of epiyuzurine (ca. 7 mg) which 
was characterized as the corresponding methiodide (13), m p 
(dec) 144—146 °G (from ace tone-Et a O) ; v m a x (Nujol) 
1730 c m - 1 ; «5 0.85(3H, t, 7 = 7 . 0 Hz) , 3.11(3H, s), 3.42(2H, 
br s), 3.55(3H, s), 3.65(3H, s), 3.66 (3H, s), 3.34—3.72(1H, 
superimposed on Me signals), and 3.84—4.22(3H, complex); 
m/e 403 ( M + - M e l ) , 388, 371, 343, 340, 328, 314, 312, and 
300 (Found: G, 54.59; H , 7.15; N, 2 .20%. Calcd for 
C 2 5 H 4 0 O 4 NI : G, 55.04; H , 7.39; N , 2 .57%). 

Dehydration of Daphnigracine (2). A solution of 2 (20 
mg) in A c 2 0 - A c O H [(1 : 1) 2 ml] was allowed to stand at 
room temperature overnight, and then concentrated to dryness 
under reduced pressure at 100 °G. T h e resulting pale brown 
oil was purified by preparat ive T L C , using h e x a n e - E t 2 0 -
E t 2 N H (10 : 10 : 1) to afford a colorless viscous liquid (15 
mg) [14: v m a x (film) 1735 and 1675 c m - 1 (no O H absorption 
band) (Found: m/e 385.25956. Calcd for C 2 4 H 3 5 0 3 N : m/e 
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385.26168) which was characterized as the corresponding 
methiodide (10). 

Dehydration of Daphnigraciline (3). According to the 
same procedure as that of daphnigracine (2), t reatment of 
3 (20 mg) with A c 2 0 - A c O H [(1 : 1) 2 ml] afforded the cor­
responding dehydration product (12 mg) as a colorless viscous 
liquid [15: v m a x (film) 1740 and 1678 cm" 1 (no O H absorp­
tion band) (Found: m/e 371.24465. Calcd for C 2 3 H 3 3 0 3 N : 
m/e 371.24603)]. This product was also characterized as the 
corresponding methiodide (11). 

Dehydration of Oxodaphnigraciline (5). According to the 
same conditions as that of daphnigracine (2), 5 (22 mg) was 
treated with A c 2 0 - A c O H [(1 : 1) 2 ml] to give a brown 
oil, which was purified by preparative T L C using E t a O - E t 2 N H 
(40 : 3) to afford an almost colorless viscous liquid (10 mg) 
[16: v m a s (film) 1735, 1690 br, and 1665 cm" 1 (no O H ab­
sorption b a n d ) ; Ô 1.00(3H, t, 7 = 7 . 5 Hz) , 2.16(3H, s), 3.55 
(1H, d, 7 = 1 1 . 5 Hz) , 3.64(3H, s), 4.11(1H, dd, 7 = 1 1 . 5 , 2 
Hz) , and 4.36(1H, m) (Found: m/e 385.22619. Calcd for 
C 2 3 H 3 1 0 4 N : m/e 385.2253)]. 

T h e a u t h o r s wish to t h a n k D r . M a s a y a s u K u r o n o 
( O n o C e n t r a l R e s e a r c h L a b o r a t o r i e s ) for m e a s u r e m e n t s 
of h i g h r e so lu t ion mass s p e c t r a . T h e y a r e also i n d e b t e d 
to Miss . K i k u k o K a t o ( A n a l y t i c a l C e n t e r , M e i j o U n i v e r ­
sity) for e l e m e n t a l ana lyses . T h i s r e sea rch h a s b e e n 
s u p p o r t e d in p a r t b y g r a n t s f rom t h e M i n i s t r y of E d u c a ­
t i on , to w h i c h grea t fu l a c k n o w l e d g e m e n t is m a d e . 
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A series of multilayered paracyclofuranophanes and paracyclothiophenophanes were synthesized by cross­
breeding Hofmann elimination method from mixed quaternary ammonium hydroxides. Their structures and 
conformations were elucidated by NMR analyses. In electronic spectra, paracyclothiophenophanes exhibited 
stronger transannular electronic interactions than paracyclofuranophanes whose absorption curves show unexpected 
resemblance to those of multilayered metaparacyclophanes. Paracyclofuranophanes and [2.2](2,5)furanophane 
underwent addition reaction with benzyne to give 1 : 1 and 1 : 2 adducts, respectively. Their structures and pro­
perties were also studied by spectral measurements. 

In recent years, multilayered compounds in which 
three or more aromatic rings are mutually stratified 
have been extensively investigated from a viewpoint of 
transannular Jt-electronic interaction.2~4) It has be­
come apparent that such electronic interactions among 
aromatic rings and the internal strain due to face-to-face 
benzene ring compression are mainly responsible for a 
number of anomalous physical and chemical properties 
of layered compounds, and the interaction increases 
with an increase of layer number. These results have 
prompted us to study multilayered cyclophanes contain­
ing heteroaromatic ring such as furan and thiophene, 
1—10, which might demonstrate much information on 
the transannular electronic interaction between benzene 
and heteroaromatic rings and on their chemical pro­
perties. 

Scheme 1. 

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

Syntheses. Although a number of synthetic 
methods have been recently developed for [2.2]cyclo-
phane,5) 1,6-Hofmann elimination method presented by 
Winberg et A/.6) is still very convenient and advantageous 
for the synthesis of multilayered [2.2]paracyclophane 
because of facile availability of the intermediary com­
pounds.2,3) In the present work we applied the same 
method for the syntheses of all paracycloheterophanes 
1—10. The syntheses of intermediates, quaternary am­
monium salts 11—17, were carried out in the same way 
as described in literatures.2,3 ,6) 

Gram and his coworkers first found out the forma­
tion of [2.2]paracyclo(2,5)furanophane 1 by the cross­
breeding Hofmann degradation of 5-methylfurfuryltri-
methylammonium hydroxide l i b and /»-methylbenzyl-
tr imethylammonium hydroxide 13b.7) Similarly, we 
prepared [2.2]paracycloheterophanes 2—4 by cross­
breeding reaction of the corresponding two quaternary 
ammonium hydroxides. A cross-breeding reaction 
generally produces a mixture of three main cyclophanes. 
For example, two intermediates, 18 and 19, generated 
from pyrolysis of the corresponding quaternary am­
monium hydroxides give cyclophane 20 from a cross 
coupling and cyclophanes 216) and 222,3,6) from homo-
coupling. Besides them, [2.2.2](2,5)thiophenophane 23 
was formed from 12 and [2.2.2]paracyclophane 242) 
from 13 as minor products. Triple- and quadruple-
layered paracycloheterophanes 5—10 were also synthe­
sized by the same cross-breeding method using the cor­
responding multilayered quaternary ammonium salts 
15—17. In these cases, multilayered [2.2]paracyclo-
phanes such as 252,3) were formed as one of homo-
coupling products. 

T h e yields of cross coupling products are fairly low 
as compared with those of homo-coupling products and 
decrease with an increasing number of layers because 
multilayered cyclophanes and layered quinodimethane 
intermediates are relatively unstable. In the syntheses 
of layered paracyclophanes, a cross coupling product 
was easily separated from homo-coupling products by 
careful column chromatography on silica gel or alumina. 
However, some paracycloheterophanes were found to 
be very difficult to purify by means of conventional 
chromatography. This difficulty could be overcome by 
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Scheme 2. 
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__^R 21a X=0 22a R=H 
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25a R=H 
b R=Me 

Scheme 3. 

use of silica gel coated with silver nitrate, which ad­
sorbed heteroaromatic nucleus more strongly. In ad­
dition, use of preparative gel permeation liquid chro­
matography was found to be advantageous.. 

Structures and NMR Spectra. T h e N M R specrtal 
data of multilayered [2.2]paracycloheterophanes are 
summarized in Table 1. The most remarkable feature 
is that the chemical shifts of all the aromatic protons 
appear at high field as in the case of multilayered [2.2]-
paracyclophanes.8) There has been observed a certain 
regularity for upfield shifts of the aromatic protons, 
since each benzene ring is stacked in parallel at regular 
intervals (mean value 3.06 Â).9) The upfield shifts of 
the present paracycloheterophanes are relatively small 
and rather irregular. This suggests that heteroaro­
matic rings are not stacked in the same mode as that of 
benzene rings. Table 1 also shows that two thiophene 
protons of the paracyclothiophenophanes appear non-
equivalently except for 3. In the case of 4,7-dimethyl-
[2.2]paracyclophane 26, the aromatic protons H a at 
pseudo-gem position to methyl group were observed to 
shift considerably downfield due to the steric compres­
sion effect.8) Similarly the nonequivalence of the thio­
phene protons is interpreted to arise from a down-
field shift of one of the protons, which is sterically com-

CH3 

r&i rOi 
CH3 

Ha 

2 6 

Scheme 4. 

pressed by pseudo-gem methyl or methylene group. 
The steric compression effect (—0.32 ppm) of methyl 
group in 4 is almost same as that (—0.36 ppm) in 26. 
T h e steric compression effect of bridged methylene is 
generally not observed in a series of paracyclophanes 
as indicated by equivalence of outer aromatic protons 
in 25a or 27.8) T h e appearance of such effect on 
thiophene proton indicates that the proton is very close 
to pseudo-gem methylene group owing to the bulkiness 
of sulfur atom. O n the other hand, furan series shows 
no steric compression effect. Thus the N M R signal 
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TABLE 1. NMR DATA OF LAYERED PARACYCLOHETEROPHANES IN CARBON TETRACHLORIDE (Ô VALUE) 

Compound 

1 ~ 

2 

3 

4 

5 

6 

7 

8 

9 

10 

21a 
21b 
23 

Ha 
Hb 

He 
Ha 
Hb 

He 
Ha 
Hb 
He 
Ha 
Hb 
He 
Hd 
Ha 
Hb 

He 
Hd 
Ha 
Hb 

He 
Hd 
Ha, 
He 
Hd 
He 
Ha 
Hb 
He 
Hd 
He 
Ha 
Hb 

He 
Hd 
He 
Ha, 
He 
Hd 
He 
Hf 

ArH 
(Fixée 

5.52(s, 2H) 

6.68(s, 4H) 

5.51 (s, 2H) 

6.37(s, 2H) -

6.12(s, 2H) 
6.08(d, 2H) 
6.98(d, 2H) 

5.49 (s, 
; 6.12(d, 

[ 7.07(d, 
5.62 (s, 
6.11 (s, 

6.99 (s, 

6.40(ABd, 3.8 Hz, 1H) 
6.08 (ABd, 3.8 Hz, 1H) 
5.68 (s, 1H) 
6.54 (s, 1H) 
5.29(s, 2H) 

5.75(s, 2H) • 

6.15(s, 4H) 
5.30(s, 2H) 

6.18(s, 2H) H 

5.78(s, 2H) 
Hb 5.97(ABq, . 
5.03 (s, 1H) 
6.00 (s, 1H) 
6.16(s, 4H) 
6.06(ABd, 2.5 
5.97(ABd, 2.5 
5.41 (s, 1H) 
6.38 (s, 1H) 
5.77(s, 2H) 
5.21 (s, 2H) 

5.50(s, 2H) 

5.26(s, 2H) 
6.06(s, 4H) 

Hb 5.87(ABq, I 
4.80 (s, 1H) 
5.74 (s, 1H) 
5.19(s, 2H) 
6.02(s, 4H) 
5.90(s, 4H) 
6.72(s, 4H) 
6.44(s, 6H) 

5.22 (s, 
5.18 (s, 

6.17(s, 
6.13 (s, 
5.37 (s, 
5.72 (s, 

6.70 (s, 
5.89 (s, 

I)a) 

2H) 
2H) 

2H) 
2H) 
1H) 

1H) 

2H) 
1H) 

1H) 
4H) 
2H) 
1H) 

1H) 
2H) 

2.5 Hz, 2H) 

Hz, 1H) 
Hz, 1H) 

5.15 (s, 
4.96 (s, 

5.84 (s, 
5.20 (s, 
5.99 (s, 

5 Hz, 2H) 

2H) 
1H) 

1H) 
2H) 
4H) 

CH2 

2.9—2.35 (A2B2, 8H) 

3.2—2.3(m, 8H) 

3.4—2.6(m, 8H) 

3.5—2.7(m, 8H) 

3.4—2.2 (m, 16H) 

3.4—2.2 (m, 16H) 

3.4—2.2 (m, 16H) 

3.5—2.2 (m, 16H) 

3.3—2.0(m, 24H) 

3.4—2.1 (m, 24H) 

2.65(bs, 8H) 
3.5—2.7(A2B2, 8H) 
2.99 (s, 12H) 

GH, 

2.11(s, 

1.77 (s, 
2.48 (s, 

1.99 (s, 

1.87 (s, 
1.98 (s, 

6H) 

3H)b) 
3H)0 

6H) 

3H)b> 
3H)C> 

a) 1, 5, and 9 in CS2; 2 in CDC13; 6 in 2 : 1 CDC13-CS2. b) a-GH3. c) jS-CH3. 

of the furan protons remains to be a singlet even at low 
temperature which may give rise to fixation of the furan 
ring. I t seems reasonable to assume that the stacking 
modes of furan and thiophene rings are quite different 
from each other. In order to elucidate these structural 
problems, X-ray crystallographic analyses of triple-layer­
ed paracycloheterophanes 5 and 8 were very recently 
carried out by Kasai and his coworkers (Figs. 1 and 

2).10> Thus the furan ring is stacked at some angle on 
the faced benzene ring just like [2.2]metaparacyclo-
phane.11) The geometry is consistent with the spectral 
behavior described above. O n the other hand, the 
thiophene ring is stacked in parallel on the faced benzene 
ring like [2.2]paracyclophane,12) but it is slidden in such 
a way that the thiophene proton comes close to pseudo-
gem methylene group as predicted by N M R analysis. 
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00 

C 3 V . 

Fig. 1. Profile of triple-layered paracyclofuranophane 5. 
Intramolecular non-bonded distances (Â); O <C1, 
2.860; O -C2, 2.927; 0 - C 3 , 3.054; O- -C4, 2.820; 
O...G5, 3.011; O—C6, 3.173. 

Fig. 2. Profile of dimethyl triple-layered paracyclothio-
phenophane 8. Intramolecular non-bonded distances 
(Â); S - C l , 3.121; S - C 2 , 3.049; S-.C3, 3.197; 
S - G 4 , 3.122; S - C 5 , 3.436; S - C 6 , 3.597. 

T h e structural difference between furanophane and 
thiophenophane is mainly due to larger bulkiness of 
sulfur a tom relative to oxygen atom. 

Another striking feature in N M R data is that aro­
matic protons of benzene ring faced to heteroaromatic 
ring appear to be nonequivalent in thiophene series and 
to be equivalent in furan series. These phenomena 

Fig. 3. Ring inversion of [2.2]paracyclofuranophane 1. 

D X o D2 D3 D4 

X=0 2.91A 3 . 01 3.14 3 .28 

X=S 2 .44 2 . 6 1 2 . 6 3 2 .88 

Fig. 4. Non-bonded distances between heteroatom and 
faced benzene in the transition state of the interconver­
sion process. 

can be explained to arise from the fixation of thiophene 
ring in the former series and the rapid interconversion 
of furan ring in the latter series as shown in Fig. 3.13) 

We studied the dynamic behavior of a series of para-
cyclofuranophanes by variable temperature N M R spec­
troscopy. When the temperature is lowered, coa­
lescence occurs and the aromatic protons of the faced 
benzene ring become nonequivalent (Table 1 ). Activa­
tion energy AG* for the interconversion process was 
calculated by peak separation method according to 
Gutowsky and Holm14) (Table 2). The flipping in 
triple- and quadruple-layered paracyclofuranophanes is 
appreciably easier than that in double-layered one. 
This can be explained in terms of the geometry of the 
faced benzene ring. Molecular model of 1 shows that 
the benzene ring is deformed into a boat shape like 
[2.2]paracyclophane.12) O n the other hand, as indi­
cated by X-ray analysis of 5, the inside benzene ring 
of multilayered cyclophane is deformed into a twist 
form which is caused by pulling up and down with 
two pairs of methylene bridges. Such structural changes 
of the faced benzene ring are considered to lower the 
steric barrier for the flipping of the furan ring. 

The thiophene ring of paracyclothiophenophanes was, 
at the beginning, expected to flip at high temperature. 
However, they showed no change in their N M R spectra 
up to 150 °C but appreciable decomposition above this 
temperature. For understanding of the conformational 
behavior of furan and thiophene, it is advisable to in-
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TABLE 2. ACTIVATION ENERGY A G C (kcal/mol), RATE CONSTANT KC (S _ 1 ) , LIFE TIME TC (S), 

COALESCENCE TEMPERATURE Tc ( ° C ) , AND PEAK SEPARATION A** ( H z ) OF FACED 

BENZENE PROTONS FOR THE INVERSION PROCESS OF PARACYGLOFURANOPHANES 

Compound 

AGC 

* c 

* C 

Tc 

Av 

11.4 
1.26x10* 
3.97X10-3 

- 3 9 
53.1 

11.9 
1.17X102 

4.25X10-3 

- 2 9 
53.1 

10.4 
1.22x10* 
4.10X10-3 

- 5 8 
57.0 

10.2 
1.28X102 

3.91 x l0~ 3 

- 6 2 
57.7 

10.2 
1.17X102 

4.26X10-3 

- 6 3 
52.9 

4 h 

S3 

2 h 

200 

X 

^âr 

_ 

\v 
\ \ \ . 

\V.V'\\ 
\ \ \ \ - \ \ \ x \ \ 

\ > :\ \ \ \ Vv..^ 

\ \ \ " :^> 

\ 1 * 

i L_ i i 
250 300 350 

Fig. 5. Electronic spectra of multilayered paracyclo­
thiophenophane 3 ( ), 7( ), and 10 ( ), 
together with multilayered paracyclophanes 22a 
( ), 27 ( ), and 25a ( ) in cyclo-
hexane. 

Fig. 6. Electronic spectra of multilayered paracyclo-
furanophanes 1 ( ), 5 ( ), and 9 ( ), to­
gether with [2.2]metaparacyclophane (— — ) , 28 
( ), and 29 ( ) in cyclohexane. 

quire the non-bonded distances between heteroatom and 
faced benzene in the transition state where heteroaro-
matic ring is perpendicular to benzene ring. A minute 
calculation was performed on a computer using X-ray 
data of 5 and 8 as shown in Fig. 4.10) T h e non-bonded 
distances for paracyclofuranophane are comparable to 
van der Waals distance (3.10 Â) of oxygen and benzene, 
supporting that the ring flipping is feasible according 
to temperature condition. O n the other hand, the non-
bonded distances for paracyclothiophenophane are much 
smaller than van der Waals distance (3.55 Â) of sulfur 
and benzene. The resulting large steric barrier in­
hibits the flipping process of thiophene ring. 

Electronic Spectra. I t is well-known that the tran-
sannular electronic interaction between two chromo-
phores which are closely fixed with each other affects 
strongly the electronic spectra.15) Multilayered [2.2]-
paracyclophanes exhibited strong bathochromic and 
hyperchromic effects in their spectra with an increasing 
number of the layers, which were theoretically explained 
by both exciton and charge-transfer interactions.16) 

As shown in Figs. 5 and 6, the present multilayered para­
cycloheterophanes show an analogous tendency, and 
the characteristic absorptions of the heteroaromatic 
rings disappear successively as the number of layer in­
creases. The bathochromic shifts of the thiophene 
series are more significant than those of the furan series, 
indicating that thiophene interacts more strongly with 
benzene than furan. Incidentally, the absorption curves 
of the former show unexpected resemblance to those 
of multilayered paracyclophanes 25a and 27 (Fig. 5) 
and the spectra of the latter to those of the corresponding 
multilayered metaparacyclophanes 28 and 29 (Fig. 6).17) 
These spectral properties seem to be partly attr ibutable 
to the stacking modes of paracyclothiophenophane sim­
ilar to multilayered paracyclophane and paracyclo­
furanophane to multilayered metaparacyclophane. 
The transannular electronic interactions are also ob­
served in the cases of [2.2](2,5)thiophenophane 21b, 
[2.2.2](2,5)thiophenophane 23, and [2.2](2,5)furano-
phane 21a (Fig. 7). Thiophene or furan itself has no 
absorption in the ultraviolet region above 230 nm.18) 
These cyclophanes clearly show bathochromic shifts or 
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TABLE 3. ABSORPTION MAXIMA OF TCNE 

COMPLEXES (nm) IN CH2G12 

Scheme 5. 

200 250 300 350 

Fig. 7. Electronic spectra of heterophanes 21a (-
21b ( ), and 23 ( ) in cyclohexane. 

appearance of new peaks in the longer wavelength. 
The stronger effect in 21b relative to that in 21a sug­
gests that d-orbitals of sulfur a tom plays significant 
role in the interaction. 

TCNE Complexes. T h e transannular electronic 
interaction in cyclophane system is usually reflected in 
the increase of the 7z-basicity, in other words, the in­
teraction brings a strong donor character to that sys­
tem.2,3 '19) The absorption maxima of charge-transfer 
complexes of the present paracycloheterophanes and 
tetracyanoethylene (TCNE) are summarized in Table 
3. As the number of layers increases, the absorption 
maxima shift to longer wavelength as seen in the case 
ofmultilayered [2.2]paracyclophane.2 '3) Although furan 
and thiophene have lower ionization potentials (9.00 
and 9.10 eV, respectively) than benzene (9.52 eV), the 
C T bands of multilayered paracycloheterophanes with 
more than three layers appear at rather shorter wave­
length than those of paracyclophane analogues. Evi­
dently the electronic interaction between heteroaromatic 
and benzene rings is less effective than that between 
benzene rings. Table 3 also shows that thiophene 
series has stronger interaction than furan series. 

2,5- Dimethy lfur an 
2,5-Dimethylthiophene 
/(-Xylene 
Durene 
Furanophanes 

1 
2 
5 
6 
9 

21a 
Thiophenophanes 

3 
4 
7 
8 

10 
21b 

574 
416, 556 
460 
480 

563 
563 
584 
622 
570 
588 

538 
572 
626 
644 
655 
545 

Addition Reaction with Benzyne. Layered cyclo-
phanes offer many example of unusual addition reac­
tions.20) In particular, furanophanes have shown to 
undergo Diels-Alder reactions to give polycyclic com­
pounds bearing unique skelton.7,21) However, the pre­
sent paracyclofuranophanes did not react with ordinary 
dienophiles such as maleic anhydride, dimethyl acet-
ylenedicarboxylate, and tetracyanoethylene. When 
benzyne was used as a dienophile, paracyclofurano­
phanes 1 and 5 gave 1 : 1 adduct respectively. Three 
types of conformations are possible for these adducts. 
e.g., 30, 31 , and 32 from 1. In the structures 31 and 

-Ha 

32, the N M R signals of H a protons would shift signifi­
cantly to high field due to magnetic anisortropy of the 
fused benzene ring. The N M R spectra of the adducts 
are consistent with the structures 30 and 33 (Fig. 8). 
Moreover, examination with molecular model indicates 
that the structures 31 and 32 are sterically unfavorable 
because there are considerable repulsion between the 
fused benzo group and faced benzene rings. 

As shown in Fig. 9, the electronic spectra of these 
adducts exhibit unexpected large bathochromic and 
hyperchromic shifts. T h e C T bands of their T C N E 
complexes also appear at longer wavelength than pre­
dicted; 30, Amax 505 and 570(sh) n m ; 33, Amax 530(sh) 
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\ \ 6 - 8 9 ( r ) 

CIL, : 2 . 0 - 3 . 1 (rn) 
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36 

Fig. 8. NMR data of benzyne adducts (a value in 
deuteriochloroform). 
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Fig. 9. Electronic spectra of benzyne adducts 30 ( ), 
33 ( ), 34 ( ), and 36 ( ) in tetrahydro-
furan. 

and 634 nm in dichloromethane. These data apparent­
ly indicate the presence of strong transannular electron­
ic interaction in the adducts. A direct interaction 
between the two benzene rings does not seem to take 
place. Therefore, either olefinic group or oxygen atom 
is predicted to take part in the electronic interaction. 
In order to obtain further evidence, the olefinic group of 
30 was saturated by catalytic reduction using P d - C . 
Surprisingly, the hydrogénation gave dihydro compound 
34 accompanied by an inversion of the conformation 
instead of 35 with retention. The structure of 34 is 
assigned by its N M R spectrum. Thus the H a proton 
drastically shifts to high field compared to H a proton 
of 30, which is due to magnetic anisotropy of the fused 
benzo group. Probably, the conformational change 

-Ha 

Scheme 7. 

arises from an increasing steric hindrance of ethano 
group with H a proton in 35, as compared to that of 
fused benzo group with H a proton in 34. T h e electronic 
spectrum of 34 is similar to that of adduct 30 (Fig. 9) 
and the absorption maxima of its T G N E complex, 490 
and 570 n m in GH2C12 , are almost same as those of 
30. These facts suggest that there is no essential dif­
ference between the electronic interactions in 30 and 
34, and thereby oxygen atom makes considerable con­
tribution to the interaction in both adducts 30 and 33. 

Battiste and Kapicak22) reported that [2.2](2,5)furano-
phane 21a underwent a Diels-Alder reaction with ben­
zyne to give non-internally cyclized 1 : 1 adduct and 
1 : 2 adduct, and that an anti structure for the latter 
bis-adduct would be favored over others on the basis 
on anti structure of 21a and steric requirement of ben­
zyne approaching. We have carried out the same addi­
tion reaction of 21a with benzyne generated from an-
thranilic acid and obtained 1 : 2 adduct in 16% yield. 
Of six possible conformations 36—41 for the adduct 
other than sterically unfavorable structures with out­
most oxygen like 32, the structure 36 is most favorable 
from N M R data (Fig. 8) which show 0.2 p p m upfield 
shift for olefinic proton and invariable shift for aroma­
tic proton as compared with a reference compound 
42,23) T h e other structures are therefore in conflict 
with the N M R data. Thus , the structures 40 and 41 
would not give any symmetrical N M R pattern. T h e 
olefinic proton of 37 would be expected to shift rather 
to downfield by a deshielding effect of closely placed 

Scheme 8. 
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o x y g e n a t o m . I n 3 8 o r 39 , o n e w o u l d p r e d i c t t h e 
olefinic s igna l to b e i d e n t i c a l to t h a t of 4 2 a n d t h e 
a r o m a t i c s igna l to b e di f ferent f rom t h a t of 42 . T h e 
e l ec t ron ic s p e c t r u m of t h e a d d u c t a n d t h e C T spec­
t r u m of its T C N E c o m p l e x (Am a x , 4 1 0 a n d 5 4 4 n m in 
GH 2 C1 2 ) exh ib i t u n u s u a l t r a n s a n n u l a r e l ec t ron ic i n t e r ­
ac t i on as in t h e case of 30 a n d 33 . 

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

Melting points are uncorrected. All solvents are of reagent 
grade. N M R spectra were taken with a Hitachi Perkin-
Elmer R-20 spectrometer (60 MHz) using tetramethylsilane 
as an internal s tandard. M S and U V spectra were measured 
with a Hitachi R M U - 7 spectrometer (70 eV) and a Hitachi 
EPS-3T spectrophotometer, respectively. A general pro­
cedure of Hofmann elimination reaction was described in 
detail in the experimental par t of 4,7-dimethyl[2.2]paracyclo-
(2,5)furanophane 2. Chromatography was usually done with 
silica gel (Merck, activity I I—III ) of 20 to 100 times of a 
mixture to be separated. Silica gel coated with silver ni trate 
was made as follows: silica gel (100 g) was shaken sufficiently 
with silver ni trate (20 g) in 100 ml of distilled water, and then 
water was removed using a rotary evaporator. T h e residual 
silica gel coated with silver nitrate was activated on standing 
overnight in an oven at 110 °C and used with care to avoid 
exposure to light. 

4,7-Dimethyl[2.2]paracyclo(2,S)furanophane 2. 5-Meth-
ylfurfuryltrimethylammonium iodide 11a6) (15 g, 53 mmol) 
and duryl t r imethylammonium chloride 14a3> (10 g, 44 mmol) 
were dissolved in 500 ml of distilled water and passed through 
ion exchange column packed with Dowex 1-X8 ion exchange 
resin which was previously converted to hydroxide form. 
T h e eluted aqueous solution of l i b and 14b was mixed with 
xylene (50 ml) and phenothiazine (50 mg) . T h e mixture was 
heated with stirring in a nitrogen atmosphere, and water was 
removed by azeotropic distillation using a Dean-Stark type 
of water separator. After removal of water, reflux was con­
tinued for additional 10 h. Insoluble polymer was filtered 
off and washed with xylene. T h e filtrate and washing were 
combined, dried over anhyd magnesium sulfate, and evaporat­
ed. T h e residue was chromatographed on silica gel using 
petroleum ether as an eluent. There was eluted first a mix­
ture of 4,7-dimethyl[2.2]paracyclo(2,5)furanophane 2 and 
4,7,12,15-tetramethyl[2.2]paracyclophane 22b,2 '3) and then 
[2.2](2,5)furanophane 21a6> (0.6 g). T h e mixture was re-
chromatographed on silica gel coated with silver nitrate. 
Elution with 1 : 1 petroleum ether-e ther gave first 2 (884 
mg, 9%) and then 22b (674 mg) . Recrystallization of 2 
from petroleum ether afforded colorless plates, m p 63.0— 
64.5 °G. 

M S m/e 226 (M+). Found : G, 85.02; H, 8 .08%. Calcd 
for G 1 6 H 1 8 0 : G, 84 .91; H , 8 . 0 1 % . 

[2.2]Paracyclo(2,5)thiophenophane 3. I n the same way 
as 2, the cross-breeding reaction of the quaternary hydroxides 
derived from 5-methylthenyltr imethylammonium chloride 
12a6> (4 g, 19 mmol) and/»-methylbenzyl tr imethylammonium 
chloride 13a (9.6 g, 48 mmol) gave a mixture of the desired 
cyclophane 3, [2.2]paracyclohpane 22a, [2.2](2,5)thiopheno-
phane 21b, [2.2.2] (2,5)thiophenophane 23, and [2.2.2]para-
cyclophane 24. After usual column chromatography on silica 
gal and then on silica gel coated with silver nitrate, prepara­
tive gel permeation liquid chromatography gave pure 3 (92 
mg, 2 .3%) , colorless prisms from 1 : 1 hexane-benzene, m p 
230—231 °G (sealed tube) . 

M S m/e 214 (M+). Found : G, 78.67; H , 6 .36%. Calcd 

for C 1 4H 1 4S: C, 78.48; H , 6.59%. 
4,7-Dimethyl[2.2~\paracyclo(2,5)thiophenophane 4. T h e 

cross-breeding reaction of the quaternary hydroxides derived 
from 5-methylthenyltrimethylammonium chloride 12a (3.0 g, 
14.6 mmol) and duryl t r imethylammonium chloride 14a (2.7 
g, 11.9 mmol) gave a mixture of 4, 21b, and 22b. The 
desired cyclophane 4 was separated as in the case of 2, 50 mg 
(1 .7%), colorless plates from petroleum ether, m p 125.0— 
126.0 °G. 

M S m/e 242 (M+). Found: C, 79.62; H , 7.62; S, 13.06 
% . Calcd for C 1 6 H 1 8 S: G, 79.29; H , 7.48; S, 13.23%. 

Triple-layered Paracyclofuranophane 5. T h e cross-breed­
ing reaction of two quaternary ammonium hydroxides (derived 
from 11a, 9.4 g, 33.4 mmol and 15a, 5.0 g, 13.4 mmol) gave 
a mixture of 5, 21a, and quadruple-layered paracyclophane 
25a. T h e desired cyclophane 5 was separated by column 
chromatography on silica gel ,300 mg (6 .8%), colorless plates 
from hexane, mp 117.0—118.0 °C. 

M S m/e 328 (M+). Found : C, 87.60; H, 7.16%. Calcd 
for C 2 4 H 2 4 0 : G, 87.76; H , 7.36%. 

Dimethyl Triple-layered Paracyclofuranophane 6. In this 
case, anion exchange process was carried out by use of silver 
oxide instead of ion exchange resin. Thus , two quaternary 
ammonium salts 11a (0.7 g, 2.5 mmol) and 16a (1.0 g, 2.5 
mmol) were stirred with two equivalents of fresh silver oxide 
in 30 ml of distilled water for a few hours. After filtration, 
the aqueous solution was pyrolyzed in the same way as 2. 
Column chromatography of the products on silica gel using 
1 : 9 benzene-hexane for elution gave first tetramethyl quad­
ruple-layered paracyclophane 25b, then [2.2](2,5)furanophane 
21a and finally the desired cyclophane 6 (20 mg, 2 .2%), 
colorless prisms from petroleum ether, m p 127.0—128.0 °C. 

M S m/e 356 (M+). Found : C, 87.72; H, 7.87%. Calcd 
for C 2 6 H 2 8 0 : C, 87.60; H , 7 .91%. 

Triple-layered Paracyclothiophenophane 7 and [2.2.2](2,5)-
Thiophenophane 23. T h e cross-breeding reaction of the 
quaternary hydroxides derived from two ammonium salts 12a 
(7 g, 34 mmol) and 15a (5 g, 13 mmol) and the subsequent 
column chromatography on silica gel with 1 : 9 benzene-
hexane gave first 21b, and then a mixture of 7 and quadruple-
layered paracyclohpane 25a. From final fraction [2.2.2] (2,5)-
thiophenophane was obtained as colorless crystals (348 mg, 
3 .1%), m p 124 °C. 

M S m/e 330 (M+). Found : C, 65.45; H, 5.49%. Calcd 
for C1 8H1 8S3 : C, 65.44; H , 5 .45%. 

T h e desired cyclophane 7 was purified by column chroma­
tography on silica gel coated with silver nitrate, 22 mg (0.5%), 
colorless prisms from 1 : 3 carbon tetrachloride-acetone, mp 
177 °C with dec. 

M S m/e 344 (M+). Found : C, 83.50; H , 6 .88%. Calcd 
for C 2 4 H 2 4 S: C, 83.69; H, 7.02%. 

Dimethyl Triple-layered Paracyclothiophenophane 8. As 
usual, the desired cyclophane 8 was obtained from the cross­
breeding reaction of two quaternary ammonium hydroxides 
(from 12a, 4 g, 19 mmol and 16a, 4.6 g, 11 mmol) , followed 
by column chromatography on silica gel and then on silica 
gel coated with silver nitrate, yield 33 mg (0 .8%), colorless 
plates from petroleum ether, m p 149—151.5 °C with dec. 

M S m/e 372 (M+). Found : C, 83.96; H, 7 .73%. Calcd 
for C 2 6 H 2 8 S: C, 83.83; H , 7 .58%. 

Quadrulpe-layered Paracyclofuranophane 9. The usual 
cross-breeding reaction of two quaternary ammonium hydro­
xides (derived from 11a, 3.03 g, 10.8 mmol and 17a, 3.00 g, 
6.0 mmol) followed by chromatogrphy on silica gel with 1 : 9 
benzene-hexane gave the desired cyclohpane 9 (56 mg, 2 % ) , 
colorless plates from 1 : 3 carbon tetrachloride-acetone, m p 
176—178 °C, 



July, 1977] Layered Paracycloheterophanes 1849 

M S m/e 458 (M+). Found: C, 88.94; H, 7.27%. Calcd 
for C 3 4 H 3 4 0 : H , 89.04; H, 7.47%. 

Quadruple-layered Paracyclothiophenophane 10. T h e cross­
breeding reaction of two quaternary ammonium hydroxides 
(derived from 12a, 3.5 g, 17 mmol and 17a, 3.0 g, 6 mmol) 
and subsequent purification by column chromatography on 
silica gel with 1 : 9 benzene-hexane gave the cyclophane 
10 (40 mg, 1.4%), colorless prisms from 1 : 3 carbon tetra-
chloride-acetone, dec 195 °C. 

M S m/e 474 (M+). Found : C, 85.30; H, 6.99%. Calcd 
for C 3 4H 3 4S: C, 86.04; H , 7.22%.24> 

Addition Reaction of [2.2]Paracyclo(2,5)furanophane 1 with 
Benzyne. Anthranilic acid (525 mg, 3.83 mmol) in 25 
ml of 1,2-dimethoxyethane and isopentyl nitrite (672 mg, 5.74 
mmol) in 25 ml of 1,2-dimethoxyethane were added dropwise 
and simultaneouly with stirring for one hour into a refluxed 
solution of 1 (253 mg, 1.28 mmol) in 25 ml of 1,2-dimeth-
oxyethane. After the addition, reflux was continued for 
additional 30 min. Sodium hydroxide solution (1.7 M , 300 
ml) was added in the cooled mixture, and the mixture was 
extracted with benzene. T h e extract was washed with water, 
dried over anhyd sodium sulfate, and evaporated in vacuo. 
T h e residue was taken u p in carbon tetrachloride and sub­
jected to column chromatography on silica gel or a lumina 
to give the adduct 30 (85 mg, 2 4 % ) , colorless plates from 
hexane, m p 84.5—85.5 °C. 

M S m/e 274 (M+). Found : C, 87.56; H , 6 .43%. Calcd 
for C 2 0 H 1 8 O: C, 87.56; H, 6 . 6 1 % . 

Addition Reaction of Triple-layered Paracyclofuranophane 5 with 
Benzyne. I n the same way as 30, the adduct 33 was 
obtained from the benzyne reaction of 5 (235 mg, 0.72 mmol) , 
yield 230 mg (79%) , colorless columns from toluene, m p 
245—252 °C with dec. 

M S m/e 404 (M+). Found : C, 89.13; H , 6 .84%. Calcd 
for C 3 0 H 3 8 O: C, 89.07; H, 6 .98%. 

Addition Reaction of [2.2](2,5)Furanophane 21a with Benzyne. 
[2.2](2,5)Furanophane 21a (501 mg, 2.66 mmol) was allowed 
to react with anthranilic acid (1.09 g, 8.0 mmol) and isopentyl 
nitrite (1.61 ml, 12 mmol) in the same way as 30. T h e usual 
purification of the crude product gave 1 : 2 adduct 36 (142 
mg, 16%), colorless plates from toluene, dec 220 °C. 

MS m/e 340 (M+). Found : C, 84.85; H, 5 . 81%. Calcd 
for C 2 4 H 2 0 O 2 : C, 84.68; H , 5.92%. 

Hydrogénation of Adduct 30. T h e adduct 30 (85 mg, 
0.31 mmol) was hydrogenated in the presence of a 5 % P d - C 
in 20 ml of tetrahydrofuran until hydrogen absorption was 
ceased. T h e mixture was filtered and the filtrate was con­
densed. Column chromatography of the residue on alumina 
gave dihydro compound 34 (58 mg, 6 8 % ) , colorless plates 
from hexane, m p 95—96 °C. 

MS m/e 276 (M+). Found : C, 87 .21; H , 6 .97%. Calcd 
for C 2 0 H 2 0 O: C, 86.92; H , 7.26%. 

W e a r e gra tefu l to Professor N o b u t a m i K a s a i a n d D r . 
Yasush i K a i of O s a k a U n i v e r s i t y for t he i r k i n d i n f o r m a ­
t ion of X - r a y c r y s t a l l o g r a p h i c s t r u c t u r e s of t r i p l e - l aye red 
p a r a c y c l o h e t e r o p h a n e s p r i o r to p u b l i c a t i o n a n d for 
the i r helpful discussions. T h a n k s a r e also d u e to M r . 
T . Fu j ino for m i c r o a n a l y s e s a n d to M r . Y. T a k a i for 
N M R m e a s u r e m e n t s . T h i s r e s e a r c h is p a r t l y s u p p o r t e d 
b y t h e G r a n t - i n - A i d of t h e M i n i s t r y of E d u c a t i o n . 
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Total Synthesis of Minosaminomycin^ 
Katsuharu IINUMA, Shinichi K O N D O , * Kenji M A E D A , and Hamao UMEZAWA 

Institute of Microbial Chemistry, 14-23, Kamiosaki 3-chome, Shinagawa-ku, Tokyo 141 
(Received January 21, 1977) 

A component of the antibiotic minosaminomycin (1), ( —)-1D-1 -amino-1-deoxy-nryo-inositol (4) was synthesized 
from D-inositol (3) by catalytic oxidation of an axial hydroxyl group followed by reduction of the ketoxime. Mino-
biosamine, lD-l-amino-l-deoxy-4-O-(a-D-kasugaminyl)-mjy0-inositol (2), was synthesized from 2',4'-di-iV-acetyl-
kasuganobiosamine (9) by a similar method, and separated from the two isomers of 2. The total synthesis of 1 
was accomplished by coupling 2',4'-di-iV-benzyloxycarbonylminobiosamine (14) and JVa-[(£)-!-benzyloxycarbonyl-
3-methylbutylcarbamoyl]enduracididine (15) followed by removal of the protective groups. Compound 14 was 
derived from l,2^4'-tri-iV-benzyloxycarbonylmmobiosamine through the formation of the m-l,2-carbamate. 
A diastereomer of 1 was also synthesized using alloenduracididine. 

Minosaminomycin (1), produced by a streptomyces, 
inhibits the growth of mycobacteria.2) T h e mecha­
nism of action of 1 is similar to that of kasugamycin ; 
that is, 1 inhibits the initiation of protein synthesis in 
a cell free system of Escherichia coli and exhibits stronger 
inhibition than kasugamycin.3) The structure of 1 and 
its partial synthesis from natural minobiosamine (2) 
have been reported in a previous communication.4) 
In this paper we report the synthesis of ( — )- lD-l-amino-
1 -deoxy-mjo-inositol (L-mjyo-inosamine-1 ) (4) from D-
inositol (3), the synthesis of 2 from kasuganobiosamine5) 
(5) and the total synthesis of 1. 

Kasugamine 

NH \ 3 / 3 

,.2 CH2 

-NHC0CHNHC0NHCHC00H 
OH 1 (S) (S) 

Endurac id id ine 

L-wyo- Inosamine- l L-Leucine 

The absolute structure of the new aminocyclitol 4 
determined by application of the T A C u method,2) was 
confirmed by the following synthesis. Catalytic oxida­
tion of 3 with plat inum black by the method of Post 
and Anderson6) gave L-mjw-inosose-1 (6).7) T h e inosose 
6 was treated with hydroxylamine to give a ketoxime (7) 
and then 7 was reduced with sodium amalgam to afford 
4 in 16.5% yield from 3 by the method of Anderson 
and Lardy.8) The identity of 4 with the natural ma­
terial was confirmed in all respects. The synthesis of 
4 also yielded the new aminocyclitol, ( + ) - 1 1 - 1 -amino-1-
deoxy-cÄfro-inositol (ü-inosamine-2) (8) which was iso­
lated by column chromatography on Amberlite CG-50 
resin and silica gel in 12.4% yield. The structure of 
8 was confirmed by the N M R spectrum of its N,0-
hexaacetate in chloroform-«/, which showed signals for 
an axial O-acetyl groups (<5 2.16), an axial TV-acetyl 
and four equatorial O-acetyl groups (ô 2 . 0 5 x 3 , 2.03, 
and 2.00)9) and by application of the T A C u method 
(A[M]TACU - 8 0 0 ° ) . 1 0 ) 

Based on the successful synthesis of 4, we designed a 
synthesis of 2 from 5 which had been synthesized in 
the total synthesis of kasugamycin.11 '12) Catalytic ox­
idation of 2',4'-di-7V-acetylkasuganobiosamine5) (9) with 
plat inum black followed by treatment with hydroxyl­
amine gave a mixture of ketoximes 10 and 11. Reduc­

tion of the mixture with sodium amalgam followed by 
alkaline hydrolysis with 2 M sodium hydroxide afforded 
a mixture of 2, lL-l-amino-l-deoxy-4-0-(a-D-kasuga-
minyl)-^Vo-inositol (12) and 1 D-1 -amino-1 -deoxy-5-
0-(a-D-kasugaminyl)-mjvo-inositol (13) which were sep­
arated by column chromatography on Amberlite CG-
50 resin in 7.9, 16.3, and 5.4% yields from 9, respec­
tively. The synthetic 2 was identical with the natural 
one in all respects. From the N M R spectra of 12 and 
13 in deuterium oxide, the 1-amino group was confirmed 
to have an axial orientation in 12 (H-l : ô 3.76, mul­
tiplet having small coupling constants with two vicinal 
protons), and an equatorial orientation in 13 (H-1 : 
ô 3.25, multiplet having a large coupling constant with 
one of vicinal protons). Acid hydrolysis of the N,0-
heptaacetate of 12 gave 8. The N M R spectra of the 
tri-iV-acetyl-di-O-isopropylidene derivative (12a) of 12 
(methyl signals of frßn.y-0-isopropylidene: ô 1.37 and 
1.39, eis: ô 1.32 and 1.48)13> and the tri-iV-acetyl-
mono-O-isopropylidene derivative (13a) of 13 (methyl 
singals of m-O-isopropylidene: ô 1.36 and 1.52) con­
firmed the structures of 12 and 13. 

nu * 

J n2 3 R = H 

5 R = o-D-kasugaminyl 

9 R =~di-./V-acetyl-a-D-kasugaminyl ] Q R = di-.Y-acetyl-o-D-kasugaminyl, 

6 R , R = H, X = 0 

7 R1, R2 = H, X = N0H 

R = H, X = N0H 

1 1 R1 = H, R2 = di-.Y-acetyl-o-i> 

kasugaminyl, X = N0H 

0H nu I 

2 R1 = o-D-kasugaminy l , R2 = H 8 R1> R2 = H 

4 R1, R2 = H 

1 3 R = H, R2 = o-D-kasugaminyl 

14 R = d i - /V ' -benzyloxycarbonyl-
2 

o-D-kasugaminy l , R = H 

1 2 R = o-D-kasugaminy l , P. 

* To whom correspondence should be addressed. 

For the total synthesis of 1, 2',4'-di-iV-benzyloxycar-
bonylminobiosamine4) (14) was prepared from 1,2',4'-
tri-N-benzyloxycarbonylminobiosamine in good yield by 
fromation of a cyclic carbamate with sodium hydride 
in Af,JV-dimethylformamide followed by hydrolysis with 
5 % bar ium hydroxide octahydrate solution in 5 0 % 
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a q u e o u s d i o x a n e a t 80 °C.14> T h e s t r u c t u r e of t h e 
cyclic c a r b a m a t e w a s s h o w n to b e t h e m - 1 , 2 - c a r b a m a t e 
of 14 b y t h e N M R s p e c t r u m of its m o n o - 0 - i s o p r o p y l -
i dene d e r i v a t i v e (14a) w h i c h s h o w e d m e t h y l s ignals for 
a / r a ^ - O - i s o p r o p y l i d e n e g r o u p a t S 1.38. 

T h e to t a l synthesis of 1 w a s a c c o m p l i s h e d in 21 % 
yield b y c o n d e n s a t i o n of 14 w i t h A r a - [ ( iS ' ) - l -benzyloxy-
c a r b o n y l - 3 - m e t h y l b u t y l c a r b a m o y l ] e n d u r a c i d i d i n e (15) 
b y t h e a c t i v a t e d es ter m e t h o d u s i n g 1 - h y d r o x y b e n z o -
t r i azo le a n d d i c y c l o h e x y l c a r b o d i i m i d e in 7V,iV-dimethyl-
fo rmamide 1 5 ) fol lowed b y ca t a ly t i c h y d r o g é n a t i o n w i t h 
5 % p a l l a d i u m o n c a r b o n in a m i x t u r e of m e t h a n o l , 
ace t ic ac id a n d w a t e r , as d e s c r i b e d in a p r e v i o u s c o m ­
m u n i c a t i o n . 4 ) T h e u r e y l e n e c o m p o u n d 15 w a s p r e ­
p a r e d f rom L-leucine b e n z y l es ter h y d r o c h l o r i d e in 3 3 % 
yield b y t r e a t m e n t w i t h t r i c h l o r o m e t h y l c h l o r o f o r m a t e 
in t o l u e n e fol lowed b y c o u p l i n g w i t h e n d u r a c i d i d i n e . 1 6 ) 
E n d u r a c i d i d i n e f o u n d in t h e a n t i b i o t i c endurac id in 1 7 > 
has r ecen t ly b e e n syn thes ized f rom L-his t id ine b y S h i b a 
a n d coworkers . 1 8^ 

W e syn thes ized also a d i a s t e r e o m e r (2-ß-isomer) of 1 
f rom a l l o e n d u r a c i d i d i n e 1 6 ) i n p l a c e of e n d u r a c i d i d i n e . 
T h i s i somer s h o w e d a b o u t 2 0 % of t h e b a c t e r i o s t a t i c 
ac t iv i ty of 1 b y t h e cy l i nde r p l a t e m e t h o d us ing Myco­

bacterium smegmatis A T C C 607 as t h e test o r g a n i s m . 

Exper imenta l 

Melting points were determined in capillary tubes and 
uncorrected. I R spectra were measured in KBr pellets with 
a Hitachi EPI-S2 spectrometer. N M R spectra were obtained 
on either a Var ian A60-D, HA-100D, or XL-100 spectrom­
eter. Chemical shifts in D 2 0 were recorded in p p m using 
tetramethylsilane as an external reference. All chemical 
shifts in other solvents were recorded in p p m downfield from 
internal tetramethylsilane. Optical rotations were measured 
with a Carl Zeiss L E P A2 Polarimeter. Mass spectra were 
recorded with a Hitachi R M U - 6 M spectrometer. I n all the 
experiments, T L C was carried out on silica gel plates (Merck, 
Art. 5721) and the spots on T L C were visualized with nin-
hydrin, 10% sulfuric acid, Rydon-Smith,1 9) and HBr-n inhy-
drin (sprayed with 4 8 % hydrobromic acid and heated at 
105 °C, then with ninhydrin) reagents. High-voltage paper 
electrophoresis was carried out with a Model LT-48A from 
Savant Instruments under 3500 V for 15 min using formic 
acid-acetic acid-water (1 : 3 : 36) as an electrolyte solution.19) 

•L-myo-Inosamine-1 (4) and D-Inosamine-2 (8) from D-Inositol 

(3). According to the method of Post and Anderson,6) 
an aqueous solution (70 ml) of 3 (700 mg, 3.9 mmol) was 
mixed with an aqueous suspension (35 ml) of p la t inum black 
prepared from 350 mg of p la t inum dioxide just before the 
reaction, and then oxygen gas was bubbled through at 45 °C 
for 3 h with stirring. T h e catalyst was removed by filtration 
and the filtrate was concentrated to dyrness under reduced 
pressure, yielding a crude powder (752 mg) of L-myo-inosose-1 
(6). By the method of Anderson and Lardy,8) to an aqueous 
solution (12 ml) of the crude 6 (602 mg) and hydroxylamine 
hydrochloride (323 mg, 4.65 mmol) , an aqueous solution (6 
ml) of sodium acetate (318 mg, 3.88 mmol) was added drop-
wise under stirring, and the ketoxime (7) was formed by 
further stirring for 2.5 h a t room temperature . T o the reac­
tion mixture diluted with water (5 ml) , 5 % sodium amalgam 
(total 25 g) was added at 10-min intervals for 1 h under stir­
ring and cooling to below 25 °C in a water ba th . T h e p H 
was held between 5.5 and 6.5 by the occasional addit ion of 
acetic acid (4 ml) a n d the reaction mixture was continuously 
stirred for 2 h, After removal of mercury by décantat ion, 
the supernatant was made up to 200 ml with water and 
charged on a column of Amberli te CG-50 (a mixture of 7 0 % 
NH 4 + form and 3 0 % H+ form, 80 ml) . T h e column was 
washed with water (320 ml) and the eluate with 0.15 M am­
monia (800 ml) was collected in 8-ml fractions. T h e ninhy-
drin-positive fractions (Nos. 59—66) were combined and con­
centrated to dryness yielding a slightly yellow powder (256 
mg) . An aqueous solution (4 ml) of the powder was adjusted 
to p H 8.2 by 1 M hydrochloric acid and rechromatographed 
on a column of Amberli te CG-50 (NH4+ form, 50 ml) . T h e 
column was washed with water (200 ml) and eluted with 
0.05 M ammonia (500 ml) . T h e eluate was collected in 5-ml 
fractions. Evaporat ion of the ninhydrin-positive fractions 
(Nos. 12—31) afforded a white crystalline powder of 8 (69 
mg, 12.4% from 3 ) ; m p 192—193 °C (dec), [a]3

D
2 + 5 5 . 2 ° 

(c 0.78, water) (lit,20) L-isomer: m p 200—205 °C (dec), [a]2
D

3 

- 6 4 . 3 ° ) , A [ M ] T A C u - 8 0 0 0 . 1 0 ) M S m/e 180 [ ( M + l ) + ] , N M R 
( D 2 0 ) Ö 3.86 (1H t, J=3 Hz , H - l ) and 3.9—4.6 (5H), T L C 
(chloroform-methanol-28% ammonia -wate r , 1 : 4 : 2 : 1) Rt 

0.41. Found : C, 39.78; H , 7.19; N, 7 .59%. Calcd for 
C 6 H 1 3 N 0 5 : C, 40.22; H , 7.31; N , 7 .82%. 

Evaporat ion of other ninhydrin-positive fractions (Nos. 49— 
59) from the rechromatography afforded a crude powder (156 
mg) of 4. T h e crude powder was chromatographed on a 
column of silica gel (Wakogel C-200, Wako Pure Chemicals, 
15 g) developed with methanol -ch loroform-17% ammonia 
( 4 : 1 : 1), affording a white crystalline powder of 4 (91 mg, 
16.5% from 3 ) ; m p 207—212 °C (dec), [a]2

D
6 - 4 . 2 ° (c 2.86, 

water) . M S m/e 180 [ ( M + l ) + ] , N M R ( D 2 0 ) Ô 3.18 (1H m, 
H - l ) , 3.6—4.3 (4H) and 4.48 (1H br, H-2) , T L C (chloro­
fo rm-methano l -28% ammonia -wa te r , 1 : 4 : 2 : 1 ) R{ 0.35. 
F o u n d : C, 38.94; H , 7.04; N , 7 . 9 1 % . Calcd for C 6 H 1 3 N G v 
1 /2H 2 0 : C, 38.30; H , 7.50; N , 7 .44%. 

T h e hydrochloride of 4 was crystallized from a mixrute of 
water and ethanol as colorless needles; m p 201—203 °C (dec), 
[oc]i5 - 8 . 9 ° (c 1.35, water) (lit,2) m p 201—203 °C, [a]2

D
B 

— 9.5°). This compound was identical with na tura l 4 hydro­
chloride ( C 6 H 1 3 N 0 5 . H C M / 2 H 2 0 ) 2 ) in all respects. 

N,0-Hexaacetates of 4 and 8. T rea tmen t of 4 (47 mg) 
with acetic anhydr ide (0.25 ml) in pyridine (0.5 ml) at room 
temperature for 21.5 h gave mono-JV-acetyl-penta-0-acetyl-L-
mjyo-inosamine-1. Crystallization from a mixture of methanol 
and diethyl ether afforded colorless needles (97 mg) ; m p 212— 
214 °C (dec), [a]2

D
2 - 1 5 ° (c 2.92, chloroform). M S m/e 432 

[ ( M + l ) + ] , I R (KBr) 1750 and 1230 (ester C = 0 ) , 1690, and 
1530 c m - 1 (amide), N M R (CDC13) Ô 1.91 (3H s, eq NAc) , 
1.97 (3H s, eq OAc) , 2.01 (6H s, eq O A c x 2 ) , 2.04 (3H 
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s, eq OAc) , 2.21 (3H s, ax OAc) , 4.51 (1H m, H-1) , 5.52 
(1H t, 7 = 3 Hz, H-2) , and 5.81 (1H d, 7 = 9 Hz, amide) , 
T L C (chloroform-ethanol, 10 : 1) R{ 0.65. Found : G, 50 .31; 
H , 5.66; N , 3 .65%. Calcd for C 1 8 H 2 5 N O n : C, 50 .11; H , 
5.84; N , 3 .25%. 

Trea tmen t of 8 (23 mg) with acetic anhydr ide (0.25 ml) in 
pyridine (0.5 ml) at room temperature for 18 h gave mono-
iV-acetylpenta-O-acetyl-D-inosamine-2. Crystallization from 
diethyl ether afforded colorless crystals (56 m g ) ; m p 151 — 
152 °G (dec), [a]2

D
3 - 1 . 7 ° (c 0.67, chloroform). M S m/e 432 

[ ( M + l ) + ] , I R (KBr) 1755 and 1230 (ester G = 0 ) , 1650 and 
1550 c m - 1 (amide), N M R (CDC13) Ô 2.00 (3H s, eq OAc) , 
2.03 (3H s, eq OAc or ax NAc) , 2.05 (9H s, eq OAc or ax 
N A c x 3 ) , 2.16 (3H s, ax OAc) , 4.71 (1H m, H-1) , and 6.51 
(1H d, 7 = 8 Hz, amide) , T L C (chloroform-ethanol, 10 : 1) 
R£ 0.56. F o u n d : C, 49.99; H , 5.62; N , 4 .08%. Calcd for 
C 1 8 H 2 5 N O n : C, 50 .11; H , 5.84; N, 3 .25%. 

Minobiosamine (2) and Its Isomers (12 and 13) from Kasuga-
nobiosamine (5). According to the method of Suhara 
et a/.5) 2',4'-di-iV-acetylkasuganobiosamine (9) was derived 
from 5. An aqueous solution (200 ml) of 9 (2.0 g, 5.1 mmol) 
was mixed with an aqueous suspension ( 100 ml) of p la t inum 
black which was prepared from 1.0 g of p la t inum dioxide, 
arid then oxygen gas was bubbled through at 45 °C for 2.5 h 
with stirring.6) T h e catalyst was removed by filtration and 
the filtrate was concentrated to dryness yielding a mixture 
(1.75 g) of oxo compounds. T o an aqueous solution (30 ml) 
containing the mixture ( 1.48 g) and hydroxylamine hydro­
chloride (396 mg, 5.7 mmol) , an aqueous solution (15 ml) of 
sodium acetate (390 mg, 4.75 mmol) was added dropwise 
under stirring at room temperature , and stirring was continued 
for 2 h. T h e reaction mixture was concentrated to dryness 
yielding a mixture (1.946 g) of ketoximes 10 and 11. T h e 
ketoxime (896 mg) in water (15 ml) was reduced with 25 g 
of 5 % sodium amalgam in the same manner as described 
for 7. After removal of mercury by décantat ion, the super­
na tan t was concentrated to dryness. T h e residue was dis­
solved in 2 M sodium hydroxide (40 ml) and refluxed for 15 h 
in an oil ba th at 125 °C to remove the acetyl groups. After 
neutralization with acetic acid (4.8 ml) , the solution was made 
up to 400 ml with water and charged on a column of Amberli te 
CG-50 (a mixture of 7 0 % NH 4 + form and 30%, H+ form, 
150 ml) . T h e column was washed with water (600 ml) and 
the eluate with 900 ml of 0.5 M ammonia was collected in 
15-ml fractions. Ninhydrin-positive fractions (Nos. 27—31) 
were combined and concentrated to dryness yielding a white 
powder (271 mg) . I t was dissolved in 5 ml of water and 
rechromatographed on a column of Amberli te CG-50 (NH4+ 
form, 80 ml) . T h e column was washed with water (160 ml) 
and products were eluted with 0.1 M ammonia . T h e eluate 
was collected in 4-ml fractions which were examined by T L C 
with ch loroform-methanol -28% ammonia -wa te r (1 : 4 : 2 : 
1). T h e fractions (Nos. 40—47) with R£ 0.69 were combined 
and concentrated to dryness yielding an epimer of 2, 1 L - 1 -
amino-l-deoxy-4-0-(a-D-kasugaminyl)-cAîVo-inositol (12), as a 
white powder (81 mg, 16 .3% from 9 ) ; m p 104—115 °C (dec), 
[a]2

D
7 + 1 1 7 ° (c 0.3, water) . M S m/e 308 [ ( M + l ) + ] , N M R 

( D 2 0 ) Ô 1.72 (3H d, 7 - 6 Hz , H-6 ' ) , 2.38 (2H m, H-3 ' ) , 
3.44 (1H m, H-4 ' ) , 3.76 (2H, H-1 and -2 ' ) , and 5.43 (1H 
br, H-1 ' ) . 

T h e fractions (Nos. 60—79) which contained material with 
R{ 0.64 were combined and concentrated to dryness yielding 
a positional isomer of 2, lD-l-amino-l-deoxy-5-0-(a-D-kasuga-
minyl)-mjyo-inositol (13), as a white powder (27 mg, 5.4% 
from 9 ) ; m p 112—128 °C (dec), [a]2

D
7 + 7 6 ° (c 0.59, water) . 

M S mje 308 [ ( M + l ) + ] , N M R (D aO) ô 1.71 (3H d, 7 = 6 H z , 
H-6 ' ) , 2.36 (2H m, H-3 ' ) , 3.10—3.55 (2H, H-1 and -40 , 

3.71 (1H m, H-2 ' ) , and 5.46 (1H d, 7 = 2 Hz, H-1 ' ) . 
T h e fractions (Nos. 80—102) with R£ 0.66 by T L C were 

combined and concentrated to dryness affording a white 
powder (39 mg, 7.9% from 9) of 2 ; m p 126—128 °G (dec), 
[a]3

D
2 + 8 2 . 5 ° (c 1.0, water) (lit,4) mp 126—128 °C (dec), 

[<x]2D
9 + 8 1 ° ) . M S m/e 308 [ ( M + l ) + ] , N M R ( D 2 0 ) ô 1.69 

(3H d, 7 = 6 Hz, H-6 ' ) , 2.24 (2H m, H-3 ' ) , 2.95—3.38 (2H 
m, H-1 and -4') 3.58 (1H m, H-2 ' ) , and 5.37 (1H d, 7 = 2 
Hz, H-1 ' ) . Found : C, 44.52; H , 8.38; N, 12.45%. Calcd 
for C 1 2 H 2 5 N 3 0 6 - H 2 0 : C, 44.29; H , 8.36; N, 12.93%. 

N,0-Heptaacetate of 2. Trea tment of 2 (37 mg) with 
acetic anhydride (0.4 ml) in pyridine (0.8 ml) at room tem­
perature for 18 h afforded the N, O-heptaacetate of 2. Crystal­
lization from a mixture of methanol and diethyl ether gave 
colorless needles (48 mg) ; m p 273—274 °C (dec), [<x]2D

6 + 4 . 3 ° 
(c 2.55, chloroform). M S m/e 602 [ ( M + 1 ) + ] , I R (KBr) 1755 
and 1230 (ester C = 0 ) , 1660 and 1550 c m - 1 (amide), N M R 
( C D C y ô 1.14 (3H d, 7 = 6 Hz, H-6 ' ) , 1.75 (2H m, H-3 ' ) , 
1.89 (3H s, 1-eq NAc), 1.95, 1.98, 2.01, 2.04, 2.15 (each 3H 
s, eq O A c x 3 , 2 '-NAc and 4'-NAc), 2.18 (3H s, 2-ax OAc), 
and 6.1—6.8 (3H, amides), T L C (chloroform-ethanol, 10:1) 
Rt 0.26. Found : C, 51.52; H , 6.25; N , 6.56%. Calcd for 
C 2 6 H 3 9 N 3 0 1 3 : C, 51 .91; H , 6.53; N, 6.99%. I t was iden­
tical with the N, O-heptaacetate derived from natural 2 in 
all respects. 

N,0-Heptaacetates of 12 and 13. Compound 12 (79 
mg) was treated with acetic anhydride (0.75 ml) in pyridine 
(1.6 ml) at room temperature for 18 h and the reaction mixture 
was concentrated to dryness. T h e residue was chromato­
graphed on a column of silica gel (Wakogel C-200, 14 g) 
developed with chloroform-ethanol (10 : 1). Fractions con­
taining the N, O-heptaacetate of 12 were combined and con­
centrated to dryness yielding a white crystalline powder (127 
m g ) ; m p 158—160 °C (dec), [a]2

D
4 + 2 9 ° (c 0.74, chloroform). 

M S m/e 602 [ ( M + l ) + ] , N M R (CDC13) ô 1.17 (3H d, 7 = 
6 Hz , H-6 ' ) , 1.80 (2H m, H-3 ' ) , 1.97, 2.00, 2.02, 2.04, 2.05, 
2.11 (each 3H s, eq OAc X 3, 1-ax NAc, 2'-NAc and 4 '-
NAc), 2.12 (3H s, 2-ax OAc) , and 6.2—7.2 (3H, amides), 
T L C (chloroform-ethanol, 10 : 1) Rt 0.15. 

Trea tment of 13 (25 mg) with acetic anhydride (0.25 ml) 
in pyridine (0.5 ml) at room temperature for 18 h followed 
by column chromatography on silica gel (Wakogel C-200, 
4.5 g) developed with chloroform-ethanol (20 : 1) gave a white 
crystalline powder of the N,O-heptaacetate of 13 (30 mg) ; 
m p 172—177 °C (dec). M S m/e 602 [ ( M + l ) + ] , N M R 
(CDC13) ô 1.12 (3H d, 7 = 6 Hz, H-6 ' ) , 1.75 (2H m, H-3 ' ) , 
1.89 (3H s, 1-eq NAc), 1.95, 1.97, 1.99, 2.07, 2.11 (each 3H 
s, eq O A c x 3 , 2'-NAc and 4'-NAc), 2.20 (3H s, 2-ax OAc) , 
and 6.0—6.7 (3H, amides), T L C (chloroform-ethanol, 10 : 1) 
Rt 0.20. 

Hydrolysis of the N,0-Heptaacetate of 12. T h e N,0-
heptaacetate of 12 (45 mg) was hydrolyzed with 6 M hydro­
chloric acid (2 ml) by refluxing in an oil ba th at 100 °C for 
5 h and the reaction mixture was concentrated to dryness. 
T h e residue was chromatographed on a column of Amberlite 
CG-50 (NH4+ form, 5 ml) eluted with 0.05 M ammonia (50 
ml) . T h e eluate containing 8 was concentrated to dryness 
yielding a white crystalline powder of 8 (11 mg, 8 2 % ) . 

1L-1 -Acetamido-1 -deoxy-4-0-(di-N-acetyl-<x-T>-kasugaminyl)-2,3 : 
5,6-di-O-isopropylidene-chiro-inositol (12a). Compound 
12 (20 mg, 0.067 mmol) was treated with acetic anhydride 
(0.3 ml) in methanol (0.6 ml) at room temperature for 
6.5 h and the reaction mixture was concentrated to dryness 
yielding a slightly yellow powder (26 mg) of the tri-iV-acetate 
of 12. T o a solution of this powder in dry iV,iV-dimethylfor-
mamide (0.6 ml) were added 2,2-dimethoxypropane (62 mg, 
0.6 mmol) and /?-toluenesulfonic acid monohydrate (1.4 rr g 
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0.006 mmol) . T h e reaction mixture was heated at 60 °C 
for 2 h under stirring. After neutralization with triethyl-
amine (1.2 mg) , the reaction mixture was concentrated to 
dryness. Purification by column chromatography on silica 
gel (Silic A R GG-7, Mallinckrodt, 4 g) developed with chloro-
form-ethanol (12 : 1) gave a white powder of 12a (13 mg) ; 
m p 177—181 °G (dec), [a]2

D
3 + 1 1 1 ° (c 0.73, methanol) . I R 

(KBr) 1650 and 1545 c m - 1 (amide), N M R (GD 3OD) Ô 1.15 
(3H d, 7 = 6 Hz, H-6 ' ) , 1.32, 1.37, 1.39, 1.48 (each 3H s), 
1.80 (2H m, H-3 ' ) , 1.91 (3H s, NAc) , 1.99 (6H s, N A c x 2 ) , 
and 4.97 (1H br, H - l ' ) , T L G (chloroform-ethanol, 1 : 1 ) 
Rt 0.81. 

1D-7 -Acetamido-1 -deoxy-5-O- (di-N-acetyl-a-D-kasugaminyl) - 2,3-
O-isopropylidene-myo-inositol (13a). Trea tment of 13 
(4.0 mg, 0.013 mmol) with acetic anhydride (0.05 ml) in me­
thanol (0.15 ml) at room temperature for 7 h afforded a 
slightly yellow powder (5.0 mg) of the tri-iV-acetate of 13. 
Trea tment of this powder in dry iV,iV-dimethylformamide 
(0.2 ml) with 2,2-dimethoxypropane (12 mg, 0.115 mmol) 
and jf)-toluenesulfonic acid monohydrate (0.2 mg, 0.001 mmol) 
at 60 °C for 2 h followed by neutralization with tr iethylamine 
(0.2 mg) and evaporation gave a crude powder. Purification 
by column chromatography on silica gel (Silic A R GG-7, 
800 mg) developed with chloroform-ethanol ( 4 : 1 ) yielded a 
white crystalline powder of 13a (2.9 m g ) ; m p 157—162 °C 
(dec), [a]2

D
4 + 6 4 ° (c 0.43, chloroform-ethanol ( 4 : 1 ) ) . I R 

(KBr) 1640 and 1540 c m - 1 (amide), N M R ( C D 3 O D - C D C l 3 

(1 : 1)) Ô 1.16 (3H d, 7 = 6 Hz, H-6 ' ) , 1.36, 1.52 (each 3H 
s), 1.85 (2H m, H-3 ' ) , 1-97, 2.02, 2.06 (each 3H s, N A c x 3 ) , 
and 5.01 (1H br, H - l ' ) , T L G (chloroform-ethanol, 1 : 1) Äf 
0.59. 

2',4'-Di-N-benzyloxycarbonylminobiosamine (14). T o a 
solution of 2 (1.03 g, 3.35 mmol) and sodium hydrogencar-
bonate (1.1 g, 13 mmol) in water (15 ml) , benzyloxycarbonyl 
chloride (1.88 g, 11 mmol) was added dropwise. T h e mixture 
was stirred for 1.5 h in an ice ba th and then allowed to stand 
overnight at room temperature . T h e resulting precipitate 
was filtered and washed with water (30 ml) and diethyl ether 
(50 ml) to give a colorless powder of l,2',4'-tri-iV-benzyloxy-
carbonylminobiosamine (2.02 g, 8 5 % ) ; m p 171—172 °G (dec), 
[a]2

D
4 + 3 3 ° (c 1.0, iV,JV-dimethylformamide). I R (KBr) 

1690 and 1525 c m - 1 (amide), N M R (GD 3GOCD 3 ) ô 1.15 
(3H d, 7 = 6 Hz , H-6 ' ) , 2.02 (2H m, H-3 ' ) , 5.06 (6H s, CH 2 -
ar) , 5.16 (1H br, H - l ' ) , and 7.34 (15H, ar ) , T L G (chloro-
form-methanol, 10 : 1) Rt 0.60. Found : G, 60.25; H , 6.41 ; 
N, 5.97%. Calcd for G 3 6 H 4 3 N 3 0 1 2 : G, 60.92; H , 6.11 ; N, 
5.92%. 

T o a solution of l,2',4'-tri-JV-benzyloxycarbonylminobios-
amine (1.50 g, 2.1 mmol) in dry iV,iV-dimethylformamide (15 
ml), 5 0 % sodium hydride (273 mg, 5.7 mmol) was added, 
and the mixture was stirred for 4.5 h in an ice ba th under 
a stream of nitrogen. After neutralization with acetic acid 
(0.36 ml) , the solution was concentrated to dryness. A solu­
tion of the residue in ethyl acetate (50 ml) was washed with 
water (10 ml) , dehydrated with anhydrous sodium sulfate, 
and evaporated to give a pale yellow oil (2.0 g). T h e oil 
was chromatographed on a column of silica gel (Silic A R 
CG-7, 100 g) developed with chloroform-methanol (10 : 1). 
Fractions containing 2',4'-di-iV-benzyloxycarbonylminobios-
amine- l ,2-carbamate were combined and concentrated to 
dryness yielding a white powder (970 mg, 7 7 % ) ; m p 115— 
118 °G (dec), [a]2

D
5 + 4 5 ° {c 1.0, chloroform). I R (KBr) 

1750 (G-O) , 1690, and 1525 c m - 1 (amide), N M R (CDG13) 
Ô 1.14 (3H br, H-6 ' ) , 1.84 (2H m, H-3 ' ) , 4.98 (4H s, GH2-ar 
X2) , and 7.22 (10H, ar) , T L G (1-butanol-ethanol-chloro-
form-17%0 ammonia , 4 : 5 : 2 : 1 ) Rt 0.52. Found : C, 
57.50; H , 6.96; N , 6 .80%. Galcd for C 2 9 H 3 5 N 3 0 l i : C, 

57.90; H , 6.86; N , 6 .99%. 
A solution containing the carbamate (914 mg, 1.52 mmol) 

and bar ium hydroxide octahydrate (765 mg, 2.34 mmol) in 
5 0 % aqueous dioxane (29 ml) was heated at 80 °C for 6 h. 
T h e reaction mixture was neutralized with carbon dioxide, 
and the resulting precipitates were removed by filtration. 
T h e filtrate was concentrated to give a solid (793 mg) , which 
was chromatographed on a column of silica gel (Silic A R 
CG-7, 80 g) developed with 1-butanol-ethanol-chloroform-
17% ammonia (8 : 10 : 4 : 1). Fractions containing 14 were 
combined and concentrated to dryness yielding a white powder 
of 14 (556 mg, 6 4 % ) ; m p 123—126 °C (dec), [«]2

D
4 + 4 3 ° 

(c 1.0, iV,JV-dimethylformamide). I R (KBr) 1690 and 1520 
c m - 1 (amide), N M R (CD 3 OD) ô 1.13 (3H d, 7 = 6 Hz , 
H-6 ' ) , 1.88 (2H m, H-3 ' ) , 2.62 (1H m, H - l ) , 5.04 (5H, H - l ' 
and GH 2 -ar) , and 7.30 (10H, ar ) , T L C ( 1-butanol-ethanol-
chloroform-17% ammonia , 4 : 5 : 2 : 1 ) -ßf 0.24. Found : 
G, 56.77; H , 6.67; N , 7 .12%. Galcd for C 2 8 H 3 7 N 3 O 1 0 • H 2 0 : 
C, 56.65; H , 6.62; N , 7 .08%. 

2',4'-Di-N-benzyloxycar bony 1-5,6- O - isopropylideneminobiosamine-
1,2-carbamate (14a). T o a solution of 2',4'-di-iV-benzyl-
oxycarbonylminobiosamine-l ,2-carbamate (17 mg, 0.029 
mmol) in dry JV,iV-dimethylformamide (0.3 ml) were added 
2,2-dimethoxypropane (31 mg, 0.3 mmol) and /f-toluenesul-
fonic acid monohydrate (0.7 mg, 0.003 mmol) . T h e mixture 
was heated at 60 °G for 2 h under stirring. After neutraliza­
tion with tr iethylamine (0.6 mg) , the reaction mixture was 
concentrated to dryness. Purification by column chromato­
graphy on silica gel (Silic A R GG-7, 3 g) developed with 
chloroform-ethanol (30 : 1) gave a white crystalline powder 
of 14a (14.7 m g ) ; m p 121—124 °G (dec), [a]2

D
3 + 4 9 . 5 ° (c 

0.85, methanol) . I R (KBr) 1755 ( G = 0 ) , 1700, and 1520 
c m - 1 (amide), N M R (CD 3 OD) ô 1.19 (3H d, 7 = 6 Hz, H-6 ' ) , 
1.38 (6H s), 1.90 (2H m, H-3 ' ) , 4.92 (1H br, H - l ' ) , 5.08 
(4H s, GH 2 -ar) , and 7.32 (10H, ar) , T L C (chloroform-
ethanol, 10 : 1) i?f 0.50. 

Minosaminomycin (1). T o a solution of L-leucine benzyl 
ester hydrochloride (206 mg, 0.8 mmol) in dry toluene (4 ml) , 
trichloromethyl chloroformate (336 mg, 1.7 mmol) was added . 
After refluxing for 4.5 h in an oil ba th at 130 °G, the reaction 
mixture was evaporated to give a colorless oil of the isocyanate 
of L-leucine benzyl ester (189 mg, 9 5 % ) ; «2

D
sfi 1.4987, [a]2

D
6 

- 2 9 ° (c 1.55, toluene). I R (KBr) 2200 (N=G=0) and 1740 
c m - 1 (ester C = 0 ) , N M R (CDC13) ô 0.90 (6H d, 7 = 5 Hz, 
G H 3 x 2 ) , 1.4—2.0 (3H m, G H 2 - G H ) , 4.10 (1H dd, 7 = 7 , 
8 Hz, a-methine), 5.26 (2H s, CH 2 -a r ) , and 7.42 (5H, ar ) . 

A solution containing the isocyanate (189 mg, 0.77 mmol) 
and enduracididine (73 mg, 0.43 mmol) in dry dimethyl sul­
foxide (4.5 ml) was stirred at room temperature for 17.5 h 
and then freeze dried to give a colorless oil (350 mg) . Puri­
fication of the oil by column chromatography on silica gel 
(Silic A R GC-7, 36 g) developed with 1-butanol-ethanol-
water (10 : 1 : 1) gave a white powder of Na-[(S)-1-benzyl-
oxycarbonyl-3-methylbutylcarbamoyl]enduracididine (15) 

(64 mg, 3 3 % from enduracididine) . T o a methanolic solu­
tion (1 ml) of 15, 0.5 M hydrochloric acid (0.28 ml) was 
added, and the solution was concentrated to dryness yielding 
a white powder (67 mg) of the monohydrochloride of 15. T o 
a solution containing the monohydrochloride (64 mg, 0.13 
mmol) and 1 -hydroxybenzotriazole15> (22 mg, 0.16 mmol) in 
dry iVjiV-dimethylformamide (1.5 ml) was added a solution 
of 14 (77 mg, 0.13 mmol) in dry JV,iV-dimethylformamide 
(2 ml) and then dicyclohexylcarbodiimide (28 mg, 0.13 mmol) . 
T h e mixture was stirred at 0 °C for 1 h and then at room 
temperature for 22.5 h. T h e dicyclohexylurea formed was 
removed by filtration and the filtrate was concentrated to 
dryness yielding a solid (202 mg) . T o remove the iV-benzyl-
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oxycarbonyl and benzyl ester groups, this solid in a mixture 
of methanol (3 ml) , water (1 ml) , and acetic acid (1 ml) was 
hydrogenated with 5 % pal ladium on carbon (126 mg) under 
atmospheric pressure for 5 h. T h e catalyst was removed by 
nitration and the nitrate was concentrated to dryness yield­
ing a white powder. An aqueous solution of the powder 
was charged on a column of Amberli te CG-50 (a mixture 
of 7 0 % NH 4 + form and 3 0 % H+ form, 5 ml) . T h e column 
was washed with water (20 ml) and 1 was eluted with 0.15 M 
ammonia . Fractions containing 1 detected by high-vol tage 
paper electrophoresis were combined and concentrated to 
dryness yielding a crude powder of 1 (35.8 mg) . Purifica­
tion by rechromatogrphy on a column of Amberli te CG-50 
(NH4+ form, 5 ml) eluted with 0.05 M ammonia (50 ml) gave 
a white powder of 1 (17 mg, 2 1 % from 15); m p 225—260 
°C (dec), [a]2

D
3 + 2 8 . 4 ° (c 0.53, water) (lit,2) m p 225—260 

°C (dec), [a]2
D

2 + 3 0 ° ) . I t was identical with na tura l 1 (C25-
H 4 6 N 8 O 1 0 • 2 H 2 0 ) in all respects including biological activity. 

2K-Isomer of 1. A diastereomer (2-ff-isomer) of 1 was 

synthesized using alloenduracididine with the method de­
scribed for 1. T o a solution of alloenduracididine (51 mg, 
0.3 mmol) in dry dimethyl sulfoxide (4 ml) was added the 
isocyanate of L-leucine benzyl ester (146 mg, 0.6 mmol) in 
dry dimethyl sulfoxide (1 ml) . T h e mixture was stirred at 
room temperature for 22.5 h, and freeze-dried to give a slightly 
yellow oil (280 mg) . T h e oil was chromatographed on a 
column of silica gel (Wokogel C-200, 28 g) developed with 
1-butanol-ethanol-water (10 : 1 : 1) and a white powder (23 
mg, 17% from alloenduracididine) of the 2^-isomer of 15 
was obtained. T h e monohydrochloride of the 2-ff-isomer of 
15 was prepared by addit ion of 0.5 M hydrochloric acid (0.08 
ml) in a methanolic solution (0.5 ml) . T o a solution of the 
monohydrochloride in dry iV,iV-dimethylformamide (0.5 ml) 
was added 14 (33 mg, 0.057 mmol) in dry iV,JV-dimethylform-
amide (0.5 ml) , 1-hydroxybenzotriazole (11.5 mg, 0.085 
mmol) , and dicyclohexylcarbodiimide (10.7 mg, 0.052 mmol) . 
T h e mixture was stirred at 0 °C for 1 h and then a t room tem­
pera ture for 26.5 h. T h e dicyclohexylurea formed was re­
moved by filtration and the filtrate was concentrated to give 
a solid (83.4 mg) . This solid in a mixture (2.5 ml) of meth­
anol, water, and acetic acid ( 3 : 1 : 1 ) was hydrogenated 
with 5 % pal ladium on carbon (50 mg) under atmospheric 
pressure for 6.5 h. After removal of the catalyst, the solution 
was concentrated to dryness. T h e residue was purified by 
column chromatography with Amberli te CG-50 (a mixture 
of 70% NH 4 + form and 3 0 % H+ form, 5 ml) eluted with 
0.15 M ammonia to yield a crude powder (15.6 mg) . T h e 
crude powder was rechromatographed on a column of Am­
berlite CG-50 (NH4+ form, 5 ml) eluted with 0.05 M ammonia 
to give a white powder (2.9 mg, 9 % from the 2Ä-isomcr of 
15) of the pure 2/2-isomer of 1; m p 195—220 °C (dec), [a]3

D
7 

+ 4 2 ° (c 0.95, water ) . I R (KBr) 1660 and 1570 cm" 1 (amide), 
T L C ( l -butanol -e thanol -ch loroform-17% ammonia , 4 : 5 : 
2 :5 ) Rt 0.13. 
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ESR Studies of iV-tArylthioJ-f-butylaminyls^ 
Yozo M I U R A , Hidetsugu ASADA, and Masayoshi KINOSHITA 
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It was found that JV-(arylthio)-f-butylaminyls (2) are easily generated by the photolysis of iV-f-butylbenzene-
sulfenamides (1). The ESR spectra of 2 were split into a 1 : 1 : 1 triplet by the interaction with the nitrogen nucleus 
(11.70—11.89 G), and each of the triplet was further split by the ring protons (a0.H: 0.89—1.07 G). The 
^-values of 2 lie in the range from 2.0068—2.0073. The radicals persist in benzene and it appears that they 
are not sensitive to the atmospheric oxygen. 

A number of nitrogen-centered free radicals have so 
far been prepared and extensive ESR spectroscopic 
studies of these radicals have been undertaken.2) In 
the course of ESR studies on nitrogen-centered free 
radicals containing sulfur atoms adjacent to the radical 
center, it was found that ^ - (a ry l th io^-buty laminyls (2) 
can easily be generated by the photolysis of N-t-b\xty\-
benzenesulfenamides (1). U p to the present time, some 
structually related radicals have been detected, e.g. 

2-N0 2C 6H 4SNH, 3 ) Me 3 CNSN(CMe 3 )MR n , 4 ) ArNS-

Ar',1 '5-6) and 4-ClC6H4SNR.7> T h e last-mentioned 
radical, which was detected as an intermediate radical 
upon the thermal decomposition of JV-alkenyl-iV-(2,3-
dihydro - 2 - oxobenzoxazol-3-yl)-j&- chlorobenzenesulfen-
amides, is closely related to that examined in the present 
experiment. However, a detailed ESR spectroscopic 

investigation of RNSAr has not been undertaken. In 
this report, an ESR spectroscopic investigation of 2 
will be described. 

f-Bu-NH-S-Ar 
-H-

i-Bu-N-S-Ar 

Ar: a=C 6 H 5 , b=4-FC6H4 , C = 4 - C 1 C 6 H 4 

e=4-N02C«Hd 

d = 4-BrC6H4, 

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

Generation of the Radicals. One of the most con­
ventional methods for generating the desired free radicals 
is hydrogen-abstruction from an appropriate precursor 
by a J-butoxyl radical. This method was first employed 
for the generation of 2. I n a typical procedure, after 
a benzene solution of l c and di-^-butyl peroxide had 
been degassed, it was irradiated with a high-pressure 
mercury lamp. From the solution, two paramagnetic 
species were detected. The ratio drived from the in­
tensities of the respective ESR signals was ca. 1 : 2. T h e 
stronger signal was present in the form of a 1 : 1 : 1 
triplet (11.75 G) with each the triplet further split into 
a poorly-resolved 1 : 2 : 1 triplet (0.93 G). T h e g-
value of the radical was found to be 2.0071. From these 
results, the radical was assigned to the desired radical, 
iV-(4-chlorophenylthio)-^butylaminyl (2c). T h e E S R 

parameters are close to those reported for 4-ClG6H4SNR 
(AN: 11 G, Rva lue : 2.0073).7> The other radical 
resulted in a simple 1 : 1 : 1 triplet (<zN: 14.11 G) and 
its g-value was found to be 2.0051. These ESR param­
eters are close to those reported for JV-alkoxyalkyl-
aminyls.8) Thus, it appears likely that it is an N-
alkoxyalkylaminyl, iV-(f-butoxy)-^-butylaminyl.9) I n 

the ESR spectrum obtained by this procedure, the two 
signals partially overlapped. Thus, it was difficult to 
accurately determine the ESR parameters of 2. For 
this reason, another procedure for the generation of 2 
was examined. I t was found that after a degassed 
benzene solution containing 1 alone had been irradiated 
with a high-pressure mercury lamp, only 2 was detected 
in the solution. In this case, the mechanism for the 
generation of 2 may be illustrated as follows: 

hv 
-> *-Bu-NH + ArS 

*-Bu-NH2 + 2 

A typical ESR spectrum of 2 is illustrated in Fig. 1, 
and the E S R parameters for 2 are listed in Table . 

Although the coupling due to the ortho and para 
protons could be observed for all the radicals, the 
values of coupling constant for the ring protons of 2a 
could not be accurately determined because of poor 
resolution. In 2b , further coupling due to the fluorine 
nucleus was observed in addition to that due to the 
ring protons (Fig. 2). 

Radical 2 was also generated by oxidation with lead 
dioxide and potassium carbonate. A benzene solution 
of 1 was stirred for 5 min in the presence of the oxidizing 
agents under ambient conditions and, after the oxidizing 
agents were removed, only 2 was detected in the solution. 

O n the other hand, the E S R parameters for £-butyl 
arylthio nitroxide radicals (in benzene) are 15.90— 

Fig. 1. Experimental ESR spectrum of iV-(4-chloro-
phenylthio)-£-butylaminyl in benzene at room tem­
perature. 
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Fig. 2. Experimental ESR spectrum of JV-(4-fluorophe-
nylthio)-£-butylaminyl (2b) in benzene at room temp­
erature (upper), and computer simulated, using Lo-
rentzian line shapes and a line width of 0.96 G. 

18.03 G (aN) and 2.0066—2.0067 Rvalue) . 1 0 ' 1 1) O n 
the basis of these results, it is obvious that radical 2 
is not the corresponding nitroxide radical. 

From the ESR parameters shown in the table, it can 
be safely said that in 2 the unpaired electron is mainly 
located on the nitrogen (2pz orbital) because of the 
large % values. Considering the ^-values, they are 
rather large for a nitrogen-centered free radical. This 
indicates that extent of derea l iza t ion of the spin onto 
the adjacent sulfur is not small.12) In comparing the 
E S R parameters for 2 with those of the other related 
radicals described above, the values of aN for 2 are 

somewhat smaller than those for Me 3 CNS(Me 3 )MR n -
[aN(a) : 12.0—12.6 G],5) and are considerably larger 

than those for ArNSAr' (8.74—9.59 G).6) This can be 
explained in terms of the larger ability of the phenyl 
rings to delocalize an unpaired electron in comparison 
with the -SN(CMe 3 )MR r e or the /-butyl group. 

Decay Kinetics of the Radicals, Decay kinetic in­
vestigations were performed, and the results are illust­
rated in Fig. 3. As can be seen from the figure, the 
radicals are fairly long-lived.7) This may be explained 
by a) the protection by the /-butyl group of the radical 
center and b) the absence of hydrogen atoms at the 
ß position. In addition to this explanation, it appears 
likely that Form I I makes an important contribution to 
the persistence.?) 

- + 

t-Bu- N - S -Ar «-> t-Bu- N - S -Ar 

Form I. Form II . 

Time (h) 

Ag. 3. Decay plots of iV-(arylthio)-J-butylaminyls (2) 
in benzene at 15 °C; ( • ) : 2a in the absence of oxygen, 
(O) : 2c in the absence of oxygen, (#) : 2c in the 
presence of oxygen. 

TABLE. ESR PARAMETERS FOR JV-(ARYLTHIO)-

f-BUTYLAMINYLS a> 

t-B 

2a 
2b*) 
2c 
2d 
2e 

u-N-S-Ar 

Ar 

C6H5 

4-FC6H4 

4-ClC6H5 

4-BrC6H4 

4-N02G6H4 

Coupling constant 

ON 

11.70 
11.83 
11.75 
11.76 
11.89 

«o-H 

0.89 
0.93 
1.00 
1.07 

Mother 

2.22 ( ö F ) 

g-Value 

2.0069 
2.0070 
2.0071 
2.0072 
2.0068 

Moreover, decay kinetics were carried out both in 
the presence and absence of the atmosphere in order 
to examine whether or not radical 2 reacts with oxygen. 

a) In benzene at room temperature (15 °G). b) The 
coupling constants were determined by computer 
simulation. 

In both cases, radical 2c decayed at about the same 
rate. O n the other hand, the /-butyl arylthio nitroxide 
radicals,11) which were generated by the photolysis of 
diaryl disulfide in the presence of 2-methyl-2-nitroso-
propane, decayed comletely within 20 s after turning 
off of the mercury lamp used to produce the arylthiyl 
radicals from the diaryl disulfides. This indicates that 
the /-butyl arylthio nitroxide radicals are extremely 
short-lived. From these results, it appears that 2 is 
not sensitive to the atmospheric oxygen. 

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

All melting points are uncorrected. The IR spectra were 
obtained on a Jasco model IR-G Spectrometer. The NMR 
spectra were recorded on a Hitachi-Perkin-Elmer R-20 
Spectrometer using TMS as an internal standard. 

Materials. The benzene used for the ESR measure­
ments was purified by the usual method.13) Benzenethiol, 
4-chlorobenzenethiol, and /-butylamine were obtained com­
mercially and used without further purification. 4-Fluoro-,1*) 
4-bromo-,15) and 4-nitrobenzenethiol16) were prepared by the 
reported methods. 

General Procedure for Preparation of N-t-Butylbenzenesulfen-
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amides (1). Benzenethiol was treated with chlorine gas 
in dry chloroform at —5 to 0 °G. After removal of chloro­
form, the residual oil was distilled (56—57 °G/3 Tor r for 
benzenesulfenyl chloride, and other sulfenyl chlorides were 
used in the following step without distillation). 

A solution of i-butylamine (0.050 mol) and triethylamine 
(0.050 mol) in dry diethyl ether (ether, 200 ml) was cooled 
to 0 °C. T o the solution was added dropwise benzenesulfenyl 
chloride (0.045 mol) in dry ether (30 ml) with stirring. After 
the addition of the sulfenyl chloride, the reaction mixture 
was further stirred at 0 °G for 30 min. After the triethylamine 
hydrochloride had been filtered off, ether was evaporated to 
give crude 1. T h e purification of 1 is described below for 
each case. The purities of the 1 prepared were examined 
by T L C [alumina (E. Merck GF 2 5 4 ) -hexane for l a — d and 
benzene-hexane ( 1 : 1 in vol) for l e ] . 

N-t-Butylbenzenesulfenamide (la). After the residue had 
been distilled (60—62 °C/0.07 Tor r ) , a small amount of 
hexane (ca. 1 ml) was added to the distillate and the solution 
was cooled to —20 °G, giving colorless prisms. T h e parent 
solution was decanted, the residual crystals were then dis­
solved in hexane and the resulting solution was again cooled 
to —20 °G. This cycle was repeated several times, and 
finally, the crystals were dried in a vacuum at 0 °G. Yield 
4 5 % (before recrystallization). «2

D
6: 1.5429 (lit,17) n2

D
5: 

1.5435)). N M R (GG14): Ô 1.17 (s, f-Bu), 2.65 (bs, N H ) , 
and 6.86—7.32 (m, G6H5) . 

N-t-Butyl-4-ßuorobenzenesulfenamide (lb). After the res­
idue had been distilled (69—71 °C/0.07 Tor r ) , the distillate 
was treated similarly to the case of l a . Yield 6 3 % (based 
on the amount of 4-fluorobenzenethiol and before recrystal­
lization). n%: 1.5227. I R (l iquid): 3320 c m - 1 (NH) . N-
M R (CC14) : Ô 1.15 (s, *-Bu), 2.75 (bs, N H ) , and 6.76—7.73 
(m, C 6H 4 ) . Found : G, 60.01 ; H , 6 .91; N , 6 .99%. Calcd 
for C 1 0 H 1 4 FNS: C, 60.27; H , 7.08; N, 7 .03%. 

N-t-Butyl-4-chlorobenzenesulfenamide (1c). After the res­
idue had been distilled (94—95 °C/0.07 Tor r ) , the distillate 
was recrystallized from hexane (cooled to —20 °C), giving 
colorless prisms with m p 44—45 °G in a 3 4 % yield (based 
on the amount of 4-chlorobenzenethiol). I R (KBr) : 3320 
c m - ^ N H ) . N M R (CC14): ô 1.14 (s, *-Bu), 2.68 (bs, N H ) , 
and 7.02 (s, C 6 H 4 ) . Found : G, 55.37; H , 6 .31; N, 6 .52%. 
Galcd for C1 0H1 4G1NS: C, 55.66; H, 6.55; N, 6 .49%. 

N-t-Butyl-4-bromobenzenesulfenamide (Id). After the res­
idue had been distilled (111—113 °C/0.07 Tor r ) , the distil­
late was recrystallized from hexane (cooled to —20 °G), 
giving colorless prisms with m p 37—38 °C in a 3 3 % yield 
(based on the amount of 4-bromobenzenethiol). I R (KBr) : 
3 3 2 0 c m - 1 ( N H ) . N M R (CC14) : ô 1.14 (s, f-Bu), 2.63 (bs, 
N H ) , and 7.05 and 7-27 (d, 7 = 8 Hz, C 6 H 4 ) . Found : C, 
46.27; H, 5.18; N , 5 .43%. Galcd for G1 0H1 4BrNS: C, 
46.16; H, 5.42; N, 5 .38%. 

N-t-Butyl-4-nitrobenzenesulfenamide (le).18) T h e residue 
obtained was recrystallized from hexane, giving yellow needles 
with m p 78—79 °C in an 18% yield (based on the amount 
of 4-nitrobenzenethiol). I R (KBr) : 3300 cm" 1 (NH) . N -
M R (CG14): ô 1.12 (s, /-Bu), 2.34 (bs, N H ) , and 7.18 and 
8.02 (d, 7 = 8 Hz, G6H4) . Found : C, 53.07; H , 5.95; N , 
12.26%. Calcd for C 1 0 H 1 4 N 2 O 2 S: C, 53.05; H , 6.23; N, 
12.38%. 

Generation of N-(Arylthio)-t-butylaminyls (2). a) T h e 
compound 1 (20 mg) and benzene (0.20 ml) were placed in 
an ESR tube. T h e solution was degassed by three freeze-
thaw cycles and the tube was then sealed. After the solution 
had been irradiated for 5 min from a distance of 10 cm with 
a 100 W high-pressure mercury lamp (JES-UV-1) , the tube 

was set in the E S R cavity; b) 1 (0.10 g) in benzene (2 ml) 
was stirred for 5 min in the presence of lead dioxide (0.50 g) 
and potassium carbonate (0.50 g). After the oxidizing agents 
had been filtered off, 0.2 ml of the filtrate was placed in an 
ESR tube and the soluion was degassed as described above, 
and the tube was then sealed. 

Decay Kinetics. W h e n the kinetics was carried out in 
degassed benzene, the sample was prepared according to 
procedure a. O n the other hand , when the kinetics was car­
ried out in a system containing air, the sample was prepared 
as follows: after photolysis of a degassed benzene soluticn 
of 1, the solution was exposed to the atmosphere and shaken 
well, and then the tube was set in the E S R cavity. T h e 
decay rates of 2 were measured at 15 °C in the dark by monitor­
ing the intensities of E S R signal. Integrat ion of the ESR 
signals was achieved using a Model JES- ID-2 Integrator , 
with a benzene solution of 3,4-dihydro-2,4,6-triphenyl-2//-
1,2,4,5-tetrazin-l-yl (1,3,5-triphenylverdazyl)19) as a s tandard. 

T h e E S R spectra were recorded at 15 °C on a J E S - M E -
3 X Spectrometer equipped with 100 kHz field modulat ion. 
Computer simulation of the spectrum was carried out using 
a F A C O M 270-30 Computer equipped with a F A C O M 
620IB Plotter. T h e simulation was fitted by trial a n d error. 

R e f e r e n c e s 

1) Par t V of this series, Y. Miura , Y. Katsura , and M . 
Kinoshita, Chem. Lett., 1977, 409. 

2) For recent reviews see (a) A. R. Forrester, J . M . Hay , 
and R. H . Thomson, "Organ ic Chemistry of Stable Free 
Radicals ," Academic Press, New York, N . Y. (1968); (b) 
S. F . Nelsen, "Free Radicals ," Vol. I I ed by J . K . Kochi , 
J o h n Wiley, New York, N . Y. (1973), p . 527; (c) W. C. 
Danenand F . A. Neugebauer , Angew. Chem., 87, 823 (1975). 

3) U . Schmidt, K . H . Kabitzke, and K. Markau , Angew. 
Chem., 76, 376 (1964). 

4) G. Brunton, J . F . Taylor, and K . U . Ingold, J. Am. 
Chem. Soc, 98, 4879 (1976). 

5) J . Flood and K. E. Russell, Can. J. Chem., 53, 1123 
(1975). 

6) Y. Miura and M . Kinoshita, Bull. Chem. Soc. Jpn., 
50, 1142 (1977). 

7) R. S. Atkinson, S. B. Awad, E. A. Smith, and M . C. 
R. Symons, J. Chem. Soc, Chem. Commun., 1976, 22. 

8) (a) W. C. Danen, C. T . West, and T . T . Kensler, 
J. Am. Chem. Soc, 95, 5716 (1973); (b) R. A. K a b a and 
K. U . Ingold, ibid., 98, 7375 (1976). 

9) This is an unidentified radical. 
10) I. H . Leaver and G. C. Ramsay, Tetrahedron, 25, 5669 

(1969). 
11) Unpublished results. 
12) T h e spin-orbit coupling parameter of sulfur is 382 

c m - 1 ; D. S. McClure , J. Chem. Phys., 20 682 (1952). 
13) Y. Miura , N . Makita , and M . Kinoshita, Bull. Chem. 

Soc jpn., 50, 482 (1977). 
14) H . Zahn and H . Zuber , Chem. Ber., 86 172 (1953). 
15) H . F . Wilson and D. S. Tarbeil , J. Am. Chem. Soc, 

72 5200 (1950). 
16) C. C. Price and G. W. Stacy, J. Am. Chem. Soc, 68, 

498 (1946). 
17) D . A. Armitage, M . J . Clark, and A. C. Kinsey, J. 

Chem. Soc, C, 1971, 3867. 
18) Brit. Amended 1123506; Chem. Abstr., 76, 26223u (1972). 
19) R. K u h n and H . Tr ischmann, Monatsh. Chem., 95, 

457 (1964.). 



1858 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (7), 1858—1862 (1977) [Vol. 50, No. 7 
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Several [2.2]naphthaleno- and [2.2]anthraceno-heterophanes were synthesized by cross-breeding Hofmann 
degradation of the corresponding two quaternary ammonium hydroxides. Two isomers, anti- and .rw-forms, were 
obtained for [2.2](l,4)naphthaleno(2,5)thiophenophane, and one isomer, anti-ïorm, for the [2.2](l,4)anthraceno 
homologue. The structures of the heterophanes were determined by variable temperature NMR analysis. 
Transannular ^-electronic interactions between the condensed aromatic ring and the heteroaromatic ring were 
examined on the basis of electronic and emission spectra. The thiophene ring interacts more strongly with the 
condensed aromatic ring than the furan ring. For anthracenophanes, 9,10-bridged system shows more effective 
interaction than 1,4-bridged one. 

T h e syntheses and properties of a series of multilayered 
paracycloheterophanes have been reported in the preced­
ing paper.1) A transannular ^-electronic interaction 
has been observed between the benzene and the hetero­
aromatic ring in double-layered [2.2]paracyclohetero-
panes 1 and 2, increasing with an increase in layer 
number of multilayered [2.2]paracycloheterophanes. 
The structures of the paracycloheterophanes, i.e., facile 
flipping of the furanophane system and tight fixation of 
the thiophenophane system, and the addition reactions 
of the former series with benzyne as well as the N M R 
spectra and G T spectra of T C N E complexes have been 
reported. T h e present work was undertaken to study 
transannular electronic interaction between hetero­
aromatic and condensed aromatic rings. A series of 
naphthaleno- and anthraceno-heterophanes 3—9 were 

éré 

He'^-^y?' 

CII3 ™ 3 CH3 C H 3 

vs 

C H 2 N ( C H 3 ) 3 C H 2 N ( C H 3 ) 3 C H 2 ^ ( C H 3 » 3 C H 2 N ( C H 3 ) 3 

10 11 12 13 

Scheme 1. 

C H 2 N ( C H 3 ) 3 

CI 

14 

synthesized with expectation of marked interaction as 
compared with those of multilayered paracyclohetero­
phanes. 

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

Syntheses. Five quaternary ammonium salts 10 
—14 were prepared according to the reported me­
thods.2-5) All the new cyclophanes were obtained by 
the cross-breeding Hofmann degradation of the corres­
ponding two quaternary ammonium hydroxides in the 
same method as 1 and 2. 2 shows the flipping of the 
furan ring at room temperature. However, 1 exhibits 
tight fixation of the thiophene ring even at 150 °G due 
to the bulkiness of sulfur atom.1) Thus, both conform-
ers, anti 3 and syn 4, of [2.2](l ,4)naphthaleno(2,5) 
thiophenophane are expected to be separated as stable 
ones. Actually the two isomers 3 and 4 were obtained 
by the pyrolysis of mixed quaternary hydroxides, 
derived from 10 and 12, in boiling xylene. The mass 
spectra of 3 and 4 showed an identical pattern, indica­
ting that both are isomeric with each other. Their 
structures were assigned on the basis of N M R analyses. 
T h e lower yield (0.3%) of syn-ïorm. 4 than that (4.2%) 
of anti-îorm. 3 is ascribed to n-n repulsion between fused 
benzo group and thiophene ring in syn form. Although 
.r>w-[2.2](l,4)naphthalenophane and .57W-[2.2](l,4)anth-
racenophane were thermally isomerized to anti-form, no 
isomerization of 4 to 3 was observed because of its ready 
decomposition. In the case of [2.2](l ,4)anthraceno 
(2,5) thiophenophane, however, only one isomer was 
obtained in 2 . 8 % yield by a cross-breeding reaction 
of two quaternary ammonium hydroxides derived from 
10 and 13 in boiling xylene. Its structure was assigned 
to anti-conformer 5 by N M R spectrum. The syn-isomer 
could not be detected either when the pyrolysis was 
carried out in boiling toluene (pyrolysis at lower tem­
perature) . The jryra-conformer seems to be very unstable 
due to both the increasing n-n repulsion and access 
of the reactive part of the anthracene ring to the thio­
phene ring. [2.2] (9,10)Anthraceno (2,5) thiophenopha­
ne 6 and [2.2](l ,4)anthraceno(2,5)furanophane 8 were 
synthesized by similar cross-breeding reactions in 5.5 
% yield from 10 and 14 and in 0 .8% yield from 11 
and 13, respectively. As reference compounds, [2.2] 
(1,4)naphthaleno(2,5)furanophane 76) and [2.2](9,10)-
anthraceno (2,5) furanophane 95) were also prepared 
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TABLE 1. NMR SPECTRA OF [2.2]NAPHTHALENO- AND 

(Ô VALUE IN C D G l g ) 

[2 .2 ] ANTHRACENO-HETEROPHANES 

Gompd Aromatic proton Galcd shift Benzylic CH2 

4a) 

Ha 
Hb 
He 

Ha 
Hb 
He 

Ha 
Hb 
He 
Hd 

Ha 
Hb 
He 
Hd 

Ha 
Hb 
He 
Hd 
He 

Ha 
Hb 
He 
Hd 
He 

Ha 
Hb 
He 
Hd 

Ha 
Hb 
He 
Hd 
He 

Ha 
Hb 
He 

6.79(s, 4H) 

6.34(s, 2H) 
6.20(d, 7 = 2 H z , 2H) 
7.04(d, y = 2 H z , 2H) 

5.64(s, 2H), 5.49(s, 2H)b> 
(6.12(bs, 2H)b> 
[7.07(bs, 2H)1» 

6.38(s, 2H) 
6.48(s, 2H) 
8.05(A2B2dd, J= 6.5, 3.5 Hz, 2H) 
7.50(A2B2dd, 7 = 6 . 5 , 3.5 Hz, 2H) 

5.17(s, 2H) 
7.09(s, 2H) 
7.55(A2B2m, 2H) 
7.20(A2B2m, 2H) 

6.38(s, 2H) 
6.42(s, 2H) 
8.44(s, 2H) 
8.00(A2B2dd, y = 6 . 5 , 3.5 Hz, 2H) 
7.46(A2B2dd, 7 = 6 . 5 , 3.5 Hz, 2H) 

5.42(s, 2H) 
7.95(A2Badd, 7 = 7 , 3.5 Hz, 2H) 
8.25(A2B2dd, 7 = 7 , 3.5 Hz, 2H) 

J7.2—7.6(m, 4H) 

5.62(s, 2H) 
6.55(s, 2H) 
8.10(A2B2dd, 7 = 6 , 3 Hz, 2H) 
7.53(A2B2dd, 7 = 6 , 3 Hz, 2H) 

5.65(s, 2H) 
6.52(s, 2H) 
8.59(s, 2H) 
8.00(A2B2dd, 7 = 7 , 3.5 Hz, 2H) 
7.47(A2B2dd, 7 = 7 , 3.5 Hz, 2H) 

4.98(s, 2H) 
8.15(A2B2dd, 7 = 7 , 3.5 Hz, 4H) 
7.35(A2B2dd, 7 = 7 , 3.5 Hz, 4H) 

+ 

+ 0.11 
+ 0.86 
+ 0.02 

+ 0.06 

0 .27 | + ° - 7 8 b ) 

1 - 0 . 1 7 * » ) 

+ 0.07 
+ 0.67 
- 0 . 0 9 
- 0 . 0 4 

+ 1.28 
- 0 . 0 8 
+ 0.27 
+ 0.12 

+ 0.07 
+ 0.77 
+ 0.07 
+ 0.02 
+ 0.01 

+ 1.03 
+ 0.37 
+ 0.07 

- 0 . 1 — + 0.3 

+ 0.08 
+ 0.70 
- 0 . 0 9 
+ 0.03 

+ 0.05 
+ 0.67 
- 0 . 0 8 
+ 0.02 

0 

+ 0.72 
+ 0.17 
+ 0.14 

2.5—3.3(m, 8H) 

2.4—4.1 (m, 8H) 

3.8—4.1 (m, 2H) 
2.6—3.3(m, 6H) 

3.7—4.3(m, 2H) 
2 . 7 - 3 . 5 ( m , 6H) 

3.8—4.1 (m, 2H) 
2.6—3.2(m, 6H) 

3.9—4.3(m, 4H) 
2.6—3.4(m, 4H) 

3.7—4.1 (m, 2H) 
2.2—3.1 (m, 6H) 

3.6—4.1 (m, 2H) 
2.4—3.1 (m, 6H) 

3.8—4.2(m, 4H) 
2.4—2.7(m, 4H) 

a) In CG14. b) In GS2 at - 6 0 °C. 

according to the reported methods. 
Structure and NMR Spectra. T h e N M R spectral 

data of all the naphthaleno- and anthraceno-hetero-
phanes 3—9 as well as [2.2]paracycloheterophanes 1 
and 2 are summarized in Table 1. Heterophanes 3 — 
9 show the signals of all the bridged methylene protons 
to be roughly divided into two groups of multiplets. 
Of these, the lower field multiplet is associated with the 
endo proton (see 15) of methylenes attached to con­
densed aromatic ring for 1,4-bridged systems (3, 4, 5, 
7, and 8) or both protons of methylenes attached to 
the same ring for 9,10-bridged systems (6 and 9). The 
downfield shift of these protons is explained by the large 
deshielding effect of the neighbouring condensed aromat­
ic ring. Most aromatic protons show more or less 
upfield shifts and are reasonably assigned by considering 
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Me 
^ . 2 . 4 0 a 

Me 
^ . 2 . 2 1 a 

6 . 4 5 a 

Me 
5.70a 

^ 2 . 3 1 . 
Me 2.23b 

Me 6 9 0 b Me 

^,3.08 
Me 

Fig. 1. NMR data of reference compounds, ô value 
in deuteriochloroform. a) in carbon tetrachloride, 
b) in carbon disulfide. 

diamagnetic anisotropy of the opposite aromatic rings. 
As shown in Table 1, the magnitudes of the shifts are 
calculated using the chemical shifts (Fig. 1) of the 
aromatic protons of 2,5-dimethylfuran, 2,5-dimethyl-
thiophene, /»-xylene, 1,4-dimethylnaphthalene, 1,4-di-
methylanthracene, and 9,10-dimethylanthracene as 
standards. T h e structural difference between 3 and 4 
is unequivocally realized in the N M R spectra. The 
upfield shift (1.28 ppm) of thiophene proton H a of 4 is 
drastic as compared with that of 1 (0.11 ppm) or 3 
(0.07 ppm) , suggesting that the proton is situated above 
the center of the opposite naphthalene ring. T h e 
naphthalene protons He and H d show reasonable up-
field shifts. However^ H b proton shows absorption at 
rather lower field. O n the other hand, the shifts of 
He and H d protons in 3 are negligible, the upfield 
shift (0.67 ppm) of H b proton being marked and 
roughly the same as that (0.86 ppm) of H b proton in 
1. These data are best accommodated by the anti-
conformation for 3 and .ryn-conformation for 4. The 
structure of 1,4-bridged anthracenothiophenophane 5 
can be assigned to awta-conformation by a comparison 
of its N M R data with those of 3 and 4. Thus the 
upfield shifts of H a and H b protons in 5 are identical 
with those of H a and H b in 3, respectively. Small 
shielding effects on the He , Hd , and H e protons are 
also explained by anti structure, but not by syn structure. 
The N M R pattern of 9,10-bridged anthracenothiophe­
nophane 6 is in contrast to that of 1,4-bridged one 5, 
and the chemical shifts are explained by considering 
both shielding effects of anti-ïorm 3 and syn-iorm. 4. 

A variable temperature N M R analysis of [2.2]para-
cyclofuranophane 2 exhibited the conformational flip­
ping of the furan ring at room temperature and the 
fixation at low temperature ( 7 ^ , - 3 9 ""C).1»7) Thus, 
1,4-bridged naphthalenofuranophane 7 and anthraceno-
furanophane 8 are expected to show similar behavior, 
that is, consisting of one isomer at room temperature 
and two conformers, syn and anti, at low temperature. 
However, the N M R spectra exhibited no temperature-
dependence, though the temperature was lowered to 
- 1 0 0 °C. T h e upfield shifts of H b protons of 7 and 
8 are much larger than that of benzene proton of 2 at 
room temperature and close to that at ring fixation 
temperature, T h e furan protons H a show no large 
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Electronic spectra of 6 
— ) in tetrahydrofuran. 
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450 

-), 8 ( ), and Fig. 3. Electronic spectra of 5 (-
17 ( ) in tetrahydrofuran. 

shielding effect due to the fused aromatic ring. These 
data support the view that both 7 and 8 exist exclu­
sively in the ö/zft'-conformation rather than in the syn-
conformation owing to a n-n repulsive instabilization 
in the latter conformation.8) T h e N M R spectrum of 
9,10-bridged anthracenophane 9 is characterized by a 
symmetrical pattern, indicating a rapid flipping of the 
furan ring unlike 7 and 8. 

Electronic Spectra and Emission Spectra. Figures 2, 
3, and 4 show the electronic spectra of naphthaleno-
and anthraceno-heterophanes together with those of the 
corresponding paracyclophanes 16—18.9) All the ab­
sorption curves exhibit common features of cyclophanes, 
viz., broadening, bathochromic and hyperchromic 
shifts,10) caused by the transannular electronic interac­
tion. A comparison of Fig. 2 with Fig. 3 shows that 
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Fig. 4. Electronic spectra of 3 ( ), 4 ( 
( ), and 16 ( ) in cyclohexane. 

), 7 

the interactions in 9,10-bridged anthracenophanes are 
more effective than those in 1,4-bridged analogues. 
The spectra of the thiophenophane are very similar to 
those of the corresponding paracyclophanes as in the 
case of multilayered paracyclothiophenophanes,1) indi­
cating a strong interaction between thiophene and con­
densed aromatic ring. The broad long wavelength 
band and the short wavelength band are due to 1 L a 

and 1Bh transitions of naphthalene or anthracene. T h e 
single band between them (260 nm for anti-form 3, 
281 nm for anti-form 5, and 292 nm for 6) is considered 
to be associated with a transition of the thiophene 
ring, showing a considerable bathochromic shift due to 
the strong interaction with the condensed aromatic 
ring, as compared with an absorption band (230 nm) 
of thiophene itself.11) O n the other hand, absorption 
of the thiophene ring in syn-form 4 exhibits no such 
large shift, being superposed on 1 B b band of naphthalene 
at 233 nm. The difference between the anti and syn 
forms suggests that the d-orbitals of sulfur atom play 
an important role in the interaction, especially for the 
former. 

Furan shows no absorption in the long wavelength 
region above 220 nm11) In the present furanophanes, 
the absorption due to the furan ring is submerged by 
band 1Bb of the naphthalene or anthracene ring. T h e 
presence of reasonable transannular electronic inter-

Compound 

Thiophenophane 
3 
5 
6 

Furanophane 
7 
8 
9 

Paracyclophane 
16 
17 

Naphthalene 
Anthracene 

Solvent 

EPA 
THF 
THF 

EPA 
THF 
THF 

THF 
THF 

Gyclohexane 
Gyclohexane 

Fluorescence 
maximum 

342, 380 nm 
421,a>437 
445, 460 

345,a>357 
418,a>432 
438, 455 

418, 435 
440, 461 
322, 335 
378, 400 

a) Shoulder. 

action in the furan series is supported by the broade­
ning and bathochromic shift of the long wavelength 
band (xLa band) . However, the shift value is smaller 
than that of the other cyclophanes. T h e interaction 
between furan ring and condensed aromatic ring is 
relatively weak. 

In order to obtain further informations on the inter­
action, emission spectra were measured (Table 2). 
Since the heteroaromatic ring shows about zero value 
of fluorescence quan tum yield and, in the present cyclo-
heterophanes, energy transfer is expected to take place 
transannularly from the excited state of the hetero­
aromatic ring to the lowest excited level of the conden­
sed aromatic ring, only transitions 1La->1A of the con­
densed aromatic rings are observed as fluorescence. 
Their fluorescence maxima show remarkable batho­
chromic shifts as compared with that of naphthalene 
or anthracene. T h e feature of the shifts agrees with 
that discussed on the electronic absorption spectra; 
the thiophenophanes and the 9,,10-bridged anthraceno-
heterophanes show more effective interaction than the 
furanophanes and the 1,4-bridged analogues, respective-

iy-

Experimental 

Melting points are uncorrected. All the solvents are of 
reagent grade. NMR spectra were taken with a Hitachi-
Perkin Elmer R-20 spectrometer (60 MHz) using tetramethyl 
silane as an internal standard. MS spectra were measured 
with a Hitachi RMU-7 spectrometer and UV spectra with 
a Hitachi EPS-3T spectrophotometer. Emission spectra 
were taken on a Hitachi MPF-2A spectrophotometer using 
1 X 10~3M degassed solution in tetrahydrofuran or EPA 
( 5 : 5 : 2 volume ratio of ethyl ether-isopentane-ethanol) at 
room temperature. Emission spectra are uncorrected. 

anti- and syn-[2.2](7,4)Naphthaleno('2,5)thiophenophanes, 3 
and 4. 5-Methylthenyltrimethylarnmonium iodide 10 
(8.2 g, 40 mmol) and (l-methyl-4-naphthylmethyl)trimethyl-
ammonium chloride 12 (5 g, 20 mmol) were dissolved in 
distilled water {ca. 300 ml) and passed through a column of 
strong anion exchange resin (Dowex 1-X8) which had been 
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converted into hydroxide form with 3 M sodium hydroxide 
solution. T h e eluted solution {ca. 700 ml) was mixed with 
xylene (150 ml) and phenothiazine (100 mg) , water being 
removed by azeotropic distillation in a nitrogen atmosphere. 
After complete removal of water, reflux was continued for 
7 h. T h e insoluble polymer was filtered and washed with 
xylene. T h e filtrate and the washings were combined and 
concentrated. T h e residue was taken u p in benzene and 
subjected to column chromatography on silica gel. Elution 
with 1 : 9 benzene-hexane gave successively [2.2](2,5)thio-
phenophane,2) syn-[2.2](l,4)naphthaleno(2,5)thiophenophane 
4, a«ft '-[2.2](l ,4)naphthaleno(2,5)thiophenophane 3, and a 
mixture of anti- and ^n-[2.2]( l ,4)naphthalenophanes. 3 ) R e -
crystallization of 3 from 1 : 1 hexane-benzene gave colorless 
prisms (222 mg, 4 .2%) , m p 182—183 °G. 

M S m/e 264 (M+). Found : G, 81.90; H , 6 .04%. Calcd 
for G 1 8H 1 6S: C, 81.79; H , 6 .10%. 

Recrystallization of 4 from 1 : 1 hexane-benzene gave color­
less plates (16 mg, 0 .3%) , m p 142—143 °C. 

M S m/e 264 (M+). Found : C, 81.59; H , 6 .00%. Calcd 
for C 1 8 H 1 6 S: C, 81.79; H , 6 .10%. 

\_2.2](1,4)Anthraceno(2,5)thiophenophane 5. T h e method 
described above was used for the cross-breeding reaction of 
the quaternary hydroxides derived from 5-methylthenyltri-
methylammonium iodide 10 (6 g, 29 mmol) and ( l-methyl-4-
anthrylm3thyl) t r imethylammonium bromide 13 (5 g, 14.5 
mmol) . T h e cross coupling product 5 was separated from homo 
coupling products, [2.2](2,5)thiophenophane,a> [2.2.2](2,5)-
thiophenophane,1) anta'-[2.2](l,4)anthracenophane,4> and syn-
[2 .2] ( l ,4)anthracenophane and its photoisomer12) by careful 
column chromatography on silica gel using 1 : 9 benzene-
hexane and recrystallized from 1 : 1 benzene-hexane to give 
pale yellow prisms (130 mg, 2 .8%) , m p 195 °C with decompn. 

M S m/e 314 (M+). F o u n d : G, 84.25; H , 5 .59%. Calcd 
for G 2 2H 1 8S: C, 84.05; H , 5.77%. 

12.2] (9,7 0) Anthraceno (2,5) thiophenophane 6. T h e meth­
od described for 3 and 4 was used for pyrolysis of the qua­
ternary hydroxides derived from a mixture of two ammonium 
salts 10 (6 g, 29 mmol) and 14 (4.5 g, 15 mmol) , giving cross 
coupling cyclophane 6, together with homo coupling 
products, [2.2](2,5)thiophenophane,2) [2.2.2] (2,5)thiopheno­
phane,1) and [2.2](9,10)anthracenophane.5>13> Column 
chromatography on silica gel with 1 : 9 benzene-hexane and 
recrystallization from pentane-dichloromethane gave pure 
greenish yellow needles 6 (260 mg, 5 .5%), d e c > 1 0 0 ° C . 

M S m/e 314 (M+). Found : C, 83.80; H , 5.57%. Calcd 
for C 2 2 H 1 8 S: C, 84.05; H , 5 .77%. 

[2.2]('1,4)Anthraceno(2,5jfuranophane 8. T h e method 
described for 3 and 4 was used for the pyrolytic reaction of 
the quaternary hydroxides derived from a mixture of two 
ammonium salts 11 (8 g, 28 mmol) and 14 (5 g, 14 mmol) , 
the desired cyclophane 8 being obtained. After removal of 
homo coupling cyclophanes by column chromatography, re­
crystallization of 8 from 1 : 1 benzene-hexane gave pale 
yellow prisms (34 mg, 0 .8%) , d e c > 1 5 4 ° C . 

M S m/e 298 (M+). Found : C, 88.32; H , 5.97%. Calcd 
for G 2 2 H 1 8 0 : C, 88.56; H , 6 .08%. 

T h i s r e sea rch w a s p a r t l y s u p p o r t e d b y a G r a n t - i n -
A i d of t h e M i n i s t r y of E d u c a t i o n . 
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New Method for the Preparation of Carboxylic Esters 
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Various carboxylic esters including functionalized ones are prepared in good yields from equimolar amounts 
of free carboxylic acids and alcohols under mild conditions by the use of 2-chloro- or 2-bromopyridinium salt, a 
new and efficient coupling reagent. 

The ester formation is one of the most fundamental 
reactions in organic synthesis and a number of methods 
have been presented. However, relatively little work 
has been reported on the successful preparat ion of car­
boxylic esters by the equimolar reaction of free carboxylic 
acids and alcohols except when jfr-toluenesulfonyl chlo­
ride,2) trifluoroacetic anhydride,3) polyphosphate ester,4) 
dicyclohexylcarbodiimide,5) and graphite hydrogensul-
fate6) were employed as coupling reagents. 

This prompted us to develop a new and efficient 
coupling reagent, and 2-chloro- and 2-bromopyridi­
nium salts were found to be efficient for the prepara­
tion of carboxylic esters from equimolar amounts of 
free carboxylic acids and alcohols as briefly reported in 
the previous communications.7) 

The work was undertaken based on the following 
considerations; 2-acyloxy-l-methylpyridinium iodide 
(2), an active acylating intermediate, would be produced 
easily and rapidly by a nucleophilic attack of the car-
boxylate ion on 2-chloro- or 2-bromo-1-methylpyridi­
nium iodide (1) since the halogen a tom at 2-position 
of 1 is facile to be displaced by the attack of nucleophiles. 
The intermediate, 2, is in turn converted into stable 
molecules, i.e., carboxylic esters (3), l-methyl-2-pyridone 
(4) and ammonium salt (5) by the nucleophilic attack 
of alcohol to carbonyl carbon of 2 in the presence of 
tertiary amine, a hydrogen iodide captor. 

I +0 
R l c o 2 H 

R3N 

GH3 I -

1 

O 
11 y \ 
c 1 +:; 

Ri/ \ 0 / ^ N / 

O 

R2QH 

R3N 

+ R3NHCI-

R3N 

O 

R ^ - O R 2 + I II 

CH, 

+ R 3 N H I -

In the first place, the effective hydrogen halide cap­
tors in the ester forming reaction were examined using 

equimolar amounts of phenylacetic acid and benzyl 
alcohol. Several runs were carried out in the presence 
of 2.4 molar amounts of tertiary amines, such as tri-
ethylamine, tributylamine, 2,6-lutidine, a-picoline, pyri­
dine, and iV,iV-diethylaniline, by the use of 2-chloro-
1-methylpyridinium iodide. Of the amines employed, 
triethylamine, tributylamine, and 2,6-lutidine gave good 
results (see Table 1). These results indicate that the 
basicity of tertiary amine influences on the yield of 
benzyl phenylacetate, namely, the yield decreases with 
lowering basicity of the amine. 

Next, the effect of the solvent on the reaction of phen­
ylacetic acid and benzyl alcohol was examined using 
2-chloro-1-methylpyridinium iodide in the presence of 
tributylamine. As listed in Table 1, no remarkable 
solvent effect was observed, that is, benzyl phenylacetate 
was obtained in almost quantitative yield in all of the 
solvents used. 

Based on these results, several equimolar reactions 
of free carboxylic acids and alcohols were carried out 
in dichloromethane by the use of 2-chloro-1-methyl-

T A B L E 1. EFFECTS OF TERTIARY AMINE AND SOLVENT 

G6H5GH2G02H + C6H5GH2OH + || + | 
\ N ^ C 1 

CH, I -

tertiary amine 

refl. 3h 
C6H5CH2C02CH2C6H5 

+ || I + ammonium salt 

I 
CHa 

Tertiary amine Solvent Temp (°G) Yield (%) 

Triethylamine 
Tributylamine 
2,6-Lutidine 
a-Picoline 
Pyridine 
iV, iV-Diethy laniline 

GH2G12 

GH2G12 

CH2C12 

GH2C12 

CH2CI2 

CHoCL, 

refl. 
refl. 
refl. 
refl. 
refl. 
refl. 

98 
99 
97 
77 
62 
43 

Tributylamine (G2H5)20 
GH2G12 

THF*> 
GH3GN 
DMEb> 
C5H5N 
CH3-C6H5 

refl. 
refl. 
45—50 
45—50 
45—50 
45—50 
45—50 

97 
99 
97 
98 
98 
98 
99 

a) Tetrahydrofuran. b) 1,2-Dimethoxyethane. 
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TABLE 2. ESTERIFICATION USING 2-CHLORO- OR 

2-BROMO-1-METHYLPYRIDINIUM IODIDE AS A 

COUPLING REAGENT 

/X 
R x C0 2 H + HOR2 + || + | 

GH3 I -

Bu3N / X 
> R i C O ^ 2 + || | 

CH2C12 \ N / ^ 0 
refl. 3 h , 

CH, 

X R1 R2 Yield (%) 

Br 

Gl 

G6H5 

C6H5CH2 

G6H5CH2 

G6H5CH2 

GH3 

GH3 

G6H5CH2 

G6H5CH2 

G6H5CH2 

G6H5CH2 

GH3 

(CH3)3G 

G6H5CH2 

GH3CH2 

G6H5CH2 

(CH3)3C 
G6H5CH2 

CigH5CjH=GHGH2 

G6H5 

G6H5CH2CH2 

(CH3)3C 
C6H5(GH3)CH 
C6H5CH2CH2 

GgH5CH2 

80 
92 
97 
70 (82) 
80 
80 
90 
93 
81 (84) 
85 (88) 
74 
31 (62) 

Values in parentheses indicate the yields when the 
esterification was carried out in toluene under refluxing 
for 3h. 

TABLE 3. EXAMINATION OF PYRIDINIUM SALTS 

C6H5CH2CH2G02H + G6H5GH2OH 4- || + | 
\ N ^ \ X 

R Y-

Bu3N / X 
> G6H5CH2CH2C02CH2C6H5 + || | 

CH2C12 \ N / ^ 0 
refl. 1 h | U 

R 

R X Yield (%) 

GH3 

GH3 

G2H5 

G Q H R 

Gl 
Br 
Gl 
Br 

I 
I 
BF4 

BF4 

69 
61 
73 
82 

pyridinium iodide and tributylamine, and good results 
were obtained. 2-Bromo-1 -methylpyridinium iodide 
was also found to be as effective as 2-chloro-1-methyl­
pyridinium iodide in the esterification. An improve­
ment in the yields was rarely recognized except for the 
case of the condensation of pivalic acid, a bulky car­
boxylic acid, with benzyl alcohol when the esterifica-
tions were carried out at an elevated temperature, that 
is, in refluxing toluene (see Table 2). 

T h e consideration that both the counter ion and 
halogen a tom attached to 2-position of the pyridinium 
salt would influence on the yield of carboxylic esters 
urged us to look for more effective pyridinium salt. 
T h e equimolar reaction of 3-phenylpropionic acid with 
benzyl alcohol was undertaken by the use of 2-halo-

TABLE 4 . ESTERIFIICATION EMPLOYING 2-BROMO-l-

ETHYLPYRIDINIUM TETRAFLUOROBORATE 

/X Bu3N 
RiCOaH + HOR2 + || + | 

\ N ^ \ B r 

R1 

G6H5CH2CH2 

GgH5CH2CH2 

CrLjCrLj 
CH3CH2 

C6H5CH=CH 
CgH5CH=CjH 
(GH3)3C 
G6H5CH2 

C13C 
G1CH2 

G1CH2 

n 
\o/\ G 6 H 5 G H G -

C6H5COGH2 

CH3GOGH2GH2 

l>-
CH3CH=CH-

CH=GH 

1 
G2H5 BF4 

> 
CH 2 C1 2 

/v 
R^C02R2 + || | 

N N ^ O 

R2 

C2H5 

G6H5 

G6H5CH2 

C6H5GH2GH2 

G6H5GH2 

C2H5 

(GH3)3G 
(GH3)3G 
G6H5GH2 

G6H5GH2 

G6H5GH2CH2 

G6H5GH2 

G6H5CH2 

G6H5GH2 

G6H5GH2 

GeH5CH2 

G6H5CH2 

C2H5 

Conditions 

refl. 3 h 

Yield 

73 (59) 
57 
62 (39) 
60 (48) 
71 (62) 
43 (27) 
21a> 

40 
88 
80 

r.t. 
overnight 

(%) 

61 
71 

78 
54a) 
78 
62 

97 

85 
87 
4 5 b ) 

62 

59e> 

Values in parentheses indicate the yields when the 
reactions were carried out in dichloromethane under 
refluxing for 3 h using 2-chloro-1-methylpyridinium 
iodide as a coupling reagent. 
a) Yields determined by GLC. b) As a by-product, 
4-benzyloxy-4-methyl-4-butanolide was obtained in 13% 
yield, c) Sorbic anhydride was obtained in 21% yield. 

pyridinium iodide or tetrafluoroborate to determine the 
influence on the yield. As shown in Table 3, 2-bromo-
1-ethylpyridinium tetrafluoroborate gave the best result. 

Based on the above results, the reaction of several 
free carboxylic acids, including functionalized ones, with 
equimolar amounts of alcohols was carried out employ­
ing 2-bromo-l-ethylpyridinium tetrafluoroborate as the 
coupling reagent, and favorable results were obtained 
especially when the esterification was undertaken at 
room temperature (see Table 4). 

In conclusion, it is noted that various carboxylic 
esters are conveniently prepared in good yields from 
equimolar amounts of free carboxylic acids and alcohols 
under mild conditions by the use of 2-chloro- or 2-
bromo-1 -methylpyridinium iodide or 2-bromo-1 -ethyl­
pyridinium tetrafluoroborate, as a coupling reagent, in 
the presence of tributylamine. T h e present method is 
also successfully applied to the carboxylic ester synthesis 
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TABLE 5. PHYSICAL DATA OF PRODUCTS 

1865 

Compound IR 
vc=o (cm-1) 

NMR 
(à) 

Elemental analysis 
(%) 

C 6 H 5 GH 2 C OG 2 H 5 
ii 

O 
CgH5CH2C OCH 2 CgH 5 

6 
C 6 H 5 GH 2 COG(GH3) 3 

H 
O 

C 6 H 5 C H a G O C H ( C H 3 ) G 6 H 5 
II 

O 

C 6 H 5 C H 2 G O C 6 H 5 
« 

O 

C 6 H5CH 2 COCH 2 CH 2 CgH 5 

O 

G H 3 C O C H 2 G 6 H 5 
II 

O 
C H 3 C O C H 2 C H = C H C 6 H 5 

n 
O 

GH 3 GOGH 2 CH 2 G 6 H 5 
n 

O 

Ggxi5GH2GH2GOG2H5 

6 
C6H5CH2CH2COC6H5 

II 
O 

GH3CH2GOGH2GH2G5H5 
n 

O 

GH 3 GH 2 GOGH 2 C 6 H5 
II 

O 

(CH) 3 GCOGH 2 G 6 H 5 
II 

O 

(CH 3 ) 3 CCOC(CH 3 ) 3 
n o 

C 6 H 5 COCH 2 CgH 5 
» o 

G 6 H 5 GH=GHCOC 2 H 5 
II 

O 

G 6 H 5 CH=GHGOGH 2 G 6 H 5 
H 

O 
Gl 3 GGOGH 2 C 8 H 5 

II 

O 

GlCH 2 GOCH 2 C 6 H 5 
II 

O 

C I C H 2 C O C H 2 C H 2 C 6 H 5 
II 

O 

1740 

1740 

1735 

1740 

1740 

1740 

1745 

1745 

1720 

1735 

1740 

1740 

1735 

1735 

1710 

1730 

1720 

1720 

1760 

1730 

1730 

1.15(t, 3 H ) , 3 .45(s , 2 H ) , 
4 . 0 5 ( q , 2 H ) , 7 .20(s , 5H) 

3 .50(s , 2 H ) , 5 .00(s , 2 H ) , 
7 .15(s , 10H) 

1.35(s, 9 H ) , 3 .40(s , 2 H ) , 
7 .15(s , 5H) 

1.40(d, 3 H ) , 3 .50(s , 2 H ) , 
5 .85(q , 1 H ) , 7 .25(s , 10H) 

3 .45(s , 2 H ) , 7 .20(s , 5 H ) , 
7 .25(s , 5H) 

2 .75( t , 2 H ) , 3 .40 (s, 2 H ) , 
4 .15 ( t , 2 H ) , 7 .05(s , 5 H ) , 
7 .15(s , 5H) 

1.95(s, 3 H ) , 5 .00 (s, 2 H ) , 
7 .25 (s, 5H) 

2 .00 (s, 3 H ) , 4 . 6 5 ( d , 2 H ) , 
6 .15(d- t , 1H) , 6 . 6 0 ( d , 1H) , 
7 .25(s , 5H) 

1.90(s, 3 H ) , 2 .85 ( t , 2 H ) , 
4 . 2 0 ( t , 2 H ) , 7 .20(s , 5H) 

1.10(t, 3 H ) , 2 . 4 — 3 . 4 ( m , 4 H ) , 
4 . 0 5 ( q , 2 H ) , 7 .10(s , 5H) 

2 . 6 — 3 . 1 (m, 4 H ) , 
6 . 8 — 7 . 4 ( m , 10H) 

1.05(t, 3 H ) , 2 .20 (q , 2 H ) , 
2 .90( t , 2 H ) , 4 .25 ( t , 2 H ) , 
7 .10(s , 5H) 

1.10(t, 3H) , 2 .25 (q , 2H) , 
5 .00(s , 2 H ) , 7 .20(s , 5H) 

1.20(s, 9 H ) , 5 .05(s , 2 H ) , 
7 .25(s , 5H) 

— 

5.30(s , 2 H ) , 7 . 1 — 7 . 5 ( m , 8H) 
8 . 0 — 8 . 3 ( m , 2H) 

1.30(t, 3 H ) , 4 . 2 0 ( q , 2 H ) , 
6 .40 (d , 1H) , 7 .40(s , 5 H ) , 
7 .65 (d, 1H) , 

5 .15(s , 2 H ) , 6 .40 (d , 1H) , 
7.25(s , 10H) , 7 .65(d , 1H) 

5.30(s , 2 H ) , 7 .35(s , 5H) 

3 .55(s , 2 H ) , 5 .20(s , 2H) 

2 .50( t , 2 H ) , 3 .50(s , 2H) 
3 .90( t , 2 H ) , 6 .85(s , 5H) 

CH3CH=CH-CH=CHCOCH2C6H5 1705 
n 

O 

J 6 X X 5 * L2VjgXX5 
CftHsGEGCOCH,G«Hs 

H 

O 

1700 
2200 
(C=C) 

1.80(d, 3H), 5.10(s, 2H), 
5.75(d, 1H), 6.05(m, 2H), 
7.25(d-d, 1H), 7.25(s, 5H) 

5.15(s, 2H), 7.1—7.5(m, 10H) 

Calcd for G12H1602: 
G, 74.97; H, 8.39. 

Found: C, 74.77; H, 8.57. 

Galcd for G16H1602: 
G, 79.97; H, 6.71. 

Found: C, 79.85; H, 6.65. 

Calcd for G12H1602: 
C, 74.97; H, 8.39. 

Found: G, 75.02; H, 8.53. 
Calcd for C9H1 802 : 

C, 68.31; H, 11.47. 
Found: C, 68.45; H, 11.51. 

Galcd for G9H1 802: 
G, 74.97; H, 6.86. 

Found: C, 75.12; H, 7.08. 

Calcd for C8H702C13: 
C, 42.64; H, 2.79; Gl, 41.95. 

Found : 
G, 42.67; H, 2.72; CI, 41.88. 

Calcd for C13H1402: 
C, 77.20; H, 6.98. 

Found: C, 77.00; H, 7.06. 

Galcd for G16H1902: 
G, 81.34; H, 5.12. 

Found: C, 81.50; H, 5.41. 



1866 K. SAIGO, M . U S U I , K. KIKUCHI , E. SHIMADA, and T . MUKAIYAMA [Vol. 50, No. 7 

T A B L E 5. (Countinued) 

Compound I R 
vc = 0, (cm-1) 

N M R 

(<5) 

Element analysis 

(%) 

CßH5CCH 2 COCH 2 CßH 5 
ii n 

o o 
G H 3 G G H 2 C H 2 C O C H 2 C 6 H 5 

n n 

o o 
- C O C H 2 C 6 H 5 

H 

O 

\ 0 / \ G O G H 2 G 6 H 5 
II 

O 

1760 3 .85 (s, 4 / 3 H ) , 5 .05(s , 4 /3H), 
1680 5 .15(s , 2 /3H) , 5 .65(s , 2/3H), 

7 . 1 — 7 . 9 (m, 10H) 

1700 2 .00(s , 3 H ) , 2 .50(qusi s, 4 H ) , 
5 .00(s , 2 H ) , 7 .25(s , 5H) 

1780 0 . 8 — 1 . 1 (m, 4 H ) , 
1 .3—1.7(m, 1H) , 5 .00(s , 2H) , 
7 .25(s , 5H) 

1700 5 .20(s , 2 H ) , 6 .30(d-d , 1H), 
7 .05(d , 1H) , 7 .25(s , 5 H ) , 
7 .45 (d, 1H) 

Galcd for C 1 6 H 1 4 0 3 : 
G, 7 5 . 5 7 ; H , 5 .55 . 

Found : G, 7 5 . 7 0 ; H , 5 . 4 1 . 

Calcd for G 1 2 H 1 4 0 3 : 
G, 6 9 . 8 8 ; H , 6 .84 . 

Found : G, 6 9 . 6 2 ; H , 6 .87 . 

Galcd for C n H 1 2 O a : 
G, 74 .97 ; H , 6 .86 . 

Found : C, 74 .67 ; H , 6 .88 . 

Calcd for G 1 2 H 1 0 O 3 : 
G, 71 .28 ; H , 4 . 99 . 

Found : G, 71 .12 ; H , 4 .90 . 

s t a r t i n g f rom free c a r b o x y l i c ac ids o r a lcohols h a v i n g 
b u l k y a lky l g r o u p o r h a v i n g func t i ona l g r o u p sensi t ive 
t o w a r d a c i d o r base . 

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

Spectra. Proton N M R were obtained on Hitachi R-24 
spectrometer. Chemical shifts are reported on the ô scale 
relative to tetramethylsilane as an internal s tandard. In ­
frared spectra were taken using Hitachi EPI -G2 spectro­
photometer . Products were identified by N M R and I R 
spectra and elemental analyses. 

Materials. All solvents used here were distilled ac­
cording to the general methods and were stored over molecular 
sieves or sodium metal as a drying agent. Carboxylic acids 
and alcohols were recrystallized or distilled before use. 

2-Chloro-1-methylpyridinium Iodide. T o a solution of 2-
chloropyridine (lO.O.g, 88 mmol) in acetone (3 ml) was added 
methyl iodide (15.0 g, 106 mmol) at 0 °C and the mixture 
was stirred for 3 days at room temperature . Precipitate 
appeared was filtered and washed with dry ether (50 ml) . 
After drying under reduced pressure, 2-chloro-l-methylpyridi­
n ium iodide (18.0 g, 80%) was obtained and used for the 
esterification without recrystallization. 

2-Bromo-l-ethylpyridinium Tetrafluoroborate. A solution of 
2-bromopyridine (2.88 g, 18 mmol) was added to triethyl-
oxonium tetrafluoroborate (4.00 g, 21 mmol) at room tem­
perature under an argon atmosphere. T h e solution became 
clear in a few minutes and white precipitate appeared gradual­
ly. After the suspension was warmed at 50—60 °C for 1 h, 
the mixture was cooled with ice-water ba th . T h e precipitate 
was filtered and washed with dry ether (15 ml) . Drying 
under reduced pressure at room temperature gave 2-bromo-
1-ethylpyridinium tetrafluoroborate (4.07 g, 83%) which was 
employed for condensation without recrystallization. 

General Procedure for Carboxylic Ester Synthesis by the Use of 
2-Chloro- or 2-Bromo-1 -methylpyridinium Iodide. T o a suspen­
sion of 2-chloro-l-methylpyridinium iodide (612 mg, 2.4 
mmol) or 2-bromo-l-methylpyridinium iodide (720 mg, 2.4 

mmol) in dichloromethane or toluene (2 ml) was added a 
solution of free carboxylic acid (2.0 mmol) , alcohol (2.0 mmol) , 
and tr ibutylamine (888 mg, 4.8 mmol) , in the solvent (2 ml) 
under an argon atmosphere and the mixture was stirred for 
3 h under refluxing. T h e solution became clear in accord­
ance to progress of the reaction. After evaporation of the 
solvent, the residue was separated by silica gel column chro­
matography to give carboxylic ester. 

General Procedure Utilizing 2-Bromo-l-ethylpyridinium Tetra­
fluoroborate. T o a solution of 2-bromo-l-ethylpyridi­
n ium tetrafluoroborate (329 mg, 1.2 mmol) in dichloro­
methane (2 ml) was added a mixture of free carboxylic acid 
(1.0 mmol) , alcohol (1.0 mmol) , and tributylamine (444 mg, 
2.4 mmol) at room temperature under an argon atmosphere. 
After stirring overnight at room temperature, the solvent was 
evaporated and the residue was chromatographed on silica 
gel to give carboxylic ester. T h e N M R and I R spectra and 
elemental analysis da ta of products were listed in Table 5. 
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Inositol Derivatives. 10. Isopropylidenation of l,2-0-Cyclohexylidene-m#o-
inositol Derivatives and Preparation of Unaccessible Blocked Inositols 
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Isopropylidenation of l,2-0-cyclohexylidene-m>>0-inositol and its 3-0-tosyl- and 3-0-benzoyl derivatives with 
2,2-dimethoxypropane in iV,JV-dimethylformamide in the presence of acid catalyst gave the corresponding 4,5-
and 5,6-O-isopropylidene derivatives. Selective benzoylation of l,2-O-cyclohexylidene-4,5-0-isopropylidene-
wyo-inositol with benzoyl chloride in pyridine gave mainly the 3-O-benzoate, whereas with benzoic anhydride the 
6-O-benzoate. Several unaccessible blocked inositols were prepared by displacement reaction of the protected 
sulfonyl derivatives with sodium benzoate. 

Partially blocked myo-'\noûto\ is a potential inter­
mediate for the synthesis of various kinds of inositol 
derivatives. In continuation to the previous paper,1) 
isopropylidenation of l,2-O-cyclohexylidene-m>>0-inositol 
(la),2) and its 3-O-tosyl- and 3-O-benzoyl derivatives 
(lb2) and lc1)) has been studied. Preparation of several 
unaccessible protected derivatives of alio-, chiro-, and 
mwco-inositols starting from the sulfonates obtained in 
this studies has also been carried out. 

Isopropylidenation. Trea tment of l a with 2,2-di­
methoxypropane in 7V,iV-dimethylformamide in the pres­
ence of j&-toluenesulfonic acid gave the 4,5-O-isopro-
pylidene derivative (2a) as crystals in 2 2 % yield, which 
was further characterized as the ditosylate and diacetate 
(2b and 2c). T h e remaining syrupy product consisted 
mainly of the 5,6-O-isopropylidene derivative (3a) was 
directly tosylated or benzoylated to give the crystalline 
ditosylate (3b) or dibenzoate (3c) in an isolated yield 
of 26 or 6 2 % based on l a . Positions of the isopro-
pylidene groups in 2a and 3a were established by con­
verting 2b and 3b into the known 1,4- and 1,6-di-O-
tosyl-rajyo-inositol,2) respectively. 

a R = H 
b R = Ts 
c R=Bz 
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Under the identical reaction conditions, 1,2-O-cyclo-
hexylidene-3-0-tosyl-mj);o-inositol ( l b ) was acetonated 
to afford the crystalline 4,5- and 5,6-O-isopropylidene 
derivatives (2d and 3d) in 18 and 19% yields, respec­
tively. Their structures were determined by converting 

them into 2 b and 3b , respectively. 
Similarly, isopropylidenation of l-O-benzoyl-2,3-0-

cyclohexylidene-myo-inositol ( lc) gave, upon separation 
by silica gel chromatography, the 5,6-O-isopropylidene 
derivative (2f, 20%) as crystals, and the 4,5-O-isopro-
pylidene derivative (3f, 43%) as a syrup. The assigned 
structures were confirmed on the basis of the following 
evidences. Acetylation of 2f and 3f afforded the cor­
responding acetates (2g and 3g) . In the N M R spec­
t rum of 2g, the signals due to two protons which at­
tached to the carbon atoms bearing the acyloxy func­
tions were shown not to be coupled with each other. 
Methylation of 3f with methyl iodide and silver oxide 
in iV,iV-dimethylformamide gave two crystalline methyl 
ethers (3h and 3i) in 75 and 4 % yields, respectively.3) 
While, the methyl ether (2h) derived from 2f was dif­
ferent from either 3h or 3i. O n removal of the blocking 
groups followed by acetylation, 3h and 3i were trans­
formed into the known 4-4) and 1-O-methyl-myo-inositol 
pentaacetate,5) respectively. 

Selective Benzoylation and Tosylation. Trea tment 
of 2a with 1.5 molar equiv of tosyl chloride in pyridine 
at 0—5 °C for 2 days yielded 2d almost exclusively in 
5 7 % yield. When 2a was treated with 1.3 molar equiv 
of benzoyl chloride in pyridine at —5 °C for 1.5 h, 2f 
and the dibenzoate (2i) were obtained in 33 and 2 8 % 
yields, respectively. These results indicated that the 
G-3 hydroxyl group being adjacent to «^-arranged cyclo-
hexylidene oxygen atom is more reactive than the less 
hindered G-6 hydroxyl group.6) 

O n the other hand, selective benzoylation of 2a with 
1.3 molar equiv of benzoic anhydride in pyridine at 
room temperature for 5 days gave rise to the 6-O-
benzoate (2j) in 5 2 % yield, together with 2i (12%) 
and a trace of 2f. Accordingly, in contrast to the case 
of acid halide, steric factor seemed to play a role in 
selectivity of O-acylation with acid anhydride. 

Preparation of Blocked Inositols. Unaccessible par­
tially protected chiro-'mositol derivatives were obtained 
by nucleophilic displacement reaction of the tosylates 
of 2a with a benzoate ion. Thus , 2d was treated with 
an excess of sodium benzoate in boiling iV,iV-dimethyl-
formamide for 120 h to give l-0-benzoyl-5,6-0-cyclo-
hexylidene-2,3-0-isopropylidene-cAz*ro-inositol (4a) in 
5 2 % yield. O n de-O-benzoylation followed by mild 
acid treatment, 4a was converted into 1,2-O-cylohexy-
lidene-c/wYo-inositol (5) in 9 5 % yield, whose structure 
was ascertained by conversion to cAzVo-inositol.7) 

Trea tment of 2b with sodium benzoate under the 
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s imi l a r c o n d i t i o n s for 50 h a f forded l - O - b e n z o y l - 5 , 6 - 0 -
c y c l o h e x y l i d e n e - 2 , 3 - 0 - i s o p r o p y l i d e n e -4-0- tosyl - chiro-

inos i to l (4c) in 7 2 % yie ld . W h e n t h e r e a c t i o n t i m e 
w a s p r o l o n g e d to 70 h , t h e tosyloxy g r o u p o n C-6 w a s 
p a r t i a l l y d i sp l aced w i t h a b e n z o a t e i on g iv ing 2 ,5-di -
0 - b e n z o y l - 3 , 4 - 0 - c y c l o h e x y l i d e n e - 1 , 6 - 0 - i s o p r o p y l i d e n e -
<z//o-inositol (6) in 1 0 % yie ld , t o g e t h e r w i t h 3 1 % yie ld 
of 4 c . T h e s t r u c t u r e of 4 c w a s t e n t a t i v e l y ass igned b y 
c o m p a r i n g t h e N M R s p e c t r u m w i t h those of 4 a a n d 
its a c e t a t e ( 4 b ) . 

A d d i t i o n a l l y , t h e p r o t e c t e d muco-inoûtol w a s p r e p a r e d 
b y t h e fo l lowing r e a c t i o n s e q u e n c e . R e a c t i o n of l b 
w i t h p o t a s s i u m c a r b o n a t e in bo i l i ng 8 0 % a q u e o u s 2 -
m e t h o x y e t h a n o l for 30 h fol lowed b y b e n z o y l a t i o n g a v e 
1,2,3,6 - t e t r a - O - b e n z o y l - 4 , 5 - 0 - c y c l o h e x y l i d e n e - m y o ­
inosi tol (7a ) i n 5 1 % yie ld , w h i c h w a s , u p o n d e - O -
c y c l o h e x y l i d e n a t i o n , c o n v e r t e d i n t o tetrabenzoyl-rawcc-
inosi tol (7b ) i n 9 2 % yie ld . T h e N M R s p e c t r u m of 
7 a s u p p o r t e d t h e ass igned s t r u c t u r e . C o n v e r s i o n of 7 b 
i n t o muco -inositol8) g a v e t h e final e v i d e n c e . 

A sma l l a m o u n t of crys ta ls (8 , 1.3%) w a s iso la ted 
f rom t h e m o t h e r l i q u o r f rom 7 a af ter a l o n g s to r age . 
T h e e l e m e n t a l ana lys is a n d N M R s p e c t r u m sugges ted 
t h a t 8 h a d a n 1 ,4 -anhydro r i n g . O n l i t h i u m a l u m i n u m 
h y d r i d e r e d u c t i o n fol lowed b y benzoy la t i on , 9 ) 1 ,4-anhy-
d r o - 5,6 - O - c y c l o h e x y l i d e n e - 3 - 0 - tosyl - chiro - inositol1 0) 
g a v e 1 , 4 - a n h y d r o - 2 , 3 - d i - 0 - b e n z o y l - 5,6 - 0 - cyc lohexy l -
idene-cAfro-inositol t h a t w a s s h o w n to b e i d e n t i c a l w i t h 
8 . M e c h a n i s t i c a l l y , 7 a w a s f o r m e d b y d i ax i a l o p e n i n g 
of t h e i n t e m e d i a t e 3 ,4 -epox ide w i t h O H - a n d 8 w a s 
o b t a i n e d b y t h e r ea r - s i de a t t a c k of t h e 6 - h y d r o x y l g r o u p 
o n C - 3 . 

E x p e r i m e n t a l 1 1 ) 

Isopropylidenation of 1,2-O-Gyclohexylidene-myo-inositol (Ja). 
T o a slurry of l a (20 g) in iV,iV-dimethylformamide (100 ml) 
was added 2,2-dimethoxypropane (30 ml) and jb-toluenesul-
fonic acid (0.2 g), and the mixture was heated at 70—75 °G 
for 90 min. T h e cooled reaction mixture was treated with 

sodium hydrogencarbonate (5 g) and then evaporated to 
dryness. T h e crystalline residue was extracted with hot 2-
butanone (3 X 50 ml) and the extracts were evaporated to 
give crystals that were recrystallized from 2-butanone-toluene 
to afford l,2-O-cyclohexylidene-4,5-0-isopropylidene-m)>0-ino-
sitol (2a, 5.1 g, 22%) as needles: m p 180.5—181.5 °C. 

Found : C, 60.12; H , 7 .93%. Calcd for C 1 5 H 2 4 0 6 : C, 
59.98; H , 8 .05%. 

Compound 2a (3 g) was treated with tosyl chloride (7.7 g) 
in pyridine (30 ml) at room temperature for 2 days. The 
reaction mixture was poured into ice-water and the resulting 
crystals were collected. Recrystallization from 2-butanone-
toluene gave the ditosyl derivative (2b, 5.7 g, 9 3 % ) : mp 
192—195 °C; N M R (CDC13) «5 2.43 (s, 6, two tosyl CH 3 ) , 
3 . 3 5 ( d d , l , y 4 , B = 9 H z , y B i 6 = l l H z , H-5), 4.01 (dd, 1, J3ti 

= 11 Hz, H - 4 ) , 4.12 (dd, 1, y i > 2 = 5 H z , J 1 > 6 = 6 . 5 Hz, 
H - l ) , 4.41 (dd, 1, y 2 i 3 = 4 H z , H-2), 4.80 (dd, 1, H-3), 5.38 
(dd, 1, H-6) . 

Found : C, 57.37; H , 5.88; S, 10.47%. Calcd for C2fl-
H 3 6 O 1 0 S 2 : C, 57.22; H , 5.97; S, 10.53%. 

Compound 2 b (0.1 g) was refluxed with 8 0 % aqueous acetic 
acid (10 ml) for 2 h. After cooling, the resulting crystals were 
collected by filtration, washed with water, and dried to give 
1,4-di-O-tosyl-wyw-inositol (0.07 g, 8 9 % ) : m p 199—200 °C. 
This compound was identified with an authentic sample2) 
(mp 198—200 °C) by comparison with I R spectra. 

Compound 2a (0.2 g) was treated with acetic anhydride 
(5 ml) and pyridine (5 ml) at room temperature for 2 h. The 
mixture was poured into ice-water and the resulting crystals 
were collected by filtration. Recrystallization from ethanol 
gave the diacetyl derivative (2c, 0.24 g, 95%) as needles: 
m p 175.5—176.5 °C ; N M R (CDC13)

12> Ô 2.16 (s, 3) and 2.20 
(s, 3) (OAc), 3.55 (dd, 1, y 4 > 5 = H H z , A 6 = 9 H z , H-5) , 
4.21 (dd, 1, y 2 3 = 5 H z , y 3 4 = 6 . 5 H z , H-3) , 4.21 (dd, 1, 
y l l 6 = l l Hz , H-6) , 4.70 (t, l', J l i 2 = 4 . 5 H z , H-2), 5.20 (dd, 
1, H - l ) , 5.38 (dd, 1, H-4) . 

Found : C, 59.60; H , 7.35%. Calcd for C1 9H2 8Cy. C, 
59.36; H , 7.34%. 

The mother liquor obtained from 2a was concentrated and 
purified by passing through a short a lumina column with 
2-butanone as an eluent to give a syrupy product (ca. 16 g) 
consisting mainly of 3a. A 6-g portion of the syrup was 
tosylated as described for 2a to give 1,2-0-cyclohexylidene-
5,6-0-isopropylidene-3,4-di-O-tosyl-m)w-inositol (3b, 4.3 g, 25 
% yield based on l a used) as needles, after recrystallization 
from 2-butanone- toluene: m p 165—167 °C ; N M R (CDC13) 
Ô 2.47 (s, 6, two tosyl CH 3 ) , 3.45 (dd, 1, Jit5 = 8 Hz, J5>6= 
10 Hz, H-5) , 4.02 (dd, 1, J 1 > 6 = 7 Hz, H-6) , 4.80 (t, 1, J 2 , 3 = 
y 3 i 4 = 3 H z , H-3), 4.99 (dd, 1, H-4) . 

Found : C, 57.12; H , 5.90; S, 10.92%. Calcd for C29-
H 3 6 O 1 0 S 2 : C, 57.22; H , 5.97; S, 10.53%. 

Compound 3 b (50 mg) was treated with boiling 8 0 % 
aqueous acetic acid followed by acetylation in the usual 
manner to give l,6-di-O-tosyl-m)>0-inositol tetraacetate (40 mg, 
84%) as crystals: m p 195—197 °C, which was identified with 
an authentic sample2) (mp 196—197.5 °C) by comparison with 
I R spectra. 

A 10-g portion of crude 3 a was treated with benzoyl 
chloride (30 ml) in pyridine (70 ml) at room temperature 
overnight. The reaction mixture was poured into ice-water 
and the resulting gum was extracted with chloroform (2 X 
50 ml) . T h e extracts were washed with aqueous sodium 
hydrogencarbonate and water, dried, and concentrated to 
leave a syrup, which was crystallized from toluene to give 
the dibenzoyl derivative (3c). Recrystallization from 2-
butanone gave pure crystals (12.5 g, 6 2 % yield besed on l a 
used): m p 199—202 °C. 
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Found: C, 68.43; H , 6 .27%. Calcd for C 2 9 H 3 2 0 8 : C, 
68.49; H, 6 .34%. 

Isopropylidenation of 1,2-0-Cyclohexylidene-3-0-tosyl-myo-inosi-
tol (lb). T o a solution of lb2> (20 g) in iV,iV-dimethyl~ 
formamide (100 ml) were added 2,2-dimethoxypropane (40 
ml) and j!?-toluenesulfonic acid (0.2 g) , and the mixture was 
heated at 90 °C for 15 min. After cooling, the reaction mix­
ture was neutralized by treating with Amberli te IRA-410 
(OH~) and then concentrated to give a syrup that was crystal­
lized from 2-butanone-toluene to give 1,2-O-cyclohexylidene-
4,5-0-isopropylidene-3-0-tosyl-mjvo-inositol (2d, 4.3 g, 18%) 
as needles: m p 167—169 °C; N M R (CDC13) Ô 2.46 (s, 3, 
tosyl CH 3 ) , 3.31 (dd, 1, y 4 i 5 = 1 0 H z , y 5 i 6 = 1 0 . 5 H z , H-5) , 
4.45 (t, 1, 7 1 > 2 = y 2 , 3 = 4.5 Hz , H-2) , 4.89 (dd, 1, 7 3 l 4 = 1 0 Hz, 
H-3) . 

Found : G, 58.41 ; H , 6.65; S, 7 .19%. Calcd for C2 2H3 0-
0 8 S : G, 58.13; H , 6.65; S, 7 .05%. 

Compound 2 d (0.2 g) was acetylated in the usual manner 
and the crude product was recrystallized from 2-bu tanone-
methanol to give the acetyl derivative (2e, 0.2 g, 91%) : m p 
215—216 °C; N M R (CDC13) Ö 2.14 (s, 3, OAc) , 2.48 (s, 3, 
tosyl CH 3 ) , 3.40 (dd, 1, JAt5=9 Hz , 7 5 l 6 = l l Hz , H-5) , 4.12 
(dd, 1, y 3 l 4 = 1 0 . 5 Hz, H-4) , 4.13 (dd, 1, 7 l l 2 = 4 . 5 H z , y i i 6 = 
7 Hz, H - l ) , 4.46 (t, l , y 2 l 3 = 4 . 5 Hz , H-2) , 4.90 (dd, 1, H-3) , 
5.29 (dd, 1, H-6) . 

Found: C, 58.13; H , 6.46; S, 6 .62%. Calcd for C2 4H3 2-
0 9 S : C, 57.67; H , 6.46; S, 6 .23%. 

Treatment of 2d (0.2 g) with tosyl chloride (0.25 g) in 
pyridine (2 ml) at room temperature for 2 days gave 2 b (0.21 
g, 77%) , m p 187—189 °C, after recrystallization from chloro-
form-ethanol, which was identified with the sample obtained 
before. 

The mother liquor from 2d was concentrated to leave a 
s / rup that was crystallized from toluene giving 1,2-O-cyclo-
hexylidene-5,6-O-isopropylidene-3-O-tosyl-m>>0-inositol (3d, 
4.1 g, 19%) as crystals. I t melted at 163—165 °C, solidified at 
168—175 °C, and then remelted at 223—227 °C with decom­
position; N M R (CDC13) ô 2.49 (s, 3, tosyl CH 3 ) , 3.43 (dd, 1, 
y 4 i 5 = 9 H z , y 5 , 6 = 1 0 H z , H-5) , 4.71 (t, 1, / 2 l 3 = / 3 , 4 = « * . 4.5 
Hz, H-3) . 

Found: C, 58.00; H , 6.61 ; S, 6 .84%. Calcd for C2 2H3 0-
0 8 S : C, 58.13; H , 6.65; S, 7 .05%. 

Compound 3d (0.2 g) was acetylated to give, after crystal­
lization from ethanol, the acetyl derivative (3e, 0.19 g, 91%) 
as crystals: m p 151—153 °C; N M R (CDC13) ô 2.04 (s, 3, 
OAc), 2.49 (s, 3, tosyl CH 3 ) , 3.52 (dd, 1, y 4 l 5 = 9 Hz, J 5 i 6 

10.5 Hz , H-5) , 3.99 (dd, 1, / 1 > 6 = 7 Hz, H-6) , 4.86 (dd, 1, 
y 2 > 3 = 4 . 5 Hz, y 3 f 4 = 5 . 5 Hz, H-3) , 5.41 (dd, 1, H-4) . 

Found: C, 58.04; H , 6.51 ; S, 6 .46%. Calcd for C2 4H3 2-
0 9 S : C, 57.67; H , 6.46; S, 6 . 2 3 % . 

Tosylation of 3d (0.2 g) in the usual manner gave 3 b (0.16 
g, 52%) , m p 165—167 °C, which was identical with the 
compound obtained before. 

Isopropylidenation of 7 -0-Benzoyl-2,3-0-cyclohexylidene-myo-ino-
sitol (lc). T o a solution of l c (6 g) in JV,iV-dimethyl-
formamide (60 ml) were added 2,2-dimethoxypropane (12 ml) 
and/>-toluenesulfonic acid (0.06 g), and the mixture was heated 
for 5 min at 90 °C. After cooling, the reaction mixture was 
neutralized with 5 % aqueous potassium carbonate and then 
poured into ice-water(300 ml) . T h e resulting white powder 
was collected by filtration and dried over phosphorus penta-
oxide in vacuo giving a gum {ca. 6 g) . A 4-g portion of this 
product was chromatographed on silica gel (135 g) with 
2-butanone-toluene ( 1 : 6 , v/v) as an eluent. Two fractions 
were separated according to the results of T L C . T h e first 
fractions gave l-0-benzoyl-2,3-0-cyclohexylidene-4,5-O-iso-
propylidene-mjyo-inositol (3£, 1.9 g, 43%) as a homogeneous 

syrup. T h e second fractions gave a syrup (0.9 g) that was 
crystallized from ethanol to give l-0-benzoyl-2,3-0-cyclohexyl-
idene-5,6-0-isopropylidene-mjw-inositol (2f, 0.6 g, 13%) as 
needles: m p 172.5—173 ° C ; N M R (CDC13), 2f: ô 3.57 
(dd, 1, y 4 i 5 = 8 . 5 H z , y 5 i 6 = 9 . 5 H z , H-5) , 4.76 (t, 1, Jlti= 
y 2 i 3 = 4 . 5 H z , H-2) , 5.41 (dd, 1, y i i 6 = 1 0 H z , H - 3 ) ; 3f: ô 
3.57 (dd, 1, y 4 i 5 = 1 0 H z , J 5 > 6 = 8 . 5 H z , H-5) , 4.10 (dd, J1>2 

= 4 Hz , y2 > 3 = 7 H z , H-3) , 5.31 (t, 1, y i > 6 = 4 H z , H - l ) . 

Found for 2f: C, 65.58; H , 6 .89%. Calcd for C2 2H2 8-
0 7 : C, 65.32; H , 6 .99%. 

Compound 2f (0.1 g) was acetylated in the usual manner 
to give, after crystallization from chloroform-ethanol, the 
acetyl derivative (2g, 0.09 g, 7 7 % ) : m p 219 °C (sublima­
t ion) ; N M R (CDC13) ô 2.15 (s, 3, OAc) , 3.59 (dd, 1, Jit5= 
11 Hz, y 5 i 6 = 9 . 5 H z , H-5) , 4.23 (dd, 1, / 2 > 3 = 4 . 5 Hz , / 3 i 4 = 
7 Hz , H-3) , 4.34(dd, 1, y l j 6 = 1 0 H z , H-6) , 4.75 (t, 1, Jlt2= 
4.5 Hz , H-2) , 5.38 (dd, 1, H-4) , 5.43 (dd, 1, H - l ) . 

Found : C, 64.40; H , 6 .67%. Calcd for C 2 4 H 3 0 O 8 : C, 
64.55; H , 6 .79%. 

Compound 3f (0.1 g) gave the acetyl derivative (3g, 0.1 g, 
98%) as a homogeneous syrup; N M R (CDC13) ô 2.10 (s, 
3, OAc) , 3.71 (dd, 1, y 4 5 = 1 0 Hz, J5 6 = 8 . 5 Hz , H-5) , 4.07 
(t, 1, 72,3 = 7 3 , 4 = 7 HZ, H-3) . 

Methylation of 3f. T o a solution of 3f (1.9 g) in JV, 
iV-dimethylformamide (19 ml) were added silver oxide (2.8 g) 
and methyl iodide (2.8 ml) , and the mixture was stirred at 
room temperature for 24 h under dark. An insoluble mat ter 
was filtered off and the filtrate was evaporated to dryness. 
T h e residue was extracted with hot ethyl acetate and the 
extract was passed through a short a lumina column. T h e 
solution was evaporated and crystallized from ethanol to 
give the 6-0-methyl derivative (3h, 1.5 g, 75%) as prisms: 
m p 129—131 °C; N M R (CDC13) ô 3.58 (s, 3, O C H 3 ) . 

Found : C, 66.33; H , 7.10%. Calcd for C 2 3 H 3 0 O 7 : C, 
66.00; H , 7.24%. 

T h e mother liquor from 3 h afforded, after long storage 
in a refrigerator, crystals that were recrystallized from ethanol 
to give 4-0-benzoyl-l ,2-0-cyclohexylidene-5,6-0-isopropyli-
dene-3-O-methyl-OTjo-inositol (3i, 0.07 g, 4%) as needles: m p 
150.5—151.5 °C; N M R (CDC13) ô 3.58 (s, 3, O C H 3 ) , 3.71 
(dd, 1, y 4 i 5 = 7 . 5 H z , J 5 , 6 = 8 . 5 H z , H-5) , 5.43 (dd, y 3 , 4 = 
2.5 Hz, H-4) . 

F o u n d : C, 66.16; H , 7 . 3 1 % . Calcd for C 2 3 H 3 0 O 7 : C, 
66.00; H , 7.24%. 

7 -O-Benzoyl-2,3- O - cyclohexylidene - 5,6 - O - isopropylidene -4-0-
methyl-myo-inositol (2h). Methylat ion of 2f (0.45 g) with 
silver oxide (0.45 g) and methyl iodide (0.45 g) in N,N-d\-
methylformamide (5 ml) gave, after crystallization from 
ethanol, 2 h (0.33 g, 70%) as needles: m p 128—129.5 °C ; 
N M R (CDC13) ô 3.61 (s, 3, O C H 3 ) , 4.76 (t 1, J1>2=J2,3= 
4.5 Hz , H-2) , 5.37 (dd, 1, / l i 6 = l l Hz , H - l ) . 

Found : C, 66.20; H , 7.33%- Calcd for C 2 3 H 3 0 O 7 : C, 
66.00; H, 7.24%. 

7,2-O-Cyclohexylidene - 5,6 - O - isopropylidene -3-0- methyl - myo-
inositol (3j). T o a solution of 3i (0.19 g) in methanol 
(5 ml) was added 0.1 M methanolic sodium methoxide (0.1 
ml) and the mixture was allowed to stand at room temperature 
overnight. After having been neutralized with Amberli te 
IR-120 (H+), the solution was evaporated and the crystalline 
residue was recrystallized from ethanol to give 3j (0.12 g, 
86%.): m p 169—171 °C. 

Found : C, 61.27; H , 8.14%. Calcd for C 1 6 H 2 6 0 6 ; C, 
61.12; H , 8 .35%. 

Compound 3j (0.21 g) was hydrolyzed with boiling 8 0 % 
aqueous acetic acid (10 ml) for 2 h. T h e reaction mixture 
was evaporated and the product was crystallized from ethanol 
to give l-O-methyl-wyo-inositol (DL-bornesitol) (0.09 g, 71%) 
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as crystals: m p 197—198 °C (lit,13) 198—200 °C). Acetyla-
tion gave the pentaacetyl derivative: m p 152—154 °C (lit,4) 
154—154.5 °C). 

7-0-Acetyl-2,3-0-cyclohexylidene-4,5-0-isopropylidene-6-0-meth-
vl-myo-inositol (3k). De-O-benzoylation of 3 h (5 g) 
with methanolic sodium methoxide in methanol (100 ml) 
gave a syrupy product , which was, without furhter purifica­
tion, acetylated in the usual manner to give, after crystalliza­
tion from ethanol, 3k (3.7 g, 8 9 % ) : m p 140.5—141.5 °C. 

Found : G, 60.88; H , 7 .75%. Calcd for C 1 8 H 2 8 0 7 : G, 
60.65; H , 7 .93%. 

Compound 3 k (0.2 g) was hydrolyzed with boiling 8 0 % 
aqueous acetic acid (10 ml) and acetylated to give pentaacetyl-
4-O-methyl-ffîjvo-inositol (-DL-ononitol) (0.21 g, 8 4 % ) : m p 
131—132 °C (lit,5) 134—135 °C). 

Selective Tosylation of 2a. T o a solution of 2a (10 g) 
in dry pyridine (100 ml) was added tosyl chloride (9.5 g, 1.5 
molar equiv) at — 5 °C under stirring, and then the mixture 
was allowed to stand in a refrigerator for 2 days. T h e mix­
ture was poured into ice-water and the precipitates were 
collected by filtration. T h e crude product (10.5 g) was re-
crystallized from toluene to give 2d (8.6 g, 57%) as practical­
ly pure crystals: m p 154—155 °C. 

Selective Benzoylation of 2a. a) T o a solution of 2a 
(0.5 g) in dry pyridine (5 ml) was added benzoyl chloride 
(0.25 ml, 1.3 molar equiv) at — 5 °C under stirring. After 
having been stood at room temperature for 1.5 h, the mix­
ture was poured into ice-water to give 0.5 g of crude products. 
T L C indicated the presence of two components. Fractional 
crystallization from 2-butanone gave 2f (0.22 g, 33%) and 
the dibenzoyl derivative (2i, 0.24 g, 28%) : m p 230 °C ; N M R 
(CDG13) Ô 5.77 (dd, 1, / 4 l 6 = l l H z , y 5 i 6 = 9 H z , H-5) , 4.44 
(dd, 1, 7 2 ) 3 = 4 . 5 H z , y 3 , 4 = 6 H z , H-3) , 4.45 (dd, 1, Jlt6= 
10 Hz, H-6) , 4.85 (t, 1, y i ) 2 = 4 . 5 Hz , H-2) , 5.51 (dd, 1, H - l ) , 
5.69 (dd, 1, H-4) . 

F o u n d : G, 68.56; H , 6 .43%. Galcd for G 2 9 H 3 2 0 8 ; C, 
68.49; H, 6 .34%. 

b) T o a solution of 2a (3 g) in dry pyridine (30 ml) was 
added benzoic anhydride (2.9 g, 1.3 molar equiv) and the 
mixture was allowed to stand at room temperature for 5 days. 
T L C indicated one major and one minor spots. T h e reaction 
mixture was poured into ice-water and the resulting crystals 
were recrystallized from 2-butanone to give 2i (0.6 g, 12%) . 
The mother liquor from 2i was concentrated and crystallized 
from toluene to give 6-0-benzoyl-l ,2-0-cyclohexylidene-4,5-
O-isopropylidene-nyw-inositol (2j, 2.1 g, 52%) as needles: m p 
169—174 °C. Recrystallized sample melted at 177—178 °C: 
N M R (CDCI3) Ô 5.63 (dd, 1, y i ) 6 = 6 Hz, y 5 , 6 = 11 Hz, H-6) . 

Found : C, 65.47; H , 7.00%. Calcd for G 2 2 H 2 8 0 7 : C, 
65.32; H , 6 .99%. 

T h e presence of a trace of 2f was detected in crude 2j 
by the N M R spectrum. 

7-0-Benzoyl-5,6- O - cyclohexylidene - 2,3 - O-isopropylidene - chiro-
inositol (4a). A mixture of 2 d (4 g) and sodium benzoate 
(3.8 g, 3 molar equiv) in iV,iV-dimethylformamide (100 ml) 
was refluxed for 120 h. After cooling, ethyl acetate (80 ml) 
was added to the reaction mixture and an insoluble mat te r 
was removed by filtration. T h e filtrate was evaporated to dry­
ness and the residue was extracted with hot ethyl acetate 
(3 X 50 ml) . T h e extracts were filtered through a short column 
of a lumina and evaporated to give a syrup, which was crystal­
lized from ethanol to give 4a (1.8 g, 52%) as crystals: m p 
176.5—177 °C. 

Found : C, 65.46; H, 6 .96%. Calcd for C 2 2 H 2 8 0 7 : G, 
65.32; H , 6 .99%. 

Compound 4a (0.2 g) was acetylated in the usual manne r 
to give, after crystallization from ethanol, the acetyl derivative 

(4b, 0.19 g, 86%) as needles: m p 166.5—167 °C; N M R 
(CDCI3) ô 2.19 (s, 3, OAc) , 5.42 (dd, 1, 7 = 5 . 5 Hz, 7 = 1 1 Hz, 
H-3) , 6.07 (t, 1, 7 = 1 . 5 Hz, H-6) . 

Found : C, 64.28; H , 6 .67%. Calcd for C 2 4 H 3 0 O 8 : C, 
64.55; H, 6 .79%. 

7,2-O-Cyclohexylidene-chiro-inositol (5). Compound 4a 
(3 g) was dissolved in a mixture of chloroform (60 ml) and 
ethanol (15 ml) , and ^-toluenesulfonic acid (0.3 g) was added 
at 0 °C. T h e mixture was allowed to stand in a refrigerator 
overnight. Then the mixture was diluted with methanol 
(60 ml) and 1 M methanolic sodium methoxide (12 ml) was 
added. After having been stood at room temperature, the 
resulting crystals were collected to give 5 (1.8 g, 9 5 % ) : m p 
181—183 °C. Recrystallization from ethanol-water gave pure 
prisms: m p 182—183 °C. 

Found : C, 55.64; H, 7 .73%. Calcd for C 1 2 H 2 0 O 6 : C, 
55.36; H, 7.76%. 

Hydrolysis of 5 (0.05 g) with boiling 6 M hydrochloric acid 
(10 ml) for 1 h gave c/zzYo-inositol (0.03 g, 81%) as crystals: 
m p 227—235 °C. Recrystallization from ethanol-water gave 
a pure sample: m p 245—247 °C (lit,7) 253 °C). 

7 -O-Benzoyl-5,6- O - cyclohexylidene - 2,3 - O - isopropylidene -4-0-
tosyl-chiro-inositol (4c). a) A mixture of 2b (2.5 g) and 
sodium benzoate (2 g) in iV,iV-dimethylformamide (50 ml) was 
refluxed for 50 h. The reaction mixture was cooled to room 
temperature and diluted with 2-butanone (30 ml) . An in­
soluble mat ter was removed by filtration and the filtrate was 
filtrated through a short a lumina column. Evaporation gave 
a syrup that was crystallized from methanol to give 4c (1.7 g, 
72%) : m p 141.5—144.5 °C. Recrystallization from 2-buta-
none-methanol gave pure product (1.4 g, 6 3 % ) : m p 165.5 
—167 °G; N M R (CDC13) 6 2.43 (s, 3, tosyl CH 3 ) , 4.70—5.00 
(m, 1, H-4) , 5.94 (broad d, 1, J=ca. 2 Hz, H - l ) . 

Found : G, 62.57; H , 6.19; S, 5 .92%. Calcd for C29H34-
0 9 S : C, 62.34; H , 6.14; S, 5.74%. 

b) A mixture of 2 b (2 g) and sodium benzoate (2 g) in 
iV,iV-dimethylformamide (70 ml) was refluxed for 70 h. The 
mixture was processed as described above to give crystalline 
mixtures. Fractional crystallization from ethanol-ethyl 
acetate gave 4c (0.55 g, 3 1 % ) : m p 162—165 °C, and 2,6-
di- O-benzoyl-3,4- O-cyclohexylidene-1,6- O-isopropylidene - allo-
inositol (6, 0.16 g, 1 0 % ) : m p 210—212 °C ; N M R (GDC13) 
ô 4.26 (dd, 1, 7 = 1 0 . 5 Hz, 7 = 2 . 5 Hz) , 4.70 (dd, 1, 7 = 3 Hz, 
7 = 10.5 Hz) , 5.95—6.20 (m, 2, H-2 and H-5). 

Found : C, 68.47; H , 6 .44%. Calcd for C £ 9 H 3 2 0 8 : C, 
68.49; H, 6 .34%. 

7,2-0-Cyclohexylidene-4,5-0-isopropylidene-3-0 - tosyl- chiro-ino­
sitol (4d). A solution of 4c (2 g) in 2-butanone (20 ml) 
was treated with catalytic amount of methanolic sodium 
methoxide for 40 min at room temperature . T h e reaction 
mixture was neutralized with acetic acid and evaporated to 
give a white solid, which was chromatographed on silica gel 
(70 g) with 2-butanone-toluene ( 1 : 4 , v/v). The major frac­
tions were collected and crystallized from 2-butanone-toluene 
to give 4d (0.5 g, 31%) : m p 134—136 °C. 

Found : C, 57.97; H , 6.58; S, 7.10%. Calcd for C22H30-
0 8 S : C, 58.13; H , 6.65; S, 7 .05%. 

7,2,3,6- Tetra - O - benzoyl- 4,5 - O - cyclohexylidene - muco - inositol 
(7a) and 7,4-Anhydro-2,3-di-0-benzoyl-5,6-0-cyclohexylidene-
chiro-inositoI (8). A mixture of l b (10 g), anhydrous 
potassium carbonate (10 g) and 8 0 % aqueous 2-methoxy-
ethanol (200 ml) was refluxed for 3.5 h, and then evaporated 
to dryness. After the residue was dried by codistillation with 
dry toluene, it was treated with benzoyl chloride (23 ml) in 
pyridine (60 ml) under ice cooling. After overnight at room 
temperature , the reaction mixture was poured into ice-water 
(300 ml) and the resulting gum was extracted with chloro-
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form (100 ml) . T h e extract was washed successively with 
I M hydrochloric acid, 5 % aqueous sodium carbonate, and 
water, dried, and evaporated to give a syrup that was crystal­
lized from chloroform-ethanol giving a mixture of 7a and 8. 
Fractional crystallization from the same solvents gave 7a (8.3 
g, 5 1 % ) : m p 177—179 °C; N M R (CDC13) <5 4.58 (broad d, 
2, J=4 Hz, H-4 and H-5) , 5.86 (broad d, 2, 7 = 6 Hz , H- l 
and H-2) , 6.14 (broad dd, 2, H-3 and H-6) . 

Found: G, 71.26; H , 5 .39%. Galcd for G 4 0H 3 6O 1 0 : C, 
70.99; H, 5 .36%. 

From the mother liquor of 7a, a small amount of 8 (0.14 g, 
1.3%) was obtained as hair like needles: m p 155—157 °G; 
N M R (GDG13) «5 4.6—5.2 (m, 4, H - l , H-4, H-5 , and H-6) , 
5.37 (broad t, 1, y 2 i 3 = 3 . 5 H z , J3ti=4.5 Hz , J3t5=ca. 1 Hz , 
H-3), 6.05 (d, 1, H-2) . 

Found: C, 69.55; H, 5.90%. Calcd for C 2 6 H 2 6 0 7 : C, 
69.32; H, 5 .82%. 

1,2,3,6-Tetra-O-benzoyl-muco-inositol (7b). A mixture 
of 7a (6 g) and 8 0 % aqueous acetic acid (50 ml) was refluxed 
for 1 h. After cooling, the resulting crystals were collected 
by filtration to give 7b (4.9 g, 92%) : m p 252—254 °C. An 
analytical sample melted at 256—257 °G after recrystalliza-
tion from pyridine-ethanol . 

Found: G, 68.24; H, 4 .90%. Calcd for G 3 4H 2 8O 1 0 : C, 
68.47; H , 4 . 7 3 % . 

A solution of 7 b (0.5 g) in 2-methoxyethanol (10 ml) was 
treated with 1 M methanolic sodium methoxide (0.5 ml) at 
90 °G for 10 min. T h e reaction mixture was diluted with 
water and treated with Amberlite IRA-120 (H+) and then 
evaporated to give a crystalline residue that was pulverized 
with ethanol and collected to give crude mwco-inositol (0.15 g, 
9 8 % ) : m p 190—220 °G. Recrystallization from w a t e r -
ethanol gave a pure sample (0.13 g) : m p 285—290 °C (lit,8) 
281—290 °C). 

T h e a u t h o r s wish to t h a n k M r . T o r u F u k a t a , M r . 
S h u k i c h i M u t o , a n d M r . Kei j i I w a t a for ass i s tance in 
p r e p a r a t i v e e x p e r i m e n t s . 
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Rotational isomerization about the amide C-N bond of twelve iV-alkyl-iV-benzylcarbamoyl chlorides (C6H5-
CHX-NR-COG1, 1: X = H , 2: X = G 1 ; R = C H 3 , G2H5, n- and *'-C3H7, n- and *-C4H9) was studied by proton 
NMR spectroscopy. The values of AG" for the isomerization are 15.8—17.3kcal/mol for compounds 1 and 
13.3—15.9 kcal/mol for compounds 2. Another kind of slow rotation was observed about the benzyl-nitrogen 
bond of l (R = f-C4H9) and the a-chlorobenzyl-nitrogen bond of 2(R=CH3) at low temperature. The chiral 
centers of compounds 2 produce large nonequivalences for the geminal protons of the 2-methylene group of 2 (R= 
H-C 3 H 7 ) as well as 2(R=n-C4H9) and for the geminal methyl protons of 2(R=z*-C3H7), reflecting some conforma­
tional preference of these compounds. 

I t is well established that the structure of amides can 
be represented by the hybrid structure I. 

0 

I 

Extensive studies by N M R spectroscopy, which have 
been reviewed,1 '2) substantiate the assignment of a 
partial double bond character to the C - N bond of the 
amide group. This double bond character, as pointed 
out by Stewart and Siddall,1) leads to the following con­
sequences : A comparatively large barrier to the rota­
tion about the C - N bond of the amide group, which 
can result in nonequivalent signals for the protons in 
R 1 and the corresponding ones in R 2 even if R* = R 2 ; 
and subsidiary hindered rotations about other bonds as 
a consequence of a rigid, approximately planar frame­
work of the amide group. 

In the case of carbamoyl chlorides (I, R 3 = C 1 ) , 
kinetic studies of their amide C - N bond rotations have 
been reported, especially on dimethylcarbamoyl chlo­
ride3 - 6) and also on some other derivatives.7) 

T h e present study examines the N M R spectra of a 
series of six iV-alkyl-JV-benzylcarbamoyl chlorides [ 1 ; 
C 6 H 5 C H 2 - N R - C O C l , R = C H 3 (1-a), C 2 H 5 (1-b), n-
C 3H 7 (1-c), *-C3H7 (1-d), n-C4H9 (1-e), *-C4H9 (1-f)] 
and of a series of six correspondingly JV-alkylated (a-
chlorobenzyl)carbamoyl chlorides (2; C 6 H 5 C H C 1 - N R -
COC1). First, results of a kinetic study of the amide 
C-N bond rotations are presented. Secondly, evidence 
is presented that the restricted rotations about the amide 
C - N bond gives rise to another slow rotations about the 
benzyl-nitrogen bond of 1-f and also the a-chlorobenzyl-
nitrogen bond of 2-a on N M R time scale as the tem­
perature is lowered further. Thirdly, preference of 
rotational conformations about single bonds of com­
pounds 2 is discussed in view of the nonequivalences 
of the 2-methylene geminal protons of 2-c and the 
geminal methyl groups of 2-d. 

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

The proton NMR spectra were recorded on a JEOL JNM-
MH100 spectrometer operating at 100 MHz in the frequency-

sweep and internal TMS-locked mode, using Iwasaki-Tsushin 
UC-80033 universal counter, for ca. 5% (w/v) degassed solu­
tion in CDG13 or in hexachloro-l,3-butadiene at various tem­
peratures. Temperatures were calibrated with the hydroxyl 
shifts of methanol below room temperature and of 1,3-pro-
panediol above room temperature. 

The IR spectra were taken with a Japan Spectroscopic 
Co,, Ltd. JASCO DS-403 grating infrared spectrometer. 

N-Alkyl-N-benzylcarbamoyl Chlorides. To a stirred solu­
tion of 75 ml of a 12.5% solution of phosgene in benzene 
(0.15 mol of phosgene), maintained in an ice bath, was added, 
dropwise, a benzene solution (50 ml) of the appropriate N-
alkylbenzylamine (0.07 mol). The reaction mixture was stir­
red at room temperature for an hour, and then filtered to 
remove amine hydrochloride. Benzene was removed from 
the solution by distillation to afford crude carbamoyl chloride. 

N-Methyl-N-benzylcarbamoyl Chloride (1-a):8) Yield 57.5%; 
bp 81 °C (6x 10-3Torr);9> mp 23 °C (recrystd from diethyl 
ether); IR (Nujol) : vc = 0 1751cm-1. 

N-Ethyl-N-benzylcarbamoyl Chloride (1-b): Yield 32.7%; 
bp 84—85 °C (3 x 10-4 Torr) ; mp 21 °G (recrystd from diethyl 
ether); IR (Nujol): vc = 0 1747cm-1. Found: C, 60.71; 
H, 5.84; Gl, 18.07; N, 6.98%. Calcd for C10H12C1NO: 
C, 60.76; H, 6.12; CI, 17.94; N, 7.09%. 

N-Propyl-N-benzylcarbamoyl Chloride (1-c): Yield 35.7%,; 
bp 83 °C ( 2 x l 0 - 4 Torr); IR (Nujol): vc = 0 1747 cm"1. 
Found: G, 61.97; H, 6.48; CI, 17.01; N, 6.68%. Calcd 
for CuH1 4ClNO: C, 62.41; H, 6.67; CI, 16.75; N, 6.62%. 

N-Isopropyl-N-benzylcarbamoyl Chloride (1-d): Yield 38%; 
bp 92 °C (2x10-* Torr); IR (Nujol): vc = 0 1742 cm-1. 
Found: C, 62.13; H, 6.55; CI, 16.48; N, 6.61%. Calcd 
for CnH1 4ClNO: C, 62.41; H, 6.67; CI, 16.75; N, 6.62%. 

N-Butyl-N-benzylcarbamoyl Chloride (1-e): Yield 40%; bp 
100 °C (2xlO- 4 Torr) ; IR (Nujol); vc = 0 1745 cm-1. 
Found: C, 64.08; H, 7.16; CI, 16.01 ; N, 6.42%. Calcd for 
C12H16ClNO: C, 63.85; H, 7.15; CI, 15.71; N, 6.21%. 

N-t-Butyl-N-benzylcarbamoyl Chloride (l-f):10> Yield 47.1%; 
mp 86—87 °C (recrystd from heptane); IR (Nujol): J>C = 0 

1753 cm-1. 
N-Alkyl-N-(<x-chlorobenzyl) carbamoyl Chlorides. By a pro­

cedure similar to that described for iV-methyl-Ar-(a-chloro-
benzyl)carbamoyl chloride (2-a),n> the appropriate iV-alkyl-
benzylideneamine was treated with phosgene to give the cor­
responding iV-alkyl-JV-(a-chlorobenzyl)carbamoyl chloride. 

N-Ethyl-N-(tx-chlorobenzyl) carbamoyl Chloride (2-b): Yield 
74.4% ; bp 96—98 °C (3 X 10~3 Torr) ; IR (Nujol) : vc = 0 1749 
cm-1. Found: C, 51.77; H, 4.94; CI, 30.51; N, 6.12%. 
Calcd for C1 0HnCl2NO: C, 51.75; H, 4.78; CI, 30.55; N, 
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6.04%. 
N-Propyl-N-(oc-chlorobenzy I) carbamoyl Chloride (2-c): Yield 

56.9%; bp 99 °C (3x 10"3 Torr); IR (Nujol): vc = 0 1747 
cm-1. Found: G, 53.74; H, 5.50; Gl, 28.71; N, 5.66%. 
Galcd for CuH13Gl2NO: C, 53.68; H, 5.32; CI, 28.81; N, 
5.69%. 

N-Isopropyl-N-(oc-chlorobenzyl) carbamoyl Chloride (2-d) : 
Yield 89%, mp 49—51 °C (recrystd from diethyl ether); IR 
(Nujol): vc = 0 1758cm-1. Found: C, 53.47; H, 5.45; Gl, 
28.60; N, 5.54%. Calcd for GuH13Cl2NO: G, 53.68; H, 
5.32; CI, 28.81; N, 5.69%. 

N-Butyl-N-(a-chlorobenzyl)carbamoyl Chloride (2-e) : Yield 
51.9%; bp 118 °C (4xl0~ 4 Torr) ; IR (Nujol): vc = 0 1745 

Found: 
»Hi 

C, 55.58; H, 5.92; Gl, 27.11; N, 5.44%. 
Gl2NO: C, 55.39; H, 5.81; CI, 27.25; N, Calcd for C12 

5.38%. 
N-t-Butyl-N-(<x-chlorobenzyl)carbamoyl Chloride (2-f) : A 

sealed tube containing 22.5 g (0.14 mol) of freshly distd N-
/-butylbenzylideneamine and 150 g of a 12.5% soultion 
of phosgene in benzene (0.3 mol of phosgene) was heated 
at about 50 °C for three days. The white precipitate pro­
duced (JV-/-butylbenzylideneamine hydrochloride) was re­
moved by filtration. Removal of benzene from the solution 
by distillation afforded 30.7 g (84.1% yield) of crude 2-f; 
mp 44.5—46.5 °C (recrystd from heptane), dec above 100 
°C;12> IR (Nujol): vc = 0 1760cm-1. Found: C, 55.37; H, 
5.60; Gl, 27.10; N, 5.27%. Calcd for C12H15Cl2NO: G, 
55.39; H, 5.81; Gl, 27.25; N, 5.38%. 

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

N-Alkyl-N-benzylcarbamoyl Chlorides (Series 1). 
Chemical shifts (<5, ppm) of the JV-alkyl-iV-benzylcar-
bamoyl chlorides (1-a, 1-b, 1-c, 1-d, 1-e, and 1-f) at 
room temperature are listed in Table 1. 

Rotational Isomerism about the Amide C-N Bond: The 
presence of a pair of singlet signals with unequal in­
tensities for the benzyl a protons of 1-a, 1-b, 1-c, and 
1-e and also a pair of singlet signals for the methyl 
protons of 1-a can be interpreted in terms of rotational 
isomerism between conformers represented as A and B 
resulting from slow rotation about the amide C - N 
bond.1-2) 

CfiHcGHX 

R x /Ci R, O 

' \ O 
A 

> N - c / 
C6H5CHX/ \ C 1 

B 

X = H (Series 1); X=G1 (Series 2) 

Isbrandt and Rogers30) showed, by the use of a 
europium shift reagent, that, of the two signals for di-
methylcarbamoyl chloride, the lower-field resonance is 
assignable to the protons of the methyl group that is 
eis to the chlorine atom. By analogy, the benzyl a 
proton signals of the present carbamoyl chlorides at 
(5=4.6—4.9 p p m (the lower-field signals) can be 
assigned to those of conformer B, while those at (5=4.5 
—4.6 p p m (the higher-field signals) can be assigned 
to the benzylic protons of conformer A. 

The fractional populations, PA and PB, for each pair 
of these conformers, together with their coalescence tem­
peratures, are shown in Table 2. From these data, the 
free energies of activation for the rotational conversion 
from A to B (AG*A) and the reverse (AG*B) were calcu­
lated. The results are also included in Table 2. 

C6H5-CH2-N-C(CH3)3 

COC1 

<S/ppm 
Fig. 1. The temperature dependence of the NMR 

spectrum of the benzyl protons of JV-^-butyl-jV-benzyl-
carbamoyl chloride, 1-f, in GDG13. 

For those compounds in which the iV-alkyl substit­
uent, R, is primary (1-a, 1-b, 1-c, and 1-e), conformer 
A is more stable than conformer B. In those cases in 
which R is secondary (1-d) or tertiary (1-f), the reverse 
occurs. The order of relative populations of conformer 
A (PA) is l - a « l - b > l - c « l - e > l - d > l - f . T h a t is, the 
sterically larger alkyl groups exibit a preference for sites 
which are further from the chlorine a tom (eis to the 
oxygen atom). For the N-methyl derivative (1-a), the 
free energies of activation, AG*A and AG #

B , are 17.3 
and 17.1 kcal/mol, respectively, which are comparable 
with the value (17 kcal/mol) reported for dimethylcar-
bamoyl chloride.3a '3b>4 '5 '6) Wi th increasing bulkiness 
of the 7V-alkyl group, the free energy of activation for 
such rotations decreases. This trend is the same as 
observed with JV,JV-dialkylamides.14> 

Nonequivalence of the Benzyl a Protons of 1-f: T h e 
geminal protons at the benzyl a position of 1-f, which 
exists in conformation B exclusively (cf. Table 2), res­
onate nonequivalently at temperatures below — 34 °C 
(AB quartet , v A B =72.3 Hz, y A B = 1 9 . 0 Hz) , as shown in 
Fig. 1. Although the benzyl a protons of some N-
alkyl-iV-£-butylbenzylamines are nonequivalent because 
of slow rates of nitrogen inversion,15) such explanation 
is unlikely in the present case. The rationale for this 
conclusion is based on a comparison of the infrared 
spectrum of 1-f with that of its a-chlorobenzyl analogue 
(2-f). The carbonyl absorptions ; are indicative of as 
much double bond character of the amide C - N bond 
of 1-f (y c = o= 1753 cm"1) as that of 2-f (yc=0=1760cm-1). 
Such double bond character of the amide C - N bond 
in 2-f is established by N M R data, which indicates that 
2-f exists in two conformations as a results of restricted 
rotation about this bond (see the following section). 
Therefore, the hybridization state of the nitrogen atom 
of 1-f is probably sp2 or nearly so. 
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T A B L E 1. P R O T O N N M R CHEMICAL SHIFTS OF iV-ALKYL-iV-BENZYLCARBAMOYL CHLORIDES AT ROOM TEMPERATURE 

Com 

l a 

l b 

1-c 

I d 

1-e 

1-f 

ipounda> 

R 

C H 3 

C 2 H 5 

TZ-C 3H 7 

z*-C3H7 

n-C4H9 

£-C4H9 

C 6 H 5 CH 2 -

A 

4 .553 

4 .555 

4 .561 

B 

4 .702 

4 .671 

4 .680 

4 .639 

4 .570 4 .688 

4 .865 

A 

ö/ppm 

H 1 

B 

3.050 2 .985 

3.410 

3.314 

4 .204 

3.350 

for protonsb> 

H 2 

1.148 

1.561 

1.172 

1.591 

1.430 

H 3 

0.871 

1.331 

H* 

0.890 

a) C 6 H 5 C H 2 - N R - C O C l . b) Number ing of alkyl protons: w-C3H7 = - C H V C H 2
2 - C H 3

3 , Ï - C 3 H 7 = - C H 1 - ( C H 2
3 ) 2 , 

*-C4H9 = -C(CH 2
3 ) 3 . 

T A B L E 2. CHEMICAL SHIFT, POPULATION, COALESCENCE TEMPERATURE AND FREE ENERGY OF ACTIVATION 

FOR INTERCONVERSION OF CONFORMERS A AND B OF JV-ALKYL-JV-BENZYLCARBAMOYL CHLORIDES 

Compound3^ 

l a 

l b 

1-c 

I d 

1-e 

1-f 

R 

C H 3 

C 2 H 5 

n-C3H7 

f-C3H7 

n-C4H9 

£-C4H9 

Protonb> 

observed 

C H 3 

C 6 H 5 C H 2 

C 6 H 5 C H 2 

C 6 H 5 CH 2 

C 6 H 5 C H 2 

C 6 H 5 C H 2 

C 6 H 5 CH 2 

ÔA 

3.080 
4 .596 

4 .568 

4 .573 

4 .545 

4 .580 

«B 

3.015 
4 .730 

4 .704 

4 .704 

4 .661 

4 .711 

4 .874 

PA 

0.567 
0 .570 

0.532 

0 .524 

0.312 

0 .524 

0 

PB 

0.433 
0.430 

0 .468 

0.476 

0 .688 

0 .476 

1 

Tc 

°C 

47 .0 
54 .5 

4 5 . 0 

4 7 . 5 

30 .5 

4 7 . 5 

AGI AG£C> 

kcal/mol 

17.3 
17.3 

16.6 

16.8 

15.8 

16.8 

17.1 
17.1 

16.5 

16.7 

16.5 

16.7 

a) C 6 H 5 C H 2 - N R - C O C l . b) T h e protons whose resonances are observed are indicated by underlines. c) Free 
energy of activation at the coalescence tempera ture . Throughout this paper 1 ca l t h = 4.184 J . The equations used 
to calculate the free energies of activation are as follows. 1 / T = 1 / T A + 1/TB, when T A and T B are the lifetimes of 
species A and B, respectively. Case 1) PA = PB, 1 / 2 T = ( T T / I / T ) • Ar, AG"=RTcln(2rkTJh). Case 2)13> PA*PB, 
X=2nAvx, PA-PB = AP={(X*-2)/3}3/*'l/X, AGl=RTM2rkTJh(l-AP)}, AGt=RTM™Tc/h(l+AP}. 

T A B L E 3. P R O T O N N M R CHEMICAL SHIFTS OF JV-ALKYL-iV-(a-CHLOROBENZYL)CARBAMOYL 

CHLORIDES AT ROOM T E M P E R A T U R E 

C o m p o u n d ^ 

R 

(5/ppm for protonsb> 

H 1 H 2 H(2> H 3 H 4 

2-a 

2-b 

2-c 

2-d 

2-e 

2-f 

C H 3 

C 2 H 5 

n-C3H7 

t -C 3 H 7 

n-C4H9 

t-CM* 

2.940 

3.376 

3.231 

3.663 

3 .255 

0 .970 

1.591 1.165 

1.465 

1.58 1.06 

1.515 

1.006 

0 .684 

1.059 0.741 

a) C 6 H 5 C H C l - N R - C O C l . b) Number ing of alkyl protons: ?z-C3H7 = - C H V C H V C H 3 . » z-C3H7: 
-CH 1 (CH 2

3 )CH( 2 ) 3 , *-C4H9 = -C(CH 2
3 ) 3 . 

COCl C O C l u 

^ C G H S 

Fig. 2. T h e Newman projection formulas for staggered 
conformations of AW-butyl-JV-benzylcarbamoyl chlo­
ride, 1-f, with respect to the rotation about the 
benzyl-nitrogen bond. 

T h e n o n e q u i v a l e n c e of t h e b e n z y l a p r o t o n s of 1-f 

a t t e m p e r a t u r e s b e l o w —34 °C c a n b e e x p l a i n e d in 

t e r m s of t h e m o l e c u l a r a s y m m e t r y p r o d u c e d b y slow 

r o t a t i o n a b o u t t h e b e n z y l - n i t r o g e n b o n d , t h e r o t a t i o n a l 

b a r r i e r s of w h i c h resu l t f rom t h e r ig id i ty of t h e a m i d e 

p l a n e a n d t h e bulk iness of t h e £-butyl g r o u p . T h e 

m o s t s t ab l e c o n f o r m a t i o n s a r e p r o b a b l y s t a g g e r e d con­

f o r m a t i o n s C a n d D in F ig . 2 . W h e n t h e in t e r conve r -

s ion is s low, t h e a s y m m e t r i c field wil l b e b r o u g h t a b o u t 

o n t h e b e n z y l a g e m i n a l p r o t o n s . T h e m e a n b a r r i e r 

h e i g h t b e t w e e n C a n d D w a s c a l c u l a t e d to b e 11.4 
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T A B L E 4, CHEMICAL SHIFT, POPULATION, COALESCENCE TEMPERATURE AND FREE ENERGY OF ACTIVATION FOR 

INTERCONVERSION OF CONFORMERS A AND B OF TV-ALKYL-JV-(A-CHLOROBENZYL) CARBAMOYL CHLORIDES 

Compound^ 
R b ) 

2-a CH3 

2-b CH2CH3 

2-c CH2C2H5 

2-d CH(CH3)2 

2-e CH2C3H7 

2-f C(CH3)3 

ÔA 

2.931 
3.426 
3.270 

3 
3.329 
1.670 

654 

sB 
2.831 
3.325 
3.190 

3.248 
1.400 

PA 

0.645 
0.539 
0.5 

0.5 
0.386 

PB 

0.355 
0.461 
0.5 

0.5 
0.614 

Te 

°G 

24.5 
16.0 
6—7 
7_gc) 

14.3 
9.0 

AGI AGSd> 
kcal/mol 

15.9 
15.2 
14.7 

15.2 
13.3 

15.6 
15.2 
14.7 

15.2 
13.5 

(a) -28°C 

a) C6H5CHCl-NR-COCl. b) The protons whose resonances are observed are indicated by underlines, c) The 
multiplet blurred in the temperature range, and it could not be analyzed at lower temperature, d) Free energies 
of activation at the coalescence temperature, calculated by the use of the equations in Table 2. note c). 

kcal/mol from the values of Tc> AvAB, and JAB.16> 
Kiefer17) reported that the geminal protons of the 

chloromethyl group of iV-/-butyl-iVr-(chloromethyl) car­
bamoyl chloride are nonequivalent. This can be inter­
preted in terms of slow rotation about the chloromethyl-
nitrogen bond, in view of the present conclusion on 
the case of 1-f. 

N-Alkyl-N- (oc-chlorobenzyl) carbamoyl Chlorides (Series 2). 
The chemical shifts (Ô, ppm) of 2-a, 2-b, 2-c, 2-d, 2-e, 
and 2-f at room temperature are given in Table 3. 
The signals of the benzyl a proton were not detectable, 
hidden by the signals of the aromatic protons. 

Rotational Isomerism about the Amide C-N Bond: Calcula­
tions pertaining to equilibrium A ^ B were made from 
the signals of the methyl protons of 2-a and 2-f, and 
of the 1-methylene protons, H 1 , of 2-b, 2-c, and 2-e. 
In these compounds, as in the compounds of series 1, 
the protons of the alkyl groups which are eis to the 
chlorine atom of the chloroformyl group (conformer A) 
are assumed to resonate at lower-field regions than 
those which are trans to the chlorine a tom (conformer 
B). Calculated fractional populations (PA, PB) and 
free energies of activation (AG*A and AG*B) are shown 
in Table 4. 

The TV-methyl derivative (2-a) prefers conformation 
A, while the N-t-butyl derivative (2-f) prefers conforma­
tion B, which is consistent with that found for 1-a and 
1-f. The values of PJPB for 2-a, 2-b, and 2-f, which 
were relatively precisely estimated, are greater than 
the values for the corresponding compounds of series 1, 
1-a, 1-b, and 1-f, respectively. The free energies of 
activation for rotation about the C-N bond of the com­
pounds of series 2 are smaller than the corresponding 
compounds of series 1. These facts are attributed to 
the increase in repulsive interactions of the benzyl group 
with the chloroformyl group, especially its chlorine atom, 
in stable conformations A and B, by introduction of the 
a-Cl substituent. The free energies of activation are 
lowest for 2-f. This is probably due to destabilization 
of conformations A and B by steric repulsion of the 
chloroformyl group with the bulky ï-butyl group in 
addition to that with the a-chlorobenzyl group. 

The ô value of the signal of the £-butyl protons of 
2-f in conformation B is 1.40 ppm, while that in con­
formation A is 1.67 ppm. Since the <5 value of the 
signal of the f-butyl protons of 1-f is 1.43 ppm, the 
aforementioned assignment of B to the most preferred 

(5/ppm 

Fig. 3. NMR spectra of the methyl protons of JV-methyl-
N- (a-chlorobenzyl) carbamoyl chloride, 2-a, (a) at 
°C and, (b) - 3 8 °G. 

28 

conformation of 1-f is consistent. 
Rotational Isomerism about the oc-Chlorobenzyl-Nitrogen 

Bond of 2-a : 2-a shows two kinds of spectral change 
at low temperatures. T h e first one is due to the con­
formational interconversion A ^ B with the signal co­
alescence temperature at 24.5 °C. The second one is 
the splitting of each of the methyl signals for conforma­
tions A and B into two signals, shown in Fig. 3. T h e 
latter spectral change is ascribed to freezing of the in­
terconversion of two relatively stable conformations 
about the a-chlorobenzyl-nitrogen bond. The values 
of AG" for this conversion is estimated at about 10 
kcal/mol. This comparatively large restriction to the 
conversion is probably caused by rigidity of the amide 
plane. 

In light of a result of calculation of van der Waals 
energy by Allinger's modification18*-1*) of Hill's meth­
od19) a qualitative potential energy curve for the rota­
tion about the oc-chlorobenzyl-nitrogen bond of 2-a is 
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0/rad 

Fig. 4. Schematic potential-energy diagram for the 
rotation about the benzyl-nitrogen bond of iV-alkyl-
iV-(a-chlorobenzyl) carbamoyl chlorides. 0 represents 
the dihedral angle between the chlorine-carbon bond 
of the a-chlorobenzyl group and the chloroformyl-nitro-
gen bond. Curve 1 : 2-a; curve 2 : 2-c. 

0.9 

1.1 

1.3 

1.5 

1.7 

C6H5CHCI-N-CH2-CH2-CH3 
COC1 

- 0 - 0 — o — o 

o in HCB 

• i n CDCU 

- 4 0 0 40 80 120 160 

tj°G 

Fig. 5. Temperature-dependence of nonequivalent 
chemical shifts (from TMS) of the 2-methylene geminal 
protons of iV-propyl-iV-(a-chlorobenzyl) carbamoyl 
chloride, 2-c. • : in CDC13; O: in hexachloro-
butadiene. 

depicted with a solid line (curve 1) in Fig. 4, which 
shows two stable conformations, E and F, intervened by 
potential energy barriers at 0 = 0 and 4jr/3 rad. 0 is the 
dihedral angle between the chlorine-carbon bond of the 
a-chlorobenzyl group and the chloroformyl-nitrogen 
bond. Of the two peaks of each of the methyl signals 
for A and B in Fig. 3(b), the more intense one at lower 
field is assigned to the more stable conformation, E, 
and the weaker one at higher field to the less stable 
conformation, F. In conformation E, the phenyl group 
and the chlorine atom of the a-chlorobenzyl group are 
close to the methyl group, and hence, must exert a 
downfield effect on it. 

Nonequivalence of the 2-Methyletie Protons of 2-c and 2-e : 
As is seen in Table 3, even above the coalescence tem­
perature for the interconversion of conformations A and 
B, the geminal protons of the 2-methylene group, H 2 , 
of 2-c as well as those of 2-e, give rise to two signals of 
equal intensity, that is, are nonequivalent, although the 
geminal protons of the other methylene groups appear 

Fig. 6. Molecular model representation for a conversion 
between conformations E and F of iV-propyl-iV-(a-
chlorobenzyl)carbamoyl chloride, 2-c: rotation about 
the a-chlorobenzyl-nitrogen bond. 

as equivalent. I t is evident that these nonequivalences 
are originated from the chirality of the configuration 
about the a-carbon atom of the a-chlorobenzyl group. 

These nonequivalences decrease with rising tempera­
ture. In the case of 2-c, the difference in chemical 
shift between the two signals is about 80 Hz at —30 °C, 
and decreases to 40 Hz at 80 °C, as shown in Fig. 5. 
In spite of the shift, the splitting patterns of the non-
equivalent signals do not essentially change. This fact 
indicates that rotation about any bond other than the 
amide G-N bond is not frozen even at the lowest tem­
perature measured ( — 30 °C). 

The shift may be elucidated by the change in popula­
tion of the conformers about the a-chlorobenzyl-
nitrogen bond, as follows. The potential energy 
curve of 2-c as well as 2-e about this bond may be 
similar to that of 2-a, as a whole, but may be somewhat 
shallower, as shown with a dotted line (curve 2) in 
Fig. 4. In the more stable conformation E, the alkyl 
group is in close proximity of the phenyl group and the 
chlorine atom, both of which have large magnetic an­
isotropics and must impart large asymmetric field gra­
dient to the 2-methylene protons. The terminal methyl 
or ethyl group of the alkyl group of the molecule in 
conformation E forces the protons of the 2-methylene 
group to face the chiral center, as a result of avoiding 
its repulsive interaction with the a-chlorobenzyl group 
(Fig. 6). When the molecule is in conformation F, the 
field gradient experienced by the same protons should 
be small because of the long distance from the chiral 
center. Therefore, increasing contribution of confor­
mation F with rising temperature reduces the nonequiv­
alence of the 2-methylene protons. 

Nonequivalence of the Geminal Methyl Groups of 2-d: 
The protons of the geminal methyl groups, H 2 and H<2), 
of 2-d are also nonequivalent. Raising temperature 
causes a decrease in the separation of the signals accom­
panied by a gradual movement to higher fields, as 
shown in Fig. 7. This nonequivalence is not caused by 
the conformational interconversion A ^ B . The dif­
ference in chemical shift of H 1 between conformations 
A and B is not so large to permit the analysis of mul­
tiplets. As to the chemical shift of the methyl groups, 
there is no difference between conformations A and B 
of 2-d? while the corresponding chemical shifts of 2-f 
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7.0 

6.0 

C6H5-CHC1-N-CH(CH3)2 
COC1 

- 1 0 30 70 

*/°C 

110 150 190 

Fig. 7. Temperature-dependence of nonequivalent 
chemical shifts, (ôphenyi — ômethn)/ppm, of the geminal 
methyl protons of iV-isopropyl-iV-(a-chlorobenzyl)-
carbamoyl chloride, 2-d. 0 : in CDC13 ; O : in 
hexachlorobutadiene. 

are separated 0.27 p p m from each other. This implies 
that both methyl groups of the isopropyl group can be 
apart from the chloroformyl group, while, at least, one 
of the methyl groups of the £-butyl group must be in 
close proximity to the chloroformyl group. The pref­
erable conformation of 2-d may resemble conforma­
tion E of 2-c shown in Fig. 6. In this conformation, 
the nonequivalence of the two methyl signals may be 
largest, because one of the methyl groups approaches 
the chlorine atom, receiving a downfield effect from it, 
and the other methyl group comes just above the plane 
of the phenyl ring, receiving an upfield effect from it. 

In the present cases, nonequivalent protons is three 
bonds removed from the chiral center. In a study of 
the N M R spectra of a series of compounds, G 6 H 5 CH-
(GH 3 )CH(GH 3 ) 2 , C 6 H 5 C H ( C H 3 ) 0 ( C H 2 ) n C H ( C H 3 ) 2 

(n=0 , l ,2 ) and C 6 H 5 C H ( C H 3 ) 0 ( C H 2 ) 2 0 ( C H 2 ) n C H -
( C H 8 ) a ( n = 0 , l ) , Whitesides et al.20) have found that the 
nonequivalence of the geminal methyl protons does not 
decrease monotonically as the number of bonds separat­
ing the chiral center from the geminal methyl groups 
increases, and that it is unexpectedly large when these 
methyl groups are five bonds removed from the chiral 
center. The difference may originate from a greater 
flexibility of an ether molecule compared with the pres­
ent carbamoyl chloride molecules, which bear a rigid 
amide plane and bulky phenyl and chlorine substituents. 
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2-Pyridylferrocene reacts with lithium tetrachloropalladate(II) in the presence of sodium acetate to give an 
orfAo-palladated binuclear complex (4). The a-bonded structure of 4 was confirmed by studies of the IR and 
NMR spectra and of the reactions of 4 with thallium(I) acetylacetonate and lithium aluminum deuteride. The 
reactions of 4 with carbon monoxide, butyllithium, and bromine were also examined. 

Following the first report of the intramolecular ortho-
palladation of azobenzene and JV,JV-dimethylbenzyl-
amine1) there has been considerable interest in the 
intramolecular ortAo-metalation of nitrogen, phos­
phorus, and sulfur donor ligands by transition metals.2) 
With reference to the orfÄo-metalation, Alper3) reported 
the first example of the intramolecular or^Ao-palladation 
of a metallocene by the reaction of thiopivaloylferrocene 
with sodium tetrachloropalladate(II) ; Gaunt and Shaw4) 
also described the intramolecular or/Ao-palladation of 
(dimethylaminomethyl)ferrocene. One might, therefore, 
expect that 2-pyridylferrocene (1) would undergo pal-
ladation very readily, since it is well known that a ring 
in ferrocene is much more susceptible to electrophilic 
attack than a benzene ring.5) In this report, we wish 
to report on the intramolecular or/Ao-palladation of 1 
and the reaction of the metalation product with various 
reagents. 

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

The treatment of 1 in methanol or dioxane with 
lithium tetrachloropalladate(II) gave dichlorobis(2-
pyridylferrocene)palladium(II) (2) containing the un-
palladated ligand. The 2 structure was consistent with 
the results of the elemental analysis and the I R spectrum 
of the compound. Rosenblum and Howells6) have pre­
viously suggested that the I R spectra may serve to define 
the structures of homoannularly-disubstituted ferrocene 
derivatives; the 1,2-isomer possesses one band near 917 
c m - 1 . Compound 2 exhibited no absorption near 917 
c m - 1 . Furthermore, the reaction of 2 with triphenyl-
phosphine in a ligand-replacement reaction gave a 
quantitative yield of dichlorobis (triphenylphosphine) -
pal ladium(II) (3), as identified by comparison with an 
authentic sample. 

O n the other hand, when mole equivalents of lithium 
tetrachloropalladate(II) , 1, and sodium acetate tri-
hydrate were stirred together in methanol, a new com­
plex (4) was obtained. O n the basis of the microanaly-
tical and spectroscopic data, the molecular weight, and 
the reactions, 4 was shown to be an intramolecularly 
or/Ao-palladated complex. I t has previously been shown 
that the acetate ion promoted an internal metalation 
reaction.7) The 4 complex shows reactions typical of a 
chlorine-bridged binuclear complex of pal ladium; the 
reactions with thall ium(I) acetylacetonate and triphenyl-
phosphine produce the monomeric acetylacetonate (5) 
and triphenylphosphine (6) derivatives respectively. 
T h e I R spectra of the ferrocene derivatives prepared 
in this study are recorded in Table 1. Compounds 4, 
5, and 6 exhibited absorptions near 1100, 1000, and 

910 c m - 1 characteristic of homoannularly 1,2-disubsti-
tuted ferrocene derivatives.6) In addition, in the far-
infrared spectrum of 4 there are three bands, assigned 
to bridged Pd -Cl stretching absorptions at 317, 296, and 
255 c m - 1 . Presumably the band at 296 c m - 1 is due to 
a solid-state effect. T h e lithium aluminum hydride 
reduction of 4 gave 1, whose mass spectrum was iden­
tical with that of an authentic sample. O n the other 
hand, the lithium aluminum deuteride reduction of 4 
gave l-(2-pyridyl)ferrocene-2-fif1 (7). The position of 
the deuterium and, therefore, the site of the carbon-to-
palladium a-bond were established by a comparison of 
the N M R spectrum of 7 with that of the undeuterated 
1. The above evidence established that a ff-bond has 
been formed between the palladium and the ferrocene 
moiety. 

Recently, the reactions of or/Ao-palladation products 
from numerous a-arylnitrogen derivatives with carbon 
monoxide,8 '9) chlorine,10) and alkyllithium or a Grignard 
reagent11 '12) have been reported. The carbonylation 
of or/Ao-palladation products of azobenzene, Schiff bases, 
and tertiary benzylamines usually gives a variety of 
heterocyclic compounds.8 '9) The attempted carbonyla­
tion of the 4 complex in ethanol was unsuccessful, even 
at 100 °C; however, the triphenylphosphine derivative, 
6, in ethanol was readily carbonylated at 100 °C to 
produce an uncyclized ester, 2-ethoxycarbonyl-l-(2-
pyridyl)ferrocene (8), in a 3 7 % yield. The 6 complex 
was also smoothly brominated in chloroform at room 
temperature, forming 2-bromo-l-(2-pyridyl) ferrocene (9) 
in a 3 5 % yield. Furthermore, the treatment of 6 with 

TABLE 1. T H E IR ABSORPTION FREQUENCIES (cm-1) 

OF 2-PYRIDYLFERROCENE DERIVATIVES 

Compound 1100—100 rule 917 rule Other bands 

1 1102, 1002 absent 
2 1104, 1000 absent 

1100, 1003 910 

344, 336 
(terminal Pd-Gl) 
332, 296, 255 
(bridged Pd-Gl) 

5 1100, 1009 921, 910 1580, 1550 
(Acac group), 
1200 (H-C bend­
ing of Acac group) 

6 1102, 1000 920, 903 315 (terminal 
Pd-Cl) 

7 1105, 1000 absent 
8 1102, 1000 918 1703 (ester group) 
9 1100, 1004 920 
10 1105, 1000 915 
11 1100, 1002 908 
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< § > ^ Li2PdCl4 <&Jty <§> PPh3 PhaP j* 
Fe 1 4_^ Fe Cl.Pd.a Fe J _ * Pd^ 

<§> . ^> &®> 3 <»' 
( ! ) ^ ' • ' " " * * • ^ (2) 

VAIDA (4 ) 

TIAcac. Fe Pd-0 

(8) • R=COOEt 
(9) : R=Br 
(10): R=n-Butyl 
(11) : R = Ph 

Fig. 1. 

b u t y l l i t h i u m a n d p h e n y l l i t h i u m g a v e 2 - b u t y l - l - ( 2 -
py r idy l ) f e r rocene (10) ( 3 4 % yie ld) a n d 2 - p h e n y l - l - ( 2 -
py r idy l ) f e r rocene (11) ( 2 7 % yie ld) respec t ive ly . C o m ­
p o u n d s 8, 9 , 10 , a n d 11 e x h i b i t a b s o r p t i o n s n e a r 1100, 
1000, a n d 9 1 0 c m - 1 c h a r a c t e r i s t i c of h o m o a n n u l a r l y 1,2-
d i subs t i t u t ed fe r rocene der iva t ives . 6 ) M o r e o v e r , t h e 
N M R a n d mass s p e c t r a of t h e c o m p o u n d s w e r e all con ­
sistent w i t h t h e p r o p o s e d s t r u c t u r e s . 

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

Materials and Analysis. All the melting points are uncor­
rected. The 2-pyridylferrocene (1) was prepared by the 
method previously reported.13) T h e I R spectra were mea­
sured on KBr disks (4000—650 cm"1) or in Nujol mulls 
mounted on thin polythene windows (700—200 c m - 1 ) , using 
Hitachi 215 and EPI -L spectrometers. T h e N M R spectra 
were taken in CDC13 with T M S as the s tandard and were 
recorded with a Hitachi R-22 spectrometer at 90 M H z . 
The mass spectra were obtained with a Hitachi R M U - 6 M 
mass spectrometer, using a direct inlet and an ionization 
energy of 70 eV. T h e molecular weight was determined in 
GHG13, using a Hitachi 115 vapor-pressure osmometer. 

Dichlorobis(2-pyridylferrocene)palladium(II) (2). A solu­
tion of 1.31 g (5 mmol) of li thium tetrachloropalladate(II) in 
30 ml of methanol or 30 ml of a mixture of dioxane and 
water ( 1 : 1 ) was stirred drop by drop at room temperature , 
into a solution of 1.31 g (5 mmol) of 1 in 20 ml of methanol 
or dioxane. T h e brownish precipitate which formed im­
mediately was filtered and washed successively with several 
portions of water and then ether. T h e solid (3.4 g, 9 7 % 
yield) was insoluble in all common solvents; m p 185—190 
°G (dec). Found : C, 51.02; H , 3.56; N , 3.77%. Galcd 
for C3 0H2 6Gl2Fe2N2Pd: G, 51 .21; H , 3.72; N , 3 .98%. 

Ligand-replacement Reaction of 2 with Triphenylphosphine. 
0.35 g of 2 and 0.13 g of tr iphenylphosphine were placed in 
15 ml of ethanol, and the mixture was stirred at 80 °C for 
24 h. T h e resultant solid was collected and washed several 
times with ethanol to give a quanti tat ive yield of dichlorobis-
(tr iphenylphosphine)palladium(II) (3) (mp 250—260 °G 
(dec)), whose I R spectrum was identical to that of an authentic 
sample.14) T h e concentration of the filtrate in vacuo gave 1 
(mp 91—92 °G (lit,13) m p 92—93 °C)) . 

Di-fi-chlorobis\2-(2-pyridyl)ferrocenyï\dipalladium(II) (4). 
A solution of 1.31 g (5 mmol) of 1 in methanol (30 ml) was 
added to a mixture of li thium tetrachloropalladate(II) (1.31 g, 
5 mmol) and sodium acetate t r ihydrate (0.68 g, 5 mmol) in 

methanol (50 ml) . T h e new mixture was then stirred for 
20 h at room temperature , and the reddish precipitate which 
formed was filtered off and dried (yield: 4.20 g ; 9 9 % yield). 
A portion was recrystallized from chloroform-cyclohexane ; 
m p 240—244 °G (dec). N M R ö: 4.31 (6H, H b + u n s u b -
stituted ferrocene ring protons, singlet); 5.14 (1H, H a , mul­
t iplet) ; 5.33 (1H, H c , mul t ip le t ) ; 7.01—8.64 p p m (4H, pyridyl 
protons, m u l t i p l e t ) / Found : G, 44.46; H , 2.87; N , 3 . 4 1 % ; 
mol wt 786. Calcd for C3 0H2 4Cl2Fe2N2Pd2 : C, 44.60; H , 
2.99; N , 3 .46%; mol wt, 808. 

Acetylacetonato [2- (2-pyridyl)ferrocenyl]palladium (II) (5). 
A solution of thal l ium(I) acetylacetonate (0.30 g, 1 mmol) 
and the 4 complex (0.40 g, 0.5 mmol) in benzene (20 ml) 
was stirred for 24 h at room tempera ture and then filtered. 
T h e filtrate was then evaporated under reduced pressure, 
giving a red oil. After purification by column chromato­
graphy on silica gel (benzene), the product , 5, was obtained 
as orange prisms from hexane-benzene ; m p 151—152 °G, 
N M R ô: 2.06 (6H, GH 3 of acac group, singlet); 4.18 (5H, 
unsubstituted ferrocene ring protons, singlet); 4.40 (1H, H b , 
double-doublet) ; 4.63 (1H, H a , double t ) ; 4.76 (1H, H c , 
double t ) ; 5.41 (1H, H - G of acac group, singlet); 6.97—8.70 
p p m (4H, pyridyl protons, mult iplet) . F o u n d : C, 51.25; 
H , 3.97; N , 2 . 9 1 % ; M+, 467. Calcd for C 2 0 H 1 9 FeNO a Pd: 
C, 51.37; H , 4.09; N , 2 . 9 9 % ; M , 467. 

Chloro [2 - (2 -pyridyl)fer rocenyï\ (triphenylphosphine) palladium (II) 
(6). Triphenylphosphine (0.26 g, 1 mmol) and the 4 
complex (0.40 g, 0.5 mmol) were dissolved in benzene (20 
ml) , and then the mixture was stirred for 4 h. T h e solvent 
was removed under reduced pressure, and the product (0.60 
g, 9 0 % yield) was obtained as orange plates from ethanol ; 
m p 136—138 °C (dec). Found : C, 59.25; H , 3.96; N , 2.03 
% ; mol wt, 654 (in CHC13). Galcd for C 3 3 H 2 7 ClFeNPPd : 
C, 59.49; H , 4.07; N , 2 . 1 2 % ; mol wt, 666. 

Reduction of the 4 Complex with Lithium Aluminum Hydride. 
Lithium a luminum hydride (0.02 g, 0.5 mmol) in anhydrous 

ether (50 ml) was slowly added to a solution of the 4 complex 
(0.4 g, 0.5 mmol) in anhydrous ether (50 ml) . T h e resulting 
black mixture was stirred at room tempera ture for 4 h ; then 
water (10 ml) was added with cooling. T h e ether layer was 
washed with water and dried over anhydrous magnesium 
sulfate. After the removal of the solvent, 1 was obtained as 
reddish plates from benzene-cyclohexane ; m p 91—92 °C (lit,13) 
m p 92—93 °C). N M R ô: 4.07 (5H, unsubstituted ferrocene 
ring protons, singlet); 4.42 (2H, H b , mul t ip le t ) ; 4.94 (2H, 
H a , mul t iple t ) ; 7.01—8.59 p p m (4H, pyridy protons, mul­
tiplet). M S : M+ 263. Calcd for C 1 5 H 1 3 FeN: M , 263. 

Reduction of the 4 Complex with Lithuim Aluminum Deutende. 
T h e reduction of 4 (0.40 g) in anhydrous ether with l i thium 
a luminum deuteride (0.02 g) was carried out as in the pre­
ceding experiment ; this gave a product (mp 92—93 °C) which 
can be identified as l-(2-pyridyl)ferrocene-2-</1 (7) on the 
basis of the following evidence: N M R ô: 4.07 (5H, unsub­
stituted ferrocene ring protons, singlet) ; 4.42 (2H, H b , mul­
t iplet) ; 4.92 (1H, H a , mul t iple t ) ; 7.00—8.60 p p m (4H, pyridyl 
protons, mult iplet) . F o u n d : C, 68.05; H , 5 .31; N , 5 .19%; 
M+, 264. Calcd for C 1 5 H 1 2 DFeN: G, 68.13; H , 5.38; N , 
5 .30%; M , 264. 

Carbonylation of the 6 Complex in Ethanol. In ethanol 
(50 ml) , the 6 complex (3.33 g, 5 mmol) was carbonylated 
at 100 °C under a carbon monoxide pressure of 80 a tm for 
10 h with shaking. T h e product was then isolated by filter­
ing to remove a precipitated pal ladium and distilling under 
reduced pressure to remove the solvent. T h e residue was 
dissolved in chloroform and chromatographed on silica gel 
to afford red crystals (0.62 g; 3 7 % yield), which can be iden­
tified as 2-ethoxycarbonyl-l-(2-pyridyl)ferrocene (8) ; m p 108 



1880 Akira KASAHARA, Taeko IZUMI, and Mitsugi MAEMURA [Vol. 50, No. 7 

—110 °C. N M R Ô: 1.21 (3H, C H 3 of ester group, triplet) ; 
4.29 (5H, unsubstituted ferrocene ring protons, singlet) ; 4.40 
(3H, H b + G H 2 of ester group, mult iple t ) ; 4.68 ( I H , H a , 
mul t ip le t ) ; 4.87 ( I H , H c , mul t iple t ) ; 7.06—8.74 p p m (4H, 
pyridyl protons, multiplet) . Found : C, 64.38; H , 5.06; N , 
4 . 0 5 % ; M+, 335. Calcd for G 1 8 H 1 7 F e N 0 2 : C, 64.52; H , 
5 .11; N , 4 . 1 7 % ; M , 335. 

Reaction of the 6 Complex with Bromine. Under a nitro­
gen a tmosphere, bromine (0.90 g, 5 mmol) in chloroform (15 
ml) was slowly added in a solution of the 6 complex (3.33 g, 
5 mmol) in chloroform (50 ml) . After stirring at room tem­
pera ture for 4 h, the reaction mixture was filtered and the 
chloroform phase washed several times with water, dried over 
anhydrous magnesium sulfate, and concentrated. T h e res­
idue was dissolved in chloroform and chromatographed on 
silica gel afford reddish crystals (0.60 g; 3 5 % yield), which 
can be identified as 2-bromo-l-(2-pyridyl)ferrocene (9) ; m p 
95—97 °C. N M R ô: 3.70 (5H, unsubstituted ferrocene ring 
protons) ; 4.32 (2H, H b + H c , mul t ip le t ) ; 4.85 ( I H , H a , mul­
t iplet) ; 7.16—8.64 p p m (4H, pyridyl protons, mult iplet) . 
Found : C, 52 .21 ; H , 4.10; N , 3 .89%; M+, 344. Calcd for 
C 1 5 H 1 2 BrFeN: G, 52.37; H , 4 .01 ; 4 . 0 7 % ; M , 344. 

Reaction of the 6 Complex with Butyllithium. Under a 
nitrogen atmosphere, the 6 complex (3.33 g, 5 mmol) in dry 
benzene (50 ml) was reacted with 10 mmol of butyll i thium 
in ether. After stirring at 50 °C for 8 h, the products were 
isolated by diluting the cooled reaction mixtures with water 
and chloroform. T h e chloroform phase was separated, wash­
ed several times with water, dried over anhydrous magne­
sium sulfate, and concentrated. T h e residue was dissolved 
in chloroform and chromatographed on silica gel. T h e first 
elution with chloroform afforded red crystals (0.21 g, m p 9 1 — 
93 °G) ; they were identified as 2-pyridylferrocene (1) by a 
comparison of the I R and N M R spectra with those of an 
authentic sample and by a mixed-melting-point determina­
tion. T h e second elution with chloroform afforded a heavy 
reddish oil (0.54 g, 3 4 % yield) which can be identified as 
2-butyl-l-(2-pyridyl)ferrocene (10) on the basis of the fol­
lowing evidence: N M R ô: 0.92 (3H, C H 3 of butyl group, 
triplet), 1.15—1.87 (4H, C H 2 of butyl group, mul t ip le t ) ; 2.80 
(2H, ferrocenyl-CH 3 - , triplet) ; 4.11 (5H, unsubstituted fer­
rocene ring protons, singlet); 4.38 (2H, H b + H c , mul t ip le t ) ; 
4.96 ( I H , H b , mul t iple t ) ; 6.80—8.60 p p m (4H, pyridyl pro­

tons, multiplet) . Found : C, 71.28; H , 6.55; N, 4 .26%; 
M+, 319. Calcd for G 1 9H 2 1FeN: C, 71.49; H , 6.63; N, 
4 . 3 8 % ; M , 319. 

Reaction of the 6 Complex with Phenyllithium. T h e reac­
tion of 6 (3.33 g, 5 mmol) with 10 mmol of phenyllithium 
in ether was carried out as in the preceding experiment; it 
gave a product (0.46 g, yield, 27%) which can be identified 
as 2-phenyl-l-(2-pyridyl)ferrocene (11); m p 235 °G (dec). 
N M R ô: 3.93 (5H, unsubstituted ferrocene ring protons); 
4.12 ( I H , H b , mul t iple t ) ; 4.77 (2H, H a + H c , mult iplet) ; 
7.18—8.49 ppm (9H, phenyl and pyridyl protons, mutiplet) . 
Found : G, 74.25; H , 4.87; N , 4 .03; M+, 339. Calcd for 
C 2 1 H 1 7 FeN: C, 74.40; H , 5.05; N, 4 .13; M , 339. 
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Synopsis. The contamination rates of the clean sur­
faces of metallic oxides by liquid-paraffin vapor are largely 
reduced by the coexisting water vapor. They are related 
to the hydrophilicity of oxides evaluated as the water-solid 
interaction free energy by the two-liquid-contact-angle 
method. 

High energy surfaces such as those of metallic oxides 
or metals are liable to be contaminated by organic vapor 
in the air. The sensitive change in the contact angle 
of water can be utilized for the detection of organic 
contaminant.1) As White2) pointed out, organic contam­
ination should be regarded as adsorption and not the 
"falling out" of materials onto a surface. 

Since oxide surfaces have strong affinity to water, 
coexisting water vapor would have some effect on the 
adsorption of organic compounds on a high energy 
surface. In order to study the effect of coexisting water 
vapor on organic contamination of several metallic 
oxides by liquid-paraffin vapor, we have measured the 
contact angles of water drops. T h e results are discuss­
ed in relation to the affinity of oxide surfaces to water. 

Exper imenta l 

A quartz glass plate for an optical cell, and five single 
crystal plates of oxides, rutile (TiO2)(001), chromia (Cr203) 
(0001), a-alumina (AlaO3)(0001), nickel oxide (NiO)(100), 
and strontium titanate (SrTiOa) were examined. The num­
bers in parentheses indicate the crystal planes investigated. 
The surface of strontium titanate was not a low index crystal 
plane. The purity of single crystals was 99.9—99.99%. 

All the surfaces were polished up to specular surfaces with 
emery paper and diamond-powder paste. The surfaces were 
cleaned before each measurement with an ultrasonic cleaner 
in a detergent solution, followed by thorough washing with 
redistilled water. Water could perfectly wet the surfaces. 

In order to detect possible impurities originating from the 
cleaning process, the Auger spectra for alumina samples were 
measured with a Physical Electronics Instruments, Type CAS 
545, apparatus. Only traces of phosphorus and carbon other 
than aluminum and oxygen were detected. Their coverage 
was estimated to be smaller than 1% Carbon might have 
come from the contaminants in the Auger apparatus. 

The oxide plate was subjected to contamination in a Petri 
dish containing two small vessels, one filled with liquid paraf­
fin and the other with water for wet atmosphere and with 
phosphorus pentoxide for dry atmosphere. The oxide sample 
was picked out after a certain time and transfered to an optical 
cell for measurement of contact angles of water drops by 
means of a goniometer-telescope system at 20±0.5 °C. The 
points in Figs. 1 and 2 represent the average of ten to twenty 
advancing contact angles, the accuracy being ca. ±2 degrees. 

Liquid paraffin (spectroscopic grade) was used as an organic 
contaminant. Water was redistilled from an alkaline per­
manganate solution in a Pyrex glass apparatus, 

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

Changes in contact angle of water with time in dry 
atmosphere and in saturated water are shown in Figs. 
1 and 2, respectively. T h e order of contamination 
rates is : silica < a-alumina < nickel oxide < chromia < 
strontium titanate < rutile. This order is the same under 
both conditions, regardless of the coexisting water vapor. 
However, water vapor supresses organic contamination 
of all the oxides. The tendency is larger for the sur­
faces which are more easily contaminated, such as 
rutile or strontium titanate. 

Since surface contamination can be regarded as com­
petitive adsorption of organic and water vapor, the 
contamination rates would be related to the affinity of 

10 20 30 40 

Time (h) 

Fig. 1. Variation of contact angles under the dried 
atmosphere. 
O : TiOa, • : SrTi03 , A : Cr a0 3 , A : NiO, 
• : A1203, • : SiOa. 

b0 
•x) 

Ö 
o 

Ö 
10 20 

Time (h) 

Fig. 2. Variations of contact angles under the wet at­
mosphere, (Symbols are the same in Fig. 1.) 



1882 N O T E S [Vol. 50, No. 7 

oxide surface to water. Evaluation of the hydrophili-
city of oxides can be carried out by such methods as 
adsorption of water and the heat of immersion in water, 
but they are restricted to powder samples. 

T h e interaction free energy due to nondispersive forces 
(mainly the hydrogen bonding force) at the interface 
between solid and water, I"v, can be obtained from the 
contact angles of water drops in hydrocarbon liquid. 
This can be defined in terms of surface tension y by 

/îw = vi + K - yïw, 
where subscripts s, w, and sw denote solid, water, and 
solid/water interface, respectively, and n indicates the 
component due to nondispersive forces. The details of 
the method3»4) and the results for the oxides have been 
reported.5) 

T h e law values obtained for the oxides are5) as follows : 
T i O a , 91.4; S r T i 0 3 , 93.2; C r 0 0 3 , 93.6; NiO, 94.0; 
A1203 , 97.6; and SiO a , 99.2 in m j m~2 at 20 °G. The 
accuracy is ca. ± 0 . 3 m j m~2. The order of the /"w 
values corresponds to the reverse order of the contami­
nation rates (Figs. 1 and 2). T h e oxides which have 
smaller / " w values and are thus less hydrophilic are more 

easily contaminated by organic vapors. This seems 
reasonable in view of the competitive adsorption. 

I t was found that the coexisting water vapor can large­
ly reduce the contamination rates of the clean surfaces, 
suggesting an appropriate method for keeping the 
washed oxide surface clean. 

T h e authors wish to express their appreciation to 
Dr. I. Shiota for the measurement of Auger spectra. 
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Synopsis. Homogeneous oxidation of nonpolar tetralin 
catalyzed by sulfonium trihalides was found to proceed via 
a radical chain mechanism in which the trihalide catalysts 
promoted the reaction through the activation of molecular 
oxygen. 

Although numerous investigations have hitherto been 
performed on the bond property of trihalide ions with 
the conclusion that the trihalide ions can be well ex­
plained by their Rundle 3c-4e (three center four-
electron) bonds without the participation of d-orbitals 
to their almost covalent linear bonds,1) onium trihalides, 
especially of the sulfonium type, have received only 
limited attention in terms of their chemical reactivity 
in solutions. An interesting chemical property of 
sulfonium trihalides has recently been found in this 
laboratory: their remarkable catalytic activity in the 
low-temperature liquid-phase oxidation of hydrocar­
bons. In this paper, experimental and MO-theoretical 
studies of the sulfonium trihalides are reported with a 
view of examining how they accelerate the liquid-phase 
oxidation of hydrocarbons. 

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

Materials and Experimental Procedure. The triphenyl­
sulfonium and tetrabutylammonium compounds used as ox­
idation catalysts were prepared by the usual methods.2-4) 
A portion (10 ml) of the fresh distillate of tetralin was 
subjected to homogeneous liquid-phase oxidation with a 
catalyst (0.005 mmol) in the temperature range of 45—85 °G 
under atmospheric pressure. UV spectroscopic measure­
ments of triphenylsulfonium trihalides were carried out in 
GH3OH at 25 °C using Shimadzu 200 and Hitachi 200-10 
spectrophotometers.6) 

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

Let us first examine the activities of several triphenyl­
sulfonium trihalides for homogeneous oxidation of 
tetralin at 65 °C. As can be seen from Table 1, 
the sulfonium trihalides markedly accelerate the oxida­
tion rate with no induction period (in an autocatalytic 
fashion) resulting in a monotonie accumulation of 
tetralin hydroperoxide (HPO) only as an oxidation 
product, although tetralin autoxidation indicated an 
induction period of 24 min. Also, the sulfonium tri­
halides are more active than ammonium salts having 
the corresponding trihalide anions. It is also note­
worthy that the maximum 02-absorpt ion rate (Ämax) 
appearing during the initial short reaction stage (up to 
7 min) without appreciable decomposition of H P O 
showed a first-order dependence on the concentration 
of the sulfonium trihalide and that more than 8 5 % of 
the trihalide can be recovered from the reaction mix­

ture after a reaction time of about 15 min.6) From 
these observations the following dissociation of sulfo­
nium trihalide ( R g S X ^ X 3 : X 2 = m i d d l e halogen and 
XX = X 3 = t e r m i n a l halogen) into sulfonium monohalide 
(R3SX2) and a halogen molecule ( X ^ 3 ) , within a 
reaction time of up to 10 min, is not believed to be 
very impor tant : 

R a S X ^ X 3 ^ = ± R3SX2 + X ^ 3 (1) 

where K is an equilibrium constant, and X 2 is assumed 
to be more electronegative than either X 1 or X3 . The 
dissociation of R 3 S X 1 X 2 X 3 is also not expected in such 
nonpolar hydrocarbons as tetralin, in view of the fact 
that the K values are very small even in CHC1 3 at 
20 °C (about IO-5—10-4mol/ l4)) . 

Now, we consider how R 3 S X 1 X 2 X 3 initiates the 
present oxidation reaction which was confirmed to 
proceed via the usual radical-chain mechanism. T h e 
formation of radical initiators through the decomposition 
of peroxides ( R O O H ) by R 3 S X 1 X 2 X 3 does not occur 
during the initial short reaction stage, because R O O H 
is monotonically accumulated in amount (mol) corre­
sponding almost quantitatively to the oxygen absorbed 
(mol) and because the addition of R O O H to the reac­
tion system markedly depressed the reaction rate. These 
results are due to the promotion of the dissociation of 
R g S X ^ X 3 or partly due to the blocking effect by 
species containing lone-pair electrons against interaction 
of the oxidation catalyst ( R g S X ^ X 3 or R 3SX 2) with 
0 2 (see later).7) The dissociation products (R 3SX 2 and 
X*X3) in equimolar amounts did not initiate the reac­
tion in spite of the existence of effective oxidation 
catalysts (R3SX2) in the reaction system. This 
might also be due to the above-mentioned blocking 
effect of XXX3 . 

The markedly higher activity of R 3 S X 1 X 2 X 3 as 
compared with the ammonium trihalides, despite the 
nearly identical K values {ca. 10" 4mol/ l 4) in CHC1 3 

at 20 °G) of ammonium trihalide as that of RgSX1-
X 2 X 3 does not support the halide-anion catalysis which 
is expected in ammonium halides.8) 

T h e following initial step, in which R 3 S X 1 X 2 X 3 

accelerates the reaction via the activation of 0 2 , appears 
to be most reasonable in connection with the catalytic 
behavior of R 3 SX for hydrocarbon oxidation:5 '8»9) 

RH 

R g S X ^ X 3 + 0 2 ; = ± [R3S(X1X2X3)^+.-.02
5-] > 

R. H- H 0 2 - + RsSX1XaX8 (2) 

If Reaction 2 is plausible, one can expect direct inter­
action between R 3 S X 1 X 2 X 3 and 0 2 , and hence, some 
specific orbitals of the former should play an important 
role in the activation of the latter. In regard to the 
interaction molecular oxygen appreciably shifts the 
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Sulfonium monohal ide 

H*_<--ÊH3 

Sulfonium t r i h a l i d e 

H 1» 

H M 

»CH, 
3 ^ 

H x ' - ^ x 3 

H ^ _ S - 5 H 3 

W ? ÇH3 

Fig. 1. Molecular structures of (CH3)3SX1X2X3 and 
(CH3)3SX2 (S-C(fixed bond-length in the calcula­
tion) =1 .82 A; Z CSC =120°; S-X2 or S-X* = purely 
ionic distance; Xx-X2 or X2-X3 = purely covalent 
distance.) 

sulfur (3p) 2 ^(3p) (3d) transition (Amax = 208—210 nm 
and log e=4.61—4.72 in C H 3 O H at 25 °G in an N 2 

atmosphere) of the sulfonium cation10) to longer wave­
lengths over an energy scale from 0.03 to 0.09 eV. 
This implies that the lowering of the partially-occupied 
sulfur d-orbitals (see below), which results from charge 
transfer from the d-orbitals (especially, the dxz orbital 
in Fig. 1) to 0 2 , simplifies the above-mentioned electron 
excitation mechanism. In this sense, it can be believed 
that the more the electron density of the dxz orbital 
increases, the higher becomes the catalytic activity (as 
reflected in the Ä m a x value) of R g S X ^ X 3 . In fact, 
as Fig. 2 indicates, the # m a x values of R j S X ^ X 8 (and 

TABLE 1. CATALYTIC ACTIVITITIES OF TRIPHENYLSULFONIUM 

TRIHALIDES ( 0 . 0 0 5 m m o l ) IN T E T R A L I N ( 1 0 m l ) 

OXIDATION AT 6 5 ° C 

, , . (0,)absd») HPOb> 10*JRml Compound ^ ^ ( % ) ( M / ™ 

(C,H5)3SBrClBr 0.95 99.4 
(C,H5)3SIC1I 0.93=) 99 .8» 

0.59 99.5 
0 .41« 99.7" ' 
0.26=) 99.5") 

(C,H5)3SC1 1.08 99.2 
(C,H5)3SClBrCl 0.82 99.8 
(C,H5)3SBr3 0.76 99.4 
(C,H5)3SIBrI 0.91 99.2 
(C,H5)3SBr 0.94 99 .5 

a) After a reaction time of 30 

0.61 
0.75c» 
0.49 
0.25d) 
0.20e> 
1.19 
0.53 
0.50 
0.52 
0.83 

* „ . (02)absd"> HPO»> 104Äma!t Compound ^ m o l ) ( % ) ( M / j ) » « 

(C,H5)3SC1IC1 
(C,H5)3SBrIBr 
(C6H5)3SI3 

(C.H6)3SI 
(C.H5)3SBF4 

0.70 99.7 
0.66 99.4 
0.60 99.7 
0.78 99.0 
0.18 100" 

(n-C4H,) 4NBrClBr 0.26 100 
(n-C4H,)4NBr3 

(n-C4H,)4NBF4 

none 

min. b) Based on the O 
At 85 °C. d) At 55 °C. e) At 45 °C. f) The incubation 

0.21 100 
0.05 100 
0.01r> 100f> 

a absd (mmol). 

0.42 
0.35 
0.35 
0.61 
0.17 
0.17 
0.15 
0.05 
0.0F) 

c) 
period was 24 min. 

T A B L E 2. U V TRANSITION ENERGIES AND FORMAL CHARGES 

OF X!X 2 X3 IONS IN R 3 S X 1 X 2 X 3 

Transition energy 
, of X ' X ^ 3 

Compound 

Obsd» (Calcd) (eV) 

(C6H5)3SBrClBr 4.63(4.78) 
(C,H5)3SIC1I 4.28(4.23) 
(C„H5)3SClBrCl 4.88(5.20) 
(C6H5)3SBr3 4.64(4.99) 
(C6H5)3SIBrI 4 .25(4 . 53) 
(C6H5)3SC1IC1 5.35(4.49) 
(C6Hs)3SBrIBr 4.64(4.39) 
( C . H ^ S I , 4.28(3.86) 

Formal charge 

X 2 

Obsd (Calcd) 

— (0.29) 
— (0.22) 
- (0.35) 

0.06c> (0.30) 
- (0.24) 

0.29i> (o.3i) 
0.19<> (0.25) 
0.05«=) (0.20) 

X ^ X 3 

Obsd (Calcd) 

- ( - 0 
- ( - 0 

.39) 

.45) 
- 0 . 5 6 " ) ( - 0 . 4 6 ) 
-0 .34 c> ( - 0 

- ( - 0 
.41) 
.46) 

- 0 .62" ) ( - 0 . 5 1 ) 
-0.50 e> ( - 0 . 4 7 ) 
-0 .51 e> ( - 0 . 4 9 ) 

a) From ( C . H ^ S X ' X ^ X 3 in CH 3 OH at 25 °C. b) E. F. Riedel and R. D. 
Wille«, J. Am. Chem. Soc, 97, 701 (1975). c) G. L. Breneman and R. D. 
Willett, J. Pyhs. Chem., 71, 3084 (1967). d) S. Hagiwara, K. Kato, Y. 
Abe, and M. Minematsu, J. Phys. Soc. Jpn., 12, 1166 (1957); J . C Evans 
and Y. G. S. Lo, Inorg. Chem., 6,836 (1967). e) G. A. Bowmaker and S. 

.Hacobian, Aust. J. Chem., 21, 551 (1968). 
The calculated values were obtained from (CH3)3SX'X2X3 . 

0.10 0.12 0.14 0.16 0.18 0.20 

Electron density on S dxz-orbital 

Fig. 2. Correlation between i?m a x values and electron 
densities on S dxz-orbital. 
1: (C6H5)3SC1, 2: (C6H5)3SBrClBr, 3: (C6H5)3SIC1I, 
4: (C6H5)3SBr, 5: (C6H5)3SClBrCl, 6: (C6H5)3SBr3, 
7: (C6H5)3SIBrI, 8: ' (G6HB),SI, 9: (C6H5)3SC1IC1, 
10: (C6H5)3SBrIBr, 11: (C6H5)3SI3, 12: (C6H5)3SBF4. 

R 3SX) show a correlation with the electron densities of 
the dxz orbital which is favorably distributed for inter­
action with the ( l ^ g ) z orbital of 02.9> 

Finally, it is worthy of notice that the ASMO-SCF 
calculations11) of R g S X ^ X 3 , as (CH 3 ) 3 SX 1 X 2 X 3 for 
computation simplicity, resulted in reasonable electronic 
properties for energetically more stable R 3 SX 1 X 2 X 3 (I 
in Fig. 1) in terms of the approximate coincidence 
between the calculation results and the spectroscopic 
(UV and N Q R ) observations (see Table 2). 
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Synopsis. Titanium trichloride catalyzed very rapidly 
the oxidation of triphenylphosphine with oxygen in ace­
tonitrile, yielding triphenylphosphine oxide and a yellow pre­
cipitate. The main catalytic cycle did not contain Cl3Ti-
0-TiCl3 which was produced in the oxidation of TiCl3 alone, 
but the precursors of Cl3Ti-0-TiCl3 as intermediates. The 
yellow precipitate was a titanium (IV) complex with a discrete 
TiO group. 

Ti tanium (III) complexes are oxidized by molecular 
oxygen in anhydrous organic solvents to give a ^-peroxo 
dimeric complex,1) //-oxo dimeric complexes,2,3) or 
monomeric complexes containing T i O groups.4) The 
oxidations of organic compounds with oxygen using 
titanium complexes as catalysts, however, are unknown. 
This paper will describe briefly the TiCl3-catalyzed 
oxidation of triphenylphosphine (PPh3) with oxygen in 
acetonitrile as a continuation of previous studies5) of 
dioxygen complexes of transition metals. 

Exper imenta l 

Materials. The acetonitrile was distilled from diphos-
phorus pentaoxide and again from calcium hydride and then 
stored under nitrogen. The titanium trichloride was con­
verted to trichlorotris(acetonitrile)titanium(III),6> which was 
then dissolved in acetonitrile to yield a 0.130 M solution 
(M = mol/dm3). The triphenylphosphine was recrystallized 
from methanol and stored under nitrogen. Commercial oxy­
gen gas was used without further purification. 

Apparatus and Procedure. A 200-cm3, three-necked, flat-
bottomed flask containing a Teflon-coated magnetic stirrer 
was fitted with a thermometer and a serum cap at each of the 
two necks, while through the other neck it was connected to 
a vacuum system with a manometer, a gas buret, etc. The 
flask was then immersed in a constant-temperature bath op­
erated at 20 °G. The system was filled with atmospheric 
oxygen after the introduction of PPh3 (1.00—8.93 mmol) and 
acetonitrile (35.0 cm3). Then, the acetonitrile solution of 
TiCl3 (5.0 cm3) was injected as soon as possible by means of 
a syringe through the serum cap, with vigorous stirring. 
The uptake of oxygen was followed at the constant pressure 
of 1 atm. After 2 days, the resulting yellow precipitate was 
filtered, washed with acetonitrile, and dried under a vacuum. 
The filtrate was hydrolyzed with dilute hydrochloric acid and 
extracted with ether. The ether layer was evaporated under 
a vacuum, leaving a pale yellow residue, which was then 
chromatographed over silica gel to give PPh3 and triphenyl­
phosphine oxide (OPPh3). 

Spectra. The IR spectra of the yellow precipitate and 
the reaction solution were measured by means of a JASGO 
IRA-2 spectrophotometer as Nujol mulls and using a solution 
cell respectively. The visible spectra of mixtures of TiCl3 

and PPh3 in acetonitrile were recorded under nitrogen with 
a JASCO UVIDEG-1 spectrophotometer. The ESR spec­
trum of the precipitate was recorded on a JEOL-JES-3BS-X 
spectrometer. 

Analysis. Carbon, hydrogen, phosphorus, and chlorine 
analyses of the yellow precipitate were carried out by specialists. 
The titanium was chelatometrically back-titrated at pH 5.5 
with a 0.05 M zinc(II) nitrate solution in 50% aqueous ethanol 
using Xylenol Orange as an indicator. 

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

In the absence of PPh3 , the blue color of an injected 
TiCl 3 solution immediately turned yellow. The uptake 
of oxygen was very rapid and ceased within a minute. 
The amount of oxygen taken up was about a fourth 
of the TiCl 3 concentration (Table 1). The I R spectrum 
of the yellow solution showed a peak at 788 c m - 1 and 
a shoulder at 749 c m - 1 . They were assigned to the 
stretching vibrations of a T i - O - T i group, since Cl 3 Ti -
0-TiCl 3 (CH 3 CN) 4

7 ) showed a strong peak and a 
shoulder at 800 and 740 c m - 1 respectively. Thus, TiCl 3 

seems to be oxidized to the same C l 3 T i - 0 - T i C l 3 com­
plex (1) in acetonitrile as in pyridine.3) 

In the presence of PPh3 , an injected TiCl 3 solution 
immediately turned brown, and after several minutes 
a yellow powder was precipitated. The rate of oxygen 
uptake was initially very fast, and then it fell rapidly. 
The amounts of oxygen uptake and of the products 
formed are shown in Table 1. The ratio of oxygen 
taken up after 1 min to that after 2 days changed from 
0.51 to 0.93 as the amount of PPh 3 decreased. At every 
stage of the reaction, the amount of oxygen uptake 
increased with an increase in the amount of PPh 3 and 
exceeded the amount of TiCl 3 ; that is, the oxidation 
proceeded catalytically, and the turnover number in­
creased with the increasing amounts of PPh3 . The 
PPh 3 introduced was recovered almost quantitatively as 
O P P h 3 and unreacted PPh3 . The oxygen taken up was 
also found almost quantitatively in O P P h 3 and in the 
oxidized catalyst, assuming that the oxidized catalyst 
bound oxygen in a T i : O atomic ratio of 2 : 1. 

The precipitated yellow complex was air-stable and 
was hardly soluble in acetonitrile at room temperature. 
The yield was 33—60%. The complex when recovered 
from different runs showed the same I R spectra, which 
contained a strong band at 1146 c m - 1 and very strong 
bands at 726 and 1121 c m - 1 due to the P = 0 stretching 
vibration and the X-sensitive vibrations8) of the coordi­
nating O P P h 3 respectively. The spectra also showed 
a sharp and very strong band at 1060 c m - 1 , which was 
assigned to a T i = 0 stretching vibration.4,9) The lack 
of any absorption between 2000 and 2600 c m - 1 and be­
tween 770 and 960 c m - 1 indicates the absence of aceto­
nitrile and of a T i - O - T i group respectively. The 
absence of an ESR signal of the complex either at room 
temperature or at 77 K indicates that the t i tanium ion 
is not trivalent but tetravalent. The results of the 
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TABLE 1. THE AMOUNTS OF OXYGEN UPTAKE AND PRODUCTS'1) 

[Vol. 50, No. 7 

Introduced 
PPh3 

mmol 

0 

1.00 
2.00 
5.00 
8.93 
3.00e> 

o2 

1 min 

0.17 
0.62 
0.80 
0.95 
1.10 
0.03 

Uptake 

30 min 

0.17 
0.65 
0.87 
1.30 
1.71 
0.13 

mmol 

2 day 

— 

0.67 
1.02 
1.58 
2.16 
0.66 

2 X 0 2 
Uptake 
mmol 

(2 day) 

0.34 
1.34 
2.04 
3.16 
4.32 
1.32 

Recovered from 
solution mmol 

PPh3 

— 
_ d ) 

0.33 
1.93 
4.80 
1.70 

OPPh3 

— 

_ d ) 

0.94 
2.34 
3.60 
0.65 

OPPh3
b> 

contained 
in ppt 
mmol 

— 

0.694 
0.666 
0.574 
0.406 
0.597 

Total 
OPPh3 
mmol 

— 

— 

1.61 
2.91 
4.01 
1.25 

Total 
OPPh3 
+ PPh3 
mmol 

— 

— 

1.94 
4.84 
8.81 
2.95 

Total«) 
O atom 

in products 
mmol 

— 

— 

1.94 
3.24 
4.34 
1.25 

a) The amount of TiCl3 was 0.650 mmol, b) Value calculated assuming that OPPh3 is the sole organic com­
ponent in ppt. c) The Ti : O ratio in an oxidized catalyst was assumed to be 2 : 1. d) They were lost in 
handling, e) An oxidized TiCl3 solution (TiCl3, 0.650 mmol) was employed as the catalyst. 

Introduced 
PPh3 mmol 

1.00 
8.93 
3.00b> 

% H 

3.82 
4.24 
3.98 

TABLE 2. 

%c 

57.58 
58.59 
55.89 

ELEMENTAL 

% P 

7.80 
7.83 
7.93 

ANALYSES OF T H E Y E L L O W COMPLEX 

%G1 

17.66 
16.38 
16.53 

% T i 

7.09 
6.66 
7.47 

Atomic ratio 

H/C/Pa) 

14.2/18/0.946 
15.5/18/0.933 
15.3/18/0.990 

Cl/Ti 

3.37/1 
3.32/1 
2.99/1 

P/Ti 

1.70/1 
1.82/1 
1.64/1 

a) The calculated ratio is 15/18/1 for OPPh3. b) An oxidized TiCl3 solution was used as the catalyst. 

elemental analysis of the complex are shown in Table 2. 
T h e composition depended a little upon the reaction 
conditions. However, the H / C / P and Cl/Ti ratios were 
nearly equal to 15/18/1 and 3/1. This shows that a 
PPh 3 moiety is the sole organic component, and that 
anionic ligands other than a chloride anion must be 
present, with a negative charge per t i tanium ion, since 
the t i tanium ion is tetravalent. Thus, the complex 
must have the following structural features: (1) T h e 
t i tanium ion is tetravalent, (2) a discrete T i O group 
is present, and (3) the other ligands are chloride anions 
and OPPh 3 . Oxot i tanium(IV) complexes are apt to 
have polymeric chain-type structures, i.e., - T i - O - T i -
O - ; complexes such as this complex with discrete titanyl 
groups (TiO a + ) are rare. 

There have been no reports on the isolation of the 
complex formed between TiCl 3 and PPh3 . The two 
d-d transition bands of TiCl 3 in acetonitrile under 
nitrogen, however, were changed a little by the addi­
tion of PPh 3 ; that is, the two bands which were at 585 
nm (s, 25.6) and 680 nm (s, 15.4) for a triphenyl-
phosphine-free acetonitrile solution of TiCl 3 (0.025 M) 
appeared at 588 n m (s, 24.3) and 680 n m (e, 17.7), 
and at 590 nm (e, 24.7) and 680 nm (e, 19.0), when 
the concentrations of added PPh 3 were 0.104 and 0.203 
M respectively. This indicates the presence of a weak 
interaction between TiCl 3 and PPh 3 in an acetonitrile 
solution. 

T h e oxidation mechanism of TiCl 3 with oxygen in 
acetonitrile seems to be similar to that in pyridine,3) 
involving C l 3 T i - 0 2 (2), C l 3 T i - 0 2 - T i C l 3 (3), and C1 3 -
T i - O (4) as intermediates. Species like 2,5b'10>n> 3,1) 
and 410) have been reported. 

The oxidation of PPh 3 catalyzed by 1 had a much 
slower rate than that catalyzed by TiCl 3 (Table 1). 
Therefore, 1 is not contained in the main catalytic 
cycle of the TiCl3-catalyzed oxidation, but seems to 

play a large par t in the slow oxygen uptake in the 
later stage of the oxidation. The 2, 3, and/or 4 species 
reacting with PPh 3 would yield O P P h 3 and TiCl3 , and 
also TiCl 3 coordinated by PPh 3 would react with oxygen 
to give 2 coordinated by PPh3 , which would then de­
compose to TiCl 3 and OPPh 3 . Thus, the main catalytic 
cycle seems to be composed. Since the oxidation of 
TiCl 3 to 1 was very rapid, the reactions of 2, 3, and/or 
4 with PPh 3 and the decomposition must also be very 
rapid. 

The authors are grateful to Dr. Toshimitsu Suzuki 
of this department for his gift of TiCl3 . 
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Purification of Xylenol Orange by the High-Speed Liquid Chromatography 
Shoji NAKADA, Mutsuo YAMADA, Tasuku I T O , and Masatoshi FUJIMOTO 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received January 8, 1977) 

Synopsis. A relatively large amount of 3,3'-bis[JV, 
N - bis(carboxymethyl)aminomethyl]- o - cresolsulfonphthalein 
(Xylenol Orange, XO) is purified easily by the high-speed 
liquid chromatography (HSLC). 

Despite of many interesting problems concerning the 
solution chemistry of metal complexes of a multidentate 
ligand X O , serious discrepancies have often been noted 
among the data reported by different authors. The 
discrepancies are primarily caused by the use of com­
mercial or incompletely purified X O , which usually con­
tains iminodiacetic acid (IDA), Semi-Xylenol Orange 
(SXO), and/or o-Cresol Red (o-CR) as the starting 
materials or a by-product of the synthesis of XO. 1 - 4 ) 
Since S X O and IDA also form metal complexes, the 
use of X O free from these impurities is essential for the 
Quantitative studies of metal complex formation. 
Among the impurities o-CR is easy to remove, but the 
seoaration of IDA and S X O from X O is quite difficult.3> 
Recently, a new method was established for the sharp 
separation of S X O and X O by the preparative thin-
layer chromatography.3) However, the method for 
easy separation of X O and IDA on a preparative scale 
has not been reported so far. In the present study we 
applied a technique of preparative H S L C and obtained 
easily a relatively large amount of pure X O . 

The sample for HSLC was preliminarily purified by 
the cellulose column chromatography using an eluent, 
1-butanol saturated with 10 or 2 5 % aqueous acetic 
acid.2 '5) The paper partition chromatography (PPC) 
of the pretreated sample gave no spots of S X O and 
o-CR, but IDA still remained unremoved. 

Figure 1 shows a typical elution curve of the pre­
parative HSLC for the pre-purified sample. One gram 
of the sample was dissolved in 5 ml of water. Six 
hundred microliters of the solution were injected for 
each run. For the elution 5 % aqueous acetic ac id -
methanol (80/20, v/v) was used as a solvent at a flow 
rate of 6.0 ml m i n - 1 (pressure: 2400 psi). X O was 
clearly separated from the impurities on a preparative 
scale. The retention time assigned for IDA, X O , and 

I 1.8k 

Ë 

a I 
ir5 0.6T-

<* 0A\-
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Fig. 1. Elution curve of the crude sample of XO. 

S X O was measured beforehand with corresponding pure 
substances. Even a trace amount of S X O undetected 
by PPC was sharply discriminated as a peak of the 
preparative HSLC. The peak of o-CR, if any, is ex­
pected to appear at a retention time longer than 2 h 
under this condition.* The component for a peak at 
the retention time of 10 min was yellow and unidenti­
fied. After the elution of S X O the column was regen­
erated by washing with methanol for 20 min. This 
procedure flushed out the unknown yellow material. 
The column thus regenerated was used repeatedly. 

X O : R x =R 2 =CH 2 N(CH 2 COOH) 2 , 
R3—R4=GH3 

SXO: R1=GH2N(GH2GOOH)2 , 
R 2 = H , R 3 = R 4 = G H 3 

The effluent between a and b as shown in Fig. 1 
was collected as a portion of pure X O for each run. 
Each effluent was combined and concentrated in a rotary 
evaporator at 60—65 °C and dried in a vacuum des­
iccator. About 560 mg of the sodium salt of pure X O 
were obtained on eight runs from 960 mg of the pre-
purified sample. From the elution curve and the a-
mount of the isolated X O , the injected sample was found 
to consist of more than 5 8 % X O , at most 19% IDA, 
0 . 0 1 % S X O , and other unknown materials. 

Increasing methanol content in the developing sol­
vent accelerated the elution of X O and S X O , but did 
not affect the retention time of IDA. T h e solvent com­
posed of 5 % aqueous acetic acid and methanol in the 
ratio 80/20 (v/v) gave the best separation of X O from 
IDA and S X O . This solvent is volatile and is more 
suitable for the subsequent treatment than the 1-buta-
nol-acetic acid-water system used for the ordinary chro­
matographic method. 

The pre-purification is not essential for the purifica­
tion of X O by H S L C . By lowering the methanol con­
tent of the eluent, the present technique of H S L C is 
applicable to the sample obtained directly from the 
synthesis. o-CR, which is present in the synthetic mix­
ture and is removable in the step of pre-purification, is 

* A preliminary work of HSLC with a small column 
Microbondapak C18, 4 mm X 300 mm, and a solvent of 
higher methanol content as 5% aqueous acetic acid-
methanol (60/40, v/v) revealed that the retention time 
of o-CR was 17 min and much longer than that of IDA, 
XO, and SXO, 1.8, 3.5, and 8 min, respectively. 
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easily eliminated by the H S L C . However, since a 
crude X O obtained directly from the synthesis contains 
usually a fairly large amount of S X O , the unavoidable 
cross-contamination of S X O and X O might occur. In 
the present study, therefore, the pre-purification was 
carried out for the sake of the better yield and efficiency. 

I t is interesting to note that the sodium salt of the X O 
purified by the H S L C was not retained at all on a 
column of Dowex 50W-X8, a strongly acidic cation-ex­
change resin of medium cross-linking and in the hydro­
gen-form, whereas the sodium salt of the X O purified 
by the ordinary cellulose column chromatography was 
always partly and strongly retained on the exchanger. 

Exper imenta l 

Materials. Acetic acid of analytical grade and an 
HSLC grade methanol were used for the elution chromatog­
raphy. Water was deionized. A crude XO was synthesized 
according to the literature.2) 

Instruments. All separations were carried out with a 
Waters Model ALG/GPC 244 chromatographic instrument 
equipped with two 7 mm X 610 mm columns in series and a 

spectrophotometric detector (A=254 nm). The columns were 
packed with Bondapak G18/Porasil. 

The Free Acid of the XO. An aqueous solution of the 
s Ddium salt of the purified XO was passed through a column 
of Dowex 50W-X8 in the hydrogen-form. The effluent was 
concentrated at ca. 60 °C in a rotary evaporator and dried in 
a vacuum desiccator. Mp ca. 286 °G (dec). Found: 
G, 53.33; H, 4.94; N, 4.14; S, 4.67%; S/N =1.13. Galcd 
for G31H32013N2S-H20: G, 53.91; H, 4.96; N, 4.06; S, 
4.64%; S/N=1.14. 

T h e authors wish to thank Messrs. C. Nakayama 
and M. Sato, Nihon Waters Ltd., for the kindness in the 
use of the HSLC instrument. 
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Polarographie Catalytic Currents Observed in Mixtures of Pb(II) 
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Synopsis. Normal pulse polarography has shown that 
the catalytic wave observed in neutral mixtures of Pb(II) 
and H 2 0 2 is caused by Pb(OH)+ at the electrode surface, 
and that O H - ions are liberated in the vicinity of the elec­
trode due to the catalytic reaction. 

I t was first noticed by Strnad that traces of Pb(I I ) 
ions in neutral air-saturated solutions greatly increased 
the first oxygen wave.1 ' This effect of Pb(I I ) ions was 
explained as being due to the reduction of H 2 0 2 aris­
ing from the reduction of oxygen. 

This paper will describe the results of a Polarographie 
investigation of the P b ( I I ) - H 2 0 2 system. 

Apparatus a n d R e a g e n t s 

Apparatus. The polarograms were obtained with a 
PAR (Princeton Applied Research) Polarograph, Model 174. 
The polarograms were recorded on a Riken Denshi X-Y 
Recorder, Model D-8C. The dropping mercury electrode 
(DME) used had a m2/3 tV« of 1.45 rag2/3 s'1/2 in 0.1 M 
K N 0 3 in an open circuit. The drop time of the DME was 
controlled at 1.0 s by means of a Mechanical Drop Time 
Controller, Model 172-A. The pH values of the test solu­
tions were measured with a Hitachi-Horiba pH Meter, Model 
M-7. A saturated calomel electrode (SCE) was used as the 
reference electrode. The solutions were deoxygenated by bub­
bling nitrogen gas through them. All the experiments were 
carried out at (25±0.1)°G. 

Reagents. All the chemicals were of a reagent grade 
and were used without further purification. 

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

Figure 1 (A) shows the effect of the p H on the D C 
polarogram of 1.0 m M Pb(II ) in 0.1 M N a N O s without 
dissolved oxygen. When p H < 5 , a single wave was 
observed with a half-wave potential of —0.38 V. As 
the p H was increased, the wave split into two waves, 
the relative heights being pH-dependent . When p H 
> 8 . 5 , the first wave disappeared and only the second 
one remained. 

Figure 1(B) shows the percentage distribution curves 
calculated from the data2) for the four possible species 
present in Pb(II ) solutions. The observed dependence 
of the relative wave heights on the p H corresponds to 
the changing ratio of the aquated Pb(I I ) ion to the 
hydroxide species. Therefore, the first wave is ascribed 
to the reduction of the aquated Pb(I I ) ion, and the 
second, to the reduction of Pb(OH)+. 

Figure 2 illustrates DC polarograms of 0.4 m M Pb(I I ) 
in 0.1 M N a N 0 3 (pH 4.6) containing 5 m M H 2 0 2 . 
The catalytic wave was observed in unbuffered solutions 
in the p H range of 4—8 (Curve a) . 

The Polarographie behavior of the Pb(I I ) ion in buf­

fered solutions of various p H values was also investigated. 
When the p H was adjusted with either an acetate or 
barbital buffer to lie in the range of 4—5, where Pb-
( O H ) + did not exist to any appreciable extent in the 
solution, no catalytic wave appeared (Curve b in Fig. 
2). However, in either a borate or barbital buffer with 
a p H of about 7.5 (in the p H region where P b ( O H ) + 

exists), the catalytic wave appeared. 
Normal pulse polarography was applied to elucidate 

a catalytically active Pb(I I ) species. Figure 3 shows 
normal pulse polarograms of 1.0 m M Pb(I I ) in 0.1 M 
N a N 0 3 (pH 4.8) containing various concentrations of 
H 2 0 2 . With the H 2 0 2 concentration of 2 m M , the 
initial single wave split into three waves. Above this 

Fig. 1(A). Effect of pH on DC Polarographie wave of 
1.0 mM Pb(II) in 0.1 M NaN0 3 without dissolved 
oxygen, 
a) 1st wave, b) 2nd wave, c) Total wave. 

Fig. 1 (B). Effect of pH on the ratio of four Pb(II) species. 

+ 0.2 0 - 0 . 2 - 0 . 4 - 0 . 6 

E (V vs. SCE) 

Fig. 2. Catalytic wave. 
a) 0.4 mM Pb(II) in 0.1 M NaNOa (pH 4.6) con­
taining 5 mM H 2 0 2 . 
b) Solution (a) with acetate buffer (pH 4.6). 
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Fig. 3. Normal pulse polarograms of 1.0 mM Pb(II) 
in 0.1 M NaN0 3 (pH 4.8) containing various con­
centrations of H 2 0 2 . H 2 0 2 concentration (mM) 
a) 0. b) 2.0. c) 3.0. £ , = - 0 . 2 V . 

H 2 0 2 concentration, the first wave disappeared with 
an increase in the height of either the second or the 
third one. 

To identify the Pb(I I ) species responsible for each 
wave, normal pulse polarograms in unbuffered solutions 
containing 1 m M Pb(I I ) and dissolved oxygen were also 
recorded. When the initial potential was set at + 0 . 3 V, 
which was more anodic than the reduction potential of 
the first oxygen wave, the normal pulse polarogram of 
Pb(I I ) had two reduction waves. T h e first wave was 
interpreted as being due to the reduction of the aquated 
Pb(I I ) ion, and the second, to the reduction of Pb(OH)+, 
the behavior of which was analogous to that observed 
in D C polarography. When the initial potential was 
set at —0.2 V, where the reduction of oxygen took place, 
the normal pulse polarogram consisted of three waves 
similar to Curve (b) of Fig. 3. Under these conditions, 
the concentration of O H ~ ions increases in the vicinity 
of the electrode at the initial potential because of the 
reduction of the oxygen. 

By buffering the solution, either the second or the 
third wave disappeared completely and the first wave 
became well defined. 

As has been reported previously,3 '4) N i ( O H ) 2 and 
Fe (OH) 2 produced similar waves on a normal pulse 
polarogram under the same conditions. Similarly, the 
third wave reflects the reduction of the P b ( O H ) 2 formed 
at the electrode surface. 

By analogy with the system composed of Pb(I I ) and 
dissolved oxygen, it is conculded that the first wave of 
Fig. 3(b) corresponds to the reduction of the aquated 
Pb(I I ) ion, and that the two remaining waves are due 
to the reduction of Pb (OH)+ and P b ( O H ) 2 . This 
means that the catalytic reaction between Pb(I I ) and 
H 2 0 2 proceeds with the formation of O H ~ ions in the 
vicinity of the electrode. 

Figure 4 shows the effect of the p H on the normal 
pulse polarogram of 1.0 m M Pb(I I ) in 0.1 M N a N O s 

< 
3, 

13 

o 

O 

Fig. 4. Effect of pH on normal pulse Polarographie 
wave of 1.0 mM Pb(II) in 0.1 M NaN0 3 containing 
5 mM H 2 0 2 . 
a) 1st wave, b) 2nd wave, c) 3rd wave. 
£ i = - 0 . 2 V . 

containing 5 m M H 2 0 2 . Clearly, under the conditions 
where the catalytic reaction occurs, the aquated Pb(II) 
ion does not exist in the solution, and the region where 
Pb(OH)+ is present is about from p H 4 to 8, this range 
agreeing with that where the catalytic wave appears in 
D C polarography. 

As is shown in Fig. 2, the catalytic current drops at 
—0.55 V, which is about 0.17 V more negative than 
the reduction potential of the aquated Pb(I I ) ion. 
This result also indicates that the aquated Pb(I I ) ion 
is converted to Pb(OH)+ as a result of the catalytic 
reaction. This is inconsistent with the work of Strnad, 
who explained the current drop in terms of the direct 
reduction of the aquated Pb(I I ) ion to Pb(0). 

The most likely mechanism for the catalytic reaction 
is that Pb(OH)+ is oxidized by H 2 0 2 to the Pb(IV) 
ion, which is then rapidly reduced at D M E to produce 
a catalytic wave. Traces of Pb(OH)+ may cause the 
catalytic reaction in unbuffered solutions in the p H 
range of 4—5. An increase in Pb(OH) + at the electrode 
surface is necessary for the catalytic reaction to proceed 
under these conditions. 

T h e author wishes to thank Professor Atsuyoshi Saito 
for his valuable advice and for his helpful discussions 
throughout this study. 
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Synopsis. A new complex containing a seven-mem­
bered chelate ring, [Co(amb)(en)2]2+ (amb=4-aminobut-
anoato ion) was prepared and resolved. The complex is 
decomposed in 1.0 M HC104 at room temperature to give 
[Co(H20)(Hamb)(en)2]3+ in which the Hamb acts as a 
unidentate ligand with a free carboxyl group. 

Although complexes of the type, [Co(am)(en)2]2+ 
( a m = a m i n o acidate ion) have been prepared and re­
solved for a variety of amino acids, no complex has been 
reported for 4-aminobutanoato ion (amb) which forms 
a seven-membered chelate ring. This Note will describe 
the preparation and resolution of [Co(amb)(en)2]2+ and 
compare the absorption and circular dichoism(GD) spec­
tra with those of the corresponding glycinato and ß-
alaninato complexes. Koine et a/.1) prepared a complex 
containing amb, *raw$(JV)-K[Co(nta)(amb)]-3H20(nta 
=nitri lotriacetate ion). However, no evidence was 
given for the formation of a seven-membered chelate 
ring. Such large chelate ligands as amb tend to co­
ordinate to a metal ion as a unidentate ligand or to two 
metal ions as a bridging ligand.2 '3) 

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

Ligands. Guaranteed reagent grade 4-aminobutanoic 
acid, ^-alanine, and glycine were obtained from Wako Pure 
Chemical Industries Co. and used without further purifica­
tion. 

{Co(amb) (en)2]Cl2-2.5H20. A solution of sodium meth-
oxide (0.16 g, 3.0 mmol) and 4-aminobutanoic acid (0.31 
g, 3.0 mmol) in methanol (7 cm3) was added to a solution 
of fr«M-[Goaa(en)a]G104 (0.9 g, 3.0 mmol) in DMSO(250 
cm3). The solution was stirred for 20 h at 40 °G, and then 
diluted with 3 dm3 of water. This was passed through an 
SP-Sephadex column (04.5 X 30 cm), and the adsorbed com­
plexes were chromatographed with a 0.2 M Na2S04 solution. 
The column showed seven separate bands. The effluent of 
the first red band was diluted with 3 dm3 of water and poured 
again on an SP-Sephadex column (02.7 X 3 cm). The adsor­
bed complex was eluted with a 1.0 M GaCl2 solution, and the 
effluent was concentrated to a syrup in a vacuum desiccator 
over P 20 5 . The excess CaCl2 was extracted repeatedly with 
a small amount of isopropyl alcohol until the complex began 
to crystallize. The complex was dissolved in a small amount 
of water, and isopropyl alcohol was added to the solution. 
Purplish red crystals which formed on cooling the mixing 
solution in a refrigerator were filtered off and washed with 
isopropyl alcohol. The complex was recrystallized from water 
by the addition of isopropyl alcohol. Found: C, 24.24; 
H, 7.38; N, 18.10%. Calcd for CoC8H29N504.5Cl2=[Co-
(amb)(en)2]Cl2.2.5H20: C, 24.19; H, 7.36; N, 17.63%. 

[Co(gly)(en)3](CIOJ2 and [Co(ß-ala)(en)2](CIOJ2-H20. 
[Co(gly) (en)2] (G104)2 was prepared by the method of Shimura 
and Tsuchida.4) [CoQS-ala) (en)2] (C104)2. H 2 0 was obtained 
from the corresponding chloride.5) The complex chloride 

adsorbed on SP-Sephadex was eluted with a 1.0 M NaC104 

solution, and the effluent was concentrated to a small volume 
in a vacuum desiccator over P 20 5 . The concentrate was 
mixed with ethanol, and cooled. Red crystals were filtered 
off, washed with ethanol, and recrystallized from water by 
the addition of ethanol. Found: C, 17.40; H, 4.99; N, 
14.46%. Calcd for CoC7N5H24011Cl2=[Co(^-ala)(en)2]-
(C104)2-H20: C, 17.36; H, 5.00; N, 14.46%. 

Chromatographic Resolution of the Complexes. A solution 
containing about 0.1 mmol of the amb complex (or the ß-
ala or the gly complex) was poured on an SP-Sephadex column 
(02.7x120 cm) and the adsorbed band was eluted with a 
0.1 M sodium ( + )589-tartrate or a 0.08 M sodium ( + )589-
tartratoantimonate(III) solution. Two bands, the ( + )589-
and (—)589-isomers, were eluted in this order. Each eluate 
was passed through an SP-Sephadex column (01 .5x3 cm) 
after dilution with water and the adsorbed complex was 
eluted with a 1.5 M NaC104 solution. 

Measurements. Absorption and CD spectra were ob­
tained on a Hitachi 323 spectrophotometer and a JAS CO 
J-20 spectropolarimeter, respectively. 

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

[Co(gly)(en)2]2+ and [Go()Ö-ala)(en)2]2+ can easily be 
prepared by the reactions of frmy-[CoCl2(en)2] + with 
gly or ß-ala, respectively in water at fairly high con­
centration of the reactants. A reaction with amb under 
a similar condition is not expected to give the desired 
complex, since such large chelate ligands as amb or 
tmd(tetramethylenediamine) tend to act as a bridging 

20 30 

ü/lO'cm-1 

Fig. 1. Absorption spectra of [Co(gly)(en)2]
2+( ), 

[Co(£-ala)(en)2]
2+( ), and [Co(amb)(en)2]2+( ) 

in water, and [Co(H20)(Hamb)(en)2]3+(- ) in 
1.0 M HClCv 
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TABLE 1. ABSORPTION AND CD SPECTRAL DATA 1/nm 

Absorption*1) CD*» 
V^lUll ipiCA. 

( + )589[Co(gly)(en)2;p+ 

( + )5B9[CoOJ-ala)(en)J«+ 

( + )BM[Co(amb)(en)1]*+ 

( + )589[Co(H20)(Hamb)-
(en)J»+ 

Ji/cra-1 

20450 
28800 

45900 

20160 

28400 
44100 

19800 

27900 
44100 

20530 
28500 

45500 

loge 

2.00 
2.03 

4.15 

2.09 

1.93 
4.22 

2.11 

2.03 
4.27 

1.90 
1.89 

4.32 

y/cm -1 

19690 
27000 
30300 
46700 

19270 
21800 
27300 
44100 

18690 
21470 
27400 
47200 

20620 
26400 
30300 
45700 

As 

+ 2.26 
+ 0.09 
+ 0.15 
- 2 7 

+ 1.28 
- 0 . 5 2 
+ 0.21 
- 1 2 

+ 1.27 
- 0 . 7 1 
+ 0.20 
- 1 7 

+ 0.31 
+ 0.10 
+ 0.03 
- 8 . 5 

a) In water except for 
which was measured in 
NaC104 except for 
which was measured in 

( + )M,[Co(H,0)(Hamb)(en)d'H-
1.0 M HC104. b) In 1.5 M 

( + )589[Co(H20)(Hamb)(en)2]3+ 
1.0 M HG104. 

ligand to yield polymeric complexes.3) Thus, we have 
carried out the reaction in a highly dilute solution as 
described in the Experimental part . The use of organic 
solvent, D M S O is known to be useful for preparing 
complexes containing large chelate rings.6) 

T h e formation of the amb chelate ring is evidenced 
by the following observations. T h e absorption spec­
t rum of the amb complex in a 1.0 M H C 1 0 4 solution 
changes with isosbestic points(416, 458 nm) , the change 
at room temperature(25 °G) being completed in a day. 
Since the first absorption band (487 nm) of the final 
spectrum is nearly the same as that (485 nm) of cis-
[Co(H 2 0) (NH 3 ) ( en ) 2 ] 3 + , 7 ) the spectral change may cor­
respond to a ring-opening reaction of the amb chelate 
to give eis- [Co ( H 2 0 ) (Hamb) (en) 2] 3+ (Fig. 1 ). T h e ab­
sorption spectra of the gly and /?-ala complexes in 1.0 M 
H C 1 0 4 remained unchanged over a prolonged heating. 
Further, the amb complex adsorpbed on SP-Sephadex 
is eluted with a 0.2 M N a 2 S 0 4 solution with a similar 
Rt value to those of the gly and /?-ala complexes. 

As Fig. 1 and Table 1 show, the d-d absorption bands 
of the present series of complexes, [Go(am)(en)2]2+ shift 
to longer wavelengths as the number of ring members 
of the amino acidate ligands increases. A similar shift 
was observed for complexes of the type, [Co (en) 2 (di­
amine) ] 3 + ; the first absorption bands of [Co(en)3]3+, 
[Co(en)2(tn)]3+(tn = trimethylenediamine), and [Co-
(en)2(tmd)]3+ are at 21.3, 21.0, and 20.9 X 103 cm- 1 , 
respectively.3) 

600 500 

+ 2.0 

+ 1.0 
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- 1 . 0 
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i i 

i ' / ' 
i i 
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i i n' ' 
f 1 "• ' 

— JF 1 " ' 
1' \' ' 

/ ' • ' 

- h l - i 
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1 /K 

t 
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' i 
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V • ' / ' 

\ / 
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v j103 cm"1 
50 

Fig. 2. CD spectra of ( + )589[Co(gIy)(en)2;p+(- ), 
( + )58.[Co(£*la)(en)J«+( ), and ( + )589[Co(amb)-
(en)2]

2+( ) in 1.5M NaC104, and ( + )589 [Co(H20)-
(Hamb)(en)2]3+( ) in 1.0 M HC104. 

All the complexes have been completely resolved by 
SP-Sephadex column chromatography. Figure 2 shows 
the CD spectra of the ( + )589-isomers. The CD spec­
t rum of the gly complex agrees well with that reported 
previously.8) All the ( + )589-isomers give a main posi­
tive and a strong negative CD band in the first absorp­
tion and the charge transfer region, respectively. 
Therefore, it can be concluded that these isomers have 
the same absolute configuration, A. T h e ß-ala and the 
amb complexes exhibit negative CD components at a 
shorter wavelength side of the first absorption band. 
Although no such a component is observed for the gly 
complex, these negative components seem to increase 
the strength as the number of ring member of the amino 
acidate ligand increases. 
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Synopsis. The structure of the aqua indium(III) ion 
has been studied in a 3 mol dm - 3 In(C104)3 solution at 25 °C 
by an X-ray difFraction method. The result showed that 
the indium(III) ion has six nearest water molecules and the 
In-OH2 bond distance is 2.15±0.03 A. 

Only a few investigations have been carried out on 
the structure of indium(II I ) ion in aqueous solution. 
Fratiello et al.2) reported from N M R measurements 
that the indium(II I ) ion is coordinated by six water 
molecules in aqueous acetone mixtures. Celeda and 
Tuck3) found the I n ( O H 2 ) 6

3 + complex in an aqueous 
Perchlorate solution by densitometry. However, no X -
ray analysis has been carried out both for crystal hydrates 
and solutions, and no da tum for the bond length be­
tween the indium (111) ion and the coordinated water 
molecules is available. In the present work, we aimed 
at determining the bond distance within the aqua 
indium (111) complex as well as the coordination number 
of the indium(II I ) ion in solution. 

Exper imenta l Procedure a n d 
T r e a t m e n t o f D a t a 

Indium (III) Perchlorate was prepared by dissolving indium 
oxide (99.99% purity) in perchloric acid and recrystallized 
twice from water. Crystals were dissolved in dilute perchloric 
acid in order to suppress hydrolysis of the indium(III) ions. 
The concentration of indium(III) ions in the sample solution 
was determined gravimetrically by using 8-quinolinol.4) 
The concentrations of hydrogen and Perchlorate ions were 
determined as described previously.5) The atomic com­
position of the sample solution is listed in Table 1. 

TABLE 1. ATOMIC COMPOSITIONS OF THE INDIUM(III) 

PERCHLORATE SOLUTION (in g-atom dm -3) 

In 
CI 
o 
H 

3.023 
9.388 
71.61 
68.44 

X-Ray scattering data were obtained at 25 °C on a 0-0 
diffractometer (JEOL Co., Tokyo) equipped with a Philips 
Mo-X-ray tube (wavelength /l=0.7107Â). The measured 
scattering angles (20) ranged from 2 to 140°. Details of 
measurements and treatments of data are described elsewhere.5) 

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

The radical distribution curve D(r) calculated from 
the scattered intensities is shown in Fig. 1. Two dis­
tinct peaks are seen at around 1.4 and 2.3 Â. T h e 
first peak is readily identified to be due to the C l - O 
bond within the G10 4

_ ion.5> The second peak may 

be ascribed to the I n 3 + - O H 2 bond within the aqua 
ind ium(I I I ) ion, because the peak appears at the posi­
tion as is expected from the sum of the ionic radius 
of In3+ (0.81 A6)) and the size of a water molecule 
( { O - O in wa te r} /2=1 .4 Â7)). This peak contains the 
contribution from the O - O contact within the tetra-
hedral C104~ ion (1.4 A x 1/8 /3=2.3 A) . T h e contri­
bution of the C l - O and O - O contacts within the Per­
chlorate ion (curve b) was subtracted from the radial 
distribution curve. The bond distances r, temperature 
factors b, and frequency factors n of the atom pairs are 
quoted from Ref. 5. T h e rest is depicted as curve c 
in Fig. 1. 

T h e bond distance between In3+ and the water mol­
ecules in the first hydration shell and the number of 
hydrated water molecules were determined from curve 
c by the trial-and-error method. The assumption of 
r = 2 . 1 5 A, 0=0 .004 A2, and n=6 led to a smooth back­
ground curve (curve e) without an indication of other 
a tom pairs having bond distances less than 2.5 A. The 
theoretical peak calculated by using these parameters 
is drawn as curve d in the same figure. T h e uncertainty 
in r is estimated approximately to be ± 0 . 0 3 A by the 
trial-and-error method. We could not find a clear 
indication for the octahedral structure of the I n ( O H 2 ) 6

3 + 

Fig. 1. a: D{r) curve, b : theoretical peak shapes for 
the Cl-O and O-O contacts within C104

_, c : residual 
curve (Dfr) —curve b), d: theoretical peak shape for 
the In-OH 2 bond within In(OH2)e

3+, e: background 
curve (curve c —curve d). The broken curve denotes 
4*rVo-
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complex, because the radial distribution curve did not 
give distinct peaks (although humps are observed) 
at about 3.04 Â ( = 2.15 A x V T ) and about 4.30 A 
( = 2.15 A x 2 ) for the cis-O-O and trans-O-O contacts, 
respectively, within the I n ( O H 2 ) 6

3 + ion. 

The present work is financially supported in par t by 
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Synops i s . Chloroacetanilide and /»-methylchloroacet-
anilide reacted with phosphoryl chloride to give 2-chloro-
methyl-3-chloro-4-anilinoquinoline and 2-chloromethyl-3-ch-
loro-4-(/>-toluidino)-6-methylquinoline respectively. In the 
case of propionanilide, 2-ethyl-3-methyl-4-anilinoquinoline 
was obtained when the reaction was carried out at 20—30 °C. 
O n the other hand, when the reaction temperature was 
raised to 80—100 °C, iV-Cl-chloro-l-propenylJ-JV.iV'-diphenyl-
acetamidine was obtained. 

I t is wel l k n o w n t h a t a V i l s m e i e r r e a g e n t c a n b e 
p r e p a r e d f rom a n 7V,7V-disubstituted a m i d e , s u c h as N, 

JV-d imethy l fo rmamide o r iV , iV-d ime thy lbenzamide , w i t h 
p h o s p h o r y l ch lor ide . 1 ) 7V,iV-Unsubst i tuted a m i d e s , such 
as a c e t a m i d e a n d b e n z a m i d e , a r e also k n o w n to b e 
c o n v e r t e d i n t o t h e c o r r e s p o n d i n g n i t r i l e in g o o d yie lds 
b y t r e a t m e n t w i t h p h o s p h o r y l chloride.2> I n this p a p e r , 
w e wish to r e p o r t t h e r e a c t i o n of an i l ides w i t h p h o s ­
p h o r y l c h l o r i d e . 

R e s u l t s 

P r o p i o n a n i l i d e w a s a l l o w e d to r e a c t w i t h p h o s p h o r y l 
c h l o r i d e a t 8 0 — 1 0 0 °G for 3 h , t h u s g i v i n g iV- ( l -ch lo ro-
1 - p r o p e n y l ) - N,N' - d i p h e n y l p r o p i o n a m i d i n e ( I ) . W h e n 
t h e r e a c t i o n w a s c a r r i e d o u t in t h e t e m p e r a t u r e r a n g e 
b e t w e e n 20 a n d 30 °G for 24 h , 2 - e t h y l - 3 - m e t h y l - 4 -
a n i l i n o q u i n o l i n e ( I I ) a n d N,N'-diphenylpropionamidine 
( I II ) w e r e o b t a i n e d . 

80—100 °C 

C H , C H 9 C O N H P h 
POCI3 

-> I 

( i ; 

20—30 °C 

GHoGH. 
< 

24 h 

:NPh 

N 

-• I I + I I I 

(I) 

P h / \GC1=CHCH 3 

N H P h 

X\A/GH3 ,NPh 
H 3 CH 2 C-C<f 

V N N ^ G H 2 C H 3 \ N H P h 

(II) (III) 

W h e n c h l o r o a c e t a n i l i d e ( I V a ) a n d / i - m e t h y l c h l o r o -
a c e t a n i l i d e ( I V b ) w e r e used in p l a c e of p r o p i o n a n i l i d e , 
2 - c h l o r o m e t h y l - 3 - c h l o r o - 4 - a n i l i n o q u i n o l i n e ( V a ) a n d 2-
c h l o r o m e t h y l - 3 - ch lo ro -4 - (jb-toluidino) -6 - m e t h y l q u i n o -
l i n e ( V b ) w e r e i so la ted in 5 0 — 6 0 a n d 2 6 % yields 
respect ively . A m i d i n e de r iva t ives w e r e n o t d e t e c t e d , 
regard less of t h e r e a c t i o n t e m p e r a t u r e . 

C l C H 2 C O N H - - R 

N H - < ; _ ) - R 

POCI3 R N / / \ / X / G 1 

(2) 
X / X N ^ C H 2 C 1 

(IVa, R - H ; I V b , R = Me) (Va, R = H ; V b , R==Me) 

O n t h e o t h e r h a n d , w h e n t h e r e a c t i o n of a c e t a n i l i d e 
w i t h p h o s p h o r y l c h l o r i d e w a s r u n a t 80 °G for 3 h , 
7V, iV-d ipheny lace tamid ine (VI ) a n d iV- ( l - ch lo rov iny l ) -
i ^ , i V - d i p h e n y l a c e t a m i d i n e ( V I I ) w e r e y i e lded in a n 
e q u i m o l a r r a t i o . W h e n t h e r e a c t i o n c o n d i t i o n s w e r e 
con t ro l l ed a t 2 0 — 3 0 °G for 24 h , t h e d i s t r i b u t i o n of 
p r o d u c t s V I a n d V I I w a s c h a n g e d to t h e m o l a r r a t i o 
of 74 : 26 . 

C H , C O N H P h 
pocia 

, N P h 
C H 3 G < / 4-

- N H P h 
CH,C< 

x N P h 
(3) K 

X N 
P h / \CC1=CH 2 

(VI) (VII) 

I n t h e case of f o r m a n i l i d e w i t h p h o s p h o r y l c h l o r i d e , 

i V , i V - d i p h e n y l f o r m a m i d m e ( V I I I ) w a s o b t a i n e d i n a 

1 0 % y ie ld . 

H C O N H P h 
POCI3 ^ N P h 

> HC<f 
\ N H P h 

(VII I ) 

T h e resul t s of these e x p e r i m e n t s a r e s u m m a r i z e d i n 

T a b l e 1. 

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

All the melting and boiling points are uncorrected. T h e 
N M R spectra were measured at 100 M H z on a J N M - T S -
100 spectrometer, with T M S as the internal reference in 
deuteriochloroform. T h e mass spectra were recorded on 
a Hitachi R M U - 6 or R M U - 7 spectrometer. 

Materials. Commercial first-grade acetanilide and 
formanilide were used after recrystallization. Chloroacet­
anilide (mp 138 °C), /»-methylchloroacetanilide (mp 163 
°C), and propionanilide (mp 104 °C) were prepared in the 
usual way. 

Reaction of Anilides with Phosphoryl Chloride. General 
Procedure: I n a 150-ml flask fitted with a reflux condenser 
we placed 50 mmol of anilide and 55 mmol of phosphoryl 
chloride. T h e mixture was then magnetically stirred, and 
the temperature was mainta ined at 20—30 or 80—100 °C 
for an appropr ia te period. After cooling, the mixture was 
poured into 150 ml of ice water, the solution was then allowed 
to stand for an addit ional 24 h. T h e H C l salt of the quinoline 
derivative (I I, V, and V I I I ) was precipitated if quinoline was 
present, and easily separated by filtration. T h e filtrate was 
extracted twice with ether to remove the unreacted anilide. 
T h e aqueous layer was neutrallized with a 1 M N a O H aq 
solution to p H 7. T h e crude amidine derivative (I or V I I ) 
was extracted with ether. T h e aqueous layer was treated 

file:///NHPh
file:///NHPh
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Anilide 

HGONHC6H5 

CH3CONHC6H5 

CH3CH2GONHC6H5 

ClCH2CONHG6H5 

ClCH2GONHC6H4 • GH3-p 

Temp 
(°G) 

20—30 
20—30 
80—100 
20—30 
80—100 
20—30 
80—100 

80 

Time 
( h ) 

1 
24 

3 
24 

3 
24 

3 
2 

Product, 

Quinoline 

0 
0 
0 

23 
0 

59 
50 
26 

dérivât: 

isol 

ive 

iated 

Am 

yield (%) 

idine derivative (s) 

10 
78 
50 

trace 
8 
0 
0 
0 

with a large amount of a 1 M NaOH solution. The amidines 
(III, VI, and VIII) were precipitated. 

Physical Properties and Analytical Data of the Products. 
Product I: Bp 100 °C/10-4 Torr. NMR (GDC13): Ô 1.00 
(t, 3H, -CH2CH3) 1.80 (d, 3H, =GHCH3) 2.45 (q, 2H, 
-CH2CH3) 5.82 (q, 1H, =CHCH3) 6.7—7.6 (m, 10H, 
aromatic protons). MS: m/e (rel intensity) 298 (M+ CI35, 
2) 283 (11) 167 (15) 132 (100) 103 (18) 93 (69) 77(92). 
Found: CI, 11.54%. Galcd for CI8H19N2G1: Gl, 11.74%. 

Product II: Mp 183 °C. NMR: Ô 1.38 (t, 3H, -CH2CH3) 
2.30 (s, 3H, -GH3) 3.05 (q, 2H, -CH2CH3) 5.85 (br, 
1H, NH) 6.5—8.1 (m, 9H, aromatic protons). MS: mje 
262 (M+, 100) 245 (18) 234 (13). Found: Gl, 11.65%. 
Galcd for C18H18N2 • HCl : Gl, 11.89%. The product(II) 
had NMR and mass spectra identical with those of an 
authentic sample.3) 

Product III: Mp 100—102 °G. NMR: ô 1.10 (t, 3H, 
-GH2CH3) 2.26 (q, 2H, -CH2CH3) 5.8 (br, 1H, NH) 
6.9—7.3 (m, 10 H, aromatic protons). MS: m/e TIA (M+, 
17) 132 (100) 104 (9) 77 (43). The product(III) had NMR 
and mass spectra identical with those of an authentic sample, 
which had been prepared from propionanilide and aniline 
by the method of Partridge and Smith.4) 

Product Va: Mp 133—133.5 °C. NMR: ô 4.96 (s, 2H, 
-CH2G1) 6.5—8.1 (m, 10 H, aromatic protons and NH). 
MS: m/e 302 (M+ Gl35 Cl35, 100) 267 (29) 231 (97) 115 
(16) 102 (13) 77 (26). Found: G, 63.02; H, 3.87; N, 9.16%. 
Calcd for G16H12N2C12: G, 63.37; H, 3.96; N, 9.24%. 

Product Vb\ Mp 130—132 °G. NMR: <5 2.28 (s, 6H, 

two methyl groups) 4.88 (s, 2H, -CH2C1) 6.5—8.0 (m, 8H, 
aromatic protons and NH). MS: m/e 332 (Cl38 Cl36, 75) 
330 (M+ Gl35 Gl35, 100) 296 (30) 259 (75). 

Product VI: Mp 131—132 °G. NMR: ô 2.00 (s, 3H, 
-GH3) 6.15 (s, 1H, NH) 7.0—7.5 (m, 10 H, aromatic 
protons). MS: m/e 210 (M+, 21) 118 (100) 93 (9) 77 
(32). Found: G, 79.87; H, 6.66; N, 13.16%. Calcd for 
C14H14N2: C, 79.96; H, 6.71; N, 13.32%. 

Product VII: Mp 117.5—118.5 °G. NMR: ô 1.90 (s, 
3H, -CH3) 5.37 (d, lH a , =CHaHb y a b 4Hz) 5.45 (d, lHb) 
6.7—7.4 (m, 10 H, aromatic protons). MS: m/e 270 (M+ 
Cl35, 16) 118 (100) 77 (76). Found: C, 70.93; H, 5.35; 
N, 10.21; Cl 13.60%. Calcd for C16H15N2C1: C, 71.11; 
H, 5.55; N, 10.37; Cl, 13.15%. 

Product VIII: Mp 136—136.6 °C. NMR: ô 7.0—7.5 
(m, 10 H, aromatic protons) 8.22 (br, 1H, NH) 8.55 (s, 
1H, CH). MS: m/e 196 (M+, 26) 104 (11) 93 (100) 
77(26). Found: C, 79.40; H, 6.02; N, 14.22%. Calcd for 
C13H12N2: G, 79.56; H, 6.16; N, 14.28%. 
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Synopsis. Camphene (1) reacts with chloroacetic acid 
(2) or its polymer, polyacetoxamer; a-chloro, to-carboxy in 
the presence of potassium bromide at reflux temperature 
to give the 2,2-dimethyl-c?xo-3-hydroxynorbornane-£rcJo-3-pro-
panoic acid lactone and the 2,2-dimethyl-mfo-3-hydroxynor-
bornane-^o-3-propanoic acid lactone in a 50% yield. The 
synthesis of 2-(8-camphenyl)ethanol from 1 was simplified 
by utilizing this reaction. 

There are no reports on the reactions of terpenes 
with halocarboxylic acids and also few reports on the 
reactions of olefins with halocarboxylic acids. These 
are reports on the carboxymethylation of olefins making 
use of iodo- and bromoacetic acids.3) Specifically, 
the carboxymethylation of naphthalene4) in the presence 
of potassium bromide was carried out using chloroacetic 
acid or its polymer, polyacetoxamer; a-chloro, a>-
carboxy in the title reaction. However, it is of interest 
to note that the reaction of manganese(III) acetate 
with olefins in cyanoacetic acid was recently reported 
by Heiba et al.5) and therefore, y-lactones can be 
obtained in a single step. 

As a part of the study of the reactions of olefins with 
halocarboxylic acids, the reaction of camphene (1) with 
chloroacetic acid (2) or its polymer, polyacetoxamer; 
a-chloro, eo-carboxy (3) was first investigated in the 
presence of potassium bromide. As a result, it was 
found that 1 reacts with 2 or 3 to give y-lactones, which 
are useful in the synthesis of 2-(8-camphenyl)ethanol 
(7). Therefore, the structure of the y-lactones and a 
simple method for synthesizing 7 from 1 are reported 
here. 

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

T h e results of the experiments are shown in Table 1. 
In the presence of potassium bromide (KBr), the treat­
ment of camphene (1) with chloroacetic acid (2) at 
reflux temperature gave, after distillation, the maximum 
yield (50%) of the y-lactones which was composed of 

(2)or B rCH 2 C0 2 H 

(CHzCOOH) ». 

|CH2CH2C02H CH2CH2CO2H 

(X) 

+ 

(4A) (4B) 

Fig. 1. Lactonization of 1. 

two components, 4A and 4B, in a gas chromatogram. 
These components (4A and 4B) were isolated by re­
distillation and gas chromatography. Their structures 
were confirmed by I R and N M R spectroscopy or by 
a comparison of their physical constants with those re­
ported in the literature. Table 2 shows the properties 
of 4A and 4B. T h e I R and N M R spectra showed the 
characteristic absorptions of y-lactones and the gem-
dimethyl group. These data indicate a configurational 
isomer 4A or 4B in Fig. 1. Of the two y-lactones 
obtained, the melting point for the 4B isomer agreed 
precisely with that reported by Bhati.6) Therefore, the 
4B isomer can be assigned to the 2,2-dimethy\-endo-3-
hydroxynorbornane-^o-3-propanoic acid lactone (4B) 
in Fig. 1. Consequently, the 4A isomer supported the 
structure of the 2,2-dimethyW#o-3-hydroxynorbornane-
endo-3-propa.noic acid lactone (4A) in Fig. 1. T h e 
structure of 4A was confirmed, moreover, by deriving 
2-(8-camphenyl)ethanol (7) from a mixture of 4A and 
4B. T h e y-lactone 4A has not as yet been synthesized. 

O n the other hand, when 1 was treated with 2 in 
the absence of KBr, the y-lactone fraction was afforded 
in only an 8 % yield (Table 1). A gas chromatogram 
of the y-lactone fraction also showed the two compo­
nents, 4A and 4B. Their structures were confirmed 
by I R and N M R spectroscopy. In contrast with the 
reaction in the presence of KBr, the yield of y-lactones 
was much lower. This behavior shows that in the 
presence of KBr, bromoacetic acid may initially be 
formed. The decomposition of bromoacetic acid can 
result in the formation of the carbonium ion (+CH2G-
OOH), 4 ) which might account for an attack upon the 

TABLE 1. T H E RESULTS OF EXPERIMENT 

Expt 
No. 

1 
2 
3 
4 
5 

(1) 
g (mol) 

35.8(0.25) 
35.8(0.25) 
35.8(0.25) 
35.8(0.25) 
10.0(0.07) 

Conditions 

(2) (3) KBr Temp» 
g(mol) g g 

24.9(0.32) — 3.0 
24.9(0.32) — 3.0 
24.9(0.32) — 3.0 
24.9(0.32) — — 
— ( — ) 10.0 1.0 

°c 
187 
189 
180 
178 
172 

Time 
h 

20 
30 
40 
20 
20 

Yield") 

% 
20 
38 
50 

8 
17 

Lactones 

Forma­
tion 
(*A) 

41 
35 
39 
42 
35 

Ration 

(4B) 

59 
65 
61 
58 
65 

a) Shows the temperature of the refluxing liquid after completion of stirring, b) 
Based on 1 used, c) Shows the relative ratio of the y-lactone from gas chro­
matographic analysis. 

T A B L E 2. PROPERTIES OF ^-LACTONES 

T . Rt.*> Mp 
y-Lactone ( m i n ) (0(JJ 

IRfcm-1)1» NMRtppm)«) 

oco C(CH,) t C(CH3)2 (CH2)8CO 

(4A) 58.0 99—100 1780, 1760 1385, 1365 1.01 2.13—2.48 
(sh) (vs) (w) (m) (brs) (M) 

(4B) 64.5 103— 104d> 1780, 1760 1386, 1366 0.99, 1.04 2.10—2.47 
(sh) (vs) (w) (m) ( s ) ( s ) (M) 

a) Retention time in gas chromatogram, PEG-20M, 4m, 180 °C. b) vs: very 
strong, sh: shoulder, w: weak, m: medium. c) s: singlet, br: broad, M : 
multiplet, d) Value from the literature (mp 103—104 "C")). 
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(1) ^ ( 4 A ) + ( 4 B ) - ^ - > 
(3) 

(i) A C L ' O 

OR . 0 H ( i i ) OH 
(CH2)2CH2OH 

(5) R-COCIL (6) 
R = H (7) 

Fig. 2. Synthesis of 7. 

methylene group of 1 to give the y-lactones (4A and 
4B) by lactonization of an intermidiate (X) , as is shown 
in Fig. 1. 

Next, polyacetoxamer; a-chloro, co-carboxy (3) in the 
presence of KBr was also allowed to react with 1 to 
give the y-lactones which comprised the two components, 
4A and 4B. However, the y-lactone yield was only 
about 17% (Table 1). These components were iso­
lated using gas chromatography and their structures 
were confirmed by comparisons of their I R and N M R 
spectra with those of authentic samples. From this 
method, the lactonization could be explained by assum­
ing the formation of carbonium ions of the type 
+ C H 2 C 0 2 ( C H 2 C 0 2 ) p C H 2 C 0 2 H . 4 ) 

Lactone 4B has in general been prepared by the hy­
dration of tricycloekasantalic acid, which was obtained 
by the oxidation of the higher boiling fraction of East 
Indian sandalwood oil or a-santalene, as well as by the 
hydration of bicycloekasantalic acid or isobicycloekasan-
talic acid.6 - 8) However, no simple synthesis of the y-
lactones (4A and 4B) from 1 has yet been established. 
Bhati6) has reported only that 4B was synthesized via 
a multi-step process starting from 1, in order to deter­
mine whether 4A or 4B is the hydration product (70 
% yield) of tricycloekasantalic acid. T h e method de­
scribed by Bhati is the only route for synthesizing 4B 
from 1, bu t it is not a method applicable to the synthe­
sis of 7 from 1. Using the present method, the y-
lactones (4A and 4B) were prepared in a 5 0 % yield 
in a single step from 1, which is readily available. 
T h e synthesis of 7 was carried out according to known 
procedures,7) as shown in Fig. 2. T h e y-lactones 
(4A/4B=39/61) upon reduction with li thium aluminium 
hydride afforded a crystalline diol (5) which was con­
verted to the corresponding unsaturated alcohol 7 by 
treatment with acetic anhydride, followed by saponi­
fication of the resultant acetate (6). 

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

Material. Gamphene (1) : bp 157—159 °C/760 Torr, 
mp 51—53.5 °G, purity 95% (in gas chromatogram, contains 
5% tricyclene). Potassium bromide: commercial material 
(Wako Pure Chemical Industries) was used without purifica­
tion. Polyacetoxamer ; a-chloro, w-carboxy (3) : this poly­
mer was prepared by the method of Southwick et al.*) The 
resulting black powder was dried under reduced pressure for 
one day. Mp 115—158 °G (lit,4) mp 118—138 °C) 

Measurements. The NMR spectra were recorded on a 
Hitachi Perkin-Elmer R-24 (60 MHz) instrument. The IR 
spectra were obtained on a Yanagimoto ISG-25 spectrom­
eter. 

Reaction of 1 with 2. In the Presence of KBr: In a flask 
fitted with a thermometer, stirrer and reflux condenser were 
placed 24.9 g (0.32 mol) of 2 and 3.0 g of KBr. The mixture 
was stirred vigorously in a sand bath for one hour at reflux 

temperature and 35.8 g (0.25 mol) of 1 was added to the 
solution dropwise for 30 min. The stirring was then conti­
nued for 30 h at the reflux temperature. At the end of the 
heating period, the temperature of the refluxing liquid was 
189 °G. After cooling and benzene extraction, the extract 
was washed with a 10% aqueous solution of sodium carbonate 
and then water. The benzene extracts were dried over 
magnesium sulfate. Evaporation of the dried benzene layer 
followed by distillation gave the y-lactone fraction (bp 122— 
125 °C/1 Torr, 18 g, 50% yield based on the amount of 1 
used), which was composed of two components, 4A and 4B, 
in a 35 : 65 ratio based on gas chromatographic analysis. 
The y-lactone fraction was crystallized from hexane: mp 
98—99.5 °C; IR(KBr) : 1780, 1760, 1386, and 1365 cm-1. 

In the Absence of KBr: A mixture of 24.9 g (0.32 mol) of 
2 and 35.8 g (0.25 mol) of 1 was heated with stirring for 
20 h at reflux temperature. At the end of the heating period, 
the temperature of the refluxing liquid was 178 °G. The 
conventional working-up described above and distillation 
afforded a mixture of 2.85 g (an 8% yield) of 4A and 4B 
in a 42 : 58 ratio. 

Reaction of 1 with 3 in the Presence of KBr. The reaction 
was carried out with the same apparatus as used in the reac­
tion of 1 with 2. A mixture of 10 g of 3 and 1.0 g of KBr 
were heated with stirring for one hour at 160±2 °G and then 
10.0 g (0.07 mol) of melted 1 was added to the solution 
dropwise for 30 min. Stirring was then continued for 20 h 
at reflux temperature. At the end of the heating period, 
the temperature of the refluxing liquid was 172 °G. The 
conventional work-up and distillation afforded 1.7 g (17% 
yield) of a mixture of 4A and 4B in a 35 : 65 ratio. 

Synthesis of 7. The alcohol was prepared according 
to the method of Ramaswami et al.1) The diol (5) : yield 
85%, mp 99—107 °C, (lit,7) mp 112 °C); IR: 3350, 1380, 
1365, 1062, and 1040 cm-1, NMR (CDC13) 0=0.91, 0.98 
(two s, 6, GMe2), 2.05 (br s, 2, OH, disappeared with DaO), 
3.90—3.75 ppm (m, 2, CH 2 0) , 2-(8-camphenyl)ethyl acetate 
(6): yield 90%, bp 107—109 °C/1 Torr, rf»=0.9915, «?= 
1.4775, IR: 1740, 1666, 1380, 1365, and 842 cm-1, NMR 
(CDC13) (5=0.98, 1.00 (two s, 6, CMe2), 2.01 (s, 3, OAc), 
3.88—4.11 (t, 2, CH 2 0) , and 4.69—4.98 ppm (t, 1, =CH-), 
(lit,8) bp 105—110 °C/0.5 Torr, n2

D
8= 1.4749). 2-(8-Camphen-

yl)ethanol (7): yield 82%, bp 95—97.5 °C/2 Torr, n»= 
1.4970, IR: 3300, 1666, 1383, 1366, and 842 cm-1, NMR 
(CDC1,) «5=1.02 (br s, 6, GMe2), 1.86 (br s, 1, OH, disap­
peared with D 2 0) , 3.46—3.68 (t, 2, CH 20) , and 4.72—4.68 
ppm (m, 1, =CH-), (lit,8) bp 96—98 °C/2 Torr, n2

D
5= 1.4963). 
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Synopsis. The stoichiometric reaction of sodium salts 
of 3-butenoic acid, 3-pentenoic acid, 4-pentenoic acid, and 
4-hexenoic acid with lithium tetrachloropalladate(II) affords 
2-buten-4-olide, 4-methyl-2-buten-4-olide (2b), 2b, and 4-
ethyl-2-buten-4-olide respectively. Similarly, the reaction 
of 2-styrylbenzoic acid with palladium(II) salt leads to the 
formation of 3-phenylisocoumarin. 

I t is well known that most of the 2-buten-4-olides 
can be synthesized by the dehydrohalogenation of a-
halobutyrolactones,1) by the lactonization of y-keto-
acids,2) or by the oxidation of a,/?-unsaturated esters 
with selenium dioxide.2-3) Recently, an intramolecular 
cyclization of olefinic compounds via oxypalladation4 - 6) 
has received wide attention. In relation to these reac­
tions, we wish to report herein the palladium-induced 
intramolecular cyclization of both 3-butenoic acids and 
4-pentenoic acids to 2-buten-4-olides. 

The sodium salts of 3-butenoic acid ( l a ) and 3-pente­
noic acid ( l b ) were treated with lithium tetrachloro-
palladate(II) in water to produce 2-buten-4-olide (2a) 
and 4-methyl-2-buten-4-olide (ß-angelica lactone) (2b) 
in 38 and 3 2 % yields respectively. In the reactions 
of both l a and l b with pal ladium(II) salt, no formation 
of 3-buten-4-olide derivatives was observed. Henry and 
Ward7) have reported that the reaction of cyclohexene 
with pal ladium(II) acetate gave products which were 

R-CH=CHCH2C00H 

la : R=H 
lb : R=CH3 

R-CH=CHCH2 CH2 COOH 

'of. 

.1 

o 

7 c : R = H 
7 d : R = CH3 
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00 
2 e 

CH2 

>0 

I 
H 

2f : R=H 
2 g : R=Ph 

consistent with a trans acetoxypalladation, followed by 
Pd(II) -hydride elimination and readdition. In the 
reaction of l a and l b with pal ladium(II) salt, the for­
mation of 2a and 2 b can be explained by the Scheme 
1, involving intramolecualr oxypalladation to give the 
intermediate (3), followed by the /9-elimination of the 
HPdCl species. 

Furthermore, under the same conditions, 4-pentenoic 
acid ( lc) and 4-hexenoic acid ( Id) afforded 2 b and 4-
ethyl-2-buten-4-olide (2c) in 38 and 3 0 % yields re­
spectively. In the reactions of both l c and I d with 
pal ladium(II) salt, no formation of the six-membered 
ring products was observed. The results are summa­
rized in Table 1. 

Hosokawa et al.u> have recently reported the regio-
selectivity of the pal ladium(II)- induced intramolecu­
lar cyclization of 2-(3-methyl-2-butenyl)phenol. How­
ever, in the reaction of l c and I d with pal ladium(II) 
salt, the formation of the five-membered ring products 
indicated that the cyclization of l c and I d involves a 
preferential attack of the oxygen atom of the carboxyl 
group on the 4-position of unsaturated acid ( l c or I d ) , 
followed by a Pd(H)-hydr ide elimination-readdition 
process (see Scheme 1). 

O n the other hand, the reaction of 1-cyclohexenyl-
acetic acid ( le) with pal ladium(II) salt led to the 
formation of a mixture of 5,6,7,7a-tetrahydro-2(4//)-
benzofuranone (2d) and 4,5 ,6 ,7- te t rahydro-2(3/ / ) -
benzofuranone (2e). Similarly, the reaction of 2-
vinylbenzoic acid (If) and 2-styrylbenzoic acid ( lg) 

TABLE 1. REACTION OF UNSATURATED ACID (1) WITH 

LITHIUM TETRACHLOROPALLADATE ( I I ) 

Substrate Solvent Product (yield, %) 

l a 
l b 
l c 
Id 
l e 
If 

lg 

H 2 0 
H 2 0 
H 2 0 
H aO 
H 2 0 

HaO-dioxane 
H20-dioxane 

2a (R = H)a> (38%) 
2b (R = CH3)»> (32%) 
2b (R = H) (38%) 
2c (R = CH3)«> (30%) 
2d<i) (28%) + 2ee> ( 
2f (R = H)') (46%) 
2g (R = Ph)*> (42%) 

10%) 

Fig. 1. 

a) Bp 90—92 °G/16 Torr, (lit,*) bp 107—109°C/24 
Torr), b) Bp 78—80 °G/5 Torr, (lit,1) bp 208 °G). c) 
Bp 85—86 °C/5 Torr, (lit,1) bp 72 °C/1.5 Torr), d) Bp 
115—117 °G/5Torr, (lit,1) bp 108—108.5 °C/1 Torr), e) 
Bp 92—95 °C/3 Torr, (lit,1) bp 88—93 °C/1 Torr), f ) Mp 
47 °G, (lit,« mp 45—46 °G). g) 88—90 °G, (lit,k) mp 
89—90 °G). h) G. C. Price and J . M. Judge, Org. 
Synth., 45, 22 (1965). i) F. A. Kuehl, Jr. , R. P. 
Linstead, and B. A. Orkin, J. Chem. Soc, 1950, 2213. 
j) G. Schöpf and R. Kühne, Chem. Ber., 83, 390 (1950). 
k) S. Siegel, S. K. Goburn, and D. R. Levering, J. 
Am. Chem. Soc, 73, 3163 (1951). 
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w i t h p a l l a d i u m ( I I ) sal t a f forded i s o c o u m a r i n (2 f ) a n d 
3 - p h e n y l i s o c o u m a r i n (2g) respec t ive ly . T h e p a l l a d i u m -
p r o m o t e d r e a c t i o n of l e , If, a n d l g also p r o c e e d s via 

a i n t r a m o l e c u l a r o x y p a l l a d a t i o n , fol lowed b y a n 
e l i m i n a t i o n of H P d C l . 

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

Materials. T h e following compounds were synthesized 
by the methods described in the l i terature: 3-butenoic acid 
(la),8> 3-pentenoic acid ( lb) ,9) 4-pentenoic acid (lc),10) 4-
hexenoic acid (Id),1 1) 1-cyclohexenylacetic acid (le),12> 
2-vinylbenzoic acid (If),13) and 2-styrylbenzoic acid ( lg) . 1 4 ) 

General Procedure for The Reaction of Unsaturated Acid with 
Palladium (II) Salt. A solution of 10 mmol of unsaturated 
acid and 5 mmol of sodium carbonate in water (50 ml) or 
d ioxane-water (1 : 1, 50 ml) was stirred with 10 mmol of 
l i thium tetrachloropal ladate(II) at room temperature . After 
stirring for 24 h, the reaction mixture was then extracted with 
ether. T h e ether extract was washed with aqueous sodium 
hydrogencarbonate and dried over anhydrous magnesium 
sulfate. After the evaporation of the solvent, the product 
was isolated by distillation or by column chromatography 
on silica gel. T h e structures of the products were confirmed 
by a mixed-melting-point determination, by comparing the 
retention times on gas chromatograms, and by the observation 
of the I R and N M R spectra. 
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Synopsis. Manninotriose undecaacetate has been pre­
pared from melibiose. Tritylation of melibiose, followed by 
acetylation gave 6'-0-trityl-/?-melibiose heptaacetate. Detri-
tylation of the compound gave hepta-0-acetyl-/?-melibiose, 
which was condensed with tetra-O-benzyl-D-galactopyranosyl 
chloride. Deacetylation of the condensation product, fol­
lowed by hydrogenolysis and acetylation afforded the title 
compound. 

Manninotriose, 0-a-D-galactopyranosyl-(l-»6)-0-a-
D-galactopyranosyl-(l-H>6)-D-glucose, has been found in 
a free form in an ash manna from Fraxinus ornus and 
F. rotundifolia, and it has been well known that this 
trisaccharide is a component of a tetrasaccharide : 
stachyose.1) T h e enzymic synthesis of manninotriose 
from melibiose has been reported in a literature,2) but 
a chemical synthesis has never been described. 

In connection with the preceding papers,3»4) we have 
attempted to synthesize manninotriose undecaacetate 
(6) from melibiose (1) chemically. When 1 was treated 
with trityl chloride in pyridine and the product was 
subsequently acetylated, 6'-0-trityl-/?-melibiose hepta­
acetate (2) was obtained as crystals in 6 5 % yield. 

Detritylation of 2 with hydrogen bromide in glacial 
acetic acid afforded l,2,2',3,3',4,4'-hepta-0-acetyl-ß-
melibiose (3). Condensation between 3 and 2,3,4,6-
tetra-O-benzyl-D-galactopyranosyl chloride5) (4) gave 
1,2,2',3,3',4,4' - hepta - O - acetyl -2",3",4",6"-tetra-0-ben-
zyl-/?-manninotriose (5) as a chromatographically homo­
geneous solid. Deacetylation of 5, followed by catalytic 
hydrogenolysis and subsequent acetylation afforded 6 
as crystals in 3 0 % yield. Compound 6 was identified 
by direct comparison with an authentic sample prepared 
by hydrolysis of stachyose.6) 

1: R = R ' = H 
2: R=Ac , R' = Tr 
3 : R=Ac , R' = H 
5: R=Ac , R' = 2,3,4,6-tetra-0-benzyl-

a-D-galactopyranosyl 
6: R = Ac, R'=2,3,4,6-tetra-0-acetyl-

a-D-galactopyranosyl 

Exper imenta l 

General. Melibiose and stachyose were purchased from 
a commercial source. Melting points were determined in 

To whom correspondence should be addressed. 

capillary tubes, and are uncorrected. Solutions were eva­
porated under diminished pressure. IR spectra were deter­
mined for potassium bromide discs with a Hitachi 225 spectro­
photometer. Optical rotations were recorded on a Japan 
Spectroscopic DIP-SL Polarimeter. XH NMR spectra were 
determined at 60 MHz with a Varian A-60D spectrometer 
in deuteriochloroform with tetramethylsilane as an internal 
standard, and the peak positions are given in ^-values. TLG 
was performed on a silica gel (Wakogel B-10) plate, and silica 
gel (Wakogel C-200) was used for a column chromatography. 

1,2,2'',3,3'',4,4'-Hepta-0-acetyl-6'-0-trityl-ß-melibiose (2). 
To a solution of melibiose (1, 200 mg, 0.58 mmol) in dry 
pyridine (10 ml), trityl chloride (976 mg, 3.50 mmol) was 
added, and the mixture was agitated for 97 h at ambient 
temperature. Then, acetic anhydride (5 ml) was added to 
the reaction mixture. After 15 h, the mixture was poured 
into ice cold water (200 ml) and triphenylmethanol was 
removed by filtration. The filtrate was evaporated, and the 
residue was purified by a column chromatography using 
1 : 5 (v/v) 2-butanone-toluene as eluent to give 424 mg of 
a chromatographically homogeneous product {Rt 0.43 on TLG 
in 1 : 4 (v/v) 2-butanone-toluene). Recrystallization from 
80% aqueous ethanol gave 332 mg (65%) of 2, mp 108—112 
°G, [a]2

D
3+79.1° {c 1.05, chloroform), *H NMR: Ô 1.88 (s, 

3, OAc), 1.98 (s, 6, 2xOAc) , 2.02 (s, 12, 4xOAc) , 5.74 
(d, 1, j = 8.0Hz, H-l) , 6.35 (d, 1, J= 3.5 Hz, H-l ' ) . 

Found: G, 61.22; H, 5.71%. Galcd for G45H50O18: G, 
61.50; H, 5.73%. 

l,2,2',3,3',4,4'-Hepta-0-acetyl-ß-melibiose (3). To a so­
lution of 2 (318 mg) in glacial acetic acid (2.0 ml), glacial 
acetic acid (0.2 ml) saturated with hydrogen bromide was 
added under ice cooling. After stirring for 2 min, the preci­
pitated bromotriphenylmethane was filtered off and the 
filtrate was quenched into ice cold water (60 ml). The 
solution was extracted with chloroform repeatedly and the 
combined chloroform layer was washed with dilute sodium 
hydrogencarbonate solution and water. After drying over 
sodium sulfate, the extract was evaporated. The residue was 
purified by a column chromatography using 1 : 2 (v/v) 
2-butanone-toluene as eluent to give 181 mg (79%) of 3 as 
a chromatographically homogeneous solid (Rt 0.39 on TLG 
in 2 0 : 1 (v/v) chloroform-ethanol), [oe]S+132.9° (c 0.82, 
chloroform). W NMR: Ô 1.98 (s, 6, 2xOAc) , 2.04 (s, 3, 
OAc), 2.09 (s, 6, 2 X OAc), 2.12 (s, 3, OAc), 2.13 (s, 3, OAc), 
5.67 (d, 1, y = 8 . 0 H z , H-l) , 6.27 (d, 1, 7 = 4 . 0 Hz, H-l ' ) . 

Found: G, 49.07; H, 5.56%. Galcd for G26H36018: G, 
49.06; H, 5.70%. 

2,3,4,6- Tetra-0-benzyl--D-galactopyranosyl Chloride (4). 
The compound was prepared by the method of Austin et al.5) 

1,2,2',2",3,3',3",4,4',4",6"-Undeca-O-acetyl-ß-manninotriose (6). 
To a solution of 3 (1.10 g, 1.73 mmol) and 4 (3.14 g, 5.62 
mmol) in dry benzene (30 ml), mercury(II) cyanide (1.5 g) 
and "Drierite" (3.0 g) were added. The mixture was heated 
under reflux for 17 h, and an insoluble matter was removed 
by a centrifugal separator. The supernatant solution was 
washed with sodium hydrogencarbonate solution and water. 
The benzene solution was dried over sodium sulfate and 
evaporated. The residue was purified by a column chromato­
graphy using 1 : 5 (v/v) 2-butanone-toluene as eluent to give 
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1.78 g (89%) of l,2,2'>3,3'sW-hepta.-0-sLcetyl-2",3',tV,6"-
tetra-0-benzyl-/?-manninotriose (5) as a chromatographically 
homogeneous solid (i?f 0.52 on T L G in 1 : 3 (v/v) 2 -bu tanone-
toluene). 

Compound 5 (1.70 g) was deacetylated in 0.1 M methanolic 
sodium methoxide (30 ml) overnight. T h e solution was 
neutralized with Amberli te IR-120 (H+) resin and evaporated. 
T h e residue was hydrogenated in methanol (35 ml) in the 
presence of pal ladium black under a hydrogen atmosphere 
(3.4 kg/cm2) for 20 h in a Par r appara tus . T h e catalyst was 
filtered off and the filtrate was evaporated. T h e residue was 
acetylated with acetic anhydride (3 ml) and sodium acetate 
(0.3 g) . T h e product was purified by a column chromato­
graphy using 1 : 5 (v/v) acetone-benzene to give 409 mg of 
a product which showed a single spot at R£ 0.38 on T L C 
in the same solvent. Recrystallization from ethanol afforded 
268 mg (30%) of 6, m p 106—107.5 °C, [ a ]S+132 .7 °G (c 
0.98, chloroform). ÏÏNMR: Ô 1.96 (s, 6, 2 x O A c ) , ^ 2 . 0 0 
(s, 6, 2 x O A c ) , 2.01 (s, 3, OAc) , 2.05 (s, 9, 3 x O A c ) , " 2 . 0 9 
(s, 6, 2 x O A c ) , 2.11 (s, 3, OAc) , 5.70 (d, 1, / - 8 . 0 H z , 
H - l ) . T h e I R and XH N M R spectra were superimposable 

on those of an authentic sample. 
Found : C, 49.46; H , 5 . 5 1 % . Calccl for C 4 0H 5 4O 2 7 : C, 

49.69; H , 5 .63%. 
Compound 6 from Stachyose. Manninotriose was prepared 

from stachyose by the method of Tarnet.6* T h e product 
was acetylated to give 6 in 4 7 % yield, m p 106—107.5 °C, 
[ a ]S+137° (c 1.27, chloroform). (Found: C, 49.48; H, 
5.56%). 
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Syntheses with 2-Furylmagnesium Bromides. I. 
of Rosefuran and Sesquirosefuran* 
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Synopsis. The preparation and reactions of 2-furyl-
magnesium bromide and 3-methyl-2-furylmagnesium bromide 
(4b) have been studied. Activated 90% magnesium-copper 
alloy was used to prepare the Grignard reagents. The 
reaction of l-bromo-3-methyl-2-butene with 4b gave rosefuran 
in a 40% yield; that of geranyl bromide with 4b gave 
sesquirosefuran in a 26% yield. 

Furylmetal compounds such as 2-furyllithium1 '2) and 
di-2-furylmercury(II)1-3> are widely used for introducing 
2-furyl moiety of natural products, i.e. rosefuran ( l b ) , 
a trace component of Bulgarian rose oil {Rosa damascene 
Mill.),1) and sesquirosefuran (2b), a constituent isolated 
from the oil of the leaves oï Actinodaphne longifolia (Blume) 
Nakai.4) The scheme of synthesis with 2-furylmagne-
sium derivatives has not been studied before. I t seems 
worth while to devise a synthetic route leading to these 
natural products in which innoxious Grignard reagents 
are used in place of organomercury compounds. We 
have studied the preparation and reaction of 2-furyl-
magnesium bromides, and wish to report a new synthesis 
of compounds l b and 2b by the reaction of 3-methyl-2-
furylmagnesium bromide (4b) with l-bromo-3-methyl-
2-butene (5)6) for the former, and geranyl bromide (6)2) 
for the latter. 

,R Mg-Cu 

\ 0 / \ B r 

3a: R = H 

3b: R = CH3 

/ R 

/ 5 

| j j / R 4a: R = H 

\ 0 / M g B r 4b: R = CH3 

\ u r \ / V / \ / V _ 

/ R 

la: R = H, 22% 
l b : R = CH3, 40% 

2a: R = H, 28% 
2b: R = CH3, 26% 

Few studies have been carried out on the reaction 
of 2-furylmagnesium compounds, except for the first 
work on the preparation of 2-furylmagnesium bromide 
(4a),5) which was transformed into furoic acid by the 
action of carbon dioxide solely for the sake of confirming 
its formation. We have thus carried out the synthesis 
of 2-(3-methyl-2-butenyl)furan (la)7) and 2-geranyl-
furan (2a). The solution of 2-furylmagnesium bromide 
was prepared by reacting 2-bromofuran (3a)8) with an 
activated magnesium-copper alloy (90 : 10) in T H F , 
at room temperature for 3.5 h. Conversion of 3a into 
the Grignard reagent was confirmed by a test with 
Michler's ketone.9) Since the 12.75% C u - M g alloy 
recommended by Shepard et aU^ was not available, we 

Presented at the 36th Annual Meeting of the Chemical 
Society of Japan, HigashiOsaka, April 1977. 

used the powder alloy obtained from a mixture of 90 
parts of magnesium powder and 10 parts of copper 
powder by heating to red-hot under nitrogen. For each 
reaction, the alloy was reactivated by heating with half 
its weight of iodine at 50 °C. T h e reaction of the 
Grignard reagent 4a with the bromide 5 gave furan 
l a in a 2 2 % yield and that with bromide 6 gave furan 
2a in a 2 8 % yield. T h e structures of these products 
were confirmed by spectral data (IR, N M R , and MS) . 

\ Q / 

NBS 
_/ AIBN -/ 

ether \OZ\Br 
3b 

T h e solution of Grignard reagent 4b was prepared 
from 2-bromo-3-methylfuran (3b) in a way similar to 
that for the formation of 4a. Bromofuran 3 b was ob­
tained in a 5 6 % yield by the action of iV-bromosuccin-
imide (NBS) on 3-methylfuran by means of the pro­
cedure of Prugh et a/.8) T h e reaction of 4 b with com­
pound 5, gave furan l b in a 4 0 % yield and that with 
compound 6 gave furan 2 b in a 2 6 % yield. T h e spec­
tral data (IR, N M R , and MS) of these synthetic furans 
were identical with those reported.1 '4) Although the 
yields are small as compared with those of the Friedel-
Crafts-type alkenylation of furan,7) the present route 
has a merit for the synthesis of 2,3-disubstituted furans, 
since it affords no other disubstituted isomers. 

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

Elemental analysis was carried out by Mr. Eiichiro Amano. 
Analytical determinations by GLPG were performed on a 
Hitachi Model K-53 gas Chromatograph fitted with the fol­
lowing columns (3 mm o.d. X 1 m) : A, 10% Apiezon Grease 
L on Chromosorb W; B, 10% poly(neopentyl succinate) on 
Chromosorb W; G, 10% SE-30 on Chromosorb W. Mass 
spectra were obtained with a Hitachi Model RMS-4 mass 
spectrometer. XH NMR spectra were taken at 60 MHz on 
a Hitachi Model R-24 apparatus. 13G NMR spectra were 
obtained with a JEOL Model JNM-FX-100 spectrometer. 
Thin layer chromatograms were prepared with Merck 
Kieselgel 60 PF254 (E. Merck AG, Darmstadt). Compounds 
3a,8) 5,6) 6,2> and 3-methylfuran10) were prepared according 
to reported methods. 

Preparation of a 90% Mg-Cu Alloy. A small glass tube 
(15 mm i.d. X 15 cm) was charged with a mixture consisting 
of 1.8 g of magnesium powder and 0.2 g of copper powder. 
After the air in the tube was sufficiently replaced by nitrogen, 
the mixed metal powder was heated to red-hot with a color­
less flame for 20 min under nitrogen. After being cooled, 
the lump of alloy was crushed in a mortar, and stored in a 
small rubber-stoppered bottle. 

2-(3-Methyl-2-butcnyl)furan (la).7) A mixture of 0.21 g 
of 90% Mg-Cu alloy and 0.1 g of iodine was heated for 1 h 
at 50 °C under nitrogen. To the resulting mixture was added 

file:///OZ/Br
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slowly a solution of 2-bromofuran (0.73 g, 5.0 mmol) in 2 ml 
of T H F , over a period of 20 min. Stirring was continued 
for 3 h at room temperature . After the formation of the 
Grignard reagent 4 a in the solution had been confirmed by 
a test with Michler 's ketone,9) it was added dropwise to a 
boiling solution of l-bromo-3-methyl-2-butene (5) (0.74 g, 
5.0 mmol) in 2 ml of T H F over a period of 1 h under nitrogen. 
T h e mixture was refluxed for 1 h, and then allowed to stand 
at room temperature for 12 h. I t was neutralized with 
dilute H 2 S 0 4 , extracted with ether, and dried over MgSC*4. 
Distillation of the residue obtained after removal of the solvent 
gave 147 mg (22%) of l a : I R (neat) 1670, 1595, 1563, 1508, 

1093, 1012, and 736 c m - 1 ; N M R (GDC13) «5 1.64 (s, 6H , 

= < C H 3
3 ) ' 3 ' 2 9 <d ' ^ = 7 H z ' 2 H > - C H 2 - ) > 5.28 (t , 7 = 7 

Hz, 1H, > = < H ) , 5.90 (m, 1H, /?'-H of furan), 6.20 (m, 1H, 

ß-H of fur an) , and 7.24 p p m (m, 1H, a -H of furan). 
2-Geranylfuran (2a). A solution of 4 a prepared from 

1.1 g (7.5 mmol) of 3a in 3 ml of T H F and 0.33 g of M g - C u 
alloy was reacted with a solution of geranyl bromide (6) 
(1.63 g, 7.5 mmol) in the same way as in the foregoing ex­
per iment of l a . A crude product (700 mg, 28%) with a 6 2 % 
purity by G L P C was obtained by distillation: bp (bath 
temperature) 100—120 °C (2 Tor r ) . I t was purified by 
preparat ive T L G (silica gel, hexane, /2 f =0.3) and analyzed: 
I R (neat) 1596, 1503, 1007, 798, and 728 c m - 1 ; N M R (CC14) 

Ô 1.59 (s, 3H, / = < C H J , 1-67 (s, 6H, = < £ § ) ' 2 '° (br> 

s, 4H, H 2 > ^ - A i 2 ) , 3.27 (d, J = 8 H z , 2H, - C H 2 - ) , 5.04 

(br , m, 1H, — > = < § H ^ 5 ' 2 9 ( t j J ^ 8 H z ' 1 H ' ~ > = < C H 3 ) > 
5.80 (m, 1 H , £ ' - H of furan), 6.12 (t, 1H, ß-H of furan), and 
7.18 p p m (m, 1H, a-H of furan) ; M S (70 eV) m/e (rel 
intensity) 204 (1 , M+) , 162 (3), 123 (18), 81 (47), 67 (100). 

F o u n d : G, 82.14; H, 9 .76%. Calcd for C 1 4 H 2 0 O: G, 
82.30; H , 9 .87%. 

2-Bromo-3-methylfuran (3b). A 50 ml flask was charged 
with 5.4 g (34 mmol) of NBS and 0.26 g of AIBN. T o the 
mixture was added a solution of 3-methylfuran10> in 25 ml 
of dry ether under nitrogen. T h e resulting mixture was 
stirred for 3 h under reflux. I t was then filtered, washed 
with 1 % aqueous N a H C 0 3 , and dried over anhydrous M g S 0 4 

containing 20 mg of hydroquinone and 0.1 g of C a C 0 3 . 
After removal of the solvent and subsequent addition of 5 ml 
of quinoline, the mixture was subjected to fractional distilla­
tion under diminished pressure to yield 3.1 g (56%) of 3 b : 
b p 56—57 °G (60Tor r ) [lit,8) bp 28—30°G (12 T o r r ) ] ; I R 
(neat) 1495, 1160, 1075, 892, and 736 c m - 1 ; N M R (CCLJ 
Ô 1.97 (s, 3H, - C H 3 ) , 6.18 (d, 7 = 2 Hz, 1H, ß-H of furan), 
and 7.29 p p m (d, 7 = 2 Hz, 1H, a -H of furan). 

2-(3-Methyl-2-butenyl)-3-methylfuran (lb). Synthesis of 
Rosefuran: A solution of the Grignard reagent 4 b was pre­
pared from 1.21 g (7.5 mmol) of 2-bromo-3-methylfuran (3b) 
dissolved in 4 ml of T H F and 0.33 g of 9 0 % M g - C u alloy, 
which was reactivated as usual. I t was then added to a 
boiling solution of 5 (1.11 g, 7.5 mmol) in 3 ml of T H F under 
nitrogen in the course of 45 min. Refluxing was continued 
for 3 h. I t was then cooled and acidified with dilute H 2 S 0 4 . 
T h e organic layer was extracted with ether and the ethereal 
extract was dried over anhydrous M g S 0 4 . After removal 
of the solvent the residue was distilled to give 512 m g of l b 
(87% puri ty by G L P C ) , yield 4 0 % : bp (bath temperature) 
80—100°G (18 Torr) [lit,1) bp 39—40 °G ( l T o r r ) ] ; I R 

(neat) 1670, 1628, 1512, 1450, 1380, 1158, 1088, 899, 857, and 

733cm- 1 ; N M R (GDC13) ô 1.70 (d, 7 = 1 Hz, 6H, = < § j 3 ) , 

1.94 (s, 3H, ring - C H 3 ) , 3.26 (d, 7 = 7 Hz, 2H, - C g - ) , 

5.23 ( t , 7 = 7 Hz , 1H, - > = < ) , 6.10 (d, 7 = 2 Hz, 1H, ß-H 

of furan), 7.16 (d, 7 = 2 Hz , a-H of furan); M S (70 eV) 
mje (rel intensity) 150 (79, M+) , 135 (100). 

T h e natural abundance 13C N M R spectrum of l b is sum­
marized in the following structure. Off-resonance decoupling 
was used to support the assignment. 

2-Geranyl-2-methylfuran (2b). Synthesis of Sesquirose-
furan : A solution of 4 b prepared from 1.45 g (9.0 mmol) 
of 3 b and 0.4 g of 9 0 % M g - C u alloy was reacted with a 
solution of 6 (1.96 g, 9.0 mmol) in the same way as in the 
foregoing experiments. A crude product (909 mg, 26%) with 
a 5 6 % puri ty by G L P C was obtained by distillation: bp 
(bath temperature) 100—120 °C (0.3 Tor r ) . A pure sample 
was obtained by preparat ive T L C (silica gel, hexane, R{= 
0.3): I R (neat) 1623, 1560, 1507, 1148, 1079, 886, and 720 

c m - 1 ; N M R (GC14) ô 1.58 (s, 3H, /=<CH ) , 1-68 ( d , 

7 = 1 Hz, 6H, = < c H 3 ) > L 9 3 <s> 3 H > r i n S ~G^> 2.0 (br , 

s, 4H, H 2 / ^ ^ H 2 )» 3.21 (d, 7 = 8 Hz, 2H, - C H 2 - ) , 5.07 

(br , m, 1H, H > = < £ H 3 ) > 5 ' 1 9 & J = 8 Hz> 1H> ~ > = < C H 3 ) ' 

6.10 (d, 7 = 2 Hz, 1H, ß-H of furan), and 7.07 p p m (d, 
7 = 2 Hz, 1H, a-H of furan). 
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Flowing-Afterglow Reaction 
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Emission spectra from CH(A2A) formed in the reaction of positive ionic species of argon with CH3CN were 
studied by the flowing-afterglow method. The rotational distributions for the z/=0, 1, and 2 of CH(A2A) are 
characterized by effective rotational temperatures of ca. 5000, 2000, and 1500 K, respectively, whereas the distribu­
tions in lower levels (N'<, 11), especially for v'~0, are characterized by that of ca. 700 K. The average vibrational 
and rotational energies distributed in the CH radicals produced initially are estimated to be 0.32^0.04 and 0.34± 
0.06 eV, respectively. 

When a rare gas is subjected to microwave discharge, 
metastable atoms and ions are generated. T h e active 
species can react with molecules and produce fragments 
in electronically excited states. Photoemissions of such 
fragments formed in reactions of metastable argon atoms 
have been studied in detail.1,2) O n the other hand, 
emissions followed by dissociative reactions with active 
ionic species of thermal kinetic energy have scarcely 
been reported. 

When the flowing afterglow method was applied to 
the reaction of metastable argon atoms with CH 3 CN, 
it was suggested that the formation of CH(A2A) was 
caused by a different mechanism from that of CN(B22+), 
because the dependence of C H A2A-X2II and CN B22+-
X22+ emission intensities on the argon pressure was 
different.3,4) T h e present article reports that the active 
species of argon mainly contributing to the production 
of CH(A2A) radicals in the reaction with C H 3 C N are 
ionic. The vibrational and rotational structures of the 
visible emission spectrum from CH(A2A) have been 
analyzed to obtain information about the energy 
distributed to the vibrational and rotational motions 
of the CH(A2A) radical. 

Exper imenta l 

The experimental apparatus is essentially the same as that 

described in previous reports.3-5) The flow tube was evacu­
ated by a 500 1/s mechanical booster pump. The argon gas 
of 99.99% nominal purity was purified by passage through a 
trap at 77 K before it was introduced into the discharge sec­
tion. Positive ions and metastable atoms, Ar(3P2>0), were 
produced by a 2450 MHz microwave discharge. An output 
power of about 450 W from a magnetron was fed into the dis­
charge section. The reactant gas was introduced into the flow 
through a nozzle (0.4 mm in diameter) placed 15 cm down­
stream from the discharge section. The acetonitrile sample 
was of extra pure grade. 

The gas pressure was measured in the reaction zone by a 
Pirani gauge calibrated against a McLeod gauge. The argon 
pressure was varied from 0.3 to 1.7 Torr. The pressure of 
CH3CN was about 0.01 Torr. 

Emission spectra were observed through a quartz window 
by using a 1-m Spex 1704 scanning monochromator with 
a 1200 grooves/mm grating blazed at 500 nm, an HTV R585 
photomultiplier, and a photon counting system. 

The CH(A2A-X2n, 0-0, 1-1, and 2-2) emission was ob­
served in the 420—440 nm region at an argon pressure above 
about 0.3 Torr. The spectrum shown in Fig. 1 was obtained 
at an argon pressure of about 0.7 Torr with a spectral resolu­
tion of about 0.05 nm FWHM. The R-branch lines of the 
0-0 band were resolved from those of the 1-1 band for N' 
^ 6 (except for JV'= 12). The CH B22~-X2n band was also 
observed in the 385—405 nm region, where the R-branch 
was overlapped by the CN violet band. 

N" 15 10 2 

\JXMJDUL 
» A b) calcd 

-1 1 1_ 

420 440 nm 

Fig. 1. Observed (a) and simulated (b) spectra of CH A2A-X2II. Lines marked * are 
overlapped by stray argon lines. 
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E s t i m a t i o n o f Act ive Ionic Spec ies 

In order to remove the ionic species reaching the 
reaction zone, grids (stainless steel mesh, transparency 
ca. 0.74) were placed between the discharge section and 
the reaction zone, and an electrostatic potential was 
applied. T h e collected ion currents and the emission 
intensities of C H A2A-X2II and CN B22+-X22+ are 
plotted against the potential applied to the grid in 

1 x * x X 

J x 

J * a CN B-X 
0.5-1* • CH A-X 

A • x ion 

0 1 • > t . f • • * . . f • ' 
0 10 20 

^ion/V 

Fig. 2. The relative emission intensities of CN B22+-
X22+ ( • ) and CH A2A-X2II ( # ) formed from CH3-
CN in the flowing afterglow reaction of argon, and the 
relative ion currents ( X ) collected with an ion-collector 
grid are plotted against a potential applied to the 
ion-collector grid, Vloa, at an argon pressure of 0.4 
Torr. The relative currents due to the ions reaching 
the reaction zone is proportional to the difference 
from the saturated ion current at Flon^>20 V. 

Fig. 2. T h e C H A2A-X2II emission intensity was 
monitored at 431 and 424 nm, which correspond to 
the 0-0 head and the R(12) line of the 0-0 band, respec­
tively, with a band pass of about 1.6 Â. These emission 
intensities had essentially the same dependence on the 
potential applied to the grid. Therefore, the trend for 
C H A2A-X2II shown in Fig. 2 is regarded as represent­
ing that of the total emission from CH(A 2A), i.e., the 
dependence of the density of CH(A2A) produced in the 
reaction on the potential. T h e CN B22+-X2Z+ emission 
monitored at 385 and 386 nm had only slight depend­
ence on the potential. I t is therefore evident that 
ionic species are mainly responsible for the CH(A2A) 
formation, whereas CN(B22+) is mainly produced by 
neutral atoms. 

Attempts have been made to identify the ionic species. 
If a single collision of active species produces CH(A 2A), 
there are energetically possible channels in which singly 
charged argon ions in the metastable states, Ar+ M(4D7 / 2 , 
4^9/2.7/2J 2F2/7> 2 ^9/2 .7 /2)J 6 ) a n d multiply charged ions, 

especially doubly charged ions, are involved. In the 
present experiment, Ar+M seems to have a lifetime long 
enough to reach the reaction zone and take part in the 
dissociative excitation. T h e radiative lifetime of Ar+M has 
not been measured, but it is estimated to be longer than 
1 s7) if mult iple-quantum transitions do not contribute 
significantly. T h e lifetime for collisional relaxation is 
also estimated to be longer than the time of flight under 
the present experimental conditions. Hence, Ar+M seems 
to be a plausible candidate. O n the other hand, argon 

ions in the ground electronic state, Ar+(2P3/2>1/2), or 
argon molecular ions, Ar2+, can be excluded by energetic 
considerations: Their available energies are 15.766) and 
14.4 eV,8> respectively, whereas the minimum energy to 
produce CH(A2A) by charge exchange and dissociation 
is 25.3 eV.9> 

However, the possibility that CH(A2A) is produced by 
successive collisions of ionic and neutral species (Ar+, 
Ar2+, Ar(3P2>0), etc.) cannot be excluded. In order to 
specify the reaction channels involved in the CH(A2A) 
formation, it is necessary to identify and monitor the 
positive ions present in the flow at the reaction zone. 

A n a l y s i s o f Rotat iona l and Vibrat ional 
D i s t r ibut ions 

The relative intensities of the emission spectrum was 
analyzed to estimate the vibrational and rotational 
populations of CH(A2A) formed in the reaction with 
active species discussed above. In the following proce­
dure , production of the CH(A2A) state by cascading 
from higher states is ignored for the following reasons: 
a) T h e C H B22~-A2A and C H C22+-A2A transitions 
are forbidden, b) T h e allowed C H D2II-A2A emission 
(near 280 nm) was not observed in the present experi­
ment, c) No cascading effect from higher states (D, E, 
F, etc.) has been reported in the lifetime measurement of 
CH(A2A)10»U> produced by electron impact on CH 4 and 
C2H2 . 

• • • • 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 100 200 300 
N'(N'*1) 

Fig. 3. Estimation of effective rotational temperatures 
from the slopes of log(IN'N'r/v3SNrNrr) vs. JV'(iV'+l). 
Solid lines represent a two-temperature distribution 
estimated by Eq. 2, with nL/%=0.27, 7^=700 K, and 
TH=5000 K for the v'=0 state and TH=2000 K for 
the v'—l state. Typical uncertainties are indicated 
by error bars. 

Relative rotational populations are estimated by using 
the intensities of the R-branch. In Fig. 3, IN>N"IV3SN>N" 

is plotted against N'(N'+1)3 where IN.N.. is the relative 
transition intensity, v is the transition frequency, and 
SN>N» is the rotational line-strength calculated by the 
Hönl-London formula.12) 

An approximately linear relationship, i.e., approx­
imately a Boltzmann distribution, is obtained for the 
v' — \ state. From the slope, —hcBv./kTrot, where Bv. 
is the rotational constant,13) the effective rotational 
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temperature, Trot, is estimated to be 2 0 0 0 ^ 5 0 0 K. 
For the z / = 0 state, however, the populations at lower 
(iV'^11) levels appear to deviate from the linear rela­
tionship, their effective rotational temperature being an 
order of magnitude lower. A similar remark was made 
by Brennen and Carrington,14) who observed a two-
temperature distribution in the CH(A2A) spectrum 
produced in the 0 - f C 2 H 2 reaction. Though they seem 
to have disregarded the overlapping of the R-branch 
by the Q-branch near 430 nm, as remarked by Beenakker 
et al.,15) their observations indicate that the distribution 
characterized by a lower effective rotational tempera­
ture was produced by rotational relaxation to the 
equilibrium distribution corresponding to the ambient 
temperature. They also observed that the distribution 
corresponding to the higher temperature was unaffected 
by the rotational relaxation. 

The observed rotational distribution is analyzed on 
the assumption that the distribution is represented by a 
superposition of two Boltzmann distributions. I t is 
called a two-level model;14 '16) i.e., C H radicals initially 
produced in a distribution with a higher rotational 
temperature, TH , are relaxed by collisions to another 
distribution with a lower temperature, Th (see Appen­
dix). In this model the ratio of the number of C H 
radicals in the "relaxed" low-temperature distribution, 
«L, to that in the "init ial" high-temperature distribution, 
nn, is given by 

« L / % = T*e[Ar], (1) 

where r is the radiative lifetime of the CH(A2A) state, 
ke is the effective rate constant for the rotational 
relaxation of CH(A2A, v'=0), and [Ar] is the number 
density of the argon atoms. T h e observed values of r 
and k6 are 460 ns17> and 2.6 X 10 - 1 1 cm3 molecule - 1 s - 1 , 
respectively. (The ke value reported in Ref. 14 has been 
modified slightly in accordance with the r taken from 
Ref. 17.) T h e ratio, nL/nH, is thus estimated to be 0.27 
when the argon pressure is 0.7 Torr . T h e relative 
intensity, IN>N"/V3SN>N>; is expressed as 

In>*»l*SN.H.. oc (nBITH) exp [-hcBv.N>(N>+ l)/kTn] 

+ (nJTh) exp \_-hcBv,N'(N>+ l)/kTh]. (2) 

By adjustment of the !TH and TL in Eq. 2 to reproduce 
the observed relative intensity, as shown in Fig. 3, the 
temperatures are estimated to be r H = 5 0 0 0 ± 1 0 0 0 K 
and J T L = 7 0 0 ± 2 0 0 K . These TK and Th values are 
essentially independent of the argon pressure between 
0.4 and 0.7 Torr . 

I t is shown in Fig. 3 that the observed relative inten­
sities are well represented by Boltzmann distributions 
with two different effective rotational temperatures, Tu 
and Th. This implies that the two-level model adopted 
in our analysis holds good for accounting for the observed 
relative intensities phenomenologically. 

The distribution for the v'=l state is also consistent 
with a two-temperature distribution with 7 " ' H = 2 0 0 0 : ± 
500 K and r L = 7 0 0 ± 2 0 0 K, although the contribution 
from the low-temperature component is less conspicuous, 
as shown in Fig. 3. 

Relative vibrational populations for z / = 0 , 1, and 2 
and the effective rotational temperature for v'=2 are 

estimated by simulation of the spectrum. A computer 
program was written following Baas and Beenakker18) 
for the M E L C O M 7700 computer at the Educational 
Computer Center of the University of Tokyo. Transition 
frequencies, line intensities, and the band envelope were 
calculated using the molecular constants reported 
in the literature.12 '13-19 '20) 

The ratio of the vibrational populations, -Pvib(l)/ 
P v i b ( 0 ) = 0 . 5 ± : 0 . 1 , is obtained by simulation of the 
R-branch 0-0 and 1-1 transitions for J V ' ^ l l . For the 
v'=2 level, the effective rotational temperature, Trot = 
1500±500 K, and the vibrational population, Pvib(2)l 
P v i b ( 0 ) = 0 . 0 7 ± 0 . 0 2 , are obtained by simulation of the 
Q-branch of the 2-2 transition. T h e calculated spectrum 
based on the estimated values reproduces the overall 
feature of the observed spectrum, as shown in Fig. 1. 

Distributions of mean internal energies listed in Table 
1 are estimated in the following way.5) T h e mean 
rotational energy possessed by the CH(A2A) radicals 
produced "init ial ly" is approximated by 

<£rot> = [J}hcBv,{N'(Nf+ 1) -4}RN,y(J}RN,), (3) 

where RN> is the rotational distribution, 

RH. = (2N'+ 1) exp l-hcBv.N'{N'+ l ) / * ^ ] . (4) 

The mean vibrational energy is calculated from the 
vibrational energies, Ev-lh{v), and the relative vibra­
tional population, i>

vib(y)j by 

<£v»>> = HKMPyib(v). (5) 
V 

As shown in Table 1, approximately equal energies, 
ca. 0.3 eV, are distributed to the vibrational and 
rotational motions of the C H radicals formed in the 
reaction of C H 3 C N with active ionic species of argon. 

TABLE 1. RELATIVE VIBRATIONAL POPULATIONS, EFFECTIVE 

ROTATIONAL TEMPERATURES, AND AVERAGE VIBRATIONAL 

AND ROTATIONAL ENERGIES FOR C H ( A 2 A ) PRODUCED 

IN THE ARGON AFTERGLOW REACTION WITH C H 3 G N 

V 

0 
1 
2 

-^vib 

0.63±0.05 
0.32±0.10 
0.05±0.02 

*vib/eV*> 

0.179 
0.518 
0.834 

< Ä i b > / e V 

0.32±0.04 

TTJK 

5000±1000b> 
2000± 500b> 
1500± 500 

<£ r o t>/eV 

0.34±0.06 

a) Calculated from the we and coexe values given in 
Ref. 13. b) Effective rotational temperatures de­
rived from higher rotational levels, N' ^> II . 

T h e authors are grateful to Drs. T . Kondow, T . 
Fukuyama, T . Urisu, I . Tokue, and W. Shearer-Izumi 
for their critical reading of the manuscript. 

Appendix . Two- leve l Model . 

The two-level model for rotational relaxation is a phenome-
nological treatment, in which microscopic level-to-level transi­
tions among the rotational levels are overlooked. Its main 
idea14»16) is to represent the whole rotational distribution by 
two distributions characterized by different parameters. In 
the present case an effective Boltzmann temperature was cho­
sen as one of the parameters. A sophisticated treatment was 
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Fig. 4. Schematic diagram of the two-level model for 
rotational relaxation by collisions. 

carried out by Sokabe16) for the OH(A22+) rotational distribu­
tions formed from H , 0 in the reaction with metastable argon 
atoms, but in the present study a simpler model shown in Fig. 
4 was used. Photoemitting species are formed in the distribu­
tion characterized by an effective rotational temperature, TH, 
at a rate, y. These species, then, suffer collisional relaxation 
with surrounding particles to the other distribution character­
ized by a lower temperature, T^, at an effective rate constant, 
ke. The populations in these "levels" are denoted by nH and 
«L. Photoemissions are observed from these levels with a 
radiative lifetime, r. 

Rate equations for the two states are written as 

dnH/dt = y - *e[M]nH - nujt, (6) 

dnjdt = Ae[M]/iH - njr. (7) 

When the steady-state condition, i.e., dnn/dt=dnli/dt=0, is 
assumed, the following relation is obtained from Eq. 7: 

»L/% = r*e[M]. (8) 

References 

1) D. H. Stedman and D. W. Setser, Prog. React. Kinet., 6, 
193 (1971). 

2) D. L. King and D. W. Setser, Ann. Rev. Phys. Chem., 
27, 407 (1976). 

3) T. Urisu and K. Kuchitsu, Chem. Lett., 1972, 813. 
4) T. Urisu and K. Kuchitsu, J. Photochem., 2, 409 (1974). 

5) T. Urisu and K. Kuchitsu, Chem. Phys. Lett., 18, 337 
(1973). 

6) C. E. Moore, "Atomic Energy Levels," Vol. I, NBS 
Circular 467, U. S. Government Printing Office, Washington, 
D. C. (1949); G. Norlén, Phys. Scr., 8, 249 (1973). 

7) H. D. Hagstrum, Phys. Rev., 104, 309 (1956). 
8) The dissociation energy of Ar2

+ was taken from R. S. 
Mulliken, J. Chem. Phys., 52, 5170 (1970). 

9) The final products are: GH(A2A)+H++HCN or CH-
(A2A)+H-fHCN+ . Ionization potentials were taken from J. 
L. Franklin, J . G. Dillard, H. M. Rosenstock, J. T. Herron, 
K. Draxl, and F. H. Field, "Ionization Potentials, Appearance 
Potentials, and Heats of Formation of Gaseous Positive Ions," 
NSRDS-NBS 26, U. S. Government Printing Office, Wash­
ington, D. C. (1969). Dissociation energies were taken from 
B. deB. Darwent, "Bond Dissociation Energies in Simple 
Molecules," NSRDS-NBS 31, U. S. Government Printing Of­
fice, Washington, D. C. (1970). The electronic energy for 
CH(A2A) was taken from Ref. 12. 

10) E. H. Fink and K. H. Welge, J. Chem. Phys., 46, 4315 
(1967). 

11) J. E. Hesser and B. L. Lutz, Astrophys. J., 159, 703 
(1970). 
12) G. Herzberg, "Molecular Spectra and Molecular Struc­

ture, I. Spectra of Diatomic Molecules," 2nd ed., van 
Nostrand Reinhold, New York (1950). 

13) I. Botterud, A. Lofthus, and L. Veseth, Phys. Scr., 8, 
218 (1973). 

14) W. Brennen and T. Carrington, J. Chem. Phys., 46, 7 
(1967). 
15) C. I. M. Beenakker, P. J. F. Verbeek, G. R. Möhlmann, 

and F. J. de Heer, J. Quant. Spectrosc. Radiât. Transfer, 15, 333 
(1975). 

16) N. Sokabe, J. Phys. Soc. Jpn., 33, 473 (1972). 
17) S. W. Jergensen and G. Sgrensen, J. Chem. Phys., 62, 

2550 (1975). 
18) R. Ch. Baas and C. I. M. Beenakker, Computer Phys. 

Commun., 8, 236 (1974). 
19) R. S. Mulliken, Rev. Mod. Phys., 3, 89 (1931). 
20) R. H. Garstang, Proc. Phys. Soc, 83, 545 (1963). 



AugUSt, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (8), 1909 — 1912 (1977) 1909 

Spectroscopic and Kinetic Studies of the Photochromism of 
iV-Salicylideneanilines and Related Compounds 

Ryoichi NAKAGAKI, Takayoshi KOBAYASHI,* Junko NAKAMURA,* and Saburo NAGAKURA 

Institute for Solid State Physics, The University of Tokyo, Minato, Tokyo 106 
* Institute of Physical and Chemical Research, Wako, Saitama 351 

(Received January 10, 1977) 

Photochromism of JV-salicylideneanilines and related compounds was studied by measuring the electronic and 
vibrational spectra of the transient species. The rise time of the transient electronic spectra of the photochromic 
colored species was measured by picosecond time-resolved spectroscopy and was found to be dependent upon solvent 
viscosity. FT IR spectra showed that the photochromic colored species took the keto amine form. Picosecond 
kinetic analysis demonstrated that an intermediate existed in the transfer process from m-keto amine to the photo­
chromic species. These facts led us to the conclusion that the photochromic phenomenon of JV-salicylideneanilines 
occurred through enol imine^enol imine*—>cü-keto amine*—>the intermediate—^ra«.y-keto amine(photochromic 
species). 

A number of JV-salicylideneanilines have been report­
ed to be photochromic both in crystal and in rigid and 
fluid solutions.1-5) Cohen and his co-workers showed 
that the hydroxyl group is essential for the photo­
chromic effect : The effect vanishes when the o-hydroxyl 
group is methylated or the Schiff 's bases are derived 
from benzaldehyde or/>-hydroxybenzaldehyde.2a) 

Several studies have indicated that photochromic 
change occurs through hydrogen transfer followed by a 
geometrical rearrangement of the molecule. Ia '2a>3b '4a '5) 
Ottolenghi and his co-workers first proposed that the 
rearrangement is the cis-trans isomerization due to 
rotation about the Cj-Cy bond,5b> and later proposed 
mainly on the basis of theoretical consideration that the 
rotation takes place both about the C^-Cj bond and 
about the C 7 -N bond, resulting in two non-planar 
photochromic colored species.50) 

N-

In the present investigation we at tempted to elucidate 
the primary process of photochromism of iV-salicylidene-
anilines and related compounds by using the t ime-
resolved spectroscopy techniques in the time range of 
millisecond to picosecond and to clarify the molecular 
structure of the photochromic colored species by means 
of FT(Fourier transform) I R spectroscopy. 

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

The compounds employed in the present work are JV-sali-
cylidene-/»-toluidine (1), iV-salicylidene-o-toluidine (2), 2-chlo-
ro-iV-salicylideneaniline (3), iV-salicylidene-m-toluidine (4), N-
salicylidene-m-toluidine[hydroxy-ûf] (5), JV-3-methoxysalicyli-
dene-4-nitroaniline (6), N-[l-(o-hydroxyphenyl)ethylidene]-
aniline (7), JV,iV'-disalicylideneethylenediamine (8), and 2-(o-
hydroxyphenyl)benzothiazole (9). 

Compounds 1—4 and 6—8 were synthesized by direct 
condensation of the appropriate carbonyl compounds with 
corresponding amines in ethanol, and were purified by recrys-
tallization and vacuum sublimation. 5 was prepared by treat­
ing 4 in excess GH3OD for 8 h, the isotopic purity being 
determined to be about 90% by means of NMR spectroscopy. 
Commercially available 9 was chromatographed from benzene 

on activated alumina. Spectrograde diethyl ether, methyl-
cyclohexane, and toluene, GR grade cyclohexanol and liquid 
paraffin were used without further purification. The other 
solvents used were purified according to the usual method.6) 

A flash photolysis apparatus constructed by Kira and Nishi7) 
was used for measurements of time-resolved absorption spectra 
in the time range longer than microsecond. A Blumlein type 
N2 laser with a pulse-width of 3.6 ns (FWHM) and with a peak 
power of 500 kW was constructed to be used as an exciting light 
source for photolysis in the nanosecond time range and for 
determination of the fluorescence decay time. For the nano­
second time-resolved spectroscopy, a pulsed Xe flash with 
about 3 [is half-duration was used as an analyzing light source. 
The light intensity was detected with an HTV 1P28 photo-
multiplier through a 0.25 m Jarrel-Ash grating monochro-
mator (JE 25). A TRW Model 32A decay time computer 
was used for determination of the fluorescence lifetime. 

An amplified single pulse selected from a pulse train of a 
mode-locked ruby laser (JEOL JLS-R10) was used for the 
picosecond time-resolved spectroscopy experiment. The pulse 
width was ca. 20 ps. The exciting light pulse at 347.2 nm 
was obtained by the frequency-doubling of 694.3 nm funda­
mental through an ADP crystal. Details of the apparatus 
were published elsewhere.8) 

FT IR spectra were measured with a JEOL FT IR spectro­
photometer JIR-03F at the Department of Chemistry, The 
University of Tokyo. 

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

Photochromic Colored Species of N-Salicylideneanilines. 
Transient absorption spectra of 1—3 and 7—9 were 
measured in P M (a mixed solvent of isopentane and 
methylcyclohexane with 1: 1 volume ratio) at room 
temperature . Photochromic effect was examined for 4 
and 5 in crystalline state. Since 6 is scarcely soluble in 
P M , the mixed solvent of diethyl ether and toluene 
( 1 : 1 volume ratio) was used for the measurement of the 
transient absorption spectrum of 6. Some of the transient 
absorption spectra are shown in Figs. 1 and 2. T h e 
observed spectra and their decay kinetics are not 
affected by dissolved 0 2 . This result is consistent with 
the previous result.3) The fact that compounds 1—9 
commonly having the enol imine structure show the 
photochromic effect leads us to the conclusion that the 
structure is essential to formation of the photochromic 
species. 
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TABLE 1. DECAY TIMES OF THE PHOTOCHROMIC 

COLORED SPECIES 

450 500 550 
WAVELENGTH / n m 

Fig. 1. The photochromic transient absorption spectrum 
of 1 in PM at 293 K: 1-a, 10 ns after triggering (the 
1 .4x l0- 3 M solution, 10mm cell length); 1-b, 35 LIS 
after triggering (the 1.4x 10-4 M solution, 100 mm cell 
length). 

400 450 500 
WAVELENGTHS nm 

550 

Fig. 2. The photochromic transient absorption spectra 
of 3, 6, 7, and 8 at 293 K: (1), 3 in PM, 35 LIS after trig­
gering (1 .7xlO- 4 M); (2), 6 in diethyl ether-toluene 
(1: 1), 90 {JLS after triggering (8.4 X 10~6 M); (3), 7 in 
FM (1.0xlO- 3M), 10 ns after triggering; (4), 8 in 
PM (1.8 X 10-4 M), 35 LIS after triggering. 

Fading of the photochromic colored species of 3 and 
6 follows first-order kinetics within the limitations of 
experimental error, and their decay times were derived 
to be 55 and 440 {JLS, respectively, while that of 1, 2, 
8, and 9 follows neither first-order nor second-order 
kinetics. Kinetic analysis at every 10 nm in the measured 
wavelength region for 1, 2, 8, and 9 shows that there 
are two different kinds of contributions to the fading : 
a large but narrowly-distributed contribution from the 
short-lived component and a small but widely-distribut­
ed contribution from the long-lived component. This 
can explain the observation that the transient absorption 
bands of 1 becomes blurred with increasing time. 

The decay curves observed with 1, 2, 8, and 9 were 
analyzed by resolving into the long- and short-lived 
components. T h e results are given in Table 1 together 
with those for 3 and 6. We can see that the decay time 
of the photochromic colored species is dependent on 
the solvent viscosity. This is important in connection 
with the mechanism of the photochromic phenomenon. 

The Structure of the Photochromic Colored Species. 
O n the basis of indirect evidence there have been 

No. 
3 
6 

1 
2 
8 
9 

55 LIS (in PM) 
440 LIS (in diethyl ether-toluene) 

S L 
i n P M 

30±10(xs 70±20 LIS 
3 0 ± 1 0 L I S 70 ±20 LIS 

30±10[xs 130±30 LIS 
3 0 ± 1 0 L I S 80±30 LIS 

S 
in LP 

0 . 9 ± 0 . 3 ms 

2 ± 1 ms 

L 

3±1 ms 

7±2 ms 

S : Short-lived component, L : Long-lived component, 
LP : Liquid paraffin. 

several proposals that the photochromic colored species 
is formed by hydrogen transfer in the excited state 
followed by a molecular rearrangement.1 - 5) We obtain­
ed for the first t ime the direct evidence that the photo­
chromic colored species take the keto amine form in the 
crystalline state. I R difference spectra recording 
transmittance ratios (T=I1/I2) vs. wave numbers were 
measured with 4 and 5 in KBr disk at room tempera­
ture. Here Ix and I2 represent transmitted light intensity 
before and after irradiation with U V light (Hg 365 nm 
line), respectively. Crystal of 4 was taken as a sample 
since it gave a long-lived photochromic colored species 
at room temperature. For the convenience of assignment 
of the vibrational bands deuterated anil 5 was examined 
at the same time. T h e result of 4 is shown in Fig. 3. 
The frequencies of the characteristic bands observed 
with 4 and 5 are given in Table 2. Bands with T^>\ and 
T<C\ are attr ibuted to the parent compounds (4 and 5) 
and the photochromic colored species, respectively. 

From the characteristic bands with T^>1 such as C=N 
stretching at 1616 cm - 1 , the skeletal streching of a 
benzene ring at 1597 and 1570 cm - 1 , and the O H out-
of-plane angle bending at 837 cm - 1 , we can see that 
the parent compounds 4 and 5 take the enol imine 
form in the crystalline state. This is consistent with the 

1600 H00 1200 1000 800 
WAVE NUMBER/cm - 1 

Fig. 3. IR difference spectrum of the photochromic 
colored species of 4 in KBr disk at 298 K. 



August, 1977] Photochromism of iV-Salicylideneanilines and Related Compounds 1911 

TABLE 2. CHARACTERISTIC IR BANDS OF THE ENOL IMINE 

AND KETO AMINE FORMS OF iV-SALICYLIDENEANILINES 

r > i 

7-<i 

Vibrations 

»•c-N 

Ring skeletal stretching 

yoH 

roD 
yCH

a) 

"c=o 

Amide vinylog and 
ring skeletal stretching 

fC-N 

4 

1616 
1597 
1570 
837 

756 

1651 
1539 
1510 
1487 
1319 

5 

1620 
1597 
1570 

613 
756 

1644 
1529 
1505 
1487 
1319 

o •z. 
< 
CO or 
o 
CD 

<t 

All frequencies are given in cm-1. (KBr disk at 298 
K.) a) o-Disubstituted benzenes. 

results obtained by X-ray crystal analysis.9) Concerning 
the bands with T<C\, strong absorption bands at 1651 
c m - 1 for 4 and 1644 c m - 1 for 5 show that the photo-
chromic colored species has the carbonyl group. Fur­
thermore, the species show the skeletal stretching of a 
quinoid ring and the amide vinylog N H C = C C = 0 
vibration at 1539, 1510, and 1487 cm"1 , and the C - N 
stretching at 1319 c m - 1 for 4. These results clearly 
demonstrate that the photochromism is caused by 
photoisomerization of the enol imine to the keto amine : 

NDH"' 

enol imine 

O 
N H -

keto amine 

Photochromic Schiffs bases are known to exhibit 
similar transient electronic absorption spectra in crystal­
line state and in rigid and fluid solutions.1-5 '10) This 
means that the photochromic colored species has the 
same structure, the keto amine form, both in crystalline 
phase and in rigid and fluid solutions. 

Picosecond Photolysis and the Mechanism of Photochromism. 
We determined for the first t ime the rise times of the 
photochromic transient absorption for 1 and 9, and 
clarified the existence of the precursor of the photo­
chromic colored species by using the picosecond time-
resolved spectroscopy technique. In the P M solution of 
1 with viscosity of 0.40 cP at 25 °C, absorbance at 465 
nm was saturated 200 ps after photoexcitation and the 
rise time was determined to be 84 ps (Fig. 4-A). O n 
the other hand, in the cyclohexanol solution with 
viscosity of 47 cP at 27 °G, the absorbance of 1 at 475 
nm continued to increase 200 ps after photoexcitation 
and its rise time was estimated to be longer than 180 ps 
(Fig. 4-B). This means that the enol imine in the excited 
singlet state passes over an energy barrier sensitive to 
viscosity in the course of transformation into the photo­
chromic colored species; in other words, that in the 
photochromic phenomenon the hydrogen transfer in 
the excited state is followed by a geometrical change 
in the molecular framework which is sensitive to visco­
sity. The occurrence of the geometrical change in the 
photochromic process is also supported by the fact that 
the electronic absorption spectrum of the photochromic 

100 
TIME/ps 

Fig. 4. Formation of the photochromic colored species 
of 1. (A) Absorbance at 460 nm plotted as a function 
of time at 298 K (1.1 X 10-3 M in PM). (B) Absor­
bance at 475 nm plotted as a function of time at 300 K 
(1.7X 10~3 M in cyclohexanol). 

colored species is different from that of the cis-keto 
amine formed simply by the hydrogen transfer in the 
ground state.50) 

Since the keto amine can take eis- and trans-forms, it is 
reasonable to consider that the photochromic colored 
species is the trans-keto amine, and that the photo­
chromic process involves the transformation of the cis-
keto amine in the excited state into the trans-keto amine 
in the ground state. 

1* — N H -

O—H 
w-keto amine in the 
excited state 

O 
trans-kçto amine 

According to this mechanism, the thermal bleaching 
of the photochromic colored species is conversion of the 
trans-keto amine to the enol imine and involves the 
rearrangement of the molecular framework besides the 
intramolecular hydrogen transfer. This scheme for the 
thermal bleaching gives a reasonable explanation to the 
following findings : 

(1) The half-life of the photochromic colored species 
of 4 in crystalline phase is 1300 and 200 min at 16 and 
27 °C, respectively.11) 

(2) The fading kinetics of the photochromic colored 
species in fluid solution is dependent on viscosity of the 
solvent. 
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Fig. 5. (A) Formation of the photochromic colored 
species of 9 at 293 K (1.3X 10~3 M in PM). Absor­
ba nee at 470 nm plotted as a function of time. (B) 
Decay of the intermediate X* of 9 at 293 K (8.8 X 
10-4 M in PM). 

The rise time of the photochromic colored species was 
measured with 9 in P M at 20 °C to be 56 ps (Fig. 5-A). 
In addition, the transient absorption with very short 
lifetime was observed with 9 in P M at 20 °C. Absorbance 
at 385 n m was plotted as a function of time in Fig. 5-B. 
There are two kinds of contributions to absorbance at 
385 n m ; the short-lived and the long-lived components. 
The decay time of the short-lived component was 
determined to be 53 ps12) in agreement with the rise 
time of the long-lived component (the photochromic 
colored species). Therefore, the short-lived component 
is considered to be the precursor of the photochromic 
colored species. O n the other hand , the decay time 
of the fluorescent state of the cis-keto amine was deter­
mined to be 0.7 ns. These observations clearly show that 
the molecular rearrangement of the m-keto amine to 
the photochromic colored species does not occur from 
the fluorescent state, but originates from the precursor 
with the lifetime of 53 ps, which may be considered to 
be the higher vibrationally excited state of the cu­
ke to amine. Rosenfeld et al. derived a similar conclusion 
for iV-salicylideneaniline from the exciting wavelength 
dependence of the quan tum yields of the photochromic 
colored species and the fluorescence of the cw-keto 
amine.5 c ) We have concluded directly and definitely 
the existence of the precursor. 

A scheme for formation of the photochromic colored 
species by photoexcitation of the enol imine in the 
ground state, E, is represented in Fig. 6. T h e excited 
singlet state E* of the enol imine produced by photo-
excitation of E results in formation of the photochromic 
colored species in the ground state, P, through the 
hydrogen transfer and the molecular rearrangement (cis-

enol cis-keto trans-keto 

Fig. 6. Schematic explanation of the photochromic 
species formation. 

trans isomerization). T h e intermediate X * is an excited 
singlet state from which the photochromic colored 
species and the fluorescent state of the m-keto amine, 
K f *, originate. 

T h e authors wish to thank Professor Kenji Tamaru 
and Professor Takaharu Onishi, The University of 
Tokyo, for their kind help in measuring the I R difference 
spectra, and Dr. Akira Kira, Institute of Physical and 
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discussion. 
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The photolysis of acetone in various solutions has been investigated by analysis of reaction products as well as 
absorption spectroscopy. The rate of photolysis of acetone in aqueous solution decreases on addition of methanol 
or with increasing concentration of acetone, being much higher than that in methanol and heptane solutions. The 
results suggest that intermolecular hydrogen abstraction plays a significant role in quenching of triplet acetone. This 
is supported by spectroscopic studies which reveal formation of the enol form of acetone as an intermediate in the 
decay process of triplet acetone. 

The photolysis of acetone in the liquid as well as in the 
gas phase has been studied by many workers.1) The 
quantum yields for the photolysis were found to be much 
lower in neat acetone than in aqueous solution, the 
nature of such a difference being discussed. Porter 
et al.2) investigated the lifetime of the excited triplet state 
of acetone in various solutions, and suggested that 
intermolecular hydrogen abstraction plays a significant 
role in quenching of triplet acetone, i.e., photolysis and 
triplet self-quenching by intermolecular hydrogen 
abstraction may be competitive processes. 

Although information on the intermolecular hydrogen 
abstraction of the excited triplet state of alkyl ketones 
is important for understanding its reactivity in solution, 
there is relatively little work along this line. Inter­
molecular and intramolecular hydrogen abstraction of 
the excited carbonyl compounds appears to be of 
interest from a theoretical point of view.3) We have 
investigated the photolysis of alkyl ketones in various 
solutions in order to obtain more detailed information 
on the relationship between the quenching and the 
intermolecular hydrogen abstraction in the photolysis 
of alkyl ketones. 

Exper imenta l 

Materials. All the compounds (Tokyo Kasei Kogyo Co., 
Ltd., Grade SG) were purified by fractional distillation. Deio-
nized double-distilled water was degassed by alternate freezing 
and thawing in vacuo. Acetone-rf6 of 99.5 mol% and deuterium 
oxide of 99.9 mol% isotopic purity (E. Merck, Darmstadt) 
were used without further purification. Particular care was 
taken to remove water and oxygen completely from the sol­
vents and reactants. 

Apparatus and Procedure. Details of the apparatus and pro­
cedure were described previously.4* A conventional vacuum 
system was used in conjunction with a rectangular quartz cell 
(4.0 X 1.0 cm) of path length 0.5 cm, having two outlets. One 
was sealed off after admission and degassing of the sample 
solution. Another had a breakable seal which made it pos­
sible to attach the cell to a conventional analytical system after 
irradiation. Photolysis was carried out at 2 5 ^ 2 °C with light 
of 270i2 .5 nm using a monochromator equipped with a 500 
W xenon lamp. The intensity of incident light was deter­
mined by means of potassium ferrioxalate actinometry. Inten­
sity in the range 6.4—6.7 XlO13 quanta/s was used. The 
analytical system consists of three traps and a modified Ward 
still. The gaseous products were separated by fractional dis­

tillation and analyzed by gas chromatography. The absorp­
tion spectra before and after irradiation were measured with 
a Hitachi EPS 3T spectrophotometer. Details of the isotopic 
analysis of the deuterated methane and acetone were described 
previously.5) The GD2HGOGD3/GD3GOGD3 ratio was deter­
mined by measurement of the parent peaks at m/e=63 [CD2-
HGOCD3+] and m/e=64 [CD3COCD3+]. 

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

Table 1 shows the effect of solvents upon the quantum 
yield of methane formation in the photolysis of acetone. 
The corresponding results with 2-butanone and 2-
pentanone are also included. I t should be noted that 
the quan tum yield for the photolysis of acetone is much 
lower than that for other alkyl ketones, especially in 
heptane and methanol . 

TABLE 1. QUANTUM YIELDS FOR DISAPPEARANCE OF 

ALKYL KETONES IN THE PHOTOLYSIS IN 

VARIOUS SOLVENTS AT 2 5 ° G 

Acetonea) 

Acetone-t/6
b) 

2-Butanonec> 
2-Pentanoned> 

Heptane 

0.003 
— 

0.217 
0.237 

Methanol 

0.004 
0.004 
0.297 
0.319 

Water 

0.061 
0.064 
0.306 
0.337 

The concentration of alkyl ketones was a) 0.085—• 
0.091 mol/1, b) 0.085 mol/1, c) 0.048 mol/1, and d) 
0.051 mol/1. a, b) As seen in Table 3, in view of 
much lower yield of ethane (less than 2% of methane 
formation) the value can be regarded as the quantum 
yield for disappearance of acetone, c, d) The values 
are obtained from the quantum yields of major 
products (larger than 95% of total products) such as 
ethane for 2-butanone and propane (type I) as well 
as ethylene (type II) for 2-pentanone. 

TABLE 2. CD3H CONTENT OF THE METHANE FORMED 

FROM THE PHOTOLYSIS OF ACETONE-rf6 AT 2 5 °G 

CD3H content (%)a> 
CD2HCOCD3 

CD3GOGD3
 Wo) 

Heptane 

97.9 

Methanol 

97.5 

Water 

8.80 

7.01 

The concentration of acetone-rf6, 0.090 mol/1. Irra­
diation time, 60 min. a) The methane consists of 
only CD4 and GD3H, other species being negligible. 
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The contents of CD 3 H in methane formed from the 
photolysis of acetone-^6 in various solvents are given in 
Table 2. Very large contents observed with heptane 
and methanol solutions show that methyl radicals 
formed from the primary processes abstract hydrogen 
atoms only from the solvent molecules. Table 2 also 
suggests that in aqueous solution most part of CD 3 H in 
methane arises from the H - D exchange reaction between 
acetone-fi?6 and water molecules. I t is therefore concluded 
that methyl radicals scarcely abstract hydrogen atoms 
from water molecules. Although the conclusion has 
already been suggested by Pieck and Steacie,6) the above 
results offer an unambiguous evidence for it. 

TABLE 3. EFFECT OF ADDED METHANOL UPON THE 

PHOTOLYSIS OF ACETONE IN AQUEOUS 

SOLUTION AT 2 5 ° G 

Concentration 
of added me­
thanol mol/1 

Yield of 
methane 
10-*ml/h 

Yield of 
ethane 

10-6 ml/h 

0 
0.901 
1.61 
2.49 
2.90 
4.40 

6.67 
3.63 
2.69 
2.02 
1.85 
1.32 

8.01 
3.51 
1.02 
0.50 
0 
0 

The concentration of acetone, 0.102 mol/1. 
Irradiation time, 60 min. 

O 

- 6h 

>~ 

E 

D 

o 

Acetone , mol/1 
Fig. 1. The effect of the concentration of acetone upon 

the quantum yields for methane formation from the 
photolysis of acetone in aqueous solution at 25 °G. 
Irradiation time, 60 min. 

Table 3 shows the effect of added methanol upon the 
photolysis of acetone in aqueous solution. T h e rates 
of methane and ethane formation decrease with increas­
ing concentration of methanol. A similar decrease in 
the quan tum yields for the photolysis of acetone in 
aqueous solution was obtained when the concentration 
of acetone increased (Fig. 1 ). Considering that acetone 
besides methanol is an efficient hydrogen donor, the 
results suggest that quenching of the excited acetone 
molecule is closely associated with hydrogen abstraction 
reactions. I t is well-known that in the condensed phase 
efficiency of the intersystem crossing from the excited 
singlet state to the triplet state of acetone is unity.7) 

In fact, it was found in the present work that the rate of 
photolysis is reduced to zero on addition of oxygen. 
Thus , there is no doubt that the photolysis of acetone 
in solution proceeds via the excited triplet state. Porter 
et al.2) found that the lifetime of the triplet acetone 
molecule is much shorter in neat acetone than in 
aqueous solution and suggested that self-quenching of 
triplet acetone molecules occurs by intermolecular 
hydrogen abstraction and may compete its a-cleavage. 
Thus, the decrease in the rate of photolysis of acetone 
in aqueous solution caused by addition of methanol 
or with increasing concentration of acetone would be 
explicable on the basis of quenching of triplet acetone 
due to such intermolecular hydrogen abstraction. 
Furthermore, markedly higher quan tum yields of the 
photolysis in aqueous solution as compared with those 
in heptane and methanol solutions could be attributed 
to an unefficient hydrogen abstraction in aqueous 
solution. 

For quenching by methanol of radical products 
formation from acetone photolysis in aqueous solution, 
the following Stern-Volmer quenching equation holds: 

Q,old= 1 + T*q [Methanol], 

where Q0 and Q,are the rates of formation in the absence 
and presence of methanol, respectively; T and £q are the 
lifetime of excited triplet acetone and the quenching 
rate constant, respectively. The value of x under our 
conditions (0.09 mol/1) can be determined to be 17.5 X 
10~6s by using the T value a t 0.05 mol/1, 2 0 x l 0 ~ 6 s 
reported by Porter et Ö/.,8) together with its dependence 
upon the concentration of acetone (Fig. 2). The value 
of kq thus determined is 0.54 x 105 1/mol s, being smaller 
than the corresponding value for acetonitrile solution, 
i.e., 1 X 105 1/mol s reported by Porter et a/.2) Such a 
difference would be attr ibuted to the fact that hydrogen 
bond strength is larger between acetone and water 
than between acetone and acetonitrile. 

Information on the mechanism of quenching of excited 

1 2 3 4 5 6 
Methanol , mol/1 

Fig. 2. Stern-Volmer quenching plots for the effect of 
added methanol upon the yields of methane formed 
from the photolysis of acetone in aqueous solution at 
25 °C. The concentration of acetone, 0.120 mol/1. 
Irradiation time, 60 min. 
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Fig. 3. The recovery of the (n, n*) band of acetone as 
a function of time at 25 °C. x represents the recovery 
of the absorbance at Amax (271 nm). The concentra­
tion of acetone, 0.120 mol/1. Irradiation time, 60 min. 
O : Acetone, 0 : acetone-</6. 

triplet acetone molecules by hydrogen abstraction was 
obtained from the following results. In methanol and 
heptane, except in aqueous solution, the U V irradiation 
led to a much larger decrease in the intensity of the 
(n, 7i*) band of acetone than what would be expected 
from the extent of its photolysis. As soon as the irradia­
tion ceased, the reduced intensity of the (n, n*) band 
began to increase, an almost original intensity being 
recovered. Such a recovering process was found to 
obey the first order rate law as shown in Fig. 3. The 
half-lives obtained from the plots were 5.2 min for 
acetone and 8.9 min for acetone-flf6. Such a phenomenon 
was not observed with the photolysis of 2-pentanone or 
2-butanone, where the rate of photolysis was unaffected 
by addition of methanol. 

I t has been found by ESR and U V studies that ketyl 
radicals are formed by hydrogen abstraction of excited 
triplet acetone from 2-propanol.8 '9) Henne and Fischer90) 
found by N M R studies that disproportionation of ketyl 
radical pairs leads to formation of the enol form of 
acetone and 2-propanol, and proposed that by ketoniza-
tion of the former the ground state of acetone is reformed. 
A similar situation would be expected for the photolysis 
of acetone in methanol solution. T h e following mecha­
nism is proposed : 

hydrogen 
abstraction10» 

[CH3COCH3*3+ CH3OH] 

| hv 

[GH3GOGH3 + GH30H] dispro­
portionation (I) 

ÇH3 

GH3-G. + C H 2 O H 

OH I 

ketonization 

formation of 
2-propanol and 
other products 
(ID 

[CH3-C=CH2 + CH3OH] 

OH 

According to the above mechanism, such a recovering 
process of the reduced intensity of the (n, 71*) band 
(Fig. 3) would be explicable by the occurrence of 
ketonization of the enol form of acetone formed by 
irradiation. 

McMillan et al.11) found that in the gas phase photo­
lysis of 2-pentanone enol acetone formed by Norrish 
type I I reaction rearranges to the keto form with a half-
life of 4 . 7 ^ 0 . 3 min, in approximate agreement with 
that of ketonization determined from Fig. 3. T h e rate 
of reactions within the solvent cage such as the dispro­
portionation reaction seems to be greater than that of 
reaction (II) such as formation of pinacol as well as 2-
propanol as has been found by Singh.12) As regards 
the disproportionation path, the reaction resulting in 
formation of enol acetone will be predominant by taking 
into consideration the fact that Ô H 2 O H radicals are 
more reactive than ketyl radicals toward hydrogen 
abstraction. Thus , the rate of reaction (II) is expected 
to be negligibly small as compared with that of reaction 
(I) . In fact, the products of reaction (II) such as 2-
propanol and others were found to be negligible.13) 

T h e absence of such a recovery of the reduced 
intensity of the (n, n*) band observed with 2-butanone 
as well as 2-pentanone would be attributable to a much 
lower efficiency of hydrogen abstraction of its excited 
triplet state than that of acetone triplet. In contrast 
with the case of acetone, a small difference between 
the rate of photolysis in water and that in heptane or 
methanol solution was observed for the cases of 2-
butanone as well as 2-pentanone. Such behavior would 
be explained on a similar basis. 

We would like to express our thanks to Messrs. K . 
Yamamoto and T . Shimatani for carrying out some 
parts of the experiments. 
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X-Ray photoelectron spectra of meso-ionic azapentalenes were observed in the solid phase. The charge 
distributions in these molecules were investigated by using the observed chemical shifts of core-electron levels, 
employing Siegbahn's electrostatic potential model and the results of CNDO/2 calculations. 

Pentalene is very unstable because of 8n electron 
system, and pentalene itself has not yet been syn­
thesized.1) If a carbon atom in the five-membered ring 
is replaced by a hetero atom with 2n electrons, the 
resulted molecule has aromatiçity and would be stabiliz­
ed. As shown in Fig. 1, a series of hetero aza-pentalenes, 
namely, 2,5-diphenyl[l,2,3]triazolo[4,5-^][l,2,3]triazole 
(I), and 5-phenyl-5#-[l,2,3]triazolo[4,5-c][l,2,5]-
oxadiazole ( II) , -thiadiazole (HI ) , and -selenadiazole 
(IV) are expected to be stable compounds since the 
introduction of a hetero atom at position 2 and a 
nitrogen atom at position 5, provides 2n electrons to the 
pentalene skeleton so as to form \0ji electron system. 
In effect, they have recently been synthesized by one of 
the authors (M.Y.) and his coworkers, and turned to be 
very stable solid. Syntheses and some properties of these 
compounds were published elsewhere.2,3> As readily 
guessed from Fig. 1, these compounds have meso-ionicity 
and are expected to have large electronic polarization. 
It is therefore of great interest to investigate to what 
extent electronic charges are polarized in these 
molecules. 

Ph—N 

6" " I 

(I) X = N - P h , (II) X = 0 , (III) X = S , (IV) X = S e 

Fig. 1. Molecular structure of azapentalenes. 

Recently, X-ray photoelectron spectroscopy (XPS) 
has proved to be a powerful means for the study of 
charge distribution in a molecule, having been success­
fully applied to a number of organic molecules.4 '5) 
The purpose of this paper is to elucidate charge distribu­
tions in the above-described compounds by the measure­
ment and analyses of the chemical shifts of core electron 
levels with the aid of Siegbahn's electrostatic potential 
model and CNDO/2 calculation. In addition, a geo­
metry optimization technique in the framework of the 
CNDO/2 method was used to predict the molecular 
geometries of these compounds, since they have not yet 
been determined experimentally. 

X-Ray photoelectron spectra of the compounds 
studied were measured with a McPherson ESCA 36 
electron spectrometer, by employing Al Ko. radiation. 
Each sample, purified by recrystallization in advance, 
was coated on an aluminium plate. Core electron 

T A B L E 1. C O R E ELECTRON BINDING ENERGIES OF 

HETEROAZAPENTALENES ( E V ) 

I 

II 

III 

IV 

G Is 

(287.1) 
284.2 

(286.1) 
284.2 

(286.1) 
284.2 

(287.1) 
284.2 

N Is 

(402.0) 
399.3 

(402.0) 
399.2 

(401.8) 
398.9 

(401.9) 
398.7 

A£splitting 

(N Is) 

2.7 

2.8 

2.9 

3.2 

' O Is 

532.2 

S 
2p3/2 

164.0 

Se 
3p3/2 

160.5 

A shoulder and/or a weaker peak is listed in the 
parenthesis. 

binding energies were calibrated by using the Au 4f7/2 

(84.0 eV) peak of a thin gold film deposited onto the 
sample surface. 

Determined core electron binding energies are listed 
in Table 1. All of C Is spectra have a small shoulder in 
the higher binding energy side of the main peak. T h e 
C Is binding energy of the main peak is consistently the 
same for all compounds, so that it can be assigned to the 
phenyl carbons. T h e small shoulder is possibly associated 
with carbons in the pentalene ring. Figure 2 shows N 1 s 
spectra of these compounds. We can see well-resolved 
two peaks except for compound ( I I ) , in which case the 
main peak is a little broader than the others. T h e 
intensity ratio of the two peaks in compound (I) is 
1: 1.9, so that the stronger peak at the lower binding 
energy side is easily assigned to the nitrogen atoms at the 
positions 1, 3, 4, 6 and the weaker peak is to the nitrogen 
atoms at positions 2 and 5. O n the other hand, in 
compounds ( I I ) , ( I I I ) , and (IV) , intensity ratios of two 
peaks are nearly 1: 4, so that the stronger peak has the 
same origin as compound (I) , and the weaker peak is 
due to the nitrogen atom at position 5. These spectra 
show clearly that the nitrogen atom at position 5 has a 
less negative charge than the nitrogen atoms at positions 
1, 3, 4, and 6. I t is to be noted that the splitting of N Is 
peaks is larger as the atomic number of the substituent 
atom is higher, as listed in the fourth column of Table 1. 

X P S chemical shift is influenced not only by the 
charge density of the ionizing atom, but also by those 
of atoms surrounding it. Siegbahn and his coworkers 
have proposed the following equation for interpreting 
chemical shifts:6) 

molecule #2, 
AEA = kqA+ U - ^ , ;i) 

where k is a constant characteristic of atom, qx and qB 
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410 400 
Ionization energy { eV ) 

390 

Fig. 2. N Is spectra of azapentalenes. 

are charge densities of a tom A and B, respectively, and 
ÄAB is the distance between them. For a variety of 
molecules containing carbon, nitrogen, and oxygen, the 
chemical shifts of core-electron levels have been success­
fully interpreted with Eq. 1, by use of GNDO/2 charge 
densities. 

In the present compounds, molecular geometries have 
not yet been determined experimentally, so that it is 
difficult to obtain reliable charge densities by M O 
calculation since they would be influenced more or less 
by the molecular geometry. Accordingly, geometry 
optimization has been carried out for these molecules 
within the scheme of GNDO/2 formulation. The 
geometry for the CNDO/2 total-energy minimum was 
searched by using the differentiation of two-center 
integral terms. Since molecule (I) or (II) is too complex 
to be calculated with CNDO/2 , the simplified model, 
in which the phenyl group is replaced by a hydrogen 
atom, was used for the geometry optimization. Such 
simplification would not affect the interpretation of N 
Is chemical shifts. T h e model compounds are denoted 
as (F) and (IF), and so on. A regular pentagon structure 
with a bond length of 1.35 Â was used as the initial 
geometry for each molecule. Furthermore, the molecular 
symmetry, D 2 h for (F) and C2V for ( IF) and ( I I I ' ) , was 
retained throughout the geometry optimization. Deter­
mined geometries of (F) and ( IF) are shown in Fig. 3. 
The N - N or N - O bond length is smaller than the C - N 

N ^ H 

H i o ^ _ N > a o . 120.0. 0 

( II') C2v symmetry 

Fig. 3. Optimized geometries of molecules (I') and (IF). 

TABLE 2. TOTAL CHARGE AND TZ ELECTRON DENSITIES 

OF MOLECULES ( I ' ) AND ( I F ) 

Atoma> 

C 
N i 

N2 

H 

(F) D2h 

Total 
charge 
density 

0.086 
-0 .161 

0.149 
0.088 

symmetry 

electron 
density 

- 0 . 0 4 3 
- 0 . 2 7 5 

0.592 

(IF) C2y 

Atoma> Total 
charge 
density 

C 0.090 
Ni - 0 . 0 8 5 
N2 - 0 . 1 6 3 
N3 0.190 
O 0.032 
H 0.095 

symmetry 

7T 

electron 
density 

- 0 . 0 1 6 
- 0 . 2 3 3 
- 0 . 2 9 5 

0.677 
0.409 

a) Refer to Fig. 3 about atomic species. 

bond length. The C-C bond is much longer than that 
in benzene and has a character of single bond to large 
extent. These results seem to be plausible from the 
comparison with geometries of the related compounds 
whose structures have already been determined.7) 
CNDO/2 charge densities in molecules (F) and ( IF) are 
listed in Table 2. In molecule (F) , the total charge 
density of N x atom is negative and that of N 2 is positive. 
This is in accord with the conclusion derived from the 
N Is chemical shift. This tendency is much stronger 
in the n electron charge distribution as indicated in 
Table 2. By using calculated charge densities and a k 
value of 21.5 eV/unit charge as proposed by Siegbahn 
et al.*) we obtained 2.9 eV for the N Is splitting in 
molecule (I ' ) , which is very close to the observed spliting, 
2.7 eV. This would mean that the calculated charge 
distribution in this molecule is reliable. Similar results 
are obtained for molecule ( IF ) , in which there are three 
kinds of nitrogen atom. Calculated shifts are —0.96 eV, 
- 0 . 9 2 eV, and 2.41 eV for N1? N2 , and N3 , respectively. 
AE fwhm of the N Is main peak of compound (II) is 
2.5 eV, which is broader than the N Is peaks of other 
compounds by about 0.5 eV. The main N Is peak of 
compound (II) is composed of the two components, 
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which are due to Nj and N2 , respectively. Consequently, 
its broadening can be understood as that arising from 
the splitting of the two components by chemical shift. 
The chemical shift of the N Is level of N 3 is a little 
overestimated by M O calculations as compared with 
the observed result. We tried to carry out the geometry 
optimization also for molecule (HI ' ) , which contains 
a sulfur atom. In general, CNDO/2 method gives less 
reliable results for molecules containing second row 
atoms. In fact, the optimized geometry of molecule 
(III ' ) shows an unusually long N - S bondlength, 1.8 Â. 
The charge densities calculated for this geometry could 
not explain the observed N Is chemical shifts of com­
pound (HI ) . 

We tried to estimate the charge distribution in 
molecule (III') from the observed N Is binding energies 
for compound (HI)» using the procedure called 
" A C H A R G E " analysis.5-8) Since the number of obtain­
ed experimental values is too limited to give the whole 
charge distribution, the following assumptions were 
adopted to carry out the A C H A R G E analysis; first, the 
geometry of molecule (III ' ) was assumed to be the same 
as molecules ( I I ' ) , and, second, the charge densities on 
C and H atoms were assumed to be the same as those 
in ( I I ' ) , since they are likely to be small and relatively 
independent of the substitution of a hetero atom. 
Resulted charge densities are — 0.17e(N!), — 0.16e(N2), 
0.15e(N3), and 0.23e(S). They are almost the same 
as those in molecules (I') and ( I I ' ) . From the above-
described analyses of X P S chemical shifts, it can be 

concluded that in these molecules the nitrogen at 
position 5 and the hetero atom at position 2 have 
positive charges, while the nitrogen atoms at positions 
1, 3, 4, and 6 have negative charges, and that the degree 
of charge polarization in these molecules is not so large, 
although they have been regarded as meso-ionic 
compounds. 
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The heat capacities of (NH,)3[FeF6] crystal have been measured from 15 to 350 K with an adiabatic calori­
meter. A heat capacity anomaly was observed at 267.02 ±0.05 K. The enthalpy and entropy changes of the 
transition are 6490±500J mol-1 and 24.8±1.9J K_ 1 mol-1, respectively. This value of entropy was discussed 
in terms of a model involving orientational disorder of the ammonium as well as hexafluoroferrate(III) ions. Based 
on the assumption of the average fee symmetry of the crystal and internal rigidity of the ions, the proposed model 
predicts the transition entropy equal to R In 16=23.05 J K _ 1 mol -1 which is in close agreement with the experi­
mental value. Temperature dependent splitting of the Raman band due to the internal vibration of the anion was 
found to be consistent with the model. The excess heat capacity follows the prediction of the Landau theory of 
phase transitions of the second kind. Properties of the present and the similar crystals including ammonium and 
alkali salts of hexafluoro-complex ions were discussed in terms of the ionic orientational disorder. 

An early X-ray diffraction work by Pauling1) showed 
that ammonium hexafluoroferrate(III) has a face-
centered cubic lattice at room temperature . This was 
confirmed later by Steward and Rooksby2) who studied 
the crystal by X-ray powder method at room tempera­
ture and at 93 K. They found a tetragonal lattice at 
the lower temperature , a phase transition being suspected 
at some intermediate temperature . The phase transition 
was found at 263 K by Morup and Thrane3) in a 
Mössbauer line-width study of the compound. The 
mechanism of the phase transition has not been under­
stood well, since the only available data are those 
concerned with the Bravais lattice change and 
Mössbauer spectrum narrowing. The latter was 
interpreted as indicating that the symmetry of the iron 
site becomes lower in the low temperature phase.4) 

There are a number of factors in the (NH4)3[FeF6] 
crystal that can lead to the phase transition. The 
ammonium ion is, of course, well-known for its tendency 
toward disordering in a number of crystals, the most 
notable example being ammonium chloride in which the 
ammonium ion takes at random one of the two allowed 
orientations. The ammonium ions in the present crystal 
are not all equivalent, but are grouped into two sets.5) 
Those which belong to one set occupy the octahedral 
sites (the 4b positions)6) in the fee lattice, while those 
belonging to the other set are in the tetrahedral sites 
(the 8c positions). Consequently, the role played by the 
ammonium ions in this phase transition may be more 
complicated than in the ammonium halides. T h e 
hexafluoroferrate(III) ion, [FeF 6 ] 3 - , has the octahedral 
ionic symmetry and occupies the octahedral 4a position. 
One might hence expect that the hexafluoroferrate(III) 
ions are in a uniquely determined orientation in the 
crystal and, as such, would play a rather passive role 
in the phase transition. However, consideration based 
on the lattice dimension and empirical radii of Fe3 + , 
F - and NH4+ ions7) shows that coincidence of the ionic 
and crystalline tetrad axes might not be taken for 
granted: the ions are too bulky to lie simultaneously on 
the tetrad axis. Instead, the high crystal symmetry 
might be a result of the orientational disorder of the 
[FeF 6 ] 3 _ ions. Therefore, the orientational degree of 
freedom of the anion has also to be taken into account 
in a satisfactory description of the mechanism of the 

phase transition. This type of ionic disorder is an 
interesting possibility which the heat capacity measure­
ment can prove or refute. 

Another motivation for studying the present substance 
is that it belongs to a large family of crystals which 
contain fluorine octahedra as their major constituent and 
for which a vast amount of structural information has 
been accumulated.5) Specifically, three closely related 
ammonium salts are of particular interest: NH4[PF6],8) 
(NH4)2[SiF6],9) and (NH4)3[A1F6].2> T h e structural 
relation among these fee crystals are briefly as follows. 
The NH4+ ion in NH 4 [PF 6 ] crystal occupies the site 
corresponding to the octahedral position (4b) of the 
(NH4)3[FeF6] structure, with the 8c tetrahedral positions 
unoccupied. This is the rock-salt structure with the 
sodium and chloride ions replaced by the ammonium 
and the hexafluorophosphate(V) ions, respectively. In 
the cubic (NH4)2[SiF6] crystal, the occupations is just 
reversed, i.e., the tetrahedral 8c sites are occupied by 
the ammonium ions while the octahedral 4b sites are 
vacant. In (NH4)3[A1F6] both the 4b and 8c positions 
are occupied. This last crystal is isomorphous with 
ammonium hexafluoroferrate(III) crystal. The heat 
capacities of the fluorophosphate,10) fluorosilicate,11) and 
fluoroaluminate12) have been measured. I t will be 
shown below that comparison of the properties of these 
compounds leads to an insight into the molecular 
mechanism of the phase transitions in these ammonium 
salts. 

Finally a peculiar property of the present crystal is 
noticed in Table 1 which summarizes the room tempera­
ture crystal systems and the molar volumes of A3[FeF6] 
type crystals (A; alkali or ammonium ions). The 

TABLE 1. ROOM-TEMPERATURE CRYSTAL PROPERTIES OF 

SOME CRYOLITE-TYPE COMPOUNDS A(I)3[FeF6] 

» /jv Crystal Molar 
^ ' system volume/cm3 mol -1 

Li (complex) — 
Na monoclinic 76.0 
K tetragonal 96.2 
Rb tetragonal 106.6 
Cs tetragonal 122.3 
NH4 cubic 111.3 
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structure of the lithium compound is complicated and 
is not successfully analysed, but the symmetry of the 
crystal is certainly the lowest.13) T h e sodium compound 
is monoclinic, while the potassium, rubidium and 
cesium compounds are tetragonal. A gradual trend 
toward the higher symmetry with increasing cationic 
size is evident. The ammonium compound, whose 
molar volume lies between those of the rubidium and 
cesium compounds (this fact is itself somewhat anoma­
lous because the apparent ionic volume of the ammo­
nium ion is usually between those of potassium and 
rubidium) has the highest cubic symmetry in the series 
of the crystals. I t should be noted that the enhancement 
of the crystal symmetry is caused by substitution of the 
less symmetric ammonium ion for spherical alkali ions. 
This unusual property of the ammonium salt will be 
explained below as an entropy effect. This paper 
reports on the heat capacity measurement of (NH4)3-
[FeF6] crystal and the interpretation of the experimental 
results in terms of the above general consideration. 

Exper imenta l 

Sample Preparation. Extra-pure grade reagent of Fe-
(N0 3) 3 .9H 20 crystal (Wako Pure Chemical Industries, Ltd.) 
was dissolved in distilled water. This solution was added drop-
wise to a concentrated aqueous solution of extra-pure grade 
reagent of NH4F (Wako Pure Chemical Industries, Ltd.). 
(NH4)3[FeFfi] crystal precipitated rapidly as finely divided 
powder. The crystal was separated from the mother liquor 
and dried at 70 °C. Contamination of the sample with the 
fluorosilicate was avoided by using polyethylene ware through­
out the sample preparation. Elemental analysis gave F, 
50.9±0.4% ; Fe, 24.94±0.04% ; H, 5.39±0.2% (Fe by EDTA 
gravimetric method, F by thorium nitrate titration, and 
H by gravimetric method). The calculated values for (NH4)3-
[FeF6] are F, 50.90% ; Fe, 24.94% ; H, 5.40%. It was impor­
tant to use an excess amount of ammonium fluoride solution 
slightly acidified with hydrofluoric acid. Otherwise, the hy-
drated crystal appeared to precipitate as noted by Cox and 
Sharpe.14) Several other attempts were made until the above 
preparation was found to be successful. These other attempts 
gave less than ideal elemental analysis. As an additional 
guide for the preparation, the differetial thermal analysis 
(DTA) was employed. The crystal used for the heat capacity 
measurement gave a sharp endothermic peak on heating 
through 266±1K. Table 2 summarized the chemical analy­
ses and the DTA results for five different preparations. It 
should be emphasized that, contrary to Cox and Sharpe's 
statement,14) the stoichiometric (NH4)3[FeFs] crystal was pre­
pared by the wet method. 

Calorimetry. The heat capacities of (NH4)3[FeF6] crystal 
were measured from 15 to 350 K with an adiabatic calorime­
ter. The apparatus is described elsewhere.15-18) The calori-
metric sample crystal, 32.4949 g (0.14510 mol) in weight, was 
put in the calorimeter cell together with helium heat-exchange 
gas. The procedure of the measurement was standard one, i.e., 
intermittent heating method with the temperature increment 
of 1 K at 20 K and 2 K above 80 K. Smaller steps were 
employed near the phase transition. The total enthalpy 
change of the transition was determined by introducing electric 
energy to the specimen from approximately 4 K below the 
transition temperature to 4 K above under the adiabatic con­
dition. 

Raman Spectrum. Temperature dependence of Raman 

TABLE 2. ELEMENTAL ANALYSIS AND DTA OF (NH4)3-

[ F e F 6 ] CRYSTALS PREPARED BY DIFFERENT METHODS 

Chemical composition 

Fe V 
DTA 
peak 

(1) 
(2) 
(3) 
(4) 
(5) 

24.87% 
24.95 
24.61 
25.06 
24.94 

50.0% 
50.2 
50.5 
50.7 
50.9 

sharp*> 
sharp 
broad 
broad 
sharp 

Calcd 24.94 50.9 

a) A small peak was found at 257 K besides the main 
peak at 267 K. The crystals were prepared as fol­
lows. ( 1 ) From aqueous solutions of Fe(N03)3 • 9H 2 0 
and NH4F-HF. (2) From aqueous solutions of 
FeCl3-6H20 and NH4F. (3) Direct reaction of Fe-
(N0 3 ) 3 -9H 2 0 crystal with NH4F solution. (4) The 
same as described in the text but without addition 
of hydrofluoric acid. (5) As described in the text. 

spectra were recorded with a laser-excited Raman apparatus. 
The high symmetry of [FeF6]3_ ion is particularly suitable for 
the vibrational-spectroscopic study because changes in its ionic 
environment affect the degenerate internal vibration, causing 
well-resolved splitting of the spectral band. The same situa­
tion was exploited in a study of the phase transition in [Co-
(NH3)6]C12,

19) in which the hexaamminecobalt(II) ion has a 
similar high ionic symmetry. The sample crystal was sealed 
in a thin wall glass ampule and attached to the cold finger in 
a cryostat. The sample temperature was controlled by ad­
justing the amount of liquid nitrogen introduced into the 
coolant chamber and monitored with a copper-constantan 
thermocouple fixed to the glass ampule. 

R e s u l t s 

T h e experimental values of the molar heat capacity of 
(NH4)3[FeF6] crystal are given in Table 3 and also shown 
in Fig. 1. Graphically smoothed heat capacities and 
derived thermodynamic functions are given in Table 4. 
The heat capacity changes smoothly with temperature 
except in the transition region which spans approxi­
mately from 180 to 270 K. T h e highest value of the 
heat capacity reaching 20000 J K - 1 m o l - 1 was observed 
at 267.02±0.05 K. This temperature is 4 K higher than 
the line width transition temperature 263 K reported by 

<j*200 

Fig. 1. Molar heat capacity of (NH4)3[FeF6]. 
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TABLE 3. HEAT CAPACITY OF (NH4)3[FeF6] 

T 
* av 

~KT 
CP 

JK^mol-1 

1 st series 

15.06 
15.81 
16.89 
18.13 
19.20 
20.15 
21.14 
22.25 
23.58 
25.01 
26.65 
28.10 
29.61 
31.18 
32.61 
34.04 
35.63 
37.27 
38.92 
40.60 
42.16 
43.62 
45.11 
46.65 
48.23 
49.87 
51.42 
53.03 
54.70 
56.40 
58.16 

2 n d 

56.51 
59.33 
61.54 
64.02 
66.33 
68.83 
71.21 
73.57 
75.96 

6.23 
7.05 
8.34 
9.75 

11.08 
12.25 
13.48 
14.88 
16.46 
18.52 
20.70 
22.62 
24.66 
26.83 
28.85 
30.86 
33.11 
35.50 
37.75 
40.28 
42.60 
44.85 
47.16 
49.20 
51.95 
54.36 
56.92 
59.25 
62.21 
64.55 
67.57 

series 

64.82 
69.39 
73.63 
76.95 
80.69 
84.70 
88.62 
92.51 
96.18 

K 

78.39 
80.87 
83.26 
85.58 

3 r d 

81.43 
84.22 
86.49 
88.85 
91.14 
93.38 
95.62 
97.87 

100.23 
102.68 
105.08 
107.42 
109.83 
112.31 
114.75 
117.15 
119.50 
121.80 
124.23 
126.78 
129.27 
131.78 
134.25 
136.64 
139.12 
141.70 
144.25 
146.76 
149.24 
149.71 
152.03 
154.43 
157.01 
159.56 

cP 
JK^mol-1 

100.2 
104.3 
108.0 
112.0 

series 

106.4 
109.7 
113.4 
117.2 
121.4 
124.4 
128.0 
131.5 
135.2 
139.0 
142.7 
146.2 
149.9 
153.5 
157.2 
160.8 
164.1 
167.4 
170.8 
174.5 
178.0 
181.8 
184.7 
188.1 
191.2 
194.8 
198.1 
201.4 
204.6 
205.2 
208.1 
211.2 
214.6 
217.4 

4 th series 

158.96 
161.12 

216.8 
220.0 

T 

163.96 
166.43 
168.88 
171.33 
173.75 
176.13 
178.50 
181.02 
183.68 
186.29 
188.88 
191.45 
193.99 
196.51 
199.01 
201.49 
203.94 
206.38 

5 th 

201.15 
203.63 
206.10 
208.54 
210.96 
213.42 
215.91 
218.38 
220.80 
223.23 

6 th ! 

222.96 
225.42 
227.86 
230.29 
232.71 

7 th s 

232.14 
234.67 
237.11 

Cp 
J K-1 mol-1 

223.2 
225.6 
228.8 
231.7 
234.5 
237.5 
239.9 
243.0 
246.0 
249.0 
251.9 
254.8 
257.9 
260.6 
263.6 
266.4 
269.3 
271.9 

series 

266.0 
269.1 
271.7 
274.0 
277.2 
280.3 
283.3 
286.2 
289.3 
292.4 

series 

291.8 
295.4 
298.2 
301.8 
304.9 

series 

303.9 
307.8 
311.0 

T 
1 av 

239.62 
242.20 
244.74 
247.26 
249.75 
252.22 
254.65 
257.05 
259.41 
261.73 
264.01 
266.10 
266.94 
267.01 
267.07 
267.96 
270.15 
272.79 
275.39 
277.96 
280.58 
283.27 
285.78 
288.29 
290.80 
293.32 
295.83 
298.32 
300.80 
303.28 
305.75 

8 thi 

301.04 
303.60 
306.16 
308.89 
311.72 
314.49 
317.36 
320.30 
323.23 
326.23 
329.31 

CP 

JK^mol- 1 

3Ï5~1 
319.5 
323.6 
328.8 
333.8 
339.5 
345.5 
352.7 
361.1 
371.2 
384.9 
545.6 

15270 
26580 
20030 

623.2 
319.7 
318.1 
318.1 
318.7 
318.8 
319.6 
320.6 
321.0 
321.9 
322.6 
322.7 
323.6 
324.2 
324.8 
325.2 

aeries 

324.4 
324.8 
325.5 
326.2 
326.8 
327.5 
327.5 
329.0 
329.5 
330.0 
330.7 

T 
x av 

KT 
332.34 
335.38 
338.48 
341.62 
344.85 
348.16 
351.47 

9 th 

233.06 
235.72 
238.36 
240.98 
243.57 
246.12 
248.65 
250.57 
251.93 
253.29 
254.64 
255.89 
257.21 
258.51 
259.40 
260.69 
261.96 
263.21 
264.45 
265.66 
266.58 
266.93 
266.98 
267.01 
267.04 
267.07 
267.11 
267.52 
268.58 
269.95 
271.34 
272.73 
274.41 
276.37 
278.32 

cP 
J K-1 mol-1 

331.1 
331.9 
332.6 
333.7 
334.0 
334.6 
335.3 

series 

305.3 
309.1 
313.0 
317.3 
321.6 
326.6 
331.6 
335.9 
338.9 
342.4 
345.9 
349.0 
353.2 
358.3 
360.9 
366.6 
372.8 
379.8 
388.6 
402.9 
892.9 

11690 
20520 
24700 
23880 
21650 
11550 

733.6 
334.9 
321.3 
319.0 
318.3 
318.1 
318.4 
318.7 

Morup and Thrane in the Mössbauer study. T h e 
difference between these two temperatures is well 
beyond the claimed accuracies of the temperature 
measurements. The origin of the discrepancy is not 
clear at present. T h e time required for thermal equilib­
ration in the calorimeter increased near the phase 
transition to about an hour compared with ten minutes 
normally required. Such a behavior is often observed 
in first order transitions. 

In order to evaluate the enthalpy and the entropy of 
transition, the " n o r m a l " heat capacity has to be estimat­

ed. However, the spectroscopic data on which the 
estimation of the vibrational heat capacity should be 
based are insufficient at present, because not only the 
long wavelength optical vibrations but also the normal 
modes of the every branch from the entire Brillouin 
zone contribute to the heat capacity. Thermal motion 
of the ammonium ions adds further difficulty since 
their torsional lattice vibration is certainly highly 
anharmonic. One of the practicable resorts is to inter­
polate the low and high temperature heat capacities 
smoothly into the transition region and to make the 
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TABLE 4. THERMODYNAMIC FUNCTIONS OP (NH4)3[FeF6] 

T 

IT 
üT 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 

O p 

J K - i m o l -

(1-93) 
12.10 
25.16 
39.48 
54.57 
70.37 
86.54 

102.8 
119.0 
134.9 
150.2 
164.8 
178.9 
192.4 
205.6 
218.3 
230.2 
241.8 
253.2 
264.6 
276.2 
288.2 
301.2 
315.7 
334.4 
363.7 
321.4 
319.0 
321.7 
324.1 
326.3 
328.6 
330.8 
332.9 
335.0 

5° 
1 j K ^ m o l - 1 

(bTëèy-

4.60 
11.91 
21.09 
31.49 
42.82 
54.89 
67.51 
80.56 
93.96 

107.5 
121.2 
135.0 
148.7 
162.5 
176.2 
189.7 
203.2 
216.6 
229.9 
243.1 
256.2 
269.3 
282.4 
295.7 
309.3 
340.7 
352.3 
363.5 
374.4 
385.1 
395.5 
405.6 
415.6 
425.2 

J K - i m o l -

(0.49) 
3.38 
8.41 

14.36 
20.88 
27.80 
35.04 
42.50 
50.10 
57.79 
65.50 
73.17 
80.76 
88.26 
95.65 

102.9 
110.1 
117.1 
123.9 
130.7 
137.3 
143.9 
150.5 
157.0 
163.7 
170.8 
195.2 
199.6 
203.8 
207.8 
211.6 
215.2 
218.7 
222.0 
225.2 

" -[G°-H°0]IT 
1 J K ^ m o l - 1 

(0.17) 
1.22 
3.50 
6.73 

10.61 
15.02 
19.85 
25.01 
30.46 
36.17 
42.04 
48.07 
54.23 
60.49 
66.83 
73.23 
79.69 
86.18 
92.69 
99.22 

105.8 
112.3 
118.8 
125.4 
132.0 
138.5 
145.5 
152.6 
159.7 
166.7 
173.5 
180.3 
187.0 
193.6 
200.1 

TABLE 5. NORMAL HEAT CAPACITY OF (NH4)3[FeF6] 

T 

"K" 7 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 

CP 
K-1 mol-1 

217.8 
229.5 
240.8 
251.3 
261.3 
270.8 
279.5 
287.5 
294.6 
301.0 

T 

~K~ X 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 

cP 
K-1 mol-1 

306.5 
311.2 
315.5 
319.3 
322.6 
325.5 
328.2 
330.6 
340.8 
350.9 

"normal" heat capacity thus estimated available to the 
reader, as is done here (Table 5). The dotted curve in 
Fig. 1 represents the assumed normal heat capacity. 
The enthalpy and entropy of the phase transition based 
on this normal heat capacity are 6490 ± 5 0 0 J m o l - 1 

and 24.8 ± 1 . 9 J K" 1 mol"1 , respectively. 
The Ra m a n spectra are shown in Fig. 2. T h e 

•s 

600 500 300 
<7Vcm-i 

200 

Fig. 2. Temperature dependence of the Raman scatter­
ing from the »<i(Alg) and v5(F2g) modes of [FeF6]3_ ion. 

frequency of the vx(Alg) mode of the [FeF6]3~ ion is 
535 c m - 1 at 280 K, which is compared favorably with 
538 c m - 1 reported by Wieghardt and Eysel.20) The 
v5(F2g) vibration was observed at 256 c m - 1 compared 
with Wieghardt and Eysel's value at 253 cm-1.20) The 
weak band at 374 c m - 1 was assigned to the ^ (Eg) mode. 
R a m a n bands of the ammonium ion were not infor­
mative because of their low intensity. They are not 
discussed in the following. Effect of the phase transition 
on the R a m a n spectra is most explicitly shown in the 
temperature dependence of the A l g and F 2 g modes. O n 
cooling to 103 K, the A l g band narrows appreciably but 
does not show any splitting. O n the other hand, the 
triply degenerate F a g mode, which is relatively broad at 
280 K, broadens further on cooling through the transi­
tion temperature with a gradually emerging structure 
resulting in a well-resolved triplet at 103 K. In view 
of the relatively large separation between the component 
frequencies, this splitting is a site group splitting of the 
threefold degenerate vibration rather than a Davydov 
splitting. Another explanation that assumes presence of 
three distinct sets of octahedral sites for the [FeF c ] 3 _ 

ions may be a least probable possibility and will not be 
considered further. We conclude, therefore, that the 
site symmetry of [FeF6]3~ ion is lower than axial. This 
low site symmetry is rather surprising, because structural 
and spectroscopic investigations of the related com­
pounds containing octahedral hexafluoride complex have 
shown that the site symmetry is trigonal or higher if 
the counter-cation is potassium or a larger ion.5-21) 

T h e Mössbauer spectra of the present compound 
have also been interpreted on the assumption of the 
tetragonal axial symmetry.3 '4) T h e present R a m a n data 
seem to require revision of the interpretation of the 
Mössbauer results. 

D i s c u s s i o n 

In the present section we will be concerned with 
interpretation of the experimental transition entropy, 
AStT=24.8±\.9 J K" 1 mol"1 , by assuming that it is 



1924 Keiichi MORIYA, Takasuke MATSUO, Hiroshi SUGA, and Syûzô SEKI [Vol. 50, No. 8 

related to the ionic configurations by the expression 

AStt = R\n{WJWJ. 

Here, R is the gas constant, Wh and W{ the numbers 
of accessible ionic configurations in the high and low 
temperature phases, respectively. We assume that W\ 
is equal to unity, i.e., the ionic configuration is uniquely 
determined in the low temperature phase. The ionic 
disorder in the high temperature phase is assumed to be 
orientational rather than positional in the sense that the 
dositions of the nitrogen and iron atoms are fixed. We 
assume further that the [FeF6]

3~~ and NH4+ ions them­
selves are rigid so that they retain the O h and T d 

symmetries, respectively, in the crystal. O u r problem 
is then to enumerate the allowed ionic orientations 
compatible with the average face-centered cubic sym­
metry. The ammonium ion in the 8c position is 
surrounded by twelve fluorine atoms. At first sight, 
this seems to offer large number of orientations to the 
ammonium ion. However, a closer examination of the 
ionic environment shows that this is not the case. The 
twelve fluorine atoms are grouped into four sets, each 
belonging to one of the four iron atoms that form a 
tetrahedron around the ammonium ion. The other 
four corners, which, together with the four iron atoms, 
form the cube around the ammonium ion, are occupied 
by the other set (4b) of the ammonium ions. Therefore, 
the environment of the 8c ammonium ion is predom­
inantly tetrahedraL The ammonium ion will settle 
snugly into this tetrahedral environment without 
disorder. We assign zero configurational entropy to the 
8c ammonium ions. 

The ammonium ion in the 4b position is surrounded 
octahedrally by six fluorine atoms. We associate two 
distinct orientations with this ammonium ion, assuming 
that the stable orientation of the ion is such that each 
of the N - H bonds is directed to the unoccupied corner 
of the cube surrounding the ammonium ion. Evidently, 
there are two equivalent orientations of this type for 
each of the 4b ammonium ions. These orientations 
would be the most favorable, because it avoids too close 
a contact between the hydrogen and fluorine atoms. 
Thus far, we have treated the fluorine atoms as situated 
on the 24e position on the tetrad axis of the crystal. 
We consider next the possibility of the orientational 
disorder of the [FeF 6 ] 3 - ion. There are in general 
twelve types of positions (one general and eleven special) 
in the fee lattice. Of these positions, only 192a and 24e 
are acceptable as the fluorine site. The other special 
positions are incompatible with the rigid [FeF6]3~ ion. 
These statements are derived algebraically as follows. 
We express the position of the fluorine atom by (u v w), 
where the first, second and third positions in the paren­
theses designate, respectively, the x,y, and z coordinates 
of the atom. T h e coordinate axes are so chosen as to 
coincide with the cubic axes, the Fe atom being on the 
origin. Without loss of generality we may put 

u ^ v ^ \w\-
Here, u, v, and w are related to the F e - F bond length 

r by the following expression : 

u2 + v2 + w2 = r2. 

The rigidity assumption requires that the coordinates of 
the six fluorine atoms belonging to the iron atom should 
be 

(u v w), (u v w), 
(w u v), (w û v), (1) 
( v w u), (v w û). 

T h e three fluorine atoms on the left column in (1) are 
related to the three on the right through the inversion 
about the origin. T h e orthogonality condition of the 
first three Fe -F bonds are expressed by 

vw + wu + uv = 0. (2) 

One solution of this equation is 

u = r 
v = 0 
w= 0. 

(3) 

The six fluorine coordinates corresponding to this 
solution are 

(r 0 0 ) , ( r 0 0 ) , 
(0 r 0 ) , ( 0 f 0 ) , 
(0 0 r ) , (0 0 f ) . 

These are the 24e positions mentioned above and 
corresponds to the ordered orientation of the fluorine 
octahedron. I t should be noted that application of the 
O h site symmetry operations to this arrangement does 
not produce any different orientations. Another solu­
tion, which is of more interest, is given by 

u > v > 0, w < 0. 

This solution corresponds to the disordered orientation 
of the [FeF 6 ] 3 _ ion. There are eight distinct orientations 
of this type. T h e other seven are derived from the 
general expression (1) by successive application of the 
operations of the site symmetry O h as follows : 

(u v w) (w u v) (v w u), (4) 
( u w v ) (v u w) (w v u), (5) 
( u w v ) (v u w) (w v u), (6) 

(u v w) (w u v) (v w u), (7) 
(u v w) (w u v) (v w u), (8) 
(u w v) (v u w) (w v u), (9) 
(u w v) (v u w) (w v u). (10) 

Here, we have given only the coordinates of three 
fluorine atoms corresponding to the three on the left 
column of the expression (1). Other three are easily 
derived from them by the inversion operation. Figure 3 
illustrates the above argument. The eight orientations 
given by the expressions (1), (4), (5), •••, (10) correspond 
to the fluorine positions numbered as 1, 2, 3, •••, 8 in the 
Fig. 3. We conclude that the orientational entropy of 
the fluorine octahedra is either zero or R In 8. Inter­
mediate values of R In N ( iV=2, 3, 4, or 6) often en­
countered in various models or orientational disorder 
are incompatible with the rigidity of the ion or the 
equivalence of the fluorine atoms in the ion in the 
present crystal. 

Morfee et al.22) considered a similar situation in 
connection with a phase transition in K2[SnCl6] , but 
seem to have failed to take into account the restrictive 
nature of the fee symmetry. T h e transition entropy 
( — R In 2) of K2[SnClß] is too small to support this 
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Configurational entropy in the cubic phase 

2NH4+at tetrahedral site 5 = 0 

NH4+at octahedral site S=/?ln2 

[FeFsP- S=/?ln8 

total 5=/?ln l6 
=23.05 JK_ ,mor' 

obsd. 5=24.8±l .9 JK-'mol" 

""—-
\ / / 

\ \ 

—-̂  

[FeFe] NH4+at octahedral site 

Fig. 3. Orientational disorder of [FeF6]3~ and NH4+ 
ions in the cubic phase of (NH4)3[FeF6]. 

mechanism in this crystal. The total entropy AS of the 
ionic orientation is given by the sum of the contributions 
from the ammonium and hexafluoroferrate(III) ions: 

AS = R\n2 + Rln8 

= 23.05 J K-1 mol"1 

The experimental value of the transition entropy 24.8 ± 
1.9 J K _ 1 m o l - 1 is in close agreement with this value, 
giving a support to the disorder mechanism considered 
above. In recent papers Heyns and Pistorius23-24) 
considered a closely related structural disorders in 
K[PF 6] and K[AsF6] . From an entropy argument they 
concluded that the location of the fluorine atom may 
be smeared into a torus-like distribution instead of the 
eight distinct positions considered here. Precise deter­
mination of the electron distribution in these disordered 
crystals will be rewarding in this respect. 

Next we compare the behavior of the present crystal 
with those of NH 4 [PF 6 ] and (NH4)2[SiF6] crystals. 
NH4[PF6] has the NaCl structure at room temperature 
and undergoes phase transitions at 131.3 and 191.8 K. 
The total entropy change of the transitions is 19.7 
J K - 1 mol-1.10) T h e cubic modification of (NH4)2[SiF e] , 
on the other hand, has no phase transitions down to 
25 K,11) although a disordering of ammonium ion with 
quite different nature has been suspected.9) These 
observations, in conjunction with the structural informa­
tion outlined in the introduction, lead to a conjecture 
that presence of ammonium ion at the 4b site causes 
lattice instability which is restored at the higher tem­
peratures by increased orientational entropy pertaining 
both to the ammonium and hexafluoro-complex ions. 
If the ammonium ions are absent from the 4b positions, 
the cubic symmetry is maintained without invoking the 
ionic disorder. Consequently the crystal is expected to 
remain cubic down to the lowest temperature as does 
ammonium hexafluorosilicate. 

The concept of the ionic disorder is useful also for 
rationalizing the structural relation of (NH4)3[FeF6] 
with other alkali hexafluoroferrates(III). As pointed 

out earlier, replacement of the spherical ion by the 
tetrahedral ammonium ion enhances the symmetry of 
the crystal (Table 1). This observation is understood 
if the orientational disorder is taken into account as 
follows. As is well known, the relative stability of phases 
of a substance is determined by the enthalpy and 
entropy of the phases involved. In the ammonium salt, 
the highly symmetric environment of the ammonium 
ion is stabilized relative to the less symmetric ordered 
arrangement by the increased entropy due to the 
increased ionic disorder at the higher temperatures even 
if the disordered arrangement may be enthalpically less 
favorable. In contrast, such a stabilization due to the 
entropy effect is not available for the alkali salts because 
the alkali ions do not possess orientational degree of 
freedom. This explains the apparent paradox that less 
symmetric ammonium ion enhances the crystal sym­
metry in the A3[FeF6] type crystals. Other effects 
may also be responsible for the stabilization of the cubic 
phase of the ammonium salts. For instance, change 
in the ionic radius of the alkali ion will change the 
(tetragonal) axial ratio of the crystal. The axial ratio 
might happen to be unity with the ammonium ion. 
This would augment the tendency toward ionic disorder, 
and hence toward stabilization of the cubic phase. 

o-o-p-o-q-o-oio^ 

f.00 

160 240 
77 K 

280 

Fig. 4. Temperature dependence of the reduced ano­
malous entropy (S0—S(T))/S0 (-Q-0-, present data) 
and the Mössbauer line width ( - 0 - 0 - 0 - , from Ref. 
3). 

Finally we discuss briefly the temperature dependence 
of the anomalous heat capacity of (NH4)3[FeF6] crystal. 
In Fig. 4, the quanti ty (S0—S(T))IS0 is plotted against 
the temperature, together with the temperature depend­
ence of the Fe Mössbauer line width.3) Here , S(T) is the 
anomalous part of the entropy at the temperature T and 
S0 is the high temperature limit of the entropy. This 
quanti ty is equivalent to the square of the order param­
eter in the Landau theory of phase transitions of the 
second kind.25) These two quantities change similarly 
with the temperature , implying that there is a close 
relation between the ionic ordering and the relaxation 
mechanism of the iron nuclear spin. In the Mössbauer 
study,3) the nuclear quadrupole effect is a priori neglected 
in the cubic phase. Although the iron environment is 
certainly cubic on the average, our model proposed 
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above for the ionic disorder implies that it deviates 
from the cubic symmetry if observed in a short duration 
of time.26) T h e Mössbauer data3) seem to set an upper 
limit for the time during which the proposed local 
non-cubic ionic arrangement persists : it is less than the 
electronic relaxation time 10~9—10 -11 . I t may be noted 
that the averaging to the octahedral symmetry is 
effected by random jumping of the [FeF6]3~ ion over 
the eight configurations illustrated in Fig. 3. I t is not 
necessary for the anion to reorient by 90°. T h e former 
smaller-scale reorientation would involve a smaller 
barrier to be overcome, and thus would be consistent 
with the small value of the orientational life t ime. In 
passing, Fig. 4 indicates clearly that the phase transition 
is of the first order. T h e total entropy change, 24.8 ± 1 . 9 
J K" 1 m o l - 1 is absorbed gradually up to 6.3 J K _ 1 m o l - 1 

and the remaining part is absorbed isothermally at the 
transition point. 

Landau 's thermodynamic theory predicts that the 
anomalous heat capacity Can follows the temperature 
dependence: ^ = A(Tt-T)-u*, 

provided that the temperature is not too close to the 
critical value. Figure 5 illustrates an a t tempt to fit the 
expression to the experimental anomalous heat capacity. 
The parameter Tk was so chosen as to yield the widest 
linear portion in the plot. Actually, the experimental 
points fit closely to the linear plot up to the onset of the 
first order effect. This means that we are not in the 
critical region even at the transition temperature . T h e 
large value of the isothermally absorbed entropy is in 
line with this observation. A conclusion drawn from 
the favorable comparison with the Landau theory as 
shown in Fig. 5 is that a restriction is placed on the 
crystal symmetry of the low temperature phase: the 
space group of the low temperature phase is a subgroup 
of the space group of the cubic phase. This is not 
particularly informative for the present crystal because 
the high temperature phase involved has the highest 
symmetry Fm3m. 

0.30h 

0.20k 

o.io}-

0.20 

Fig. 5. Cp/T plotted against (Tk-T)-V2 with Tk= 
272.8 K. Linearity of the plot implies conformity of 
the anomalous heat capacity to the Landau theory. 

We are grateful to Mr. Mitsuo Ohama for the 
measurements of the R aman spectra and to Messrs. 
Masakazu Okumiya and Hiroshi Minari for the chemical 
analyses. 
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The 35C1 nuclear quadrupole spin-lattice relaxation time, 7\, in (CH3NH3)2MC16 (M=Sn and Pt) was measur­
ed from 4.2 to 434 K in order to clarify the dynamic aspect of the phase transitions at 156 and 125 K respectively. 
The relaxation process in both low-temperature phases is dominated by the rotational vibration of the octahedral 
[MC16]2- ions. Far above the transition point, TtT, the 7\ decreases very rapidly with an increase in the tempera­
ture. This indicates that each octahedron reorients about its threefold axis, with the activation energies of 7 7 ^ 3 
for [SnCl6]2- ions and g S i l O k J m o l - 1 for [PtCl6]2- ions. At Ttr, the log(Tys) vs. kK/T curve shows a distinct 
minimum, as in some K2PtCl6-type compounds. This anomalous behavior can be explained in terms of a soft 
rotary mode of the [MCle]2- ions. The softening is estimated to be about 60%, according to Armstrong's approach. 

Most hexahalogenometallates(IV) with cubic anti-
fiuorite structures of the K2PtCl6 type are known to 
undergo structural transitions to low-temperature phases 
of less symmetric structures. Recent studies of the 
nuclear quadrupole resonance (NQR) in these crystals 
have shown that their N Q R frequencies and relaxation 
times near the transition points are greatly affected by 
the condensation of rotary lattice modes.*> 

O n the other hand, methylammonium hexachloro-
metallates (IV) form rhombohedral R 3 m crystals with 
a slightly deformed antifluorite structure.2»3) Very 
recently, K u m e et al. have, from 35C1 N Q R measure­
ments, found phase transitions in (CH 3NH 3 ) 2SnCl 6 and 
(CH3NH3)2PtCl6 at 156 and 125 K respectively.4) In 
interpreting the unusual behavior of the N Q R frequency 
at the transition point, they suggested the existence of a 
soft mode involving the libration of the complex anions. 
On the other hand, the results of proton second moments 
and spin-lattice relaxation times showed that the 
methylammonium ion is reorienting as a whole about 
its three-fold symmetry axis in the low-temperature 
phase, giving rise to a deep minimum of 7 \ at about 
53 K for 60 MHz.5) As the temperature increases 
toward the phase-transition point, the correlation times 
of the individual motions of C H 3 and N H 3 groups 
become very different. Consequently, another shallow 
minimum of Tx appears on the high-temperature side 
of the deep minimum, but a few tens of degrees below 
Ttr. This second minimum may be ascribed to the 
dipole-dipole interaction between the C H 3 and N H 3 

groups in the cation. Just at Ttr, however, the proton 
T'j vs. \jT curve showed no appreciable discontinuity, 
suggesting that the motion of the cation may play a 
rather indirect role in the phase transition.5) 

In general, spin-lattice relaxation times for quadru 
polar nuclei are very sensitive to EFG (electric field 
gradient) fluctuations associated with the phase transi­
tion. The present study of the 35C1 nuclear quadrupole 
relaxation has been undertaken in order to clarify the 
motion of the [MC16]2- anion in (CH3NH3)2MC1G(M = 
Sn, Pt), and also in order to ascertain whether or not it 
is responsible for the phase transition, as was suggested 
in previous papers.4 '5) 

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

The spin-lattice relaxation time of 35C1 were measured with 
a Bruker pulsed NMR spectrometer (B-KR 322s 4—62 MHz). 
A boxcar integrator or a NIC 1074 signal averager was set 
up after the spectrometer in order to increase the SN ratio. 
The 7\ was determined by a 90°-f-90°-r-180° pulse sequence 
and by fitting the echo amplitude to the A(t) = A0[l — exp( — tj 
7^)] equation for a fixed t'. In the temperature range studied, 
the recovery of the nuclear magnetization was well described 
by a single exponential function. The error of each Tx value 
is within about 5%. The T2 was measured by means of a 
90°-//2-180° spin echo pulse sequence and by fitting the echo 
amplitude to A (t) = A0 exp[ — (tj T2)

2~\. For both compounds, 
the 7*2 values were temperature-independent at 550 \x&, except 
above 330 K. 

The powdered samples of methylammonium hexachloro-
stannate(IV) and its platinum analogue were the same as 
those used in the earlier NQR and proton NMR experi­
ments.4-5) 

The sample temperature was measured with a copper vs. 
constantan thermocouple and was controlled with an esti­
mated accuracy of ±0.5 K below and ± 1 K above room 
temperature. Temperatures lower than 77 K were obtained 
by allowing the sample to warm from the temperature of 
liquid helium and measured with a gold-cobalt vs. copper 
thermocouple. 

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

The nuclear quadrupole interaction Hamiltonian is 
given by 

^ Q = S„Q,„F„ /i = 0 , ± l , ± 2 , (1) 

where the Q,tt's are the quadrupole operators and the 
FVs, the electric-field-gradient components. Each V* 
can be expanded as a power series in the relative 
displacements or fluctuations of the nuclei from their 
equilibrium positions. Thus, the time-independent 
terms are responsible for the N Q R frequency, vq, while 
the t ime-dependent ones are responsible for the spin-
lattice relaxation.6) 

The compounds studied gave one N Q R line in both 
the low- and high-temperature phases,4) consistent with 
the crystal structure proposed by an X-ray diffraction 
study.3) It was confirmed that the Vq- T curve exhibits a 
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Fig. 1. A plot of the 35C1 spin-lattice relaxation time in 
^(CH3NH3)2SnCl6 as a function of \jT. 

of (CH 3NH 3) 2SnCl 6 (Fig. 2). This indicates that the 
relaxation process and the mechanism of the phase 
transition can be interpreted from the same standpoint 
for both compounds. 

Low-temperature Region. Armstrong et al. have 
extensively studied the lattice dynamics and phase 
transitions in cubic antifluorite-type crystals, R 2 MX 6 , 
and in cubic perovskite-type CsPbCl3 by means of N Q R 
spectroscopy.1) They have derived theoretical equations 
for the quadrupole relaxation time and have pointed out 
that the most dominant relaxation process for the X 
nuclei is the anharmonic R a m a n process, with a rotary 
lattice mode of the [ M X ß ] 2 _ octahedron. O n the other 
hand, the internal vibration is less important than the 
former process, and so its contribution is negligible. 
According to them, 

rr 1 = CT2/W5, (2) 

where Cis a constant depending on the crystal structure, 
and cö, the zone-averaged rotary mode frequency. Then, 
7 \ - 1 would be proportional to T2 in a stable lattice such 
as CsgPtClg.1) The C coefficient is much too complicated 
to estimate for the rhombohedral lattice, although it was 
estimated for the cubic K2PtCl6-type structure.1) 
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Fig. 2. A plot of the 35C1 spin-lattice relaxation time in 
(CH3NH3)2PtCl6 as a function of 1/7*. 

small, but distinct cusp-shaped reduction in a narrow 
temperature range about the Ttr. This cusp may be 
due to certain fluctuations enhanced as the transition 
point is approached, probably caused by soft librational 
modes of the octahedron, in analogy with KaPtBrß.1) 

The 35C1 spin-lattice relaxation times in (CH 3 NH 3 ) 2 -
SnCl6 are shown in Fig. 1 as a function of the inverse 
temperature. A distinct minimum was found at Ttr, 
in contrast to the proton spin-lattice relaxation time, 
which does not show such an anomaly.5) T h e tempera­
ture dependences of the 35C1 7^, as well as of the N Q R 
frequency, of (CH 3NH 3 ) 2PtCl 6 are very similar to those 

M 4 
\ / 

- (CH3NH3)2SnCl6 

* (CH3NH3)2PtCl6 

100 200 300 

T/K 

Fig. 3. Temperature dependences of (7 \ T2)1/5 in (GH3-
NH3)2SnCl6 and in (CH3NH3)2PtCl6. 

In Fig. 3 the (7\T ' 2 ) 1 / 5 value is plotted against the 
temperature in order to see whether or not Eq. 2 holds 
even in the vicinity of Ttr.^ Far below or above Ttr, 
the (7 \T ' 2 ) 1 / 5 is nearly constant, indicating that T-^1 

oc T2. The Tx measurement was further extended to 
the region from 77 to 4.2 K only on the platinate 
complex, as Fig. 4 shows. T h e Tx~

x data in this tempera­
ture region show no T2 dependence, because the high-
temperature approximation breaks down in Eq. 2. In 
such a case, the 7 \ _ 1 is expressed by: 

TV1 = C'sinh-2 (fiäjßkT). (3) 

The temperature dependence of Tt (Eq. 3) is shown in 
Fig. 4 by a full line with parameters of C = 2 . 6 9 s - 1 and 
ftcö/&=137 K. The agreement between the calculated 
and observed values below 80 K indicates that the 
relaxation of the 35C1 nuclei is associated with the 
harmonic rotational vibration of the octahedron in 
this temperature region. 

Phase-transition Region. The anomalous behavior 
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Fig. 4. The 35G1 spin-lattice relaxation rate as a function 
of T2 in (GH3NH3)2PtCl6. The full line was calcu­
lated by Eq. 3. 

of Tx around Ttr is very similar to that of R 2 MX 6 , 
which has the antifluorite structure.1) This deep, 
distinct Tx minimum in (CH3NH3) 2MC16 suggests that 
the phase transition is ascribable to a softening of a 
rotary lattice mode of the octahedron. If this is the 
case, then, according to Eq. 2, the temperature depend­
ence of (T'jT'2)1/5 reflects the variation in the average 
rotary mode frequency. T h e value of {T1T

T)1/h was 
reduced by about 60% as the Ttr was approached from 
above for both compounds (Fig. 3). Referring to 
Armstrong et al., this reduction denotes a 60% apparent 
softening of a rotary mode frequency, which is com­
parable to the 40 and 5 8 % softening of zone-center 
phonons in K2PtBr6 and (NH4)2PtBr6 respectively 
obtained from the Br Tx measurements.1) 

Such softening of some rotary mode of the [SnCl 6 ] 2 -

or [PtCl e ] 2 _ octahedron suggests the possibility of a 
lowering of the crystal symmetry in the low-temperature 
phase, as is found in cubic R 2 M X 6 . An X-ray study was, 
therefore, performed on the tin complex in our labora­
tory.3) It revealed that the space group (R3m) and 
crystal structure are unchanged on passing through Ttr. 
Moreover, the X-ray results suggested that a k—0 

acoustic mode softens to make a bulk deformation 
without any structural change. This mode, however, 
could not explain the 7*-, anomaly occuring at T^.1) 
It is, therefore, conceivable that the tilting of the 
octahedra is too small to be detected by X-ray diffrac­
tion. 

High-temperature Region. At high temperatures 
(above 300 K ) , a rapid decrease in Tx occurs exponen­
tially with a decrease in l/T, showing that another 
relaxation mechanism is dominant . This process is 
attributable to the hindered rotation of the [MC16]2-
octahedron, probably around its three-fold axis, which 
coincides with the triad axis of the rhombohedral cell. 
The relaxation t ime is given as 

T^C.ToexpiEJRT) (4) 

where G is a constant, equal to 2/3 for the C 3 rotation of 
octahedra.7) By fitting the da ta in Figs. 1 and 2 to 
Eq. 4, the activation energies (Ea) of the hindered 
rotation were determined to be 77d=3 for the [SnCl 6 ] 2 -

ion and 9 5 ± 1 0 k J mol" 1 for the [PtCLJ 2 - ion. These 
values are comparable to 78.7 and 76.6 k J m o l - 1 for 
the C4 rotation in cubic K 2 PtCl 6 and K 2 I rCl 6 respec­
tively.1»8) 

The authors wish to express their thanks to Professor 
Ryôiti Kir iyama for his continuous encouragement and 
to Dr. Katsuki Ki tahama for his helpful comments. 
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A nondestructive photon activation with 30 MeV bremsstrahlung has been applied to the multielement deter­
mination in the pelagic sediments in a region of the Pacific Ocean. The abundances for 6 major and 10 trace ele­
ments were measured in several deep-sea floors and the core samples, discussion being given on the results. 
Determination of trace elements such as Cr, Co, Ni, and Sr is valuable because of their geochemical significance. 

The essential problem involved in the geochemistry 
of deep-sea sediments is to establish the distribution and 
original source of a number of their elements. Although 
research has been performed for this purpose, it seems 
to be insufficient. I t is desirable to develop a method by 
which it is possible to analyze samples for wide spectra 
of elements. 

T h e importance of photon activation, mainly with 
30 M e V bremsstrahlung, as a nondestructive multiele­
ment analytical technique has been stressed for several 
years. A number of papers have been presented describ­
ing methods and application, ranging from the measure­
ments of a number of the elements in round-robin 
materials1-3) to the environmental pollution research.4-7) 
T h e availability of a comprehensive body of basic 
reference data in the form of photonuclear reaction 
yields,8-10) sensitivities,9»10) and gamma rays emitted 
from numerous products11) pertaining to 30 M e V 
bremsstrahlung activation with a linear electron 
accelerator (Tohoku University) has made the method 
feasible for further application to a wide variety of 
materials. This paper deals with the nondestructive 
determination for several major and trace elements 
present in océanographie samples, including several 
pelagic deep-sea floor sediments and selected core 
samples of the Pacific Ocean, obtained by the Geophy­
sical and Geological Research Project planned and 
carried out under the auspices of the Ocean Research 
Institute, the University of Tokyo (1973). T h e meth­
odology of photon activation analysis in geochemical 
application has been reported.1»2'10) We will descibe 
some additional comments in individual determinations 
and discuss the results. 

Exper imenta l 

Materials. The study was carried out on the pelagic 
sediments collected in a region of the Western Equatorial 
Pacific. The sampling sites, depths and core lengths are given 
in Table 1. The deep-sea floor sediments which were dredged 
were dark brown and fairly homogeneous. The core samples 
consist of piston cores, about 10 m long. The core column 
was cut into segments each 1 cm thick along its entire length, 
and selected specimens were subjected to analyses. Age was 
determined on the basis of calcareous organisms and found to 
be ca. 2 million years at the bottom of the 10-m core.12) Each 
sample was dried at 70 °C for 24 h, crushed and mixed in an 
agate mortar to attain homogeneity. 300 mg of the dried 

t Present address; College of General Education, Tohoku 
University, Kawauchi, Sendai 980. 

TABLE 1. DEEP-SEA SEDIMENTS ANALYZED 

Floor samples 

Sample Location Depth (m) 

F-l North Philippine Basin 
Lat. 21°55.8'N Long. 133°02.8'E— 

Lat. 21°51.5'N Long. 133°00.9'E 
F-2 North Fiji Basin 

Lat. 08°00.3'S Long. 172°49.4'E— 
Lat. 07°58.3'S Long. 172°44.9'E 

F-3 Central Basin fault in Philippine 
Basin 
Lat. 16°09.1'NLong. 130°33.4'E— 

Lat. 16°15.0'NLong. 130°36.6'E 
F-4 Mariana Basin 

Lat. 13°44.0'N Long. 151°30.5'E 
F-5 Mariana Basin 

Lat. lP01.6'NLong. 149°53.6'E 

F-6 Mariana Basin 

Lat. 10°11.7'NLong. 149°16.7'E 

F-7 North Fiji Basin 
Lat. 15°00.0'S Long. 172°22.5'E 

Core samples 

5618—5622 

5350—5375 

6500—6200 

5600 

6030 

6000 

4150 

Sample Location Depth 
(m) 

Core 
length 

C-l Mariana Basin 5920 668 
Lat. 12°37.8'N Long. 151°30.5'E 

C-2 Melanesia Basin 4170 1115 
Lat. 02°41.3'N Long. 164°50.2'E 

C-3 Melanesia Basin 4000 1163 
Lat. 01°33.2'S Long. 167°38.6'E 

sample was wrapped in a small piece of aluminum foil and 
then compacted into a disc, diam. 9 mm, height 4 mm. The 
JB-1 basalt was used as a multielement comparative stand­
ard, because of the well-characterized nature of the matrix 
and the known elemental composition. The abundances of 
the elements of interest were taken from the data compiled by 
Ando et a/.13) An amount weighing 300 mg was wrapped in 
a small piece of aluminum foil and made into a diam. 9 mm 
disc. To assess the magnitude of interference, foils of iron 
with diam. 9 mm were made from a thin sheet of pure iron, 
about 10 (i.m thick, with a chemical purity of 99.99%. A 
unit of materials to be irradiated consists of a sample disc, 
two standard discs and four iron foils. They were stacked in 
a silica tube with the standard discs placed on both sides of 
the sample and the iron foils between them and at the front 
and back of the unit for simultaneous irradiation. The 
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photon flux gradient along the length of this unit was about 
10%. 

Irradiation. Bremsstrahlung irradiation was carried out 
with a linear electron accelerator. Typically, a 70 \LA beam 
of 30-MeV electrons was made to impinge on a 2 mm thick 
platinum converter. Details involving irradiation assembly 
and converter-sample configuration have been reported.8-10) 
After irradiation for 4—5 h, the wrapping foil was rejected and 
the content of each sample was again wrapped in fresh alumi­
num foil for gamma-counting. 

Counting and Abundance Determination. The counting equip­
ment consists of a 68 cm3 Ge(Li) detector, Canberra Model 
7200-7600-1423. Its output was coupled to a 4096-channel 
pulse height analyzer (Toshiba Electric Co., Ltd.). Details 
involving counting, characterization of gamma rays and quan­
titative treatment of the spectrum data were essentially the 
same as reported.10) A mean specific activity for any specified 
gamma ray in terms of the peak areas from the standard discs 
on both sides was used for calculating the abundance of the 
element in question. Because of the adverse nuclear proper­
ties, aluminum was determined separately by means of spec-
trophotometric measurement followed by solvent extraction 
with 8-hydroxyquinoline.14) 

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

As in the multielement analysis of standard rocks,1»2) 
6 major and 10 trace elements were subjected to deter­
mination. Pertinent nuclear data for the reaction 
products are given in Table 2 together with the optimal 
time intervals for measurement after irradiation and 
practical detection limits. T h e practical detection limits 
were estimated from the spectral data of the JB-1 rocks. 
They are the amounts of the elements giving a full-
energy peak area corresponding to three times the 
standard deviation of the area under the peak of interest, 

with 5 h irradiation time with a 70 [iA beam of 30 M e V 
electrons, counting at optimal time intervals given in 
Table 2. We see that major elements (Ga—Ti) in 
crustal materials can not be highly activated. This 
turns out to be advantageous over competing methods 
when simultaneous multielement determination is the 
goal. In thermal neutron activation analysis, the full 
capability of the method might be restricted by high 
levels of interference, such as that from 24Na. Such 
difficulty is not inherent in the present method. Nonde­
structive analysis of several specific elements such as Nb , 
Y, and Zr, not readily determined by thermal neutron 
activation analysis, is significant in geochemical sub­
stances. Comments are given on the individual deter­
minations in the following. 

T h e results for calcium are the average values obtained 
for each of the 374 and 617 keV peaks of 43K, and the 
1298 keV peak of 47Ca. W h e n the values obtained from 
these three different peaks were averaged, the relative 
deviations from the means were w i t h i n ± 2 % for all of 
the samples studied. T h e samples were relatively high 
in t i tanium. For t i tanium, therefore, the 1121 keV peak 
of 83.9 d 46Sc was given prior consideration, because 
of the favorable peak-to-background ratios obtained at 
longer decay times. For the sake of confirmation, the 
gamma rays from 47Sc and 48Sc were used. 

The inter-element interference problems can be found 
in Table 3 in which major competing reactions yielding 
nuclides identical to those used for abundance deter­
minations are given. In some cases, neutron-induced 
reactions other than the photonuclear processes are the 
major sources of interferences. Degrees of their contribu­
tion were determined from relative probability of 
forming pertinent nuclide through different reaction 

TABLE 2. PERTINENT NUCLEAR DATA AND DETECTABILITY OF THE PRODUCTS 

Element Process Product 
nuclide Half-life 

y-Ray used 
for deter­
mination 

(keV) 

Other y-rays 
observed 

Suitable 
decay 

time for 
measurement 

Detection 
limit 

Ca 

Fe 
Mg 

Mn 
Na 
Ti 

Ba 
Ce 
Co 
Cr 
Nb 
Ni 
Rb 
Sr 
Y 
Zr 

(y»p) 

(y,n) 

(r,p) 
(y>p) 

(y,n) 

(y>n) 
(y»p) 

(y»n) + (y,/) 
(y,n) 
(y»n) 
(y,n) 
(y,n) 

(y»n) 
(y,n) 
(y,n) 
(y,n) 
(y>n) 

«K 

47Ca 
5 6 M n 

a4Na 

MMn 
32Na 
«Sc 

135mBa 

13»Ce 
58Co 
51Cr 
92mNb 
5 7 N i 

84Rb 
87mSr 
8 8 y 

8 9 Z r 

22.4h 

4.53d 
2.576h 

15.0h 

303 d 
2.60 y 

83.9d 

28.7h 
140 d 
71.3d 
27.8d 
10.16d 
36.0h 
33.Od 

2.83h 
108 d 

78.4h 

374 
617 

1298 
847 

1368 

835 
1275 
1121 

268 
166 
811 
319 
934 

1378 
881 
388 

1836 
910 

219, 394, 593, 
990, 1021, 
1524 (42K) 
160 (47Sc), 488, 808 
1811,2110 
1732 (DE), 
2243 (SE), 2754 

1786 (sum) 
889, 160 (47Sc), 

1—2d 
1—2d 

10—15 d 
2—5 h 
1—2d 

> 1 0 d 
> 1 0 d 
> 1 0 d 

893, 1040, 1314 (48Sc) 

145 (141Ce) 

1757, 1918 
1076, 1897 

898 

1—2d 
30—40 d 
30—40 d 
10—15d 
10—15 d 
1—2d 

10—15 d 
2—5 h 
> 1 0 d 
2—3d 

123 
200 

470 
400 

37 

5.2 
82 
32 

37 
1.0 
2.1 

13 
0.5 

19 
2.6 
3.9 
1.0 
1.1 
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TABLE 3. MAJOR INTERFERENCES IN MULTIELEMENT PHOTON ACTIVATION ANALYSIS 

Element to 
be detected 

Ca 

Fe 
Mg 

Mn 
Na 

Ti 
Ba 
Ce 
Co 
Cr 
Nb 
Ni 
Rb 
Sr 
Y 
Zr 

Competing 
reaction 

45Sc(y, 2p)43K 
«Ti(y, 2p)47Ca 
55Mn(n,y)56Mn 
27Al(n,a)24Na 
23Na(n,y)24Na 
56Fe(y,pn)54Mn 
24Mg(y,pn)22Na 
27Al(y,an)22Na 
51V(y,<xn)46Sc 
140Ce(y,an)135mBa 
141Pr(y,pn)139Ce 
60Ni(y,pn)58Co 
56Fe(y,an)51Cr 
94Mo(y,pn)92mNb 
None 
86Sr(y,pn)84Rb 
89Y(y,pn)87mSr 
90Zr(y,pn)88Y 
94Mo(y,an)89Zr 

Effect of 
interference 

Sc /Ca=7.2xl0 1 

(T i /Ca-éx lO 1 ) 
Mn/Fe=2.8 
Al/Mg=206 
Na/Mg=225 
F e / M n = 1 . 2 x l 0 2 

M g / N a = 7 . 7 x l 0 1 

Al/Na= 1.3X103 

V / T i = 5 . 7 x l 0 2 

(Ce/Ba=9xl02) 
(Pr /Ce=2xl0 3 ) 
N i / C o = 7 . 2 x l 0 1 

Fe/Cr= 1.6X104 

M o / N b = 1 . 7 x l 0 3 

S r / R b = l . l x l 0 4 

Y / S r = 5 . 9 x l 0 2 

Z r / Y = 4 . 3 x l 0 2 

M o / Z r = 2 . 3 x l 0 4 

Interfering contribution 

JB-1 

6.0X10-4 

(0.3) 
0.66 
0.79 
0.20 

31 
2.8 
0.28 

4.6 x 10-» 
« 0 . 0 2 ) 

— 
4.6 
0.96 
0.07 

0.10 
0.01 
1.4 

7 x l 0 - 4 

Sediment 

neg. 
neg. 

1.6—8.3 
0.7—1.7 
0.4—1.4 

3—17 
0.4—1,5 

0.06—0.2 
neg. 
neg. 
neg. 

1.3—8.4 
2.2—10.2 

neg. 

0.005—0.9 
0.002—0.08 

0.2—1.2 
neg. 

(%) 

Earth's crust 

7.3X10-4 

(0.3) 
0.60 
2.0 
0.53 

33 
1.1 
0.26 
0.004 

« 0 . 0 2 ) 
(0.007) 

4.0 
3.4 

4.4X10-3 

0.038 
0.015 
1.2 
4 x l 0 - 5 

paths. T h e effects of interferences were expressed as a 
ratio of the weights of the elements to produce same 
amounts of nuclide under consideration. T o evaluate 
the effects, the yield data for the reactions of various 
types obtained on irradiat ing a series of individual 
elements under comparable conditions to those used for 
samples9* were used. T h e values in parentheses are not 
experimentally obtained, but estimated from the yield 
data as a function of atomic number.9) Interfering 
contributions thus evaluated are for several matrices. 
Values for the sediments are interfering contributions 
for the samples used in this work. In order to provide 
information on geochemical application of this method, 
corrections necessary for the average composition of 
the earth's crust were also calculated in Table 3. For 
this purpose, the abundance data compiled by Turekian 
and Wedepohl15) were used. 

A severe interference problem is the 5 6Fe(y,pn)5 4Mn 
contribution to the total 5 4Mn activity in the manganese 
determination. Corrections required for the samples 
were made by using the production rate ratio, 5 4Mn/ 
5 6Mn, found in the irradiated iron foils.1'2) However, 
it was found that the ratio varies depending on the con­
verter-material configuration in an irradiation system. 
An increase of 3 % of the ratio obtained in the front foil 
was found in the back foil in the material unit. In such 
cases where the interfering contributions turn out to be 
very large, careful corrections should be made by using 
monitor foils irradiated under identical conditions to 
those used for samples. T h e 27Al(n,a)24Na contribution 
to the total 24Na activity was estimated from the alumi­
n u m values determined spectrophotometrically. Correc­
tions required for the samples studied were less than 2 % . 
Thus this source of interference may not be serious. 

All elemental abundances are given in Tables 4 and 
5. Reproducibility and reliability of the method have 
been demonstrated by analyzing a series of standard 

rocks of various types.1»2) T h e abundance values 
obtained were reproducible: The average relative 
deviations for all the elements determined, based on the 
duplicate samples, were within 4 % . Agreement of the 
results with published data was excellent. Although no 
replicate analyses were made on each of the samples, we 
estimate that the overall uncertainties associated with 
individual determinations for all of the elements studied 
are within ± 1 0 % . 

The sodium values will be high to some extent because 
of sea water which was trapped within the accumulating 
sediments. T h e floor samples F-6 and F-7 are very high 
in calcium. The marked difference coincides with a 

TABLE 4. ELEMETAL ABUNDANCES OF DEEP-SEA 

FLOOR SEDIMENTS 

Samp 

F-l 
F-2 
F-3 
F-4 
F-5 
F-6 
F-7 

Sample 

F-l 
F-2 
F-3 
F-4 
F-5 
F-6 
F-7 

Ca 

1.04 
1.80 
1.03 
1.17 
1.25 

21.2 
27.6 

Ba Ce 

425 79 
626 64 
223 99 
410 102 
376 90 
220 40 
314 17 

Fe 

4.97 
7.12 
7.26 
5.89 
5.60 
3.56 
3.53 

Co 

56 
88 

146 
106 
91 
47 
18 

Major 

Mg 

1.74 
2.14 
2.04 
1.92 
2.02 
2.18 
1.04 

element 

Mn 

(%) 

Na 

0.98 3.27 
1.35 4.96 
1.85 3 
0.55 3 
0.56 3 
0.31 1 
0.36 2 

.01 

.02 

.74 

.89 

.26 

Trace element (ppm) 

Cr Nb Ni 

60 6.4 85 
39 5.2 188 
86 8 .9 178 
87 9.2 176 
73 8.0 166 
75 5 
29 1 

.4 121 

.5 17 

Rb 

273 
58 

180 
359 
245 
114 
58 

Ti 

0.34 
0.46 
0.50 
0.52 
0.53 
0.42 
0.17 

Sr 

182 
243 
198 
178 
185 
699 

1218 

Al 

6.30 
5.47 
7.16 
6.86 
6.29 
3.20 
1.83 

Y Zr 

31 166 
78 125 
44 143 
76 175 
72 167 
49 108 
28 29 
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TABLE 5. ELEMENTAL ABUNDANCES OF CORE SAMPLES 

Sample 

C-1 

C-2 

C-3 

Depth in 
core 
(cm) 

Top of core 
Bottom of 
core (668) 

9—10 
205—206 
405—406 
605—606 
805—806 

1005—1006 
1105—1106 

105—106 
205—206 
305—306 
405—406 
605—606 
805—806 
905—906 

1055—1056 
Bottom of 
core (1163) 

C a ^ 

0.87 

0.86 

34.3 
35.4 
33.2 
21.8 
27.4 
26.3 
29.4 

35.3 
29.8 
33.4 
33.0 
34.2 
34.1 
34.1 
32.0 

31.8 

Major element (%) 

Fe 

7.15 

7.03 

0.92 
1.04 
1.20 
2.43 
1.84 
1.35 
1.59 

0.77 
1.08 
1.22 
0.82 
1.12 
0.90 
0.87 
1.24 

1.02 

Mg 

2.08 

2.15 

0.44 
0.40 
0.50 
0.84 
0.72 
0.50 
0.60 

0.35 
0.38 
0.50 
0.34 
0.44 
0.41 
0.38 
0.46 

0.45 

Mn 

1.54 

1.91 

0.063 

0.14 
0.07J 
0.10 
0.089 

0.080 

0.15 

0.16 
0.078 

0.13 
0.06! 
0.069 

0.070 

0.085 

0.12 

0.099 

Na 

3.04 

3.37 

1.19 
1.08 
1.19 
1.60 
1.57 
1.42 
1.60 

1.17 
1.12 
1.32 
0.98 
1.12 
1.17 
1.08 
1.27 

1.26 

Ti 

0.58 

0.61 

0.096 

0.12 
0.12 
0.20 
0.15 
0.12 
0.12 

0.04J 
0.085 

0.10 
0.065 

0.10 
0.08i 
0.057 

0.068 

0.13 

Ba 

332 

479 

347 
225 
623 
611 
547 
432 
501 

328 
330 
751 
371 
399 
419 
505 
739 

712 

Ce 

1Ö9 
87 

7.6 
7.3 

11 
23 
16 
12 
8.5 

4.4 
7.6 
8.8 
6.7 
7.8 
7.1 
7.1 
8.3 

7.8 

Trace element (ppm) 

Co Cr 

TÏ5 84~" 

129 70 

12 26 
11 22 
8.5 26 

24 50 
19 29 
8.8 20 

22 27 

7.4 11 
7.4 14 

12 19 
6.8 9. 
7.5 17 
9.1 11 

11 9. 
13 21 

14 8. 

Nb 

6 .4" 

8.4 

1.2 
0.8 
1.1 
2.2 
1.8 
1.2 
1.4 

0.7 
0.4 
0.4 

1 0.6 
0.8 
0.8 

5 0.2 
0.7 

0 0.9 

Ni 

181 

306 

31 
41 
27 
64 
46 
25 
45 

49 
17 
39 
18 
23 
18 
19 
33 

29 

Rb 

208 

125 

14 
11 
16 
26 
22 
17 
20 

6 
8 

12 
8 
9 
6 
5 

10 

11 

Sr 

197 

210 

884 
1000 
1600 
1880 
1490 
1340 
1390 

1380 
1580 
1520 
2040 
1970 
1560 
1470 
1310 

1380 

Y 

80 

101 

18 
17 
23 
42 
35 
29 
34 

18 
22 
31 
20 
24 
27 
25 
31 

20 

Zr 

195 

193 

21 
20 
29 
56 
41 
31 
38 

14 
20 
27 
17 
22 
19 
16 
20 

23 

considerable amount of calcareous shell materials found 
in them (Table 4).12) These two samples were the 
carbonate type sediments and could be distinguished 
visually from the other clay type sediments. T h e 
carbonate compensation depth occurs at 3500 m in the 
Pacific Ocean.16) Since the samples were collected at 
depths below it, the high contents of calcium can not be 
attributed to descent from the overlying water. Major 
parts of calcium in these samples may thus be due to 
calcareous organisms originating in the seamount which 
is located near the sampling sites. The deep-sea sediment 
of the carbonate type has only a relatively low content 
of most of trace elements, while the clays are generally 
rich in trace elements as compared to the carbonates.16) 
The results in Table 4 show a typical pat tern of this sort 
in the elemental composition. Strontium is an exception 
to this category. A similar exception has also been 
reported.15) Samples F-3, F-4, and F-5 seem to be high 
in some trace elements such as Co, Cr, and Ni. 

Of the core samples tested, C-1 sample contained less 
calcium at both the top and bottom of the core column. 
The elemental composition of this core can be related 
to the clay type sediments. In contrast, the other two 
core samples are highly calcareous and are characterized 
by their low contents of other major and trace elements 
except strontium. Each core sample is homogeneous 
in the elemental composition along the core column. 
No direct evidence of the early diagenesis or post-
depositional migration of the elements has been obtained. 

In conclusion, photon activation analysis with 30 
MeV bremsstrahlung provides useful information on 
the elemental distribution in deep-sea sediments. The 
technique is nondestructive and can provide reliable 
abundance data for a t least 6 major and 10 trace 
elements of geochemical significance. 
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Polarographie Behavior of Chloramine-T in an Acidic Solution 
at a Rotating Platinum Electrode 
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The Polarographie behavior of chloramine-T at a rotating platinum electrode has been investigated in an 
acidic solution. Chloramine-T gives a well-defined reduction wave at a relatively positive potential. This is 
found to be due to the reduction of the non-ionized species of iV-chloro-p-toluenesulfonamide and of dichloramine-T 
produced by disproportionation reaction of chloramine-T. The chemical process attributed to the dispropor-
tionation reaction is involved in the electrode process. The shape of the wave which varies with the recording 
procedure is correlated with the change of surface conditions. At pH lower than 4, a small prewave of hypochlorous 
acid produced by hydrolysis is observed at a more positive side. The diffusion current of the total wave, very 
stable and proportional to the concentration, is due to a two-electron reduction. 

Chloramine-T (sodium salt of iV-chloro-^-toluene-
sulfonamide, CAT) is known to be a stable oxidizing 
reagent for titrimetric analysis.1) T h e purpose of this 
work is to investigate the electrochemical characteristics 
of CAT and to develop the end point detection tech­
niques for a redox titration using CAT. 

Recent studies2'3) on the Polarographie behavior at a 
dropping mercury electrode have shown that the over-all 
reaction of CAT involves two electrons over the p H 
range 2—13. However, it was impossible to measure 
the reduction potential of CAT since the réduction 
occurs at a more positive potential than that of the 
mercury dissolution. In an acidic solution, the limiting 
current tends to decrease with time by the reaction with 
mercury. O n the other hand, well-defined reduction 
waves were observed at considerable positive potential 
at a rotating plat inum electrode (RPE) . 

T h e Polarographie behavior of CAT at a R P E was 
investigated in an acidic solution in order to elucidate 
the nature of the electrode process, the results of which 
are given in this report. 

T h e free acid of CAT predominates in an acidic 
solution, producing iV,iV-dichloro-/>-toluenesulfonamide 
(dichloramine-T, DCT) by disproportionation.4 '5) 
Discussion is given on the disproportionation and the 
effect of the electrode surface conditions on the reduction 
process. 

Exper imenta l 

Apparatus and Reagent Used. The apparatus for the 
measurements of d.c. and a.c. polarograms was essentially 
the same as that described previously.3) A Shimadzu syn­
chronous rotator, RE-3, was used with a vertical platinum 
wire microelectrode (5.0 mm long, 0.5 mm in diameter) at 
r.p.m., 600. The sensitivity of electrode was 9.28 (xA/mM in 
an electrolyte solution of hexacyanoferrate(III) ion contain­
ing 0.1 M K N 0 3 and Britton-Robinson buffer at pH 5.0. 
An electrolytic cell of glass cylinder (50 mm in height and 
45 mm in diameter) was used in a thermostat maintained 
at 25±0.2 °C. N2 gas was used to deoxygenate the solu­
tion, flowing over the surface of the solution during the 
recording of the polarogram. The potentials are referred to 
a SCE connected to the solution with a KNOa-agar salt 
bridge. 

The preparation of the stock solutions of chloramine-T, 
jMoluenesulfonamide and other chemicals has been report­

ed.3) A satutated solution of iV,iV-dichloro-/>-toluenesulfon-
amide (dichloramine-T) was prepared from the reagent grade 
salt and standardized against an arsenite standard solution. 
Water was used after distillation of deionized water in the 
presence of small amounts of K M n 0 4 and NaOH solutions 
in a glass apparatus. 

Measurement of Polarogram. Before each run for a polaro­
gram of CAT, the polarograms of hexacyanoferrate(III) ion 
were recorded by use of the electrode which had been pre-
treated in a 0.1 M HC104 solution.6) The values obtained 
for the diffusion current and the half-wave potential of hexa-
cyanoferrate(III) ion were used to normalize the conditions 
for the preoxidation and rotation of the electrode, etc. An 
electrolyte solution was prepared by adding an adequate 
amount of the standard solution of CAT to the base solution, 
i.e., 0.1 M K N 0 3 and Britton-Robinson (B.R.) buffer solution. 
An aliquot of the solution was deoxygenated in an electrolytic 
cell. Polarograms were recorded by forward or backward 
scan. By forward scan, the electrode potential was shifted 
from positive to negative potentials. By backward scan, the 
situation was reversed. The rate of the potential scan was 
200 mV per minute. A damping condenser of 5 [L¥ was used. 

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

Polarograms of Chloramine-T at Various pH Values. 
Figure 1 shows typical Polarographie waves of 0.4 m M 
chloramine-T (CAT) in a supporting electrolyte solution 
containing 0.1 M K N 0 3 and B.R. buffer at various p H 
values. The reduction waves in an acidic solution 
appeared at more positive potential than the reduction 
potential of plat inum oxide. A maximum current on the 
plateau of the forward curves is due to the cathodic 
dissolution pattern of plat inum oxide film. With the 
electrode covered with the oxide film, the waves shifted 
to negative potential and became drawn out, as shown 
on the forward curves, the results thus becoming less 
reproducible. This indicates that the electrode reaction 
is strongly inhibited by the oxide film. O n the other 
hand, when the potential was scanned backward with 
the electrode reduced at an adequate negative potential 
after preoxidation, well-defined waves were observed at 
more positive side, the results being reproducible. O n 
these curves, the main wave was two-stepped at p H 
lower than 7, a small prewave being observed at the 
more positive side at p H lower than 4 and a single wave 
at p H about 8. 



August, 1977] Polarographic Behavior of Chloramine-T at RPE 1935 

I 2 3 4 

^^A-i' 

05 0 
E / V (K5.SCE) 

-0.5 

Fig. 1. Polarograms of 0.4 mM GAT in a solution con­
taining 0.1 M K N 0 3 and B.R. buffer at various pH 
values. (1,1') pH 3.40; (2,2') pH 5.05; (3,3') pH 7.10; 
(4,4') pH 8.10. Lower polarograms are residual cur­
rent curves at various pH values. (5,5') pH 3.40; 
(6,6') pH 7.10. Dotted lines are forward curves re­
corded from +1.0 or +0.5 V after preoxidation at an 
adequate positive potential. Solid lines are backward 
curves recorded from between —0.3 and —0.6 V after 
the preoxidation. 

The relations between p H and limiting current and 
between p H and half-wave potential of the backward 
wave are given in Figs. 2 and 3, respectively. T h e values 
of limiting current have been corrected for the residual 
current. O n the main wave, the value of Ai?1 / a /ApH for 
the first step was —65 m V per unit p H , except at p H 
ca. 2. For the second step, the value was —80 m V per 
unit p H in the p H range 2—6. T h e limiting current 
of the first step varied with p H in the above p H range, 
giving a maximum value at p H 4—5. O n the second 
step at p H higher than 6, the slope became remarkably 
drawn out, the half-wave potential shifting to negative 
potential. T h e results suggest that the reduction wave 
in an acidic solution can be characterized with the 
two-stepped wave at p H lower than 6 and that its 
electrode reaction differs from that a t p H about 8. T h e 
half-wave potential shifts slightly to negative potential 

Fig. 3. Relation between the half-wave potential of the 
backward wave and pH for 0.4 mM CAT. (1) First 
wave; (2) second step; (3) prewave. 

at p H ca. 2, which is considered to be attr ibutable to 
the deactivation of the electrode surface. This tendency 
for the electrode surface to be rapidly deactivated, 
especially in an acidic solution, was also observed for 
the reduction of JV-bromosuccinimide.7) 

T h e limiting current of the total wave was independent 
of the recording procedure, provided that the correction 
for the residual current in each case was applied. Its 
value remained constant within deviation of ± 2 . 0 % 
in the p H range 2—8, being proportional to the con­
centration from 0.05 to 0.6 m M CAT (Table 1). T h e 
plot of log rid vs. log N (N is r .p.m. of the electrode, 
which varied from 600 to 1200) gave a straight line, 
the slope of which was determined to be 1 /3 (Fig. 4) . 
A similar result was obtained for the diffusion current 
of hexacyanoferrate(III) ion. T h e temperature 

coefficient of TiA measured in the temperature range 
15—40 °C was 1.8% per degree. T h e limiting current 
can be concluded to be controlled by diffusion. 

T h e value of T*'d/C for the total wave found to be 
18.18;+0.32 [xA/mM in the above p H range. I t can be 
seen that this value corresponds to a two-electron 
reduction on the basis of a similar calculation.6) T h e 
values of diffusion coefficient used for this calculation 
were 0.79 X 10~5 cm2 s-1 and 0.85 X 10"5 cm2 s"1 for 
CAT5) and hexacyanoferrate(III) ion,5) respectively. 
The resut with respect to the limiting current of the 

10.0 

Fig. 2. Relation between the limiting current of the 
backward wave and pH for 0.4 mM CAT. (1) Total 
wave; (2) first step; (3) prewave. 

2.9 3.0 3.1 

log (/V/min"1) 

Fig. 4. Plots of log ix vs. log JVfor (1) total wave, (2) 
first wave on the backward wave of 0.4 mM CAT and 
(3) reduction wave of 0.8 mM K3Fe(CN)6 in 0.1 M 
K N 0 3 and B.R. buffer at pH 5.05. 
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TABLE 1. POLAROGRAPHIC DATA FOR THE REDUCTION WAVE OF CATa) 

Total wave First step Second Prewave 

pH 

5.05 

3.40 

C/mM 

0.600 
0.500 
0.400 
0.200 
0.100 
0.0500 

0.600 
0.500 
0.400 
0.200 
0.100 
0.0500 

T ; > A 

10.71 
8.93 
7.22 
3.59 
1.790 
0.910 

10.84 
8.99 
7.36 
3.64 
1.790 
0.920 

V 7 J 

(JLA mM -1 

17.85 
17.86 
18.05 
17.95 
17.90 
18.20 

18.07 
17.98 
18.40 
18.20 
17.90 
18.40 

VnA 

6.88 
5.82 
4.90 
2.54 
1.300 
0.743 

7.16 
6.36 
5.11 
2.83 
1.442 
0.742 

[xA mM"1 

11.47 
11.64 
12.25 
12.70 
13.00 
14.68 

11.93 
12.72 
12.77 
14.15 
14.42 
14.84 

%/JV 
{vs. SCE) 

+ 0.641 
+ 0.640 
+ 0.643 
+ 0.642 
+ 0.642 
+ 0.645 

+ 0.725 
+ 0.725 
+ 0.730 
+ 0.728 
+ 0.730 
+ 0.733 

UE1/2IV 
{vs. SCE) 

+0.380 
+0.380 
+ 0.376 
+ 0.390 

C) 

c ) 

+ 0.505 
+ 0.510 
+ 0.505 
+ 0.510 

c) 

c) 

P*'>A 

b) 

b) 

b) 

b) 

b) 

b) 

1.16 
0.94 
0.76 
0.38 

b) 

b) 

(xA mM- 1 

1.93 
1.88 
1.91 
1.90 

p£i/3 /v 
(vs. SCE) 

+0.960 
+ 0.960 
+ 0.965 
+0.965 

a) Values were obtained from backward waves in a supporting electrolyte solution containing 0.1 M K N 0 3 

and Britton-Robinson buffer at various pH values, b) No prewave. c) No second step. 

total wave was identical with that obtained at a dropping 
mercury electrode.3) I t could be assumed, therefore, 
that the non-ionized species of iV-chloro-/>-toluenesulfon-
amide is mainly reduced in an acidic solution. However, 
the fact tha t the limiting current of the first step varies 
with p H as shown in Fig. 2 and that it has a kinetic 
character suggest that the electrode process of the main 
wave can not be accounted for by the reduction process 
of the non-ionized species only. 

T h e limiting current of the first step was not propor­
tional to the concentration (Table 1). T h e plot of 
log % vs. log N gave a straight line, the slope of which 
was determined to be 1/5. T h e temperature coefficient 
of Hi determined in the temperature range 15—40 °C 
was 2 .8% per degree, indicating that the limiting 
current has a kinetic character. 

Effect of Surface Conditions of Electrode. In order 
to clarify the nature of the two-stepped wave, the effect 
of surface conditions of the electrode was investigated 
around p H 5. 

With the reduced electrode, current-time curves were 
recorded in 0.4 m M CAT solution at p H 5.10 at + 0 . 6 
and + 0 . 5 V, on the rising portion and the plateau of 
the first step, respectively, and at + 0 . 4 V on the rising 
portion of the second step. As seen in Fig. 5, currents 
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Fig. 5. Current-time cuives of the reduction wave of 
0 .4mMCATatpH5 .10 . (1) A t + 0 . 4 V; (2) at +0.5 
V; (3) at +0.6 V. The point of open-circuit is denoted 
by arrow on the time-axis. 

0.5 0 
f / V (/5.SCE) 

Fig. 6. Effect of the recording procedures on the polaro-
gram of 0.4 mM CAT at pH 5.10. 
(1) Forward scan from +1.0 V after preoxidation at 
+ 1.5 V; (2) forward scan from +0.7 V after preoxida­
tion at + 1.5 V followed by polarization at —0.4 V for 
a few minutes; (3) backward scan from —0.4 V after 
preoxidation at +1.5 V; (4) same as in curve (1) (re­
sidual current), (5) same as in curve (3) (residual 
current). 

increased at these potentials, except at + 0 . 6 V, after 
the electrode had been allowed to stand for 90 seconds 
at a natural electrode potential in an open-circuit 
condition. T h e natural electrode potential in this solu­
tion was found to be + 0 . 8 V vs. SCE. At this potential, 
the plat inum electrode would be oxidized (Fig. 6, 
curve 5). The increase of current is thus considered to 
be attr ibutable to the formation of the oxide film. It 
is assumed that the current might not increase at + 0 . 6 
V, since the thin oxide film was produced at an earlier 
stage of the curve. 

T h e height of the first step decreased due to the 
addition of /»-toluenesulfonamide (TSA), a reduction 
product. The decrease was not detected in the presence 
of potassium chloride. A.c. base-current was recorded 
in both the presence and absence of TSA by the conven­
tional a.c. Polarographie method3) with the reduced 
electrode. I t decreased in the presence of TSA at the 
potential region in which the plat inum electrode is 
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1.0 0.5 0 
E/V (^s.SCE) 

Fig. 7. Effect of TSA on the a.c. base-current curve in 
a solution containing 0.1 M K N 0 3 and B.R. buffer 
at pH 5.10. (1) TSA was not added; (2) TSA was 
added in 0.1 mM; (3) TSA was added in 0.4 mM. 

reduced (Fig. 7), which indicates that TSA is adsorbed 
on the surface of the reduced electrode. 

It can be seen that TSA is adsorbed on the oxide-free 
surface and is desorbed partly by the formation of the 
oxide film. Thus, the two-stepped wave would be 
correlated with the adsorption of TSA. In fact, the 
curve recorded by the forward scan with an electrode 
covered thinly with the oxide film showed a single wave 
(Fig. 6, curve 2). This result is in line with the fact that 
the current increases as a result of the formation of the 
oxide film (Fig. 5). 

Comparison with Reduction Wave of Dichlor amine-T. 
Non-ionized species of CAT undergoes disproportiona-
tion in an acidic solution into dichloramine-T (DCT) 
and/»-toluenesulfonamide (TSA)4 '5) according to 

2RS02NHC1 ? = ± RS02NC12 + RS02NH2 , (1) 

where R = C H 3 C 6 H 4 . D C T as well as CAT act as a 
relatively strong oxidizing reagent in an acidic solution.8) 
It can be expected, therefore, that a reduction wave of 
D C T is involved in the reduction wave of the CAT. A 
comparison with the reduction wave of D C T was made . 

The value of the equilibrium constant (Kd) of the 
disproportionation is reported4 '5) to be 6.1 x l O - 2 at 
25 °C. D C T hydrolyzes to hypochlorous acid, the 
hydrolysis constant being 8 x l 0 - 7 . If we assume that 
the amount of hydrochlorous acid is negligibly small 
and the non-ionized species predominates in the bulk 
solution, the equilibrium concentration of D C T can be 
calculated to be approximately 0.02 m M in the solution 
of 0.4 m M CAT. 

D C T in an acidic solution gave a reduction wave 
(Fig. 8). The shape of the wave was very similar to that 
of CAT. T h e values of the half-wave potential and 
Aiij/g/ApH for the first step were idential with those for 
the first step of CAT (Fig. 3). Although the slope of the 
second step became slightly drawn out, the value of 
A£ ] / 2 /ApH was close to that of CAT. At p H lower than 
5, the height of the total wave remained constant. T h e 
wave obtained by the same recording procedure (Fig. 6, 
curve 2) became a single wave. Consequently, the 
behavior was identical with that of the reduction wave 
of CAT. T h e value of the diffusion current of the total 
wave at p H lower than 5 was found to correspond to a 
four-electron reduction. 

E/V (vs. SCE) 

Fig. 8. Polarograms of 0.2 mM DCT in a solution con­
taining 0.1 M K N 0 3 and B.R. buffer at pH 5.20. 
(1) Forward scan from + 1 . 0 V after preoxidation at 
+1.5 V; (2) forward scan from +0.7 V after preoxida­
tion at + 1.5 V followed by polarization at —0.4 V for 
a few minutes; (3) backward scan from —0.4 V after 
preoxidation at +1.5 V. 

0.5 0.4 0.3 
E / V (i/s.SCE) 

Fig. 9. Plot of log [î/(ï"d — 03 vs- E f° r t n e reduction wave 
of 0.4 mM CAT at pH 5.10, which was obtained by 
recording procedure as in curve 2 of Fig. 6. 

T h e results suggest that the electrode process of the 
reduction wave in the C A T solution is essentially the 
same as that of D C T . 

Electrode Process of the Reduction Wave of Chlor amine- T. 
On the single wave (Fig. 6, curve 2), the plot of log-
[i/(id,—i)~\ vs. E consists of two straight lines (Fig. 9). 
T h e potential at the point of intersection corresponds 
to that on the plateau of the first of the two-stepped 
wave. A similar result was obtained on the single wave 
in the D C T solution (Fig. 8). 

T h e electrode process of the reduction wave in the 
CAT solution at p H lower than 6 can be explained as 
follows. 

T h e reduction wave is made up of the following 
reactions : 

RS02NC12 + H + + 2e" > RS02NHC1 + CI" (2) 

RS02NHC1 + H + + 2e" • RS02NH2 + Cl" (3) 

Reaction 2 occurs fast and is followed by Reaction 3. 
With the electrode from which TSA is desorbed, the two 
reactions occur continuously and the resulting wave 
becomes a single wave. With the electrode surface 
adsorbed with TSA, Reaction 3 is inhibited and the 
resulting wave becomes a two-stepped wave. I t seems 
that, on the two straight lines of the log-plot, the left-
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side branch from the point of intersection corresponds to 
Reaction 2 and the right-side branch to Reaction 3, 
viz., the two-stepped wave; the first step is due to 
Reaction 2 and the second step to Reaction 3. According 
to Higuchi et a/.,9) the rate of disproportionation given 
by Reaction 1 is relatively great. We might thus 
expect that, over the potential region where only 
Reaction 2 occurs, D C T undergoes transformation on 
the surface by the chemical process at tr ibuted to 
Reaction 1. T h e limiting current of the first step is 
greater than that corresponding to the equilibrium 
concentration of D C T , which can be accounted for by 
this chemical process. This consideration is supported 
by the fact that the limiting current of the first step 
has a kinetic character and that its pH-dependence 
(Fig. 2, curve 2) is the same as that of the forward rate 
constant for Reaction 1.9> 

As regards the behavior at p H higher than 7, the 
reduction of ionized species might be considered. 

Behavior o/Prewave. T h e value of A£ 1 / 2 /ApH was 
determined to be —33 m V per unit p H on the small 
prewave obtained by backward scan with the reduced 
electrode at p H lower than 4. T h e limiting current 
was proportional to the concentration of CAT (Table 1 ) 
and found to be controlled by diffusion. 

Hypochlorous acid gives a reduction wave at a 
relative positive potential on a plat inum electrode,10 '11) 
giving a reduction wave at the same potential as that 
of the prewave under the same experimental conditions 
as in this study. T h e behavior was the same as that of 
the prewave. Thus, it is concluded that the prewave 
results from the reduction of hypochlorous acid produced 
by hydrolysis in the C A T solution.4 '5) 

The value of idjC for the reduction wave of hypo­
chlorous acid was determined separately to be 26.9 
u A / m M in the same electrolyte solution. By use of this 
value and the value of the prewave (Table 1), the 
amount of hypochlorous acid in the solution of 0.4 m M 
CAT is calculated to be ca. 0.03 m M at p H 3. This is 
in line with the interpretation that the fraction of 
hypochlorous acid present in the CAT solution is much 

less than 10%.3> 
Analytical Aspect. When current-time curves were 

recorded at several potentials on the plateau of the 
total wave, no detectable variations of current were 
observed over a period of 10 min at p H lower than 6. 
This indicates that the limiting current of the total wave 
is remarkably stable and reproducible over the p H range 
studied. This behavior is advantageous for analysis as 
compared with that of a dropping mercury electrode,3) 
in which the limiting current decrease is due to the 
reaction with mercury or maximum suppressor. 

I t can be concluded that the limiting current in an 
acidic solution is useful for amperometric titration in 
the short-circuit method. 

The author wishes to express his hearty thanks to 
Prof. Tait iro Fujinaga, Kyoto University, for his 
encouragement, and to Prof. Toyoshi Nagai, 
Ritsumeikan University, for his helpful suggestions and 
discussions. 

References 

1) A. Berka, J. Vulterin, and J. Zyka, "Newer Redox 
Titrants," Pergamon Press, London, New York (1965), p. 37. 

2) T. Nagai, T. Matsuda, and N. Sugii, Nippon Kagaku 
Zasshi, 90, 790 (1969). 

3) T. Matsuda, J. Electroanal. Chem., 69, 251 (1976). 
4) J. C. Morries, J. A. Salazar, and M. A. Wineman, J. 

Am. Chem. Soc, 70, 2036 (1948). 
5) E. Bishop and V. J. Jennings, Talanta, 1, 197 (1958). 
6) T. Nagai and T. Matsuda, Rev. Polarog. (Kyoto), 16, 

16 (1969). 
7) T. Nagai and T. Matsuda, Rev. Polarog. (Kyoto), 17, 

133 (1971). 
8) D. S. Mahadevappa and N. M. Made Gowda, Talanta, 

22, 771 (1975). 
9) T. Higuchi, K. Ikeda, and A. Huddain, J. Chem. Soc, 

B, 1967, 546^ 
10) H. C. Marks and G. L. Bannister, Anal. Chem., 3, 200 

(1947). 
11) O. Schwarzer and R. Landsberg, J. Electroanal. Chem., 

19, 391 (1968). 



August, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (8), 1939—1944 (1977) 1939 

Kinetics of the Oxidation of Ethylenediaminetetraacetato and 
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Kinetics of the oxidation of double-bridged Mo(V) complexes, [Mo204(edta)]2 - (H4edta=ethylenediamine-
tetraacetic acid) and [Mo204(aq)]2+ with [(NH3)5Co02 ( - )Co(NH3)5]5+ has been studied in aqueous perchloric 
acid solution at 25—50 °C. The oxidation of [Mo204(edta)]2 - is characterized by the electron transfer within 
the ion-pair formed between the two reactants. The first order rate constants for the electron transfer process 
(ke) are independent of [H+] ([H+] = 0.05—0.1 M; 7=0.1—2.0 M) (M=mol dm"3). At 40 °C and 7=0.1 M, k0 

is equal to (1.34^0.08) X 10 - 3 s - 1 and the corresponding activation parameters are A77# = 28±4 kcal mol - 1 and 
AS*= 18± 11 cal K - 1 mol -1. The rate of oxidation of [Mo204(aq)]2+ is independent of the oxidant concentration 
and accelerated by halide ions and Mo(VI). The rate-determining step is the formation of a single-bridged Mo(V) 
dimer (A) prior to electron transfer. The first order rate constants for the formation of A (kj) are reciprocally 
dependent on [H+] ([H+] = 0.5—2.0 M; 7=2.0 M). kx is (4.3±0.3) X 10-6 s - 1 at 25 °C and for [H+] = 1.0M. 
The difference in the oxidation mechanism of the two complexes has been discussed in terms of the charge of the 
complex, stabilization of the Mo204-unit by the ligands, and the role of coordinated water. 

The redox and substitution properties of molybdenum 
ions in various oxidation states are of current interest1 '2) 
in view of the involvement of molybdenum ions in 
biological systems.3) The redox properties of simple 
molybdenum(V) complexes have been studied by many 
workers.1 '4-11) 

0 0 0 0 0 
Il II II II .0. » 

Mo Mo-O-Mo Mc<_ >Mo 

(type I) (type II ) ( type m ) 
Fig. 1. Basic units of three types of structure of molyb­

denum (V) complexes. 

Most of the molybdenum(V) complexes can be 
classified into three types (Fig. 1). Recent studies on the 
oxidation of some type I complexes by nitrate6'10»11) and 
nitrite7) ions revealed that they are much more readily 
oxidized than dimeric complexes. The oxidation of 
dimeric Mo(V) complex (structure not clearly described) 
by nitrate ions is considered to involve a small amount 
of monomeric Mo(V) which is in equilibrium with the 
Mo(V) dimer.12) For the oxidation of the Mo(V) dimer 
with I3~ and 0 2 , Mo(IV) was proposed as a redox 
active intermediate.13) O n the other hand, for the oxida­
tion of [Mo 2 0 4 ( ed t a ) ] 2 - with [ I rCl 6 ] 2 - or [Fe(phen)3]3+ 
(phen=l ,10-phenanthrol ine) , it is not necessary to 
consider an intermediate formation prior to the electron 
transfer process.8) 

The purpose of this work is to get further information 
on the oxidation mechanism of the molybdenum(V) 
complexes of type I I I , by comparing the behavior of two 
complexes, [Mo 2 0 4 (ed ta) ] 2 - 14> and [Mo204(aq)]2+.15-16> 
Coordinated water molecules in the latter are labile to 
substitution,17) whereas [ M o 2 0 4 ( e d t a ) ] 2 - is inert unless 
acid concentration is sufficiently high ([H+]^>0.5 M ; 
M = m o l dm - 3) .1 4) The //-hyperoxo dicobalt(III) ion, 
[ (NH 3 ) 5 Co0 2

( - ) Co(NH 3 ) 5 ] 5 + was used as an oxidizing 
reagent which is known to be reduced through an outer-

sphere mechanism to the corresponding ^/-peroxo ion by 
one electron transfer process.18'19) 

Exper imenta l 

Materials. Disodium [i (N,N') -Ethylenediaminetetraacetato-di-
\x-oxo-bis[oxomolybdate(V)~\ Dihydrate, Na2[Mo2Oi(edta)]'2H20: 
The complex was prepared by a method similar to that des­
cribed previously;14) dipyridinium pentachlorooxomolybdate-
(V) ((pyH)2[MoOCl5])2°) was used instead of the correspond­
ing ammonium salt. 

A Solution of the Aqua Complex of Di-\L-oxo-bis\oxomolybdenum 
(V)], [Mo204(aq)]2+: Ten grams of (pyH)2[MoOCl5] was 
dissolved in 500 cm3 of 0.1 M perchloric acid (HG104). An 
orange solution was obtained, containing [Mo204(aq)]2+as the 
main species. In order to remove impurities, the solution was 
treated with an ion-exchange column, Dowex 50W-X8 resin 
(H+-form). An orange band remained on the column. The 
column was washed with 100 cm3 each of 0.1, 0.2, and 0.5 
M HC104 and 50 cm3 of 1 M HG104 successively. [Mo2-
04(aq)]2 + was eluted with 2 M HC104. About 0.05 M (as 
dimer) solution of [Mo204(aq)]2+ was obtained (ca. 150 cm3). 
All the preparative and the ion-exchange work was carried 
out under nitrogen atmosphere to avoid air oxidation of [Mo2-
04(aq)]2+.14> This procedure is important since Mo(VI)21>did 
not seem to have been completely removed by ion-exchange 
purification. The concentration of [Mo204(aq)]2+ in the 
eluate was determined spectroscopically from the optical den­
sity at 384 nm (e= 103 per dimer14)). 

Other Materials: iu-Hyperoxo-bis[pentaamminecobalt(III)] 
Perchlorate dihydrate, [(NH3)5Co02<->Co(NH3)5](C104)5. 
2HaO, was prepared from the chloride salt23) according to 
the method of Linhard and Weigel.24) Sodium Perchlorate 
(special grade) was used for the adjustment of ionic strength 
without further purification. Lithium Perchlorate, used for 
the adjustment of ionic strength, was prepared from lithium 
carbonate and perchloric acid, and recrystallized twice. The 
concentration of the solution of lithium Perchlorate (ca. 3 M) 
was determined by exchanging the lithium ion for proton 
with an ion-exchange regin of H+-type (Amberlite IR-120), 
and titration with a standard sodium hydroxide solution. 

Measurements. A Hitachi 124 spectrophotometer with 
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a Hitachi recorder QPD-34 was used for the measurement of 
visible and ultraviolet absorption spectra and for kinetic 
studies. 

Kinetic Runs. Solutions of [(NH3)6CoCV->Co(NH3)B]-
(C104)5 .2H20 and Na2[Mo204(edta)]-2H20 were prepared 
every day, whereas that of [Mo204(aq)]2 f was kept in a 
refrigerator for ca. a week under nitrogen atmosphere. Each 
solution was kept in a thermostat at the desired temperature 
for at least 30 min, and mixed to start kinetic runs. The rate 
of decrease in concentration of the ^-hyperoxo ion was fol­
lowed at 670 nm, where it has a strong absorption peak (E= 
832 per dimer25>), and no other compounds involved in the 
reaction have significant absorption. The reaction cell was 
shaken quickly at appropriate time intervals in order to re­
move the bubbles of oxygen gas on the cell walls formed 
during the course of reaction. For the reaction of [Mo204-
(aq)]2+, all the procedures were carried out under nitrogen 
atmosphere with use of syringes, needles and rubber caps. 
Without such a precaution, it was difficult to get reproducible 
results. A strong catalytic effect of Mo(VI) on the rate of 
the reaction seems to be responsible. It was difficult to get 
the solution of [Mo204(aq)]2+ free from pyridinium ion by 
the ion-exchange separation. [Mo204(aq)]2+ seems to be 
eluted easily for dipositive ion. It was found that pyridi­
nium ion does not affect the rate of the reaction up to the 
concentration 0.01 M. 

R e s u l t s 

Kinetics of the Oxidation of [Mo204(edta)]2~ with 
[(NH3)5Co02^Co(NH3)5Y+. [ M o 2 0 4 ( e d t a ) ] 2 -
undergoes acid hydrolysis in aqueous perchloric acid 
solution ([H+]>0.5M).1 4> In this work, [H+] was 
adjusted to 0.1 M or lower so that it was not necessary 
to consider the effect of acid hydrolysis. W h e n an 
aqueous solution of [ M o 2 0 4 ( e d t a ) ] 2 _ was mixed with 
that of the jU-hyperoxo dicobalt(III) ion in 0.1 M HC10 4 , 
the light absorption of these two ions in the visible region 
decreased slowly, no rapid change in absorption spectra 
preceding. No rapid reaction between these two ions 
other than weak interaction such as ion-pair formation 
is feasible. 

The stoichiometry of the reaction corresponding to 
the slow change was determined as follows. 0.1 M 
perchloric acid solutions containing the jU-hyperoxo ions 
more than twice [Mo 2 0 4 ( ed t a ) ] 2 " in molar concentra­
tion were kept at 40 °G for a day, and the amount of 
remaining //-hyperoxo ions was estimated from the 
intensity of the absorption peak at 670 nm. Two moles 
of the ^-hyperoxo ions were consumed per one mol of 
[Mo 2 0 4 ( ed t a ) ] 2 - . Thus each molybdenum(V) ion in 
the complex was oxidized to Mo (VI) by one //-hyperoxo 
ion. T h e /i-peroxo ion, [(NH3)5Co02

( 2->Co(NH3)5]4+, 
the initial product of the electron transfer reaction 
should have decomposed rapidly in acid solutions to 
give Co( I I ) , 0 2 , and ammonium ions.26) Mo(VI) is in 
dimer-monomer equilibrium.22) The coordination of 
the edta-ligand is unlikely under the given acid con­
centration.27) The entire reaction can be written as 
follows. 

[Mo204(edta)]2- + 2[(NH3)5Co02c->Co(NH3)5]5+ 

+ (20 + n)H+ • 2Mo(VI) + Hnedta<4-n>-

+ 4Go(II) + 20 2 + 20NH4
+ (1) 

Kinetics of the reaction was studied at 35—50 °C 
and ionic strength 0.1—2.0 M (adjusted with NaC10 4) . 
The molybdenum(V) complex was used in at least 10 
fold excess to the //-hyperoxo ion. The first-order plots 
log (OD,) against time t are linear to over 90% of the 
course of reaction (OD„ was approximated to zero), 
where O D , stands for the absorbance at 670 nm at time 
/. The first-order rate constant kohsd is independent of 
[H+] in the range 0.05—0.1 M. The dependence of 
^obsd o n the concentration of [Mo 2 0 4 ( ed ta ) ] 2 _ at 
various ionic strengths is shown in Fig. 2. The rate 
constant increases with decrease in the ionic strength, 
tending to be saturated at higher concentrations of 
[Mo 2 0 4 ( ed ta ) ] 2 - . The plots k^d'1 against [Mo 2 0 4 -
( e d t a ) 2 - ] - 1 are linear (Fig. 3). Intercepts of the straight 

0 2 A 6 8 10 12 
[ N ^ O ^ e d t a ) 2 " ] / 10~3 mol dm~3 

Fig. 2. The dependence of kohsd on [Mo204(edta)2_] for 
the oxidation of [Mo204(edta)]2- with [(NH3)5Co02<->-
Co(NH3)5]5+ in 0.1 M perchloric acid, with [Mo204-
(edta)]2- in large excess at various ionic strengths (ad­
justed with NaClOJ, at 40 °G and |>02<->] = (2—5) x 
10-4 mol dm-3. 

1 2 3 

[Mc^O^edta)2"]"1/ 
4 

02 moP1 drrr 

Fig. 3. The dependence of k^^-1 on [Mo204(edta)2-]-1 

for the oxidation of [Mo204(edta)]2- with [(NH3)5-
Co02<-)Co(NH3)5]5+ in 0.1 M perchloric acid, with 
[Mo204(edta)]2~ in large excess at various ionic strength 
(adjusted with NaC104), at 40 °C and |>08<->] = ( 2 -
5) x lO"4 mol dm-3. 
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lines at three different ionic strengths coincide with each 
other within experimental error. T h e rate of Reaction 1 
does not change in the presence of C I - up to 0.1 M. 

Kinetics of the Oxidation of[Mo2Oii(aq)]2+ with [(NH3)5-
Co02<->Co(NHz)5\*+. Similar to the case of the 
oxidation of [ M o 2 0 4 ( e d t a ) ] 2 - , the reaction of [ M o 2 0 4 -
(aq)]2+ with the //-hyperoxo ion is expressed as follows 
from the change of absorption spectra and stoichiometric 
studies in 2 M H G 1 0 4 : 

[Mo204(aq)]2+ + 2[(NH3)5Co02<->Co(NH3)5]5+ + 20H+ 

-—v 2Mo(VI) + 4Co(II) + 2 0 2 + 20NH 4 \ (2) 

Kinetics of the reaction was studied at 25—40 °C for 
[H+] =0.5—2.0 M. It was difficult at lower [H+] to get 
the concentration of [Mo 2 0 4 ( aq ) ] 2 + high enough for the 
kinetic studies. [Mo 2 0 4 ( aq ) ] 2 + undergoes structural 
change for [H+]<0.1 M.14'17> The molybdenum 
complex was used in large excess as compared to the 
//-hyperoxo ion. The concentration ranges of the 
reactants are (8—35) X 10 - 3 M for [Mo 2 0 4 (aq)] 2 + and 
(2.5—5) X 10 - 4 M for the //-hyperoxo ion. 

The decrease of absorbance (OD) at 670 nm did not 
obey the first order rate law. The O D decreased 
linearly with time at the initial stage of the reaction 
(until the concentration of the //-hyperoxo ion reached 
ca. 1 . 5 x l O - 4 M ) , and subsequently more slowly. The 
slope of the plots, O D , against t, did not change when 
the concentration of the //-hyperoxo ion changed from 
3 x l 0 - 4 to 5 x l O - 4 M at a constant concentration of 
[Mo 20 4(aq)] 2+. 

The O D change per second was converted into the 
molar consumption of the //-hyperoxo ion per second 
(denoted by k{) by using the e value (832)25) at 670 nm. 
The dependence of k\ on the concentration of [ M o 2 0 4 -
(aq)]2+ at [ H + ] = 2 . 0 M (Fig. 4) suggests that k{ is of 
first-order with respect to [Mo 2 0 4 (aq) 2 +] . 

The effect of [H+] on k-x was studied with a fixed 
concentration of the reactants and at 7 = 2 . 0 M (LiC104) . 
The k{ values seem to be inversely proportional to [H+]. 

The effect of anions added was studied for C I - and 
Br - . Significant acceleration of the rate by both ions 
was observed. The rate of disappearance of the //-

T* 8 
? 
•o 6 

E 

b 
\ 2 Ä 

[Mo2O4(aq)2+]/10-2 mol dm"3 

Fig. 4. The dependence of kl on [Mo204(aq)2+] for the 
oxidation of [Mo204(aq)]2+ with [(NH3)5Co02<-)-
Co(NH3)5]

5+ in 2 M perchloric acid, with [Mo204-
(aq)]2+ in large excess, at various temperatures and 
l>02<->] = (2.5—5) x 10-4 mol dm"3. 

hyperoxo ion turned out to be of first-order. Under 
the conditions [ H + ] = 2 . 0 M , [ M o 2 0 4 ( a q ) 2 + ] = 8 . 5 5 x 
1 0 - 3 M , [//-O2<->] = 3 . 5 0 x l 0 - 4 M , and [Gl"] =0 .12 M 
and at 35 °C, TXI2 is about 4 min, whereas under similar 
conditions in the absence of Cl~, it took more than 8 h 
for the reaction to complete. T h e effect of B r - is of 
similar magnitude to that of CI - . Mo (VI) also ac­
celerates the rate. The rate of disappearance of the 
//-hyperoxo ion remained in zero-order for a much 
longer par t of the reaction. Under the conditions 
[H+]=2 .0 M, [Mo 2 0 4 ( aq ) 2 +]=8 .55 X 10 - 3 M, [//-
O 2

( - ) ] = 3 . 5 0 x 10 - 4 M and [Mo(VI)] (as sodium molyb-
date) =0 .015 M, the rate was ca. 4 times greater than 
that without M o ( V I ) . T h e extent of enhancement 
depends approximately linearly on the concentration 
of the Mo(VI) ( [Mo(VI)] = ( 0 . 5 — 3 ) x l 0 - 2 M ) . The 
effect was more remarkable at lower acid concentrations. 
Apparently the effect depends on the time after mixing 
of [Mo 2 0 4 (aq)] 2 + and Mo(VI ) . 

I t must be considered whether the Mo(VI) which is 
built up during the kinetic runs is catalytic to Reaction 2. 
The Mo(VI) concentrations are equal to the initial 
concentrations of the //-hyperoxo ion at the end of the 
runs: (2.5—5) X 10"4 M . It is therefore concluded that 
the Mo(VI) produced does not have a significant effect 
upon the rate of the reaction, at least at the initial part 
of the reaction which is important in this study. 

D i s c u s s i o n 

Mechanism of the Oxidation of [Mo2Oi(edta)]2- by 
[(NH9)sCo02<-)Co(NHJsY+. T h e results shown in 
Figs. 1 and 2 can be interpreted in terms of an ion-pair 
formation between the two reactants, the formation 
constant being expected to be large since they have high 
opposite charges (4-5 and —2). 

Since the //-hyperoxo ion is one electron oxidizing 
reagent, oxidation of dimeric [ M o 2 0 4 ( e d t a ) ] 2 - should 
proceed in two steps, and an immediate product of the 
first electron transfer process should be a mixed valence 
dimer, "Mo v Mo V I , " the structure of which is not 
known. Whar ton et al.8) studied the oxidation of 
[ M o 2 0 4 ( e d t a ) ] 2 - with [ I r C l 6 ] 2 - and [Fe(phen)3]3+, and 
found that the following reactions are reversible: 

[Mo204(edta)]2- 4 [IrCl6]2- <=± 
([Fc(phen)J»+) 

"MovMoV I" 4 [IrCl6]3-. (3) 
([Fe(phen)3]2+) 

They suggested that the mixed valence dimer most 
likely decomposes into two monomers Mo(V) and 
Mo(VI ) , the former being rapidly oxidized by the 
oxidant. In the present case, the process corresponding 
to Reaction 3 is not reversible since the reduced form 
of the oxidant decomposes rapidly under the experi­
mental conditions.26) The oxidation of " M o v M o V I " by 
the second //-hyperoxo ion should be rapid possibly 
through the decomposition into the monomers. There 
was no intermediate (corresponding to "Mo v Mo V I " ) 
detectable from the change of absorption spectra during 
the course of reaction and from the kinetic t reatment. 

The following mechanism (4—7) is proposed for 



1942 Yoichi SASAKI [Vol. 50, No. 8 

Reaction 1, where / / - 0 2
( - ) and ju-02

(2~) stand for 
[(NH3)5Co02<->Co(NH3)5]5+ and [ (NH 3 ) 5 Co0 2 «->Co-
(NH3)5]4+, respectively: 

[Mo204(edta)]2- + ß-O^ <=^± ion-pair, (4) 

ion-pair —U «MovMoVI" + /i-0^-\ (5) 

"MovMoV I" + //-02(") 
fast 

2Mo(VI) + H-0^-\ (6) 

/ I -O.0-) 
fast 

H+ 
2Co(II) + 0 2 + 10NH4

+. 

From this, we obtain 

d[>CV->] _ 2^ I F[Mo 20 4(edta) 2-][^-0 2<-)] 
dt l+^ I P[Mo 20 4(edta) 2-] 

(7) 

(8) 

which is in line with the experimental results. £obsd can 
be expressed by 

, = 2A:e/:iP[Mo204(edta)2-] 
obsd 1 + tfIP[Mo204(edta)2-] ' 

which can be rearranged to 

1 1 
2MTIP[Mo204(edta)2-] + 

1 
2L 

(9) 

(10) 

For 7 = 2 . 0 , where the ion-pair formation is less favorable 
due to the presence of higher concentration of the 
electrolyte, NaC10 4 , the assumption l>A"i P [Mo 2 0 4 -
(edta) 2 - ] would be useful for interpretation of the 
experimental results. The values of ke, Ku-, and keKxp 
are calculated from the data for various ionic strengths 
(Table 1). The ke values are almost constant regardless 
of ionic strength, suggesting that the rate of electron 
transfer process within the ion-pair is not affected by 
ionic strength. The results provide an excellent example 
of electron transfer within an ion-pair. 

TABLE 1. RATE CONSTANTS AND ION-PAIR FORMATION CON­

STANTS FOR THE OXIDATION OF [Mo204 (edta) ] 2 ~ 
WITH [(NH3)5Co02<->Co(NH3)5]5+ IN 

0 . 1 M PERCHLORIC ACID a ) 

(Ionic strengths were adjusted with NaC104) 

Ionic 
strength 

(/) 

0.1 
0.1 
0.1 
0.3 
0.5 
2.0 
2.0 
2.0 

Temper­
ature 
(°G) 

35.4 
40.0 
45.0 
40.0 
40.0 
40.0 
45.0 
51.2 

K 
(10-8 s-1) 

0.64±0.01 
1.34±0.08 
2.5 ± 0 . 2 
1.5 ± 0 . 1 
1.5 ± 0 . 2 

KlT 

(mol dm-3) 

320±10 
270±40 
350 ±70 
120±20 
70±20 

kJC„ 
(10-1 s-1 

mol dm -3) 

2 .02±0.05 
3.62±0.05 
8.9 ± 1 . 3 
1.8 ± 0 . 1 
1.07±0.05 
0.40±0.02 
0.78±0.04 
1.8 ± 0 . 2 

a) Errors were determined by the least-square treat­
ment with no weighing (confidence level, 0.7). 

T h e activation parameters were compared with those 
of oxidation of [ M o 2 0 4 ( e d t a ) ] 2 _ with other oxidants 
(Table 2). The parameters vary remarkably with the 
charge of the oxidant. This suggests the important role 
of electrostatic interactions on the reaction mechanism. 

TABLE 2. COMPARISON OF THE ACTIVATION PARAMETERS 

FOR THE OXIDATION OF [Mo204(edta)]2-
WITH VARIOUS OXIDANTS 

Oxidant Term (M) 

A/ /* 
(kcal 

mol"1) 

AS* 
(cal K-1 

mol-1) 

0.1 28 ± 4 [(NH3)5Co02c->- . 
Co(NH3)5]«

+ *« 

[(NH3)5Co02C-)- , „ 9 0 26 5-1-0 8 
Co(NH3)5]«

+ * e A l p A U ^ ^ ± u - « 
[Fe(phen)3]3+ a> keKIv

h> 1.0 16 .6±0.4 12.3+1.3 

18 ±11 

21 ± 3 

.[ircaj 2 - a ) *e
b> 1.0 13.3±0.3 - 1 0 . 0 ± 1 . 0 

a) From Ref. 8. b) The1; erm was assumed from the 
charge of the reactants. 

Kinetics of the Oxidation of[Mo2Oi(aq)]2+ with [(NHJ5-
Co02

<--)Co(NH3)5\
5+. The following mechanism is 

proposed to explain the experimental results: I t 
involves the conversion of [Mo 2 0 4 ( aq ) ] 2 + into an inter­
mediate A which is then oxidized by the //-hyperoxo 
ion; 

[Mo204(aq)]2+ ç 4 ± A, (11) 

A + /*-02<-> — ^ "MovMoV I" + ^-02<
2->. (12) 

Reaction 12 is followed by similar steps to those of 
Reactions 6 and 7. By applying stationary state approxi­
mation to A, we obtain 

d |> (V->] = 2W / i-02(->][Mo204(aq)2+J 
dt A-! + /:2[//-Oa(-)] 

If k-1^k2[M-02
l-)]i this can be simplified to 

(13) 

dt 
= 2*1[Mo204(aq)2+], (14) 

which is consistent with the observed zero-order depend­
ence of the rate on [^-02

( _ )] at the initial par t of the 
reaction. 

For most of the runs, only k-x (equal to 2k{) was 
estimated from the initial par t of the absorbance change. 
No other rate constants were estimated since the 
reaction was too slow to be followed until completion. 
Attempts to work with a large excess of the /J-hyperoxo 
ion as compared to the molybdenum complex, which 
may be more useful for checking Eq. 13, were not 
successful. No appropriate wavelength was found at 
which absorbance change was sufficiently big. 

The reciprocal dependence of k-x on [H+] can best be 
explained by assuming a conjugate base of the aqua ion, 
[Mo 2 0 4 (OH)(aq) ]+ . As the [H+]-independent path is 
negligible, intermediate A should be formed almost 
exclusively from this conjugate base. k[ is then expressed 
by 

k, = 2k, = 2*0H*a[H+], (15) 

where k0n is the rate constant for the formation of A 
from [Mo 2 0 4 (OH)(aq) ]+ . Ka is the acid dissociation 
constant of [Mo 2 0 4 ( aq ) ] 2 + . I t is assumed to be negligib­
ly small as compared with [H+]. The Ka value was not 
obtained, and the only relevant da tum is the pKa value 
(3.02) of the aqua ligand of [ M o 2 0 4 ( h e d t a ) ( H 2 0 ) ] -
(H3hedta = ^-(2-hydroxyethyl)ethylenediamine-JV,iV', N'-
triacetic acid).28) At 25 °C, k0u # a = ( 4 . 3 ± 0 . 3 ) X lO"6 
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mol d m - 3 s"1 and the corresponding activation param­
eters (25—40 °C) are A / / # = 18.5 ± 1 . 4 kcal mol"1 

and AS* = - 2 1 ± 5 cal K - 1 mol"1 . 
Structure of the Intermediate of the Oxidation of [Mo^O^ 

(aq)]2+. Intermediate A is considered to have a 
structure similar to that of the type I I species (Fig. 1), 
a single bridged Mo(V) species. 

The conversion of type I I I complexes into type I I 
is known. T h e structure of Mo(V) was studied in 
hydrochloric and sulfuric acid solutions of various acid 
concentrations.29^ Equilibrium 17 exists in these acid 
solutions, and shifts in a rightward direction as the 
concentation of acid becomes higher. 

Mo204
2 + < = • Mo203

4 + *==> 2Mo03 + (16) 
(type III) (type II) (type I) 

Our preliminary observation suggests that the rate of 
interconversion is very great, the interconversion finish­
ing within several seconds at 25 °C in ca. 5 M HCl 
solution. Type I I species is known to be predominant in 
5 M HCl, and type I I I in 5 M HC104 .1 4) Thus the 
formation of type I I (and possibly type I) complexes 
seems to be mainly due to the presence of Cl~ or H S 0 4 ~ 
and not that of proton. 

Also the color change of [Mo204(L~cys)2]2~ (L-cys = 
L-cysteinate dianion) from orange to blue in basic solu­
tion (pH=ca . 10) was claimed to be due to slow forma­
tion of a single-bridged species.30>31) Such a change 
was not observed in a solution of lower p H « 7 ) . T h e 
resulting single-bridged species was far more easily 
oxidized by flavines32) and cytochrome c9> than was the 
parent complex. 

Guymon and Spence studied the oxidation of dimeric 
Mo(V) with N03-,12> I3-,13) and 02

13> in tartrate and 
phosphate buffer solutions, but did not discuss the 
detailed structure of the Mo(V) dimer they were dealing 
with. It is now possible to assume reasonably that the 
complex had type I I I structure with some buffer anions 
coordinated.1) From the E P R measurement and half-
order dependence of the rate on the Mo(V) dimer 
concentration, they proposed monomeric Mo(V) species 
as an intermediate of the reaction with N 0 3 ~ . For the 
reaction with I3~ and 0 2 , they observed zero-order 
dependence of the rate on the dimer concentration, and 
proposed Mo (IV)33) as a redox active intermediate, 
assuming the disproportionation of Mo(V) dimer to 
Mo (IV) and Mo (VI). Reports have recently been given 
on the disproportionation of some dimeric Mo(V) 
complexes,34,35) but they are of only type I I complexes 
with sulfur-donor ligands. No disproportionation of 
type I I I complex is yet known. Both Mo(IV) and 
monomeric Mo(V) species would be regarded as 
secondary products of type I I I complexes through type 
I I species. The results of Guymon and Spence on the 
reactions with I3~ and 0 2 might be explained also in 
terms of a single-bridged intermediate. 

I t should be noted that we cannot deny the existence 
of Mo(IV) and monomeric Mo(V) as a real reacting 
species for our reaction, if the postulated single-bridged 
species formed Mo (IV) or monomeric Mo(V) very 
rapidly (viz., the rate-determining step is still the forma­
tion of the single-bridged species). However, the 

positive catalytic effect of Mo(VI) would not support 
the involvement of M o ( I V ) , since the addition of 
Mo(VI) would be expected to suppress the dispropor­
tionation of Mo(V) dimer.34) 

We thus concluded that A is a single-bridged Mo(V) 
dimer rather than the Mo(V) monomer or the M o (IV) 
species. 

Influence of Halide Ions and Mo (VI) on the Oxidation of 
[Mo 20 4(aq)] 2+. The presence of C1~ and H S 0 4 ~ 
makes a single-bridged 'Mo(V) dimer predominant over 
a double-bridged dimer in aqueous acid solutions. T h e 
positive catalytic effect of C l _ and B r - on Reaction 2 
can be explained by this fact. Since the aqua ligands in 
[Mo 2 0 4 (aq)] 2 + are labile,17) CI- and Br~ would readily 
substitute for the water and might facilitate bridge 
cleavage. T h e halide ions and O H - in [ M o 2 0 4 ( O H ) -
(aq) ] + may exert a similar electronic effect on the 
bridge cleavage. 

We have no explanation for the catalytic effect of 
Mo(VI) on the rate of Reaction 2. I t is possible that a 
similar interaction to that in molybdenum blue would 
reduce the stability of Mo 2 0 4 -moiety , increasing the 
sensitivity to oxidative attack. The effect depends on 
the time after mixing Mo(VI) with [Mo 2 0 4 ( aq ) ] 2 + . 

Comparison of the Oxidation Mechanism of the Two Mo(V) 
Complexes. The most interesting feature of the 
present results is the difference in the kinetic behavior 
of the two complexes [ M o 2 0 4 ( e d t a ) ] 2 _ and [ M o 2 0 4 -
(aq)]2+ towards their oxidation by [ (NH 3 ) 5 Co0 2

( - )Co-
(NH 3 ) 5 ] 5 + . T h e ion-pair formation was important for 
the oxidation of [ M o 2 0 4 ( e d t a ) ] 2 _ but not favorable for 
that of positively charged [Mo 2 0 4 ( aq ) ] 2 + , which gave 
the zero-order dependence on [/*-02

(_>]. In the latter 
case, formation of a more easily oxidizable intermediate 
was proposed. 

Recently Cayley et a/.36) examined the oxidation of 
[Mo 20 4 (aq)] 2+ by [Fe(phen)3]3^ or [ I rCl 6 ] 2 - and found 
two term rate laws, one term independent of the oxidant 
concentration and the other linearly dependent on it. 
Their oxidants (£"0=1.06 V and 1.017 V respectively)37) 
are marginally better than the /f-hyperoxo ion (E0=ca. 
1.0 V)38) in terms of redox potentials, and the 5-f- charge 
and inaccessibility of the /i-hyperoxo group are 
presumably responsible for exclusion of the direct 
bimolecular route. 

Oxidation of [Mo 2 0 4 (ed ta ) ] 2 ~ by these three oxidants 
gave no oxidant independent path. Mult identate edta-
ligand would stabilize the Mo 2 0 4 -moie ty through firm 
coordination, making the cleavage of the oxo bridge 
more difficult. Also the lack of coordinated water may 
be an important factor to determine the reaction 
pattern, since the water ligands of [ M o 2 0 4 ( a q ) ] 2 + play 
important roles for the formation of intermediate. The 
absence of the effect of C l _ and the independence of 
[H+] for the rate of the reaction of [Mo 2 0 4 ( ed t a ) ] 2 _ are 
explained also by the lack of water ligand. 

The author thanks Professor Kazuo Saito for his 
valuable discussions. He also thanks Dr. A. G. Sykes, 
The University of Leeds, England, for making his 
results available prior to publication and also for 
helpful comments. 
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The complex formation equilibria between Cd(II) ion and ethylenediaminemonoacetic acid (EDMA) were 
examined by potentiometry in a 1.0 mol dm - 3 NaC104 solution at (25.00±0.02) °C, and it was found that neither 
protonated nor hydrolyzed complex was formed in the range of pH from 2 to 10. The formation constants of 
Cd(II)-EDMA complexes as well as the protonation constants of EDMA anion determined were as follows: log-
/V=6.86 , log ftoa=12.32;log ßttll=9.97t log0O21=16.71_, logß031= 18.76, where ^ r=[M pH gL r] / [M]^[H]«[L] ' - . 
The formation constants were also examined polarographically. 

In the previous works1»2) we examined the complex 
formation equilibria of Cd(I I ) ion with iV-(2-hydroxy-
ethyl)ethylenediamine-iV,i^ /,A r '-triacetate ( L ^ h e d t a 3 - ) 
and ethylendiamine-iVjJVjJV^JV'-tetraacetate (L=edta 4 ~) 
by Potentiometrie titrations over a wide range of p H , 
and found that a number of protonated complexes 
of the type MH^L (q= 1, 2 for the H E D T A complex and 
q=\, 2, 3 for the E D T A complex) are formed in the 
acidic region (pH<o*. 3.5). Furthermore, from com­
parison of the successive protonation constants of the 
complexes with those of the corresponding ligands, we 
derived the conclusion that the protons of the protonated 
complexes are located at the acetate groups of the 
ligands. I t can be deduced therefrom that the chelate 
formation between Cd(II ) ion and the ligands occurs 
through the two nitrogen atoms and at least one acetate 
group of the ligands and thus when all the acetate 
groups of the ligands are protonated, such ligands do 
not form any complex with Cd(II ) ion. Then , a question 
may arise : if the ethylenediamine skeleton has only one 
acetate group, does such a ligand form a protonated 
complex with Cd(II ) ion ? The present work thus aims 
at examining the possibility of the formation of protonat­
ed complexes between Cd(II ) and ethylenediamine -
monoacetate ( L = e d m a _ ) ions. Although the complex 
formation of Cd(II ) ion with e d m a - anion was already 
studied by Fujii et a/.3> by polarography, their measure­
ments were done only in a neutral solution (pH 6.0—7.0) 
of ionic strength of 0.2 mol d m - 3 . Thus, in the present 
work we shall reexamine the equilibria between Cd(II) 
and e d m a - ions by Potentiometrie titrations over a 
wide range of p H , especially noting the acidic region, 
in which protonated complexes might be formed. 
Furthermore, for comparison, we shall describe the 
results of Polarographie measurements performed under 
the same experimental conditions as for the Potentio­
metrie titrations. 

S y m b o l s 

h 
m 
H 

cc& 
L 

/ 

Concentration of hydrogen ion at equilibrium 
Concentration of metal ion at equilibrium 
Analytical excess of hydrogen ion in a test solu­
tion 
Total concentration of Cd(II) 
Ethylenediaminemonoacetate anion (edrna-) 
Total concentration of L 
Concentration of free L 

X Degree of neutralization of HL: {—H-\-h—KJh) 

K 
Kw Autoprotolysis constant of water in 1 mol dm - 3 

NaC104 solution (10-13-95 mol2 dm"6).4) 
n Average number of protons bound to one L 
Z Average number of edma anions bound to one 

Cd(II) 
p Number of cadmium ions bound to complex 

species 
q Number of protons bound to complex species 
r Number of edma anions bound to complex spe­

cies 
s Number of chloride anions bound to complex 

species 
ßpqrs Equilibrium constant for the reaction 

pCd + qH + rh + sCl = CdpHgLrCls 

[ ] Concentration 
[ ]t Total concentration 
DCd Diffusion coefficient of aqua cadmium(II) ion 
Dc Average diffusion coefficient of Cd(II)-EDMA 

complexes 
(Er

i/2)CA Reversible half-wave potential of aqua Cd (I I) 
ion 

(£'1/2)rev Reversible half-wave potential of the Cd(II)-
EDMA system 

All ionic charges are omitted for the sake of convenience. 

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

Reagents. Ethylenediaminemonoacetic acid bis (hydrogen chlo­
ride) dihydrate (Hedma'2HCl-2H20) was prepared and puri­
fied by the method described by Fujii et a/.5> Though we first 
attempted to obtain crystals of diperchlorate of ethylenedi­
aminemonoacetic acid (EDMA), it was not successful because 
of their large solubility. The replacement of chloride ions of 
Hedma-2HC1 with Perchlorate ions was not attempted, be­
cause the stock solution of the ligand may not be accurately 
standardized with any standard metal solution and the re­
placement procedure may introduce impurities. Thus, the 
EDMA solutions used in the present work necessarily con­
tained chloride ions exactly twice as much as edma - anions. 
The result of the elemental analysis of the EDMA crystals 
obtained was as follows: Calcd for C4H10N2O3.2HC1.2H3O: 
C, 21.26; H, 7.10; N, 12.34%. Found: C, 21.65; H, 7.12; 
N, 12.29%. 

All other chemicals were prepared and purified by the 
methods described previously.1,2> 

Potentiometrie Measurements. The apparatus and the experi­
mental procedures used for Potentiometrie titrations have been 
described in the previous paper.1) The measurements were 
carried out in a paraffin oil thermostat at (25.00±0.02) °C 
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by using glass and cadmium-amalgam electrodes. Sodium 
Perchlorate was used as an indifferent salt to keep the Per­
chlorate concentration at 1.0 mol dm - 3 in all runs. 

Polarographic Measurements. The Polarographie appratus 
and the experimental procedures have been described previ­
ously.6) 

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

Evaluation of Protonation Constants of ED M A. 
Overall protonation constants of the edma base, ß0nl, 
were determined from the formation function, n and 
n c a c id , by using the generalized least squares method;1) 

S«ied = &ßonihn)l(l+J)ßonihn), 

_ ^ ch+H-h+(KJh) 
*L 

(1) 

(2) 

The protonation constants obtained were log /?0 1 1=9.97, 
log /?02i—16.71, and log ßQ3X—18-76. Fujii etal.7** report­
ed the values of log ß011= 10.15, log ß 0 2 1 = 16.80, and 
l o g / W = 1 8 - 9 5 a t a n i o n i c strength 0.2 at 25.0 °C. 

Determination of the Composition and the Formation Con­
stants of Complexes by Potentiometrie Titrations. Ti tra­
tion curves of the Cd(I I ) -EDMA solution were shown in 
Fig. 1. The experiments were carried out under the 
conditions that the ratios of CcJ^ were 1/1, 1/2, and 1/5, 
where cCd and £L were changed from 1 mmol d m - 3 to 
5 mmol d m - 3 and from 5 mmol d m - 3 to 25 mmol d m - 3 , 
respectively. For each run, cGA and cL were kept 

practically constant. As can be seen in Fig. 1, the 
values of X were independent of Cm and cL over the 
p H range 2—5. This result showed that no proton was 
released from the ligand by the complex formation. 

Since a stock solution of the ligand E D M A contains 
chloride ions, the equilibria of the G d ( I I ) - E D M A system 
may be described by the general formula including 
chloride ions; 

/>Cd2+ + qH+ + rL- + sCl~ = CdpHgLrCl,<2P+«-'-*>, (3) 

with the equilibrium constant, ßpqrs. From the material 
balance for Cd(II ) ion, we obtain 

ccd = [Cd] + j} s s SMCdpH^cy 

= m + S S S S ^ m W [ C l ] s . (4) 

Rearrangement of Eq. 4 leads to 

£ = log{(cCd-m)/m} 

= log { S S XI Y\Pßvar*rn*- W[C1P>. (5) 
p q r s 

As a first approach for analyzing data, we assume that 
only one complex is formed; then Eq. 5 is reduced to 

£ = \ogpßmrs + (p- 1) log m + q log h 

+ r log/ + Hog[Cl]. (6) 

The plots of £ vs. —log h are shown in Fig. 2. From this 
figure, we can see the following facts in the p H range 
2—5. (1) Although £ seemed to depend on ch> it was 
independent of —log h, and therefore, £ can not be a 

-0.5h 

10.0 

—log(A/mol dm -3) 

Fig. 1. Degree of neutralization, X, of ethylenediaminemonoacetic acid (EDMA) solutions 
for the Cd(II)-EDMA systems. 

( Q ) : cCd=0.0 mol dm~3, cL=0.005013 mol dm-3; 
i: cCd=0.0 mol dm~3, cL=0.01003 mol dm"3; 

cCd=0.001016 mol dm-3, ch=0.005018 mol dm~3; 
£Cd=0.002611 mol dm-3, cL=0.005057 mol dm"3; 
cCA=0.002650 mol dm-3, ch=0.01263 mol dm-3; 
cCd=0.005074 mol dm"3, cL=0.005183 mol dm-3; 

(D): £Cd=0.005045 mol dm-3, cL=0.01007 mol dm-3; 
(O) : cCd=0.005055 mol dm-3, cL=0.02514 mol dm"3. 

Solid lines are the values of A- calculated by the use of the formation constants in Table 1. 

((D): 
(A): 
(O): 
(V): 
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—log (A/mol dm -3) 

Fig. 2. Relationships between £ and —log h. Symbols 
are the same as those in Fig. 1. Solid lines are the 
values calculated by the use of the formation constants 
in Table 1 and of the formation constant of the GdCl+ 

complex, 101-35. 

function of /, which may be approximately calculated 
by the following equation : 

n = l 
(7) 

(2) The dependence of £ on ch should be explained in 
terms of the contribution of chloride ions, instead of 
E D M A anion, in the complex formation. The concen­
tration of chloride ion was 2ch in the present experiment. 
(3) £ was independent of cc<i at constant ch (0.005 
mol d m - 3 ) within experimental errors. From these 
results, we can conclude that no Cd-edma complex but 
a mononuclear CdCl s

( 2 _ s ) + complex formed in the p H 
range of 2—5. 

Since cCd<Vci in all cases and the degree of complexa-
tion of Cd(II) ion with chloride ion is rather small, we 
can assume that the concentration of free chloride ion 
([CI]/) is almost equal to that of total chloride ion 
([CI]/). When £ is plotted against log [CI], calculated 
as log(2xc L ) , a linear relation of the unit slope resulted 
(see Fig. 3). Thus, the complex formation, C d 2 + + C l - = 
CdCl+, (/>=1, g—0, r = 0 , and s=l), took place, and the 
formation constant was determined as log /?1001=1.35 by 
application of a successive approximation to Eq. 6. 

*Aß 

0 

- 0 . 2 

- 0 . 4 

- 0 . 6 

- 0 . 8 

- 1 0 

-

-

-

J 

4 / 

/* 

1 1 

/o 

1 

o / 

s=1 

1 1 1 
-2.2 -2.0 -1.8 -1.6 -1.4 -1.2 

log([Ciymol dm-3) 

Fig. 3. Plot of £ against log [CI], at -log(A/mol dm"3) = 
2.4. [CI], denotes the total concentration of choride 
ion. 

The constant coincides with the value of 1.35 reported 
by Vanderzee and Dawson in a 1 mol d m - 3 NaC10 4 

solution at 25 °C.8) 
Above p H 5.5, the titration curves of solutions 

containing Cd(I I ) ions deviated from that of the 
solution containing only the ligand, as shown in Fig. 1. 
In the cases of CC (I /CL=1/1 and 1/2, white precipitates 
were separated out in an alkaline region and stable 
emf's could not be recorded. O n the other hand, the 
titration curves for the case of Ccd/cL=l/5 converged on 
a single curve over the p H range 5.5—10.0. Since 
the titration curves at £cd/cL=l/5 were independent of 
the total concentration of Cd(I I ) ion (0.001—0.005 mol 
d m - 3 ) , it is seen that no polynuclear complex species was 
formed. Then, the concentration of free edma is 
expressed as follows: 

/ = {ch+H-h+(KJh)}/(^nß0nloh"), 
n=l 

and the formation function Z is expressed by 

Z= (<L-lJ/Wo^)/<Cd (Pooio— 1)> 

(8) 

(9) 

<N 

-9 .0 -8 .0 - 5 . 0 - 4 . 0 -7.0 -6.0 
log (//mol dm -3) 

Fig. 4. Relationships between the formation function Z 
and log /. Solid line is the best fit curve calculated by 
Eq. 11. Symbols are the same as those in Fig. 1. 

where cGA is the total concentration of Cd(I I ) ion. 
Figure 4 demonstrates the plots of Z vs. log /. As can 
be seen in this figure, a single curve was obtained 
regardless of the variations of cCd, cL, and [Cl] f . There­
fore, no mixed complexes of Cd(I I ) ion with chloride 
and_ e d m a - ions were formed. Furthermore, the values 
of Z approached 2.0 as the values of log / increased. The 
formation curve thus obtained could be overlapped with 
a normalized curve 

Scaled = (PV+2V*)/(1+PV+V>), (10) 

9) With P=ß1oiol\/ß1020> a n d l 0 § y = 1°S / + 1 / 2 log &020> 
and thus the formation of the CdL+ and CdL2° complexes 
was concluded. The formation constants of these 
complexes were evaluated from the best fit curve with 
the experimental one. By using the values, log /#i0 io=6.9 
and log ß1020=\2.3, thus determined as the initial 
values, the formation constants were refined by means 
of a generalized least squares method in which the 
minimum error square sum U=Z(Zcaicd—Z)2 was 
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TABLE 1. FORMATION CONSTANTS OF Cd(II)-EDMA 

COMPLEXES (log ßpqrs) IN 1.0 mol dm-3 

NaC104 SOLUTION AT 25.0 °C 

log ft110=9.97±0.02, log ß0210= 16.71 ±0.02, 
log/?o3io=18-76±0.02. 

12.0 

log ft log ft 

Potentiometry 
Polarography 

6.86±0.02 
7.20±0.05 

(8.48) 

12.32±0.02 
13.13±0.05 

(13.23) 

( ) : Ref. 3. 

searched, where Z c a c l d is given by 

^ c a , c d = ( f t o i o H 2 f t 0 2 0 / 2 ) / ( l + f t „ 1 0 / + fto2</2). ( 1 1 ) 

The results were shown in Table 1. The solid curve in 
Fig. 4 represents the calculated one by using the final 
values. 

Determination of the Formation Constants by Polarography. 
As described in the section of Potentiometrie measure­
ments, the CdL+ and CdL 2 complexes were formed at 
p H > 6 . 0 . In order to examine the Polarographie 
behavior of these complexes, the change of the half-wave 
potential with / was measured over the p H range 
6.0—7.5. No buffer reagent was used, because the test 
solutions have a sufficient buffer capacity due to the 
ligand itself which is present in a large excess in com­
parison with Cd(I I ) ion. Single waves with the diffusion-
controlled limiting current were observed and the 
conventional log-plots of the current-potential curves 
yielded straight lines with the reciprocal slopes of 
(30 ± 1 ) mV, in accord with the fact that the reversible 
two-electron reduction occurred. Since the half-wave 
potent ial shifted to the negative side with the increase 
of p H , the formation constants of the complexes can be 
determined from this shift by the method developed 
by DeFord and Hume.10-11) 

DeFord and Hume ' s function F0 is defined as follows : 

= ( A M / A , ) 1 " exp (^y(E[/2)Cd-(E1/2)rev}. (12) 

The factor (Z>Cd/-A)1/2 w a s obtained from the ratio of 
the diffusion current of Cd(I I ) ion to that of the com­
plexes. T h e measured value of —0.575 V vs. SCE was 
used for (jEï/2)od. A new function F1=(F0—l)/l is 
defined and extrapolation of the Fx curve toward 1=0 
gives an intercept corresponding to ßi010. T h e procedure 
was repeated until a horizontal line was obtained. The 
sets of the plots analyzed to obtain ß1QrQ are shown in 
Fig. 5. T h e formation constants ß1010 and ß1020 thus 
found are given in Table 1. In these procedures, the 
complex formation of Cd(II ) ion or Gd-edma complex 
with chloride ion was neglected. 

As can be seen from Table 1, the values of the forma­
tion constants of 1: 1 and 1: 2 C d ( I I ) - e d m a complexes 
obtained by polarography were larger than the values 

"0 2.0 4.0 6.0 8.0 10.0 

IX 105/mol dm-3 

Fig. 5. Dependence of Fp (p=0, 1, 2) on / at total EDMA 
concn=0.0100 mol dm - 3 . 

obtained by potentiometry. Such discrepancies have 
sometimes been observed for the complex formation 
of Cd(I I ) ion with other multidentate ligands. The 
value of logß 2 of the Cd(II)-diethylenetr iamine complex 
obtained by potentiometry12-13) is 13.9, whereas the value 
determined by polarography14) is 14.8. Log ßt of the 
Cd(II)- t r ie thylenetetramine complex is estimated to be 
10.8 by potentiometry,15) whereas the value for this 
complex obtained by polarography14) is 13.9. Thus 
the values obtained by polarography are often larger 
than those obtained by potentiometry. The difference 
in these values may be attr ibuted to the difference in 
the methods employed, but the reason is not clear yet. 

The ethylenediaminemonoacetate ligand formed no 
protonated complex with Cd(I I ) ion. In combination 
with the results obtained in the previous works for the 
Cd(II ) -edta 2 ) and -hedta1) complexes, we concluded 
that the two nitrogen atoms and at least one acetate 
group are indispensable for the chelate formation of a 
diaminepolyacetate ligand with Cd(II ) ion. 

The authors thank Dr. Yuki Fujii, Department of 
Chemistry, Ibaraki Univ., for his suggestion for prepar­
ing and purifying ethylenediaminemonoacetic acid. 
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Semiintegral Electroanalysis in the Absence of Supporting Electrolyte 
Masashi G O T O , * Morten GRENNESS,** and Keith B. OLDHAM 

Department of Chemistry, Trent University, Peterborough, Ontario, Canada 

(Received January 24, 1977) 

The limiting semiintegral of the current which flows when a stationary electrode is progressively polarized 
in the presence of electroactive species has been investigated under the condition of no supporting electrolyte present 
in the solution. The semiintegral, m{t), of the current, i(t), is defined by 

„ . d~!/2 1 r i{X) , . 
m{t)=lü^l{t)=^)Ät^dL 

The electroreduction of a number of heavy metal ions has been studied at a mercury drop electrode and it was 
found that the limiting semiintegral is larger than that observed with excess supporting electrolyte present. The 
finding is in agreement with a simple theory which considers both diffusion and migration mass transfer processes. 
The factor by which the limiting semiintegral increases has been shown to depend on the diffusion coefficients 
and charge numbers of the cation and anion. 

Basic theory of the new electroanalytical method 
"semiintegral electroanalysis" has been presented and 
experimentally verified in previous papers.1,2) It has 
been also demonstrated1 '3) that semiintegral electroanal­
ysis has the merit of being completely independent of 
the signal under typical electroanalytical conditions. 
The independence of the limiting semiintegral of current, 
m(r), from the form of the applied potential signal 
permits a large resistance to be present in the solution 
without impairment of the analysis, so that semiintegral 
electroanalysis can tolerate very low or even zero 
supporting electrolyte concentrations. Existing theory,1) 
however, is based on the assumption that the mass 
transport is by diffusion only, whereas migration must 
also be admitted if the supporting electrolyte concentra­
tion is not in excess. In this article we show both 
theoretically and experimentally that the proportionality 
between m(r) and the electroactive concentration is 
maintained even in the total absence of supporting 
electrolyte. The constant of proportionality is, however, 
different from the excess supporting electrolyte case. 
The implication of these findings for semiintegral 
electroanalysis in such fresh waters as lakes and rivers 
is clear. 

Theory 

The exact t reatment of any electroanalytical experi­
ment under conditions in which both migration and 
diffusion are important is inordinately difficult. Never­
theless, there have been numerous attempts to overcome 
this difficulty,4-10) especially in the context of chrono-
potentiometry. Some of these treatments have been 
very sophisticated and, in comparison, our present 
t reatment is naive. 

Consider a plane indicator electrode immersed in an 
unstirred solution containing only two ions: those of 
species O (cation) and P (anion), without any supporting 
electrolyte. Only the species O is reduced by the Zo 

* Present address: Department of Applied Chemistry, 
Faculty of Engineering, Nagoya University, Chikusa-ku, 
Nagoya 464. 

** Present address: Chloride Technical Limited, Swinton, 
Manchester, England. 

electron reaction, 

O(soln) + z0e~ y R(solid or amalgam) (1) 

to the initially-absent species R, which is uncharged. 
The solution is assumed to extend to infinity in the 
direction perpendicular to the electrode. According 
to the established theories,11-13) the rate of change in 
concentration of O at a distance x from the electrode 
surface at a time t is presented by 

dC0(x,t) = dj0(x, t) = D0DP[z0-zP] d*C0(x,t) 
dt dx [z0D0-zPDP] dx* ' { ' 

where C is the concentration, J is the flux, D is the 
diffusion coefficient, z is the charge number, and the 
subscripts represent the species concerned. The flux 
of O is given by the following equation: 

Jo{x'l) = —[^b0-zrDF] 

x{AÄUo-.P]^U^}, (3) 

where i(t) is the faradaic current at a time t, A is the 
electrode area, and F is the Faraday constant. 

Equation 2 is identical with Fick's second law except 
that the diffusion coefficient is replaced by the composite 
constant DQDP (ZO—ZP) / {ZoDo—Z?DP). Accordingly, 

when combined with the initial condition, 

C0(x, 0) — C0 = constant, (4) 

corresponding to a uniform O concentration before 
electrolysis, and the boundary condition, 

C0(oo, 0 = C0, (5) 

appropriate to semiinfinite conditions, the equation 

dyi vr (v ,N r i _ /A*Pp(zo-Zp) dC0(x,t) 
^ - [ C o f r O - C c J - - V ZoD0-zPDP dx~ ( 6 ) 

may be derived in a strictly analogous way to that used14) 

in establishing the theory of semiintegral electroanalysis 
with excess supporting electrolyte. dl/2jdtl/2 is the 
partial semidifferentiation operator with respect to t 
and the semidifferentiation operator, d l / 2 /d£ l / 2 , is defined 
by 

Since only the species O reacts at the electrode, the 
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fluxes of each species at the electrode surface are given 
by 

/o«M)=^f, 
and 

yP(o,o = o. 
The combination of Eqs. 3, 6, and 7 produces 

31/2 

'dt1'* 
[C o (0 ,0-C o ] 

zP*/~DPi(t) 

(7) 

(8) 

*="• ( 9 ) 
ZQAF*J D&J ZQ — ZpVzoD0 — ZpDP 

Semiintegrating Eq. 9 and rearranging terms, we obtain 

m(t) = ZoAF^DolCoiO, t) -CQ]V^~Zv^§°"^F• 

(10) 

The limiting semiintegral of current at the time r, 
when the concentration of O at the electrode surface 
is equal to zero, is 

,(r) = Z o A F V D o C ^ ^ ^ ^ ^ ^ 

= m{x)i 1 - Zo 1 - *oA> 

ir 

(12) 
'OC ' ZP ^ ZpDp 

where m(j)xse and Z>0c are the semiintegral of current 
at the time T and the diffusion coefficient of O respec­
tively in the solution containing excess supporting 
electrolyte. Equation 11 is the basic relationship between 
the limiting semiintegral and concentration for this 
method in the absence of supporting electrolyte. Equa­
tion 11 will be verified by testing experimentally Eq. 12 
in the remainder of this paper. 

Exper imenta l 

The salts Cd(N03)2, CdCl2, CdS04 , Ni(N03)2, NiCl2 

NiS04, Cu(N03)2, CuS04, Cu(CH3COO)2, Zn(N03)2, ZnS04 , 
Pb(N03)2, T1N03, and InCl3 were used as solutes. The 
concentration of solutions for the present study was 1.00 
mmol/1 or 5.00 mmol/1. In order to measure limiting semi-
integral in excess supporting electrolyte, 100 mmol/1 or 200 
mmol/1 KNO3 was used as a supporting electrolyte. The 
electrolytic solutions were deoxygenated by bubbling argon 
gas. The reagents were generally of laboratory grade or in 
some cases analytical grade. The distilled water for solu­
tions and cleaning of glassware was further deionized by ion 
exchange resin, the conductivity corresponding to less than 
0.02 ppm NaCl. 

Three electrodes, cell and instrumentation were substan­
tially the same as previously reported.1'2) Simple or capped 
ramp signals were applied to a hanging mercury drop elec­
trode vs. a saturated calomel electrode by using a mercury 
pool as a counter electrode. All the experimental work was 
carried out at room temperature («?22°C). 

In polarography, difficulties frequently arise from the pres­
ence of Polarographie maxima. Similar difficulties have been 
experienced in the present study. The maxima were sup­
pressed, whenever possible, by prepolarizing the hanging 
mercury drop electrode at the initial (equilibrium) poten­
tial for a few minutes. In more severe cases the addition of 
small quantities of methyl red or a freshly prepared solution 
of gelatin (0.2%) was required. In general it was found 
that the maxima were more pronounced in solutions without 

supporting electrolyte, possibly because the current density is 
less uniform. 

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

As typical examples of investigated species, Figs. 1 
and 2 show the neopolarograms of 1.00 mmol/1 Cd-
( N 0 3 ) 2 and T1N0 3 , respectively, in the absence of 
supporting electrolyte together with those in excess 
supporting electrolyte. The "neopolarograms" are the 
graphs vs. potential, E, of the semiintegral of current, m. 
The value m is measurable in the unit1) of A s l / 2 or C 
s-i/2 The shape of neopolarograms in the absence of 
supporting electrolyte is apparently deformed by the 
potential drop resulting from a large resistance present 
in solution, however the semiintegral levels off at a 
plateau. The upward slope of the plateau is more 
pronounced than in the presence of supporting electro­
lyte.15) The limiting semiintegral values were deter­
mined by the empirical procedure illustrated by the 
dashed lines in curve I of Fig. 1. 

E(mV vs.SCE) 
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Fig. 1. Neopolarograms of 1.00 mmol/1 Cd(N03)2 in 
the absence and presence of supporting electrolyte. 
Electrode area : 4.69 x 10~2 cm2, Scan rate: 100mV/s, 
supporting electrolyte: I none, II 100 mmol/1 KN0 3 . 
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Fig. 2. Neopolarograms of 1.00 mmol/1 TlNO s in the 
absence and presence of supporting electrolyte. Con­
ditions as in Fig. 1. 

In order to verify Eq. 12 the limiting semiintegrals in 
both the absence of supporting electrolyte and the 
presence of excess supporting electrolyte were measured 
for various salts of uni-, bi-, and ter-valent cations, and 
their ratios are listed in Table 1. The limiting semi-
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TABLE 1. m(T)lm(r)xse RATIOS FOR VARIOUS SALTS 

Salt concentration: 1.00 mmol/1, electrode area: 
4.69X10-3 cm2. 

Salt 

Conen 
of 

K N 0 3 
(mmol/1) 

m(z) 
((/A s1/2) 

m(r)/m(r)xse 

Exptl Theor. 

Cd(N03)2 

CdCl2 

CdS04 

Ni(N03)2 

NiCl2 

NiS04 

Cu(N03)2 

CuS04 

Cu(CH3COO)2 

Zn(NOa)2 

ZnS04 

T1N03 

Pb(N03)2 

InCl, 

0 
100 

0 
100 

0 
100 

0 
100 

0 
100 

0 
100 

0 
100 

0 
200 

0 
200 

0 
200 

0 
200 

0 
100 

0 
100 

0 
100 

57.2 
23.0 
46.3 
21.0 
39.2 
22.5 
57.0 
24.5 
54.5 
23.1 
42.8 
23.4 
49.1 
24.6 
35.0 
23.4 
58.3 
23.5 
51.5 
23.7 
38.7 
23.5 
42.0 
20.4 
66.7 
26.1 
61.1 
31.0 

2.49 

2.20 

1.74 

2.33 

2.36 

1.83 

2.00 

1.50 

2.48 

2.17 

1.65 

2.06 

2.56 

1.97 

2.34 

2.31 

1.87 

2.28 

2.25 

1.82 

2.33 

1.86 

2.69 

2.43 

1.94 

2.12 

2.68 

2.80 

integral in the absence of supporting electrolyte was, in 
general, about twice larger than that observed in the 
excess supporting electrolyte, the ratio m(T)lm(r)xse 

being the largest for P b ( N 0 3 ) 2 and the smallest for 
C u S 0 4 . 

TABLE 2. DIFFUSION COEFFICIENTS AT INFINITE 

DILUTION AT 2 5 °C 1 6 ) 

Cation £>X106 

(cm2/s) 
Anion Z>Xl06 

(cm2/s) 

K+ 
T1+ 
Pb2+ 
Cd2+ 

Zn2+ 
Cu2+ 
Ni2+ 
In3+ 

19.8 
20.0 

9.8 
7.2 
7.2 
7.2 
6.9 
5.6 

ci-
N 0 3 -
CH3COO-

so 4
2 -

20.3 
19.2 
10.9 
10.8 

Table 2 shows li terature values16) of diffusion coef­
ficients (except the case of In3 +) for various ions under 
the condition of infinite dilution at 25 °C. For the case 
of In3 + , the known limiting equivalent conductances of 
ions /l°,17) of ter-valent lanthanide cations were plotted 
against the crystal ionic radii, r.18) There is a linear 
relationship between the two quantities as shown in 
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Fig. 3. Relationship between limiting equivalent ionic 
conductances and crystal ionic radii for ter-valent 
cations at 25 °C. 

TABLE 3. DIFFUSION COEFFICIENTS IN EXCESS 

SUPPORTING ELECTROLYTE AT 2 5 °C 1 9 ) 

Ion 

T1+ 
Pb2+ 
Cd3+ 
Zn2+ 
Cu2+ 
Ni2+ 
In3+ 

Supporting electrolyte 

0.1 mol/1 
0.1 mol/1 
0.1 mol/1 
0.1 mol/1 

K N 0 3 

K N 0 3 

K N 0 3 

K N 0 3 

0.1—0.2 mol/1 K N 0 3 

0.1 mol/1 
0.1 mol/1 

K N 0 3 

K N 0 3 

DxlO« 
(cm2/s) 

18.2 
8.28 
6.90 
6.38 
6.94a> 
6.86a> 
5.23a> 

a) Value evaluated by semiintegral electroanalysis. 

Fig. 3. The limiting equivalent conductance of 1/3 In 3 + 

was estimated to be 63.5 cm2 f i - 1 equ iv - 1 from the line 
of Fig. 3 and the ionic radius 0.81 Â,18> whence the 
diffusion coefficient at infinite dilution of In 3 + was 
calculated from the Nernst-Einstein equation. Table 3 
shows the diffusion coefficients of metal ions in excess 
supporting electrolyte from the literature19) together 
with the values of Cu2 + , Ni2+, and In 3 + evaluated by 
semiintegral electroanalysis. The theoretical w(T)/m(T)xse 

ratios were calculated from Eq. 12 by using the diffusion 
coefficients in Tables 2 and 3, and are listed in Table 1. 
Apart from InCl3 , the theoretical ratios generally 
compare well with the values obtained by experiment, 
though the theoretical ratios are usually slightly larger 
than the experimental values. This tendency possibly 
suggests some existence of hydrolysis reaction such as 

Cu2+ + H 2 0 ? 

CuOH+ + 2e~ 

CuOH+ + H+ , 

± Cu(amalgam) + OH". 

In the case of InCl3 , the experimental ratio is much 
smaller than the theoretical value. We believe this 
result to be due to a hydrolysis reaction of In3+, because 
10 mmol/1 aqueous solutions of InCl 3 began to produce 
white suspensions in the originally clear solutions a few 
hours after preparing at a room temperature. The 
formation rate was accelerated on heating, but the 
suspension disappeared on adding acid. Another 
possible cause is the presence of complex ions such as 
[InCl]2+ and [ InCl 2 ] + formed with chloride ion, but this 
explanation is unlikely because a similar fn(r)lm(r)xse 
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ratio was observed in the case of I n ( N 0 3 ) 3 solute. 
Table 1 shows that Eq. 12 applies whether the 

reduction product is solid or amalgam, because most 
metals among investigated species are soluble in a 
mercury electrode but the metallic nickel does not form 
an amalgam. 

In the classical polarography using a dropping 
mercury electrode, Lingane and Kolthoff20* obtain the 
following relation between the initial limiting current, 
z'l, without supporting electrolyte present and the 
diffusion current, id, in an excess of indifferent elec­
trolyte 

*i = /""ArPpfeo-gp] f l *1 n 3 \ 
*d V DnlzoDo-zMll-ToJ { } 

for cation reductions, where T0 is the transference 
number of O. It should be realized by the comparison 
between Eqs. 12 and 13 that w(r)/m(T)xse ratio observed 
in this semiintegral electroanalysis at higher scan rate 
of potential is identical with ijid ratio in classical 
polarography. 

T A B L E 4 . fn(x)/m(T)xse R A T I O S A T D I F F E R E N T 

SCAN RATES OF POTENTIAL 

Conditions: Electroactive species: 1.00 mmol/1 CdCl2, 
electrode area: 4.69x 10~2 cm2. 

m(r) (fiA s1/*) 
Scan rate (mV/s) 

50 100 200 500 

Conen of Ï00 20.8 21.1 21.0 21.1 
KN0 3 (mmol/1) 0 46.6 45.8 46.5 46.2 
m(z) Exptl 2.23 2.17 2.22 2.19 2.21(av.) 

m(T)XBe Theor. 2.31 2.31 2.31 2.31 

T A B L E 5 . W ( T ) / W ( T ) X S O R A T I O S A T D I F F E R E N T C O N C E N ­

T R A T I O N S OF ELECTROACTIVE SPECIES 

Condition: Electrode area: 4.69X 10~2 cm2. 

W(T) (ptAsV2) 

Species Cd(N03)2 T1N03 

Conen of species (mmol/1) 1.00 5.00 1.00 5.00 
Conen of 100 23.0 120 2ÖÄ 95~7~ 
KNO3 (mmol/1) 0 57.2 273 42.0 210 

III(T) Exptl 2.49 2.28 2.06 2.19 

m(r)xse Theor. 2.34 2.34 2.12 2.12 

The dependencies of m(T)lm(T)xse ratio on the scan 
rate for CdCl2 and on concentration for G d ( N 0 3 ) 2 

and TINO3 are tested in Tables 4 and 5, respectively. 
The ratio is independent of scan rate and concentration 
as the theory predicts. 

Thus the applicability of semiintegral electroanalysis 
in the absence of supporting electrolyte has been 
demonstrated. I t is found that the sensitivity of detec­
tion is about twice as great as that with excess suppor­
ting electrolyte, but is dependent on the nature of the 
counter ion. 

T h e financial support of the National Research 
Council of Canada is gratefully acknowledged. 
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Structure and Characterization of Copper(II) and Nickel (II) Complexes 
with 3-Acetyl-5,6-dimethylpyridazine Hydrazone, the 

Condensation Product of Biacetyl and Hydrazine 
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Copper(II) and nickel(II) complexes, MLX2-«H20 (L=C16H24N8;X = C1-, Br-, NO s- , C104-, BF4~;n=0, 2), 
were obtained by reacting diacetyl with hydrazine in the presence of a metal ion and characterized. The conden­
sation product L was found to be 3-acetyl-5,6-dimethylpyridazine hydrazone. The molecular structure of NiL-
(C104)2 '2H20 has been determined, the configuration around the nickel(II) ion being a distorted octahedron. 

Metal complexes of 1,5,9,13-tetraaza[ 16] annulene 
(Fig. 1, a) , which is the inner-ring system of porphyrins, 
are of interest in connection with the study on metal-
loenzymes such as peroxidases and cytochromes. Busch 
et fl/.1_4> obtained tetrabenzo[6,/,j , tt][l,5,9,13]tetraaza-
[16]annulene complexes by condensing 2-aminobenzal-
dehyde in the presence of a metal ion. Step-wise 
oxidation of metal complexes with tetraazamacrocycles 
of lower unsaturation seems a promising method for 
synthesizing tetraazaannulene metal complexes. By this 
method 5,7,12,14-tetramethyl-l,4,8,l l- tetraaza[ 14]an­
nulene has been prepared.5) Tang and Holm6) oxidized 
15- and 16-membered tetraazamacrocyclic complexes 
and synthesized corrin-like macrocyclic complexes. 
However, l,5,9,13-tetraaza[16]annulene and its homo­
logues with simple substituents are not known. 

In order to prepare 3,4,7,8,11,12,15,16-octamethyl-
1,2,5,6,9,10,13,14-octaaza[ 16]annulene complexes (Fig. 
1, b) , we treated biacetyl and hydrazine in the presence 
of copper(II) or nickel(II) ion and obtained metal 
complexes of the type M L X 2 - n H 2 0 ( M = C u ( I I ) , Ni-
( I I ) : X = C 1 - , Br-, N O s - , G10 4 - , BF 4 - ; n=0, 2) where 
L denotes the condensation product with the composi­
tion C l eH2 4N8 . T h e composition is the same as that of 
the desired compound 3,4,7,8,11,12,15,16-octamethyl-
l,2,5,6,9,10,13,14-octaaza[16]annulene. However, L 
can not be the annulene, since the infrared spectrum of 
each complex clearly indicates the presence of an amino 
group. The purpose of this study is to characterize the 
condensation product and the metal complexes. 

Exper imenta l 

Syntheses. CuL(ClOJ2: A methanol solution (50 ml) 
of biacetyl (4.3 g) and hydrazinium chloride (3.5 g) was 

N N 

GH3 

H3C V Y * 8 

N=< 
A CH3 

N-N 

H3C 

Fig. 1. 

CH3 
(b) 

refluxed for 10 min. To this was added copper(II) acetate 
monohydrate (2.5 g) and the mixture was heated under 
reflux for 3 h. A yellow precipitate formed was separated 
from the solution by filtration, and an aqueous solution of 
sodium Perchlorate was added to the filtrate to give yellow-
brown prisms. These were recrystallized from water. The 
yield was 0.7 g. 

Found: C, 32.43; H, 3.98; N, 19.03; Cu, 10.85%. Calcd 
for C1GH24N808Cl2Cu: C, 32.52; H, 4.09; N, 18.96; Cu, 
10.75%. 

CuLBr2: Biacetyl (4.3 g) and hydrazinium bromide (5.7 g) 
were dissolved in methanol (70 ml) and the mixture was 
refluxed for 10 min. To this was added copper(II) acetate 
monohydrate (2.5 g) and the mixture was heated under re­
flux for 3 h. The reaction mixture was filtered while it was 
hot and the filtrate wes allowed to stand overnight to give 
greenish brown prisms. The yield was 0.2 g. 

Found: C, 34.70; H, 4.35; N, 20.22; Cu, 11.79%. Calcd 
for C16H24N8Br2Cu: C, 34.83; H, 4.38; N, 20.31; Cu, 11.52%. 

NiL(ClOi)2- 2H20: This complex was obtained in the 
same way as that for CuL(C104)2 from biacetyl (4.3 g), 
hydrazine hydrochloride (3.5 g) and nickel(II) chloride 
hexahydrate (3.0 g). A yellow precipitate formed was sepa­
rated from the reaction mixture. To the filtrate was added 
an aqueous solution of sodium Perchlorate (3.0 g) to give 
yellow prisms. A small amount of the product was re­
covered from the solid part of the reaction mixture by ex­
traction with hot water and treatment with an aqueous 
solution of sodium Perchlorate. The product was recrystal­
lized from water to give yellow brown prisms (3.9 g). 

Found: C, 30.76; H, 4.71; N, 17.84%. Calcd for C16H28N8-
N8O10Cl2Ni: C, 30.89; H, 4.54; N, 18.01%. 

NiL(BFi)2-2H20: The complex was obtained as golden 
yellow needle by addition of an aqueous solution of sodium 
tetrafluoroborate to an aqueous solution of NiL(C104)2«2H20. 

Found: C, 32.13; H, 4.73; N, 18.50%. Calcd for C16H28-
N802B2F8Ni: C, 32.20; H, 4.73; N, 18.78%. 

NiLCl2: The complex was obtained as red-orange prisms, 
when an aqueous solution of excess sodium chloride was 
added to an aqueous solution of NiL(C104)2-2H,0. 

Found: C, 41.44; H, 5.32; N, 24.33%. Calcd for C]ßH24-
N8Cl2Ni: C, 41.96; H, 5.28; N, 24.46%. 

NiL(NO-J2: The complex was obtained as yellow-brown 
prisms by mixing an aqueous solution of NiL(C104)2«2H20 
and an aqueous solution of excess sodium nitrate. 

Found: C, 37.36; H, 4.77; N, 27.41%. Calcd for C16H„-
N10O6Ni: C, 37.60; H, 4.73; N, 27.40%. 

Isolation of the Condensation Product. To an aqueous 
solution (200 ml) containing Na2H2edta • 2H2C" (4.0 g) and 
NaOH (4.0 g) was added NiL(ClÖ4)8.2HaO (3.0 g), and the 
mixture was heated under reflux for 5 h. Pale yellow needles 
which separated were collected and recrystallized from metha-
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nol. The yield was 1.3 g ; mp 185 °C. 
Found: C, 64.81; H, 6.75; N, 28.53%; MS: m/e, 296 and 

297. Calcd for C,6H20N6: C, 64.86; H, 6.80; N, 28.38%; 
mol wt, 296.38. 

Measurements. Infrared spectra were measured with a 
Hitachi Infrared Spectrophotometer Model 215 on a KBr 
disk, electronic spectra with a Shimadzu Multipurpose Spec­
trophotometer Model MSP-5000, and NMR spectra with a 
Hitachi NMR Spectrophotometer Model R-20B in CD3CN 
using tetramethylsilane as the internal standard. 

TABLE 1. CRYSTAL DATA 

NiCl2O10N8C16H28, Mol wt=622.07 
Monoclinic, P2x/c 
« = 7.095(2)Â 
b= 11.578(3) 
c= 16.515(7) 
ß-102.7(3)° 
F-1323.6Â3 

/ i(Mofo)= 18.58 cm-1 

Z)m= 1.56 g cm-3, D= 1.56 g cm-3 (for Z=2) 

Structure Determination of NiL(ClOJi- 2H20. The crystal 
is yellow-brown rhombic prisms elongated along the c-axis. 
Unit cell dimensions were determined by the least-squares 
method from high-angle fifteen reflections measured on a 
Syntex PÏ four-cycle automatic diffractometer. The crystal 
data are givin in Table 1. Three-dimensional intensity data 
were collected by the 26-0 scan technique on a Syntex PÏ 
diffractometer using MoKa. radiation made monochromatic 
by means of graphite plate. Of 2345 independent reflections 
collected in 20<48°, 1636 reflections greater than 2.33a(F) 
were used in the analysis. They were corrected for the 
Lorentz and polarization effects, no corrections being made 
for absorption. 

Solution and Ref inement of the Structure 

The structure was solved by the heavy atom method. 
For two molecules in a unit cell of space group P2j/c, 

the nickel atom is required to be in a special position. 
The chlorine atom was easily deduced from the three 
dimensional Patterson synthesis and the minimum 
function. All the remaining non-hydrogen atoms were 
revealed by the Fourier syntheses. The positional and 
anisotropic thermal parameters were refined by the 
block diagonal least-squares method, the final disagree­
ment factor being 11.2% for the observed reflections. 
T h e final positional and thermal parameters and their 
standard deviations are given in Table 2. In the least-
squares procedure, weight co is taken to be equal to 
unity for | F 0 | ^ 5 . 0 reflections and zero for |.F0 |<5.0 
reflections. The F0-Fc table is kept at the office of the 
Chem. Soc. J a p a n (Document No. 7712). The scatter­
ing factors for all the atoms were taken from the Inter­
national Table for X-ray Crystallography.7) All 
calculations were carried out by the U N I C S program 
system using a Facom 230-75 Computer in the Computer 
Center of Kyushu University. 

Descr ip t ion o f the Structure 

The molecule has a center of symmetry, the nickel 
atom being required to be in its position. Two molecules 
of 3-acetyl-5,6-dimethylpyridazine hydrazone are coor­
dinated to nickel (I I) ion with two water molecules in 
apical positions. The molecular structure of NiL-
(C10 4 ) 2 -2H 2 0 with the number ing systems utilized for 
description of the molecule is shown in Fig. 2. Bond 
distances and bond angles with their standard deviations 
are given in Table 3. Two organic moieties and nickel-
(II) ion are almost coplanar. T h e deviation of each 
atom from the least-squares plane formed by N2, N3, 
and Ni atoms is given in Table 4. 

D i s c u s s i o n 

As is seen in Fig. 2, the organic moiety is demonstrated 

TABLE 2. THE FINAL POSITIONAL AND THERMAL PARAMETERS WITH THEIR STANDARD DEVIATIONS (x 104) 

The anisotoropic thermal parameters are in the form o£ exp[—(B11h
2-\-B22k

2jrBS3l
2-\-Blzhk-\-Biahl-\-B23kl)]. 

Atom 

Ni 
Gl 
O 
NI 
N2 
N3 
N4 
C l 
G2 
C3 
C4 
G5 
G6 
G7 
C8 
O l 
0 2 
0 3 
0 4 

x/a 

Ö 
1569(4) 

-778(9) 
-3908(10) 
-2129(10) 

1415(10) 
3239(10) 

-2945(12) 
-1658(12) 

311(11) 
1032(12) 
2928(12) 
3997(12) 
6076(12) 
3799(13) 
930(17) 

3040(14) 
-162(16) 
2047(14) 

j / b 

0 
1518(3) 

-387(6) 
1061(8) 
1260(6) 
1422(6) 
1397(7) 
3311(9) 
2278(9) 
2369(9) 
3363(9) 
3346(9) 
2340(9) 
2212(9) 
4371(10) 

722(14) 
2195(13) 
1947(13) 
697(13) 

z/c 

0 
3405(2) 
1126(6) 

-724(7) 
-231(6) 

596(6) 
981(6) 

-137(7) 
58(7) 

557(7) 
985(7) 

1424(7) 
1410(7) 
1861(8) 
1948(8) 
2770(10) 
3281(9) 
3345(9) 
3965(10) 

# n 
130(3) 
195(7) 
209(20) 
136(20) 
147(19) 
143(19) 
139(19) 
198(27) 
149(24) 
134(22) 
188(25) 
195(26) 
160(23) 
144(24) 
301(36) 
712(60) 
407(39) 
313(33) 
667(57) 

# 2 2 

397(1) 
66(2) 
63(6) 
73(9) 
45(6) 
41(6) 
49(7) 
45(8) 
48(8) 
42(7) 
40(7) 
45(8) 
46(8) 
70(10) 
48(9) 

232(20) 
222(19) 
269(22) 
196(18) 

# 3 3 

57(1) 
91(2) 
79(5) 
82(7) 
56(5) 
55(5) 
60(5) 
67(7). 
55(6) 
55(6) 
43(6) 
46(6) 
43(6) 
64(7) 
71(8) 

125(10) 
133(11) 
145(11) 
110(9) 

^ 1 2 

41(4) 
-20(7) 

69(19) 
58(23) 
44(19) 
35(19) 
15(20) 

101(26) 
45(23) 
41(22) 
15(24) 

-27(24) 
-3(23) 

-22(27) 
-63(31) 
-45(56) 

-186(45) 
134(46) 

-147(51) 

# 1 3 

-60(3) 
38(6) 

-14(17) 
-107(20) 

-52(17) 
-28(17) 
-62(17) 
-65(23) 
-26(20) 
-57(20) 
-23(20) 
-14(20) 
-16(19) 
-47(22) 
-75(29) 

41(39) 
-66(33) 

18(32) 
-21(37) 

# 2 3 

-22(2) 
-38(4) 
-34(10) 
-26(13) 

-9(10) 
-12(10) 

-8(10) 
-1(13) 
-2(12) 

-14(12) 
-13(11) 

-2(12) 
4(11) 
0(14) 

-36(14) 
-136(23) 

124(24) 
-135(28) 

128(22) 
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TABLE 4. DEVIATION OF ATOMS FROM THE LEAST 

SQUEARES PLANE (Â) 

002 
01 

°^ 
Fig. 2. Molecular structure of NiL(C104)2 .2H20. 

TABLE 3. BOND DISTANCES AND BOND ANGLES 

Bond distances (Â) with their standard deviations. 

Ni-O 
Ni-N2 
NÏ-N3 
N1-N2 
N2-G2 
G 2 - G 3 
G 3 - N 3 
N 3 - N 4 
N 4 - C 6 
G5-G6 

N 2 - N 3 ' 

2.102(10) 
2.075(11) 
2.047(10) 
1.363(17) 
1.288(17) 
1.462(19) 
1.345(17) 
1.323(15) 
1.347(17) 
1.393(18) 

3.215(17) 

G 4 - C 5 
G 3 - G 4 
C 1 - C 2 
G 5 - G 8 
G 6 - C 7 
G l - G l 
G 1 - 0 2 
G 1 - 0 3 
C 1 - 0 4 

N1—N4' 

1.382(18) 
1.389(18) 
1.496(20) 
1.518(20) 
1.507(19) 
1.372(20) 
1.380(19) 
1.343(20) 
1.339(20) 

' 2.93 (17) 

Bond angles (°). Each of the standard deviations is blow 
1.1°. 

0 - N i - N 2 90.5 
0 - N i - N 3 87.9 
N2-Ni-] 
N2-Ni-1 
N i - N 2 -
N i - N 2 -
N1-N2-
N i - N 3 -

M3 77.4 
S3' 102.5 
N l 122.1 
G2 117.1 
-G2 120.4 
N4 122.9 

NÎ -N3-C3 115.0 
N4-N3--G3 121.7 
N 3 - N 4 - G 6 118.9 
N2-C2--Gl 123.7 

N 2 - G 2 -
G 1 - G 2 -
N 3 - G 3 -
N 3 - G 3 -
G 2 - C 3 -

G3 114.3 
G3 121.7 
C2 115.5 
G4 121.3 
G4 123.1 

G 3 - G 4 - G 5 117.5 
G 4 - G 5 - G 6 118.2 
C 4 - C 5 -
C 6 - C 5 -
N 4 - C 6 -
N 4 - C 6 -

G8 121.0 
G8 120.6 
C5 122.0 
G7 114.5 

C 5 - G 6 - G 7 123.4 

to be 3-acetyl-5,6-dimethylpyridazine hydrazone. This 
acts as a bidentate chelating agent, in which the ring 
nitrogen adjacent to the acetyl and the imino-nitrogen 
of hydrazone coordinate to nickel(II) ion to form a five-

N l 
N4 
Gl 
G2 
G3 

- 0 . 1 0 
0.03 

- 0 . 1 0 
0.00 
0.08 

G4 
G5 
G6 
G7 
G8 

0.21 
0.26 
0.17 
0.20 
0.48 

The least squares plane is denned by Ni, N2, and N3. 

membered chelate ring. Two 3-acetyl-5,6-dimethyl-
pyridazine hydrazone and nickel (I I) ion are almost 
coplanar, although C8 (methyl carbon at the 6-position 
of pyridazine) slightly deviates from the least-squares 
plane formed by N2, N3, and Ni atoms. The distance 
between the nickel (II) ion and the water oxygen is 
2.102 Â, the direction being nearly at right angles to 
the least-squares plane. Thus, the molecule has a 
twofold axis, the symmetry around the nickel(II) ion 
being approximately D 2 h . 

One of the characteristics of this molecule is a distorted 
configuration around the metal ion. Equatorial nitro­
gens form a rectangle; the distance between N2 and N3 
is 2.58 Â, while the distance between N2 and N 3 ' is 
3.215 Â. Thus, the N 2 - N i - N 3 angle is only 77.4°, while 
the N 2 - N i - N 3 ' angle is 102.5°. These interatomic 
distances and bond angles are comparable with those 
in the nickel(II) complex with 2-pyridinecarboxamide 
anion.8) The marked distortion around the metal ion 
can be at t r ibuted to the strain inherent in the ligand, 
which forms a five-membered chelate ring with conjugat­
ed double bonds. 

In general, hydrazines condense with carbonyl 
compounds to form heterocyclic compounds.9) However, 
the condensation between hydrazine and biacetyl has 
not yet been fully elucidated. Biacetyl hydrazone, the 
initial condensation product between diacetyl and 
hydrazine, has an active methyl group in addition to 
amino and carbonyl groups. Accordingly, under acidic 
and alkaline conditions the Aldol type condensation 
reaction as well as Schiff base formation are possible 
It is likely that 3-acetyl-5,6-dimethylpyridazine 
hydrazone was formed by the scheme shown in Fig. 3. 

In order to separate and characterize the hydrazone, 
N iL(C10 4 ) 2 -2H 2 0 was decomposed with ethylenedi-
aminetetraacetic acid in an alkaline solution. The 
isolated product, however, differs in composition from 
that of 3-acetyl-5,6-dimethylpyridazine hydrazone. 

CH3COCOCH3 + N2H4 CH3CO-CCH3 

NNHg 

H+ 9H3 
•CH*C-C=CHOGCH* 

NNH 2 NNH? "HaP 

Fig. 3. The possible reaction scheme for 3-acetyl-5,6-
dimethylpyridazine hydrazone formation. 



August, 1977] Metal Complexes with 3-Acetyl-5,6-dimethylpyridazine Hydrazone 1957 

I 
8 7 3 2 1 0 

<5(ppm) 

Fig. 4. NMR spectrum of 3-acetyl-5,6-dimethylpyrida-

zine azine. 

Judging from elemental analyses and the molecular 
weight determined from mass spectroscopy (mje — 296 
and 297), the compound is likely to be 3-acetyl-5,6-
dimethylpyridazine azine. This is supported by its N M R 
spectrum (Fig. 4) in which only four singlet signals are 
observed at 2.36, 2.42, 2.64, and 8.01 ppm with the 
intensity of 3, 3, 3, and 1 in ratio, respectively. T h e 
quintet around 1.9 ppm is due to CHD 2 CN. The 
signals at 2.65 and 8.01 ppm are assigned to the a-
methyl and the hydrogen on the ring, respectively. The 
signals at 2.36 and 2.42 ppm are ascribed to the methyl 
on the pyridazine ring. Infrared spectrum of 3-acetyl-
5,6-dimethylpyridazine azine displays the C=N stretch­
ing vibration at 1670 c m - 1 and the skeletal vibrations at 
1595 and 1445 cm - 1 . Thus, it is evident that 3-acetyl-
5,6-dimethylpyridazine hydrazone in the complex was 
transformed into to 3-acetyl-5,6-dimethypyridazine azine 
by demetallation. Since azines are more stable than 
hydrazones, it is likely that a relatively severe reaction 
conditions (reflux around 100 °C in an alkaline solution) 
caused the azine formation. 

Selected infrared absorption bands, molar conduc­
tivities and magnetic moments of the complexes are 
given in Table 5. Antisymmetric and symmetric N - H 
stretching vibrations of the amino group were found 
around ^ 3 3 4 0 and ^ 3 1 8 0 cm"1 , respectively. The C=N 
stretching vibration and the skeletal vibrations in the 
complexes were observed at 1640 c m - 1 and at ^ 1580 
and <** 1440 cm - 1 , respectively. Each band is lower in 
frequency as compared with that in the free ligand. The 
skeletal vibrations for 3-acetyl-5,6-dimethylpyridazine 
hydrazone should be practically the same in frequency as 
3-acetyl-5,6-dimethylpyridazine azine because of the 
similarity in structure, while the C=N band in the 

hydrazone may be slightly higher than that in the azine 
because of the lower conjugation in the former. This 
is at tr ibutable to the coordination of the hydrazone 
nitrogen and the pyridazine nitrogen to the metal ion. 
Effective magnetic moment of each complex is com­
parable to the value for common copper (I I) or high-spin 
nickel (II) complexes. 

Electronic spectra of the complexes are given in Figs. 
5 and 6. Reflectance spectra of CuL(C10 4 ) 2 and CuBr2 

differ a great deal from each other, indicating the 
different structures in solid state. However, their 
solution spectra in methanol are nearly the same. Since 
the powder spectrum of CuL(C10 4 ) 2 is similar to the 
solution spectrum, the configuration around the metal 
is nearly the same in solid and in solution. The fact 

Fig. 5. Electronic spectra of CuL(C104)2 (-
CuLBr2 ( ). 

-) and 
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Fig. 6. Reflectance spectra of NiL(C104)2 • 2H 2 0 (-
NiL(BF4)2-2H20 ( ), NiLGl, ( ), and 
NiL(N03)2 ( - - - ) . 

TABLE 5. SELECTED IR BANDS (cm-1), MOLAR CONDUCTIVITY A (X2_1 cm2 mol -1), AND EFFECTIVE 

MAGNETIC MOMENT / / e f f (BOHR MAGNETON) OF COMPLEXES 

CuL(C104)2 

CuBr2 

NiL(C104)2.2H20 
NiL(BF4)2-2H20 
NiLCl2 

NiL(NOs)2 

N-

3350 
3280 
3340 
3330 
3340 
3350 

-H 

' 
3150 
3125 
3180 
3180 
3190 
3190 

C=N 

1640 
1640 
1640 
1640 
1640 
1640 

IR 

Skeletal 

1580 1445 
1580 1440 
1585 1440 
1583 1440 
1585 1440 
1587 1440 

x-
1105 1050 

1120—1080 
1080—1020 

1420 1305 825 

A 

182(MeOH) 
171 (MeOH) 
165 (MeOH) 
178 (MeOH) 
257 (H20) 
235 (H20) 

Arff 

1.75 
1.76 
2.96 
3.00 
3.06 
3.04 
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that the infrared spectral band due to Perchlorate ion 
splits considerably (1105 and 1050 cm-1) implies that 
Perchlorate oxygen coordinates weakly to the copper (I I) 
ion at the apical positions.10) 

The d-d band of CuLBr2 in solid state splits into two 
bands, the lower band being very low in frequency 
(11100 c m - 1 ) . T h e splitting of the ligand field bands in 
the low energy region is generally caused by the fifth 
coordination to copper(II) ion.11) Since the spectrum 
of CuLBr2 resembles spectra12) of [Cu(tr ien)SCN]SCN, 
[Cu(NH3)5](BF4)2 ) and [ C u ( e n ) 2 N H j X 2 whose con­
figuration is supposed to be tetragonal-pyramidal, it is 
likely that CuLBr2 has a distorted five-coordinate 
structure with a bromide ion at the apical position. 
Molar conductivity of the copper(II) complexes indicates 
that they are 2 : 1 electrolyte in methanol. 

The nickel(II) complexes are also 2 : 1 electrolyte in 
methanol or water. Because of relatively low solubility 
in most solvents the electronic spectra of the nickel(II) 
complexes were measured on a solid sample. The spectra 
of N i L ( C 1 0 4 ) 2 - 2 H 2 0 and NiL(BF 4 ) 2 -2H 2 0 are similar 
to each other, where there are some d-d bands in the 
region 16000—22000 cm- 1 in addition to the well 
resolved bands at «»10500 and «* 14000 cm"1 . Since 
the symmetry around the metal in N i L ( C 1 0 4 ) 2 - 2 H 2 0 
is approximately D 2 h (or lower symmetry), the transi­
tions 3T2g<—3A2g and 3T]g<—3A2g for nickel(II) under 
Oh-symmetry split into two (or three) components 
respectively in N iL(C10 4 ) 2 -2H 2 0 and NiL(BF4)2-
2 H 2 0 , hence producing a complicated spectrum. 

Spectra of NiLCl2 and N i L ( N 0 3 ) 2 are similar to each 
other, but differ from those of N i L ( C 1 0 4 ) 2 - 2 H 2 0 and 
NiL(BF 4 ) 2 -2H 2 0 . Since these spectra also show 
complicated d-d bands in the region 14000—23000 
cm - 1 , the configuration around the metal may be a 
distorted octahedron, where it is presumed the apical 
ligands are chloride or nitrate ion. In fact the infrared 
spectrum of NiL(NO a ) 2 indicates characteristic bands 
of nitrate ion at 1420, 1305, and 825 c m - 1 indicating 

that the nitrate ion acts as a unidentate ligand.13) 

The authors are grateful to Assoc. Prof. T. Inazu, 
Kyushu Univesity, for measuring N M R spectra, and 
to Prof. M. Yamaguchi and Dr. T. Katsuki, Kyushu 
University, for measuring mass spectra. Thanks are 
also due to Prof. T . Komori for allowing us to use the 
Syntex PÎ automatic diffractometer. 
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Photoreaction of 4-Substituted Quinoline iV-Oxide and 
2(1/7)-Quinolinone in Propionic Acid1) 

A k i o I D E , Y u k i n o r i M O R I , K u n i h i k o M A T S U M O R I , a n d H i r o y a s u W A T A N A B E 

Department of Agricultural Chemistry, Faculty of Agriculture, Ehime University, Tarumi, Matsuyimi 790 

(Received September 1, 1976) 

4-Substituted m-3-ethyl-2-oxo-l,2,3,4-tetrahydro-2-quinoline was formed as a major product, by irradiation 
of quinoline iV-oxide and 2( l / / ) -quinol inone substituted with an electron-withdrawing group at the C-4 position 
in propionic acid. Also, the products were confirmed by direct comparison with synthesized compounds. 

R e c e n t l y , p h o t o a l k y l a t i o n r e a c t i o n s of a z a a r o m a t i c 
c o m p o u n d s h a v e b e e n r e p o r t e d b y severa l au thors . 2 ) 
C o n c e r n i n g this r e a c t i o n , I d e et al. h a v e also d e s c r i b e d 
t h e p h o t o a l k y l a t i o n of q u i n o l i n e c a r b o n i t r i l e s a n d iso-
q u i n o l i n e c a r b o n i t r i l e s in p r o p i o n i c acid . 3 ) T h e r e a c t i o n 
p r o d u c t s w e r e found to b e e t h y l a t e d in t h e a z a a r o m a t i c 
r ings of q u i n o l i n e a n d i soqu ino l ine . M o r e o v e r , t h e 
pos i t ion of a lky la t ion was e x p l a i n e d wel l b y t h e r e a c t i o n 
ind ices of nuc l eoph i l i c o r r a d i c a l s u p e r d e l o c a l i z a b i l i t y 
in a s imple H M O ca lcu la t ion . 3 ) T h e p r e s e n t p a p e r is 
c o n c e r n e d w i t h p h o t o i n d u c e d r eac t i ons of q u i n o l i n e 
N-ox ide a n d 2 ( l / / ) - q u i n o l i n o n e (carbos tyr i l ) h a v i n g a n 
e l e c t r o n - w i t h d r a w i n g g r o u p a t t h e C-4 pos i t ion in 
p r o p i o n i c ac id . 

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

I t is wel l k n o w n t h a t a z a n a p h t h a l e n e A^-oxide a r e 
p r e d o m i n a n t l y t r a n s f o r m e d i n t o l a c t a m s , as a resul t of 
u l t r av io le t i r r a d i a t i o n in h y d r o x y l i c solvents .4 , 5) As 

T A B L E 1. REACTION INDICES FOR 2-OXO-1 ,2-DIHYDRO-

4-QUINOLINECARBONITRILE 

Noa> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Sup 

Electrophilic 

1.570 
0.314 
1.275 
0.705 
0.905 
1.053 
0.844 
1.116 
0.743 
0.959 
0.460 
0.833 
0.987 

ierdelocalizabilityb 

Nucleophilic 

0.348 
0.711 
1.363 
1.101 
1.004 
0.747 
0.943 
0.810 
0.843 
0.654 
0.996 
1.035 
0.423 

) 

Radical 

0.959 
0.513 
1.319 
0.903 
0.854 
0.900 
0.894 
0.963 
0.793 
0.806 
0.728 
0.934 
0.705 

a) Numbered as follows. 

b) Calculated according to the method of Fukui.6 ) 

The following parameters were adopted from the 
textbook of Pullmann7 ) and were used in the simple 
H M O calculation. Coulomb integral : a £ N = a + 1. \ß, 
a £ = 0 = a , a g = 0 = a + 1 . 2 & a£0N=a+jff. Resonance in­
tegral: ßl^=\Aß, ß£™N=0.9ß, ßc

cl%=2ß. 

seen f rom T a b l e 1, a s imp le H M O ca l cu l a t i on i nd i ca t e s 
t h a t t h e C-3 pos i t ion of t h e l a c t a m , 2 - o x o - l , 2 - d i h y d r o -
4 - q u i n o l i n e c a r b o n i t r i l e , is t h e m o s t r e a c t i v e site in t h e 
m o l e c u l e . A c c o r d i n g l y , i r r a d i a t i o n of 4 - q u i n o l i n e c a r -
bon i t r i l e A^-oxide ( l a ) in p r o p i o n i c a c i d m a y give t h e 
l a c t a m (2a ) w h i c h t h e n u n d e r g o e s p h o t o a l k y l a t i o n a t 
t h e C-3 pos i t ion . A n e x p e r i m e n t a l p r o o f of these a s s u m p ­
t ions is of in t e re s t w i t h r e spec t to t h e m e c h a n i s m of t h e 
p h o t o a l k y l a t i o n of a z a a r o m a t i c c o m p o u n d s . T h e r e f o r e , 
t h e p r e s e n t a u t h o r s c a r r i e d o u t t h e i r r a d i a t i o n of 1 a n d 
2 in p r o p i o n i c a c i d u s ing a h i g h - p r e s s u r e m e r c u r y l a m p 
a n d a q u a r t z filter. 

B o t h c o m p o u n d s 1 a n d 2 g a v e t h e s a m e p r o d u c t s 
in t h e yie lds g iven in T a b l e 2. T h e p r o d u c t s w e r e 
d e t e r m i n e d to b e 4 - subs t i t u t ed 3 -e thy l -2 -oxo- l , 2 ,3 ,4 -
t e t r a h y d r o q u i n o l i n e o n t h e basis of t h e spec t r a l d a t a 
l is ted in T a b l e s 3 a n d 4 . I t is difficult t o assign e i t h e r a 
eis o r a trans con f igu ra t ion o n t h e basis of t h e c o u p l i n g 
cos t an t b e t w e e n C 3 - H a n d C 4 - H . A c c o r d i n g l y , s y n t h e ­
sis of t h e t w o i somers w a s a t t e m p t e d a c c o r d i n g l y to 
t h e s c h e m e s h o w n in C h a r t 2. 

F o l l o w i n g t h e syn thes i z ing m e t h o d for ( Z ) - 2 - ( 2 - o x o - 3 -
i n d o l i n y l i d e n e ) p r o p i o n i c ac id of J u l i a n et a/.,8) (Z)-2-
(2 -oxo-3- indo l iny l idene) b u t y r i c a c id (6) w a s p r e p a r e d 
f rom o x i n d o l e (5) a n d 2 - o x o b u t y r i c a c i d . H e a t i n g of 6 
in h y d r o c h l o r i c a c i d g a v e 3 - e t h y l - 2 - o x o - l , 2 - d i h y d r o - 4 -
q u i n o l i n e c a r b o x y l i c a c id (7) w h i c h was i d e n t i c a l w i t h 
t h e c o m p o u n d o b t a i n e d b y M u l e r t 9 ) f rom A^-butylisatin, 
w i t h r e spec t to t h e c h e m i c a l a n d phys ica l d a t a . C o m ­
p o u n d (7) w a s ca ta ly t i ca l ly r e d u c e d , g i v i n g colorless 
need les . T h e need le s w e r e d e t e r m i n e d f rom t h e i r 
in f ra red s p e c t r u m to b e m - 3 - e t h y l - 2 - o x o - l , 2 , 3 , 4 - t e t r a -

T A B L E 2. PHOTOCHEMICAL REACTION YIELDS 

Starting p r o d u c t 

compound 
Yielda> Product 

Yielda> 

(%) 

l a 

2a 

l b 

2 b 

l c 

2c 

3a 

3 b 

3cb> 

41 (26) 

53(40) 

28(8 .7 ) 

15(7.0) 

50(37) 

64(46) 

4a 

4 b 

4 c b ) 

8 

9 

5 

8 

12 
15 

a) T h e amount of the product present in the reac­
tion mixture, and determined by gas chromato­
graphy. T h e numbers in parenthesis are the yields 
for isolated pure products after t rea tment of the 
reaction mixtures. The retention times are 35.4 and 
40.6 min for 3a and 4a, and 140 and 149 min for 3 b 
and 4 b . b) Obtained from a reaction mixture 
treated with diazomethane. 
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hv 
C J H S 

hu 

H 

2 3 

a : R = G N , b : R = C 0 2 C H 3 , c : R = C 0 2 H 

Char t 1. 

T A B L E 3. PHYSICAL PROPERTIES OF THE COMPOUNDS 

,.C*H£ 

H 

Com- , 0 p \ 
pound " ^ ' 

I R ( « , cm-») M S (m/*, %) 

3a 

3 b 

3c 

4a 

4 b 

4c 

10 

187—188 

166—167 

221—222 

194—195 

121—122 

127—128 

203—204 

246—247 

205—206 

2280 (vCN, carbonitrile), 
1681 (vc^0, lactam) 

1737(vc=0 , ester), 
1690(J> C = O , lactam) 
1720(*c = o , acid), 
1662(vc = 0 , lactam) 
2300(vCN, carbonitrile), 
1685(vc = 0 , lactam) 
1726(vc=0 , ester), 
1674(vc=0 , lactam) 
1720(*c = o , acid), 
1670(J> C = O , lactam) 
1756(vc = 0 , lactam(5 mem-
bered)) , 1720(vc = o , acid), 
1644(*>c=0, exo) 

1700(amide I ) , 
1680(vc = o , lactam) 

1700(amide I ) , 
1670(vc = o , lactam) 

200(85, M+), 172(67, M + - ( C H 2 = C H 2 ) ) , 171(96, M + - ( C H 2 = 
CH 2 , H ) ) , 146(100, M + - ( C H 2 = C H 2 , GN)) , 145(20, M + -
(CH2=CH2 , HCN)) 
233(77, M+), 174(99, M + - ( C H 2 = C H 2 , OGH 3 ) ) , 146(100, 
M + - ( C H 2 = C H 2 , C 0 2 C H 3 ) ) 
219(63, M+), 191 (58, M + - ( C H 2 = C H 2 ) ) , 174 (99, M + - ( O H , 
CH 2 =CH 2 ) ) , 146(100, M + - ( C H 2 = C H 2 , CO a H)) 
200(78, M+) , 172(72, M + - ( C H 2 = C H 2 ) ) , 171(100, M + -
C 2 H 5 ) , 146(70, M + - ( C H 2 = C H 2 , CN)) 
233(54, M+), 174(100, M + - ( C 0 2 C H 3 ) ) , 146(91, M + - ( C 0 2 -
CH 3 , CH2=CH2)) , 132(68, M + - ( C 0 2 C H 3 , CH 2 =CH 2 , CH2)) 
219(50, M+), 174(100, M + - ( G O a H ) ) , 146(71, M + - ( C 0 2 H , 
CH 2 =CH 2 ) ) , 132(65, M + - ( C 0 2 H , CH 2 =CH 2 , CH2)) 

217(48, M+) , 199(61, M + - H 2 0 ) , 171(100, M + - ( C = 0 , 
H 2 0 ) ) , 143(61, M + - ( G , C 2 H 5 , C 0 2 H ) ) 

218(50, M+) , 174(100, M + - ( C O N H 2 ) ) , 146(78, M + -
( C O N H 2 , CH 2 =CH 2 ) ) , 132 (67, M + - ( C O N H 2 , CH 2 =CH 2 , 
CH 2 ) ) 
218(51, M+) , 174(100, M + - ( C O N H 2 ) ) , 146(80, M + -
(CONH 2 J CH 2 =CH 2 ) ) , 132(85, M + - ( C O N H 2 , CH 2 =CH 2 , 
CH2)) 

T A B L E 4. N M R DATA OF PHOTOLYSATES AND RELATED COMPOUNDS 

(from internal T M S , ô value (ppm))a> 

Com­
pound 

—CH2CH3 

(3H) 
-CH—CH2—CH3 

(2H) 
- C H - C H - C H 2 -

(1H) 
- C H - C H 

(1H) Others 

3ab> 

3bb> 

3c 

4a 

4b 

4cb> 

8 

10 

6 

1.10 
(t, J = 7 Hz) 

1.10 
(t, J = 7 Hz) 

1.21 
(t, 7 = 7 Hz) 

1.11 
(t, 7 = 7 Hz) 

1.02 
(t, 7 = 7 Hz) 

1.08 
(t, 7 = 7 Hz) 

1.21 
(t, 7 = 8 Hz) 

1.14 
(t, 7 = 7 Hz) 
1.36(3H,t,7= 

1.6—2.5 
(m) 

2 . 7 — 3 . 0 4 . 6 7 .0—7.5 (4H, m, A r - H ) , 
(m) (d, 7 = 6 Hz) 9 . 5 ( 1 H , bs, N - H ) 

4 1 0 6 .9 -7 .5 (4H, m,Ar-H) , 
(d M H z ) 9 .25( lH,bs ,N-H) , 

2.6—3.0 
(m) 

1.7—2.5 
(m) 

1.8—2.1 2 . 6 — 2 . 9 4 .28 
(m) (m) (d, 7 = 5 Hz) 
1.91 3.00 4 .59 

(d X q, 7 = 7 and 7 Hz) (d X t, J= 8 and 7 Hz) (d, 7 = 8 Hz) 

1.67 3.11 4 .02 
(d X q, 7 = 7 and 7 Hz) (d X t, 7 = 4 and 7 Hz) (d, 7 = 4 Hz) 

1.69 3 .28 4 . 0 8 
(d X q, 7 = 7 and 7 Hz) (d X t, J= 3 and 7 Hz) (d, 7 = 3 Hz) 

1.8—2.4 2 . 6 — 2 . 9 4 .32 
(m) (m) (d, 7 = 6 Hz) 
1.82 3.45 4 .23 

(d X q, 7 = 7 and 7 Hz) (d X t, 7 = 4 and 7 Hz) (d, 7 = 4 Hz) 
= 7 Hz , - C H 2 C H 3 ) , 2 .94 (2H, q, 7 = 7 Hz , - C H 2 C H 3 ) , 6 . 9 — 7 . 7 ( 4 H , m, A r - H ) 

3 .65(3H, s, C 0 2 C H 3 ) 

3 .56(3H, s, C 0 2 C H 3 ) 

a) Measured in pyridine, except for b) . S, di t, q, m, and bs stand for singlet, doublet, triplet, quartet , multiplet, 
and broad singlet, respectively, b) Measured in acetone-ö?6. 

h y d r o - 4 - q u i n o l i n e c a r b o x y l i c a c id (3c) w i t h b a n d s a t 
1720 (v C = 0 , ac id ) a n d 1662 c m - 1 (v O O , l a c t a m ) , 
a n d b y t h e m - a d d i t i o n m e c h a n i s m for c a t a l y t i c h y d r o ­
g é n a t i o n . C o m p o u n d (6) w a s ca t a ly t i ca l l y r e d u c e d , 
g i v i n g a n oily p r o d u c t w h i c h w a s p r e s u m e d to h a v e t h e 

s t r u c t u r e of 9 s h o w n in C h a r t 2 . T h e c r u d e oily p r o d u c t 
was ref luxed in h y d r o c h l o r i c a c id y i e l d i n g colorless 
p r i s m s , m p 127 °C . T h e p r i sms w e r e d e t e r m i n e d to b e 
trans- 3 - e thy l - 2- o x o - 1 , 2 , 3 , 4 - t e t r a h y d r o - 4- q u i n o l i n e c a r -
boxy l i c a c id (4c ) , s ince t h e phys ica l p r o p e r t i e s of 
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CONH2 

» C Ï H S 

H 

1) SOCI2 

2) NH3 

POCI3 
50°C 

C2H5 X 2 H 5 
POCI3 

50°C 

CO2H C02H { H 5 C \ ^ c ° 2 H N i 
p H 

Chart 2. 

4c were similar but not identical to those of 3c. eis-(3a.) 
and frmy-3-ethyl-2-oxo-1,2,3,4-tetrahydro-4-quinoline-
carbonitrile (4a) were synthesized from 3c and 4c 
via eis-(8) and fra/w-3-ethyl-2-oxo-l,2,3,4~tetrahydro-4-
quinolinecarboxamide (10), respectively. The main 
product isolated from the mixture of the photoreactions 
of 1 and 2 coincided with compound 3, the eis isomer 
obtained above. However, a small amount of the 
trans isomer, although difficult to isolate, was detected 
in the mixture by means of gas chromatography, as 

indicated in Table 2. 

The fact that the eis isomer was obtained as a major 
product indicates that the /ra/z.y-addition of ethyl and 
hydrogen groups occurs at the C-3 double bond of 2(1//)-
quinolinone. This also indicates that the alkylated 
position in the present alkylation reaction is easily 
explained by the reaction indices in the simple H M O 
calculation. These results are important to an under­
standing of the mechanism of photoalkylation of aza 
aromatic compounds. 

E x p e r i m ental 

All melting points were determined using a YANACO 
micromelting point apparatus and are uncorrected. Infrared 
spectra were recorded on a JASCO IR-S infrared spectrom­
eter. Ultraviolet spectra were determined with a Hitachi 
124 spectrophotometer. Nuclear magnetic resonance spectra 
were measured with a JEOL JNM-IOOH spectrometer at 100 
MHz using TMS as an internal standard. Mass spectra 
were obtained with a JEOL JMS-OlSG-2 mass spectrometer, 
using a direct inlet and an electron energy of 75 eV. 

Irradiation was carried out using a high-pressure mercury 
arc (USHIO UM-102) surrounded by a quartz water jacket 
at 30 °C. 

The yield of the reaction products was determined by 

analysis on a SHIMADZU GC-5A gas Chromatograph using 
a column (3 mm X 2 m) packed with OV-225 (1.5%) on 
chromosorb-W (DMSC-A/W). The oven temperature was 
186 °C for 3a and 4a, and 155 °C for 3b and 4b. The 
flow rate of the carrier gas (N2) was 60 ml/min. 

Materials. 2-Oxo-l,2-dihydro-4-quinolinecarboxylic acid, 
2-oxo-l,2-dihydro-4-quinolinecarbonitrile, methyl 2-oxo-l,2-
dihydro-4-quinolinecarboxylate and 4-quinolinecarbonitrile N-
oxide were prepared according to the methods of Jacobs et 
al.,10) Daeniker et al.,iv> Mayer,12) and Daeniker,11) respec­
tively. 

4-Substituted quinoline iV-oxide were synthesized by the 
method of Ochiai.14) 

Methyl 4-Quinolinecarboxylate N-Oxide (lb). Colorless 
needles (from methanol), mp 149—150 °G. IR(KBr) : 1701 
( fC=0) , 1250 (v N-C*)cm-i, Found: C, 70.72; H, 4.81; 
N, 7.36%. Calcd for G n H 9 NO a : C, 70.58; H, 4.86; N, 7.48%. 

4-Quinolinecarboxylic Acid N-Oxide (lc). Colorless prisms 
(from acetic acid), mp 256 °C (dec). IR (KBr) : 2400—2900 
(b, v OH), 1714 (v C=0), 1170 (v N-O) cm"1. Found: 
63.53; H, 3.65; N, 7.49%. Calcd for C10H7NO3: C, 63.49; 
H, 3.37; N, 7.41%. 

(Z)-2-(2-Oxo-3-indolinylidene) butyric Acid (6). Metallic 
sodium (2.1 g) was added to absolute ethanol (70 ml). To 
this solution was added a solution of oxindol (5, 3.9 g) in 
absolute ethanol (30 ml) with stirring and then a solution of 
2-oxobutyric acid (3.0 g) in absolute ethanol (30 ml). The 
mixture was refluxed for 3 h with stirring. The solid formed 
upon cooling was collected by filtration and dissolved in water 
(50 ml). The solution was acidified with 2M-hydrochloric 
acid. The resulting solid was dried and recrystallized from 
ethyl acetate to give yellow prisms, mp 203—204 °C, in 3.7 g 
(58.1%) yield. UV (A^f1 nm (e)): 346(1600), 293 (7200), 
258 (31300), 252(28000). Found: C, 66.52; H, 5.12; N, 
6.43%. Calcd for C 1 2 H n N0 3 : C, 66.35; H, 5.11 ; N, 6.45%. 

3-Ethyl-2-oxo-l,2-dihydro-4-quinolinecarboxylic Acid (7). 
A suspension of 6 (2.2 g) in hydrochloric acid (6%, 200 ml) 
was refluxed for 20 h and the mixture was concentrated under 
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reduced pressure. T h e residue was recrystallized from 5 0 % 
ethanol to give colorless needles (1.1 g, 5 0 % ) , m p 308—310 
°C (lit,9) 289 °C). 1R (KBr) : 1705 (v C = 0 , acid), 1655 (v 
C - O , l a c t a m ) « ^ 1 . M S (m/e ( % ) ) : 217 (M+, 98), 172 (M+ 
- C O O H , 100). 

eis- 3-Ethyl- 2 -oxo-1,2,3,4- tetrahydro- 4 -quinolinecarboxylic Acid 
(3c). (a) By Photochemical Reaction Involving 1c : A solu­
tion of l c (1.0 g) in propionic acid (500 ml) was irradiated 
for 3 h. T h e mixture was concentrated to dryness in vacuo. 
T h e residue was shaken in a sodium hydrogencarbonate solu­
tion ( 2 % , 20 ml) . T h e aqueous solution was washed three 
times with ethyl acetate, acidified with concentrated hydro­
chloric acid, and extracted with ethyl acetate (20 ml X 3). The 
combined extract was washed with a saturated sodium chlo­
ride solution, dried over sodium sulfate, and evaporated. The 
syrupy residue was purified through a silica gel column (120 
g, 3 X 40 cm) with a mixed solvent of d ichloromethane-metha-
nol ( 9 : 1 , v/v). T h e purified 3c was recrystallized twice from 
water to afford colorless needles (0.43 g, 3 7 % ) , m p 221—222 
°C. Found : C, 65.93; H , 5.82; N, 6 . 4 1 % . Calcd for C12H13-
N 0 3 : C, 65.74; H , 5.98; N, 6 . 3 1 % . 

(b) By Photochemical Reaction Involving 2c : Photolysis of 2c 
(0.5 g) in propionic acid (400 ml) was performed in a manner 
similar to that described in (a), and 3c was obtained (0.27 g, 
4 6 % ) . 

(c) By Catalytic Reduction of 3-Ethyl-2-oxo-l,2-dihydro-4-quin-
olinecarboxyiic Acid (7) in the Presence of Platinum Oxide: A 
mixture of 7 (217 mg) , methanol (40 ml) and pla t inum 
oxide (0.1 g) prepared according to the method of Bruce13) 
was shaken in an atmosphere of hydrogen for 4 h. T h e 
mixture was filtered and the filtrate was concentrated to 
dryness. T h e residue was taken up with methanol and sub­
jected to chromatography on a preparat ive silicagel thin layer 
with dichloromethane-methanol ( 4 : 1 , v/v). T h e product was 
recrystallized from water. M p 211—212 °C. Yield 156 mg 
(71%). 

tra.ns-3-Ethyl-2-oxo-l,2,3,4-tetrahydro-4-quinolinecarboxylic Acid 
(4c). fZJ-2-(2-Oxo-3-indolinylidene)butyric acid (2.17 g) 
and pal ladium on charcoal (10%, 0.5 g) were stirred in 
ethanol (30 ml) in a hydrogen atmosphere at room tempera­
ture and normal pressure. After 30 min, the catalyst was 
removed by filtration, and then the filtrate was evaporated. 
T h e residue was distilled at 0.08 Tor r to give 2.17 g of 
colorless oils, bp 210 °C (bath temp) . T h e oily product was 
refluxed in hydrochloric acid ( 6 % , 200 ml) for 20 h. T h e 
reaction mixture was concentrated to dryness. T h e residue 
was recrystallized from water to give colorless prisms ( 1.56 g, 
71 .2%), m p 127 °C. Found : G, 60.88; H , 6.45; N , 5.97%. 
Calcd for C 1 2 H 1 3 N 0 3 . H 2 0 : C, 60.75; H, 6.37; N, 5.90%. 

cis-3-Ethyl-2-oxo-l,2,3,4-tetrahydro-4-quinolinecarboxamide(8). 
3c (380 mg) was refluxed in thionyl chloride (5 ml) for 3 h. 
The reaction mixture was concentrated to dryness and the 
residue was suspended in absolute ether. Through this sus­
pension, dry ammonia gas was passed with stirring. T h e 
precipitate was collected, washed with and recrystallized from 
ethanol to give colorless needles (212 mg, 5 6 % ) , m p 246— 
247 °C. Found : C, 66.17; H , 6.58: N, 12 .81%. Calcd for 
C 1 2 H 1 4 N 2 0 2 : C, 66.04; H , 6.47; N, 12.83%. 

trans -3-Ethyl- 2-oxo -1,2,3,4- tetrahydro -4- quinolinecarboxamide 
(10). 4c (474 mg) was allowed to react in a manner 
similar to that described for the preparat ion of 8 to give 240 
mg (55%) of colorless flakes, m p 205 °C. Found : C, 66.12; 
H , 6 .51; N, 12.86%. Calcd for C 1 2 H 1 4 N 2 0 2 : C, 66.04; H , 
6.47; N, 12.83%. 

cis-3-Ethyl-2-oxo-l,2,3,4-tetrahydro-4-quinolinecarbonitrile (3a) 
(a) By Photochemical Reaction Involving la: A solution of l a 
(5 g) in propionic acid (500 ml) was irradiated for 28 h. T h e 

mixture was concentrated and the residue was taken up with 
ethyl acetate. T h e ethyl acetate layer was successively washed 
with 2M-hydrochloric acid, an aqueous 2M-ammonia solu­
tion and a saturated sodium chloride solution, dried over 
sodium sulfate, and evaporated. The residue was recrystal­
lized from methanol and then from ethanol to give colorless 
needles (1.5 g, 2 6 % ) , m p 191—192 °C. Found: C, 72.09; 
H, 6.12; N , 14.10%. Calcd for C 1 2 H 1 2 N 2 0 : C, 71.98; H , 
6.04; N, 13.99%. 

(b) By Photochemical Reaction Involving 2a : A solution of 2a 
(1.5 g) in propionic acid (500 ml) was irradiated for 20 h. 
T h e mixture was treated in a manner similar to that for 
(a), giving 0.7 g (40%) of 3a, m p 191—192 °C. 

(c) By Synthesis: A mixture of 8 (108 mg) and phosphoryl 
chloride (3 ml) was stirred at 50 °C for 2.5 h. T h e mixture 
was concentrated under reduced pressure (5 Torr ) . The 
residue was taken up with ethyl acetate. T h e ethyl acetate 
solution was washed sodium hydrogen carbonate and satu­
rated sodium chloride solutions, dried over sodium sulfate 
and evaporated. T h e residue was recrystallized twice from 
ethanol to give colorless needles (50 mg, 5 0 % ) , m p 192— 
193 °C. 

tra.ns-3-Ethyl-2-oxo-l,2,3,4-tetrahydro-4-quinolinecarbonitrile(4a). 
A mixture of 10 (109 mg) and phosphorylchloride (5 ml) was 
treated in a manner similar to that for (c) to give colorless 
prisms (53 mg, 53%) , m p 194—195 °C. Found : C, 72.13; H , 
5.93; N, 14.04%,. Calcd for C 1 3 H 1 2 N 2 0 : C, 71.98; H , 6.04; 
N , 13.99%. 

Methyl cis-3-Ethyl-2-oxo-l,2,3,4-tetrahydro-4-quinolinecarboxylate 
(3b). (a) By Photochemical Reaction Involving Methyl 4-Quin-
olincarboxylate N-Oxide: A solution of l b (5.0 g) in propionic 
acid (500 ml) was irradiated for 22 h. The mixture was 
concentrated under reduced pressure. T h e residue was frac­
tionally distilled in vacuo. The distillate having a boiling 
point from 190 to 200 °C at 0.02 Torr was collected and 
crystallized by the addition of a mixture of hexane and ethyl 
acetate ( 1 : 1 , v/v). T h e crystals were recrystallized from 
ethanol to give colorless needles (0.5 g, 8 .7%), m p 166—167 
°C. Found : C, 67.02; H, 6.53; N, 5.94%. Calcd for 
C 1 3 H 1 5 N 0 3 : C, 66.94; H , 6.84; N , 6.00%. 

(b) By photochemical Reaction Involving 2b : A solution of 2 b 
(0.50 g) in propionic acid (100 ml) was irradiated for 4 h. 
T h e mixture was concentrated to dryness under reduced 
pressure. T h e residue was taken up with ethyl acetate (100 
ml) . T h e ethyl acetate solution was washed with sodium 
hydrogencarbonate (5%) and saturated sodium chloride solu­
tions, dried over sodium sulfate, and evaporated. T h e residue 
was treated with methanol (20 ml) and filtered. T h e filtrate 
was concentrated. T h e syrupy residue was purified on a 
column ( 1 X 30 cm) of silica gel (30 g) with a mixed solvent 
of benzene and ethyl acetate (9 : 1, v/v). T h e resultant 
crystals were recrystallized twice from ethanol to give color­
less needles (0.04 g, 7 .0%). 

(c) By Esterification of 3c: A mixture of 3c (119mg) in 
thionyl chloride (5 ml) was refluxed for 2 h. After evapora­
tion of the excess thionyl chloride, the residue was refluxed 
in absolute methanol (10 ml) for 1 h. T h e mixture was 
concentrated under reduced pressure. T h e residue was re­
crystallized from ethanol to give colorless needles (85 mg 
67 .1%) , m p 165—166 °C. 

Methyl trans-3-Ethyl-2-oxo-l, 2, 3,4-tetrahydro-4-quinolinecarbo-
xylate (4b). A mixture of 4c (226 mg) in thionyl chlo­
ride (3 ml) was refluxed for 2 h. A procedure was carried 
out similar to that described of the preparat ion of 3b . T h e 
crops were recrystallized from diisopropyl ether to give color­
less prisms (107 mg, 4 2 % ) , m p 121—122 °C. Found: C, 
66.98; H, 6 .51; N, 5 . 9 1 % . Calcd for C 1 3 H 1 5 N 0 3 : C, 66.94; 
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H , 6.48; N, 6.00%. 

T h e a u t h o r s a r e i n d e b t e d to t h e m e m b e r s of t h e 
L a b o r a t o r y of O r g a n i c Analys i s , T a n a b e P h a r m a ­
ceu t i ca l C o . , L t d . , for t h e e l e m e n t a l ana lys is a n d also 
to Miss M . M a e d a of t h e F a c u l t y of E n g i n e e r i n g , E h i m e 
Un ive r s i t y , for t h e N M R m e a s u r e m e n t s . 
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The Chemistry of Phenalenium Systems. XXIII.^ Syntheses and 
Properties of Cyclohepta[cd]phenalen-6-one and the 

Cyclohepta[crf]phenalenium Ion2) 

Kagetoshi YAMAMOTO, Yutaka KAYANE, and Ichiro MURATA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received August 5, 1976) 

The syntheses of cyclohepta[ft/]phenalen-6-one (8) and the cyclohepta[ft/]phenalenium tetrafluoroborate (1) 
are reported. As expected, it is apparent that in the transition from 10,ll-dihydrocyclohepta[cö?]phenalen-6-one 
to the fully conjugated ketone 8, all the vinyl protons move downfield by 0.22 to 0.53 ppm. The plausible 
explanation suggests that these shifts arise from deshielding due to the existence of a diamagnetic ring current 
induced in the 147r periphery of 8. In accord with theoretical prediction, the cation 1 is extremely stable. The 
substantial thermodynamic stability of 1 is reflected to its pKn

+ of 8.4. The ion 1 can be regarded as a perturbed 
[15]annulenium ion weakly coupled with a localized central vinyl crosslink. 

Although there has been considerable interest in the 
neutral nonal ternant isomers of pyrene such as cyclo-
hept[Jg]acenaphthylene (acepleiadiene),3) cyclohepta-
[def] fluorene,4) cyclohept [be] acenaphthylene,5) cyclo-
hepta[klm]benz [e]indene,6> dicyclopenta[ef,kl]heptalene 
(azupyrene),7* pentaleno[6,6a,l,2-<sfe/r']heptalene,8> and 
dicyclohepta[«/,gA]pentalene,9> the ionic 14JÏ perimeter 
species which are isoelectronic with pyrene have 
received little attention. T h e ionic I4n perimeter species 
so far known have been confined to the anions, e.g. 
cyclopenta[«jT]phenalenide ion,10> pyracylene d ianion, n ) 

dibenzo[ft/,g/z]pentalenyl dianion,12) and cyclopentafûfe/"]-
phenanthrenide ion,13) no cationic species have been 
reported to date. According to theoretical ( H M O ) 
prediction by Zahradnik et al.1*) the cyclohepta[«/]-
phenalenium ion (1) ought to be quite stable and might 
be reasonably accessible. 

O n the other hand, cyclohepta[c</]phenalen-6-one (8), 
a key intermediate for the synthesis of 1, is of interest 
in connection with current studies on the peripheral 
conjugation in peri-condensed polyarenes. We have 
recently reported the synthesis and properties of cyclo-
penta[«f]phenalen-4-one,15) cyclopenta[af| phenalen-5-
one,16) cyclohepta[«/]phenalen-l-one,1 7) and cyclo-
hepta[af]phenalen-4-one,18) wherein the structural phen-
alenone moiety is incorporated into the molecule. In 
these cases, we have proposed that these compounds can 
be regarded as [13]- and [15]annulenone perturbed by 
internal vinyl crosslink. Here we describe the synthesis 
of 1 as the first example of a 14TZ perimeter cationic 
system along with 8 as an adequate model compound for 
perturbed [15]annulenone. 

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

Synthesis and Properties of Cyclohepta[cd]phenalen-6-one 
(8). Reduction of the hydroxy ester, which was 
obtained by the Reformatsky reaction of 2,3-dihydro-
phenalenone (2)19> with methyl 4-bromocrotonate, over 
palladium hydroxide on charcoal proceeds accompany­
ing with hydrogenolysis of the benzylic hydroxyl group. 
The butylate thus obtained was hydrolyzed with 
potassium hydroxide in ethanol to give the carboxylic 
acid (3) in 4 8 % yield. Cyclization of 3 with polyphos-
phoric acid at 90 °G for 1 h afforded the tetracyclic 

ketone (4) in 7 5 % yield. T h e ketone (4) was converted 
into the a,a-dibromo ketone (5) in quantitative yield 
by treatment with bromine in dry carbon tetrachloride. 
Dehydrobromination of 5 to give 10,11-dihydrocyclo-
hepta[a/]phenalen-6-one (6) was accomplished by 
heating in hexamethylphosphoric triamide with lithium 
chloride for 1 h at 95—100 °C. T h e structure of 6 was 

confirmed on the basis of its spectroscopic properties. 
T h e mass spectrum of 6 showed intense peaks at m\e 232 
(M+, 6 4 % ) , 204 ( M + - C O , 100%), 203 (93%) and 202 
(pyrene ion, 8 2 % ) . T h e I R spectrum exhibited charac­
teristic absorption of tropone skeleton at 1625, 1590, and 
1580 cm -1 .20) The absorption bands of the U V spectrum 
of 6, 243 nm (log e, 4.38), 287 (4.33), and 344 (3.91), 
are in good agreement with those of cyclohepta[öj-
naphthalen-7-one (7).21> The conversion of 6 into the 
desired fully conjugated ketone (8) was effected by 
treatment with 2,3-dichloro-5,6-dicyano-l,4-benzo-
quinone in benzene in a sealed tube at 120 °C for 20 h 
in 2 1 % yield. However, it was found that the compound 
(8) could be more readily obtained in a higher yield 
(33%) on t reatment of 6 with triphenylmethyl 
tetrafluoroborate in refluxing acetic acid under nitrogen 
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TABLE 1. COMPARISON OF NMR DATA FOR 6 AND 8a) 

H-l, 2, 3 
H-7, 8, 9 
H-10, 11 
H-4 
H-5 

Ji,5 

6 

7.30—7.78 
6.73—7.101 
2.88—3.35] 
7.96 
8.24 
9.0 

in GDGlg 

8 

7.68—8.02 

7.20—7.56 

8.18 
8.77 
9.0 

A<5(8-6) 

0.38—0.24 
0.41—0.46 

0.22 
0.53 

6 

7.82—8.2h 
8.24—8.62 
3.43—3.82. 
8.62 
9.05 
9.2 

in CF3COOH 

8 

8.63—9.16 

9.23 
9.74 
9.2 

A<5(8—6) 

0.81—0.95 
0.39—0.54 

0.61 
0.69 

6 
"CF.COOH 
— ^CDCl, 

0.52—0.43 
1.90—2.06 
0.55—0.47 
0.66 
0.81 

8 
°CF«COOH 
— O'ODOI. 

0.95—1.14 
1.43—1.60 

1.05 
0.97 

a) Chemical shifts are given in <5-values with respect to TMS as an internal standard and coupling constants are given in Hz. 

atmosphere for 2 h. T h e identity of 8 was established 
in the following manner. Mass spectrometry gave a 
parent peak at mje 230. As would be expected for a 
compound containing tropone moiety, the base peak 
in the mass spectrum was found to be M+—CO {mje 
202).22) T h e U V spectrum of 8 showed maxima at 249 
nm (log e, 4.48), 311 (4.07), 321 (4.08), 430 (4.23) 
indicating an extend conjugation. Further evidence 
was also provided by ^ - N M R spectrum. 

T h e N M R chemical shifts and coupling constants of 
8 compared with those of the reference compound 6 are 
summarized in Table 1. Although complete assignments 
of the proton chemical shifts could not be made except 
H-4 and H-5 due to their complex spectral pat tern, it is 
apparent that (i) in the transition from the dihydro 
ketone (6) to the fully conjugated ketone (8), all the 
vinyl protons move downfield by 0.2—0.5 p p m (ii) the 
downfield shift is enhanced (0.4—0.95 ppm) when 8 is 
protonated in trifluoroacetic acid (iii) in the case of 6, 
only protons of seven-membered ring (H-7, 8, and 9) 
move downfield in trifluoroacetic acid compared with 
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4.0 h 

3.5h 

3.0 h 

2.5 h 

45 

I I 1 

I ' l l ! 
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• 1 ' 1 1 1 ' ' 
1 ' 1 1 1 ' ' 
1 ' 1 1 1 1 1 
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Ii 1 !i ! 1 ! i i i 

1 

1 
1 

J 0.0 

-hO.5 

•-HO 

H-1.5 

H-2.0 

40 35 30 25 20 kcm"1 

Fig. 1. Electronic spectra of the cyclohepta[cû?]phenale-
nium tetrafluoroborate (1) in CH3CN and cyclohepta-
[cd]phenalen-6-one (8) in coned H2S04 . 

• : ( ! ) , • • . . , • : ( 8 ) . 

Vertical dashed lines denote calculated transitions 
for (1). 

those of the neutral form whereas the full conjugated 
ketone (8) exhibited marked downfield shifts of all the 
vinyl protons. These findings suggest the existence of a 
diamagnetic ring current induced in the 14TZ periphery 
(8a) of 8. T h e diatropic effect is enhanced in trifluoro­
acetic acid owing to the formation of the 6-hydroxy-
cyclohepta[a/]phenalenium ion (9). Furthermore, 
supportive evidence for the formation of 9 in an acidic 
media was provided by the UV-visible spectrum of 8 
in concentrated sulfuric acid which was closely similar 
to that of the parent cation (1) [vide infra] in acetonitrile 
both in absorption maxima and in band shape [see 
Fig. 1]. 

Synthesis and Properties of Cyclohepta[cd]phenalenium 
Tetrafluoroborate (1). Reduction of 8 with lithium 
a luminum hydr ide-a luminum chloride complex in 
ether at — 50 °G for 2 h led to a mixture of isomeric 
hydrocarbons, 6//-cyclohepta[cûT|phenalene (10) and 7H-
cyclohepta[ft/]phenalene (11) in a ratio of about 9 : 13. 
T h e mixture was isolated in 5 6 % yield after chromato­
graphy on alumina deactivated with 10% water. Owing 
to their highly unstable nature , compounds 10 and 11 
have to be handled under nitrogen atmosphere through­
out reaction and isolation. Although 10 and 11 could 

not be separated due to their pronounced sensitivity 
toward air and heat, their structural assignments were 
readily borne out by 100 M H z *H-NMR and N M D R 
experiments. T h e mixture of 10 and 11 showed signals 
assignable to 10 at Ô 2.71 (H-6,6' , d, J6 7 = 6 . 7 Hz) , 5.51 
(H-7, dt, A 6 = 6 . 7 , y 7 > 8 =9.2 Hz) , 6.33 (H-8, dd, J8>7= 
9.2, J 8 9 = 6 . 5 H z ) , 6.84 (H-9, d, y 9 8 = 6 . 5 H z ) , and 
11 at 1.66 (H-7,7' , d d , / 7 6 = 7 . 3 , J7 8 = 6 . 5 Hz),4.82 (H-8, 
dtd, / 8 > 7 = 6 . 5 , y 8 > 9 = 8 . 5 , A 6 = 2 . 4 H z ) , 5.27 (H-6, td, 
J«.7=7.3, y 6 > 8 = 2 . 4 H z ) , and 6.66(H-9,d, 7 9 > 8 = 8 . 5 H z ) 
along with multiplet of the aromatic protons at 7.02— 
8.07. Irradiat ion at ô 2.71 (H-6,6' of 10) converted the 
doublets of triplet at ô 5.51 at tr ibuted to H-7 of 10 into 
a clean doublet with J=9.2 Hz. Another irradiation 
at ô 1.66 assigned to H-7,7 ' of 11 changed the triplets 
of doublet at ô 5.27 and the doublets of triplets of 
doublet at ô 4.82 into a broad singlet and a broad 
doublet, respectively. Additional evidence in favor 
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of the assigned structures is the mass spectrum of the 
mixture which showed peaks at mje 216 (M+, 100%), 
215 ( M + - H , 73%) , and 202 (pyrene ion, 21%) . 

Hydride abstraction from the freshly prepared mix­
ture of 10 and 11 with triphenylmethyl tetrafluoro-
borate in chloroform at room temperature immediately 
gave the desired cation (1). 

In conformity with the theoretical prediction by 
Zahradnik et a/.14) the cyclohepta[/7äf]phenalenium tetra-
fluoroborate (1) is extremely stable reddish brown 
crystals which sinter at 199—201 °G and show no 
definite melting point. 1 can be stored without any 
change under atmospheric condition. T h e electronic 
spectrum of 1 is reproduced in Fig. 1. At least three 
major bands can be discerned. In either acetonitrile 
or water 1 shows essentially the same spectrum. T h e 
analysis of the electronic spectrum was kindly carried 
out by Zahradnik and Slanina23) and was summarized 
in Table 2 and displayed in Fig. 1. T h e 100 M H z 1 H-
N M R spectrum of 1 in deuteriotrifluoroacetic acid (see 
Fig. 2) consists of superimposed signals of AA'XX', 2 4) 
2 x A B , and A2B spin systems at ô 9.08 (H-7, 8 or H-
6, 9), 9.66 (H-6, 9 or H-7, 8), 9.16 (H-5, 10),25> 9.50 
(H-4, 11),2S> 9.40 (H- l , 3), and 9.00 (H-2) with coupling 
constants of y 6 > 7 =y 8 > 9 =10 .9 , y 7 8 = 9 . 0 , J9.a=J7l9=lA, 
y6.9=0> 74.5=7io. i i=8.9 5 and y i j 2 = y 2 > 3 = 7 . 7 Hz. T h e 
observed vicinal coupling constants in the six-membered 
ring are in good agreement with those predicted by the 
empirical correlation against SCF bond orders.26) Thus 
using SCF bond orders,23) we obtain 8.5 Hz for J45 

and y i 0 ( 1 1 and 7.6 Hz for Jlt2 and J2i3. T h e comparative 
uniformity of the coupling constants indicates no 
appreciable bond fixation exists in the periphery of 1. 
Both the substantial downfield chemical shifts with rather 
narrow range (<5 9.00—9.66 ppm) and the symmetrical 
pattern of the signals show the cation 1 to have fully 
delocalized structure with C2v-symmetry. 

Despite the fact that an unit positive charge resides 

TABLE 2. ELECTRONIC SPECTRA OF 1 

9.50(H-4,11) 9.16(H-5,10) 

9.66(H-6,9) 9.08(H-7,8) 

No 

1 

2 

3 
4 
5 
6 
7 
8 

E KT3 

(eV) Kern-1) 

2.86 

3.21 

3.49 
4.05 
4.42 
4.70 
4.98 
4.99 

23.1 

25.9 

28.2 
32.7 
35.6 
37.9 
40.2 
40.2 

Calcda> 

(nm) 

433 

386 

355 
306 
281 
264 
249 
249 

Polari­
zation*^ 

y 

X 

X 

X 

y 
y 
X 

y 

l o g / 

- 0 . 1 7 

- 1 . 6 4 

- 1 . 7 9 
- 0 . 2 1 
- 0 . 5 6 

0.03 
- 0 . 5 1 
- 0 . 3 8 

Config­
uration 

8—9 
8—10 
7—9 
6—9 
7—9 
6—10 
7—10 
8—12 
5—9 

Ol 

I 

475 

344 

316 
307 
291 
257 

224 

)sdb> 

log s 

4.49 

4.18 s 

4.40 
4.37 s 
4.37 
3.99 

4.40 

a) The calculations are based upon the LCI-SCF 
(PPP-type) method. Parameters used are: 1= 
11.42 eV, ^ c =0.58 eV, ß£T«= -2 .318 eV. Singly 
excited configurations were formed by promotions of 
electrons between the four highest occupied and the 
four lowest unoccupied MO's. b) The values are 
obtained in acetonitrile solution, c) x and y denote 
polarization along short and long axes of 1, respec­
tively. 

9.40(H-1,3) 9.00(H-2) 

6 ppm 

Fig. 2. 100 MHz 1H-NMR spectrum of the cyclohepta-
[cûf]phenalenium tetrafluoroborate (1) in CF3GOOD. 

over the fifteen peripheral carbon atoms, the 1 H - N M R 
signals of 1 are comparable to those of the tropylium 
ion (ô 9.20 in acetonitrile)27) and the phenalenium ion 
(<5 9.30 and 8.48 in arsenic trichloride).28) This provides 
evidence of the existence of a strong induced diamagnetic 
ring current associated with the 14;z perimeter of 1. 
These evidences support the idea that the cation 1 is 
best thought of as a perturbed [15]annulenium ion 
weakly coupled with a localized central vinyl cross­
link.29) 

The thermodynamic stability of 1 is clearly reflected 
in its pKR

+ value. Standard spectrophotometric method 
was used for the pKR+ determination in 20% aqueous 
acetonitrile solution. T h e pKR+ value of 8.4 thus 
obtained is the lower limit, since the intensity of absor-
bancy decreases with elapse of time in the p H range 
near pKR+. Thus the measurement at 180 s after 
preparation of the solution yields a somewhat small 
value of 8.1. In any way, pKR+ value of 1 is about 1 
pK unit larger than that of the 8-cycloheptatrienyl-
heptafulvenyl cation (püTB+=7.1,30) 7.4931)). T o our 
knowledge, 1 is the most stable hydrocarbon cation so 
far reported. 

Exper imenta l 

All melting points are uncorrected. The IR spectra were 
obtained on a Hitachi EPI G21 spectrometer. The electron­
ic spectra were taken with a Hitachi 124 double beam spectro­
photometer and were recorded in nm and the log e values 
were given in parentheses. The mass spectra were obtained 
on a Hitachi RM-50 spectrometer at 70 eV. The *H-NMR 
spectra measured on a Varian T-60 and a Varian XL-100-15 
spectrometers were given in ^-values with respect to tetra-
methylsilane as an internal standard, and the coupling con­
stants (J) are given in Hz. 
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y-(2,3-Dihydrophenalenyl)butyric Acid (3). A soln of 2,3-
dihydrophenalenone (2) (9.1 g, 50 mmol) in a 1:1 mixture 
of anhyd benzene and ether (100 ml), zinc amalgam (10 g), 
and a small amount of iodine were placed in a three-necked 
flask. To this mixture methyl 4-bromocrotonate (2.2 g, 20 
mmol) was added. The mixture was heated to 60 °C to 
start the reaction. After exothermic reaction occur additional 
methyl 4-bromocrotonate (8.8 g, 40 mmol) was added drop-
wise. After refluxing for 24 h the mixture was cooled and 
treated with dil hydrochloric acid. The organic layer was 
separated and washed successively with water, saturated 
sodium hydrogencarbonate soln, and water, dried (Na2S04) 
and the solvent was removed to give methyl y-(2,3-dihydro-
l-hydroxyphenalenyl)crotonate as a viscous oil. IR (neat): 
3450 (OH), 1700 cm-1 (G=0); NMR (CDC13): 1.8—2.1 (m, 
2H), 2.4 (d, J=7, 2H), 2.8—3.1 (m, 2H), 2.9 (s, 1H), 3.6 
(s, 3H), 5.6 (d, / = 1 5 , 1H), and 6.7—7.6 (m, 7H). 

The crude ester thus obtained, palladium hydroxide char­
coal (2 g), and 100 ml of ethanol were placed in a flask. The 
mixture was stirred under hydrogen atmosphere in an usual 
manner. After filtration of the catalyst, resulting soln was 
coned and the residue was dist under reduced pressure to 
give methyl y-(2,3-dihydrophenalenyl)butylate as yellow oil, 
bp 170—174°G/2 Torr, 8 .4g ; IR (neat): 1730cm-1 (C=0); 
NMR (CC14): 1.5—2.4 (m, 8H), 2.9—3.3 (m, 3H), 3.6 (s, 
3H), and 7.0—7.7 (m, 6H). 

Found: C, 80.34; H, 7.52%. Galcd for G18H20O2: C, 80.56; 
H, 7.51%. 

A mixture of the ester (8.4 g), 50% aq potassium hydroxide 
(10 ml), and ethanol (50 ml) was stirred for overnight at 
room temp. Most of the ethanol was removed and replaced 
by water. The aq layer was then washed with ether and 
acidified with 3M hydrochloric acid. The mixture was ex­
tracted with ether and the extract was washed with water 
and dried (Na2S04). Evaporation of the solvent gave crude 
3. Recrystallization of the crude 3 from benzene—hexane 
yielded pure 3 as colorless plates, mp 90.0—90.5 °C; 6.11 g 
(48% yield based on 2). IR(KBr): 3500—2500 (OH), 1700 
cm-1 (C=0); NMR(CDC13): 1.6—2.5 (m, 8H), 2.9—3.3(m, 
3H), 7.0—7.7(m, 6H), 10.7(bs, 1H). 

Found: C, 80.42; H, 7.13%. Calcd for C17H1802: C, 
80.28; H, 7.13%. 

6H.-7,8,9,9a, 10, ll-Hexahydrocyclohepta[cd]phenalen-6-one (4). 
To polyphosphoric acid prepared from 130 ml of phosphoric 
acid and 260 g of phosphorus pentaoxide was added 6.11 g 
of 3 at 90 CC by portion with care. The resultant soln was 
stirred at this temp for 1 h, then poured onto ice. Extrac­
tion with ether and the extract was washed successively with 
water, saturated aq soln of sodium hydrogencarbonate, and 
water, and dried (Na2S04). Evaporation of the solvent gave 
crude 4 which on recrystallization from benzene-hexane af­
forded 4 as colorless plates, mp 97.5—98 °G; 4.7 g (75%); 
IR(KBr): 1665 cm"1 (C=0); NMR(CC14): 1.6—2.2(m, 6H), 
2.5—2.7(m, 2H), 2.9—3.5(m, 3H), 7.0—7.7(m, 5H); MS: 
m/e 236(M+, 100%), 208(M+-CO, 27%). 

Found: C, 86.65; H, 6.85%. Calcd for C17H i eO: G, 
86.40; H, 6.83%. 

7, 7-Dibromo-6H~7,8,9,9a, 10, ll-hexahydrocyclohepta[cd]phe-
nalen-6-one (5). To a soln of 4 (1.0 g, 4.2 mmol) in 
carbon tetrachloride (30 ml) was added a soln of bromine 
(1.5 g, 9 mmol) in carbon tetrachloride (8 ml). The result­
ant soln was stirred for overnight at room temp and then 
washed with saturated aq soln of sodium hydrogensulfate 
and water, and dried (Na2S04). Evaporation of the solvent 
under reduced pressure at 0 °C gave crude dibromide 5 as 
viscous oil in quantitative yield. IR(neat): 1695 cm - 1 (C= 
O); NMR(GG14): 1.5—2.7(m, 6H), 2.8—3.3(m, 3H), 7.0— 

7.7(m, 5H). The crude 5 was used for subsequent reaction 
without further purification. 

6H-10,ll-Dihydrocyclohepta[cd]phenalen-6-one (6). Anhyd 
lithium chloride (0.55 g, 13 mmol) was added at once to a 
soln of 5, prepared from 10 g of 4 described as above, in 
hexamethylphosphoric triamide (40 ml). The stirred mixture 
was heated at 95—100 °C for 1 h under nitrogen. After 
cooling the mixture was poured into 300 ml of water and 
the product, which was isolated by ether extraction, was 
chromatographed on 10 g of alumina eluted with benzene 
to give the tetracyclic ketone 6 (650 mg, 66.7%). Further 
elution with ether gave the full conjugated ketone 8 (110 
mg, 10%). 6: pale yellow plates, mp 90.0—90.5 °C, MS: 
m/e 232(M+, 64%), 204(M+-CO, 100%), 202(82%); IR 
(KBr): 1625, 1590, 1580 cm-1; UV(ethanol): 243(4.38), 287 
(4.33), 344(3.91); (cyclohexane) : 240(4.39), 283(4.31), 337 
(3.98); (coned H 2 S0 4 ) : 249(4.51), 299(4.57), 418(3.90); 
NMR : see text. 

Found: C, 87.73; H, 5.28%. Calcd for G17H120: C, 
87.90; H, 5.21%. 

Cyclohepta[cd]phenalen-6-one (8). (i) To a dry Pyrex 
tube were added 100 mg of 6 (0.43 mmol), 120 mg of 2,3-
dichloro-5,6-dicyano-l,4-benzoquinone (0.53 mmol) and anhyd 
benzene (20 ml). The tube was evacuated and sealed and 
placed in a 120 °G oil bath for 20 h. Upon cooling, a small 
amount of ppt's was removed by filtration and the solvent 
was evaporated. Chromatography on alumina with benzene 
gave 41 mg of the starting material. Successive elution with 
ether afforded 5 (13 mg, 22%). 

(ii) To a soln containing 6 (1.2 g, 5.2 mmol) in 30 ml of 
glacial acetic acid was added 1.8 g of triphenylmethyl tetra-
fluoroborate (5.5 mmol). The soln was refluxed under a 
nitrogen atmosphere for 1.5 h. After cooling, the mixture 
was poured into 200 ml of water and extracted with ether. 
The ethereal extracts were washed successively with a satu­
rated soln of sodium hydrogencarbonate and water, dried 
(Na2S04) and concentrated. The residue was purified by 
column chromatography on alumina with ether gave 500 mg 
of 5 (42%): orange scales, mp 144—146 °C, MS: m/e 230 
(M+, 27%),202(M+-CO, 100%); IR(KBr): 1600, 1590, 1560 
cm-1; UV(ethanol): 249(4.48), 311(4.07), 321(4.08), 430 
(4.23); cyclohexane): 246(4.47), 311(4.10), 430(4.19); (coned 
H2S04) : 235(4.29), 269(4.27, sh), 294(4.45), 469(4.16, sh), 494 
(4.58); NMR: see text. 

Found: C, 88.41 ; H, 4.41%. Calcd for G17H10O: C, 88.67; 
H, 4.38%. 

6H- (10) and 7H-Cyclohepta[cd]phenalene (11). Lithium 
aluminum hydride-aluminum chloride complex was prepared 
from 1.2 g (31.6 mmol) of LiAlH4, 4.2 g (31.5 mmol) of A1C1, 
and 100 ml of ether under reflux. The clear supernatant 
(40 ml) was transferred into dry flask precooled to —55 °C by 
syringe. To this soln was added dropwise a soln of 120 mg 
of 7 (0.52 mmol) in 25 ml of dry THF over a period of 1 h 
at —55 °C. After stirring for 2 more h at —50 °C the mix­
ture was stand for overnight maintained at —80 °C. To this 
soln was added a moist THF to prevent the reaction. The 
resultant yellow supernatant was transferred under nitrogen 
into a flask containing anhyd sodium sulfate by décantation 
and filtered. The solvent was coned at 0 °C under reduced 
pressure and replaced by hexane. The hexane soluble por­
tion was chromatographed on a column of alumina deacti­
vated with 10% water with light pet. ether afforded a 9: 13 
mixture of 10 and 11 (63 mg, 56%) as a yellow oil. MS: 
m/e 216(M+, 100%), 215(M+-H, 73%), 202(21%); NMR: 
see text. All manipulations have to be carried out under a 
nitrogen atmosphere to avoid decomposition. 

Cyclohepta[cd]phenalenium Tetrafluoroborate (1). A suspen-
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sion of 70 mg (0.21 mmol) of triphenylmethyl tetrafluorobo-
rate in 2 ml of chloroform was stirred under a nitrogen atmos­
phere and a soln of a mixture of 10 and 11 in 2 ml of chloro­
form was added via syringe. The resultant reddish brown 
ppt's of 1 were filtered and washed thoroughly with chloro­
form followed by carbon tetrachloride. Reddish crystals, 50 
mg (79%), mp sinter at 199—201 °C and show no definite 
melting point. IR(KBr) : 1040 cm"1 (BF4~); UV(acetonitrile) : 
224(4.40), 257(3.99), 291(4.37), 307(4.37, sh), 316(4.40), 334 
(4.18, sh), 475(4.49); NMR: see text. 

Found: G, 67.96; H, 3.59%. Galcd for C17HUBF4: C, 
67.59; H, 3.67%. 

/>K Determinations. The cation 1 (1.968 mg) was dissolved 
in 50 ml of acetonitrile. Each 2 ml of the soln was then 
made up to 10 ml with the buffer soln. The region between 
pH 4.3 to 8.0 was covered with buffers made up from mix­
tures of 0.1 M citric acid and 0.2 M Na2HP04 . The pH's 
greater than 8.0 were obtained with a buffer containing 
0.1 M ammonium chloride and 0.1 M ammonia water. 

The standard procedure was adopted of examining the 
electronic spectrum of 1 in thirteen soln's of buffer spaced 
through a pH range of about 5.4 to 9.5. The absorbancy at 
a wavelength characteristic of the cation was plotted against 
pH and the mid-point of the resulting titration curve was 
taken as the pK^+. The wavelength used was 475 nm. The 
pH's were read on a Beckman model G pH meter. Because 
after long periods the absorbancy was irreversibly changed 
on the basic side (pH^>7), all spectra were taken just after 
90 s of mixing the soln of the cation with that of the buffer. 
The pKR

+ value thus obtained was found to be 8.4. When 
the spectra were taken after 180 s of mixing, the pKR

+ was 
found to be 8.1. 

T h e authors wish to thank Prof. R. Zahradnik and 
Dr. Z. Slanina, Czechoslovak Academy of Sciences, for 
their PPP-LGI-SGF calculations on 1 and for their 
generous permission to quote the results in this paper. 
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A kinetic study has been made of the reaction between 2,2-diphenyl-l-picrylhydrazyl and phenols in various 
solvents. Polar effects in the rate-determining transition state are discussed in terms of the Hammett type relation­
ship. Remarkable solvation effects were observed. For /»-methoxyphenol the reaction rate is the greatest in the 
solvents which do not form strong H-bond with phenols, and the smallest in aprotic H-accepting solvents. For 
o-methoxyphenol the rate is the greatest in protic solvents. The results are interpreted in terms of the difference 
in the mode of hydrogen bondings. The rate for the reaction of the radical with a-naphthol was followed in dioxane-
2,2,4-trimethylpentane mixtures. The results are explained by the theory of Kondo and Tokura, indicating that 
the free energy depression in the ground state takes place mainly through hydrogen bonding. 

The oxidation of phenols is known to be complicated 
from the fact that different products are obtained from 
the same phenols by use of different oxidants.1) T h e 
stable free radical 2,2-diphenyl-l-picrylhydrazyl 
(DPPH) has been used not only as a radical scavenger 
but also as a hydrogen acceptor. T h e strong H-accepting 
property of D P P H has been demonstrated by a number 
of reactions between the radical and compounds 
containing C - H , N - H , O - H , and S -H bonds.2-7) 

The hydrogen abstraction reactions of D P P H from 
phenols have been a subject of interest. Hogg et a/.6) 
found that the rate is first-order with respect to D P P H 
and phenols ; about two moles of D P P H is consumed by 
one mol of the phenols; retardation by the major 
product, 2,2-diphenyl-l-picrylhydrazine (DPPH 2 ) , is 
generally observed; the rates are roughly correlated 
with the Hammet t a in the range — 0.4<a<C0.2(p = 
—6), but not beyond the entire range, the o-substitution 
lowering the rate remarkably. They suggested that the 
H-abstraction is involved in the rate-determining step. 
McGowan et alß suggested that the rate-determining 
step involves the removal of a hydride ion to give a 
cation, since the substituent effect is very similar to the 
solvolysis of a,a-dimethylbenzyl chlorides. 

Among the factors that influence the rate, the solvent 
effect is considered to be one of the most important . 
However, information is scanty. If we select closely 
related phenols and carry out the reaction in a variety 
of selected solvents, the effect of individual factors 
could be observed. Bivalent phenols, o- and /»-methoxy-
phenols, and a-naphthol were chosen and the reaction 
was carried out in various solvents and their binary 
mixtures. 

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

Materials. DPPH2 was prepared according to the method 
given by Goldschmidt and Renn,8) or Poirier et a/.9) Recrys-
tallization was carried out from a chloroform-ethanol mixture. 
DPPH was prepared by oxidizing DPPH3 in benzene with 
lead dioxide, and purified by repeated crystallization from a 
benzene-ligroin mixture, and then from carbon disulfide. 
Solid phenols of reagent grade were purified by means of 
sublimation. The reagents were stored in the dark and 
sublimed again just before use. o-Methoxyphenol was dis­
tilled twice under reduced pressure. Solvents were dried 

and purified in the usual way. 
Procedures. DPPH exhibits a strong absorption around 

520 nm. The absorbance at this wavelength was followed by 
means of a Hitachi 101 or 124 Spectrophotometer. The solu­
tions of these phenols(10-3—10-5 M) and DPPH(ca. 10~5 M) 
of desired concentrations were prepared separately and allow­
ed to stand for about 30 min in a thermostat. The mixture 
of the two solutions was transferred quickly into a 3 cm 
optical cell equipped with a jacket through which thermo-
stated water is circulated. The reaction temperature was 
controlled within ±0.2 °G. The absorbance at 520 nm was 
recorded at appropriate time intervals. In transforming the 
absorbance into concentration, a small correction due to the 
production of DPPH2 was made. The rate constants were 
checked by duplicate runs. 

R e s u l t s 

Effects of Oxygen, DPPH2, and Picryl Chloride. I t is 
possible that oxygen exerts some effect on the rate and 
nature of products. In order to examine this, the 
reaction was carried out in aerated and deaerated 
solutions. No appreciable difference in rates was 
observed for hydroquinone and catechol. Thus all the 
reactions involving them were carried out in the presence 
of air. No retardation was observed even when a great 
excess of D P P H 2 was added with respect to D P P H . 
For resorcinol, the rate was somewhat greater in aerated 
solutions than in deaerated ones (Table 1 ). Retardat ion 
occurred for phenols other than hydroquinone and 

TABLE 1. RATE CONSTANTS FOR THE REACTION BETWEEN 

DPPH AND BIVALENT PHENOLS IN BENZENE 

Temp (°G) 

15 
20 
25 
30 
35 
40 
£a(kcal/mol) 
A£*(gibbs/mol) 

A(M" 

Resorcinol 

in N2 

— 
0.154 

0.19, 
0.294 

0.364 

0.493 

10.5 

- 2 8 . 4 -

in Air 

— 
0.16, 
0.244 

0.309 

0.465 

0.543 

10-3 
- 2 8 . , 

-1 s"1) 

Hydro-

(Xl0a) 

0.91 
1.08 

1-2, 
1.4. 
— 
— 

5.66 

- 3 1 . , 

Catechol 
(xio2) 

1.50 

1.7. 
1.9. 

2.20 

— 
— 
4.02 

- 3 6 . . 
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Fig. 1. Retardation effect by added DPPH2 for the reac­
tion between DPPH and resorcinol in deaerated 
benzene at 30 °C; [DPPH] 0 =5x 10~5 M, [Res]0= 
10-3 M, [DPPH2]0: 1, 0; 2, 2 X 10~5 M, 3, 4 x 10~5 M. 

catechol in the presence of DPPH 2 . An example is 
shown in Fig. 1. Picryl chloride was added to the 
system, since substances having a picryl group often 
form picrates with many compounds and this might 
exert a specific effect on the rate. However, no appre­
ciable change in rate was observed. 

Stoichiometry and Reaction Products. Aliquots of the 
D P P H and phenol solutions were mixed and allowed to 
stand. After the reaction had ceased, the concentrations 
of the remaining D P P H were determined and plotted 
against [DPPH] 0 / [Phenol ] 0 . We see that the molar 
ratios of D P P H to both hydroquinone and catechol 
reacted are 2 : 1 (Fig. 2). T h e same holds for a-naphthol. 
For resorcinol the reaction was too slow to determine 
the ratio exactly, more than two moles of D P P H being 
consumed per mole of resorcinol after a long time. More 
than 7 5 % of consumed D P P H was converted into 
DPPH 2 , the isolation of which from a reaction mixture 
being made by alumina column chromatography. T h e 
quantities of the produced quinones were estimated by 
iodometry recommended by Mahoney and DaRooge.10) 
I t was found that 90 and 9 3 % of hydroquinone and 

1 2 3 4 

[DPPH]0/[Phenol]0 

Fig. 2. Stoichiometry for the reaction between DPPH 
and bivalent phenols. 0 : Catechol, 0 : hydro­
quinone. 

catechol were converted into the corresponding quin­
ones, respectively. Isolation and identification of the 
products from other phenols were unsuccessful. 

Order of Reaction. The reaction between D P P H 
and hydroquinone (and catechol) was found to follow 
strictly the second-order kinetics over almost the entire 
course of reaction. T h e apparent rate constants were 
estimated on the basis of the integrated second-order 
rate equation in which the above stoichiometry was 
taken into account. For other phenols, the conventional 
initial-rate method was applied to determine the order. 
T h e reaction was found to be first-order with respect to 
both D P P H and the phenols. 

Reaction Rates. T h e values of the rate constants 
in benzene at various temperatures are given in Table 1 
together with the Arrhenius parameters. The rate 
constants in various solvents are given in Tables 2 and 3. 
T h e activation parameters in benzene are Ea=9A 
kcal/mol. AS* (300 K) = — 25 gibbs/mol for o-methoxy-
phenol, and Ea=4.7 kcal/mol, AS"(300 K) = - 2 2 gibbs/ 
mol for j&-methoxyphenol. T h e values for the latter 
are in good agreement with those reported.6) The 
difference in the activation energies (4.7 kcal/mol) in 
benzene can be ascribed to the energy of intramolecular 
H-bonding for the o-isomer. The rate constants for 
a-naphthol in the binary dioxane-2,2,4-trimethylpen-
tane(isooctane) mixtures are given in Table 4 together 
with the activation parameters. 

TABLE 2. RATE CONSTANTS FOR THE REACTION 

OF D P P H WITH HYDROQUINONE AND 

CATECHOL IN VARIOUS SOLVENTS 

Solvent 

Benzene 
Carbon tetrachloride 
Dioxane 
Acetone 
Diethyl ether 
Ethanole 
Methanol15^ 

Temp 
(°C) 

30 
28.8 
25 
30 
28.8 
28.8 
28.8 

k(Mr 

Hydro-
quinone 

1.48xl02 

—a) 
6.30 

5.45 

2.30 

|S**5 Ä 

Ä>20 

-1 s"1) 

Catechol 

2.20Xl02 

1.8xx 102 

2 . 1 , 
1.8, 
1-5. 

»20 
— 

a) Insoluble, b) Reproducibility poor. Contami­
nation by a trace of water possibly responsible.u> 

TABLE 3. RATE CONSTANTS FOR THE REACTION OF DPPH 

WITH METHOXYPHENOLS AT 2 0 ° C 

Solvent 

Carbon tetrachloride 
Benzene 
Methanol*) 
2-Propanola> 
Diethyl ether 
Dioxane 

yfc(M-] 

/»-Isomer 

120 
40 

Ä*16 

«*9 
1.23 
0.60 

i-s-1) 

o-Isomer 

0.67 
0.47 

«»5 
* 3 

0.087 
0.039 

a) Reproducibility poor as compared with that in 
the other solvents. 
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TABLE 4. RATE CONSTANTS FOR THE REACTION OF DPPH 

WITH a-NAPHTHOL IN ISOOCTANE-DIOXANE MIXTURES 

Mole 
fraction 

of 
isooctane 

0.000 

0.049 
0.121 
0.194 
0.340 
0.608 
0.699 
0.823 
0.954 

1.000a> , 

"•m 

15 °G 

0.42 
(14.5°) 

0.53 
0.60 
0.68 
1.1 
2.7 
4.1 
9.4 

42 
15 

-60° ) 

,ix, (M"1 

20 °C 

0.61 

0.65 
0.74 
0.91 
1.4 
3.4 
5.3 

12 
51 

110 
(0°) 

s"1) 

25 °G 

0.75 

0.88 
1.0 
1.2 
1.9 
4.6 
7.1 

16 
61 

350 
(30°) 

E* 
kcal/ 
mol 

9.9 

8.5 
8.2 
9.6 
9.6 
9.4 
9.8 
9.6 
6.6 

4.6 

log A 
S" 1 

7.1 

6.2 
6.0 
7.1 
7.3 
7.6 
8.0 
8.3 
6.5 

5.8 

a) Rate measured at temperatures as indicated in 
parentheses, because of a great reaction rate and low 
activation energy in pure isooctane. 

D i s c u s s i o n 

Reaction Sequence. A possible main reaction 
sequence for the reaction of D P P H with bivalent 
phenols can be given by 

QH2 + DPPH ? = £ Q H . + DPPH2 

(1) (foward reaction), 
(1') (reverse reaction) 

Q H . + DPPH 
ft. 

Q + D P P H 2 (2) 

2QH 

Q H . + 0 2 

Combination, Disproportionation12 15) (3) 

** Peroxide16> (4) 

where QJH2 and Q, denote the bivalent phenols and the 
corresponding quinones, respectively, and Q H « the 
phenoxy radical. 

For hydroquinone and catechol, Reactions 1' and 4 
can be neglected on the basis of experimental evidence. 
In order to be consistent with the rate equation and the 
reaction products, Reaction 3 could also be neglected 
as compared with Reaction 2. This may be rationalized 
by the following consideration: T h e termination 
constants for unhindered phenoxy radicals have been 
measured by flash photolysis14»15* and ESR12) techniques. 
The reported values are 106—109 M - 1 s - 1 depending on 
substituent and solvent. If we assume that AJ3«*109 

M - 1 s - 1 (diffusion-controlled rate constant), then it can 
be shown that Reaction 3 can be neglected only when 
k2 is approximately larger than 107 M _ 1 s_1. Since 
D P P H has been used as a radical scavenger, a value 
as large as Ä>107 M - 1 s - 1 is not surprising. 

The free energy of activation for Reaction 2 would 
be favored by the resonance contribution such as 

0 = / ~ \ = Ô - H :D" and '-O' = 0 - H :D" 

in the transition states for hydroquinone and catechol, 
where D denotes D P P H . Using the data given by 

Ayscough and Russell13) and Mahoney et al.,17) the heat 
of reaction of D P P H with hydroquinone was calculated 
to be A / / = - 1 2 . 3 kcal/2 mol of D P P H . Since the heat 
of reaction of 1 can be estimated to be ca. 26 kcal/mol 
from the difference in the dissociation energy of N - H 
and O - H bonds, the driving forces of Reaction 2 
must be the large exothermicity ( A / / = — 3 8 . 3 kcal/mol) 
and probably a low activation energy of this step. I t 
can thus be concluded that the rate-determining step 
is involved in Reaction 1. 

T h e rates for hydroquinone and catechol are of the 
same order of magni tude.* This indicates that the 
first abstracted hydrogen a tom for catechol is the one 
which is not intramolecularly H-bonded. For resorcinol, 
the phenoxy radicals may be consumed via competition 
reactions (1 ' , 2, 3, and 4) making kinetic analysis 
difficult. T h e existence of opposing reaction (Reaction 
1') might be responsible for the upward deviation from 
the pseudo first-order plot and the retardation by D P P H 2 

(Fig. 1), as suggested for other phenols.6) T h e fact 
that a small increase in rates in aerated solutions was 
observed for resorcinol (Table 1) seems to suggest the 
importance of Reaction 1 '. 

An alternative explanation for the retardation effect 
of D P P H 2 is to assume complex formation between 
D P P H and D P P H 2 ; it was introduced to explain the 
kinetics of the reaction of D P P H with amines and 
solvents.2-18) I t cannot be excluded since we found that 
the absorbance of D P P H - D P P H 3 mixture at 520 n m 
is slightly smaller than that expected from the additivity 
rule. However, if any complex formation were to 
occur, it would not exert remarkable effect on the 
reaction rate, since no retardation was observed for 
hydroquinone and catechol. 

Substituent Effects. T h e reaction between D P P H 
and resorcinol proceeds much more slowly, the activa­
tion energy being ca. 5 kcal/mol higher than that for 
other bivalent phenols. Since the activation energies of 
univalent phenols are between 4.8 and 16.1 kcal/mol,6) 
the difference in the rate is considered to be due to the 
substituent effects rather than the change in mechanism. 
Hogg et al.6) studied the dependence of the rate on 
substituents and obtained a linear relation with a break 
point at G nearly equal to 0.2 in the normal Hammet t 
plot. O n the other hand, McGowan et al.*) found that 
the relative rates of the reactions in carbon tetrachloride 
are very close to those for the solvolysis of a,a-dimethyl-
benzyl chlorides, and suggested an ionic mechanism 
involving the abstraction of a hydride ion from phenols. 

T h e polar effect arguments1 9 - 2 1) in hydrogen abst­
raction reactions by radicals have been introduced to 
rationalize the substituent effects in the radical reactions. 
I t was found that the correlation is better when log 
(relative-reactivity) is plotted against c+-values than 
against a-values.22-26) T h e contribution of polar 
mesomeric structures for the interpretation of radical 
reactions has been recognized to be useful.19»27) I t may 

* The apparent rate constant for hydroquinone in Table 1 
should be divided by two for comparison with other univalent 
phenols and catechol. Catechol reacts about three times 
faster than hydroquinone. 
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Fig. 3. Corelation of the rate constants for the reaction 
between DPPH and phenols with o+-values ; in benzene 
at 30 °C. 

be worthwhile to reexamine the polar effect in this 
reaction series. Using the data of Hogg et al.6> and those 
in the present study, log k/k0 is plotted against G+ 
(Fig. 3). p is calculated to be —2.8 by the least-squares 
method. T h e correlation coefficient r = — 0.970 of the 
o+-plot is much better than for the normal Hammet t 
c-plot (r=— 0.883). I t is noted that p has a very large 
negative value as compared with that for other H-
abstraction reactions with more reactive radicals than 
DPPH.2 2-2 6) Mahoney and DaRooge10) reported that 
p = — 2.8(pc+-plot) for the reaction of 2,4,6-tri-*-butyl-
phenoxyl with substituted phenols. We also found that 
p =—3.1(po-+-plot, r = - 0 . 9 9 3 ) for the reaction of 2,6-
di-i-butyl -a- (3,5- di-J-butyl-4- oxo- 2,5- cyclohexadiene-1 -
ylidene)-/>-tolyloxyl(galvinoxyl) with substituted phe­
nols.28) Such high selectivity would be caused by the 
extremely stable and electrophilic nature of these 
radicals. Thus the large p-value in this reaction series 
is not regarded as exceptional. T h e existence of a better 
correlation with a+-substituent constants and the very 
large negative value indicate that the contribution of 
the resonance structures such as I I , I I I , and I V virtually 
plays an important role in stabilizing the transition 
state. Hence D P P H acts as an electrophile as in the 
case of aromatic amines.4) 

X - < 0 > - 0 - H . D 

I 

X = / _ \ = O H :D" 

III 

x ~ \ 2 / ~ O H :D 

i i 

X-<^o)>-ÖH.D 

IV 

Zavitsas29 '30) suggested that a merely reflects the 
difference in the bond dissociation energies. However, 
since the reaction rates are not always directly related 
to the bond dissociation energies, his suggestion is 
questionable. 20>21) 

In order to interpret the large substituent effect, we 
might assume the formation of a CT-complex between 
the phenols and D P P H , followed by a slow proton 

transfer. However, we have no spectroscopic evidence. 
Addition of picryl chloride has no effect on the rate. 
T h e kinetic data are not in line with the assumption. 
Thus such a CT-complex may exist, if any, only as a 
transient species. 

Solvent Effects. Although bulk properties such 
as the dielectric constant of medium are important in 
radical reactions, specific solvation effect such as H-
bonding would be more important . We see from Table 2 
that the rate is the greatest in solvents which do not 
usually form H-bond, and the slowest in aprotic H-
accepting solvents. Acetone, dioxane, and diethyl ether 
act as H-acceptors. Since the reaction involves the 
abstraction of the H-bonded hydrogen, extra energy is 
required for desolvation in the transition state. The 
rates in protic solvents seem to suggest that the solvents 
act as a proton-donor as well as a proton-acceptor. 
The re is a marked difference between o- and ^-methoxy-
phenols in reactivity (Table 3). I t seems that the 
difference is too large to be ascribed to the steric and/or 
electronic effects since the reactivity ratios depend 
strongly on the nature of solvent. I t is reasonable to 
ascribe the slower rate for o-methoxyphenol to the 
intramolecular H-bonding. In diethyl ether and 
dioxane, there should be an intermolecular H-bond 
formation between the /»-isomer and these solvents. 
This may be responsible for the pronounced decrease 
in rates. I t is noted that the rates are of the same order 
as those for the o-isomer in benzene and carbon tetra­
chloride. O n the other hand, since the o-isomer is 
already intramolecularly H-bonded, no serious solvent 
effect is expected for this compound. However, the 
rates decreased one order of magnitude in dioxane and 
diethyl ether as compared with benzene and carbon 
tetrachloride (Table 3). This could be interpreted in 
terms of the masking effect through partial H-bonding 
with the solvents. For the o-isomer the rates are greater 
in methanol and 2-propanol than in other solvents. 
T h e alcohols would behave as a proton donor as well 
as a proton acceptor. T h e hydroxy! group of the solvents 
would help push out the hydrogen atom being abstract­
ed. The fact that the rate is greater for catechol than 
for hydroquinone supports this idea. Judging from the 
experimental results, the pushing effect overwhelms the 
masking effect for the o-isomer. Since the hydroxyl 
group of this compound is fixed by the neighboring 
methoxy group, the pushing effect may become predom­
inant. O n the other hand, the masking effect is operative 
for the /»-isomer. T h e rate can be determined by a 
compromise between the two effects. 

An alternative interpretation is that a rapid proton 
exchange in protic solvents results in only a small 
difference in the rates of the two isomers. In this respect, 
the comparatively poor reproducibility in the protic 
solvents (Tables 2 and 3) deserves attention. 

Reaction in Binary Mixtures. If the thermodynamic 
quantities for solvation are known, they can be correlat­
ed with the rate factors. If we examine the dependency 
of the reaction rate on the composition of mixed solvents, 
with one of which the reactant is solvated, the result 
would be of interest. Kondo et a/.31) have developed a 
theory of the reaction rates in binary mixed solvents. 
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They derived rate equations 

A + B • M* • X + Y — 

for a general second-order reaction in mixed solvents 
which consist of two components denoted by 1 and 4. 
If only one of the reactants, say B, is solvate d in the 
solvent 4 to form an addition product, the simplified 
rate equation is given by 

In £mix = xx In kx + #4 In £4 + #4 In (KK+ 1) 

- l n ( * 4 J C x + l ) , (5) 

where Kx denotes the association constant expressed in 
terms of mole fractions for the formation of the addition 
product ; xx and *4 are the mole fractions of 1 and 4, 
respectively. T h e expression for the activation energy 
is given by differentiating Eq. 5 with respect to tem­
perature ; 

£mix = *1£1 + *4^4 -
Xlx4AHc 

(l + l / * J ( * 4 + l / * x ) ' (6) 

where AH0 denotes the heat of formation of the adduct. 
In acetone-cyclohexane mixtures, the rate deviates 

considerably from that expected from an ideal solution 
(Figs. 4 and 5). Although the deviation is as expected 
from Eq. 5, the rate in pure cyclohexane and the 
Ä"x-value could not be obtained in this system. 

For examination of Eqs. 5 and 6, we carried out the 
reaction of D P P H with a-naphthol in isooctane-dioxane 
mixtures; the results are given in Table 4. T h e system 
was chosen since Baba and Suzuki32) reported that the 
association constant for the reaction 

^GHç-CHo 
OH OH—O O 

/CH 2 -CH 2 \ 
+ o o 

\CH 2 -CH 2 / 

\ G H , - C H / 

is Kc(20 °C)=20.9 M - 1 and the heat of formation is AH° 
— —5.4 kcal/mol. T h e heat of formation of the adduct 
agrees with the difference in activation energy for the 
reaction in pure dioxane and isooctane (Table 4). In the 

Mole fraction of cyclohexane, x 

Fig. 4. Plots of log kmix vs. the mole fraction of cyclo­
hexane (#x) for the reaction between DPPH and 
catechol in cyclohexane-acetone mixed solvent. 
Temperatures: 1, 30 °C; 2, 25 °C; 3, 20 °C. 
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Fig. 5. Plots of log kmix as a function of xx for DPPH-
hydroquinone system. Temperatures: 1, 30 °C; 2, 
25 °C; 3, 20 °G. 

0.2 0.4 0.6 0.8 1.0 

Mole fraction of isooctane, xt 

Fig. 6. Dependence of log kmix on the mole fraction of 
isooctane for the reaction between DPPH and a-naph­
thol in dioxane-isooctane mixtures at 20 °C. 

| 

1*3 

0.2 0.4 0.6 0.8 

Mole fraction of isooctane, x± 

Fig. 7. Dependence of the activation energy on the 
mole fraction of isooctane. 
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papers of Kondo et al?1) ./^-values were tacitly assumed 
to be independent of the solvent composition. However, 
this is not the case generally. In the present case the 
./^x-value varies from 245 in pure dioxane to 126 in pure 
isooctane when KC=2Q$ M _ 1 is used. By means of 
Eq. 5, the rate constant kmix at any composition can be 
calculated using the values for kx and k4 (Table 4) and 
the ./^-values estimated from the iCc-values obtained 
by Baba and Suzuki. T h e predicted £mix-values are 
plotted in Fig. 6 as a function of the mole fraction of 
isooctane (solid line), together with the experimental 
points (open circles). I t can be seen that the behavior 
of the specific solvation interaction in the binary 
dioxane-isooctane system is expressed by this theory. A 
similar t reatment has been carried out for the energy of 
activation (Fig. 7). As a results of the specific solvation, 
the energy of activation decreases sharply as the mole 
fraction of isooctane approaches unity, as predicted by 
the theory. 

I t is concluded that in the hydrogen abstraction 
reaction in this system, the most important factors 
which govern the reaction rate are the polar mesomeric 
and H-bonding effects which affect greatly the free 
energies in the transition and ground states, respec­
tively. 

T h e authors wish to thank Proffessor S. Hasegawa, 
Dr. M. Kimura , and Dr. S. Yamamoto for their valuable 
discussions and suggestions. 
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Three isomers of 2//,8//-benzo[l,2-6: 3,4-6'] dipyran and 2//,8i/-benzo[ 1,2-6: 5,4-6']dipyran, were synthesized 
by dehydrogenation of the dihydrobenzodipyran derivatives using DDQor NBS and by dehydration of the secondary 
alcohol prepared by reduction of 4-phenylcoumarin derivatives bearing dihydropyranone ring with sodium boro-
hydride. 

A number of coumarins containing a dimethylpyran 
ring have been found in nature , e.g. calophyllolide,1) 
inophyllolide,1»2) ponnalide,3) tomentolide A4) as 4-
phenylcoumarins. Total syntheses of these compounds 
and several synthetic routes of a dimethylpyran ring or 
dimethylchromene ring have been reported.5 - 9) Tn the 
case of these 4-phenylcoumarins, it is known that the 
chemical shifts of dimethyl groups in fused dimethyl­
pyran ring at 5,6-position and of the other substituents 
situated in the proximity of 4-phenyl ring show marked 
shifts from their normal values in N M R spectra.4»10) 

We have synthesized three isomers of 2// ,8/ /-benzo-
[1,2-6: 3,4-6']dipyran and 2// ,8/ /-benzo[ 1,2-6: 5,4-6']-
dipyran, (1—7), by dehydrogenation of the dihydro-
pyran ring using 2,3-dichloro-5,6-dicyano-/>-benzo-
quinone ( D D Q ) or iV-bromosuccinimide (NBS) and by 
reduction of the dihydropyranone ring with sodium 
borohydride, followed by dehydration of the corre­
sponding alcohol. The chemical shifts of methyl protons 
(gem-dimethyl, acetoxyl, and methoxyl groups) of 4-
phenylcoumarin derivatives bearing dimethylpyran, 
dimethyldihydropyran, or dimethyldihydropyranone 
ring were investigated with respect to a shielding effect 
of 4-phenyl ring in N M R spectra. 

tQ?° 
RO ph 

4 R=H 
5 R= Me 
6 R = Ac 

MeO Ph 

ORi 

Ö R| = R2=H 
9 Rl=Me. Rz=H 

10 Ri=H. Rz = Me 

Scheme 1. 

Dimethylchromans (8—10) and dimethylchromanone 
(11) were used as the starting material for an approach 
to syntheses of the isomeric 2//,8Z/-benzodipyran deriva­
tives (1—7). The Pechmann reaction of 8 with ethyl 
benzoylacetate in the presence of sulfuric acid in acetic 
acid afforded hydroxy-4-phenylcoumarin (12), whose 
structure was proved on the basis of the accompanying 

evidences. T h e methyl ether (13) of 12 could be syn­
thesized from 9 by a method similar to that for 8. 
Bromination of the acetate (14) of 12 with NBS in 
benzene, followed by treatment with zinc dust gave the 
desired dehydro compound (1). The I R spectrum of 1 
exhibited absorption due to the hydroxyl group at 
3240 c m - 1 and the double bond at 1647 c m - 1 . In its 
N M R spectrum, the signals at ô 0.94 ppm (6H, s) and 
5.42, 6.45 ppm (each 1H, d, J= 10.0 Hz) showed the 
presence of a dimethylpyran ring. Therefore, the 
structure of 1 was established as 5-hydroxy-2,2-dimethyl-
10-phenyl-2//,8/7-benzo [1,2-6: 3,4-6']dipyran-8-one. O n 
the other hand, the dehydrogenation of 13 with D D Q 
afforded the corresponding dehydro compound (2), 
which was identical with the methyl ether of 1 by a 
mixed-melting-point determination and by I R and 
N M R spectral comparison. 

The linear isomers (4), (5), and (6) bearing dimethyl­
pyran ring on 6,7-position of coumarin nucleus were 
prepared by the following procedure. Trea tment of 11 
with ethyl benzoylacetate in the presence of polyphos-
phoric acid (PPA) gave two products, 6,7-dihydro-5-
hydroxy-4- phenyl- 2H, 8H- benzo [1,2-6: 5,4-6'] dipyran-
2,6-dione (15) and 3,4-dihydro-5-hydroxy-10-phenyl-
2// ,8/ /-benzo[ 1,2-6: 3,4-6']dipyran-4,8-dione (18), as 
expected, both of which could be separated by column 
chromatography. T h e I R spectrum of 15 exhibited 
absorption bands due to the a-pyrone at 1740 and 1623 
cm - 1 . The N M R spectrum indicated the presence of a 
phenolic proton at ô 13.00 ppm (1H, s) having an 
intramolecular hydrogen bonding. Reduction of the 
methyl ether (16) of 15 with sodium borohydride, 
followed by dehydration of the resulting secondary 
alcohol (21) with pyridine-acetic anhydride gave the 
corresponding dehydro compound (5). T h e N M R 
spectrum of 5 showed signals at ô 1.46 p p m (6H, s) and 
5.63, 6.43 p p m (each 1H, d, 7 = 1 0 . 0 Hz) due to gem-
dimethyl protons and vinyl protons of the dimethylpyran 
ring. By a similar method, the dehydro compound (2) 
was obtained from the methyl ether (19) of 18 via 
secondary alcohol (25). However, reaction of the acetate 
(17) or (20) with sodium borohydride converted the 
carbonyl function of the pyranone ring into the meth­
ylene function to give 22 or 12 as the main product, 
respectively. The structures of 12 and 22 were assigned 
by I R and N M R spectral comparisons. T h e acetate 
(24) of 22 was treated with NBS. Subsequent dehydro-
bromination of the resulting brominated product with 
zinc dust yielded the dehydro compound (6). After 
hydrolysis of 6 with hydrochloric acid in methanol, the 
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TABLE 1. NMR SPECTRAL DATA OF ACETOXY AND METHOXY COMPOUNDS OF 4-PHENYLCOUMARINS 

Compound 

2 
3 
5 
6 
7 

13 
14 
16 
17 
19 
20 
23 
24 
29 
31 

(CH3)2C
a> 

0.91(s) 
0.92(s) 
1.46(s) 
1.46(s) 
1.48(s) 
0.84(s) 
0.87(s) 
1.42(s) 
1.46(s) 
0.95(s) 
0.98(s) 
1.35(s) 
1.33(s) 
1.38(s) 
1.38(s) 

C3,-H and/or C4,-H
b> 

5.30, 6.48(each d, 7 = 1 0 . 0 Hz) 
5.41, 6.22(each d, 7 = 1 0 . 0 Hz) 
5.63, 6.43(each d, 7 = 1 0 . 0 Hz) 
5.66, 6.11 (each d, 7 = 1 0 . 0 Hz) 
5.90, 6.90(each d, J= 10.0 Hz) 
1.58, 2.58(each t, 7 = 6 . 7 Hz) 
1.62, 2.55(each t, 7 = 6 . 7 Hz) 

2.64(s) 
2.66(s) 
2.50(s) 
2.50(s) 
1.78, 2.70(each t, 7 = 6 . 7 H z ) 
1.76, 2.43(each t, 7 = 6 . 7 Hz) 
1.86, 2.88(eacht, 7 = 6 . 7 H z ) 
1.87, 2.91 (each t, 7 = 6 . 7 Hz) 

C3-H
e> 

5.91(s) 
6.07(s) 
6.00(s) 
6.00(s) 
5.98(s) 
5.98(s) 
6.04(s) 
6.01(s) 
6.05(s) 
6.00(s) 
6.17(s) 
6.00(s) 
5.95(s) 
5.97(s) 
5.94(s) 

C6-H or C8-H
c> 

6.39(s) 
6.62(s) 
6.61(s) 
6.75(s) 
6.18(s) 
6.50(s) 
6.68(s) 
6.66(s) 
6.85(s) 
6.47(s) 
6.70(s) 
6.63(s) 
6.73(s) 
6.15(s) 
6.29(s) 

OAcd> 

2.30(s) 

1.34(s) 

2.37(s) 

1.46(s) 

2.39(s) 

1.33(s) 

1.32(s) 

OMed> 

3.82(s) 

3.00(s) 

3.38(s) 
3.89(s) 

3.06(s) 

3.93(s) 

2.97(s) 

3.37(s) 

a) Each 6H. b) Each IH or 2H. c) Each IH. d) Each 3H. 

resulting hydroxy derivative (4) was methylated with 
methyl iodide in the presence of anhydrous potassium 
carbonate to give a methyl ether, which was shown to 
be identical with 5. 

XQmA 
0 OH 

0 RO Ph 

15 R = H 
16 R = Me 
17 R = Ac 

0 ^ 0 

R2 RiO Ph 

21 R i=Me. R2 = H .0H 
22 Ri= H. Rz = H2 
23 Ri= Me. R2=H2 
24 Ri= Ac. R2=H2 

Scheme 2. 

The synthesis of another isomer (7) bearing dimethyl­
pyran ring on 7,8-position was carried out as follows. 
The Hoesch reaction of 10 with benzonitrile using zinc 
chloride as a catalyst afforded 8-benzoyl-5-hydroxy-7-
methoxy-2,2-dimethylchroman (26) in higher yield than 
that of 6-benzoyl isomer (27). 26 was readily transform­
ed into 27 in the presence of an acidic catalyst such as 
sulfuric acid or aluminium chloride.11) Confirmation 
of the structures was performed by spectral data and 
an alcoholic ferric chloride reaction. T h e acetate (28) 
of 27 was then converted into the coumarin derivative 
(29) by dehydration in the presence of a mixture of 
acetic anhydride and sodium acetate. 29 was also 
obtained together with 12 and 30 by the Pechmann 
reaction of 10 with ethyl benzoylacetate. 29, 30, and 
31 have been derived from natural mammeisin, and 
their IR , U V spectra and melting points are compatible 
with those of authentic samples.12) Dehydrogenation 
of 29 with D D Q gave the expected dehydro compound 
(7), which showed signals at ô 1.48 p p m (6H, s) and 

5.90, 6.90 ppm (each I H , d, 7 = 1 0 . 0 Hz) due to methyl 
protons and vinyl protons of the dimethylpyran ring in 
the N M R spectrum. 

It is significant to compare the N M R spectral data 
of some synthetic samples. The chemical shifts of 
dimethyl protons of 2, 3, 13 ,14 ,19 , and 20 (<5 0.84—0.98 
ppm) containing dimethylpyran, dimethyldihydropyran, 
or dimethyldihydropyranone ring at 5,6-position, 
appeared in a higher magnetic field than those of 5, 6, 
7, 16,17, 23, 24, 29, and 31 (Ô 1.33—1.48 ppm) contain­
ing a pyran ring at 6,7- or 7,8-position in coumarin 
nucleus (Table 1 ). The methyl protons of acetoxyl or 
methoxyl group substituted at 5-position showed 
chemical shifts in a higher magnetic field than those at 
7-position. These characteristic shifts are though to 
be due to the anisotropic shielding effect of the phenyl 
ring at 4-position, l s ) as has been found to be the case2»4'10) 
in calophyllolide and inophyllolide. Thus, N M R 
spectral analysis might be useful for the structural 
confirmation of 4-phenylcoumarin derivatives. 

COPh 

27 R = H 
2 8 R = Ac 

2 9 R = Me 
3 0 R = H 
31 R = Ac 

Scheme 3. 

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

All the melting points are uncorrected. Unless otherwise 
stated, the NMR spectra were taken in deuteriochloroform 
using tetramethylsilane as an internal standard on a Hitachi 
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Model R-20 NMR spectrometer (60 MHz) or a JEOL JNM-
MH-100 spectrometer (100 MHz). The chemical shifts are 
expressed in ô values; s: singlet; br: broad; d: doublet; t: 
triplet. The data of the UV spectra are described in terms 
of Â gpj1 nm (log e). The column chromatography was carried 
out using Merck silica gel (0.063 or 0.08 mm). PPA was 
prepared by stirring a mixture of phosphoric acid and phos­
phorus pentoxide (wt ratio of 1: 1) at 85—90 °C for 3 h. 

2,2-Dimethyl-5-methoxy-7-hydroxychroman (9). 2,2-Dimeth-
yl-5-methoxy-7-hydroxychromanone (1 g), which had been 
prepared by hydrolysis of 2,2-dimethyl-5-methoxy-7-(/>-tolyl-
sulfonyloxy)chromanoneu> with 7% aq potassium carbonate, 
was refluxed with zinc amalgam (prepared from zinc dust 
(12.7 g), mercuric chloride (0.68 g), concentrated hydrochloric 
acid (0.7 ml), and water (18 ml)), in 10% aq ethanol (100 ml) 
for 15 h, 1 ml of hydrochloric acid being added at 1 h inter­
vals. After removal of an inorganic material, the solution 
was concentrated under reduced pressure. The concentrated 
solution was extracted with ether and the ether layer was 
washed with water, dried and evaporated. The residue was 
recrystallized from ethanol to give 9 as colorless needles; mp 
107—108°C; yield, 0.4 g, IR (KBr) cm"1: 3330, 1605; Found: 
C, 69.32; H, 8.01%. Calcd for C12H1603: C, 69.21 ; H, 7.74%. 

The Pechmann Reaction of 8. 75% sulfuric acid (4 ml) 
was added to a mixture of 815> (0.8 g) and ethyl benzoylacetate 
(0.8 g) in acetic acid (6 ml) at room temp and the mixture 
was allowed to stand for 2 day. After the mixture had been 
poured into ice-water, the resulting solid was collected, 
washed, dried and then recrystallized from ethanol to give 
12 as colorless prisms, mp 320 °G (lit,16> 315—320 °C); yield, 
0.7 g; IR (Nujol) cm"1: 3245, 1680, 1640, 1590, 1565; UV: 
sh 253 (3.98), 260 (3.99), 338 (4.16); Found: G, 74.48; H, 
5.59%. Calcd for G20H18O4: C, 74.52; H, 5.63%. 

Acetate (14) : Acetic anhydride-pyridine method; mp 144 
—145 °C (from methanol) (lit,16) 140—141 °C), colorless need­
les; IR (Nujol) cm-1: 1775, 1725, 1605, 1560; UV: 255 (3.95), 
310 (4.11); Found: G, 72.45; 5.55%. Calcd for C22H30O5: 
C; 72.51; H, 5.53%. 

Methyl Ether (13) : Methyl iodide-potassium carbonate 
method; mp 202—203 °C (from ethanol) (lit,16) 200—202 °G), 
colorless prisms; IR (Nujol) cm-1: 1720, 1605, 1570, 1550; 
UV: 259 (3.90), 331.5 (4.00) ; Found : C, 74.80; 6.05%. Calcd 
for C21H20O4: C, 74.98; H, 5.99%. 

The mother liquor of the recrystallization was concentrated 
to give a small amount of the isomer (30) as colorless plates; 
mp 292—294 °C (lit,12) 273—276 °C); IR (KBr) cm-1: 3256, 
1678, 1628, 1600, 1560; UV: 266 (4.20), 338 (4.10); Found: 
C, 74.46; H, 5.64%. Calcd for C20H18O4: C, 74.52; H, 
5.63%. 

Acetate (31): Acetic anhydride-pyridine method; mp 155 
—156 °C (from aq ethanol) (lit,12) 161—163 °C), colorless 
prisms; IR (Nujol) cm-1: 1773, 1730, 1618, 1588; UV: 251 
(4.03), 260 (4.00), 334 (4.12); Found: C, 72.60; H, 5.60%. 
Calcd for C22H20O5: C, 72.51; H, 5.53%. 

Methyl Ether (29) : Methyl iodide-potassium carbonate 
method; mp 133—134 °C (from aq ethanol) (lit,12) 130—132 
°C), colorless needles; IR (Nujol) a n - 1 : 1715, 1615, 1590; 
UV: 263 (4.16), 286 (3.72), 337 (4.10); Found: C, 74.68; H, 
6.01%. Calcd for C21H20O4: C, 74.98; H, 5.99%. 

The Pechmann Reaction of 9. A mixture of 9 (0.3 g), 
ethyl benzoylacetate (0.3 g), and 75% sulfuric acid (4 ml) in 
acetic acid (7 ml) was allowed to stand at room temp for 2 
day. By a treatment to that described above, the crude solid 
was recrystallized from ethanol to give 13 (0.4 g), which 
showed superimposable IR and NMR spectra and non-
depression of mixed-melting-point with the sample prepared 
from 12. 

The Pechmann Reaction of 10. A mixture of 1017) (2 g), 
ethyl benzoylacetate (1.8 g), and 75% sulfuric acid (17 ml) in 
acetic acid (20 ml) was allowed to stand at room temp for 2 
day. After the usual work-up, the crude product was puri­
fied by a fractional crystallization from aq ethanol to give 12 
(1.2 g), 29 (0.2 g), and a small amount of 30. 12, 29, and 30 
were identical with the above samples. 

5-Hydroxy-2,2-dimethyl-10-phenyl-m, 8H-benzo[l, 2-b : 3,4-b']-
dipyran-8-one (1). A mixture of 14 (0.6 g), NBS (0.3 g), 
and a trace of benzoyl peroxide in dry carbon tetrachloride 
(30 ml) was refluxed for 1.5 h. The cooled mixture was fil­
tered and the filtrate was evaporated to dryness under reduced 
pressure. The residue was dissolved in a mixture of acetic 
acid (15 ml) and sodium acetate (2 g) and gently refluxed for 
1 h. The mixture was poured into ice-water and the result­
ing material was collected, washed and dried. The crude 
material was refluxed with fresh zinc dust (0.3 g) in acetic 
acid (15 ml) for 8 h. The mixture was filtered and the fil­
trate was poured into water. The resulting solid was collected, 
washed, dried and recrystallized from methanol to give 1, as 
colorless prisms; mp 281—283 °C (lit,8c) 260—263 °C); yield 
0.2 g; IR (Nujol) cm-1: 3240, 1695, 1647, 1585; UV: 233 
(4.33), 283 (4.32), 337 (4.12); NMR (DMSO): 0.94 (6H, s, 
(CH3)2C-), 5.45, 6.45 (each IH, d, and J= 10.0 Hz, -CH= 
CH-), 5.77 (IH, s, C3-H), 6.36 (IH, s, C8-H); Found: C, 
74.85; H, 5.21%. Calcd for C20H16O4: C, 74.99; H, 5.03%. 

Acetate (3) : Acetic anhydride-pyridine method; mp 171— 
173 °C (from aq methanol), colorless plates; IR (Nujol) cm - 1 : 
1758, 1722, 1635, 1610; UV: 231 (4.29), 261.5 (4.14), 270 
(4.17), 295 (4.23); Found: C, 72.68; H, 5.03%. Calcd for 
C 2 2H 1 80 5 :C, 72.92; H, 5.01%. 

5-Methoxy-2, 2-dimethyl-10-phenyl-2H, 8H-benzo[l, 2-b : 3,4-b']-
dipyran-8-one (2). A mixture of 13 (0.17 g) and D D Q 
(0.5 g) in dry benzene (60 ml) was refluxed under a stream of 
nitrogen for 25 h until the hydroquinone separated out. While 
the mixture was hot, it was filtered and the filtrate was evapo­
rated to a solid which was purified by means of column 
chromatography on silica gel (20 g), using chloroform-petro­
leum ether (1: 1) as the eluent, to give 2; mp 183—185 °C, 
colorless prisms (lit,19) 184—185 °C; lit,3b) 192—194 °C); yield, 
0.15g, IR (Nujol) cm-1: 1722, 1640, 1598, 1553; UV: sh 276 
(4.28), 283 (4.31), 329 (4.11); Found: C, 75.68; H, 5.39%. 
Calcd for C21H1804: C, 75.43; H, 5.43%. 2 was also derived 
by methylation of 1 with diazomethane. 

The Pechmann Reaction of 11. A mixture of 1118) (1 g), 
ethyl benzoylacetate (1 g), and PPA (16 g) was stirred at 75 
—80 °C for 1 h. After cooling, ice-water was added to the 
mixture in order to decompose PPA. The resulting solid was 
collected, washed, dried and then was chromatographed on 
silica gel (20 g), with chloroform as the eluent. The faster 
effluent yielded a solid, which was recrystallized from ethanol 
to give 15 as colorless needles; mp 235—237 °C; yield, 0.15 g. 
This is shown by the deep violet coloration with ferric chloride 
in ethanol. IR (Nujol) cm-1: 1740, 1648, 1623, 1603, 1564; 
UV: 283 (4.49), 328 (4.08); NMR: 1.42 (6H, s, (CH3)2C-), 
2.68 (2H, s, -COCH 2-) , 5.94 (IH, s, C3-H), 6.33 (IH, s, 
C8-H), 7.40 (5H, br, -C6H5), 13.00 (IH, s, OH) ; Found: C, 
71.30; H, 4.64%. Calcd for C20H16O5: C, 71.42; H, 4.80%. 

Acetate (17) : Acetic anhydride-sodium acetate method ; mp 
196—198 °C (from aq ethanol), colorless prisms; IR (Nujol) 
cm-1: 1767, 1738, 1693, 1613, 1595; Found: C, 69.54; H, 
4.79%. Calcd for C22H1806: C, 69.83; H, 4.80%. 

Methyl Ether (16) : Dimethyl sulfate-potassium carbonate 
method; mp 218.5—219.5 °C (from ethanol), colorless prisms; 
IR (Nujol) cm-1: 1743, 1708, 1613, 1598; Found: C, 71.99; 
H, 5.12%. Calcd for C21H1805: C, 71.99; H, 5.18%. 

The slower effluent was recrystallized from ethanol to give 
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18 (0.3 g) as colorless prisms; mp 246—247 °C; this is shown 
by the deep violet coloration with ferric chloride in ethanol; 
IR(Nujol) cm-1: 1733, 1650, 1624, 1586; UV: 282 (4.47), 329 
(4.08); NMR: 0.97 (6H, s, (CH3)2C-), 2.56 (2H, s, -CO-
GH2-), 5.94 (IH, s, C3-H), 6.44 (IH, s, C8-H), 7.38 (5H, br, 
-C6H5), 12.27 (IH, s, OH) ; Found: C, 71.55; H, 4.94%. 
Galcd for C20H16O5: C, 71.42; H, 4.80%. 

Acetate (20) : Acetic anhydride-sodium acetate method; mp 
187—189 °C (from ethanol), colorless flocks; IR (Nujol) cm-1: 
1765, 1738, 1688, 1610, 1600, 1587; Found: G, 69.97; H, 
4.91%. Calcd for G22H1806: G, 69.83; H, 4.80%. 

Methyl Ether (19) : Dimethyl sulfate-potassium carbonate 
method; mp 225—226.5 °G (from ethanol) (lit,16) 216—218 
°C), colorless prisms; IR (Nujol) cm-1: 1746, 1690, 1604, 
1598; Found: C, 71.99; H, 5.08%. Calcd for G21H l f i05: C, 
71.99; H, 5.18%. 

Reduction of 16 and 19. From 16: A mixture of 16 
(150 mg) and sodium borohydride (30 mg) in ethanol (40 ml) 
was stirred at 20—25 °C for 4 h. The mixture was made 
slightly acidic with acetic acid-water to decompose an excess 
sodium borohydride and concentrated to a solid under re­
duced pressure. The solid was collected, washed, dried and 
then chromatographed on silica gel, with chloroform as the 
eluent, to give 21. This was further recrystallized from 
benzene; mp 181.5—182.5 °C, colorless prisms; yield, 63 mg; 
IR (GHC13) cm-1: 3540, 1720, 1605, 1550; NMR: 1.39, 1.48 
(each 3H and s, (CH3)2C-), 2.08 (2H, d, 7 = 6 Hz, (CH3)2-
CCH2-), 3.06 (3H, s, OMe), 3.31 (IH, s, OH), 4.95 (IH, t, 
7 = 6 Hz, -CHOH), 6.05 (IH, s, G3-H), 6.65 (IH, s, C8-H), 
7.40 (5H, s, -C6H5) ; Found: C, 71.81; H, 5.71%. Galcd for 
G21H20O5: C, 71.58; H, 5.72%. 

From 19: A mixture of 19 (200 mg) and sodium borohydride 
(42 mg) in ethanol (40 ml) was stirred at 20—23 °G for 4.5 h. 
The mixture was treated in a similar way to that described 
above. The crude product was recrystallized from ethanol to 
give 25 as colorless needles; mp 205—207 °G; yield, 164 mg; 
IR (CHG13) cm-1: 3580, 1720, 1605, 1560; NMR: 0.82, 1.04 
(each 3H and s, (CH3)2C-), 1.84 (2H, d, 7 = 6 Hz, (CH3)2-
CCH2-), 3.04 (IH, s, OH), 3.96 (3H, s, OMe), 4.92 (IH, t, 
J = 6 Hz, -CHOH), 5.96 (IH, s, C3-H), 6.49 (IH, s, C8-H), 
7.30 (5H, br, -C6H5) ; Found: C, 71.45; H, 5.82%. Calcd 
for C21H20O6: C, 71.58; H, 5.72%. 

Reduction of 17 and 20. From 17: A mixture of 17 (200 
mg) and sodium borohydride (40 mg) in ethanol (50 ml) was 
stirred at 23—26 °C for 5 h. After the usual work-up, the 
resulting solid was chromatographed on silica gel, with ben­
zene as the eluent, to give 22, which was further recrystallized 
from benzene; mp 233—234 °C, colorless prisms; yield, 110 
mg; IR (CHC13) cm"1: 3510, 1720, 1620, 1560; NMR: 1.32 
(6H, s, (CH3)2C-), 1.76, 2.52 (each 2H, t, and 7 = 6 . 7 Hz, 
-CH2CH2-) , 5.38 (IH, s, OH), 5.87 (IH, s, C3-H), 6.44 (IH, 
s, C8-H), 7.51 (5H, br, -C8H5) ; Found: C, 74.60; H, 5.64%. 
Calcd for C20H18O4: C, 74.52; H, 5.63%. 

Acetate (24): Acetic anhydride-pyridine method; mp 195 
—196 °C (from ethanol), colorless prisms; IR (CHC13) cm - 1 : 
1765, 1720, 1618, 1552; Found: C, 72.25; H, 5.45%. Calcd 
for Ca2H20O5: C, 72.51; H, 5.53%. 

Methyl Ether (23) : Methyl iodide-potassium carbonate 
method; mp 179—180 °C (from aq ethanol), colorless plates; 
IR (CHC13) cm-1: 1710, 1610, 1550; Found: C, 74.95; H, 
6.03%. Calcd for C21H20O4: C, 74.98; H, 5.99%. 

From 20: A mixture of 20 (200 mg) and sodium borohy­
dride (40 mg) in ethanol (70 ml) was stirred at 24—27 °C for 
5 h. After the usual work-up, the crude product was recrys­
tallized from ethanol to give 12 (70 mg), which was identical 
with the sample described above. 

Dehydration of 21 and 25. From 21: 21 (160 mg) was 

refluxed in a mixture of acetic anhydride (5 ml) and pyridine 
(2—3 drops) for 5.5 h. After cooling, the mixture was poured 
into ice-water and acidified with dilute hydrochloric acid. 
The resulting solid was collected, washed, dried and then 
chromatographed on silica gel (5 g), with chloroform as the 
eluent, to give 5 (60 mg), which was further recrystallized 
from ethanol; mp 211—212 °C, colorless prisms; IR (CHC13) 
cm-1: 1715, 1640, 1605; Found: C, 75.29; H, 5.45%. Calcd 
for C21H1804: C, 75.43; H, 5.43%. 

From 25: 25 (160 mg) was dehydrated to give 2 (110 mg), 
which was identical with the above mentioned sample. 

5-Acetoxy-8,8-dimethyl-4-phenyl-2H,8H-benzo[l,2-b:5,4'-b]di-
pyran-2-one (6). A mixture of acetate (24: 225 mg), NBS 
(210 mg), and a trace of benzoyl peroxide in dry carbon 
tetrachloride (20 ml) was refluxed for 3 h. The resulting 
succinimide was then filtered off and the solvent was 
removed. The residue was successively treated according to 
the usual work-up. The crude product was chromatographed 
on silica gel (7 g), with benzene as the eluent, to give 6, which 
was further recrystallized from methanol; mp 227.5—228.5 
°C, colorless prisms; yield, 140 mg, IR (CHC13) cm"1: 1773, 
1720, 1640, 1620; Found: C, 72.87; H, 4.99%. Calcd for 
C 2 2H 1 80 5 :C, 72.92; H, 5.01%. 

5-Hydroxy-8,8-dimetyl-4-phenyl-2H,8H-benzo[l, 2-b : 5,4-b']di-
pyran-2-one (4). 6 (95 mg) was hydrolyzed with a mix­
ture of concentrated hydrochloric acid (1 ml) and methanol 
(24 ml), refluxing for 4 h. After removal of the solvent, the 
resulting solid was collected, washed and dried. This was 
recrystallized from benzene to give 4 (24 mg) as colorless 
needles; mp 197—198 °C; IR (CHC13), cm-1: 3510, 1720, 
1640, 1617; NMR: 1.45 (6H, s, (CH3)2C-), 5.53, 6.46 (each 
IH, d, and 7=10.0 Hz, -CH=CH-), 5.29 (IH, s, OH), 5.90 
(IH, s, C3-H), 6.44 (IH, s, C8-H), 7.55 (5H, br, -C6H5); 
Found: C, 74.25; H, 5.05%. Calcd for C20H16O4: C, 74.99; 
H, 5.03%. 
6-Benzoyl-5-hydroxy-7-methoxy-2,2-dimethylchroman (27) and 8-Ben-
zqyl Isomer (26). A mixture of 10 (4.7 g), benzonitrile 
(4.0 g), and anhydrous zinc chloride (3.5 g) in dry ether (80 
ml) was saturated with dry hydrogen chloride under ice-
cooling and the mixture was allowed to stand at room temp 
overnight. After removal of the upper ethereal layer by dé­
cantation, the residue was heated with 1% hydrochloric acid 
(100 ml) on a water bath for 3 h. The resulting solid was 
collected, washed and dried and then recrystallized from 
ethanol to give 27 as pale yellow needles; this is shown by 
the violet brown coloration with ferric chloride in ethanol; 
mp 122—123 °C; yield, 0.9 g; IR (Nujol) cm-1: 1620, 1600, 
1585; UV: 253 (3.68), 312 (4.09); Found: C, 73.08; H, 
6.60%. Calcd for C19H20O4: C, 73.06; H, 6.45%. 

Acetate (28) : Acetic anhydride-sodium acetate method; 
mp 126—127 °C (from ethanol), colorless prisms; IR (Nujol) 
cm-1: 1769, 1669, 1619, 1593, 1580; UV: 251 (4.19), 283 
(3.65); NMR: 1.35 (6H, s, (CH3)2C-), 2.02 (3H, s, OAc), 
1.78,2.52 (each 2H, t, and 7=6 .7 Hz, -CH2CH2-), 3.60 (3H, 
s, OMe), 6.35 (IH, s, C8-H), 7.65 (5H, br, -C6H5); Found: 
C, 71.02; H, 6.27%. Calcd for C21H22Os: C, 71.17; H, 6.26%. 

The mother liquor of the recrystallization was concentrated 
to give 26 as pale yellow prisms, which showed a negative ferric 
chloride reaction in ethanol; mp 213—215 °C; yield, 1.7 g; 
IR (Nujol) cm-1: 3280, 1645, 1605, 1515; UV: 247 (4.17), 
292 (3.41), 308 (3.41); Found: C, 73.23; H, 6.71%. Calcd 
for C19H20O4: C, 73.06; H, 6.45%. 

Conversion of 26 to 27. a) Aluminium Chloride Method: 
A mixture of 26 (1 g) and anhydrous aluminium chloride in 
dry ether (125 ml) was refluxed for 12 h. After removal of 
the solvent, ice-water was added to the residue which was 
then acidified with dilute hydrochloric acid. The resulting 
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solid was collected, washed, dried and recrystallized from 
methanol to give 27 (0.7 g); mp 123—124 °C, pale yellow 
needles. The compound was identical with the sample pre­
pared above. 

b) Sulfuric Acid Method: Concentrated sulfuric acid (0.5 
ml) was added to a solution of 26 (100 mg) in acetic acid 
(5 ml) and heated at 65—67 °C for 5 h. After cooling, ice-
water was added to the mixture and the resulting solid was 
collected, washed, dried and recrystallized from methanol to 
give 27 (50 mg). 

Preparation of 29 from 28. A mixture of 28 (200 mg), acetic 
anhydride (1 ml), and anhydrous sodium acetate (500 mg) 
was heated at ca. 130 °C for 2 min. After cooling, ice-water 
was added to the mixture and the resulting solid was collected, 
washed and recrystallized from aq ethanol to give 29 (30 
mg); mp 133—134 °C. This was shown to be identical with 
the above mentioned samples. 

5-Methoxy-8,8-dimethyl-4-phenyl-2H,8H-benzo[l,2-b:3,4-b']-
dipyran-2-one (7). A mixture of 29 (150 mg) and DDQ, 
(150 mg) in dry benzene (25 ml) was treated in a similar way 
to that described above. The crude product was recrystal­
lized from ethanol to give 7 (70 mg) as colorless plates; mp 
143—144 °C. IR (Nujol) cm-1: 1718, 1648, 1618, 1587, 1578; 
UV:234 (4.56), 284 (4.25), 330 (4.02); Found: C, 75.67; H, 
5.52%. Calcd for C21H1804: C, 75.43; H, 5.43%. 
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Synthesis and 13C NMR Spectra of ewdo-5-(4-Imidazolyl)bicyclo-
[2.2.2]oct-endo- and ejco-2-yl /rans-Cinnamates 
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(Received February 4, 1977) 

The Synthesis of énûfo-5-(4-imidazolyl)bicyclo[2.2.2]oct-«nûfo- and exo-2-yl tazTW-cinnamates was carried out starting 
from 2-butyn-l,4-diol. The key intermediate, «nrfo-5-(4-imidazolyl)bicyclo[2.2.2]octan-2-one, was obtained by 
oxidation of éWûfo-5-(4-imidazolyl)bicyclo[2.2.2]oct-2-ene with palladium chloride, the oxidation being stereo- and 
regiospecific. The mode of 2,5 disubstitution and endo, exo stereochemistry were determined by means of 13C 
chemical shifts of the bicyclo[2.2.2]octane framework. 

In a previous paper1) a report was given on the 
synthesis and separation of endo- and £Xo-5-(4-imidazol-
yl)bicyclo[2.2.1]hept-^n</o-2-yl trans-cmnama.tes via 5-(l-
oxo-2-hydroxyethyl)bicyclo[2.2.2]hept-2-enes. These 
cinnamates were synthesized as a model for acyl-a-
chymotrypsin since the bicyclo [2.2.1] heptane ring 
system possesses a rigid framework which can bear the 
imidazolyl and acyloxy groups with correct spatial 
al ignment as in the acyl enzyme. 

In this report we describe the synthesis of the title 
compounds which also simulate the acyl enzyme and 
have a less rigid framework of bicyclo[2.2.2]octane as 
compared to that of bicyclo[2.2.1]heptane. I t seems of 
interest to investigate the difference in reactivity caused 
by the less rigid framework.2 '3) The endo, endo compound 
has a correct stereochemistry, but not the endo, exo 
compound. Properties of the former can be compared 
with those of the latter. 

T h e synthesis was carried out following the scheme for 
the bicyclo[2.2.1]heptane derivatives, several key steps 
being found to be quite different. For elucidation of the 
structures of the title compounds 13G N M R spectro­
scopy was indispensable, although 1 H N M R spectra 
were used effectively for the corresponding bicyclo-
[2.2.1]heptane derivatives. 

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

Synthesis. The synthetic route is shown in 
Scheme 1. T h e starting ketone 1 was obtained in 12% 
yield from 2-butyn-l,4-diol. T h e yield is lower than 
the 2 0 % yield for the corresponding bicyclo[2.2.1]-
heptenyl ketone which can be at tr ibuted to the low 
reactivity of 1,3-cyclohexadiene as a Diels-Alder diene. 
The endo : exo ratio of the ketone 1 was determined to be 
9: 1 referring to the relative intensity of the 1H N M R 
signals of the alcoholic methylene protons at Ô 4.30 (exo) 
and 4.26 (endo). The signals of the olefinic protons were 
useless for the determination unlike the case of the 
corresponding bicyclo[2.2.1]heptenyl ketone. 

Formation of the imidazolyl derivative 2 was achieved 
in a similar way to that for the corresponding bicyclo-
[2.2.1]heptane derivative. The yield was 60—70%, 
comparable to that of the latter. T h e endo : exo ratio was 
3 : 1 as determined by the 1 H N M R signals of the 
imidazolyl C-4 proton at ô 6.87 (exo) and 6.65 (endo). 

* Present address: Nippon Goseikagaku Kogyo Co., Ltd., 
Mizushima, Kurashiki 712. 
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These values are similar to those (6.83 and 6.63) for 
5- (4-imidazoly 1) bicyclo [2.2.1] hept-2-enes. 

Introduction of an oxo group to the olefinic bond of 
2 was attained effectively using palladium chloride in 
dilute hydrochloric acid. T h e crude oxidation product 
obtained from the endo, exo mixture of 2 was chromato-
graphed over basic alumina to give the endo ketone 3 
in 30% yield (40% based on the mrfo-imidazolyl deriva­
tive of 2). Neither exo ketone nor the isomeric 2,6-
disubstituted product was detected. The reaction 
conditions such as temperature, time, speed of addition 
of the substrate, acidity of the solution, and mole ratios 
of the substrate to the oxidant were varied without any 
appreciable increase in the yield. The <?#o-imidazolyl 
derivative of 2 was recovered only in par t by chromato­
graphy, being lost mostly as unidentified products. 

T h e oxidation was stereo- and regiospecific. I t seems 
to proceed via a palladium complex intermediate which 
requires both the ethylenic double bond and the endo-
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imidazolyl ring as a bidentate ligand. So far, no such 
palladium complex seems to have been reported.4»5) 

The mode of 2,5 disubstitution and the endo stereo­
chemistry of 3 were determined by the 13G chemical 
shift. 

In order to obtain the desired compounds 7 and 8, 
the endo ketone 3 was reduced to the hydroxy deriva­
tive 4 followed by acylation and partial hydrolysis after 
separation of the endo, endo derivative 5 and the endo, 
exo derivative 6. The procedure is similar to that for 
the corresponding bicyclo[2.2.1]heptane derivatives. 

An alternative method of introducing an oxo group 
to the olefinic double bond was the use of 98—100% 
formic acid which was utilized for the corresponding 
bicyclo[2.2.1]heptene. An addition reaction of formic 
acid to the olefinic double bond of 2 proceeded slowly 
at 160 °G over a period of 50 h to give the expected 
formate and its corresponding alcohol in a combined 
yield of 50—60% and these reaction products afforded 
the oxo derivative by oxidation with chromium trioxide. 
However, the total yield from 2 was not improved. The 
presence of both the endo- and &w-imidazolyl derivatives 
in the oxidation product complicated the isolation of 
the isomers. T h e situation became more serious when 
the oxo derivative were reduced to the hydroxy deriva­
tives since almost equimolecular amounts of the endo-
and ftvo-hydroxy derivatives were produced. Thus the 
use of formic acid was abandoned. 

Hydrogénation of 2 with 10% P d - C gave a hygro­
scopic glassy solid of 2-(4-imidazolyl)bicyclo[2.2.2]-
octane (9), which could be distilled but not crystallized. 
The 13C chemical shifts are indispensable for elucidation 
of the stereochemistry of 3 , 7, and 8 as shown in Tables 1 
and 2. 

13C Chemical Shifts. T h e 13G chemical shifts for 
a number of bicyclo[2.2.2]octanes substituted in the 2 
and 2,5 positions have been reported by Garrat t and 
Riguera.3) They derived substitution parameters from 
the 2-substituted compounds and utilized them for the 
determination of the relative stereochemistry of sub-
stituents a t C-2 and C-5. Their parameters for the 
hydroxyl and oxo groups are given in Table 1. T h e 

TABLE 1. SUBSTITUENT EFFECTS ON 13G CHEMICAL SHIFTS 

FOR 2-SUBSTITUTED BICYCLO[2.2.2]OCTANESa> 

Substituent a jff(C-l) /3(C-3) y-syn y-anti 

4-Imidazolyl 
frottî-Cinnamoyloxy 
Hydroxy13) 
Oxob> 

8.3 
46.5 
43.3 

190.7 

5.7 
6.3 
7.5 

18.3 

5.8 
8.8 

11.3 
18.6 

- 5 . 2 
- 7 . 0 
- 7 . 5 
- 2 . 7 

- 0 . 9 
- 3 . 0 
- 2 . 3 
- 2 . 7 

a) The values show downfield shifts in ppm. Values 
for the 4-imidazolyl group were derived from the 
chemical shifts of 5-(4-imidazolyl) bicyclo [2.2.2]-
octane (Table 2) by comparison with the shifts 
(24.14 for C-l and 26.16 for C-2) for bicyclo[2.2.2]-
octane. For the tom.r-cinnamoyloxy group an 
average value has been taken from the endo and exo 
cinnamates (Table 2). b) Values taken from Ref. 3. 

down field shifts for the a-, /?-, and y-carbon atoms were 
obtained by comparing the chemical shifts in the 2-
substituted bicyclo[2.2.2]octanes with those in the parent 
hydrocarbon, where the a-carbon atom is C-2 and the 
y-carbon atom is C-6 or G-7. T h e parameters for the 
4-imidazolyl and ^mn^-cinnamoyloxy groups (Table 1) 
were derived from the present work. 

T h e 13C chemical shifts for various 2-substituted 
5-(4-imidazolyl)bicyclo[2.2.2]octanes are given in Table 
2. The agreement between the observed and the 
calculated values is good within ± 0 . 6 ppm. Deviations 
as large as 0.8—1.2 p p m are seen for C-2 and C-3 of the 
oxo derivative and C-4 and C-5 of the &w-cinnamoyloxy 
derivative, but no ambiguity in their assignment results 
from these deviations. 

In order to obtain the substitution parameters for the 
4-imidazolyl group, the 13C N M R spectrum of 5-(4-
imidazolyl) bicyclo [2.2.2] octane (9)6) was assigned as 
follows. T h e tertiary carbons C-l , C-4, and C-5 were 
shown to be doublets by an off-resonance experiment 
and the chemical shift of 24.44 ppm was at tr ibuted to 
C-l since it shifts least from the value of 24.14 ppm3) 
for the C-l of the parent hydrocarbon. T h e largest 
and the moderate downfield shifts from the value of 
26.16 ppm3) for the C-2 of the parent hydrocarbon are 
ascribed to the carbons C-5 and C-4, respectively. T h e 

TABLE 2. 13C CHEMICAL SHIFTS FOR 2-SUBSTITUTED enû?o-5-(4-iMiDAzoLYL)BicYCLo[2.2.2]ocTANEsa) 

2-Substituent 
(Compound) 

Unsubstituted (9) 

Oxo (3) 

endo-trans-dnrnxaoyloyiY (7) 

tfxo-fomj-Cinnamoyloxy (8) 

C-l 

24.44 

42.98 
(42.4) 

30.40 
(30.4) 

30.37 
(30.4) 

C-2 

26.55* 

218.11 
(216.9) 

72.90 
(72.7) 

72.45 
(72.7) 

C-3 

20.95 

40.40 
(39.6) 

29.49 
(29.8) 

30.07 
(29.8) 

C-4 

29.80 

33.74 
(29.8) 
(33.8)b> 
29.49 

(29.8) 

28.71 
(29.8) 

C-5 

34.43 

33.91 
(34.5) 

34.30 
(34.5) 

33.54 
(34.5) 

C-6 

31.91 

29.35 
(29.1) 

25.46 
(25.0) 

29.39 
(29.0) 

C-7 

25.82* 

22.92 
(23.5) 

22.87 
(23.2) 

18.79 
(19.2) 

C-8 

25.25 

25.61 
(25.3) 

25.46 
(25.3) 

25.97 
(25.3) 

Imidazolyl 
carbons 

140.83 
134.57 
117.92 
142.85 
135.25 
114.38 
140.99 
134.49 
117.21 
142.42 
134.90 
115.62 

a) The chemical shifts are in ppm downfield from internal tetramethylsilane in chloroform-^. The values in paren­
theses are those calculated with use of parameters in Table 1. The chemical shifts for the frans-cinnamoyloxy group 
were found to be essentially the same as those for ethyl fraw^-cinnamate. The asterisks designate a reversible pair of 
shifts, b) Corrected for the downfield shift (4.0 ppm) of C-4 in bicyclo[2.2.2]octan-2-one (Ref. 3). 
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remaining five carbons showed triplets by an off-
resonance experiment. The carbons G-2 and G-7 are 
expected to show chemical shifts nearest to 26.16 ppm 
The largest downfield shift of 31.91 ppm was assigned 
to G-6 and the largest upfield shift of 20.95 p p m to C-3 
which is y-syn to C-5. T h e remaining shift of 25.25 ppm 
corresponds to the carbon C-8 which is y-anti to C-5. 

The parameters for the £ran.y-cinnamoyloxy group 
were calculated from the endo- and exo-trans-cinnamo-
yloxy derivatives 7 and 8 by subtracting the shifts due 
to the imidazolyl group. An average was taken from 
the values for 7 and 8. As expected, the parameters 
for the imidazolyl and fran.y-cinnamoyloxy groups show 
a similar trend in their magnitudes as compared with 
that for the hydroxy 1 group. 

Physical Properties and endo, exo Stereochemistry. 
Using 13C chemical shifts as described above, we 
determined the mode of 2,5 disubstitution and the 
endo, exo stereochemistry of the oxo, hydroxy, and 
cinnamoyloxy derivatives. In conformity with the 
determination, the m>-hydroxy-<?wäfo-imidazolyl deriva­
tive 6 and the hydrochloride of the &w-cinnamoyloxy-
éTzrfo-imidazolyl derivative 8 were observed to have 
higher melting points than their corresponding endo-
hydroxy-tfwöfo-imidazolyl derivative 5 and hydrochloride 
of the tfflfifo-cinnamoyloxy-tfrcfifo-imidazolyl derivative 7, 
respectively. The exo, endo derivative 6 was also found 
to have a smaller R{ value than the corresponding endo, 
endo derivative 5. These observations are understandable 
on the basis of the relative spatial alignment of the two 
functional groups, the same situation being observed 
for the bicyclo[2.2.1]heptane system previously.1) 

Another means for differentiating the endo or exo 
stereochemistry is the 1 H chemical shift for the proton 
attached to the C-4 carbon of the imidazolyl group. The 
chemical shifts for the endo, endo derivatives 5 and 7 
were found to be 0.08 p p m downfield from those of the 
corresponding exo, endo derivatives 6 and 8. Although 
it cannot be explained clearly, a similar downfield 
shift of 0.06—0.15 ppm is also observed for the bicyclo-
[2.2.1]heptane system.1) 

Thus the physical properties so far observed are 
consistent with the endo, exo stereochemistry determined 
by the 13C chemical shift. 

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

All melting points and boiling points are uncorrected. 1H 
NMR spectra were obtained on a Hitachi Model R-24 
spectrometer at 60 MHz. Tetramethylsilane was used as an 
internal standard unless otherwise noted. 13C NMR spectra 
were recorded with a JEOL JNM FX-100 spectrometer at 
25.05 MHz equipped with Fourier transform facilities. 
Mass spectra were obtained with a Hitachi Model RMS-4 
mass spectrometer at 70 eV. Elemental analyses were carried 
out by Mr. E. Amano of our laboratory. 

endo- and exo-5-( l-Oxo-2-hydroxyethyl)bicyclo[2.2.2]oct-2-enes 
(1). In order to obtain a Diels-Alder dienophile, 26.8 g 
(0.313 mol) of 2-butyn-l,4-diol was isomerized to hydroxy-
methyl vinyl ketone.1) The crude ketone was heated with 
5.0 g (0.063 mol) of 1,3-cyclohexadiene at 100—120 °C for 
13 h. The resulting viscous reddish oil was distilled to give 
6.1 g (0.037 mol) of crude 1: bp 110—125 °C (12 Torr); IR 

(neat) 3650—3200 (OH), 3030 (=C-H), 1710 (C=0), 1615 
(C=C), and 1065 cm"1 (C-O) ; *H NMR (CDC13) Ô 6.4—5.9 
(m, 2, CH=CH), 4.30 (s, ea. 0.2, «w-CHa-0), 4.26 (s, ca. 1.8, 
endo-CHz-O), 3.3 (s, 1, OH), 3.0—2.3 (m, 3), and 2.0—1.0 
ppm (m. 6). 

endo- and exo-5-(4-Imidazolyl)bicyclo[2.2.2]oct-2-enes (2). 
The hydroxymethyl ketone 1 was treated with 28% aq am­
monia, copper(II) acetate, and 37% aq formaldehyde,1) 
giving a very viscous, transparent, and reddish oil of crude 2 
in 60—70% yield: IR (neat) 3500—2200 (NH), 1615 (CH= 
CH), and 1580—1560 cm"1 (imidazole ring); XH NMR 
(CDClg) '«5 9.1 (s, 1, NH), 7.58, 7.48 (two s, 1, N=CH-N), 
6.87 (s, 0.25, N-CH=C), 6.65 (s, 0.75, N-CH=C), 6.5—5.95 
(m, 2, CH=CH), 3.0 (m, 1, H5), 2.85—2.4 (m, 2, Hx and H4), 
and 2.3—1.0 ppm (m, 6). 

In order to obtain the picrate of 2, an equimolar amount of 
picric acid in chloroform was added to a solution of 2 in 
chloroform. The picrate precipitated by cooling was col­
lected and recrystallized: mp 151—152 °C; XH NMR (DMSO-
rf6) ö (solvent peak, ô 2.50 as internal standard) 8.98 (d, 0.15, 
N-CH=N), 8.88 (d, 0.85, N-CH=N), 8.55 (s, 2, picrate anion), 
7.57 (d, 0.15, N-CH=C), 7.18 (d, 0.85, N-CH=C), 6.5—5.85 
(m, 2, CH=CH), 3.04 (m, 1, H5), 2.9—2.4 (m, 2, Hx and H4), 
and 2.3—1.0 ppm (m, 6). Found: C, 50.99; H, 4.18; N, 
17.19%. Galcd for C17H16N507: C, 50.75; H, 4.01; N, 
17.46%. 

endo-5-(4-Imidazolyl)bicycl6[2.2.2]octan-2-one (3). In a 
solution of 2.85 ml of 1 M hydrochloric acid and 25 ml of 
water, 560 mg (3.16 mmol) of palladium chloride was dis­
solved by heating at 80 °C for 30 min. To this solution was 
added dropwise 500 mg (2.87 mmol) of 2 in 2.85 ml of 1 M 
hydrochloric acid and 8 ml of water over a period of 10 min 
with stirring. The mixture was then heated at 95 °C for 
30 min and filtered. The filtrate was concentrated to half the 
original volume and extracted with chloroform after the pH 
of solution had been adjusted to 9 with 28% aq ammonia. 
After being dried over magnesium sulfate, the solvent was 
removed to give 320 mg of a viscous yellow oil. This oil was 
developed three times over basic alumina (Merck, HF254 Type 
E) using dichloromethane-methanol (50/1 vol/vol), to give 
170 mg (31 % ) of the ketone 3 (Rt value 0.1 —0.4). This was 
recrystallized from chloroform-carbon tetrachloride: mp 147 
—148 °C; IR (KBr) 3500—2200 (NH), 1720 (C=0), and 
1580—1560cm-1 (imidazole ring); XH NMR (CDC13) ô 9.15 
(s, 1, NH), 7.55 (s, 1, N-CH=N), 6.75 (s, 1, N-CH=C), 3.18 
(m, 1, H5), and 2.6—1.5 ppm (m, 10); MS m/e 190 (M+). 

Found : C, 69.60 ; H, 7.42 ; N, 14.68%. Calcd for C uH 1 4N 20 : 
C, 69.45; H, 7.42; N, 14.72%. 

Twenty mg of 2 was recovered (Rt value 0.5). 
endo-5-(4-Imidazolyl)bicyclo[2.2.2]octan-endo- and exo-2-ols 

(4). With lithium aluminum hydride in THF 1.48 g 
of the crude oil of 3 was reduced to give 1.23 g of a crude solid 
of^1) 

endo-5-(4-Imidazolyl)bicyclo[2.2.2]octan-endo-2-ol (5). 
Isolation of 5 from 4 was achieved by preparative TLC. About 
240 g of basic alumina (Merck, HF254 Type E) was coated on 
ten glass plates (20 X 20 cm) and activated. After applica­
tion of 1.23 g of the crude 4 in methanol, the plates were devel­
oped four times with use of dichloromethane-methanol (15/1 
vol/vol). The endo alcohol 5 obtained (Rt value 0.4—0.65) 
amounted to 450 mg. This gave white crystals from methanol 
by adding carbon tetrachloride: mp 144—146 °C; IR (KBr) 
3550 (OH), 3400—2200 (NH), and 1580—1560 cm-1 (im­
idazole ring); XH NMR (CDC13) <5 7.48 (s, 1, N-CH=N), 6.82 
(s, 1, N-CH=C), 3.82 (m, 1, H2), 2.89 (m, 1, H5), and 2.3— 
1.2 ppm (m, 10). 
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endo-5-(4-Imidazolyl)bicyclo[2.2.2]octan-exo-2-oi (6). 
The exo alcohol 6 obtained (Rf value 0.1—0.4) amounted to 
420 mg. This gave white crystals from methanol-carbon 
tetrachloride: mp 219—220 °C; IR (KBr) 3550 (OH), 3400 
2200 (NH), and 1580—1560 cm"1 (imidazole ring); 1H NMR 
(CDC13) Ô 7.51 (s, 1, N-CH=N), 6.74 (s, 1, N-CH=C), 3.88 
(m, 1, H8), 2.90 (m, 1, H„), and 2.4—1.0 ppm (m, 10). Found: 
C, 68.59; H, 8.11; N, 14.28%. Calcd for C u H 1 6 N 2 0 : C, 
68.72; H, 8.39; N, 14.57%. 

endo-5-(4-Imidazolyl)bicyclo[2.2.2]octan-endo-2-yl trans-Cm-
namate (7). In 5 ml of freshly distilled ethanol-free 
chloroform 230 mg (1.2 mmol) of 5 was heated with 720 mg 
(4.3 mmol) of fra;w-cinnamoyl chloride at 85 °C for 2 h. The 
clear, light yellow solution was evaporated to dryness and the 
residual solid was dissolved in THF-methanol-water. The 
pH of the solution was then adjusted to 9 with aqueous sodium 
carbonate and allowed to stand for 6 h at room temperature. 
Removal of the organic solvents by a rotary evaporator gave 
a heterogeneous aqueous solution, which was extracted with 
chloroform twice. The extract was washed with water and 
dried over magnesium sulfate. Removal of the solvent gave 
390 mg (100%) of crude 7. This was passed through a 
column of basic alumina using dichloromethane-methanol to 
give 220 mg of a colorless brittle solid of 7: IR (KBr) 3400— 
2200 (NH), 1700 (C=0), 1635 (C=C), 1575 (imidazole ring), 
and 1170 cm"1 (C-O); XH NMR (CDC1,) «5 8.3 (s, 1, NH), 
7.59 (d, 1, y = 1 6 Hz, CH=CH), 7.53 (s, 1, N-CH=N), 7.65— 
7.15 (m, 5, phenyl), 6.87 (s, 1, N-CH=C), 6.33 (d, 1, y = 1 6 
Hz, CH=CH), 4.98 (m, 1, H2), 2.94 (m, 1, H5), and 2.4—1.2 
ppm (m, 10). 

To crystallize 7 as hydrochloride, 93 mg of 7 was dissolved 
in 0.1M hydrochloric acid and the solution was evaporated to 
dryness. The residual solid was crystallized from a minimum 
quantity of chloroform by dilution with warm carbon tetra­
chloride and cooling in a refrigerator, giving 91 mg of the 
colorless hydrochloride of 7: mp 167.5—170 °C (dec). Found: 
C, 66.61; H, 6.49; N, 8.17%. Calcd for C20H23N2O2Cl : 
66.93; H, 6.46; N, 7.81%. 

endo-5- (4-Imidazolyl) bicyclo\2. 2.2]octan-exo-2-yl trans-Cm-
namate (8). In a similar way to that for 5, 200 mg of 6 
was converted into 109 mg of a colorless brittle solid of 8: 
IR (KBr) 3400—2200 (NH), 1700 (C=0), 1635 (CH=CH), 
1575 (imidazole ring), and 1170cm-1 (C-O); *H NMR 
(CDCI3) Ô 9.4 (s, 1, NH), 7.63 (d, 1, J= 16 Hz, C//=CH), 7.55 
(s, 1, N-CH=N), 7.6—7.15 (m, 5, phenyl), 6.79 (s, 1, N-CH= 
C), 6.37 (d, 1, y = 1 6 Hz, CH=CH), 5.00 (m, 1, H2), 3.00 (m, 
1, H5), and 2.4—1.1 ppm (m, 10). 

In a similar way to that for 7, 47 mg of 8 gave 44 mg of the 
hydrochloride: mp 208 °C (dec). Found: C, 66.72; H, 
6.56; N, 8.09%. Calcd for C20Ha3N2O2Cl : C, 66.93; H, 
6.46; N, 7.81%. 

2-(4-Imidazolyl)bicyclo{2.2.2~\octane (9). To 200 mg of 
crude 2 in 10 ml of methanol was added 50 mg of 10% Pd-C7) 
and the mixture was shaken under a hydrogen atmosphere 
( 1 atm) for 3 h until the theoretical volume of hydrogen was 
absorbed. The mixture was filtered and the catalyst was 
washed with methanol. The combined filtrate and washings 
were evaporated to give 173 mg (87%) of a slightly yellow, 
brittle solid. This was distilled in a glass tube at 160 °C 
(0.15 mmHg) to give a colorless viscous oil, which solidified 
on cooling. The hygroscopic solid obtained could not be 
crystallized: IR (neat) 3400—2200 (NH) and 1590—1560 
cm-1 (imidazole ring); XH NMR (CDC13) ô 9.3 (s, 1, NH), 
7.56 (s, 1, N-CH=N), 6.83 (s, 1, N-CH=C), 2.97 (m, 1, H2), 
and 2.3—1.1 ppm (m, 12); MS mje (rel intensity), 176 (M+, 
50), 175 (14), 147 (16), 146 (10), 145 (13), 119 (10), 110 (8), 
109 (8), 96 (25), 95 (100), 94 (25), 82 (18), 81 (25), 80 (13), 
and 79 (10). 

T h e present work was supported partially by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education. 
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Thirty two semisynthetic tuberactinomycins were prepared by introduction of various amino acids to amino 
group of tuberactinamine N, a cyclic peptide moiety of tuberactinomycin N and O, which was isolated from 
natural tuberactinomycin N by acid treatment with liberation of y-hydroxy-/3-lysine of the branched part. Among 
introduced amino acids, /?-amino acids were synthesized from corresponding a-amino acids by modified Arndt-
Eistert reaction. After couplings of N-protected amino acids with tuberactinamine N, deprotections were carried 
out to give semisynthetic tuberactinomycins. From their minimum inhibitory concentrations against many bacteria, 
it was suggested that a branched part effects significantly to the strength of antimicrobial activities though most 
important active site must locate in the cyclic peptide moiety, and basicity and/or hydrophobicity of the branched 
part seemed to strengthen the antibacterial activity especially. 

In our recent studies on the antibiotics tuberactino- ed with tuberactinomycin N . This may indicate that 
mycins,3) tuberactinamine N, the cyclic peptide moiety the branched amino acid as ^-lysine or y-hydroxy-/?-
of tuberactinomycin N as well as O, could be isolated lysine in original tuberactinomycins is required to 
as fine crystals by acid t reatment of tuberactinomycin N strengthen the microbial activities. 
with liberation of y-hydroxy-/?-lysine of the branched Along this line, various amino acids were attempted to 
part4) (Fig. 1). Tuberac t inamine N thus obtained be linked to the free a-amino group of a,/?-diaminopro-
showed a comparable antituberculous activity to that pionic acid residue in tuberactinamine N in this inves-
of original tuberactinomycin N, maintaining the tigation. A number of protected amino acids with 
intramolecular hydrogen bond between a-amide proton benzyloxycarbonyl or /-butoxycarbonyl group6) were 
of capreomycidine residue and carbonyl group of coupled with tuberactinamine N by active ester method 
serine3 residue as in all of tuberactinomycins.5) From and then the protecting groups were removed by 
these facts, tuberact inamine N seemed to be a very catalytic hydrogénation or acid treatment respectively 
promising key-intermediate for preparat ion of novel (Fig. 2). T h e second functional groups of a-amino acids 
semisynthetic tuberactinomycins, which have more like aspartic acid, glutamic acid, serine, histidine, and 
favorable properties, e.g., high biological activities, less arginine were protected with £-butyl, benzyl, 2-butyl. 
toxicities, and different antibacterial spectra. Such tosyl, and nitro groups, respectively, which were remov-
study may also afford very valuable informations ed later together with a-amino-protecting groups, ß-
concerning relationships between structure and anti- Amino acids as materials were prepared from the 
bacterial activity in tuberactinomycins. Although the corresponding a-amino acids by the modified Arndt-
cyclic peptide part , i.e., tuberact inamine N, may be the Eistert reaction.7) Furthermore, in this study, we 
most important site for exhibition of biological activities introduced a new convenient way for direct preparation 
in tuberactinomycins, its activity is weakened as compar- of /?-(acylamino) acid -AT-hydroxysuccinimide active 
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ester from diazo ketone derivative of a-(acylamino) acid 
by use of JV-hydroxysuecinimide instead of methanol at 
the step of Wolff rearrangement (Fig. 3). 

R2 
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R2 
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( R ^ Z o r B o c ) 

Fig. 3. 

Many semisynthetic tuberactinomycins thus prepared 
were measured their minimum inhibitory concentration 
(MIC) to various bacilli and studied their O R D and 
CD spectra. 

Exper imenta l 

All melting points are uncorrected. The specific rotations 
were obtained with a Perkin-Elmer 141 Polarimeter. ORD 
and CD spectra were obtained with a JASCO Model ORD/ 
UV-5 in water. Thin-layer chromatography was carried out 
by the ascending method on silica gel G using a developing 
solvent of butanol-acetic acid-water (4: 1: 2). 

Z--L-A2pr(Z)-ONSu.lx> To a solution of Z-L-A2pr(Z) -
OH (372 mg, 1.0 mmol) in 5 ml of THF, DCC (227 mg, 1.1 
mmol) and HONSu (127 mg, 1.1 mmol) were added with 
stirring at 0 °C. Stirring was continued at this temperature 
for 1 h and then at room temperature for 6 h. iVjJV'-Dicyclo-
hexylurea was filtered off and filtrate was concentrated in vacuo. 
When crystalline residue was dissolved in ethyl acetate and 
stored in refrigerator, JV,iV'-dicyclohexylurea was again pre­
cipitated. After removal of the precipitate by filtration, 
hexane was added to the filtrate to obtain fine needles, yield 
390 mg (83%), rap 113—116 °C, [aft -36.2° (c 1.00, DMF). 

Found: C, 58.93; H, 4.99; N, 8.96%. Calcd for C23H23-

08N3 : C, 58.84; H, 4.94; N, 8.95%. 
Boc-L-A2bu(Boc)-ONSu. Boc-L-A2bu(Boc)-OH (oily; 

3.18 g, lO.Ommol), DCC (2.06 g, 10.0 mmol) and HONSu 
(1.15 g, 10.0 mmol) were treated as described in the prepara­
tion of Z-L-A2pr(Z)-ONSu. The product was recrystallized 
from dioxane and hexane, yield 3.50 g (84%), mp 141— 
142 °C, [aft - 3 4 . 4 ° (c 1.00, DMF). 

Found: C, 52.04; H, 7.03; N, 10.13%. Calcd for Cl8H29-
0 8 N 3 : C, 52.04; H, 7.04; N, 10.12%. 

Preparation of ß-(Acylamino) Acids N-Hydroxysuccinimide Active 
Ester. Method A (Preparation of Boc--L-ß-Lys(Z)-ONSu) : 
To a solution of Boc-L-Orn(Z)-OH (3.66 g, 10.0 mmol) in 
30 ml of ethyl acetate, iV-methylmorpholine (1.01 g, 10.0 
mmol) and then ethyl chloroformate (1.08 g, 10.0 mmol) were 
added under cooling in an ice-salt bath and then diazomethane 
in ether was added. The reaction mixture was stirred for 
2 h and allowed to stand at room temperature overnight. A 
small amount of precipitate was filtered off and filtrate was 
concentrated in vacuo. The yellowish crystalline residue was 
dissolved in 50 ml of methanol and silver benzoate (100 mg, 
0.436 mmol) in 1 ml of triethylamine was added. The reac­
tion mixture was stirred at room temperature for 4 h in the 
dark, and then concentrated in vacuo. Insoluble material of 
the residue in ethyl acetate was filtered off. Filtrate was 
washed with IM hydrochloric acid or 10% citric acid, water, 
saturated sodium hydrogencarbonate solution, and water to 
neutral successively. Organic layer was dried over anhydrous 
sodium sulfate and concentrated in vacuo. Crystalline residue 
(3.20 g, 81%) was recrystallized from ethyl acetate and 
hexane to give a fine Boc-L-/?-Lys(Z)-OMe, yield 2.38 g 
(60%), mp 69—71 °G, [aft - 5 . 1 ° (c 1.00, DMF). 

Found: C, 60.86; H, 7.74; N, 7.12%. Calcd for C20H30-
0 6 N 2 : C, 60.89; H, 7.67; N, 7.10%. 

To a solution of Boc-L-/?-Lys(Z)-OMe (960 mg, 2.43 mmol) 
in 5 ml of dioxane, 2.43 ml of 1 M sodium hydroxide was 
added with stirring at 0 °C. Stirring was continued at this 
temperature for 30 min, and then at room temperature for 
additional 2 h. The reaction mixture was acidified with 10% 
citric acid and extracted with ethyl acetate. Organic layer 
was washed with water to neutral, and was dried over anhyd­
rous sodium sulfate and concentrated in vacuo. Crystalline 
residue thus obtained was recrystallized from ethyl acetate 
and hexane to give Boc-/9-L-Lys(Z)-OH, yield 740 mg (80%), 
mp 89—91 °C, [a],1,*, +4.5 ° (* 1.01, DMF). 

Found: C, 59.98; H, 7.45; N, 7.30%. Calcd for C19H28-
06N2 : C, 59.98; H, 7.42; N, 7.36%. 

Boc-L-£-Lys(Z)-OH (1.90 g, 5.00 mmol), DCC (1.24 g, 
6.00 mmol) and HONSu (690 mg, 6.00 mmol) were allowed 
to react as described in the preparation of Z-L-A2pr(Z)-
ONSu. The product was recrystallized from ethyl acetate 
and hexane, yield 1.70 g (71%), mp 73 (sintered)—80 °C, 
[aft - 6 . 1 ° (e 1.00, DMF). 

Found: C, 57.74; H, 6.56; N, 8.82%. Calcd for C21H31-
0 8 N 3 : C, 57.85; H, 6.54; N, 8.80%. 

Method B (Preparation of Boc-L-ß-Orn(Boc)-ONSu) : To a 
solution of Boc-L-A2bu(Boc)-OH (1.59 g, 5.0 mmol) in 25 
ml of ethyl acetate, iV-methylmorpholine (506 mg, 5.0 mmol) 
and then ethyl chloroformate (543 mg, 5.0 mmol) were added 
with stirring in an ice-salt bath and stirring was continued for 
3 h. .AT-Methylmorpholine hydrochloride was filtered off. A 
large excess of diazomethane in ether was added to the cold 
filtrate. A solution was stirred in the cold for 1 h and then 
at room temperature overnight. Oily residue obtained after 
vacuum concentration was dissolved in 10 ml of THF. To 
the solution, HONSu (2.30 g, 20 mmol) and silver benzoate 
(100 mg, 0.44 mmol) in 1 ml of triethylamine were added. 
The mixture was stirred at room temperature in the dark for 
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TABLE 1. PHYSICOCHEMICAL PROPERTIES OF / Î - ( A C Y L A M I N O ) ACID JV-HYDROXYSUCCINIMIDE ACTIVE ESTERS 

R2 

Ri-NHàHCHaCOONSu 

R ! = Z , R 2=CH(CH 3 ) 2 (j&-Leu) 
R !=Z , R2=CH2CH(CH3)2 (£-Hle) 
R ! = Z , R2=CH(CH3)CH2CH3 0?-Hil) 
R ! = Z , R 2=CH 2C 6H 5 (ß-Uph) 
R! = Z, R 2=CH 2CH 2CH 3 0?-Ahx)b> 
R1 = Z, R 2 =CH 2 NH-Z (ß, y-A2bu) 
R ^ B o c , R2=CH2CH2NH-Boc (ß-Orn) 
R ^ B o c , R2=CH2CH2CH2NH-Z (£-Lys) 

Method 

B 
B 
B 
B 
B 
A 
B 
A 

Yield 
(%)a> 

79 
80 
74 
84 
91 
70 
71 
72 

Mp (°C) 

74—76 
83—84 
78—80 

127—128 
oil 
80c> 

130—132 
101—103 

MS 
(c 1, DMF) 

+ 28.5° 
- 4 . 9 ° 

+25.6° 
- 1 2 . 4 ° 

— 
+5.1° 

- 1 3 . 8 ° 
- 6 . 6 ° 

a) Overall yield from a-(acylamino) acids, b) Only in this case, DL-form of the starting a-amino acid was 
used while the other starting amino acids were all of L-forms. c) Sintered at 73 °C. 

4 h and then concentrated in vacuo. After the residue was 
triturated with ethyl acetate, insoluble inorganic material 
was filtered off. Filtrate was washed with 10% citric acid, 
water, saturated sodium hydrogencarbonate solution, and 
finally water to neutral. Ethyl acetate layer was dried over 
anhydrous sodium sulfate and concentrated in vacuo. Oily 
residue was treated with hexane to be crystallized, yield 1.52 g 
(71%). Recrystallization from ethyl acetate and hexane 
afforded pure substance, yield 1.26 g (59%), mp 130—132 °G, 
[aft - 1 3 . 8 ° (c 0.99, DMF). 

Found: G, 52.76; H, 7.27; N, 9.65%. Calcd for C19H13-
OgN3: C, 53.13; H, 7.28; N, 9.79%. 

ß-(Acylamino) acid active esters were mainly prepared by 
method B and their physicochemical properties were listed 
in Table 1. 

Preparation of New Tuberactinomycin Analogs. [L-LJ/S1]-
Tum N-3HCI: To a suspension of Tua N-2HG14) (300 mg, 
0.49 mmol) in 10 ml of DMF, Boc-L-Lys(Boc)-ONSu (324 
mg, 0.73 mmol) and triethylamine (51 mg, 0.50 mmol) were 
added, and stirred at room temperature overnight. Dis­
appearance of Tua N was checked by TLG. A clear solution 
was concentrated in vacuo and the residue was triturated with 
dioxane or THF.8> Gelatinous precipitate was filtered or 
collected by centrifugation. For a complete removal of un-
reacted active ester, an aqueous solution of the product is 
better extracted with ethyl acetate. Concentration of the 
aqueous layer in vacuo gave a pure coupling product in a 
quantitative yield as hygroscopic powder. It was immediate­
ly dissolved in 3 ml of 3 M hydrochloric acid and allowed to 
stand for 45 min at room temperature. Additions of ethanol 
and ether gave precipitate, yield 340 mg (89%). It was 
recrystallized from water and ethanol to give fine needles 
307 mg, 81%), mp236—237 °C (dec), [aft - 9 . 8 ° (c 1.00, 
H 2 0) . 

Found: C, 38.36; H, 6.13; N, 23.01; CI, 13.36%. Calcd 
for C26H4309N13.3HC1.1/2H20: C, 38.10; H, 6.01; N, 23.11; 
CI, 13.50%. 

[L-ß-Leu^-Tum N: To a suspension of Tua N-2HC14) 
(307 mg, 0.50 mmol) in 10 ml of DMF, Z-L-ß-Leu-ONSu 
(217 mg, 0.60 mmol) and triethylamine (61 mg, 0.60 mmol) 
were added. After Tua N was consumed, a clear solution 
was concentrated in vacuo. The residue was triturated with 
THF and gelatinous product was collected by centrifugation. 
Powder obtained quantitatively was dissolved in water con­
taining 0.1 ml of concentrated hydrochloric acid and ex­
tracted with ethyl acetate several times. The aqueous layer 
was subjected to hydrogénation by use of palladium black 
catalyst. The reaction was followed by TLC and catalyst 
was filtered off after completion of debenzyloxycarbonyla-
tion. Filtrate was concentrated in vacuo and the residue was 
treated with ethanol to make it powder, yield 350 mg (96%). 

It was recrystallized from water and ethanol, yield 300 mg 
(82%), mp 238 °C (dec), [aft -22 .7 ° (c 1.00, H 2 0) . 

Found: C, 40.07; H, 6.16; N, 22.23; CI, 9.25%. Calcd 
for G>5H4209N12.2HC1.H20: C, 40.27; H, 6.22; N, 22.54; 
CI, 9.51%. 

All of the other acids applied were coupled to the Tua 
N via iV-hydroxysuccinimide ester, in similar manners, by 

TABLE 2. PHYSICOCHEMICAL 

THETIC TUBERACTINOMYCIN 

PROPERTIES OF SEMISYN-

ANALOGS ( R - T u a N ) 

R 

Asp 
Gluf> 
Gly 
Ala 
Ser 
Val 
Leu 
He 
Phe 
Tyr 
Trp 
Pgl'MD 
Pro 
0-Ala 
ß-Leu 
jff-Hle 
jff-Hil 
jff-Hph 
jff-Ahx 
e-Ahx 
Lys 
Lysf> 
Orn 
a, y-A2bu 
a, /5-A2pr 
J?-Orn 
ß, y-A2bu 
Arg 
His 
Ac-^-Lys 
/?-Lys(Ac) 
Ac-jft-Lys(Ac) 

Mp (dec) 
(°G) 

245 
246 

232—234 
248—249 
235—236 
253—254 

>250 
247—248 
233—235 
236—238 
248—249 
247—249 

235 
232—234 

238 
239—240 
240—241 

241 
244—245 
233—234 
236—237 
236—238 
241—243 
234—235 

>250 
241—243 

249 
>250 

229—231 
239 
236 
215 

ML 
(c 1.0, 
H 20) 

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

- 7 . 6 ° 
- 3 . 8 ° 
+ 3.5° 
- 9 . 2 ° 

- 3 7 . 4 ° 
—23.2°a> 
- 2 2 . 7 ° 
- 1 9 . 6 ° 
- 1 4 . 8 ° 
- 1 9 . 0 ° 
- 2 0 . 1 ° 
- 2 5 . 6 ° 

— 9.8°c> 
- 2 8 . 8 ° 

- 9 . 0 ° a> 
- 2 . 0 ° 
- 4 . 3 ° 

- 1 4 . 0 ° 
- 1 4 . 1 ° 
— 8.7°b> 
- 3 . 9 ° 

— 34.0° e> 
- 2 4 . 2 ° e> 
- 3 4 . 6 ° d> 

Yield 
(%) 

94 
91 
63 
75 
66 
88 
88 
86 
87 
32 
53 
48 
73 
91 
82 
83 
78 
88 
69 
90 
81 
30 
83 
79 
77 
83 
85 
53 
53 
55 
65 
68 

Pro­
tecting 

group of 
amino 
group , 

Z 
Boc 
Boc 
Z 

Boc 
Z 
Z 

z 
z 

Boc 
Boc 
Z 

z 
z 
z 
z 
z 
z 
z 

Boc 
Boc 
Boc 
Boc 
Boc 
Z 

Boc 
Z 

Nps 
Boc 
Z 

Boc 
— 

a) at 11 °G. b) at 16 °C. c) at 24 °C. d) at 25 
°C. f) D-from. 
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either procedure mentioned above depending on the pro­
tecting group used except in the case of arginine. All pro­
tecting groups in the products were finally removed with acid 
or by hydrogénation in the presence of acid. However JVim-
tosyl group of histidine was readily removed with HOBt after 
coupling reaction.9) Physicochemical data for all other 
semisynthetic tuberactinomycins are listed in Table 2. 

[L-Arg^-Tum N-3HCI. To a solution of Tua N-
2HC14> (300 mg, 0.49 mmol), Nps-Arg(N02)-OH (181 nig, 
0.54 mmol), and HOBt (72 mg, 0.54 mmol) in a mixture of 
5 ml of DMF and 4 ml of water, l-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (78 mg, 0.54 mmol) was added with 
stirring in an ice bath. It was stirred in an ice bath for 3 h 
and then at room temperature overnight. The solution thus 
obtained was concentrated in vacuo and the residue was tri­
turated with ethyl acetate. Precipitate was filtered and 
then suspended in 10 ml of 1 M hydrochloric acid and 10 ml 
of ether. The mixture was stirred at room temperature for 
30 min. Aqueous layer separated was washed with ether 
three times. The aqueous solution was concentrated in vacuo 
and the residue was reprecipitated from water and ethanol to 
remove sulfur-containing compound completely. Precipi­
tate was again dissolved in 20 ml of water containing 0.5 ml 
of coned hydrochloric acid and hydrogenated in the presence 
of palladium black. After completion of deprotection, the 
catalyst was removed by filtration. Filtrate was concentrated 
in vacuo and the residue was treated with ethanol to give 
powder, yield 355 mg (90%). For purification, it was 
applied to Amberlite IRC 50 (CG 50 Type 1 1.5x23 cm) 
column and eluted gradiently with pH 3.1 to pH 5.0 buffer 
(0.2—2 M pyridine-acetate). Eluates containing [L-Arg1]-
Tum N were collected and concentrated in vacuo. To a 
solution of the residue in 6 M hydrochloric acid, ethanol was 
added to precipitate the product, yield 208 mg (53%), mp 
>250 °C, [a]*« - 8 . 7 ° (c 1.01, H 2 0) . 

Found: C, 37.05; H, 5.84; N, 24.86; CI, 12.76%. Calcd 
for C25H4309N16 .3HC1.H20. l/2C2H5OH: C, 36.82; H, 6.06; 
N, 24.77; CI, 12.54%. 

[Ac-h-ß-Lys^-Tum N (W-Ac-Turn 0)-2HCl. To a 
suspension of Tua N-2HC14> (1.50 g, 2.44 mmol) in 50 ml of 
DMF, Boc-L-ß-Lys(Z)-ONSu (1.28 g, 2.69 mmol) and tri-
ethylamine (245 mg, 2.44 mmol) were added. After com­
pletion of reaction, a clear solution was concentrated in vacuo 
and oily residue was triturated with THF to make gelatinous 
precipitate of diacyl peptide, which was collected by centri-
fugation, yield 1.94 g (89%). 

For removal of Boc group, an aliquot of the product (200 
mg, 0.22 mmol) was dissolved in a mixture of 50% acetic acid 
(1 ml) and coned hydrochloric acid (0.5 ml), and then stirred 
at room temperature for 1.5 h. Addition of ethanol and 
ether to the solution gave white precipitate, yield 179 mg 
(92%). To a solution of the product (179 mg, 0.20 mmol) in 
10 ml of DMF, AcONSu (35 mg, 0.22 mmol) and triethyl-
amine (23 mg, 0.22 mmol) were added. The mixture was 
stirred at room temperature overnight and then concentrated 
in vacuo. When oily residue was triturated with THF, gelati­
nous precipitate was formed which was immediately hydro­
genated in aqueous solution containing 0.5 ml of 1 M hydro­
chloric acid by use of palladium black catalyst. After com­
pletion of hydrogenolysis, catalyst was filtered off and filtrate 
was concentrated in vacuo. The residue was treated with 
ethanol to make it powder, yield 113 mg (71%), which was 
reprecipitated from water and ethanol to give pure desired 
material, yield 89 mg (55%), mp 239 °C (dec), [a]2

D
6 - 34 .0 ° 

(c 1.00, H 2 0) . 

Found: C, 40.79; H, 6.12; N, 22.76; Gl, 8.99%. Calcd 

for C27H47O10N3.2HCl.l/2HoO: C, 40.86; H, 6.10; N, 
22.93; CI, 8.93%. 

[i,-ß-Lys(Ac)i]-Tum N (Ne-Ac-Tum 0).2HCl. [Boc-
L-/?-Lys(Z)1]-Tum N (J^-Boc-JV£-Z-Tum 0) .2HC1 (200 mg, 
0.22 mmol) obtained during the above procedure was dissolv­
ed in DMF and hydrogen was bubbled with stirring in the 
presence of palladium black. Debenzyloxycarbonylation was 
completed in 30 h and thereafter catalyst was filtered off. 
After addition of AcONSu (35 mg, 0.22 mmol) to filtrate, the 
reaction mixture was stirred at room temperature for 15 h and 
concentrated in vacuo. The residue was treated with THF to 
give a single product of solid which was then dissolved in 4 M 
hydrochloric acid to remove Boc group. After 1 h, ethanol 
was added to the solution precipitating a product. Addition 
of ether completed the precipitation, yield 143 mg (82%). 
Product was reprecipitated from water and ethanol to obtain 
a pure compound, yield 114mg (65%), mp 236 °C (dec), 
[a] - -24 .2 ° (c 1.01, H 2 0) . 

Found: C, 40.70; H, 6.14; N, 22.66; CI, 9.00%. Calcd 
for C27H,15O l0N3.2HCl.l/2H2O: C, 40.86; H, 6.10; N, 
22.93; CI, 8.93%. 

[Ac-ß-Lys (Ac) *] - Turn N (N^,NS- (Ac) 2- Turn 0). HCl. 
AcONSu (88 mg, 0.56 mmol) and triethyl amine (53 mg, 
0.52 mmol) were added to a suspension of Turn O • 3HC1 
(200 mg, 0.26 mmol) in 10 ml of DMF. The mixture was 
stirred for 20 h. Gelatinous residue obtained after vacuum 
concentration was treated with THF to give powder in a 
quantitative yield. Recrystallization from water and ethanol 
gave a pure product, yield 139 mg (68%), mp 215 °C (dec), 
[cc]2D

5 - 3 4 . 6 ° (c 1.02, H 2 0) . 
Found: C, 43.28; H, 6.23; N, 22.55; CI, 4.32%. Calcd 

for C29H47OnNi3.HCl.H3O: C, 43.09; H, 6.24; N, 22.53; 
Gl, 4.39%. 

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

Minimum inhibitory concentrations of semisynthetic 
tuberactinomycins preparated in this study to many 
bacteria were listed in Table 3. Several noticeable 
features were summarized as follows : 1 ) Although most 
of the synthetic compounds showed more or less anti­
microbial activity against Mycobacterium and Coryne-
bacterium, the coupling of basic amino acids gave favor­
able results in general. 2) Acidic amino acids as branch 
part extinguish the activity at all. 3) Coupling of 
neutral amino acids with bulky or hydrophobic side 
chain was relatively effective particularly against 
Mycobacterium as well as in the case of basic amino acids. 
4) Remarkable relationship between methylene lengths 
in diamino acids and their activities against Mycobacte­
rium (Table 4) was recognized. 5) Among semisynthetic 
tuberactinomycins prepared in this study only [L-/?-
O r n ^ - T u m N showed a similar antimicrobial spectrum 
and comparable activity to that of natural T u m N. 
From above results, it can be inferred that a fairly strict 
structure is required at a branch amino acid part to 
maintain a full antimicrobial activity of natural com­
pounds, i.e., presence of /Camino group and of longer 
chain than three carbons between two amino groups in 
diamino acid are necessary. 

In connection with the last assumption, the role of 
both amino groups of /9-lysine in natural tuberactino­
mycins was next investigated by the preparation of five 
following derivatives, i.e., [ ß -Ahx^ -Tum N, [e-Ahx1]-

C29H47OnNi3.HCl.H3O
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TABLE 3. MINIMUM INHIBITORY CONCENTRATIONS11) OF SEMISYNTHETIC TUBERACTINOMYCIN ANALOGS (R-Tua N) 

Test Organismsb> 

Corynebacterium diphtheriae P.W. 8 
Bacillus subtilis ATCC 6633 
Escherichia coli NIHJ 
Escherichia coli B 
Salmonella typhosa H 901 
Shigella sonnei E33 
Klebsiella pneumonia ATCC 10031 
Mycobacterium ATCC 607 

Test Organismsb> 

Corynebacterium diphtheriae P.W. 8 
Bacillus subtilis ATCC 6633 
Escherichia coli NIHJ 
Escherichia coli B 
Salmonella typhosa H 901 
Shigella sonnei E33 
Klebsiella pneumonia ATCC 10031 
Mycobacterium ATCC 607 

Test Organismsb) 

Corynebacterium diphtheriae P.W. 8 
Bacillus subtilis ATCC 6633 
Escherichia coli NIHJ 
Escherichia coli B 
Salmonella typhosa H 901 
Shigella sonnei E33 
Klebsiella pneumonia ATCC 10031 
Mycobacterium ATCC 607 

Asp 

>100 
>100 
>100 
>100 
>100 
>100 
>100 
>100 

Pglc> 

100 
>100 
>100 
>100 
>100 
>100 
>100 

25 

Orn 

50 
100 

>100 
>100 
>100 
>100 
>100 

25 

Gluc> 

>100 
>100 
>100 
>100 
>100 
>100 
>100 
>100 

Pro 

100 
>100 
>100 
>100 
>100 
>100 
>100 
>100 

A2bu 

100 
>100 
>100 
>100 
>100 
>100 
>100 

50 

Gly 

>100 
>100 
>100 
>100 
>100 
>100 
>100 

50 

jff-Ala 

100 
>100 
>100 
>100 
>100 
>100 
>100 

100 

A2pr 

100 
>100 
>100 
>100 
>100 
>100 
>100 

100 

Ala 

>100 
>100 
>100 
>100 
>100 
>100 
>100 

25 

jft-Leu 

50 
>100 
>100 
>100 
>100 
>100 
>100 

50 

jg-Orn 

12.5 
25 
50 
50 
50 
50 
25 
12.5 

Ser 

>100 
>100 
>100 
>100 
>100 
>100 
>100 

100 

ß-BXe 

50 
>100 
>100 
>100 
>100 
>100 
>100 

100 

Val 

>100 
>100 
>100 
>100 
>100 
>100 
>100 

25 

ß-HÜ 

50 
>100 
>100 
>100 
>100 
>100 
>100 

100 

ßy-A2bu Arg 

100 
>100 
>100 
>100 
>100 
>100 
>100 

50 

— 
>100 
>100 
>100 
>100 
>100 
>100 

25 

Leu 

25 
>100 

100 
>100 
>100 
>100 
>100 

6.3 

He 

>100 
>100 
>100 
>100 
>100 
>100 
>100 

25 

ß-Uph £-Ahxd> 

50 
>100 
>100 
>100 
>100 
>100 
>100 

100 

100 
>100 
>100 
>100 
>100 
>100 
>100 

100 

Phe 

50 
>100 
>100 
>100 
>100 
>100 
>100 

50 

e-Ahx 

100 
>100 
>100 
>100 
>100 
>100 
>100 
>100 

Tyr 

100 
>100 
>100 
>100 
>100 
>100 
>100 

12.5 

Lys 

12.5 
100 

>100 
>100 

100 
>100 
>100 

6.3 

Trp 

25 
>100 
>100 
>100 
>100 
>100 
>100 

6.3 

Lysc> 

50 
100 

>100 
>100 
>100 
>100 
>100 

12.5 

Ac Ac 

His Ac-£-Lys /3-Lys Ac-j9-Lys Tum N 

— 
>100 
>100 
>100 
>100 
>100 
>100 
>100 

>100 
>100 
>100 
>100 
>100 
>100 
>100 
>100 

100 
>100 
>100 
>100 
>100 
>100 
>100 

100 

>100 
>100 
>100 
>100 
>100 
>100 
>100 
>100 

6.3 
25 
50 
50 
50 
50 
50 
6.3 

a) (xg/ml. b) All of semisynthetic Turn analogs were inactive to the following organisms : Staphylococcus aureus ATCC 
6538p, Staphylococcus epidermidis sp-al-1, Streptococcus pyogenes N.Y.5, Sarcina lutea ATCC 9341, Micrococcus flavus ATCC 
10240, Salmonella paratyphi VA. 41-N-22, Salmonella enteritidis Gaertner, Shigella flexineri type 3a, Proteus vulgaris OX 19, 
Serratia marcescens, Pseudomonas aeruginosa I AM 1095. c) D-form. d) DL-form. The other amino acids were of L-form. 

T A B L E 4. RELATIONSHIP BETWEEN METHYLENE LENGTHS 

IN DIAMINO ACIDS AND ACTIVITIES AGAINST 

MYCOBACTERIUM A T C C 607 

a,û)-Diamino acids 

ÇH2CH2CH2CH2ÇH-CO-
NH2 NH2 

ÇH2CH2CH2ÇH-CO-
NH2 NH2 

ÇH2CH2ÇH-CO-
NH2 NH2 

ÇH 2 ÇH-CO-
H2N NH2 

/?,o>-Diamino acids 

ÇH2CH2CH2ÇH-CH2CO-b> 
NH2 NH2 

ÇH2CH2ÇH-CH2CO-
NH2 NH2 

ÇH2ÇH-CH2CO-
H2N NH2 

MIC (ixg/ml)a> 

6.3 
( D = 1 2 . 5 ) 

25 

50 

100 

MIC([xg/ml)a) 

6.3 

12.5 

50 

a) MIC : Minimum inhibitory concentration. 
b) Turn O. 

T u m N, JV^-Ac-Tum O, iV'-Ac-Tum O, and Nß,N*-
(Ac) 2 -Tum O.11) Antimicrobial activities of them were 
markedly affected by such modifications as can be seen 
in Table 3. Disappearance of the activities in all 
derivatives indicated the indispensability of both free 
amino groups, being consistent with the results mention­
ed before. From observation that weak activities remain 
in [ß -Ahx^-Tum N and iV'-Ac-Tum O compared to 
three other derivatives, /?-amino group seems to be 
slightly rather effective than co-one. Recently, Kitagawa 
and his collaborators also pointed out the significance of 
both amino groups in /Mysine residue from their study 
on viomycin.10) 

In order to elucidate a relationship between the 
structure and biological activity of those semisynthetic 
antibiotics prepared here, O R D and CD of several 
synthetic as well as natural tuberactinomycins were 
measured. Their spectra were depicted in Fig. 4, in 
which extreme similarities in patterns are noticed. Thus 
we could understand that molecules of semisynthetic 
tuberactinomycins are forced to a definite conformation 
fixed by an intramolecular hydrogen bond5> in cyclic 
peptide moiety despite of large difference in branched 
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Lys-Tua N J Orn-Tua N J £-Ahx-Tua NJ Tum N Tua N 

200 300 200 300 200 300 200 300 200 300 

Wavelength(nm) 

Fig. 4. ORD and CD curves of Turn analogs. •: ORD, : CD, solvent: water. 

part structure. Most important conclusion is that such 
conformation of whole molecule is not necessarily 
related to the biological activity, since inactive [e-Ahx1]-
T u m N showed quite similar pat tern of O R D and CD 
spectra to natural antibiotics. 

Activities against human tubercule bacilli, either 
sensitive or resistant to tuberactinomycin B, were also 
measured for some of the semisynthetic tuberactino­
mycins which are active to Mycobacterium A T C C 607, 
as shown in Table 5. While they showed significant 
antibacterial activity to sensitive human tubercule 
bacillus, none of them showed antibacterial activity to 
human tubercule bacillus resistant to tuberactinomycin 
B. Therefore any changes of the branched amino acid 
could not effect on cancellation of drug-resistancy of 
human tubercule bacilli so far. 

In conclusion, all the results obtained in the present 
study can be summarized as follows. Most important 
active site in antibiotics of tuberactinomycin family 
must be in the cyclic peptide moiety, though its 
presence does not assure an exhibition of full biological 
activity, and basicity and/or hydrophobicity of the 
molecule seems to be the second important requisite for 
antimicrobial activity. At present time, there are found 
no semisynthetic compounds with stronger activity or 
more favorable quality than natural ones. However 

TABLE 5. MINIMUM INHIBITORY CONCENTRATIONS* > OF 

SEMISYNTHETIC TUBERACTINOMYCIN ANALOGS 

AGAINST MYCOBACTERIUM AND HUMAN 

TUBERCULE BACILLI 

Human 
Mycobac- TT tubercule r • Human , -„ terium . , , bacillus 

Resistance 
to Tum B) 

607 

Leu-Tua N 
Ile-Tua N 
Tyr-Tua N 
jS-Orn-Tua N 
Trp-Tua N 

T u m N 

6.3 
12.5 
12.5 
12.5 
6.3 

6.3 

25 
25 
25 
25 
25 

25 

>200 
>200 
>200 
>200 
>200 

>200 

a) (xg/ml. 

this study could explore a new way to modify natural 
tuberactinomycins by different kinds of acylation for 
the purpose of searching more desirable analogs. 

Authors are deeply indebted to Dr. Masayasu 
Yamazaki, National Sanatorium, Toneyama Hospital 
for measurements of activities against human tubercule 
bacilli. 
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Reaction of a,a'-dibromo ketones and iV,iV-dimethylcarboxamides with the aid of Fe2(CO)9 affords the corre­
sponding reductive cyclocoupling products, 5-(dimethylamino)tetrahydro-3-furanones. In usual, the adducts 
derived from di-J-alkyl ketone dibromides easily eliminated dimethylamine to afford 3(2//)-furanones. N,N-
Dimethylformamide (DMF), iV,iV-dimethylacetamide, iV,iV-dimethylbenzamide, and iV-methylpyrrolidone have 
been used as dibromo ketone receptors. Thus, this general method provides a new, singleflask procedure for the 
preparation of the oxygen-containing five-membered ketones. The iron carbonyl-promoted 3+2 cyclocoupling 
reaction is interpreted as proceeding via a stepwise cycloaddition of a reactive 2-oxyallyl-Fe(II) intermediate and 
carboxamide. A facile conversion of such furanones to muscarine alkaloids is described. 

We have developed the iron carbonyl-assisted cyclo­
coupling reaction between a,a '-dibromo ketones and 
olefins3) or dienes,4) which provides a new tool for 
making various carbocyclic frameworks. O u r recent 
work has shown that this reaction can be extended to 
the preparation of a heterocyclic system, 3 (2 / / ) -
furanones, when carboxamides are employed as the 
unsaturated substrate.2) The furanones are an important 
class of compounds in connection with the chemistry 
of various natural products ; particularly, they may be 
expected to serve as versatile precursors of muscarine 
alkaloids. These unsaturated five-membered compounds 
are also followed with great theoretical interest as 
significant substances for the examination of possible 
keto-enol tautomerization of heterocycles.5) Conse­
quently, a variety of preparative methods have been 
reported.5) However, most of them can form the 
derivatives of only certain paticular types and are not 
generally useful. T h e approaches that have a general 
usefulness are, we feel: (1) The preparation of 5-alkyl 
derivatives by the hydrogenolysis of 3-alkylisoxazoles, 
followed by acid-catalyzed cyclization;6) (2) the acid-
catalyzed rearrangement of 4-alkylidene-l,3-dioxolanes 
to alkylated 3(2//)-furanones;7>8) (3) the synthesis of 
2-acyl-3-alkyl derivatives by the pyrolytic reaction of 
dimethylsulfonium acyl- (3-alkylpropionyl)methylide,9) 
and (4) the formation of the 2,2-dialkyl compounds via 
the reaction of 2-lithio-2-(2,2-dimethoxyethyl)-l,3-
dithiane and ketones, followed by hydrolysis.10) This 
paper will describe a general, expeditious route to 2,4-
dialkyl-3(2//)-furanones via the iron carbonyl aided 
3 + 2 cyclocoupling of a,a '-dibromo ketones and carbox­
amides, and its application to the synthesis of muscarines. 

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

Cyclocoupling Reaction between a,a''-Dibromo Ketones and 
Carboxamides. A. Reaction with Tertiary Dibromo-
ketones: Reduction of 2,4-dibromo-2,4-dimethyl-3-pen-
tanone (1) with Fe 2 (CO) 9 ( 1 : 1 mol ratio) was carried 
out in dry D M F solvent containing disodium dihydrogen 
ethylenediaminetetraacetate (Na2H2edta) under nitro­
gen atmosphere. The reaction proceeded smoothly at 
room temperature to give, after usual extractive work-

Br Br 

ii 
O 

+ HCON(CH3)2 

Fes(CO), 

( C H 3 ) 2 N X _ 0 

+ 
O 

2 

II 
O 

up, the cyclic product 2 and the enone 3 in 3 and 80% 
yields, respectively. T h e minor compound 2 gave, in its 
I R spectrum, the carbonyl absorption at 1756 c m - 1 

characteristic of five-membered ketones, and N M R data 
identical with those previously reported.7) 

>o 
Fe2(CO), 

Br Br R , 

R \ / R + 
Ô (CH3)2N 

4: R = CH3 

5: R = C2H5 

6: R = CH(CH3)2 

16: R = C(CH3)3 

(CH3)2N^— O -(C H") 'N H
)
 R ' x | |—O 

II II 

O O 
7 8—15 
Scheme 1. 

B. Reaction with Secondary Dibromo Ketones: As is 
outlined in Scheme 1, the reaction of secondary dibromo 
ketones and JV,JV-dimethylated carboxamides with the 
aid of Fe 2 (CO) 9 first led to labile 2,4-dialkyl-5-(dimethyl-
amino)tetrahydro-3-furanones of type 7, which in turn 
underwent the facile elimination of dimethylamine to 
produce 3(2//)-furanone derivatives 8—15. The overall 
transformation can be viewed formally as the construc­
tion of a carbon-oxygen bridge between the a and a ' 
positions of the parent dialkyl ketones. 

For example, stirring of a mixture of the dibromide 4 
and Fe 2 (CO) 9 ( 1 : 1.2 mol ratio) in D M F in the presence 
of Na 2H 2edta at room temperature for 22 h gave, 
after extractive work-up and distillation, the 3(2 / / ) -



August, 1977] Synthesis of 3(2//)-Furanones and a Route to Muscarines 1991 

furanone 8 in 5 3 % yield. Here , the absence of Na 2 H 2 -
edta in the reaction system resulted in a drastic decrease 
in yield of this coupling product. Structure determina­
tion of 8 was based on the spectral analysis. This 
product showed strong I R stretching bands at 1704 
( C O ) and 1624 cm- 1 (C=C),n> and a U V maximum 
at 270 nm (log s 3.89) characteristic of 3 (2 / / ) -
furanones.5-10 '12) T h e N M R spectrum also supported 
the assigned structure. The presence of an O C H ( C H 3 ) -
C = 0 linkage was deduced from a methyl doublet 
appear ing at <3 1.39 with J=7.5 Hz and a one-proton 
quartet with the same coupling constant at a rather low 
field, ô 4.31. The vinylic methyl group exhibited a 

doublet signal at ô 1.67, indicating that the splitting 
(J=2 Hz) is due to a long-range coupling with the 
vinylic proton, giving a quartet at <5 7.90.7) The mass 
spectrum exhibited a molecular-ion peak confirming the 
the formula of C 6 H 8 0 2 . Notably, this product exists 
solely in a keto form and did not give a positive FeCl3 

test. 
This cyclocouphng reaction is operationally quite 

simple and has a wide application. In place of D M F , 
iV,JV-dimethylacetamide and iV,Ar-dimethylbenzamide 
can be employed as well. Furanones obtained by the 
cyclocouphng reaction of the secondary dibromides and 
carboxamides are summarized in Table 1. T h e product 

TABLE 1. IRON CARBONYL-PROMOTED FURANONE SYNTHESIS 

Dibromo 
ketone Carboxamide Furanone 

product 

IR absorptions 
Yield, % of neat film, cm-1 

vc=0 and vc=c 

UV absorption 
in C2H5OH, 
nm (log e) 

DMF 

CH3CON(CH3)2 

53b,C) 

21«) 

1695 and 1621 

1704 and 1624d> 
270(3.89) 

1703 and 1636 273(4.06) 

C 6 H 5 C O N ( C H 3 ) 2 

C6H5X Q 

25c> 1697 and 1620d> 
225(3.77), 232(3.97) 

242(3.79), 306(4.04) 

DMF 78, 64b> 1700 and 1617 272(3.68) 

CH 3 CON(CH 3 ) 2 51c> 1696 and 1633 272(4.00) 

CeHsx Q 

C 6 H 5 CON(CH 3 ) 2 42b,C) 1696 and 1623d> 237(3.73), 306(3.91] 

DMF 89e> 1699 and 1618 269(3.89) 

C H 3 C O N ( C H 3 ) 2 
y 87c»e> 1691 and 1631 273(3.98) 

a) Determined by an N M R analysis of the crude reaction mixture, b) Isolated yield. c) Na 2 H 2 ed ta (three 
equiv of the dibromide) was added to the reaction system, d) In CC14 solution, e) Result obtained after 
heat ing the initial product at 110 °C for 10 min. 
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yield is usually moderate to high. When the dibromide 
bears bulky alkyl substituents, the initial adduct 7 can 
be isolated in a stable form after usual work-up. In 
such a case, in order to attain complete deamination, 
brief heating at an elevated temperature is required. 
Thus, the highly sterically crowded adduct 17 produced 
from the dibromo ketone 16 and D M F was quite stable 
and remained unchanged even after heating at 110 °C 

( C H 3 ) 2 N X _ 0 

O 

17:R = C(CH3)3 
2 1 : R = CH(CH3)2 

( C H 3 ) 2 N X _ ^ R I 

O x / < R 2 

20: 
29: 

À 
R1 R2 

R ^ a l k y l j R ^ H 
Ri = R2 = CH3 

for 20 min. Certain lactams can also be used as dibromo 
ketone receptors. For instance, the reaction of the 
dibromo ketone 6 and i\f-methylpyrrolidone at room 
temperature gave rise to the amino furanone 19 in 2 6 % 
yield. Apparently the formation of 19 resulted from 
intramolecular deamination of the initial spiro-fused 
intermediate 18. Unfortunately, methyl ketone dibro-
mides gave no or little cyclocoupling products. For 
example, the reaction of a,a '-dibromoacetone and D M F 
under ordinary reaction conditions failed to afford the 
coupling product. The use of Fe(GO) 5 in place of 

Fe2(CO), | 
6 + | | • N ! — O 

\ N / \ v O C I V 
(JH, 

C H 3 N H / \ / \ _ 0 

ii 
O 

19 

Fe 2 (CO) 9 did not reduce dibromo ketones under 
comparable thermal conditions; in this case, irradiation 
by visible light was necessary to achieve the reaction. 
As has been reported previously,13) the use of Z n - C u 
couple as the reducing agent forms another type of 1: 1 
coupling product, 1,3-dioxolane 20, in a fair to good 
yield; the product can be converted to the furanones 
by acid treatment. 

Reaction Mechanism of the 3-\-2 Cyclocoupling Reaction. 
A. The Reactive Species: In the absence of Fe 2 (CO) 9 , 
no reaction took place between dibromo ketones and 
carboxamides. By contrast, when a reducing agent was 
added to such a mixture, the cyclocoupling reaction 
proceeded smoothly. W h e n the reaction of 6 and 
Fe 2 (CO) 9 was carried out in a 1: 1 DMF-furan mixture, 
both the D M F adduct 21 (65%) and the furan adduct 
224a»c> (27%) were produced. These observations 
strongly indicate that reactive 2-oxyallyl-Fe(II) inter­
mediates of type 2314) are generated under the present 
reaction conditions. T h e occurrence of such species in 
D M F has also been suggested by the reductive rear­
rangement of 2,4-dibromo-6,6-diphenylbicyclo[3.1.0]-

hexan-3-one14) and nucleophilic trapping experiments.14) 
This view is also consistent with the formation of the 
enone 3 as a major product in the reaction of 1. Thus, 
carboxamides serve as extremely efficient trapping 
agents of the oxyallyl intermediate and even compete 
well with furan. I t is also worthwhile to note that the 
oxyallyl-Fe(II) species 24, which smoothly undergoes a 
neopentyl-type rearrangement in benzene,14) affords the 
D M F adduct 17 prior to the skeletal change. 

22 

0FeL„ 

23, R 1—R*=alkylorH 
24, R ^ R ^ G ^ H ^ ; R2 = R3 = H 

L = CO, Br, solvent, etc. 

B. Reaction Course of Cycloaddition of the Oxyallyl 
Species and Carboxamides: T h e cycloaddition is best 
accounted for by the path outlined in Scheme 2, where, 
for the sake of simplicity, the reaction of unsubstituted 
oxyallyl 25 and D M F is taken up. First, there occurs 
the electrophihc attack of 25 on the oxygen atom of 
D M F , producing the highly stable ionic intermediate 26. 
Subsequent cyclization through bonding between the 
cationic and enolate carbons results in the adduct 27. 
The zwitterionic intermediate 26 may also undergo the 
C - O cyclization, thus giving the dioxolane product 
28 ;13) the reverse process, if possible, could lead ultimate­
ly to the more stable product 27. Indeed, treatment of 
29 with FeBr2 in D M F gave 2 in a moderate (20—30%) 
yield. However, there has not yet been any direct 
evidence for the presence of the equilibrium, 26^*28. 
When the reaction course was monitored, the dioxolane 

Br Br w Fe2(CO)9 

0FeL„ 

HCON(CH3)2 

25 

(CH3)2N CCH3)2N 

0FeL„ 

(CH3)2N 

0FeL„ 

(CH3)2N 
> 0 

0 
y 

—0 bonding 

(CH3)2N 

2 7 28 

Scheme 2. 
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product 28 could not be detected at any stage of the 
reaction. 

In any events, the intermediacy of the resonance-
stabilized ionic intermediate 26 appears to be crucial 
for the cyclization to proceed. Thus, the overall process 
can be envisaged as a stepwise [rc2+ff2] cycloaddition. 
A related stepwise mechanism has been claimed for the 
reaction forming certain carbocyclic five-membered 
skeletons.3) T h e dioxolane 28, even if formed, cannot 
be derived through a concerted [ff2 + ^4]-type cycload­
dition of an electron-accepting oxyallyl, 23, and an 
electron-donating carboxamide, because, in the lowest 
unoccupied molecular orbital of 23, the orbital does 
not develop over the oxygen atom to any great extent.15) 

Application to Muscarine Synthesis. In the natural 
field, there are many compounds with the furanone or 
related skeletons. Muscarine (30) isolated from fly 
agaric [Amantia muscaria (L. ex Fr.) Quel.] is a represen­
tative compound. This alkaloid has long attracted the 
attention of pharmacologists and chemists because of 
its marked and peculiar actions on the autonomic 
nervous system. This product, however, exists in such 
small amounts in natural plants that a satisfactory supply 
of the alkaloids is difficult to obtain only by extraction ; 
hence, an efficient method of preparing muscarine 

X - ( C H 3 ) 3 N / \ _ 0 

30 

CH3COCI i ^ O (CH3)aNH, HaCO 

L 
chemically has been sought for a long period. The 
synthetic methods thus far developed can be broadly 
divided, in terms of the construction mode of the 
heterocyclic system, into the following four types:16) 
(1) the diazotization of/?,y-dihydroxy a-amino acids such 
as glucosamine17) and 2-amino-4,5-dihydroxyhexanoic 
acid,18) affording 3-hydroxytetrahydrofuran rings; 
(2) the condensation of iodopropionic ester and malic 
ester19) or, more conveniently, of a-hydroxypropionic 
ester and maleic or fumaric ester20) to form 4,5-bis-
(ethoxycarbonyl) -2-methyltetrahydro-3-furanone ; (3) 
the condensation of epichlorohydrin and sodioacetoacet-
ic ester, giving a-acetyl-<5-chloro-y-valerolacetone;21) 
and (4) the condensation of glucose or mannose and ß-
keto carboxylic ester to produce 2-methyl-5-tetra-
hydroxybutylfuran-2-carboxylic ester.22) We will 
describe here a new general entry into muscarine 
analogs23) starting from the 2,4-dialkyl-3(2/f)-furanones 
obtained by the iron carbonyl-promoted cyclocoupling 
reaction of dibromo ketones and D M F . The method 
is based on the introduction of a dimethylaminomethyl 
group to the C5 position of the furanones. 

The route to 4-methylmuscarine iodide (36) is shown 
in Scheme 3. First, t reatment of 8 with acetyl chloride 
in 1,2-dimethoxyethane afforded the acetoxy furan 31 
in 6 8 % yield. The I R absorption at 1760 c m - 1 was 
instructive in determining the enol acetate structure. 
Further, in the N M R spectrum, a sharp three-proton 
singlet appeared at Ô 2.21, confirming the presence of 
an acetyl group. The furan-ring structure was supported 

1. Li, NH3 
C.H.OH 

( C H 3 ) 2 N / \ _ 0 HCIO4 (GH 3 ) 2 N/\ _ 0 2. L!AÎH? 
II I — - > II I • 

OC0CH 3 

32 

11 
O 
33 

( C H 3 ) 2 N / \ _ 0 CH8I I - ( C H 3 ) 3 K _ Q 

OR 

34: R = H 
3 5 : R = COC6H3(N02)2 

Scheme 3. 

OH 

36 

by a finely splitting quartet at ô 6.92. T h e Mannich 
aminomethylation of 31 was performed with 4 0 % aq 
dimethylamine and 3 7 % aq formaldehyde in acetic 
acid24) at 70 °C, producing the amino furan 32 in 8 0 % 
yield. The I R spectrum showed absorptions of the 
N(GH 3 ) 2 group at 2840, 2795, and 2745 cm- 1 . In 
addition, the introduction of the dimethylaminomethyl 
function to G5 was confirmed by the N M R charac­
teristics, viz., the appearance of two singlets a t <5 2.28 and 
3.42 (3 : 1 ratio), and the disappearance of a low^field 
signal due to the vinyl proton. Hydrolysis of 32 by 
heating with 70% H C 1 0 4 gave the furanone 33 in 
> 9 5 % yield. T h e occurrence of 3(2//)-furanone 
skeleton was confirmed by strong I R bands at 1698 
(G=0) and 1623 cm- 1 (C=G) as well as by a U V 
maximum at 274 n m (log e 4.01).12) In the N M R 
spectrum, there appeared a coupled three-proton doublet 
and a one-proton quartet a t ô 1.37 and 4.24 (J—7.0 
Hz) , respectively, indicating the presence of an O G H -
( C H 3 ) C = 0 moiety. T h e Birch reduction of 33 using 
Li-ethanol , followed by LiAlH4 treatment,25) formed 
desired 4-methylnormuscarine (34, two stereoisomers) 
in 6 1 % yield. The presence of the O H function was 
confirmed by a broad I R absorption at 3400—3200 
cm- 1 , and the N M R spectrum confirmed the existence 
of two secondary methyls. Finally, t reatment of 34 
with methyl iodide in benzene produced 4-methyl­
muscarine iodide (36) quantitatively. T h e quaterniza-
tion was monitored by appearance of the N M R signal 

at ô 3.21 due to N(CH3)3.26> 4-Methylmuscarine iodide 
(36) thus obtained displayed the physiological activities 
characteristic of muscarine alkaloids ; the smooth muscle 
of the intestinal tract was stimulated, increasing tone 
and mobility, while atropine inhibited these actions. 

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

General. All melting and boiling points are uncorrected. 
The IR spectra were measured on a JASCO IR-A-I or JASCO 
DS-402G spectrometer in the noted phase. The UV spectra 
were taken on a Perkin-Elmer Model 202 or a Hitachi Model 
323 spectrometer in ethanol solution. The IR and UV 
spectral data of 3 (2H)-furanones 8—15 are listed in Table 1. 
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The NMR spectra were recorded on a JEOL C-60H instru­
ment in CC14 solution unless otherwise stated; the chemical 
shifts are given in ppm downfield from internal tetramethyl-
silane. 1,1,2,2-Tetrachloroethane or tetralin was used as the 
standard for the quantitative analysis. The mass spectra 
(MS) were obtained on a Hitachi RMU-6C mass spectrom­
eter, operating with an ionization energy of 70 eV. The 
exact MS were performed at the Faculty of Agriculture, 
Nagoya University, and at the Hitachi Naka Works. Ele­
mental analyses were carried out at the Analytical Centers of 
Kyoto University and Meijo University. All Fe2(CO)9-
assisted cyclocoupling reactions were performed under nitrogen 
atmosphere. Drying of organic extracts was done over anhyd 
Na2S04 . For concentration of organic solvents, a vacuum 
(60—90 Torr) rotary evaporator was used. Products on 
TLC plates were detected by irradiation of UV-light (254 
nm), by a spray of Ce(S04)2 in 65% H 2S0 4 or molybdo-
phosphoric acid in 10% ethanol, followed by heating, or by 
exposure to I2 vapor. 

Chromatography. GLPC analysis and separation were 
performed on a Yanagimoto Model G-8, Yanagimoto Model 
GCG-3D, or Varian 1700 instrument. Columns used were: 
A, 3 m m x 2 m 5% poly (ethylene glycol succinate) on Chro-
mosorb W AW; B, 3 m m x 2 m 5% poly (ethylene glycol) on 
Celite 545; C, 4 m m x 4 m 10% LAC on Chromosorb W 
AW; D, 3 m m x 2 m 5% Silicone OV-1 on Chromosorb W 
AW; E, 4 m m x 2 m 12% diisodecyl phthalate on Neopak 
1A; F, 3 m m x 2 m 5% Apiezon grease L on Diasolid M; 
G, 5 m m x 2 m 33% Apiezon grease L on Neopak 1A. Ana­
lytical and preparative TLC were done on E. Merck alumina 
GF254 plates. For column chromatography, Woelm basic 
alumina (Activity I) was employed. 

Solvents and Materials. oc,a'-Dibromo ketones 1, 4—6, 
and 16 were prepared by the procedures in the literature.27'28) 
Oily dibromides were purified by passing them through a 
short alumina column immediately before use. Photolytic 
preparation of Fe2(CO)9 from Fe(CO)5 was carried out 
according to the method of King.29) The carbonyl complex 
was used after drying over KOH in a vacuum desiccator. 2-
Dimethylamino-4 - isopropylidene-5,5 - dimethyl-1,3- dioxolane 
(29) solution in DMF (ca. 0.3 M) was obtained by the pro­
cedure of Hoffmann.13) Dry DMF was produced by reflux-
ing over CaH2 at 60 °C under reduced pressure (20 mm) for 
4 h, followed by distillation in vacuo; it was stored over molec­
ular sieves 3A under nitrogen. Other carboxamides were 
used after a simple distillation of the commercially supplied 
ones. Benzene, tetrahydrofuran (THF), and 1,2-dimethoxy-
ethane (DME) were distilled from LiAlH4. Furan was dis­
tilled from CaH2. Disodium dihydrogen ethylenediamine-
tetraacetate (Na2H2edta) dihydrate was dehydrated by heat­
ing it at 120 °C (0.01 mm) for 12 h. 

Reaction of 2,4-Dibromo-2,4-dimethyl-3-pentanone (1) with 
Fe2(CO)9 in DMF. A mixture of the dibromo ketone 1 
(833 mg, 3.06 mmol), Fe2(CO)9 (1.31 g, 3.60 mmol), and 
octane (32.5 mg, 0.29 mmol, an internal standard for GLPC 
analysis) in DMF (10.5 ml) was stirred at room temperature 
for 18 h. GLPC analysis of the reaction aliquots taken up at 
appropriate intervals showed the formation of three products. 
These products were identified, by comparison with authentic 
samples, as 5-(dimethylamino)tetrahydro-2,2,4,4-tetramethyl-
3-furanone (2) [retention time (tr) 9.8 min, column F, 130 °C, 
3% yield], 2,4-dimethyl-l-penten-3-one (3) (*r 7.8 min, 
column E, 90 °C, 80% yield), and 2,4-dimethyl-3-pentanone 
(tt 6.5 min, column E, 90 °C, 9% yield). An analytical 
sample of 2 was obtained by GLPC separation (column G, 
123 °C). Its spectral (IR, NMR, and mass) data were 

identical with the reported ones9) (Found: C, 65.00; H, 
10.47%). 

2,4-Dimethyl-3( 2H)-furanone (8). A mixture of 2,4-
dibromo-3-pentanone (4) (8.70 g, 35.6 mmol), Fe2(CO)9 

(15.6 g, 42.8 mmol), and Na2H2edta (18.0 g, 53.3 mmol) in 
DMF (80 ml) was stirred at room temperature for 12 h. 
After addition of benzene (80 ml), the reaction mixture was 
left at room temperature for 10 h and then poured into water 
(400 ml). The aq mixture was extracted with 1: 1 ether-
petroleum ether ( 160 ml X 5). The combined organic extracts 
were washed with water (120 ml X 3) and dried. The solvent 
was removed to give a dark brown oil (4.06 g). Upon addi­
tion of petroleum ether (80 ml), dark brown precipitates 
appeared immediately, which were then removed by filtra­
tion. Concentration of the filtrate gave a yellow oil (2.46 g), 
which was distilled at room temperature—70 °C (0.2 Torr) 
to afford the furanone 8 (2.11 g, 53% yield) as a colorless 
oil. NMR Ô 1.39 (d, 3, 7 = 7 . 5 Hz, CHCH3), 1.67 (d, 3, 
7 = 2 Hz, =CCH3), 4.31 (q, 1, 7 = 7 . 5 Hz, CHCH3), and 7.90 
(q, 1, j = 2 H z , =CH); MS m/e 112 (M+). Found: m/e 
112.0519. Calcd for C6H802 : M, 112.0523. 

2,4,5-Trimethyl-3(2H)-furanone (9). A mixture of the 
dibromide 4 (488 mg, 2.00 mmol), Fe2(CO)9 (876 mg, 2.40 
mmol), and Na2H2edta (2.03 g, 6.00 mmol) in iVjJV-dimethyl-
acetamide (7.0 ml) was magnetically stirred at room tempera­
ture for 19 h. The reaction mixture was quenched by addi­
tion of saturated K N 0 3 solution (20 ml) and extracted with 
ethyl acetate (5 m i x 6 ) . The combined organic extracts 
were washed with water (5 mix3) , dried, and concentrated, 
thus giving a red oil (168 mg). The NMR analysis showed 
that the furanone 9 was produced in 21 % yield. An analytical 
sample (Rt 0.70) was obtained by TLC separation (CH2C12), 
followed by distillation. NMR Ô 1.35 (d, 3, J = 7 . 5 H z , 
CHCH3), 1.62 (s, 3, =CCH3), 2.15 (s, 3, =CCH3), and 4.25 
(q, 1, 7 = 7 . 5 Hz, CHCH3); MS m/e 126 (M+). Found: m/e 
126.0690. Calcd for C7H10O2: M, 126.0680. 

2,4-Dimethyl-5-phenyl-3(2B.)-furanone (10). To a sus­
pension of Fe2(CO)9 (876 mg, 2.40 mmol) and Na2H2edta 
(2.03 g, 6.00 mmol) in benzene (5.0 ml) were added N,N-
dimethylbenzamide (7.0 ml) and then the dibromo ketone 4 
(488 mg, 2.00 mmol). The resulting mixture was stirred at 
room temperature for 19 h. The mixture was added to 
saturated K N 0 3 solution (10 ml), and the aq mixture was 
extracted with 1: 2 benzene-hexane (6 mix6) . The organic 
layers were collected, washed with water (6 ml X 6), and dried. 
Evaporation of the solvent afforded a pale yellow oil, NMR 
analysis of which indicated the formation of the furanone 10 
in 25% yield. TLC (1: 10 ether-hexane, Rt 0.70), followed 
by short-path distillation, formed an analytical specimen of 10. 
NMR ô 1.48 (d, 3, / = 7 . 5 Hz, CHCH3), 1.95 (s, 3, =CCH3), 
4.46 (q, 1, / = 7 . 5 Hz, CHCH3), and 7.45 (m, 3) and 7.74 
(m, 2) (C6H5); MS m/e 188 (M+). Found: m/e 188.0854. 
Calcd for C12H1202: M, 188.0836. 

2,4-Diethyl-3(2H)-furanone (11). A mixture of 3,5-
dibromo-4-heptanone (5) (462 mg, 1.70 mmol) and Fe2(CO)9 

(876 mg, 2.40 mmol) in DMF (7.0 ml) was stirred at room 
temperature for 12 h. The reaction mixture was treated with 
saturated aq Na2H2edta solution (40 ml) and extracted with 
1: 1 ethyl acetate-hexane (8 mix5) . The collected organic 
extracts were washed with water (8mix3) and dried. The 
solvent was removed under reduced pressure at room tempera­
ture to afford a residual oil (273 mg). Its NMR spectrum 
indicated that the furanone 11 was produced in 92% yield. 
This oil was dissolved in ethyl acetate (5 ml) and passed 
through a short column packed with alumina using ethyl 
acetate as eluent. Concentration of the filtrate gave the 
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furanone 11 (152 mg, 64% yield) as a pale yellow oil. An 
analytical sample was obtained by preparative GLPC (column 
A, 120 °C). NMR Ô 0.97 (t, 3, 7 = 7 . 0 Hz, CH3), 1.08 (t, 
3, / = 7 . 0 Hz, CH3), 1.5—2.4 (m, 4, 2 CH2), 4.21 (dd, 1, 
J = 4 . 5 and 7.0 Hz, OCHCO), and 7.90 (br s, 1, =CH); 
MS m/e 140 (M+). Found: C, 68.38; H, 8.87%. Calcd for 
C8H1202: C, 68.54; H, 8.63%. 

2,4-Diethyl-5-methyl-3(2îî)-furanone (12). To a mixture 
of Fe2(CO)9 (876 mg, 2.40 mmol) and Na2H2edta (2.03 g, 
6.00 mmol) was added iV,JV-dimethylacetamide (7.0 ml), 
followed by the dibromo ketone 5 (462 mg, 1.70 mmol). The 
resulting mixture was stirred at room temperature. After 
19 h, saturated K N 0 3 solution (20 ml) was added to the reac­
tion mixture, and the aq layer was extracted with ethyl 
acetate (6 mix5) . The combined organic extracts were 
washed with water (40 ml X 3) and dried. On removal of 
the solvent there was obtained a pale yellow oil. Addition of 
benzene (2 ml) yielded insoluble brown solides. The pre­
cipitates were removed by filtration through a short column of 
alumina and evaporation of the solvent afforded a colorless 
oil (130 mg). Yield of the furanone 12, as estimated by NMR 
analysis, was 51%. Preparative TLC (1:1 benzene-hexane) 
gave 12 as an oil. An analytical sample was obtained by 
preparative GLPC (column A, 120 °C). NMR Ô 0.96 (t, 3, 
7 = 7 . 0 Hz, CH2CH3), 1.01 (t, 3, 7 = 7 . 5 Hz, CH2CH3), 2.15 
(s, 3, =CCH3), 1.4—2.4 (m, 4, 2 GH2), and 4.12 (dd, 1, 7 = 
6.0 and 7.0 Hz, OCH) ; MS m/e 154 (M+). Found: C, 70.32; 
H, 9.57%. Calcd for C9H1402: C, 70.01 ; H, 9.15%. 

2,4-Diethyl-5-phenyl-3(2H)-furanone (13). To a mixture 
of Fe2(CO)9 (876 mg, 2.40 mmol) and Na2H2edta (2.03 g, 
6.00 mmol) in benzene (5.0 ml) was added iV,iV-dimethyl-
benzamide (7.0 ml) and the dibromide 5 (462 mg, 1.70 mmol). 
The resulting mixture was kept, with stirring at room tempera­
ture for 14 h and then quenched with saturated K N 0 3 solution. 
The aq layer was extracted with ethyl acetate (6 mix 5), and 
the combined organic extracts were washed with water (6 ml 
X 2) and dried. Removal of the solvent gave a feebly yellow 
oil (6.0 g), which without solvent, was heated at 110 °C for 
15 min under nitrogen. After dilution with 1:2 benzene-
hexane (10 ml), the product was washed with water (4 ml X 4) 
and dried. The organic solvent was evaporated to afford 
a pale yellow oil (873 mg). Purification by preparative TLC 
(benzene) yielded the furanone 13 (Rt 0.38, 175 mg, 42% 
yield) as a colorless oil. NMR <5 1.00 (t, 3, 7 = 7 . 0 Hz, CH3), 
1.13 (t, 3, 7 = 7.0 Hz, CH3), 1.6—2.2 (m, 2, CHCH2), 2.41 
(q, 2, 7 = 7.0 Hz, =CCH2), 4.32 (dd, 1, 7 = 5 . 0 and 6.5 Hz, 
OCH), and 7.40 (m, 3) and 7.72 (m, 2) (C6H5); MS m/e 216 
(M+). Found: m/e 216.1119. Calcd for C14H1602: M, 
216.1149. 

2,4-Diisopropyl-3(2H)-furanone (14). A mixture of 3,5-
dibromo-2,6-dimethyl-4-heptanone (6) (300 mg, 1.00 mmol) 
and Fe2(CO)9 (437 mg, 1.20 mmol) in DMF (3.5 ml) was 
stirred at room temperature for 12 h. The reaction mixture 
was poured into saturated aq NaHC0 3 /KN0 3 solution (10 ml) 
and extracted with ethyl acetate (4 mix 5). The collected 
organic extracts were washed with water (4 ml X 3) and dried 
sufficiently. The solvent was removed under reduced pres­
sure to give a crude yellow oil (192 mg) containing mainly 
5-(dimethylamino)-2,4-diisopropyltetrahydro-3-furanone (21). 
IR (neat film) 1753 cm-1 (C=0); NMR <5 0.8—1.3 (m, 12, 
2 CH(CH3)2), 1.8—2.4 (m, 3, 2 CH(CH3)3 and CHCHCO), 
2.47 (s, 6, N(CH3)2), 3.40 (d, 1, 7 = 4 . 5 Hz, OCHCO), and 
4.57 (d, 1, 7 = 9 . 0 Hz, OCHN); MS mje 213 (M+). The 
neat oil was heated at 140 °C for 15 min under nitrogen, 
followed by distillation in vacuo (60 °C, 1 Torr), to afford the 
furanone 14 (149 mg, 89% yield). NMR ô 0.83 (d, 3, J= 
7.0 Hz, CHCH(CH3)2), 1.12 (d, 3 ,7=6.5 Hz, CHCH(CH3)2), 

1.15 (d, 6, 7 = 7 . 0 Hz, =CCH(CH3)2), 2.0—2.8 (m, 2, 2 
CH(CH3)2), 4.10 (d, 1, 7 = 3 . 8 Hz, OCHCO), and 7.89 (br 
s, 1, =CH); MS mje 168 (M+). Its structure was further con­
firmed by converting it through hydrogénation, into 2,4-di-
isopropyltetrahydro-3-furanone. A suspension of 10% Pd-C 
(500 mg) in ethanol (4 ml) was stirred at room temperature 
for 24 h under 1-atm hydrogen. To this was added a solution 
of 14 (1.00 g, 5.95 mmol) in ethanol (4 ml), and the resulting 
mixture was stirred at room temperature for 24 h under an 
atmospheric pressure of hydrogen. The mixture was passed 
through a Celite 545 column, and the filtrate was concentrated, 
giving the tetrahydro-3-furanone (ca. 1 g) as a single isomer 
(stereochemistry unconfirmed). An analytical sample of the 
product was collected by GLPC separation (column B, 100 °C). 
IR (neat film) 1750 cm"1 (G=0); NMR ô 0.8—1.1 (m, 12, 4 
CH3), 1.5—2.4 (m, 3, 2 CH(CH3)2 and CHCH3), 3.40 (d, 1, 
7 = 5 . 5 Hz, OCH), and 3.9—4.2 (m, 2, OCH2); MS m/e 170 
(M+). Found: C, 70.30; H, 10.75%. Calcd for C1()H1802: 
C, 70.54; H, 10.66%. 

2,4-Diisopropyl-5-methyl-3(2H)-furanone (15). To a 
mixture of Fe2(CO)9 (874 mg, 2.40 mmol) and Na2H2edta 
(2.03 g, 6.00 mmol) was added a solution of the dibromo 
ketone 6 (600 mg, 2.00 mmol) and tetralin (26.4 mg, 0.20 
mmol) in iV,iV-dimethylacetamide (7.0 ml). The resulting 
mixture was stirred at room temperature for 12 h. The reac­
tion mixture was poured into saturated NaHC0 3 /KN0 3 

solution (20 ml) and extracted with ethyl acetate (8 ml X 5). 
The combined organic extracts were washed with water (8 ml 
X 3) and dried. After evaporation of the solvent, an oil was 
obtained. The NMR spectrum of this residue showed two 
doublets at ô 3.95 (7=3.8 Hz) and 3.38 (7=4.5 Hz) due to 
the C2 methine proton of 15 and 5-(dimethylamino)-2,4-di-
isopropyl-5-methyltetrahydro-3-furanone (7, R=CH(CH 3 ) 2 ; 
R '=CH 3 ) , respectively. The intensity of signals, as com­
pared with that of a singlet due to the aromatic protons of 
tetralin internal standard, indicated that 15 and the amino 
tetrahydro-3-furanone were produced in 49 and 39% yields, 
respectively. When the crude oil was heated at 110 °G for 
15 min under nitrogen, 15 was obtained as an oily product 
(316 mg, 87% yield). Distillation (90 °C, 3 mm), followed by 
preparative GLPC (column C, 108 °C), afforded an analytical 
sample. NMR ô 0.79 (d, 3, 7 = 6 . 5 Hz, CHCH(CH3)2), 1.05 
(d, 3, 7 = 6 . 5 Hz, CHCH(CH3)2), 1.15 (d, 6, 7 = 7 . 0 Hz, 
=CCH(CH3)2), 2.15 (s, 3, =CGH3), 2.0—2.8 (m, 2, 2 CH-
(CH3)2), and 3.95 (d, 1, 7 = 3 . 8 Hz, OCH); MS m/e 182 (M+). 
Found: m/e 182.1295. Calcd for C u H 1 8 0 2 : M, 182.1305. 

2,4-Di-t-butyl-5-(dimethylanmio) tetrahydro-3-furanone (17). 
To a mixture of 3,5-dibromo-2,2,6,6-tetramethyl-4-heptanone 
(16) (110 mg, 0.34 mmol) and Fe2(CO)9 (146 mg, 0.40 mmol) 
was added DMF(1.0 ml). The resulting suspension was stir­
red at room temperature for 17 h. The reaction mixture was 
diluted with 1:1 ethyl acetate-hexane (5 ml) and then quench­
ed by saturated aq NaHC0 3 solution (5 ml). The organic 
layer was washed with water and dried. After removal of the 
solvent, the residue was purified TLC (ethyl acetate) to give 17 
(79 mg, 98% yield) as a slightly yellow oil. IR (CC14) 1746 
cm-1 (C=0); NMR ô 0.97 (s, 9, C(CH3)3), 1.02 (s, 9, G-
(GH3)3), 1.93 (d, 1, 7 = 9 . 0 Hz, CHCHC(CH3)3), 2.48 (s, 6, 
N(CH3)2), 3.18 (s, 1, OCHCO), and 4.59 (d, 1, 7 = 9 . 0 Hz, 
OCHN); MS m/e 241 (M+). Found: m/e 241.2017. Calcd 
for C14H27N02 : M, 241.2042. 

Quaternization of 17 with CH3I (excess) in benzene at 50 °C 
for 14 h afforded colorless plates; mp 152—156 °C (from 1: 1 
acetone-hex ane). 

2,4-Diisopropyl-5-(3-methylaminopropyl)-3(2H)-furanone (19). 
Dry JV-methylpyrrolidone (25 ml) and the dibromide 6 (0.90 g, 
3.00 mmol) were added sequentially to Fe2(CO)9 (1.30 g, 3.60 
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mmol), and the resulting mixture was stirred at room tempera­
ture for 48 h, during which period a characteristic dark red 
color developed. The reaction mixture was quenched by satu­
rated NaCl solution and extracted with ethyl acetate. The 
organic layer was washed with brine and dried. Evaporation of 
the solvent at room temperature in vacuo left a deepred oil (644 
mg). This residue was distilled under reduced pressure to give 
a yellow oil; bp 140 °C (0.05 Torr). Purification by TLC (1:1 
ether-hexane) afforded the amino furanone 19 (187 mg, 26% 
yield) as a pale yellow oil. IR (CC14) 1690 (C=0) and 1620 
cm-1 (C=C) ; UV 274 nm (log e 4.04) ; NMR Ô 0.83 (d, 3, J= 
6.5 Hz, CHCH(CH3)2), 1.09 (d, 3, J = 6 . 5 Hz, CHCH(CH3)2), 
1.17 (d, 3, J = 7 . 0 H z , =CCH(CH3)2), 1.20 (d, 3, / = 7 . 0 H z , 
=CCH(CH3)2), 1.4—2.5 (m, 9, 2 CH(CH3)2, 3 CH2, and 
NH), 2.39 (s, 3, NCH3), and 3.97 (d, 1, / = 3 . 5 H z , OCH); 
MS m/e 239 (M+). Found: m/e 239.1877. Calcd for C14H25-
N 0 2 : M, 239.1885. 

Reduction of the Dibromo Ketone 6 with Fe2(CO)9 in a Mixture of 
Furan and DMF. A mixture of the dibromide 6 (300 mg, 
1.00 mmol) and Fe2(GO)9 (437 mg, 1.20 mmol) in freshly dis­
tilled furan (2.00 ml, 1.87 g, 27.5 mmol) and DMF (2.13 ml, 
2.01 g, 27.5 mmol) was stirred at room temperature for 22 h. 
The reaction mixture was poured into aq NaHC0 3 solution 
and extracted with 1: 1 ethyl acetate-hexane (10 mix4) . The 
organic layer was washed with water (10 ml) and dried. Con­
centration in vacuo gave a yellow oil (213 mg), the NMR spec­
trum of which indicated the formation of 21 (49% yield) and 
2,4-diisopropyl-8-oxabicyclo[3.2.1]oct-6-en-3-one (22) (only 
the eis isomer, 20% yield), and the recovery of the starting 
dibromide 6 (25%). Yields of 21 and 22 based on 6 consumed 
were 65 and 27%, respectively. 

Reaction of l,3-Dibromo-2-propanone with Fe2(CO)9 in DMF. 
l,3-Dibromo-2-propanone (216 mg, 1.00 mmol) was added to 
Fe2(CO)9 (437 mg, 1.20 mmol) in DMF (3.5 ml), and the re­
sulting mixture was stirred at room temperature for 12 h. The 
complex mixture was obtained after usual work-up, but no 
coupling product with an appropriate GLPC retention time 
was detected (column A, 70 °C). 

Reaction of the Dibromide 5 with Fe(CO)5 in N,N-Dimethylacet-
amide. A. Under Thermal Conditions: To a mixture of Fe (CO) 6 

(470 mg, 2.40 mmol) and Na2H2edta (1.01 g, 3.00 mmol) in 
iVjiV-dimethylacetamide (3.5 ml) was added the dibromo ke­
tone 5 (230 mg, 0.85 mmol). The mixture was then magneti­
cally stirred at room temperature for 45 h. After quenching 
by saturated K N 0 3 solution (10 ml), the reaction mixture was 
extracted with ethyl acetate (6 ml x 5). The combined organic 
layers were washed with water (6 m i x 2 and 4 mix5) and 
dried. Removal of the solvent gave a pale yellow oil (181 mg). 
The NMR spectrum indicated the recovery of most of the start­
ing dibromide and the absence of any cyclocoupling reaction. 

B. Under Photo-irradiation Conditions: A mixture of the dibro­
mide 5 (230 mg, 0.85 mmol), Fe(CO)5 (470 mg, 2.40 mmol), 
and Na2H2edta (1.01 g, 3.00 mmol) in iV,JV-dimethylacetam-
ide (3.5 ml) was stirred at room temperature with irradiation 
by^>350 nm-light with a 200 W high-pressure Hg arc through 
5% aq CuS0 4 solution. After 24 h the reaction mixture was 
quenched by the addition of saturated K N 0 3 solution (15 ml) 
and extracted with ethyl acetate (6 mix 5). The collected 
organic extracts were washed with water (6 ml X 4), dried, and 
concentrated, producing a viscous red oil (125 mg). The resi­
due was dissolved in benzene (2 ml) and passed through a short 
alumina column. Evaporation of the filtrate gave a pale yellow 
oil (65 mg). NMR analysis of the oil indicated that the furan­
one 12 was formed in 41% yield. 

Reaction of the Dibromide 6 and DMF in the Absence of Reducing 
Agent. A solution of the dibromide 6 (30.0 mg, 0.10 mmol) 
and hexadecane (10.0 mg, 0.05 mmol, an internal standard for 

GLPC analysis) in DMF (0.5 ml) was allowed to stand at room 
temperature for 12 h. GLPC (column D, 150 °C) of the mix­
ture showed that 6 (tT 6.8 min) remained unchanged. 

Treatment of 2-(Dimethylamino)-4-isopropylidene-5,5-dimethyl-
1,3-dioxolane (29) with FeBr2 in DMF. A solution of FeBr2 

in DMF was prepared according to the following known meth­
od.30) Into a solution of Fe(CO)5 (20.0 mg, 0.01 mmol) in 
DMF (0.5 ml) was added bromine (16.0 mg, 0.01 mmol) with 
stirring. The color of bromine immedately disappeared, and 
vigorous gas evolution was observed. To the resulting deep 
red mixture was added a solution of the dioxolane 29 (26.8 mg, 
0.15 mmol) in DMF (0.5 ml), and the mixture was stirred at 
room temperature for 24 h. The reaction aliquot was passed 
through a short column packed with alumina-Celite 545 under 
nitrogen and immediately subjected to NMR analysis, which 
showed the formation of the amino tetrahydro-3-furanone 2 in 
24% yield. 

3-Acetoxy-2,4-dimethylfuran (31). A mixture of the furan­
one 8 (1.60 g, 14.3 mmol), acetyl chloride (11.3 g, 143 mmol), 
and DME (20 ml) was heated at 55 °C for 14 h. The reaction 
mixture was added to ethyl acetate (10 ml), washed with satu­
rated NaHC0 3 solution (10 ml x 2) and KNO s solution (5 ml), 
and dried. Evaporation of the solvent gave a pale yellow oil (2.0 
g), which was distilled with a bulb-to-bulb apparatus (bath 
temperature 70—110 °C,20 Torr) to afford the acetate 31 (154 
mg, > 9 7 % pure, 68% yield). IR (CC14) 1760 cm-1 (C=0); 
NMR Ô 1.82 (d, 3, / = 1 . 3 Hz, CH=CCH3), 2.12 (s, 3, C= 
CCH3), 2.21 (s, 3, COCH3), and 6.92 (q, 1, J= 1.3 Hz, =CH); 
MS m/e 154 (M+). The acetate thus obtained was highly 
volatile and hydrolyzable (especially in the presence of acids) ; 
hence, the structure was assigned on the basis only of the spec­
tral characteristics. Its immediate use, without purification, 
was required for obtaining a high yield in the next step. 

3-Acetoxy-5-(dimethylaminomethyl)-2,4-dimethylfuran (32). 
To cooled (0—5 °C) acetic acid (0.19 ml) were added 40% aq 
dimethylamine (0.13 ml; 47.3 mg, 1.05 mmol as dimethylam-
ine), 37% aq formaldehyde (0.08 ml; 32.3 mg, 1.08 mmol as 
formaldehyde), and the acetate 31 (120 mg, 0.78 mmol). The 
heterogeneous mixture was allowed to stand at room tempera­
ture for 5 min and then heated at 70 °C for 40 min with stir­
ring. The resulting homogeneous solution was diluted with 
ethyl acetate (5 ml) and washed with saturated NaHC03 / 
KNO3 solution (5 ml). After drying, the organic layer was 
concentrated to leave a pale yellow oil (150 mg) consisting 
mainly of the amino furan 32. This product was homogene­
ous on TLC (ethyl acetate, Rt 0.61), but the NMR analysis 
showed it to be only 85—90% pure. Yield of the amine was 
estimated as ca. 80%. Bulb-to-bulb distillation of this crude 
oil (bath temperature 100 °C, 0.2 Torr) gave analytically pure 
amine (115 mg, 70% yield) as a pale yellow oil. IR (CC14) 
2840, 2795, and 2745 (N(CH3)2), and 1760 cm-1 (C=0); 
NMR ô 1.85 (s, 3, =CCH3), 2.15 (s, 3, =CCH3), 2.28 (s, 9, 
COCHg and N(CH3)2), and 3.42 (s, 2, CH2); MS m/e 211 
(M+), 167 (M+—N(CH3)2), and 125. Its picrate melted at 
170—171 °C. Found: C, 46.23; H, 4.44; N, 12.63%. Calcd 
for C17H20N4O10: C, 46.36; H, 4.58; N, 12.72%. This amino 
furan is sensitive to air, turning brown, and so its immediate 
use is recommended. 

5-( Dimethylaminomethyl)-2,4-dimethyl-3( 2H)-furanone (33). 
A mixture of the amino furan 32 (70 mg, 0.33 mmol), 70% 
HC104 (0.5 ml), and DME (1.25 ml) was heated at 50 °C for 
30 min. The mixture was then diluted with ethyl acetate (5 
ml) and chilled at 0 °C by an ice bath. To the cooled mixture 
was added saturated NaHCOa solution until the separated aq 
layer changed to basic (pH ca. 8). The aq layer was extracted 
with ethyl acetate (5 ml X 4). The combined organic extracts 
were washed with cold saturated K N 0 3 solution (5 ml), dried, 
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and concentrated, affording a colorless oil (66 mg) which con­
tained the amino furanone 33 as a major component [Rt 0.61 
(ethyl acetate), > 8 0 % pure based on NMR]. Yield of 33 
was > 9 5 % . IR (CC14) 2840, 2795, and 2745 (N(CH3)2), 
1698 (C=0), and 1623 cm-1 (C=C); UV 274 nm (log e 4.01); 
NMR <5 1.37 (d, 3, 7 = 7.0 Hz, CHCH3), 1.66 (s, 3, =CCH3), 
2.25 (s, 6, N(CH3)2), 3.25 (s, 2, CH2), and 4.24 (q, 1, 7 = 7 . 0 
Hz, OCH);MSm/« 169 (M+). Found: m/e 169.1080. Calcd 
for C9H15N02: M, 169.1103. 

5-(Dimethylaminomethyl)-3-kydroxy-2,4-dimethyltetrahydrofuran 
(4-Methylnormuscarine) (34). Into a 30-ml, two-necked 
flask equipped with a rubber septum and a Dry Ice condenser 
connected at its top with a bubbler was charged liquid NH3 

(ca. 15 ml). To this, ethanol (4.0 ml) and a solution of 33 (66 
mg, 0.39 mmol) in DME ( 1.0 ml) were added through the 
septum by means of a syringe. After a few minutes, the sep­
tum was removed and small-cut Li (540 mg, 90.0 mg-atom) 
was added quickly. The resulting bronze-colored mixture was 
magnetically stirred for 1.5 h, quenched by the addition of 
solid NH4C1 (2 g) with cooling by a Dry Ice-methanol bath, 
and warmed up to room temperature. To the voluminous 
gel was added ice water (20 ml), and the aq mixture was 
extracted with ethyl acetate (10 mix4) . The combined or­
ganic extracts were dried and concentrated to yield an oil (70 
mg). The oil was dissolved in benzene, passed through an 
Na2S04 column, and concentrated, giving a viscous oil. To 
a solution of the residue in THF (3.0 ml) was added LiAlH4 

(100 mg, 2.63 mmol) at —50 °C, after which the mixture was 
stirred at the same temperature for 1.5 h. The mixture was 
quenched with ethyl acetate at — 78 °C, warmed up, and 
treated water. The aq layer was extracted with ethyl acetate 
(20 m i x 2 and 10 mix2) , and the organic extracts were col­
lected. Removal of the solvent produced viscous, oily material 
(60 mg), which was then subjected to preparative TLC (ethyl 
acetate) to afford the alcohol 34 (Rt 0.3—0.4, 41 mg, 61% 
yield). IR (CC14) 3400—3200 cm-1 (OH); NMR <5 1.18 (d, 
3, 7=7 .0 Hz, CHCH3), 1.25 (d, 3, 7 = 6 . 0 Hz, CHCH3), 2.45 
(s, 6, N(GH3)2), 1.8—3.0 (complex, 4, CHCH3, CH2, and 
OH), and 3 . 3 ^ . 0 (m, 3, 2 OCH and CHOH); MS m/e 173 
(M+) and 155 ( M + - H 2 0 ) . The structure of 34 was further 
confirmed through its quantitative transformation to 5-(di-
methylaminomethyl)-3-(3,5-dinitrobenzoyloxy)-2,4-dimethyl-
tetrahydrofuran (35). 

A solution of 34 (15.0 mg, 0.09 mmol) in 1: 5 DME-benzene 
(0.8 ml) was mixed with 3,5-dinitrobenzoyl chloride (38 mg, 
0.15 mmol) and pyridine (0.03 ml) and then left at room tem­
perature for 20 h. The reaction mixture was diluted with 
ethyl acetate (4 ml) and washed with water (2 ml x 2), saturat­
ed NaHC0 3 solution (2 mix2) , and K N 0 3 solutiom (I ml). 
The organic layer was dried and concentrated, affording an 
oil. TLC separation (1:5 ether-hexane) of this crude prod­
uct yielded the 3,5-dinitrobenzoate 35 (R{ 0.4, 31 mg, 97% 
yield). The NMR spectrum showed two kinds of singlets due 
to N(CH3)2 protons at ô 2.25 and 2.49 (ca. 9: 1 ratio), suggest­
ing that 35 was a mixture of two difficult-to-separate dia-
stereomers. NMR (major isomer) ô 1.25 (d, 6, 7 = 6 . 5 Hz, 
2 CHCH3), 2.0—2.4 (m, 1, CHCHCH2), 2.25 (s, 6, (NCH3)2, 
2.4—2.6 (m, 2, CH2), 3.50 (q-like m, 1, OCH), 3.97 (m, 1, 
OCH), 5.03 (m, 1, CHOCOC6H3(NOa)2), and 8.8—9.0 (m, 
3, C6H3(N02)2). The signals of minor isomer could not be 
observed for certain. Other spectral data of the diastereo-
meric mixture were: IR (CC14) 1730 cm-1 (C=0); MS m/e 
367 (M+), 195, and 172 (M+-COC6H3(NOa)2). Found: m/e 
367.1392. Calcd for C16H21N307 : M, 367.1379. 

4-Methylmuscarine Iodide (36). A solution of the alcohol 
34 (12 mg, 0.07 mmol) in benzene (0.5 ml) was mixed with 

methyl iodide (0.01 ml, 22.8 mg, 0.19 mmol) at room tempera­
ture. After 1 min, a yellow oil was separated. The hetero­
geneous mixture was left at room temperature for 5 min and 
then at 50 °C for 5 min. Most of the organic solvents were 
evaporated by bubbling in nitrogen gas. The heterogeneous 
residue, contaminated with a small amount of benzene, was 
mixed with methanol, and the solvents were removed azeo-
tropically, affording viscous, oily material 36 (20 mg, 100% 
yield) as a mixture of diflicult-to-separate diastereomers. 
NMR (CD3OD) [major isomer (ca. 90%)] ô 1.07 (d, 3, J= 
6.5 Hz, CHCH3), 1.11 (d, 3, 7 = 6 . 5 Hz, CHCH3), 1.6—2.4 

(m, 1, CHCHCH2), 3.21 (s, 9, N(CH3)3), and 3.25-4.25 (m, 
5, 2 OCH, CHOH, and CH2). The ammonium salt 36 in­
creased the tone and mobility of the smooth muscle of the 
intestinal tract. 

W e are grateful to the Ministry of Education, Japanese 
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Studies of Peptide Antibiotics. XXXV.1) Synthesis of Gramicidin S 
by a Fragment Solid-Phase Method 

Kazuki SATO, Hayao A B E , * Tetsuo KATO, and Nobuo IZUMIYA 

Laboratory of Biochemistry, Faculty of Science 33, Kyushu University, Higashi-ku, Fukuoka 812 
(Received March 18, 1977) 

In order to examine the usefulness of a fragment condensation procedure in solid-phase peptide synthesis, 
gramicidin S (GS) was synthesized by three different procedures such as stepwise elongation, fragment condensation 
with dipeptide fragments, and fragment condensation with tripeptide fragments. The two fragment condensation 
procedures gave intermediate peptide derivatives in high yields and in high purity. Such differences in the purity 
of the intermediate peptides disappeared in the final product, GS dihydrochloride. The GS synthesized by the 
three procedures exhibited the same antibacterial activities as those of natural GS. 

gramicidin S (GS) by various procedures and compares 
the properties of the synthesized peptides. T h e solid-
phase synthesis of the open-chain linear decapeptide 
corresponding to the sequence of GS was carried out 
with three procedures as follows: procedure a, stepwise 
elongation using Boc-amino acids;7) procedure b , 
fragment condensation with Boc-dipeptide fragments 
except for Boc-D-phenylalanine at N-terminus; and 
procedure c, fragment condensation with Boc-tripeptide 
fragments. The syntheses of the peptide fragments are 
outlined in Fig. 1. 

The peptide fragments were prepared by the active 
ester method with HONSu 8 ) in order to prevent racemi-
zation and to simplify synthetic procedures. Each 
coupling reaction proceeded quickly in a good yield, 
unreacted active ester being removed as a water-soluble 
amide by the addition of l-(2-aminoethyl)piperazine.9) 
Each peptide fragment obtained was carefully recrys-

Boc-Orn(N02Z)-ONSu (2) H-Leu-OH Boc-D-Phe-ONSu H-Pro-OH Boc-Val-ONSu H-Orn(N0 2 Z)-OH 

A large number of peptides have been synthesized by 
a solid-phase method.2) This technique has obvious 
merits to simplify and accelerate peptide synthesis.3) 
However, a crucial defect in this method is unavoidable 
accumulation of contaminating by-products, and this 
makes purification of desired products very difficult.4) 
Application of a fragment condensation procedure to 
the solid-phase synthesis is undoubtedly an attractive 
approach for the improvement in this solid-phase 
synthesis.5) Although several biologically active peptides 
have been prepared by the solid-phase fragment con­
densation procedure,6) various aspects of this procedure 
remain insufficiently explored. Furthermore, there is 
scarcely any experiment on the comparison between 
the stepwise elongation procedure and the fragment 
condensation procedure in the solid-phase synthesis 
of a biologically active peptide as a target compound. 

This paper deals with the solid-phase synthesis of 

Boc-Orn(N02Z)-OH (1) 

Boc-Orn(NOaZ)-Leu-OH (5) Boc-D-Phe-Pro-OH (4) Boc-Val-Orn(N02Z)-OH (3) 

I HCl-dioxane 

Boc-Pro-ONSu H-Val-Orn(N0 2Z)-OH (7) 

Boc-Pro-Val-Orn(N02Z)-OH (8) 

Boc-Leu-ONSu H-D-Phe-OH Boc-Pro-ONSu H-Val-OH 

Boc-Leu-D-Phe-OH (9) Boc-Pro-Val-OH (6) 

I HCl-dioxane } HCl-dioxane 

Boc-Orn(NOaZ)-ONSu H-Leu-D-Phe-OH (10) Boc-D-Phe-ONSu H-Pro-Val-OH (12) 

Boc-Orn(N02Z)-Leu-D-Phe-OH (11) Boc-D-Phe-Pro-Val-OH (13) 

Fig. 1. Synthesis of peptide fragments. 

* Present address: Institute of Biological Science, Mitsui-Toatsu Chemicals, Inc., Mobara 297. 
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tallized to remove the possible contamination of Boc-
amino acid derived from the hydrolysis of the active 
ester during the coupling reaction in an aqueous 
solution. The <5-amino group of ornithine was protected 
by N 0 2 Z group.10) Since this group showed extremely 
intense absorption at 268 nm, the puri ty of the synthetic 
intermediate peptides was ascertained spectrophoto-
metrieally by measuring the absorption of the group.11) 

Boc-Leu-resin 

1. 1 MHCl-AcOH 

2. 10% TEA-DMF 

3. procedure a; Boc-amino acid and DCC 
procedure b ; Boc-dipeptide, HOBt, and DCC 
procedure c; Boc-tripeptide, HOBt, and DCC 

Boc-(D-Phe-Pro-Val-Orn(N02Z)-Leu)2-resin (14a—c) 

|N2H4 .H2O-DMF 

Boc-(D-Phe-Pro-Val-Orn(N02Z)-Leu) 2-N2H3 (16a—c) 

| 0.1 MHC1-HCOOH 

H-(D-Phe-Pro-Val-Orn(N02Z)-Leu)2-N2H3 • 2HC1 

| NaN02 , HCl (17a—c) 

(H- (D-Phe-Pro-Val-Orn (N02Z)-Leu) 2-N3 • HCl) 

I pyridine 

çj«fo(-(D-Phe-Pro-Val-Oni(NOaZ)-Leu)2-) (18a—c) 

| H2/Pd, HCl 

^/o(-(D-Phe-Pro-Val-Orn-Leu)2-) -2HC1 (19a—c) 

Fig. 2. Synthesis of GS by three procedures. 

TABLE 1. SCHEDULE FOR SOLID-PHASE SYNTHESIS^ 

Step Reagent Volume 
(ml) 

Times of Time 
repetition (min) 

1 
2 
3 
4 
5 
6 
7 
8 

9 

10 
11 
12 

AcOH wash 
1 M HCl in AcOH 
AcOH wash 
EtOH wash 
DMF wash 
10%TEAinDMF 
DMF wash 
CH2C12 wash 
Boc-amino acid in 
CH2C12 

DCC in CH2C12 

CH2C12 wash 
EtOH wash 

20 
20 
20 
20 
13 
13 
13 
12 

7 

5 
12 
20 

3 
1 
3 
3 
3 
1 
3 
3 

1 

1 
3 
3 

5 
30 
5 
5 
5 

10 
5 
5 

10 

240b> 
5 
5 

a) Schedule in procedure a is described, b) 480 min 
for Val and Pro. 

The solid-phase synthesis of GS is outlined in Fig. 2. 
The schedule for each coupling reaction is shown in 
Table 1. As a coupling reagent, D C C (four equivalents) 
was used in procedure a, and D C C and HOBt12) (four 
equivalents, each) were used in procedures b and in 
c. The progress of each coupling reaction was 
followed by chloride titration13) and by the Kaiser 
test.14) The results of the chloride titration were shown 
in Fig. 3. An aliquot of the peptidyl resin was 
withdrawn, hydrolyzed, and subjected to amino acid 
analysis after fourth, fifth, and ninth coupling steps in 

0.5 

rs 0.4 
I 

S 
0.3 

1 _i 1 1_ 
Leu Orn Val P r o D-Phe Leu Orn Val P ro D-Phe 

N-Terminal amino acid 

Fig. 3. Titration pattern of chloride ion in the course 
of synthesis of protected decapeptidyl-resin (14) by 
precedure a (O O)» by procedure b ( 0 £ ) , 
and by procedure c ( /^ - • - • - /^ ). Final value was deter­
mined by a portion of the peptidyl-resin. 

procedure a and after each coupling step in procedure 
b and c. The yield of each coupling reaction was 
calculated on the basis of the results of amino acid 
analysis as shown in Fig. 4. 

NO2Z NO2Z 

Boc-D-Phe-Pro-Val—Om-Leu-D-Phe-Pro-Val—Orn-Leu-resin 

Procedure a 

Procedure b 

Procedure c 

98 

98 

97 87 

97 

95 

100 96 

100 

94 96 

92 

94 

95 100 

95 

96 

Fig. 4. Coupling yield in each coupling step. 

In procedure a, the coupling reaction of Boc-valine 
gave the unsatisfactory yield of 8 7 % . In procedure b , 
the coupling of Boc-D-Phe-Pro-OH (4) with the 
tripeptidyl resin resulted in the low yield of 9 2 % . The 
low yield in this step may be due to steric hindrance 
caused by the bulky side chain of the valine residue in 
the tripeptidly resin. T h e coupling reactions of the 
other three peptide fragments (3, 5, 6) and of the final 
Boc-D-phenylalanine gave good yields. In procedure c, 
all the coupling reactions gave excellent yields. Repeti­
tion of the coupling reaction was avoided in order to 
compare the reactivity of each reactant under the 
same reaction conditions. As shown in Fig. 4, the yield 
of each coupling reaction in procedure a was good 
except for valine ; however, the nine consecutive coupling 
reactions caused lowering of the over-all coupling yield. 
T h e over-all yields calculated from the results of the 
amino acid analyses were 68, 83, and 8 6 % in procedure 
a, b , and c, respectively. 

After completion of the final coupling cycle, peptidyl 
resin (14) was dried under a reduced pressure and 
weighed. The yield estimated from the weight increase 
in procedure a agreed with those estimated from amino 
acid analysis and chloride titration. In procedures b 
and c, however, the yields estimated from the weight 
increases were lower than those estimated from the 
other methods. A possible reasoning of this disagreement 
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Com­
pound 

14 

15 
16 
18 
19 

Fragment Solid-Phase Synthesis of Gramicidin S 

T A B L E 2. AMINO ACID RATIOS OF SYNTHETIC INTERMEDIATES AND SYNTHETIC GRAMICIDIN S 

D-Phe 

0 .85 

0.86 
0 .93 
0.97 
0.90 

Procedure a 

Pro Val O r n 

0 .88 0.92 1.00 
0 .85 0 .97 1.14 
1.01 1.07 1.16 
1.01 0 .95 0.99 
0.90 0 .98 0.95 

Leu 

1.00 
1.00 
1.00 
1.00 
1.00 

Procedure b 

D-Phe Pro Val O r n 

0.91 0.92 0 .93 0 .95 
0.96 1.00 0 .97 1.01 
1.03 1.00 1.01 1.00 
1.01 1.01 1.02 1.01 
1.02 0 .98 0 .97 1.04 

Leu 

1.00 
1.00 
1.00 
1.00 
1.00 

D-Phe 

0.92 
0 .96 
0 .97 
1.01 
0 .96 

Procedure c 

Pro Val 

0 .94 0 .95 

1.02 0 .95 
1.00 0 .98 
1.00 0 .99 
0 .99 1.00 

O r n 

0 .98 

0 .98 
1.00 

1.02 
1.00 

2001 

Leu 

1.00 
1.00 
1.00 
1.00 
1.00 

is that frequent withdrawals of the peptidyl resin in the 
latter procedures caused much more loss of the resin 
than expected. 

Hydrazinolysis of 14 was carried out as described 
previously,11) and yielded a crude protected decapeptide 
hydrazide (15), this hydrazide being purified with 
recrystallization. The properties of 15 and purified 
hydrazide (16) were compared. Crude hydrazides 15a, 
15b, and 15c showed similar physical constants and 
chromatographic behavior. However, after recrystalli­
zation, purified hydrazides 16b and 16c showed some 
improvements in physical constants such as melting 
points and optical rotations and also in the results in 
amino acid analyses as shown in Table 2. The properties 
of 16a were not changed significantly. Partially protect­
ed decapeptide hydrazide (17) was obtained quanti ta­
tively by the deprotection of Boc-group in 16 with 
hydrogen chloride in formic acid.15) Thin-layer 
chromatography and paper electrophoresis of each of 
17a—c showed a main spot and another faint spot. 
All three hydrazides 17a, 17b, and 17c revealed similar 
chromatographic behavior and similar results in 
measurements of the melting points and U V absorptions. 

Cyclization of 17 by an azide method gave a protected 
cyclic decapeptide (18). Properties of 18a, 18b, and 18c 
were compared, an acylated derivative (18n) of natural 
GS being used as a reference compound. There was no 
distinct differences in the patterns in thin-layer and 
Sephadex LH-20 column chromatography. However, 
products 18b and 18c showed better results in amino 
acid analyses and the optical rotations. 

Hydrogénation of 18 gave synthetic GS-2HC1 (19) 
as fine needles similar to the crystals of natural GS« 
2HC1. The synthetic and natural GS-2HC1 showed 
the same results in thin-layer, paper, and carboxymeth-
ylcellulose column chromatography, paper electro­
phoresis, and measurements of the optical rotations 
and the melting points. The antibacterial activities of 
19 also were the same as those of natural GS«2HC1. 

The purities of the compounds obtained from the 
three different procedures turned to nearly the same in 
the final stage of the synthesis. A small amount of 
impurities seemed to be removed in the course of 
repeated chemical reactions and recrystallizations. 
Minute differences in purity, observed in 15 and 16, 
were disappeared in 19. Thus, the results of this solid-
phase synthesis of GS indicated that the fragment 
condensation procedure had advantage of the ease of 
purification, the advantage being shown in the purifica­
tion of 15. In the usual fragment condensation, peptide 
fragments which placed glycine or proline at C-terminus 
have been employed to avoid racemization.16) T h e 

results in this synthesis revealed that the use of D C C -
HOBt as coupling reagents gave satisfactory results in 
coupling yield and in prevention of racemization, when 
applied to the solid-phase fragment condensation. 

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

All the melting points are uncorrected. The ratio in paren­
theses after a solvent system was indicated by vol. TLC was 
carried out on silica gel G (Merck) with the following solvent 
systems: Rt\ CHCl3-MeOH (5:1); i?f

2, 1-BuOH-AcOfL-
pyridine-H20 (4: 1: 1:2). Paper chromatography was car­
ried out on Toyo Roshi No. 52 paper; i?f

3, the same solvent 
as R/ for TLC. PEP was carried out on the same paper 
under conditions of 500 V/30 cm with the solvent system; 
HCOOH-AcOH-MeOH-H 2 0 (1 :3 :6 :10) at pH 1.8, the 
mobilities of samples being reported as the ratio to that of 
lysine {Rhys). UV spectra were determined on a Hitachi-
Perkin-Elmer spectrophotometer, Model 139. Optical rota­
tions were measured on a Yanagimoto Polarimeter, OR-20. 
Amino acid analyses were performed on a Hitachi amino acid 
analyzer, KLA-3B, after hydrolysis in a mixture of 6 M HCl 
and propionic acid (1: 1) at 110 °C for 24 h.17> Molecular 
weight was determined with a Hitachi Osmometer, Model 
115, DMF being used as a solvent. 

Boc-Orn(N02Z)-OH.DCHA (1DCHA). To a solution 
of <5-N02Z-ornithinen> (12.4 g, 40 mmol) and TEA (16.8 ml, 
120 mmol) in water (40 ml) was added Boc-N3 (8.22 g, 60 
mmol) in dioxane (50 ml). The reaction mixture was treated 
according to the procedure of Sakakibara et a/.,18) and the 
product was recrystallized from MeOH-ether-petroleum 
ether; yield, 20.24 g (85%); mp 89—90 °C; [a]2

D°+13.6° (c 1, 
MeOH); UVm a x (EtOH) 268 nm (e 1.01 X 104). 

Found: C, 60.76; H, 8.53; N, 9.16%. Calcd for C30H48-
0 8N 4 : C, 60.79; H, 8.16; N, 9.45%. 

Boc-Orn(N02Z)-ONSu (2). Compound 1 (8.23 g, 20 
mmol) which was derived from 1»DCHA by the usual pro­
cedure was converted to the corresponding HONSu ester ac­
cording to the procedure of Anderson et a/.19) The product 
was recrystallized from EtOAc-ether; yield, 5.56 g (55%); mp 
87—88 °C; [a]2

D°-4.4° (c 1, CHC13). 
Found: C, 51.80; H, 5.78; N, 10.87%. Calcd for C22H28-

O10N4: C, 51.96; H, 5.55; N, 11.02%. 
Boc-Val-Orn (N02Z)-OH (3). To a solution of Ô-N02Z-

ornithine (3.74 g, 12 mmol) and TEA (1.68 ml, 12 mmol) in 
water (25 ml) was added a solution of Boc-Val-ONSu (3.50 g, 
10 mmol) in dioxane (25 ml) at room temperature. The reac­
tion mixture was stirred overnight, and a few drops of l-(2-
aminoethyl) piperazine was added to the solution. After being 
stirred for 30 min, dioxane was evaporated in vacuo and the 
solution was acidified with 10% citric acid under cooling. 
Separated oil was extracted with EtOAc, and the organic 
layer was washed with water and dried (Na2S04). The solu­
tion was evaporated to leave an oil, which was crystallized by 
the addition of ether. The product was recrystallized from 
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MeOH-ether; yield, 4.89 g (96%); mp 86—88°C; [a]2
D

0-9.3° 
(c 1, MeOH) ; Ä,1 0.52. 

Found: C, 54.55; H, 6.92; N, 10.72%. Calcd for C23H34-
09N4 : C, 54.11; H, 6.71; N, 10.98%. 

Other protected peptide fragments (4—6, 8, 9,11, 13), were 
prepared by a manner similar to that described for 3. 

Boc-D-Phe-Pro-OH (4). Yield, 81 % ; mp 171—173 °C ; 
[a]2

D°-46.9° (c 1, MeOH); R,1 0.54. 
Found: C, 62.90; H, 7.30; N, 7.75%. Calcd for C19H26-

0 5 N 3 : C, 62.96; H, 7.23; N, 7.73%. 
Boc-Orn(N02Z)-Leu-OH (5). Yield, 82%; mp 73— 

75 °C; [a]2D° -10.2° (c 1, MeOH); Rt
l 0.66. 

Found: C, 55.10; H, 7.12; N, 10.42%. Calcd for C24H36-
0 9 N 4 : C, 54.95; H, 7.12; N, 10.42%. 

Boc-Pro- Val-OH. DCHA (6 • DCHA). Yield, 63 % ; mp 
126—127 °C; [a]2D° -40.4° (c 1, MeOH); R,1 0.61. 

Found: C, 65.39; H, 10.08; N, 8.35%. Calcd for C27H49-
0 5N 3 : C, 65.43; H, 9.98; N, 8.84%. 

Boc-Pro-Val-Orn(N02Z)-OH (8). Yield, 69% ; mp 159 
—161 °C; [a]2D° -48.2° (c 1, MeOH); Ä,1 0.51. 

Found: C, 54.96; H, 6.72; N, 11.58%. Calcd for C28H41-
O10N5: C, 55.34; H, 6.80; N, 11.53%. 

Boc-Leu-v-Phe-OH-DCHA (9-DCHA). Yield, 82%; 
mp 115—116 °C; [a]S -46.3° (c 1, MeOH); R,1 0.67. 

Found: C, 68.73; H, 9.73; N, 7.46%. Calcd for C32H53-
0 5 N 3 : C, 68.66; H, 9.54; N, 7.51%. 

Boc-Orn(N02Z)-Leu-n-Phe-OH(ll). Yield, 80%; mp 
90—91 °C; [a]2D° -24.1° (c 1, MeOH); R* 0.58. 

Found: C, 58.91; H, 6.88; N, 10.23%. Calcd for C33H45-
O10N5: C, 59.00; H, 6.75; N, 10.43%. 

Boc-n-Phe-Pro-Val-OH (13). Yield, 54% ; mp 172—173 
°G; [a]2D° -78.8° (c 1, MeOH); R* 0.61. 

Found: C, 62.37; H, 7.69; N, 9.14%. Calcd for C,4H35-
0 6 N 3 : C, 62.45; H, 7.64; N, 9.11%. 

H-Val-0rn(N02Z)-0H• HCl (7>HCl). Compound 3 
(2.55 g, 5 mmol) was dissolved in 2.6 M hydrogen chloride in 
dioxane (39 ml). The solution was allowed to stand for 1 h at 
room temperature and then evaporated. Resulting oil was 
solidified by the addition of ether. The product was recrys-
tallized from EtOH-ether; yield, 1.93 g (86%); mp 159—161 
°G; [a]2D° +10.3° ( d , 6 M HCl); R2 0.80. 

Found: C, 48.98; H, 6.53; N, 11.79%. Calcd for C18H27-
07N4C1: C, 48.37; H, 6.09; N, 12.54%. 

H-Leu-v-Phe-OH'.HCl (10 HCl). Compound 9 was 
treated as described for 7; yield, 8 3 % ; mp 200—202 °C; [a]^0 

+ 37.0° (c 1, 6 M HCl); Rt
2 0.78. 

H-Pro-Val-OH (12). Compound 6 ( 1.57 g, 5 mmol) was 
treated as described for 7. The oily residue (12-HCl) was 
dissolved in water (50 ml) and the solution was neutrallized 
with TEA (0.7 ml, 5 mmol). The addition of EtOH (50 ml) 
gave crystals, which were recrystallized from water-EtOH; 
yield, 0.88 g (82%); mp 242—243 °C (dec); [a]2D° -70.2° (c 
1,6 M HCl) ;i? f

2 0.56. 
Found: C, 55.80; H, 8.62; N, 12.98%. Calcd for C10H18-

0 3 N 2 : C, 56.05: H, 8.47; N, 13.08%. 
Boc-(D-Phe-Pro-Val-Orn (N02Z)-Leu) 2-resin (14a—c). 

14a: Boc-Leu-resin20) (1.88 g, containing 0.5 mmol of Boc-
leucine), which was prepared from chloromethylated copoly-
styrene divinylbenzene (2%) resin (0.65 mmol of Cl/g), was 
placed in a reaction vessel and swollen with AcOH (15 ml) 
overnight; this starting material was prepared similarly for 
14b and 14c. Elongation of peptide chain was carried out 
according to the schedule shown in Table 1. The coupling 
time was generally 4 h and exceptionally 8 h for Boc-valine 
and for Boc-proline. After completion of the final coupling 
cycle, the resin was washed with DMF, EtOH, AcOH, and 

CH2C12 successively, and dried in vacuo. Weight increase, 
473 mg (68%). 

14b : Instead of Boc-amino acid in procedure a, the Boc-
dipeptide fragment and HOBt (four equivalents, each) were 
added. After the addition of DCC (four equivalents), the 
vessel was shaken for 24 h. Weight increase, 542 mg (78%). 

14c: The Boc-tripeptide fragment, HOBt, and DCC (four 
equivalents, each) were added, and the reaction time was 48 
h. Weight increase, 508 mg (73%). 

Boc-(D-Phe-Pro-Val-Orn(N02Z)-Leu)2-N2H3 (16a—c). 
16a: To a suspension of 14a (1.19 g, 0.18 mmol) in DMF 
(13 ml) was added 100% hydrazine hydrate (0.35 ml, 7.2 
mmol). The mixture was shaken for 3 days at room tempera­
ture, the resin was removed by filtration and washed with 
DMF (13 mix3) , and the combined filtrate was evaporated 
in vacuo. The residue was treated with water (100 ml) to 
give yellowish powder; yield of crude hydrazide (15a), 273 
mg (94%); mp 141—148 °C; [a]2D° -103° (c 0.5, MeOH); 
purity estimated from absorption at 268 nm, 98% ; Rt

x 0.76 
with a faint tailing strip; R{

2 0.93. Compound 15a (200 mg) 
was dissolved in hot MeOH (20 ml), an insoluble material in a 
small amount being filtered off. The filtrate was evaporated 
to 4 ml and white precipitate of purified hydrazide (16a) was 
obtained by the addition of ether; yield, 178 mg (89%); mp 
150—151 °C; [a]2D° -119° (c 0.5, MeOH); purity at 268 nm, 
96%. 

Found: C, 58.98; H, 7.12; N, 13.82%. Calcd for C79H110-
O20N16 .H2O: C, 58.50; H, 6.96; N, 13.82%. 

16b: Compound 14b (1.06 g, 0.18 mmol) was treated as 
described for 15a; yield of crude hydrazide (15b), 286 mg 
(98%); mp 136—143 °C; [a]2D° -117° (c 0.5, MeOH); purity 
at 268 nm, 96%; Ä,1 0.76 with a faint tailing strip; R2 0.93. 
Compound 15b (200 mg) was treated as described for 16a; 
yield of 16b, 188 mg (94%); mp 152 °C; [a]^0 -145° {c 0.5, 
MeOH); purity at 168 nm, 98% (Found: C, 58.06; H, 6.96; 
N, 13.62%). 

16c: Compound 14c (1.14 g, 0.18 mmol) was treated as 
described for 15a; yield of crude hydrazide (15c), 285 mg 
(98%); mp 134—140 °C; [a]2D° -125° (c 0.5, MeOH); purity 
at 268 nm, 95%; Ä,1 0.76 with a faint tailing strip; R2 0.93. 
Compound 15c (200 mg) was treated as described for 16a; 
yield 16c, 184 mg (92%); mp 153 °C; [cc]g -135° (c 0.5, 
MeOH); purity at 268 nm, 97% (Found: C, 58.29; H, 6.96; 
N, 14.37 % ) . 

H-(n-Phe-Pro-Val-Orn(N02Z)-Leu)2-N2H^2HCl(17a—c). 
17a: A solution of 16a (164 mg, 0.1 mmol) in 0.1 M hydro­
gen chloride in formic acid (2.2 ml) was allowed to stand for 
8 h at room temperature and then evaporated. The oily 
residue was solidified by the addition of ether; yield, 160 mg 
(99%); mp 168—171 °C; R^ 0.49 with a faint tailing strip; 
Rf

2 0.79; Rhys 0.53 with a faint tailing strip; purity at 268 
nm, 96%. 

17b: This was prepared from 16b (164 mg, 0.1 mmol) as 
described for 17a; yield, 161 mg (100%); mp 175 °C; R* 
0.49 with a faint tailing strip; R2 0.79; RLy8 0.53 with a faint 
tailing strip; purity at 268 nm, 95%. 

17c: This was prepared from 16c (164 mg, 0.1 mmol) as 
described for 17a; yield, 157 mg (97%); mp 175 °C; Ri 0.49 
with a faint tailing strip; Rt

2 0.79; Rhya 0.53 with a faint 
tailing strip; purity at 268 nm, 94%. 

cyclo(-(D-Phe-Pro-Val-Orn (N02Z)-Leu) 2-) ( 18a —c). 
18a: To a solution of 17a (144 mg, 0.09 mmol) in a mixture 
of AcOH (0.45 ml) and DMF (1.8 ml) were added 1 M HCl 
(0.1 ml) and 1 M NaNOa (0.1 ml) at - 3 0 °C. After being 
left for 30 min, the reaction mixture was added into pyridine 
(37 ml) at 0 °C. After being stirred for 3 days at 5 °C, the 
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solution was evaporated and the residue was dissolved in a 
mixture (12 ml) of MeOH and water (10: 1). The solution 
was applied on columns ( 1.9 X 20 cm, each) of Dowex 1 ( O H -

form) and Dowex 50 (H+ form). The columns were washed 
with the same solvent (200 ml) and the combined effluent was 
evaporated to leave an oily residue, which was crystallized 
by the addition of ether. The product was recrystallized from 
MeOH-ether; yield, 63 mg (46%); mp 218—223 °C; [a]2D° 
^230° (c 0.3, MeOH); purity at 268 nm, 96%; Ä,1 0.71; 
Äf

2 0.94. 

Found: C, 59.67; H, 6.95; N, 12.64% ; mol wt, 1509. Calcd 
for C76H102O18N14.2H2O: C, 59.38; H, 6.90; N, 12.76%; mol 
wt, 1500. 

18b: This was prepared from 17b (144 mg, 0.09 mmol) as 
described for 18a; yield, 64 mg (47%); mp 225—230 °C;[a]g 
-242° (c 0.3, MeOH); purity at 268 nm, 101%; Ä,1 0.71; 
R/ 0.94; mol wt, 1504 (Found: C, 60.16; H, 6.94; N, 12.74 

%)• 
18c: This was prepared from 17c (144 mg, 0.09 mmol) as 

described for 18a; yield, 48 mg (35%); mp 225—230 °C; 
[a]2D° -243° {c 0.3, MeOH); purity at 268 nm, 101%; Ä,1 

0.71; Äf
2 0.94; mol wt, 1507 (Found: C, 60.30; H, 6.97; N, 

12.71%). 
Preparation of 18n from Natural GS. To a solution of 

natural GS (21 mg, 0.017 mmol) in pyridine (1.7 ml) was 
added/»-nitrobenzyloxycarbonyl chloride10) (0.36 g, 1.7 mmol) 
at —10 °C. After being stirred for 7 h at 0 °G, the solution 
was evaporated. The resulting residue afforded a yellowish 
precipitate (0.25 g) by the addition of water. The precipi­
tate was dissolved in MeOH (5 ml), and the solution was 
applied on a column of Sephadex LH-20 (1.8x 110 cm) and 
developed with MeOH. The fractions with the desired prod­
uct were collected and evaporated, the resulting oily residue 
being crystalized by the addition of ether; yield, 23 mg (75 
% ) ; mp 245—247 °C; [a]2D° -248° (c 0.3, MeOH); purity at 
268 nm, 100%; Ä,1 0.71; Äf

2 0.94 (Found: C, 59.54; H, 
6.96; N, 12.61%). 

Sephadex LH-20 Column Chromatography of 15a—c and 18a—c. 
15a: A portion (10 mg) of 15a was applied on a column of 
Sephadex LH-20 (1.8x110 cm) using MeOH as an eluate. 
The chromatogram showed a single peak at 145 ml. 

15b and 15c: The chromatograms of 15b and 15c in the 
same conditions also showed the same patterns as that of 15a. 

18a : A portion (5 mg) of 18a was applied on the same 
column as described for 15a. The chromatogram showed the 
same single peak at 149 ml as that of the reference compound 
(18n). 

18b and 18c : The chromatograms of 18b and 18c in the 
same conditions also showed the same patterns as that of 18n. 

cyclo(-(-D-Phe-Pro-Val-Orn-Leu)2-) . 2HCI (19a—c). 
19a: Compound 18a (30 mg, 0.02 mmol) dissolved in 0.01 
M hydrogen chloride in MeOH (6 ml) was hydrogenated 
using palladium black as a catalyst. The filtrate was evapo­
rated and the residual solid was recrystallized from EtOH-1 
M HCl; yield, 18 mg (76%); mp 269—275 °C; [a]g - 2 6 0 ° 
(c 0.4, EtOH); i?f

2 0.83, Rt* 0.80. 
Found: C, 56.53; H, 7.79; N, 12.41%. Calcd for C60H92-

O10N12.2HCl-4H2O: C, 56.01; H, 7.94; N, 13.07%. 
19b: This was prepared from 18b (30 mg, 0.02 mmol) as 

described for 19a; yield, 15 mg (60%); mp 274—279 °C;[a]8
D° 

-252° (c 0.4, EtOH); R* 0.83; Rf
3 0.80 (Found: C, 55.85; 

H, 7.63; N, 12.46%). 
19c: This was prepared from 18c (30mg, 0.02 mmol) as 

described for 19a; yield, 16 mg (65%); mp 274—279 °C; [oc] g 
-253° (c 0.4, EtOH); R{

2 0.83; Rt
3 0.80 (Found: C, 56.12; 

H, 7.65; N, 12.64%). 

Comparison of Synthetic GS-2HCI (19a—c) with Natural GS-
2HCL Physical constants and Rf values of 19a—c were 
shown above. Physical constants and Rf values of natural 
GS-2HC1; mp, 274—276 °C; [a]J -258° (c 0.6, EtOH); Äf

2 

0.83 R{
3; 0.80. In addition to showing the same i?f values in 

paper and thin-layer chromatography, the natural and all 
three synthetic GS-2HC1 revealed indistinguishable paper 
electrophoretic patterns and identical behavior in the carboxy-
methylcellulose column chromatography in the conditions 
described previously.21) 

Microbiological Assays. The minimum amount of the 
synthetic and natural GS-2HC1 necessary for the complete 
inhibition of growth of several microorganisms was determined 
by a dilution method using a nutrient agar. All three synthetic 
GS«2HC1 exhibited the same antibacterial activities as those 
of natural GS • 2HC1. The minimum inhibitory concentration 
of the compounds were 2—4 fxg/ml on Staphylococcus aureus, 4— 
7 fxg/ml on Bacillus subtilis, and 50—100 fxg/ml on Escherichia 
coli. 

The authors wish to express their thanks to the staff 
of Institute of Biological Science, Mitsui-Toatsu Chemi­
cals, Inc. , Mobara , for the biological assays. They also 
thank to Meiji Seika Kaisha, Ltd. for the donation of 
natural GS. 
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A, B, and C, from Euphorbia Millii 
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Toxic compounds were isolated from Euphorbia Millii Ch. des Moulins (Euphorbiaceae). The structure of the 
milliamines was established from chemical and spectral evidence. Furthermore, the acute toxicity of milliamine 
A was examined. 

Although Euphorbia Millii Ch. des Moulins (Japanese 
name, Hanakirin) is widely cultivated for decorative 
purposes, its toxicity is also known. The toxic compound 
of this plant is of interest. A detailed survey of methanol 
extracts gave three alkaloidal toxic compounds, namely, 
milliamines A (l),1) B (2),1) C (3).2> Particularly 
milliamine A hydrochloride possesses high toxicity 
(LD 5 0 =0.64mg/kg) . 

Isolation of Milliamines. Dried roots were extracted 
with methanol over a period of a few days. T h e evapora­
tion of methanol under reduced pressure gave a moist 
oily material, which was extracted with ether several 
times. The organic layers were concentrated and the 
residual oily material was subjected to chromatography 
on silicic acid. T h e toxic material responded positively 
totheDragendorff test . A fraction (responding positively 
to the DragendorfT test) afforded milliamine A, which 
was purified as a hydrochloride. Milliamine A hydro­
chloride was recrystallized from acetone. Milliamines 
B and C were purified by preparative thin-layer 
chromatography. Milliamine B hydrochloride was 
obtained as a powder. Milliamine C was unstable in 
acidic media, and was purified by repetitive preparative 
thin-layer chromatography. The physical and spectral 

data of these new compounds are summarized in 
Table 1. 

The Structure of Milliamine A. Milliamine A (1) 
possesses the molecular formula, C4 5H4 9N3O1 0 . Strong 
hydrogen bonding was present in 1 judging from the 
absorption in the region of 2800—3600 c m - 1 in the I R 
spectrum. Also, the I R spectrum showed the presence 
of carbonyl groups (1725, 1690, 1670, and 1645 cm"1) 
including an ester group, which is cleavable by methanol-
ysis. In practice, t reatment of milliamine A (1) with 
sodium methoxide afforded an alkaloidal part, com­
pound 4, and an alcohol (5). 

Compounds 4 was purified by recrystallization from 
methanol and possesses the molecular formula C24H23-
N 3 0 5 : m p 160—161 °C; I R (KBr) 3400, 3250, 2400— 
3Ö00, 1690, 1670, 1630, 1590, 1510, and 1300 cm" 1 ; 
N M R (60 M H z , acetone-</6) Ô 2.73 [6H, s, - N ( C H 3 ) 2 ] , 
3.77 (3H, s, - C O O C H 3 ) , 6.8—7.6 (8H, m) , 7.7—8.1 
(2H, m) , 8.60 (1H, d of d, 7 = 1 . 0 and 10 Hz) , 9.26, 
11.3, and 12.9 (1H each, br s, exchangeable with D 2 0 ) . 
The I R spectrum of compound 4 indicates the presence 
of <x,ß-unsaturated ester group (1690 c m - 1 ) , and reduc­
tion with lithium aluminum hydride of 4 afforded an 
alcohol (6). Furthermore, the presence of two amide 

TABLE 1. PHYSICAL CONSTNATS AND SPECTRAL DATA OF MILLIAMINES 

Milliamine A (1) 
C4BH49N3O1 0 

Milliamine B (2) Milliamine G (3) 
C43H47N309 

Mp 167—170 °G 
(hydrochloride) 

[a ] 2
D

5 + 6 (c 1.4, GHG13) 
(hydrochloride) 

UV 232 (e 37300), 260 (21900) 
(MeOH) 315 (14100), and 342 nm (4800) 

(hydrochloride) 
IR 2800—3600, 1725, 1690, 1670, 

1645, 1610, 1585, 1530, and 
1310 cm-1 (KBr, hydrochloride) 

NMR (60 ô 0.5—1.4 (11H, complex pattern), 
MHz, 1.83 (3H, d, J= 1.0 Hz, H-19), 
CDCI3) 2.05 (3H, s), 2.83 (6H, s), 

3.64 (1H, s, OH), 3.95 (1H, m, 
H-5), 4.15 (1H, m, H-8), 4.10 
(1H, brs , OH), 4.43, 4.80 
(2H, AB q, 7 = 13 Hz, H-20), 
5.80 (1H, s, H-3), 6.15 (2H, m, 
H-l andH-7), 7.1—7.8 (8H, 
complex pattern), 7.9—8.3 (2H, 
m), 8.85 (1H, d of d, 7=1 .0 
and 10 Hz), 9.3—9.8, 11.6, and 
13.3 (1H each, br s, OH) ppm 

140 °C (dec) 
(hydrochloride) 
- 1 4 (c 1.4, CHCI3) 
(hydrochloride) 

227 (e 43800), 260 (18800), 
315 (14600), and 342 nm 
(5000) (hydrochloride) 
2800—3600, 1710, 1685, 1670, 
1650, 1610, 1580, 1520, and 
1300 cm - 1 (KBr, hydrochloride) 

ô 0.93 (3H, d, J =6.0 Hz, H-l8), 
1.05 (3H, s), 1.09 (3H, s), 
0.5—1.2 (2H, m), 1.76 (3H, d, 
J= 1.0 Hz, H-19), 2.78 (6H, s), 
3.65 (1H, m, H-5), 3.6—3.7 
(1H, brs , OH), 4.10 (1H, m, 
H-8), 4.0—4.2 (2H, br s, OH), 
4.35 (1H, s, H-3), 4.34, 4.83 
(2H, AB q, 7 = 13 Hz, H-20), 
5.85 (1H, q, 7 = 1 . 0 Hz, H-l), 
6.12 (1H, m, H-7), 6.9—7.8 
(8H, complex pattern), 7.9—8.2 
(2H, m), 8.79 (1H, d, o f d , / = 
1.0 and 10 Hz), 9.50, 11.7, and 
13.4 (1H each, br s, OH) ppm 

amorphous powder 

+ 11 (c 1.0, CHGI3) 

227 (e 43500), 262 (18800), 
315 (14500), and 342 nm 
(4900) 

2800—3600, 1715, 1695, 1680, 
1630, 1610, 1580, 1520, and 
1300 cm"1 (CHCI3) 
Ö 1.02 (3H, d, / = 6 . 0 Hz, H-l8), 
1.03 (6H, s, H-16 and H-17), 
1.80 (3H, d, 7 = 1 . 0 Hz, H-19), 
2.80 (6H, s), 3.65 (1H, s, OH), 
3.8—4.5 (6H, m, H-5, H-8, 
H-20, and 2 OH), 5.75 (1H, s, 
H-3), 6.0—6.2 (2H, m, H-l and 
H-7), 7.0—7.8 (8H, complex 
pattern), 7.9—8.3 (2H, m), 
8.80 (1H, m), 9.5, 11.5, and 13.2 
(1H each, br s, OH) ppm 
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groups was indicated by the I R spectrum (1670, 1630, 
1510, and 1300 c m - 1 ) . T h e remaining nitrogen atom 
was deduced to be present in a dimethylamino group, 
judging from the signal in the N M R spectrum of 
compound 4 [<5 2.73 (6H, s)]. Also, the remaining 
oxygen atom was suggested to be in a hydroxyl group 
forming strong a hydrogen bond, which was assigned 
to the signal at ô 12.9 in the N M R spectrum. This data 
suggests that compound 4 possesses aromatic rings. A 
high-resolution mass spectrum showed the presence of 
three fragment ions, G9H1 0NO+", CLHgNCV", and 
C 8 H 9 N 0 2

+ ' . This indicates that these fragments are 
dimethylanthraniloyl, hydroxyanthraniloyl, and methyl 
anthranilate groups, respectively. In particular, the 
dimethylanthraniloyl group was confirmed by the fact 
that oxidation of 4 with K M n 0 4 afforded a quinazolone 
(7), which was identified with a naturally-occurring 
alkaloid (7), glycomicine,3) from spectral data4* and 
physical constants. This compound (7) was produced 
by the oxidation of one methyl group in the dimethyl­
anthraniloyl group and the aromatic ring in the hydroxy­
anthraniloyl group, followed by cyclization. The 
hydrolysis of 4 with an aqueous N a O H solution afforded 
a carboxylic acid (8), but with 6 M H G l - M e O H gave 
methyl N- (dimethylanthraniloyl)-3- hydroxyanthranilate 
(9) and methyl anthranilate. Compound 9 was deduced 
to possess a dimethylanthraniloyl group and a hydroxy­
anthraniloyl from its fragmentation of mass spectrum. 
The fragment peak resulting from dehydration, in this 
spectrum, was much stronger than that of the usual 
phenolic compounds. This observation is explained 
by the next reaction: 9 was readily dehydrated to a 
benzoxazole (10) in a gas-liquid Chromatograph. T h a t 
the hydroxyanthraniloyl group is 3-hydroxyanthra-
niloyl, but not 6-hydroxyanthraniloyl (i.e. a 3-amino-
salicyloyl group), was supported by a comparison of the 
N M R spectra of compound 9 and a 3-aminosalicyloyl 
derivative. T h e structure of compound 9 was confirmed 
by synthesis. Dimethylanthranilic acid was converted 
to the imidazolide by the action of JV,iV'-carbonyldi-
imidazole with no solvent. To a T H F solution of this 
imidazolide was added 3-hydroxyanthranilic acid, and 
the subsequent addition of CH 2 N 2 gave methyl 
N- (dimethylanthraniloyl) -3-hydroxyanthranilate, which 
exhibits IR , N M R , and mass spectra and a melting 
point identical with compound 9. 

O n the other hand, alcohol 5 was converted to a 
triacetate (11), which was identical with ingenol tri­
acetate. T h e structure of ingenol triacetate was unam­
biguously established using X-ray analysis by Hecker 
et alJ) 

Milliamine A is an ingenol derivative esterified by acid 
8, as described above, and by acetic acid, the presence 
of the latter acid being apparent in the N M R spectrum 
(see Table 1). Although the esterified position of ingenol 
remains to be defined, this problem was solved by the 
following chemical and spectral evidence. Trea tment 
of the hydrochloride of milliamine A with methanol -
aqueous N a H C O s gave ingenol monoacetate (12), 
whose N M R spectrum showed that the signal due to 
two protons at C-20, which appeared at <5 4.10 in ingenol 
(5), was observed as. an AB quartet at ô 4.25 and 4.80 

( 7 = 1 0 Hz) , indicating that a primary acetoxyl group 
is present in milliamine A (1). Furthermore, in the 
100 M H z N M R spectrum of milliamine A, the singlet 
observed at ô 5.80 (<5 4.32 in ingenol) was converted 
into a sharp singlet upon irradiation of the doublet 
attr ibuted to three protons at C-19 [ô 1.83 ( 7 = 1 . 0 
Hz)] . This phenomenon can be understood as long-
range coupling through the sp2 carbon atom. In 
addition, the fact that this signal, appearing at ô 5.80, 
can be attributed to the proton at C-3 was clarified by 
the following chemical evidence. Ingenol (5) was 
converted to a monocarbonate (13) by a reaction with 
JV,A7'-carbonyldiimidazole, which possesses a six-mem-
bered carbonate ring ( IR 1745 cm - 1 ) . The monocar­
bonate, 13, gave a dicarbonate (14) using the same 
procedure at elevated temperatures, in which six-
membered (1780 cm - 1 ) and five-membered (1830 cm - 1 ) 
carbonate rings were present. A comparison of the N M R 
spectra of carbonates 13 and 14 showed that only for the 
formation of the five-membered carbonate ring can the 
signal assigned to H-3 (ô 5.3) undergo a downfield shift. 
Moreover, cleavage of the bond between C-3 and C-4 
in the monocarbonate (13) by N a I 0 4 was attempted 
giving compound 15: I R (CHCLJ 3400, 1820, and 1725 
c m - 1 ; M S mje 372 (M+); N M R (100 M H z , CDC13) ô 
0.97 (3H, s), 1.08 (3H, s), 1.11 (3H, d, 7 = 6 . 0 Hz, 
H-18), 1.90 (3H, b r s , H-19), 2.80 (1H, m, H - l l ) , 3.13 
(1H, br d, 7 = 1 0 Hz, H-8), 4.18, 4.50 (2H, AB q, J= 
13 Hz, H-20), 5.53 (1H, s, H-3), 5.82 (1H, b r s , H - l ) , 
and 6.40 (1H, d, 7 = 4 . 5 Hz, H-7). In the N M R 
spectrum of the urethane (16) of this compound 15, 
the signal due to the protons at C-20 appears at ô 4.80 
as a singlet. It is believed that this compound 15 was 
formed by aldol condensation of the desired keto-
aldehyde intermediate (17) and subsequent migration 
of the carbonate group. 

On the basis of these results, it is concluded that the 

1 R i = X , R 2 = H , R 3 =Ac 
2 R ! = R 2 = H , R 3 = X 
3 R i = X , R 2 = R 3 = H 
5 R 1 = R 2 = R 3 = H 
11 R 1 = R 2 = R 3 = A c 
12 R ! = R 2 = H , R 3 =Ac 

4 X = O C H , 
8 X = O H 
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structure of milliamine A is 1. 
Examination of the Acute Toxicity of Milliamine A. 

The acute toxicity of milliamine A was examined using 
30 male ICR-SLC strain mice. The mode of adminis­
tration was intraperitoneal injection. For one week after 
njection, LD 5 0 was determined from the mortality rate 

of the mice according to Weil's method.6) The LD 5 0 

of milliamine A was 0.642 mg/kg. T h e symptoms 
observed 2—3 h after the injection were slight ptosis, 
diarrhea, decreased respiration, decreased body tem­
perature, tremors, etc., and occasionally, dyspnoe and 
clonic-tonic convulsion. From autopsies of the mice, 
hemorrhaging and lung and spleen congestion were 
observed. I t is assumed that the cause of death was 
respiratory arrest derived from injuries to the circulatory 
system. In a control experiment, 20% ethanol was used 
as a solvent, but no deaths were observed. These results 
are summarized in Table 2. 

TABLE 2. TOXICITY OF MILLIAMINE A 

Dose injected 
intraperitoneally 

(fig/kg) 

Mortality LD50 

(Hg/kg) 

270 
400 
600 
900 
1350 
2025 

0/5 
1/5 
1/5 
5/5 
4/5 
5/5 

642 

The Structure of Milliamine B. In milliamine B 
(2) an acetoxyl group is present. The structure of 
milliamine B is suggested from the result that methanol-
ysis of milliamine B afforded a compound (4) and an 
ingenol (5), which was identified as ingenol triacetate 

(7). The position esterified by the alkaloidal moiety was 
at C-20, on the basis of the N M R spectrum in which 
the signals at tr ibuted to two protons appeared at à 4.43 
and 4.83 as an AB quartet . 

Thus, the structure of milliamine B is represented 
by 2. 

The Structure of Milliamine C. Milliamine C (3) 
afforded a compound 4 and ingenol (5) upon methanol-
ysis with N a O M e in M e O H . The ingenol (5) was 
converted to triacetate 7 for identification with an 
authentic sample. In the N M R spectrum of 3, the 
acetoxyl group observed in the N M R spectrum of 
milliamine A, was absent and the signal assigned to the 
proton at C-3 appeared at ô 5.75 as a singlet. Conse­
quently, the structure of milliamine C was determined 
to be 3. 

Although the relationship between the toxicity and 
the structure is complex, the following facts are suggest­
ed. Ingenol and the triacetate are non-toxic, but 
ingenol derivative, in which the hydroxyl group at C-3 
was esterified with fatty acids2'7) or an alkaloidal moiety, 
indicate toxicity. However, according to our results, 
it appears that at least the acetylation of the hydroxyl 
group at C-20 has no relation to the toxicity of these 
derivatives because milliamines A and C are toxic. O n 
the other hand, the presence of a 3-hydroxyanthraniloyl 
derivative is rare8) and its carcinogenic properties 
may influence the cocarcinogenic characteristics of 
ingenol derivatives reported by Hecker.7) During this 
work, experiments concerning the carcinogenic activity 
of milliamine A were undertaken, but no result s were 
obtained due to interference of the strong toxicity. 

Exper imenta l 

All melting points are uncorrected. The UV spectra were 
measured in MeOH on a Perkin-Elmer Model 202 spectro­
photometer. The IR spectra were recorded with a Jasco 
Model 1RS spectrometer. The NMR spectra were deter­
mined on JNMC-60H, JNM4H-100, and Varian HA-100 
spectrometers; Chemical shifts (ô) are given in ppm relative 
to the internal TMS. The mass spectra were determined on 
a Hitachi RMU-6C mass spectrometer equipped with a 
direct inlet system, and the high-resolution mass spectra on 
a JEOLGO GMS-01SG mass spectrometer. A Hitachi K-53 
gas Chromatograph was employed for analytical GLC. A 
Varian 1820-4 gas Chromatograph was used for preparative 
GLC. For TLC, silica gel GF254, PF254 (E. Merck, A. G., 
Germany) and alumina PF254-Type T (E. Merck, A. G., 
Germany) were used; the thickness employed were 0.25 mm 
for analytical purposes, and 1.00 mm for preparative purposes. 
For column chromatography, silica gel (100 mesh, Mallin-
ckrodt, U.S.A.) was used. The organic solutions were dried 
over Na2S04 and evaporated in a vacuum evaporator. 

Extraction of Milliamines A (1),B (2), and C (3). Roots 
(7.7 kg) of Euphorbia Millii Ch. des Moulins (45 kg) were 
dried and cut into small pieces. 20 1 of methanol was added 
to the roots. The mixture was left for a few days at room 
temp and was filtered with suction. This methanol-extrac-
tion procedure was repeated twice. The combined methanol 
extracts were concentrated below 60 °C, to afford a green 
solution (50 ml) which was diluted with ether (500 ml). 
The ether layer was separated from a water layer which was 
extracted with ether three times. The combined ether 
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solutions were washed with saturated NaCl aq solution, 
dried, and concentrated, giving an oily mixture (41 g) . T h e 
resulting material was subjected to chromatography on 
silicic acid (500 g) with CHC13 . T h e eluates of GHC13 

afforded some triterpene compounds. After changing the 
solvent to C H C l 3 - M e O H ( V / V = 2 0 / l ) , the early fraction 
gave an oily material (7 g) containing milliamine A. To an 
ethereal solution (100 ml) of this mixture was added 15 ml 
of ether saturated with H C l gas. Filtration with suction 
afforded a green powder of hydrochloride (1.2 g) , which was 
dissolved in acetone (5 ml) and the solution was allowed to 
stand, giving crude crystals (691 mg) . Recrystallization 
from acetone afforded 480 mg of milliamine A hydrochloride. 
T h e next eluate gave a mixture of milliamines B and C, which 
were purified by repeated T L C . Mill iamine B (67 mg) was 
obtained as a hydrochloride following the same procedure as 
for milliamine A. T h e unstable properties of milliamine G 
in acidic conditions did not permit further purification via 
hydrochloride formation. After repeated T L C , 30 mg of 
milliamine C was obtained. T h e physical and spectral d a t a 
are recorded in Tab le 1. 1, (Found: G, 64.80; H , 5.99; N, 
4.84; Gl, 4 .30%. Galcd for C 4 6 H 5 0 N 3 O i n Cl : C, 64.76; H , 
6.10; N, 5.07; CI, 4 .28%) . 2, (Found: C, 64.53; H , 6.04; 
N, 5.19%. Calcd for C4 3H4 8N3OöCl : C, 64.50; H , 6.09; 
N , 5 . 3 2 % ) . _ 

Methanolysis of Milliamine A (1). T o a solution of 
milliamines A hydrochloride (30 mg) in anhydrous M e O H 
(2 ml) was added a solution (0.5 ml) of N a O M e in M e O H 
(prepared from 100 mg of N a and 20 ml of anhydrous M e O H ) 
at room temp. T h e solution was stirred at room temp for 1 h. 
Neutralization through a column of Amberli te IRC-50 (H-
form) (4 ml) was performed. This eluate and a methanol 
washing solution were combined and concentrated. T h e 
resulting yellow oily material was subjected to chromatography 
on silicic acid. T h e CHC1 3 eluate afforded compound 4 
(17 mg) , which was recrystallized from M e O H , and the 10% 
M e O H - C H C l 3 eluate gave glassy 5 (15 mg) . 4, Found : 
m/e 433.1638. Calcd for C 2 4 H 2 3 N 3 0 7 : m/e 433.1631. Found : 
m/e 151.0614. Calcd for C 8 H 9 N 0 2 : m/e 151.0633. Found : 
m/e 148.0747. Calcd for C 8 H 1 0 N O : m/e 148.0762. Found : 
m/e 135.0304. Calcd for C 7 H 5 N 0 2 : m/e 135.0304. 5, I R 
(CHC13) 3410, 1705, and 1635 c m - 1 ; N M R (60 M H z , CDC13) 
0.6—1.2 (2H, m, H-13 and H-14), 0.94 (3H, d, 7 = 6 . 0 Hz , 
H-18), 1.12 (3H, s), 1.52 (3H, s), 1.82 (3H, d, 7 = 1 . 0 Hz , 
H-19) , 3.77 (1H, br s, H-5) , 4.10 (2H, br s, H-20), 4.32 (1H, 
s, H-3) , 4.0—4.4 (1H, m, H-8) , 3.0—4.0 (4H, br s, O H ) , 
5.84 (1H, q, / = 1.0 Hz, H - l ) , and 6.02 (1H, br d, 7 = 3 . 0 Hz, 
H-7) ; M S 348 (M+). 

Alcohol (6). A mixture of 4 (5 mg) and L A H (3 mg) 
in anhydrous ether (2 ml) was stirred at 0 °C for 1 h, and 
diluted with 5 ml of water. T h e mixture was extracted with 
three 5 ml portions of CHC13 . T h e combined CHC1 3 layers 
were washed with saturated NaCl aq solution, dried, and con­
centrated to afford an oily product . T h e product was pur i ­
fied by preparat ive T L C . 6, I R (CHC13) 3600, 3550, 1655, 
1630, 1595, 1515, and 1315 cm" 1 ; N M R (60 M H z , acetone-
d6) 2.72 (6H, s), 4.70 (2H, br s,) 4.70 (1H, s, O H ) , 7.0—7.5 
(10H, m) , 8.00 (1H, m) , 9.42, 9.80, and 13.2 (1H each, br s, 
O H ) ; M S 405 (M+). 

Quinazolone (7). A mixture of 4 (37 mg) and K M n 0 4 

(40 mg) in a 6 % aq N a O H solution was stirred at room temp 
for 15 min. After the addition of water (5 ml) , the aq solution 
was repeatedly extracted with CHC13 . T h e CHC1 3 layer were 
dried over N a 2 S 0 4 , and concentrated giving an oily mater ia l 
(10 mg) . T h e water layer was neutralized with H C l and 
extracted with CHC1 3 (5 ml) . T h e extracts were dried over 
N a 2 S 0 4 and concentrated to give compound 7. Recrystal­

lization from ether afforded crystalline 7 (3 mg) ; m p 269— 
270 °C (lit, 269—270 °C);3> I R (KBr) 3410, 1708, 1690, 1660, 
and 1605 cm" 1 ; M S 176 (M+) (Found: m/e 176.0585. Calcd 
for C 9 H s N 2 0 2 : m/e 176.0587). 

Hydrolysis of 4. Compound 4 (5 mg) was dissolved 
in M e O H (2 ml) . After the addition of a 5%0 aq N a O H 
solution (2 ml) to the solution, the mixture was stirred at 
room temp for 2 h. After acidification (to ca. p H 2) with an 
aq H C l solution, a cloudy solution was extracted with three 
3-ml portions of CHC13 . T h e CHC1 3 layers were combined, 
dried over N a 2 S 0 4 , and concentrated to give an oily com­
pound 8 (3 m g ) ; I R (CHC13) 2800—3500, 1690, 1670, 1625, 
and 1590 c m - 1 ; N M R (60 M H z , CDC13) 2.90 (6H, s), 7 .1— 
7.6 (8H, m) , 8.0—8.3 (3H, m) , and 9.5—10.0 (4H, b r s , O H ) 
(Found: m/e 419.1500. Calcd for C 2 3 H 2 1 N 3 0 5 : m/e 419.1506). 

Methyl N-(Dimethylanthraniloyl) anthranilate (9). A 
solution of compound 4 in M e O H (2 ml) -6 M HCl (2 ml) was 
stirred at 60 °C for 18 h. After dilution with 10 ml of water, 
the mixture was extracted with five 5-ml potions of CHC13 . 
T h e extracts were dried over N a 2 S 0 4 and concentrated to 
give an oily product (15 mg) . Purification by preparative 
T L C on alumina with benzene yielded 9 (7 mg) and methyl 
anthrani late (2 mg) , 9, m p 89—90 °C (recrystallized from 
methanol ) ; I R (CHC13) 2800—3450, 1705, 1630, 1595, and 
1300 c m - 1 ; N M R (60 M H z , acetone-rf«) 2.84 (6H, s), 3.88 
(3H, s), 7.0—7.7 (6H, m ) , 8.10 (1H, m) , 9.43, and 13.1 (1H 
each, br s,) ; M S 314 (M+), 296 (Found: m/e 314.1266. Calcd 
for C 1 7 H 1 8 N 2 0 4 : m/e 314.1283). 

Benzoxazole 10. Injection of compound 9 (10 mg) into 
a column ( 5 % SE-30 on chromosorb W, l ' / 4 x 10 ft) for G L C 
(270 °C, 60 ml/h flow of H e carrier gas) afforded 10 after a 
period of 4.2 min. 10, I R (CHC13) 1715, 1600, 1570, 1540, 
1490, and 1300 c m - 1 ; N M R (60 M H z , acetone-^,) 2.76 (6H, 
s), 3.90 (3H, s), and 6.8—8.0 (7H, m) (Found: m/e 296.1199. 
Calcd for C 1 7 H 1 6 H 2 0 3 : m/e 296.1190). 

The Synthesis of Methyl N-(Dimethylanthraniloyl) anthranilate 
(9). A mixture of methyl dimethylanthrani late (50 mg) 
and iVjiV'-carbonyldiimidazole (50 mg) was heated to 90 °C 
for 2 min and mainta ined at room temp for 30 min. T o the 
mixture, 50 mg of 3-hydroxyanthranilic acid was added. 
This oily mixture was mainta ined at 90 °C for 10 min, and 
was dissolved in a 30-ml solution of T H F and stirred at 90 °C 
for 2 h. After dilution with water (10 ml) , the solution was 
extracted with five 10-ml portions of CHC13 . T h e extracts 
were dried over N a 2 S 0 4 and concentrated to afforded an oily 
mixture. T h e oily product was methylated in ether with 
CH 2 N 2 , giving crude 9. T h e mixture was separated by pre­
parat ive T L C on alumina with benzene. T h e eluate from 
alumina with C H C l 3 - A c O E t (1 :1 ) which was then eva­
porated afforded 9 (72 mg) , which was recrystallized from 
methanol to give 9 (55 mg) ; m p 89—90 °C. 

Ingenol Triacetate (11). A solution of ingenol (5) (32 
mg) in A c 2 0 (0.06 ml) and dried pyridine (2 ml) was main­
tained at room temp overnight, to which 10 ml of water was 
added. T h e solution was extracted with five 10-ml portions 
of CHC13 . T h e CHC1 3 layers were combined, washed with 
an aq H C l solution, an aq N a H C O s solution, and saturated 
NaCl aq solution dried over N a 2 S 0 4 , and concentrated to 
give an oily compound. This oily product was recrystal­
lized from M e O H to afford crystalline ingenol triacetate (11) 
(25 m g ) ; m p 197—198 °C (lit, 196—197 °C);5> I R (CHC13) 
3440, 1740, 1710, and 1635 cm" 1 ; N M R (60 M H z , CDC13) 
0.6—1.0 (2H, m) , 1.00 (3H, d, 7 = 6 . 0 Hz) , 1.07 (3H, s), 1.11 
(3H, s), 1.78 (3H, d, 7 = 1 . 5 Hz) , 2.03 (3H, s), 2.15 (3H, s), 
2.23 (3H, s), 3.25 (1H, s, O H ) , 4.0—4.3 (1H, m) , 4.18, 4.62 
(2H, AB q, 7 = 12 Hz) , 5.00 (1H, s), 5.41 (1H, br s), 6.10 (1H, 
q, 7 = 1 . 0 Hz) , and 6.25 (1H, br d, 7 = 4 . 5 Hz) (Found: m/e 
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474.2259. Calcd for C 2 6 H 3 , 0 8 : m/e 474.2253). 
Ingenol Monoacetate (12). Milliamine A hydrochloride 

(52 mg) was dissolved in an aq solution (10 ml) of N a H C O s 

(300 mg) and 20 ml of M e O H . This mixture was stirred for 
1 h at room temp. Water was added to this solution, which 
was extracted with five 10-ml portions of CHC13 . T h e CHC1 3 

layers were combined, washed with a saturated NaCl solution, 
dried over N a 2 S 0 4 , and concentrated to give an oily product 
(55 mg). This product was purified by preparat ive T L C to 
give ingenol monoacetate (12) (15 m g ) ; I R (CHC13) 3480, 
1725, and 1645 cm" 1 ; N M R (60 M H z , CDC13) 0.95 (3H, d, 
7 = 6 . 0 Hz) , 1.03 (3H, s), 1.07 (3H, s), 1.80 (3H, d, J= 1.0 Hz) , 
2.01 (3H, s), 3.60 ( I H , br s), 3.8—4.2 (1H, m) , 4.40 (1H, s), 
4.25, 4.80 (2H, AB q, 7 = 10 Hz) , 5.90 ( I H , q, 7 = 1 . 0 H z ) , 
and 6.05 ( I H , m) (Found: m/e 390.2014. Calcd for C2 2H3 0-
0 6 : m/e 390.2041). 

Ingenol Monocarbonate (13). A mixture of ingenol (5) 
(20 mg) and N,N'-carbonyldiimidazole (15 mg) was dissolved 
into T H F (2 ml) , stirred for 2 h at room temp and monitered 
by T L C on silicic acid. Evaporat ion of T H F at 40 °C 
afforded an oily product, which was dissolved into a 1% aq 
HCl solution (5 ml) and CHC1 3 (5 ml) by shaking. T h e 
CHC13 was separated and purified by preparat ive T L C to 
give monocarbonate 13 ( 13 mg) and ingenol (5 mg) 13, I R 
(CHC18) 3450, 1745, 1725, and 1665 c m - 1 ; N M R (60 M H z , 
CDC13) 0.90 (3H, d, 7 = 6 . 0 Hz) , 1.05 (3H, s), 1.10 (3H, s), 
1.83 (3H, d, 7 = 1.0 Hz) , 4.0—5.0 (7H, m) , 5.80 ( I H , q, 
7 = 1 . 0 Hz) , and 6.20 ( I H , m ) ; M S 374 (M+). 

Ingenol Dicarbonate (14). A T H F solution (1 ml) of 
monocarbonate (13) (10 mg) and N,N'-carbonyldiimidazole 
(10 mg) was stirred at 40 °C for 2 h and concentrated to give 
a mixture. After preparat ive T L C , an oily product was re-
crystallized from ether to afford crystalline 14; m p 204— 
206 °C; I R (GHGI3) 1830, 1780, 1740, and 1660 cm" 1 ; N M R 
(60 MHz, CDC13) 0.9 (3H, d, 7 = 6 . 0 Hz) , 1.1 (3H, s), 1.2 
(3H, s), 2.1 (3H, d, 7 = 1.0 Hz) , 3.7 ( I H , br. d, 7 = 1 2 Hz) , 
4.5—4.8 (2H, AB q, 7 = 1 3 . 5 Hz) , 4.7 ( I H , m) , 5.3 ( I H , s), 
5.9 ( IH , q , 7 = 1.0 Hz) , a n d 6 . 2 ( I H , m) (Found: m/e 400.1510. 
Calcd for C 2 2 H 2 4 0 7 : m/e 400.1521). 

Compound 15. A mixture of monocarbonate 13 and 
an aq N a I 0 4 solution (100 mg/5 ml H 2 0 ) in T H F was stirred 
for 7 h at 40 °C. After the addition of water (5 ml) , the 
mixture was extracted with four 5-ml portions of CHC1 3 . 
The extracts were washed with saturated NaCl aq solution, 
dried, and concentrated to give oily 15 (13 mg) (Found: m/e 
372.1518. Calcd for C 2 1 H 2 4 0 6 : m/e 372.1571). 

Urethane 16. A mixture of compound 15 (10 mg) and 
phenyl isocyanate (30 mg) in T H F containing a trace of 
pyridine was stirred at 80 °C for 3 h. After dilution with 
water, the aq solution was extracted with three 5-ml portions 
of CHCI3. T h e extracted layers were combined, dried over 
N a 2 S 0 4 , and concentrated to yield a product. Separation 

and purification by preparat ive T L C on silicic acid afforded 
glassy 16; I R (CHC13) 3430, 1830, 1730, 1605, and 1525 cm" 1 ; 
N M R (60 M H z , CDCLJ 4.80 (2H, s), 5.50 ( I H , q, J= 1.0 Hz) , 
5.95 ( I H , m) , 6.50 ( I H , br d, 7 = 4 . 5 Hz) , 6.90 ( I H , s, N H ) , 
and 7.00 (5H, m ) ; M S 491 (M+). 

Methanolysis of Milliamine B (2). T o a solution of 2 
(29 mg) and anhydrous M e O H (2 ml) was added a solution 
(0.3 ml) of N a O M e in M e O H (prepared from 374 mg of N a 
and 40 ml of anhydrous M e O H ) . T h e solution was main­
tained at room temp for 1 h and was added the Amberlite 
IRC-50 (H-form) required for neutralization of the N a O M e . 
T h e resin was filtered with suction and the ni trate was con­
centrated, affording an oily mixture (32 mg) , which was 
separated by preparat ive T L C on silica gel. Two eluates 
of AcOEt were concentrated, affording 4 and 5. Compound 
4 was recrystallized from methanol to give crystalline 4 (7 mg) ; 
m p 160—162 °C. Ingenol (5) was acetylated with Ac a O 
and pyridine (2 ml) to give ingenol tr iacetate (11). 11, 
m p 196—198 °C (recrystallized from M e O H ) . 

Methanolysis of Milliamine C (3). T o a solution of 
milliamine C (22 mg) in anhydrous M e O H (2 ml) was added 
a solution (0.1 ml) of N a O M e in M e O H (prepared from 
200 mg of N a and 40 ml of anhydrous M e O H ) . T h e solution 
was mainta ined at room temp for 1 h and the Amberli te 
IRC-50 (H-form) required for neutralization of the N a O M e . 
The resin was filtered with suction and the filtrate was con­
centrated, affording an oily mixture (18 mg) . T h e mixture 
was separated by preparat ive T L C on silica gel. Two eluates 
of AcOEt were concentrated to yield 4 and 5. Compound 4 
was recrystallized from M e O H to afford crystalline 4 (2 mg) ; 
m p 159—161 °C. Alcohol 5 was treated with A c 2 0 (0.1 ml) 
and pyridine (2 ml) , followed repeated by evaporation of the 
A c 2 0 and pyridine under reduced pressure after addition of 
benzene. T h e residue was recrystallized from M e O H to 
give crystalline 11, m p 195—198 °C. 
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The aromatic sextet theory of Clar was used to estimate the degree of aromaticity in benzenoid hydrocarbons. 
The resonance energies obtained correlate well with the Dewar-type resonance energies calculated in a previous 
paper. 

An aromatic sextet is defined as a benzene unit (six 
sp2 carbon atoms arranged in a hexagon) which can 
be chosen from a benzenoid hydrocarbon, on condition 
that when the benzene unit and all the adjacent n bonds 
are removed from the n system, one or more Kekulé 
structures can be written for the residual n system.1) 
One or more aromatic sextets may further be chosen 
from the residual n system. Clar long ago stressed the 
importance of writing the structural formula of a 
benzenoid hydrocarbon with a max imum number of 
aromatic sextets.1) These aromatic sextets, isolated 
from each other in the same n system, are considered to 
be the main origin of aromatic stabilization.1-7) A 
structural formula thus defined is termed a sextet 
formula.4) In this paper, the degree of aromaticity in a 
benzenoid hydrocarbon is examined on the basis of the 
Clar aromatic sextet theory.1) 

Theoret ica l 

First, a new polynomial A {X) characterizing the 
aromaticity of a benzenoid hydrocarbon is proposed in 
the form 

A{X) = J}(-l)kr(k)X*m-*k, (1) 

where r{k) denotes the number of ways in which k 
disconnected aromatic sextets can be chosen from the 
7t system. Each coefficient of this polynomial has 
exactly the same meaning as the corresponding coeffi­
cient of a sextet polynomial B{X) defined by Hosoya and 
Yamaguchi.5) By definition r(0) is equal to unity. 
Therefore, k is less than, or equal to, the number of 
aromatic sextets m in the sextet formula. This type of 
polynomial is termed a resonance polynomial. For 
example, the resonance polynomial for triphenylene is 

A{X) = X* - 4X4 + 3X2 - 1. (2) 

Furthermore, the sextet polynomial5) for this compound 
is 

B(X) = 1 +4X+3X2 + XK (3) 

Next, the roots of the equation, A(X)=0, are arranged 
in decreasing order, 

X = Xx, X2, •••, Xm, Xm+1, ••-, XZm_-y, X2m. (4) 

We then define a new quantity, RE*, as 

RE* = KJ\Xk, (5) 

where the proportionality constant, K, is equal to the 
resonance energy of benzene {i.e., of a single aromatic 
sextet). 

Let us consider the physical meaning of this equation. 

We remember that, for an acyclic polyene, the H M O 
characteristic polynomial P{X) can be written as8) 

P{X) =^{-\)kp{k)X™-™, (6) 

where p{k) is the number of ways in which k disconnected 
7Z bonds are chosen from the TI system, and n is the 
number of formal double bonds in the canonical 
structure. The roots of the secular equation P{X)—0 
can be related to the n energy of the formal double 
bonds plus the additional n energy associated with a 
migration of this double bond character throughout the 
it system. By close analogy in form with this secular 
equation, the roots of the equation A{X)=§ can be 
formally expected to give some energetic quantity related 
to the aromatic sextets and their migration throughout 
the n system. To be more concrete, RE* in Eq. 5 can be 
interpreted as the resonance energy induced by the 
aromatic sextets in a benzenoid hydrocarbon. This 
quanti ty refers to the resonance energy in Dewar's 
sense.9-12) 

D i s c u s s i o n 

T h e following considerations help one to interpret 
RE* as the resonance energy. T h e resonance energy for 
a n system composed of aromatic fragments, connected 
by essentially single bonds, should be additive. This 
requirement is fulfilled by the definition of RE*. For 
example, a resonance polynomial for a polyphenyl {p-
polyphenyl) composed of m phenyl groups is written 
in the form 

A{X) = 53- m\ _X2m-2k = (X*-iy (7) 
£ok\(m-k)\ 

Therefore, for the polyphenyl, 

RE* = mK. (8) 

This result is consistent with the two resonance the­
oretical approaches proposed by Herndon and 
others.2'3-13-14) 

Further support for RE* is given by the close relation­
ship found between the resonance energy and the 
Kekulé structure count for benzenoid hydrocarbons. As 
mentioned in a previous paper,12) the following approxi­
mation holds fairly well for any polynomial Q,{X), if 
all the roots of equation Q{X)=Q lie in the interval 
between —3.0 and 3.0; 

\\Xk\ & 6.0846 log |Q.(z)!, (9) 

where 2m indicates the degree of the equation and 
i—^ — l. For most benzenoid hydrocarbons, the 
resonance polynomial A{X) fulfils the prerequisite for 
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this approximation. Accordingly, 

RE* & 3.0423ÜC log \A(i)\, (10) 

Here, the fact was used that if X' is a root of the equa­
tion A(X)=0, —X' is also a root. By comparing A(X) 
with the corresponding sextet polynomial B{X) defined 
by Hosoya and Yamaguchi,5) \A(i)\ is evaluated as 

\A(i)\ = B(l) = SC, (11) 

where SC is the Kekulé structure count. We then arrive 
at the interesting expression 

RE* & 3.0423# log SC. (12) 

This is none other than one of the expressions previously 
proposed by Herndon et A/.13»14) T h e confluence of 
their resonance theory and the present approach 
obviously provides mutual support for arguing the 
essential correctness of both approaches. 

Extensive numerical analysis gives definite support to 
the view that RE* represents the resonance energy of a 
benzenoid hydrocarbon. For this purpose, the equation 
A(X)=0 were solved for 30 typical benzenoid hydro­
carbons. The RE* values obtained were compared with 
the Dewar-type resonance energies, RE, analytically 
obtained by Aiha'ra11) (see Table 1 and Fig. 1). A 

TABLE 1. RESONANCE ENERGIES OF BENZENOID HYDROCARBONS 

Resonance 

Compound m RE*JK eneT^ &\ 

RE* RE 

a) K= 0.2726/?. b) K= 0.2503)9. c) ^=0.2343^. 

RE*/K 

Fig. 1. Plot of RE versus RE*IK for benzenoid hydrocar­
bons. Compounds with m— 1 are marked by Q, those 
with m = 2 by 0 , and those with m > 3 by (J . 

refined definition of RE is given in the Appendix. 
Figure 1 shows fairly good correlation between the 
values for RE and RE*jK. As indicated by Eq. 5, 
RE*JK signifies the sum of the first m roots of equation 
A(X)=0. O n the basis of this figure, the coefficient K 
actually appears close to the resonance energy of benzene 
(0.2726 ß).11) These facts firmly establish the above 
view of RE*, namely, 

RE** RE*. (13) 

However, if Fig. 1 is examined in detail, it is found 
that the benzenoid hydrocarbons investigated must be 
classified into groups, depending on the number of 
aromatic sextets, m, in the sextet formula. First, com­
pounds with m = l (polyacenes) form the first group. 
The resonance polynomial for a polyacene with n 
hexagons is 

A(X) = X2 - n. (14) 

RE* can be expressed as 

RE* = ^HK. (15) 

T h e solid line in Fig. 1 indicates that the resonance 
energies of the polyacenes fit Eq. 15 well if the resonance 
energy of benzene is assigned to K. This suggests that 
the aromatic character of benzene is fully retained in 
the aromatic sextet of all polyacenes. 

Moreover, the present interpretation of Clar's 
aromatic sextets shows that the migration of a single 
aromatic sextet in a polyacene considerably increases 
the overall resonance energy. This is in marked contrast 
to the structure-resonance theory of Herndon,2 '3) which 
predicts the limiting resonance energy of a polyacene 
to be 2.8 times the resonance energy of benzene. Equa­
tion 15 strongly suggests that such a small value for the 
resonance energy of an infinitely large polyacene is 
ra ther doubtful. 

Compounds with m = 2 form the second group of 
benzenoid hydrocarbons, in the sense that the RE* 
values correlate differently with the RE values. I n this 
case, if the coefficient K in Eq. 5 is slightly decreased, 
good linear correlation is maintained. As indicated by 

Benzene 1 
Naphthalene 1 
Anthracene 1 
Naphthacene 1 
Pentacene 1 
Hexacene 1 
Phenanthrene 2 
Pyrene 2 
Benz [a] anthracene 2 
Benzo[c]phenanthrene 2 
Chrysene 2 
Perylene 2 
Benzo [a] naphthacene 2 
Benzo [a] pyrene 2 
Pentaphene 2 
Dibenzo [d^mno] chrysene 2 
Benzo [b] chrysene 2 
Triphenylene 3 
Benzo [e] pyrene 3 
Dibenzo [a, j ] anthracene 3 
Dibenzo [a, fi] anthracene 3 
Dibenzo[c,g]- g 
phenanthrene 
Picene 3 
Benzo [b~] triphenylene 3 
Benzo[gAi]perylene 3 
Dibenzo[a,c]naphthacene 3 
Benzo [c] picene 3 
Coronene 3 
Dibenzo[/£,o/>]- 4 
naphthacene 
Dibenzo[g,/>] chrysene 4 

1.000 
1.414 
1.732 
2.000 
2.236 
2.449 
2.236 
2.449 
2.613 
2.732 
2.732 
2.828 
2.909 
2.909 
3.000 
3.076 
3.078 
3.181 
3.402 
3.449 
3.449 

3.494 

3.494 
3.574 
3.646 
3.878 
4.078 
4.135 

4.351 

4.449 

0.273a 

0.385a 

0.472a 

0.545a 

0.610a 

0.668a 

0.560b 

0.613b 

0.654* 
0.684b 

0.684b 

0.708b 

0.728b 

0.728b 

0.751b 

0.770b 

0.770b 

0.745b 

0.797c 

0.808e 

Ö.8Ö8C 

0.819e 

0.819e 

0.837eî 
0.854e 

0.909e 

0.955e) 
0.969e 

1.019e 

1.042e 

> 0.273 
> 0.389 

0.475 
> 0.553 

0.626 
0.706 

> 0.546 
0.598 
0.643 
0.687 
0.688 
0.740 

> 0.725 
0.725 
0.746 
0.766 
0.781 
0.739 
0.791 
0.806 

> 0.807 

0.832 

0.835 
0.845 
0.853 
0.929 
0.980 
0.947 

0.983 

1.041 
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the slope of long dashes in Fig. 1, the best K value is 
0.2503 ß for compounds with m=2. 

In this context, there is some evidence showing that 
each aromatic sextet in a polycyclic n system should 
ra ther be considered as a kind of substituted benzene. 
The resonance energy of any substituted benzène is 
somewhat smaller than that of benzene itself.11) This 
effect can readily be understood by comparing the 
resonance energies of benzene and biphenyl. T h e 
resonance energy of biphenyl (0.5017 yö) is somewhat 
smaller than twice the resonance energy of benzene 
(0.2726 ß).1V) Accordingly, the effective resonance 
energy assignable to each aromatic sextet in a polycyclic 
n system should be somewhat smaller than that of 
benzene. This may be the reason why the K-value for 
compounds with m > 2 becomes somewhat smaller than 
the resonance energy of benzene. 

Compounds with m > 3 constitute the third group of 
benzenoid hydrocarbons. For these compounds, the 
good linear relationship between the values for RE and 
RE* is characterized by a iC-value of 0.2343 ß. The 
short-segmented broken line in Fig. 1 represents this 
situation. Here , it is noteworthy that 8 6 % of the 
resonance energy of benzene is still retained in the K 
for such large benzenoid systems. 

Concluding R e m a r k s 

As seen above, an analysis of Clar's aromatic sextet 
theory1) appears to form the important basis for a 
resonance-theoretical consideration of conjugated hydro­
carbons. I t is interesting to note that some energetic 
quantities can be derived from such polynomials as 
Eqs. 1 and 6. Finally, one minor difficulty must be 
admitted in the present approach. This is caused by 
the fact that some roots of the equation A(X)=Q for 
certain compounds have a small imaginary part . 
Considering that the value of RE* is always real and is 
a good approximation to the exact resonance energy 
RE, this aspect of the approach need not be a cause for 
concern. 

Appendix 

The definition of resonance energy previously given by 
Aihara11) can be refined within the HMO theory as follows. 
Let the characteristic polynomial for a conjugated compound 
P(X) and the corresponding reference polynomial R(X) be 
written, respectively, as 

P{X) =X» + i\akX
N-\ (Al) 

and 

R{X) =XN + JtbkX
N-k, (A2) 

where N is the number of atoms in the n system. The roots of 
the secular equation P(X)=Q, arranged in decreasing order, 
are 

X = Xx, X2, ••', XN_X, XN. (A3) 

Each root, Xt, can be considered to be a function of N coef­

ficients of P(X), i.e., 

Xt = Xt(ax, a2, •••, aN_x, aN). (A4) 

If each variable ak in the function Xt takes the value for a 
corresponding coefficient bk of R(X), Xt becomes the energy 
of the reference orbital related to the t-th. molecular orbital in 
an actual n system. The resonance energy of the compound, 
RE, is then defined as 

occ 

RE = Jlgt{Xt(ai, H, •••, aN_x, aN) 

—Xt{bx, b2, •-, bN_x, bN)y, (A5) 

where t extends over all occupied 7r-molecular orbitals, and gt 

is the number of electrons which occupy the t-th orbital. The 
resonance energies given in Table 1 are, of course, in agree­
ment with this definition. 
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Deoxygenative reduction of nitrobenzene by tributylphosphine in the presence of primary or secondary alcohols 
gave 2-alkoxy-3//-azepines in good yields. The use of acidic hydroxylic compounds, such as phenol or acetyl-
acetone, in place of the alcohols did not lead to ring enlargement. Triphenylphosphine could be used as a reducing 
agent, but the yields of the azepines were relatively low. 2-Alkoxy-3i/-azepines were converted into 2-amino-3//-
azepine in good yields by the reaction with ammonium carbonate. 2,3-Dihydro-l//-azepin-2-one was prepared 
by the hydrolysis of 2-butoxy-3//-azepine or 2-amino-3//-azepine. 

Deoxygenation of nitro- and nitrosobenzene by 
tervalent phosphorus reagents in the presence of pr imary 
or secondary alkylamines results in the ring enlargement 
giving 2-alkylamino-3//-azepines.1) Phenylnitrene is 
postulated as an intermediate for this reaction. I t is 
accepted that nucleophilic attack of amines on 7-
azabicyclo[4.1.0]heptatriene, assumed to be in equilib­
r ium with phenylnitrene, leads to ring enlargement.2) 
Such a ring enlargement is also observed in the thermo­
lysis3) or photolysis4) of phenyl azide and in the photolysis 
of oxaziridines5) or anthranils.6) Although the formation 
of 2-methoxy-3i/-azepines by photolysis of phenyl 
azide7,8) or anthranils6) in methanol is known, no report 
has appeared on the ring enlargement of nitro- and 
nitrosobenzene in the presence of alcohols as the nucleo-
phile. Sundberg and Smith, J r . observed the formation 
of alkoxyanilines in the deoxygenation of nitrosobenzene 
by triethyl phosphite in the presence of alcohols.7'9) 

This paper deals with the deoxygenation of nitro­
benzene by tertiary phosphines in the presence of 
alcohols, providing a convenient method for the prepara­
tion of 2-alkoxy-3//-azepine, 2,3-dihydro-l//-azepin-2-
one and several other azepine derivatives in good yields. 

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

Tervalent phosphorus reagents for the deoxygenation 
of nitrobenzene include phosphorus triamide, trialkyl 
phosphite and phosphonite. Gadogan and Todd studied 
the order of reactivity of the reagents in the deoxygena­
tion of 2-nitrobiaryl, and observed that tributyl- and 
triphenylphosphine are not reactive as phosphorus 
triamide or diethyl methylphosphonite, l b) while O d u m 
and Brenner reported the deoxygenative ring enlarge­
ment of nitrosobenzene by means of triphenylphosphine 
in the presence of alkylamines.13) We have confirmed 
that tributylphosphine and tripiperidinophosphine are 
most reactive for the deoxygenation of nitrobenzene in 
piperidine giving 2-piperidino-3i/-azepine. 

When nitrobenzene was treated with tributylphos­
phine in refluxing 1-butanol for 1 h, 2-butoxy-3//-
azepine ( Id) was formed in 8 9 % yield. The structure 
of I d was determined by IR, N M R , and mass spectra as 
well as elemental analysis. The I R spectrum exhibited 
a strong intensity band at 1615 c m - 1 and a medium 
band at 1515 c m - 1 , both of which are due to C=C and 
C=N stretching vibration. T h e N M R spectrum shows 
peaks at T 7.43 (d, 2H) , 4.85 (q, 1H), 4.20 (m, 1H), 3.88 

(m, 1H), and 3.21 (d, 1H) other than peaks due to 
protons of butyl group. The peak pat tern indicates 
3//-azepine skelton since it is very close to that reported 
for 2-diethylamino-3//-azepine .4a) The mass spectrum 
of I d shows the molecular ion (mje 165) as the highest 
mass feature, which corresponds to the parent peak of 
the expected structure. 

/ ~ ~ V N 0 2 + 2Bu3P + ROH > 

j I + 2Bu3PO (1) 
\ N ^ x O R 

1 

a b e d e f 
R: Me Et i-Pr n-Bu n-C6H13 cyclo-CgHn 

g h i 
R: n-C7H15 PhCH2 CF3GH2 

The deoxygenative ring enlargement of nitrobenzene 
by tributylphosphine was then studied in the presence of 
various hydroxylic compounds. T h e results are sum­
marized in Table 1. 

Deoxygenation in the presence of pr imary or 
secondary alcohols led to ring enlargement to give the 
corresponding 2-alkoxy-3i/-azepines (1) in moderate or 
good yields (Eq. 1 ). Attempted reactions in the presence 
of tertiary alcohols (2-methyl-2-propanol and 2-phenyl-
2-propanol) failed to give the azepine, probably owing 
to the bulkiness of the nucleophiles. T h e use of 2,2,2-
trifluoroethanol (pKa 12.3) results in a formation of 
2-(2,2,2-trinuoroethoxy)-3//-azepine ( l i ) but only in 
19% yield.9) Phenol (pKa 9.98) and acetylacetone {pKa 

8.24) were also examined as a nucleophile in the 
deoxygenation, but no ring enlargement product was 
obtained. 

The results show that hydroxylic compounds whose 
pKa value is greater than ca. 12 are available as the 
nucleophiles for the ring enlargement.10) 

Solvent and temperature effects on the ring enlarge­
ment reaction were examined by means of deoxygena­
tion in the presence of benzyl alcohol as a nucleophile. 
The solvent effect was hardly observed, since the reac­
tions in dioxane, pyridine, 4-methyl-2-pentanone and 
toluene at the same temperature led to the formation 
of 2-benzyloxy-3//-azepine ( lh ) in nearly equal yields. 
O n the other hand, temperature effect was remarkable. 
T h e results of the reactions in xylene at various tempera-
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TABLE 1. DEOXYGENATION OF NITROBENZENE BY TRIBUTYLPHOSPHINE IN 

PRESENCE OF HYDROXYLIC COMPOUNDS ( R O H ) 

MeOH 
EtOH 
z-PrOH 
n-BuOH 

/-BuOH 
w-C6H13OH 
cyclo-G6 H n O H 
n-G7H15OH 
PhCH2OH 

PhC(Me)2OH 
CF3GH2OH 
PhOH 
Acetylacetone 

Reactants, mmol 

ROH 

624 
890 
400 
720 
150 
318 
150 
950 
705 
600 
485 
150 
150 
150 
487 

PhN0 2 

75 
25 
50 

120 
25 
50 
25 
50 
50 

100 
25 
25 
25 
25 
25 

Bu3P 

172 
55 

125 
240 
50a> 

125 
55 

105 
110 
250 
62a> 
55 
55 
55 
63 

Reaction conditions 

Solvent (ml) 

Pyridine ( 50) 

Pyridine (200) 

Xylene ( 50) 
Benzene ( 50) 
Pyridine ( 50) 

Temp, °C 

110 
110 
120 

127—139 
120 
120 
124 
165 
160 
120 
160 
150 
110 
125 
110 

Time, h 

25 
30 
25 
4 
6.5 

25 
10 
6 
2 
6 
6 
5 

24 
7 
7.5 

Methodb> 

A 
A 
A 
B 
B 
A 
G 
B 
B 
G 
B 
C 
A 
C 
B 

3H-Azep'me 
(Yield, %) 

l a (60) 
l b (71) 
l c (62) 
Id (89) 
Id (22) 

( 0 ) 
l e (66) 
If (65) 
l g (69) 
lh(84) 
l h (28) 

( 0 ) 
l i (19) 

( 0 ) 
( 0 ) 

PhNOg 
recovered, % 

0 
0 
0 
6 

62 
0 

— 
4 
0 
0 

38 
0 
0 
0 
0 

a) Triphenylphosphine was used in place of tributylphosphine. b) See Experimental. 

TABLE 2. TEMPERATURE EFFECT ON THE FORMATION 

OF 2-BENZYLOXY-3//-AZEPINE (LH) IN XYLENE 

Reaction conditions PhNO, 

Temp, °G 

80 
100 
120 
150 
180 

Time, 

20 
20 

7 
3 
1 

h 
i C l u yjL * " } 

51 
70 
76 
93 
94 

/ 0 recovered, % 

33 
16 
12 
4 
5 

tures are summarized in Table 2. l h was obtained in 
9 9 % yield based on nitrobenzene consumed at 180 °C, 
and in 76% yield at 80 °C. Lowering the reaction 
temperature decreases the yield of l h based on nitro­
benzene consumed. This might be related to the fact 
that the deoxygenation of nitrosobenzene in the presence 
of methanol at 0 °G gives o- and /»-anisidine.7) 

Triphenylphosphine could also be used in place of 
tributylphosphine for the deoxygenation of nitrobenzene 
in the presence of 1-butanol or benzyl alcohol, but the 

TABLE 3. ANALYTICAL AND SPECTRAL DATA OF 2-ALKOXY-3#-AZEPINE (1) 

B P 

^ /Ton-
Found 

% 
Calcd 

% 
IR NMRa> 

T 
MS 
mje 

a 

b 

c 

d 

e 

f 

S 

h 

i 

74—6/32 

105/78 

89/31 

126/49 

98/3.5 

104—6/5.5 

86/1 

173/27 

69/27 

G, 68.00 
H, 7.12 
N, 11.40 
C, 69.98 
H, 8.11 
N, 10.10 
G, 71.64 
H, 8.65 
N, 9.56 
C, 72.69 
H, 9.16 
N, 8.62 
G, 74.56 
H, 10.06 
N, 7.21 
C, 75.53 
H, 10.40 
N, 6.70 
C, 75.49 
H, 9.18 
N, 7.43 
C, 78.10 
H, 6.86 
N, 7.02 
C, 50.57 
H, 4.44 
N, 7.48 

68.27 
7.37 

11.37 
70.04 
8.08 

10.21 
71.49 
8.67 
9.26 

72.69 
9.15 
8.48 

74.57 
9.91 
7.25 

75.32 
10.21 
6.76 

75.35 
8.96 
7.32 

78.36 
6.58 
7.03 

50.27 
4.22 
7.33 

1620, 
1320, 
1160 
1610, 
1310, 
1205, 
1610, 
1310, 
1205, 
1615, 
1325, 
1210, 
1610, 
1310, 
1205, 
1610, 
1320, 
1205, 
1605, 
1325, 
1205, 
1610, 
1315, 
1205, 
1615, 
1330, 
1205, 

1525, 
1250, 

1525, 
1245, 
1160 
1515, 
1245, 
1160 
1515, 
1250, 
1165 
1525, 
1245, 
1160 
1525, 
1245, 
1160 
1525, 
1245, 
1160 
1525, 
1245, 
1160 
1415, 
1245, 
1160, 

.41 (d, 2H), 
,14(m, 1H), 
,14(d, 1H) 
45(d, 2H), 
20(m, 1H), 
20(d, 1H) 
44(d, 2H), 
15(m, 1H), 
15(d, 1H) 
•43(d, 2H), 
20(m, 1H), 
21(d, 1H) 
43(d, 2H), 
19(m, 1H), 
20(d, 1H) 
42(d, 2H), 
19 (m, 1H), 
19(d, 1H) 
47(d, 2H), 
21 (m, 1H), 
21(d, 1H) 
38 (d, 2H), 
16(m, 1H), 
15(d, 1H) 
34(d, 2H), 

4.08(m, 1H), 
3.18(d, 1H), 

4.81(q, 1H), 
3.85 (m, 1H), 

4.86(q, 1H), 
3.90(m, 1H), 

4.81 (m, 1H), 
3.83(m, 1H), 

4.85(q, 1H), 
3.88(m, 1H), 

4.85 (m, 1H), 
3.89(m, 1H), 

4.83(q, 1H), 
3.88(m, 1H), 

4.90(q, 1H), 
3.90(m, 1H), 

4.84(q, 1H), 
3.88(m, 1H), 

4.78(q, 1H), 
3.85(m, 1H), 

123(M+), 
108(M-Me) 

137(M+), 122(M-Me), 
109(M-GH2=CH2), 
108(M-Et) 
151 (M+), 
109(M-CH3CH=CH2) 

165(M+), 150(M-Me), 
136(M-Et), 
109(M-CH2=CHEt) 
193(M+), 164(M-Et), 
150(M-Pr), 
109(M-GHa=GHBu) 
207(M+), 
109(M-CH2=CHPe) 

199(M+), 
108(M-PhCHa) 

191 (M+), 
172 (M-F), 
108(M-CF3CHa) 

a) The peaks due to alkoxy group in 2-position are omitted. 
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yield of the azepine ( I d or l h ) was relatively low. 
Deoxygenation of 4- and 2-nitrotoluene was also 

carried out in the presence of 1-hexanol, 5-methyl-
(58%), and 7-methyl-2-hexyloxy-3//-azepine (5, 30%) , 
respectively, being isolated. T h e position of the methyl 
group was determined by N M R spectroscopic examina­
tion. Although two isomeric products were possible in 
the deoxygenation of 2-nitrotoluene, no formation of 
2-hexyloxy-3-methyl-3//-azepine took place. The 
deoxygenation of 2-nitrotoluene in the presence of 
diethylamine has been reported to give 2-diethylamino-
3-methyl-3//-azepine (4, 36%) by de Boer et al.,2) who 
explained the predominant formation of 3-methyl 
isomer by an attack of a relatively small nucleophile, 
diethylamine, on 5-methyl-7-azabicyclo[4.1.0]hepta-
2,4,6-triene (2) which is expected to predominate in the 
equilibrium with 1-methyl isomer (3) of the azabicycle 
on steric grounds. The formation of 5 is due to the 
nucleophilic attack of 1-hexanol on the 1-methyl 
azabicyclic intermediate 3 (Scheme 1) as in the case 
where the nucleophile is triethyl phosphite.11) 

Me Me Me 

3 

+ Et2NH 

Me 

A N E t 2 

+ n-C6H13OH 

Me 

N 
0-C6H13 

Scheme 1. 

Transformation of 2-alkoxy-3//-azepines into some 
azepine derivatives was examined (Scheme 2). 

Hydrogénation of 2-butoxy-3//-azepine ( Id) on 
palladium-carbon gave 7-butoxy-3,4,5,6-tetrahydro-2//-
azepine in 80% yield, and the hydrogénation of 2-
benzyloxy-3//-azepine ( lh) on the same catalyst gave 
hexahydro-2//-azepin-2-one in 77% yield. 2-Amino-3i/-

• 2H 2 

VroR 

R = n-Bu 

• 3 H , 

^N^OR 

R=PhCH2 

• (NHO2CO3 

H 

> o 
R = n-Bu > J ^ N H 2 

cyclo-C6H,, 

• H 2 0 

• H 2 0 

R = n-Bu 

Scheme 2. 

H 

azepine was obtained in 90 and 7 5 % yields by the 
reactions of 2-butoxy (Id) and 2-cyclohexyloxy-3i/-
azepine ( I f ) , respectively, with ammonium carbonate in 
methanol, while the reactions of 2-cyclohexyloxy-3i/-
azepine (If) with ammonium acetate and ammonium 
chloride12) gave 2-amino-3i/-azepine in 55 and 5 % 
yields, respectively. Hydrolysis of 2-amino-3i/-azepine 
afforded 2,3-dihydro-l//-azepin-2-one in 9 7 % yield, 
which was alternatively obtained in 8 3 % yield by the 
hydrolysis of 2-butoxy-3//-azepine ( Id) under neutral 
conditions at 150 °C. The hydrolysis of 2-butoxy-3//-
azepine hardly proceeds below 100 °C under neutral 
or alkaline conditions. Mineral acids promote the 
hydrolysis remarkably but subsequent hydrolysis of the 
product takes place. Paquette observed that 3,7-
dimethyl- or 3,5,7-trimethyl-2,3-dihydro-l//-azepin-2-
one is readily hydrolyzed under acidic conditions to 
give dihydro-2(3//)-furanones.13) 

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

All the organic reagents and solvents were purified by 
distillation or recrystallization before use, while commercial 
inorganic materials were used without further purification. 
All the melting and boiling points were uncorrected. The 
GLPC analyses were carried out on a Shimadzu GC-4APT 
instrument with a thermal conductivity detector, using a 20% 
PEG 20 M on Gelite 545 column (2 m; Temp: 180 °C; Car­
rier gas: He 30ml/min; Internal standard: biphenyl). IR 
spectra were measured on a Hitachi G-2 instrument, NMR 
spectra on a JEOL G-60HL instrument in CC14 solution using 
TMS as an internal standard, and mass spectra on a Hitachi 
RMU-6E instrument. 

Deoxygenation of Nitrobenzene by Tenaient Phosphorus Reagents 
in the Presence of Piperidine. A solution of nitrobenzene 
(3.08 g, 25 mmol) in piperidine (10 ml) was added drop by 
drop to a solution of tripiperidinophosphine14) (bp 125 °C/0.5 
Torr, 14.17 g, 50 mmol) and biphenyl (3.86 g, 25 mmol) in 
piperidine (40 ml) under reflux in nitrogen atmosphere. After 
being refluxed for 30 h, the mixture was analyzed by GLPC. 
2-Piperidino-3//-azepineld> was formed in 88% yield. 

When tributylphosphine (10.2 g, 50 mmol), triphenylphos-
phine (13.2 g, 50 mmol), and triethyl phosphite (8.35 g, 50 
mmol) were used in place of tripiperidinophosphine, the yields 
of 2-piperidino-3//-azepine were 94, 16, and 24%, respectively. 

Deoxygenation of Nitrobenzene by Tervalent Phosphorus Reagents 
in the Presence of Hydroxylic Compounds. The following three 
typical procedures are employed depending on the kind of 
hydroxylic compound or the reaction temperature. The results 
are summarized in Table 1, the analytical and spectral data 
of 2-alkoxy-3i/-azepines (1) being given in Table 3. 

Method A. A mixture^of nitrobenzene (9.23 g. 75 mmol), 
tributylphosphine (34.89 g, 172 mmol), and methanol (20 g, 
624 mmol) was heated in a sealed tube at 110 °C for 25 h and 
then evaporated by using a rotary evaporator under reduced 
pressure. Distillation of the residue afforded 2-methoxy-3i/-
azepine (la, 5.5 g, 60%). 

Method B. A mixture of nitrobenzene (14.77 g, 120 mmol), 
tributylphosphine (48.56 g, 240 mmol), and 1-butanol (57 g, 
720 mmol) was heated under reflux (127—139 °C) for 4h. The 
resulting mixture was stripped of 1-butanol and the product 
was distilled under reduced pressure. 2-Butoxy-3i/-azepine 
(Id) was obtained 17.69 g (89%). 

Method C. A solution of nitrobenzene (3.08 g, 25 mmol), 
tributylphosphine (11.13 g, 55 mmol), and 1-hexanol (15.33 g, 
150 mmol) in pyridine (50 ml) was refluxed for 7 h. The 
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mixture was fractionated under reduced pressure and the frac­
tion (bp 65.5—146 °C/3.5 Torr , 7.32 g) was subjected to redis­
tillation to yield 2-hexyloxy-3//-azepine ( l e , 3.19 g, 6 6 % ) . 

2-Hexyloxy-7-methyl-3H-azepine (5). A mixture of 2-nitro-
toluene (6.86 g, 50 mmol) , tributylphosphine (22.26 g, 110 
mmol) and 1-hexanol (100 ml) was heated under reflux for 
3.5 h. T h e resulting mixture was fractionated under reduced 
pressure and the fraction (bp 53—141.5 °G/4.5 Torr , 21.4 g) 
was subjected to redistillation to give 5 (3.13 g, 3 0 % ) : b p 
81.5—82.5 °C/1.5 T o r r ; I R 1610, 1545, 1310, 1260, 1195, and 
1150 c m - 1 ; NMR 1 6 ) T = 7 . 9 4 (S, 3H) , 7.45 (d, 2H) , 4.95 (m, 

1H), 4.31 (d, 1H), and 3.98 (q, 1H). Found : G, 74.71; H , 
10.28; N , 6 .97%. Galcd for C ^ H . ^ N O : C, 75.36; H , 10.14; 
N , 6 .76%. 

2-Hexyloxy-5-methyl-3H-azepine. A solution of 4-nitro-
toluene (6.86 g, 50 mmol) and tr ibutylphosphine (22.35 g. 60 
mmol) in hexanol (100 ml) was heated under reflux for 6.5 
h. T h e resulting mixture was distilled and the fraction (bp 
117.5—148.5 °G/4.5 Torr , 7.92 g) was subjected to redistilla­
tion to give 2-hexyloxy-5-methyl-3//-azepine (6.05 g, 58%) : 
b p 97—100 °G/3 T o r r ; I R 1610, 1535, 1325, 1250, 1195, and 
1160 c m - 1 ; NMR 1 6 ) T = 8 . 1 3 (s, 3H) , 7.51 (d, 2 H ) , 5.05 (q, 

1H), 4.29 (d, 1H), and 3.28 (d, 1H). F o u n d : C, 75.62; H , 
10.40; N , 6.80%,- Calcd for C l b H 2 1 N O : C, 75.32; H , 10.41; 
N , 6 .76%. 

Hydrogénation of 2-Butoxy-3H-azepine (Id). 2-Butoxy-3//-
azepine ( Id , 6.73 g, 41 mmol) was hydrogenated at room tem­
pera ture in 1-butanol (40 ml) with pal ladium catalyst (10% 
on carbon, 1.6 g) at an initial hydrogen pressure of 65 kg/cm2 . 
Hydrogénat ion was completed in 15 min. T h e catalyst and 
solvent were removed and the product was distilled to give 
7-butoxy-3,4,5,6-tetrahydro-2#-azepine (3.8 g, 80%,): bp 128 
—128.5 °G/48 Tor r (lit, 214—216 °C;15a> 80 °G/3.5 Torr,15b> 
Found : C, 71.19; H , 11.25; N , 8.31%). 

Hydrogénation of 2-Benzyloxy-3H-azepine (lh). Hydro ­
génation of 1 h (4.96 g, 25 mmol) was performed in toluene 
(40 ml) with pal ladium catalyst (10% on carbon, 1.33 g) at 
80 °C for 2.5 h, the initial hydrogen pressure being 70 kg/ 
cm2 . Removal of the catalyst and solvent gave crude hexa-
hydro-2i/-azepin-2-one (2.61 g, 92%,). T h e crude substance 
was dissolved in diisopropyl ether (60 ml) and extracted with 
water (50 m i x 10). T h e combined extracts were concentrated 
to ca. 45 ml and extracted with chloroform (40 ml X 7). T h e 
combined extracts were dried over anhydrous sodium sulfate 
and evaporated to give hexahydro-2//-azepin-2-one (mp 67 
—69.5 °G, 2.18 g, 77%,), which was identified by comparing 
its retention time in GLPG and its I R spectrum with those 
of an authentic sample. 

6-Amino-3H-azepine. A solution of 2-butoxy-3//-azepine 
( Id , 3.3 g, 20 mmol) and commercial ammonium carbonate 
(2.3 g) in methanol (50 ml) was kept at 40 °C for 3 days. T h e 
mixture was concentrated under reduced pressure and the 
residue was treated with benzene (100 ml) and the precipitate 
was removed by filtration. T h e filtrate was evaporated to 
give crude 2-amino-3//-azepine (1.94 g, 9 0 % ) . Sublimation 
at 90 °C and 1 Tor r yielded 1.74 g (81%) of 2-amino-3/ / -
azepine: m p 90—91 °C (lit,4a> 90—91 °G, Found : C, 66.40; 
H , 7.25; N , 25 .69%) . 

2-Amino-3i/-azepine was isolated by t reatment of 2-cyclo-
hexyloxy-3//-azepine (If, 3.3 g, 17 mmol) with commercial 
ammonium carbonate (1.95 g) in methanol (50 ml) at room 
temperature for 4 days, t reatment of If (3.83 g, 20 mmol) 
with ammonium acetate (3.09 g, 40 mmol) in methanol (50 
ml) at room tempera ture for 6 days, and t reatment of If (2.92 
g, 15 mmol) with ammonium chloride (1.63 g, 30 mmol) in 
methanol (50 ml) at room temperature for 9 days in 75, 
55, and 5 % yields, respectively. 

2,3-Dihydro-lti-azepin-2-one. a) Hydrolysis of 2-Amino-3H-
azepine: A solution of 2-amino-3//-azepine (1.5 g, 14 mmol) 
in water (40 ml) was refluxed for 5 h, treated with aqueous 
hydrochloric acid (3 drops of a 3 M solution), and extracted 
with chloroform (30 m i x 10). T h e combined extracts were 
concentrated to give 2,3-dihydro-l//-azepin-2-one (1.47 g, 97 
% ) : m p 48—49 °G. Recrystallization from hexane afforded 
colorless crystals: m p 49—50 °C (Ht, 48—50 °C;17> 47.5—48.5 
°C,4a> Found : C, 66.06; H , 6.38; N , 12.91%). 

b) Hydrolysis of 2-Butoxy-3H-azepine (Id) : A mixture of I d 
(4.6 g, 28 mmol) , ethanol (36 ml) , and water (10 ml) was heat­
ed at 150 °C in a stainless steel autoclave for 3.5 h. T h e mix­
ture was stripped of ethanol, water, and 1-butanol and the oily 
residue was dissolved in diethyl ether (50 ml) . T h e solution 
was extracted with water (40 ml x 7) and the combined extracts 
were concentrated to give crude 2,3-dihydro-li/-azepin-2-one 
(2.52 g, 8 3 % ) . Recrystallization from cyclohexane afforded 
colorless crystals of m p 48—50 °G, which showed no depression 
on admixture with the sample obtained above. 
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The photolysis of diphenylcyclobutenedione derivatives (Va, b) under N2 and that in the presence of substrate, 
0 2 or isocyanide, have been studied. The former resulted in the recovery of a large amount of V and the fragmen­
tation; the latter gave the insertion products into V, diphenylmaleic anhydrides and iminocyclopentenones in 
good yield. The intermediates, bisketene and ketene-ketenimine as primary photo products were confirmed by 
the photolysis of Vain methanol to give succinates and by low-temperature IR-technique. Structural aspects of 
bisketene intermediate were discussed. 

In a previous paper,1) we reported facile ring-enlarge­
ment reactions of diphenylcyclopentenone (I) with 2,6-
xylyl isocyanide to give cyclopentenetrione (III) together 
with a small amount of isomaleimide (IV), and cyclo-
butenedione (Va) in the presence of catalytic amount of 
triphenylphosphine. Since Va did not react further 
with the isocyanide in the dark, we proposed a tentative 
mechanism via ketene-ketenimine intermediate (II) 
rather than that of stepwise insertion of isocyanide into 
carbon-carbon bond of I via Va. 
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Scheme 1. 

We found that diphenylcyclobutenedione (Vb) obtain­
ed from the hydrolysis of Va readily undergoes photo­
chemical reaction to give a yellow solid on exposure to 
direct sunlight in the air. The same phenomenon to 
give a tan solid was observed by Blomquist and 
LaLancette2b> who assumed it was a dimer of V b . 
However, details of the photochemical reaction and the 
structure of the products have remained unsolved. A 
few photochemical reactions of cyclobutenedione deriva­
tives were reported,2,3) in which bisketene derivatives 
were only postulated as an intermediate. In view of the 
possible isolation of bisketenes under certain photo­
chemical reactions, the photolysis of cyclobutenediones 

* A part of this work has been published: N. Obata and 
T. Takizawa, Chem. Commun., 1971, 587. It was also 
presented at the 23rd National Meeting of the Chemical 
Society of Japan, Tokyo, April 1970. 

Va and V b with and without 0 2 or isocyanide were 
investigated. 

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

V b in benzene was irradiated with a high-pressure 
mercury lamp for 6 h under a slow stream of O a at room 
temperature . T h e reaction products were chromato-
graphed on silica gel. 9,10-Phenanthrenedicarboxylic 
anhydride (VI, in 5 2 % yield), diphenylmaleic anhydride 
(VII , in 4 % yield), and diphenylacetylene (VII I , in 
4 % yield), were obtained together with the recovery of 
V b in 30% yield. These compounds could not be 
obtained without light under 0 2 . Photolysis of V I I 
under the same conditions as above gave V I in good 
yield via oxidative cyclization.4) 
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Scheme 2. 

T h e structures of V I , V I I , and V I I I were confirmed 
by elemental analysis, molecular weight determination, 
spectroscopic data, and direct comparison with the 
samples prepared by the authentic route.5»6) T h e m p 
and I R spectrum of V I agreed with those of the com­
pound assumed to be a dimer of Vb.2b) 

Irradiation of V b in benzene under N 2 stream for 
6 h at room temperature gave V I I I in 2 8 % yield as the 
sole product accompanied by the recovery of V b in 
6 9 % yield. 

Photolysis of Va under 0 2 stream gave iV"-(2,6-dimeth-
ylphenyl)diphenylisomaleimide (IV, in 2 5 % yield), 4,5-
bis(2,6-dimethylphenylimino)-2,3-diphenylcyclopenten-
1-one ( I I I , in 5 % yield), and V I I I in 8% yield. 
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The molecular formula for I I I was found to be 
C33H28ON2 on the basis of elemental analysis and 
molecular weight. In the I R spectrum, I I I showed 
characteristic two peaks at 1640 and 1710 c m - 1 due to 
vC=N and j>C=0 on cyclopentene skeleton. In the N M R 
spectrum, I I I showed multiplets at 2.40—2.90 T ( 1 0 H ) 
and 3.10—3.40 T ( 6 H ) , and two singlets at 7.95 T ( 6 H ) 
and 8.25 T ( 6 H ) due to 2,6-disubstituted methyl group 
on phenyl ring, suggesting that I I I is not symmetrical 
2,5-bis (2,6 - dimethyl phenylimino) -3 ,4-diphenyl cyclo-
penten-1-one ( IX) . 

IV, the molecular formula C 2 4 H 1 9 0 2 N, showed 
characteristic I R bands at 1710 and 1800 c m - 1 due to 
ï>C=N and j>C=0 on cyclopentene ring, and U V spectrum 
in ethanol at 230 n m (log e 4.26), 253 nm (4.12) and 
330 n m (3.98). All these da ta were similar to those of 
JV-substituted isomaleimide reported.7) Trea tment of 
I V with dil. HCl in methanol gave ^-substi tuted 
diphenylmaleimide, which was prepared by a modifica­
tion of the reaction by Reimer6) and characterized. 

T h e structures of I I I and I V were further confirmed 
by comparison with those obtained from the reaction 
of I with 2,6-xylyl isocyanide.8) In contrast to the 
photolysis of V I I in 0 2 , I V was not further photo-
oxidized to phenanthrene derivatives upon prolonged 
irradiation. 

I l l might be produced by the insertion of 2,6-xylyl 
isocyanide eliminated from V a with concomitant forma­
tion of V I I I and C O during the course of photolysis. 
The isocyanide eliminated so far was also detected by 
thin-layer chromatography on silica gel and U V 
spectrum. Photolysis of V a in the presence of the 
isocyanide under N 2 gave I I I in 8 0 % yield. However, 
no reaction of V a with the isocyanide in benzene at 
80 °C was observed in the dark. 

T h e photolysis of V b in the presence of the isocyanide 
-gave 5- (2,6-dimethylphenylimino) -2,3-diphenylcyclo-
penten-l ,4-dione (X, in 8 6 % yield). The structure of 
X was established by elemental analysis, molecular 
weight determination and spectral data. I V as well as 
V I and V I I could be formed as a result of the insertion 
of 0 2

9 ) into Va and V b in a similar way to that for I I I . 
In order to trap the intermediate in the photochemical 

reactions of Va, V b with 0 2 and isocyanide to give their 

insertion products, photolysis of Va and V b in methanol 
at room temperature was carried out.10) When Vb in 
methanol was irradiated at room temperature, dimethyl 
TWßfo-diphenylsuccinate (XIa, in 6 7 % yield) and 
dimethyl ^//-isomer (X lb , in 17% yield) were obtained. 
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T h e photolysis of V b in THF-methano l at —78 °C gave 
the same products in about the same ratio. The struc­
tures of X I a and X l b were confirmed by direct 
comparison with samples prepared by an authentic 
route.11) 

A solution of Va or V b in T H F was irradiated under 
N 2 at - 7 8 °C (10 h for V a : 2 h for Vb) . Addition of 
2,6-xylyl isocyanide to both solution at —78 °C in the 
dark gave I I I and X in 78 and 8 2 % yield, respectively. 
When 0 2 was bubbled into the solution obtained from 
the photolysis of V b at —78 °C in the dark, V I I was 
obtained in 4 2 % yield. Addition of cold methanol to 
the solution gave succinate X I a (39%) and X l b (14%) 
along with a trace amount of V I I I . All these results 
indicate that the primary intermediacy of the photolysis 
of Va and V b would be bisketene (XII) and ketene-
ketenimine (II) which are stable at —78 °C. 

2053 cm-1 

2103 cm-1 

2091 cm4/ | 9 9 5 c r n . l 

2022 cm-1 

Fig. 1. IR spectra (tetrahydrofuran solution) of (a) XII 
at - 50°C and (b) II at -46°C. 

For direct observation of the intermediates I I and 
X I I , I R spectra of the solution irradiated at low tem­
perature ( - 4 6 °C for I I : - 5 0 °C for X I I ) were 
determined using a Nihon-Bunko DS-403G I R spectro­
photometer equipped with a low-temperature solution 
cell.12) T h e results are shown in Fig. 1. T h e band at 
2103 c m - 1 for X I I is readily assigned to the vC=0 of the 
ketene. I t follows that the 2091 and 2022 cm" 1 bands of 
I I are attr ibutable to ketene vC=0 and ketenimine 
r C - N , respectively. 

I I and X I I in T H F are stable in the dark for several 
days at —78 °C, but on warming slowly the T H F 
solution of X I I to above 0 °C, the characteristic peak at 
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2103 c m - 1 disappears completely. When methanol was 
added to the T H F solution of X I I after the solution 
had been warmed to room temperature, no more 
succinate was obtained. However, V b was recovered in 
15% yield together with a small amount of V I I I and a 
large amount of glassy material, while no V b was 
recovered on addition of methanol to the solution at 
— 78 °G following the work-up at room temperature. 

These results seems to indicate that by photolysis at 
room temperature under N2 , pr imary photo products 
I I and X I I come to equilibrium with Va and Vb, which 
is responsible for the retardation of the photochemical 
fragmentation via I I and X I I to give V I I I , GO and/or 
isocyanide. This is in marked contrast to the photolysis 
at low temperature which is very effective in the trans­
formation of Va and V b into I I and X I I . 
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O n the other hand, the ratio (4: 1) of X I a and X l b 
isolated on the direct photolysis of V b in methanol at 
room temperature and in THF-me thano l at —78 °G 
differs a great deal from that (3 : 2) on addition of cold 
methanol to a T H F solution at — 78 °C after photolysis. 
This indicates that I I and X I I in high concentration 
at low temperature might be equilibrated with geo­
metrical isomers I F and X I F , warming of which to room 
temperature might favor the formation of polymeric 
glassy materials for reverting to the starting ketones. 

In conclusion, the superficial insertion of the substrate 
CX (e.g., isocyanide) or 0 2 into V in the present 
photolysis might take a route of 1,4-cycloaddition reac­
tion of the substrate with pr imary photo products I I 
and X I I which might be equilibrated with starting 
ketones Va, V b and their geometrical isomers I I ' , X I F , 
although some other mechanism, e.g., via carbene 
(XII I ) 2b»13> cannot be excluded completely. 

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

All the melting points were uncorrected. IR spectra were 
determined using a Nihon-Bunko DS-402G infrared spectro­
photometer. UV spectra were obtained with a Carry 
11 recording spectrophotometer. NMR spectra were 
obtained with a Varian A-60 spectrometer, using tetra-
methylsilane as an internal standard. The molecular weight 
was determined by use of a Hitachi 105 vapor pressure 
osmometer. 

Photolysis of Diphenylcyclobutenedione (Vb) under 02 Stream. 
A solution of Vb (0.4 g, 1.7 mmol) in dry benzene (40 ml) 
was irradiated with a high-pressure mercury lamp for 6 h 
under 0 2 stream at 15 °C. Yellow crystals precipitated 
gradually. Recrystallization from THF gave 9,10-phenan-
threnedicarboxylic anhydride (VI, 0.16 g, 52%), mp 320— 
322 °G (lit,5) 321— 322 °G). The mother liquor was con­
centrated and the residue was chromatographed on silica gel. 
Diphenylacetylene (VII, 0.03 g, 14%) was obtained from the 
eluent with hexane. Elution with hexane-benzene (1:1) 
gave diphenylmaleic anhydride (VII, 0.01 g, 4%), mp 156— 
158 °C (lit,6) 155—156 °G). The structures of VI and VII 
were established by direct comparison of the melting point 
and spectral data with those of the authentic samples.5«6) The 
starting ketone Vb (0.21 g, 30%) was recovered from the 
eluent with benzene. 

Photolysis of VII under 02 Stream. A solution of VI 
(0.1 g, 0.4 mmol) in dry benzene (10 ml) was irradiated under 
similar conditions to those given above. Chromatography on 
silica gel gave VI (0.08 g, 78%). 

Photolysis of Vb under N2 Stream. Vb (0.3 g, 1.3 mmol) 
was dissolved in dry benzene (30 ml) and irradiated with a 
500 W high-pressure mercury lamp for 6 h under N2 stream 
at 15 °C. After removal of the solvent, the residue was sub­
jected to silica gel chromatography. Elution with hexane 
gave VIII (0.066 g, 28%) and elution with benzene resulted 
in the recovery of Vb (0.21 g, 69%). 

Photolysis of Iminocyclobutenone (Va) under 02 Stream. 
A solution of Va (0.5 g, 1.5 mmol) in dry benzene (40 ml) was 
irradiated with a high-pressure mercury lamp for 15 h under 
Oa stream at 15 °C. After removal of the solvent under 
reduced pressure, the residue was subjected to silica gel 
chromatography. Elution with hexane gave VIII (0.022 g, 
8%) and from the eluent with hexane-benzene (7:3), N-
(2,6-dimethylphenyl)diphenylisomaleimide (IV, 0.13 g, 25%), 
mp 172—173 °C was obtained. 

Found: C, 81.57; H, 5.42; N, 4.31%; mol wt: 353 (by MS). 
Galcd for C24H1902N: C, 81.56; H, 5.42; N, 3.96%; mol wt: 
353.4. IR (KBr): 1710 (vG=N) and 1800 cm"1 (vC=0). 
NMR (CC14): 2.65 (m, 10H), 3.10 (m, 3H), and 7.85T (s, 6H). 
UV (Ethanol) max: 230sh (log e 4.26), 253 (4.12), and 330 nm 
(3.98). 

Further elution with benzene gave a small amount of 4,5-
bis (2,6-dimethy Iphenylimino) -2,3 -diphenylcyclopenten-1 -one 
(III, 0.005 g, 5%), mp 184 °C and unidentified substances. 

Found: C, 84.62; H, 5.98; N, 6.06%; mol wt: 468 (by MS). 
Calcd for C33H26ON2: C, 84.58; H, 6.02; N, 5.98%; mol wt: 
468.7. IR (KBr): 1640 (vC=N) and 1710cm-1 ( K C = 0 ) . 
NMR (CC14): 2.4—2.9 (m, 10H), 3.1—3.4 (m, 6H), 7.95 (s, 
6H), and 8.25 x (s, 6H), UV (Ethanol) max: 240 (log s 4.4) 
and 330 nm (4.18). 

Hydrolysis of IV. IV (0.05 g, 0.14 mmol) in methanol 
containing a catalytic amount of HCl was refluxed for 2 h. 
Recrystallization from methanol gave N-(2,6-dimethylphenyl)-
diphenylmaleimide (0.035 g, 72%), mp 191—192 °C. The 
compound was rigorously characterized by comparison with 
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a sample prepared by the reaction of diphenylmaleic anhyd­
ride with 2,6-dimethylaniline, a modification of reported 
reaction.6> 

Found : C, 81.66; H , 5.55; N, 4 . 2 4 % ; mol wt : 340 (by 
osmometer). Calcd for C 2 4 H ] 0 O 2 N: C, 81.56; H , 5.42; N , 
3 .96%; mol wt : 353.4. I R (KBr) : 1770 and 1 7 1 0 c m - 1 

(vG=0). N M R (CDC13): 2.60 (m, 10H), 2.8 (m, 3H) , and 
7.75 T (s, 6 H ) . 

Photolysis of Va in the Presence of 2,6-Xylyl Isocyanide. 
A solution of V a (0.3 g, 0.9 mmol) and 2,6-xylyl isocyanide 
(0.13 g, 1 mmol) in dry benzene (30 ml) was i r radiated with 
a high-pressure mercury l amp under N 2 at 15 °C. After 
removal of the solvent, recrystallization of the residue from 
hexane-benzene gave I I I (0.34 g, 8 0 % ) . 

Photolysis of Vb in Methanol. A solution of V b (0.3 g, 
1.3 mmol) in dry methanol (30 ml) was i r radiated with a 
high-pressure mercury l amp at 15 °C. While crystals pre­
cipitated within 10 min and yellow solution was completely 
decolorized in 40 min. Filtration and repeated recrystal­
lization from hexane-GH 2 Gl 2 gave dimethyl m^o-diphenyl-
succinate (XIa , 0.26 g, 6 7 % ) , m p 220—221 °G (lit,11) 219— 
220 °G). T h e mother liquor was concentrated. Repea ted 
recrystallization from hexane gave dimethyl J/-diphenyl-
succinate ( X l b , 0.065 g, 17%), m p 171—172 °C (lit,11) 
173.5—174 °G). N M R (CDC13) for X I a : 2.70 (m, 10H) 
and 6.6 (s, 6H) ; for X l b : 3.0 (m, 10H) and 6.35 T (S, 6 H ) . 

Photolysis of Va at Low Temperature (—78°C) Followed by 
Addition of Methanol. A solution of V b (0.30 g, 1.3 mmol) 
in dry T H F (30 ml) was i rradiated with a high-pressure 
mercury l amp at — 78 °C under N 2 s tream. After i r radia­
tion for 1.5 h, the l amp was turned off and cold methanol was 
added to the solution at —78 °G in the dark. T h e solution 
was then warmed slowly to room temperature . After removal 
of the solvent, recrystallization of the residue from h e x a n e -
CH 2C1 2 gave X I a (0.11 g, 2 9 % ) . T h e mother liquor was 
concentrated and the residue was subjected to silica gel 
chromatography. Elution with hexane gave a trace amount 
of V I I I . Elution with benzene gave addit ional X I a (0.03 g, 
8%) . X l b (0.05 g, 13%) and a small amount of unidenti­
fied high-melting compound were obtained from the eluent 
with benzene-CH 2 Cl 2 ( 1 : 1). When the irradiated solution 
was allowed to w a r m slowly to room temperature , starting 
V b was recovered in 15% yield and a large amount of glassy 
material was obtained by chromatography on silica gel. 

Photolysis of Vb at Low Temperature ( — 78°C) Followed by 
the Reaction with 02. A solution of V b (0.2 g, 0.86 mmol) 
in dry T H F (20 ml) was i r radiated for 1.5 h under N 2 s t ream 
at —78 °G. T h e lamp was turned off and 0 2 gas was bubbled 
into the solution in the dark to w a r m it to room temperature . 
After removal of the solvent under reduced pressure, the 
residue was chromatographed on silica gel. Elution with 
hexane gave V I I I (0.01 g, 7%) and elution with h e x a n e -
benzene gave V I I (0.09 g, 4 2 % ) . Elution with benzene -

CH2C12 gave unidentified glassy materials. 
Photolysis of Vb in the Presence of 2,6-Xylyl Isocyanide. 

A solution of V b (0.3 g, 1.3 mmol) and 2,6-xylyl isocyanide 
(0.17 g, 1.3 mmol) in dry benzene (10 ml) was irradiated 
with a high-pressure mercury l amp under N 2 at room tem­
perature for 1.5 h. After removal of the solvent, the residue 
was recrystallized from hexane-benzene to give 5-(2,6-di-
methylphenylimino)-2,3-diphenylcyclopenten-l ,4-dione (X, 
0.41 g, 8 6 % ) , m p 142—143 °G. 

Found : G, 81.88; H , 5.35; N, 3 .94%; mol wt : 362 (by 
osmometer). Calcd for C 2 5 H 1 9 0 2 N : C, 82.17; H , 5.24; N, 
3 . 8 3 % ; mol wt : 365.4. I R (KBr) : 1780, 1770, 1745, and 
1700 c m - 1 (*>C=0 and vG=N). U V (Ethanol) m a x : 230 s h 

( loge4 .39) , 280 s h (4 .00) , 332(4.23), and 535 nm (2.84). 
N M R (CC14): 2.70 (broad s, 10H), 3.20 (broad s, 3H), and 
8.00 T (s, 6H) . 
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Reaction of Coordinated Phosphines. III. Reaction of Phenyl Compounds 
of Typical Groups V and VI Elements with Palladium (II) 

Salts in the Presence of Olefinic Compounds1) 
Teruo KAWAMURA, Kiyoshi KIKUKAWA, Makoto TAKAGI, and Tsutomu MATSUDA 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812 
(Received January 18, 1977) 

The reaction of phenyl compounds of typical groups V and VI elements, Ph„A and PhnAX2 (n=2, 3; A = P , 
As, Sb, Bi, S, Se, Te; X=C1 or X 2 = 0 ) , with Pd(II) salts was studied in the presence of olefinic compounds (1-
octene and ethyl acrylate) in acetonitrile. The phenyl migration from A to Pd to produce phenylpalladium 
species, which lead to the phenylation of olefin, was observed for all Ph„A and Ph„AX2 (except for A = S and 
Ph3PX2) when Pd(OAc)2 was utilized. The reaction, however, was inhibited or greatly suppressed for the com­
pounds of P and As when PdCl2 was used in place of Pd(OAc)2. The compounds of Sb and Bi readily react with 
PdCl2. Mechanistic discussion was given in terms of the extent of nucleophilic assistance by acetate ion when 
Pd(II) attacks the aromatic nucleus electrophilically at the carbon atom bonded to A. 

Previous observations on the migration of the aryl 
group from Ar3P (coordinated to Pd(OAc)2) to Pd under 
mild conditions,2) prompted us to examine other typical 
groups V and V I elements for similar reaction. Since 
the resulting phenylpalladium species is expected to 
show a similar reactivity to that derived from Ph3P or 
phenylmercury(II) salts, the rate and extent of phenyl 
migration were assessed by the phenylation of added 
olefin. Asano et al. found that Ph3As, Ph3Sb and Ph3Bi 
give /ra/z.y-stilbine and biphenyl on reaction with Pd-
(OAc)2 and styrene in refluxing dioxane-acetic acid.3) 
The present study deals with a more detailed aspect of 
the reactions under milder conditions with the aim of 
obtaining a general mechanistic insight into this type of 
phenyl migration. 

Results 

The reaction of PhwA with Pd(OAc) 2 in the presence 
of 1-octene or ethyl acrylate in acetonitrile is summariz­
ed in Table 1, and given in the following. The reaction 
was nearly complete within 5 h. I t is seen that all the 
phenyl groups in Ph3Sb, Ph3Bi, and Ph2Te can be 
mobilized under suitable conditions. Only one phenyl 
group of Ph3As was mobilized in the 5 h reaction, but 

RGH2GH=CH2 

Pd" , PhnA(PhnAXa) 

,H CHa RCH2 \ R \ / 
C=CH2 + C=C + RCH=C 

Ph/ H / \CH2Ph \Fh 
1 2 3 

RCH 2 \ / H 
+ C=C + Ph-Ph 

H / NPh 
4 

(1) 

GHn^CfHCOoCoIlB 
Pd», PhreA(PhnAX2) 

PIK ,H 

H/ \C0 2 G 2 H 
5 

+ Ph-Ph (2) 

the final yield (24 h reaction) of the phenylated olefins 
and biphenyl indicates that two phenyl groups out of 
three could migrate from As to Pd. No phenyl of 
Ph2S was mobilized in 5 h. However, a trace of phenylat­

ed olefins could be detected on G L C after 25 h. The 
time dependence of the reaction shows that the phenyl 
migration was especially rapid for Ph3Sb, Ph3Bi, and 
Ph2Te as compared with Ph3As or Ph2Se. T h e variation 

TABLE 1. REACTION OF Ph„A WITH Pd(OAc)2 AND 
OLEFINS IN ACETONITRILE (50 ° C , 5 h ) 

Ph„A. 
Molar 
ratio, 
A/Pd 

Ph3As 
0.5 
2 
0.5 
1 
2 
Ph3Sb 
lf> 
0.5 
1 
2 
3 
Ph3Bi 
lf> 
0.5 
1 
2 
3 
Ph2Se 
1 
1 
2 
Ph2Te 
0.5 
1 
2 

Ole­
fin*) 

O 
O 
E 
E 
E 

O 
E 
E 
E 
E 

O 
E 
E 
E 
E 

O 
E 
E 

E 
E 
E 

Yield of 
phenylated 
olefin, ( 

(composit 

33(17, 
13(32, 
21 
48 

8 

113(16, 
120 
203 
208 
195 

48(11, 
43 
80 
73 
47 

27(26, 
23 
22 

90 
147 
194 

32, 
28, 

12, 

29, 

29, 

/ob) 

:ion)c> 

2,49) 
1,39) 

15, 57) 

8,52) 

4,41) 

Yield of T ° t a l 

x îeiQ oi 
bipheny 

%d) 

23 
2 

10 
21 

4 

70 
15 
20 
30 
60 

120 
43 

100 
240 
260 

g) 
g) 
g) 

h) 
h) 
h) 

j phenyl 
' mobilized, 

%e) 

79 
17 
41 
90 
16 

253 
150 
243 
268 
315 

288 
• 129 
280 
553 
567 

(>27) 
(>23) 
(>22) 

(>90) 
(>147) 
(>194) 

a) O: 1-Octene; E: ethyl acrylate. b) (Mol of phenylat­
ed olefin/mol of Pd(OAc)2) X 100. c) % Composition 
of the phenylated octenes, 1, 2, 3, and 4, in this order, 
d) (Mol of biphenyl/mol of Pd(OAc)2) X 100. e) (Mol of 
phenyl group released from A/mol of Pd(OAc)2) X 100, 
calculated from (% value from b)) plus (% value from d)) 
X 2. f ) Reaction at 25°G. g) Not determined, less than 
the phenylated olefin, h) Not determined. 
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in A/Pd ratio did not cause much difference in the 
reaction rate for the compounds of Bi, Sb, Te , and Se. 
However, the increase in As/Pd ratio over 1 considerably 
decreased the rate of phenyl migration. A similar 
observation was made for the reaction of Ph3P.2a) It is 
probable that as in the case of Ph3P, the coordination 
of the second molecule of Ph3As to Pd exercises some 
unfavorable effect on the phenyl migration process. 

Some reaction systems show a marked tendency to 
form biphenyl rather than phenylated olefins. This is 
especially true for the system where the formation of 
the phenylpalladium species is rapid {e.g., Ph3Sb and 
Ph3Bi). This is at least partially due to the fact that 
without sufficient supply of olefin the phenylpalladium 
species decompose to form biphenyl. A slight modifica­
tion was made in experimental procedure for the reac­
tion of Ph3Sb and Ph3Bi (Table 1). A mixture of the 
olefin and Ph„A ( A = S b , Bi) was added to a solution of 
Pd(OAc) 2 in acetonitrile. When they were subjected 
to reaction by the standard procedure (prior reaction of 
Pd(OAc) 2 and Ph3A in acetonitrile, see Experimental), 
most of the organic products were biphenyl. The 
reaction of PhHgOAc studied under comparative 
conditions indicates that the formation of biphenyl is 
unimportant (1—2% yield). T h e marked tendency of 
Ph3Bi to form biphenyl seems to reflect a certain in­
herent nature of the compound. 

The time-yield profiles for various PhwA are given in 
Fig. 1 to show the phenylation of ethyl acrylate under 
the same reaction conditions. Solid Ph3A (0.50 mmol) 
was added to a solution of Pd(OAc) 2 (0.50 mmol) in a 
mixture of ethyl acrylate (5.0 mmol) and acetonitrile 
(3.0 g) at 50 °C. Some discrepancy in yields (at 5 h of 
reaction) from those in Table 1 reflects a subtle difference 
in the experimental procedure.4) 

Phenylation of olefins with Ph 3 P-Pd(OAc) 2 under 
nitrogen proceeds much more slowly than that under 
ordinary atmosphere.1) The aerobic reaction might 
remove excess phosphine ligand from the coordination 

PH 

a o 
T3 

2 

300 

a6o 
• 

100 

n 

-

-m • • 

-A ^O 

O 
— ^ 

._• «__ 
_ A A 
— D • 

.-O- ° 

_ 0 _ 

- A — 

_nJ 

1 m 1 

0 2 A 6 
Reaction time, h 

Fig. 1. The reaction of Ph3A with Pd(OAc)2 in the pres­
ence of ethyl acrylate (50 °C). Ph3A, 0.50 mmol; Pd-
(OAc)2, 0.50 mmol; ethyl acrylate, 5.0 mmol; acetoni­
trile, 3.0 g. -, 5; , biphenyl. A: P ( 0 , # ) . A s 

(A ,A) , Sb(O), B i { Q B ) . 

sphere of Pd through oxidation. Thus, the reaction of 
Ph3As is greatly suppressed under nitrogen, while no 
major effect is observed with the compounds of Sb, Bi, 
Te, and Se. The reaction of PhHgOAc with olefin 
under nitrogen was also shown not to differ from that 
under aerobic conditions. 

Ph 3 P-PdCl 2 does not phenylate olefins in the absence 
of added sodium acetate.23) A similar study indicates 
tha t the compounds of P, As, and Se are completely or 
almost inactive without acetate ion. The compounds 
of Sb, Bi, and Te, on the other hand, exhibit somewhat 
decreased reactivity, but still phenylate ethyl acrylate 
effectively. Phenylmercury(II) chloride coupled with 
PdCl2 has been utilized as an effective phenylating agent 
for olefin.6) Hg requires no assistance by acetate ion in 
the migration of phenyl group from Hg to Pd. These 
observations indicate an essential difference in the 
mechanism of phenyl migration according to the nature 
of elements. If the nucleophilic attack by acetate ion 
on the coordinated A atom23) is important for the 
reaction of Ph3P, Ph3As, and Ph2Se with bivalent Pd, 
we might expect that the reaction is suppressed for 
quinquevalent P and As (or with quadrivalent Se), 
since the coordination through A atom is impossible. 
The reactions of Ph 3 PO or Ph3PCl2 were completely 
inhibited, those of Ph3AsO or Ph3AsCl2 being suppressed 
a great deal. T h e reactions of Ph2SeCl2 were slightly 
suppressed. O n the other hand, no major influence on 
the phenyl transfer activity was observed for Ph3SbCl2 

and Ph3BiCl2. These observations are in line with the 
idea that the mechanism of phenyl migration can vary 
among elements A. 

2 A 6 
Reaction time, h 

Fig. 2. The phenyl transfer from P to Pd as assessed by 
quenching with bromine (A) and by phenylation of eth­
yl acrylate (B) (25 °G). 
A: Ph3P, 2.0 mmol; Pd(OAc)2, 2.0 mmol; acetonitrile, 
30 g ; 0> #> duplicate runs. 
B: Ph3P, 0.50 mmol; Pd(OAc)2, 0.50 mmol; ethyl ac­
rylate, 5.0 mmol ; acetonitrile, 3 g. 
yield: (mol of bromobenzene or 5/mol of Pd(OAc)2) X 
100. 

The formation of phenylpalladium species has 
hitherto been studied by the phenylation of olefins. As 
a more direct method for characterizing the unstable 
intermediate, the quenching experiments with bromine 
were at tempted for the reaction of Ph3P and Pd(OAc) 2 

at 25 °C (Fig. 2). The aliquots withdrawn at appro­
priate time intervals were allowed to react with excess 
bromine in carbon tetrachloride. Bromobenzene which 
seems to be formed by the "bromodepalladation reac­
tion"7) of the phenylpalladium salts increased approxi-
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mately linearly with the reaction time, supporting the 
formation of the chemical species containing the phenyl­
palladium bond. Phenylation of ethyl acrylate under 
similar conditions was obviously slow as compared to 
the formation of phenylpalladium species. A problem 
remains in the quenching practice as to a satisfactory way 
for standardizing the analytical method. In the reaction 
of PhPd(Ph 3P) 2 I with excess bromine, 6 7 % of bromo-
benzene was obtained along with 4 % of iodobenzene, 
indicating that the bromodepalladation of the complex 
is not quantitative. 

be the decreasing A - C bond energy in the order B i < 
S b < A s < T 3 ) coupled with the decreasing electronega­
tivity B i<Sb<P<As , 1 0 > both facilitating the electro-
philic aromatic substitution on the carbon atom bonded 
to Bi or Sb. In order to cleave the more stable P - C 
bond via electrophilic process on carbon, a prior coordi­
nation of phosphorus to palladium is required, which 
not only brings the reactants into close proximity but 
also enables the nucleophilic assistance by acetate ion 
on the coordinated P atom. T h e donor ability of Ph3A 
increases in the order P>As>Sb>Bi . 1 1 > 

D i s c u s s i o n 

The results could be rationalized by two extreme 
reaction mechanisms for the phenyl transfer from A to 
Pd. The first is represented by Ph 3P given in Scheme 3 
where only the relevant ligands on Pd are shown. PPh 3 

coordinated to bivalent Pd is in effect phosphonium ion, 
which is attacked by acetate ion on P, and concurrently, 
the phenyl group on P migrates to the vacant coordina­
tion site on Pd. Thus, the mechanism is an electrophilic 
aromatic substitution of P by Pd (or a 1,2-shift of phenyl 
group from P to Pd) promoted by nucleophilic assistance 
by acetate ion. I t is not at all certain, however, whether 
the acetate ion which attacks P requires a prior coordina­
tion to Pd (Scheme 3). The process of phenyl migration 

9. 
Pr^P—P,d 

OJ .0 
Ph2P — Pcf 

V 
I 

CH, 
from an electron rich to electron deficient center (1, 
2-shift of aryl group8)) and the ability of acetoxyl group 
for anchimeric assistance9) are familiar in organic 
chemistry. On the other hand, the reaction of the 
compounds of Bi seems neither to require the prior 
coordination of A to Pd nor necessitate the nucleophilic 
assistance by acetate ion. Thus, a simple electrophilic 
aromatic substitution by bivalent Pd would be enough 
to describe the reaction (Scheme 4). Phenylmercury (II) 
salts might react with bivalent Pd in a similar way. 

Ph2Bi Pd1 
Ph2Bi 

(4) 

For the elements other than P and Bi, the entity of 
the reaction would be somewhere between the two 
extremes, and no discontinuous change in mechanism 
seems to be involved. The reactions of As are more 
related to those of P, while the reactivity of Sb and Te 
seems to be close to that of Bi or Hg. The factors 
responsible for these varying reactivities of Ph3A would 

Exper imenta l 

Materials. Pd(OAc)2 was prepared by the method of 
Stephenson et al.1*) Commercial transition metal salts were 
used. The following phenyl derivatives of groups V and VI 
typical elements were synthesized according to the reported 
procedures and identified by elemental analyses as well as by 
comparison of IR and melting points; Ph3Sb,13> Ph3Bi,14> 
Ph2Se,15> Ph2Te,16> Ph3PCl23

17> Ph3AsCl2,
17»18> Ph3AsO,19> 

PhgSbC^,1*) Ph3BiCl2,
2°) Ph2SO,21> Ph2SeCl2.

22) Commercial 
Ph3P and Ph3As were used with or without further purifica­
tion. Phenylpalladium complex, PhPd(Ph3P)2I, was pre­
pared23) and identified by elemental analysis. 

Reaction of PhnA with Pd(II) Salt in the Presence of Olefinic 
Compounds. The reaction was carried out in the follow­
ing way with slight modifications. In a reaction cell fitted 
with a constant-temperature water jacket were placed 050 
mmol of PhnA (or PhnAX2), desired amount (0.25—1.0 mmol) 
of Pd(II) salt and 3.0 g of acetonitrile. After the mixture 
had been stirred for 5 min, 5.0 mmol of olefin (1-octene or 
ethyl acrylate) and an internal standard (diethylene glycol 
dibutyl ether or 1,2-diphenylethane) were added. The reac­
tion was monitored by analyzing the phenylated olefins and 
biphenyl, until the precipitation of palladium black was 
complete (usually 24 h). Identification of the reaction prod­
ucts was reported.2) 

Reaction of PhzP with Pd(OAc)2, Quenching with Bromine. 
Pd(OAc)2 (0.50 mmol) was dissolved in acetonitrile (3.0 g, 
with chlorobenzene as an internal standard) in a thermo-
statted cell at 25 °C. Ph3P (0.50 mmol) was then added. 
Samples were withdrawn from the reaction mixture and added 
to the excess bromine («?2 mmol) dissolved in carbon tetra­
chloride. The mixture was shaken with 10% aq Na2S203, 
and the organic layer was separated. The latter solution was 
analyzed by GLC after being dried with MgS04 . The use 
of iodine in place of bromine proved inadequate, since the 
reaction of Ph3P with iodine did not reach completion and 
the phenyl transfer reaction continued to take place. The 
reaction of PhPd(Ph3P)2I with bromine was carried out in a 
similar way. The complex was dissolved in acetonitrile or 
in a mixture of acetonitrile and dichloromethane and treated 
with 4—5 folds molar excess bromine in carbon tetrachloride. 
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The phase transfer process was applied to the reaction of organic bromides with azide anion. The reduction 
of intermediary azide derivatives gave the corresponding amino compounds, benzylamine, glycine, alanine, butyrine, 
and serine in fairly good yields. Effective catalytic activity was demonstrated by the difference in chemical yields 
in the case of methyl bromoacetate and ethyl a-bromopropionate. In order to examine the role of phase transfer 
catalyst, two bromohydrins (methyl ß-hydroxy-oc-bromopropionate and styrene bromohydrin) were subjected 
to the present reaction. Methyl /?-hydroxy-a-bromopropionate afforded serine exclusively in the presence of 
18-crown-6 and tetrabutylammonium bromide, but in the absence of the catalyst a mixture of serine and isoserine 
was obtained. A different regioselectivity was observed in the case of styrene bromohydrin. 

Use of quaternary ammonium and phosphonium salts 
and crown ethers as a phase transfer catalyst is epochal 
in synthetic organic chemistry. Many synthetic routes 
are now being developed, giving products in good yields 
under simple and mild conditions.1) 

The mechanism proposed by Starks2) was verified3) 
in accord with the reactivity of 2-bromooctane toward 
aqueous alkali solution. Herriott and Picker3) concluded 
that the catalyst functions so as to solubilize the anionic 
reagents into the organic phase in their system, but 
not rigorously applicable to others.1-4) 

We describe herewith the substitution reaction of 
organic halides with sodium azide under phase transfer-
catalyzed conditions, which permit easy access to amino 
compounds. The probable mechanism for the present 
systems in connection with the reactivity of bromo­
hydrins is discussed. 

Exper imenta l 

IR spectra were recorded on a Hitachi 215 grating spectro­
photometer and PMR spectra on a Varian model EM-360 
spectrometer. 

The general procedure for nucleophilic substitution of or­
ganic bromide with azide anion is exemplified by a typical 
run (run 1, Table 1). The reactions were repeated with the 
reaction parameters modified. 

Benzyl bromide (10 mmol; 1.71 g) and sodium azide (15 
mmol; 0.98 g) were stirred in a mixture of water (4 ml) and 
tetrabutylammonium bromide (0.5 mmol; 161 mg) at room 
temperature for 6 h, after which the solution was extracted 3 
times with dichloromethane. The dried dichloromethane solu­
tion was evaporated and the residue was reduced with LAH. 
Benzylamine was obtained in the usual way. Yield, 936 mg 
(87.4%). IR and PMR spectra were identical with those of 
an authentic specimen. Identification of other products was 
also confirmed in satisfactory agreement with respective data 
in literature. 

Determination of the ratio of isomeric serines, and amino 
alcohols (I and II) was made by a comparison of integral val­
ues of ^-methylene and a-methin protons. The chemical shift 
of /^-methylene proton of isomeric serines in D aO-NaOH and 
TMDS as an internal standard: ô 3.80 for serine; 3.08 for 
isoserine. The chemical shift of a-methin proton in GDC13 

and TMS of I and I I : Ô 4.58 for I; 3.97 for II . 

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

Organic bromides reacted with sodium azide in a 

two-phase (liquid-liquid or solid-liquid) system in the 
presence of a phase transfer catalyst such as tetrabutyl­
ammonium bromide and 18-crown-6,5) to give the 
corresponding azides in good yields, which were easily 
converted into the amines. For example, benzyl 
bromide underwent nucleophilic substitution at room 
temperature . The end product, benzylamine, was 
obtained by the L A H reduction of intermediate azide 
(Table 1). Benzene was found to be superior to ether 
in the solid-liquid system. 

T A B L E 1. 

PhCH,Br 

NUCLEOPHILIC DISPLACEMENT OF BENZYL 

BROMIDE BY SODIUM AZIDE 

NaN8 LAH 

PTC(5mol2D 
a t room temp 

PhCH2N3 PhCH2NH9 

Run PTCa> Solvent Reaction 
period (h) % Yield 

NXb> 
CEC> 
CE 

H 2 0 
Benzene 
Ether 

87.4 
48.3 
27.1 

a) PTC : phase transfer catalyst. 
b) NX : tetrabutylammonium bromide. 
c) CE : 18-crown-6. 

Amination of a-halogenated esters is a conventional 
method for synthesis of a-amino acids, so that we duly 
applied the phase transfer technique to the reaction. 
Glycine, alanine, and butyrine were obtained in good 

TABLE 2. NUCLEOPHILIC DISPLACEMENT OF 

A-BROMO ESTERS BY SODIUM AZIDE 

NaN3 

Run 

1 
2 
3 
4 
5 
6 
7 

RCHCOOR' _ 
i 

Br 
H s 

Pd/C 

PTC 

NX 
CE 
— 
NX 
NX 
— 
NX 

H 3 O + 

R 

H 
H 
H 
Me 
Me 
Me 
Et 

R' 

Me 
Me 
Me 
Et 
Et 
Et 
Et 

PTC (5 mol^O 
at room temp 

• RCHCOOR' 

N3 

RCHCOOH 

NH2 

Solvent 

HaO 
Benzene 
Benzene 
H 2 0 
H 2 0 
H 2 0 
H 2 0 

Reaction 
period (h) 

12 
6 
6 
1 
6 
1 
6 

% Yield 

79.0 
97.1 
trace 
82.3 
94.4 

3.5 
90.3 
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TABLE 3. REACTION OF /?-METHOXY- OR /?-HYDRoxY-a-BROMOPROPiONATEs WITH SODIUM AZIDE 

NaN3 H2 
ROCH2CHCOOMe 

I 
Br PTC (5 mol^Q Pd/C 

H3o HOCH2CHCOOH 
— > i 

NH2 
H2NGH2CHCOOH 

OH 

Run PTC R Solvent Reaction 
period (h) 

Reaction 
temperature Serine : Isoserine 

1 
2 
3 
4 

NX 
NX 
CE 
— 

Me 
H 
H 
H 

H 2 0 
H 2 0 
CH3CN 
MeOH-H aO 

6 
24 
24 
12 

room temp 
40 °C 
50 °C 

reflux 

84.0 
63.2 
60.0 
30.5 

only 
only 
only 
60 40 

yields. Effectiveness of the phase transfer catalyst was 
reflected in the distinct difference in chemical yield 
(runs 2, 3 and 4, 5, 6 in Table 2). 

The data obtained for the amination of methyl ß-
methoxy-6) and ß-hydroxy-a-bromopropionate7) to give 
serine in moderate yields by phase transfer catalysis are 
summarized in Table 3. 

Levene and Schormüller8) reported the formation of 
ß-azido-a-hydroxypropionate as the sole product of the 
reaction of methyl ß-hydroxy-a-bromopropionate with 
sodium azide in methanol-water medium. In contrast, 
we obtained a mixture of serine and isoserine (60: 40) 
as the end product of the same reaction under exactly 
the same conditions in the absence of catalyst (run 4, 
Table 3).9> With ammonium halide and crown ether 
as a phase transfer catalyst, the reaction gave serine as 
the sole product in improved yields. 

The present reaction would proceed through inter­
mediate formation of methyl glycidate from bromo* 
hydrin followed by the nucleophilic attack of azide 
anion to give isomeric serines depending on whether it 
takes on a- or ^-carbon of the glycidate. In order to 
confirm the mechanism, we subjected ethyl glycidate10) 
as the substrate to the same reaction under the same 
conditions. We see from Table 4 that isoserine was the 
sole product in all cases, regardless of the presence or 
absence of catalyst and difference in medium. The 
intervention of glycidate is thus excluded. Consequently, 
in the phase transfer-catalyzed reactions, the nucleo­
philic attack of azide anion took place directly on the 
a-carbon of methyl /9-hydroxy-a-bromopropionate to 
displace bromine. 

TABLE 4. 

PTC 

NX 

NX 

CE 

REACTION OF ETH 

CH2-CHCOO] 

V 
H2 H 8 0 

Pd/C 

Solvent 

Buffer (pH 7) 
Buffer(pH 7) 
H 2 0 
HaO 
CH3CNa> 

YL GLYCIDATE WI 

P, N a N ' ; 

PTC(5mol%) 
at room temp 

* H2NCH2CHO 

OH 

Reaction 
period (h) 

12 
12 
15 
15 
21 

TH SODIUM AZIDE 

• 

OOH 

% Yield of 
isoserine 

60.6 
59.1 
62.8 
64.4 
22.9 

The complete regiospecificity as well as improved 
chemical yields found for the present reaction systems 
can be utilized in synthetic organic chemistry. 

In order to elucidate the function of phase transfer 
catalyst in the present systems, it seemed of interest to 
examine the reactivity of other substrates capable of 
easy rearrangement. For this purpose, styrene bromo­
hydrin11* seems to be suitable since it is prone to rear­
rangement. Upon nucleophilic substitution, styrene 
bromohydrin may give rise to the substitution product I 
and/or the rearrangement product I I (Scheme 1). 

PhCHCH2Br • • PhCHCHaNH2 + PhCHCH2OH 

OH OH NH2 

I II 

Scheme 1. 

The experimental results are given in Table 5. In the 
system of styrene bromohydrin also, styrene oxide is 
considered to be the probable intermediate. However, 
the results with styrene oxide used as a substrate suggest 
that the contribution of oxiran intermediate is negligible 
(Table 6). 

Styrene bromohydrin reacted with sodium azide in 
benzene in the presence of crown ether to give exclu­
sively the substitution product I (run 1, Table 5). In 
polar pro tic environment (run 3, Table 5), only the 
rearrangement product I I was obtained from the same 
substrate. The difference might be attributed to the 
ability of medium to solvate anion species ; the reduced 
solvation of azide anion in crown ether-benzene system 
suppresses intramolecular hydroxyl rearrangement, 
whereas in polar protic medium, the neighboring 

TABLE 5. REACTION OF STYRENE BROMOHYDRIN 

WITH SODIUM AZIDE 

NaNg LAH 

PTC (5 mol^D 
PhCHCH2Br 

OH 
PhCHCH2NH2 + PhCHCH2OH 

OH NH2 

I II 

a) Heated under reflux. 

Reaction 
Run PTC Solvent period 

(h) 

1 CE Benzene 23 
2 NX H 2 0 23 
3 — MeOH-H aO 14 

Reaction 
tem­
perature 

50 °C 
40 °C 

reflux 

0 / 
/O T . 

Yield l ' 

28.5 100 
58.4 44 
63.0 

II 

56 
100 
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TABLE 6. REACTION OF STYRENE OXIDE WITH SODIUM AZIDE 

NaN3 LAH 
PhCH—CH 

PTC (5 mol%) 
_• PhCHCHaOH 

NH2 

II 

PTC Solvent Reaction 
period (h) 

Reaction 
temperature 

% Yield 
of II 

CE 
NX 
NX 
CE 
CE 

CH3CN 
H 2 0 
Buffer(pH 7) 
H 2 0 
Buffer(pH 7) 

reflux 
room temp 
room temp 
room temp 
room temp 

trace 
8 

72 
53 
50 

hydroxyl participation has preference to the attack of 
solvated azide anion. 

In the liquid-liquid system with tetrabutylammonium 
bromide used as phase transfer catalyst (run 2, Table 
5), however, no clear-cut selectivity was observed. 

For the purpose of clarifying the function of quater­
nary ammonium salt, we examined to what extent the 
product distribution is affected by the change in dosage 
of catalyst and by the addition of organic solvent such 
as chloroform and benzene to the organic phase. Since 
the solubility of azide anion in organic phase would 
be greatly increased under these circumstances, we 
could predict the preferential formation of the substitu­
tion product I due to the enhanced reactivity of azide 
anion. In accordance with expectation, the product 
ratio I : I I increased with increase in the amount of 

TABLE 7. INFLUENCE OF THE REACTION PARAMETERS ON THE 

PRODUCT DISTRIBUTION OF ISOMERIC AMINO ALCOHOLS 

NaN3 LAH 
PhCHCH2Br 

J y r j NX, 23 h at 40°C 

PhCHCH2NH2+PhCHCH2OH 

OH NH2 

I II 

Run Mol % 
ofNX Solvent % Yield I II 

1 
2 
3 
4 
5 
6 

5 
20 
60 
0 
5 
5 

H 2 0 
H 2 0 
H 2 0 
H 2 0 

C6H6-H20 
CHCL-H 2 0 

58.4 
75.3 
77.9 
10.6 
36.2 
48.6 

44 
65 
77 

77 
85 

56 
35 
23 

100 
23 
15 

catalyst and by addition of organic solvent (Table 7). 
T h e experimental results in the present systems 

(Tables 5, 6, and 7) show that the reaction takes place 
in rather aprotic environment as indicated by the high 
product ratio (runs 3, 5, and 6, Table 7). The mecha­
nism proposed by Starks and Herriott seems to be 
operative under these conditions. However, in the 
reaction system which involves the substrate alone as 
organic phase (run 1, Table 7), the predominant 
formation of rearrangement product I I is observed in 
spite of the presence of quaternary ammonium salt. 
This might result from the sparing solubility of am­
monium azide ion-pair in organic phase. Under such 
conditions as employed in run 1 (Table 7), therefore, 
the function of a co-sphere outside the interface between 
organic and aqueous phases to furnish a possible 
reaction site could not be entirely neglected. As another 
likelihood, the protic character of styrene bromohydrin 
constituting an organic phase may be responsible for 
the observed preferential formation of I I , despite the 
fact that the reaction occurs in organic phase. 
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The covalent hydration forming geminal diol is shown to be general in six-membered aza-aromatic aldehydes 
substituted by a formyl group at ortho or para-position to the nitrogen atom, and the equilibrium constants and 
thermodynamic quantities of the reaction are determined by NMR spectroscopic measurements. The results are 
compared with those of their hemiacetal formation. In several cases, solid monohydrates are isolated and identified. 

In contrast to easy formation of hemiacetals,1) 
hydration of carbonyl compounds is much less predom­
inant, and only a few examples have been reported.2 ,3) 
Trichloroacetaldehyde crystallizes as monohydrate , and 
its geminal diol structure is confirmed by ultraviolet 
spectroscopy.2) Formaldehyde also exists to some extent 
as methanediol in aqueous solution. Some aliphatic 
aldehydes were also found to exist as equil ibrium 
mixtures between the carbonyl and geminal diol forms 
in aqueous solutions.4-6) However, the hydrate forms 
of most complex aldehydes are rather unstable, aldehydes 
behaving as normal carbonyl compounds even in 
aqueous or alcoholic solutions. The n—>n* absorption 
of many aldehydes including formaldehyde, acet-
aldehyde, and other simple aldehydes have been measure 
in these solutions, and their intensities were shown 
to be in the same order as those in aprotic solvents.7) 

Since the hydration and hemiacetal formation of 
carbonyl compounds both proceed via nucleophilic 
attack of water and alcohol molecules towards the 
carbonyl carbon atom, electron-withdrawing moieties 
at tached to the carbonyl group should favor the forma­
tion of these addition products. The hydration of aza-
aromatic aldehydes carrying so-called electron deficient 
rings was investigated. The position of the carbonyl 
function relative to the intra-ring nitrogen atoms 
affects the equilibrium of the hydration remarkably. 
The difference in equilibrium constants was interpreted 
in terms of the electronic effect and hydrogen bonding. 

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

Preparation of Materials. Most of the quinoline- and naph-
thyridinecarbaldehydes were prepared by the methods report­
ed.8) The samples of pyridinecarbaldehydes were obtained by 
distilling twice the commercial materials. 

3-Quinolinecarbaldehyde (5) was perpared from 3-amino-
quinoline by a modified method.11) The starting material(3.6 
g) was dissolved in diluted hydrochloric acid(3.5 M, 23 ml), 
aqueos sodium nitrite solution(1.75 g in 2.5 ml water) being 
added gradually to the solution. The pH of the diazonium 
salt solution thus prepared was adjusted to be ca. 5 by addition 
of sodium carbonate, and 10% aqueous formaldehyde oxime 
was added to the diazotized solution with efficient stirring dur­
ing 30 min, the temperature of the reaction mixture being kept 
at 5—10 °C. The mixture was acidified with diluted hydro­
chloric acid (to p H = 3 ) . A ferric chloride solution(15 g in 15 

To whom correspondence should be addressed. 

ml water) was added, and the solution was digested at 100 °G 
for about 1 h. Neutralization by sodium carbonate, extraction 
by ether, and evaporation of the solvent gave the crude 3-
quinolinecarbaldehyde. Colorless needles(recrystd from pen-
tane). Mp 68—70 °C(lit, 70 °G). MS, m/e=157(M+). 

Their hydrates were prepared by crystallization from aque­
ous or aqueous-dimethyl sulfoxide solutions. Dimethyl sul­
foxide seems to accelerate and to favor formation of the 
hydrates. 4-Pyridinecarbaldehyde monohydrate. Mp 65—80 
°C (dec). Found: C, 57.80; H, 5.58; N, 11.32%. Calcd 
for C6H702N: C, 57.59; H, 5.64; N, 11.20%. 1,8-Naph-
thyridine-4-carbaldehyde monohydrate. Mp 129—130 °G 
(dec). Found: C, 61.57; H, 4.39; N, 15.65%. Galcd for 
G9H802N2: C, 61.36; H, 4.58; N, 15.90%. 

Measurement of the Spectra. The IR spectra were recorded 
with a Hitachi Model 225 grating infrared spectrophotometer 
and the UV spectra with a Hitachi EPS-3T spectrophotom­
eter. Proton NMR spectra were measured with a JMN 
C-60H spectrometer equipped with a JES-VT-3 apparatus 
for variable temperature measurements. Chemical shifts are 
given in terms of part per million (ppm) downfield from TMS, 
and temperatures were calibrated by measuring the chemical 
shifts of 1,3-propanediol before and after scan of the spectrum. 

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

Isolation of Crystalline Monohydrates of Aza-aromatic 
Aldehydes. In the course of synthetic and pharma­
ceutical investigations on naphthyridines and related 
heterocycles,8-10) a series of aza-aromatic aldehydes 
were prepared and their infrared spectra were measured. 
Among these aldehydes, 1,8-naphthyridine-4-carbal-
dehyde (8), prepared by the oxidation of 4-methyl-l,8-
naphthyridine, crystallizes to form monohydrate, and 
shows no carbonyl absorption in the frequency range 
1750—1650 c m - 1 when the spectrum is obtained in the 
solid state (as a potassium bromide pellet). Some 
absorption bands of the aldehyde under discussion are 
given in Table 1. T h e broad and intense absorption 
of l ,8-naphthyridine-4-carbaldehyde hydrate at ca. 3200 
c m - 1 can be assigned to the associated (or chelated) 
hydroxyl group. T h e broad bands at the lower frequen­
cies might originate from the O H bending and C O 
stretching modes of vibration of geminal diol group. 
Mass spectrum of the hydrate shows no molecular ion 
peak but M—18 (mje: 158) peak which corresponds to 
the parent peak of the anhydrous aldehyde. Further 
studies on its infrared spectrum in solution reveal the 
existence of the carbonyl form in aprotic solvents. The 
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TABLE 1. INFRARED SPECTRA OF SEVERAL AZA-AROMATIC ALDEHYDES 

Aldehyde State J e m - 1 a) c=o 
Bond order 

2 -Pyridinecarbaldehyde (anhydrous) 
3-Pyridinecarbaldehyde (anhydrous) 
4-Pyridinecarbaldehyde (anhydrous) 

(hydrate) 

2-Quinolinecarbaldehyde (anhydrous) 
3-Quinolinecarbaldehyde (anhydrous) 
4-Quinolinecarbaldehyde (anhydrous) 
1,5-Naphthyridine-4-carbaldehyde (anhydrous) 
1,8-Naphthyridine-2-carbaldehyde (anhydrous) 
1,8-Naphthyridine-4-carbaldehydeb) (hydrate) 

(hydrate) 
(hydrate) 

liquid 
liquid 
liquid 
solid 

solid 
solid 
liquid 
solid 
solid 
solid 

CHG13 soin 
CH3CN soin 

1714 (s) 
1707 (s) 
1712 (s) 
3270(s,b) 
1560 (s) 
1706 (s) 
1690 (s) 
1703 (s) 
1697 (s) 
1707 (s) 
3200 (s,b) 
1510(b) 
1310(s,b) 
1711(s)c> 
1706 (s) c> 

0.8659 
0.8618 
0.8707 

0.8685 
0.8599 
0.8669 
0.8630 
0.8692 
0.8696 

a) s : strong, b : broad. b) Anhydrous substance was not obtained by recrystallization from aqueous ethanol. 
c) Carbonyl stretching absorption of the free carbonyl group (see text). 

acetonitrile solution of the hydrate shows the carbonyl 
stretching absorption at 1706 c m - 1 with £m a x

= = :595. In 
aprotic solvents, the hydrated molecule seems to 
dissociate into the free aldehyde as follows. 

H ^ 0 H 

+ H20 =̂ 

(I) (II) 

Since the carbonyl chromophore is destroyed to form 
the saturated dihydroxy methyl group in the course of 
hydration, the process of hydration is best pursued by 
means of ultraviolet spectrometry. T h e spectra of 1,8-
naphthyridine-4-carbaldehyde (9) were measured in 
various solvents. The results are illustrated in Fig. 1. 
For the sake of comparison, the spectrum of the parent 
1,8-naphthyridine is also shown. The spectrum of 9 
in water resembles remarkably that of 1,8-naphthyridine. 
The similarity is reasonanble since the hydrated form 
of 9 has a 1,8-naphthyridine chromophore slightly 
perturbed by the dihydroxymethyl moiety. Similar 

TABLE 2. ULTRAVIOLET SPECTRA OF SEVERAL AZA-AROMATIC ALDEHYDES 

Aldehyde 
* max/nm (e max/l mol"1 cm"1) 

i n H a O 

225 (11200) 
259 ( 2000) 
264sh( 1700) 
286 ( 1260) 

248 (11300) 
316 ( 7050) 
330b ( 4910) 

263 ( 9490) 
273 ( 8420) 
306 (10500) 
312 (10600) 
330sh( 3070) 

242sh( 7960) 
302 ( 7660) 
311 ( 8640) 
330sh( 1910) 

268b ( 7880) 
303 ( 9410) 
311 ( 9700) 
330sh( 2350) 

in CH3CN 

223 
284 

224 
250 
325b 

320 
275 

274b 
320b 

278 
322 

( 6760) 
( 1780) 

(35900) 
(14700) 
( 7660) 

( 8080) 
( 7260) 

( 8230) 
( 5630) 

( 4910) 
( 4910) 

in CH3OH 

251 
258 
265sh 

250 
285b 
303 
316 

263 
272 
290 
299 
309 

258 
299 
303 
311 

265 
296 
303 
311 

( 1820) 
( 2340) 
( 1860) 

( 2140) 
( 3880) 
( 3660) 
( 3530) 

( 7480) 
( 5920) 
( 4550) 
( 6980) 
( 8240) 

( 6340) 
( 9390) 
(10300) 
(10600) 

(10700) 
( 9440) 
(11500) 
(11200) 

4-Pyridinecarbaldehyde (3) 

4-Quinolinecarbaldehyde (6) 

1,5-Naphthyridine-4-carbaldehyde (7) 

1,8-Naphthyridine-2-carbaldehyde (8) 

1,8-Naphthyridinc-4-carbaldehyde (9) 

sh: shoulder, b : broad. 



2030 

5.0 

Kazuhisa ABE, Minoru HIROTA, Isao TAKEUCHI, and Yoshiki HAMADA [Vol. 50, No. 8 

?.}. aa.-.tLif.r.S.Ç- a l d e hy d e ) 

A/nm 

Fig. 1. Ultraviolet spectra of l,8-naphthyridine-4-carbal-
dehyde. [ • in water, in acetonitrile, in 
methanol (hemiacetal), and 1,8-naphthyridine (as 
reference) in acetonitrile]. 

changes in spectra have been observed during the course 
of acetal formation of some heteroaromatic aldehydes.3) 
T h e hypsochromic shifts of the bands caused by acetal 
formation are also explained to be due to the saturation 
of the carbonyl chromophore to form the geminal 
dialkoxy-compound. 

Crystalline hydrates can also be obtained in several 
cases (e.g. l ,8-naphthyridine-2-carbaldehyde (8), 4-
pyridinecarbaldehyde (3)) as solids which deposit 
spontaneously on the wall of the sample tube when their 
N M R spectra were measured in aqueous organic 
solvents (especially in D 2 0 - D M S O solvent system). 
Their geminal diol structures were proved by observing 
the presence of the two O D stretching bands (2438 and 
2322 c m - 1 in the case of 3) and the absence of the C = 0 
stretching band in their infrared spectra. In the case 
of 3, the solid hydrate ( C 6 H 5 N O - H 2 0 ) obtained from 
aqueous solution is identified by the N M R spectrum in 
DMSO-</6 [d=6 .58 (d, 2, 7 = 7 . 5 Hz, O H ' s of gem-
diol) and 5.77 ppm (a-CH) and also by elementary 
analysis (see Experimental) . The ultraviolet spectra 
of the aldehydes in water are also compared with those 
in aprotic solvents, hypsochromic shifts at tr ibutable to 
the covalent hydration being again observed (Table 2). 

Determination of the Equilibrium Constants and Thermo­
dynamic Quantities of the Hydration and Hemiacetalization 
of the Aza-aromatic Aldehydes. Fur ther investigation 
on their N M R spectra shows that hydration of the 
heteroaromatic aldehydes of this class occurs generally, 
and proceeds reversibly in various solvents.12) Thus , the 
measurement provides a suitable means to study the 
reaction quantitatively. An example of the N M R 
spectra of 4-pyr idinecarbaldehyde-D 2 0 -dimethyl 
sulfoxide-äf6 ternary system is given in Fig. 2. T h e rate 
of the hydration is sufficiently small to make it possible 
to observe the proton signals of the free and the hydrate 
species of the aldehyde separately, the C H O and the 
C H ( O D ) 2 protons resonating at about 10.1 and 6.0 
ppm, respectively. The relative intensities of these 

CH(OD) , 

<5/ppm 

Fig. 2. The proton NMR specrum of 4-pyridinecarbal-
dehyde in deuterium oxide-dimethyl sulfoxide-rf6. 

signals vary with the displacement of the equilibrium 
between the free and hydrate species. The relative 
intensities of the signals were determined as the average 
of integrated intensities recorded by the scan of the 
integrator. The scan was repeated at least three times 
to obtain a reliable equilibrium constant, the data with 
larger deviations being omitted. When the proton N M R 
signals of the ring are relatively simple (as in the spec­
t rum of 4-pyridinecarbaldehyde in Fig. 2), the intensity 
measurement on these signals gives a more reliable 
equilibrium constant. The equilibrium constants thus 
obtained are given in Table 3. The temperature 
dependence measurements gave the enthalpies and 

TABLE 3. EQUILIBRIUM CONSTANTS AT VARIOUS 

TEMPERATURES FOR THE HYDRATION OF AZA-

AROMATIC ALDEHYDES IN 

2-Pyridinecarbaldehyde (1) 

T/K 281 287 

Kx 102/1 mol-1 1.64 1.32 

4-Pyridinecarbaldehyde (3) 

T/K 291.5 303 

Kx 102/1 mol-1 5.24 3.65 

2-Quinolinecarbaldehyde (4) 

T/K 297 303 

Kx 102/1 mol-1 3.33 2.65 

4-Quinolinecarbaldehyde (6) 

T/K 307.5 316.5 

Kx 10V1 mol-1 5.10 3.93 

DaO-DMSO-i6 

298 

1.10 

307.5 

3.16 

307.5 

2.27 

328 

3.33 

1,5-Naphthyridine-4-carbaldehyde (7) 

T/K 307.5 316 

Kx 1071 mol-1 9.83 6.70 

331 

3.96 

1,8-Naphthyridine-2-carbaldehyde (8) 

T/K 307.5 314.5 

Kx 1071 mol-1 8.43 5.00 

325.5 

3.76 

1,8-Naphthyridine-4-carbaldehyde (9) 

T/K 307.5 315.5 

Kx 1071 mol-1 12.9 9.86 

325 

6.25 

307.5 

0.861 

315 

2.57 

316 

1.71 

338 

2.14 

338 

2.69 

335.5 

2.66 

334.5 

3.67 

316 

0.673 

325.5 

2.08 

325.5 

1.07 

347.5 

3.12 
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T A B L E 4. THERMODYNAMIC QUANTITIES FOR THE HYDRATION OF 

AZA-AROMATIC ALDEHYDES IN D a O - D M S C W 6 

Aldehyde X(34.5°C)/lmol-1 AH/kJ mol- ASjmol-1 K- i 

2-Pyridinecarbaldehyde (1) 
3-Pyridinecarbaldehyde (2) 
4-Pyridinecarbaldehyde (3) 
2-Quinolinecarbaldehyde (4) 
3-Quinolinecarbaldehyde (5) 
4-Quinolinecarbaldehyde (6) 
l,5-Naphthyridine-4-carbaldehyde 
l,8-Naphthyridine-2-carbaldehyde 
l,8-Naphthyridine-4-carbaldehyde 
4-Nitrobenzaldehyde (10) 

(7) 
(«) 
(9) 

8.61X10-3 

3.6xl0-3 a> 
3.16X10-2 

2.27X10-2 

b) 
5.10X10-2 

8.43X10-2 

1.29X10-1 

9.83X10-2 

1.51X10-2 

- 1 6 . 3 

- 2 1 , 
- 2 6 , 

- 2 1 . 8 
- 3 2 . 1 
- 3 4 . 8 
- 3 5 . 2 

- 9 2 

- 9 9 
- 1 1 0 

- 9 5 
- 1 2 6 
- 1 3 0 
- 1 3 4 

a) The reaction proceeds slowly taking several days to attain equilibrium. 
b) No signals of the hydrate from were observed even after standing for two weeks. 

entropies of hydration as shown in Table 4. Since 
3-pyridine- and 3-quinoline-carbaldehydes show by far 
less inclination to form hydrates than the rest of the 
aza-aromatic aldehydes (Table 3), the hydration would 
be strikingly favored by the mesomeric effect of the 
ring nitrogen atoms. The electonegative nitrogen atom 
in the six-membered heteroaromatic ring attracts the 
Tt-electrons on the ring, producing positive charges on 
ortho- and para-carbon atoms. The charges, in turn 
induce the positive charges on the carbonyl carbon 
atoms by displacement of the cr-bonding electrons, 
facilitating the nucleophilic attack of water and the 
alcohol molecules. 

Bond orders have often been used as reactivity indices 
for the addition reactions, 13_16> a higher C = 0 bond 
order being expected to favor the addition reaction 
of the water molecule. The PPP17) bond orders for 
aldehydes 1—9 were calculated and tabulated together 
with their G=0 frequencies (Table 1). Since the 
stretching force constant of the bond increases with 
increase in the bond order, the C = 0 stretching frequency 
can be a measure for its bond order. Trichloroacetal-
dehyde, which forms a very stable hydrate, has its C = 0 
absorption band at a remarkably higher frequency ( 1764 
cm - 1 ) than those of simple aliphatic aldehydes. When 
compared with isomers of the above aza-aromatic 
aldehydes, the C = 0 stretching absorption of the "meta"-
aldehydes (2 and 5) are considerably lower than those 
of the other aldehydes capable of forming the hydrate 
to a larger extent. This is in line with the above discus­
sion. The bond order as well as the amount of the 
positive charge on carbon atom predicts the tendency of 
covalent hydration. 

When the equilibrium constants and other thermo­
dynamic properties are compared, the hydration of the 
para-isomer is more favorable than that of the ortho-
isomer in the three series of the aldehydes, i.e. pyridine-
carbaldehydes (1 and 3), quinolinecarbaldehydes (4 and 
6), and 1,8-naphthyridinecarbaldehydes (8 and 9). The 
mechanism of this ortho-effect has not been clarified as 
yet. However, the effect can be interpreted in the 
following way. The dihydroxymethyl group generated 
in the course of hydration is bulkier than the formyl 
group and might cause the desolvation of the water 
molecule originally hydrogen-bonded to the ring 

(III) (IV) 

nitrogen atom ortho to the carbonyl group (at least 
partially) by the steric hindrance. As a result, an ener­
getically more favorable OH---N intermolecular hydro­
gen bond in I I I is replaced by a weaker intramolecular 
hydrogen bond in I V during the course of hydration. 
Thus, a somewhat unfavorable effect is expected with 
the hydration of "ortho"-aldehydes 1, 4, and 8. The 
hydration of the naphthyridinecarbaldehydes seems a 
little more favorable than in the cases of other monoaza-
aromatic aldehydes. 

TABLE 5. THERMODYNAMIC QUANTITIES FOR THE HEMIACETAL 

FORMATION OF 4-PYRIDINECARBALDEHYDE 

Alcohol 

Methanol 

Ethanol 
Isopropyl 
alcohol 
f-Butyl 
alcohol 
Methanol 
with 
aldehyde 10 

Solvent 

DMSO-4, 
Acetone-rf6 

DMSO-</6 

DMSO-</6 

DMSO-4 

DMSO-</6 

K(34.5 °C) 
1 mol-1 

5.77X10-1 

4.72X10-1 

2.85X10-1 

8.79x10-2 

4 . 3 x l 0 - 3 

2.35X10-1 

AH 
kj mol-1 

- 2 7 . 7 
— 

- 3 3 . 3 

- 2 5 . 8 

— 

- 3 3 . 1 

AS 
J mol-1 K-1 

95 
— 

118 

105 

— 

- 1 1 9 

In order to compare the hydration reactions with 
hemiacetal formation of these aldehydes, similar meas­
urements were carried out on the ternary system of the 
aldehyde-alcohol-solvent (mostly dimethyl sulfoxide-d6). 
The results are given in Table 5. In general, hemiacetal 
formation is more predominant than hydration, due 
probably to the stronger nucleophilicity of alcohols. 
However, the equilibria tend to be less favorable as the 
alkyl groups of the alcohols become bulkier,4 '5) and the 
acetal formation is remarkably hindered in £-butyl 
alcohol. T h e equilibrium constant for the hydration 
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is comparable with that of ethyl or isopropyl alcohol. 
The experiments on /»-nitrobenzaldehyde (10) reveal 

the fact that hemiacetalization is again more favorable 
than hydration in benzaldehydes carrying electron-
withdrawing substituents, and the hydration of benzal­
dehydes without electron-attracting groups is practically 
negligible even in aqueous solutions. T h e hydration of 
10 is considerably less favorable than those of 4-pyridine-
carbaldehyde (3) and its analogs but more favorable 
than those of 3-pyridine- and 3-quinoline-carbaldehydes. 
This indicates that the electron-withdrawing power of 
intra-ring nitrogen atom is more predominant than that 
of nitro group attached to the aromatic ring. T h e hydra­
tion reactions a re sensitive to the nature of the solvents, 
and the hydrogen accepting power of the solvent in 
hydrogen bond formation seems to favor the reaction 
remarkably.12) 

T h e authors are grateful to Miss Hiroko Endo for her 
technical assistance in the measurements of the spectra. 
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Synthesis and Absolute Stereochemistry of (+)-6,15-Dihydro-
6,15-ethanonaphtho[2,3-c]pentaphene as Determined by 

Exciton Chirality and X-Ray Bijvoet Methods1) 
Nobuyuki HARADA, Yuki TAKUMA, and Hisashi UDA 

Chemical Research Institute of Nonaqueous Solutions, Tohoku University, Katahira, Sendai 980 
(Received February 18, 1977) 

(6#,15#)-(+)-6,15-Dihydro-6,15-ethanonaphtho[2,3-c]pentaphene (1) was synthesized from (9Ä,10Ä)-(+)-
dimethyl 9,10-dihydro-9,10-ethanoanthracene-l,5-dicarboxylate, the absolute configuration of which has been 
established by the X-ray Bijvoet method and chemical correlations. The CD spectrum of 1 clearly exhibits very 
strong positive first and negative second Cotton effects due to coupling of the 1Bb transitions (Aea68#0= + 931.3 
and Ae249.7= —720.8; A(=Ae1—Ae2)= +1652.1), the positive sign of the A value being in accord with the positive 
exciton chirality between the two long axes of the anthracene moieties in 1. The results demonstrate an ideal case 
of chiral exciton coupling in CD spectra, and provide evidence of the consistency between nonempirical CD exciton 
chirality and X-ray Bijvoet methods. 

The circular dichroic Cotton effects due to a chiral 
exciton coupling between two or more chromophores 
enable one to determine the absolute stereochemistry in 
a nonempirical manner, as does the X-ray crystal-
lographic Bijvoet method. T h e present circular dichroic 
method has been extensively studied in the fields of 
biopolymers,2) inorganic complexes,3) physical chem­
istry,4'5) synthetic organic compounds,6) as well as in 
natural products.7) In the cases of steroidal glycol 
dibenzoates and several natural products, we have 
quantitatively calculated the coupled Cotton effects on 
the basis of the molecular exciton theory, obtaining 
excellent agreement between observed and calculated 
Cotton effects. Not only the sign of a Cotton effect but 
also its amplitude, location, and shape were satisfactorily 
reproduced based on the quan tum mechanical calcu­
lation.8) 

Although the optical circular dichroic exciton 
chirality and X-ray crystallographic Bijvoet methods 
are independent of each other, the two nonempirical 
methods should give the same absolute stereochemistry. 
The X-ray Bijvoet method utilizes the anomalous 
dispersion effect by heavy atoms, and is therefore 
applicable to all compounds containing a heavy atom. 
Actually, the X-ray Bijvoet method has been employed 
for various chemical compounds, since the first deter­
mination of the absolute configuration of ( + )-tartaric 
acid was reported by Bijvoet et al. in 1951.9) 

O n the other hand, the circular dichroic exciton 
chirality method is based on the Cotton effects due to 
the chiral exciton coupling between two or more 
chromophores. The assignment of Cotton effects 
should be unambiguous and reliable in view of a 
nonempirical quantum mechanical calculation. Thus 
for the determination of the absolute stereochemistry 
by the application of the present optical method, it is 
important to choose a proper electronic transition of 
proper chromophores which satisfy the following 
requirements of a chiral exciton coupling: (i) Large 
extinction coefficient values in U V spectra ; (ii) isolation 
of the band in question from other strong absorptions ; 
(iii) established direction of the electric transition 
moment in the geometry of the chromophore; (iv) 
unambiguous determination of the exciton chirality in 

space, inclusive of configuration and conformation ; (v) 
negligible molecular orbital overlapping between the 
chromophores. 

T h e syntheses and chiroptical properties of optically 
active triptycene derivatives and 1,5-disubstituted 9,10-
dihydro-9,10-ethanoanthracenes have been extensively 
studied by Nakagawa et A/.10) They determined the 
absolute configurations of two key compounds, (\R,6S)-
( + ) - 2,5 - dimethoxy - 7 - aminotriptycene hydrobromide 
(2) and (9S,\0S)-(—)-9,10-dihydro-9,10-ethanoanthra-
cene-l,5-diamine dihydrobromide (3) by the X-ray 
Bijvoet method (Fig. I).11) T h e absolute stereochemistry 
of other compounds has been established by the chemical 
correlations to these key compounds.10 '12) For example, 
(+) -d imethy l 9,10-dihydro-9,10-ethanoanthracene-1,5-
dicarboxylate (6) was converted into the antipode of 
( —)-diamino derivative (3), which corroborated the 

COOCH3 

X-ray Bijvoet 

( - ) -3 
X - ray Bijvoet 

Fig. 1. Correlations between absolute stereochemistries of 
9,10-dihydro-9,l0-ethanoanthracene derivatives; abso­
lute configurations of (+)-2 and ( — )-3 have been deter­
mined by Tanaka, et al.,11) using the X-ray Bijvoet meth­
od. The arrow (<->) indicates the chemical correlations 
made by Nakagawa, et al.10'11^ The synthesis indicated 
by the arrow (<̂ =) and the absolute stereochemistry of 
(+)-l as determined by the CD exciton chirality method 
are described in this paper. 
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(9R,\0R) absolute configuration of diester ( + ) - 6 . 
Theoretical determination of the absolute stereo­

chemistry of these compounds in view of the chiral 
exciton coupling mechanism was at tempted by Tanaka 
et a/.llb'13> Their analyses of circular dichroic spectra 
led to the antipodal absolute configurations, contra­
dictory with X-ray Bijvoet data. O n the other hand, 
the absolute stereochemistry calculated by Hagishita 
and Kuriyama,14) and others15-17) is consistent with the 
X-ray Bijvoet data. Therefore, it is necessary to deter­
mine the absolute configurations of these cage com­
pounds on the basis of reliable and unambiguous 
assignment of exciton coupled Cotton effects. I t is 
also of significance to clarify the applicability of the 
present optical method. 

This paper reports the synthesis and the (6R,\5R) 
absolute stereochemistry of (+)-6,15-dihydro-6,15-
ethanonaphtho[2,3-£]pentaphene (1) as determined by 
both circular dichroic exciton chirality and X-ray 
Bijvoet methods (Fig. 1). Hydrocarbon 1 was found to 
be the ideal compound satisfying the requirements of a 
chiral exciton coupling. I t should be emphasized that 
the results obtained by the exciton chirality method are 
consistent with those by the X-ray Bijvoet method. 

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

Synthesis of (6R,15R)-(+)-6,15-Dihydro-6,15-ethano-
naphtho[2,3-c]pentaphene (1). The hydrocarbon 
(-f-)-l was synthesized from (9/?,10i?)-(+)-dimethyl 
9,10-dihydro-9,10-ethanoanthracene-1,5-dicarboxylate 
(6), the absolute configuration of which has been 
established by the X-ray Bijvoet method and chemical 
correlations (Scheme l).10-12) 

T h e diester ( + ) - 6 , mp 120.0—120.5 °G, [a]D +359.2° , 
was quantitatively reduced to 9,10-dihydro-9,10-ethano­
anthracene- 1,5-dimethanol (7) with sodium bis(2-
methoxyethoxy)aluminumhydride (SMEAH), followed 
by oxidation with activated manganese (IV) oxide 
under nitrogen giving (+)-9,10-dihydro-9,10-ethano­
anthracene-1,5-dicarbaldehyde (8), m p 128.0—129.5 
°C, [a]D +487.3° . Since dialdehyde 8 was air-sensitive 
the crude product was immediately used for the subse­
quent Grignard reaction. Dialdehyde 8 was treated with 
excess o-tolylmagnesium bromide at room temperature 
to afford an epimeric mixture of 9,10-dihydro-a,a'-bis(o-
tolyl) -9,10-ethanoanthracene-1,5-dimethanol (9). Since 
the additional chiralities of the secondary alcoholic 
moiety collapse at the next stage, the epimeric mixture 
of glycol 9 was used without separation. T h e Jones 
oxidation of glycol 9 afforded (+)-9,10-dihydro-9,10-
ethanoanthracene- 1,5-diylbis (o-tolyl) methanone (10), 
m p 151.0—152.5 °C, [a]£° + 1 7 7 ° , (56% yield from 
(+) -d ia ldehyde 8). 

The selective oxidation of two aromatic methyl 
groups of diketone ( + ) - 1 0 was achieved by refluxing 
with K M n 0 4 in aqueous NaOH-pyr id ine to give 2,2'-
(9,10-dihydro-9,10-ethanoanthracene-1,5-diyldicarbon-
yl)dibenzoic acid (11a) contaminated with a small 
amount of monocarboxylic acid. T h e oxidation occurred 
exclusively on the aromatic methyl groups, the bridge 
head hydrogens remaining unchanged. The stability of 

the bridgehead hydrogens to oxidation can be accounted 
for by the fact that the carbon-hydrogen bond is perpen­
dicular to the 7r-orbitals of the aromatic moiety and the 
rigidity of the molecular frame prevents the enolization 
of the bridgehead hydrogens. T h e structure of dibenzoic 
acid 11a was characterized by the physical data of 
diester l i b , and also by those of monoester l i e derived 
from the intermediate monocarboxylic acid. 

Cyclization of dibenzoic acid 11a in polyphosphoric 
acid yielded (+)-6,15-dihydro-6,15-ethanonaphtho[2,3-
<;]pentaphene-5,9,14,18-tetrone (12), mp 268.0—268.5 
°C, [a]ê° +1000° , as the sole product (64% from 
diketone (+ ) -10 ) . Finally, reduction of quinone (+ ) -12 
with zinc powder and successive dehydration catalyzed 
with acetic acid gave a very strong fluorescent hydro­
carbon, (+)-6,15-dihydro-6,15-ethanonaphtho[2,3-c]-
pentaphene (1), [a]D +1157° , in solid masses. 

IJb R ; C H 3 

(+)-l2 (+)"X 

Scheme 1. 

Since the configuration of the ethano-bridge remains 
unchanged throughout all the reactions, it is concluded 
that the (6R,\5R) absolute stereochemistry of hydro­
carbon ( + ) - l has been established by the X-ray Bijvoet 
method and chemical correlations. 

Circular Dichroic Spectra and Absolute Stereochemistries. 
T h e characterization of the electronic spectra of poly-
acene chromophores has been established by theoretical 
and experimental studies since the discovery of quantum 
mechanics. For example, anthracene exhibits at least 
four absorptions above 200 n m wavelength : the ^ 
transition of medium-intensity around 380—300 nm 
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(e 7600) with vibrational structures, the weak 1 L b 

transition buried under the xLa band, the intense 1Bh 

transition at 251.9 n m (e 204000), and the ^ transition 
around 200 nm. Among these transitions, the allowed 
^ b transition has been well established to have the 
electric transition moment along the long axis of the 
chromophore, while the 1 L a transition has been assigned 
to be polarized parallel to the short axis, as illustrated 
in Fig. 2.18> 

Bb( 251.9 nm, 
€ 204,000) 

(380-300nm, £ 7,600) 

Fig. 2. Polarizations of the electric transition moments of 
anthracene. 

The electronic spectrum of (4-) - l resembles that of 
anthracene; it exhibits the 1 L a transition around 410— 
300 nm (e 11200) with five peaks, the very strong *Bh 

transition at 267.2 n m (e 268600) with an inflection 
around 250 nm, and the broad 1 C b transition around 
220 nm (e 34200) (Fig. 3). 

+1000 h 

+500 h 

200 300 x ( n m } 400 

Fig. 3. CD and UV spectra of (6Ä,15Ä)-( + )-6,15-dihy-
dro-6,15-ethanonaphtho[2,3-c]pentaphene (l)(see text 
for the solvent systems). 

From these electronic properties and the rigidity of 
the molecular frame, it is obvious that the hydrocarbon 
1 meets the requirements of the exciton chirality 
method : Namely, (i) the allowed xBh transition of the 
component chromophore of 1, i.e., anthracene, exhibits 
a very strong e value of the order of 105, (ii) the location 
of the present band around 260 n m is sufficiently 
separated from the weak 1 L a and 1 L b transitions around 
400—300 nm and also from the 1 C b transition so that 

the contribution of the weak absorption bands can be 
neglected, (iii) the polarization of the ^ transition in 
anthracene is well established, (iv) because of the 
rigidity of the present cage compound 1, the positive 
exciton chirality in space can be definitely determined, 
and (v) there is no direct conjugation between the two 
component chromophores, and the contribution of 
homoconjugation if any, is negligible19) because of the 
large exciton dipole-dipole coupling term. 

As expected, the circular dichroic spectrum of ( + )- l 
clearly exhibits very strong positive first and negative 
second Cotton effects due to the coupling of the xBh 

transitions (Ae 2 6 8 . 0 =+931 .3 , and Ae 2 4 9 . 7=—720.8; 
A(àe1—àe2) = +1652.1) (Fig. 3). These Cotton effects 
are about one hundred times larger than those of 
common organic compounds. 

Fig. 4. Positive exciton chirality between the two axes of 
the anthracene moieties in hydrocarbon ( + )-L 

Since the sign of the A value is positive, it is concluded 
that the hydrocarbon (4-) - l has a positive exciton 
chirality, i.e., a clockwise screwness, between the two 
long axes of the anthracene moieties, which corresponds 
to the (6R,\5R) absolute stereochemistry in consistency 
with the X-ray data (Fig. 4). T h e present data thus not 
only determine the absolute configuration of ( + ) - l in a 
nonempirical manner , but also provide definite evidence 
of the consistency between nonempirical circular dichroic and 
X-ray Bijvoet methods. 

In contrast to the case of intense absorption, the 
simple exciton coupling mechanism is not always 
applicable to the Cotton effects due to a weak absorption. 
For example, the !L a transition of ( + ) - l exhibits weak 
and complicated Cotton effects around 400—300 nm, 
which are of positive sign at longer wavelength side and 
of negative sign at shorter wavelength side, in conflict 
with the signs expected from the negative exciton 
chirality between the two short axes of anthracene 
moieties (Fig. 3). I t seems that the homoconjugation 
effect between the two chromophores and/or the mixing 
of the !L a transition with the intense xBh transition20) 
make a dominant contribution to these weak Cotton 
effects. 

A similar situation was observed for dialdehyde 
( + ) - 8 ; both the TLh transition at 307.5 n m and the 
intramolecular charge transfer band at 252.5 n m exhibit 
only weak positive Cotton effects instead of split ones 
(Fig. 5). T h e circular dichroism of ( + )-10 also shows a 
simple pat tern ; two weak positive Cotton effects of the 
1 L b and intramolecular charge transfer bands and a 
negative one at 228 n m (Fig. 6). T h e small ampli tude 
( A e ^ 10) of these Cotton effects can be ascribed to the 
complicated polarization spectra of benzophenone 
chromophore21) and to the conformational flexibility of 
the o-toluoyl group. 
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200 300 X(nm) 400 

Fig. 5. CD and UV spectra of ( + )-9,10-dihydro-9,10-
ethanoanthracene-1,5-dicarbaldehyde (8) (see text for 
the solvent systems). 

200 300 X(nm) 400 

Fig. 6. CD and UV spectra of ( + )-9,10-dihydro-9,10-
ethanoanthracene-1,5-diylbis (o-tolyl) methanone ( 10) 
(see text for the solvent systems). 

In contrast to ( + ) - 8 and ( + )-10, quinone ( + )-12 
exhibits relatively strong Cotton effects over 400—200 
n m (Ae —44—+133) (Fig. 7). T h e polarization of the 
electronic transitions of 9,10-anthraquinone is establi­
shed on the basis of the polarized phosphorescence spec­
trum;22) the Ti-Tz* transition (I) at 360—300 nm, the 
transition (II) at 300—-260 nm, and the transition ( I I I ) 
at 260—240 nm are polarized along long, short, and 
long axes, respectively, of the chromophores. O n the 
basis of the present polarization spectra, we have 
tentatively assigned the CD spectrum of ( + ) - 1 2 as 
follows: T h e positive Cotton effect at 360 n m and the 
negative one at 324 nm are attr ibutable to the coupling 
of transition I, corresponding to the positive exciton 
chirality. In a similar way, the negative exciton coupling 
of transition I I and the positive one of transition I I I 
give rise to the negative/positive and positive/negative 
Cotton effects, respectively, in which the two positive 
Cotton effects overlap each other at 260 nm. The 
present assignment is not definite because of the prox­
imity of the two intense transitions I I and III, and the 
weak intensity of transition I. I t is difficult to determine 
the absolute stereochemistry of ( + ) - 1 0 based on the 
circular dichroic data. 

+150 h 

+100 h 

200 300 X(nm) 400 

Fig. 7. CD and UV spectra of (+)-6,15-dihydro-6,15-
ethanonaphtho[2,3-c]pentaphene-5,9,14,18-tetrone (12) 
(see text for the solvent systems). 

As in the case of hydrocarbon ( - f ) - l , the xBh transition 
of polyacenes is ideal for the nonempirical determination 
of absolute stereochemistry on the basis of a chiral 
exciton coupling. O n the other hand, the use of chromo­
phores which exhibit weak transitions and/or complicat­
ed polarization spectra is undesirable for the present 
purpose. Therefore one should choose a proper electronic 
transition of proper chromophores which satisfy the requirements 
of the exciton chirality method, if one wish to determine 
absolute stereochemistry on sound grounds. 

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

General Procedures. Melting points are uncorrected. 
Spectral data were recorded on the following instruments: 
NMR, Jeol C-60HL, PMX60, and JNMPS-100 spectrome­
ters; IR, Hitachi EPI-G2 infrared spectrophotometer; MS, 
Jeol JMS-01SG-2 mass spectrometer; UV, Hitachi EPS-3T 
spectrophotometer; CD, Jasco J-20 spectropolarimeter;optical 
rotations, Jasco DIP-4 and ORD/UV-5 spectropolarimeters. 

The following CD data are those of the extrema and zero 
line interactions. 

Elemental analyses were carried out in the microanalytical 
laboratories of our institute. 

Both ( + ) - and ( — )-dimethyl 9,10-dihydro-9,10-ethanoanthra-
cene- 1,5-dicarboxylate (6) were prepared according to the 
reported procedure;106) 9,10-dihydro-9,10-ethenoanthracene-
1,5-dicarboxylic acid (4) was optically resolved with (—)-
strychnine. The crystalline salt of ( — )-4 and ( — )-strych­
nine was recrystallized four times from ethanol to afford a 
salt of constant rotation, [<x]D —305.1° (c 0.20059, pyridine). 
The optically pure salt was treated with 50% acetic acid to 
give ( —)-diacid 4., which was esterified by refluxing in metha­
nol containing coned H2S04 , followed by recrystallization 
three times from methanol giving ( — )-dimethyl 9,10-dihydro-
9,10-ethenoanthracene-1,5-dicarboxylate (5) of constant rota­
tion: mp 149.5—150.0°C; [a]D —350.0° (c 0.30048, methanol), 
[a]405 -1016° (c 0.03100, methanol) (lit,106) mp 151.5—151.8 
°C; [a]105 -1160° (c 0.00546, methanol)). 

Catalytic hydrogénation of (—)-5 over P t0 2 in tetrahydro-
furan and recrystallization three times from methanol yielded 
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optically pure diester (—)-6: m p 121.0—121.5 °C ; [a ] D 

- 3 6 0 . 4 ° (c 0.30032, methanol) , [a] 4 0 5 - 1 0 6 4 ° (c 0.03055, 
methanol) (lit,10e> m p 121.8—122.4 ° C ; [a]4 0 5 - 1 1 7 0 ° (c 
0.00600, methanol)) . 

The mother liquor obtained after the first recrystallization 
of the strychnine salt of ( + )-diacid 4 was evaporated to 
dryness. T h e residual crystalline salt was acidified and es-
terified in the same way as described for the ( —)-diacid 4, 
giving diester ( + ) - 5 : m p 147.5—148.0 °C from methano l ; 
[alios +1000.1° (c 0.006344, methanol) , optical purity 98.4% 
based on the rotation. 

Catalytic hydrogénation of ( + ) - 5 and recrystallization four 
times from methanol afforded optically pure diester ( + ) -6: 
m p 120.0—120.5 °C; [a ] D +359 .2° (c 0.30037, methanol ) . 

Found: C, 74.59; H, 5.80%. Calcd for C 2 0 H 1 8 O 4 : C, 
74.52; H, 5 .63%. 

9,10-Dihydro-9,10-ethanoanthracene-l,5-diinethanol (7). A 7.0 
% solution of sodium bis(2-methoxyethoxy)aluminumhydride 
in toluene (30.6 ml, 11.0 mmol) was added dropwise to a solu­
tion of 1.0 g (3.1 mmol) of diester ( + )-6 in 20 ml of dried 
benzene under ice-cooling. T h e ice ba th was removed and 
the solution was stirred at room temp for 2.5 h. T h e reaction 
mixture was quenched with a min imum amount of water to 
precipitate hydroxides. After décantat ion of the supernatant , 
the precipitate was washed with ether , and the combined or­
ganic solution was dried over anhyd N a 2 S 0 4 . Evaporat ion 
of the solvent gave a syrup of dimethanol 7 in a quant i ta t ive 
yield: IR(GHC13) vm a x 3580, 3550—3090, 2990, 2940, 2850, 
1460, 1435, 1380, 1140, 1000 c m - 1 ; N M R ( 1 0 0 M H z , GDC13) 
Ô 1.64 (br s, 4H, ethane bridge), 2.60 (br s, 2H, hydroxy), 
4.64 (br s, 6H, - C H a O - and bridgehead), 6.93—7.30 p p m 
(m, 6H, aromatic) . 

( 4- ) -9,10-Dihydro-9,10-ethanoanthracene-1,5-dicarbaldehyde (8). 
A solution of 830 mg of dimethanol 7 in 150 ml of acetone 
was stirred overnight with 10.0 g of activated M n 0 2 at room 
temp under nitrogen. The reaction mixture was filtered 
through celite, and M n 0 2 was washed with acetone. T h e 
filtrate was evaporated to give 791 mg (97%) of crude crystal­
line dialdehyde ( + ) - 8 . Since dialdehyde 8 is air sensitive, the 
crude product was used for the next reaction without purifica­
tion. 

An analytical sample was obtained by recrystallization from 
ethanol, m p 128.0—129.5 °C; IR(KBr) vm&x 2960, 2925, 2850, 
1670, 1580, 1460, 1440, 1405, 1240, 1140, 1060, 1030, 790, 770, 
750, 730 c m - 1 ; N M R (100 M H z , CDC13) Ô 1.79 (br s, 4 H , 
e thane bridge), 5.75 (s, 2H, bridge head) , 7.28 (t, 7 = 7 . 5 Hz, 
2H, aromatic meta to formyl), 7.57 (dd, J= 7.5, 2.0 Hz , 2H, 
aromatic p a r a to formyl), 7.59 (dd, J= 7.5, 2.0 Hz , 2 H , 
aromatic ortho to formyl), 10.28 p p m (s, 2H, formyl); [ a ] D 

+487.3° (c 0.01026, GHC13) ; U V ( E t O H ) Amax 307.5 (e 4400), 
252.5 n m (e 20200); C D ( E t O H ) A e 3 3 5 . „ = - l . l , Ae 3 2 8 . 0=0.0, 
A%,6.5= + 16.0, A e 2 4 0 . „=+29 .4 , Ae 2 1 8 . 5 - + 31.2. 

Found: C, 81.97; H, 5.46%0. Calcd for C l s H 1 4 0 2 : C, 
82.42; H, 5.38%. 

9, lO-Dihydro-<x,<x'-bis(o-tolyl)-9,10-ethanoanthracene- 1,5-dimetha-
nol (9). A solution of 4.245 g (24.8 mmol) of o-bromo-
toluene in 150 ml of ether was stirred overnight with 603 mg 
(24.8 mmol) of magnesium filings at room temp under nitro­
gen. T o the greenish black solution of the Grignard reagent 
of o-tolylmagnesium bromide was added dropwise, over a 
period of 20 min, a solution of 781 mg (3.1 mmol) of dialde­
hyde ( + )-8 in 50 ml of abs ether. T h e reaction mixture was 
stirred for 4 h at room temp, then quenched by addit ion of wet 
ether. After addition of water to precipitate hydroxides and 
décantation of the supernatant , the precipitate was washed 
with ether and the combined ethereal solution was dried over 
anhyd N a 2 S 0 4 . Evaporation of the solvent afforded 1.360 g 

{ca. 100%) of crude solid glycol 9. 
Thin layer chromatography of 9 on silica gel (CHCl 3 -metha-

nol 10: 1) showed partially overlapping three spots, which 
indicates tha t glycol 9 is a mixture of epimers (theoretically 
three epimers are possible). Product 9 was used for the next 
oxidation reaction, without separation of epimers. 

( + )-9, lO-Dihydro-9,10-ethanoanthracene-1, 5-diylbis ( o-tolyl)-
methanone (10). T o a cold solution of 1.360 g (6.1 mmol 
of hydroxyl group) of an epimeric mixture of 9 in 40 ml of 
acetone was added dropwise over 2 min, under ice-cooling, 
1.52 ml of Jones reagent (6.1 mmol of oxygen equivalent; a 
s tandard solution m a d e by dissolving 26.72 g of C r 0 3 in 23 
ml of coned H 2 S 0 4 diluted with water to a volume of 100 ml) . 
T h e reaction mixture was stirred for 3 min. Addit ion of 
ethanol and water , extraction with ether, washing with water 
and brine, and evaporation of solvent gave 1.193 g of crystal­
line material , which was recrystallized from ethanol to yield 
746 mg (56% from dialdehyde 8) of diketone ( + )-10: m p 
151.0—152.5 °C from ethanol ; IR(KBr ) ^m a x 1662, 1640, 1270, 
758, 752, 740 c m - 1 ; N M R ( 6 0 M H z , CDC13) ô 1.72 (br s, 4H , 
e thane bridge), 2.46 (s, 6H, aromat ic methyl) , 4.95 (br s, 2H , 
bridgehead), 6.91—7.56 p p m (m, 14H, a romat ic ) ; [oc]ß 
+ 177° (c 0.02032, e thanol) ; U V (EtOH) Alnfl 298 (e 6800), 
^ m a x 255.1 n m (e 28200); C D (EtOH) A e 2 8 9 . 0 = + 6 . 6 , Ae254.0 

= + 10.6, Ae2 3 6 .0=0.0, Ae228>0= — 4.1 , Ae2 2 2 .5=0.0. 

2, 2'-( 9,10-Dihydro-9,10 - ethanoanthracene- 1,5-diyldicarbonyl) -
dibenzoic Acid (lia). A mixture of 231 mg (0.52 mmol) 
of diketone ( + )-10, 30 ml of pyridine, 20 ml of 4 % aq N a O H , 
and 4.0 g of K M n 0 4 was gently refluxed for 2 h. Addit ional 
20 ml of 4 % aq N a O H and 4.0 g of K M n 0 4 were added and 
the reaction mixture was refluxed for 3 h, dur ing which the 
reaction was monitored by T L C on silica gel (CHCl 3 -methanol 
10: 1). After cooling to room temp, the reaction mixture was 
acidified with 6 M HCl , followed by addit ion of aq satd 
N a 2 S 0 3 solution in order to dissolve the brown precipitate of 
M n 0 2 . Extract ion with ether, washing with brine, and evap­
oration of solvent afforded 253 mg (96%) of syrup, which 
was predominant ly dibenzoic acid 11a, contaminated with 
a small amount of monocarboxylic acid. 

Dimethyl 2,2'-(9,lO-Dihydro-9,10-ethanoanthracene-1,5-diyldicar-
bonyl)dibenzoate (lib). T h e crude dibenzoic acid 11a (70 
mg) was treated with ethereal d iazomethane solution under 
ice-cooling and the reaction mixture was allowed to stand for 
30 min. Evaporat ion of solvent gave 66 mg of syrup, which 
was subjected to preparat ive T L C (petroleum ether-ethyl 
acetate 10: 3) to yield 27 mg (56%) of pure dibenzoate l i b : 
IR(CHC13) vm&x 1724, 1663, 1282, 1138cm" 1 ; N M R ( 1 0 0 
M H z , CDC13) Ô 1.81 (br s, 4H , e thane bridge), 3.53 (s, 6H , 
ester methyl) , 5.43 (s, 2H , br idgehead) , 6.95—7.13 (m, 4 H , 
aromat ic) , 7.34—7.66 (m, 8H, aromatic) , 7.85—8.02 p p m (m, 
2H, aromatic) . 

By preparat ive T L C , a monoester product , methyl 2-(9,10-
dihydro - 5 - o - toluoyl - 9,10 - e thanoanthracene - 1 - ylcarbonyl) -
benzoate ( l i e ) was isolated as a minor product : N M R (60 
M H z , CDC13) <5 1.75 (br s, 4H , e thane bridge), 2.43 (s, 3H, 
aromatic methyl) , 3.49 (s, 3H, ester methyl) , 4.90 (br s, 1H, 
br idgehead 9-H), 5.40 (br s, 1H, br idgehead 10-H), 6.88— 
7.66 (m, 13H, aromat ic) , 7.76—7.97 p p m (m, 1H, aromat ic) . 

(^)-6,15-Dihydro-6,15-ethanonaphtho[2,3-c]pentaphene-5,9,14, 
18-tetrone (12). A mixture of 253 mg of dibenzoic acid 
11a in 26 ml of polyphosphoric acid (prepared by dissolving 
100 g of P 2 0 5 in 100 ml of 8 5 % H 3 P 0 4 ) was heated at 90 °C 
for 1.5 h under stirring. At the end of the reaction period, T L C 
on silica gel (CHCl 3 -acetone 50: 1) revealed only one yellow 
spot with strong U V absorption. After cooling to room temp, 
the reaction mixture was poured into ice-water and extracted 
with ether. T h e ethereal solution was dried over anhyd 
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Na2S04 ; evaporation of the solvent yielded 191 mg of crystals, 
which were purified by short column chromatography on 
silica gel giving 157 mg (64% yield from 10) of quinone ( + )-
12: mp 268.0—268.5 °C from benzene-ether; IR(KBr) vmax 

1662, 1588, 1567, 1348, 1325, 1280, 1137, 988, 717 cm-1; 
NMR (60 MHz, CDC13) Ô 1.85 (br s, 4H, ethane bridge), 
6.43 (br s, 2H, bridgehead), 7.53—7.76 (m, 6H, aromatic 
meta to carbonyl), 7.95—8.22 ppm (m, 6H, aromatic ortho to 
carbonyl); [a]*D° +1000° (c 0.01009, 10% dioxane methanol); 
UV(0.47% dioxane in ethanol) Xm&x 350.0 (e 11100), Ainfl 278 
(e 30300), Amax 259.2 nm (e 86500) ; CD(1.0% dioxane in etha­
nol) Ae360=+33.6, Ae332=0.0, Ae 3 2 4 =-2.1 , Ae308=0.0, Ae27S#5 

= - 4 4 . 1 , Ae271=0.0, Ae260= +133.4, Ae251=0.0, Ae2 4 7=-26.3, 
Ae23!>=0.0, Ae232= + 12.3, Ae221= + 34.2, Ae214.5=0.0. 

(+)-6,15-Dihydro-6,15-ethanonaphtho{2,3-c\pentaphene (1). 
To a solution of 76 mg of quinone ( + )-12 in 20 ml of benzene 
were added 4.0 g of activated zinc powder, 20 ml of 10% aq 
NaOH, and 0.5 ml of aq satd GuS04 . The reaction mixture 
of a deep red color was refluxed under vigorous stirring for 
10 h, during which the red color faded. 

The reaction was monitored by TLC on silica gel (CHC13-
acetic acid 5: 0.03). In this case, acetic acid in a developing 
solvent is important for catalyzing the dehydration of hydroxy 
intermediates which are more polar than the starting material 
10. 

After cooling to room temp, zinc metal was filtered and 
washed with water and benzene. The combined filtrate was 
neutralized with acetic acid, followed by extraction with ether 
and evaporation of solvent to give 70 mg of a syrup. The 
remaining material was dissolved in 30 ml of chloroform con­
taining 0.04 ml of acetic acid and gently refluxed for 3 h to 
complete the dehydration. The solvent was evaporated in 
vacuo, and the residual matter was subjected to preparative 
TLC on silica gel (petroleum ether-benzene 10: 3), giving 
52 mg (78%) of a strong fluorecent hydrocarbon ( + )-l. At­
tempts to carry out recrystallization from various solvents were 
unsuccessful. Instead, yellow solid masses were obtained from 
benzene-ethanol. Hydrocarbon 1 was characterized by the fol­
lowing spectral data: IR(KBr) vmax 3040, 2955, 1615, 1150, 
874, 740, 467 cm-1; NMR(60 MHz, CDC13) Ô 1.79 (br s, 4H, 
ethane bridge), 5.41 (br s, 2H, bridgehead), 6.89—8.07 (m, 
12H, aromatic), 8.22 (s, 2H, 9-H and 18-H), 8.75 ppm (s, 
2H, 5-H and 14-H); [a]D +1157° (c 0.034, dioxane); UV 
0.08% dioxane in ethanol) Amax 391.0 (e 9130), Amax 371.2 (e 
11170), Amax 352.7 (e 8950), Amax 267.2 (s 268600), Amax 219.5 
nm(e 34200); CD(0.18% dioxane in ethanol) Ae397.2=+26.4, 
Ae390.6=0.0, Ae3Ss^=— 2.3, Ae384.9=0.0, Ae378.0=+6.3, Ae374<5 

= 0.0, Ae3 7 0 .0=-9.7, Ae362.9= —9.7, Ae352.8= - 1 4 . 5 , Ae330.5= 
0.0, Ae268.0= +931.3, Ae256.0=0.0, Ae249.,= -720 .8 ; MS mfe 
(relative intensity), 406 (39, M+), 378 (100, M - G 2 H 4 ) , 188 
(29). 

Found : m/e 406.1718. Calcd for G32H22 : M, 406.1720. 
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The Cycloaddition of Dispiro[2.2.2.2]deca-4,9-diene with the Styrene 
Derivatives. The Syntheses and Spectral Properties 

of the [4.2]Paracyclophane Derivatives 
Tohru SHIBATA, Takashi TSUJI, and Shinya NISHIDA 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received March 8, 1977) 

The thermal cycloaddition of dispiro[2.2.2.2]deca-4,9-diene 1 with the styrene derivatives has afforded 
[4.2]paracyclophane derivatives, 3. A reaction mechanism by way of the biradical intermediates, involving 
the initial homolytic cleavage of the cyclopropane ring in 1 followed by the addition to the styrene molecule, is 
proposed. In the reaction of 1 with styrene, and methyl a-phenylacrylate, the yields of 3 were improved 
with the dilution of the reactants, while in the reaction with *ra;w-stilbene, no appreciable dependence on the 
reactant concentration was observed. The mass spectra of the substituted [4.2]paracyclophanes show a predomi­
nant fragmentation to the substituted jb-xylene-a,a'-diyl (or elements thereof) ion radical. [4.2]Paracyclophane 
exhibited a temperature-dependent NMR spectrum which could be ascribed to the rapid equilibration between 
two structurally equivalent conformers. Bulky substituents on C-l and C-2 shifted the equilibrium to one side. 

We have previously reported the thermal cycloaddi-
tion of dispiro[2.2.2.2]deca-4,9-diene l1) with 1,3-
butadiene derivatives, which afforded [8]paracycloph-4~ 
enes by way of the biradical intermediate formed through 
the homolytic cleavage of the cyclopropane ring in 1.2> 
In the course of our continuing study of the cycloaddition 
reaction of 1, we found that the thermal cycloaddition 
of the styrene derivatives, 2, to 1 gave [4.2Jparacyclo-
phanes, 3 , in fair to good yields.3) Although the chem­
istry of cyclophanes is currently a subject of considerable 
interest,4) relatively few preparation methods of [4.2]-
paracyclophanes are known.5) T h e present reaction is 
experimentally simple and provides a convenient route 
to [4.2]paracyclophanes functionalized at C-l and C-2. 
In this report we will describe the preparat ion and the 
spectral properties of [4.2]paracyclophane derivatives 
and will discuss the probable mechanism of this novel 
cycloaddition reaction. 

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

Reaction of Dispiro\2.2.2.2]deca-4,9-diene 1 with the 
Styrene Derivatives, 2. A solution of 1 (0.16 M) and 
1,1-diphenylethylene 2g (0.37 M) in *-butyl alcohol 
was heated at 150—155 °C for 12 h under argon in a 
sealed glass ampoule. T h e subsequent separation of the 
reaction product by column and preparative gas 

chromatographies afforded 1-phenyl [4.2] paracyclo-
phane 3g as colorless crystals in a 6 7 % yield. Analogous­
ly, the reaction of 1 with some related styrene deriva­
tives, 2a—2f, gave 3a—3f respectively. T h e results are 
summarized in Table 1. Proof of the structures of those 
products was provided by the elemental analysis and 
their spectral properties. In the N M R spectra, the 
signals of the aromatic r ing protons appeared at an 
unusually high field, ô 6.2—6.6, reflecting the shielding 
effect by the facing aromatic ring,5b) and in the U V 
spectra, a bathochromic shift of Amax to 282—283 n m 
and the disappearance of the fine structure were noted.5a) 
T h e mass spectra of 3 showed prominent peaks which 
could be explained in terms of the predominant frag­
mentation to the j&-xylene-a,a'-diyl (or methylenetrop-
ylium) ion radicals. These characteristics clearly show 

a, Ri=R2=H ; b,R> = CH3,R
2=H ; c,R'=OSi(CH3)3, R

2=H 

d, Rt=H, R2=C02CH3; e,Ri =C02CH3, R*=H 

f, Ri=H, R2=C6H5; g,R'=C6H5,R2=H; h,Ri=0H, R2=H 

TABLE 1. PRODUCTS FROM THE REACTION OF DISPIRO[2.2.2.2]DECA-4,9-DIENE 1 WITH 2 STYRÈNES*) 

a 
b 
cd> 
d 
e 
f 

g 

Styrene 

R1 

H 
CH3 

OSi(CH3)3 

H 
COOGH3 

H 
C6H5 

R2 

H 
H 
H 
COOCH3 

H 
C6H5 

H 

Reactant concentrations 

1 (mol/1) 

0.010 
0.05 
0.10 
0.08 
0.017 
0.16 
0.16 

2 (mol/1) 

0.038 
0.15 
0.22 
0.20 
0.033 
0.40 
0.37 

3 

7.6 
46 

4.4 
28 
78e) 
34e> 
67 

Products (% Yield) b> 

4 

0.7 
5.7 

7.0e> 

Others0) 

5, 3.4 

6, 7.2 

a) The reactions were carried out in £-butyl alcohol unless otherwise noted, b) The yields are from the weight of 
the isolated product unless otherwise noted, c) Besides the characterized products, the formation of a few un­
identified minor products was invariably observed. The major part of the residue, however, was an intractable, 
tarry material, d) Reaction in hexane. e) The yields were determined by GLC. 
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TABLE 2. MELTING POINTS AND SPECTRAL PROPERTIES OF [4.2]PARACYCLOPHANES 

Compd Mp (°C) UV Spectruma> 
A m a x innm( e X 10- 2 ) 

Mass spectrumb) 
m/e (Relative intensity) 

3a 

3b 

3c 

3d 

3e 

3f 

3g 

3h 

6 

7 

71.0—72.0°) 

58.1—58.8 

82.0—82.8 

85.2—86.9 

70.6—71.7 

148.0—148.5 

70.8—71.8 

116.3—116.8 

107.3—108.0 

102.6—103.0e) 

271(4.7), 283(2.7) 

271(3.0), 283(1.9) 

271(4.5), 283(3.1) 

251(3.9), 271(3.9) 
282(sh, 2.7) 
292(sh, 0.8) 

255(4.0), 262(5.8), 
265(6.1), 268(6.8), 
283(3.1) 
254(5.3), 263(6.6), 
270(7.0), 283(3.6) 

271(3.6), 283(2.3) 

250(57)d) 

227(105), 268(53) 

236(M+, 35), 208(18), 145(16), 132(10), 131(20), 
130(23), 129(13), 117(32), 116(33), 115(19), 
105(18), 104(100), 103(13), 91(21), 78(19), 77(13), 
251(13), 250(M+, 53), 145(22), 133(51), 132(27), 
131(21), 119(14), 118(100), 117(66), 115(11), 
105(27), 104(19), 91(17) 
325(24), 324(M+, 59), 297(15), 296(49), 252(10), 
193(23), 192(100), 178(50), 147(30), 117(13), 73(27) 
294(M+, 40), 208(29), 189(25), 131(11), 130(11), 
129(19), 119(12), 118(9), 117(42), 115(11), 105(30), 
104(100), 91(16), 71(10) 
295(16), 294(M,+ 66), 235(21), 189(18), 175(10), 
163(28), 162(16), 143(17), 132(14), 131(51), 
129(18), 120(10), 119(100), 118(12), 117(40), 

115(20), 105(30), 104(82), 103(12), 91(29), 77(12) 
312(M+, 16), 208(16), 207(22), 118(10), 117(12), 
105(15), 104(100), 103(13), 77(15) 

313(10), 
179(16), 
131(11), 
252 (M+, 
129(58), 
251(22), 
80(11) 
234(M+, 
128(18), 

312(M+, 30), 194(13), 181(18), 180(100), 
178(16), 167(19), 165(30), 145(13), 
117(10),115(13), 104(12), 91(13) 
3.4), 234(32), 143(17), 131(11), 130(100), 
128(18), 118(30), 117(10), 115(40) 
250(M+, 93), 133(72), 118(32), 117(100), 

34), 143(16), 131(11), 130(100), 129(55), 
118(30), 115(45) 

a) The spectra were taken in hexane unless otherwise noted. The shoulder was denoted as sh. 
b) The ions of each spectrum were normalized to the spectrum's most intense ion set equal to 100. 
The spectra were taken at an ionizing voltage of 80 eV. c) Reported to be 74.4—75.0°C.5b) 
d) The spectrum was taken in 95% ethanol. e) Reported to be 100—101°C.5d> 

that the products, 3, have a paracyclophane structure. 
T h e spectra and melting point of 3a also agreed very 
well with those previously reported.5a,b> 

In the reaction of 1 with 2a, besides the 1: 1 cycload-
duct, 3a, an open-chain addition product, 4a (0.7%), 
and a 1: 2 cycloadduct, 5 (3.4%), were isolated from 
the reaction mixture. Open-chain adducts were also 
produced in the reactions of 2b and 2f. T h e reaction 
with 2c proceeded rather anomalously and afforded 
[4.2]paracyclophan-l-one 6 as the most abundant 
product, together with 3c. T h e alcohol obtained by the 
NaBH 4 reduction of 6 was identical in all respects with 
the hydrolysis product of 3c. T h e application of the 
present reaction to the acetylenic compound was also 
examined. T h e reaction of 1 (0.20 M) with ethynyl-
benzene (0.40 M) in t-butyl alcohol at 160 °C, however, 
gave [4.2]paracycloph-l-ene, 7, in only a low yield 
(2.3%) and was accompanied by the formation of 
a dispiro[2.2.4.2]dodecane derivative, 8 (13%). 

11 

* A 

* 3 

Scheme 1. 

8 

Mechanism. T h e present reaction may be explained 
by the pathway outlined in Scheme 1. We have previous­
ly demonstrated that the cyclopropane ring in 1 cleaves 

homolytically at an appreciable rate above 150 °C.1,6) 

T h e biradical, 9, thus generated reversibly from 1 adds 
to 2 to give 10. T h e intramolecular coupling of the 
biradical, 10, at the ̂ -position of the benzylic radical 
moiety leads to the formation of 11 which subsequently 
rearranges to 3 under the present reaction conditions. 
Hydrogen abstraction by 9 and/or 10 would result in 
the formation of jfr-diethylbenzene and the open-chain 
adduct 4. T h e addition of 10a to another molecule of 
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2a, followed by the ring closure, afforded 5. The 
isomerization of l-methylene-2,5-cyclohexadiene to 
toluene, which corresponds to the rearrangement of 11 
to 3, has been known to take place at the boiling point 
of diethyl ether.7) Interestingly, the reaction of 1 with 
2b did not afford the intramolecular (formally at least) 
disproportionation product of the biradical intermediate, 
10b, in a detectable yield « 0 . 5 % ) ; this is in contrast 
to the reaction with isobutene, which gave 15 as the 
major product, probably via 14.8> These results imply 
that the cyclization of 10 at the j&-position of the benzylic 
radical moiety is not hampered in the presence of such 
a potential hydrogen donor in the molecule. 

The reaction of 1 with ethynylbenzene resulted in the 
formation of the dispiro compound, 8, and the yield 
of the cyclophane, 7, was low. In the reaction of 1 with 
2, no adducts with the dispiro[2.2.4.2]dodecane struc­
ture were isolated. T h e different behavior of the 
biradical, 16, from that of 10 may be accounted for 
by the higher structural barrier imposed on the approach 
of the reaction sites in 16 to give 17 than in 10 to give 
11 and/or a higher strain in the cyclized intermediate 
17 than in 11. 

M 15 

y 0~~ YÀ~* 7 

16 17 

In the reaction of 1 with dimethyl trans,trans-2,4-
hexadienoate, C I D N P has been observed in the cycload­
dition product.213) Therefore, one may expect C I D N P 
in the reaction of 1 with 2 as well. T h e N M R spectrum 
recorded during the reaction of 1 and 2g in biphenyl at 
190 °C indeed showed C I D N P , and the characteristic 
signal of the aromatic protons in 3g, shifted up-field, 
appeared as a weak emission substantiating the radical 
pathway of the reaction. T h e attempts to detect a 
signal which could be ascribed to the probable inter­
mediate l l g have, however, been fruitless thus far. 

The addition of the biradical intermediate 9 to 2 is in 
competition with side reactions including the hydrogen 
abstraction to 12, and, to give 3, the resulting biradical 
10 must collapse before side reactions including the 
addition to another molecule of 2 can take place. 
Therefore, the concentration of 2 should exert opposite 
effects on the yield of 3 at Steps (i) and (ii). with a 
few of the styrene derivatives, the effect of dilution on 
the yield of 3 was examined. In the reaction of 1 with 
2e, the yield of 3e increased with the dilution of the 
reactants, and a similar trend was noted with 2a. In 
the reaction with 2f, however, no clear relationship 

between the yield of 3f and the reactant concentration 
was observed. Since 2e has a high reactivity toward 
the alkyl radical,9) and since the addition of 9 would 
proceed efficiently even in a dilute solution, the dilution 
of the reactants might act favorably for the intra­
molecular cyclization of 10e. In the case of 2f, which 
has a relatively low reactivity, the opposite effects of 
the olefin concentration at Steps (i) and (ii) might 
balance. T h e reaction with 2a, which very rapidly 
polymerizes, resulted in a low yield of 3a probably 
because the addition of 10a to another molecule of 2a 
rather than the collapse to 11a might predominate even 
in a dilute solution. 

Although the reaction could be carried out in other 
solvents, such as benzene and hexane, f-butyl alcohol 
was used simply because of its low reactivity toward 
hydrogen abstraction. In benzene, the addition of 9 
took place and l-phenyl-2-/>-tolylethane was formed, 
though in a small amount . 

Mass Spectra of Substituted [4.2]Paracyclophanes. 
T h e mass spectra of [4.2]paracyclophane and its 
derivatives showed a fair generality in the fragmentation 
pat tern and are in good accord with the assigned 
structures. In the spectrum of 3a, the most intense peak 
occurred at mje 104; its origin could be reasonably 
formulated by the cleavage at the benzylic positions to 
the />-xylene-a,oc'-diyl (or methylenetropylium) ion 
radical, 19.10) T h e above fragmentation appeared 
common to the [4.2] para cyclophane derivatives. Thus, 
in the spectra of 3d and 3f, the most intense peak 
occurred at the same mje, and, in those of 1-substituted 
derivatives, 3b , 3c, and 3g, the fragment corresponding 
to the substituted jb-xylene-a,oc'-diyl10) appeared as the 
base peak. In that of 3e, the />-xylene-a,oc'-diyl fragment 
ion peak was not the most intense, but it was still 
prominent. T h e appearance of the most intense peak 
at mje 130 in the spectrum of 7, which might be ascribed 
to 21,10) was also in line with the above fragmentation 
pattern.11) T h e spectrum of 6 was distinct from the 
others and showed two dominant peaks, at mje 117 
(base peak) and 133, which could be explained by the 
cleavage at the ethano-bridge, followed by the 
McLafferty rearrangement.12) Besides the above 
fragments characteristic peaks, though not intense, were 
observed at mje corresponding to 2010) which demon­
strated unambiguously the position of the substituent. 

10) 

20 19 
m/e 104 
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Thus, the mass spectrum provides a convenient tool 
for the structural analysis of [4.2]paracyclophane 
derivatives. 

Temperature Dependence of NMR Spectrum and Confor­
mation of 3. An examination of the N M R spectra 
of 3 provided information regarding the conformation. 
The parent [4.2]paracyclophane 3a shows four peaks 
in the N M R spectrum at room tempera ture : two 
singlets a t ô 6.45 (8H, aromatic protons) and 2.96 (4H, 
H-5, and H-6), and two relatively narrow multiplets at 
Ô 2.22 (4H, H - l , and H-4) and 1.40 (4H, H-2, and H-3). 
Upon cooling, all the signals broadened from about 
—40 °C and resharpened again by —110 °C, accom­
panying the splitting of those signals into two sets of 
signals equal in intensity: the singlet at ô 6.45 into an AB 
quartet (J=S Hz) centered at ô 6.55 and a singlet at 
ô 6.22, the singlet at ô 2.96 into an AA'BB' multiplet, 
the multiplet at ô 2.22 into a doublet of doublets 
( 7 = 4 and 12 Hz) centered at ô 2.54 and a triplet 
( J = 1 3 Hz) at ô 1.82, and the multiplet at ô 1.40 
into two complex multiplets centered at ô 1.89 and 
0.67. These observations may be explained in terms 
of the equilibration between two equally numerous 
conformers, 25a and 26a. A similar conformational 
equilibration has been invoked by Cram et al. to explain 
the temperature-dependent N M R spectrum of cis-2,3-
diacetoxy[4.2]paracyclophane.13> T h e signals observed 
at low temperatures can reasonably be assigned as is 
shown in Fig. 2, which indicates the shielding of H a and 
H d by 0.8 and 0.9 ppm respectively and the deshielding 
of H e by 0.3 ppm, while there is no apparent shift of 
H b compared with the corresponding protons in 

25 26 
Fig. 1. Conformational equilibration in [4.2]paracyclo-

phane derivatives. 

propylbenzene. An examination of the molecular 
models supports the above explanation and also reveals 
that R 1 in the 25 conformer is less sterically hindered 
than in 26 and that for R 2 the situation is the same.14) 
T h e N M R spectrum of the 1-methyl derivative, 3b, 
exhibited a similar temperature dependence and the 
characteristic doublet signal of the methyl protons split 
into two sets of doublets, 3 : 1 in intensity, at ô 1.20 and 
1.03 upon cooling; these sets of doublets might be 
ascribed to the conformers, 25b and 26b, respectively. 
More bulky substituents on G-l and C-2 would displace 
the equilibrium to one side, and the chemical shifts 
of protons in the N M R spectra of 3d—g can be explain­
ed reasonably on the basis of the 25d—g conformers 
respectively. T h e coupling constants in 3d and 3g which 
have been determined thus far are also consistent with 
the above conformations. 

H2C 

21 

CH-CH=CH2 

m/e 130 

10) 

H2C"-CH? 

22 

/ \ 

H2 

•^OC 
23 m/e 133 

Exper imenta l 

H2CH^-CH=CH2 

2U m/e 117 

General. Melting points are corrected. NMR spectra 
were obtained with JEOL PS-100 and Hitachi R-24 spectrom­
eters at 100 and 60 MHz respectively; chemical shifts are 
given in ppm from Si(CH3)4. IR spectra were taken on a 
Hitachi Model 215 grating spectrometer and are given in 
cm -1 . Mass spectra were recorded on a Hitachi Model 
RMU-6E spectrometer at an ionizing voltage of 80 eV; ions 
of each spectrum were normalized to the spectrum's most 
intense ion set equal to 100. UV spectra were taken on a 

1.82 Ha 
Hb 2.5« 

25a or 26a 

rZT7^6.5-6.6 

H 2.85 

2.85, 3.07 

7^63-6A 

H I.9-22 

3g 3d 

Fig. 2. Chemical shifts in [4.2]paracyclophane derivatives. Chemical shifts 
in 25a were obtained from the spectrum taken at ca. — 115°C in CSa and 
those in 3d and 3g were obtained from the spectra at 23°C in CC14. 
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Cary Model 17 spectrophotometer and are given in nm. G L C 
work was done on a Hitachi Type 063 gas Chromatograph 
with a thermal conductivity detector, using helium as a car­
rier gas. T h e following glass columns were used: A, 3 % 
Apiezon Grease L on Celite 545, 3 m m x 7 0 c m ; B, 15% 
Apiezon Grease L on Celite 545, 3 m m x 1 m ; C, 2 0 % Apiezon 
Grease L on Celite 545, 3 m m x 1 m ; D, 2 0 % P E G phtha la te 
on Celite 545, 4 m m x 2 m ; E, 2 0 % Silicon DC-550 on Celite 
545, 4 m m x 1.5 m. Yields were calculated on the basis of 1 
used in the reaction. 

Materials. The preparat ion of dispiro[2.2.2.2]deca-4,9-
diene 1 was carried out as has been described previously.1) 
Styrene, oc-methylstyrene, 1,1-diphenylethylene, and methyl 
c innamate were obtained from commercial sources and were 
purified by fractional distillations. a-Trimethylsiloxystyrene 
was prepared by the method of House et a/.15> Methyl a-phen-
ylacrylate was prepared following the procedure of Saquet and 
Thuillier.16) /ran5-Stibene was obtained by the N a B H 4 reduc­
tion of desyl chloride.17> Ethynylbenzene was prepared through 
the bromination and dehydrobromination of styrene. 18> /-Butyl 
alcohol was purified by fractional distillation from sodium. 

Reaction of 1 with Styrene 2a. A solution of 108 mg of 1 
(0.82 mmol) and 345 pd of 2a (3.0 mmol) in 80 ml of «-butyl 
alcohol was distributed among glass ampoules, bubbled with 
argon for 10 min, and heated at 160 °C for 10.5 h under argon 
(50 atm) in an autoclave. After the reaction, only a trace 
amount of 1 and ca. one fifth of the starting 2a remained. T h e 
solvent was then removed and the residue was chromato-
graphed on silica gel. Elution with a petroleum ether-benzene 
5: 1 mixture produced an oil which was shown by G L C analy­
sis to consist of one major and three minor components. Sepa­
ration by preparative G L C (column C, 210 °C) geve 14.7 mg 
of [4.2]paracyclophane 3a (7.6%) which when recrystallized 
from methanol h a d a m p of 71.0—72.0 °C (lit, 74.4—75.0 
°C),5b) 1.4 mg of 4a (0.7%) and 3.3 mg of a mixture of two 
uncharacterized products. Elution with a petroleum e t h e r -
benzene 1: 1 mixture and separation by preparat ive G L C 
(column A, 210—230 °C) yielded three products in compa­
rable amounts : 8.6, 9.4, and 4.1 mg . T h e second component 
was cheracterized as 3-phenyl[6.2]paracyclophane 5 (3.4%) 
on the basis of its physical properties. Fur ther elutions with 
benzene and benzene-methanol produced only a polymeric, 
intractable material . 3a , N M R (CS2 , 100 M H z ) : 1.40 (m, 
4H) , 2.22 (m, 4H) , 2.96 (s, 4 H ) , 6.45 (s, 8H) . 4a , N M R 
(CC14, 60 MHz) : 1.17 (t, 7 = 7 . 5 Hz, 3H) , 1.4—1.7 (complex 
m, 4H) , 2.2—2.7 (complex m, 8H) , 6.90 (s, 4H) , 7.02 (br s, 
5 H ) ; mass: m/e 238 (M+, 34), 131 (32), 120 (17), 
119 (100), 117 (19), 115 (12), 105 (21), 104 (21), 92 (12), 91 
(84), 78 (13), 77 (16), 65 (16), 41 (17). 5,19> N M R (CC14, 
100 M H z ) : 0.9—2.6 (complex m, 11H), 3.00 (s, 4H) , 6.2— 
6.7 (m, 8H) , 6.9—7.3 (m, 5 H ) ; U V (hexane): Amax (e), 268 
(1160), 282 (sh, 400); mass: mle 341 (31), 340 (M+, 100), 235 
(15), 208 (30), 207 (99), 149 (15), 145 (10), 131 (45), 129 (13), 
128 (11), 118 (16), 117 (85), 116 (14), 115 (34), 105 (21), 104 
(47), 103 (15), 91 (88), 79 (10), 78 (14), 77 (14), 65 (19). 

Reaction of 1 with a.-Methylstyrene 2b. From a reaction 
mixture of 133 mg of 1 (1.00 mmol) and 390 fxl of 2 b (3.0 
mmol) in 20 mi of /-butyl alcohol, the solvent was removed 
after heating at 155 °C for 12 h. Chromatography of the 
residue on silica gel, with petroleum ether-benzene (4: 1) 
elution, gave 183 mg of a mixture of four components, two 
of which were found by G L C analysis to be very minor (less 
than one hundredth of the major component in the peak 
area) . T h e isolation of the two major products by p repara ­
tive G L C (column D, 200 °G) afforded 115 mg of colorless 
crystals, 3 b (46%), which when recrystallized from methanol 
h a d a m p of 58.1—58.8 °C and 14.3 mg of 4 b (5 .7%). Fur­

ther elution with a petroleum ether-benzene 1: 1 mixture and 
benzene produced 65 mg of a viscous oil whose N M R spectrum 
indicated it to be a mixture of 1: 1 and 1: 2 adducts which 
have not yet been separated. 3 b , N M R (CS2 , 100 MHz) : 0.9 
—1.7 (complex m containing d a t 1.14, J=l Hz , 7H) , 1.9— 
2.5 (complex m, 3H) , 2.96 (m, 4 H ) , 6.37 (s, 4H) , 6.47 (s, 2 H ) , 
6.56 (s, 2 H ) . Found : C, 91.15; H , 8 .78%. Calcd for C1 9H2 2 : 
C, 91.14; H , 8.86%. 4 b , N M R (CG14, 100 M H z ) : 1.1—1.3 
(t at 1.20, 7 = 7 . 5 H z , and d a t 1.21, 7 = 7 Hz , 6H) , 1.3—1.7 
(m, 4H) , 2.4—2.8 (complex m, 5 H ) , 6.93 (s, 4H) , 6.9—7.3 
(m, 5H) ;mass : m/e 252 (M+,24), 119 (34), 117 (16), 115 (10), 
106 (11), 105 (100), 104 (18), 103 (14), 91 (37), 79 (17), 78 
(11), 77 (20). F o u n d : C, 90.54; H , 9 .58%. Calcd for C1 9H2 4 : 
C, 90.41; H , 9 .58%. 

Reaction of 1 with a- Trimethylsiloxystyrene 2c. A solution of 
132 mg of 1 (1.00 mmol) and 416 mg of 2c (2.0 mmol) in 10 ml 
of hexane was heated at 155 °C for 12 h under argon. T h e 
solvent was then removed and the residue was chromato-
graphed on silica gel which h a d been dried at 150 °C under 1— 
2 Torr . Elution with dry benzene produced 183 mg of an oily 
complex mixture which has not been characterized. Fur ther 
elution with dry benzene produced 21 mg of crystals which, 
when recrystallized from petroleum ether, gave 15 mg of 
analytically pure 3c (4 .4%) , m p 82.0—82.8 °C. Elution with 
a chloroform-ethyl acetate 3 : 1 mixture produced 70 mg of 
an oil which contained 6 and acetophenone. Dry air was 
bubbled in at 100 °C under 1—2 Tor r to remove the aceto­
phenone. T h e subsequent recrystallization of 33 mg of the 
crystalline residue from petroleum ether gave 18 mg of 6 (7.2 
%, m p 104.4—106.8 °C) which, when recrystallized again 
from petroleum ether, h a d a m p of 107.3—108.0 °C. 3c , 
N M R (CC14, 100 M H z ) : 0.04 (s, 9H) , 1.0—1.8 (br s, 4 H ) , 
2.27 ( b r s , 2 H ) , 3.01 (s, 4H) , 4.44 (br s, 1H), 6.46 (m, 7H) , 
6.81 (d, 7 = 8 Hz, 1H). 6, N M R (CC14, 100 M H z ) : 2.04 (m, 
2H) , 2.60 (m, 4H) , 2.97 (m, 4H) , 6.27 (d, 7 = 8 Hz , 2 H ) , 6.45 
(d, 7 = 8 Hz, 2 H ) , 6.52 (d, 7 = 8 Hz, 2 H ) , 6.96 (d, 7 = 8 Hz, 
2 H ) ; I R (KBr ) : 1665 ( G = 0 ) . Found : C, 86 .21 ; H , 7 .20%. 
Calcd for C 1 8 H 1 8 0 : C, 86.36; H , 7 .25%. 

Reaction of 1 with Methyl Cinnamate 2d. A mixture of 
64 mg of 1 (0.48 mmol) and 191 mg of 2 d (1.18 mmol) in 5.9 
ml of /-butyl alcohol was placed in a glass ampoule and b u b ­
bled with argon. T h e ampoule was then sealed off and kept 
at 150 °C for 14 h. After concentration, the residual mixture 
was chromatographed on silica gel and eluted with benzene. 
T h e preparat ive G L C separation (column B, 220 °C) of the 
eluted mixture afforded 39.5 m g of 3 d (28%) which when 
recrystallized from methanol h a d a m p of 85.2—86.9 °C, be­
sides 68 mg of unreacted 2d. 3d , N M R (CC14, 100MHz) : 
1.05 (t, 7 = 1 3 Hz, 1H), 1.7—3.4 (complex m , 10H), 3.73 (s, 
3H) , 6.2—6.7 (m, 8 H ) ; I R (KBr) : 1731 ( G = 0 ) . Found : C, 
81.62; H , 7 .55%. Calcd for C 2 0 H 2 2 O 2 : C ; 81.60; H , 7 . 5 3 % . 

Reaction of 1 with Methyl a-Phenylacrylate 2e. Following 

the procedure described for the reaction of 1 with 2d , 103 mg 
of 3e (43%) was obtained from the reaction of 108 m g of 1 
(0.82 mmol) with 306 mg of 2e (1.89 mmol) in 5 ml of /-butyl 
alcohol. 3e, mp 70.6—71.7 °C; NMR (CCI» 100MHz): 0.8 
—3.2 (complex m, 11H), 3.59 (s, 3H) , 6.4—6.8 (m, 8 H ) ; I R 
(KBr) : 1743 ( C = 0 ) . F o u n d : C, 81.57; H , 7.54%. Calcd for 
C 2 0 H 2 2 O 2 : C, 81.60; H , 7 .53%. 

Reaction of 1 with trans-Stilbene 2f. A mixture of 108 
mg of 1 (0.82 mmol) and 336 mg of 2f (1.87 mmol) in 10 ml 
of /-butyl alcohol was heated in a sealed glass ampoule at 150 
°C for 14 h under argon. T h e solvent was then removed in 
vacuo and the partially crystallized, unreacted 2f was filtered 
off from the residue. T h e oily residue was chromatographed 
on silica gel and eluted with a petroleum ether-benzene 4 : 1 
mixture to separate the reaction product from 2f. T h e con-
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centration of the fraction containing the reaction product af­
forded 48 mg of crystalline 3f and an oily mixture, which was 
subjected to preparative GLC (column A, 220 °C) to yield 
15.5 mg of 3f (combined yield, 25%) and 10 mg of 4f (3.9%). 
3f, mp 148.0—148.5 °C; NMR (CC14, 100 MHz) : 1.40 (t, J= 
12 Hz, 1H), 1.8—3.4 (m, 10H), 6.3—6.8 (m, 8H), 7.24 (s, 
5H). Found: C, 92.12; H, 7.72%. Calcd for C24H24: G, 
92.26; H, 7.74%. 4f, NMR (CC14, 100 MHz): 1.23 (t, 7 = 
7.5 Hz, 3H), 1.98 (m, 2H), 2.40 (m, 2H), 2.55 (quart, 7 = 7 . 5 
Hz, 2H), 2.7—3.0 (complex m, 3H), 6.8—7.3 (complex m, 
14H); mass: m/e 314 (M+, 9), 145 (15), 119 (100), 117 (13), 
104 (24), 91 (43), 77 (10), 65 (10). Found: C, 91.61; H, 
8.44%. Calcd for C24H26: C, 91.67; H, 8.33%. 

Reaction of 1 with 1,1-Diphenylethylene 2g. A mixture of 
108 mg of 1 (0.82 mmol) and 330 [Û of 2g (1.87 mmol) in 5 ml 
of /-butyl alcohol was heated at 150—155 °C for 12 h as has 
been described above. The subsequent removal of the solvent 
and chromatography on silica gel with petroleum ether-ben­
zene (4: 1) elution gave 138 mg of unreacted 2g and then 
176 mg of oil. A part of the latter, which was found on the 
GLC analysis to consist of one major and two minor compo­
nents was subjected to preparative GLC (column A, 210 °C) 
and the major component was collected. The viscous oil thus 
obtained crystallized slowly on standing. The residual oil 
was seeded with the crystals obtained above to give 172 mg 
of 3g (67%) which when recrystallized from ethanol had a 
mp of 70.8—71.8 °C. Further elution with benzene produced 
only a polymeric material (115 mg). 3g, NMR (CC14, 100 
MHz): 0.9—3.2 (complex m, 10H), 3.43 (d, 7 = 1 0 Hz, 1H), 
6.2—6.6 (m, 8H), 7.18 (s, 5H). Found: C, 92.36; H, 7.71%. 
Calcd for C24H24: C, 92.26; H, 7.74%. 

l-Hydroxy[4.2~\paracyclophane 3h. The treatment of 3c 
with methanol containing a trace amount of potassium hy­
droxide produced 3h which when recrystallized from petro­
leum ether had a mp of 116.3—116.8 °C. The reduction of 
6 with NaBH4 in 2-propanol as usual gave 3h (mp 115.5— 
117.0 °C), which showed no depression of the melting point on 
a mixed-melting-point measurement with the 3h obtained 
above. 3h, IR (KBr) : 3340 (O-H), 1089 (C-O). Found: 
C, 85.58; H, 8.07%. Calcd for G18H20O: C} 85.67; H, 7.99%. 

Reaction of 1 with Ethynylbenzene. A solution of 132 mg 
of 1 ( 1.00 mmol) and 220 fjd of ethynylbenzene {ca. 2 mmol) in 
5 ml off-butyl alcohol was heated at 160 °C for 11 h. A GLC 
analysis of the reaction mixture showed that 71% of the 
ethynylbenzene was consumed. The solvent was removed 
and the residue was chromatographed on silica gel. Elution 
with petroleum ether produced unreacted ethynylbenzene. 
Further elution with petroleum ether-benzene 5: 1 and 3: 1 
mixtures produced 81 mg of the product mixture. 
Preparative GLC (column B, 200 °C) afforded 29.9 mg of 8 
(13%), 6.0 mg of an unidentified product, and 15.3 mg of a 
mixture which was again subjected to preparative GLC 
(column D, 210 °C) to give 5.4 mg of 7 (2.3%) which when 
recrystallized from methanol had a mp of 102.6—103.0 °C 
(lit, 100—101 °C).Bd> Further elution with benzene produced 
only a highly viscous polymeric oil (176 mg). 7, NMR (CC14, 
100 MHz): 2.2—3.1 (m, 8H), 5.3—5.8 (m, 1H), 6.0—6.8, 
(m, 9H).5d> 8, NMR (CC14, 100 MHz): 0.80 (s, 4H), 2.02 (t, 
7 = 7 Hz, 2H), 2.45 (t of d, 7 = 2 . 5 and 7 Hz, 2H), 5.00 (d, 
7 = 10 Hz, 2H), 5.33 (d, 7 = 10 Hz, 2H), 5.97 (t, 7 = 2 . 5 Hz, 
1H), 7.06 (m, 3H), 7.38 (m, 2H). 

Effect of the Reactant Concentration on the Yield of 3e. A 
solution of ca. 7 mg of 1 (0.05 mmol) and 16 \i\ of 2e (each 
accurately weighed) in a specified volume of /-butyl alcohol 
was heated at 155 °C for 14 h in a sealed glass ampoule under 
argon. The solvent was then removed in vacuo and the residue 
was dissolved in 0.50 ml of benzene. The yield of 3e was 

determined on GLC using triphenylethylene as the internal 
standard. 

Run 

1 
2 
3 
4 

1 
(mg) 

6.6 
6.9 
6.6 
7.4 

/-BuOH 
(ml) 

3.0 
1.0 
0.33 
0.11 

1 
(mol/1) 

0.017 
0.052 
0.15 
0.51 

2e 
(mol/1) 

0.033 
0.10 
0.30 
0.90 

Yield of 
3e(%) 

78 
61 
59 
35 

Effect of the Reactant Concentration on the Yield of 3f. A solu­
tion of ca. 10 mg of 1 and ca. 36 mg of 2f in a specified volume 
of/-butyl alcohol was heated at 160 °C for 13.3 h as has been 
described above. The solvent was then removed in vacuo and 
the residue was dissolved in 1.00 ml of benzene. The yield of 
3f was calculated from the ratio of the peak area on GLC to 
that of the standard solution of 3f. 

1 
(mg) 

10.1 
9.9 

11.1 
10.3 
10.1 

/-BuOH 
(ml) 

4.0 
2.0 
1.0 
0.50 
0.25 

1 
(mol/1) 

0.019 
0.038 
0.084 
0.16 
0.31 

2f 
(mol/1) 

0.050 
0.10 
0.20 
0.40 
0.79 

Yield of 
3f(%) 

25 
27 
31 
34 
32 

References 

1) T. Tsuji, S. Nishida, and H. Tsubomura, J. Chem. Soc, 
Chem. Commun., 1972, 284. 

2) a) T. Tsuji and S. Nishida, J. Am. Chem. Soc, 95, 7519 
(1973); b) T. Tsuji and S. Nishida, Chem. Lett., 1973, 1335. 

3) For a preliminary report, see T. Shibata, T. Tsuji, and 
S. Nishida, Tetrahedron Lett., 1976, 4095. 

4) a) D. J. Cram and J. M. Cram, Ace. Chem. Res., 4, 
204 (1971); b) F. Vögtle and P. Neumann, Angew. Chem. Int. 
Ed. Engl, 11, 73 (1972); c) H. Irngartinger, R.-D. Acker, W. 
Rebafka, and H. A. Staab, ibid., 14, 674 (1975); d) R. Gray 
and V. Boekelheide, ibid., 14, 107 (1975); e) H. Horita, N, 
Kannen, T. Otsubo, and S. Misumi, Tetrahedron Lett., 1974, 
501 ; f) R. C. Helgeson, J. M. Timko, and D. J. Cram, J. Am. 
Chem. Soc, 96, 7381 (1974). 

5) a) D. J. Cram and H. Steinberg, J. Am. Chem. Soc, 73, 
5691 (1951); b) D. J. Cram and R. C. Helgeson, ibid., 88, 
3515 (1966); c) H. J. Reich and D. J. Cram, ibid., 91, 3517 
(1969); d) M. H. Delton and D. J. Cram, ibid., 94, 1669 
(1972); e) S. E. Potter and I. O. Sutherland, J. Chem. Soc, 
Chem. Commun., 1973, 520; f) F. Vögtle and J . Grütze, Angew. 
Chem. Int. Ed. Engl, 14, 559 (1975). 

6) T. Tsuji and S. Nishida, J. Am. Chem. Soc, 96, 3649 
(1974). 

7) H. Plieninger and W. Maier-Bost, Chem. Ber., 98, 2504 
(1965). 

8) T. Shibata, T. Tsuji, and S. Nishida, unpublished 
results. 

9) K. U. Ingold, "Free Radicals," ed by J. K. Kochi, 
John Wiley & Sons, Vol. I, New York, N. Y. (1973), p. 92. 

10) The actual structures of the fragments 18—24 are not 
certain. It is probable that those fragments have the corre­
sponding tropylium ion structures. 

11) The mass spectra of 3h is very similar to that of 7 in 
the region up to m/e 234. Thermal or electron-bombard­
ment-induced dehydration may have occurred. 

12) F. W. McLafferty, "Interpretation of Mass Spectra," 
2nd ed, W. A. Benjamin, Reading, Mass. (1973), pp. 57—63. 



August, 1977] Syntheses and Spe ctral Properties of [4.2]Paracyclophanes 2045 

13) a) D. J. Cram, R. B. Hornby, E. A. Truesdale, H. J. 
Reich, M. H. Delton, and J . M. Cram, Tetrahedron, 30, 1757 
(1974); b) N. Kato, T. Kondo, K. Endo, and S. Ito, 7th 
Symposium on Structural Organic Chemistry, Tokyo, October, 
1974. 

14) R1 and the aromatic ring are more eclipsed in the 26 
conformer than in 25 and R1 is gauche to C-3 in 26, while in 
25 R1 is anti to C-3. R2 and the aromatic ring, in the 26 
conformer, are gauche to each other and R2 and C-4 are 
nearly eclipsed. 

15) H. O. House, L.J . Czuba, M. Gall, and H. D. Olmstead, 

J. Org. Chem., 34, 2324 (1969). 
16) M. Saquet and A. Thuillier, Bull. Soc. Chim. Fr., 12, 

3972 (1966). 
17) L. F. Fieser, "Organic Experiments," D. C. Heath and 

Co., Boston, Mass. (1964), p. 219. 
18) W. Franke, W. Ziegenbein, and H. Meister, "Newer 

Methods of Preparative Organic Chemistry," ed by W. Foerst, 
Academic Press, Vol. I l l , New York, N. Y. (1964), p. 444. 

19) L. G. Kaufman and D. T. Longone, Tetrahedron Lett., 
1974, 3229. 



2046 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (8), 2046 2050 (1977) [Vol. 50, No. 8 

Ion-Molecule Reactions in the Binary Mixture of Ethylene Oxide and 
Trioxahe. I. Hydrogen Atom and Proton Transfer Reactions 
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The formation mechanism of protonated molecular ions by cross-reactions in ethylene oxide-trioxane mixtures 
has been studied with use of a modified time-of-flight mass spectrometer. The precursors of the product ions were 
determined by analysis of the fine structure of their ionization efficiency curves using deuterated ethylene oxide. 
Protonated ethylene oxide is formed by the hydrogen atom transfer reaction of ethylene oxide molecular ion with 
trioxane, and protonated trioxane by the proton transfer reaction of GHO+ (from ethylene oxide) with trioxane. 
In the ion-molecule reactions of ethylene-^ oxide-trioxane mixtures, appreciable isotope effect was observed. 
The GHO+ from ethylene oxide is an important reactant ion as compared with that from trioxane in the proton 
transfer reaction, and CHO+ from ethylene oxide was suggested as a thermal reactive ion. The order of proton 
affinity could be estimated from the proton transfer reactions involving CHO+. It was found that the proton 
affinity of trioxane is smaller than that of ethylene oxide. 

The ion-molecule reactions in trioxane (1,3,5-
trioxane) and ethylene oxide have been studied in 
connection with an elementary process in radiation and 
ion chemistry.1-2) In trioxane, consecutive-association 
reactions of protonated ions with trioxane were observed, 
but the reactions were not carried out in ethylene oxide. 
The results of the ion-molecule reactions could be 
correlated with the behavior of observed radiation-
induced polymerization in which trioxane was easily 
polymerized,3 '4) appreciable polymerization taking place 
less easily in ethylene oxide.5) O n the other hand, 
protonated ethylene oxide was mainly formed by the 
proton transfer reaction from CHO+ in ethylene oxide, 
GHO+ from trioxane not playing an important role for 
the formation reaction of protonated trioxane.1) It 
seems that the reactivity of CHO+ in proton transfer 
reaction is at tr ibuted to the molecular source producing 
CHO+. The proton transfer reaction due to CHO+ 
would be affected by the property of neutral molecule. 
Futrell et Ö/.6) studied the effect of the kinetic energy of 
GHO+ in proton transfer reactions with a tandem mass 
spectrometer, and stated that the reactivity of CHO+ 
is affected by its energy state. Various oxygenated 
fragment ions are produced by electron impact from 
compounds containing oxygen. Since oxygenated ions 
giving the same structure are produced from various 
cyclic ether, it is of interest to examine the reactivity of 
these ions. The formation reaction of protonated 
molecular ions has been studied for alcohols,7-9) 
ketones,10"12) aldehydes,11-13) and dimethyl ether,11 '12) 
but not for cyclic compounds containing oxygen. The 
ion-molecule reactions in pure system of ethylene oxide 
and trioxane have been studied.1,2) T h e present work 
deals with the formation mechanism of the protonated 
molecular ions by cross-reactions (reactions between 
ions of one molecule and the molecules of the other) in 
ethylene oxide (or ethylene-ö?4 oxide)-trioxane mixtures. 
The reactivity of the CHO+ ions from both ethylene 
oxide and trioxane was examined by means of proton 
transfer reactions. 

Exper imenta l 

A Bendix Model 12-101 time-of-flight mass spectrometer 
was used. A part of the spectrometer was modified in order 
to study ion-molecule reactions.2) Some pulse electronic cir­
cuits of the apparatus were modified. A Hewlett Packard 
214A pulse generator and a pulse generator (Sanwa Denshi 
Production Co., Ltd.) were used for suppling the ionizing and 
ion withdrawal pulses. A variable delay time circuit permit­
ted a variation of the time between the end of the ionizing pulse 
and the onset of the ion withdrawal pulse.2) During the delay 
time, the entire ionization chamber is field-free, so that ion-
molecule reactions occurring during the time interval are 
under purely thermal conditions. 

The retarding potential differential technique (RPD) was 
adopted for appearance potential and ionization efficiency 
curve measurement. A report has been given on the tech­
nique.14) The measurement of the ionization efficiency curves 
of two ions was simultaneously performed by the two-channel 
ion detection method. The ion currents of two different 
ions were recorded with a Rikadenki R-34 three-pen recorder. 

The gas-sample inlet-system consisting of a dual-leak and 
dual-reservoir was used. Two kinds of samples are introduced 
individually into the ionization chamber through two separate 
leaks from separate reservoirs (5L). The partial pressure of 
the two samples was indirectly measured with an MKS Bar-
atron 90-X RP-2 capacitance manometer and the pressure 
was calibrated by known rate constant (1.11 X 10~9 cm3 mole­
cule -1 s_1) of GH5+ in the ion-molecule reaction of methane.15' 

The following reagents were used: trioxane (Celanese 
Chemical), ethylene oxide (Nisso Yuka Industly Co., Ltd.), 
and ethylene-d4 oxide (Merck Sharp and Dohme of Canada, 
deuterium atom purity, least 98%). The samples were used 
after being subjected to vacuum distillation several times. 

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

Delay Time Dependence. The delay time depend­
ence plots of fragment ions in a 1: 1 mixture of ethylene 
oxide and trioxane are shown in Fig. 1. The plots were 
obtained as a function of delay time at ionization 
chamber pressure of 1.70 x l O 1 3 molecules cm - 3 . The 
m\e 44 (C 2 H 4 0+) , 43 (C 2 H 3 0+) , and 29 (CHO+) are 
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Delay time ([is) 

Fig. 1. Delay time dependence of fragment ions in ethyl­
ene oxide-trioxane mixtures. 
# : C2H602+, A : C 2 H 4 0 , # : CHO+ (x 1/2), 
• :C3H603+, H :C 2 H 3 0+ . 

major fragment ions from ethylene oxide, while m/e 89 
(C 3H 50 3+), 61 (C 2 H 5 0 2 +) , and a part of m/e 29 are those 
from trioxane. 

The delay time dependence plots of product ions are 
shown in Fig. 2. T h e formation of protonated ethylene 
oxide (m/e 45, C 2H 50+) is remarkable as compared with 
protonated trioxane (m/e 91, C 3 H 7 0 3 +) , the ion intensity 
ratio of C 2 H 5 0+ to C 3 H 7 0 3 + being ca. 5.5 at delay time 
of 1.0 (xs. 

The ion-molecule reactions in ethylene-ö?4 oxide-
trioxane mixtures were studied in order to clarify the 
formation mechanism of product ions under the same 
conditions as for ethylene oxide-trioxane mixtures. The 
plots of delay time dependence for fragment and isotopic 
product ions are shown in Figs. 3 and 4, respectively. 

Delay time ([is) 

Fig. 2. Delay time dependence of protonated molecular 
ions in ethylene oxide-trioxane mixtures. 

# : C 2 H 5 0 + , 0 : C 3 H 7 0 3
+ . 

0.2 0.4 0.6 0.8 1.0 12 

Delay time ([is) 

Fig. 3. Delay time dependence of fragment ions in ethyl­
ene-^ oxide-trioxane mixtures. 
A : CDO+ (X 1/2), O : G2H502+, A= C2D40+, 

i: CHO+ (X 1/2), • : G2H30+. 
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Fig. 4. Delay time dependence of protonated and deu-
teronated molecular ions in ethylene-rf4 oxide-trioxane 
mixtures. 
# : G2D4HO+ ( x 2 ) , A : C2D50+ (x2 ) , 0 = C3H703+, 
A : C 3 H 6 D 0 3 + ( x 5 ) . 

T h e CHO+ ions from both molecules are separated 
into CHO+ and CDO+. The ions markedly decreased 
with increasing delay time as compared with other 
fragment ions of high mass number (Fig. 3). T h e 
cause of decrease is mainly due to a mass discrimination 
effect though there is a contribution of these ions to 
ion-molecule reactions. The isotopic distribution of 
product ions is given in Fig. 4. The m/e 49 (C2D4HO+) 
and 50 (C2D50+) are protonated and deuteronated 
trioxane, respectively. The G2D4HO+ and C 3 H 6 D0 3 + 
ions are formed by cross-reactions and the C 2 D 5 0 + and 
C 3 H 7 0 3 + ions by homo-reactions. The ion intensity 
ratios of C 2D 4HO+ to C 2 D 5 0+, and C 3 H 6 D0 3 + to C3H7-
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0.1 1 

Pressure of ethylene oxide (10~4 Torr) 

Fig. 5. Pressure dependence of protonated molecular ions 
to ethylene oxide at delay time of 1.0 [xs. 
# : C 2 H 5 0 + , 0 : C 3 H 7 0 3

+ . 

0 3 + are ca. 5 and 0.2 at delay time of 1.0 {j.s, suggesting 
that a drastic reaction occurs in the mixture system. 

Pressure Dependence. The pressure dependence of 
the product ions on each molecule was examined in 
order to clarify the contribution of molecules of ethylene 
oxide and trioxane. The pressure dependence plots of 
the protonated molecular ions on the pressure of ethylene 
oxide, shown in Fig. 5, were obtained by the pressure 
variation of ethylene oxide at fixed pressure (8.5 X l 0 1 2 

molecules cm - 3 ) of trioxane and delay time of 1.0 pis. 
Protonated ethylene oxide shows a dependence of ca. 
second order on the pressure of ethylene oxide, while 
protonated trioxane shows one of ca. first order. This 
suggests that the formation of protonated trioxane is 
correlated with ethylene oxide. 

Pressure'of trioxane (10~4 Torr) 

Fig. 6. Pressure dependence of protonated molecular ions 
to trioxane at delav time of 1.0 [xs. 
# : C 2 H 5 0 + 0 : C 3 H 7 0 3 + . 

The pressure dependence plots of protonated molec­
ular ions to trioxane at fixed pressure (8.5 X 1012 mole­
cules cm - 3 ) of ethylene oxide are shown in Fig. 6. 
Protonated trioxane shows the dependence of second 
order on trioxane pressure and protonated ethylene oxide 
that of the first order on trioxane one. These results 
suggest that protonated ethylene oxide and trioxane 
are formed by means of proton or hydrogen atom 
transfer reactions. 

Ionization Efficiency Curves. The ionization efficiency 
curves of fragment and product ions in ethylene-rf4 oxide-
trioxane mixtures were measured at delay time of 1.0 
[AS. T h e ionization efficiency curves of C2D4HO+, 
C 2 D 4 0+, and C 3 H 5 0 3 + are shown in Fig. 7, and those 
of C 3 H 6 D0 3 +, C 2 D 5 0+, and CDO+ in Fig. 8. The 
precursors of the product ions can be identified by 
comparison of the onset and fine structures of the curves 
of these product ions with those of fragment ions. 
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Fig. 7. Ionization efficiency curves of C2D4O+(0) , C2D4-
HO+(A), and C3H5O3

+(0) in ethylene-</4 oxide-triox-
ane mixtures. 
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Fig. 8. Ionization efficiency curves of CDO+(0)> C2D.5-
O+(0) , and C3HeD03+(A) in ethylene-rf4 oxide-triox-
ane mixtures. 

The ionization potential of ethylene oxide and the 
appearance potential of C 3 H 5 0 3 + from trioxane were 
10.64±0.1 and 10.59±0.05 eV, respectively.2-14) The 
onset and break points in the ionization efficiency curves 
of both C 2D 4HO+ and G 2D 40+ agree. The onset of 
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C2D4HO+ approached that of C 3 H 5 0 3
+ ; however, the 

fine structures of both curves differ from each other. 
The appearance potential of other fragment ions from 
trioxane is higher than that of C2D4HO+.14> The break 
points of the curve of C2D4HO+ does not agree with the 
appearance potentials of these fragment ions. I t is 
concluded that the precursor of C2D4HO+ is C 2 D 4 0+ 
and fragment ions from trioxane does not correlate as a 
precursor. 

The onset of C 3 H 6 D0 3 + agrees with that of GDO+ 
and is higher than the ionization potential of C 2 D 4 0+ 
by ca. 1.5 eV. The fine structures of the ionization 
efficiency curves of C 3 H 6 D0 3 + and C 2 D 4 0+ differ from 
each other. T h e appearance potentials of other fragment 
ions from ethylene oxide deviate from that of C 3 H 6 D0 3 +, 
and thus these ions do not contribute to the formation 
of C 3H 6D0 3+. From the results, we see that the precursor 
of C 3 H 6 D0 3 + is CDO+ from ethylene-J4 oxide. 

Reaction Mechanism. I t is found that a part of 
C 2 H 5 0+ and C 2 D 5 0+ is formed by the following reac­
tions in ethylene oxide (or e thylene-^ oxide)-trioxane 
mixtures, as observed in the ion-molecule reactions in 
pure ethylene oxide.2) 

CH2—CH2 -f- CH2—CH2 

o o 
CHO+ + CH2-GH2 

O 

CD2-CD2
+ + CD2-CD2 

o o 
CDO+ + CD2-CD2 

\ / 
O 

CH2-GH2
+ + C2H30, (1 

OH 

CH2—GH2 
\ / 
OH 

+ CO, (2) 

+ C2D30, (3) 

CD2-CD2
+ + CO. (4) 

OD 

CD2-CD2 
\ / 
OD 

The ion intensity of C2D4HO+ increases with increas­
ing delay time (Fig. 4), and the appearance potential 
of this ion agrees with the ionization potential of 
ethylene-rf4 oxide (Fig. 7). Thus, it is suggested that 
G2D4HO+ is formed by hydrogen atom transfer reaction 
as follows. 

CH, 
/ 

CD2-CD2
+ + ° 

\ 
O 

CH, 
CD2-CD2^ 
\ / 
OH 

+ C3H503 . (5) 

O' 

This shows that predominant formation of C 2 H 5 0+ in 
ethylene oxide-trioxane mixtures is due to Reaction 6 
rather than Reactions 1 and 2. 

CH, 

CH2-CH,H 

\ / 
O 

+ 
o 
CH, 

\ 

o 
CH, 

CH2-CH2
+ + C3H503 . (6) 

OH 
O' 

C 3 H 7 0 3 + was formed by Reaction 7 in ion-molecule 
reactions of trioxane.1) 

CH, 

C3H503
+ + 

/ 
O 

CH2 

V 
o 
CH, 

CH2 

O OH1 

C H , C H 2 

\ 0 / 

+ C3H403 . (7) 

It was observed that the ion intensity of C 3 H 6 D0 3 + 
increases slightly with increasing delay time in ethylene-

d4 oxide-trioxane mixtures (Fig. 4). From the ionization 
efficiency curves (Figs. 7 and 8), it is concluded that 
C 3 H 6 D0 3 + in e thylene-^ oxide-trioxane mixtures is 
formed by deuteron transfer from CDO+ to trioxane 
molecule. 

CDO+ + 

CH2 
/ \ 

o o 
CH2 

/ \ 
O OD + CO. (8) 

CH2 CH2 CH2 CH, 

V \Q/ ' 
In the ion-molecule reactions of ethylene oxide, CHO+ 
was an important reactant ion in the formation reaction 
of protonated ethylene oxide.2) CHO+ is a proton 
donor ion. I t follows that Reaction 8 predominates in 
the formation of G 3 H 6 D0 3 +. Similarly, Reaction 9 
would participate in the formation of C 3 H 7 0 3 + in 
ethylene oxide-trioxane mixtures. 

CHO+ + 

CHS 
/ 

O 

CH, 

CH, 
\ 
O 

CH, 

/ 
O 
CH, 

OHH 

c: 
+ CO. 

H, 
(9) 

x O x x O x 

Rate Constants. In the calculation of the rate 
constant for C 2 H 5 0+ formed in the mixture system, the 
ion intensities of C 2 H 4 0 + and C 2 H 5 0+ are corrected. 
T h e equation of rate constant (Ar6) for Reaction 6 can be 
expressed as follows : 

4,H,0+CM)-^,H,0*CE) = * 6 [C 3 H 6 03]* + C, (10) 
'C,H,0+(M) 

where /C2H5O
+(M> and 7C2H4O

+(M) are the ion intensities of 

C 2 H 5 0+ and C 2 H 4 0+ in ethylene oxide-trioxane 
mixtures, respectively; 7c2H5o

+(E)is the ion intensity of 
C 2 H 5 0+ formed in the ion-molecule reactions of pure 
ethylene oxide;2) [ C 3 H 6 0 3 ] is the concentration of 
trioxane in the ionization chamber, and t is delay t ime. 
T h e rate constants obtained are given in Table 1. The 
rate constants of the formation reactions of protonated 
and deuteronated molecular ions in ethylene oxide (or 
ethylene-*^ oxide)-trioxane mixtures are summarized 
in Table 1. 

TABLE 1. RATE CONSTANTS 

Ethylene oxide-trioxane Ethylene-rf4 oxide-trioxane 

Ü .. k x 109 r» .• A: x 109 

Reaction c m 3 m o l e c u l e - i s - i Reaction c m 3 m o l e c u l e - i s - i 

(1) 
(2) 
(6) 
(7) 
(9) 

0.145a> 
2.09a> 
4.00 
1.15a> 
0.121 

(3) 
(4) 
(5) 
(7) 
(8) 

0.130 
1.81 
4.18 
1.10 
0.10.1 

a) Ref. 2-

Reactivity. The molecular ion from trioxane is 
unstable. Its ion intensity is relatively low, while that 
from ethylene oxide is high (Fig. 1). Thus, the reactivity 
of molecular ion from trioxane can not be discussed in 
comparison with that from ethylene oxide. O n the 
other hand, it is of interest to examine the reactivity 
of the CHO+ ions from both molecules. The CHO+ 
from ethylene oxide participates preferentially for 
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proton transfer reaction as compared with that from 
trioxane in the mixture system. No contribution of 
CHO+ for protonated trioxane has been observed in the 
ion-molecule reactions of trioxane.1) A proton transfer 
reaction involving GHO+ seems to be affected by its 
energy state. I t was demonstrated that the energy of 
CHO+ from trioxane is considerably higher than that 
of ethylene oxide in the measurement of the translational 
enrgies of the CHO+ ions from oxygen-containing 
organic compounds.16) It is suggested that CHO+ from 
ethylene oxide is a thermal reactive ion as compared 
with that from trioxane. 

Proton Affinity. The proton affinity of ethylene 
oxide has been reported to be 183 kcal mol - 1 .17 '18) T h e 
proton affinity of trioxane is not known but the basicities 
for trioxane and ethylene oxide which correlate with 
their proton affinities have been found to be 10 and 7.3 
respectively.19) In this mixture system, the reactant, 
ions in Reactions 2 and 9 are CHO+ from ethylene 
oxide, the rate constant ratio (k2lk9) being 17.3. This 
indicates that the proton affinity of ethylene oxide is 
larger than that of trioxane. T h e proton affinity of 
a molecule is defined as the enthalpy change for proton 
transfer reactions. A number of determinations of 
absolute proton affinity have been undertaken by the 
appearance potential method and an empirical correla­
tion of excess energies in ion-molecule reactions.18) The 
relative proton affinity was also studied from observation 
of ion-molecule reactions.20-22) I t is found that the 
order of relative proton affinity can be estimated using 
rate constant in proton transfer reaction involving 
CHO+. T h e general scheme is as follows: 

MH + + M t • MjH+ + M, (11) 

MH + + M2 • M2H+ + M, (12) 

where the order of proton affinity (PA) for neutral 
molecule (M l 5 M2) is P A ( M 1 ) > P A ( M 2 ) , when the rate 
constant in both reactions is A;11>AJ12. A proton donor 
ion such as CHO+ which is a thermal energy ion is 
desirable for reactant ion (MH+). 

Isotope Effects. The difference of the rate con­
stant in the proton and deuteron transfer reactions was 
observed (Table 1). The ratios kxfkz, k2jk^, and k9jks 

were 1.12, 1.15, and 1.20, respectively. The values of 
k5 and k6 were almost equal . Gupta et a/.23) studied the 
isotope effects in the ion-molecule reactions of water 
and methane. They reported that the ratio of the rate 
constant for proton (from OH+) and deuteron transfer 
(from OD+) is 2.10, and the ratio of the rate constant 
for the formation of GH5+ and CD 5

+ 1.49. Ghong and 
Franklin24) observed that the rate constants for the 
transfer of an H or a D atom are the same, but the rate 
constant of the transfer of D+ is only ca. 0.62 times as 
great as that for an H+ in ion-molecule reactions of 
methane-methane-rf4 mixtures. The isotope effect we 

observed is smaller than theirs. 

The authors wish to express appreciation to Prof. K. 
Hayashi, Osaka University, and Dr. A. Ito and Mr. K. 
Arakawa of our Establishment for interesting and 
stimulating discussions. 
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Mixtures of acetylene and deuterium have been subjected to shock heating in a single-pulse shock tube in the 
temperature range 1000^1600 K. The reaction products were quite the same as those obtained from the pyrolysis 
of acetylene alone, with a considerable increase in the yields of the minor products. The predominance of 1-buten-
3-yne formation and no appreciable dependence of its rate on the concentration of deuterium suggest that the 
initiation step is the same as that proposed in the pyrolysis of acetylene by itself, viz. 2C2H2—>C4H3+H, the initiation 
step of the bimolecular reaction of C2H2 with D2 not being important. A complementary analysis of the isotopic 
distributions of l-buten-3-yne, ethylene, and acetylene shows that hydrogénation also occurs by a free-radical 
chain mechanism, and the C4H3 radical and H atom generated by the initiation step are mainly responsible for the 
formation ofl-buten-3-yne and ethylene, respectively. The ethylene formation was of first-order in both acetylene 
and deuterium, and the second-order rate constant was obtained as 

A-(cm3 mol-1 s"1) = (4 .9±1.3) X 1011 exp ((-34900±600)/ÄT). 

The hydrogénation of acetylene has been studied by 
several investigators.1_6) Skinner and co-workers aimed 
at clarifying the pyrolysis of ethylene.2 '3) Benson and 
Haugen, in an attempt to estimate the elementary 
reaction rate constants of radical reactions which might 
participate in the pyrolysis of the unsaturated hydro­
carbons,4) made a kinetic analysis of the hydrogénation 
of acetylene, and concluded that a free-radical chain 
mechanism should predominate. Skinner et al. showed 
that C2H3D is the most abundant among the ethylene 
isomers produced in the shock heated mixture of 
acetylene and deuterium. The result is in line with 
the prediction from the free-rädical chain mechanism 
proposed by Benson and Haugen. In their scheme the 
chain propagation is initiated by the bimolecular 
reaction of acetylene and deuterium, C 2 H 2 + D 2 - * 
C 2 H 2 D + D . 

O n the other hand, the effects of added hydrogen on 
the yields of the pyrolysis products were extensively 
examined in static and flow systems.7-10) I t was shown 
that the addition of hydrogen has little influence on the 
yields of the major products of the pyrolysis. 

The pyrolysis of acetylene proceeds via the free-radical 
chain mechanism initiated by the bimolecular reaction 
of acetylene,11) 2C2H2—>C4H3+H. The H atom produc­
ed by the initiation step can lead to the formation of 
ethylene as well as l-buten-3-yne in the presence of 
hydrogen. When deuterium instead of hydrogen is 
added, the product distribution and isotopic distribution 
can be utilized for clarifying the mechanisms of the 
pyrolysis and hydrogénation of acetylene. 

Exper imenta l 

Apparatus and Procedure. The hydrogénation and pyroly­
sis of acetylene in the presence of deuterium was studied in a 
4-cm single-pulse shock tube, the length of the driven section 
being 277 cm long, and that of the driver section adjustable 
but fixed at 157 cm. The design and operation of the shock 
tube were reported previously.11»12) 

The driver section was isolated from the pump when the 
vacuum of the tube reached below 10 -3 Torr, and then filled 
with the driver gas at about 2 atm of pressure in order to 
optimize the rupture of the diaphragms by the needle. The 

driven section was further pumped to a vacuum better than 
10~4 Torr before each run. The leak plus outgassing rate 
was measured by a cathode ionization gauge immediately 
after the isolation of the tube from the pump, 6 x 10~5 Torr 
per minute being obtained. Helium was used as the driver 
gas. The shocks were fired within 5 min after the driven 
section had been filled with test gases. 

Materials. Three different mixtures with the composition 
of C2H2/D,/Ar= 10/10/80; 5/10/85; and 10/5/85 were prepared 
in a 5-1 glass vessel and allowed to stand for at least one day 
before use. 

Acetylene(Matheson Co.) was washed with coned sulforic 
acid and dried through a soda lime tower and then purified 
by bulb-to-bulb vacuum distillation. Deuterium (Showa 
Denko Co., 99.5% D atom) and argon (Nippon Sanso Co., 
nominal purity of 99.9995%) were used without further puri­
fication. 

A variety of pure gas mixtures with the desired concentra­
tions were prepared for the calibration of the gas chromato­
graphy. Argon was also used as the diluent. 

l-Buten-3-yne and 1,3-butadiyne synthesized in a pyrolysis 
experiment were used. The other pure gases (Takachiho Shoji 
Co., research grade) were used as received. 

Analytical. The shock heated sample was introduced 
into 60-ml volume bulb, and analyzed by gas chromatography. 
Details of the gas chromatographic analysis were reported.11) 

The isotopic distributions of acetylene, l-buten-3-yne, and 
ethylene were determined with a Hitachi Model RM-50 mass 
spectrometer. Acetylene and ethylene were separated on a 
3 mm X 2 m Porapak T column at 50 °C with helium as the 
carrier. Each gas component was collected in a trap cooled 
by liquid nitrogen. The cooled trap was then evacuated for 
several minutes to remove the carrier gas and contaminants, 
especially nitrogen and oxygen. 

For the measurement of mass spectra of ethylene isomers, 
the ionization potential was maintained at ca. 12 eV to simpli­
fy the fragmentation patterns, in which only the parent peaks 
of the isomers appeared in the mass spectra. The influence 
of nitrogen and oxygen on m/e=28 and 32 in the mass spectra, 
respectively, can be neglected at a low ionization potential. The 
mass spectra of l-buten-3-yne and acetylene isomers were 
measured at an ionization potential of 50 eV. The method 
of mass spectral analyses for acetylene and 1-buten-3-yne 
isomers was described elsewhere. 
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R e s u l t s 

Three mixtures were heated behind the reflected 
shock waves in the temperature range 1000—1600 K. 
T h e total densities behind the reflected shock waves 
were maintained within (2.35±0.11) X 10~5 mol/cm3 , 
which were the same as those in the pyrolysis experiment 
in the absence of deuterium. 

io*K/r 
Fig. 1. Major product distribution as a function of tem­

per ature ( C2H2/D2/Ar=5/10/85 ). 
O ; l-Buten-3-yne, £ ; ethylene, A ; 1,3-butadiyne. 

Major Products. T h e shock heated gas samples 
were analyzed by gas chromatography. T h e analytical 
results in the case of the mixture with the ratio of C2H2 / 
D2/Ar equal to 5/10/85 are shown in Fig. 1. T h e major 
products were l-buten-3-yne, ethylene, and 1,3-
butadiyne in the decreasing order of amount, l -buten-3-
yne and 1,3-butadiyne being the major products of the 
pyrolysis of acetylene by itself. This indicates that 
under the present experimental conditions the hydrogé­
nation of acetylene occurs simultaneously with the 
pyrolysis of acetylene, and in the temperature range 
up to 1400 K the formation of l-buten-3-yne dominates 
that of ethylene. 

l-Buten-3-yne and 1,3-Butadiyne: As shown in Fig. 1, 
the yields of l-buten-3-yne and 1,3-butadiyne as a 
function of temperature are similar to those of the 
pyrolysis in the absence of deuterium. T h e concentra­
tion of l-buten-3-yne also reaches max imum at ca. 
1500 K. 

The effects of added deuter ium on the production of 
l-buten-3-yne and 1,3-butadiyne for the three mixtures 
are shown in Figs. 2 and 3, respectively. We see that 
the yields of l-buten-3-yne and 1,3-butadiyne seem to 
be entirely dependent on the initial acetylene concen­
tration, and are little affected by that of deuterium. 
The rate (yield expressed in ppm/ms) of l-buten-3-yne 
formation is approximately of second-order with respect 
to acetylene, which is the same as that in the C 2 H 2 -
Ar system. T h e second-order rate expression fits the 

io4K/r 
Fig. 2. Effect of deuterium on the l-buten-3-yne forma­

tion. 
O ; C2H2/D2/Ar= 10/10/80, A ; C2H2/D2/Ar=5/10/85, 
# ; C2H2/D2/Ar= 10/5/85. 

Fig. 3. Effect of deuterium on the 1,3-butadiyne forma­
tion. 
O ; C2H2/D2/Ar= 10/10/80, A ; G2H2/D2/Ar=5/10/85, 
# ; C2H2/D2/Ar= 10/5/85. 

data obtained below 1350 K (41 points) by the least-

squares method : 

^ K m o l ^ s - 1 ) = (14 .8±1 .8 )x l0 1 3 

Xexp((-44200±1500)/Är) , (1) 

where the activation energy is expressed in cal*/mol, the 
errors denoting the standard deviation of the least-
squares method. 

In order to confirm the effects of deuterium added, 
the isotopic distribution of l-buten-3-yne was deter­
mined by mass spectrometry. T h e mass spectral 

* 1 cal t h=4.184J. 
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T A B L E 1. ISOTOPIC DISTRIBUTIONS OF 1-BUTEN-3-YNE AND ACETYLENE 

7yK a> 

C4H4
b> 

C 4 H 3 D 

C 4 H 2 D 2 

G 4 HD 3 

G4D4 

C2H2
C> 

C 2 H D 

G2D2 

[C4H4]d) 

r/{XSe> 

C2H2/D/> 

1205 
1.000 

e) 

— 
— 
— 

0.996 
0.004 

— 
447 
650 
10/10 

1245 
0.994 
0.006 

— 
— 
— 

0.981 
0.014 
0.005 

834 
710 
10/10 

1296 
0.938 
0.054 
0.008 

— 
— 

0.959 
0.034 
0.007 

1582 
690 
10/10 

1371 
0.720 
0.255 
0.018 
0.007 

— 
0.896 
0.093 
0.011 
2165 
780 
10/10 

1312h> 
1.000 

— 
— 
— 
— 

0.979 
0.019 
0.002 

1281 
690 
10/5 

1290 
0.812 
0.188 

— 
— 
— 

0.933 
0.053 
0.014 

348 
820 
5/10 

1322 
0.734 
0.239 
0.019 
0.008 

— 
0.912 
0.078 
0.010 

365 
840 
5/10 

a) Th is the temperature behind the reflected shock wave. b), c) The total amounts of l-buten-3-yne 
and acetylene are taken to be equal to 1.000. d) Total yield of l-buten-3-yne isomers expressed in 
ppm/ms. e) T is the dwell time, f ) Composition of the mixture, g) Undetectable. h) Deuterated 
l-buten-3-ynes are not detected at 1290 and 1340 K in the mixture of C2H2/D2= 10/5. 

analyses of the l-buten-3-ynes together with the acet­
ylenes were carried out for several samples taken out 
of the three mixtures. The results are summarized in 
Table 1. No appreciable amount of deuterium-substitut­
ed l-buten-3-ynes is formed at lower temperatures. No 
detectable amount of deuterated 1-buten-3-ynes is 
observed in the case of the mixture with the composition 
C 2 H 2 /D 2 /Ar= 10/5/85. The effect of added deuterium 
(hydrogen) on the formation of l-buten-3-yne is small. 

ICTK/r 
Fig. 4. Concentration dependence of the ethylene forma­

tion. 
O ; C2H2/D2/Ar= 10/10/80, A ; C2H2/D2/Ar=5/10/85, 
0 ; C2H2/D2/Ar= 10/5/85. 

Ethylene: Although the formation of ethylene was not 
the predominant reaction under the present experi­
mental conditions, the yield of ethylene remarkably 
increased in the presence of deuterium. 

The yield of ethylene is plotted against the reciprocal 
of the reaction temperature in Fig. 4. The dependence 
of the rate on the concentrations of acetylene and 
deuterium is approximately equal, being approximately 
of first-order with respect to acetylene and deuterium. 

Assuming that the rate equation has the form d [total 
ethylene]/d£=A;2[C2H2][D2], the second-order rate con­
stant was obtained by the least-squares method: 

k2 (cm3 mol"1 s"1) = (4. 9 ± 1.3) X 1011 

Xexp(( -34900±600) /Är) . (2) 

T h e isotopic distribution of ethylene was determined 
by mass spectrometry for several samples out of the 
shock heated mixture of 10% C 2H 2 and 10% D 2 in 
argon. T h e results of the mass spectral analyses are 
given in Table 2. We see that C 2 H 3 D is the most 
abundant species among the ethylene isomers. Con­
siderable amounts of C 2 H 2 D 2 and G2H4 are produced. 

TABLE 2. ISOTOPIC DISTRIBUTION OF ETHYLENE 

n/Ka> 
C2H4

b> 

C 2 H 3 D 

C 2 H 2 D 2 

C 2 H D 3 

C2D4 

T/(JISC) 

C2H2/D2
d> 

1271 
0.158 
0.709 
0.121 
0.008 
0.004 

920 
10/10 

1313 
0.111 
0.744 
0.131 
0.011 
0.003 

940 
10/10 

1388 
0.149 
0.653 
0.169 
0.019 
0.010 

930 
10/10 

1407 
0.141 
0.661 
0.176 
0.016 
0.006 

800 
10/10 

1480 
0.187 
0.487 
0.258 
0.060 
0.008 

780 
10/10 

a) T5 is the temperature behind the reflected shock 
wave. b) The total amount of ethylene isomers is 
taken to be equal to 1.000. c) r is the dwell time, 
d) Composition of the mixture. 

Minor Products. Methane , ethane, aliène, propyne, 
and 1,3-butadiene were detected as minor products. 
Although all of them are observed in the pyrolysis of 
acetylene alone, their yields as a function of temperature 
differ from those in the case of the C 2 H 2 -Ar system. 
T h e yields, especially that of 1,3-butadiene, considerably 
increased in the presence of deuterium. 

The influence of the addition of deuter ium to acetylene 
system on the yields of 1,3-butadiene and methane is 
shown in Figs. 5 and 6, respectively. T h e yields of 1,3-
butadiene and methane are dependent on both acetylene 
and deuter ium concentrations, those of aliène and 
propyne showing a similar dependence on concentration. 
This distinct dependence of the minor product yields 
on the deuter ium concentration suggests that they are 
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Fig. 5. Effect of deuterium on the 1,3-butadiene forma­
tion. 
O ; C2H2/D2/Ar= 10/10/80, A ; C2H2/D2/Ar=5/10/85, 

K # ; C 2 H 2 / D 2 / A r = 10/5/85. 

io4K/r 

Fig. 6. Effect of deuterium on the methane formation. 
O ; C2H2/D2/Ar= 10/10/80, A ; C2H2/D2/Ar=5/10/85, 
0 ; C2H2/D2/Ar= 10/5/85. 

formed by different paths from those in the C 2 H 2 -Ar 
system. Thus the direct participation of deuterium in 
their formation reactions appears evident. 

Discussion 

Mechanism of Ethylene and l-Buten-3-yne Formation. 
The formation of l-buten-3-yne was the predominant 
reaction, the shape of the yield-temperature plots for 
l-buten-3-yne not being affected by the addition of 
deuterium. The dependence of rate on the concentra­
tion of acetylene was the same as that observed in the 
pyrolysis of acetylene by itself, deuter ium being a 
negligible effect on the production rate of l-buten-3-yne. 
This suggests that the mechanism of l-buten-3-yne 
formation is the same as that proposed for the pyrolysis 
of acetylene in the C 2 H 2 -Ar system. The scheme is 
represented as follows:11) 

2G2H2 • C4H3 + H, (3) 

H + C2H2 • C2H3, (4) 

G2H3 + C2H2 • G4H4 + H, (5) 

C4H3 + C2H2 • C6H5, (6) 

G6H5 + C2H2 • C4H4 + C4H3. (7) 

The yield of ethylene increases markedly in the 
presence of deuterium. If the addition of deuter ium 

to acetylene occurred by a molecular mechanism, 
G2H2D2 would be expected primarily among the ethylene 
isomers. However, actually C2H3D was produced in a 
large amount. The isotopic distribution obtained in the 
present analysis is in line with that obtained by Skinner 
et al.,3) who supported a free-radical chain mechanism 
for the formation of ethylene. 

In the temperature range up to 1400 K, the formation 
of l-buten-3-yne is predominant. The initiation step 
for the formation of ethylene is expected to be the same 
as that for the production of l-buten-3-yne. In the 
above mechanism, Reactions 3 and 4 should be respon­
sible for the formation of ethylene. The scheme of 
ethylene production is thus completed by the following 
reactions : 

G2H3 + H2 • G2H4 + H, (8) 

2C2H3 • C4H6, (9) 

H + C2H3 v C2H4. (10) 

The recombination of H atoms with argon as a third 
body is a relatively slow process and could be neglected. 
For the sake of simplicity, hydrogen, instead of deute­
rium, is considered, only bimolecular recombination 
reactions being taken into account in Reactions 9 and 10. 

Against the initiation Reaction 3, an alternative 
initiation step was proposed for the hydrogénation of 
acetylene :4) 

C2H2 + H2 • G2H3 + H. (11) 

Reactions 3 and 11 would compete with each other. 
When Reaction 11 becomes predominant in the C 2 H 2 -
H 2 system, l-buten-3-yne should be formed by the 
subsequent Reactions 4 and 5. Assuming steady-state 
concentrations of H atom and C 2 H 3 radical in the 
above mechanism with the termination of Reaction 9, 
the steady-state rate of 1 -buten-3-yne formation is given 
by 

d[C4H4]/df = *5(W*9)1 / 2[C2H2mH2]V2. (12) 

The same concentration dependence of the rate of 1-
buten-3-yne generation is also derived in the case of the 
termination of Reaction 10. Equation 12 shows that 
the yield of l-buten-3-yne in the C 2 H 2 -H 2 system 
should be dependent on the concentration of hydrogen, 
which is in conflict with the observed dependence on 
the concentration of deuterium. 

Another support for the insignificance of Reaction 11 
may be presented by the estimation of the rate constants 
of Reactions 3 and 11. The adopted rate constant13) was 
A;_3=A;_11(cm3 m o l - 1 s -1) = 2 X 1013. The approximate 
rate constant of the forward Reaction 3 was estimated 
to be11) 

£3(cm3 mol"1 s"1) = 3 .5x 1013 exp (-47400/RT). (13) 

In the estimation of the equilibrium constant of Reaction 
11, the heat of formation of 59.6 kcal/mol14) is used for 
C 2 H 3 radical, the enthalpy and entropy being the same 
as those evaluated by Benson.15) The approximate rate 
constant of forward Reaction 11 is given by 

A:n(cm3 mol-1 s"1) = 8 x 1013 exp (-56400/ÄT). (14) 

The estimated kxl is about two and one order of magni­
tude smaller than kz at 1000 and 1600 K, respectively. 
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Reaction 11 is not likely to occur as the primary initia­
tion step for the pyrolysis and hydrogénation of acetylene 
in the C 2 H 2 -H 2 (D 2 ) system. 

As regards the role of C 4 H 3 radical and H atom in the 
pyrolysis, previously we could not determine the relative 
importance of C 4 H 3 radical and H atom, since the 
kinetic behavior of the propagation steps initiated by 
C 4H 3 radical and H atom was expected to be similar, 
but we have obtained more data which may be useful 
to determine the relative importance of the above two 
radicals in the pyrolysis of acetylene. 

Although the total yield of l-buten-3-yne was little 
affected by the addition of deuterium, appreciable 
amounts of deuterated l-buten-3-ynes were produced 
in the C 2 H 2 -D 2 system. Thus the isotopic distribution of 
l-buten-3-yne together with those of ethylene and 
acetylene could be utilized for testing formation reac­
tions of deuterated l-buten-3-ynes, especially l-buten-3-
yne-ä?!, the most abundant species among the deuterated 
isomers. The formation of l-buten-3-yne and ethylene 
isomers in the C 2 H 2 -D 2 system seems complicated, a 
schematic reaction diagram being shown in Fig. 7. 

C2H2 

C 4 H 3 * T - CeH 6"5 
°? /c2HD C \ H 4 C2H2 

^ H ^ " ^ 7 C2H3 

^2 

N! I C2HD 

C2H2 

C2H3D 

C2H2D2 

Fig. 7. Schematic reaction diagram for the major prod­
uct formation in the C2H2-D2 system. Solid line repre­
sents the reaction which is responsible for the formation 
of the relevant product, and broken line denotes ineffec­
tive reaction. 

First the chain propagation step initiated by H atom, 
Reactions 4 and 5, will be considered. A considerable 
amount of C 2 HD is produced, which may result from 
the H - D exchange reaction between C 2H 2 and D 2 

(Table 1). The C 2 HD in a considerable amount as well 
as C2H2 might participate in the formation of 1 -buten-3-
yne-öfj. If C 4H 3D were mainly formed by the reaction 
of C 2 HD with the radicals, as an example, with C 2 H 3 

radical ; 

C2H3 + G2HD • C4H3D + H, (15) 

the ratio of [C4H3D]/[C4H4] would be given by 

[C4H3D]/[C4H4] = (*15/*5)([C2HD]/[C2H2]). (16) 

Since k5 and k15 (kinetic isotope effect) are expected to be 

approximately equal at high temperatures, the ratios 
of [C 4H 3D]/[C 4H 4 ] and [C 2 HD]/[C 2 H 2 ] as a function 
of temperature should be nearly same. However, this 
is not the case. Thus the paths of this type to form 
deuterated l-buten-3-ynes are insignificant. 

In the G 2 H 2 -D 2 system, C 2 H 3 D, instead of C2H4 , is 
formed by the following reaction: 

G2H3 + Da • C2H3D + D. (17) 

In order to be compatible with the observed isotopic 
distribution of ethylene, the D atom thus generated is 
quickly converted into H atom by 

C2H2 + D C2HD + H. (18) 

Simultaneously a reaction analogous to Reaction 4 would 
occur as follows: 

C2H2 + D > C2H2D. (19) 

The concentration of the C 2 H 3 radical present in the 
system should be greater than that of the C 2 H 2 D 
radical, since C 2H 3D is the predominant species among 
the ethylene isomers. C 2 H 2 D radical reacts with D 2 

in a similar way : 

C2H2D + D2 • G2H2D2 + D. (20) 

Reactions 17 and 20 are competitive with each other, 
the relative abundance of C 2 H 3 D and C 2 H 2 D 2 being 
given by 

[C2H2D2]/[C2H3DJ = (^20/A:17)([C2H2D]/[C2H3]). (21) 

O n the other hand, the C 2 H 2 D radical present in the 
system could lead to the formation of C 4 H 3 D by a 
reaction with C 2H 2 analogous to Reaction 5 : 

C2H2D+C2H2 • C4H3D + H. (22) 

Similarly, the ratio of [C 4H 3D]/[C 4H 4 ] is givn by 

[C4H3D]/[C4H4] = (W/y([C2H2D]/[C2H3]) . (23) 

As in Eq. 16, k17=k20 and k5=k22 can be expected at the 
present temperatures. Then Eqs. 21 and 22 show that 
the relative abundance of G4H3D and C 4 H 4 would be 
comparable with that of C 2 H 2 D 2 and C 2 H 3 D. T h e 
observed ratios of [C 4H 3D]/[C 4H 4 ] and [C 2 H 2 D 2 ] / 
[G2H3D] as a function of temperature are summarized 
in Table 3. The above two ratios as a function of 
temperature differ from each other. Thus H atom may 
be an insignificant radical in the pyrolysis, but is 
primarily responsible for the formation of ethylene. I t 
is concluded that C 4 H 3 radical plays an important role 
in the formation of l-buten-3-yne. 

TABLE 3. OBSERVED RATIOS OF [G4H3D]/[C4H4] AND 

[ G 2 H 2 D 2 ] / [ C 2 H 3 D ] AS A FUNCTION OF TEMPERATURE 

r5/Ka> 1205 Î245 1296 1371 
[C4H3D]/[C4H4]

b> — c> 0.006 0.058 0.354 
r5/Ka> 1271 1313 1388 1407 1480 

[C2H2D2]/[C2H3D]b> 0.171 0.176 0.258 0.266 0.538 

a) T5 is the temperature behind the reflected shock 
wave, b) The values are calculated from Tables 1 
and 2 for the case of the mixture of C2H2/D2/Ar= 
10/10/80. c) Value not determined. 

C 4 H 3 D could not be formed by the reaction of C 4 H 3 

radical with D2 , since the concentration of C 4 H 3 radical 
is a function of acetylene alone, and about half the 
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amount of C 4H 3D produced in the mixture of C 2H 2 /D 2 / 
A r = 10/10/80 at around 1300 K could have been 
detected in the mixture of C 2 H 2 / D 2 / A r = 10/5/85. 

The ineffectiveness of the reaction of C 4 H 3 radical 
with H2(D2) may be understood in view of the heat of 
the reaction:16^ 

C4H3 + H2 v C4H4 + H, AH0 = 24.9. (24) 

The heat is greater than the activation energy of 
Reaction 7, which was estimated to be 17.9—22.6 
kcal /mol.11) The chain propagation process of Reactions 
6 and 7 is more effective for the formation of 1 -buten-3-
yne than Reaction 24. 

The occurrence of ethylene in a considerable amount 
is also in accordance with the prediction from the 
viewpoint of 

C2H3 + H2 • C2H4 + H, AH0 = 5.0. (8) 

The formation of C2H4 in a considerable amount in the 
C 2 H 2 -D 2 system cannot be accounted for by the reac­
tions of the vinyl radicals with D2 . G2H4 thus can be 
formed by the hydrogen atom abstraction reaction of 
C 2 H 3 radical from C 2H 2 molecule in the same way as 
in the pyrolysis of acetylene a lone: 

C2H3 + C2H2 • C2H4 + C2H, AH° = 12.7. (25) 

In a previous work the main pr imary C4 product 
in the early stage of the pyrolysis of acetylene was 
concluded to be l-buten-3-yne. If 1,3-butadiyne were 
formed at first and then reacted with D 2 to produce 
l-buten-3-yne behind reflected shock wave and/or in 
the cooling process17) 

G4H2 + D2 • G4H2D2, (26) 

a significant amount of G 4H 2D 2 would be generated. 
This is inconsistent with the present isotopic distribution 
of l-buten-3-yne. 

Formation Reaction for the Minor Products. T h e 
secondary products of the pyrolysis were considerably 
affected by the addition of deuterium. The dependence 
of their yields on the deuter ium concentration suggests 
that the minor products are produced by the reactions 
of the relevant radicals in the pyrolysis of acetylene by 
itself with deuterium. 

In the present analysis, however, only the total yield 
of each minor product is obtained, and the C 2 H 2 -H 2 

system will be considered in the following discussion. 
In the C 2 H 2 -Ar system the formation of C H 4 and C 3H 4 

was interpreted in terms of the reactions of C H 3 and 
C 3 H 3 radicals with acetylene molecule, respectively. 
In the C 2 H 2 - H 2 system, however, the radicals would 
react with H 2 rather than C 2H 2 molecule. In the case 
of the C H 4 formation the following two reactions would 
be competitive: 

GH3 + H2 • CH4 + H AH° = - 0 . 6 , (27) 

CH3 + C2H2 • CH4 + C2H AH0 = 7 . 1 . (28) 

The heat of Reaction 27 is ca. 8 kcal/mol lower than that 
of Reaction 28. Reaction 27 is expected to have lower 
activation energy than that of Reaction 28. 

A remarkable increase in the 1,3-butadiene yield in 
the C 2 H 2 -H 2 system can be ascribed to the reaction of 
C 4 H 5 radical with hydrogen in a similar way: 

C2H3 + C2H2 • C4H5, AH0 = - 1 8 . 7 , (29) 

C4H5 + H2 • C4H6 + H, AH0 = 1 1 . 0 . (30) 

All the minor products observed in the C 2 H 2 -H 2 

system were also found in the pyrolysis of acetylene by 
itself at temperatures above 1300 K. O n the other 
hand, in the presence of hydrogen (deuterium) they 
were produced at temperatures above HOOK. This 
may be accounted for by the reactions stated above. 
Thus the addition of hydrogen to acetylene system 
appreciably increases the consumption of acetylene. 

Rate of Ethylene Formation. T h e H atom generated 
by the initiation step is responsible for the formation of 
ethylene. T h e kinetic isotope effect is neglected and the 
C 2 H 2 -H 2 system is considered, since the total yield of 
ethylene was obtained for all runs. The rate of ethylene 
formation will be derived from the proposed mechanism. 

In our mechanism the steady-state t reatment is 
applicable in the same way as in the l-buten-3-yne 
formation.11) The recombination reaction of H atom 
with C 2 H 3 radical is not important, since C 2 H 3 radical 
is predominant. Neglecting the backward reactions, the 
steady-state assumption is applied to the scheme of 
Reactions 3, 4, 8, and 9. The steady-state rate of the 
ethylene formation is given by 

d[C2H4]/d* = *8(*3/2A;9)V2[C2H2][H2]. (31) 

k8 is calculated from A:_8 evaluated by Schofield18) by the 
combination of the equilibrium constant of Reaction 8 
at 1300 K, and k9 is taken equal to kt in Ref. 11 : 

£8(cm3 mol"1 s"1) = 5.39X 1011 exp ( - 12900/RT), (32) 

£9(cm3 mol"1 s"1) = 2 .9x 1012. (33) 

Substituting these values in Eq. 30, the second-order 
rate constant is given by 

W J t , ) 1 / 8 ! ™ ' mol-1 s-1) 

= 1.6 x 1012 exp ( - 36600/i? T). (34) 

T h e steady-state rate constant agrees with the observed 
(Eq. 2) within a factor of 2 in the temperature range 
studied. 

When a large excess of hydrogen present relative to 
acetylene, the initiation step of Reaction 11 may become 
more important . Taylor and Van Hook1) reported the 
higher activation energy of 42 kcal/mol for the mixtures 
of C 2 H 2 / H 2 = 1—1/32 in the temperature range 770—810 
K. This might be related to the change of the initiation 
step from Reaction 3 to 11, the activation energy of 
which is estimated to be higher than that of Reaction 3. 

T h e author wishes to express his gratitude to Professor 
Kenji Kuratani , The University of Tokyo, for his 
helpful discussions and suggestions throughout this work. 
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The adsorption of methanol on active carbons at 30 °C was carried out and a new method for determining 
the micropore volume in the Dubinin-Radushkevich plot is presented. From this method, it was found that the 
adsorption volume (V) corresponding to the adsorption potential (A=RT In P0/P), at which the plot of dP7d(—A) 
vs. A has its minimum value, is the value of the micropore volume in cases where extrapolation of the Dubinin-
Radushkevich plot cannot be applied because of non-linearity of the Dubinin-Radushkevich plot. 

T h e Dubinin-Radushkevich equation has been exten­
sively used in studies of gas adsorption on microporous 
carbons. Its application has been reported in the 
determination of the micropore volume of heat-treated 
and activated carbons. For this application, the 
Dubinin-Radushkevich equation1) is written as 

V= VüCspl-k(A/ß)*], (1) 

where V is the volume adsorbed at relative pressure 
P/P0 , A=RT In P0/P, and k and ß are constants. Equa­
tion 1 is converted to its linear form 

l o g F = l o g F 0 - J D l o g 2
J P 0 / P , (2) 

where D—2.303 k R2T2/ß2, and the micropore volume 
(V0) is obtained by extrapolation. 

However, deviations from linearity can be observed 
at low values of log2 PJP and great care must be taken 
in the extrapolation for the determination of the micro­
pore volume. 

Furthermore, the pore structure of carbon is custom­
arily classified into three types, micropores ( r ad i i< 
15—16 Â), transitional pores (15—16 Ä < r a d i i < 1 0 0 0 — 
2000 Â), and macropores (radii>1000—2000 Â).1) 

Generally speaking, the lower limit of pore size for 
which the Kelvin equation is applicable is about 15 Â 
in radius.1) T h e pore-volume distribution in the 
transitional pore range (15 A<radii<<«» 100 Â) can 
usually be obtained by application of the Kelvin 
equation on the adsorption isotherm, and that in the 
transitional and macropore range («* 100 Â<Vadii) 
using a mercury porosimeter. However, there is no 
satisfactory method for estimating the pore-volume 
distribution in the micropore range, although the 
micropore volume can be obtained by subtracting the 
cumulative pore volume ( 15 Â ^ r a d i i ^ 100 Â) from the 
volume adsorbed at the relative pressure corresponding 
to a radius of 100 Â in the Kelvin equation. 

In this paper, the applicability of the proposed method 
for determining micropore volumes is discussed. 

Active Carbons. Commercially available Pittsburgh SGL-
and PCB-type activated carbons were used. PCB-type acti­
vated carbons were treated with steam at 600 and 800 °C, 
respectively, for 6 h with supply of ca. 1.4 g-H20/g-carbon h. 
The percentages of burn-off of these treated PCB carbons were 
5.3 and 33.3%, respectively, and can be described as PCB 
(5.3% burn-off) and PCB (33.3% burn-off). 

Methanol Adsorption. The adsorption of methanol on 

active carbons at 30 °C was measured gravimetrically by 
means of a conventional quartz spring balance. Prior to the 
adsorption measurement, the active carbon dried overnight 
at 110 °C was outgassed at a pressure of lO"6 Torr at 30 °C 
for 14 h. In all cases, the time required for adsorption equi­
librium was rapid and was established within 45 min. 

Pore-volume Distribution. From the adsorption isotherms, 
the pore-volume distribution, lying in the radius range be­
tween 15 and 100 Â, was calculated employing the Kelvin 
equation.2> 

In transitional pores, there occur monomolecular and multi-
molecular adsorption and filling of the free space between 
the adsorption layers by the capillary condensation mecha­
nism. The Kelvin equation is applicable to the space of the 
capillary condensate. 

In the desorption step, the volume, AV, of the capillary 
condensate is lost between the beginning and the end of a step 
between two relative pressures PJP0 and PJP0. When the 
capillary condensate is lost, monolayers and multilayers remain 
on the pore walls and, thus, the radius of the meniscus of the 
capillary condensate is less than the actual radius of the pores 
by the adsorption thickness t. Thus, the quantity A V must be 
multiplied by the factor [f/(r—f)]2, where f=(r1-\-r2)j2 and 
t=(tl-\-ti)/2. Multiplication by [r/(r—t)]2 is also used in the 
calculation for the adsorption side of the adsorption isotherm. 

The Kelvin equation, giving the relationship between the 
relative pressure P/P0 and the pore radius r(Â), can be ex­
pressed as follows : 

In P/P0 = -2yv cos 0/RT(r— t), (3) 

logP/P0 = - 2 x 2 1 . 7 x 4 1 . O x 1/2.303x8.31 xlO7 

X 3 0 3 . 2 x ( r - 0 X 1 0 - 8 

= - 3 . 0 7 / ( r - 0 , (4) 

and 

* = 4 . 6 x ( - l n P / P 0 ) " 1 / 6 , (5) 

where y is the methanol surface tension, v the molar volume of 
methanol, 0 the contact angle between the methanol and the 
carbon ( = 0), R the gas constant, and t the thickness of the 
adsorbed methanol layer.3> 

In his early work, Dubinin1 '4) demonstrated the 
linearity of the Dubinin-Radushkevich plots for gas 
adsorption on active carbon, however, afterward many 
investigators5-7) frequently observed deviations from 
linearity. 

Marsh and Siemieniewska8) have suggested that the 
linearity of the Dubinin-Radushkevich plots occurs 

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



August, 1977] Determination of Micropore Volumes Using Dubinin-Radushkevich Plots 2059 

because the distribution of the adsorption potential 
with adsorption volume follows the Rayleigh distribu­
tion. O n the other hand, Gregg and Sing9) and Suther­
land10) have considered that the apparent wide applica­
bility of the Dubinin-Radushkevich equation arises 
because the log V vs. log2 PJP plot is inherently insen­
sitive and that the distribution of adsorption potential 
with adsorption volume need not be of the Rayleigh-
distribution type. 

Since, there have been many discussions of the 
determination of micropore volumes using Dubinin-
Radushkevich plots. 

Dubinin1) suggested that upward deviations from 
linearity for low values of log2 PJP can be attributed 
to the filling of transitional pores and that extrapolation 
in the Dubinin-Radushkevich plots of the linear section 
for high values of log2 PJP can be used to predict the 
micropore volume. Chiche, Marsh, and Prégermain5) 
have adopted extrapolation in the second section of the 
Dubinin-Radushkevich plots for estimations of the 
micropore volume when the Dubinin-Radushkevich plot 
is composed of two linear sections with downward 
deviations for low values of log2 PJP. In a recent paper, 
Rand7) has applied the more generalized Dubinin-
Astakhov equation 

V= V0exp[-k(A/Er], (6) 

with E being a constant, in order to linearize the data. 
In this case, the micropore volume was obtained by the 
extrapolation of the linearized Dubinin-Astakhov equa­
tion. 

If the Dubinin-Radushkevich plot can be shown to be 
strictly linear in form, a plot of dF/d(— A) must be of the 
Rayleigh-distribution type. Thus , the plot of dVjd{ — A) 
vs. A can be considered to give more important informa­
tion about the micropore volume using the Dubinin-
Radushkevich plot. 

Assuming the micropore volume to be equivalent to 
the V0 obtained by extrapolating the Dubinin-
Radushkevich plot only in cases when the Dubinin-
Radushkevich plot is strictly linear and when the plot 
of dV/d(—A) vs. A follows the Rayleigh distribution, 
upward deviations of dF/d(— A) vs. A from the Rayleigh 
distribution for low values of A can be considered to 
indicate filling of the transitional pores. The adsorption 
volume corresponding to the adsorption potential A at 
the point of the upward deviation from the Rayleigh 
distribution, which is really of Rayleigh-like distribution, 
can be evaluated as the micropore volume. 

P/Po 

P/Po 

Fig. 1. Adsorption isotherms of active carbons. 
(a) A PCB, O SGL. 
(b) V PCB(33.3% Burn-off), f j PCB(5.3% Burn-off). 
Filled symbols indicate desorption. 

R e s u l t s 

The adsorption isotherms, Dubinin-Radushkevich 
plots, characteristic curves, distribution curves of the 
adsorption potential, and pore volume distributions of 
the activated carbons are shown in Figs. 1—5. 

The Dubinin-Radushkevich plot of SGL-type activat­
ed carbon is linear for low values of log2 P0/P, as is shown 
in Fig. 2. If the plot is extrapolated, the micropore 
volume is evaluated to be 0.370 cm3/g, which is con­
siderably higher than that calculated using the Kelvin 
equation (Table 1). This means that the Dubinin-

Radushkevich plot is insensitive and great care must be 
taken in extrapolation. However, as shown in Figs. 4(a) 
and 5 and in Table 1, the value of the adsorption volume 
corresponding to the adsorption potential at which the 
plots of dPyd(—A) vs. A deviate upward, i.e., at the 
minimum value of dV/d( — A), occur coincides with that 
of the micropore volume obtained using the Kelvin 
equation. 

In the cases of PCB, PCB (5 .3% burn-off) and PCB 
(33.3% burn-off), the Dubinin-Radushkevich plots are 
curved and the conventional method of extrapolation 
cannot be applied (see Figs. 2(a)—(b)) . However, the 
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Fig. 2. Dubinin-Radushkevich plots of active carbons. 
(a) A PCB, O SGL. 
(b) V PCB(33.34% Burn-off), • PCB(5.3% Burn-off). 

distribution curves of the adsorption potential clearly 
show upward deviations for low values of A. As in the 
case of SGL-type activated carbon, the values of the 
adsorption volume corresponding to the adsorption 
potential at which the upward deviations occur in the 
distribution curves coincide with those of the micropore 
volume calculated using the Kelvin equation, as shown 
in Figs. 4(a)—(b) and 5 and in Table 1. 

There are three points to be discussed concerning the 
applicability of the new method proposed for deter-

0 2000 4000 

Adsorption potential A—RT\n(PJP) (cal/mol) 

0 2000 4000 

Adsorption potential A = RT In (PJP) (cal/mol) 

Fig. 3. Characteristic curves of active carbons. 
(a) A PCB, O SGL. 
(b) V PCB(33.3% Burn-off), Q PCB(5.3% Burn-off). 

TABLE 1. MICROPORE VOLUMES OF ACTIVE CARBONS 

Methods of determination 

Active carbon 
Kelvin equation 

Adsorption Desorption 
side side 

(cm3/g) (cm3/g) 

Adsorption 
volume at 
dVJd{-A)--
mininum 

(cm3/g) 

SGL 
PCB 
PCB 
(5.3% burn-off) 
PCB 
(33.3% burn-off) 

0.313 
0.384 

0.393 

0.417 

0.305 
0.381 

0.386 

0.411 

0.315 
0.390 

0.405 

0.480 
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2000 4000 2000 4000 0 2000 4000 

Adsorption potential A = RTIn (P0/P) (cal/mol) Adsorption potential A = RT\n (PJP) (cal/mol) 
Fig. 4. Distribution curves of adsorption potential of active carbons. 

(a) O SGL, A PCB. 
(b) • PCB(5.3% Burn-off), V PCB(33.3% Burn-off). 
Marks, * and %, indicate the points of the adsorption potential which correspond to the adsorption volume, 
the values of which are equal to the micropore volume (radii^l5.5 Â) calculated by the Kelvin equation from 
the adsorption and desorption sides of the isotherms, respectively. 

mining micropore volumes. 
1) The effective radius at the beginning of hysteresis 

loop is considered to be 15 Â and the hysteresis is 
attributed to the filling of transitional pores by the 
mechanism of capillary condensation.1) 

However, in both the adsorption and desorption steps, 
monolayers and multilayers exist on the walls of pores 
larger than those filled due to capillary condensation. 
The adsorption volume, Vh, at the beginning of hysteresis 
loop is considered to be the sum of the adsorption volume 
in the micropore and that of monolayers and multilayers 
on the walls of transitional pores. The values of the 
adsorption volume, Vh; for SGL, PCB, PCB (5 .3% 
burn-off), and PCB (33.3% burn-off) activated carbons 
are 0.360, 0.415, 0.430, and 0.535 cm3/g, respectively, 
as shown in Figs. 1(a) and (b). These are somewhat 
higher than the micropore volume determined by the 
method proposed in this paper, as shown in Table 1. 

2) Concerning the calculation of the pore-volume 
distribution, there are two assumptions. 

a) The shapes of the pores are assumed to be 
cylindrical, although the true shapes are complicated 
and not necessarily cylindrical. 

b) The walls of active carbon pores are heterogeneous 
surfaces and it is impossible to observe the actual 
thickness, t, of the adsorption layers on active carbons. 
The thickness, t, observed for substances with nonporous 

and homogeneous surfaces is assumed to be equal to the 
actual thickness on active carbon. 

Due to these assumptions, discrepancies between the 
actual micropore volume and the volume calculated 
using the Kelvin equation will occur. 

3) According to the theory of Dubinin,1) if the 
Dubinin-Radushkevich plot is strictly linear, V0 in 
Equation 1 is the micropore volume. In this case, the 
potential-distribution curve dF/d(—A) vs. A is really a 
type of Rayleigh distribution. 

The shape of the Rayleigh distribution is shown in 
Ref. 6 with a maximum value at A =ßj^/2k below which 
dF/d( —A) decreases to zero. 

If active carbons were ideally composed only of 
micropores, the shape of the plot of dF/d(—A) vs. A 
would have the form of a Rayleigh distribution. How­
ever real active carbons have transitional pores, in 
addition to micropores. Due to the filling of the transi­
tional pores, the Dubinin-Radushkevich plot deviates 
upward from linearity, and at the same time the plot 
of dF/d(— A) vs. A also deviates upward from the 
Rayleigh distribution. I t can be assumed that the 
point of deviation, i.e., the point of the dV/d(—A) 
minimum represents the end of micropore filling and, at 
the same time, the beginning of transitional-pore filling 
by capillary condensates and, strictly speaking, the 
beginning of the adsorption of mono- and multilayers on 
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Fig. 5. Pore volume distributions of active carbons. 
(1) PCB(33.3% Burn-off), (2) PCB(5.3% Burn-off), 
(3) PCB, (4) SCL. 

Calculated from the desorption side of the iso­
therms. 

. Calculated from the adsorption side of the iso­
therms. 

the transitional pores. The present experimental results 
show that the proposed method is applicable to the 
determination of micropore volumes. 

From these results, the micropore volume can be 
estimated by plotting the values of dF/d(—A) vs. A and 
by finding the adsorption volume corresponding to the 
adsorption potential at which the plots of dF/d(— A) vs. 
A show a minimum value, in cases where extrapolation 
of the Dubinin-Radushkevich plot cannot be applied 
because of non-linearity of the Dubinin-Radushkevich 
plot. 
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The apparent rate constant for the self-reaction of 1-methyl-1-phenylethylperoxyl radicals (ROj) in the presence 
of pyridine was determined from simultaneous measurements of the rate of oxygen generation and the concentration 
of the peroxyl radical during the decomposition of 1-methyl-1-phenylethyl hydroperoxide with lead dioxide. The 
apparent rate constant decreased markedly with an increase in the concentration of pyridine, which clearly demon­
strates the low reactivity of ROa' in the presence of pyridine. This behavior is taken as evidence that the charge-
transfer complex between the peroxyl radical and pyridine is formed and that the reactivity of complexed peroxyl 
radicals is much lower than that of uncomplexed peroxyl radicals. The equilibrium constant for the formation 
of the charge-transfer complex has been determined to be 0.55 M - 1 at 293 K and the values of —&H and — &S 
were found to be 31 kj mol - 1 and 109 J mol - 1 K - 1 , respectively. 

The effects of solvents on the reactivity of free radicals 
due to complex formation between the radicals and the 
solvents have been investigated by several authors.1 - 1 0) 
Porter and Smith1) have explained the influence of 
chaperon molecules on the recombination rate of iodine 
atoms in terms of a charge-transfer complex intermediate 
between the two species, spectroscopic support of which 
has also been reported.2 - 4) Russell5) has shown that the 
pronounced solvent effects on chlorine atom-substrate 
complexes of similar nature. Boozer and Hammond6 '7) 
have postulated the formation of charge-transfer 
complexes between alkylperoxyl radicals and inhibitors 
(aromatic amines and phenols) in the autoxidation of 
hydrocarbons. Thomas8) has also examined the possi­
bility of complex formation between the 1-methyl-1-
phenylethylperoxyl radical and pyridine in a study on 
the autoxidation of cumene at 330 and 347 K, but no 
clear evidence was obtained. Thus, an inhibition 
mechanism involving charge-transfer between a chain 
propagating radical and the antioxidant has often been 
suggested,6-8) but has rarely been identified with any 
certainty. 

Previously, the present authors postulated the follow­
ing complex formation between the 1-methyl-1-phenyl­
ethylperoxyl radical and 1-methyl-1-phenylethyl hydro­
peroxide as the result of electron spin resonance and 
kinetic studies of hydroperoxide decomposition with 
lead dioxide.9) 

ROà + «ROOH <=± (ROâ - n R O O H ) . 

The value n — 2 was obtained from the change in the 
ESR line width of the peroxyl radical, as well as from 
kinetic results of the hydroperoxide decomposition. The 
reactivity of the complexed radicals was found to be 
much lower than that of uncomplexed radicals. Similar 
results indicating that complex formation between 
radicals and solvents leads to a decrease in the apparent 
reactivity of the radicals has been obtained in the case 
of the autoxidation of ethyl methyl ketone in aqueous 
solutions.10) I t was shown that equilibrium in the 
reaction 

ROâ + m H 2 0 <=± (ROg ••• m H 20) 

value, m = l , was obtained. Thus, there are cases in 
which the apparent reactivity of radicals decreases 
markedly as the results of complex formation between 
radicals and solvents, although these processes remain 
some of the least understood of all inhibition mecha­
nism.11) 

Pyridine is known to form strong charge-transfer 
complexes with acceptors such as iodine.12) Therefore, 
in the present study, the change in apparent reactivity 
of the 1-methyl-1-phenylethylperoxyl radical for the 
self-reaction in the presence of pyridine was investigated 
by electron spin resonance and kinetic methods, and 
evidence of the formation of charge-transfer complexes 
between the peroxyl radical and pyridine is presented. 
The equilibrium constant, K, and the values of AH 
and AS for complex formation are reported. 

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

The apparatus has been described in detail elsewhere.9'13) 
The decomposition of 1-methyl-1-phenylethyl hydroperoxide 
in CC14 and pyridine in the presence of lead dioxide powder 
was carried out in a 50- or 100-cm3 flask immersed in a tem­
perature-controlled bath, stirred magnetically and attached to 
a wet-gasometer. In order to determine the concentration 
of the peroxyl radical as well as the rate of oxygen generation 
under the same conditions, simultaneous measurements of the 
radical concentration and the rate of oxygen generation were 
performed as follows. While the rate of oxygen generation 
was measured with a wet-gasometer, the part of the solution 
involving the catalyst powder was circulated, using a roller 
pump, through the ESR cavity where the ESR measurements 
were carried out. The intensity of the ESR signal was con­
firmed to be independent of the feed rate of the roller pump 
over the range from 50—200 cm3/min. A JEOL-X-band spec­
trometer (JES-PE-1X) with 100-kHz magnetic modulation 
was used to detect the radicals. The radical concentration 
was determined by comparing the absorption area of the 
radical with that of l,l-diphenyl-2-picrylhydrazyl in benzene. 
The change in sensitivity of the spectrometer due to the de­
crease in the Q, factor caused by introducing a polar solvent 
such as pyridine was calibrated using an ESR marker in the 
ESR cavity. 

is rapidly established in the system. In this case, the 
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R e s u l t s a n d D i s c u s s i o n 

When lead dioxide powder is added to the hydro­
peroxide solution, the ESR spectrum of the 1-methyl-
1-phenylethylperoxyl radical is observed and oxygen 
gas evolves. The ESR spectrum consists of a single 
symmetrical line with no detectable hyperfine structure 
and an isotropic ^-factor of 2.0148 ±0.0004, which is 
in good agreement with the values reported previous­
ly 9,13-15) N 0 ESR signal was obtained and no oxygen 
gas evolved unless lead dioxide powder was added. 
Simultaneous measurements of the radical concentration 
and the rate of oxygen generation were carried out both 
in the absence of and in the presence of pyridine. All 
the experiments were performed in hydroperoxide 
concentrations below 0.3 M , for which complex forma­
tion between the peroxyl radical and the hydroperoxide 
is negligible.9) 
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Fig. 1. The square of the 1-methyl-1-phenylethylperoxyl 
radical concentration and the rate of oxygen generation 
are plotted against time for the decomposition of 1 -meth­
yl- 1-phenylethyl hydroperoxide with lead dioxide in the 
presence of pyridine at 303 K. 
Initial concentration of the hydroperoxide: 0.254 M, 
initial ratio of PbOa weight to liquid volume : 40.5 g/1, 
pyridine concentration: 1.70 M, solvent: CC14. 

A typical example of the change in the rate of oxygen 
generation and the peroxyl radical concentration with 
reaction time is shown in Fig. 1, in which the ordinates 
are the square of the radical concentration and the 
rate of oxygen generation. T h e initial concentrations 
of the hydroperoxide and pyridine were 0.254 and 1.70 
M , respectively, and the ratio of catalyst weight to 
liquid volume was 40.5 g/1. As shown in Fig. 1, by 
selecting appropriate ordinate scales, the square of the 
radical concentration and the rate of oxygen generation 
behave in exactly the same manner , that is, the rate 
of oxygen generation is proportional to the square of the 
radical concentration, thus 

where klxp is a constant. It is well accepted that 1-
methyl-1-phenylethyl hydroperoxide undergoes induced 
decomposition as follows:16-18) 

ft. 
R 0 2 + R 0 2 • 2RO. + Oa, (2) 

R O . + ROOH • ROH + R O a . (3) 

Equat ion 1 clearly indicates that the oxygen generation 
reaction involves a bimolecular reaction of R 0 2 (2) and 
that most RO« radicals react with R O O H and thus 
regenerate R 0 2 ; the fraction of RO« radicals which 
do not react with R O O H {e.g., due to /?-sission resulting 
in the absorption of 0 2 ) is negligible.9) In fact, the 
main product, R O H (90%), and only a small amount 
of acetophenone (7%) were obtained by decomposition 
of the hydroperoxide with lead dioxide. Furthermore, 
it was confirmed that the molar ratio of the R O H 
produced to the oxygen evolved was very close to 2.9) 
Then, it should be obvious that the proportionality con­
stant, #!xp, gives the rate constant of the bimolecular 
reaction for the peroxyl radicals, Reaction 2. 

In the same manner for the case shown in Fig. 1, the 
proportionality constant, kt*9, was determined for 
various pyridine concentrations. Figure 2 shows the 
relation between k%*v and the pyridine concentration 
at various reaction temperatures from 293—313 K. As 
is shown in Fig. 2, £txp decreases with increasing 
pyridine concentration. This clearly demonstrates the 
decrease in the R 0 2 reactivity for the R 0 2 self-reaction, 
Reaction 2, with increasing pyridine concentration. It 
should be noted that complex formation between the 
hydroperoxide and pyridine, if occurs, cannot have any 
influence on k%^ since the rate-determining step for 
chain propagation is Reaction 2 and relation 1 is valid. 

Solvent effects on the rate constants for reactions 
involving polar solvents have frequently been described 
using Kirkwood's equation:19) 

log k6 = log k6° - -— 
1 e - 1 Pi , J«2 

+ ̂ V + /V (4) 
kT 2 e + l 

where k6° is the rate constant at s= 1, k is the Boltzmann 
constant, /ilt n2, r13 and r2 are the dipole moments and 
effective radii of the reactants, and p3 and r3 refer to 
those of the activated complex. According to Kirkwood's 
equation, the rate constant should increase with increas­
ing polarity of the solvent. This has been reported to be 
the case for the oxidation of ethyl methyl ketone in 
benzene solutions.10) In the present case, however, the 
apparent rate constant, kixp, decreases with the pyridine 
concentration even though the polarity of the medium 
increases. Then, the following complex formation be­
tween the peroxyl radical and pyridine is postulated in 
order to explain the experimental observations in Fig. 2 ; 

K 
R 0 2 + «Py <=± (R0 2 . . .«Py) . (5) 

Two types of peroxyl radicals, uncomplexed (RO2) 
and complexed ( R 0 2 - « P y ) , are in equilibrium in the 
system. The peroxyl radical concentration (ROâ)/ 
measured using ESR is equal to the sum of the concent­
ration of the two species, thus 
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1 2 3 

( P y ) / M 

Fig. 2. £fxp as a function of the pyridine concentration 
for different temperatures. 
O 293 K, # 303 K, A 313 K. 

[ R O ; L = [ R o a + [ R o ; . » » Py]. (6) 

The peroxyl radical self-reactions may be represented as 

R 0 2 + R 0 2 

ft. 
0 2 + 2RO- , (7) 

R 0 2 + (ROJ —nPy) 0 2 + 2 R O - + rcPy, (8) 

k," 

(RO; . . .»Py) + ( R O ; - » P y ) 

0 2 + 2RO. + 2nPy. (9) 

From Eqs. 5—9, the rate of oxygen generation is 
given by 

d[Q2] _ * 6 + A / i t P Y T + V ' * 2 [ P y ] 2 " r p p . . . 2 ( m 

~ ^ r ~ • ( i+x[Py]») 2 L K U a J t • ( 1 0 ) 

Thus, the experimental rate constant, kt*p, is expressed 
as 

exp ^ + VJC[Py]»+V^»[P y ] ' * 
(l+JC[Py]»)> ;n) 

If one assumes that the reactivity of the complex-

Sjp - 0 . 2 h 

- 0 . 6 h 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 

log C Py) 

Fig. 3. log [(£6/£fxP)1/2- 1] as a function of log [Py] for 
different temperatures. 
O 293 K, # 303 K, A 313 K. 

ed peroxyl radical is much lower than that of the 
uncomplexed radical, that is, that k6' and kG"<CkG, then, 
Eq. 11 reduces to 

k?* = *. 
; i + X [ P y ] T ' 

Equation 12 can be rewritten as 

log 
kt** 

- 1 = n log [Py] + logiT. 

(12) 

(13) 

In Fig. 3, the plot of log ( (* e /*S x p )7 2 - l ) as a function 
of log [Py] is a straight line for each temperature, which 
indicates the validity of the above mechanism. The 
value n=\ is obtained from the slopes of these lines. 
This indicates the association of one pyridine molecule 
with a single peroxyl radical. 

H-0.2 

H-0.4 

H-0.6 

1 / T ( 10 'V1) 

Fig. 4. The dependence of log K and log k6 on l/T. 

TABLE 1. ACTIVATION PARAMETERS FOR THE SELF-REACTION 

OF 1-METHYL-1-PHENYLETHYLPEROXYL RADICALS AND 

COMPLEX FORMATION BETWEEN THE 1-METHYL-

1-PHENYLPEROXYL RADICAL AND PYRIDINE 

Log -AH -AS 
AJM-1 s-1 kj mol"1 kj mol"1 J mol-1 K"1 

11.2 
10.9a> 

31 
30a> 

31 

33b> 

109 

65b> 

Ref. 

This study 

13 

12 

a) Obta ined for the autoxidation of cumene with lead 

dioxide. b) Activation parameters for the charge-

transfer complex between pyridine and iodine. 

T h e temperature dependence of k% and K obtained 
from Fig. 3 is shown in Fig. 4. T h e values of the activa­
tion parameters for the radical self-reaction, A6 and E6, 
as well as AH and AS for the complex formation derived 
from Fig. 4, are summarized in Table 1 together with 
the activation parameters, A6 and E6i obtained from 
the autoxidation of cumene with lead dioxide.13) T h e 
Arrhenius parameters of the peroxyl radical self-reaction 
in hydroperoxide decomposition are in good agreement 
with those obtained for the autoxidation of cumene. 
The high AH value, 31 k j mol - 1 , explains why Thomas8) 
was unable to estimate the equilibrium constant K 
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for the R02-pyr id ine complex in the autoxidation of 
cumene; his experiments were carried out at higher 
temperatures (330 and 347 K) since he used the thermal 
initiator AIBN. The equilibrium constant K has the 
small values 0.14 M - 1 at 330 K and 0.08 M - 1 at 347 K, 
as estimated from the AH and AS values given in Table 
1. These K values are consistent with the estimation of 
Thomas that K cannot have a value in excess of 0.4 M - 1 . 
Since pyridine is known to form strong charge-transfer 
complexes with acceptors such as iodine,12) the values 
of AH and AS for the formation of the charge-transfer 
complex between pyridine and iodine are compared 
with those for the present case in Table 1. T h e AH 
value for the RO^-pyridine complex is in good agree­
ment with that for the charge-transfer complex between 
pyridine and iodine. Hence, the complex formation 
between 1-methyl-1-phenylethylperoxyl radical and 
pyridine can be considered to follow a charge-transfer 
process analogous to the pyridine—iodine complex, i.e., 

ROâ + Py «=± (ROs*- Py*+). (14) 

Thus , the 1-methyl-1-phenylethylperoxyl radical is 
an electron acceptor in complex formation with 
pyridine. 

The authors thank Professor T. Keii for helpful 
discussions. 
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The photochemical ring expansion of iV-vinyl-2-pyrrolidone (NVP) has been carried out at 254 nm. The 
reaction quantum yield depends a great deal on the solvnet viscosity and temperature. The recombination time 
of the biradical of RP produced by Norrish type I fission was estimated to be <=»10-10 s by application of the Einstein 
and Smoluchowski-Debye equations. The spin inversion of the biradical in a solvent cage is also discussed according 
to Kaptein's theory of the radical-pair mechanism. 

Geminate recombinations1) of primary products 
(radicals or free ions) produced in a solvent cage by 
irradiation have been studied experimentally and 
theoretically.2-8) Since the processes involved in cage 
effect reactions9) are in a range beyond the scope of 
conventional dynamic methods, the geminate recombi­
nation was monitored indirectly via the dependence of 
the products on the concentration of added scavengers.10) 
A more powerful experimental technique involves the 
application of pulsed excitation. Eisenthal et a/.5) have 
carried out direct measurements of the geminate 
recombination of a radical-pair (iodine atoms) with 
picosecond pulses at 5300 A, the recombination time T 
being 70 and 140 ps in hexadecane and carbon tetra­
chloride, respectively. The fast reactions can be explain­
ed by a theory similar to that of the radical-pair mecha­
nism for C I D N P and CIDEP.11) 

According to the mechanism developed by Kaptein,12) 
the radical-pair model can be divided into two types 
depending upon the distance r between radicals in a 
solvent cage. 

1) Closed Radical-pair A- -B . The distance of r 
in this pair is shorter than that of r0 («»6Â)13) which is 
roughly given by the condition that the exchange 
integral J is of the order of the nuclear hyperfine 
interactions. In the region r<C.r0, no Zeeman effects in 
C I D N P and C I D E P experiments can be detected from 
the pair except very high fields; no singlet-triplet 
mixing in the pair exists appreciably since the S-T 
energy gap (2 J) is very large. The geminate recombina­
tion of the triplet closed radical-pair 3A«-B would 
therefore occur via a triplet separated radical-pair 
3A« | -B. In contrast, the geminate recombination of the 
singlet pair XA- -B is very fast (<s»10~n s).6) 

2) Separated Radical-pair A* | 'B . The radicals 
in this pair are separated by solvent molecules14) to give 
the distance r (>r0), but they are enclosed within a 
solvent cage. The A- | -B is produced from A- -B or 
diffusing radicals. The exchange term J becomes 
small15) in the region r > r 0 , and the singlet-triplet 
mixing takes place due to the nuclear hyperfine and the 
spin-orbit interactions, resulting in the recombination 
of 3 A- | -B. In the presence of the external magnetic 
field, Zeeman terms also contribute to the S-T mixing 
in the pair, and C I D N P and C I D E P phenomena would 
be observed from A • | • B as has been proposed by 

Kaptein.12) As for the recombination of 1 A < | ' B , its 
recombination probability may decrease with increasing 
S-T mixing. 

Brocklehurst2) applied the radical-pair model to the 
rate of loss of spin correlation in geminate pairs of 
radical ions produced by radiolysis. Schulten et a/.16) 
have recently studied the fast intersystem crossing in an 
exciplex due to the radical-pair mechanism. 

In contrast to the cases of pair radicals and radical 
ions, the lack of recombination time of a biradical was 
pointed out.17) It seems that the behavior of the biradical 
in a solvent cage is similar to that of the radical-pair. 
However, the radical site of the biradical is always 
combined with a molecular chain: the structure allows 
a reversible change similar to A • • B*+ A • I • B without 
escape of the radicals from solvent cage. Thus, an 
appreciable S-T mixing may be expected, effecting the 
recombination of biradical. T h e kinetic behavior of a 
biradical has been studied from these viewpoints. 

N-Vinyl-2-pyrrolidone (NVP) yields photochemically 
the ring expansion product (P) of 4-azacyclohepten-l-
one in alcohols18) as follows : 

<T\*n hv > [ CH 
^CH H 

CH2 

NVP P 

In this ring expansion, a-cleavage (the Norrish type I 
fission) to give the biradical R P (Eq. 2) may be involved 
as considered from the other photochemical ring 
expansion.19) In the present work, the compound N V P 
was chosen in order to estimate the recombination time 
of biradical. We have measured the quan tum yields 
for the intramolecular ring expansion of N V P at 254 nm 
as a function of r}\ T, where f} and T denote viscosity and 
absolute temperature of solutions, respectively. 

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

JV-Vinyl-2-pyrrolidone (E.P-grade, Tokyo Kasei Co., Ltd.) 
was purified by distillation before use. Ethanol (G.R.-grade, 
Tokyo Kasei Co., Ltd.) and spectrograde glycerol were used 
without further purification. The viscosity of sample solutions 
was adjusted with a mixed solvent (ethanol-glycerol system).20) 

A low-pressure mercury lamp with a Vycor glass filter was 



2068 Haruo SHIZUKA, Toshio OGIWARA, and Toshifumi MORITA [Vol. 50, No. 8 

used as the 254 nm radiation source. Actinometry was car­
ried out using a ferric oxalate solution.21) The quantum yields 
for the product formation were measured by spectrophoto­
metry. For the measurement of temperature effect on the 
quantum yield, a quartz Dewar flask designed for spectro­
metry was used as a reaction cell, the temperature being 
controlled to within ± 2 °C. In the measrements of degassed 
samples, the solutions were thoroughly degassed on a high-
vacuum line by the freeze-pump-thaw method. Absorption 
and fluorescence spectra were measured with Hitachi 139 and 
124 spectrophotometers and with a Hitachi MPF-2A fluori-
meter, respectively. 

5 10 
Irrad. time 
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1 5 min 
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£ 
5 jo-o-
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-o*— 0*-
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Cone, of NVP 

R e s u l t s 

T h e spectrum of the degassed ethanol solution of N-
vinyl-2-pyrrolidone (NVP) changed markedly upon 
irradiation with the 254 n m light at 293 K as shown in 

I r r a d . 2 5 3 7 A 
in E tOH 
a t 293 K 

220 240 260 280 300 320 340 

W a v e l e n g t h ( hm ) 

Fig. 1. The spectral change of ethanol solution of NVP 
with lapse of time at 254 nm. Numbers refer to time of 
measurement in minutes. 

Fig. 1. T h e 235 nm band of N V P (e: l ^ x ^ M - 1 

cm - 1 ) and a new band with max imum at 308 nm (s : 
1.96X 104 M - 1 cm - 1 ) appeared. The spectral change 
shows the formation of ring expansion product of 4-aza-
cyclohepten-1 -one. T h e photochemical conversion from 
N V P into the photoproduct P in the initial stages of 
the reaction was very efficient ( > 9 0 % ) . T h e photo-
product was separated by column chromatography and 
confirmed by U V , IR , and N M R , and comparison of 
its m p with that in the literature.18) 

T h e quan tum yields for the product formation $ R in 
ethanol [ 0 R = 5 . 4 ( ± 0 . 2 ) x l 0 ~ 2 at 293 K, ? = 1 2 . 2 mp] 
did not change with variations of irradiation time 
(2—15 min) , initial concentration of N V P (0.5 X 10"4— 
1 X 10-2 M) and the addition of piperylene (<2 .2 X 10- 2 

M ) . There was no dissolved oxygen effect on 0R . T h e 
results are shown in Fig. 2. However, significant effects 
of viscosity {f}) and temperature ( T) on $R at 254 n m 
were observed (Table 1 ). T h e $R values decreased with 
increase in r) and decreased with fall in temperature. T h e 
dependence of $ R on y at 254 nm in ethanol or an 
ethanol-glycerol mixture is shown in Fig. 3. T h e 
difference between the two curves is due to the tempera­
ture effect on $ R . 

No photochemical ring expansion of N V P was 

( c ) 

0 0.5 1.0 1.5 2.0 xlO'Vl 
Cone, of 1,3-pentadiene 

Fig. 2. Dependence of quantum yields for the product for­
mation in ethanol at 254 nm and 293K. 
(a) On irradiation time with initial concentration of 5 X 
10"3M. 
(b) On concentration of NVP. 
(c) On addition of 1,3-pentadiene. 
0= In aerated ethanol. 
0 : In degassed ethanol. 

TABLE 1. VISCOSITY AND TEMPERATURE 

EFFECTS ON &R AT 254 nm 

Solvent T 
K 

V 
mpoise xio2 

EtOHa> 

Gly Vol %b> 
0 
5 
10 
20 
30 

303 
293 
273 
263 
253 
233 
203 

293 
293 
293 
293 
293 

10.0 
12.2 
17.7 
22 
28 
48 
120 

12.2 
16.7 
22.3 
41.1 
63.3 

5.5(±0.2) 
5.4(±0.2) 
4.6(±0.2) 
4.3(±0.2) 
3.9(±0.2) 
3.0(±0.2) 
2.1(±0.2) 

5.4(±0.2) 
5.0(±0.2) 
4.5(±0.2) 
3.9(±0.2) 
3.6(±0.2) 

a) The data of viscosity of ethanol were taken from 
"Handbook of Chemistry and Physics," ed by R. C. 
Weast, The Chemical Rubber Co, Ohio (1969). 
b) Taken from Ref. 20. Gly Vol % denotes the gly­
cerol volume percent in ethanol. 

observed in a rigid EPA matrix at 77 K. Neither 
fluorescence (at 77 and 293 K) nor phosphorescence (at 
77 K) could be observed. The emission quan tum yields 
should be less than 10~4. T h e photochemical ring 
expansion took place even in the gas phase. No quantita­
tive work has been made. 

D i s c u s s i o n 

The Norrish Type I Dissociation. T h e Norrish type 
I fission (a-cleavage) of organic carbonyl compounds 
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2r 

t 

n EtOH-Gly 

in EtOH 

_L 
0 0.02 0.04 0.06 0.08 0.10 0.12 

\ (po ise) 

Fig. 3. The quantum yield for the product formation &R 

as a function of viscosity 7]. 

can be divided into three typical classes as follows:22) 
1 ) Photochemical fission of alkyl ketones occurs via 

both x(n, TZ*) and 3(n, TZ*) states.23-24) 
2) Photochemical dissociation of aryl ketones25) and 

some cyclohexanones24) takes place via 3(n, TZ*), which 
might be due to the rapid intersystem crossing in the 
excited molecules. 

3) Photochemical cleavages of aryl esters originate 
from 1(TZ, TZ*) XB2 states.26) 
The rate constants for the fissions are estimated to be 
lO?—108

 s - i i n c a s e 1}23,24) ^ 1 0 i o s-i o r more in case 225> 
and «*109 s _ 1 in case 3.26) However, little is known about 
the reactive state responsible for photochemical ring 
expansions. T h e photochemical reaction of spiro[2.4]-
heptan-4-one in methanol is an exception; the triplet 
state of the ketone (T T —2x 10~~9 s) seems to be the 
reactive state from the result of the quenching experi­
ment by 3 M 1,3-pentadiene.27) T h e presence of triplet 
quenchers [ l ,3-pentadiene<2.2 X 10~2 M28a> and 
dissolved oxygen ~ 2 . 1 X 10~3 M29>] do not affect the 
0R values. T h e results indicate that the photochemical 
ring expansion of N V P proceeds via a singlet precursor 
and/or very short-lived triplet state. T h e reactive state 
of 3(n, 71*) is more likely than that of 1(n, TZ*), if we 
consider the allowed transition of 1(TZ, rc*)—>-3(n, TZ*) 
according to the El-Sayed rule.30) The 1(n, TZ*) state in 
N V P lies energetically under the 1(TT, TZ*) state, which 
was calculated by the CNDO/2 method.28b) T h e *(n, TZ*) 
band should be masked by the X{TZ, TZ*) band at 235 
nm.31) The lack of emission from N V P shows that the 
excited state of N V P decays via rapid radiationless 
transitions [intersystem crossing, internal conversion, and 
the photochemical channel in part (<!6.7 X 1 0 - 2 ) ] . 
Recent studies deal with the rapid radiationless processes 
in the excited molecules.22'23) 

Kinetics of Photochemical Ring Expansion of NVP. 
Viscosity and temperature dependence upon the reaction 

quan tum yields 0R can be accounted for by the scheme 
shown in Fig. 4, which is simplified with respect to the 
processes of internal conversion and intersystem crossing, 
where N V P and N V P * are the ground and the electro­
nically excited states of the staring material , respectively: 
R P the radical-pair (biradical) formed by the Norrish 
type I fission of N V P * (Eq. 2) ; and R P ' the biradical 
produced by rotational diffusion of R P resulting in the 
ring expansion product P (Eq. 3). 

NVP*_ k 

hu 

NVP 

k5» h 

Other products 

Fig. 4. A schematic energy state diagram for the photo­
chemical ring expansion of NVP. 

RP: Qc*0 

J S J 

RP ' : C^( 

(2) 

(3) 

By use of the usual steady-state approximation, the 
quan tum yield for the product formation 0R is given by 

l*+M1+i£t) 
(4) 

*5 + V 

From the result of high efficiency ( > 9 0 % ) for the 
photochemical conversion NVP—>P, the following 
should hold: 

h > Re­

u s i n g this we obtain 

0 R = 0Rp 

**+M1+4r) 

(5) 

(4') 

where Ö)RP is the efficiency for the R P formation from 
NVP* . From Eq. 4 ' , we obtain 

0R 0F + 
l 

0RP 
(6) 

T h e rate constants £4 and £_4 in the structural change 
between R P and R P ' seem to be diffusion-controlled, 
and should be proportional to Tr}~x. Thus , Eq. 6 can be 
further simplified to 

* " + 4 (7) 

where a denotes the first term in Eq. 6 and b the term 
a kz <0Rp (a: constant). T h e plot of (DR1 VS. V}T~X obtained 
experimentally, which agrees with Eq. 7, is shown in 
Fig. 5. T h e values of a arid b are taken from the plot. 

a = 15, (8) 
and 
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vW 2 

O : in EtOH 
0 : in EtOH-Gly. 

• ^ • ( « 1 0 * ) 

Fig. 5. Plot of Ö>R' as a function of ^T"-1. 

b = 8 .3x lO^dyn-1 s"1 cm2 deg). (9) 

Deviations at high viscosity in the ethanol-glycerol 
system (Fig. 5) might be caused by inhomogeneity in the 
solvent. 

Estimation of the Recombination Time of RP. 
Noyes's treatment33) based on a random flight model is 
not applicable to the recombination of a biradical, since 
the radical sites of the biradical are combined with a 
molecular chain. Let us consider the recombination of 
the biradical of R P (or RP ' ) using the following approxi­
mations (Cases A, B, and C). 

Case A: If we assume that the reversible process 
RP<—RP' is negligible, i.e. k_^k5, Eq. 6 can be sim­
plified to 

1 l (1+t) » ^ - = ^ - 1 + 
0R $ 

Using the experimental values a and (DR1, a linear plot of 
kjk^ vs. rjj T is obtained, showing that £3/£4 is less than 
unity in the range t) J T - 1 ^ 1.5 X 10~4 poise deg"1 . This 
indicates that the diffusion rate constant ki (or k-t) is 
greater than that of the recombination k3 (or k5). Thus, 
the assumption is not adequate . 

Case B : If we assume that kà is approximately equal 
to £_4, since both A:4 and £_4 are diffusion-controlled, we 
obtain from Eq. 6 

1 = _J_ 
0R 0RP (I+t+t)- (6' 

The value of &4 (or £_4) is related to the Debye rotational 
correlation time r„:34) 

r (~k - ^ - 4i7rfl°39 (10) 

where a0 is the radius of rotating particle and ic the 
Boltzmann constant. We thus get 

RT 
h = Vrj WW 

(e.g. £ 4 ~ 4 . 0 x lO^s"1 in EtOH at 293K), 

where R is the gas constant and V the specific volume of 

rotating sphere (the specific volume of rotating part 
(C-N-CH=CH 2 ) in R P is assumed to be about 50 ml). 

Substituting Eq. 11 into Eq. 6", we get 

0R 

1 

0RP + 
k3V 

4 r , (12) 

where 
1 

0 R P (> + t ) - and 
0RPR 

= b. 

The reaction quantum yield (DR at r] T^-^O is found to 
be 6.7 x 10-2 (Fig. 5) ; viz., 0 R P >6.7 x 10-2 by means of 
Eq. 12. Thus, we can estimate the value of k3 from 
Eqs. 8, 9, and 12 as follows : 

*3 > 9.2 x109 s-1. (13) 

If we assume that the rate constants kz and k5 are 
approximately the same, the value of (0Rp)_ 1 is equal to 
7.5 from Eq. 12. We then obtain 

k3 ~ l . S x l O ^ s - 1 . (14) 

However, there are some problems in the approxima­
tions. 

(1) The assumption kf :Ä;_4 holds under the condi­
tions that the potential energy and the frequency factor 
in the process £4 are equal to those in the process A;_4. 
Strictly speaking, such conditions are unlikely, since 
there may be a difference in the steric hindrance between 
R P and R P ' . Similarly, both k3 and k5 values may not 
be the same. 

(2) The Debye equation is applicable to an entire 
molecule; the rotational diffusion in the present case is a 
restricted rotation. 

Case C: We assume that the structural change of 
biradical (RP—>RP') occurs due to the Brownian 
movement of solvent molecules surrounding it. Einstein's 
theory of the Brownian movement can be applied to the 
diffusion of a molecule to an adjacent site.35) When a 
solvent molecule adjacent to R P moves into a solvent 
hole with the rate constant T£1, an empty space may be 

( a ) 

Solvent 
molecule 

Fig. 6. Schematic models (a) for the Brownian movement 
of the proper solvent molecule with the rate constant r^1 

and (b) for the translational diffusion of a solvent mole­
cule into the site adjacent to RP' with the rate constant 
L. See the text. 
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produced as shown in Fig. 6(a). This makes the confor­
mational change RP—>RP' possible. The value of kA 

may be equal to that of TO1- From the Einstein's equation 
for the Brownian movement, we have 

*. - *„- = ^ ± ^ - , (15) 

where Dx and D2 are the diffusion constants of E t O H 
and R P respectively, and f is the average distance of the 
movement of the proper ethanol molecule ( f = 2 ax, 
where ax denotes the radius of an ethanol molecule). 
The values of Dx and D2 can be determined by Stoke's 
formula for the translational diffusion: 

D = -fT_, (16) 

where a; is the radius of the corresponding species (tf i— 
2.85 Â for E t O H ; « 2~3.48 Â for RP) . From Eqs. 15 
and 16, the value of &4 can be estimated as a function of 
T v - i . 

kt = 8.6x10* Tv~
l (17) 

(e.g. £4~2 X 1010 s"1 in EtOH at 293K). 

O n the other hand, the rate constant &_4 can be evaluat­
ed by applying the Smoluchowski-Debye equation.35»36) 
We assume that the conformational change RP'—>RP 
is accomplished by the diffusion of a solvent molecule 
to an adjacent site with the rate constant ks (Fig. 6(b)) . 
The value of A;_4 seems to be close to that of ks: 

* - « - A 8 - ÏÔOÔ " ' { } 

where Dx and D2 are diffusion coefficients in cm2 s - 1 ; a 
is the effective collision diameter in cm (o~ax-\-a2= 
6.33 X 10 - 8 cm) ; N is Avogadro's number ; P the steric 
factor (assumed to be unity) ; [solv] the concentration 
of neat E t O H (17.1 M ) . Thus, the value of £_4 is 
estimated from Eq. 18 to be 

£_ 4 ~ 5 .4x l0 1 0 s" 1 a t293K. (19) 

From Eqs. 6 and 17, we get 

- ^ - > 7 . 1 x l 0 1 0 s - 1 , (20) 

where 0 R P >6 .7 X 10~2. Thus 

k3> 4.8x109 s-1. (21) 

However, the value of k3 should not exceed that of 
diffusion-controlled kA (e.g. 2 X 1010 s"1 at 293 K ) . Thus, 
we can estimate the recombination time r of R P as 
follows : 

50 ps < T < 200 ps. (22) 

The T value of the biradical R P is the order of «*10 -10 s, 
which is the same order of magnitude of the geminate 
recombination times between iodine atoms measured 
with picosecond pulses (70 ps in hexadecane and 140 ps 
in CCLJ.5) The approximation in Case C seems to be 
the best. 

Multiplicity and Spin Inversion ofRP. The question 
arises as to the multiplicity of the biradical R P . If the 
singlet R P is produced via 1(n, TZ*), the direct back 
reaction XRP—>-NVP is faster than the recombination 
of 3 RP, since the recombination should occur after the 

spin inversion of 3RP—^RP. The time for the direct 
back reaction is the same as that (***10-11 s) of JA- *B. 
The processes 1(n, TT*)—^RP—»NVP can not be observed 
in the present experiment, even if they are involved in 
the radiationless processes of N V P * . Judging from the 
recombination time of R P ( ^ 1 0 - 1 0 s ) and the reactive 
state of N V P 3(n, n*), it is probable that the multiplicity 
of R P is triplet. The spin inversion time of 3 R P can be 
evaluated to be «»10~10s, since spin inversion is the 
rate-determining step in the recombination of 3 R P . The 
spin inversion of 3 R P needs time of &» 10~10 s to cause 
appreciable enhancement due to the radical-pair 
mechanism. Several re-encounters between the radical 
sites of 3 R P would occur before recombination. This 
supports Adrian's model37) for the radical-pair mecha­
nism. 

T h e structure of biradical R P allows a reversible 
change similar to A--B^>A«|-B without further com­
plete separation between radical sites, since the 
molecular chain joints them. T h e possibility for the 
formation of the 3A-1 -B type of 3 R P is greater than that 
of freely diffusing radicals. T h e J value of a reorienting 
biradical fluctuates depending upon the distance 
between the radical sites [the correlation time of 
reorientation kl1 (or kz\) is <=»10-11 S in E t O H at room 
temperature] , which decreases exponentially with in­
creasing distance.15) A small S-T energy gap (2 J) of the 
triplet biradical gives rise to an efficient S-T mixing due 
to the nuclear hf and the spin-orbit interactions. The 
rapid spin inversion of 3 R P might be caused by the 
appreciable S-T mixing. 

A similar fast spin inversion has been studied by 
Eisenthal et a/.5) using a picosecond laser at 5300 Â. At 
this frequency I2 molecules are excited to the 3II0+U 

(v'c^.33) state. Only a small fraction of I2 molecules 
are excited to the 1IIU state, dissociating directly. T h e 
I2 molecules excited to the 3II0+U state undergo a predis-
sociation induced by collision via the 3 I I l u state leading 
to a pair of ground state, 2P 3 / 2 , iodine atoms. According 
to the spin conservation rule, the radical-pair of iodine 
atoms in a solvent cage should be triplet. However, 
the geminate recombination time r is very short (70— 
140 ps),38) indicating that spin inversion takes place 
within r . The fast geminate recombination of iodine 
atoms can be understood by the radical-pair mechanism 
resulting in the S-T mixing. The large spin-orbit 
coupling due to the heavy atom and the nuclear hf 
interactions may be involved in the system. 

Conc lus ion 

The mechanism of the photochemical ring expansion 
of N V P involving the Norrish type I dissociation at 
254 nm in E t O H is shown in Fig. 4. T h e recombination 
time T of the biradical R P was estimated to be «*10~10 s. 
The spin inversion of the triplet biradical requires a 
time of about 10~10 s to cause efficient enhancement due 
to the radical-pair mechanism. 
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A p p e n d i x 

T h e behavior of pr imary geminate and secondary recombi­
nation between radicals in fluid media schematically is shown 
as follows : 

1) Radical-pair . 
a) Singlet radical-pair : 

AB 
Î 

hvlor J 
> *A- -B 

1 

A- + B. 

i 

"^\^f S-T mixing 

«=5 3A-|.B (Al) 

(Scavenged by trap) 3A« 'B 

iA. -B H - > 3A- -B 

b) Triplet radical-pair . 

hv/or A 
AB • -> 3A. -B « 

A- + B-

II (A2) 

/ Scavenged \ 
V by t r ap ) 

*A- -B 

3A- -B <-+-> JA- -B 

2) Biradical. 
a) Singlet biradical : 

hv/or A 
A - B > XA. -B 

~ — n 
XA.|-B 

S-T mixing (A3) 

3A- -B 3A-| .B 

b) Triplet biradical : 

hv/or A 
A - B — • 3A. -B 

± 
iÄT^B 

3A-| .B 

T S-T mixing (A4) 

iA-l-B 
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The radical anions of double-, triple-, and two kinds of quadruple-layered [2.2]paracyclophane XXT , XDXT , 
XDDX(C2h)'r and XDDX(D2)T, were examined by means of ESR and ENDOR spectroscopy. The spin 
distributions in these radical anions are largely polarized by interaction with counter ions. An MO calculation has 
been attempted to account for the observed ion-pairing effects. It is shown by the calculations that the observed 
ion-pairing effects can be explained by the ion-pair models where the cation is located above the center of the 
outermost benzene ring. It is also shown that the potassium ion migrates from one side of the radical molecule to the 
other in a loosely bound ion pair of XDXT in a l,2-dimethoxyethane(DME)-tetrahydrofuran(THF) 1: 1 mixed 
solvent, as in the ion pair of XX 7 with the potassium ion in DME-THF (2:1) which has been previously reported 
by Gerson et al. Such migration of cations in ion pairs was not observed for the quadruple-layered [2.2]paracyclo-
phane radical anions. 

Several ESR investigations of the radical anion of dou­
ble-layered [2.2]paracyclophane, X X T , and its related 
compounds have been reported.1 - 6) The use of E N D O R 
spectroscopy has also been tried in an at tempt to 
confirm the analysis by the ESR method.7) Of prime 
interest in these investigations in the electron transfer 
between the two aromatic rings and the effects of 
counter ions on the spin distributions in the radical 
anions. It has been shown3 '7) that, in X X T , the unpaired 
electrons are distributed equally on both benzene rings 
when the radical anion is free from interaction with 
alkali metal cations. Ion pairing with alkali metal 
cations remarkably affects the spin distribution in the 
radical molecules. Gerson et al. have shown6) that the 
alkali ion resides above the one benzene ring in the 
ion pair of X X ' . T h e present work was undertaken in 
order to investigate the distribution of unpaired elec­
trons in the multilayered-paracyclophane radical anions 
and the interaction of these multilayered paracyclophane 
radical anions with counter ions in solutions. The 
radical anions of triple- and two kinds of quadruple-

layered [2.2]paracyclophane, X D X , X D D X ( C 2 h ) , and 
X D D X ( D 2 ) , were examined by the ESR and E N D O R 
methods. Though the observation of the spectra for 
the free anions was unsuccessful, ESR and E N D O R 
data concerning ion pairs of the radical anions could 
be obtained. In this paper we will discuss the ion-pair 
structures of X D X \ X D D X ( C 2 h ) T , and X D D X ( D 2 ) T 

on the basis of the observed ion-pairing effects on the 
hfs constants and theoretical calculations about the 
effects. Though the ion pairs of X X T have been exten­
sively examined by Gerson et a/.,3'6'7) the ESR spectra 
of X X T have also been measured in order to obtain 
wider information about the ion-pairing effects on the 
hfs constants, and the theoretical calculations used 
above are used to confirm that the calculations predict 
well the observed results and the ion-pair structures. 

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

The XX, XDX, XDDX(G2h), and XDDX(D2) were synthe­
sized according to the procedure described previously.8) 
These substances were purified by column chromatography 
on silica gel or by preparative gel permeation liquid chromato­
graphy and then repeated recrystallizations (XX from chloro­
form, mp 285 °C; XDX from toluene, 231.5—232.5 °C dec; 
XDDX(C2h) from toluene, 250 °C dec; XDDX(D2) from 
carbon tetrachloride-acetone (1:3), 240 °C dec). 

The radical anions were prepared by reduction with potas­
sium or a potassium/sodium alloy, and in a few cases, by 
reduction with caesium in ethereal solvents. Reduction with 
sodium was attempted, but no formation of the radical anions 
was observed. 1,2-dimethoxyethane (DME), tetrahydro-
furan (THF), 2-methyltetrahydrofuran (MTHF), diethyl 
ether (DEE), mixtures of DME and THF, and DME contain­
ing a low percentage of hexamethylphosphoric triamide 
(HMPA), were tried as solvents. When DME and DME-
HMPA were used for XDX, XDDX(C2h), and XDDX(D2), 
the observed radicals were attributable to secondary produc­
tion, and no ESR spectra due to the radical anions of XDX, 
XDDX(C2h), and XDDX(D2) could be observed.9) For 
experiments with XDX", XDDX(C2h)T, and XDDX(D2)T, 
it was necessary to keep the solutions below —90 °C, but XXT 
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was more stable than the above and the ESR measurements 
for XX 7 could be carried out at temperatures up to —50 °C. 

The glass apparatus used for the alkali-metal reduction of 
ordinary aromatic compounds was modified for the prepara­
tion of XDXT , XDDX(C2h)T, and XDDX(D2)T by coating 
alkali-metal mirror inside the side arm for ESR or ENDOR 
measurements so that the reduction could proceed in the 
side arm. Thus, the radicals were prepared in an ESR or 
ENDOR cavity cooled to the desired temperatures; ESR and 
ENDOR measurements could thus be carried out immediate­
ly after the completion of the reduction reaction. This was 
accomplished without any movement of the sample tube 
which may accompany the decomposition of the radical 
anions, while increasing the solution temperature. Such a 
modification of the apparatus was very effective for the 
preparation of XDXT , XDDX(C2h)T, and XDDX(D2) \ 

The ESR and ENDOR spectra were recorded with a 
Hitachi 771 X-band ESR spectrometer and a JEOL ES-EDX-
1 ENDOR spectrometer respectively. 

R e s u l t s 

ESR Spectra for XX*'. The ESR spectra have 
been reported3) for X X T reduced with potassium in 
several ethereal solvents. The same ESR spectra for 
these systems were reproduced in the present work. 
In addition, the temperature dependencies of the hfs 
constants in T H F and M T H F were measured. T h e 
results are shown in Fig. 1, together with the values 
obtained from the D M E - H M P A solutions at —90 °C. 

|VVVAA-. 

-100 
Temperature^) 

THF 

-90 
Temperature(°C) 

DME-HMPA 

-50 -100 

TemperatureCC) 

MTHF 

Fig. 1. Temperature dependence of the hfs constants for 
XX~. The subscripts of a are given in order of magni­
tude of the hfs constants. The counter ion is the potas­
sium ion. 

Fig. 2. ESR spectra for XDXT , with the potassium ion 
as a cation in (a) DME-THF(1: 1), (b) THF, (c) 
MTHF, and (d) DEE at - 1 0 0 °C. 

ESR Spectra for XDDX(C2hy and XDDX(D2)\ 
X D D X ( C 2 h ) T and X D D X ( D 2 ) T , with . the, potassium 
ion as a cation, show ESR spectra with a triplet pattern 
similar to those observed for X D X T in M T H F and DEE, 
regardless of the solvent used. Slight changes of the 
triplet splittings with solvents were observed; those for 
X D D X ( C 2 h ) x increase in this order of the solutions: 
D M E - T H F (1 :1) (6.28 G) , T H F (6.40 G) , M T H F 
(6.54 G) , and DEE (6.62 G), while those for X D D X 
(D2)T increase in another order: D M E - T H F (1 :1 ) 
(6.20 G) and T H F (6.30 G) . Some typical ESR spectra 
for these radicals are shown in Figs. 3 and 4. 

ENDOR Spectra for XDX\ As has been seen 
above, most of the systems of X D X T , X D D X ( C 2 h ) T and 
X D D X ( D 2 ) T showed the broad triplet ESR pat te rn ; 
hence, it is impossible to obtain detailed information 
about the hyperfine interaction of radicals from the 
ESR spectra only. Thus , E N D O R spectroscopic 
analysis was at tempted for X D X T , XDDX(C 2 h )" r , and 
X D D X ( D 2 ) \ Figure 5 shows the E N D O R spectra 
observed for X D X T in M T H F . No E N D O R spectra 

ESR Spectra for XDX\ The ESR spectrum 
observed for X D X T in D M E - T H F ( 1 : 1 ) , with the 
potassium ion as a cation, consists of seven groups with 
a separation of 5.68 G. Moreover, each group shows 
further resolution. When X D X T is prepared with 
caesium in D M E - T H F (1 :1) or with potassium in 
M T H F or DEE, the ESR spectra change to broad 
triplet patterns with splittings of 5.95, 6.13, and 
6.48 G. O n the other hand, X D X T in T H F , with the 
potassium ion, shows an ESR spectrum which appears 
to be a superposition of the two hyperfine patterns of 
septet and triplet splittings. T h e ESR spectra observed 
for X D X ' , with the potassium ion as a cation, are shown 
in Fig. 2. 

Fig. 3. ESR spectra for XDDX(C2h)T, with the potas­
sium ion as a counter ion in (a) DME-THF(1: 1) and 
(b) MTHF at - 1 0 0 ° C . 



2076 M. IwAizuMi, S. KITA, T. ISOBE, M. KOHNO, T. YAMAMOTO, H. HORITA, T. OTSUBO, and S. MISUMI [Vol. 50, No. 8 

observed only for systems showing the ESR spectra with 
the broad triplet pattern. However, it should be noted 
that even in systems where the E N D O R spectra were 
successfully observed, E N D O R signals due to the 
protons responsible for the triplet splittings in ESR 
spectra could not be detected. These protons may have 
different opt imum temperature conditions for E N D O R 
observation from those of the other protons. 

As Fig. 5 shows, the E N D O R spectra vary appreciably 
with the temperature. Changes with different solvents 

Fig. 4. ESR spectra for XDDX(D2)T, with the potassium 
ion as a counter ion in (a) DME-THF(1: 1) and (b) 
THF at - 1 0 0 °C. 

-104C 

o 10 h 

x 0.51 

17 MHz 

-120 C 

-100 -110 

Temperature (°C) 

-120 

Fig. 6. Changes of the hfs constants with temperature, 
for XDXT in MTHF with the potassium ion. 

Fig. 5. ENDOR spectra for XDXT in MTHF, with the 
potassium ion at different temperatures. 

TABLE 1. HFS CONSTANTS OF X D X T OBSERVED BY 

MEANS OF ENDOR AT - 1 1 7 °C 

Numbering of 
hfs consts. in 
the ENDOR 
spectra 

ax 

a2 

a3 

H 
« 5 

a6 

a7 

* 8 

Hfs constants (G) 
Solvent, Cation 

MTHF, K+ 

1.47 
1.34 
1.23 
0.75 
0.64 
0.52 
0.32 
0.20 

THF, Cs+ 

1.83 
1.40 
0.97 
0.77 
0.54 
0.29 
— 
— 

Assignments 

8, 11 
3, 6 

were obtained from X D X T in D M E - T H F mixed 
solvents or in T H F with the potassium cation. It is 
interesting that the E N D O R spectra were successfully 

-9 6°C 

18 MHz 

-114°C 

Fig. 7. ENDOR spectra for XDDX(C2h)T in THF, with 
the potassium ion at different temperatures. 
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and cations were also observed (Table 1). The hfs 
constants observed from the M T H F solution with the 
potassium cation are shown as a function of the tempera­
ture in Fig. 6. 

ENDOR Spectra for XDDX(C2hy and XDDX(D2)\ 
The E N D O R spectra for X D D X ( C 2 h ) T and X D D X -
(D2)T were obtained from all the systems treated here, 
but , as is the case for X D X T , the E N D O R signals due 
to the protons which caused the triplet splittings in 
the ESR spectra could not be detected. Some typical 
E N D O R spectra for X D D X ( C 2 h ) T and X D D X ( D 2 ) T 

are given in Figs. 7—9. Although there are no appre­
ciable differences between the ESR spectra for the 
XDDX(C 2 h ) T and X D D X ( D 2 ) T radical anions, their 
E N D O R spectra clearly show different hyperfine 

18. MHz 

Fig. 8. ENDOR spectrum for XDDX(C2h)T in MTHF, 
with the potassium ion at — 124 °C. 

f -10 2°C 

11 
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-3 
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0.5 
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a, 
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a6 

-100 -110 -120 
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Fig. 10. Changes of the hfs constants with temperature, 
for XDDX(C2h)T in MTHF and in THF with the 
potassium ion. 
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-100 -110 
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Fig. 11. Changes of the hfs constants with temperature, 

for XDDX(D2)T in MTHF with the potassium ion. 

TABLE 2. HFS CONSTANTS OF XDDX(C2h)T AND XDDX 

(D2y OBSERVED BY MEANS OF E N D O R AT — 1 14°C 

Number­
ing of hfs 
consts. in 
the 
ENDOR 
spectra 

« i 

a2 

a3 

<z4 

H 
a6 

a7 

a& 

X] 

Hfs co 
Solvent 

THF, 
K+ 

1.74 
1.50 
0.91 
0.69 
0.48 
0.33 
— 
— 

DDX(C2hr 

nsts.(G) 
Cation 

MTHF, 
K+ 

1.99 
1.34 
0.84 
0.59 
0.49 
0.17 
— 
— 

Assign­
ments 

3, 6 
8, 11 
9, 12 

XDDX(D2)T 

Hfs consts. (G) 
Solvent, Cation 

THF, ments 
K+ 

1.70 8,11 
1.26 3, 6 
1.26 9,12 
0.72 
0.52 
0.41 
0.29 
0.09 

Fig. 9. ENDOR spectra for XDDX(D2)T in THF, with 
the potassium ion at different temperatures. 

interactions corresponding to their different molecular 
structures. T h e variation in the hfs constants with the 
solvent and the temperature is shown in Figs. 10 and 11. 
The values of the hfs constants obtained at —114 °C 
are summarized in Table 2. 



2078 M. IwAizuMi, S. KITA, T. ISOBE, M. KOHNO, T. YAMAMOTO, H. HORITA, T. OTSUBO, and S. MISUMI [Vol. 50, No. 8 

Analys i s o f ESR Spectra b y M e a n s 
o f Fourier T r a n s f o r m 

As has been described above, although the ESR 
spectrum of X D X T in D M E - T H F (1 :1) with the 
potassium ion gave a better resolution than the spectra 
in other systems, a direct analysis of the ESR spectrum 
was impossible and an E N D O R spectrum could not be 
obtained. For the purpose of ESR-spectrum analysis, 
we employed the Fourier transform of the ESR spectrum. 
The method used here is nearly the same as that used 
by Silsbee11) and by Gubanov et al.12) 

We expressed the observed ESR spectra F(x) by the 
Fourier transform 

F(x) = J-pGOOe-'^d*, ;i) 

(2) 

with an inverse transform 

G{y) = V F(x)e-UxMx. 

Here, 

G{yY = Ga(yy + Gh{y)\ (3) 

where Ga(y) and Gb(y) are the cosine and sine coeffi­
cients of the Fourier transform, expressed by 

n 
Gaky) = - ^ S F(x) cos N -yx 

G*w = iJ /W s i n ( l ->* 

(4) 

(5) 

If the observed ESR spectra are expressed as an odd 
function of A? (as in the case of the ordinary isotropic 1st 
derivative ESR spectra), G(y) is expressed in terms of 
Gb{y), and Ga(y) need not be taken into account. Since 
the ESR spectrum including hyperfine interactions with 
n nuclei is the n-fold convolution of the spectrum 
including a hyperfine interaction with a single nucleus, 
its Fourier transform can be expressed as the product 

of the transforms offi(x): 

GOO = fl&OO, (6) 

where 

giij) = J+7«(*)e-"*»d*. 

Hence, the Fourier transform of the observed 1st 
derivative ESR spectra can be simulated by this equa­
tion 

coo = Kgo(y) n [cos [-f-y)Jai 

X n [1 + 2 cos (ajy)]NaJ 

KC 

x n I cos (y
0*-?) + cos (yö i ü ;)J *' (7) 

where a^ a,j, and ak are the hfs constants of the i, /, and 
k nuclei, with spin 7 = 1 / 2 , 1, and 3/2 respectively. Nai, 
Naj, and Nak are the numbers of protons with hfs 
constants of ai} aj, and ak. KA, KB, and KC are the 
numbers of different kinds of nuclei with spins of 1/2, 1, 
and 3/2 respectively, and where g0(y) is a function 
expressed as 

&(jO = « p ( - 3 « A t f | j > | ) , (8) 

when the ESR lines are Lorentzian, 
and as 

*oO) = exp( -w»Atfy /2 ) , (9) 

when the ESR lines are Gaussian. Here, AH=2/T2. 
The ESR charts recorded by a Hitachi 771 X-band 

ESR spectrometer were converted to the digital form 
with a JEC-CR-114 chart reader and a JEC-6 spectrum 
computer. T h e inverse Fourier transforms and the 
simulation of the transformed spectra were done by 
means of the NEAC 700 computer at the Tohoku 
University Computer Center. Figure 12 shows the 
Fourier transform of the observed ESR spectrum, its 
computer simulation, and the simulation of the observed 

C e n t e r 

ÜI 
Fig. 12. Observed and theoretical ESR spectra and corresponding Fourier 

transform, for XDXT in DME-THF(1: 1) with the potassium ion. 



August, 1977] Ion Pairs of Layered [2.2]Paracyclophane Radical Anions 2079 

TABLE 3. HFS CONSTANTS OBTAINED BY FOURIER TRANSFORM 

AND COMPUTER SIMULATION OF THE E S R SPECTRUM FOR 

XDXT IN DME-THF (1:1) WITH THE POTASSIUM ION 

Hfs constants 

5.83 
1.37 
0.92 
0.46 

»(G) Nuclear 

1/2 
1/2 
1/2 
1/2 

spins Numbers of nuclei 

6 
4 
8 
8 

ESR spectrum. The hfs constants thus obtained are 
listed in Table 3. 

Calculat ions o f the Spin Dens i t i e s , 
the H f s Constants , a n d the 

Effects o f Counter Ions 

The spin distributions in X X T , X D X T , X D D X ( C 2 h ) T 

and X D D X ( D 2 ) T were calculated by the McLachlan 
method.13) In this calculation the resonance integrals 
are taken to be proportional to the overlap integrals.14) 
The interatomic distances required for the calculation 
of the overlap integrals were taken from the X-ray data 
for the compounds XX1 5) and XDDX(C2 h) .1 6> For 
the other compounds, estimates were made with 
reference to X D D X ( C 2 h ) because of the absence of 
X-ray data. The hyperconjugation of the ethylene 
bridges was ignored in the M O calculation, but induc­
tion effects were taken into account for atoms directly 
bonded to the alkylbridges ; therefore, ac=ac°—O.l^cc-
The X coefficient in the McLachlan calculation was 
taken to be 1.1. The proton hfs constants were calculated 
by using the obtained spin densities and McConnell 's 
equation. The Q, values used in the equation were 20.5 
and 25.1 for the ring and the alkyl protons respectively; 
this gives consistent hfs constants for X X T in the free 
anion state. 

O n the other hand, the effects of the counter ions 
were calculated by combining the McClelland treat­
ment of the counterion effect17) with the McLachlan 
M O calculation by means of the following effective 
Hamiltonian : 

^eff = ^°-^T' (10) 

where #f° is the usual Hückel Hamiltonian ; the second 
term is the electrostatic attraction of the radical anions 
and the counter ion. The e(r) in the second term are 
the dielectric constants in a microscopic meaning; they 
may be referred to as screening constants and vary 
with the solvent and with the position in the radical 
anions. In the present case, however, for convenience 
e(r) is taken to be 1.5 throughout the calculations. The 
oscillational motion of the cation around the potential 
minimum point in the ion pairs is also ignored in the 
calculation. Because of the approximation of e(r) and 
the cation motion in the ion pair, the distances between 
the anion and the cation in the calculation do not have 
any quantitative meaning, but these distances can be 
regarded as a qualitative measure of either the strength 
of the cation-anion interaction or the cation-anion 
distances. The hfs constants of the ion pairs were 

calculated as functions of the cation-anion distances. 
T h e results will be shown later. 

The cation-anion interaction energies were also 
calculated by means of this equation: 

E=Y\vx(Ex-E°x)-J\^ (11) 
x t rt 

where Ex and Ex are the energies of the Hückel M O ^x 

of the free anion and the modified Hückel M O Wx of 
the ion pair respecively, and where vx is the occupation 
number of the relevant M O s . T h e last term represents 
the Coulomb repulsion between the cation and the 
effective positive charge of the carbon cores. Calcula­
tions have been done for the radical anions of the 
layered compounds and for some ordinary aromatic 
hydrocarbons. The result shown below is for the case 
where the cation moves along the axis connecting the 
1 and 4 positions (x axis) for the layered compounds, or 
along the long molecular axis (x axis) for the other 
aromatic compounds, at a distance of 0.38 nm from the 
(outermost) nuclear plane of the radical anions. 

D i s c u s s i o n 

Ion-pair Structure of XX~. I t is known that X X T 

in D M E - H M P A exists as a free anion, but when X X " 
is prepared by means of potassium in D M E - T H F , 
T H F , or M T H F , the radical anion forms ion pairs with 
the counter ion.3 '7) This ion-pair formation can be 
concluded on the basis of the observation of the hyperfine 
splitting due to the potassium nucleus and the appre­
ciable polarization in the spin distributions due to the 
cation. Ion pairing divides both the ring and alkyl 
protons into two groups with equal numbers of protons 
and different hfs constants. Three ion-pair models 

i i i n 
Fig. 13. Ion pair models of XX". 

(Fig. 13) were first considered,3) but a recent paper by 
Gerson et a/.6) has concluded, based on experiments 
with deuterio compounds, that the ion pair takes the 
structure of Model I I where the cation is situated above 
the center of the one benzene ring. Before proceeding 
to discuss the ion pairs of the triple- and quadruple-
layered radical anions, let us examine the ion-pair 
structure of X X T by means of the theoretical calculation 
of the cation effects on the hfs constants. The calculated 
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results will be compared with the experimental results 
shown in Fig. 1. 

Calculations have been done for the three ion-pair 
models. In Model I the unpaired electron comes to 
occupy the M O level which gives the alkyl proton hfs 
constants larger than those of the ring protons when 
the cation-anion interaction becomes appreciable. This 
model is apparently improper, because the experimental 
results indicate that the larger hfs constant is due to 
the ring protons.3«6) 

0.5 1.0 1.5 co 

Cation-anion distance (nm) 

Fig. 14. Effects of the counter ion on the hfs constants 
of XX 7 calculated for ion pair model II in Fig. 13 
as a function of anion-cation distance r. Q and O a r e 

the plots of the experimental hfs constants for XXT 

in the free anion state and thos observed in THF with 
the potassium ion. The numbers given to the curves 
are the carbon positions to which the corresponding 
ring proton or methylene group is bonded. 

The observed trend of the ion-pairing effects on the 
hfs constants is predicted by calculations based on 
Models I I and I I I , though in the calculation of Model 
I I I our approximation can not give different hfs con­
stants for the two protons within one C H 2 g roup; the 
calculations for both models indicate that the hfs 
constant for ring protons at the cation side increases 
by the ion pairing, while the hfs constant for the opposite 
side decreases. Figure 14 shows the results for Model I I . 
In view of the well-known facts that ion pairing is more 
favored at higher temperatures and in M T H F than in 
THF,1 8) the changes observed in hfs constants with the 
temperature and the solvents (Fig. 1) can be surprisingly 
well predicted by calculations based on Model I I . Both 
the theoretical and empirical results indicate that , as 
the cation-anion interaction increases, the hfs constants 
of the ring and methylene protons on the cation side 
increase, while those on the opposite side decrease. 
When the cation-anion interaction becomes more 
marked, the hfs constant of the methylene protons on 
the cation side becomes larger than that for the ring 
protons on the opposite side. 

Though the calculation for Model I I I predicts the 
observed trend of the ion-pairing effects, the polarization 
effect due to the cation is less than 1/3 o f tha t in Model 
I I , and it seems to be too small to explain the observed 
magnitude of the effects. Apparently the calculations 
for Model I I show the best fit with the observed changes 

in the hfs constants ; the results indicate that the calcula­
tions used here can well predict the correct ion-pair 
structure. 

XDX^ in DME-THF. As in the case of X X T , 
the remarkable changes in ESR spectra for X D X T can 
be attr ibuted to the ion-pairing effect. In view of the 
general features of the solvent effects on ion pairing, the 
interaction of the radical anion in D M E - T H F is 
considered to be the weakest among the systems treated 
here. According to the M O calculation {vide infra), 
the largest hyperfine interaction of X D X T in the free 
anion state should arise from protons at the 8 and 11 
positions, which show triplet splitting in the ESR 
spectrum. The septet splitting observed for the D M E -
T H F solution (Fig. 2(a)) suggests that there may still 
be some appreciable interaction with the cation in 
the solution. 

(a) 

II 

® 

Fig. 15. Ion pair models for XDXT . 

T o explain the ESR pattern observed, the ion-
pairing effect on the hfs constants was calculated for 
both ion-pair models in Fig. 15. In these models, the 
cation is assumed to favor a location above the plane 
of the outermost benzene rings of the molecule, as in the 
case of X X T . However, in Model I the cation rapidly 
changes position from one side of the molecule to the 
other. In this case the observed hfs constants are given 
by the average of ion-pair states, (a) and (b). In Model 
I I it is assumed that X D X T forms a tighter ion pair 
where the cation is positioned on one side of the molecule. 

T h e calculated results (Fig. 16) show that the septet 
splitting in the ESR spectrum seems due to the ion pair 
corresponding to the area marked by Arrow A, where 
the six protons at the 2, 5, 8, 11, 14, and 17 positions 
have hyperfine interactions of the same magnitude so 
as to give the septet hyperfine splitting in the ESR 
spectrum. The calculated result also indicates that the 
other protons have hyperfine interactions much smaller 
than the septet splitting. These results are in accord 
with the results of the Fourier transform analysis of 
the ESR spectrum. Since the other ion-pair models 
can not explain the observed septet ESR pattern, it can 
be concluded that X D X T in D M E - T H F ( 1 : 1) has the 
ion-pair state predicted by Model I (Fig. 15). 
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3 2.0 

0.5 1.0 1.5 CD 
Cation-anlon distance (nm) 

Fig. 16. Effects of the counter ion on the hfs constants of 
XDXT calculated for ion pair model I in Fig. 15. The 
numbers given to the curves have the same meaning as 
in Fig. 14. Mark A: see text. 

XDX* in THF, MTHF, and DEE. As has been 
mentioned above, the ESR spectra observed from 
X D X T in T H F with the caesium ion, and in M T H F 
and DEE with the potassium ion, show broad triplet 
splitting. Considering that these systems are in a more 
favorable condition for ion pairing than is the D M E -
T H F mixed solvent system, the triplet splitting can be 
attributed to their ion pairs being bound more tightly 
than in the D M E - T H F mixed solvent. T h e calculation 
shown in Fig. 17 predicts well this triplet splitting; i.e., 
it indicates that the unpaired electron is redistributed 
on the benzene ring on the cation side (especially at the 
2 and 5 positions) by the formation of strong ion pairs 
of the Model I I type. T h e hyperfine interaction of the 
2 and 5 protons gives the triplet splitting observed in the 
ESR spectrum. In the E N D O R spectra for X D X T in 
M T H F , the presence of eight kinds of protons was 
observed (Figs. 5 and 6). However, the E N D O R 
signal corresponding to the triplet splitting in the 
ESR spectrum could not be detected. Taking into 
account this triplet splitting in the ESR spectrum, the 
observed E N D O R spectra indicate that there are nine 
types of protons in the radical anion; this finding is in 
agreement with the expectation from the ion-pair model 

6.0 

5.0 

O 4-0 

3.0 [ 

20 I 

1.0 [ 

0.5 10 7-5 

Cation-anion distance (nm) 

Fig. 17. Effects of the counter ion on the hfs constants of 
XDXT calculated for ion pair model II in Fig. 15. The 
numbers given to the curves have the same meaning as 
in Fig. 14. 

being considered here. 
The changes observed in the hfs constants with the 

temperature and the solvent can be explained by this 
ion-pair model. I t has already been noted that the 
triplet splitting observed in the ESR spectra increases 
from 6.13G to 6.48G when the solvent is changed from 
M T H F to D E E . This indicates that the largest hyperfine 
interaction in the X D X T ion pair will increase with an 
increase in the cation-anion interaction. I t may also 
be seen from Fig. 6 that the hfs constant, a1} observed 
in the E N D O R spectra increases with an elevation of 
the temperature, while a2 decreases; as the cation-anion 
interaction increases, ax increases, but a2 decreases. 
These experimental results correspond well to the 
behavior of the hfs constants calculated for the ion-pair 
state with a cation-anion distance of about 0.4 n m 
(Fig. 17). 

Thus , it seems reasonable to conclude that, in these 
cases, X D X T exists as a relatively tight ion pair with the 
structure shown in Fig. 15 I I . The change in the cation 
position from one side of the molecule to the other is 
slow. From a comparison with the calculated results, 
the triplet splitting observed in the ESR spectra may be 
attr ibuted to the hyperfine interaction of protons at the 
2 and 5 positions, while the ax and a2 observed in the 
E N D O R spectra may be attr ibuted to protons at the 
8 and 11, and 3 and 6 positions, respectively. The 
reliable assignment of the other hyperfine interactions 
is difficult. 

For X D X T in T H F with the potassium ion, the ESR 
spectrum appeared to be a superposition of two types of 
spectra, a triplet pattern and a septet pattern. This 
indicates that there is an equilibrium between the two 
types of ion pairs, loosely bound and tightly bound. 

Ion Pairs of XDDX(C2hy and XDDX(D2)\ 
The triplet hyperfine pat tern observed in the ESR 
spectra strongly suggests, as in the case of X D X ' , that 
X D D X ( C 2 h ) T and X D D X ( D 2 ) T are the ion pairs where 
the alkali metal ion is situated above either of the 
outermost benzene rings of the molecules. T h e unpaired 
electron is mainly distributed on the benzene ring at the 
cation side, producing the large triplet splittings due 
to the two ring protons. However, because of the 
complex molecular structure, it was difficult to find 
perfect correlations between the observed and the 
calculated effects of the cation on the hfs constants. 
Considering only the largest three or four hfs constants, 
however, some correlation can be seen, as will be 
discussed below. 

For X D D X ( C 2 h ) T , the triplet splitting in the ESR 
spectra increases with the change in solvent from T H F 
to M T H F and D E E [vide ante). I n other words, the 
splitting increases with an increase in the cation-anion 
interaction. Taking into account the general effects 
of the solvent and temperature on ion pairing, it may 
be seen from Fig. 10 that the hfs constant, ax, observed 
in the E N D O R spectra increases with an increase in 
the cation-anion interaction, while a2 and a% decrease. 
These changes correspond to the changes in the hfs 
constants with a cation-anion distance of about 0.4 n m 
(Fig. 18), as with the ion pair model in Fig. 19. T h a t is, 
the triplet splitting in the ESR spectra corresponds to 
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Fig. 18. Effects of the counter ion on the hfs constants of 
XDDX(C2h)T calculated for the ion pair model in Fig. 
19. The numbers given to the curves have the same 
meaning as in Fig. 14. 

Fig. 19. Ion pair model for XDDX(C 2 b ) \ 

the hfs constant a t the 2 and 5 positions, while av a2, 
and a3 in the E N D O R spectra correspond to those at 
3 and 6, 8 and 11, and 9 and 12, respectively. 

In a similar way, the hyperfine interactions observed 
in the E S R and E N D O R spectra for X D D X ( D 2 ) T 

correspond to the results calculated in the region of 
about 0.5 n m in Fig. 20 ; the interactions are calculated 
for a similar ion-pair model in Fig. 19. Though the 
quantitative fit is not necessarily sufficient, the ion-pair 
model where the alkali metal cation is placed above 
the benzene ring a t the outermost side of the molecules 
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Fig. 20. Effects of the counter ion on the constants of 
XDDX(D2)T calculated for the ion pair model in Fig. 
19. The numbers given to the curves have the same 
meaning as in Fig. 14. 

seems reasonably to account for the experimental 
results. 

I t may be notable that the cation-anion distances at 
which the behavior of the predicted hfs constants corre­
spond well to the observed ones are different for X D D X -
(C2 h)T and XDDX(D 2 ) T . Since the distance for 
X D D X ( C 2 h ) ' is smaller, this may imply that X D D X -
(G2 h)T has a more tightly bound ion pair than does 
X D D X ( D 2 ) T . O n the contrary, the results calculated 
for the cation-anion interaction enrgies (Fig. 21) suggest 
that X D D X ( D 2 ) T may form a stronger ion pair than 
X D D X ( C 2 h ) T . The difference in the ion pairing 
between the isomers is very interesting, but a reliable 
conclusion regarding this problem must await further 
investigation. 
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Fig. 21. Cation-anion interaction energies calculated for 
the radical anions of the layered compounds and for 
some aromatic hydrocarbons. 

Motion of the Alkali Metal Ion in the Ion Pairs. 
Gerson et a/.3> reported that the ESR spectrum of X X T 

in D M E - T H F (2 :1 ) shows a line-width alternation 
effect; they explained this as arising from the motion 
of the alkali ion between the two symmetrical positions. 
In this paper we also found that the potassium ion in 
the ion pair of X D X T in D M E - T H F (1 :1 ) changes its 
position from one side of the anion molecule to the other. 
Whether such alkali metal motion is an intramolecular 
or an intermolecular effect (Eqs. 12 and 13) is an 
interesting problem. 

XDX^M+ <=± M + X D X s (12) 

M*+ + XDX~M+ <=± M*+XDX~ + M+ . (13) 

T h e motion of the cation in the X X T ion pair can be 
concluded to be intramolecular in nature by the observa­
tion of the distinct hyperfine splitting due to the potas­
sium nucleus in the ESR spectrum showing the 
linewidth-alternation effect. I n the case of X D X T 

however, no such potassium hyperfine splitting could 
be found in the ESR spectrum. However, an intra­
molecular exchange mechanism is suggested by the 
fact that the quadruple-layered compounds, which tend 
to form looser ion pairs than X D X T (see Fig. 21), are 
in the ion pairs having a long enough lifetime in the 
ESR time scale and by the fact that no effects due to 
the dissociation of the ion pair are observed, not even 
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in the D M E - T H F solution. 
In the case of X D D X ( C 2 h ) T and X D D X ( D 2 ) T , the 

intramolecular migration of the alkali ions in the ion 
pairs is considered to be much slower than for X D X ' , 
even though the alkali ions are bound more loosely to 
the radical anions, because of the long distance between 
the two potential minimum sites in the ion pairs. 

Polarization by Ion Pairing. The radical anions 
of the layered compounds reveal marked effects of ion 
pairing in the ESR and E N D O R spectra. However, 
this large effect does not necessarily mean that the 
radical anions form strong ion pairs. Figure 21 shows 
that the cation-anion interaction energies in the radical 
anions of the layered compounds are smaller than those 
of ordinary aromatic hydrocarbon radical anions. T h e 
most remarkable feature of these radical anions is that 
they show a large redistribution of unpaired electrons 
by the counter ions. In X D X T , for example, when the 
radical is in the free anion state, a large portion of the 
unpaired electrons will be distributed on the inside 
benzene ring; hence, a large hfs constant at the 8 and 11 
positions is expected (Fig. 17). Because of the ion 
pairing, the unpaired electron distribution is polarized 
towards the cation side and the hfs constants of the 
protons in the benzene ring on the cation side increase 
significantly. In the ordinary aromatic hydrocarbon 
radical anions, the redistribution of the unpaired 
electrons is usually very small. In the case of the 
naphthalene radical anion, the changes in the hfs 
constants by ion pairing are only about 0.12G or less.19) 
Aside from such layered compounds, only a few examples 
are known which show such a large redistribution of 
the unpaired electrons upon interaction with the 
counter ion.20,21> The 9,10-dihydroanthracene radical 
anion is one example.21) 

We hoped to obtain the ESR or E N D O R spectra for 
the triple-, and quadruple-layered [2.2Jparacyclophane 
radical anions in the free anion state. However, such 
attempts have been unsuccessful. I t should be noted 
that the unpaired electrons in free X D X T , X D D X -
(G2 h)T , and XDDX(D2)" r can be expected, according 
to theoretical calculations, to be distributed more on 
the inside benzene rings. In the present calculation, 
the unpaired electron densities on the inside benzene 
ring in free X D X T amount to about 5 0 % . Further 
efforts to observe free X D X T , X D D X ( C 2 h ) T , and 
XDDX(D 2 ) T are in progress. 

The authors wish to express their hearty thanks to 
Dr. Hiroshi Sugiyama, Chemical Research Institute of 
Non-Aqueous Solutions, Tohoku University, for his 

valuable advice. 
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The behavior of intramolecular exciplex systems consisting of pyrene and iV,iV-dimethylaniline was studied in 
cationic, anionic and neutral micellar solutions. These systems are favorable for the study of photoinduced GT 
interaction in micellar systems, since (i) a pair of donor-acceptor is always solubilized in the micelle and (ii) the 
complicated effect of the intermolecular interaction can be prevented. No exciplex emission was detected and rela­
tive quantum yields as well as lifetimes were measured on the monomer fluorescence. The results are interpreted 
by assuming two solubilized forms in the micelle-water interface. Efficient quenching occurs in the dodecyl-
trimethylammonium chloride solution irrespective of the length of the methylene chain, suggesting a different 
solubilization from the cases of other detergents. The efficient quenching is ascribed to the rapid ion-pair 
formation in the micelle-water interface, which was directly demonstrated by the ns laser photolysis method. 

Studies on the photoprimary processes of the excited 
electron donor-acceptor (EDA) systems are indispen­
sable for the interpretation of photooxidation-reduction 
reactions. They are closely related to mechanistic 
organic photochemistry.1 - 4) We have investigated the 
electronic structure and dynamic behavior of these 
systems, and shown that the dependence upon the 
molecular interaction between donor-acceptor pairs and 
upon the environment is essential.1-3) Studies on the 
excited EDA systems in micellar solution are of interest 
from the view that (i) basic aspects of the EDA interac­
tion in inhomogeneous systems of biological importance 
will be clarified, and (ii) new information might be 
obtained on the structure and function of the micelle, 
not obtained by means of fluorescence polarization and 
photoionization (electron ejection). So far the following 
two exciplex-micelle systems have been reported. T h e 
quaternary ammonium groups of the N-àoàecy\-N,N-
dimethylbetaine quenches the excited pyrene and forms 
an exciplex showing a fluorescence band with maximum 
at 480 nm and the lifetime of 70 ns.5) A similar exciplex 
emission was also obtained in the case of pyrene solubiliz­
ed in the mixed micelle of sodium dodecyl sulphate and 
dodecylamine.6) However, since the distance and 
relative orientation between pyrene and the amines, 
and the environmental conditions of the solubilized 
probe molecule were not made clear, the quenching 
mechanism including an exciplex formation is unknown. 
Thus we have studied the typical intramolecular exciplex 
compounds (pyrene)-(GH2) n-(N, JV-dimethylaniline) 
(abbreviated as PM). 

Exper imenta l 

Sodium dodecyl sulphate (SDS) and a-dodecyl-cu-hydroxy-
poly(oxyethylene) (Brij) (special grade, Nakarai), and dode­
cyl trimethylammonium chloride (DTAC), (pure grade, Tokyo 
Kasei), were used. Brij and SDS were recrystallized twice 
from ethanol; DTAC was recrystallized from benzene. They 
were dried under reduced pressure for a few days. The 
concentration of Brij was adjusted to 0.065 M, while, 0.1 M 
solutions were prepared in the case of ionic surfactants. The 
concentrations lead to *s»1.6xlO~3M micelle concentra­
tion.7) Deionized water was distilled, refluxed over potassium 
permanganate and redistilled. A 50 \x\ acetone solution of 
10 -3 M Pw was poured into a 5 ml measuring flask and dried. 

The prepared micellar solution was then added and treated 
with the ultrasonic cleaner for ten minutes. This gave the 
same solution as that prepared by stirring the solution for 3 h 
at 50 °C. The concentration of 10~5 M solubilizate was 
checked by optical density measurements. These solutions 
were flushed with nitrogen gas for 25 min. 

Absorption spectra were measured with a Shimadzu MPS-
50 L UV spectrophotometer. The fluorescence and excita­
tion spectra were obtained with an Aminco-Bowman spectro-
photofluorometer. The fluorescence rise and decay curves 
were observed with a pulsed nitrogen laser and Tektronix 
585A oscilloscope.8) Transient absorption spectra were 
obtained by the usual nanosecond laser photolysis method.3) 

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

1. Fluorescence Studies and the Solubilized Site of the 
Pn Compounds in Micellar Solutions. The effects of 
surrounding environments upon the exciplex have been 
revealed by the analysis of spectra, quan tum yields and 
lifetimes of monomer as well as exciplex fluorescence. 
In the case of organic solvents,1'2) the red shift of the 
fluorescence maxima and the decrease in the yield as 
well as lifetime is observed with the increase of solvent 
polarity. Exciplex emission is no longer detected, ionic 
dissociation being observed in polar solvents such as 
acetonitrile. O n the other hand, exciplex formation is 
retarded with increase in the viscosity of the solvent. 
In the rigid solvents the molecular motion is completely 
suppressed and only the monomer fluorescence can be 
measured. T h e present Pn compounds in micellar 
solution have been investigated in view of the above 
tendencies. 

T h e experimental conditions of the present probe 
molecules are suitable for studying the interaction 
between the donor-acceptor groups in micellar solutions 
for the following reasons, (i) A donor-acceptor pair 
is always solubilized in the micelle; (ii) the appropriate 
concentration of PM for the laser photolysis, given that 
the absorbance at 337 and 347 nm is larger than 0.3, 
is ca. 10 - 5 M, one-hundredth of the micelle concentra­
tion, which indicates that the intermolecular interaction 
between the PM molecules in the same micelle is com­
pletely neglected ; (iii) without detergents the concent­
ration of the aromatics in question is so low that the 
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contribution of the molecules dissolved in water phase 
is neglected. The problem is to find a standard com­
pound which is not quenched by the .A^jV-dimethyl-
aniline moiety. Ethylpyrene (EP) is appropriate since 
(i) the absorption bands in the 300—360 nm region are 
almost identical with those of PM compounds within 
2 nm, although detailed information on the 380 n m 
band could not be obtained because of low concentra­
tion, and (ii) the absolute fluorescence yield of EP in 
cyclohexane (0.5) is almost equal to the value of Px 

in hexane (0.6), where no exciplex emission is observed.9) 

T A B L E 1. RELATIVE QUANTUM YIELDS OF PYRENE MONOMER 

FLUORESCENCE OF P W COMPOUNDS IN N 2 -BUBBLED 

MICELLAR SOLUTIONS 

Brij 
SDS 
DTAC 

EP 

1.0a> 
1.0a> 
1.0a> 

P i 

0.50 

0.48 

O.Oj 

P2 

0.47 

0.30 

0.03 

P3 

0.42 

0.20 

O.O3 

a) Normalized to unity. 

TABLE 2. LIFETIMES OF PYRENE MONOMER FLUORESCENCE 

OF Pn COMPOUNDS IN N2-BUBBLED MICELLAR 

SOLUTIONS (NANOSECONDS) a ) 

EP P t P2 P3 

Brij 150 150 140 110 
SDS 225 270 260 240 
DTAC 170 short,b> 130e) short,b> 130c> short,b> 180c> 

a) All values averaged, fluctuations being within 10 ns. 
b) Rise and decay curves determined with our time 
constant, ca. 5 ns with a Tektronix 475 oscilloscope, c) 
Errors large due to low intensity. 

As regards the experimental results in micellar 
solutions, relative quantum yields and lifetimes of pyrene 
monomer fluorescence of E P and Pn are given in Tables 
1 and 2, respectively. Although fluorescence quenching 
occurs in the case of PM as compared to the results of 
EP, no new exciplex emission was detected. T h e 
monomer fluorescence intensity decreases with increase 
in the number of methylene (abbreviated as n) observed 
in the Brij and SDS solutions. T h e lifetime of Pj is 
larger than that of EP in SDS solution, which may be 

100 ns/div. 

Fig. 1. Oscillograms observed at 400 nm, showing the 
pyrene monomer fluorescence decay of Vx in SDS and 
DTAC solutions. 

due to the different solubilized sites of their molecules. 
Efficient quenching was observed independent upon n 
in the case of D T A C surfactant. As shown in Fig. 1, 
the decay in D T A C solution shows rapid and slow 
components. T h e latter seems to be single exponential, 
while the former is too short to be analysed. In the 
cases of Brij and SDS, no rapid component was observed, 
the values of the slow component decreasing with the 
increase of n. This might suggest dynamic quenching 
by the D M A group. I n the case of D T A C solution the 
experimental error of the lifetimes is rather large 
because of their low intensity. No detailed discussion 
on the slow component can be given. 

The micellar effect on the exciplex systems will be 
discussed on the basis of the present results. O n e 
problem of the micellar systems is the location of the 
probe molecule. Large aromatic molecules such as 
pyrene are often considered to be in the interior of the 
micelle. I n fact a recent N M R study of pyrene in 
hexadecyltrimethylammonium bromide supports this 
view.10) If the present PM compound is also dissolved 
in the interior of the micelle, an exciplex emission can be 
expected because of the analogy between the aliphatic 
par t of micelle and the viscous aliphatic solvents. We 
have observed no exciplex emission in the present 
system, although it is observed in viscous decaline.9) If 
the large viscosity of the interior prohibits a molecular 
motion for exciplex formation, the fluorescence yield 
and lifetimes should remain unchanged when n is 
changed. Thus , the simple solubilization model is 
inconsistent with the present results. 

We see from Tables 1 and 2, that yield and lifetime 
show different dependence upon n. T h e yield decreases 
with n, while the change of lifetime with n is rather 
small. This can be interpreted by assuming two solubiliz­
ed forms of PM in micellar systems. In one form the 
fluorescence quenching occurs quite rapidly, while in 
the other the molecular motion for the interaction 
between the two moieties is prohibited. T h e probability 
of taking the latter form decreases with the increase of 
n. The interpretation is also in line with the two-
component decay of pyrene monomer fluorescence in 
D T A C solution. T h e solubilized forms are considered 

Fig. 2. Schematic representation of the solubilized form 
of intramolecular exciplex systems in micellar solution. 
0 : Head groups; Q : counter ion; O: H 2 0 molecule. 
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to be as follows, (i) Pyrene seems to be dissolved in the 
interior of the micelle, while D M A in hexadecyltrimeth-
ylammonium bromide indicates the predominating 
solubilization mechanism to be absorption close to the 
a-CH 2 groups.11) T h e other data show the existence of 
D M A in the water-micelle interface.6) T h e results 
suggest that both the solubilized sites are in the vicinity 
of the water phase. (ii) T h e fluorescence quan tum 
yields of E P and P t in hexane are almost equal to each 
other, no exciplex emission of the latter being observed. 
This implies that the quenching by the D M A group of 
the P 1 system is impossible in nonpolar aliphatic environ­
ments such as the interior of the micelle. T h e yield of 
Pj is about a half of that of E P even in Brij and SDS 
solutions, while no exciplex emission was observed. This 
is also ascribed to the more polar character of environ­
ments, in which the probe molecule is dissolved. 

The above considerations are schematically given in 
Fig. 2. In the solubilization form of A, pyrene and D M A 
groups are in contact with water molecules and the 
excited states are easily quenched immediately after 
excitation. O n the other hand, in the case of B the 
interaction between the pyrene and D M A groups 
hardly arises during the lifetime of the excited pyrene. 
The PM compound may thrust the D M A moiety into 
the head groups of the surfactant, leaving the pyrene 
moiety in the interior. This form might be too rigid 
to undergo quenching interaction. T h e probability of 
form A being taken may increase from Pj to P 3 as the 
freedom of the molecular motion increases. In the 
D T A C solution particularly, almost all the probe 
molecules take the A configuration, which might be 
ascribed to a different solubilization mechanism of 
D T A C from that of anionic and neutral detergents. 

2. Quenching Mechanism of Pn in the DTAC Solution. 
Quenching is very efficient in the D T A C solution, 
irrespective of n. An oscillogram showing the short-lived 
transient is given in Fig. 3. T h e transient absorption 
spectra of Px obtained immediately after the excitation 
is shown in Fig. 4(a) . These spectra are reproduced by a 
superposition of the bands of the pyrene anion and the 
D M A cation and easily assigned to the ion-pair of the 
acceptor anion and the donor cation. This is supported 
by the fact that the present spectra are similar to those 
of P 3 in acetonitrile,12) shown in Fig. 4(b) . Similar 
spectra were observed also in the cases of P 2 and P3, 
while no such ionic species with short lifetime was 
detected in the Brij solution of P2 . Thus it is concluded 
that the rapid ion-pair formation leading to the quench­
ing occurs easily in the D T A C solution. I n general the 

o %-*Q 

P1 in DTAC 50ns/div. 

Fig. 3. Oscillogram observed at 500 nm, showing the 
transient absorption of Px in DTAC solution. 

4 ' 1 

ft P1 in DTAC 

P3inCH3CN 

25 20 kcnf 1 

Fig. 4. (a) Transient absorption spectra of Pj in DTAC 
solution obtained immediately after laser excitation, 
(b) Reference spectra of P3 in acetonitrile.12) 

formation of ionic species is possible when the molecular 
pair are set in the polar environment, as confirmed by 
the systems in organic solvents. The PM compounds 
in the D T A C systems seem to be dissolved near the 
water-micelle interface and influenced by the polar 
water molecules, which is consistent with the result 
of the fluorescence studies. The ionic species of the 
exciplex systems are also formed in the micellar solution, 
as in the polar organic solvents. Confirmation by 
nanosecond photolysis indicates that the ionic dissocia­
tion processes play an important role in the photo-
pr imary processes of aromatic molecules in water and 
micellar solutions. 

T h e authors wish to express their sincere thanks to 
Profs. S. Misumi and Y. Sakata of this University for 
supplying the intramolecular exciplex systems. 
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Several series of alkali (Na and K) aluminophosphate glasses with a constant P 2 0 5 content of less than 50 
mol % were prepared. From the infrared absorption spectra of these glasses, and also from the paper chromato-
grams of aqueous solutions of these glasses, we obtained the following results : The P0 4

3 _ ion increased with an 
increase in the amount of A1203 when the P2Os content was kept constant. The P0 4

3 - /P 2 0 5 ratio in the glass 
increased with an increase in the A1203 content, whereas it decreased with an increase in the P2Os content. In 
the composition of 32.5 mol % of P2Os, the glass containing exclusively P04

3--type ions as a phosphate species 
was found. The P04

3_/A13+ ratio was smaller than unity in the case of a lower A1203 content and larger than 
unity in the case of a higher Al2Os content. From these results, the structural role of the Al3+ ion can be revealed 
as follows: In the glass with a lower A1203 content, two kinds of Al3+ ions exist—(1) the Al3+ ion, which forms the 
P-O-Al linkage by the substitution of the P5+ ion in the P-O-P linkage, and (2) the Al3+ ion, which does not form 
such a linkage, whereas in the glass with a higher A1203 content all the Al3+ ions substitute the P5+ ion to form 
the P-O-Al linkage. 

I t is well known that A1 2 0 3 stabilizes the structure of 
phosphate glass and increases the chemical durability. 
I t has been considered that this effect of the A1 2 0 3 in the 
phosphate glass is due to the formation of an (A1P04) 
group in the glass structure.1) The detailed structural 
role of Al3+ ion in aluminophosphate glass, however, 
has not yet been clarified. The coordination number of 
the Al3 + ion in phosphate glass is particularly interesting 
in connection with the role of this ion in the glass 
structure. Sakka2> has reported that most of the Al3+ 
ions in the glass with a higher P 2 0 5 content were 6-fold 
coordinated, while those with a lower P 2 0 5 content 
were 4-fold coordinated ; the present authors3) have also 
reported a similar change in the glass-forming regions 
in the N a 2 0 - A l 2 0 3 - P 2 0 5 and K 2 0 - A 1 2 0 3 - P 2 0 5 systems. 

In this investigation, several series of sodium and 
potassium aluminophosphate glasses with the same P 2 O s 

content of less than 50 mol % (polyphosphate composi­
tion) were prepared, and the infrared absorption spectra 
of these glasses were examined and the aqueous solutions 
of these glasses were subjected to paper chromato­
graphy in order to separate the orthophosphate from the 
other polyphosphate ion species. T h e contents of the 
A1203 , P 2 0 5 , and P 0 4

3 ~ ion were gravimetrically 
determined. T h e structural role of the Al3+ ion was 
discussed in terms of the A1 2 0 3 and P 2 0 5 contents as 
well as the P 0 4

3 - / P 2 0 5 and P04
3-/A13+ ratios obtained 

by these analyses. 

Exper imenta l 

Preparation of Glass. Twenty-two kinds of glasses with 
the compositions represented in Tables 1 and 2 were prepared. 
Most of these compositions are selected inside the glass-form­
ing regions of less than 50 mol % of P2Os in the N a 2 0 - A l a 0 3 -
P 20 5 and K 20-A1 20 3-P 20 5 systems.3) 

The materials used were sodium dihydrogenphosphate, 
anhydrous sodium carbonate, potassium dihydrogenphosphate, 
anhydrous potassium carbonate, aluminum oxide, and ortho-
phosphoric acid (85%). They were all of a reagent grade. 
About a 40-g portion of a mixture obtained by mixing the 
necessary amounts of the above compounds was used for each 
batch. The samples were placed in platinum dishes and 

heated in a electric furnace. After the samples had been de­
hydrated by gradually heating them up to 500 °C over about 
a 5-h period, they were kept at this temperature for 2 h. Then, 
the temperature was raised further to 1350 °C over a 2-h 
period and kept at this temperature for 1 h. The melt of 
each batch was poured out and quenched by pressing it with 
copper plates cooled with water. All the quenched melts 
were obtained as transparent colorless glasses except for the 
sample with the initial composition of 30K2O • 30Al2O3 • 
40P2O5 which was obtained as a mixture of glass and crystal, 
the glassy part being used for the experiment. 

Determination of Al203. Glass powder containing about 
0.1 g of A1203 was dissolved in 150 ml of 1 M (1 mol dm -3) 
HCl by boiling, after which the polyphosphate ion species in 
the sample were hydrolyzed to orthophosphate ions by pro­
longed boiling for 30 min. The Al3+ ion in this solution was 
gravimetrically determined as A1P04.4) 

Determination of Total Phosphate as P205. Glass powder 
containing about 0.1 g of P2Os was dissolved in 80 ml of 1 M 
HCl. The experimental procedure after the hydrolysis of the 
polyphosphate ions to orthophosphate ions was the same as 
in the determination of the P 0 4

3 - ion.5) 
Determination of the Orthophosphate Ion. After 0.25— 

1.5 g of the pulverized glass had been dissolved in 40 ml of a 
0.5 M (0.5 mol dm -3) NaOH solution at room temperature, 
the P04

3~ ion was gravimetrically determined as Mg2P207 

by the method described in a previous paper.5) 
Paper Chromatography. One-dimensional paper chro­

matography was used for the separation of orthophosphate 
from other polyphosphates.6) The solvent was prepared by 
mixing 25 ml of a 20% trichloroacetic acid solution, 7 ml of 
water, and 68 ml of acetone. This solvent is a modification of 
the Solvent A reported by Bernhart and Chess.7) Pulverized 
glass containing about 0.1 g of phosphorus was dissolved in 
50 ml of a 0.5 M NaOH solution at room temperature. A 
spot of about 5 yA of this solution was developed on a strip 
of filter paper of No. 51A (2 cm x 50 cm) for about 3 h at 
room temperature. After a perchloric acid-molybdate 
solution had been sprayed on the paper, the paper was exposed 
to day light until blue spots appeared. The phosphate 
species on the chromatogram was identified by comparing it 
with the spots of a reference solution containing known phos­
phates. 

Infrared Spectra. The infrared absorption spectra of 
the glasses were obtained by means of a Hitachi EPI-2G 
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TABLE 1. COMPOSITION OF NaoO-ALÇX-P-.CX GLASS 

Batch composition 

52. 5NaaO • 5A1203.42. 5P2Os 

47. 5NaaO • 10Al2O3 -42. 5P205 

42. 5NaaO • 15A1203.42. 5P205 

57. 5NaaO • 5A1203.37. 5P2Os 

52. 5Na20.10Al2O3 • 37. 5P205 

47. 5Na20.15 A1203.3 7. 5P205 

42. 5NaaO. 20Al2O3.37. 5P2Os 

37. 5NaaO. 25A1203.37. 5P205 

52. 5NaaO • 15A1203.32. 5P205 

47. 5NaaO. 20Al2O3.32. 5P205 

42. 5NaaO • 25A1203.32. 5P2Os 

37. 5Na20.30Al2O3 .32. 5P205 

NaaO 

Calcda> 

33.22 
29.45 
25.83 
37.92 
33.91 
30.05 
26.35 
22.79 
34.63 
30.68 
26.89 
23.25 

(wt %) 

Obsd 

(33.41) 
(29.42) 
(25.70) 
(38.65) 
(34.63) 
(30.59) 
(26.86) 
(23.74) 
(35.03) 
(31.10) 
(27.77) 
(23.79) 

A1203 

Calcda> 

5.20 
10.20 
15.00 
5.43 

10.62 
15.61 
20.40 
25.00 
16.28 
21.25 
26.02 
30.60 

(wt %) 

Obsd 

5.39 
10.63 
15.78 
5.46 

10.68 
15.63 
20.34 
24.22 
16.23 
21.35 
25.83 
30.16 

P2O5 

Calcda> 

61.58 
60.35 
59.17 
56.65 
55.47 
54.34 
53.25 
52.21 
49.09 
48.07 
47.09 
46.15 

(wt %) 

Obsd 

61.20 
59.95 
58.52 
55.89 
54.69 
53.78 
52.80 
52.04 
48.74 
47.55 
46.40 
46.05 

a) Calculated from the batch composition. 

TABLE 2. COMPOSITION OF K20-ALO,-PÇ(0,= GLASS 

Batch composition 

50K2O-5Al2O3.45P2O5 

45K2O.10Al2O3.45P2O5 

40K2O.15Al2O3.45P2O5 

35K20 • 20Al2O3 • 45P205 

55K2O.5Al2O3.40P2O5 

50KaO.10Al2O3.40P2O5 

45K2O.15Al2O3-40P2O5 

40K2O.20Al2O3.40P2O5 

35K2O.25Al2O3.40P2O5 

30K2O • 30Al2O3 • 40P2O5 

K 2 0 
, — 

Calcda> 

40.58 
36.40 
32.25 
28.13 
45.58 
41.29 
37.04 
32.80 
28.61 
24.45 

(wt %) 
-* s 

Obsd 

(40.83) 
(36.61) 
(32.24) 
(28.95) 
(46.07) 
(42.13) 
(37.78) 
(33.65) 
(29.42) 
(25.81) 

A1203 

, — 
Calcda> 

4.39 
8.75 

13.09 
17.39 
4.48 
8.94 

13.36 
17.76 
22.12 
26.45 

(wt %) 
-* ^ 

Obsd 

4.62 
9.33 

13.45 
17.09 
4.59 
8.66 

13.25 
17.70 
21.69 
25.61 

P2O5 

Calcda> 

55.03 
54.85 
54.66 
54.48 
49.94 
49.77 
49.60 
49.44 
49.27 
49.10 

(wt %) 

Obsd 

54755 
54.06 
54.31 
53.96 
49.34 
49.21 
48.97 
48.65 
48.89 
48.58 

a) Calculated from the batch composition, 

spectrophotometer, using the KBr pellet technique. 

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

Composition of Glass. T h e composition of the 
glasses determined from the analyses is shown in Tables 
1 and 2. The N a 2 0 or K 2 0 content given in parentheses 
is the value obtained by subtracting the Al2Oo and 
P 2 0 5 contents from the weight of the sample. Since the 
phosphate glass usually contains a small amount of 
water in its structure,8 '9) the N a 2 0 or K 2 0 content 
shown in parentheses is actually the ( N a 2 0 + H 2 0 ) or 
( K 2 0 + H 2 0 ) content in the glass. As is shown in 
Tables 1 and 2, in each series of the glasses with a 
constant P 2 O s content, the heating loss of P 2 0 5 was less 
than 0.8 w t % . Therefore, it can be said that the 
contents of P 2 O s in these glasses are practically constant. 

Papaer Chromatography. T h e paper chromatography 
was carried out for each sample of 37.5 mol % of P 2 0 5 

in the N a 2 0 - A l 2 0 3 - P 2 0 5 system and of 40 mol % of 
P 2 0 5 in the K 2 0 - A 1 2 0 3 - P 2 0 5 system. As is shown in 
the chromatograms in Figs. 1 and 2, the amount of the 
P 0 4

3 - ion increased with an increase in the A1 2 0 3 

content. When a two-component sample of 62.5 N a 2 0 • 
37.5 P 2 0 5 was heated for 1 h at 1350 °C, converted to 
an aqueous solution, and examined by paper chromato­
graphy, the P O 4~ and P 3 O 1 0

6 - ions were found, while 

(i) (2) (3) (4) (5) (6) 

Fig. 1. Paper chromatograms of (62.5 - x)Na20 .*A1203 • 
37.5P205 glass. 
(1) Reference sample, (2)*=5, (3)*= 10, (4)*= 15, (5) 
*=20, (6)*=25. 
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(1) (2) (3) (4) (5) (6) (7) 

Fig. 2. Paper chromatograms of (60— x)KaO'xAl2CV 
40P2O6 glass. 
(1) Reference sample, (2)*=5, (3)*= 10, (4)*= 15, (5) 
x=20, (6)*=25, (7)*=30. 

the P 0 4
3 _ ion was not found. Thus , it seems that the 

above P 0 4
3 ~ ion was given by the substitution of the 

P5+ ion in P - O - P linkage by the Al3+ ion, and the 
increase in the amount of this P 0 4

3 _ ion may be due to 
the increase in the P - O - A l linkage in the glass. T h e 
phosphate species in the glasses with the highest Al 2 O a 

content ( # = 2 5 in Fig. 1 and # = 3 0 in Fig. 2) were 
substantially composed of the P 0 4

3 _ ion. I t is natural 
to consider that a large number of the chains in these 

[Am 

1400 1200 1000 800 

Wave number (cm-1) 

Fig. 3. Infrared spectra of (62.5-x)NaaO.*Al203 .37.5-
P 2 0 5 glass. 
(1)*=5, (2)*= 10, (3)*= 15, (4)*=20, (5)*=25. 

1400 1200 1000 800 

Wave number (cm-1) 

Fig. 4. Infrared spectra of (60 - x) KaO • *A1203 • 40P2O6 

glass. 
(1)*=10, (2)*= 15, (3)*=20, (4)*=25, (5)*=30. 

glasses are in the form of an alternate arrangement of 
the P 0 4 tetrahedron and the A10 4 tetrahedron. 

Infrared Spectra. The infrared absorption spectra 
of the same series of glasses as those examined by paper 
chromatography are shown in Figs. 3 and 4. Between 
the glasses with a lower A1 2 0 3 content (x—5 and 10) 
and those with a higher A1 2 0 3 content (#=20 , 25, and 
30), marked differences are found in the absorption 
spectra in the range from 1100 to 900 cm - 1 . With the 
increase in the A1 2 0 3 content, the absorptions in the 
above-noted range increased and the absorption bands 
became broad. According to Corbridge and Lowe,10 '11) 
the absorption band in the range from 1100—900 c m - 1 

is to be assigned to ionic P - O stretching, -P<^Ö (2-> 

group, P - O - P stretching, and P - O - H bending vibra-

tions ; especially, the absorption of the -P^-O(2~~) group 

appears at about 1030—960 cm- 1 . Therefore, the 
change in the infrared spectra with the increase in the 
A1 2 0 3 content can be considered to be concordant 
with the results of the paper chromatography. I t can 
also be mentioned that the broad absorption in the 
glasses with a higher A1 2 0 3 content is d u e to the increase 
in the disorder derived from the formation of P - O - A l 
linkage in the glass structure. 

Orthophosphate Ion in the Glass. The contents of 
the P 0 4

3 ~ ion in all the glasses were determined gravi-
metrically. In Figs. 5 and 6 these results are given by 
plotting the change in the P 0 4

3 ~ / P 2 0 5 ratio (the ratio 
of the amount of P 0 4

3 _ ion, expressed as P 2 O s against 
the total P 2 0 5 content) with the A1 20 3 content in the 
glass. In all the series of glasses with a constant P 2 O s 
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Fig. 5. Relation between P0 4
3 - /P 2 0 5 ratio and A1203 

content in Na 2 0-Al 2 0 3 -P a 0 5 glass. 
C|: 32.5 mol % P205 , Q: 37.5 mol % P205 , 
# : 42.5 mol % P206 . 
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30 

Fig. 7. Relation between P04
3-/AP+ ratio and A1203 

content in Na 2 0-Al 2 0 3 -P 2 0 5 glass. 
( J : 32.5 mol % P205 , Q: 37.5 mol % P2053 

0 : 42.5 mol % P205 . 

30 10 15 20 25 
A1303 (mol %) 

Fig. 6. Relation between P0 4
3 - /P 2 0 5 ratio and A1203 

content in K20-A1203-P205 glass. 
O : 40 mol % P206 , # : 45 mol % P205 . 

content in both the N a 2 0 - A l 2 0 3 - P 2 0 5 and K 2 0 - A 1 2 0 3 -
P 2 0 5 systems, the P 0 4

3 _ / P 2 0 5 ratio increases with an 
increase in the A1 20 3 content, while this ratio decreases 
with an increase in the P 2 O s content. In the glass with 
32.5 mol % of P 2 0 5 , the P 0 4

3 ~ / P 2 0 5 ratio rises to unity 
when the Al 2O a content approaches 25 mol % or more, 
as is shown in Fig. 5. 

In Figs. 7 and 8, the P0 4
3 ~/A1 3 + ratios are plotted vs. 

the A1 20 3 content. The ratio increases with an increase 
in the A1 20 3 content except for the N a 2 0 - A l 2 0 3 - P 2 0 5 

glass with 32.5 mol % of P 2 0 5 (Fig. 7), whereas the 
ratio decreases with an increase in the P 2 O s content 
in all the glasses. The P04

3-/A13+ ratio can be regarded 
as showing the degree of the substitution of the P 5 + ion 
in P - O - P linkage by the Al3+ ion. Therefore, the above-
mentioned change in this value can be explained as 
follows. When the P04

3 _ /A13+ ratio is smaller than 
unity, there exist two sorts of Al3 + ions, the Al3+ ion 
forming the P - O - A l linkage and the Al3+ ion not form­
ing such a linkage. When this ratio is equal to or larger 
than unity, however, all the Al3 + ions are in the form 

25 30 5 10 15 20 
Al203(mol %) 

Fig. 8. Relation between P04
3-/A13+ ratio and A1203 

content in K 20-A1 20 3-P 20 5 glass. 
O : 40 mol % P205 , # : 45 mol % P205 . 

of P - O - A l linkage. Since the P04
3~/A13+ ratios of the 

glasses with a lower A1 2 0 3 content are smaller than 0.5, 
it can be considered that more than half of the Al3 + 

ions do not form the P - O - A l linkage. In the glass 
with 32.5 mol % of P 2 0 5 , when the value of P04

3~/A13+ 
is larger than 1.5, it is possible that the "cluster" may 
be formed by the linkage between more than two P 0 4 

tetrahedra and one A10 4 tetrahedron. 
From the results of the determination of the P 0 4

3 ~ 
ion in the glasses, it can also be presumed that, in 
metaphosphate (50 mol % of P 2 0 5 ) and ultraphosphate 
(more than 50 mol % of P2O s) compositions, no substitu­
tion of the P 5 + ion by the Al3 + ion occurs ; hence, the 
P - O - A l linkage described above is not formed in these 
compositions of glasses. 

T h e author wishes to thank Associate Professor Makio 
Kinoshita of Sophia University for his interest and 
encouragement, and also Mr . Samon Isogai for his 
assistance in the experimental work. 

References 

1) N. J. Kreidl and W. A. Weyl, J. Am. Ceram. Soc, 24, 
372 (1941). 

2) S. Sakka, Bull. Inst. Chem. Res., Kyoto Univ., 49, 349 



2092 Akira KISHIOKA [Vol. 50, No. 8 

(1971). 
3) A. Kishioka, M. Hayashi, and M. Kinoshita, Bull. 

Chem. Soc Jjm., 49, 3032 (1976). 
4) E. P. Treadwell and W. T. Hall, "Analytical Chem­

istry," 9th English ed, Vol. 2 (1951), pp. 150—151. 
5) A. Kishioka and M. Kinoshita, Nippon Kagaku Kaishi, 

1976, 608. 
6) A. Kishioka, M. Hayashi, S. Isogai, and K. Suzuki, 

Abstr. No. 2G13, 31th National Meeting of the Chemical 
Society of Japan, Sendai, October 1974. 

7) D. N. Bernhart and W. B. Chess, Anal. Chem., 31, 1026 
(1959).. 

8) H. Namikawa and M. Munakata, Yogyo Kyokai Shi, 
73, 86 (1965). 

9) A. Naruse, Y. Abe, and H. Inoue, Yogyo Kyokai Shi, 
76, 36 (1968). 

10) D. E. C. Corbridge and E. J. Lowe, / . Chem. Soc, 
1954, 493. 

11) D. E. C. Corbridge and E. J. Lowe, J. Chem. Soc, 
1954, 4555. 



August, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (8), 2093—2096 (1977) 2093 

Induced Circular Dichroism Spectra of Cobalt(III) Complexes in a 
Chiral Medium Containing (+)589-Diethyl Tartrate 

Yutaka TANIGUCHI, Jinsai HIDAKA,* and Yoichi SHIMURA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received January 20, 1977) 

The induced circular dichroism (CD) spectra of 21 achiral or racemic cobalt(III) complexes have been measur­
ed in a chiral medium containing (-f )589-diethyl tartrate in the region of the first d-d transition bands. The 
absolute value of the molar circular dichroism (Ae) observed for these complexes is in the range of about 0.04—0.3 
cm - 1 mol - 1 dm3. The induced CD spectra of the racemic complexes show a different pattern from the natural 
CD spectra of their resolved enantiomers. The observed induced CD spectra have been discussed in relation to 
the stereochemistry of the complexes. 

Circular dichroism (CD) is induced for some achiral 
or racemic compounds when they are dissolved in a 
chiral medium. Since Mason and Norman1) observed 
this phenomenon, several workers have reported the 
CD induced for organic2-6) and inorganic2 '7 - 1 0) com­
pounds. The mechanism of this phenomenon has been 
discussed generally in terms of the following effects; 
(1) the CD may be induced by a direct interaction 
between a symmetric chromophore and a chiral field 
produced by chiral solvents, (2) a symmetric chromo­
phore may be solvated by chiral solvents forming a 
chiral configuration, and (3) one enantiomer in a 
racemate may be associated with chiral solvents pre­
ferentially. I t was initially suggested that the hydrogen 
bonding was the main origin of the phenomenon,1 - 4) 
but later it was found that such hydrogen bonding was 
not a prerequisite.5»6) Thus the precise mechanism of the 
phenomenon is still unknown. 

In the works on cobalt(III) complexes, so far as we 
know, the induced CD has been observed for only four 
chromophores: [Co(NH3)6]3+,1) [Co(en)3]3+,9> trans-
[CoCl2(en)2]+,2) and /ra«j-fnm-[CoCl2(2,3,2-tet)]+.8> In 
the present paper, it will be shown that twenty-one 
achiral or racemic cobalt(III) complexes also exhibit 
the induced C D in the region of their first d-d transition 
bands when the complexes are dissolved in a chiral 
medium containing ( + )589-diethyl tartrate, and that 
the spectral feature of those induced CD is dependent 
on the properties of ligands. 

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

Materials. ( + )589-Diethyl tartrate was prepared by 
the method of Sugasawa11) and distilled in vacuo, bp 123.5— 
124.5 °C at 2 Torr, [<x]D +7.71 ° (neat). Found: C, 46.57; 
H, 6.82%. Calcd for C8H1 406 : C, 46.60; H, 6.84%. 

All the cobalt(III) complexes were prepared by well-known 
methods and identified spectrophotometrically. Many of the 
complexes were converted into their tetraphenylborate salts 
by adding the equivalent amount of sodium tetraphenyl­
borate in water to an aqueous solution of the complex ion. 
Found: C, 70.58; H, 7.32; N, 6.91%. Calcd for [Co(NH3)6]-
(BPh4)3.6H20: C, 70.48; H, 7.39; N, 6.85%. Found: C, 
71.87; H, 7.34; N, 7.01%. Calcd for [Co(NH3)4(en)]-
(BPh4)3-5H20: C, 72.03; H, 7.35; N, 6.81%. Found: C, 
74.55; H, 7.30; N, 6.51%. Calcd for m-[Co(NH3)2(en)2]-

* Present address: Department of Chemistry, The Uni­
versity of Tsukuba, Ibaraki 300-31. 

(BPh4)3-4H20: C, 73.44; H, 7.30; N, 6.76%. Found: C, 
73.52; H, 7.33; N, 6.83%. Calcd for fmnj-[Co(NH3)2(en)2]-
(BPh4)3 .4H20: C, 73.44; H, 7.30; N, 6.76%. Found: 
C, 71.84; H, 7.34; N, 6.44%. Calcd for [Co(en)3](BPh4)3. 
6 H 2 0 : C, 71.79; H, 7.42; N, 6.44%. Found: C, 67.01; H, 
6.86; N, 9.68%. Calcd for [Co(N02)(NH3)5](BPh4)2.2H20: 
C, 66.68; H, 6.88; N, 9.72%. Found: C, 49.49; H, 6.38; N, 
14.33%. Calcd for m-[Co(NOa)2(NH3)4](BPh4)-2H20: C, 
50.19; H, 6.32; N, 14.63%. Found: C, 50.49; H, 6.23; N, 
14.76%. Calcd for fran5-[Co(N02)2(NH3)4](BPh4).2H20: 
C, 50.19; H, 6.32; N, 14.63%. Found: C, 67.03; H, 6.89; 
N, 8.16%. Calcd for [CoF(NH3)5[(BPh4)2.2H20: C, 68.83; 
H, 7.10; N, 8.36%. Found: C, 67.45; H, 6.96; N, 8.17%. 
Calcd for [CoCl(NH3)5](BPh4)2.2H20: C, 67.50; H, 6.96; 
N, 8.20%. Found: C, 65.88; H, 6.59; N, 8.05%. Calcd for 
[CoBr(NH3)5](BPh4)2.HaO: C, 65.48; H, 6.53; N, 7.95%. 
Found: C, 55.57; H, 6.22; N, 10.76%. Calcd for trans-
[CoCl2(NH3)4](BPh4) : C, 55.73; H, 6.24; N, 10.83%. Found: 
C, 57.38; H, 6.36; N, 10.30%. Calcd for franj-[CoCl2-
(NH3)2(en)](BPh4): C, 57.49; H, 6.31; N, 10.31%. Found: 
C, 58.83; H, 6.39; N, 9.78%. Calcd for fra^-[CoCl2(en)2]-
(BPh4): C, 59.07; H, 6.37; N, 9.84%. Found: C, 67.90; 
H, 6.98; N, 7.70%. Calcd for [Co(CH3COO)(NH3)5]-
(BPh4)2-2.5H20: C, 67.73; H, 7.16; N, 7.90%. Found: C, 
59.86; H, 6.86; N, 9.48%. Calcd for cw-[Co(CH3COO)2-
(NH3)4](BPh4).0.5H2O: C, 58.65; H, 6.86; N, 9.77%. 
Found: C, 59.81; H, 6.87; N, 9.88%. Calcd for trans-[Co-
(CH3COO)2(NH3)4](BPh4): C, 59.59; H, 6.79; N, 9.93%. 
Found: C, 17.57; H, 7.61 ; N, 20.47%. Calcd for [Co(en)3]-
C13.3.5H20: C, 17.64; H, 7.65; N, 20.57%. Found: C, 
9.32; H, 5.01; N, 22.01%. Calcd for [Co(ox)(NH3)4]Cl. 
0.5H2O : C, 9.26 ; H, 5.05 ; N, 21.59%. Found : C, 22.42 ; H, 
5.67; N, 17.32%. Calcd for [Co(ox)(en)2]Cl.H20: C, 22.48; 
H, 5.66; N, 17.47%. Found: C, 21.33; H, 2.89; N, 8.25%. 
Calcd for Na[Co(ox)2(en)]-H20: C, 21.44; H, 3.00; N, 
8.33%. Found: C, 25.90; H, 3.71; N, 7.15%. Calcd for 
K[Co(mal)2(en)].H20: C, 25.27; H, 3.71; N, 7.37%. 

Measurements. The electronic absorption spectra were 
measured by a Shimadzu spectrophotometer UV-200. The CD 
spectra were recorded with a Jasco Model J-20 spectropolari-
meter with the CD attachment. All measurements were made 
at room temperature in chiral media in a constant concentra­
tion of the complex ion, 0.002 mol dm - 3 . The chiral media 
were prepared by mixing ( + )589-diethyl tartrate (17 cm3) 
with water (3 cm3) for the oxalato and malonato complexes, 
and with acetone (3 cm3) for the other complex tetraphenyl-
borates. The concentration of (+)589-diethyl tartrate in the 
chiral media was approximately 4.96 mol dm - 3 . The CD 
measurements were confined in the region of the first d-d 
transition band, because the chiral media showed very strong 
absorption in the ultraviolet region. 
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R e s u l t s a n d D i s c u s s i o n 

Each of the complexes reported here has an identical 
electronic absorption spectrum of the first d-d transition 
band in the chiral media containing diethyl tartrate- and 
in the aqueous solution. This shows that the inner 
coordination sphere remains unchanged in the chiral 
media. For the induced CD intensity of the [Co-
(NH 3 ) 6 ] 3 + complex dissolved in a mixture of acetone 
and (+)5 8 9-diethyl tartrate (4.96 mol d m - 3 ) , Beer's law 
holds good over the concentration range 0 — 7 x l 0 - 3 

mol d m - 3 of the complex. For the same chromophore, 
the induced CD intensity increases with an increase in 
the concentration of ( + )589-diethyl tartrate, steeply in 
the range of 0—0.1 in its mole fraction, and reaches to a 
saturation at the mole fraction ca. 0.3. T h e saturated 
intensity is dependent on the solvent mixed with ( + ) 589-
diethyl tar t ra te ; the increasing order of intensity is 
water<methanol<Cacetone. This suggests that the 
association of the complex ion with diethyl tartrate by 
hydrogen bonding has an important contribution to the 
induced CD. 

Ammine-Ethylenediamine Mixed Complexes (Fig. 1). 
These [Co(N) 6 ] 3 + type complexes show a single negative 
CD band at or near the position of their first absorption 
band with an exception of /ran^-diammine complex, 
which has a small positive C D band at the lower energy 
side of the dominant negative one. The absolute CD 
intensity decreases in the following order: [Co(NH 3 ) 6 ] 3 + 

> [ C o ( N H 3 ) 4 ( e n ) ] 3 + > [ C o ( e n ) 3 ] 3 + > m - [ C o ( N H 3 ) 2 -

<1 
-0 .2H 

- 0 . 3 h 

Fig. 1. Absorption (AB) and induced CD spectra of 
ammine—ethylenediamine mixed complexes in a chiral 
medium ( + )589-diethyl tartrate-acetone. [Co(NH3)6]3+ 

(_.._), [Go(NH3)4(en)]»+ ( - • - ) , raow-[Co(NH8)a-
(en)2]

3+ ( •), ^-[Co(NH 3 ) 2 (en) 2 ] 3+ ( ), rac-

(en)2]
3+y>trans~[Co(Nlï3)2(en.)2\

3+. The sequence shows 
that the ammonia ligand is more effective to the induc­
tion of CD than ethylenediamine. This is consistent 
with the fact that the former ligand has more N - H 
groups available for hydrogen bonding than the latter. 
Moreover the N - H groups of the ethylenediamine ligand 
cannot interact so freely with the chiral solvent molecules 
as those of ammonia. The tris (ethylenediamine) complex 
gives somewhat larger induced CD than the diam-
minebis (ethylenediamine) complexes, and both the 
racemic tris- and oj-bis (ethylenediamine) complexes 
have a different type of CD pattern from the natural 
CD of their resolved enantiomers. Such racemic 
complexes cannot be discussed equally with the achiral 
complexes. Since the chiral solvent molecules interact 
with a chiral complex ion in a different way from its 
enantiomer, the observed induced CD of a racemate 
comes from the overall effect, and differs from the 
individual induced CD of the enantiomers. The trans-
bis (ethylenediamine) complex shows an induced CD 
pattern analogous to the natural CD of the trans-[Co-
(NH3)2(.S

,-pn)2(5<5]3+ complex which also has a small 
positive band at the lower energy side of a dominant 
negative band.12) Thus the positive band of the bis-
(ethylenediamine) complex may be attributed to the 
ethylenediamine chelate rings which take preferentially 
the ^-conformation on the interaction with the chiral 
slovent. 

Ammine-Nitro Mixed Complexes (Fig. 2). These 

-0 .2K 

- 0 . 3 h 

[Co(en)3]
3+ 

Fig. 2. Absorption (AB) and induced CD spectra of 
ammine-nitro mixed complexes in a chiral medium 
( + )589-diethyl tartrate-acetone. [Co(NH3)6]3+ ( - • - ) , 
[Co(N02)(NH3)5]2+ ( ), m-[Co(N02)2(NH3)4]+ 
( ), /ra^-[Co(N02)2(NH3)4]+ ( ). 
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complexes also show a single negative CD band. T h e 
position of the CD peak shifts regularly to the higher 
energy side by replacing ammine ligands with nitro 
ones, as in the case of the absorption peak. The CD 
intensity decreased stepwise with the same replacement, 
in contrast to absorption. In the dinitro complexes, 
there is a marked difference between the geometrical 
isomers, that is, the induced CD of the trans isomer is 
about a half of that of the eis isomer. 

-O.lh 

-\2 

ffdO'cm-1) 
16 18 20 22 24 26 

Fig. 3. Absorption (AB) and induced CD spectra of 
three pentaamminehalogeno complexes in a chiral me­
dium (+)589-diethyl tartrate-acetone. [CoF(NH3)6]

2+ 
( ), [CoCl(NH3)5]

2+ ( ), [CoBr(NH3)5]
2+( ). 

Pentaamminehalogeno Complexes (Fig. 3). The first 
absorption band of these complexes splits clearly into 
the A2 and E components of C4 v symmetry. The induced 
CD spectra also show splitting into the two components 
with a negative sign. T h e A2 non-degenerate com­
ponent is dominant contrary to the absorption spectrum, 
and as expected from Yamatera 's rule,13) the A2 com­
ponent with higher energy remains at about the same 
position as that of the T l g transition of the [Co(NH3)6]3+ 
chromophore, irrespective of the kinds of halogens. On 
the other hand, the E component, which appears as a 
shoulder at the lower energy side of the dominant A2 

component, shifts according to the spectrochemical 
series of halogens. As for the CD intensity, the smaller 
the atomic number of halogens, the stronger the CD 
intensity. I t is evident that the halogeno ligands have 
an important contribution to the induced CD. 

trans- Tetraamminedichloro Type Complexes (Fig. 4). 
The induced CD of the frmy-[CoCl2(N)4]+ chromophores 
also shows a marked splitting for the first absorption 
band region. If we adopt the representation of D 4 h 

symmetry for these complexes, their CD peaks corre­
spond to the A2 g (higher energy) and E g (lower energy) 
components. The induced CD of the E g component 
increases proportionally with the number of ethylene-
diamine rings, but that of the A 2 g component shows a 
tendency to decrease. The induced CD of the tetra-
amminedichloro complex does not contain any contribu­
tion from the chiral ring conformation, whereas the 
induced C D of the other two complexes having one or 

Fig. 4. Absorption (AB) and induced CD spectra of 
fran^-tetraamminedichloro type complexes in a chiral 
medium ( + )569-diethyl tartrate-acetone. frawj-[CoCl2-
(NH3)4]+ ( ), fra™-[CoCla(NH,)a(en)]+( ), trans-
[CoCl2(en)2]+ ( .)• 

two puckered ethylenediamine rings would contain some 
contribution from the chelate ring conformation. The 
conformational contribution in these two complexes 
would be approximated by the CD difference from the 
tetraamminedichloro complex. O n the E g component, 
it is really found that the ratio of the differences is 
about 1: 2 for the mona(ethylenediamine) to the bis-
(ethylenediamine) complex:. Hawkins and his cowork­
ers14) reported that the natural CD spectra of the 
analogous chromophore having one or two (Ä)-propyl-
enediamine chelate rings of A-conformation instead of 
ethylenediamine rings showed a positive sign for the E g 

component, and that the rotational strength of the 
bis(propylenediamine) complex was approximately twice 
that of the mono(propylenediamine) complex. From 
the analogy with this, it is suggested that the ethylenedi­
amine chelate rings of the present complexes are partially 
fixed to a preferable ^-conformation because of the 
interaction with the chiral solvent. In the A2 g region, 
the propylenediamine complexes gave a negative 
natural C D band, whose sign is opposite to the induced 
CD of the present ethylenediamine complexes. This 
result, however, is not in conflict with the above discus­
sion, because Bosnich and Harrowfield15) showed that 
the natural CD displayed in such a region for several 
£ran«y-[CoCl2(N)4]+ chromophores is markedly dependent 
on solvents. 

Acetato-Ammine Mixed Complexes (Fig. 5). Three 
complexes in this group show induced CD spectra quite 
different from each other. T h e monoacetato complex 
exhibits a single negative CD band in its A2 region, i.e. 
in the region of T l g band of the [Co(N) 6 ] 3 + chromo­
phore. The trans diacetato complex shows a positive 
and a negative CD band of comparable intensities which 
correspond to the E g (lower energy) and A2 g (higher 
energy) components, respectively. The eis diacetato 
complex shows a dominant positive and a small negative 
CD band in the order of increasing energy; the former 
corresponds to the Bj component and the latter to the 
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+ 0.1r 

-0.1H 

Fig. 5. Absorption (AB) and induced CD spectra of 
acetato-ammine mixed complexes in a chiral medium 
( + )589-diethyl tartrate-acetone. [Co(CH3COO)-
(NH,)J«+ ( ), m-[Co(CH3COO)2(NH3)4]+ ( ), 
/ra^-[Co(CH3COO)2(NH3)4]+ ( ). 

+ 0.1 

-O.lh 

Fig. 6. Absorption (AB) and induced CD spectra of 
oxalato and malonato complexes in a chiral medium 
( + )589-diethyl tartrate-water. rac-[Co(en)3]

3+ ( ), 
[Co(ox)(NH3)4]+ ( ), rac-[Co(ox)(en)2]+ ( •), rac-
[Co(ox)2(en)]- ( ), ra<;-[Co(mal)a(en)]- ( ). 

A 2 + B 2 component. T h e monoacetato complex has 
the induced CD intensity of the same order as the 
natural CD intensity of the (a-amino carboxylato)-
pentaamminecobal t ( I I I ) complexes,16) which also belong 
to the chromophore [Co(0)(N) 5 ] 2+, its natural CD being 
contributed by the so-called vicinal effect of the coor­
dinated chiral amino carboxylate ligand. In this 
respect, the induced CD of these three acetato-ammine 

complexes may be recognized as a kind of vicinal effect 
of the chiral solvent molecules. 

Oxalato and Malonato Complexes (Fig. 6). Figure 
6 shows the absorption and induced CD spectra of these 
four complexes measured in a chiral medium ( + ) 5 8 9 -
diethyl tar trate-water . The induced CD spectra of the 
[Co(en) 3] 3 + and [Co(ox)(en)2]+ complexes in this 
medium showed essentially the same pattern as in the 
( + )589_diethyl tartrate-acetone medium, except that 
the intensity in the aqueous medium is reduced to about 
one-half of that in the acetone medium. 

The [Co(ox)(en)2]+ complex has a dominant negative 
and a small positive induced CD band in the order of 
increasing energy. The [Co(ox)(NH3)4]+ complex 
gives a single negative band at the position of the 
dominant band of the bis(ethylenediamine) complex. 
T h e tetraammine complex has a slightly more intense 
induced CD than the ethylenediamine complex. The 
[Co(ox)2(en)]~ and [Co(mal) 2 (en)]- complexes of the 
«V-[Co(0)4(N)2]~ chromophore also show a negative 
and a positive induced CD band in the order of increas­
ing energy. The band at the higher energy side is 
dominant in contrast to the above «V-[Co(Ö)2(N)4]+ 
chromophore; thus it is common to both kinds of 
chromophores that the dominant band appears in the 
region of the non-degenerate component. Although 
the induced CD patterns are alike in the oxalato and 
malonato complex anions, the intensity for the latter 
complex is about one-half of that for the former. As has 
been noted in one of the preceding sections, the induced 
CD spectra of the racemic complexes of this group have 
quite a different pat tern from the natural CD spectra 
of their enantiomers.17 '18) 
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Evaluation of PAC, TAC, 2-IAC as Metallochromic Indicators 
in the EDTA Titrations of Nickel 

Hiroko W A D A , Osamu NAKAZAWA, and Haj ime TAKADA 
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(Received March 29, 1977) 

The rates of color change of 2-(2-pyridylazo)-4-methylphenol (PAG), 2-(2-thiazolylazo)-4-methylphenol 
(TAG) and 2-(2-imidazolylazo)-4-methylphenol (2-IAC) during EDTA-nickel titration have been determined. 
The rate is a thousand times greater for TAG and 2-IAC than for PAG. From equilibrium considerations, the 
rate of color change and the color contrast change, an evaluation of PAG, TAC, and 2-IAC as metallochromic 
indicators for nickel is given. The optimum pH ranges with TAC and 2-IAC are from 6 to 7 and from 5 to 7, 
respectively, at 80 °C. With PAC, the titration should be conducted with boiling at pH 4—5. 2-IAC is the 
best indicator due to the good visual color contrast and the wide pH range over which it is applicable. 

In E D T A titrations, the sharpness of the color change 
of metallochromic indicators is governed by the reaction 
rate for substitution of the metal-indicator chelate with 
EDTA, as well as the equilibrium conditions involved. 
Usually, the reaction rate for substitution of nickel-
indicator chelates with E D T A being slow, the rate of 
indicator color change is important . T h e PAC [2-(2-
pyridylazo) -4-methylphenol] /> T A C [2- (2-thiazolylazo) -
4-methylphenol],2) and 2-IAC[2-(2-imidazolylazo)-4-
methylphenol]3) synthesized previously can be used as 
indicators for nickel-EDTA titrations. In a previous 
paper,4) the reaction rate for substitution of nickel-
T A C chelates with EDTA was determined and the 
mechanism of the color change was proposed. Since 
PAC, TAC, and 2-IAC have different heterocyclic 
rings, differences in the rate of color change is 
expected. 

In the present paper, the substitution reaction rate 
for PAC and 2-IAC are presented and PAC, T A C , and 
2-IAC are evaluated as metallochromic indicators for 
nickel-EDTA titration. 

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

Reagents. PAC, TAC, and 2-IAC, which had been 
previously synthesized and purified, were dissolved in dioxane 
and 10~3 M solutions were prepared. 

A nickel(II) solution was prepared from reagent grade 
nickel nitrate and standardized with dimethylglyoxime by 
gravimetry. 

EDTA-2Na was recrystallized from water and standardized 
against zinc metal(99.99% pure). 

An MES[2-morpholino-l-ethanesulfonic acid]-potassium 
hydroxide solution was used as a buffer. 

All other reagents used were of reagent grade. 
Apparatus. A Union Giken RA-401 Stopped-Flow 

Spectrophotometer, a Union Giken SM-401 High-Sensitivity 
Spectrophotometer, and a Radiometer PHM 26c pH meter 
were used. 

All experiments were carried out in 20% dioxane solutions 
at #=0.1 (KN03) and at 25± 1 °G. 

R e s u l t s 

The Reaction for Substitution of Ni-PAC or Ni-2-IAC 
with EDTA. In the presence of a large excess of 
PAC or 2-IAC, nickel forms a 1: 2 chelate (NiL2) over 
the p H range from 5 to 7, as well as in the case of T A C . 

When E D T A is added to the nickel chelate solution in 
highly excessive amounts, the following substitution 
reaction proceeds to completion: 

NiL2 + edta' • Ni(edta)2"+ 2L', (1) 

where L is an anion of the PAC or 2-IAC. T h e rate law 
can be expressed as 

d[NiL2] _ 
j , — /r0CL.EDTA.H)L iNI1-'2j5 (2) 

where £O(L,EDTA,H) is the conditional rate constant involving 
the indicator, EDTA, and hydrogen ion concentrations. 
By representing the absorbances at reaction times 0, t, 
and 00 by AQ, A(, and Aœ, we obtain 

log (At-A.) = -•* b% 1gg-H )* + log ( 4 , - i i . ) . (3) 

A solution containing nickel, an indicator and a 
buffer was vigorously mixed with a solution containing 

TABLE 1. FIRST-ORDER RATE CONSTANTS A:0(LiEDTA>H) 

FOR P A C UNDER VARIOUS CONDITIONS 

Cm= 1.86 x lO-5 M, 25 °C, # = 0 . 1 , dioxane 20%v/v. 

^EDTA 

( x l 0 - » M ) 
77ÖÖ 

9.05 

13.00 

CpAC 
( X l 0 - 4 M ) 

foö 

1.13 
1.25 

1.50 
2.00 

3.00 
4.00 

5.00 
1.00 
2.00 
2.00 

PH 

5756 
5.65 
5.75 
6.02 
5.55 
5.55 
5.75 
5.52 
5.37 
5.43 
5.46 
5.50 
5.57 
5.74 
5.92 
5.74 
5.52 
5.75 
5.52 
5.49 
5.47 
5.41 

^O(L.EDTA.H) 

( x l O ^ s - 1 ) 

Tel 
1.52 
1.20 
0.833 
1.42 
1.22 
1.05 
1.12 
0.993 
0.917 
0.907 
0.889 
0.872 
0.604 
0.600 
0.412 
0.417 
0.333 
0.333 
2.19 
1.27 
1.76 
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TABLE 2. FIRST-ORDER RATE CONSTANTS A;0(L>EDTA>H) 

FOR 2 - I A C UNDER VARIOUS CONDITIONS 

CN1=5.00x 10-6 M, 25 °C, # = 0 . 1 , dioxane 20%v/v. 

^EDTA ^2-IAC 

(x lO-*M) (x lO-*M) 
PH ^O(L.EDTA.H) 

( x l O ^ s - 1 ) 

2.00 

3.00 

4.00 

1.00 

1.20 

1.40 

1.00 

1.00 

5.82 
5.90 
5.95 
6.05 
6.10 
6.25 
6.33 
5.95 
6.33 
5.89 
5.95 
6.33 
5.95 
6.22 
6.34 
5.95 
6.22 

6.25 
5.53 
5.30 
4.60 
4.55 
3.98 
3.45 
4.37 
2.95 
4.48 
3.78 
2.54 
7.65 
5.59 
5.07 

10.3 
7.25 

6.34 6.95 

E D T A and a buffer, and the absorbance at 570 nm for 
PAC or at 555 nm for 2-IAC was recorded as a function 
of the reaction time. From plots of log (At—AJ) vs. the 
reaction time (t), Reaction 1 was recognized to be of 
pseudo first-order with respect to NiL 2 in both cases. 
T h e conditional rate constants, A;0(LtEDTA.H), obtained 
are shown in Tables 1 and 2. 

These results indicate that the values of A;0(L,EDTA,H) are 
proportional to the E D T A concentration and to the 
reciprocal of the indicator concentration in both cases, 
as for the case of TAG. Plots of £0(H) VS. [H+] give straight 
lines (Fig. 1). 

[H+](xl0-«M) 

1.0 2.0 3.0 4.0 5.0 

0.5 1.0 1.5 2.0 

[H+] ( x l O - 6 M ) 

Fig. 1. Plots of *0(H) vs. [H+]. 

Therefore, the rate law can be expressed as 

d[NiL2] , [NiL2][edta'] 
d T ~ ~ *0CH) [HL] 

= (^/[H-] + V) [ N i ^ [
L

e
3

d t a / ] , (4) 

where [edta'] is the total concentration of the EDTA 
not combined with nickel ions. T h e reaction mechanism 
is the same as that in the case of T A C : 

,NiL2 + H + <= 

W L + + edta' 

,NiL2 + H 2 0 

NiL+ + HL, 

-> Ni(edta)2" + HL, 

t NiL(OH) + HL, 

WiL(OH) + edta' • Ni(edta)2- + HL + OH" 

(5) 

(6) 

(7) 

(8) 

Reactions 5 and 7 precede Reactions 6 and 8, and the 
reactions of NiL + and NiL(OH) with E D T A are the 
rate-determining steps. Equation 4 can be rewritten as 

d[NiL2] 
dt 

= ^[NiL+Kedta'] + *2[NiL(OH)][edta'], (9) 

where k^'KUJK^ and k^k.'KbiJK^K^on^. 
T h e values of kt' and k2' are obtained from the slopes and 
y-intercepts, respectively, of the straight lines in Fig. 1. 
For PAC and 2-IAC, the values of K$Uom could not 
be estimated. The rate constants are summarized in 
Table 3. 

TABLE 3. RATE CONSTANTS 

25 °C, #=0 .1 , dioxane 20%v/v. 

PAC TAC 2-IAC 

^ ' (M- i s - 1 ) 3.7 2 . 7 x l 0 4 1.3x10* 
^ (M- i s - 1 ) 6 .9x10 2 . 1 x l 0 3 3 . 9 x l 0 3 

^'(s-1) 1.2x10-* ' 1.3x10-»- 1.2X10-2 

k^M-is-1) — 7.9x10« — 

D i s c u s s i o n 

As shown in Table 4, the basicities of donor atoms of 
TAG are less than those of PAC, and the rate constants 
for T A C are smaller than those for PAC. In the substitu­
tion reactions of copper( I I ) -PAG and T A C chelates 
with EDTA, the same results were observed.5) O n the 
other hand, although the basicity of 2-IAC is larger 
than that of PAC, the rate constants for 2-IAC are much 
greater than those for PAC and are almost equal to 
those for T A C . This is in good agreement with the 
correlation between the reagent basicities and the nickel 
chelates stabilities, i.e., in spite of the larger 2-IAC 
basicity, the formation constants for nickel chelates are 
smaller than those for nickel-PAG chelates. T h e 
coordination bond of the nitrogen atom in the imidazole 
ring of 2-IAC should be weaker than that in the pyridine 
ring of PAC. The characteristics of the nitrogen in the 
imidazole ring may be somewhat different from those 
of the nitrogen in the pyridine ring due to the resonance 
between pyridine-like and pyrrole-like nitrogens. 

TABLE 4. EQUILIBRIUM CONSTANTS 

25 °C, # = 0 . 1 , dioxane 20%v/v. 

PAC TAC 2-IAC 

pk2 

log #N1L 

l o g ^NiL, 

2.22 
9.58 

11.18 
10.85 

< 0 . 5 
8.34 

8.00 
7.24 

3.68 
9.22 

8.95 
8.70 
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5 6 7-° 

PH 

Fig. 2. Dependence of the rate of color change on pH. 

TABLE 5. AMOUNTS OF NICKEL TITRATION IN AN 

ACETATE BUFFER AT 8 0 ° C 

pH 

4 

4.5 
5 

5.5 

6 

6.5 

7 

Ni taken 
(mg) 

5.78 
11.55 
5.78 
5.78 

11.55 
2.89 
5.78 

11.55 
5.78 

11.55 
2.89 
5.78 

11.55 
5.78 

Ni found (mg) 

PAC 

5.88 
11.61 
5.89 
6.21 

11.70 

TAC 2-IAC 

11.44 
5.50 5.77 
5.64 5.78 

11.31 11.54 
2.87 2.88 
5.75 5.78 

11.48 11.56 
5.78 5.78 

11.56 11.56 
2.90 2.90 
5.78 5.78 

11.57 11.56 
5.78 5.83 

The rate constants, £0<H), are plotted against the p H in 
Fig. 2. In the titration of nickel, the rate of indicator 
color change decreases with increasing p H , so that 
titration at lower p H results in a higher ra te of indicator 
color change. However, the equil ibrium conditions and 
the color contrast between the free indicator and the 
nickel chelate restrict the p H range for titration to p H 
6—8 (PAC), p H 6—7 (TAC), and p H 6 - 8 (2-IAC). 

Within these p H ranges, free PAC, T A C , and 2-IAC are 
yellow and the nickel chelates are red-violet for PAC 
and 2-IAC, and blue for T A C . At higher p H values, 
the free indicators are red-orange due to dissociation 
of the phenolic proton, and visual detection of end point 
is difficult due to the poor color contrast. T h e results 
of nickel titrations using PAC, T A C , and 2-IAC are 
shown in Table 5. When titration using PAC was 
carried out at p H 4 and at 80 °C, the end point was 
overshot. Thus , titration should be performed slowly 
with boiling. Since the conditional formation constant 
for the nickel-TAC chelate is too small for p H values 
less than 6, using T A C the end point appeared too soon. 
If the nickel concentration is large, even at p H values 
higher than 6, a negative error often occured because 
of the poor visibility of the color change from blue to 
yellow-green. In the case of 2-IAC, although the 
conditional formation constant for the nickel-2-IAC 
chelate is of the same order as that of the nickel-TAC 
chelate, the end point was correctly detected, even at 
p H 5, because it is easy for the human eye to detect the 
color change from red-violet to yellow or yellow-green. 
At p H values higher than 7, a positive error occured due 
to the slow rate of indicator transition. From these 
results, the opt imum p H ranges for nickel titrations are 
p H 4—5 with PAC, 6—7 with T A C , and 5—7 with 
2-IAC. Thus , of these three, 2-IAC is the best indicator 
for nickel from the standpoints of good visibility of the 
color change and a wide opt imum p H range. 

By the addition of a small amount of 1,10-phenan-
throline, titrations can be carried out at 50 °C using 
TAC4) or 2-IAC,3) while in the case of PAC, the rate 
of color change is not sufficiently enhanced. 

We thank Dr. Genkichi Nakagawa for his valuable 
advice and the Ministry of Education of J a p a n for 
financial support . 
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The Effect of 1,10-Phenanthroline on the Rate of Xylenol 
Orange Indicator Color Change 

Hiroko WADA, Tomosuke ISHIZUKI, and Genkichi NAKAGAWA 

Laboratory of Analytical Chemistry, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466 
(Received January 29, 1977) 

l,10-Phenanthroline(phen) accelerates the rate of the color change of Xylenol Orange (XO) in the cdpper(II)-
EDTA titrations due to the formation of a mixed-ligand complex, (Guphen)2xo. The rate of the substitution 
reaction of Cu2xo with 1,10-phenanthroline or with EDTA in the presence of 1,10-phenanthroline has been 
determined by the stopped-flow method over the pH range of 6.9—7.6 at / /=0.1 (KN03) and 2 5 ± l °C. At 
6.2 X 10-5—1.2X 10-3M 1,10-phenanthroline, the rate-law is expressed as —d[(Cu2xo)/]/df=^1[H][(Cu2xo)/]. The 

2phen H+ r.d.s. fast 

reaction mechanism proposed is Cu2xo • (Guphen)2xo?=±(Guphen)2xo---H • Cuphen+(Cuphen)Hxo • 
2Cuphen+xo', and £x=5.5 X 107 M- 1 s"1. By the addition of 2.5 X lO"6—10-5 M 1,10-phenanthroline, copper(II) 
can be titrated with EDTA at room temperature with XO as an indicator. 

In the coppe r ( I I ) -EDTA titrations with Xylenol 
Orange (XO) as an indicator, hexamine slows down 
the rate of the color change of X O . T h e mechanism of 
the color change was reported in our previous paper.1) 
O n the other hand, 1,10-phenanthroline accelerates the 
rate of color change of the X O indicator remarkably.2 '3) 
This may be due to the mixed-ligand complex formation 
of the Cu2xo chelate with 1,10-phenanthroline, and it 
may contribute to the color change as in the case of 
PAN.4) 

In this paper the composition of the mixed-ligand 
complexes of C u - X O - p h e n and the rate of the substitu­
tion reaction of C u - X O - p h e n with E D T A are determin­
ed, and the acceleration mechanism of the color change 
of X O by 1,10-phenanthroline is discussed. 

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

Reagents. XO was synthesized by the published meth­
od.5-6) The solvent of the reaction product was distilled off 
under reduced pressure, and crude XO was obtained. The 
fractional precipitation of XO from the reaction mixture with 
ethanol5'6) gives a lower yield of XO because of decomposi­
tion. The pure XO was completely separated on a cellulose 
column (prepared with Toyo-Roshi cellulose powder) by elu-
tion with butyl alcohol saturated with 10% acetic acid. The 
free-acid form(H6xo) was obtained by passing the solution of 
the sodium salt through a column of Dowex 50W-X8(H+) 
cation-exchange resin(100—200 mesh). The purity of H6xo 
was estimated to be almost 100% by means of paper chro­
matography, pH-titration with a standard sodium hydroxide 
solution, and spectrophotometric titration with a standard 
copper(II) solution. 

The 1,10-phenanthroline was recrystallized from an ethan-
ol-water solution. 

The other reagents employed were the same as those report­
ed previously.1) 

The following buffers were used for adjusting the pH: pH 
6.8—7.6: 0.02 M 3-morpholino-l-propanesulfonic acid(MO-
PS)-NaOH; pH<6 .8 : 0.02 M 2-morpholino-l-ethanesulfonic 
acid(MES)-NaOH. MOPS and MES were obtained from 
Dojindo Laboratories, Kumamoto, Japan. 

The ionic strength was kept at 0.1 with KNOa . 
All the experiments were carried out at 25 ± 1 °C. 
Apparatus. A Union Giken Stopped-Flow Spectrophoto­

meter, Type RA-401, a Union Giken High Sensitivity Spec­
trophotometer, Type SM-401, a Hitachi Spectrophotometer, 

Type 124, and a Radiometer pH Meter, Type PHM 26c, 
were used. 

R e s u l t s 

Mixed-Ligand Complexes of Cu2xo with 1,10-Phenan­
throline. I n the presence of more than a 2-fold 
excess of copper(II ) , X O forms the Cu2xo chelate 
above p H 5.5; the absorption maximum appears at 
574 nm. When 1,10-phenanthroline (phen) was added 
to the Cuaxo solution, the absorption maximum shifted 
to a longer wavelength (585 nm) and the molar absorp-

550 
Wavelength (nm) 

600 

Fig, 1. Absorption spectra of Cu2xo and (Cuphen)2-
xo. C x o = 1 . 3 2 x l 0 - 5 M , CC u=2.58xlO-5 M, (1) 
Gu2xo, pH 6.04; (2) (Guphen)2xo, Cphen=3.29x 10~5 

M, pH 7.00. 

Cphen/Ccu 

Fig. 2. Molar-ratio method of the mixed-ligand complex. 
C x 0=1.32x 10-5 M, CCu=2.58x 10~5 M, pH 6.93. 
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400 500 600 

Wavelength (nm) 

Fig. 3. Absorption spectra of the mixed-ligand complexes 
at different pH. 
C x o =1 .32x l0 -*M, CCu=2.58xlO-5 M, Cphen=3.29 
X 10-5 M, pH: (1) 7.00; (2) 5.98; (3) 5.50. 

tivity increased by about 20% compared to that of 
Cu2xo (Fig. 1 ). By the molar-ratio method it was found 
that (Cuphen)2xo was formed (Fig. 2). 

The absorption spectra of a copper -XO chelate 
solution containing a 2.5-fold amount of 1,10-phenan-
throline at different p H values are shown in Fig. 3. 
T h e absorption maximum shifts from 440 to 585 nm 
with an increase in the p H , an isosbestic point appears 
at 492 nm. Since copper(II) forms the Cu2Hxo chelate 
with an absorption maximum at 444 nm at p H values 
lower than 4.5 in the absence of 1,10-phenanthroline, 
it is clear that (Cuphen) 2Hxo is formed at lower p H 
values and that a proton may dissociate with an increase 
in p H . Thus, the following equilibrium exists in the 
p H range between 4.5 and 7.0: 

(Cuphen)2Hxo~ <.. * 

The equilibrium constant, 

(Cuphen)axo2- + HH 
:i) 

Kn — [(Cuphen)2Hxo] 
A(cuphon),HXo - -f(Cuphen)2xo][Hr' 

was evaluated to be 105-7 from the change in the absorb-
ance at 585 nm with the p H . T h e dissociation of the 
proton in (Cuphen)2Hxo is more difficult than that in 
Cu2Hxo(ü:cHu,Hxo=l04-55).l) 

The Substitution Reaction of Cu2xo with 1,10-Phenan-
throline. The rate of the substitution reaction of 
Cu2xo with a large excess of 1,10-phenanthroline was 
measured by the stopped-flow method. Figure 4 shows 
a plot of the absorbance at 580 nm against the reac­
tion time. The rapid increase in the absorbance at 
beginning indicates the formation of the mixed-ligand 
complex (Cuphen)2xo. Then the reaction proceeds 
as 

Cu2xo2~ + 2phen > (Cuphen)axo2-, (2) 

(Cuphen)2xo2- + 4phen • 2Cu(phen)3
2+ + xo'. (3) 

Under the present experimental conditions, the substitu­
tion reaction proceeds to completion and the reverse 
reaction can be neglected. The rate law may be express­
ed as: 

Time (s) 

Fig. 4. Substitution reaction of Cu2xo with 
1,10-phenanthroline. 
C x o = 1.22 X 10-5 M, CCu=2.27 x 10~5 M, 
CPhen=8-67x 10-4 M, pH 7.43, 580 nm. 

d[(Cu2xo)'] _ 
TT — «;0(H,phen)IA,~jU2xo; h (4) 

where [(Cu2xo)'] is the total concentration of coppe r -XO 
complexes and A;0(H,Phen) is the conditional rate constant 
involving the concentrations of the hydrogen ion and 
1,10-phenanthroline. Representing the absorbances at 
the reaction times of 0, t, and °o as A0, At, and A«, 
respectively, we obtain from Eq. 4 

log (At-Am) = ~ ~ ^ t + log (A0-A„). (5) 

The experiments were carried out under the conditions 
where C x o =1 .22 X 10~5 M, C C u =2.27 X 10~5 M, and 
Cphen=:(6.19—12.4) x 10-4 M, p H 6.89—7.60. The rate 
plots of log(At—Aa>) vs. t were linear for a t least 9 0 % 
of the reactions. T h e data in Table 1 indicate that the 
values of A;0(H,Phen) are proportional to the hydrogen-ion 
concentration, but independent of the 1,10-phenan-
throline concentration; i.e., 

TABLE 1. 

C x o=1.22x 
# - 0 . 1 . 

PH 

6.89 

6.94 

7.04 

7.19 

7.43 

7.60 

FIRST-ORDER 

CONSTANTS £, 

10-5M,CC u= 

C p h e n(xl0 

6.19 
7.43 
8.67 
9.90 

11.1 
12.4 
6.19 
7.43 
8.67 
9.90 
6.19 
8.67 
7.43 
8.67 
6.19 
8.67 
6.19 
7.43 
8.67 

CONDITIONAL R A T E 

KH.phen) 

2.27x10-

-4M) k0 

-" M, 25 °C, 

( H , p h e n ) ( s _ ) 

7.48 
7.48 
7.48 
7.36 
7.48 
7.48 
6.10 
6.18 
6.13 
6.13 
5.06 
5.18 
3.33 
3.33 
2.42 
2.50 
1.80 
1.80 
1.78 
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^OCH.phen) = ^ l [ H ] . ( 6 ) 

This result indicates that the equilibrium (Eq. 2) shifts 
to the right completely and that the following reaction 
is the rate-determining step: 

(Cuphen)2xo2_ + H + — > H ••• xo(Guphen)2 

^ î (Guphen)Hxo3- + Cuphen2+. (7) 

T h e resulting (Cuphen)Hxo may undergo rapid 
substitution with 1,10-phenanthroline. The rate 
constant, klt was evaluated as 5.5 X 107 M - 1 s - 1 . 

The Substitution Reaction of Cu2xo with EDTA in the 
Presence of lJO-Phenanthroline. W h e n a large excess 
of 1,10-phenanthroline is added to a Cu2xo solution 
the substitution proceeds and the absorbance of C u - X O 
complex decreases. T h e substitution of Gu2xo with a 
solution containing a large excess of E D T A and (6.0— 
24.8) X 10 - 5 M phenanthroline was, then, carried out. 

T h e rate expression is given as 

d[(Cu2xo)'] _ , • , . 
"H — Ä0(EDTA,H.pben)IAL j U2X O ; J- \°) 

TABLE 2. FIRST-ORDER CONDITIONAL RATE 

CONSTANTS ^(EDTA.H.phen) 

C x o = 1.22 x 10-5 M , CCu=2.27 x 10-* M, 25 °C, 
^ = 0 . 1 . 

G E D T A 

(xlO M) 
Gphen 

(x lO- 5 M) 
pH *0( EDTA. H. phen) 

(O 
4.48 

6.73 
8.97 

11.2 

6.20 
12.4 
18.4 
24.8 

3.71 
4.21 
6.20 

12.4 
18.4 
24.8 

6.20 
12.4 

6.92 

7.00 

7.28 

7.48 

6.49 
6.90 
6.96 
6.77 
5.46 
5.46 
3.07 
2.88 
3.02 
2.90 
1.87 
1.84 
2.01 
2.01 
1.96 

In this case, the values of £0(EDTA,H,phen) in Table 2 were 
proportional to only the concentration of the hydrogen 
ion, just as in the case of the substitution with 1,10-
phenanthroline. Therefore, the mechanism of the 
substitution reaction of Cu2xo is the same as that in the 
case of phenanthroline, and (Cuphen)Hxo may undergo 
rapid substitution with E D T A . T h e rate constant was 
obtained as 5.5 X 107 M - 1 s_1, which is in good agree­
ment with the value obtained in the preceding section. 

T h e substitution under conditions which are very 
close to those in practical titrations was examined; i.e., 
a solution containing Cu2xo and a 2.1—3-fold excess of 
phenanthroline was replaced with a large excess of 
EDTA. T h e values of A;0(EDTA,H,phen) are shown in Table 3. 
We observed no dependence of A;0(EDTA.H,phen) on the 
concentration of EDTA, but a linear relation to the 
hydrogen ion with the zero intercept and the 1,10-

TABLE 3. FIRST-ORDER CONDITIONAL RATE 

CONSTANTS * 0 C E D T A , H .p„en> 

C x o =1 .32x lO- 6 M, CC u=2.58xlO-*M, 25 °C, 
^ = 0 . 1 . 

^EDTA kphen 

(Xl0-*M) (X l0 - 6 M) 
pH *0 (EDTA.H,phen) 

(s-1) 

5.61 

6.73 
7.85 
8.97 

2.74 

3.29 

3.84 

3.29 

6.89 
7.05 
7.25 
6.89 
7.05 
7.25 
6.89 
7.05 
7.25 
7.05 

4.02 
2.96 
1.92 
4.68 
3.26 
2.11 
4.76 
3.35 
2.30 
3.22 
3.22 
3.22 

C p h e n ( x l 0 - * M ) 

F i g . 5 . P l o t S Of £0(EDTA, H, phen) VS. C p h e n . 

C x o=1.32x 10-5 M, CCtt=2.58x 10"5 M, 
CEDTA=5.61x 10-*M, pH: (1) 6.89; (2) 7.05; (3) 7.25. 

phenanthroline with an intercept were observed (Fig. 
5). From these results the following equation is deduced : 

^O(EDTA.H.phen) = fo + A,[phen])[H]. (9) 

U n d e r those experimental conditions the mixed-ligand 
complex (Cuphen)2xo may not be formed completely 
and a small amount of (Cu2phen)xo exists, so the 
second term in Eq. 9 is due to the following equilibrium 
preceding the rate-determining step (Eq. 7) : 

(Cuaphen)xo2" + phen <=± (Cuphen)2xoa_. (10) 

Consequently, the substitution mechanism is virtually 
the same as that with 1,10-phenanthroline. 

D i s c u s s i o n 

As has been reported previously,1) for the substitution 
reaction of Cu2xo with E D T A the rate-law is expressed 
by 

_d[Cu a xo] = a [ C u 2 xo] [ ed t a ' ] , 
at 

and the reaction mechanism is as follows : 

Cuaxo2_ + edta' < » edta ••• Cu(xo)Gu -

Cu(edta)2- + CuHxo3-, 
f a s t 

CuHxo3- + edta' • Cu(edta)a" + xo'. 

r.d.s . 

(H) 

(12) 

(13) 
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Fig. 6. Proposed reaction mechanism for substitution of (Cuphen)2xo with EDTA. 

E D T A coordinates with one of the two coppers in the 
Cu2xo chelate, and the release of the first copper ion 
from the intermediate edta- -Cu(xo)Cu may be the 
rate-determining step, while the resulting CuHxo 
undergoes a rapid substitution with EDTA. 

When 1,10-phenanthroline is present, the copper-
X O chelate forms a mixed-ligand complex with 1,10-
phenanthroline, and it may have a distorted octahedron 
structure, just as in the case of the copper -PAN-phen 
mixed-ligand complex.4) Therefore, the release of the 
first copper from the (Cuphen)2xo chelate by the at tack 
of a hydrogen ion on one of the nitrogen atoms in the 
iminodiacetic acid groups may be the rate-determining 
step (Fig. 6). 

In practical titrations of copper(II) with EDTA, the 
rate of the color change of the X O indicator depends 
on the concentration of 1,10-phenanthroline and the 

TABLE 4. EFFECT OF 1,10-PHENANTHROLINE ON 

THE RATE OF COLOR CHANGE 

Concentration of 1,10-
phenanthroline (M) 

2 .7x 6 .2x 1.2x 2 .4x 
10-« 10-« 10-6 10-6 

Time for 90% 
color change (s) 63 3.3 1.6 1.2 0.7 

XO=1 .22x lO- 5 M, C u = 1 . 0 3 x l 0 - * M , E D T A -
1.04xlO-^M, P H 6 . 1 (MES buffer), X=580 nm, 
^ = 0 . 1 , 25 °C. 

titration p H . T h e rates of color change in the presence 
and in the absence of 1,10-phenanthroline were compared 
at p H 6.1 (MES buffer) using the stopped-flow spectro­
photometer. A solution of copper ( 1 . 0 3 x l O - 3 M ) 
containing X O (1.22 X 10~5 M) and 1,10-phenanthroline 
and a solution containing E D T A (1.04 x 10~3 M, i.e. a 
1 % excess) were rapidly mixed. Usually in a visual 
titration 9 0 % of the indicator transition is recognized 
as a complete color change ; therefore, the time required 
for a 9 0 % color transition was measured (Table 4). 
In the presence of 2 . 7 x 1 0 ~ 6 M 1,10-phenanthroline 
the rate of color change is 20-times as much as that in 
the absence, and with 1 . 2 x l 0 ~ 5 M the rate increases 
by 50-times. Thus , 2.5 X 10~6—10~5 M of 1,10-phenan­
throline is sufficient for titration at room temperature. 
T h e addition of a larger amount of 1,10-phenanthroline 
may cause an underconsumption of EDTA. 

T h e financial support of the Ministry of Education 
of J a p a n is gratefully acknowledged. 
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l,3-Diphenyl-l,3-propanediamine (dppn) was prepared from l,3-diphenyl-2-propen-l-one. The meso and 
racemic isomers were isolated. The racemate was resolved into enantiomers with (+)D-di-0-benzoyltartrate. The 
absolute configuration of the free diamine was determined by comparing the circular dichroism (CD) spectrum 
of trans-[CoCl2(S,S- or Ä,Ä-dppn)2]+ with that of franj-[CoCl2(i?,Ä-2,4-pentanediamine)2]+. The absolute con­
figurations of A- and ^-[Co^S-dppn^]3-1- were also assigned on the basis of the CD spectra. 

Recently, several groups have reported the stereo­
chemistry and circular dichroism (CD) 'of cobalt(III) 
complexes containing 2,4-pentanediamine (ptn) which 
forms a six-membered chelate ring upon coordina­
tion.1 - 4) Among possible conformations of coordinated 
ptn, the chair and skew forms are energetically preferred 
as indicated by conformational energy calculation.5) 
X-Ray crystallographic studies confirm the skew form 
of coordinated (R,R)-ptnm (—)5 4 6-and (+)5 4 6-[Co(A,i£-
p tn ) 3 ] 3 + and the chair form of (R,S)-ptn in ( + )5io-[Co-
(ox)(£,£-ptn) 2 ]C10 4 -H 20(ox=oxalate) . 7> The chair 
form of coordinated trimethylenediamine (tn) was 
found in '(—)589_[Co(tn)3]3+.8) These results indicate 
that chelated 1,3-diamines can take a variety of confor­
mations in the solid state. 

An equilibrium among these conformations of 1,3-
diamines will be expected in solution. We have pointed 
out in a previous paper that the CD spectra of Zl-[Co-
{R,R-ptn)3]

3+ and cis-A-[Co{NH3)2{R,R-ptn)2Y+ in the 
first absorption band region show a remarkable variation 
on the addition of electrolytes such as chloride and 
sulfate, and that the variation is accounted for the 
conformational change of the flexible (R,R)-ptn ligands.9) 
Such a conformational stability of coordinated 1,3-
diamines will differ depending on the kind of substituent 
on the six-membered chelate ring. In order to investigate 
the effect of substituent on the conformation of a chelate 
ring, we have prepared optically active l ,3-diphenyl-l ,3-
propanediamine (dppn) which forms a six-membered 
chelate ring with two phenyl groups on the asymmetric 
carbons. This paper will report the preparat ion and 
the absolute configuration of optically active dppn as 
well as the CD spectra of fran.y-[CoCl2(lS

,,»S,-dppn)2]
+ and 

J- and J-[Co(6',6'-dppn)3]3+. 

Exper imenta l 

Preparation of Ligand. (1) Racemic and meso- 1,3-Dipheny1-1,3-
propanediamine: The dioxime of l,3-diphenyl-l,3-propanedi-
one was prepared by modifying slightly the method of Auwers 
and Müller.10) An ethanol solution (95 %>, 1.2 dm3) of 1,3-
diphenyl-2-propen-l-one(208g) was mixed dropwise with 
hydroxylamine hydrochloride(183 g) in water(200 cm3), and 
then with potassium hydroxide(240 g) in water(200 cm3) at 

* A part of the Ph.D. thesis submitted by S. Arakawa to 
Tohoku University, 1976. 

50 °C. The solution was refluxed for 20 min, cooled in ice 
water, and filtered to remove potassium chloride. The ethanol 
was removed under reduced pressure in a rotary evapo­
rator. Enough water was added to the concentrate to give 
white precipitate. After a day the precipitate was filtered off 
and dried at 70 °C and then over P 2 0 5 in vacuo. Recrystal-
lization from hot ethanol gave white needle-like crystals of 
the dioxime (160 g). Mp 207 °C (dec). Found: C; 
71.12, H; 5.53, N; 11.02%. Calcd for the dioxime(C15HU-
N202) : C; 70.87, H; 5.51, N; 11.02%. Recrystallization from 
hot benzene gave the hydroxyamino oxime. Mp 145 °C. 
Found: C; 70.77, H; 6.41, N; 11.27%. Calcd for the hydroxy-
amino oxime(C15H16N202) : C; 70.31, H; 6.25, N; 10.94%. 
These compounds were identified by IR spectra. 

The dioxime was reduced with metallic sodium in ethanol 
according to the method used for preparing 2,4-pentanedi­
amine.11'12) The dioxime (80 g) was suspended in absolute 
ethanol(1.5 dm3) in a three necked round bottom flask(3 dm3) 
equipped with a large reflux condenser. Small pieces (5—8 
cm3) of metallic sodium (300 g) were added in portions to 
the suspension, to which was added additional amount of 
absolute ethanol from time to time. The mixture was allowed 
to stand for 30 min. Aqueous ethanol was added carefully to 
hydrolyze excess of sodium in the mixture and then 1 dm3 of 
water was added. Ethanol was removed by evaporation. The 
aqueous solution was shaken with diethyl ether and ether layer 
was washed with water several times. Hydrogen chloride was 
bubbled into the ether solution to give white precipitate, which 
was filtered off and dried in air. Yield 70 g. Found : C ; 
56.78, H; 6.99, N; 8.83%. Calcd for l,3-diphenyl-l,3-pro-
panediamine dihydrochloride monohydrate(C15H22N2OCl2) : 
C; 57.00, H ; 6.70, N; 8.49%. This diamine is a mixture of 
m.eso(R,S) and racemic(i?,jR and S,S) isomers. 

( 2) Separation of the meso- and dl- 1,3-DiphenyI- 1,3-propane-
diamine Dihydrochloride: Method 1). The purified mixture of 
meso and racemic dihydrochloride (140 g) was suspended in 
boiling ethanol(400 cm3) containing coned hydrochloric acid 
(20 cm3). The suspension was stirred for 30 min and filtered 
in hot to remove a small amount of residue. White crystals 
were obtained on cooling the filtrate to room temperature. 
Both the products (residue and crystals) are the pure meso 
dihydrochloride. The PMR spectrum is shown in Fig. 1. 

The filtrate was concentrated to 100 cm3 and cooled to 
room temperature. White crystals (28 g) of the recemic dihy­
drochloride, contaminated by a small amount of the meso 
isomer, were filtered off. They were dissolved again in boiling 
ethanol (400 cm3) and mixed with coned hydrochloric acid (10 
cm3). The solution was concentrated to 100 cm3 to yield 
white crystals (9 g), which were filtered off. The pure racemic 
dihydrochloride(18 g) was obtained by evaporating the fil-
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Fig. 1. P M R spectra of (1) mwo-dppn.2HCl and (2) dl-
d p p n - 2 H C l in D 2 0 (60 M H z ) . 

t räte to almost dryness and by the addition of acetone. T h e 
P M R spectrum is shown in Fig. 1. T h e two isomers, meso 
and racemic, can be distinguished by the P M R spectra. Found 
for the meso isomer: C ; 60.08, H ; 6.99, N ; 9 . 3 1 % . Found 
for the racemic isomer: C ; 59.58, H ; 6.93, N ; 9 .22%. Calcd 
for l ,3-diphenyl-l ,3-propanediamine dihydrochloride(C1 5H2 0-
N2C12): C ; 60.21, H ; 6.74, N ; 9 .36%. 

Method 2). Sodium hydroxide(30 g) in water(50 cm3) was 
added dropwise to a mixture of meso- and û?/-dppn dihydro-
chloride(8.3 g) in cold water(50 cm3) . T h e released dppn, 
insoluble in water, was extracted with chloroform(100 cm 3 ) . 
After removal of chloroform under reduced pressure, the oily 
residue was dissolved in ethanol(100 cm 3) . T o the ethanol 
solution was added dropwise ( + ) D-tartaric acid (8.3 g) in 
water(100 cm3) . White crystals were obtained on cooling the 
solution in a refrigerator overnight. T h e crystals are meso-
dppn ( + ) D-tartrate. No crystal was obtained from the con­
centrated filtrate. T h e oily residue is dl-dppn (+ ) D - t a r t r a t e . 
These isomers were identified by comparison with those pre­
pared by method 1. 

(3) Resolution of d\-l,3-Diphenyl-l,3-propanediamine'. Potas­
sium hydroxide (20 g) in water(20 cm3) was added dropwise 
to a cold aqueous solution (50 cm3) of dl-dppn. dihydrochlo-
ride(9.2 g) . T h e released dppn was extracted with chloro­
fo rm^ 00 cm3), which was evaporated off and the oily residue 
was dissolved in methanol (40 cm3) . T h e methanol solution 
was mixed with a methanol solution(40 cm3) of ( + ) D -d i -0-
benzoyltartaric acid (10.7 g) , and then with diethyl ether. 
The solution was allowed to stand overnight at room tempera­
ture. The precipitated white crystals were filtered off and 
washed with a mixture of methanol and diethyl ether ( 1 :1 ) 
and then with diethyl ether. Recrystallization from methanol 
by the addition of diethyl ether gave white crystals (7.8 g) , 
[ a ] D = - 5 2 . 1 ° (c: 0.0048 g in 100 cm3 of a mixture of ethanol 
and water ( 1 : 1)). This rotation did not change with further 
recrystallization. T h e absolute configuration of d p p n in the 
less soluble diastereomer was assigned to the (S,S) configura­
tion as described later. 

Preparation of the Complexes. ( 1) trans-[CoCl2(S,S-dppn) 2 ] -
Cl'HCl'H^O'. Sodium hydroxide (15 g) in water(20 cm3) was 
added dropwise to a suspension of ( — )D-dppn-di-0-benzoyl-
tartrate(6 g) in cold water(50 cm 3) . T h e released dppn was 
extracted with chloroform(100 cm3) . T h e chloroform was 

removed under reduced pressure, and methanol (25 cm3) was 
added to the residue. T h e methanol solution was added 
dropwise with stirring to a mixture (60 cm3) of water and 
ethanol (2 :1 ) containing N a 3 [ C o ( N 0 2 ) e ] (2 g) . T h e total 
volume of the solution was adjusted to 200 cm3 with methanol . 
T h e solution was allowed to stand at 50 °C for 5 h. Hydrogen 
chloride was bubbled into the solution for 30 min until the 
color changed from orange to brown. T h e solution was kept 
in an evaporating dish at 50 °C with the addition of coned 
hydrochloric acid and methanol from time to t ime. T h e pre­
cipitated green solid was filtered off. Recrystallization from 
ethanol containing a small amount of coned hydrochloric acid 
gave green crystals(2 g) . Found : C ; 54.01, H ; 5.68, N ; 8.61 
% . Calcd for [CoCl2 (S, S-dppn) 2] CI • H C l . H 2 0 (C 3 0 H 3 9 N 4 

O C l 4 C o ) : C ; 53.59, H ; 5.85, N ; 8 .33%. T h e Perchlorate 
was obtained by adding sodium Perchlorate to a methanol 
solution of the chloride. 

(2) t r a n s - [ C o C / 2 ( ' R , S - u ^ n ; 2 ] a - / / 2 0 : T o an aqueous solu­
tion (35 cm3) of Na 3 [Co(NO a ) 6 ] (2 .7g) was added dropwise 
(R,S)-dppn(3 g) in ethanol(20 cm 3) . Yellow brown precipi­
tate formed immediately. T h e suspension was stirred at 50 °C 
for 5 h and the yellow brown precipitate was filtered off(5.6 g), 
which was dissolved in methanol(1 dm 3 ) . W h e n hydrogen 
chloride was bubbled for 10 min, the color changed from 
yellow to violet. T h e violet solution was concentrated in an 
evaporat ing dish to yield green precipitate, which was filtered 
off and washed with 4 M hydrochloric acid, then cold ethanol 
and diethyl ether. Yield 4 g. Found : C ; 56.19, H ; 6.09, N ; 
8 .75%. Calcd for [CoCl 2 (Ä,S-dppn) 2 ]Cl . H 2 O ( C 3 0 H 3 8 N 4 -
O C l 3 C o ) : C ; 56.66, H ; 6.02, N ; 8 . 8 1 % . 

(3) [Co(S3S-dppn)dCk'- A dimethyl sulfoxide ( D M S O ) 
solution (25 cm3) of dppn obtained from ( — ) D -dppn-di -0-
benzoyltartrate(2.4 g) was added dropwise to a D M S O solu­
tion (25 cm3) of /rfliw-[GoGla(Ä , ,Ä'-dppn)a]Gl-HCl.H20(1.8g). 
T h e solution was allowed to stand at 25 °C for 7 h and then 
passed through a column (5 X 30 cm) of SE-Cellulose. T h e 
adsorbed band was eluted with a mixture of ethanol and 
water ( 1: 1 ). Orange yellow eluates were cooled in a refrig­
erator overnight to yield orange crystals (1.2 g) , which were 
recrystallized from w a r m methanol(50 cm3 , 60 °C). Found : 
C ; 57.35, H ; 6.73, N ; 8 .39%. Calcd for [ C o ^ - d p p n ) ^ -
C l 3 . 5 . 5 H 2 0 ( C 4 5 H 6 5 N 6 0 5 . 5 C l 3 C o ) : C ; 57.29, H ; 6.94, N ; 8.91 
% . This complex has the J configuration as described later. 

T h e unmoved band on the column was eluted with 0.5 M 
sodium Perchlorate in a mixture of ethanol and water ( 1: 1 ). 
T h e orange eluates were concentrated to give red orange solid, 
which was dissolved in a mixture of water and methanol 
(4: 1). T h e solution was passed through a column(2 X 20 cm) 
of an SP-Sephadex C-25 ion exchanger. After washing with 
water, the adsorbed band was eluted with 1 M hydrochloric 
acid. T h e orange eluates were concentrated under reduced 
pressure to give orange crystals, which were filtered off and 
dried in vacuo. Yield 20 mg. F o u n d : C ; 57.62, H ; 6.80, N j 
8.42%. Calcd for [Co(S ,S-dppn) 3 ]Cl 3 . 5 .5H 2 0(C 4 5 H 6 5 N 6 0 5 . 5 -
Cl 3 Co) : C ; 57.29, H ; 6.94, N ; 8 . 9 1 % . This complex has the 
A configuration as described later. 

Measurements. Visible and ultraviolet absorption spectra 
were recorded on a Hi tachi 323 spectrophotometer. C D spec­
t ra were obtained with J A S C O J-20 and J-40 spectropola-
rimeters. P M R spectra were recorded on Var ian A-60 and 
HA-100 spectrometers in deuterated solvents using sodium 
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as the internal 
s tandard . All the solvents for optical measurements are of 
spectroscopic grade and used without further purification. 
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R e s u l t s a n d D i s c u s s i o n 

l ,3-Diphenyl-l ,3-propanediamine (dppn) is a six-
membered chelate ligand, an analogue of 1,2-diphenyl-
1,2-ethanediamine (stien) which forms a five-membered 
chelate ring. T h e skeleton is the same as that of 2,4-
pentanediamine (ptn) in which the substituents on the 
asymmetric carbons are methyl groups. Therefore, 
there are two aspects for the cobalt(III) complexes of 
dppn : the first is the comparison with the ptn complexes 
and the second with the stien complexes. 

v/103 cm-1 

Fig. 2. Absorption spectra of trans-[CoCl2L2]+ in meth­
anol, L = (S,S) -dppn ( .) and (S,S) -stien ( ). 

TABLE 1. ABSORPTION DATA IN THE FIRST ABSORPTION 

BAND REGION 

v/103 cm-1 (e) 

A- [Go (SVS-dppn) 8] Cl3 • 5. 5H 2 0 
J-[Co(S,S-dppn)8]Cl8.5.5HaO 
>[Co(Ä,Ä-ptn)3]Cl3.2H2Oa) 
J-[Co(Ä,Ä-ptn)3](C104)3-H2Oa> 
trans- [CoCl2 (S^-dppn) 2] CI • 
H C L H 2 0 
trans- [CoCl2 {R,S-dppn) J CI • H 2 0 
fra^-[CoCl2(Ä,Ä-ptn)2]C104

a) 
trans- [CoCl2 (Ä^-ptn) 2] Cla> 
«r«w-[Ck)C!l2(5

,,S'-stien)2]Ca • 
2H 2O

b> 
[Co(NH3)4(S,S-dppn)]Br3 .H 2O

c> 

[Co(NH3)4(Ä5lS-dppn)]Br3 • H 2O
c> 

[Co(NH3)4(Ä,Ä-ptn)](C104)3*> 
[Co(NH3)4(S,S-stien)](C104)3. 
4H 2O

c> 

19.76(115.5)*2> 
20.28(84.2)*2> 
20.58(97.7)*1* 
20.75(75.9)*1) 

15.63(45.7)*3> 22(sh)d> 

15.63(49.5)*3> 
15.75(42.7)*4> 
15.75(39.0)*4> 

16.50(50.1)*3> 

20.83(85.4)*2> 
20.88(79.0)*1) 
20.79(88.6)*1) 
20.96(69.2)*^ 

21.19(91.1)*a> 

21.28(83.3)*1* 

22 (sh) 
21(sh) 
21(sh) 

23 (sh) 

•Solvent: 1) water, 2) DMSO, 3) methanol, 4) ethanol. 
a) Ref. 1. b) Ref. 19. c) The preparation for these 
complexes will be reported elsewhere, d) sh—shoulder. 

Absorption Spectra. In Fig. 2, the absorption 
spectra of frarc.y-[CoCl2(.S',.S'-dppn)2]

+ and frvmy-[CoCl2-
(6,,6,-stien)2]+ are compared in methanol . T h e absorption 
data are summarized in Table 1. We should point out 
some features of six-membered chelate rings from these 

data. (1) Red shift is observed for the complexes with 
six-membered chelate rings as compared with those 
containing five-membered chelate rings. This is com­
monly expected for complexes containing large chelate 
rings.13) (2) T h e diastereomers, A- and yt-[Co(£,£-
dppn) 3 ] 3 + as well as A- and J-[Co(i?,A-ptn)3]3 + , give 
different absorption energies from each other in the 
first absorption band region. Such a difference is very 
small for the A- and J-[Co((i?)-propylenediamine)3]3+ 
complexes.14) (3) The absorption peaks of the (6',5')-dppn 
complexes lie at lower energies than those of the corre­
sponding (Ä,Ä)-ptn complexes. Hence, the ligand field 
strength may be (R,R)-ptrC>(S>S)-dppn. 

20 30 40 
v/103 cm-1 

Fig. 3. CD spectra of ?ra^-[CoCl2L2]+ in methanol, L = 
(£,5")-dppn ( ), (Ä,Ä)-ptn ( ), and (£,£)-stien 
( )• 

Assignment of Absolute Configuration of dppn. The 
CD spectra of the complexes, fran.y-[CoCl2L2]+ in 
methanol are shown in Fig. 3, where L represents (S,S)-
dppn, (R,R)-ptn or (S,S) -stien. T h e absolute configura­
tion of (»S^-dppn can be assigned by comparing the CD 
spectrum of the («S^-dppn complex with that of the 
(R,R)-ptn complex. Both spectral patterns are similar to 
each other in the region of 14 to 45 x 103 cm - 1 . I t has 
been recognized that the optical activity of trans-[CoCl2-
(diamine)2]+ complexes is affected strongly by the 
conformational contribution of the diamine and weakly 
by the vicinal effect of asymmetric carbons.15) Hence, 
the conformation of the dppn seems to be the same 

(1) 

Ç6H5 

2 N ^ p H 

| 2 

H*-C-«NH2 

C6
H5 

(S,S) 

Î2) 

CH3 

I 
H2N»-C^H 

CH2 

H*-C*-«NH2 

CH3 

(R,R) 
Fig. 4. Absolute configurations of (^^-dppn (1) and 

(Ä,Ä)-ptn (2). 
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A-skew form as that of the p tn ligand, in which the two 
substituent groups on the asymmetric carbons adopt 
equatorial orientation. T h e A-skew form of (R,R)-ptn 
chelate has been confirmed on(+)5 4 6-[Co(Ä,Ä-ptn)3]Cl3* 
H 2 0 by an X-ray diffraction method.6) According 
to the sequence rule,16) the designation (S,S) of the 
dppn is opposite to that of the ptn to form the same A-
skew form (Fig. 4). 

Circular Dichroism Spectra. Yano et al.15) studied 
the CD spectra of various complexes of the type, trans-
[CoCl2(l,2-diamine)2]+ in methanol. In the Ib(1A2g<— 
^ g , D4h) region, cobalt(III) complexes of (R)-l-
phenyl-l,2-ethanediamine and (R,R)-stien which form 
five-membered A-gauche chelate rings gave a C D peak 
with the opposite sign to that of the corresponding (R)-
1-alkyl- or (R,R) -l ,2-dialkyl-l,2-diamine complexes. 
However, all these complexes show similar CD patterns 
in the charge transfer region. They ascribed the differ­
ence to the vicinal effect of the phenyl groups on the 
chelate. Such a discussion is not applicable to the dppn 
complex. The pattern of the C D spectrum of trans-
[CoCl2(5,5-dppn)2]+ differs from that of the correspond­
ing (5,5)-stien complex, while it resembles that of the 
corresponding (R,R)-ptn complex. The CD spectra of 
cobalt(III) complexes containing six-membered chelate 
diamines may not be appreciably affected by the 
presence of phenyl groups on the asymmetric carbons. 

Figure 5 shows the absorption and CD spectra of the 
two diastereomers (named I and II) of [Co(5,5-dppn)3]-
Cl3 in D M S O . The CD spectrum of the isomer I I which 
is eluted later from an SE-Cellulose column gives a 
weak minus peak at 18.2 X 103 cm" 1 ( A e = — 0.58) and a 
strong plus peak at 20.2 X 103 cm- 1 ( A e = + 2 . 7 5 ) in the 
first absorption band region. This pat tern is similar 
to that of , l-[Co(£,i?-ptn)3](C104)3 in D M S O (Fig. 6).9> 
The CD spectrum of the isomer I which is eluted 
earlier from an SE-Cellulose column is similar to that 
of A-[Co(R,R-ptn)^\(C104)3 in water. Thus , we assigned 

20 25 
î?/103 cm-1 

Fig. 5. Absorption and CD spectra of the diastereomers 
of [CoOSVS-dppn^Cla in DMSO, I( ) and II( ). 

j?/103 cm-1 

Fig. 6. CD spectra of >[Co0R5JR-ptn)3](ClO4)3 in DMSO 
( ), zJ-[Co(i2,Ä-ptn)3](C104)3.3H20 in water( ) 
and ^-[Co(Ä,Ä-ptn)3]Br3 in DMSO ( ).9> 

I I to A and I to A isomer. However, the spectrum of 
I is very different from that of ^-[Co(J?,Ä-ptn)3]Br3 in 
D M S O (Fig. 6). In a previous paper,9) we have shown 
that the CD spectrum of A-[Co(R,R-ptn)3Y

+ shows a 
remarkable variation in the first absorption band region 
in the presence of various electrolytes and in various 
solvents. There must be similar variations for the 
corresponding dppn complexes because of the flexible 
six-membered chelate rings. Detailed discussion for 
this system cannot be made unless the solvent effect is 
investigated. However, the solubility restriction of 
[Co(5,5-dppn)3]Cl3 makes us difficult to investigate the 
solvent effect. 

The assignment of the absolute configuration of the 
[Co(5,5-dppn)3]Cl3 complex will be also supported by 
the formation ratio of the diastereomers. When the 
(5,5)-dppn takes a A-skew form upon coordination, a 
tris complex can give two diastereomers, A(XXX) and 
A {XXX). I t has been known that the former complex 
in which the two asymmetric carbons of (5,5)-dppn lie 
oblique to the C 3 axis of the complex ion is less stable 
than the latter. T h e reason is believed to be due to 
large steric interactions among chelate rings in the 
former complex.5-17) In fact, the formation ratio of the 
lelz-A{XXX) isomer to the ob3-A(XXX) isomer is ca. 10 for 
tris(A,A-ptn)cobalt(III) complexes.1) T h e tris (5,5-
dppn)cobal t ( I I I ) complex gives always a large amount 
of the A (XXX) isomer as described in the Experimental 
section. 

Figure 7 shows the cofigurational and the vicinal 
effect curves derived from the C D spectra of A- and 
J-[Co(5,5-dppn) 3]Cl 3 in D M S O . The CD spectrum of 
[Co(NH3)4(5,5-dppn)]Br3

1 8) in water is also shown. 
Although the additivity on C D curves is only an em­
pirical rule, it may be useful to compare the difference 
between six-membered and five-membered chelate 
ligands. T h e additivity of the vicinal (conformational) 
contribution holds satisfactorily for a variety of five-
membered chelate r ing systems.14»19) This is not the 
case for the present dppn system. T h e spectral pat tern 
of the calculated vicinal effect curve of (5,5)-dppn in 
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0.8k / 1 

L I VA 

L / / \ \ 
r I/ \ \ 

/ ' A 

20 25 30 

j>/103 cm"3 

Fig. 7. T h e configurational ( —) and the vicinal ( ) 
contribution in the C D calculated from the spectra of 
the two diastereomers of [Co(S,»S'-dppn)3]Cl3 in D M S O , 
and the C D spectra of [Co(NH3)4(1S ,,5 ,-dppn)]Br3 in 
water ( ) . 

[ C o ^ ^ - d p p n ^ ] 3 4 " resembles that derived from the two 
diastereomers of [Co(5',5'-dppn)(en)2]3+ in water,18) but 
differs completely from that of [Co(NH3)4(,S,6 ,-dppn)]3+ 
in water. Interligand steric interactions in [ C o ^ S -
dppn) 3 ] 3 + must be larger than those in the te traammine 
complex of dppn . T h e most stable conformation of each 
bulky and flexible six-membered chelate ring in these 
complexes might be somewhat different from each other. 
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The electronic structures were calculated for the ground and several excited states of systems composed of a 
formaldehyde molecule and a hydrogen atom at various relative positions by means of an INDO-UHF-CI method, 
in order to elucidate the hydrogen-abstracting process of excited carbonyl compounds. The results were presented 
and discussed by means of the adiabatic potential energy curves, by means of configuration analysis using the 
various states of the non-interacting component species as reference, and by means of electron-density maps. The 
results showed in a concrete way that the process may proceed through an intermediate charge-transfer state, and 
the electron-density maps had features suggesting an attractive force acting on the positively charged hydrogen 
atom. 

There have been increasing efforts to understand the 
mechanisms of chemical reactions in terms of the 
electronic structures of the molecular systems concern­
ed.1) T h e analyses have mostly been restricted to 
reactions between molecules in their ground states, 
although the principle may be the same for the cases 
when one or both of the partners are in excited states. 

In the present work, electronic structures were 
calculated for systems composed of a formaldehyde 
molecule and a hydrogen atom at various relative 
positions in an attempt to get some insight into the 
nature of the hydrogen abstraction reaction of excited 
ketone molecules, as that reaction is one of the most 
clear-cut and best investigated chemical processes of 
excited states.2) The process has, though, been described 
and discussed based only on the qualitative features of 
the electronic structures of the excited ketone molec­
ules.2'140'15) For a more detailed understanding of the 
process, it seemed essential to compute the electronic 
structures of the combined system for a series of relative 
positions of the reactants. Since the calculation seemed, 
unfortunately, to be beyond the power of moderate 
computational facilities for real systems investigated 
experimentally, a model calculation was undertaken. 

Ground and excited states of formaldehyde have been 
the subject of semiempirical calculations3) of various 
precisions as well as of ab initio calculations.4) T h e 
electronic states of the H C H O - H 2 0 system were 
calculated by Iwata and Morokuma.5) In the case of 
the H C H O - H system, open shell or shells are involved 
in all the states, including the ground state. One way 
of treating the system would be a configuration interac­
tion (CI) calculation using the configuration state 
functions (CSF's) constructed by the molecular orbitals 
(MO's) calculated for isolated H C H O plus an M O 
localized on the additional H atom. However, another 
method was attempted in this work; that is, the whole 
system was treated as a quasi-molecule by an SCF 
procedure. The method takes into account all the 
interactions between the components in a direct way 

* A part of this work was presented at the Symposium 
on Molecular Structure, Osaka, November 1975. 

** Present address: Kyöei Keisan Center Co., Ltd., 
Setagaya-ku, Tokyo. 

at any internuclear distance. T h e resulting wavefunc­
tions may be too complicated to be interpreted directly, 
but their expansions with the CSF's of the components 
(configuration analysis)6) would help to grasp the 
characteristics of the states pictorially. As the R H F 
treatment will encounter the problem of orbital ortho-
gonalization,7) and as the wavefunction must be com­
puted for a variety of geometries, the calculation was 
done by the I N D O - U H F procedure9) in order to 
obtain approximate wavefunctions without using too 
much computer time. Similar procedures have been 
used by several authors for similar purposes. ld> le) A 
fairly limited configuration interaction has been taken 
to improve the qualities of the excited states as well as 
of the ground state and to secure correct dissociation 
behavior100) of each state. I n such a limited CI proce­
dure, the SCF orbitals may be superior to the isolated 
H C H O and H orbitals for the state mainly composed 
of the ground-state configuration, as Brillouin's 
theorem100) states. For excited states, the situation was 
more subtle, but again the SCF orbitals seemed to be a 
better choice, as many terms cancelled each other out 
in the CI matrix element calculations. T o visualize 
the results further, electron-density maps were drawn 
for some typical geometries. T h e conclusions obtained 
therefrom were in general agreement with those obtained 
by other methods of analysis; one interesting feature was 
that the maps were indicative of the direction of the 
force exerted on the approaching H atom. 

M e t h o d o f Calculat ion 

T h e geometry of H C H O was taken to be planar 
(Fig. 1), and the dimensions were those given by the 
microwave analysis by Takagi.8) They were fixed 
throughout this calculation. T h e position of the addi­
tional H atom will be defined below using the coordinate 
system given in Fig. 1. T h e method of I N D O - U H F 
calculation was the same as that given in Ref. 9. T h e 
configuration interaction was confined to the 18 doublet 
CSF's*** resulting from the excitation of the n, n, and 

*** Quartet states resulting from 3(HCHO) + H were not 
considered here, as they seemed to be of little importance in 
the photochemical process. 
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H 

R y 

->x 
r T «z 

Fig. 1. Geometry of HCHO-H. 
r x = 1.2078 Â, r 2 = 1.1161 Â, 0=116°31'. 

T A B L E 1. 

0T" 
02 
03 
04 
05 
06 
07 
08 
09 
010 
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012 

013 

014 

015 

016 

017 

018 

LIST OF CONFIGURATION STATE FUNCTIONS 

(BCTX) 

(BCT2) 
(CT,) 
(BGT3) 
(BCT4) 

(CT,) 
(BCT5) 
(GT3) 
(BCT6) 

(7r)2(n)*(h) 

(7inn)(V(n*)V 

(nnn)(h)(n*r> 

(n)(nnh)(n*)v 
(rc)8(h)(7T*)2 

(7T)(n)2(h)(^*)c) 

(7r)2(n)(h)* 

(7r)(n)(h) («*)•"> 

(*)(*) (h)(**) i b> 

(7r)(n)2(h)* 
W2(n)2(**) 
(^)2(h)2(^*) 

(»r)(n)(h)"(W*)-) 
(n)"(h)(w*)» 

(rc)a(n)(7T*)2 

(w)(n)(h)«(W*)-> 

(rc)(n)2(rc*)2 

(n)»(h)«(Ä*) 

a), b), c), d) These configuration state functions are 
independent-spin-state pairs. 

h orbitals to the n* virtual orbital. Here, the n, TZ*, 
and n orbitals were named by analogy with the orbitals 
of isolated H C H O , and h denotes the orbital with its 
main component on the approaching H atom. These 
CSF's are summarized in Table 1, together with the 
numbering used below. T h e primitive U H F deter-
minantal wavefunctions are not exact spin eigenfunc-
tions, and the generation of exact state functions 
therefrom requires complicated procedures.10) In view 
of the rather semi-quantitative nature of this work and 
various approximations already done in I N D O calcula­
tion, no effort was made to spin-project the U H F 
determinantal wavefunctions; when their linear com­
binations were essential, as when three singly occupied 
orbitals existed, the following simple approximation was 

h - f h h-f h h - f h h £- h 

n - ^ J - n n fc- n n - | n n - f n 
o t ß cC ß riß cf. ß 

Fig. 2. Three independent arrangements of electrons re­
sulting from mr* excitation. 

taken tentatively for the doublet wavefunctions. First, 
let it be assumed that the orbital functions for the <x-
and /?-spins coincide as in R H F calculations. Corre­
sponding to the excitation of an n electron in the ground 
configuration, <3>0, to the n* orbital, for example, there 
may result three independent determinantal wavefunc­
tions: <3>n.:r*3 ^.n*, and <3>h,**;E,E (Fig. 2). Two independent 
combinations of these determinants, which are exact 
doublets,11) may be taken as 

WA = («Ên^ + ^ n . ^ / V X (1) 

*"b = (-$n.<r*+^,,*+20h .^.E)Av/~6- (2) 

In the U H F case, orbital forms for a- and /?-spins 
generally differ; however, if the differences are not too 
serious, ¥a and Wb can be taken as representing approxi­
mately two doublet CSF's. For the estimation of the 
matrix elements of interaction between these CSF's, 
Slater's rule12) was invoked, and the one- and two-
electron integrals therein were again evaluated accord­
ing to the prescription of the I N D O method. 

Configuration analysis was done in essentially the 
same way as the original paper6) with necessary adapta­
tions to doublets. T h e reference states were those of a 
hypothetical system composed of non-interacting com­
ponent species. Here, two combinations, 

Wl = (4£.^ + 4g.i*)V2", (10 

VI = (-*n. l t* + *5.»* + 2«ï>n.,*in,E)/v/"6- (20 

represent exact doublets, as the orbital functions for 
a- and /S-spins coincide in this case. T h e superscript, 
o, on <ï> means the reference state. O n the other hand, 
the CSF's assumed above for the real system are con­
taminated by the quartet character. A third linear 
combination, 

Wl = ( - 4 g . ^ + 4S. î—*g.^5.s) /V 3", 

is orthogonal to both Wl and ¥% and represents a CSF 
quartet.11) Thus , it would be appropriate to expand any 
state function, W, in terms of this type of trio, 

W = ... + Ci(3>„.,-r<&»»/V2" 

+ Ca(-<E>S..*+*S.5* + 2*£.,*S5.E)/V5" 

+ C 3 ( - ^ . « * + <i*-*h. ,* :n.E)/>v /^ + • - (3) 

Equat ion 3 may be rewritten as : 

r = - + / Ä * * +/•*£. .* + / . *£ .^ s .E + •••> (4) 

with 

/ i = C i / V T - <W~6 - C 3 / V I , 

/• = CJ*/T + <W~6 + CJ^/J, (5) 
A = 2C2/V"6 - C 3 /VT. 

T h e coefficients,^,,/^ andyjj are determined by means of 
the ¥ function, On,«*, <&H,FS and <I>h'>**;5,E functions by 
the use of equations similar to those given in Ref. 6. 
The three Eqs. 5 are then solved to give 

<k = ( / i+ / 2 ) /V T , 

C, = ( - / i + / . + 2 / , ) A / F , 

C, = ( - / i + / 2 - / 3 ) / V " 3 . 

T h e C3 coefficients are measures of the spin-contamina­
tion of the W function. 
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R e s u l t s and D i s c u s s i o n 

Potential Curves and Configuration Analysis. T h e 
adiabatic potential curves obtained for several low-
lying states are given in Figs. 3—5 for three modes of 
approach of the H atom. T h e results of configuration 
analysis along these curves are shown in Tables 2—6. 
In these figures, potential curves correlating to W%, ?P?, 
W%, W%, W&, W&, etc. for R—oo are not shown in order to 
avoid confusion. Each state, except for the one denoted 
as CTX in the figures, was found to dissociate rationally 
to an H atom and an H C H O molecule in its ground or 
in some of its excited states, which are shown beside 
each potential curve. T h e irreducible representation 
of each state is also indicated there. The C T symbol 
(charge transfer) is used here to denote states in which 
an electron in the h orbital is transferred to one of the 
empty orbitals of the H C H O component. As several 
different C T states arise, they are distinguished by 
subscripts, 1, 2, •••. They were found to dissociate to 
an H+ and an H C H O - in its ground or various excited 
states. In the CTj state, the transferred electron occupies 
the L U M O 7i* and has been found to play an important 
role in the chemical process under consideration. T h e 
BCT symbol (back charge transfer) indicates the states 
in which two electrons occupy the h orbital. 

-700 

% 
62 
<D 

^ 
"3 
*-> 
H 

- 7 0 5 

- 7 1 0 

- 7 1 5 

-720{-
0 

R/A 

Fig. 3. Potential energy curves of ground and lower ex­
cited states of HCHO-H system; approaching H on 
X-axis. Beside each curve are given the states of com­
ponents to which the state dissociates and the irreduci­
ble representation in C2v point group. 

When the H atom approaches along the X-axis 
(Fig. 3), the CTj curve drops sharply as R is reduced, but 
it merely crosses the lower potential curves. Even 
finite speed motions of the H atom will not cause 
transitions between these states. As a consequence, the 
H atom will not be attracted strongly by an mz* or 
Tin* excited H C H O molecule in these geometries. A 
shallow minimum found in each potential curve at an 
R value of » 1 . 2 Â is also seen in the ground-state 
potential curve; it might represent an attraction which 
is the cause of a stable ketyl radical formation from an 
H atom and an H C H O in the ground state. Another 
notable point in this nuclear configuration is that the 
potential curves of the [ 3 ( rur*)+H] and [ ^ m r ^ - J - H ] 

T A B L E 2. 

/2(A) 

4.0 
3.0 
2.848 
2.846 
2.844 
2.0 
1.5 
1.25 
1.15 
1.0 
0.95 
0.9 

CONFIGURATION ANALYSIS OF [3| 

4>\ 
1.0 
0.993 
0.896 
0.734 
0.536 
0.019 
0.022 
0.028 
0.039 
0.046 
0.046 
0.042 

(H ON X - A X I S ) 

# 
— 

0.007 
0.420 
0.634 
0.840 
0.992 
0.958 
0.898 
0.866 
0.796 
0.751 
0.687 

<Pl 
— 

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

n7T*)+H] 

Total (%) 

100 
98.7 
98.0 
98.5 
99.2 
98.4 
90.5 
80.7 
75.1 
63.1 
56.8 
47.6 

f%= [3(nrc*)+H]0, # = P(nw*)+H]0 , # = [3(n7T, 
7r*7T*)+H]°. 

states closely approach at an R value of 2.84 Â, where 
the two states exchange characters rather abruptly, but 
continuously (Fig. 3 and Table 2). This is a case of 
pseudo-crossing,13) and the transition between these 
adiabatic states may become possible by finite-speed 
motions of the H atom relative to the H C H O molecule. 
This observation is interesting because it seems to 
represent a mechanism by which singlet-triplet transi­
tions of molecules are promoted through the formation 
of charge-transfer complexes with other species having 
odd electrons. 

-7001 

> -705 

a -710 

-715 

-720 

R/A 

Fig. 4. Potential energy curves of ground and lower ex­
cited states of HCHO-H system; approaching H on 
Y-axis. Beside each curve are given the states of com­
ponents to which the state dissociates and the irreduci­
ble representation in Cs point group. 

When the H approaches along the Y-axis to the 
H C H O in the 1(im*) or 3(n?r*) excited state, the energy 
of the system decreases remarkably as a result of the 
strong configurational mixing with the C ^ state (Fig. 4 
and Table 3). T h e broken lines in Fig. 4 are intended 
to express these facts schematically. T h e transition to 
the ground state is, however, impossible in this mode 
of approach. 

When the H atom is on the Z-axis, it is the [3(TI7Z*)-\-
H ] state which shows a marked decrease in energy as a 
result of the configurational mixing. The situation is 
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complicated here because of the abundance of states 
involved, but the results of configuration analysis may 
be summarized schematically as follows. T h e C T ! state 
first interacts with [1(7T7r*)+H] in the region of R= 
2.5—3.0 Â, and its character is transferred to the latter. 
The second state then interacts with [ 3 ( 7 T 7 T * ) + H ] in the 
region of i ?=2 .2 — 1.3Â; the lower state acquires a 
CTj character, and its energy drops remarkably as R 
becomes smaller, until it reaches near that of the ground 
state, where a third pseudo-crossing to the latter state 
occurs. The lowest adiabatic state is seen to have a 
C T ! character as the main one for R%\.0 Â. Another 
feature of these geometries is that the BCT 6 character 
seems to be an important cause of the energy decrease 
of the [ 3 ^ * ) - f H ] state in the region of £ = 3 . 0 - 2 . 2 Â. 

The importance of the charge-transfer type of inter­
mediate states has frequently been suggested for quench-

TABLE 4. CONFIGURATION ANALYSIS OF [3(7ra*) + H] (H ON Z-AXIS) 

Ä(A) 

4.0 
3.0 
2.2 
1.7 
1.5 
1.3 
1.15 
1.0 
0.95 

# 
— 

- 0 . 0 0 1 
- 0 . 0 0 4 

0.027 
0.121 
0.312 
0.521 
0.628 
0.675 

# 
0.996 
0.857 
0.510 
0.069 
0.200 
0.229 
0.259 
0.196 
0.244 

# 
0.002 
0.063 
0.266 
0.344 
0.384 
0.395 
0.337 
0.229 
0.232 

<pl 
- 0 . 0 1 1 
- 0 . 0 6 3 
- 0 . 0 8 0 
- 0 . 0 5 0 
- 0 . 0 4 9 
- 0 . 0 0 4 

0.121 
0.265 
0.287 

<P°n 

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

s% 
0.001 
0.021 
0.081 
0.089 
0.064 
0.174 
0.227 
0.269 
0.319 

fu 
0.002 
0.014 
0.048 
0.059 
0.048 
0.103 

- 0 . 0 7 1 
- 0 . 0 3 9 
- 0 . 0 7 6 

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

Total (%) 

100 
99.8 
98.7 
63.0 
81.0 
88.3 
86.4 
75.5 
88.5 

4>\ = [(GS)+H]°, & = [3(7T7r*) + H]°, tf = P(w7r*) + H]0 , # . = BCTf, fn = CT?, fu = [(nn, T T ^ R H ] 0 , 
# , = CT? ,# B = B C n . 

TABLE 5. CONFIGURATION ANALYSIS OF [(GS)+H] (H ON Z-AXIS) 

Ä(A) 

4.0 
3.0 
2.0 
1.5 
1.25 
1.15 
1.0 
0.95 
0.9 

# 
1.0 
0.994 
0.969 
0.925 
0.817 
0.691 
0.475 
0.436 
0.377 

# 
— 

0.002 
0.004 
0.008 
0.054 

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

# 
— 

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

tf» 
— 

0.022 
0.132 
0.270 
0.331 
0.331 
0.304 
0.266 
0.253 

<P°u 

— 
0.003 
0.009 
0.057 
0.243 
0.399 
0.545 
0.555 
0.552 

fu 
— 

0.029 
0.109 
0.132 
0.076 
0.027 
0.021 

- 0 . 0 1 9 
- 0 . 0 7 9 

4>» 
— 

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

0.044 
0.070 
0.097 
0.158 

fu 
— 

- 0 . 0 0 2 
- 0 . 0 2 6 
- 0 . 0 2 8 

0.078 
0.095 
0.152 
0.145 
0.149 

Total (% 

100 
100 
99.5 
96.8 
86.1 
77.2 
68.4 
65.6 
73.1 

# = [(GS)+H]°, # = P(7r7r*)+H]°, # = P(ror*) + H]0 , .<& = BCT°, fn = CT?, fu = [(*w,w*7t*)+H]°, 
# T = C T ? , # 8 = BCTJ. 

TABLE 6. CONFIGURATION ANALYSIS OF [CTJ (H ON Z-AXIS) 

Ä(A) 

5.0 
4.0 
3.4 
3.0 
2.5 
2.0 
1.8 
1.7 
1.6 
1.5 

# 
— 

0.048 
0.146 
0.250 
0.262 

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

# 
— 

- 0 . 0 8 2 
- 0 . 2 6 3 
- 0 . 5 1 3 
- 0 . 8 6 5 

0.799 
0.573 
0.633 
0.652 
0.385 

tfo 
— 

0.005 
0.044 
0.144 
0.077 

- 0 . 2 1 0 
- 0 . 3 3 3 
- 0 . 2 1 9 
- 0 . 0 3 5 
- 0 . 0 1 7 

fn 
1.00 
0.995 
0.945 
0.776 
0.231 
0.140 
0.144 

- 0 . 0 2 4 
- 0 . 0 2 6 
- 0 . 1 5 5 

tft 
— 

0.001 
0.006 
0.144 
0.231 

- 0 . 3 6 5 
- 0 . 5 7 0 
- 0 . 1 2 3 

0.058 
0.022 

<P°u 

— 
- 0 . 0 2 3 
- 0 . 0 6 8 
- 0 . 1 2 0 
- 0 . 1 7 3 

0.164 
0.118 
0.256 
0.286 
0.409 

f« 
— 

- 0 . 0 0 6 
- 0 . 0 0 3 

0.021 
0.140 
0.185 

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

tf* 
— 

- 0 . 0 0 3 
- 0 . 0 2 5 
- 0 . 0 8 1 
- 0 . 1 5 7 
- 0 . 0 8 5 

0.238 
0.496 
0.520 
0.252 

Total (%) 

100 
99.9 
98.2 
97.2 
95.2 
96.3 
90.7 
99.1 
99.9 
88.5 

<fi= [3(7r7r*)+H]°, <pt= [1(7r^*) + H]°, fw = BCTf, </>°u = CT?, # , = BCT°, fu = [(7CTE,rc*rc*)+H]°, 0 " = 
C T : , ^ 8 = BCT°. 

TABLE 3. CONFIGURATION ANALYSIS OF [3(ri7r*)+H] 

(H ON Y-AXIS) 

R(A) 

4.0 
3.0 
2.4 
2.0 
1.7 
1.5 
1.25 
1.15 
1.0 
0.95 

& 

0.999 
0.997 
0.785 
0.004 
0.242 
0.099 

- 0 . 2 4 5 
- 0 . 1 7 6 
- 0 . 1 7 6 
- 0 . 1 5 1 

# 

— 
0.008 
0.600 
0.967 

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

fn 

- 0 . 0 0 5 
- 0 . 0 1 2 
- 0 . 0 2 2 
- 0 . 2 1 4 

0.622 
0.739 
0.704 
0.707 
0.678 
0.671 

fn 

- 0 . 0 1 4 
- 0 . 0 2 4 
- 0 . 0 5 5 
- 0 . 0 3 3 

0.440 
0.325 
0.244 
0.194 
0.185 
0.171 

fu 

0.001 
0.003 
0.005 
0.028 

- 0 . 1 5 1 
- 0 . 1 9 1 
- 0 . 1 9 7 
- 0 . 2 0 2 
- 0 . 2 0 1 
- 0 . 1 9 1 

Total 
(%) 

100 
99.4 
97.9 
93.8 
79.0 
73.7 
68.2 
64.1 
60.5 
58.7 

& = [S(nn*)+Hr, & = ^ ( n T ^ + H r , fn = CT? 
# t = B C T ? , # T = C T ? . 
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Rjk 

Fig. 5. Potential energy curves of ground and lower ex­
cited states of H C H O - H system; approaching H on 
Z-axis. Beside each curve are given the states of com­
ponents to which the state dissociates and the irre­
ducible representation in C s point group. 

TABLE 7. Q U A R T E T EXPANSION COEFFICIENTS OF 

SOME STATE FUNCTIONS 

a) [3(n7T*) + H ] (H ON X-AXIS) 

Ä(A) 2. 

c3 

845 2.4 

0.0056 - 0 . 0 0 0 3 
-0 .00007 0.0005 

b) [3(n7i*)+H] ( H O N Y 

Ä(A) 

c, 
2.5 

-0 .0075 -

c) [3(nn*)+H] ( H O N Z 

Ä(A) 

c," 
2.5 

0.025 

2.0 

0.0009 
-0 .0021 

-AXIS) 

2.0 

-0.012 -

•AXIS) 

2.0 

0.059 

1.5 1 25 

0.0024 0.0011 
- 0 . 0 1 1 - 0 . 0 1 9 

1.5 

-0.32 -

1.5 

0.32 

1.25 

-0.32 

1.25 

0.25 

C3, C3', and C3" are the coefficients in Eq. 3 for the 
(*)«(n)(h)(**), (n)(n)[h)(n*y, and (n)(n)«(h)(W*) 
configurations of the reference system respectively. 

ing and photochemical redox processes,14) and potential 
curves have been deduced143) to describe them in a 
general but semi-quantitative way. T h e present 
straightforward calculation yielded a more concrete 
picture of the process. O n e point of criticism that might 
affect the quantitative aspects of the results was, how­
ever, the spin-contaminations of the wavefunctions 
used. T h e C3 coefficients were moderate for the X-
approach, but took appreciable values at certain 
geometries for the Y- and Z-approaches (Table 7). 
This will considerably obscure the quantitative aspects 
of the Cx and C2 coefficients of the same configuration 
at those geometries. An inspection showed that the 
main contribution to the large values in Tables 7b and 
7c came from the expansion of GTj CSF, and showed 
the necessity of at least a partial spin-projection in a 
more quantitative work. 

Electron-density Maps. T h e chemical process could 
be perceived more visually through inspections of the 
electron-density maps. The electron-density distribu­
tions of the total valence electrons for the system of an 
H C H O in the ground state and of an H atom on the 
X-axis were not much different from that of an isolated 

lh 

/ ' / 
- 5 - . 

i < ! , \ \ 

y '-3-7- y^ffy w 

ylk 

Fig. 6. Change in electron density upon 3(n?r*) excita­
tion; approaching H on Y-axis. Full lines indicate 
increase and broken lines decrease in electron density. 
The numbers 1, 2> •••, 9 beside the contours indicate 
electron density change of 2.0, 1.0, 0.5, 0.2, 0.05, 0.01, 
0.002, 0.0005, and 0.0001 electrons/A3, respectively. 
a) XY-plane, b) YZ-plane. 

H C H O , except for a slight electron density in the regions 
between the two components. This may be the cause 
of a shallow minimum seen in the [ ( G S ) + H ] curve of 
Fig. 3. T h e same was found to be true for the system of 
the 3(n7r*) H C H O and the H atom on the X-axis, 
in which case charge-transfer cannot occur because of 
symmetry reasons. 

The electron density was also not much different 
from that of the isolated system with the H on the Y-
axis when the H C H O component was in the ground 
state, but an essential change was seen when the H C H O 
was excited to the 3(ruz*) state. T h e difference in the 
electron densities between the two states is shown in 
Fig. 6a. In most of the XY-plane, the electron densities 
are taken off perpendicularly to both sides of the plane 
upon excitation, whereas small regions of increased 
electron density appear near the O atom on the CO-axis 
and in the first quadrant . As there is only a weak attrac­
tion exerted on the H atom in the ground state, the 
separated charge upon excitation may be responsible 
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Fig. 7. Inferred path of H toward (nw*) excited HCHO 
in a quasi-static approach, a, b : Leaves of n orbital, 
c indicates O-H bond orbital in ketyl radical. 

for determining the remarkable attraction exerted on 
the H in this nuclear configuration. One may see that 
the projection of the vector of the attraction force on the 
XY-plane is not toward the carbonyl oxygen, but 
toward a region which is an extension of the CO-axis, 
as may be seen in Fig. 6a. A similar contour map on 
the YZ-plane is given in Fig. 6b. The positively charged 
H atom is seen to be attracted by the negative charge 
generated on both sides of the XY-plane upon rm* 
excitation. 

By reference to the results obtained above, one may 
guess the way the H atom is abstracted from a hydrogen 
donor by rm* excited H C H O . T h e excited state of 
H C H O is known to be bent. Let the two H atom of 
H C H O be above the XY-plane (Fig. 7). When the H 
being abstracted approaches along a path on the X Z -
plane, no charge-transfer contribution may be expected 
to lower the potential energy of the system, just as in the 
cases shown in Figs. 3 and 5. T h e most favorable pa th 
of statical approach seems again to be nearly along a 
leaf (a in Fig. 7) of the n orbital at first, then gradually 
curving to the final place in the ketyl radical (at an end 
of c in Fig. 7). T h e electron-density increase may be 
more pronounced in the negative Z-direction than in 
the positive Z-direction, as compared with the pat tern 
in Fig. 6b, as a result of the bent structure of H C H O . 
T h e attraction force on the positively charged H may 
be directed toward the region of the outweighted 
negative charge. In this case, a less symmetric nuclear 
arrangement will allow the transition from the C T j 
mixed state to the ground state at a potential curve 
crossing point similar to the one seen in Fig. 4. 

From Fig. 5 it may seem that the 3(TZ7I*) excited 
H C H O could also abstract hydrogen from a hydrogen 
donor approaching from the Z-direction if a non-
adiabatic transition occurred between the potential 
curves of [3(:ror*)+H] and [ ( G S ) + H ] around a 
geometry of R**» 1.1 Â. 

T h e present calculation does not seem to account for 
the fact15) that carbonyl compounds with S(JITI*) as the 
lowest triplet have, in general, less reactivities toward 
hydrogen abstraction than those with 3(rur*) as the 
lowest triplet. One explanation seems to be as follows. 
According to Slater's rule, the CI matr ix element 
between two CSF's is calculated, if they are different 
in one spin-orbital pair, as the energy of the overlap 
density of the pair orbitals in the field generated by the 
nuclei and the electrons in the orbitals other than this 
pair. T h e CI matrix element between [ ( T T ^ ; * ) + H ] and 
CTi is, then, mainly determined by the overlap density 

between the n and the h orbital, whereas the matrix 
element between [ (n j r* )+H] and CTj is determined by 
that between the n and the h orbitals. T h e carbonyl 
compounds commonly used in the hydrogen abstraction 
reaction contain large conjugated n systems, and the 
overlap between n and h orbitals may be comparatively 
smaller than in the present case. T h e orbital overlap 
between n and h may be affected only slightly by the 
conjugation due to the local nature of the n orbital. 
In the carbonyl compounds with the lowest CT-
triplet,15) this effect may even become prominent. 
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The infrared spectra of 1,3-butadiene adsorbed on Pd, Ni, and Co catalysts were measured while changing 
the adsorption temperature. These catalysts behaved differently in butadiene adsorption, and ^-adsorbed buta­
diene was the major adsorbed species below 0 °C on Pd and Ni. This Tt-species was easily hydrogenated to produce 
butène at the same temperature. 

There have been many infrared spectroscopic studies 
of hydrocarbons, especially olefins, adsorbed on transi­
tion metals.1-3) The spectra of chemisorbed olefins 
have been measured mostly using supported metals at 
room temperature, and have been demonstrated to be 
of a complex nature caused by the existence of various 
dissociatively adsorbed hydrocarbons on the metal 
surface. Although 7z-bonded olefins on metal catalysts 
have been considered to be the intermediates of such 
reactions as hydrogénation, there has been no definite 
evidence from infrared spectroscopic measurements of 
the species on the metal surface. Recently rc-adsorbed 
ethylene on Pd was observed from the difference in the 
spectra of the adsorbed species before and after hydrogé­
nation4) or in a low-temperature measurement.5) 

The hydrogénation reaction of 1,3-butadiene on 
transition metals has been studied in detail by Bond, 
Wells, and their co-workers.6) According to their 
investigations, the reaction rate is proportional to the 
first order of the hydrogen pressure, while it is nearly 
proportional to the zero order of the butadiene pressure, 
like other olefin hydrogénation reactions. The composi­
tion of hydrogenated products (1-butène, trans- and cis-2-
butene) varies depending on the metals and on the 
method of preparing the catalysts; this suggests the 
importance of the configurations of the adsorbed 
butadienes on the surface in deciding the compositions 
of hydrogenated products, kinds of butène. They 
considered three types of adsorbed butadiene : mono-rc-
bonded species, and trans- and m-di-zr-bonded species. 
Therefore, the direct measurement of the infrared 
spectra of adsorbed species will be helpful in under­
standing the mechanism and selectivity of the reaction. 

The infrared spectra of butadiene adsorbed on Ni at 
room temperature were investigated by Erkelens,3) and 
only methylene-rich polymeric species were observed. 
O n Pd metal, no absorption band for adsorbed species 
appeared at room temperature, but that of polymerized 
species was observed after hydrogen addition.2) 

In this paper the infrared spectra of butadiene 
adsorbed on alumina-supported Ni, Pd, and Co catalysts 
will be reported in the temperature range between room 
temperature and —80 °C. At low temperatures, the 
side reactions were supressed and the spectra of n-
bonded butadiene were clearly observed. The differences 
between the three metal catalysts in the adsorption 
of 1,3-butadiene were demonstrated to be of interest in 
connection with their catalytic properties in the hydro­
génation reaction. 

Exper imenta l 

Nickel or cobalt catalyst was prepared from a suspension of 
alumina in an aqueous solution of each metal nitrate, which 
was decomposed in air at 450 °C. Palladium particles were 
deposited on alumina in a PdCl2 solution with the addition 
of formaldehyde and sodium hydroxide. Each of these cata­
lysts contains about 9 wt % metal. 

These catalysts were used in the shape of discs for the in­
frared measurements. For room-temperature measurements, 
the disc was evacuated at 420 °G for 2 h in an infrared cell 
and then reduced in hydrogen for 3 h at the same tempera­
ture. About 60 Torr of gaseous butadiene was placed in 
contact with the Ni catalyst for 15 min, but with Co catalyst 
for 20 h, and the spectra were measured after the cell was 
evacuated to 10~3 Torr. The cryogenic cell for low-tempera­
ture measurements was similar to that used by Avery.2) As 
the highest temperature which could be attained with this cell 
was about 300 °C, the disc was evacuated and reduced at 
400 °C in an glass vessel; the disc was then transferred to the 
cryogenic cell and was reduced again at 300 °G. The cata­
lyst was placed in contact with gaseous butadiene for about 
30 min ; the butadiene was then removed by trapping and 
evacuation to 10~3 Torr. The adsorption of butadiene on an 
alumina support is negligible under these experimental condi­
tions. 

The l,3-butadiene(A-butadiene) (Tokyo-Kasei Go.) and 1, 
3-butadiene-l,l,4,4-rf4(CD2=CH-CH=CD2) (MSD Co.) were 
purified by passing it through a heated palladium thimble. 

Gas chromatography with a DMF-alumina column was 
used for the analysis of gaseous hydrocarbons. 

R e s u l t s 

Palladium. Figure 1 shows a spectrum of J1»3-
C 4H 6 chemisorbed on P d - A l 2 0 3 at —32 °G, together 
with the band frequencies of Fe-butadiene complexes 
and free butadiene. I t is evident that the spectrum is 
quite different from that of gaseous butadiene, but 
corresponds to that of Fe-butadiene complexes except 
for a broad band at 1653 c m - 1 . The assignment of 
the bands of chemisorbed zl1 '3-G4H6 can be made on the 
basis of the results for the Fe -C 4 H 6 complex reported 
by Davidson et al:7) 1433 for vc,c, 1224cm- 1 for 
Vc-c and 1473 and 1376 c m - 1 for GH 2 scissors vibra­
tions, (jid)* T h e existence of the band at 1653 c m - 1 

shows that a par t of the chemisorbed butadiene has a 

* JIS and jrd show two adsorbed species of butadiene on 
Pd below 0 °C. These structures will be shown in the 'Dis­
cussion' section. 
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1600 1400 1200 

• I I I | | (WFe<C0)3 

.1 I I | , <frH6>2FeCO 
1 | , CAH6(IR active) 

Fig. 1. IR spectrum of J1'3-G4H« adsorbed on Pd-Al203 

at -32°C(b) , (a) Pd-Al203 background. The lines 
under the spectra show the positions and band intensi­
ties of Fe-C4H6 complexes and gaseous C4H6. 

free G=C double bond and has another O C bond 
interacting with the surface Pd. (TZS)* 

The existence of two kinds of adsorbed species (n^, ns) 
is consistent with the fact that the band intensity at 1653 
c m - 1 relative to that at 1433 c m - 1 varies with the 
butadiene coverage and the temperature. T h e ratio 
of these peak intensities was about 0.34 when a small 
amount of butadiene was adsorbed at —80 °C, while 
the value reached 0.60 when adsorption was saturated at 
—25 °C. If it is assumed that the band at 1433 c m - 1 is 
due to both TTS and 7Td species, while the band at 1653 
c m - 1 is due only to the ns species, the relative amount 
of the 7is species can be estimated to be small at a low 
butadiene coverage, but to increase with a rise in the 
adsorption temperature. T h e rate of the decrease of the 
absorbance at 1653 c m - 1 upon D 2 addition is 1.2 times 
faster than that of the absorbance at 1433 c m - 1 on both 
Pd and Ni at —50 °C. These observations indicate that 
the 7is species is less stable than the 7rd • species. 

When hydrogen was introduced on butadiene 
chemisorbed over a Pd catalyst at —50 °G, new bands 
attr ibutable to the formation of a methyl group and a 
co-ordinated G=C double bond appeared, as is shown 
in Fig. 2. These bands which appeared upon hydrogen 
addition (indicated by arrows in Fig. 2c) are closely 
related to the bands of butène in K[PtC\3(trans-C4H9)],9) 
except for a par t of the band at 1650 c m - 1 which disap­
peared easily upon evacuation and the band at 1580 
cm - 1 . T h e only gaseous products were butènes and n-
butane, and the butènes adsorbed on A1 20 3 showed a 
band at 1580 c m - 1 , so the above two bands may be 
attr ibuted to gaseous butène and to butène adsorbed on 
A1 20 3 respectively. I t may be concluded that the n-
species of chemisorbed butadiene was hydrogenated to 
form chemisorbed butène, a par t of which was liberated 
into the gas phase or adsorbed on A1203 . 

At room temperature, no spectrum of butadiene 
adsorbed on Pd was observed, in agreement with the 
result by Avery,2) whereas weak bands due to the 
formation of a methyl group were observed after 
hydrogen addition. 

Nickel. The spectrum of zl1 '3-C4H6 chemisorbed 
on Ni at low temperatures ( — 78—0 °C) is almost 

1700 1500 1300 1200 

Fig. 2. IR spectra of JM-Ç^H, adsorbed on Pd-Al203 

at — 50°C and spectral changes with addition of H2. 
a) Background, b) Chemisorbed J ^ - C ^ H , at -50°C. 
c) After introduction of 25 Torr H2. Arrows show the 
bands which appeared by H2 addition, d) Evacuated 
to 10~3 Torr. The inserted lines show the band posi­
tions and strengths of Pt-G4H8 complex. 

1700 1500 1300 c m~1 

Fig. 3. IR spectra of J^-C^H« adsorbed on Ni-Al203 

at various temperatures. 
a) Background of the spectra b and c. b) — 35°C. c) 
15°C. d) Background of the spectrum e. e) Room tem­
perature. Arrows show the bands increased in intensity 
at higher temperatures. 

identical to that chemisorbed on Pd. T h e spectrum 
changed, however, as is shown in Fig. 3, when the 
temperature was raised, and new bands appeared which 
could not be removed by room-temperature evacuation. 
The spectra at room temperature are shown in Fig. 4, 
while the observed frequencies and their assignments are 
listed in Table 1. T h e two adsorbed species can be dis­
tinguished from each other on the basis of their behavior 
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3000 2800 1700 1500 130Q c m 1 

Fig. 4. IR spectrum of Zl1'3 -C4H6 adsorbed on Ni-Al203 

at room temperature( ) and that after hydrogen was 
introduced ( ). b. g.; Ni-Al203 background. 

TABLE 1. OBSERVED FREQUENCIES OF 1,3-BUTADIENE 

CHEMISORBED ON N I - A L 2 0 3 AT ROOM TEMPERATURE, 

THE INTENSITY CHANGES OF THESE BANDS 

UPON HYDROGEN ADDITION, AND THE 

BAND ASSIGNMENTS 

GH2=CH-
CH=CH2 

cm-1 

3075 
3010 

2925 
2854 
1650 

1440 

1407 

1308 

CD2=CH-
GH=GD2 

cm - 1 

3006 
2955 
2910 

2300 
2210 

2125 
2100 

1645 
1403 

New bands 
appearing 
after H2 
addition 

cm-1 

2960 sh 

1467 

1370 

New bands 
appearing 
after D2 
addition 

cm - 1 

2860 sh 

1308 

Intensity changes 
after H2 addition 

decreased 
decreased 

increased 
increased 
decreased 

decreased 

decreased 

decreased 

Intensity changes 
after D2 addition 

decreased 
decreased 
increased and 
shifted to 2897cm-

decreased 
increased and 
shifted to 2202 cm 
decreased 
increased and 
shifted to 2106 cm 
decreased 
decreased 

Assignments 

V=CH, 

"=CH 

^CH. 

"CH, 
VCH, 
VC=C free 

^CH, 

<5=CH, o r 
VC=C ads. 
Ô=CH 

^CH, 

^=CH, 

Assignments 

^ C H 
V - C H M -

1 ^CH 

V=CD. 

~X VCD, 
V-CD,M 

_ 1 »'CD, 
VC=C free 

^=CH 

"CHD 

upon hydrogen addit ion; the intensity of one increases, 
while that of the other decreases. The former bands 
can be assigned to the C H 2 stretching (2925, 2854) and 
GH 2 scissors (1467 cm - 1 ) of polyethylene. T h e latter 
bands are located at 3010, 1650, 1440, 1407, and 1308 
c m - 1 and may be assigned as is shown in Table 1. The 
weak band at 1370 c m - 1 and the shoulder at about 
2960 c m - 1 may be due to the methyl group. In the 
case of butadiene-ö?4, the bands at 3006, 2955, 2300, 
2125, 1645, and 1403 c m - 1 decreased in intensity upon 
hydrogen addition. 

1700 1500 mo_ cm -1 

Fig. 5. IR spectra of CD2=CH-CH=CD2 adsorbed on 
Ni-Al203 . 
a, c) Background, b) Adsorption at — 29°C. d) Ad­
sorption at room temperature. 

The adsorbed species, the amount of which decreased 
upon hydrogen addition at room temperature, can be 
considered to be different from those {nA, ns) observed 
below 0 °C, because the former species shows sharp 
bands at 1407 and 1308 c m - 1 which were not observed 
in the n^ and ns species of A-butadiene. Furthermore, 
the spectra of butadiene-rf4 changed remarkably with a 
change in the adsorption temperature, as is shown in 
Fig. 5. T h e free C=C double bond stretching band was 
observed at 1595 and 1645 c m - 1 in low-temperature 
and room-temperature spectra respectively. This fact 
supports the above-mentioned deduction, since the 
adsorption of butadiene-â?4 produces, probably, the same 
species as A-butadiene adsorption. 

The rate of butadiene hydrogénation to butène was 
zero-order to the butadiene pressure, and proportional 
to the hydrogen pressure, on the Pd and Ni catalysts 
in the low-temperature range (—60—10 °G) and on 
Go between 0 and 100 °C. T h e number of active sites 
of butadiene hydrogénation can be estimated from the 
amount of the C4 species ( C 4 H 8 + C 4 H 1 0 ) formed by the 
addition of hydrogen to chemisorbed butadiene. As is 
shown in Table 2, the amount of C4 species desorbed 
from the Ni catalyst by hydrogen decreases with an 
increase in the adsorption temperature, though the 
amount of butadiene adsorbed has a tendency to 
increase because of polymerization on the surface. At 
—31.5 °G almost all of the Ni atoms on the surface are 
active in hydrogénation, but at higher temperatures, 
polymerization on the surface destroys the active sites 
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3100 3000 2800 1700 1500 1300 cm-1 

Fig. 6. IR spectrum of J 1 ' 3 -C4H6 adsorbed on Co-Al203 

at room temperature ( ) and that after hydrogen was 
introduced( ). b. g.; Co-Al203 background. 

for hydrogénation to butène. T h e number of active 
sites at room temperature is less than 10% of the surface 
Ni atoms. 

Cobalt. Figure 6 shows the spectrum of butadiene 
chemisorbed on C o - A l 2 0 3 at room temperature and 
that after hydrogen addition. The adsorption at room 
temperature was very slow, and the catalyst had to be in 
contact with butadiene for 20 h to obtain a sufficient in­
tensity of the spectrum of the adsorbed species. When 
butadiene was in contact for 20 h, several weak bands 
appeared at 2960, 2920, 2860, 1460, and 1370 cm" 1 on 
A1 20 3 without metal. Though the spectra of chemisorb-

1700 1500 _!2PP_ cm 

CH2=CH-CH= 

CD2=CH-CH= 

Fig. 7. IR spectra of 1,3-butadiene adsorbed on Ni- and 
Co-Al203 at room temperature. 
a, c) Background, b, d) C4H6 adsorption on Ni and Go 
resp. e, f) C4H2D4 adsorption on Ni and Co resp. 

ed species on C o - A l 2 0 3 resemble, as a whole, those on 
Ni at room-temperature adsorption, some significant 
differences can be noted. The difference between Ni 
and Go spectra can be clearly seen in Fig. 7. 

D i s c u s s i o n 

Palladium. When pre-adsorbed butadiene on Pd 
was removed by introducing hydrogen below 0 °G, the 
gaseous products were butadiene, butène, and butane. 
Thus , butadiene may be considered to be non-dis-
sociatively adsorbed on Pd in this temperature range. 
The observed similarity between the spectrum of 
butadiene chemisorbed on the Pd surface and that of 
the Fe complex may indicate that one type of adsorbed 
butadiene on Pd has the following structure, as butadiene 
in the Fe complex has a eis configuration with the two 
O C bonds jr-bonded to Fe :7> 

4CH—GH^ 

It may be considered there exists another species which 
has a free G=G stretching band at 1653 cm - 1 . The 
only band which were distinct to this species was the 
band at 1653 cm - 1 , so it is reasonable to consider this 
species to have a structure similar to that of the above 
species, 7rd. Thus, the following structure may be 
considered : 

7rs ; GH2=GH—CH=GH2 

]vl 

I t has been reported that the butadiene in the [PdCl2-
(G4H6)]2 complex is monodentate at —40 °G and that it 
gives the free C=C stretching band at 1660 c m - 1 and a 
strong band around 1440 cm-1.8) Because the O C 
stretching band is presumed to exhibit the largest shift 
with the change in the nature of 7r-bonding between 
butadiene and a metal atom, it is not unreasonable that 
the remaining bands of this TTS butadiene could not be 
observed from 7rd butadiene. 

Nickel. Butadiene chemisorbed on Ni below 
0 °C must have structures similar to those chemisorbed 
on Pd, judging from the agreement of the spectrum; 
those were ns and n^. 

However, the spectrum at room temperature is 
different from that below 0 °G. The former spectrum is 
explained as showing the co-existence of two adsorbed 
species; one is polyethylene, whose intensity increased 
upon hydrogen addition : 

polymer: -(CH2)M-

From the spectra it was deduced that the other species 
had C=C, CH2=, and GH= groups in A-butadiene and 
C=C, CD2=, =CH, - C H M - , and - C D 2 M groups in 
butadiene-flf4. Although the stretching bands due to 
- G H M - and - C H 2 M groups in A-butadiene could not 
be observed, those bands were considered to overlap 
with the strong bands of polyethylene. T h e species 
with these bands most probably has the structure: 

a: GH2=CH-GH-GH2 
i i 

M M 

Cobalt. There are one a-type species and one 
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polymeric species on Ni, whereas on Go there is still 
another adsorbed species which decreased in intensity 
upon hydrogen addition at room temperature, as is 
shown in Fig. 7. The third species has the bands at 
1640 and 1420 cm- 1 for C4H6 and at 1599 c m - 1 for 
butadiene-*/4. As the bands of the species on Co agree 
with those on Pd or Ni in the low-temperature range, 
and are assigned to rc-adsorbed species (TZS, TÏA), the 
two kinds of ^-adsorbed species remain stable at room 
temperature on Go, though they are unstable on Pd 
and Ni. 

The observed species of 1,3-butadiene chemisorbed on 
alumina-suported Pd, Ni, and Co catalysts can be 
summarized as follows: 

Low temperatures Room temperature 
(_50—0°C) 

Pd 7rs + rcd — 
Ni 7is + Jiä polymer + a 
Co — polymer + a + 7ts + 7iA 

The a-type species was easily hydrogenated at room 
temperature and can be considered to be a precursor 
of polyethylene and/or 1-butène. 

The 7r-species which were observed on Pd and Ni at 
low temperatures and on Go at room temperature were 
composed of two species (TZS, jrd) , and the TZS species 
was less stable than the n& species. These 7r-adsorbed 
species covered almost all of the Ni surface atoms at low 
temperatures (—35 °C), as is shown in Table 2, and 
were easily hydrogenated by hydrogen to form adsorbed 
butène at the same temperature (Fig. 2). 

TABLE 2. DESORPTION PRODUCTS OF ADSORBED C4H6 

ON N i - A l 2 0 3 , WHICH WERE REMOVED BY THE 

ADDITION OF H2
a> 

Amounts of Amounts of 
rp op desorbed species surface Ni atomsb) 

(C4H3+C4HX0) (C4H6) 
mol/g-cat mol/g-cat 

- 3 1 . 5 8.37X10-5 0.77x10-5 9 .78x l0 - 5 

2 3.69 0.62 
29.8 0.71 0.54 

a) 75 Torr of C4H6 was adsorbed for 30 min at the above 
temperature and evacuated to 0.03 Torr, and then 25 
Torr of hydrogen was introduced to hydrogenise and 
remove the adsorbed species. The gaseous desorption 
products were C4H6, C4H8, and C4H10. b) The Ni surface 
area was estimated from the amount of H2 adsorbed at 
0°C. 

The 7ts species may be considered to be a precursor 
of 1-butène, and the 7id species, to be that of 2-butene 
in butadiene hydrogénation. 

H2 

CH2=CH—GH=CH2 *• GH2=CH—CH2--CH3 

M 

^ C H - C H ^ Ha 
C r i 2 *""v -. , / ' Cri.2 *• CH3—CH—CH—CH.3 

7r-Bonded ethylene was observed by I R measurement 
on Al2O s-supported Pd or Pt catalysts at low tempera­
tures (—86 °C) as the main adsorbed species on the 
surface,5) whereas the main adsorbed species were a-
bonded or dissociatively adsorbed species at room 
temperature.1 '4) In the butadiene adsorption, also 
a-type and polymerized species were shown to be formed 
on Ni only above room temperature, while rc-bonded 
species were observed at low temperatures. These facts 
indicate that ^-bonded species of olefins which are 
considered to be precursors of hydrogénation reaction, 
become predominant on transition metals at low 
temperatures, where the reactivity of the metal catalysts 
is lowered. I t is interesting that Pd, Ni, and Co behave 
differently from each other in butadiene adsorption ; the 
difference in the stability of ^-adsorbed species on Pd 
and Ni from that on Co, and the existence of poly­
merized species on Ni and Co, which decreases the 
active sites for hydrogénation reaction. 

Wells and his co-workers discriminate various Ni or 
Co catalysts as Type A or Type B for butadiene hydro­
génation.6) According to them, the 1,2-addition of 
hydrogen is preferred on a Type A catalyst, while on a 
Type B catalyst 1,4-addition occurs mainly. All the 
catalysts used here (Ni, Go, and Pd) showed Type A 
behavior; more than 5 0 % of the butène produced was 
1-butène, although the trans: eis ratio was high on Pd 
(7—8), but low on Ni and Co, (2—3). Type B behavior 
could not be observed even when the reduction tempera­
ture was raised above 400 °C; this might be because of 
the small metal particle size of these catalysts (less 
than 60 Â) . 

T h e author is grateful to Professor T . Onishi and 
Professor M . Nishikawa for their helpful discussions. 
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An improved viscometer method is presented for the determination of the magnetic susceptibility of a liquid 
with a complete exclusion of the oxygen effect. The method was found to be excellent even in determining the 
magnetic susceptibilities of diamagnetic liquids, giving results accurate to within ±0 .05%. The influence of air 
(or oxygen) was also discussed. 

Previously, one of the present authors reported a 
viscometer method1) for the determination of the 
magnetic susceptibilities of paramagnetic liquids by 
measuring the rate of flow of liquid through the capillary 
of a viscometer of the Ostwald type under the action 
of an external magnetic field. In the present study, the 
measuring device was improved using a modified 
Ubbelohde viscometer so that one may determine 
accurately the diamagnetic susceptibilities of liquids as 
well even by using an electromagnet of a comparatively 
small size. The diamagnetic susceptibilities of some 
organic liquids measured with the use of the improved 
cell under nitrogen were found to be in good agreement 
with those values reported in the literature within a 
range of deviation such as was pointed out by Eggleston 
et al?) 

Theoret ica l 

A modified capillary viscometer of the Ubbelohde 
type (Fig. 1) is placed in a magnetic field so that the 
lower end of the capillary is in the center of a gap 
between the pole pieces of an electromagnet, while 
its capillary part extends vertically, through the inhomo-
geneous region, outside of the field. Then , a liquid in 
the capillary of the cell is forced to flow down by the 
action of gravity downwards and by that of the magnetic 
force upwards (or downwards, as the case may be), both 
acting simultaneously on the liquid when it passes 
through the inhomogeneous region of the field. 

The Hagen-Poiseuille expression for the flow of a 
liquid may be written as 

.i-Ä^M (I) 

where tH is the time required by the liquid of a certain 
volume, v, to flow down in the presence of the field 
through a capillary with a certain radius, r, and a 
certain length, l; g is the acceleration of gravity; h is the 
mean effective head of the l iquid; the p, t}, and K 
symbols represent the density, the viscosity coefficient, 
and the volume magnetic susceptibility of the liquid 
respectively; / / d e n o t e s the local magnetic field strength 
near the center of the pole-pieces gap of the magnet. 
Denoting by t0 the time of flow of the liquid in the 
absence of an external magnetic field, one may write 
\lt0=7iripgh]8lvrj. Since t] is practically independent of 
the field of such an order of strength as is used here, 
we obtain from Eq. 1 the following relation: 

tH lp£h 2gh ' { } 

where x represents the mass magnetic susceptibility of 
the liquid. Equation 2 is the basic equation for deter­
mining the magnetic susceptibility in the present method. 
As is clear in Eq. 2, the time, tn, should be longer than 
tQ for diamagnetic liquids, while it is shorter for para­
magnetic liquids. Upon taking into consideration the 
fact that the present type of viscometer is so made that 
the mean effective head, A, is controlled automatically 
to an exactly fixed value in every measurement, one 
may always be allowed to write 

so long as £H is measured under the same field strength, 
/ / , where K is a constant characteristic of the cell used 
and is dependent on / / , but entirely independent of the 
na ture of the liquid. If once the constant, K, is deter­
mined for a certain standard liquid substance, such as 
water, whose magnetic susceptibility is known accurate­
ly, the susceptibilities of all the other liquid substances 
can be determined by merely measuring the two 
corresponding quantities, t0 and tn, of the sample to be 
studied. 

Exper imenta l 

Materials. Commercial nitrogen with a purity of more 
than 99.9% was dried by passing silica gel and phosphorus 
pentaoxide through. The water was purified by sub-boiling 
distillation from a pure quartz still after deionization. The 
benzene, carbon tetrachloride, methanol, 2,2,4-trimethylpen-
tane, and cyclohexane were Dotite Primasol solvents, while 
the toluene, dioxane, ethyl acetate, heptane, hexane, 2-pro-
panol, and acetone were Dotite Spectrosol solvents obtained 
from the Dojindo Co. The other solvents, such as, acetic acid, 
ethanol, and nitrobenzene, were of the Wakö Guaranteed 
Reagent grade. These organic solvents were used without 
further purification. 

Capillary Cell. A capillary viscometer cell of a modified 
Ubbelohde type, equipped with a thermostat jacket, was fixed 
in the pole gap of a magnet so that the lower end of its capillary 
part was located at the center of the pole gap of the magnet, 
while its upper part extended vertically out of the magnetic 
field through the inhomogeneous region of the field. Figure 
1 shows the experimental equipment, where a capillary cell 
made of Pyrex glass is fixed upright in duplicated water jacket 
cabinets made of poly (vinyl chloride). The cabinets are 
covered with foam polystylene to which a glass window, W, 
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Fig. 1. Experimental setup, A, Front view, and B, side 
view. C, Capillary cell ; a and b, detectors of viscome­
ter; W, glass window; M, magnet; J, cabinet made of 
poly (vinyl chloride) covered with foam polystylene; T, 
thermistor. The openings, 1, m, and n, connected to 
the operation tube (Fig. 2). 

to 1 to m to n 

pressure gauge 

desiccants. pressure 

regulator 

open air 

Fig. 2. Connection diagram of the operation tube. 
is attached at the level of the upper globular part, C, of the 
cell. 

Magnet. A Weiss-type 100-kg electromagnet manufac­
tured by Nihon Kohmitsu Kenkyusho was used. The magnet 
pole pieces, about 20 mm in tip diameter, were set at a sepa­
ration of 8 mm. The magnetic field was controlled using a 
stabilized dc source (±0.01%) up to 4 A, corresponding to a 
maximum field of 18800 Oe. The magnetic-field strength 
was calibrated with a Yokogawa gauss meter, type 3251, at 
the center of the pole gap. 

Measuring. Prior to measuring, the liquid sample which 
was to be put in the cell was saturated with nitrogen by pass­
ing nitrogen through the liquid for about 10 min, and the 
residual inside space of the cell was fully filled with nitrogen 
by the aid of an operation tube (Fig. 2) connected to the 
cell. After this, until the measurement came to an end, nitro­
gen was continually allowed to flow through the operation 
tube so that the liquid in the cell was never exposed to air 
again. When it was necessary to shift the liquid sample up 
to the globular part, C, of the cell, a moderate pressure slight­
ly higher than the exterior was applied by introducing nitro­
gen through the operation tube during the measurements, 

T A B L E 1. O P E R A T I O N OF M , 

Removing air 
Shifting up liquid 
Measuring 

M 

close 
close 
open 

N, AND O VALVES 

N O 

open i 
close j 
open j 

while the inside pressure was kept constant. The direction 
of the flow of nitrogen was controlled, as occasion called for, 
by operating three magnetic valves made of Teflon in the 
way indicated in Table 1. The time of flow of the liquid was 
measured to an accuracy of ±0.01 s using a viscometer of 
the Shibayama Scientific Co. provided with an electric de­
tector connected to an electronic clock for monitoring the 
passage of the meniscus of the liquid. The temperature around 
the cell was controlled at 20±0.01 °C by circulating thermo-
stated water. The measurement of the flow time was repeated 
alternately in the presence or in the absence of the magnetic 
field, and the value of (tQ — tH)/tH was calculated for each step. 
The observed values were found to become closely reproduci­
ble after several repetitions of measurements in the beginning. 
Twenty or fifty measurements were averaged to calculate the 
magnetic susceptibility. 

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

Thé results are shown in Fig. 3. In all cases a perfect 
linear relation may be seen passing through the point 
of origin. These results can be expressed by the following 
experimental formula : 

A ^ H . = a / / 2 , (4) 

where a should, in comparison with Eq . 2, be propor­
tional to the mass susceptibility, X, of the liquid in such 
a* way that a=x/2^Ä; this has proved to be true experi­
mentally as well, as may be seen in Table 2. Thus, 
Eq. 3 was well confirmed. 

T h e susceptibilities were calculated by the aid of 
Eq. 3 for some liquids, taking water as a standard 
reference. T h e results are shown in Fig. 4 and Table 3. 
The observed values of x are found to be reproducible 
within ± 0 . 0 5 % and are in good agreement with the 

0.00 3.00 4.00 1.00 2.00 

lu-8 H2/Oe2 

Fig. 3. Relationship between the time of flow of diamag-
netic liquids and the external magnetic field strength : 
1, ethanol; 2, water; 3, methanol; 4, nitrobenzene. 
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TABLE 2. COMPARISON OF a VALUES WITH MAGNETIC 

SUSCEPTIBILITIES OF LIQUIDS AT 20 °C 

Materials 

Water 
Methanol 
Ethanol 
Benzene 
Nitrobenzene 
Toluene 

- l O 1 1 ^ 
dyn - 1 cm2 

2.82 
2.67 
2.91 
2.76 
2.00 
2.82 

-106Zatb) 

e.m.u. 
0.719 

0.660—0.669 
0.717—0.736 
0.675—0.707 
0.500—0.505 
0.711—0.722 

- i o 6 « / % l l t 
dyn -1 cm2 e .m.u.1 

3.92 
4.05—3.99 
4.06—3.95 
4.09—3.90 
4.00—3.96 
3.97—3.91 

a) Mean of 10 measurements. 
b) Obtained by the conversion of the molar magnetic 
susceptibilities, Xa> Landolt-Börnstein, "Zahlenwerte 
und Funktionen aus Physik, Chemie, Astronomie, 
Geophysik und Technik," II Band, 10 Teil, Springer 
Verlag, Berlin (1967). 

literature values. However, strictly speaking, most of 
them are slightly larger than the literature values, 
except for acetone and cyclohexane. 

As is shown in Fig. 5 for benzene, the observed value 
of (t0—tn)ltn was practically attained within about 2 
min after nitrogen was passed through; this is its final 
steady state value, observed after the complete removal 
of air from the cell. Since, in the present work, the 
passage of nitrogen was carried out for a sufficiently 
long time (more than 10 min) , the influence of air 
that was found in the cell in the beginning, including 
the liquid sample, could be assumed to be reduced to 
the limits of accuracy of this method, i.e., within 
± 0 . 0 5 % . 

Eggleston et al? pointed out experimentally that 
most of the diamagnetic susceptibilities reported in the 
past are in error by an amount corresponding to the 
effect due to dissolved air. T h e magnetic susceptibility 
of a liquid dissolving air may be expressed in the 
following relationship : 

0.00 5.00 ToW 

- 1 0 s My,(t0-*H)/*H mol g"1 

Fig. 4. Relationship between the (t0 — tH)/tH value found 
at a fixed magnetic-field strength of 18800 Oe and the 
literature values of the magnetic susceptibility of the 
liquids. Mw, molecular weight. 1,2,2,4-trimethylpen-
tane; 2, heptane; 3, hexane; 4, carbon tetrachloride; 
5, cyclohexane; 6, toluene; 7, nitrobenzene; 8, benzene; 
9, ethyl acetate; 10, dioxane; 11, 2-propanol; 12, 
ethanol; 13, acetone; 14, acetic acid; 15, methanol; 16, 
water. 

TABLE 3. DIAMAGNETIC SUSCEPTIBILITIES OF LIQUIDS IN 10~6 e.m.u. AT 20 °C 

Liquids 

Water 
Methanol 
Ethanol 
2-Propanol 
Acetic acid 
Acetone 
Carbon tetrachloride 
Hexane 
Heptane 
2,2,4-Trimethy lpentane 
Ethyl acetate 
Dioxane 
Cyclohexane 
Benzene 
Nitrobenzene 
Toluene 

C5 

s 

397.540 

297.578 

616.892 

1259.460 

478.49J 
163.650 

248.046 

200.069 

243.122 

295.128 

203.850 

507.160 

509.005 

297.198 

676.28x 

272.552 

f a,b) 

S 

401.518 

300.4^ 
623.274 

1273.109 

482.068 

164.962 

249.57x 

202.490 

246.063 

298.763 

205.614 

511.348 

514.696 

300.135 

681.053 

275.30x 

-10 3 -
C O - ' H ) / ' H 

9.907 

9.430 

10.239 

10.72! 
7.42„ 
7.953 

6.11o 
11.956 

11.952 

12.167 

8.579 

8.190 

11.057 

9.786 

7.007 

9.985 

This work 

-x 
0.7192*c> 
0.6848 

0.7433 

0.7783 

0.5387 

0.5773 

0.4436 

0.8679 

0.8677 

0.8833 

0.6228 

0.5946 

0.8027 

0.7104 

0.5087 

0.7249 

ZM 

12.96e) 
21.93 

34.24 

46.78 

32.35 

33.53 

68.23 

74.8„ 
86.95 

100.90 

54.87 

52.39 

67.5fl 

55.49 

62.63 

66.79 

Literature05 

- Z M 

12.96 
21.15—21.60 
33.05—34.18 
45.68—46.02 
31.6 —31.9 
33.64—33.99 
66.6 —67.45 
73.80—74.42 
85.20—85.5 
97.58—98.34 
53.9 —54.28 
51.1 —52.16 
68.04—68.7 
54.7 —55.00 
61.53—62.15 
65.54—66.52 

Xu '• molar susceptibility. * : Taken as the standard. 
18800 Oe. c) Landolt-Börnstein, "Zahlenwerte und 
sik und Technik," II Band, 10 Teil, Springer Verlag, 

a) Mean of 20—50 measurements, b) Measured in 
Funktionen aus Physik, Chemie, Astronomie, Geophy-
Berlin (1967). 
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passing time of nitrogen (min) 

Fig. 5. Effect of atmospheric air in the cell on the flow 
time of benzene. (The broken line shows the level to 
be observed under ideal conditions when the air in the 
cell is completely removed. Such ideal conditions 
might be nearly attained, for example, by means of 
the freeze-pump technique and finally by saturation 
with nitrogen using the operation tube.) 

x = x°+^i (5) 

where X° and %air are the mass magnetic susceptibilities 
of a deaerated pure liquid and of air respectively, ß is 
the solubility of air in the liquid, and p and pair are the 
densities of the liquids and of air respectively. Since x 
and x° for diamagnetic liquids are opposite in sign to 
Xair, and since the last term of Eq. 5 is of an order of 
magnitude of about 10 - 8 e .m.u . , x should be observed to 
be less than %° by a fraction as small as 1.0—1.4% in 
most of the organic liquids studied here. This estimate 
is in nice agreement with the deviation found from the 
data reported in the past with regard to the suscep­
tibilities of liquids of the same kinds as studied here. 
O n the other hand, the influence of the dissolved air 
upon the x value of water, which was adopted as the 
standard reference here, is only 0.14%. Thus, it seems 

certain that most literature values for organic liquids are 
spoiled by the dissolved air, except those given by 
Eggleston et a/.,8) who were unique in making measure­
ments of the susceptibility with sufficient care to deaerate 
the sample. The values of the present work (Table 3) 
are found to be very close to those x values, —0.7081 
and —0.8665 x l O - 6 e.m.u., given by Eggleston et al.2) 

for benzene and heptane respectively, though there still 
remaining deviations of about 0 .2—0.3%. 

In order to get reliable results, it is preferable to make 
measurements in as strong a magnetic field as possible, 
not to speak of the necessity of a severe regulation of the 
temperature, because even a slight change in the 
temperature may cause a considerable change in the 
viscosity and, consequently, in the flow time. The 
advantages of the present method are : (1) T h e extensive­
ly homogeneous region of the magnetic field is not 
needed, because the meniscus of the liquid at the lower 
end of capillary does never shift throughout the measure­
ment of the flow t ime; (2) the outside diameter of the 
cell near the lower end of the capillary par t in the pole 
gap is so small that there is no need to use an electro­
magnet of a large scale; a small size magnet such as used 
here is sufficient; (3) the influence of air (or oxygen) that 
spoils the measurement of the diamagnetic susceptibility 
can be eliminated almost completely; and (4) it has been 
confirmed experimentally that an occasional slight 
shock or vibration in the table on which the magnet is 
mounted has practically no appreciable effect on the 
observed values. 
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It was found that the reduced intensity of scattered light, Rg, increases and then decreases with polymer con­
centration, becoming maximum for a certain concentration of the polymer, when the third virial coefficient, A3, 
is positive. The theoretical concentration of polymer for the maximum Rg is (3A3M2)~

1^> where M2 is the molecular 
weight of the polymer. This was observed in the case of the aqueous solution of poly(vinylpyrrolidone) (PVP) 
mixed with sodium dodecyl sulfate (SDS). In the mixed solution, PVP and SDS form a complex which behaves 
like a polyelectrolyte with or without a simple salt of low concentration. Such a solution often has higher-order 
virials. The value of the polymer concentration for the maximum scattered light intensity agreed with the theoretical 
value. 

Turbidi ty or intensity of scattered light increases, for 
the first approximation, in proportion to the concentra­
tion of colloidal or macromolecular solutes. This is 
utilized as a method of chemical analysis such as 
nephelometry of turbidimetry. According to the 
fluctuation theory, however, the intensity of scattered 
light does not necessarily increase but sometimes 
decreases with the solute concentration under certain 
conditions. T h e possibility of decrease of turbidity with 
increase of polymer concentration is of particular 
interest in relation to physiological problems such as the 
transparency of eye lenses. T h e lens of a human eye is 
transparent in the normal condition öf water content 
(62%) , b u t the lens becomes turbid when the content of 
water increases to 80—90%. Thus the lens of high 
content of macromolecules (protein) is less turbid than 
that of low content of the protein. 

In this paper , the effect of solute concentration on the 
reduced intensity of the scattered light is discussed 
theoretically and the results are compared with those 
obtained by using the mixed system of poly (vinylpyr-
rolidone) (PVP) and sodium dodecyl sulfate (SDS) in 
aqueous solution. 

Theoret i ca l 

The reduced scattering intensity, Rg, for unpolarized 
incident beam is defined as follows: 

where r is the photometric distance, and IQ and Ig are 
the intensity of the incident light and scattered light, 
respectively, per unit volume at the scattering angle of 
0. T h e term (r2I9[I0) is the Rayleigh ratio. 

According to fluctuation theory, the intensity of the 
scattered light depends on the fluctuation both of the 
density of solvent and of the concentration of solute. 
The former component is assumed to be constant 
regardless of solute concentration when solute concen­
tration is sufficiently low. T h e latter component of the 
reduced intensity of the scattered light, Rg, is propor­
tional both to (dTi/dc^)-1 and to (drc12/dc2)

2, where n is 
the osmotic pressure, n12 the refractive index of the 
solution, and c2 the concentration of the solute. Thus, 

Kc2 _ 1 dn ,n\ 
Re ~ RT'dc2'

 K } 

where R and T are the gas constant and the absolute 
temperature, respectively, of the solution. K is a 
constant defined as follows : 

K=2nw[-^j/NK.Xü\ (2-a) 

where NA is the Avogadro number, nx the refractive 
index of the solvent, and XQ the wavelength of the 
incident beam in vacuo. The left-hand side of Eq. 2 is, 
therefore, a quantity which can be determined as a 
function of 0 and c2. 

T h e interference factor, P(0), should be introduced 
into the equation of Rg when the light scattering by 
large particle is considered. By expanding both terms 
(d7ijdc2) and P(0) in power series, we obtain the following 
equation which is used to analyse the data of the light 
scattering in a polymer solution r1) 

t=Ml+W-<R-2> sin° m ) + ^ (3) 

where M2 is the molecular weight of the solute (polymer), 
< / ? G

2 > the mean-square value of the radius of gyration 
of polymer coil in the solution, and A2 the second virial 
coefficient. 

When the scattering angle, 0, is zero, the interference 
factor is equal to unity. In order to consider the effect 
of polymer concentration, the term (d?r/dc2) in Eq. 2 is 
expanded to the third virial, and we obtain2»3) 

KcJR0 = -~- + 2A2c2 + 3A3c2*, (3-a) 

where A3 is the third virial coefficient. From this, the 
reduced intensity, R0, of the scattered light at 0 = 0 ° is 
given by 

R0 = Kc2//(^- + 2A.zc2 + 3A3c^, (4) 

and the differential of R0 by c2 by 

dr ~ I 1 \ 2" ^ ' 

Case 1 : When A2=0 and A3=0, Eqs. 4 and 5 
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Fig. 1. Schematic diagram for the relationship between 
the reduced intensity of the scattered light, R0, and 
solute concentration, c2. 
curve(l) : A2=0 and A3=0, (2-1) : ^ 2 > 0 and A3=0, 
(2-2) : A2<0 and A3=Q, (3-1) : A2^0 and ^ 3 > 0 
(3-2): 4 , ^ 0 and J 3 < 0 : 

become as follows: 

R0 = KM2c2, (6) 

• I 5 1 = KM2. (7) 
oc2 

The relationship between R0 and c2 is shown in Fig. 1 
as straight line (1), the slope of which is K M 2 as 
shown by Eq. 7. 

Case 2 : When A2*0 and Az=0, Eqs. 4 and 5 
become as follows: 

R«=Kc2/(-^-+2A2c2^, (8) 

In this case, R0 increases monotonically with c2. T h e 
initial slope (slope at c2~^0) is KM2 as in case 1. If A2 

is positive, R0 and dR0jdc2 approach Kj{2A2) and zero, 
respectively, with increasing c2. O n the other hand, 
if A2 is negative, both R0 and dR0jdc2 diverge to infinity 
when c2 approaches — \j(2A2M2). These relationships 
are shown in Fig. 1 by curves (2-1) and (2-2) for A2^>0 
and < 0 , respectively. 

Case 3 : When ^ 3 ^ 0 , the initial slope for the 
relationship between R0 and c2 is KM2 as in cases 1 and 2. 
If A^>0 and A^O, R0 has a maximum value, according 
to Eq. 5, where 

<2.max = {*A,M2)-V\ (10) 
and 

This relation is shown by curve (3-1) in Fig. 1. Thus , 
the reduced intensity of the scattered light, R0, decreases 
in spite of the increase in the concentration of polymer, 
c2, when c2 is larger than c2 ,max . This is in contrast 
to the case A3=0 in cases 1 and 2. If As<C0 and A2^0, 
both R0 and dRJdc2 tend to infinity at 

^--ikW^-S)- (12) 

This relation is also shown by curve (3-2) in Fig. 1. 
From Eq. 4, the specific reduced intensity of the 

scattered light R0jc2 is given by 

j ^ = K / ( ^ - + 2A2C2+3A3C2^, (13) 

and its differential by the solute concentration d(R0jc2)/dc2 

by 

J / M = -2K(A2 + 3A3c2) ( 1 4 ) 

dC (Jr + 2A2c2 + 3A3c2*y 

According to Eq. 13, RJc2 becomes KM2 irrespective 
of the values of A2 and A3 when c2 approaches zero. As 
for the inclination of the (RQJC2) VS. C2 curves given by 
Eq. 14, 

~ W « i ) = 0, (15) 
oc2 

for A2—0 and A3—0, and R0/c2 is constant regardless of 
the value of c2. When A2^>Q and A^O, we have 

^-(RoKXO, (16) 
oc2 

and RJc2 decreases monotonically with c2, while for 
A2<C0 and A3^0, 

-~-(Ro/c2)>0, (17) 
oc2 

and RQjc2 increases monotonically with c2. 
Straight line (1) shows the proportionality of the 

scattering intensity R0 to the polymer concentration c2. 
Thus, RJc2 becomes constant. This is in the case of a 
solution with 0-solvent. 

Curves (2-1) and (3-1) show the dependence of the 
scattering intensity, R0, on the polymer concentration, 
c2, in a good solvent. In these cases, the polymer coil 
expands enough and the degree of fluctuation of con­
centration is relatively small, because of positive A2 

and Az in a good solvent. R0, shown by curve (2-1) or 
(3-1), therefore, deviates negatively from the straight 
line (1) in Fig. 1, RJc2 decreasing with c2. Particularly 
in the case of curve (3-1 ) where Az is not equal to zero 
but positive, the repulsion between expanded polymer 
coils suppresses the concentration fluctuation so that 
the scattering intensity decreases with the increase of 
the polymer concentration at high concentration region. 

Curves (2-2) and (3-2), on the other hand, show the 
dependency of R0 on c2 in a poor solvent. R0 deviates 
positively from the straight line (1) and R0/c2 increases 
with c2 because of the negative values of A2 and A3 and 
the large fluctuation in a poor solvent. Both the reduced 
intensity and the specific reduced intensity of the 
scattered light tend to infinity at a critical polymer 
concentration. This is the critical opalescence due to 
the two-phase separation of the polymer solution at the 
polymer concentration higher than the critical value. 

So far, only typical conditions for the real solution 
have been considered. From a mathematical viewpoint, 
other conditions such as A2^>0 and AZ<C0, or A2<C.O and 
A3y-0, should be considered, but discussion was not 
made. 
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Exper imenta l 

Material and Solution. Poly(vinylpyrrolidone) (hereafter 
called PVP) and sodium dodecyl sulfate (SDS) are the same as 
those reported.4) The materials were dissolved in twice dis­
tilled water. The molecular weight of PVP, MP, was kept 
constant throughout the experiment, but that of complex, 
Mcompjex, changed with the concentration of SDS ; the rela­
tion is given by Eq.l9-a. 

The membrane equilibrium should be attained before the 
measurement since PVP and SDS form a complex in aqueous 
solution, the complex behaving like a polyelectrolyte.6) Visk-
ing Cellulose Tubing was used with an initial inner solution 
of PVP mixed with SDS, and initial outer solution of SDS. 
The method of the membrane equilibrium is the same as that 
reported.4) 

After the membrane equilibrium has been attained, a solu­
tion of concentration of PVP-SDS complex, ccompiex, at a 
given concentration of free SDS, cs

f, can be prepared, if the 
outer solution is used as a solvent or as a diluting agent for 
the inner solution of PVP-SDS complex, since chemical po­
tential of SDS in the inner solution is equal to that in the 
outer solution at the membrane equilibrium. The amount of 
SDS bound to PVP of unit weight can also be kept constant 
when cs* is kept constant through the dilution process. A 
solution, in which the amount of SDS is bound to PVP at the 
membrane equilibrium, can be prepared by adjusting the 
concentration of SDS of both sides of the membrane before 
the membrane equilibrium is attained. The dependence of 
the scattering intensity, Re, both on the scattering angle, 0, 
and on the concentration of complex, ccomplex, was measured 
under the conditions of a constant concentration of free SDS, 
c/. This system will be called the dialysed system. 

The same measurement was carried out under the condi­
tions of a constant concentrations of total SDS, c^, in order 
to compare the results with those of the dialysed system. Con­
centration cs* indicates the sum of concentrations of free SDS 
and of bound SDS in a solution of PVP mixed with SDS. 
This system will be called the undialysed system. 

Measurements of the Reduced Intensity of Scattered Light and the 
Increment of Refractive Index. Methods of measurement of 
refractive index increment are the same as those reported.4) 
In order to measure the scattering intensity, a Shimadzu 
Electrophotometric Light Scattering Photometer PG-21 was 
used at 436 nm and at 25 °C. The reduced intensity of the 
scattered light, Re, is experimentally given as follows. 

Re = *£- (18) 

where Ge and G0 are intensity of electric current in a photo­
tube at scattering angle of 6 and of zero degree, respectively. 
<j)e is an empirical coefficient depending both on a scattering 
angle, 0, and the refractive index of the solvent, nx.

6) 

R e s u l t s 

Dependence of the Reduced Intensity of Scattered Light on 
Polymer Concentration. T h e concentrations of P V P 
and the P V P - S D S complex are denoted by cP and 
^complex? respectively, in order to distinguish them from 
the concentration of "polymer ," c2. T h e relationship 
between cP and £compiex is given by 

Complex = ( l + j O * p , (19) 

where y is the weight of SDS bound per unit weight of 

PVP. T h e relationship between the molecular weight of 
PVP, Afp, and that of the complex, M c o m p l e x , is given 
by 

Mcamv^={\+y)Mv (19-a) 

s x l 0 3 ( g / c m 3 ) 

Fig. 2. Relationship between concentration of PVP, cp 

and reduced intensity of scattered light at 90°, R90. 
These are undialysed systems, and each concentration 
of total SDS, cs

l, is kept constant through the meas­
urement. Concentration of total SDS, ^ ( m M ) : J^ 0.0, 
© 2.0, © 4.0, <g) 6.0, # 8.0, 3 10.0. 

Empirical relationship between PVP concentration, 
cP, and the reduced intensity of the scattered light 
measured at 90°, R90, are given in Fig. 2, where total 
concentration of SDS, £3*, is kept constant. This is 
the result obtained by the undialysed system. When 
cs* is small, viz., in the case of 0 m M ( A ) , 2 raM(C), 
and 4 m M ( 0 ) , R9Q increases with cP, bu t when cs* is 
large, viz., in the case of 6mM((x)) , 8 m M ( § ) and 
10 m M ( 3 ) , RQQ decreases in spite of the increase in cP. 
In the case of the undialysed system in which cs* is kept 
constant throughout the measurement (Fig. 2), it should 
be noted that P V P and SDS form a complex with each 
other, so that M c o m p l e x as well as the amount of SDS 
bound per unit weight of PVP, y, decrease with cp. I t is 
thus difficult to analyse the effect of c^, £Compiex> a n d 
-^complex o n t n e reduced scattering intensity, R90, and 
to explain the results. However it may be emphasized 
that the anomalous decrease of the scattered light 
intensity with the increase in the polymer concentration 
is observed even under simple experimental conditions. 

O n the other hand, it is easy in the case of the dialysed 
system to analyse the change of R90 with the concentra­
tion of PVP, cP) since the free concentration of SDS, 
cs

f, the amount of bound SDS, y, and the molecular 
weight of the complex, M c o m p l e x , can be kept constant 
throughout the measurement of R90. 

Since the value of y as a function of cs
{ is known,4»5) 

the relationship between R90 and Complex c a n be 
obtained (Fig. 3). Each symbol indicates the experi­
mental value. When cs

{ is large, R90 decreases in spite 
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Fig. 3. Relationship between complex concentration, 
ccomieX>

 a n d reduced intensity of scattered light at 90°, 
Rw. These results are of the dialysed system, and 
concentration of free SDS, cs

f, is kept constant through 
the measurement. Each arrow mark shows the maxi­
mum point of each curve, which is calculated by Eq. 
10 as same as in the case of Fig. 2. The dotted line 
shows the initial slope for the aqueous solution of PVP 
without SDS. 
Concentration of free SDS, c8

f (mM) : # 0.00, O 2-00, 
3 5.37, A 6.82, © 8.68, ® 15.58, A 19.16. 

3 4 
<Wn>»exXl03(g/cm3) 

Fig. 4. Relationship between concentration of complex, 
ĉomplex» a n d specific reduced intensity of scattered 

light, -R90/cCOmplex. These results are of the dialysed 
system. 
Concentration of free SDS, c/(mM) : 0 0.00, O 2.00, 
O 5.37, A 6-82, f) 8.68, ® 15.58, A 19.16. 

of the increase in the concentration of the complex, 
^complex' m t n e region of high concentration of c c o m p l e x 

as in the case of the undialysed system (Fig. 2). T h e 
anomalous behavior can thus be observed in both the 
dialysed and undialysed systems. 

The relationship between the specific reduced intensity 
of the scattered light, B9Jccomplex, and £c o m p ie x is 
shown in Fig. 4 on the basis of the da ta of Fig. 3 for the 
dialysed system. In the case of low concentration of 
free SDS, cs

{, such as 0 m M ( | ) and 2 m M ( O ) , 
#9o/£compiex decreases linearly with £COmPiex> but in the 

case of high concentration of free SDS, such as 5.37 
m M ( 3 ) and higher, /?9 0 /^ c o m p l e x decreases rapidly even in 
the region of low concentration of the complex, ccompiex. 
Neither a maximum nor a minimum like that shown in 
Fig. 3 can be observed. T h e theoretical deduction has 
been verified experimentally. 

x 

J. I0r-

40 

30 

20 

10 

0 

- (B) ^pj 

1 1 J 
2 4 6 

< c o m p , e x X l 0 3 ( g / c m 3 ) 

0 2 4 6 
' c o m p » e x X l 0 3 ( g / c m 3 ) 

Fig. 5. Relationship between concentration of complex, 
*complex> and KccomplJR0. Different angles of the 
scattering, 0, are shown by different symbols. The solid 
line is the theretical curves calculated by Eq. 3-a. 
Curve: (A)c8

f=19.16mM, (B)c/=8.68mM. Scattering 
angle: O 0°, 0 45°, # 90°, 0 135°. 

Dependence o/KcJRe on c2 at Various 6. Dependence 
of Kc2JRg on c2 is shown in Fig. 5 for the dialysed 
system, for given 0-values as 0 = O ° ( O ) , 45°(<X>), 9 0 ° ( # ) 
and 135°(0) , where the data at 0 = 0 ° is quoted from 
the Z imm Plot for the solution of PVP-SDS complex.7) 
T h e pairs of short bars in Fig. 5, drawn at both the 
lowest and highest concentration of the complex, show 
the range of KccompleJR$ from 0 = 0 ° through 0 = 135° at 
the respective complex concentrations. We see that the 
effect of 0 is relatively small, the dependence of Kccompiexf 
Re on ^complex being approximately independent of 0. 
T h e conclusion is also applicable to the other data of 
both the dialysed and undialysed systems not shown in 
Fig. 5. T h e shapes of the curves show that the virial 
coefficients A2 and Az of Eq. 3-a are both positive. 

D i s c u s s i o n 

Determination of Virial Coefficients, A2 and A3. Eq. 
3-a can be rewritten as follows for the experimental 
determination of A2 and A3: 

i(^-ir) = 2A+3^- (20) 

Virial coefficients, A2 and AH, can thus be determined 
from a linear relationship between {KC2JRQ—\JM2)IC2 

and c2. 
In the case of the dialysed system such as shown in 

Fig. 6, the subscript " 2 " in Eq. 20 should be read as 
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2 4 6 
' c o m p l e x X l 0 3 ( g / c n i 3 ) 

Fig. 6. The relationship between ccomplex and (KccomploJ 
Ä0-1/Mcomplex)/Ccomplex. Both A2 and A3 can be 
estimated from the intercept and the slope of each 
straight line, as shown in Eq. 20. These results are 
for the dialysed system. 
Concentration of free SDS(mM): Q 2.00, © 3.73, 
© 5.37, 0 6.82, 3 8.68, 0 10.64, x 13.40, A 19.16. 

the subscript "complex." T h e free concentration of 
SDS, cs

f, is kept constant for each line, all lines in 
Fig. 6 being straight. T h e virial coefficients, A2 and A3, 
are thus obtained for each concentration of free SDS, 
cs

f, for each molecular weight of the complex. A2 and 
A3 are of the P V P - S D S complex in aqueous solution of 
free SDS. 

O n the other hand, in the case of the undialysed 
system, subscript " 2 " in Eq. 20 should be assumed to be 
" p " . The relationship between (KcPjB0—\IMP)lcp vs. 
cP at constant c^ becomes a straight line as in the 
case of the dialysed system (Fig. 6), in spite of the 
variation in the molecular weight of the complex when 
cP changes at constant c^. Apparent values of A2 and 
A3 are determined from these straight lines. 

The dependence of A2 and A3 on cj for the dialysed 
sys tem(#) and that of the apparent A2 and A3 on c^ for 
the undialysed sys tem(0) are shown in Fig. 7. In the 
region of low concentration of SDS, cs

f or c^, the 
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or A3, and concentration of SDS, cs
f or cs

l, for dialysed 
and undialysed system, respectively. 
0 Undialysed system versus c^, Q dialysed system 
versus cj. 

third virial coefficient, A3, is negligible, increasing with 
SDS concentration (Fig. 7). This is of particular 
interest, since the positive third virial coefficient is 
responsible for the anomalous decrease in R0 or Re with 
the increase in c2. 

Comparison of Observed /?90 with Calculated R0. 
A comparison between experimental Z?90-values and 
theoretical i?0-values is made herewith on the basis of 
the results where the effect of 0 on Re is small (Fig. 5). 

Solid curves in Figs. 2,3., and 5 indicate the theoretical 
value of R0 calculated by means of Eq. 4 using the 
values of A2 and A3 given in Fig. 7. Arrows ( f ) in 
Figs. 2 and 3 show the maximum value of the reduced 
scattering intensity calculated by Eqs. 10 and 11. 
Agreement of the experimental /?90-values with the 
theoretical /?0-curves, and of the experimental maximum 
values with the theoretical ones (arrows) is good. I t 
can therefore be concluded that the anomalous behav­
iour in Figs. 2 and 3 can be explained as the contribution 
of the third virial coefficient to the reduced scattering 
intensity. 

The maximum point of the curve for cs
{=2 m M of the 

dialysed system is not shown in Fig. 3, since the concen­
tration of the complex at the maximum point is higher 
because of the smallness of A3. In the case of 0 m M of 
cs

f, that is an aqueous solution of P V P without SDS, 
R90 or R0 increases with the polymer concentration 
(^complex o n the abscissa should read cF in this case) 
and does not have a maximum point since A3 is zero 
and the curve corresponds to curve (2-1) in Fig. 1. 
Broken lines in Figs. 2 and 3 indicate initial slopes 
for the curve of 0 m M of SDS (i.e. aqueous solution of 
P V P without SDS). Even when A3 is zero, deviation 
from the broken line increases with the polymer con­
centration because of the contribution of the effect 
of the second virial coefficient, A2. The initial slope, 
KM2, is constant for all the curves in Figs. 1 and 2, 
since the molecular weight is assumed to be constant 
(M2 or M p ) . However, the initial slopes for the curves 
in Fig. 3, KMcomp\ex> are variable and not constant 
since the molecular weight of the complex, Afcomplex, 
depends on the amount of SDS bound to PVP,jy, which 
also depends on the concentration of free SDS, cs

f, 
as shown by Eqs. 19 and 19-a. Thus , the initial slope, 
.Of c o m p l e x , depends on y or cs*. The initial slope for 
the respective curves are not shown in Fig. 3 in order to 
avoid confusion. 

Estimation of the Effect of the Interference Factor. 
In a rigorous sence it is wrong to compare R9Q with R0, 
since R90 is not equal to R0 due to the interference factor, 
P(d)~1. The effect of P(d)-1

) given by the following 
equation or the term in parenthesis on the right-hand 

P(Ö)"1 = 1 + 
16rcV 

3A0
2 •</y>sinM0/2), (21) 

side of Eq. 3, should be evaluated at 0 = 9 0 ° of the 
present experimental conditions in order to check 
the difference between R90 and R0. 

Assuming that 6 is equal to 90° and a radius of 
gyration of PVP, <i? G

2 > 1 /2 j hi water is 210 Â,6>7> 
Eq. 21 is evaluated to be 1.12. T h e maximum value of 
< J R G

2 > 1 / 2 of the complex of PVP-SDS is ca. 1.5 times 
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that of P V P in water, since the intrinsic viscosity of 
the complex at the highest amount of SDS bound to 
PVP is 3.5 times that of PVP in water.5) Assuming that 
0 = 9 0 ° and <RG

2>1^=315 A, the value of Eq. 21 is 
found to be 1.27. Thus, \A2<P(W0)-1^!.27. 

The relative difference of KccompieJR90 against 
Kccomplex/'RQ 1S> therefore, assumed to be greater than 
12% and less than 2 7 % in the region of very low 
concentration of the polymer. However, in the region 
of high concentration of the polymer, the relative differ­
ence decreases with polymer concentration, because of 
the contribution of higher order virials such as2^2ccompiex 
and 3yl3£complex

2 as shown by Eqs. 3 and 3-a. All 
the data of 0 (Fig. 5) lie nearly on the theoretical curve 
for 0 = 0 ° calculated by means of A% and A% and Eq. 3-a. 
We might compare the experimental results obtained for 
0 = 9 0 ° with the theoretical ones deduced for 0 = 0 ° . 

Comparison of the Theory of Debye and Bueche with Ours. 
Debye and Bueche8) showed that R9 increases and then 
decreases with c2, and the concentration of polymer at 
the maximum value of Re is proportional to M 2

- 1 / 2 , 
not depending on the virial coefficients. However, the 
second and third virial coefficients are important for 

expressing the concentration, Cz,max, °f the maximum 
value, /?o,max> °f t n e reduced scattering intensity, as 
shown by means of Eqs. 10 and 11. 
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Ion to Allyl Alcohol in Aqueous Solutions 
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A study of the radiation-induced addition of HS03~ to allyl alcohol was carried out in D 2 0 - H 2 0 mixtures. 
It was found that a linear relationship held between the apparent rate constant of NaHS0 3 consumption and the 
atom fraction of deuterium in the mixture, and that the hydrogen atom abstraction from H S 0 3 - by HOCH2CH-
CH 2 S0 3 - was the rate-determining step. The kinetic isotope effect of this abstraction was 4.38. 

In a previous paper,1) we proposed the following 
mechanism for the radiation-induced addition of the 
hydrogensulfite ion (HS0 3 ~) to allyl alcohol in aqueous 
solutions: 

Initiation, 

A + H S 0 3 - • AH + § 0 3 - , (1) 

Propagation 

S 0 3 - + CH2=CHCH2OH > 

HOGH2ÔHGH2S03-, (2) 

HOCH 2CHCH 2S0 3- + H S 0 3 " • 

HOCH2CH2CH2S03- + S0 3 " , (3) 

Terminat ion 

HOCH 2CHCH 2S0 3- + CH2=CHCH2OH • 

HOCH2CH2CH2S03- + CH2=CHCHOH, (4) 

where A represents the active species which contribute 
to the initiation. This addition reaction involves the 
hydrogen abstraction from H S 0 3 - represented by Eq. 3. 
I t follows, then, tha t a hydrogen isotope effect may be 
found if this abstraction reaction is the rate-determining 
step.2) 

The present study was undertaken to get direct 
evidence for the rate-determining step by means of the 
determination of the hydrogen isotope effect of the 
addition reaction. The reaction system employed was 
radiation-induced addition in D 2 0 - H 2 0 mixtures of 
various D a O concentrations. The determination was 
made possible by finding the relationship between the 
atom fraction of deuterium in the mixture and the 
over-all rate constant of sodium hydrogensulfite con­
sumption. 

Exper imenta l 

The D 2 0 (Shöwa Denkö, 99.75 mol% D20) used was dis­
tilled twice under an atomosphere of nitrogen: first in the 
presence of a trace of potassium permanganate acidified with 
sulfuric acid and then in the absence of additives. The H 2 0 
used was redistilled before use. The other reagents used were 
similar to those described previously.1) 

Solutions were prepared by dissolving 0.25 mol/1 of Na2S03 , 
0.50 mol/1 of NaHS0 3 , and 1.47 mol/1 of allyl alcohol in D 2 0 -
H 2 0 mixtures containing up to 100% of D 2 0 . 

The irradiation vessel and analytical procedure used in this 
work were analogous to those described previously.1) The pH 
measurements were carried out using a Töa Denpa Model 
HM-5A pH meter with ordinary glass electrodes. The stand­
ardization of the pH meter in water solutions was made with 
conventional buffer solutions of an appropriate acidity. A 

H S 0 3 - <=± H + + S0 3
2- , 

H S 0 3 - + H + <=± H2S03 . 

3450-curie Co-60 y-source was used, and the dose rate was 
determined by the Fricke dosimeter in light water, taking G-
(Fe3+) = 15.6. 

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

Rate-determining Step. In aqueous solutions, N a H S O a 

dissociates into Na+ and H S 0 3 ~ , which is in equilibrium 
with the hydrogen ion, in the following two ways: 

(5) 

(6) 

Accordingly, D S 0 3 ~ is formed in D 2 0 instead of H S 0 3 ~ 
being formed in H 2 0 . In the D 2 0 - H 2 0 mixture, a 
par t of the H S 0 3 ~ is assumed to be displaced with 
D S 0 3 - in proportion to the D 2 0 concentration in the 
mixture. 

T h e total G-value of the active species, A, produced 
from the radiolysis of D 2 0 is reported to be slightly 
higher than that from H20.3> T h e concentration of 
D S O 3 - in D 2 0 can be estimated to be higher than that 
of H S 0 3 ~ in H 2 0 since weak acids are less dissociated 
in D 2 0 than in H 2 0 . 4 ) These facts lead to the assump­
tion that the rate of N a H S 0 3 consumption may be 
greater in the D 2 0 - H 2 0 mixtures than in H 2 0 . 

In order to evaluate the effects of DX> on the addition 
reaction, the solutions were irradiated by Co-60 y-rays 
a t a dose rate of 8.45 x 1015 eV/cm 3 s and at room 
temperature. The conversion of N a H S 0 3 decreased 
with the increase in the atom fraction of deuterium in 
the mixture, as is shown in Fig. 1. This result disagrees 
with the above assumption. 

The addition reaction involves D S 0 3 ~ as well as 
H S O 3 - in the D 2 0 - H 2 0 mixtures, as is represented in 

0 0.2 0.4 0.6 0.8 

Deuterium atom fraction 

Fig. 1. Conversion of NaHS0 3 as a function of deuteri­
um atom fraction in the mixture. 
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Eqs. 1 and 3, where the hydrogen-atom abstraction from 
these ions takes place. The hydrogen-atom abstraction 
causes an appreciable isotope effect.2) On the basis of 
these findings, it is reasonable to assume that the above 
disagreement results from the isotope effect of these 
hydrogen-atom abstractions. 

Reaction 1 plays a minor role in the isotope effect 
because most of the species formed in other reactions 
which involve A can initiate the addition reaction.1) 
O n the other hand, Reaction 3 involves H O C H 2 -
C H C H 2 S 0 3

_ , which takes part both in the propagation 
shown by Reactions 2 and 3 and in the termination 
shown by Reaction 4. In addition, the chain length of 
the addition reaction is as large as 344,1) and it is 
susceptible to small changes in the rate of Reaction 3 
provided this reaction is the rate-determining step of 
the propagation. Consequently, it can be assumed that 
Reaction 3 is the rate-determining step of the propaga­
tion and mainly causes the isotope effect. 

Total Concentration of HS03~ and DS03~ in D20-H20 
Mixtures. The concentration of H S 0 3 ~ in an 
aqueous N a H S O a solution containing N a 2 S 0 3 at p H 
5—7 is given by1) 

THSO -1 - [NaHS03] + [Na2S03] -
1 + (KJaH) (fnsoJfsoS') 

where [ N a H S 0 3 ] and [Na2SO a] are the initial con­
centrations of N a H S 0 3 and Na 2 SÖ 3 ; K5, the dissociation 
constant of H S 0 3 ~ ; aH, the activity of the hydrogen ion; 
and fnsor and / S o, 2 - , the activity coefficients of H S 0 3

_ 

and S0 3
2 ~. 

The dissociation constant of a weak acid in a D 2 0 -
H 2 0 mixture is expressed by5) Eq. 8: 

„ _ „ 0 .302K 3 + 1.37K2(1 - n ) + 2.04n(l - n ) 2 + (1 - n ) 3 , _ . 

* N ~ KK (1-n) + 0 . 3 0 2 l * Ä ) n ' ( 8 ) 

where Kv, Kn, and KD refer to the dissociation constants 
of the weak acid in the D 2 0 - H 2 0 mixture, H 2 0 , and 
D 2 0 respectively, and where n is the atom fraction of 
deuterium in the mixture. In the case of H S 0 3

_ as the 
weak acid, K^/Ku in Eq. 8 can be estimated to be 3.68 
from the relationship4) between KHIKD and —log KH, 
in which the KK for H S 0 3 ~ is 1.02 X 10-7.6> Substituting 
these values into Eq. 8, we obtain the K^ values shown 
in Table 1. 

TABLE 1. DISSOCIATION CONSTANTS OF HS03
_a> IN 

D o O - H o O MIXTURES 

nb> 
Kvxl08 

0 
10.2 

0.2 
8.18 

0.4 
6.46 

0.6 
5.00 

0.8 
3.78 

1.0 
2.77 

a) HSO3- at n=0, D S 0 3
- at n= 1, and the mixture 

of HSO3- and D S 0 3 - at n 0.2 to 0.8. b) The atom 
fraction of deuterium in the mixture. 

Using electrodes standardized for H 2 0 solutions, the 
pL, the generalized equivalent of p H (where L includes 
all the isotopically different hydrogen ions), in a mixture 
of the deuterium atom fraction of n is given by pL = 
(meter reading)+0.40«.7) In addition, since the 
dielectric constant of D 2 0 is very close to that of H 2 0 , 8 ) 
it may be assumed that fnsorlf&o,*- ratio is equal to 
that of /DSO,2-//SO,2- and that these ratios are independent 
of the atom fraction of deuterium in the mixture. Hence, 

TABLE 2. 

na> 

0 
0.2 
0.4 
0.6 
0.8 
1.0 

TOTAL CONCENTRATIONS OF HS03~ 

[HS0 3 

pHobs 

6.48 
6.40 
6.41 
6.40 
6.46 
6.50 

- ] , IN D20-

pHcor r 

6.48 
6.48 
6.57 
6.64 
6.78 
6.90 

- H 2 0 MIXTURES 

[HS03-] 
(mol/1) 

0.516 
0.550 
0.555 
0.568 
0.562 
0.567 

AND DS0 3- , 

[HS03-]»> 
[NaHS03] 

1.03 
1.10 
1.11 
1.14 
1.12 
1.13 

a) The atom fraction of deuterium in the mixture. 
b) The concentration ratio between HS0 3 ~ and 
the initial NaHSOa. 

the value of 1.4681) can be used as /Hso,-//so,2_ in Eq. 7 
at the concentrations of 0.25 mol/1 of N a 2 S 0 3 and 0.50 
mol/1 of N a H S 0 3 in the D 2 0 - H 2 0 mixtures. Substitut­
ing these values into Eq. 7, we obtain the total concen­
tration of H S 0 3 - and DSO3- , [ H S 0 3 - ] , in the D 2 0 - H 2 0 
mixtures (Table 2). As can be seen in Table 2, the total 
concentration increased slightly with the increase in the 
atom fraction of deuterium in the mixture. 

Rate Constant in D20-H20 Mixtures. T h e rate 
equation for the addition of H S 0 3 ~ to allyl alcohol in 
an aqueous solution is expressed by1) 

dfNaHSOJ = gIk3[HSQ3-] 
dt 100*4[Allyl Alcohol] ' ^ ' 

where g is the G-value of A; 7, dose rate (eV/cm 3 s ) ; kz 

and £4, the rate constants for Reactions 3 and 4 respec­
tively; and [Allyl Alcohol], the concentration of allyl 
alcohol. Equation 9 can be rewritten as 

d[NaHSQ3] glk3 [HSQ3-][NaHSQ3] 
d* 100£4 ' [NaHS03] [Ally Alcohol] 

(10) 

Since the [ H S 0 3 ~ ] / [ N a H S 0 3 ] ratio is independent 
of the concentration of N a H S O a in H.,0,1) the [ H S 0 3 ~ ] / 
[ N a H S 0 3 ] ratio may also be assumed to be independent 
of the concentration of N a H S 0 3 in the D 2 0 - H 2 0 
mixtures. However, this ratio depends on the atom 
fraction of deuterium in the mixture, as is apparent 
from Table 2. The conversion of N a H S O a is equal to 
that of allyl alcohol.1) Hence, the rate equation in the 
D 2 0 - H 2 0 mixtures is derived as: 

dx 
dt 

= <xkm 
(« -*) 
(b-x)' 

where 

k.„ = glk* 
100*4 ' 

(11) 

(12) 

D 2 0 < x = [ H S 0 3 - ] / [ N a H S 0 3 ] at a concentration of 
given by the n of the atom fraction of deuterium, a and 
b are the initial concentrations of N a H S O a and allyl 
alcohol respectively, and x is the concentration of 
N a H S 0 3 that reacts in time t. The integration of Eq. 11 
yields 

k»=M{b-a)ln{-^)+x}> (l3) 

from which kn can be obtained by substituting the 
values presented in Fig. 1 and Table 2. Table 3 presents 
the kn values thus obtained. 

Kinetic Hydrogen Isotope Effect. Taking the ratio 
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TABLE 3. OVER-ALL RATE CONSTANTS FOR THE ADDITION 

OF HSO - 3 TO ALLYL ALCOHOL IN D 2 0 - H 2 0 MIXTURES 

«a> Ö ÖT2 Ö~4 Ö~6 Ö~8 Î7Ô 
k n x l 0 * 2.30 1.99 1.88 1.38 1.05 0.554 
(mol/1 s) 

a) The atom fraction of deuterium in the mixture. 

of kn given by Eq. 12 for H 2 0 to that for the D 2 0 - H 2 0 
mixture leads to the following equation : 

k ~ P I k k ' ^ ' 

where the subscripts H and n refer to the values for H 2 0 
and those for the D 2 0 - H 2 0 mixture respectively. Equa­
tion 14 can be simplified as 

since it can be assumed that I^\In is nearly unity, 
because the electron density is nearly equal in both H 2 0 
and D 2 0 , and since there are no solvent effects on 
Reaction 4. 

T h e radiation-induced addition of H S 0 3 ~ to allyl 
alcohol in aqueous solutions is initiated by the active 
species, the hydrogen atom, the hydroxyl radical, and 
the hydrated electron, produced from the radiolysis of 
water.1) Hence, g in Eq. 12 is assumed to be equal to the 
sum of the G-values of these three active species. At 
p H about 6, gu is 5.20 and the g for D 2 0 , gD, is 5.48,3) 
while no precise value of gn is known. Since the forma­
tion of ions and excited molecules will occur in the 
same pattern in both H 2 0 and D 2 0, 9 ) it is reasonable 
to assume that gn is £H + C?D—£H)«. Using these values 
and the kn values given in Table 3, we can obtain 
* « ( £ H / £ „ ) . 

T 1 1 r 

0 -0.2 0.4 0.6 0.8 1.0 

Deuterium atom fraction 

Fig. 2. kn {gH/gn) as a function of deuterium atom frac­
tion in the mixture. 

Figure 2 shows the plot of kn(gHJgn) against n. I t is 
apparent from this figure that a good linear relationship 
holds between these terms. This means that the magni­
tude of the kinetic isotope effect of Reaction 3 is equal 
to &3H/£3D, which can be calculated from the £H, kD, 
gu, and gD values. According to Eq. 15, £3H/£3D is 4.38 
at the dose rate of 8.45 X 1015 eV/cm3 s since £H = 
2 . 3 0 x l 0 4 m o l / l s , £ D = 0 . 5 5 4 x l O - 4 m o l / l s , £ H = 5 . 2 0 , 
and £0=5 .48 . Similar values of 4.46 and 4.41 were 
obtained at the dose rate of 1.35 X 1016 eV/cm3 s and 
1.69 X 1016 eV/cm3 s. Thus , the kinetic isotope effect is 

independent of the dose rate. 
I t has been reported10) that there are two isomeric 

forms of H S 0 3 ~ , (I) and (II) , in aqueous solutions: 

o- o-
0 = S - 0 - H 0 = S = 0 

1 
H 

(I) (II) 

This means that two types of hydrogen-atom abstraction 
should be taken into account ; one is the abstraction from 
the O - H bond, and the other is that from the S-H bond. 

Since the stretching vibration of O - H is higher than 
that of S-H, it seems reasonable to predict that a greater 
isotope effect is found in the former case than in the 
latter case. In fact, a value of about 8 for the isotope 
effect has been reported at 30 °C in the hydrogen-atom 
abstraction by 2,2-diphenyl-l-picrylhydrazyl (DPPH) 
from the O - H bond in such phenols as 2,6-di-f-butyl 
phenol and 4-bromophenol,11) while the value of 5.4 
has been reported for a similar abstraction by the same 
radical from the S -H bond in benzenethiol at 25 °C.12) 
T h e kinetic isotope effect found in the hydrogen-atom 
abstraction from H S 0 3

_ is closer to that for benzenethiol 
than for phenols. 

T h e simplest interpretation of the kinetic isotope 
effects2) is based on the assumption that, on passing 
from the reactants to the transition state, the zero-point 
energy associated with the stretching vibration of the 
bond which is concerned in the abstraction is lost. 
I t is thus predicted that 

kH/kD = exp (LEJRT), (16) 

where AE0 is the difference between the zero-point 
energy of the bond attached to deuterium and that 
at tached to hydrogen. 

The S-H stretching vibration of H S 2 0 5 ~ in an aqueous 
K 2 S 2 0 5 solution is 2532 cm - 1 , while the S-D stretching 
vibration of D S 2 0 5

_ in the D 2 0 solution of K 2 S 2 0 5 is 
1843 cm-1.10) Hence, Eq. 16 becomes 

kHjkD = exp (985/RT). (17) 

At 25 °C, according to Eq. 17, kH/kD is 5.3, which is 
comparable with the kinetic isotope effect ( A H / £ D = 5 . 4 ) 
for the hydrogen-atom abstraction from benzenethiol 
described above. 

According to the theory of a three-center transition-
state model,13) the magnitude of the primary isotope 
effect in a hydrogen-transfer reaction varies with the 
symmetry of the transition state, which depends on the 
nature of the substrate and that of the acceptor of the 
hydrogen. For the determination of the hydrogen-
abstraction reaction in the rate-determining step, more 
work is clearly needed. 

T h e authors wish to thank Dr. Nobutake Suzuki for 
his valuable discussions. 
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Formose Reactions. IV. The Formose Reaction in Homogeneous Systems 
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By using the previously developed analytical method of oxidation-reduction potential measurement, the formose 
reaction homogeneously-catalyzed by calcium formate-potassium hydroxide at pH 10.5—12.0 was found to proceed 
as effectively as that heterogeneously-catalyzed by calcium hydroxide. Other calcium salts, including chloride, 
bromide, acetate, and propionate, could be used in place of calcium formate. Kinetic studies with the calcium 
formate-KOH system showed a linear dependence of the concentration of the dissolved calcium ion species on the 
induction period ( Tmln) and the formose-forming period ( TmKX— Tmln) at a given pH. From the results, the 
relationships, Tmln=a[Ca,OH+]+c and jTm a x- rm i n=a[CaOH+] + Ä[Ca(OH)2] + c, were obtained, suggesting 
that GaOH+ is the principal catalytic species in the induction step, while both GaOH+ and Ca(OH)2 (or OH - ) are 
present in the formose-forming step. The effects of various factors on both steps and the sugar yield were also 
examined. 

In a preceding paper,1) which dealt with an examina­
tion of various factors affecting the formose reaction 
carried out with solid C a ( O H ) 2 in a batch-reactor, it 
was suggested that the dissolved calcium ion is an 
essential catalyst for either the induction and the sugar-
forming step, and that the hydroxide anion plays a 
significant role as a catalyst for the latter step. In order 
to obtain more information on the nature of catalysis 
in the formose reaction, it appeared necessary to 
investigate the reaction with a simpler system, such as 
a homogeneous one, which can excluded the complexity 
caused by the undissolved Ca (OH) 2 . 

Although Weiss et al., in their studies of the formose 
reaction using a continuously stirred tank-reactor 
(CSTR) , regarded the reaction as a homogeneously-
catalyzed one,2 - 4) both the undissolved and dissolved 
C a ( O H ) 2 coexist in the reaction mixture. T h e homo­
geneously-catalyzed formose reaction has been briefly 
investigated using alkali-metal hydroxides, organic bases, 
and other catalysts.5-12) These reactions, however, 
usually need a longer period and a higher temperature 
than the Ca(OH)2-catalyzed formose reaction, and with 
alkali hydroxides the Gannizzaro reaction of formal­
dehyde occurs to a large extent. Among those inves­
tigations, only a report by Fujino et a/.12) concerns the 
calcium salt-catalyzed formose reaction in a homogene­
ous system, for which a glucose-calcium complex is 
used as a catalyst. 

O n the basis of kinetic studies using C S T R and on 
the basis of the fact that the reaction rate decreases 
dramatically when the p H is either too low or too high, 
Weiss and J o h n have reported that GaOH+ is the 
principal catalyst.4) They have also proposed a simplified 
metathesis mechanism involving CaOH+ ; it is shown by 
Scheme 1, where B+ denotes CaOH+. However, a 
question arises whether the CaOH+ species is an effec­
tive catalyst in both induction and formose-forming 
steps, because these authors did not perform separate 
analyses of the two steps. 

T h e purpose of this paper is to explore the standard 
experimental conditions for the formose reaction catalyz­
ed homogeneously by calcium salts and to obtain 
evidence for the active catalytic species participating in 

BOH <=± B+ + O H -

o o-
H - C + OH" <=> H - G - O H 

i i 
H H 

O - OB 

B+ + H ^ G - O H <=± H - G - O H 
i i 

H H 
BO H 

H - C — C - H 

HO OH 

metathesis 

O B H H - t r a n s f e r OB H 
H - C - H + G - H ( -» H - C + + " C - H 

OH Ö OH OH 

(Cannizz aro reaction) If 
H+ t ransfer 

OB 

H - C + CH3OH 
11 

O 
B O H H H . t r a n s f e r B O H H 

H - C - G - H + C - H ( —-» H - G - G + + ~ C - H 
1 1 11 1 1 1 

HO OH O HO OH OH 

metathesis 

BO H H 
HC—G—GH 
HO OH OH 

BO H H O H H 
1 1 1 11 1 1 

HC—C—GH <=± HC-C-C-OH 
OH OH OH HO H 

(Normal sugar formation) 

BO H H H BO GH2OH 

HC —C—CH + C - H <=± H C - C - C H 2 O H 
1 1 1 11 1 1 

OH OH OH O HO H 

(Branched suger formation) 

Scheme 1. 
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the induction and the formose-forming steps. T h e 
oxidation-reduction potential (ORP) measurement of 
the reaction system is applied to the analysis of the 
reaction. The method has been proved to be useful 
for the separate analysis of each step by observing an 
O R P minimum at the end of the induction period and a 
maximum at the end of the formose-forming step.1'13»14) 

necked flask and nitrogen was passed through the solution. 
After the pH of the solution had been adjusted by carbonate-
free concentrated KOH, calcium formate was added and 
stirred until precipitates appeared. A turbid supernatant 
was filtered through asbestos, and the filtrate was analyzed 
for the calcium ion by the EDTA method, using NN-reagent 
as an indicator.15) The results are shown in Fig. 1. 

Exper imenta l 

Procedure. The apparatus and the experimental proce­
dure are virtually the same as those described previously.14) 
Formaldehyde solutions were prepared from paraformalde­
hyde by refluxing for 4 h, followed by the filtration of the 
insoluble substances. The pH of the reaction was maintain­
ed by adding concentrated aqueous potassium hydroxide or 
formic acid. The reactor was flushed with nitrogen which 
had been bubbled through saturated aqueous barium hydrox­
ide. The temperature was controled by means of a cooler 
dipped in a water bath to avoid the significant temperature 
rise which would otherwise occur in the formose-forming step. 
The formaldehyde consumption, the sugar yield, the concen­
tration of the dissolved calcium ion species, and the ORP 
were measured by the method described in the previous 
paper.1,1) The calcium salts and other reagents were of an 
analytical grade. 

To examine the effect of the pH on the concentration of 
the calcium ion, an aqueous formaldehyde solution prepared 
at a desired concentration was maintained at 60 °C in a three-

Fig. 1. Relationship between [Ga] and pH. 
Temperature, 60 °C; Under N2; [ H C H O ] : D 5 0 M ; 
A) 1 M; Ca(HGOO)2 was used as the source of Ga2+ 

(See Experimental). 

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

T h e following terms are adopted in this paper : 
[ H C H O ] , [Ga (HCOO) 2 ] , and [Ca] , the concentrations 
of formaldehyde, calcium formate, and the dissolved 
calcium ion species respectively; Tm-in, the length of 
the induction step, namely, the time from the start to 
the O R P min imum; Tmax, the time from the start to 
the O R P maximum, and Tmax — Tmin, the length of 
the formose-forming step (see the preceding paper1)). 

The Formose Reaction Homogeneously Catalyzed by the 
Calcium Ion. T h e reactant solution was prepared 
by dissolving a given amount of calcium formate into 
an aqueous formaldehyde solution and by adjusting the 
p H by the addition of concentrated aqueous K O H . 
After the reaction had been started at 60 °C, the p H of 
the mixture was maintained by adding concentrated 
aqueous K O H ; the subsequent reaction was followed by 
O R P measurement and analyzed as usual. We have 
previously shown that the O R P of the reaction mixture 
increases from the minimum at the beginning of the 
formose-forming period up to the maximum at its end 
in the pH-uncontrolled reaction.13-14) In the experiments 
at a constant p H , however, the increase in O R P in 
this period was found to be very small. 

As is shown in Table 1, in a certain range of p H and 
[Ca] the formose reaction did occur. At p H 10.5 (Runs 
1—3), Tmln and Tmax— Tmin were reduced with an 
increased [Ca] , indicating that the rates of both the 
induction and formose-forming processes are dependent 
on the amount of the dissolved calcium ion species. At 
higher pHs, the situation became considerably different. 
At p H 11.0 (Run 4), even though [Ca] was the same 
as that of R u n 1, in which the reaction was very slow, 
^min a n d Tmax— Tmïn were as fast as R u n 2, in which 
[Ca] was three times higher. At p H 11.5 (Run 5), 
although par t of the calcium ion separated out as solid 
Ca (OH) 2 , the rate was comparable to that of R u n 3, 

TABLE 1. FORMOSE REACTION AT A CONSTANT pH 

Temp, 60 °C; [HCHO] = 1.0 M. 

Run 
No. 

1 
2 
3 
4 
5C> 
6e> 

[Ga-
(HGOO)2] 

(M) 

0.1 
0.3 
0.55 
0.1 
0.1 
0.1 

PH 

10.5 
10.5 
10.5 
11.0 
11.5 
12.0 

HCHO 
consumption 

(%)at 

•Mn in 

(11. 
20.0 
18.7 
31.6 
29.2 

T 
± max 

2)«o 
97.9 
98.3 
97.8 
97.0 

(29.9)60 

T 
x s 

100 
290 
530 
100 
70 
20 

[Ca] (ir 
at 

-Mnin 

290 
540 

90 
80 

iM) 

(90) 

(10) 

T 
1 max 

SO 

290 
540 
100 
80 

30 

- 'm i n 

(min) 

b> 

58.0 
8.5 

61.0 
12.5 
— b ) 

•*mln 

(min) 

b) 

68.0 
14.5 
69.0 
14.5 
_ b ) 

T —T 
max min 

(min) 

— 
10.0 
6.0 
8.0 
2.5 

— 

Sugar yield (%) 
at 

T 
max 

(0.3) 
46.8 
53.7 
53.3 
52.5 

(0.7) 

> 3 a > 

B0 

33.1 
35.4 
34.6 
26.3 

so 

a) T3= 3 min after Tm&x. b) No minimum ORP or maximum ORP is observed. The subscript number is the 
reaction time, in min. c) Heterogeneous system. 
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TABLE 2. EFFECTS OF VARIOUS CALCIUM SALTS ON THE FORMOSE REACTION 

Cat. 

^max- ^min HCHO consumption (%) 
at 

Sugar yield (%) 
at 

CaCl2 

CaBr2 

Ca(HCOO)2 

Ca(GH3COO)2 

Ca(G2H5GOO)2 

(min) 

14.0 
17.0 
22.0 
26.0 
30.5 

(min) 

16.0 
21.0 
25.5 
30.0 
34.0 

(min) 

2.0 
4.0 
3.5 
4.0 
3.5 

-Mnin 

29.4 
26.2 
33.7 
28.0 
38.9 

T 
•* m a x 

94.2 
97.3 
99.8 
98.1 
98.1 

T 
•* m a x 

55.2 
42.6 
45.3 
52.3 
44.7 

n b ) 

28.0 
32.4 
34.6 
36.1 
36.7 

a) [HCHO] = 1.0 M; [Ga]=0.15 M; Temp, 60 °C; pH=11.0. b) T3=3 min after Tt 

in which [Ga] was about seven times higher. T h e 
results suggest that the catalytic function of the dissolved 
calcium ion species increases with an increased p H . 
As will be discussed later, the active species catalyzing 
the formose reaction is believed to be CaOH+. 

At p H 12.0, most of the dissolved calcium ion species 
separated out as the solid C a ( O H ) 2 and the reaction 
rate became very slow. As is shown in Fig. 1, when 
calcium formate was used as the source of the calcium 
ion, [Ga] decreased sharply above p H 11.0 in both the 
presence and absence of formaldehyde with an increased 
p H . T h e slow-down of the Ga(OH)2-catalyzed formose 
reaction at a high pH1»4) can now be ascribed to the 
deficiency of the dissolved calcium ion species. I t 
follows that a high concentration of the catalyst cannot 
be employed for the homogeneously-catalyzed formose 
reaction carried out a t an elevated p H . However, we 
found that the formose reaction took place smoothly 
even at pHs above 12, with the appearance of both an 
O R P min imum and a maximum, when an ion-exchange 
resin, Amberlite I R 120 (Ca 2 +) , was used as the catalyst 
in place of C a ( O H ) 2 or a calcium s a l t - K O H system. 
T h e p H dependence of Tmin and TmaK in the formose 
reaction with the resin had a relation parallel to that 
of the CaOH+ distribution in an aqueous C a ( O H ) 2 

solution shown in Fig. 4. 
Next, a homogeneous formose reaction using other 

calcium salts was examined. If the formose reaction 
is mainly dependent on the dissolved calcium ion 
concentration and on the p H , it will not be much 
affected by the nature of the counter anion of calcium 
salts. T h e results summarized in Table 2 indicate that 
this is indeed the case. So far as the sugar formation is 
concerned, the formose reaction with these calcium 
salts was virtually the same as that with calcium for-
m a t e - K O H or with calcium hydroxide. However, the 
reaction rate estimated by Tmin and Tmax showed a 
tendecy to decrease with a decrease in the dissociation 
ability of the calcium salts. 

Effects of pH in a Homogeneously Catalyzed Formose 
Reaction. As is shown in Table 1 (Runs 1, 4, and 
5), the induction period is shortened with an increase 
in the p H in the range from p H 10.5 to 11.5 in the 
homogeneous system. T h e p H dependence of the 
formose-forming period and the sugar yield was examin­
ed, after the homogeneous formose reaction using 
calcium formate had been started at p H 11.0, by 
varying the p H at r m i n and by determining Tmax- Tmin 

and the sugar yield. T h e results are shown in Figs. 2 
and 3. The formose-forming step was shortened at 

10.0 I 1.0 12.0 
pH adjusted at Tm;n 

Fig. 2. Effect of pH variation at Tmia on Tm&x— Tmin 

and [Ca]. 
[HCHO]=1 .0M; [Ca(HCOO)2]=0.15 M; Starting 
p H = 11.0 (Under these conditions, Tmin was ca. 22 min). 

50h 

->40h 
« 

? 3 0 

§.20 
3 
(A 

-

-

h 

A A (\ A 
A n A " -—^ 
"D"--^ mox 

3 min after Tm ax\o 

i. i - i . i 

A 

I Oh 

10.0 11.0 12.0 
pH adjusted at Tmjn 

Fig. 3. Effect of pH variation at Tmin on the sugar yield. 
Reaction conditions; same as those in Fig. 2. 

higher pHs, although [Ca] came to decrease at pHs 
above 11.5 as a result of the precipitation of the solid 
Ca (OH) 2 . O n the other hand, the sugar yield practically 
remained unchanged upon p H variation except for at 
p H 12.5, but the decomposition of the sugars occurring 
after Tmax became more significant with an increased 
p H . The results indicate that the hydroxide ion may 
be as an effective catalyst in the formose-forming step 
as the dissolved calcium ion species. 

Active Catalytic Species in the Formose Reaction Homoge­
neously Catalyzed by Calcium Ions. In view of the 
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60h 

Fig. 4. Calculated distribution of dissolved Ca2+, Ca-
OH+, and Ca(OH)2 at different pHs. 

importance of the dissolved calcium ion species and the 
p H in the formose reaction, the distribution of Ca (OH) 2 , 
CaOH+, and Ca2 + in solution at different pHs was 
calculated (Fig. 4) on the basis of the acid-base equilibria 
ofCa(OH)2 :1 7> 

Ca2+ + H 20 +=± CaOH
+ + H + (p/Cai=ll .57), 

CaOH+ + H 20 Ca(OH)2 + H
+ (ptfai= 12.63). 

T h e Weiss proposal that CaOH+ might be the active 
catalyst in the formose reaction catalyzed by calcium 
hydroxide now becomes very plausible. The calculated 
distribution of GaOH+ at different pHs could not be 
applied exactly to our experimental data because of the 
differences of the conditions employed. However, the 
distribution was proved to be very useful for interpreting 
the experimental facts thus far obtained, provided that 
the p H of the maximum distribution of CaOH+ under 
either heterogeneously- or homogeneously-catalyzed 
formose reaction conditions is shifted to ca. 11.5 from the 
calculated p H of 12. An example is given by a com­
parison of Runs 3 and 5 in Table 1. Although the initial 
concentration of the dissolved calcium ion species in 
Run 5 is considerably lower than that in R u n 3, the 
rate of the induction and the formose-forming steps are 
comparable in both cases. This can be qualitatively 
explained by assuming that the concentrations of the 
active catalytic species, namely, GaOH+, are almost 
equal in both runs. 

(1) CaOH+ as the Catalyst in the Induction Step: More 
quantitative experiments became necessary for proving 
the role of GaOH+ as the catalyst. Figure 5 shows plots 
of Tmln as a function of [Ca] at different pHs (10.5, 
11.0, and 11.5) in a homogeneously-catalyzed formose 
reaction using Ca(KCOO)2~" K O H . An approximate 
linear relation was obtained at each p H . This relation 
led us to express T m i n by 

Tmln = tf4[Ca] + c, (1) 

where a and c x\ e constants, and where f is the molar 
fraction of CaOH+ in the dissolved calcium ion species 
a t p H = £ . T h e values of a/} and c are obtained from the 
slope and the interception of each line respectively. T h e 
same plots w ,re made for the formose reaction catalyzed 
by CaCl 2 - - O H , and a linear relation was again 
obtained at each p H . The c value was 130 min for 

30h 

0. 0.2 0.3 0.4 
tCa) (M) 

0.5 

° r • ' m a x - -Mnin and Fig. 5. Relationship between Tn 

[Ca] at different pHs. 
[HCHO] = 1.0 M ; Catalyst, Ca(HCOO)2 ; Temp, 
60°C; Tmln: 0 > A and O , pH 10.5, 11.0 and 11.5, 
respectively; T*max— ^min* ©>A> 

and H , p H 10.5, 11.0, 
and 11.5, respectively. 

the C a ( H G O O ) 2 - K O H system (105 for the CaCl 2 -
K O H system). When a= - 2 0 0 0 min M " 1 ( - 2 0 5 6 ) , /} 
is 0.12 (0.10), 0.33 (0.30), and 0.67 (0.69) at p H 1Ö.5, 
11.0, and 11.5 respectively. These f values are in 
fairly good agreement with the calculated values of 
Fig. 4. T h e constants, a and c, would depend on the 
reaction conditions, such as [ H C H O ] and the reaction 
temperature. Thus , Eq. 1 can be simplified to 

Tmin = a[CaOH+] + c (2) 

Equation 2 means that the induction period is shortened 
linearly with an increase in the concentration of CaOH+ 
at the same [ H C H O ] and p H in a certain range of [Ca] . 

(2) Effective Catalytic Species in the Formose-forming 
Step: We have suggested in the preceding paper and 
this paper that the O H - as well as CaOH+ participates 
in the catalysis in the formose-forming step in either a 
heterogeneous or homogeneous formose reaction.1) 
Weiss and J o h n have concluded, from their experiments 
using CSTR, that the rate of the formose reaction a t 
the intermediate conversion level of formaldehyde, 
which is regarded as the actual formose-forming step, 
is first-order for calcium hydroxide (rF=£F[Ca(OH)2]).4) 
However, since their reaction system was heterogeneous, 
both dissolved and undissolved calcium hydroxide must 
contribute to the reaction rate. In order to clarify the 
role of the dissolved calcium ion species in the formose-
forimng step, Tmax— Tmin was plotted as a function 
of [Ca] at different pHs (10.5, 11.0, and 11.5) in the 
homogeneously catalyzed formose reaction. 

The results, shown in Fig. 5, indicate that !Tmax— Tmin 

and [Ca] have a linear relation at different pHs. 
Similar relations were obtained with the C a C l 2 - K O H 
system. These relations, however, are not simple as in 
Eq. 1, but can be expressed by 

^max - TmiQ = a / ^ C a ] + ô/?[Ca] + c, (3) 

where äff, bff, and c are constants and where fa and / ; 6 

are the molar fractions of CaOH+ and C a ( O H ) 2 respec­
tively in the dissolved calcium ion species at p H = * . The 
experimental data eventually gave the following values : 
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a, - 1 3 3 min M - 1 for the C a ( H G O O ) 2 - K O H system 
( - 6 7 for the C a C l 2 - K O H system); b, - 5 3 7 min M - 1 

( - 3 3 ) ; c, 14.1min ( 3 . 7 ) ; / Ï U 0.12 (0.10); / S . . , 0.33 
(0.30); /Ä.„ 0.67 (0.69) ; /?. .„ 0 ( 0 ) ; / , 6 , 0 , 0.03 (0.03); 

/?..»» ° - 0 7 ( ° - 0 9 ) - T h e / « a n d / , * values are in fairly good 
agreement with the values calculated from Fig. 3. 
Thus, Eq. 3 can be simplified to 

T w - Tmln = fl[CaOH+] + £[Ca(OH)2] + c, (4) 

which means that, under these conditions, both dissolved 
GaOH+ and C a ( O H ) 2 act as effective catalytic species 
in the formose-forming step. 

Equation 4 implies that the formose-forming step may 
occur when either CaOH+ or Ga(OH) 2 is present in 
solution. For example, the reaction occurs at p H 10.5, 
where, practically, [ C a ( O H ) 2 ] = 0 . Furthermore, Ca-
( O H ) 2 can be replaced merely by the O H " ion. In 
fact, as was shown in Fig. 2, the formose-forming step 
still occurs even at p H values above 12, where [Ca] 
becomes very small due to the precipitation of the 
solid Ga(OH) 2 . However, for such a case and for the 
formose reaction heterogeneously-catalyzed by Ga-
(OH) 2 , one cannot neglect the possibility that the 
solid Ca (OH) 2 also participates in the catalysis in the 
formose-forming step, as has been proposed by Weiss 
et al*-*) 

Equations 1—4, on the other hand, can be extrapolat­
ed to limiting values of c when [Ca] or [ C a O H + ] = 0 . 
Since the reaction does not, of course, occur without a 
dissolution of the calcium ion species, it can be said 
that the c values have no significant physical meaning, 
but merely imply the feasibility of the induction and 
the formose-forming steps under the conditions employ­
ed. 

Sugar Yield in the Homogeneously-Catalyzed Formose 
Reaction. T h e effects of [Ca] on the sugar yield at 
^max and at 3 min after Tmax a t different pHs are 
illustrated in Fig. 6. T h e sugar yield at Tmax, where 
sugars formed are most accumulated,1) has a tendency 
to increase with an increase in [Ca] , but the decom­
position of the sugars is more accelerated with an 
increase in [Ca] at the same p H . T h e latter finding 
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Fig. 6. Effect of [Ca] on the sugar yield. 
[HGHO] = 1.0M; Catalyst, Ca(HCOO)2; Temp, 60 
°C; pH: 0 , # , 10.5; A , A , 11.0; UM, 11.5. 

I/(HCHO) (M*1) 

Fig. 7. Effect of the formaldehyde concentration on the 
sugar yield. 
[Ca(HCOO)2]=0.15 M; pH=11.0; Temp, 60 °C; Ç), 
sugar yield at jTmax; %, sugar yield at 3 min after T'max; 
• , HCHO consumption at 7*mln. 

suggests that the dissolved calcium ion species participate 
in the sugar decomposition like the hydroxide anion, 
which may take less part . 

T h e sugar yield was found to be strongly affected by 
the initial [ H C H O ] in the present homogeneous system. 
This is shown in Fig. 7. At a constant [Ca] , the sugar 
yield decreases with an increase in [ H C H O ] at relatively 
high [ H C H O ] values. As may be seen from Fig. 7, 
the decrease in the sugar yield is due to the increased 
consumption of formaldehyde by the Cannizzaro reac­
tion in the induction step. 
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Syntheses of Gramicidin S Analogs Containing d-Aminovaleric Acid.1) 
[5-l'-d-Aminovaleric Acid]-Gramicidin S and [5-1', 5'-l-Bis-

(d-Aminovaleric Acid)]-Gramicidin S 
Shösuke SÖFUKU, Akio YOSHIDA, Hiroki BABA, and Ichiro MUR.AMATSU 

Department of Chemistry, College of Science, Rikkyo (St. Paul's) University, Nishi-Ikebukuro, Tokyo 171 
(Received December 7, 1976) 

Gramicidin S (GS) analogs, [5-l'-<5-aminovaleric acid]-GS dihydrochloride (XIII) and [5-1', 5'-l-bis(<5-
aminovaleric acid)]-GS dihydrochloride (XIX), were synthesized. Both peptides are the analogs in which one 
or two L-prolyl-L-valyl residues of GS are replaced with one or two <5-aminovaleric acid residues. The spectra 
of optical rotatory dispersion (ORD) and circular dichroism (CD) of XIII and XIX were measured. The molar 
optical rotation of XIII is smaller than that of GS, but its ORD spectrum resembles that of GS. Analog XIII 
shows some antimicrobial activity, but not the analog XIX. 

Analogs of gramicidin S (GS) containing <5-amino-
valeric acid (&Ava) residue have been synthesized in 
order to investigate the role of amide bond in the three-
dimensional structure and antibiotic activity of GS. 
When one or two dipeptide residues of the antibiotic 
are replaced by <5Ava, one or two amide groups turn 
into ethylene groups, the chain length and ring size 
remaining unaltered. However, if the replaced amide 
group of GS participates in the hydrogen bond essential 
to the proper secondary structure of the original mole­
cule, the replacement would lead to the impracticability 
of hydrogen bond formation, giving rise to the deforma­
tion of the ring structure and the loss of the biological 
activity. 

In previous papers,1 '2) the syntheses and properties 
of [<5Ava4-5>4'-5']-GS and [<5Ava4-5]-GS were reported. 
I t has been deduced that the stabilization of the ring 
structure of GS needs the existence of D-phenylalanyl-
L-prolyl residue, although it does not take part in 
intramolecular hydrogen bond formation. T h e N H 
groups of L-valyl residues seem to participate in the 
intramolecular hydrogen bonds, stabilizing the pleated 
sheet structure of GS.3'4) 

In this paper, we describe the syntheses of [<5Ava5-1']-
GS and [<5Ava6-1'»5'-1]-GS, giving the results of anti­
microbial assays and optical rotatory dispersion (ORD) 
and circular dichroism (CD) measurements. Both 
peptides are the analogs in which one or two L-prolyl-

5 ' 1 2 3 
l»L-Pro—L-Val—L-Orn—L-Leu-

4 
-D-Phe-, 

*• y 2' 
l-D-Pbe—L-Leu—L-Orn-

(GS) 

1 ' 5 
-L-Val— L-Pro«J 

*L-Pro—L-Val—L-Orn—L-Leu—D-Phe-, 

LD-Phe—L-Leu—L-Orn 6Ava< 

(a) 

— ^ 6 Ava L-0 r n—L-Le u— D-Phe -i 

1-D-Phe—L-Leu—L-Orn 6 Ava« 

(b) 

Fig. 1. Structures of gramicidin S (GS), [<5Ava5-1']-GS 
(a), and [^Ava0"1', ^ J - G S (b). 

L-valyl residues participating in the hydrogen bonds 
in GS are replaced by <5Ava. The analogs are devoid 
of one or two amide groups in the corresponding residues 
of GS. The modification would be of use for a study of 
the conformation of GS. 

The analogs were synthesized according to Schemes 1 
and 2. The cyclization reactions were carried out by 
using the /»-nitrophenyl esters of liner peptides X I and 
X V I I . The reaction procedures were the same as in 
the cyclization.2) The cyclic peptides X I I and X V I I I 
were obtained in 61 and 14% yields, respectively. In 
analogy with the yields of cyclization in the syntheses 
of [<3Ava4-5]-GS (71 %)2> and [<5Ava4-5-4'-5']-GS 
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Z(CMe). 

Z(OMe)-

MH2NH2.H20 

fTxiv) 
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•OH 
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Scheme 2. 

(32%),1> the results might reflect the relative stability of 
the conformation favorable for cyclization of each active 
ester. [ d A v a ^ ' J - G S dihydrochloride (XI I I ) and 
[ d A v a 5 - 1 ' ' 5 ' - 1 ] ^ dihydrochloride (XIX) were obtain­
ed by hydrogenolysis of the benzyloxycarbonyl groups 
on the ornithyl residues of X I I and X V I I I . The purity 
of the synthetic analogs was confirmed by means of 
dansyl chloride (l-dimethylamino-5-naphthalenesulfonyl 
chloride) procedure,2) paper electrophoresis, and amino 
acid analysis. 

TABLE 1. ANTIMICROBIAL ACTIVITY OF GS AND ITS ANALOGS 

Test organisms 

Staphylococcus 
aureus A T G C 6538p 

Streptococcus 
pyogenes N . Y. 5 
Sarcina lutea 
A T C C 9341 

Corynebacterium 
diphtheriae P. W. 8 
Bacillus subtilis 
A T G C 6633 

Escherichia coli B 

Proteus vulgaris 
O X 19 

M i n i m u m 

GS .2HC1 

6 .3 

6 . 3 

6 .3 

1.6 

6 . 3 

> 1 0 0 

> 1 0 0 

inhibitory concentration*1) 
(Hg/ml) 

XIIIb> 

50 

25 

> 1 0 0 

3.2 

25 

> 1 0 0 

> 1 0 0 

X I X e ) 

> 1 0 0 

> 1 0 0 

100 

> 1 0 0 

> 1 0 0 

> 1 0 0 

> 1 0 0 

a) Agar dilution method. b) [ M v a ^ ' J - G S ^ H C l . 
c) [dAva^ ' -s ' -^-GS^HCl. 

Results of the antimicrobial assay of these analogs 
for several microorganisms are given in Table 1. O R D 
and CD spectra are shown in Figs. 2 and 3. The 
minimum value in O R D spectrum of X I I I ( 1 . 4 x l 0 ~ 4 

M) is observed at 232 nm. Although the molar optical 
rotation of X I I I is smaller than that of GS, its O R D 
spectrum shape resembles that of GS. The analog X I I I 
exhibits some antimicrobial activity against several 
microorganisms. CD spectrum of X I I I has two troughs 
near 200 nm. The trough at 203 nm corresponds to that 

X -10h 

-15r 

-20h 

Wavelength (nm) 

Fig. 2. ORD spectra of [ÔAva^'J-GS^HCl (XIII), 
[ d A v a ^ V - i J - G S ^ H C l (XIX), and gramicidin S 2H-
Cl (GS) in water; XIII ( .), XIX ( ), and GS 
(- • - ) . Measurements were made using a 1 mm quartz 
cell at room temperature. 

180 200 220 240 
Wavelength (nm) 

Fig. 3. CD spectra of [«SAva^'J-GS^HCl (XIII), [Ö-
A v a5-i ' .5 ' - i ]_G S .2HCl (XIX), and gramicidin S 2HC1 
(GS) in water; XIII( ), XIX( ), and GS( ). 
Measurements were made using 0.5 mm and 0.1 mm 
(XIX) quartz cells at room temperature. 

of CD spectrum of [<5Ava4-5]-GS,2> which has a GS-like 
conformation. The trough in shorter wave length region 
is not observed in the spectrum of G S ; it might arise from 
the partially flexible structure of X I I I . The O R D 
and CD spectra of X I X (9.5 x 10~4 M) differ from both 
those of GS ( 1 . 3 x l 0 - 4 M) and those of other GS 
analogs containing (5Ava.1>2) Analog X I X shows no 
antimicrobial activity. 
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[MeVaPJ-GS and [MeVal^ ' J -GS 5 ) were synthesized 
by Abe et al.&) From the lack of amide hydrogen between 
L-prolyl and L-valyl residues, these analogs are com­
parable with analogs X I I I and X I X . X I I I shows 
antimicrobial activity and O R D spectrum similar to 
those of [MeVaPJ-GS.6) If the part of ornithyl-leucyl-
D-phenylalanyl-prolyl-valyl-ornithyl-leucyl7) in the 
primary structure of X I I I has a fixed secondary struc­
ture containing two hydrogen bonds and /?-turn ( D -
phenylalanyl-prolyl),4) analog X I I I possibly exists in 
a GS-like conformation which can be illustrated by 
use of CPK model. 

Experimental 5) 

The purity of the synthetic compounds was confirmed by 
thin-layer chromatography (TLG) on silica gel plates using 
the following solvent systems (v/v) : Solv. 1, CHCl3-MeOH-
AcOH-pyridine (95: 5: 3: 4); Solv. 2, CHCl3-MeOH-AcOH 
(95: 5: 3); Solv. 3, CHGl3-MeOH (9: 1); Solv. 4, n-BuOH-
AcOH-pyridine-H20 (4: 1: 1:2); Solv. 5, n-BuOH-AcOH-
H 2 0 (4: 1: 1). The molecular weight was determined with a 
Hitachi molecular weight apparatus model 115, using metha­
nol. Amino acid analyses were performed with a JEOL auto­
matic amino acid analyzer, after hydrolyzing samples with 
6 M HCl in evacuated sealed ampoules for 20 h at 110 °C. 
ORD and CD spectra were measured with a JASCO model 
J-20 spectrometer and are represented in terms of molar op­
tical rotation and molar ellipticity, respectively. 

Z-D-Phe-ôAva-OMe (I). The peptide was synthesized 
according to the method of Anderson et a/.8> Et3N (1.39 ml, 
10 mmol) was added to a solution of isobutyl chloroformate 
(1.44 ml, 11 mmol) in THF (20 ml) at - 10 °C. After 3 min, 
a solution of Z-D-Phe-OH (2.99 g, 10 mmol) in THF was 
added dropwise to the above solution at —15 °C. After the 
reaction mixture had been stirred for 15 min, a mixture of 
H-Mva-OMe-HCl2) (1.68 g, 10 mmol) and Et3N (1.39 ml) 
in CHC13 (20 ml) was added. The reaction mixture was fur­
ther stirred at —15 °C for 1 h and at room temperature over­
night. After filtration, the filtrate was concentrated in vacuo. 
The residue was dissolved in ethyl acetate, and the solution 
was washed successively with 0.5 M HCl, water, 5% NaHC0 3 , 
and water, and then dried over Na2S04 . After removal of 
the drying agent, the solution was concentrated in vacuo and 
the residue was recrystallized from ethyl acetate and petrole­
um ether. Yield, 3.38 g (81.9%); mp 103—104 °C; [a]2D° 
+ 3.2° (c4, MeOH). 

Found: C, 67.14; H, 6.87; N, 6.99%. Calcd for C23H28-
N 2 0 5 : C, 66.97; H, 6.84; N, 6.79%. 

H-T>-Phe-ÔAva-OMe.HCl (II). I (4.13 g, 10 mmol) in 
MeOH (30 ml) containing methanolic 1.2 M HCl (10 ml) 
was hydrogenolyzed in the presence of Pd black (0.5 g) for 
2 h. After removal of the catalyst and concentration of the 
filtrate in vacuo, white precipitate was obtained by trituration 
of the oily residue with diethyl ether in a theoretical yield. 

Z-Leu-v-Phe-ôAva-OMe (III). a) DCC (2.06 g, 10 
mmol) was added to a mixture of II (3.15 g, 10 mmol) and 
Z-Leu-OH-DCHA9) (4.48 g, 10 mmol) in CHC13 (50 ml) at 
2—3 °C in an ice-salt bath.10> The reaction mixture was 
stirred at this temperature for 3 h and then at room tempera­
ture overnight. After evaporation of the solvent in vacuo and 
addition of ethyl acetate to the residue, insoluble substance 
was removed by filtration. The filtrate was treated in a way 
similar to that for the synthesis of I. The pure product was 
obtained by recrystallization from ethyl acetate, EtOH and 
hexane. Yield, 3.7 g (70.3%); mp 145.5 °C; [a]2D° +10.5° (c 

2, MeOH). b) Z-Leu-OH obtained from the corresponding 
DCHA salt (14.73 g, 33 mmol) was combined with 30 mmol 
of II by a method similar to that for the synthesis of I. The 
product was recrystallized from ethyl acetate and petroleum 
ether. Yield, 12.42 g (77.8%); mp 144—145 °C; [a]2,2 +11.6° 
(c 2, MeOH). 

Found: C, 66.46; H, 7.39; N, 8.01%. Calcd for C29H39-
N 3 0 6 : C, 66.26; H, 7.48; N, 7.99%. 

H-Leu-D-Phe-ÔAva-OMe-HCl (IV). I l l (10.51 g, 20 
mmol) was hydrogenolyzed by the method for II . The pro­
duct was obtained in a theoretical yield. 

Z(OMe)-Orn(Z)-Leu-D-Phe-ôAva-OMe ( V). This was 
prepared from IV (20 mmol) and Z(OMe)-Orn(Z)-OH ob­
tained from the corresponding DCHA salt") (13.47 g, 22 
mmol). The coupling method was similar to that for the 
preparation of I. The reaction mixture was concentrated in 
vacuo. The residue was dissolved in CHC13, and the solution 
was washed successively with water, 5% citric acid, water, 
5% NaHC0 3 , and water, and then dried over Na2S04 . After 
removal of the drying agent, the filtrate was concentrated in 
vacuo, and the residue was recrystallized from MeOH (600 
ml). Yield, 12.52 g (77.9%); mp 182—183 °C; [a]2j +5.5° 
(c 1, DMF); TLC: R, 0.64 (Solv. 3). 

Found: C, 64.30; H, 7.10; N, 8.79%. Calcd for C43H57-
N5O10: C, 64.24; H, 7.15; N, 8.71%. 

H-Orn(Z)-Leu-D-Phe-ÖAva-OMe-HCl (VI). V ( 1.85 g, 
2.3 mmol) was added to 2 M HCl-dioxane (25 ml) containing 
anisole (0.6 ml). The solution was stirred at room tempera­
ture for 3 h and then evaporated in vacuo. The oily residue 
was triturated with diethyl ether and the resulting white pre­
cipitate was collected by filtration. After drying, the product 
weighed 1.42 g (89.1%). 

Z(OMe)-Val-Orn(Z)-Leu-x>-Phe-ÖAva~OMe (VII). Z-
(OMe)-Val-OH obtained from the corresponding DCHA salt11) 
(1.16 g, 2.5 mmol) was introduced to a mixed anhydride in a 
way similar to that for the preparation of I. To this THF 
solution (19 ml) was added a solution of VI (1.42 g, 2.1 mmol) 
and Et3N (0.29 ml) in DMF (15 ml) at - 1 5 °C. The reac­
tion mixture was stirred at this temperature for 1 h and at 
room temperature overnight and then filtered. The filtrate 
was concentrated to dryness in vacuo. The residue was washed 
on a filter funnel with water, 5% citric acid, water, 5% 
NaHC0 3 , and water. The dried crude product was recrystal­
lized from MeOH and diethyl ether. Yield, 1.2 g (63.2%); 
mp 193.5—195 °C; [al£ +6.5° {c 1, DMF). 

Found: C, 63.97; H, 7.41; N, 9.46%. Calcd for C48H6fi-
N 6 O n : C, 63.84; H, 7.36; N, 9.31%. 

Z(OMe) -Val-Orn (Z)-Leu-r>-Phe-ÔAva-NHNH2 ( VIII). 
NH 2 NH 2 .H 2 0 (80%, 12.5 g) was added to a solution of VII 
(2.72 g, 3.0 mmol) in DMF (50 ml) and the resulting solution 
was stirred at room temperature for 4.5 d. The hydrazide 
precipitated by addition of water (400 ml) was filtered, washed 
with water, and dried. Yield, 2.68 g (98.9%); mp 213.5— 
215 °C; [a]2D° +7.0° (c 1, HMPA). 

Found: C, 62.05; H, 7.28; N, 12.07%. Calcd for C47H0(5-
N8O10: C, 62.51; H, 7.36; N, 12.41%. 

Z(OMe)-Orn(Z)-Leu-v-Phe-Pro-OH (IX). Z(OMe)-
Orn(Z)-Leu-D-Phe-Pro-OEt2> (1.63 g, 2.0 mmol) was saponi­
fied in a mixture of MeOH (10 ml), dioxane (10ml), and 1 M 
NaOH (4 ml) at room temperature for 3 h. After filtration 
of the reaction mixture, an oily product resulting by the addi­
tion of 5% citric acid (25 ml) in an ice bath was separated 
from the aqueous layer by décantation. The product was 
reprecipitated from MeOH, 5% citric acid, and excess water, 
washed with water, and dried. Yield, 1.46 g (92.5%); TLC: 
Rf 0.64 (Solv. 1). 
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H-Orn (Z)-Leu-D-Phe-Pro-OH • HCl (X). HCl -d ioxane 
(8.6 M , 5 ml) was added to a solution of I X (1.46 g, 1.85 
mmol) in dioxane (10 ml) containing anisole (0.22 ml) . T h e 
solution was stirred a t room tempera ture for 1 h. After the 
solvent h a d been evaporated in vacuo, the product was obtain­
ed by tr i turat ion with diethyl ether and décanta t ion; yield, 
1.19 g (97 .5%). 

Z(OMe)-Val-Om(Z)-Leu-v-Phe-oAva-Orn(Z)-Leu-T>-Phe-
Pro-OH (XI). V I I I (1.63 g, 1.8 mmol) was suspended 
in D M F (20 ml) , followed by addit ion of 8.16 M HCl-d ioxane 
(0.88 ml) and butyl nitrite (0.25 ml, 2.2 mmol) at - 4 0 °C.12> 
After the reaction mixture h a d been stirred at —20 30 °C 
for 15 min, Et 3 N (1 ml) was added at - 6 0 °C, followed by 
the addition of a mixture of X (1.19 g, 1.8 mmol) and Et 3 N 
(0.5 ml) in D M F (15.5 ml) at - 2 0 30 °C. T h e reaction 
mixture was stirred at this temperature for 1 h and at 0 °C 
for 66 h and then poured into cold water (500 ml) . T h e 
resulting precipitate was collected by nitrat ion, and washed 
with water, 5 % citric acid, and water. T h e dried crude product 
(2.61 g) was recrystallized from D M F and diethyl ether. 
Yield, 1.53 g (56 .7%); m p 226—227 °C ; [a]2

D
4 - 2 1 . 6 ° (c 0.5, 

D M F ) ; T L C : Rf 0.52 (Solv. 1). 
Found : G, 63.00; H , 7.25; N, 10.23%. Calcd for C8 0H1 0 7-

N n 0 1 7 . 2 H 2 0 : C, 62.77; H , 7 .31; N, 10.06%. 

cyclo (- Val-Orn (Z) -Leu-r>-Phe-öAva-Orn (Z) -Leu-D-Phe-
Pro-) (XII). T h e cyclic peptide was prepared in the 
same way as described.2) T h e reaction of X I (1.05 g, 0.7 
mmol) with bis(/>-nitrophenyl)sulfite (1.59 g) in a mixture of 
D M F (18 ml) and pyridine (8 ml) at room tempera ture for 
43 h gave the />-nitrophenyl ester of X I . After the removal 
of Z(OMe)-g roup of this ester with T F A (7 ml) containing 
anisole (1.12 ml) , cyclization of the resulting peptide ester was 
carried out in pyridine (467 ml) at 58—60 °G. T h e solution 
was concentrated in vacuo. T h e residue was dissolved in aq 
M e O H and passed through Dowex-1 ( O H - form) and 
Dowex-50 (H+form) . After evaporation of the effluent, the 
product (628 mg) was recrystallized from aq M e O H . Yield, 
561 mg (61 .1%) ; m p 126—130 ° C ; [a]2

D
4 - 1 5 8 . 0 ° (c 0.3, 

E t O H ) ; T L G : R( 0.5 (Solv. 2 ) ; mol wt, found: 1331 (calcd 
for C 7 1 H 9 7 N u 0 1 3 : 1313). 

Found : C, 64.09; H , 7.56; N , 11.03%. Calcd for C7 1H9 7-
N n O i a - C H g O H : C, 64 .31 ; H , 7.57; N , 11.46%. 

cyclo (-Val-Orn-Leu-v-Phe-ôAva-Orn-Leu-v-Phe-Pro-) • 2HCI 
(XIII). Benzyloxycarbonyl groups of X I I (394 mg, 0.3 
mmol) were hydrogenolyzed in M e O H (10 ml) containing 1 
M HCl (0.9 ml) in the presence of Pd-black (100 mg) for 7.5 h. 
After removal of the catalyst, the filtrate was concentrated in 
vacuo. T h e residue was washed with diethyl ether by décan­
tation and then dissolved in water. T h e solution was filtered 
through active charcoal and the filtrate was lyophilized. 
Yield, 293 mg (77 .4%) ; m p 228—231 °C (dec); [a]2

D* - 1 5 7 . 0 ° 
(c 1, E t O H ) ; T L C : Rt 0.82 (Solv. 4) . Paper electrophoresis: 
migration distance —12 cm, cf. —12 cm for GS [ H C O O H : 
A c O H : H 2 0 = 4 : 15: 180 v/v (pH 1.9), 600 V, 12—14.5 mA, 
2 h, Toyo no. 50 ( 1 5 x 4 0 cm) ] . Amino acid rat ios: Val , 
0.95; Orn , 2.00; Leu, 2.07; Phe, 2.00; Pro, 1.05; dAva, 0.96 
(recovery 9 0 % ) . 

Found : C, 52.57; H , 7.15; N , 11.90%. Calcd for C 5 5 H „ -
N n 0 9 C l 2 . 6 H 2 0 - H C l : C, 52.35; H , 7.99; N , 12 .21%. 

Z(OMe)-Orn(Z)-Leu-r>-Phe~ÔAva-NHNH2 (XIV). A 
solution of V (2.01 g, 2.5 mmol) and 8 0 % N H 2 N H 2 - H 2 0 
(4.7 g) in D M F (15 ml) was stirred a t room tempera ture for 
3 d. T h e solution was concentrated in vacuo to a volume of 
ca. 10 ml. Whi te precipitate was obtained by the addit ion of 
excess water to the concentrate. T h e filtered and dried prod­
uct weighed 1.94 g (96 .5%). M p 203.5—205.5 °C. A sample 

for analysis was obtained by crystallization from MeOH-e thy l 
acetate-diethyl ether. M p 205.5—207.5 °C; [a]*» + 8 . 4 ° (c 1, 
D M F ) . 

Found : C, 62.47; H , 7.25; N, 12.46%. Calcd for C42H57-
N 7 0 9 : C, 62.75; H , 7.15; N, 12.19%. 

Z(OMe)-Orn(Z)-Leu-D-Phe-ôAva-OH (XV). A solution 
of V (2.41 g, 3 mmol) in a mixture of dioxane (50 ml) and 
M e O H (30 ml) containing 1 M N a O H (9 ml) was stirred at 
room temperature for 2.5 h. T o this was added 1 M N a O H 
(3 ml) and the stirring was continued. Another portion (3 
ml) of the alkali solution was added 1 h later. Four h after 
the last addition, the solution was acidified with citric acid 
(3.15 g) and concentrated in vacuo. O n the addition of water 
to the residue, precipitate appeared immediately. After fil­
tration and drying, the precipitate was recrystallized from 
M e O H . Yield, 1.80 g (75 .9%); m p 165—167 °C; [a]^1 + 5 . 0 ° 
(c 1, D M F ) ; T L C : i?f 0.18 (Solv. 3). 

Found : C, 64.03; H , 7.19; N , 9 .18%. Calcd for C42H55-
N 5 O 1 0 : C, 63.86; H , 7.02; N, 8.87%. 

H-Orn(Z)-Leu-D-Phe-ÖAva-OH.HCl (XVI). X V (1.58 
g, 2 mmol) was treated with a solution of 2.2 M HCl-dioxane 
(20 ml) containing anisole (0.65 ml) at room temperature for 
2 h. T h e product was obtained in a theoretical yield follow­
ing the procedure in the preparat ion of X . 

Z(OMe)-Orn(Z)-Leu-D-Phe-ôAva-Orn(Z)-Leu-D-Phe-ôAva-
OH (XVII). X I V (1.61 g, 2 mmol) and X V I (1.32 g, 2 
mmol) were subjected to the same treatment as tha t for X I , 
except for the use of isopentyl nitrite (0.42 ml) instead of 
butyl nitrite. T h e reaction mixture was stirred at 0 °C for 
70 h and filtered. T h e precipitate and the residue obtained 
from the filtrate after concentration in vacuo were combined, 
and washed with 5 % citric acid and water. Recrystallization 
of the dried crude product from D M F and M e O H gave 1.65 
g (59.0%) of the pure product . M p 218—220 °C; [a]2

D
4 + 3 . 4 ° 

(c 0.6, D M F ) . 
Found : C, 64.10; H , 7.48; N, 9 .79%. Calcd for C75H100-

N 1 0 O 1 6 : C, 64.45; H , 7.21; N , 10.02%. 

cyclo (-Orn(Z)-Leu-n-Phe-ôAva-Orn(Z)-Leu-n-Phe-ôAva-) 
(XVIII). This cyclic peptide was synthesized following 
the same procedure as described for the preparar ion of X I I . 
From X V I I (1.40 g, 1 mmol) , 194 mg of crude product was 
obtained. U p o n recrystallization from aq M e O H , 174 mg 
(14.3%) of the pure product was obtained. M p 274—275 °C; 
[a]2

D
4 - 2 0 . 7 ° (c 0 .1, E t O H ) ; T L C : Rt 0.46 (Solv. 3 ) ; mol wt, 

found: 1142 (calcd for C 6 6H 9 0N 1 0O 1 2 : 1216). 
F o u n d : C, 64 .71; H , 7.33; N , 11.60%. Calcd for C66H„0-
N 1 0 O 1 2 : C, 65.22; H , 7.46; N , 11.52%. 

cyclo(-Orn-Leu-T>-Phe-ôAva-Orn-Leu-D-Phe-ôAva-). 2HCI 
(XIX). X V I I I (146 mg, 0.12 mmol) was hydrogeno­
lyzed in M e O H containing 1 M HCl (0.4 ml) in the presence 
of Pd-black (50 mg) for 6 h. After removal of the catalyst, 
the filtrate was concentrated in vacuo. After trituration of 
the residue with diethyl ether and décantation, it was dis­
solved in water. T h e solution was filtered through active 
charcoal. By lyophilization of the filtrate the product was 
obtained in a 71.2% yield (94.4 mg) . M p 199—202 °C (dec); 
[a]2

D
5 - 2 0 . 7 ° (c 0.1, H 2 0 ) ; T L C : R{ 0.59 (Solv. 4) and 0.69 

(Solv. 5) . Paper electrophoresis: migration distance —10 cm, 
cf. - 1 0 . 5 cm for GS [ H G O O H : A c O H : H 2 0 = 4 : 15: 180 
v/v (pH 1.9), 600 V, 11.8—14.8 mA, 2 h, Toyo no. 50 (15 
X 4 0 c m ) ] . Amino acid rat ios: Orn , 0.96; Leu, 1.00; Phe , 
0.90; <5Ava, 1.06 (recovery 9 6 % ) . 

Found : C, 52.88; H , 7.34; N, 12.03%. Calcd for C50H80-
N 1 0 O 8 C l 2 . 4 H 2 O - H C l : C, 53.21; H , 7.95; N , 12.41%. 

T h e a u t h o r s a r e i n d e b t e d to t h e m e m b e r s of t h e 
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Rhodium complexes were found to be effective in catalyzing selective hydrogénation of cinnamaldehyde to 
cinnamyl alcohol in the presence of strongly basic amine such as triethylamine or iV-methylpyrrolidine under oxo 
reaction conditions. The selectivity of analogous hydrogénation of aliphatic unsaturated aldehyde was poorer 
than that of aromatic aldehyde. When a catalytic amount of triphenylphosphine was added, the selectivity was 
drastically changed to exclusive formation of hydrocinnamaldehyde. In order to elucidate the nature of rhodium-
amine interaction, Rh2Cl2(C04) was immobilized on a cross-linked chloromethylated polystyrene which was 
functionalized with pyrrolidine, the polymer amine acting as a tertiary amine. The polymer-rhodium complex 
was found to be stable and to effect the selective hydrogénation of cinnamaldehyde, while addition of triphenyl­
phosphine seemed to liberate the rhodium complex from the polymer. It is concluded that a rhodium-amine-
carbonyl complex is responsible for the selective hydrogénation of a,/?-unsaturated aldehyde to the unsaturated 
alcohol. 

Hindered unsaturated aldehydes having highly sub­
stituted carbon-carbon double bonds can be hydrog-
enated to the corresponding unsaturated alcoholes.1) 
For unhindered a,/?-unsaturated aldehydes such as 
cinnamaldehyde and crotonaldehyde, however, a very 
limited number of catalysts are known to be effective, 
i.e. plat inum and palladium supported on carbon 
combined with zinc and iron (II) chlorides,2) although no 
mechanistic study has been reported. O n the other hand, 
a number of transition metal complexes have been 
reported to catalyze hydrogénation of olefin and 
aldehyde under mild reaction conditions.3) No efficient 
homogeneous catalyst is known for preferential hydro­
génation of these unsaturated aldehydes to the unsaturat­
ed alcohols using molecular hydrogen. In the presence 
of a tertiary amine, rhodium complex catalysts are 
much more active than cobalt carbonyls for oxo-alcohol 
syntheses without accompanying hydrogénation of 
olefin.4,5) This suggested that rhodium complexes 
would be effective in the presence of carbon monoxide 
and tertiary amine for the selective hydrogénation of 
a,/?-unsaturated aldehyde. Kogami et al. examined 
cobalt carbonyl catalyst in the presence of amine for 
hydrogénation of cinnamaldehyde and its derivatives 
under oxo reaction conditions, no preferential hydrogé­
nation to the unsaturated alcohols being found.6) 

This work was undertaken to elucidate the necessary 
conditions for selective hydrogénation of cinnamal­
dehyde and croton aldehyde to the unsaturated alcohols 
with rhodium complex catalyst in the presence of 
tertiary amine under oxo reaction conditions, and to 
study the interaction of amine with rhodium atom in 
its coordination sphere by immobilizing Rh 2 Cl 2 (CO) 4 

on an aminated polystyrene. 

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

Materials. Tetracarbonyldichlorodirhodium (I), Rh2-
Cl2(CO)4, was prepared from RhCl3«3H20 and carbon mono­
xide7) (Found: C, 11.2; CI, 18.8%. Calcd for: C, 12.4; CI, 
18.2%). Commercial RhCl3 .3H20, carbon monoxide (98%) 
and all the <x,/?-unsaturated aldehydes and amines (Tables 2 
and 3) were used without purification. Benzene of extra 

pure grade guaranteed for UV spectrometry (Wako Pure 
Chemicals Industry Ltd.) was used as a solvent to avoid the 
effect of contaminants such as thiophene. 

Aminated polystyrene was prepared by an appropriate 
modification of the method used for the amination of chloro­
methylated polymers.8) A cross-linked chloromethylated 
polystyrene (divinylbenzene 3%. Mitsubishi Chemical Indus­
try Ltd.) was washed with dioxane and water under nitrogen 
atmosphere, and dried at 50—60 °C in a vacuum (Found : H, 
6.9; C, 75.2; CI, 15.6%. Total 97.7%). The chloromethyl­
ated polystyrene (50 g) were aminated with pyrrolidine (100 g) 
in dioxane ( 150 ml) under nitrogen atmosphere at room tem­
perature for 48 h. The resulting polymer was washed three 
times with a water-dioxane solution of hydrogen chloride to 
remove the excess pyrrolidine and then three times with an 
aqueous sodium carbonate solution to liberate the amine 
chemically linked to the polymer. Subsequently the aminated 
polystyrene was washed thoroughly with water and methanol 
and dried at 20 °C in a vacuum (Found: H, 9.1; C, 84.3; 

N, 5.4; CI, 1.1%. Total 99.9%). 
Reaction Procedure. All the reactions were carried out 

with use of a stainless steel autoclave (100 ml) equipped with a 
magnetic stirrer. A benzene solution (20 ml) of a tertiary 
amine (2.5—40 mmol) and one of oc,/?-unsaturated aldehydes 
(20—23 mmol) and RhCl3-3H20 (0.13 mmol) or Rh2Cl2-
(CO)4 (0.065 mmol) were placed in the autoclave under 
nitrogen atmosphere, followed by introduction of carbon 
monoxide and hydrogen at room temperature. The auto­
clave was then heated up to the desired temperature within 
10—15 min, and the temperature was kept constant. After 
a given period of run, the autoclave was rapidly cooled with 
water to room temperature, and gaseous materials were 
purged out. The products were quantitatively analyzed by 
a gas Chromatograph equipped with a 4 meter column of 
DC-550, polyethylene glycol, or ethylene glycol succinate 
polyester using an appropriate substance as internal standard. 
The hydrogénation products were isolated by a preparative 
gas Chromatograph, and identified by NMR, IR, or mass 
spectroscopy, when necessary. 

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

General Features of Reaction. The results for 
cinnamaldehyde using RhCl 3 «3H 2 0 as a catalyst are 
shown in Table 1. In the absence of carbon monoxide 
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TABLE 1. HYDROGÉNATION OF CINNAMALDEHYDE CATALYZED BY RHODIUM COMPLEX 

P h C H C H C H O 20 mmol, C0H6 20 ml, Plu 40 kg/cm2 at r.t., Temp 90 °C, React time 60 min. 

Catalyst 
(mmol) 

RhCl3 .3H20 
0.13 

RhCl(PPh3)3 
0.10 

RhCl3 .3H20 
0.13 

Rh2Cl2(CO)4 
0.065 

(kg/cm2) 

40 

[ ° 
40 
40 

40 

' 40 

( 40 
1 o 
i 40 

f 40 
40 

40 

NEt3 
(mmol) 

0 
20 
20 
20 

+ PPh31.0 
20 

+ AsPh3 1.0 
20 

+ NPh, 1.0 

0 
20 
20 

20 
20 

20 

Temp 
(°cj 

90 
90 
90 
90 

90 

90 

90 
90 
90 

70 
60b> 

60 

Conv. 
(%) 

35 
18 
93 

100 

7.5 

86 

0 
44 

100 

10 
72 

94 

IP) 

«*0 
96 

7.9 
95 

95 

10 

81 
100 

5 

2 

Selectivity (%) 

IIP) 

«*0 
0 

63 
0 

0 

51 

0 
0 

61 

85 

IVa> 

«*0 
Ä > 0 

22 
«*0 

0.9 

22 

3.1 
«*0 

8 

11 

a) II Hydrocinnamaldehyde, III Cinnamyl alcohol, IV Hydrocinnamyl alcohol. 
b) Pretreatment with CO (40—50 kg/cm2) at 90 °C for 60 min. 

or triethylamine, small amounts of hydrogenated 
products are obtained, no cinnamyl alcohol being 
detected. Addition of triethylamine, however, signif­
icantly increases not only the catalytic activity but the 
selectivity to cinnamyl alcohol under the oxo reaction 
conditions, giving no hydroformylation products. Addi­
tion of primary or secondary amine in place of tertiary 
amine was ineffective in giving hydrogénation products. 
This is presumably caused by the formation of highly 
stable Rh(I IT)-amine complexes.9) On the other hand, 
the addition of a catalytic amount of triphenylphos-
phine strikingly increases the selectivity for the hydrogé­
nation of the carbon-carbon double bond to give 
hydrocinnamaldehyde. Triphenylamine has little effect, 
while triphenylarsine decreases the catalytic activity. 
RhCl(PPh 3 ) 3 is a highly active catalyst for preferential 
hydrogénation of the carbon-carbon double bond under 
the same conditions. T h e results indicate that both 
carbon monoxide and tertiary amine play important 
roles for the selective hydrogénation to cinnamyl alcohol 
with rhodium complex catalyst. 

Although R h C l 3 ' 3 H 2 0 exhibits only a low activity 
at lower temperatures, it can be activated by treatment 
with carbon monoxide (30—50 kg/cm2) at 90 °C for 
60 min before introduction of hydrogen, so that cin­
namaldehyde can be hydrogenated even at 60 °C. When 
Rh 2Cl 2 (CO) 4 is used as the catalyst, the selective 
hydrogénation takes place more readily without pre­
treatment, suggesting that RhCl 3 is reduced during the 
course of hydrogénation. 

Effect of Tertiary Amine. T h e effect of tertiary 
amine in the hydrogénation of cinnamaldehyde is given 
in Table 2. Two features of amine effect are observed. 
Firstly, highly basic amines such as triethylamine (pKh = 
3.3), N-methylpyrrolidine ( p # b = 3.8) and JV-methyl-
piperidine (pÄ"b=2.8) are effective not only for catalytic 
activity but also for preferential hydrogénation to 

cinnamyl alcohol. JV^-Dimethylbenzylamine (pÄ"b= 
5.1) is not effective, and less basic amines such as N,N-
dimethylaniline (pÜTb=8.9) and pyridine ^ ^ = 8 . 9 ) 
give no cinnamyl alcohol at all. Such a trend in the 
effectiveness of tertiary amines was also reported for 
oxo-alcohol synthesis from hexene or octene catalyzed 
by rhodium catalysts combined with tertiary amine 
and water.4> Secondly, both catalytic activity and 
selectivity to cinnamyl alcohol substantially depend on 
the amount of amine, this being pronounced in the 
presence of large excess of triethylamine or iV-methyl-
pyrrolidine , (amine/Rh=100—200 in mol). I t is 
interesting to see the effect of diamines, since the 
interaction between rhodium atom and diamines could 
be strengthened by their chelate effect. T h e diamines 
(Table 2) are clearly effective for selective hydrogéna­
tion, but they are required in a large amount to increase 
the yield of cinnamyl alcohol, and no chelate effect 
is observed. j&,/>'-Bis(dimethylamino)diphenylmethane 
as well as JV,iV-dimethylaniline give no cinnamyl 
alcohol. The interaction between rhodium complex 
and amine will be discussed on the basis of the hydrogé­
nation using Rh 2 Cl 2 (CO) 4 catalyst immobilized on an 
aminated polystyrene. 

Effects of Carbon Monoxide and Hydrogen. Effects 
of carbon monoxide and hydrogen on the conversion 
of cinnamaldehyde and selectivity of hydrogénation are 
shown in Figs. 1 and 2. Under the conditions specified 
in Fig. 1, the highest conversion of cinnamaldehyde is 
obtained at 20 kg/cm2 of carbon monoxide, where the 
selectivity to hydrocinnamyl alcohol is also the highest. 
The selectivity to cinnamyl alcohol increases with 
increase in the pressure of carbon monoxide, the 
formation of hydrocinnamaldehyde being significantly 
retarded by carbon monoxide. The increase in hydrogen 
pressure under a constant pressure of carbon monoxide 
(40 kg/cm2) increases the conversion of cinnamaldehyde, 



2150 Tsutomu MizoROKi, Katsumi SEKI, Shun-ichi MEGURO, and Atsumu OZAKI [Vol. 50, No. 8 

TABLE 2. EFFECT OF TERTIARY AMINE ON HYDROGÉNATION OF CINNAMALDEHYDE 

PhCH=CHCHO 20 mmol, C6H6 20 ml, RhCl3 .3H20 0.13 mmol, 
Press. 80 kg/cm2 (CO/H2= 1) at r.t., Temp 90 °C, Time 60 min. 

Amine Conv. Selectivity (%) 

(mmol) 

NEt3(10) 
NEt3(20) 
iV-Methylpyrrolidine(20) 
iV-Methylpyrrolidine(5)a> 
iV-Methylpyrrolidine ( 10) a> 
iV-Methylpy rrolidine (20)a ) 
JV-Methylpyrrolidine (30)a> 
JV-Methylpiperidine(20) 

N(CH3)2CH2Ph(20) 
N(CH3)2Ph(20) 

NC5H5(20) 
(CH3)2N-(CH2)2-N(CH3)2(2.5) 
(CH3)2N-(CH2)2-N(CH3)2(5) 
(CH3)2N-(CH2)2-N(CH3)2(10) 
(CH3)2N-(CH2)2-N(CH3)2(15) 
(CH3)2N-(CH2)2-N(CH3)2(20) 
(CH3)2N-(CH2)3-N(CH3)2(10) 
(CH3)2N-(CH2)6-N(CH3)2(10) 
(CH3)2N-C6H4-CH2-C6H4-N(CH3)2(10) 

(%) 

88 
93 

100 
30 
67 
88 
99 

100 
55 

7.7 
«*0 
21 
53 
96 
99 
63 
77 
72 
13 

Ip) 

56 
7.9 

&0 
9.0 
3.7 
2.2 
0 
0 

28 
0 

— 
51 
21 
6.5 
1.3 

12 
14 
14 
— 

IIIb> 

28 
63 
83 
59 
83 
75 
69 
83 
39 
0 

— 
50 
52 
58 
65 
77 
73 
59 
— 

ivb> 

14 
22 
10 

«*0 
11 
14 
11 
13 
16 
0 

— 
~ 0 

12 
35 
34 
9.1 

17 
17 
— 

a) Pretreatment with CO (30—40 kg/cm2) at 90 °C for 60 min. 
I l l Cinnamyl alcohol, IV Hydrocinnamyl alcohol. 

b) II Hydrocinnamaldehyde, 

20 40 

P c o (kg/cm2) 

Fig. 1. Effect of the pressure of carbon monoxide on 
hydrogénation of cinnamaldehyde. 
PhCH=CHCHO 20 mmol, NEt3 20 mmol, C6H6 20 
ml, RhCl3 .3H20 0.13 mmol, PH, 40 kg/cm2 at r.t., 
Temp 90 °C, Time 60 min. O Conversion, • hydro­
cinnamaldehyde, ^ cinnamyl alcohol, • hydrocin­
namyl alcohol. 

while the consecutive hydrogénation of cinnamyl 
alcohol produced is much slower than that of cinnamal­
dehyde. (Fig. 2). Thus, in the presence of carbon 
monoxide, the hydrogénation of the C H O group can be 
preferentially enhanced. This was verified by separate 
runs of hydrogénation of hydrocinnamaldehyde and 
cinnamyl alcohol under the same conditions specified in 
Fig. 1. Under 30—50 kg/cm2 of carbon monoxide, 
hydrocinnamaldehyde was almost quantitatively hydrog-
enated to hydrocinnamyl alcohol (90%), while the 

100 

80 

•% 60 

-o 
s 

> 
a 

40 

'P 
/ 

L,° 
t3. 

20 h 

/ 
xf 

20 40 60 
PH, (kg/cm2) 

Fig. 2. Effect of the pressure of hydrogen on hydro­
génation of cinnamaldehyde.a) 

PhCH=CHCHO 20 mmol, NEt3 20 mmol, C6H6 20 
ml, RhCl3 .3H20 0.13 mmol, P c o 40 kg/cm2 at r.t., 
Temp 90 °C, Time 60 min. O Conversion, • hydro­
cinnamaldehyde, £3 cinnamyl alcohol, • hydrocin­
namyl alcohol. 
a) Under low hydrogen pressure, it was supplied 
during the reaction to keep the pressure constant. 

extent of hydrogénation of cinnamyl alcohol was less 
than 2 5 % in the same period. 

The highest conversion to hydrocinnamyl alcohol is 
obtained at 20 kg/cm2 of carbon monoxide (Fig. 1 ), 
considerable amounts of hydrocinnamaldehyde being 
formed under lower pressures of hydrogen (10, 20 
kg/cm2) (Fig. 2). Strohmeier and Weigelt reported 
that 2-methyl-2-propanol is rapidly isomerized to 
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TABLE 3. HYDROGÉNATION OF OTHER a,^-UNSATURATED ALDEHYDES 

C6H6 20 ml, P„, 40 kg/cm. Time 60 min. 

Aldehyde 
(mmol) 

CH3 

PhCH=CCHO 
PhCH=CHCHO 

C 2 H 5 

C 3 H 7 C H = C C H O 
C 3 H 7 C H = C H C H O 
CH 3 CH=CHCHO c > 
CH 3 CH=CHCHO c > 
CH 3 CH=CHCHO c > 
CH 3 CH=CHCHO c > 
C H 3 C H = C H C H O c ) 
C H 3 C H = C H C H O c ) 

C H 3 N C 4 H 8 

(mmol) 

(20)*) 

(20)a> 

(20)a) 
(20)a> 
(23)a) 
(23)b> 
(23)b> 
(23)b> 
(23)b) 
(23) c> 

20 
20 

20 
20 
30 
20 
10 
5 
5 
5 

-*co 
kg/cm2 

40 
40 

40 
40 
40 
20 
20 
20 
0 

10 

T e m p 
°C 

60 
60 

60 
60 
40 
40 
40 
40 
40 
40 

Conv. 

(%) 

99d> 

100 

47 
100 
99 
99 
74 
50 
99 
80 

IP) 

0 
0 

18 
0 
4.6 
0 

14 
25 
99 
13 

Selectivity (%) 

II I e ) 

87d> 

83 

34 
47 
41 
52 
50 
49 
0 

47 

IVe) 

13d) 

9.8 

48 
53 
53 
48 
33 
22 

1.3 
34 

a) RhCl3-3H20 0.13 mmol. Pretreatment with CO (40—50 kg/cm2) at 60—90 °C for 60 min. 
b) Rh2Cl2(CO)4 0.065 mmol. Without pretreatment. c) Water (12—14 wt%) was contained. 
d) Calculated from peak areas on the gas Chromatograph. 
e) II Saturated aldehyde, III Unsaturated alcohol, IV Saturated alcohol. 

isobutyraldehyde with R h H ( C O ) ( P P h 3 ) 3 as a homog­
eneous catalyst in trifluoroethanol at 70 °C10> (CH2= 
G ( G H 3 ) C H 2 O H — • [ (CH 3 ) 2 C=GHOH]—• (CH 3 ) 2 CHC-
H O ) . Thus, the isomerization of cinnamyl alcohol to 
hydrocinnamaldehyde should be taken into account for 
the formation of hydrocinnamyl alcohol. With the 
present catalyst system, it seems likely that carbon 
monoxide retards the isomerization of cinnamyl alcohol 
as well as hydrogénation of the carbon-carbon double 
bond, since the selectivity of hydrocinnamyl alcohol is 
considerablely low under higher pressures (40—60 kg/ 
cm2) of carbon monoxide (Fig. 1), gradually increasing 
even under high pressures of hydrogen (Fig. 2). How­
ever, we have no evidence for the course of formation of 
hydrocinnamyl alcohol. 

Hydrogénation of Other ^-Unsaturated Aldehydes. 
The results for other a,/?-unsaturated aldehydes are 
given in Table 3. TV-Methyl pyrrolidine was used as the 
modifier, and the catalyst solutions were treated with 
carbon monoxide (40—50 kg/cm2) at 90 °C for 60 min 
before the hydrogénation at 40—60 °C by introduction 
of hydrogen. a-Methyl cinnamaldehyde as well as 
cinnamaldehyde are hydrogenated to the unsaturated 
alcohol selectively, while in the case of aliphatic un­
saturated aldehydes such as croton aldehyde, 2-hexenal, 
or 2-ethyl-2-hexenal, the unsaturated alcohols produced 
are further hydrogenated to the saturated alcohols. 
All attempts to increase the selectivity to trans-2-buten-\-
ol by over 50% using Rh 2 Cl 2 (CO) 4 as the catalysts were 
unsuccessful. Acrylaldehyde, presumably oligomerized 
before hydrogénation, gave only a trace amount of 
propional dehy de. 

Immobilization of Rhodium Complex. Since a large 
amount of tertiary amine is required for the selective 
hydrogénation of cinnamaldehyde, and little evidence 
on the nature of interaction of amine with rhodium 
atom in its coordination sphere is available, attempts 
to isolate a rhodium-amine complex from the product 
solution being unsuccessful, we attempted to immobilize 
Rh 2Cl 2 (CO) 4 on a cross-linked chloromethylated 

polystryrene functionarized with pyrrolidine, i.e. j -C6H4-
GH 2 -NC 4 H S . When a deep red benzene solution of 
Rh 2 Cl 2 (CO) 4 is added to the pale yellow polymer swollen 
in benzene at room temperature under nitrogen atmos­
phere, the complex is rapidly adsorbed on the polymer, 
the deep red colour disappearing within a few minutes. 
A pale dark brown polymer was separated by filtration. 
The immobilized rhodium complex was used as a 
catalyst for the hydrogénation of cinnamaldehyde 
without addition of any other amine. The results are 
summarized in Table 4, the amounts of the polymer 
used for immobilizing Rh 2Gl 2 (GO) 4 (0.065 mmol) being 
0.65—5.2 g (2.5—20 mmol equivalents of N) . After the 
runs, the immobilized rhodium complex suspended in a 
colourless product solution was washed twice with 
benzene and separated by filtration in the air before 

TABLE 4. HYDROGÉNATION OF CINNAMALDEHYDE WITH 

IMMOBILIZED RHODIUM COMPLEX CATALYST 

PhCH=CHCHO 20 mmol, C6H6 20 ml, Rh2Cl2(CO)4 

0.065 mmol, Press. 80 kg/cm2 (CO/H a =l ) , Temp 
60 °C, Time 60 min. 

No. 
Aminated 

polystyrene 
(N-mmol) 

Conv. 
(%) 

Selectivity (%) 

II III IV 

2.5 

5.0 

5 
6 
7 
8 
9 

10 
11 

10 

20 

Recycle (run 3) 
Recycle (run 5) 
Recycle (run 4) 

5.0, + PPh 3 0 . l3 
Recycle (run 8) 

5.0, +PPh 3 0.195 
Recycle (run 10) 

69 
(66) 
84 

(95) 
77 

(100) 
65 

(99) 
77 
67 
69 
79 
63 
92 
13 

11 
(9.3) 
7.1 

(2.4) 
8.6 

(~0) 
13 

(~0) 
9.2 
12 
13 
78 
16 
78 

73 
(72) 
76 

(87) 
62 

(90) 
58 

(75) 
60 
65 
63 
0 

54 
0 

13 
(6.6) 

16 
(12) 
14 

(9.8) 
13 

(H) 
14 
11 
14 

4.6 
10 

1.3 
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TABLE 5. IR ABSORPTIONS OF RHODIUM CARBONYL COMPLEXES 

Rh2Cl2(CO)4
13> 

2085 cm"1 (s) 
2035 cm"1 (s) 
2105 cm-1 (m) 

in Nujol 

i-C.H4-CH2-NC1H8 
(N /Rh-5 inmol ) 

. > 
in CeH6 a t r.t. 

Immobilized rhodium complex 

2060 cm"1 (m) 
1985 cm"1 (s broad) 

1760—1820 cm"1 (w broad) 

inKBr 

I 80 kg/cm« (CO/Ha=l) 
| 60°C, 60 min 

Immobilized rhodium complex 

2060 cm"1 (w) 
1985 cm"1 (s broad) 

1720—1820 cm"1 (m broad) 

inKBr 

+ p p h 3 

in C,H, 
-> No vco absorption in the polymer 

/ RhCl(CO)(PPh3)2 from the C6H6.\ 
\ 1960 cm"1 (s broad) in KBr14> ) 

analysis of hydrogénation products of cinnamaldehyde, 
since some of them were adsorbed on the polymer. 
The results obtained from the corresponding homoge­
neous catalyst system using 7V-methylpyrrolidine under 
the same conditions are given in parentheses in Table 4. 
Selective hydrogénation is again observed in heteroge­
neous catalyst system, although its catalytic activity and 
selectivity are slightly lower than those in homogeneous 
one. T h e polymer catalysts recovered in the air from 
runs 3, 5, and 4 reproduce almost the same activity and 
selectivity (runs 5, 6, and 7 respectively), indicating that 
the rhodium complexes are fairly air-stable, retaining 
original linkage to the aminated polystyrene after the 
runs. Addition of catalytic amounts of triphenylphos­
phine (PPh 3 /Rh = 2—3), however, gave exclusively 
hydrocinnamaldehyde and no cinnamyl alcohol at all 
(comparison of run 1 with runs 8 and 10) as observed 
in homogeneous catalyst system (Table 1). Since the 
product solutions were pale yellow in the runs with 
triphenylphosphine, some par t of the rhodium complex 
seem to have been eluted from the polymer. In fact, 
the polymer catalyst recovered from run 10 was almost 
inactive for hydrogénation, although the one recovered 
from run 8 had some activity for selective hydrogénation 
(comparison of run 9 with run 2). 

The interaction of Rh 2 Cl 2 (CO) 4 with the polymer was 
investigated by IR . The immobilized complex (N/Rh = 
5)11) showed three absorptions, 2060(m), 1985(s broad) , 
and 1720—1820 (w broad) c m - 1 , in carbonyl stretching 
region. The last broad absorption, which was not 
observed in the parent rhodium complex, Rh 2 Cl 2 (CO) 4 

(2105(m), 2085(s), and 2035(s) cm" 1 ) , could be assigned 
to bridged carbonyls, suggesting the formation of a 
polynuclear rhodium carbonyl.12) After treatment of 
the immobilized rhodium complex with C O - H 2 mixture 
( C O / H 2 = l ) in benzene under 80 kg/cm2 at 60 °C for 
60 min, the first absorption became weaker and the 
last one (1720—1820 cm - 1 ) relatively increased. O n 
the other hand, all these absorptions disappeared after 
the treatment with triphenylphosphine (PPh 3 /Rh = 3) 
in benzene either in the presence or absence of the 
C O - H 2 mixture. From the benzene solution, RhCl-
(CO)(PPh 3 ) 2 (Found: C, 63.0; H , 4 .25%. Calcd for: 
C, 64.3; H, 4 .38%. v o o =1960 (s broad) c m - 1 ) , was 
isolated and recrystalized from benzene-methanol, 
indicating that triphenylphosphine coordinates to 

rhodium atom much more strongly than the amine. 
The I R absorptions of carbonyls are summarized in 
Table 5. 

From a comparison of these I R absorptions of im­
mobilized complexes with the effects of amine and 
triphenylphosphine shown in Table 4, it is evident 
that under oxo reaction conditions the rhod ium-amine-
carbonyl complex catalyzes the selective hydrogénation 
of a,/?-unsaturated aldehyde to the unsaturated alcohol, 
while RhCl(CO)(PPh 3) . , is effective only for the 
preferential hydrogénation of the carbon-carbon double 
bond to give the saturated aldehyde. 
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Preparation of 5,5-Bis(ethoxycarbonyl)-5,6-dihydro-3,7-diaryl-4If-
1,2-diazepines and Their Halogenations1) 
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5,5-Bis(ethoxycarbonyl)-5,6-dihydro-3,7-diaryl-4//-l,2-diazepines (4) were prepared by the condensation of 
a-bromoacetophenone azines with diethyl malonate in the presence of sodium ethoxide. Halogenation of 4 
afforded 7,7-bis(ethoxycarbonyl)-2,5-diaryl-3,4-diazanorcaradiene, 4,6-dihalodihydrodiazepines, 1-halodiaza-
norcaradienes, and/or 4,4,6,6-tetrachlorodihydrodiazepine, whose relative yields depended upon the reaction 
conditions. Dehalogenation of the halogenated products was also investigated. 

I t has been reported that the treatment of 3,7-diphen-
yl-5,6-dihydro-4.r7-l,2-diazepines (1) with halogenation-
reagents resulted in ring contraction to pyridazines. 
The isolation of 3,4-diazanorcaradienes (2, i?=H, 2> 
Ph3>) has been cited as evidence for their intermediacy 
in the contraction reaction which presumably proceeds 
by a halogenation-dehydrohalogenation process. How­
ever, halogenated intermediates have not been isolated 
(Scheme 1). 

•v 

R = H, Me, Ph 
N-N 

Scheme 1. 

This paper is concerned with the preparation of 
5,5-bis(ethoxycarbonyl)- 5,6- dihydro-3,7-diaryl-4//-1,2-
diazepines, and with their halogenations which afforded 
halogenated intermediates and diazanorcaradienes in 
good yields. 

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

Preparation of 5,5-Bis(ethoxycarbonyl)-5,6-dihydro-3,7-
diaryl-4H-l,2-diazepines (4). 5,5-Disubstituted 5,6-

dihydro-477-1,2-diazepines have not been reported in 
literature. a-Bromoacetophenone azine (3a) 4> which was 
prepared by the bromination of acetophenone azine, 
would be expected to react with active methylene 
compounds, affording the corresponding 5,6-dihydro-
4H-1,2-diazepines. In fact, 3a reacted with diethyl 
malonate in the presence of sodium ethoxide to give 
the expected 5,5-bis(ethoxycarbonyl)-5,6-dihydro-3,7-
diphenyl-4//-l ,2-diazepine (4a). Similarly, 3,7-diQb-
tolyl) and 3,7-bis(/>-chlorophenyl) derivatives, 4 b and 
4c, were prepared from the corresponding azines, 3 b 
and 3c, respectively. 

Structural elucidation of 4 was accomplished on the 
basis of spectral da ta and the results of microanalyses, 

BrH2Cv /CH2Br 
O N - N - C + H2C(GOOEt)2 

Ar^ W r 
3 

NaOEt 

in EtOH 

EtOOCCOOEt A r O A r 

a: Ar = Ph; b : Ar = £-MeC6H4; c: Ar = />-ClC6H4 

H O Ph 

P h C O C H / ^ C O O E t 

N2H4 / i N - \ / i N2H4 PhCOCH2V /COOEt 
• N X N * y \ 

Ph O ' H 

Scheme 2. 

TABLE 1. 5,5-BIS(ETHOXYCARBONYL)-5,6-DIHYDRO-3,7-DIARYL-4//-DIAZEPINES 4a) 

Yield 
% 

Mp, °C I R
5 vc=0 NMR (GDG13) ô ppm 

Found (Calcd) % 

C H N 

4a 

4b 

4c 

77 124—125 1760, 1740 

45 103—104 1760, 1740 

58 129—130 1750, 1730 

1.15 (6H, t, CH2CH3), 3.30 (4H, s, CH2) 70.44 6,12 7.13 
4.13 (4H, q, CH2Me), 7.3—8.0 (10H, m, (70.39) (6.16) (7.14) 
ArH) 
1.18 (6H, t, GH2CH3), 2.36 (6H, s, CH3) 71.40 6.73 6.65 
3.23 (4H, s, CH2), 4.15 (4H, q, GH2Me) (71.41) (6.71) (6.66) 
7.1—7.8 (8H, m, ArH) 
1.17 (6H, t, CH2CH3), 3.21 (4H, s, CH2) 59.90 4.82 6.09 
4.11 (4H, q, CH2Me), 7.2—7.9 (8H, m, (59.87) (4.80) (6.07) 
ArH) 

a) All 4 are colorless prisms. 

* To whom correspondence should be addressed. 
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which are given with the yields and melting points in 
Table 1. 

Treatment of 4a with hydrazine hydrate in acetic 
acid afforded 5,5'-spirobi(l//-3-phenyl-4,5-dihydropyri-
dazin-6-one) (5), which was identical with an authentic 
sample prepared from diethyl diphenacylmalonate and 
hydrazine hydrate (Scheme 2). 

Bromination. When 4a was treated with an 
equimolar amount of bromine in methanol at room 
temperature, 7,7-bis(ethoxycarbonyl)-2,5-diphenyl-3,4-
diazanorcaradiene (7a), m p 120—121 °C, was obtained 
in excellent yield. T h e reaction of 4a with two molar 
amounts of bromine in methanol gave 5,5-bis(ethoxy-
carbonyl)- 4,6 -dibromo- 5,6 -dihydro- 3,7 -diphenyl- 4H-
1,2-diazepine (8a) and/or l-bromo-7,7-bis(ethoxycar-
bonyl)-2,5-diphenyl-3,4-diazanorcaradiene (9) ; whose 
relative yields greatly depended upon the reaction time. 
T h a t is, the reaction for 10 min gave 8a and 9 in 83 
and 16% yields respectively, whereas the reaction for 
2 h exclusively produced 9. O n the other hand, the 
reactions of 4a with two molar amounts of bromine in 
methylene dichloride, chloroform, and acetic acid, and 
with excess JV-bromosuccinimide (NBS) in carbon 
tetrachloride did not give 8a and 9, but instead 7a was 
only formed. 

Similarly, the reaction of 3,7-di(/>-tolyl)- 4 b and 3,7-
bis(/>-chlorophenyl)dihydrodiazepine 4c with two molar 
amounts of bromine in methanol for 5 min afforded 
the corresponding dibromides 8 b and 8c respectively. 
In these cases, the corresponding 1-bromodiazanor-
caradines were not obtained. 

Hydrolysis of 7a with ethanolic potassium hydroxide 
afforded the half ester 10, which on heating in ethanol 
or e thano l -^ underwent decarboxylation to give 7-

4a 
Br, H 

in MeOH 

2Br2 

in MeOH 

BrE E/E E-f AT 

ArZwr r B r "V 
8 N ' \ 

a: Ar = Ph; b : Ar=/»-MeC6H4; c: Ar=/>-ClC6H4 

WD) 

50-70 °C _ \J~\ 

CrfeCOOEt 

&w-ethoxycarbonyl-2,5-diphenyl-3,4-diazanorcaradiene 
(11) or its 7-deuterio derivative 1 1 - ^ respectively. When 
10 was heated at 130—140 °C without solvent, ring 
opening occurred to yield 4-ethoxycarbonylmethyl-3,6-
diphenylpyridazine (12) (Scheme 3). 

The structures of all products, 7—12, were confirmed 
on the basis of their spectral data. 

Although the monobromide 6 has not been isolated, 
it is clear that the diazanorcaradienes 7a and 9 are 
formed via internal nucleophilic displacement of the 
monobromide 6 and dibromide 8 respectively as delineat­
ed in Scheme 3. 

Chlorination. The treatment of 4a with an 
equimolar amount of sulfuryl chloride in methylene 
dichloride at room temperature afforded traces of an 
unidentified compound, together with recovery of 4a . 
However, 4a reacted with two molar amounts of sulfuryl 
chloride to give 5,5-bis(ethoxycarbonyl)-4,6-dichloro-
5,6-dihydro-3,7-diphenyl-4//-l,2-diazepine (13) and/or 
7 ,7- bis ( ethoxycarbonyl ) -1 - chloro - 2,5 - diphenyl -3 ,4-
diazanorcaradiene (14) ; whose relative yields depended 
upon the reaction time again. Further chlorination of 
the dichloride 13 with sulfuryl chloride afforded the 
4,4,6,6-tetrachlorodihydrodiazepine 15 in good yield. 
T h e tetrachloride 15 was formed directly from chlorina­
tion of 4a with excess sulfuryl chloride or chlorine gas. 
Structural elucidation of 13—15 was accomplished on 
the basis of their spectral data. 

4a 

E E 
ciJXxi 

P h - U - p h 

13 

E = COOEt 

Scheme 4. 

ci-P^fci p h W p h 
15 

E = COOEt 

Scheme 3. 

I t is considered that activation of the methylene 
groups at positions 4 and 6 in 4 to halogenation is 
at tr ibutable to the electron-withdrawing azine and 
ethoxycarbonyl groups. As shown above. 7,7-bis-
(ethoxycarbonyl) diazanorcaradienes, 7, 9, and 14, were 
isolated in good yields respectively; this fact suggests 
that the diazanorcaradienes are stabilized by the 
extended jr-electron conjugation. 

Dehalogenations of the Halogenated Products. When 
dibromides, 8a—8c, were treated with sodium iodide 
in boiling acetone for 2 h, the corresponding diazanor­
caradienes, 7a—7c, were obtained in good yields. 
Although the dichloride 13 was unchanged under 
similar conditions, 13 was also converted to 7a on 
prolonged heating with sodium iodide in ethanol. 
Similarly, treatment of the tetrachloride 15 with sodium 
iodide in boiling acetone afforded the 1,6-dichlorodiaza-
norcaradiene 16 quantitatively (Scheme 5). 
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Nal in boiling 

Me2CO or EtOH 

8 : X = Br 
13: Ar = Ph, X = C1 

C l - T r C l Nal in boiling 

Ar 
7 a : A r = P h 
7 b : Ar=/>-MeC 6 H 4 

7 c : Ar=/>-ClC 6 H 4 

Me2CO 

15 E = C O O E t 

Scheme 5. 

N e x t , w e h a v e i nves t i ga t ed t h e d e h a l o g e n a t i o n w i t h 
z inc dus t i n bo i l ing e t h a n o l . I n c o n t r a s t to t h e a b o v e 
d e h a l o g e n a t i o n us ing s o d i u m i o d i d e , t h e d iha l i de s , 8 a 
a n d 13 , d i d n o t g ive t h e d i a z a n o r c a r a d i n e s 7 a , b u t 
i n s t ead t h e d i h y d r o d i a z e p i n e 4 a , 3 , 6 - d i p h e n y l p y r i d a z i n e 
(17) , a n d d i e thy l m a l o n a t e w e r e fo rmed i n t h e respec t ive 
yields s h o w n in S c h e m e 6. As i l l u s t r a t ed i n S c h e m e 6, 
these r eac t i ons p r o c e e d t h r o u g h t w o different p a t h w a y s 
f rom t h e o r g a n o z i n c h a l i d e ; o n e is d i r e c t d e c o m p o s i t i o n 
b y e t h a n o l to g ive 4 a , a n d t h e o t h e r is r i n g c o n t r a c t i o n , 
fol lowed b y d e c o m p o s i t i o n to afford 17 a n d d i e thy l 
m a l o n a t e . 

EE 

p h \ > h 

8 a : X = Br 
1 3 : X = C1 

Zn 

EE 

•** Ph-4 >Ph 
N-N 
4a 

+ P h - Z ^ ^ - P h + C H 2 ( C O O E t ) 2 

N - N 

4a 
9 .6 

16 

17 
43 
54 

38% 
45% 

4a 

X-Zn^^Zn-X 
P h ^ P h 

X-ZnH-OF! 
^bi-Zn-X 

/ X / X +ROH 
• 17 + Zn + Zn - » CH 2 E 2 

^ O R \ G H E 2 

E = C O O E t , R = Et 

Scheme 6. 

O n t h e o t h e r h a n d , s imi l a r t r e a t m e n t s of h a l o g e n a t e d 
d i a z a n o r c a r a d i e n e s , 9 , 14 , a n d 16, af forded 4- [b is -
( e t h o x y c a r b o n y l ) m e t h y l ] - 3 , 6 - d i p h e n y l p y r i d a z i n e (18) i n 
4 7 , 5 1 , a n d 1 3 % yields respec t ive ly . T h e p y r i d a z i n e 18 
was also o b t a i n e d i n 1 6 % yie ld f rom t h e t e t r a c h l o r i d e 

phi> 

Y=C1 
P h - < 

N - N 

18 

(MWi) Rp-H(D) 

C1>=<CH(D)E2 ClZn^CH(D)E2 

Yph 
N - N 

phU™ 

P h - < 

H ( D ) W / C H ( D ) E 2 

>-Ph 
N - N 

18 
(19-d2) 

15 16 18 

E = C O O E t , R = Et 

Scheme 7. 

15 . T h e d e h a l o g e n a t i o n of 14 a n d 1 5 w i t h z inc dus t 
in bo i l i ng e t h a n o l - ^ a f forded t h e p y r i d a z i n e s , 1 8 - ^ 
a n d 18-d2, r espec t ive ly . 

O n t h e basis of t h e a b o v e resul ts , t h e p a t h w a y s for t h e 
f o r m a t i o n of 18 f rom 9 a n d 1 4 — 1 6 a r e i n t e r p r e t e d as 
d e p i c t e d in S c h e m e 7. 

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

All the melting points are uncorrected. T h e N M R spectra 
were determined with a Hitachi R-20 Model spectrometer, 
with T M S as the internal s tandard . T h e I R spectra were 
measured as KBr disks, and the M S were obtained on a 
Hitachi R M S - 4 mass spectrometer with a direct inlet and an 
ionization energy of 70 eV. 

ct-Bromoacetophenone Azines (3). a-Bromoacetophenone 
azine (3a) , m p 151—152 °C (lit,4) m p 151—152 °C), was pre­
pared by the brominat ion of acetophenone azine. Similarly, 
a-bromo-/>-methylacetophenone azine (3b) and a-bromo-/>-
chloroacetophenone azine (3c) were prepared from the 
corresponding acetophenone azine. 

3 b : m p 182—183 ° C ; I R 1590 c m - 1 (C=N). Found : C, 
51.23; H , 4 .15; N , 6 .75%. Calcd for C1 8H1 8N2Br2 : C, 51.19; 
H , 4.27; N , 6 .63%. 

3 c : m p 186—187 °C ; I R 1597 c m - 1 (C=N). Found : C, 
41.14; H , 2.67; N , 6 . 3 1 % . Calcd for C1 6H1 2N2Br2Gl2 : G, 
41.47; H , 2.60; N, 6 .05%. 

5,5-Bis (ethoxycarbonyl) -5,6-dihydro-3,7-diaryl-4H-1,2-diazepines 
(4). A solution of the azine 3a (3.94 g, 0.01 mol) in 
benzene (50 ml) was added to a solution of diethyl malonate 
(3.2 g, 0.02 mol) and sodium ethoxide (1 .4g , 0.02 mol) in 
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ethanol (20 ml) , and then the reaction mixture was refluxed 
for 1 h. T h e mixture was poured into water (100 ml) and 
the benzene layer was separated and evaporated in vacuo to 
leave crystals. Recrystallization from ethanol gave 3.0 g 
(77%) of the dihydrodiazepine 4a . 

Similarly, 3,7-di(/>-tolyl) and 3,7-bis(/>-chlorophenyl) deriva­
tives, 4 b and 4c, were prepared from the corresponding azines, 
3 b and 3c, respectively. T h e yields, physical da t a , and results 
of microanalyses of 4 are given in Tab le 1. 

5,5'Spirob i ( 1Ü- 3-phenyl- 4,5-dihydropyrida zine- 6-one) (5). 
A solution of the dihydrodiazepine 4 a (3.92 g, 0.01 mol) and 
hydrazine hydra te (1.0 g, 0.02 mol) in acetic acid (50 ml) was 
heated at 60—70 °C for 2 h. T h e mixture was poured into 
water (10 ml) and was allowed to stand a t room temperature 
to give crystals. Recrystallization from ethanol gave 0.66 g 
(20%) of 5, m p 315 °C (dec), as colorless prisms. N M R 
(pyridine-^) Ô 3.19, 3.90 (each 2H, CH 2 , J= 17 A H z ) , 7.2— 
8.1 (10H, m, aromat ic protons), 12.86 p p m (2H, br, N H ) . 

Found : C, 68.78; H , 4 .88; N , 17.02%. Calcd for C1 8H1 6-
N 4 0 2 : C, 68.66; H , 4 .85; N , 16.86%. 

T h e spirobipyridazinone 5 was identical with an authentic 
sample prepared by the following manner . A solution of di­
ethyl diphenacylmalonate (1.33 g) and hydrazine hydra te 
(0.5 g) in acetic acid (10 ml) was heated at 60—70 °C for 2 h, 
and a similar work-up gave 0.65 g (59%) of 5 . 

Bromination of the Dihydrodiazepines 4. i) A solution 
of bromine (0.8 g, 5 mmol) in methanol (40 ml) was added, 
drop by drop, over a period of 1 h to a suspension of the di­
hydrodiazepine 4 a (1.96 g, 5 mmol) in methanol (20 ml) , 
and then the reaction mixture was stirred a t room temperature 
for 2 h. T h e mixture was added to water (200 ml) , and was 
extracted with benzene (40 ml X 2). T h e benzene extract was 
washed with water , dried over sodium sulfate, and then eva­
porated in vacuo to leave crystals, which on recrystallization 
from petroleum ether (bp 60—80 °C) afforded 1.91 g (98%) 
of 7,7-bis (ethoxycarbony 1 ) -2,5-dipheny 1-3,4-diaza-2,4-norcara-
diene (7a), m p 120—121 °C, as yellow prisms. I R 1725, 
1735 c m - 1 ( C = 0 ) ; N M R (CDC13) Ô 0.82, 1.35 (each 3H, t, 
C H 2 C H 3 ) , 3.38 (2H, s, £ C H ) , 3.89, 4.40 (each 2H , q, C H 2 M e ) , 
7.3—7.7 (6H, m ) , 7.9—8.3 p p m (4H, m ) ; M S m/e 390 (M+). 

Found : C, 70.79; H , 5.69; N , 7 .18%. Calcd for C2 3H2 2-
N 2 0 4 : C, 70.75; H , 5.68; N , 7 .18%. 

Bromination of 4a in acetic acid, chloroform, and carbon 
tetrachloride under similar conditions afforded 7a in excellent 
yields respectively. 

ii) . Bromine (3.2 g, 0.02 mol) was added to a suspension 
of the dihydrodiazepine 4a (3.92 g, 0.01 mol) in methanol 
(60 ml) , and the reaction mixture was stirred at room tem­
perature . T h e mixture changed to a solution and then 
yellow crystals separated out after about 5 min. Filtration 
gave crystals which were washed with methanol (30 ml) . 
Recrystallization from ethanol afforded 4.5 g (83%) of 5,5-
bis(ethoxycarbonyl)-4,6-dibromo-5,6-dihydro-3,7-diphenyl-
4/ /- l ,2-diazepine (8a) , m p 150—151 °C, as yellow prisms. 
N M R (CDGlj) ô 1.15 (6H, t, C H 2 C H 3 ) , 4.18 (4H, q, C H 2 M e ) , 
5.73 (2H, s, $ C H ) , 7.3—7.7 (6H, m ) , 7.9—8.3 p p m (4H, m ) ; 
M S m/e 548, 550, 552, 554 (M+). 

Found : G, 50.22; H , 4.04; N , 5 .15%. Calcd for C2 3H2 2-
N 2 0 4 B r 2 : C, 50.20; H , 4.04; N, 5 .09%. 

T h e filtrate and methanol washing were combined, poured 
into water (300 ml) , and extracted with benzene (80 m i x 2 ) . 
T h e benzene extract was washed with water , dried over 
sodium sulfate, and then evaporated in vacuo to leave 0.74 g 
(16%) of crystals. Recrystallization from petroleum ether 
(bp 60—80 °G) afforded l-bromo-7,7-bis(ethoxycarbonyl)-
2,5-diphenyl-3,4-diazanorcaradiene (9), m p 133—134 °C, as 

yellow prisms. N M R (CDC13) ô 0.87, 1.44 (each 3H, t, 
CH 2 CH 3 ) , 3.88 (1H, s, ̂ C H ) , 3.95, 4.54 (each 2H, q, CH 2 Me) , 
7.3—7.7 (6H, m ) , 7.9—8.3 p p m (4H, m ) ; M S m/e 468, 470 
(M+). 

Found : C, 59 .01; H , 4.52; N , 5.94%. Calcd for C23H21-
N 2 0 4 B r : C, 58.86; H , 4 .51 ; N , 5.97%. 

Similar reactions of the dihydrodiazepines 4 b and 4c with 
bromine in methanol for 5 min afforded the corresponding 
dibromodihydrodiazepines 8 b and 8c in 75 and 8 6 % yields 
respectively. 

8 b : M p 151—152 °C, yellow prisms. N M R (CDC13) ô 1.21 
(6H, t, C H 2 C H 3 ) , 2.41 (6H, s, CH 3 ) , 4.20 (4H, q, CH 2 Me) , 
5.70 (2H, s, ^ C H ) , 7.2—8.1 p p m (8H, m ) . 

Found : C, 51.89; H , 4.52; N , 4 .85%. Calcd for C25H26-
N 2 0 4 B r 2 : C, 51.92; H , 4 .53; N , 4 .84%. 

8 c : M p 149—150 °C, yellow prisms. N M R (GDG1,) (5 1.17 
(6H, t, C H 2 C H 3 ) , 4.07 (4H, q, C H 2 M e ) , 5.60 (2H, s, ^ C H ) , 
7.3—8.1 p p m (8H, m) . 

Found : C, 44.63; H , 3.28; N , 4 .50%. Calcd for C23H20-
N 2 0 4 Br 2 Cl 2 : C, 44 .61 ; H , 3.26; N , 4 .52%. 

iii) When a mixture of 4a (1.96 g, 5 mmol) and bromine 
(1 .6g , 10 mmol) in methanol (30 ml) was stirred at room 
tempera ture for 1 h, the precipitated dibromide 8a dissolved. 
After the reaction mixture was stirred for another 1 h, it was 
evaporated in vacuo to leave crystals which on recrystallization 
from petroleum ether gave 2.31 g (98.5%) of the 1-bromo-
diazanorcaradiene 9. 

7-exo-Ethoxycarbonyl-2,5-diphenyl-3,4-diphenyl- 3,4-diazanorcara-
dine (11). After a solution of the 7,7-bis(ethoxycarbonyl)-
diazanorcaradiene 7a (3.9 g) in ethanol (50 ml) was stirred 
with potassium hydroxide (4.0 g) at room temperature for 
3 h, the mixture was acidified with dil. hydrochloric acid to 
give 2.5 g (70%) of the half ester 10. A solution of the half 
ester 10 (1.0 g) in ethanol (5 ml) was warmed at 50—70 °C 
for 15 min, and then allowed to stand a t room temperature, 
giving 0.47 g (54%) of the mono(ethoxycarbonyl)diazanor-
caradiene 11, m p 233—234 °C, as yellow needles. N M R 
(GDG13) à 1.35 (3H, t, C H 2 C H 3 ) , 1.41 (1H, t, $ C H , J = 4 . 2 
Hz) , 3.25 (2H, d, 2 X $ C H , y = 4 . 2 Hz) , 4.34 (2H, q, CH 2 Me) , 
7.3—7.7 (6H, m ) , 7.9—8.3 p p m (4H, m ) ; M S m/e 318 (M+). 

Found : C, 75.35; H , 5 .61; N , 8.92%. Calcd for C20H18-
N 2 0 2 : C, 75.45; H , 5.70; N , 8.80%. 

A similar t reatment of 10 with e thano l - ^ gave the 7-
deuterio derivative 1 W 1 5 m p 233—234 °C, in 6 0 % yield. 
N M R (CDG1,) «5 1.35 (3H, t, C H 2 C H 3 ) , 3.22 (2H, s, £ C H ) , 
4.43 (2H, q, C H 2 M e ) , 7.3—7.7 (6H, m) , 7.9—8.3 p p m (4H, 
m ) ; M S m/e (rel. intensity % ) 319 (M+, 88), 318 (15), 246 
( M + - G O O E t , 12). 

4-Ethoxycarbonylmethyl- 3,6-diphenylpyrida zine ( 12). T h e 
half ester 10 (1.0 g) was heated at 130—140 °C (bath tempera­
ture) for 5 min, and then the residue was recrystallized from 
ethanol to give 0.54 g (63%) of the pyridazine 12, m p 139— 
140 °C, as colorless prisms. N M R (GDC13) ô 1.20 (3H, t, 
C H 2 C H 3 ) , 3.72 (2H, s, CH 2 ) , 4.15 (2H, q, CH 2 Me) , 7.85 
(1H, s, pyridazine ring proton) , 7.4—8.3 p p m (10H, m) ; 
M S m/e 318 (M+). 

Found : C, 75.31; H , 5.68; N , 8.72%. Calcd for C20H18-
N 2 0 2 : C, 75.45; H , 5.70; N , 8.80%. 

Chlorination of the Dihydrodiazepine 4a. A solution of 4a 
(1.96 g, 5 mmol) and sulfuryl chloride (1.35 g, 10 mmol) in 
methylene dichloride (40 ml) was stirred at room temperature 
for 5 min, and then the solvent was removed in vacuo. The 
residue was tr i turated with methanol (10 ml) and filtration 
gave crystals which on recrystallization from petroleum ether 
(bp 60—80 °C) afforded 2.97 g (64%) of 5,5-bis(ethoxy-
carbonyl)-4,6-dichloro-5,6-dihydro- 3 ,7-d iphenyl -4 / / - 1,2-di-
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azepine (13), m p 112—113°C, as colorless prisms. N M R 
(CDGlg) ô 1.15 (6H, t, C H 2 C H 3 ) , 4.18 (4H, q, C H 2 M e ) , 
5.73 (2H, s, ^ C H ) , 7.3—7.7 (6H, m) , 7.8—8.3 p p m (4H, m ) ; 
M S m/e 460, 462, 464 (M+). 

Found : G, 59.70; H , 4.78; N , 6 .05%. Calcd for C23H22-
N 2 0 4 C 1 2 : C, 59.88; H , 4 .81 ; N, 6 .07%. 

T h e methanol filtrate was poured into water and extracted 
with benzene (40 m i x 2 ) . T h e benzene extract was washed 
with water, dried over sodium sulfate, and then evaporated 
in vacuo to give crystals. Recrystallization from petroleum 
ether (bp 60—80 °C) afforded 1.27 g (30%) of 7,7-bis(ethoxy-
carbonyl)-l-chloro -2,5-diphenyl-3,4-diazanorcaradiene (14), 
m p 130—131 °C, as yellow prisms. N M R (CDC13) ô 0.86, 
1.41 (each 3H, t, C H 2 C H 3 ) , 3.88 (1H, s, £ C H ) , 3.94, 4.50 
(each 2H, q, CH 2 Me) , 7.3—7.7 (6H, m) , 7.9—8.3 p p m (4H, 
m ) ; MS m/e 424, 426 (M+). 

Found: C, 64.77; H , 4.92; N, 6 .57%. Calcd for C23H21-
N 2 0 4 C 1 : G, 65.02; H , 4.98; N , 6 .59%. 

The same reaction for 2 h afforded 1.87 g (88%) of 14. 
5,5-Bis(ethoxycarbonyl)-5, 6-dihydro-3, 7-diphenyl-4, 4, 6, 6-tetra-

chloro-4H-l,2-diazepine (15). A solution of the dichloride 
13 (0.46 g, 1 mmol) and sulfuryl chloride (0.27 g, 2 mmol) in 
methylene dichloride (10 ml) was stirred at room temperature 
for 2 h. The reaction mixture was evaporated in vacuo to leave 
crystals which on recrystallization from ethanol afforded 
0.45 g (85%) of the tetrachloride 15, m p 143—144 °C, as 
colorless prisms. N M R (CDG18) (5 1.21 (6H, t, C H 2 C H 3 ) , 

4.35 (4H, q, CH 2 Me) , 7.3—7.7 (6H, m) , 7.8—8.1 p p m ( 4 H , 
m ) ; M S m/e 528, 530, 532, 534, 536 (M+). 

Found: C, 51.82; H , 3.72; N, 5.22%. Calcd for C23H20-
N 2 0 4 C 1 4 : C, 52.09; H , 3.81; N, 5 .28%. 

T h e tetrachloride 15 was directly obtained from chlorina-
tion of the dihydrodiazepine 4a with excess sulfuryl chloride 
or chlorine gas. A solution of 4a (1.96 g, 5 mmol) and sulfuryl 
chloride (2.7 g, 20 mmol) in methylene dichloride (40 ml) 
was stirred at room temperature for 2 h. A similar work-up 
of the reaction mixture as above gave 1.68 g (63%) of the 
tetrachloride 15. 

Chlorination of 4a with excess chlorine gas in methanol , 
acetic acid, carbon tetrachloride, chloroform, and methylene 
dichloride afforded 15 in 45, 79, 79, 87, and 4 7 % yields 
respectively. 

Dehalogenation of the Dihalodihydrodiazepines with Sodium Iodide, 
i) A solution of the dibromide 8a (1.1 g, 2 mmol) and sodium 
iodide (0.75 g, 5 mmol) in acetone (20 ml) was refluxed for 
2 h. T h e reaction mixture was poured into water (100 ml) 
and extracted with benzene (40 ml X 2) . T h e benzene extract 
was washed with sodium thiosulfate aqueous solution, water, 
and dried over sodium sulfate, and then evaporated in vacuo 
to leave 0.76 g (97%) of the diazanorcaradiene 7a. 

Similarly, t reatment of the dibromides 8 b and 8c with 
sodium iodide in boiling acetone afforded 7,7-bis(ethoxy-
carbonyl)-2,5-di(/>-tolyl)- (7b) and 7,7-bis(ethoxycarbonyl)-
2,5-bis(/>-chlorophenyl)-3,4-diaza-2,4-norcaradiene (7c) in 83 
and 9 0 % yields respectively. 

7 b : M p 128—129 °C, yellow prisms. N M R (CDC13) 
ô 0.86, 1.36 (each 3H, t, C H 2 C H 3 ) , 2.45 (6H, s, CH 3 ) , 3.35 
(2H, s, ^ C H ) , 3.88 4.41 (each 2H, q, C H 2 M e ) , 7.2—8.1 p p m 
(8H, m ) . 

Found : C, 71.71; H , 6.20; N , 6.67%. Calcd for C25H26-
N 2 0 4 : C, 71.75; H , 6.26; N, 6 .69%. 

7 c : M p 165—166 °C, yellow prisms. N M R (CDC13) 
ô 0.85, 1.35 (each 3H, t, C H 2 C H 3 ) , 3.25 (2H, s, £ C H ) , 3.85, 
4.36 (each 2H, q, CH 2 Me) , 7.3—8.1 p p m (8H, m ) . 

Found: C, 60.10; H , 4.36; N, 6 .08%. Calcd for C23H20-
N 2 0 4 C 1 2 : C, 60.14; H , 4.38; N, 6 .09%. 

ii) A solution of the dichloride 13 (0.92 g, 2 mmol) and 
sodium iodide (0.75 g, 5 mmol) in ethanol (20 ml) was re­
fluxed for 24 h. A similar work-up as above afforded 0.75 g 
(96%) of the diazanorcaradiene 7a. 

7,7-Bis (ethoxycarbonyl) -1,6-dichloro- 2,5-diphenyl-3,4 - diaza - 2,4-
norcaradiene (16). A solution of the tetrachloride 15 ( 1.06 
g, 2 mmol) and sodium iodide (0.75 g, 5 mmol) in acetone 
(20 ml) was refluxed for 2 h. A similar work-up as above and 
recrystallization of the product from petroleum ether (bp 60— 
80 °C) gave 0.88 g (97%) of the 1,6-dichlorodiazanorcara-
diene 16, m p 118—119 °C, as yellow prisms. N M R (CDC13) 
ô 0.89, 1.45 (each 3H, t, C H 2 C H 3 ) , 4.0, 4.5 (each 2H, q, 
C H 2 M e ) , 7.3—7.7 (6H, m) , 7.9—8.3 p p m (4H, m ) ; M S m/e 
458, 460, 462 (M+). 

Found : C, 60.09; H , 4 .38; N , 6 .15%. Calcd for C23H20-
N 2 0 4 C 1 2 : C, 60.15; H , 4.38; N, 6 .10%. 

Dehalogenation of the Dibromide 8a with Zinc Dust. A 
solution of 8a (1.1 g) in ethanol (40 ml) was refluxed with 
zinc dust ( 1.0 g) for 2 h. T h e reaction mixture was filtered 
and the residue was washed with hot ethanol (30 ml) . T h e 
ethanol filtrate and washing were combined, concentrated to 
about 30 ml, and allowed to stand at room temperature . 
Filtration gave 0.2 g (43%) of 3,6-diphenylpyridazine (17), 
m p 223 °C (lit,5) m p 222 °C), as colorless prisms. T h e 
filtrate was further concentrated to about 5 ml to give 75 mg 
(9.6%) of the dihydrodiazepine 4a . T h e solution which was 
removed 4a was chromatographed on silica gel to give 0.12 g 
(38%) of diethyl malonate . 

A similar t rea tment of the dichloride 13 with zinc dust 
afforded the dihydrodiazepine 4a, pyridazine 17, and diethyl 
ma lona te ; the yields are shown in Scheme 6. 

Dehalogenation of the 1-Bromodiazanorcaradiene 9 with Zinc Dust. 
A solution of 9 (0.94 g) in ethanol (30 ml) was refluxed with 
zinc dust ( 1.0 g) for 2 h. A similar work-up as above afforded 
0.38 g (47%) of 4-bis(ethoxycarbonyl)methyl-3,6-diphenyl-
pyridazine (18), m p 131—132 °C, as colorless needles. I R 
1740, 1760 c m - 1 ( G = 0 ) ; N M R (CDC13) ô 1.23 (6H, t, CH 2 -
CH 3 ) , 4.25 (4H, q, C H 2 M e ) , 4.93 (1H, s, £ C H ) , 7.4—7.8 
(6H, m ) , 8.0—8.4 (4H, m) , 8.23 p p m (1H, s, pyridazine ring-
H) ; MS m/e 390 (M+). 

Found : C, 70.82; H , 5.69; N, 7 . 2 1 % . Calcd for C23H22-
N 2 0 4 : C, 70.75; H , 5.68; N, 7 .18%. 

Similarly, the chlorodiazanorcaradiene 14, tetrachloride 15, 
and dichlorodiazanorcaradiene 16 afforded the pyridazine 18 
in 51 , 16, and 1 3 % yields respectively. Trea tments of 14 and 
15 with zinc dust in e t hano l - ^ under similar conditions 
afforded the pyridazines 1 8 - ^ and 18-Ü?2 in 54 and 1 3 % yields 
respectively. 1 8 - ^ : N M R (DMSO-</6) ô 1.20 (6H, t, CH 2 -
C H 3 ) , 4.20 (4H, q, C H 2 M e ) , 7.4—7.8 (6H, m ) , 8.25 p p m 
(1H, s, pyridazine r ing -H) ; M S m/e 391 (M+). 18-d2: N M R 
(DMSO-</6) ô 1.20 (6H, t, C H 2 C H 3 ) , 4.20 (4H, q, C H 2 M e ) , 
7.4—7.8 (6H, m) , 8.0—8.4 p p m (4H, m ) ; M S m/e 392 (M+). 
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Substitution on Carbenoid Carbon of a-Halocyclopropyllithium. 
A Novel Stereoselective Synthesis of Geminally 

Substituted Cyclopropanes 
K a t u z i K I T A T A N I , H a j i m e Y A M A M O T O , T a m e j i r o H I Y A M A , a n d Hi tos i N O Z A K I 

Department of Industrial Chemistry, Kyoto University, Yoshida, Kyoto 606 

(Received J a n u a r y 27, 1977) 

T h e halogen a tom of the title carbenoids is susceptible to displacement by butyllithium. 1 -Butyl-1-lithiocyclo-
propanes are formed, in which the butyl group occupies the less hindered site {trans or exo position). The new 
reaction provides a means for the preparat ion of geminally disubstituted cyclopropanes with high degree of stereo­
selectivity. 

I n c o n t r a s t t o t h e v i e w t h a t t h e h a l o g e n a t o m on 
c y c l o p r o p a n e c a r b o n is n o t easi ly d i sp l aced b y n u c l e o -
phi les , 1) i t w a s f o u n d t h a t t h e h a l o g e n a t o m of a-
h a l o c y c l o p r o p y l l i t h i u m u n d e r g o e s a d i s p l a c e m e n t r e a c ­
t i o n , t h e process b e i n g a p p l i c a b l e to t h e synthesis of 
^ m - d i s u b s t i t u t e d c y c l o p r o p a n e s . 

A d d i t i o n of l , l - d i b r o m o - 2 - p h e n y l c y c l o p r o p a n e ( l a ) 
t o excess b u t y l l i t h i u m a t — 9 5 ° C , fol lowed b y a q u e o u s 
w o r k - u p , a f forded 1 - b u t y l - 2 - p h e n y l c y c l o p r o p a n e ( 2 a 

R Br 

Br 

l a : R = P h 
l b : R = P h C H 2 O C H 2 

R' 

l c 

R: 

2 a : R = P h , R ' = H 
2 b : R = P h , R ' = D 
2 c : R = P h , R ' = M e 3 S i 
2 d : R = P h , R ' = P h C O 
2 e : R = P h , R ' = M e S 
2f : R = P h , R ' = I 
2 g : R = P h , R ' = M e 
2 h : R = P h C H 2 O C H 2 , 

R ' = M e 

3 a : R = P h , R ' = H 
3 b : R = P h , R ' = D 
3 c : R = P h , R ' = M e 3 S i 
3 d : R = P h , R ' = P h C O 
3 e : R = P h , R ' = M e S 
3f : R = P h , R ' = I 
3 g : R = P h , R ' = M e 
3 h : R = P h C H o O C H 2 , 

R ' = M e 

2i 

R Br 

K 
4 

i l 
R Li 

5 

n-BuLi 

fast 

n-BuLi 

slow 

Scheme 1. 

R Li 

M ~ 2 
IS n-Bu 

R n-Bu „, Y 

30 40 'min 
•x—- o°—» 

Time 8. Temp. 

Fig. 1. Products distribution vs. reaction time in the reac­
tion of l a with 3.3 molar eq of rc-BuLi (as determined by 
GLC after methanol quenching). T h e reaction time was 
counted after completion of the addition of l a which 
required 5 min. 0 : c"-l-Bromo-2-phenyl cyclopropane 
corresponding to 4 a ; Q : fra/25-l-Bromo-2-phenylcyclo-
propane corresponding to 5 a ; A : 2a which corresponds 
to 6a ; V ; 3a which corresponds to 7a . 

a n d 3 a , 9 0 : 10). T h e p r o d u c t d i s t r i b u t i o n c h a n g e s w i t h 
r e a c t i o n t i m e , as s h o w n in F ig . 1, a c c o r d i n g to S c h e m e 
1. A p p a r e n t l y t h e d e c r e a s e of t h e in i t ia l ly p r e d o m i n a n t 
frmy-lithiocarbenoid 42 '3) is a c c o m p a i n e d b y a n increase 
of t h e trans-alkylated c y c l o p r o p y l l i t h i u m 6, w h e r e a s t h e 
c o n c e n t r a t i o n of t h e t h e r m o d y n a m i c a l l y favored car ­
b e n o i d 5 r e m a i n s a lmos t c o n s t a n t . T h e b u l k y p h e n y l 
s u b s t i t u e n t p r o b a b l y p r e v e n t s t h e convers ion of 5 in to 
7 . W h e n t h e t e m p e r a t u r e is ra i sed , howeve r , t h e 
conver s ion occurs a l o n g w i t h p a r t i a l i somer i za t ion to 
4 w h i c h w o u l d a c c o u n t for 6 to some ex ten t . 

S y n t h e t i c u t i l i ty of c y c l o p r o p y l l i t h i u m (6) a n d (7) 
w a s s u b s e q u e n t l y f o u n d in t h e r e a c t i o n w i t h several 
e lec t roph i les . T h e resul ts a r e s u m m a r i z e d in T a b l e 1. 

Stereoselec t iv i ty ( 9 1 — 1 0 0 % ) w a s excel len t as c o m p a r e d 
w i t h t h a t ( 8 6 % ) o b t a i n e d in t h e d i b u t y l c u p r a t e r eac ­
t ion . ld> T h e r e a c t i o n of t h e c y c l o p r o p y l l i t h i u m w i t h 
m e t h y l i o d i d e r e su l t ed in t h e f o r m a t i o n of a n iodocyclo-
p r o p a n e 2 f in s h a r p c o n t r a s t to t h e r e a c t i o n of cyclo-
p r o p y l c o p p e r spec i e s l d ) w h i c h af forded m e t h y l a t e d 
c y c l o p r o p a n e s 2 g a n d 3 g . T h e y w e r e o b t a i n e d b y t h e 
r e a c t i o n of 6 a n d 7 w i t h d i m e t h y l sulfate. S imi la r ly l b 
af forded 2 h as t h e sole p r o d u c t . 

M o r e h i n d e r e d 7 , 7 - d i b r o m o n o r c a r a n e ( l c ) gave a 
m i x t u r e of ^ o - 7 - b u t y l n o r c a r a n e (2i) a n d ^ o - 7 - b r o m o -
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T A B L E 1. PREPARATION OF ^/W-DISUBSTITUTED 

CYCLOPROPANES 

Dihalo- R / -^ 
cyclopropane 

te 
l a 
l a 
l a 
l a 
l a 
l a 
l a 
l b 
l e 

H 2 0 
D 2 0 

Me3SiCl 
PhCOGl 
MeSSMe 

I2 
Mel 

(MeO)2S02 

(MeO)2S02 

MeOH 

Products 

2a and 3a 
2b and 3b 
2c 
2d 
2e and 3e 
2f 
2f 
2g and 3g 
2h 
2i 

Yield (%) 2 . 3 
of 2 and 3 Â ô 

80 
76 
46 
45 
55 
59 
58 
53 
40 
24 

90: 10 
91:9 

100: 0a> 
100: 0a> 
94:6 

100: 0b> 
100: 0b> 
96:4 

100:0 
100:0e) 

a) By-products 2a and 3a were obtained (see Experi­
mental) . Complete absence of 3c isomer is a t t r ibuted 
to the preferential protonolysis of 7 to 3a . T h e proton 
source is still obscure. b) l , l-Dibutyl-2-phenylcyclo-
propane (8) was also obtained. c) e*0-7-Bromonor-
carane formed as a by-product. 

n o r c a r a n e . T h e s t e r e o c h e m i c a l o u t c o m e s t rong ly 
suggests t h e l a r g e s ter ic h i n d r a n c e of t h e t e t r a m e t h y l e n e 
c h a i n p r o h i b i t i n g t h e a t t a c k of b u t y l a n i o n to t h e 
c a r b e n o i d of t y p e 5 a n d t h e l a r g e b a r r i e r in t h e conf igu-
r a t i o n a l i somer i za t i on of c a r b e n o i d 5 to 4 . 

Ex tens ion of t h e r e a c t i o n of 4 a n d 5 w i t h a n i o n i c 
species o t h e r t h a n b u t y l a n i o n w a s n o t successful w i t h 
t h e excep t ion o f t h a t of l i t h i u m p h e n y l t h i o l a t e c o m p l e x e d 
w i t h t e t r a m e t h y l e t h y l e n e d i a m i n e w h i c h a f fo rded trans-
l - p h e n y l - 2 - p h e n y l t h i o c y c l o p r o p a n e (9) in 2 5 % yie ld . 

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

All die temperatures are uncorrected. T h e I R spectra 
were obtained on a Shimadzu spectrometer 27-G, M S on a 
Hitachi R M U - 6 L , and P M R on J E O L J N M - P M X 60, 
Varian EM-360, or Var ian HA-100D spectrometer. Butyl-
lithium from Aldrich Chemical Co. Ltd. was used. Tet ra-
hydrofuran (THF) was dried on benzophenone ketyl and 
freshly distilled before use. Tetramethylethylenediamine was 
dried on K O H and distilled. All the reactions were per­
formed under nitrogen atmosphere. T h e cold ba th was 
prepared by mixing liquid nitrogen with a solvent ( — 95 ° C : 
toluene; —126 ° C : methylcyclohexane). 

l-Butyl-2-phenylcyclopropanes (2a and 3a).^ A Standard 
Procedure: A solution of l a (0.40 g, 1.5 mmol) in T H F (3 ml) 
was cooled to —78 °C and added to a stirred solution of rc-BuLi 
(3.7 ml of 1.33 M in hexane, 5.0 mmol) in T H F (30 ml) at 
— 95 °C during 5 min. After 30 min the cold ba th was 
removed and the reaction mixture was rapidly warmed to 
0 °C in 10 min. This procedure is pert inent to the prepara­
tion of 2a—g and their isomers if any. Work-up followed 
by preparative T L C (silica gel, hexane, R{ 0.7—0.8) afforded 
a mixture of 2a and 3a (0.20 g, 8 0 % yield). Each isomer 
was identified by comparison of spectral d a t a with those 
of authentic sample. 

l-Butyl-l-deuterio-2-phenylcyclopropanes (2b and 3b). 
Addition of deuterium oxide (0.1 ml) to cyclopropyllithium 
(6) and (7) followed by work-up and preparat ive T L C (silica 
gel, hexane, Rt 0.7—0.8) afforded a mixture of 2 b and 3 b 
(0.20 g, 76% yield, 7 3 % deuterium content) . Bp 65—68 °C 
(bath temp)/15 Tor r ; I R (neat ) : 1605, 1495, 1455, 1370, 
1025, 745, 695 cm- 1 ; M S : m/e (%) , 175 (M+, 16), 174 ( M + -

1, 8), 119 (68), 117 (100), 104 (93), 91 (38); P M R (CC14): 
Ô 0.5—2.0 (m, 12H), 6.7—7.5 (m, 5H, Ph) . 

1-Butyl-v- 1-trimethylsilyl-c- 2-phenylcyclopropane (2c). 
Addition of Me3SiCl (0.24 g, 2.3 mmol) to the reaction 
mixture obtained from l a (0.42 g, 1.5 mmol) and 5.0 mmol 
of n-BuLi, followed by work-up and preparat ive T L C (silica 
gel, hexane, Rt 0.7—0.8), afforded 2c (0.17 g, 4 6 % ) . Bp 
106—111 °C (bath temp)/3 T o r r ; I R (nea t ) : 1600, 1490, 
1245, 1030, 835, 780, 755, 730, 700 c m - 1 ; M S : m/e (%) , 246 
(M+, 5) , 172 (49), 129 (35), 117 (60), 104 (69), 73 (100); 
P M R (CC14): Ô - 0 . 3 0 (s, 9H, Me3Si), 0.5—1.8 (m, 11H), 
1.97 (dd, y = 6 , 8 Hz , 1H, P h C H ) , 7.1—7.3 (m, 5H, Ph) . 
Found : C, 78 .1 ; H , 10.9%. Calcd for C1 6H2 6Si: C, 78.0; 
H , 10.6%. By-products 2a (7%) and 3a (7%) were also 
obtained. 

r- 1-Benzoyl- 1-butyl-c-2-phenylcyclopropane (2d). 
Dibromocyclopropane ( l a ) (0.41 g, 1.5 mmol) was subjected 
to the reaction with n-BuLi as above. Benzoyl chloride 
(0.35 g, 2.5 mmol) was then added. Work-up and prepara­
tive T L C (silica gel, hexane-e ther 20 : 3, Rt 0.5—0.6) afforded 
2d (0.19 g, 4 5 % ) . M p 69.5—70.5 °C (hexane); I R (Nujol) : 
1660, 1455, 1064, 785, 770, 715, 690 c m - 1 ; M S : m/e (%) , 278 
(M+, 17), 235 (36), 105 (100), 91 (18), 77 (47); P M R (CC14): 
ô 0.5—2.6 (m, 12H), 6.7—7.7 (m, ÎOH). Found : C, 86.6; 
H , 8.2%. Calcd for C 2 0 H 2 2 O: C, 86 .3 ; H , 8.0%. By­
products were 2a (7%) and 3a ( 6 % ) . 

1-Bitty l-r- 1-methylthio-c- 2-phenylcyclopropane (2e). 
Quenching the cyclopropyllithium (6 and 7) with dimethyl 
disulfide (0.21 g, 2.3 mmol) and work-up afforded 2e (0.18 g, 
5 5 % yield). A small amount of its stereoisomer 3e was 
detected by G L C and identified by M S . Physical properties 
of 2 e : bp 120—124 °C (bath temp) /3 T o r r ; I R (nea t ) : 1600, 
1495, 1030, 770, 700 c m - 1 ; M S : m/e (%) , 222 ( M + + 2 , 1.5), 
220 (M+, 21), 205 (30), 173 (100), 129 (71), 115 (79); P M R 
(CC14): ô 0.7—1.7 (m, 11H), 1.66 (s, 3H, SMe) , 2.13 (dd, 
y = 6 , 7 Hz , 1H, P h C H ) , 7.0—7.3 (m, 5H, Ph) . Found : 
C, 75.7; H , 9 .4%. Calcd for C 1 4 H 2 0 S: C, 76.0; H , 9 .6%. 

1-Butyl-v-l-iodo-c-2-phenylcyclopropane (2f).3> Iodine 
(0.46 g, 1.8 mmol) in T H F (2 ml) was added to the cyclo­
propyll i thium prepared as above, and the resulting mixture 
was stirred at 0 °C for 1 h and subjected to work-up. Pre­
parat ive T L C (silica gel, hexane, R{ 0.5—0.6) of the crude 
product afforded 2f (0.26 g, 5 9 % yield) besides 2,2-dibutyl-l-
phenylcyclopropane (8) (38 mg, 10%) . 

Trea tment of the cyclopropyllithium with excess methyl 
iodide (1 ml) at 0 °C gave 2f (58%) and 8 (14%) . 

l-Butyl-l-methyl-2-phenylcyclopropanes (2g and 3g).z~> 
Dibromocyclopropane l a (0.28 g, 1.0 mmol) was treated with 
3.3 mmol of n-BuLi and then dimethyl sulfate (0.20 g, 1.5 
mmol) . Work-up and preparat ive T L C (silica gel, hexane, 
R{ 0.7—0.8) afforded an oil (0.15 g). The rat io of 2g to 
3g was estimated by G L C assay (10% H V S G on Celite 545, 
122 °C, 0.8 kg/cm2 , naphthalene as an internal s tandard) . 

c-2-Benzyloxymethyl-Y- 1-butyl- 1-methylcyclopropane (2h) .3> 
T o n-BuLi (2.5 ml of 1.98 M hexane solution, 5.0 mmol) in 
T H F (20 ml) was added a cooled solution of l b (0.48 g, 1.5 
mmol) in T H F (2 ml) at - 9 5 °C. After 30 min the reaction 
mixture was warmed rapidly to 0 °C. Dimethyl sulfate 
(0.21 ml, 2.3 mmol) was then added. Work-up and prepara­
tive T L C afforded 2h (0.14 g, 4 0 % ) . 

ex.o-7-Butylnorcarane (2i).*> A cooled solution ( — 78 °C) 
of l c (0.25 g, 0.99 mmol) in a mixture5) of T H F - e t h e r - h e x a n e 
(50: 5 : 18, 3 ml) was added to a solution of n-BuLi (1.7 ml, 
of 1.92 M in hexane, 3.2 mmol) in the same solvent mixture 
(22 ml) at —126 °C. After 7 h the reaction mixture was 
quenched with methanol and subjected to work-up affording 
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2i (24% yield by G L C , R{ (hexane) 0.8—0.9); bp 90—100 °G 
(bath temp)/20 T o r r ; I R (nea t ) : 1450, 1370, 1112, 1064 
c m - i ; M S : mfe (%) , 152 (M+, 12), 109 (24), 95 (51), 81 (65), 
67 (100), 55 (46), 41 (51); P M R (CC14): Ô 0.4—0.6 (m, 3H) , 
0.6—2.1 (m, 17H). By-product, £vo-7-bromonorcarane,6) 

was also obtained ( 5 3 % yield by G L C , R( (hexane) on silica 
gel T L C 0.7—0.8). 

trans- l-Phenyl-2-phenylthiocyclopropane (9). T h e di-
bromocyclopropane l a (0.41 g, 1.5 mmol) in T H F (3 ml) 
was added to a T H F (15 ml) solution of n-BuLi (0.82 ml of 
1.95 M hexane solution, 1.6 mmol) and tetramethylethylene-
diamine (0.19 g, 1.6 mmol) cooled to ca. — 95 °C Subse­
quently a T H F (10 ml) solution of PhSLi (3.3 mmol, prepared 
from thiophenol and n-BuLi)7> and tetramethylethylene-
diamine (0.42 g, 3.6 mmol) which h a d been cooled to —78 °C 
was added dropwise in a period of 8 min. After 30 min the 
whole was allowed to warm to 0 °C and then worked up . 
Preparat ive T L C (silica gel, hexane, Rt 0.3—0.4) of the crude 
product afforded 9 (85 mg, 2 5 % ) . Bp 100—105 °G (bath 
t emp) / l T o r r ; I R (nea t ) : 1603, 1582, 1493, 1480, 1085, 1020, 
733, 685 c m - 1 ; M S : m/e (%) , 228 ( M + + 2 , 1.8), 226 (M+, 
30), 115 (100), 109 (8), 91 (49), 77 (98); P M R (CC14): Ô 1.1— 
1.6 (m, 2 H ) , 2.0—2.4 (m, 2H,) 6.9—7.3 (m, 10H). F o u n d : 
C, 79.4; H , 6 .2%. Calcd for C 1 5 H 1 4 S: C, 79.6; H , 6 .2%. 

F i n a n c i a l s u p p o r t ( G r a n t - i n - A i d N o . 185188) b y t h e 

M i n i s t r y of E d u c a t i o n , J a p a n e s e G o v e n m e n t , is a c ­
k n o w l e d g e d . 
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Substituent Effects on Dissociation Constants of trans-
3-Hydroxy-6-styryl-4-pyrones 
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The dissociation constants of 6-substituted 3-hydroxy-4-pyrones and trans-6- (substituted styryl)-3-hydroxy-4-
pyrones were measured spectrophotometrically in 50% aqueous methanol at 25 °C. The results are correlated 
to the substituent constants CT, the following equations being obtained: pÄ"a=8.57—1.53 a and pÄ"a=8.54— 
0.23 CT. The transmission coefficient through the styryl group was found to be 0.150 for the 3-hydroxy-6-styryl-4-
pyrone system. 

Choux and Benoit1) measured the dissociation 
contants of 6-substituted 3-hydroxy-4-pyrones in water 
at 25 °C, and obtained the following Hammet t equation : 

pÄ"a = 8.01 - 1.63CT (r = 0.978). (1) 

However, little is known about the substituent effects for 
3- or 5-hydroxy-4-pyrones. We report herewith on the 
substituent effects of 3-hydroxy-4-pyrones having styryl 
groups in the 6-position. 

Studies were made on the substituent effects on 
dissociation constants of 4- and 5-styryltropolones.2 '3) 
The transmission of electronic effects from one aromatic 
ring to another through the ethylene linkage between 
them has been investigated in detail. I t is of interest to 
compare the reaction constants of 4- and 5-styryl­
tropolones with that of 3-hydroxy-6-styryl-4-pyrones. 
We found that the electronic effects of substituents in 
the benzene ring are transmitted through the ethylene 
linkage to 4-pyrone nucleus, the effects being comparable 
to those of 4-hydroxystilbenes. 

Results and Discussion 

Dissociation Constants. T h e dissociation constants 
of 6-substituted 3-hydroxy-4-pyrones (I) and 6-(sub­
stituted styryl)-3-hydroxy-4-pyrones (II) were determin­
ed spectrophotometrically in 5 0 % aqueous methanol a t 
25 °C. The results are summarized in Tables 1 and 2. 

O O 

TABLE 2. DISSOCIATION CONSTANTS OF 6-(SUBSTITUTED 

STYRYL) -3-HYDROXY-4-P YRONES 

HO HOs 

M D ^ R \ 0 / \ C H = C H -
_ , ,R 

(I) 
la R = H 
lb R = C H 3 

Ic R = C O O H 
Id R=CH2C1 

(II) 
IIa R = H He R=/>-Cl 
l ib R=/>-OCH3 Hf R = w - N 0 2 

He R=/>-CH3 Hg R=/>-N02 

l id R=3',4 /-(OCH3)2 

TABLE 1. DISSOCIATION CONSTANTS OF 

3-

R 

CH3 

H 

coo-
CH2C1 

a) Ref. 5. 

HYDROXY-4-PYRONES 

CT 

— 0.17a> 
0.00 
0.13b> 
0.18a> 

b) Ref. 6. 

6-SUBSTITUTED 

pK& 

8.84 
8.55 
8.38 
8.29 

No.a> 

1 
2 
3 
4 
5 
6 
7 

R 

j&-OCH3 

p-CH, 
3',4'-(OCH3)2 

H 
p-Cl 
m-N02 

P-NO2 

CTb> 

- 0 . 2 7 
- 0 . 1 7 
- 0 . 1 5 

0.00 
0.23 
0.71 
0.78 

(1.27)°) 

P*a 

8.60 
8.58 
8.57 
8.55 
8.52 
8.37 
8.26 

a) Numbers correspond to those in Fig. 1. 
b) Ref. 5. c) CT- Value. 

The pKa values of these 4-pyrones are smaller than 
those of phenols (pKa = 10.02 for phenol),4) since the 
carbonyl group of 4-pyrones causes a decrease in the 
pKz values by its electron withdrawing effect. 

Substituent Effects. T h e pKa values of 6-substitut­
ed 3-hydroxy-4-pyrones (I) and 6-(substituted styryl)-3-
hydroxy-4-pyrones (II) were plotted against the H a m ­
mett substituent constants cr.5,6> As an example, the 
Hammet t plot of the latter is shown in Fig. 1. T h e 
following Eqs. 2 and 3 were obtained by the least 
squares method for systems (I) and ( I I ) , respectively 
(except for the /»-nitro group in Eq. 3). 

pK„ = 8.57 - 1.53CT (r = 0.998), (2) 

pÄa = 8 . 5 4 - 0 . 2 3 C T (r = 0.983). (3) 

T h e plot of the /»-nitro group deviates from the straight 
line given by Eq. 3 (Fig. 1). T h e deviation might be 

* Present address: Wakunaga Pharmaceutical Co., Ltd., 
Koda-machi, Takata-gun, Hiroshima 729-64. 

Fig. 1. The Hammett plot of pÄ"a's of 3-hydroxy-6-styryl-
4-py rones. 
® ; Plotted against <r* (1.27). 
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attr ibuted to the resonance interaction between the 
jfr-nitro group and the hydroxyl group in the 3-hydroxy-
4-pyrone. Application of the a~-value (1.27)6> for the 
/»-nitro group gives good linearity (Fig. 1). A similar 
resonance effect was also observed in the dissociation of 
iJra^-jö-nitro-4-hydroxystilbene.7> In 4- and 5-styryl-
tropolones, the resonance effect might be present only 
in 5-styryltropolones, but this was not confirmed since 
5-Q&-nitrostyryl)tropolone was not available. 

OH 

L 6 

y\ 

V 
N 0 2 

O H 

V 
NO, 

-o, 
^OH 

O 

NO,-

Reaction Constants. The reaction constants of 
6-substituted 3-hydroxy-4-pyrones (I) and 6-(substituted 
styryl)-3-hydroxy-4-pyrones (II) are 1.53 and 0.23, 
respectively. These values are comparable to those of 
phenols (2.55)8> and 4-hydroxystilbenes (0.37),7) respec­
tively. T h e reaction constant of 3-hydroxy-6-styryl-4-
pyrones lies between 0.13 and 0.60 constants of 4- and 
5-styryltropolones, respectively. T h e difference can be 
attr ibuted to the tautomerism of tropolones. 

Transmission Coefficients. When the reaction con­
stants for the same reaction of two series of aromatic 
compounds, which are parents, and styryl-substituted 
compounds are denoted by p^ and ps, respectively, the 
transmission coefficient n of the styryl group can be 
defined as follows: 

n = l°s/|°M-

T h e transmission coefficients n for several systems are 
given in Table 3. T h e n-value of 3-hydroxy-6-styryl-4-
pyrone system is 0.150, and comparable to that of 4-
hydroxystilbenes. We found that the electronic effects 
of the substituents in the benzene ring are transmitted 
through the styryl group in the order, 4-styryltropolones 
<C 4 -hydroxystilbenes =? 3 -hydroxy- 6 -styryl- 4 -pyrones < 
5-styryltropolones. 

TABLE 3. REACTION CONSTANTS AND TRANSMISSION 

COEFFICIENTS 

System 

Phenols 
4-Hydroxystilbenes 
Tropolones 
4-Styryltropolones 
5-Styryltropolones 
3-Hydroxy-4-pyrones 
3-Hydroxy-6-styryl-
4-pyrones 

Solvent 

49% EtOH 
50% EtOH 
H 2 0 
50% MeOH 
50% MeOH 
50% MeOH 

50% MeOH 

Temp 
(°C) 

20—22 
20 
25 
20 
20 
25 

25 

P 

2.55a> 
0.37b> 
2.68c> 
0.13d) 
0.60e> 
1.53f) 

0.23f> 

TT 

0.145 

0.049 
0.224 

0.150 

a) Ref. 8. b) Ref. 7. c) N. Yui, Sei. Repts. Tohoku 
Univ., I, 40, 102, 114 (1956). d) Ref. 2. e) Ref. 3. 
f ) Results in this work. 

Exper imenta l 

All the melting points were measured on a Yanagimoto 
micromelting point apparatus and are uncorrected. The IR 
spectra were taken on a JASCO IRA-1 spectrophotometer, 
and the NMR spectra on a Hitachi-Perkin-Elmer R-24 
spectrometer (60 MHz). 

The pK^ values of 4-pyrones were measured spectrophoto-
metrically in 50% aqueous methanol at 25 °C by the method 
of Albert and Serjeant.9) The UV spectra were taken on a 
Hitachi EPS-3T spectrophotometer, while the pH values were 
measured with a Hitachi-Horiba F-7 pH meter. 

Materials. All 6-substituted 3-hydroxy-4-pyrones were 
prepared according to the method given in references: la, 
mp 117—118 °C (lit,10) 118°C); lb, mp 152 °C (lit,11) 152— 
153 °C); Ic, mp 270 °C (lit,12) 273—274 °C); Id, mp 166— 
167 °C (lit,13) 166—167 °C). 

6-(Substituted styryl)-3-hydroxy-4-pyrones were obtained 
by the Wittig reaction. Phosphonium salt was prepared by 
the reaction of 5-hydroxy-2-chloromethyl-4-pyrone13) with 
triphenylphosphine in benzene, 58% yield. Phosphonium 
salt (1.1 mmol) and benzaldehyde (1 mmol) were added to 
a sodium ethoxide (2 mmol) solution, and the resulting 
mixture was stirred for 2 h at room temperature under nitrogen 
atmosphere. After 2 M hydrochloric acid had been poured 
into the reaction mixture, the products were extracted with 
chloroform. Chloroform was evaporated off and the residue 
was chromatographed on silica gel column [Wakogel G-100 
(60 g) and B-10 (10 g)] with chloroform to afford 3-hydroxy-
6-styryl-4-pyrones, which were recrystallized from benzene. 
The yields, mp's spectral and analytical data are as follows: 
Ha; Yield, 34%; mp 183—185 °C; IR (KBr) 3180, 1660, 
970 cm-1; NMR (CDC13) Ô: 7.85 (s, 1H), 7.7—7.2 (m, 6H), 
6.66 (d, 1H, J= 17.3 Hz), 6.45 (s, 1H), 8.3—7.6 (br, 1H). 
Found: C, 73.18; H, 4.77%. Calcd for C13H10O3: C, 72.89; 
H, 4.71%. I Ib : Yield, 32%; mp 187.5—189 °C; IR (KBr) 
3100, 1655, 975 cm-1; NMR (CDC13) «5: 7.79 (s, 1H), 7.35 
(d, 1H, J= 15.3 Hz), 7.5—6.8 (m, 4H), 6.49 (d, 1H, J= 
15.3 Hz), 6.36 (s, 1H), 3.82 (s, 3H), 8.0—7.5 (br, 1H). Found: 
C, 68.98; H, 4.95%. Calcd for C14H1204: C, 68.84; H, 
4.95%. l i e : Yield, 25%; mp 216.5—217.5 °C; IR (KBr) 
3200, 1660, 965 cm-1; NMR (CDC13) «5: 7.31 (s, 1H), 7.5— 
7.0 (m, 5H), 6.58 (d, 1H, J= 15.6 Hz), 6.38 (s, 1H), 2.36 (s, 
3H), 8.0—7.5 (br, 1H). Found: C, 73.54; H, 5.32%. Calcd 
for C14H1203: C, 73.67; H, 5.30%. l id, Yield; 2 1 % ; mp 
175—175.5 °C; IR (KBr) 3230, 1655, 955 cm-1; NMR 
(GDGls) ô: 7.79 (s, 1H), 7.5—6.4 (m, 5H), 6.42 (s, 1H), 
3.91 (s, 3H), 3.89 (s, 3H), 6.7—6.0 (br, 1H). Found: C, 
65.52; H, 5.07%. Calcd for C15H1405: C, 65.69; H, 5.15%. 
He; Yield; 3 1 % ; mp 232 °C (dec); IR (KBr) 3250, 1660, 
960 cm-1; NMR (CF3COOH) <5: 8.65 (s, 1H), 7.95 (d, 1H, 
J= 15.7 Hz), 7.7—7.4 (m, 4H), 7.63 (s, 1H), 7.10 (d, 
1H, 7=15.7 Hz). Found: C, 62.87; H, 3.74%. Calcd for 
C13H903C1: C, 62.79; H, 3.65%. Ilf: Yield, 20%; mp 
250 °C (dec); IR (KBr) 3230, 1665, 965cm-1; NMR 
(CF3COOH) «5: 8.78 (s, 1H), 8.7—7.2 (m, 6H), 7.56 (s, 1H), 
Found: C, 59.73; H, 3.63; N, 5.16%. Calcd for C13H9N05: 
C, 60.23; H, 3.50; N, 5.40%. I lg; Yield, 11%; mp 245— 
247 °C (dec); IR (KBr) 3200, 1655, 970 cm"1; NMR 
(CF3COOH) «5: 8.63 (s, 1H), 8.5—7.7 (m, 5H), 7.46 (s, 1H), 
7.21 (d, 1H, J= 16.7 Hz). Found: C, 60.36; H, 3.50; N, 
5.32%. Calcd for C13H9N05: C, 60.23; H, 3.50; N, 5.40%. 
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Preparation of Perfluoroalkylated Benzoheterocyclic Compounds 
Using Hexafluoro-l,2-epoxypropane 

Nobuo ISHIKAWA and Shigekuni SASAKI 

Department of Chemical Technology, Tokyo Institute of Technology, Ookqyama, Meguro-ku, Tokyo 152 
(Received March 22, 1977) 

Utilizing the high reactivity of hexafluoro-l,2-epoxypropane (HFPO, hexafluoropropylene oxide), several new 
benzoheterocyclic compounds containing CF3 and C2F5 were prepared as follows: (1) 2-(pentafluoroethyl) benzox-
azoles by treating 2-aminophenols with HFPO/Et3N, followed by dehydrating cyclization, (2) 3-(trifluoromethyl)-
2//-l,4-benzoxazin-2-ones, 3-(trifluoromethyl)-2 (l//)-quinoxalinone and 2-fluoro-2-(trifluoromethyl)-2,3-dihydro-
l,4-benzothiazin-3-one by reactions of ortho-bifunctional benzenes with HFPO, and (3) 2-(pentafluoroethyl)-4//-
3,l-benzoxazin-4-one by treating anthranilic acid with HFPO/Et3N. 

A number of heterocyclic compounds containing a 
perfluoroalkyl group, especially CF3 , are known phar­
maceut ica l^ and agrochemically.1) However, knowl­
edge of the structure of this kind of compound is limited, 
because the introduction of a perfluoroalkyl group into 
a heterocyclic ring is usually not easy.2»3) 

O n the other hand, it is well known that nucleophiles 
readily attack the central carbon atom of H F P O , 
resulting in the formation of a-substituted tetrafluoro-
propionyl fluoride, which further reacts with an addi­
tional molecule of the nucleophile, forming an ester 
or an amide, 4 - 6) thus 

CF3-CF—CF2 

N u -

(-F-) 
CF3-CF-GF=0 

Nu 

Nu-

(-F-) 
CF,-CF-C 

<o 

Nu 
xNu 

where N u H = R O H , R S H , or R N H 2 . 
H F P O is also known to isomerize to pentafluoro-

propionyl fluoride under the action of a base.7) T h e 
present authors have reported a convenient preparative 
method for esters and amides of pentafluoropropionic 
acid by reactions of H F P O and alcohols, thiols or amines 
in acetonitrile in the presence of triethylamine,8) thus 

Base 
HFPO > CF,CF,CF=0 

HFPO + R-XH 
Et3N 

-> CF3CF2-C^XR, 
ii 

O 

where X = 0 , S, N H . They have also reported that 
non-fluorinated carboxylic acids are readily converted 
into their fluorides by treating them in a H F P O -
triethylamine system,9) thus 

HFPO + RCOH 
II 

O 

EtaN 
-* C2F5C02H + RCF. 

II 

O 

The reactivities of H F P O described above were 
applied to the preparat ion of benzoheterocyclic com­
pounds and several kinds of new heterocyclic compounds 
which contain a trifluoromethyl or a pentafluoroethyl 
group were obtained. 

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

Preparation of 2- (Pentafluoroethyl)benzoxazoles. 
According to the method of preparat ion for pentafluoro-

propionyl amides,8) 2 - ( pentafl uoropropionylamino ) -
phenol (1) was obtained in a good yield by the reaction 
between o-aminophenol and HFPO-tr ie thylamine in 
acetonitrile. The structure of 1 was evident from its 
I R and 19F N M R data. In the I R spectrum, a broad 
band due to an O H group, and a characteristic band 
due to the C = 0 of an amide group were observed at 
3320 and 1695 cm"1 , respectively. In the 19F N M R 
spectrum two signals due to CF 3 and CF 2 groups appear­
ed at 6.0 and 45.3 ppm.* 

T h e dehydrating ring closure of 1 was carried out by 
heating in diphosphorus pentaoxide at 200—230 °C, 
affording 2-(pentafluoroethyl)benzoxazole (2) in an 84% 
yield. In the I R spectrum of this compounds, the 
characteristic absorption bands for 1 due to O H and 
C = 0 disappeared, and a new band due to C=N appeared 
at 1615 cm- 1 . 

Et.N o-HaN-C,H4OH 
GF,-GF—CF, - • CF3GF2GF=0 r \ / 

O 
MeCN 

5 x / \ / N 
O I > C F 2 C F 3 <-

O 

P*O. / N H X c / C F 2 C F 3 

x OH Ô 

1 

2-Amino-4-methyl- and 2-amino-4-chlorophenols, 
containing an electron donor or attractive group on the 
benzene ring, also gave 5-substituted 2- (pentafluoro­
ethyl) benzoxazoles by a similar procedure. Although a 
number of 2-trifluoromethylbenzoxazoles are known,10) 
no 2-pentafluoroethyl derivatives have been reported 
in the literature, T h e synthetic route described here 
appears to be a useful method for preparing this kind 
of compound. 

Preparation of 3- (Trifluoromethyl) -2H.-1,4-benzoxazin-2-
ones, 3-(Trifluoromethyl)-2 (lH)-quinoxalinone and 2-Flu-
oro-2- (trifluoromethyl) -2,3-dihydro-l,4-benzothiazin-3-one. 
When 2-aminophenol was allowed to react with H F P O 
in dioxane, without any base, it readily gave 3- (trifluoro­
methyl) -2H-l,4-benzoxazin-2-one (3) in an 8 5 % yield, 
together with a small amount (7%) of 2-(pentafluoro-
propionylamino) phenol (1).** The reaction must be as 
follows : 

* All the 19F-chemical shifts throughout this article are 
given in «3 ppm upheld from external trifluoroacetic acid. 

** These yields are based on the 19F-NMR signal intensities. 
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CF3-CF—CF2 

O 

o-H2NC,H4OH 
• ) 

(-HF) 

/ N ^ / C F 3 (_2HF) 

CF3 

/NH—CF 

O CF-O 
\ Q H ^ ' ^ 

. O . . 

3 

Thus, the amino group of o-aminophenol first attacks 
the central carbon atom of H F P O , as usual, and the 
resulting fluoroformyl group condensed with the ortho 
hydroxy group forming an oxazine ring. O n the other 
hand, pentafluoropropionyl fluoride, formed by the 
isomerization of H F P O , pentafluoropropionated 2-
aminophenol giving a small amount of 1. When 
acetonitrile was used as the solvent, 3 and 1 were 
formed in yields of 45 and 2 2 % , respectively. This 
probably means that the ionic isomerization of H F P O 
is accelerated by the polar solvent. 

The structure of 3 was established from its spectral 
data. In the 19F N M R spectrum, only one singlet 
signal was observed at —6.9 ppm, which means that 
there are no hydrogen or fluorine atoms around the 
CF 3 group. The I R spectrum indicates a characteristic 
band at 1765 c m - 1 due to ester bonding, and the mass 
spectrum showed the expected parent peak at mje 215. 

6-Methyl- and 6-chloro-3-(trifluoromethyl)-2#-l,4-
benzoxazin-2-ones were also obtained in good yields 
from 2-amino-4-methyl- and 2-amino-4-chlorophenols, 
respectively. 

Like 2-aminophenol, o-phenylenediamine with H F P O 
gave another heterocyclic compound. In this case, 
however, more isomerization of H F P O to pentafluoro­
propionyl fluoride occurred becauseof the higher basicity 
of phenylenediamine compared to 2-aminonophenol. 
Thus, the reaction between o-phenylenediamine and 
H F P O in dioxane gave only a 30% yield of 3-(trifluoro-
methyl)-2(l / / )-quinoxalinone (4). Then using diethyl 
ether as a solvent, together with sodium hydrogencar­
bonate to remove the hydrogen fluoride formed, the 
yield was increased to 84%. Bases stronger than 
sodium hydrogencarbonate were not used because they 
accelerate the isomerization of H F P O , and lower the 
yield of 4. 

SK NH CF~ 
0-(H2N)2C„H4 / \ S i y n \ I 

• ( O l CF 
(-HF) \ A N H , 

CF3-CF—CF2 

2 CF=0 

' N ^ X C F 3 NaHC03/Et20 

H 
(-2HF) 

The structure of 4 was also elucidated from spectral 
data (Table 1). 

o-Aminobenzenethiol and H F P O in iV,iV-dimethyl-
acetamide provided another heterocyclic compound, 
2-fluoro-2-(trinuoromethyl)-2,3-dihydro-l,4-benzo-
thiazin-3-one (5). The mercapto group, which is more 
nucleophilic than the amino group, first attacked the 
central carbon atom of H F P O , and an intramolecular 

TABLE 1. PHYSICAL PROPERTIES OF 1—7 

1 

4-Me-l 

4-G1-1 

2 

5-Me-2 

5-C1-2 

3 

6-Me-3 

6-C1-3 

4 

5 

6 

7 

Mp°C 
or (Bp) 

117—118 

125 

151—152 

(166—167) 

(182—183) 

(194—195) 

77—78 

119—120.5 

88—89 

233—234.5 

182—183 

48—49 

168—169 

Yield 
(%) 

79 

90 

63 

84 

70 

82 

66 

76 

83 

84 

26 

89 

70 

IR (cm-1) 

3320 (OH), 
1695(C=0) 
3330(OH), 
1705(C=O) 
3350(OH), 
1695(C=0) 

1615(C=N) 

1615(C=N) 

1610(C=N) 

1765(C=0) 

1760(C=O) 

1750(C=O) 

3330(NH), 
1675(C=0) 
3370(NH), 
1695(00 ) 

1770(C=O) 

3500—2400 (OH) 
3250 (NH) 
1715, 1670 (C=0) 

19F NMR 
(ppm)*> 

6.0(CF3), 
45.3(CF2) 
5.5(GF3), 

44.7(CF2) 
5.2(CF3), 

44.5(CF2) 
6.5t(CF3), 

38.1q(CF2) 
6.4t(CF,) , 

38.4q(CF2) 
6.2t(CF3), 

38.4q(CF2) 

-6 .9s(CF 3 ) 

- 7 . 0 s (CF3) 

-6 .9s(CF 3 ) 

-7 .5s(CF 3 ) 

-2 .3d (CF 3 ) , 
70.2q(CF) 
5.6(CF,), 

42.8(CF2) 

5.8(GF3), 
45.8(GF2) 

MS {mje) 

237(M+), 
168(M+-CF3) 

215(M+), 
187(M+-CO) 

214(M+), 
186(M+-GO) 
251 (M+), 
182(M+-CF3) 

265(M+) 

Found (Calcd) % 

C 

42.26 
(42.38) 
44.98 

(44.62) 
37.21 

(37.33) 
45.17 

(45.59) 
47.96 

(47.82) 
40.16 

(39.80) 
49.55 

(50.25) 
52.31 

(52.41) 
42.96 

(43.31) 
50.09 

(50.48) 
43.03 

(43.03) 
44.63 

(45.30) 

42.47 
(42.42) 

H 

2.43 
(2.37) 
2.91 

(3.00) 
1.73 

(1.74) 
1.85 

(1.70) 
2.51 

(2.41) 
1.26 

(1.11) 
1.94 

(1.87) 
2.59 

(2.64) 
1.24 

(1.21) 
2.35 

(2.35) 
2.02 

(2.01) 
1.56 

(1.52) 

2.17 
(2.14) 

N 

5.40 
(5.49) 
5.30 

(5.20) 
4.87 

(4.84) 
5.70 

(5.91) 
5.53 

(5.58) 
5.10 

(5.16) 
6.48 

(6.51) 
6.08 

(6.11) 

5.51 
(5.61) 
13.08 

(13.08) 
5.37 

(5.58) 
5.24 

(5.28) 

4.75 
(4.95) 

a) Upfield from external CF3C02H. 
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amide linkage was subsequently formed. 

o-H2NC6H4SH 
CF3-CF—CF2 • 1 O 

\ / \ /NNH 
S CF3 

/ S N C F , 

CF 

6F* o 

Oj lxF 

When dioxane or acetonitrile was used instead of N,N-
dimethylacetamide, the formation of another product, 
which appeared to contain only a GF3 group, was 
observed in the 19F N M R spectrum. This compound 
was not isolated for identification. 

In the 19F N M R spectrum for 5, two signals, a doublet 
and a quartet were observed, the mutual coupling 
constant being y = 1 0 . 2 H z . This indicates that a 
fluorine atom and a trifluoromethyl group are geminally 
attached to one carbon atom. 
Preparation of 2-(Pentafluoroethyl)-4H.-3,l-benzoxazin-4-

one. T h e reaction of anthranilic acid with two 
molar amounts of H F P O in acetonitrile, in the presence 
of triethylamine, afforded 2-(pentafluoroethyl)-4//-3,l-
benzoxazin-4-one (6) in a good yield. T h e reaction 
proceeded as follows : 

CF3-CF—CF2 
\ / 

O 

EtaN 

MeCN 
CF3CF2CF 

ii 
O 

o-HaN-C,H,COaH 

o 
,NH-CCF2CF3 

^ C F 
II 

O 

- H F 

o 
HFPO/Et,N / \ ,NH-C-CF 9 CF» 

<-•—•—fo 
^COH 

2*-"- 3 

/ N ^ C F 2 C F 3 

O 
7 

When an equimolar amount of H F P O was used in this 
reaction, 2- (pen tafluoropropionylamino) benzoic acid 
(7) was obtained. 

T h e structures of these products were obvious from 
their spectra (Table 1). In particular, in the I R spec­
t rum of 7, the characteristic bands d u e to O H and N H 
groups appeared over 2400—3500 and at 3250 c m - 1 , 
respectively, which were not observed in the spectrum 
of 6. 

Exper imenta l 

2-(Pentafluoropropionylamino) phenol (1). 2-Aminophe-
nol (2.18 g, 20mmoi), triethylamine (2.02 g, 20 mmol) and 
acetonitrile (20 ml) were placed in a glass pressure vessel, 
which was then cooled to — 75 °C in a Dry Ice-acetone bath. 
Liquefied HFPO (3.32 g, 20 mmol) was introduced into the 
vessel, and the whole system was brought to room tempera­
ture. After stirring for 30 min at that temperature, the 
reaction mixture was poured into water (200 ml) and the 
precipitated material was collected by filtration. By treat­

ing the precipitate with dilute aqueous hydrochloric acid to 
remove any basic material, crude 2-(pentafluoropropionyl-
amino)phenol, (mp 113—116 °C, 4.02 g, 79%) was obtained. 
Recrystallization from benzene gave a pure product, mp 
116.5—118 °C. When 2-amino-4-methyl- and 2-amino-4-
chlorophenol was used instead of unsubstituted 2-aminophenol, 
4-methyl- and 4-chloro-2-(pentafluoropropionylamino)phenols 
were obtained (Table 1), respectively. 

2-(Pentafluoroethyl)benzoxazole (2). A mixture of 2-
(pentafluoropropionylamino)phenol (2.55 g, 10 mmol) and 
diphosphorus pentaoxide (2.84 g, 20 mmol) in a distilling flask 
was heated gently to 220 °C. An oily product having a boiling 
point of 166—167 °G was distilled out, and an additional 
amount of the product was obtained by vacuum distillation 
of the residue. Almost pure 2-(pentafluoroethyl)benzoxazole 
(2.00 g, 84%) was thus obtained. 

Following a similar procedure, 5-methyl and 5-chloro 
derivatives of 2 were obtained from 2-(pentafluoropropionyl­
amino)-4-methyl- and -4-chlorophenols, respectively (Table 1). 

3-(Trifluoromethyl)-2H-l,4-benzoxazin-2-one (3). Into a 
pressure vessel containing 2-aminophenol (1.09 g, 10 mmol) 
and dioxane (20 ml), liquefied HFPO (1.91 g, 11.5 mmol) 
was introduced as described above. After 3 h of stirring at 
room temperature, the reaction mixture was thrown into 
water, and the precipitated product was collected by filtration. 
An additional amount of the product was obtained from the 
filtrate by extraction with diethyl ether. Crystallization of 
the combined material from hexane gave a crude product 
(1.42 g, 66%), which was purified by recrystallization, mp 
77—78 °C. 

From 4-methyl- and 4-chloro-2-aminophenols, 6-sub-
stituted derivatives of 3 were obtained by the same procedure 
(Table 1). 

3- ( Trifluoromethyl) - 2( 1H) -quinoxalinone (4). A mixture 
of o-phenylenediamine (1.08 g, 10 mmol) and sodium hydrogen 
carbonate (2.54 g, 30 mmol) in diethyl ether (30 ml) was 
allowed to react with HFPO (2.09 g, 12.6 mmol) for 3 h at 
room temperature. A solid product was separated by filtra­
tion, washed with water, and dried to give crude benzodia-
zinone (1.27 g), mp 230—232 °C. Concentration of the 
parent solution yielded an additional product (0.53 g), mp 
232—233.5 °C. The combined material (1.80 g, 84%) was 
recrystallized from benzene to give pure 4, mp 233—234.5 °C. 

2-Fluoro-2- (trifluoromethyl)-2,3-dihydro- 1,4-benzothiazin-3-one 
(5). 2-Aminophenol (2.50 g, 20 mmol) in iV,JV-dimethyl 
acetamide (20 ml) was allowed to react with HFPO (3.82 g, 
2.3 mmol) for 3 h at room temperature. The reaction 
mixture was poured into water and extracted with diethyl 
ether. The extract was washed with water, dried over 
magnesium sulfate and concentrated. The residue was 
recrystallized from benzene, yielding crude crystals of 5 
(1.29 g, 26%), mp 177—178 °C. Further crystallization 
gave pure material, mp 181.5—182.5 °C. 

2-(Pentafluoropropionylamino) benzoic Acid (7). Anthranilic 
acid (2.74 g, 20 mmol) and triethylamine (2.02 g, 20 mmol) 
in acetonitrile (20 ml) were allowed to react with HFPO 
(3.03 g, 18.3 mmol) in the usual manner. After 15 min of 
stirring at room temperature, the reaction mixture was poured 
into water and the precipitate formed was separated by 
filtration. By washing the precipitate with dilute aqueous 
hydrochloric acid, a crude product (2.53 g) was obtained. An 
additional amount of the product (1.13 g) was obtained by 
extraction of acidified aqueous layer with diethyl ether. The 
combined material was recrystallized from benzene, pro­
viding 7 (3.62 g, 70%), mp 166—169 °C. Further crystal­
lization gave a pure product, mp 168—169 °C. 
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2-(Pentafluoroethyl)-4H-3,l-benzoxazin-4-one (6). (a): 
Anthranilic acid (1.37 g, 10 mmol) and triethylamine (3.03 g, 
30 mmol) in acetonitrile (20 ml) were allowed to react with 
H F P O (3.40 g, 20.5 mmol) for 30 min at room temperature . 
The reaction mixture was worked up as usual. T h e residue 
from an ether extract was treated with pentane , and the 
insoluble material was removed by filtration. Evaporat ion 
of the solvent yielded a crude product (2.37 g, 8 9 % ) , which 
was recrystallized to give pure material , m p 48—49 °C. (b) : 
2-(Pentafluoropropionylamino)benzoic acid (2.83 g, 10 mmol) 
and triethylamine (2.02 g, 20 mmol) in acetonitrile (15 ml) 
were allowed to react with H F P O (1.84 g, 11.1 mmol) as 
usual. T h e reaction mixture was worked u p to give crude 
2-(pentafluoroethyl)-4//-3,l-benzoxazin-4-one (2.45 g, 9 2 % ) , 
m p 46—48 °G. 

R e f e r e n c e s 

1) See, for example, R. Filler, "Adv. in Fluorine Chemi­
stry," Vol. 6 (1970), p . 1; R. Filler, Chemtech., 4, 752 (1974). 

2) Y. Kobayashi and A. Kumadak i , Yuki Gosei Kagaku 
Kyokai Shi, 29, 126 (1971). 

3) Y. Kobayashi , A. Kumadak i , and A. Osawa, Yuki 
Gosei Kagaku Kyokai Shi, 31 , 477 (1973). 

4) D. Sianesi, A. Rasetti , and F. Tarl i , J. Org. Chem., 
31 ,2312 (1966). 

5) A. Pasetti, F . Tarl i , and D . Sianesi, Gazz. Chim. ItaL, 
98, 277, 290 (1968). 

6) I . L. Knunyants , V. V. Shokina, and I . V. Galakhov, 
Khim. Geterotsikl. Soedin., 1966, 873. 

7) Du Pont, Brit. Patent , 1019788 (1966). 
8) N . Ishikawa and S. Sasaki, Nippon Kagaku Kaishi, 1976, 

1954. 
9) N. Ishikawa and S. Sasaki, Chem. Lett., 1976, 1407. 

10) T . Tanabe , M . Komiya, and N. Ishikawa, T h e 3rd 
Symposium on Fluorine Chemistry, J a p a n , Oct . 18, 1975. 



2168 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (8), 2168 2169 (1977) [Vol. 50, No. 8 

The Absolute Configuration of Sepiapterin 
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The absolute configuration of sepiapterin was determined to be 2-amino-7,8-dihydro-6-(»S')-lactoyl-4(3#)-
pteridinone from an analysis of the L-lactic acid produced from sepiapterin by oxidation cleavage in a sodium 
borate solution. 

Sepiapterin, the yellow pigment contained in the eye 
of Drosophila melanogaster, was first isolated in 1954 by 
Forrest and Mitchel1) and later by Viscontini and 
Möhlman2) from a sepia mutan t of the insect. Structural 
elucidation by Nawa3 ' revealed the pigment to be 
2-amino-7,8-dihydro-6-lactoyl-4(3//)-pteridinone (I) . 
Sepiapterin possesses a chiral carbon at the 2-position of 
the side chain and has been found to be optically 
active,2,4) as expected. Although no optically-active 
sepiapterin has been synthesized (with the exception 
of the recent work of Pfleiderer, see below), its racemate 
was produced by an unusual method starting from 
2-amino-7,8-dihydro-4(3//)-pteridinone and 3-hydroxy-
2-oxobutanoic acid.5) I t has been found that, of the 

0 H 
^ C ' " Ç ' " C H 3 HN 

°H "ITA I -f- HO-C-H 
N i T CH3 

H 

racemic sepiapterin isomers, only the enantiomer with 
the same configuration as naturally occurring sepiapterin 
is reduced by sepiapterin reductase.5) However, from 
these results, it was not possible to reach a final deter­
mination of the configuration. Recently, Pfleiderer 
reported that the oxidation of 5,6,7,8-tetrahydrobio-
pterin yielded sepiapterin, which was found to be 
identical with natural sepiapterin in every respect, and 
thus, the configuration of the chiral carbon of sepiapterin 
was determined to be the (S) -configuration, the same as 
for biopterin.7) 

In this paper, an alternative approach for determining 
the absolute structure of sepiaterin is reported, which 
involves cleavage of the lactoyl group to lactic acid. 
Sepiapterin is known to undergo oxidative degradation 
to give lactic acid and 7,8-dihydroxanthopterin in a 4 % 
sodium borate solution under aerobic conditions.3) 
Since the 2-position of the side chain is not involved 
in the degradation reaction, its configuration is maintain­
ed throughout the reaction. Thus , it is possible to 
determine the absolute configuration of sepiapterin by 
examining the configuration of the lactic acid produced. 

First, the oxidative degradation reaction was reinves­
tigated under a variety of conditions. I t was found that 
sepiapterin remained practically unchanged in a 
phosphate buffer at p H 10.0. However, it was converted 
to 7,8-dihydroxanthopterin fairly slowly in a 4 % sodium 
borate solution, as has been reported.3) This reaction 
was found to be markedly enhanced by the addition 

Fig. 1. Oxidative degradation of sepiapterin at 25 °G 
under aerobic conditions in the dark place. The initial 
concentration of sepiapterin was 50 (JLM and the reac­
tion was monitored by reading the absorbance at 446 
nm. 
1 : In 4% sodium borate containing cupric sulfate (25 

2 : In 4% sodium borate containing sodium hydroxide 
(0.1 M). 
3: In 4% sodium borate. 
4: In a 0.05M phosphate buffer at pH 10.0. 

of sodium hydroxide or more effectively by a trace 
amount of copper (I I) sulfate. This reaction was 
conveniently monitored spectroscopically (see Fig. 1). 

Both L- and D-lactic acids can be assayed using an 
enzymatic method with L- and D-lactic acid dehydro­
genases (LDH and D - L D H ) , respectively.8) Therefore, 
the experimental conditions were examined using the 
enzymatic method in order to determine the lactic 
acid produced during the degradation reaction. This 
method employs NAD (nicotinamide-adenine dinucleo-
tide) as a hydrogen acceptor; the amount of lactic acid 
can be calculated from the increment of the absorbance 
at 340 n m (&E3M). I t was observed that the L D H 
activities were hindered by borate ions present in the 
solution (see Fig. 2), probably because the cofactor 
NAD is masked by borate ions due to the formation of 
a complex at the ribosyl moiety. However, the hindrance 
effects disappear upon the addition of an excess amount 
of D-ribose to the solution prior to the addition of NAD 
and the enzyme (Fig. 2). 

Using the present method, a 1.03 ±0 .01 molar 
amount of L-lactic acid and no D-lactic acid were 
detected from the degradation solution of sepiapterin. 

From these data, it is evident that the configuration at 
the chiral 2-position of the side chain of sepiapterin is 
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Fig. 2. Effects from borate ions and D-ribose on the de-
hydrogenation of L-lactic acid by a L D H - N A D system. 
T h e reaction was carried out at 25 °G in an assay solu­
tion composed of a glycine-hydrazine buffer (800 (JLI), 
50 m M N A D (50 JJLI), 1 m M DL-lactic acid (100 (JLI), 

L D H (5 mg /ml ; 10 JJLI), and distilled water (50 \i\) or 
4 % sodium borate (50 (JLI). 
1 : In the absence of sodium borate and D-ribose. 
2 : In the presence of sodium borate (4% ; 50 (xl). 
3 : In the presence of sodium borate ( 4 % ; 50 [il) and 
D-ribose (10 mg) . 

Fig. 3. Determination of L-lactic acid by a L D H - N A D 
system. First, the acid contained in 50 (J.1 of the oxida­
tive degradation solution (equivalent to 50 (jtmol of 
sepiapterin) was dehydrogenated by the system (curve 
A). When the reaction was complete (40 min) , 50 
(/mole of lithium L-lactate was added (curve B) (for 
details, see experimental). 

t h e (S)- o r L-conf igura t ion as s h o w n in t h e f o r m u l a ( I ) . 
T h e p re sen t conc lus ion is cons is ten t w i t h t h a t of 
Pfieiderer.7) 

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

Sepiapterin was obtained from D. melanogaster sepia by a 

method previously described.4) N A D , L D H (EC. 1.1.1.27; 
from rabbi t muscle; 5 mg/ml, 550 U/mg) , and D - L D H (EC. 
1.1.1.28; from Lactobacillus leichmanni; 1 mg/ml, 300 U/mg) 
were purchased from Boehringer Mannhe im. 

Oxidation Degradation of Sepiapterin. A solution of 
sepiapterin (0.290 mg) in 4 % sodium borate (1.22 m l ; the 
concentration of sepiapterin was 1.00 m M ) was stirred in air 
in the dark at 25 °C for 48 h. T h e sepiapterin degradated 
to 7,8-dihydroxanthopterin which was further oxidized to 
xanthopter in by air during the reaction. After completion 
of the reaction, the solution was adjusted to exactly 1.22 ml 
with water and used directly for the analysis of lactic acid. 

Determination of ^-Lactic Acid. T h e assay solution was 
composed of a glycine-hydrazine buffer (100 ml contains 
7.5 g of glycine, 5.2 g of hydrazine sulfate, 0.2 g of E D T A 
N a 2 H 2 - 2 H a O , 51 ml of 2 M - N a O H , and water to make the 
solution 100 m l ; 840 fxl), D-ribose ( 1 0 % ; 100 \A), N A D 
(50 m M ; 50 (JLI), and 50 \d of the above reaction solution 
(equivalent to 50.0 [imol of sepiapterin). T h e assay solution 
was placed in both the sample and reference quartz cells 
which were mainta ined at 25 °C by a thermostatically-
controlled cell holder. Then , to the sample cell was added 
10 fil of L D H (5 mg/ml , 550 U/mg) , and the increment of 
the absorbance at 340 n m {AE3i0) was recorded. Within 
40 min, the reaction was complete and the &E3i0 was found 
to be 0.305 (A£x). Then , 50 (JLI of a lithium L-lactate solution 
( 1.00 m M ; equivalent to 50.0 [xmol) was added to the sample 
cell. In about the same time as above, an additional ÙLEU0 

of 0.296 (A£2) was observed (Fig. 3). T h e amount of L-
lactic acid contained in 50 [il of the oxidative degradation 
solution (equivalent to 50.0 (xmol of sepiapterin) was deter­
mined using the following calculation : 

By repeating the same procedures several times, it was con­
cluded that 1.03±0.01 mol of L-lactic acid was produced 
from sepiapterin. When D - L D H was used in place of L D H 
in the above procedures, no appreciable increase in absorbance 
a t 340 n m was observed. 
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The Intramolecular Hydrogen Abstraction Reaction in the 
Photolysis of Animated 1,4-Naphthoquinones 
Kazuhiro MARUYAMA, Tadashi KOZUKA, and Tetsuo OTSUKI 

Department of Chemistry, Faculty of Science, Kyoto University, Kyoto 606 
(Received February 14, 1977) 

Photolysis of aminated 1,4-naphthoquinones la—c in liquid phase was investigated. After photolysis 
and successive autoxidation, 2-(3-pyrrolin-l-yl)-l,4-naphthoquinone l a gave 2-(l-pyrrolyl)-l,4-naphthoquinone 
3 quantitatively. However, in the reaction, 2-(l-pyrrolydinyl)-l,4-naphthoquinone l b and 2-(2-methoxy-
carbonyl-l-pyrrolidinyl)-l,4-naphthoquinone l c afforded the corresponding hetero-ring opened products; 2-(4-
oxobutylamino)-l,4-naphthoquinone 5 and 2-(4-methoxycarbonyl-4-oxobutylamino)-l,4-naphthoquinone 8 in 
good yields. Possible mechanisms for the formation of 3, 5, and 8 are presented. 

The photochemistry of aminoquinones having a ß-
i i i i 

aminoenone grouping ( -N-G=G-C=0) in the molecule 
is of interest from the synthetic viewpoint of antibiotics 
such as mytomycin and streptrigrin.. but only a few 
investigations have been made. 1 _ 3 ) 

We describe herewith the synthesis and photochemi­
stry of quinones 1. 

O 

II 

o 
l 

la , R = -N lb , R = -N 

lc, R = -N 

C09CH« 

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

Compounds l a — c were prepared from the corre­
sponding amines and 1,4-naphthoquinone by standing 
overnight in methanol. After purification by column 
chromatography and recrystallization, the spectral data 
of all the aminated 1,4-naphthoquinones were found to 
be consistent with the assigned structures. 

Photolysis of 2-Aminated 1,4-Naphthoquinones la—c. 
Irradiation of a solution of the quinone l a (8.88 X 1 0 - 3 

M) in benzene for 1 h and bubbling the resulting 
solution with air for several minutes gave quinone 3 
quantitatively. The ! H - N M R spectrum (GDGla) of 3 
showed two characteristic triplets, centered at 7.31 (2H) 
and 6.42(2H) ppm. The quinone vinyl singlet, 6.84(1 H) 
ppm, shifted to the lower field, suggesting the presence 
of 1 -substituted pyrrole ring. Compound 3 was identified 
by comparison with the authentic sample prepared by 
dehydrogenation of l a with P d - C . 

T h e photochemical process was followed by measuring 
the U V spectrum of degassed benzene solution of l a 
during the course of irradiation. As the reaction 
proceeds the absorbance of the peak at 276 and 460 nm 
diminishes and the peak at 318 and 332 nm increases, 
exhibiting isosbestic points at 302 and 342 nm (Fig. 1). 
O n the other hand, we examined the same reaction by 
1 H - N M R spectrometry irradiating of a degassed C6D6 

solution of l a . The examination revealed that the 
reaction proceeded quite smoothly. As the methylene 
and olefinic protons of 3-pyrroline ring diminish, two 
characteristic triplets due to the pyrrole ring protons 
and phenolic hydroxy protons (2H) grow. This indicates 

that an unstable compound 2 is produced in the reac­
tion. Unstable 2 was trapped as its diacetate 4 by 
treatment with acetic anhydride in pyridine under 
degassed conditions. I t was confirmed that the change 
in concentration of reactant l a « 0 . 2 M) gave no 
essential change on the course of reaction. Thus, the 
reaction of l a to 2 can be explained by a mechanism 
involving initial intramolecular hydrogen abstraction by 
carbonyl, followed by subsequent free rotation of C-N 
bond and secondary intramolecular hydrogen transfer 
as shown by Eq. 1. 

O O 

hv 

W X N - X x/xy^N-, 
o 
l a (i) 

Ac20, Pyr . degassed 

OH 

y\A 
o OAc 

y\A 

OH L 
2 

O \ / AcO \ / 
3 4 

Aminated quinone l b dissolved in benzene (2.20 X 
1 0 _ 3 M , for 1.5 h) is also highly photosensitive. After 
the usual work-up l c gave 5 (78%), together with small 
amount of 3 (2%) and 6 (3%) . The structure of 5 was 
compatible with its spectral da ta ; i>NH: 3340, vG0: 1720 
cm- 1 ; ! H - N M R : 6.00 (br s, 1H, N H ) , 9.77 (s, 1H, 
C H O ) ppm. Treatment of 5 with methanolic hydrogen 
chloride yielded acetal 7. Structure 3 was confirmed by 
the spectral data and comparison with the authentic 
sample. The structure 6 was assigned on the basis of the 
spectral data, bu t compound 6 is unstable against light 
in solution. When the solution, after U V irradiation 
of 6 in chloroform, was left to stand overnight under 
contact with air, the color of solutions turned light 
yellow from purple red, the absorption spectrum of 6 
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Fig. 1. Fig. 2. Fig. 3. 

UV spectra of la—c(benzene), before irradiation and during irradiation. A strictly degassed solution of la—c 
was irradiated in a UV cell ( 1 cm X 1 cm) by high pressure Hg arc lamp (300 W) through VY-42 glass filters ( 1 
cmx 3). In this experiment a glass filter was employed to eliminate the light of wavelength shorter than 400 nm. 

(Amax : 520 nm) disappearing, and new peaks corre­
sponding to 3 and 5 appearing at 256, 270, and 441 nm. 
Presumably compound 6 changes to 3 and 5 by photolysis 
followed by air oxidation. 

O O 

o 

ii i 

o 
l b 

o 
II 

y\/\ 
o 

NH(CH2)3CHO 

O 

+ 
II 

o 
6 

+ 

O 

y\ " 

o 
3 

O 

cone. HCl y \ 
> I I 

abs. MeOH \ / \ / \NH(CH 2) 3CH(OCH 3) 2 
II o 

Photolysis of l b in degassed benzene was followed by 
U V spectroscopy. The orange yellow solution finally 
became colorless. Two isosbestic points at 309 and 392 
nm appeared, indicating that the reaction is simple 
and clean (Fig. 2). The first order kinetic plot of the 
reaction showed a straight line (Fig. 4) . When the 
reaction vessel was opened and aerated with bubbling 
of air, the solution turned yellow. The U V spectrum 
of the resulting solution was essentially the same as that 
of the benzene solution of 5, Amax (benzene) : 278 and 
440 nm (log e: 4.24 and 3.52). Apparent maximum 
absorption of U V spectrum of the final solution is at 

* I 
i b 

OH 

i i 

o—I 
o 

X / V ^ N — 

ô V 
-H.J 

o 

II 

O 1/ 

o. 

c, y v A 
* i 

o 
• OOH X \ / \ 

+ OOH 

O / / 
(2) 

H + | O O H 
H 2 0 | 

o 
II 

A, 
V / \ / x N H ( C H 2 ) 3 C H O 

II 
O 

O 

o \y 

2 m a x (benzene): 330 nm (log e: ca. 3.8). From the 
results the photolysis of l b and successive air-oxidation 
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(min) 
Fig. 4. First order kinetic plot in the photolysis of l b 

(solvent: benzene). 
[ lb ] ; absorbance(at 460 nm) before irradiation of l b . 
[lb*] ; absorbance(at 460 nm) during irradiation of lb . 

can be formulated as shown in Eq. 2. However, the 
detailed mechanism for the hetero-ring opening still 
remains unclarified. 

Compounds 8 and 9 were obtained in 30 and 6%, 
respectively, after irradiation of l c (2.50 X 10~3 M) in 
benzene for 3 h and subsequent aeration. Structures 8 
and 9 were assigned on the basis of their spectral data. 
Compound 8 was reduced to 10 by treatment with 
sodium borohydride in methanol. 

Photolysis o f l c in deaerated benzene was also followed 
by U V spectroscopy. No isosbestic point was observed 
during the course of reaction, suggesting that the 
reaction is complex (Fig. 3). This is in line with the 
lower yield of the identified products. 

O 

C0 2CH 3
 hv ° « 

I > * 

A K/ 
l c 
O O 

rVS + rVS c0äCH3 

V/ \ / \NH(CH 2 ) 3 COC0 2 CH 3 \ / \ / s N — L 

Ô 6 1/ 

NaBH, 0 2 

8 > 
MeOH 

o 

\ / x N H (CH2)3CHC02CH3 
ii i 

O OH 
10 

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

Photolysis of la. A benzene solution of 2-(2-pyrrolin-
l-yI)-l,4-naphthoquinone la4) (8.88 X 10"3 M) was irradiated 
without degassing with a high pressure Hg arc lamp through 
water layer. Aeration of the solution after 1 h gave 2-(l-
pyrrolyl)-l,4-naphthoquinone 3 quantitatively; mp 164.5— 
164.7 °C. IR (KBr); 1670 cm-1. Mass: m/*=223 (M+). 
*H-NMR (CDC1,); 6.43 (t, 2H), 6.84 (s, IH), 7.31 (t, 2H), 
7.71, 8.08 (m, 4H) ppm. UV max (CHC13); 256, 305, 395 

nm (log e:"4.31, 3.95, 3.54). Found: C, 75.03;\H, 3.87; N, 
6.09%. Calcd for C14H902N: C, 75.32; H, 4.06; N, 6.28%. 

During the course of irradiation the 1H-NMR spectra of l a 
in degassed C6D6 indicated the formation of single product; 
i.e., highly oxygen-sensitive compound 2, which was identified 
by the subsequent acetylation with acetic anhydride-pyridine 
under degassed conditions as diacetate 4 (86%); mp 138— 
139 °C. IR (KBr); 1755 cm"1. Mass: m/e=309 (M+). 
iH-NMR (CDCI3): 2.30 (s, 3H), 2.46 (s, 3H), 6.32 (t, 2H), 
6.95 (t, 2H), 7.37, 7.57, 7.91 (m, 5H) ppm. Found: C, 69.61 ; 
H, 4.94; N, 4.68%. Calcd for C18H1504N: C, 69.89; H, 
4.89; N, 4.53%. 

Photolysis of lb. By irradiating ( 1.5 h) of dry benzene 
solution of 2-(l-pyrrolidinyl)-l,4-naphthoquinone lb5> (2.20 
X IO-3 M) with a high pressure Hg arc lamp through a filter 
solution of 5,7-dimethyl-2//-3,6-dihydro-l,4-diazepine Per­
chlorate, three products 5, 6, and 3 were isolated: 2-(4-oxo-
butylamino)-l,4-naphthoquinone 5 (78%): mp 146—147 °C. 
IR (KBr); 3340, 2825, 2725, 1680cm"1. Mass: m/e=243 
(M+). ^ - N M R (CDCI3); 2.04 (m, 2H), 2.63 (t, 2H), 3.23 
(m, 2H), 5.69 (s, IH), 6.00 (br s, IH), 7.64, 8.02 (m, 4H), 
9.77 (s, IH) ppm. UV max (CHC18) Î 243, 270, 337, 441 nm 
(log e: 4.07, 4.33, 3.50, 3.51). Found: C, 68.60; H, 5.33; 
N, 5.30%. Calcd for C14H1303N: C, 69.12; H, 5.39; N, 
5.76%. 2-(2-Pyrrolin-l-yl)-l,4-naphthoquinone 6 (3%); mp 
141—143 °C. IR (KBr); 1660, 1613, 1586, 1550 cm"1. Mass: 
m/e=225 (M+). ^ - N M R (CDC13); 2.72 (tdd, 2H), 3.79 
(t, 2H), 5.46 (m, IH), 5.73 (s, IH), 7.88 (m, IH), 7.68, 8.01 
(m, 4H) ppm. UV max (CHC13); 243, 250, 273, 520 nm 
(log e: 4.08, 4.09, 4.29, 3.67). 2-(l-Pyrrolyl)-l,^naphtho­
quinone 3 (2%) : vide supra. 

Acetalization of 5 gave 2-(4,4-dimethoxybutylamino)-l,4-
naphthoquinone 7 (75%): mp 91—93 °C. IR (KBr); 3330, 
1685 cm-1. ^ - N M R (CDC13) ; 1.74 (m, 4H), 3.22 (m, 2H), 
3.35 (s, 6H), 4.38 (t, IH), 5.71 (s, IH), 6.06 (br s, IH), 7.66, 
8.05 (m, 4H) ppm. UV max (CHC13); 242, 271, 330, 440 
nm (log e 3.79, 4.06, 3.23, 3.20). 

Photolysis of le. A chloroform solution of 2- (2-methoxy-
carbonyl-l-pyrrolydinyl)-l,4-naphthoquinone lc6) (2.50 X 
IO-3 M) was irradiated with a high pressure Hg arc lamp 
through a filter solution of copper(II) sulfate. After irradia­
tion for 3 h, two products, 8 and 9 ,were isolated: 2-(4-Methoxy 
carbonyl-4-oxobutylamino)-l,4-naphthoquinone 8 (30%) 
mp 181—183 °C. IR (KBr); 3330, 1730, 1676 cm-1. Mass: 
m/e=30\ (M+). ^ - N M R (CDC13); 2.01 (m, 2H), 3.04 (t, 
2H), 3.30 (q, 2H), 3.92 (s, 3H), 5.78 (s, IH), 6.00 (br s, IH), 
7.07, 8.08 (m, 4H) ppm. UV max (CHC13); 242, 270, 331, 
444 nm (log e: 4.11, 4.35, 3.53, 3.49). Found: C, 63.91; H, 
4.87; N, 4.69%. Calcd for C16H1502N: C, 63.78; H, 5.02; 
N, 4.65%. 2-(2-Methoxycarbonyl-l-pyrrolyl)-l,4-naphtho-
quinone 9 (6%): mp 116—120 °C. IR (KBr); 1708, 1687 
cm-1. Mass: m/*=281 (M+). ^ - N M R (CDC13) ; 3.74 (s, 
3H), 6.40 (m, IH), 6.90 (m, IH), 7.12 (m, IH), 6.86 (s, IH), 
7.79, 8.14 (m, 4H) ppm. UV max (CHC13); 248, 254, 298 
(loge: 4.20, 4.20, 3.63). 

The reduction of 8 with sodium borohydride gave 2-(4-
hydroxy-4-methoxycarbonylbutylamino)- 1,4-naphthoquinone 
10 (74%): mp 126—127 °C. IR (KBr); 3515, 3345, 1735, 
1725, 1680cm-1. Mass: m/e=303 (M+). JH-NMR (CD-
CI3); 1.86 (m, 4H), 3.26 (q, 2H), 3.81 (s, 3H), 4.24 (br s, 1H), 
5.72 (s, IH), 6.06 (br s, IH), 3.05 (br s, 1H), 7.65, 8.04 (m 
4H) ppm. UV max (CHC13); 242, 271, 330, 445 (log s: 
4.19,4.42,3.69, 3.63). 
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It was found by means of NMR spectrometric and Potentiometrie titration technique that the intramolecu­
lar catalytic substitution of iV-(ct)-bromoalkyl) pyridinium bromide with KCN proceeds in the range n=2—6 of 
methylene chain on the pyridinium salt and the intermolecular substitution in n=l and 9, and the addition of 
cyanide anion to the pyridine ring takes place only for n = l . 

O u r recent interest has been focused on the reaction 
selectivity resulting from the conversion of a bimolecular 
into an intramolecular reaction in view of entropy 
point. In the enzymatic reaction involving a typical 
intramolecular catalytic process, the formation of an 
adsorptive complex of enzymes with an appropriate 
substrate results in high reaction selectivity through a 
favorable orientation of reaction site on the catalytic 
center. Thus a substrate severely constrained in the 
complex should be a good model of the activated key-
intermediates for our study. 

The counter-anion of quaternary ammonium and 
phosphonium salts has been shown to behave as a 
nucleophile in phase-transfer catalyzed reaction.1) When 
a reaction site and a nucleophile are involved in a 
quaternary salt at the same time, an intramolecular 
substitution might take place smoothly at the reaction 
site with significant interactions to the quaternary 
center.2) In this paper we wish to report the reaction of 
pyridinium salts having a general formula Py+(CH2)„-
CH 2 Br-Br- ( n = l — 9 ) with potassium cyanide in 
aqueous solution. 

T h e key-intermediary pyridinium salts ( l a — l h ) were 
prepared by the direct quaternization of pyridine with a 
series of the corresponding a,co-dibromoalkanes. Suc­
cessful induction of reactions of these salts with potassium 
cyanide, sodium acetate, and sodium azide was proved 
by I R and/or N M R spectroscopy. Since N M R spectro­
scopic studies have shown that methylene protons 
bearing a cyano group can be clearly recognized at 
higher field, potassium cyanide was used as a nucleo­
phile for examining details of the substitution. The 
reaction of pyridinium salts (0.5 mol/1) with potassium 
cyanide (0.55 mol/1) in deuterium oxide at 64.5 °C 
was monitored by N M R spectroscopy with regard to 
the changing intensities at ô 3.2—3.4 (CH2Br) and 
2.6—2.8 (CH a CN) . Since the series of the substitution 
product , JV-(co-cyanoalkyl) pyridinium bromide, is too 
hygroscopic for isolation and characterization, one of 
them (3b) was immediately treated with sodium 
borohydride3) to give JV-(3-cyanopropyl)-l,2,3,6-tetra-
hydropyridine. 

In order to let an intramolecular reaction take place, 
a very dilute solution is used. With respect to the 
amount of cyanide anion left during the course of 
reactions, Potentiometrie titration was employed for 
tracing in the 0.02 mol/1 concentration scale since it 
has much sharper responses than in N M R spectrometry. 
As shown in Fig. 1, the rate of the substitution reaction 
decreases along with the sequence l e ^ l f > l h « * l g > 

ld«* lc«=lb as in the N M R study. In the case of l a 
(H==1) , however, addition of cyanide anion to the 
pyridine ring took place, since the unstable product4) 
obtained in chloroform-water system only was no 
longer a quaternary salt as confirmed on the basis of 
the absorption band of cyano group and C-C double 
bond in the I R spectrum. Such a difference between 
l a and l b — l h can be explained as follows. I t is very 
hard for a four-membered cyclic intermediate to form 
on l a for the intramolecular catalytic substitution; in 
addition quaternary pyridinium salts are liable to 
undergo nucleophilic additions.4) Thus the intra­
molecular catalytic substitution proceeds primarily if 
the cyclic intermediate is available, whereas addition 
takes place if not. Thus the case of « = 5 or 6 ( l e or I f ) 

J/h 

Fig. 1. Relationship between the yield and reaction time; 
1 (0.020 mol/1) and potassium cyanide (0.021 mol/1) 
— # — l b ; - A - l c ; - • - I d ; — O — l e ; - # -
if; - A - i s ; - A - lh . 
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showed the highest reaction rate through the max imum 
interaction between the catalytic center and the reac­
tion site (Fig. 1 ). However, no first order reaction rate 
constant could be obtained from the results, since an 
ion-exchange equilibrium might take place between 
cyanide and bromide anions giving rise to the depend­
ence of the reaction rate on the concentration of N-(a>-
bromoalkyl)pyridinium cyanide (2). The reaction rate 
of l b and l e , in fact, were accelerated by addition of 
potassium cyanide and fairly retarded with potassium 
bromide as expected from the above assumption 
(Table 1). 

TABLE 1. 

OF 

Conen, of 
salts 
mol/1 

KCN 0.021 

KCN 0.091 

KCN 0.181 

KCN 0.021 
KBr 0.20 

EFFECT OF THE ADDED SALTS TO THE YIELD a ) 

AT-(O>-CYANOALKYL)PYRIDINIUM SALTS 

Starting 
material1^ 

f * b 

i l e 
I lb. 
r i b 

l e 
l l h 

• 

r l b 
l e 

I l h 

f l b 

l e 
l b 

0.5 

5.8 
7.8 
6.3 

17.0 
29.1 
20.7 
23.1 
40.8 
24.3 
4.1 
4.8 
6.0 

Reaction time (h) 

1.5 

15.2 
20.3 
18.6 
43.0 
55.1 
48.6 
53.0 
77.3 
52.7 
11.0 
15.0 
18.7 

2.5 

23.2 
30.2 
28.0 
60.7 
70.1 
67.1 
71.2 
92.0 
70.9 

— 

3.5 

— 
— 
— 

69.4 
78.2 
74.2 
83.5 
97.1 
79.9 

— 

4.5 

34.9 
45.4 
43.3 
78.6 
86.6 
79.1 
— 
— 
— 

— 

a) Determined by the Potentiometrie titration. 
mol/1 was used in all cases. 

b) 0.020 

Although there is no such effect of potassium bromide 
on l h , the reaction rate approached that of l b when 
potassium cyanide was added up to 0.19 mol/1. T h e 
reason for l h being more reactive than l b might be 
the term of the positive micellar effect5) (cmc of l h : ca. 
0.019 mol/1 at 25 °C).6) 

The results show that the quaternary nitrogen atom 
plays a considerable catalytic role with favorable 
interactions to an appropriate reaction site even in 
aqueous solution. Such an idea might thus be applied 
to regio-specific substitutions in view of the intra­
molecular catalysts. 

W Br 

(ÇH2)„ 
CH2Br 

1 

: » = 1 

_ + KCN 

(ÇH2)n 

CH2Br 

2 

_ + KBr 

la 
lb :n = 2 
l c : w = 3 
l d : n = 4 

l e 
If 

n = 5 
» = 6 
n = 7 

l h : n = i 

+ KCN 

W C N -

(ÇH2)n 

CHpCN 

+KBr \ N / B r 

(ÇH2)n 

CH2CN 
3 

Exper imenta l 

Instruments. NMR and IR spectra were recorded with a 
Varian T-60 and Hitachi EPI-S2 spectrometers, respectively. 
The Potentiometrie titration was carried out with a Toa HM-
5A potentiometer. 

~N-(co-Bromoalkyl)pyridinium Bromide (1). After a mixture 
of pyridine (3.16 g, 0.05 mol) and a,o)-dibromoalkane (0.10 
mol) had been refluxed in ethanol (50 ml) for 5 h, the solvent 
and excess oc,<w-dibromoalkane were removed by means of 
evaporation, décantation, and extraction with ethyl acetate. 
The a,Cö-bispyridinium salts was crystallized from 2-propanol 
(60 ml) (in the case of l a —le) and from acetone (If—lh) crys­
talline 1 deposited in an icebox after the solvent was concen­
trated to half. Recrystallization from ethanol (la, lb, and 
lc) or 2-propanol (Id and le) or acetone (If, lg, and lh) 
gave pure salts. All these did not show clear melting points 
because of being too hygroscopic. Analytical data, l a ; Found: 
C, 31.85 ; H, 3.58 ; N, 5.30%. Galcd for C7H9NBr2 : C,31.49 ; 
H, 3.40; N, 5.25%. l b ; Found: C, 34.22; H, 3.58; N, 5.30%. 
Calcd for C8HnNBr2: C, 34.19; H, 3.98; N, 4.99%. l c ; 
Found: C, 36.96; H, 4.84; N, 5.01%. Calcd for C9H13NBr2: 
C, 36.64; H, 4.44; N, 4.75%. Id ; Found: C, 38.12; H, 
4.93; N, 4.21%. Calcd for C10H15NBr2: C, 38.86; H, 4.89; 
N, 4.53%. l e ; Found: C, 41.14; H, 5.22; N, 4.23%. 
Calcd for CnH17NBr2: C, 40.89; H, 5.30; N, 4.34%. If; 
Found: C, 42.82; H, 5.13, N, 3.95%. Calcd for C12H19NBr2: 
C, 42.75; H, 5.68; N, 4.16%. l g ; Found: C, 44.76; H, 
6.45; N, 4.10%. Calcd for C13H21NBr2: C, 44.46; H, 6.03; 
N, 3.99%. l h ; Found: C, 46.36; H, 6.41 ; N, 3.91%. Calcd 
for CuH23NBr2: C, 46.05; H, 6.35; N, 3.84%. 

Reduction ofN-(3-CyanopropylJpyridinium Bromide (3c). 
A solution of JV-(3-bromopropyl)pyridinium bromide (lc) 
(1.12 g, 4 mmol) and potassium cyanide (0.286 g, 4.4 mmol) 
in water (30 ml) was heated in a water bath for 6 h. After 
evaporation of water, the residue was dissolved in methanol 
(30 ml) and treated with sodium borohydride (1.52 g, 40 
mmol) below 5 °C. After being stirred for 1 h, the reaction 
product obtained by evaporation was dissolved in water and 
then extracted with ether several times. The extracts were 
evaporated to give syrup which was chromatographed with 
silica gel (Wako C300) using a solvent system ethyl acetate-
acetone 10: 1 (500 ml) and then 5: 1 (500 ml). The fractions 
eluted by the system 5: 1 were combined and distilled in a 
Ball Tube Oven at 150 °C/26 Torr. The compound was very 
unstable in the air. Found: C, 72.29; H, 9.34: N, 18.71%. 
Calcd for C9H14N2: C, 71.95; H, 9.39; N, 18.65%. IR(KBr) 
2250 (CN) and 1610 cm-1 (C=C); NMR (GDG18) Ô 5.67 (m, 
2H, J C H = C H =1 Hz, CH=CH) and 2.99 (s, 2H, NCH2-CH=). 

Reaction of 1 with Potassium Cyanide. NMR Study : A deu­
terium oxide solution of 1 (1.0 mol/1) and a potassium cyanide 
solution (1.1 mol/1) were prepared and then 0.2 ml of each 
was mixed in NMR tube at 5 °C. The mixture was kept at 
64.5 ± 2 °C in a Kugelrohr Oven and the intensities at ô 3.2— 
3.4 (CH2Br) and 2.6—2.8 (GHaCN) were measured at every 
0.5 h. 

Potentiometrie Titration: An aqueous solution of 1 (0.2 mol/ 
1) and that of potassium cyanide (0.21 mol/1) were prepared, 
and 10 ml of each was mixed and made up to 100 ml with 
water in a measuring flask. The solution was kept at 64.5 
±0 .5 °C in a water bath. Two 5 ml portions of the solution 
were taken at regular time intervals, cooled immediately in 
ice-methanol bath and then titrated with silver electrode. 
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An ESR Study of Photo-Induced Electron Transfer Reaction between 
Zinc(II)-Tetraphenylporphyrin and p-Benzoquinone in Solutions 

Masayuki SHIOZAWA, Haruhiko YAMAMOTO, and Yuzaburo FUJITA* 

Faculty of Pharmaceutical Sciences, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received November 24, 1976) 

Synopsis. The titled reaction was studied, by means 
of the ESR technique at room temperature, as a model reac­
tion of the primary process in the photosynthesis. Two kinds 
of radicals were observed in dichloromethane upon illumina­
tion with light of the porphyrin excitation; the zinc-tetra-
phenylporphyrin cation radical and the semiquinone neutral 
radical. 

Since Tollin and Green1) first observed the ESR 
signal of the semiqunone anion radical, Q,~, upon the 
illumination of ethanolic solutions containing chlorophyl 
(Chi) and /»-benzoquinone (QJ at room temperature, 
both rise and decay processes of intermediates have been 
investigated in order to clarify the pr imary process of 
the photo-induced one-electron transfer from Chi to 
Q b y using either ESR or the flash-photolysis technique. 
However, now there is a large discrepancy in the 
intermediates observed by two groups of workers using 
the former and latter techniques;2) the latter group3) 
has observed both Chl+ and Qj~ radicals, while the 
former group4) has not yet succeeded in detecting Chl+ 
at room temperature. Accordingly, the following 
proposals for the electron-transfer mechanism in the 
systems have been advocated: 

1) Both Chl+ and Q 7 are in reality produced by the 
direct electron transfer from Chi to Q, but the lifetime 
of Chl+ is shortened by a fast decay process with either 
ethanol3) or an unknown material, X.2) 

2) Q r and solvent radicals are formed by the 
electron transfer within a ternary complex among Chi, 
Q,, and ethanol in which Chi acts as a photosensitizer.4) 

The identification of Chl+ by flash photolysis is 
complicated by the overlap of the spectra of other 
species, such as ChlT and Q 7 ; therefore, the unam­
biguous identification of Chl+ by ESR at room tempera­
ture seems to be desirable. I t is considered that the 
use of an appropriate solvent, in which the Chl+ formed 
can exist with a longer lifetime, will lead to the easy 
detection of Chl+ by ESR. Moreover, in this study 
zinc(II)-tetraphenylporphyrin, ZnTPP , was used as a 
model compound for chlorophyl, because the ESR 
spectrum of the ZnTPP+ cation radical had been report­
ed to reveal a well-defined hyperfine structure.5) 

Z n T P P and its 7r-cation radical, ZnTPP+, were 
prepared by the method of Fajer et a/.5) /»-Benzoquinone 
was purified by sublimation. The ethanol and dichloro­
methane used as solvents were purified by distillation. 

Unless otherwise specified, the concentrations of Z n T P P 
and Q, were 10 - 4 and 1 0 - 1 M respectively. All the 
samples were thoroughly degassed by repeated freeze-
degas-thaw cycles on a vacuum line prior to the measure­
ments. T h e ESR spectra were recorded on a J E O L 
PE-1X spectrometer at room temperature. In most 
of the measurements, the sample in the cavity of ESR 
spectrometer was illuminated with light of wavelengths 
longer than 520 nm from a 650 W tungsten filament 
lamp, using a colored glass filter (Toshiba V-052). 

Fig. 1. ESR spectrum of the solution of ZnTPP and Q. 
in dichloromethane upon illumination (^>520 nm). 
Modulation amplitude 0.63 G. 
Microwave power : a) 4 mW, b) 20 mW. 

1.0 

2 71 
en-£ 

0.5 

* To whom correspondence should be addressed: Faculty 
of Pharmaceutical Sciences, Okayama University, Tsushima-
naka, Okayama 700. 

0 5 10 

microwave power(/p~rnw ) 

Fig. 2. a) Signal I with partially resolved hyperfine struc­
ture. 
Modulation amplitude 1.0 G. 
Microwave power 8 mW. 
b) Saturation behavior of signal I. 
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When the solution of Z n T P P and Q, in ethanol was 
illuminated with yellow light (>520 nm), only an ESR 
signal of the semiquinone anion radical, Qf, was 
observed; this is in agreement with Quinlan's results.6) 

O n the other hand, upon the illumination (>520 
nm) of the solution of Z n T P P and ÇHn dichloromethane, 
the ESR spectrum shown in Fig. l a was obtained. I t 
was composed of two overlapped signals—one with a 
broad singlet (Signal I, g=2.0027) on the high-field 
side on the spectrum, and another with a rather well-
resolved hyperfine structure (Signal I I , g=2.0046) on 
the low-field side. T h e existence of the two kinds of 
radicals was confirmed by the method of microwave-
power saturation ; at higher microwave power levels, the 
intensity of Signal I increased, whereas that of Signal I I 
decreased and its hyperfine structure became obscure 
(Fig. l b ) . Both signals decayed completely within a 
second after light-off. In the dark, none of the signals 
were detected. Also, no signals were observed in either 
solvent with either Z n T P P or Q alone upon illumination 
with yellow light. More than a threefold increase in 
the porphyrin concentration resulted in a change in 
the spectrum of Fig. 1 to that in Fig. 2a, in which 
Signal I appeared as a partially resolved spectrum. 
Signal I did not saturate until moderately high micro­
wave power levels (20 mW) as is shown in Fig. 2b. 
This saturation behavior clearly differs from that of 
the semiquinone radical saturable at higher levels than 
4 mW, and rather resembles that of ZnTPP+. T h e 
hyperfine coupling constant, which is inaccurate 
because of the poor SIN ratio, was estimated to be 1.7 
G and compared with that of ZnTPP+ (.£=2.0025, a= 
1.6 G) prepared by electrochemical oxidation in 
dichloromethane. In a preliminary experiment by flash 
photolysis, an intermediate species with a lifetime of a 
few milli seconds was detected; its absorption spectrum 
was not inconsistent with that of ZnTPP+ reported 
previously.5) Thus, Signal I was reasonably assigned to 
ZnTPP+. 

O n the other hand, /»-benzoquinone alone in dichloro­
methane showed an ESR signal assignable to the neutral 
semiquinone radical, Q H (g=2.0046, 18-line signal), 
upon illumination with light longer than 420 nm. This 
signal showed a well-resolved 15-line hyperfine struc­
ture at the modulation ampli tude of 0.63 G, as is shown 

->H 
10 G 

Fig ig. 3. ESR spectrum of the solution of Q, in dichloro­
methane upon illumination (^>420 nm). 
Modulation amplitude 0.63 G. 
Microwave power 4 mW. 

in Fig. 3, and its ESR parameters were in good agree­
ment with those of Signal I I . 

As has been described above, on the illumination 
(>520 nm) of the solution of Z n T P P and Q,in dichloro­
methane, the ZnTPP+ and Q H radicals are produced, 
whereas in ethanolic solutions only the j&-benzoquinone 
anion radical is observed. These facts imply that there 
is a great difference in the lifetimes of the ZnTPP+ 
produced in the two solvents, i.e., a difference in the 
decay processes of Z n T P P + . Barashkov and Chibisov3) 
have proposed the following decay processes of Chl+ and 
Q f in ethanol on the basis of the kinetic results obtained 
by flash photolysis : 

Chi- + Q ; • Chi + Q., (1) 

^ = 2 . 0 x l 0 9 M - 1 s - 1 , 

2Q- Q. + Q.2-, * = 2 X 10' M-* s-*, (2) 

chi + + Q2- — • Chi + QT, (3) 

k = 5 .5x10" M ^ s " 1 , 

Chl+ + C2H5OH y Chi + C2HBOH+, (4) 

k = 8 . 6 x l 0 2 M - 1 s - 1 . 

Therefore, we examined the reactivity of ZnTPP+, 
prepared by electrochemical oxidation in dichloro­
methane, toward both ethanol and hydroquinone in 
view of the similarity of Chi and Z n T P P . O n the 
addition of hydroquinone to the solution, ZnTPP+ was 
quickly reduced to reproduce Z n T P P stoichiometrically. 
Therefore, a decay process similar to (3) seems to be 
operative in our system, also. However, in the case 
of ethanol, only a trace amount of ZnTPP+ decreased 
rapidly to reproduce Z n T P P . This fact indicates that 
a decay process similar to (4) is not important, but some 
decay process other than (4), such as a reaction with an 
unknown material, X, proposed by Hales and Bolton2) 
may play a role in an ethanolic solution: 

Chl+ + X • Chi + X+ , 

k > 103 s"1 (with X in excess). 

(5) 

T h e lifetime of ZnTPP+ in ethanol may be shortened by 
a process similar to (5), but in dichloromethane the 
absence of decay processes similar to (4) and (5) may 
explain why ZnTPP+ is not detected in an ethanolic 
solution. 

O u r present results indicate that the decay processes 
differ greately in the solvents used; that is, they depend 
on the environment of the primarily produced radicals. 
A similar investigation using micellar systems in which 
Z n T P P is incorporated is now in progress. 
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A Semi-empirical NDDO Method for All-valence-electron Systems. II. 
Extension to Compounds Containing Nitrogen and/or Oxygen 
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(Received December 2, 1976) 

Synopsis. A semi-empirical NDDO method is ex­
tended to compounds containing nitrogen and/or oxygen, 
and is applied to the evaluation of the molecular geometries 
and excitation energies of the compounds and of the heats 
of reactions relating to them. The agreement between the 
calculated and observed values is comparable with that pre­
viously attained for hydrocarbons except for the conforma­
tions of NH3 and GH3NH2. 

In the previous paper,1) a semi-empirical N D D O 
method was applied to the evaluation of the molecular 
geometries and excitation energies of a variety of 
hydrocarbons, and of the heats of reactions among them. 
It was shown that the N D D O method gave at the 
same time well-balanced values of the above three 
quantities. Here, the method will be extended to 
compounds containing nitrogen and/or oxygen. In the 
N D D O procedure, the off-diagonal core matrix element 
between AO's, [i and v, on the different atoms, 

and the core repulsion energies between atoms A and B, 

E£e = ZA 

are estimated empirically. The empirical parameters in 
these formulae were determined in the same way as in 
the previous paper.1) T h e parameters obtained are 
listed in Tables 1 and 2. The equilibrium geometries, 
heats of reactions, and excitation energies of compounds 
containing nitrogen and/or oxygen were calculated 
using the parameters listed in Tables 1 and 2. They are 

h 

TABLE 1. VALUES OF ß^ (eV) 

ls(H) 2s(C) 2p(C) 2s(N) 2p(N) 2s(0) 

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

T A B L E 2. PARAMETERS IN CORE-CORE 

REPULSION FORMULA1 > 

a b R0 

2p(0) 

- 2 7 . 0 

H-H 
H-C 
H-N 
H-O 
C-G 
C-N 

c-o 
N-N 
N-O 
O-O 

10.45 
14.00 
14.58 
21.97 
13.16 
13.22 
18.09 
17.65 
15.73 
17.18 

0.7436 
0.5034 
0.5334 
0.3346 
0.4899 
0.5432 
0.3811 
0.3897 
0.4676 
0.4429 

2.642 
2.779 
2.291 
2.015 
3.621 
3.327 
2.147 
2.332 
2.192 
1.902 

TABLE 3. CALCULATED EQUILIBRIUM GEOMETRIES 

OF COMPOUNDS CONTAINING NITROGEN 

AND/OR OXYGENa> 

Compound Type Calcd 

Water 

Methanol^ 

Formaldehyde 

Formic acid 

H - C 
X 0 2 - H 

Dimethyl etherb> 

Ammonia 

Methylamineb> 

Hydrazine 

Hydrogen cyanide 

Azomethaneb) 

Diazomethane 

Acetonitrile 

Hydroxylamine 

Formamide 

Nitromethaneb) 

Ethylene oxide 

Obsd2>3> 

O-H 
HOH 
O-H 
C-O 
COH 

c=o 
C-H 
HCH 
C-O 

c=o 
C-H 
HCOx 

OCO 
COH 
C-O 
COC 
N - H 
HNH 
C-N 
HNH 
N - H 
N-N 
HNN 
H-C 
C^N 
C-N 
N=N 
NNC 
C-N 
N=N 
C-H 
HCH 
C-C 
C=N 
N-O 
HNH 
NOH 
C-N 

c=o 
HNH 
NCO 
C-N 
N-O 
ONO 
C-C 
C-O 
C-H 
HCH 

0.953 
119.8 
0.960 
1.378 
121.2 
1.204 
1.102 
114.4 
1.369 
1.213 
1.078 
129.2 
118.0 
106.7 
1.391 
125.4 
1.048 
120.0 
1.515 
117.0 
1.077 
1.439 
117.2 
1.086 
1.147 
1.552 
1.219 
125.1 
1.362 
1.121 
1.101 
111.8 
1.487 
1.166 
1.412 
115.0 
118.5 
1.360 
1.234 
114.2 
118.1 
1.550 
1.236 
126.2 
1.536 
1.438 
1.086 
114.0 

0.957 
104.5 
0.967 
1.428 
107.3 
1.210 
1.102 
121.1 
1.343 
1.202 
1.097 
124.1 
124.9 
106.3 
1.42 
111.0 
1.014 
106.9 
1.474 
105.8 
1.04 
1.47 
108 
1.066 
1.153 
1.482 
1.247 
112.3 
1.34 
1.13 

1.465 
1.155 
1.46 
107 
103 
1.300 
1.255 

121.5 
1.47 
1.22 
135 
1.472 
1.436 
1.082 
121.7 

a) The core-core repulsion energies calculated from 
the parameters are in eV. 

a) Bond lengths in Â; bond angles in degrees. 
b) The geometry of the CH3 group was assumed to 
be the same as that of ethane. 
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T A B L E 4. CALCULATED HEATS OF REACTIONS 

(kcal/mol)a> 

Reaction 

l/2N2+3/2H2->NH3 

N2H4-»N2+2H2 

HCN+2H2-+CH3NH2 

CH 2 0+H 2 -^CH 3 OH 
GH3CHO+H2-+C2H5OH 
CH 2CO+H 2-^CH 3CHO 
CH 2N 2+H 2 -+CH 4+N 2 

CH 3 NH 2 +0 2 -+CH 3 N0 2 

H 2 + l / 2 0 2 - + H 2 0 
H 2 + 0 2 - » H 2 0 2 

CH 4 +l /20 2 -^CH 3 OH 
G H 2 0 + l /202-+HCOOH 
CH3GHO+ l /20 2 ^CH 3 COOH 
Ethylene+l/202^Ethylene oxide 
GH 2 CO+H 2 0-+CH 3 COOH 
CH 3 NNCH 3 ^C 2 H 6 +N 2 

Heats of reaction 

Calcd 

9.4 
17.6 
49.0 
39.1 
30.1 
30.0 
69.8 
13.7 
56.2 
54.9 
51.0 
63.3 
69.6 
36.0 
43.4 
60.2 

A 
Obsd4> 

11.0 
22.7 
37.9 
20.4 
16.5 
25.2 
69.2 

5.5 
57.8 
32.5 
30.2 
62.8 
64.0 
24.7 
31.4 
71.4 

a) The energy of the ground state of 0 2 (triplet) was 
calculated by means of the CI method. 

TABLE 5. CALCULATED EXCITATION ENERGIES (eV) 

Compound Nature of 
excitation Calcd Obsd3'5> 

Formaldehyde 

Acetaldehyde 

Ketene 

Diazomethane 

Nitromethane 

n—>cr 

n — ^ 

7C—>7T^ 

3.05 
5.80 
7.53 
3.22 
7.63 
2.62 
5.69 
2.14 
5.03 
3.38 

4.2 
7.1 
8.0 
3.56 
6.82 
3.84 
5.82 
3.14 
5.70 
4.59 

6.75 6.12 

listed in Tables 3—5. All the bond lengths except the 
CN-type ones agree with the observed values within 0.05 
A. T h e X O Y types of bond angles are larger than the 
observed values by about 15°. T h e method fails to give 
the correct conformations of N H 3 and C H 3 N H 2 ; it 
predicts the p lanar conformations. These defects were 
also found in the N I N D O / 2 method, which is at the 
same level of parametrization as the present method; the 
X O Y types of bond angles were estimated to be 180° 
by MINDO/2.6> T h e agreement between the calculated 
and observed heats of reactions (average error, 9 

kcal/mol) is comparable with that previously attained 
for hydrocarbons. T h e singlet excitation energies of 
several compounds were calculated by the CI method, 
in which only singly excited configurations were includ­
ed. The calculated energies for the n—>:7r* types of 
excitations are smaller than the observed values about 
by 1 eV, while those for the n-^-n* types differ from 
the observed values by about 0.5 eV. This somewhat 
large discrepancy comes from the empirical parameters 
which were chosen so as to give, at the same time, 
well-balanced values for the above three quantities. 
Better excitation energies can be obtained by the use 
of other sets of parameters which would simultaneously 
give poor molecular geometries and heats of reactions.1) 
T h e present N D D O results in Table 5 are felt to be 
satisfactory in comparison with the excitation energies7) 
estimated by the C N D O and M I N D O / 2 methods which 
are currently used in the theoretical studies of chemical 
reaction processes. 

T h e authors wish to express their thanks to Professor 
Keizo Suzuki for his helpful suggestions. 
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Synopsis. Deuterium atom distribution of butènes 
in the coisomerization of cis-2-hutç.nc d0/d8 over MoOa and 
Mo0 3 -Si0 2 indicates that the reaction involves intermolecular 
hydrogen transfer for both catalysts. Butenvs produced over 
deuterium-exchanged Mo0 3 -S i0 2 contain deuterium atoms, 
those produced over deuterium-exchanged Mo0 3 none. 

Catalytic properties of M o 0 3 - S i 0 2 and M o 0 3 were 
investigated in view of surface acidity and basicity.1) 
For the isomerization of butènes, it was suggested from 
the correlation of activity with acidity or basicity that 
the active sites on M o 0 3 - S i 0 2 are acidic, while those 
on M o 0 3 are basic. If the isomerization proceeds on the 
acidic sites, a hydrogen atom of butène is exchanged 
during the course of reaction. If the active sites are of 
Brönsted type, surface hydrogen atoms would be 
incorporated into the products. In the mechanism 
proposed for basic sites, the isomerization is initiated 
by the abstraction of a proton from butène to form the 
carbanion. In this case hydrogen atoms are not exchang­
ed between butènes unless hydrogen atoms rapidly 
migrate over the surface. 

Hightower and Hall investigated the isomerization 
of butène over A1 20 3 and S i 0 2 - A l 2 0 3 by means of a 
"tracer s tudy" using deuterium as a tracer.2) They 
developed a coisomerization technique, in which a 
mixture of nondeuterated and perdeuterated butène 
was used as a reactant. If the isomerization involves 
intermolecular hydrogen transfer, the product should 
contain both non-exchanged isotopic species d0 and d8, 
and mono-exchanged isotopic species dt and dv In the 
case of intramolecular hydrogen transfer, only non-
exchanged isotopic species should be produced. T h e 
relative ratio of product from nondeuterated reactant 
to that from perdeuterated reactant shows an isotope 
effect when extraporated to zero conversion. 

In the present work the coisomerization of butène 
over M o 0 3 - S i 0 2 and MoO a , and the reaction over the 
deuterium exchanged catalysts were carried out, the 
reaction mechanism and the nature of active sites 
being investigated. 

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

Molybdenum trioxide (Mo03) was prepared by the pre­
cipitation from an aqueous solution of ammonium molybdate 
with nitric acid. Mo0 3 -S i0 2 was prepared by precipita­
tion from a mixture of ammonium molybdate and tetra-
ethyl orthosilicate with nitric acid. Precipitates were dried 
at 100 °G and finally calcined at 500 °C for 3 h in air. 
Details were described previously.*) 

A microcatalytic pulse reactor was used for the reaction. 
A catalyst (0.25 g) was evacuated at 500 °C prior to reaction. 
For the reaction over deuterium exchanged catalyst, surface 
hydrogen atoms were exchanged with deuterium atoms by 

exposing the catalyst evacuated to ca. 10 Torr of D 2 0 at 
250 °G, the catalyst being evacuated at 500 °G for 1 h. 

ca. 40 jjimol of butène was passed over the catalyst in a 
helium carrier, and products were trapped by liquid nitrogen 
before being flash evaporated into a gaschromatographic 
column (Propylene carbonate on Uniport G in 10-m length, 
8-mm o.d. Gu-tubing) operated at 0 °G. The separated 
products were collected in liquid nitrogen traps and sub­
jected to mass spectroscopic analysis. 

For the coisomerization, a mixture containing about equal 
amounts of nondeuterated and perdeuterated c2'.y-2-butène 
was used as a reactant. The isotopic purity of the perdeute­
rated «5-2-butene was higher than 99.6%. 

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

The isotopic profiles of butènes in the coisomerization 
and the reactions over deuterium exchanged catalysts 
are given in Table 1. T h e number of H (or D) atoms 
exchanged per molecule (AEM) was calculated by 

i=0 5 

where Nt is a mole fraction of each isotopic species 
containing i deuterium atoms. An isotope effect (IE) 
was obtained by the relative reactivity of nondeuterated 
species to that of perdeuterated species, which was 
calculated by 

(fÄ+^)/(s^+j4 
where di species in the product was assumed to be 
produced equally from d0 and dH reactant. 

Over both M o 0 3 and M o 0 3 - S i 0 2 , the products in 
the coisomerization contained a considerable fraction 
of mono-exchanged d1 and d7 isotopic species. If there 
were no isotope effect, the A E M value at zero conversion 
would be 0.5 for the intermolecular hydrogen transfer, 
and would decrease when isotope effect becomes larger. 
A E M values of 1-butène close to 0.5 for both catalysts 
indicate that the isomerization to 1-butène involves 
intermolecular hydrogen transfer over both catalysts. 

Considerable amounts of dx species were produced 
over deuterium exchanged M o 0 3 - S i 0 2 , (Table 2). This 
in addition to the existence of acidic sites on the surface1) 
and the occurrence of intermolecular hydrogen transfer, 
strongly suggest that the active sites are of a Brönsted 
type and the isomerization to 1-butène proceeds via a 
carbenium ion intermediate. T h e number of H (or D) 
atoms exchanged per molecule in trans-2-bvXenç. was 
smaller than that in 1-butène. If the carbenium ions 
are weakly bonded to the surface, trans-2-h\iten& may 
be produced from the carbenium ion by release of 
either the hydrogen atom that came from the surface 
or the hydrogen atom that was originally the vinyllic 
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TABLE 1. ISOMERIZATION OF cis-2-BUTÈNE AND COISOMERIZATION OF CÙ-2-BUTENE d0/d8 

OVER Mo0 3 -Si0 2 AND M O 0 3 at 250 °C 

Pulse Each 
Catalyst , Reactant Product product , ——-

1 number to/ \ A A 
(%) d0 dx 

Isotopic distributions (%] 

d7 

A E M IE 

M o 0 3 - S i 0 2 ( 

dn, da 

do 

, 1 d0 

M o O , S 5 

6 

do 

d0, d8 

do 

5.5 
9.2 

85.3 
4, 
7. 

87. 
2. 
5. 

91. 
4. 
6. 

42.5 17.6 
39.5 10.6 
50.3 0.4 

0.4 
0 
0 

1.0 
0.7 

0 

23.3 
18.3 
2.2 

15.2 
30.8 
46.7 

0.437 1.53 
0.303 1.00 
0.026 1.03 

88.9 
10.8 
19.3 
68.9 

3, 
5, 

91. 
2. 
3. 

94.2 
1. 
2. 

95. 
7. 

10. 

42.9 20.7 
39.1 11.3 
50.0 0.8 

0.1 
0 
0 

0.7 
0.3 
0 

19.6 
14.0 
2.1 

16.0 
35.4 
47.1 

0.419 1.75 
0.259 1.01 
0.029 1.03 

82.0 

T A B L E 2. 

Catalyst 

ISOMERIZATION OF CÙ-2-BUTENE OVER DEUTERIUM EXCHANGED M o 0 3 - S i 0 2 AND M O 0 3 AT 250 °C 

Each Isotopic distributions (%) 

(%) d0 dx d2 d3 di—d* 

MoCX-SiO, 

MoO, 

16. 
36. 
46. 

7. 
11. 
81.3 

72. 
81. 
86. 

100 
100 
100 

24.8 
17.9 
13.0 
0 
0 
0 

0.1 
0 
0 
0 
0 
0 

0.311 
0.199 
0.144 
0 
0 
0 

hydrogen of m-2-butene. This might result in a smaller 
number of exchanged hydrogen atoms in fra/2.y-2-butene. 

O n the other hand, no deuterium was incorporated 
into the products over deuterium exchanged M o 0 3 . 
Surface H (or D) atoms should not participate in the 
reaction. T h e active sites on M o 0 3 were poisoned not 
by ammonia but by carbon dioxide, suggesting that 
M o 0 3 is of a basic type of catalyst.1) T h e reaction could 
be initiated by the abstraction of the allylic proton in 
cw-2-butene by basic sites. If the proton migrates over 
the surface very rapidly, intermolecular hydrogen 
transfer would occur. 

O n introducing an oxygen pulse to M o 0 3 after the 
six pulses of butène, the activity was restored to the level 
of the second butène pulse. The activity was also 
recovered almost completely by allowing the catalyst 
to stand in the reactor overnight at room temperature 
with no carrier gas flowing. The results suggest tha t 
surface M o 6 + ions rather than M o 5 + ions participate in 

the reaction, though the amplitude of M o 5 + signal in the 
ESR spectrum decreases only slightly by exposure to 
oxygen at 250 °C. The M o 5 + ions may be produced by 
a loss of oxygen atoms attached to M o 6 + ions. By 
allowing the catalyst to stand overnight, oxygen atoms 
seem to diffuse from the bulk to the surface and Mo 6 + 

ions are reproduced. T h e abstraction of protons from 
butène molecules seems to be performed much more 
easily by oxygen ions than by metal cations. Thus, 
it is suggested that the active sites on M o 0 3 consist 
of pairs of oxygen ions and Mo 6 + on the surface, at 
least in the initial stage of the reaction. 
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Synopsis. In the silent electric discharge of ethylene, 
it was revealed, by studying the effects of various scavengers 
on the formation of gaseous products, that the radical reac­
tion plays an important role, unlike as in the reaction in 
radiolysis. Furthermore, the existence of several inter­
mediates was directly or indirectly demonstrated by using 
an ESR technique and by adding iodine as a radical scavenger. 

In a silent electric discharge as well as radiolysis, 
various active species, that is, cations, anions, excited 
molecules, and dissociated atoms (or free radicals), are 
produced by the collision of electrons with molecules. 
Paal and Foldiak1) have reported that a gaseous-
discharge reaction at 0.5—1.0 mA under 10 kV in a 
discharge tube of the Giemens-ozonizer type corresponds 
to the radiolysis at 107—108 rad/h. 

The present authors have studied the discharge 
reaction of aqueous solutions.2) This investigation is 
further extended to a gas phase to reveal the correlation 
between the discharge reaction and radiolysis. Ethylene 
was selected as the objective gas since the radiolysis 
of the gas has been studied in detail and the reaction 
mechanism has been relatively well clarified.3'4) In the 
radiolysis of ethylene, only ethane is formed through the 
radical reaction, whereas hydrogen, acetylene, and 
butane are produced through the molecular dissociation 
and the ionic reaction.3 '4) O u r purpose in this work is 
to reveal the molecular dissociation and the subsequent 
radical reaction and also to confirm the intermediate 
in the silent electric discharge of ethylene. 

using a Hitachi RMU-6D mass spectrometer and a Hitachi 
730 type gas Chromatograph respectively. 

In the discharge of ethylene below an atmospheric pressure, 
a linear relationship was confirmed between the applied 
potential and the current over 0.3 mA. Every experiment 
was, therefore, performed under the following conditions: 
a duration of 20 s at 0.5 m A and an ethylene pressure of 100 
Torr. The energy {W) dissipated electrically by the discharge 
was estimated from the equation by Fuji and Takemura.5) 

The intermediates formed by the discharge of ethylene 
were trapped on the silica gel in a discharge tube of an ozonizer 
type as is shown in Fig. 1. The silica gel was prepared by 
the hydrolysis of sodium silicate, which had been baked at 
600 °C for 6 h in air. Their intermediates were identified 
by the ESR technique.6) 

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

T h e major gas products formed by the silent electric 
discharge of ethylene were C2H2 , H2 , w-C4H10, C3H8 , 
CH 4 , C2H6 , G3H6 , and CH 2 =CHC 2 H 5 . T h e trace gas 
products were 2-C4H8, trans-2-Q^ß.^, cis-2-CJi8, GH3GH= 
C(CH 3 ) 2 , n-C5H12, /-C5H12 , CH 3 C(CH 3 ) 2 C 2 H 5 , C H 3 C H -
(CH3)2 , C 2 H 5 CH(CH 3 )C 2 H 5 , n-C6H14, and C6H6 . 

When ethanol was added as a positive ion scavenger, 
the yield of methane decreased with an increase in the 
additive amount of ethanol (0—8 mol % ) , whereas the 
formation of the other products was scarcely affected 
within the range of experimental error. 

Figure 2 shows the effect of nitrogen monoxide on the 

Exper imenta l 

The research-grade ethylene was used after several distil­
lations. Purified nitrogen monoxide and iodine were used 
as radical scavengers. On the other hand, ethanol was 
employed as a positive ion scavenger. The identification and 
the determination of the gaseous products were performed by 

electrode 
(high potential) 

Aluminium foil 
(earth) 

Silica gel 

Fig. 1. Schematic diagram of discharge tube. 

0 1 2 3 4 5 

Concentration of NO (mol%) 

Fig. 2. Effect of nitrogen monoxide on the formation of 
each product. 
0 : Acetylene, 0 : hydrogen, <>: butane, 
A'- propane, f ) : ethane, © : methane, 
± : propylene, + : 1-butène. 
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formation of each product. This suggests that all of the 
ethane, propane, butane, and 1-butène and a part 
of the hydrogen and acetylene is formed by the radical 
reaction. 

T h e decompositions of ethylene excited by the 
discharge can be represented as follows: 

C2H4* • C2H2 + H23 (1) 

• C2H2 + 2H, (2) 

• C2H3 + H. (3) 

The dissociation probabilities of Reactions 1 and 
2 were calculated from the yields of the hydrogen and 
acetylene formed by the electric discharge of the 
ethylene-nitrogen monoxide system: 

(1):(2) = 0.44:0.56 at 100 Torr C2H4, 

0.38:0.62 at 355 Torr C2H4. 

Meisels and his co-worker4) estimated the relative 
probability of Reaction 3 by assuming the (C2H3) / 
(1 -C 4 H 8 )=3 .3 ratio. By using this ratio tentatively, 
the dissociation probabilities of the three reactions 
could be calculated: 

(1):(2):(3) = 0.36:0.45:0.19 at 100 Torr C2H4, 

(1):(2):(3) = 0.26:0.42:0.32 at 355 Torr C2H4. 

O n the other hand, Meisels and his co-worker4) have 
reported that the relative dissociation probabilities for 
ethylene excited by slow electrons at E/P=26.9 V/cm 
Tor r and at the ethylene pressure of 50 Tor r were as 
follows : 

(1):(2):(3) = 0.38:0.46:0.16. 

The relative probabilities for ethylene discharged at 100 
Tor r happened to agree closely with those for ethylene 
irradiated by slow electrons at E/P=26.9 V/cm Tor r and 
at the ethylene pressure of 50 Torr . This seems to 
support our previous conclusion7) that the silent electric-
discharge reaction corresponds to that by slow electrons. 

Janzen and others have detected some radicals 
produced in a microwave discharge by using a technique 
called "spin trapping."8) So far as we know, the detec­
tion technique of radicals by using a discharge tube of 
the ozonizer type such as is shown in Fig. 1, has hardly 
even been used. However, we succeeded in detecting 
hydrogen and the ethyl radical directly by using this 
technique. 

When the silica gel evacuated at 300 °C for 10 h was 
discharged at 8 kV in the presence of argon gas, only a 
broad singlet centered at about £=2 .0036 was observed, 
as is shown in Fig. 3(a). O n the other hand, silica gel 
discharged under an ethylene pressure of about 20 Torr 

Fig. 3. ESR spectra of ethylene discharged at 77 K on 
the silica gel. 
(a) Argon-silica gel, (b) ethylene-silica gel. 

showed the ESR spectrum shown in Fig. 3(b). A 
hydrogen atom with a coupling constant of about 500 G 
and an ethyl radical which are superimposed on the 
broad singlet described above could be detected. 

Furthermore, the existence of some radicals partici­
pat ing in the radical reaction was evidenced by the 
results of an analysis of the iodides resulting from the 
radical scavenging by iodine: C 2 H 5 I=0 .160 , C2H3I = 
0.029, n -C 4 H 9 I=0 .011 , C H 3 I = 0 . 0 0 4 , and n-C3H7I = 
0.001, where each unit is fjimol/cal. However, H I and 
CH 2 I could not be detected. 

In conclusion, if the discharge reaction of ethylene 
is compared with the radiolysis reaction, the final 
products in both reactions are similar to each other. 
However, the dominant reactions in the radiolysis are 
the ionic reaction and the molecular decomposition.3) 
O n the contrary, in the discharge reaction the radical 
reaction and the molecular decomposition play impor­
tant roles. 
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Synopsis. The reaction of bis (acetylacetonato) -
copper(II) with 2-(2-pyridyl)benzimidazole (1) in ethanol was 
studied by means of absorption, fluorescence, and XH NMR 
spectroscopies, and it was found that one of the acetylacetonate 
anions in the complex is replaced by the anion of 1. Bis-
(acetylacetonato)zinc(II) reacts with 1 in a similar manner. 
Neither acetylacetonate reacts with 2-(3-pyridyl)- or 2-(4-
pyridyl) benzimidazole. 

I t is well known that bis(/?-diketonato)copper(II) 
complexes behave as Lewis acid and form addition 
compounds with nitrogen bases.1) Several five-coor­
dinate addition compounds of square planar bis(/?-
diketonato) copper (II) complexes with heterocyclic 
nitrogen bases have been isolated.2) A stable 2,2'-
bipyridine adduct of bis(hexafluoroacetylacetonato)-
copper(II)3) and a reaction product of bis(acetyl-
acetonato)copper(II) with ethylenediamine4) have been 
isolated, and their structures were determined by means 
of X-ray analysis. I t has been reported that bis(acetyl-
acetonato)zinc(II) forms stable addition compounds 
with 4,4'-bipyridine and pyrazine.5) In all these cases 
no ligand-substitution occurs. This paper describes a 
new mixed ligand copper(II) complex formed by 
ligand-substitution between bis (acetylacetonato) copper-
(II) and 2-(2-pyridyl) benzimidazole. 

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

Three 2-pyridylbenzimidazoles 2-(2-pyridyl)- (1), 2-(3-pyri-
dyl)- (2), and 2-(4-pyridyl) benzimidazole (3), were prepared 
according to the literature.8) Commercial bis (acetylaceto­
nato) copper (I I) and -zinc(II) (4 and 5) were purified by 
recrystallization from chloroform and ethanol, respectively. 
To a hot ethanol solution (50 ml) of 1 (0.98 g, 1/200 mol), 
was added a hot ethanol solution (500 ml) of 4 (1.31 g, 1/200 
mol). The resulting green solution was concentrated to about 
200 ml in a water bath, giving almost black crystals upon 
cooling. Found: C, 57.19; H, 4.09; N, 11.78%. Calcd for 
substitution product, CuC17H15N302 : C, 57.19; H, 4.21; 
N, 11.77%. Calcd for adduct, CuC22H23N304: C, 57.82; 
H, 5.07; N, 9.20%. 

The absorption, fluorescence, and 1H NMR spectra were 
recorded with Hitachi spectrophotometers, Model 356, and 
MPF-2, at 25 °C and a Varian XL-100 spectrometer at 28 °C, 
respectively. 

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

Figure 1 shows the absorption spectra of ethanol 
solutions of 1 in the presence of various amounts of 4. 
Two isosbestic points are observed at 327 and 304 nm, 
indicating the existence of a stoichiometric complex-
forming equilibrium. A new absorption band at about 
350 nm can be ascribed to the complex formed, because 
neither 1 nor 4 has an absorption band in this region. 

Fig. 1. The absorption spectral change of 1 (2.43 X 10~6 

M) in ethanol in the presence of various amounts of 4. 
The values of molar ratio, 4/1, are: a, 0; b, 0.044; c, 
0.088; d, 0.176; e, 0.352; f, 0.528; g, 0.704; h, 1.056; 
i, 1.408. 

I ^ i i i i i i i i i i i i i i — I 

0.5 l .o » R 

Fig. 2. Plots of absorbance at 350 nm and of relative 
fluorescence intensity {IJI0; IQ is the intensity observed 
in the absence of 4), against the molar ratio, 4 /1: , 
1 - 4 ; , 1 - 5 . 

In Fig. 2, the increments in the absorbance at 350 nm 
are plotted versus the molar ratio (R). The absorbance 
increases linearly with R until it ceases to increase at 
Ä = l . I t can be concluded, therefore, that 1: 1 complex 
with a large stability constant is formed. The high 
stability of this complex and the result of elemental 
analysis of the almost black crystals obtained from an 
ethanol solution of the 1: 1 mixture of 1 and 4, indicate 
that it is not merely an addition product of 1 and 4, 
but a mixed ligand complex in which 1 coordinates to 
the Cu(I I ) ion as a bidentate ligand replacing an 
acetylacetonate anion in 4. Consistent with this con­
clusion, the absorption spectrum of an ethanol solution 
of the almost black crystals was very similar to that 
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of the 1: 1 mixture of 1 and 4, though the latter shows 
stronger absorbance at shorter wavelengths, A<300 nm, 
because of the contribution from acetylacetone molecules 
liberated by the ligand-substitution. 

T h e fluorescence spectra of these solutions showed a 
marked decrease in intensity without any sign of the 
appearance of a new band in the presence of 4. A plot 
of the observed intensities at 358 nm versus R yielded a 
straight line which crosses the abscissa at about R=\. 
This observation indicates that the complex formed is 
nonfluorescent and that the fluorescence emission 
originates only from the free molecules of 1. 

T h e 1U N M R spectrum of 1 in CDC13 gave a broad 
signal due to the imidazolic proton at ô 11.3 and 
complex signals with fine structures due to the aromatic 
protons over the range of ô 7.2—8.7. T h e addition of 
a few drops of a dark blue chloroform solution of 4 to 
this solution gave a green color and, at the same time, a 
broadening of the aromatic proton signals, accompanied 
by the appearance of new weak signals at <3 2.04, 2.22, 
3.57, and 5.52. These new signals can be ascribed to 
acetylacetone molecules liberated by the ligand-
substitution, because these ô values are very close to 
those assigned to acetylacetone.7) 

For the system of 1 and bis(acetylacetonato)zinc(II) 
(5) in ethanol, a very similar absorption spectral 
behavior was observed, a smaller complex formation 
constant being inferred from the plot of the absorbance 
increase at 350 nm versus R (Fig. 2). This system 
showed a quite different fluorescence spectral change. 
The zinc-complex is strongly fluorescent; the new 
fluorescence band at about 420 n m can be ascribed to 
the zinc-complex because its intensity increases linearly 
as the absorbance at 350 nm increases. 

T h e nonfluorescent property of the copper-complex 
can be interpreted in terms of the paramagnetism of the 
copper(II) ion, which may induce intersystem crossing 
in the excited state. T h e zinc-complex, on the other 
hand, is diamagnetic and fluorescent. In this connec­
tion, Bark and Rixon have studied the application of 
the zinc complex of 1 to the fluorimetric determination 
of zinc.8) 

The corresponding mixed complexes did not appear 
to be formed between 4 and 2 (or 3) in ethanol, because 
the absorption spectra of the mixtures are almost the 
same as the sums of those of their components and 
because the fluorescence quenching of 2 and 3 in the 
presence of 4 was negligible. 

T h e acetylacetonate anion in 4 is replaced only by the 
anion of 1 but not by those of 2 and 3. This fact indicates 
the necessity of appropriate positioning of the imidazolic 
N H group and the pyridine nitrogen atom in order to 
function as a bidentate ligand. I t can also be said that 
the ionizable property of the imidazolic proton in 1 is 
very important in the ligand-substitution reaction, 
because such substitution reactions did not occur 
between 4 and ethylenediamine or between bis(hexaflu-
oroacetylacetonato) copper(II) and 2,2'-bipyridine.3>4) 

A mixed ligand copper(II) complex, Cu(acac)-
(OCH 3 ) , was prepared directly by treating 4 with 
sodium hydroxide in methanol. T h e methoxo ligand 
can be replaced by a pyrazolate anion and the resultant 
copper (I I) complex has been proposed to have a 
dimeric structure on the basis of its antiferromagnetic 
properties.9) This fact suggests that the possibility of a 
dimeric structure of the present mixed ligand complex 
cannot be discounted. 

No double coordination of the anion of 1 to the 
copper(II) ion was observed. This indicates the relative 
instability of C u ( l _ ) 2 compared with Cu(acac)(l~) from 
an energy point of view, probably because of the van 
der Waals ' interaction between two anions of 1, which 
is bulkier than the acetylacetnate anion. 

The apparently smaller stability constant inferred 
for the zinc-complex may be ascribed to the smaller 
difference between the affinities of the two ligands in 
question to the zinc(II) ion. 
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l,3-Dithian-2-one Tosylhydrazone. Synthesis and Carbenoid Decomposition 
Naruyoshi OBATA 

Faculty of Pharmaceutical Sciences, The University of Tokyo, Bunkyo-ku, Tokyo 113 
(Received January 12, 1977) 

Synopsis. l,3-Dithian-2-one tosylhydrazone was pre­
pared by the reaction of potassium 3-tosyldithiocarbazate and 
1,3-dibromopropane. Carbenoid reactions of the tosylhydra­
zone were investigated. 

Much attention has been paid on the synthesis of 
1,3-dithiane derivatives and their application in organic 
synthesis as a nucleophile of acyl anion equivalent.1) In 
the carbene analog, however, only a few acyclic dithio-
carbenes2"4) and ethylenedithiocarbene2) to give frag­
mentation products have been reported. As compared 
with these carbenes, trimethylenedithiocarbene is of 
great interest both in its reactivity and as synthetic 
tool. In this paper I present a convenient synthesis of 
l,3-dithian-2-one tosylhydrazone (II) and its carbenoid 
decomposition under several conditions. 

Potassium 3-tosyldithiocarbazate (I) prepared3) from 
tosylhydrazine and carbon disulfide in the presence of 
K O H in methanol was alkylated with 1,3-dibromo­
propane. After chromatography on silica gel were 
obtained tosylhydrazone (II) and 3-(tosylamino)tetra-
hydro-l,3-thiazine-2-thione (III) in 36 and 2 8 % yields, 
respectively, along with 11 % recovery of tosylhydrazine. 
The structures of I I and III were established by the 
elemental analysis and spectroscopic data. T h e struc­
ture of III was confirmed by reduction with zinc in 
acetic acid to give tetrahydro-l,3-thiazine-2-thione (IV) 
in 74% yield, the structure of which was determined 
by direct comparison with a sample prepared by the 
authentic route.5) 

Ts-NH-NH-C 
XSK 

I 

A 
s s + 

N-NH-Ts 

II 

—»• 

S \ / S \ 

NH 

S \ / S x 

HN J 

IV 

Sodium salt (V) was prepared from I I and N a H in 
hexane and was subjected to carbenoid decomposition, 
the Bamford-Stevens reaction.6) Thermal decomposition 
of V in pyridine and in D M F at 90—95 °C for 2 h gave 
2,2'-bi(l,3-dithianylidene) (VII) in 36 and 2 9 % yields, 
respectively. Similarly, irradiation of V in D M F with 
500 W high-pressure mercury lamp yielded VII in 
2 3 % yield along with unknown products. The structure 
of V I I was established by elemental analysis and mass 
and N M R spectra. 

S S 
\/ 
N-N(Na)-Ts 

V 

S S 
v 

VI 

- S S -
/ — \ 

s s 
VII 

The formation of the dimer VII seems to be a good 
indication that trimethylenedithiocarbene (VI) is a real 
intermediate7) in both thermal and photochemical 
reactions of V. This carbene is in marked contrast to 
ethylenedithiocarbene2) in reactivity, which gave no 
dimerization product bu t only fragmentation products, 
ethylene and carbon disulfide. 

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

Reaction of Potassium 3-Tosyldithiocarbazate (I) with 1,3-Dibro-
mopropane. A solution of KOH (1.74 g, 0.031 mol) in 
methanol (10 ml) was added to I (9.32 g, 0.031 mol) prepared 
by the method of Schöllkopf and Wiscott3) and the mixture 
was stirred at 50 °G for 10 mim. To this solution was added 
dropwise 1,3-dibromopropane (8.08 g, 0.04 mol) in methanol 
(10 ml) during a period of 1 h under stirring and the mixture 
was stirred for 2 h at room temperature. Removal of the 
solvent and addition of benzene caused precipitation. After 
filtration, the filtrate was concentrated and the residue was 
chromatographed on silica gel. Elution with benzene gave 
l,3-dithian-2-one tosylhydrazone (II) (3.28 g, 36%), mp 172 
—173 °G from hexane-CH2Cl2. 

Found: C, 43.72; H, 4.64; N, 9.48%; mol wt: 302 (mass). 
Calcd for C u H u 0 2 N 2 S 3 : C, 43.71; H, 4.67; N, 9.72%, mol 
wt: 302.4. IR(KBr): 3160 (t>N-H) and 1520 cm"1 (KJ=N). 
NMR(CDC13): (5 2.16 (m, 2H), 2.42 (s, 3H), 3.04 (m, 4H), 
7.50 (s, 1H), and 7.80 (d, 2H). Elution with benzene-CH2-
Cl2 (2: 1) gave 3-(tosylamino)tetrahydro-l,3-thiazine-2-thione 
(III) (2.65 g, 28%), mp 100—101 °C from hexane-CH2Cl2. 

Found: C, 43.79; H, 4.72; N, 9.78%; mol wt: 302 (mass). 
Calcd for C n H ^ O a N Ä : C, 43.71; H, 4.67; N, 9.27%; mol 
wt: 302.4. IR(KBr): 3140 (vN-H) and 1540 cm"1 (vC=S). 
NMR(GDCy : Ô 2.42 (s+t, 5H), 3.00 (t, 2H), 4.10 (t, 2H), 
7.28 (d, 2H), 7.70 (d, 2H), and 9.46 (d, 2H). Further elution 
with GH2C12 gave tosylhydrazine (0.66 g, 11%). 

Redution of III with Zinc in Acetic Acid. 1.0 g Zn was added 
to a solution of III (0.40 g, 1.3 mmol) in AcOH (15 ml) and 
the resulting mixture was refluxed for 3 h. After filtration, 
the filtrate was concentrated and dried under reduced pres­
sure. The residue was chromatographed on silica gel. Elu­
tion with CH2C12 gave tetrahydro-l,3-thiazine-2-thione (IV) 
(0.13 g, 74%), mp 132—133 °C from hexane-CH2Cl2 (lit,6) 
mp 132 °C). 

Thermal Decomposition of Sodium Salt of Tosylhydrazone ( V) in 
Pyridine. A solution of V (1.0 g, 3.3 mmol) in pyridine 
(20 ml) was heated at 90—95 °C for 2 h with stirring under 
argon. After evaporation of the solvent under reduced pres­
sure, CH2C12 solution of the residue was washed with water 
and dried with MgSO.,. After eveporation of CH2C12, the 
residue was chromatographed on silica gel. Elution with 
benzene gave 2,2'-bi(l,3-dithianylidene) (VII) (0.28 g, 36%), 
mp 140—141 °C from CH2C12-hexane (lit,8) mp 140.8—141.6 
°C). 

Found: C, 40.43; H, 5.12%; mol wt: 236 (mass). Calcd 
for C8H12S4: C, 40.68; H, 5.12%; mol wt: 236.4. NMR-
(CDC13) : Ô 2.16 (m, 4H) and 2.94 (t, 8H). 

Photochemical Decomposition of V in DMF. A solution of 
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V (1.0 g, 3.3 mmol) in DMF (20 ml) was irradiated with 500 
W highpressure mercury lamp for 5 h at room temperature 
under argon. After a similar work-up to that mentioned 
above, chromatographing on silica gel of the mixture gave 
VII (0.18 g, 23%). 
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Vilsmeier Reaction of Phenols. I. Synthesis of Aryl Formates1) 
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Synopsis The reaction of phenol and o-f-butylphenols 
with JV,7V-dimethylformamide-phosphoryl chloride complex 
in dimethylformamide afforded the corresponding formates 
in fairly good yields. The scope and limitation of o-
formylation of highly sterically hindered phenols with the 
complex were also examined. 

Vilsmeier reagents have been shown to be effective 
in formylating the benzene nuclei of phenol derivatives. 
For example, the preparation of vanillin by the formyla-
tion of guaiacol with i^-methylformanilide-phosphoryl 
chloride complex has been disclosed in an early patent.2) 
Furthermore, it has been shown that the hydroxyl 
group of picric acid is replaced by a chlorine atom 
when treated with (chloromethylene)dimethylammo-
nium chloride.3) However, examples of formylation 
of the phenolic hydroxyl group by Vilsmeier reagent 
have not yet been reported. During the course of our 
study on the hindered phenol-type antioxidants, we 
have found that dimethylformamide-phosphoryl 
chloride (DMF-POCl 3 ) complex reacts with phenol 
derivatives to afford the formates in fairly good yields. 

When 2-/-butyl-/>-cresol ( l a ) was treated with D M F -
POCl 3 complex in D M F at 80 °C for 5 h, the formate 
(2a) was obtained in 7 8 % yield after hydrolysis of the 
reaction mixture. No product arising from the formyla­
tion of the benzene nucleus was isolated. The structure 
of 2a was confirmed by the satisfactory analytical 
values and the following spectral data. T h e I R spectrum 
did not show O H absorption but exhibited the charac­
teristic absorption at 1750 c m - 1 for the ester carbonyl 
group. The N M R spectrum indicated the presence of 
three aromatic protons. 

o-f-Butylphenols, l b — g , listed in the Table 1 also 

O-CHO 

f - B u S / / \ DMF-POCI3 *-Bu v 

"O! ———» IO in DMF 

Me 

(la) 

Me 

(2a) 

gave the corresponding formates, 2b—g, when treated 
with D M F - P O C I 3 complex. In the case of 6-^-butyl-m-
cresol ( I d ) , formation of the formate (2d) accompanied 
the production of 6-£-butyl-4-formyl-m-cresol (3d) as the 
minor product. T h e aldehyde 3d showed carbonyl 
and hydroxyl absorptions at 1667 and 3320 c m - 1 

respectively in the I R spectrum, and the N M R spectrum 
exhibited two singlets at 7.50 and 7.28 p p m due to the 
isolated aromatic protons. Bis(5-i-butyl-4-hydroxy-2-
methylphenyl sulfide (If) is less reactive toward the 
complex, and a considerable amount of monoformate 
(3f) was obtained together with the diformate (2f) 
even when the reaction period was extended up to 24 h. 

Further reactions with 0,0'-disubstituted phenols such 
as 6-£-butyl-2,4-xylenol ( l h ) and 2,6-di-£-butyl-j&-cresol 
( l i ) were investigated in order to examine the limitation 
of the present method of formylation. The former phenol 
( l h ) gave the formate (2h) in a low yield, whereas the 
latter ( l i ) was recovered after being treated with 
D M F - P O C I 3 complex for 20 h a t 85—95 °C. Employ­
ment of drastic reaction conditions (25 h at 120—125 °C) 
on the above reaction of l i resulted in the elimination 
of the ^-butyl group, giving 2-£-butyl-4-methylphenyl 
formate (2a) in 76% yield. 

6-£-Butyl-4-formyl-m-cresol (3d) was not formylated 
by D M F - P O C l 3 complex. T h e inertness of this phenol 
is probably based on the deactivation due to the electron-

TABLE 1. REACTION OF DMF-POCL COMPLEX WITH PHENOLS 

Phenol 

2-*-Butyl-/>-cresol (la) 
4,6-Di-f-butyl-m-cresol (lb) 
2,4-Di-/-butylphenol (lc) 
6-f-Butyl-m-cresol (Id) 

1,1 -Bis (5-J-butyl-4-hydroxy-
2-methylphenyl) butane (le) 
Bis (5-J-buty 1-4-hy droxy-
2-methylphenyl)sulfide (If) 

1,1,3-Tris(5-*-butyl-4-hydroxy-
2-methylphenyl)butane (lg) 
6-*-Butyl-2,4-xylenol (lh) 
2,6-DW-butyl-/>-cresol (li) 
Phenol (lj) 

Reactant ratio 
(phenol: complex) 

(molar ratio) 

1: 1.5 
1: 1.5 
1: 1.5 
1: 1.5 

1:3.0 

1:3.0 

1:5.0 

1: 1.5 
1:1.5 
1:1.5 

React. 
temp 
(°C) 

78—80 
80—90 
90—95 
70—80 

95—100 

95—100 

85—90 

85—90 
120—125 
75—80 

React. 
time 

00 
5 
3 
9 
3 

8 

24 

8 

20 
25 

4 

Product 

Formate (2a) 
Formate (2b) 
Formate (2c) 
Formate (2d) 
6-f-Butyl-4-formyl-
»2-cresol (3d) 

Diformate (2e) 

Diformate (2f ) 

Monoformate (3£) 

Triformate (2g) 

Formate (2h) 
2a 

Formate (2j) 

Yield 
(%) 

78 
82 
58 
83 

10 

68 

38 

45 

71 

10 
76 
59 
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1 ABLE 2. PHYSICAL CONSTANTS AND ANALYTICAL 
DATA OF FORMATES 

i Mp (°C) 
Compa |-Bp-(°c/Torr)-j 

2b 

2c 

2d 

3d 

2e 

2f 

3f 

2g 

2h 

2j 

39.5—40.5 

78—79 

[112—115/3.5] 

[93—94/3.5] 

168—169 

77—78 

90—91 

144—165 

153.5—154.5 

[103.5—104.5/3.5] 

[87—88/24] 

Molecular 
formula 

C12H1602 

Ci6H2402 

Ci5H2202 

G12H1602 

C12H1602 

^J28^38^-'4 

C24H30O4S 

C23H30O3S 

C4oH5206 

Ci3H1 802 

C7H602 

Found (Calcd) 

C % ' H % 

75.04 8.42 
(74.97) (8.39) 
77.28 9.66 

(77.37) (9.74) 
76.79 9.40 

(76.88) (9.46) 
74.91 8.43 

(74.97) (8.39) 
75.11 8.36 

(74.97) (8.39) 
76.66 8.67 

(76.67) (8.73) 
69.48 7.36 

(69.54) (7.30) 
71.38 7.89 

(71.48) (7.82) 
76.52 8.30 

(76.40) (8.34) 
75.72 8.74 

(75.69) (8.80) 
68.70 4.87 

(68.84) (4.95) 

withdrawing formyl function. 
In connection with the formation of the formates 

from the hindered phenols, the formylation of phenol 
( l j ) was also investigated. I t had previously been 
reported that /»-hydroxybenzaldehyde (3j) was obtained 
in a low yield when 1 j was heated with an equimolar 
mixture of D M F and POCl3.4> In the present work, 
the reaction was carried out using excess D M F as the 
solvent, and phenyl formate (2j) was obtained in 5 9 % 
yield. T h e aldehyde, 3 j , was not isolated. 

The formates of hindered phenols prepared in this 
work were shown to be useful for preventing the degrada­
tion of several synthetic polymers.5) 

Exper imenta l 

Reaction of DMF-POCl3 Complex with Phenols (la—li). An 
example is cited for the reaction with 2-f-butyl-/>-cresol (la). 
Similar procedures were used in the reactions with other 
phenols. The products, 2b, 3d, and 2f, were purified by 
recrystallization from ethanol, and 2e, 3f, and 2g from ben­
zene. Purification of the oily products, 2c, 2d, and 2i was 
effected by distillation under reduced pressure. Results of 
elemental analyses of the products are given in Table 2. To 
a stirred solution of 16.4 g (0.1 mol) of l a in 40 ml of DMF, 
22.6 g (0.15 mol) of POCl3 added dropwise at 0—5 °C. After 
being stirred for 1 h at room temp, the mixture was heated 
slowly to 80 °C and kept at 78—80 °C for 5 h. To this reac­
tion mixture were added 300 ml of hexane and then 240 ml 
of 10% aqueous sodium acetate at 0—5 °C with stirring. The 
hexane solution was separated, washed successively with clod 
aqueous NaHC0 3 and ice-water, and dried over Na2S04. 
The solvent was removed under reduced pressure at temp 
below 50 °C, and the residue was recrystallized from ether to 
give 14.4 g (78%) of the formate, 2a, mp 39.5—40.5 °C. IR 
(Nujol) 1750 cm-1 (G=0). NMR (CC14) Ô 1.35 (s, 9H, -C-
(CH3)3), 2.32 (s, 3H, -CH3) , 6.84 (d, 7=8 .0 Hz, 1H, C6-H), 
7.06 (d-d, y = 8 . 0 and 2.0 Hz, 1H, C5-H), 7.22 (d, 7=2 .0 Hz, 
1H, C3-H), 8.29 (s, 1H, -CHO). 

The authors are grateful to Dr. Ko Arima, Director 
of this Laboratories, for his encouragement throughout 
this study. They are also indebted to the members 
of the Analytical Section of this Laboratories for the 
elemental analyses and the spectral data. 
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A New Synthesis of 4-Methoxy-6-valeryl-5,6-dihydro-2-pyrone* 
Akira TAKEDA, Eiichiro AMANO, and Sadao TSUBOI 
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(Received February 2, 1977) 

Synopsis. The reaction of ethyl 2-acetoxy-3-oxo-
heptanoate with y-bromo-/S-methoxy-m-crotonate in the 
presence of sodium ethoxide afforded diethyl 3-methoxy-
5-hydroxy-5-valeryl-2-hexenedioate (7) in 65% yield. Treat­
ment of 7 with a dilute aqueous NaOH in acetone gave 
(=t)-4-methoxy-6-valeryl-5,6-dihydro-2-pyrone, a key inter­
mediate leading to pestalotin, in 41% yield. 

Several reports have appeared on the synthesis of the 
pestalotin ( l ) , 1 - 7 ) a gibberellin synergist isolated by 
Kimura and T a m u r a from the culture broth of Pestalotia 
cryptomeriaecola Sawada. First total synthesis of optically 
active pestalotin was accomplished by Seebach and 
Meyer6) by the asymmetric reduction of (=b)-4-methoxy-
6-valeryl-5,6-dihydro-2-pyrone (2) in ca. 10% optical 
yield. They obtained dihydropyrone 2 via its 1,3-
dithiane derivative. This paper deals with a convenient, 
alternative synthesis of dihydropyrone 2. 

Chlorination of ethyl 3-oxoheptanoate (3) with 
sulfuryl chloride gave ethyl 2-chloro-3-oxoheptanoate 
(4) in 8 8 % yield. This was converted into ethyl 2-
acetoxy-3-oxoheptanoate (5)9> by the action of potassium 
acetate in 6 1 % yield. Reaction of the ester 5 with 
ethyl y-bromo-/?-methoxy-m-crotonate (6) in the pres­
ence of sodium ethoxide afforded diester 7 in 6 5 % yield. 
Treatment of 7 with a weak aqueous N a O H in acetone 
gave the desired dihydropyrone 2 in 4 1 % yield. The 
spectral data ( IR, N M R ) of this product support its 

~v* so2ci2 

02C2H5 ^V> 02C2H5 

CH30 

?C C H3 0 _>=\ 6 

CH3CH20Na 

C2H502C
V / - V * * 3 

aq. NaOH 

/ A V Ô * V N > C 2 H 5
 acetone ' 

* Presented at the 32nd National Meeting of the Chemical 
Society of Japan, Tokyo, April 1975. 

structure. Reduction of 2 with sodium borohydride in 
aqueous dioxane gave a mixture of ( ± ) -pestalotin and 
(rt)-epipestalotin in 9 0 % yield. 

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

Melting points and boiling points are uncorrected. UV 
spectra were taken with a Hitachi Model EPS-3T recording 
spectrophotometer, IR spectra with a Hitachi Model EPI-
S2 spectrometer, NMR spectra (60 MHz) with a Hitachi 
Model R-24 spectrometer, and MS spectra with a Hitachi 
Model RMS-4 mass spectrometer (70 eV). Analytical and 
preparative TLC were carried out on silica gel PF254 (E. 
Merck AG, Darmstadt) with layers of 0.25 mm and 1.0 mm 
thickness, respectively. Compounds 3 and 6 were prepared 
according to the methods of Anderson et al.10) and Ellestad 
et a/.,8) respectively. 

Ethyl 2-Chloro-3-oxoheptanoate (4). To a solution of 
ethyl 3-oxoheptanoate (3) (80 g, 0.47 mol) in 90 ml of di-
chloromethane was added slowly 63.5 g (0.47 mol) of sulfuryl 
chloride at a temperature below 45 °C. After the addition 
was over the mixture was refluxed for 2 h. Removal of the 
solvent left a clean oil which, on distillation, gave 84.5 g 
(88%) of 4; bp 130—135 °C/30 Torr; IR (neat) 1750—1710 
(C=0), 1630 (C=C), and 1600 cm-1 (enolic C=0) ; NMR 
(CDC13) Ô 0.90 (t, 3H, 7 = 6 Hz, CH3(CH2)3-), 1.0—1.7 (m, 
4H, CH3(CH2)2CH2-), 1.30 (t, 3H, 7 = 7 . 5 Hz, C02CH2CH3), 
2.61 (t, 2H, 7 = 6 Hz, -CH 2CO-), 4.25 (q, 2H, 7 = 7 . 5 Hz, 
C02CH2CH3), and 4.72 ppm (s, 1H, -CHC1-). 

Ethyl 2-Acetoxy-3-oxoheptanoate (5). This compound 
was prepared according to the procedure given by Henecka.8) 
To a mixture of potassium acetate (106 g, 1.08 mol), acetic 
acid (300 ml) and acetic anhydride (20 ml) was added 81.8 g 
(0.4 mol) of 4 at 110 °C. The mixture was stirred at 135 °C 
for 6 h. The solvent was removed in vacuo, and the residue 
was neutralized with dilute aqueous NaHCOg. The organic 
layer was extracted with ether, washed with water, and dried 
over MgS04 . After removal of the solvent the residue was 
distilled to give 56.3 g (61%) of 5 : bp 129—135 °C/8 Torr 
(lit,»> bp 138—140 °C/17 Torr); IR (neat) 1750—1715 (C=0); 
NMR (CDC13) Ô 0.91 (t, 3H, 7 = 6 Hz, CH3(CH2)3-), 1.28 
(t, 3H, 7 = 7 . 5 Hz, C02CH2CH3) , 1.0—1.8 (m, 4H, CH3-
(CH2)2CH2-), 2.14 (s, 3H, -OCOCH3) , 2.56 (br, t, 2H, 7 = 
6.5 Hz, CH3(CH2)2CH2-), 4.18 (q, 2H, 7 = 7 . 5 Hz, C0 2 -
CH2CH3), and 5.29 ppm (s, 1H, -CHC02C2H6) ; MS (70 eV) 
m je (rel intensity) 188 (4), 185 (4), 146 (39), 104 (83), 85 
(100), 76 (26), 57 (98). 

Diethyl 3-Methoxy-5-hydroxy-5-valeryl-2-hexenedioate (7). 
Sodium (1.15 g, 0.05 mol) was dissolved in 75 ml of absolute 
ethanol, 11.5 g (0.05 mol) of the ester 5 being added dropwise 
at 0—5 °C. The mixture was stirred for 2.5 h at room tem­
perature, and to this was added dropwise 11.2 g (0.05 mol) 
of ethyl y-bromo-ß-metnoxy-cu-crotonate (6) at 5 °C. The 
resulting mixture was brought to room temperature, and then 
stirred for 1 h. After it was made weakly acidic, the solvent 
was removed. The residue was extracted with ether, and 
the ethereal layer was washded with water and dried over 
MgS04 . Removal of the solvent left a clean oil which, on 
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distillation, gave 10.2 g (65%) of 7: bp 168—170 °C/0.06 
Torr: IR (neat) 3455 (OH), 1740 (ester C=0), 1720 (ketone 
C=0), 1680 (conjugated ester C=0), and 1630 cm-1 (G=G); 
NMR (CDC13) Ô 0.90 (t, 3H, 7 = 6 Hz, CH3(CH2)3CO-), 
1.25 (t, 6H, 7 = 7 . 5 Hz, 2 COaCH2CH3), 1.00—1.90 (mj 4H, 
CH3(CH2)2CH2CO-), 2.3—2.8 (m, 4H, -CH2C(OCH3)= 
CH- and CH3(CH2)2CH2CO-), 3.56 (s, 3H, CH 3 0- ) , 4.18 
(q, 4H, 2 C02CH2CH3), 4.90 (s, 1H, OH), and 5.19 ppm (s, 
-CH=C<). 

Found: C, 57.90; H, 7.92%. Calcd for C16H2607: C, 
58.17; H, 7.93%. 

4-Methoxy-6-valeryl-5,6-dihydro-2-pyrone (2). To a 
solution of 1.0 g, (3 mmol) of 7 in 90 ml of acetone was added 
60 ml of 0.2 M aqueous NaOH at room temperature during 
a period of 3 min. After being stirred for 2 h, the mixture 
was poured into a large amount of water. Acetone was re­
moved in vacuo. The residue was extracted with ether, washed 
with water, and then dried over MgS04 . Removal of the 
solvent left 0.27 g (41%) of 2: mp 82—83 °C (from hexane) 
(lit,6) mp 83 °C): IR (KBr) 1705 (C=0), 1690 (shoulder, 
conjugate C=0), and 1620 cm"1 (C=G); NMR (CDC13) <5 
0.90 [t, 3H, CH3(CH2)3-), 1.10—1.90 (m, 4H, CH3(CH2)2-
CH2CO-), 2.50—3.00 (m, 4H, -CH2C(OCH3)=CH- and 
CH3(CH2)2CH2CO-), 3.72 (s, 3H, C H 3 0 - ) , 4.70 (t, 1H, 
-COCH-O-) , and 5.13 ppm (s, 1H, -CH=C<). 

Reduction of 2 with Sodium Borohydride. To a solution 
of dihydro-2-pyrone 2 (88 mg, 0.42 mmol) in 0.3 ml of 75% 
aqueous dioxane was added dropwise a solution of NaBH4 

(17 mg, 0.42 mmol) in 0.3 ml of 75% aqueous dioxane with 
stirring at 25 °C. After being stirred for 3 h the mixture was 
acidified with dilute H2S04 , and extracted with chloroform. 
The chloroform extract was dried over MgS04 , and evapo­
rated to yield 80 mg (90%) of an oil which showed one spot 
at TLG (benzene: ethyl a c e t a t e = l : l , Ä f=0.35). This 
was subjected to preparative TLC for analysis and spectral 
determinations: IR (neat) 3430, 1710—1670, and 1630 cm-1; 

NMR (CDCI3) «5 0.9 (t, br, 3H), 1.1—1.7 (m, br, 6H,) 1.95— 
2.2 (s, br, 1H, OH), 2.20 (m, 1H, ring methylene), 2.81 (m, 
1H, ring methylene), 3:72 (m, br, 1H, -CH(OH)-) , 3.74 (s, 
3H, CH3O-), 4.28 (m, 1H, ring >HC-0- ) , and 5.14 ppm (d, 
IK, =CH); MS (70 eV) m/e (rel intensity) 214 (M+), 127 
(base peak) ; UV ^max 233 nm (e= 12000, 95% EtOH). 

Found: C, 61.86; H, 8.22%. Calcd for C u H 1 8 0 4 : C, 
61.66; H, 8.47%. 

The authors wish to express their gratitude to Dr. 
Yasuo Kimura , T h e University of Tokyo, for the supply 
of I R and N M R spectra of pestalotin. 
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Synopsis. The tetrahedral intermediate in the intra­
molecular acyl transfer reaction of mono-S-acylated 1,8-
naphthalenedithiol was found to be sufficiently stable to 
allow isolation or direct characterization by spectroscopy. 
Formation of carbenium ion from the intermediate is suggested 
in sulfuric acid. 

Mono-£-benzoylation of 1,8-naphthalenedithiol with 
benzoyl chloride in pyridine under nitrogen afforded 
the compound with correct data of elemental analysis 
after purification by column chromatography on silica 
gel or by simple recrystallization (60—75% yield as 
monobenzoate). Its I R spectra (Nujol mull), however, 
show a strong vQ-n band around 3300 c m - 1 but no 
absorption for vc=o or o>s_H. The crystals 'obtained from 
carbon tetrachloride or benzene-petroleum ether gave 
a slightly yellowish coloration and mp 121—123 °C. 
Recrystallization from methanol or ethanol afforded 
white crystals with 1 /4 molecule of the solvent (mp of 
the methanol adduct, 80—81.5 °C), which on evacua­
tion at 70 °C over P 2 0 5 turned to the same yellowish 
material. Mass spectra showed M+ at m(e 296 (relative 
intensity, 19%) and C7H f iCO+ at m/e 105 (100%). 
In contrast to the I R spectra in solid state, the solution 
spectra in chloroform show a strong carbonyl band at 
1675 c m - 1 indicating the presence of normal functional 
group for ArSCOPh. In the 1H N M R spectra in CDC13 , 
only a sharp singlet for S - H (1H, <5 3.97 from T M S ) was 
present besides the complex multiplets for aromatic 
protons (11H, ô 7.05—8.15). T h e sample recrystallized 
from methanol and ethanol showed additional broad 
singlets for O - H protons centered at ô 2.60 and ô 3.05, 
respectively, as well as the normal proton signals for 
methyl and ethyl groups. T h e signal for S -H was not 
affected appreciably by the presence of alcohol when 
the measurements were made at relatively low sample 
concentrations (5%) . T h e results indicate that mono-
benzoylated 1,8-naphthalenedithiol can exist in two 
isomeric forms, 8-benzoylthio-l-naphthalenethiol (1) 
and 2-phenylnaphtho[l ,8-^][ l ,3]di thian-2-ol (2). T h e 
latter is isolable as solid only by a fortuitous stabilization 
in the crystal lattice, the former structure being ener­
getically favorable in solution. 

C6H 

HS SCOC„HK 

5 OH 

s 
i 

\ X 
(in solution) 

S 

A 
NX 

(solid) 

A similar at tempt for the preparation of the monoacet-
yl derivative by the reaction with acetic anhydride 

yielded a viscous oil after purification on silica gel 
(25% yield as monoacetate).1) This preparat ion gave 
the exact result in elemental analysis for the expected 
thioester. However, the I R spectra (neat) showed only 
a weak carbonyl band at 1690 c m - 1 and strong Î>O-H 
band at 3300 c m - 1 , indicating the presence of sub­
stantial amount of O - H containing species. Thus , the 
N M R spectra in CDG13 consist of two sets of signals, 
which most probably arise from the two structural 
isomers 3 and 4 (Fig. 1), analogous to those for the 
monobenzoate derivative. In contrast to the benzoyl 

HS SC0CH3 

208 

240 

|c.06H 

3-97 3-45 
fa,02H Jtb,0-8H II J 

>*hv*W W / ^ S l ^ ^ ^ 

d.24H 

Wr 
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Fig. 1. NMR spectrum of monoacetylated 1,8-naphtha-
lenedithiol (GDC13). 

derivative, the cyclic isomer 4 is more favored as 
compared to 3 in the ratio ca. 4 : 1. This is understand­
able if we recall the fact that the resonance stabiliza­
tion associated with the conjugation between carbonyl 
and phenyl groups is eliminated on going from 1 to 2. 
T h e equilibrium is also dependent on the nature of the 
solvent. In deuteriated methanol only one species, 
probably 4, was observed in the N M R spectrum (one 
methyl signal in the high-field side, ô 2 .03; however, 
the possibility that the two isomers are in rapid equilib­
r ium in N M R time scale can not be excluded), and the 
carbonyl band at 1670 c m - 1 was very weak in intensity. 
I t is reasonable that the hydroxylic medium favors the 
formation of 4, since the latter would be more stabilized 
than 3 in virtue of hydrogen bonding interaction with 
the solvent. 

Another property related to the stability of the cyclic 
structure is the behavior in a strong acid. As an example, 
3 (4) dissolves in 9 6 % sulfuric acid with intense bluish-
violet coloration, showing a single methyl signal at 
ô 2.75 (ppm from external T M S ) and multiplet at 
ô 7.0—8.0. The former is featured by a considerable 
down-field shift as compared to that of 3 or 4. Dilution 
of the solution with cold water gave only a trace of 
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recovered 3 (4), affording 5 as white crystalline solid. 
Compound 5 (mp 130—131 °C; vc=o> 1690 cm- 1 ; N M R 
in CDC13, Ô 1.78 (s, 3H) , 2.23 (s, 3H) , 7.1—8.0 
(m, 12H), confirmed also by EA and molecular weight 
measurement by osmometer) was isolable as a by­
product by monoacetylation in 2 0 % yield. This is 
presumably formed by acid catalysed bimolecular 
condensation of 3 and 4 dur ing the course of isolation. 
T h e solution of 5 in H 2 S 0 4 gave identical N M R signals 
to those of 3 (4). Though the evidences are preliminary, 
they seem to indicate the formation of carbenium ion 
62) in sulfuric acid solution. 

/ X / X 
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CH3 S 
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s s CO 
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SGOCH3 

CH3 

C + 
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W 
6 

It is interesting that the structures of 2 and 4 embody 
the tetrahedral addition intermediate from the ester 
(RCOSR ' ) and the nucleophile (R 'SH) of interest in 
acyl transfer mechanism, whose isolation and charac­
terization have only recently been successfully carried 
out for a specifically designed polyfunctional compound 

directed to the study of enzyme-like catalysis for acyl 
transfer processes.3) T h e facile formation of the tetra­
hedral intermediate for the present compounds is 
undoubtedly related to the unique spatial disposition 
of the two aromatic thiyl groups around the hemiacylal 
carbon. For the monoacylated analogues derived from 
aliphatic 1,3-dithiols,4) no such intermediates were 
detected.5) 
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Synopsis. Methyl benzoate was tritiated at both 
nuclear and methyl positions on irradiation with diethylamine-
N-t in benzene and with triethylamine-tritiated water in 
acetonitrile. 

In a previous paper we demonstrated that irradiation 
of benzonitrile with diethylamine-iV-f or a t r ie thyl­
amine-tritiated water mixture causes trit ium uptake in 
the nucleus of benzonitrile, and proposed a mechanism 
involving the exciplex between benzonitrile and the 
amines.1) In this paper we wish to report on our studies 
of methyl benzoate: irradiation of methyl benzoate 
with diethylamine-JV-£ and a triethylamine-trit iated 
water mixture, as well as l-propanethiol-i*-/,2) brings 
about the incorporation of tri t ium not only in the 
nucleus but also in the methyl group of the ester. 

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

A mixture of methyl benzoate, benzene, and diethyl-
amine-./V-£ was irradiated with a 1 k W high pressure 
mercury arc lamp for 30 h. The aromatic compounds 
were separated by fractional distillation and submitted 
to tritium assay. Methyl benzoate was degraded by the 
known procedures3) in order to determine the tr i t ium 
distribution. Light induced tritiation of methyl benzoate 
was also carried out with triethylamine and tritiated 
water in acetonitrile. Methyl benzoate was recovered 
and degraded in a similar way. 

The rates of nuclear tritiation of methyl benzoate 
relative to benzene {k-ajk^} and relative to the methyl 
group of the ester (k^/k^) and the tri t ium distribution 
in the nucleus of the ester are shown in Table 1. T h e 
relative rate, k^/ke, is high and the order of reactivity 
among the nuclear positions is para^>ortho\>meta in the 

TABLE 1. LIGHT INDUCED TRITIATION OF 

METHYL BENZOATE 

Triton donor 

Diethylamine-iV-/ 
Triethylamine and 
tritiated water 
l-Propanethiol-.S-f 

Tritium distribution 
(%)a) 

ortho meta para 

17 1 82 

8 trace 92 

17«) 1«) 82d> 

* M /*B b > 

183 

421d> 

*AC) 

12 

4 

8e> 

a) Average values of data obtained by duplicate runs. 
b) Rate (per C-H bond) of nuclear tritiation of methyl 
benzoate relative to benzene, c) Rate (per C-H bond) 
of nuclear tritiation relative to the methyl group, d) 
Data taken from Ref. 1. e) Unpublished data. 

tritiation with both diethylamine-N-t and the mixture 
of triethylamine and tritiated water. These results are 
similar to those obtained for benzonitrile,1) suggesting 
the following mechanism for the tritiation of methyl 
benzoate with diethylamine-N-t: 

PhC02Me —iîH-4 1 [Ph C°2Me] T N E t z > [ PhC02Me-TNEt2]* 

C02Me 

^ • HNEt2 

T 

C02Me 

Ù} NEt2 

TH 

I 
PhC02Me*---TNEt2 

I 

T h e singlet excited methyl benzoate forms an exciplex 
with the amine, which collapses to a radical cation 
and a radical anion (I) . Tr i ton transfer from the 
former to the latter produces a radical pair of a cyclo-
hexadienyl radical and a diethylaminyl radical, which 
in turn disproportionates, leading to the tritiation of 
methyl benzoate. I n the tritiation with triethylamine 
triton is transferred to the radical anion, I, from tritiated 
water. 

In order to estimate the nature of the postulated 
radical anion, its charge density was calculated by the 
molecular orbital method using the GNDO/2 approxi­
mation.4) The geometry of I was assumed to be planar 
with the benzene ring and the methyl group apar t and 
was constructed by using the standard bond lengths 
and angles.5) T h e results show that the charge on the 
meta carbons is slightly positive (Cmeta= +0 .006) , 
while those on the ortho and para carbons are greatly 
negative (Cortho= — 0.057 and CPam = — 0.119). Al­
though the geometry used for the calculation was not 
optimized, the charge distribution pattern itself did not 
change seriously for small variant in the geometry. The 
similarity between the charge density and the tr i t ium 
distribution pattern may be taken as indicating the 
intermediacy of the methyl benzoate radical anion, I, 
in the tritiation. 

More remarkable is the methyl tritiation, of which 
specific mention must be made . The finding that no 
tritiation occurred at both methyl and nuclear positions 
on irradiation of methyl benzoate with tritiated water 
in the absence of triethylamine suggests that the methyl 
tritiation proceeds through the radical anion, I, or at 
least through the exciplex between methyl benzoate 
and the amines. T h e radical anion, I, might take 
intramolecularly a proton from the methyl group, 
producing a carbanion ( I I ) , which then undergoes a 
set of triton capture and prot ium loss, leading to methyl 
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tritiation. If these reaction pathways were operating, 

JMH, CO£H2 COiCHjT CO 

<ê» -*** èfl — 0 
II 

C Q ^ T 

the use of methyl-/ benzoate as the starting ester would 
lead to the incorporation of tr i t ium in the nucleus. Thus, 
a mixture of methyl-* benzoate, tr iethylamine, water, 
and acetonitrile was exposed to light from the 1 kW 
lamp for 30 h. For the recovered methyl benzoate, no 
incorporation was observed in the nucleus and the 
mechanism involving the proton (triton) transfer from 
the methyl group to the nucleus is improbable. 

Under illumination the radical anion, I, might be 
excited to a higher electronic state represented by 
structure I I I . T h e excited radical anion, I I I , could 
intramolecularly abstract a hydrogen atom from the 
methyl group to afford another radical anion ( IV) , 
in which the proton on the hydroxy group would be 
exchangeable with tritons in the system. The resulting 
radical anion-0-t would decay to the starting radical 
anion, I, containing a triton at the methyl group. 

- O OGH3 \ . / 
G 

O OCH3 
\ - / 
G 

HO OCH9 
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IV 

I RT 

O OCH2T 
\ . / 
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Although no direct evidence was obtained for this 
mechanism, it is rationalized by the aforementioned 
circumstantial evidence; the tritiation with tritiated 
water proceeds only in the presence of triethylamine 
and the extent of the tritiation of the methyl group 
relative to that of the nucleus is not much affected by 
varying the triton donors. Accordingly, we suppose 
the above mechanism most probable. 

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

Materials. Benzene, triethylamine, and methyl 
benzoate were purified by distillation or vacuum distillation. 
Diethylamine-iV-f was prepared by the method reported.1) 
Methyl-/ benzoate was prepared in the usual way from the 

reaction of methanol-/ (1.72 g, 53.8 mmol, 51.5 mCi/mol) 
with benzoyl chloride (7.19 g, 51.2 mmol) in hexane (20 ml) 
in the presence of pyridine (4.5 ml), and distilled in vacuo 
(6.08 g, 87%, 43.5 mCi/mol, radiochemical yield: 71%). 

Tritiation of Methyl Benzoate with Diethylamine-N-t. 
A mixture of diethyl amine- N-t (1.18 g, 16.2 mmol, 2.19 Ci/ 
mol), methyl benzoate (10.6 g, 77.7 mmol), and benzene 
(6.06 g, 77.7 mmol) was irradiated in a Pyrex tube under 
nitrogen for 30 h with a 1 kW high pressure mercury arc lamp. 
The reaction mixture was washed with 1 M sulfuric acid and 
water to remove the amine, and the aromatic compounds 
were separated by distillation. Benzene and methyl benzoate 
were further purified by fractional distillation and submitted 
to tritium assay (benzene, 3.64 x 10 -3 mCi/mol; methyl 
benzoate, 0.581 mCi/mol). Methyl benzoate was hydrolyz-
ed with a sodium hydroxide solution. Benzoic acid, isolated 
and purified by recrystallization, was submitted to tritium 
assay (0.554 mCi/mol). 

Tritiation with Triethylamine and Tritiated Water. A 
solution of methyl benzoate (2.64 g, 19.4 mmol), triethylamine 
(1.46 g, 14.4 mmol), and tritiated water (2 ml, 111 mmol, 
335 mCi/mol) in acetonitrile (10 ml) was irradiated in a 
Pyrex tube under argon for 30 h with a 1 kw lamp. Tri­
ethylamine, acetonitrile, and water were removed by distilla­
tion, and the residual methyl benzoate was washed with watre 
and fractionally distilled. Methyl benzoate purified and 
benzoic acid obtained by hydrolysis of the ester were submitted 
to tritium assay (methyl benzoate, 0.541 mCi/mol; benzoic 
acid, 0.477 mCi/mol). 

Irradiation of Methyl Benzoate with Tritiated Water. 
A solution of methyl benzoate (5.28 g, 38.8 mmol) and trit­
iated water (4 ml, 222 mmol, 123 mCi/mol) in acetonitrile 
(20 ml) was irradiated for 30 h with a 1 kW lamp and treated 
in a similar way to that above mentioned. No tritium was 
found to be incorporated in methyl benzoate. 

Irradiation of Methyl-t Benzoate in the Presence of Triethylamine 
and Water. A solution of methyl-/ benzoate (7.92 g, 58.2 
mmol, 3.63 mCi/mol), triethylamine (4.37 g, 43.2 mmol), 
and water (6 ml, 333 mmol) in acetonitrile (30 ml) was 
irradiated with a 1 kW lamp. No tritium was found to be 
incorporated in benzoic acid obtained after the usual work-up. 

Degradation of benzoic acid for the determination of trit­
ium distribution and tritium activity measurements were 
carried out as reported.15 

References 

1) M. Yoshida, H. Kaneko, A. Kitamura, T. Ito, K. 
Oohashi, N. Morikawa, H. Sakuragi, and K. Tokumaru, 
Bull. Chem. Soc, Jpn., 49, 1697 (1976). 

2) H. Takiguchi, K. G. Yoshida, H. Ouchi, M. Yoshida, 
N. Morikawa, and O. Simamura, Chem. Lett., 1974, 593. 

3) W. A. Bonner, J. Am. Chem. Soc, 79, 2469 (1957); 
R. M. White and F. S. Rowland, ibid., 82, 4713 (1960). 

4) J. A. Pople and G. A. Segal, / . Chem. Phvs., 44, 3289 
(1966). 

5) J. A. Pople and D. L. Beveridge, "Approximate Molec­
ular Orbital Theory," McGraw-Hill, New York (1970), p. 110. 



August, 1977] N O T E S 2197 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (8 ) , 2 1 9 7 2 1 9 8 (1977) 

5-Fluorouracil Derivatives. II.1) A Convenient Synthesis 
of 5-Fluoro-2'-deoxyuridine 
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S y n o p s i s . T h e reaction of 5-fluorouridine with 
propionyl bromide in acetonitrile afforded 3 ' ,5 ' -di-0-pro-
pionyl-2'-bromo-5-fluoro-2'-deoxyuridine (2). Compound 2 
was then hydrogenated, using P d - C as the catalyst, to afford 
3',5'-di-0-propionyl-5-fluoro-2'-deoxyuridine (3). Compound 
3 was deacylated with methanolic ammonia to give 5-
fluoro-2'-deoxyuridine ( F U D R ) . In this way, F U D R , a good 
anti tumor agent, can easily be prepared from 5-fluoro­
uridine by three steps in a 48 .9% total yield. 

5-Fluoro-2'-deoxyuridine (FUDR, 4) was first prepar­
ed by enzymic procedures2) and then by the chemical 
condensation method using a mercury-process.3) I n the 
latter process, methyl 2-deoxy-D-ribofuranoside was 
converted to the 3,5-di-0-/>-toluoyl derivative, which 
was treated with HCl to give 3,5-di-0-/>-toluoyl-2-
deoxy-D-ribosyl chloride. 5-Fluorouracil-mercury was 
synthesized from 5-fluorouracil and mercury(II) acetate. 
The condensation of 3,5-di-0-/»-toluoyl-2-deoxy-D-ribos-
yl chloride with 5-fluorouracil-mercury and the sub­
sequent deacylation of the condensation product yielded 

4 in a 30.8% total yield. Auti tumor activities of 4 were 
demonstrated in several experimental tumors4 '5) and by 
clinical studies.6) 

Compound 4, an approved drug for clinical use, has a 
remarkable anti-tumor activity with low toxicity. 
Unfortunately, this material was too expensive, because 
an industrial synthetic method had not yet been found. 

In this paper, we wish to report a convenient and 
industrial method for the synthesis of 4 starting from 
5-fluorouridine (1), which can be prepared7 '8) easily 
from trimethylsilylated 5-fluorouracil and l-acetyl-2,3,5-
tribenz oylribose. 

2'-Deoxyuridine was synthesized by Marumoto et a/.9) 
from uridine. When this synthetic procedure was 
applied to 5-fluorouridine (1), 4 was obtained from 1 
via three steps in a 48 .9% total yield. T h e synthetic 

o o 
HN^YF HI \Ty F 

CaHsCOO-i/U 

C2H5COO Br 

HO 

OH OH 

1 2 

HNA<F 
J^ J} NHa-MeOH 

C2H5COO-1/°\ I (C2HsCO)20 

C2H5COO 

HNÂT-F 

' -T/°\| 1C2H5C0)20
 H O n / ° \ | 

route is illustrated in Scheme 1. 
5-Fluorouridine (1) was suspended in acetonitrile, 

and the mixture was heated. Propionyl bromide was 
then added to the mixture at reflux to afford, after the 
usual work-up, 3',5'-di-0-propionyl-2'-bromo-5-fluoro-
2'-deoxyuridine (2) with a mp of 160—162 °C. This 
reaction may take place by means of the following 
mechanism,9) even though no intermediate was isolated. 

£r C2HsCOBr 

HO 

OH OH 

/ \ 

O 

o ^ r r ^ O^-NT ^ (y-y, 
C2HsCOO-| / \ | C 2 H 5 C O O Y ° Ü C Ï H S C O O Y O O I 

C2H5COO B r -

& . 

\ 

0 ( 0 

2H5 c / 

C2H5COO 

C2H5COO Br 

Compound 2 was hydrogenated on P d - B a S 0 4 as a 
catalyst at 1 a tm 20 °C for 4 h to afford 3' ,5 '-di-0-
propionyl-5-fluoro-2'-deoxyuridine (3) in a crystalline 
form in a 85.9% yield. 

Compound 3 was also obtained by the reaction of 
authentic 4 with propionic anhydride, which was 
identical with the above sample. Compound 3 was 
deacylated with methanolic ammonia at 5 °C for 14 h 
to afford 4. T h e structures of 2, 3, and 4 were confirmed 
by elemental analysis, IR , and N M R . T h e properties of 
the synthesized 4 were in good accord in all respects 
with those of an authentic 4 (obtained from P C R Inc . 
Gainesville, Florida, USA) and showed no depression in 
mixed m p . It may be concluded that this synthetic 
method is a convenient and inexpensive method to 
produce 4. 

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

Scheme 1. 3',5'-Di-0-propionyl-2'-bromo-5-fluoro-2'-deoxyuridine (2). 
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In to a boiling suspension of 5-fluorouridine (1310 mg, 5 mmol) 
in acetonitrile (60 ml) , was added propionyl bromide (3 ml, 
30 mmol) over a 30-min period. T h e stirring was then 
continued for a further 3 h. After the reaction mixture had 
been cooled, the solvent was evaporated, the residue was dis­
solved in methanol , and the solution was again evaporated 
to dryness. T h e residue was purified by column chromato­
graphy on silica gel using a benzene-methanol ( 4 :1 ) solvent. 
T h e crude product was crystallized from methanol to afford 
2 (1764 mg, 8 0 . 8 % ) : m p 160—161 °C. Ä f = 0 . 4 3 (benzene 
4 : methanol 1); I R (KBr) 3220, 3000, 1737 (s), 1710, 1475, 
1392, 1357, 1289, 1270, 1212, 1180, 1162, 1098, 1068, 1040, 
875, 812, c m - 1 ; N M R (60 M H z , CD 3 OD) 1.12 (6H, t, 7 = 7 
Hz, CH 3 ) , 2.44 (4H, q, J=l Hz , GH 2 ) , 4.36 (3H, m, O C H 2 

and C / - H ) , 4.75 ( C H 3 0 in C D 3 O D + C y - H ) , 5.20 (1H, m, 
C 2 ' - H ) . Found : C, 40.96; H , 4 .15; Br, 18.65; F, 4 . 2 5 % . 
Calcd for C 1 5 H 1 8 BrFN 2 0 7 : C, 41 .21 ; H , 4 .15; Br, 18.28; 
F, 4 .35%. 

3',5'-Di-0-propionyl-5-fluoro-2'-deoxyuridine (3). a): T o 
a suspension of a 5 % P d - B a S 0 4 catalyst (40 mg) in water 
(10 ml), was added a solution of 2 (169 mg, 0.364 mmol) and 
sodium acetate (89 mg, 1.09 mmol) in methanol (20 ml) . 
T h e mixture was shaken in a hydrogen atmosphere at 1 a tm 
and 23 °G for 4 h. T h e catalyst was then removed by filtra­
tion, and the filtrate was concentrated. T h e resulting sirup 
was mixed with water (10 ml) and extracted with chloroform. 
T h e chloroform layer was dried (Na 2 S0 4 ) and evaporated. 
T h e residue was crystallized from ethanol to afford 3 (123 mg, 
8 5 . 9 % ) : m p 122—123 °C. T L C Rt=0A6 (benzene 4 : 
methanol 1); I R (KBr) 3240, 3100, 3020, 1730 (s), 1685, 
1470, 1372, 1290, 1280, 1260, 1200, 1180, 1142, 1076, 1012, 
968, 927, 892, 866, 810, 789, 765 cm- 1 . Found : G, 50.33; 
H , 5.38; F, 5.25; N , 7 . 7 1 % . Calcd for C 1 5 H 1 9 F N 2 0 7 : C, 
50.28; H , 5.34; F , 5.30; N , 7 .82%. 

b) : A mixture of 4 (246 mg, 1 mmol) , propionic anhydride 
(0.5 ml, 4 mmol) , and anhydrous pyridine (20 ml) was heated 
at 110 °C for 2 h. T h e solvent was then evaporated in vacuo, 

and the residue was purified by column chromatography on 
silica gel (using 4 : 1 benzene-methanol as the eluting solvent). 
Crude 3 was crystallized from ethanol to give pure 3 (277 mg, 
77%) : m p 122—123 °C. 

5-Fluoro-2'-deoxyuridine (4). 3' ,5'-Di-0-propionyl-5-
fluoro-2'-deoxyuridine (218.6 mg, 0.61 mmol) in 2 0 % metha-
nolic ammonia (20 ml) was kept overnight at 5 °C. T h e 
reaction mixture was then concentrated to afford an oily 
substance. T h e oil was crystallized from methanol to afford 
4 (177 mg, 70 .5%) ; m p 150 °C. The sample was confirmed 
by I R , elemental analysis, and a mixed m p determination 
(150 °C) to be the same as the authentic 4. 
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The Reaction of Copper(I) Methyltrialkylborates with Allylic 
Halides or 2-Propynylic Halides 
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Synopsis. The reactions between copper (I) methy­
ltrialkylborates (readily obtainable from organoboranes) and 
allylic halides or 2-propynylic halides were found to give 
corresponding alkylation products. These reactions provide 
novel synthetic routes to 1-alkenes or 1,2-alkadienes from 
organoboranes. 

Recently we have reported that lithium methyl-
trialkylborate readily undergoes a cation exchange 
reaction by copper(I) halide to give copper(I) methyl-
trialkylborate (1), which successfully reacts with 
acrylonitrile, ethyl acrylate, l-acyl-2-vinylcyclo-
propane,1) benzylic bromides,2) and aroyl chlorides.3) 

In an at tempt to develop reaction of such borate 
complexes, we examined the possibility of alkylation 
reactions of 2-propenylic halides and 2-propynylic 
halides. No reaction occurs between allyl bromide and 
lithium methyltrialkylborates at room temperature, 
whereas when copper(I) borates (1) are used instead 
of lithium borates, the reaction proceeds smoothly to 
give corresponding products as shown in Eqs. 1. and 2. 

R3B + MeLi 
CuX 

[R3BMe]Li 

[R3BMe]Gu + LiX 

1 + CH2=CHCH2X' • 

RCH2CH=CH2 + R2BMe + CuX' 

(1) 

(2) 

The yields of alkylation products are dependent upon 
the copper(I) halides and allyl halides employed, as 
revealed in the case of copper(I) methyltrihexylborate 

in Table 1. In general, allyl chloride gives good yields 
of products. This reaction is applicable to representative 
organoboranes and 2-propenylic chlorides. The reaction 
appears to proceed through an allylic rearrangement 
as the main path, judging from the results obtained 
in the reaction of copper (I) methyltripropylborate with 
cinnamyl chloride, and it was noted that the attack 
of the methyl group in the borate complex may not be 
involved. 

In the same way, copper(I) methyltrialkylborates 
react with 2-propynylic halides to give corresponding 
1,2-alkadienes (Eq. 3). Some of the representative 
results are summarized in Table 1. Although the latter 

1 + R'-C=C-CH2Br • 

R x Me x 
C=C=CH2 + C=C=CH2 (3) 

R ' / R ' / 
2 3 

reaction provides a convenient synthetic procedure of 
1,2-alkadienes from organoboranes, the formation of 
undesirable products (3) by the attack of methyl groups 
in borates reduces yields of desired products (2). 

It is becoming increasingly evident that copper (I) 
methyltrialkylborates have a considerably high utility 
in organic synthesis. The applicability of this new 
alkylating agent to coupling and addition reactions is 
under further investigation. 

Materials. 

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

All copper(I) halides, allylic halides, and 

T A B L E 1. REACTION OF C O P P E R ( I ) METHYLTRIALKYLBORATES WITH ALLYLIC HALIDES AND 2-PROPYNYLIC HALiDEsa) 

R,B CuX Allylic or 
2-propynylic halide Product Yieldb> 

Hexyl 

Octyl 
5-Chloropentyl 
Propyl 

Pentyl 

Octyl 
Butyl 

a) Reactions were 
on 2-propenylic or 

carried 

Cul 
CuBr 
CuCl 
CuCN 
CuBr 
CuBr 
CuBr 
CuBr 

CuBr 

out for 2 h by 
2-propynylic halides < 

CH2=CHCH2Br 

CH2=CHCH2C1 

PhCH=CHCH2Cl 

H C E C C H 2 C 1 

HCECCH2Br 

PhCECCH2Br 

1-Nonene 

1-Undecene 
8-Chloro-1 -octene 
PhCH(Pr)-CH=CH2 

PhCH=CHCH2Pr 
1,2-Octadiene 

1,2-Undecadiene 
3-Phenyl-1,2-heptadiene 
3-Phenyl-1,2-butadiene 

using a 20% excess of borate complexes at room temperature. 
employed. 

53 
42 
47 
49 
82 
87 
91 
96 

trace 
32 
54 
53 
31 
59 

b) Based 

* To whom all correspondences should be addressed. 
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2-propynylic halides are commercially available. T h e organic 
compounds used in the experiments were purified by distilla­
tion before use. Tr i alky lbor an es were prepared by the usual 
procedure.5 ) 

T h e I R and N M R spectra were taken on a Hitachi-Perkin-
Elmer Model 125 spectrophotometer and a Hitachi R-22 
spectrometer at 90 M H z using tetramethylsilane as the internal 
s tandard, respectively. 

General Procedure. T h e following procedure for the 
preparat ion of 8-chloro-l-octene is representative. A dry 
50 ml-flask was charged under dry nitrogen atmosphere with 
1.72 g (12 mmol) of copper(I) bromide and 6 ml of dry 
tetrahydrofuran. T o this mixture was added l i thium methyl-
tris(5-chloropentyl)borate2 '4) (12 mmol in T H F ) at 0 °C, and 
the mixture was stirred for 5 min. Then allyl chloride (0.815 
ml, 10 mmol) was gradually added and the mixture was 
stirred for further 2 h at room temperature . T h e residual 
organoborane was oxidized with 5.4 ml of 3 M N a O H and 
5.4 ml of 3 0 % H 2 O a a t room tempera ture for 2 h. T h e 
product was extracted with ether. T h e combined extract 
was washed with water and then dried over anhydrous sodium 
sulfate. T h e ether solution thus obtained was analyzed by 
VPG, revealing the formation of 8-chloro-l-octene (9.1 mmol, 
9 1 % ) . An analytically pure sample was obtained by pre­
parat ive V P C with Var ian autoprep Model-2800. 

Identification of the Products. 1-Nonene and 1-undecene 
were identified by direct comparison with authentic samples 
which were commercially available from Tokyo Kasei Kogyo 
Co., Ltd. 1,2-Octadiene and 1,2-undecadiene were charac­
terized by comparison with samples prepared by the methods 
reported by Meisters") and Moore,7) respectively. 

8-Chloro-l-octene: n2
D

4 1.4508. F o u n d : C, 65.31 ; H , 10.15%. 
Calcd for G8H1 5G1: G, 65.52; H , 10 .31%. Mass ; m/é?=146, 
148 (M+). I R (neat) : 3055, 1630, 910 cm- 1 . N M R (GG14) ; 
T, 8.6 (8H, s), 7.99 (2H, t , J = 7 . 0 H z ) , 6.51 (2H, t, 7 = 6 . 5 Hz) , 

4.85—5.15 (2H, m) , 4.0—4.45 ( IH, m) . 
3-Phenyl- 1-hexene : n™ 1.4999. Found : G, 89.75 ; H , 9.91 % . 

Galcd for G1 2H1 6 : G, 89.94; H, 10.06%. Mass: m/e=158 
(M+). I R (nea t ) : 1630, 1600, 915 cm- 1 . N M R (GG14); 
T, 9.10 (3H, t, 7 = 6 . 3 Hz) , 8.50—8.95 (2H, m) , 8.15—8.45 
(2H, m ) , 6.78 ( I H , q) , 4.90—5.15 (2H, m ) , 3.85—4.25 ( IH, 
m ) , 2.82 (5H, s). 

3-Phenyl-U2-heptadiene: n™ 1.5637. Found : C, 90.77; H, 
9 .42%. Galcd for G1 3H1 6 : G, 90.64; H, 9.36%. Mass: 
m/e=172 (M+). I R (neat ) : 1945, 1600, 1496, 695 cm- 1 . 
N M R (CC14): r, 9.05 (3H, t, / = 6 . 5 Hz) , 8.3—8.8 (4H, m) , 
7.40—7.70 (2H, m) , 4.96 (2H, m) . 2.5—2.9 (5H, m) . 

3-Phenyl-l,2-butadiene: n£ 1.5612. Found : G, 92.35; H, 
7 .68%. Galcd for G1 0H1 0 : G, 92.26; H , 7.74%. Mass; 
m/e=130 (M+). I R (neat ) : 1945; 1600, 1500, 965, 695 cm- 1 . 
N M R (GG14) : r, 7.93 (3H,' t , y = 2 . 6 Hz) , 4.90—5.50 (2H, m) , 
2.55—2.90 (5H, m) . 
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Synopsis. Irradiation of 1-nitrocyclooctene produces 
first the strained trans isomer, which in turn undergoes thermal 
Diels-Alder reaction with cyclopentadiene affording the tri­
cyclic adduct. 

As a part of our investigation of the photochemical 
behavior of medium-sized cycloalkene derivatives,1) a 
reaction of 1-nitrocyclooctene (1) has been examined.2) 

In the dark and below room temperature, no appre­
ciable reaction took place between the nitro olefin 1 
and cyclopentadiene. However, when the mixture 
immersed in a Dry Ice bath was irradiated by a high-
pressure mercury arc through a Pyrex filter (n-n* 
excitation), smooth reaction occurred and after 4 h 
the 1: 1 cycloadduct 3 was obtained in ca. 4 0 % yield. 
The norbornene type structure as well as the endo 
stereochemistry of the nitro group was deduced from 
the N M R signals of the vinylic protons ;3) both proton 

aN02 
NO* 

b 
NO. 

signals appeared as a doublet of doublets with y = 6 and 
3 Hz with a rather great chemical shift difference, Aô 
0.42 ppm, due to the presence of anisotropic influence 
of the neighboring nitro group.4) Unlike photoreaction 
of l-acetylcyclooctene l f ,g) or 1 -carbomethoxycyclo-
octene,5) no double-bond migration was observed with 
this eight-membered olefin. 

Apparently the cycloaddition forming 3 involves the 
initial photo-induced eis to trans isomerization of the 
nitro olefin, l-»2,6) followed by thermal Diels-Alder 
reaction with cyclopentadiene.7) T h e evidence for the 
intermediacy of the strained ground-state molecule 2 
was obtained by a standard technique. Thus a solution 
of 1 in methylcyclohexane was first irradiated at —78 °G 
for 3 h. After the light source was removed, an excess 
of cold cyclopentadiene was added and the mixture 
was allowed to warm up to ambient temperature, which 
produced the cycloadduct 3. T h e product to recovered 
1 ratio indicated that the trans olefin 2 exists in rather 
high concentration (at least 28%) in the photo-equilib­
rium mixture produced by the photolysis of 1. 

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

Photolysis of 1-Nitrocyclooctene (1) in Cyclopentadiene. The 
nitro olefin 1 was prepared by the known procedure,8) bp 87 
—88 °C (3 Torr). The UV spectrum in hexane solution exhib­
ited absorption maxima at 257 (s 8470) and 345 nm (weak). 
A solution of 1 (550 mg, 3.54 mmol) in freshly distilled cyclo­
pentadiene (50 ml) was placed in three Pyrex tubes (15 X 180 
mm), flushed with nitrogen, and immersed in a Dry Ice-
CH3OH bath. Then irradiation was effected externally with 
a 200 W hign-pressure mercury arc for 4 h. The photolysate 
was concentrated at room temperature under reduced pres­
sure and the residue was chromatographed on a silica gel plate 
(Merck Kieselgel GF254, 10: 1 hexane-ether). The fraction 
slightly less polar than 1 was extracted to give 2a-nitro-(l/?, 
2a,9jS,10jS)-tricyclo[8.2.1.02'9ltridec-ll-ene (3) (236 mg; 32%). 
The yield based on the unrecovered starting olefin was ca. 
40%. In addition, several unidentified products were pro­
duced.2) A sample of 3 for analysis was obtained by recrystal-
lization from hexane, mp 76.0—76.5 °C (uncorrected). IR 
(CC14) 1610 (C=C), 1534, 1354, 1335 cm-1 (NOa); NMR 
(CC14 containing tetramethylsilane as internal standard) ô 1.2 
—3.2 (broad signal with four envelopes), 5.88 (dd, J=6 and 
3 Hz, vinylic proton at C n ) , and 6.30 (dd, J—6 and 3 Hz, 
vinylic proton at C12); MS (70 eV) m/e 221 (M+), 190, 175, 
147, 91, and 66 (M+ -G 5 H 6 , r^ro-Diels-Alder process). 

Found: G, 70.45; H, 8.74; N, 6.24%. Galcd for C13H19-
0 2 N: C, 70.55; N, 8.65; N, 6.33%. 

Dark Reaction of the Trans Isomer of 1 and Cyclopentadiene. 
A methylcyclohexane solution (25 ml) of 1 (256.6 mg, 1.66 
mmol) in Pyrex tubes was cooled in a Dry Ice-CH3OH bath 
and irradiated under nitrogen for 3 h. After the lamp had 
been turned off, to the photolysate was added cyclopentadiene 
(ca. 20 ml) and the mixture was warmed up spontaneously to 
room temperature with stirring. The volatile substances were 
removed by evaporation. TLG separation of the residual 
mixture afforded 3 (77 mg; 22% yield) and unchanged 1 
(141 mg; 55% recovery). 
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Synopsis. Alcohols and carboxylic acids were subjected 
to an addition reaction with dicyclopentadiene, using dodecyl-
benzenesulfonic acid both as the emulsifying agent and the 
acid catalyst. Dihydro-e^o-dicyclopentadienyl ethers and their 
esters were syntheized in good yields and found to be free of 
undesirable side reactions. 

H 

+ ROH 
* \ 

OR 

It is important to investigate the method of syn­
thesizing dicyclopentadienyl ethers and their esters 
because of the usefulness of these compounds as plas-
ticizers and drying oils. There are two known methods 
for preparing these compounds. One involves the 
reaction of a carboxylic acid with hydroxy-dihydro-&*0-
dicyclopentadiene and an alkaline metal alcoholate 
with dihydro-ßw-dicyclopentadienyl halide.1) The 
other method consists of an electrophilic addition 
reaction2) of dicyclopentadiene with an alcohol or a 
carboxylic acid by using the difference in the reac­
tivities3) of the two double bonds in dicyclopentadiene in 
the presence of an acid catalyst, although the yields for 
this method are generally low. 

The present paper describes an alternative method 
of preparing these compounds with a view to obtaining 
satisfactory yields. The necessary procedures are also 
dealt with. 

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

Bruson et al. have reported on the preparation of 
dihydro-exo-dicyclopentadienyl ether4) by the electro­
philic reaction of an alcohol with dicyclopentadiene, and 
of dihydro-éwo-dicyclopentadienyl ester by a similar 
reaction involving a carboxylic acid with dicyclo-

Table shows the results of this experiment. I t is noted 
that the amount of acid catalyst required in the reaction 
of dicyclopentadiene with a carboxylic acid is rather 
small in comparison with that in the reaction of dicyclo­
pentadiene with an alcohol, since in the former case 
it is needed only as a co-catalyst. As can be readily 
seen, both alcohols charaterized by poor or no solubility 
in dicyclopentadiene, as well as carboxylic acids, gave 
the addition products in very low yields. I t is assumed 
that the most important cause of the limited yields 
in the heterogeneous system is due to the poor or no 
solubility of these compounds in dicyclopentadiene. In 
particular, the heterogeneous system causes side reac­
tions i.e., part ial cationic polymerization6) of dicyclo­
pentadiene or a dehydratic condensation reaction7) of 
alcohol in the presence of concentrated sulfuric acid. 

T o avoid this and to increase the yield, it was thought 
that a compound that would homogenize the heterog­
eneous system and at the same time act as a catalyst for 
the reaction would be worth testing. The refore, use was 
made of dodecylbenzenesulfonic acid, a strong acid 
capable of emulsifying action. The results show that 
the emulsifying action homogenized the heterogeneous 
system and restrained side reactions at the same time, 
thus increasing the yield and permitting the use of 

T A B L E 1. RESULTS OF THE PREPARATION OF DIHYDRO-^O-DICYCLOPENTADIENYL ETHERS AND THEIR ESTERS 

C£r« Solubility of 
ROH in dicyclo­

pentadiene 

Run A (98% H,SO,) 
Run B (CuHssCjHs-

S03H) Yield") Bp 
Amount of (%) (°C/Torr) 
catalyst1» 

(mol) 

Found (Calcd %) 

C H O 
IR (cm-1) NMR»-") (ppm) Mass 

l a 

l b 

l c 

2a 

2b 

2c 

CH3 

CH2CHaOH 

C,H6 

OCCH, 

OCCH=CHa 

OCC,H s 

poor (hetero) c> 

insoluble (hetero) 

good (homo)d> 

good (homo) 

good (homo) 

poor (hetero) 

A 
B 
A 
B 

A 
B 

A 
B 

À 
B 

A 
B 

0.25 
0.05 
0 .3 
0.05 

0 .3 
0.05. 

0.05 
0.04 

0.05 
0.04 

0.2e> 
0.04 

31 
81 
16 
76 

20 
'79 

61 
82 

62 
85 

19 
63 

96—98/12—13 80.71 9-80 9.49 
(80.44) (9.83) (9.74) 

105—106/0.5 74.05 9.23 ' 16.72 
(74.19) (9.34) (16.47) 

121—122/1 85.12 8.15 6.73 
(84.19) (8.02) (7.07) 

96—97/5 74.83 8.21 16;96 
(74.97).(8.39) (16.64) 

131—132/7 76.32 7.81 15.87 
(76.44) (7.90) (15.67) 

158—159/1 80.10 7.02 12.88 
(80.28) (7.13) (12.58) 

1610 
1100 
1615 
1100 

1610 
1600 
1500 
1250 
1730 
1620 
1250 
1725 
1630 
1600 
1200 
1720 
1610 
1600 
1500 
1280 

3.1 (3H,CH8) 164 
3.15(1«,^) 15 
2.72(lH,OH> 194 
3.4(1H,H.) 45 
3.45,3.65 (4H,-CH,-) 
4.1 (1H,H8) 226 
6.6—7.2 (5H, C,H5) 77 

1.9(3H,CH3) 192 
4.6 (1H, H.) 43 

4.65(1H, H8) 204' 
5.8—6.3 (3H, CH=CHil) 55 

4.9 (1H, H8) 254 
7.4, 8.0 (5H, C.Hj) 105 

a) The amount of the catalyst was calculated on the basis of one mol of dicyclopentadiene. b) Given in the ratio of the percentage of the amount obtained 
from GLPC (without lc and 2c isolated) to that calculated from the mol of dicyclopentadiene used, c) Heterogeneous system in the reaction, d) Homo-' 
geneous system in the reaction, e) BFsOEta was used. 
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smaller amounts of the acid catalyst. From the above 
data, it was concluded that an acid with emulsifying 
action and capable of catalyzing the reaction, such as 
dodecylbenzenesulfonic acid, gives the addition product 
in better yields for carboxylic acids, as well as for 
alcohols, even when these are poorly soluble or insoluble 
in dicyclopentadiene. 

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

The NMR spectra were recorded on a Nippon Denshi 
Kogaku Model JNM-4H-100 spectrometer in parts per mil­
lion (ppm) from internal tetramethylsilane. The IR spectra 
were obtained on a Nippon Bunko Model DS-701 D spectro­
meter using neat liqids between KBr disks. The mass spectra 
were measured on a Nippon Denshi Model D-100 spectro­
meter with an electron bombarding energy of 75 eV. 

Preparation of Ethylene Glycol Mono(dihydro-exo-dicyclopenta-
dienyl) Ether. Dodecylbenzenesulfonic acid (8.15 g, 0.025 
mol) was added dropwise to the stirred ethylene glycol (31 g, 
0.5 mol) at room temperature. The dicyclopentadiene (66 g, 
0.5 mol) was added dropwise and the mixture was rapidly 
stirred until it was emulsified. The emulsified mixture was 
then heated to 100 °C and the reaction proceeded for 4h . 
The reaction mixture was cooled to room temperature and 
benzene ( 100 g) was added to the stirred mixture. The mix­
ture was poured into 3% aqueous sodium chloride (500 g) 
containing sodium hydroxide ( 1.4 g, 0.035 mol) to neutralize 
the acid, and left standing to separate out the oil layer. The 
layer was washed four times with a portion of 3% aqueous 
sodium chloride (500 g), dried over sodium sulfate, and dis­
tilled in vacuo. Bp 105—106 °C/0.5 Torr, Yield: 76% (from 
GLPG). 

Preparation of Dihydro-exo-dicyclopentadienyl Acetate. Dode­
cylbenzenesulfonic acid (6.5 g, 0.02 mol) was added slowly to 
acetic acid (30 g, 0.5 mol), and cooled to 10 °G, followed by 
dropwise addition of dicyclopentadiene (66 g, 0.5 mol). The 
stirred mixture was heated to 100 °C and allowed to react for 
5 h. The reaction mixture was cooled to room temperature, 
ethyl ether (100 g) was added and the mixture was poured 
into water (500 g) to separate out the oil layer. The oil layer 
was neutralized with sodium carbonate, washed a few times 

with a portion of water (500 g), dried over sodium sulfate, 
and vacuum distilled. Bp 96—97 °G/5 Torr, Yield: 82% 
(from GLPG). 

Preparation of the addition products using other alcohols 
or carboxylic acids was similar in principle to the procedure 
described above. 
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Synopsis. Photolysis of benzenesulfonic acid(l) in an 
aqueous solution gave sulfurous acid, S0 2 , and/or sulfuric acid 
as inorganic products in a total yield of 38,6% based on the 
consumed 1 along with organic products. The organic prod­
ucts are mainly acidic tarry material containing sulfur(8,7%) 
together with a small amount of biphenyl (1%). Photolysis 
of an alkaline solution of 1 afforded a considerable amount of 
benzene (16%) and biphenyl (<^ I % ) . The photolysis is started 
by the C-S bond fission of 1 to give Ph • and • SOaH radicals. 
The quantum yield for decomposition of 1 in acidic conditions 
is 0.26. 

Sodium alkylbenzenesulfonate is known to be an 
environmental pollutant. The studies on the photo­
chemical decomposition of the sulfonate have recently 
been increasing,2) but little is known about the mecha­
nism and intermediates of the photolysis except for 
photolysis of sulfonate ester3) and sulfonanilide.4) The 
present paper deals with the attempts to obtain on the 
subject, in particular, the mechanism for photolysis of 
benzene sulfonic acid as a model of the surfactant. 

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

Irradiation of Alkaline Aqueous Sodium Benzenesulfonate. 
The photolysis of an aqueous mixture of benzenesulfonic 
acid (1) and two equivalents of N a O H was carried 
out by bubbling N 2 gas in order to introduce volatile 
materials into a trapping tube containing ethyl ether 
cooled at - 5 0 °G. After irradiation for 24 h, G L C 
analysis of the ether solution showed formation of 
benzene in a 16% yield on the basis of starting 1. T h e 
irradiated reaction mixture was found to contain a trace 
amount of biphenyl « 1 % ) by GLC up to 250 °C. 

Irradiation of Aqueous Benzenesulfonic Acid (1). 
Aqueous benzenesulfonic acid (1) was irradiated with a 
high-pressure mercury lamp under N2 . Evolved gas was 
identified to be S 0 3 by the fuchsine test. T h e photolysis 
of 1 was carried out by bubbling N 2 in order to introduce 
the evolved gas into a t rapping tube containing 10% 
H 2 0 2 . The evolved S 0 2 was converted into H 2 SÖ 4 

by aqueous H 2 0 2 and titrated with standard aqueous 
alkali. The yield of resulting S 0 2 was 9.6% based on 
the consumed 1. The irradiated solution was extracted 
with ether. The aqueous layer, containing unreacted 
1 and other acidic materials, was concentrated in vacuo, 
esterified by CH 2N 2 , and then analyzed by G L C . 
Only a peak of methyl benzenesulfonate was observed 
(35% recovery). The aqueous layer contains H 2 S O s 

and/or H 2 S 0 4 in a total yield of 29.0%. 

On the other hand, the organic layer of the ether 
extract contains biphenyl ( 1 % , mp and mixture m p 
69—70 °C). No formation of benzene was observed 
even under conditions similar to those for sodium 
benzenesulfonate. In contrast to sodium benzene­
sulfonate, the resulting phenyl radical formed by 

homolysis of the C-S bond may form complex products ; 
the H 2 S 0 3 (and probably H 2 S 0 4 ) may attack the 
phenyl radical, inhibiting the formation of benzene. 

Addition of 6-fold excess H 2 0 2 to the system markedly 
increased the consumption of 1. About 9 7 % of 1 disap­
peared after 11 h to afford C 0 2 ( 8%) , H 2 S 0 4 (34%) , 
phenol « 1 % ) etc. 

No reaction occurred in the dark with the same 
system. Hence the acceleration by H 2 0 2 may be due 
to the oxidation induced by - O H radical from H 2 0 2 . 
T h e quan tum yield for decomposition of 1 in water 
was 0.26 with 254 nm light. 

Attempt to Characterize Tarry Material. Irradiation 
of 1 under acidic conditions yielded only a small amount 
of volatile product , biphenyl (1%) , most par t of the 
product being a black tarry material (95 wt % based 
on the consumed 1). T h e structure of the substance is 
still obscure on account of its contaminant and experi­
mental difficulties. After elimination of 1 and H 2 S 0 4 , 
the tarry substance was found to contain 8.7 wt % of 
sulfur atom, the total amount of sulfur in recovered and 
isolated materials reaching 9 1 % . 

Attempts were made to isolate organic substance from 
the residue. Chromatography of the tarry material 
with a S i 0 2 column yielded an yellow oil (5 wt % ) , 
giving two G L C peaks. However, the two components 
were too small in quanti ty for further purification. They 
were thus analyzed by GLC-MS, the results of which 
indicated their molecular weight to exceed 300 with 
no aromatic fragment ions {e.g., m\e 11 and 91). T h e 
structure has not been identified yet. A remaining solid 
was obtained by the column chromatography. 

Mechanism. The photoproducts, e.g., benzene 
and biphenyl, indicate that the pr imary process may 
be the fission of C-S bond. T h e sum of yields of fission 
products ( S 0 2 + H 2 S 0 4 ) in Eq. 1 reaches 38.6% based 
on the consumed 1; thus Eq. 1 should be the main 
primary path for the decomposition. The fate of the 
resulting Ph* and «S0 3 H radicals may be as follows: 

PhS03H (1) 

Ph . + 1 — 

Ph. + RH -

• SO,H • 

—I* Ph. + .S0 3 H 

• Ph2 + -S0 3H 

—- PhH + -R 

S 0 2 + -OH 

H 
.OH + 1 • > / ^ > - S 0 3 H (2) 

OH \—/ 

2 • Ph- + H 2 S0 4 

2 -—• further reaction (tarry materials) 

2 -OH • H 2 0 2 

H 2 0 2 + S 0 2 • H 2 S0 4 

(RH : Hydrogen sources) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 
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I t may be concluded that the homolysis of excited 1 
to (Ph ' + - S 0 3 H ) is more plausible than the heterolysis 
into phenyl cation because of the formation of biphenyl 
but not phenol in both acidic and basic media. Wate r 
cannot be a hydrogen source for phenyl radical to 
benzene in Eq. 3, since the bond energy of C - H for 
benzene (112 kcal/mol) is lower than that of O - H for 
H 2 0 (120 kcal/mol).5) Intermediary products such as 
2 may play the role of hydrogen donor in Eq. 3. 

I t is of interest to note that the formation of benzene is 
favored in alkaline media. A plausible reason is as 
follows. In acidic media, ' S 0 3 H collapses into S 0 2 

and - O H which subsequently oxidizes 1, whereas in 
alkaline media, «SOgH exists as metastable ' S 0 3 ~ 
species6) which expels only slowly «OH radical. T h e 
anion radical "SOg - is known to add to unsaturated 
bonds, e.g., aromatic ring according to Eq. 10.7) Species 
3 in Eq. 10 as well as 2 in Eq. 5 can be H« source for 
benzene formation. 

•S0 3 - + NG = G/' > - G — C - S C V (10) 
/ \ i t 

(3) 

Intermediacy of phenyl radical was also confirmed by 
the formation of benzene in the photolysis of 1 in the 
presence of a hydrogen donor such as 2 -PrOH even 
under acidic conditions. T h e observed biphenyl may 
be formed either by the coupling of two Ph • or by an 
attack of Ph • on a phenyl ring of the starting 1 followed 
by a collapse to biphenyl and «SOgH radical (Eq. 2). 

Another fragment, -SC^H, can be succesively 
decomposed to SO a and hydroxyl radical (Eq. 4). 
Hydrat ion of S 0 2 gives H 2 S 0 3 , which is easily converted 
by H 2 0 2 into H 2 S 0 4 . Formation of H 2 S 0 4 from S 0 2 

and H 2 0 2 was actually observed (Eq. 9). T h e resulting 
• O H radical may couple to form H 2 0 2 and also may 
attack 1 and other materials to give derivatives of 2 
and oxidized tarry materials.8) 

I t is less probable that P h S O s H is cleaved to - O H 
and P h S 0 2 - , and then collapses to Ph« and S 0 2 , since 
the fission of P h S 0 2 - to Ph« and S 0 2 is endothermic.9) 

The following results suggest that the reactive state 
is a singlet: (i) No quenching by a triplet quencher, 
i.e., molecular oxygen, and (ii) no heavy atom effect by 
rc-BuBr as a solvent. 

Exper imenta l 

Melting points were measured on a hot plate with a 
Ynagimoto micro melting point apparatus and were cor­
rected. IR spectra were measured with a Perkin-Elmer Model 
337 spectrophotometer. A Yanagimoto GCG 550F gas Chro­
matograph was used with two 2 m x 2.5 mm columns, one 
packed with 2.5% PEG 20 M on a Chamelite CS and the 
other with Bentone 34-fDIDP on a Chromosorb. A Shimadzu 
GC-MS 7000 was used for GLG-MS spectra. 

A Typical Photolysis of Sodium Benzenesulfonate in Alkali. 
An aqueous solution (500 ml, 2 .2xl0~ 2 M) of 1(2 g) with 
two equivalents of NaOH was irradiated with a 300 w Halos 
high pressure Hg lamp. Volatile materials evolved were in­
troduced with N2 gas as a carrier into a trapping tube con­
taining ethyl ether at —50 °G. After irradiation for 24 h, 
GLC analysis of the ether solution indicated the formation of 

benzene (16% based on the starting 1 used). Biphenyl« l%) 
was detected by GLC of the irradiated aqueous solution. 

A Typical Photolysis of Benzenesulfonic Acid(l). An aque­
ous solution (200 ml, 5 x l 0 - 2 M ) of 1(1.65 g) was irradiated 
under N2 for 16 h using a 100 w Halos high pressure Hg lamp. 
Evolved SOa was identified by the color change of a fuchsine 
solution. The yield of evolved S0 2 was 9.6% based on the 
consumed 1 using titrimetry with a 0.01 M NaOH after its 
conversion into H 2S0 4 with aqueous H 20 2 . After the com­
pletion of irradiation, the solution was extracted with ether 
(200 ml). Biphenyl was obtained after evaporation of ether 
(20 mg, mp and mixture mp 69—70 °C). 

The aqueous layer was subdivided into three equal portions. 
The first portion was used for the measurement of the conver­
sion of 1. After concentration under reduced pressure, it was 
esterified with CH2N2. The conversion of 1 was found to be 
65% by GLC. The data were checked by a blank experi­
ment in the dark. 

The yield of H 2 S0 3 and/or H 2S0 4 in the second portion 
(29.0%) was determined as BaS04 (0.13 g) by addition of 
BaCl2 after treatment of excess H 2 0 2 . 

The third portion was condensed in vacuo to give a black 
tarry material (0.5 g) contamintated with 1 (0.17 g). The 
yield of this was 95 wt % based on the consumed 1. 

Column Chromatography. The tarry material (0.5 g) was 
passed through a column of 50 cm x 2.0 cm packed with Si02. 
A mixture of benzene and methanol was used as an eluant. 
The eluate, a mixture of two components not separable, 
showed the following spectra: IR(cm-1) 1725(C=0); 
NMR(CC14) (5 0.7—1.8, 4.0—4.3, and 7.2—7.6; m/e 362,265, 
247, 176, 149, 121, 99, 70, 69, and 43. The elemental analy­
sis of the black solid. Found; C, 59.00; H, 3.83; O, 27.68; 
S, 9.49%. 

Quantum Yield. An aqueous 5 x l O - 8 M solution of 1 
in a 10 mm thick quartz cell(lOml) was irradiated with a 
30 w low-pressure Hg lamp (254 nm). A ferrioxalate acti-
nometer was used.10) 

Quenching Study. A 4.6 X 10"2 M solution of 1 saturated 
with a quencher, molecular oxygen, was irradiated with a 300 
w high-pressure Hg lamp for 8 h. The conversion of 1 was 
54%, which was similar to that(50% for 8 h) in the experi­
ment in the absence of the quencher. 
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Synopsis. 4'-Vinylbenzo-15-crown-5 was convenient­
ly synthesized in 30% yield by the reaction of diazotized 4'-
aminobenzo-15-crown-5 with ethylene (6—10 kg/cm2) in the 
presence of zerovalent palladium at room temperature. 

Vinylbenzocrown ethers are useful monomers for the 
preparation of the polymers attached with crown 
ethers.1) 4'-Vinylbenzocrown ethers have been synthesiz­
ed using 4-acetyl- or 4-formylcatechol as a starting 
material.1 '2) 

We recently reported a novel catalytic arylation of 
olefins with arenediazonium salts in the presence of 
zerovalent palladium.3) In view of the higher reactivity 
of ethylene with arylpalladium reagents, the reaction 
can be expected to be a convenient method to replace 
an amino group in primary aromatic amines with a 
vinyl group. I t is interesting to apply this method to 
the vinylation of benzocrowns, since nitrobenzocrowns 
and thus aminobenzocrowns are readily available from 
the parent crown ethers.4) 

4'-Vinylmonobenzo-15-crown-5 (1) was synthesized 
using monobenzo-15-crown-5 as a starting material 
in the overall yield of 20—25% (Scheme 1). V - A m i n o -
benzo-15-crown-5 (4) which is labile to air oxidation, 
and its diazonium salt (5) were used without isolation 
for the subsequent reactions. 

<o>3 
HNO3 - CH3C02H 

i n CHC1, 

3 

H,N 
^ 

HBF, - NaNO, 

4 

J 

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

4'-Nitrobenzo-15-crown-5 (3). This compound was 
prepared in 70—80% yields according to the procedure 
described by Smid et a/.4) with some modifications. Thus, 
the reaction mixture was neutralized with aq NaOH and the 
crude product was recrystd from methanol. 

4'-Aminobenzo-15-crown-5 (4) and the Diazonium Salt (5). 
In a glass autoclave, 7.79 g of 3 in 200 ml ethanol was hydro-
genated to 4 at 30—40 °G for 8 h in the presence of 0.1 g of 
platinum oxide under hydrogen pressure of 8—10 kg/cm2. 
After the reaction, the catalyst was filtered off under nitrogen 
and the ethanol was evaporated under reduced pressure. 
To the residue were added 30 ml of 42% HBF4 and 140 ml 
of water to give a suspension of the less soluble salts. The 
mixture was cooled to 0 °C in an ice bath and then 1.7 g of 
NaNOa in 20 ml water was added dropwise at 0—5 °G under 
efficient stirring. The diazonium salt was soluble in water. 

4'-Vinylbenzo-15-crown-5 (1). The diazotized soin was 
placed in a glass autoclave (500 ml), and then 100 ml of 
acetonitrile, 10.3 g of sodium acetate and 3.0 g of bis(di-
benzylideneacetone)palladium(O) were added to the soin. 
After ethylene was introduced to a pressure of 6—10 kg/cm2, 
the soin was stirred at room temp for 2 days. The reaction 
mixture was extracted with ether, and the extract was washed 
with satd aq NaHCO s soin followed by satd aq NaCl soin, 
and dried over anhyd MgS0 4 with the addition of 4-f-butyl-
catechol as an inhibitor. The mixture was filtered, and the 
filtrate was evaporated under reduced pressure. The residue 
was extracted several times with hot hexane, and after removal 
of a small amount of less soluble dibenzylideneacetone, con­
centration of the hexane soin gave 1 as white crystals. Yield 
30% from 3, mp 40—45 °C. Recrystallization from hexane 
gave pure 1, mp 43.5—44.2 °G, which did not exhibit any 
depression of the mp on admixture with the authentic specimen 
prepared via 4'-acetylbenzo-15-crown-5.1) NMR (GDC13) 
«5=4.0 (16H, m, ~CH2-), 5.3 (2H, m, vinyl =CH2), 6.6 (1H, 
m, vinyl -CH-) , 6.9 (3H, m, aromatic H). 
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A method of analyzing chemical interactions between two systems is presented and applied to the bimolecular 
nucleophilic substitution of methylfluoride by fluoride ion. In order to get a clear insight into the mechanisms of 
chemical interactions, the interacting system has been represented by a combination of various electron con­
figurations of the reactants involved. The matrix elements necessary for the configuration interaction have 
been obtained by transforming the MO's of the isolated reactants into a set of orthogonalized functions. The 
change in the energy and the redistribution of the electrons due to the interaction in the reaction have been 
calculated by the use of the ab initio (STO-3G) MO's and have been divided into the Coulomb, exchange, dereali­
zation, and polarization interactions. A comparison of the results with the results of the SGF CI calculations of 
the composite system has shown the utility of the method in studying weak and moderately strong interactions 
between two systems. 

The bimolecular nucleophilic substitution (SN2) re­
action of aliphatic systems is one of the most extensively 
investigated reactions in organic chemistry.1) Since 
Hughes and Ingold,2) numerous experiments have at­
tempted to study the mechanism of the reactions. I t 
is now well-established that the attacking base ap­
proaches the substrate from the back, displacing the 
leaving group. Thus, the Waiden inversion is charac­
teristic of SN2 reactions. It has been suggested that the 
carbon atom of a substrate under attack will take a 
nearly sp2 planar structure at the transition state, al­
though no stable intermediate has ever been trapped. 

Recent developments in quan tum mechanical methods 
of calculating the electronic structure of sizable mol­
ecules have led us to consider the detailed molecular 
mechanisms of organic reactions. In particular, ab 
initio M O methods have been accepted as a way of 
studying the basic nature of chemical reactions in recent 
years. Although it is unlikely, at present, that such 
methods can supply us with quantitatively reliable re­
sults on the magnitude of the activation energy and the 
geometry of transition state complex for systems with 
many degrees of freedom, an extensive configuration 
interaction with a large set of basis functions will lead 
to an improvement of the calculations.3) In this re­
spect, M O approaches to chemical reactions seem to 
be promising. 

The perturbation theory is a convenient tool to deal 
with weakly interacting systems. The energy and the 
electron density are separated into several interaction 
terms and are interpreted in relation to chemical and 
physical concepts of molecular interaction.4) In this 
paper, we will present the result of our calculation of 
the electron reorganization in a model Sv2 reaction. 
A direct evaluation of the interaction integrals and con­
figuration energies is attempted. O u r primary aim is 
to develop a theoretical method of studying molecular 
interactions, furnished both with the accuracy of ab 
initio calculations and with the accessibility of perturba­
tion theories to the nature of chemical reactions. 

Descr ip t ion o f C h e m i c a l Interact ions 

In order to study the molecular mechanism of 
SN2 reactions, we have chosen methylfluoride and 

H 
H '' z 

2.646Â \ J 1.467Â | / 
Fe > C 7 F k— * 

i 0 7 3 Â /^107-50< 

H 

Fig. 1. A sketch of reaction model after Veillard.5c) 
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Fig. 2. An illustration of some electron configurations. 

fluoride ion as the substrate and the attacking base 
respectively.5) The geometry of the reacting system 
was taken to be as is given in Fig. 1, after Veillard.5c) 
In an early stage of the reaction, the electronic structure 
of the composite system can be represented by a wave 
function which is a linear combination of various elec­
tron configurations of the reactants involved:4) 

r = s c , y , . (i) 
p 

Some of the most important configurations are illustrated 
in Fig. 2. The wave functions of these electron con­
figurations are given by the Slater determinants, as 
usual. The original configuration contains only the 
occupied M O ' s of the isolated reactants : 

^0 = \a1--ai---amb1--'bk--'bna1--ai---amb1---bk-"bn\, 

where a and ä are the spinorbitals of methylfluoride 
(m = 9) with spin a and spin ß respectively, and where 
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b and b are the spinorbitals of the fluoride ion (w = 5). 
Similarly, we have: 

Wk-,j = l/\/~2(\a1--amb1'--ar--bna1-'-âmb1---blc"'bn\ 

+ \ai---ambi-~bk~-bna1-~amb1---aj---bn\), 

Wi^j^j = \a1—ar--amb1~-bna1'~ar~amb1-~bn\ . 

It should be noted here that, in general, the M O ' s at 

and bk are not mutually orthogonal. 
Among the various electron configurations appearing 

in Eq. 1, ¥0 is the dominant term, and the expansion 
coefficients, Cp, can be obtained as the solution of the 
simultaneous equations : 

(H-ES)C = 0, (2) 

in which: 

HPiq = fv*PHW qdr, 

SP,q= fw*Wqdr. 

The Hamil tonian operator for the interacting system 
is given by : 

# = 2 - l / 2 ^ i + 2 2 - Z a / r < a 
i i a 

+ 2 2 i/uj + 2 2 zazßlRaß, (3) 
i < j a<ß 

where the familiar notations are used.4b> In obtaining 
the matrix elements in Eq. 2, it is convenient to carry 
out a certain transformation of the basis M O ' s into a 
set of orthogonalized orbitals and/or corresponding 
orbitals.6 '7) Thus, all the integrals can be calculated 
exactly in the framework of the method of the M O 
calculation employed. In the present calculation, we 
used an SCF L C A O M O approximation, all the neces­
sary atomic integrals being evaluated by expanding the 
basis Slater atomic orbiatls in three-term Gaussian func­
tions (STO-3G).8 , 9) No polarization function was 
adopted. 

Calculat ion o f M a t r i x E l e m e n t s 

Here we may mention briefly the method of calcu­
lating the integrals appearing in the secular equations. 
First, we consider overlap integrals. A wave function, 
(p, is a subset of the M O ' s chosen from the occupied 
and unoccupied M O ' s of methylfluoride and the fluoride 
ion: 

<p={<Px<l>i M (N=m + n=l4:) 

where the one-electron function, <pv corresponds to one 
of the ö's or b's of the isolated reactants. In a similar 
manner , <p'', <p, and <p' span other subsets: 

<!>' — {(J>[<J>'2 <p'N), 

<P = ($M>2 <PN), 

<p' = (<p[<p'i <p's). 

Now the overlap integral between two configurations, p 
and q, is given by: 

Wp = | & <pN& W»\ =A{<p.$')INp, 

Vq= \<Pi <PN<PI 9»\ = A(<p-p')/Nq, 

SPtq= U(Np-N9)-\St,r\.\Sj,t¥.\, (4) 

where S is an M O overlap matr ix: 

S-P,<? = h&pdT = (sitJ), (5) 

H,j = I <£i<Pjdv-

When the wave functions, W p and Wq are given by the 
linear combinations of Slater determinants, Spq is the 
sum of the overlap integrals between the determinantal 
wave functions. The normalization factors, Np, for the 
wave functions due to the intermolecular M O overlap 
are immediately derived from Eq. 4,10) 

W0 = 1 /^ (27^-1 / |S 0 , 0 | - Afa.fr), (6) 

•{^(S&o-^*-y)+^(s&*-y^o)}, (7) 

VWJ = WWTÎ- l/|S«-/.i-il -Atyt-rfr-j), (8) 
where : 

so,o = / V o - ^ o d r , 

•/.*-/ = j+4>i-+j-</>i^Jdr> Si 

<pd — (« r"« i*"«m*i ' "**" '*«) , 

<ßk-*j — (av-am,bi-~aj---bn), 

<pi-^j = («i*"«y*«m*i"-*n) ' 

T h e corresponding electron density can be calculated 
by means of the following equation: 

pPiq = \l{Np.Nq){\S-riy,\.{<pSt,9+<p) 

+ l ^ . f | - ( ? ^ . ? ' V ' ) } , (9) 
A 

where S$,<p is the minor of S$,9 with respect to the 
particular M O ' s concerned, <p and <p. 

Next let us consider the energy matrix between various 
electron configurations. As has been mentioned above, 
tp is not generally orthogonal to <p. Now, let us assume 
that <p can be converted into a set of orbitals, X, by a 
certain transformation, X, to give rise to : 

X = <pX, (10) 

which satisfies the condition tha t : 

1 = f+0Xdr. 

Therefore, we obtain: 

(11) 

>*,* '• (12) 

T h e matrix element between two configurations is given 
by : 

Hv,a = I \<!>i-~<pN<P'x'~<P'N\H\<p1-~<pN<p'l'~<p'N\dT 

= I \^i"'<pN^i"-^'y\H\X1--XNX'1--X'N\dr/ 

| S * . , H ^ ' . * ' I - (13) 

Afa.fr
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We can define here the bond order matrix, Pa for elec­
trons with the a spin and P& for electrons with the ß 
spin: 

P%tq = (c,X)+Cl> = c ^ f V - i + c # , (14) 

K,=*9>S?.f-1+c?> (15) 

where c is the L C A O coefficient matrix of the basis 
AO's X: 

<p = Xc,p, (16) 

<p = Zc9. (17) 

By the use of the partial bond order, Prg) between the 
AO's xr

 a n d lg defined as the (r, s) element of the 
matrix P, we obtain: 

r s 

+ 2 S S S {P?,P?U+PLPI)I2 
r s t u 

.{(rs\tu)-(rt\su)} + S S S S ^ Ä ^ « ) 

where : 

a < 0 

vrs = / " x r ( l ) ( 2 -Z«/ri«)Z.(l)d*i, 

(18) 

and: 

(w|fci) = / / Zr(l)Z«(2)(l/r11)Z.(l)Z.(2)d0lcb ï. 

When the wave functions Wp and Wq are represented by 
linear combinations of the Slater determinants, the 
matrix element, Hp q, is given by the sum of the in­
tegrals obtained in a similar manner.11) 

R e s u l t s o f Calculat ion 

Figure 3 shows the relative spacings of the M O ' s of 
methylfluoride and the fluoride ion in an isolated state. 

20 

-30 

-10 

7a, 

IT" 

10a, 

9a, 

8a, 
o uo cie—e-

2p« 2p, 2p: 

o o o o 

j^_7a,_A 

o ofeii o o 

J%-

3a, 
o o 

O O 7 a ' O O 
le 
6a, ^V 

4a, 
o o 

CH3F CH3F-F" 

Fig. 3. Orbital diagram of interaction between methyl-
fluoride and fluoride ion. Orbital exponents were 
taken after Hehre et al.20) 

The SGF M O levels of the composite system are also 
given in Fig. 3, although they are not necessary for our 
isolated-molecule approach to chemical interactions. 
They are used later in order to compare our results 
with the usual supermolecule calculation of the inter­
acting system by the aid of configuration analysis. T h e 
matrix elements of Eq. 2 are given in Tables 1 and 2 
with regard to some mono- and diexcited and electron-
transferred configurations. I t may be seen that the 
transferred configuration in which an electron is moved 
from the 2p x of the fluoride ion to the L U M O of methyl-
fluoride is located low only 4.02 eV above ¥0 and has 
a large off-diagonal element 0.80 eV. The pi-type 
interaction between the 2p y or 2pz of the fluoride ion 
and the 3e M O ' s of methylfluoride is found to be weaker 
than the sigma-type interaction. Ditransferred con­
figurations can scarcely contribute to the stabilization 
of the system. 

TABLE 1. THE ENERGIES [Hptp—HQ^Q) OF MONOEXCITED 

AND MONOTRANSFERRED CONFIGURATIONS ( u p p e r ) AND 

DIEXCITED A N D DITRANSFERRED CONFIGURATIONS 

(lower) ABOVE ¥0 (in eV) 

,-a) 

W 

5«! 

2e 

2s 

2px 

2py,z 

6fli 

21.474 
35.320 

— 

30.880 
94.747 
4.015 

43.448 

— 

Ja) 

3e 

— 

24.420 
63.667 

z 

9.215 
49.958 

la, 

26.105 
61.207 

— 

36.510 
99.948 
9.661 

48.667 
— 

a ) i and j stand for the occupied and unoccupied 
MO's of methylfluoride respectively, and k denotes the 
occupied MO's of the fluoride ion. 

TABLE 2. THE INTERACTION INTEGRALS (H0iP—SOtPH0,o) 

OF MONOEXCITED AND MONOTRANSFERRED CONFIGURATIONS 

( u p p e r ) AND DIEXCITED AND DITRANSFERRED 

CONFIGURATIONS (lower) (in eV) 
(The values in parentheses indicate the 

intramolecular portions.) 
_ 

ta> 5a, 

2e 

*a> 2s 

2Px 

2py,z 

6^! 

1.258 
4.874(4.873) 

0.336 
0.003 
0.803 
0.013 

— 

3e 

0.307 
0.852(0.852) 

— 

— 

0.351 
0.003 

la, 

0.035 
0.759(0.758) 

0.193 
0.001 
0.239 
0.000 

— 

a ) The same as in Table 1. 
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The locally diexcited configurations in methylfluoride 
possess large off-diagonal matrix elements with ¥Q) 

although they lie very high. These integrals originate, 
however, principally from intramolecular electron re­
pulsions and, hence, should be further partitioned into 
several terms in evaluating the intermolecular inter­
action energy. The values in parentheses indicate the 
intramolecular parts. One may see that the enhance­
ment of diexcited configurations due to the intermolecu­
lar interaction is negligibly small in this case.12) The 
large matrix element, 1.26 eV, for the monoexcited con­
figuration, ?P*5a-6a, signifies a strong polarization of 
methylfluoride under the influence of the electrostatic 
field of the fluoride ion. 

The coefficients of the ground-state wave function are 
given approximately by : 

Q> = 1 ~ S C"O.P — " O , Î ) - " O . O ) ^ O , Î ) / ( - " O . O — Hp,p) 

- 1/2 S ( / / o , p - ^ , ^ o , o ) 2 / ( ^ o , o - ^ , P ) 2 , (19) 

Cp = \H0tp S0tPH0t0) / {H0t0 — HptP) 

'(Ho,g — So,qHo,o)/{(Ho,o — Hp,p) • (Ho,o — Hq,q)}* 

(20) 

They are listed in Table 3. The monotransferred con­
figuration in which an electron is shifted from the 2 p r 

of the fluoride ion to the 6ax M O of methylfluoride is 
found to be dominant among the various electron con­
figurations except for W0. The electron transfer from 
the 2p y and 2pz of the fluoride ion to the 3e M O ' s of 
methylfluoride is not effective. T h e present calculation 
indicates that the reaction is initiated by the attack of 
the 2p orbitals of the anion. The participation of the 
2s orbital is found to be minor at the beginning of the 
reaction. 

T h e electron density of the composite system can be 
divided into several terms: 

p = MCH3F) + pÇF~) + PK + Pn+ PD + - , (21) 

where jo(CH3F) and p(F~) mean the electron densities 

TABLE 3. T H E EXPANSION COEFFICIENTS OF THE GROUND -

STATE WAVE FUNCTION OF THE INTERACTING SYSTEM 

OBTAINED BY PERTURBATION CALCULATIONS15) 

C0 = 0.966 

z'a> bax 

2e 

6a, 

0.059 
0.138 

ia) 

3e 

0.013 
0.013 

la, 

0.001 
0.012 

&a> 2s 0.011 — 0.005 
0.000 — 0.000 

2px 0.200 — 0.025 
0.000 — 0.000 

2py % — 0.038 — 
— 0.000 — 

a) The same as in Table 1. b) Absolute values are given. 
The upper numbers correspond to monoexcited and 
monotransferred configurations, and the lower ones, to 
diexcited and ditransferred configurations. 

of the isolated methylfluoride and fluoride ion respec­
tively, and where pK, pn, and p D represent the exchange, 
polarization, and delocalization interactions respectively. 
T h e polarization density covers the locally excited elec­
tron configurations, while the delocalization density 
consists of the electron-transferred configurations in­
volved in Table 3. The exchange density is defined by: 

PK = PO,O- p(CH3F)-p(F-). (22) 

The exchange, polarization, and delocalization densities 
are illustrated in Fig. 4. The exchange interaction 
brings about a negative difference density between the 
attacking anion and the substrate, since both of the 
reactants possess closed-shells. O n the other hand, the 
electron delocalization from the anion to methylfluoride 
produces a positive density in the intermolecular region. 
T h e competition between the exchange interaction and 
the delocalization interaction seems to govern the ap­
pearance of the new chemical bond to be formed be­
tween the reagent and the reactant. The polarization 
of methylfluoride induced by the electrostatic field of 
the fluoride ion causes a drift of electrons from carbon to 
fluorine to increase the polarity of the bond to be broken. 

The energy of the interacting system is divided in a 
similar manner4b) for the ground-state of the interacting 

EXCHANGE (xlöV/Ä3) 

POLARIZATION W0"V/A3) 

DELOCALIZATION («lO'Vyfl3) 

Fig. 4. Contour maps for the exchange, polarization, 
and delocalization densities in x-z plane at y=0 . 



September, 1977] Orbital Study of Bimolecular Nucleophilic Substitution 2213 

system : 

Eg = £(CH3F) + EÇF-) +EQ + eK + en + eD + - , (23) 

where E(CH3F) and E(F~) are the energies of the iso­
lated reactants and where eQ, eKi en, and eD mean the 
Coulomb, exchange, polarization, and dereal iza t ion 
energies respectively. We have £Q=— 0.271 eV, eK= 
O.llOeV, e„= - 0 . 0 8 1 eV, and eD = - 0 . 1 9 8 eV for this 
system. 

Configuration Ana lys i s 

An alternative way of calculating the coefficients in 
Eq. 1 is the configuration analysis of the SCF M O wave 
function of the interacting systems.10»13) The given 
SCF wave function, ¥, of the composite system can be 
expanded in terms of the various electron configurations, 
¥p, of the reactants. Table 4 presents the result of 
the analysis of the wave function without CI . A com­
parison of the results given in Table 4 with those in 
Table 3 indicates that a single determinantal wave 
function describes the basic feature of the interaction 
pretty well in this case.14) T h e inclusion of CI with the 
diexcited configurations of the composite system in 
which a pair of electrons are removed from an occupied 
M O and placed in an unoccupied M O improves the 

TABLE 4. THE EXPANSION COEFFICIENTS OF THE GROUND-

S T A T E WAVE FUNCTION OF THE INTERACTING SYSTEM 

WITHOUT C I OBTAINED BY CONFIGURATION ANALYSlSb) 

C0 = 0 .981 

»a> 5«! 

2e 

6flx 

0.049 
0.001 
0 
0 

ia> 
3e 

0 
0 
0.006 
0.000 

la, 

0.000 
0.000 
0 
0 

*a> 2s 0.012 0 0.005 
0.000 0 0.000 

2 P x 0.159 0 0.021 
0.013 0 0.000 

2py,z 0 0.035 0 
0 0.001 0 

a) The same as in Table 1. b) The same as in Table 3. 

TABLE 5. THE EXPANSION COEFFICIENTS OF THE GROUND-

S T A T E WAVE FUNCTION OF THE INTERACTING SYSTEM WITH 

C I OBTAINED BY CONFIGURATION ANALYSIS15) 

C„ = 0 .968 

*"a> 5«! 

2e 

6ax 

0.054 
0.119 
0 
0.014 

ia> 
3e 

0 
0.004 
0.006 
0.012 

lax 

0.001 
0.009 
0 
0.005 

Äa> 2s 0.012 0 0.005 
0.002 0.000 0.002 

2px 0.159 0 0.020 
0.001 0.001 0.000 

2py z 0 0.034 0 
0.000 0.000 0.000 

a) The same as in Table 1. b) The same as in Table 3. 

TABLE 6. T H E CHANGES IN THE OCCUPATION NUMBERS 

OF THE M O ' S DUE TO THE INTERACTION 

MO Isolated state Interacting state 

CH3F 4«! 1.997 1.997 
le 1.995 1.996 
5at 1.966 1.968 
2e 1.999 1.999 
6 a i 0.036 0.064 
3e 0.005 0.006 
7«! 0.003 0.003 

F - 2s 2.000 1.999 
2px 2.000 1.970 
2py>z 2.000 1.998 

wave function appreciably, as is shown in Table 5. 
T h a t is, the diexcited configurations in methylfluoride 
are recovered. The changes in the occupation numbers 
of the M O ' s of methylfluoride and the fluoride ion due 
to the interaction are given in Table 6.15) T h e results 
confirm our conclusion that the electron derea l iza t ion 
from the 2p x orbital of the fluoride ion to the 6at M O 
of methylfluoride plays the key role in the early stage 
of the SN2 reaction.16) 

D i s c u s s i o n 

As the first a t tempt to test the validity of our analysis, 
we carried out a preliminary evaluation of the expansion 
coefficients by the use of a perturbation formalism. The 
breakdown of the energy and the electron density was 
made tentatively by utilizing the coefficients. It may 
be unnecessary to say that they can be replaced by those 
derived from a configuration analysis of an SCF wave 
function of the interacting system. In this respect, the 
present method retains the flexibility of adapting to 
any degree of sophistication in the M O methods. At­
tempts to get information about the aspects of com­
plicated chemical reactions by means of elaborate M O 
calculations seem to be getting more and more frequent 
in organic chemistry with the progress of computing 
facilities. O n the other hand, the concept of orbital 
interaction based on rather simplified reaction models 
has provided us with some governing principles of 
chemical reactions.17) Though qualitative in nature, 
the approach offers a promise of uncovering new in­
sights into chemical reactions. In this study, we pre­
ferred a configuration interaction approach4b) to the 
one-electron-orbital interaction approach,17) because the 
former is expected to be capable of elucidating the 
characteristics of chemical interactions in a more ac­
ceptable manner both chemically and physically. 

We have focused our attention mainly on the develop­
ment of a method of relating the qualitative bu t lucid 
theory of molecular interactions to up-to-date com­
putations of chemically interacting systems in a quanti ta­
tive way. T h e numerical results presented here with 
regard to an 6*N2 reaction do not necessarily give us 
novel information about the nature of the reaction. 
One may recognize, however, that further applications 
and possible refinements to fit for various kinds of re­
actions, involving open-shells, external perturbations,18) 



2214 Hiroshi FUJIMOTO and Nobuhiro KOSUGI [Vol. 50, No. 9 

and so on, will verify the utility of our method for 
studying the molecular mechanisms of chemical reac­
tions. 

I t has been demonstrated in this calculation that our 
isolated-molecule approach gives us a wave function 
which is comparable to the one obtained by the SCF 
CI calculation of the composite system. The usual 
SCF M O method possesses a serious drawback in that 
it fails to give a stable solution for weakly interacting 
systems. Therefore, it is necessary to employ the mul-
ticonfiguration SCF M O method in place of the single 
configuration SCF M O method to study weak interac­
tions. O n the contrary, our present method is quite 
useful in dealing with loosely bound systems, such as 
the early stages of chemical reactions and dissociation 
processes. Applications to strongly interacting systems 
by enlarging the basis electron configurations are in 
progress. 

Finally, it should be noted that the destabilization 
of an interacting system due to the necessary distortion 
of the reactants in the course of the reaction must be 
an important source of activation energy, though the 
distortion is likely to take place in such a way as to 
promote further electron derealization.1 9) Accodingly, 
in order to obtain a reasonable activation energy from 
an M O calculation, it seems to be important to employ 
a basis set which is able to reproduce the energy change 
for a wide range of molecular deformations of the re­
actants. 
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The 14N nuclear quadrupole resonance (NQR) was studied on three kinds of molecular complexes of urea, 
such as the urea-hydrogen peroxide complex (H 20 2 complex), the urea-sodium chloride-water complex (NaCl 
complex), and the urea-sodium bromide-water complex (NaBr complex). The 14N quadrupole coupling constants 
and asymmetry parameters are as follows: \e2Qq/h\ =3493.8 kHz and f] = 0.3456 for the H 2 0 2 complex; \e2-
Q,g/h\ =3597 kHz and J? = 0.293 for the NaCl complex, and \e2Qq/h\ =3636.7 kHz and )? = 0.2778 for the NaBr 
complex. From the temperature dependence of the resonance frequencies, it is considered that the hydrogen bonds 
in the H a 0 2 complex are stronger than those in the NaCl complex. The electron densities at nitrogen atoms in these 
complexes were derived from the corresponding NQR parameters, and were compared with those in urea. 

The molecular complexes of urea have been investi­
gated by various spectroscopic methods.1 '2) The NQR. 
method is particularly useful for investigating the charge 
distributions in these complexes. However, only a few 
14N NQR. data on molecular complexes have been re­
ported thus far. Therefore, we planned to examine 
14N N Q R in molecular complexes of urea, such as the 
urea-hydrogen peroxide complex ( H 2 0 2 complex), the 
urea-sodium chloride-water complex (NaCl complex), 
and the urea-sodium bromide-water complex (NaBr 
complex). O n the basis of the 14N N Q R in these com­
plexes, the strength of the hydrogen bonds and the 
charge distributions at the nitrogen atoms were com­
pared with those in urea itself. 

Exper imenta l 

The 14N NQR spectra of the H 2 0 2 complex, the NaCl 
complex, and the NaBr complex were obtained by the use 
of a frequency-modulated spectrometer described previously.3) 
The resonance frequencies were measured by means of a 
heterodyne-type frequency meter, the frequency of which was 
checked by means of a frequency counter, TR-5104, from 
the Takeda Riken Co. Measurements were carried out at 
several temperatures between the temperature of liquid nitro­
gen and room temperature. The temperatures were measured 
by the use of a copper-constantan thermocouple. 

Preparation of Samples. The sample of the H 2 0 2 com­
plex was obtained by cooling a solution of urea in 30% hydro­
gen peroxide, in a molar ratio of 2 : 3, the solution had been 
heated for a few minutes at a temperature of about 60 °C.4> 
Found: C, 12.96; H, 6.39; N, 30.02; H 2 0 2 , 34.6%. Calcd 
for the H 2 0 2 complex: C, 12.77; H, 6.43; N, 29.78; H2Oa , 
36.2%. 

The sample of the NaCl complex was prepared by slowly 
evaporating an equimolar solution of urea and sodium chlo­
ride.5) Found: C, 9.48; H, 4.39; N, 21.81; CI, 25.4%. 
Calcd for the NaCl complex: C, 8.80; H, 4.43; N, 20.52; 
CI, 26.0%. 

The sample of the NaBr complex was obtained from an 
equimolar solution of urea and sodium bromide. Found : C, 
6.62; H, 3.24; N, 15.66; Br, 43.4%0. Calcd for the NaBr 
complex: C, 6.64; H, 3.34; N, 15.48; Br, 44.2%. All the 
samples were ground into powder after drying, and about 
a 20-g portion of the samples was used for the measurement. 

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

Generally a pair of 14N N Q R frequencies, v_ and 
v+, are observed for a species of nitrogen atoms: 

\e2Q.g\ 
Ah (3±9), (1) 

where \eiQ_qjh\ and f} are the quadrupole coupling 
constant and the asymmetry parameter respectively. In 
the H 2 0 2 complex and the NaBr complex, a pair of reso­
nance lines was found, as is shown in Fig. 1. The 
quadrupole coupling constants and asymmetry param­
eters derived from these frequencies are listed in Table 
1. In the case of the NaCl complex, four resonance lines 
were found, as is shown in Fig. 1. However, these lines 
could not be paired because both higher and lower 
lines of the two pairs were closely spaced. Accordingly, 
the quadrupole coupling constant and the asymmetry 
parameter were derived from the average values of 
v_ and v+; they are listed in Table 1. 

OC(NH2)2-H202 

OC(NH2)2-NaCl-H20 

OC(NH2)2-NaBr-H20 

2.3 2.4 2.5 

2.3 2.4 2.5 

| -, ! _ + _ 
2.3 2.4 2.5 

-X/- 2.9 3.0 (MHz) 

2.9 3.0 (MHz) 

2.9 3.0 (MHz) 

Fig. 1. NQR absorption lines in urea complexes at 
liquid nitrogen temperature. 

TABLE 1. NQR PARAMETERS IN UREA COMPLEXES 

Complex ,_/kHz v+/kHz l«"Q//Al/ v kHz 

OC(NH2)2-H202 2318.4 2922.3 3493.8 0.3456 

OC(NH2)2-NaCl-H20 ^428.7 2958.8 3 5 9 ? Q 2 g 3 

OC(NH2)2-NaBr-H20 2474.8 2980.1 3636.7 0.2778 

Figure 2 shows the temperature dependence of the 
resonance frequencies of the v+ lines in the H 2 O a com­
plex, the NaCl complex, and urea.6) In the case of 
the NaCl complex, the intensities of the v+ lines de­
crease gradually as the temperature rises, and become 
too weak to be observed at 181 K. The temperature 
dependence in the H 2 0 2 complex is slightly smaller than 
that in urea, as is shown in Fig. 2. In the case of the 
H 2 0 2 complex, each nitrogen atom of the urea mol­
ecule makes two hydrogen bonds, N - H - O , with 
lengths of 2.94 A and 3.04 Â,4> as is shown in Fig. 3, 
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2950F 
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fr 2900h 

PH 

2850h 
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Temp/K 

Fig. 2. The temperature dependence of the resonance 
line, v+, in urea-sodium chloride-water, urea-hydrogen 
peroxide, and urea. 

whereas those in urea are 2.99 and 3.04 Â.7> The 
smaller temperature dependence in the H 2 O a complex 
can be explained by the difference in the hydrogen-
bond distance between the H 2 O a complex and urea. 
T h a t is, the hydrogen bonds in the H 2 O a complex are 
slightly stronger than in urea. O n the other hand, 
Fig. 2 shows that the temperature dependence in the 
NaCl complex is nearly equal to that in urea. This 
suggests that the hydrogen bonds in the NaCl complex 
are nearly equal to those in urea and are weaker than 
in the H 2 0 2 complex. 

In the H 2 0 2 complex, the hydrogen bonds are not 
very strong, as is shown in Fig. 3. Therefore, the elec­
tronic state of nitrogen in the N H 2 group may be con­
sidered to be nearly equal to that in urea, and we as­
sumed the nitrogen <r-bond orbitals to be sp2-hybrids. 
In the case of the NaCl complex, there are two crystal-
lographically nonequivalent nitrogen atoms, and each 
nitrogen atom forms only one hydrogen bond with a 
chloride ion of sodium chloride, the length of which 
is 3.05 or 3.22 Â.5> However, the electronic state 
of nitrogen in the N H 2 groups may be considered not 

to be largely different from that in urea, and we assumed 
that the nitrogen tf-bond orbitals are sp2-hybrids. As 
is shown in Table 1, the quadrupole coupling constant 
and the asymmetry parameter in the NaBr complex 
are nearly equal to those in the NaCl complex. There­
fore, we assumed sp2-hybridization for nitrogen, as 
above. 

The electron densities of the nitrogen atoms in these 
complexes can be calculated by means of the following 
equations derived by Lucken:8) 

2ç- WQqle*dqv\ = 3(*-6)( l -cot«y) , 

(1-37/3). \e*Qq/e*(lqv\ = a - c, 

(2) 

(3) 

where a is the electron density in the lone-pair orbital; 
b and c are the «r-electron densities in the N - C and 
N - H bonds respectively; 2y is the Z H N H bond angle, 
approximately 120°, and \e2Qqp/h\ is the quadrupole 
coupling constant due to one 2p-electron of a nitrogen 
atom. In the case of the H 2 0 2 complex, the NaCl 
complex, and the NaBr complex, it is assumed that 
| e2Qjjvjh | is 9 M H z and that the «/-electron density for 
the N - C bond is the same as that for the N - C bond 
in urea (1.206) ;8> therefore, the values of the a and c 
parameters can be evaluated. Table 2 lists the values 
thus obtained. The aNn values in these complexes 
decrease in the order of the H 2 0 2 complex, the NaCl 
complex, and the NaBr complex, showing that the 
strength of the hydrogen bond decreases in this order. 

TABLE 2. ELECTRON DENSITIES IN UREA AND ITS 

MOLECULAR COMPLEXES 

Compound 0 N H Lone-pair 

OC(NH2)2 

OC(NH2)2-H202 

OC(NH2)2-NaCl-H20 
OG(NH2)2-NaBr-H20 

1.331 
1.340 
1.323 
1.318 

1.679 
1.684 
1.684 
1.685 

Fig. 3. The crystal structure of urea-hydrogen peroxide 
(b-axis projection). 

O n the other hand, the #NH value in the H 2 0 2 complex 
is larger than that in urea. This suggests that the hydro­
gen bonds in this complex are stronger than those in 
urea, which is parallel to the conclusion from the tem­
perature dependence of the resonance frequencies. 
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A statistical thermodynamic theory of binary liquid mixtures has been worked out on the basis of the equivalent 
free volume defined without use of lattice model. A liquid mixture is regarded as a mixture of hard spheres im­
mersed in a uniform background potential. The total free energy is expressed as the sum of terms given by 
the analytical solution of the generalized Perçus-Yevick equation for the hard sphere mixture and the term resulting 
from the uniform background potential. Thermodynamic functions are in a simple form convenient for practical 
applications. The nature of the equivalent free volume for the mixture which consists of molecules differing 
in size is elucidated. The energy interaction parameters and excess thermodynamic functions for eight binary 
mixtures composed of nonpolar molecules are calculated, and the results are discussed. 

Since the designation of "regular solution" by 
Hildebrand and Scott1) attempts have been made to 
develop a statistical theory of liquid mixtures. The 
most remarkable theories are those presented by 
Prigogine and co-workers,2) and Flory.3) Prigogine et 
al. presented the theories based on the average poten­
tial model, and Flory introduced the interactions be­
tween surface-sites of molecules, using the corresponding 
state theorem. These theories have been used by many 
workers during the last two decades.4) However, the 
basic assumptions underlying the theories seem to re­
quire further examination. 

The most important problem in the statistical theories 
of liquid mixtures is to estimate the "entropy of mixing" 
for the mixtures composed of molecules differing in size. 
A cell or lattice model has been used for estimation, 
but no rigorous treatment has been given so far. The 
solution for mixtures of hard spheres was first given by 
Lebowitz,5) who succeeded in obtaining an analytical 
and explicit solution of the generalized Perçus-Yevick 
equation. 

Snider and Herrington6) made a direct application 
of the Lebowitz solution to binary mixtures on the basis 
of the Longuet-Higgins and Widom model7) which was 
proposed first for pure fluids. For the excess thermo­
dynamic functions of binary mixtures of nonpolar mol­
ecules, they obtained good agreement between the cal­
culated and experimental values. Marsh and others 
tested Snider and Herrington's treatment for several 
binary mixtures8) and Kreglewski et al. carried out a 
statistical thermodynamic treatment along the same 
line.9) However, the physical nature of those theories 
remains unclarified. 

The equivalent free volume for mixtures of hard 
spheres has been defined on the basis of the Lebowitz 
solution without assuming any specified lattice.10) We 
indicate in the present work that all molecules consti­
tuting a liquid mixture hold the same magnitude of 
the "equivalent free volume" in spite of their different 
sizes. A simple and convenient formulation of thermo­
dynamic functions for liquid mixtures is at tempted in 
terms of equivalent free volume. 

For calculation, molecular parameters for each com­
ponent are usually determined from the thermodynam-
ical data for pure species. However, the energy inter­
action parameter between different species, which is 
necessary for the calculation of various excess thermo­

dynamic functions, can not be obtained directly. The 
data for one of excess functions are used to determine 
the parameter . Excess enthalpy or excess Gibbs free 
energy has been used so far for the determination of 
the parameter . Snider and Herrington6) calculated 
the energy interaction parameter for binary mixtures 
from the experimental values of excess Gibbs free 
energy. We have determined it from the observed 
values of excess volume obtained more easily than for 
the other thermodynamic functions such as excess heat 
etc. The results are satisfactory. Their significance is 
discussed in this paper. 

Theory 

The Liquid Model. For the formulation of the 
theory, the liquid mixture consisting of various species 
of molecules is regarded as a mixture of hard spheres 
immersed in a uniform background potential resulting 
from the attractive forces between molecules. Longuet-
Higgins and Widom7) applied the model to liquid Argon. 
The model has later been applied to pure liquid and 
solutions by several workers6 '9-11) including the present 
authors. 

The Free Energy and Entropy. In the liquid model, 
the translational par t of the total parti t ion function for 
the mixture becomes identical with the partition func­
tion for the mixture of hard spheres with no attraction 
between themselves. In a previous paper,10) an analyt­
ical expression was given on the translational partition 
function for mixtures of hard spheres on the basis of the 
Lebowitz solution for the Perçus-Yevick equation. A 
partition function Z 0 at a given volume V and tempera­
ture T for an assembly of r components is expressed as 

Zn = 
N\ 

UNt\ 
n i^n'WT- <» 

The Helmholtz free energy F0 becomes 

A2 "HH 
- TASiA.mix.. (2) 

T h e equivalent free volume fraction fm is given by 

9 V 1 
fm = ( l - £ ) exp 

n N ( l - £ ) 2 (2XY-2XYÇ+X3) 

(3) 
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and the packing fraction for the mixture, £, by 

n N, 
-R\ (4) 

where Nt is the number of molecules, mi the mass, Rt 
r 

the diameter of hard spheres for z-th species, N(= 2iVf) 
« = i 

the total number of molecules, and 

-Sil R\ 
L n Nt 

i=\ O V 
Rt. 

The ideal entropy of mixing AiSid. m i x . is 

.mix. — 

(5) 

(6) 

Equation 2 (or Eq . l ) is seen to have a form which 
is identical with that given in the usual free volume 
theories. Thus we have the "equivalent free volume," 

vf = V/JN. (7) 

Hence, fm has been defined as the "equivalent free vol­
ume fraction,"10) which is an extension of the case of 
a one-component fluid11) to mixtures. No cell or lat­
tice model is presupposed in the definition of the equiv­
alent free volume. 

Equation 2 indicates that the equivalent free volume 
vf is the same for all the species in the mixture, in 
spite of their different sizes. The physical meaning of 
this remarkable fact will be discussed, in comparison 
with the interpretation of "free volume" made in the 
usual free volume theories of solutions.12) 

Let us assume that the attractive forces give rise 
to a uniform background potential, taking the liquid 
model proposed by Longuet-Higgins and Widom7) into 
consideration. A uniform background potential is given 

by f / B G ^ - ^ l S S v ^ ) / ^ where x^NJN) is 

the mole fraction of i-th species, au the energy con­
stant for the pure component, and a^(zVj) the ad­
ditional one for the mixture.13) Thus, the free energy 
is written as 

N2 

0 F = Fn- T / - ( S S XiXfiij) 

= Fli,m-NkT]n(fm) ~ 
N2 

v « j 
(8) 

where .Fid m is the free energy of the mixture of ideal 
gases which is given by14) 

F(V, r.iv-tfrhd.m = - m r i ] W 2 ^ f r J / 2 

-NkTh^Çj- TASit 0) 

The first term Flät m in the right-hand side of Eq. 8 
is the ideal term, the second one —NkT\n(fm) is the 
contribution from the repulsive interaction between 
molecules in the fluctuational thermal motions, and the 
third one is that from the uniform background poten­
tial in which the molecules constituting the mixture are 
immersed. 

T h e entropy S is expressed as 

S=Sid,m+Nkln(fm), (10) 

where Sidi is given by 

S(V, T, Ny-NrU,* = Nk 2 Xiln(27tm?T)Z/2 + 4rM 

+ Nk ln| (4) 
A2 / ' 2 

+ ASid.mix.. (11] 

The Equation of State. Differentiating Eq. 8 with 
respect to V at constant T, we have 

V / df \ N2 

pV=NkT+ NkT—(-£- ) - — ( 2 2 **/*,) 
Jm\ Ov /T,N * i j 

N2 

= NkTlm{Ç) - - — ( 2 2 xtxjatj), 
v i j 

(12) 

(13) 

where 

x»(£) -
: i - ^ 

[l-$)2+— ^(XY-XYÇ+X*) 
n J\ 

(14) 

Xm(£) is the compressibility factor given by Lebowitz.5) 
Excess Thermodynamic Functions. Various excess 

molar quantities are given in the following. The excess 
volume VE is given by 

V* = V-JlxiVi, (15) 
i 

where Vt and V are the molar volume for the pure 
fluid of i-th. species and that for the mixture, respectively. 

The excess free energy FE is given by 

F* = F - 2 XiFt + TASid.mix., (16) 
i 

where Fi is the free energy for the pure fluid of ^-th 
species. Thus FE is derived as follows by means of 
Eq. 8. 

Nl _ Ni 
7 ^ 2 2 ***/«i/ — 2 Xi—-uu 
y i j î Vi 

(17) 

where fi is the equivalent free volume fraction for the 
pure fluid of z'-th species and NA Avogadro's number. 

For the excess entropy, using Eq. 10 we obtain 

S* = S - 2 XiSi - A^id.mix. 

= ^ A * 2 * i M ^ ) (18) 

Ignoring the difference between the energy and en­
thalpy of a liquid at ordinary pressure, we obtain the 
excess enthalpy HE from Eqs. 17 and 18. 

HE = FE + TSE = -
N Nl 
— 2 2 XiXjOij- 2 Xi—y-au 
V i j i Vt 

(19) 

Eqs. 17 and 19 can be expressed in terms of ?, using 
the equation of state at vanishing pressure.11»15) Equat­
ing the right-hand side of Eq. 13 to zero, we obtain 

(Nl/V) 2 2 XiXjatJ - NAkTzm(Ç) (for a mixture), 

(NllV)au = NAkTX($i) 

(20) 

(for a pure fluid), 

(21) 

where $t is the packing fraction for the pure fluid of 
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species i. % (£J is the compressibility factor for a one-
component fluid of hard spheres.16) Eqs. 17 and 19 
are rewritten as follows: 

TABLE 1. ENERGY PARAMETER an FOR PURE COMPONENTS 

FE = -NAkTJ]xM m 
-tfAmz»(£)-S**x(£i)L 

and 

ThejQ11) and X(^)16> are given as 

3&(2-e,) ' 
fi = ( l - f i ) exp 

2(1-I02 J 
and 

z(e<) -
(î+fi+eî) 

_ £ , Ï 3 » (1 - f i ) 

respectively, where 

* ~ 6 F, " 

(22) 

(23) 

(24) 

(25) 

(26) 

It is confirmed that the free energy of a pure fluid of 
species i is derived from Eq. 8 for the mixture when 
xt=\ and all Xj=0 for i^j. For the case of a one-
component fluid, we see that / T O (Eq. 3) is reduced to 

fi (Eq. 24) and that UBG for the mixture becomes 
UBQ=—N2aiiIVi, which is the uniform background 
potential for a pure fluid.7) 

Calculat ion and R e s u l t s 

The binary liquid mixtures chosen in this work consist 
of nonpolar molecules which are regarded as approxi­
mately spherical. Calculations have been made for 
equimolar mixtures. 

Determination of au for a Pure Component. T h e 
energy parameter au for a pure fluid is determined 

. from the observed values of molar volume Vt and those 
of the heat of vaporization A/ / v a p . at a given tempera­
ture, using the relation 

au = (Vi/Ni) (AH^.-NAkT). (27) 

The values of x(£ t) , £*, a n d / f are calculated by means 
of Eqs. 21 , 26, and 24, respectively. 

For the determination of au, we have used the ob­
served values of A//V a p . and of Vi at 25 °C, except for 
the case of neopentane for which boiling-point data 
have been used. Experimental data of Vt and A//V a p - , 
and the calculated values of au are given in Table 1, 
where aH is expressed in kcal cm3/mol2 . All the ex­
perimental data refer to ordinary pressure. 

Calculation of the Energy Interaction Parameter between 
Different Species, <z12, and Excess Thermodynamic Functions. 

Experimental data and calculated values are given 
in Table 2. For a binary mixture we have 

Ç = ( * A r i + *AK a)/F, (28) 

and 

«12 = 
V 

m 
NAk Tx m (f) -t;;- - (xWn + xla22) 

1 

J 2x1x2 

(29) 

By means of Eq. 28, £ is calculated from the observed 
value of excess volume VE at 25 °C (at 0°C for the 

GG14 

C6H6 

£-C6H12 

C6H5CH3 

G(GH3)4 

T 
(°G) 

25 
25 
25 
25 
9.5 

Pi.obsd 
(cm3/mol) 

97.09a) 
89.41a) 

108.75a) 
106.85a> 
119.67a) 

A#vap. 
(kcal/mol) 

7.83b> 
8.09a> 
7.896

a) 
9.08a) 
5.44-=) 

an 
(kcal cm3/mol2) 

702.7 

670.4 
794.3 
906.9 
583.8 

a) J. Timmermans, "Physico-Chemical Constants of Pure 
Organic Compounds," Elsevier Publ. Co., Amsterdam 
(1950, 1965). b) See Ref. 1. c) N. A. Lange, "Lange's 
Handbook of Chemistry," McGraw-Hill, New York 
(1973). 

systems including neopentane). a12 is then obtained 
by means of Eqs. 29, 14, and 5. 

The calculated values of HE are obtained by Eqs. 
23, 14, and 21 , those of TS* being obtained by Eqs. 
18, 3, and 24. The agreement between the calculated 
and observed values is good. 

The values of a12 calculated from the observed values 
of excess enthalpy HE are also given in Table 2 for a 
comparison with those obtained from the excess volume. 
In calculating £ from //oLa, Eq. 23 has been used re­
placing V by {x1$1V1-\-x2$2V2)j$. The agreement be­
tween the values of a12 from FoLd and those from 
//obsd is very good. 

Other excess functions Fcficd and TS<.fieA obtained 
from i/obsd are also given. 

Equivalent Free Volume Fraction. We have calcu­
lated the values of equivalent free volume fraction ft 

a n d / m using Eqs. 24 and 3. The values of/4 (the free 
volume fraction for the pure liquid i), packing fraction 
£ t and equivalent free volume are given in Table 3. 
A free volume refers to Vifi(=Nvf(cm3lmo\)). T h e 
values of fm which are identical for all components 
constituting the mixture, £ and Vfm are given in Table 
4. 

D i s c u s s i o n 

Equivalent Free Volume Fraction for Mixtures. T h e 
concept of the equivalent free volume fraction was 
investigated for the case of a one-component hard-sphere 
fluid.11) The same argument is applied to the case of 
mixtures. 

As shown in Eqs. 1, 2, and 8, the free volume available 
for the molecule within the liquid mixture is Vfm. The 
equivalent free volume fraction fm given by Eq. 3 
consists of a factor (1— £) and an exponential factor. 
T h e former is equal to the fraction of void space for the 
total volume V, and the latter is supposed to come 
from the volume exclusion effect of hard sphere 
molecules in their thermal motions, similar to the 
case of a one-component fluid.11) 

The further problem is associated with the fact that 
the molecules constituting a mixture differ in size. We 
see from Eq. 2 that Vfm is identical for all species of 
molecules included in the mixture, where fm is determin­
ed from the diameters and number densities of all the 
constituents (Eq. 3). In other words, the same magni­
tude of the equivalent free volume, vf=Vfm/N, is as-
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TABLE 2. ENERGY INTERACTION PARAMETER a12 AND EXCESS THERMODYNAMIC FUNCTIONS FOR EQUIMOLAR 

MIXTURES AT 25°G (AT 0 °C FOR CC14+C(CH3)4 AND G6H6 + G(GH3)4) 
a12 is in kcal cm3/mol2, VE in cm3/mol, and HE and TSE in cal/mol. 

CC14+C6H6 

CC14+C-C6H12 

C6H6+c-C6H12 

CC14+C6H5CH3 

G6H6 + G6H5GH3 

c-C6H12 + G6H5GH3 

CC14 + G(GH3)4 

C6H6 + G(GH3)4* 

l^obsd 

0.01b) 
0.16f> 
0.651) 

-0 .04D 
0.061) 
0.56(±0.01)J-

-0 .53D 
-O.51) 

Observed 

TTE 
" o b s d 

27(±l)c-d>e> 
40c«s) 

192J) 
101) 
1 5 ( ± 1 ) l , m , n ) 

•m'°) 146(±4)J'm 'n« 
75r) 

(135) i.') 

nroE a) 
1 ^obsd ' 

6b) 
23*> 

118k) 

p) 

- 3 i ) 

a12 

685.5 
741.9 

706.9 

798.2 

778.3 

823. j 
623. e 

601.0 

Calculated 
from F*bid 

-Scaled 

12 
41 

185 
- 1 
14 

172 
, 202 

(236) 

Tocalcd 

4 
14 
59 

- 2 
7 

46 
42 
73 

y~ 

a12 

683. 
742. 
706. 
796. 
778. 
827. 
641. 
621. 

Calculated 
from //fbSd 

Ffllcd 

5 0.07 
1 0.15 

0 0.68 
., 0.00 
1 0.07 
1 0.45 

8 - 1 . 2 2 

4 - 1 . 2 7 

7>Jcalcd 

9 
13 
62 

1 
7 

39 
2 

27 

a) Estimated from the observed values of excess Gibbs free energy and i/fbsd. b) G. Scatchard, S. E. Wood, 
and J . M. Mochel, J. Am. Chem. Soc., 62, 712 (1940). c) J . R. Goates, R. J . Sullivan, and J . Bevan, J. Phys. 
Chem., 63, 589 (1959). d) J. A. Larkin and M. L. McGlashan, J, Chem. Soc, 1961, 3425. e) C. G. Savini, D. R. 
Winterhalter, L. H. Kovack, and H. C. van Ness, J. Chem. Eng. Data, 11, 40 (1966). f) S. E. Wood and J. A. Gray, 
J. Am. Chem. Soc, 74, 3729 (1952); M. D. Pena and M. L. McGlashan, Trans. Faraday Soc, 57, 1511 (1961). g) 
H. Kehlen and H. Sackmann, Z. Physik. Chem. (Frankfiurt), 50, 135, 144 (1966). h) G. Scatchard, S. E. Wood, 
and J . M. Mochel, J. Am. Chem. Soc, 61, 3206 (1939). i) S. E. Wood and A. E. Austin, J. Am. Chem. Soc, 67, 
480 (1945). j) A. E. P. Watson, I. A. Mclure, J . E. Bennett, and G. C. Benson, J. Phys. Chem., 69, 2753 (1965). 
k) G. Scatchard, S. E. Wood, and J . M. Mochel, J. Phys. Chem., 43, 119 (1939). 1) R. P. Rastogi, J. Nath, and 
J. Misra, J. Phys. Chem., 71, 1277 (1967). m) A. R. Mathieson and J. C. J . Thynne, J. Chem. Soc, 1956, 3708. 
n) Kuei-Yen Hsu and H. L. Clever, J. Chem. Thermodyn., 7, 435 (1975). o) S. A. Sanni, C.J . D. Fell, and H. P. 
Hutchison, J. Chem. Eng. Data, 16, 424 (1971). p) G. W. Lundberg, J. Chem. Eng. Data, 9, 193 (1964). q) V. 
Mathotand A. Desmyter, J. Chem. Phys., 21, 782 (1953). r) A. Englert-Chwoles, J. Chem. Phys., 23, 1168 (1955). 
* For C6H6+C(CH3)4 system, the values in bracket are those of excess Gibbs free energy, and the values given 
in columns 8—10 are calculated from excess Gibbs free energy. 

TABLE 3. EQUIVALENT FREE VOLUME FRACTION ft, FREE 

VOLUME Vf (cm3/mol) AND PACKING FRACTION 

$i FOR PURE LIQUIDS AT 2 5 ° C 

/*xio3 V f 

CC14 

G6H6 

c-C6Hi2 

C6H5CH3 

C(CH3)4*) 

8.96 
7.94 
8.69 
5.11 

22.23 

a) Calculated for 0 °C. 

0.87 
0.71 
0.94 
0.55 
2.62 

0.48i 
0.486 

0.482 

0.503 

0.437 

TABLE 4. EQUIVALENT FREE VOLUME FRACTION fn 

FREE VOLUME Vf,m ( c m 3 / m o l ) AND PACKING 

FRACTION £ FOR MIXTURES AT 2 5 ° C 

fmxiœ 'f,m 

CC14 + C6H6 

CC14+C-C6H12 

G6H6 + <;-C6H12 

CC14 + C6H5CH3 

C6H6 + C6H5CH3 

oC6H12 + C6H5CH3 

CC14 + C(CH3)4*) 
C6H6 + C(CH3)4a> 

a) Calculated for 0 

8.48 
9.00 
9.07 
6.74 
6.41 
7.17 

12.42 
12.26 

°C. 

0.79 
0.93 
0.90 
0.69 
0.63 
0.78 
0.69 
0.66 

0.483 

0.48i 
0.48i 
0.493 

0.495 

0.490 

0.466 

0.467 

signed to all the molecules included in a liquid mixture 
in spite of the difference in their diameters. 

In the usual free volume theories of solutions, it is 

important to know how the available total free volume is 
shared between molecules differing in size. However, 
the determination whether the free volume is shared 
equally between the molecules or shared unequally be­
tween them is made with some ad hoc assumptions.2 '12 '17) 
T h e present treatment starting from Eqs. 2 and 8, con­
sidered to be equivalent to the free volume theory of 
fluids, suggests that the available total free volume for 
a fluid mixture is shared equally between the molecules. 

We see from Tables 3 and 4 that the values of the 
equivalent free volume fraction are in the range 5— 
9 X 10 - 3 in most cases of pure fluids and mixtures, and 
that the values of free volume are in the range 0.55— 
0.93 cm3/mol. We obtain / i < / T O < / 2

 m m o s t ; cases, 
where subscripts 1 and 2 refer to pure components con­
stituting the mixture. T h e values of packing fraction 
$ are in the range 0.48—0.50 and we have ^ 1 <^<f £ . 
T h e values for the systems including neopentane differ 
considerably from those shown above. This might be 
attributed to the fact that the temperature of measure­
ment is near the boiling point of C(CH 3 ) 4 . 

The Generalized van der Waals Equation of State and the 
Longuet-Higgins and Widom Model. Longuet-Higgins 
and Widom7) proposed the following equation of state 
for pure fluids. 

PV = p0V - aN*IV, (30) 

where p0 is the pressure exerted by hard cores taken to 
be the true 3-dimentional hard-sphere pressure rather 
than the value NkT\{V—b) as in the original van der 
Waals theory. 
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The equation of state Eq.13, which was presented for 
binary mixtures by Snider and Herrington,6) is an ex-
tention of the generalized van der Waals equation of 
state Eq. 30 to mixtures. 

The liquid model of Longuet-Higgins and Widom 
rests on the following view for fluid. The repulsive 
forces between molecules play the most important role 
in determining the short range behavior of molecules 
in a liquid, the attractive forces merely maintaining the 
liquid density. This view seems to be essentially cor­
rect, as stated also by Leland, Rowlinson and Sather13). 
The Lebowitz solution is an analytical solution of the 
generalized Percus-Yevick equation for hard sphere 
mixtures, giving the "entropy of mixing" for mixtures 
on the theoretically more sound ground than the lat­
tice theories of fluids.18) Snider and Herrington used 
the equation of state of hard spheres obtained from the 
Lebowitz solution, but they did not elucidate the nature 
of the Lebowitz solution, giving very lengthy expressions 
untractable for practical use.20) 

Energy Parameters and Excess Functions. T h e 
values of a12 from V^A are in extremely good agree­
ment with those from //„baa (fifth and eighth columns, 
Table 2). The values do not differ from each other by 
more than about 0 .5%, except in the case of the systems 
including neopentane. T h e energy interaction param­
eter a12 between different species has been introduced 
for extending a uniform background potential for pure 
fluids to mixtures ( UBQ — — Nl S S t f ^ a ^ / V) • The d i k ­
ing agreement between the values of <z12 from V0%Ba 
and those from H^ shows the reality of that param­
eter and the effectiveness of the present treatment. 

In order to determine a12, data for one of excess 
thermodynamic functions must be used. Usually, the 
experimental data of HE or that of the excess Gibbs 
free energy is used. T h e results shown in Table 2 permit 
us to calculate the values of a12 from the measured values 

of VE (or density). This is very useful in practical ap­
plications since the density can be measured more easily 
than other thermodynamic quantities such as excess 
heat. 

T h e agreement between the values of HE calculated 
from FoÜsd and the experimental values is fairly good. 
This is ascribed to the good agreement between the 
values offl12from VJiza and those from H£,*&. Reason­
able values of HE and SE as well as a12 can be ob­
tained from Volsü. 

In the present treatment, au has been regarded as 
unchanged with the variation of temperature . In order 
to determine the values, the observed values of A//V a p . 
and Vt at 25 °C were used. T h e values of au for C 6 H 6 

calculated from the data of A.//Vap# and Ff at various 
temperatures are given in Table 5. T h e standard devia­
tion of errors in the values of au is about 7 kcal cm3/ 
mol2 (about 1.1% to the mean values) in the range 
10—50 °C. T h e values of au can be regarded to be 
constant in this range. In the range, 0—80.1 °G (boil­
ing point) , it is about 14.4 kcal cm3 /mol2 (about 2 .2%) . 

Temperature Dependence of Excess Functions and Energy 
Parameters. The calculation of excess functions for 
the binary mixtures of CC14, C 6 H 6 and c-G6H12 at 20— 

TABLE 5. VALUES OF an AT VARIOUS TEMPERATURES 

FOR G6H6 

T 
(°G) 

^f.obsd 
(cm3/mol) 

A#vap. 
(kcal/mol) (kcal cm3/mol2) 

0 
10 
25 
50 
8 0 . 1 

86.78 a) 
87.82°) 
89.41°) 
92.26°) 
95.90°) 

8.358
b> 

8.217°) 
8.090°) 
7.756°) 
7.353°) 

6 7 8 . a 

672. a 

670 . 4 

656.3 
638.0 

a) S. E. Wood and J . P . Brusie, J. Am. Chem. Soc, 65, 
1891 (1943). T h e value was estimated by extrapolation. 
b) See Table 1, footnote b. c) See Table 1, footnote a. 

TABLE 6. EXCESS THERMODYNAMIC FUNCTIONS FOR EQUIMOLAR MIXTURES AND ENERGY INTERACTION PARAMETER 

a12 AT 20, 30, AND 40 °G 
VE is in cm3/mol, HE and TSE in cal/mol, and a12 in kcal cm3/mol2. 

T 
(°G) 

CC14+C6H6 

20 
30 
40 

CCl4 + oC6H12 

20 
30 
40 

G6H6 + c-G6H12 

20 
30 
40 

v;M 

0b) 
0.02b> 
0.04b) 

0.16e) 
0.16e> 
0.16e) 

0.65s) 
0.66s) 
0.66«) 

Observed 

TTE 
• "obse l 

24°) 
28°) 
31°) 

40c,e) 
4Qc,e) 
40c o) 

197b) 
190*) 
180b> 

TS*^ 

4d) 
9<i) 

12d> 

23f) 
23f) 
23f) 

1211) 
1161) 
1091) 

Calculated from 

flia 

6 8 5 . 8 

685 . 2 

684 . 7 

7 4 1 . , 
742.0 
742.3 

706 . 4 

707.! 
708.3 

" c a l c d 

9 
14 
19 

42 
40 
39 

189 
183 
175 

VE 

' o b s d 

•I " c a l c d 

3 
5 
6 

14 
13 
14 

59 
59 
58 

Calculated from H*b8d 

a12 

684.! 
683.5 

6 8 3 . j 

742.J 
742 . 2 

742.o 

7 0 5 . 5 

7 0 5 . , 
707 . 5 

S c a l e d 

0.05 
0.07 
0.09 

0.15 
0.16 
0.17 

0.68 
0.70 
0.68 

^ S c a l e d 

8 
9 

10 

13 
14 
14 

62 
61 
60 

a) See Table 2, footnote a. b) See Table 5, footnote a. c) See Table 2, footnote c. d) See Table 2, footnote 
b . e) See Table 2, footnote g. f ) See Table 2, footnote h. g) See Table 2, footnote i. h) Estimated from 
the heats of mixing as reported in the following works: G. Scatchard, L. B. Ticknor, J . R . Goates, and E. R. 
McCartney, J.Am. Chem. Soc, 74, 3721 (1952); R. Thacker and J . S. Rowlinson, Trans. Faraday Soc, 50, 1036 
(1954); W. R . Moore and G. E. Styan, Trans. Faraday Soc, 52, 1556 (1956); see also Table 2, footnote j . i) 
See Table 2, footnote k. 
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40 °C has been carried out (Table 6). For the values 
of Vi and VE we used the observed ones at each tempera­
ture. Concerning the values of au, we used those given 
in the fifth column of Table 1 regarding as unchanged 
with the variation in temperature. The results obtained 
from the data of H£si are also included in Table 6. 

We see that the calculated values for the various 
excess functions reproduce the trend of the temperature 
dependence in the observed values, but not necessarily 
the absolute magnitude. T h e values of the energy 
parameter a12, which has been treated as a constant, 
are practically constant in the range 20—40 °G. 

Concluding R e m a r k s 

A statistical thermodynamic theory of binary liquid 
mixtures has been worked out using the notion of the 
equivalent free volume fraction. 

(a) The total free energy is expressed as the sum of 
three terms: the translational term of an ideal-gas 
mixture, the term resulting from the equivalent free 
volume fraction, and the energy term resulting from 
the uniform background potential. 

(b) The equivalent free volume fraction is found to 
be identical for all species of molecules constituting the 
mixture, viz., the same magnitude of equivalent free 
volume is assigned to all the molecules in spite of their 
different sizes, which is in sharp contrast to the cases 
in usual free volume theories. 

(c) Concerning the energy parameter of mixtures, 
the form of a quadrat ic sum of atJ has been used. The 
values of the energy interaction parameter a12 calculated 
from the values of V0

B\>Si are found to be in good agree­
ment with those from Hfbsd. This result shows the 
reality of a12 and permits us to calculate the values of 
a12 f rom V0

E
bSd. 

(d) The agreement between the experimental and 
calculated values of various excess thermodynamic func­
tions is found to be good on the whole, except for the 
case of the systems including neopentane. 
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Switching in Copper-Phthalocyanine Films 
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Bistable switching between two impedance states was observed in copper-phthalocyanine films. The turn-on 
can be interpreted in terms of the steady thermal breakdown model. The stable high conductivity in the on-
state is attributed to the partly carbonized copper-phthalocyanine which was formed by Joule heating along the 
filamentary paths. The J-V characteristic in the off-state and the threshold-field strength were found to be ex­
pressed as J o e V6/d3-s and £ t h o c 1/Û?0-46 respectively. 

The memory- and threshold-switching phenomena 
have recently received considerable attention as a practi­
cal application of organic semiconductors.1 '2) Although 
similar phenomena have been reported in thin films 
of inorganic semiconductors,3-5) our understanding of 
switching is still incomplete, particularly in organic semi­
conductors. 

In the present work the preswitching conduction and 
the memory-switching characteristics have been investi­
gated in thin films of a-copper-phthalocyanine (CuPc). 

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

Pure copper-phthalocyanine was prepared by repeated sub­
limations in vacuo at 380 °C, followed by washing with acetone 
to remove any thermal decomposition products. 

The geometry of the cell was of a sandwich type, where 
copper-phthalocyanine was deposited from a Pyrex crucible 
on a cleaned glass substrate with a silver electrode which had 
been evaporated through an etched stainless steel mask. The 
upper electrodes (Al) were deposited by vacuum evaporation 
through the mask. The vacuum evaporation was performed 
at pressures below 10-6 Torr. The film of CuPc was con­
firmed to be a-type crystalline by the methods described in 
a preceding paper.6) 

The film thickness of the copper-phthalocyanine, as meas­
ured with the aid of an interferometer, varied over the 
range of 10-6—10-4 cm. The current-voltage characteristics 
were obtained by applying step voltages using a high-voltage 
dc power supply (John-Fluke, model 412 B), an electrometer, 
and a picoammeter (Takeda Riken, models TR8651 and 
TR8641 respectively). A series resistor (106O) was used to 
limit the current flow in the circuit. The measurements were 
performed at a pressure of ca. 10 -3 Torr. 

The states of the film before and after the switching were 
observed using a scanning electron microscope (Hitachi and 
Akashi, model MSM-4). 

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

In the Al -CuPc-Ag cell, the current with the forward-
bias voltage ( A g ( + ) , Al( —)) was much higher than 
that with the backward-bias voltage in the high-field 
region (Fig. 1). Its marked asymmetry can be ex­
plained by a pin-structure at the GuPc-Al junction, 
a detailed discussion of which has been given by 
Tantzscher and Hamann.7) I n the present paper the 
results with the backward-bias voltages will not be 
discussed. 

Initially the film has a very high resistance {off-state), 
and the non-linear current-voltage characteristic is ob­
served, as is shown in Fig. 1, as long as the applied 
voltage is lower than a certain value (threshold voltage; 

u 

1.5 + 
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0.5 + 

- 6 4 - 2 

AR(-I-) 

/ 

2 4 
Voltage/V 

+ -0.5 

Fig. 1. A typical V-I characteristic in the Ag-CuPc-
Al cell. Film thickness 1 .7xl0" 5cm. 

Vth). When the applied voltage exceeds Vth, the cur­
rent abruptly increases, and simultaneously the field 
drops, so that a new low-resistance state (on-state) with 
a memory effect appears. This new state can be easily 
quenched by applying a short current pulse (pulse 
width, 10 (i.s, maximum voltage, 180 V) from a capaci­
tor of 0.047 (xF. The scanning electron microscopic 
inspection of the film in the on-state shows that this state 
is accompanied by the formation of conducting channels 
(Fig. 2). The upper electrode (Al) was partly molten 
(A), and the region of CuPc (B) transformed by the 
localized Joule heating was confirmed in this figure, so 

Î 0 p 

Fig. 2. Scanning electron microscope picture of dam­
aged region. A) Partly molten electrode (Al), B) trans­
formed region. 
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that it may be presumed that a temperature higher than 
660 °G (the melting point of aluminium) has been tem­
porarily attained in this region. 

Souma8) has reported that, when GuPc was heated at 
625 °C, the carbonization and/or the condensation oc­
curred and the conductivity increased rapidly. I t has 
also been reported that poly-GuPc has a conductivity 
about 106 times larger than that of the monomer, and 
the activation energy (E) in o=oQ exp(— EjkT) was 
estimated to be 0.06 eV9) in a sample previously heated 
to 450 °C. I n the present work, the activation energy 
in the high-conductivity state was estimated to be 0.05 
eV from the temperature dependence of the current 
obtained in the range of 15—70 °G. Since this value 
is in fair agreement with the value for poly-GuPc, the 
conducting channels may be made up of the poly-
GuPc. 

Although many authors1 0 - 1 2) have reported that the 
stable on-state in some organic compounds arises from 
the formation of metallic filaments or carbonized paths, 
the exact mechanism for the formation of such filaments 
is not clear. 

T h e various models proposed to explain the memory-
switching process for chalcogenide glass, etc. can be 
classified into two categories: (1) the electronic effect 
and (2) the thermal effect. In the former case, the 
on-state without a memory effect is formed first, and the 
lock-on occurs after a certain time by the excessive cur­
rent flow in this state, while in the latter case, the switch­
ing occurs by means of the local Joule heating in the 
off-state. 

T h e measurement of the thickness dependence of the 
threshold-field strength, 2?th, which equals VtJdt is a 
very powerful method of distinguishing between the 
thermal effect and the electronic effect.13) If the 
switching is caused by the electronic mechanism, as 
explained by the space-charge-overlap model14) or 
the one-carrier space-charge limited-current (SCLG) 
model,15) in which the concentrations of the injected 
carriers are sufficient to exceed the critical concent­
ration, the threshold-field strength can be expressed 
as Eth oc (thickness). Since Fig. 3 shows that Etu is 
not proportional to the thickness, the electronic model 

a 

fcl 5h 

-5 .0 -4 .5 -4 .0 

log (thickness/cm) 

Fig. 3. The relation between \og(Eth) and log (thickness). 

can be excluded. 
O n the other hand, according to the steady-state 

thermal-breakdown model,16) the turn-on occurs when 
the temperature derivative of the power input exceeds 
that of heat loss. Below the critical point, Eq. 1 holds : 

J-V = *{T-T0), (1) 

where J is the current density; V, the applied voltage; 
A, a constant external thermal conductivity, and TQ, 
the ambient temperature. At the critical point where 
thermal breakdown commences, the following equations 
are given: 

d{J*-Vc)ldT = X, (2) 

Jc-Vc = l(Tc-T0), (3) 

where Jc and Vc are the critical current density and the 
voltage for breakdown respectively, and where Te is the 
critical temperature. 

To resolve these relations, the voltage and the thick­
ness dependence of the current density in the preswitch-
ing state were observed (Figs. 4 and 5). The results 
are experimentally expressed as JoeVe-0 and Jccljd3-8 

respectively in the high-field region, while the relation 

0 0.2 0.4 0.6 Oi 
log (V/V) 

Fig. 4. The voltage dependence of the current. 
A) 0.18 [xm, • ) 0.48 (xm, O) 1.2 fxm. 

a 
< 

- 5 . 0 - 4 . 0 -4.5 

log (thickness/cm) 

Fig. 5. The thickness dependence of the current. 
A) 4 V, • ) 5 V. 
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between the current density and the applied voltage ex­
pected from the scaling law17) (Jcc Vl+1/d2l+1) was con­
firmed in the low-field region for thicker films. Since 
the observed J-V characteristics were reversible with 
an increase and then a decrease in the voltage, the 
possibility of a thermal effect may be excluded. T h e 
high value of 1 in the high-field region may be attr ibuted 
to the other conduction components, such as the emis­
sion limited current (ELC). A quantitative analysis of 
the J- V characteristics for ELC under the conditions of 
SCLG flow was reported by the Frank and Simmons.18) 
According to this analysis, the transition from SCLC 
to ELC for the M - I - M junction can be expected to 
occur when a negative charge begins to appear on the 
cathode as well as inside the insulator, and the contact 
changes from an Ohmic to a blocking one with an 
increase in the voltage. As is shown in Fig. 6, the 
straight line in the plot of log J vs. (Vjd)1^2 indicates 
that the high-field conduction is predominantly govern­
ed by ELC in the preswitching state. 
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Fig. 6. The plots of log J vs. (V/d)1/*. 
If it is assumed that the /- V characteristic is expressed 

as Eq. 4* and that the on-state is formed filamentarily 
as is shown in Fig. 2, the critical current density in the 
area of the filamental paths is proportional to the cur­
rent density geometrically obtained (Ja) : 

Jo = C-^-cKP(-^kT)t (4) 

7c cc JQ (5) 

where C is a constant; <f>, the activation energy, and 
k, the Boltzmann constant. 

The substitution of Eqs. 4 and 5 into Eqs. 1, 2, and 
3 gives: 

F c7.0/J3.8 oc r2 
exp ($/kT0) = constant. 

Thus, 

(VJd)™ = K-d-™, 

where K is a constant. 

(6) 

(7) 

i 

-12r 

-14h 

-16 

* If the ELG relation (JQ oc exp (V/d)1/2) is used, the 
relation between 2?th and d is expressed as \ogEtiL= 
—0.5 log d-\- constant instead of by Eq. 8. 

- 6 - 4 - 2 

logC/o-PyVAcm-s) 

Fig. 7. The plots of log(aoa-d
2) vs. log(Ja'Ve). 

Since VJd is equal to Eth, Eq. 8 is obtained : 

log £ t h = - 0 . 4 6 log d + constant. (8) 

T h e solid line in Fig. 3, drawn with a slope of —0.46, 
is in fair agreement with the experimental data . In 
addition, Fig. 7 shows that <ron-d

2 is proportional to 
Jo ' ^c» where aon is the conductance of the sample in 
the on-state. Since aon • d

2 is proportional to the volume 
of the conducting paths and Ja • Ve is the heat evolved 
by the current, this result is also evidence in support 
of the thermal-breakdown mechanism. 

One of us (Y. Sadaoka) thanks the Sakkokai Founda­
tion for a grant. 
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The proton transfer from ethanol to styrene molecular anion was studied by examining the yield of the anion 
and a-methylbenzyl radical generated in y-irradiated 2-methyltetrahydrofuran-ethanol mixed matrix at 77 K by 
means of optical absorption measurements. The radical yield was found to increase in proportion to the ethanol 
fraction at the expense of the anion yield. The maximum radical yield, 2.2, was identical with the yield of scavenge-
able electron in ethanol matrix where no anion was observed. Upon photobleaching the anion was transformed 
into the radical in the matrix. The transformation efficiency was constant, ca. 0.6, for the ethanol fraction 0.3—0.9. 
It is concluded that the radical arises from the anion through the proton transfer from ethanol to the /?-carbon of 
vinyl group of the styrene anion. The proton transfer occurs readily only when a specific solvent site around the 
anion is populated by ethanol molecules. Otherwise, the proton transfer does not occur at all because of the 
restricted translational motion in the rigid matrix. 

The proton transfer to aromatic radical anions in 
alcoholic solutions has been studied by means of pulse 
radiolysis technique1) and its rate constant has been 
found to depend on the nature of the anion as well as 
the solvent. T h e proton transfer generally proceeds 
slowly because of a small pre-exponential factor in 
the rate constant. I t has been observed to occur also 
in rigid alcoholic matrices at 77 K. 2 - 4) A steric factor 
is expected to affect significantly the rate of the proton 
transfer in the rigid matrices, since the translational 
motion of reactants are highly restricted. Styrene mo­
lecular anion (styrene anion) is transformed into a-
methylbenzyl radical via proton transfer in y-irradiated 
alcoholic matrices,2 - 4) whereas it is stably t rapped in 
aprotic rigid matrix of 2-methyltetrahydrofuran ( M T -
HF) at 77 K.2) In order to elucidate microscopically 
the mechanism of the proton transfer to an anion rad­
ical we have studied the transforma tion of the styrene 
anion into the a-methylbenzyl radical in the rigid 
matrices of M T H F - e t h a n o l mixtures. The anion and 
the radical give distinct optical absorption spectra dis­
tinguishable from each other, so that the transformation 
can advantageously be followed by the optical spectro­
photometric method. 

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

MTHF was distilled several times and treated with Na-K 
alloy. GR grade ethanol (Tokyo Kasei Chemical Ind., Ltd.) 
was used without further purification. Styrene was washed 
with aqueous solution of NaOH, distilled, dried with GaH2, 
dehydrated with baked BaO and stored. It was distilled in 
a vacuum immediately before use. Sample solutions were 
degassed by a freeze-pump-thaw technique, transferred to an 
optical absorption cell of quartz or an ESR sample tube of 
quartz and sealed off in a vacuum of 10~5 Torr. y-Irradia­
tion was carried out at 77 K at a dose rate of 2 Mrad/h or 
1 Mrad/h mostly to a dose of 0.2 Mrad. Optical absorption 
spectra were recorded with a conventional recording spec­
trophotometer (Hitachi, ESP-3A or Shimadzu, MPS-50L) and 
electron spin resonance (ESR) spectra with a conventional 
X-band spectrometer (JEOL, JES-3M) both at 77 K. The 
samples were annealed, when necessary, above 77 K with a 
controlled flow of cold nitrogen gas. 

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

Yield of Styrene Anion and x-Methylbenzyl Radical. 
When an M T H F matrix containing styrene is irradiated 

at 77 K with y-rays, the styrene anion is generated 
through the electron a t tachment to styrene, giving op­
tical absorption bands at 415 and 600 nm.2>3>5) Shida 
and Hamill reported that when a matrix of ethanol 
dissolving styrene is irradiated, a-methylbenzyl radical 
is exclusively detected by its absorption band with a 
maximum at 320 nm. Formation of the a-methylbenzyl 
radical in the ethanol matrix was evidenced by means 
of the fluorescence spectrophotometric method: the 
observed emission spectrum with the 0-0 band at 470 
n m and the excitation spectra in visible and U V re­
gions are essentially the same as those for the a-methyl­
benzyl radical generated by dissociative electron attach­
ment to (1-chloroethyl) benzene in y-irradiated organic 
matrices.6) Williams and his co-workers2) demonstrated 
by ESR studies a two-step mechanism for the formation 
of the a-methylbenzyl radical from styrene in the ethanol 
matrix, an electron at tachment to styrene followed by 
proton transfer from a solvent molecule. Based on this 
mechanism, the stable trapping of the styrene anion in 
the M T H F matrix is attr ibuted to the nature of M T H F 
solvent which cannot act as a proton donor. 

A typical optical absorption spectrum recorded for 
the irradiated matrix of M T H F - e t h a n o l mixtures con-
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Fig. 1. Optical absorption spectra of a MTHF-ethanol 
mixed matrix (50 : 50 in mole) containing 50 mmol 
dm - 3 styrene irradiated by y-rays to 200 krad at 77 K 
(A) before and (B) after photobleaching with white 
light. Optical path-length: 0.2 cm. 
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taining styrène, for a solvent composition 50 : 50 in 
mole, is shown in Fig. 1A. T h e formation of t rapped 
electron was completely depressed by 30 mmol d m - 3 of 
styrene, the observed spectrum consisting of the band 
with the maximum at 320 n m due to a-methylbenzyl 
radical and the bands at 415 and 600 n m both due to 
the styrene anion. Figure 2 shows the relative yields 
of the radical and the anion monitored at 320 and 415 
nm, respectively, as a function of the mole fraction of 
ethanol, XEt0K, in the mixed matrix. The radical yield 
increases in proportion to XEt01I} while the yield of the 
anion decreases linearly. This indicates, in accord with 
the two-step mechanism, that the radical is generated 
at the expense of the anion. 

No transformation was observed from the anion into 
the radical after the irradiation as long as the matrix 
was kept at 77 K in the dark. This indicates that the 
proton transfer occurs so rapidly tha t it is completed 
during the course of y-irradiation. 

Proton Transfer in Rigid Matrix. The proton 
transfer reaction in a fluid solution is expected to follow 
the rate equation, d [Radica l ] /d£=£[Anion] [C 2 H 5 OH]. 
If we ignore subsidiary reactions such as ion recom­
bination, the ethanol concentration would affect not 
the ultimate yield of the a-methylbenzyl radical but the 
rate of the radical formation. However, the proton 
transfer in the rigid matrix showed a different feature. 
The change in XEt0H caused the change in the radical 
yield as shown in Fig. 2. 

The translational motion of molecules is highly re­
stricted in the rigid matrix. Only the anion with an 
ethanol molecule (or molecules) located properly around 
it might undergo the proton transfer, but not the anion 
having no ethanol molecule in a proper location. As­
suming that a t the maximum the solvent site can be 
adequately populated by n ethanol molecules for the 
reaction, the probability is given by ( 1 — ^ E t 0 H) w f ° r t n e 

site being all populated by M T H F molecules, or for 
an anion not undergoing the proton transfer reaction. 

Fig. 2. Dependence of the yield of (O) styrene anion 
and (# ) a-methylbenzyl radical upon the ethanol 
fraction in the MTHF-ethanol mixed matrix. The 
yields were corrected, so that their maximum value is 
1.0. Straight lines indicate the dependence expected 
from Eq. 1 for n=\. Styrene concentration: 50 
mmol dm - 3 . y-Irradiation : 200 krad. 

Thus, the radical yield is given by [Radical] = [Anion] 0-
{1 — (1— Z E t O H ) n } , where [Anion]0 denotes the anion 
yield in the M T H F matrix or X E t O H = 0 . Since the G-
value of scavengeable electrons is almost the same in 
the M T H F and ethanol matrices,7) the dependence of 
the radical yield on ^ E t 0 H

 1S given by 

[Radical] [Anion] 
[Radical] m a x [Anion] 0 

= l - ( l - X E t 0 H ) » (1) 

where [Radica l ] m a x denotes the radical yield for XEtou 

= 1. 
If n>\, the radical yield vs. XEtOH curve should be 

convex upward. For instance, [Radical]/[Radical] m a x 

is calculated to be 7/8 for n = 3 and XEt0Il=ll2. T h e 
reaction in a fluid solution is an extreme case: an 
anion has a chance to encounter all the ethanol molecules 
present in the solution suitably for the proton transfer, 
so that n is effectively infinite, and that [Radical] / 
[ R a d i c a l ] m a x = 1 except for XEtOK=0. T h e result shown 
in Fig. 2 can be interpreted by n of unity, indicating 
that the proton transfer to the styrene anion occurs 
from an ethanol molecule located very close to and 
specifically with respect to a reactive site of the anion. 
This is consistent with the pulse radiolysis result in 
fluid solution which shows that the slow proton transfer 
is associated with a small pre-exponential factor of the 
rate constant.1) I t is also indicated that the linear 
decrease in the anion yield with ^ E t 0 H is entirely due 
to the transformation of the anion into the radical and 
not to the recombination between the anion and a 
cation. 

Site of Proton Attachment. T h e at tachment of a 
proton to the /5-carbon of the vinyl group in the styrene 
anion directly results in the formation of a-methyl­
benzyl radical. Alternatively, the a-methylbenzyl radi­
cal could be generated, when the intramolecular hydro­
gen transfer occurs in the phenethyl radical primarily 
formed by the proton at tachment to the a-carbon of 
the vinyl group. Such an intramolecular hydrogen 
transfer was suggested from the observation of a-methyl­
benzyl radical when dissociative electron at tachment to 
(2-chloroethyl) benzene occurred in y-irradiated rigid 
matrices.6»8) 

I n order to confirm the possibility of the latter mode 
of a-methylbenzyl radical formation, the stability of the 
phenethyl radical was examined in the M T H F matrix 
by the ESR method. Upon photolyzing (2-bromo-
ethyl)benzene in the matr ix at 77 K with U V light, a 
seven-line spectrum extending over 15 m T was observed, 
distinctly differing from the spectrum assigned to a-
methylbenzyl radical,2) and probably due to the phen­
ethyl radical. I t was found to decay with no change 
in its spectral shape when warmed to 100 K. 

When the M T H F matrix containing (2-bromoeth-
yl) benzene was irradiated with y-rays at 77 K, the ob­
served spectral shape consisted of the superposition of 
the well-known spectrum of M T H F radical,9) and that 
attr ibutable to the phenethyl radical. T h e change in 
the spectral shape upon warming to 100 K was found 
to be due to the decay of only the latter spectrum by 
examining the difference in spectral shape before and 
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after the warming. In this case the phenethyl radical 
seems to be formed by dissociative electron at tachment 
to (2-bromoethyl)benzene. 

From these photolysis and radiolysis studies it is 
obvious that the radical is too stable for the intramo­
lecular hydrogen transfer to occur. Thus, the a-methyl-
benzyl radical is concluded to be generated exclusively 
by the direct mode of formation, the proton at tachment 
to the a-carbon, the indirect mode being excluded. I t 
is inferred that the proton transfer to the styrene anion 
in the mixed matrix occurs when an ethanol molecule 
happens to be properly located close to the /?-carbon 
of the anion. Based on M O calculations, electron 
density is the highest as this carbon atom in the anion, 
so that it is expected to be the most reactive toward 
the proton at tachment. 

According to the present optical absorption study, 
the G-value of the a-methylbenzyl radical in the y-
irradiated ethanol matrix was determined to be 2.2 by 
using the extinction coefficient, 1.5 X 104 m o l - 1 dm 3 c m - 1 

at the absorption maximum for benzyl radical.10) I t 
is almost identical to the G-value of scavengeable elec­
tron in the ethanol matrix.7) This coincidence of the 
G-values supports the view that the a-methylbenzyl 
radical arises from the styrene anion generated by the 
electron at tachment to styrene, and that the proton 
transfer to the anion occurs almost exclusively to the 
/5-carbon. 

Photobleaching of Styrene Anion. Upon photo-
bleaching with white light from an incandescent lamp 
(A>400 nm) , the styrene anion in the mixed matrix 
could be completely eliminated, being transformed 
partially into the a-methylbenzyl radical (Fig. IB). 
The efficiency of this photoinduced transformation (the 
ratio of the increment of the radical yield to the yield 
of the photobleached anion) increases with increasing 
Z E t 0 H to reach a plateau value of ca. 0.6 (Fig. 3). The 
plateau could be determined by the competition for 
electrons photoreleased from the styrene anions between 
the dissociative electron scavenge reaction of ethanol11«12) 
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Fig. 3. Efficiency of photoinduced transformation of 
styrene anion into a-methylbenzyl radical as a function 
of the ethanol fraction in the MTHF-ethanol mixed 
matrix. Photobleaching was carried out with white 
light at 77 K after irradiating the matrices containing 
50 mmol dm~3 styrene to the dose of 200 krad. 

and the non-dissociative electron scavenge reaction of 
styrene associated with an ethanol molecule suitable for 
the proton transfer. Both the dissociative and non-
dissociative scavenge reactions proceed at a rate pro­
portional to the ethanol concentration in the mixed 
matrix, so that the transformation efficiency is independ­
ent of the ethanol concentration. The rate of non-
dissociative scavenge reaction proportional to the ethanol 
concentration implies tha t only one ethanol molecule 
can be located in the solvent site adequate for the 
proton transfer, consistent with n=\ in Eq. 1. 

T h e fall of efficiency at low values of ^ E t 0 H can be 
attributed to an increasing contribution of charge re­
combination reaction between the photoreleased elec­
trons and positive ions, since the rate becomes low for 
both scavenge reactions. 

So far the discussion has been given on the assumption 
that ethanol is perfectly missible in M T H F and vice 
versa, so that the mixed matrix is microscopically homo­
geneous. Sawai and Hamill studied the optical ab­
sorption spectra of trapped electrons in y-irradiated 
M T H F - m e t h a n o l mixed matrix and interpreted the 
spectral feature in terms of the microscopically homo­
geneous mixing of the two solvent components.13) 
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Ultrasonic and Volumetric Investigation of Aqueous Solutions of Amides 
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The ultrasonic velocity and density of aqueous solutions of JV-methylformamide, iV,iV-dimethylformamide, and 
iV,JV-dimethylacetamide have been measured at 25 and 35 °G over the entire concentration range. The compres­
sibility, excess compressibility, partial molar compressibility, partial molar volume, and pressure dependence of the 
partial molar volume have been calculated. The concentration dependences of the velocity and density are 
highly nonlinear, and the velocity maxima are observed in all the amide solutions at ca. 20 mol%. Minima in 
the partial molar volume exist in solutions of DMF and DMAA, but not in that of MFA. On taking account of the 
results for viscosity, the velocity maxima are ascribed to the complex formation, and the minima in the partial molar 
volume, to the competition between the volume increase due to the complex formation and the volume decrease 
due to the breaking-down of the water structure. The pressure dependence of the partial molar volume shows that 
amides and water have strong interactions, even in the low-mole-fraction regions for each component. 

Numerous investigators have studied solute-solvent 
interaction in nonelectrolytic aqueous solutions from 
the point of view of their ultrasonic and volumetric 
behavior. In binary liquid mixtures, the nonlinear 
variation in the ultrasonic velocity with the concentra­
tion has been frequently observed, but the systems 
showing a velocity maximum are limited to aqueous 
solutions, except for the very rare case of the liquid 
paraffin-carbon tetrachloride system. 

From among the many nonelectrolytes known to 
form aqueous solutions with a velocity maximum at a 
certain concentration, the present authors chose amides. 
The ultrasonic velocities and densities of aqueous solu­
tions of iV-methylformamide(MFA), N,iV-dimethylform-
amide (DMF) , and JV,iV-dimethylacetamide (DMAA) 
will be reported. 

The aqueous solutions of amides have the following 
characteristic features concerning their ultrasonic and 
volumetric properties. First, the ultrasonic velocity 
and the density of pure amides have values similar to 
those of water. Secondly, in a solution of D M F , the 
maximum has been observed in the concentration de­
pendence of the velocity as well as in that of the density. 
Nonelectrolytes showing a similar solution behavior in­
clude some kinds of amines (ethylenediamine and benzyl-
amine1)), acetic acid, dioxane,2) and pyridine.3) 

The ultrasonic velocities in aqueous solutions of DMF 4 ) 
and DMAA5) have been reported by Endo, and the 
densities of the aqueous solutions of DMF 6) and 
DMAA,7) by Arakawa et al. and Assarsson and Eirich. 
We have undertaken the re-determination of* the 
velocities and densities of these three aqueous solutions 
of amides in order to obtain consistent data. For 
instance, the density of D M A A given by Assarsson 
and Eirich7) is 0.9350 g/ml at 25 °G. This value is 
not compatible with our result (0.93670 g/cm3) nor 
with the value of 0.9366 g/cm3 found in the literature.8) 
The data by Assarsson and Eirich7) are, as they them­
selves say, not accurate enough to establish whether 
or not a small minimum in the partial molar volume 
exists, as in alcohol-water systems, at a very low mole 
fraction of the amides. 

Exper imenta l 

Materials. The MFA (guaranteed grade) and DMF 
(spectral grade), obtained respectively from the Tokyo Kasei 

Co., Ltd., and Nakarai Chemicals were used without further 
purification. The DMAA (guaranteed grade) was purified 
by distillation under reduced pressure. 

Apparatus and Procedures. Measurements of the sound 
velocity were carried out at a fixed frequency of 4 MHz by 
means of an improved ultrasonic interferometer. This in­
terferometer has the great advantage that a good parallelism 
between the reflector and the quartz surface can be attained 
by the aid of the screws and the springs, while in the inter­
ferometer used hitherto in our laboratory, the parallelism was 
mechanically determined. The parallelism is established by 
the application of the pulse-echo method. The measurement 
of the sound velocity was reproducible within 0.4 m/s. Fur­
ther accuracy has been obtained by finely polishing the surface 
of the reflector. The density has been measured by using a 
20-ml pycnometer. The density data are accurate to ± 3 
units in the fifth decimal place. Measurements were done 
at 25 and 35 °G. 

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

Density and Velocity. T h e experimental results of 
the density and the ultrasonic velocity as a function of 
the composition are summarized in Tables 1—3. In 
all three aqueous solutions of amides studied in this 
work, the density as well as the ultrasonic velocity shows 
a high nonlinear dependence on the concentration. In 
the M F A system, the density maximum exists in the 
vicinity of 20 mol % of MFA. In the D M F and D M A A 
systems, sinuous but slight variations of the density have 
been observed in the low-concentration region of amide. 
After passing this region, the concentration dependence 
of the density is marked, but in a linear fashion. T h e 
aqueous solutions of alcohols, which exhibit a marked 
nonlinear dependence on the concentration in many 
physical properties, do not show such a clearly sinuous 
variation or a maximum point in relation to the concen­
tration dependence of the density. All three amide 
systems show velocity maxima in the concentration 
range of 15—20mol%, this range corresponds to the 
region where the decreases of density begin. The con­
centration dependence of the ultrasonic velocity in 
general, and also the position of the maximum, corre­
spond well with the viscosity results of many kinds of 
aqueous solutions of amides.7) Assarsson and Eirich, 
considering phase diagrams and heat of mixing in a m i d e -
water systems,9) have related the observed maximum 
of viscosity to the formation of the complex. T h e veloc-
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T A B L E 1. DENSITY AND ULTRASONIC VELOCITY VS. 

COMPOSITION FOR THE JV-METHYLFORMAMIDE 

( M F A ) - W A T E R SYSTEM 

M F A 

(mol%) 

Density 

(g/cm3) 

Velocity 

(m/s) 

At 25°G 0 .0 
2 .265 
5.958 

12.12 
19.57 
24 .02 
35 .19 
48 .38 
66 .97 
79 .79 

100.00 

0.9970 4 

1.0000 

1.0047 

1.0107 

1.0143 

1.0157 

1.0157 

1.0127 

1.0070 

1.0034 

0.9985 4 

1496.3 
1527.5 

1563. 2 

1595. 4 

1606.7 

1602.7 

1577.7 

1536.3 
1487.7 

1460. , 
1431.5 

At 3 5 ° C 0 . 0 
6 .258 

11.90 
17.36 
24 .42 
35 .10 
50 .66 
67 .64 
83 .09 

100.00 

0 .9940 3 

1.0006 

1.0049 

1.007. 
1.009! 
1.0084 

1.0044 

0.9988 5 

0.9943 6 

0.9898 n 

1519. 5 

1570.6 

1590.5 
1594.2 

1586.0 

1556.2 

1507.9 

1459.3 
1431. 0 

1401 . 6 

T A B L E 2. DENSITY AND ULTRASONIC VELOCITY VS. 

COMPOSITION FOR THE IV,IV-DIMETHYLFORMAMIDE 

( D M F ) - W A T E R SYSTEM 

D M F 

(mol%) 

Density 

(g/cm3) 

Velocity 

(m/s) 

At 25°G 0.0 
1.724 
2.919 
7.072 
9.002 
14.51 
19.28 
24.01 
34.27 
49.77 
64.63 
79.21 
86.38 
100.00 

0.99704 
0.9961! 
0.99604 
0.99647 
0.99658 
0.9972s 
0.99640 
0.99484 
0.98763 
0.97664 
0.96513 
0.95492 
O.95O65 
0.94420 

1496 
1536 
1560 
1621 
1642. 
1676, 
1688. 
1684. 

1661. 
1602. 
1548. 
1507. 
1487. 
1458. 

At 35°G 0.0 
1.724 
2.919 
6.179 
9.002 
15.82 
20.06 
23.98 
33.82 
49.13 
65.25 
80.01 
86.38 
100.00 

0.99403 
0.9929 6 

0.9923 2 

0.9915J 
0.9910 a 

0.9896 0 

0 .9881 6 

0.9862 6 

0.9797 5 

0.9678 2 

0.9552 3 

0.9454 3 

0.9414 2 

0.9347 7 

1519 
1551 
1569 
1607 
1631 
1657. 
1659 
1653. 
1626. 
1567. 
1509. 
1466. 
1448. 
1422. 

T A B L E 3. DENSITY AND ULTRASONIC VELOCITY VS. 

COMPOSITION FOR THE IV,IV-DIMETHYLACETAMIDE 

( D M A A ) - W A T E R SYSTEM 

D M A A Density Velocity 

(mol%) (g/cm3) (m/s) 

At 25°G 0 . 0 

1.616 

3.060 

5.897 

8.229 

11.50 

18.14 

24 .39 

36 .81 

49 .63 

66 .25 

77.76 

85 .58 

100.00 

0.9970 4 

0.9956 4 

0.9955 0 

0.9965 7 

0.99722 

0.9985i 

0 .9985 0 

0.99592 

0.9858 6 

0.9739i 

0 .9591 7 

0.9502 6 

0.9446 a 

0.9367 0 

1496.3 

1546.3 

1584.! 

1641. „ 

1678.8 

1711.3 

1737.4 

1730.9 

1682.! 

1626.! 

1557.9 

1517.7 

1493. 2 

1462. , 

At 35°G 0 . 0 

1.353 

2 .541 

5.879 

7.762 

11.62 

16.76 

24 .52 

35 .69 

48 .01 

68 .38 

75 .64 

89 .92 

100.00 

0.9940a 

0.9926 0 

0.99185 

0.9914 0 

0.9914j 

0 .9915 6 

0.9907 9 

0.9869i 

0 .9774 5 

0.9657e 

0 .9482 0 

0.9426 9 

0.9336s 

0.9274 3 

1519.5 
1554.J 
1580.6 
1636.8 
1660.2 
1690.6 
1704.7 
1693. 6 

1647.4 

1591 . 4 

1510.8 

1485.7 

1442.1 

1418.B 

i t y m a x i m u m has b e e n r e p o r t e d in t h e a q u e o u s solu­
t ions of t e t r a h y d r o f r a n , 1 ,4-dioxane, a n d i -buty l a l coho l 
i n t h e c o n c e n t r a t i o n r a n g e of 3 — 8 m o l % . 1 0 > T h e s e 
c o m p o u n d s fo rm solid c l a t h r a t e s of 17 h y d r a t e s . I n 
these cases, t h e r e is n o d o u b t of t h e r e l a t i o n s h i p b e t w e e n 
t h e o c c u r r e n c e of t h e ve loc i ty m a x i m u m a n d t h e for­
m a t i o n of a " c o m p o u n d " ( h y d r a t e o r o t h e r ) . 

G e n e r a l l y s p e a k i n g , t h e ve loc i ty m a x i m u m in solu­
t ions d o n o t a l w a y s necess ia te t h e f o r m a t i o n of a " c o m ­
p o u n d . " H o w e v e r , i n t h e a q u e o u s so lu t ions of a m i d e s 
c o n c e r n e d i n this w o r k , t h e r e s e m b l a n c e b e t w e e n t h e 
c o n c e n t r a t i o n d e p e n d e n c e of t h e u l t r a s o n i c ve loc i ty a n d 
t h a t of t h e viscosity i n d i c a t e s t h a t t h e ve loc i ty m a x i m u m 
arises f rom t h e f o r m a t i o n of t h e c o m p l e x , therefore , t h e 
pos i t ion of t h e ve loc i ty m a x i m u m i n d i c a t e its compos i ­
t ion . H o w e v e r , t h e s t r u c t u r e of t h e c o m p l e x fo rmed 
in a m i d e - w a t e r sys tems m a y n o t b e s imi la r to those in 
a n o r d i n a r y c l a t h r a t e l ike 17 h y d r a t e o r 8 X - 1 3 6 H 2 0 . 

Compressibility. F r o m t h e va lues of t h e veloci ty 
a n d dens i ty , t h e a d i a b a t i c comprss ib i l i ty , « s h a s b e e n 
c a l c u l a t e d . T h e c o n c e n t r a t i o n d e p e n d e n c e of A:8 is 
s h o w n in F ig . 1. D M A A gives a s imi l a r d e p e n d e n c e 
of t h e compress ib i l i ty . C o n c e r n i n g F ig . 1 t w o facts 
s h o u l d b e m e n t i o n e d : t h e a p p e a r a n c e of t h e m i n i m u m 
a n d t h e t e m p e r a t u r e - i n d e p e n d e n t p o i n t . T h e fo rmer 
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Fig. 1. Concentration dependence of adiabatic compres­
sibility of the aqueous solutions of MFA (I) and DMF 
(II). 

O : 25 °C, • : 35 °G. 

corresponds to the occurrence of the maximum in the 
velocity (and also in the density for the M F A system). 
The latter corresponds to the appearance of the common 
intersection in the relation of the temperature depend­
ence of the velocity in solution. T h e phenomenon 
of the common intersection in the velocity has often 
been observed in many nonelectrolytic aqueous solu­
tions.4 '5 '11 '1^ Endo4 '5) has argued that this phenom­
enon is due to the clathrate formation and that the 
concentration of the common intersection should give 
the composition of the clathrate. T h e measurements 
of the ultrasonic velocity of Endo are quite extensive 
in terms of materials and the temperature range. How­
ever, his discussion of the common intersection has the 
crucial defect that comparisons with other properties 
which have intimate relations to the ultrasonic velocity, 
such as the density and the ultrasonic absorption coef­
ficients, are disregarded. T h e relation between the 
common intersection and the partial molar volume will 
be discussed below. 

T h e excess adiabatic compressibility, ic* has been 
calculated from ics, and the molar volumes, V, of the 
mixtures and the pure components, A and B by means 
of this equation: 

Jcf = * a - -pr{XAVAKStA-{-X3VBKSIB). 

T h e results are shown in the Fig. 2. *?'s are always 
negative, and the values decrease as the - C H 2 - group 
increases. The temperature coefficients change their 
sign at a certain concentration in all systems. 

Partial Molar Volume and Partial Molar Compressibility. 
From the density data given in Tables 1—3, the char-

£ 

Fig. 2. Concentration dependence of excess compres­
sibility of the amides solutions. 
1 : MF A-water system, 2 : DMF-water system, 
3: DMAA-water system. 

O: 25 °C, • : 35 °C. 

acteristic behavior of the partial molar volume of amides 
in solutions represented in Fig. 3 is obtained. T h e rela­
tion of the partial molar volume to the composition at 
35 °G falls on the curves shown in Fig. 3. Similarly, 
as for «!, the curves become steeper as the number of 
the - G H 2 - group increases. T h e behavior of the 
aqueous solutions of amides shown in Fig. 3 closely 
resembles that of aqueous solutions of alcohols13) and 
amines.14) Sometimes the position of the min imum in 
the partial molar volume vs. composition relation roughly 
coincides with the common intersection of the ultrasonic 
velocity (therefore, the compressibility), for example, in 
aqueous solutions of tetramethylurea11) and ethers.12) 
T h e comparison of Fig. 1 with Fig. 3 shows that, for 

0.1 0.2 0.3 0.4 
Mole fraction of amide 

0.5 

Fig. 3. Partial molar volume of amides in aqueous 
solution at 25 °C. 
1: MFA, 2: DMF, 3: DMAA. 
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Fig. 4. Apparent molar compressibility of dilute aqueous 
solutions of amides at 25 °C. 

• : MFA, 3 : DMF, O: DMAA. 

D M A and DMAA, this coincidence holds, but for M F A 
this is not the case. 

Figure 4 shows the apparent molar compressibility, 
0*,, at 25 °C as calculated by means of this equation: 

1000(/CS-A;S I 1) 
+ £ S , 1 0 I 

where the subscript 1 refers to the solvent, c is the con­
centration in molarity, and $v is the apparent molar 
volume. According to Fig. 4, at an infinite dilution 
the <J>KS values are in this order: MFA, D M F , D M A A : 
that is to say, as a molecule has more - C H 2 - groups, 
the more rigid it becomes. T h e order of the rigidity, 
however, is inverted in the concentration range above 
ca. 1 0 m o l % . 

As an inversion of the order of the values of 0*8, 
the common intersection in the ultrasonic velocity, and 
the minimum in the partial molar volume, occur in 
a similar region of the concentration, these phenomena 
may have some interrelations. However, any inter­
pretations of these phenomena must be consistent with 
the appearances of the velocity maximum and the 
viscosity maximum observed in the concentration range 
beyond 2 0 m o l % . 

As has been mentioned above, the maximum in 
ultrasonic velocity has been ascribed to the complex 
formation. T h e following is a tentative interpretation 
of the partial molar volume as a function of the concen­
tration. T h e complex formed by the hydrogen-bond­
ing between amide and water has a rigid, but bulky 
structure. Therefore, the complex formation gives rise 
to an increase in the apparent volume of amide. T h e 
minimum in the partial molar volume may, then, be 
attributed to the competition between the volume in­
crease due to the complex formation and the volume 
decrease due to the breaking-down of the water structure. 

The relationship of the common intersection in the 
ultrasonic velocity with the other phenomena is not 
clear at present. The coincidence of the minimum 
position in the partial molar volume with the common 
intersection in the ultrasonic velocity is part of the 
complicated nature of the aqueous solutions. However, 
with regard to the aqueous solutions of amides studied 
in this work, the composition of the common intersec­
tion of the ultrasonic velocity can not be considered 
to indicate that of the "compound" formed in solution. 

Pressure Dependence of the Partial Molar Volume. 
For the partial molar volume of a solute, its pressure 
dependence can be calculated from the following equa­
tion :16> 

dV2 

dp 
= -KV2- (l-X)V-

3K 

The results of calculation are given in Fig. 5. In a 
dilute solution of amides, the three curves in Fig. 5 
intersect with one another, and this intersection cor­
responds to the inversion of the order of 0*s in Fig. 4. 
In a dilute region, dV2jdp is very large. As the con­
centration of a solute increases, the variation in dV2/dp 
gradually decreases. For small molecules, the variation 
in dV2/dp with the concentration ceases in more dilute 
solutions than in case of large molecules, and in the 
pure state of amide, the order of dV2jdp for the three 
systems is, as it should be, MFA, D M F , DMAA. The 
strong dependence of dVJdp on the concentration in 
a dilute aqueous solution of amides indicates the strong 
solute-solvent interaction in solution. Calculations us­
ing the data at 35 °G have given, for all three systems, 
more negative values than those shown in Fig. 5. The 
negative values of dVJdp are equivalent to the negative 
values of Kx, where Kx is the relative partial specific 
compression of the solute,15) and where the amide is 
taken as a solute. A negative Kx value signifies the 
non-existence of an incompressible region in the solu­
tion. However, this does not contradict with the com­
plex formation between amides and water, because the 
hydrogen-bonding interactions are not so strong as to 

0.2 0.4 0.6 0.8 1.0 

Mole fraction of amide 

Fig. 5. Concentration dependence of dVjdp at 25 °C. 
# : MFA-water system, 3 : DMF-water system, 
O : DMAA-water system. 
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Fig. 6. Concentration dependence of dVjdp at 25 °C. 
# : MFA-water system, 3 : DMF-water system, 
O: DMAA-water system. 

the coulombic ones typically observed in the form of 
ionic hydration. 

The pressure dependence of the partial molar volume 
of the solvent can be obtained in a similar way; the 
results are shown in Fig. 6. T h e values of dVJdp and 
its concentration dependence are in the order of DMAA, 
D M F , and MFA. For solutions of D M A A and D M F , 
dVJdp are positive in the water-rich region. T h e 
marked dependence of dVjdp on the concentration in 
the water-rich region shows that, when a small amount 
of water is dissolved in amides, water molecules interact 
very strongly with amide molecules. 

In summing up the results of Figs. 5 and 6, it is 

evident that strong interactions exist between water and 
amides, even in low-mole-fractions for each component. 
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The Dimorphism and Electronic and Vibrational Spectra 
of 2-Anilino-l,4-naphthoquinones 
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Dimorphic forms were isolated for over ten derivatives of 2-anilino-l,4-naphthoquinone, 2-anilino-3-chloro-
1,4-naphthoquinone, and 2-anilino-3-bromo-l,4-naphthoquinone carrying substituents on the phenyl ring. One 
of the two forms exhibits a relatively sharp vibrational band near 3300 cm"1, the other, a relatively broad band 
at a lower wave number. The spectra in the region from 700 to 1700 cm - 1 are often markedly different from each 
other. In several instances, the two forms are differently colored. This difference is attributed to the appearance 
of, or a change in the intensity of, an intermolecular charge-transfer absorption band. Not only the dimorphic 
forms, but also most of the derivatives examined, could be classified into two groups on the basis of the location 
and the sharpness of the vibrational band appearing in the region from 3150 to 3350 cm -1. 

A large number of the condensation products of 1,4-
naphthoquinone and its 2,3-dihalo derivatives with 
various anilines have been synthesized and examined 
for possible use as vat dyestuffs and as bactericides.1_9) 

Among them, 2-(/>-carboxyanilino)-l,4-naphthoquinone 
was isolated as yellow and red crystals by Hauschka.7) 
The tautomerism involving ^-quinonoid and o-quinonoid 
forms : 

O O 

^ / \ / N H C 6 H 4 C O O H ^ ^ X X ^ N - C ^ C O O H 

ii i 

O OH 

was pointed out as a possible cause of the marked dif­
ference in color. However, he added that the spec­
troscopic study failed to provide concrete evidence in 
support of this assumption. Because of the recent work 
on a related compound by Bloom and Dudek, a further 
study of the suggested tautomerism seemed to be desir­
able. These authors found that the electronic absorp­
tion spectrum of 4,8-dianilino-l,5-naphthoquinone is 
solvent-dependent.10) In polar, associating solvents, the 
lowest-energy absorption appearing at 661 nm is of 
maximum intensity and decreases with a decrease in 
the solvent-associating ability. Further evidence for 
the existence of a tautomeric equilibrium in solution 
has been provided by their work on the proton magnetic 
resonance of the 15N-substituted compound. 

As we have reported for the dimorphic forms of o-
and jfj-anisyl-jb-benzoquinones,11) there is another pos­
sible explanation for the difference in color. T h e mol­
ecule consists of an electron-donating and an accepting 
moieties ; therefore, the color of the crystal may depend 
upon the intermolecular charge-transfer absorption, the 
location and the intensity of which can be modified, to 
some extent, by the mode of molecular stacking. No 
matter which is the cause, the dimorphism is certainly 
influenced by the kind and the position of substituent, 
and one may isolate more dimorphic forms by examining 
closely related compounds. Spectroscopic studies of 
many pairs of such modifications may be fruitful in 
deciding the origin of this phenomenon. Accordingly, 
a careful examination of various 2-anilino-l,4-naphtho-
quinones and its 3-chloro and 3-bromo derivatives was 
set up . 

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

Materials. The naphthoquinone and its 2,3-dichloro 
derivative were obtained commercially. The 2,3-dibromo-
1,4-naphthoquinone was prepared following the method re­
ported by Miller.12) The condensation reaction between the 
naphthoquinones and anilines was carried out in boiling 
ethanol unless otherwise stated. The isolation of dimor­
phic forms was attempted by sublimation in a vacuum and 
by recrystallization from appropriate solvents, and under 
various conditions. Hereafter, X denotes the substituent 
on the phenyl group, and Y, the atom attached to the 
3 position of the quinone. 

Measurements. The vibrational spectra in the rock-salt 
region were recorded on a Jasco IR-G infrared spectrophoto­
meter as Nujol mineral oil or hexachlorobutadiene mulls. 

The diffuse reflectance of solid samples was measured using 
a Beckman DK-2A spectroreflectometer in the range from 
325 to 700 nm. The anilinoquinone crystals were pulverized 
with sodium chloride in a concentration of the order of one 
weight percent. The spectra were recorded as the difference 
between the mixture and pure sodium chloride and were 
plotted using the Kubelka-Munk function, f(R) = (\ — R)*/2R, 
where R is the reflectance. In all the figures in this paper, 
the electronic spectra are plotted taking the maxima of the 
lowest-energy absorption arbitrarily as 1.00. 

R e s u l t s 

2-(Carboxyanilino)-l ^-naphthoquinones (X=COOH, Y= 
H). The vibrational spectra of the yellow form 
and the red form of the ^-derivative obtained by vacuum 
sublimation are presented in Fig. 1. There is a marked 
difference in the region from 3150 to 3350 cm - 1 . The 
yellow form exhibits a sharp absorption band at 3310 
c m - 1 , and the red form, a rather broad one at 3220 
c m - 1 . They may be assigned to the N - H or O - H 
stretching vibration. As their locations are known to 
be strongly affected by hydrogen bonding, it is difficult 
to decide whether or not the shift is an indication of 
the tautomerism. For example, 2-hydroxy-l,4-naph-
thoquinone, which is isomeric with 4-hydroxy-1,2-
naphthoquinone, shows a very broad O - H stretching 
band at 3150 c m - 1 , suggesting the presence of strong 
hydrogen bonding. O n the other hand, 2-amino-3-
hydroxy-l ,4-naphthoquinone gives a sharp band at 
3450 c m - 1 and a broad one at 3300 c m - 1 . As is shown 
in Fig. 1, the dimorphic forms significantly differ from 
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Fig. 1. Vibrational spectra of 2- (^-carboxyanilino)-1,4-
naphthoquinone : (a) the yellow form and (b) the 
red form. 

each other also in the pat tern of the region from 1000 
to 1700 cm- 1 . 

The electronic spectra of the yellow and red forms 
are given in Fig. 2. The absorption maximum is 
located at 435 n m in the yellow form and at 510 n m 
in the red form. As the location of the shoulder ap­
pearing in the former spectrum coincides exactly with 
the maximum in the latter, our yellow sample may be 
contaminated with a small amount of the red form. 
The maximum in the yellow form is close to the one 
observed in an acetone solution, 450 nm. No ap­
preciable change was detected either in the location 
or in the intensity when methanol, ethyl acetate, chloro­
form, and pyridine were employed as the solvents. T h e 
temperature-dependence measured in the last mentioned 
solvent revealed that the absorption maximum decreases 
and shifts a little bit to the short wavelength side when 
the temperature is elevated, e.g., 464 n m at 18 °G and 
457 n m at 66 °C. T h e isosbestic points appearing at 
360 and 422 n m probably arise from this shift. T h e 
present molecule is flexible, and the electronic transi­
tion considered is of the charge-transfer type ; therefore, 
the temperature-dependence m a y be interpreted in 
terms of the thermal excitation of the distortion modes, 
as has been suggested by Kordes et al.13) 
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Fig. 2. Electronic spectra of 2-(^-carboxyanilino)-l,4-
naphthoquinone : (a) the yellow form and (b) the 
red form. 

In accordance with the observation by Hauschka, the 
o-derivative is obtainable as orange-red crystals, and 
the m-derivative, as red crystals. In the region near 
3300 c m - 1 , no vibrational band is found for the former 
compound, but a sharp band at 3280 c m - 1 is found for 
the latter. T h e electronic spectrum of the o-derivative 
has a max imum at 475 nm, and the m-derivative, one 
at 520 nm. 

Other 2-Anilino-l,4-naphthoquinones (Y=H). 
Among the sixteen compounds examined, only the p-
methoxy and m-ethoxy derivatives were found to be 
dimorphic. When the condensation reaction between 
the quinone and />-anisidine was carried out in boiling 
ethanol, reddish violet crystals were deposited. The 
same form could be obtained by recrystallization under 
various conditions and also by sublimation in a vacuum. 
This stable form gives a broad vibrational band at 3215 
c m - 1 . Because of the reasoning to be presented later, 
the preparat ion was repeated in cold media with the 
hope of isolating the unstable form. A bluish violet 
product of the condensation in ethanol at room tem­
perature showed a sharp band at 3325 c m - 1 in addition 
to the above-mentioned broad one. The whole vibra­
tional pat tern, which is more complicated than that 
of the reddish violet form, suggested the coexistence of 
two forms. Since the transformation was suspected to 
be accelerated by the solvent, the reaction in cold water, 
in which the product is hardly soluble, was also at­
tempted. This time, the product gave no broad band 
near 3200 c m - 1 ; however, the purity did not seem to 
be high, as the spectrum consists of rather broad bands. 
Thus, the unstable form could not be isolated. The 
m-ethoxy derivative prepared in boiling ethanol was 
reddish brown and showed a band at 3320 cm- 1 . Upon 
sublimation in a vacuum the color turned dark red, and 
the vibrational spectrum was considerably modified. 
The above-mentioned sharp band was replaced by a 
broad one at 3255 c m - 1 . The difference in the elec­
tronic spectrum is not large for this compound; the 
maximum is at 500 n m in both forms. These two com­
pounds were initially prepared by Grossmann, but he 
did not note the dimorphism.8) 

For all the other derivatives, we saw no indication of 
dimorphism. O n the basis of the vibrational band in 
the region from 3150 to 3350 cm- 1 , they can be clas­
sified into two groups. The first group consists of the 
following derivatives, exhibiting a sharp band near 3300 
c m - 1 : X = H (3310 cm- 1 ) , m-Me (3305), f M e (3325), 
o-MeO (3300), m-MeO (3320), o-EtO (3330), p-EtO 
(3320), and 3,4-Me2 (3315). O n the other hand, a 
broad band was observed near 3200 c m - 1 only with the 
halo derivatives—namely, m-Cl (3180cm- 1 ) ,^-Cl (3185), 
m-Br (3180), jfr-Br (3200), and p-l (3200). The j&-ethyl 
and m-carboxy derivatives are exceptional. A band 
with an intermediate breadth was found at 3280 c m - 1 . 
Grossmann noted that the color of the m-methoxy de­
rivative appreciably varies with the kind of solvent ; that 
is, the pyridine solution is light yellow, the benzene 
solution is orange red, and the ethanolic solution is 
bluish red.8) Nevertheless, we found that the absorp­
tion spectrum in pyridine is identical with that in 
ethanol. The maximum at room temperature is at 
470 n m in both solvents. 
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2-Anilino-3-chloro-l ^-naphthoquinones (Y— Cl). 
Dimorphic forms could be isolated with the m-methyl, 
/»-ethyl, 2,4-dimethyl, m-ethoxy, and m-carboxy deriva­
tives. In the case of the m-methyl derivative, the form 
deposited from the reaction mixture gives a sharp 
vibrational band at 3300 cm"1 , while the other form, 
obtained by recrystallization from ethanol, gives a broad 
band at 3245 c m - 1 . A mixture of the two forms was 
obtained by sublimation in a vacuum. The difference 
in the other region is less significant compared with 
the case shown in Fig. 1 (X=/» -COOH, Y = H ) . The 
former form is dark reddish violet and gives an absorp­
tion maximum at 485 n m and a shoulder a t 515 nm. 
The latter is bright reddish violet, and its maximum 
is located at 510 nm. 

The crystals of the /»-ethyl derivative, separated from 
the reaction mixture and also purified by vacuum sub­
limation, are reddish violet and give a sharp vibrational 
band at 3270 c m - 1 , while the crystals deposited from 
acetone are similarly colored, but give a broader band 
at 3235 c m - 1 . In both the dimorphs, the absorption 
maxima are located at 515 nm. 

The 2,4-dimethyl derivative, as prepared in boiling 
ethanol, was found to be a mixture of two forms. T h e 
reddish brown form isolated by recrystallization from 
ethanol shows a sharp vibrational band at 3305 cm- 1 , 
The color turns reddish violet upon vacuum sublima­
tion, and the sharp band is replaced by a broad one 
appearing at 3250 cm"1 . The splitting of the carbonyl 
stretching vibrational band is observed only in the former 
form. T h e electronic absorption maximum is at 495 
nm in the form obtained by recrystallization and at 
505 n m in the form obtained by sublimation. 

T h e m-ethoxy derivative is dimorphic; that is, the 
vibrational spectrum of the crystals as prepared in 
ethanol differs from that of the crystals obtained by 
vacuum sublimation or by recrystallization from ethanol. 
T h e former form gives a sharp band at 3325 c m - 1 , and 
the latter, a broad one at 3240 c m - 1 . The electronic 
spectra are essentially the same, both having a maximum 
at 500 n m . 

Two forms distinctly differnt in color were isolated 
for the m-carboxy derivative. The crystals deposited 
from the reaction mixture are yellow or yellowish orange. 
Upon vacuum sublimation the color turned scarlet. 

cr 
; r 

\_y 

i 

X = m-C00H 

< " - \ Y = Cl 
\ v> \ ^ 

\ x 

\ * \ * \ * \ l 
\ » \ » 
\ i 
\ t \ * \ \ \ x 

i \ \ . 

400 500 
/l/nm 

600 700 

Although Buu-Hoi carried out his preparation in the 
same solvent, the color he described seems to be in 
agreement with the latter.9) The former form shows 
a sharp vibrational band at 3340 cm - 1 , and the latter, a 
broad one at 3275 c m - 1 . The electronic spectra of 
these dimorphs are presented in Fig. 3. The maxima 
are located at 450 and 490 n m respectively. In addi­
tion, the scarlet form gives a shoulder at 525 nm. Both 
a sharp vibrational band at 3325 c m - 1 and a broad one 
at 3225 c m - 1 were observed with the/»-propyl derivative, 
suggesting the existence of two forms. Unfortunately, 
we could not separate them. 

Only one form each was obtained for the seventeen 
other derivatives examined. Among them, the fol­
lowing six derivatives give sharp vibrational bands near 
3300 cm- 1 : X = 2 , 3 - M e 2 (3295 cm"1) , 2,4,5-Me3 (3290), 
o-MeO (3340), o-EtO (3320), o-COOH (3300), and />-
G O O H (3300). Broad bands are observable with the 
following eleven, including the unsubstituted compound : 
X = H (3245 cm- 1 ) , o-Me (3240),/»-Me (3220), 2,4-Me2 

(3225), 3,4-Me2 (3250), m-MeO (3220), p-MeO (3245), 
/»-EtO (3235), m-Cl (3225), p-C\ (3230), and/»-I (3260). 
In this series, not only the halo derivatives, but also 
some alkyl and alkoxy derivatives, are classified into 
the second group. Therefore, it is apparent that the 
form with a broad vibrational band near 3200 cm- 1 

favors the substitution with the chlorine atom at the 
3 position of the naphthoquinone. When the X deriva­
tive with Y = H belongs to the first group and the cor­
responding derivative with Y = C 1 belongs to the second 
group, it is likely that the effect of the X substituent 
is nearly matched by the effect of the Y substituent. 
Assuming that the chance of finding dimorphs is high 
with these two derivatives, they were particularly care­
fully examined. 

2-Anilino-3-bromo-l,4-naphthoquinones (Y=Br). 
With the /»-ethyl, 2,3-dimethyl, 3,4-dimethyl, and o-
ethoxy derivatives, dimorphic forms could be isolated. 
A broad vibrational band appearing at 3240 c m - 1 was 
observed with the crystals of the /»-ethyl derivative as 
prepared in boiling ethanol and also with those recrys-

Fig. 3. Electronic spectra of 2-(m-carboxyanilino)-3-
chloro-l,4-naphthoquinone: (a) the yellow form and 
(b) the scarlet form. 

000 3000 1500 1000 
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Fig. 4. Vibrational spectra of 2-(3,4-dimethylanilino)-
3-bromo-l,4-naphthoquinone: (a) the form deposited 
from the reaction mixture and (b) the form isolated 
by recrystallization from aqueous ethanol. 
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tallized from the same solvent. By adding water to 
the cold solution and then letting stand the mixture 
overnight, crystals showing a sharper band at 3275 c m - 1 

were deposited. In the electronic spectra, the maximum 
is at 510 nm in the former form and shifts to 495 n m 
in the latter. 

The difference in the vibrational spectrum is small in 
the dimorphic forms of the dimethyl derivatives, as is 
exemplified by the 3,4-derivative shown in Fig. 4. T h e 
reaction products show a band at 3280 c m - 1 in both 
cases. A sharp band appears at 3305 c m - 1 upon the 
vacuum sublimation of the 2,3-derivative. T h e crystals 
deposited from the reaction mixture show an electronic 
absorption maximum at 505 nm, while the crystals ob­
tained by sublimation show a maximum at 485 nm. 
O n the other hand, the form showing a sharp band at 
3310 c m - 1 was isolated by recrystallization from aqueous 
ethanol in the case of the 3,4-derivative. T h e maximum 
in the electronic spectrum is at 505 n m for both of the 
dimorphs. 

The two forms for the o-ethoxy derivative do not 
differ much from each other in the vibrational spectrum ; 
that is, the crystals deposited from the reaction mixture 
exhibit a sharp band at 3340 c m - 1 , while the crystals 
obtained by sublimation in a vacuum or by recrystal­
lization from benzene show a sharp band at 3325 c m - 1 . 
The absorption maximum in the electronic spectrum 
is at 515 nm in the former form and at 530 nm in the 
latter. Nevertheless, the two spectra can be almost 
superposed on each other. 

The presence of dimorphic forms was noted for the 
m- and jf>-methyl derivatives, but they could not be 
separated. A sharp band was observed at 3325 c m - 1 

with the crystals of the former compound deposited from 
the reaction mixture, and also with those recrystallized 
from ethanol. Upon vacuum sublimation, an addi­
tional band appeared at 3225 c m - 1 . O n the other hand, 
the synthesis, recrystallization, and vacuum sublima­
tion yielded the form showing a broad band at 3225 
c m - 1 for the latter. However, the appearance of an 
additional sharp band at 3335 c m - 1 was noted when 
the crystals were deposited from a cold aqueous ethanolic 
solution. 

The following six derivatives of the anilinobromo-
naphthoquinone are classified into the first group: X — 
p-?r (3280 cm- 1 ) , o-MeO (3355), m-EtO (3330), m-
C O O H (3280), jO-COOH (3320), and 2,4,5-Me3 (3295). 
The second group consists of X = H (3245 c m - 1 ) , o-
Me (3255), m-MeO (3225),p-MeO (3255),/>-EtO (3250) 
2,4-Me2 (3265), and 2,5-Me2 (3225). The halo de­
rivatives expected to be members of this group were 
not included in this study, as the observation of dimor­
phism with them seemed to be very unlikely. I t may 
be added that the locations are generally at higher wave 
numbers compared with those of the corresponding 
derivatives in the chloronaphthoquinone series. 

To supplement the above results, we carried out 
spectral measurements of the condensation product be­
tween two moles of 2,3-dichloro-l,4-naphthoquinone 
and one mole of 3,3'-dimethoxybenzidine. The color 
of this particular compound has been reported to be 
red in hot xylene and to turn reddish violet upon cool­
ing.14) However, we could record no unusual tem­

perature dependence with this system. 

D i s c u s s i o n 

In order to examine the relative stabilities of the 
possible tautomeric forms within the framework of the 
H M O method, we compared the bonding energies of 
the two forms of the unsubstituted anil inonaphthc-
quinone. This approach has been employed by Kuder 
as a criterion of the tautomeric stability of hydroxy-
arylazo compounds. 15> T h e bonding energy is given by 
the difference between the total yr-electron energy and 
the energy of the ^-electrons localized on atomic p-

n 

orbitals. T h e latter is defined by S ^ o ^ , where n is 

the number of atomic centers, st is the number of elec­
trons contributed by the i a tom to the 7r-electron system, 
and oct is the Coulomb integral for the i a tom. The 
tautomeric form with the larger bonding energy or 
bonding energy per electron may be considered to be 
more stable. The heteroatom parameters, hx and kX7, 
in the Coulomb and resonance integrals, ax=oc-\-hxß 
and ßX7=kX7ß, were the same as those used by Kuder , 
namely, AN H=1.50, Ä o =1.00, £c_N(the bond to naphtho­
quinone) = 0 . 9 0 , £c_N(the bond to phenyl group) = 0 . 7 0 , 
and & c = o =1 .00 for the jf>-quinonoid form and AN=0.50, 
Ao=l.<X), Ä O H = 2 . 0 0 , * M = 1 . 1 0 , * C _ N =0.90 , * c = 0 = 
1.00, and £ c _ o = 0 . 8 0 for the o-quinonoid form. The 
effect of an intramolecular hydrogen bond, 0 - - H - N , 
was also considered by taking the following param­
eters: a ' N H =a N H —0.20& a ' o _ H = a o + ° - 2 0 & / V H - N = 
0.20 ß. T h e bonding energies computed in terms of 
the carbon-carbon resonance integral, ß, are shown 
below : 

jfr-Quinonoid o-Quinonoid 
No hydrogen bond 24.851 24.823 
With a hydrogen bond 24.967 — 

Consequently, the /»-quinonoid form appears to be more 
stable than the o-quinonoid form, regardless of the hy­
drogen bond. I t has been argued by Kuder that a 
difference in bonding energy per electron in excess of 
0.002 ß leads to the presence of only one tautomer. 
This criterion suggests that only the j&-quinonoid form 
of the anil inonaphthoquinone will be seen if the hydro­
gen bond is formed. 

The above-mentioned situation may be affected, to 
some extent, by the introduction of a substituent on 
the phenyl group. However, our observations cannot 
be correlated with the nature of the substituents. Not 
only the derivative with an electron-withdrawing group, 
but also the one with an electron-donating group on the 
same position were found to be dimorphic: e.g., X = 
p-COOU and p-MeO with Y = H and X = m - C O O H , 
m-EtO, and m-Me with Y = C 1 . Furthermore, the 
electronic spectrum not being sensitive to the nature of 
solvents and its small temperature-dependence seem to 
be inconsistent with the presence of a tautomeric equi­
librium in solutions. The molar absorption coefficient 
of the band in the visible region is in the range from 
2600 to 5400, depending mainly upon the kind and 
position of the X substituent. This absorption may be 
attr ibuted to an intramolecular charge-transfer transi-
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tion. The difference in vibrational spectrum must, 
then, be due to a change in the molecular configura­
tion. The change appears to be large in the case 
shown in Fig. 1 (X=j&-COOH, Y = H ) and small in 
the case shown in Fig. 4 (X = 3,4-Me2, Y = B r ) . In 
other cases, the difference varies between these extremes. 
T h e band appearing in the region from 3150 to 3350 
c m - 1 can now be definitely assigned to the N - H stretch­
ing vibration. T h e shift implies that the strength of 
the hydrogen bond varies with the configuration. As 
the mode of stacking is governed by the molecular con­
figuration, the difference in color between dimorphic 
forms may be attr ibuted largely to changes in the loca­
tion and the intensity of the intermolecular charge-
transfer absorption between the electron-donating 
moiety of a molecule and the accepting moiety of the 
neighboring molecule. 
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Threshold switching was observed in anthracene thin films ( < 3 y.m) using a circuit with a high protective resis­
tance. On the other hand, when the protective resistance was small, the switching was erratic and irreproducible. 
In the latter case, the switching was occasionally accompanied by filamentary damages caused by the excess current 
focused at the electrically weak spots, and the threshold voltage was poorly dependent on the protective resistance. 
The threshold-switching characteristics for thin films are interprétable in terms of the transition from the trap-limited 
SGLC to the trap-filled SCLC. The thermal breakdown model is not adaptable. 

In general, switching phenomena may be classified 
into two categories: memory and threshold switching. 
The threshold switching has no memory effect, and a 
turn-off can be achieved below the critical voltage, called 
the holding voltage. This type of switching has been 
observed in several organic thin films.1'2) O n the other 
hand, many authors3 - 5) have reported memory-switch­
ing characteristics which arise from the formation of 
a metallic filament or a carbonized conducting channel. 
However, our understanding is still incomplete. 

The purpose of this study is to report that a non­
destructive switching in anthracence can be observed 
by means of circuit with an appropriate protective re­
sistor and to discuss the mechanism of the switching. 

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

Pure anthracene was prepared by a method similar to that 
described by Nakada6) and was then further purified by zone 
melting. The geometry of the cell was of the sandwich type, 
where anthracene was deposited on a glass substrate with 
an evaporated silver electrode through an etched stainless 
steel mask. The temperature of the substrate was controlled 
in the range from —70 to —50 °C. 

The film thickness of anthracene was varied in the range of 
5x l0 - 6 —1.0xl0~ 3 cm. The thickness was measured with 
the aid of an interferometer when the films were thin, while 
for the thicker films an ac bridge was used. Silver was 
deposited as the upper electrode by vacuum evaporation 
through the mask. The area of the electrode was ca. 0.01 
cm2. 

The I-V characteristics were observed by means of the 
circuit described in a previous paper.7) The protective re­
sistor in the circuit can be varied in the range of 103—108 

ß in order to control the current which flows in the sample. 
The states of the sample before and after the switching 

were observed using a scanning-electron microscope and an 
optical microscope. 

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

Initially the anthracene film has a very high re­
sistance, but when a certain value of voltage (threshold 
voltage, Vth) is applied, the current increases drasti­
cally; simultaneously, the voltage applied to the sample 
descreases and a new high conductivity state is formed. 
Figure 1 shows the relationship between the protective 
resistance, Rp, and the resistance, RA, a t the high con­
ductivity state formed by applying the threshold voltage. 
It may be observed that the value of RA increases with 
the protective resistance; consequently, non-linear cur­
rent-voltage characteristics can be predicted in the high 

Fig. 1. 

5 

log (Äp /ß) 

Relationship between Rp and i?A. 

conductivity state. 
More than 500 thin films were used for the current-

voltage-characteristic measurements. When NB and N 
represent respectively the total n u m b e r of cells used in 
the measurements for a given protective resistor and 
the number of the cells with which the threshold switch­
ing without any structural changes were observed, the 
ratio of N/NB increases with the value of the protective 
resistor, while the value of Vth is poorly dependent on 
the value of the protective resistor. Erratic and irre-
producible switching characteristics, accompanied by 
structural changes, were occasionally observed. In these 
cases a stable high conductivity state with a memory 
effect was observed. The results of a scanning-electron-
microscopic inspection of the cell after the erratic 
memory switching are shown in Fig. 2. T h e transform­
ed area may be formed by the localized excessive 
current flow at the weak spots in the film. 

' v ^ - -2:' ^ •: 

• ' • A 

M-

Fig. 2. Scanning electron microscopic view of the film, 
a) Center void, b) lower electrode, c) upper electrode, 
d) anthracene. 
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T h e current-voltage relation in single crystals of 
anthracene, expressed as /oc Va, where n>2 in the 
high-field region, has been explained on the assump­
tion that current carriers are trapped by the local states 
exponentially distributed within an energy region; the 
reduction of the value of n with the density of the trap­
ping centers has previously been reported by Thomas 
et al.s> O n the other hand, Williams et al.9) interpreted 
the precipitous transition from the ohmic region to the 
cubic region for the carbon fiber diode in terms of the 
trap-filled-limit. 

Since, in this work, it is confirmed that the current 
obeys the scaling law in the preswitching state (Figs. 
3 and 4), the current-voltage relation obtained in the 
high-field region may be expressed as: 

yi+i 
JoffOC 

J21+1 -exp(-MkT), (1) 

where Jott is the current density in the preswitching 
state; d the film thickness: 0, the activation energy; 
k, the Boltzmann constant, T, the temperature, and /, 
the constant. T h e averaged value of / was, from the 
results shown in Figs. 3 and 4, estimated to be 1. This 
behavior can be interpreted in terms of the space-
charge-limited; current in an insulator with a single 

- 1 2 0 - ! 

log (voltage/V) 

Fig. 3. Current-vol tage characteristics in the off state for 
three different thickness. 
O) 0.34 (Jim, A) 0.64 (xm, • ) 0.99 ^m. 

- 1 2 - 5 . 0 - 4 . 0 - 4 . 5 

log (thickness/cm) 

Fig. 4. Relation between the current and the film thick­
ness in the off state. 

- 4 -3 

log (thickness/cm) 

Fig. 5. Relation between the threshold voltage and the 
film thickness. 
Solid line; Vth oc d*. 

type of traps. 
I t is well known that the causes of switching and/or 

breakdown proposed by many authors can be classified 
into two categories; (1) the thermal effect and (2) the 
electronic effect. In order to determine which of these 
effects is the cause of the switching in the case of anthra­
cene, the relation between the threshold voltage, F t h , 
and the film thickness, d, was observed. The results 
are plotted in Fig. 5. This figure shows that Vth is 
proportional to dz. 

In the thermal-breakdown model, the temperature 
of the film may be expected to be uniform for a thin 
film, so the switching conditions can be determined by 
the use of Eqs. 2, 3 and 4. These equations are induced 
by assuming that the thermal breakdown occurs when 
the temperature derivative of the power input exceeds 
that of the heat loss:10) 

J'V = À(T-T0), (2) 

d(J-V)ldT=X, (3) 

Jc-Vc = l(Te-T0), (4) 

where A is a constant external thermal conductivity; 
T0> the ambient temperature; Jc, the current density 
at the critical temperature (T0)> and Vc, the breakdown 
voltage. T h e substitution of the current density in Eq. 
1 into Eqs. 2, 3, 4 and subsequent rearrangement 
give: 

Fe
I+s oc </«+*. (5) 

However, the experimental results shown in Fig. 5 do 
not agree with this equation, unless / = c o . Therefore, 
the possibility of the thermal breakdown was excluded. 

O n the other hand, the space-charge-limited-current 
(SCLG) in the preswitching state has been taken into 
consideration in some electronic models.11»12) In these 
models, the turn-on can be achieved when the space-
charge density in the film reaches a critical value. In 
this case, the relationship between the threshold voltage 
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and the film thickness is given by: 

Vth oc d\ (6) 

The experimental results agree well with this expected 
relation deduced from the electronic model. Further­
more, the t rap density, Nv was estimated to be 1015— 
1016 cm~3 by assuming that the turn-on condition is 
equivalent to the transition condition from the t rap 
limited space-charge-limited current (SCLC) to the 
trap-filled SCLC. In this case, Vth is expressed as: 

Vth = ed2Nt/2ee0. (7) 

The trap density thus obtained is comparable to the 
value, ( 3 - 7 ) x 1013 cm- 3 , obtained by Garret t et A/.,13) 
and to that 1013—1019 cm~3, obtained by Thomas et al.6) 

O n other hand, a typical current-voltage relationship 
in the high-conductivity state is shown in Fig. 6. T h e 
square law holds in the high-field region, while in the 
low-field region the current is lower than the value 
estimated by extrapolation from the high-field region 
on the assumptions that the current obeys the square 
law and that this deviation from the square law in­
creases with a decrease in the applied voltage. T h e 
turn-off can be achieved when the applied voltage de­
creases below ca. 1 volt. In the square law region, it 
was found that the current is proportional to d~z. 
Therefore, the current density, Jon, in the high-con­
ductivity state is expressed by the scaling law, / being 
1: 

Jon = X'V*/d\ (8) 

where a is a constant. I t was confirmed by the analysis* 
of an equivalent circuit that the observed RA is pro­
portional to Äp1/2 when a high protective resistance is 
used in the measurement circuit, whereas RA is poorly 
dependent on Rp when a low protective resistance is 
used. These analytical results are in good agreement 
with the observed data plotted in Fig. 2. 

- 6 . 0 

0.5 0.6 0.7 
log (voltage/V) 

Fig. 6. Current-voltage characteristic in the on state 
solid line; I oc V2. 

* Since the resistance in the preswitching state is much 
larger than that of the protective resistance, Fth is ap­
proximately equal to the total applied voltage. When 
the turn-on occurs, the voltage applied to the cell is 
equal to Vtn-RA/{RA+RF). 

From the results thus obtained, it may be concluded 
that the threshold switching observed in thinner films 
is based on the transition from the trap-limited SCLC 
to the trap-filled SCLC, without any structural changes. 

For thicker films ( > 3 (xm), no reproducible threshold 
switching was observed. In these films, an instan­
taneous increase of current was observed when measure­
ments were carried out using a circuit with a high 
protective resistor (108 O ) . O n the other hand, a 
high-conductivity state with a memory effect was ob­
served when a lower protective resistor was used. In 
this case, the relationship between Vth and the thickness 
is expressed as Vtyozdn, 0 . 5 < « < 1 ; this relation can 
be introduced by the thermal-breakdown model (Eq. 
5), while the current-voltage characteristics in the pre-
breakdown region are expressed as /oc Vm, ranging in 
value of m from 1 to 2 for these thicker samples. 

I t is well known14 '15) that the thickness dependence 
of F t h for the thick films is different from that for the 
thin films and that the thermal breakdown occurs in 
thicker films, while in thinner films the switching caused 
by the electronic mechanism is predominant, especially 
for amorphous semiconductors. The results for thicker 
anthracene films reported in this paper are consistent 
with those obtained by Garret t et a/.13) 

O n e of us (Y. Sadaoka) thanks the Sakkokai Founda­
tion for a grant. 
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H-D exchange reaction between acetylene and deuterium has been investigated in a single-pulse shock tube 
in the temperature range 1200—1500 K. Empirically, in the C2HD appearance the order with respect to acetylene 
was 0.25±0.09, and that with respect to deuterium 1.14±0.15. The rate constant of 1.39 th order for the C2HD 
increase was obtained as; ^(cm1-17 mol"0-39 s~1) = (24.4±7.5) X 10nexp((—51200±2400)/Är). The isotopic dis­
tributions of acetylene and hydrogen as determined by mass spectrometry suggest that C2D2 and H2 are formed 
by the subsequent reactions of G2HD and HD, respectively. A free-radical chain mechanism initiated by the same 
bimolecular reaction of acetylene, viz. 2C2H2—>C4H3+H, as in the pyrolysis and hydrogénation of acetylene 
was proposed. A steady-state treatment of the proposed mechanism shows that the empirical rate and concentra­
tion dependence of the C2HD increase are in line with those of the steady-state rate. 

T h e H - D exchange reaction between acetylene and 
deuterium has been studied by several investigators. 
Shock tube techniques were employed in all the experi­
mental studies. 

Kura tan i and Bauer1) derived empirical power rate 
formulas by the analysis of the infrared emission profiles 
of C 2H 2 and C 2 HD, and proposed that C 2 HD and G2D2 

were produced from the same molecular complex C2-
H 2 D 2 *. Besides, Bauer et al.2~^ discussed the structure 
and thermodynamic property of C 2H 2D 2*. 

Gay et al.5) studied the pyrolysis of acetylene combin­
ing a shock tube with a T O F mass spectrometer and 
found C 4 H 3 radical. They proposed a radical mecha­
nism for the isotopic exchange reaction between C 2 H 2 

and C2D2 , suggesting that this might be the case for 
the H - D exchange reaction between C 2H 2 and D 2 . 

Benson and Haugen6) proposed a free-radical chain 
mechanism by the analysis of both kinetic and thermo­
dynamic data available. By a single-pulse shock tube 
Skinner et al.7) studied the reaction of the C 2 H 2 -D 2 

system in the temperature range 1069—1280 K. They 
found that the amount of C2D2 was less than one half 
of C 2 HD amount , C 2 H 3 D being the most abundant 
among ethylene isomers. From these observations, 
they supported the radical chain mechanism postulated 
by Benson and Haugen, but did not execute the quanti­
tative analysis of kinetic date obtained. 

The pyrolysis and hydrogénation of acetylene pro­
ceed via the free-radical chain mechanism initiated by 
the same bimolecular reaction of acetylene; 2G2H2-> 
C 4 H 3 - f H , C 4 H 3 radical being responsible for the forma­
tion of l-buten-3-yne and H atom for the production 
of ethylene.8) O n the other hand, the H atom could 
also lead to the H - D exchange reaction between acety­
lene and deuterium in the C 2 H 2 - D 2 system. As in the 
pyrolysis and hydrogénation of acetylene, the H - D ex­
change between acetylene and deuterium would occur 
by a free-radical chain mechanism. The study of the 
H - D exchange reaction in the G 2 H 2 -D 2 system could 
provide another test for the mechanism of hydrogéna­
tion of acetylene. 

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

Apparatus and Procedure. The H-D exchange reaction 
between acetylene and deuterium was investigated in a 4-cm 

single-pulse shock tube. A full description of the shock tube 
and the details of operation have been given previously.8'9) 

Shock tube was evacuated to below 1x10-* Torr before 
each run, leak and outgassing rate being ca. 6 x 10~5 Torr/min. 
Prior to the opening of the tube for the renewal of the di-
aphram, the entire tube was pressurized with helium above 
the atmospheric pressure to avoid the exposure of the tube 
to the air. The shocks were fired within five minutes after 
the introduction of sample gases. Helium was used as the 
driver gas. 

Materials. Three mixtures with the composition of 
C2H2/D2/Ar= 10/10/80; 5/10/85; and 10/5/85 were prepared 
in a 5-1 glass vessel. The mixed gases were allowed to stand 
at a room temperature for about one day and analyzed by 
gas chromatography to check trace amount of oxygen prior 
to shock heating. All analyses showed that the oxygen in 
the sample mixtures was less than 10 ppm. The procedure 
of purification of acetylene, deuterium, and argon was iden­
tical with that in the pyrolysis and hydrogénation experiments. 

Analytical. The isotopic distribution of acetylene was 
determined with a Hitachi Model RM-50 mass spectrometer. 
Details of the mass spectral analyses were described elsewhere. 
In some runs the isotopic distribution of hydrogen was deter­
mined at the same time. For this purpose, the bulb contain­
ing sample gas was condensed by liquid nitrogen, while the 
uncondensables were transferred into another evacuated bulb, 
which served for the measurement of the isotopic distribution 
of hydrogen. The removal of hydrocarbons by the procedure 
mentioned above could minimize the interference in the hydro­
gen peaks due to the fragmentation of the hydrocarbons. The 
relative intensity among the hydrogen isotopes was deter­
mined using an equilibrium mixture of hydrogen isotopes, 
which was prepared by platinum-black catalyzed reaction 
between H2 and D2. 

R e s u l t s 

Three mixtures were subjected to shock heating in 
the temperature range 1000—1600 K, and then analyzed 
by mass spectrometry. The total densities behind the 
reflected shock waves were (2.35±0.11) X 10~5 mol/cm3, 
the average reaction time (dwell time) being ca. 800 \JS 
in all runs. 

Isotopic Distributions. Several shocks were fired 
with the mixture of 10% C 2H 2 and 10% D 2 in argon. 
T h e isotopic distribution of hydrogen together with that 
of acetylene was determined by mass spectrometry. The 
ionization potential was maintained at 50 eV for the 
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TABLE 1. ISOTOPIC DISTRIBUTIONS OF ACETYLENE AND HYDROGEN 

!TB/K» 

1271 
1313 
1388 
1395 
1396 
1480 

C2tV> 

0.946 
0.932 
0.894 
0.908 
0.886 
0.763 

G2HD 

0.051 
0.067 
0.102 
0.087 
0.110 
0.214 

G2D2 

0.003 
0.001 
0.004 
0.005 
0.004 
0.023 

D2
b) 

0.954 
0.934 
0.888 
0.904 
0.882 
0.743 

HD 

0.044 
0.060 
0.095 
0.093 
0.111 
0.231 

H2 

0.002 
0.006 
0.017 
0.003 
0.006 
0.026 

T/(JLSR> 

920 
940 
930 
850 
890 
780 

a) 7*5 is the temperature behind the reflected shock wave, b) The total amounts of acetylene and hydrogen isomers 
are taken equal to 1.000 respectively, c) x is the dwell time. 

measurement of hydrogen isotope mass spectra, while 
at ca. 12 eV for that of acetylene isomers. T h e results 
of mass spectral analyses are summarized in Table 1. 

As shown in Table 1, approximately equal amounts 
of G 2HD and H D , and those of G2D2 and H 2 are pro­
duced, the yields of the latter being much less than one 
half of the former. 

Rate of H-D Exchange Reaction. The relative 
amounts of acetylene isomers were determined through­
out all runs. In this case the ionization potential was 
kept at 50 eV. The rates of C 2 HD and C2D2 appear­
ance were derived from the relative amounts of acetylene 
isomers, neglecting the decrease of the total acetylene 
concentrations due to the pyrolysis and hydrogénation 
of acetylene occurring simultaneously with the H - D 
exchange reaction. The rates were defined as [C 2 HD] 
/T and [ G 2 D 2 ] / T , where T is the dwell time. The rates 
at temperatures below 1200 K were too slow to allow 
a quantitative analysis and were ruled out T h e rates 
of the H - D exchange reaction of acetylene are shown 
in Fig. 1 in the case of the mixture of C 2 H 2 / D 2 / A r = 
5/10/85. T h e rates of G 2 HD appearance increase line­
arly with temperature at temperatures below 1400 K, 
while they deviate from a linear line at temperatures 
above 1400 K. The ratio of [G2D2]/[G2HD] is depend­
ent on temperature. This indicates that the forma­
tion of C2D2 by the subsequent reaction of C 2 HD and 
the reverse reaction of C«HD to reform G0H0 cannot 

TABLE 2. ISOTOPIC DISTRIBUTION OF ACETYLENE AS 

DETERMINED WITH IONIZATION POTENTIAL OF 5 0 EV 

r5/K» 

1371 
1380 
1386 
1473 
1480 

G2H2b) 

0.896 
0.900 
0.854 
0.701 
0.690 

G2HD 

0.093 
0.091 
0.133 
0.259 
0.274 

C2D2 

0.011 
0.009 
0.013 
0.040 
0.036 

T/{ASC> C2H2/D2/Ard> 

780 
810 
910 
770 
700 

10/10/80 
10/10/80 
10/10/80 
10/10/80 
10/10/80 

Fig. 1. Rates of the G2HD and G2D2 increase in the 
case of the mixture of C2H2/D2/Ar=5/10/85. 
# ; C2HD increase, O; G2D2 increase. 

a) Th is the temperature behind the reflected shock wave. 
b) The total amount of acetylene is normalized to be 1.000. 
c) T is the dwell time, d) The composition of the mix­
ture. 

be neglected at temperatures above 1400 K for the 
mixture of C 2 H 2 /D 2 /Ar=5/10 /85 . 

T h e rates of G2D2 increase scatter considerably at 
lower temperatures. Some of the results of the relative 
yields of acetylene isomers for the mixture of C 2 H 2 /D 2 

/Ar =10/10/80, as determined at an ionization potential 
of 50 eV, are presented in Table 2. Apparent greater 
G2D2 abundance in Table 2 may result from the con­
tamination of nitrogen, since at the lower ionization 
potential of 12 eV the fragmentation of nitrogen can be 
neglected (Table 1). However, the relative yields of 
C 2 HD seem little affected by the ionization potential 
employed. Thus the kinetic analysis of the data ob­
tained was made only for the rates of C 2 H D increase. 

The rates of C 2 HD appearance obtained from the 
three shock heated mixtures are shown in Fig. 2. W e 
see that the rates of G 2 HD formation are strongly de­
pendent on deuterium and slightly dependent on 
acetylene concentration. 

In the above definition of rate, the rates of G 2 HD 
increase are well defined only when the successive ex­
change of G 2 HD to C2D2 (alternatively C2H2) is negli­
gibly slow. The rates of C2D2 formation were less than 
one tenth of those of G 2 HD increase in the temperature 
range up to 1500 K in the mixtures of C 2 H 2 / D 2 / A r = 
10/10/80 and 10/5/85 and up to 1400 K for the mixture 
of C 2 H 2 /D 2 /Ar=5/10 /85 . 

An empirical power rate formula was derived by the 
least-squares method in the temperature range mention­
ed above, where the rates of C 2 HD formation increase 
monotonically with temperature and successive exchange 
of G 2 HD is negligibly slow: 

d[C2HD]/d* = ^ [ C Ä f - ^ i ö - n D a ] 1 - 1 ^ 0 - 1 5 , (1) 

kx = (24.4±7.5) Xl01 1exp((-51200±2400)/ /2r) , (2) 
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Fig. 2. Concentration dependence of the G2HD increase. 
O ; C2H2/D2/Ar== 10/10/80, • ; C2H2/D2/Ar=5/10/85, 
A ; C2H2/D2/Ar= 10/5/85. 

Fig. 3. Arrhenius plot of 1.39th order rate constants 
for the G2HD appearance. 
O ; C2H2/D2/Ar= 10/10/80, • ; G2H2/D2/Ar-= 5/10/85, 
A ; G2H2/D2/Ar= 10/5/85. 

where d[C2HD]/d£ and kx are expressed in mol c m - 3 s - 1 

and cm1-17 mol - 0-3 9 s - 1 , respectively, the activation 
energy being given in cal/mol. T h e errors denote the 
standard deviation of the least-squares method. The 
Arrhenius plots of the 1.39 th order rate constants 
are shown in Fig. 3. 

Discussion 

Mechanism of H-D Exchange Reaction. The iso-
topic distributions of acetylene and hydrogen (Table 1) 
are in line with those obtained by Skinner et al.p who 
supported a free-radical chain mechanism. The very 

low ratios of [G2D2] /[C2HD] and [H 2 ] / [HD] , and the 
dependence of the former on temperature suggest that 
C2D2 and H 2 are produced successively by the reactions 
of C 2 HD and H D , respectively. 

Under the present experimental conditions, the H - D 
exchange reaction occurs simultaneously with the pyro-
lysis and hydrogénation of acetylene, the pyrolysis be­
ing predominant. The initiation step of the pyrolysis 
becomes an important source of radicals. The most 
probable free-radical chain mechanism for the H - D 
exchange reaction is outlined as follows: 

2G2H2 > G4H3 + H, (3) 

H + D2 • HD + D, (4) 

D + C2H2 • C2HD + H, (5) 

H + HD > H2 + D, (6) 

D + C2HD > G2D2 + H. (7) 

The H and D atoms present in the system concurrently 
participate in the formation of ethylenes: 

H + G2H2 • G2H3, (8) 

D + C2H2 • G2H2D, (9) 

C2H3 + D2 • G2H3D + D, (10) 

C2H2D + D2 > C2H2D2 + D. (11) 

T h e termination occurs by the recombination or dis-
proportionation reactions of the two vinyl radicals or 
by those of vinyl radicals with H or D atom. 

A molecular complex mechanism was proposed by 
Kura tan i and Bauer, which was essentially expressed as ; 

G2H2 + D2 GoH0 : Do C2H2D2*, (12) 

where C 2H 2 : D 2 and C 2H 2D 2* were suggested to be 
the carbene and excited ethylene with Vd symmetry, 
respectively. I n their scheme the C 2H 2D 2* rotates 
around the C=C bond to G 2 HD : H D or C2D2 : H 2 

(alternatively C 2H 2 : D 2 ) , and then decompose to 
C 2 HD or G2D2. Accordingly, the ratios of [G2D2]/[G2-
H D ] and [H 2 ] / [HD] would be ca. 0.5 and would be 
substantially independent of temperature. These pre­
dictions from the molecular complex mechanism dis­
agree with the observed isotopic distributions.10) 

Steady-state Rate. In the proposed mechanism 
the successive exchange reactions of C 2 HD and H D and 
the backward reactions except for Reactions 8 and 9 
can be neglected in the early stage of the exchange 
reaction, since the reaction times were extremely short, 
the yields of C2D2 and H 2 being far less than those of 
C 2 HD and H D in the temperature range defined above. 
Reactions 9 and 11 can be also neglected, since G2H3D 
was the most predominant species among ethylene iso­
mers.8) 

I t is well known that the addition of H atom to 
acetylene yields vibrationally excited vinyl radical with 
subsequent dissociation to initial reactants or collisional 
stabilization to form thermal vinyl radical ;11_14> 

H -f- 02H2 

C2H3* 

-> C H A 

H -f- G2H2 

< + M) 
G2H3* > G2H3 

(13) 

(14) 

(15) 

where C 2H 3* and M are vibrationally excited vinyl 



September, 1977] 

radical and a third body, respectively. Reactions 13— 
15 overall reduce to 

H + C2H2 ; = ± G2H3, (8') 

where the reverse reaction is included, since C 2 H 3 D was 
formed in a considerable amount . In the case of the 
addition of D atom to C2H2 , the above processes become 
as follows:12'14) 

D + G2H2 > C2H2D*, (16) 

C2H2D* > D + G2H2, (17) 

C2H2D* > H + C2HD, (18) 
(+M) 

C2H2D* > G2H2D. (19) 

Practically, these steps reduce to Reactions 5 and 9. 
The reverse Reaction 9 can be neglected, for the yield 
of G2H2D2 was small relative to G2H3D yield. Re­
actions 8 and 9 involve thermalized vinyl radicals, 
while in Reaction 5 the dissociation of the " h o t " vinyl 
radical is significant. The formation of thermal vinyl 
radical from "ho t " vinyl radical under our experimental 
conditions is estimated to be slow compared with ex­
change.6) 

As in the hydrogénation of acetylene, the termina­
tion reaction of H atom with G2H3 radical is insignifi­
cant, since the concentration of H atom is much lower 
than that of G2H3 radical. The simplified free-radical 
chain mechanism for the G 2 HD(HD) appearance is 
thus represented as: 

2C2H2 > C4H3 + H, (3) 

H + D2 > HD + D, (4) 

D + C2H2 > C2HD + H, (5) 

H + G2H2 ^ C2H3, (8') 

C2H3 + D2 > C2H3D + D, (10) 

2C2H3 • C4H6. (20) 

For the termination, only the recombination reaction 
of two vinyl radicals is taken into account. 

The steady-state assumption is applied to the simpli­
fied mechanism. T h e steady-state concentrations of H , 
D, and C 2 H 3 radical are given by the following equa­
tions ; 

[G2H3]S3 = (*3/2*20)V2[C2H2] = *21[C2H2], (21) 

[H] s s = (1/V) (*3[C2H2] + k^k21 + *10*21[D2]), (22) 

[D]ss = (1/*5[C2H2])(*4[H]SS[D2] + *10[C2H3]SS[D2]), (23) 

where kil=(ksf2k90)
1/2. Rearranging Eq. 23, the fol­

lowing relation is derived: 

d[C2HD]/d* = d[HD]/d* + d[C2H3D]/d* (23') 

The rate of C2H3D formation is slower than that of 
H D increase. The rate of H D increase is approxi­
mately equal to that of C 2 HD appearance, which is 
consistant with the observed isotopic distributions (Table 
1). Thus the steady-state rate for C 2 HD increase is 
given by 

d[C2HD]/d* = d[HD]/d* = A4[H]„[Da]. (23") 

Equation 23", if reduced to a power dependence on 
concentrations, predicts order with respect to acetylene 
and deuterium of 0 to 1 and 1 to 2, respectively. 

The rate constants used in the derivation of an appar-

between G2H2 and D2 2245 

TABLE 3. T H E RATE CONSTANTS RELATING TO THE 

H-D EXCHANGE REACTION AND THE FORMATION 

REACTION OF ETHYLENE 

r, .. Rate constant Reaction , -. „ T , 1N (s * or cm3 mol - 1 s-1) 

3 
4 
5 
8' 

- 8 ' 
10 
20 

3.5 X 1013 exp(-47400/ÄT') 
6.5X 10 l 3exp(-8560/Är) 
3.1xl01 3exp(-3700//2T') 
7 .53xl0 1 1 exp(-2410/ J ßr) 
8 .19xl0 1 1 exp(-50210/ i2r ) 
5.39 X 1011 exp ( - 12900/i2 T) 
4 .45x l0 1 3 

Ref. 

9 
15 
12 
13 

b ) 
8 

c ) 

Aa> 

1.0 
2.0 
1.0 

1/7.2 
1/7.2 

1.0 
1.0 

a) X is the correction factor for the frequency factor with 
the same activation energy as that given in the reference. 
b) This rate constant was calculated by the combination 
of the rate constant of Reaction 8' with the equilibrium 
constant at 1300 K. c) The activation energy was as­
sumed to be zero, and the frequency factor was calculated 
at 1300 K, taking the collision diameter of C2H3 radical 
as 4.23 Â. 

ent power rate formula for the G 2 HD increase are 
listed in Table 3. The pressure dependent bimolec-
ular rate constant of Reaction 8' is uncertain. T h e rate 
constant is assumed to have the same activation energy 
as that in high pressure limit with a correction in fre­
quency factor.13) Assuming the same activation energy 
as that of the observed rate (Eq. 2), an apparent power 
rate formula for the C 2 HD increase is given by 

d[C2HD]/d*(mol cm-3 s"1) = *24[C2H2]°-31[D2P-3!>, (24) 

*24(cm2-10 mol-0-70 s-1) = 1 .16xl0 1 4 exp(-51200/Är) . 

(25) 

The absolute values of the steady-state rate agree with 
those of the empirical power rate (Eqs. 1 and 2) within 
the error limit of 4 0 % , and the power dependence of 
the steady-state rate is in good agreement with the 
observed rate within the present experimental errors. 

T h e empirical power rate expression for the increase 
of G 2 HD obtained by Kura tan i and Bauer in the tem­
perature range 1300—1600 K is given by 

d[C2HD]/d* = ((*. +A,)/2.64) [C2H2]°-24[D2]U, (26) 

where, 

^(cmo-^mol-o-^s-1) = 4 . 2 x 108 exp(-33800/i2T") 

and 

^(cmo-^mol-o-^s-1) = 1.6x 108 exp(-29300/Är) . 

The dependence of the rates on the concentrations seems 
essentially the same between the two power rate expres­
sions (Eqs. 1 and 26), in spite of the different definition 
of rate, that is, their rates are the initial rates, on the 
other hand, our rates are the mean rates during the 
reaction times. T h e absolute rates obtained by them 
and those of the present agree within a factor of 2. 

The steady-state rate of C 2 H 3 D production is directly 
derived from Eq. 21 ; 

d[C2H3D]/d* (mol cm-3 s"1) = *10*21[C2H2] [Da], (27) 

where, 

* 1 0 Mcm 3 mol-1 s-1) = 1.3xl0 l 2exp(-36600/Ä7"). (28) 

H-D Exchange Reaction 
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Equation 27 indicates that as far as the rate of Reaction 
8' is fast enough to reach a steady-state concentration 
of G 2 H 3 radical during the reaction time, the rates of 
Reactions 8' and — 8 ' do not produce any change in 
the rate of ethylene formation together with the steady-
state concentration of G 2H 3 radical (Eq. 21). However, 
the steady-state concentration of H(D) atom is affected 
by the rates of Reactions 8 ' and by the rates of Re­
action 8' and its reverse reaction (Eq. 22). This 
indicates that the H - D exchange reaction is closely 
related to the G2H3 radical formation and ethylene 
formation. The following relation may hold well:8) 

[G2H3D]/[C2H2D2] = (WAn)([C2H3]/[C2H2D]) 
= (*W*9)([H]/[D]) 
= (^* 4 ) ( [G 1 HJ/[DJ) . (29) 

In the above derivation, k8'=k9 and d[HD] /d£>d[C 2 -
H 3 D] jdt are assumed. T h e ratios of [C2H3D] / [C 2H 2D 2 ] , 
observed and calculated from Eq. 29, are summarized 
in Table 4. T h e agreement between the observed and 
calculated appears considerably good. Therefore, the 
inclusion of H - D exchange propagation process into 
the ethylene formation scheme provides a reasonable 
explanation of the rate and isotopic distribution of 
ethylene. 

TABLE 4. THE COMPARISON OF THE OBSERVED RATIO OF 

[G2H3D]/[G2H2D2] WITH THE CALCULATED VALUE 

r5/K» 

1271 
1313 
1388 
1407 
1480 

[G2H3D]/[G2H2D2] 

Obsdb> Galcd 

5.86 
5.68 
3.86 
3.76 
1.89 

2.90 
2.74 
2.49 
2.44 
2.25 

J»C) 

2.02 
2.08 
1.55 
1.54 
0.84 

C2H2/D2/Ar<*> 

10/10/80 
10/10/80 
10/10/80 
10/10/80 
10/10/80 

a) T5 is the temperature behind the reflected shock 
wave, b) Calculated value from Table 2 in Ref. 8. 
c) y is the ratio of the observed value to the calculated 
one from Eq. 29. d) The composition of the mixture. 

At temperatures above 1500 K, the formation of 1,3-
butadiyne becomes comparable to that of ethylene or 
predominant . T h e butadiyne formation cannot be 
neglected in the H - D exchange reaction, since H atom 
is responsible simultaneously for the butadiyne forma­
tion:9) 

H + G2H2 > G2H + H2, (30) 

G2H + C2H2 > G4H2 + H. (31) 

D atom present in the system can abstract H atom 
from acetylene molecule: 

D + C2H2 > HD + G2H, (32) 

G2H + D2 > G2HD + D. (33) 

Reactions 32 and 33 construct a chain for the H - D 
exchange reaction between acetylene and deuterium. 
Furthermore, the yield of l-buten-3-yne begins to de­
crease at temperatures around 1500 K, H atom being 
supposed to participate in the l-buten-3-yne decrease. 
The validity of our mechanism should be limited to the 
temperature range where the formation of l-buten-3-
yne and ethylene is dominant and that of butadiyne 
is negligibly slow. 

The author wishes to thank Professor Kenji Kuratani , 
Tokyo University, for his valuable advice and helpful 
discussions during the course of this study. 
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The flames of ethylene and oxygen mixtures (initial pressure, 50—500 mmHg, and ethylene content, 20—40%) 
were studied, especially for the transition to detonation from deflagration. The flames may roughly be divided into 
four groups : A, a flame without any shock wave generation ; B, a flame with a shock wave generation ; C, a flame 
with many shock waves and much turbulence of the flame, and finally D, the detonation produced by the collision 
of a flame and a reflected shock wave at the bottom of the tube. The flame transit to detonation from deflagra­
tion is a linear relation between the velocities of the flames at the point of detonation and DID, or the distance 
from the point of ignition to the detonation for all the sorts of flames given above, in spite of several apparent 
differences. 

Since Berthelot and Vieille, and Le Chatelier and 
Mallard observed the propagation of detonation waves 
in 1881,1) numerous works on the velocities of detona­
tion waves, the theory of the transition to detonation, 
etc. have been published.2) In the investigation of the 
transition to detonation, Payman and Ti tman observed 
the process using a streak schlieren photograph and 
discussed the mechanism of the onset of detonation.3) 
Later, Bone et al. and White and Martin4) investigated 
this process, while Oppenheim and his co-workers 
studied the transition processes in especial detail.5) 
They used the stroboscopic schlieren system with a laser 
light and observed the mechanism of the transition to 
detonation in hydrogen-oxygen systems, classifying the 
process into the following four sections: 1) the explo­
sion in the vicinity of a flame front, 2) the action of 
a shock wave formed at the lip of a flame, 3) the igni­
tion at a shock front, and 4) the shock merging ahead 
of a flame. 

In the present investigation, the processes of the transi­
tion to detonation in ethylene-oxygen systems were 
studied and the factors involved in this transition were 
fully discussed. 

Exper imenta l 

The experiments were performed with C 2H 4 -0 2 mixtures, at 
an initial pressure of 50—500 mmHg, in a square, 4 x 4 cm 
cross section and a 162 cm-long detonation tube, fitted on 
both sides with optically flat 4 x 30 cm glass windows. 

The optical observations have been made by means of 
stroboscopic schlieren photographs. This observation was 
accomplished using 30 cm mirrors Z-type schlieren system, 
an argon stroboflash lamp, and a drum camera. The ignition 
was effected by means of a hot-wire glow coil. 

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

In several mechanisms of the transition to detonation 
in flames, a detonation is generally produced by an 
explosion of the flame itself or is effected by means of 
a shock wave. In this study, four cases of transition 
to detonation were observed: A, without any shock 
wave generation; B, with a shock wave generation and 
a little distortion of a flame ; C, with many shock waves, 
with much production of flame turbulences, and D, 
by the collision of a flame and a reflected shock wave 
at the bottom of the tube. 

Figure 1 shows diagrams of the concentrations of the 

20 30 40 
Conen, of C2HA(7o) 

Fig. 1. Classification of propagation of flames. 

ethylene versus the pressures of the total gas mixture in 
a 162 cm-long tube. T h e regions between curves are 
the ranges where flames of Type A, B, C, and D are 
found; Type A is generated very exceptionally. 

In Fig. 2, a schlieren photograph of Type A is given. 
The flame has a dome shaped flame front until the region 
of the transition to detonation, without any sign of 
turbulence ahead of the flame. T h e surfaces of the 
flame are not uniform, but are blurred before the onset 

t 

Fig. 2. Schlieren photograph of flame, type A. 
x : Distance from ignition point, t : 25 [xs/frame. 
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Fig. 3. Schlieren photograph of flame, type C. 
x: Distance from ignition point, t : 25 [xs/frame. 

of detonation; this may be attr ibuted to the cellular 
structure, or the local explosion started at a flame front 
with a high temperature and a high pressure conveyed 
from the reaction part . The only difference between 
the A and B types is the generation of shock waves. 
If shock wave is generated in Type B, the shock wave 
is very weak and cannot generate the detonation. 
Therefore, the transition to detonation occurs in a 
similar way in Types A and B. 

Type C, depicted in Fig. 3, is most frequently ob­
served. T h e four mechanisms reported by Oppenheim 
et al.*) and mentioned above are also of this type. A 
detonation wave starts at a flame front or immediately 
ahead of a flame, as is shown in Fig. 3. In this type, 
the state of a flame front and the unburned mixture 
ahead of a flame change every time. Two forms of 
the onset of detonation are observed, one at the shock 
wave generated at the lip of a flame front (Fig. 3-a), 
and the other, in the vicinity of a flame front (Fig. 3-b). 

T h e transition to detonation is essentially connected 
with the initial pressure of the gas mixture and the 
mixing ratio of the composition. Besides these, the 
detonation induction distance, D I D , or the distances 
from the ignition of a flame to the point of detonation 
versus the initial gas pressures of mixture are shown in 
Fig. 4. The curves decrease against the pressures of 
the initial gas mixtures and approach constant values 
over 300 mmHg. These values seem rather small 
compares with the values which has been cited for hydro­
gen-oxygen,6) methane-oxygen, and acetylene-oxygen7) 
by other investigators, who have all reported constant 
values of a few atmospheres. 

As D I D change its value according to the values of 
the tube diameters and the condition of the tube wall, 
one can hardly expect constant values to be determined 
by, for example, initial pressures. Therefore, the ab­
solute numerical values of these constants have not so 
much meaning as they seem to have. 

For the generation of detonation, the turbulences of 
a wave front or the onsets of shock waves which make 
the velocities of flames higher are responsible ; therefore, 
Types B and C in Fig. 4 correspond in these cases, 
but Type A does not. Actually, the D I D of Type A 
does not concern initial pressures in higher region than 
a certain value, and consequently there is no effect on 
the state after the flame begins to move and there is 
still detonation. Therefore, the phenomena, such as 

150r 

100h 

Q 

Q 

0 100 200 300 400 500 
Initial Pressure (mmHg) 

Fig. 4. Detonation induction distance of ethylene-oxy-
gen mixture. 
3 : 20% C2H4-80% 0 2 , O : 25% C2H4-75% 0 2 , 
• : 30% C2H4-70% 0 2 , f ) : 40% C2H4-60% Oa. 

the turbulence of a flame or a shock wave after a flame 
begin to propagate, may not necessarilly always be re­
sponsible for the onset of detonation. Presumably an 
ignition energy of Type A, which maintains the system 
at the beginning, may be enough for the detonation. 

Now the definite conditions, other than shock waves 
and turbulence, for which the detonation is responsible, 
can be considered. Figure 5 shows the relation of 
D I D versus flame velocities immediately before the onset 
of detonation. T h e graph is linear for all sorts of flames 
at pressures of 70—500 m m H g and at compositions 
of the gas mixture of 20—40% ethylene, independent 
of the generation of shock waves or the turbulence of 
the flame. The flame which transits to detonation must 
have, at the very point of detonation, a definite value 
of a flame velocity. T h e flame in Type A which has 
enough flame velocity without any support of turbulence, 
transits to detonation by itself, while Types B and C, 
the velocities of which are insufficient to reach detona­
tion, must get the support of turbulence of a flame to 
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lOOOr 

500h 

0 50 100 
DID (cm) 

Fig. 5. Flame velocity at the detonation point. 
O: Without the collision of reflected shock waves, 
# : with the collision. 

make the velocities higher. Thus, the velocity of the 
flame at the point of detonation is the largest factor 
in the detonation. 

In Fig. 5 there is one point (the dot on the right of 
the diagram) which is outside the curves and which 
belongs to Type D. Figure 6 shows a typical example 
of this type. In Type D the detonation wave is gen­
erated after the collision of a flame and a reflected shock 
wave. The point outside the diagram in Fig. 5 does 
not contradict the theory. After the collision, the 
flame propagates in the region of higher pressures and 
higher temperatures, and the particle velocity becomes 
nil. If the tube is longer or the collision of a flame 
and a reflected shock wave does not occur, the dot in 
Fig. 5 will shift and find itself on the elongation of 

w- « 

Fig. 6. Schlieren photograph of flame, type D. 
x: Distance from ignition point, t : 25 [xs/frame. 

the straight line. In Type D, just before the detonation 
the turbulences in both the unburn t gas and the flame 
are less and the velocity of flame is slower than in 
Type C. Therefore, in Type D the detonation will be 
aroused through the collision of a flame and a reflected 
shock wave. After the collision, the flame propagates 
through the region of higher pressures. The value of 
this pressure, according to the theory, is 420 m m H g 
(observed 460 m m H g ) , and the velocity of flame at the 
point of the collision is 760 m s - 1 . In Fig. 5, if the ini­
tial pressure is 460 m m H g , then the flame of 550 m s - 1 

is detonated and in Fig. 6 the actual flame velocity of 
760 m s - 1 will have enough energy for the detonation. 
Thus , the point of the dot in Fig. 5 elucidates the genera­
tion of detonation. 

Another example is the initial gas flame of the pres­
sure of 30 m m H g , which cannot be detonated by the 
collision of a flame and a reflected shock wave. The 
observed pressure of the reflected shock wave is 230 
m m H g , the observed velocity of the flame is 510 m s - 1 

and the acceleration of the flame and the velocity of 
the shock wave are very similar to the flame of 50 mm­
Hg. The flame with the initial pressure of 230 m m H g 
will be detonated with the flame velocity of 650 m s - 1 , 
which can also be concluded from the theory. There­
fore, if the flame is accelerated for some 10 m s - 1 before 
the collision on the bot tom plate, then the flame will 
detonated, but the flame collides with the plate, before 
that and will not be detonated with enough energy. 
Thus, in Type D the transition from the deflagration 
depends on a flame velocity which gains from the 
collision of the flame and the reflected shock wave. 

At any rate, the velocity of the flame at the point 
of detonation and the D I D are the predominating 
factors for the phenomena of the transition to detona­
tion from deflagration, with or without any collision of 
a flame and a reflected shock wave. 
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The molecular structure of [(7r-C5H5)2Rh2{C(C6H5)2}2(CO)] has been determined from three-dimensional 
X-ray diffraction data (i?=0.040 for 2394 reflections). The crystal belongs to the monoclinic system, space group 
A2/a, with four formula units in a cell of dimensions: a= 19.967(5), 0=10.343(1), c= 16.526(4) Â, and ß= 
123.05(2)°. The molecule has C2 symmetry: the two-fold axis passes through the bridge carbonyl group, being 
perpendicular to the Rh-Rh bond (Rh—Rh=2.548(l) Â). The diphenylcarbene moieties bridge between 
rhodium atoms. The planar cyclopentadienyl rings lie 1.94 Â from the nearest rhodium atom and exihibit the 
usual ^-bonded geometry. 

In recent years many transition metal-carbene com­
plexes have been reported1 - 4) , in which the carbene 
ligands are stabilized by an adjacent oxygen or nitrogen 
atom. Recently, P. Hong and co-workers5> have 
prepared some stable diphenyl-carbene complexes, 
which have no hetero atom adjacent to the carbene 
ligand. 

The reaction between [Rh(CO) 2 Cl] 2 (1) and di-
phenyl-ketene gives an insoluble, brick red complex 
[Rh(CO){C(C 6 H 5 )} 2 Cl] n (2). T h e reaction of 2 with 
cyclopentadienyl sodium in T H F gives air stable, green, 
needle-like crystals 3. The complex 3 in solution 
slowly loses the bridging carbonyl on heating, and final­
ly changes into 4. The reaction from 3 to 4 is reversi­
ble. 

[Rh(GO)2Cl]2 

1 

+ Ph2C=C=0 
> 

in Xylene 
[Rh(CO)(CPh2)Cl]n 

[(7r-C5H5)2Rh2(GPh2)2] 
+ co 

- c o 

+ (C5H5)Na in THF 

[(7T-G5H5)2Rh2(GPh2)2(CO)] 

X - R a y molecular structures of 3 and 4 have been 
determined. This paper describes the crystal and mo­
lecular structure determination of 3. 

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

The crystals used in this study were supplied by Professor 
N. Hagihara and co-workers. After preliminary X-ray work 
which showed that the crystal belongs to the monoclinic 
system, the unit-cell dimensions were determined by a least-
squares fit using 20-values of 20 strong reflections measured 
on a G. E. single crystal orienter equipped on a Rigaku SG-2 
goniometer. 

Crystal Data. C37H30ORh2, F. W. 696.5, a=19.967(5), 
0=10.343(1), c= 16.526(4) A, £=123.05(2)°, £7=2860.0(9) 
Â3, Z>m=1.60gcm-3 , Z = 4 , Z>c=1.62gcm-3, //(Mo) = 11.2 
cm -1 . 

The systematic absences of reflections, hkl: Ä + / = 2 « + l and 
hOl: A = 2 « + l , suggested the probable space group as A2/a 
(No. 16) or Aa (No. 9). Besides these diffraction aspects, 
the intensities of h=2«+1 layers were generally much weaker 
than those of h=2« layers. 

A single crystal with dimensions ca. 0.18x0.21 X 0.24 mm 

was used to collect intensity data. Three-dimensional data 
were measured by means of the 0-20 scan technique on a 
Rigaku automated, four-circle diffractometer using zirconium-
filtered Mo Koc radiation. The integrated intensity was deter­
mined by scanning over a peak at a rate of 4°min_1, and 
subtracting the background by averaging the two values 
measured for 5 s at both ends of a scan. The scan width 
A(20) of each reflection was computed by the equation: 
A(20) = (2.0+0.70 tan 0C)°, where 0C is the calculated value of 
the Bragg angle for Mo Äb^(A=0.70926 Â). The intensities 
of three standard reflections were measured after every 50 
reflections. There was no evidence of crystal decomposition. 
After reflections up to sin0/A=0.481 were measured, reflec­
tions with h=2n in the range O.47^sin0/A^O.66 were also 
collected since the intensities of high angle reflections with 
A=2n+1 were too weak to be measured. A total of 2394 
independent reflections was obtained. Lorentz and polariza­
tion corrections were made in the usual manner, but no absorp­
tion correction was applied. 

Structure Solut ion a n d Ref inement 

The structure was solved by using a three-dimensional 
Patterson function. A clue for the solution of the 
structure was obtained from the characteristic intensity 
distribution of the reflections mentioned above, from 
which it could be assumed that the space group A2/a 
was preferable and the y parameter of the rhodium 
atom nearly equal to zero. This is consistent with the 
Patterson function. T h e first Fourier m a p phased by 
the rhodium atom was confusing owing to the pseudo-
mirror a t j y = 0 . However, light atoms consisting of a 
phenyl ring and a carbonyl group could be located. 
The remaining non-hydrogen atoms were found from 
subsequent Fourier syntheses. 

The structure was refined anisotropically by the 
block-diagonal least-squares procedure minimizing 
S ( | F J - A : | F C | ) 2 . The HBLS V program was used.6) 
T h e hydrogen atoms, located by a difference Fourier 
map , were refined isotropically. The final R value is 
0.040 for non-zero reflections. Atomic scattering factors 
used were those of Hanson, Herman, Lea and Skillman.7> 
T h e positional and thermal parameters are given in 
Table 1.** 

To whom any correspondence should be addressed. 
The table of structure factors is kept as Document 
No. 7714 at the Chemical Society of Japan. 
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TABLE 1. ATOMIC POSITIONAL AND THERMAL PARAMETERS 

Estimated standard deviations in parentheses. Anisotropic thermal parameters are expressed in the form 
exp{ —(/?nA

2 + /?22£H/W2 + Ä 2 ^ + /W^+/?23^)} and isotropic thermal parameters exp{— Bsin26/A2}. 

Atom 

lïh 
O 
G(l) 
C(2) 
G(ll) 
G(12) 
C(13) 
C(14) 
C(15) 
C(16) 
G(21) 
G (22) 
C(23) 
C(24) 
C(25) 
G (26) 
C(31) 
C(32) 
C(33) 
G (34) 
C(35) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H (22) 
H (23) 
H(24) 
H(25) 
H(26) 
H(31) 
H(32) 
H(33) 
H(34) 
H (35) 

X 

0.19361(2) 
0.25000 
0.3075(3) 
0.25000 
0.3200(4) 
0.3947(4) 
0.4116(4) 
0.3538(5) 
0.2810(4) 
0.2632(4) 
0.3531(4) 
0.3637(4) 
0.4015(5) 
0.4316(5) 
0.4245(5) 
0.3852(4) 
0.0911(5) 
0.1489(5) 
0.1533(6) 
0.1000(5) 
0.0612(4) 
0.436(3) 
0.452(4) 
0.362(4) 
0.246(4) 
0.211(3) 
0.341(4) 
0.410(4) 
0.461(4) 
0.449(4) 
0.384(4) 
0.079(3) 
0.179(5) 
0.186(5) 
0.088(5) 
0.020(4) 

y 

0.00744(5) 
-0.2523(6) 

0.0893(5) 
-0.1409(8) 

0.2333(5) 
0.2822(6) 
0.4123(7) 
0.4965(7) 
0.4513(7) 
0.3204(6) 
0.0222(6) 
0.0834(7) 
0.0235(8) 

-0.0986(8) 
-0.1608(7) 
-0.1010(6) 

0.0931(9) 
0.0428(10) 

-0.0927(10) 
-0.1318(9) 
-0.0180(10) 

0.225(5) 
0.431(7) 
0.577(6) 
0.504(6) 
0.287(5) 
0.168(7) 
0.075(7) 

-0.141(6) 
-0.242(7) 
-0.139(6) 

0.208(8) 
0.115(8) 

-0.161(8) 
-0.230(9) 
-0.019(7) 

z 

0.01464(3) 
0.0 
0.1015(4) 
0.0 
0.1135(4) 
0.1448(5) 
0.1605(6) 
0.1468(5) 
0.1197(5) 
0.1029(5) 
0.1969(4) 
0.2788(6) 
0.3671(5) 
0.3800(5) 
0.3022(5) 
0.2121(5) 
0.0189(6) 
0.1119(6) 
0.1063(7) 
0.0098(7) 

-0.0452(6) 
0.156(4) 
0.177(4) 
0.158(4) 
0.103(4) 
0.080(4) 
0.270(4) 
0.425(5) 
0.446(4) 
0.306(5) 
0.166(4) 
0.001(5) 
0.169(6) 
0.159(6) 

-0.021(6) 
-0.115(5) 

B or ßlx 

> 0.00222(1) 
0.0055(4) 
0.0018(2) 
0.0023(3) 
0.0020(2) 
0.0027(2) 
0.0034(3) 
0.0053(3) 
0.0046(3) 
0.0027(2) 
0.0020(2) 
0.0032(3) 
0.0048(3) 
0.0042(3) 
0.0044(3) 
0.0038(3) 
0.0037(3) 
0.0041(3) 
0.0059(4) 
0.0054(4) 
0.0024(2) 
0.1(10) 
3.6(18) 
1.8(14) 
1.4(12) 
0.8(11) 
2.5(16) 
2.8(17) 
1.9(14) 
3.4(18) 
1.5(14) 
3.9(19) 
5.0(21) 
4.6(21) 
5.5(23) 
3.7(18) 

ß%i 

0.00631(4) 
0.0037(6) 
0.0049(5) 
0.0064(8) 
0.0056(5) 
0.0065(6) 
0.0092(8) 
0.0061(6) 
0.0072(6) 
0.0063(6) 
0.0069(7) 
0.0113(8) 
0.0146(11) 
0.0152(10) 
0.0088(8) 
0.0071(6) 
0.0163(11) 
0.0278(13) 
0.0192(13) 
0.0146(11) 
0.0218(13) 

#33 

0.00379(2) 
0.0099(6) 
0.0035(3) 
0.0048(5) 
0.0036(3) 
0.0058(4) 
0.0074(5) 
0.0063(4) 
0.0055(4) 
0.0047(4) 
0.0038(3) 
0.0044(4) 
0.0040(4) 
0.0043(4) 
0.0055(4) 
0.0043(4) 
0.0089(6) 
0.0060(5) 
0.0085(6) 
0.0104(7) 
0.0075(5) 

ßu 
-0.00147(5) 

0.0 
-0.0006(5) 

0.0 
-0.0009(5) 
-0.0006(6) 
-0.0046(8) 
-0.0027(10) 

0.0034(8) 
0.0001(6) 

-0.0024(5) 
-0.0003(7) 
-0.0019(9) 
-0.0052(10) 
-0.0021(10) 
-0.0018(7) 
-0.0029(10) 
-0.0074(7) 
-0.0029(12) 
-0.0092(11) 
-0.0066(10) 

ßiz 

0.00300(3) 
0.0038(8) 
0.0028(4) 
0.0020(7) 
0.0022(4) 
0.0032(6) 
0.0026(6) 
0.0032(6) 
0.0041(6) 
0.0026(5) 
0.0024(5) 
0.0034(6) 
0.0038(6) 
0.0015(6) 
0.0012(6) 
0.0024(5) 
0.0092(7) 
0.0074(7) 
0.0096(9) 
0.0094(8) 
0.0065(6) 

#23 

-0.00044(7) 
0.0 

-0.0002(6) 
0.0 

-0.0004(6) 
0.0003(6) 

-0.0006(10) 
-0.0032(11) 
-0.0011(9) 
-0.0012(7) 
-0.0005(6) 
-0.0016(9) 
-0.0007(10) 

0.0064(11) 
0.0040(10) 

-0.0000(8) 
-0.0036(13) 
-0.0066(14) 

0.0064(15) 
-0.0026(14) 
-0.0069(14) 

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

The molecular structure and the numbering scheme 
of atoms are shown in Fig. 1. A stereoscopic drawing 
of the molecule is given in Fig. 2. Bond lengths and 
bond angles are listed in Table 2. Table 3 shows the 
equations of several least-squares planes. 

The remarkable feature of the molecule is that it 
has C2 symmetry ; a crystallographic two fold axis passes 
through the bridging carbonyl groups, being perpen­
dicular to the R h - R h bond. The diphenylmethylene 
moieties bridge between rhodium atoms instead of bond­
ing to single rhodium atom. Each of the cyclopenta-
dienyl group is yr-bonded to a rhodium atom, and the 
two cyclopentadienyl rings are staggered about the R h -
Rh bond (Fig. 1). 

The R h - R h single bond length 2.548(1) Â is signifi­

cantly shorter than those in other 7r-cyclopentadienyl 
rhodium carbonyl complexes: 2.681(2) Â in [(n-
C5H5)2Rh2(CO)3] ,°) 2.62 Â in [(7r-G5H5)3Rh3(CO)3],10) 
2.776(1) Â in Rh 6 (GO) 1 6

n ) and 2.690 A in rhodium 
metal.12) 

T h e cyclopentadienyl rings are p lanar : the maxi­
m u m deviation from the plane is ±0 .001 Â. The C - C 
bond lengths and C - C - C bond angles are 1.411(16)— 
1.453 (14) (av. 1.425) A, and 105.5(9)—109.7(9) 
(av. 108.0)°, respectively. Each ring makes an angle 
of 83° to the R h - R h bond and lies 1.94 A away from 
the rhodium atom. The average Rh-C(C 5 H 5 ) dis­
tance is 2.290(12) A, which is comparable to the values 
of 2.24 A in [(7r-C5H5)3Rh3(CO)3], 2.26 A in [(jr-
C 5 H 5 ) 2 Rh 2 (CO) 3 ] , and 2.25 A in [(7r-C5H5)Rh(CO)-
(CaF6)I].i»> 

The R h - C ( l ) bond lengths are 2.094(6) and 2.088 
(6) (av. 2.091) A, which are close to the R h ( I I I ) - C -
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Bond length; 

Rh-Rh ' 
Rh-G(l) 
Rh-G(31) 
Rh-C(33) 
Rh-C(35) 
C(l ) -G(l l ) 
G(2)-0 
C(12)-G(13) 
G(14)-G(15) 
G(16)-G(ll) 
G (22)-G (23) 
G (24) -G (25) 

Bond angles 

Rh'-Rh-C(2 
Rh-Rh'-G(i; 
C(2)-Rh'-C( 
Rh-G(2)-Rh 
Rh-G(l ) -Rh 

Hiroshi UEDA, Yasushi KAI, Noritake YASUOKA, and Nobutami KASAI 

Ï [//Â] 

2.548(1) 
2.094(6) 
2.266(10] 
2.312(11] 
2.276(10) 
1.505(9) 
1.152(10] 
1.377(12] 
1.349(13] 
1.384(10] 
1.372(12) 
1.375(13) 

EW°] 

) 
) 
1) 
' 
' 

Rh / -G( l ) -C( l l ) 
Rh-G(l)-G(21) 
G(16)-G(ll)-G(12) 
C(12)-C(13)-G(14) 
G(14)-G(15)-G(16) 
G(26)-G(21)-G(22) 
G (22) -G (23) -G (24) 
G (24)-G (25)--G (26) 
C(35)-G(31)-G(32) 
G (32) -G (33) -C (34) 
G (34)-G (35)-C (31) 

H(12)-G(12)-C(13) 
H(13)-C(13)-G(14) 
H(14)-C(14)--C(15) 
H(15)-G(15)-C(16) 

T A B L E 2. BOND LENGTHS AND BOND ANGLES 

Rh-G(2) 
Rh'-C(l) 

I Rh-G(32) 
1 Rh-G(34) 
> G(l)-C(l) 

1.995(9) 
2.088(6) 
2.271(11) 
2.325(11) 
2.851(12) 

G(l)-C(21) 1.493(9) 
I G(ll)-G(12) 1.381(10) 
I G(13)-C(14) 1.363(13) 
I G(15)-C(16) 1.388(11) 
I G (21)-G (22) 1.402(10) 
i G (23)-G (24) 1.364(13) 

C (25)-G (26) 1.393(12) 

50.3(2) 
52.6(2) 
85.6(3) 
79.4(3) 
75.1(2) 

116.1(4) 
118.4(4) 
116.9(6) 
119.7(8) 
121.2(8) 
115.4(6) 
121.6(8) 
120.2(8) 
105.5(9) 
108.8(10) 
108.8(9) 

118(4) 
124(7) 
117(5) 
120(5) 

Rh' -Rh-C(l) 
G(2)-Rh-C(l) 
G(l ) -Rh-G(l) / 

Rh-G(2)-0 
Rh-C( l ) -C( l l ) 
Rh-C(l)-G(21) 
G(ll)-G(l)-G(21) 
C(ll)-C(12)-G(13) 
C(13)-C(14)-C(15) 
C(15)-C(16)-C(ll) 
G (21)-G (22)-G (23) 
G (23)-C (24)-G (25) 
C (25)-G (26)-G (21) 
C(31)-C(32)-C(33) 
G (33)-G (34)-G (35) 

H(16)-G(16)-G(ll) 
H (22)-C (22)-G (23) 
H (23)-G (23)-C (24) 
H (24)-C (24)-G (25) 
H (25)-G (25)-C (26) 

C (26)-G (21) 
G (32)-G (33) 
C (34)-G (35) 

G(12)-H(12) 
G(14)-H(14) 
G(16)-H(16) 
G(23)-H(23) 
G(25)-H(25) 
G(31)-H(31) 
G(33)-H(33) 
G(35)-H(35) 

52.4(2) 
85.5(3) 
86.0(2) 

140.3(7) 
122.1(4) 
110.2(4) 
111.1(5) 
122.2(7) 
119.6(9) 
120.4(7) 
121.9(7) 
118.4(8) 
122.5(7) 
109.7(9) 
107.2(9) 

117(4) 
121(5) 
120(5) 
120(4) 
115(5) 

1.386(10) 
1.412(15) 
1.430(10) 

0.95(7) 
0.85(8) 
0.96(7) 
1.02(9) 
0.96(9) 
1.22(9) 
1.03(10) 
0.99(9) 
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G(31)-G(32) 1.421(15) 
G (33)-G (34) 1.411(16) 
G(35)-G(31) 1.453(14) 

G(13)-H( 13) 0.72(9) 
G(15)-H(15) 0.83(7) 
G(22)-H(22) 0.96(8) 
C (24)-H (24) 1.01(8) 
G (26)-H (26) 0.85(8) 
C(32)-H(32) 1.08(10) 
G(34)-H(34) 1.10(11) 

H (26)-G (26)-G (21) 
H(31)-G(31)-G(32) 
H (32)-G (32)-G (33) 
H (33)-G (33)-G (34) 
H (34)-G (34)-G (35) 
H (35)-C (35)-C (31) 
G(ll)-G(12)-H(12) 
G(12)-G(13)-H(13) 
C(13)-C !(14)-H(14) 
C(14)-C(15)-H(15) 
G(15)-G(16)-H(16) 
C(21)-G(22)-H(22) 
G(22)-C(23)-H(23) 
C (23)-C (24)-H (24) 
C(24)-C(25)-H(25) 
G (25)-C (26)-H (26) 
G(35)-G(31)-H(31) 
C(31)-G(32)-H(32) 
G (32)-C (33)-H (33) 
G(33)-G(34)-H(34) 
C(34)-C 1(35)-H (35) 

118(5) 
124(4) 
136(5) 
120(5) 
124(5) 
128(5) 
120(4) 
116(7) 
124(5) 
118(5) 
123(4) 
117(5) 
118(5) 
121(4) 
124(5) 
119(5) 
131(4) 
115(5) 
131(5) 
129(5) 
123(5) 

(sp3) distances of 2.08(3) in [( j r-C5H5)Rh(GO)(C2F5)I] 
and 2.08 Â in [Rh2I2(SMe2)3Me4].14> 

In the diphenylmethylene moiety, bond angles around 
the C( l ) atom deviate from the tetrahedral angle: 
R h - C ( l ) - R h ' 75.1(2), R h - G ( l ) - C ( l l ) 122.1(4), R h -
C( l ) -C(21) 110.2(4), R h ' - C ( l ) - C ( l l ) 116.1(4), R h ' -
C( l ) -C(21) 118.4(4), C ( l l ) - C ( l ) - C ( 2 1 ) 111.1(5)°. 
Bond lengths and bond angles in phenyl rings have 
normal values [C-C(av.) = 1.38 Â and G-C-C(av . ) = 
120.0°]. T h e two phenyl rings are roughly perpen­
dicular to each other, the dihedral angle being 85.3°. 

The Rh-G(2) bond length 1.995(9) Â is shorter than 
that of R h - C ( l ) . However, this distance is close to 
the values of 2.01 Â in [(jr-C5H5)2Rh2(CO)3] and 
2.00 Â in [(7r-C5H5)3Rh3(CO)3]. The bridging R h -
C ( 2 ) - R h ' angle is 79.4(3)°, which is smaller than the 
corresponding angles of 84.0° in [Rh 2 (C 5 H 5 ) 2 (CO) 3 ] , 
81.9° in [(7r-C5H5)3(CO)3] and 82° in [{(PPh3)2Rh-
(CO)}2,2CH2Cl2].15> The C - O length of the bridged 
carbonyl group, G ( 2 ) - 0 = 1.152(10) A, is comparable 

to the values of 1.15(4) and 1.18(4) Â in [(jr-C5H5)3-
Rh 3 (CO) 3 ] and 1.17 A in [{(PPh 3)Rh(CO)} 2 ,2CH 2Cl 2] . 

The overall molecular geometry of the present com­
plex, except for the bridging carbonyl group, is similar 
to that of the diamagnetic complex [(C6H5)2PCo(C5-
H 5 ) ] 2 . 1 6 ) The molecular structure of the cobalt com­
plex was described by the formation of a so-called 
" b e n t " metal-metal bond. However, this is not the 
case for the present complex because the bridging 
carbonyl group prevents the formation of the "ben t" 
metal-metal bond. The (CPh2)2 bridging system is 
not p lanar : the dihedral angle between the two planes 
formed by Rh , Rh ' , and C( l ) and Rh , Rh ' , and C ( l ) ' 
being decreased from 180 to 121° (Fig. 1(b)). The 
intra- and inter-molecular atomic contacts indicate that 
the magnitude of twisting of the phenyl rings is primarily 
determined by non-bonding intra-molecular interactions. 
T h e dihedral angles formed by the plane defined by 
C ( l ) , C ( l ) ' and C(2) with phenyl rings 1 and 2 are 
61.1, 31.8°, respectively. Because of the short G ( l ) - -
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TABLE 3. LEAST-SQUARES PLANES AND ATOM DEVIATIONS 

Plane equations are of the form AX+BY+CZ+ D = 0, 
where X, Y, Z and D are measured in Â units: X= 
ax+cz cos ß, Y=bj> and Z=cz sin ß. 

( a ) Plane through Rh, G(2) and Rh' 
-0.1592AT- 0.9873Z+ 0.7945 = 0 
C(l)* 1.426 C(l) '* - 1 . 4 2 6 

( b ) Plane through Rh, C( l ) ' and Rh ' 

- 0 .0813^+0 .8598F-0 .5041Z+0 .3395=0 

(b') Plane through Rh, C(l) and Rh' 
-0 .0813X-0 .8598F-0 .5041Z+0 .4719=0 

( c ) Plane through G(l), G(l) ' and G(2) 
-0.9867A-+0.1627Z+4.9253 = 0 

( d ) Phenyl ring 1 (C(ll)-C(16)) 
-0.2694AT-0.1258F+0.9548Z+0.2350=0 
G(ll) - 0 . 0 1 4 G(13) - 0 . 0 0 3 G(15) 0.009 
G(12) 0.012 G(14) - 0 . 0 1 6 G(16) 0.014 

(d') Phenyl ring 1' (G(ll)'-C(16)') 
- 0.2664X+0.12367+0.9559Z+2.4525 = 0 
C ( l l ) ' 0.018 C(13)' - 0 . 0 0 2 G(15)' - 0 . 0 0 8 
G(12)' - 0 . 0 1 3 G(14)' 0.012 G(16)' - 0 . 0 0 8 

( e ) Phenyl ring 2 (C(21)-C(26)) 
-0 .8973JT-0 .3838F-0 .2182Z+5.4261=0 
G(21) 0.009 G(23) - 0 . 0 0 1 G(25) - 0 . 0 1 0 
G(22) - 0 . 0 0 9 G(24) 0.010 G(26) 0.000 

(e') Phenyl ring 2' (C(21)'-G(26)') 
-0 .8973X+0.3838F-0 .2181Z+3.5325=0 
G(21)' - 0 . 0 0 9 G(23)' 0.000 G(25)' 0.010 
G(22)' 0.009 G(24)' - 0 . 0 1 0 G(26)' - 0 . 0 0 0 

( f ) Cyclopentadienyl ring (C(31)-G(35)) 
0.9771AT-0.1198F+0.1757Z+1.6801=0 
G(31) - 0 . 0 0 0 G(33) - 0 . 0 0 1 G(35) - 0 . 0 0 1 
G (32) 0.001 C(34) 0.001 Rh* - 1 . 9 4 2 

( F ) Cyclopentadienyl ring (G(31)'-G(35)') 
-0.9771AT+0.1198F+0.1757Z+8.0751=0 
C(31)' 0.000 G(33)' 0.001 G (35)' 0.001 
C(32)' - 0 . 0 0 1 G(34)' - 0 . 0 0 1 Rh'* 1.942 

* Not included in the least-squares plane calculation. 

DIHEDRAL ANGLES [(pj°] 
Between 

a, b 
b, b ' 
c, d 
c, e 
d, d' 
d, e 
d, e' 
e, f 
f, P 

planes 

ANGLE BETWEEN 

Rh-Rh' bond-

INTERATOMIC 

C5H5 

Dihedral angles 

VECTOR 

plane 

120.7 
118.6 
61.1 
31.8 
14.3 
85.3 
90.8 
45.1 
13.8 

AND PLANE [(p/°] 

83.1 

C(24) 

C(25)C(26) 

^ C ( 3 4 ) 

C a ) C(32) C(31) 

Fig. 1. The molecular structure of [(;r-C6H5)2Rh2(CO)-
(GPh2)2] and the numbering scheme of atoms. 
(a) Projected along the C-O bond. 
(b) Projected along the Rh-Rh bond. Rh atoms 

are omitted. 

TABLE 4. SHORT INTERMOLECULAR ATOMIC CONTACTS 

LESS THAN 3 . 1 Â [//Â] 

H(14). 
H(26)-
H(15). 
H(24)-
key a 

0 

O a 2.92(8) 
•H(14)b 2.97(11) 
•H(23)° 2.96(11) 
•H(31)d 2.14(12) 

x, l+y, z; b 
, 5 + X 0 . 5 - z ; d 

H(15). 
H(22). 
H(23)-

x> - l + J » , 
0 . 5 - * , -

•Oa 

•H(33)c 

•H(34)c 

z; c 
-0.5+j>, 

3.07(7) 
2.34(13) 
2.56(15) 

0 . 5 - A ; , 

0.5 + z. 

C ( l ) ' distance of 2.851(12) A, the phenyl rings 1 and 
1' related by the crystallographic two-fold axis are not 
parallel to each other: G ( l l ) - C ( l l ) / = 3 . 2 3 2 ( 1 3 ) A, 
C ( 1 2 ) - C ( 1 6 ) ' = 3 . 5 7 8 ( l l ) A and C ( 1 4 ) - C ( 1 5 ) / = 
3.733(13) A, and the dihedral angle between the phenyl 
rings 1 and 1' is 14.3°. 

A stereoscopic drawing of the crystal structure is 
shown in Fig. 3. Short intermolecular atomic contacts 
(less than 3.1 A) are given in Table 4. 

Computations throughout the present study were 
carried out on a NE AC 2200-700 computer at Osaka 
University. 

The authors express their deep thanks to Professor 
Nobue Hagihara and Professor Kenkichi Sonogashira 
and their co-workers of Osaka University, and to Dr. 
Donald Mullen who read the manuscript. 
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Fig. 2. A stereoscopic 

Fig. 3. A stereoscopic drawing8) of the 
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Near and vacuum UV absorption spectra of acetylacetone were measured in the vapor phase and in several 
organic solvents at various temperatures. From the temperature dependence of the spectra, the equilibrium 
constant and enthalpy change between the keto and enol forms of acetylacetone were determined to be 25 at 
20 °C and —4.3 kcal/mol, respectively, in the vapor phase. Rydberg excitation bands were observed at 47170 
and 53300 cm"1 for the enol form, and « 52000 cm - 1 for the keto form. The estimated values of the quantum 
defect indicate that the Rydberg orbitals are 3s and 3p. A modified GNDO-GI method was applied to the 
valence-shell transitions. A weak band observed at »34000 cm - 1 for the keto form was assigned to the first n-n* 
transition, and relatively strong bands observed at 38020 and 56800 cm - 1 for the enol form, to the first and 
second n-n* transitions, respectively. Special attention was paid to the charge-transfer (GT) character pertinent 
to the intramolecular hydrogen bond in the excited states of the enol form. Configuration analysis of the wave func­
tions revealed us that the first n-n* band observed at 38020 cm - 1 has the CT character. 

Acetylacetone and its congeners in the enol form have 
a strong intramolecular hydrogen bond with the O - O 
distance of 2.38—2.55 A as revealed from the X-ray 
diffraction1) and gas-phase electron diffraction studies.2'3) 
The electronic structures of the molecules in the ground 
states have been studied by the nonempirical4 - 6) and 
semiempirical6-8) calculations. The electronic absorp­
tion spectra of acetylacetone and its congeners in the 
near ultraviolet (UV) region have been measured by 
several authors9 - 1 3) and have been compared with the 
spectra of their metal chelates.12) The spectroscopic 
results so far obtained, however, are restricted only to 
the first allowed band and no spectral information is 
available for discussing the higher excitation bands of 
acetylacetone. 

The charge-transfer (GT) mechanism of hydrogen 
bond between a proton donor and a proton acceptor 
is important.14) Electronic structure of the symmetrical 
intramolecular hydrogen bond of the hydrogen maleate 
anion was investigated in previous papers15»16) and the 
GT character pertinent to the hydrogen bond was dis­
cussed in detail for the ground and excited states from 
theoretical and experimental points of view.16) For 
intermolecular hydrogen-bonded systems between acetic 
acid and some aliphatic amines, the GT band pertinent 
to the hydrogen bond was observed successfully in the 
vacuum ultraviolet (VUV) region by the present 
authors.17) 

In the present paper, in order to investigate the elec­
tronic structures of the keto and enol forms of acetyl­
acetone, electronic absorption spectra in the near and 
vacuum U V (30000—61000 cm - 1 ) region have been 
measured with acetylacetone in the vapor phase and 
also in various solvents. The observed valence-shell 
transition and Rydberg excitation bands have been 
interpreted on the basis of theoretical results by a 
modified CNDO-GI method18) and the configuration 
analysis19) of the ground and excited states. 

Exper imenta l 

Acetylacetone (Wako G. R. Grade) was distilled three times 
under reduced pressure immediately before use. Methanol 
(Kanto G. R. Grade) used as a solvent was purified by frac­
tional distillation. Acetonitrile and heptane (Wako Spectro 

Grade) were fractionally distilled over diphosphorus penta-
oxide and sodium metal wire, respectively. Perfluorohexane 
(Kishida G. R. Grade) was purified by vacuum distillation 
through a column filled with silica gel. 

Near and vacuum UV absorption spectra were measured 
with a Cary recording spectrophotometer model 14, with a 
vacuum UV spectrophotometer constructed in our labora­
tory,20) and in part with a JASCO VUV-3 recording spec­
trophotometer,21) the cells of 0.1mm—10 cm light path 
length being used. In the vapor phase measurement 
between 18—300 °G, temperature of the sample cell was 
regulated within ±0 .5 °G by a thermoregulator. 

Theoret i ca l 

T h e electronic structures of the keto and enol forms of 
acetylacetone and of its anion were calculated by the 
modified GNDO-GI method18) to investigate the 
characters of the valence-shell transitions. T h e follow­
ing one-center Coulomb repulsion integral (y) and 
bonding parameter (ß°) were commonly used for all 
the 2s and 2p atomic orbitals (AO) of the methyl carbon 
atom of the enol form and the anion, and of all the 
carbon atoms of the keto form (molecular skeleton of 
which is not p lanar ) ; y(C) = 12.78eV and ß°(C) = 
—15.4 eV. T h e other semiempirical parameters used 
in the calculations were the same as reported pre­
viously,16) the effect of excess formal charge in the anion 
being considered by the parametrization.16) In the 
configuration interaction (GI) treatment, 80 singly ex­
cited 7C-7Z* and o-o* configurations and 70 singly ex­
cited 7i-a* and o-n* configurations were taken into 
account for the enol form and the anion, and 80 singly 
excited configurations, for the keto form. 

Geometrical structures were taken for the keto form 
from the gas-phase electron diffraction study2) and for 
the enol form from the X-ray diffraction study of tetra-
acetylethane1 '22) (hydrogen-bonded 0 - - - 0 distance, 
2.424 Â) , a linear symmetrical hydrogen bond being 
assumed. T h e molecular geometry of the anion was 
assumed to be the same as that of the enol form, except 
for the fact that the hydrogen-bonded hydrogen atom 
was removed. 

T h e configuration analysis19) was applied to the 
ground and two excited (B1 symmetry) states of the enol 
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form. In order to elucidate the electronic structures 
of the symmetrical intramolecular hydrogen bond, the 
35 molecular orbitals (MO) of the anion and the Is 
orbital of the hydrogen-bonded hydrogen atom were 
adopted as the reference MO' s , as for the case of the 
symmetrical hydrogen bond of the hydrogen maleate 
anion.16) T h e ground state of the enol form was 
analyzed by the ground and 101 singly excited n-n* 
and a-a* reference configurations (with Ax symmetry) 
and by all the doubly excited reference configurations 
derived from the above configurations, and the excited 
states of the enol form were analyzed by 99 singly ex­
cited n-n* and a-a* reference configurations (with Bx 

symmetry) and 9 9 x 1 0 1 doubly excited reference con­
figurations. 

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

Electronic Absorption Spectra of Acetylacetone. Figure 
1 shows near and vacuum U V absorption spectra in 
the 30000—61000 c m - 1 region measured with acetyl­
acetone in the vapor phase and in perfluorohexane at 
room temperature . As pointed out by the NMR 2 3 ) and 
IR24 '25) spectroscopic studies, acetylacetone predomi­
nantly exists as the enol form in the vapor phase and in 
nonpolar solvents at room temperature. Therefore, 
both spectra shown in Fig. 1 are due to the enol form. 
T h e difference between them in the frequency region 
higher than 45000 c m - 1 can be explained by the fact 
that Rydberg transition bands in the vapor phase 
disappear in the condensed phase, i.e., in perfluoro­
hexane.26) From this point of view, a weak band at 
47170 c m - 1 and a moderately strong band at 53300 c m - 1 

are assigned to the Rydberg transitions of the enol form. 

T h e Rydberg excitation energy is expected to satisfy 
the following formula;26) 

hv = Ip- 109737/ (n-c5)2, (1) 

where hv is the excitation energy (cm - 1 ) , Ip is the ioniza­
tion potential ( cm - 1 ) , n is the principal quan tum 
number , and ô is the quan tum defect. T h e equation 
was applied to the 47170 c m - 1 (5.85 eV) and 53300 
c m - 1 (6.61 eV) bands of the enol form by the use of the 
first 7p value (9.00 eV) obtained by photoelectron 

spectroscopy.27) ô was determined to be 0.92 for the 
former band, and 0.62 for the latter band, corresponding 
to n = 3 . This strongly suggests that the 47170 c m - 1 

and 53300 c m - 1 bands are due to the transitions to 
the 3s and 3p Rydberg orbitals, respectively, from the 
highest occupied n orbital. 

In addition to the Rydberg transition bands, the enol 
form has valence-shell transition bands at 38020 c m - 1 

(4.72 eV) in the vapor phase or at 36770 c m - 1 (4.56 
eV) in perfluorohexane and at 56800 c m - 1 (7.04 eV) 
in perfluorohexane. From Table 1 which shows the 
observed and theoretical values of the transition energies 
and oscillator strengths of the valence-shell transition 
bands, we can see that the bands at 4.72 and 7.04 eV 
are assigned to the first and second n-n* transitions of 
the enol form, respectively. 

In such polar solvents as acetonitrile and water, the 
amount of the keto form increases and the intensity 
of the 4.72 eV band pertinent to the enol form decreases 
with an approximate linear correlation with the dielec­
tric constants of solvents. Figure 2 shows the intensity 
change of the band in several solvents. 

Figure 3 shows the vapor phase absorption spectra 
of acetylacetone measured at various temperatures 
(20—204 °C) in the 30000—54000 c m - 1 region. We 
can see that in the vapor phase the fraction of the keto 
form increases at higher temperatures. From the tem­
perature dependence of the spectra in the 30000—35000 
c m - 1 region in Fig. 3, a weak band due to the keto 
form was found at «34000 c m - 1 ( Ä 4.2 eV) in the 
vapor phase. The observed transition energy and 
oscillator strength are compared with the theoretical 
values in Table 1. We can see that the band is safely 
assigned to the first n-?t* transition of the keto form 
(calculated at 3.97 eV). 

Let us turn to the Rydberg transition band of the keto 
form. I n the region of 50000—54000 c m - 1 in which 
the Rydberg transition bands of acetylacetone appear, 
spectral intensity increases at « 52000 c m - 1 with in­
creasing temperature, whereas the bands at 47170 and 
53300 c m - 1 pertinent to the enol form decrease in in­
tensity (see Fig. 3). This indicates that the band at 
» 52000 c m - 1 is ascribed to the keto form. By the aid 
of the equilibrium constant mentioned later, the 50000 

o 

X 

35 40 45 50 55 

Wave number (103cm-1) 

Fig. 1. Near and vacuum UV absorption spectra of acetylacetone measured (a) in the vapor phase 
and (b) in perfluorohexane at room temperature. 
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T A B L E 1. TRANSITION ENERGIES (1A£'(eV)) AND OSCILLATOR STRENGTHS ( / ) OBSERVED 

AND CALCULATED FOR THE ENOL AND KETO FORMS OF ACETYLACETONE 

Assignment 

a-n* 

71-71* 

a-n* 

a-n* 

71-71* 

a-n* 

71- O* 

a-a* 
71-71* 

a-7i* 
Ti-a* 

a-a* 
7i- a* 
a- a* + 71-71* 

0-71* 
TI-a* 

a-a* 

Obsd 

*A£ 

4.72d> 

7.04R> : 

0 

«0 

Enol form 

7 
.24d> 

.13R) 

Galcd 

1AE 

2.85 
4.47 
5.31 
6.89 
7.20 
7.61 

8.00 
8.38 
8.46 
8.58 
8.60 
8.93 
9.00 
9.02 

9.06 
9.78 
9.94 

r_ 
0.0002 

0.120 
0 
0 
0.216 
0.017 

0.025 
0.002 
0.120 
0.004 
0.009 
0.022 
0 
0.685 

0 
0.019 
0.045 

>> 

. ( * ) 
( * ) 

( y ) 
( z ) 

(* ) 
(X) 
( y ) 
(* ) 
(* ) 
( y ) 

( x ) 

(* ) 
(* ) 

Maina> 
config. 

20-21 
19-21 
20-22 
18-21 
19-22 

(16,13)-21 
18-22 
19-(23, 25) 
20-23 
17-21 

(16,13)-21 
19-26 
20- (27,24) 
19-(27, 24) 
20-26 
14-21 
15-21 
19-(28,23,25) 
20-(25, 23) 

Obsd 

XAE 

«4.2d> a 

7 

Keto form 

:0.007d> 

C 

XAE 

3.97 
4.00 
7.30 
7.99 
8.02 
8.22 

8.81 
8.97 
9.15 
9.16 
9.35 
9.52 
9.54 
9.94 

Jalcd 

"" > c ) 

0 . 0 0 0 2 ( z ) 
0.000 ( y ) 
0.207 ( x ) 
0.002 ( y ) 
0.014 ( z ) 
0 .000 3 (y ) 

0.031 ( z ) 
0.106 ( y ) 
0.024 (xz)f> 
0.042 ( y ) 
0.013 ( y ) 
0.018 ( z (x))s) 
0.023 ( z ) 
0.008 ( y ) 

a) Main electron configurations of the respective excited states are shown. (i,j)-k denotes the singly excited con­
figurations, i-k andJ-A;, and i-(k,l), the singly excited configurations, i-k and i-l. b) The direction of the transition 
moment is shown in the parentheses, the x-axis being taken to be parallel to the 0 - - H - - 0 bond within the molecular 
(x-y) plane, c) The main component of the transition moment is shown in the parentheses, the x-axis being 
taken to be parallel to the G2-G4 line within the C2-C3-C4 (x-y) plane (see Fig. 6(a)). d) Estimated from the 
observed intensity measured at 20 °G in the vapor phase by the aid of the equilibrium constant, K. e) Observed 
value in perfluorohexane. f) x- and z-components of the transition moment contribute comparably with the 
same sign to each other, g) x-Gomponent of the transition moment contributes appreciably with the opposite sign 
to z-component. 

—54000 c m - 1 band can be resolved into the Rydberg 
bands of the keto form («52000 cm - 1 ) and the enol 
form (53300 cm - 1 ) ; the resolved spectra are also shown 
in Fig. 3. Equation 1 was applied to the «52000 
c m - 1 band of the keto form. From the first Ip value 
(9.60 eV) of the keto form,27) ô was determined to be 
0.92 corresponding to « = 3 , suggesting that the «52000 
c m - 1 band is due to the transition to the 3s Rydberg 
orbital from the highest occupied n orbital. 

The U V absorption spectrum of the acetylacetonate 
anion28) was also measured in 0.1 M N a O H aqueous 
solution; the result is shown in Fig. 2. Theoretical 
result tabulated in Table 2 clearly shows that the 34190 
c m - 1 (4.24 eV) band of the anion can be assigned 
to the first n-n* transition calculated at 4.60 eV. 

Electronic Structure of the Intramolecular Hydrogen Bond. 
Figure 4 shows the energy levels calculated by the 
modified C N D O - C I method for some low-lying n-n* 
and a-a* excited states of the enol form. In the figure, 
i-j represents a singly excited configuration caused by 
the one-electron excitation from the i-th occupied M O 
to the j-th vacant M O . The shapes of the M O ' s of 
the enol form are schematically shown in Fig. 5. T h e 
GT band characteristic of the intramolecular hydrogen 
bond, 0 - - - H - 0 corresponds to the transition from 
the nonbonding orbital to the antibonding orbital in 

the hydrogen bond. The 20-26 configuration corre­
sponds to this transition. As is illustrated in Fig. 4, 
the 20-26 GT configuration interacts significantly with 
the 19-21 and 14-21 n-n* configurations, and con­
tributes to the first (calculated at 4.47 eV) and sixth 
(calculated at 9.02 eV) excited states. T h e 4.47 eV 
band is mainly composed of the 19-21 n-n* (83.3%) 
and 20-26 C T (9.8%) configurations. T h e main 
configurations in other excited states of the enol form 
are also given in Table 1. 

The character of the intramolecular hydrogen bond 
of acetylacetone can be clarified quantitatively by the 
configuration analysis; the results for the ground and 
the first n-n* excited (calculated at 4.47 eV) states are 
tabulated in T a b l e 3, together with the result for the 
first a-a* excited (predicted at 8.38 eV) state. In the 
ground state, the hydrogen bond is composed of the 
symmetric covalent structure I I I ( « 4 5 . 1 % ) , the ionic 
structure V ( « 4 2 . 9 % ) , and the symmetric ionic struc­
ture I ( « 1 1 . 0 % ) . As is shown in a previous paper,16) 
the C T structure corresponds to the antisymmetric 
covalent structure I V and antisymmetric ionic struc­
ture I I . T h e antisymmetric covalent and ionic struc­
tures contribute fairly ( « 9 . 7 % ) to the first n-n* ex­
cited state, but contribute only little ( « 1 . 4 % ) to the 
first a-a* excited state predicted at 8.38 eV. 
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Wave number (103 cm -1) 

0.2 

0.1 

( B ) 

• ^ b 

^ c 

20 40 60 80 6 

Fig. 2. (A) UV absorption spectra of acetylacetone 
measured at room temperature in (a) heptane, (b) 
methanol, (c) acetonitrile, (d) water, and (e) 0.1 M 
NaOH aqueous solution. 
(B) Dependence of the oscillator strength ( /) observed 
with the 36000—37000 cm"1 band in (a) heptane, (b) 
methanol, (c) acetonitrile, and (d) water upon the 
dielectric constant (e) of the solvent used. 

Electron Densities. Figure 6 shows electron densi­
ties for the ground states of the keto and enol forms 
of acetylacetone, and of its anion. T h e carbon and 
oxygen atoms in the five membered ring of the enol 
form are more polarized than the corresponding atoms 
in the keto form. By the removal of the hydrogen-
bonded proton, electron densities in the anion increase 
in the whole region of the molecule compared to the 

TABLE 2. TRANSITION ENERGIES (lAE(eV)) AND OSCILLATOR 

STRENGTHS (f) OBSERVED AND CALCULATED 

FOR THE ACETYLACETONATE ANION 

Assignment*) 

a-n* 
a-n* 
71-71* 

O-n* 

71-71* 

O-n* 

71-a* 

71-71* 

a-o* 
7i- a* 
a-a* 
O-Tl* 
n-a* 
o-n* 
a-a* 
71-71* + a-a* 

Obsd 

XA£ 

4.24 0 

7 

.37 

Calcda> 

XA£ 

2.92 
3.60 
4.60 
6.01 
6.27 
6.46 
6.83 
7.30 
7.40 
7.51 
7.65 
7.98 
8.26 
8.53 
8.67 
8.84 

/ b ) 

0.0002 ( z ) 
0 
0.234 ( x ) 
0 
0.249 ( y ) 
0.027 ( z ) 
0.024 ( z ) 
0.042 ( y ) 
0.001 ( x ) 
0 
0.015 ( y ) 
0 
0.009 ( z ) 
0.001 ( z ) 
0.011 ( x ) 
0.276 ( x ) 

a) The molecular structure was assumed to be the same 
to the one of the enol form of acetylacetone except for 
the fact that the hydrogen-bonded proton was removed. 
b) The direction of the transition moment is shown in 
the parentheses, the x-axis being taken to be parallel 
to the 0-- -0 line within the molecular (x-y) plane. 

corresponding ones in the enol form. Dipole moments 
of the keto and enol forms of acetylacetone were cal­
culated to be 4.93 and 3.18 Debye, respectively, being 
in good agreement with the observed value for the enol 
form in the vapor phase (3.0 Debye).29) 

Equilibrium Constant Between Keto and Enol Forms of 
Acetylacetone. T h e equilibrium constant (K) be­
tween the keto and enol forms of acetylacetone; 

K = [enol]/[keto] (2) 

was determined in the vapor phase from the tempera­
ture dependence of the absorption spectrum shown in 
Fig. 3. As already mentioned, gaseous acetylacetone 

2XH 

5 

Wave number (103cm_1) 

Fig. 3. Absorption spectra of acetylacetone in the vapor phase measured at (a) 20°, (b) 98°, (c) 120°, (d) 
169°, and (e) 204 °C. From the mole fraction of the enol form, absorption spectrum in the 50000— 
54000 cm-1 region was resolved into two spectra ascribed to (1) the keto form and (2) the enol form 
of acetylacetone. 
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eV 

11-

10-

9 i 

8 

7-1 

H 
AH 

14-21 

17-21 

19-22 

19-21-

TT-TT er-tf" 

without CI with CI 

Fig. 4. Energy levels calculated with and without CI 
treatment for some lower n-n* and a-a* excited states 
of the enol form of acetylacetone. 

at room temperature exists almost completely as the 
enol form. Strictly speaking, however, it may contain 
slightly the keto form. In view of this, we tried to 
determine accurately the mole fraction of the enol form 
and the K value from a linear relationship between 
lnÄ" and \/T. In actuality, we evaluated K at 68, 120, 
169, and 204 °C by combining the observed absorption 
intensity (at each temperature) at 38020 c m - 1 and the 
molar extinction coefficients at the same wave number 
derived from several appropriate mole fraction values 

H (10 1700 18(<rt 

19(T0 20(n) 21(7T) 

23(c) 24(<r) 

25(cr) 26(cr) 27(cr) 

Fig. 5. Schematic shapes of some occupied and vacant 
MO's of the enol form of acetylacetone. The 20th 
MO is the highest occupied one. 

of the enol form at 20 °G, 90.0, 95.0, 96.2, 97.0, and 
100%. T h e values of In K obtained thus at 20—204 
°G are plotted against \jT (Fig. 7). We can see that 
the linear relationship is most satisfactorily held for the 
mole fraction of 96 .2%. T h e K values for this case 

TABLE 3. RESULTS OF THE CONFIGURATION ANALYSIS (WEIGHTS) FOR THE GROUND AND THE FIRST 

n-n* AND a-a* EXCITED STATES OF THE ENOL FORM OF ACETYLACETONE 

State 
Structure 

iJ-36, 36 
i, j-36, 36 
z-36 
z-36+7wr*d> 
i-36+a-o*V 
(Total for sym. covalent structure) 
Ï -36 

i-36 + n-n*V 
Z-36+<7-<7*d) 
(Total for antisym. covalent structure) 
Que) 

7T-7T*f) 

i,j-k,l 
(Total for O-VTO+O1/» structure) 

Total 

Ground 

0.1101 

0.4166 
0.0194 
0.0153 

(0.4513) 

— 

0.3942 
0.0184 
0.0153 
0.0013 
(0.4292) 
0.9906 

1st n-n* 

0.0320 

0.3627 
0.0081 

(0.3708) 
0.0605 
0.0028 
0.0019 

(0.0652) 

0.3433 
0.0082 
0.0232 

(0.3747) 
0.8427 

1st a-a* 

0.0045 

0.0386 
0.3628 

(0.4014) 
0.0085 
0.0004 
0.0003 

(0.0092) 

0.0365 
0.3460 
0.0297 

(0.4122) 
0.8273 

I (OH-0+) + (0+H-0)c> 
II (OH-O+) - (O+H-O) 
III ( 0 - H » 0 ) + ( 0 - . H - 0 ) 

IV ( 0 - H . . . O ) - ( C - . . H - 0 ) 

V 0-V»H+0-V* 

a) i and J denote the 20 occupied MO's of the anion, and k and /, the 15 vacant MO's of the anion. The Is orbital of 
the hydrogen-bonded hydrogen is numbered as the 36th vacant orbital, b) i-k and i,j-k,l denote the singly and 
doubly excited reference configurations, respectively, c) The ionic structure, ((O+H-O)+ (OH - 0+)) , is also 

I l# L___l 
involved, d) Doubly excited configurations, i,j-k,36. e) The ground reference configuration coincides with the 
ground state of the anion, f) Singly excited configurations, i-k. 
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Fig. 6. Total and 7r-(in parentheses) electron densities 
calculated for the ground states of (a) the keto form, 
(b) the enol form, and (c) the anion of acetylacetone. 

4.0 

3.0 

2.0 

1.0 

0.0 

2.0 2.5 30 3.5 

1/TxlO3 

Fig. 7. Plots of InK versus \jT for acetylacetone in the 
vapor phase. The assumed mole fraction of the enol 
form at 20 °G is (a) 90.0%, (b) 95.0%, (c) 96.2%, 
(d) 97.0%, and (e) 100%. 

are 25 at 20 °C, 9.5 at 68 °G, 4.03 at 120 °C, 2.25 at 
169 °C, and 1.51 at 204 °C, From the slope of the 
straight line (c) in Fig. 7, the enthalpy change (AH°) 

between the keto and enol forms in the vapor phase 
was evaluated to be —4.3 kcal/mol, being in good 
agreement with the result by an I R study in the vapor 
phase ( A i / ° = — 3.9 kcal/mole) by Mecke and Funck.30) 
From the mole fraction of the enol form, the emax and 

f values of the 38020 c m - 1 band were calculated to be 
10600 and 0.24, respectively. 

T h e authors are indebted to Dr. Akira Kuboyama, 
National Chemical Laboratory for Industry, for the use 
of a J A S C O V U V - 3 recording spectrophotometer at 
an early stage of the research. This work was partially 
supported by a Grant-in-Aid for Scientific Research 
from the Ministry of Education, Science and Culture. 
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Surface Oxidation of the Thin Films of Polycyclic Aromatic 
Hydrocarbons Studied by X-Ray Photoelectron Spectroscopy 

Masamichi YAMADA, Isao IKEMOTO, and Haruo K U R O D A 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Tokyo 113 
(Received March 22, 1977) 

The oxidation of the surfaces of thin films of perylene, pentacene, violanthrene, and mesonaphthodianthrene 
on exposure to oxygen or to the air was studied by means of X-ray photoelectron spectroscopy. A perylene film was 
found to be the least reactive toward oxygen among the above four hydrocarbons. In the cases of pentacene 
and violanthrene films, a single, broad O Is peak grew up with time over the period of a few months as the exposure 
to the air was prolonged. On exposure to oxygen, a mesonaphthodianthrene film exhibited the O Is spectrum 
which apparently consisted of two peaks located at the binding energies, 531.0 and 532.9 eV respectively, and 
the peak at 532.9 eV reduced its intensity irreversibly on heating the film in a high vacuum, suggesting that it 
was the one associated with a loosely bound oxygen. 

Semiconductive and photoconductive behavior of 
organic solids are often influenced considerably by the 
oxygen adsorption on the surface.1) It is well known 
that the photoconductivity of anthracene crystal is 
significantly affected by oxygen.2»3) In the cases of 
large polycyclic aromatic hydrocarbons such as mesona­
phthodianthrene4) and quaterrylene,5)* their evapo­
rated films were reported to exhibit quite different semi-
conductive behavior in the ordinary atmosphere as 
compared with those measured in a high vacuum. 
Generally, the surfaces of organic molecular crystals are 
rather unreactive to oxygen, so that one could consider 
that the oxygen species formed on their surfaces by the 
interaction with ambient oxygen would be primarily the 
oxygen molecules loosely bound on the crystal surface 
by physical adsorption. In effect, most of the observed 
oxygen effects on electrical properties of organic solids 
were found to vary reversibly depending on the ambient 
oxygen pressure. However, in some cases, the effects 
were not entirely reversible,5) suggesting the formation 
of strongly-bound oxygen species or surface oxides. 

Although a considerable amount of experimental re­
sults have been accumulated on the phenomena related 
to the influence of ambient oxygen on the electrical 
properties of organic solids,1) little is known about the 
actual reactivities of the surfaces of organic crystals 
toward oxygen. In the present study, we have investi­
gated the oxygen adsorption, or the surface oxidation 
of the thin films of polycyclic aromatic hydrocarbons by 
means of X-ray photoelectron spectroscopy. 

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

X-Ray photoelectron spectra were measured with Mc-
Pherson ESGA 36 electron spectrometer employing Al Ka 

(1486.6 eV). The sample films were prepared by sublima­
tion onto aluminum plates set inside the sample chamber of 
the spectrometer, which was kept at a vacuum of about 10-7 

Torr by using a turbomolecular pump and a cryogenic pump. 
On each sample, the experiments were carried out according 
to the following steps. First, the G Is and O Is regions of 
Al Ka photoelectron spectrum were recorded immediately 
after the preparation of the sample film. A wide-scan spec­
trum was also recorded in order to see if the film was free 
from any impurity, and if the film was thick enough to prevent 
the appearance of any spectrum due to the substrate. After 

the above measurements, the cryogenic pump was switched 
off prior to the introduction of oxygen into the sample chamber. 
This inevitably caused a release of gases, including oxygen, 
from the cryopanel in the sample chamber. Thus, the G Is 
and O Is spectra were recorded again after this operation to 
examine the effects of the released gases. Then, the oxygen 
gas of a few hundred Torr was introduced into the sample 
chamber. After the sample film having been kept in this 
oxygen gas for 30 min, the oxygen gas was pumped out from 
the sample chamber to measure Al Ka photoelectron spec­
trum. In some cases, oxygen was again introduced into the 
sample chamber, and the film was continuously kept in the 
oxygen atmosphere for a night before the next measurement 
of the spectrum. After those experiments, the sample film 
was taken out of the spectrometer, and kept at a dark place 
in the ordinary atmosphere to examine the effect of prolonged 
exposure to the air. The G Is and O Is spectra of the sample 
film were observed occasionally over the period of a few 
months. Finally, a small amount of gold was deposited onto 
the sample surface for calibration of binding energies by use 
of Au 4f7/2 (84.0 eV) peak as the standard. 

Experiments were done on four polycyclic aromatic hydro­
carbons; pentacene(1), violanthrene(2),** perylene(3), and 
mesonaphthodianthrene (4). * * * 

I II 
AA/ 
I II I 

AAAAA ^\y\/\/ 

1 > I II I 2 

I I II II I I I 

x/v v\/x/ 
3 4 

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

I t is well known that pentacene, C22H14, is quickly 
oxidized in the solution by the interaction with the 
oxygen dissolved in the solvent, particularly under the 

* Benzo[l,2,3-crf: 4,5,6-c'fiT]diperylene. 
** Dinaphtho[l,2,3-ci: 3',2',Y-lm\perylene. 

* * * Phenanthro [1,10,9,8-opqra]perylene. 
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action of visible light, to form a transannular peroxide.6) 
However, it is quite stable in the crystalline state, so 
that the crystalline powder of pentacene can be kept 
in the ordinary atmosphere without significantly suffer­
ing the oxidation. The oxygen effect on the photo­
conductivity of a pentacene film was studied some years 
ago by one of the present authors.7) I t was observed 
that, when a pentacene film was exposed to an oxygen 
gas, the photocurrent through the film under a fixed 
light intensity gradually increased with time to the 
stationary-state value which was dependent on the pres­
sure of the ambient oxygen. This oxygen effect was 
found to be almost reversible, suggesting that it was 
primarily associated with the oxygen molecules loosely 
bound on the surface. 

The Al Ka photoelectron spectrum of a pentacene 
film before being exposed to the oxygen gas, did not 
exhibit any O Is peak, showing only a strong and sharp 
C Is peak (with the F W H M of about 1.7 eV) accom­
panied by weak satellite bands. When the film was 
exposed to the oxygen gas for about 30 min, a weak 
O Is peak appeared in the photoelectron spectrum, 
and the intensity of this peak did not decrease at all 
even by keeping the film in a high vacuum (about 
10 _ 7 Torr ) for a night. This fact indicates that, 
although the oxygen effect on photoconductivity is 

(b) 

(a) 

J20counts/s 

20 counts/s 

540 530 

Binding energy (eV) 

Fig. 1. (a) : O Is spectrum of the pentacene film after 
exposure to the air for 12 days, (b) : O Is spectrum of 
the violanthrene film after exposure to the air for 10 
days. 

mostly reversible,7) there are some oxygen species which 
can not be removed by a prolonged pumping from the 
surface of the pentacene film which has been once 
exposed to the oxygen gas. 

O n keeping the pentacene film in the air, the O Is 
peak further grew up slowly with time. As shown in 
Fig. 1(a), the F W H M of this O Is peak was 2.9 eV while 
a sample containing only a single kind of oxygen would 
give an O Is peak with the F W H M of less than 2.0 eV 
under the same experimental conditions.8) Thus the 
broadness of the observed O Is peak is likely to indicate 
that there are more than one chemical states of oxygen 
atoms in the surface region of the pentacene film. In 
the photoelectron spectrum taken after 38 days' exposure 
to the air, the ratio of integrated intensity of the O Is 
peak to that of the C Is peak was found to be 0.099, 
which corresponds to the atom ratio, one oxygen atom 
per 22 carbon atoms,9) in other words, one oxygen atom 
per one pentacene molecule. Since the escape depth 
of photoelectrons is of the order of two or three molecular 
layers of pentacene, the above results would possibly 
mean that every pentacene molecule on the surface is 
in the state bound with one oxygen molecule. T h e 
intensity ratios, O ls/G Is, obtained for the pentacene 
film at different stages of oxygen exposure are sum­
marized in Table 1 together with the da ta concerned 
with other hydrocarbon films. 

In the case of violanthrene, G34H18, the observed 
behaviors were a little different from those of a pentacene 
film. When a violanthrene film was exposed to the 
gases evolved from the cryopanel on turning off the 
cryogenic p u mp , there appeared a weak O Is peak in 
the photoelectron spectrum of the film, but thereafter 
its intensity did not detectably increase on keeping the 
film in the oxygen gas for a night. The growth of the 
O Is peak was so slow that we had to keep the film in 
the air for several days in order to attain an appreciable 
increase of its intensity. After the 38 days' exposure 
to the air, the intensity of O Is peak relative to that of 
G Is peak became 0.047, which corresponds to 0.7 ox­
ygen atom per one violanthrene molecule. As in the 
case of a pentacene film, the observed O Is peak was 
broad with the F W H M of about 3 eV as shown in Fig. 
1(b). 

The film of perylene, C20H12, was found to be the 
least reactive toward oxygen. Any O Is peak did not 
appear in the photoelectron spectrum after the 10 min 

TABLE 1. VARIATION OF THE INTENSITY RATIO, O ls/G Is 

Pentacene 

/o / / 0
a ) 

Violanthrene 

/o//ca ) 

Mesonaphtho-
dianthrene 

/o//ca> 

(Fresh film) 
After the cryogenic pump was switched off 
After exposure to Oa for 30 min 
After exposure to Oa for a night 

0.006 
0.015 

not tried 

0.013 
0.014 
0.017 

(0.026) 
0.030 
0.038 
0.055 

After exposure to the air 

12 days 
0.062 

38 days 
0.099 

10 days 
0.035 

38 days 
0.047 

17 days 
0.090 

67 days 
0.101 

a) Ratio of the integrated intensity of the O Is peak to that of the G Is peak. 
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exposure to the oxygen gas. Even after having been 
kept in the air for six months, only a very weak O Is 
peak appeared in the spectrum, its intensity relative to 
that of the C Is peak being only 0.017. 

The results described above demonstrate that the 
films of pentacene, violanthrene, and perylene are mark­
edly different from each other as regards the reactivity 
toward oxygen. This difference seems to be closely 
related to the reactivity of the free molecule of each 
hydrocarbon. As it has been already mentioned, a 
pentacene molecule in the solution easily forms a trans-
annular peroxide by the interaction with an oxygen 
molecule.6) But a transannular peroxide will not be 
so easily formed in the bulk of a pentacene crystal since 
its formation requires a large distortion of crystal lattice. 
This is likely to be the reason why the pentacene crystal 
can be stably kept in the ordinary atmosphere. How­
ever, the situation can be different for the crystal surface, 
where the change of molecular arrangement can occur 
more easily than in the bulk. Thus one could consider 
that the oxygen-containing species formed on the surface 
of the film on exposing to the oxygen gas is the trans-
annular peroxide of pentacene. O n e could also consider 
the formation of other oxides of pentacene such as a 
quinone or hydroxy compounds. But the observed 
O Is peak is too broad to be attributed to any one of 
these oxides. Possibly, several different kinds of oxides 
coexist on the surface. In the case of violanthrene, a 
model like the transannular peroxide is hard to be 
considered because of the molecular geometry. Pos­
sibly, a quinone and/or hydroxy compounds would 
be the chemical species formed on the surface of the 
violanthrene film. 

An interesting behavior was observed in the case of 
mesonaphthodianthrene, C28H14 , which is also known 

J20counts/s 

(d) 

i 1 _ 1 1 — 

540 530 

Binding energy (eV) 

Fig. 2. Variation of the O Is spectrum of the mesona­
phthodianthrene film as exposures to oxygen or to the 
air were repeated. 
( a ) : Immediately after preparation. 
( b ) : After exposure to oxygen for 30 min. 
( c ) : After exposure of (b) to oxygen for a night. 
( d ) : After exposure of (c) to the air for 17 days. 

to be very reactive to oxygen.10) In the photoelectron 
spectrum of a fresh film, which was measured immedi­
ately after the preparation without breaking the vacuum, 
there appeared a weak O Is peak at the binding energy 
of 531.0 eV (see the spectrum(a) of Fig. 2). This must 
be due to some impurity that originally existed in the 
powder of mesonaphthodianthrene. T h e above im­
purity is likely to be some stable oxide of mesonaphtho­
dianthrene such as mesonaphthodianthrone.**** O n 
exposure to oxygen, a new peak appeared on the higher 
binding-energy side (at 532.9 eV) of the first peak, as 
shown in the spectrum(b) of Fig. 2. This new O Is 
peak can be attributed to the oxygen-containing species 
formed on the surface. The intensity of this new peak 
increased as the film was further exposed to the oxygen 
gas. However, at the same time, the intensity of the 
531.0 eV peak increased by a larger extent, so that, 
after the 17 days' exposure to the air, the film showed 
the O Is spectrum consisting of a strong peak at 531.0 
eV and a shoulder at 532.9 eV (see the spectrum(d) of 
Fig. 2). After the 67 days' exposure to the air, the in­
tegrated intensity of the O Is peak relative to that of 
the G Is peak became 0.101 which corresponds to 1.3 
oxygen atoms per one mesonaphthodianthrene molecule. 

The O Is spectrum of a mesonaphthodianthrene film 
once exposed to oxygen was found to vary with time. 
This behavior is illustrated by the spectra shown in 
Fig. 3. The spectrum (a) was obtained just after the 
exposure to oxygen for a night. The intensity of the 
532.9 eV peak decreased when the film was kept in a 
high vacuum for 90 min, while that of the 531.0 eV 

- I 1 1 L 

540 530 

Binding energy (eV) 

Fig. 3. Variation of the O Is spectrum of the mesona­
phthodianthrene film by heating it in the high vacuum 
of the sample chamber. 
( a ) : The first recording at room temperature after 

exposure to oxygen for a night. 
( b ) : Recorded at room temperature after standing 

(a) for 90 min. 
( c ) : Recorded at about 60 °C. 
( d ) : Recorded at about 100 °C. 
( e ) : Reocrded again at room temperature. 

* * * * Phenanthro [1,10,9,8-opqra]perylene-7,14-dione. 

(d) 
\S-~J-v"Vs'>-'" . •--v./W/ 

file:///S-~J-


September, 1977] XPS Studies on Surface Oxidation of Polycyclic Hydrocarbon Films 2265 

peak remained almost the same. This change became 
faster on elevating the temperature of the film to 60 °C 
and settled in the state which gave the spectrum (c). 
Thereafter, the O Is spectrum did not further change 
on heating the film to 100 °G (the spectrum(d)), nor 
on cooling down it to room temperature (the spectrum 

(e))-
From the observation described above, we can con­

clude that there are at least two different kinds of oxides ; 
the first is the species responsible for the O Is peak at 
the binding energy of 532.9 eV, and the second is the 
one responsible for the 531.0 eV peak. Possibly the 
former is a metastable surface oxide where an oxygen 
molecule is rather loosely bound to a mesonaphthodi-
anthrene molecule, and the latter is a stable oxide of 
mesonaphthodianthrene. The semiconductivity of a 
mesonaphthodianthrene film is known to be influenced 
by the oxygen adsorption.4) I t was observed that the 
electrical conductivity gradually increased with time 
in the oxygen gas, and decreased when the ambient 
oxygen gas was removed. These changes were found 
to be very slow at room temperature. Matsunaga re­
ported that a sharp ESR signal appeared as the me­
sonaphthodianthrene powder was exposed to the air, 
and the intensity of this ESR signal increased slowly 
with time over the period of a few days.11) I t is most 
likely that the metastable surface oxide detected by 

X-ray photoelectron spectroscopy has some connection 
with the phenomena mentioned above. But, at pre­
sent, it is hard to derive a definite conclusion as regards 
the true nature of this oxide. 
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The electronic configuration of the lowest triplet state for tetrachlorophthalic anhydride (TCPA) was deter­
mined to be B2(7T7r*) by means of Zeeman spectroscopy. The electronic origin for the singlet-triplet absorption 
of a TCPA single crystal was found in the region of 421.3 nm at 1.7 K. The first peak in the absorption spectrum 
was found to possess two components; the one observed at 23726.1 cm - 1 corresponds to the transition to the Bu, 
and the other observed at 23728.5 cm"1 to that to the Au triplet factor group state. The splitting between the 
two states is 2.4 cm -1, 

T h e lower excited triplet nrc* and Tin* states of aroma­
tic carbonyls are closely spaced and change their energies 
differently under the influence of environments (solvents 
and/or host molecules) or substituent effects. The pro­
perties of these nearby triplet states have been the sub­
ject of numerous spectroscopic and related studies in 
recent years.1) In previous papers we at tempted to 
explain the excited triplet states of aromatic quinones.2* 
As an extension of these studies, we take up tetrachloro­
phthalic anhydride (abbreviated to T C P A hereafter). 
T C P A is a typical electron acceptor and forms stable 
charge-transfer complexes with a number of aromatic 
compounds. Although much effort has been made in 
understanding spectroscopic properties of T C P A charge-
transfer complexes, the excited triplet states of T C P A 
in a single crystal appear to be less understood. 

The present study was undertaken in order to clarify 
the electronic configuration of the lowest triplet state 
of T C P A by means of Zeeman spectroscopy. In princi­
ple, the electronic configuration of a triplet state can 
be assigned by determining both the polarization in 
absorption and an effective route in the spin-orbit inter­
action. This is because the transition from the ground 
state to the triplet state in question is assumed to gain 
its intensity from the transition from the ground state 
to a perturbing singlet state through the spin-orbit 
coupling between the triplet state and the perturbing 
singlet state in the first-order spin-orbit interaction 
mechanism. In case that a perturbing triplet state is 
located closely to the triplet state in question, the in­
tensity stealing from the transition between these triplet 
states must also be taken into consideration. In this 
work both the direction of polarization in the singlet-
triplet absorption transition and the Zeeman intensity 
pat tern were observed for thick T C P A single crystals. 

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

The experimental procedures were the same as described 
in the previous papers.2) TCPA (Tokyo Kasei Organic 
Chemicals) was purified by zone-refining for 40 passes with 
additional 40 passes, and then grown into a single crystal 
from the melt. Crystal samples with suitable size, about 
5 x 5 mm2 in area and 3—18.4 mm in thickness, were taken 
from the crystal, and their faces were identified by the X-ray 
diffraction method. The reciprocal dispersion of an NLM-
E2M spectrometer used for absorption measurements was 
0.053 nm mm-1 at 420 nm in the 13th order of an Echelles 
grating. Phosphorescence of a crystal immersed in liquid 
helium was excited by 365 nm radiation from an ORC 1 kW 

superhigh-pressure mercury arc. 

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

Figures 1 and 2 show the singlet-triplet absorption 
and the phosphorescence spectra of a T C P A single crystal 
at 1.7 K, respectively. The first peak in the absorption 
spectrum was found in the region of 421.3 n m and that 
in the phosphorescence spectrum at 422.2 nm (23677 
c m - 1 ) . The intensity of the first absorption peak was 
measured for the light polarized along each crystallo-
graphic axis. T h e polarization ratio /a*//c was found 

390 400 410 420 

A/nm 

Fig. 1. The c-polarized singlet-triplet absorption spec­
trum of a TCPA crystal at 1.7 K; broad background 
due to a xenon arc light source. 
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Fig. 2. The phosphorescence spectrum of a TCAP 
crystal at 1.7 K. 
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to be 0.53 and the ratio Ijlh to be 1.6. This peak 
was found to split into sublines upon the application 
of a magnetic field. From these results, the first peak 
is assigned to the origin of the lowest singlet-triplet 
transition for crystalline TGPA. Other intense, sharp 
absorption peaks were found at 24010.3, 24061.5, 
24139.1, 24246.7, 24308.3, 24333.8, 24425.9, and 
24641.5 c m - 1 in the spectral region to 400 nm. No 
absorption peak was observed in the region between 
400 and 380 nm, but a broad absorption band with 
polarization different from the first peak was found 
at 370 nm (27000 cm- 1 ) . 

Figure 3a shows the high-resolution absorption 
spectrum of the first peak for a 18.4 nm oriented crystal 
with the light propagating along the b axis and polarized 
along the c axis. T h e peak was found to possess two 
components, O j at 23726.1 c m - 1 and 0 2 at 23728.5 
cm - 1 . The intensity ratio of the Ot to the 0 2 com­
ponents, (/i//2)0j w a s f ° u n d to be 0.14. The inten­
sity ratio obtained through the light propagating 
along the c axis, however, depended on the direction 
of polarization of light. T h e ratios were found to be 
0.07 for the light polarized along the a* axis and 
1/0.13 for the light polarized along the b axis. 

Upon the application of a magnetic field of 50 kOe 
along the b axis, the 0 2 component observed through the 
c-polarized light was found to split into two sublines 
with a separation of about 9.5 cm - 1 , and the O x com­
ponent remained unchanged, as shown in Tig. 3b. 
Upon the application of a magnetic field along the a* 
axis, there appeared five sublines in total, originating 
from both components, and their intensities were de­
pendent on the polarization of light used for the observa­
tion (Fig. 4a). 

All the experimental results mentioned above can be 
reasonably explained in terms of the scheme that the 
spatial symmetry of the lowest triplet state for TGPA 
belongs to B2(nn*), and the O j and 0 2 components in 
the absorption spectrum correspond to the transitions to 

0.4 h 

0.2 h 

0. 6 h 

< 0.« h 

0. 2 h 

y/cm-1 

Fig. 3. The electronic origin of the c-polarized singlet-
triplet absorption spectrum of a TGAP crystal at 4.2 K. 
(a) i / = 0 , (b) i /=50kOe , H//b. 

E#b 

Fig. 4. Zeeman absorption patterns of a TGAP crystal. 
A magnetic field of 50 kOe was applied along the a* 
axis. 
(a) The observed spectra, (b) the calculated intensities 
for the scheme of the x-polarized transition with the 
z-route in the spin-orbit coupling. 

the B u and A u triplet factor group states, respectively. 
The crystal structure of T C P A gives the space group 

symmetry C2 h
5 with four molecules per unit cell. T h e 

molecule in a crystal can be regarded as planar, be­
longing to the G2v point group.3* T h e molecular frame­
work z-axis is taken as the molecular twofold axis, and 
the z,y-plane as the plane of the molecule. If we assume 
that only one route is active in mixing molecular singlet 
and triplet states through the spin-orbit coupling, the 
transition to the A u state is expected to split into two 
wing sublines 7± l3 while that to the B u state to remain 
unchanged, showing only the central subline 70, when 
a magnetic field is applied along the b axis and the 
absorption is observed through the c-polarized light. 
The intensity ratio of I0 to I±± is expressed by 

/ I0 \ 2mn* 
(1) 

where m^ consists of the direction cosines of the molec­
ular axes x, y, and z with respect to the b axis.4) This 
ratio is just twice the absorption intensity ratio between 
the two factor group splitting components observed 
through the c-polarized light (/1//2)c . T h e absorption 
intensity ratios between the components obtained 
through the light polarized along each crystallographic 
axis are related to one another by the equation, 

\ h k \I» A* V\ A k' (2) 

This is just what we have observed for the T G P A 
crystals. T h e values of the ratio in Eq. 1 were calcu­
lated from the direction consines to be 1.1, 2.8, and 
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0.13 for x, y, and z routes in the spin-orbit coupling, 
respectively. The experimental finding is consistent 
only with the z route involved in the spin-orbit coupling 
(an A2 representation in the C2 v point group). 

The polarization ratio for the first peak, that is, the 
sum of the 0± and 0 2 components, can be explained 
in terms of the transition which is primarily out-of-plane 
polarized (a Bj representation in the, C2 v point group). 
Furthermore, the Zeeman absorption pattern obtained 
for the light polarized along the c axis or the b axis 
under the magnetic field directed along the a* axis can 
be most satisfactorily represented by the scheme that 
the absorption intensity is taken from the x-polarized 
transition and the effective route in the spin-orbit 
coupling is z, as shown in Fig. 4b. Therefore, it is 
concluded that the lowest triplet state for TGPA belongs 
to B2(nn*). 

The lowest singlet-singlet absorption band of TGPA 
in the region from 30000 to 32500 c m - 1 has been as­
signed theoretically to the transition of nn* character. 
T h e next band in the region from 35000 to 38000 cm- 1 , 
however, has not been explained in terms of a TZJI* 
transition.5) T h e broad absorption band observed at 
27000 cm^1 in the present study was found to be stronger 
than the lowest singlet-triplet absorption, but weaker 
than the singlet-singlet absoption in oscillator strength. 
Considering the intensity, the broadness, the direction 

of polarization (mainly z-polarized), and the location 
of the band in the spectrum, the absorption is tentatively 
ascribed to the transition to a triplet state of nn* 
character. 

The triplet factor group splitting was observed only 
for the first absorption peak, which was the strongest 
in intensity among the peaks in the transition to the 
lowest triplet state. This result shows that the coupling 
between molecules in the TGPA crystals is interpreted 
on the basis of a weak coupling model, where the magni­
tude of each splitting is roughly proportional to the 
intensity of a peak.6) 

References 

1) E. T. Harrigan and N. Hirota, Mol. Phys., 31, 663 
(1976) and references cited therein. 

2) M. Sano, T. Narisawa, and Y. J. I'Haya, Bull. Chem. 
Soc. Jpn., 48, 3469 (1975); T. Narisawa, M. Sano, and Y. 
J . I'Haya, Chem. Lett., 1975, 1289. 

3) R. Rudman, Acta Crystallogr., Sect. B, 27, 262 (1971). 
4) R. M. Hochstrasser, J. Chem. Phys., 47, 1015 (1967); 

"Molecular Aspects of Symmetry," W. S. Benjamin, Inc., 
New York (1966), Chap. 10. 

5) I. Deperasinka and J . S. Kwiatkowski, Bull. Acad. Pol. 
Sei., Ser. Sei. Math. Astron. Phys., 19, 655 (1971). 

6) W. T. Simpson and D. L. Peterson, J. Chem. Phys., 
26, 588 (1957). 



September, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (9), 2269—2271 (1977) 2269 

ENDOR Studies on Low-Symmetry Triphenylmethyl with ortho-
or jrara-Methoxy Substituents 

Kazuhiko ISHIZU, Kazuo M U K A I , Atsuko SHIBAYAMA, and Kyoko K O N D O 

Department of Chemistry, Faculty of Science, Ehime University, Bunkyo-cho, Matsuyama 790 

(Received January 21, 1977) 

ENDOR observations were carried out for several triphenylmethyl derivatives with ortho- or />ara-methoxy 
substituents. The alteration of the spin-density distribution caused by steric hindrance, in particular, due to 
the low symmetrical substitution, was investigated. Using a revised MO parameter proposed by Kulkarni, 
McLachlan MO calculations were carried out and the twisting angles of the hindered phenyl groups are 
estimated. 

Triphenylmethyl is one of the typical neutral radicals 
on which a number of ESR studies have been made. 
In the case of methoxy derivatives, however, the ob­
served ESR hyperfine structures are often complicated 
by overlapping due to the small methoxy proton split­
ting, and, sometimes, by modulation of hindered rota­
tion of the substituents. 

To the authors' knowledge, the derivatives which 
have already been studied are chiefly those of higher 
molecular symmetry such as 4,4',4"-trimethoxytriphenyl­
methyl1) and 2,2',2",6,6',6"-hexamethoxytriphenylmeth-
yl.2) In the present work, E N D O R studies of several 
methoxy derivatives of triphenylmethyl with low-sym­
metrical substitution, as shown in Fig. 1, are reported. 

Perturbation of the spin density due to steric hindrance 
was measured in detail, and the conformation of the 
hindered phenyls was investigated in terms of 
McLachlan M O calculations including a correction 
for the Coulomb integral of the central methyl carbon 
due to Kulkarni. 

Fig. 1. 

Exper imenta l 

Triphenylmethanols I, II, III, IV, and V, were synthesized 
by the Gomberg method,3) and VI, VII, and VIII were pre­
pared by reactions of 2,6-dimethoxyphenyllithium with benzo-
phenone, ethyl benzoate and ethyl carbonate, respectively. 
The crude materials produced were purified by recrystalliza-
tion in a hexane-benzene mixture; [I] mp 165 °G, [II] mp 
61 °G, Found: G, 83.21; H, 6.34%. Calcd: C, 82.73; 
H, 6.25%. [Ill] Mp 85 °C, Found: G, 75.48; H, 6.31%. 
Calcd: G, 75.41; H, 6.33%. [IV] Mp 132 °G. Found: 

C, 83.92; H, 6.19%. Calcd: G, 82.73; H, 6.25%. [V] 
Mp 188 °G, Found: G, 75.64; H, 6.33%. Calcd: C, 
75.41; H, 6.33%. [VI] Mp 137 °C, Found: C, 78.75; H, 
6.11%. Calcd: C, 78.73; H, 6.29%. [VII] Mp 107 
°G, Found: C, 72.53; H, 6.35%. Calcd: C, 72.61, H, 
6.36%. [VIII] Mp 166 °G, Found: G, 67.91; H, 6.44%. 
Calcd: C, 68.17, H, 6.41%. Radicals VII and VIII 
were prepared by reduction of the corresponding carbonium 
ions, which are easily produced by dissolving the alcohols 
in 10% aqueous sulfuric acid.2) Radicals I, II, III , IV, V, 
and VI were obtained by the Gomberg procedure applied 
to the corresponding chlorides, which were synthesized by 
treating the alcohols with thionyl chloride in dichlorome-
thane.4) ENDOR measurements were carried out in a toluene 
solution of the free radicals according to the procedure de­
scribed previously.5) 

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

ENDOR Spectrum and the Hyperfine Splittings. A 
typical example of the E N D O R spectrum observed for 
2-methoxytriphenylmethyl [IV] is shown in Fig. 2. 
Eight sets of the E N D O R signals seen in the figure 
(a—h) can be assigned with reference to the E N D O R 
spectrum of the parent triphenylmethyl as follows: 
signals (d), (g), and (h) are ascribed to the meta-, 
ortho- and para-ring protons of non-substituted phenyls 
(B, C) and (a), (b, c), (e), and (f) to the methoxyl 
protons and the meta-, ortho- and para-ring protons 

20 

M H z 

Fig. 2. ENDOR spectrum of 2-methoxytriphenmethyl 
[IV] recorded at - 7 0 ° G . 
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TABLE 1. PROTON HYPERFINE COUPLING CONSTANTS FOR TRIPHENYLMETHYL (IN G) 

[Vol. 50, No. 9 

B C 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 

2 

2.56 
2.59 
2.57 

3 

1.16 
1.03 
1.03 
0.89 
1.01 
0.66 
0.91 
1.07 

4 

2.81 

1.83 
2.57 
0.84 
1.17 
2.35 

5 

0.98 
1.13 

6 

1.74 
2.57 

2' 

2.56 
2.59 
2.57 
2.93 

3.22 

3' 

1.16 
1.14 
1.03 
1.22 
1.01 
1.27 
0.91 
1.07 

4' 

2.81 
2.86 

3.26 
2.57 
3.58 
1.17 
2.35 

5' 

1.13 

6' 

2.57 

2 " 

2.56 
2.59 
2.57 
2.93 

3.22 
4.09 

3 " 

1.16 
1.14 
1.03 
1.22 
1.01 
1.27 
1.51 
1.07 

4 " 

2.81 
2.86 

3.26 
2.57 
3.58 
4.67 
2.35 

5 " 

1.13 

6" 

2.57 

U U 1 1 3 

0.34 
0.33 
0.13 
0.18 
0.08 
0.11 
0.16 

of the substituted phenyl (A), respectively. The larger 
splitting of either (b) or (c) is assigned to position 5, 
since the methoxyl substitution causes a small reduction 
in the spin density at position next to the carbon atom, 
to which the methoxyl group is bonded. T h e coupling 
constants for the ring and the methoxyl protons under 
the same assumptions are summarized in Table 1, where 
splittings' assignments, in particular, those for the hin­
dered triphenylmethyls I V and V I I I are based on the 
prediction of the McLachlan M O calculation. 

MO Calculation and the Steric Hindrance. In the 
H M O or McLachlan calculations for triphenylmethyls 
previously described, the value of the Coulomb integral 
for the central methyl carbon atom was taken to be 
equal to that of the aromatic ring carbon atom. This 
leads to equal spin densities at the ortho- and para-
positions, which is contrary to experimental observa­
tions. 

An improved choice of the parameter was proposed 
by Kulkarni , who employed the less electronegative 
value, ocyie==oc—1.2/?,6) for the Coulomb integral of the 
methyl carbon atom. T h e resonance inhibition between 
the central methyl and the twisted phenyl 2pn orbitals 
is represented by ßcosö in which 6 is the twisting angle. 

In the present work, the inductive effect of the meth­
oxyl group was ignored everywhere, and the hindrance 
of the phenyl group due to the ortho-substitution was 
taken into account. As an example, the dependence 
of the spin densities on the twisting angle (6) calculated 
for V I I suggested that the spin-density distribution on 
the substituted phenyls (A) and (B) decreases, but that 
on the non-substituted phenyl (C) increases, as the 
degree of steric hindrance in (A) and (B), 6, increases. 
T h e M O spin densities are in excellent agreement with 
the observed values obtained from the McConnel re-

T A B L E 2. TWISTING ANGLES AND M O 7Ü-BOND ORDERS 

FOR TRIPHENYLMETHYL 

I 
IV 
V 
VI 
VII 
VIII 

Twisting angle 

A B 

30° 
50° 
35° 
70° 
65° 
45° 

30° 
30° 
35° 
30° 
65° 
45° 

G 

30° 
30° 
35° 
30° 
30° 
45° 

Bond order 

1-7 

0.333 
0.249 
0.317 
0.134 
0.168 
0.278 

r-7 l"-7 

0.333 0.333 
0.338 0.338 
0.317 0.317 
0.342 0.342 
0.168 0.348 
0.278 0.278 

Ü 

0.05 0.10 0.15 

Fig. 3. Relation between the observed proton hyperfine 
coupling constants and the MO spin densities. 
© denotes the plots for mother triphenylmethyl. 

lation (aa = Q]*p*, Q , H = — 2 7 G ) , under the assumption 
that each phenyl, A, B, and C, of V I I is twisted outward 
by 65, 65, and 30°, respectively. T h e twisting angles 
of other hindered methyls shown in Table 2, give a 
satisfactory linear relation between the observed ring 
proton splitting and the M O spin densities calculated 
in the same manner, as is shown in Fig. 3. From the 
slope of the plot, the average value | Q,H | was estimated 
to be 27.4 G, where the average value |Q,0 C H 3 | is found 
to be 3.17 G, assuming flooH, == QOOH, . p*m 

Of interest is the fact that the twisting angle of the 
substituted phenyls of high symmetry [VII I ] is much 
smaller than those seen for low symmetrical substitu­
tions, such as V I and V I I . This supports the hy­
pothesis that an intramolecular odd-?r-electron d e r ­
ealization does affect the degree of steric hindrance in 
these molecules. In fact, the H M O bond order cited 
in Table 2 justifies the fact that the lowest value is 
predicted between the central methyl and the adjacent 
ring carbon of the substituted phenyl in derivative V I . 
O n the other hand, the bond order for the non-substitut­
ed phenyl is increased by asymmetrical ortho-substitu­
tion. This means that the non-substituted phenyl of 
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derivatives V I and V I I may have a more planar con­
formation compared with that of the parent triphenyl-
methyl in the true situation. Although the Kulkarni 
parameter predicts adequate spin densities, a rigorous 
explanation for the assumption of such a high electro­
negativity for the central methyl carbon still requires 
further investigation.7»8) Other improved calculations 
for the triphenylmethyl were recently reported,9 '10) in 
which the resonance integral was chosen by taking into 
account the bond length of the triphenylmethyl Per­
chlorate determined by X-ray analysis.11) A tentative 
calculation for the present derivatives gave a qualita­
tive explanation, but the agreement between the theo­
retical and experimental spin densities was not sufficient 
in comparison with the calculation of Kulkarni. 
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Vibration Spectra and Rotational Isomerism of Chain Molecules. VI.1} 

2-Chloro-, 2-Bromo-, and 2-Iodoethyl Methyl Ethers 
Hiroatsu MATSUURA,* Motomichi K O N O , Hiroshi IIZUKA, Yoshiki O G A W A , 

Issei H A R A D A , and Takehiko SHIMANOUCHI 

Department of Chemistry, Faculty of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received April 13, 1977) 

The Raman and infrared spectra of 2-chloro-, 2-bromo-, and 2-iodoethyl methyl ethers, CH3OCH2CH2X 
(X=C1, Br, and I), were measured for the liquid, glassy, and crystalline states. The gaseous-state spectra of the 
chloride were also measured. The vibrational frequencies of these molecules were calculated by the use of the 
force constants transferred directly from unbranched ethers and alkyl halides. The rotational isomerism was 
studied and the following conclusions were obtained. (1) In the crystalline state, the molecule takes the form having 
the trans conformation about the CO-GC axis and the gauche conformation about the OG-GX axis. (2) In addi­
tion to this form (TG), three other forms (GG, TT, and GT) exist in the gaseous, liquid, and glassy states. (3) In 
the liquid state, the TG form is the most stable and the GT form is the least stable. (4) The less polar TT and 
GT forms are more favored and the more polar TG and GG forms are less favored in the gaseous state than in the 
liquid state. 

In a series of previous papers, we reported the vibra­
tion spectra and rotational isomerism of chain mole­
cules which include ethers,1-2) paraffins,3) sulfides,1,4'5) 
and alkyl halides.6) These studies gave us knowledge 
on the stable conformations of the chain molecules. 
For consistent elucidation of the conformational stabil­
ities, it is important to examine rotational isomerism 
of molecules which contain two or more different kinds 
of chemical groups. Such studies are also important 
for confirming reliability and transferability of the force 
constants determined from observed vibrational fre­
quencies. 

In the present study, therefore, we deal with the 
rotational isomerism of 2-halogenoethyl methyl ethers, 
C H 3 O G H 2 G H 2 X ( X = G 1 , Br, and I) , which contain 
oxygen and halogen atoms in a molecule. The study 
on these molecules also gives information on the effect 
of the two polar groups on the conformational stability. 
The vibrational spectra of 2-chloroethyl methyl ether 
have been measured by Hayashi7) and the rotational 
isomerism has been discussed. 

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

2-Chloroethyl methyl ether was synthesized by treating 
ethylene glycol monomethyl ether with thionyl chloride, and 
2-bromoethyl methyl ether by treating 2-bromoethanol with 
dimethyl sulfoxide. 2-Iodoethyl methyl ether was prepared 
from 2-chloroethyl methyl ether by treating with sodium 
iodide in acetone. The samples were distilled prior to the 
measurements. 

The measurements of Raman spectra were made on a 
JEOL JRS-400D spectrophotometer with a Coherent Radia­
tion GR-3 argon ion laser in the region below 1600 cm -1 . 
The Raman spectra of the chloride were measured for the 
gaseous, liquid, glassy, and crystalline states and those of the 
bromide and the iodide for the liquid, glassy, and crystalline 
states. A multireflection accessory and a gas cell with a 
heater were used for the measurements of the spectra in the 
gaseous state. The Raman spectra of the liquid state were 
recorded at various temperatures to examine the temperature 
dependence of Raman intensities. The glassy state was ob-

* Present address : Department of Chemistry, Faculty of 
Science, Hiroshima University, Higashisenda-machi, 
Hiroshima 730, 

tained by putting into liquid nitrogen the sample enclosed 
in an ampoule and cooling it rapidly, and the crystalline 
state by cooling the sample slowly or annealing it repeatedly. 

The measurements of infrared spectra were made on a 
JASGO DS-402G grating spectrometer and a Hitachi EPI-
G2 grating spectrometer in the region 1600—400 cm - 1 and 
a Hitachi EPI-L grating spectrometer in the region 700—200 
cm -1 . The infrared spectra of the chloride were measured for 
the gaseous, liquid, glassy, and crystalline states and those of 
the bromide and the iodide for the liquid, glassy, and crystal­
line states. For the measurements in the region below 700 
cm -1, the spectrometer was flushed with dry air to get rid 
of water vapor absorptions. The glassy state was obtained 
by depositing the sample onto a cooled window of KBr or 
KRS-5, and the crystalline state by annealing it repeatedly. 

N o r m a l Coordinate T r e a t m e n t 

T h e normal coordinate treatment of 2-halogenoethyl 
methyl ethers was carried out with a computer program 
NCTB28) and a H I T A C 8700/8800 computing system 
at the Computer Center of the University of Tokyo. 
The force constants associated with the oxygen and 
halogen parts were transferred from the unbranched 
ethers1'2-8) and alkyl halides.6 '8) T h e force constants 
for the C - C stretching and the methylene-methylene 
interactions were transferred from the corresponding 
alkyl halides. No further adjustment of the force con­
stants was made. The transferred values were found 
to be accurate enough for determining the rotational 
isomerism of the molecules not only in the crystalline 
state but also in the glassy and liquid states. 

Structural parameters and symmetry coordinates used 
in the calculation and the detailed results of the calcula­
tion are reported in a separate paper.8) 

R e s u l t s 

T h e R a m a n and infrared spectra of 2-halogenoethyl 
methyl ethers in various states are shown in Figs. 1—10 
and the vibrational assignments based on the calculated 
potential-energy distributions are listed in Tables 1—3. 
Each of the molecules has five possible rotational iso­
mers, T T , T G , GT , GG, and GG' , as given in Table 
1 of Part I of this series,2) where the first and second 
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T A B L E 1. OBSERVED FREQUENCIES AND VIBRATIONAL ASSIGNMENTS OF 2-CHLOROETHYL METHYL ETHER 

Gas 

R 

1458 M 

1390 VW 

1305 VW, sh 

1261 W 

1176VW,sh 
1155VW,sh 

1134W 

1063 W 

1045 VW, sh 

1009 W 
970 M 

935 W 
835 VW, sh 

820 W 

765 S 

684 S 

508 VW 

439 W 
412 VW 

349 S 

328 W 

252 W 

162 W 

IR 

1470 M 

1448 M, sh 

1390 W 
(1313W 
(1303 W 

1260 W 

1230 M 
1209 S 

1199 S 

1186 M, sh 

1139VS 

1115M,sh 

J1070W 
(1061 W 

1011 W 
967 W 

941 W, sh 

820 VW 

(773 M 
(765 M 
J691M 
(680 M 

Observed frequency (cm_1)a> 

Liqt 

R 

1470 W 
1465 W, sh 
1457 W, sh 
1451 M 
1443 M 
1433 W 
1388 VW 

1300VW 

1270VW,sh 

1255 W 

1218 VW 
1207 VW, sh 

1197VW,sh 

1173 VW 
1154VW 
1146 VW 

1126W 

1104VW 

1058 VW 

1043 VW 

1004 W 
963 M 

923 W 
835 VW 

816S 

751 M 

666 VS 

507 W 

438 VW 
421 VW, sh 

348 M 

329 W 
282 W, sh 
273 W, sh 
261 W 

« 180 VW, sh 

lid 

IR 

1474 M, sh 
1465 M, sh 
1457 M 

1433 M 
1390 M 

1302 M 

1258 W 

1221 M 

1198 M 

1176 M 
1155 W,sh 

1130VS 

1105 S 

1058 M 

1005 M 
964 M 

923 VW 

816 M 

752 M 

666 S 

506 W 

493 VW, sh 
463 VW 
438 VW 
418 VW, sh 

345 VW 

330 VW 

272 W 
257 W 

Gla 

R 

1479 M 
1472 M 

1450 M, sh 
1441 M 
1431 W,sh 
1388 VW 

1299VW 

1255 M 

1219W 

1174VW 
1159 VW 
1143VW 

1124W 

1059 W 

1005 W 
963 M 

818 M 

748 W 

661 VS 

510 W 

ss 

IR 

1479 M, sh 
1473 M 
1463 M, sh 

1453 M 

1433 M 
1391 M 

1300 M 

1256 W 

1221 M 

1196VW 

1178 M 
1159VW 

1127VS 

1102W 

1060 S 

1006 S 
962 M 

817M 

746 VW 

660 S 

510 W 

346 VW, sh 

327 W 

285 W 
264 VW 
229 VW 

327 W 

279 W 
266 VW, sh 

Cry 

R 

1486 M 

1459 VW 

1451 W 
1443 VW 
1437 M 
1392 W 

1299 VW 

1258 M 

1222 W 

1179VW 
1162W 
1145VW 

1125 M 

1055 W 

1004 M 
964 M 

J833VW 
(823 M 

(665 S 
(658 VS 
(515 W 
(505 W 

338 M 

295 W 

228 W 

stal 

IR 

\ 
1475 M 
1460 M 

1440 M 

/ 
1395 M 

1301 M 

1261 M 

1223 S 

1179 S 
1160W 

1130VS 

1056 S 

1006 S 
962 M 

824 M 

(663 S, sh 
|658S 
(512 W 
(505 W 

332 VW 

293 W 

230 W 

Assignment15) 

(0)CH2 scis, 
CH3 ip-d-deform, 
GH3 s-deform, 
GH3 op-d-

deform, 
CH2(C1) scis 

(0)GH2 wag 

(0)GH2 twist 

GH2(G1) wag (GG) 

GH2(G1) wag 
(TG, TT, GT) 

GH2(C1) twist 
GH3 ip-rock (TT) 

GH3 ip-rock 
(GG, GT) 

GH3 ip-rock (TG) 
CH3 op-rock 
Origin unknown 
GO stretch 

(TG, TT) 
CO stretch 

(GT, GG) 
GC stretch 

(TG, GG, TT) 
CC stretch (GT), 
(0)CH2 rock 

(TT, GT) 
GH2(C1) rock (TG) 
(0)GH2 rock 

(TG,GG), 
GO stretch 

(GG, TT) 
CO stretch (GT) 
CH2(C1) rock (GG) 

CO stretch (TG) 

CCI stretch 
(TT, GT) 

CCI stretch 
(TG, GG) 

OCC deform (TG) 

OCC deform (GG) 
COC bend (GT) 
COC bend (TT) 
COC bend (GG) 
OCC deform 

(TT, GT) 
COC bend (TG) 
CCC1 deform (GT) 
CCC1 deform (TG) 
CCC1 deform (GG) 
CHj torsion 
CCC1 deform (TT) 
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TABLE 1. (Continued) 

Observed frequency (cm-1)a> 

Liquid Glass 

IR R IR R IR 

130 W , b 

and T. 

Gr> 

R 

150 W 
140 M 
113 VW 
89 M 
76 S 
66 S 
55 W 

SHIMANOUCHI 

rstal 

^ R 

[Vol. 50, No. 9 

Assignment1») 

Torsions and 
' lattice vibrations 

a) VS: very strong, S: strong, M: medium, W: weak, VW: very weak, b : broad, sh: shoulder. The broadness 
of the band shapes in the gaseous state does not always allow us to correlate the individual bands in the liquid 
state to those in the gaseous state. Only approximate correlations are made in such cases and in other cases 
of similar situations, b) For the notation and definition of the local symmetry coordinates, see Ref. 16. 

conformation symbols in each isomer designation are 
those for the C O - G G and O C - G X axes, respectively. 

The following spectral features are observed for the 
three halogenoethers studied in this work. (1) The 
spectra have combined features of ethers and alkyl 
halides. (2) The number of the bands observed in the 
crystalline state is the smallest among the various states 
and corresponds to what is expected for one molecular 
form. (3) In the glassy and liquid states, additional 

1000 500 
Wave number (cm-1) 

Fig. 1. Raman spectra of 2-chloroethyl methyl ether, 
a; Gas, b : liquid, c: glass, d: crystal, 

bands appear in the spectra. The relative band in­
tensities in the two states are considerably different. 
(4) Systematic variations of frequencies and intensities 
are observed with the change of the halogen atom. 

In the following subsections, the rotational isomerism 
of the individual molecules is described. T h e results 
are summarized in Table 4. 

2-Chloroethyl Methyl Ether. The R a m a n and in­
frared spectra are shown in Figs. 1 and 2 and the com-

1000 5ÖCT 

Wave number (cm-1) 

Fig. 2. Infrared spectra of 2-chloroethyl methyl ether. 
a: Gas, b : liquid, c: glass, d: crystal. 
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T A B L E 2. OBSERVED FREQUENCIES AND VIBRATIONAL ASSIGNMENTS OF 2-BROMOETHYL METHYL ETHER 

Liqu 

/ "̂— 
R 

1467 W 
1457 W, sh 
1449 M 
1442 M 

1424 W 
1382 VW 
1372 VW, sh 

1298 VW 
1276 W 
1235 W 

1224 W 

1218 W,sh 

1212 VW, sh 

1189 VW 

1163 VW 

1154 VW 

1127 VW 
1095 VW 
1056 VW 
1045 VW, sh 
1037 VW 
1002 VW 
987 W 

952 M 

918 W 

836 VW 

802 M 

668 S 

571 VS 
500 W 
482 VW, sh 

433 VW 
315W,sh 
307 W, sh 
295 M 
262 W 

id 

IR 

1468 M, sh 
1458 M 
1450 M, sh 
1442 M, sh 

1423 M 
1385 M 

1299 M 
1279 S 
1236 M 

1212M 

1190 S 
1174 M 

1164 M 

1154W 

1128 VS 
1096 S 
1056 W 
1044 S 
1036 W, sh 
1003 VW 
988 S 

951 M 

917W 

889 VW 
875 VW 

801 W 

778 VW 
668 M 

570 M 
499 W 
483 VW, sh 
445 VW 
434 VW 
316 VW 
307 VW, sh 

260 VW 

Observed frequency (cm-

Glass 

R 

1471 M 

1439 M 

1424 W 
1382W 

1301 VW 
1276 M 
1236 W 

1211 W 

1165VW 

1153VW 

1121 W 
1092 VW 
1059 VW 
1044 W 

1015 VW 
988 M 

948 M 

914 VW 

833 VW 

803 M 

669 W 
658 W 

566 VS 
500 M 
482 VW, sh 

427 VW 

310M 
292 W 
275 M 

IR 

1472 M 
1464 M 
1456 M 
1447 M 
1435 W 
1428 M 
1423 M 
1386 M 

1348VW 
1301 VW 
1279 S 
1237 W 

1212M 

1189W 

1166 M 

1154W 

1124VS 
1095 W 

1046 S 

990 S 

948 M 

915 VW 

889 VW 
873 VW 

803 W 

661 W 
608 VW 
565 M 
499 W 

423 VW 

308 W 

271 W 

-l)a) 

Cry 

R 

1479 M 
1477 M 
1464 VW 

1448 W 
1438 W 
1431 M 
1427 M 
1387 W 

1276 M 
1240 M 

(1214 VW 
(1208 VW 

1166VW 

(1153VW 
(1150VW 
1117W 

1045 W 

983 M 
(948 M 
(942 M 

803 M 

567 VS 
500 M 

306 M 

287 M 

stal 

IR 

1480 M ~\ 

1468 W 
1456 M 
1451 M 

1428 M , 
1389 M 

1278 S 
1243 M 

1214M 

1169 M 

1154W 

1122 VS 

1046 S 

1004 VW 
987 S 

(949 M 
(945 M 

905 VW 

870 VW 

(806 M, sh 
(802 M 

565 M 
499 W 

305 W 

284 W 

Assignment1») 

(0)GH2 scis, GH3 ip-d-deform, 
> CH3 s-deform, GH3 op-d-deform, 

CH2(Br) scis 

(0)CH2 wag (TG,GG) 
(0)GH2 wag (TT,GT) 
Impurity 
(0)CH2 twist (GG,GT) 
(0)GH2 twist (TG,TT) 
GH2(Br) wag (TG, GG) 
CH2(Br) wag (TT,GT), 
GH2(Br) twist (GT) 
CH2(Br) twist (GG) 
CH3 ip-rock (TG), 
CH2(Br) twist (TT) 
CH3 ip-rock (TT,GT) 
CH3 ip-rock (GG) 

CH2(Br) twist (TG), 
GH3 op-rock (GG,GT) 

GH3 op-rock (TG, TT) 

CO stretch (TG) 
CO stretch (TT) 
CO stretch (GG, GT) 
CC stretch (TG, GG, TT) 
CC stretch (GT) 
Overtone of OCC deform (TG) 
(0)CH 2 rock (TG,TT,GT) 
CO stretch (TG,GG,TT) , 
(0)CH2 rock (GG) 
CO stretch (GT) 
Impurity 
Impurity 
Impurity 
Origin unknown 

CH2(Br) rock (TG, GG) 

CH2(Br) rock (TT, GT) 
CBr stretch (GT) 
CBr stretch (TT) 
Impurity 
CBr stretch (TG, GG) 
OCC deform (TG) 
OCC deform (GG) 
COC bend (GT) 
COC bend (TT) 
OCC deform (GT) 
COC bend (TG) 
OCC deform (TT) 
CCBr deform (TG) 
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TABLE 2. (Continued) 

Observed frequency (cm - 1) ' ' 

Liquid Glass Crystal Assignment1^ 

R IR R IR R IR 

223 W 
189 VW 
160VW,sh 

218 VW 226 W 
189 VW 

112M 

220 VW 

135 S 
104 M 
82 W 
72 M 
62 M 
45 M 
34 W 

CCBr deform (GG), CH3 torsion 
CH3 torsion 
CCBr deform (TT) 

S Torsions and lattice vibrations 

a), b) See a) and b), respectively, of Table 1. 

L_A__jiJ 

800 500 200 

Wave number (cm-1) 

Li kJul 
J 1 I L 

o o o o d 

800 500 200 

Fig. 3. Comparison of the observed and calculated frequencies of 2-chloroethyl methyl ether, 
a: Liquid, b : glass, c: crystal. 

parison of the observed and calculated frequencies are 
shown in Fig. 3. 

In the crystalline state, the bands due to the GC1 
stretching vibration are observed at 658 and 665 c m - 1 

in the R a m a n spectrum and at 658 and 663 c m - 1 in 
the infrared spectrum, the doublet being ascribed to 
the crystal field splitting. These frequencies indicate 
clearly that the OG-GGl axis is in the gauche confor­
mation.9) Figure 3 shows that the observed frequencies 
in the skeletal deformation region are explained only 
by the T G form. This conclusion agrees with the 
result of the previous study by Hayashi.7) 

In the glassy state, the bands due to the CCI stretch­
ing vibration of the trans OC-CG1 axis appear at 748 
c m - 1 in the R a m a n spectrum and at 746 c m - 1 in the 
infrared spectrum. T h e R a m a n band observed as a 
shoulder at 346 c m - 1 is assigned to either one or both 
of the T T and G T forms. However, the bands as­
signable only to the T T or G T form are not observed 
definitely in the spectra. T h e R a m a n band at 264 c m - 1 

and the infrared band at 266 c m - 1 are assigned only to 

the G G form. Thus, in the glassy state, the T G and 
G G forms and either one or both of the T T and G T 
forms exist. The T G form is dominant as seen from 
the relative band intensities. 

The liquid-state spectra exhibit more bands than the 
glassy-state spectra. I n the region below 550 cm - 1 , the 
skeletal deformation bands of the individual rotational 
isomers are clearly observed; the bands at 507, 329, and 
273 c m - 1 are assigned to the T G form,** those at 493, 
421, and 261 c m - 1 to the G G form, those at 463, 348, 
and 282 c m - 1 to the G T form, and those a t 438 and 348 
c m - 1 to the T T form. 

** The band at 273 cm-1 shifts to 285 cm"1 in the glassy 
state and to 295 cm-1 in the crystalline state. The result 
of the normal coordinate treatment indicates that the 
CH2-CH2 torsion contributes to this vibration to some 
extent, making the frequency shift upward on solidification. 
Similar frequency shifts are observed for the bromide (262 
cm - 1 in the liquid state and 287 cm-1 in the crystalline state) 
and the iodide (248 cm-1 in the liquid state and 276 cm-1 

in the crystalline state). 
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TABLE 3. OBSERVED FREQUENCIES AND VIBRATIONAL ASSIGNMENTS OF 2-IODOETHYL METHYL ETHER 

Liqu 

R 

1468 W 
1457 W 
1450 W 
1441 W 

1415 W 
1377 VW 
1365 VW 
1291 VW 
1263 W 

1216W 
1200 W,sh 
1189 M 

1162 M 

1123 VW 
1112 VW 
1089 VW 
1052 VW 
1038 VW, sh 

1030 VW 

1017 VW 

966 W 
949 M 

933 W 

909 W 

775 W 
753 VW 

619 S 

516 VS 

489 M 
468 M 

427 W 
«390VW,sh 

304 M 
266 M 
248 W, sh 

200 M 
Äl40W,sh 

id 

IR 

1468 M 
1458 M 
1450 M 
1432 W 

1416 M 
1381 M 
1365 W,sh 
1293 W 
1265 M 

1220 M 

1188 M 

1161 M 

1148 M, sh 

1124 S 
1108 S 
1088 S 

1037 M 

1030 M, sh 

1019 W,sh 

967 M 
950 M 

933 M 

909 M 

777 VW 
752 VW 
723 VW 
615 S 

514W 

486 W 
463 VW 
440 VW 
425 VW 
393 VW 
304 W 
260 VW 
250 VW 

Observed frequency (cm-1) 

Glass 

R 

1472 W 

1455 VW 
1440 W 
1422 VW 
1414 VW 
1378 W 

1262 W 

1219W 
1202VW,sh 
1191 M 

1162W 

1150 VW 

1120W 
1105VW 

1057 VW 
1040 W 

1030 VW, sh 

968 M 
950 W 

933 M 

907 VW 
896 VW 

777 W 

620 M 

517 VS 

488 S 
469 W 

420 VW 

304 M 

266 M 
223 VW 
212 VW 

I R 

1471 M 
1464 M 
1455 M 
1446 M 
1423 M, sh 
1415 M 
1381 M 

1293 W 
1263 S 

1220 S 

1189 M 

1159 M 

1148 M 

1119 VS 
1107 S 
1083 M 
1056 VW 
1039 S 

1030 W, sh 

1005 VW 

968 S 
949 W 

932 M 

906 VW 
895 VW 
871 VW 
815 VW 
777 W 
757 VW 
712 VW 
618 W 

515M 

487 M 
468 VW 
441 VW 
420 VW 
397 VW 
303 M 

264 W 
223 W 
210 W 

a) 

Crysl 

R 

1482 W 
1476 M 

1447 VW, sh 
1437 VW 
1425 W 

1382VW 

1263 M 

1221 W 

1192 M 

1160 VW 

1146VW 

1113W 

1042 VW 

1029 VW 

966 M 

(935 M 
(932 M 

779 W 

(518 VS 
(506 VW 
490 S 

302 M 

276 S 

200 W 

123 M 
114M 
95 M 
72 M 
60 M 
46 S 

al 

I R 

1477 M 
1463 M 
1455 M 
1444 M 

1417 M 
1384 M 

1264 S 
1239 VW 
1222 W 

1194 M 

1159 M 

1148W 

1115S 

1040 M 

1027 W 

1003 VW 

966 S 

932 M 

778 M 

714 VW 

518 W 

489 W 

301 W 

273 W 

/ 

Assignment^ 

(0)GH2 scis, GH3 ip-d-deform, 
; CH3 s-deform, GH3 op-d-deform, 
1 CH2(I) scis 

} , 

(0)GH2 wag (TG,GG) 
(0)CH2 wag (TT,GT) 
(0)GH2 twist (GG,GT) 
(0)CH2 twist (TG,TT) 
Impurity 
GH3ip-rock (TG), GH2(I) wag (GG) 
GH3 ip-rock (GG, TT, GT) 
GH2(I) wag (TG,TT,GT) 
GH3 op-rock (TG,GG,GT), 
GH2(I) twist (TT,GT) 
CH2(I) twist (GG), GH3 op-rock 
(TT), origin unknown (crystal) 
CO stretch (TG), CH2(I) twist (TG) 
CO stretch (TT) 
CO stretch (GT) 
CC stretch (GG) 
CC stretch (TG) 
CO stretch (GG), CC stretch (TT), 
overtone of CI stretch (TG) 
CC stretch (GT) 
Combination tone of CI stretch 
and COC bend (TG) 
(0)CH2 rock (TG,TT,GT) 
CO stretch (TT) 
CO stretch (TG,GG), 
(0)CH2 rock (GG) 
CO stretch (GT) 
Impurity 
Impurity 
Impurity 
CH2(I) rock (TG,GG) 
CH2(I) rock (TT,GT) 
Impurity 
CI stretch (TT,GT) 

CI stretch (TG,GG) 

COC bend (TG) 
OCC deform (GG) 
COC bend (GT) 
COC bend (TT) 
COC bend (GG) 
OCC deform (TG, GT) 
OCC deform (TT) 
CCI deform (TG) 
CCI deform (GT) 
CCI deform (GG), CH3 torsion 
CCI deform (TT) 

Torsions and lattice vibrations 

a), b) See a) and b), respectively, of Table 1. 
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TABLE 4. ROTATIONAL ISOMERS OF 2-HALOGENOETHYL METHYL ETHERS 

CH,OCH,CH,Cl CH3OCH2CH2Br GH3OGH2GH2I 

Gas 
Liquid 
Glass 
Crystal 

TG 
TG 
TG 

GG TT 
GG TT 
GG TTa> 

TG 

GT 
GT 
GT*) 

— 
TG GG TT GT 
TG GG TT GT 

TG 

— 
TG GG T T GT 
TG GG TT GT 

TG 

a) Either one or both of the TT and GT forms exist. 

1500 500 1000 

Wave number (cm-1) 

Fig. 4. Raman spectra of 2-bromoethyl methyl ether, 
a: Liquid, b : glass, c: crystal. 

In the gaseous state, the number of the observed 
bands is essentially the same as that in the liquid state, 
indicating the coexistence of the four forms of T G , GG, 
T T , and G T . However, the relative intensities of 
several bands are remarkably different between the two 
states. I t is evident from Figs. 1 and 2 that the bands 
of the T T and G T forms become relatively stronger 
than those of the T G and G G forms in going from the 
liquid to the gas. This intensity alteration will be 
discussed later. 

T h e existence of the G G ' form is unlikely. T h e 
result of the normal coordinate t reatment for the G G ' 
form shows that a band due to the vibration of 385 
c m - 1 would be detectable in the R a m a n spectrum, if 
this form existed, since the mode of this vibration is a 
quasi-totally symmetrical deformation of the molecular 
skeleton. However, no R a m a n band is actually observ­
ed in the region 360—400 c m - 1 in the liquid or gaseous 

state. 
2-Bromoethyl Methyl Ether. The R a m a n and in­

frared spectra are shown in Figs. 4—6. A comparison 
of the observed and calculated frequencies shows that 
the spectra in the crystalline state can be explained 
only by the T G form. In the glassy-state spectra, there 
appear the bands which are assigned only to the G T 
form (914 and 669 cm- 1 ) , T T form (658, 427, and 292 
c m - 1 ) , and G G form (482 c m - 1 ) . T h e liquid-state spec­
tra exhibit a similar spectral pattern but considerably 
different relative intensities. Thus, the four forms of 
T G , GG, T T , and G T are found to coexist in the glassy 
and liquid states. 

2-Iodoethyl Methyl Ether. The R a m a n and in­
frared spectra are shown in Figs. 7—9. A comparison 
of the observed and calculated frequencies shows that 
the spectra in the crystalline state are explained only 
by the T G form, similarly to the cases of the chloride 
and the bromide. I n the glassy- and liquid-state spec­
tra, additional bands appear which are assigned only 
to the G T form (907 and 441 cm- 1 ) , T T form (420 
c m - 1 ) and G G form (469 and 397 cm- 1 ) . Accordingly, 
the four forms of T G , GG, T T , and G T are found to 
coexist in the glassy and liquid states. 

Temperature Dependence of the Raman Spectra in the Liquid 
State. T h e liquid-state R a m a n spectra measured 
at high and low temperatures are shown in Fig. 10. 
For the chloride, the relative intensities of the bands at 
507, 329, and 273 cm" 1 which are assigned to the T G 
form are strikingly stronger at the lower temperature. 
O n the other hand, the band at 923 c m - 1 assigned to the 
G T form loses its intensity as temperature is lowered. 
Similar spectral changes are observed for the bromide 
and the iodide ; the bands assigned to the T G form of the 
bromide at 500, 307, and 262 cm" 1 and that of the 
iodide at 489 c m - 1 become stronger and the band as­
signed to the G T form of the bromide at 918 c m - 1 and 
that of the iodide at 909 c m - 1 become weaker as tem­
perature is lowered. These spectral observations in­
dicate that for the three molecules in common the T G 
form is the most stable and the G T form is the least 
stable in the liquid state. 

In the glassy state, the bands of the T G form is 
dominant and those of the G T form are further weaker 
than in the cooled-liquid state. This spectral feature 
is consistent with the conformational stability obtained 
for the liquid state. 

D i s c u s s i o n 

The following results were obtained for the three 
halogenoethers studied in this work. (1) Only the T G 
form exists in the crystalline state. (2) In the glassy 
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-i r 

1500 500 1000 

Wave number (cm-1) 

Fig. 5. Infrared spectra of 2-bromoethyl methyl ether. 
a: Liquid, b : glass, c: crystal. X : Bands due to impurities. 

200 

"200 700 500 200 700 

Wave number (cm-1) 

Fig. 6. Comparison of the observed and calculated frequencies of 2-bromoethyl methyl ether, 
a: Liquid, b : glass, c: crystal. X : Band due to impurity. 

and liquid states, the GG, T T , and G T forms coexist 
in addition to the T G form. (3) The T G form is the 
most stable and the G T form is the least stable in the 
liquid state. 

The stability of the trans conformation about the 
CO-GG axis over the gauche conformation is consistent 
with the results obtained for ethyl methyl ether,10-12) 
diethyl ether,13»14) and longer ethers.1«2) T h e enthalpy 
difference between the trans and gauche conformations 
has been obtained as 1.1—1.5 kcal/mol for the former 
two ethers. 

The O G - G X axis was found to be in the gauche con­
formation in the most stable isomer in the liquid state. 
This result may be compared with the previous findings 

that the gauche conformation about the G C - G X axis in 
butyl halides is more stable than the trans conformation 
in the liquid state6) and that the gauche conformation 
about the O G - C G axis in longer chain ethers is as stable 
as the trans conformation in the liquid state.2) 

A comparison of the liquid-state R a m a n spectra of the 
three halogenoethers (Figs. 1, 4, and 7) indicates the 
systematic variation of the intensity ratio of the G X 
stretching band assigned to the trans O G - C X confor­
mation to that assigned to the gauche O C - G X confor­
mation. Namely, the intensity ratio, I( trans )jl(gauche), 
is the smallest for the chloride and is the largest for 
the iodide. This observation suggests that the stability 
of the trans O G - G X conformation relative to that of the 
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1500 1000 

Wave number (cm-1) 

Fig. 7. Raman spectra of 2-iodoethyl methyl ether, 
a: Liquid, b : glass, c: crystal. 

gauche O G - G X conformation is larger in a molecule with 
a heavier halogen atom. The steric hindrance between 

the methylene group and the halogen atom accounts, 
at least in part , for the difference in conformational 
stability. 

Each of the three halogenoethers contains two polar 
groups, the oxygen and halogen atoms, in a molecule. 
The five possible molecular forms are classified into 
two types on the basis of the polarity of the molecule. 
By assuming a simple vector summation, the dipole 
moment n of the molecule is given by 

M2 = Mcx2 + Mcoc2 ~ (2/1/ T)fiCxMcoc 

for the T T , G T , and G G ' forms and 

ß2 = ßcx2 + ^coc2 + (^/vrS)MoxMooc 
for the T G and G G forms, where ßcx and ßcoc are the 
dipole moments of the C X and G O C groups, respec­
tively, and the all bond angles are assumed to be tetra-
hedral. Accordingly, the T T , GT , and G G ' forms are 
less polar and the T G and G G forms are more polar. 
For the chloride, as seen from Figs. 1 and 2, the bands 
assigned to the T T and G T forms (less polar) become 
relatively stronger than those of the T G and G G forms 
(more polar) in going from the liquid to the gas. The 
intensity ratio of the 751 c m - 1 band to the 666 c m - 1 

band is reversed between the two states. These obser­
vations are consistent with the theoretical expectation 
that less polar conformations are better stabilized in less 
polar solvents or gas and that more polar conformations 
are better stabilized in more polar media.15) I t is thus 
clear that1 the trans O G - G X conformation of the halo­
genoethers is \ more favored in the gaseous state than 
in. the! liquid: state. Similar intensity variations are 
observed in the spectra of the cyclohexane solution and 
the acetone solution. 

In conclusion, the rotational isomerism of 2-halogeno-
ethyl methyl ethers was determined from the vibrational 
s ectra. The satisfactory transferability of the force 

1500 500 1000 

Wave number (cm-1) 

Fig. 8. Infrared spectra of 2-iodoethyl methyl ether. 
a: Liquid, b : glass, c: crystal. X : Bands due to impurities. 
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Fig. 9. Comparison of the observed and calculated frequencies of 2-iodoethyl methyl ether, 
a: Liquid, b : glass, c: crystal. 

1000 900/; 500 200 1000 900" 500 2001000 900' 

Wave number (cm-1) 

Fig. 10. Raman spectra in the liquid state at high and low temperatures. 
a: 2-Chloroethyl methyl ether, b : 2-bromo.thyl methyl ether, c: 2-iodoethyl methyl ether. 

constants from the ethers and the alkyl halides to the 
halogenoethers was also shown. These conclusions con­
firm that the combination of the systematic measure­
ments of vibrational spectra and the systematic calcu­
lations of normal vibrations is a reliable method for 
studying the rotational isomerism of chain molecules. 
Theoretical studies on the stabilities of rotational iso­
mers should be made on the basis of accumulated ex­
perimental data, by taking account of intramolecular 
and intermolecular interactions. 

Erratum 

Erratum in Table 2 of Part V.1) For 764 M,sh listed in 
the column of R of Crystal read 764 M. 
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The Isotope Effect on the Quenching of the Cadmium 
Triplet State by Methanol 
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The isotope effect on the Gd-photosensitized emission of methanol has been investigated using CH3OH, CH3OD, 
GD3OH, and CD3OD. The relative quenching efficiencies for the 326.1 nm resonance line were 1 : 0.3 : 0.9 : 0.3 
in the order of GH3OH, CH3OD, CD3OH, and CD3OD. The emission intensities from the intermediate complex 
between an excited cadmium and methanol were also measured. The band-shape was not affected by the sub­
stitution of D atoms. The intensity ratio was 1 : 3.1 : 1.1 : 3.1 in the order of GH3OH, GH3OD, CD3OH, 
and CD3OD, when the incomplete quenching was corrected. These results were explained by the following 
quenching processes: 

Cd* + CH3OH -» C d - H - O C H , 

-> cd...o<gH3 

where Gd* represents Gd(3Pj) and/or Cd(3P0). The D/H kinetic isotope effect on the former process was estimated 
to be 0.3 

Recently, Luther et al. found a large isotope effect 
on the quenching of Hg(3P0) atoms by methanol using 
CH3OH, C H 3 O D , CD 3 OH, and C D 3 O D ; for example, 
the quenching efficiency of C H 3 O H is about ten times 
that of GD3OD.1) They also found a H g H formation 
from C H 3 O D , suggesting that the cleavage of the C - H 
bond in methanol is an important process, as is the 
cleavage of the O - H bond.1) This observation, how­
ever, contradicts the reaction mechanism widely be-
lived in which almost all the cleavage occurs at the O - H 
bond in the reaction of methanol photosensitized by 
triplet mercury, although the bond strength of the C - H 
is smaller than that of the O - H in methanol.2) 

In the case of the Cd-photosensitized reaction, the 
isotope effect was also found, as was briefly reported 
in a previous short communication; for example, the 
quenching efficiency of G H 3 O H for the 326.1 nm res­
onance line was three times that of GD 3 OD and 
CH3OD.3) Based on several assumptions, a reaction 
mechanism was proposed which explains the observed 
isotope effect on the quenching of the 326.1 n m res­
onance line and on the band emission at 395 nm.3) 
This mechanism, however, was not consistent with the 
mechanism proposed by Luther et al. for the mercury 
photosensitization. 

The present paper will report the details of the pre­
vious short communication, together with new results 
obtained with CD 3 OH. The use of C D 3 O H was ex­
pected to confirm some of the assumptions made pre­
viously. 

Exper imenta l 

The apparatus and the procedure were essentially the same 
as those previously described.4'5) The reaction cell and the 
cadmium lamp were kept in a furnace at 220±1 °C. Since 
Pyrex glass is known to be reactive to methanol vapor,6) the 
use of Pyrex glass was avoided in constructing the vacuum 
lines which come in contact with methanol vapor. In order 
to minimize the effect of the possible D/H exchange reaction 
on the wall, the reaction system was treated with the same 
isotopic methanol before every run. All the experiments were 
carried out in the presence of an excess amount of argon. 
In order to minimize the pressure dependence of the absorp­

tion of the 326.1 nm resonance line, the total pressure in the 
reaction cell was kept constant.4'5) The pressure of methanol 
was changed between 4 and 15% of the total pressure. 

The isotopic methanols, GH3OD, GD3OH, and CD3OD, 
were purchased from Merck Sharp and Dohme of Canada, 
Ltd. The nominal isotopic purities were more than 99%. 
All of the methanols were used after being degassed at —80 
°G. High purity argon (Jonan Kyodo Sanso) was used after 
having been passed through a trap containing a molecular 
sieve, 4A, kept at —120 °C and a reduced copper furnace 
at 300 °G. 

R e s u l t s 

In order to estimate the quenching efficiency for the 
53P1^-51S0 resonance line, the emission intensities at 
326.1 nm were measured as a function of the pressure 
of methanol. The Stern-Volmer plots are shown in 
Fig. 1, where /°326.i a n d I^%. 1 a r e t n e emission inten­
sities at 326.1 n m in the absence and in the presence of 
methanol respectively. Since the emission intensities 
were dependent on the irradiation time because of the 
accumulation of the reaction products, the /326.i values 
were obtained by extrapolation to zero irradiation time. 

0 5 10 15 20 

^methanol ( T o r r ) 

Fig. 1. Stern-Volmer plots for the quenching of the 
326.1 nm resonance line by CH 3 OH(0) , GH 3OD(#), 
CD3OH(A), and GD3OD(A). 



2284 Shigeru TSUNASHIMA, Kuniko MORITA, and Shin SATÖ [Vol. 50, No. 9 

T A B L E 1. OBSERVED ISOTOPE EFFECT IN THE QUENCHING OF THE 326.1 n m 

RESONANCE LINE AND THE EMISSION INTENSITY AT 395 n m 

G H , O H C H . O D G D , O H C D , O D 

H. Q,.P. (Torr)a> 
Intercept (Torr)b> 
Slope (X100)1» 
Intensity0) 

2 . 4 ± 0 . 2 
7 . 4 ± 0 . 4 
3 . 9 ± 0 . 4 

1 

7 .6±0 .7 
8 . 0 ± 0 . 4 
4 . 3 ± 0 . 5 
3 . 1 ± 0 . 3 

2 . 7 ± 0 . 1 
8 . 1 ± 0 . 5 
4 . 6 ± 0 . 4 
1.1±0.1 

8 .0±0 .3 
8 .1±0 .4 
4 . 5 ± 0 . 4 
3 .1±0 .3 

a) Half-quenching pressure, b) Intercepts and slopes of the straight lines in Fig. 3. 
at 395 nm, corrected for the incomplete quenching; see Text. 

c) Total emission intensity 

The effect of the argon pressure on the value of /°326.i/ 
7 3 2 6 1 was negligibly small. The plots for the /°3 2 6 . i / 
7326.1 ratios vs. the methanol pressure lie on a straight 
line for each methanol. T h e half-quenching pressures 
were obtained from the slopes of the straight lines in 
Fig. 1 and are listed in Table 1. 

As was stated in a previous paper,5) a new band 
emission at 395 n m was obtained when the Gd-methanol 
mixture was irradiated with the 326.1 n m resonance 
line. The emission profile was not affected by the sub­
stitution of D atoms. The emission intensities, how­
ever, depended on the total pressure and the pressure 
of methanol. Figure 2 shows the results obtained with 
CD 3 OD. Similar plots were also obtained with CH 3 -
O H , C H 3 O D , and C D 3 O H . The values of /3 2 6 > 1[Me]/ 
7395 were nearly independent of the methanol pressure, 
but depended on the total pressure, as is shown in Fig. 
3. Here, 7395 is the emission intensity at 395 nm and 
[Me] is the pressure of methanol. The values of the 
intercepts and the slopes of the straight lines in Fig. 3 
are listed in Table 1. 

The areas of the emission band at 395 nm were 
compared with that obtained with C H 3 O H at the same 
total pressure and the pressure of methanol. When 
the incomplete quenching of the resonance line was 
corrected, the ratios of the total emission intensity at 
395 n m were nearly independent of the total pressures 
(35—120 Torr) and also of the pressures of methanol 
(5—20 Torr ) . The ratios thus obtained are listed in 
Table 1. 

10 15 20" 
J°CD3OD (Torr) 

Fig. 2. The intensity of emission at 395 nm from the 
Gd-CD3OD system as a function of the pressure of 
GD3OD. The total pressures are 121 (O), 80(A), 
53(#), and 35(A) in Torr. The plots are displaced 
upwards by one unit of 7395 for clarity in the above 
order of the total pressure. 

Aotai (Torr) 
Fig. 3. Plots of /326.1 [Me]//395 as a function of the total 

pressure for CH 3 OH(0) , CH3OD(#), CD3OH(A), 
and GD3OD(A). 

D i s c u s s i o n 

Reaction Mechanism. As was shown in a previous 
paper,4) the Stern-Volmer plots for the quenching of 
the Cd resonance line at 326.1 nm by ammonia were 
not linear at a low pressure of ammonia. In the cases 
of methanol, however, the Stern-Volmer plots give 
straight lines, as is shown in Fig. 1. This suggests that 
the reaction mechanism for the 326.1 n m and the 395 
nm emissions is simpler than that considered in the case 
of ammonia.4) Consequently, the following simplified 
reaction mechanism may be considered to explain the 
results obtained here: 

Gd + Ay(326.1) > Cd^Pj), 

C d ^ ) > Gd + M326.1), 

CdCPO + M ^ ^ Cd(3P0) + M, 

Cd* + Me > Products, 

Gd* + Me > GdMe*, 

CdMe* > Gd + Me + hv(395), 

CdMe* + Me > Gd + 2Me, 

GdMe* + Ar > Cd + Me + Ar. 

Here, Cd* represents Cd^P j ) or Cd(3P0) . Because the 
equilibrium between Cd(3Pj) and Cd(3P0) is easily 
established under the present experimental conditions,7) 
we cannot discriminate the reactions of these two states. 
The stationary concentration of Cd(3P0) may be ap­
proximated as (A;3/Â;_3)[Cd(3P1)].

4) CdMe* is a com­
plex between Cd* and methanol (Me), which can emit 
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the band emission at 395 nm. In the case of ammonia, 
the formation of an "unstabilized" complex has been 
assumed; this complex dissociates into the triplet cadmi­
um and methanol or is deactivated to an emissible 
complex through collision.4) In the case of methanol, 
however, it is not necessary to assume the formation 
of the "unstabilized" complex, since the Stern-Volmer 
plots give a straight line. If the "unstabilized" complex 
is formed even in the case of methanol, the lifetime of 
the "unstabilized" complex must be long enough to be 
stabilized through collision under the present experi­
mental conditions. 

The steady-state treatment of the above mechanism 
gives the following relation for the quenching of the 
326.1 n m resonance line: 

A 2 6 . Ä 6 . 1 - 1 + *q[Me]/A2 . (1) 

Here, /°326.i and /326.i represent the emission intensities 
observed at 326.1 n m in the absence and in the presence 
of methanol respectively. kq is the sum of the quench­
ing rate constants and is A;4+Â;5 in the case of Gd* = 
Gd(8P1). When Cd* represents a mixture of Cd(3P1) 
and Cd(3P0), k± and k5 should be replaced by / t 4

1+ 
(hlk-z)k^ and kh

ljr{kzlk„3)k5° respectively. Here, the 
superscripts 1 and 0 stand for the reactions of Cd(3P1) 
and Gd(3P0) respectively. 

From the values of the half-quenching pressure listed 
in Table 1, the relative values of kq can be estimated; 
they are listed in Table 2. The isotope effect on the 
efficiency of methanol has been observed for the quench­
ing of Hg(3P0) by Luther et al.1) The relative values 
obtained by them are compared in Table 2 with those 
obtained in this study. In contrast with the case of 
Hg(3P0)-photosensitization, the quenching efficiency of 
CD 3 OD is 0.3 times that of C H 3 O H and is close to tha t 
of C H 3 O D . 

TABLE 2. ISOTOPE EFFECTS IN THE REACTION OF 

METHANOL"-) 

CH30H GH30D GD30H GD30D 

*q(Cd) 1 0 .31±0.04 0 .88±0.10 0 .30±0.03 
£q(Hg)b> 1 0.31 0.093 0.088 
kh 1 0 .93±0.09 0 .91±0.09 0 .91±0.09 
ks/k6 1 1.0 ± 0 . 1 1.1 ± 0 . 1 1.1 ± 0 . 1 

a) Relative to the values obtained with CH3OH. b) 
From Ref. 1. 

The imprisonment lifetime of Cd(3Pj) is not known 
under the present experimental conditions. Brecken-
ridge et al. have estimated the ratio of the imprisonment 
lifetime to the natural lifetime of Cd(3Px) in the pres­
ence of argon.8) According to their estimation, the 
ratio is 1.09 at 260 °C and increases with an increase 
in the vapor pressure of cadmium. In the present ex­
periment, a smaller imprisonment lifetime may be ex­
pected, since the vapor pressure of cadmium in this 
study is lower than that in their studies.8) When the 
lifetime of Gd(3P1) in the present study is assumed to 
be equal to the natural lifetime, i.e., 2 . 3 x l 0 _ 6 s , the 
quenching efficiency of G H 3 O H can be estimated to be 
0.4 À2. Because of the rough estimation, this value 
should be accepted as un upper limit. The TOSS sec­

tion of methanol for quenching triplet cadmium is about 
twenty times smaller than that for quenching triplet 
mercury.9) 

For the intensity of the emission at 395 nm, 7395, the 
following equation can be derived from the above re­
action mechanism: 

48«.i[Me]//395 = oc(k2/k5) (1 +£8[Ar]/£6 + £7[Me]/*6). (2) 

T h e factor, a, depends on the experimental conditions; 
the geometry of the apparatus, the slitwidth, the ef­
ficiency of the monochromator, and the sensitivity of 
the photomultiplier used. Substituting [Ar]==[M] — 
[Me] into Eq. 2, where [M] represents the total pressure, 
we can obtain Eq. 2 ' : 

/326.i[Me]//395 = or.(k2/k5)(\+ks[M]/k6+ (*7-*8)[Me]/A.). 

(2') 

As was stated in the Results section, the observed values 
°f 426.1 [Me] / / 3 9 5 are independent of the change in the 
pressure of methanol under the same total pressure. 
Therefore, the third term in the right-hand side of Eq. 
2' may be ignored. From the intercepts and the slopes 
of the straight lines in Fig. 3, the relative values of ks 

and kjk6 can be estimated; they are listed in Table 2. 
As is shown in Table 2, the isotope effects on k5 and 
ksjke are negligibly small. 

Let us define quan tum efficiency of the band emission 
at 395 n m as the number of photons emitted from the 
intermediate complex, CdMe*, per quenched Cd(3P1) 
atom. Then this efficiency, $Bm, may be expressed as 
follows : 

0 e m = (*5/*q)/(l+A8[M]/*«). (3) 

The quan tum efficiency of the emission thus defined 
should be proportional to the emission intensity at 395 
nm. Since the isotope effects on kh and k8/ke were 
negligibly small, as is shown in Table 2, the total emis­
sion intensity should be inversely proportional to the 
quenching efficiency. This is indeed the case, as is 
shown in Tables 1 and 2. Thus, it may be said that 
the isotope effects observed in the Cd-photosensitized 
reaction of methanol are mainly due to the isotope 
effect on the quenching process. 

Isotope Effect on the Quenching Process. In a pre­
vious short communication, the following three quench­
ing processes were considered in an at tempt to explain 
the results obtained with C H 3 O H , G H 3 O D , and 
CD3OD:3> 

Gd* + GHgOH -> G d - H - O C H a ( a ) 

-^ Gd—H- -GH2OH ( b ) 

- G d - ° < C H 3 ( c ) 

The D/H kinetic isotope effects on the (a) and (b) 
processes are expected to be large. O n the other hand, 
the effect on the (c) process is expected to be small 
because of the secondary effect. The band emissions 
have been observed at about 390 n m in the Cd-photo­
sensitized reactions of water and ethers.5) This fact 
suggests that the (c) process corresponds to Reaction 
5, i.e., the formation of a radiative intermediate com­
plex. In fact, a very small isotope effect on k5 was 
observed, as is shown in Table 2. 
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The observed quenching efficiency, £q, may be set 
as equal to the sum of £a, kh, and ke. If the secondary 
isotope effect can be neglected, we should obtain the 
following relation between the quenching efficiencies for 
the isotopic methanol : 

fcq,CH3OH + * :q,CD3OD = k, q,CH3OD + * q,CD3OH- (4) 

As is shown in Table 2, Eq. 4 is satisfied within the 
limits of experimental error. Since A;q>cH3oH—A;q,cD3oH 
and £q,cH3oD-A-qicD3oD, the (b) process may not be 
important compared with the (a) and (c) processes. 
Moreover, the quan tum yield of the emission at 395 
n m has been estimated to be 0.0032.5) T h e smallness 
of the quan tum yield of the emission suggests that the 
(c) process cannot be the main process. Consequently, 
it may be said that the observed isotope effect on £q 

is mainly due to the isotope effect on kA. T h e D / H 
kinetic isotope effect on k& can be estimated to be about 
0.3. 

Theoretical Estimation of D/H Kinetic Isotope Effect. 
T h e D / H kinetic isotope effect on the (a) process can 
be estimated by the use of the theory of the kinetic 
isotope effect :10> 

3nt-7 
AD/*H = exp [-(hcl2kT){ S (vit(D)-v,t(H)) 

3n-6 
- S (*i(D)-^(H))}]. (5) 

Here, Vj(D) and v£(H) are vibrational frequencies in 
c m - 1 . T h e superscript t indicates the transition state. 
T h e h, c, k, and T symbols have their conventional 
significance. Equation 5 has been derived under a 
heavy-molecule approximation; i.e., the changes in the 
molecular mass and moment of inertia have no signifi­
cant influence upon the isotopic rate ratio.10) T h e term 
of the symmetry-number ratio can be set as equal to 
unity in this reaction system, and so it is omitted in 
Eq. 5. An approximation, 1— exp(— hcvjkT) — 1, has 
already been applied in Eq. 5. When the vibrational 
frequency is less than 1000 c m - 1 , however, it is neces­
sary to include the factor of 1 — exp(— hcvjkT). When 
the secondary isotope effect can be neglected, the con­
tribution of all the vibrations except for the O - H stretch­
ing and two bending frequencies disappear in the reac-
tant par t of Eq. 5. Similarly, only a G d - H - R stretching 
and two bending frequencies can contribute in the 
transition state. Here, R denotes the G H 3 0 radical. 

In order to estimate the vibrational frequencies in 
the transition state, the following three models are 
considered : 

Model a: The Gd atom is located apar t from the 
methanol molecule and has no effect on the vibrational 
frequencies in the transition state. T h e reacting hydro­
gen atom is located in the neighborhood of the R 
radical. Thus, the two bending frequencies in the 
transition state may be set as equal to those in the 
reactant. 

Model b: Much as in Model a, the Cd atom is 
located far from the methanol molecule, but the R - H 
bond is stretched so that the two bending frequencies 
in the transition state can be approximated as zero. 

Model c: T h e R - H bond is stretched further, and 
the reacting hydrogen atom is located in the neighbor-

TABLE 3. FREQUENCIES USED IN THE CALCULATION 

OF Eq. 5a) 

Atom transferred H D 

O-H Stretching 
Bending 
Twisting 

C-H Stretching 
Bending 

Cd-H Stretching 

3682 
1340 
270b> 

2977 
1430 
1430d> 

2720 
869 
191°) 

2227 
1055 
1011°) 

a) In cm - 1 unit. From H. D. Noether, J. Chem. Phys., 
10, 693 (1942) unless otherwise cited, b) G. Herzberg, 
"Molecular Spectra and Molecular Structure II, In­
frared and Raman Spectra of Polyatomic Molecules," 
D. Van Nostrand Co., Princeton (1945). c) Calculated 
using v(D) = ( l / i / "2>(H). d) G. Herzberg, "Molecular 
Spectra and Molecular Structure I, Spectra of Diatomic 
Molecules," D. Van Nostrand Co., Princeton (1950). 

TABLE 4. CALCULATED D/H KINETIC ISOTOPE EFFECT 

Process (a) Process (b) 

Model a 
Model b 
Model c 
Observed 

0.25 
0.16 
0.29 

0 .31±0.04 

0.33 
0.22 
0.41 

hood of the Gd atom. T h e stretching frequency in the 
transition state is approximated by the C d - H stretching. 
The two bending frequencies are also approximated as 
zero. In Models b and c the term which contains 
the two bending frequencies in the transition state may 
be approximated by mD/mH.10) Here, mD and mK are 
the masses of the D and H atoms respectively. 

O n the base of the above assumptions, the D /H kinetic 
isotope effect on the (a) process was calculated using the 
frequency assignments shown in Table 3. The results 
are listed in Table 4. For comparison, Table 4 also 
contains the results of a similar calculation of the (b) 
process. As is shown in Table 4, the observed D/H 
isotope effect on the (a) process is close to the case of 
Model c; i. e., the reacting hydrogen atom is located 
in the neighborhood of the Cd atom in the transition 
state. 

T h e present study suggested that the (a) process is 
the predominant process compared with the (b) and 
(c) processes in the Gd-photosensitized reaction of 
methanol. This coincides with the results obtained by 
Knight et al. and Pottie et al. in the case of mercury 
photosensitization.2) However, it is different from the 
results obtained by Luther et al.1** 
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Chromium(III) Complexes with Amino Acids. III. Chromium(III) 
Complexes with Acidic, Basic and Carbamoyl Amino Acids 

Hisaya O K I and Yasuko TAKAHASHI 

Department of Chemistry, Faculty of Education, Fukui University, Fukui 910 
(Received December 6, 1976) 

Syntheses by both the isothermal matrix in a solid state and by the usual solution method have been tried for 
chromium(III) complexes with L- and DL-asparagine, L- and DL-aspartic acid, L- and DL-glutamine, L- and DL-
glutamic acid, L- and DL-lysine, and L-ornithine. [Gr(L-aspNH2)3] -2H20, [Cr(DL-aspNH2)3] -3H20, (NH4)2-
[Gr(L-asp)2][Cr(D-asp)2]-4H20, and ( + )[Cr(L-lys)2(NH3)(H20)]Cl-4H20 were obtained by the matrix method 
in the solid state, while [Cr(L-aspNH2)3]-2H20, [Cr(DL-aspNH2)3]-2H20, and ( + )[Cr(L-lys)2(NH3)(H20)]Cl-
4H 2 0 were prepared by the usual solution method. The preparation of chromium(III) complexes with other 
amino acids was not successful. A new type of complex of chromium(III) containing terdentate DL-aspartic acid 
and a new mixed chromium (III) complex containing three different ligands (L-lysine, ammine, and aqua) were 
prepared. 

Chromium (III) complexes containing terdentate 
amino acids have not yet been isolated. Amino acids 
which act as terdentate ligands are classified into amino 
dicarboxylic (acidic), diamino carboxylic (basic), and 
carbamoyl amino carboxylic acids (carbamoyl amino 
acid). In the chromium(II I ) complexes with L-aspara-
gine,1) L-aspartic acid,2) L-glutamine, or L-lysine,3) all 
the amino acids work as bidentate ligands. In the 
present work, attempts were made to prepare chro-
mium(I I I ) complexes with a-amino acids (L- and DL-
aspartic acid, L- and DL-glutamic acid, L-ornithine, 
L- and DL-lysine, L- and DL-asparagine, and L- and 
DL-glutamine) by applying the methods described in 
Ref. 4, and to study the difference in complexation 
among neutral amino acids,4,5) acidic, basic, and 
carbamoyl amino acids. 

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

Preparation of Chromium(HI) Complexes. The methods 
of preparation are essentisally the same as those reported in 
our previous papers.4-5) 

a) Preparation by Means of Solid State Reaction : The reaction 
temperature, the mole ratios of amino acids to the starting 
complex, [Gr(NH3)6](N03)3, and the reaction time are listed 
in Table 1. 

The reaction products with L- and DL-asparagine were 
dissolved in water, after which the solutions were kept stand­
ing at room temperature for one or two days. Tris(L-aspara-
ginato) and tris(DL-asparaginato)chromium(III) were ob­
tained as pink powder. By the same method, a complex 
with DL-aspartic acid was obtained as ammonium bis(DL-
aspartato)chromate(III) after the solution had stood for two 
weeks. When the reaction product with L-lysine monohydro-
chloride was kept standing at room temperature for one or 

TABLE 1. MOLE RATIOS OF AMINO ACIDS TO THE 

STARTING COMPLEX, THE REACTION TEMPERATURE, 

AND THE REACTION TIME 

Amino acid 

L-Asparagine 
DL-Asparagine 
DL-Aspartic acid 
L-Lysine 

Mole 
ratio 

2.5 
2.5 
2.5 
5 

Reaction 
temperature 

(°G) 

135 
135 
125 
135 

Reaction 
time 
(min) 

60 
60 

120 
35 

two days, bis(L-lysinato)ammineaquachromium(III) chloride 
was obtained as pink crystals. In the case of DL-lysine, a 
mixture of pink powder and free amino acid was obtained. 
However, the desired complexes could not be separated from 
the mixture. From the reaction products with L-aspartic 
acid, L- and DL-glutamine, and L-ornithine, oily substances 
were obtained, and crystallizations were not successful. In 
the case of the L- and DL-glutamic acid, the reaction products 
dissolved in water were kept standing at room temperature 
for four or five days to give purple crystals. However, the 
results of the elementary analysis of these crystals were coinci­
dent with the composition of neither a tris-type nor a dihydro-
bridged dimer complex. 

b) Preparation by the Reaction in Solution: Hexaamminechro-
mium(III) nitrate (3.4 g), and L-asparagine (4.0 g) were 
dissolved in water (50 ml), and the mixture was heated on a 
water-bath until pink crystals began to appear. The pink 
crystals were tris(L-asparaginato)chromium(III). By the 
same method, a complex with DL-asparagine was precipitated 
as a tris-type one. Hexaamminechromium(III) nitrate (3.4 
g) and L-lysine monohydrochloride (5.4 g) were dissolved in 
water (50 ml), and the mixture was concentrated on a water-
bath to one-fifth of its orginal volume. When the resulting 
solution was kept standing at room temperature for one or 
two weeks, bis(L-lysinato)ammineaquachromium(III) chloride 
were gradually deposited as pink crystals. In the case of 
DL-lysine or L-ornithine, a mixture of pink crystals and amino 
acid was obtained but the pink crystals could not be separated 
from the mixture. 

Attempts to prepare of chromium(III) complexes with other 
amino acids were not successful, only oily substances were 
obtained in those cases. 

The analytical data of these complexes are given in Table 2. 
Apparatus. The absorption spectra were measured with 

a Hitachi 139 spectrophotometer. The IR spectra were 
measured with a Hitachi EPI-G3 infrared spectrophotometer 
in Nujol mull. The CD spectra were recorded on a JASCO 
Model ORD/UV-5 spectrophotometer with a CD attachment. 

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

The absorption spectra of [Gr(L-aspNH2)3] were 
measured in the solid state and in a perchloric acid 
solution. The spectrum of [Cr(DL-aspNH2)3] was 
measured in the solid state, while those of NH4[Cr(DL-
asp)2] and [Cr(L-lys)2(NH3)(H20)]Cl were measured in 
aqueous solutions. The numerical data of their maxima 
are summarized in Table 3. The values of the absorp­
tion maxima of [Cr(L-aspNH2)3] in 2 0 % H C l O 4 and in 
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TABLE 2. ANALYTICAL DATA 

2289 

G (%) 

Calcd Found 

H (%) 

Calcd Found 

N (%) 

Calcd Found 

[Cr(L-aspNH2)3].2H2(>) 
[Cr(DL-aspNH2)3. 3H2Oa) 
NH4[Cr(DL-asp)2] • 2H2O

a> 
[Cr(L-lys)2(NH3) (H20)]Cl-4H20a) 
[Cr(L-aspNH2)3].2H2Oi>> 
[Cr(DL-aspNH2)3] -2H201» 
[Cr(L-lys)2(NH3) (H20)]Cl-4H2Ob> 

29.94 
28.86 
25.17 
29.70 
29.94 
29.94 
29.70 

29.97 
28.74 
25.09 
29.26 
30.60 
29.69 
29.47 

5.25 
5.46 
4.94 
8.12 
5.25 
5.25 
8.12 

4.93 
4.88 
4.89 
7.56 
4.85 
4.86 
7.28 

17.46 
16.83 
11.44 
14.44 
17.46 
17.46 
14.44 

17.69 
16.72 
11.41 
14.22 
17.83 
17.93 
14.78 

a) By the solid state reaction, b) By the reaction in solution. 

TABLE 3. ABSORPTION MAXIMA OF CHROMIUM (III) COMPLEXES 

VJ/103 cm" (log e) vJlO3 cm- flog e) 

[Cr(L-aspNH2)3]a) 
[Cr(L-aspNH2)3]a> 
[Cr(DL-aspNH2)3]

a> 
NH4[Cr(DL-asp)2]a> 
[Cr(L-lys)2(NH3)(H20)]Cla) 
[Cr(L-aspNH2)3]i» 
[Cr(DL-aspNH2)3]

b> 
[Cr(L-lys)2(NH3)(H20)]Clt>> 

19.3 
18.7 
19.8 
19.5 
19.5 
19.3 
19.9 
19.5 

(1.82) 

(1.98) 
(1.66) 

(1.68) 

26.1 
25.1 
26.2 
26.0 
26.5 
26.2 
26.2 
26.5 

(1.64) 

(1.56) 
(1.68) 

(1.69) 

Réflectance 
20%HClO4 

Réflectance 
H 2 0 
H 2 0 
Reflactance 
Réflectance 
H 2 0 

a) By the solid state reaction, b) By the reaction in solution. 

the solid state differ from each other. The data sug­
gest that this complex undergoes acid hydrolysis or some 
other chemical reaction in perchloric acid and that 
the behavior is similar to that of complexes with L- and 
DL-alanine.4'5) The absorption maxima of [Cr(L-asp-
NH2)3] and [Cr(DL-aspNH2)3] in the solid state are 
nearly the same as those for chromium (111) complexes 
with neutral amino acids with the / ^ - s t ruc tu re . Thus, 
the present complexes of the tris-type have the fac-
structure. 

The spectrum of NH4[Cr(DL-asp)2] is shown in Fig. 1. 
I t may be seen that the second absorption band gives 
a lower molar extinction coefficient than does the first 
band and that the absorption curve of this complex 
is nearly the same as that of the corresponding cis(N)-
trans(05) cobalt (III) complex.6) The complex was ad­
sorbed on an anion exchanger (Dowex 1X8, Cl-form). 
When a 0.01 M NaCl solution was passed through a 
column of the exchanger, a pink solution was eluted. 
The spectrum of the eluted solution agreed with that 

of the original complex. Further, Nessler's reaction for 
this complex was positive. These results indicate that 
an ammonia molecule was not coordinated in this com­
plex. In the complex of DL-aspartic acid, there are 
two possibilities whether both L- and D-aspartic acid 
are contained, or either. Concerning the geometrical 
isomers, the former type has one trans- and two m-forms, 
while the latter has one trans- and one cis-form. The 
possible geometrical isomers are all shown in Fig. 2. 

The reaction product in the solid state with L-aspartic 
acid was dissolved in water, and the solution was adsorb­
ed on an anion exchanger (Dowex 1 X 8 , Gl-form). 
Upon elution with water, one violet band was seen. 
By eluting with 0.01 M NaCl, two pink bands were com­
pletely separated. However, the isolation of compounds 
from these fractions was not carried out. The violet 
band described above was not adsorbed on a cation ex­
changer (Dowex 50W X2, H-form). Therefore, this 

L-L type 

JN 
(a) trans (N) 

L-D type 

(b) eis N trans (0, 

20 25 

v/lO'cm-1 
30 N 

(e) trans (N) 

N TT-

0 
(c) cisN trans (Os) 

0 
(f) CTS(N) 

Fig. 1. The absorption spectrum of (NH4)2[Cr(L-asp)2]-
[Cr(D-asp)2]. 

Fig. 2. The possible structures of bis (aspartate) chro-
mate(III) ion. 
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band is considered to contain a noncharge species. The 
isolation of the compound from this fraction was also 
not carried out. By applying the method described 
above, the reaction product with DL-aspartic acid in 
the solid state was separated by chromatography. The 
results were similar to those for the complex with L-
aspartic acid. Therefore, the chromium(II I ) ion was 
coordinated with two ions of either L- or D-aspartic 
acid in the bis(DL-aspartato)chromate(III) complex. 
The spectrum for the ammonium bis(DL-aspartato)-
chromate(II I ) which had been eluted from the ion ex­
changer agreed with that of the first eluted band of 
the complex with L-aspartic acid. This complex shows 
no CD. Therefore, the bis(DL-aspartato)chromate(III) 
complex was concluded to consist of a racemic structure 
of NH 4[Cr(L-asp) 2] and NH4[Cr(D-asp)2] . The geo­
metrical structure of the first eluted band of the cis-type 
in the bis(L-aspartato)cobaltate(III) ion has been assign­
ed to eis (N)-trans (05) [Fig. 2 (c)] ;6) therefore, the struc­
ture of the bis(L-aspartato)chromate(III) ion is assigned 
to (c) in Fig. 2. 

The absorption and CD spectra of [Cr(L-lys)2(NH3)-
(H 2 0) ]C1 are shown in Fig. 3. In this complex, six 
geometrical isomers are possible ; they are given in Fig. 4. 
I t is obvious from Fig. 3 that the molar extinction 
coefneent of the first absorption band is nearly equal to 
that of the second absorption band, both showing no 
splitting. The maximum of the first absorption band 
of this complex is at a frequency nearly equal to those 
of fac- (amino acidato)chromium(III) complexes. The 
CD spectrum of this complex is shown in Fig. 3. 
Mizuochi et al?) reported that the bis(L-lysinato)di-
aquachromium(II I ) complex has a eis structure with 
respect to the nitrogen or the oxygen atoms of lysine. 
These facts lead to presume that the structure of [Cr-
(L-lys)2(NH3)(H20)]+ has a cis-cis structure with respect 
to the nitrogen or the oxygen atoms, (f) in Fig. 4. 

The C D spectra for [Cr(L-aspNH2)3] and [Cr(DL-asp-
NH 2 ) 3 ] were not measured, because these substances 
were not soluble in common solvents ( H 2 0 , M e O H , 
E t O H , D M F and D M S O ) . 

The chromium(III ) complexes with acidic, basic, or 

HzO 

20 25 

y/103 cm-1 

Fig. 3. The absorption and CD spectra of [Cr(L-lys)2-
(NH8)(HaO)]Cl. 

N H3N 

b H,0 

, N O' | N 
NHs NH 

(a) (b) 
N O 

O H2O 

b HsN 

Fig. 4. The possible structures of [Cr(L-lys)2(NH3)-
(H20)]+ ion. 

TABLE 4. CHROMIUM (III) COMPLEXES WITH ACIDIC, BASIC, AND CARBAMOYL AMINO ACIDS 

Starting material 

Amino acid 

L-Asp 

DL-Asp 

L - G 1 U 

DL-Glu 

L-Lys 

DL-Lys 

L-Orn 

L-AspNH2 

DL-AspNH2 

L - G 1 U N H 2 

D L - G 1 U N H 2 

[ G r ( N H 3 ) 6 ] ( N 0 3 ) 3 

Solid 

— 
[Gr(L)2] 

— 
— 

[Cr(L)2AB] 

mixture 

— 
[Gr(L)3] 

[Gr(L) a] 

purple 

purple 

Solution 

— 
— 
— 
— 

[Cr(L)2AB] 

mixture 

mixture 

[Gr(L)3] 

[Gr(L)3] 

— 
— 

G r ( O H ) 3 

[Cr(L)3]D 

[Cr(L),]«> 

CrCl3 

[Cr(L)J»> 

[Cr(L)2B2]3> 

[Gr(L)J3) 

[Cr(OH)(L)2B]3> 

L: amino acid, A: NH3, B, H 2 0 , —: not crystallized. 
Mixture: pink crystal and amino acid. Purple: no pure purple compound. 
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carbamoyl amino acids were synthesized both in the 
solid state and in solution. These synthesized complexes 
are given in Table 4, together with a description of the 
preparation by the solution method when chromium-
(III) hydroxide and chromium(II I ) chloride are used 
as the starting materials as reported by Volshtein1 '2) and 
Mizuochi.3) Only (NH4)2[Cr(L-asp)2][Cr(ü-asp)2] con­
tained terdentate amino acids. Bis(L-aspartato)chro-
mate(I I I ) was not crystallized. Volshtein obtained Ag3-
[Cr(L-asp)3],2) but the tris-asp complex was not isolated 
in the present work. When silver nitrate was added to 
solution eluted by chromatography, the tris-asp complex 
was not precipitated. The reason for this is not clear. 

When a mixture of bis(L-lysinato)ammineaquachro-
mium(I I I ) chloride and L-lysine-HGl in water was 
heated on a water-bath, a tris-type complex was not 
prepared and only the starting substances were re­
covered. Mizuochi et al?) reported the method of pre­
paring [Cr(L-lys)2(H20)]Cl, but not for [Cr(L-lys)3]. 
The absorption curves of crude pink complexes with 
DL-lysine and L-ornithine were similar to that of [Cr-
(L-lys)2(NH3)(H20)]Cl; and therefore, those complexes 
may be bis-type complexes. Thus , the synthesis of a 
tris-type complex of basic amino acid seems to be 
difficult. 

In the present work, tris(L- or DL-asparaginato)chro-
mium(II I ) complexes were prepared by both methods, 
solid state and solution. These carbamoyl amino acids 
are regarded as neutral amino acids. In a previous 
paper, we reported that the solution containing hexa-
amminechromium(III) nitrate and neutral amino acid 
naturally neutralized during the course of reaction.4) 
In the case of äsparagine, the reacting solution is also 
expected to be naturally neutralized to yield a tris-type 
complex. However, tris-type complexes with L- and 
DL-glutamine, as well as asparagine, were not obtained. 
The reason for this is not clear. 

No terdentate bis-type chromium (III) complex could 
be obtained, except for those with DL-aspartic acid. 
This might be due to the instability of seven- or eight-
membered ring in a bis-type complex, except for the 

complexes of aspartic acid and asparagine. 
In a previous paper,5) we reported that the preponder­

ance of the formation of one optical isomer is changed 
depending upon the kind of solvent dissolving the 
product of the solid state reaction ; when reaction prod­
ucts were dissolved in methanol ( + ) isomers were 
obtained, while ( —) isomers were obtained in ethanol. 
However, in the present work, the reaction products with 
amino acids used in the solid state reaction were all 
insoluble in ethanol. L- and DL-aspartic acid, L- and 
DL-lysine, L-ornithine and L-glutamine are soluble, but 
the other amino acids are insoluble in methanol. T h e 
complexes with L- and DL-aspartic acid, L-ornithine, and 
L-glutamine were prepared as oily substances. T h e 
complexes with L- and DL-lysine were obtained as pink 
crystals. However, the results of the elemental analysis 
of these complexes show a mixture of [Cr(lys)2(NH3)-
(H 2 0)]G1 and [Cr(lys)2(NH3)2]Cl. These complexes 
could not be separated, and the relation between the 
formation of optical isomers and the solvent was not 
investigated. 

The authors wish to thank Professor Muraji Shibata 
and his co-workers of Kanazawa University for the CD 
measurement. The authors also wish to thank Pro­
fessor Ryokichi Tsuchiya of Kanazawa University for 
valuable discussions and suggestions. This work was 
financially supported by a Grant-in-Aid from the Minis­
try of Education. 
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From a sample subjected to pyrolytic sulfurization in a sealed quartz tube, the evolved gases, carbon disulfide, 
carbon monoxide, carbon dioxide, carbonyl sulfide, hydrogen sulfide, and a nitrogen molecule were simultaneously 
estimated. Determination of the atomic ratio between C, H, O, and N was carried out by means of three calibra­
tion curves obtained by use of glycine, L-glutamic acid, L-citruUine, and fumaric acid. They are applicable 
to carboxylic acids and the other compounds, but not to compounds including nitro and/or sulfo groups. 

Various carboxylic acids were subjected to pyrolysis 
in sulfur(S) vapor and the reaction products such as hy­
drogen sulfide(H2S), carbon d ioxide(C0 2 ) , and carbon 
disulfide(GS2) were analyzed gas chromatographically, 
followed by determination of the chemical composition 
and functional group.1) However, complete sulfuriza­
tion of carboxylic acids apparently was not accomplish­
ed, since the amount of evolved GS2 was much smaller 
than the expected one and a black carbonaceous residue 
remained. T h e method could not be applied to com­
pounds other than carboxylic acids since the reaction 
products except for C 0 2 were given in terms of the 
amount of C 0 2 and the reaction in addition did not 
go to completion. 

The present study was undertaken to establish an 
improved method in which a sample is subjected to 
pyrolytic sulfurization in a sealed quartz tube containing 
S, and the evolved gases such as H 2S, carbonyl sulfide 
(COS), GS2, and a nitrogen molecule(N2) are simulta­
neously estimated, followed by determination of the 
atomic ratio between G, H, O, and N. The calibration 
curves obtained from four compounds were applicable 
to carboxylic acids and other compounds, bu t not to 
the compounds including nitro and/or sulfo groups. 
Sulfurization seemed to be complete since no black 
carbonaceous residue remained. The present method 
gives more accurate results, no weighing being necessary 
during the procedure. 

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

Apparatus. A sampler, a displacement apparatus and 
an electric furnace were used. Gas chromatograms were 
taken on a Yanagimoto GCG-5DH and a Shimadzu GG-4B. 

Reagents. Various purification methods including (1) 
vacuum sublimation, (2) contact with sulfuric acid, (3) nitric 
acid oxidation of sodium sulfide, (4) decomposition of sodium 
thiosulfate with hydrochloric acid, and (5) refluxing with 
magnesium oxide(MgO)2) were examined, the last one being 
found the best. The procedure is as follows : 500 g S was 
gradually heated in a 500 ml four-holed flask with a reflux 

FROM He BOMB 

i 

50mm 

Fig. 1. Sampler. 
(A) Quartz capillary, 
alloy). 

Fig. 2. Displacement apparatus. 
A : Joint, B : silicone rubber packing, G : stainless steel 
tube, D: poly (vinyl chloride) tube, E: silicone rubber 
tube, F : reaction tube, G: two-way cock, H : water, 
I : needle valve, J : pinch cock, K : silica gel packing, 
L: sulfur and sample, M: flow meter. 

I BG E \ G B j 

"ill l l l l x x l l H I H I I H I I I I I I I M 

(B) pIunger(nickel-chromium 

Fig. 3. Schematic diagram of the flow system. 
Ax, A2: Six-way cocks, B: joint, C^: silica gel column, 
G2: molecular sieve 5A column, D: thermal conduc­
tivity detector, E: Teflon tube, F: reaction tube, G: 
quartz wool. 

condenser, with an electric furnace, MgO being added after 
cessation of gas evolution. The temperature was held at ca. 
450 °C, S being refluxed for 24 h. The melts were filtered 
at 120—150 °G through a sintered glass filter protected by a 
ribbon heater, About 450 g S was obtained as a filtrate to 
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which was added 4.5 g (1%) M g O , the contents being re-
fluxed for 24 h. T h e operation was repeated six times, ca. 
150 g S being finally obtained. T h e S obtained was dried 
at 150 °G for 3 h. A blank test was carried out using the 
sealed tube containing 20 mg S. Though slight peaks of 
air, C O S and GS2 were confirmed at the highest sensitivity 
of the Shimadzu GG-4B gas Chromatograph, they were negli­
gible in the present study. 

T h e other reagents were of analytical grade. Hel ium was 
of commercial grade. 

Materials. A transparent quar tz tube was found 
suitable as the reaction tube, since an opaque tube gives a 
large peak owing to the N 2 present in foams. T h e maximal 
strength of the quartz tube was estimated to be ca. 390 a tm 
at 950 °G from the relationship between the amount of S and 
the explosion temperature during the course of heating, and 
on the assumption that S is present as a diatomic molecule3) 
at 950 °C. T h e internal pressure being ca. 20 a tm, the opera­
tion was safely carried out. 

T h e gas sampler E shown in Fig. 2 should be heat-resistant, 
strong and elastic. A silicone rubber tube is heat-resistant 
but mechanically weak, a poly (vinyl chloride) tube less heat-
resistant, giving a number of impurity peaks. A Teflon tube 
meets all requirements and can be used more than 100 times 
at 55 °C, not giving any impuri ty peaks even at 120 °G. 

Procedure. A transparent quar tz tube, 3.8 m m i.d., 
5.6 m m o.d. and 110 m m long, was treated for 5 h in a Bran-
sonic-52 ultrasonic cleaner, washed, dried, and closed at one 
end by use of a town gas-oxygen flame, followed by being 
made narrow at ca. 50 m m from the closed end and being 
heated at 850 °G for 10 min. 

Five mg of S was placed in the quar tz tube and a definite 
volume of powdered sample was added to it with the sampler 
(Fig. 1), a definite length of capillary sample thus being pre­
pared. T h e reaction tube was connected with the displace­
ment apparatus (Fig. 2) . A stream of helium regulated at a 
flow rate of 100 ml/min by a manometer M and valve I was 
passed through it to displace the air. Cock G and pinch 
cock J were closed. The internal pressure of the reaction 
tube {ca. 890 Torr) was balanced with the atmospheric 
pressure by operating cock G just before glass blowing, fol­
lowed by sealing. T h e time required for sealing was ca. 15 s. 
T h e sealed tube was placed in a quar tz case 11 m m i.d. X 90 
m m and heated in an electric furnace for 10 min at 600 °C 
and for 30 min at 950 °G. T h e sealed tube was held at 90 
°C for 5 min in an oven and inserted into a Teflon sampler E 
(Fig. 3) maintained at 55 °G. E was connected with the gas 
Chromatograph by operating the cock A2. T h e sealed tube 
was broken into pieces by driving a jack across the Teflon 
sampler and evolved gas was introduced into the gas Chromato­
graph, the column temperature being raised immediately to 
the programmed one at a rate of 8 °G/min. T h e molecular 
sieve 5A column G2 was separated from the flowing system 
in ca. 5 min after the introduction of evolved gas, and the 
constituents of relative higher boiling point, which come out 
of the silica gel column G l5 were analyzed with a thermal 
conductivity detector after passing through cock A2. 

T h e gas Chromatograph was operated under the following 
conditions : A 1.5 m stainless steel column Gj was charged 
with silica gel (80—100 mesh) and a 0.6 m stainless steel 
column C2 with molecular sieve 5A (80—100 mesh), column 
temperature being programmed between 40 and 185 °G 
at a rate of 8 °C/min. T h e flow rate of helium was 30 ml/ 
min at 185 °G. Davison grade 08 silica gel4) was used instead 
of Deactigel.5) T h e latter is known to be effective for the 
separation of S-containing compounds. In order to separate 
the individual constituents in the evolved gas, a combination 

0 5 10 ~)T\L 17 18 19 

Time, min 

Fig. 4. Typical chromatogram of reaction products. 
1: N2 , 2 : C O , 3 : G 0 2 , 4 : C O S , 5 : H 2 S, 6 : GS2 . 

of the silica gel column and the molecular sieve 5A column 
was utilized, by which N 2 was completely separated from 
carbon monoxide (CO) . Glycine was chosen as an example 
and analyzed. Its chromatogram is shown in Fig. 4. All 
the peaks were identified by use of an authentic sample and 
their peak areas were estimated by the half-width method. 

R e s u l t s 

Reaction Temperature and Reaction Time. T h e re l a ­
t i onsh ip b e t w e e n r e a c t i o n p r o d u c t s a n d r e a c t i o n t e m ­
p e r a t u r e (F ig . 5) o r r e a c t i o n t i m e (Fig . 6) w a s e x a m i n e d 
us ing g lyc ine . T h e c o m p o s i t i o n of t h e r e a c t i o n p r o d ­
uc ts w a s a l m o s t def ini te a t a t e m p e r a t u r e in t h e r a n g a 
7 5 0 — 1 0 5 0 °G a n d in m o r e t h a n 20 m i n after t h e s t a r t 
of t h e r e a c t i o n . 

Pyrolytic Sulfurization. T h e s ea l ed t u b e c o n t a i n ­
i n g S a n d g l y c i n e w a s p rocessed b y five s e p a r a t e p r o ­
cedu re s ( T a b l e 1). T h e coefficients of v a r i a t i o n in t h e 
va lues of ( N / H ) , ( G / H ) , a n d ( O / H ) w e r e sma l l e r in 
p r o c e d u r e s G a n d E t h a n in a n y o t h e r , a n d w e r e t h u s 
r e - e x a m i n e d us ing 5 m g S a n d 0 . 1 — 2 . 0 m g g lyc ine . 
T h e resul ts a r e g iven in F i g . 7 a n d T a b l e 2. P r o c e d u r e 
C w a s chosen s ince it g a v e a b e t t e r resu l t . 

Amounts of Sample and S. S ince t h e va lues of 
( N / H ) , ( G / H ) a n d ( O / H ) w e r e a p p r o x i m a t e l y def in i te 

•a 

500 1000 
Tempera ture , °C 

Fig. 5. Effect of reaction temperature on products. 
20 mg S and 0.1—1.0 mg glycine made to react for 30 
min. O : N2 , 3 : C O , © : C 0 2 , A : C O S , • : H 2 S, 
A : CS a . 
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TABLE 1. COMPARISON OF INDIVIDUAL PYROLYTIC SULFURIZATION PROCEDURES'1) 

Procedure 

A 

B 

C 

D 

E 

N 2 

4 . 0 

4 . 5 

2 . 1 

6 .1 

6 .8 

Ind 

G O 

24.5 
9.1 

20.0 
0 

5 .6 

Lvidual peak 

G 0 2 

3.6 

4 . 9 
2 . 4 

6 .6 

6 .9 

Coefficient of 

area ratio0) 

COS 

2 . 9 

2 . 5 

3 .3 

2 .0 

2 .0 

H 2S 

1.9 

4 . 9 

1.8 

4 . 0 

1.8 

variation (%)b> 

GS^ 

8 .2 

4 . 3 

11.1 
10.9 
10.9 

Observed atomic 

(N/H)f 

4 . 7 

9 . 5 

2 .7 

9 . 5 

8 .5 

(C/H)f 

2 . 8 

7 .8 
3 .5 

6 .9 
2 . 3 

ratiod) 

(0/H) f 

4 . 5 

7 .4 

4 . 2 

6 .9 

2 . 8 

a) 20 mg S and 0.3—1.0 mg glycine used, b) Calculated from five runs for each procedure, c) Ratio to the sum of 
all peaks, d) Estimated by Eqs. 6, 7, and 8, respectively. A : Heated at 950 °G for 40 min in a quartz case and held 
in an oven at 90 °C for 5 min, B : Heated at 950 °C for 40 min in a quartz case and held in water for 1 min, C : 
Heated at 600 °G for 10 min, at 950 °G for 30 min in a quartz case and held in an oven at 90 °G for 5 min, D: 
Heated at 950 °G for 40 min and held in an oven at 90 °C for 5 min, and E: Heated at 950 °G for 40 min and 
held in water for 1 min. 

Time, min 

Fig. 6. Effect of reaction time on products. 
20 mg S and 0.1—1.0 mg glycine made to react at 950 
°G. O : N2, 3 : CO, C : C0 2 , A : COS, • : H2S, 
A : GS2. 

40 

•+3 30 

•a 
v 

PL, 

20 

10 
8 ^ t :£ 

0.5 1.0 " 1.5 2.0 

Sample amount, mg 

Fig. 7. Effect of the amount of sample on peak area 
ratios. 5 mg S and glycine made to react by procedure 
C. O : N2, 3 : GO, C : G0 2 , A : COS, • : H2S, A : 

cs2. 

in the reaction between a definite amount of S and 
0.3—2.0 mg glycine, the compounds other than glycine 
were also sampled by the sampler (Fig. 1) so that their 
amounts would be in the range 0.3—2.0 mg. From the 
relation between the weight of sample and the peak area 
in the gas chromatogram, the amount of samples taken 

TABLE 2. RE-EXAMINATION OF THE PYROLTIC 

SULFURIZATION PROCEDURES8-) 

Procedure 

C 
E 

Coefficient of variation(%)b) 

(N/H)f (C/H)f (0/H) f 

3.9 1.4 2.4 
5.0 1.9 2.1 

a) Five mg S and 0.3—2.0mg glycine used. b) 
Calculated from five runs for each procedure. 

was 0.3—1.0 mg. The relation between the amount of 
sample and the amounts of S was examined. The 
contents of N2 , C O , and G 0 2 in the evolved gas were 
constant for the weight ratio of S to sample greater than 
20. The contents of H 2S and COS decreased with an 
increase in the amount of S. Five mg of S was used. 

Temperature of Gas Sampler. T h e effect of the 
internal temperature of the gas sampler E on the peak 
area of the reaction products was examined (Fig. 8). 
T h e peak area ratios of reaction products to N 2 were 
approximately constant at temperatures 50—120 °G. 
Thus the internal temperature of the gas sampler E 

5.0 

o 4.0 

3.0 

^4 

v 

2.0 

1.0 

50 100 
Temperature, °C 

Fig. 8. Effect of the internal temperature of a Teflon 
tube on peak area ratios. 
5 mg S and glycine made to react. 3 : CO/N2, C : 
C02/N2, A: GOS/N2, • : H2S/N2, A : GSa/N2. 
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T A B L E 3. CORRECTION FACTORS 

2295 

R u n 
number 

1 

2 

Average 

GO 

0.8 
0.6 
0.7 

Peak 

G0 2 

13.6 
13.4 
13.5 

area ratio8-) 

COS 

65.0 
65.3 
65.2 

cs2 

20.6 
20.4 
20.5 

K(G02) 

1.00 
1.00 
1.00 

Correction factorb 

K(GOS) 

1.26 
1.26 
1.26 

#(CS2) 

1.51 
1.52 
1.52 

a) Individual peak area divided by the sum of all peaks, b) Estimated by Eqs. 4 and 5, respectively. 

w a s h e l d a t 55 °G. 

Correction Factors for the Relative Peak Area o/C02, COS, 
and CS2. T h e c o m p o u n d c o n t a i n i n g G, H , O , a n d 
N w a s sub jec t ed to py ro ly t i c su l fu r iza t ion to fo rm t h e 
fol lowing p r o d u c t s : C O , C 0 2 , C O S , a n d C S 2 f rom 
c a r b o n a t o m , H 2 S f rom h y d r o g e n a t o m , C O , C 0 2 , a n d 
C O S f rom o x y g e n a t o m a n d N 2 f rom n i t r o g e n a t o m . 
I n o r d e r to d e t e r m i n e t h e c o m p o s i t i o n of t h e c o m p o u n d , 
e a c h p e a k a r e a of N 2 , C - a n d O - c o n t a i n i n g c o m p o u n d s 
was d i v i d e d b y t h e p e a k a r e a of H 2 S , a n d t h e a t o m i c 
ra t ios b e t w e e n H a n d C or O or N w e r e e s t i m a t e d 
f rom t h e c a l i b r a t i o n cu rves . T h e r e l a t i o n s h i p b e t w e e n 
t h e p e a k a r e a s of C O , C 0 2 , C O S , a n d C S 2 a n d t he i r 
m o l e n u m b e r s w a s used to e s t i m a t e t h e s u m of i n d i v i d ­
ua l p e a k a r ea s . S ince t h e p e a k a r e a of C O w a s n e g l i ­
g ib ly smal l in c o m p a r i s o n w i t h t h a t of C 0 2 , C O S , a n d 
C S 2 , n o c a r e w a s t a k e n of t h e c o r r e c t i o n fac tor of C O . 
C O w a s sea led i n t o a q u a r t z t u b e c o n t a i n i n g S b y use 
of t h e d i s p l a c e m e n t a p p a r a t u s (F ig . 2 ) , a n d t h e gases 
evolved b y t h e r e a c t i o n w e r e a n a l y z e d ( T a b l e 3 ) . T h e 
m a j o r p r o d u c t s w e r e C 0 2 , C O S , a n d C S 2 , on ly a m i n u t e 
a m o u n t of C O r e m a i n i n g as a n u n r e a c t e d c o m p o n e n t . 
T h e r e a c t i o n b e t w e e n C O a n d a d i a t o m i c S molecu le 3 ) 
a t 950 °C w a s a s s u m e d to p r o c e e d a c c o r d i n g to t h e 
fol lowing e q u a t i o n s . 

2GO + S2 - 2GOS, (1) 

2GOS = G 0 2 + CS2 . (2) 

C 0 2 a n d C S 2 w e r e f o r m e d in e q u i m o l e c u l a r a m o u n t s . 

O n t h e basis of ^ ( C O 2 ) = 1.00, t h e c o r r e c t i o n factors 

w e r e e s t i m a t e d b y E q s . 4 a n d 5, w h e r e A'(CO), A'(C02), 

. 4 ' ( C O S ) a n d ^4'(CS2) refer to p e r c e n t p e a k a r e a ra t ios 

of C O , C 0 2 , C O S , a n d C S 2 to t h e s u m of al l p e a k s . 

K(C02) = 1.00, (3) 

X(COS) 

K(G02) 
= JC(COS) = 

{ 1 0 0 - [ ^ ( C O ) + 4 ' ( C O S ) ] } 

2A'(G02) 

K ^ = * (CS 2 ) = A ' ^ 

(4) 

K(C02) " V ~ ~ a / ^ ( C 0 2 ) ' ( 5 ) 

T h e v a l u e of 1 0 0 - | > 4 ' ( C O ) + i 4 ' ( C O S ) ] c o r r e s p o n d s to 
t h e a m o u n t of C O S c o n s u m e d . T h u s t h e v a l u e of 
A'(C02), , 4 ' ( C O S ) , a n d ^ ' ( C S 2 ) d i v i d e d b y K(C02), 

K(COS), a n d K(CS2) in t h a t o r d e r i m p l y the i r m o l e 
ra t ios . T h e co r r ec t i on factors t h u s o b t a i n e d w e r e used . 

Calibration Curves. G l y c i n e , L -g lu tamic ac id , L -
c i t ru l l ine , a n d fum ar i c ac id in h i g h p u r i t y w e r e a n a l y z e d 
a n d t h e n u m e r i c a l ra t ios of e a c h a t o m w e r e c a l c u l a t e d 
as follows. 

©,- [A(CO) + A(GQ2) + A(COS)/l .26 + A(CS2)/\ .52] 

2^(H 2 S) 

(§).-
[A(GO)+2A(G02)+A(GOS)/l .26] 

2^(H 2 S) 

A(N2 

(7) 

(8) 
A(H2S) 

H e r e , ^ ( C O ) , ^ ( C 0 2 ) , A(COS), A(CS2), A(H2S), a n d 
•4(N2) a r e re fe r red to t h e i n d i v i d u a l p e a k a r e a s in m m 2 

a t t h e c h a r t s p e e d of 5 m m / m i n . S i m u l t a n e o u s d e t e r ­
m i n a t i o n of t h e a t o m i c r a t i o a m o n g C , H , O , a n d N 
w a s m a d e b y use of t h e c a l i b r a t i o n cu rves . E x p e r i ­
m e n t a l va lues (f ) a r e p l o t t e d a g a i n s t t h e o r e t i c a l va lues 
(t) in F ig . 9. 

Analysis of Various Compounds. A m i n o ac id s 
( T a b l e 4) a n d o t h e r c a r b o x y l i c ac ids ( T a b l e 5) w e r e 

U3 1.0 u 0.1 

( 0 / H ) t (N /H) , 

Fig. 9. (1) Calibration curve for (C /H) . (2) Calibra­
tion curve for ( O / H ) . (3) Calibration curve for (N/H) . 

T A B L E 4. ANALYTICAL RESULTS OF AMINO ACIDS 

Compound 
Formula 

Theoretical Founda> 

y-Aminobutyric acid N i C 4 0 2 H 9 

L-Phenylalanine 

Tryp tophan 

L-Methionine 

L-Aspartic acid 

L-Threonine 

L-Homoserine 

N 1 C 5 0 2 S 1 H 1 1 

N 1 C 4 0 4 H 7 

N j C 4 0 3 H 9 

N j C 4 0 3 H 9 

Ni .oC 3 . 9 0 2 . 0 H 9 

N1.0Cg.eO2.2Hjj 

N 2 . iCj 0 . 6 O 2 . 2 H 1 2 

N1.0G5.0O2.jHjj 

N I . „ C 4 . J 0 4 . J H 7 

N1.0G3.9O3.0H9 

Ni .oG 3 . 9 0 2 . 9 H 9 

a) Calculated from two runs for each sample. 

T A B L E 5. ANALYTICAL RESULTS OF CARBOXYLIC ACIDS 

Compound 

Malonic acid 

Succinic acid 

Laur ie acid 

Myristic acid 

Terephthal ic acid 

Theoretical 

G 3 0 4 H 4 

C 4 0 4 H 6 

C i 2 0 2 H 2 4 

G 1 4 0 2 H 2 8 

G 8 0 4 H 6 

Formula 

Founda> 

G 3 . i 0 4 . j H 4 

G3.9O3.9Hg 

Gi2.302 .2H2 4 

Gi3.602>3H2g 

C 7 .904. iH 6 

(6) a) Calculated from two runs for each sample. 

N1.0Cg.eO2.2Hjj
N1.0G5.0O2.jHjj
N1.0G3.9O3.0H9
G3.9O3.9Hg
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TABLE 6. ANALYTICAL RESULTS OF OTHER COMPOUNDS 

[Vol. 50, No. 9 

Compound 

2,2',3,3',4,4',5,5',6-
Nonamethyldiphenyl-
methane 

2,2'-Bipyridine 

Gyanoguanidine 

Benzil 

Benzophenone 

wzwo-Erythritol 

/»-Dimethylamino-
benzaldehyde 

Dimethylglyoxime 

Diphenylglyoxime 

Formula 

Theoretical 

^ 2 2 ^ 3 0 

N 2 G 1 0 H 8 

N 4 C 2 H 4 

C 1 4 O 2 H 1 0 

G J S O J H J , , 

G 4 O 4 H 1 0 

N A O A i 
N 2 C 4 0 2 H 8 

N 2 C 1 4 0 2 H 1 2 

Founda> 

^ 2 2 . 1 ^ 3 0 

Ni.sGjo^Hg 

N4.0Gj.9H4 

Gj4.jO2.2HjQ 

Gj3.oGtj.2Hjo 

G4.0O3.9HJ0 

N0.9Gg.gol.lHJ J 

NJ .9c4 . 0 o 2 . lH 8 

N2.JG14.0O2.3H12 

a) Calculated from two runs for each sample. 

analyzed. No difference between threonine and homo-
serine was found irrespective of their structural isomer­
ism. Since S atom could not be determined, it was 
neglected in the composition of methionine. The meth­
od was applied to the compounds consisting of C and 
H as well as C, H, and N, satisfactory results being 
obtained (Table 6). 

D i s c u s s i o n 

Relative Correction Factors of C02, COS, and CS2. 
Eqs. 1 and 2 for the reaction between GO and S were 
supported by Stock et ß/.6>7> We found CO a , COS, and 
GS2 as the reaction products. The relative correction 
factors of C 0 2 , COS, and GS2 were determined on the 
assumption that the reaction between GO and S pro­
ceeds in accordance with Eqs. 1 and 2, which were con­
firmed as follows: The N 2 gas containing 30—100 vol 
% C O was prepared by use of a N 2 bomb and a GO 
bomb equipped with a needle-valve and a flow-meter, 
respectively, and the mixed gas was sealed into a re­
action tube containing 20 mg S, followed by heating 
at 950 °G and analysis of the gases produced (Fig. 10). 
The peak area ratios of C O , COS, and CS 2 to C 0 2 

5.0 

4.0h 

3.<H 

2.0h 

1.01 

• 

A 

1 , 'IF-^ r—H>! (+-. 

A 

A 

- T i l 1 

À 

* 
100 50 

CO, vol% 

Fig. 10. Relationship between the amount of CO and 
the peak area ratios using a Yanagimoto GCG-5DH 
gas Chromatograph. 3 : CO/G02 , A : COS/G02 , 
A : CS2/G02. 

•a 
PH 

1.0 2.0 
Volume ratio to N2 

Fig. 11. Effect of CS2* on the peak area ratios. 
* GS2 added by the quartz capillary. (O) Mixture 
of N2 and S0 2 , ( • ) mixture of N2, S0 2 and CS2, (A) 
produced G0 2 , (A) produced COS. 

were found to be constant irrespective of change of 
vo l% CO. By taking it for granted that the reaction 
products are restricted to G 0 2 , COS, and CS2 , Eqs. 
1 and 2 are concluded to hold for the reaction between 
C O , and S under the above conditions. Since C 0 2 

was produced as shown in Eq. 2, the reaction between 
C 0 2 and S was examined, and the reaction mixture was 
found to contain the following: C 0 2 , COS, and sulfur 
dioxide(SOa) as the major component, and C O and 
CS 2 as a trace component. Thus the reaction between 
C 0 2 and S is supposed to proceed primarily as follows. 

2C02 + —S2 - 2COS + SOa. (9) 

If we take Eqs. 2 and 9 into consideration, the forma­
tion of S 0 2 is expected for the reaction between C O and 
S. However, no S 0 2 was found. This is understand­
able if we accept the equation which was experimentally 
confirmed (Fig. 11). 

CS2 + S0 2 = C 0 2 + y S 2 . (10) 

T h e amount of S 0 2 decreases by addition of CS2 to 
S 0 2 , C 0 2 and COS being simultaneously formed. 
Though the equation was also 

3CS2 + 2S02 = 2COS + C 0 2 + S2, (11) 

described for the formation of C 0 2 and COS from CS 2 

and S 0 2 , it was not acceptable since the amount of 
COS was confirmed experimentally to be about one-
fifth that of C 0 2 , irrespective of the mole ratio of COS : 
C 0 2 = 2 : 1. Assuming the conversions in Eqs. 2, 9, and 
10 to be a, ß, and y, we have equilibrium fractions of 
each component based on a unit mass of COS as fol­
lows: 

2COS - C 0 2 + CS2, (2)' 
I-a 0.5a 0.5a 

(9)' 2 G 0 2 + 

0 . 5 a ( l - j î ) 

cs2 + 
0 . 5 a - 0 . 2 5 a £ y 

- | s 2 = 2COS 

0 .5a£ 

so2 

0.25*ß(l-y) 

+ so2, 
0.25a/? 

co2 + -|s 
0.25ocßy 

(10)' 

N4.0Gj.9H4
Gj4.jO2.2HjQ
N0.9Gg.gol.lHJ
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From the values i T f i = 2 . 6 7 X 104 at 1200 K and e t i * e q = 
2.24 X 104 at 1300 K for Eq. 10,8) the value of y becomes 
approximately equal to 1. T h e fraction of CS 2 is equal 
to 0 . 5 a - 0 . 2 5 a f t / = 0 . 5 a - 0 . 2 5 a / ? and that of C 0 2 to 
0.5a{l-ß)+0.25ocßy=0.5a-0.25<xß. This implies that 
Eq. 2 holds even in the introduction of Eqs. 9 and 10. 

Adaptability of Calibration Curves. T h e space veloc­
ity of a reactant gas was very large in the high tem­
perature range, and the reaction between a sample gas 
and S could not go to completion.1) Pyridine deriva­
tives in particular were less decomposable and much 
carbonaceous residue remained after the reaction. By 
the present method, pyridine and quinoline derivatives 
were easily decomposed, no carbonaceous residue re­
maining. The reaction seems to proceed completely 
and stoichiometrically (Tables 4, 5, and 6). 

The calibration curves obtained from four compounds 
were applicable to various compounds. However, they 
cannot be applied to aromatic sulfonic acids and nitro 
compounds. S 0 2 was formed in a batchwise apparatus 
and a flow-type apparatus,9) but not by the present 
method. This seems to be due to the difference in 
the reaction conditions. S 0 2 formed in the former case 
moves quickly to the low temperature zone with other 

500 1000 
Temperature, K 

Fig. 12. Relationship between AG° and temperature, 
a: Eq. 9, b : Eq. 2, c: Eq. 1, d: Eq. 12, e: Eq. 13, f: 
Eq. 14, g: Eq. 10. 

TABLE 7. COMPOUNDS DEVIATED FROM THE 

CALIBRATION CURVES 

Compound 
Formula 

Theoretical Founda> 

2,6-Dimethylphenol 
8-Quinolinol 
ffî-Nitroaniline 
Sodium 1-naphthalene -

sulfonate 

CgOjHjo C8 .5O:L.2H10 

N Ä O ^ N1.8G9.601.1H7 

N2C602H6 N2.8C6.402.4H6 

G10O,S1Na1H7 C9.0O5.3H7 

gases, remaining unreacted, while that in the present 
case is made to react with CS2 at 950 °C according 
to Eq. 10. This is reasonable if we take the relation­
ship between AG° and TK into consideration (Fig. 12). 
Compounds deviated from the calibration curves are 
given in Table 7. Since the amounts of G 0 2 and COS 
formed according to Eqs. 9 and 10 were considered in 
Eqs. 6 and 7, the deviation seems to arise from other 
reasons. T h e amount of H 2S formed was unexpectedly 
small and the formation of water (H a O) was always 
observed in a sample for which analytical data deviated 
markedly from the calibration curves. Detection of 
H 2 0 was carried out under the following conditions: 
A 2.2 m Po rapak -Q (80—100 mesh) column, initial tem­
perature 60 °C, operated at the rate of 5 °C/min. H 2 0 
was assumed to be formed by the reactions (Eqs. 12, 
13, and 14) between S 0 2 and H 2S or H 2 from the results 
of the following experiment. T h e reaction between 
S 0 2 and H 2 in the presence of S was examined in a 
similar manner to that given before. The amount 
of S 0 2 decreased with an increase in the amount of 
H 2 while tha t of H 2 0 increased in the opposite way. 

H2 + „ S 2 - H2S, 

H2S + y S O a = H 2 0 + | - S 2 , 

H2 + - i s O a = H 2 0 + - i s , . 

(12) 

(13) 

(14) 

a) Calculated from two runs for each sample. 

Since no correction was made for the formation of H a O 
in the present method, the erroneous data of H and O 
in Eqs. 6, 7, and 8 seem to bring about the devia­
tion from the calibration curves. Some phenols also 
produced H 2 0 , causing deviation from calibration 
curves. Two paths for the formation of H 2 0 were ex­
pected, one leading to Eq. 13 or 14 by way of Eq. 9 
and the other based on a direct dehydration reaction 
instead of a decarbonylation reaction in the thermal 
decomposition of the sample. Since the conversion of 
Eq. 9 was found to be fairly low, the pa th involving 
Eq. 9 is less expected than that involving a dehydra­
tion reaction. 

Comparison of the Present Method with Previous One. 
From a comparison with the method described pre­
viously, the characteristics of the present method are 
summarized as follows: 1) No carbonaceous residue 
was observed, 2) A large amount of COS was found, 
3) No S 0 2 was detected, 4) Weighing is unnecessary, 
5) No information was obtained on the functional group. 
1) and 5) indicate that the reaction is complete. All 
the compounds containing oxygen atom gave CO, C 0 2 , 
and COS, making the determination of atomic ratio 
complicated. We examined the catalytic dispropor-
tionation of COS10) in the presence of a quartz powder 
with the intention of obtaining simple products, but 
no satisfactory results were obtained. 
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Stereochemistry of Cobalt(III) Complexes with Thioethers. I. Circular 
Dichroism Spectra of Complexes with Bi- or Terdentate Thioethers 

K a z u a k i Y A M A N A R I , J i n s a i H I D A K A , * a n d Y o i c h i S H I M U R A 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 

(Received February 21 , 1977) 

Five (bidentate-iV,^ or -0,5')bis(ethylenediamine)cobalt(III) complexes have been optically resolved and 
their absolute configurations deduced from their circular dichroism (CD) spectra, where bidentate-iV,^ or -0,5" 
are NH 2 (CH 2 ) 2 S- , NH 2 (CH 2 ) 2 SR ( R = C H 3 and C a H 5 ) , and C H 3 S ( C H 2 ) n C 0 2 - (n=l and 2). T h e chromato­
graphic, CD, and N M R behaviors suggest that the thioether donor atoms are coordinated stereoselectively 
producing the A-(S) or A-(R) complexes. Three (terdentate-iV,iS' ,0)[l , l , l- tris(aminomethyl)ethane]cobalt(III) 
complexes of N H 2 ( C H 2 ) 2 S C H 2 C 0 2 - , N H 2 ( C H 2 ) 2 S ( C H 2 ) 2 C O a - , and L - C H 3 S C H 2 C H ( N H 2 ) C 0 2 - have been 
prepared and the complexes of the former two ligands optically resolved ; the absolute configurations have been 
discussed on the basis of the C D spectra. 

S o m e b i s ( e t h y l e n e d i a m i n e ) c o b a l t ( I I I ) c o m p l e x e s 
w i t h a b i d e n t a t e l i g a n d c o n t a i n i n g a sulfur d o n o r a t o m , 
s u c h as 2 - a m i n o e t h a n e t h i o l , m e r c a p t o a c e t i c ac id , a n d 
t h e r e l a t e d th ioe the r s , h a v e b e e n p r e p a r e d a n d t h e a b ­
so rp t ion s p e c t r a h a v e b e e n d i scussed . 1 - 5 ) T h e c o n t r i b u ­
t ion of t h e c o o r d i n a t e d sulfur a t o m of t h e t h i o e t h e r 
l igands to C D s p e c t r a w o u l d b e a n in t e r e s t i ng s t u d y . 
H o w e v e r , n o r e p o r t seems to h a v e a p p e a r e d o n t h e 
c i r cu l a r d i c h r o i s m ( C D ) s p e c t r a of these complexes . 

T w o series of m i x e d c o b a l t (111) c o m p l e x e s w i t h a 
b i - o r a t e r d e n t a t e l i g a n d c o n t a i n i n g a t h i o e t h e r d o n o r 
a t o m , [Co(b iden ta te - JV,S o r -0,S)(en)2]

n+ a n d [ C o -
( t e rden ta t e - iV , l S ' ,0 ) ( t ame) ] 2 + h a v e b e e n p r e p a r e d a n d 
resolved i n t o op t i ca l a n t i p o d e s , a n d t he i r a b s o r p t i o n 
a n d C D s p e c t r a a r e discussed in r e l a t i on to t h e a b ­
solu te conf igura t ions . A b b r e v i a t i o n s used for t h e 
l igands a r e as follows : H a e t , 2 - a m i n o e t h a n e t h i o l N H 2 -
( C H 2 ) 2 S H ; m e a , 2 - ( m e t h y l t h i o ) e t h y l a m i n e N H 2 ( C H 2 ) 2 -
S C H 3 ; eea , 2 - ( e t h y l t h i o ) e t h y l a m i n e N H 2 ( C H 2 ) 2 S C 2 H 5 ; 
H m t a , (me thy l t h io ) ace t i c a c id C H 3 S C H 2 C 0 2 H ; H m t p , 
3 - (me thy l th io ) p r o p i o n i c ac id C H 3 S ( C H 2 ) 2 C 0 2 H ; 
H a e t a , ( 2 - a m i n o e t h y l t h i o ) a c e t i c ac id N H 2 ( C H 2 ) 2 S C H 2 -
C 0 2 H ; H a e t p , 3 - ( 2 - a m i n o e t h y l t h i o ) p r o p i o n i c ac id N H 2 -
( C H 2 ) 2 S ( C H 2 ) 2 C 0 2 H ; L - H s m c , S-methyl -L-cys te ine 
C H 3 S C H 2 C H ( N H 2 ) C 0 2 H ; e n , e t h y l e n e d i a r n i n e N H 2 -
( C H 2 ) 2 N H 2 ; t a m e , 1 ,1 ,1 - t r i s (aminomethy l ) e t h a n e C H 3 -
C ( C H 2 N H 2 ) 3 ; </-H4 tart, J - t a r t a r i c ac id C 4 0 6 H 6 . 

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

Preparation of Ligands. 1,7,1-Tris(aminomethyl)ethane: 
This ligand was prepared by the method of Fleischer et a/.6) 
Found: C, 26.61 ; H , 8.19; N, 18.34%. Calcd for C 5H 1 5N 3 -
3HC1: C, 26 .51; H , 8 .01; N, 18.55%. 

(2-Aminoethylthio)acetic Acid: A solution of 77.2 g of 2-
aminoethanethiol in 250 cm3 of water was mixed with a solu­
tion of 94.5 g of monochloroacetic acid and 56.1 g of potassium 
hydroxide in 200 cm3 of water with vigorous stirring at 80— 
85 °C on a water ba th . The mixed solution was stirred for 
ca. 1 h and cooled in an ice bath. 185 cm3 of 6 0 % perchloric 
acid was then added and the resulting deposit, K C 1 0 4 , was 
filtered off. T h e filtrate was concentrated in a vacuum 
evaporator until it became oily and the deposit, KC10 4 , was 
again filtered off. This filtrate was cooled in a refrigerator 
overnight. The white needles precipitated were recrystallized 
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from a small amount of ethanol and dried in a vacuum desic­
cator over CaCl2 . T h e second crop was obtained by stand­
ing the above filtrate in a refrigerator for several weeks. 
T h e total yield: 7 0 % . Found : C, 30.71; H , 6.28; N, 
9.09; S, 20 .41; CI, 11.55%. Calcd for C 4 H 9 N S 0 2 - 0 . 5 H C l : 
C, 30.52; H , 6.08; N, 8.90; S, 20.37; CI, 11.26%. 

3-(2-Aminoethylthio)propionic Acid. This was prepared 
as described above, except that 3-bromopropionic acid was 
used instead of monochloroacetic acid. T h e yield: 7 5 % . 
Found : C, 25.52; H , 5.39; N , 5.87; S, 13.07; Br, 33 .84%. 
Calcd for C 5 H n N S O 2 . H B r . 0 . 5 H 2 O : C, 25 .11 ; H , 5.48; N, 
5.86; S, 13.41; Br, 3 3 . 4 1 % . 

Preparation and Resolution of Complexes. ( 2-Aminoethane-
thiolato) bis (ethylenediarnine) cobalt (HI) Complexes, \Co(aet) (en)2]~ 
Cl2'H20: T h e chloride salt was prepared by the method 
of Hori.D 

(-\-)hm-\Co(aet)(en)2\(ClOJ2: T h e racemic chloride mono-
hydrate (1 g) and the resolving agent K2[Sb2(</-tart)2] • 
3 H 2 0 (0.99 g) were dissolved in 10 cm 3 of water at 60 °C. 
O n scratching the side of the flask with a glass rod, the brown 
diastereomer ( + )5 8 9-[Co(aet)(en)2][Sb2( i- tart)2] - 2 H 2 0 ap­
peared. T h e mixture was cooled in an ice ba th for ca. 10 
min and then filtered off. T h e precipitate was washed with 
ice cold water, ethanol and acetone. Found : C, 20.05; 
H , 3 .71; N, 8.66%. Calcd for ( + )5 8 9-[Co(aet)(en)2][Sb2-
(rf-tart) a] .2H aO = C 1 4 H M N 6 S 0 1 2 G o S b a : C, 20.34; H , 3.66; 
N, 8.47%. T h e diastereomer (0.8 g) was ground in a mor ta r ; 
water (60 cm3) was added and then excess sodium Perchlorate 
(5 g) , and the mixture was stirred for 10 min. After filtra­
tion, the solution was evaporated to 10 cm 3 and cooled in 
an ice bath . T h e needle-shaped crystals were removed by 
filtration and washed with 5 0 % ethanol and acetone. T h e 
yield was 0.3 g. Found : C, 15.96; H, 4 .91 ; N , 15 .31%. 
Calcd for ( + ) 5 8 9 - [Co(ae t ) ( en ) 2 ] (C10 4 ) 2 -C 6 H 2 2 N 5 S0 8 Cl 2 Co: 
C, 15.87; H , 4 .88; N , 15.42%. 

[2- (Methythio) ethylamine]bis (ethylenediarnine) cobalt (III) Com­
plexes, [Co(mea)(en)2\Cl3-H20: T h e racemic complex was 
derived from the reaction of [Co(ae t ) ( en ) 2 ]C l 2 -H 2 0 and 
methyl iodide according to the method of Hori.1) 

(-\-)5S9-[Co(mea)(en)2]Cl3'H20: T h e racemic chloride 
monohydrate (1.91 g) and the resolving agent Na2[Sb2(rf-
t a r t ) 2 ] - 2 H 2 0 (1.54 g) were dissolved in 10 cm 3 of water at 
50 °C. After being cooled to room temperature , the mixed 
solution was allowed to stand overnight in a refrigerator. 
T h e less soluble diastereomer deposited as orange precipitate 
was recrystallized from a small amount of hot water. 
Found : C, 20.40; H , 3.83; N , 8.06%. Calcd for ( + )5 8 9-
[Co(mea) (en)2]Cl[Sb2 (</-tart)2] • 2H a O = G1BH33N5S014GlGo-
Sb 2 : C, 20.53; H , 3.79; N, 7 .98%. T h e diastereomer was 
converted into the optically active chloride salt by use of 
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an anion exchange resin (Dowex 1X8, Cl~ form). Found : 
C, 22.47; H , 7.24; N, 17:20%. Calcd for (+) 6 8 9 - [Go(mea) -
(en) 2] Cl 3 . H 2 0 • 1 /3C 2 H 5 OH=G 6 H 2 7 N 5 S,OGl 3 Co • 1 / 3 C 2 H 5 O H : 
C, 22.46; H , 7.13; N, 17.08%. 

[2- (Ethylthio) ethylamine]bis ( ethylenediamine ) cobalt (HI) Com­
plexes, [Co(eea) (en)2]Cl3-2H20: This complex was obtained 
according to the above procedure, with use of ethyl iodide 
instead of methyl iodide. 

(~{-)599-[Co(eea) (en)2]
3+: T h e resolution procedure was 

similar to that for [Co(mea)(en) 2 ]Cl 3 -H 2 C\ Found : G, 20.54; 
H, 4 .33; N , 7 .28%. Calcd for ( + )5 8 9-[Co(eea)(en)2]Cl[Sb2-
(</- tar t ) a ] -4 .5H aO=C 1 6H 4 0NBSO 1 6 . 6ClCoSb a : C, 20.52; H , 
4 .31 ; N, 7 .48%. T h e optically active chloride salt was ob­
tained by use of an anion exchange resin (Dowex 1X8, Cl~ 
form). T h e C D spectrum of this complex was measured 
with the eluate, the concentration being calculated from the 
C D intensity referring to that of the diastereomer. 

[ (Methylthio) acetato~] bis (ethylenediamine) cobalt (HI) Complexes, 
[Co(mta)(en)2]Cl2: This complex was prepared by the re­
action of methyl iodide and [Co(SCH 2 C0 2 ) (en) 2 ]Cl , the 
latter being prepared according to the literature.2) 

( + ) 589"\Ç°(mta) (en) 2]Cl2 • / 5H20 : T h e racemic chloride 
(0.71 g) was dissolved in 2 cm 3 of water at 40 °G. Freshly 
precipitated silver tar t rate , Ag3(</-H2tart) (0.27 g) , was added 
and the mixture was stirred for 10 min. The silver chloride 
was filtered off, washed with water (1 cm 3) . Then d-tartaric 
acid (0.15 g) was added to the filtrate and washing. The 
mixed solution was cooled in an ice bath . T h e red diaste­
reomer thus precipitated was recrystallized from 2 cm3 of hot 
water by addition of ethanol. Found : C, 29.45; H , 5.76; 
N , 9 .02%. Calcd for ( + ) 5 8 9 - [Co(mta)(en) 2 ] ( i -H 3 tar t ) a -
2 H 2 0 = C 1 5 H 3 5 N 4 S0 1 6 Co: C, 29.13; H , 5.70; N , 9 .06%. 
T h e diastereomer was converted into the optically active 
chloride salt by use of an anion exchange resin (Dowex 1X8, 
CI" form).. Found : C, 21.93; H , 6.25; N, 14.85%. Calcd 
for ( + ) 5 e 9 - [Co(mta ) ( en ) 2 ]C l 2 . 1 . 5H 2 0=C 7 H 2 4 N 4 S0 3 . 5 C] 2 Co: 
C, 22.00; H , 6.33; N , 14.66%. 

[3-( Methylthio )propionato]bis( ethylenediamine) cob alt (III) Com­
plexes, [Co(mtp) (en)2]Cl2 : This complex was prepared accord­
ing to the method described above, except that [Co(SCH 2 CH 2 -
CO a ) (en) 2 ]Cl was used instead of [Co(SCH 2 C0 2 ) (en) 2 ]Cl . 

(—)589-[Co(mtp)(en)2]Cl2-0.5H20: T h e racemic chloride 
(1.16 g) and the • resolving agent Na 2 [Sb 2 ( r f - tar t ) 2 ] -2H 20 
(0.93 g) were dissolved in 4 cm 3 water at 50 °C. After the 
solution had been cooled to rocm temperature , the diastereo­
mer deposited was filtered and recrystallized from a small 
amount of hot water by addition of ethanol. Found : C, 
20.48; H , 4 .03; N , 6 .29%. Calcd for ( - ) 5 8 9 - [Co(mtp ) ( en ) 2 ] -
[Sb2(rf-tart) a]-5H aO = G i e H 3 7 N 4 S0 1 9 GoSb a : C, 20.80; H , 
4.04; N, 6 .05%. The optically active chloride salt was ob­
tained by use of an anion exchange resin (Dowex 1X8, Cl~ 
form). Found : C, 25.33; H , 6.44; N, 14.92%. Calcd 
for ( - )589-[Go(mtp) (en)a] Cl2 • 0 .5H 2O = C8H24N4SC-2 .5Cl2Co : 
C, 25 .41 ; H , 6.40; N, 14 .81%. 

[(2-Aminoethylthio) acetato] [1,1,1 -tris(aminomethyl)ethane'] cobalt-
(III) Complexes, [Co(aeta)(tame)]Cl2-0.5H20: 1,1,1-Tiis-
(aminomethyl)ethane (3.4 g) and sodium hydroxide (1.8,g) 
were added at 0°C to a green solution of tricarbonatocobaltate-
(III) prepared by the method of Shibata7) in a 3.6 g scale of 
C o C l 2 - 6 H 2 0 . T h e mixture was then heated to 40 °C arid 
stirred for 1.5 h. After addition of 3 g of (2-aminoethylthio)-
acetic acid hemihydrochloride, the solution was stirred at ca. 
60 °C for 3 h, whereupon the solution turned from violet to 
red. 6 M acetic acid was then added until gas evolution 
ceased and the stirring was continued for 2 h at 80 °C. The 
resulting red solution was evaporated in vacuo and then cooled. 
T h e chloride salt thus precipitated was recrystallized from a 

small volume of water by addition of ethanol. Found: C, 
27.52; >H, 6.25; N, 14.77%. Calcd for [Co(aeta)( tame)]-
Cl 3 . 0 .5H 2 O = C 9H 2 4N 4SO 2 . 5Gl 2Co: C, 27:70Y H , 6.20; N, 
14.35%. 

(+)s89-[Co(aeta)(tame)]Cl2-1.5H20: The racemic chloride 
(0.39 g) was dissolved in 5 cm3 of water at 40 °C. Potassium 
tris(L-cysteinesulfinato-iV,5')cobaltate(III) 6-hydrate, K 3[Co-
(L-cysu)3]-6H208> (0.22 g) dissolved in 5 cm3 of water was 
added with stirring. The mixed solution was kept in a re­
frigerator for ca. 1 h. T h e orange yellow diastereomer pre­
cipitated was filtered and then recrystallized from a large 
amount of water. Found : C, 23.73; H , 5.59; N, 11.28%. 
Calcd for ( + )5 8 9-[Co(aeta){tame)]3[Co(L-cysu)3]2-1:4H20-
2KCl = C 4 5H 1 2 7N 1 8S 90 4 4Cl 2Co 5K 2 : C, 23 .91; H , 5.66; N, 
11.15%. The optically active chloride salt was obtained by 
use of an anion exchange resin (Dowex 1X8, CI" form). 
Found : C, 24.97; H , 6.20; N, 13.18%. Calcd for ( + ) 6 M -
[Go(aeta) (tame)] Cl2- 1 .5H 20- 1/4KC1 = C 9 H 2 6 N 4 S 0 3 5Cl 2Co. 
1/4KG1: C, 25.32; H , 6.14; N, 13.13%. 

[3-('2-Aminoethylthio )propionato] [1,1,1 -tris (aminomethyl) ethane]-
cobalt(III) Complexes, [Co(aetp) (tame)]Br2-1.5H2O: This 
complex was prepared according to the method described 
above, with use of 3-(2-aminoethylthio)propionic acid mono-
hydrobromide instead of (2-aminoethylthio) acetic acid hemi­
hydrochloride. Found : C, 23.45; H , 5.90; N, 11.35%. 
Calcd for [Co(aetp)(tame)]Br2- 1.5H2O = C 1 0H 2 8N 4SO 3 5Br2-
Co : C, 23.48; H , 5.52; N, 10.96%. 

( — )589-[C°(aeiP)(iame)]2+: The racemic bromide was op­
tically resolved by the same method as that for [Co(aeta)-
(tame)]Cl2 . The C D spectrum of this complex was measured 
with the eluate and the concentration was calculated from 
the optical density referring to that of the racemic Complex. 

Trinitro [1,1,1 -tris (aminomethyl) ethane] cobalt (III), [Co ( N02) 3-
(tame)]: 1,1,1-Tris (aminomethyl) ethane trihydrochloride 
(4.5 g) and sodium hydroxide (2.4 g) were dissolved in 15 
cm3 of water and the mixture was transferred to a separatory 
funnel. T h e solution was added dropwise to a solution of 
Na3[Co(N02)6]9> (8.1 g) in 20 cm3 of water at 70 °C. A 
yellow precipitate was formed readily and removed by filtra­
tion. The crude product was recrystallized from a small 
amount of hot water. T h e yield was 2 g. Found : C, 19.05; 
H , 4.92; N , 26 .78%. Calcd for [ C o ( N 0 2 ) 3 ( t a m e ) ] - C a H 1 5 -
N 6 0 6 C o : C, 19.12; H , 4 . 8 1 ; N, 26 .75%. 

Trichloro [1,1,1 -tris (aminomethyl) ethane] cobalt (III), [QoCl3-
(tame)] • 0.75H2O: Trini t ro [1,1,1-tris (aminomethyl) etfhane]* 
cobal t ( I I I ) (2.5 g) was added ,to 80 cm 3 of ethanol. saturated 
with hydrogen chloride and gently stirred until the evolution 
of nitrogen oxide ceased. The solution was kept standing 
overnight at room temperature . The deep blue precipitate 
was filtered off and washed with ethanol and ether repeatedly 
until the washings became colorless. The reaction proceeded 
almost quantitatively ; the yield was 1.9 g. Found : C, 20.13 ; 
H, 5.43; N, 14.25%. Calcd for [CoCl3(tame)] ^0.75H2O = 
C 5H 1 6 . 5N 3O 0 . 7 5Cl 3Co: C, 20.29; H , 5.62; N, 14.20%. 

(S -Methyl-i. - cysteinato) [1,1,1- tris (aminomethyl) ethane] cobalt-
(III), Chloride,' [Co(h-smc) (tame)]Cl2. Trichloro [1,1,1-tris-
(aminomethyl)ethane]cobal t (III) (0.9 g) was suspended in 
water (10 cm3);- silver Perchlorate (1.98 g) was added .and 
the mixture was shaken for 10 min. The resulting solution 
was filtered in order to remove the silver chloride. T h e 
solution obtained by dissolving S-methyl-L-cysteine (0.41 g) 
and sodium hydroxide (0.13 g) in 10 cm3 of water was then 
added. The mixed solution was heated to 70 °C and stirred 
for 3 h. T h e reaction mixture was poured into a column of 
SP-Sephadex C-25 ( 3 x 4 0 cm, Na+ form). The adsorbed 
band was eluted with 0.15 M NaCl solution at the rate of 
ca. 0.5 cm3 /min. T h e second orange-red eluate was évaporât-
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ed and the deposit, NaCl, was filtered off. To the filtrate 
was added a large amount of ethanol. The crude product 
thus obtained was recrystallized from a minimum quantity 
of water by addition of ethanol, and washed with ethanol 
and then acetone, and dried in a vacuum desiccator. Found : 
C, 21.09; H, 4.65; N, 11.31%. Calcd for [Co(L-smc)(tame)]-
Cl2.2NaCl=C9H23N4S02Cl2Co.2NaCl: C, 21.70; H, 4.65; 
N, 11.25%. 

Measurements. The electronic absorption spectra were 
measured on a Shimadzu UV-200 spectrophotometer in 
aqueous solution. The CD spectra were recorded with a 
Jasco MOE-1 spectropolarimeter, with a cell of 1 cm path-
length. A Jasco DIP-4 digital Polarimeter was used to check 
the optical rotations. The proton magnetic resonance spec­
tra were recorded in deuterium oxide on a Varian XL-100-15 
NMR spectrometer with DSS as an internal reference. All 
measurements were carried out at room temperature. 

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

Absorption Spectra. The first absorption maxi­
mum of [Co(aet)(en)2]2+, which belongs to [Go(N)5(S)] 
type having a thiolato group, appears at 20800 c m - 1 

with a shoulder on the low energy side (Fig. 1 and Table 
1 ). The spectrum is very similar to the spectra of [Co-
(L-cyst)(en)2]I, [Co(L-Hcyst)(en)2]ICl, and [ C O ( L -
cystee)(en)2]I2

4) (L-H2cyst = L-cysteine and L-Hcystee = 
L-cysteine ethyl ester), in which the sulfur containing 
ligands are coordinated through the amino and thiolato 
groups. Based on the approximate C4 v symmetry, the 
lower energy band is assigned to the transition XA3 ->

XE, 
and the higher band to 1A1-^1A2 . The ligand field 
strength of the thiolato group is very weak and falls 
close to iodide in the spectrochemical series. 

O n the other hand, the complexes [Go(mea)(en) 2] 3 + 

and [Co(eea)(en)2]3+ which belong to [Co(N)5(S)] type 
having a thioether donor atom, show a single band at 
20500 c m - 1 (Fig. 2 and Table 1). T h e energy cor­
responds to that for the [Co(N)5(Ö)] type complexes, 
[Co(gly)(en)2]2-, [Co(L-ala)(en)2]2+ 'and [Co(sar)-
(en)2]2 + (gly=glycinate, L-ala=L-alaninate, and s a r = 
iV-methyl glycinate). As seen in Fig. 3, the first ab­
sorption maxima of the thioether complexes [Co(mta)-
(en)2]2 + and [Co (mtp)(en)2]2 + , which belong to [Co-
(N) 4 (0)(S)] type, appear at 20000 and 20100 cm- 1 , 

TABLE 1. ABSORPTION AND CD DATA OF 

BIS(ETHYLENEDIAMINE) COMPLEXES 

Complex ffmaxa) ( log e) <Texta) (A*) 

17 (1.85)c> 17 ( + 0.36)c> 
20.8(2.31) 19.1( + 0.54) 

21.8( —0.12) 
27 (2.62)c> 26.5(-0«28) 
35.4(4.24) 35.1 ( — 2.12) 

45 .7 ( -4 .70 ) 

20.5(2.25) 20.1 ( + 3.22) 
28 (2.35)c> 26.0( + 0.06) 

28.1(^-0.13) 
35.5(3.92) 35.5( + 5.09) 
45.8(4.21) 47.2C—11.2) 

20.5(2.25) *0 20.O( + 2.84) 
28 (2.37)b 'e ) 26 .0 ( -0 .05 ) 

28 .0 ( -0 .08 ) 
35.5(3.94)b> 35.4( + 6.73) 
45.3(4.22)b> 46 .4 ( -22 .2 ) 

( + )589-[Colmta)(en)2]Cl2 20.0(2.20) 18.9( + 2.28) 
21.1(4-2.43) 

28 (2.35)c) 27 .5 ( -0 .77 ) 
35.7(3.85) 33 .9 ( -1 .59 ) 

38.0( + 4.44) 
43.7(4.14) 43 .9 ( -23 .4 ) 

; + )589-[Co(aet)(en)2]-
(C104)2 

( + )589-[Co(mea)-
(en)2]Cl3 

( + )589-[Go(eea)-
(en)J»+ 

(-)589-[Go(mtp)(en)2]Cl2 20.1(2.27) 

27 (2.36)c> 
34.6(3.93) 
44.5(4.15) 

19 (-0.65)c> 
21.2( —2.15) 
27.2( + 0.99) 
33.7( + 2.93) 
44 ( + 7.38)c> 

a) The wave numbers are given in 103 cm - 1 unit, b) 
The racemate. c) A shoulder. 

Fig. 1. Absorption and CD spectra of ( + )589-[Co(aet)-
(cn)J(G104)a. 

Fig. 2. Absorption and CD spectra of (+)589-[Ço-
(mea)(en)2]Cl3 ( ) and ( + )589-[Co(eea)(en)2]CJ3 

( )• 

respectively, in line with that of [Co(ox)(en)2] + which 
belongs to a [Go(N) 4 (0) 2 ] type. Thus, the thioether 
R - S - R seems to lie close to the C O O ~ group in the. 
spectrochemical series. The three tame complexes also, 
belong to the. [Co(N) 4 (0 ) (S) ] type-having the first ab­
sorption maxima at 20300—20400 c m - 1 (Fig, 4 and 
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TABLE 2. ABSORPTION AND CD DATA OF 

[Co(terdentate-iV,1S',0) (tame)]2+ COMPLEXES 

Fig. 3. Absorption and CD spectra of (+)589-[C!o-
(mta)(en)2]Cl2 ( ) and (-)B89-[Go(mtp)(en)a]CIa 

( ). 

Fig. 4. Absorption and CD spectra of ( + )589-[Go-
(aeta) (tame)]2+ ( ), ( - )B89-[Go(aetp) (tame)]2+ 
( ), a n d (-)589-[Co(L-smc)(tame)]2+ ( ). 

Table 2). These maxima are somewhat shifted to 
higher energy than those of the bis(ethylenediamine) 
complexes. 

In the near-ultraviolet region, the complexes show 
intense bands (log e « 4 . 0 ) . Such bands appear al­
ways for the cobalt (I II) complexes containing sulfur 
donor atoms,10-12) and are considered to be the charge 
transfer bands due to the lone-pair electrons on the 
sulfur donor. 

CD Spectra of the Bis(ethylenediamine) Complexes. 
T h e optical isomer of the complex containing a thiolato 
group, ( + )5 8 9-[Co(aet)(en)2](C104)2 which has only a 
chirality due to the skew pair of chelate rings, exhibits 
three weak CD bands in the first absorption band region 
(Fig. 1). Based on the assignment of the absorption 
components, two low energy positive bands can be as­
signed to be the split components of 1A1-^1E and a 

Complex 

( + )589-[Co(aeta)-
(tame)]Cl2 

( - ) 5 89-[Co(aetp)-
(tame)]2+ 

(-) 6 89-[Co(L-smc)-
(tame)]Cl2 

<7maxa) ( log s) 

20.3(2.12)b) 

28.6(2.41)b) 
35.7 (3.93) b'c> 
42.4 (4.22) b> 

20.3(2.24)b) 

28 (2.43) b-c> 
35.0(4.03) b> 
44.0 (4.18) b> 

20.4(2.05) 

28 (2.25)c> 
34.7(4.02) 
44.4(4.21) 

ffext
a) (As) 

18.8(4-1.46) 
21 .3 ( -1 .75) 
28.8(4-0.61) 
35.1(4-2.79) 
39 .6( -9 .08) 
43.7(47.89) 
48 .1 ( -12 .7 ) 

18 .7(-0 .66) 
21.4(4-0.99) 
28 .3( -0 .40) 
34 .7( -2 .03) 
42.9(4-3.76) 
47.5(4-3.14) 

18 .7( -1 .39) 
21.2(4-1.08) 
28.4 ( -0 .79) 
34 .8( -11 .9) 
43.5(4-14.3) 

a) The wavenumbers are given in 103 cm - 1 unit, b) 
The racemate. c) A shoulder. 

higher energy negative one 1A1->1A2. This complex 
can be assigned to A configuration on the basis of the 
sign of 1A1-»1E components. 

For each of the four complexes containing a thioether 
donor atom, four optical isomers, A-(R), A-(S), A-(R), 
and A-(S), are possible; both chiralities due to the skew 
pair of chelate rings (A and A) and due to the coordinated 
sulfur atom ((R) and (S)) contribute to the CD spectra. 
T h e optical isomers of the [Co(N)5(S)] type, ( + )589-
[Co(mea)(en)2]3+, and ( + )5 8 9-[Co(eea)(en)2]3 + which 
were obtained from the less soluble diastereomers, show 
one strong positive CD band in the first absorption 
band region and two weak CD bands of positive and 
negative signs in the second d-d absorption band region 
(Fig. 2). The CD spectra are strikingly similar to each 
other, indicating that the tf-alkyl groups of both the 
complexes are in analogous environments. A similar 
trend has been found for some JV,7V'-dialkylethylene-
diaminediacetato complexes13) which have two asym­
metric nitrogen donor atoms. T h e complexes belong-
ing to the [Co(N) 4 (0) (S)] type, ( + )M B-[Co(mta)-
(en) 2] 2 + and ( — )5 8 9-[Co(mtp)(en)2]2 + , show two CD 
bands of the same sign in the first absorption band 
region (Fig. 3). The chiralities arising from the skew 
pair of chelate rings can be assigned to the present 
four complexes on the basis of the CD sign in the first 
absorption band region;14) namely, A,A,A, and A con­
figurations for ( + )589-[Co(rnea)(en)2]3+, ( + )58o-[Co-
(eea)(en)2]3+, ( + )589-[Co(mta)(en)2]2+, and ( - ) 5 8 9 -
[Co(mtp)(en) 2] 2 + , respectively. 

The N M R spectra of the resolved complexes show 
a single peak in the •S-methyl proton region (Fig. 5). 
In the chromatographic separation of isomers of each 
resolved complex, all the fractions had the same CD 
spectra. T h e results and molecular model examina­
tion suggest that the thioether ligands are coordinated 
stereoselectively. The S-alkyl group in the configura­
tion A-(R) or A-(S) has appreciable nonbonded atomic 
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ppm from DSS 

Fig. 5. The NMR spectra of ( + )589-[Co(mea)(en)2]Cl3 

(a) and ( + )589-[Co(mta)(en)2]Cl2 (b) in D 2 0 . 

interactions with the adjacent en chelate ring in con­
trast to that in the configuration A-(S) or A-(R). Thus, 
it is concluded that the configurations of the resolved 
complexes are d-(S) or A-{R). 

In the region of the lower energy thioether charge 
transfer band, the mea and eea complexes show only 
one CD band ; on the other hand, the mta and m t p 
complexes show two C D bands of opposite signs. 
Namely, for the [Go(N)5(S)] type, the A-(R) and 
A-(S) complexes show ( + ) and ( —) bands, re­
spectively. The A-(R) complex of the [Go(N) 4 0(S)] 
type shows ( — ) and (-f-) CD bands from low energy 
side, and A-(S) one (4-) and ( —) . 

CD Spectra of the tame Complexes. 1,1,1-Tris-
(aminomethyl) ethane is a typical tripod-like ligand and 
coordinates facially to a Co(I I I ) ion. When three re­
maining coordination sites are occupied by the three 
non-equivalent ligating atoms, a kind of chirality due 
to the arrangement of these donor atoms is expected ;15>16> 
this kind of chirality contributes dominantly to the CD 
spectra of [Co(NH 2CHRC0 2 )NH 3 ( tame)] 2+. 1 5> In the 
present system, the terdenta te- iV^O ligands occupy the 
three remaining coordination sites but there is no chi­
rality arising from the skew pair of chelate rings. These 
complexes have a chirality due to the ar rangement of 
three different donor atoms and another due to the 
central donor sulfur atom, though both chiralities are 
associated with each other. 

Three tame complexes, (4-)5 8 9-[Co(aeta)(tame)]2+, 
(—)589-[Go(aetp)(tame)]2+, and ( — )589- [Co (L-smc) -
( tame)]2 + , exhibit two CD bands of opposite signs in 
the first absorption band region (Fig. 4) : L-smc and 
aetp ( — )589-complexes show ( —) and (4-) bands in 
the order of increasing energy, but aeta ( — )589 -one 

« 
S& 

a 
( a ) ( b ) ( c ) 

Fig. 6. Optical isomers of [Co(terdentate-JV,.S,,0)-
(tame)]2+, (a) and (b), and the structure of (—)589-
[Co (L-smc) (tame) ]2+ (c). 

shows the reverse CD pattern. As is shown in Fig. 6, 
the optical isomers of the aeta and aetp complexes have 
the structure (a) or (b), while the L-smc complex takes 
the structure (c) because of the complete stereoselec­
tivity due to the L-smc ligand. The arrangement chi­
rality of (b) and (c) are the same but that of (a) is the 
opposite. Accordingly, by analogy of the CD patterns 
absolute configurations are assigned as (a) for (4-)5 8 9-
[Co(aeta)(tame)]2+ and (b) for ( - )B 89-[Co(aetp)-
(tame)]2+. 

In the lower energy thioether charge transfer band 
region, the aeta ( + )589- and aetp ( —)589-complexes 
show a positive and a negative band, respectively, which 
corresponds to the fact that the two complexes have the 
opposite absolute configurations. 
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T h e optical resolution of [Pt(NH3)2(iV1-Me-(5)-pn)]Gl2 is effected by using silver di-//-( + ) - t a r t ra to (4- ) -b i s (an-
t imonate( I I I ) ) (Ag2[Sb2( + )-tart2]) as the resolving agent. X-Ray structure analysis of the less soluble diastereoiso-
meric salt, (4-)3 5 0-[Pt(NH3)2(7V1-Me-( lS')-pn)][Sb2(4-)-tart2]-H20, revealed that the asymmetric secondary nitro­
gen is of the R configuration. T h e crystal is orthorhombic, with a P212121 space group, a= 19.302(7) A, b = 
14.791(4) Â, c= 7.925(2) Â, and Z = 4 . T h e structure was determined from counter intensity da ta and refined 
to R 0.049 using the least-squares method for 1955 independent non-zero reflections. The Pt atom has a square-
planar coordination with 4 N atoms and both the N - G H 3 and G - G H 3 groups are equatorial with respect to the 
chelate ring. T h e circular dichroism spectrum of Ä-[Pt(NH3)2(7V1-Me-(^)-pn)](G104)2 , which was obtained 
from the less soluble di-^-( + )-tartrato(4 —)-bis(antimonate(III)) salt, is presented and discussed on the basis of 
the distribution of the possible conformers, the relative abundances of which were infered from 13C N M R data. 

S ince I t o et al. s t u d i e d t h e c i r c u l a r d i c h r o i s m ( C D ) 
of a n u m b e r of P t ( I I ) a n d P d ( I I ) complexes , 1 ) few 
s tud ies h a v e b e e n m a d e o n this sub jec t . R e c e n t l y , 
Bosn ich a n d S u l l i v a n h a v e r e p o r t e d t h e C D a n d s te reo­
chemis t r i e s of severa l P t ( I I ) che la t e s of JV-substi tuted 
d iamines , 2 ) a n d t h e a b s o l u t e con f igu ra t i on of ( — )28o"di-
c h l o r o - ((S) - 1 - i V - m e t h y l - l , 2 - p r o p a n e d i a m i n e ) p l a t i n u m -
( I I ) h a s b e e n d e t e r m i n e d b y Ball et Ö/.3) Y o k o h o 
et al. a n d M a t s u m o t o et al. a t t e m p t e d t h e r e so lu t ion of 
d i s s y m m e t r i c P t ( I I ) c o m p l e x e s i n t o e n a n t i o m e r i c forms 
in o r d e r to w o r k o u t t h e C D - s t r u c t u r e r e l a t i o n s h i p for 
these complexes.4»5) I n t h e course of t h e p r e s e n t s t u d y , 
t h e o p t i c a l r e so lu t ion of t h e JV-racemic [P t (NH 3 ) 2 (7V 1 -
Me-( k S , ) -pn)]Cl 2 w a s successful w i t h t h e final resu l t b e i n g 
t h e i so la t ion of t h e ( — ) 2 6 0 - e n a n t i o m e r in p e r c h l o r a t e 
f o r m . T h i s p a p e r dea l s w i t h t h e a b s o l u t e conf igura ­
t i on a n d t h e C D s p e c t r u m of t h e t i t le c o m p l e x . 

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

Preparations of Compounds. (5)-l-7V-methyl-l,2-prop-
anediamine (iV1-Me-(5')-pn) was prepared following the 
method of Saburi et al.6) [P t (NH 3 ) 2 ( rac-pn)] (C10 4 ) 2 and 
[Pt(NH 3 ) 2 ( rac-chxn)jCl 2 ' were obtained using similar 
methods to those described in Ref. 1 ( p n = 1,2-propane-
diamine; c h x n = 1,2-cyclohexanediamine). 

(-)^-\Pt(NH3)ï(Meen)'\(ClOJ2 ( M e e n = iV-methylethy-
lenediamine) : ( —)2 6 0-.[Pt(NH3)2(Meen)]Cl2 was obtained 
following the method of Goddard and Basolo.7) This chloride 
was then converted' to a perchlorate using AgC10 4 in a per­
chloric acid solution. - T h e resulting perchlorate was washed 
with methanol and" recrystallized from acetone-ethanol 
acidified slightly with perchloric acid. 

F o u n d : G, 7.20; H , 3.14; N , 11.07%. Galcd for [Pt-
(NH 3 ) 2 (CH 3 NH(GH 2 ) 2 NH 2 ) ] (C10 4 ) 2 : C, 7.18; H, 3 .21; N , 
11.16%. 

r + ; 3 5 o - [Pt(NH3)2(W-Me- (S) -pn)] [Sb2( + ) - t e r / J • H20 
(\ßh(+) -tart2]

2-=di-[L- (+) - tartrato(4 — )-bis (antimonate-
(III))ion): [Pt(NH3)2(iV1-Me-(5)-pn)]Gl2 was prepared us­
ing a method similar to that reported by Bosnich and Sullivan.2) 
A solution of [Pt(NH3)2(iV1-Me-(5)-pn)]Gl2 (1.15 g in 20 ml 
of water) was added dropwise to the solution of Ag2[Sb2( + )-
tart2] (2.12 g in 500 ml of water) and the mixture was stirred 
at 60 °C for 2 h in the dark. AgCl was then filtered off and 
the filtrate was rotary evaporated to ca. 50 ml. Colorless 
crystals were separated out and they were then recrystallized 

from hot water containing a drop of perchloric acid. 
Found : C, 16.50; H , 2.84; N, 6 .29%. Galcd for 

[P t (NH 3 ) 2 ( C H 3 N H C H 2 C H ( C H 3 ) N H 2 ) ] [Sb2(G4H2O e)2] H 2 0 : 
G, 16.54; H , 2.76; N, 6 .43%. 

f - A e o - [Pt(NH3)2(N
l-Me-(S) -pn)](ClOJ2: Conversion 

of the preceding salt to the perchlorate was carefully carried 
out in acidic media, since the rate of racemization of the 
assymmetric secondary nitrogen is known to be very slow at 
low p H values.8) T h e di-^-( + )-tartrato(4 —)-bis(antimonate-
( I I I ) ) salt (0.40 g) was dissolved in 100 ml of water acidified 
with a drop of perchloric acid. This solution was passed 
through an anion-exchange column in the perchlorate form 
(Dowex 1-X8, 50—100 mesh) at a speed of one drop every 
5 s. T h e effluent was rotary evaporated to near dryness. 
T h e residue was dissolved in a minimum amount of acetone 
and then ca. 15 ml of 1-propanol was added. Colorless plate­
like crystals were obtained and these were recrystallized three 
times from acetone acidified slightly with perchloric acid. 

Found : G, 9.53; H, 3.52; N, 10.92%. Galcd for [Pt-
( N H 3 ) 2 ( G H 3 N H C H 2 C H ( C H 3 ) N H 2 ) ] ( C 1 0 4 ) 2 : C, 9.30; H, 
3.49; N, 10.85%. 

Spectral Measurements. T h e F T 13G N M R spectra were 
recorded at 15.04 M H z with broad-band proton decoupling 
on a J E O L J N M - F X 6 0 Spectrometer, dioxane being used as 
an internal reference (the values of chemical shifts given in 
the text have been converted to the T M S scale). T h e signal 
from the solvent, D a O , was used as an internal lock. Usually, 
4096 data points were taken over a 1-kHz spectral width. 
Electronic spectra were obtained with a Hitachi EPS-3T 
Recording Spectrometer. A J A S G O J-20 Automatic Record­
ing Spectrometer was employed for the C D spectra. All 
measurements were performed at room temperature. In the 
case of (-)2 6 0-[Pt(NH3)2(iV-1Me-(1S)-pn)](ClO4)2 , the solu­
t ions were acidified slightly with DG1 (NMR) or with H C 1 0 4 

(CD) in order to prevent the active complex ion from racemiz-
ing. 

X-Ray Data Measurement. T h e crystallographic data 
for ( + )350-[Pt(NH3)2(7Vi-Me-(5)-pn)][Sb2( + ) - t a r t 2 ] .H 2 O are 
as follows: M = 8 7 0 . 6 , orthorhombic, space group P212121, 
a=19.302(7) Â, è=14.791(4) Â, c= 7.925(2) Â, Z = 4 , Dm = 
2.55 g cm- 3 , Z>c = 2 . 5 6 g c m - 3 , ß(MoK<x) = 87.6 cm- 1 . T h e 
space group was determined from oscillation and Weissen-
berg photographs. T h e unit cell dimensions were obtained 
by a least-squares analysis of 29 6 values measured on a 
Phillips diffractometer using MoÄ"a radiation. 

T h e intensities were measured using the OJ-'Z,6 scan method 
on a Phillips PW1100 four-circle diffractometer employing a 
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graphite monochroniator and MoKcc radiation (A=0.71069Â) 
with a crystal of dimensions 0.14 x 0.16 X 0.18 mm3. A scan 
speed of 0.017° s"1, a scan width of (0.8+0.2 tan 0)°, and two 
20 s background counts were employed. Three standard re­
flections (800, 060, 004) monitored every 4 h throughout the 
period of data collection, showed no significant intensity 
variations. A total of 1955 intensity peaks with 7 t —2i/ i t>/ b 

were measured in the 6°<20<55° range (7t is the intensity 
(counts/s) measured at the top of the peak, and Ib is the mer n 
background intensity (counts/s) obtained from preliminary 
background measurements for 5 s on each side of the peak). 
A spherical absorption correction (r=0.08 mm) was applied. 

Structure Determination and Refinement. The crystal struc­
ture was solved by the heavy-atom technique, and the posi­
tional and thermal parameters were refined by the least-squares 
method, the function minimized being ^wAF2. In the final 
stage of refinement, the weighting scheme, w=0.8 for F0<32.3, 
w=\ for 32.3<F0<161.3,~and w="(161.3/F0)

2 for F 0 > 161.3, 
was used to render ^wAF2 approximately constant over the 
entire ranges of FQ and (sin dß). All parameter shifts in the 
final cycle refinement were <0.2ö'. The final R value was 
0.049. The atomic scattering factors for neutral Pt, Sb, O, 
N, and C were.taken from Ref. 9. The real and imaginary 
parts of the anomalous dispersion corrections were applied 
for Pt and Sb atoms. 

The atomic coofdinates given in Table 1 correspond to 
the absolute crystal structure which was determined on the 
basis of the known configuration of the [Sb2( + )-tart2]2~ ion. 
The observed and calculated structure factors are available 
at the Chemical Society of Japan (Document No. 7713). 
The computer programs used are as follows: RSSFR-4, 
HBLS-4, and DAPH, all of which were adapted to the FA-
COM 270-30 computer of Osaka City Univprsity. 

TABLE k. POSITIONAL AND THERMAL PARAMETERS WITH THEIR e. s. d. VALUES IN PARENTHESIS 

y z B/A2 x y • z B/A2 

Pt 
N(l) 
N(2) 
N(3) 
N(4) 
C(l) 
G (2) 
G (3) 
G (4) 
Sb(l) 
Sb(2) 
G(5) 
G (6) 
G(7) 
C(8) 
G(9) 

0.21359(4) 
0.197(f) 
0.182(1) 
0.251(1) 
0.231(1) 
0.179(2) 
0.203(1) 
0.160(1) 
0.123(1) 
0.44149(8) 
0.45037(9) 
0.528(1) 
0.455(1) 
0.458(1) 
0.383(1) 
0.508(1) 

0.19812(5) 
0.263(1) 
0.318(1) 
0.086(1) 
0.131(1) 
0.423(2) 
0.366(2) 
0.382(2) 
0.311(2) 

-0.01609(10) 
0.15363(12) 

-0 .094(2) 
-0 .092(2) 
-0 .043(1) 
-0 .023(2) 

0.244(2) 

0.23194(10) 
0.009(2) 
0.337(2) 
0.111(2) 
0.457(2) 

-0 .103(4) 
0.044(3) 
0.205(3) 
0.465(4) 

-0.24774(20) 
0.30975(20) 
0.016(3) 
0.089(3) 
0.264(3) 
0.317(3) 
0.012(4) 

a ) 
2.3(3) 
2.3(3) 
2.3(3) 
2.3(3) 
4.8(6) 
2.8(4) 
3.4(5) 
4.0(5) 

a ) 
a ) 

2.7(4) 
2.4(4) 
2.6(4) 
2.7(4) 
3.1(4) 

C(10) 
C(l l ) 
G(12) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 
0(9) 
O(10) 
O( l l ) 
0(12) 

0.430(1 
0.427(1 
0.353(1 
0.536(1; 
0.577(1) 
0.408 (i; 
0.494(1; 
0.367 (i; 
0.342(1; 
0.529(1; 
0.544(1 
0.398(1 
0.474(1, 
0.345(1, 
0.306(1 ; 

Ow(13) 0.297(1; 

) 0.227(2) 
) 0.180(1) 
) 0.148(1) 

-0 .059(1) 
-0 .132(1) 
-0 .050(1) 

0.040(1) 
0.055(1) 

-0 .088(1) 
0.214(1) 
0.284(1) 
0.174(1) 
0.108(1) 
0.062(1) 
0.203(1) 
0.356(1) 

-0 .027(3) 
-0 .198(3) 
-0 .227(3) 
-0 .133(2) 

0.095(2) 
-0 .019(2) 

0.253(3) 
0.353(2) 
0.320(2) 
0.159 (2) 

-0 .091(3) 
0.098(2) 

-0 .203(2) 
-0 .241(2) 
-0 .237(2) 

0.553(2) 

. 2.4(4) 
2.4(4) 
2-7(4) 
3.5(3) 
3.6(4) 
2.6(3) 
2.7(3) 
3.0(3) 
3;4(3) 
3.3(3) 
4 k 1 ^4) 
2.7(3-) 
2.9(3) 
2.6(3) 
2.7(3) 
3.8(4) 

a ) Anisotropic temperature factors (XlO5) of the form exp [— (Bnh
2 + BZ2k

2-{-B33l
2 + B12hk + Bl3hl-}-B23kl)], 

for the parameters: 

Bn B22 -D33 B12 B13 B2Z 

Pt 80(1) 268(3) 755(9) 12(5) 23(9) -56(13) 
Sb(l) 192(4) 328(6) 842(21) 26(8) 34(19) -120(26) 
Sb(2) 195(4) 436(8) 1031(25) 108(11) -252(17) -345(25) 

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

X-Ray Structure. The absolute configuration of 
(-)2C0-"[Pt(NH3)2(iV1-Me-(,S ,)-pn)]2+ is shown in Fig. 1. 
The bond lengths and angles are given in Table 2 along 
with selected interatomic distances. The Pt atom has 
a square-planar coordination of four nitrogen atoms. 
The secondary nitrogen atom has R absolute configura­
tion and the N - C H 3 group is equatorial. T h e C - G H 3 

group is also disposed equatorially, imposing a ô con­
formation on the chelate ring. The P t - N bond lengths 
range from 2.03 to 2.07 Â with an average value of 
2.05 A, wheras the N - P t - N bond angle in the chelate 
ring is 84.1°. These values are comparable to those 
found in ( + )-3 5 0-[Pt(NH3)2(Me3en)][Sb2( + ) - t a r y • 
H 2 0 (2.07 A, 84.4°),4) ( + )3 5 0-fPt(Ä-pn)(Me2en)][Sb2-
( + ) - t a r t 2 ] -2H 2 0 (2.06 A, 84.2°),5> and [Pt(en)2][(4-)-

Fig. 1. The absolute configuration of ( — )260-[Pt (NH^)2-
(JV^Me-^-pn)]2^. 
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TABLE 2. INTERATOMIC DISTANCES (//A) 

AND BOND ANGLES ( 0 / ° ) 

Pt-N(l) 
Pt-N(2) 
Pt-N(3) 
Pt-N(4) 

N(l)-G(2) 
N(2)-C(3) 
N(2)-G(4) 
G(l)-C(2) 
G(2)-C(3) 

2.03(2) 
2.05(2) 
2.04(2) 
2.07(2) 

1.56(3) 
1.47(3) 
1.54(4) 
1.52(4) 
1.55(4) 

N(l)-Pt-N(2) 
N(l)-Pt-N(3) 
N(2)-Pt-N(4) 
N(3)-Pt-N(4) 

Pt-N(l)-G(2) 
Pt-N(2)-G(3) 
Pt-N(2)-C(4) 
G(3)-N(2)-G(4) 
N(l)-C(2)-C(l) 
N(l)-C(2)-C(3) 
C(l)-C(2)-C(3) 
N(2)-G(3)-G(2) 

84.1(8) 
91.7(8) 
96.4(7) 
87.7(8) 

107(1) 
111(1) 
115(2) 
107(2) 
113(2) 
105(2) 
112(2) 
109(2) 

Interatomic distances (//A) concerning possible hydrogen 
bonds 

Atom 

B 

l/A of 

A - B 

Position1) of 

N(2) Ow(13) 2.85(3) 1 1 
Ow(13) 0(2) 2.71(3) 1 2 
Ow(13) 0(12) 2.81(3) 1 3 

a) The numbers refer to the following equivalent 
positions: 1 ; x, y, z, 2; l-x, (1/2)+?, (1/2) -z, 

3; x, y, l+z. 

tart] (2.043 Â, 83.20),10) but the P t - N bond length 
appears to be slightly longer than that in ( — )28o"[Pt_ 

C l ^ - M e - ^ - p n ) ] (2.021 Â, 83.1°).3> T h e torsional 
angle in the N ( l ) - C ( 2 ) - C ( 3 ) - N ( 2 ) fragment is 52°. 
The equation for the plane defined by the four nitrogen 
atoms is 

- 0 . 9 3 6 X - 0 . 3 5 0 F - 0 . 0 2 0 Z = - 4 . 9 6 1 , 

and the deviations of the atoms from this plane are as 
follows: 0.04 for Pt, 0.04 for N ( l ) , - 0 . 0 4 for N(2) , 
- 0 . 0 4 for N(3) , 0.04 for N(4) , - 0 . 4 5 for G( l ) , - 0 . 6 2 
for G(2), 0.05 for C(3), and 1.06 Â for G(4). (The X, 
Y, and Z coordinates in Â refer to the crystallographic 
axes.) 

Every complex cation is surrounded tetrahedrally by 
four [Sb2( + ) - ta r t 2 ] 2 - anions at (x,y,z), ( ( 1 / 2 ) - x , -y, 
( l / 2 ) + z ) , ( - ( 1 / 2 ) + * , (1/2)-j», - z ) , a n d ( l - * , ( l / 2 ) + 

y, (1/2)— z). T h e [Sb2( + ) - ta r t 2 ] 2 - anion selects the 
N(S) and N(S), N'(S)-C(R) isomers yielding the least 
soluble diasteroisomeric salts ( + )3 5 0-[Pt(NH3)2(Me3-
en)][Sb2( + ) - ta r t 2 ] .H 2 0 4 ) and ( + )3 5 0-[Pt(tf-pn)(Me2-
en)][Sb2( + )-tart2]-2H2Q,5) respectively. In the pres­
ent case, however, the N ^ - C ^ ) isomer is preferred 
by the same anion as the counter ion for the less soluble 
diastereoisomeric salt, ( + )860-[Pt(NH3)2(.Ar1-Me-(.S')-
pn)][Sb2( + ) - t a r t 2 ] -H 2 0 . T h e geometry and dimen­
sions of the [Sb2( + )-tart2]2~ anion agree well with 
those for K2[Sb2( + )-tart2] - 3 H 2 0 . U ) 

CD Spectrum. T h e absorption and CD spectra 
of Ä+Pt(NH3)2(iV1-Me-( lS

,)-pn)](C104)2 are shown in 
Fig. 3, in which the CD spectrum of the racemic com­
pound is also given. The N(i?) isomer is stable with 
respect to racemization in a 0.01 M perchloric acid 
solution; actually no appreciable change in the CD 

Fig. 2. The crystal structure of ( + )35o-[Pt(NH3)2(Ar1-
Me-(£)-pn)].[Sb2( + )-tart2]-H20 vjçwed down the c 
axis. The atoms denoted as O(l) , 6(2) , 0(3) , 0(6) , 
G(5), and C(6) are related with the corresponding 
ones in Table 1 by a unit translation in y. 

H+0.5 

H-0.5 

40 

Fig. 3. The absorption (top) and CD (bottom) spectra 
of (-)260-[Pt(NH3)2(^1-Me-(5)-pn)](ClO4)2: , 
and the CD spectrum of rac-[Pt(NH3)2(AT1-Me-(lS')-
pn)]Gl2: 

curve was observed over a period of 24 h. The elec­
tronic spectrum of this complex bears a close resem­
blance to that of [Pt(/?-pn)2]Cl2, and accordingly, the 
peak at 35000 c m - 1 , on the basis of D 4 h symmetry, can 
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be assigned to *A, g-*3A?! î,
 3 E g and those at 41500 

(shoulder) and 44500 cm- 1 to xA2g and J E p transitions.1) 
The CD spectra are different from each other, showing 
marked influence of the vicinal effect of the asymmetric 
nitrogen. 

The optical activity due to the chelate ring of JV1-
Me-(5)-pn may arise from (i) the vicinal effect of the 
chiral secondary nitrogen, (ii) the conformational effect 
of the chelate ring, and (iii) the vicinal effect of the 
asymmetric carbon. Bosnich and Sullivan have shown 
that the first and the resultant of the remaining two 
effects are additive in the rotational strength for R- and/ 
o r S - t P t C l ^ J V i - M e - ^ - p n ) ] . 2 ) Such additivity can be 
anticipated to be valid in the CD of the Ä-[Pt(NH3)2-
(Arl-Me-(lS')-pn)]2+ considered here. The CD curve of 
the racemic A^1-Me-(5')-pn complex was subtracted from 
that of the N(Ä) isomer. T h e resulting curve (the 
dotted line in Fig. 4) should be regarded as represent­
ing the CD due to the vicinal effect of the R asymmetric 
nitrogen. It is noteworthy that this curve agrees well 
with the CD of ( - ) 2 6 0 - [P t (NH 3 ) 2 (Meen) ] (ClO 4 ) 2 (Fig. 
4). The CD band at 31000 cm- 1 may be assigned to 
the 3A2 g transition.1) 

According to the 13C N M R studies of Bagger12) and 
Erickson et a/.,13) rapid ring inversion (<3<->A) occurs in 

40 
î>/103 cm-1 

Fig. 4. The calculated curve of [Ae(Ä-[Pt(NH3)2(A''1-
Me-(S)-pn)](C104)2) - As-(rfl4Pt(NH3)2(iV1-Me-(5)-
pn)]Cl2)]: , and the CD spectrum of ( — )260-
[Pt(NH3)2(Me-en)](C104)2: . 

the 5-membered chelate ring composed of the Pt(I I ) 
and JV-substituted 1,2-diaminopropane. T h e present 
13C N M R data for C-methyl carbons in some relevant 
complexes are given in Table 3. T h e /?-carbon res­
onances in [Pt(NH3)2(rac-chxn)]Cl2 and the C-methyl 
carbon resonances in [Pt(NH3)2(JVr l-Me-(.S ,)-pn)]X2 and 
[Pt(NH3)2(rac-pn)]Cl2 were readily identified by com­
parison with the corresponding resonances in complexes 
of the [Pt(bipy) (diamine)]C12 type.13) Each of these 
signals is accompanied by two 195Pt satellites. T h e 
3Jpt-c value obtained from the spacing of the satellites 
is the weighted average of the coupling constants of the 
conformer with the equatorial C - C H 3 group and that 
with the axial group ; ring inversion changes the equa­
torial C - C H 3 into an axial one or vise versa. Follow­
ing Erickson et al., the coupling constants 37pt-c of 0 
and 50 Hz were assigned to the axial and equatorial 
conformers, respectively.13) T h e mol fractions of the 
equatorial conformer calculated from the observed Vpt-c 
values are listed in the last column of Table 3. 

T h e four possible conformers ( I—IV) in [Pt(NH 3) 2-
(7V1-Me-(5)-pn)]2+ are illustrated in Fig. 5. T h e res­
onances at 16.3 and 16.7 ppm in the racemic iV1-Me-
(iS)-pn complex are attr ibutable to the N(Ä) and the N(S) 
isomer, respectively. T h e relative abundances of the 
equatorial and axial C - C H 3 conformers for each of the 
N(R) and N(£) isomers indicate that the equatorial 
conformer is more stable than the axial. T h e I : I I 
abundance ratio (86 : 14) is greater than that of I I I : I V 
(70 : 30), which reflects a greater conformational energy 
difference between I and I I than between I I I and IV. 

C *: 

NCC"N 

P f 
IN 

/ 

N(R) isomer 

N h 

.N 

C 

p t 'c 
LH 

m N(S) isomer ^ 

Fig. 5. The four possible conformers in R- and £-[Pt-

TABLE 3. 13C CHEMICAL SHIFTS AND COUPLING CONSTANTS (3Jpt-c) OF C-METHYL CARBONS 

13G chemical 

Ä-[Pt(NH3)2(iV1-Me-(5)-pn)](G104)2 

rac- [Pt (NH3) 2 (#»-Me- (S) -pn) ] Gla 

[Pt(NH3)2(ra<>pn)](C104)2 

[Pt(NH3)2(mc-chxn)]Gl2 

[Pt(NH3)2(Ä,/2-bn)]Cl2
c> 

a) The mol fraction of* the equatorial G-GH3 conformer, b) Making use of the CD data presented in Ref. 1, 
Hawkins predicted that the ratio of neq to «ax is of the order of 3 : 1 (Ref. 14, p. 204). c) Ref. 12; R,R-bn: 
(2Ä,3Ä)-2,3-butanediamine. d) These were utilized to check the appropriateness of the Vpt-o values assigned to 
the equatorial C-CH3 conformer. 

((5/ppm) 

16.3 
16.3 
16.7 
16.8 
33.3 

Vpt--o C//Hz) 

43 
43 
35 
38 
52d> 
50d> 

«eqa) 

0.86 
0.86 
0.70 
0.76b> 
1 
1 
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The chelate ring of the pn or its derivative has been 
thought to preferentially assume the conformation with 
equatorial C - C H 3 even for the planar complex.14> 
However, in case there is a significant amount of axial 
conformers in the system, the CD of the Pt(II) chelate 
of the pn or its analogue must be reconsidered with the 
relative populations of the ô and X conformers being 
taken into account. 

As described above, the additivity found by Bosnich 
and Sullivan for the CD of R- and ^ [ P t C l ^ - M e -
(S)-pn)] is probably applicable to the case of Ä-[Pt-
(NH3)2(# ]-Me-(S)-pn)]2+< Thus, the CD curves for 
the conformers I and II can be represented by xAe-
[VN(Ä)]+AA,[cq] and (1- .*)Af [VN ( * ) ] •+ ( l - . v ) A*. 
[ax] respectively, where Ar [VN(/?)] is the CD arising 
from the vicinal effect of N(7?)-GH3 , Af[eq] and Af[ax] 
denote, respectively, the C D due to the (S)-pn ring with 
equatorial C - C H 3 and that with axial C -CH 3 , and x 
is the mol fraction of conformer I. A calculation gives 
( l /2 ) (^+^)A £ [eq] + [ l - ( l / 2 ) ( x + > 0 ] A f [ a x ] for the CD 
of the racemic compound and As[VN(R)]-\-(\/2)(x—y) • 
(Ae[eq]—Ae[ax]) for that of the calculated curve in 
Fig. 4 (y=the mol fraction of conformer I I I ) . The 
chelate ring of the («S')-pn has two asymmetry factors: 
the chirality of the chelate ring conformation and the 
asymmetric carbon atom. For the Co(I I I ) complex in 
which one bidentate ligand has two asymmetric centers, 
it has been demonstrated that the two centers act ad-
ditively for the CD of the complex.15)- Although the 
situation is somewhat different, the conformational and 
vicinal effects are expected to be nearly additive for the 
rotational strength induced by the ($)-pn ring. Then 
Af[eq] and Ae[ax] may be written as Af[eq]— Ae[(5] + 
A 4 V c ( S ) e q ] and A , [ a x ] ^ A ç [ A ] + A f [ V c ( ^ ) a x ] , where 
A£[<5(or X)] is the CD due to the conformational effect 
of the <5(or X) chelate ring and AffV^,? )^] or Af[V c -
(S)a x] is the CD ascribed to the vicinal effect of the equa­
torial or axial C(£)-ÇH3.1(?) However, Ae[V c(S) e q] 
is known to be small17> and hence, A£[eq]~Ae[<5]. 
Thus, the calculated curve can be approximated by 

Ae[VAR)] + (r-y)Ai[ô]-(l/2)(x-y)Ae[Vc(S)!lx]. 

Since * = 0 . 8 6 and y=0.70 (Table 3), this formula 
becomes 

Af[VN(Ä)] + 0.16AeM - 0.08Ar[Vc(S)ax]. 

Trie-OD of [Pt(NH3)2(S,S-chxri))Cl2 shows two nega­
tive bands with intensities Af(3Eg) = —0.40 (35000 
cm- 1) and A^(1Eg) = - 0 . 8 6 (45000 cm- 1 ) , and that 
of [Pt(NH3)o(S-pn)]Cl2 has two minima with Af(3Eg) = 
- 0 . 2 2 (35200 cm-1) and A£(1Eg) = - 0 . 5 1 (44800 
cm"1):1 '18) The CD curve of the former compound can 
be considered to display an approximate ô conforma­
tional effect, Af[<5](^A f[<5]+2Af[Vc(S')e(1)]), whereas 
that of the latter compound may be approximated by 
{2x-\)Ae[ô] + (l-x)Af[Vc(S)&J which becomes 0.52 
Ae[«5]+0.24A£[Vc(>S ,)as] upon the substitution of 0.76 
for x (Table 3 ; x=ihe mol fraction of the equatorial 
conformer). If the As value of the latter CD curve is 
divided by 0,52, we obtain Af[<5]+0.46Af.[Vc(£)ax], 
which gives a curve with two extrcma ,of Ae(3Eg) — 
- 0 . 4 2 (35200 cm-1) and Af(iEg) = - 0 . 9 8 (44800 cm- 1 ) . 
These Ac value are in agreement with the corresponding 

ones for the kS^-chxn complex. This indicates that the 
vicinal effect is small compared with the conforma­
tional effect: 0.46| A£[V c(S) a x] | ^ ( 1 / 2 ) | A £ [V c (S ) a x ] | « 
|Ae[<5]|. Therefore, the calculated curve can be taken 
as representing 

Ae[VN(Ä)]+0.16A4<5]-

The secondary nitrogen in ( — )2 6 0-[Pt(NH3)2(Me-
en)]2+ is sure to be of R configuration from a comparison 
of the Cotton effect for this complex with that for (+ ) 2 6 0 -
[Pt(NH3)2(Me3en)]SbCl5 , the absolute configuration .of 
which was determined by the X-ray method19> (Me 3 en= 
N,JV,N'-trimcthylethylenediamine). The N r C H 3 

group in the R-Meen complex is considered to favor 
the equatorial disposition in view of the steric interac­
tion with solvent molecules (and/or with some anions 
in the solution) which may be located at the axial 
positions of the complex cation. This disposition of 
the N - C H 3 imposes a ô conformation on the chelate 
ring in contrast to the X conformation induced t?y the 
axial N - C H 3 . Accordingly, the CD curve of the R-
Meen complex is presumably represented by the formula 

Ae[Vx(R)]+zAelà] 

( z = t h e difference between the mol fraction for thé 
equatorial N - C H 3 conformer and that of the axial con-
former, which is greater than zero in "this case). Al­
though the good agreement between the calculated 
curve and the CD spectrum of the R-Meen complex is 
accidental, this agreement supports the fact that the ô 
conformational effect is partly responsible for the calcu­
lated curve,2**) and moreover, this curve- receives little 
contribution from the vicinal effect of the asymmetric 
carbon. 

As mentioned above, As[ô] may be very similar to the 
CD of [Pt(NH 3) 2(^^-chxn)] 2+ and, hence, may have 
relatively intense 3 E g and 1 E g CD bands. If the curves 
shown in Fig. 4 are corrected for the <5 conformational 
contribution, the intensities of the 3 E g and 1 E g compo­
nents due to the N(7?) vicinal effect will havd some, not 
insignificant enhancement. However, the signs of the 
Cotton effects a re taken to be those characteristic of 
the N( i? ) -CH 3 group. 
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^Faculty of Agriculture, Tokyo Kyoiku University, Komaba, Meguro-ku, Tokyo 153 
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In order to establish a reliable and rapid method for the determination of rubidium in biological materials 
using atomic absorption spectroscopy, chemical interference as well as ionization interference due to co-existing 
elements and some organic substances was studied. In the presence of potassium of sufficient concentration, most 
of the interference was found to be negligible. The temperature of the sample solutions proved to be a possible 
source of error. The process of sample preparation was examined, including a determination of the loss of 
rubidium in dry ashing. The accuracy and precision of the method was tested by analyzing NBS SRM 1577 
Bovine Liver. The rubidium contents of typical biological materials—foodstuffs, human tissues and urine— 
were determined by the present method and a possible relationship between the rubidium and potassium concen­
trations is indicated. 

Rubid ium is an element the behavior of which in bio­
logical systems is similar to that of potassium.1) How­
ever, its data on the transfer of this element from the 
environment to man and on its distribution in the 
human body are relatively few.2'3) Rubid ium has a 
natural radioactive isotope, 8 7Rb, the half-life of which 
is 4.8 X 1010 years and the abundance of which is 27.85 
%.4) T h e radioactivity of 8 7 Rb is calculated to be 
52.9 disintegrations per min per milligram of rubidium, 
which cannot be neglected from the standpoint of radio­
logical health problems. T h e development of rapid 
and precise methods for the determination of natura l 
rubidium in biological and environmental materials has 
recently become urgent. 

Rubid ium has usually been determined using emis­
sion spectrography, X-ray fluorescence analysis, or neu­
tron activation techniques,5) which require rather com­
plicated equipment and are not considered to be very 
convenient methods in most laboratories. Flame emis­
sion spectrometry, which is claimed to be simple and 
of satisfactory sensitivity, is subject to unavoidable inter­
ference due to the neighboring strong potassium lines 
even when spectrometers of high spectral resolution are 
used.6»7) This problem necessitates wavelength scan­
ning which is time consuming. 

Only a few papers have been reported on the determi­
nation of rubidium in biological materials by atomic 
absorption spectroscopy. In this report, in order to 
establish a rapid method of atomic absorption spectro­
scopic determination of rubidium, the chemical inter­
ference due to the co-existing elements and acids, as 
well as the ionization interference effect, was studied. 
It was confirmed that rubidium in typical biological 
materials can be rapidly determined, free from the effect 
of interference, using the proposed method, which was 
proven using a biological s tandard material . 

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

Instrument. Perkin-Elmer Model 303 and 403 atomic 
absorption spectrophotometers were used with 10-cm slot 
burner heads for air-acetylene flames. An Osram rubidium 
discharge lamp covered with filter paper having an 8 mm X 8 
mm square aperture was used. Thus, about a two-fold in­
crease in intensity was obtained supposedly due to the in­
tegration of the emitted light by reflection. A UV-cut filter 

(Hoya Glass Works, Tokyo, 0-56) was placed just in front 
of the entrance slit of the Model 303 instrument. A Hitachi 
056 strip chart recorder was employed. A Medical Spectro­
meter (Tokyo Shibaura Electric Co.) with a well-type Nal(Tl) 
detector was used for gamma scintillation counting. 

Reagents. Rubidium chloride and cesium chloride were 
purchased from E. Merck AG. and used in most of the ex­
periments. A 1000 u.g cm - 3 rubidium stock solution for quan­
titative determination was prepared by dissolving 1.415 g of 
Johnson Matthey "Specpure" rubidium chloride in 1000 ml 
of distilled water. The rubidium-86(tracer with a half-life 
of 18.66 d, supplied as a chloride, a specific activity of 0.833 
mCi/mg-Rb) was obtained from the Radiochemical Centre, 
U. K., and diluted before use. Most of the other reagents 
used were of JIS Special Grade or Analytical Grade. 

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

Optimum Operating Conditions. Typical operating 
conditions adopted are summarized in Table 1. The 
light beam, 2, 6, and 15 m m in height above the burner, 
approximately sampled the primary, interconal and 
outer zones, respectively. A comparatively small varia­
tion in absorbance was observed over the range of acety­
lene flow rate examined in the presence of potassium at 
a height of 7 m m (Fig 1 ). Some enhancement of the 
rubidium absorbance was observed when the acetylene 
cylinder pressure was reduced below 5 kg/cm2. This 
effect, which occurred up to 30 % of the relative absorb­
ance, was suspected to be due to acetone vapor liber-

TABLE 1. OPERATING CONDITIONS 

Wavelength 780.0 nm 
Discharge lamp current 350 mA 
Slit setting 4 divisions 
Spectral band width 1.4 nm 
Acetylene flow, 

meter setting 9.0 divisions 
flow rate 3.4 dm3/min 

Air flow, meter setting 7 .5 divisions 
flow rate 17.0 dm3/min 

Beam height above burner -
(with potassium added) 

Perkin-Elmer Model 303. Similar conditions were 
adopted for Model 403. 
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0.30 

0.00 
2.2 2.6 3.0 3.4 

0)H2 Flow rate, 
dm^/min 

Fig. 1. Effect of acetylene flow rate on rubidium absorb-
ance. Air flow rate: 17.0dm3/min (const). 5 [ig 
cm - 3 Rb, 3 mm (A) and 7 mm (#) above burner top 
5 fxg cm-3 R b + 1000 fxg cm~3 K, 3 mm (A) and 7 mm 
(O) above burner top. 

ated from absorbing beds. 
Comparison between Atomic Absorption and Emission 

Spectroscopy. The effect of the spectral band width 
on the signal-to-noise ratio of the rubidium absorbance 
signal in the presence of potassium was negligible as 
expected from theoretical considerations,8) as is shown 
in Table 2. The peak-to-background ratio of the emis­
sion spectrum seriously deteriorated when wider slit 
widths were used, revealing the need for time-consum­
ing scanning employing a narrow slit width (Fig. 2). 
Furthermore, it should be born in mind that many 
molecular emission bands such as the CrO 777.8- and 
781.2-nm bands, the L a O 775.9-nm band, the FeO 
777.5-nm band and the V O 785.1-nm band can inter­
fere with the rubidium 780.0-nm line.8'9) 

The Effect of Other Alkali and Alkaline-earth Metals. 
Lithium, sodium, potassium, and cesium, as chlorides 

at concentrations greater than 100 (xg c m - 3 caused the 
rubidium absorbance to increase. In the interconal 
zone, the enhancement reached saturation at metal 
concentrations of greater than 1000 [xg c m - 3 while the 
saturation point shifted to the range from 2500 to 5000 
[xg c m - 3 in the outer zone (Fig. 3). In the case of 
cesium, the rubidium absorbance apparently increases 
linearly with the concentration of cesium at concentra­
tions greater than 1000 (xg cm"3 . This was proven to 
be due to the rubidium impurity in the cesium chloride 
used (0.40 (J-g/mg of Cs as determined by atomic absorp­
tion) and the absorbance corrected for the reagent blank 
disclosed saturation at cesium concentrations greater 
than 500 (xg cm - 3 . The degree of enhancement was 
compared for these elements on a molar basis. T h e 
order was found to be L i < N a < K < C s , which agrees 
with the inverse order of their ionization energies: 
5.39 eV for Li, 5.14 eV for Na, 4.34 eV for K, and 3.89 
eV for Cs.8) The effect was more marked in the outer 
zone (Fig. 3). Flame temperatures in the outer zone 
were found to be higher than in the lower par t for an 
air-acetylene name closely matched to the flame condi­
tions used here.10) From these results, it is concluded 

750 760 770 780 790 800 
Wavelength, nm 

Fig. 2. A typical emission spectra of rubidium in the 
air-acetylene flame in the presence of potassium obtain­
ed by scanning. 2 (xg cm-3 Rb+2000 jxg cm-3 K (0.1 
mol dm"3 HCl). Spectral band width: 1.4 nm; 
Scanning speed: 10 nm/min. 

0.40 

c 
CO 

. Q !_ 
8 
< 

0.30h 

0.20 h 

0.10h 

0.00 
0 50 100 O 1000 2000 3000 4000 5000 

Concentration, pg cm 

Fig. 3. Effect of other alkali metals. 5 (xg cm"3 R b + 
Li (A), Na (O), K ( # ) , Cs ( 3 ) ; Cs only ( x ) . : 
interconal zone; : outer zone. 

TABLE 2. THE EFFECT OF THE SLIT WIDTH OR SPECTRAL 

BAND WIDTH ON RUBIDIUM DETERMINATION BY ATOMIC 

ABSORPTION AND EMISSION IN THE PRESENCE OF POTASSIUM 

Slit 

Setting Width 
(scale) (mm) 

3 0.3 
4 1 
5 3 
6 10 

Spectral 
band 
width 
(nm) 

0.4 
1.4 
4 

14 

Atomic 
absorption 
S/N ratio 

72 
133 
123 
107 

Atomic 

Peak/background 
ratio 

11 
3.2 
0.9 
— 

2 (xg cm-3 Rb + 2000 (xg cm-3 K (0.1 mol dm"3 HCl). 
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Fig. 4. Effect of alkaline earth metals. 5 jxg cm - 3 Rb + 
Mg (A), Ga (O), Sr (# ) , Ba ( 3 ) . : primary 
zone; : interconal zone; : outer zone. 

that the suppression of rubidium ionization by other 
easily ionized alkali metals11 '12) is trie essential mecha­
nism of this effect. 

Alkaline-earth metals show a less pronounced but 
simiîar effect and the enhancement was found to be 
M g < C a < S r < B a , which is the inverse of their ioniza­
tion energies: 7.65 eV for Mg, 6.11 eV for Ca, 5.69 
eV for Sr, and 5.21 eV for Ba.8> Magnesium, calcium, 
and strontium at greater than 1000 fxg cm - 3 , however, 
exhibited a slight suppression of the rubidium absorbance 
which had been enhanced at lower concentration levels. 
This negative interference was not observed in the outer 
zone (Fig. 4). It appears that the alkaline-earth metals 
were ionized to some extent in air-acetylene flames ex­
hibiting ionization interference and that, at higher con­
centrations (2500 to 5000 [xg cm" 3) , they caused chemi­
cal interference by retarding the atomization of rubi­
dium, possibly through occlusion in and/or adsorption 
to clotlets in the primary and interconal zones. 

T h e enhancements of alkali and alkaline-earth metals 
at 10—20 mmol d m " 3 were compared, with the re­
sulting order in the interconal zone: Li, M g < C a < 
S r < B a < N a < K < C s . This is in good agreement with 

01 5 r 

0100250 500 100025005000 
Concentration, pg cm - 3 

Fig. 5. Effect of transition metals and aluminium. 
'(A) 5 jJLg cm-3 Rb |-Fe, Cr, Zn ( • ) , Cu (O), Mn (A). 
(B) 5 (jig cm~3 Rb+Al as nitrate ( # ) , as chloride (O). 

interconal zone; : primary zone. 

the inverse order of the ionization energies for all these 
elements except lithium. 

The Effect of Several Transition Metals and Aluminium. 
Iron, chromium, zinc, and copper at concentrations 

of 10 to 1000 (xg c m - 3 exhibited small positive inter­
ference while the effect of manganese was negligible 
at concentrations below 100[xgcm- 3 (Fig. 5). Alumi­
nium, as a nitrate at concentrations in the range from 
100 to 2500 [xg cm - 3 , exhibited a small enhancement 
al though it noticeably lowered the rubidium absorbance 
at 5000 $g c m - 3 as either a nitrate or a chloride. For 
systems containing 1000 [xg c m - 3 of potiassium, sodium 
showed no influence on the rubidium absorbance up 
to 1000 fxg c m ' 3 and virtually no effect was observed 
for calcium, iron, copper, zinc, manganese, and alumi­
nium up to 1000 [ig c m - 3 (Fig. 6). A small negative 
interference due to magnesium was observed in the 
presence of potassium. T h e use of nitric acid proved 
favorable when aluminium is present in sample solutions. 

The Effect oj Mineral Acids. No appreciable effect 
due to nitric acid was observed. Hydrochloric and 
perchloric acid exhibited slight enhancment at 0.1 mol 
d m - 3 but a negative interference of about —30% at 

0.25 Y 

0100250 500 1000 2500 5000 
Concentration, j jg cm"3 

Fig. 6. Effect of transition metals and aluminium in 
the presence of potassium. 
(A) 5 fxg cm-3 R b + 1000 [xg cm"3 K. # : Na, A : 
Mg, • : Ca, Fe, Gu, Zn, Mn. 
(B) 5ixgcm-3 Rb+1000(xgcm-3K, Al as nitrate 
( • ) as chloride (O). 

0.5 1.0 1 5 
Concentration, mol dm 

20 
-3 

Fig. 7. Effect of mineral acids. 
5 (xg cm-3 Rb. O : HNOa , 
O : H2S04 , X: H 3P0 4 . 

HCl, A : HC104, 
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2 mol dm^ 3 was observed (Fig. 7). This interference 
was inferred to be due to the formation of the diatomic 
molecule, RbCl , in the flame.13) Phosphoric acid 
severely interfered causing a — 5 0 % decrease in signal 
even at 0.2 mol dm- 3 . With sulfuric acid, the absorb-
ance decreased and the aspiration rate of the sample 
solution was found to be reduced. In the presence of 
1000 (xg c m - 3 of potassium, the negative interference for 
these acids at a concentration of 0.1 mol d m - 3 was negli­
gible, except for phosphoric acid in which case the 
interference was reversed to only — 3 2 % a t 0.2 mol 
d m - 3 . Precipitation occurred in solutions containing 
potassium and of perchloric acid concentrations greater 
than 0.5 mol d m - 3 , which perturbed the rubidium ab-
sorbance measurements (Fig. 8). 

The Effect of Phosphates. Phosphates at concentra­
tions in the form of P below 2500 [ig cm- 3 , including 

0.00 
0 0.1 02 0.5 10 

Concentration, mol dm"3 

Fig. 8. Effect of mineral acids in the presence of potas­
sium. 
5|zgcm-3 Rb+1000jjLgcm-3K. O: HN0 3 , • : 
HCl, A : HC104, 3 : H2S04 , X: H3PÖ4. 

0 3 0 

0.00 
O 500 1000 2000 

Concentration, jjg P c m - 3 

Fig. 9. Effect of phosphates. 
: 5(xgcm-3 Rb; : 5 (xg cm"3 Rb+1000|xg-

cm-3 K. 
• : H3P04 , O: (NH4)2HP04, 3 : Ca(H2P04)2, 
A : KH2P04 . 

free orthophosphoric acid, exhibited interference, except 
when the counter cation was potassium (Fig. 9). For 
an added potassium concentration of 1000 [xg cm- 3 , the 
interference of phosphoric acid, ammonium phosphate 
and calcium phosphate was reversed to f rom '—3 to 
— 5 % at a P concentration of 1000 fxg cm- 3 j For the 
purpose of suppressing the phosphate interference, potas­
sium should be added so as to render the K / P ratio 
greater than two. 

The Effect of Silicates. No systematic study on 
the effect of silicates was carried out but some ' inter­
ference wfts observed. Since silicates exist in consider­
able amounts only in plant materials, this interference 
is expected to be negligible for most biological rrjaterials. 

The Effect of Organic Acids and Their Ammonium Salts. 
Several ammonium salts of organic acids are used for 
separating alkali elements from matrices by ion-exchange 
column chromatography. In this connection* the effects 
of formic, acetic, lactic and tartaric, acids and their 
ammonium salts were examined and the results are 
shown in Fig. 10. Trichloroacetic acid was selected 
since it is used for precipitating proteins from biological 
fluids. Acetic acid enhanced the rubidium absorbance 
while its trichloro derivative caused a severe reduction 
especially in the presence of 1000-[j.g c m - 3 potassium 
concentrations. The effect of trichloroacetic acid is 
assumed to be due to liberated chlorine which tends to 
form RbCl . Ammonium formate, ammonium acetate 
and ammonium lactate in concentrations up to 0.5 mol 
d m - 3 in the presence of 1000 (j.g c m - 3 of potassium 
caused only a negligible effect and these are the most 
probable cases for practical application. Thess organic 

0.05 

0.00 

A B 

0 0.2 0.5 1.0 0 0.2 0.5 1.0 
Concentration, mol d m - 3 

Fig. 10. Effect of organic acids and their ammonium 
salts. 
— : 5 jxg cm-3 Rb. : 5 |i.g cm~3 -Rb^lOOO 
(xg cm 3 K. 
(A) O: HGOOH, • : CH.GOOH, (J>: CC^COOH, 
A: CH3GH(OH)COOH, x : (GH2(OH)GOOH)». 
(B) O: HCOONH4 , # : CH3COONH4, 3 : CG13-
CQOH/NH4OH equimolar mixture, A : CH3CH-
(OH)COONH4. 
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Fig. 11. Effect of sample solution temperature on 

rubidium absorbance and sample uptake rate. 
5 [jig cm-3 Rb+1000 jxg cm~3 K. 

substances, however, should be decomposed prior to 
nebulization, because they can clog the burner slot. 

The Effect of the Solution Temperature. At higher 
sample solution temperatures, a considerable increase in 
absorbance was observed (Fig. 11). This phenomenon 
was accompanied by an increase in the rate of sample 
aspiration through a capillary. If sample and standard 
solutions of different temperatures are measured, con­
siderable error will result. 

Sensitivity and Detection Limit. Typical analytical 
curves for rubidium with potassium added are shown in 
Fig. 12. The slight non-linearity can be attributed to 
self-absorption in the light source. I t is not expected 
that this can be avoided by replacing the discharge 
lamp with a hollow cathode, because no essential dif­
ference was observed between Na and K analytical 
curves obtained using metal discharge lamps and those 
obtained using hollow-cathode lamps. This non-linear­
ity excludes the use of the standard addition method in 
precision analysis. 

Only less than a 1 % reduction in sensitivity was 
observed when further addition of sodium, calcium and 
phosphorus, each at 500 [xg c m - 3 , were made. The 
sensitivity for rubidium under these conditions was 
calculated to be 0.08 fxg c m - 3 for 1 % absorption (0.0044 

Rb concentration, >ig cm 
Fig. 12. Working curves for rubidium. 

• : 1000 (xg cm-3 K. O: 1000 y.g cm-3 K+500 (xg 
cm-3 Na+500 (xg cm-3 Ca+500 fxg cm-3 P. 

TABLE 3. Loss OF RUBIDIUM DURING DRY ASHING AND 

PREPARATION OF SILICA-FREE SAMPLE SOLUTIONS 

DETERMINED BY Rb-86 

Material 

Cabbage 

Beef 

Wet 
weight 

(g) 

100 

100 

Ashing tem­
perature 

(°G) 

450 

550 

450 

500 

Ashing 
time 
00 
24 

3 

24 

8 

Recovery 
(%) 

99.6 
94.5 
99.8 
97.1 

Cabbage was homogenized using a Waring blender, 
transferred to a porcelain dish, mixed thoroughly with 
a quantity of Rb-86 tracer and dried at 100 °C prior 
to ashing in a muffle furnace. Beef was minced, mixed 
with a quantity of Rb-86 tracer, and treated in a 
similar manner. 

absorbance). T h e detection limit obtained by digital 
signal averaging over about 10 s was 6.5 ng cm - 3 . 

Decomposition of Biological Materials. The loss 
of rubidium during dry ashing and the conventional 
procedure for removing silica using concentrated hydro­
chloric acid (Table 3) was compared with the loss during 

TABLE 4. DETERMINATION OF RUBIDIUM IN NBS SRM 1577 BOVINE LIVER 

Analysis 
number 

1 

2 
3 
4 

5 

Sample weighta> 
(g) 

0.9221 
0.9659 
0.9146 
0.9220 
0.9334 

Absorbanceb> 
(780.0 nm) 

0.0938 

0.0989 

0.0928 

0.0954 

0.094a 

Concentration 
([xgRb/g) 

1.71 
1.81 
1.69 
1.75 
1.72 

Content 
(|xgRb/g) 

18.6 
18.7 
18.5 
19.0 
18.4 

Mean ± s. d. 
18.6 ± 0.20 

Certified value 
(fxgRb/g) 

18.3±1.0 

a) Dried at 90°C for 24 h. The ash was taksn up in 10.00 c:n3 of 0.1 mol d m 3 HMO,, b) M>an of five 
measurements with relative standard deviation of 0.6% for an approximately 10 s digital integration ("103 AVR"). 
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acid digestion (the recovery found, 99 .7%). No ap­
preciable rubidium loss was found for dry ashing. When 
extremely accurate determinations are required, a tem­
perature of 450 °C should be used. 

Preparation of Samples. Fifty to two hundred 
grams of fresh vegetables and cerials were dried at 90 
°G for 24 h and ashed. Silica was removed as usual. 
The edible parts of about 50 g of fresh fish and shellfish 
were selected and processed as stated above without 
the removal of silica. About 50 g of meat was processed 
in the same manner. Two hundred milliliters of milk 
was evaporated in a porcelain evaporating dish on a 
water bath and then ashed. Urine sampled for 24 h, 
about 1.5 dm3 , was digested by repeated treatment with 
concentrated nitric acid and 3 0 % hydrogen peroxide 
with heating, then evaporated to dryness and dissolved 
with distilled water. Regarding human tissue, about 
10 g of fresh material was used. Finally, sample solu­
tions were adjusted to 0.1 mol d m - 3 using nitric or 
hydrochloric acid and the content of potassium was 
determined by atomic absorption or by emission in 
order to confirm that the concentration was in the range 
of 1000 to 5000 [ig cm - 3 , As necessary, potassium was 
added to sample solutions. 

Accuracy and Precision. A biological reference 
material, NBS S R M 1577 Bovine Liver, was analyzed 
and the results are summarized in Table 4. T h e sample 
solution contained roughly 1300 fxg c m - 3 of potassium. 
The analytical results were in good agreement with the 
certified value. 

Rubidium Content of Biological Materials. Some 
analytical results for typical biological materials made 
using the present method are listed in Tables 5 and 6. 
The values of the rubidium content found for these 
samples were in the range from 0.4 to 7 [xg/g fresh weight. 
Higher figures were found for meat and milk than those 
for vegetables and fish. This relationship was again 

TABLE 5. ANALYTICAL RESULTS FOR RUBIDIUM 

IN FOOD STUFFS 

Mater ia l 

Vegetable 

Spinach, 

Japanese 

Fish 

Carp 

Saurel 

Mackerel 

Bonito 

T u n a 

Shellfish 

Tapes sp. 

Pork 

leaf 

radish, 

root 

leaf 

Milk, processed 

mg/g ash 

0 .187 

0 .149 

0 .101 

0 .082 

0 .050 

0 .076 

0 .083 

0 .083 

0 .560 

0 .753 

0 .555 

R b concentration 
^ 

pg/g wet wt 

2 .61 

0 .412 

1.65 

0 .747 

0 .968 

0 .968 

0 .680 

0 .643 

7.11 

4.02a> 

[xg/mg-K 

0 .603 

0 .436 

0 .404 

0 .314 

0 .280 

0 .263 

0 .289 

0 .278 

0.196 

2 .38 

2 .68 

a) Equivalent to 1030 fxg-Rb/dm3 of milk. 

found when the results were compared on a potassium 
weight basis: 2—3 fxg-Rb/mg-K for meat and milk as 
compared to 0.2—0.6 [xg-Rb/mg-K for vegetables and 
fish. H u m a n lung, liver, and spleen were found to 
contain slightly higher concentrations than the other 
tissues examined. T h e R b / K ratios fall in the range 
1.5—3.5 (xg-Rb/mg-K for human tissues. From these 
results it may be inferred that mammals including man 
concentrate rubidium more than potassium during the 
incorporation of these alkali metals from precursors. 

The authors are grateful to Professor Y. Ohyagi of 
Chiba University for valuable discussions. 

TABLE 6. ANALYTICAL RESULTS FOR RUBIDIUM IN HUMAN ORGANS AND URINE 

Material 

Lung 

Liver 

Kidney 

Spleen 

Pancreas 

Thyroid 

Diaphragm 

Small intestine 

Urine , 24-h 

Subject 

Age Sex 

76 

76 

73 

24—81 

38 

79 

38 

79 

60 

24 

55 
b) 

24 

79 

73 

Male 

Male 

Male 

F , Ma> 

Female 

Male 

Female 

Male 

Male 

Male 

Female 

Female 

Male 

Male 

Male 

24—79 F , M c) 

26 Male 

mg/g ash 

0 .472 

0 .513 

0 .330 

0 .283 

0 .255 

0 .316 

0 .217 

0 .555 

0 .319 

0 .312 

0 .473 

0 .334 

0 .196 

0 .559 

R b concentration 

fxg/g wet wt 

5 .05 

4 .36 

3 .44 

1.61 

1.40 

txg/mg-K 

3 .49 

3 .73 

2 .63 

1 . 9 6 ± 0 . 7 5 

1.87 

1.72 

1.92 

1.61 

3.01 

1.91 

1.65 

2 .14 

1.83 

1.5t 

3 .38 

1 . 9 4 ± 0 . 5 5 

1.83 

a) Sample number: 8. b) Age not identified, c) Sample number: 8. 



2316 Gi-ichiro T A N A K A , Akeo TOMIKAWA, and Hisao KAWAMURA [Vol. 50, No. 9 

R e f e r e n c e s 

1) E. J . Underwood, "Trace Elements in H u m a n and 
Animal Nutr i t ion ," 3rd ed, Academic Press, New York 
and London (1971), p . 446. 

2) N. Yamagata , J. Radiât. Res., 3 , 9 (1962). 
3) N. Yamagata , / . Radiât. Res., 3 , 158 (1962). 
4) C. M . Lederer, J . M . Hollander, and I . Per lman, 

"Tables of Isotopes," 6th ed, J o h n Wiley (1967). 
5) H . Hamaguchi , "Ul t ra- t race Analysis 1—Geochemical 

Mater ia ls ," Sangyo Tosho Publishing Co., Tokyo (1970), p . 
195. 

6) T . E. Shellenberger, P. E. Pyke, D. B. Parrish, and W. 
G. Schrenk, Anal. Chem., 32, 210 (1960). 

7) M. C. Farquhar and J . A. Hill, Anal. Chem., 34, 222 
(1962). 

8) R. Mavrodineanu and H . Boiteux, "F lame Spectro­
scopy," J o h n Wiley, New York (1965). 

9) A. M. Ure and R. L. Mitchell, "F lame Emission and 
Atomic Absorption Spectrometry," Vol. 3, ed by J . A. Dean 
and T . G. Rains, Marcel Dekker, New York (1975), p . 19. 

10) H . K a w a m u r a et al., unpublished data . 
11) G. E. Janauer , F . R. Smith, and J . Mangan , At. 

Absorption Newslett., 4, 180 (1967). 
12) H . Sanui and N . Pace, Anal. Biochem., 24, 330 (1968). 
13) G. Tanaka , A. Tomikawa, H . Kawamura , and Y. 

Ohyagi , Nippon Kagaku Kaishi, 89, 175 (1968). 



September, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (9), 2317—2320 (1977) 2317 

A Temperature-Jump Study of the Formation Reactions of 
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A temperature-jump study reveals two relaxation phenomena in aqueous nickel(Il)-pyridine solutions. One 
is observed in a metal-rich and low-concentration system, while the other is found only in a ligand-rich and high-
concentration system. The relaxation processes are ascribed to the complex formation reactions: 

Ni2+ + py ==4± Ni(py)2+ and Ni(py)a
2+ + py === Ni(py)3

2+ 

The rate constants reported are: 3.6x 103 M _ 1 s - 1 for Â  and k3, 37 s-1 for k-1} and 760 s - 1 for £_3, at 25 °G. The 
effect of the coordinated pyridine molecules on the reactivity of the metal is discussed. 

Considerable information now exists on the kinetics 
of the complex formation reactions of metal ions with 
organic and inorganic ligands.1'2) In particular, much 
effort has been directed toward characterizing the solvent 
lifetimes within the inner coordination spheres of the 
metal ions. However, these studies have been con­
cerned almost entirely with the formation reactions of 
mono-ligand complexes, and considerably less is known 
about the kinetics of multi-ligand complexes, in partic­
ular, of unidentate ligands. This is because a funda­
mental difficulty exists in these studies. For obtaining 
kinetic information on these complexes, experiments 
have to be made on solutions in a ligand-rich concentra­
tion range. However, this condition generally produces 
many kinds of complexes in solution and introduces a 
complication in reaction analysis. 

In the present study, complex formation reactions in 
the aqueous nickel(II)-pyridine system were investigated 
to begin with. Although many studies1'2) have been 
made on the kinetics of the reactions of Ni 2 + with uni­
dentate and multidentate heterocyclic amines, few 
systematic studies have been made on the nickel ( I I ) -
pyridine system, especially from the above point of 
view. Any information obtained will be helpful in 
elucidating the detailed reaction mechanism of the for­
mation of multidentate complexes. 

Exper imenta l 

Pyridine of a reagent grade was dried over KOH and dis­
tilled once. The other chemicals used were of a reagent 
grade and were used without further purification. Dis­
tilled water was degassed by boiling it immediately before use. 
Sample solutions were prepared by mixing appropriate 
amounts of aqueous stock solutions of Ni(N03)2, pyridine and, 
when necessary, Bromothymol Blue as a colorimetric pH-in-
dicator. Thé ionic strength, 7, was brought to the desired 
level by the addition of KNO s . The pH was adjusted by 
the addition of NaOH and/or HN0 3 . 

The temperature-jump apparatus used and the experi­
mental procedure have been described elsewhere.3) The only 
change in the apparatus was that the cathode follower pre­
viously used was replaced by a 1 : 1 probe (Iwatsu 117B2). 
This improvement has resulted in an increase in the signal-
to-noise ratio by a factor of two. The relaxation measurement 
was carried out at 25±1 °C. 

R e s u l t s 

The experimental conditions and the kinetic data 
obtained are summarized in Table 1. All the solutions 
studied showed a single relaxation phenomenon. The 
reciprocal relaxation times, T ^ - 1 and r 2

- 1 , quoted in 
Table 1 represent an average of at least four experiments. 
T h e maximum errors are about ± 1 0 and 1 5 % , re­
spectively. As is shown in Table 1, the kinetic studies 
were carried out for two different concentration ranges. 

T A B L E 1. K I N E T I C DATA FOR T H E NICKEL-PYRIDINE 

SYSTEM AT 25 °Ga) 

ZNi Spy r r 1 r^1 

« ' PHb> > ' 
M 102 s-1 

0.00496 
0.00496 
0.00992 
0.00992 
0.0101 

0.0149 
0.0198 
0.0198 
0.0198 
0.0198 
0.0236 
0.0248 

0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 

0.00102 
0.00508 
0.00254 

0.0102 
0.00102 
0.0102 
0.00102 
0.00508 
0.0203 
0.0254 
0.0242 
0.0101 

0.154 
0.206 
0.257 
0.257 
0.257 
0.309 
0.360 

7=0.10°) 
7.04 

6.78 
7.23 
6.89 
7.13 
7.13 
7.12 
7.29 
6.75 
7.02 
7.16 
7.28 

7=0.30 
6.90 
6.87 

6.89 
6.51 
5.96 
6.89 
6.89 

0.573 

0.661 
0.711 
0.837 
0.727 

0.921 
1.11 
1.05 
1.09 
1.15 

1.18 
1.28 

9.0 
11.2 
13.4 

11.7 
11.0 
14.0 
14.7 

a) The equilibrium constants used:5) P7LH = 5 . 4 4 , logiCx 
= 1.91, log K2 = 1.28, and logi:3 = 0.52, at 25 °G 
and 7=0 .6 . b) Converted to [H+] by the use of yH 

= 0.825 and 0.806 at 7=0.10 and 0.30, respectively. 
c) Solutions contain 2 x l 0 ~ 5 M Bromothymol Blue 
indicator (pKln = 7.10, 7=0.1).6> 
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One has relatively low concentrations, mostly in the 
metal-rich region (7=0.10) , and the other, high con­
centrations in the ligand-rich region (7=0.30) . 

The low concentration system contained Bromothymol 
Blue indicator, and the temperature-jump relaxation 
phenomenon was observed by following the absorbance 
at the wavelength of 617 nm. A representative relaxa­
tion effect is shown in Fig. 1. Blank solutions of the 
nickel-indicator and pyridine-indicator systems showed 
no relaxation effect in the same time range. 

O n the other hand, the indicator method is not 
effective in the ligand-rich region, because the ampli­
tude of the relaxation signal decreases with an increase 
in the concentration of pyridine. Therefore, the experi­
ments in this region were carried out at high concentra­
tions and without a pH-indicator. The wavelength of 
the observation was 605 nm, where the nickel-pyridine 
solution exhibits an absorbance maximum. Figure 2 
shows a representative relaxation effect. A solution 
containing only 0.1 M Ni (NO s ) 2 at p H = 6 . 8 showed no 
relaxation effect in the same time range. 

The above results indicate that the relaxation times 

Fig. 1. Relaxation effect in nickel-pyridine system: 
2Ni=9.92 x 10-3 M, 2 py=2.54x 10~3 M, pH=7.23, 
7=0.10 with 2 X 10~5 M Bromothymol Blue as an indi­
cator. The abscissa scale is 10 ms per division, and the 
vertical scale is in arbitrary unit of absorbency. The 
relaxation effect corresponds to an increase in absorb­
ance with time. 

Fig. 2. Relaxation effect in nickel-pyridine system: 
2 N i = 0 . 1 0 0 M , £py=0.257 M, P H=6.89 , 7=0.30. 
The abscissa scale is 0.5 ms per division, and the verti­
cal scale is in arbitrary unit of absorbency. The relaxa­
tion effect corresponds to a decrease in absorbance 
with time. 

in Table 1 are really associated with nickel-pyridine 
interactions. 

Treatment^of Data 

Under the experimental conditions studied, the for­
mation of nickel(I l)-pyridine complexes may proceed 
most generally by the following reaction mechanism: 

fast 

Hpy+ ^ = ± H+ + py 7CH, 

Ni2+ + py ^± Ni(py)2+ Ku (1) 

Ni(Py)2+ + py ^ - ± Ni(py)2*+ K2, (2) 

Ni(Py)2
2+ + py ^± Ni(Py)3

2+ K3> (3) 

where py denotes the pyridine molecule and where Kn, 
7Cl3 K2, and K3 are the equilibrium constants for the 
corresponding reactions. If the relaxation process is 
ascribed to one of the reactions, (1—3), the correspond­
ing relaxation time is given by: 

•i- = MCNi(py)ÏLj + [py]} + *_„ n = l , 2, or 3, (4) 

where the brackets indicate the molar concentration at 
equilibrium. The protolytic reactions of pyridine and 
the pH-indicator (when it is added in solution) reach 
equilibrium much faster than the metal complex reac­
tions (1—3), and they can be assumed to be in equi­
librium at all times. However, the contributions of 
these equilibria to the relaxation times can be ruled 
out under the experimental conditions studied,4) and 
so this effect has been ignored in Eq. 4. 

The equilibrium constants used are listed in the foot­
note of Table 1. The values of the constants at 7 = 0 . 6 
were used without further corrections to the present 
systems at 7=0 .10 and 0.30. This approximation may 
not cause serious errors in the results because of the 
charge types of the reactions concerned. The equi­
librium concentrations of various species in solution 
were calculated from the 2 Ni, 2 py, and p H values 
in Table 1 by using these equilibrium constants. 

Table 1 shows the two concentration-dependent re­
laxation times (TJ and r 2 ) , which were observed in very 
different concentration ranges. Since these relaxation 
times could be ascribed to different processes, they will 
be discussed separately. 

Low-concentration Time (rx). An examination of 
the equilibrium concentrations shows that the predomi­
nant species in the solution are Ni2 + , py, and Ni(py)2 + . 
Then , the relaxation process can be attributed primarily 
to the complexation reaction (1). As is shown in Fig. 
3, a graph of r-^1 vs. [Ni2+] + [py] plot gives a straight 
line. The slope and intercept of this line correspond 
to the rate constants kL and k_x, respectively. The 
ratio of these values, 9 7 ± 1 3 , conforms with the equilib­
r ium constant for this process. The rate constants 
obtained are shown in Table 2. 

High-concentration Time (r2). The relaxation 
time was observed only in the solutions at high nickel 
concentrations with a pyridine-rich region. When the 
concentration of pyridine decreases further than those 



September, 1977] Formation Reactions of Nickel(II)-Pyridine Complexes 2319 

1 

r 
«11+ «22 

2 _l_ 
[7 «11-022 y 

K — 2 — ) - aua2l 

1/2 

(5) 

1 2 

[Ni2+] + [py] (10-2M) 

Fig. 3. 1/T1 W. [Ni2+] + [py] plot of nickel-pyridine 
system at 25 °C, 7=0.10. 

TABLE 2. KINETIC RESULTS FOR THE FORMATION OF 

NICKEL-PYRIDINE COMPLEXES AT 2 5 ° C 

*„(M- x) ^-„(s-1) 

(3 .6±0.3) XlO3 

(3 .6±1 .5)X10 3 
37±4 

760±280 

studied here, the amplitude of the relaxation effect de­
creases rapidly. This fact indicates that the relaxation 
process could not be ascribed to Reaction 1. In fact, 
the T"!-1 value expected in this concentration range was 
estimated to be lower by a factor of 0.25—0.41 than 
the T 2

_ 1 value in Table 1. Therefore, the investigation 
was carried out by associating the relaxation process 
with one of the reactions, (2 or 3). By using Eq. 4, 
it was found that only the case of n=3 is consistent 
with the present data.7) As is shown in Fig. 4, a graph 
of T 2

_ 1 vs. [Ni(py)2
2+] + [py] plot gives a straight line. 

From the slope and intercept of this line, the rate con­
stants k3 and k_z were obtained; they are also shown 
in Table 2. The ratio of these values gives JT3=4.7 
± 2 . 7 , which is close to the corresponding value used. 

In the system of interest here, an additional com­
plication is introduced by the fact that the contribu­
tion of Reaction 2 to the relaxation process must be 
taken into account. By a relaxation treatment coupling 
the two reactions, (2 and 3), we obtain:8) 

0.1 0.2 

[Ni(Py)2
2+] + [py] (M) 

Fig. 4. 1 /T2 VS. [Ni(py)2
2+] + [py] plot of nickel-pyridine 

system at 25 °C, 7=0.30. 

where fln=£2{[Ni(py)2+] + [py]}+Â;_2, a 1 2=£ 2 [Ni(py-
) a +]-A_ a , «2 i=£ 3 { [Ni (py ) 2

2 + ] - [py ]} , and a22=kz{[Ni-
(py)22+] + [py]}+^-3- The relaxation time was calcu­
lated by means of Eq. 5, with the k3 and k_3 values 
in Table 2, together with appropriately assumed k2 

values and by use of the relation k_2=k2/K2. Thus, 
the k2 value in the range, (2—5) X 103 M _ 1 s_1, is proven 
to affect the relaxation time only 8 % at most. There­
fore, the relaxation process can be ascribed solely to 
Reaction 3. 

D i s c u s s i o n 

The kx value in Table 2 is close to the corresponding 
rate constants reported for the reactions of Ni 2 + with 
neutral unidentate ligands1-2) and is also consistent with 
the first-order rate constant of the water exchange of 
the nickel ion measured by NMR.9 '1 0) This result in­
dicates that the formation reaction of Ni(py) 2 + proceeds 
via the Eigen mechanism,11) which involves the loss of 
a water molecule in the rate-determining step. Table 
2 shows also that the value of k3 is the same as that of 
kv This result leads one to conclude that the forma­
tion reaction of the Ni(py) 3

2 + complex proceeds by a 
mechanism similar to that cited above and that the rate 
of water release from Ni(py) 2

2 + is close to that of Ni 2 + . 
This conclusion is similar to that already reached by 
Hammes and Steinfeld8) for the consecutive formations 
of nickel (I l )- imidazole complexes, although they obtain­
ed a slightly decreasing tendency of k1>k2>kz. 

On the other hand, the dissociation rate constants, 
k_! and A;_3, are very different from each other; these 
values determine the corresponding stability constants 
of the complexes. I t is interesting to note that the k_3 

value is much higher than the k_x value, even taking into 
account the fact that the chance of the liberation of a 
pyridine molecule from Ni(py) 3

2 + is three times larger 
than that from Ni(py) 2 + . The conclusion remark is that 
the pyridine molecules coordinated to the nickel ion 
enormously enhance their own lability, but little affect 
the lability of the coordinated water molecules. This 
fact suggests that the crowding of the bulky ligand mole­
cules in the inner coordination sphere loosens solely the 
N i - N bonds and facilitates their rupture. T h e dissocia­
tion rate constants of the mono-, bis-, and tris-imidazole-
nickel(II) complexes8) and those of the mono- and tris-
(2,2'-bipyridine)-nickel(II) complexes12) also support 
this idea, although in the latter complexes the absolute 
values of the rate constants are extremely low as a 
result of the stabilization effect of chelation. 
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Bis(3,3',5,5'-tetramethyldipyrromethenato)manganese(II) in single crystalline and powdered sample states was 
investigated by means of K-band ESR spectroscopy. The spectral shape for the single crystal depends highly 
on the angle between the external magnetic field and the crystal axes. Anisotropic parameters D and E evaluated 
by the simulation method are 0.12±0.01 and 0.032±0.004 cm-1, respectively. These values are considerably larger 
than those expected for the distorted tetrahedral manganese(II) complexes formed with four equivalent donor 
atoms. An originJof these large'anisotropicjparameters has been discussed. 

Some bivalent and trivalent manganese complexes of 
dipyrromethenes were observed previously to show d^>d 
transition bands of unusual high intensity.2) The high 
transition probabilities can be attributed to mixing of 
the excited states of different spin-multiplicity into the 
ground electronic state through the simple spin-orbit 
coupling interaction, or else to the strong covalent in­
teraction between manganese and aromatic nitrogen 
atoms. The ground state of high spin manganese(II) 
complexes should have d-electrons distributed in a man­
ner of spherical symmetry, i.e., it is in the sextet 
S-like state. Bis(3,3',5,5'-tetramethyldipyrromethenato)-
manganese(II) (1), referred to T M D - M n ( I I ) hereafter, 

1 

shows d-»d bands of unusual high intensity (e—160) with 
some broadening.2) This spectral feature indicates 
that the above mentioned effects are significant for the 
complex. The purpose of this paper is to discuss the 
electronic structure of T M D - M n ( I I ) and to characterize 
the anisotropic nature of the ground state by means of 
ESR spectroscopy applied to both single crystalline and 
powdered samples. 

Exper imenta l 

The preparative procedure for TMD-Mn(II) has been re­
ported previously.2) Single crystals were grown by cooling 
down the saturated hexane solution from refluxing to room 
temperature. 

ESR spectra were recorded on a JEOL JES-3K K-band 
spectrometer, equipped with a 100-kHz field modulation unit 
and with a modulation amplitude of 20 G, for both single 

t Contribution No. 400 from this Department. 
* To whom correspondence should be addressed. 

Fig. 1. (a) Correlation between crystal axes (u, v, and 
w) and experimental axes (X, Y, and Z) about which 
magnetic field is rotated: Z//w, Xj_vw-plane; oi.1,o(.i, 
and a3 represent rotation angles about Z, X, and Y, 
respectively, (b) Correlation between molecular axes 
(x, y, and z) and coventional axes (X, Y, and Z) defined 
in Fig. la: rotations about X-, y'-, and z-axes by 
X, 0, and <f> (Eulerian angles), respectively, in this se­
quence convert X, Y, and Z coordinates to x, y, and z. 

( a ) 
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crystalline and powdered samples. The manganese (I I) ion 
diffused thermally into magnesium oxide was used to provide 
the reference signals for measurements. The lack of crystal-
lographic data for the single crystal made it difficult to estab­
lish a priori the relevant axes for ESR measurements in con­
nection with the molecular coordinates. The Cartesian co­
ordinates X, Y, and Z were set up for convenience with re­
spect to the rhombohedral single crystal as shown in Fig. la. 
The crystal axes u, v, and w, defined as shown in Fig. la, 
have no ordinary crystallographic meaning. The Z-axis is 
parallel to the w-axis, and the X-axis is perpendicular to the 
vw-plane, while the Y-axis is perpendicular to both X and Z. 
The single crystal was mounted on a sample holder in a manner 
that the magnetic field can be applied effectively in a direc­
tion perpendicular to one of X, Y, and Z axes, and rotations 
were performed about these axes for ESR measurements. 
The rotation angles about these axes (al5 a2, and a3) are de­
fined as shown in Fig. la. 

C o m p u t a t i o n a l P r o c e d u r e s 

The ordinary ESR signals for the d5 system are in­
terpreted by the spin Hamiltonian 

& = gßH-S + D[S*-S(S+l)/3] + E[SX
2-S/J + 

AS-1 + higher order terms (1) 

T h e contribution of higher order terms is usually very 
small, in fact confirmed to be so in this work, and can 
be neglected. In addition, the hyperfine term was 
neglected due to the absence of such hyperfine ESR 
structures for the present undiluted chelate system. 
Then , Eq. 1 is simplified as follows for the six spin 
states (m s =5/2 5/2) 

& = gßH-S + D[Sz^S(S+\)/3-\+E[S^-S/] (2) 

Computations were performed by substituting sets of 
D and E values of reasonable magnitude. T h e level 
splittings were evaluated by solving the Hamiltonian 
for every 10° of both 0 and 0 , where 0 and 0 are the 
polar angles for the direction of magnetic field in the 
molecular coordinate system (x, y, and z), and the 
magnetic field intensities at resonance were consequently 
obtained. T h e numerical calculations were carried out 
on a Facom 230-60 computer of the Computer Center 
of Kyushu University. The anisotropic parameters D 
and E were obtained roughly from comparison of the 
ESR spectrum for powdered sample and the calculated 
resonance positions for the applied magnetic field parallel 
to the anisotropic axes (molecular axes) as shown in 
Figs. 3 and 4. The D and E parameters were then 
reexamined whether or not one set of parameters allows 
the existence of the corresponding set of reasonable 
6, <ß, and % values (Fig. l b ) , which provide satisfactory 
elucidation of the ESR spectra for the single crystal. 

R e s u l t s 

ESR spectra observed for the single crystal are shown 
in Fig. 2 for rotation about the Z-axis as an example. 
The spectra consist of a set of five strong peaks and 
some weaker ones. Consequently, it is obvious that 
manganese occupies only a single kind of coordination 
sites in the unit cell. The spectra depend highly on 
the rotation angles a1? a2, and a3. 

A spectrum for the powdered sample is given in 

Fig. 2. Single crystal ESR spectra at room temperature 
(K-band) : the magnetic field is rotated about the 
Z-axis (Fig. la) by o .̂ 

H IkG) 

Fig. 3. K-band ESR spectrum of the powdered sample 
at room temperature. Arrows indicate the predicted 
resonance positions under the magnetic fields directed 
along the molecular axes (x, y, and z). 

Fig. 3. The spectrum showing a strong peak at gett— 
2.0 and weaker one at gett—4.0 is characteristic of those 
having anisotropic parameters D<hv and E^0.3D, as 
clarified by Dowsing and Gibson.3) The correlation 
between resonance position and EjD is illustrated in 
Fig. 4 for the cases that the magnetic field is applied 
parallel to the x, y, and z axes. Upon comparison of 
this with Fig. 3, the D and EjD values are estimated as 
0.12 c m - 1 and 0.25, respectively. Resonance posi­
tions for magnetic field parallel to the x, y, and z axes 
are given in Fig. 3 by arrows. T h e final D and E 
values evaluated by the computational procedure men­
tioned in the preceding section are 0.12±0.01 and 
0.032±0.004 cm- 1 , respectively (refer to Figs. 5 and 6). 

T h e computational results due to the manipulation 
of Eq. 2 are given in Fig. 5 as the correlation between 
resonance magnetic field and polar coordinates & and 
0. The allowed transitions ( A m s = l ) are denoted by 
solid lines, and the forbidden transitions with A m s = 2 
and A m s > 2 are represented by broken lines, respectively. 
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(H-HO)/DX10* (Gern) 

Fig. 4. Gorrelation between zero-field splitting param­
eters and resonance positions: Hü=hvjg0ß. Suffix­
ed numbers refer to the transitions: 1, — 5/2<-+—3/2; 
2, - 3 / 2 ^ - 2 / 1 ; 3, -l/2«->l/2; 4, 1/2^3/2; 5, 3/2 ~ 
5/2. 

e ( ° ) * ( ° ) e ( ° ) 
Fig. 5. Predicted ESR transitions for £=5/2 with D = 

0.12 cm-1, £=0.032 cm"1, and ^ = 0 . 8 1 cm-1: , 
transitions for A W Î S = 1 ; , transitions for A w s = 2 ; 

, transitions for A ^ s > 2 . 
0, polar angle between z-axis and magnetic field; 0, 
polar angle between x-axis and magnetic field project­
ed on xy-plane. 

Subsequently, the Eulerian angles 6, &, and x were 
evaluated as 7.7°, 43.3°, and 153.0°, respectively. The 
calculated correlations between resonance positions and 
rotation angles (a l5 a2, and a3) are illustrated in Fig. 
6 along with the experimental results. The agreements 
between calculated and experimental data are quite 
satisfactory. 

D i s c u s s i o n 

Several investigators have reported on the coordina­
tion structures of manganese (II) complexes in which 
the central metal is subject to either regular or distorted 
tetrahedral ligand field. Since the bivalent manganese 
is in general favorably placed in the octahedral ligand 

field, the steric effect may provide primarily a cause 
for the tetrahedral coordination. Moreover, the distort­
ed tetrahedral coordination is less common for this 
metal ion. Most of these distortions have been caused 
by the structural nature of host lattice, which gives a 
geometrically distorted configuration of four equivalent 
donor atoms.4) T h e rest has been due to the intramo­
lecular repulsive interaction among ligands, where the 
coordination of electronically different donor atoms 
takes place. In those cases, the configuration of donor 
atoms is close to the regular tetrahedron. T h e aniso­
tropic parameters D and E for manganese (I I) placed in 
those geometrically distorted ligand fields are very close 
to zero and the corresponding g-value is nearly the 
free electron value.4) 

O n the other hand, the tetrahedral manganese(II) 
complexes are reported to be subject to the profoundly 
large anisotropy in a few cases.5) In those cases, two 
kinds of electronically different donor atoms are involved 
for the formation of a complex. Nevertheless, the 
mechanism responsible for the occurrance of this large 
anisotropy has not been clearly elucidated. Some iron-
(III) complexes show anisotropy larger than manganese-
(II) complexes. Cole and Garrett studied the large 
anisotropy of the aquapentachloroiron(III) anion, and 
attr ibuted the origin of the large D value to the tetra­
gonal distortion of coordination geometry.6) 

Judging from the existence of nonzero D and E values, 
T M D - M n ( I I ) is obviously in a distorted tetrahedral 
coordination structure. T h e electronic property is, 
however, identical with each other among all the four 
nitrogen donor atoms due to the resonance interaction 
within each dipyrromethene molecule. In any case, 
the bulky methyl groups placed at the 5- and ^'-posi­
tions in the present ligand hinder the planar alignment 
of four nitrogen atoms. Since there is no significant 
steric reason against attaining the regular tetrahedral 
geometry, manganese(II) must assume this coordina­
tion geometry unless other factors come into play. 
When the coordinate bonds between manganese(II) 
and nitrogen atoms attain highly covalent character, the 
configuration of nitrogen donor atoms can be expected 
to deviate from the regular tetrahedron toward the 
planar structure. These effects have been observed 
for dipyrromethene complexes of transition metals hav­
ing a partially filled d-shell.7) 

The small D and E values for the geometric distor­
tion can be explained in terms of the splitting of the 
sextet ground state caused by higher order perturba­
tion due to spin-orbit coupling. O n the other hand, 
T M D - M n ( I I ) gained the uniquely large D and E values 
for the complex having four equivalent donor atoms. 
These large D and E values may be attr ibuted to the 
strong tf-bonding interaction. The existence of pro­
found ^-bonding between manganese and nitrogen 
atoms tends to distort the coordination geometry from 
tetrahedral toward tetragonal, causing the mixing of 
the excited quartet into the sextet ground state. The 
TT-bonding interaction between the central metal atom 
and the ligand molecules may be partly responsible 
for such tetragonal distortion. 

In conclusion, the eminent covalent interaction be­
tween manganese(II) and donor atoms caused the 
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distortion of ligand alignment from the regular tetra­
hedron, and gives out the nonspherical distribution of 
d-orbitals. T h e latter effect is accompanied with spin-
orbit interaction with the excited configurations. This 
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Fig. 6. Resonance positions for single crystal under the 
magnetic field rotated by ocx (a), a2 (b), and a3 (c) (refer 
to Fig. la). Solid and broken lines denote the calcu­
lated resonance positions (A»*s = ± l and ± 2 , respec­
tively) for D = 0.12 cm-1, £=0.032 cm-1, and Av=0.81 
cm -1, and solid circles indicate the observed values. 

mechanism must be responsible for the profound aniso-
tropy existing in the N4-pseudotetrahedral manganese 
complex, as well as for the exceedingly high intensity 
of ligand field bands due to spin forbidden transi­
tions.2) 
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Preparation and Resolution of a Complete Series of 
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A complete series often complexes, [Co(en)a.(tn)l,(tmd)2]3+ (en=ethylenediamine; tn=trimethylenediamine; 
tmd = tetramethylenediamine) was obtained by preparing four new complexes, [Go(en)(tmd)2]3+, [Co(tn)2(tmd)]3+, 
[Co(tn) (tmd)2]3+, and [Co (en) (tn) (tmd)]3+. The new complexes were resolved into optical isomers by SP-Sephadex 
column chromatography. The absorption and circular dichroism spectra of all the complexes were recorded 
and discussed. 

Ten complexes are expected for a series of complexes 
of the type, [M(AA), (BB) , (CC) , ] -+ (*, y, z=0, 1, 2, 
or 3 ; x+y+z=3), where AA, BB, and CG denote dif­
ferent bidentate ligands. However, no example of such 
a complete series has been reported. In a series of ten 
complexes, [Co(en) a . ( tn)1 /( tmd)J3 + (en = ethylenediam-
ine; tn=tr imethylenediamine; tmd = tetramethylene-
diamine), there remain four unknown complexes, [Go-
(en)(tmd)2]3+, [Co(tn)2(tmd)]3+, [Co(tn)(tmd)2]3+, and 
[Co(en)(tn)(tmd)]3+, all of which contain a seven mem-
bered chelate ring. Recently we prepared two tmd 
complexes, [Go(en)2(tmd)]3+ *) and [Go(tmd)3]3+,2) and 
resolved them into optical isomers. The en, tn, and 
tmd ligands are the most representative diamines which 
form a five-, six-, and seven-membered chelate ring, 
respectively. The collective data on a complete series 
of complexes of these diamines will be useful in elucidat­
ing such properties as the electronic state and the optical 
activity of a cobalt(III) complex. This paper is con­
cerned with the preparation and resolution of the four 
unknown tmd complexes and with the comparison of 
absorption and circular dichroism spectra of all the 
complexes of the present series. 

Exper imenta l 

Ligands. The ligands, en, tn, and tmd were obtained 
from Wako Pure Chemical Industries Co. and used without 
further purification. 

[Co(en)(tn)(tmd)]Cl3-0.5H2O. To a solution of trans-
[CoCl2(en)(tn)]C104

3> (2.0 g, 5.5 mmol) in iV,JV-dimethyl-
formamide(DMF)(100 cm3) was added a solution of tmd 
(0.5 g, 5.5 mmol) in DMF (100 cm3), and the solution was 
stirred for 5 h at room temperature. The resultant reddish 
brown solution was diluted with a 10-2 M HCl solution, and 
passed through an SP-Sephadex column (0 2.7X 5 cm). A 
small portion of the Sephadex charged with the product was 
poured on the top of an SP-Sephadex column (0 2.7 X 120 
cm), and the adsorbed complexes were eluted with a 0.2 M 
Na2S04 solution adjusted to pH 2 with HCl. The column 
showed six bands; pink (very small amount), pink, yellow, 
orange, violet, and red-violet bands from bottom to top of 
the column. The effluent of the fourth orange band was 
diluted with a 10~2 M HCl solution and poured again on an 
SP-Sephadex column (<j> 1.5 X 3 cm). The adsorbed complex 
was eluted with a 1.0 M KBr solution adjusted to pH 2 with 
HBr, and the effluent was concentrated to dryness in a vacuum 
desiccator over P205-NaOH. The residue was extracted with 
methanol and the extract was mixed with diethyl ether to give 
an orange precipitate. The precipitate (crude complex 

bromide) was filtered off and dissolved in a small amount 
of 10 -2 M HCl. To this solution was added a solution of 
K3[Co(CN)6] in 10~2 M HCl to precipitate hardly soluble 
hexacyanocobaltate(III) salt of the complex. This salt was 
filtered off, washed with water, and mixed with the anion 
exchanger (BIORAD AG 1 X 8, 200—400 mesh, in the chlo­
ride form) in 10~2 M HCl. After the mixture had been 
stirred for several hours, the resin was filtered off, and the 
filtrate was passed through a column of the anion exchanger 
of the same type as the above to ensure the conversion into 
chloride. The effluent was evaporated to dryness under 
reduced pressure. Recrystallization from 10 -2 M HCl by the 
addition of ethanol gave orange crystals. The yield depends 
on the purity of the starting material, /ra«5-[CoCl2(en)-
(tn)]C104 which is usually contaminated with fra/u-[CoCl2-
(en)2]C104 and *raw.y-[CoCl2(tn)2]C104. 
Found: C, 27.24; H, 8.02; N, 20.92%. Calcd for CoC9-
H31N6O0.5Cl3=[Co(en)(tn)(tmd)]Cl3-0.5H2O: C, 27.25; H, 
7.88; N, 21.19%. 

Resolution of [Co(en)(tn)(tmd)Y+. A solution contain­
ing about 120 mg (0.3 mmol) of [Co(en)(tn)(tmd)]Cl3-0.5-
H 2 0 was poured on an SP-Sephadex column {<f> 2.7 X 120 cm) 
and the adsorbed band was eluted with a 0.18 M sodium 
( + )589-tartratoantimonate(III) solution. Two bands, the 
( —)589- and (+)589-isomers, were eluted in this order. Each 
isomer was isolated as bromide by the same method as that 
for the racemic complex chloride except that the anion ex­
changer was used in the bromide form. The complex was 
recrystallized from 10-2 M HBr by the addition of methanol. 
The complex chloride was hygroscopic. Found: C, 19.68; 
H, 5.79; N, 15.22%. Calcd for CoC9H34N602Br3=( + )589-
[Co(en)(tn)(tmd)]Br3.2H20: C, 19.41; H, 6.15; N, 15.09%. 

[Co(tn)2(tmd)~\Br3-3.5H20. To a solution of trans-
[CoCl2(tn)2]C104

4> (4.2 g, 11 mmol) in DMF (300 cm3) was 
added a solution of tmd (1 g, 11 mmol) in DMF (200 cm3) 
with stirring. The solution was stirred for 1 h at room 
temperature, and the product was chromatographed by a 
method similar to that for [Co(en)(tn)(tmd)]3+. By develop­
ing the adsorbed band with a 0.2 M Na2S04 solution ad­
justed to pH 2 with HCl, the column gave five bands, blue-
violet, violet, reddish orange, violet, and pink in the order 
of elution. The effluent of the third reddish orange band 
was reloaded on an SP-Sephadex column (02.7x5 cm) after 
dilution with 10-2 M HCl. The adsorbed complex was eluted 
with a 1.0 M KBr solution adjusted to pH 2 with HBr. The 
eluate was concentrated to a small volume in a rotary evapo­
rator, and the concentrate was kept in a refrigerator to give 
reddish orange crystals. These were filtered off, and recrystal­
lized from lu"2 M HBr. Yield: about 50%. Found: C, 
20.02; H, 6.17; N, 14.10%. Calcd for CoC10H39N6O3.5Br3= 
[Co(tn)2(tmd)]Br3.3.5H20: C, 20.08; H, 6.57; N, 14.05%. 

Resolution of [Co(tn)2(tmd)~\3+. The resolution was 



2326 Masaaki KOJIMA, Hiroyuki YAMADA, Hiroshi OGINO, and Junnosuke FUJITA [Vol. 50, No. 9 

achieved by a method similar to that for [Co(en)(tn)(tmd)]3+. 
The separation of optical isomers was incomplete, but the 
initial and the final fractions of the eluted complex showed 
negative and positive CD bands, respectively in the region 
of the first absorption band. The initial fractions of the ef­
fluent were collected, and chromatographed repeatedly until 
no further increase in dissymmetry factor (Ae/e) was observed. 
The isolation of the optical pure isomer was not attained, 
because of its small amounts. The quantitative CD curve 
of the complex was determined with the aid of the e value 
of the racemate. 

Preparation and Resolution of \Co(en)(tmd)^\z+. A solu­
tion of tmd (5.28 g, 60 mmol) and en (1.8 g, 30 mmol) in 
dimethyl sulfoxide (DMSO) (400 cm3) was added to a solu­
tion of Co(N0 3) 2 .6H 20 (8.8 g, 30 mmol) and tmd-2HBr 
(3.75 g, 15 mmol) in DMSO (400 cm3) with stirring. The 
cobalt ions were oxidized by bubbling a stream of air through 
the solution for 9 h at room temperature. The resultant dark 
red solution was diluted with 10-2 M HCl and poured on 
SP-Sephadex. The adsorbed complexes were chromato­
graphed by a method similar to that for [Co(en)(tn)(tmd)]3+ 

with a 0.2 M Na2S04 solution adjusted to pH 2 with HCl. 
The column gave nine bands; blue-violet, red, yellow, orange, 
pink, orange, pink, orange, and red-violet bands from bottom 
to top of the column. The effluent of the fourth orange band 
was a mixture of [Co(en)(tmd)2]3+ and other tris-diamine 
complexes as described below, and it was used for optical 
resolution without isolating the complex racemate. The 
effluent was reloaded on an SP-Sephadex column (02.7 X 
120 cm) after dilution with 10~2 M HCl, and the adsorbed 
band was eluted with a 0.15 M sodium ( + )589-tartratoanti-
monate(III) solution. The column gave four pairs of bands 
{A and A), yellow ([Co(en)3]3+), yellowish orange ([Co(en)2-
(tmd)]3+), orange ([Go(en)(tmd)2]3+), and orange (not cha­
racterized) bands in the order of elution. Each eluate of the 
third pair of the orange bands was passed through an SP-
Sephadex column (01.5x3 cm) after dilution with 10-2 M 
HCl and the adsorbed complex was eluted with a 1.0 M 
NaCl solution adjusted to pH 2 with HCl. The isomers 
were precipitated as hexacyanocobaltate(III) by the addition 
of K3[Co(CN)6] in 10~2 M HCl. These salts were converted 
into chlorides by the use of the anion exchanger as described 
for [Co(en)(tn)(tmd)]3+. Orange crystals were obtained by 
recrystallizing from 10-2 M HCl and methanol. Yield: 
about 1%. Found: G, 28.62; H, 8.16; N, 19.94%. Galcd 
for GoG10H34N6OCl3=(-)589-[Co(en)(tmd)2]Gl3-H2O: G, 
28.61; H, 8.11; N, 20.03%. 

[Co(tn)(tmd)2]Cl3. To a solution of Co(N03)2-6H20 
(8.8 g, 30 mmol) and tmd-2HBr (7.6 g, 30 mmol) in DMSO 
(800 cm3) were added a solution of tmd (6.68 g, 76 mmol) 
and tn (1.12 g, 15 mmol) in DMSO (1200 cm3) and active 
charcoal (1 g). The air oxidation of the cobalt ions was 
carried out for 50 h at room temperature. The reaction 
mixture was filtered to remove the charcoal. The filtrate 
was diluted with 10-2 M HCl and passed through an SP-
Sephadex column (07 X 30 cm). By developing the adsorbed 
band with a 0.5 M HCl solution, the column showed seven 
bands; violet, orange, blue-violet, red, blue-violet, reddish 
orange, and red-violet in the order of elution. The effluents 
of the first violet and the second orange bands were collected 
and reloaded on an SP-Sephadex column (05.5 x 30 cm) 
after dilution with 10-2 M HCl, and the adsorbed band was 
eluted with a 0.2 M Na2S04 solution adjusted to pH 2 with 
HCl. Five bands, violet, violet, orange, brown, and reddish 
brown were eluted in this order. The effluent of the third 
band was further loaded on an SP-Sephadex column (02.7 X 
120 cm) after dilution with 10~2 M HCl, and the adsorbed 

complexes were eluted with a 0.15 M sodium ( + )589-tartrato-
antimonate(III) solution. The column showed five separate 
bands; orange ([Co(tn)3]3+), reddish orange ([Co(tn)2-
(tmd)]3+), red ([Co(tn)(tmd)2]3+), and two purplish red 
(( + )589- and ( —)589-[Co(tmd)3]3+) bands in the order of 
elution. The red crystals of [Co(tn)(tmd)2]Cl3 were obtained 
from the effluent of the third red band by a method similar 
to that for [Co(en)(tn)(tmd)]3+. Yield: about 0.3%. Found: 
C, 31.38; H, 8.02; N, 20.22%. Calcd for CoC11H34N6Cl3= 
[Co(tn)(tmd)2]Cl3: C, 31.78; H, 8.24; N, 20.22%. 

Resolution of [Co(tn)(tmd)2]
3+. The resolution was 

achieved by a method similar to that for [Co(tn)2(tmd)]3+. 
The bands of enantiomers were separated incompletely, so 
that the chromatography was repeated until no further in­
crease in dissymmetry factor (Ae/e) was observed. No isola­
tion of the isomer was made. 

Resolution of [Co(en)2(tn)]3+ and [Co(en)(tn)2Y+. The 
racemic complexes were prepared by the method of Ogino 
and Fujita5) and resolved by a method similar to that for 
[Co(en)(tn)(tmd)]3+. The separation of bands of A- and 
j4-[Co(en)2(tn)]3+ was complete, but that of A- and yf-[Co-
(en)(tn)2]3+ was not, and the chromatography was repeated 
to obtain the optically pure isomer. Each isomer adsorbed on 
SP-Sephadex was eluted with a 1.5 M NaC104 solution and 
the effluent was evaporated in a vacuum desiccator over 
P2Os to give orange crystals. These were recrystallized from 
a small amount of water by the addition of ethanol. Found: 
C, 14.32; H, 4.88; N, 14.31%. Calcd for C o C ^ N ^ O ^ C l g 
= ( + W[Co(en)2( tn)](C104)3 .2H20: C, 14.31; H, $.15; N, 
14.30%. Found: C, 17.13; H, 5.06; N, 14.93%. Calcd 
for CoC8H28N6012Cl3=( + )589-[Co(en)(tn)2](C104)3: C, 
16.99; H, 4.99; N, 14.86%. 

Other complexes, [Co(en)3]
3+, [Co(en)2(tmd)]3+, [Co 

(tn)3]3+, and [Co(tmd)3]3+ were prepared and resolved by 
the methods given in Table 1. 

Measurements. Absorption and circular dichroism 
spectra were obtained on a Hitachi 323 spectrophotometer 
and a JASCO J-20 spectropolarimeter, respectively. 

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

Preparation and Resolution of the Complexes. All of the 
new complexes contain the seven-membered chelate 
ligand. Since such large chelate ligands as tmd tend 
to coordinate to two metal ions to form polymeric com­
plexes,5) the reactions were carried out in dilute solu­
tions as described in the Experimental part . Non­
aqueous solvents such as D M S O are known to be 
useful for preparing complexes containing large chelate 
rings.5) However, in the reactions of trans-[CoCl2(en)-
(tn)]+ or of fra/w-[CoCl2(tn)2] + with tmd in D M S O , a 
partial reduction of Co (111) to Go (I I) takes place and 
disproportionation occurs to yield all possible complexes. 
Such a reduction may be avoided by use of D M F instead 
of D M S O , and no disproportionation is observed in 
the reactions. T h e Perchlorates of the above dichloro 
complexes as well as the corresponding bis-en complex 
are fairly soluble in D M F and will be good starting 
materials for preparing mixed tris-diamine complexes. 
However, the reactions between fra/w-[CoCl2(en)2]C104 

and tn, and between frvm5--[CoCl2(tn)2]C104 and en in 
D M F are accompanied by disproportionation, although 
no reduction seems to occur. For the preparation of 
both [Co(en)(tmd)2]3+ and [Co(tn)(tmd)2]3+, trans-
[CoCl2(tmd)2] + should be useful as a starting material. 
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Complex 

[Go(en)3]3+ 

[Co(en),(tn)]3+ 

[Go(en)(tn)J»+ 
[Go(en)2(tmd)]3+ 
[Go(tn)3]3+ 

[Co(en)(tn)( tmd)]3+ 

[Co(en)(tmd)2]3+ 
[Co(tn)2(tmd)]3+ 

[Co(tn)(tmd)2]3+ 
[Co(tmd)3]3+ 

A Complete Series of [Co (en 

T A B L E 1. D A T A ON 

*(tn) j , ( tmd)J 3+ Complexes 

OPTICAL RESOLUTION OF [Co (en) ^ (tn) y (tmd)a]3+ 

SP-Sephadex column 
chromatography 

Faster moving 
isomer 

( + )*(J) 
( + ) (A) 
( + ) (A) 
(-) (A) 
(-) (A) 

(-) (A) 
(-) (A) 
( + ) {à) 

( + ) V) 
( + ) {à) 

Eluent 

a 

b 

b 

b 

c 

b 

b 

b 

b 

b 

Ref. 

8) 
This work 

This work 

1) 
6) 

This work 

This work 
This work 

This work 

2) 

Chemical resolution 

Less soluble 
isomer 

( + ) 
( + ) 
( + ) 

( - ) 
( + ) 

( - ) 

Resolv. 
agent 

d 

e 
e 

e 
f 

g 

Ref. 

9) 

H ) 
H ) 

13) 
14) 

2) 
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X - R a y analysis 

Absolute 
config. 

(+M 
M-A 

(-)-A 

M-A 

( + M 

Ref. 

10) 

12) 

15) 

16) 

17) 

*: ( + ) or ( —) at NaD line (589 nm) ; a: sodium ( + )589-tartrate; b : sodium ( + )589-tartratoantimonate(III) ; c: 
see the text; d: barium (-f )589-tartrate; e: sodium nitro-( + ) 589-camphorate ; f: ( —)589-K[As(cat)3] (cat = catecholate 
ion = 1,2-benzenediolate ion) ; g : silver ( + ) 589-tartratoantimonate (III). 

However, this complex may be obtained only a little 
as a by-product in the preparation of [Co(tmd)3]3+.2) 
Attempts to obtain this dichloro complex enough for 
reactions have all been unsuccessful. Hence, the two 
bis-tmd complexes of en or tn were prepared by oxidiz­
ing mixtures of Co (II) and the corresponding diamines 
in D M S O and isolated by the aid of SP-Sephadex 
column chromatography. The yields were extremely 
low, less than 1 %. The same reactions in D M F result 
in the formation of hardly soluble black precipitates 
which appear to be a peroxo complex, and the reactions 
do not proceed further. 

The complexes containing the tmd chelate ligand de­
compose gradually in neutral water, but stable in acidic 
solutions. The four new tmd complexes behave as 
monomeric tripositive ions in SP-Sephadex column 
chromatography; these complexes adsorbed on SP-
Sephadex are easily eluted with 0.1—0.2 M N a 2 S 0 4 

solutions.5) 
All the complexes, [Go(en) J . ( tn) y ( tmd)J 3 + except 

[Co(tn)3]3+ can be resolved into their antipodes by SP-
Sephadex column chromatography. By elution with 
sodium ( + )5 89-tartratoantimonate(III), the complexes 
containing the en ligand give A isomers first, while those 
of the series, [Go(tn) y ( tmd) 2 ] 3 + , A isomers reversely. 
For [Co(tn)2(tmd)]3+ and [Co(tn)(tmd)2]3+, the separa­
tion of enantiomers on a column is insufficient, and 
repeated chromatography is necessary to obtain opti­
cally pure isomers. The [Go(tn)3]3 + complex cannot be 
resolved by SP-Sephadex column chromatography, but 
done completely by a modified Sephadex(D-( —)589-
tartrate form) column chromatography using a sodium 
L-(+)589-tartrate solution as the eluent.6) The data on 
optical resolution for all the complexes are given in 
Table 1. 

Absorption and Circular Dichroism Spectra. Figures 
1 to 4 show the absorption and circular dichroism spec­
tra of the present series of complexes, [Go(en)a .(tn)y-
( tmd)J 3 + , and Table 2 lists the numerical data. Both 
the d-d and the charge-transfer absorption bands shift 
to longer wavelengths as the number of ring members 

30 

v/lO'cm"1 

Fig. 1. Absorption and CD spectra of a series of 
A - [Co (en) x (tn) „] 3 ̂  complexes ; ( + ) 589 - [Co (en) 3]

 3+ 
( — ) , ( + )589-[Co(en)2(tn)]3+ ( ), ( + )589-[Co-
(en)(tn)2]

3+ ( ), and (-)589-[Co(tn)3]3+ (• 

of the ligands increases. In Fig. 5 are plotted the 
maximum positions of these absorption bands against 
the number of ring members. The magnitude of shifts 
becomes smaller with increase in the number of ring 
members. In particular, the charge-transfer band of 
[Go(tmd) 3 ] 3 + shifts very little as compared with that 
of [Go(tn)3]3 + , and those bands in the complexes, [Co-
( tn ) t f ( tmd)J 3 + , are at nearly the same wavelengths. A 
similar shift of absorption bands due to the increase 
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Fig. 2. Absorption and CD spectra of a series of 
J-[Go(en);r(tmd)a]

3+ complexes; ( + )589-[Co(en)3]
3+ 

( ), (-)589-[Co(en)2(tmd)]3+ ( ), (-)589-[Co-
(en)(tmd)J»+ ( ), and (-)589-[Co(tmd)3]3+ 
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Fig. 3. Absorption and CD spectra of a series of 
^-[Go(tn)„(tmd)J3+ complexes; ( - ) 5 8 9 - [Co(tn)3]

3+ 
( ), (-)589-[Go(tn)2(tmd)]3+ ( ), (-)589-[Go-
(tn)(tmd)2]3+ ( ), and (-)589-[Co(tmd)3]3+ 
( )• 

+ 0.6h 

+ 0.4h 

+ 0.2H 

-0 .2h 

-0.4b 

- 0 . 6 h 

Fig. 4. Absorption and CD spectra of A-( — )589-[Go-
(en)(tn)(tmd)]3+ ( ). Calculated CD curves of 
J-[Co(en)(tn)(tmd)]3+ from l/2{J-[Co(en)2(tn)]3++ 
yl-[Co(tn)2(tmd)]3++ y1-[Co(en)(tmd)2]

3+} - 1/6{A-
[Co(en)3]3++J-[Co(tn)3]3++J-[Co(tmd)3]3+> ( ) 
and 1 /3{ A - [Co(en)3]

3+ + A - [Co(tn)3]
3+ + A - [Co-

(tmd)3]
3+> ( ). 

in the ring members was observed for the complexes 
of the type, [Go(am)(en) 2] 2 + ( a m = a m i n o acidate ion); 
the first absorption bands of [Co(gly)(en)2]2 + , [Co(/?-
ala)(en)2]2+, and [Co(amb)(en) 2 ] 2 + ( amb=4-amino-
butanoic acidate ion) are at 20.5, 20.2, and 19.8 X 103 

c m - 1 , respectively.7) 
Although accurate intensity of absorption bands may 

be determined with difficulty, the apparent intensities 
(not band area) of the first absorption bands decrease 
in the order of the complexes of the ligands, e n > t m d > 
tn ; the intensities are not proportional to the number 
of ring members. Such a regular trend is not seen for 
the second and the charge-transfer absorption bands. 

Figures 1—3 show the circular dichroism spectra of 
three series of complexes, [Co(en) ; i.(tn)J,]

3+, [Co(en) a-
( tmd)J 3 +, and [Go(tn) J , ( tmd)J3+, respectively. Of 
these complexes, the absolute configurations of ( + )589-
[Co(en)3]3+, (-) 5 8 9-[Go(tn) 3] 3+, (+)5 8 9-[Co(en)2(tn)]3+, 
and ( + )589"[Go(tmd)3]3+ have been determined by X-
ray work to be A, A, A, and A, respectively (Table 1). 
Since the CD spectra of each series show a gradual 
change in the region of the first absorption band, the 
configurations of the other complexes shown in Figs. 
1—3 can be assigned to A. The signs of the main CD 
bands in this region depend on the number of ring 
members. However, these nine complexes exhibit all 
positive C D components at a longer wavelength side 
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TABLE 2. ABSORPTION AND CD SPECTRAL DATA 
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Complex 
Absorption 

03 cm-1 

21.4 

29.5 
47.1 

21-1 

29.2 
45.7 

20.7 

28.7 
44.4 
21.0 

29.1 
45.5 

20.4 

28.5 
43.3 

20.6 

28.6 
44.2 

20.4 

28.4 
44.1 

20.2 

28.2 

43.1 

20.1 

28.2 

43.1 

19.9 

28.0 
43.1 

loge 

1.97 

1.93 
4.36 

1.96 

1.95 
4.35 

1.94 

1.94 
4.37 
1.95 

1.94 
4.35 

1.88 

1.88 
4.38 

1.95 

1.94 
4.38 

1.94 

1.91 
4.37 

1.89 

1.87 

4.41 

1.90 

1.86 

4.40 

1.92 

1.87 
4.38 

in 
î ï / lO^m-1 

20.4 
23.3 
28.6 
47.4 

20.2 

27.6 
46.5 

19.9 

28.2 
42.6 
19.7 
22.2 
27.8 
46.1 

18.8 
21.1 
28.4 
40.0 
45.3 
50.5 

19.3 
21.9 
27.4 
44.8 

19.0 
21.2 
27.4 
45.0 

18.8 
21.1 
27.0 
30.3 
41.8 

18.5 
20.7 
27.0 
31.3 
43.3 

18.4 
20.5 
27.4 
43.9 

CD 

water 

+ 1.89 
- 0 . 1 2 
+ 0.25 
- 3 1 

+ 1.14 

+ 0.038 
- 2 0 

+ 0.57 

- 0 . 0 3 8 
- 7 . 9 
+ 0.88 
- 0 . 3 3 
+ 0.11 
- 2 7 

+ 0.083 
- 0 . 1 1 
- 0 . 0 1 8 
- 1 3 
+ 12 
- 9 . 1 

+ 0.51 
- 0 . 1 9 
+ 0.026 
- 2 0 

+ 0.34 
- 0 . 6 4 
+ 0.061 
- 2 0 

+ 0.19 
- 0 . 2 4 
+ 0.01 
- 0 . 0 4 4 
- 9 . 4 

+ 0.22 
- 0 . 8 7 
+ 0.04 
- 0 . 0 4 
- 2 3 

+ 0.24 
- 1 . 5 6 
+ 0.18 
- 3 3 

in 0, 
*>/103 cm 

20.3 
23.0 

20.0 
22.8 

19.6 
22.9 

19.6 
21.8 

18.1 
20.7 

19.1 
21.4 

18.7 
21.0 

19.5 
20.8 

18.1 
20.6 

17.8 
20.3 

^ T N a 2 S 0 4 

-1 Ae 
+ 1.84 
- 0 . 3 6 

+ 0.98 
- 0 . 0 8 4 

+ 0.38 
- 0 . 0 1 0 

+ 0.66 
- 0 . 6 5 

+ 0.023 
- 0 . 3 1 

+ 0.35 
- 0 . 5 6 

+ 0.18 
- 0 . 9 4 

+ 0.099 
- 0 . 4 4 

+ 0.050 
- 0 . 9 4 

+ 0.03 
- 2 . 2 0 

( + )5>.-[Go(en)J*H 

( + )589-[Go(en)2(tn)]3+ 

; + )589-[Co(en)(tn)2]3+ 

(-W[Co(en)2( tmd)]»+ 

( -W[Co( tn) , ]»+ 

(-).w-[Co(en)(tn)(tmd)]»+ 

(-)589-[Co(en)(tmd)2p+ 

(-)589-[Co(tn)2(tmd)]3+ 

;-)589-[Co(tn)(tmd)2]3+ 

(-)589-[Co(tmd)3]3+ 

of the first absorption band. The strengths of these 
components are diminished in the presence of N a 2 S 0 4 , 
and complementarily the negative CD components are 
enhanced (Table 2). The signs of the CD bands at 
the longest wavelengths in the charge-transfer region 
are all negative. All these observations have been re­
ported for some complexes of the present series (Table 
1). The CD spectrum of ( - ) 5 8 9 - [Co(en)( tn)( tmd)] 3 + 

shown in Fig. 4 satisfies the above observations, and 
can be assigned to the same absolute configuration, A. 
The gradual changes of the C D spectra shown in Figs. 
1—3 indicate that the C D spectrum of a mixed tris-
diamine complex in the region of the first absorption 
band can be approximated by a sum of the contribu­
tions from three pairs of the chelate rings in chiral con­
figuration. For example, the CD curve of [Co(en)(tn)-
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Fig. 5. Positions of (a) the first, (b) the second, and (c) the charge-transfer absorption bands of [Go(en)a:-
(tn)î/(tmd)2]3+. In the Figs. 2, 3, and 4 indicate en, tn, and tmd in the complex, respectively. For 
example, 234 denotes [Co(en)(tn)(tmd)]3+. 

( tmd) ] 3 + which involves three pairs of chiral configura­
tions, en-tn, en-tmd, and tn-tmd may be evaluated 
from the observed C D spectra of the following six com­
plexes; [Co(en)( tn)( tmd)] 3 +=l/2{[Go(en) 2 ( tn)] 3 + + 
[Co( tn) 2 ( tmd)] 3 ++[Go(en)( tmd) 2 ] 3 +}- l /6{[Go(en) 3 ]3+ 
+ [Co( tn) 3 ] 3 ++[Co( tmd) 3 ] 3 +}. T h e calculated CD 
curve of [Co(en)(tn)(tmd)]3+ shown in Fig. 4 agrees 
well with the observed one. If the C D spectrum of a 
tris-chelate complex can be approximated by a sum of 
the contributions from each chelate ring, the CD curve 
of [Co(en)(tn)(tmd)]3+ is obtained by the following 
equat ion; [Co(en)( tn) ( tmd)] 3 +=l /3{[Co(en) 3 ] 3 + + [Co-
(tn)3]3+ + [Co(tmd)3]3+}(or l/3{[Co(en)2(tn)]3+ + [Co-
(tn)2(tmd)]3+ + [Co(en)(tmd)2]3+}). The calculated 
CD curve is also given in Fig. 4. This curve agrees 
less satisfactorily with the observed spectrum compared 
with that approximated by the sum of the contributions 
of three pairs of the chelate rings. 
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A series of optically active cobal t ( I I I ) ammine complexes containing (£,S)-l ,3-diphenyl-l ,3-propanediamine 
(dppn) or (6',6')-l,2-diphenyl-l,2-ethanediamine (stien) were prepared. T h e sign of circular dichroism (CD) of 
[Co(NH3)4(lS',.S'-dppn)]Br3 depends on solvents in the first absorption band region. T h e C D magnitude of trans-
[Co(NH3)2(,S',,S'-dppn)2]3+ varies significantly with solvent variations in the same energy region. T h e C D curve 
of the vicinal effect of (£,.!>)-dppn derived from the two diastereomers of m-[Co(NH3)2(,S ,,,S'-dppn)2]3+ is different 
from the CD spectra of both [Co(NH3)4(S,S-dppn)]3+ and frflnj-[Co(NH3)a(S',.S,-dppn)a]

8+. The^CD spectra of 
the (S,S) -stien complexes are insensitive to solvent variations and the vicinal contributions of the (S,S) -stien calcu­
lated from a variety of the (S,S)-stien complexes are similar to one another . 

I t h a s b e e n sugges ted t h a t c i r c u l a r d i c h r o i s m ( C D ) 
of m e t a l c o m p l e x e s a r e sensi t ive to e n v i r o n m e n t a r o u n d 
a m e t a l ion , i.e. c o n f o r m a t i o n a l c h a n g e of l i gands , t h e 
dev i a t i on of l i ga t ing a t o m s f rom t h e o c t a h e d r a l pos i t ions , 
a n d i n t e r a c t i o n s b e t w e e n so lu te a n d so lvent . R e c e n t l y , 
c o b a l t ( I I I ) c o m p l e x e s c o n t a i n i n g s i x - m e m b e r e d c h e l a t e 
r ings h a v e b e e n inves t iga ted to s h o w r e m a r k a b l e v a r i a ­
t ions in C D spec t r a w i t h c h a n g e in so lven t . 1 - 3 ) T h e s e 
va r i a t i ons h a v e b e e n p r i m a r i l y a sc r i bed to t h e flexi­
bi l i ty of s i x - m e m b e r e d c h e l a t e r ings . 

S u c h a c o n f o r m a t i o n a l f lexibil i ty wil l differ d e p e n d i n g 
o n t h e k ind of s u b s t i t u e n t o n s i x - m e m b e r e d c h e l a t e r ings . 
I n a p r ev ious pape r , 4 ) w e h a v e r e p o r t e d t h a t t h e C D 
sign of [Co(NH3)4( )S ; ) )S'-dppn)]Br3 in w a t e r is oppos i t e to 
t h a t of [ G o ( N H 8 ) 4 ( Ä , Ä - p t n ) ] ( G 1 0 4 ) 3 ( Ä , Ä - p t n = ( Ä , Ä ) -
2 , 4 - p e n t a n e d i a m i n e ) i n w a t e r in t h e first a b s o r p t i o n 
b a n d reg ion , a l t h o u g h b o t h t h e d i a m i n e l i gands a r e 
expec t ed to h a v e t h e s a m e A-skew c o n f o r m a t i o n . I n 
o r d e r to inves t iga te fu r the r de t a i l ed fea tures of t h e d p p n 
che l a t e l i g a n d , w e h a v e p r e p a r e d a series of c o m p l e x e s 
of t h e t y p e [Co(NH 3 ) 2 n ( 1 S, 1 S-dppn) 3 _ n ) 3 +(n = 0, 1, 2 ) . 
T h i s p a p e r wil l r e p o r t t h e p r e p a r a t i o n a n d t h e C D 
spec t r a of these complexes t o g e t h e r w i t h those of t h e 
c o r r e s p o n d i n g (S,S) - 1 , 2 - d i p h e n y l - 1 , 2 - e t h a n e d i a m i n e 
(stien) complexes . 

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

Preparation of Ligands. T h e optically active diamines 
used were prepared by the methods previously repor ted; 
(S,S)-dppn*) and (S,S)-stien.5) 

Preparation of the Complexes. (1 ) [Co(NHJA(S,S-dppn)~\ 
Br3-H20: Method 1). Sodium hydroxide (2 g) in water 
(5 cm3) was added dropwise to a suspension of ( — ) D -dppn-
di-0-benzoyl tar träte (0.6 g) in cold water (5 cm 3) . T h e 
released dppn was extracted with chloroform (20 cm 3 ) . After 
removal of the chloroform under reduced pressure, the oily 
residue was dissolved in 5 cm3 of dimethyl sulfoxide ( D M S O ) . 
The solution was mixed with a D M S O solution (10 cm3) of 
[Go(NH 3 ) 5 (H 2 0) ] (C104)3 (0.46 g) and allowed to stand at 
room temperature for 10 h with stirring. T h e resultant 
solution was passed through a column ( 0 3 x 2 0 cm) of an 

* A part of the Ph .D. thesis submitted by S. Arakawa 
to Tohoku University, 1976. 

SP-Sephadex ion exchanger. After washing with water, the 
adsorbed band was eluted with a 0.5 M aqueous solution 
of potassium bromide. T h e first eluted orange yellow band 
was [Co(NH 3 ) 6 ] 3 + . T h e second orange yellow eluate was 
concentrated to give orange crystals, which were recrystalli-
zed from warm water (50 °C) acidified with a few drops of 
6 0 % hydrobromic acid. Yield; 0.1 g. Found : C ; 29.67, 
H ; 5.36, N , 13.78%. Calcd for [Co(NH3)4(,S,5-dppn)]Br3 . 
H 2 0 (C 1 5H 3 2N 6OBr 3Co): C ; 29.48, H ; 5.28, N ; 13.76%. 

Method 2) . A D M S O solution (30 cm3) of racemic dppn 
(1.4 g) was added to a D M S O solution (50 cm3) of [Co(NH 3 ) 5 

( H 2 0 ) ] ( C 1 0 4 ) 3 (2.3 g) . T h e solution was allowed to stand 
at 50 °C for 4 h with stirring, diluted to 1 dm 3 with water and 
acidified with coned hydrochloric acid. A red precipitate of 
by-products was filtered off and the orange filtrate was passed 
through a column (05 X 30 cm) of an SP-Sephadex C-25 
ion exchanger. After washing with water, the adsorbed band 
was eluted with a 0.3 M aqueous solution of potassium bromide. 
T h e orange yellow eluate was concentrated to give orange 
crystals, which were recrystallized from water (25 cm3) by 
adding ethanol (25 cm3) and by cooling the solution in a 
refrigerator. Yield: 0.9 g. Found : C ; 28.98, H ; 5.36, N ; 
13.63%. Calcd for [Co(NH 3 ) 4 (dppn) ]Br 3 . 1 . 5H 2 0 (C1 5H3 3-
N B O L B B ^ C O ) : C ; 29.05, H ; 5.36, N ; 13.55%. 

An aqueous solution of the orange yellow crystals was 
passed through a column ( 0 4 x 6 0 cm) of an SP-Sephadex 
C-25 ion exchanger. After washing with water, the adsorbed 
band was eluted with a 0.36 M aqueous solution of sodium 
( + )D-tar t ratoant imonate(III) . W h e n the adsorbed band was 
separated into two bands, the eluent was changed to a 0.3 M 
aqueous solution of potassium bromide. The first eluted 
orange yellow band was concentrated to give orange crystals, 
which were the same compound as that prepared by method 
1) on the basis of the elemental analysis and the C D spectra. 
Found : C ; 29.24, H ; 5.31, N ; 13.90%. 

T h e second orange yellow eluate was concentrated to give 
crystals, the C D spectrum of which is mirror image of that 
of the first eluted complex. Found : C ; 29.47, H ; 5.29, N ; 
14.00%. Calcd for [ C o ( N H 3 ) 4 ( d p p n ) ] B r 3 . H 2 0 ( C 1 5 H 3 2 N 6 0 
Br 3Co): C ; 29.48, H ; 5.28, N : 13.76%. 

(2) [Co(NHs)xfBLiS-dppn)'\Brs\ A D M S O solution (5 cm3) 
of (i2,5)-dppn prepared from (/?,1S)-dppn-2HCl (1.6 g) was 
mixed with a D M S O solution (20 cm3) of [ C o ( N H 3 ) 5 ( H 2 0 ) ] -
(C10 4 ) 3 (2.3 g) . T h e resultant solution was warmed at 70 °C 
for 10 min with stirring, diluted with water ( 100 cm3) and acid­
ified with coned hydrochloric acid. A red orange precipitate 
of by-products was filtered off and the orange filtrate was 
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passed through a column (05 X 30 cm) of an SP-Sephadex 
C-25 ion exchanger. After washing with water, the adsorbed 
band was eluted with a 0.3 M aqueous solution of potassium 
bromide. The first eluted orange band was [Go(NH 3 ) 6 ] 3 + . 
The second orange eluate was concentrated to give orange 
crystals, which were recrystallized from hot water (200 cm3) 
acidified with a few drops of 4 7 % hydrobromic acid. Yield; 
0.7 g. Found : C ; 29.98, H ; 5.38, N ; 13.39%. Galcd for 
[Co(NH 3 ) 4 (# ,S , -dppn) ]Br 3 .H 2 0 (G15H32N6OBr3Go) : G; 
29.48, H ; 5.28, N ; 13.76%. 

(3) [CofNHJifSß-stienflCClOJa-eHtO: (S,S)-Stien (1.0 
g) was added to a D M S O solution (50 cm3) of [Co(NH 3 ) 5 

( H 2 0 ) ] (G104)3 (2.24 g). T h e resultant solution was allow­
ed to stand at room temperature for 20 h, and passed through 
a column (05 X 30 cm) of an SP-Sephadex C-25 ion exchanger. 
After washing with water, the adsorbed band was eluted 
with a 0.5 M aqueous solution of sodium Perchlorate. T h e 
first eluted red band was [Co(NH 3 ) 5 (H 2 0) ] 3 +. T h e second 
yellow orange eluate was concentrated to give orange crystals, 
which were recrystallized from ethanol. Yield; 0.4 g. Found : 
C ; 23.99, H ; 5.00, N ; 11.39%. Calcd for [Co(NH3)4(S,S-
s t i en ) ] (C10 4 ) 3 -4H 2 0(C 1 4 H 3 6 N 6 0 1 6 Cl 3 Co) : C ; 23.69, H ; 
5.11, N ; 11.84%. 

(4) trans- and cis-[Co(NH3)2(S,S-dppn)2Y+: W h e n trans-
[CoCl 2 (£ ,S-dppn) 2 ]Cl -HCl .H 2 0 4 ) (600 mg) was dissolved in 
liquid ammonia , the color of solution changed from green to 
orange instantly. After removal of liquid ammonia at room 
temperature, the residue was mixed with 2 M hydrochloric 
acid (10 cm3) and then dissolved in D M S O . T h e resultant 
solution was passed through a column ( 0 4 x 4 5 cm) of an 
SP-Sephadex C-25 ion exchanger. After washing with a 
mixture of water and D M S O (4 : 1), the adsorbed band was 
eluted with a 0.15 M solution of sodium ( + )D - tar t ra toant imo-
na te ( I I I ) in a mixture of D M S O and water (1 : 4) . When 
the adsorbed orange band was separated into two bands (I 
and I I in the order of elution), the eluent was changed to a 
0.7 M solution of sodium Perchlorate in a mixture of water 
and methanol (2 : 1). T h e slowly eluted band, I I , was 
further separated into two bands (Ha and l i b ) . The eluate 
of I was concentrated to give crystals, which were recrystallized 
from a mixture of acetone and ethanol (1 : 5), filtered off, 
and washed with ethanol and diethyl ether. Yield; 0.2 g. 
Found : C ; 40.33, H ; 5.39, N ; 9 . 4 1 % . Calcd for [Co(NH 3 ) 2 

(S ,S-dppn) 2 ] (C10 4 ) 3 .3H 2 O(C 3 0 H 4 8 N 6 O 1 5 Cl 3 Co) : C ; 40.09, 
H ; 5.39, N ; 9 .36%. This complex was assigned to the 
trans isomer on the basis of the P M R and CD spectra. 

T h e eluate I I a was diluted about ten times with water and 
passed through a column (02 X 20 cm) of an SP-Sephadex 
C-25 ion exchanger. The adsorbed band was eluted with 
1 M hydrochloric acid. Orange crystals (20 mg) were 
obtained by concentrating the eluate. Found : C ; 53.77, H ; 
6.52, N ; 12.47%. Calcd for [ C o ( N H 3 ) 2 ( ^ - d p p n ) 2 ] Cl3• H a O 
(C3 0H4 4N6OCl3Co) : C ; 53.78, H ; 6.62, N ; 12.54%. This 
complex was assigned to the eis-A isomer on the basis of 
the C D spectrum. 

T h e precipitate formed by concentrating the eluate I I b was 
filtered off and dissolved in a mixture of water and methanol 
(2 : 1). T h e solution was passed through a column (02 X 
20 cm) of an SP-Sephadex C-25 ion exchanger. T h e adsorb­
ed band was eluted with 1 M hydrochloric acid. T h e 
orange eluate was evaporated to almost dryness and the 
residue was again dissolved in methanol . The solution was 
filtered and the filtrate was concentrated to give orange 
crystals, which were recrystallized from a mixture of methanol 
and water. Yield; 0.2 g. Found : C ; 51.97, H ; 6.49, N ; 
12.26%. Calcd for [Co(NH3)2(S,.S'-dppn)2]Cl3 • 2H 2 O(C 3 0 -H 4 6 

N 6 0 2 Cl 3 Co) : C ; 52.37, H ; 6.74, N ; 12 .21%. This complex 

was assigned to the cis-A isomer on the basis of the P M R and 
C D spectra. 

(5) trans- and cis-[Co(NH3)2(S,S-stien)2]
3+: T o liquid 

ammonia (50 cm3) was added £ran.r-[CoCl2(,5',iS,-stien)2]C104-
H2Ox) (0.57 g). The color of the solution changed from 
green to orange instantly. After removal of liquid ammonia 
at room temperature, the residue was mixed with 2 M hydro­
chloric acid (10 cm3) and then dissolved in D M S O . The 
resultant solution was passed through a column ( 0 4 x 4 5 cm) 
of an SP-Sephadex C-25 ion exchanger. After washing with 
a mixture of D M S O and water (1 : 4), the adsorbed band 
was eluted with a 0.15 M solution of sodium (+) D - t a r t r a to -
ant imonate( I I I ) in a mixture of D M S O and water (1 : 4) . 
When the orange band was separated into two bands, the 
eluent was changed to a 0.7 M solution of sodium Perchlo­
rate in a mixture of water and methanol (2 : 1). The first 
eluted orange band was concentrated to give crystals, which 
were recrystallized from methanol. Yield; 0.3 g. Found: 
C ; 40.40, H ; 5.13, N ; 9 .82%. Calcd for [Co(NH3)2(6,,lS'-
s t ien) 2 ] (C10 4 ) 3 (C 2 8H 3 8N 60 1 3Cl 3Co): C ; 40.33, H ; 4.83, N ; 
10.08%. This complex was assigned to the trans isomer on 
the basis of the C D spectrum. 

T h e second orange eluate was concentrated to give orange 
precipitate. T h e product was dissolved in a mixture of water 
and D M S O (4 : 1) and rechromatographed with a column 
( 0 4 x 4 5 cm) of an SP-Sephadex C-25 ion exchanger. The 
adsorbed band was eluted with a 0.15 M solution of sodium 
( + ) D - tar t ra toant imonate(I I I ) in a mixture of D M S O and 
water (1 : 4) . When the orange band was separated into two 
bands, the eluent was changed to a 0.5 M aqueous solution of 
sodium chloride. T h e first eluted band was concentrated to 
give orange precipitate. Recrystallization from a mixture of 
water and methanol ( 1 : 4 ) gave orange crystals, which were 
filtered off and washed with ethanol. Yield; 20 mg. Found: 
C ; 49.42, H ; 6.45, N ; 12.35%. Calcd for [Co(NH3)2(5, lS-
s t ien) 2 ]Cl 3 -3H 2 0(C 2 8 H 4 4 N 6 0 3 Cl 3 Co) : C ; 49.60, H ; 6.54, N ; 
12.40%. This complex was assigned to the cis-A isomer 
on the basis of the C D spectrum. 

The second eluted band was concentrated to give orange 
precipitate, which was recrystallized from water. Yield; 
0.1 g. Found : C ; 49.74, H ; 6.78, N ; 12.75%. Calcd for 
[Co(NH3)2(6',>S,-stien)2]Cl3 • 3H 2 0(C 2 8 H 4 4 N 6 0 3 Cl 3 Co) : C; 
49.60, H ; 6.54, N ; 12.40%. This complex was assigned to 
the cis-A isomer on the basis of the CD spectrum. 

Measurements. Visible and ultraviolet absorption spec­
tra were recorded on a Hitachi 323 spectrophotometer. CD 
spectra were obtained with J A S C O J-20 and J-40 spectro-
polarimeters. P M R spectra were recorded on Varian A-60 
and HA-100 spectrometers in deuterated solvents using tetra-
methylsilane (TMS) as the internal s tandard. All the solvents 
for optical measurements are of spectroscopic grade and used 
without further purification. 

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

Conformation of the Chelate Rings and Geometrical Isomers 

of the Complexes. T h e P M R spec t r a l d a t a for t h e 
m e t h y l e n e a n d m e t h i n e r e sonances of t h e {R,S)~ a n d 
(5 , , .S)-dppn c o m p l e x e s a r e s u m m a r i z e d in T a b l e 1 to­
g e t h e r w i t h those of t h e (R,S)- a n d ( ± ) - p t n p l a t i n u m -
( I I ) a n d p l a t i n u m ( I V ) complexes . A p p l e t o n a n d 
Ha l l 6 ) sugges ted t h a t t h e c h a i r c o n f o r m a t i o n is prefer­
r e d in t h e (R,S)-ptn p l a t i n u m c o m p l e x e s a n d t h e skew 
c o n f o r m a t i o n in t h e ( ± ) - p t n p l a t i n u m ( I V ) c o m p l e x o n 
t h e basis of t h e c o u p l i n g c o n s t a n t , /p t_N_ c_H- T h e 
c o u p l i n g cons t an t s , JAX a n d JAB of t h e (Ä, ,S)-dppn 
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TABLE 1. T H E METHYLENE PROTON (HA, H B ) RESONANCES 

AND THE COUPLING CONSTANTS WITH THE METHINE PROTON 

(Hx) OF THE dppn AND ptn COMPLEXES (d/ppm) 

H, HT JA 

[Co(NH3)4(Ä„S-dppn)] (C104)3 

[Pt(NH3)2(Ä,S-ptn)]Cl2°> 
[Pt(H20)2(Ä,S-ptn)2](C104)4«> 
[Co(NH3)4((±)-dppn)](C104)3 

trans- [Co (NH3) 2 (5,5-dppn) 2] (C104) 3 

eis-A - [Co (NH3) 2 (5,5-dppn) 2] (C104) 3 

[Pt((±)-ptn)(NH3)2]Cl2°> 
[Pt((±)-ptn)(NH3)2(H20)2](C104)4«) 

3.01 2.17 
2.03 3.08 
2.68 3.75 

2.62 
2.70 

2.53, 2.78 
2.87 
3.42 

11 
11.0 
11.0 
8 
8 
8 
5.5 
7.5 

Solvent: (CD3)2CO for dppn complexes and DaO for 
ptn complexes. Internal references: TMS for dppn 
complexes and DSS for ptn complexes. 

cobalt(III) complexes are similar to those of the (R,S)-
ptn platinum complexes. The constants, JAX of the 
( ( ± ) or S ^ - d p p n cobalt(III) complexes are also simi­
lar to that of [P t ( (± ) -p tn ) (NH 3 ) 2 (H 2 0) 2 ] (C10 4 ) 4 as 
seen in Table 1. It is, therefore, concluded that the 
(7?,6')-dppn and the {R,R or »S^-dppn chelate rings 
take chair and skew conformations, respectively. In a 
previous paper,4) it was clarified from the CD spectrum 
of towtf-[CoCl2(lS

,,,S,-dppn)2] + that the (S,S)-dppn takes 
a A-skew conformation upon coordination. 

The assignment of the geometrical isomers of [Co-
(NH3)2(.S,,£'-dppn)2]3+ was made on the basis of the P M R 
spectral patterns (Table 1). This assignment will be 
supported by the elution order of the isomers of [Co-
(NH3)2(1S,6 ,-dppn)2]3+ in SP-Sephadex column chroma­
tography; trans>cis-A>cis-A. This order is the same 
as that for the corresponding isomers of the (R,R)-ptn 
complexes.3) 

Circular Dichroism Spectra. The CD data of the 
( S ^ - d p p n and (S,S) -stien complexes in the first absorp­
tion band region are summarized in Table 2 together 

with the absorption data. 
(1) [CofNHJ^LY+fL^fSßJ-dppn and (StS)-stien): 
T h e CD spectra of the complexes, [Co(NH3)4L]3+ in 

water are shown in Fig. 1. Both the complexes give 
only a negative CD band in the first absorption band 
region. The (S,S)-stien is known to take a 6-gauche 
conformation, the two phenyl groups on the asymmetric 
carbons adopting equatorial orientation.7»8) A single 
negative C D sign of the (£•,£)-dppn complex predicts 
that the chelate ring also takes a <5-skew conformation. 
However, this conformation is unlikely for the (S,S)-
dppn because the two phenyl groups on the asymmet­
ric carbons become axial orientation. The (S,S)-
dppn chelate is expected to be stable in the A-skew con­
formation with two equatorial phenyl groups. The 
designation of the absolute configuration for both the 
diamines is opposite to each other for the same confor­
mation on the basis of the sequence rule.9) T h e CD 
pattern of [Co(NH3)4(,S ,,5 ,-dppn)]3+ in water is also 
different from either CD curve of the vicinal contribu­

a i 03 cm 
Fig. 1. CD spectra of [Co (NH3)4(^-dppn)]Br3 ( ) 

and [Co(NH3)4(S,S-stien)](C104)3 ( ) in water. 

TABLE 2. ABSORPTION (AB) AND CD SPECTRAL DATA OF THE (S,S) -dppn AND THE 

(S,S) -stien COMPLEXES IN THE FIRST ABSORPTION BAND REGION 

[Co(NH3)4L]3+ 

[Co(NH3)2L2]3+, eis-A 

cis-A 
trans 

L = (S,S) -dppn 

AB CD 
vj 103 cm-1 (e) 

20.88( 79.0)*i> 
20.83( 85.4)*3> 

20.45 (106.5) *2> 

20.53( 87.7)*2) 
20.66(121.9)*2) 

20.75(109.9)*3> 

iVIOäcm-1 (Ae) 

20.83(-0.17)* 1) 
19.34(-0.10)*3) 
22.94 ( -0 .02) *3> 
17.24(-0.01)*4) 
20.62( + 0.21)*4) 
25.32(-0.01)*4> 
18.18(-0.03)*2) 
20.41 ( + 0.62) *2> 
19.34(-0.31)*2> 
19.23( + 0.21)*2> 
21.83(-0.01)*2) 
19.57( + 0.48)*3> 

19.76( + 0.75)*4> 

L = {S,S 

AB 
Î5/I03cm-1 (e) 

21.28( 83.3)*1) 
21.19( 91.1)*3) 

21.19( 91.1)*2> 

21.32(100 )*!) 

21.32( 87 J*1) 
21.46(118 )*2> 

21.51(119 )*») 

) -stien 

CD 
»VlOScm-1 {Ae) 

21.37(-0.75)*1) 
21.14(-1.49)*3) 

21.46 ( -1 .02) *2> 

19.49( + 0.31)*1> 
21.88(-0.54)*1) 
21.23(-1.69)*1) 
18.52( + 0.04)*2> 

19.32( + 0.32)*3> 
21.85(-2.03)*3> 
21.44(-3.17)*4) 

* Solvent: 1) water, 2) methanol, 3) DMSO, and 4) KBr matrix. 
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tion of («S^-dppn calculated from the two diastereo­
mers, A- and ./i-[Co()S

,,lS'-dppn)3]3+ o r from A- and A-
[Co(en)2(.S',lS

,-dppn)]3+.4'10) One explanation for the 
C D spectrum of [Co(NH8)4(.S,,.S,-dppn)]3+ can be based 
on the flexibility of the ( S ^ - d p p n ligand in connection 
with the observation that the cobal t ( I I I ) complexes 
containing 2,4-pentanediamine are susceptible to solvent 
effect.3) 

T h e solvent effect on the CD spectra of both the 
( .S^ -dppn and the ( S ^ - s t i e n complexes is shown in 
Figs. 2 and 3, respectively. T h e former complex shows 
a marked solvent effect in the first absorption band 
region. The CD pattern in KBr matrix resembles that 

0.2 

0.1 

<3 o 

-o.ih 

-0.2h 

/ 
/ 
/ 

1 ' 
/ 
/ 

,— / 

\ 
\ 
\ 
\ 
\ 
\ 

^r—*> 

20 25 30 

p/lO'cm"1 

Fig. 2. Absorption and CD spectra of [Co(NH3)4(S,S-
dppn)]Br3 in water ( ), in DMSO ( ), and 
KBr matrix ( ). 

ÎJ/103 cm-

Fig. 3. Absorption and CD spectra of [Co(NH3)4(S,S-
stien)](C104)3 in water ( ), in DMSO ( ), 
and KBr matrix ( ). 

of the vicinal contribution of ( iS^ -dppn derived from 
the A- and yl-[Co(S,,S'-dppn)3]3+ complexes in D M S O . 
O n the other hand, [Co(NH8)4(£;.S'-stieii)](C104)g 
shows little variations. The pattern is the same as that 
of the vicinal contribution of (1S

,,1S)-stien derived from 
the two diastereomers of A- and J-[Co(6,,)S

,-stien)3]3+.1> 
Several explanations have been proposed for the solvent 
effect; 1) the conformational change of the diamine 
chelate ring, 2) asymmetric deviation of the coordinated 
nitrogen atoms from the octahedral positions, 3) asym­
metric interaction of the solvent molecule with the 
solute. These factors are not independent of one an­
other. T h e fact that the CD spectrum of [Co(NH3)4-
(•SyS-dppn)]3-*- is much more susceptible to solvent ef-

Fig. 4. 
(C104)3 

CD 

30 40 

Ïî/K^cm-1 

spectra of trans-[Co(NH3)2(S,S-dppn)2}-
- ) and ^a^-[Co(NH3)2(lS

,,5'-stien)2](C104)3 

( ) in methanol. 

0.4 

0.2 

0 

- 0 . 1 

L 

^ 
/ \ 

' / t 
1 \ 
l/\ \ 

' 'AUv^ 
!\^J f \\* 

'! \ \ ^ 
'// \ ' ^ > ^ - N > 

—"̂  *""• ^^•-**H \ ^ s ^ 

\ 

i i r 

20 25 30 

if/KPcm-1 

Fig. 5. CD spectia of trans-[Co(NH3)2(S,S-dppn)2]-
(C104)3 in methanol ( ), in DMSO ( ), and 
KBr matirx ( ). 
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feet than that of the corresponding stien complex in­
dicates that the variations may be associated with the 
flexibility of the six-membered chelate ring. However, 
the main factor for the solvent variations is not clear 
at present. 

(2) trans-[Co(NHJ2L2]
3+ (L=($,S)-dppn and (S,S)-

stieri) : The CD spectra of the complexes, trans- [Co-
(NH3)2L2]3+ in methanol are shown in Fig. 4. Both 
the complexes give two CD peaks in the first absorption 
band region and the sign of the main component is 
positive for the former and negative for the latter. 
These patterns coincide with the anticipation that the 
( .S^-dppn takes a /l-skew conformation and the (S,S)-
stien a <5-gauche form. The CD strength of the (S,S)-
dppn complex in the second absorption band region is 
very weak, in contrast to that of the corresponding 
(Ä,Ä)-ptn complex.11) 

The solvent effect on both the (S,S)-dppn and the 
(S,S)-stien complexes is shown in Figs. 5 and 6, re-

<1 -lh 

20 25 

p/103 cm-1 

Fig. 6. CD spectra 
(C104)3 in methanol 
KBr matrix ( ). 

of froHj-[Co(NH8)a(.S
,,.S,-stien)a]-

( ), in DMSO ( ) and 

30 

P/lO'cm-1 

Fig. 7. CD spectra of eis 1 ( ) and eis 2 ( ) of 
[Co(NH3)2(1S

,,5,-dppn)2]Cl3 in methanol. The solu­
tion of eis 2 was acidified with hydrochloric acid. 

spectively. The CD strength of the (<S',.S,)-dppn complex 
varies significantly with the solvent variations in the 
first absorption band region. O n the other hand, the 
CD spectrum of the (S,S)-stien complex is rather in­
sensitive to the solvent variations. The CD pat tern of 
£raraj-[Co(NH3)2(,S,,,S'-dppn)2]3+ is entirely different from 
that of [Co(NH3)4(5',5'-dppn)]3+ in water, while the 
(S,S)-stien complex gives the same pattern as that of 
[Co(NH s)4(S,£-stien)]8+. The difference in the C D be­
havior between the (5,,5')-dppn and the (S,S) -stien com­
plexes may be related with the difference in the con­
formational behavior of the chelate rings. 

(3) cis-[Co(NH3)2L2]
s+(L=(S,S)-dppn and (S,$)-

stien): Figures 7—10 show the CD spectra of the iso­
mers of aV-[Co(NH3)2L2]3+ and the calculated config-
urational and vicinal (per mole of the ligands) contri­
butions to the C D spectra. The eis 1 in Figs. 7 and 9 

- 0 . 2 H 

iï/lO'cm-1 

Fig. 8. The configuration (A) I 
( ) contribution in the CD calculated from the spec­
tra of the two diastereomers of m-[Go(NH3)2(.S

,,iS'-
dppn)2]Cl3 in methanol, and the vicinal ( ) 
contribution from A- and yl-[Co(5',5'-dppn)3]

3+. 

-) and the vicinal 

vj 103 cm-1 

Fig. 9. CD spectra of eis 1 ( ) and eis 2 ( ) of 
[Co(NH3)2(5',5-stien)2]Cl3 in 0.02 M aqueous hydro­
chloric acid. 
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-0 .5h 

-1.0h 

30 

v/103 cm-1 

Fig. 10. The configurational (A) (- -) and the vicinal 
( ) contribution in the CD calculated from the 
spectra of the two diastereomers of cw-[Co(NH3)2(,S

,,,S'-
stien)2]Gl3 in methanol. 

were obtained from the first orange eluate and the eis 
2 from the second orange yellow eluate. The absolute 
configuration of each isomer can be assigned on the 
basis of the empirical rule.12) T h e calculated configu­
rational contribution of the CD spectra shown in Fig. 8 
also' supports the assignment : eis 1 to A and eis 2 to 
A. 

Boucher and Bosnien11) reported that the calculated 
vicinal contribution of (R,R)-ptn derived from the two 
diastereomers of m-[Co(NH3)2( JR,Ä-ptn)2]3+ is entirely 
different from the CD spectrum of trans-[Co(NHs)2-
(i?,i?-ptn)2]3+. Mizukami et a/.13) also claimed that 
the vicinal contribution of (R,R)-ptn derived from [Co-
(R,R-ptn)3Y+ differs from the CD spectrum of [Co-
(NH3)4(JR,i?-ptn)]3+ . T h e calculated vicinal contribu­
tion of ( .S^ -dppn derived from the two diastereomers of 
m-[Co(NH3)2(kS',5'-dppn)2]3+ also differs from the CD 
spectra of both trans- [Co(NH3)2(S,S-dppn)2]3+ and 
[Co(NH3)4(6',5 ,-dppn)]3+. The spectral pat tern of the 
calculated vicinal contribution, however, is similar to 
that obtained from the CD spectra of A- and yl-[Co-
(lS

,,lS'-dppn)3]
3+ in Fig. 8, although the CD strength 

of the former is weak compared with that of the latter. 
The vicinal contribution of the («S^-stien chelate 

ring in Fig. 10 is almost the same as the CD spectra 
of both [Co(NH3)4(kS',6,-stien)]3+ and trans-[Co(NH3)2-
(5,,.S'-stien)2]

3+. This is common to five-membered 
chelate ring systems such as 1,2-propylenediamine 
cobalt(III) complexes.14) 

The present work was partially supported by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education. 
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In the synthesis of acetic acid by the carbonylation of methanol catalyzed by RhCl3-3H20 or Rh2Cl2(CO)4 

in the presence of methyl iodide, it was found that ketone solvents, such as acetophenone and benzophenone, keep 
both the catalytic activity and selectivity high, even at an elevated temperature. The kinetic results in aceto­
phenone are in agreement with the mechanism proposed by Paulik and Roth.11) The effect of the ketone solvent 
was discussed by taking account of the competitive oxidative addition of hydrogen iodide with methyl iodide. 

The oxidative addition of aryl iodide to nickel (0),1-2) 
palladium (0),3-8) and rhodium (I)9-10) has been shown to 
play an important role in the catalytic carbonylation 
and arylation of olefin. I t has been reported that, in 
the carbonylation of iodobenzene catalyzed by palla­
dium-black in a basic medium to give methyl benzoate, 
the oxidative addition of iodobenzene to a palladium (0) 
complex is the rate-determining step, a step which is 
considerably influenced by ligands weakly bonded to 
the palladium complex.4) Recently the oxidative addi­
tion of methyl iodide was demonstrated to be the rate 
determining step in the carbonylation of methanol cata­
lyzed by rhodium compounds in liquid11-12-16) and gas-
phase reactions.13"15) In this methanol carbonyla­
tion, the effect of ligands (including solvents) should 
also be reflected in its rate, as may be seen in the pal­
ladium-catalyzed carbonylation of iodobenzene. I t was 
observed, however, that, when methanol was used as 
the solvent, the selectivity was very low ( < 2 0 % ) be­
cause of the formation of dimethyl ether in considerable 
amounts. The formation of dimethyl ether made it 
very difficult to elucidate the kinetic results. Thus, we 
examined the effects of the solvents in increasing the 
selectivity, and found that both the rate and the 
selectivity are highest in a ketone solvent, such as 
acetophenone or benzophenone. 

During the preparation of this paper, a kinetic study 
of the carbonylation of methanol in an acetic acid 
solvent was reported,16) and it was also noticed that 
much dimethyl ether was formed on initiating the car­
bonylation in a pure methanol solvent. The effect 
of solvents, however, was not described. 

The purpose of this work is to investigate the effect 
of the solvent on the rate and selectivity of the rhodium 
complex-catalyzed carbonylation of methanol in the 
presence of methyl iodide and to discuss the role of 
solvents. 

Exper imenta l 

Materials. Dichlorotetracarbonyldirhodium(I), Rh2-
Cl2(CO)4, was prepared from RhCl 3 '3H 20 and carbon mono­
xide according to the literature17) (Found: C, 11.2; Gl, 18.8 
"%. Calcd: C, 12.4; Gl, 18.2%.). RhCl3-3H20 (Koso 
Chemical Co., Ltd,), carbon monoxide (>98%), methanol 
(>99%), methyl iodide (Tokyo Kasei's extra pure grade), and 
all the solvents used in this work were obtained from com­
mercial sources. The solvents listed in Table 1 were checked 
by gas chromatography before use, and were used without 

purification. 
Procedure. All the carbonylations were carried out 

using a Ti-Mn alloy autoclave (100 ml) equipped with a 
magnetic stirrer. A given amount of RhCl3 • 3HaO or Rh2-
Cl2(CO)4 (0.125—1.00 mmol) and a mixture of methyl iodide 
(5—20 mmol), methanol (50—250 mmol) and a solvent (20 
ml) were placed in the autoclave. Carbon monoxide was 
then introduced up to the desired pressure (7—90 kg/cm2). 
Subsequently the autoclave was heated up to a reaction tem­
perature within 15—20 min, the temperature and the pressure 
being kept constant for 1—4 h. The autoclave was then 
cooled rapidly to room temperature with water, and the carbon 
monoxide was purged out. The product solution was analyz­
ed by gas chromatography. The reaction rate was measured 
as follows. A rhodium catalyst and a solution were placed in 
the autoclave, and it was heated up to a reaction temperature 
before introducing carbon monoxide. The carbonylation was 
initiated by introducing carbon monoxide. The pressure 
was kept constant during the reaction by supplying carbon 
monoxide from a high-pressure gas reservoir (100 ml). The 
amount of carbon monoxide consumed was measured by 
means of the pressure decrease in the gas reservoir. 

Analysis. The product solutions were quantitatively 
analyzed by means of gas chromatography. A glass column 
(3 mm0, 3 m, carrier gas of H2) of diethylene glycol suc­
cinate polyester on Celite was used at 100—200 °C for carbo-
xylic acids with an internal standard substance (C6H5Br or 
l-C10H7Br). For the determination of the methyl acetate, 
methanol, and methyl iodide, a copper column (3 mm ci, 
3 m, carrier gas of H2) of 3,3'-oxy-dipropionitrile on an 
insulating brick was used at 70 °C with dibutyl ether as the 
internal standard substance. 

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

Effect of Solvents. T h e carbonylation of methanol 
catalyzed by R h C l 3 - 3 H 2 0 and methyl iodide was ex­
amined in various solvents under the same reaction con­
ditions. The results are summarized in Table 1. The 
use of the solvents with a carbonyl group improved the 
yield and selectivity of the carbonylation of methanol. 
The yield and selectivity of more than 100% in the 
methyl benzoate solvent seemed to be caused by the 
hydrolysis of methyl benzoate or by its ester exchange 
with acetic acid. This idea was supported by the de­
tection of benzoic acid in the reaction product.25) T h e 
methyl iodide was restored almost completely after the 
carbonylation except in the case of the iV,iV-dimethyl-
acetamide solvent. Acetophenone was employed to 
show the effectiveness of the ketone solvents in Table 2. 
The addition of acetophenone significantly increases 
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TABLE 1. EFFECT OF SOLVENT 

GHgOH 50 mmol, CH3I 20 mmol, Solvent 20 ml, 
RhCl 3 .3H 20 0.5 mmol, P c o 20 kg/cm2 (at room temp), 
temp 140 °C, and time 90 min. 

160 

Solvent 

C6H5COOCH3 

< H ; C O 

CH3GOG2H5 

C6H5COCH3 

C2H5COC2H5 

C6H5OGH3 

C«H5CN 
G6H5C1 
DMA 
G6H5CH3 

n-C6H14 

G6H5N02 

a) Yield(%) = 

b) Seiet. (%) = 

Yield*) 
(%) 

109 

82 

81 
80 
71 
58 
50 
49 
32 
31 
16 
2.0 

Select.b> 
(%) 

177 

90 

94 
96 
93 
98 
99 
99 
51 
81 
26 
9.5 

[AcOH] + [AcOGH3] 
[CH3OH] i n i t .

 X 

Resid. GH3I 
(mmol) 

100, 

([AcOH] + [AcOCH3]) 

19 

19 

17 
19 
16 
18 
18 
19 
8.9 

20 
16 
17 

XlOO 

(AcO = CH3COO, DMA= JV, JV-dimethylacetamide). 

TABLE 2. EFFFECTS OF ACETOPHENONE 

CH3I 10 mmol, RhCl3-3H20 0.25 mmol, P c 0 30 kg/cm2 

(at room temp), temp 173 °G, and time 60 min. 

GH3OH C6H5COCH3 

(ml) (ml) 

Total 
AcOHa> 
(mmol) 

Select.1» 
(%) 

(CH3)20<=> 
(mmol) 

25 
20 
15 
10 
5 

0 
5 

10 
15 
20 

42 
68 
69 
76 
71 

13 
37 
43 
65 
83 

140 
60 
48 
23 
6.6 

a) Total AcOH = AcOH+AcOCH3 . b) Defined in 
Table 1. c) The amount of (CH3)20 formed was 
calculated as follow: (CH 3 ) 2 0= 1/2X ([CH3OH] i n i t 

- [AcOH] - 2[AcOCH3] - [CH3OH] r e s ld .). 

the amount of total acetic acid, retarding the formation 
of dimethyl ether, at a smaller volume ratio of methanol 
to acetophenone. The effect of acetophenone on the 
rate of carbonylation at 156 °C is shown in Fig. 1; 
anisole or toluene was added to keep the concentrations 
of the methyl iodide, the rhodium catalyst, and the 
methanol constant. In both cases, the rates effectively 
increase with an increase in the volume ratio of aceto­
phenone added and reach a constant rate (138 mmol/h) 
above the ratio of 1. In no runs was any metallic 
substance detected in the product solutions. 

A kinetic study of the carbonylation was undertaken 
in the acetophenone solvent. T h e amounts of carbon 
monoxide absorbed during the reaction are plotted 
against the time at various amounts of the rhodium 
catalyst and methyl iodide under 30 kg/cm2 of carbon 
monoxide at 112 °G in Figs. 2 and 3. T h e total con­
sumption of carbon monoxide almost corresponded to 

o 
a 

'S 

0 5 " 10" 15 

Volume of acetophenone (ml) 

Effect of acetophenone. 

20 

Fig. 1. 
CH3OH 125 mmol, GH3I 20 mmol, RhCl3-3HaO 0.5 
mmol, Total volume of solvent 20 ml, P c 0 30 kg/cm2 

(at 156 °C), and temp 156 °G. 
A In anisole-acetophenone and O in toluene-aceto-
phenone. 

20 100 120 40 60 80 

Time (min) 

Fig. 2. Effect of the amount of RhCl3-3H20 on the 
rate. 
CH3OH 125 mmol, CH3I 40 mmol, acetophenone 
20 ml, Pco 30 kg/cm2 (at 112 °C), and temp 112 °C. 
RhCl3-3H20: • 0.25 mmol, 3 0.50 mmol, © 0.75 
mmol, and O 1.00 mmol. 

the amount of total acetic acid produced in each run. 
Accordingly, the rates of carbonylation are independent 
of the feed of methanol. The rate is first order with 
respect to the amount of methyl iodide, and also with 
respect to that of the rhodium catalyst. The rate was 
also independent of the pressure of carbon monoxide 
(10—90 kg/cm2). These kinetic relations were inde­
pendently confirmed in the higher-temperature range. 

Effect of Temperature. The effect of the tempera­
ture was examined in stable solvents, such as aceto­
phenone, benzophenone, anisole, and toluene (Figs. 4 
and 5). Benzonitrile and chlorobenzene, which gave 
a high selectivity at 140 °G, as is shown in Table 1, 
were not investigated in detail, since the hydrogenolysis 
of benzonitrile and the oxidative addition of chloro­
benzene seemed to interfere with the carbonylation of 
methanol at higher temperatures. In the toluene sol-
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Fig. 3. Effect of the amount of CH3I on the rate. 
CH3OH 125 mmol, RhCl3-3H20 0.5 mmol, aceto-
phenone 20 ml, P c o 30 kg/cm2 (at 112 °G), and temp 
112 °C. CH3I: • 10 mmol, 3 20 mmol, © 4 0 
mmol, and O 60 mmol. 

90 110 130 150 170 

Temperature (°C) 

Fig. 4. Effect of temperature in acetophenone or 
benzophenone. 
CH3OH 125 mmol, CH3I 20 mmol, RhCl3-3H2C-
0.5 mmol or Rh2Cl2(CO)4 0.25 mmol, solvent 20 ml, 
Pco 30 kg/cm2 (at react temp), and time 120 min. 
• and • : in benzophenone with RhCl3-3H20, 
O and %\ in acetophenone with RhCl3-3H20, 
A and • : In acetophenone with Rh2Cl2(CO)4. 

vent, the selectivity is very low because of the forma­
tion of dimethyl ether in considerable amounts. At 
173 °G, the rates in the ketone solvents were 6 to 8 
times larger than in anisole and 13 to 18 times larger 
than in toluene. There was no essential difference be­
tween R h C l 3 - 3 H 2 0 and Rh 2 Cl 2 (CO) 4 with respect to 
the rate and selectivity of carbonylation, as is shown 
in Fig. 4. Arrhenius plots of the rates in ketone sol­
vents gave good linearities, from which the apparent 
activation energy was estimated to be 19 kcal/mol 
(Fig. 6). 

'90 110 130 150 170 ° 

Temperature (°C) 

Fig. 5. Effect of temperature in toluene or anisole. 
CH3OH 125 mmol, CH3I 20 mmol, RhCl3-3H20 0.5 
mmol, solvent 20 ml, P c o 30 kg/cm2 (at react temp), 
and time 120 min. 
O and • : in toluene, % and • : in anisole. 

2.4 2.6 

(l/rxio3) 
Fig. 6. Arrhenius plot of the rates with RhCl3 • 3H 20. 

• In benzophenone, # in acetophenone, O in anisole, 
and © in toluene. 

To examine whether or not low rates in anisole or 
toluene at elevated temperatures were caused by an 
irreversible deactivation of the catalyst, the dependence 
of the rates on temperature was reinvestigated. T h e 
rate in anisole initially measured at 173 °C for 30 min 
under the conditions specified in Fig. 5 was 75±10 mmol 
/h. After the temperature had been lowered to 156 °C 
within 5 min, the rate was measured again for 45 min 
to give the value of 6 5 ± 5 mmol/h. T h e temperature 
was, then, further lowered to 140 °C within 5 min ; the 
rate measured for 40 min was 3 2 ± 5 mmol/h. These 
rates were almost entirely consistent with those obtained 
by the separate experimental runs shown in Fig. 6, 
namely, 80, 67, and 40 mmol/h at 173, 156, and 140 °C 
respectively. The rates obtained in toluene by the same 
manner were 52(50), 40(38), and 15(16) mmol/h at 
156, 140, and 112 °C respectively; the rates given in 
Fig. 6 are shown in parentheses. These results indi­
cate that the catalytic activity is reproducible with 
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respect to the reaction temperature. I t seems most 
likely that there is no essential change in the mecha­
nism, since the kinetic behavior in anisole or toluene 
is almost the same as in acetophenone, even at higher 
temperatures. 

The effect of hydrogen on the methanol carbonyla-
tion was examined in the acetophenone solvent using 
RhCl 3 - 3 H 2 0 . Under a lower pressure of carbon mono­
xide (PH2 40 kg/cm2, P c o 10 kg/cm2, 140 °C), aceto­
phenone was hydrogenated to give ethylbenzene and 
a trace amount of styrene, while practically no hydro­
génation of acetophenone was observed under a higher 
pressure of carbon monoxide ( P c o > 2 0 kg/cm2). Nei­
ther acetaldehyde nor ethanol was detected in the pro­
duct solutions in any case. T h e treatment of methyl 
iodide without methanol under 60 kg/cm2 of a H 2 - C O 
( H 2 / C O = l ) mixture gave only a trace amount of acetic 
acid, but no acetaldehyde, and more than 80 % of the 
methyl iodide was recovered in the product solution. 

Role of the Solvent. The kinetic results suggest 
that the carbonylation of methanol in ketone solvents 
proceeds via a scheme similar to that proposed by Roth 
et al.12) Recently a more elaborate scheme has been 
reported by Forster.18) The most reasonable rate-
determining step is the oxidative addition of methyl 
iodide to the rhodium (I) complex, assuming that the 
equilibrium between methyl iodide and hydrogen 
iodide ( C H 3 O H + H I ^ C H 3 I + H 2 0 ) is much shifted to 
the formation of methyl iodide during the carbonylation. 
Figure 6 shows that the rates at lower temperatures 
( < 140 °C) are almost the same in any solvent examined, 
indicating no essential role of solvent molecules as 
ligands.19) Accordingly, the active species in ketone 
solvents is probably the same as that observed by Forster 
during a catalytic carbonylation of methanol in a hep-
tanoic acid solvent, using R h C l 3 - 3 H 2 0 as the catalyst 
precursor.18) T h e reaction scheme with this species 
is illustrated.20) I t was reported that the oxidative addi­
tion of alkyl halide to a rhodium(I) complex such 

CH 3 I CO 

[Rh(CO)2I2]- > [CH3Rh(CO)2I3]- > 
+ C H 3 O H or H 2 0 

[CH3CORh(CO)2I3]- 21> > 
- A c O C H 3 or AcOH 

+ Solvent 

[HRh(CO)2I3]- > [Rh(CO)2I2]-
+ SoIvent-HI 

Solvent-HI + GH3OH ^ = ^ CH3I + Solvent 4- H 2 0 

as RhCl(CO) ' (PPh 3) 2 and RhCl(GO) 2 (PPh 3 ) proceeds 
via electrophilic attack of alkyl halide.22-24) Since 
hydrogen iodide is less crowded and more electrophilic, 
a small amount of hydrogen iodide in the solution 
should be competitive with the methyl iodide for the 
oxidative addition. T h e equilibrium concentration of 
hydrogen iodide should increase with elevating [the 

temperature, because the formation of methyl iodide 
is exothermic. In ketone solvents, hydrogen iodide 
may be effectively solvated so as to prevent its 
oxidative addition to the rhodium (I) complex. 
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Studies of Peptide Antibiotics. XXXVI.1} Synthesis and Biological 
Activity of [5,5VLeucine]-gramicidin S2) 
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An analog of gramicidin S, in which 5,5'-proline residues were replaced by leucine, was prepared in order 
to investigate the effect of the introduction of hydrophobic side groups on the antibacterial activity and on the 
conformation. Also the solubility problems encountered during the synthesis of this analog are described. No 
significant effect was observed on the cyclization reaction by the replacement of 5,5'-proline to leucine residues. 
This analog exhibited comparable biological activity and the similar conformation to the natural gramicidin S. 
These studies suggested that the imino groups of 5,5'-proline residues have no significant roles on both an­
tibacterial activity and conformation of this antibiotic. 

S y n t h e t i c ana logs of g r a m i c i d i n S ( G S , F ig . 1) in 
w h i c h 5 ,5 ' -P ro res idues a r e r e p l a c e d b y Gly,3> Sar,4> 
/9-Ala,5) a - a m i n o i s o b u t y r i c a c id (Aib),6> or Phe 7 ) h a v e 
b e e n r e p o r t e d b y I z u m i y a a n d his c o l l a b o r a t o r s . S o m e 
of t h e m , s u c h as [5 ,5 ' -Gly]- , 3 ) [5 ,5 ' -Sar ] - , 4 ) a n d [ 5 , 5 ' -
Phe ] -GS , 7 ) e x h i b i t e d s u b s t a n t i a l b io log ica l ac t iv i t ies . 
O n t h e o t h e r h a n d , ve ry w e a k or n o a n t i b a c t e r i a l a c ­
t ivi ty w a s obse rved o n t h e o t h e r t w o ana logs , i.e. [ 5 , 5 ' -
^ -Ala] - 5 ) a n d [5 ,5 ' -Aib]-GS. 6 > 

I n this s t u d y w a s syn thes ized a n a n a l o g in w h i c h 
5 ,5 ' -P ro res idues of t h e n a t u r a l G S w e r e r e p l a c e d b y 
L e u res idues , n a m e l y [ 5 , 5 ' - L e u ] - G S . L e u c i n e r e s idue 
possesses b u l k y h y d r o p h o b i c s ide c h a i n a n d its effect 
o n t h e a n t i b a c t e r i a l a c t i v i t y h a s also b e e n s t u d i e d . I n 
a d d i t i o n , as a s t r a t e g y of t h e synthes is of this a n a l o g , 
t h e s e q u e n c e of t h e l i nea r i n t e r m e d i a t e w a s se lec ted 
s u c h a w a y t h a t t h e 3 - o r 3 ' -Leu l oca t ed to t h e c a r b o x y l 
t e r m i n u s in c o n s i d e r a t i o n of its s imi la r i ty to t h e b io -
syn the t i c i n t e r m e d i a t e of GS. 8 ) T h e p r o b l e m s c a u s e d 
b y this s e q u e n c e a r e also discussed. Possibi l i ty of 
r a c e m i z a t i o n d u r i n g t h e cyc l iza t ion r e a c t i o n w a s 
o v e r c o m e b y t h e e m p l o y m e n t of t h e a z i d e p r o c e d u r e . 9 ' 1 0 ) 

T h e i n t e r m e d i a t e p e p t i d e s w e r e p r o t e c t e d o n t h e a 
a m i n o t e r m i n u s b y t h e i - b u t o x y c a r b o n y l g r o u p ( B o c - ) , 
on t h e Ô a m i n e of o r n i t h i n e s b y t h e b e n z y l o x y c a r b o n y l 
g r o u p ( Z - ) , a n d o n a c a r b o x y l g r o u p s b y t h e e thy l 
ester ( - O E t ) . Selec t ive d e p r o t e c t i o n of B o c - g r o u p w a s 
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•CO-C^ 
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C H 3 

Fig. 1. Structure of GS (upper) and [5,5'-Leu]-GS 
(bottom). 

c a r r i e d o u t w i t h h y d r o g e n c h l o r i d e in fo rmic ac id a n d 
of Z - g r o u p b y h y d r o g e n o l y s i s in t h e p r e s e n c e of p a l l a ­
d i u m b l a c k . As for t h e c o u p l i n g r e a c t i o n , t h e a z i d e 
p r o c e d u r e of Cur t ius 9 ) a n d of H o n z l a n d R u d i n g e r 1 0 ) 
w e r e m a i n l y e m p l o y e d . 

S c h e m e 1 ind i ca t e s a r o u t e for t h e synthes is of t h e 
p r o t e c t e d d e c a p e p t i d e (6) w i t h 3 -Leu as t h e c a r b o x y l 
t e r m i n u s . T h i s r o u t e w a s d e s i g n e d to i m p l y t h e s imi ­
l a r i ty of t h e a m i n o ac id s e q u e n c e to t h a t of t h e b io -

4 5 
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1 ' 2 ' 3 ' 

V a l Orn Leu 

Boc* 

Boc-

Boc« 

Boc. 

Boc. 

(1) 
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Lue>_.L.L.L_L.L c y c l o ( 1 I ' L - -V- . U L_. . I I 1 1 L.) -2HC1 

Scheme 1. Synthesis of [5,5'-Leu]-GS with 3-Leu as carboxyl terminus. 
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synthetic intermediate of GS.8) 
T h e first dipeptide derivative (1) was obtained by 

the mixed anhydride method with isobutyl chlorofor-
mate as the coupling reagent. Product 1 was obtained 
in 6 5 % yield and then converted without difficulty to 
its hydrazide (2) by the addition of 20 molar excess of 
hydrazine hydrate. Boc-pentapeptide ester (3) was 
obtained by the coupling of the product 2 with H - V a l -
Orn(Z)-Leu-OEt 1 1 > using azide procedure9) in 8 0 % 
yield. First problem was encountered in the follow­
ing step, conversion of the ester (3) to the hydrazide 
(4). At first the same condition as described for the 
preparat ion of 2 was employed, however, the reaction 
was incomplete. Therefore, the amount of hydrazine 
was increased to 40 molar excess and also the reaction 
time prolonged. O n standing for eight days, pre­
cipitates were formed and the reaction mixture was 
revealed to contain almost no ester on a thin-layer 
plate, yielding 82 % of the product 4. Deblocking of 
Boc-group from 3 yielded the product 5 in 9 6 % . 

T h e second problem was in the coupling of the prod­
uct 4 with 5. Compound 4, sparingly soluble in com­
mon organic solvents, was dissolved on two hours of 
stirring in the mixed solvent D M F - D M S O ( 1 : 1 , v/v) 
and the coupling was carried out using the azide pro­
cedure of Honzl and Rudinger.10) T h e product was 
revealed to be a mixture of several components and 
all the efforts for their separation and purification re­
sulted in vain, mainly because of their insolubility. No 
better result was obtained when the coupling reaction 
was repeated several times. These facts forced to change 
the strategy of the synthetic route. 

In the alteration of the synthetic route, first to be 
considered was the use of the intermediate peptide 
derivatives synthesized in Scheme 1. As shown in 
Scheme 2, two peptide derivatives, B o c - V a l - O r n ( Z ) -
L e u - O E t and the dipeptide derivative (1), could be 

successfully used. Conversion of the Boc-tripeptide 
ester to its hydrazide (7) with 20 molar excess of hydra­
zine hydrate and deblocking of the Boc-group of the 
compound 1 were performed without trouble. Sub­
sequent coupling of 7 with 8 was carried out by means 
of the azide procedure to produce Boc-pentapeptide 
ester (9) in the yield of 5 4 % . The next step, conver­
sion of ester (9) to its hydrazide (10), was much easier 
than the corresponding step (3 to 4) in Scheme 1. It 
took two days to complete the reaction with 40 molar 
excess of hydrazine hydrate. Decapeptide derivative 
(12) was also obtained without difficulty in pure form 
by the azide method and the yield was fairly good 
(88%) . 

In the synthetic route of Scheme 2, the most trouble­
some step was the conversion of 12 to the hydrazide 
(13). The amount of hydrazine was increased from 
40 to 80 and finally to 200 molar equivalents. Under 
the final condition, the product 13 was obtained in 
good yield (96%). 

After removal of Boc-group from 13, the product 14 
was cyclized by the azide procedure as described in 
Experimental part . Crude cyclic peptide thus obtained 
was dissolved in aqueous methanol and passed through 
a column of Dowex 50X8. Recrystallization from 
methanol-water gave the pure Z-protected cyclic petide 
(15) in the yield of 5 8 % . Hydrogenolysis of 15 pro­
duced the final product, [5,5'-Leu]-GS (16), in the 
yield of 6 7 % . Homogeneity of 16 was ascertained by 
paper and thin-layer chromatographies with various 
solvent systems, paper electrophoresis, elemental analysis 
and by amino acid analysis. Also the final product 
was subjected to antibacterial test and O R D measure­
ments. 

In general, from the standpoint of synthesis, deblock­
ing of Boc-groups with hydrogen chloride in formic acid 
was performed without any trouble. O n the contrary, 

1 2 3 4 5 
Val Orn Leu D-Phe Leu 

Boc 

Boc 

Boc 

Boc 

Boc 

Boc 

cyclo(< 

cyclo( 

'dl +N2H3 

( 9 ) 

•OEt Boc i±l 

(10) 

'OEt 

1 ' 2 ' 3 ' 4 ' 5 ' 
Val Orn Leu D-Phe Leu 

OEt-HCl 

OEt 

•N2H3 

(12) 

(13) 

:i4: 

J151 

( 1 6 ) 

M OEt-HCl 

OEt 

N„H 2"3 

•N~H„ '2HC1 "2"3 

) - 2 H C 1 

Scheme 2. Synthesis of [5,5'-Leu]-GS with 5'-Leu as carboxyl terminus. 
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TABLE 1. ANTIBACTERIAL ACTIVITY OF THE SYNTHETIC 

GS ANALOG, [5,5'-Leu]-GS (16) 

(Minimum inhibitory concentration, (xg/ml) 

[5,5'-Leu]-GS (16) GS 
Strain , • . .. *— 

Aa> 

Escherichia coli > 5 0 

Proteus vulgaris > 5 0 

Staphylococcus aureus 10 

Bacillus subtilis 5 

Mycobacterium 607 > 5 0 

Mycobacterium avium > 5 0 

a) Nutrient agar medium, p H 7. 

Bb> 

> 5 0 

> 5 0 

10 

5 

> 5 0 

> 5 0 

Aa> 

> 5 0 

> 5 0 

2 

2 

> 5 0 

> 5 0 

Bb> 

> 5 0 

> 5 0 

5 

5 

> 5 0 

> 5 0 

b) Synthetic medium. 

TABLE 2. ANTIBACTERIAL ACTIVITIES OF THE 

5,5'-POSITLON SUBSTITUTED G S ANALOGSA> 

5 5 ,_ S. aureus B. subtilis R e f e r e n c e 

Residues £T~^~R*) AV~"~~~BC) No. 

Gly 5(2) 5(5) 5(2) 2—5(5) 12) 
Sar 10(5) 10(5) 5(5) 5(5) 4) 
/?-Alad> 100(6) 100(3) 5) 
Aibe> >100(3) >100(3) 6) 
Phe 10(5) 20(5) 10(2) 10(5) 7) 
Leu 10(2) 10(5) 5(2) 5(5) This work 

a) ( ) : Activity of the natural GS used as the con­
trol, b) Bouillon agar medium, c) Synthetic agar 
medium, d) Assay conditions not clearly shown, e) 
Assayed by paper disk method. 

the conversion of the esters to their hydrazides produced 
several difficulties in some cases. And the insolubility 
of some hydrazides made the subsequent reaction dif­
ficult. Although the imino acid proline was replaced 
by the amino acid leucine, the cyclization step by the 
azide method was carried out without trouble and re­
sulted in good yield. 

Antibacterial activities of [5,5'-Leu]-GS measured in 
both nutrient agar and synthetic medium are listed in 
Table 1. Compared to natural GS, the synthetic analog 
exhibited considerable inhibitory activities against some 
organisms tested. From these data, the 5,5'-Pro res­
idues of the natural GS seem to be exchangeable to 
bulky hydrophobic amino acid residues such as Leu 
without any significant effect on the antibacterial ac­
tivity. In Table 2 are listed antibacterial activities of 
the 5,5'-position substituted GS analogs reported thus 
far. These data also indicate the insignificance of 5,5'-
Pro residues of GS on its antibacterial activity. 

The O R D curves of [5,5'-Leu]-GS measured in both 
ethanol and 8 M urea were presented in Fig. 2. In 
both media the synthetic analog exhibited similar curves 
as those of the natural GS with a negative trough at 
234—235 nm. The fact that no shift of the trough had 
been observed even in the strong denaturing reagent 
such as 8 M urea suggested the rigid and stable con­
formation of the synthetic analog as well as the 
natural GS molecule, which has the intramolecular 
antiparallel ß-form with four hydrogen bondings be­
tween the valyl and the leucyl residues.13) Correla-

220 260 300 220 260 300 

Wavelength (nm) 

Fig. 2. ORD curves of [5,5'-Leu]-GS (16) and natural 
GS. 
Solvent: a, EtOH; b, 8 M urea. 

tion between the rigid structure and the antibacter­
ial activity is also suggested. 

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

All melting points are uncorrected. Prior to elemental 
analysis, all the compounds were dried over P 2 0 5 to a con­
stant weight at 80 °C and 2 Torr. TLG was carried out on 
silica gel G (Merck) with the following solvent systems: Rf1, 
chloroform-MeOH ( 5 : 1 , v/v), Rf2, chloroform-MeOH-
AcOH (95 : 5 : 1, v/v), # f

3, chloroform-MeOH ( 9 : 1 , v/v), 
Äf

4, 1-butanol (BuOH)-AcOH-pyridine-H20 ( 4 : 1 : 1 : 2 , 
v/v), Äf

5, BuOH-AcOH-pyridine-H20 (15 : 3 : 10 : 12, v/v). 
Paper chromatography (PPC) was performed on Toyo Roshi 
No. 52 paper with the solvent system, either i?f

4 or Rt
5. The 

optical rotations were determined with a Polarimeter at the 
589 sodium line. Amino acid analysis was carried out on 
the sample which had been hydrolyzed for 24 h in a evacuated 
sealed tube at 110°C. 

Boc-o-Phe-Leu-OEt (1). To a solution of Boc-D-Phe-
OH (2.65 g, 10 mmol) in THF (20 ml), were added triethyl-
amine (TEA, 1.40 ml) and isobutyl chloroformate (1.31ml, 
10 mmol) at 0—4 °C. The mixture was stirred for 10 min 
at 0—4 °G and to this was added a solution of H-Leu-OEt« 
/>TsOH14> (3.31 g, 10 mmol) and TEA (1.4 ml) in chloroform 
(20 ml). After the mixture was stirred overnight at a room 
temp, the solvent was evaporated in vacuo and the residue was 
taken up in AcOEt. The AcOEt solution was then washed 
successively with 0.5 M citric acid, 4% sodium hydrogen car­
bonate and water, and then dried (Na2S04). The solvent 
was evaporated in vacuo and the product was precipitated by 
the addition of ether and petroleum ether. Recrystallization 
was carried out from ether-petroleum ether; yield, 2.64 g 
(65%); mp 111—112 °C; [a]2D

B - 4 .6° (c 1, DMF) ; R^ 0.96. 
Found: C, 64.96; H, 8.44; N, 7.04%. Galcd for C22H34-

N 2 0 5 : G, 65.00; H, 8.43; N, 6.89%. 
Boc-n-Phe-Leu-N2H3 (2). Hydrazine hydrate (2.91 

ml, 60 mmol) was aided with stirring to the solution of 1 
(1.22 g, 3 mmol) in DMF (6 ml) and the mixture was left 
to stand at a room temp. After stirring for 48 h, the reaction 
mixture showed a single spot, which was distinguished from 
that of 1, on a TLG plate. Excess hydrazine was evaporated 
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in vacuo, and then the product was precipitated with water (200 
ml). The precipitates were washed with water and desiccated 
overnight (P 2 0 5 ) ; yield, 1.03 g ( 8 7 % ) ; m p 163—164 °C ; 
[a]2

D
5 - 1 2 . 0 ° (c 1, D M F ) ; R{

1 0.77. 
Found : C, 61.13; H , 8.30; N, 14.28%. Calcd for C20-

H 3 2 N 4 0 4 : C, 61.20; H, 8.22; N, 14.28%. 
Boc-v-Phe-Leu-Val-Orn(Z)-Leu-OEt (3). I n a mix­

ture of glacial A c O H (40 ml) and 1 M HCl (3 ml) was dis­
solved 2 (0.59 g, 1.5 mmol) and the solution was cooled to 
— 5 °C. T o the solution was added, with stirring, a cold 
concentrated aq solution of sodium nitrite (0.103 g, 1.5 mmol) . 
After 10 min, the azide was precipitated by the addition of 
cold water (200 ml) and the precipitates were filtered, washed 
successively with ice-cold water, 5 % sodium hydrogen car­
bonate, and again with water. After brief drying ( P 2 0 5 ) , 
the azide was added to the solution of H - V a l - O r n ( Z ) - L e u -
OEt-HCl 1 1 ) (0.815 g, 1.5 mmol) and T E A (0.21 ml, 1.5 mmol) 
dissolved in D M F (10 ml) . After standing overnight at 0 °G 
and then for 2 days at a room temp, the reaction mixture was 
concentrated in vacuo and the product was precipitated on 
adding water. The crude product was recrystallized with 
E t O H - e t h e r ; yield, 1.04 g ( 8 0 % ) ; m p 237—238 °C (dec); 
[a]2

D° - 1 4 . 0 ° (c 1, D M F ) ; Rt1 0.98, Rf
2 0.98. 

Found : C, 63.45; H , 8.19; N , 9 . 7 1 % . Calcd for C4 6H7 0-
N 6 O 1 0 : G, 63.72; H , 8.14; N, 9 .69%. 

Boc-r>-Phe-Leu-Val-Orn(Z)-Leu-N2H3 (4). A solu­
tion of 3 (0.867 g, 1 mmol) and hydrazine hydrate (1.94 ml, 
40 mmol) in D M F (20 ml) was left to stand for 8 days at a 
room temp and hydrazide precipitated in the reaction mix­
ture was filtered, washed with water and with a small amoun t 
of E t O H , and then dried (P 2 0 5 ) ; yield ,0.72 g ( 8 2 % ) ; m p 
237—238 °C (dec); [a]2

D° - 1 1 . 8 ° (c 1, D M F ) ; Rt
l 0.98, Rt

2 

0.94, Rs
5 0.98. 

Found : C, 60.55; H , 9.86; N, 12.50%. Calcd for C44-
H 6 8 N 8 0 9 : C, 60.52; H, 10.16; N, 12.83%. 

H--D-Phe-Leu-Val-Orn(Z)-Leu-OEt-HCl (5). Com­
pound 4 (434 mg, 0.5 mmol) was dissolved in 0.075 M H C l 
in formic acid (8.0 ml) and allowed to stand for 2 h at a room 
temp. After the reaction mixture was evaporated to dryness 
in vacuo, the product was solidified by the addition of e ther ; 
yield, 387 mg ( 9 6 % ) ; m p 231 °C (dec); [a]2

D° + 4 . 0 ° (c 1, 
D M F ) ; Rt

l 0.66, Rt
2 0.10, Rt

5 (PPC) 0.95. 

Found : C, 60.48; H , 7.95; N, 10 .23%. Calcd for C41-
H 6 3 N 6 0 8 C M / 2 H 2 0 : C, 60 .61 ; H , 7.94; N, 10.34%. 

Boc-(u-Phe-Leu-Val-Orn(Z)-Leu)2-OEt (6). T o a 
solution of 4 (175 mg, 0.2 mmol) in a mixed solvent of D M F 
(25 ml) and D M S O (25 ml) were added 3.97 M H C l in 
dioxane and then isoamyl nitrite (0.031 ml, 0.22 mmol) at 
- 30 °C. After 30 min of stirring at - 10 °C, hydrazide test15) 
of the reaction mixture turned negative. And the mixture was 
neutralized by the addition of T E A (0.084 ml, 0.6 mmol) . 
After 5 min at 0 °C, a solution of 5 (176 mg, 0.22 mmol) was 
added to the mixture. After stirring for 3 days at 4 °C, 0.5 M 
citric acid (100 ml) was added to the reaction mixture con­
centrated in vacuo to ca. 30 ml, and the mixture was kept at 
4 °C for 3 h. The colloidal product , which was hard to 
filter, was collected by centrifugation at 4000 X g for 10 min 
and washed with water several times. T h e resulting residue 
was dried over P 2 0 5 . 

Boc-Val-Orn(Z)-Leu-N2Hz (7). T o a solution of 
B o c - V a l - O r n ( Z ) - L e u - O E t u > (1.03 g, 1.7 mmol) in D M F (3 
ml), hydrazine hydrate (1.65 ml, 34 mmol) was added and 
allowed to stand overnight at a room temp. After the excess 
hydrazine had been evaporated in vacuo, water (50 ml) was 
added to the mixture. Précipita tes formed were filtered, washed 
with water, and dried (P 2 0 5 ) ; yield ,988 mg (98%) ; m p 209— 
210 °C ; [a]2

D° - 1 9 . 2 ° (c 0.5, A c O H ) ; Ä,1 0.70, i?£
5 0.95. 

Found: C, 59.05; H , 8.22; N, 14 .21%. Calcd for C29-
H 4 8 0 7 N 6 : C, 58.76; H, 8.16; N, 14.18%. 

H-n-Phe-Leu-OEt-HCl (8). T h e compound 1 (813 
mg, 2 mmol) was dissolved in 0.113 M HCl in formic acid 
(21.2 ml) and allowed to stand at a room temp. After 30 
min, the solution was evaporated in vacuo. T h e addition of 
ether and subsequent evaporation were repeated several times 
and the oily product was obtained ; yield of the oil, 686 mg 
(100%) ; Ä fi 0.73. 

Boc-Val-Orn(Z)-Leu-r>-Phe-Leu-OEt (9). The com­
pound was obtained from 7 (890 mg, 1.5 mmol) and 8 (686 
mg, 2 mmol) by the azide procedure10) as described for the 
preparat ion of 6. T h e product was crystallized twice from 
AcOEt-e ther -pe t ro leum ether; yield, 701 mg (54%) ; mp 
211—213 °C; [a]2

D° - 1 2 . 9 ° (c 1, D M F ) ; Rf* 0.73. 
Found : C, 63.47; H , 8.10; N, 9 .63%. Calcd for C46H70-

O 1 0 N 6 : C, 63.72; H, 8.14; N, 9.69%. 

Boc-Val-Orn(Z)-Leu-n-Phe-Leu-N2Hz (10). The 
compound 9 (607 mg, 0.7 mmol) was dissolved in D M F (10 
ml) and hydrazine hydrate (1.36 ml, 28 mmol) was added. 
After standing for two days at a room temp, the solvent was 
evaporated in vacuo to a small volume and water was added to 
the residue. After brief standing at 4 °C, the precipitates 
were filtered and dried over P 2 0 5 ; yield, 622 mg ( 9 6 % ) ; mp 
207—209 °C; [a]2

D° - 1 1 . 3 ° (c 0.5, D M F ) ; Rt
l 0.67. 

Found : C, 61 .61; H , 8 .21; N, 13.00%. Calcd for C44-
H 6 8 0 9 N 8 : C, 61.95; H, 8.04; N, 13.14%. 

H-Val-Orn(Z)-Leu-D~Phe-Leu-OEt-HCl (11). De­
blocking of Boc-group from 9 (780 mg, 0.9 mmol) was per­
formed by the similar method described in the preparation 
of 5 by the action of 0.13 M HCl in formic acid (7.6 ml ) ; 
yield, 694 mg (96%) ; m p 211—213 °C ; [oe]2D° + 3 . 8 ° (c 1, D M F ) 
i? f

3 0.17. 
Found: C, 61.17; H, 7.92; N, 10.36%. Calcd for C41-

H 6 3 0 8 N 6 C 1 : C, 61.29; H, 7.90; N, 10.46%. 
Boc-(Val-Om(Z)-Leu-T>-Phe-Leu)2-OEt (12). This 

compound was prepared from 10 (512 mg, 0.6 mmol) and 
11 (627 mg, 0.78 mmol) by the similar method described for 
the preparat ion of 3, except that a mixed solvent, D M F -
D M S O ( 5 : 1 , v/v), was used in this case. Crude product 
was recrystallized from M e O H ; yield, 839 mg (88%) ; mp 
239—241 °C; [a]2

D° - 1 3 . 4 ° (c 0.5, D M F ) ; R^ 0.93. 
Found : C, 63.57; H, 7.97; N, 10.58%. Calcd for C85-

H 1 2 6 0 1 7 N 1 2 - H 2 0 : C, 63.57; H, 8.08; N, 10.53%. 
Boc-(Val-Orn(Z)-Leu-v-Phe-Leu)2-N2Hz (13). T o 

the compound 12 (250 mg, 0.157 mmol) dissolved in D M F 
(10 ml), was added 200 molar equivalents of hydrazine hydrate 
(1.52 ml, 31.4 mmol) and allowed to stand at a room temp 
for 2 days and treated as described for the preparation of 2 ; 
yield, 226 mg ( 9 6 % ) ; mp > 2 5 0 °C; [a]2

D°-14.6° (c 0.5, D M F -
D M S O (2 : 1, v /v) ) ; /? f

2 0.01, Re3 0.41. 
Found: C, 63.20; H, 8.01; N, 12.20%. Calcd for C83-

H 1 2 4 0 1 6 N 1 4 : C, 63.33; H, 7.94; N, 12.46%. 
H-( Val-Orn(Z)-Leu-v-Phe-Leu)2-N2Hz • 2HCI (14). 

T h e compound 13 (200 mg, 0.127 mmol) was treated with 
0.12 M H C l in formic acid (2.5 ml) at a room temp. After 
an hour, the reaction mixture was evaporated in vacuo, AcOEt 
added to the residue and evaporation repeated. T o the res­
idue was added ether and the mixture was kept at 4 °C ; 
yield, 199 mg (100%); m p > 2 5 0 °C; [a]2

D°-32.2° (c 0.2, 
D M F - D M S O (2 : 1, v /v ) ) ; Äf1 0.41. 

Found : C, 60 .11; H , 7.74; N, 12.53%. Calcd for C78-
H 1 1 6 0 1 4 N 1 4 - 2 H C 1 - H 2 0 : C, 59.86; H, 7.73; N, 12.53%. 

cyc\o(-( Val-Orn(Z)-Leu-r>-Phe-Leu)2-) (15). T o 
the solution of 14 (193 mg, 0.13 mmol) in D M F - D M S O 
( 2 : 1 , v/v, 6 ml) was added at - 3 0 °C, 2.7 M H C l in AcOEt 
(0.096 ml) and then 10% isoamyl nitrite in D M F (0.182 ml, 
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0.13 mmol) . T h e reaction mixture was stirred at — 20 °C 
until hydrazide test15) became negative. After 15 min of 
stirring, the resulting pale yellow solution was added at 0 °G 
to pyridine (65 ml) and the mixture was kept stirring at 0 °C. 
After 3 days, pyridine and D M F were evaporated in vacuo 
from the mixture and 5 M citric acid (80 ml) was added. 
White precipitates formed were filtered, washed with 
water and dried ( P 2 0 5 ) . T h e crude product ( 199 mg) was 
dissolved in a mixture of M e O H (100 ml) and H a O (10 ml) , 
and passed through a column ( 1.5 X 7.0 cm) of Dowex 50x8 
and the elution was performed with the same solvent. T h e 
combined eluates were evaporated in vacuo. The white res­
idue was filtered with the aid of small amount of water and 
dried over P 2 0 5 . The product (125 mg) was recrystallized 
from M e O H - H 2 0 ; yield, 109 mg ( 5 8 % ) ; m p > 2 5 0 °C; 
[a]2

D° - 1 2 2 ° \c 0.2, D M F ) ; i?f
3 0.53. 

Found: C, 64 .01; H , 7.82; N, 11 .17%; mol wt,16) 1441. 
Calcd for C 7 8 H 1 1 2 0 1 4 N 1 2 H 2 0 : C, 64.17; H , 7.87; N, 11.51 
% ; mol wt, 1460. 

cyc\o(-(Val-Orn-Leu-D-Phe-Leu)2-) -2HCI (16). 
The compound 15 was dissolved in 0.07 M H C l in E t O H 
(1.2 ml) and hydrogenolysis was performed in the presence 
of palladium black. After 2 h, additional 0.07 M HCl was 
added to the reaction mixture and the hydrogenolysis was 
continued overnight at 4 °C. After the catalyst had been 
filtered and washed several times with E t O H , the filtrate was 
evaporated to dryness and the residual solid was collected 
with the aid of ether. T h e crude product was recrystallized 
from E t O H - e t h e r ; yield, 29 mg (67%>); m p 251—255 °C ; 
[a]!

D° - 1 5 6 ° (c 0.2, D M F ) ; Äf
3 0.01, Äf

4 0.91, Rf* (PPC) 0.92. 
Amino acid ratios in acid hydrolyzate; Val 2.16, O r n 2.00, 
Leu 4.00, Phe 2.30. 

Found: C, 56.52; H, 8.24; N, 12 .33%. Calcd for C62-
H 1 0 0 O 1 0 N 1 2 -2HCl -4H 2 O: C, 56.47; H, 8.40; N , 12.75%. 

Electrophoresis Electrophoresis on Toyo Roshi No. 52 
paper was carried out with a solvent system, formic ac id -
A c O H - M e O H - H 2 0 (1 : 3 : 6 : 10, v/v, p H 1.8) at 500 V/ 
30 cm for 3 h. As shown in Fig. 3, [5,5'-Leu]-GS migrated 
more slowly toward cathode than the control GS, i.e. the 
former migrated 7.4 cm and the latter 8 cm by length. 

ORD Measurements These were performed with a 
J A S C O spectropolarimeter Model O R D / U V - 5 over a range 

I x GS ^ I 

* [5 ,5 ' -Leu]-GS • 

(+)h • H(-) 
0 5 10cm 

Fig. 3. Paper electrophoresis of [5,5'-Leu]-GS (16) and 
natural GS. 

215—300 nm. A cell of the pa th length 0,1 cm was used 
and the runs were at ambient temperature . Patterns in 
E t O H and 8 M urea are shown in Fig. 2. 

Microbiological Assays. T h e results of the assay and the 
microorganisms employed are listed in Table 1. T h e min­
imum amount of the compDund necessary for the complete 
inhibition of growth was determined by a dilution method 
using a bouillon agar medium and a synthetic medium. As 
shown in Tables 1 and 2, [5,5'-Leu]-GS (16) was found to 
exhibit a considerable antibacterial activity against Bacillus 
subtilis and Staphylococcus aureus. 

T h e a u t h o r s a r e i n d e b t e d to D r . K . K u r o m i z u 
for his useful sugges t ions a n d discussions, M r . Y . 
S h i m o h i g a s h i for O R D m e a s u r e m e n t s , a n d t h e staffs of 
T a k e d a C h e m i c a l I n d u s t r i e s , L t d . , for t h e b io log ica l 
assays. 
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The Photobromination of /3-Styrenesulfonamides and Syntheses 
of 2-Arylacetylene-l-sulfonamides 

Kiyoshi HASEGAWA, Syuzi HIROOKA, Hiroshi K A W A H A R A , Atsushi TANAKA, 

Masahiro NOMURA, and Yutaka H O R I 

Department of Industrial Chemistry, Faculty of Engineering, Toyama University, Takaoka 933 
(Received November 4, 1976) 

The photobromination of *ran.y-/?-styrenesulfonamides in acetic acid at 16—18 °C gave about 75 : 25 mixtures 
of threo (eis adduets)- and ery/Aro-l,2-dibromo-2-arylethane-l-sulfonamides (trans adducts). A similar photobromi­
nation of m-^-styrenesulfonamide afforded a 33 : 67 mixture of the threo (trans adduct)- and the erythro-dibromides 
(eis adduct). The diastereomers could be separated by fractional recrystallization. The eis adducts were shown 
to be formed neither by secondary isomerization nor by (presumably) ionic addition. The trans dehydrobromina­
tion of the threo- and the erythro-dibromides with Et3N gave (Z)- and (ii)-/?-bromo-/?-styrenesulfonamides respec­
tively, which underwent further facile dehydrobromination with aqueous 1 M NaOH at 45—50 °G to afford 2-
arylacetylene-1-sulfonamides. They were also prepared from (Z)-a-chloro-/?-styrenesulfonamide by an analogous 
procedure. 

Triple bonds are more subject to nucleophilic attack 
than are double bonds.1) I t was, therefore, of interest 
to synthesize new 2-arylacetylene-1-sulfonic acids and 
-sulfonyl chlorides and to investigate their reactions with 
nucleophiles. 

Rondestvedt, J r . previously reported that the sulfona-
tion of phenylacetylene or its acetylide was unsuccessful 
and the dehydrobromination of /?-bromo-/?-styrenesul-
fonic acid and -sulfonyl chloride gave only decomposed 
products involving no sulfonyl group.2) He assumed 
that the eis configuration with respect to H and Br atoms 
makes the dehydrobromination difficult. Since then, 
acetylenesulfonic acid derivatives have not been studied. 

Since an alkali-soluble sulfonamide group would pro­
mote dehydrobromination by alkali, we at tempted to 
synthesize 2-arylacetylene-1-sulfonamides (5) from ß-
bromo- (3) and a-chloro-^-styrenesulfonamides (4). 
This paper will describe the stereochmistry of 1,2-
dibromo-2-arylethane-1 -sulfonamides (2), 3, and 4, and 
the synthesis of 5 from them. 

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

Photobromination of trans- and eis-ß'S'tyrenesulfonamides. 
I t is known that bromine adds to /raw.y-/?-styrenesulfonyl 
chloride in CC14

2~4> or to frarc.y-p1-styrenesulfonamide 
(trans-la., R = H ) in acetic acid2 '3) by (presumably) a 

free-radical mechanism which is catalyzed by light and 
inhibited by oxygen. However, the stereochemistry 
of these adducts has not been established. 

According to the procedure of Bord well et a/.,3) trans-1 
was photobrominated by sunlight irradiation at 16—18 
°C for 30 min. All of the crude products was shown 
by N M R spectroscopic and high-speed liquid chromato­
graphic analyses to be mixtures of the threo- and erythro-2, 
predominantly the threo. O n the contrary, eis-ß-sty rene-
sulfonamide (cis-la.) gave a mixture of the diastereomers 
in which the erythro predominated. Table 1 shows the 
distribution of the diastereomers and their N M R spec­
troscopic data. The stereochemical relationships are 
presented in Scheme 1. As the ery/Aro-dibromides ( R = 
H, GH3 , and N 0 2 ) are more soluble in benzene than 
the threo, the two isomers could be separated by frac­
tional recrystallization (Table 2). However, the p-
halogeno-substituted dibromides could not be separated 
into their diastereomers. The threo and erythro configura­
tions were assigned to 2 on the basis of the coupling 
constants (JAB) and the configuration of 3 produced from 
2 by trans elimination. I t is known that the magnitude 
of the vicinal coupling constant (JAB) depends upon 
the dihedral angle involved.5) The diastereomers which 
have the larger coupling constants were assigned to the 
erythro-2, since it seems evident, from a consideration 
of the steric repulsion by large bromine atoms, that the 

TABLE 1. ADDITION PRODUCTS OF AN EQUIMOLAR AMOUNT OF BROMINE TO trans-1 AND 

cis-la. (0.0010 mol) IN ACETIC ACID (15 ml) AT 16—18 °G FOR 30 min 

R 

Hc) 
Hd> 
CIV> 
Glc> 
Brc> 
NO,c> 

Yield 
% 

85 
84 
85 
89 
86 
79 

Ratio(%)*> 
threo 

74 
33 
81 
76 
74 
77 

HA 

5.54 

5.55 
5.65 
5.66 
5.88 

threo 

HB 

5.89 

5.88 
5.85 
5.84 
6.01 

NMR datab> 

JAB 

4.0 

5.0 
5.0 
5.0 
5.5 

H7 

5.73 

5.74 
5.80 
5.79 

erythro 

HB 

5.88 

5.86 
5.87 
5.88 

e ) 

JAB 

6.5 

6.5 
6.5 
6.5 

a) Determined by the NMR analysis of the crude products. b) Measured in DMSO-rf6, with TMS as the 
internal standard; chemical shifts reported in d(ppm) and coupling constants (JAB) m Hz units. c) trans-1. d) 
cis-la.. e) The chemical shifts are ambiguous. 



September, 1977] 

»Ow». 

Photobromination and Syntheses of Sulfonamides 

Br 

2347 

Br, H2N02S-
^C=C^ 

Hg SO2NH2 trans addition Hg 

trans-l 

S02NH2 

Br 

Br 

HÄ 

C6H4R H2N02S, 

erythro dl-2 

,2m2 

C6H4R 

B "A 

eis-la 

trans addition H g - ^ Y ^ C 6 H 4 R H 
Br 

C6H4R 

S02NH2 

threo dl-2 

Scheme 1. 

TABLE 2. threo- AND tfrjjtfÄro-DiBROMiDES 2 

Gompd R Mp(°G) 
Found(%) Galcd(%) 

C H N C H N 

IR(KBr) 

NH^cm-1) 

threo-2a. 
erythro-2a. 

threo-2h 
erythro-2h 

2cb> 

2db> 

threo-2e 

H 158— 160a> 
H 122—123 
GH3 123—124 
CH3 147—148 

Gl 142—145 

Br 157—160 

N 0 2 173—176 

28.01 
28.25 
30.02 
30.12 
25.71 

2.80 
2.65 
3.12 
2.91 
2.38 

4.31 
4.02 9.52 
3.92 8.72 
3.87 8.74 
3.68 8.60 

22.92 1.96 3.05 7.66 

24.69 2.07 7.14 8.42 

28.01 2.64 4.08 9.35 

30.27 3.11 3.99 8.97 

25.45 2.14 3.71 8.49 

22.77 1.91 3.32 7.60 

24.76 2.08 7.22 8.26 

3300, 
3300, 
3260, 
3280, 
3240, 
3280, 
3240, 
3280, 
3240, 

3400 
3400 
3350 
3390 
3340 
3400 

3340 
3400 
3350 

a) Lit,3> mp 161—162 °G. b) They are mixtures of threo- and erythro-2. threo(%) : erythro(%) ; (2c) = 7 5 : 2 5 
and (2d) =73 : 27. 

conformers shown in Scheme 1 will contribute more 
heavily to the rotational isomers of the erythro- and 
threo-2. Figure 1 shows the N M R spectra of threo- and 
erythro-Tfr in their methine-field regions. As the AB 
patterns of both diastereomers could be clearly distin­
guished, the evaluation of the signal intensities gave an 

HA 

5.73 

6.5Hz 6.5Hz 

erythro-2aA . . . . 

_ 7 U L J L A 
5.89 4.0Hz 

threo-2a 

6.0 5.9 5.8 5.7 5.6 5.5 

o (ppm) 

Fig. 1. NMR spectra of threo- and erythro-2a. in methine 
region (DMSO-rf,). 

estimate of the amounts of each isomer present. O u r 
conclusion, to be drawn from the subsequent discus­
sion of the configuration of 3, also supports the stereo­
chemical assignment based upon the coupling constants. 
The I R spectra of threo-2h^e showed a pair of N H 2 

bands at a lower frequency region than the N H 2 bands 
of the erythro isomers. 

As Bord well and Rondestvedt, J r . , reported pre­
viously, 3> the addition was accelerated by light irradia­
tion. Upon sunlight irradiation at 16—18 °G, the addi­
tion was completed within 5 min, but in the dark 2 
was prepared in yields of less than 8 % . The influence 
of the reaction time and the temperature on the stereo­
chemistry of the addition was studied in order to find 
out whether the eis adduets were formed in the addition 
step or whether they arose from the subsequent isomeri-
zation of the initially formed trans adducts. Under the 
conditions used, the absence of isomerization between 
trans- and cis-1 prior to the addition was proved by a 
blank test. The results summarized in Table 3 show 
that the isomerization of the products is negligible even 
at high temperatures and that the addition becomes 
non-stereospecific as the temperature increases. The 
eis addition under sunlight irradiation is a striking 
feature; however, its explanation must await the results 
of mechanical studies. 

Syntheses of & by Dehydrobromination. The stereo-
specific trans dehydrobromination of threo- and erythro-2 
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TABLE 3. INFLUENCE OF RE ACTION TIME AND TEMPERATURE 

ON THE DISTRIBUTION OF 2a> 

R 
Time 
(min) 

Temp 
(°G) 

Ratio (%) 
threo 

Hb> 

Hc> 

5 
30 
60 

5 
30 

5 
30 

5 
30 

5 
5 

16—18 
16—18 
16—18 
48—50 
48—50 
68—70 
68—70 

16—18 
16—18 
48—50 
68—70 

75 
74 
75 
63 
64 
58 
57 

33 
33 
49 
54 

a) The experiments were carried out under the condi­
tions described in Table 1. b) trans-la., c) cû-la. 

threo-2 
trans elimination ï\.-\ / \ /oT 

> \ = / C=G 
H / x S0 2 NH 2 

(Z)-3 

trans elimination 
R - < > \ /S0 2 NH 3 

erythro-2 > x = = / G = G 
H / \Br 

(E)-3 

peu < X / H 

-G-GH9SO,Na > \ = / G = C 
CK ^SOaCl o 

NH3 
-> N —/ G = C 

CK \S0 2 NH 2 

(Z)-4 

with Et3N gave Z and E isomers of 3 respectively. O n 
the other hand, the Z isomer of 4 was prepared by the 
route described below. The results are summarized in 
Table 4. The Z and E configurations were assigned 
to 3 and 4 on the basis of the N M R data and the rela­
tive rate measurement of the dehydrobromination from 
them. The vinyl protons of 3 and 4 resonate about 
0.30 ppm upfield from the chemical shifts calculated by 
the application of the N M R rules6) of additivity. Since 
no substituent shielding constants for the S 0 2 N H 2 group 
have been reported, the value for the S 0 2 R group was 
used. T h e error must be caused by the shield effect 
of the N H 2 group. The dehydrobromination experi­
ments of both isomers of 3 in five equiv of aqueous 1 M 
N a O H at 40 °G for 30 min revealed that not only (Z)-3 
is capable of undergoing a facile ß-trans elimination to 

(Z)-3 : (5C H(ppm)=5.25 + 1 .38+1 .16+0 .55=8 .34 

(E)-3 : <5CH(ppm)=5.25 + 1 .38+0 .45+0 .93=8 .01 
(Z)-4 : <5CH(ppm)=5.25 + l . 5 5 + 0 . 3 6 + 0 . 1 3 = 7 . 2 9 

give 5, but, surprisingly, (E)-3 also. The only differ­
ence is that the eis elimination is slower than the trans 
process. The 5a sulfonamide was also prepared by the 
dehydrochlorination of (Z)-4 under the same conditions 
as held with 3. The extent of the elimination was 
measured by the increase in 5 at the expense of 3 
and 4 in high-speed liquid chromatography. The 
configuration and /»-substituent effects on the elimina­
tion are as follows: (Z) -3 ; R(reaction % ) = N O 2 ( 1 0 0 ) 
> Cl(23) > Br(22) > H(16) > CH3(5) , (£ ) -3a ; H(8) , 
and (Z)-4; H(14). This order is in accord with the 
idea that electron-attracting groups facilitate elimi­
nation reactions.7^ The reason for the greater ease of 

(Z)- and (E)-3— 

(Z)-4-l 

Path A 

Path B 
R - / \ - C = C - S 0 2 N H 2 

TABLE 4. (Z)- AND (£)-MONOBROMIDES 3 AND (Z)-MONOCHLORIDE 4 

Gompd R Mp(°G) Crystalsa> 
NMR in 
DMSO-rf6 

CH(<5) 

Found (Calcd), % 

C H N 
UV AS£°* ( w ) 

(Z)-3a 

(£)-3a 

(Z)-3b 

(E)-3h 

(Z)-3cc> 

(£)-3cc> 

(Z)-3dc> 

H 

H 

CH3 

CH3 

CI 

CI 

Br 

132—134b) 

140—142 

135—137 

120—122 

147—148 

133—135 

169—171 

needles 

prisms 

plates 

columns 

plates 

needles 

plates 

(Z)-3e 

(E)-3e 

(Z)-4 

N 0 2 

N 0 2 

H 

174—176 

159—161 

161—162 

needles 

columns 

needles 

8.01 

7.60 

8.00 

7.58 

8.05 

7.60 

8.01 

8.15 

7.58 

7.05 

36.38 
(36.65) 
36.50 

28.43 
(28.17) 

31.52 
(31.28) 

31.32 

44.36 
(44.14) 

3.13 
(3.08) 
2.96 

2.16 
(2.07) 

2.28 
(2.30) 

2.23 

3.97 
(3.70) 

5.07 
(5.34) 
5.12 

39.23 3.46 4.88 
(39.14) (3.65) (5.07) 
38.94 3.49 4.91 

32.69 2.37 4.56 
(32.40) (2.38) (4.72) 
32.62 2.55 4.62 

4.14 
(4.11) 

8.90 
(9.12) 

6.66 
(6.44) 

12.26 
(12.23) 
12.32 
11.93 

(11.61) 

10.91 
(10.81) 
10.94 

9.39 
(9.40) 

10.44 
(10.44) 

11.22 

14.64 
(14.73) 

266(18500) 

266(13400) 

274(20600) 

276(14000) 

272(19500) 

272(14300) 

274(21200) 

298(16700) 

294(14700) 

251(10300) 

a) Recrystallized from benzene, 
crystal forms. 

b) Lit,2) mp 132—133 °C, lit,3) mp 130—131 °C. c) They were separated by 
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TABLE 5. 2-ARYLACETYLENE-1 -SULFONAMIDES 5 

2349 

Gompd 

5a 
5b 
5c 
5d 
5e 

R 

H 
CH3 

Gl 
Br 
N 0 2 

Yield(%)*> 
path 

A B C 

72 
45 
86 
84 
76 

83 78 
40 
86 
77 
74 

Mp 
(°G) 

136-
149-
162-
168-
160-

-138 
-152 
-164 
-169 
-161 

C~ 

53.16 
55.16 
44.37 
36.85 
42.61 

Found(%) 

H N 

3.64 
4.36 
2.57 
2.15 
2.64 

7.70 
7.10 
6.74 
5.13 

12.44 

S 

17.47 

14.90 
12.38 
14.44 

53 
55 
44 
36 

G 

.04 

.37 

.55 

.94 
42.49 

Galcd(%) 

H N 

3.90 
4.65 
2.80 
2.33 
2.67 

7.73 
7.18 
6.50 
5.39 

12.39 

S 

17.70 

14.87 
12.33 
14.17 

T T V 3C2H5OH 
'-' v "max 

(«max) 

248(19800) 
254(21300) 
256(23500) 
258(26800) 
288(17700) 

a) Yield after recrystallization from benzene. 

the eis elimination from (is)-3a is the previous isomeriza-
tion to (Z)-3a and/or the enhanced leaving ability of 
HBr from such a system when activated by an electron-
attracting sulfonyl group.8) As cis-la. is known to 
readily isomerize to trans-la. upon treatment with 
aqueous 1 M NaOH, 9 ) we attempted to detect (Z)-3a 
in the reaction mixture of (is)-3a by high-speed liquid 
chromatography, but it could not be found. However, 
this fact does not exclude the idea of the previous iso-
merization of (is)-3a if the trans elimination proceeds 
more rapidly than the isomerization. 

We concluded that the 3a sulfonamide (mp 132— 
133 °G2> and 130—131 °C3>), which was previously pre­
pared by the dehydrobromination of the 2a dibromide 
(mp 161—162 °C3>) and by the amidation of/5-bromo-
ß-styrenesulfonyl chloride,2) has the Z configuration, 
judging from the physical properties and the spectral 
data. 

The 5 sulfonamides were readily synthesized by treat­
ing 3 (Path A), (Z)-4 (Path B), or 2 (Path C) with 4—5 
equiv of aqueous 1 M N a O H for 5 h at 45—50 °G 
(Table 5). Both sulfonamides, 2 and 3, were used 
without separation into their stereoisomers. The struc­
tures of 5 were determined on the basis of the analytical 
and spectral data. The I R spectrum of 5 displayed a 
strong absorption band at 2180—2190 c m - 1 due to the 
G=C bond. The 5 sulfonamides are stable enough to 
be stored for a year. 

Exper imenta l 

The melting points and the IR, UV, NMR, and mass 
spectra were measured by the same apparatus as has been 
reported previously.9) The high-speed liquid chromatogra­
phic analysis was carried out using a JASGO-FLC 150 ap­
paratus on a 0.5 mx2.1 mm column packed with JASCO-
DAC SV-02 (Solvent: methanol (20—40%)-water). The 
melting points are uncorrected. 

cis-ß-Styrenesulfonamide (eis-la). It was prepared in 
100% purity by the method previously described by us.9) 
Mp 122—122.5 °G (lit,10) 96—98 °G). 

threo- and erythro-7,2-Dibromo-2-arylethane-1-sulfonamides 
(threo and erythro-2,). General Procedure : To a solution of 
trans-1 (0.0010 mol) in purified acetic acid (15 ml) we added 
an equimolar amount of bromine at 16—18 °G, after which 
the solution was kept in sunlight at 16—18 °G. Acetic acid in 
aliquots irradiated for, 5, 30, and 60 min was evaporated in 
vacuo below 30 °G to leave a residue, which was solidified by 
the addition of ice water. Fractional recrystallization suc­
ceeded in separating the threo and erythro isomers except for 

the /»-halogeno-substituted ones. The spectral data for threo-
and erythro-2a: threo-2a: IR(KBr); 3400 and 3300 (NH2), 
1360, 1320, 1160, and 1130 (S02), 725 and 700 cm-1. NMR 
(DMSO-O à: 5.54 (d, 1, HA), 5.89 (d, 1, HB), y A B =4.0 
Hz, 7.30—7.50 (m, 5, G6H5), and 7.50—7.60 (m, 2, NH2). 
MS m/e: 343 (M+). erythro-2-a.'. IR(KBr); 3400 and 3300 
(NHa), 1350, 1160, and 1145 (S02) and 710 cm-1. NMR 
(DMSCW.) Ô: 5.73 (d, 1, HA), 5.88 (d, 1, HB), / A B = 6 . 5 
Hz, 7.30—7.50 (m, 5, G6H5), and 7.50—7.60 (m, 2, NH2). 
MS m/e: 343 (M+). 

(ZAl)-ß-Bromo-ß-styrenesulfonamides ((Z)-3, (E)-3). 
General Procedure : To a solution of threo-2 (0.00050 mol) in 
benzene (100 ml) we added Et3N (0.0020 mol), after which 
the solution was stirred for 1 h at room temperature. Tri-
ethylammonium bromide, which was immediately precipitat­
ed, was filtered out, and the filtrate was evaporated to dryness 
in vacuo to leave (Z)-3. The yields were more than 80%. 

Isomers, (is)-3, were prepared from erythro-2 by using the 
technique described in the synthesis of (Z)-3. The spectral 
data for (Z)- and (£)-3a: (Z)-3a: IR(KBr); 3350 and 3240 
(NH2), 1330 and 1160 (S02) cm-1. NMR(DMSCW6) Ô; 
7.40—7.68 (m, 5, C6H5), 7.76—7.86 (m, 2, NH2), and 8.01 
(s, 1, GH). MS m/e; 262 (M+). (£)-3a: IR(KBr); 3350 
and 3240 (NH2), 1330, 1170, 1160, and 1150 (S02) cm-1. 
NMR(DMSO-</6) Ô; 7.28—7.48 (m, 5, G6H5), 7.60 (s, 1, GH), 
and 7.68 (s, 2, NH2). MS m/e; 262 (M+). 

The dehydrobromination of 2c (threo 75%) and 2d (threo 
73%) gave 3c (Z 75%) and 3d (Z 73%) respectively. The 
(Z)- and (is)-3c, and (Z)-3d could be separated by crystal 
forms, but (E)-3d could not be freed of (Z)-3d. 

(Z)-oc-Chloro-ß-styrenesulfonamide ( (Z)-4). Sodium ben-
zoylmethanesulfonate (5.0 g, 0.023 mol) was refluxed with 
PG15 (18.7 g, 0.090 mol) for 10 h. The product was worked 
up in a way analogous to that reported in the synthesis of ß-
styrenesulfonyl chloride11) and distilled under reduced pres­
sure to give a-chloro-/?-styrenesulfonyl chloride; bp 60—110 
°G/3 mmHg (58% yield). Without further purification, it 
was converted to (Z)-4 by treatment with a 28% ammonia 
solution. The E isomer could not be detected. 

2-Arylacetylene-1-sulfonamides (5). Paths A and C: 
General Procedure : A solution of 3 (Path A) or 2 (Path G) in 
aqueous 1 M NaOH (50 ml, 0.050 mol) was stirred for 5 h 
at 45—50 °G and then acidified with coned HCl under cooling 
to give 5. Recrystallization from benzene afforded thin 
plates. 

Path B: Sulfonamide 5a was prepared from (Z)-4 and 
1 M NaOH by using the procedure described for Paths A 
and C. 

The spectral data for 5a : IR(KBr) ; 3320 and 3210 (NH2), 
2180 (G=G), 1330, 1180, and 1150 (S02) cm"1. NMR 
(DMSO-rf6) Ô; 7.55—7.60 (m, 5, G6H5) and 8.24 (s, 2, 
NHj). MS m/e; 181 (M+). 
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Diphosphine-Rhodium Complex-Catalyzed Hydroformylation 
of a,/3-Unsaturated Esters 
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The product distribution in the hydroformylation of a,/?-unsaturated esters (ethyl acrylate, methyl methacrylate, 
methyl crotonate, and methyl tiglate) catalyzed by Rh2Gl2(GO)4 was studied at 150 °C under 100 atm of synthesis 
gas (CO/H a =l / l ) in the absence or presence of various additional phosphorus ligands. In order to attain a high 
selectivity of a-formylation (>80%), the addition of shorter methylene-chained diphosphines (R2P(CH2)nPR2, 
R=phenyl or cyclohexyl, n=2—4) to the reaction system was essential, while the use of Rh2Cl2(GO)4 alone or 
in combination with triphenylphosphine or a longer diphosphine, Ph2P(CH2)5PPh2, resulted in a very low 
a-selectivity. The effects of the reaction variables on the product distribution were also examined for acrylate 
and methacrylate using Ph2P(CH2)4PPh2 and Ph2P(CH2)2PPh£, respectively, as additional ligands. 

Among many types of polar olefins, a,/?-unsaturated 
esters have received much attention as substrates for 
hydroformylation. The selective /9-formylation of the 
ethylenic linkage of acrylates, followed by cyclization 
to afford y-butyrolactone, has been accomplished by the 
use of a cobalt carbonyl catalyst.1) O n the other hand, 
it has been noted in a patent claim that a rhodium 
catalyst favors a-formylation, though the selectivity at­
tained is not very high.2) The composition of the pro­
ducts from ethyl acrylate under a wide range of the 
reaction conditions has also been examined in detail 
by the use of cobalt3) as well as rhodium catalyst.4) In 
the hydroformylation of methyl methacrylate by a rho­
dium catalyst, the addition of a large amount of a 
phosphorus ligand to the reaction system or a much 
elevated pressure of synthesis gas as high as 1000 a tm 
is required for selective a-formylation.5 '6) Methyl cro­
tonate undergoes formylation mainly on the ß-carbon, 
and a relatively large amount of the hydrogénation by­
product is also formed.5) 

In this report, the authors will describe the hydro­
formylation of various a,ß-unsaturated esters by the use 
of the diphosphine-rhodium catalyst system, and it 
will be shown that this catalyst system is extremely ef­
ficient for selective a-formylation. 

Exper imenta l 

Materials. Benzene and ethylbenzene were distilled 
under nitrogen. All of the substrates were commercial prod-
ducts, and were freshly distilled under nitrogen of a reduced 
pressure before use. Triphenylphosphine and l,2-bis(di-
phenylphosphino)ethane were used as purchased. Tetracar-
bonyldi-^-chlorodirhodium,7) 1,3-bis (diphenylphosphino) pro­
pane,8) l,4-bis(diphenylphosphino) butane,9) 1,5-bis (diphenyl­
phosphino) pentane,9) 1,2-bis (dicyclohexylphosphino) ethane,10) 
l,4-bis(dicyclohexylphosphino)butane,11) and l,2-bis(5//-di-
benzophospholyl)ethane12) were prepared by the previously 
reported methods. 

Reaction Procedure. A 37-ml Schlenk-tube-type high-
pressure reaction vessel, made of stainless steel (SUS 316), 
was charged under a nitrogen atmosphere with 3 ml of a 
solvent (ethylbenzene for ethyl acrylate and benzene for the 
other substrates), 1.3 mg of tetracarbonyldi-,«-chlorodirho-
dium (6.7xl0~6mol with respect to the rhodium atom), a 
desired amount of a phosphine, and 1.5 ml of a substrate. 
The reaction vessel was then sealed and flushed with carbon 
monoxide. Then, carbon monoxide and hydrogen were in­

troduced up to their given partial pressures. The tempera­
ture was elevated in an oil bath. The reaction solution was 
then agitated magnetically. 

Analysis of the Products. An aliquot of the reaction 
mixture was analyzed by gas chromatography. A Shimadzu 
model GG-3B gas Chromatograph, equipped with a stainless 
steel column packed with diethylene glycol succinate polyester 
on Neopak AS (3 mm i.d. X 2.5 m) was used at an oven 
temperature of 120 °C for most cases. The remainder of 
the reaction mixture was submitted to distillation, and the 
products were identified spectroscopically. The IR and 
NMR spectra were recorded on a Shimadzu IR 27G ap­
paratus, and a JEOL G-60HL apparatus, respectively. 

R e s u l t s 

T h e reaction was carried out at 150 °C under 100 
a tm of synthesis gas ( G O / H 2 = l / l ) , with Rh 2 Cl 2 (CO) 4 

as a catalyst precursor, in the absence or presence of 
a variety of phosphines. The phosphorus-to-rhodium 
ratio of 4 : 1 was used in every case. The boiling 
points and spectral data of the products are summa­
rized in Table 1. The N M R spectra of some a-formylat-
ed isomers show that these isomers are present in equi­
librium with the corresponding enol forms. T h e ap­
proximate ratio of enol to aldehyde under the condi­
tions of the N M R measurement (carbon tetrachloride 
solution, 31.5 °C) is also shown in the table. 

Hydroformylation of Ethyl Acrylate. The results are 
summarized in Table 2. T h e catalytic activity of the 
rhodium complex was, in the absence of a phosphine, 
very low, and ethyl ß-formylpropionate was mainly 
formed. The addition of triphenylphosphine to the 
reaction system much improved the a-selectivity, though 
the reaction was still sluggish. In contrast, when car­
ried out in the presence of a, co-bis (diphenylphosphino)-
alkanes, Ph 2 P(CH 2 ) w PPh 2 ( n=2—4) , the reaction pro­
ceeded extremely fast, and the a-carbon was formylated 
almost exclusively. I t was also found that the extent 
of the competitive hydrogénation was enhanced by 
the use of these diphosphines. As the carbon chain 
between the two phosphorus atoms of the diphosphine 
got longer from C2 to C4, the amount of the hydrogéna­
tion by-product much decreased and the a-selectivity 
became slightly higher. However, when the still lon­
ger diphosphine, Ph 2P(CH 2) 5PPh 2 , was used, a very low 
a-selectivity was caused, and the competitive hydrogén­
ation intensively occurred again. In addition, a much 
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T A B L E 1. BOILING POINTS AND SPECTRAL DATA OF THE REACTION PRODUCTS 

[Vol. 50, No. 9 

Structure 
Bp 

(°C/Torr) 
IR a ) 

(cm-1) 
iH-NMR") 

(T ppm) 
Enol 

Aldehyde 

G H 3 G H G O O C H 2 C H 3 

I 
C H O 

C H 3 - G - C O O C H 2 C H 3 

II 
H - G - O H 

0.36 (1H, d, 7 = 1.4 Hz, C H O ) , 5.83 ) 
(2H, q, CH 2 ) , 6.72 (1H, dq, C H ) , 
8.75 (3H, d, 7 = 7 . 2 Hz, C H 3 C H ) , 8.75 
(3H, t, 7 = 6 . 9 Hz, CH 3 CH 2 ) 

47 .0—49.5 /10 2730 (*>C< = O)H), —1.21 (1H, d, O H ) , 3.09 (1H, d, J= 
1745, 1720, 1668 12.6 Hz , C H ) , 5.81 (2H, q, CH 2 ) , 8.35 
(vco), 1616 (vc = c) (3H, s, CH 3C=), 8.73 (3H, t, 7 = 6 . 7 

Hz, CH 2 CH 3 ) 
0.35 (1H, s, C H O ) , 5.87 (2H, q, 
CH 2 GH 3 ) 

1.7/1.0 

O H C - C H 2 C H 2 C O O C H 2 C H 3 56 .5—57.3 /3 

( C H 3 ) 2 C C O O C H 3 

I 
C H O 

O H C - C H 2 C H C O O C H 3 

I 
C H 3 

C H 3 C H 2 C H C O O C H 3 

I 
C H O 

C H 3 C H 2 - C - C O O C H 3 

H - C - O H 

C H 3 C H C H 2 C O O C H 3 

I 
C H O 

O H C - ( C H 2 ) 3 C O O C H 3 

C H 3 

C H 3 C H 2 C C O O C H 3 

C H O 

2820, 2715 
(*C< = O>H), 1730 
(*co) 

41.0—42.5/12 2820, 2710 

(*C<=<»H), 1730 

("co) 

49.0—49.3/3 2825, 2720 
(vC(=o)n), 1730 
(*co) 

7.15—7.55 (4H, m, 2CH 2 ) , 8.75 (3H, 
t, y = 7 . 0 Hz, CH,) 

0.48 (1H, s, C H O ) , 6.28 (3H, s, O C H 3 ) , 
8.71 (6H, s, 2CH3) 

0.36 (1H, s, C H O ) , 6.38 (3H, s, O C H 3 ) , 
7.0—7.6 (3H, m, C H C H 2 ) , 8.82 (3H, 
d, 7 = 7.0 Hz, CHCH 3 ) 

0.36 (1H, d, 7 = 2 . 1 Hz, C H O ) , 6 . 2 5 \ 
(3H, s, O C H 3 ) , 6.83 (1H, dt, C H ) , 
8.10 (2H, m, CH 2 ) , 9.06 (3H, t, J= 
7.5 Hz, CH 3 CH 2 ) 

- 1 . 2 2 (1H, d, O H ) , 3.01 (1H, d, J= 
1730, 1666 > c o ) , 12.5 Hz, C H ) , 6.22 (3H, s, O C H 3 ) , 
1605 (v0 = 0) 8.04 (2H, q, C H 2 C H 3 ) , 9.00 (3H, t, 

7 = 7 . 5 Hz, CH 3 CH 2 ) 

49 .0—51 .0 /3 2800, 2700 0.41 (1H, s, C H O ) , 6.35 (3H, s, O C H 3 ) , 
(*C<=O)H), 1730 8.1—8.8 (3H, m, C H C H 2 ) , 8.85 (3H, 
(?co) d, 7 = 7 . 4 Hz, CH 3 CH) 

— 2810, 2700 0.35 (1H, t, 7 = 1 . 5 Hz, C H O ) , 6.38 
(»•C(=O)H), 1730 (3H, s, O C H 3 ) , 7.3—8.3 (6H, m, 3CH2) 
(*co) 

33 .0—36.0 /3 2815, 2715 0.42 (1H, s, C H O ) , 6.31 (3H, s, O C H 3 ) , 
(*C<=O)H), 1720 8.19 (2H, m, CH 2 ) , 8.77 (3H, s, CCH 3 ) , 
(vco) 9.14 (3H, t, 7 = 7 . 5 Hz, CH 3 CH 2 ) 

4 3 . 0 - 4 6 . 0 / 1 0 2710 ( r c ( = 0 ) H ) , 
1/1 

a) Neat, b) In a carbon tetrachloride solution (10—20% solution); internal s tandard : T M S . 

T A B L E 2. HYDROFORMYLATION OF ETHYL ACRYLATE*) 

Phosphine 

— 

PPh3 

Ph2P(CH2)2PPh2 

Ph2P(CH2)3PPh2 

Ph2P(CH2)4PPh2 

Ph2P(CH2)5PPh2 

Cy2P(CH2)2PCy2 

Cy2P(CH2)4PCy2 

DBP-(CH2)2-DBPd> 

Reaction 
time 
(min) 

36 

180 

42 

22 

5 

550 

7 

12 

76 

Conversion 

(%) 

6 

27 

100 

«100 

«100 

«100 

100 

«100 

100 

Product distribution 

a 

28.6 

71.5 

64.2 

72.3 

85.4 

49.9 

79.9 

67.2 

32.1 

ß 
66.7 

27.0 

2.6 

2.9 

2.3 

17.0 

3.8 

1.1 

17.3 

(%)b) 

Dihydro 

4.8 

1.5 

32.0 

24.8 

12.3 

33.1 

16.3 

31.7 

50.5 

a-Selectivity 

(%)c) 

22.9 

72.5 

96.1 

96.1 

97.4 

74.6 

95.5 

98.4 

65.0 

a) React ion conditions: 150 °C, 100 a tm ( C O / H 2 = l / l ) , phosphorus/rhodium = 4 /1 . b) a, ß and dihydro stand 
for ethyl a-formylpropionate, ethyl /?-formylpropionate, and ethyl propionate, respectively, c) a-Selectivity denotes 
lOOX a/ (oc + ß). d) DBP stands for the 5//-dibenzophospholyl group. 
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longer reaction time was required for complete con­
version in the case of this diphosphine. 

The electronic effects on the product distribution were 
examined by the use of dicyclohexylphosphino ana­
logues of 1,2-bis (diphenylphosphino) ethane and 1,4-
bis (diphenylphosphino) butane. These effects are appar­
ently not separable from steric effects, and no clear 
trends in either the reaction rate or the extent of the 
competitive hydrogénation could be found. The a-
selectivity remained practically unchanged upon the 
exchange of the phenyl groups for the cyclohexyl ones. 

The effect of the structure of the diphosphine was 
further studied using l,2-bis(5H-dibenzophospholyl)-
ethane, some rhodium complexes of which efficiently 
catalyzed the hydroformylation of olefinic hydrocar­
bons.13) However, for ethyl acrylate, this diphosphine 
was much inferior in its catalytic activity as well as 
in its a-selectivity to 1,2-bis(diphenylphosphino)ethane. 

Hydroformylation of Methyl Methacrylate. The re­
sults of the hydroformylation of methyl methacrylate 
are collected in Table 3. Unlike ethyl acrylate, methyl 
methacrylate was rapidly hydroformylated in the ab­
sence of phosphines. T h e ß-isomer was mainly form­
ed, accompanied by a considerable amount of the hydro­
génation by-product. The addition of tertiary phos­
phines to the reaction system much retarded the reac­
tion and increased the content of the a-isomer. In 
addition, it suppressed the competitive hydrogénation 

except the reaction with 1,3-bis (diphenylphosphino)-
propane. The highest a-selectivity accomplished by 
the use of 1,2-bis (diphenylphosphino) ethane, 81.4%, 
was lower than that observed in the reaction of ethyl 
acrylate, probably because of the steric hindrance of 
the a-methyl substituent. 1,2-Bis(dicyclohexylphosphi­
no) ethane and 1,4-bis (dicyclohexylphosphino) butane, 
which caused high a-selectivities similar to the diphenyl­
phosphino counterpart in the reaction of ethyl acrylate, 
gave inferior results for methyl methacrylate. Proba­
bly, this is also at tr ibutable to the steric hindrance due 
to the presence of the a-methyl substituent on the double 
bond as well as to the large ligand cone angle14) of 
the bis (dicyclohexylphosphino) alkanes. 

Hydroformylation of Methyl Crotonate. T h e results 
are shown in Table 4. In comparison with the reac­
tions of ethyl acrylate and methyl methacrylate, the 
hydroformylation of methyl crotonate gave very diverse 
results for the product distribution depending on the 
nature of the added ligands. Competitive hydrogéna­
tion was often the main reaction. Nevertheless, some 
of the diphosphines, such as Ph 2P(CH 2) 2( o r 4)PPh2 and 
Cy2P(CH2)2PCy2, showed high a-selectivities, suppres­
sing the formation of the ß- and y-isomers which were 
the main products when the reaction was carried out 
either in the absence of any additional ligands or in 
the presence of triphenylphosphine. 

Hydroformylation of Methyl Tiglate. The results 

TABLE 3. HYDROFORMYLATION OF METHYL METHACRYLATE*1) 

Phosphine 

— 
PPh3 

Ph2P(GH2)2PPh2 

Ph2P(GH2)3PPh2 

Ph2P(CH2)4PPh2 

Ph2P(CH2)5PPh2 

Gy2P(CH2)2PCy2 

Cy2P(CH2)4PCy2 

Reaction 
time 
(min) 

16 
200 
105 
250 
360 
420 
450 
280 

Conversion 
(%) 

100 
100 
100 
51 
92 
98 
98 
98 

Product distribution 

OC 

7.2 
38.5 
79.5 
45.9 
75.5 
14.7 
50.2 
54.9 

ß 
73.4 
56.1 
17.6 
17.5 
19.2 
74.3 
44.7 
40.5 

(%)b> 

Dihydro 

19.6 
5.4 
2.9 

36.6 
5.3 

11.0 
5.1 
4.7 

a-Selectivity 
(%)c) 

8.7 
40.8 
81.8 
72.4 
79.8 
16.5 
52.9 
57.6 

a) Reaction conditions: 150 °C, 100 atm (CO/H 2 =l / l ) , phosphorus/rhodium = 4/1. b) a, ß and dihydro stand 
for methyl a-formylisobutyrate, methyl /?-formylisobutyrate, and methyl isobutyrate, respectively, c) a-Selectivity 
denotes 100Xa/(a + /?). 

TABLE 4. HYDROFORMYLATION OF METHYL CROTONATE11) 

Phosphine 

— 
PPh3 

Ph2P(CH2)2PPh2 

Ph2P(CH2)3PPh2 

Ph2P(CH2)4PPh2 

Ph2P(CH2)5PPh2 

Cy2P(CH2)2PCy2 

Cy2P(CH2)4PCy2 

Reaction 
time 
(min) 

160 
210 
150 
210 
240 
360 
360 
210 

Conversion 
(%) 

100 
100 
100 
93 
92 
94 
71 
40 

a 

0.0 
17.2 
22.9 
8.8 

80.1 
3.6 

43.5 
41.4 

Product distribution (%)b) 

ß 
51.7 
52.6 
2.0 
4.6 
5.2 

40.6 
2.6 

28.2 

y 

30.0 
12.6 
0.0 
0.0 
0.0 

27.9 
0.1 
4.7 

Dihydro 

18.0 
17.6 
75.1 
86.6 
14.7 
28.0 
53.8 
25.7 

a-Selectivity 
(%) 

0.0 
20.9 
91.8 
65.5 
93.9 

5.0 
94.2 
55.7 

a) Reaction conditions: 150 °C, 100 atom (CO/H 2 =l / l ) , phosphorus/rhodium = 4/1. b) a, ß, y, and dihydro 
stand for methyl a-formylbutyrate, methyl jÇ-formylbutyrate, methyl y-formylbutyrate,, and methyl butyrate, re­
spectively, c) a-Selectivity denotes 100 X a/(a +/? + )>). 
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TABLE 5. HYDROFORMYLATION OF METHYL TIGLATE*) 

Phosphine 
Reaction 

time 
(h) 

Conver­
sion 
(%) 

Yield1» 
(%) 

a-Selec-
tivity 
(%)e) 

Ph2P(CH2)2PPh2 

Ph2P(CH2)4PPh2 

5 
24 
24 

100 
24 
16 

44 
19 
12 

1.8 
74.9 
73.4 

a) Reaction conditions: 150 °C, 100 atm (CO/H 2 =l / l ) , 
phosphorus/rhodium = 4/1. b) Total yield of the four 
aldehydes based on the amount of methyl tiglate 
charged (see the text), c) a-Selectivity denotes the 
percentage of methyl a-formyl-a-methylbutyrate in the 
total amount of the four aldehydes formed. 

are shown in Table 5. Unlike the other substrates 
examined, a significant amount of unidentified high 
boiling by-product (s) was formed, especially in the ab­
sence of phosphine. As concerns the aldehyde forma­
tion, after comparing the gas chromatogram of the reac­
tion mixture with that of methyl crotonate, the authors 
presume that all of the possible four isomeric aldehydes 
were produced. However, only the a-isomer could be 
isolated and identified. The other isomers could not 
be separated in a pure state because of the similarity 
of their boiling points. T h e a-selectivity, which was 
very low without added phosphines, was markedly en­
hanced by the use of the diphosphines. 

CHO C H O 

/ X / G O O M e c o ) H 2 / \ L C O O M e A / C O O M e 
I > I + I 

O H C x / X / C O O M e / V C O O M e 
+ I + 1 

\ C H O 
y r 

Effects of the Reaction Variables. Tables 2 and 3 
show that l ,4-bis(diphenylphosphino)butane and 1,2-
bis(diphenylphosphino)ethane are the most beneficial 
a-formylating ligands for ethyl acrylate and methyl 
methacrylate respectively. Therefore, using those most 
beneficial combinations of the ligand and the substrate, 
the effects of the reaction variables, such as the phos­
phorus-to-rhodium ratio, the reaction temperature, and 
the partial pressures of carbon monoxide and hydrogen, 
on the product distribution were briefly examined in 
order to search for the opt imum conditions for selective 
a-formylation and to shed more light on the role of 
the diphosphines during the course of the reaction. 
T h e results are illustrated in Figs. 1—5. 

Figure 1 shows that, in the reaction of ethyl acrylate, 
the decrease in the amount of the diphosphine slightly 
lowered the a-selectivity. Competitive hydrogénation 
was almost completely inhibited at phosphorus-to-rho­
dium ratios smaller than 2. A similar but more pro­
found influence on the a-selectivity was also observed 
for methyl methacrylate (Fig. 2), while the effect on 
the hydrogénation by-product formation was just the 
reverse of that with ethyl acrylate, and, at the ratio 
of 2, the extent of hydrogénation was markedly intensive. 

Lowering the reaction temperature increased the a-

Phosphorus/rhodium 

Fig. 1. Effects of the ratio of phosphorus/rhodium in 
hydroformylation of ethyl acrylate. 
100 °C, 100 atm (CO/H 2 =l / l ) , phosphine; Ph2P-
(CH2)4PPh2. 

Phosphorus/rhodium 

Fig. 2. Effects of the ratio of phosphorus/rhodium in 
hydroformylation of methyl methacrylate. 
150 °C, 100 atm (CO/H 2 =l / l ) , phosphine; Ph2P-
(CH2)2PPh2. 

ir 

boo" 
O "— 

-3 

Fig. 3. 

o,# 

A,A: 

Reaction temperature (°C) 

Effects of the reaction temperature. 
Ethyl acrylate: 100 atm (CO/H 2 =l / l ) , phos­
phine; Ph2P(CH2)4PPh2, phosphorus/rhodium= 
4/1. 
Methyl methacrylate: 100 atm (CO/H 2 =l / l ) , 
phosphine; Ph2P(CH2)2PPh2, phosphorus/ 
rhodium=4/1. 
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a 
V 
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Carbon monoxide pressure (atm) 

Fig. 4. Effects of the carbon monoxide pressure. 
0 , # : Ethyl acrylate: />(H2) = 50 atm, 100 °G, phos­

phine; Ph2P(CH2)4PPh2, phosphorus/rhodium= 
4/1. 

A ,A: Methyl methacrylate: />(H2) = 50 atm, 150 °G, 
phosphine; Ph2P(CH2)2PPh2, phosphorus/ 
rhodium=4/1. 

100 

.'E 

• 

8 

50 90 

Ö 

o 

Fig. 5. 

o,# 

A,A: 

10 50 

Hydrogen pressure (atm) 

Effects of the hydrogen pressure. 
Ethyl acrylate: /(GO) = 50 atm, 100 °C, phos­
phine; Ph2P(CH2)4PPh2, phosphorus/rhodium= 
4/1. 
Methyl methacrylate : / (CO) = 50 atm, 150 °G, 
phosphine; Ph2P(CH2)2PPh2, phosphorus/ 
rhodium=4/1. 

selectivity and decreased the extent of hydrogénation 
for ethyl acrylate as well as methyl methacrylate (Fig. 
3) ; therefore, it provides a very favorable condition 
for selective a-formylation. For example, when ethyl 
acrylate was allowed to react with synthesis gas (100 
atm, G O / H a = l / l ) at 100 or 75 °C by the use of 1,4-
bis (diphenylphosphino) butane (phosphorus/rhodium= 
4/1), the reaction was completed within 12 or 65 min 
respectively, and ethyl a-formylpropionate was obtained 
in a 92.6 or 9 5 . 1 % yield (98.5 or 9 9 . 3 % a-selectivity) 
respectively. 

For both the substrates, the a-selectivity and the 
amount of hydrogénation by-product increased and de­
creased respectively with an increase in the carbon mon­
oxide pressure up to ca. 50 a tm; thereafter it remained 
practically unchanged (Fig. 4) . 

As Fig. 5 shows, the effect of the hydrogen pressure 
on the a-selectivity was smaller than, but similar to, 
that of the carbon monoxide pressure for both ethyl 
acrylate and methyl methacrylate. O n the other hand, 
concerning the hydrogénation by-product formation, 
acrylate and methacrylate behaved differently from each 
other on a variation in the hydrogen pressure. Thus , 
for acrylate, a higher pressure suppressed the com­
petitive hydrogénation. T h e influence of the hydrogen 
pressure on methacrylate was the reverse. 

D i s c u s s i o n 

As has been described above, the rhodium-diphos-
phine system is a very beneficial catalyst for the selective 
a-formylation of a,/9-unsaturated esters. As concerns 
the isomer distribution, Takegami and his co-workers4) 
have examined the hydroformylation of ethyl acrylate 
catalyzed by rhodium carbonyl under various reaction 
conditions. O n the basis of the results, they have sug­
gested that the extent of the skeletal isomerization of 
the a-metalated intermediate, which is preferably for­
med initially, is an important factor in deciding the 
product distribution. With the present catalyst system, 
the effects of the reaction variables on the a-selectivity 
in the reaction of ethyl acrylate were qualitatively the 
same as the above authors had observed. In addition, 
y- and/or /T-isomers were also produced in the reac­
tion of crotonate and tiglate. These results seem to 
indicate that such an isomerization occurs also with 
the diphosphine-rhodium catalysts (Scheme 1). T h e 
a-selectivity for methyl methacrylate was more sensitive 
to the reaction conditions than for ethyl acrylate. 
This can also be reasonably explained from the point 
of view of the skeletal isomerization ; i.e., the possibility 
of the skeletal isomerization of the a-metalated inter­
mediate from methacrylate is greater than that from 
acrylate, because the former has two carbons onto 
which the rhodium can migrate through isomeriza­
tion, while the latter has only one such carbon. 
However, judging from the extremely high a-
selectivity and its low sensitivity to the reaction 
conditions compared with those reported by Takegami 
et al., it might be better to consider that the extent 
of the skeletal isomerization is not so great with the 
present catalyst system. The shorter carbon-chained 
(C2-C4) diphosphines may coordinate tightly to rhodium 
because of their chelating power, and may thus stabi­
lize the a-metalated intermediate predominantly formed 
initially, retarding the possible skeletal isomerization 
prior to the C O insertion. This may be at least one 
of the reasons why the high a-selectivity is realized by 
the use of these shorter-chained diphosphines as addi­
tional ligands, though the possibility that the chelation 
of the diphosphines facilitates the C O insertion itself, 
considering the unexpected acceleration of the reaction 
of ethyl acrylate by the shorter-chained diphosphines, 
can not be ruled out. Such a retardation of skeletal 
isomerization due to the stabilization of the reaction 
intermediates caused by the addition of a phosphine 
to the reaction system is also observed in the palladium-
catalyzed isomerization of straight-chained acyl halides 
to the corresponding branched-chained ones.15) 
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R' 
I 
GH, 

R' 
I 

| Minor path | 

HRhL„ + RCH-CCOOR" —. » RCHCHCOOR' 
I Major path 

y-Metalated isomer 

RhL, 

/ 

(L: CO, PR3) 

R' 

GH2 

I 
RCH2CCOOR" 

RhL* 

/ 
R' 

I 
CH-RhL, 

RCH2CHCOOR' 

Scheme 1. 

O n the other hand, the a-selectivity varied sensitively 
depending on the chain length of the diphosphine. 
Moreover, the effect of the chain length on the a-
selectivity appeared in a different manner from sub­
strate to substrate. These results indicate that the size 
and the conformation of the chelate ring have much 
to do with the a-selectivity and the reaction rate. 
Concerning the hydrogénation of olefinic compounds, 
Kagan and his co-workers16) have reported that the 
catalytic activity of some diphosphine-rhodium complex­
es heavily depends on the combination of the diphos­
phine and the substrate. 

In consideration of the effect of the size and the con­
formation of the chelate ring formed by a,(o-bis(diphen-
ylphosphino)alkanes in the present reaction system, 
it may be reasonable to assume that any factors weak­
ening the coordination of a diphosphine as a bidentate 
ligand are harmful to a high a-selectivity, because the 
addition of a diphosphine is essential for selective a-
formylation. T h e chelate ring formed by the coordi­
nation of a diphosphine with a longer methylene chain 
linking the two diphenylphosphino groups should be­
come progressively less stable as the rings become larg­
er. Moreover, the so-called medium rings, such as the 
eight-membered ring formed by 1,5-bis (diphenylphos­
phino) pentane, suffer a further destabilization due to 
the transannular steric repulsion. Therefore, it is like­
ly that the longer-chained diphosphine functions as a 
monodentate ligand with a free phosphorus end. The 
low a-selectivity observed with 1,5-bis (diphenylphos­
phino) pentane, which lies on a level with that with 
Rh 2 Cl 2 (CO) 4 alone or in the presence of triphenyl-
phosphine, may be because of the above reasons. 

T h e reaction with 1,3-bis (diphenylphosphino) propane 
also caused a relatively low a-selectivity, with the ex­
ception of the case of ethyl acrylate. This may be ex­
plained as follows : 1,3-bis (diphenylphosphino) propane 
forms a six-membered ring on chelating coordination, 
the ring being preferably of a chair form. As is well 
known in the cyclohexane chemistry, there arises a 
serious steric repulsion between 1,3-diaxial substituents 
of chair-formed cyclohexanes. Regarding the present 
six-membered ring containing a rhodium and two phos­
phorus atoms, a pair of phenyl groups bonded to the 
separate phosphorus atoms cannot help occupying the 
1,3-diaxial position. This may weaken the coordina­
tion of the diphosphine and bring about the formation 
of some non-a-selective catalytic species in which the 

diphosphine does not effectively chelate the rhodium. 
T h e relatively lower a-selectivity for methyl methacry-
late as well as for methyl crotonate with 1,3-bis (diphenyl­
phosphino) propane than that with 1,2-bis (diphenylphos­
phino) ethane or 1,4-bis (diphenylphosphino) butane may 
be ascribable to the partial participation of these non-
a-selective species. However, the above-mentioned 
tendency for this diphosphine to cause a lower a-selec­
tivity did not appear explicitly in the case of ethyl 
acrylate. In consideration of this point, careful atten­
tion should be paid to the reaction ra te : the reaction 
without any additional ligand or in the presence of 
triphenylphosphine proceeded very sluggishly. O n the 
other hand, the reaction with the shorter diphosphines 
was extremely fast. Judging from this great difference 
in the reaction rate between these two cases, it may 
be reasonable to consider that the species in which 1,3-
bis (diphenylphosphino) propane does not effectively che­
late the rhodium can scarcely participate in the reaction 
to such a great extent as to influence the results, while 
the species with the chelating diphosphine effects a 
rapid and highly a-selective formylation. This may 
be the reason why a high a-selectivity was attained 
for ethyl acrylate even by the use of 1,3-bis (diphenyl­
phosphino) propane. 

As another factor playing an important role during 
the reaction, a steric interaction of the substrate with 
the catalyst should be taken into account. T h e intro­
duction of a methyl group into the a-position of acrylate 
(methyl methacrylate) lowered the a-selectivity, pro­
bably because of the increased steric repulsion around 
the a-carbon to be preferentially metalated. However, 
unexpectedly, the introduction of a methyl group into 
the jS-carbon (methyl crotonate) also lowered the a-
selectivity. Moreover, 1,2-bis (5//-dibenzophospholyl)-
ethane, in which the rotation of the phenyl groups 
around the phenyl-to-phosphorus-bond axis is inhibited 
by the connection of the two phenyl groups on each 
phosphorus atom to each other at the ortho position, 
caused a much poorer activity and a far lower a-
selectivity in the hydroformylation of ethyl acrylate than 
the more flexible 1,2-bis (diphenylphosphino) ethane. 
These results suggest that a delicate steric interaction 
between the substituents of the catalyst ligands and those 
of the substrates should be taken into consideration. 
T h e steric requirement for the coordination of a sub­
strate should be more severe as the steric bulk of both 
the substrate and the other ligands increases. This is 
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supported by the fact that the a-selectivity for methyl 
methacrylate and crotonate varied more sensitively with 
the structure of the catalyst than that for ethyl acrylate. 
However, the mode and the extent of this kind of 
steric interaction must be very dependent on the con­
formation of the ligand, and more precise knowledges 
about the real structure of the catalyst under the re­
action conditions will be necessary in order to develop 
a more subtle argument. 

Finally, concerning the electronic aspects, the authors 
did not find any direct and distinct evidence that the 
variation in the a-selectivity as well as in the reaction 
rate observed with various diphosphines, including such 
powerful electron donors as a,a>-bis(dicyclohexylphos-
phino)alkanes, was dependent on the electronic factor 
of the diphosphines. Probably, this is because the 
steric factors much more seriously affect the results. 

T h e authors wish to thank Mr. Tohru Arakawa and 
Mr. Hirokatsu Takyu for their experimental assistance. 
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Catalysis and Mechanism of the Isomerization of a J5-3-Keto Steroid 
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(Received February 25, 1977) 

The acid- and base-catalyzed isomerizations of J5- to zl4-testosterone have been kinetically studied in aqueous 
solution. Solvent isotope effects of A:H3O+/£D3O

+ = 0 .69 and kon-jkOÏ)- = 'i.\ were obtained. It was thus con­
cluded that the acid-catalyzed isomerization proceeds through rate-determining enoHzation but the base-catalyzed 
reaction through rate-determining protonation of an enolate ion. It was found that primary amines efficiently 
catalyze the isomerization via an iminium ion intermediate. Possible bifunctional catalysis was suggested for the 
high catalytic activity of polyfunctional primary amines. 

The isomerization of/3,y-unsaturated ketones to their 
conjugated isomers has been shown to be catalyzed by 
both acids1-6) and bases.4,6) The acid-catalyzed iso­
merization involves the formation of a dienol interme­
diate followed by protonation at the y carbon to give 
an <x,ß isomer.3 '5) A similar pathway through a di-
enolate anion intermediate has been presented for the 
base-catalyzed reaction.4»6) The rate-determining step 
of these reactions seems to depend on the ketone struc­
ture.5»6) Recently, a primary amine has been found 
to efficiently catalyze the isomerization through a dien-
amine intermediate.7-8) Closely related enzymatic reac­
tions have received considerable attention.9-10) The A5-
3-keto steroid isomerase from P. testosteroni has most ex­
tensively been studied, although the mechanism for 
this reaction has yet to be fully elucidated.9) 

In this paper, acid- and general base-catalyzed iso­
merization of Zl5-(1) to Zl4-testosterone (2) has been 
investigated to determine the rate-determining step. 

:i) 

Various pr imary amines, including polyfunctional 
amines, have been examined for their catalytic activities. 

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

Materials. /J5-Testosterone (1) was prepared by the 
isomerization of testosterone (2) catalyzed by potassium t-
butoxide in £-butyl alcohol.11) Crude products were recrys-
tallized from acetone to give white plates melting at 160 °G. 
Calcd for G19H2802: G, 79.17; H, 9.72%. Found: G, 
79.40; H, 9.72%. 

Inorganic salts of reagent grade were used without further 
purification. Organic buffers were distilled or recrystal-
lized before use. Freshly boiled, glass distilled water was 
used for all the rate determinations. 

Kinetics. Rates were measured at 30±0.1 °G in 
aqueous buffer solutions containing 1% methanol, ionic 
strength being maintained at 0.50 with the addition of KCl. 
Three ml of buffer solution was equilibrated at 30 °C in a 
stoppered quartz cuvette inserted in a water-jacketted cell 
holder. Into the buffer solution was injected 30 fxl of stock 
solution of 1 in methanol (4x 10 -3 M) with use of a micro-
syringe. After thorough mixing, the reaction was monitored 
spectrophotometrically using a Shimadzu spectrophotometer 
UV-200. First-order plots were linear over 90% conversion 

OH 

/\K\ 
I 

I I I ' 

l 

OH 

1 1 

• I l l 
1 1 1 

2 

as monitored at 245 nm (Amax of 2) in the absence of primary 
amines. 

Values of pH of buffer solutions and reaction mixtures were 
determined with a Hitachi-Horiba pH meter GTE F-5 
calibrated in +0.01 pH unit. 

To determine solvent isotope effects, DaO and DC1 and 
NaOD solutions supplied by E. Merck (isotopic purity >99.5 
%) were used. Pro tic methanol was used for the prepara­
tion of the stock solution of 1. Thus, deuterium purity of 
the reaction mixture was > 9 8 % . 

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

Acid-catalyzed Isomerization. The rates of isomeri­
zation of 1 were measured in HCl ( H 2 0 ) and DC1 
(D 2 0) solutions. An inverse isotope effect of kn3o*l 
£D 3 O +=0.69±0.02 was observed (Table 1). The result 
is consistent with the rate-determining enoHzation and 
in agreement with that observed for androst-5-ene-3,17-
dione.3) 

/ N / \ y H , o * 

o?\/X/ 
+ 1 1 1 

H O ' W 

slow 

/ \ i / \ / fast 
I 

HO/X/V 
/\i/\7 
I I I 
2 

(2) 

With 3-cyclohexen-1-one a normal isotope effect was 
found, indicating the rate-determining protonation of 

TABLE 1. ACID-CATALYZED ISOMERIZATION OF 1 

Acid 

HCl 

DG1 

Acid concn, 
M 

0.099 

0.0495 

0.104 

0.052 

10 3 £0bs<i: 
S"1 

1.12 
1.07 
1.14 
0.553 
0.532 
0.556 

1.71 
1.64 

0.837 
0.802 

> 

Av 

Av 

102 k2, 
M"1 s-1 

1.13 
1.08 
1.15 
1.12 
1.07 
1.12 

1.11±0.013 

1.63 
1.58 
1.61 
1.54 

1.60±0.024 
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T A B L E 2. BASE-CATALYZED ISOMERIZATION OF 1 

Base Baseooncn , 
M 

103 A;obsd, ^25 

M - 1 s-1 

N a O H 0.00495 

0.0099 

N a O D 

0.0198 

0.00496 

0.00993 

0.00960 

0.0199 

5. 

5. 

5, 

10. 

11 . 

11 . 

2 1 . 

20. 

23, 

37 
77 
70 
5 

7 
6 
5 
7 
6 

Av 

1.61 

1.65 

3 .59 

3.69 

3 .65 

7.29 

7 .53 

Av 

1.08 

1.17 

1.15 

1.06 

1.19 

1.17 

1.09 

1.05 

1.19 

1 . 1 3 ± 0 . 0 2 

0 .325 

0.332 

0 .363 

0 .384 

0 .380 

0 .366 

0 .378 

0 . 3 6 1 ± 0 . 0 0 9 

a d i eno l i n t e r m e d i a t e . 5 a ) T h e r ea son for t h e m e c h a ­
nist ic difference of t h e l a t t e r r e a c t i o n w a s n ice ly i n t e r ­
p r e t e d b y t h e c o n f o r m a t i o n a l aspects .6) 

Base-catalyzed Isomerization. T h e r a t e of t h e iso­

m e r i z a t i o n of 1 w e r e c o m p a r e d in N a O H ( H 2 0 ) a n d 
N a O D ( D 2 0 ) solut ions ( T a b l e 2 ) . T h e i so tope effect 
is n o r m a l A ; O H - / ^ O D - = 3 . 1 3 ± 0 . 1 4 , i n d i c a t i n g a n e q u i l i b ­
r i u m f o r m a t i o n of a d i e n o l a t e i on i n t e r m e d i a t e , fol lowed 
b y t h e r a t e - d e t e r m i n i n g p r o t o n a t i o n of t h e i n t e r m e d i a t e 
b y w a t e r . 

/ M / \ > OH-

i 

I I I 
slow /\J/\/ 

" oy\J\J 
2 

(3) 

T h i s o b s e r v a t i o n is cons is ten t w i t h t h e p re fe ren t i a l a-
p r o t o n a t i o n (decon juga t i on ) of a d i e n o l a t e a n i o n in 
i -buty l alcohol.1 1-1 2) T h a t is, even in a q u e o u s so lu t ion 
t h e b a s e - c a t a l y z e d i somer i za t i on p r o c e e d s b y t h e r a t e -
d e t e r m i n i n g p r o t o n a t i o n o r t h e d i e n o l a t e a n i o n u n d e r ­
goes t h e p re fe ren t i a l a-G p r o t o n a t i o n . A s imi la r o b ­
se rva t ion has r ecen t ly b e e n m a d e w i t h 3-cyc lohexen-1 -
one.6) 

General Base Catalysis. T h e i somer i za t i on w a s 
also ca r r i ed o u t in va r ious buffer so lu t ions . T h e o b ­
served ra t e s w e r e s t rong ly d e p e n d e n t o n buffer con ­
cen t r a t i ons . B u f f e r - d e p e n d e n t r a t e cons t an t s w e r e p a r ­
t i t ioned i n to t h e ac id - a n d base -ca t a ly t i c c o n s t a n t s in a 
u s u a l w a y as seen in F ig . 1. T h e a c i d - c a t a l y t i c t e r m 
w a s negl ig ib le a t p H > 7 excep t for p r i m a r y a m i n e 
buffers. T h e g e n e r a l base ca t a ly t i c cons t an t s o b t a i n e d 
a r e g iven i n T a b l e 3 a n d t h e B r o n s t e d p lo ts a r e s h o w n 
in F ig . 2 ( ß = 0 . 4 8 ) . T h e a p p a r e n t g e n e r a l b a s e 
catalysis obse rved h e r e m u s t b e a c o n s e q u e n c e of 
c o m b i n e d specific h y d r o x i d e a n d g e n e r a l a c id ca ta lyses 
s ince t h e r a t e - d e t e r m i n i n g s tep is p r o t o n a t i o n ( E q . 3 ) . 
I n t h e s a m e w a y , t h e a p p a r e n t g e n e r a l a c id catalysis 

0.2 0.4 0.6 0.8 

Fraction of free base 

0.2 0.4 0.6 0.8 

Fraction of free base 

Fig. 1. Buffer-dependent rate constants, £B t , for the 
isomerization of 1 in (a) 2,2 /-iminodiethanol and (b) 
2-aminoethanol buffer solutions. 

T A B L E 3. G E N E R A L BASE CATALYSIS IN THE 

ISOMERIZATION OF 1 

No. Base P*a a ) 102 kn, M ^ s - 1 

1 (G 2 H 5 ) 2 NH 11.1 

2 (G2H5)3N 10.9 

3 Capsb> 10.4 

4 G 0 3
2 - 9 . 8 

5 H O C H 2 C H 2 N H 2 9 .6 

6 ( H O G H 2 C H 2 ) 2 N H 9.1 

7 Morpholine 8 .7 

8 (HOGH 2 GH 2 ) 3 N 7 .9 

9 Imidazole 7 .0 

19.7 

7 .8 

5 .3 

7 .0 

5 .8 

1.34 

5 .0 

0 .328 

0 .155 

a) p H of a buffer solution of [acid]/ [base] = 1. b) 
Gyclohexylaminopropanesulfonate. 

P#a 

Fig. 2. Bronsted plot for general base catalysis of the 
isomerization of 1. For numbering see Table 3. 

is a c t u a l l y specific o x o n i u m - g e n e r a l b a s e ca ta lys is . 
T h u s , t h e r e a s o n i n g p rev ious ly m a d e b y J o n e s a n d 
Wigf ie ld 4 ) t h a t t h e p h e n o l i c g r o u p of t h e e n z y m e ac t s 
as a g e n e r a l a c i d b e c a u s e of insufficient b a s e c a t a l y t i c 
ac t iv i ty of p h e n o l a t e a n i o n is w e a k . 

Primary Amine Catalysis. T h e r eac t i ons in p r i m a r y 
a m i n e buffers s h o w e d s o m e i n d u c t i o n p e r i o d w i t h h i g h e r 
c o n c e n t r a t i o n s , a n d ra t e s s h o w e d n o n - l i n e a r buffer d e -
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pendence. With 2-aminoethanol as a buffer, the rate 
constants obtained with low buffer concentrations ( < 
0.06 M) showed an acid-catalytic term as is seen in 
Fig. 1(b). With primary amine buffers of lower pK&, 
the anomalous behavior was more apparent and the 
transient intermediate formation was observed by the 
scannings of U V spectra of the reaction mixture. An 
intermediate having the absorption maximum at » 2 8 0 
n m appeared rapidly, followed by slower decay for all 
the primary amines of pKa<9 studied here. Similar 
observations were noted previously with trifluoethyl-
amine7> and glycylglycine8) and the intermediate of Amax 

« 280 n m was identified as an a,/?-unsaturated iminium 
ion of type 5.. 

RN/X/X/ 
H 

/ \ l / \ ? RNH2 / \ i / \ ^ 
i i • _ , + | ! j . 

H 
O ' V V ' 

/ M / \ > H2O / \ L / \ > 
+ 1 1 1 > I I | 

RN^\^\y -RNH2 oy\^\y 
H 

(4) 

Kinetics of the primary amine-catalyzed isomeriza-
tion of 3-methyl-3-cyclohexen-1-one has recently been 
investigated with trifluoroethylamine as a buffer, and a 
mechanism similar to Eq. 4 has been presented by 
Pollack and Kayser.7) Some kinetic results prelimi­
narily obtained with our system are consistent with the 
mechanism 4.13> Because of the kinetic complexity and 
the publication of Pollack's data, thorough kinetic in­
vestigation of the present system was abandoned. 

We compared relative catalytic effects of various 
pr imary amines. For the sake of kinetic simplicity, 

- l 

-2K 

«1 

bß - 3 

o 

- 4 

-5 1 

,H30+ 

©CD4 

8o 

9 0 O1 

\ J6 H 

1 9 # \ 
i I i I I 

8 10 12 

P * a 

Fig. 3. Amine catalysis of the isomerization of 1. For 
numbering see Table 4. O, Primary amines. ®, 
Polyfunctional primary amines. # , Secondary and 
tertiary amines. 

TABLE 4. AMINE CATALYSIS IN THE ISOMERIZATION 

OF 1 IN PHOSPHATE BUFFERA> 

No. 

f~ 
2 

3 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Amine 

NGGH2NH2 

CF3CH2NH2 

(GH3) 2NHCH2CH2NH2 

H3NCH2CH2NH2 

[H (NHGH2GH2) 2NH2] H+ 
[H(NHCH2CH2)3NH2]H2

2+ 
[H(NHGH2GH2)4NH2]H22+ 
NCCH2GH2NH2 

(HOCH2)3CNH2 

-OGOGH2NHGOGH2NH2 

C1CH2CH2NH2 

HOGH2CH2NH2 

-OGOGH2CH2NH2 

CH3GH2NH2 

CH3NH2 

Imidazole 
Morpholine 
(HOGH2CH2)aNH 
(GH3CH2)2NH 
(HOGH2CH2)3N 
(GH3CH2)3N 

P*ab> 

5.3 
5.6 

6.7 

7.5 
9.0C> 
6.8d> 
8.5e> 
7.7 
8.1 
8.4 
8.5 
9.5 

10.2 
10.6 
10.6 
7.1 
8.4 
8.9 

11.0 
7.8 

10.7 

10* kA, 
M- 1 s-1 

176 
174 

520 

450 
240 
334 
225 

78.9 
7.4 

130 
28 
8.6 
2.7 
2.9 
3.1 
2.5 
5.0 
0.64 
0.18 
0.21 
0.33 

a) [Phosphate] = 0.1 M, pH=6 .6±0 .1 . Without added 
amines, A;obsd=2.04x 10~5 s_1. b) Values taken from 
"CRC Handbook of Biochemistry," H. A. Sober, Ed, 
Chem. Rubber Co., Cleveland (1968), unless otherwise 
noted, c) R. L. Pecsok, R. A. Garber, and L. D. Shields 
(Inorg. Chem., 4, 447 (1965)) report p# a=4.22, 8.95, 9.79 
at 26 °C. d) D. B. Rorabacher, W. J. MacKeller, 
F. R. Shu, and S. M. Bonavita (Anal. Chem., 43, 561 
(1971)) report pA"a=3.39, 6.75, 9.31, 10.09 at 25 °G. 
e) D. B. Rorabacher, W . J . MacKeller, F. R. Shu, 
and S. M. Bonavita (Anal. Chem., 43, 561 (1971)) report 
p/Ta=2.40, 4.70, 8.50, 9.65, 10.36 at 25 °C. 

very low concentrations of amines (^0.02 M) were 
employed to determine the catalytic constants at p H 
near neutrality. To maintain p H constant (pH=6.6=t 
0.1), phosphate buffer of 0.1 M was used. Under these 
conditions, the formation of 2 (245 nm) was of the 
first-order in rate. From the rate increase by the ad­
dition of an amine, the apparent catalytic constant kA 

was calculated and given in Table 4. 
Logarithms of kA are plotted against p7Ca of the con­

jugate acid in Fig. 3. A reference line was drawn 
through the points for usual general acids because the 
acidic term of primary amine catalysis is important in 
mechanism 4.7'13) Points for primary amines show 
large upward deviations from the reference line by the 
magnitude of ca. 2 in the log unit. The reaction in a 
1-M buffer of JV,#-dimethylethylenediamine of neutral 
p H would be more than 105 times as rapid as the un-
catalyzed reaction at the same pH. A primary amine 
effectively attacks the /?,y-unsaturated ketone as a 
nucleophile to give an iminium ion followed by rapid 
isomerization to the <x,ß-unsaturated iminium ion, which 
is finally hydrolyzed to give the a,/?-unsaturated ketone 
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(Eq. 4). During the conversion of the iminium inter­
mediate, a second molecule of an amine or an external 
buffer acts as a general base or acid. 

When a bifunctional primary amine having a second 
base group is used as a catalyst, intramolecular base 
(acid) catalysis may operate in manners like 6—8 in 
each step of Eq. 4. 

H 

B ' ' 

/\y\? 
i 

/\i/\/ 
H N / X / V H N ^ s / X / 

-BH 

6 7 8 

Some polyfunctional primary amines were examined 
and are included in the plots of Fig. 3. Small such 
effects seem to be actually operative, though not de­
finite. Intramolecular catalysis similar to 8 was pre­
viously found in the dehydration of a carbinolamine 
(the reverse of the present reaction).14) Although the 
catalysis like 6 may also be possible, the step that follows 
(y protonation) would hardly be catalyzed intramolec-
ularly because of the remoteness of an acid group (7). 
Thus, whether or not the bimolecular catalysis by 
primary amines is actually effective depends on the 
rate-determining step of the overall reaction. Further 
details on this problem is now under investigation. 
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4'-Deoxykanamycin (9) was prepared from kanamycin via iV-benzyloxycarbonylation, 4",6"-0-cyclohexylidena-
tion, selective benzoylation at 2',3', and 2"-hydroxyl groups, 4'-0-mesylation, 4'-iodination, 4'-hydrogenation, 
and removal of the protective groups. 4'-Deoxykanamycin B (19) was analogously prepared from kanamycin B. 
4'-0-Tosyl derivative of kanamycin B was also led to 19. Selective formylation of the 3'-hydroxyl group of a 
protected kanamycin B derivative with iV,iV-dimethylformamide-tosyl chloride followed by mesylation of the 
unstable 3'-0-formyl derivative also led to 4/-deoxykanamycin B. Throughout the syntheses, the 4'-hydroxyl 
group of the protected kanamycins was found to be least reactive for benzoylation among the 2',3',4', and 2"-
hydroxyl groups. The 13C NMR spectrum of 9 was also measured. It was concluded that 4'-deoxygenation of 
antibiotics structurally related to kanamycin caused the resonances of 13C-6' downfield shift. 

As reported2) previously, 4'-deoxy kanamycin (9) 
synthesized by a condensation method has been found 
to have antibacterial activity in the similar strength as 
that of parent antibiotic, kanamycin and moreover to 
have activity against some strains of Pseudomonas aeru­
ginosa. Naito et al.3) have also prepared 9 starting from 
kanamycin via the 4 ' ,6 ' -carbamate formation4) fol­
lowed by selective liberation of the 4'-hydroxyl group 
or via the 4'-0-acetyl migration to the 6'-amino group. 
This paper describes another synthesis of 4'-deoxykana-
mycin (9) starting from kanamycin and three processes 
for the synthesis of 4'-deoxykanamycin B (19) strating 
from kanamycin B. 

H,N 

ZHN NHZ 

9 R = OH 
19 R = NH2 

In preliminary experiments we have found that the 
4'-hydroxyl groups of kanamycin, kanamycin B and 
their derivatives were least reactive for benzoylation 
among the 2',3' ,4' , and 2"-hydroxyl groups. We, there­
fore, utilized this finding for the syntheses of 9 and 19. 

Synthesis of 4'-Deoxykanamycin (9). Tetrakis(iV-
benzyloxycarbonyl) kanamycin (1) was treated with 1,1-
dimethoxycyclohexane in iV,JV-dimethylformamide (D-
MF) in the presence of /?-toluenesulfonic acid. The 
4",6"-0-cyclohexylidenation was achieved almost quan­
titatively without formation of other mono-O-cyclohexyl-
idene or di-O-cyclohexylidene derivatives. This ex­
clusive 4",6"-0-cyclohexylidenation was rather unex­
pected, because in a similar treatment of a JV-protected 
kanamycin B derivative, the 3',4'-0-cyclohexylidenation 
occurred5) more or less in addition to the 4",6"-0-cyclo-
hexylidenation. 

Treatment of the 4",6"-0-cyclohexylidene derivative 
(2) with 6 mol equivalents of benzoyl chloride in pyri­
dine gave a mixture of tri- and tetra-O-benzoyl (4) 
derivatives. If the amount of benzoyl chloride used 

ZHN NHZ 

NHZ 7~~°\ /—^HZ 

foBz X n j C o R 2 

OBz 

cxß>o 
OBz 

Z = C02CH2C6H5 

Bz=COC6H5 

1 R = H, H 
2 R = C(CH2)5 

R1 

OH 
OCOC6H5 

OS02CH3 

OS02GH3 

I* 
H 

R2 

H 
H 
H 
S02CH3 

H 
H 

* A mixture of epimers 

was reduced, the production of tri-O-benzoyl derivatives 
was increased with the decrease of 4. However, the 
apparent increase of tri-O-benzoyl derivatives did not 
necessarily mean the yield increase of the desired 2',3',2"-
tri-O-benzoyl derivative (3), since 3 was found to be 
contaminated with other minor tri-O-benzoyl isomer(s) 
and this made the purification of 3 difficult even by 
column chromatography (3 and the isomer(s) had the 
same mobility). The contamination was shown by the 
P M R spectrum of the mesylated mixture of the tri-O-
benzoylated products; that is, in the spectrum, at least 
two peaks assignable to the methyl protons of mesyls 
were observed, indicating that the tri-O-benzoyl products 
were a mixture of the position isomers. By increasing 
the amount of benzoyl chloride up to 6 mol equivalents 
for 2, a mixture of 3 and 4 was formed exclusively. 
The tetra-O-benzoyl isomer (4), which was formed con­
comitantly in high proportion, could be converted again 
to 2 in 9 0 % yield by treatment with sodium methoxide. 
The doubtless structure of 3 was deduced from the fact 
that 3 was led to 4'-deoxykanamycin after a sequence of 
reactions described below. 

Mesylation of 3 gave 4'-0-mesyl (5, 65%) and 5,4'-
di-O-mesyl (6, 9.5%) derivatives. It should be noted 
that mesylation of an iV-ethoxycarbonyl-kanamycin B 



September, 1977] Syntheses of 4/-Deoxykanamycin and 4 -Deoxykanamycin B 2363 

derivative6) (compound 5 in that literature) gave 3',4'-
di-O-mesyl derivative in 9 6 % yield without formation 
of the 5-0-mesyl derivative. This means that 4 ' - 0 -
mesylation of 3 is somewhat hindered by the neighbor­
ing groups (possibly by 3'-0-benzoyl and 6'-iV-benzyloxy-
carbonyl groups) and consequently the mesylation can 
occur at the 4'- and 5-hydroxyl groups in a similar level. 
Tosylation of 3, in contrast to mesylation, occurred 
scarcely. Treatment of 5 with 5 0 % (w/v) sodium iodide 
in D M F at 100 °C gave an epimeric mixture of 4 '-
iodo derivatives (7). This displacement reaction re­
quired 40 h heating. Since the similar iodination of 
22 and 26 described later required a shorter reaction 
period for completion, the displacement reaction of 5 
was considered to be somewhat hindered by the groups 
in the vicinity of the 4'-mesyloxy group. Hydrogen-
olysis of 7 with Raney nickel gave the 4'-deoxy deriva­
tive (8), which, after deblocking, gave 4'-deoxykanamy­
cin (9). 

The structure of 9 was confirmed by acidic solvolysis 
of the tetrakis(JV-benzyloxycarbonyl) derivative of 9. 
One of the alcoholyzed products which showed the 
same mobility was identified to the anomeric mixture 
of benzyl 6-benzyloxycarbonylamino-4,6-dideoxy-D-
ry/o-hexopyranosides (10) which consumed periodate, 
indicating that 10 has a pair of vicinal diols. Acidic 
hydrolysis of 9 followed by paper chromatography also 
supported the conclusion (Chart 1). 

000000 — 

4D6AG 

6AG 

- 0 
-0 

Q — 3.4D2.6A 

0 ^ 3D2.6AG 
M 4D2.6AG 

8 — 2.6AG 

00.0 — 
3'DNA 

NA — 0oo « DNA 

m 

Î O fl, J 

* * co-

Chart 1. The paper chromât ogram of acidic hydroly-
zates (6M HCl 100 °G 0.5 h for KMA and 9, and 
6.5 h for other compounds) of kanamycin (KMA), 
4'-deoxykanamycin (9), kanamycin B (KMB), 3'-
deoxykanamycin B (3'-DKB), 4'-deoxykanamycin B 
(19), and 3',4'-dideoxykanamycin B, descending for 
3 days. Abbreviations are: NA (neamine), DST (2-
deoxystreptamine), 3AG (3-amino-3-deoxy-D-glucose), 
6AG (6-amino-6-deoxy-D-glucose), 2,6AG (2,6-
diamino-2,6-dideoxy-D-glucose) ; the dénotions of 3D, 
3'D, 4D, 4'D, and 3,4D mean that the numbered 
positions of the parent compounds (cited after the 
letter D) are deoxygenated. 

TABLE 1. THE 13C CHEMICAL SHIFTS8^ OF KANAMYCIN 

(KMA),b> 4'-DEOXYKANAMYCIN (9), 3'-DEOXYKANAMYCIN 

B(3'-DKB),C> AND 3',4'-DIDEOXYKANAMYCIN 

B(3',4'-DKB) (ALL AS FREE BASES) 

Carbon 

V 
2' 
3' 
4' 
5' 
6' 
1 
2 
3 
4 
5 
6 
1" 
2 " 
3 " 
4 " 
5 " 
6" 

KMA 

100.8 
72.7 
73.7 
71.9 
73.7 
42.4 
51.2 
36.3 
49.8 
88.2 
74.9 
88.7 

100.4 
72.7 
55.1 
70.2 
73.0 
61.2 

9 

101.2 
74.5 
70.5d> 
36.3 
68.0d> 
45.3 
51.3 
36.3 
49.9 
88.1 
75.1 
88.6 

100.8 
72.6 
55.1 
70.2 
73.0 
61.2 

3'-DKB 

100.8 
50.3 
35.7 
67.1 
74.1 
42.4 
51.2 
36.4 
50.0 
87.1 
75.3 
89.0 

100.3 
72.6 
55.1 
70.2 
73.0 
61.3 

3',4'-DKB 

101.1 
50.6 
26.2e) 
28.1e) 
70.2 
45.4 
51.1 
36.3 
50.3 
86.9 
75.4 
89.0 

100.7 
72.6 
55.1 
70.2 
73.1 
61.3 

a) In ppm downfield from TMS calculated as dTMS = 
<5dioxane-f67.4ppm. b) Shift assignments were based 
on the shifts of kanamycin (pH 9.6) reported.8) c) 
The shifts were substantially the same with those 
reported by Koch et a/.9) d) The values of C-3' and 
C-5' may well be reversed, e) Shift assignments of C-3' 
and C-4' were made based on the corresponding shifts10) 
of gentamicin C l a and gentamin C l a . 

13C N M R spectral studies were further made. The 
data of 9, kanamycin, 3'-deoxykanamycin B (tobramy­
cin), and 3',4'-dideoxykanamycin B7> were shown in 
Table 1. By the spectrum of 9, the presence of two 
deoxy groups (<5 36.3 at C-2 and 4') was clearly shown. 
Comparison of the C-6' resonances of kanamycin and 
3'-deoxykanamycin B with those of 9 and 3',4'-dide-
oxykanamycin B showed downfield shifts « 3 p p m of the 
latter. By taking the shift difference (A<5) between C-6' 
and C-2 of structurally related antibiotics as a measure 
of downfield shift (the shift of C-2 was selected as a 
standard because the shift was thought to remain r e k -
tively constant throughout kanamycin series), following 
results were obtained: kanamycin (A<5 6.1), 3'-deoxy-
kanamycin B (6.0),9) 3',4'-dideoxykanamycin B (9.1), 
gentamicin C l a (9.4),10) ribostamycin (6.0),11) 4 ' -
deoxyneamine (9.1),12> and seldomycin factor 5 (9.2).1S> 
These results show that the lack of 4'-hydroxyl group 
causes downfield shift of the resonance of C-6' by « 3 
ppm. This fact is useful to discern the presence of 
3 ' - or 4'-deoxy group. Similar downfield shifts were 
reported14) on mannose and galactose, in which the 
C-4 resonances shifted downfield (A<5 2.5—5.3) on 6-
deoxygenation. 

Synthesis of 4'-Deoxykanamycin B. Pentakis(iV-
benzyloxycarbonyl) kanamycin B (11), which was pre­
pared from kanamycin B, was treated with 1,1-dimetho-
xycyclohexane similarly as described for 2 to give the 
4",6"-0-cyclohexylidene derivative (12).15> In this reac-
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R02CHN NHC02R 

NHC02R 

OH 

12 
13 
14 
15 
17 
18 
20 
21 

22 

24 
25 
26 
27 
28 

R 
CH2C6H5 

CH2C6H5 

CH2C6H5 

CH2C6H5 

CH2C6H5 

CHaC6H5 

C2H5 

C2H5 

C2H5 

C 2 H 5 
C2H5 

G2H5 
G 2 H 5 
C2H5 

R1 

H 
COG6H5 

COC6H5 

COC6H5 

COC6H5 

COC6H5 

H 
S02C6H4CH3-

(P) 
H 

CHO 
GHO 
H 
H 
H 

R2 

OH 
OH 
OGOC6H5 

OS02CH3 

I* 
H 
OH 
OH 

S02C6H4CH3-
(P) 

OH 
OS02GH3 

OS02CH3 

I* 
H 

R3 

H 
GOC6H5 

GOC6H5 

COC6H5 

GOC6H5 

GOC6H5 

COC6H5 

GOG6H5 

GOG6H5 

GOG6H5 

COC6H5 

COG6H5 

COC6H5 

GOC6H5 

* A mixture of epimers 

tion, undesirable 3',4'-0-cyclohexylidenation was in­
evitable, but this product was mostly hydrolyzed to 12 
by addition of water.5) Benzoylation of 12 with benzoyl 
chloride gave a mixture of 3',2"-di-0-(13) and 3',4',2"-
tri-0-benzoyl (14) derivatives, from which 13 was readily 
separated by chromatography. Mesylation of 13 gave 
4'-0-mesyl derivative (15) and subsequent iodination 
gave 4'-iodo derivative (17). Hydrogénation of 17 with 
tributyltin hydride16) or with hydrogen-Raney nickel 
gave the 4'-deoxy derivative (18). Finally, removal of 
the protecting groups gave 4'-deoxykanamycin B (19). 

The structure of 19 was confirmed by another syn­
thesis, that is, the 4'-0-tosyl derivative17) (22) of 2"-
0 -benzoyl - 4",6"-0-cyclohexylidene-pentakis (iV-ethoxy-
carbonyl)kanamycin B (20), was led to 19. Iodination 
of 22 gave the 4'-iodo derivative (27) and it was hydro-
genated with Raney nickel to give the 4'-deoxy deriva­

tive (28), which after deblocking gave 4'-deoxykana-
mycin B (19) identical with that obtained by the first 
synthesis. Paper chromatogram of the acidic hydrolyz-
ates of 19 was shown in Chart 1. 

T o further improve the synthesis of 19, we tried to 
protect the 3'-hydroxyl group of 20 by formylation with 
iV,iV-dimethylformamide in the presence18) of tosyl 
chloride. Treatment of 20 in D M F with tosyl chloride 
in the presence of pyridine gave a product (24) which 
was considered to be a mono-0-formyl compound. 
Since the compound could not be purified by column 
chromatography owing to its instability, 24 was mesyl-
ated without purification and the mesyl derivative (25) 
was treated with aqueous ammonia to remove the 
formyl group. The 4'-0-mesyl derivative (26) was thus 
obtained in a yield of 62 % from 20. This formylation 
reaction did not proceed smoothly, if pyridine was 
omitted, and higher temperature and longer reaction 
period were required for completion of the reaction and 
the yield of 26 was much lower. The structure of 26 
was confirmed by leading it to 27 by treatment with 
sodium iodide. Above results indicate that the formyla­
tion occured at 3'-hydroxyl group fairly selectively, 
although the mode of acylation was different from that 
of benzoylation for the preparation of 13. In the above 
4'-0-sulfonylation step, if tosyl chloride was used in­
stead of mesyl chloride, the 4'-0-tosylation hardly occur­
red. This suggests that the 3'-0-formyl group of 24 
fairly prevents the 4'-0-tosylation as in the case of 3 '-
0-benzoyl group in 3 described before. 

The structure of 19 was further confirmed by deter­
mination of A[M]TACu

19) values (Table 2). TACu can 
form complex only with a pair of vicinal amino and 
hydroxyl groups having relative spacial orientations of 
« 6 0 ° dihedral angle and the A[M] T A C u shows a value 

TABLE 2. THE A[M]TACtl
19> VALUES MEASURED AT 20 °C 

Kan amy ein 
4'-Deoxykanamycin (9) 
Kanamycin B 
3'-Deoxykanamycin B 
4'-Deoxykanamycin B (19) 
3',4'-Dideoxykanamycin B 

+ 870° 
+ 890° 
-500° 
+ 780° 
-570° 
+ 820° 

TABLE 3. ANTIBACTERIAL SPECTRA OF 9, 19, K^N\MYCIN (KMA), AND KANAMYCIN B (KMB) 

Minimal inhibitory concentration (mcg/ml) 
J.C5L Ulg i t l l lS i l l» ' 

Staphylococcus aureus 209P 
Sarcina lutea PCI 1001 
Klebsiella pneumoniae PCI 602 
Escherichia coli K-12 
Escherichia coli K-12 ML 1629b> 
Pseudomonas aeruginosa A3 
Pseudomonas aernginosa A3 No. 12 
Pseudomonas aeruginosa TI-13 
Mycobacterium smegmatis ATCC 607c) 

9 

0.78 
12.5 

1.56 
3.12 

>100 
1.56 
6.25 
6.25 
0.78 

KMA 

0.78 
12.5 
0.78 
1.56 

>100 
50 
12.5 

>100 
0.78 

19 

0.39 
1.56 
0.39 
0.78 

>100 
6.25 

12.5 
50 
0.78 

KMB 

0.39 
12.5 
0.39 
0.78 

>100 
25 
12.5 

100 
0.78 

a) Agar dilution streak method (nutrient agar, 37 °C, 18 h), b) A strain of clinical origin having the ability of 
phosphorylating the 3'-hydroxyl groups of kanamycins. c) 48 h. 
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of « ± 9 0 0 ° . T h e a c c o r d a n c e of t h e difference of t h e 
A [ M ] T A C u va lues b e t w e e n k a n a m y c i n a n d k a n a m y c i n 
B w i t h t h a t b e t w e e n 3 ' -deoxy- a n d 4 ' - d e o x y k a n a m y c i n 
B (19) shows t h a t a c o p p e r c o m p l e x w a s fo rmed b e t w e e n 
2 ' - a m i n o a n d 3 ' - hyd roxy l g r o u p s i n 19. 

A n t i b a c t e r i a l act ivi t ies of 4 ' - d e o x y k a n a m y c i n 2 ) (9) 
a n d 4 ' - d e o x y k a n a m y c i n B (19) a r e s h o w n in T a b l e 3 . 

Exper imenta l 

P M R spectra were recorded at 60, 90, and 100 M H z with 
Hitachi R-24A, Var ian EM-390, and Var ian XL-100 spec­
trometers, respectively. 13C N M R spectra were recorded on a 
Varian XL-100 spectrometer with Var ian 620-L da ta pro­
cessing system (25.2 MHz) in » 0 . 5 M deuterium oxide solu­
tion containing dioxane as internal reference. Thin-layer 
chromatography (TLG) was performed on Wakogel B-5 un­
less otherwise stated or on E. Merck silica gel 60 F2 5 4 . Paper 
chromatography (PPC) was carried out on Toyo-Roshi paper 
No. 50 with 1-butanol-pyridine-water-acetic a c i d = 6 : 4 : 3 : 
1, descending for 7—8 days unless otherwise stated and spots 
were visualized by 0 .5% ninhydrin in pyridine. For column 
chromatography, silica gel (Wakogel G-200) was used. For 
experiments at lower than 0 °G, cooling assembly of Haake 
constant circulator KS60W was used. Reprecipitation was 
carried out by adding the last-cited solvent to a solution of the 
first-cited solvent (or the mixture of the first and the second-
cited solvents). 

TetrakisfN-benzyloxycarbonyl) kanamycin (1). T o an ice-
cold suspension of kanamycin sulfate (54.2 g as kanamycin-
H 2 S 0 4 - H 2 0 ) and anhydrous sodium carbonate (52 g) in 
aqueous acetone ( 1 : 1 , 11), benzyl chloroformate (50 ml) 
was gradually added under vigorous stirring and the mixture 
was stirred for 1.5 h in the cold. Precipitates occurred were 
filtered, washed with water and then with ether to give a 
solid of 1, 78.0 g (90%), [a]2

D
5 + 6 8 ° (c 2, D M F ) ; I R (KBr) : 

1690, 1530 c m - 1 ; P M R (DMSO-</6) «5: 5.05 (8H s, G6H5-
CH 2 ) . 

Found: G, 58.89; H, 6.18; N, 5 . 41%. Galcd for G50H60-
N 4 0 1 9 : C, 58 .81; H , 5.92; N, 5.49%. 

TetrakisCN-benzyloxycarbonyl)-4",6"-0-cyclohexylidenekanamycin 
(2). T o a solution of 1 (297 mg) in dry D M F (3 ml) , 
anhydrous/»-toluenesulfonic acid (11 mg) and 1,1-dimethoxy-
cyclohexane (0.07 ml, « 1 . 5 mol equivalents for 1) were added 
and the solution was heated at 50 °C under reduced pressure 
(25—30 Torr) for 1 h. T h e resulting solution showed, on 
T L G with C H C l 3 - E t O H ( 6 : 1 ) , a single spot at Rt 0.5 (cf. 
1, i?f 0.12). The solution was poured into aqueous sodium hy-
drogencarbonate solution with stirring and the precipitates 
occurred were filtered, washed with water, and dried. T h e 
solid was reprecipitated from dioxane-water , 314 mg (98%), 
[a]2

D° + 6 0 ° (c 1, D M F ) . 

Found: C, 60.78; H, 6.14; N, 4 .82%. Galcd for C5 6H6 8-
N 4 0 1 9 : G, 61.08; H, 6.22; N, 5.09%. 

2',3',2"-Tri-0-(3) and 2',3',4',2"-Tetra-0-benzoyl-tetrakis(N-
benzyloxycarbonyl) -4",6"-0-cyclohexylidenekanamycin (4). 
T o an ice-cold solution of 2 (39.4 g) in dry pyridine (800 ml) , 
benzoyl chloride (8.35 ml, 2 mol equivalents for 2) was added 
and the solution was kept in the cold for 1 h. Another benzoyl 
chloride (8.35 ml) was added and the solution was kept in 
the cold for further 1 h. Benzoyl chloride (8.35 ml) was again 
added and the solution was kept at room temperature over­
night. The resulting solution showed, on T L G with C H C 1 3 -
2-propanol (IPA)(40 : 1), spots of 3 (Ä f =0.15) and 4 (R{= 
0.2) in almost equal color strength. After addition of water 
(20 ml) followed by heating at 40 °G for a while, the solution 

was concentrated. T h e chloroform solution (1.21) of the 
residual syrup was washed with 5 % aqueous potassium hydro-
gensulfate, 2 % aqueous sodium hydrogencarbonate, and water, 
dried ( M g S 0 4 ) , and concentrated. The pale-brown solid 
was chromatographed over silica gel with the same solvent 
system to give a colorless solid of 3, 24.3 g (48%) and 4. 
Since 4 thus obtained was contaminated with color impuri ­
ties, it was purified by column chromatography again as de­
scribed above and the pale-yellow solid obtained was repre­
cipitated from CHCl 3 -e ther -hexane to give a colorless solid 
of 4, 341 mg (50%) . 

3 : [a]2
D

8 + 1 0 6 ° (c 1, GHC13). 
Found : G, 65.61 ; H , 5.79; N, 3 .77%. Galcd for C7 7H8 0-

N 4 0 2 2 : G, 65.43; H , 5.70; N, 3.96%. 
4 : [a]2

D
5 + 1 0 9 ° (c 1, CHC13) ; P M R (GDG13) : the areal 

ratio of the signals at ô 6.8—7.7 (CH 2 G 6 H 5 and m and p of 
COC 6 H 5 ) and those at Ô 7.7—8.2 (o of COG 6 H 5 ) were « 4 : 1 . 

Found : C, 66.16; H , 5.69; N , 3 .74%. Calcd for C8 4H8 4-
N 4 0 2 3 : G, 66.48; H , 5.58; N, 3 .69%. 

Conversion of 4 to 2. T o a solution of 4 (68.5 mg) in 
dioxane (1.4 ml) , 1 M sodium methoxide in methanol (0.14 
ml) was added and the solution was kept at room temperature 
for 1.5 h. After addit ion of Dowex 50Wx8 (H form, pre-
treated with methanol) the mixture was filtered and the 
filtrate was concentrated to give a syrup. Washing the syrup 
thoroughly with water gave a solid (45.0 mg, 90%) identical 
with 2. 

2r,3',2'' - Tri- O - benzoyl-tetrakis (N-benzyloxycarbonyl) -4",6"-0-
cyclohexylidene-4'-0-mesylkanamycin (5). T o a solution of 
3 (20.0 g) in dry pyridine (300 ml) , mesyl chloride (3.32 ml, 
» 3 m c l equivalents for 3) were added and the solution was 
kspt at 50 °C overnight. The solution showed, on T L C with 
CHC1 3 - IPA (25 : 1), three spots of Rt 0.22 (3), 0.3 (major, 
5) and 0.45 (6). After addit ion of water (3.8 ml) , the solution 
was concentrated in vacuo and the chloroform solution 
(600 ml) of the residual syrup was washed with 5 % aqueous 
potassium hydrogensulfate, 2 % aqueous sodium hydrogen-
carbonate, and water, dried ( M g S O J , and concentrated. 
T h e brown solid (21.3 g) was vigorously stirred with benzene 
(100 ml) and the mixture was centrifuged. T h e solid was 
treated likewise twice more to give a colorless solid of 5, 13.8 
g (65%) . The benzene-soluble par t (6.4 g) , which was a mix­
ture of 3, 5, and 6, was repeatedly chromatographed over 
silica gel with GHC1 3 - IPA to give a colorless solid of 6, 2.1 g 
(9.50/ \ 

5 : [a]2
D

2 + 1 2 0 ° (c 1, CHC13) ; P M R (CDG13) : ô 2.85 
(3H s, S 0 2 C H 3 ) . 

Found : C, 62.81 ; H , 5.62; N, 3.52; S, 2 .07%. Calcd for 
C 7 8 H 8 2 N 4 0 2 4 S: G, 62 .81; H , 5.54; N, 3.75; S, 2 .15%. 

6: [a]2
D

5 + 8 2 ° (c 1, CHC13) ; P M R (CDC13) : ô 2.87 and 
2.96 (each 3H s, S 0 2 C H 3 ) . 

Found: G, 60.26; H , 5.26; N, 3.37; S, 3 .83%. Calcd for 
C 7 9 H 8 4 N 4 0 2 6 S 2 : C, 60.45; H , 5.39; N, 3.57; S, 4 .08%. 

2',3',2" - Tri- O - benzoyl-tetrakis (N-benzyloxycarbonyl) -4",6"-0-
cyclohexylidene-4'-deoxy-4'-iodokanamycin (7). A mixture of 
5 (5.00 g) and sodium iodide (50 g) in D M F (100 ml) was 
heated at 100 °C for 40 h in an atmosphere of nitrogen. T h e 
solution, which solidified on cooling, was shaken with chloro­
form and the organic layer was concentrated in vacuo with 
several additions of toluene (to remove D M F ) to give a 
residue. T h e solution of the residue in chloroform was washed 
with aqueous sodium thiosulfate and water, dried ( M g S 0 4 ) , 
and concentrated. T h e brown solid was chromatographed 
over silica gel with CHC1 3 - IPA (45 : 1) to give a pale-yellow 
solid, 3.34 g (65%) . The solid contained two components, 
on checked by T L C , of R{ 0.3 (major) and 0.4 (the 3'-epimer) ; 
[a]2

D
3 + 1 0 2 ° (c 1, CHC13). 
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Found : C, 60.70; H , 5.41 ; N, 3.69; I, 8 .17%. Galcd for 
G 7 7 H 7 9 N 4 0 2 1 I : C, 60 .71; H , 5.23; N, 3.68; I, 8 .33%. 

2', 3', 2"- Tri-O-benzoyl-tetrakis ( N - benzyloxycarbonyl) - 4",6" - O -
cyclohexylidene-4'-deoxy kanamycin (8). A solution of 7 
(2.38 g) in dioxane-methanol (1 : 1, 14 ml) containing a few 
drops of triethylamine was hydrogenated with hydrogen 
under pressure (50 lb/in2) with Raney nickel at room tempera­
ture. After 1 h, the catalyst was replaced with fresh one 
and the mixture was treated likewise for further 1 h, then the 
procedure was repeated again. Filtration followed by evap­
oration gave a solid, which was chromatographed over silica 
gel with CHCI3-IPA (45 : 1) to give a solid of 8, 1.93 g (89%) . 
T h e solid was reprecipitated from dioxane-water , [a]2

D° + 1 6 0 ° 
(c 0.5, CHGI3). 

Found : C, 66.33; H , 5.87; N, 3 .85%. Galcd for C „ H 8 0 -
N 4 O a l : C, 66.18; H , 5.77; N, 4 . 0 1 % . 

4''-Deoxy kanamycin (9). T o a solution of 8 (502 mg) 
in dry dioxane-methanol (1 : 1, 10 ml) , 1 M sodium methylate 
in methanol (0.5 ml) was added and the solution was kept 
at room temperature for 4.5 h. Dowex 50Wx8 (H form) 
resin pretreated with methanol was added and the neutral 
solution was filtered and the filtrate was concentrated. T h e 
solid was washed with vigorous stirring with ether and then 
with hot acetone to give a solid, 304 mg (78% as debenzoyl pro­
duct ) . A suspension of the solid in 8 0 % aqueous acetic acid 
(11ml) was heated at 80 °C for 1 h. T h e resulting clear 
solution was concentrated in vacuo to give a solid (295 mg) . 
T h e decyclohexylidenated product was suspended in a mixture 
of dioxane-acetic ac id-water ( 2 : 2 : 1 , 20 ml) and the mix­
ture was hydrogenated with atmospheric hydrogen in the pre­
sence of pal ladium black at room temperature for 20 min. 
Filtration followed by evaporation in vacuo gave a pale-brown 
syrup, which was chromatographed over CM-Sephadex G-25 
(NH 4 form) with aqueous ammonia (0.02-^0.15 M, gradually 
increased). T h e ninhydrin-positive fractions were concen­
trated to give a solid, 121 mg (62% as monocarbonate 
hemihydrate) , [a]2

D° + 1 3 7 ° (c 1, H 2 0 ) (lit2) + 1 2 9 ° as 2/3 
hydrate ; + 134°3> as free base) ; PPG : R£ k a n a m y c i n 1.2, T L C : 
-Rf kanamycin 1-7 (Avicel (microcrystalline cellulose powder, 
Funakoshi Co.), B u O H - E t O H - C H C l 3 - 1 7 % N H 3 = 4 : 4 : 2 : 
3, doubly developed). 

Found : G, 42.45; H , 7.30; N , 10.08%,. Calcd for G18-
H 3 6 N 4 O 1 0 . H 2 C O 3 . l / 2 H 2 O : C, 42.29; H , 7.29; N, 10.38%. 

Benzyl 6-Benzyloxycarbonylamino-4,6-dideoxy-a- and /?-D-xylo-
hexopyranosides (10). A suspension of 9 (51.1 mg as 
H 2 G 0 3 - 1 / 2 H 2 0 salt) and anhydrous sodium carbonate (57 
mg) in aqueous methanol (1 : 1, 1 ml) was treated with benzyl 
chloroformate (0.07 ml) in a similar manner as described to 
give tetrakis-(iV-benzyloxycarbonyl)-4 /-deoxykanamycin (85 
mg, 8 9 % ) . This was suspended in 2 M hydrogen chloride in 
benzyl alcohol (1.5 ml) and the mixture was heated at 100 
°G for 15 min. T h e resulting clear solution showed, on T L C 
with C H C l 3 - E t O H (10 : 1), three spots of Rt 0.05 (2-deoxy-
streptamine), 0.30 (3-amino-3-deoxy-D-glucose), and 0.38 
(10). Basic lead carbonate (0.8 g) was added and the mixture 
was vigorously stirred for hours. Centrifugation followed by 
concentration of the upper layer gave a syrup, which was 
chromatographed over silica gel with C H C l 3 - E t O H (40 : 1) 
to give a colorless solid of 10, 32 mg (98%,). P M R (CDCL,-
D 2 0 ) : ô 1.36 ( « 0 . 7 H q, J^12 Hz, H - 4 a x (a-anomer)) , 
1.39 ( « 0 . 3 H q, H - 4 a x Qg-anomer)), 1.75—2.05 (1H, m 
H-4 e 4 ) , 4.24 ( « 0 . 3 H d, 7 = 7 . 5 Hz, H- l (/?)), 4.53 ( « 1 . 4 H 
AB q, y A B = 1 1 . 5 H z , C 6 H 5 C H 2 O C ( l ) ( a ) ) , 4.69 ( « 0 . 6 H 
AB q, y A B = 1 1 . 5 H z , C 6 H 5 CH 2 OC(l )QS)) , 4.93 ( « 0 . 7 H d, 
7 = 4 . 0 Hz, H - l ( a ) ) , 5.85 (2H s, C 6 H 5 C H 2 O C O ) . 

Periodate Oxidation of 10. A sample of 10 ( « 1 mg) was 
dissolved in a drop of dioxane and a drop of 0.01 M aqueous 

metaperiodate solution was added. The solution was checked 
by T L C with C H C l 3 - E t O H (10 : 1). After keeping at room 
temperature for 10 min, the solution showed a spot of Rf 0.33 
(10) and that of 0.43 in almost equal color strength, and 
after 1 h, the former spot disappeared. T h e latter spot was 
active for triphenyltetrazolium chloride, a reagent for re­
ducing substances. 

Pentakis (^-benzyloxycarbonyl)kanamycin B (11). Kana­
mycin B sulfate was treated similarly as described for 1 to 
give 11 in a yield of 8 5 % , [a]2

D
5 + 7 2 ° (c 1, D M F ) . 

Found : C, 60.13; H , 5.81 ; N, 6 .05%. Calcd for C58H67-
N 5 O 2 0 : C, 60.36; H , 5.85; N, 6.07%. 

Pentakis(N - benzyloxycarbonyl) -4",6"-O- cyclohexylidenekanamyein 
B (12). A mixture of 11 (6.65 g), 1,1-dimethoxycyclo-
hexane (1.7 ml, 2 mol equivalents for 11), and anhydrous p-
toluenesulfonic acid (220 mg) was treated in a similar manner 
as described for 2. T h e resulting sloution showed, on T L C 
with C H C l 3 - E t O H (10 : 1), two spots of Rf 0.3 (12) and 0.7 
(dicyclohexylidene isomer, major) (cf. I l , Rf 0.12). After 
addition of water (0.05 ml, 0.5 mol equivalent for 11), the 
solution was kept at room temperature overnight. The for­
mation of 12 became major. Aqueous sodium hydrogencar-
bonate (480 mg) was added with vigorous stirring and the 
mixture was concentrated in vacuo with several additions 
of toluene. T h e residual colorless solid (5.9 g) was stirred 
with hot benzene (30 m i x 3), centrifuged, and dried to give 
pure 12, 5.67 g (80%) . T h e benzene-soluble portion (217 
mg) contained the dicyclohexylidene derivative as a major 
component. 

12: [a]2
D

5 + 6 2 ° (c 1, D M F ) (lit,15) + 4 7 ° in pyridine). 
Found: C, 62.43; H , 6.18; N . 5 .68%. Calcd for C64H75-

N 5 O 2 0 : C, 62.28; H , 6.12; N, 5.67%. 

3',2"-Di-0- (13) and 3',4',2"-Tri-0-benzoyl-tetrakis(N-benzyl-
oxycarbonyl)-4",6"-0-cyclohexylidenekanamycin B (14). T o a 
solution of 12 (495 mg) in dry pyridine (10 ml) , benzoyl 
chloride (0.12 ml, 2.5 mol equivalents for 12) was added and 
the solution was kept at room temperature overnight. This 
reaction conditions were established by mesylating the prod­
uct followed by examining its P M R spectrum several times, 
as in the preparat ion of 3. T h e solution showed, on T L C 
(E. Merck) with CHCl 3 -methyl ethyl ketone (MEK) ( 3 : 1 ) , 
two spots of R{ 0.15 (13) and 0.22 (14) in almost equal strength. 
Work up as described for 3 gave a mixture of 13 and 14 
(611 mg) . T h e solid (195 mg) was chromatographed over 
silica gel (E. Merck silica gel 60, prepacked column 2.5 x 25 
cm) with C H C 1 3 - M E K (3 : 1) to give 13 (81.6 mg, 4 4 % ) , 
14 (56.9 mg, 29%) and a mixture of 13 and 14 (25.7 mg) . 

13: m p 237—238 °C, [a]2
D

5 + 1 1 2 ° (c 0.8, CHC13). 
Found : C, 64.70; H , 5.75; N, 4 .82%. Calcd for C78H83-

N 5 0 2 2 : C, 64.94; H, 5.80; N, 4 .86%. 
14: m p 139—140 °C, [a]2

D
s + 9 6 ° (c 1, CHC13). 

Found: C, 65.74; H , 5.74; N, 4 . 4 5 % . Calcd for C85H87-
N 5 0 2 3 : C, 66 .01; H , 5.67; N, 4 . 5 3 % . 

3'',2''-Di-O-benzoyl-pentakis (^-benzyloxycarbonyl)-4"',6''-O-cyclo-
hexylidene-4'-O-mesylkanamycin B (15). A solution of 13 
(197 mg) and mesyl chloride (0.05 ml, 5 mol equivalents for 
13) in dry pyridine (4 ml) was kept at room temperature 
for 2 h. The solution showed, on T L C (E. Merck) with 
C H C I 3 - M E K (3 : 1), two spots of Rf 0.23 (15) and 0.44 (minor, 
di-O-mesyl derivative). Work up as described for 5 gave a 
solid (195 mg), which was chromatographed over silica gel 
with CHC1 3 -MEK ( 3 : 1 ) to give a solid of 15, 155 mg (75%) 
and a solid of 5,4'-di-0-mesyl derivative (16), 18 mg (8.3%). 

15: m p 211—212 °C, [a]2
D

5 + 9 7 ° (c 1, CHC13); P M R 
(CDC13): Ô 2.78 (3H s, C H 3 S 0 2 ) . 

Found : C, 62.66; H, 5.73; N, 4.58; S, 1.88%. Calcd 
for C 7 9 H 8 5 N 5 0 2 4 S: C, 62.40; H , 5.63; N, 4 .61; S, 2 . 1 1 % . 
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16: m p 162—163 °C, [a]2
D

5 + 7 0 ° (c 0.5, CHC13); P M R 
(GDG1,): «5 2.78 and 3.07 (each 3H s, C H 3 S 0 2 ) . 

Found: C, 59.86; H, 5.43; N, 4.46; S, 4 . 0 1 % . Calcd 
for C 8 0H 8 7N 5O 2 6S 2 : C, 60.10; H, 5.49; N, 4.38; S, 4 . 0 1 % . 

3' ,2"-Di-0-benzoyl-pentakis (N-benzyloxycarbonyl) -4" ,6"-0-cyclo-
hexylidene-4'-deoxy-4'-iodokanamycin B (17). Compound 15 
(147 mg) was treated with sodium iodide (1.5 g) in D M F 
(3 ml) at 100 °C for 40 h. Work up as described for 7 gave 
a mixture of 4'-iodo epimers (Rt 0.2 and 0.38 (minor) with 
C H C 1 3 - M E K = 3 : 1), 68 mg (45%). 

3' ,2" -Di-O-benzoyl-pentakisCN-benzyloxycarbonyl) -4" ,6" -O-cyclc-
hexylidene-4'-deoxykanamycin B (18). T o a solution of 17 
(35.6 mg) in dry dioxane (0.7 ml) , tributyltin hydride (0.07 
ml) and a,a'-azobisisobutyronitrile ( » 3 mg) were added and 
the solution was heated at 80 °C for 2 h under the atmosphei e 
of nitrogen. The solution showed, on T L C with C H C 1 3 -
M E K (3 : 1), a single spot at R{ 0.2. Concentration gave a 
residue, which was chromatographed over silica gel with CHC1 3 

- M E K ( 3 : 1 ) to give a solid, which was reprecipitated from 
chloroform-ether, 26.5 mg (81%), m p 247—248 °C, [a]2

D
B 

+ 120° (c 0.8, CHC13). 
Found: C, 65.62; H, 5.84; N, 4 .85%. Calcd for C7 8H8 3-

N 5 0 2 1 : C, 65.67; H, 5.86; N , 4 . 9 1 % . 
4'-Deoxykanamycin B (19). A. From 18; Compound 

18 (26.5 mg) was treated likewise as described in the prepara­
tion of 4'-deoxykanamycin (9) to yield 19, 7.0 mg (64% as 
dicarbonate), [a]2

D° + 1 1 7 ° (c 0.5, H 2 0 ) ; P P C : Rt k a n a m y c l n B 

1.2 (cf. tobramycin, 1.3); P M R ( D 2 0 ) : Ô 1.0—1.5 (2H two 
overlapped q, / « 1 2 Hz, H-2 a x , H-4 ' a x ) , 1.75—2.1 (2H m, 
H-2 e q , H-4 ' e q ) , 4.99 (1H d, / = 3 . 5 Hz, H - l ' or 1"), 5.35 
(1H d, 7 = 3 . 5 Hz, H - l ' or 1"). 

Found : C, 40.75 ; H , 6.96 ; N, 11.90%. Calcd for C1 8H3 7-
N 5 0 9 . 2 H 2 C 0 3 : C, 40.61; H , 6.99; N, 11.84%. 

B. From 28: Compound 28 (97.4 mg) was treated similarly 
as described17) (preparation of 10 from 7 in that litrature) to 
give 19, 20.0 mg (35% as dicarbonate) and a ureylene deriv­
ative,20) 15.6 mg. 

2" -O-Benzoyl-4" ,6" -0-cyclohexylidene-pentakis(^-eihoxycarbonyl) -
3'-0-(21), 4'-0- (22), and di-O-tosylkanamycin B (23). 
A solution of 2017) (4.17 g) and />-toluenesulfonyl chloride 
(3.90 g, 5 mol equivalents for 20) in dry pyridine (50 ml) was 
kept at room temperature overnight. T h e solution showed, 
on T L C with CHC1 3 - IPA (15 : 1), three spots of R{ 0.30 
(21, major), 0.36 (22), and 0.38 (23). After addition of 
water, the reaction mixture was treated likewise as descibed17) 
(preparation of 5 in that literature) to give 21 (2.76 g, 5 8 % ; 
m p 149—150 °C (lit, «) 149—150 °C), [a]2

D° + 8 8 ° (c 1, M e O H ) 
(lit,") + 8 8 ° ) ) , 22 (0.60 g, 12.5%), and 23 (0.36 g, 6 % ) . 

22: m p 152—153 °C (dec), [a]2
D° + 1 1 8 ° (c 1, D M F ) ; 

P M R ( (CD 3 ) 2 SO): Ô 2.42 (3H s, CH 3 (Ts) ) . 
Found: C, 53.78; H, 6.15; N, 5.88; S, 2 .85%. Calcd for 

C 5 3 H 7 5 N 5 0 2 3 S: C, 53.84; H, 6.40; N, 5.93; S, 2 . 7 1 % . 
2 3 : [a]5 + 7 9 ° (c 1, M e O H ) ; P M R (CDC13) : ô 2.47 

(6H s, CH 3 (Ts)) . 
Found: C, 54.08; H, 6.12; N, 5.36; S, 4 . 7 1 % . Calcd for 

C6 0H8 1N5O2 5S2 : C, 53.92; H, 6 .11; N, 5.24; S, 4 .80%. 
2"-0-Benzoyl-4",6'/-0-cyclohexylidene-pentakis(N-ethoxycarbonyl)-

4'-0-mesylkanamycin B (26). T o a cold ( - 2 0 °C) solu­
tion of 20 (101 mg) in dry D M F (1 ml) containing dry pyri­
dine (0.048 ml, 6 mol equivalents for 20), tosyl chloride 
(38.2 mg) was added and the solution was kept for 2 h in the 
cold. The solution showed, on T L C with CHC1 3 - IPA 
(10 : 1), a single spot at Rt 0.2 (mainly 24) (cf. 19, Rt 0.1). 
Concentration of the solution below 30 °C gave a syrup, which 
was dissolved in chloroform. T h e solution was washed with 
5 % aqueous sodium hydrogencarbonate and water, dried 
(MgS0 4 ) , and concentrated in vacuo with several additions of 

toluene to give a colorless solid (114mg) . T h e solid was 
vigorously stirred with ether and filtered. T h e solid (108 mg) 
contained a trace amount of di-O-formyl(P) product (Rf 
0.21). T o a solution of the solid in pyridine (2 ml) , mesyl 
chloride (0.024 ml, 3 mol equivalents for 20) was added and 
the solution was kept at room temperature for 4 h. T h e solu­
tion showed, on T L C (E. Merck) , a single spot at Rs 0.49 
(mainly 25) cf. mono-O-formyl product , R{ 0.42). Work up 
as described for 5 gave a solid (112 mg) . A solution of the 
solid in dioxane (1 ml) and 2 8 % aqueous ammonia (0.1 ml) 
was kept at room temperature for 15 min. T h e solution 
showed, on T L C , a single spot at Ä f 0.40. Concentrat ion 
followed by washing of the residue with water gave a solid 
(100 mg) . T h e solid was washed with ethyl acetate (1 
ml X 2) with vigorous stirring to give a colorless solid of 26, 
68 mg (62% based on 20). The ethyl acetate-soluble par t 
(30 mg) is mainly composed of 20. Compound 26 has 
fairly low solubility in usual organic solvents. 

26 : [a]2
D

5+105° (c 1, D M F ) ; P M R (Py-d5): ô 3.43 (3H 
s, C H 3 S 0 2 ) . 

Found : C, 51.14; H, 6.44; N, 6.16; S, 2 .88%. Calcd for 
C 4 7 H 7 1 N 5 0 2 3 S: C, 51.03; H, 6.47; N , 6.33; S, 2 .90%. 

2"-0-Benzoyl-4",6"-0-cyclohexylidene-4'-deoxy-pentakis(N-ethoxy-

carbonyl)-4'-iodokanamycin B (27). A. From 22: A mix­
ture of 22 (517 mg) and sodium iodide (5.0 g) in D M F (10 ml) 
was heated at 100 °C for 3 h. Work up as described for 7 
gave a solid of 27, 359 mg (72%), [a]2

D° + 7 8 ° (c 1, M e O H ) . 
Found : C, 48.69; H, 5 .91; N , 6 .01; I, 10.80%. Calcd 

for C 4 6 H 6 8 N 5 O 2 0 I : C, 48.55; H , 6.02; N, 6.15; I, 11.15%. 
B. From 26: A mixture of 26 (49.3 mg) and sodium iodide 

(500 mg) in D M F (1ml) was heated at 100 °C for 10 h. 
Work up as described in A gave 27, 46.8 mg (92%) . Com­
pounds 27 obtained by A and B were identical in every respect. 

2" - O - Benzoyl - 4",6" - O-cyclohexylidene - 4'-deoxy-pentakis (N-eth-
oxycarbonyl)kanamycin B (28). Compound 27 (49.6 mg) 
was treated as described for 8 to give a solid of 28, 37.3 mg 
(85%), m p 256—257 °C, [a]2

D° + 9 3 ° (c 1, M e O H ) , 
Found : C, 54.47; H , 6.73; N, 6 .65%. Calcd for C4 6H6 9-

N 5 O 2 0 : C, 54.59; H, 6.87; N , 6 .92%. 

T h e a u t h o r s a r e gra te fu l to D r . H i r o s h i N a g a n a w a 

of I n s t i t u t e of M i c r o b i a l C h e m i s t r y for c o l l a b o r a t i o n o n 
1 3 C N M R spec t r a l s tudies . 
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5-0-[3-0-(2-Amino-2-deoxy-a-D-glucopyranosyl)-^-D-ribofuranosyl]-3/-deoxyparomamine was prepared by 
two different routes. The first route involves glycosylation of a protected 1-iV : 6-0-carbonyl-3'-deoxyparomamine 
with a protected 3-0-(2-amino-2-deoxy-a-D-glucopyranosyl)ribofuranosyl bromide and subsequent removal of the 
protecting groups. In the second route, 1-iV : 6-0-carbnyl-3'-deoxyparomamine was glycosylated with a protected 
ribosyl bromide having 3-O-benzylthiocarbonyl group to give a pseudotrisaccharide and, after de-3-O-benzylthio-
carbonylation, the product was further condensed with a protected 1-bromide of 2-amino-2-deoxy-D-glucose. This 
synthesized lividomycin B analogue showed only very weak antibacterial activity and the role of the 6"'-amino 
group of lividomycin in the action was suggested. 

Lividomycin B1) is an aminoglycoside antibiotic which 
belongs to a pseudotetrasaccharide. Since its pseudo­
trisaccharide2) portion which lacks the 2,6-diamino-2,6-
dideoxy-L-idopyranose moiety has only very weak an­
tibacterial activity, this diaminohexose moiety has been 
suggested to enhance the antibacterial activity in a 
great extent. However, it has not yet been certain, 
which amino group in this diaminohexose moiety has 
the predominant role to increase the activity. There­
fore, we attempted to replace this diaminohexose moiety 
of lividomycin B with 2-amino-2-deoxy-D-glucose. 

Among two synthetic routes considered, we at first 
prepared this lividomycin B analogue by condensation 
of a disaccharide with a pseudodisaccharide. The di­
saccharide was prepared by condensation of 3,4,6-tri-
0 - acetyl -2- deoxy-2- (/»-methoxybenzylidene) amino-a-D-
glucopyranosyl bromide3) (1) with 5-O-benzoyl-1,2-0-
isopropylidene-a-D-ribofuranose4) (2) in benzene in the 
presence of mercury(II) cyanide as catalyst. Acid hy­
drolysis of the N- Qb-methoxybenzylidene) group of the 
condensation product followed by JV-benzyloxycar-
bonylation gave the protected disaccharide (3) in 5 4 % 
yield (based on 2). The high yield formation of the 
a-D-glucoside may be ascribed in par t to the presence 
of the 2-iV-Q&-methoxybenzylidene) group.6) To con­
firm the a-D-glucoside linkage of 3, the O-acyl and N-
benzyloxycarbonyl groups of 3 were removed. The 
P M R spectrum and the optical rotation of the deacy-
lated product (4) substantiated the a-D-glucoside linkage. 
Then, the isopropylidene group of 3 was removed by 
9 5 % formic acid treatment without affecting the glu-
cosyl bond and the O-acyl groups, and the resulting 
free hydroxyl groups at C-l and 2 were/>-nitrobenzoy-
lated to give 5. The presence of the 2-0-(/>-nitro-
benzoyl) group prevents undesirable orthoester6) for­
mation in the subsequent glycosylation. Treatment of 
5 with hydrogen bromide in dichloromethane gave the 
corresponding 1-bromide. 

The protected pseudodisaccharide, namely 3,2'-
bis (iV-benzyloxycarbonyl)-l-JV : 6-0-carbonyl-3'-deoxy-
4' ,6 '-di-0-(a-naphthoyl)paromamine (6), which is mod­
erately soluble in organic solvents, was prepared by 
treatment of tris(7V-benzyloxycarbonyl)-3'-deoxyparo-
mamine7) with sodium hydride in iV,iV-dimethylform-

amide (DMF)8) followed by regioselective acylation 
with a-naphthoyl chloride. The positions of the a-
naphthoyl groups in 6 were confirmed by the hydrolysis 
of mono-0-mesyl derivative (7) of 6. Paper chromato­
graphy of the acidic hydrolyzate of 7 gave no detectable 
2-deoxystreptamine, whereas the same treatment of 6 
gave 2-deoxystreptamine, indicating that the 5-hydro-
xyl group of 6 was mesylated. Condensation of 6 with 
the abovementioned 1-bromide of 5 was carried out in 
dichloromethane in the presence of mercury(II) cyanide, 
and, the condensation products having ß-v (8) and a-D 
(8') glycoside linkages were separated by silica gel chro­
matography in yields of 33 and 4 7 % , respectively. 
Trea tment of 8 and 8' with sodium benzylate in benzyl 
alcohol removed all the O-acyl groups and, simulta­
neously cleaved the 1,6-carbamate into 1-benzyloxycar-
bonylamino and 6-hydroxyl groups to give 9 and 9', 
respectively. Hydrogenolysis of 9 and 9' with palla­
dium black removed the benzyloxycarbonyl groups and 
gave the desired pseudotetrasaccharide (10) and its a-
D-anomer (10'), respectively. 

The anomeric configurations of 10 and 10' were 
identified by their P M R spectra, and their pseudotetra­
saccharide structures were supported by paper chro­
matography of their methanolyzates. 

In another route, the pseudodisaccharide derivative 
(6) was successively glycosylated with a protected ribo-
furanosyl bromide and then with the glucosamine de­
rivative (1). The aforementioned protected ribose 2 
was led to 3-O-benzylthiocarbonyl derivative (11) by 
treatment with benzylthiocarbonyl chloride in pyridine. 
This protecting group9) was chosen because of its easy 
elimination by oxidation with hydrogen peroxide to 
liberate the free hydroxyl group at C-3 of the ribose 
moiety. Acidic solvolysis of 11 to remove the isopro­
pylidene group followed by />-nitrobenzoylation gave 
methyl 3-0-benzylthiocarbonyl-2-0-Q&-nitrobenzoyl)-/7-
D- and a-D-riboside (12 and 12'). The structures of 12 
and 12' were confirmed by their P M R spectra as well 
as by those of the debenzylthiocarbonylated product 
(13 and 13') of 12 and 12'. In the spectrum of 12' a 
virtual coupling10) between H- l and 3 was observed 
and it was further observed that 2-0^3-0-( /»-ni t ro-
benzoyl) migration gradually occurred when the solu-
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tion (in pyridine-rf5 containing deuterium oxide) of 13 
and 13' were allowed to stand (see Experimental) . 

Treatment of 12 with hydrogen bromide in acetic 
acid gave the 1-bromide, which was used without 
purification, for coupling with 6 in a manner described 
above to give the condensation product (14) in 6 6 % 
yield. T h e ß-anomeric configuration (at C-l") of 14 
could not be determined at this stage, but was made 
clear at the last step which gave 10 identical with that 
prepared by the alternative route aforementioned. 
Removal of the benzylthiocarbonyl group with hydrogen 
peroxide in acetic acid gave the product (15) having 
a free hydroxyl group at C-3". In this reaction, a 
slight amount of 3"-0-(/>-nitrobenzoyl) derivative was 

formed by migration. The structure of 15 was con­
firmed by recovery of 14 from 15 with the benzylthio­
carbonyl chloride treatment. The condensation of 15 
with 1 was achieved in benzene in the presence of silver 
reagents to give 8, in 3 0 % yield, which was led to the 
desired product (10). 

The overall yield of 10 by the second route was lower 
than that by the first route. However, it should be 
noted that the first route gave a larger amount of the 
a-riboside (8') than the desired /5-riboside (8). In the 
second route no a-riboside was obtained. 

The synthesized pseudotetrasaccharide (10) showed 
much weaker antibacterial activities than lividomycin 
B and this result suggested that the 6"'-amino group 
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of l i v idomyc in B h a s a p r e d o m i n a n t ro le in i n c r e a s i n g 
t h e a n t i b a c t e r i a l ac t iv i ty . T h e c o r r e s p o n d i n g a - a n o m e r 
(10 ') s h o w e d n o a n t i b a c t e r i a l ac t iv i ty . 

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

Thin-layer chromatography (TLC) was carried out on 
Wakogel B-5 with sulfuric acid spray for detection unless 
otherwise stated. For column-chromatography, silica gel 
(Wakogel C-200) was used. Descending paper chromato­
graphy was performed on Toyo-Roshi Paper No. 50 with 
1 -butanol-pyridine-water-acet ic acid ( 6 : 4 : 3 : 1 ) , and spots 
were visualized by spraying 0 .5% ninhydrin in pyridine. 
P M R spectra were recorded at 60 and 90 M H z with Hitachi 
R-24A and Var ian EM-390 spectrometers, respectively. 

5-O-Benzoyl-1,2-O-isopropylidene-a- jy-ribofuranose (2). 
The compound was prepared in a different way from the 
reported one.4) 5-0-Benzoyl-l ,2-0-isopropylidene-D-^Aro-
pentofuranos-3-urose11) (2 g) dissolved in methanol was treated 
with sodium borohydride in a usual manner to give 2 as 
needles (from ethyl acetate-diisopropyl ether, 1.7 g, 8 6 % ) , m p 
8 1 — 82 °G (lit,4) 78—79 °G), [a]2

D
6+32° (c 1, GHG13) (lit,4) 

+20.05° in GHCI3). 

3-0-(3,4,6- Tri-O-acetyl-2-benzyloxycarbonylamino - 2-deoxy-oc-D-
glucopyranosyl) -5-O-benzoyl-1,2-0- isopropylidene - a - D - ribofuranose 
(3). T o a solution of 3,4,6-tri-0-acetyl-2-deoxy-2-(/>-
methoxybenzylidene)amino-a-D-glucopyranosyl bromide3) (1, 
1.34 g) in dry benzene (18 ml) , 5-0-benzoyl-l ,2-0-isopro-
pylideneribofuranose2) (2, 0.58 g,) mercury(II ) cyanide (1.3 
g), and calcium sulfate (Drierite 2.7 g) were added and the 
mixture was stirred at room temperature overnight. After 
addition of chloroform (100 ml) , the mixture was centrifuged. 
The organic layer separated was washed with aqueous sodium 
hydrogencarbonate and water, dried (Na 2 S0 4 ) , and concen­
trated. T h e resulting syrup was dissolved in a mixture of 
methanol (36 ml) and 50% aqueous acetic acid (16 ml) and 
the solution was kept at room temperature for 4 h. After 
addition of powdered sodium carbonate (7.1 g), the solution 
was concentrated. The residue was extracted with acetone 
and the extract was concentrated to dryness. T o an ice cold 
solution of the residue in aqueous acetone (3 : 10, 50 ml) , 
sodium carbonate (900 mg) and benzyl chloroformate (1.8 g) 
were added and the mixture was stirred for 1 h in the cold. 
Evaporation followed by extraction with chloroform and 
evaporation of the solvent gave a syrup. Since 2 which re­
mained unreacted had the same mobility with that of 3 on 

column chromatography, 3 was separated after acetylation 
of the remaining 2. A mixture of the syrup and acetic 
anhydride (2 ml) in pyridine (40 ml) was allowed to stand 
at 37 °G overnight. Evaporation, extraction of the residue 
with chloroform, washing of the solution (aqueous potassium 
hydrogensulfate, aqueous sodium hydrogencarbonate, and 
water) , drying (Na 2 S0 4 ) , and evaporation of the solvent gave 
a syrup. T h e syrup was chromatographed over silica gel 
with benzene-ethyl acetate ( 8 : 1 ) to give 3 (syrup), 748 mg 
(54%) , [a]2

D°+102° (c 1, GHCI3); I R (KBr) : 1740, 1720 
c m - 1 ; P M R (GDG13) Ô: 1.22 and 1.53 (each 3 H s, G(GH 3 ) 2 ) , 
1.94, 2.00, and 2.02 (each 3H s, Ac), 5.07 (1H d, 7 = 3 . 5 H z , 
H - l ' ) , 5.91 (1H d, 7 = 3 . 5 Hz, H - l ) . 

Found : C, 58.67; H, 5.78; N , 1.78%. Galcd for C3 5H4 1-
N 0 1 5 : G, 58.74; H, 5.77; N, 1.96%. 

3-0- (2-Amino-2-deoxy-a.-T>-glucopyranosyl) -1,2-O-isopropylidene-
a-T>-ribofuranose (4). A solution of 3 (100 mg) in methanol 
containing 5 % ammonia (5 ml) was kept at room temperature 
overnight and the solution was concentrated. T o a solution 
of the residue in dioxane (2 ml) , water (1 ml) and two drops 
of acetic acid were added and the mixture was hydrogenated 
with pal ladium black in an atmospheric pressure of hydrogen. 
After filtration, the filtrate was concentrated to give a syrup, 
which was chromatographed over CM-Sephadex C-25 (NH 4 

form) with 0.05 M aqueous ammonia to give a ninhydrin-
positive solid of 4 as hemihydrate , 20 mg (40%) , [a]1,? + 1 6 5 ° 
(c 0.5, H 2 0 ) ; P M R ( D 2 0 ) <5: 1.43 and 1.61 (each 3H s, 
C(GH 3 ) 2 ) , 2.78 (1H q, 7 i ' , 2 ' = 3 . 7 H z , 7 2 \ 3 ' = 9.5 Hz, H-2 ' ) , 
4.95 (1H m, H-2) , 5.12 (1H d, 7 = 3 . 7 Hz, H - l ' ) , 5.96 (1H 
d, 7 = 3 . 8 Hz, H - l ) . 

I rradiat ion of H-2 ' collapsed the doublet of H - l ' to a singlet 
and irradiation of H - l ' collapsed the quarte t of H-2 ' to a 
doublet ( 7 = 9 . 5 Hz) . Irradiat ion of H- l (ô 5.96) collapsed 
the multiplet of H-2 to an incomplete triplet (J&1.9 Hz ) . 

Found : C, 46.75; H, 6.96; N, 3 .70%. Galcd for C1 4H2 5 

N 0 1 9 1 / 2 H 2 0 : C, 46.66; H, 7.27; N, 3 .89%. 
3 - O - (3,4,6- Tri-0-acetyl-2-benzyloxycarbonylamino-2-deoxy-a-r>-

glucopyranosyl)-5-0-benzoyl-1,2-bis-0-(p-nitrobenzoyl) -v-ribofura-
nose (5). A solution of 3 (621 mg) in 9 5 % aqueous 
formic acid (30 ml) was kept at room temperature for 3.5 h. 
Concentration in vacuo at room temperature gave a syrup. 
T h e chloroform solution of the syrup was washed with aqueous 
sodium hydrogencarbonate and water, dried (Na 2 S0 4 ) , and 
concentrated. T o a solution of the resulting syrup in dry 
pyridine (8 ml) , /»-nitrobenzoyl chloride (626 mg) was added 
and the solution was kept at room temperature overnight. 
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After addition of water (0.1 ml) , the solution was concentrated. 
T h e chloroform solution (50 ml) of the residue was washed 
with aqueous potassium hydrogensulfate, aqueous sodium 
hydrogencarbonate, and water, dried (Na 2 S0 4 ) , and concent­
rated. T h e resulting syrup was chromatographed over silica 
gel with benzene-ethyl acetate (10 : 1) to give a syrup of 
5, 572 mg (68%), [a]2

D
2 + 7 2 ° (c 1, GHC13); I R (KBr) : 

1725, 1520 cm- 1 . 

Found : C, 56.82; H , 4 .65; N, 4 .02%. Calcd for C46H43-
N 3 0 2 1 : C, 56.73; H , 4 .45; N, 4 . 3 1 % . 

3,2'-Bis(N-benzyloxycarbonyl)-1-'N : 6-0-carbonyl-3''-deoxy-4'',6''-
di-O- (a-naphthoyl) paromamine (6). T o an ice - cold 
solution of l,3,2'-tris(iV-benzyloxycarbonyl)-3'-deoxyparom-
amine7) (3.0 g) in D M F (60 ml) , 5 0 % oily suspension (600 
mg) of sodium hydride was added under nitrogen atmosphere 
and the mixture was stirred vigorously for 2.5 h. After addi­
tion of acetic acid (0.8 ml) , the mixture was poured into ice-
water. T h e precipitates of 1,6-carbamate were filtered and 
dried (2.35 g). T o a cold ( - 2 0 °C) solution of the solid in 
pyridine (45 ml) , a-naphthoyl chloride (610 m g x 3) was added 
and the solution was kept at —10 °G for 9 h (3 h X 3). After 
concentration, the residue was dissolved in chloroform. T h e 
solution was washed (with aq K H S 0 4 , aq N a H G O a , and H 2 0 ) 
as described for 3 to give a solid, which was chromatographed 
over silica gel with chloroform-ethanol (50 : 1) to give a 
solid of 6, 2.78 g (76%), [a]2

D
2 + 6 9 ° (c 1, GHG13); I R (KBr) : 

1775 c m - 1 (shoulder, cyclic carbamate) . 

Found : G, 67.31 ; H , 5.26; N, 4 .64%. Galcd for C5 1H4 7-
N 3 O i a : G, 67.32; H, 5 .21; N, 4 .62%. 

3,2'-Bis (~N - benzyloxycarbonyl) - 7-N : 6-0-carbonyl-3'-deoxy-5-
O-mesyl-4', 6''-di-O-(a-naphthoyl) paromamine (7). T o a 
solution of 6 (180 mg) in dry pyridine (4 ml) , methanesulfonyl 
chloride (200 mg) was added and the solution was kept at 
room temperature overnight. T h e solution showed, on T L C 
with chloroform-methanol (30 : 1), a single spot at i?f 0.33. 
Work up in a usual manner gave a solid of 7, 172 mg (88%) , 
[a]2

D
4 + 4 9 ° (c 1, GHG13); I R (KBr) : 1180, 1350 (Ms) cm" 1 ; 

P M R : Ô of S 0 2 C H 3 : 3.07 (in GDG13), 3.18 (in CDC1 3 -
G D 3 O D = l : 1), 3.43 (in G5D5N). 

Found : G, 63.00; H, 5.16; N, 4.16; S, 3 .47%. Galcd for 
G 5 2 H 4 9 N 3 0 1 5 S: G, 63 .21; H , 5.00; N, 4 .25; S, 3 .25%. 

Acidic Methanolysis of 7. A solution of 7 in 2 M meth-
anolic hydrogen chloride was heated at 80 °G for 40 h. 
As a control experiment, 6 was similarly treated. Paper 
chromatography of the methanolyzate of 7 gave no 2-deoxy-
streptamine, whereas that of 6 did. 

J - O - [3-0- (3,4,6- Tri-0-acetyl-2-benzyloxycarbonylamino-2-deoxy-
oc- n-glucopyranosyl) S-O-benzoyl-2-O- (p-nitrobenzoyl) -ß- and a-
r>-ribqfuranosyl]-3,2'-bis(N-benzyloxycarbonyl)-1 - N : 6-O-carbonyl-
3'-deoxy-4',6'-di-O-(a-naphthoyl)paromamine (8 and 8'). A. 
From 5 and 6: T o a cold ( - 1 0 ° G ) solution of 5 (1.75 g) 
in dry dichloromethane (50 ml) , hydrogen bromide was intro­
duced until saturation and the solution was kept at —10 °G 
for 30 min. Colorless needles of /»-nitrobenzoic acid was 
deposited. Filtration followed by concentration of the filtrate 
at room temperature gave a syrup, which was dissolved in 
dichloromethane (11ml ) . T o the solution, 6 (516 mg), 
mercury (II) cyanide (1.85 g), and calcium sulfate (Drierite 
3.75 g) were added and the mixture was vigorously stirred at 
room temperature overnight. O n T L C with chloroform-
ethanol (30 : 1), the reaction mixture showed two marked 
spots at Rs 0.37 (8), 0.29 (8 ') . T h e mixture was filtered with 
aid of chloroform. T h e filtrate was concentrated to give a 
syrup, which was chromatographed over silica gel with chloro­
form-ethanol (100 : 1) to give a solid of 8, 316 mg (33% 
from 6) and a solid of 8', 456 mg (47% from 6). 

Compound 8: [a]2
D°+51° (c 1, CHG13) : IR(KBr) : 1780 

(s), 1725, 1530 cm- 1 . 
Found : C, 62.59; H, 5.05; N, 4 .05%. Galcd for C90H85-

N 5 O 3 0 : G, 62.97; H, 4.99; N, 4 .08%. 
Compound 8 ' : [a]2

D°+69° (c 0.5, CHG13): I R ( K B r ) : 1780 
(s), 1725, 1530 cm- 1 . 

Found : C, 63.04; H, 5.05; N, 4 .04%. 
B. From 1 and 15: T o a solution of 1 (222 mg) in dry 

benzene (4 ml), 15 (194 mg), freshly prepared silver carbonate 
(230 mg), silver Perchlorate (23 mg) , and calcium sulfate 
(Drierite 550 mg) were added and the mixture was stirred at 
room temperature overnight in a dark place. T h e reaction 
mixture was filtered with aid of chloroform (20 ml) and the 
filtrate was concentrated. T h e residue was dissolved in a 
mixture of chloroform (2 ml) , methanol (4 ml) , acetic acid 
(1 ml) and water (1 ml) , and the solution was kept at room 
temperature overnight. After addition of powdered sodium 
carbonate (930 mg), the mixture was concentrated in vacuo. 
T h e residue was extracted with chloroform and the extract 
was washed with water, dried (Na 2 S0 4 ) , and concentrated 
to give a solid. T o a cold (0 °G) solution of the solid in 
aqueous acetone (1 : 2, 6 ml) , benzyl chloroformate (150 mg) 
and sodium carbonate (600 mg) were added and the mixture 
was stirred at 0 °C for 1.5 h. After evaporation of the mixture 
was extracted with chloroform. T h e solution was washed 
with water, dried (Na 2 S0 4 ) , and evaporated to give a solid, 
which was chromatographed over silica gel with chloroform-
ethanol (60 : 1) to give a solid of 8, 77 mg (30% based on 
14), [a]2

D
3 + 5 2 ° (c 1, CHG13). Recovered 15 by the chromato­

graphy was 80 mg (41%) . 

Found : C, 62.61 ; H , 5.11 ; N, 3.87%. Calcd for G90H85-
N 5 O 3 0 : C, 62.97; H, 4.99; N, 4 .08%. 

1 ,3,2'- Tris(N-benzyloxycarbonyl) -5-0- [3-0 - (2 - benzyloxycar-
bonylamino-2-deoxy-a-n-glucopyranosyl)-ß- and a-n-ribofuranosyl\-
3'-deoxyparomamines (9 and 9'). T o a solution of 8 
(42 mg) in dry dioxane (0.17 ml) , 0.27 M sodium benzylate 
in benzyl alcohol (0.63 ml, benzyl alcohol was dried over 
molecular sieves 4A) were added and the solution was kept 
at 37 °G for 2 h. After addition of chloroform (27 ml), the 
organic solution was washed thoroughly with water, dried 
(Na 2 S0 4 ) , and concentrated to give a syrup. T h e syrup was 
chromatographed over silica gel with chloroform (to elute 
the alcohol remained) and then with chloroform-ethanol 
(4 : 1) to give 9, 23 mg of solid (83%), [a]1,? + 5 8 ° (c 0.4, 
M e O H ) . 

Found : G, 56.65; H, 5.89; N , 4 .94%. Galcd for G55H68-
N 4 0 2 2 - H 2 0 : C, 57.19; H , 6 .11; N, 4 .85%. 

Compound 9 ' was obtained from 8 ' in a similar manner 
as described above in a yield of 8 3 % ; [a]1^ + 1 1 3 ° (c 0.5, 
M e O H ) . 

Found : C, 56.90; H, 5.98; N, 4 .88%. 
5-0-\3-0-(2-Amino-2-deoxy-a-T>-glucopyranosyl)-ß- and a-D-

ribofuranosyl\-3'-deoxyparomamines (10 and 10'). A mix­
ture of 9 (80 mg) in aqueous dioxane (1 : 3, 4 ml) containing 
two drops of acetic acid was hydrogenated with palladium 
black in an atmospheric pressure of hydrogen. O n T L C (E. 
Merck, silica gel 60 F254) with chloroform-methanol-17% 
aqueous ammonia (1 : 4 : 3), the solution showed a major 
spot at Rs 0.51 (in the case of 10', R{ 0.59). Concentration 
of the solution gave a solid, which was chromatographed over 
GM-Sephadex C-25 (NH 4 form) with 0.05 M aqueous am­
monia to give 10 as a solid of monocarbonate, 34 mg (73%) ; 
PPG, R{ neomycin B 1-49, [a]2

D
3 + 7 7 ° (c 0.7, H 2 0 ) ; P M R 

( D 2 0 + D C 1 , p H « 3 ) Ô: 5.34 (1H d, J « 4 Hz, H - l ' or V"), 
5.36 (1H s, H - l " ) , 5.53 (1H d, 7 = 3 . 0 Hz, H - l ' or 1'"). 

Found : G, 43.27; H , 7.28; N, 8.26%. Galcd for C23H44-
N 4 0 1 4 - H 2 C 0 3 : C, 43.50; H, 6.99; N, 8 .45%. 

Compound 10' was obtained from 9 ' in a similar manner 
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as described above in a yield of 77.5% as monocarbonate ; 
PPG, R{ i l v l d o m y c i n B 1.63, [a]2

D
3 + 1 1 9 ° (c 0.7, H 2 0 ) ; P M R 

(D20)<5: 4.95 ( I H d, 7 « 4 H z ) , 5.13 ( I H d, 7 « 2 . 7 Hz) , 
5.23 ( I H d, 7 « 3 Hz) (each anomeric pro ton) ; in D 2 0 + DG1 
( p H « 3 ) : Ô: 5.34 ( I H d, Jx3 Hz) , 5.35 ( I H d, 7 « 4 Hz) , 
and 5.48 ( I H d, 7 « 2.5 Hz) (each anomeric proton) . 

Found: G, 43.63; H , 7.22; N, 8.29%. 
Acidic Methanolysis of 10 and 10'. A solution of 10, 10', 

or lividomycin B in 0.4 M methanolic hydrogen chloride was 
heated at 65 °G for 25 h, and the solution was examined by 
T L G (E. Merck, silica gel 60 F254) with chloroform-methanol-
17% aqueous ammonia (2 : 2 : 1). T h e methanolyzates of 
10 and 10' gave the same T L C pat tern. From the comparison 
of the R{ values of the spots on the chromatograms with those 
of the hydrolyzate of lividomycin B and other reference sub­
stances, assignments of the spots were m a d e : Rt 0.12 (2-
deoxystreptamine), 0.25 (3 '-deoxyparomamine), 0.52 [methyl 
3-0- (2-amino-2-deoxy-a-D-glucopyranosyl) riboside], 0.58 
(methyl 2-amino-2-deoxy-D-glucoside), 0.62 (methyl 2-amino-
2,3-dideoxy-D-glucoside). 

5- O -Benzoyl- 3 -O- benzylthiocarbonyl-1,2-0-isopropylidene-a-T>-
ribqfuranose (11). T o a solution of 2 (3.0 g) in pyridine 
(50 ml) , benzylthiocarbonyl chloride (3 ml) was added and 
the solution was kept at room temperature overnight. After 
addition of water (0.5 ml), the solution was concentrated and 
the chloroform solution of the residue was washed (with aq 
K H S 0 4 , aq N a H C 0 3 , and H 2 0 ) , dried (Na 2 S0 4 ) , and con­
centrated. T h e residue was recrystallized from methanol to 
give colorless needles, 4.2 g (93%) , m p 68—69 °G, [a]a

D
3 + 1 4 1 ° 

(c 1, CHG13); P M R (GDG13) Ô: 1.38 and 1.60 (each 3H s, 
C(CH 3 ) 2 ) , 4.17 (2H s, CH 2 S) , 5.94 ( I H m, 7 = 5 Hz, H-1) . 

Found: G, 62.27; H, 5.47; S, 7.12%. Galcd for C2 3H2 4-
0 7 S : C, 62.15; H , 5.44; S, 7.12%. 

Methyl 5-0-Benzoyl-3-0-benzylthiocarbonyl-2-0- (p-nitrobenzoyl) -
ß- and a-ribqfuranosides (12 and 12'). T o a solution of 
11 (3.5 g) in dry dichloromethane (21 ml) , 0.4 M methanolic 
hydrogen chloride (50 ml) was added and the solution was 
kept at room temperature for 40 h. Pyridine (3 ml) was 
added and the solution was concentrated with intermittent 
additions of pyridine to give a syrup. T o a solution of the 
syrup in pyridine (30 ml), a solution of/>-nitrobenzoyl chloride 
(3.3 g) in dichloromethane (8 ml) was added and the solution 
was kept at room temperature for 3 h. O n T L G with ben­
zene-ethyl acetate (30 : 1), the solution showed two spots at 
R{ 0.54 (major 12) and 0.50 (minor, 12'). Work up as 
described for 11 gave a syrup, which was chromatographed 
over silica gel with benzene-ethyl acetate (100 : 1) to give 
a pale-yellow syrup of 12, 2.96 g (66%) , and pale-yellow 
needles (recrystallized from methanol) of 12', 1.05 g (24%) . 

Compound 12: [a]2
D

4 + 9 0 ° {c 1, CHG13). 
Found: C, 59.52; H, 4.50; N, 2.41 ; S, 5 . 41%. Galcd for 

C 2 8 H 2 5 NO 1 0 S: G, 59.25; H , 4.44; N , 2.47; S, 5 .65%. 
P M R (CDC13) Ô: 3.43 (3H s, O C H 3 ) , 4.07 (2H s, GH 2S), 

5.15 ( I H s, H-1), 5.6—5.85 (2H m, H-2,3). In pyridine-d5: 
ô 5.38 ( I H s, which sharpend on irradiation at ô 6.0, H-1) , 
6.0 [ I H d, J2,3=5 Hz, with small splittings ( y i ( 2 « l H z ) , 
which disappeared, on irradiation at ô 5.38, to give a sharp 
d, H-2] , 6.08 ( l H t , y 2 > 3 = y 3 > 4 = 5 H z , H-3) . O n irradiation 
at ô 4.8, the triplet of H-3 collapsed to a doublet. 

Compound 12 ' : mp 110—110.5 °G, [a]2
D° + 1 4 7 ° (c 1, 

CHC13). 
Found: C, 58.95; H, 4.46; N, 2.39; S, 5 .45%. Galcd for 

G 2 8H 2 5NO 1 0S: C, 59.25; H, 4.44; N, 2.47; S, 5 .65%. 
P M R (in GDC13 at 90 MHz) <5: 3.49 (3H s, O C H 3 ) , 4.13 

(2H AB q, y„ C T O =13Hz, CH 2 S) , 5.2—5.45 (2H m, H-1,2), 
5.55—5.75 ( I H m, H-3) . Since any signal distance of H-1,2 
multiplet and that of H-3 multiplet did not accord each other, 

the occurrence of virtual coupling10) between H-1 and H-3 
was suggested. T o clarify this, the solvent was changed: 
among the solvents tested, pyridine-</5 was found most suit­
able and the signals of 12' assignable to H-1,2, and 3 were 
separated each other without virtual coupling as follows: 
ô (at 90 MHz) 3.46 (3H s), 4.27 (2H s, GH2S), 4.7—5.0 
(3H, H-4,5,5') , 5.60 ( I H d, J 1 > 2 = 4 . 7 Hz, H-1), 5.78 ( I H 
q, 7 = 4 . 7 and 7.2 Hz ( = 7 2 , 3 ) , H-2) , 6.12 ( I H double q, 7 = 7 , 
« 2 , and » 1 Hz , H-3) . Irradiat ion at ô 4.8, the multiplet 
of H-3 collapsed to a doublet ( 7 = 7 Hz) . 

Methyl 5-0-Benzoyl-2-0-(p-nitrobenzoyl)-ß- and oc-n-ribofur-
anosides (13 and 13'). T o a solution of 12 (or 12') (100 
mg) in chloroform (1 ml) , acetic acid (3 ml) and 30% aqueous 
hydrogen peroxide (1 ml) was added and the solution was 
kept at room temperature overnight. T h e solution was pound, 
with stirring, into an ice-water (150 ml) containing sodium 
hydrogencarbonate (4.5 g) . T h e mixture was extracted 
with chloroform and the solution was washed with water, 
dried ( N a 2 S 0 4 ) , and concentrated to give a solid of 13 (or 
13'). 

Compound 13: Yield 67 mg (91%), colorless needles (from 
benzene-hexane) , m p 134—135 °C, [a]2

D
3 + 6 ° (c 1, GHC13). 

Found : G, 57.46; H, 4 .63; N, 3 .23%. Calcd for C2 0H1 9-
N 0 9 : C, 57.55; H, 4.59; N, 3.36%. 

P M R (pyridine-^) Ô: 3.45 (3H s, O G H 3 ) , 5.34 ( I H s, 
H-1), 5.80 ( I H d, 7 = 4 . 4 Hz, H-2) . O n addition of D 2 0 
followed by keeping the solution at room temperature for 1 h, 
the doublet of H-2 (<5 5.79) was gradually weakened with 
concomitant increase in intensity of a quartet at 5.91 ( 7 = 4 . 0 
and 7.0 Hz , H-3 of 13m) a l though the singlet of H-1 (Ô 5.40) 
remained unchanged. This shows that an acyl migration 
occurred as shown below. 

HO OÇ-O-NO2 OaN-^ÇÔ OH 
0 0 

13 13m 

Compound 1 3 ' : Yield 58 mg (79%) , pale-yellow needles 
(from benzene-hexane) ; m p 73.5—74.5 °C, [a]2

D
3 + 8 0 ° (c 0.8, 

CHG13). 
Found : C, 57.73; H , 4 .63; N, 3 .38%. Calcd for C2 0H1 9-

N 0 9 : G, 57.55; H, 4.59; N, 3.36%. 
P M R (pyridine-^) Ô: 3.55 (3H s, O G H 3 ) , 5.53 ( I H d, 

7 l l 2 = 4 . 5 H z , H-1), 5.70 ( I H q, 7 = 4 . 5 and 5.9 H z ( = 7 2 > 3 ) , 
H-2) . O n addition of water, the signal pat tern was gradually 
changed possibly by the similar migration described above, 
but the migration was much slower than that for 13. 

5-0-[5-0- Benzoyl-3-O- (benzylthiocarbonyl) -2-0- (p-nitroben-
zoyl)-ß-D-ribofuranosyF]-3,2'-bis(N-benzyloxycarbonyl)-7 - N : 6-O-
carbonyl-3'-deoxy-4',6'-di-0-(a-naphthoyl)paromamine (14). 
T o a solution of 12 (1.9 g) in dry dichloromethane (5 ml) , 
hydrogen bromide saturated in acetic acid (6 ml) was added 
and the solution was kept at room temperature for 1 h. T h e 
solution was concentrated in vacuo and the resulting syrup 
was dissolved in dichloromethane (40 ml) . T h e solution was 
washed as fast as possible with aqueous sodium hydrogencar­
bonate and water, dried ( N a 2 S 0 4 ) , and concentrated to give 
a syrup. Immediately, to a solution of the syrup in dichloro­
methane (9 ml) , 6 (1.0 g), mercury (II) cyanide (1.9 g) and 
calcium sulfate (Drierite, 3.8 g), were added and the mixture 
was vigorously stirred at room temperature overnight. T h e 
reaction mixture was filtered with aid of chloroform and the 
filtrate was concentrated. T h e resulting syrup was chromato-
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graphed over silica gel with chloroform-ethyl acetate ( 5 : 1 ) 
to give a solid of 14, 1.05 g (66% based on 6), [a]2

D
3 + 3 3 ° 

(c 0.5, CHC1 3) ; I R (KBr) : 1780, 1725, 1530 cm- 1 . 
Found : G, 64.50; H, 4.89; N , 3.79; S, 2 .38%. Galcd for 

G 7 8 H 6 8 N 4 0 2 2 S: G, 64 .81; H , 4.74; N, 3.88; S, 2 .22%. 
5-0- \5-0-Benzoyl-2-0- (p-nitrobenzoyl) -ß-T>-ribofuranosyt\ -3,2'-

bis(N-benzyloxycarbonyl)-1 - N : 6 - O - carbonyl-3'-deoxy-4',6'-di-O-
(tx-naphthoyl)paromamine (15). T o a solution of 14 (600 
mg) in acetic acid (18 ml) , 3 0 % aqueous hydrogen peroxide 
(2.1 ml) was added and the solution was kept at room tem­
pera ture overnight. O n T L C with chloroform-ethanol-
acetic acid (150 : 5 : 1), the solution showed two spots at 
Rt 0.49 (major, 15) and 0.41 (trace, 3"-/>-nitrobenzoate iso­
mer?) . T h e solution was concentrated at room temperature 
and the residue was dissolved in chloroform. T h e solution 
was washed with water, dried (Na 2 S0 4 ) , and concentrated. 
T h e resulting solid was chromatographed over silica gel with 
chloroform-ethanol-acetic acid (500 : 10 : 1) to give a solid 
of 15, 424 mg (79%), [a]2

D
3 + 1 8 ° (c 0.5, CHG13). 

Found : G, 65.03; H , 4.96; N, 4 .17%. Calcd for G70H62-
N 4 0 2 1 : G, 64.91; H , 4.82; N, 4 . 3 3 % . 
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Synthesis of Streptolidine Lactam, a Guanidine-containing Amino-acid 
Lactam Moiety of Streptothricin Antibiotic Group 

Mitsuhiro KINOSHITA and Yoshiharu SUZUKI 

Department of Applied Chemistry, Faculty of Engineering, Keio University, Hiyoshi, Kohoku-ku, Yokohama 223 
(Received March 5, 1977) 

Streptolidine lactam (3) present in streptothricin antibiotics was stereospecifically synthesized. 3,4-Anhydro-
1,2 : 5,6-di-O-isopropylidene-D-iditol (4) was converted into the 3,4-bis(benzyloxycarbonylamino)-3,4-dideoxy-
D-mannitol derivative 7 via the 3,4-diazido-3,4-dideoxy-D-mannitol derivative 6. De-O-protection of 7 followed by 
two-stage oxidation with periodate-bromine afforded 2,3-bis(benzyloxycarbonylamino)-2,3-dideoxy-D-araéorao-
1,4-lactone (8), which was transformed into the azide lactone 9. Selective hydrogenolysis of 9 with Raney Ni 
gave the iV-protected amino sugar lactam 10. O-Tetrahydropyranylation of 10 followed by hydrogenolysis 
afforded the O-protected amino sugar lactam 12. Treatment of 12 with cyanogen bromide in water gave the 
O-tetrahydropyranylated streptolidine lactam 13, which on mild acid hydrolysis afforded 3 (hydrochloride). 
The amino sugar lactam 14 obtained by hydrogenolysis of 9 with palladium black was also treated with 
cyanogen bromide to yield 3 (hydrobromide). Acid hydrolysis of 3 gave streptolidine (2)(dihydrochloride) 
identical with that derived from the antibiotics. 

The ingenious studies on construction of the strepto-
lin-streptothricin group of streptomyces antibiotics by 
Van Tamelen et al.1) revealed the presence of a lactam 
ring in the streptolidine unit A of the intact antibiotic 
l.2) Borders et al.3) verified the lactam structure by 
comparison of the P M R spectra of antibiotic LL-AC-
541 belonging to the streptothricin family and of strep­
tolidine (2), a common degradation product of various 
streptothricin type antibiotics. 

H 
/ N C00H 

Hb. 

Kc^-OH ^NH2 N« 

He O -3 

X°0] 

-0 
-0 tex 

k HN>=0 

H01 V.NH 

HzNCCK 

I - 0 HNCOCH^HCH^CHjNH^H 

1 ( n = i or 2 ) 

Chart 1. 

During the course of synthetic studies on streptothricin 
antibiotics, we found it necessary to synthesize the strep­
tolidine lactam 3 which corresponds to the cyclic gua­
nidine-containing lactam moiety A, for use in a strep­
tothricin antibiotic synthesis and for a biological test 
in connection with the role of A in the biological activ­
ity of the antibiotics.1»5) This paper presents the first 
synthesis of 3 and its O-protected derivative 13. Strep­
tolidine (2) has been synthesized independently by 
Kusumoto et al.,®) and Goto and Ohgi7) via the amino 
sugar lactam 14 from D-ribose and D-xylose.8) In the 
synthesis of streptolidine lactams, we also adopted the 
condensation reaction of amino sugar lactam with cyano­
gen bromide6 ,7) for the cyclic guanidine ring formation. 
Consideration was given to the following points: (i) 
protection of the free hydroxyl group of the amino sugar 
lactam 14 stabilizes the lactam ring during the conden­
sation reaction and (ii) the use of equivalent amounts 
of the pure amino sugar lactam and cyanogen bromide 

* The indicated pattern for the carbamate group sub­
stitution has been shown to be most likely vaild fcr 
streptolin-streptothricin group (1) by Borders et al.*) 

for the reaction minimizes any side reactions which 
might be caused by excess cyanogen bromide. T h e O-
protected amino sugar lactam 12 and free lactam 14 
were synthesized in moderate overall yields through the 
new stereospecific route from the 3,4-anhydro-D-iditol 
derivative 4 prepared from D-mannitol.9 '10) 

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

Starting material, 3,4-anhydro-l,2 : 5,6-di-O-isopropy 
lidene-D-iditol(4),9) prepared via tom.y-3,4-didehyclro-3, 
4-dideoxy-l,2 : 5,6-di-0-isopropylidene-D-Mra?-hexitol10) 
from D-mannitol, was subjected to azidolysis with 
sodium azide in the presence of ammonium chloride 
in aqueous methyl cellosolve and the resulting azido 
hydroxy compound, without purification, was 0-mesyl-
ated in the usual way, affording 3-azido-3-deoxy-l,2: 
5,6-di-0-isopropylidene-4-0-mesyl-D-talitol(5) in 6 1 % 
overall yield from 4. T h e mesylate 5 was allowed to 
react with sodium azide in D M S O to give 3,4-diazido-
3,4 - dideoxy -1,2 : 5,6-di - 0 - isopropylidene-D-mannitol 
(6) in 4 7 % yield. Hydrogenolysis of 6 over pal ladium 
black in methanol followed by 7V-benzyloxycarbonyla-
tion with benzyl chloroformate in pyridine at —20 °C 
afforded 3,4-bis(benzyloxycarbonylamino)-3,4-dideoxy-
1,2 : 5,6-di-O-isopropylidene-D-mannitol (7) in 7 7 % 
yield. De-O-isopropylidenation of 7 with warm aqueous 
acetic acid followed by periodate oxidation with 1.2 
equivalent of sodium periodate in aqueous acetone and 
subsequent oxidation with bromine in aqueous dioxane 
at room temperature gave 2,3-bis(benzyloxycarbonyl-

xSi o-, 
0-
R4-H 
R'4-R" 

tSx 
N3.R = Ms0,R-H 

R'=N3.R'=H 

R"=ZHN.R'=H 

NHZ 

8 R = H0 

9 R = N3 

H 
J N 

RÖ 

10 

11 
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/RHJ^=< 
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amino)-2,3-dideoxy-D-araéono-l,4-lactone (8) in 5 9 % 
yield. O-Mesylation of 8 in the usual way followed by 
treatment with sodium azide in D M S O at 100 °G af­
forded 5-azido-2,3-bis(benzyloxycarbonylamino)-2,3,5-
trideoxy-D-öröAo«o-l,4-lactone (9) in 6 1 % yield. 

Selective hydrogenolysis of the azido group in 9 over 
Raney Ni in methanol led directly11) to 5-amino-2,3-bis-
(benzyloxycarbonylamino)-2,3,5-trideoxy-D-amio?zo- 1,5-
lactam (10) in 6 3 % yield after recrystallization. The 
4-0-(tetrahydro-2-pyranyl) derivative 11 (an epimeric 
mixture about the 2-position of the pyran) was obtain­
ed by treatment of 10 with dihydropyran and a cataly­
tic amount of/>-toluenesulfonic acid in D M F at 37—40 
°G in 8 0 % yield after recrystallization. Hydrogenoly­
sis of 11 over 10% palladium on charcoal in methanol 
at 50 psi affroded, after silica gel column chromato­
graphy, an almost pure sample of the O-protected sugar 
lactam 12, whose I R spectrum(GHG13) showed a <5-
lactam band at 1660 cm"1 , in 7 7 % yield. Trea tment of 
12 in water with 0.95 equivalent of cyanogen bromide 
gave the O-protected cyclic guanidine lactam 13 as a 
crystalline hydrobromide in 51 % yield after recrystal­
lization. T h e ring proton coupling constants in the 
P M R spectrum of the hydrobromide of 13 were very 
similar to those of the spectral data3) reported for the 
lactam structure of the streptolidine moiety in antibiotic 
LL-AG541 (Table). Trea tment of the hydrobromide 
with silver carbonate followed by mild hydrolysis with 
0.5 M hydrochloric acid afforded the hydrochloride of 
streptolidine lactam(3) as needles in 8 7 % yield after 
recrystallization. The P M R spectrum of 3 also shows 
peaks consistent with the lactam structure. 

O n the other hand, hydrogenolysis of 9 over pal­
ladium black in methanol gave, after silica gel column 
chromatography, an almost pure sample of 2,3,5-tri-
amino-2,3,5-trideoxy-D-araéo«o-l,5-lactam(14)6 '7) in 71 
% yield. iV-benzyloxycarbonylation of 14 with TV-
Benzyl oxycarbonyloxy)succinimide14) in aqueous D M F 
yielded 10 in 9 0 % yield. Treatment of 14 in water 
with one equivalent of cyanogen bromide for 2 h at 

TABLE. COMPARISON OF 90 MHz PMR DATA (D2C»)a> 

OF SYNTHETIC STREPTOLIDINE LACTAM ( 1 3 a n d 3 ) AND 

STREPTOLIDINE ( 2 ) WITH THE REPORTED P M R DATA 

(100 MHz, D20)a>b> OF ANTIBIOTIC LL-AG541 
AND NATURAL STREPTOLIDINE 

(<5, Hz) 

H a 

Hb 

Hc 

Hd 

He 

J&h 
Jbc 

Jca 
J ce 

Jae 

13 

5.15 
4.55 

« 5 . 2 0 
4.22 
3.99 

14.2 
2.5 
4.5 
1.8 

15.0 

3 

5.03 
4.47 
5.14 
4.28 
3.85 

14.0 
2.8 
5.5 
1.5 

14.8 

LL-AC541 

5.16 
4.59 

« 5 . 2 0 
4.32 
3.89 

14.8 
2.7 
5.5 
1.2 

15.0 

Synthetic 

5.06 
4.73 
4.57 
3.77 
3.53 
4.7 
3.6 
3.4 
9.8 

13.2 

Natural 

5.07 
4.74 
4.59 
3.76 
3.54 
4.7 
3.6 
3.4 
9.8 

13.2 

a) All chemical shifts are based on external reference 
of TMS. b) See Ref. 3. 

room temperature afforded the crystalline hydrobromide 
of 3 in 6 2 % yield after recrystallization. The GD 
curve of 3 shows the positive Cotton effect at 220 nm. 
In the plain negative O R D curve of 3, however, no 
first positive extremum expected for the positive Cotton 
effect in the GD spectrum is observed. T h e O R D 
curves of streptothricin and its family show a first ex­
t remum at 227 n m in positive field through negative 
field.12) This indicates that the O R D curve of 3 is 
more strongly affected by back ground rotation13) than 
those of the antibiotics. 

Hydrolysis of 3 with 3 M hydrochloric acid overnight 
at room temperature gave the crystalline dihydrochlo-
ride of 2 ( 8 5 % yield) identical in IR , P M R (Table), 
and optical rotation with those derived from strepto­
thricin antibiotics. The stereochemistry of synthetic 3 
was thus completely confirmed. 

In preliminary microbial tests, the synthetic strepto­
lidine lactams 13 and 3 showed no inhibition against 
test microorganisms sensitive to the streptothricin anti­
biotic group at the concentration of 100 (Jtg/ml. 

Exper imenta l 

Melting points were detemined on a micro hot-stage and 
are uncorrected. IR spectra were taken on a Hitachi 225 
spectrophotometer, PMR spectra on Varian A-60D and EM-
390 spectrometers using TMS as internal and external stand­
ard. Specific rotations were determined with a Zeiss Photo­
electric Polarimeter. CD and ORD spectra were taken on 
a JASGO J-20 spectropolarimeter. TLC was performed on 
Wakogel B-5 and colum chromatography on Wakogel C-
200. Paper chromatography was conducted on Toyoroshi No. 
525 with 1-butanol-acetic acid-water (3 : 1 : 1). Paper electro­
phoresis was carried out with a Savant IV-5000A in formic 
acid-acetic acid-water (1 : 3 : 36). Unless otherwise stated, 
hydrogenolysis was conducted at room temperature over 
catalyst under bubbling with hydrogen. In general, concen­
tration was carried out under reduced pressure below 40 °C. 

1) 3-Azido-3-deoxy-1,2 : 5,6-di-0-isopropylidene-4-0-mesyl-D-
talitol (5). A solution of 3,4-anhydro-l,2 : 5,6-di-O-iso-
propylidene-D-iditol (4)9> (36.0 mg) in 80% aqueous methyl 
cellosolve (1 ml) was heated with sodium azide (78.8 mg) and 
ammonium chloride (32.6 mg) at 120 °C for 7 h. The reac­
tion mixture was evaporated after filtration and the residue 
was extracted with ethyl acetate. The dried extract was 
evaporated to afford a pale brown syrup. The syrup (40 
mg) was mesylated with mesyl chloride (0.012 ml) in dry 
pyridine (0.8 ml) at room temperature for 1 h. Work-up in 
the usual way gave a brown syrup, which was chromato-
graphed on silica gel with benzene-acetone (20 : 1) to afford 
5 (32.6 mg, 60%) as a colorless syrup: [a]},7 —26° (c 0.78, 
CHC13); v™j 2105 (N3), 1370 and 1180 cm-1 (sulfonate). 

Found: C, 42.94; H, 6.25; N, 11.22; S, 8.53%. Galcd 
for C13H23N307S: C, 42.73; H, 6.34; N, 11.50; S, 8.78%. 

2) 3,4-Diazido-3,4-dideoxy-l ,2:5,6-di-O-isopropylidene-D-man-
nitol (6). Sodium azide (365 mg) was added to a solu­
tion of 5 (379.4 mg) in dry DMSO (7.6 ml) and the mixture 
was heated at 120 °C for 3.5 h. The reaction mixture was 
poured into cold water and extracted with chloroform. The 
extracts were washed with saturated NaCl solution, dried, and 
evaporated. The residual brown syrup was chroma to-
graphed on silica gel with benzene-acetone (40 : 1) to af­
ford 6 (153.3 mg, 47%) as a colorless syrup: [a]2

D
8 +15° 

(c 0.67, CHCI3), ^ 2100 cm-1 (N3); <5 (GDG1,), 1.40 and 
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1.46 [each s, 6H, (CH 3 ) 2G], and 3.60—4.39 (m, 8H) . 
Found: C, 46.49; H, 6.55; N , 26 .54%. Galcd for C12-

H 2 0 N 6 O 4 : C, 46.14; H, 6.45; N, 2 6 . 9 1 % . 
3) 3,4-Bis(benzyloxycarbonylamino)-3,4-dideoxy-1,2 : 5,6-di-O-

isopropylidene-o-mannitol (7). A sample of 6 (220 mg) 
was hydrogenolysis in methanol (6 ml) for 3 h over pal ladium 
black. T h e resulting colorless syrup (200 mg) was dissolved 
in dry pyridine (4 ml) and cooled to — 20 °G, and benzyl 
chloroformate (0.375 ml) was added to this solution under 
stirring. After being stirred at —20 °G for 1.5 h, the reaction 
mixture was diluted with water and extracted with chloroform. 
The extracts were washed with saturated NaCl solution, dried 
and evaporated. T h e residue was subjected to silica gel 
column chromatography with benzene-acetone (20 : 1) to 
give 7 (288.6 mg, 77%) as a colorless syrup: [a]2

D
8 + 1 3 ° 

(c 3.74, CHG13) ; Ô (GDC13), 1.32 and 1.42 [each s, 6H, (CH 3 ) 2 -
G], 3.75—4.45 (m, 8H) , 5.12 (s, 4H, P h C H 2 ) , 5.59—5.86 
(br, 2H, N H ) , and 7.34 (s, 10H, Ph) . 

Found: C, 63.46; H , 6.88; N , 5 .19%. Calcd for C2 8H3 6-
N 2 0 8 : G, 63.62; H, 6.87; N, 5.30%. 

4 ) 2,3-Bis ( ben zyloxy car bony lamino) - 2,3-dideoxy - D - arabono-
1,4-lactone (8). A solution of 7 (82.0 mg) in acetic acid 
( 1.6 ml) was diluted with water (0.8 ml) and warmed at 60 °G 
for 1 h. The solution was evaporated and the residue was co-
evaporated with ether in order to remove acetic acid. T h e 
residual solid (70 mg) was dissolved in a mixture of acetone 
(2.1 ml) and water (0.28 ml) , and solid sodium metaperiodate 
(39.9 mg) was added to the solution in small portions with 
stirring under ice-cooling. After 1 h, acetone (2 ml) was 
added to the mixture. The precipitate was filtered off and 
evaporated to give a colorless solid. Bromine (0.032 ml) was 
added dropwise to the ice-cooled solution of the solid in di-
oxane (2.5 ml) and water (0.77 ml) , and the mixture was 
stirred for 1 h. After being kept at room temperature for 
3 h, a saturated N a 2 S 2 0 3 solution (4.5 ml) was added to the 
reaction mixture under ice-cooling. T h e resulting mixture 
was extracted with ethyl acetate and extracts were washed 
with saturated NaCl solution and saturated N a H G 0 3 solu­
tion, dried, and evaporated. T h e residual solid was dissolv­
ed in a small amount of ethyl acetate and filtered in order 
to remove sulfur. Evaporation of the filtrate afforded a pale 
yellow solid, which was chromatographed on silica gel with 
chloroform-methanol (10 : 1) to give a colorless solid. Re -
crystallization from ethyl acetate and petroleum ether (bp 
30—60 °C) afforded needles of 8 (38.6 mg, 59%) : m p 149.0 
—150.5 °C (dried for 24 h at 60 °C in 1 Tor r over C a H 2 ) ; 
[a]2

D
a - 5 1 ° (c 0.89, C H 3 O H ) : v™ 1800 (y-lactone), 1680 

(amide I ) , and 1530 c m - 1 (amide I I ) . 

Found: G, 59.82; H, 5.44; N, 6.70%. Calcd for C2 1H2 2-
N 2 0 7 1 / 2 H 2 0 : C, 59.570 H, 5.48; N, 6.62%. 

5) 5-Azido - 2,3 - bis (benzyloxycarbonylamino)-2,3,5-trideoxy-D-
arabono-7,4-lactone (9). A sample of 8 (34.0 mg) was 
mesylated with mesyl chloride (0.0254 ml) in pyridine (1 ml) 
at room temperature for 1 h. Work-up in the usual way 
followed by silica gel column chromatography with benzene-
acetone ( 6 : 1 ) afforded an almost pure sample of the mesylate 
(36.1 mg, 8 9 % ) ; <5 (CDC13), 3.85 (s, 3H, G H 3 S 0 3 ) , 4.02— 
4.62 (5H, H-2,3,4,5-CH2), 4.91 (s, 4H, PhCH 2 ) , 5.31—5.90 
(br, 2H, N H ) , and 7.15 (s, 1 OH, Ph) . T h e mesylate ( 11.5 mg) 
was treated with sodium azide (6.1 mg) in dry D M S O (0.3 ml) 
at 100 °C for 0.5 h. Work-up in the suual way followed by 
silica gel column chromatography with benzene-acetone 
( 1 0 : 1 ) gave colorless crystals of 9 (6.8 mg, 6 8 % ) : m p 
84.0—85.0 °C (dried for 24 h at 60 °C in 1 Tor r over CaH 2 ) ; 
[a]2

D
8 + 2 0 ° (c 1.72, C H 3 O H ) , v™?* 2100(N8), 1790(y-lactone), 

1710 (amide I ) , and 1500 c m - 1 (amide I I ) . 

Found: C, 56.36; H, 4.84; N, 15.63%. Calcd for C21-

H 2 1 N 5 0 6 - l / 2 H 2 0 : C, 56.24; H , 4 .95; N, 15.62%. 
6) 5-Amino-2,3-bis (benzyloxycarbonylamino) - 2,3,5-trideoxy-D-

a.ra.bono-1,5-lactam (10). (a) A sample of 9 (37.5 mg) 
was hydrogenolyzed in methanol with Raney Ni R-100 
(Nikko Scientific and Chemical Industries Ltd.) for 4 h. 
Recrystallization of the crystalline product from methanol 
gave 10 (22.0 mg, 63%) as fine needles: m p 208—209 °C 
[a]2

D
5 - 1 2 2 ° (c 0.84, D M F ) ; « 3370 ( O H ) , 3310 (NH) , 

1680 (amide I ) , 1650 (<5-lactam), and 1530 c m " 1 (amide I I ) . 

Found : C, 60.74; H, 5.56; N , 10.34%. Calcd for C21-
H 2 3 N 3 0 6 : C, 61 .01 ; H , 5 .61; N, 10.16%. 
(b) A sample of 9 (231.5 mg) was hydrogenolyzed in methanol 
(8.5 ml) over pal ladium black for 5 h. During this period 
a fresh catalyst was added every hour. Evaporat ion of the 
filtered solution afforded the crude tr iamino sugar lac tam 14 
as a pale yellow syrup. A solution of iV-(benzyloxycarbonyl-
oxy)succinimide (283 mg) in D M F (1 ml) was added to a 
solution of the syrup in D M F (3 ml) and water (0.5 ml) . 
After being kept at room temperature for 1 h, the reaction 
mixture was neutralized with triethylamine and evaporated. 
T h e residue (pale brown semisolid) was chromatographed on 
silica gel with chloroform-methanol (10 : 1) to give 10 (127.3 
mg, 6 0 % overall yield from 9 ) : m p 203—207 °C; [a]2

D° 
- 1 2 7 ° (c 0.79, D M F ) . This sample was identical with that 
obtained in (a) on mixture melting point. 

7) 5-Amino-2,3-bis(benzyloxycarbonylamino) - 2,3,5 - trideoxy-4-
O - (tetrahydro-2-pyranyl) -D-arabono -1,5- lactam (11). A 
mixture of 10 (107.2 mg) , dihydropyran (0.54 ml) , /»-toluene-
sulfonic acid (4.8 mg) , and dry D M F (1.75 ml) was warmed 
at 37—40 °C for 2 h. T h e reaction mixture was neutralized 
with triethylamine and evaporated. T h e residual pale brown 
syrup was chromatographed on silica gel with chloroform-
methanol (25 : 1) to afford 11 (124.6 mg, 97%,) as a colorless 
solid. Crystallization took place on slow evaporation of the 
methanol solution, giving colorless needles of 11 (80% overall 
yield): m p 163—166 °C; [a]2

D° - 5 9 ° (c 1.28, CHC13) ; Ô 
(CDC13), 1.12—1.90 (m, 6H, 3 ' ,4 ' ,5 ' -CH2) , 3.10—4.76 (m, 
8H, 5,6'-CH2 , H-2 ' , 2, 3, 4) , 5.05 (s, 4H , P h C H 2 ) , 5.50— 
6.33 (br, 3H, N H ) , and 7.30 (s, 10H, Ph) . 

Found : C, 62.65; H, 6.26; N , 8 .53%. Calcd for C2 6H3 1-
N 3 0 7 : C, 62.76; H , 6.28; N , 8 .45%. 

8) 2,3,5- Triamino-4-O- (tetrahydro-2-pyranol) -2,3,5-trideoxy-n-
ara.bono-1,5-lactam (12). A sample of 11 (150.8 mg) 
was hydrogenolyzed in methanol (3 ml) at 50 psi for 4 h 
using 10% Pd /C catalyst (total 180 mg) . T h e catalyst was 
divided into four 45 mg-portions, one portion being added 
every hour during the reaction period. Filtration followed 
by removal of solvent afforded a pale yellow-green syrup. 
Chromatography over silica gel (0.7 g) with chloroform-
methano l -17% aqueous ammonia (20 : 20 : 1) gave almost 
pure 12 (53.2 mg, 77%) as a colorless syrup: vZ?3 3580— 
3140 (NH 2 ) , 3400 (NH) , and 1660 cm" 1 (d-lactam). 

9) 0-( Tetrahydro-2-pyranyl) streptolidine Lactam (13) Hydro-
bromide. Cyanogen bromide (23.5 mg, 0.95 equiv) was 
added to a solution of 12 (53.2 mg) in water (0.5 ml) and the 
mixture was allowed to stand at room temperature for 5 h. 
Evaporation of the reaction mixture afforded a pale yellow 
solid, which was crystallized on slow evaporation of the meth­
anol solution to give colorless needles of the hydrobromide of 
13 (40.1 mg, 5 1 % ) : m p 295 °C (dec); [a]2

D° - 1 2 8 ° (c 0.975, 
H 2 0 ) ; v%* 3100 (NH) , 1670 (lactam and guanidium I ) , 
and 1590 c m - 1 (vw, guanidium I I ) . 

Found : C, 39.44; H, 5.76; N , 16.60%. Calcd for 
C n H 1 8 N 4 0 3 - H B r : C, 39.41; H , 5 .71; N, 16.72%. 

10) Streptolidine Lactam (3) Hydrochloride. A solution 
of 13 hydrobromide (37.5 mg) in water (0.9 ml) was treated 
with A g 2 C 0 3 (15.4 mg, 0.5 equiv) for 10 min. Additional 
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A g 2 C 0 3 (7 mg) was added to the mixture and the precipitates 
were filtered and washed with water (1 ml) . T h e combined 
filtrates (1.9 ml) were acidified with 2 M HCl (0.6 ml) , and 
kept at room temperature for 0.5 h. T h e reaction mixture was 
neutralized (pH 7) with Amberli te CG-4B and evaporated 
after filtration to afford colorless crystals. Recrystalliza-
tion from methanol-acetone ( 1 : 1 ) gave a pure sample of the 
hydrochloride of 3 (20.0 mg, 87%) as needles: m p 146— 
147.5 °C ; [a ] D - 1 2 4 ° , [a] 4 3 6 - 2 5 0 ° , and [a]3 6 5 - 3 8 6 ° (c 
0.99, H 2 0 at 16 °C) ; [0]22O + 3 7 9 4 (c 0.11, H a O at 18 °C) ; 
» ^ 1680 (lactam and guanidium I ) , and 1600 c m - 1 (sh, 
guanidium I I ) . 

Found : C, 34.72; H, 5.58; N , 26 .76%. Calcd for C6-
H 1 0 N 4 O 2 . H C l : C, 34.78; H , 5.37; N, 27 .12%. 

11) Preparation of Streptolidine Lactam (3) Hydrobromide from 
Triamino Sugar Lactam (14). A crude sample of 14 (Exp. 
6b) was chromatographed through a short column of silica 
gel with chloroform-methanol -17% aqueous ammonia (6 : 6 : 
1) to afford a practically pure sample of 14 in 72% yield. 
Cyanogen bromide (30.0 mg, 1 equiv) was added to a solution 
of the sample (39.7 mg) of 14 in water (0.4 ml) , and the mixture 
was kept at room temperature for 2 h and then neutraliz­
ed (pH 7) with Amberli te CG-4B, and evaporated. T h e 
pale yellow crystalline residue (70 mg) was recrystallized 
twice from methanol-acetone to give 3 hydrobromide (42 mg, 
6 0 % ) : m p 147—148 °C ; [a ] D - 1 0 2 ° , [a]4 3 6 - 2 1 0 ° , and 
[ « U s - 3 2 9 ° (c 0.638, H 2 0 at 19 °C) ; vgg 1680 (lactam and 
guanidium I) and 1600 c m - 1 (guanidium I I ) . T h e P M R 
spectrum (D aO) of the sample was identical with that of 3 
hydrochloride. 

Found : C, 29.02; H , 4.66; N , 22 .00%. Calcd for C6H1 0-
N 4 0 2 - H B r : C, 28.70; H, 4.42; N , 2 2 . 3 1 % . 

12) Streptolidine (2) Dihydrochloride. A solution of 3 
hydrochloride (10.5 mg) in 3 M HCl (0.2 ml) was allowed to 
stand at room temperature for 22 h. T h e solution was 
evaporated and the crystalline residue was washed with a 
mixture of methanol-acetone (2 : 1) to afford 2 dihydrochlo­
ride (11.0 mg, 8 3 % ) . Recrystallization from water-e thanol 
gave an analytical sample: m p 175—180 °C (dec) [lit,15> m p 
173—190 °C (dec)] ; [a ] D + 5 2 ° , [a]4 3 6 + 1 2 6 ° , [a]3 6 5 + 1 9 5 ° 
(c 0.988, H 2 0 at 16 °G) [lit,15) [oe]2D

2 + 5 6 . 8 ° (c 2.35, H 2 0 ) ] ; 
*S£ 1725 ( C O O H ) , 1680 (guanidium I ) , 1580 c m - 1 (guani­
d ium I I ) . i? f-values on paper chromatopraghy and mobility 
of paper electrophresis of the synthetic product and the 
natural one were identical. 

Found : C, 27.70; H, 5 .21; N, 2 1 . 4 1 % . Calcd for C6-
H 1 2 N 4 0 3 - 2 H C 1 : C, 27.60; H, 5 .41; N , 21 .46%. 

T h e a u t h o r s wish to t h a n k D r . S h i n p e i A b u r a k i for 
t h e m e a s u r e m e n t s of P M R , C D , a n d O R D spec t r a , M r . 
N a k a d a for t h e m i c r o a n a l y s e s , a n d M r . Yo ich i N i i m u r a 
for his t e c h n i c a l ass is tance . W e a r e also i n d e b t e d to 
D r . M a s a H a m a d a , I n s t i t u t e of M i c r o b i a l C h e m i s t r y , 
for t h e mic rob io log i ca l test . 
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Ketyl Radicals Formed in Grignard Reaction. IV.1} Sterically Hindered 
Ketyl Radicals in Nuclear Replacement and Conjugate Addition 
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The reaction in which 4'-methoxy and 4'-cyano substituents on 2,3,5,6-tetramethylbenzophenone are effec­
tively replaced by benzyl- and f-butylmagnesium chloride was examined by means of ESR measurements. Both the 
original and the "replaced" ketyl radicals were identified, and an electron-transfer mechanism similar to that 
of iS^N-type reactions was proposed. Some sterically hindered oc/?-enones were also found to form detectable 
amounts of ketyl radicals. The factors governing the production ratio of the normal and the conjugate adduct were 
discussed. 

Several reports have been given on evidence for the 
electron-transfer (ET) mechanism of Grignard reac­
tion.2 '3) The course of the reaction of PhMgBr with 
benzophenone is affected greatly by the steric hindrance 
of or/Äo-methyl groups ; the group on the former reagent 
tends to form benzopinacol whereas the same group 
on the latter to form the nuclear phenylated product.1) 
The formation of these "abnorma l " products can be 
explained by the ET-mechanism via ketyl radicals. Not 
only the mode of appearance but also the spin-distribu­
tion on the radicals have turned out to be dependent 
upon the magnitude of the steric effect. Thus, simi­
lar steric effects are expected to be operative in the 
Grignard reactions of the several different types of 
ketones. This paper gives the results of the ESR studies 
on the two "abnorma l" Grignard reactions: 1) the 
nuclear replacement of anionoid substituents on hindered 
benzophenones, and 2) the conjugate addition to the 
ortAo-methyl derivatives of chalcone, 2-benzoylbenzo-
furan, and 3-benzylidenecamphor. 

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

Nuclear Replacement of Hindered Benzophenones. Re­
cently the ET-mechanism for the nuclear or^o-phenyla-
tion of benzoylmesitylene in the reaction with PhMgBr 
was proposed.4) Benzophenone itself undergoes unclear 
f-butylation, which has been explained also by the ET-
mechanism.5) Fuson and his co-workers pointed out 
that some anionoid substituents (methoxyl, cyano, and 
acetoxyl) were effectively available for the analogous 
nuclear alkylation or arylation.6) As the first step in 
the present work, the "replacement" reaction of the 
4 ' -MeO and 4'-CN substituents of 2,3,5,6-tetramethyl-
benzophenone (benzoyldurene) with PhCH.2MgCl 
(Scheme 1) was examined by ESR technique. 

ii 
0 

(1) 

• PhCrfcMgCl — 

OMe and CN 

Scheme 1. 

r̂°-CrkPh 

0 

(2 ) 

For the sake of simple analysis of ESR spectra, the 
2,3,5,6-tetramethylphenyl(duryl) group is advantageous 
since it gives no resolvable splitting7) as a result of the 
inhibition of spin-delocalization due to the twisting of 
the group out of the plane of the carbonyl group.8) 

Though all the spectra were not fully-resolved, they can 
be analyzed by considering only the hydrogen atoms 
of the unhindered aryl groups. The structure and the 
coupling constants of the radicals identified are sum­
marized in Table 1. 

When the two 4'-substituted benzoyldurenes(l) were 
treated with five equivalents of PhCH 2 MgCl in tetra-
hydrofuran(THF) in a vacuum and at room tempera­
ture, the colorless ( Y = O M e ) or pale yellow (Y = CN) 
solution turned first pink and then reddish brown 
rapidly. Replacement product(2) was obtained after 1 
h in a good yield. The highest radical concentrations, 
observed after 30 min after mixing, were estimated to 
be ca. 6 mol % based on the concentration of the original 
ketones. The ESR spectrum (Fig. la) obtained after 
the reaction solution had turned reddish brown, was 
independent of the 4'-substituents. When PhCD 2 MgCl 
is used, the spectrum changes to the one which has weak 
narrow quintets (Fig. l b ) . The spectrum is thus as­
cribed to a ketyl radical (Rp) • which has been " re ­
placed" by the benzyl group. The large coupling 
constant of the benzylic hydrogen, ÖS (Table 1 ), seems 
to reflect the fact that the Q,C-CH3 value (27.2) is larger 
than the &C

H-H value (23.7).9) 

a ) 

b ) 

Fig. 1. ESR Spectra obtained in the benzyl-MgCl reac­
tion of 4 /-MeO- and 4/-GN-benzoyldurene : (a) usual 
benzyl-MgCl was used, (b) benzyl-a-ö?2-MgCl was used. 
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TABLE 1. COUPLING CONSTANTS OF GRIGNARD KETYLS OF SOME BENZOYLDURENES 

No. Structure 
of ketyls 

Coupling constants (G) Spectrum 
corresponding 

to Fig. 

0>-G 
/ \ 

•o - CH,Ph 

O-MgCl 

O-MgCl 

5Vc=<^"^VoMe 

O-MgBr 

^OVC^'^-OM« 
' O - Mg2+ 

<(ÖVc=<^"T^-Bu 
O-MgCl 

O-MgCl 

2>"f<=><GH2Ph 
O-MgCl (E>2) 

5.69 

2.91 

4.44 

4.44 

4.44 

4.44 

4.44 

4.38 

5.83 

1.39 

1.39 

1.52 

1.52 

1.46 

1.32 

1.39 

4.0 

«2 = 0.62 

Fig. la 

Fig. lb 

Fig. 2 

(Fig. 2) 

Fig. 3 

Fig. 4 

Fig. 4 

When PhMgBr was used instead of PhCH 2 MgCl , the 
solution turned pink, the coloration becoming deep 
purple. T h e radical concentration increased gradually 
and reached ca. 30 mol % of the original ketone after 
5 h. A partially resolved spectrum (Fig. 2) was obtain­
ed. It was identical with that of the Mg-ketyl pre­
pared by use of Mg-amalgam. However, only the 
original ketone was recovered when the deeply colored 
solution was hydrolyzed after 1 h. Thus, the pink 
coloration observed transiently in the initial stage of 
the PhCH 2 MgCl reaction can be ascribed to the ketyl 
radical of 1. 

tf-Butylmagnesium chloride reacts similarly with 1 
( Y = O M e ) giving /wa-f-butylated ketone in a high 
yield. 10> A color change similar to that of PhCH 2 Mg-
Cl reaction was observed though the radical concentra­
tion was low {ca. 2 m o l % ) . This low radical concen­
tration is recognizable as a result of the higher reactivity 

Fig. 2. ESR Spectrum obtained in the phenyl-MgBr 
and/or Mg-amalgam treatment of 4'-MeO-benzoyl-
durene. 

Fig. 3. ESR Spectrum obtained in the f-butyl-MgCl 
reaction of 4'-MeO-benzoyldurene. 

of f-butyl reagent than that of benzyl reagent.2) The 
obtained ESR spectrum is shown in Fig. 3. Since the 
spectrum differs from that of the original ketyl of 1, 
it can be ascribed to that of the "replaced" ketyl radical 
(Table 1 ). The difference between the values of «™ of 
No. 1, 3, and 5 is understood as that between the 
magnitudes of electron-repelling ability of the 
respective substituents. 

Since both the original and the "replaced" ketyl 
radicals were identified and the low radical concentra­
tion in the PhCH 2 MgCl and/or /-BuMgCl reaction is 
attr ibutable to the high reactivity of these reagents, 
the replacement reaction can be explained by the ET-
mechanism shown in Scheme 2. 

T h e benzyl radical produced in step i) is in the coordi-
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i) Dur -Ç-®-Y + PhCH2MgCt • Dur -C=^-Y + PhCHz 

°(K) ^MgCl 

ii) (K ) ' + PhCHîMgCl 
Y T© 

D u r - C = 0 ^ 
I WNCH*Ph 
0v-MgCl 

©MgCl 

ü) (Adi?®MgCl > D u r - C = Q -

(Ad)® 

I J ^ H r P h + M g ^ a 

MgCl ( R p ) . 

Dur- : 

-Y : -OMe, -CN, (-H ) 

Scheine 2. 

nating state to the Mg atom, and would be less reactive 
than the ordinarily generated "free" radicals; the radical 
does not necessarily react with the ketyl radical (K) • 
in the recombination manner. In fact, most part of 
the benzyl radical escapes out of the solvent cage and 
abstracts hydrogen from the T H F molecule.11) Since 
neither benzyl methyl ether nor benzyl cyanide was 
detected, the substituent Y would be eliminated as 
anoin Y~ and the process can be formulated by the 
sequence of steps ii) and iii). T h e formation of the 
adduct radical anion species (Ad)"7" +MgCl is possible 
since the O - M g linkage in (K) • is covalent due to 
the largest electronegativity of M g among the alkali 
and alkaline-earth elements ; (K) • should thus be 
neutral. The formation of such an aggregated state4) 
is compatible with the observation of the highly 
aggregated Grignard species in the presence of 
oxygen-containing compounds.12) 

The postulate on the formation of (Ad)"7" +MgCl is 
rationalized by the following study on the nuclear 
substitution reaction of benzoyldurene itself (3) with 
PhCH 2 MgCl (Scheme 3).13) T h e j&ara-benzylated 
product (2) was isolated (yield 23%) after the 
reaction solution had been left to stand at room 
temperature for 4 h. The ESR spectrum consists of 
thirteen lines (Fig. 4) and is not influenced by the use 
of PhCD 2MgCl, in contrast with the case of 1. T h e 
original ketyl of 3 has thirteen lines with the relative 
strength of 1 : 2 : 1 : 2 : 5 : 4 : 2 : 4 : 5 : 2 : 1 : 2 : 1 , 
whereas the adduct radical anion (Scheme 2 ; (Ad)"7", 
Y = H ) shows also thirteen lines but with different 
relative strength o f l : 2 : 2 : 2 : 3 : 4 : 4 : 4 : 3 : 2 : 2 : 
2 : 1 {cf. Table 1, No. 6 and 7). The spectrun (Fig. 
4) with the apparent relative strength of 1 : 1.9 : 1.2 : 
1.0 : 2.4 : 2.6 : 1.6 : 2.6 : 2.4 : 1.0 : 1.2 : 1.9 : 1 was re­
constructed by superposing the stronger signals of the 
original ketyl (No. 6) on the weaker ones of the adduct 
radical anion (No. 7). The (AdH)~ species does not 
undergo the hydrogen-transfer (Scheme 4a)4) as easily 
as the (Ad)~ species undergoes the Y~-transfer. Thus, 
the (AdH)~ becomes detectable, but not the "replaced" 
radical (Rp) • • The formation of 2 would be caused by 
the air-oxidation of A d H during the course of isola­
tion (Scheme 4b).5) 

# 

(3 ) 

PhCtoMgCl •föt®-CH2Ph 

0 

( 2 ) 

Scheme 3. 

Fig. 4. ESR Spectrum obtained in the benzyl-MgCl 
and/or benzyl-a-ü?2-MgCl reaction of benzoyldurene. 

0-MgCl 

(AdH)" 

MgCl H*. H»0 

(b) 
-» Dur -Ç=C<? CrfcPh 

(a) (3) 

D u r - C < X H 

| ^=^ xCH 2Ph 
O-MgCl 

OH 
(AdH) 

(2) 

(KV.H) ' 

H*. H20 

Dur-C=(3-CH2Ph 

O-MgCl 
(Rp)-

Scheme 4. 

O-MgCl 

If we compare the reaction profiles of 1 with those 
of 3, the former reaction is characterized in terms of 
"replacement" , the latter in terms of "addi t ion." T h e 
definitive ease of the former reaction is consistent not 
only with the high spin-density on the unhindered aryl 
groups,8) but also with the formation of (Ad)"7" favoring 
the elimination of Y~. Such an intermediacy of the 
radical anion species resembles what was postulated in 
a number of «SuN-type reactions.14) T h e electrolytically 
reductive elimination,15»16) as well as the Grignard re­
placement,17) of the anionoid substituents from benzo-
nitrile derivatives have also been reported. 

In order to estimate the effect of 4'-anionoid sub­
stituents on the ET-process, the initial concentrations 
of ketyl radicals produced on the PhMgBr treatment 
of 4'-F-, 4'-Cl- and 4'-MeO-benzoylmesitylenes were 
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Fig. 5. Radical concentrations at the initial stage of 
the phenyl-MgBr treatment of benzoylmesitylenes. 

compared. Despite the high radical concentrations, no 
replacement product was obtained after this t reatment 
for 1 h. T h e radical concentrations, measured by the 
over-modulation technique, were tentatively corrected 
on the basis of the relative total width of the well-re­
solved spectra, respectively (see Experimental) . As 
shown in Fig. 5, the chloro derivative accelerates and 
the methoxy derivative retards the ET-velocity, whereas 
the fluoro derivative greatly reduces the radical con­
centration. However, the estimation by means of 
visible spectral absorbance verified the high ET-veloci­
ty of the fluoro derivative comparable to tha t of the 
chloro derivative. The seemingly low radical concen­
tration, as well as the noticeably reduced fluidity of the 
deeply colored solution, suggests the presence of aggre­
gated diamagnetic dimers which might be formed by 
the coordination of unhindered fluorine atoms to M g 
atom. Probably such an additional coordination 
through the lone-pair electrons of substituents, when 
it is located on a position appropriate for the reactivity 
of the Grignard reagent used, favors the replacement 
reaction. I n fact, the introduction of anionoid sub­
stituents such as methoxyl group18) or bromine atom19) 
on the or/Ao-position of benzophenones is effective for 
the nuclear ort/zo-phenylation in the "replacement" 
manner . 

Considering the difference between the markedly slow 
ort/zo-phenylation of benzoylmesitylene4) and the rather 
rapid jtara-benzylation of benzoyldurene,13) the C p h e n y l -
M g linkage is stronger than the C b e n z y l -Mg linkage. 

Conjugate Addition to ocß-Enones. The earliest 
systematic work by Köhler20) on the mode of the 
Grignard addition to open-chain a/9-enones (Scheme 5) 
reveals the steric effect of R l 5 R2, and R. If R 2 

is H(aldehydes), only the normal 1,2-addition takes 
place. As R 2 becomes bulkier, the conjugate 1,4-ad-
dition becomes predominant . This is understandable 
since the bulky R 2 favors the s-cis conformation which 
is appropriate for the six-membered cyclic structure 
of transition state. When Rx is phenyl and R 2 is 
ethyl, some alkylmagnesium bromides and benzylmagne-

R i \ / H 
G = G 

H / \ G - R 3 
O'/ 

R x \ / H 
^ = ± C = C 

H / \ C = 0 
R / 

(s-cis) (s-trans) 

sium chloride gave 68—70% yields of the conjugate 
adducts whereas phenylmagnesium bromide gave only 
the 4 0 % yield.20) This reveals the strength of Cp l i e n j r l-
M g linkage, which may be loosened only slightly in 
the transition state, making it suitable for normal 
addition. 

RX-CH=CH-C-R2 -f RMgX 
II 

O 

R 
I 

RJ-GH-GH2-C-R2 (1,4-addition) 

O 

R 
I 

R1-CH=CH-C-R2 (1,2-addition) 

OH 

Scheme 5. 

Even in the PhMgBr reaction, chalcone(4) has been 
reported to give the conjugate adduct almost exclu­
sively.20) Though the product resulting from the radical 
dimerization at the /?-carbon has been reported,21) 
detection of the Grignard ketyl of 4 could not be made 
because it should react more rapidly than benzophe-
none1) owing to its less-crowded molecular structure re­
sulting from the interposition of the - C H = C H - group. 
Thus, the present author used the sterically hindered 
chalcones (Table 2) which have one or two mesityl 
groups instead of the phenyl groups. Attempts to 
detect ketyl radicals at room temperature in the Ph­
MgBr reaction were unsuccessful even with the use of 
these chalcones. The electrolytic reduction method 
was applied. Though all the radical anions of 5, 6, 
and 7 were short lived and the ESR spectra obtained 

TABLE 2. BETA-HYDROGEN COUPLING CONSTANTS AND 

APPARENT LIFE-TIMES OF CHALCONES 

(4) 

(5) 

(6) 

(7) 

Chalcones 

<^0^>-GH=CH-GO-<^0^> 

-<^0)>-GH=CH-G0-<^0)> 

<^0)>-CH=GH-C0-<^0)>-

- < ( o ^ - G H = G H - G O ^ O ^ > -

Ordera> 
a« of 

life-time 

11.3—12.2 3 

13.3—13.9 2 

_ b ) ( 4 ) 

14.1—15.2 1 

a) The radical anion which has the apparently longest 
life-time is indicated by 1. b) The radical anion is 
very short-lived and au could not be determined. 
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were poorly resolved, they consisted of the widely sepa­
rated two equivalent parts due to the large ß-H coupling 
constants.22 '24) The observed avp values accompanied 
by the order of the apparent life-times are summarized 
in Table 2. 

The a} values of 5 and 7 larger than the value of 4 
indicate that the spin-delocalization is suppressed by 
the mesityl substitution. The life-times in cases of 5 
and 7 longer than those of 4 and 6 can be explained 
by the steric hindrance due to the /5-mesityl group 
against the dimerization at the ^-carbon.22) However, 
all the chalcones 4—7 gave the conjugate adducts in 
the PhMgBr reaction. 

In the o-MeC6H4MgBr treatment, 5 solely produced 
the short-lived Grignard ketyl detectable at room tem­
p é r a t u r e ; a?=17.7—18.9 G.25) This is attr ibutable 
to the following: 1) slower addition process of the o-
tolyl reagent than that of the phenyl reagent,1) 2) 
lower spin-density on the /?-carbon than that of 7, and 
3) the steric hindrance due to the /?-mesityl group 
against addition. The explanation suggests the exist­
ence of a correlation between the mode of addition 
and the spin-distribution. This is supported by the 
HMO-calculat ion which shows the high spin-density 
on the /3-carbon comparable to that on the carbonyl-
carbon.24) This is exemplified also by the following 
examples. 

OQUO 

(12) 

CH-O 
(10) 

.0 

(11) 

2-Benzoylbenzofuran(8) reacts in the normal mode, 
and its trimethyl derivative(9) in the conjugate mode.26) 
The latter displays a pink color of the Grignard ketyl 
for ca. 1 h in the o-MeC6H4MgBr treatment at room 
temperature; a? = 7.8 G. T h e fair stability as well as 
the large Ö? is explained in terms of the nuclear phenyla-
tion of benzoylmesitylene.4) 

The bridged cyclic enones, 3-benzylidenecamphor(10) 
and its trimethyl derivative(11), gave the conjugate 
adducts exclusively.27) O n the treatment of 10 and 11 
with o-MeC6H4MgBr, the fairly long-lived ketyl radical 
of the latter camphor was detected at room temperature; 
a? = 4 . 3 G. T h e small coupling constant is explicable 

1 

by the incomplete co-planarity of the grouping 0 = C -
1 

C=CH- ; the mode of addition in this case is governed 
solely by the rigid s-cis conformation. 

It can be suggested that 1) the spin-distribution in 
the ketyl radical, 2) the conformation of <x/?-enones, and 
3) the strength of C - M g linkage are the three main 
factors governing the mode of the Grignard addition 
to a/?-enones. T h e result showing that Zl8,8a-l-octalone 
(12) gave only the 4 3 % yield of the conjugate adduct 

in the PhMgBr reaction28) is partly attr ibutable to the 
strong C p h e n y l -Mg linkage which favors the normal 1,2-
addition. 

General Discussion. Holm2) studied the behavior 
of some alkyl Grignard reagents in the electrolytic oxida­
tion and their thermographically-measured kinetic be­
havior in the reaction with benzophenone, and discus­
sed the correlation between the two kinds of behavior 
on the basis of the ET-mechanism. House and Weeks29) 
utilized the cis-trans isomerization of enone-radical anion, 
as well as the skeletal rearrangement of radical anion, 
as means to distinguish the ET-mechanism from the 
direct nucleophilic attack mechanism in the reaction 
with methyl-carbanionic reagents. T h e effect of the 
strength of C - M g linkage has not been taken into ac­
count. T h e steric effect would be an additional factor 
affecting the boundary between the two mechanisms. 
However, the fact that the steric hindrance of both 
ketones and Grignard reagents makes it possible to 
detect the intermediate ketyl radicals by the ordinary 
ESR technique suggests the possibility of the ET-mecha­
nism of Grignard reaction. 

Exper imenta l 

Materials. All the benzoyldurenes and benzoylmesi-
tylenes were prepared from durene and mesitylene respec-
tiveley by the Friedel-Crafts reaction with the corresponding 
benzoyl chlorides.4'6) Chalcones 4—7 were prepared by the 
aldol condensation of the corresponding benzaldehydes and 
acetophenones.20) 2-Benzoylbenzofurans 8 and 926> and 3-
benzylidenecamphors 10 and ll27) were prepared according 
to the reported methods. Commercial halogen compounds, 
including benzyl-a-d3 chloride, were used for the preparation 
of Grignard reagents. 

Procedures. Grignard reagents in THF were prepared 
as usual, and stored in sealed bottles under N2 atmosphere. 
The preparation of samples for ESR measurements were 
similar to those described previously;1,8) the molar concen­
trations of ketones and Grignard reagents were 1.4 X 10"4 

and 7.0 XlO"4, respectively. 
Radical concentrations were determined by the over-modu­

lation technique using a reference solution of galvinoxyl in 
THF.1) The values obtained by the PhMgBr treatment of 
benzoylmesitylenes (Fig. 5) were corrected on the basis of 
the total widths of the resolved spectra: benzoylmesitylene 
20.9 G, chloro derivative 16.3 G, fluoro derivative 29.6 G, 
and methoxy derivative 16.8 G. In order to obtain a well-
resolved spectrum, a small portion of the reaction mixture 
in the measurement cell was diluted by the vaucum distil­
lation of THF from the reaction vessel; the spectra (Figs. 
1—4) were not resolvable any further. The visible absorp­
tion measurement was also carried out.1) 

For the electrolytic reduction of chalcones 4—7, a similarly 
shaped simple glass apparatus equipped with two platinum-
wire electrodes (the one on the top, anode, and the other at 
the bottom, cathode, of the cell) was used. Tetrabutyl-
ammonium perchlorate ( 1.0 M) and one of the chalcones 
(0.2 M) were dissolved in acetonitrile and the apparatus was 
degassed and sealed off. Since all the radical anions of 4—7 
were short-lived, the cathode-part of the cell was placed at 
the center of the ESR cavity. When direct current (0.2 V) 
was supplied, the green or blue color of radical anions appear­
ed. The apparent life-times (Table 2) were compared based 
ron the relative time in which the radical anion had been 
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detected by E S R after the direct current was cut off. 
Reaction products were separated by means of T L G 

and/or column chromatography, and identified by their 
rap and N M R spectra. 

F i n a n c i a l s u p p o r t b y t h e Scientif ic R e s e a r c h F u n d 
of t h e J a p a n e s e M i n i s t e r y of E d u c a t i o n is g ra te fu l ly 
a c k n o w l e d g e d . 
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Kinetics for the reduction of methyl benzoylformate (1) with JV-a-methylbenzyl-1 -propyl- 1,4-dihydronicotin-
amide (2) in the presence of magnesium perchlorate in acetonitrile at 25 °G has been studied. The reaction fol­
lows first-order in 1, first-order in 2, and zero-order in magnesium ion when [2]<[1], [Mg(G104)2]. When [2] = 
[Mg(G104)2]<[l], the kinetics is best explained by Eqs. 6 and 7. The results indicate that 2 and magnesium 
ion form a complex, which reacts with 1 at the rate-determining step. It is concluded that magnesium ion activates 
2 to promote the release of an electron. 

I t has been reported that biomimetic reduction of 
a-keto esters by a model of N A D ( P ) H takes place in 
acetonitrile in the presence of magnesium or zinc per­
chlorate.1) In addition to the promotion of the reduc­
tion, these metal salts also catalyze the asymmetric in­
duction with a chiral model of NAD(P)H.X) Lithium 
perchlorate is effective, although the efficiency is much 
less than that of magnesium or zinc perchlorate, to 
promote the reduction, but the stereospecificity is ab­
solutely absent with this lithium salt.2) 

In a preceeding paper of this series,2) we proposed a 
mechanism of stereospecific magnesium ion-catalyzed 
reduction of methyl benzoylformate (1) with N-
a-methylbenzyl-1 -propyl-1,4-dihydronicotinamide (2), 
where the importance of the initial formation of a 
complex between 2 and magnesium ion was suggested. 

0 ^,C0NHCHCMe 

PhÔC02Me -f- f j Ph 

I P' 2 

Mg(CI04)2 ?" ^ mCOmCKpl 

• nS.CN ' PhiHCWe + J 
3 4 

However, the existence of the complex prior to the 
reduction of 1 remained equivocal, and in order to 
confirm the previously proposed mechanism we studied 
the kinetics of the reduction. 

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

Kinetics was followed at 25 °C by observing the de­
crease in the intensity of absorption at 354 nm. The 
absorption is characteristic of 2. Pseudo-first-order rate 
constants, kohsA, under various concentrations of 1 and 
of magnesium perchlorate are listed in Tables 1 and 
2. In Tables 1 and 2 are also listed second-order rate 
constants, £ca lcd, calculated by dividing kohsà by the 
concentration of 1. T h e result clearly indicates that 
the reaction kinetics is first-order in 1, first-order in 
2, and zero-order in magnesium perchlorate under the 
conditions employed. T h e independency of the reac­
tion rate from the concentration of magnesium per­
chlorate rules out the possibilities of initial formation 
of a complex between 1 and magnesium ion and of 
termolecular reaction with free reagents. 

T A B L E 1. DEPENDENCE OF THE RATE ON T H E CONCEN­

TRATION OF METHYL BENZOYLFORMATE 

[2]X104, [Mg(C104)2] [1]X103, * o b s d x l 0 2 , *calcd, 
M V l 0 3 . TV/r M m ï n - 1 M - l m ï n - 1 M 

2.00 
1.99 
2.00 
1.99 
2.00 
2.00 
2.00 

XlO3, M 

5.89 
12.05 
5.96 
6.03 
5.99 
5.99 
6.01 

M 

5.90 
6.11 
7.41 

12.21 
13.61 
15.03 
16.52 

min - 1 

3.84±0.15 
4 .79±0.18 
5.14±0.20 
8.26±0.31 
9.62±0.37 

10.82±0.40 
11.82±0.45 

M - 1 min - 1 

6.51x0.30 
6 .75±0.30 
6 .94±0.31 
6.76±0.30 
7.06±0.31 
7 .20±0.33 
7.15±0.31 

T A B L E 2. DEPENDENCE OF THE RATE ON T H E CONCEN­

TRATION OF MAGNESIUM PERCHLORATE 

[2] X10*, [Mg(G104)2] [1]X103, Ao b s dxl02, "•calcdj 
M V I O » lVf TVf TYi in-1 M - l m i n M 

2.00 
2.00 
1.99 
2.00 
2.00 
2.00 

XlO3, M 

3.91 
6.06 
6.03 

11.91 
23.81 
35.70 

M 

11.92 
11.74 
12.21 
11.92 
12.34 
12.40 

min - 1 

8.16±0.30 
7.86±0.30 
8.26±0.31 
8 .53±0.31 
8 .36±0.31 
8 .00±0.30 

M - 1 min - 1 

6.84±0.31 
6 .70±0.30 
6 .76±0.30 
7.15±0.31 
6.77±0.30 
6.45±0.30 

I t may be safely assumed that the first dissociation 
of magnesium perchlorate is practically complete in 
acetonitrile under the conditions where the concen­
trations of the salt are 10~2—10 - 3 M.3>4) Thus, the 
present result is best interpreted, in agreement with the 
previously suggested mechanism, with the following 
reaction scheme: 

Mg(C104)2 ^ ± Mg(C104)+ + G104-

Mg(C104) + + 2 J^± 2.Mg(C104) + 

2-Mg(C104)+ + 1 — U 3-Mg+ + 4-C104-

It should be noted that the absorption at about 354 
nm is not affected appreciably by the presence of mag­
nesium perchlorate.2) T h a t is, what we can observe 
by measuring the intensity of this absorption is the sum 
of concentrations of free and complexed 2. This is an 
important point, because otherwise the observed kinetics 
does not predict the above scheme. 

T h e validity of the proposed scheme can be tested 

�
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in another way: when initial concentrations of 2 and 
magnesium perchlorate are set to be equal, Eq. 1 holds 
because the equilibrium constant K1 has been assumed 
to be very large: 

[2] r = [Mg(C104)+]r, (1) 

where the subscript T denotes the sum of concentra­
tions of free and complexed species. 
Since 

K2 = [2.Mg(C104)+]/[Mg(C104)+][2] 

= [2.Mg(C104)+]/[2]*, (2) 

therefore 

[2] r = [2] + K2\_2\\ (3) 

When Y is defined by Eq. 4 

F = ( l + 4 J C 1 [ 2 ] r ) i / » (4) 

the kinetic expression according to the proposed reac­
tion scheme can be written as in Eq. 5, 

-d[2]T/dt = *3[2.Mg(C104)+][l] 

= #2*3[2]2[1] 

= k3[l](Y-iyi4K2. (5) 

Finally, we obtain Eqs. 6 and 7 under the conditions 
of [2] = [ M g ( C 1 0 4 ) 2 ] « [ l ] 

(Y- 1)-* - l n ( F - 1 ) = *,[l]*/2 + C, (6) 

C= ( F 0 - l ) - i - l n ( F 0 - l ) , (7) 

where Y0 is the value of F at £=0 . 
T h e values for K2 and k3 were obtained by computer-

assisted iteration with the Newton's method5) and the 
result is summarized in Table 3. T h e excellent agree­
ment between the values for k3 and ke&lcd proves the 
validity of the proposed reaction scheme. T h e value 
for K2 also agrees with the idea that practically all 
molecules of 2 in the reaction system are complexed 
by magnesium ion under the conditions with which the 
pseudo-first-order kinetics was studied. 

Hughes and Prince reported that the rate of reduc­
tion of 2-pyridinecarbaldehyde exibits a half-order de­
pendence on total metal salt concentration.6) Indeed, 
our kinetic result obtained under the conditions of [2] = 
[Mg(C104)2] < [1 ] is very well processed by a two-
third order dependence on total concentration of 2. 
Therefore, it may provide another possibility that the 
rate depends on the first-order in 2 and a half-order 
in magnesium perchlorate. However, such a kinetics 
comes out only when the dissociation constant of mag­
nesium perchlorate in acetonitrile is very small. If 
this were the case, the kinetics under the conditions 
of [ 2 ] < [ M g ( C 1 0 4 ) 2 ] < [ l ] should deviate from the 
first-order in 2 in contrast to the observed result. Thus , 
the assumption that Kx has a large value has been 

T A B L E 3. COMPUTED VALUES FOR RATE 

AND EQUILIBRIUM CONSTANTS 

[2] X 104, 
M 

1.99 
1.99 
1.99 
1.99 

[Mg(G104)2] 
XlO4, M 

1.99 
1.99 
2.00 
1.99 

[1] X 103, 
M 

24.00 
24.15 
23.82 
12.08 

M 
^35 

_ 1 min - 1 

6.91 
6.86 
6.99 
6.96 

K2 XlO-3, 
M- 1 

1.98 
1.82 
1.65 
2.03 

proved to be valid. 
T h e kinetics has revealed that the complex, 2-Mg-

(C104)+, is the reacting species and the role of magne­
sium ion is not only to activate the substrate but also 
to activate the model compound.7) In this way, 2 
releases an electron, a proton, and an electron, succes­
sively. This conclusion is different from that proposed 
by Gase and his coworkers, who assigned free 2 as a 
reacting species.8) 

Lithium perchlorate gave a quite complex kinetics 
which could not be interpreted. The reaction rate 
depended on the concentration of lithium ion even in 
the region of 15 x 10~3 M against 2 X 10~4 molar concen­
tration of 2. T h e result may probably due to the for­
mation of various types of aggregates in concordance 
with the idea previously proposed in a simplified form.2) 

Partial support in the form of a Scientific Resarch 
Grant from the Ministry of Education, J apan , is acknow­
ledged. 

Exper imenta l 

Materials. Acetonitrile was distilled once on phos­
phorus pentaoxide and kept over molecular sieves 4A. 
Magnesium and lithium Perchlorates were dried at 120 °G 
in vacuo for 5 h and used immediately. Preparations of methyl 
benzoylformate and JV-a-methylbenzyl-1 -propyl- 1,4-dihydro-
nicotinamide were described previously.9) 

Procedure. Acetonitrile was flushed with dry argon 
prior to the use. In a glove-box filled with dry argon, solu­
tions for kinetic studies were prepared and placed in a UV-
cell ( 1 cm) equipped with a silicone-rubber stopper. Kinetics 
was followed spectrophotometrically with a Union Giken SM-
401 spectrophotometer, the cell-compartment of which was 
filled with dry argon and kept at 25.0+0.1 °G. The order of 
incubation of reagents did not affect the kinetics. 

Kinetics. In the presence of a large excess of magnesium 
perchlorate, the reactions gave good first-order plots over 
three half-lives (r>0.9997). In the presence of a small 
amount of magnesium perchlorate, the kinetics over 75% 
conversion of the reaction was processed well with Eqs. 6 
and 7. Iterations of K2 and k3 by a FACOM 230 OS2/VS 
with a FORTRAN IV program gave constants which re­
produced experimentally obtained plots exactly. 
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Synthesis of a Substance-IB in Saccharomyces cerevisiae1>2) 
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Two hexapeptides, H-Arg-Gly-Pro-Phe-Pro-Ile-OH (la) and H-Arg-Pro-Gly-Phe-Pro-Ile-OH (lb), have 
been proposed for a factor inducing sexual agglutination in the yeast and were synthesized by a conventional 
method. Compound l a was completely identical with the natural peptide in thin-layer chromatography, mass 
spectrometric measurements, and biological assay on agglutination. Compound l b showed the same biological 
activity as l a though distinct differences in the chemical data were observed. Strong bitterness of the l a and l b 
was discovered. 

Sakurai et al.^> reported the isolation of a peptidyl 
factor named a substance-I from a type cells (HI5 
strain) of heterothallic yeast Saccharomyces cerevisiae. T h e 
active principle induces sexual agglutinability in op­
posite a (ei) type cells (H22 strain) prior to the mating 
reaction. It was later found that the factor could be 
separated into two components by further purification 
and one of them was designated as a substance-IB 

(abbreviated as IB).4 ) Sakurai et al. intended to deter­
mine the amino acid sequence of IB by means of mass 
spectrometry and postulated a tentative structure as 
H - A r g - G l y - P r o - P h e - P r o - I l e - O H ( l a ) . In the begin­
ning, however, an alternate structure of H - A r g - P r o -
G l y - P h e - P r o - I l e - O H ( lb ) for IB could not be excuded 
because of presence of the unexpected fragment ions. 
We intended to ascertain the correct structure of the 
IB by the syntheses of the supposed hexapeptides, l a 
and l b . 

The present paper deals with the syntheses of l a -
2AcOH and l b - 2 A c O H by a conventional method and 
the comparison of the synthetic peptides with the natural 
IB by thin-layer chromatography, mass spectrometry 

and biological assays. 
The syntheses of l a - 2 A c O H and l b - 2 A c O H are 

outlined in Figs. 1 and 2. T h e mixed anhydride 
method5) was employed through all coupling reactions 
and the removal of Boc groups of the intermediates w? s 
performed by the action of hydrogen chloride in ethyl 
acetate. The protected hexapeptide 8a prepared from 
Z - A r g ( N 0 2 ) - O H and 7 a - H C l was hydrogenated in 
the presence of palladium black, and the desired prod­
uct ( l a ) was obtained as diacetate by lyophilization. 
The similar procedure was employed for the prepara­
tion of l b . The intermediate 8 b contained minor by­
products and was purified by silica gel column chroma­
tography, and the desired product ( lb ) was obtained 
as diacetate. T h e homogeneity of l a • 2AcOH and l b • 
2AcOH was confirmed by paper and thin-layer chro­
matography, paper electrophoresis and elemental 
analysis. 

For the comparison of the synthetic peptides with 
natural IB, thin-layer chromatography was performed 
at first using four different systems, the result being given 
in Table 1. In all cases, the l a - 2 A c O H revealed com-

Arg Gly Pro Phe 

Boc 

Boc 

X 
NO 

2 
OH 

N O ^ 1 

P r o H e 

Boc< 

Boc+OH H 

[MA] 

BOC 

OH H' 

[MA] 

[HCl/EtOAc] 

[H2/Pd] 

BOC+OH HfOBzl'TosOH 

[MA] 

[HCl/EtOAc] 

[HCl/EtOAc] 

Fig. 1. Synthesis of the hexapeptide, l a . 

OBzl 
(2) 

•OBzl 'HCl 
(3-HC1) 

OBzl 
(4) 

OBz l -HCl 
(5-HC1) 

OBzl 
(6a) 

OBz l -HCl 
( 7 a . H C l ) 

OBzl 
(8a) 

OH•2ACOH 
(la-2AcOH) 
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Arg P r o Gly 

Boc-l-ONSu H+OH 

P h e P r o l i e 

BOC' 

Boc 

1 
NO. 

OH H< 

[MA] 

L££2 

•OH(9) 

[MA] 

[HCl/EtOAc] 

[ H 2 / P d ] 

•O Bz l 'H Cl 
(5-HCl) 

•OBzl 
(6b) 

' O B z l ' H C l 
(7b-HCl) 

•OBzl 
(8b) 

•OH-2AcOH 
(lb«2AcOH) 

Fig. 2. Synthesis of the hexapeptide, l b . 

T A B L E 1. T H I N - L A Y E R CHROMATOGRAPHY OF NATURAL AND SYNTHETIC PEPTIDES 

Solvent Carrier 
Rp 

l a . 2 A c O H l b - 2 A c O H 

1 - B U O H - A C O H - H 2 0 ( 4 : 1 : 5 , upper phase) Silica gelb) 0 .18 0 .18 0 .17 

l - B u O H - A c O H - p y r i d i n e - H 2 0 (15 : 3 : 10 : 12) Silica gel») 0 .59 0 .59 0 .57 

l - B u O H - l - P r O H - 0 . 2 M A c O H ( 2 : 1 : 3 , upper phase) Silica gelb> 0 .11 0 .11 0 .09 

l - B u O H - l - P r O H - 0 . 2 M A c O H ( 2 : 1 : 3 , upper phase) Cellulose0) 0 .58 0 .58 0 .63 

a) The chromatograms were stained with ninhydrin followed by chlorine-toluidine. b) T h e plates coated with 
siligel gel GF 2 5 4 (Merck) in 0 . 2 5 - m m thickness were used, c) T h e plates coated with cellulose (Merck) in 0 . 1 -
m m thickness were used. 

ti 

V 50 

T 

10 

r^ 

i ' ' ' • • I • ' ' H ' T i 'i i I ' I i I ' I i r i i i r i i t i i i i I ' I T-r •A-r+ I • / / ' I 

M 
7 7 7 

r2» 

J_J i " | ' i i i ' i | i ' i i i ' | i i" I I | I i I t | i i i i ' [ t i ' i i | ' I I I "i | I / / i | 1 

11 

M 
7 7 7 

432 

12 

M 
7 7 7 h 

' I • ' <mi 1 • ' ' M ' 
4 0 0 5 0 0 600 

mje 

Fig. 3. Mass spectra of the derivative (10) of I B and the derivatives (11 and 12) of the hexapeptides 
( l a and l b ) . 
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plete identity with IB . The difference between Rf's 
of l b - 2 A c O H and IB obvious. 

Prior to comparison of mass spectra, the N-terminal 
arginine residues in IB, l a - 2 A c O H , and l b - 2 A c O H 
were converted to a-iV-acetyl-d-N-pyrimidyl-ornithines 
and the C-terminus to methyl esters according to the 
literature.6) The spectra of the derivatives, which named 
[Ac-Orn(Pyr ) 1 ] - I B -OMe (10), [ A c - O r n ( P y r ) 1 ] - l a -
O M e (11) and [ A c - O r n ( P y r ) 1 ] - l b - O M e (12), respec­
tively, from IB, l a , and l b are shown in Fig. 3. Com­
pound 11 showed ion peaks at mje 111 (M+), 585, 441, 
197, and 148, which were exactly the same as those 
observed for the corresponding 10 from IB . O n the 
contrary, the spectra of 12 were quite different in frag­
mentation pattern from those of 10 and 11. From 
these results, the identity of l a with IB was verified 
unambiguously. 

The biological activities of the natural and synthetic 
peptides to induce agglutinability in a (ei) type cells 
were examined, and the IB and l a - 2 A c O H showed the 
activity in the same degree at dosages at 2—20 ng/ml. 
Contrary to our expectation, the l b • 2AcOH also showed 
almost the same activity as IB, the finding suggesting 
that a strict structure is not always required for activity. 
This phenomenon is interesting because the replacement 
of amino acid residue by another in a biologically active 
peptide gives generally an influence for activity of the 
peptide. 

Recently, Ribadeau Dumas et ai. elucidated the whole 
primary structure of bovine /9-casein,7) which contained 
the partial sequence of -Arg 2 0 2 -G ly -P ro -Phe -P ro -
I le 2 0 7 - I le-Val-OH 2 0 9 in the C-terminal portion. I t is 
noteworthy that the part of -Arg 2 0 2 -G ly -P ro -Phe -P ro -
Ile2 0 7- is identical with the IB, O n the other hand, two 
Japanese groups isolated the peptides having the struc­
tures of H - A r g - G l y - P r o - P r o - P h e - I l e - V a l - O H (13)8) 
and H - G l y - P r o - P h e - P r o - V a l - I l e - O H (14)9) from the 
enzymatic hydrolyzate of casein as bitter principles. 
Neither amino acid sequence of 13 nor that of 14 can 
be found in any part of the pr imary structure of casein, 
but both peptides are very similar to C-terminal por­
tion of casein and IB. We observed that the synthetic 
l a - 2 A c O H and l b - 2 A c O H showed strong bitter taste 
in almost the same threshold value. From these re­
sults, we assume that the partial structure of a substance 
corresponding to 13 will be H - A r g - G l y - P r o - P h e - P r o -
I le- , and that of 14 will be H - G l y - P r o - P h e - P r o - I l e - , 

Exper imenta l 

Melting points are uncorrected. The ratio in parentheses 
after a solvent system was indicated by vol. TLC was carried 
out on silica gel G (Merck) with the solvent systems: Rf

l, 
CHGl3-MeOH ( 5 : 1 ) ; Rt\ l-BuOH-AcOH-pyridine-H20 
(15 : 3 : 10 : 12). Paper chromatography was carried out 
on Toyo Roshi No. 52 paper with the solvent system: R{

3, 
l-BuOH-AcOH-pyridine-H20 ( 4 : 1 : 1 : 2 ) . Optical rota­
tions were measured on a Union high sensitivity Polarimeter 
PM-71. Amino acid analyses were performed with a Hitachi 
amino acid analyzer, KLA-5. 

Boc-Pro-Ile-OBzl (2). To a chilled solution of Boc-
Pro-OH (3.23 g, 15 mmol) and TEA (2.10 ml, 15 mmol) in 
THF (30 ml) was added isobutyl chloroformate (1.97 ml, 
15 mmol) at — 5 °G. After 15 min, a chilled solution of H -

Ile-OBzlTosOH (5.90 g, 15 mmol) and TEA (15 mmol) in 
GHC13 (30 ml) was added. The mixture was left to stand 
overnight at room temperature, evaporated in vacuo, and the 
oily residue was dissolved in EtOAc. The solution was wash­
ed successively with 4% NaHCOa, 10% citric acid and 
water, and then dried (Na2S04). The solvent was evaporated 
in vacuo; yield of an oil, 6.06 g (96%); Rf1 0.91. 

Boc-Phe-Pro-Ile-OBzl (4). Compound 2 (5.86 g, 14 
mmol) was dissolved in 3.0 M hydrogen chloride in EtOAc 
(50 ml). The solution was allowed to stand for 40 min at 
room temperature and then evaporated ; yield of oily H-Pro-
Ile-OBzl-HCl (3-HC1), 4.87 g (98%). Then, 4 was pre­
pared from Boc-Phe-OH (3.58 g, 13.5 mmol) and 3-HCl 
(4.79 g, 13.5 mmol) as described for 2; the yield of oily 4; 
7.20 g (94%); Rj- 0.90. 

Boc-Gly-Pro-Phe-Pro-Ile-OBzl (6a). Compound 4 
(5.66 g, 10 mmol) was treated with 3.0 M hydrogen chloride 
in EtOAc (35 ml) as described for 3-HCl; yield of oily H -
Phe-Pro-Ile-OBzl-HGl (5-HCl), 4.75 g (95%). Then, 6a 
was prepared from Boc-Gly-Pro • OH10) (1.22 g, 4.5 mmol) 
and 5-HCl (2.26 g, 4.5 mmol) as described for 2; yield of 
oily 6a, 3.00 g (93%); Rs

l 0.69. 
H-Gly-Pro-Phe-Pro-Ile-OBzl • HCl ( 7 a. HCl). Com­

pound 6a (2.88 g, 4 mmol) was treated as described for 3-
HCl. The oily product was solidified by the addition of 
ether; yield, 2.13 g (80%); mp 145—148 °C; [a]3D° -69.8° 
(c 1, DMF); Rf

l 0.35, R^ 0.85. 
Found: C, 61.28; H, 6.94; N, 10.48%. Calcd for C34-

H 4 6 0 6 N 5 CM/2H 2 0: C, 61.38; H, 7.12; N, 10.53%. 
Z-Arg(NOJ-Gly-Pro-Phe-Pro-Ile-OBzl (8a). This 

compound was prepared from Z-Arg(NOa)-OH (1.06 g, 3 
mmol) and 7a-HCl (1.99 g, 3 mmol) as described for 2. The 
product was recrystallized from EtOAc-ether; yield, 2.09 g 
(72%); mp 99—103 °C; [a]2D° -58.0° (c 1, DMF); Rt

x 0.71, 
Rf2 0.92. 

Found: C, 59.31 ; H, 6.44; N, 14.41%. Calcd for C48H62 

O n N 1 0 .H 2 O: C, 59.24; H, 6.63; N, 14.40%. 
H-Arg-Gly-Pro-Phe-Pro-Ile-OH- 2AcOH (la • 2AcOH). 

Compound 8a (389 mg, 0.4 mmol) was dissolved in a mixture 
of MeOH (5 ml), AcOH (2 ml) and water (3 ml), and treated 
with hydrogen in the presence of Pd black overnight. The 
filtrate of the reaction mixture was evaporated and the evapo­
ration was repeated several times on the addition of water. 
The residue was dissolved in water and lyophilized to leave 
a solid; yield, 312 mg (95%); mp 102—108 °C; [a]2

D
l -87.6° 

(c 1, H 2 0) . The homogeneity of l a was confirmed by ninhy-
drin and Sakaguchi reagent on paper electrophoresis and 
paper chromatography; R{

3 0.88. Amino acid ratios in an 
acid hydrolyzate; Pro 2.12, Gly 1.00, He 0.98, Phe 0.96, Arg 
0.97. 

Found: C, 54.18; H, 7.53; N, 15.55%. Calcd for C33H51-
0 7 N 9 - 2 C H 3 C O O H H 2 0 : C, 53.93; H, 7.46; N, 15.30%. 

Boc-Pro-Gly-OH (9). To a solution of glycine (1.13 
g, 15 mmol) and TEA (15 mmol) in water (70 ml) at 5 °C 
was added Boc-Pro-ONSu11) (3.89 g, 12.5 mmol) in dioxane 
(50 ml). The mixture was stirred for 30 min at 5 °C and 
overnight at room temperature. After the dioxane was 
evaporated, the aqueous solution was acidified with 10% 
citric acid and extracted with EtOAc. The organic layer 
was washed with water, dried and evaporated to leave a solid. 
The product was recrystallized from EtOAc-ether; yield, 2.37 
g (70%); mp 159—160 °G; [a]2D° -60.8° (c 1, DMF); Rt* 
0.22. 

Found: C, 52.78; H, 7.40; N, 10.14%. Calcd for C12H20-
05N2 : C, 52.93; H, 7.40; N, 10.29%. 

Boc-Pro-Gly-Phe-Pro-Ile-OBzl (6b). This compound 
was prepared from 9 (0.95 g, 3.5 mmol) and 5-HCl (1.76 g, 
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3.5 mmol) as described for 2 ; yield of an oil, 2.47 g ( 9 8 % ) ; 
Rf1 0.72. 

H-Pro-Gly-Phe-Pro-Ile-OBzl • HCl ( 7b • HCl). Com­
pound 6 b (2.16 g, 3 mmol) was treated as described for 3 -
HCl . T h e oily product was solidified by the addition of 
ether; yield, 1.70 g ( 8 4 % ) ; m p 9 1 — 94 °C; [a]2

D°-39.6° (c 1, 
D M F ) ; Rf1 0.34, R2 0.82. 

Found: C, 60.38; H , 7.07; N, 10.34%. Calcd for C34H4Ö-
0 6 N 5 C 1 H 2 0 : C, 60.56; H, 7.18; N, 10.39%. 

Z-Arg(N02)-Pro-Gly-Phe-Pro-Ile-OBzl (8b). This 
compound was prepared from Z - A r g ( N O a ) - O H (0.88 g, 2.5 
mmol) and 7 b - H C l (1.68 g, 2.5 mmol) as described for 2. 
T h e oily product was obtained in 2.30 g. For purification, 
a half ( 1.15 g) of the product was dissolved in a solvent of 
C H C l 3 - M e O H - A c O H (95 : 5 : 1), applied on a column (2.4 
X 84 cm) with silica gel, and eluted with the same solvent. 
T h e fractions with the desired product were evaporated to 
leave an oil which was solidified by the addit ion of ether, the 
remainder (1.15 g of the product) being purified by the same 
procedure. Recrystallization from EtOAc-e the r gave 0.92 g 
(38%) of pure 8 b ; m p 98—105 °C; [a]2

D° - 3 3 . 8 ° (c 1, DMF)1 ; 
Rt1 0.68; Rt

2 0.91. 

Found : C, 59.79; H , 6.59; N, 14.40%. Calcd for C4 8H6 2-
O n N 1 0 - l / 2 H 2 O : C, 59.80; H , 6.59; N, 14.53%. 

H-Arg-Pro-Gly-Phe-Pro-Ile-OH- 2AcOH (lb • 2AcOH). 
Compound 8 b (386 mg, 0.4 mmol) was treated as described 
for l a - 2 A c O H ; yield of a solid, 314 mg ( 9 5 % ) ; m p 107— 
112 °C; [a] S - 5 6 . 2 ° (c 1, H 2 0 ) ; Ä f

3 0.89. Amino acid ratios 
in an acid hydrozate : Pro 2.11, Gly 1.00, He 0.97, Phe 0.96, 
Arg 0.95. 

Found : C, 53.67; H , 7.45; N, 15.52%. Calcd for C33H51-
0 7 N 9 - 2 C H 3 C O O H - H 2 0 : C, 53.93; H , 7.46; N, 15.30%. 

Comparison of the Natural Peptide (IB) and Synthetic Peptides 
(la and lb). TLC: T L C was carried out using four 
different systems, the results being shown in Table 1. 

Mass Spectrometric Measurements: T h e IB , l a - 2 A c O H , and 
l b - 2 A c O H were modified according to the literature,6) and 
the measurements were performed on a Hirachi R M U - 6 L 
at 70 eV. T h e results are shown in Fig. 3. 

Agglutinability Assays : T h e activities of IB , l a • 2 A c O H , and 
l b - 2 A c O H to induce agglutinability in a (ei) type cells (H 
22 strain) were assayed according to the literature.3) T h e 
I B and l a - 2 A c O H showed the activity in the same degree 
at 2—20 ng/ml. Compound l b • 2 A c O H also showed the same 
activity. 

Bitterness Evaluation. Each synthetic peptide ( l a ^ A c ­
O H or l b - 2 A c O H ) was dissolved in water and a series of 
solution of decreasing concentration were prepared. T h e 
degree of bitterness was organoleptically determined by a 

panel of five men in our laboratory according to the litera­
ture.12) Compounds l a - 2 A c O H and l b - 2 A c O H showed the 
bitter taste in the same degree at 0.13—0.25 m M (0.1—0.2 
mg/ml) . 

W e wish to express o u r t h a n k s to Professor S. T a m u r a , 
U n i v e r s i t y of T o k y o , for his helpful discussion, a n d to 
D r . A . S a k u r a i , I n s t i t u t e of Phys ica l a n d C h e m i c a l R e ­
sea rch , S a i t a m a , for T L C a n d a g g l u t i n a b i l i t y assays for 
t h e c o m p a r i s i o n of t h e syn the t i c p e p t i d e s w i t h I B . W e 
also t h a n k to D r s . A . I soga i a n d K . A i z a w a , U n i v e r s i t y 
of T o k y o , for t h e m e a s u r e m e n t s of mass spec t r a . 
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Die zwei Isomere des Dicyclopentadiens und vier Isomere des Tricyclopentadiens werden isoliert und ihre 
13C-NMR-Spektren werden vorgelegt, wobei die Trimerisationsstufe des Cyclopentadiens systematisch in allen 
Einzelheiten behandelt wird. Die 13C-NMR-Spektren von Oligomeren des Cyclopentadiens werden durch 
Vergleich mit Spektren von Vergleichssubstanzen zugeordnet. Es ist beachtenswert, dass zwei neue Stereoisomere 
des Tricyclopentadiens isoliert und nachgewiesen werden. 

Die Oligomere des Cyclopentadiens erregen von 
früher her die Aufmerksamkeit.1) Die Entstehung des 
Tricyclopentadiens spielt eine bedeutende Rolle für 
alle folgenden Oligomerisationsprozesse. Die Addi­
tion des dritten Cyclopentadiens an den Cyclopenten-
ring des endo- oder ^o-Dicyclopentadiens wurde bisher 
noch nicht systematisch untersucht. Die 1 3 C-NMR-
Spektroskopie hat sich in den letzten Jah ren zu einem 
leistungsfähigen Hilfsmittel des organischen Chemikers 
entwickelt. In der vorliegenden Arbeit werden die 
13C-MNR-spektroskopischen Daten einer oligomeren 
Reihe von Cyclopentadien interpretiert, wobei die 
Trimerisationsstufe des Cyclopentadiens ausführlich 
diskutiert wird. 

Ergebni s se und D i s k u s s i o n 

13C-NMR-Spectren von Dicyclopentadienen 1 und 2. 
Das 1 3C-NMR-Spektrum von 1, das schon von 

Johnson und Jankowski berichtet wurde2), konnte nicht 
vollständig zugeordnet werden. Die in der Tabelle 1 
angegebenen Zuordnungen der 13C-Signale von 1 und 
2 ergeben sich aus folgenden Gesichtspunkten. Bei 
Verbindung 7 liegen drei 13C-Signale um 5 bis 43.7 
ppm bei tieferem Feld als bei 1. Der Substituenten-

einfluss der Hydroxylgruppe auf die chemische Verschie­
bung des C-1-Signals ist a-Effekt von A<5a = 4 3 . 7 p p m 
(vgl. 1 3C-NMR-Spektren von Cyclopentanol3) und 
2-Hydroxynorbornan4)). Daher entspricht dem C-l -
Atom das Signal bei (5 = 34.7 ppm. Der Einfluss der 
Hydroxygruppe auf das C-2- oder C-7a-Signal ist 
^-Effekt von A(5/9=5 oder 11.7 ppm. Charakteristisch 
getrennt von dem C-7a-Signal (sp3-Kohlenstoff) ersche­
int das C-2-Signal (sp2-Kohlenstoff). Somit entspricht 
dem C-2-Atom das Signal bei (5=132.1 ppm, so dass 
das Signal bei <5=41.3 p p m dem C-7a-Atom entspricht. 
Bei Verbindung 8 liegen zwei sp3-Kohlenstoff-Signale 
ca. 5 p p m bei höherem Feld als bei 1. Da diese Hoch­
feldverschiebungen aufgrund der Hydrierung von Nor-
bornendoppelbindung sind, entsprechen den C-4- und 
C-7-Atomen diese zwei sp3-Kohlenstoff-Signale bei ö — 
45.3 und 46.3 ppm in 1, wobei die Verschiebungsdif­
ferenz zwischen C-4 und C-7 nicht zu unterscheiden 
ist. Bei Verbindung 9 wird das Signal des C-4-Atoms 
(y-ständiges Kohlenstoffatom zu Cyclopentendoppel-
bindung in 8) mit 1.7 ppm nach tieferem Feld im 
Vergleich zu 8 verschoben, während das (5-ständige C-
7-Atom durch Hydrierung der Cyclopentendoppel-
bindung nahezu unbeeinflusst bleibt. Das Signal bei 
^ = 4 5 . 3 p p m muss also C-4 zugeordnet werden und das 

TABELLE 1. 13C-CHEMISCHE VERSCHIEBUNGEN (Ô IN ppm, <5TMg = 0) UND MULTIPLIZITÄTEN 

VON DICYCLOPENTADIENEN UND IHREN DERIVATEN 

1 

7 

8 

9 

2 

10 

11 

• * & 

ih 
L OH 4> 

4> 

C-l 

34.7 
( t ) 

78 .4 
( d ) 

32 .3 
( t ) 

27.0 
( t ) 

36 .5 
( t ) 

40 .0 
( t ) 

32 .6 
( t ) 

C-2 

132.1 
( d ) 

137.1 
( d ) 

130.2 
( d ) 

28 .7 
( t ) 

132.9 
( d ) 

132.5a> 
( d ) 

27 .4 
( t ) 

C-3 

135.6 
( d ) 

135.2 
( d ) 

132.8 
( d ) 

27 .0 
( t ) 

132.0 
( d ) 

131.6a> 
( d ) 

32.6 
( t ) 

C-3a 

5 4 . 8 
( d ) 

5 4 . 5 
( d ) 

53 .1 
( d ) 

4 5 . 5 
( d ) 

5 1 . 4 
( d ) 

56 .0 
( d ) 

4 8 . 4 
( d ) 

C-4 

4 5 . 3 
( d ) 

4 4 . 5 
( d ) 

39 .8 
( d ) 

4 1 . 5 
( d ) 

4 5 . 5 
( d ) 

4 0 . 6 
( d ) 

4 0 . 8 
( d ) 

C-5 

131.9a> 
( d ) 

132.2 
( d ) 

2 5 . 4 
( t ) 

23 .1 
( t ) 

137.2a> 
( d ) 

29.3b> 
( t ) 

28 .9 
( t ) 

G-6 

132.2a> 
( d ) 

134.6 
( d ) 

22 .1 
( t ) 

23 .1 
( t ) 

137.0a> 
( d ) 

29.0b> 
( t ) 

28 .9 
( t ) 

C-7 

4 6 . 3 
( d ) 

4 4 . 5 
( d ) 

4 1 . 4 
( d ) 

4 1 . 5 
( d ) 

4 8 . 0 
( d ) 

4 3 . 3 
( d ) 

4 0 . 8 
( d ) 

C-7a 

4 1 . 3 
( d ) 

53 .0 
( d ) 

4 2 . 7 
( d ) 

4 5 . 5 
( d ) 

4 1 . 8 
( d ) 

44 .1 
( d ) 

4 8 . 4 
( d ) 

C-8 

50 .3 
( t ) 

51 .1 
( t ) 

4 1 . 4 
( t ) 

4 3 . 3 
( t ) 

4 1 . 3 
( t ) 

31 .8 
( t ) 

32 .2 
( t ) 

a), b) Tauschbare Zuordnungen. 
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Signal bei (5 = 46.3 p p m entspricht C-7 in 1. Somit 
können die Verschiebungen bei 135.6 und 54.8 ppm 
C-3 und C-3a in 1 zugeordnet werden. 

Die Zuordnung der Signale von G-5, C-6, und C-8 
in Verbindung 2 ergibt sich, wenn man berücksichtigt, 
dass G-5 und C-6 durch sterischen Kompressionseffekt 
des Cyclopentenringes nicht beeinflusst werden, während 
C-8 durch diesen Effekt nach höherem Feld verschoben 
wird. Für C-5 und C-6 in 2 beobachtet man die 
TieffeldVerschiebungen im Vergleich zu 1. 
Wie bei 1 können die Signale von anderen Kohlenstoff-
atomen in 2 durch Vergleich mit Spektren von Verglei­
chssubstanzen 10 und 11 zugeordnet werden. Die 
Ergebnisse sind in Tabelle 1 zusammengefasst. 

Longitudinale Relaxations Zeiten Tx von Dicyclopentadienen. 
Wenn Relaxationsvorgänge durch intramolekulare C-
H-Dipol-Dipol-Wechselwirkungen beherrscht werden, 
sollte die longitudinale Relaxationszeit Tx von 13C cha­
rakterisch von der Anzahl direkt an Kohlenstoff gebun­
dener Wasserstoffatome abhängen.5) 7 \ von Dicyclo­
pentadienen sind in Schema 1 zusammengefasst. Diese 
Ergebnisse unterstützen die oben erwähnten Zuord­
nungen der 13C-chemischen Verschiebungen von Di­
meren des Cyclopentadiens. 

bei höherer Tempera tur in Erscheinung. l d ) Die Anglie-
derung des dritten Cyclopentadiens ist eine 1,4-Addi­
tion von Monomeren an die Norbornendoppelbindung 
oder Cyclopentendoppelbindung des endo- oder exo-Di-
cyclopentadiens (s. Tabelle 2). Unter den denkbaren 
14 Isomeren sind 4 Isomere molekülmässig unwahrsch­
einlich. 

Was die Norbornendoppelbindung betrifft, kommt 
man zu dem Schluss, dass Cyclopentadien in exo-
Stellung addiert wird. l d) Innerhalb der ew-Stellung 
bleibt noch die Entscheidung für die gegenseitige Lage 
der Brücken zu treffen. Diese Alternative zwischen 
exo-endo- und ^o-^xo-Addition von Cyclopentadien an 
die Norbornendoppelbindung w j r d e von Solo way,6) 
Stille und Frey7) und de Vries und Winstein8) entschie­
den. Daher kann man sagen, dass exo-endo-Addukt^ 3 
und 4 bevorzugt gebildet werden. l f , l g) 

Somit können die 13C-Signale von Norbornanringen 
(C-3a, C-4, C-4a, C-8a, C-9, C-9a, und C-10) in 3 und 
4 mit Hilfe von Schema 2 zugeordnet werden, wobei 
man Norbornenring als symmetrischen Substituenten 
betrachten kann und daher die 13C-chemischen Versch­
iebungen des Norbornanringes in 3 oder 4 durch Nor­
bornenring symmetrisch beeinflusst werden. 

Schema 1. Tx von Dimeren des Cyclopentadiens (in 
Sek). 

lzC-NMR-Spektren von Tricyclopentadienen 3 und 4. 
Lässt man frisch destilliertes Cyclopentadien bei 

normaler Tempera tur stehen, so erstarrt es zum endo-
Dicyclopentadien, aber das &*ro-Dicyclopentadien tritt 

Schema 2. Einfluss von Norbornenring auf die 13C-
chemischen Verschiebungen Norbornanring in 3 
order 4. 

TABELLE 2. DENKBARE TRICYCLOPENTADIENE 

U I 

t t 
endo 

Stereochemisch unmögliche Verbindungen. 
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TABELLE 3. 13C-CHEMISCHE VERSCHIEBUNGEN (Ô in 

ppm, <5TMS = 0) UND MULTIPLIZITÄTEN DER 

TRICYCLOPENTADIENE 3 UND 4 

T A B E L L E 4. D I E CHARAKTERISTISCHEN ABSORPTIONSBANDEN 

DER I R - S P E K T R E N VON TRICYCLOPENTADIENEN 

C-1 
G-2 
C-3 
C-3a 
C-4 
C-4a 
C-5 oder 

C-8 
C-6 oder 

C-7 
C-8a 
G-9 
C-9a 
G-10 
C-ll 

31.3( t ) 
132.0(d) 
131.2(d) 
5 6 . 0 ( d ) 
4 1 . 3 ( d ) 
4 4 . 8 ( d ) 
4 6 . 9 ( d ) 
4 7 . 2 ( d ) 

135.7(d) 
136.3(d) 
4 0 . 4 ( d ) 
4 2 . 7 ( d ) 
4 4 . 4 ( d ) 
38.9( t ) 
53.3( t ) 

3 8 . 9 ( t ) 

1 3 2 . 4 ( d ) 

1 3 1 . 5 ( d ) 

5 8 . 8 ( d ) 

4 2 . 4 ( d ) 

4 8 . 6 ( d ) 

4 6 . 6 ( d ) 

1 3 5 . 2 ( d ) , 
1 3 5 . 4 ( d ) 

4 9 . 6 ( d ) 

4 4 . 8 ( d ) 

4 6 . 6 ( d ) 

2 6 . 8 ( t ) 

5 3 . 2 ( t ) 

Andererseits können die 13C-Signale von Norbornenrin-
gen (C-5, C-6, C-7, C-8, und C - l l ) durch Vergleich der 
13C-chemischen Verschiebungen von 1 und 2 zugeord­
net werden. Die 13C-Signale von Cyclopentenringen 
(C-1, C-2, und C-3) können durch Vergleich der Verbin­
dungen 8 und 10 zugeordnet werden. Die Ergebnisse 
sind in Tabelle 3 zusammengefasst. 

1H- und 13C-NMR-Spektren von Tricyclopentadienen 5 und 
6. Was die Addition des dritten Cyclopentadiens 
an die Cyclopentendoppelbindungen der Dimere be­
trifft, ist es bisher noch nicht möglich, zwischen der 
endo- und exo- Stellung zu entscheiden. Die Isolierung 
einheitlicher Isomere des Cyclopentadiens ist zwar mit 
Schwierigkeiten verbunden, aber doch ist es uns 
gelungen, zwei neue Isomere, 5 und 6, neben 3 und 4 
durch geeignete Variation der Versuchsbedingungen 
zu isolieren (s. exp. Teil). 

Die Elementaranalysen und das in den Massen­
spektren von 5 und 6 beobachtete Auftreten eines 
Molekul-Ions bei m/^=198 weisen beide Verbindungen 
als Trimere des Cyclopentadiens aus. In den IR-
Spektren von 5 und 6 treten C=C-Valenzschwin-
gungen des Norbornenringes auf, aber keine C=C-
Valenzschwingungen des Cyclopentenringes (s. Tabelle 
4), was die folgende Tatsache zeigt, dass 5 und 6 
zueinander Stereoisomere sind, die durch Addition von 
Cyclopentadien an Cyclopentendoppelbindungen der 
Dimere gebildet werden. 

Dem Nachweis, dass die neuen Trimere im Ver­
hältnis der Stereoisomere zueinander stehen, schliesst 
sich eine weitgehende Klärung der konfigurativen 
Verhältnisse an. Tabelle 5 bietet Daten für Zusam­
mensetzung der Tricyclopentadiene bei der Reaktion 
von Cyclopentadien an endo- oder &w-Dicyclopenta-

Tricyclo-
pentadiene 

C=C (cm-1) 

Norbornenring Gyclopentenring 

1570 
1570 
1568 
1570 

1620 
1617 

TABELLE 5. DIE ZUSAMMENSETZUNG DER TRIMERE BEI 

DER REAKTION VON CYCLOPENTADIEN UND endo- ODER 

exo-DicYCLOPENTADiEN IN BENZOL (180 °C 1 Stde.) 

Reaktionen 

Zusammensetzung der 
Trimere (%) 

Cyclopentadien 
+ 66.8 16.0 17.2 0.0 

e/fc/o-Dicyclopentadien 
Cyclopentadien 

+ 14.6 74.5 0.0 10.9 
e#o-Dicyclopentadien 

dien(s. exp. Teil). Da die Norbornendoppelbindung 
bei weitem reaktiver als die Cyclopentendoppelbindung 
ist, tritt Trimer 4 auf als Nebenprodukt bei der ersten 
Reaktion durch exo-endo-Addition von Cyclopentadien 
an Norbornendoppelbindung des ^o-Dicyclopentadiens, 
das infolge der Isomerisierung des ^öfo-Dicyclopenta-
diens entsteht, und tritt Tr imer 3 auf als Nebenprodukt 
bei der zweiten Reaktion durch exo-endo-Addition von 
Cyclopentadien an Norbornendoppelbindung des endo-
Dicyclopentadiens, das infolge der leichten Dimeri-
sierung des Cyclopentadiens entsteht. Es ist bemerkens­
wert, dass kein Trimer 6 bei der ersten Reaktion 
nachgewiesen wird und dass kein Trimer 5 bei der 
zweiten Reaktion gefunden wird. Dieses Resultat führt 
zwangsläufig zu der Folgerung, dass Tr imer 5 durch 
Addition von Cyclopentadien an Cyclopentendoppel­
bindung des enäfo-Dicyclopentadiens gebildet wird und 
dass Trimer 6 durch Addition von Cyclopentadien an 
Cyclopentendoppelbindung des exo-Dicyclopentadiens 
gebildet wird. Eine Fülle zusätzlicher Informationen 
steuern die NMR-Messungen bei. 

Das 1 H-NMR-Spekt rum von Tricyclopentadien 5 (s. 
Abb. 1) oder 6 (s. Abb. 2) weist ein oder zwei Multi-
pletts für olefinische Protonen des Norbornenringes (ô = 
5.65—6.10) und kein Multiplett für olefinische Protonen 
des Cyclopentenringes (ô = 5.20—5.60) auf, was mit dem 
Ergebn s der Tabelle 4 übereinstimmt. Die olefinischen 
Protonen des Norbornenringes von 5 sind äquivalent 
und die von 6 sind nicht äquivalent. Somit kann man 
sagen, dass Tr imer 5 die symmetrische Verbindung ist 
und dass Tr imer 6 die asymmetrische Verbindung ist. 
Aus alledem ergibt sich, dass das symmetrische Trimer 
5 durch exo-endo-Addition von Cyclopentadien an Cyclo­
pentendoppelbindung des ettöfo-Dicyclopentadiens gebil­
det wird und dass das asymmetrische Trimer 6 nicht 
durch exo-endo-Addition von Cyclopentadien an Cyclo­
pentendoppelbindung des é??w/0-Dicyclopentadiens ge-
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TABELLE 6. 13C-CHEMISCHE VERSCHIEBUNGEN (Ô IN ppm, 

^TMS = 0) U N D MULTIPLIZITÄTEN DER T R I C Y C L O -

PENTADIENE 5 UND 6 

Abb. 1. 100 MHz iH-NMR-Spektrum von Tricyclo-
pentadien 5 in CG14(Reinheit; 80%). 

Abb. 2. 100 MHz XH-NMR-Spektrum von Tricyclo-
pentadien 6 in CC14(Reinheit; 71%). 

bildet wird, sondern durch endo-endo-Addition von 
Cyclopentadien an Gyclopentendoppelbindung des 
£xo-Dicyclopentadiens. Es ist schwer, die anderen 
Wasserstoffe, mit Ausnahme der Brücken-Methylene 
((3=1.05—1.50), vollständig zuzuordnen, da die Signal­
gruppen überlappen. 

Daher kann m a n nur sieben 13C-Signale für die 
symmetrische Verbindung 5 erwarten. In der T a t 
beobachtet man sieben Signale im 1 3 C-NMR-Spektrum 
von 5. Die Zuordnung der Signale von 5 ergibt sich, 
wenn man die Ergebnisse der Tabelle 1 und die Off-
Resonance-Technik benutzt(s. Tabelle 6). Das 13G-
NMR-Spek t rum der asymmetrischen Verbindung 6 
weist die Existenzen von sp2-Kohlenstoffatomen der 
exo- und enöfo-Norbornentypen und Brücken-Kohlenstof­
fatome der exo- und ent/o-Norbornentypen auf (s. Tabelle 
6), was mit der Struktur 6 in Tabelle 2 übereinstimmt. 
In diesem Fall sind die unsicheren Zuordnungen von 
G-1, C-4, G-4a usw. kein grosses Problem. Die in 
dieser Arbeit angegebenen Zuordnungen der 1 3C-NMR-
Spektren von thermischen Oligomeren des Cyclopenta-
diens werden nach Einführungen von Deuterium und 
anderen Substituenten festgestellt werden. 

C-1, 
C-5, 

C-2, 
G-3, 

G-4a, 
C-8a 

C-9 

C-10, 

C-4 
C-8 

C-7 
C-6 

C-4b 
G-9a 

C-ll 

47.6(d) 

136.5(d) 
oder 

136.8(d) 

52.9(d) 
oder 
53.1(d) 

32.9( t) 

51.9(t) 

C-2 oder 
C-3 

C-6 oder 
C-7 

C-9 

C-10 

C-ll 

C-1, C-4, ) 
C-4a, G-4b, 
C-5, G-8, 
C-8a, G-9a 

135.6(d) 
oder 

136.3(d) 

137.0(d) 
oder 

137.2(d) 

34.2(t) 

50.9( t) 

43.4( t) 

47.8, 48.6, 
48.7, 49.3, 

" 50.5, 51.0, 
51.5, 52.1 

Angesichts der vielen theoretischen Möglichkeiten der 
Tricyclopentadiene ist es besonders auffällig, dass nur 
vier Vertreter bekannt sind. Offenbar findet bei der 
Bildung der Tricyclopentadiene eine weitgehende Stereo­
auslese statt. Da sich in ähnlicher Weise Argumente 
für die Konstitution der höheren Oligomere des Cyclo-
pentadiens beibringen lassen, bilden dieso Ergebnisse 
den Schlüssel für das Verständnis des Aufbaues der 
ganzen oligomeren Reihe. 

Exper imente l l er Tei l 

Die Aufnahme der 1H-NMR-Spektren erfolgte mit einem 
JEOL-Gerät PS-100 in CC14(TMS als innerer Standard), 
während die Massenspektren mit LEOL-Gerät JMS-OISG 
aufgenommen wurden(75 eV). Die IR-Spektren wurden mit 
einem Shimadzu-Gerät IR-27G aufgenommen. Zur Auf­
nahme der Puls-Fourier-Transform-13C-NMR-Spektren diente 
ein JPS-EC-100 von JEOL-Gerät mit einer Messfrequenz von 
25.15 MHz, wobei die Reproduzierbarkeit der 13C-chemi-
schen Verschiebungen ±0.05 ppm beträgt. Alle Substanzen 
wurden als 50%-ige Lösungen in GDC13 gemessen (TMS als 
innerer Standard). Das Deuteriumsignal des Lösungsmittels 
diente als Lock (Lockfrequenz 15.36 MHz). Die FT-13C-
NMR-Spektren wurden unter Akkumulation von 200 Pulsin-
terferogrammen bei einer Pulsbreite von 12.5 [i.sek(Pulswinkel 
45°) und einem Pulsintervall von 6 sek durch Fourier-Transfor­
mation des akkumulierten Interferogramms mit einem JEC-
6-Rechner erhalten (Spektrumbreite 5 kHz; Datenpunkte 
16382). Die in den Tabellen 1, 3, und 6 angegebenen Mul-
tiplizitäten berhen auf Off-Resonance-Technik. Die Messung 
von T t beruhte auf Inversion-Wiederherstellung-13C-Experi-
menten (180°-t-90°), wobei ein JEOL-Auto-T^Programm 
verwendet wurde. Die Genauigkeit von Tx beträgt ±0.7 
sek. 

Darstellung und Isolierung der Verbindungen 1—6. Dimer 
1 wurde durch Dimerisierung des Cyclopentadiens, das 
durch thermische Zersetzung des verkäuflichen endo-T>icyc\o-
pentadiens gewonnen wurde9), bei Zimmertemperatur gewon-
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nen, während Dimer 2 nach der Methode von Bartlett und 
Goldstein gewonnen wurde.10) Tr imere 3—6 wurden auf 
folgende Weise gewonnen. Frisch destilliertes Cyclopenta-
dien wurde unter N 2 im Autoklaven 5 Stdn. auf 150 °G 
erhitzt. Nach der Entfernung des Dicyclopentadiens wurde 
das Produktgemisch durch Behandeln mit siedendem Methyl­
alkohol, in dem Tetracyclopentadien und die höheren Oligo-
mere unlöslich sind, von dem Tricyçlopentadien völlig 
befreit.lb> Nach dem Umkristallisieren aus Methylalkohol 
erhielt man Tr imer 3 (m/e 198, 132, 66). Durch Rektifika­
tion der Mutter lauge erhielt man Tr imer 5 (C15H18 , Ber. 
C, 91.0; H , 9 .0%. Gef. C, 90.9; H , 9 . 1 % . m/e 198, 132,66). 
Äquimolare Mengen frisch destillierten Cyclopentadiens und 
Dimer 2 wurden unter N 2 im Autoklaven 2 Stdn. auf 250 °C 
erhitzt. Durch Umkristallisieren aus Methylalkohol und 
Rektifikation der Mutter lauge erhielt man Tr imere 4 und 6 
(Gef. C, 91 .1 ; H , 8.9%. m/e 198, 132, 66). 

Darstellung der Verbindungen 7—11. a-1-Hydroxy-di-
cyclopentadien 7 wurde nach der Methode von Rosenblum 
gewonnen.11) 5,6-Dihydro-dicyclopentadien 8 oder 10 wurde 
durch Hydrierung der Norbornendoppelbindung von 1 oder 
2 mittels Raney-Nickel-Katalysators bei Zimmertempera tur 
unter Wasserstoffdruck von 140 kg/cm2 gewonnen. 2,3,5,6-
Tetrahydro-dicyclopentadien 9 oder 11 wurde durch Hydrie­
rung der Cyclopentendoppelbindung von 8 oder 10 mittels 
Raney-Nickel-Katalysators bei 150 °C unter Wasserstoffdruck 
von 140 kg/cm2 gewonnen. Alle diese Verbindungen wurden 
mit Hilfe von XH-NMR-Spektren bestätigt. 

Reaktion von Cyclopentadien und endo- oder exo-Dicyclopentadien. 
Äquimolare M e n g e n ( 5 x 10~2 Mol) frisch destillierten Cyclo­
pentadiens und endo- oder e*o-Dicyclopentadien wurden in 
160 ml Benzol unter N 2 im 300 ml Autoklaven 1 Std. auf 
180 °C erhitzt. I n dieser Reaktionsbedingung waren Ausbeu­
ten von Tr imeren 2 — 3 % und wurden keine weiteren Oligo-

mere des Cyclopentadiens nachgewiesen. Gaschromatogra­
phische Bestimmung des Mengenverhältnisses der Isomere des 
Tricyclopentadiens erfolgte mit einem Shimazu-Gerät G C -
3AF mit Flammenionisationsdetektor; Säulenfüllung: P E G 
6000 1 0 w t % ; Säulendimension: 3 m m ^ x 3 m ; Trägergas : 
N 2 . 
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Photolytic Oxidation of Alkylbenzenesulfonic Acids by 
Aqueous Sodium Hypochlorite^ 
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Photolyses of alkylbenzenesulfonic acids, such as benzene-, //-toluene-, and /»-ethylbenzenesulfonic acids, in 
aqueous solution by sodium hypochlorite have been studied. In the presence of a large excess of hypochlorite, 
benzenesulfonic acid is completely photolyzed to give carbon dioxide and sulfuric acid. Irradiation of an equimolar 
mixture of substrate and hypochlorite in an aqueous solution yields the corresponding alkylbenzene, alkylphenol, 
arylalkyl alcohol and arylalkylaldehyde, some of which may be produced by an attack of the oxidant on alkyl 
chain. In some cases, small amounts of diaryl sulfones and chlorinated compounds are also detected. 

Interest has recently centered on the decontamina­
tion of surfactants, sodium alkylbenzenesulfonate in 
particular, from waste water. Practically, the removal 
of surfactants has been done by biochemical or physical 
{e.g. adsorption) methods and sometimes by irradiation 
of sunlight or ultraviolet light in the presence of oxygen 
or appropriate oxidizing agents such as alkali hypo­
chlorite and hydrogen peroxide. However, these meth­
ods are often insufficient for certain surfactants. 

Matsuura and Smith2 '3) reported from kinetic and 
product analysis (GLC) studies that the photochemical 
autoxidation of aqueous alkali dodecylbenzenesulfonate 
(DBS) gives products containing formaldehyde, formic 
acid and acetaldehyde, which are finally oxidized to 
C O a . O n the other hand, a loss of surface activity of 
some surfactants by hypohalite on U V irradiation was 
observed.4) 

Recently, an effective industrial process5) was devel­
oped for the photo-oxidative removal of several or­
ganic contaminants in waste water by aqueous alkali 
hypochlorite in excess, by which most organic materials 
are completely decomposed into C 0 2 , HCl and H 2 0 . 
Decontamination of organic compounds in waste water 
was accomplished by the combined use of irradiation 
with U V light in the presence of CI gas or hypochlorite 
and activated sludge treatment.6) 

However, there is no detailed information on the 
intermediary products and reaction mechanism for the 
hypohalite oxidation. Some products might cause 
secondary pollution. We have examined the inter­
mediary products and mechanism for the U V photolyses 
of anionic surfactants by aqueous sodium hypochlorite. 
As model compounds of alkylbenzenesulfonate type 
surfactants, simple sulfonates such as benzene-, p-
toluene-, and /»-ethylbenzenesulfonic acids were chosen. 
They were photolyzed under conditions of short irra­
diation time and a nearly equivalent amount of sodium 
hypochlorite. Analyses were carried out by means of 
GLC-mass spectra along with a comparison of the 
retention times of products with those of authentic 
samples by GLC. 

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

Gas chromatograms were recorded with a Yanagimoto 
Model GCG550 Chromatograph employing a flame ioniza­
tion detector and a 1.5 m x 3 mm copper column packed with 

* To whom all correspondence should be addressed. 

Silicone OV17 5% on Gelite. The mass spectra were meas­
ured with a Shimadzu Model GCMS-7000 mass spectrom­
eter. 

Materials. Sodium Hypochlorite: The aqueous solu­
tion of sodium hypochlorite was prepared as follows. Gaseous 
chlorine was bubbled into an aqueous 1 M-NaOH with ice-
cooling, and the sodium chloride precipitated was filtered 
off. The solution can be stored for severl days in a refri­
gerator. The concentration was determined by iodometry 
before use. 

Alkylbenzenesulfonic Acids'. All the alkylbenzenesulfonic 
acids were commercial products of the best grade. 

Irradiation of Benzenesulfomic Acid. A mixture of ben­
zenesulfonic acid (0.099 M), aqueous sodium hypochlorite 
(0.103 M), and 1 M-NaOH solution (100 ml) were diluted 
with distilled water until the total volume became 400 ml. 
The solution was degassed with nitrogen and irradiated by 
quartz-filtered UV light employing a 300 W high pressure 
mercury lamp, nitrogen being bubbled at room temperature. 
Irradiation was stopped before complete disappearance of 
sodium hypochlorite. After irradiation, the excess sodium 
hypochlorite was removed with sodium sulfite, the aqueous 
solution being extracted with 100 ml ether. The aqueous 
layer was acidified to pH 2—3 with HCl and again extracted 
with 100 ml ether. The combined extracts, after being dried 
over anhydrous sodium sulfate, were concentrated, and then 
analyzed by means of GLC and GLC-mass spectrometry. The 
work-up for other alkylbenzenesulfonic acids is similar to that 
mentioned above. 

Estimation of Evolved Carbon Dioxide. Carbon dioxide 
produced by photolysis was kept absorbed in the aqueous 
alkaline solution. The solution was acidified with sulfuric 
acid, carbon dioxide being expelled by N2 stream from the 
reaction mixture. The C 0 2 evolved was absorbed by aqueous 
0.05 M-Ba(OH)2 and determined by titration with 0.1 M-
HC1. 

Estimation of Sulfate Ion. Analysis of sulfate ion in the 
products was achieved gravimetrically by adding excess 
aqueous barium chloride to the acidified reaction mixture, 
barium sulfate precipitated being weighed. 

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

Irradiation of an aqueous solution of benzenesulfonic 
acid in the presence of a 20-fold equivalent of sodium 
hypochlorite gives, after complete disappearance of 
hypochlorite, carbon dioxide and sulfate, their yields 
by photolysis being 95.7 and 83 .5%, respectively. 
Benzenesulfonic acid is decomposed almost completely to 
give C 0 2 and inorganic materials. 

In the photolysis of an equimolar mixture of benzene-
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sulfonate and hypochlorite by means of quartz-filtered 
U V light ( > 180 nm) for a short time, the yield of C 0 2 

was only ca. 3 % . The organic products extracted with 
ether are given in Table 1. The products were iden­
tified by direct comparison of the GLG peaks with 
those of the authentic samples and also the parent ion 
peak and its pattern of fragmentation in mass spectra. 
Crystals of m p 128.5—129° G (lit, mp 128—129 °G) 
were isolated by condensation of the ether extract, and 
identified by GLC using three different columns (Sili­
cone OV17 5 % on Celite, Apiezon grease L 3 % on 
Celite and PEG 20M 10% on Chromosorb) as diphenyl 

TABLE 1. PARTIAL MASS SPECTRA OF PHOTO-OXIDATION 

PRODUCTS OF BENZENSULFONIC ACIDA> 

Parent ion 
peak m/e Fragment ion peak Compound Relative 

mole ratio 

94 66 65 55 39 Phenol 1 
154 153 152 115 77 Biphenyl 0.01 

76 64 51 
218 152 125 97 77 51 Diphenyl sulfone 0.06 

a) Initial concentration: PhS03H 247.5 mM, NaOCl 
257.5 mM; p H s s l l ; room temperature. Conversion 
of PhS03H into products was ca. 8%. 

TABLE 2. PARTIAL MASS SPECTRA OF PHOTO-OXIDATION 

PRODUCTS OF P-TOLUENESULFONIC ACIDA> 

Parent ion ^ . i /-i j Relative 
peakm/* Fragment ion peak Compound m o l e r a t i o 

92 91 65 63 51 50 
39 

106 105 78 77 51 
108 107 91 79 77 
108 107 91 90 79 

77 53 51 

Toluene 1 

Benzaldehyde 0.16 
Benzyl alcohol 2.18 
/.-Cresol 0.42 

a) Initial concentration: /»-toluenesulfonic acid 25.0 
mM, NaOCl 31 .2mM; p H s s l l ; room temperature. 
Conversion of toluenesulfonic acid into products was 
ca. 10%. 

TABLE 3. PARTIAL MASS SPECTRA OF PHOTO-OXIDATION 

PRODUCTS OF J&-ETHYLBENESULFONIC ACIDA> 

Parent ion „ . , ~ , Relative 
peakm/* Fragment ion peak Compound m o l e r a t i o 

106 

94 
122 

120 

122 

122 

91 79 
51 
66 65 
107 91 
51 43 
105 91 
43 
107 91 
51 39 
107 94 
39 

78 

55 
79 

77 

79 

91 

77 65 

39 
77 

51 

77 

77 

Ethyl-
bennzene 
Phenol 
1-Phenyl-
ethanol 
Acetophenone 

2-Phenyl-
ethanol 
/»-Ethylphenol 

1 

0.18 
0.41 

3.26 

5.97 

2.15 

a) Initial concentration: /»-ethylbenzenesulfonic acid 
23.0 mM, NaOCl 22.5 mM; p H « l l ; room tem­
perature. Conversion of ethylbenzenesulfonic acid into 
products was ca. 7%. 

sulfone. 
The results of photolysis of /»-toluene- and p-ethyl-

benzenesulfonate, with equimolar hypochlorite by 
quartz-filtered light, are given in Tables 2 and 3, 
respectively. Reports7) on mass spectrometry are cited 
for identification of the products. 

T h e photolytic oxidation of alkylbenzenesulfonic acid 
with hypochlorite gives rise mainly to alkylbenzene, 
alkylphenol, arylakyl alcohol, and arylalkyl aldehyde. 
Small amounts of chlorinated compounds such as mono-
chlorophenols were also detected. 

Typical conversion curves for the photodecomposi-
tion of aqueous sodium hypochlorite in the presence 
and absence of benzenesulfonic acid are shown in Fig. 1. 
Decomposition is rather fast with light of over 180 nm, 
and is accelerated by the addition of benzenesulfonic 
acid which probably acts as a sensitizer. 

Time (h) 

Fig. 1. Photodecomposition of aqueous sodium hypo­
chlorite at room temperature and p H « l l in the 
presence and absence of PhS03H. 

Curve 

I 
II 
III 
IV 

Initial concentration (mM) 
» 

NaOCl 
89.5 
89.5 
83.4 

102.7 

—•> - . 
C6H5S03H 

0 
0 

84.2 
98.8 

Light 

>300nm 
>180nm 
>300nm 
>180nm 

The photodecomposition of aqueous hypochlorite has 
been studied, but the overall mechanism of photochemi­
cal decomposition does not sejem to have been clarified. 
Earlier workers8) showed that the products of the 
photolysis of aqueous hypochlorite are oxygen, chloride 
and chlorate ions and that the amount of decomposed 
hypohalite is proportional to the light energy absorbed. 
Recently, Buxton and Subhani9) demonstrated with 
flash photolysis technique that the pr imary products of 
the photolysis of hypochlorite ion at 365 nm are O 
(triplet oxygen a tom), O - , CI, and Cl _ and that, at 313 
and 253.7 nm, O (singlet oxygen atom) and Gl~ are 
also produced. T h e stoichiometry is expressed as 
follows. 
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> CI- 4 O (3P) 

hv 
> CI l O -

hv 

> CI- 4 O (*D). 

(la) 

(lb) 

(lc) 

cio-

We employed quartz-filtered light ( > 180 nm) for p-
ethylbenzenesulfonic acid in which non-selective oxida­
tion on a- and /?-carbon atoms of alkyl chain with little 
chlorination was observed (Table 3). Thus, the photo-
oxidation should proceed mostly by an attack of oxygen 
atom produced from hypochlorite by the above mecha­
nism ( l a and lc) to give the observed products. 

A probable mechanism for an initial stage in the 
photolysis is as follows (R: H, p-Me, /»-Et). 

hv 

RC6H4S03H > RC6H4- + S03H, (I) 

• S0 3 H - Î U S 0 2 + -OH, (2) 

S 0 2 + O + H 2 0 > H2S04 . (3) 

Formation of sulfur dioxide from benzenesulfonic acid 
(Eqs. 1 and 2) was confirmed by the Fuchsine test for 
the photolysis of aqueous benzenesulfonic acid alone. 
As regards Eq. 3, we have reported on the photo-oxida­
tion of aqueous sulfur dioxide to sulfuric acid with H 2 0 2 

and 02 .10) There are other reports11) which support 
this kind of photo-oxidation. 

The aryl and hydroxyl radicals produced might 
undergo reactions as follows in view of the observed 
products. 

1) Phenyl radical: 

Ph. + -OH > PhOH, (4) 

2Ph- •> Ph-Ph. (5) 

2) /»-Tolyl radical: 

• C6H4CH3 > C6H5CH2-, 

C6H5CH2. + -OH > C6H5CH2OH, 

• C6H4CH3 (or C6H5CH2. or another radical) 

4 C6H5CH2OH • 

C6H5CH3 (etc.) 4- C6H6CHOH, 

C6H5CHOH 4 O > C6H5CHO 4 -OH, 
• C6H4CH3 4 -OH > HOC6H4CH3. 

3) /»-Ethylphenyl radical: 

• C6H4GH2CH3 

• C6H4CH2CH3 

CRHRCHCHQ 

-> CgrI5CH2CH2 •, 

-> C6H5CH(OH)CH3, 

—• C6H5CH2CH2OH, 

~* C6H5CH2CH3 4 S-, 

C6H5CHCH3 4 OH -

C6H5CH2CH2- 4 -OH 

• C6H4CH2CH3 4 SH -

C6H5CHCH3 4 SH > C6H5CH2CH3 4 S-, 

C6H5CH2CH2- 4 SH > C6H5CH2CH3 4 S-

(SH: C6H5CH(OH)CH3, C6H5CH2CH2OH) 

S. 4 O > C6H5COCH3 or C6H5CH2CHO, 

• C6H4CH2CH3 4 OH > HOC6H4CH2CH3. 

(6) 

(7) 

(8) 

(9) 

(10) 

(H) 
(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

a hydrogen atom from its own alkyl chain to give aryl-
alkyl radical via successive internal o- and m-H atom 
shifts (Eqs. 6, 11, and 12), giving alcohols and carbonyl 
compounds. Aryl radical can also abstract a hydrogen 
atom from another molecule to give alkylbenzene (Eqs. 
8 and 15), but the yield is very low and the contribu­
tion of intermolecular H-atom abstraction seems to be 
small. Polymerization of aryl radical might be im­
possible in consideration of the absence of ( -C 6 H 4 -R) 2 

except biphenyl. The product distribution shows that 
the H-abstraction is preferable to coupling of RC 6 H 4 • 
with hydroxyl radical to form alkylphenol. The absence 
of products formed by chlorine addition to radicals or 
by chlorination of the side chain suggests that the hy­
drogen abstraction by CI- is unimportant. Higher 
yields of/»-alkylphenol than o- and ^-substituted phenols 
may be due to the greater resonance stability of p-
RC 6 H 4 - radical. The higher yield of P h C H 2 G H 2 O H 
than P h C H ( O H ) C H 3 is of interest, since the radical 
stability in the latter is greater. This suggests that the 
attack of - O H on these arylalkyl radicals is very fast, 
giving a statistical distribution of the O H position of 
alcohols. The unsubstituted phenol formation, though 
small, from ethylbenzenesulfonate but not from toluene-
sulfonate implies easier elimination of the larger alkyl 
chain to give the phenyl radical. 

There are reports stating that (i) benzyl phenyl 
sulfone can be formed by coupling of benzyl and phenyl-
sulfonyl radicals produced from phenyl radical and 
S02

1 2) and (ii) the ESR evidence of methylsulfonyl 
radical photochemically formed from methyl radical and 
S02 .1 3) The results suggest the following mechanism 
for this diaryl sulfone formation. 

Ph- + S0 2 > PhS0 2- , 

(or PhS03H —1+ -PhS02. 4 -OH), 

PhS02- 4 -Ph > PhS02Ph, 

Ph. + PhS03H 
PhS02- 4 PhS03H 

(20) ") 

(21) 

(22) 

* PhS02Ph 4 -OH, (23) 

> PhSOaPh 4 -S03H. (24) 

The phenol produced might subsequently be chlorin­
ated to give mono- and di-chlorinated phenols. In 
fact, mono- and di-chlorophenols were formed on ir­
radiation of a mixture of phenol and aqueous sodium 
hypochlorite (Table 4). However, the poor yield of 
chlorinated phenol in the photo-oxidation of alkylben-
zenesulfonate shows that an attack of CI species is not 
important . 

We found that the photo-oxidation by aqueous hypo­
chlorite proceeds even by Pyrex-filtered light (>300 

TABLE 4. PARTIAL MASS SPECTRA OF PHOTO-OXIDATION 

PRODUCTS OF PHENOLA) 

Parent ion ^ . , ^ , Relative , , Fragment ion peak Compound , peak me » *- r mole ratio 

128 130 95 94 66 
65 55 39 

162 166 164 94 66 
65 

Monochloro-
phenols 
Dichloro-
phenols 

1 

0.08 

The aryl radical, RC 6 H 4 - , produced might abstract 
a) Initial concentration : phenol 49.6 mM, NaOCl 
46.0 mM; p H s s l l ; room temperature. 
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nm), where a grater variety of products were observed, 
since the substrate cannot be excited and thus only a 
random attack of oxygen atom predominates. In 
photo-oxidation employing a Pyrex filter, slightly larger 
amounts of various chlorinated compounds were also 
detected. An attack of Cl- on the unexcited substrate 
might become significant in this case. 

This work was supported by a Grant-in-Aid for 
Science Research from the Ministry of Education (No. 
147078). 
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Coenzyme Models. IX. Micellar Catalysis of Isoalloxazine (Flavin) 
Oxidation of Dithiol* 
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(Received January 31, 1977) 

The influence of micelles on the reaction of isoalloxazines and l,4-butanedithiol(BDT) was studied. The 
pA"a of BDT was lowered by 0.3 pK unit in the presence of the hexadecyltrimethylammonium bromide(CTAB) 
micelle, indicating the formation of "hydrophobic ion pairs." The apparent second-order rate constant for 
the reaction of 3-methyl-10-ethylisoalloxazine and BDT increased by 18-fold on addition of GTAB(3mM). 
The UV-visible spectrum of 3-hexadecyl-10-butylisoalloxazine in the presence of the CTAB micelle was similar 
to that in organic solvents, the rate being enhanced by more than 400-fold as compared with that in a nonmicellar 
system. Anionic(SDS) and nonionic (Brij-35) micelles suppressed the reaction. The results show that the 
flavin oxidation of dithiol is facilitated by the environments of the CTAB micelle. 

Reduction of flavins by dihydrolipoic acid is one of 
the interesting oxidation-reduction reactions catalyzed 
by flavoenzymes (é?.£., lipoamide dehydrogenase). Gas-
coigne and Radda1) found that dihydrolipoic acid reacts 
with flavins in the absence of enzyme to produce lipoic 
acid and reduced flavins(Eq. 1). The subsequent ex­
amination established the fact that flavin oxidation of 
dithiol is of first-order in dithiol concentration and 
buffer-catalyzed, while that of monothiol is of second-
order in monothiol concentration, not being subjected 
to buffer-catalysis.2-4) 

R 
i 

\ A / N \ / N N / 0 

II 

o 

NH + 
A / R ' 
I I 
SH SH 

R H 

\ A / N v N \ / 0 
/ V ^ N / X ; 

H " 

NH + 
A / R ' 
I I 
s —s :i) 

We have found that the reactivity of some coenzymes 
and their model compounds are markedly affected by 
the microenvironments of micelles and polysoaps.5-7) 
This is of interest from the viewpoint that the reac­
tivity of coenzymes must a priori be very susceptible 
to the microenvironments of apoenzymes. In par­
ticular, the nucleophilic reactivity of some anions (in­
cluding thiolate anions such as glutathione and coen­
zyme A) is drastically enhanced in the presence of the 
cationic hydrophobic aggregates.7»8) This unusual ac­
tivation of anions is conceivably derived from the for­
mation of a "hydrophobic ion pai r" between the sur­
factant cation and the anionic nucleophile.9 '10) Since 
flavins are reduced by dissociated species of dithiol,1-3) 
it occurred to us that the efficiency of this biologically 
important reaction would be markedly affected by the 
hydrophobic environment. 

In this paper, we wish to report on the micellar 
effect on the reaction of isoalloxazines and 1,4-butane-
dithiol(BDT: an analogue of dihydrolipoic acid). Iso­
alloxazines chosen are 3-methyl-10-ethylisoalloxazine(l) 
and 3-hexadecyl-10-butylisoalloxazine(2). 

Isoalloxazine : 

R2 

I II I N 
11 R 

O K l 

(1) R ^ C H g - , R2 = CH3CH2-

(2) R1 = CH3(CH2)15-, 
R2 = CH3 (GH2) 3-

* Contribution No. 418 from this department. 

Surfactant : 

CTAB, CH3(CH2)15N+(CH3)3Br-
SDS, CH3(CH2)nOS03Na 
Brij-35, CH3(CH2)n(CH2CH20)2 3OH 

Exper imenta l 

Materials. 3-Methyl-10-ethylisoalloxazine(l) and 10-
butylisoalloxazine were supplied by Professor F. Yoneda(for 
preparation, cf. Ref. 11). 3-Hexadecyl-l 0-butylisoalloxazine 
was obtained by treating 10-butylisoalloxazine(130 mg: 0.5 
mmol) with hexadecyl iodide(176 mg: 0.5 mmol) at room 
temperature in iV,iV-dimethylformamide containing excess 
powdered K2CO3(500 mg). The progress of the reaction 
was monitored by the TLC method (silica gel-ethyl acetate). 
The insoluble parts were filtered off after two days, and the 
solvent was evaporated in vacuo. The residual brown oil was 
extracted with carbon tetrachloride, the extract being washed 
with an aqueous solution of 0.1 M NaOH and water, dried 
over anhydrous K2S04 . The reaction mixture was concen­
trated to dryness, and the yellow residue was recrystallized 
from ethanol-acetonitrile ; mp 77—80 °C. Found : C, 72.15 ; 
H, 9.44; N, 10.98%. Calcd for C30H46N4O2: C, 72.83; 
H, 9.37; N, 11.33%. 

1,4-Butanedithiol was distilled under N2 stream before use: 
bp 98—102 °C/17 mmHg (lit,12) bp 74.5 °C/10 mmHg). 
Hexadecyltrimethylammonium bromide was recrystallized 
from ethanol before use, and other surfactants (sodium dodec-
ylsulfate, Brij-35) were used without further purification. 

Titration of 1,4-Butanedithiol. The spectrophotometric 
titration was carried out under anaerobic conditions with a 
Thunberg cuvette. Absorbance at 240 nm(thiolate anion) 
was chosen. The detailed procedure has been described.7'13) 

Kinetics. All the kinetic measurements were carried 
out anaerobically at 30±0.1 °C at a calculated ionic strength 
(jH=0.06 with KCl) unless otherwise stated. The reactions 
were followed spectrophotometrically by monitoring the re­
duction of isoalloxazine (Amax, 433 nm for 1 and 440 nm 
for 2). The stock solution of BDT was prepared in ethanol 
just before the experiment. Since excess BDT was present 
in all the cases, the pseudo first-order behavior was ob­
served. The pH of the reaction mixture was confirmed 
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not to vary from pH measurements (TOA Digital pH 
Meter, Model HM-15A) before and after the reaction. 

R e s u l t s 

Spectrophotometric Titration of l,4-Butaneditiol(BDT). 
Prior to the kinetic measurements, the equilibrium con­
stants for the - S H ionization(Ä"a) were estimated in the 
absence and presence of the CTAB micelle. Since the 
critical micelle concentration (CMC) for CTAB is esti­
mated to be about 8 x l 0 _ 4 M under the present 
conditions,14) the titration for the latter system was 
conducted in the presence of 3 m M CTAB. The results 
are shown in Fig. 1. 

pH 

Fig. 1. Spectrophotometric titration of 1,4-butanedi-
thiol. [1,4-Butanedithiol]=2.20xl0-4M, /z=0.06 
with KCl. 
(O), [CTAB] = 3 .0x lO- 3 M; (# ) , CTAB was not 
added. 

Under the anaerobic conditions at p H 9.2—11.4, only 
one inflection point was observed. The titration curve 
monitored by the absorbance(OD) at 240 nm(thiolate 
anion) is expressed by Eq. 2, where s is the molar absorp­
tion coefficient of thiolate anion. The linear correla­
tion between aH and 1/OD240 is indicated by Eq. 3. 

OD240 = £ [ B D T ] ( - ^ W/ 
1 1 

+ 
«H 

(2) 

(3) 
OD240 e[BDT] ' e[BDT]#a 

Good linear relationships(r> 0.99) were observed for 
the treatment of the experimental data by Eq. 3. From 
the slope and the intercept, K& and e were determined: 
in the presence of CTAB (3 m M ) , pK& = \0A, e=3 .41 
X l 0 3 M - 1 c m - 1 ; in the absence of CTAB, pK&=\0.7, 
e=3 .30 X 103 M - 1 cm - 1 . According to Benesch and 
Benesch,15a> the molar absorption coefficients for al­
iphatic thiolate anions are (4—6) X 103 M _ 1 cm - 1 . The 
observed inflections may correspond to the first dissocia­
t i o n ^ ! ) of two SH groups.1513) T h e pÄ"al value was 
lowered in the presence of the CTAB micelle by ca. 
0.3 pK unit. 

Absorption Spectra of Isoalloxazines. Figure 2 shows 
absorption spectra of oxidized and reduced forms of 
isoalloxazines. The isoalloxazine 1 shows an absorp-

3 

Wavelength, nm 

Fig. 2. Spectra of oxidized and reduced forms of isoal-
loxaznes. [isoalloxazine] = 2.0 X 10"5 M, [CTAB] = 
3.0xlO" 3M, pH 10.05. 

, 1 and reduced 1 (l r ed); , 2 and reduced 
2 (2 red). Reduction was performed with 1.04xl0-3 

M 1,4-butanedithiol. 

tion maximum at 433 n m ( e = 14200 M _ 1 c m - 1 ) , the 
reduction by BDT giving a tight isosbestic point at 323 
nm. The spectra were hardly affected by addition of 
CTAB above C M C . At the completion of the reaction, 
admittance of 0 2 regenerate d 1 quantitatively. In the 
presence of the CTAB micelle(/lmax 440 nm, e= 11500 
M ~ 1 c m _ 1 ) , the spectrum of 2 shows distinct shoulders 
at 420 nm and 460—470 nm(Fig. 2), isosbestic points 
for the reduction by BDT appearing at 278, 324, 367, 
and 385 nm. Since similar shoulders are observable in 
organic solvents (acetonitrile, dioxane), the isoalloxazine 
ring of 2 should be present in the hydrophobic region 
of the micelle. 

Rate Measurements. With excess BDT, isoalloxa­
zine concentration as a function of time gave good pseudo 

1 2 3 

[1,4-butanedithiol] xlO3 , M 

Fig. 3. Pseudo-first order rate constant (kobsA) vs. [1,4-
butanedithiol] . 
[Isoalloxazine] = (1—3) x 10"5 M, [CTAB] = 3.0 X 10~3 

M, pH 10.05 + 0.02. 
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first-order plots up to 3 half-lives under all reaction 
conditions in the present work. When the concen­
tration of BDT was varied, plots of pseudo first-order 
rate constants(kohsd) against the BDT concentration 
showed linearity (Fig. 3), indicating that the reaction 
is of first-order with respect to the concentrations of 
isoalloxazine and BDT. The apparent second-order 
rate constants (k2') can be obtained by dividing kohsä 

by the total concentration of BDT. 
T h e apparent second-order rate constants at p H 

10.05+0.02 are given in Table 1. At this p H , the rate 
constant for the reaction of 1 and BDT was accelerated 
by a factor of 23 by the C T AB micelle. The rate for 
the reaction of 2 and B D T is further accelerated, being 
more than 400 times greater than that of 1 and BDT 
in a nonmicellar system. The results suggest that the 
cationic environments remarkably improve the electro-
philicity of isoalloxazine ring and/or the reductive ac­
tivity of the thiolate anion. 

The apparent second-order rate constants for the 
reaction of 1 and BDT are plotted against the concen­
tration of CTAB in Fig. 4. The plots give a sigmoidal 
curve : around the C M C , the rate constants rose rapidly 
with increasing the CTAB concentration. At optimal 
CTAB concentration (ca. 5 m M ) , 35 times rate aug­
mentation was observed. In contrast, addition of 
anionic (SDS) and nonionic(Brij-35) surfactants sup­
pressed the reaction above their C M C (Fig. 5). Thus, 

TABLE 1. APPARENT SECOND-ORDER RATE CONSTANTS 

AND pH m a x 

Isoalloxa- CTAB 
zine mM 

k2
f at 

pH 10.05 
M- 1 s-1 

le ' 
"•2 m a x 

M- 1 s-1 
P H r 

0 
3.0 
3.0 

0.904 
21.0 

375 

1.78 
32.0 

447 

10.9 
10.4 
10.3 

[surfactant] X 103, M 

Fig. 5. Apparent second-order rate constants for the 
reaction of 1 and 1,4-butanedithiol plotted as a function 
of anionic (SDS) and nonionic (Brij-35) surfactants. 
(A), SDS, pH 9,10±0.03; (D), Brji-35, pH 10.05± 
0.02. Other reaction conditions are recorded under 
Fig. 4. 

only the cationic micelle acts as a catalyst for the reac­
tion of 1 and BDT. 

Effects of pH, Salt Concentration, and Buffer Concentra­
tion. The logarithm of the apparent second-order 
rate constant is plotted as a function of p H in Fig. 6. 
Plots of log k2 vs. p H give bell-shaped curves.3-4) The 
p H values (pH m a x ) and the rate constants(A"2'max) at the 
rate maxima are summarized in Table 1. We see that 
the p H m a x values are lowered by 0.5—0.6 pK unit on 
addition of C T A B ( 3 m M ) . The maximal rate con­
stant for the reaction of 1 and BDT is enhanced 18 
times in the presence of the CTAB micelle and that 
of 2 250 times, as compared with that for 1 and BDT 
in a nonmicellar system. 

The rate of micelle-catalyzed system is influenced by 

[GTAB]xl03 , M 

Fig. 4. Apparent second-order rate constants for the 
reaction of 1 and 1,4-butanedithiol plotted as a function 
of CTAB. 
[1] = 3.01 X 10-5 M, [1,4-butanedithiol] = 1.05 x 10-3 

M, pH 10.05±0.02, /*=0.06 with KCl. 

2* CTAB 

pH 

Fig. 6. pH Dependence. 
[CTAB] = 3.0 X 10-3 M. pH was adjusted with KOH 
( 3 ) , carbonate (O), and borate ( # ) . Ionic strength 
was maintained at 0.06 with KCl. Dotted curves 
(theoretical pH-rate profiles) are obtained from Eq. 6. 
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"0 0.1 0.2 0.3 

[salt], M 

Fig. 7. Effect of ionic strength and buffer concentra­
tion on the reaction of 1 and 1,4-butanedithiol. 
pH 10.05±0.03, [GTAB] = 3 .0xlO- 3 M. (O), Car­
bonate; (# ) , carbonate without CTAB; ( • ) , KCl; 
(A), K2S04 . pH of the latter two systems was main­
tained with 0.06 M carbonate. 

the salt concentration of the reaction medium. T h e 
second-order rate constants for the reaction of 1 and 
BDT in the presence of the GTAB micelle are suppres­
sed by increase in salt concentration (KCl, K 2 S 0 4 ; 
Fig. 7). Increase in the carbonate buffer ( K H C O a -
K 2 G0 3 ) concentration does not retard the reaction as 
conspicuously as KG1 and K 2 S 0 4 . As shown by Gas-
coigne and Radda1) and Loechler and Hollocher,3) the 
flavin oxidation of dithiol is subjected to general cat­
alysis. In the present system, the reaction of 1 and 
BDT in a nonmicellar system was slightly accelerated 
with increasing carbonate buffer concentration (black 
circles in Fig. 7) ; third-order rate constant for general 
catalysis (i.e., slope for the plots of black circles), 1.3 
M _ 2 s _ 1 . Supposedly, the micelle-catalyzed reaction is 
also subjected to general catalysis. The increase in 
carbonate buffer concentration would provide two op­
posing effects : the rate deceleration due to the increas­
ed ionic strength and the rate acceleration due to the 
increased local concentration of bicarbonate ion as an 
acid around the micelle surface. As a result, the rates 

would become less susceptible to the change in buffer 
concentration. 

D i s c u s s i o n 

Micellar catalysis provides suitable model systems of 
the enzymatic catalysis.16'17) Micelles can influence 
rates and equilibria of biologically important reactions. 
The micellar environment evaluated with the fluorescent 
emission is akin to that of the active site of enzymes.17»18) 
Thus, it seems significant to assess the influence of the 
micellar enviroments on the enzyme-like reactions, 
especially on the coenzyme-dependent reactions. 

One of the most significant findings on the micellar 
catalysis would be the unusual enhancement of nucle-
ophilicity of a variety of anionic species when they are 
bound to the cationic micellar and polymer micellar 
phase.8 '10) In studies on nucleophilic reactions of thio­
late anions, we found that the thiolate anion bound to 
the cationic micellar phase is very susceptible to air 
oxidation.7»13) This suggests that the formation of the 
hydrophobic ion pair would enhance not only the 
nucleophilicity but the reactivity as a reducing agent. 
This led us to investigate the effect of micellar environ­
ments on the oxidation-reduction reactions containing 
thiol groups. 

T h e most plausible mechanism for the reaction of 
flavins and dithiols is the formation of adduct followed 
by the nucleophilic attack of intramolecular thiolate 
anion. The free radical mechanism can be disregarded 
on the basis of kinetic evidence.3 '4) Two kinetically 
equivalent mechanisms were suggested: (i) nucleo­
philic attack by thiolate anion on G (4a), aided by a 
general acid catalysis at N(5)(£4 a process in Eq. 4), 
and (ii) nucleophilic attack on N(5) (k5 process) followed 
by 5-^4a migration of RS+(£M process).** 

According to Loechler and Hollocher,3) buffer cat­
alysis is observed only when the 4a-addition(z.<?., £4a 

process) is involved in the rate-limiting step. This is 
based on the fact that the negative charge on N(5) 
developed by 4a-addition is energetically unfavorable 
( p # a « 2 4 ) , unless the adduct formation is aided by acid 
catalysis. The present system is buffer-catalyzed in the 
absence and probably in the presence of the CTAB 
micelle(Fig. 7). Therefore, mechanism (i) is not in­
compatible with the present kinetic situation. 5-Addi­
t i o n ^ . , mechanism (ii)) is presumed not to be buffer-

II 5 I 

AH HS- ' 

II I 
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This mechanism was proposed for the reaction of flavins and monothiols.4) 
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catalyzed, since the anionic charge is developed on 
N ( l ) , the pK& of which is much lower («6.6).1 9) If 
5-adduct is formed, 5->4a migration of RS+ becomes 
obligatory prior to breakdown(kB process). Since the 
reaction which yields the cationic charge in the transi­
tion state is extremely suppressed by the cationic micel­
le,5»6) the migration should be significantly inhibited by 
the CTAB micelle. However, the CTAB micelle acts 
as catalyst for the isoalloxazine oxidation of BDT. 
Thus, mechanism (ii) is unlikely in the present system. 

Similar reaction orders and pH-rate profiles observed 
for the micellar and nonmicellar systems indicate that 
the reaction mechanism is not essentially changed by 
the micelle. The result of spectrophotometric titration 
of BDT shows that the p ^ a l is lowered by 0.3 pK unit 
in the presence of the GTAB micelle. p H m a x values 
(Table 1) are lowered by 0.5—0.6 pK unit. T h e lower­
ing of pA"a is generally observed for anionic species 
bound to the cationic micelle,9»13»20) and such anions 
are greatly activated with no apparent exceptions. For 
example, the nucleophilic reaction of coenzyme A and 
j£>-nitrophenyl acetate is accelerated by a factor of 290 
in the presence of the CTAB micelle, the pK& being 
lowered by 0.5 pK unit as compared with the cor­
responding value in a nonmicellar system.7) O n the 
other hand, spectral data(Fig. 2) indicate that 1 is not 
much concentrated in the micellar phase. Thus, the 
rate increase for the reaction of 1 and B D T would be 
attributed to the concentration of BDT in the micellar 
phase and to the enhanced nucleophilicity of BDT 
anion therein. 

T h e 18—23 fold rate augmentation in 1 oxidation 
of B D T seems rather small. I t has been shown that 
1 oxidation of monothiols shows a remarkable rate 
enhancement by a factor of 102—105 times.21) Some 
mechanistic difference between monothiol and dithiol 
may cause the different susceptibility to the micellar 
catalysis. Possible interpretation might be as follows. 
(i) T h e kB process is presumed to be rate-limiting for 
flavin oxidation of monothiol.3»4) Since the kB process 
is a simple nucleophilic attack on flavin-S- by R S - , 
the rate would directly reflect the enhanced nucleo­
philicity of RS~. O n the other hand, the A:4a process, 
a rate-limiting step for dithiol,3) is a nucleophilic attack 
concerted with acid catalysis. In most cases, the cat­
ionic micelle retards acid catalyzed reactions.5»6»22»23) 
Therefore the total reaction rate would not be greatly 
enhanced despite the favorable influence on the nucle­
ophilicity. (ii) The monoanion of BDT is subjected to 
micellar activation to a smaller extent due to the intra­
molecular hydrogen bond with the undissociated SH 
group. There is a precedent that reactivity of naked 
anion in aprotic environment is efficiently quenched by 
a single intramolecular hydrogen bonding.24) Micellar 
desolvation of anion stabilized by intramolecular hydro­
gen bonding might be considerably difficult. 

Isoalloxazine 2 is scarcely soluble in an aqueous solu­
tion. The isoalloxazine ring of 2 resides in relatively 
hydrophobic region of the micelle (Fig. 2). Both 1 + 
GTAB and 2 + G T A B systems employ similar p H m a x 

(10.4 and 10.3, respectively), indicating that both sys­
tems oxidize similar species of BDT. Thus, a mecha­
nistic change in the 2 + G T A B system is hardly expected. 

The rate increase in this system could be derived from 
the concentration effect of 2 in the micellar phase and 
the facilitation of flavin oxidation due to the change 
in the oxidation potential of 2. The latter conjecture 
is supported by the fact that flavin oxidation is more 
facile in dipolar aprotic solvents25) to which the cationic 
micellar environment is said to be akin.17) 

The requirement of a general acid catalysis for 4a-
addition is discussed by Bruice et al.*'2*'27) in detail on 
the basis of the libido rule of Jencks.28) Since H 3 0 + 
catalysis is completely inhibited by the cationic micelle 
when the substrate is buried in the micellar phase,6) 
H 3 0 + dependent processes (ks and k& in Loechler and 
Hollocher's scheme) should be disregarded in the cat­
ionic micellar system. Thus, acid species present in 
the cationic micellar solution are H a O , buffer acid, and 
intramolecular SH group. When the reaction system 
is buffered by H 2 0 - O H ~ , intramolecular SH group 
would play the role of a general acid(Eq. 5). 

Nv 
II I 

/ \ N ^ 

*/ I 
\ S - ^ 

xA / N N 

/\N/h 
H Sx 
-s-J 

(5) 

If the reaction is of first-order in BDT monoanion as 
expressed by r>0bsd=A;2[HS(CH2)4S_][isoallozaxine], the 
corresponding pH-ra te profile is given by 

k2' = k2anK&l/(an2 + anK&1+K&lK&2) (6) 

where k2 denotes a true second-order rate constant. 
Theoretical curves (Fig. 6, dotted line) derived from 
Eq. 6*** show that the experimental data satisfy Eq. 
6 at p H > p H m a x , while the observed rate is greater at 
p H < p H m a x . In the latter p H region, buffer acid 
would significantly contribute to the observed rate. 

In conclusion, the reactivity of BDT as a reducing 
agent is remarkably enhanced in the presence of the 
cationic micelle, and the electrophilicity of isoalloxazines 
can be affected by the micellar environements. 

The authors express their thanks to Professor F. 
Yoneda for his valuable discussion. They also express 
their appreciation to Miss R. Ando for technical as­
sistance. 
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5-Fluorouracil Derivatives. I. The Synthesis of l-Carbamoyl-5-fluorouracils 
Shoichiro O Z A K I , * Yoshimasa I K E , Haruo M I Z U N O , Katsutoshi ISHIKAWA, and Haruki M O R I 

Research Center, Mitsui Toatsu Chemicals, Inc. Kasama-cho, Totsuka-ku, Yokohama 247 
(Received February 21, 1977) 

The toxicity and tumor affinity of 5-fluorouracil (1) have been modified by the introduction of a carbamoyl 
group. Carbamoylation by three general methods were studied extensively : (i) The reaction of I with isocyanate, 
(ii) the reaction of l-chloroformyl-5-fluorouracil with amine, and (iii) the reaction of 1 with carbamoyl chloride. 
These three methods usually give l-carbamoyl-5-fluorouracils (2). 3-Garbamoyl-5-fluorouracils were not obtained 
by any method. The 2 substances take a hydrogen-bonded structure in chloroform, a non hydrogen-bonded 
structure in DMSO at 80 °G, and mixed structures in DMSO at 25 °C. Thirty-six homologues shown by 2 were 
prepared all of these compounds showed antitumor activity. Of them, l-hexylcarbamoyl-5-fluorouracil (HGFU) 
appeared to be the most promising antitumor agent when administered orally in that HGFU retains well balanced 
lipo- and hydro-philicity, is stable in acid in the stomach, and moreover, decomposed moderately in a tumor. 
Isocyanate was obtained from the reaction of amine with trichloromethyl chloroformate (TCF) by simply 
heating these two reagents in toluene; this offers a convenient new method for synthesizing isocyanate from amine. 
Several new isocyanate were obtained from amino acids. 

As the combination of long-standing research on iso­
cyanate chemistry1) and the synthetic work on 5-fluoro­
uracil derivatives, searching for useful products, the 
reaction of isocyanate with 5-fluorouracil (1) has been 
studied in detail; it has led to the discovery of the 
powerful ant i tumor agents.2) 

1, though an effective ant i tumor agent,3) has a strong 
toxicity and poor tumor affinity. Chemical modifica­
tions of 1 by introducing /5-cyanoethyl,4) 2-tetrahydro-
furyl,5) 2-oxo-3-tetrahydrofuryl,6) /?-amino-/?-carboxy-
ethyl,7) methyl,8) hydroxy,9) benzyloxy,9) 2,3-dihydroxy-
propyl,10) acyl,11) alkyl- and aryl- sulfonyl,11) and alkoxy-
carbonylmethyl12) groups have been reported. How­
ever many of these masked compounds have no or only 
weak activities toward tumors, because the chemical 
bonds between 1 and the substituents are too strong 
to undergo biodégradation. Some of the 5-fluorouracil 
derivatives retaining weakly bonded substituents, 
though, show no difference in action toward tumors 
when compared with 1 itself. 

In order to adapt the biological activities of 1 for 
practical purposes, especially for oral administration, 
hundreds of new structual analogs have been synthesized. 
The anti tumor activities of these compounds were 
examined at the Pharmacology Division, National 
Cancer Center Research Institute, Tokyo. Some of the 
screening results for biological activity have been 
published.13,14) In the present paper we wish to 
report the synthesis of l-carbamoyl-5-fluorouracils (2) 
in detail. 

Although the reaction of uracil and isocyanate has 
been reported to be sluggish,15) the treatment of uracil 
with methyl isocyanate in a dimethyl sulfoxide solution 
gave 1-methylcarbamoyluracil.16) We have extensively 
explored the reactions of 1 with isocyanate, with phos­
gene and amine, and with carbamoyl chlorides, and 
have obtained a number of 2 substances by three general 
synthetic methods. 

Method 1. 
affords 2. 

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

T h e reaction of 1 with isocyanates 

O 

H N / \ / F 
I II 

H 

+ RNGO 

Scheme 1. 

O 

H N / \ / F 
I II 

0 = C-NHR 

This reaction was originally carried out in N,N-di-
methylformamide. However, our thorough study of 
the solvent effect revealed that pyridine (Method 1-A) 
was the best solvent and that the reaction proceeded 
almost quantitatively. In other solvents, such as N, 
N-dimethylacetamide (Method 1-B) and dimethyl sul­
foxide (Method 1-C), however, the yield does not ex­
ceed 7 0 % as is shown in Table 1. T h e best reaction 
temperature is 90—100 °C. The best molar ratio of 
isocyanate/1 is 1.5. The reaction is catalyzed by organ­
ic bases, such as triethylamine, triethylenediamine, and 
DBU ( 1,8-diazabicyclo[5.4.0]undecene-7). 

This method gives products of the best quality and 
in good yields as well. l-Arylcarbamoyl-5-fluorouracil 
is obtained only by this method. I t is known11) that 

TABLE 1. SOLVENT EFFECTS ON THE CONVERSION OF 

5-FLUOROURACIL TO L-HEXYLCARBAMOYL-5-FLUOROURACILA> 

Solvent 

Pyridine 

N, iV-Dimethylfor mamide 

iV,iV-Dimethylacetamide 

Dimethyl sulfoxide 

Hexamethylphosphoric tr iamide 

o-Dichlorobenzene 

Triethylamine 

N, iV-Dimethylaniline 

Quinoline 

Acetonitrile 

Ni t romethane 

Conversion1^ (%) 

99 

70 

70 

40 

60 

40 

trace 

60 

60 

70 

70 

To whom correspondence should be addressed. 

a) The rc-C6H13NCO-to-5-fluorouracil molar ratio was 
1.5. The reaction was carried out at 90 °C for 2 h. 
b) The conversion was measured by comparing the 
TLG spots of premixed 5-fluorouracil and 22. 
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the reaction of 1 with an electrophile like alkyl chloride 
introduces substituents at the 3- and 1-positions of 1. 
However, 3-carbamoyl-substituted 5-fluorouracils (3 and 
4) were not obtained by the treatment of 5-fluorouracils 
with isocyanate, even when a higher temperature, a 
large excess of isocyanate, or a catalyst such as triethyl­
amine was employed. This may result from the acidic 
character of the proton on the nitrogen at the 3-posi­
tions of 1 and 2, or from the easy dissociation of once-
formed carbamoyl groups at the 3-positions of 3 and4. 

1 + RNGO 

1 
i 

H ? 
R N C O - N / \ / F 

O ^ N / 
H 

3 

>• 

Scheme 

2 
| + RNCO 

i 
H ? 

R N G O - N / \ / F 
i ii 

2. 

i II 

0=CNHR 
4 

Method 2. Phosgene can be condensed with 1, 
but the resulting 1-chloroformyl-5-fluorouracil (5) is too 
unstable to be isolated; nevertheless, it is stable enough 
in a basic solvent such as pyridine at low temperatures. 
Accordingly, 5 treated with aliphatic amines in situ 
afforded 2. 

1 + GOGl2 

O 

H N / \ / F 
I II 

0 / \ N / 

0=C-G1 
5 

RNH2 

^ 2 

Scheme 3. 

O n the contrary, aromatic amine does not react with 
5, indicating that a strong basicity is necessary for the 
amine to react with 5. 

In this reaction, a small amount of triethylamine in­
creases the yield, while excess amines lower the yield, 
because of the following further reaction: 

2 + RNH2 > 1 + RNHGONHR 

Method 2, shown in Scheme 3, is a convenient method 
to prepare 2, as amine is more easily available than iso­
cyanate. One more practical advantage is that amines 
retaining a hydroxy moiety, like thyrosine, 6, can con­
dense with 5. 

5 + H2N-CHCHa 

GOOGH3 

6 

o OH 

O 
H N / \ / F 

I II 

0 = C - N H C H G H 

GOOGHo 
- < _ > - O H 

The carbamoyl uracil (7) can not be obtained by 
Method 1, because hydroxy isocyanate can not be pre­
pared. 

Method 3. Amine and phosgene condense to give 
carbamoyl chloride. T h e carbamoyl chloride of secon­
dary amine (8) reacted with 1 to give l-(iVr,i\^-disubsti-
tuted carbamoyl)-5-fluorouracil (9). 

When an excess of carbamoyl chloride (8) was em­
ployed, l,3-dicarbamoyl-5-fluorouracil (10) was also 
produced, along with 1 -carbamoyl-5-fluorouracil (9). 

Rv 

R / 

Rv O 
NH + COGl2 > NCG1 -

R / 

O 

H N / N \ / F 

0 ' / \ N / 

0 = C-NR2 

9 

8 

+ 

Scheme 5 

R2N-

—> 

O O 

- C - N / \ / F 
1 II 

O ^ N / 

0 = C - N R 2 

10 

The carbamoyl chloride of primary amine (11) and 
1 do not give 2, even in the presence of triethylamine 
at low temperatures, but they do give 2 in low yields 
at a high temperature (80 °C). 

RNH2 + COGL RNHCOG1 -> 2 

t 
-• R-NGO 

Scheme 4. 

11 

Scheme 6. 

The nucleophilicity of 1 is too weak to attack the 
carbonyl of 11 at low temperatures. At a high tem­
perature (80 °C), 11 decomposes to isocyanate, and 
eventually the isocyanate reacts with 1 to give 2. 

The structure of 2 was confirmed by elemental 
analysis and by its infrared and N M R spectra.** 

In a polar solvent like dimethyl sulfoxide, the 2 
substances take two mixed structures at room tempera­
ture, as is shown in Fig. 1 and Table 3. These two 
structures are presumed to be a hydrogen-bonded16) 12 
and a non hydrogen-bonded structure, 13. 

With an increase in the temperature, 13 predominates 
over 12, as polar dimethyl sulfoxide affects the hydrogen 
bond unfavorably. At 80 °C, for example, 1-hexylcar-
bamoyl-5-fluorouracil (22) mostly exists in the form of 

** The position of substituents was clearly distinguished 
on the basis of UV at varying pH and NMR spectra 
of 1-alkoxymethyl-, 3-alkoxymethyl-, and l,3-bis(al-
koxymethyl)-5-fluorouracils. The NMR spectra of 1-
substituted uracils showed a sharp doublet at around 
7.5 ppm due to C6-H (coupling with F), while non-
substituted and 3-monosubstituted uracils gave the 
corresponding triplets (coupling with F and Nx-H) at 
around 8 ppm. A fuller account will be given in 
detail in the third article of this series. The NMR 
spectrum of 2 showed a doublet due to G6-H, indicating 
the 1-carbamoyl structure. 
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Gompd 

15~~ 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

R2 

GH3 

G2H5 

G3H7 

I -C.H, 

ra-C4H9 

*-C4H9 

« - C 5 H n 

rc-C6H13 

n-C7H1 5 

n-C8H1 7 

n-C1 2H2 5 

«-C18H37 

cyc lo -C 6 H n 

C H 2 C 6 H 5 

CrLjCHaCgiLj 

CH2—Cri=CH2 

C H = C H a 

C O C 6 H 5 

G 6 H 5 

o-CHj-CgHj 

0 -NO 2 -C 6 H 4 

(CH2)6*> 

m-CH2C6H4CH a
b> 

G H 2 G O O G H 3 

C H 2 C H 2 C O O C a H 5 

G H G H 2 G 6 H 5 

G O O G H 3 

C H C H 2 C 6 H 5 

G O O G 2 H 5 

C H G H 2 C 6 H 5 O H ( p ) 

C O O C 2 F L 

T A B L I 

Synthetic 
method 

1-C 

1-B 

1-B 

1-B 

1-B 

1-B 

1-B 

1-A 

1-B 

1-B 

2 

1-B 

1-B 

1-A 

1-A 

2 

1-A 

1-A 

1-C 

1-C 

1-C 

1-A 

1-A 

1-A 

1-A 

1-A 

1-A 

2 

: 2. 1-GARBAMOYL-5-

Yield 
% 

86.1 

65.1 

80.1 

61.5 

72.3 

50.2 

40.2 

95.0 

58.4 

53.2 

60.1 

62.1 

55.2 

91.8 

58.9 

31.8 

70.3 

28.1 

81.4 

73.4 

46.0 

89.0 

50.2 

70.5 

86.5 

92.1 

92.1 

25.8 

Mp 
°C 

170 

165 

145 

145 

137 

108 

117 

110—111 

103 

98—100 

107—108 

107—108 

156—157 

177—178 

161 

130—131 

150—160 

168 

280 

280—283 

216—242 

172—173 

178—180 

149—150 

151—153 

64— 65 

55— 56 

76— 78 

FLUOROURACILS 

Molecular 
formula 

C6H6FN303 

C7H8FN303 

C8H10FN3O3 

C8H10FN3O3 

C9H12FN303 

G9H l aFN303 

C10H14FN3O3 

G nH 1 6FN 30 3 

C12H18FN303 

Gi3H20FN3O3 

C17H28FN303 

C23H40FN3O3 

G nH 1 4FN 30 3 

C12H10FN3O3 

G13H12FN303 

C8H8FN303 

C7H6FN303 

C12H sFN304 

C n H 8 FN 3 0 3 

C12H10FN3O3 

C u H 7 FN 4 0 5 

G16H18FaN606 

G18H14F2N606 

G8H8FN305 

C10H12FN3O5 

C15H14FN305 

C16H16FN305 

C16H16FN306 

O 

H N / \ / F 
1 II 

O ^ N / 

0 = C N < ^ 

G 

38.23 
(38.51) 
41.41 

(41.80) 
44.61 

(44.65) 
44.29 

(44.65) 
47.29 

(47.16) 
46.99 

(47.16) 
49.56 

(49.38) 
51.19 

(51.36) 
53.37 

(53.13) 
55.12 

(54.72) 
59.20 

(59.80) 
65.25 

(64.91) 
52.14 

(51.76) 
55.45 

(55.75) 
56.73 

(56.32) 
44.76 

(45.08) 
41.95 

(42.22) 
52.21 

(51.99) 
52.83 

(53.02) 
55.15 

(54.75) 
45.32 

(44.91) 
44.90 

(44.87) 
48.22 

(47.70) 
39.19 

(39.12) 
43.96 

(44.12) 
53.73 

(54.13) 

55.01 
(55.41) 

52.60 
(52.90) 

(Ri = H) 

Found 

H 

3.22 
(3.23) 
4.12 

(4.01) 
4.76 

(4.65) 
4.60 

(4.65) 
5.32 

(5.28) 
5.76 

(5.28) 
5.81 

(5.80) 
6.37 

(6.23) 
7.02 

(6.69) 
7.42 

(7.07) 
8.35 

(8.27) 
9.81 

(9.41) 
5.72 

(5.49) 
4.10 

(3.83) 
4.48 

(4.36) 
3.57 

(3.78) 
3.03 

(3.04) 
3.21 

(2.91) 
3.19 

(3.24) 
3.97 

(3.85) 
2.87 

(2.40) 
4.38 

(4.24) 
3.15 

(3.40) 
3.29 

(3.27) 
4.43 

(4.38) 
4.21 

(4.34) 

4.62 
(4.92) 

4.41 
(4.59) 

[Calcd) % 

F 

10.10 
(10.15) 

9.46 
(9.44) 
8.67 

(8.84) 
8.98 

(8.84) 
8.18 

(8.29) 
8.41 

(8.29) 
7.57 

(7.81) 
7.27 

(7.39) 
7.02 

(7.00) 
6.33 

(6.65) 
5.52 

(5.56) 
4.06 

(4.46) 
7.02 

(7.45) 
7.05 

(7.21) 
6.86 

(6.85) 
8.51 

(8.91) 
9.25 

(9.54) 
7.22 

(6.85) 
7.64 

(7.63) ( 
7.02 

(7.22) ( 
6.03 

(5.46) ( 
8.39 

(8.87) ( 
8.46 

(8.05) ( 
7.75 

(7.50) ( 
6.95 

(7.03) ( 
5.67 

(5.61) ( 

5.44 
(5.18) ( 

5.00 
(4.57) ( 

N 

22.31 
:22.46) 
20.72 
[20.89) 
19.81 

[19.53) 
19.26 

[19.53) 
18.80 

;i8.33) 
18.78 

;i8.33) 
17.02 

:i7.28) 
16.60 

;i6.34) 
15.36 

;i5.49) 
14.34 

[14.73) 
11.92 
12.31) 
9.72 

(9.87) 
16.17 

;i6.47) 
16.30 
15.96) 
15.66 

;i5.16) 
19.27 

J9.71) 
20.90 
[21.09) 
14.79 
15.16) 
16.43 
16.86) 
15.67 
15.96) 
18.62 
19.04) 
20.00 
;i9.61) 
18.51 

[18.05) 
17.14 

;i6.90) 
15.38 
15.42) 
12.33 
11.94) 

12.03 
12.48) 

10.82 
10.50) 
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TABLE 2. (Continued) 

Compd 

43 

44 

45 

46 

47 

48 

49 

50 

51 

R2 

CFfCH2CH2SCH3 

COOCaH5 

CHGH2GH(CH3)2 

COOGHg 

Synthetic 
method 

1-A 

1-A 

GHGH2GH2GOOGH3 2 

GOOGH3 

Rj = R2 = GH3 

R1 = R2 = G2H5 

Rx = R2 = G6H5 

3 

3 

3 

Rj = R2 = GH2GH2G1 3 

R i = R 2 = C 6 H 1 3 

l,3-Bis(CaH6)a°> 

3 

3 

Yield 
% 

73.2 

87.6 

78.5 

71.1 

75.5 

70.8 

43.7 

52.8 

31.0 

Mp 
°G 

104—105 

95— 96 

59 

194—196 

157—160 

256—258 

176—177 

88 

147—148 

Molecular 
formula 

C12H16FN305S 

C12H16FN305 

C12H14FN307 

C7H8FN303 

C9H12FN303 

G17H12FN303 

C9H10Cl2FN3O: 

C17H28FN303 

G14H21FN404 

G 

43.24 
(43.27) 

47.84 
(47.92) 

43.51 
(43.51) 

41.80 
(41.71) 
47.16 

(47.23) 
62.77 

(63.05) 
36.26 

(36.06) 
59.81 

(60.03) 
51.21 

(51.11) 

Found (Calcd) % 

H F 

4.84 
(4.99) 

5.35 
(5.44) 

4.26 
(4.27) 

4.01 
(4.13) 
5.28 

(5.27) 
3.72 

(3.80) 
3.38 

(3.36) 
8.27 

(7.82) 
6.45 

(6.44) 

5.70 
(5.69) 

6.31 
(5.91) 

5.73 
(5.46) 

9.44 
(9.24) 
8.29 

(8.11) 
5.84 

(5.96) 
6.37 

(6.14) 
5.57 

(5.30) 
5.80 

(5.75) 

N 

12.61 
(12.31) 

13.95 
(13.94) 

12.69 
(12.52) 

20.89 
(20.93) 
18.33 

(18.09) 
12.92 

(12.69) 
14.09 

(13.95) 
12.30 

(11.98) 
17.06 

(16.87) 

a) Prepared from hexamethylene 
(diethy Icar bamoy 1) - 5-fluor our acil. 

diisocyanate. b) Prepared from m-xylene-a,a'-diyl diisocyanate. c) 1,3-Bis-

HN^VF 

/J 
I 

0=C-NHR 

Cf i-H(12) 

13 

13. In a poorly solvating chloroform, only the 12 struc­
ture is observed at 25 and 60 °G. The ratio of 12 
to 13 can be calculated based on the peak-intensity 
ratio of two doublets at 8.38 ppm ( 7 = 8 Hz, C 6 - H of 
12) and at 7.70 ppm {J=6 Hz, C 6 - H of 13), or the 
ratio of two broad triplets at 9.11 ppm (J =6 Hz, N 8 - H 
of 12) and 5.68 ppm ( / = 6 H z , N 8 - H of 13). 

In contrast to the fact that the 2 substances decompose 
gradually in neutral water, they are generally resistant 
to acid hydrolysis because of their hydrogen bonding. 
Especially alkylcarbamoyl compounds like 22 are strong­
ly resistant to acid hydrolysis. Indeed, their dormant 
nature in acid conditions suggests a possible applica­
tion as oral administrative drugs which can survive acid 
in the stomach. 

l-Alkylcarbamoyl-5-fluorouracil (2) can be absorbed 
into the blood. The lipophilic alkyl group of 2 helps 
it reach tissues or a tumor, and it moderately decom­
poses into 1 or other metabolites in tumor cells where the 
p H is nearly neutral. 

The anti tumor activities of 2 were evaluated by Hoshi 
et a/.13»14) by oral administration along with two re­
ference compounds, 1 and l-(2-tetrahydrofuryl)-5-
fluorouracil (FT-207). The compounds tested in the 
L-1210 system were methyl-, ethyl-, isopropyl-, phenyl-, 
hexyl- and cyclohexyl-carbamoyl-5-fïuorouracil; the 
therapeutic ratios (ILSmax/ILS3 0) of these compounds 
were 1.9, 2.2, 2.3, 1.0, 4.5, and 3.3 respectively, while 

C6-H(12) 

C5-H(13) N 8 _ H ( 1 3 ) 

C6-H(13) 

N3-H(13) 
C 6 - H (12) N„-H(13) 

13 12 11 10 9 8 7 6 5 4 

Ô (ppm) 

Fig. 1. Partial *H NMR spectra of 1-hexylcarbamoyl-
5-fluorouracil. 
A : In CDC13 solvent at 25 °G (hydrogen-bonded 

structure 12), 
B : in DMSO-4. solvent at 25 °G (60% 12 and 

40% 13), 
G : in DMSO-rf6 solvent at 80 °C (non hydrogen-

bonded structure 13). 

those of the two reference compounds were 1.7 and 1.0. 
Among these compounds 22 showed the most effective 
results. T h e therapeutic ratio in the G-1498 system 
of 22 was 11, while those of 1 and FT-207 were 3.3 and 
2.5 respectively. 22 was also showed activities toward 
solid tumors like Nakahara Fukuoka sarcoma and adeno-
carcinoma-755, and ascites tumors like sarcoma- 180A, 
and was moderately active against Ehrlich ascites car­
cinoma. This compound had a wider tumor spectrum 
than 1 and FT-207 upon oral administration. 
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Gompd 

15 

15 
16 
17 
17 
18 
19 
20 
21 
22 
22 
22 
23 
23 
24 
25 
26 
28 
29 
30 
32 
36 
37 
38 

39 

40 
41 

42 

43 

44 

45 
46 

47 
48 
49 
50 

GH3 

1.12 
0.88 
0.95 
1.10 
0.96 
1.37 
0.91 
0.93 
0.87 
0.87 
0.89 
0.88 
0.90 
0.90 
0.88 

3.72, 
3.67 
1.21 

3.76 
1.41 

1.29 

1.33, 
2.13 
1.0, 
3.82 
2.30 
2.90, 
2.96 
1.18 

0.90 

S. OZAKI, Y. IKE, H. MIZUNO, K. 

TABLE 3. XH NMR 

CH2 

1.48 
1.68 

1.56 

1.47 
1.47 
1.28 
1.28 
1.45 
1.31 
1.37 
1.28 
1.27 

2.70 
5.3 

1.32 

2.56, 
4.1 
3.18 
3.15, 
4.15 
3.07, 
4.29 
2.4, 
4.3 
1.78 

3.76 

3.80 
1.30 

a) Hydrogen-bonded. 
g) Pyridine-^. 

Carbamoyl groups 

CHreNH 

2.52 nh 
2 .83h 
2.55 
3.30 
3.14 
3.38 
3.75 
3.45 

3.42 
3.44 
3.17 
3.10 
3.42 
3.23 
3.34 
3.43 
3.40 
4.55 
3.27 
4.20 

3.30 
4.52 
4.71, 
3.85 
4.2 

4.85 
4.23 

4.73 

4.75 

4.65 

4.55 

3.27 

3.30 

b) Non-hyd 

SPECTRAL 

h,a> nh,b> 
NHC=0 NHC=0 

9.01 

— d ) 

9.10 
9.32 
9.09 
9.02 
9.19 
9.33 
9.11 
9.15 
9.11 

— 
9.15 
9.21 
9.26 
9.12 
9.00 
9.67 
— 

9.72 
4.33 

— 
9.65 
9.98 

9.42 

9.65 
9.65 

9.45 

9.65 

9.75 

9.57 

5.68 

5.49 
5.65 
5.80 
— 

5.45 
— 
— 
— 
— 

5.68 
5.47 
— 

5.73 

— 
— 
— 

5.97 
— 
— 
— 
— 

6.60 

6.06 

— 

— 

— 

— 

— 

— 

DATA OF 

h°) 

38 

0 
64 
51 

100 
41 

100 
100 
100 
100 
66 

0 
100 
73 

100 
100 
100 
100 

0 
100 
100 

100 
50 

65 

100 
100 

100 

100 

100 

100 
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y 

N3-H 

11.23 

— 
11.32 
11.56 

— 
— 
— 
— 
— 
— 

11.20 
10.70 

— 
— 

12.44 
— 
— 
— 
— 
— 

12.02 
— 

12.38 
12.00 

11.60 

10.14 
— 

— 

— 

11.90 

— 

— 

— 
11.85 
12.20 
9.50 

Irogen-bonded. c) (h/h + nh) X 100. 

Uracil rings 

h, G6-H nh,C6-H 

8.37 

— 
8.37 
8.50 
8.58 
8.38 
8.62 
8.48 
8.63 
8.62 
8.38 
8.28 
8.60 
8.47 
8.47 
8.60 
8.59 
8.46 

— 
8.75 
8.31 

— 
8.47 
8.49 

8.46 

8.43 
8.43 

8.33 

8.54 

8.50 

8.50 
— 

— 
— 
— 

— 

7.71 

7.58 
7.72 
7.82 
— 

7.73 
— 
— 
— 
— 

7.70 
7.50 
— 

7.78 
— 
— 
— 

7.75 
7.76 
— 
— 

7.78 
— 

7.81 

7.78 

6.55 

— 

— 

— 

— 

7.96 

8.15 
8.45 
8.18 
7.48 

d) Not detected, e) 

x 

M%) 

41 

0 
67 
44 

100 
43 

100 
100 
100 
100 
59 
8 

100 
67 

100 
100 
100 
95 
0 

100 
100 

0 
100 
54 

72 

100 
95 

100 

100 

100 

100 
0 

0 
0 
0 
0 

[Vol. 

Temp, 
°G 

2 5 ~ 

80 
25 
25 
25 
25 
25 
25 
25 
25 
25 
80 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 

25 
25 

25 

25 

25 

25 
25 

25 
25 
25 
25 
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Solvent 

De> 

D 
D 
D 
Cf> 
D 
G 
C 
G 
C 
D 
D 
C 
D 
C 
G 
G 
D 

D + H 2 0 
p g ) 

D 
D + H 2 0 

D 
D 

D 

G 
D 

C 

G 

C 

C 
C 

C 
D 
D 
C 

CDC13. 

In one continuing research on anti tumor drugs a 
convenient new method of preparing isocyanate was also 
found. Isocyanates are obtained by the treatment of 
amines with trichloromethyl chloroformate (TCF)17> in 
toluene at 100—110 °C, followed by distillation. In this 
reaction, the use of amine hydrochloride is preferable 
to avoid the formation of 1,3-disubstituted urea. When 
free amine is used, amine and T F C must be added to 
the solution so that the T C F is in excess in solution. 
Otherwise, heating at a high temperature for a long 

time is necessary for disubstituted ureas to react with 
T G F . By this method, several new isocyanates, 52— 
55, were prepared.18) 

Exper imenta l 

The melting points were recorded on a Biichi melting-point 
aparatus and are uncorrected. Most l-alkylcarbamoyl-5-
fluorouracils (2) melt instantaneously at 95—170 °G and 
solidify. This melting point is likely to be overlooked, how-
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ever. Nevertheless, differential thermal and gravimetric 
analysis revealed that 2 dissociated to 1 and isocyanates in 
this melting region, and a loss in weight of the isocyanates 
was observed. 1 decomposes at 280—283 °G. Therefore, in 
patents2) in 1975, we mistakenly observed some decomposi­
tion temperatures of 2 to be 280—283 °C. T h e XH N M R 
spectra were recorded on a J E O L - 6 0 H L apparatus and 
the 13G N M R spectra at 15 M H z on a J E O L - F X - 6 0 ap­
paratus. T h e I R spectra were obtained on a J A S G O 
IR-A-1 apparatus . T h e mass spectrum was recorded on a 
Varian C H 7 apparatus . Microanalysis was done by the 
staff of the Analytical Laboratories of the Mitsui Toatsu 
Research Center. 

1-Hexylcarbomoyl-5-fluorouracil (22) (HCFU). Method 
1-A. Reaction in a Pyridine Solution: Hexyl isocyanate (19.08 
g, 0.15 mol) and 1 (13.0 g, 0.1 mol) were heated in 40 ml 
of pyridine at 90 °G for an hour. T h e reaction mixture was 
then cooled to room temperature . About 30 ml of the pyridine 
were evaporated at 50 °C under reduced pressure. T o the 
resulting residue, 50 ml of ethanol were added at 55 °G. 
Then the solution was kept at 0—5 °G overnight. Cyrstal-
line 22 (22.5 g, 87.4%) was thus obtained. As a second crop 
2.90 g of product was obtained: m p 110—111 °C. 

13C N M R 157.27 (d, y C 4 _ F = 1 . 8 7 Hz, C-4), 150.35 (s, C-2), 
149.31 (s, C-7), 140.90 (d, y C s _ F = 16.05, C-5), 123.43 (d, 
y C 6 _ F = 2 . 4 7 Hz, C-6), 41.52 (s, C-9), 31.38 (s, C-10), 29.11 
(s, C - l l ) , 26.51 (s, C-12), 22.55 (s, C-13), 13.97 (s, C-14). 

M S m/e (rel. intensity) 257 (0.49) (M+), 131 (7.9), 130 
(88.4), 128 (1.3), 126 (1.7), 114 (2.0), 113 (1.3), 112 (14.5), 
100 (4.9), 99 (70.7), 88 (5.6), 87 (37.4), 86 (2.2), 85 (27.0), 
84 (19.8), 83 (1.9), 82 (6.0), 74 (1.3), 71 (3.4), 70 (7.5), 
69 (8.6), 68 (1.7), 67 (4.2), 60 (27.0), 59 (8.5), 58 (16.6), 
56 (56.2), 55 (49.9), 54 (4.6), 53 (8.0), 51 (2.0), 46 (1.9), 
44 (9.5), 43 (35.4), 42 (35.4), 41 (87.4), 40 (7.8), 39 (8.3), 
38 (27.0), 37 (2.6), 32 (4.6), 31 (11.4), 30 (11.4), 29 (49.9), 
28 (73.8), 27 (43.7), 26 (4.2). I R (KBr) 3320, 3230, 3080, 
2920, 1720—1740 (s), 1680, 1660, 1510, 1445, 1340, 1272, 
1200, 1090, 1042, 802, 770, 750 cm" 1 . U V (CHC13), Am a x 

258, E 451, e = 1 . 1 6 x l 0 4 . 

Method 1-B. Reaction in a Dimethylacetamide Solution: 
Hexyl isocyanate (19.1 g, 0.15 mol), 1 (13.0 g, 0.1 mol) and 
triethylamine (1.0 g) in 52 ml of iV,iV-dimethylacetamide were 
heated at 90 °C for 3 h. T h e reaction mixture was then 
cooled and stirred into dilute aqueous hydrochloric acid ( p H 
1; 100 ml) . T h e resulting precipitate was filtered, washed 
with water, and dried in vacuo to yield 21.4 g (83.1%) of 
crude 22, which was then recrystallized from ethanol as white 
crystals. 

Method 2. In to a cold (5 °C) solution containing 1 
(1.30 g, 0.01 mol) in 40 ml of pyridine, phosgene (2.97 g, 
0.03 mol) was bubbled over a 1 h period at 10 °C. Nitrogen 
gas was passed through to expel the excess phosgene. Hex-
ylamine (1.01 g, 0.01 mol) was then added, and the mixture 
was stirred 1 h. T h e resulting pyridine hydrochloride was 
filtered off, and the reaction mixture was evaporated to dryness. 
The residue, taken up in 50 ml of chloroform, was washed 
twice with 30 ml of a dilute hydrochloric acid solution. T h e 
chloroform sloution was then dried (Na 2 S0 4 ) and evaporated 
to afford 22 (2.05 g, 80 .0%) . 

1-Phenylcarbamoyl-5-fluorouracil (33). Method 1-C. Ina 
Dimethyl Sulfoxide Solution: T o a solution containing 1 (10.4 
g, 0.08 mol) in 100 ml of dimethyl sulfoxide, phenyl isocyanate 
(14.3 g, 0.12 mol) was added, and the mixture was stirred 
at room temperature for 1 h. When the milky reaction mix­
ture was then filtered, fine precipitates were obtained. T h e 
precipitates were suspended in hot ethanol and filtered again 
to afford 33 (16.2 g, 8 1 . 4 % ) ; m p 280 °C. 

7 - [oc-Ethoxycarbonyl-ß-(p-hydroxyphenyl) ethylcarbamoyl] -5-fluo-
rouracil (42). Method 3. T o a cold pyridine solution 
containing a 0.04 molar amount of l-chloroformyl-5-fluoroura-
cil (5), a solution of L-thyrosine ethyl ester hydrochloride 
(9.80 g, 0.04 mol) in triethylamine (12.14 g) was added at 
0 °C over a period of 2 h. T h e pyridine hydrochloride thus 
formed was filtered off. T h e filtrate was evaporated to 
dryness, and the residue, dissolved in 200 ml of chloroform, 
was washed twice with 200 ml of dilute hydrochloric acid. 
T h e chloroform layer was evaporated and column chromato-
graphed on silica gel C-200. Elution with benzene-ethyl 
acatate (10 : 1) gave 5.10 g (25.8%) of 42 ; m p 76.5—78 °C. 

J-Diethylcarbamoyl-5-fluorouracil (47). Method 3. T o 
1.3 g (0.01 mol) of 1 dissolved in 20 ml of iV,iV-dimethylacet-
amide was added 0.48 g (0.01 mol) of 5 0 % sodium hydride 
in mineral oil. Subsequently, diethylcarbamoyl chloride (1.36 
g, 0.01 mol) in 5 ml of iV,iV-diethylacetamide was added, 
d rop by drop, a t 30 °C. After stirring at 30 °C for 5 h, the 
reaction mixture was left to stand overnight at room tempera­
ture and then filtered ; the filtrate was subsequently evaporated 
in vacuo. T h e chloroform extract of the residue yielded 2.14 
g of a crude product which was washed with diethyl ether to 
afford pure 47 (1.73 g, 7 5 . 5 % ) ; m p 157—160 °C. 

1,3-Bis( diethylcarbamoyl)-5-fluorouracil (51). Method 3. 
T o 1 (2.6 g, 0.02 mol) in 30 ml of iV,iV-dimethylformamide 
was added powdered potassium carbonate (3.32 g, 0.024 mol) , 
and then a mixture of diethylcarbamoyl chloride (7.06 g, 
0.052 mol) and 20 ml of iV,iV-dimethylformamide. T h e reac­
tion mixture was heated at 80 °C for 2 h. T h e product was 
extracted into chloroform after the removal of the solvent 
in vacuo. T h e extract was washed with water, dried 

( N a 2 S 0 4 ) , and evaporated to give a viscous oil. T h e oil was 
tr i turated with 5 ml of ethanol, and ether was added to com­
plete the crystallization. T h e crystal was washed with ether 
to afford 51 (1.18 g, 3 1 . 0 % ) ; m p 147—148 °C. 

L-a-Ethoxycarbonyl-ß-phenylethyl Isocyanate (52). T C F 
(16.0 g, 0.07 mol) is added, drop by drop, to a mixture of 
L-phenylalanine ethyl ester hydrochloride (16.0 g, 0.07 mol) 
and active carbon (0.1 g) in 200 ml of toluene. T h e reac­
tion mixture was gradually being heated to 80 °C over a 1 h 
period, the addition of the T C F being adjusted so as to finish 
at the time when the temperature reached 80 °C. T h e reac­
tion was continued for an additional 2 h at 100—110 °C. T h e 
subsequent removal of the toluene and distillation of the 
reaction mixture gave 52 (13.75 g, 8 9 . 6 % ) ; bp 141—142 °C 
( 5 m m ) ; I R (neat), 2980, 2250(vs), 1735(s), 1208(s), 1197, 
1025, 700 c m - 1 ; N M R (neat), 1.12 (3H, t, J=8 Hz ) , 2.95 
(2H, d, J = 6 Hz) , 4.09 (2H, q, 7 = 8 Hz) , 4.0—4.2 (1H, m,) 
7.21 (5H, s). Found : C, 65.54; H , 5.91 ; N , 6 .14%. Calcd 
for C 1 2 H 1 3 N 0 3 : C, 65.74; H, 5.98; N , 6 .39%. 

L-oc-Ethoxycarbonyl-ß-(methylthio)propyl Isocyanate (53). 
In to a mixture of methionine ethyl ester hydrochloride (14.96 
g, 0.07 mol), active carbon (0.01 g) , and 200 ml of toluene, 
T C F (10.4 g, 0.0525 mol) was added dropwise with stirring. 
Then the reaction mixture was gradually heated up to reflux, 
and the reflux was continued for 2 h. T h e subsequent 
distillation of the reaction mixture gave 7 .37g (51.8%) of 
53 as a colorless l iquid: bp 133 °C (7 m m ) ; I R (neat), 
2995, 2950, 2270(s), 1752(s), 1450, 1225(s), 1040 c m - 1 ; N M R 
(neat), 1.32(3H, t, / = 8 H z ) , 2—2.2(2H, m) , 2.1(3H, s), 
2.67(2H, t, J=l Hz) , 4.3(2H, q, 7 = 8 Hz) , 4.2—4.4(1H, m ) . 
F o u n d : C, 46.89; H , 6.52; N, 6.66; S, 15.46%. Calcd for 
C 8 H 1 3 N 0 3 S : C, 47.27; H , 6.45; N, 6.89; S, 15.74%. 

oc-Methoxycarbonyl-ß-methylbutyl Isocyanate (54). T C F 
(19.8 g, 0.1 mol) was added, drop by drop, to a mixture of 
L-leucine methyl ester hydrochloride (26.62 g, 0.13 mol), active 
carbon (0.2 g), and toluene (200 ml) . T h e mixture was 
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gradually heated to reflux, and heating at reflux was con­
tinued for 2 h. The subsequent distillation of the reaction 
mixture afforded 15.51 g (69.7%) of 54 as a colorless liquid; 
bp 74 °C (5 mm); «2

D
6 1.4322; IR (neat), 3420, 2960, 2270(s), 

1755, 1445, 1280, 1220 cm-1; NMR (neat) 0.93(6H, d, J= 
6 Hz), 1.67 (3H, m), 3.78 (3H, s), 4.05 (1H, t, J=8Hz). 
Found : G, 56.61 ; H, 7.65 ; N, 7.43 %. Galcd for G8H13N03 : 
G, 56.31; H, 7.65; N, 8.18%. 

ß-(Ethoxycarbonyl) ethyl Isocyanate (55). The treatment 
of /^-alanine ethyl ester hydrochloride (15.3 g, 0.1 mol) with 
TCF (19.8 g, 0.1 mol) in the usual way in 52 afforded 10.2 
g (71.2%) of 53 as a colorless liquid; bp 69 °G (8 mm); IR 
(neat) 3000, 2280, 1750, 1390, 1200 cm"1. 

Phenethyl Isocyanate (56). Into a solution of TCF (19.8 
g, 0.1 mol) in 200 ml of toluene, phenethylamine (24.15 g, 
0.2 mol) and active carbon (0.1 g) were added, drop by drop, 
with strring. Then the reaction mixture was gradually heated 
to 50 °C and TCF (9.9 g, 0.05 mol) was added, drop by drop. 
The reaction was subsequently continued for 2 h at 100— 
110 °C. The removal of the solvent and distillation of the 
residue afforded 25.0 g (85.3%) of 56: bp 124—126 °C (33 
mm). 

Benzyl Isocyanate (57). The treatment of benzylamine 
(21.4 g, 0.2 mol) with TCF (30.0 g, 0.15 mol) in the same 
way in was used for 56 afforded 23.0 g (86.4%) of 57; bp 95 
°G (19 mm). 

T h e authors wish to thank Drs. K. Kuretani and 
A. Hoshi, National Cancer Center Research Institute 
in Tokyo, for the evaluation of the anti tumor activity, 
and also Mitsui Toatsu Chemicals, Inc. , and Mitsui 
Pharmaceuticals, Inc. (The Pharmaceutical Division 
of Mitsui Toatsu Chemicals, Inc.) for permission to 
publish this paper. 
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Studies on Separation of Amino Acids and Related Compounds. Vin.1} 

Preparative Separation of Isomeric L-Aspartyl-L-phenylalanine Methyl Esters 
and Related Dipeptide Esters by Ion-Exchange Chromatography 

A k i r a Y A S U T A K E , H a r u h i k o A O Y A G I , a n d N o b u o I Z U M I Y A 

Laboratory of Biochemistry, Faculty of Science, 33 Kyushu University, Higashi-ku, Fukuoka 812 

(Received February 21 , 1977) 

Authentic peptides, a- and co-isomers of L-aspartyl (or L-glutamyl)-L-phenylalanine (or L-tyrosine) methyl 
ester, were synthesized by conventional methods. Among these eight peptides, a-L-glutamyl-L-phenylalanine 
methyl ester showed the tendency to convert to the corresponding dipeptide anhydride even under mild conditions. 
T h e experiments on a small column of Dowex 50 cation exchange resin were carried out with a model mixture 
composed of the a- and co-isomers, and the opt imum conditions for the complete separation of both isomers were 
determined. A synthetic mixture composed of the a- and co-isomers was prepared readily through the coupling 
of benzyloxycarbonyl-L-aspartic acid (or glutamic acid) anhydride with L-phenylalanine (or L-tyrosine) methyl 
ester and subsequent hydrogénation. T h e synthetic mixture was separated by the use of a large ion exchange 
column and each isomer was obtained in a good yield. 

I n 1969, M a z u r et al. d i scovered t h a t a - A P M 2 ) w a s 
100—200 t imes swee te r t h a n sucrose.3) A l t h o u g h 
D a v e y et al. syn thes ized a - A P M in 1966 b y t h e h y d r o g é n ­
a t i on of Z - A s p ( O B z l ) - P h e - O M e , 4 ) t h e la rge-sca le p r e ­
p a r a t i o n of a - A P M b y a s imp le r m e t h o d h a s b e e n des­
i red . As desc r ibed in a p r ev ious pape r , 1 ) w e h a v e d e ­
ve loped a c o n v e n i e n t p r o c e d u r e for t h e s e p a r a t i o n of 
t h e a- a n d ^- i somers of H - A s p - H i s - O H b y c o l u m n c h r o ­
m a t o g r a p h y w i t h D o w e x 50. 

I n t h e p r e sen t s t udy , w e a t t e m p t e d to s e p a r a t e in 
q u a n t i t y a- a n d /3 -APM f rom a syn the t i c m i x t u r e b y 
s imi lar c h r o m a t o g r a p h i c m e t h o d s . T h e syn the t i c m i x ­
t u r e w a s p r e p a r e d easi ly as s h o w n in F ig . 1 b y c o u p l 
ing a n d s u b s e q u e n t h y d r o g é n a t i o n of t h e r e su l t i ng 
m i x t u r e c o n t a i n i n g Z - A s p ( O H ) - P h e - O M e a n d Z -
A s p ( P h e - O M e ) - O H . A d d i t i o n a l l y , w e i n t e n d e d to 
s e p a r a t e a- a n d /9 -ATM, a- a n d y - G P M , a n d a-
a n d y - G T M , f rom c o r r e s p o n d i n g syn the t i c m i x t u r e s 

O H 
I 

Z — X — O H ( X = L - A S P or L-G1U) 

A C 2 0 

i i 
Z — X — O H — Y — O M e H C l 

I j ( Y = L - P h e or L-Tyr) 

I Et3N 

O H . - Y — O M e 

i I 
Z — X — Y — O M e + Z — X — O H 

1H2/Pd 

O H l - Y — O M e 

I I 
H — X — Y — O M e + H — X — O H 

Separation by column 

| i 
O H , - Y - O M e 

I I 
H — X — Y — O M e H — X — O H 
Fig. 1. Preparation of a synthetic mixture composed 

of a- and co-dipeptide ester and subsequent sapara-
tion of the mixture. 

w h i c h w e r e also p r e p a r e d b y t h e c o u p l i n g a n d 
h y d r o g é n a t i o n p r o c e d u r e o u t l i n e d in F ig . 1. T h e s e 
d i p e p t i d e esters a r e cons ide r ed as i n t e r e s t i ng c o m p o u n d s 
f rom t h e s t a n d p o i n t of possible s t r u c t u r e - t a s t e r e l a ­
t ionsh ips r e l a t e d to a - A P M . 

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

T L C was carried out on Merck silica gel G, and PPG on 
Toyo Roshi No. 52 paper . Rf (TLC) and Rf (PPC) values 
are reported for the following solvent system: 1-butanol-
acetic acid-pyridine-water (15 : 3 : 10 : 12, v/v) . Material 
possessing a free terminal amino group (e.g., a-APM) was 
detected by spraying with 0 .2% ninhydrin solution in 8 0 % 
ethanol, followed by heating at 100 °C. Material having 
blocked amino groups (e.g., dipeptide anhydride) was detec­
ted by spraying with 10% H 2 S 0 4 , followed by heating on a 
hot plate. [ a ] D was measured with a Union high sensitivity 
Polarimeter PM-71 (Kyoto). 

Authentic Peptides. Z-Asp(OBzl)-Phe-OMe (1), Z-
Asp(OBzl)-Tyr-OMe (3), Z-Glu(OBzl)-Phe-OMe (5), Z-
Glu(Phe-OMe)-OBzl (6), Z-Glu(OBzl)-Tyr-OMe (7): 
Mazur et al. prepared these compounds by the coupling of 
the Z-amino acid/»-nitrophenyl ester, e.g., Z -Asp (OBz l ) -ONp , 
and H - P h e ( o r T y r ) - O M e in yields of 57—97%- 3 ) W e pre­
pared these compounds by the coupling of a mixed anhydride5) 
of the Z-amino acid with H - P h e ( o r T y r ) - O M e in yields of 
about 70% as described for the preparat ion of 2. Melting 
points and specific rotations of the products agreed with litera­
ture values3) with the exceptions of m p 99—100 °G for 5 
(lit, 78—80 °G), [a]2

D° - 6 . 4 ° for 7 (c 2, M e O H ) (lit, - 4 4 ° ) . 
W e observed that the synthesis of Z-Asp(OH)-OBzlN0 2

6 > 
was easier than that of Z-Asp(OH)-OBzl; 7> therefore, the 
intermediate compounds (2 and 4) were prepared as follows. 

Z-Asp(Phe-OMe)-OBzlN02 (2) : T o a chilled solution of 
Z - A s p ( O H ) - O B z l N 0 2 (4.02 g, 10 mmol) and triethylamine 
(1.4 ml, 10 mmol) in tetrahydrofuran (25 ml) was added 
isobutyl chloroformate (1.31 ml, 10 mmol) at —10 °C. After 
15 min, a chilled solution of H - P h e - O M e H C l (2.16 g, 10 
mmol) and triethylamine (1.4 ml, 10 mmol) in chloroform 
(20 ml) was added. T h e reaction mixture was left to stand 
at room temperature overnight, evaporated in vacuo, and the 
oily residue was dissolved in ethyl acetate (300 ml) . T h e 
solution was washed successively with 4 % N a H G 0 3 , 2 % HCl 
and water, dried (Na 2 S0 4 ) , and evaporated. T h e crystals 
were collected with the aid of ether; yield, 3.84 g (68%,); 
m p 162—164 °G; [a]2

D° - 4 0 . 9 ° (c 1, M e O H ) . 
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Found: C, 61.73; H, 5.16; N, 7.28%. Calcd for C29H29-
0 9N 3 : C, 61.80; H, 5.19; N, 7.46%. 

Z-Asp(Tyr-OMe)-OBzlN02 (4): This compound was 
prepared from Z-Asp(OH)-OBzlNOa (10 mmol) and H-Tyr-
OMe-HGl (10 mmol), as described for the preparation of 2; 
yield, 4.18 g (72%); mp 163—164 °G; [a]2D° -40.4° {c 1, 
MeOH). 

Found: G, 60.04; H, 5.06; N, 7.19%. Calcd for C29H29-
O10N3: G, 60.10; H, 5.04; N, 7.25%. 

Z-Glu(Tyr-OMe)-OBzl (8): This compound was prepa­
red from Z-Glu(OH)-OBzl8> (10 mmol) and H-Tyr-OMe-
HCl (10 mmol), as described above; yield, 3.50 g (64%); mp 
149 °C; [a]2D° - 9 . 2 ° (c 1, MeOH). 

Found: C, 65.54; H, 6.05; N, 5.07%. Calcd for C30H32-
0 8 N 2 : G, 65.68; H, 5.88; N, 5.11%. 

a-APM, ß-APM, oc-A TM, ß-A TM, oc-GPM, y-GPM, oc-GTM: 
These compounds were prepared by the hydrogénation of 
1—7, as described for the preparation of y-GTM. Their 
specific rotations agreed with literature values3) with the 
exceptions of [a]2D° +6.1° (c 2, H 2 0) for yS-APM (lit, + 4°)3> 
and [a]2D° +15.8° for y-GPM (c 2, H 2 0) (lit, + 21°).3) 

y-GTM: A solution of 8 (0.55 g, 1 mmol) in a mixture of 
methanol (12 ml) and acetic acid (3 ml) was treated with 
hydrogen in the presence of palladium black, and the filtrate 
was evaporated in vacuo. The resulting solid was recrystal-
lized from hot water; yield, 0.30 g (93%); mp 197—199 °G; 
[a]2D° +6.9° (c 2, H 2 0) , [a]2D° +39.2° (c 2, AcOH); Rf 

(TLC) 0.68, Rf (PPC) 0.54. 
Found: G, 55.40; H, 6.23; N, 8.51%. Calcd for C15H20-

0 6N 2 : G, 55.55; H, 6.22; N, 8.64%. 
H-a-Glu-Phe-OH Anhydride (9): a-GPM (62 mg, 0.2 

mmol) was dissolved in methanol (10 ml) previously saturated 
with ammonia, and the solution was allowed to stand at room 
temperature for 2 days. The solvent was removed by eva­
poration, the residue was dissolved in water (10 ml), and 
the solution was acidified with 1 M HCl (0.2 ml). After 
the solution was evaporated to dryness, the resulting crystals 
were collected by the filtration with the aid of cold water; 
yield, 42 mg (71%); mp 235—236 °C (dec); [a]2D° +28.8° 
(c 1, AcOH); Rt (TLC) 0.75. 

Found: C, 60.54; H, 5.93; N, 10.18%. Calcd for C14-
H1 604N2 : G, 60.56; H, 5.84; N, 10.14%. 

Column Chromatography. A column was packed with 
Dowex 50X8 (200—400 mesh) equilibrated with a specified 
eluting solvent. The eluting solvents used were aqueous 
pyridinium acetate at different concentrations and pHs as 
follows; S1 =0.1 M at pH 4, S2=0.2 M at pH 4, S3=0.2 M 
at pH 5, S 4 = 1 M at pH 5. A mixture of dipeptide esters 
was applied to a column and eluted with one of these 
eluting solvents at room temperature. An aliquot (0.5 ml) 
of each fraction was subjected to a test to determine the 
amount of ninhydrin-positive material present using the 
Yemm and Cocking method.9) 

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

Column Chromatography of a Model Mixture Containing 
Isomeric Dipeptide Esters. Preliminary experiments 
on a model mixture were performed as follows with a 
small column in order to find the opt imum conditions 
for the separation. A model mixture was prepared by 
dissolving 0.01 mmol each of a- and ß-APM in water 
(0.5 ml). Other model mixtures (a- and ß-ATM, a-
and ^ -GPM, and a- and y-GTM) were prepared simi­
larly. The model mixture was applied to a column 
(0.9 X 20 cm) and eluted with a specified eluting solvent, 
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Fig. 2. Chromatography on a 0.9x20 cm column of 
Dowex 50 of model mixtures. For example, a- plus 
/?-APM represents a model mixture composed of a-
APM and ß-APM (total, 0.02 mmol). 

2-ml fractions being collected at a flow rate of 20 ml/h. 
The peptide in each fraction was identified by means 
of T L C or PPG after concentration of the corresponding 
fraction by evaporation. 

We applied pyridinium acetate in various concentra­
tions and pHs to determine necessary separation condi­
tions of the a- and co-isomers in a model mixture. An 
example with satisfactory results is shown in Fig. 2. 
When higher concentrations of pyridinium acetate and 
more alkaline pHs were used, the distance of separa­
tion between the a- and cu-isomers was diminished. 

As seen in Fig. 2, the a-isomer was eluted more slowly 
than the corresponding co-isomer in every case. We 
can give no definite explanation for this phenomenon, 
but we can point out that the same phenomenon was 
observed in the previous study in which H-/?-Asp-His-
O H or H - y - G l u - H i s - O H was eluted faster than the 
corresponding a-dipeptide.1) 

Preparative Separation of a-APM and ß-APM from a 
Synthetic Mixture. A synthetic mixture was prepared 
according to Fig. 1 and each isomer was separated with 
a large column. To a solution of Z - A s p - O H anhy­
dride10) (2.49 g, 10 mmol) in tetrahydrofuran (10 ml) 
was added a solution of H - P h e - O M e - H C l (2.38 g, 11 
mmol) and triethylamine (1.54 ml, 11 mmol) in chloro­
form (20 ml) while stirring at room temperature. After 
stirring overnight, the reaction mixture was evaporated 
to dryness and the residue was dissolved in a mixture 
of methanol (40 ml) and acetic acid (10 ml). The 
solution was treated with hydrogen in the presence of 
palladium black. The filtrate was evaporated to dry-

file:///a-ATM
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TABLE 1. ELUTION DATA FOR PREPARATIVE SEPARATION OF SYNTHETIC MIXTURE 

2415 

Material 

Mixture of 

a- and ß-APM 

a- and J?-ATM 

a- and y-GTM 

a- and y-GPM 

Elution 
solvent 

I s 3 

f S 2 

1 s3 I s3 1 s4 
J s 3 t s4 

a) a-GPM was converted into 
(900—1100 ml). 

Peptide 

£-APM 
a-APM 
jff-ATM 
a-ATM 
y-GTM 
a-GTM 
y-GPM 
H-a-Glu-Phe-OH anhydride 
Authentic a-GPMc) 

TABLE 2. 

Eluate 
volume (ml) 

0—1000 
1000—2000 

0—1000 
1000—2000 

0—1000 
1000—1600 

0—500 
500—1200 

H-Glu-Phe-OH anhydride 

YIELDS 

Yield 
(%) 

32 
37 
31 
34 
27 
34 
27 
31 

Portion for 
evaporation (ml) 

580—980 
1340—1760 
660—900 

1620—1900 
300—520 

1400—1700 
300—420 
900—1100 

mostly after evaporation 

AND PHYSICAL CONSTANTS OF PEPTIDES 

Melting 
point 

(°C dec) 

181—182 
239—242 
200—202 
266—268 
201—202 
215—217 
160—162 
234—236 
105—109 

M2
D° {c i ) 

H 2 0 AcOH 

+ 6.2° +40.4° 
+ 0.2° +33.0° 

+ 14.8° +38.4° 
+ 5.2° +36.2° 
+ 7.0° +39.0° 

+ 15.6° +46.0° 
+ 1.2° +38.4° 
—a> -1-28.6° 

+ 1.2° +45.2° 

Peptide 
present 

£-APM 
a-APM 
JS-ATM 
a-ATM 
y-GTM 
a-GTM 
y-GPM 
a-GPMa 

of the portio 

Rt 

TLC 

0.69 
0.74 
0.65 
0.69 
0.69 
0.72 
0.69 
0.76b> 
0.74b> 

n 

PPC 

0.67 
0.72 
0.55 
0.61 
0.55 
0.76 
0.71 

0.80 

a) H-a-Glu-Phe-OH anhydride was slightly soluble in water, hence an accurate 
was difficult, b) When chloroform-methanol-acetic acid (25 : 5 : 1, v/v) was used 
were 0.54 for H-a-Glu-Phe-OH anhydride and 0.14 for authentic a-GPM. c) 
by the conventional method are given as reference values. 

determination of [a]D in water 
as a solvent on TLC, i?f values 

Data of this peptide synthesized 

ness, and the resulting powder (a synthetic mixture) was 
used in the next step. 

The powder was dissolved in Si (20 ml) and put on 
a column (2.7 X50 cm) of Dowex 50. The sample was 
eluted with 1000 ml of eluant Sĵ  at a flow rate of 40 
ml/h, and 20-ml fractions were collected. Then , the 
eluant was changed to S3 in order to shorten elution 
time, and 1000 ml of S3 was eluted. The eluting 
solvents used in this study are summarized in Table 
1. The elution pattern is shown in Fig. 3 as a 
representative example among similar experiments. 
A portion of 580—980 ml was evaporated in a bath 
at about 50 °C in vacuo, the evaporations being re­
peated several times by the additions of water. 

Q 
O 

Elution volume (ml) 

Fig. 3. Chromatography on a 2.7 X 50 cm column of 
Dowex 50 of a synthetic mixture (10 mmol) composed 
of a-and £-APM. 

T h e residual product was recrystallized from hot 
water; yield of /3-APM, 0.95 g (32% from Z - A s p - O H 
anhydride), the data being shown in Table 2. A 
portion of 1340—1760 ml was treated similarly; yield 
of a-APM, 1.09 g (37% from Z - A s p - O H anhydride). 

As mentioned above, we could isolate pure a- and 
jö-APM in good yields from a synthetic mixture by the 
use of a column with ion-exchange resin. Ariyoshi 
et al. prepared a similar synthetic mixture by the coupl­
ing of L-aspartic acid anhydride ( 1 equivalent) and H -
P h e - O M e (4 equivalents) ; this procedure is advantage­
ous because it avoids the hydrogénation step as seen 
in Fig. 1, but suffers from the contamination of the pro­
duct with excess H - P h e - O M e and polymers that are 
produced by over reaction of L-aspartic acid anhyd­
ride.11) The same investigators reported the isolation 
of a -APM hydrochloride, which was less soluble than 
/?-APM hydrochloride, by means of fractional crystal­
lization from their synthetic mixture.11) 

Preparative Separations of a-A TM and ß-A TM, and a-
GTM and y-GTM, from Each Synthetic Mixture. 
Each synthetic mixture was prepared from Z - A s p - O H 
anhydride (10 mmol) and H - T y r - O M e • HCl (11 mmol) , 
and from Z - G l u - O H anhydride12) (10 mmol) and H -
T y r - O M e - H G l (11 mmol) , respectively, as described 
for the preparation of the synthetic mixture containing 
a- and /?-APM. Subsequently, each mixture was sub­
jected to column chromatography as described for the 
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isolation of a- and /5-APM, the data of eluting solvents 
being summarized in Table 1. Each isomer was ob­
tained in yields of 0.97 g (31%) for ß-ATM, 1.06 g 
(34%) for a-ATM, 0.87 g (27%) for y-GTM and 1.09 g 
(34%) for a -GTM. The physical constants are sum­
marized in Table 2. 

Preparative Separation of H-cc-Glu-Phe-OH Anhydride 
and y-GPM from a Synthetic Mixture. T h e synthetic 
mixture prepared from Z - G l u - O H anhydride (10 
mmol) and H - P h e - O M e - H G l (11 mmol) was treated 
on a column as described above. A portion of the 
eluate (300—420 ml) yielded 0.84 g (27%) of pure y-
G P M (see Tables 1 and 2). I t was observed that a 
portion of the 900—1100 ml fraction contained a-
G P M ; however, the residual powder obtained after 
evaporation of this fraction was a mixture of H - a - G l u -
P h e - O H anhydride as a major product and a -GPM 
as a minor product. T h e residual powder was 
collected by filtration with the aid of cold 0.1 M HCl 
to remove a-GPM, and subsequently washed with cold 
water ; yield of H - a - G l u - P h e - O H anhydride, 0.91 g 
(31%) ; m p 234—236 °C (dec) (see Table 2). 

At the beginning stages of this experiment, we had 
assumed that the product with m p 234—236 °C was 
either Pyrog lu -Phe-OMe or H - a - G l u - P h e - O H anhyd­
ride. Since the results of I R and N M R of the product 
indicated no presence of methyl ester group, we com­
pared the product with authentic H - a - G l u - P h e - O H 
anhydride (9), and were able to identify the product as 
the anhydride. We discovered that the H - a - G l u - P h e -
O H anhydride was produced during evaporation of the 
eluate and the amount produced was dependent upon 
the temperature of the bath and the extent of reduced 
pressure during the evaporation. For example, the 
residual powder after evaporation at 30 °C with a good 
aspirator at 15—20 m m H g was a 3 : 7 mixture of the 
anhydride to a-GPM. Since these results suggested the 
lability of a -GPM compared with other dipeptide esters, 
we carried out the following experiments. 

Stability of Dipeptide Esters. Authentic dipeptide 
methyl esters (eight kinds) were stored in bottles at room 
temperature for about 4 months, and each was examined 
by T L G and PPG. The results indicated that a -GPM 
was converted mostly into H - a - G l u - P h e - O H anhydride 
and only a small amount of the original peptide ester 
remained. O n the contrary, the seven other peptide 
esters remained unchanged after 4 months. 

The experiment was also carried out in solution. 25 
(xmol of each of the pure authentic dipeptide esters 
(eight kinds) was dissolved in S4 (1 ml), and the solu­
tion was allowed to stand at 25 °C. Aliquots withdrown 
at selected intervals up to 6 days were subjected to T L C , 
and examined for the appearance of new peptides. 
After 6 days, an incubation solution of a -GPM contained 
an appreciable amount (about 20%) of H - a - G l u - P h e -
O H anhydride, and each solution of a-APM, a-ATM, 

and a -GTM also contained some amounts (5—10%) 
of new products which are presumably the corresponding 
dipeptide anhydrides. O n the contrary, each solution 
of co-dipeptide esters was stable producing no new pro­
duct. 

No definite explanation for the marked tendency of 
a -GPM to convert to the corresponding anhydride can 
be given at present. Recently, Furda et al. examined the 
relative stabilities of a-APM and its hydrochloride in 
aqueous solution, and detected the presence of H - a -
A s p - P h e - O H anhydride as a major product.13) 

Sweetness Evaluation. The sweetness of these com­
pounds was organoleptically determined by panel eva­
luation in our laboratory according to the literature.14) 
a-APM and a-ATM, isolated from the synthetic mix­
ture, had intense sweet tastes similar to the correspond­
ing authentic samples. Other /9-aspartylpeptide esters 
and all glutamylpeptide esters, including y -GTM which 
was prepared newly in this study, showed weak bitter 
tastes. Mazur et al. reported the intense sweet tastes 
of a-APM and a-ATM, and the bitter tastes of many 
ß-aspartyl and glutamylpeptide esters.3) 
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Effects of Metal Ions on Reactivity Patterns in the Reactions of 
l-Methoxycarbonyl-2-imidazolidinone and Its Derivatives with Butylamine 

Noboru MATSUMURA, Hiroshi K A W A I , Yoshio OTSUJI , and Eiji IMOTO 

Department of Applied Chemistry, College of Engineering, University of Osaka Prefecture, Sakai, Osaka 591 
(Received Feberuary 28, 1977) 

The reactions of l-methoxycarbonyl-2-imidazolidinone, 3-acetyl-l-methoxycarbonyl-2-imidazolidinone and 1-
methoxycarbonyl-cw-perhydrocyclopenta[rf]imidazol-2-one with butylamine were studied in the absence and 
presence of various metal ions. Certain bivalent ions such as Mg2+, Ga2+, and Mn2+ enhanced an electrophilic 
reactivity of the methoxycarbonyl group and facilitated the transfer reaction of this group to butylamine, especial­
ly when the imidazolidinone moiety of substrates bears the methoxycarbonyl group at one N-position and a hydrogen 
atom at the other N-position. Whereas monovalent ions such as Na+ and Ag+, and bivalent ions such as Zn2+ 

and Cu2+, had no appreciable effect on the reactivity, and exhibited almost the same reactivity patterns as those 
observed in the reactions in the absence of metal ions. A possible explanation is given in terms of the stability 
of coordination complexes which are formed by the interaction between the imidazolidinone moiety of substrates 
and added ions. 

It has been postulated that a carboxylated biotin-
enzyme, most probably carboxylated at the 1-N posi­
tion of the biotin moiety of the enzyme, is a key inter­
mediate in the biotin-enzyme-promoted carboxyla-
tions, and that the carbonyl group is transferred from 
this intermediate to a nucleophilic carbon of acyl-CoA 
or a-keto acids.1'2) In order to elucidate the chemical 
mechanism of these enzymatic carboxylations, many 
model studies have been carried out by use of compounds 
related to biotin.3) However, no definitive informa­
tion has yet been obtained. We have recently investi­
gated the chemistry of l-methoxycarbonyl-2-imidazoli-
dinone and its derivatives in a hope to gain a more 
insight into the chamical functions of biotin in the 
enzymatic carboxylations.4) 

Upon treatment with an amine, 1-methoxycarbonyl-
2-imidazolidinone (1) is preferentially converted into 
l-alkylcarbamoyl-4-methoxycarbonylethylenediamine 
(2), and the transfer of the methoxycarbonyl group to 
the amine is not observed.4) Consequently, this experi­
ment does not become in any sense a model reaction 
for the enzymatic carboxylations. O n the other hand, 
it has been found that certain metal ions such as Mg2+ 
and M n 2 + are required for the enzymatic carbonyla-
tions.5) These metal ions also depress the decarboxy­
lation of l-carboxy-2-imidazolidinone.6> O n the bases 
of these findings, we studied the effects of several metal 
ions on the reactivities of 1 and its derivatives in their 
reactions with butylamine. T h e addition of some ions 
including Mg2+ and Mn2+ to the reaction system exert­
ed a dramatic change in the reactivity patterns and 
promoted the transfer of the methoxycarbonyl group 
from 1 and its derivatives to butylamine. The results 
are summarized in this paper. 

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

Reaction qfl with Butylamine. Treatment of 1 with 
butylamine in the absence and presence of various metal 
ions gave the products listed in Table 1. The results 
of Table 1 demonstrate that the reaction takes place 
through two different paths, depending on the consti­
tuents of the reaction system (Scheme 1). In the ab­
sence of metal ions, l-butylcarbamoyl-4-methoxycar-
bonylethylenediamine (2a) was obtained as a sole prod­

uct (path A). T h e addition of monovalent ions such 
as Na+ and Ag+ and some bivalent ions such as Zn2+ 
and Gu2 + to the reaction system did not alter the above 
reactivity pat tern. However, the addition of Mg2+, 
Ca2+, and Mn2+ brought about a dramatic change in 
the reactivity pattern and resulted in the formation of 
methyl butylcarbamate (3) and 2-imidazolidinone (4) 
(path B). 

TABLE 1. REACTION OF 1 WITH BUTYLAMINE 

IN THE PRESENCE OF METAL IONSA) 

Added 
salt 

None 
AgCl 
NaCl 
GuGl2 

ZnCl2 

MgCI2 

MnCl2 

GaCl2 

Reaction 
path 

A 
A 
A 
A 
A 
B 
B 
B 

2 

95 
96 
94 
88 
86 
— 
— 
— 

Products, % 

3 

_ b ) 

— 
— 
— 
— 
74 
63 
62 

4 

— 

— 
— 
— 
— 
67 
40 
56 

a) The reaction was carried out by refluxing an equi-
molar mixture of 1 and a metal chloride in butylamine 
for 17 h. b) The dash(—) signifies that the product was 
unable to be isolated. 

r - ^ -> UH9NHCONHCH2CH2NHCOOCH3 

2a 

HN NKÎ-0CH3 + CAH9NH2 

1 

• - s - » C4H9NHCOOCH3 -t- HN NH 

3 U 

Scheme 1. 

T h e methoxycarbonyl transfer reaction of pa th B 
occurs by an attack of butylamine on the carbonyl 
carbon of the methoxycarbonyl group of 1. An analo­
gous transfer reaction did not take place upon treat­
ment of 2a with butylamine in the presence of Mg2+ 
under the similar conditions. 



2418 Nohoru MATSUMURA, Hiroshi KAWAI, Yoshio OTSUJI, and Eiji IMOTO [Vol. 50, No. 9 

TABLE 2. REACTION OF 5 WITH BUTYLAMINE IN THE 

PRESENCE OF MAGNESIUM CHLORIDEA) 

Added 
salt 

None 
MgCl2 

2 

17 
— b ) 

3 

66 
71 

Products, % 

4 6 

42 55 
67 85 

7 

24 

a) The reaction was carried out by refluxing an equi-
molar mixture of 5 and magnesium chloride in butylamine 
for 17 h. b) The dash( —) signifies that the product was 
unable to be isolated. 

Reaction of 3-Acetyl-l-methoxycarbonyl-2-imidazolidinone 
(5) with Butylamine. The reaction of 5 with butyl­
amine was carried out in the absence and presence of 
Mg 2 + . The products isolated are listed in Table 2. In 
the absence of metal ion, the reaction yielded 2a, 3, 
4, 7V-acetylbutylamine (6), and l-acetyl-4-(butylcarba-
moyl)ethylenediamine (7). In contrast, the reaction 
in the presence of Mg2+ afforded 3, 4, and 6. These 
results show that the reactivity pat tern is also altered 
by the addition of M g 2 + ; i.e., the production of ring-
opening compounds, 2a, and 7, is completely depres­
sed by the addition of Mg 2 + . 

H3C-C-N N-Ö-OCH3 -f- C4H9NH2—I 

-^ 2a + 3 •+• A + C4H9NHCOCH3 
6 

+ C4H9NHCONHCH2CH2NHCOCH3 

7 

MgCl2 

Scheme 2. 

3 + A 4- 6 

Reaction qfl-Methoxycarbonyl-cis-perhydrocyclopenta[d]imi-
dazol-2-one (8) with Butylamine. T h e reaction of 8 
with butylamine was studied somewhat in detail. T h e 
results are summarized in Table 3 and Scheme 3. In 
the absence of metal ions, 3, l-butylcarbamoyl-m-
perhydrocyclopenta[fiTJimidazol-2-one (9), iV,JV'-disub-
stituted m-l ,2-diaminocyclopentane (10), and cw-per-
hydrocyclopenta[d]imidazol-2-one (11) were obtained. 
For this reaction, a main reaction was an attack of 
butylamine on the 1-methoxycarbonyl carbon to 
produce 9. Whereas the methoxycarbonyl transfer to 

TABLE 3. THE REACTION OF 8 WITH BUTYLAMINE 

IN THE PRESENCE OF VARIOUS METAL IONSA> 

Added 
salt 

None 
AgCl 
GuGl2 

MgCl2 

MnCl2 

/ 
3 

7 
8 

10 
66 
68 

Products, 

9 

55 
51 
52 
28 
22 

% 

10 

15 
20 
17 
— b ) 

— 

11 

13 
7 

15 
38 
44 

a) The reaction was carried out by refluxing an equi-
molar mixture of 8 and a metal chloride in butylamine 
for 17 h. b) The dash( —) signifies that the product was 
unable to be isolated. 

produce 3 and 11 via the same mode of attack became 
a side-reaction. This observation implies that a leaving 
ability of the m-perhydrocyclopenta[fiT|imidazol-2-one 
anion is lower than that of methoxide anion. 

No essential change in the reactivity pattern was ob­
served by the addition of Ag+ and Gu2 + . However, 
the addition of M g 2 + again brought about a considera­
ble change in the reactivity pattern. The formation 
of 10 was completely depressed, and the methoxycar­
bonyl transfer leading to 3 was highly facilitated. 

A 
HNJJCOOCH3 o 

+ C4H9NH2. HN NCONHC4H9 

0 
NHC4H9 

etc' 
HN NHCOOCH3 

10 

4 - 3 

0 

+ HN NH o 
Scheme 3. 

Discussion. In a previous paper,4) we have stud­
ied the reactions of 1, 5, and 8 with nucleophilic 
reagents in the absence of metal ions, and proposed 
probable pathways for these reactions. The reaction 
of 1 with an amine proceeds by way of the isocyanate 
intermediate (12) which has been produced by the re­
moval of an acidic N H proton on the imidazolidinone 
ring of 1 by amine. 

RNH2 -C00CH3 N NHCOOCH3 

12 

R-NH2 

Compound 5 bears no acidic proton on the ring. For 
this compound, the methoxycarbonyl or acetyl group 
is removed at the first step by the nucleophilic attack 
of an amine on their carbonyl carbons. l-Acetyl-2-
imidazolidinone and 1 thus produced are converted into 
7 and 2 via the corresponding isocyanate intermediates, 
13 and 12. These pathways explain the formation of 
all the products isolated. Finally, 8 is of special interest 
from the viewpoint that it has a more close structural 
resemblance to biotin than do 1 and 5. Although 8 
bears an acidic N H proton on the imidazolidinone 
ring, its 1-methoxycarbonyl group is attacked to produce 
3, 9, and 11 in moderate yields. Obviously, 10 is 
produced via the isocyanate intermediate 14. 

0-C=N NHCOCH3 

13 

OrCN NHCOOCH3 

14 

The above reactivity patterns observed in the absence 
of metal ions change upon the addition of certain bi­
valent ions such as Mg2+, Ca2+, and M n 2 + to the reac­
tion mixtures. These ions enhance an electrophilic re­
activity of the methoxycarbonyl group and facilitate 
breaking of the N - G O O C H 3 bond, especially when the 
imidazolidinone moiety of substrates bears the methoxy­
carbonyl group at one N-position and a hydrogen atom 
at the other N-position. In the case of 5 which bears 
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no hydrogen on the nitrogen atoms of the imidazolidi­
none moiety, the compound is, as pointed out above, 
at first transformed into 1 and 1-acetyl-2-imidazolidi-
none regardless the addition of metal ions. Since both 
of the products have a hydrogen on the N-position of 
the imidazolidinone moiety, 1 is preferentially converted 
into 3 and 4, and l-acetyl-2-imidazolidinone into 4 and 
6 upon the addition of Mg2+. 

There is little doubt that the formation of coordina­
tion complexes as represented in formula 15 by chelat­
ing interaction between metal ions and imidazolidi­
none moiety is responsible for these changes. T h e for­
mation of stabilized chelate ring depresses the conver­
sion of the imidazolidinone derivatives, 1, 5, and 8 into 
the corresponding isocyanate intermediates, 12, 13, and 
14. I t also enhances an electrophilic reactivity of the 
methoxycarbonyl group by its increased polarization. 

,.M. ,.M. 
Ö "0 Ö '0 

H r f \ r S ) C H 3 « N * S r S o C H 3 + H
 + 

M = Mg 2 4 " , C Q 2 + , Mn 2 + 

15 

The experimental results suggest that the formation of 
stabilized chelate rings is favored by an association of 
the imidazolidinato ligand with bivalent ions, Mg 2 + , 
Ga2+, and Mn2+, that belong to the hard metal ions in 
Pearson's classification.7) 

Bivalent ions, Zn2+ and Cu2 + , that belong to the 
borderline class in his classification and all monovalent 
ions do not give stabilized chelate rings. 

Exper imenta l 

Materials. l-Methoxycarbonyl-2-imidazolidinone (1), 
mp 178—179 °G, 3-acetyl-l-methoxycarbonyl-2-imidazolidi-
none (5), mp 143—144.5 °C, and 1 -methoxycarbonyl-cis-

perhydrocyclopenta[âf]imidazol-2-one (8), mp 153.5—154.5 
°C, were prepared by the methods described previously.4) 

Reaction of 1, 5, and 8 with Butylamine. The reaction 
of an imidazolidinone, 1, 5, or 8, with butylamine in the 
absence of metal ion were conducted by refluxing a solution 
of 2 mmol of the respective imidazolidinone in 10 ml of butyl­
amine for 17 h, and the products were isolated and identified 
by the procedures described previously.4) 

The reactions in the presence of metal ions were carried 
out as follows: A mixture of 2.08 mmol of an imidazolidi­
none, 1, 5, or 8, and 2.08 mmol of a metal ion (as chloride) 
in 10 ml of butylamine was refluxed for 17 h. An excess of 
butylamine was removed by distillation, and the residue was 
subjected to a chlomatographic separation on silica gel column : 
chromatographic separations were successfully accomplished 
by use of the solvent systems4) employed for the reactions 
in the absence of metal ions. 
The products were identified by the comparisons of melting 
points and spectral properties such as IR, NMR, and mass 
spectra with those of the respective authentic specimens. 
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A Macrocyclic Enzyme Model System. Catalytic Properties of 10-Amino-
[20]paracyclophane in the Deacylation of p-Nitrophenyl Carboxylates 
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The catalytic efficiency of 10-amino[20]paracyclophane in the deacylation of /»-nitrophenyl carboxylates 
was investigated in 10.9 or 20.8% (v/v) aqueous ethanol at //=0.10 (KCl). The present catalyst exhibited marked 
catalytic effects not only in the free amine but in the ammonium form. The observed saturation-type kinetics is 
consistent with a reaction mechanism which involves pre-equilibrium complexation between the aminopara-
cyclophane and the substrate at a 1 : 1 molar ratio, followed by pseudo-intramolecular catalysis effected by the 
amino group of the macrocycle. Studies on the inhibition effect by 1-dodecanol and the modification of the 
catalyst by 2,4-dinitrofluorobenzene confirmed the effective binding ability of the present paracyclophane toward 
hydrophobic substrates. The free amine form of the catalyst acted as an effective nucleophile to give the acylated 
aminoparacyclophane as confirmed by the product analysis. On the other hand, the protonated amine form also 
enhanced the ester degradation, retaining a turnover behavior. On the basis of the kinetic solvent isotope effect and 
the exceedingly minor kinetic effect of [10-oxo[20]paracyclophan-22(23)-ylmethyl]trimethylammonium chloride 
in the ester degradation in the neutral pH region, a plausible reaction mechanism has been discussed. 

[20] Paracyclophanes are synthetic macrocycles design­
ed to have a hydrophobic cavity of sizable diameter 
into which an appropriate hydrophobic substrate can 
be incorporated. Upon formation of the inclusion com­
plex, the cleavage of an ester bond of the incorporated 
substrate is subjected to the catalysis by a functional 
group or groups placed on the edge of a macrocyclic 
skeleton. The previously developed catalysts in this 
series, i.e., 10-hydroxy-ll-hydroxyimino[20]paracyclo­
phane (l)1»2) and substituted 10-hydroxyimino[20]para­
cyclophanes,3) have shown characteristic enzyme-like 
behavior in the deacylation of ^-nitrophenyl carbo­
xylates bearing a long aklyl chain. In those systems, 
the reaction had to be carried out at relatively high 
pH's to observe moderate catalysis because of relatively 
high pK& values of the hydroxyimino group. Another 
macrocycle, 10-amino[20] paracyclophane (2), was pre­
pared previously by Murakami et al.*) and investi­
gated as for its catalytic efficiency in this work. Since 
a free amino group is expected to act as either a nucleo­
phile or a general base and a protonated amino group as 
either a general acid or an electrostatic catalyst in a 
moderate p H region, some novel catalysis different from 
those demonstrated by the hydroxyimino group would 
be expected in this study. 

Amino acid residues as components constituting many 
enzymes often bear pr imary amine substituents. These 

/ - ( C H 2 ) 9 - N MZHih-^ 

O èHOH O | H N H 2 

MCH2)9-J MCH2)io-J 
1 2 

f-(CH2)9-^ r-(CH2)9-N 

JO CO O HCNt(CH2)ioCH3 

Ci0 3 4 

amino groups play indispensable roles in the enzymatic 
reactions in one way or another. While the aminolysis 
of carboxylic esters is one of the most thoroughly investi­
gated reactions,5^ the catalytic roles of amino groups 
seem less understood in the enzymatic reactions in spite 
of their importance. In the present investigation, the 
catalytic functions of an amino group placed in the 
hydrophobic field are to be clarified to obtain a clue to 
development of more elaborated enzyme model systems. 

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

Materials. 10-Amino [20] paracyclophane (2) was pre­
pared by a three-step procedure from 11-hydroxy [20]para-
cyclophan-10-one and isolated as the hydrochloride form.4) 
Preparation of [10-oxo[20]paracyclophan-22(23)-ylmethyl]-
trimethylammonium chloride (3) was described previously.3) 
/>-Nitrophenyl dodecanoate (PNPL) and hexadecanoate 
(PNPP) were the same as those described previously.1'2) 
2,4-Dinitrofluorobenzene was obtained as a guaranteed re­
agent from Nakarai Chemicals, Ltd. 1-Dodecanol was also 
obtained as a guaranteed grade from Nakarai Chemicals, 
Ltd. and distilled in vacuo before use. Deuterium oxide 
(99.75%) and ethanol-^ (99%) were the products of E. 
Merck AG and Commissariat al' Energie Atomique de 
France, respectively, and used without further purification. 

Kinetic Measurements.^ The deacylation rates of p-
nitrophenyl carboxylates were determined by measuring the 
absorption at 400 nm either on a Hitachi 124 recording 
spectrophotometer or on a Shimadzu-Bausch & Lomb 
Spectronic 88 equipped with a Riken Denshi SP-G3 
recorder. The procedure for the kinetic measurements was 
essentially the same as those described previously.1»2) Each 
run was initiated by adding an appropriate amount of a 
substrate dissolved in ethanol to a reaction medium which 
was pre-equilibrated at an appropriate temperature in a 
thermostatted cell set in the spectrometer. The reaction 
medium was prepared by mixing appropriate amounts of 
10-amino[20]paracyclophane, ethanol, potassium chloride, 
and buffer salts. The initial substrate concentration was 
always maintained at 1.00 X 10-5 M in order to make critical 
comparisons of kinetic data possible, since the hydrolytic 
rates of /»-nitrophenyl carboxylates bearing a long alkyl chain 
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were reported to vary by the change in their initial concen­
trations.7-8) 

pH Measurements. The pH and pD values of reaction 
mixtures were measured with a TOA HM-5A pH meter 
equipped with a TOA GS-135G combined electrode. The 
pH meter was calibrated by using a combination of appro­
priate aqueous buffer solutions. The pH values thus deter­
mined were converted into stoichiometric hydrogen ion 
concentrations (—log[H+]) by titrating perchloric acid with 
standard sodium hydroxide in the same solvent as used for 
the kinetic runs (10.9 or 20.8% (v/v) aqueous ethanol). The 
difference between pH in 20.8% (v/v) aqueous ethanol and 
pD in 20.8% (v/v) ethanol-^-79.2% (v/v) deuterium oxide 
was directly estimated from the pH-meter readings measured 
in phosphate buffer for both solvent systems. 

Product AnalysisV A solution of 2 (14 mg) and PNPL 
(50 mg) dissolved in a mixture of aqueous borate-carbonate 
buffer (pH 9.4, #=0 .1 with KCl, 800 ml) and ethanol (200 
ml) was stirred at 40 °G for 58 h, and the mixture was ex­
tracted with ether (150 mix6) . The ether extracts were 
washed with water (200 ml x 2), dried over sodium sulfate, and 
evaporated to give an oil. The oily material was chromato-
graphed on a column (2.4x15 cm) of silica gel (Wakogel 
G-100) with dichloromethane-benzene (1 : 1) as an eluant 
to afford ca. 4 mg of the acylated amine (4). The authentic 
sample was prepared independently as follows for the identi­
fication of the product. A solution of 2 (20 mg) and dodeca-
noyl chloride (100 mg) in dry ether (25 ml) was stirred under 
reflux for 8 h. The cooled solution was washed with 5% 
aqueous sodium carbonate (20 mix 3), 5% aqueous sodium 
hydroxide (20 mix 5), and then water (30 mix 2) in this 
sequence. The usual work-up gave an oily material {ca. 40 
mg) which was applied on a chromatographic column in a 
manner as described above. The amide fraction eluted with 
dichloromethane-benzene ( 1 : 1) was further purified by a 
Hitachi 635 liquid Chromatograph equipped with a column 
of Hitachi gel 3019. Methanol was used as eluant and com­
ponents eluted were detected by UV absorption at 254 nm. 
Spectral data identified the acylated amine (4) with the 
isolated authentic sample (ca. 5 mg). IR (neat): 3280 (NH 
str.), 1635 (amide G=0 sir.), and 1552 cm-1 (amide NH 
bend, and GN str.). NMR (GDG13, TMS): <5 7.11 (s, 
aromatic), 5.13 (broad d, NH), 3.51 (m, i/GNHGO), 2.64 
(t, benzyl methylene), 2.16 (t, GH2CO), and 1.9—0.8 (m, 
methylene). 

R e s u l t s 

The deacylation reaction of jft-nitrophenyl carboxy-
lates was investigated in aqueous ethanol both in the 
absence and in the presence of 2 as listed in Table 1. 
The initial concentration of a substrate was adjusted 
at 1.00 X 10 - 5 M and total amount of 2 was in the same 
concentration range. The pseudo-first-order rate con­
stants were obtained from the early stage, since good 
first-order correlations were observed for that range 
under the present conditions. While 2 showed little 
catalytic effect in the degradation of substrates bearing 
a comparatively short alkyl chain in a manner as ob­
served with I,1»2) it showed marked rate acceleration 
in the reaction of carboxylic esters bearing a longer 
alkyl chain, such as PNPL and PNPP. The extents of 
rate acceleration in the ester decomposition are 1380-
and 4750-fold for PNPL and PNPP, respectively, relative 
to their spontaneous hydrolyses as shown in Table 2. 

pH-Rate profiles for the reaction between 2 and P N P L 

8 9 10 
-log[H+] or -log[D+] 

Fig. 1. pH-Rate profiles for the deacylation of PNPL 
as catalyzed by 2 in 20.8% (v/v) aqueous ethanol 
(O) and in 20.8%, (v/v) 6 ^ 3 ^ 1 - ^ - 7 9 . 2 % ^ ) deuter­
ium oxide (A) at 40.0±0.1 °G and #=0.10 (KCl) 
with the initial concentrations : PNPL, 1 .00xl0- 5 M; 
2, 0.998 xlO~ 5 M. Solid lines are theoretical curves 
calculated by using parameters given in Table 3. 

-log[H+] or -log[D+] 

Fig. 2. pH-Rate profiles for the hydrolysis of PNPL as 
catalyzed by the specific base (hydroxide ion) in 20.8 
%,(v/v) aqueous ethanol (O) and in 20.8% (v/v) 
ethanol-(/1-79.2%,(v/v) deuterium oxide (A) at 40.0± 
0.1 °G and # = 0.10 (KCl) with the initial PNPL 
concentration of 1.00xlO_5M. The kinetic solvent 
isotope effect (k^/k^) is 0.47. 

in 2 0 . 8 % (v/v) aqueous ethanol and in 2 0 . 8 % (v/v) 
e thano l -^ -79 .2% (v/v) deuterium oxide are a character­
istic sigmoid type for which the acid dissociation pro­
cess is responsible (Fig. 1). This feature is consistent 
with the presence of two forms for the present catalyst, 
i.e., protonated (2a) and free amine species (2b), the 
latter being far more effective (Eq. 1). Figure 2 shows 
the solvent isotope effect on the specific base catalyzed 
hydrolysis of PNPL, plotted as log khya vs. —log [H+] 
or —log [D+]. 

(j?-NH3+ i f Qy-™> (i) 

The kinetic pK& values for the aminoparacyclophane in 
the presence of P N P L and P N P P are listed in Table 3 
along with their deacylation rates as catalyzed by the 
two functional species, 2a and 2b . I t must be noted 
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T A B L E 1. A P P A R E N T FIRST-ORDER RATE CONSTANTS FOR THE /»-NITROPHENOL RELEASE FROM /J-NITROPHENYL 

CARBOXYLATES IN THE PRESENCE OF 2 IN AQUEOUS ETHANOL AT 4 0 . 0 ± 0 . 1 °G AND ß = 0A0 (KCl) 

- log[H+] 

Substrate : 
6.30 
6.39 
6.42 
6.61 
6.82 
6.89 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.00 
7.16 
7.90 
8.40 
8.40 
8.86 
8.86 
9.24 
9.24 
9.69 
9.69 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 
9.95 

10.29 
10.44 
10.54 
10.77 
10.96 

Substrate : 
6.33d) 
6.58d> 
6.67d> 
6.82d> 

[2] X105/M 

PNPLb; 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.300 
0.400 
0.500 
0.700 
0.800 
0.900 
0.998 
1.00 
1.10 
1.20 
1.40 
1.50 
1.60 
2.00 
0.998 
0.998 
0.998 
0 
0.998 
0 
0.998 
0 
0.998 
0 
0 
0.300 
0.400 
0.500 
0.700 
0.800 
0.900 
0.998 
1.00 
1.10 
1.20 
1.30 
1.40 
2.00 
0 
0.998 
0.998 
0 
0 

PNPLO 
0.998 
0.998 
0.998 
0.998 

[S]a>xl05/M 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 

^obsdXlOVs"1 

0.387, 0.403 
0.403 
0.300 
0.290, 0.333 
0.370, 0.330 
0.473 
0.148 
0.190 
0.271 
0.348 
0.398 
0.490 
0.571 
0.571 
0.692 
0.833 
1.07 
1.05 
1.20 
1.41 
0.825 
2.89 
4.66 
0.023 
5.79 
0.059 
6.29 
0.073 
6.77 
0.233 
0.328 
1.90 
2.77 
3.46 
5.15 
5.85 
6.54 
6.84 
7.29 
8.25 
8.80 
9.00 
9.75 

10.8 
0.658 
7.33 
7.50 
0.962 
1.39 

0.250 
0.303 
0.326 
0.347 

- log[H+] 

6.83d) 
6.90d> 
6.95d) 
7.10d) 
7.38d) 
7.81d) 
7.87d> 
8.35d> 
8.61d> 
8.87d> 
9.03d) 
9.15d) 
9.55d> 
9.71d) 

10.18d) 
10.61d> 
10.65d> 
10.66d) 
10.97d> 
10.97d) 

Substrate : 
6.43 
6.97 
6.97 
6.97 
6.97 
6.97 
6.97 
6.97 
6.97 
6.97 
6.97 
6.97 
6.97 
6.97 
7.44 
7.74 
8.24 
8.61 
8.99 
9.61 
9.94 

10.27 
10.29 
10.29 
10.29 
10.29 
10.29 
10.29 
10.29 
10.29 
10.29 
10.29 
10.29 
10.29 

[2] X105/M 

0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0 
0.998 
0 
0.998 
0 
0 
0 
0.998 

p N p p e ) 

0.995 
0.301 
0.502 
0.703 
0.904 
1.00 
1.21 
1.41 
1.51 
1.61 
1.71 
1.81 
1.91 
2.01 
0.955 
0.955 
0.955 
0.955 
0.955 
0.955 
0.955 
0.955 
0 
0.301 
0.401 
0.502 
0.703 
0.803 
0.904 
1.00 
1.11 
1.21 
1.31 
1.41 

[S]a) x 105/M 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 

^obsdXlO3/*-1 

0.363 
0.423 
0.583 
0.587, 0.590 
1.01 
1.65 
2.35 
3.54 
4.21 
4.83 
5.13 
5.15 
0.555 
6.25 
1.08, 1.07 
8.17 
2.10 
1.95 
3.38 
9.62 

0.625 
0.072 
0.162 
0.213 
0.353 
0.410 
0.532 
0.517 
0.748 
0.895 
0.998 
1.15 
1.23 
1.23 
0.583 
1.67 
3.02 
4.53 
5.41 
5.53 
5.90 
6.20 
0.067 
1.14 
1.68 
2.35 
3.50 
4.19 
4.89 
5.77 
5.54 
6.38 
6.64 
6.92 
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T A B L E 1. continued 

2*23 

- l o g [ H + ] [2 ]X10 5 /M [S ]a>x l0 5 /M * o b s d X 1 0 3 / s - i - l o g [H+] [ 2 ] X l 0 5 / M [ S ] a > x l 0 5 / M £ o b s d X l 0 3 / s -

10.29 
10.29 
10.67 
10.79 

1.51 
2.01 
0.955 
0.955 

0.996 
0.996 
1.00 
1.00 

7.00 
7.72 
6.23 
6.16 

Substrate : 

6.38 
6.81 
7.38 
7.86 

PNPPf> 

0.955 
0.955 
0.955 
0.955 

1.00 
1.00 
1.00 
1.00 

1.66 
2.20 
3.59 
4.16 

a) Initial concentration of a /»-nitrophenyl carboxylate. b) Buffer systems: K H 2 P 0 4 - N a 2 B 4 0 7 for —log [H+] 
values of 6.0—9.0; N a 2 G 0 3 - N a 2 B 4 0 7 for - l o g [ H + ] > 9 . 0 . Solvent: 20.8%(v/v) aqueous ethanol. c) Buffer 
systems: K H 2 P 0 4 - N a 2 H P 0 4 for - l o g [ D + ] values of 6.33—7.87; K H 2 P 0 4 - N a 2 B 4 0 7 for - l o g [ D + ] values of 8.35— 
9.15; N a 2 G 0 3 for - l o g [ D + ] > 9 . 5 5 . Solvent: 20.8%(v/v) ethanol-rf1-79.2%(v/v) deuter ium oxide, d) - l o g [ D + ] . 
e) Buffer systems: K H 2 P 0 4 - N a 2 B 4 0 7 for - l o g [ H + ] values of 6.0—9.0; N a 2 G 0 3 - N a 2 B 4 0 7 for - l o g [ H + ] > 9 . 0 but 
N a 2 G 0 3 for - l o g [ H + ] = 10.29. Solvent: 20.8%(v/v) aqueous ethanol. f) Buffer system: K H 2 P 0 4 - N a 2 B 4 0 T . 
Solvent: 10.9%(v/v) aqueous ethanol. 

T A B L E 2. R A T E ENHANCEMENT EFFECTED BY 10-AMINO-

[20]PARACYCLOPHANE ( 2 ) IN THE DEACYLATION 

OF PNPL AND PNPPa> 

Substrate [2] X 105/M * 0 H b ) 

M - 1 s-1 M - 1 s-1 kjkc 

P N P L 

PNPP f ) 

None 
0.998 
None 
1.00 

0.49±0.00d> 

0.12 
683e> ) 

570 } 

1380 

4750 

a) Solvent, 20.8%(v/v) aqueous e thanol ; ß = 0 .10(KCl) ; 
4 0 . 0 ± 0 . 1 0 ° G . b) *0H=*hyd/ [OH-] . c) A;c=(A;o b s d-
*h,d) /Pq. d) [ P N P L ] 0 = 1 . 0 0 x l 0 - s M ; - l o g [ H + ] = 
9.95—10.97 e) [ P N P L ] 0 = 1 . 0 0 x 10"5 M ; - l o g [ H + ] = 
9.95. f) [PNPP] 0 = 0 . 9 9 6 x l 0 - 5 M ; - l o g [ H + ] = 10.29. 

t h a t t h e k ine t ic pK& v a l u e decreases w i t h t h e d e c r e a s e 
in a n e t h a n o l c o n t e n t , even t h o u g h it is l i t t le effected 
b y a smal l c h a n g e in t h e a l k y l - c h a i n l e n g t h of t h e s u b ­
s t ra tes . T h e e q u i l i b r i u m solvent i so tope effect (pKJ?) 

—piTa<
H)) is 0 .20. T h e k ine t ic so lvent i so tope effects 

for r eac t ions of P N P L w i t h 2 a a n d 2 b , £(H>/£<D>, a r e 
0.67 a n d 1.09, respect ive ly . 

T h e s a t u r a t i o n - t y p e kinet ics w a s obse rved as e x e m ­
plified b y t h e c o r r e l a t i o n b e t w e e n c o n c e n t r a t i o n of 
a m i n o c y c l o p h a n e 2 b a n d r a t e c o n s t a n t for t h e d e a c y l a ­
t ion of P N P L (Fig . 3 ) . T h e s e resul ts a r e cons i s ten t 
w i t h a r e a c t i o n m e c h a n i s m w h i c h involves p r e - e q u i -
l i b r i u m c o m p l e x a t i o n of t h e a m i n o p a r a c y c l o p h a n e a n d 
t h e s u b s t r a t e a t a 1 : 1 m o l a r r a t i o , fol lowed b y t h e 
p s e u d o - i n t r a m o l e c u l a r cata lys is effected b y t h e a m i n o 

X 

0 1 2 

[ 2 b ] x l 0 5 / M 

Fig. 3. Saturation-type kinetics for the reaction of P N P L 
with 2 b in 20 .8% (v/v) aqueous ethanol at 4 0 . 0 ± 0 . 1 
°G, / i = 0 . 1 0 (KCl) , and - log [H+] = 9.95 with the in­
itial substrate concentration of 1.00 X 1 0 - 5 M . Solid 
line is the theoretical curve calculated by using pa­
rameters listed in Table 5. 

g r o u p of t h e p a r a c y c l o p h a n e . 

T h e a d d i t i o n of 1 -dodecano l r e su l t ed in t h e dep res s ion 
of t h e ca t a ly t i c efficiency of 2 in t h e d e g r a d a t i o n of 
P N P L a n d P N P P , w h i l e t h e a l c o h o l a l o n e (10~ 4 M , 
10-fold a m o u n t of t h e subs t ra tes ) d i d n o t s h o w a n y 
effect o n t h e hydro lys i s of b o t h subs t r a t e s . 
T h e e x t e n t of i n h i b i t i o n b y 1-dodecanol i n c r e a s e d w i t h 
t h e i nc rease in its c o n c e n t r a t i o n , a n d b o t h P N P L - a n d 
P N P P - s y s t e m s s h o w a s imi la r b e h a v i o r (F ig . 4 ) . O n 
t h e o t h e r h a n d , 2 , 4 - d i n i t r o f l u o r o b e n z e n e ( D N F B ) i n -

T A B L E 3. ACID DISSOCIATION CONSTANTS OF T H E PROTONATED AMINO GROUP OF 2 AND RATE CONSTANTS 

FOR THE DEGRADATION OF P N P L AND P N P P AS CATALYZED BY CONJUGATED FUNCTIONAL SPECIES 2a AND 2ba> 

Substrate [2] X 105/M 
Ethanol content 

%(v/v) *OHb )/M-is- * ( a a ) X 104/s- A(ab) X 103/s- P*a 

PNPL 
PNPLC> 
PNPP 
PNPP 

0.998 
0.998 
0.995 
0.995 

20.8 
20.8 
20.8 
10.9 

0 .49±0.00 
1.06±0.00 

0.12 
— 

1.4±0.5 
2 . 1 ± 0 . 3 
2 . 4 ± 0 . 2 
1.0±0.1 

6.65±0.10 
6 .11±0.31 
6 .14±0.43 
4 .74±0.14 

8.07 
8.25 
8.26 
7.08 

a) [ S u b s t r a t e ] 0 = 1 . 0 0 x l O - 5 M ; 4 0 . 0 ± 0 . 1 °C ; # = 0 . 1 0 (KCl) . p# a -Va lues were evaluated graphically for the first 
approximation from the corresponding pH-ra te profiles (see Fig. 1), and &(2a) and £(2b) values as well as pKa 

were determined from computations which provide best fits to the corresponding kinetic (pH-rate) data , b) 
T h e second-order rate constant for the specific base catalyzed hydrolysis in the absence of 2 ; £oH=£hyd / [OH - ] 
or * b y d / [ O D - ] . c) I n 2 0 . 8 % (v/v) e thano l - ^ -79 .2% (v/v) deuteruim oxide. 
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10.0 

[1-Dodecanol]xl05/M 

Fig. 4. Inhibition of the 2-catalyzed degradation of 
PNPL (O) or PNPP (A) by 1-dodecanol in 20.8% 
(v/v) aqueous ethanol at 40.0±0.1 °C, /*=0.10 (KCl), 
and —log[H+] = 10.29 with the initial concentrations: 
PNPL, 0.997xlO- 5M; PNPP, 0.996xlO"5M; 2, 
1.00xlO"5M. 

TABLE 4. THE EFFECT OF CHEMICAL MODIFICATION OF 2 

WITH 2,4-DINITROFLUOROBENZENE IN THE CATALYTIC 

DEGRADATION OF PNPL A > 

[2] X 105 

M 

None 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

[DNFB] X 10s 

M 

None 
None 
0.515 
0.515 
1.03 
1.03 
5.15 
5.15 

Incubation time 
h 

— 

— 
24 
60 
24 
60 
24 
60 

tobsd xl 
S"1 

1.53 
62.7 
16.7 
16.3 

1.03 
1.11 
1.13 
0.92 

a) [PNPL]0= 1.00 X 10-5 M; solvent, 20.8% (v/v) aqueous 
ethanol; ^-O.lO(KGl); - log[H+]=9.26; 40.0±0.1 °G. 

hibited the aminoparacyclophane-catalyzed reaction in 
a manner different from 1-dodecanol. T h e pre-incuba-
tion of 2 with DNFB resulted in an appreciable reduc­
tion of the catalytic efficiency as listed in Table 4. 
Examination of the effects of incubation time and 
DNFB concentration on the reaction rate confirms that 
the amino group of 2 reacted quantitatively with DNFB 
at a 1 : 1 molar ratio in 24 h. I t must be noted that 
the dinitrophenylated aminoparacyclophane reduced 
the rate of PNPL decomposition even below the cata­
lyst absence level. 

D i s c u s s i o n 

10-Amino [20] paracyclophane is characterized by two 
functions : a hydrophobic binding site formed by poly-
methylene chains and a benzene ring, and a catalytic 
center provided by an amino group. In fact, dinitro-
phenylation of 2 with DNFB, which is the potent re-

S + 2a ^ = ± (S-2a) > P2 (2) 
(hydrolysis) 

*vlîH* *4ÎH+ 

S + 2b ^ ± (S -2b) > P3 (3) 
(aminolysis) 

Pj : Carboxylate and /»-nitrophenolate ions, 
P2: carboxylate, j&-nitrophenolate, and regenerated 2a, 
P3: /»-nitrophenolate ion and acylated 2. 

Scheme 1. 

agent to modify an essential amino group of enzymes,10) 
resulted in the complete disappearance of catalytic ef­
fect. Accordingly, it is evident that the amino group 
placed on the paracyclophane skeleton plays an indis­
pensable role in the catalytic degradation of the carbo­
xylic esters. Formation of an inclusion complex be­
tween 2 and the substrate was confirmed by the inhi­
bition experiment with 1-dodecanol. The catalytic 
efficiency exhibited by 2 gradually decreases with the 
increase in inhibitor concentration as shown in Fig. 4. 
Since the inhibitor and the substrate (PNPL or PNPP) 
bear a hydrophobic alkyl chain of similar length, they 
can compete with each other in occupying the hydro­
phobic cavity of the catalyst. 

In consistent with the pH-rate correlation (Fig. 1) 
and the saturation-type kinetics (Fig. 3), the reaction 
scheme is given by Scheme 1 in a manner similar to 
those applied to the hydroxyiminoparacyclophane cata­
lysis described previously.2) This reaction scheme 
means that the pre-equilibrium complexation of the 
aminoparacyclophane with the substrate at a 1 : 1 molar 
ratio is followed by the pseudo-intramolecular catalysis 
to decompose the substrate. Reactions 2 and 3 in 
Scheme 1 can be treated separately by analyzing the 
kinetic data obtained in sufficiently lower and higher 
p H regions, respectively, relative to the pK& value of 
the catalyst. The binding constant Kb and the rate 
constant for substrate decomposition k& were computed 
by the nonlinear least-squares method to obtain best 
fit to the kinetic data (see Appendix). The rate con­
stants of simple hydroxide-catalyzed hydrolysis (£hyd) 
were obtained independently from kinetic runs in the 
absence of the catalyst (Table 5). 

Nucleophilic Catalysis in the Higher pH Region.11) 
In general, the free amine takes part in the decomposi­
tion of carboxylic esters in two different ways;5) the 
general base catalysis to give the same product as ob­
served in the corresponding spontaneous hydrolysis, 
and the direct nucleophilic attack of the amino group on 
the ester carbonyl to give the acylated amine. When 
both substrate and amine bear long hydrocarbon chains, 
the overall rate of ester degradation was accelerated 
drastically due to the mutual hydrophobic interaction 
which facilitate to place the amino group in a close 
vicinity of the ester carbonyl.7 '12) At the same time, 
the aminolysis becomes the major reaction among com­
peting ones. Similar proximity effect is expected for 
the present paracyclophane system and the amino group 
attacks on the ester carbonyl as confirmed by the prod-
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TABLE 5. KINETIC PARAMETERS FOR THE DEACYLATION REACTIONS OF PNPL AND PNPP 

AS CATALYZED BY 2b a > 

Substrate -log[H+] AtyaXlOVs"1 A^XlC/s"1 tfbX lO^/M"1 £/*> 

PNPL <L95 3T28 2T4Ö 59 4.32x10-« 
PNPP 10.29 «1. 0.1—0.5 1.38 100 2.76x10"« 

a) [PNPL] 0=1.00xlO- 5M and [PNPP]0=0.996 X10"6 M; solvent, 20.8%(v/v) aqueous ethanol; 40.0±0.1 °C; 
# = 0.10 (KCl), b) A residual sum of squares for the computational procedure, see Appendix. 

uct analysis. The observed small isotope effect on the 
specific rate constant, k[f^lk[f^ = \.09 for PNPL as 
shown in Table 3, is consistent with the direct nucleo-
philic attack by the amino group. For the nucleo-
philic displacement, the kinetic solvent isotope effect is 
usually very close to unity: phenyl acetate with imi­
dazole, 1.07 ;13) /i-nitrophenyl acetate with imidazole, 
I.O;13) and /»-nitrophenyl acetate with trimethylamine, 
O.9.14) 

The ester degradation was even slower than the 
corresponding spontaneous hydrolysis in the presence 
of the dinitrophenylated aminoparacyclophane. This 
means that the modified paracyclophane can still in­
corporate the substrate and the incorporated substrate is 
less susceptible to the nucleophilic attack by hydroxide 
ion due to the steric hindrance effect exerted by the 
bulkyl substituent. A similar state of affairs has been 
noted by Bender et al. for the reaction between phenyl 
acetates and dodecamethylcyclohexaamylose.15) Since 
the present and related paracyclophanes may be re­
garded to exist largely in a monomeric form under the 
kinetic conditions,3) the inclusion complex is most 
plausibly formed at a 1 : 1 molar ratio as shown in 
Scheme 1. The cyclic skeleton of 2 b shows a profound 
tendency to bind the substrates in a manner similar 
to those observed for other [20]paracyclophanes.1-3) 
Thus, there is no doubt that [20] paracyclophane skele­
ton provides an effective hydrophobic binding site for 
carboxylic esters bearing a long alkyl chain. 

Another prominent feature found in the present study 
is that the acyl transfer rates as catalyzed by the amino 
group (2b) are comparable to those by the hydroxy-
imino group (1) ; £ a =1 .82 X 10~2 s"1 at 43.1 °G and p H 
10.3 for PNPL, and 4.45 X 10~2 s-1 at 39.9 °G and p H 
10.7 for PNPP with the hydroxyimino group in 10.9% 
(v/v) aqueous acetone.1) This result seems to be rather 
surprising since the basicity of the hydroxyimino group 
of 1 is greater than that of the amino group of 2 b by 
an order of approximately 104. The large basicity as 
well as the additional a-effect should in general enhance 
the nucleophilic reactivity of the hydroxyimino group 
relative to the amine. The complexation of 2 b with 
the substrate bearing a long alkyl chain may provide a 
profound hydrophobic reaction field for the amino 
group of 2b . This field effect (microsolvent effect) as 
well as the proximity effect seems to enhance the nu-
cleophilicity of the amino group in the present system. 

Rate Acceleration in the Neutral pH Region. The 
present paracyclophane gave out an appreciable cata­
lysis in the degradation of PNPL and PNPP in a p H 
region where the amino group is protonated predomi­
nantly and the spontaneous hydrolysis of the substrate 
esters proceeds to a negligible extent. In an alkaline 

region where 2 b is the dominant species, the rate plots 
always deviated downwards, relative to the linear first-
order correlation line, because the catalytic amino group 
was consumed along with the progress of reaction. 
O n the other hand, the rate plots deviated upwards 
in the neutral p H region in a manner as observed in 
the spontaneous hydrolysis of P N P P over the whole p H 
range. In the cases of the hydrophobic substrates, such 
as PNPL or PNPP, the substrate becomes progressively 
free from the intermolecular aggregation along with the 
progress of reaction because of the decrease of substrate 
concentration.8) The kinetic behavior mentioned above 
suggests that the deaggregated substrate is more favora­
bly incorporated into the paracyclophane. In the neu­
tral p H region, in addition, it is clear that the catalytic 
group is not consumed during the course of reaction. The 
protonated amino group most plausibly plays a catalytic 
function by either of the following two mechanisms in 
the hydrolysis of carboxylic esters. T h e first one is the 
electrostatic catalysis effected by the positively charged 
ammonium group which stabilizes the anionic tetra-
hedral intermediate. The alkaline hydrolysis of acetyl­
choline proceeds 32 times as fast as that of 2-(dimethyl-
amino) ethyl acetate.16) This acceleration effect was 
attributed to the electrostatic stabilization of the anionic 
tetrahedral intermediate by the positively charged am­
monium group of the former species. An appropriate 
spatial orientation of an ammonium group relative to 
an ester carbonyl was suggested to be responsible for 
the development of such electrostatic catalysis.17) I n 
a previous work,3) [10-hydroxyimino[20]paracyclophan-
22(23)-ylmethyl]tr imethylammonium chloride was 
found to enhance the deacylation of P N P L and P N P P 
in an alkaline solution due to an electrostatic effect pro­
vided by the positively charged ammonium group. In 
order to examine the possibility of electrostatic cataly­
sis by the protonated amino group of 2a, the kinetic 
effect of [10-oxo[20]paracyclophan-22(23)-ylmethyl]tri-
methylammonium chloride (3) in the degradation of 
PNPL was investigated under the following conditions: 
p H 7.28; solvent, 2 0 . 8 % (v/v) aqueous ethanol; temp, 
40.0 °G; ionic strength, 0.10 with K C l ; initial concen­
tration of PNPL, 1.00 X lO-5 M.9) The observed first-
order rate constants (2.33 X 10~5 s"1 with 0.88 X 10~5 M 
of 3, and 2.92 X 10~5 s"1 with 1.53 X 10~5 M of 3) are 
much smaller than those observed in the presence of 
2a, even though they are larger than that of the sponta­
neous hydrolysis {ca. 1.3 X 10 - 5 s_1) under the same con­
ditions. Thus, it is concluded that contribution of elec­
trostatic effect may be ruled out under the present experi­
mental conditions, even if the structural difference be­
tween 2a and 3 needs to be taken into consideration. In 
addition, the observed solvent isotope effect (0.67) seems 
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to support this view, since no isotope effect would be 
expected for the electrostatic catalysis which involves 
no proton transfer process. An alternative mechanism 
is the general acid catalysis18) in which the ammonium 
group of 2a attacks on the ester carbonyl as a general 
acid and the nucleophilic attack of a water molecule 
is facilitated accordingly. Even though the solvent deu­
terium isotope effect is usually greater than unity for 
this mechanism, there are other examples in which the 
isotope effect is smaller than unity: the dehydration 
step of oxime formation, 0.30 ;19) the acid-catalyzed 
addition of thiol to aldehyde, 0.59.20) Thus, the pro-
tonated amino group most plausibly attacks on the ester 
carbonyl as a general acid catalyst. This work pre­
sents undoubtedly a novel type of catalysis in any sense 
played by the protonated amino group placed on the 
hydrophobic cyclic skeleton in the hydrolysis of carbo-
xylic esters. 

In brief summary, the present aminoparacyclophane 
demonstrated marked catalytic effects on the deacylation 
of /»-nitrophenyl carboxylates bearing a long alkyl chain 
not only in the free base but also in the protonated form. 
The nucleophilic attack of the free amino group of 2 
on the ester carbonyl takes place pseudo-intramolecu-
larly upon complexation with the substrate, which af­
forded the acylated aminocyclophane. O n the other 
hand, the general acid catalysis is exercised by the pro­
tonated amino group of 2 in the deacylation of the same 
substrates. Even though its absolute catalytic effi­
ciency is not so large as that of the free base group, 
a characteristic turnover behavior was observed. 

Appendix 

Determination of Kinetic Parameters for Saturation-type Kinetics. 
When the reaction is carried out in a sufficiently high pH 
region relative to the püTa value of the catalyst, the predomi­
nant catalyst species is 2b and Scheme 1 can be simplified to 
Scheme 2. 

S + C ^ = ± (S-G) ^ = ± P 

P ' 

Scheme 2. 

The kinetic parameters given in Scheme 2 are evaluated by 
the following computations. Abbreviations are made here 
for convenience. 

S: a substrate species 
G: a catalyst species (2b) 
S-G : a substrate-catalyst inclusion complex 
P and P ' : products 
Kb: a binding constant 
kg,: a catalytic rate constant for the aminolysis step 
khsA: a rate constant for spontaneous or simple alka­

line hydrolysis 
k<p\ an overall rate constant 

Mass balances in consistent with Scheme 2 are established as 
follows. 

[S]T = [S] + [ S - G ] 

[ C ] T = [ C ] + [ S - G ] 

(4) 

(5) 

The binding constant is given by 

_ [ S - G ] 
b ~ [S][G] 

Combination of Eqs. 4, 5, and 6 gives 

1 

(6) 

[S - - - H [S]T+[C]T + Kh 

- { ( [ S ] T + [ C ] T + - ^ - J - 4 [ S ] T [ G ] , 
1/2" 

The overall rate can be expressed as follows: 

A*[S]T = *hyd[S] + A a[S-C] 

k,;, 
\ [S]T / 

[S-G]\ [S-C] 

[S]T r U y d + [S]T 
K 

(7) 

(8) 

(9) 

The equation derived by combination of Eqs. 7 and 9 is 
nonlinear with respect to parameters Kh and £a. An iterative 
calculation was performed to minimize the residual sum of 
squares (U): 

U= S {Mobsd) ( -Mealed) i}8 , 
i = l 

where n is the number of observations at different concentra­
tions of the catalyst and i is the observation-number index. 

All calculation processes were programmed by means of 
the Fortran language for use with a FAGOM 270-20/30 
electronic computer of the Computation Center of Nagasaki 
University. 
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A New Method for Measuring Surface Acidity. The Titration 
of Silica-Alumina with the Indicator Itself1} 

Jun-ichiro T A K E , Haruyuki K A W A I , 2 ) and Yukio YONEDA 

Department of Synthetic Chemistry, Faculty of Engineering, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received July 23, 1976) 

A new method has been proposed for measuring the surface acidity of solid acids. The method involves the 
titration of a solid acid with the indicator itself in a nonpolar solvent; it determines the number of acid sites from the 
amount of the indicator chemisorbed at saturation. The titration of silica-aluminas with 4-anilinoazobenzene 
(pJCa=1.5) itself yielded an acid content smaller than the butylamine titration method with the same indicator. 
This difference in acid content was ascribed to the difference in the base strength of the titrants. Similarly, 
titration with frarc^-azobenzene (piCa= — 2.9)itself produced an acid content smaller than that with 4-anilinoazo­
benzene itself. 

Walling's3) and the butylamine titration (or Benesi's)4) 
methods have been employed for measuring the acidic 
properties of solid acid surfaces in nonpolar solvents. 
The former is for measuring the acid strength from the 
color change in indicators adsorbed on surfaces. The 
latter method, for measuring the acid-strength distri­
butions, can be interpreted in the following way : it is 
primarily designed to determine the number of acid sites 
capable of chemisorbing each H0 indicator on the basis 
of the amount of butylamine which must be added 
until the chemisorbed indicator changes in color. In 
our recent studies5-7) it was pointed out that the as­
sumption underlying the latter method is not valid from 
a practical point of view. This argument is based on 
the fact that neither the amine nor the any indicator 
reaches an adsorption equilibrium with the acid sites 
under the conventional conditions of operation. 

Since butylamine is much more basic than the usual 
indicators, it may reasonably be inferred that the acid 
sites capable of chemisorbing the amine are not all 
capable of chemisorbing indicators, and also that the 
amine chemisorbed is less mobile than the chemisorbed 
indicators. The former inference is equivalent in es­
sence to the generalized one that acid sites on a solid 
acid vary in number depending on the base strength 
of the base used. When no asdorption equilibrium is 
attained, a substantial part of the amine added may 
be chemisorbed on acid sites incapable of chemisorb­
ing an indicator, and thus wasted. Consequently, the 
butylamine titration method may overestimate the num­
ber of acid sites. 

Therefore, if solid acid surfaces are titrated with in­
dicators themselves different in base stregth, accurate 
information may be obtained on acid-strength distribu­
tions from both the amount chemisorbed at saturation 
and the base strength of each indicator. The amount 
of a chemisorbed indicator at saturation will correspond 
to the number of acid sites capable of chemisorbing the 
indicator. The base strength of the indicator (e.g., its 
pifa value) will determine an arbitrary scale of the acid 
strength of the acid sites. Also this method will not 
require, in principle, that the adsorption be at equili­
brium, if only the amount of a chemisorbed indicator 
itself is measurable even in the presence of the physically 
adsorbed indicator. 

The present study was undertaken in order to see 
whether or not the titration of solid acid surfaces worked 
out in practice with an indicator itself, and also to ex­

amine whether or not the above inference was valid. 
This at tempt was carried out with silica-alumina catal­
ysts as solid acids, silica gel as an inert diluent of the 
catalysts, and 4-anilinoazobenzene or £ra/u-azobenzene 
as an indicator. 

Exper imenta l 

Materials. The original and Na-poisoned silica-alu­
mina catalysts (SA-1, SA-l-Na-2 and -3) were described 
elsewhere.8) The additional catalyst (SA-l-Na-4) was prepa­
red by the impregnation of SA-1 with an aqueous solution 
of sodium hydroxide. Its surface area and Na+- content were 
452 m2/g and 0.807 mg-ion/g respectively. The silica gel 
(S-3) was taken from the same batch as was used earlier.6) 
The 4-anilinoazobenzene (BADA, pK&=l.5) and trans-azo-
benzene (TAB, pK&—— 2.9) were of a GR and an EP grade 
respectively, and both were purified by recrystalization from 
ethanol. Their solutions in cyclohexane were prepared in 
the way described previously.6) Thoroughly purified cyclo­
hexane was sealed in a small Y-shaped glass ampoule under 
a vacuum;6) its volume (around 3 ml) was determined from 
the difference in the weight of the ampoule before and after 
sealing. Gaseous nitrogen from a cylinder was also purified.6) 

Apparatus. The specially designed UV-cell, which pro­
vides two light-paths rectangular to each other, was shown in 
a previous paper.6) A single wafer was used in each of the 
present runs, so that concurrent spectral measurements were 
possible of both the wafer and the liquid phase. The spectra 
were recorded on a Shimadzu multipurpose recording spectro­
photometer, Model MSP-50L, at room temperature. The 
control was atmospheric air. 

Procedures. Most of the procedures have been de­
scribed in detail earlier.6) In most experiments, the powder­
ed catalysts were diluted with inert S-3 powder (for a reason 
to be stated later) by mixing them well for 2—5 min in a 
mixing grinder; they were then pressed into self-supporting 
wafers. 

A wafer was activated in the cell at 450 °G and at pressures 
of 10~4 to 10 -5 mmHg for 2 h after pretreatment in air at 
550 °C for 5 h. After the introduction of the sealed cyclo­
hexane, the background spectra were recorded of both the 
liquid phase and the wafer, plus the liquid phase. The 
background spectra of the wafer itself were obtained as a 
difference between the two spectra. A known, small amount 
of each indicator solution (around 0.3 or 0.5 ml) was added 
to the cell, and then the cell was allowed to stand at 60 °C 
for at least 4 days before spectral measurements. This addi­
tion was repeated until the amount of a chemisorbed indi­
cator became virtually constant. A previous study6) showed 
that the BADA adsorbed on non-acidic sites transmigrated 
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effectively onto acid sites when it was allowed to stand as 
above. In the present titration, therefore, the added indi­
cator can be regarded as being approximately in an adsorption 
equilibrium. 

R e s u l t s 

Spectra of BADA and Molar Absorption Coefficients. 
BADA shows a band at 386 nm in cyclohexane, at 440 
nm on S-3, and at 545 nm on SA-1. The bands at 
440 and 545 n m are ascribable to species hydrogen-
bonded to non-acidic sites and chemisorbed on acid 
sites respectively.6) The molar absorption coefficients 
were determined for each species from the Beer plots. 
They are listed in Table 1. The values for adsorbed 
species were obtained with undiluted wafers (ca. 25 mg). 
For each species, an excellent linearity was confirmed 
up to an absorbance of at least 2 at an absorption max­
imum. This critical absorbance corresponded to surface 
concentrations of around 3.5 X 10~3 and of around 7 x 
10 - 3 mmol/g for chemisorbed and hydrogen-bonded 
BADA respectively. 

TABLE 1. MOLAR ABSORPTION COEFFICIENTS OF BADA 

Molar absorption coefficient 
System 'v 

Symbol sXÏO-4 

In cyclohexane ei,386 2.78 
On S-3 ep,440 2.00 

*p,545 0 . 0 7 

On SA-1 
° r ec,545 

3.72 
SA-l-Na-4 £ci440 0.29 

With S-3 wafers, the BADA remained in part unad-
sorbed in the liquid phase, even on the first addition 
(about 3 X 10 - 5 mmol). Also, no spectral evidence was 
found to indicate the presence of chemisorbed BADA, 
not even at the above critical surface concentration. 
The adsorption isotherm of hydrogen-bonded BADA 
followed the Freundlich equation well. With undiluted 
SA-1 wafers, the spectra showed not only the presence 
of chemisorbed BADA alone on the surface, but the 
absence of BADA in the liquid phase, even at a surface 
concentration of about 8 X 10 - 3 mmol/g, indicating that 
the chemisorption was far from saturation even at this 
surface concentration. The same things were noted 
with undiluted SA-l-Na-4 wafers. Therefore, it was 
necessary for the titration of the catalysts with BADA 
itself to reduce greatly the amount of acid sites in a 
wafer. For this purpose, it seemed advisable to dilute 
the catalysts with inert S-3. This is the reason for the 
use of a diluted wafer. 

Evaluation of the Amount of Chemisorbed BADA. 
The spectra of diluted wafers showed the coexistence 
of both chemisorbed and hydrogen-bonded BADA, even 
on the first addition of 3—5 X 10~5 mmol. When the 
addition was repeated, the BADA increased gradually 
in both the liquid-phase and surface concentrations. 
Hence, the material balance is given by the following 
equations : 

m0 = m& + mu (1) 

m& = mp + mc, (2) 

where m is the amount of BADA; the 0, a, 1, p , and c 
subscripts denote the BADA added, adsorbed, remain­
ing in the liquid phase, hydrogen-bonded, and chemi­
sorbed respectively. The m1 quantity is readily deter­
minable from the data on both the liquid-phase con­
centration of BADA and the cumulative volume of 
cyclohexane added; hence, the m& can be determined 
from Eq. 1. The absorbances at the absorption maxima 
of both adsorbed species (Axm) are given by Eqs. 3 and 4 : 

^545 = - £ - («c,545™c + £p,545™p) , (3) 

^440 = — ^r( e c ,440 m c + ep,440mp)j VV 

where S is the cross section of a wafer; e, the molar 
absorption coefficient, and m, in mmol.6) 

I t is well known that molar absorption coefficients 
often vary at high concentrations.9) When diluted 
wafers were titrated, the chemisorbed BADA increased 
in the net surface concentration by a factor of 10 to 
50 over the critical concentration below which the Beer 
law was valid. O n the other hand, the concentration 
of hydrogen-bonded BADA was never beyond the range 
of the validity of the Beer law. Then , it does not seem 
to be reasonable to evaluate the amount of chemisorbed 
BADA directly from Eqs. 3 and 4 with the ee and ep 

values given in Table 1. With the assumption that the 
ratio of £ c 4 4 0 to ec>5i5 is constant over an extended range 
of surface concentrations (Eq. 5), Eq. 6 is derived from 
Eqs. 2, 3, and 4: 

—- = a (constant value), (5) 
£c,545 

ep,440 — a£p,545 

This assumption seems to be reasonable and much more 
practical than the assumption of the Beer law over an 
extended range of surface concentrations. For BADA, 
the value of a was as low as 0.078. Also, the second 
term (a£p>545) in the denominator of Eq. 6 was neglected 
because of its negligibly small value. Thus, the amount 
of chemisorbed BADA was determined according to 
Eq. 6. 

Adsorption Isotherms of Chemisorbed BADA. The 
adsorption isotherms were obtained by plotting the 
amount chemisorbed on a catalyst of a unit weight, Mc 

(mmol/g), against the liquid-phase concentration, as is 
exemplified in Fig. 1. Each isotherm conformed well 
to the Langmuir equation, as is illustrated in Figs. 1 
and 2. T h e solid lines in Fig. 1 denote isotherms 
derived from the Langmuir equation. Figure 2 shows 
the Langmuir plots of the isotherm data given in Fig. 1. 
The isotherm data at zero concentration were excluded 
from the Langmuir plots because the lower limit for the 
detectable liquid-phase concentration was about 3 X 
10 _ 4 mmol/ l . The amount of chemisorbed BADA at 
saturation (i.e., the number of acid sites capable of 
chemisorbing BADA) was determined from the Langmuir 
plots in the usual way. The results are listed in 
Table 2. Acid contents determined by other methods 
were also collected in this table for comparison. 

Spectra and Adsorption Isotherms of TAB. Titration 
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TABLE 2. ACID CONTENTS OF SILICA-ALUMINA CATALYSTS 

[Vol. 50, No. 9 

Catalyst 

SA-1 

SA-l -Na-2 

SA-l -Na-3 

SA-l -Na-4 

Dilution ratiob> 
(Cat : S-3) 

1 : 19.0 

1 : 6 .24 

1 : 0 

1 : 5 .54 

1 : 9 .58 

1 : 9 .24 

BA 

0 .12 5 

0 .07 4 

0.06 7 

0.04 3 

0 . 0 5 8 

This work 

DA 

0.089
e> 

0.06 7 

0 .09 3 

• 0.050e> 

Acid 

TAB 

0 . 0 1 0 

O.Oli 

— 
— 

contents*1) 

Amine method 
with BADA«) 

0 .23 

0 .16 

0 .13 

— 

IR-Py 
methodd> 

(L + B) 

0.09 7 

0.07 7 

0.06 0 

0.04 6 

a) mmol/g. b) Ratio by weight, c) The butylamine titration method, Ref. 8. d) IR spectroscopic method 
with pyridine (Ref. 10); L + B, Lewis plus Bronsted acid sites; see text, e) Values averaged over the indicated 
two or three independent titration data. 

TABLE 3. UV SPECTRA OF TAB AND MOLAR 

ABSORPTION COEFFICIENTS 

'0 0.5 1.0 1.5 2.0 
Liquid-phase concentration (cXlO2), mmol 1_1 

Fig. 1. Adsorption isotherms of chemisorbed BADA. 
O: SA-1, • : SA-l-Na-4. 

0 0.5 1.0 .1.5 2.0 

Liquid-phase concentration (cXlO2), mmol I - 1 

Fig. 2. Langmuir's plots of BADA chemisorption. 
O : SA-1, • : SA-l-Na-4. 

with TAB, less basic than BADA, was preliminarily 
examined. Table 3 summarizes the absorption spectra 
of TAB, together with the relevant molar absorpti e n 

System 

In cyclohexan 

In ethanol 

O n S-3 

In aq H 2 S 0 4 

O n SA-1 

230 (s) 

230 (s) 

230 (s) 

255 (s) 

245 (s) 

Absorption ata> 

317(vs) 450 (vw, 

318(vs) 420 (vw, 

318(vs) 420 (vw, 

295 (vw) 425 (vs) 

305 (vw) 435 (vs) 

b) 

b) 

b) 

Molar abs. coef. 
. 

Symbol 

£1,317 

£P,318 
£p,435 

£c,435 
£c,318 

eXlO" 4 

2.50 

1.65 

0 .16 

1.57 

0 .34 

a) nm ; (vs), very strong ; (s), strong ; (vw), very weak ; 
(b), broad. 

coefficients determined from the Beer plots. An in­
spection of this table leads to the conclusion that the 
strong bands at 435 nm on SA-1 and at 318 nm on 
S-3 are due to TAB chemisorbed on acid sites and ad­
sorbed in the neutral (probably, hydrogen-bonded) 
form on non-acidic sites respectively. The amount of 
chemisorbed TAB was determined according to the 
equation corresponding to Eq. 6. For TAB, a was 0.21 
and the second term (aep)435) in the denominator was 
again neglected. 

When a diluted SA-1 wafers was titrated, even the 
first addition of TAB (about 5 mmol) effected the 
saturation of the chemisorption, as evidenced by the 
fact that repeated additions brought about no increase 
in the amount of chemisorbed TAB. The amount of 
chemisorbed TAB in each addition was, therefore, 
taken as the amount of acid sites for TAB. The value 
listed in Table 2 is the one averaged over four additions. 

The adsorption isotherm of chemisorbed TAB was 
determined with an undiluted SA-1 wafer (Fig. 3). In 
this titration, TAB was detected in the liquid phase, 
even at a low surface concentration. In addition, no 
spectral evidence was observed to show the presence 
of hydrogen-bonded TAB at any stage of the titration. 
Figure 3 also shows that the isotherm fits the Langmuir 
equation. The acid content evaluated from the 
Langmuir plot is also listed in Table 2. 
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-h.O 

0 0.5 1.0 

Liquid-phase concentration (cX 102), mmol l - 1 

Fig. 3. Adsorption isotherm (O) and Langmuir's 
plot (#) for TAB chemisorption on SA-1. 

D i s c u s s i o n 

Table 2 indicates that there are fewer acid sites on 
SA-1 when TAB is used than when BADA is used, as 
was expected. This difference can be explained in 
terms of the difference in the base strength of the two 
indicators, since TAB is smaller in molecular size than 
BADA. A similar phenomenon was observed with S-3. 
Silica gel S-3 behaved as a non-acid to BADA. but as 
an acid to 4-(l-naphthylamino)azobenzene (pÄ"a=4.0), 
which is more basic than BADA. This is also very 
similar to the well-known fact that even alcohols such 
as 1-butanol behave as acids toward potasium hydroxide, 
yielding alkoxide anions. Thus, the present observa­
tions substantiate the inference that acid sites on a solid 
acid vary in number depending on the base strength of 
the base used. 

Also, Table 2 points out that the present titration 
with BADA itself gives an acid content smaller than the 
butylamine titration method with BADA for every 
catalyst used. Two explanations may be offered for 
this difference. The first is that the observed difference 
results from the difference in molecular size between 
BADA and butylamine as titrants. If the acid sites 
were present mainly in small surface pores which are 
accessible to butylamine molecules, but inaccessible to 
BADA molecules larger than the amine, or if such pores 
were predominant in the surfaces, titration with BADA 
itself would yield an acid content smaller than the butyl­
amine titration method with BADA. The second is 
in terms of the difference in the base strengths of the 
two titrants, as has been described in the Introduction. 

The acid-content data shown in the last column of 
Table 2 give a clue for determining which explanation 
is valid. These values (for Lewis plus Bronsted acid 
sites) were determined from the integrated I R absorp­
tion intensities for the Lewis-bound pyridine (1455 cm - 1 ) 
and Bronsted-bound pyridine (1540 cm - 1 ) bands,10) 

using the apparent integrated molar absorption coef­

ficients reported by Hughes and White.11) The I R 
spectra were recorded after a catalyst wafer had been 
exposed to pyridine vapor and then evacuated at 150 
°C for 1 h.10) When an undiluted SA-1 wafer was pre-
treated with pyridine in the same way as above, its U V 
spectra revealed that such a wafer was capable of chemi-
sorbing only a small amount of BADA. This fact im­
plies that the prechemisorbed pyridine has occupied 
almost all the acid sites capable of chemisorbing BADA. 
It should be noted here that pyridine is substantially 
the same in molecular size as butylamine. According 
to the first explanation, therefore, the IR-pyridine meth­
od would produce an acid content larger than the 
present titration method. O n the other hand, according 
to the second explanation, almost the same acid contents 
will be obtained by both methods. Table 2 shows 
clearly that the two methods yielded almost the same 
acid content for each catalyst except for SA-l-Na-3. 
This fact proves the second explanation and, hence, our 
inference to be valid, although the cause of the excep­
tional value for SA-l-Na-3 is not clear at present. 

Tiration with TAB produced the same acid content 
for both diluted and undiluted SA-1 wafers, as is shown 
in Table 2. In the case of the former wafer, its acid 
content was obtained without the determination of the 
adsorption isotherms, as has been described above. 
These facts imply that the present titration method does 
not necessarily require the time-consuming determina­
tion of adsorption isotherms. 

The authors are grateful to Mr . Akira Watanabe for 
his help in par t of the measurements, and to Dr.Yasukazu 
Saito for his valuable discussion. 
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Emission Spectra of Phenol, Anisole, and Phenetole by Controlled 
Electron Impact 

Masaharu Tsuji,* Teiichiro O G A W A , Yukio NISHIMURA,* and Nobuhiko ISHIBASHI 

Faculty of Engineering, Kyushu University, Hakozaki, Fukuoka 812 
(Received November 2, 1976) 

Upon the impact of an electron beam (100—450 eV) on PhOH, PhOCH3, PhOC2H5, PhCOCH3, and (Ph)2-
GO at low pressures, the Sa emission of the parent molecule (not from PhCOCH3 and (Ph)2CO) and the photo-
emissions from such fragments as H, GH, CO, CO+, and OH were observed in the 200—520 nm region. It was 
concluded that the Sj emission of the parent molecule originates through both the S Q - ^ and S0-»S2 (cascade) 
—>SX excitation processes and that the direct excitation into the lower vibronic levels of Si is responsible for the 
appearance of the vibrational structures. Most excited species including GO+(A) from PhOH were confirmed 
to be primarily produced; however, GO+(A) from PhOGH3, PhOC2H5, and PhCOCH3, and GO(b) from 
PhCOCH3 were found to be produced competitively through one-electron and two-electron excitation processes 
in relation to the intensity measurements. The relative contribution of the two-electron excitation process in 
producing GO+(A) increased with a larger substituent, and it was larger than that for GO(b) in PhCOCH3. 

The spectroscopic analysis of the optical emission re­
sulting from the collision of an electron with molecules 
at a low pressure provides direct information about the 
energy states not only of ionic products, which have 
been well investigated by mass spectrometry, but also 
of radical and neutral ones. In the previous papers,1 - 7) 
we have reported the emission spectra of various aroma­
tic molecules in the ultraviolet and visible regions as 
studied by means of the crossed electron-beam and 
molecular-jet method. Many aromatic molecules 
showed the characteristic Sx emission of the parent 
molecule, and in the case of naphthalene5) the cascad­
ing processes from S2 and S3 to Sx were concluded to 
be mainly responsible for the Sj emission. Photoemis-
sions from several excited fragments were also observed ; 
most of them were confirmed to be primarily produced 
in relation to their intensity measurements. The 
formation of CO+(A) from three isomers of dimethoxy-
benzenes6) was an exceptional case, which involves a 
secondary reaction, and the results were interpreted 
in terms of the competition between the one-electron 
and the two-electron excitation processes. However, 
no studies have been carried out on the emission 
spectra and the mechanism of the dissociative excitation 
of monosubstituted benzene with an oxygen atom, 
except for our previous communications on anisole1) 
and nitrobenzene.4) In this paper, we will describe 
the emission spectra of phenol, anisole, phenetole, aceto-
phenone, and benzophenone under a controlled electron-
impact excitation (100—450 eV) and will discuss the 
mechanism of the Sx emission of the parent molecule 
and that of the formation of the excited species. 

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

The apparatus and the experimental conditions were es­
sentially identical with those described previously.3) The 
electron-beam current in the collision chamber ranged be­
tween 10 and 3000 \iA for electron energies from 100 to 450 
eV. The pressure of the sample gases in the collision chamber, 
which was proportional to that in the gas reservoir, was 
estimated to be of the order of 10~3 Torr. 

The photoemission in the 200—520 nm region was detec-

* Research Institute of Industrial Science, Kyushu 
University, Hakozaki, Fukuoka 812, 

ted by the use of a JAS CO GT-50 scanning spectrometer 
in the first order of a 1200 grooves/mm grating blazed at 
300 nm. The spectra were recorded at a resolution of about 
4 Â (FWHM). An EMI 9558QB photomultiplier and a 
Burr-Brown 342IK OP amplifier were used for recording the 
spectra. The current and pressure dependences of the emis­
sion intensities were measured with the aid of a HTV R585 
photomultiplier, and the output pulses from the photomulti­
plier were amplified and counted by means of an NF-PG 
545A photon counter. The absence of changes in the observ­
ed spectra when a suppressor electrode was put just above 
the electron target or when an aluminum target was replaced 
by a golden one reinforced the conclusion that the excitation 
by secondary electrons ejected from the target was negligible. 

The reagents were obtained either from the Wako Pure 
Chemical Go. or from Kishida Chemical Ind. They were 
subjected to several freeze-pump-thaw cycles to remove dis­
solved atmospheric gases. 

R e s u l t s 

A typical emission spectrum of phenol excited by an 
electron beam of 300 eV at 2 mA is shown in Fig. 1. 
The continuous features with discrete structures in the 
275—340 n m region were assigned to the S1(

1B1)—>S0 

(xAj) transition of the parent molecule. No apprecia­
ble alteration in the shape or position of the Sx emis­
sion was found by changing the excitation energies be­
tween 100 and 450 eV. Prakash8) measured photograph­
ically the fluorescence spectrum of phenol at the 
vapor phase excited by the radiation from a condensed 
iron spark and analyzed the observed Sx emission in 
the 275—303 nm region. He found the 0-0 band at 
2751 Â ; this band was very weak because of the self-
absorption by the unexcited molecules. In the present 
spectrum, taken under a very low pressure, where such 
a self-absorption effect and collisional deactivation with­
in the lifetime of the excited species are expected to be 
negligible, the 0-0 band appears intensively at the 
shortest wavelength. Although our spectrum is less 
resolved, several features at the shorter wavelengths can 
be interpreted as an overlapping of some fluorescence 
bands given by Prakash. 

Since energetic electrons bring about not only the 
excitation but also the dissociation of target molecules, 
photoemissions from the excited fragments can be ob-
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Fig. 1. Emission spectrum of phenol by controlled electron impact. Electron energy 300 eV, electron-beam 
current 2 m A. 
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Fig. 2. Emission spectrum of anisole by controlled electron impact. Electron energy 300 eV, electron-beam 
current 1 mA. 
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Fig. 3. Emission spectrum of phenetole by controlled electron impact. Electron energy 300 eV, electron-
beam current 1 mA. 

served. The Balmer series of the hydrogen atom (H^_ç) 
and the two systems of GH, the 4300 Â system (A2A-
X 2 n) and the 3900 Â system (B2Z--X2ri), were identi­
fied in the 384—486 nm region. T h e features around 
306 nm and the bands at 283, 298, 313, and 331 nm, 
superimposed upon the intense Sx emission of the parent 
molecule, were assigned to the 3064 Â system of O H 
(A22+-X2n) and the third positive system of C O 
(b32+-a3n). The bands at 451, 484, and 520 nm were 
assigned to the Angstrom system of C O (B12+-A iri). 
The numerous other bands were ascribed to the comet 
tail system (A2II"-X22+) and the first negative system 
(B22+-X22+) of CO+. 

Figures 2 and 3 show the emission spectra of anisole 
and phenetole excited by an electron beam of 300 eV 

at 1 mA. The Sx emission of the parent molecule, 
the shape and position of which were independent of 
the excitation energy (100—-450 eV), can be observed 
at the identical wavelength region in the case of phenol, 
and the 0-0 band is found at 275 nm in both spectra. 
Their vibrational structures are very similar to those 
of phenol, although the fraction of the unresolved con­
t inuum becomes larger with an enlargement of the sub­
stituent. Several features of anisole at the shorter wave­
lengths can be interpreted as an overlapping of some 
fluorescence bands measured and assigned by Prakash 
and Singh in the vapor phase.9) T h e Sj emission of 
phenol, anisole, and phenetole are more diffuse than 
the spectrum of benzene,3) while they are sharper than 
the spectrum of naphthalene.5) Photoemissions from 

file:///JKajLju~
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the same atomic and diatomic fragments can be identi­
fied in both spectra. 

The striking optical features of benzene monoderiva­
tives with a carbonyl group are the appearance of strong 
phosphorescence instead of fluorescence in the solution 
and in the low-temperature matrix.10) In the electron-
impact excitation of acetophenone and benzophenone 
at low pressures, no photoemission from the excited 
parent molecule could be observed, just as in the case 
of the optical excitation; all the observed bands were 
attributed to the photoemissions from the excited frag­
ment species: H, CH, CO, and CO+. Both spectra 
were similar to the emission spectrum of nitrobenzene,4) 
except for the absence of the band systems of N O and 
CN. 

T h e current and pressure dependences of the photo-
emission intensities of the parent molecule and the frag­
ment species were measured in order to elucidate the 
reaction mechanism. Figure 4 shows such intensity 
measurements on anisole. T h e band intensities of the 
parent molecule, H , and GH are proportional both to 
the electron-beam current and to the gas pressure, just 
as in the cases of other aromatic molecules.2-7) How­
ever, the band intensity of GO+(A) varies non-linearly 
with the electron-beam current, although it is pro­
portional to the gas pressure. The pressure depend­
ence of the intensity of CO+(A) from CO11) and 
CH 3 OH 7 ) has been found to be linear at a low 
pressure, and a similar linear relationship has been 
presumed on PhNO a

4) and Ph(OCH3)2 .6) T h e pre­
sent observation of the linearity in anisole indicates 
the validity of the previous assumption. 

The photoemission intensities of the parent molecule, 
H , and C H produced from phenol, phenetole, and aceto­
phenone, and that of O H from phenol were also 
proportional to the electron-beam current. However, 
their pressure dependence could not be measured in 
the present study because of the low vapor pressures 
of these compounds. Figure 5 shows the dependence 

/ 
/ 

/ 

0.5 1.0 

Pressure in the gas reservoir 
(mmHg) 

Electron-beam current 
(mA) 

Fig. 4. Dependence of band intensities (/, arbitrary 
units) from anisole on the electron-beam current (mA) 
and on the pressure in the gas reservoir (mmHg). 
Electron energy 300 eV, electron-beam current in the 
measurement of the pressure dependence 50 (i.A. 
O : PhOCH3(285nm), A : CH(431 nm), • : H3> 

A : GO+(402nm). 

y 

S 
/ 

/ 

À 
f 

/ 

[e], m A [e], m A 

Fig. 5. Dependence of photoemission intensities (I, 
arbitrary unit) on the electron-beam current [e]. 
Electron energy 300 eV. 
Left; O : CO+(A) from phenol (402 nm). 
Right; • : CO(b) from acetophenone (298 nm), O : 
GO+(A) from acetophenone (402 nm), O : CO+(A) 
from phenetole (380 nm). 

of the photoemission intensity of CO+(A) from phenol 
and phenetole, and that of CO(b) and CO+(A) from 
acetophenone, where the intensities in the right figure 
are normalized at the value of 1 mA. A significant 
deviation from the linearity is observed in the intensity 
of CO+(A) from phenetole, and that of GO(b) and 
GO+(A) from acetophenone, while a linear relationship 
is established in the intensity of CO+(A) from phenol. 

T h e non-linearity of the photoemission intensity (/) 
may be interpreted by considering the quadratic term 
with respect to the electron-beam current [e] : 

/ = X 1 [ e ] + ^ [ e ] » , (1) 

where Kx and K2 are constant. It is convenient to 
divide this equation by the electron-beam current and 
to plot / /[e] as a function of [e] : 

J/[e] =KX + * 2 [e ] . (2) 

T h e current dependence of the emission intensities of 
CO+(A) and CO(b) described in this form is given in 
Figs. 6 and 7. The reasonable fit to a straight line 
in all cases indicates the validity of this equation. The 
measurement of the intensity of GO(b) from the other 

0.5 

[e], m A 

Fig. 6. Dependence of //[e] (arbitrary unit) on [e]. 
A : GO+(A) from anisole, 3 : GO+(A) from phene­
tole. 
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Fig. 7. Dependence of //[e] (arbitrary unit) on [e]. 
• : GO(b) from acetophenone, <>: GO+(A) from 
acetophenone. 

compounds was difficult because of the weak intensity 
and the band overlapping with the intense Sx emission 
of the parent molecule. 

D i s c u s s i o n 

The Emission of the Parent Molecule. There is a 
significant difference in the excitation into the neutral 
states between the photon and the electron. T h e 
former pumps molecules resonantly into one or a few 
specific vibronic levels; on the other hand, the latter 
excites them simultaneously into all the vibronic levels 
below the electron energy. Therefore, phenol, anisole, 
and phenetole are expected to be primarily excited into 
any of the S l5 S2, and higher singlet states under the 
impact of fast electrons. However, photoemission can 
be observed almost exclusively from the Si state; this 
indicates that the radiationless transition occurs with 
a high efficiency at higher excited singlet states under 
a very low pressure. 

T h e probability of excitation by fast electrons into 
an upper state, s, with an energy, Es, is known to be 
proportional to Ms

2=fsR/E8 in the case of an optical­
ly allowed transition according to the Bethe theory,12-14) 
where y stands for the optical oscillator strength, which 
can be obtained from the energy-loss (absorption) 
spectrum, and where R is the Rydberg constant. T h e 
efficiency of the radiative transition from an excited state 
is given by the fluorescence quan tum yield 0, which 
can be measured in an optical excitation. Hence, the 
relative contribution of the Sx emission from the various 
primary excitation processes can be estimated by the 
product, (Z>S(S1)MS

2. Although the energy-loss spectra 
of phenol, anisole, and phenetole have not been reported, 
it is justifiable to use the oscillator strengths obtained 
by the ultraviolet absorption spectra, because the oscil­
lator strengths obtained through the two methods agreed 
well with each other.15) Kimura and Nagakura16) 
measured the / values of these molecules in the vapor 
phase and found them to be 0.020—0.028 for S ^ S i 
( £ 1 = 4 . 5 9 eV), 0.132—0.188 for S0->S2 (E2=5.75— 
5.82 eV), and 0.529—0.636 for S 0 ^ S 3 (£ 8 =6.60—6.70 
eV). These values show that the S0->S2 and S0->S3 

excitation is 5—6 and 13—22 times stronger than the 
SQ-^SJ excitation. The quantum yield of the Sx emission 

as a function of the excitation energy has, to our know­
ledge, been measured only on phenol in dilute solutions 
in the 280—200 n m region ;17) the quan tum yield in a 
nonpolar solvent is almost constant within the first ab­
sorption band ( ^ ( S j ) = 7 . 5 X 10~2) and within the second 
one (0> 2 (S 1 )=3.0xlO- 2 ) . The non-zero value of the 
quan tum yield in the S2 region shows the existence of 
some contribution of the Sx emission, followed by a fast 
internal conversion from S2 to Sx. Assuming that the 
value of the quan tum yield in a dilute solution can be 
carried over to that in the low-pressure vapor, the relative 
contribution of the Sx emission from the two excited 
states is obtained as follows: ^ ( S ^ M ^ : ®2(§X)M2

2 

= 1.0 : 2.1. This result indicates that the contri­
bution of the S] emission through the S0->S2 excitation, 
followed by the fast internal conversion from S2 to S1} 

is larger than that through the direct S ^ S j excitation. 
T h e routes of the Sx emission of anisole and phenetole 
are probably similar to that of phenol. 

From the investigations of the resonance fluorescence 
of aromatic molecules, the Sx emission has been estab­
lished to become increasingly diffuse as the molecules 
are excited into the higher vibronic levels.18) For in­
stance, no vibrational fine structure could be observed 
when toluene was excited into the higher vibronic levels 
at 1189 c m - 1 above the 0-0 level of the S ^ S j transi­
tion.19) The present Sx emissions of phenol, anisole, 
and phenetole exhibit some vibrational structures on 
a broad continuum, and it is reasonable to consider that 
the vibrational structure and the continuum come from 
different origins; the direct excitation into the lower 
vibrational levels of the Sj state is responsible for the 
vibrational structure and the excitation into the higher 
levels for the continuum photoemission. T h e density 
of the vibrational levels increases with a larger substi­
tuent ; therefore, the fraction of the broad continuum 
increases in the order of phenol, anisole, and phenetole. 

It has been found that the predominant process of the 
Sx emission of benzene2 0 - 2 2) contrasts with that of naph­
thalene.5 '23) T h e former emission exhibits a sharp vib­
rational structure3) and arises mostly from the lower 
vibrational levels of the Sx state. T h e latter emission 
is very broad, shifts to the red in comparison with the 
resonance fluorescence obtained at low excitation ener­
gies, and occurs mostly from the highly excited vibra­
tional levels of the Sx state populated through rapid 
internal conversion from the primarily excited S2 and 
S3 states. In the present study, it was concluded that 
the Sx emission of phenol originates through both the 
S Q - ^ S ! and S0->S2 (cascade)->SX excitation processes; 
probably this is the case for anisole and phenetole also. 

T h e Sj emission could not be observed from aceto­
phenone and benzophenone. In these carbonyl com­
pounds, the lowest excited singlet state is of the n,jt* 
type, and a rapid intersystem crossing to the triplet 
state occurs. T h e quan tum yields of the intersystem 
crossing in these molecules have been reported to be 
unity in benzene at room temperature.24) 

The Kinetic Study of the Reaction. In the crossed 
electron-beam and molecular-jet method, most emitting 
excited species produced from aromatic molecules have 
been confirmed to be pr imary products in terms of the 
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current and pressure dependences of the emission in­
tensity.2^7) In the present study, the intensities of 
the parent molecule, H, and C H from phenol, anisole, 
phenetole, and acetophenone have been found to be 
proportional to the electron-beam current. Their in­
tensities from anisole were also found to be proportion­
al to the gas pressure, and similar linear relationships 
can be expected to hold for the other molecules, because 
their pressures in the reaction chamber were still lower 
than that in the case of anisole. Therefore, it can be 
concluded that the formation of excited parent mole­
cule, H , and C H from such compounds proceeds through 
a pr imary collision of an electron with a molecule. 

I t has been found that the current dependence of the 
band intensity of GO+(A) from small molecules, such 
as CO6) and CH 3OH, 7 ) differs from that from larger 
aromatic molecules, such as PhN02

4> and Ph(OCH 3 ) 2 ; 6 ) 

the former was linearly proportional, while the latter 
was non-linear. The linear relationship of the band 
intensities of CO+(A) and O H from phenol shows that 
these fragments are also pr imary products. However, 
since the intensities of CO+(A) from anisole, phenetole, 
and acetophenone, and CO(b) from acetophenone are 
represented by Eq. 1, a secondary collision with another 
electron participates in the formation of such excited 
fragments. 

Several similar relationships have been pointed out, 
and the excited species which show non-linear relation­
ships have been classified in the following two groups:6) 
(a) fragments which are produced through the scission 
of two skeletal bonds—e.g., CN(anilines4)) and CO+ 
(dimethoxybenzenes6)) and (b) a new chemical bond 
is created on its formation—e.g., HCl+(chlorobenzene7)) 
and HBr+(bromobenzene7)). The formation of CO+ 
(A) from anisole and phenetole can be classified in 
Group (a). I t should be noticed that aromatic mole­
cules with a large substituent containing an oxygen 
atom give fragments abundant ly produced in the non­
linear process. 

For the interpretation of the empirical Eq. 1, the 
following reaction scheme is assumed: 

M + e — 
CO+* 

X 

* 3 

X + e — 
-> GO+* 

-> Y 

As 

X > Z 

GO+* > GO+(X) + hv, 

where M and CO+* denote a target molecule and the 
A 2 n state of CO+. X, which stands for some uniden­
tified neutral or ionic intermediates, disappears upon 
another collision with an electron, producing CO+* or 
other products (Y). I t is also removed from the reaction 
zone mainly by the evacuation process, where the 
removed species are represented as Z.25) The radiative 
lifetime of CO+*, reported as 2.1—3.8 ^s,26) is short 
enough to emit radiation within the observation 
region. A similar reaction scheme is applicable to the 

formation of C O (b) from acetophenone. The observed 
emission intensity is proportional to £6[CO+*] : 

/=«fc t [GO+*], (3) 

where a is a proportionality constant. The rates of the 
formation of CO+* and X are represented as follows : 

d[CO+*]/d* = Äx[M][e] + *3[X][e] - *.[CO+*], (4) 

d[X]/d/ = *a[M] [e] - *3[X] M - *4[X] [e] - * 5 [ X ] . (5) 

Since the photoemission was observed in a flowing system 
at the stationary state, the steady-state conditions hold; 
therefore, the following equations can be derived: 

[X] = *2[M][e]/{(*3 + *4)[e]+*5}, (6) 

/ = ^ [ M ] [ e ] + «Ms[M][e]V{(*1+A4)[e]+ÄB}. (7) 

If {k3-\-k4)[e]<^k5, an equation identical with the one 
obtained empirically, Eq. 1, is derived by substituting 
ak1[M]lk5=K1 and ak2k3[M]lk5=K2. Therefore, we can 
conclude that CO+(A) and CO(b) are produced com­
petitively through one-electron and two-electron excita­
tion processes where most of the X is removed by the 
evacuation process. The relative contribution of the 
two-electron excitation process to the one-electron ex­
citation process, K2/Kv was evaluated, by means of the 
slope and the intercept of the straight line, as 1.0: 
2.0 : 5.2 : 0.39 for CO+(A) from anisole, acetophenone, 
and phenetole, and for CO(b) from acetophenone, re­
spectively. The relative contribution of the two-
electron excitation process in the formation of CO+(A) 
from dimethoxybenzenes has been attributed to the dif­
ference in the intra-molecular interaction of two adjacent 
groups.6) In the present study, an increase in the 
mass of the substituent, taking phenol as a limiting case, 
enhances the relative rate (K2/K1) of the two-electron 
excitation process. In the competitive formation of 
CO+(A) and CO(b) from acetophenone, the relative 
rate of the two-electron excitation process for producing 
CO+(A) is about 5 times faster than that for producing 
CO(b) . 

The authors wish to thank Professor Fumiyuki 
Nakashio and Dr. Minoru Toyoda for their discussions. 
They are also indebed to Professor Tomoo Oyama for 
the use of his CT-50 monochromator. 
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The Formation of VOS04 on the Surface of V205 in the Oxidation 
of S02 as Studied by ESR 
Yoshiya K E R A and Keiji K U W A T A 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received December 27, 1976) 

To obtain information on the arrangements of the VOS0 4 phase in the surface layer of the V2Os single crystal, 
the angular dependencies of an asymmetric ESR spectrum which has been found in the crystal under the condi­
tions of S 0 2 oxidation and assigned to the VOS0 4 phase were examined in detail. Two types of the angular de­
pendency of the spectrum on the static magnetic field were clearly differentiated from each other. In the main 
spectrum, the direction of g// was completely consistent with the b-axis of the V 2 0 5 crystal, while, on the other 
hand, in the minor spectrum, it took rather random orientations. From comparisons of the crystal structures 
between V 2 0 5 and VOS0 4 , it was deduced, preliminarily, that the a-VOS04 phase with a layer structure, was 
regularly aligned along the layer of the V 2 0 5 lattice and that the /?-VOS04 phase without a layer structure took 
a relatively random orientation to the lattice. 

Vanad ium oxides, which were promoted with alkali 
metals and/or supported on silica and alumina gels, 
have been used as catalysts in the production of sulfuric 
acid and organic acids. Numerous investigators have 
at tempted to make clear their catalytic properties and 
reaction mechanisms, especially in S 0 2 oxidation.1) 
Their results, however, seem to conflict with each other. 
This is because of some changes in the surface states 
to which catalysts are subjected in preparation2) and 
working.3) O n the other hand, a simple and reversible 
change in the ESR spectrum was found in the highly 
purified V 2 0 5 single crystal under the conditions of 
S 0 2 oxidation. I t was previously reported that, at lower 
temperatures, the V O S 0 4 phase existed stably, while 
at higher temperatures oxygen vacancies remained in 
the surface layer under the conditions of S 0 2 oxida­
tion.4) 

In the present study, in order to obtain information 
on the structure of the V O S 0 4 formed in the surface 
layer of the V 2 O s crystalline lattice, the angular de­
pendencies of the asymmetric ESR spectrum on the 
static magnetic field were examined in detail. The 
growth of V O S 0 4 in the surface layer of V 2 0 5 crystal 
will be preliminarily discussed. 

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

Preparation and Treatment of V205 Single Crystal. The 
V 2 0 5 powder which was used as the starting material was 
obtained by the thermal decomposition of NH 4 V0 3 (special 
grade, Wako Pure Ghem. Co.) at 600 °C for 3 h in an air 
stream. The purification of the V 2 0 5 powder was carried 
out chemically according to the procedures reported by 
McCarley et a/.5) The V 2 0 5 single crystal was prepared by 
a zone-melting method in a Pt boat. The crystal was cut 
out in a size (mm3) of about 1.4x0.5x9 (wt 0.021 g) and 
was placed in a quartz tube (4 mm in outer diameter) for 
the reaction and for ESR measurement. The sample was 
preliminarily heated at about 500 °C for 1 h under evacuation. 
After the sample had then cooled to room temperature, a 
gaseous mixture (S02 : air=37 : 20) of 500 mmHg* was intro­
duced and the tube was sealed. The inner volume of the 
sealed tube was 6 cm3. The reaction temperature was kept 
at 617 °C ( ± 1 °G). At time, the reaction tube was taken 
out from the furnace, and the intensities and line shapes of 
the ESR spectrum were checked. 

«b 4fe 

\l 
S - ? . ^ 

w 
z 
He 

y y 

= 90° 

* 1 mmHg= 1.333 X 102 Pa. 

Fig. 1. Rotating operations and relations among crys­
tal axes, experimental coordinates and H0. 

After treatment for 312 h, the crystal was taken out from 
the reaction tube and was cut out again in a size (mm3) of 
about 1.4x0.3x4, in order to measure the angular depen­
dencies of the ESR spectrum. 

Rotation Apparatus and Crystal Settings. A quartz rod, 
the end of which was cut out at a given angle (the angle is 
denoted as 0) to the rod axis, was mounted on a rotating 
divice around the vertical axis (the angle of the rotation is 
denoted as 0). In this experiment, six quartz rods, the 0 
values of which equal 0, 30, 45, 60, and 90° respectively, 
were used. The accuracy in 0 was about 1°. The crystal 
was placed on the cut plane of the rod at a given angle be­
tween the long axis of the elliptical-cut plane of the rod and 
the c-axis of the crystal (the angle is denoted in 37). The 
relations among the crystal axes and the laboratory coordi­
nates are illustrated in Fig. 1. The three ways of rotation 
were chosen as follows: 

0: rotation angle around the x-axis (experimental coord.) 
at 0 = 0° 

<f> : rotation angle around the y-axis (experimental coord.) 
Y] : rotation angle around the b-axis (crystal axis). 

•q was determined by use of a micrometerscope (10X) with 
a graduator; the accuracy was about 1°. <f> was changed 
from 0 to 180° at 5° intervals, and accuracy in <f> was about 
0.5°. 

ESR Measurements. The ESR measurements were car­
ried out at 77 K by means of a home made X-band spectrom­
eter. The modulation frequency was 455 kHz. The micro­
wave frequency was determined by means of a wave meter, 
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and the calibration of the magnetic field was done by the use 
of DPPH and Mn(II) ions doped in MgO. The determina­
tion of the concentration of the unpaired electron was done 
by comparing the integrated intensities with those of a known 
amount of the CuS0 4 -5H 2 0 single crystal. The growth of 
the spectrum was estimated by comparing the intensities 
with the DPPH. For the check of the line shape, the spectrum 
was observed in several different directions of the magnetic 
field in each measurement. 

R e s u l t s 

F 2 0 5 Single Crystals Heated in S02-\-Air. No ESR 
signal was found initially in the V 2 0 5 crystal, which 
was prepared from cautiously purified V 2 0 5 powder. 
The crystal exposed to a gaseous mixture of S 0 2 and 
air at 617 °C for 32 h, however, showed an asymmetric 
ESR signal. The intensity increased with the time up 
to about 180 h. The growth of the spectrum with the 
time is illustrated in Fig. 2. Finally, the spin concent­
ration increased up to about 2 x 1 0 1 7 . The line shape 
did not change with the time. 

Angular Dependencies of ESR Spectrum. Sharp 
Signal: When both 0 and y are fixed at zero, the change 
in the spectrum with <f> is demonstrated in Fig. 3. The 
figure shows clearly that a strong sharp signal is gradu-

3 2 h 4 0 h lOOh 2 4 7 h 

1 
dpph 

K 
% 

rv i 

I 

K 
~-\ 

Fig. 2. Change in the intensity of ESR spectrum in 
V 2 0 5 single crystal during S0 2 oxidation reaction. 

Fig. 3. Change in ESR spectrum with change in the 
direction of H0 in the crystal ab-plane from H0//b to 
H0//a. 

ally moving toward a low field as the direction of the 
magnetic field changes from H 0 / /b to H0 / /a in the ba-
plane of the crystal. Besides this, a minor signal, which 
seems to consist of more than one component, was seen, 
but the angular behavior is not clear. The sharp signal 
also behaved similarly when 6 was fixed at 0 and at 
a T} of any value from 0 to 90°. When rj was fixed 
at 0° and the 6 was of any value between 0 and 90°, 
the moving range of the sharp component with <j> was 
not constant; the larger 6 was, the narrower the moving 
range became. In the limiting case of ^ = 0 ° and a 6 
value close to 0°, the sharp signal seems always to be 
at the lowest magnetic field during the change in <p, 
as is demonstrated in Fig. 4. These results for the 
sharp signal clearly indicate that the fir-tensor has ap­
proximately an axial symmetry, that the direction of 
gu coincides with the b-axis of the crystal, and that g± 
is in the ac-plane. 

The g-values of the sharp signal at each 0 are plotted 
against ^ in Fig. 5. The full lines are the theoretical 
one, calculated using the values of g„—1.924 and g± = 
1.970 obtained by the least-square treatment of the data 
by the use of the familiar equation, g2=gf/ cos2<5+ 
gu sin2(5, where ô denotes the angle between g/, and H0 . 

gmT 

Fig. 4. Change in ESR spectrum with the change in 
the direction of H0 in the crystal ac-plane from H0//c 
to H0//a. 

1,970 "o"-" " a ' . ' . / . ^ 

l,?8Q 

60° J 

90° J 

f 
e 

-30 3 0° 30° 6Cf 90° I2CP 150° 

<P — 
Fig. 5. Angular dependency of the sharp signal on 0. 

Figure shows following cases: at 0 = 0° with J? = 0, 
30, 45, 60, and 90°; at 0=45° with at J? = 0 and 45°; 
and with 0—30, 60, and 90° only at -q = 0°. 
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In the case of 0 = 0 ° , at y values of 0, 30, 45, 60, 
and 90°, and in the case of 0 = 4 5 ° , at y values of 0° 
and 45°, the results are given together. In the other 
cases, only results at y=0° are given. Except in the 
case of 0 = 90°, the g-values concentrate close to the 
theoretical curves. The fluctuations of the g-values in 
the case of 0—90° seem to due to the overlap of some 
minor components, as will be discussed below. 

Other Minor Signals: I t may be seen in Fig. 4 that 
the other minor signals in the spectrum move from a 
low to a high field with the change in the direction 
of the H 0 in the ac-plane from H0 / /c to H0 / /a. As several 
components overlap complicatedly and seem to move 
independently of each other, the centers of the groups of 
these signals can not be preciesly determined. In the 
case of 0 = 9 0 ° and 0 = 0°, however, the ^-values esti­
mated from the distances between the center of the 
group and that of D P P H can be plotted against 0, as 
is shown in Fig. 6. A periodical change is seen, especial­
ly near the maximum point in the figure. The dotted 

h 1.920 
1.924 ïz^r^-rsf^^ A = ^ r i—zn 

h.940-

HS50-

H.960-

H.970-

Hseo-

/ 0 \ 

\ 
o o \ 

# 
\ X 

o \ / 
\ o ' 

o \ ,b 

A 

XOO , 

i i e = 9 0 ° 

-60° -30° 0° 30° , 60° 
4> 

9 0 ° 120° 150° 

Fig. 6. Angular variations of the minor signal with the 
change in H0 in the ac-plane. Dotted lines denote the 
theoretical calculations under the assumptions that g// 
is in the ac-plane and is parallel to a-, c-axis and the 
axes deviated by ±45° from a- or c-axis. Closed circles 
denote the values of the sharp signal. Large open 
circles denote the values of relatively clear signal and 
the small circles that of not so clear signal. 

D i s c u s s i o n 

Possible Structures of the VOSO^ Formed in the V205 

Crystal in the Oxidation of S02 with Air. Many in­
vestigators have found several types of ESR spectra in 
the V 2 0 5 crystal, in some cases by the addition of metal 
impurities.6-10^ The results have always indicated that 
the direction of gtl coincides with the b-axis, and the 
spectra show hfs due to V (IV) ions which are diluted 
inside the V 2 0 5 lattice and are sufficiently isolated from 
each other. Therefore, the sharp and asymmetric spec­
trum in the present study can not be ascribed to these 
species. O n the other hand, the possibilities of ascrib­
ing this ESR spectrum to some lower vanadium oxide 
compounds (e.g., V 3 0 7 , V 6 0 1 3 , and V 0 2 ) can also be 
excluded. On the contrary, existence of the V O S 0 4 

phase has been strongly supported by previous study.4) 

Two types of crystal structures have been reported 
in V O S 0 4 : n ) the a-form (tetragonal) and the /?-form 
(orthorhombic). The a-form has the layer structure 
shown in Fig. 7,12> and the vanadium-oxygen bond 
(V=0) takes only one direction, which coincides with 
the c-axis in the crystal. In the ß-form, the layer struc­
ture is completely destroyed, as is shown schematically 
in Fig. 8.13> The vanadium-oxygen bond (V=0) takes 
two directions deviating by about ± 2 2 ° from the a-

QT-V0S04 

a 

Fig. 7. A schematic representation of a-VOS04 crystal 
structure by Ladwig.12) A layer structure is kept, al­
though crystal coordinate differ from that in V205 . 

lines are the theoretical ones, calculated by the use of 
the same equation and parameters as those used in the 
case of the sharp signal. To obtain a good fit, several 
directions of g were tried parallel to the a- and c- axes 
and deviating by ± 4 5 ° from the axes in the ac-plane; 
the best fit was thus obtained. I t may be seen in the 
figure that there are also other groups of points which 
are not distributed on any of the dotted lines. This 
may indicate that there are other components which 
have gN components out of the ac-plane. Nearly the 
same periodicities as in the case of the H 0 change in 
the ac-plane {cf. Fig. 6) were also seen near the c- and 
a-axes in the case of the H 0 variations in the ab- and 
bc-planes of the V 2 0 5 crystal. However, the minor 
signals can not be determined practically because they 
are extensively disturbed by the sharp signal. 

J3-V0S04 

Fig. 8. A schematic representation of the crystal struc­
ture of yS-VOS04 by Kierkegaard et a/.13) 
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v«o. 

*- a 

Fig. 9. A schematic representation of V 2 0 5 crystal struc­
ture by Byström et a/.14) and Bachmann et <z/.15) Con­
struction of a sheet from zig-zag double chains. 

axis on the ac-plane of the crystal. O n the other hand, 
V 2 0 5 is orthorhombic (Pnmn) and has a layer structure, 
as is shown in Fig. 9.14>15) All the V = 0 bonds are 
alined on a straight line, which is parallel to the fa-
axis. 

a - V O S 0 4 in the crystalline state could be realized 
from the V 2 0 5 crystal, keeping the layer structure in 
such a manner that the oxygen ions in the four corners 
of the V 0 5 square-pyramid unit of V 2 0 5 are simply 
replaced by the oxygen atoms of the four S 0 4

2 - tetra­
hedrons. O n the other hand, in the ß - V O S 0 4 the 
same replacement of the oxygen of the V 0 5 unit by 
the oxygen of S 0 4

2 - could occur only after the destruc­
tion of the layer structure. Therefore, we can expect 
that the growth of the a-phase in the V 2 0 5 crystal occurs 
more easily than that of the ß-phase. 

Arrangement of the VOSO± Phases in the V205 Lattice 
under the SO» Oxidation. The directions of the V = 0 
bond, which are coincident with the gu of the fif-tensor 
in these crystals, may be clearly summarized as follows : 
in V 2 0 5 and a - V O S 0 4 , it takes only one direction, 
parallel to the b-axis, but in ß - V O S 0 4 , a pair of direc­
tions, deviating from the a-axis by about ± 2 2 ° on the 
ac-plane. The fir-tensor should have the same value in 
both a- and ß - V O S 0 4 because they have the same local 
field around the vanadyl ion. 

The alignments of the V = 0 bond and principal axes 
of the fif-tensor in the V O S 0 4 crystal can be primarily 
known from the crystal structure. By connecting the 
crystal structures with the results of the fif-tensor anal­
ysis, therefore, the possible arrangements of V O S 0 4 

phase in the V 2 0 5 lattice can be discussed. 
The finding that the axis for the g,/ of the sharp 

signal in the spectrum was completely coincident with 
the b-axis of the V 2 0 5 crystal strongly suggests that the 
V O S 0 4 formed in the V 2 0 5 lattice is the a-form. 
Both a - V O S 0 4 and V 2 0 5 have the same layer structure, 
except only for such differences that the oxygen atoms 
in the four corners of the V 0 5 square-pyramid in V 2 0 5 

are replaced by the oxygen atoms of the S 0 4
2 - tetra­

hedron in <x-VOS04. The change from V 2 0 5 to a-
V O S 0 4 seems to be possible in the crystalline states in 
such a manner that the oxygen atoms in the four corners 
of the V 0 5 square-pyramidal unit in V 2 0 5 are simply 
replaced by the oxygen atoms of the four S 0 4

2 _ tetrahe­

drons; then the layer structure and the direction of 
V = 0 bonds are kept unchanged in the a - V O S 0 4 lattice. 

In the case of the minor components of the spectrum, 
is has been preliminarily described above, the axis for 

gn exists on the ac-plane and on the other planes as a 
pair of fif-tensors, which take an angle of about 45° 
toward each other. From the correspondence of the 
directions of the fir-tensor with that of the V = 0 bond 
in /?-VOS04 , the minor components can possibly be 
ascribed to /?-VOS04 . Besides, the possibility of the 
growth of a - V O S 0 4 on dislocation or some other im­
perfection of the crystal can not, of cause, be ruled out. 

I t can reasonably be expected that a clear-cut and 
reversible transformation between the formation and 
decomposition of the V O S 0 4 phase in the V 2 0 5 crystal­
line lattice occurs more favorably in the case of the a-
V O S 0 4 than the ß - V O S 0 4 phase. The fact that a 
surface brilliance always remained after repetitions of 
the formation and the decomposition of the V O S 0 4 

phase in the V 2 0 5 lattice4) also suggests strongly that, 
in the cleaven plane (the ac-plane) of the V 2 0 5 , oc-
V O S 0 4 phase easily grows with a topochemical rela­
tion. From this suggestion, the important role of the 
ac-plane in catalysis can be understood in the case of 
S 0 2 oxidation as well as in the case of C O oxidation.16) 
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Indirect Chemiluminescence from the Air Oxidation of Ketones and 
Carboxylic Acids in Alkaline Aprotic Solvents Containing 

9,10-Diphenylanthracene and 9,10-Dibromoanthraeene 
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A number of ketones and carboxylic acids have been examined for direct and indirect chemiluminescence with 
9,10-diphenylanthracene and 9,10-dibromoanthracene by air oxidation. From the finding that the efficiency 
of the chemiluminescence was dramatically influenced by the class of the C-H bond adjacent to the carbonyl 
group, it was concluded that the molecules with a -COGH- group surely give an excited product during air oxida­
tion in alkaline aprotic solvents. The reaction scheme was consistent with the evidence that most simple carboxylic 
acids exhibited no chemiluminescence, probably because the C-H bond adjacent to the carboxyl group is no more 
acidic, but keto acids exhibited emission. In several compounds, however, the chemiluminescent reaction was 
retarded by other functional groups. 

In the previous studies of the chemiluminescence from 
the air oxidation of 3,5-dihalogeno-4-hydroxyphenyl-
pyruvic acid1) and succinylfluorescein2) in alkaline 
aprotic solvents, a mechanism involving dioxetane inter­
mediate was proposed for the luminescent reactions, 
and the reaction pathway leading to the dioxetanes 
which will be formed by the oxygenation of the anion of 
these compounds, formed by the loss of a proton from the 

H _ 

• < : > 
carbon adjacent to the carbonyl or - C 

group, was discussed as a possible mechanism for the 
generation of the excited products. 

These results suggest that other simple molecules 
with a - C O C H - group should also follow the same 
reaction pathways, involving a dioxetane, to yield a 
product in an excited state. In order to test this hy­
pothesis, we carried out a preliminary study to investi­
gate the chemiluminescent reaction of several carbonyl 
compounds by means of the indirect chemiluminescence 
technique with 9,10-diphenylanthracene (DPA) and 
9,10-dibromoanthracene(DBA); we found that excited 
acetone and benzoic acid, mainly in the triplet state, 
were generated by air oxidation of 3-methyl-2-
butanone and benzoin respectively in dimethyl sulfo­
xide (DMSO) or iV,iV-dimethylformamide(DMF) con­
taining potassium f-butoxide (f-BuOK) as the base.3) 

In the present study, we have examined a number 
of simple ketones and carboxylic acids for the chemi­
luminescence from the air oxidation under the same 
experimental condition in order to test the validity of, 
and to broaden the scope of this interesting reaction 
mechanism. 

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

The indirect chemiluminescence was observed upon 
adding a i -BuOK solution in £-BuOH to an aerated 
solution of ketones in D M S O or D M F containing DPA 
or DBA. However, no direct chemiluminescence could 
be detected on an appreciable scale except with some 
aromatic ketones (see below). The intensity of the 
indirect chemiluminescence with DBA was markedly 
higher than with DPA, in spite of the much higher 
fluorescence efficiency of the latter. From these find­
ings, we concluded that the excited species, predominant­

ly in the triplet rather than the singlet state, were pro­
duced during the air oxidation of the ketones, because 
DBA is more capable of converting the energy of ex­
cited triplet species into singlet energy than is DPA 
because of the increased spin-orbit coupling and mix­
ing of singlet and triplet states by the heavy-atom effect.4) 

The features of the chemiluminescent reaction were 
affected by the experimental conditions— i.e. the tem­
perature, solvents, and the concentrations of the ketones, 

TABLE 1. RELATIVE INTENSITIES (**M) AND 1/4-LIFETIMES 

(H/I) O F T H E INDIRECT CHEMILUMINESCENCE OF ALIPHATIC 

KETONES WITH D B A IN A D M S O - F - B U O K SYSTEM 

AT 3 1 3 K , AND THE COLORS OF THE SPENT 

REACTION SOLUTIONS3^ 

Compound 

CH3COCH(CH3)2 

CH3COCH(CH3)-
GH2CH3 

CH3COCH2CH-
(CH3)2 

CH3COCH2CH2-
CH(CH3)2 

CH3COCH2CH3 

CH3COG(CH3)3 

CH3COCH(OH)-
GH3 

(1)0 

(2) 

(6) 

(7) 

(8) 
(12) 

(5) 

(CH3)2CHCOCH(CH3)2 

GH3CH2CH2COCH2-
CH2CH3 

CH3GH2CHoGOGH-
(CH3)2 

CH3GH2COCH2CH3 

CH3 (CH2) 20CO (CH2) 20-
GH3 

GH3COCH3 

»V» 

1.0 
1.2 

0.3 

0.2 

0.5 
0.0 
0.0 

0.2 
0.1 

0.0 

0.1 

0.0 

0.0 

'1/4OO 

40 
40 

20 

15 

10 
— 
— 

20 
15 

— 

15 

— 

— 

Colors of spent 
reaction soins 

colorless 
colorless 

reddish brown 

reddish brown 

dark red 
light brown 
yellowish brown 

colorless 
brown 

colorless 

light reddish 
brown 

colorless 

dark orange 

a) The intensity of the emission peak from 1 was 
defined as 1.0. b) The ratios of the (total) light 
emission were given approximately by iu'h/i- c) The 
quantum yield for the indirect chemiluminescence of 1 
at an infinite concentration of DBA was estimated to 
be 2.1 X 10~7 einstein mol - 1 (the details of the measure­
ment will be reported in the next paper). 
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TABLE 2. THE VALUES OF ZM AND t1/i OF THE INDIRECT 

CHEMILUMINESCENCE OF AROMATIC KETONES W I T H D B A 

IN A DMSCM-BuOK SYSTEM AT 313 K, AND THE 

COLORS OF T H E SPENT REACTION SOLUTIONS 

Compound 

C6H5COCH(CH3)2 (3)*> 
C6H5COCH(OH)- (4) 

G 6 H 5 
C6H5CO(CH2)2CH3 (10) 
C6H5CO(CH2)4CH3 (11) 
C6H5COCH2CH3 (9) 
C6H5COCH3 

C6H5CH2COCH2C6H5 

C6H5COCH2C6H5 

C6H5COCH2COC6H5 

(C6H5)2CHCOCH3 

«Ma) *1/4(S) 

200 
25 

15 
15 
7 
1.0 
0.5 
0.0 
0.0 
0.0 

20 
5 

12 
12 
10 
10 
10 
— 
— 
— 

Colors of 
spent reac­
tion soins 

colorless 
colorless 

brown 

orange 
dark orange 
brown 
brown 
yellow 
colorless 
colorless 

a) The values of iu were also estimated by comparison 
with the ÎM value from 1, which was defined as 1.0. 
b) The quantum yield for the indirect chemilumines­
cence of 3 at an infinite concentration of DBA was 
estimated to be 2 .6x l0~ 5 einstein mol"1. 

£-BuOK, and the fluorescers, and also, more essentially, 
by the chemical structure of the ketones. In general, 
the intensity was much higher with aromatic ketones 
than with aliphatic ketones. The relative intensities of 
the emission peaks (zM) and the times for the decay of 
intensities to one fourth of the maxima (£1/4), as meas­
ured in a D M S O solution with equal concentrations of 
ketones, i-BuOK, and DBA at 313 K, are listed in 
Tables 1 and 2 for aliphatic and aromatic ketones re­
spectively, together with the colors of the spent reaction 
solutions. The results in the tables clearly show that 
the efficiency of the emission is dramatically influenced 
by the class of the C - H bond adjacent to the carbonyl 
group, as was expected. 

3-Methyl-2-butanone(l) and 3-methyl-2-pentanone 
(2), which possess a tertiary C - H bond, exhibited the 
most intensive chemiluminescence among all the alipha­
tic ketones examined. Among the aromatic ketones, 
isopropyl phenyl ketone (3) exhibited the most intensive 
emission ; it could be easily observed even by the naked 
eye in a dark place. These ketones, 1, 2, and 3, ab­
sorbed equimolar amounts of oxygen and yielded 
acetone, 2-butanone, and both acetone and benzoic 
acid respectively, as the main products. Thus, the 
chemiluminescent reaction of these ketones can be 
explained reasonably by the following mechanism: 

O CH 

R - C — C - R ' 

H 

1: R = R' = CH3 

2: R = CH3, R' = CH2CH3 

3: R = C6H5, R' = CH3 

base 

O CH3 o2 

R - C — C - R ' 

O CH3 

* R - C — C - R ' 
I 

-o—o 

O - CH3 

R - C — C - R ' 

O—O 

> R - C 0 2 - + CH3-CO-R'* 

or ( R - C 0 2 * + CH3-CO-R') 

A similar reaction mechanism has been proposed for 
the decomposition of a-hydroperoxy ketones, which are 
known to be intermediates in the autoxidation of the 
parent ketones.5) 

Benzoin (4), whose emission was fairly intensive but 
rapidly decayed, yielded benzoic acid as the main 
product in a 59 % yield (based on the two moles of the 
acid). This result implies that excited triplet benzoic 
acid is generated by the oxidation of benzoin, presuma­
bly via a dioxetane intermediate: 

O H O 

C6H5- C — C -C6H5 

H 

4 

base 

o- o- \ 
C 6 H 5 -C—C-C 6 H 5 > 

O—O / 

C 6 H 5 - C 0 2 - * + C6H5-COa-

Acetoin(5), though it absorbed equimolar oxygen 
upon oxidation, showed no appreciable indirect chemi­
luminescence with DBA or DPA. This is probably 
because a large amount of energy, greater than the sum 
of the reaction enthalpy and activation energy, would 
be required to excite the acetic acid produced. There­
fore, it is more reasonable to assert that excited triplet 
acetone and 2-butanone, rather than excited triplet 
acetic acid, are generated in the air oxidation of 1 and 
2 respectively. However, it is difficult to decide which, 
acetone or benzoic acid, is the excited species in the 
case of 3. 

4-Methyl-2-pentanone (6), 5-methyl-2-hexanone (7), 
and 2-butanone(8), whose C - H bond adjacent to the 
carbonyl group is not tertiary but secondary, showed 
a much weaker emission than 1 and 2. Similarly, 
ethyl phenyl ketone (9), phenyl propyl ketone (10), and 
pentyl phenyl ke tone( l l ) exhibited a medium indirect 
chemiluminescence emission. In the system of 6 and 
7, where the molar ratios of absorbed oxygen to the 
ketones were about 2 : 1 and 3 : 1 respectively, acetone 
was formed, though in low yields. T h e difference in 
the amounts of absorbed oxygen and the formation of 
acetone can be best explained by the following consec­
utive reaction mechanism, in which the aldehydes 
formed by the initial oxidation undergo a sequential 
oxidation reaction to give acetone: 

O 

CH3— C -CH2CH(CH3)2 

6 

O 

CH3- C —CHCH (CH3) a 

- O — O 

o-
CH 3 -C— CHCH(CH3)2 

O—O 

-> (CH3)2CH-CHO + CH 3C0 2 -

\ - > (CH3)2CO + HC0 2 -

O 

CH3- C — GH2CH2CH (CH3) < 
base 

CH 3 C0 2 - + 2HC0 2 - + (CH3)2CO 
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However, no aldehydes could be detected in the spent 
reaction solutions of these ketones, probably because 
they were quickly consumed by sequential oxidation 
or by other concurrently proceeding reactions, such as 
addition and polymerization. In fact, the spent re­
action solutions were colored probably because of the 
concurrent reactions (see Tables 1 and 2). The aroma­
tic ketones, 9, 10, and 11, reacted similarly and gave 
benzoic acid in yields of 38, 57, and 2 3 % respectively. 
Thus it may be reasonable to decide that excited triplet 
benzoic acid is generated from 9, 10, and 11 in the same 
way as it is from benzoin. However, we cannot exclude 
the possibility that aldehydes in the excited state are 
generated from 8.b) 

Such ketones as 3,3-dimethyl-2-butanone(12), aceto­
ne, and acetophenone, whose G - H bond adjacent to 
the carbonyl group is primary, exhibited little or very 
feeble emission. 

We also examined the chemiluminescent reaction of 
carboxylic acids. With simple carboxylic acids, such 
as acetic acid, propionic acid, isobutyric acid, phenyl 
acetic acid, diphenylacetic acid, and a (and /?)-naphthyl-
acetic acids, neither direct nor indirect chemilumines­
cence could be detected. However, jö-benzoylpropio-
nic acid(13) and /S-phenylpyruvic acid(14), which pos­
sess a carbonyl group in addition to a carboxyl group, 
exhibited indirect chemiluminescence with the emission 
characteristics shown in Table 3. The results obtained 
from these keto acids also support our reaction scheme 
for the luminescent reaction shown above. 

TABLE 3. T H E VALUES OF ZM AND ^ / 4 OF THE INDIRECT 

CHEMILUMINESCENCE OF CARBOXYLIC ACIDS WITH D B A 

IN A D M S O - F - B U O K SYSTEM AT 3 1 3 K , AND THE 

COLORS OF THE SPENT REACTION SOLUTIONS 

Compound *M a) '1/4(8) 
Colors of spent 
reaction soins 

C6H5COCH2CH2- (13) 1.0 40 dark orange 
COOH 

C6H5CH2COCOOH (14) 2.5 60 dark brown 

a) The values were estimated by comparison with the 
fM value from 1, which was denned as 1.0. 

/3-Phenylpyruvic acid (14) exhibited a direct chemi­
luminescence whose spectral distribution was similar to 
that of the fluorescence spectrum of benzaldehyde. This 
implies that both excited singlet and triplet benzalde-
hydes are produced, presumably via a dioxetane inter­
mediate : 

C6H5-CH2-CO-C02H > 

14 

C6H5-CHO + 
co2-
co9-

Cilento et al. have proposed the same reaction mecha­
nism for the oxidation of the phenylthio ester of 3-
indoleacetic acid.7) ß-Q£>-Hydroxyphenyl)pyruvic acid 
(15) also exhibited both direct and indirect chemilumi­
nescence. I t should be noted here that the intensity of 
the indirect chemiluminescence of 15 with DPA was 
higher than that with DBA, while the total intensity 
of the emissions was lower compared to the case of 14. 
Ethyl /»-hydroxyphenyl ketone(16) also exhibited both 
direct and indirect chemiluminescence with emission 
features similar to those from 15. The relative intensi­
ties of the direct and the indirect chemiluminescence 
with DPA and DBA are listed in Table 4. These 
results indicate that the substitution of a hydroxyl 
group at the 4 position of the benzene ring in aromatic 
ketones increases the yield of the excited singlet product, 
but causes a reduction in the total yield of excited 
products. An analogous substitution effect was ob­
served in the cleavege of dioxetanes. Tur ro and co­
workers reported that tetramethyl-l,2-dioxetane(17) 
gave excited triplet acetone in high yields and a little 
amount of excited singlet acetone.8) O n the other 
hand, it has been shown that relatively low and nearly 
equal yields of excited singlet and triplet 2-hexanone 
were formed upon the cleavage of 3,4-dibutyl-3,4-
dimethyl-1,2-dioxetane(18) .18> 

O-

CH3-C 

O 
I 

-C-CH3 

CH3 CH3 

17 

CHgCH^CtLjCH^— C • 

o — o 
— C -CH2CH2CHaCH3 

I I 
CH3 CH3 

18 

Ethyl o-hydroxyphenyl ketone (19) exhibited neither 
direct nor indirect chemiluminescence, probably because 
the reaction route is entirely altered by the substituent. 

TABLE 4. RELATIVE INTENSITIES11) OF THE DIRECT AND INDIRECT CHEMILUMINESCENCE 

IN THE SYSTEMS OF 14 , 1 5 , AND 1 6 

Compound 

C6H5CH2COCOOH 
/>-HOC6H4CH2COCOOH 
C6H5COCH2CH3 

/>-HOC6H4COCH2CH3 

o-HOC6H4COCH2CH3 

(14) 
(15) 

(9) 
(16) 
(19) 

Direct CL 

1.0 
0.3 
0.0 
0.4 
0.0 

Indirect CL 

DPA 

1.2 
0.6 
0.5 
0.6 
0.0 

DBA 

2.5 
0.3 
7 
0.4 
0.0 

Colors of spent 
reaction soins 

dark brown 
light yellow 
dark orange 
colorless 
bright yellow 

a) These values were also estimated by comparison with the iM value from 1, which was defined as 1.0. 
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T A B L E 5. T H E EMISSION FEATURES (ZM AND fj/4) OF THE 

INDIRECT CHEMILUMINESCENCE WITH D B A OF THE 

/»-SUBSTITUTED ISOPROPYL PHENYL KETONES, AND 

THE COLORS OF THE SPENT REACTION SOLUTIONS 

Substituent . a ) t ( \ Colors of spent 
(and compound) *M iM s J reaction soins 

/»-CH3 (20) 180 20 colorless 

/>-OCH3 (21) 50 20 colorless 

/»-CI (22) 50 15 light yellow 

/»-Br (23) 20 18 yellowish brown 

^-F (24) 0 — colorless 

/»-SCH3 (25) 0 — colorless 

a) The values were also estimated by comparison 
with the iu value from 1, defined as 1.0. 

I n T a b l e 5 , t h e r e l a t ive in tens i t ies of t h e i n d i r e c t 
c h e m i l u m i n e s c e n c e of severa l s u b s t i t u t e d i s o p r o p y l 
p h e n y l ke tones w i t h D B A a r e l isted. W e c a n find t h a t 
t h e emiss ion efficiencies of t h e /»-methyl (20) , /» -methoxy 
(21) , />-chloro(22), a n d /»-bromo de r iva t ives (23) dec rease 
in this o r d e r . T h e />-fiuoro(24) a n d /» -methy l th io d e ­
r ivat ives (25) e x h i b i t e d l i t t le emiss ion. 

S u m m a r i z i n g t h e resul ts of t h e p r e s e n t s t u d y , w e 
c o n c l u d e t h a t exc i ted p r o d u c t s a r e sure ly g e n e r a t e d via 

d i o x e t a n e i n t e r m e d i a t e s in t h e a i r o x i d a t i o n of those 
molecu les w i t h a - C O C H - g r o u p in a lka l i ne a p r o t i c 
solvents a n d t h a t t h e d ioxe t anes a r e f o r m e d b y t h e oxy­
g e n a t i o n of t h e a n i o n fo rmed b y t h e loss of t h e p r o t o n 
f rom t h e c a r b o n a t o m a d j a c e n t to t h e c a r b o n y l g r o u p . 
H o w e v e r , i t s h o u l d b e k e p t in m i n d t h a t t h e l u m i n e s ­
cen t r e a c t i o n is d e b a s e d b y t h e c o m p e t i t i v e a n d se­
q u e n t i a l processes b r o u g h t a b o u t b y o t h e r func t iona l 
g r o u p s . 

R e c e n t l y , w e h a v e found t h a t severa l a l d e h y d e s w i t h 
a - C H C H O g r o u p e x h i b i t e d s imi la r i n d i r e c t c h e m i ­
l u m i n e s c e n c e w i t h D P A a n d D B A u n d e r c o m p a r a b l e 
e x p e r i m e n t a l condi t ions . 1 0 ) 

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

The commercially available ketones (except the substituted 
isopropyl phenyl ketones), carboxylic acids, and fluorescers, 
DPA and DBA (Nihon Kasei, extra pure grade) were used 
without further purification. T h e substituted isopropyl phenyl 
ketones(21, 22, 23, 24, and 25) were synthesized by Friedel-
Grafts condensation of the appropriately substituted benzene 
with isobutyric anhydride in carbon disulphide under reflux, 
using a luminum chloride as the catalyst. T h e products were 
purified by fractional distillation under reduced pressure 
(except for 25, which was purified by recrystallization from 
hexane and melted at 42—43 °C) : 20, bp 132.5—133.5 °C/ 
27 m m H g ; 21 , bp 116—117 °C/2 m m H g ; 22, bp 89—92 °G/3 
m m H g ; 23, b p 85—87 °C/3 m m H g ; 24, bp 49.5—50 °G/3 
mmHg. T h e structures of these compounds were confirmed 
by means of their XH N M R spectra. 

The concentrations of the solution of the ketones or car­
boxylic acids in D M S O (A), the solution of f-BuOK in t-
B u O H (B), and the solution of D P A or DBA in D M S O (C) 
were usually 3 . 0 x l 0 ~ 4 , 3 . 3 x l 0 - 2 , and l .Ox 10~3 mol l"1 

respectively. 

A mixed solution composed of 1 ml of A and 1 ml of C 
was placed in a quartz cell, which was kept a t 313 K by means 
of a thermostatically controlled cell holder. The intensity of 

the indirect chemiluminescence at 430 n m (the peak of the 
spectral distribution) was measured immediately after adding 
0.2 ml of B into the mixed solution on a Hitachi MPF-2A 
type fluorescence spectrophotometer, with the exciting source 
off. 

The reaction products, acetone, 2-butanone, benzoic acid, 
and the /»-substituted benzoic acids, were detected as follows : 

General Procedures for the Isolation of Benzoic Acid and Its p -
Substituted Derivatives. A solution of f-BuOK (2.3 g) in 
D M F (70 ml) was saturated with oxygen by stirring vigo­
rously under the gas. A solution of isopropyl phenyl ketone 
(1.50 g) in D M F (30 ml) was then added to the solution 
through a dropping funnel, and the mixture was stirred under 
oxygen at 17—18 °C for 15 min, during which period 280 
ml of oxygen was absorbed. After being diluted with water 
(100 ml) , the solution was evaporated to dryness under reduced 
pressure. T h e residue, dissolved in water (20 ml) and acidi­
fied with hydrochloric acid, gave benzoic acid (1.13 g, 9 2 % ) ; 
m p 122—123 °C (recrystallized from water) . 

In a similar way, benzoic acid was isolated from the oxida­
tion solution of the following compounds (the yield of the 
acid is shown in parentheses) ; benzoin (59%) ; phenyl propyl 
ketone ( 3 8 % ) ; pentyl phenyl ketone ( 5 7 % ) ; ethyl phenyl 
ketone ( 2 3 % ) ; /?-benzoylpropionic acid (50%) . 

The substituted isopropyl phenyl ketones (20, 21 , 22, 23, 
24, and 25) were similarly oxidized and gave, respectively, 
the following /»-substituted benzoic acids, which were all re-
crystallized from water and identified by means of their melt­
ing points: /»-methylbenzoic acid (80%, m p 182—183 °G), 
/»-methoxybenzoic acid ( 6 8 % , m p 183.5—185 °G), /»-chloro-
benzoic acid (90%, m p 241—242 °G), /»-bromobenzoic acid 
(40%>, m p 255—256 °C), /»-fluorobenzoic acid (50%, m p 
184.5—186 °C), and />- (methylthio) benzoic acid (90%, m p 
193.5—194 °G). 

General Procedures for the Detection of Acetone and Other Ketones. 
A solution of J-BuOK (2.5 g) in D M F (100 ml) was saturated 
with oxygen as above. After adding 3-methyl-2-butanone 
(0.74 g), the solution was stirred under oxygen at 23 °C for 
30 min, during which period 220 ml of oxygen was absorbed. 
T o the solution, 1 M HCl (20 ml) and then 2,4-dinitrophenyl-
hydrazine (1.0 g) in methanol (300 ml) were added. T h e 
solution was stirred at 25 °C for 30 min and then under 
reflux for 20 min. Evaporat ion to dryness under reduced 
pressure and tri turation with water (30 ml) gave a yellow 
solid. T h e crystallization of the solid from methanol gave 
yellow needles (1.15 g) of acetone 2,4-dinitrophenylhydrazone, 
identified with an authent ic sample by a mixed m p (125— 
126 °C) and by T L G developed by a mixture of benzene 
(15 v/v) and ethyl acetate (5 v/v) on a Merck pre-coated 
silica gel 60 F2 5 4 plate. 

In a similar way, we detected acetone from an oxidation 
solution of 3, 6, and 7 and 2-butanone from 2, both as the 
2,4-dinitrophenylhydrazones; they were identified by means 
of T L C as above. 
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of 3-Methyl-2-butanone and Isopropyl Phenyl Ketone in a Dimethyl 

Sulfoxide Solution Containing Potassium £-Butoxide 
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An attempt has been made to evolve the kinetic scheme in order to evaluate the yields (0*act) of excited 
triplet products generated from the air oxidation of 3-methyl-2-butanone (1) and isopropyl phenyl ketone (2). 
Expressions for the total light emission and quantum yield of the indirect chemiluminescence (GL) can be derived, 
from which the rates of energy transfer from excited triplet products to singlet 9,10-dibromoanthracene (DBA), 
kTS, and çJ?oact were determined on the basis of the GL intensity measured for various DBA concentrations. The 
values of kTS from 1 and 2 (4x 108 and 1 X 109 1 mol"1 s"1) are in fair agreement with the values proposed by several 
investigators who measured the indirect CL from the thermal cleavage of 1,2-dioxetanes. The markedly small 
0*act values (1 X 10~5 and 1 X 10"3) result from the fact that the GL arises from a minor reaction. 

In previous studies,1) Kamiya and Sugimoto have 
found that many simple ketones exhibit indirect chemi­
luminescence (CL) by air oxidation in alkaline aprotic 
solvents containing 9,10-diphenylanthracene (DPA) or 
9,10-dibromoanthracene (DBA), and that the intensity 
for solvents containing DBA was markedly higher than 
for those containing DPA, in spite of the much higher 
fluorescence efficiency of DPA. The results indicate 
that excited species, mainly in the triplet state, are 
produced during the oxidation of the ketones, since 
DBA is more efficient at converting the energy of the 
excited triplet species into singlet energy than is DPA 
due to the heavy-atom effect.2) Further, they observed 
that the CL intensity was dramatically affected by the 
class of C - H bonds adjacent to the carbonyl g roup; 
generally, the intensity increased in the order, pr imary 
<secondary< tertiary. The results suggest that the CL 
efficiency depends upon the tendency to loose a pro­
ton from the C - H bond. This argument was sup­
ported by evidence that the ordinary carboxylic acids, 
having a C - H bond adjacent to the carboxyl group, 
are very weakly acidic and exhibit neither direct nor 
indirect CL. However, such keto acids as ^-benzoyl-
propionic and ß-phenylpyruvic acids exhibit emission. 

Summarizing their results, they concluded that ex­
cited products, predominantly in the triplet rather than 
in the singlet state, were surely generated during air 
oxidation of those compounds having a - C O - C H -
group via dioxetane intermediates. These intermediates 
were generated by oxygenation of the anion of the com­
pounds formed via the loss of a proton from the a-carbon 
atom. 

The overall reaction in systems of several ketones is 
very complicated, since the molar ratios of the absorbed 
oxygen to the reactants were found to be greater than 
2 and the spent reaction solutions were dark orange 
or red owing to other competitive and/or sequential 
reactions. However, two ketones, 3-methyl-2-butanone 
(1) and isopropyl phenyl ketone (2), which possess a 
tertiary C - H bond adjacent to the carbonyl group and 
exhibited relatively intense emission, showed rather 
simple reaction characteristics: an equimolar amount 
of oxygen was absorbed, and acetone and acetic acid, 
and acetone and benzoic acid were produced as main 
products from 1 and 2, respectively. No color change 
was observed in the spent reaction solutions under the 

experimental conditions employed in this study. (See 
experimental section.) 

** 1: R = CH3 

R - C - G - G H 3 2 . R = G 6 H 5 

O GH3 

In the present study, an at tempt has been made to 
evolve the kinetic scheme for indirect CL with DBA 
in order to evaluate the yields of the excited triplet 
products generated from 1 and 2. 

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

From the results described above, the following 
kinetic scheme appears plausible for indirect CL. 

The ketones (AH) transfer their proton to the t-
butoxide ion (£-BuO_) when a potassium /-butoxide 
(£-BuOK) solution in t-bntyl alcohol (f-BuOH) is added 
to solutions of 1 and 2 : 

H 
1 * i 

R - G - G - G H 3 + ;-BuO- ^± R - C - C - - C H 3 + *-BuOH. 
11 1 k, 11 1 

O GH3 O GH3 

(AH) (A-) 

A possible mechanism for the reaction of A - with 
oxygen would be oxygenation via a radical pair:3) 

O-O 
A- + 0 2 ^± [ A + 0 2 - ] 4 R - G - G - G H 3 . 

11 1 
O CH3 

(A02-) 

Of the decomposition processes of the hydroperoxy 
ketone anion ( A 0 2

_ ) , one is cleavage via a dioxetane 
intermediate (3) generating two products, one in the 
excited state (mainly in the triplet state, P*(T)) and 
the other in the ground state;4) 

O - O O O 

A 0 2 - ^ R - G - C - G H 3 4 R - C - 0 + G H 3 - G - C H 3 * 

- 6 CH3 

(3) O O 

or ( R - C - O - * + GH3-G-GH3) , 

(P*(T)) 

or, both in the ground state, 
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O O 

A 0 2 - ^ 3 4 R - G - O - + CH 3 -C-CH 3 . 

Other A 0 2 ~ cleavage processes via acyclic interme­
diates5) will compete with cleavage via the dioxetane 
intermediate. Let us write all the reactions together 
in the following scheme: 

* « A02~ ^ A0 2 H —» (acyclic intermediate) —» products. 

In the presence of DBA, the following steps will 
occur : 
triplet-singlet energy transfer from P*(T) to DBA, 

P*(T) + DBA —^> P + DBA*(S), 

triplet-triplet energy transfer form P*(T) to DBA, 

P*(T) + DBA > P + DBA*(T) 

(where DBA*(S) and DBA*(T) are the excited singlet 
and triplet states of DBA, respectively), 
radiationless deactivation of P*(T) , 

P*(T) 4 P, 

quenching of P*(T) by oxygen, 

P*(T) + 0 2 ^ P + 02*(A), 

fluorescence emission from DBA*(S), 

*f 
DBA*(S) -> DBA + kv, 

radiationless deactivation of DBA*(S), 

DBA*(S) 4 DBA, 

and intersystem crossing from DBA*(S) to DBA*(T) , 

DBA*(S) — 4 DBA*(T). 

Since the emission intensity with DPA was much 
lower than that with DBA (DPA and DBA are often 
used as monitors for excited singlet and triplet prod­
ucts, respectively6)), the step for generating excited 
singlet products is ignored. Moreover, triplet-triplet 
annihilation of DBA*(T) , D B A * ( T ) + D B A * ( T ) - ^ 
DBA*(S)+DBA, is not taken into account, because the 
process has been reported to occur with low probability.7) 

According to the above scheme, the intensity of the 
indirect CL emission (7CL) is given by: 

7CL = Af[DBA*(S)]. 

Using the steady-state approximation for which 
d [P* (T) ] /d*=0 a n d d[DBA*(S)] /d*=0, 7CL can be 
written as 

ICT. = 
*As0f[DBA][AO2-] 

{(kTS+kTT)lBBA]+k7+ks[02-]y ( 1 ) 

where $5f is the fluorescence efficiency of DBA and is 
given by 

fa = ktf(kt+k9+k10). 

If [ 0 2 ] and [DBA] are maintained constant during 
the air oxidation, the total light emission is given by: 

M W f [ D B A ] 

/ 
Im.dt = 

{ ( * T S + * T T ) [DBA] +k7+kH[02]}] / 
X /[AOa-]d*. 

(2) 

-d[AH]/d* = ^ [ A H ^ - B u C - ] - *2[A-][*-BuOH], (3) 

d[A-]/df = ^[AHHf-BuO-] - k2[A~][t-BuOH\ 

- * » [ A - ] [ O J , (4) 

and 

d[AOa-]/df = *8[A-][02] - (A4+A5 + A6)[AOa-], (5) 
thence, 

-Jd[AH] - Jd[A-] - J"d[AOa-] = (kt+k5 + k6)X 

f[A02-]dt = [AH]0, (6) 

since 

Td[A-] = ^d [A0 2 - ] = 0 

and 

— /d [AH] = [AH]0, where [AH]0 is the initial ketone 

concentration. 
Upon substituting Eq. 6 for Eq. 2, the total light 

emission is found to be : 

/ 
7fu.d* = 

A4*TS[DBA]0f[AH]o 

(A4 + ^5 +*,) { (*TS + *TT) [DBA] + A, + k6 [Oa]}' 
(7) 

The curves of the emission intensity versus time (I-t 
curves) for the indirect CL upon adding a solution of 
/-BuOK in i-BuOH to solutions of 1 and 2 of various 
concentrations in dimethyl sulfoxide (DMSO) contain­
ing DBA, are illustrated in Figs. 1 and 2, respectively. 
The results indicate that both the intensity and total 
light emission are proportional to the initial concen­
tration of the ketone ([AH]0) when [AH] 0 is comparably 
low.8) The I-t curves obtained by adding /-BuOK 
solutions of different concentrations to solutions of 1 
and 2 are illustrated in Figs. 3 and 4, respectively. 
T h e results indicate that the peak of the emission in­
creases and that duration of the emission decreases with 
increasing f-BuOK concentration, while the total light 
emission remains almost constant provided that [AH] 0 

is kept constant. Thus, it may be concluded that the 

Furthermore, from the scheme we can write 

' (s) 
Fig. 1. Effect of the concentration of 3-methyl-2-buta-

none (1) on I-t curve of the indirect GL from 1 in a 
DMSO-/-BuOK/*-BuOH system containing DBA at 
313 K. The initial concentration of 1 in 10-3 mol 1_1: 
I, 2.4; II, 1.2; III , 0.60; IV, 0.30; V, 0.15. The initial 
concentrations of f-BuOK and DBA are 3.0 X 10~3 and 
5 X 10~4 mol l-1, respectively. 
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Fig. 2. Effect of the concentration 
of isopropyl phenyl ketone (2) on 
I-t curve of the indirect GL from 
2 in a DMSCM-BuOK/*-BuOH 
system containing DBA at 313 K. 
The initial concentration of 2 in 
10-* moll-1 : I, 14; II, 7.0; III , 
3.5; IV, 1.8; V, 0.9. The initial 
concentrations of f-BuOK and 
DBA are 3.0 x lO-3 and 5x10-* 
mol 1_1, respectively. 

10 20 30 40 

t (s) 

Fig. 3. Effect of the concentration 
of /-BuOK on I-t curve of the 
indirect GL from 3-methyl-2-
butanone (1) in a DMSCM-
BuOK/^-BuOH system contain­
ing DBA at 313 K. The initial 
concentration of f-BuOK in 10 -3 

moll-1 : I, 3.0; II, 0.75. The 
initial concentrations of 1 and 
DBA are 3.0x10-* and 5x10-* 
mol l-1, respectively. 

10 20 

t (s) 

Fig. 4. Effect of the concentration 
of f-BuOK on I-t curve of the 
indirect GL from isopropyl phenyl 
ketone (2) in a DMSO-*-BuOK/ 
f-BuOH system containing DBA 
at 313 K. The initial concentra­
tion of /-BuOK in lO- 'mol l" 1 : 
I, 3.0; II, 0.75. The initial con­
centrations of 2 and DBA are 1.8 
X10-* and 5x10-* moll-1 , 
respectively. 

experimental results support the validity of Eq. 7. 
From Eq. 7, the indirect CL quantum yield can be 

written as 

[AH]. 

Ä4ÄTS[DBA]0f 

or 

(A4 + *5 + k6) {(tcTS+ *TT) [DBA] +k1+k8 [Oa]} ' 

J (x , *7 + *8[Q2] \ m 

» S W A (*TS + * T T ) [ D B A ] / Ç>CL 

where 
(f>%^t = ki/(ki+k^-\-k6) and 0 E T = W ( * T S + *TT)-

The quantum yields for the indirect CL of 1 and 2 
were determined from the I-t curves measured by vary­
ing the DBA concentration. (See experimental sec­
tion.) Plots of 1/0CL versus 1/[DBA] are shown in Figs. 
5 and 6 for 1 and 2, respectively. These linear plots 
indicate that Eq. 8 is plausible. 

The values of the abscissa intercept ( 1 / ^ C L at infinite 
DBA concentration, 1/^CL) were found from the figures 
to be 5.0 X l 0 6 and 3.8 X 104 mol einstein-1 for 1 and 
2, respectively. Thus, the values of 0CL for 1 and 2 
were calculated to be 2.0X 10~7 and 2.6X l u t e i n s 
mol - 1 , respectively. 

From Eq. 8, the value of (£7+Â;8[02])/(£T S+£T T) is 
given by the line slope/intercept, which is found from 

Figs. 5 and 6 to be 2.5 x 103 /5.0x 1 0 6 = 5 . 0 x 10~4 and 
7.5/3.8 X 104 = 2.0 X 10~4 mol l"1 for 1 and 2, respectively. 
Considering that the stationary concentration of dis­
solved oxygen is lower than the initial concentration due 
to consumption during oxygenation, the decay rate of 
P*(T) , k7+k8[02], is assumed to be « 1 0 6 s"1, although 

. 0 2 4 6 

l/[DBA](103lmol-1) 

Fig. 5. Effect of the concentration of [DBA] on the 
quantum yield of the indirect GL from 3-methyl-2-
butanone (1) in a DMSCM-BuOK/*-BuOH system at 
313 K. The initial concentrations of 1 and £-BuOK 
are 1.2 X lO"3 and 3.0 x 10~3 moi l-1, respectively. 
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10f- s 

er- si / / 

•S r * 

a I / 
O F yT 

• J I 

^ r 

~ 2r 

O l • i • • • • • i • I 
0 2 4 6 8 10 

l / [DBA](10 3 lmo l - 1 ) 

Fig. 6. Effect of the concentration of DBA on the quan­
tum yield of the indirect GL from isopropyl phenyl 
ketone (2) in a D M S O - / - B u O K / / - B u O H system at 
313 K. T h e initial concentrations of 2 and / -BuOK 
are 7.0 X 10~4 and 3.0 X 10~3 m o l l - 1 , respectively. 

th is v a l u e is a n o r d e r of m a g n i t u d e s m a l l e r t h a n t h a t 
p r o p o s e d b y T u r r o et al.9) T h e n , us ing t h e v a l u e 
0 E T =A- T S / ( / - T S +A' T T )=O.2 r e p o r t e d b y W i l s o n et al.,6) t h e 
kis va lues for 1 a n d 2 w e r e c a l c u l a t e d to b e 4 x 108 

a n d 1 X 109 1 m o l - 1 s - 1 , r espec t ive ly . T h e s e va lues a r e 
in fairly g o o d a g r e e m e n t w i t h t h e va lues r e p o r t e d b y 
Be lyakov a n d Vassi lév, 1 0 ) T u r r o et al.9) a n d W i l s o n 
et al.6) for t h e r a t e of e n e r g y t ransfer f rom t r ip l e t c a r b o n y l 
c o m p o u n d s to s inglet D B A . 

T h e y ie ld of t h e exc i t ed t r ip le t p r o d u c t (0* ac t) c a n 

b e w r i t t e n a s : 

S ince 0 O L = 2 . O X 1 O - 7 a n d 2 . 6 X 10~ 5 e ins m o l " 1 (for 
1 a n d 2 , r e spec t ive ly ) , ^ E T = 0 . 2 , a n d 0 f = O . l , 9 > t h e 
va lues of 0*aet for 1 a n d 2 w e r e c a l c u l a t e d to b e 1 X 
10~5 a n d 1 X 1 0 - 3 , r espec t ive ly . T h e s e va lues a r e m a r k ­
ed ly l ower t h a n t h e yie lds of exc i t ed t r ip le t p r o d u c t s 
g e n e r a t e d in t h e t h e r m a l c l e a v a g e of v a r i o u s 1,2-di-
o x e t a n e s (0 .5—0.02 1 1 ) ) . T h e s e ve ry sma l l va lues a r e 
p r e s u m a b l y d u e to t h e fact t h a t C L via a d i o x e t a n e 
i n t e r m e d i a t e arises f rom a m i n o r reac t ion . 1 2 ) 

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

Commercially available 3-methyl-2-butanone, isopropyl 
phenyl ketone, DBA (all from Tokyo Kasei and of guaranteed 
reagent grade) , and t-BuOK (from Merck, for synthesis) were 
used without further purification. Luminol (from Nakarai 
Kagaku) was recrystallized from dilute hydrochloric acid prior 
to use. All solvents, D M S O (from Merck, for spectroscopy) 
and / -BuOH (from Tokyo Kasei, extra pure grade) , were 
used without further purification. 

T h e luminescent reaction was initiated by adding 0.2 ml 
of a / -BuOK solution (in *-BuOH) to 2 ml of an aerated 
solution of 1 or 2 with stirring in a quartz cell (10 X 1 0 x 4 5 
mm) which was situated in a thermostatically-controlled cell 
holder. 

T h e GL intensity at 430 nm (the peak of the DBA fluores­

cence) versus time was measured on a Hitachi MPF-2A fluores­
cence spectrophotometer with no exciting source. T h e total 
light emission was determined graphically from the I-t curves. 

A standard solution of luminol in anhydrous D M S O having 
an optical density at 359.5 nm (the absorption peak) of 0.010 
(1.26 X 10~6 mol 1_1) was prepared, and the I-t curve of the 
CL initiated by adding 0.2 ml of a / -BuOK solution to 2 ml 
of the standard solution was measured on the same apparatus 
at 313 K. 

Using the value of 1.28 X 10~2 eins m o l - 1 proposed by Lee 
et al. for the CL exhibited from the luminol solution,13) the 
quan tum yields for indirect CL from 1 and 2 were determined 
from the ratios of the total light emitted from the luminol 
solution to the total measured light emission from the ketone 
solutions. 

S u p p o r t for this r e s e a r c h f rom a Scientific R e s e a r c h 
G r a n t f rom t h e M i n i s t r y of E d u c a t i o n is gra teful ly 
a c k n o w l e d g e d . 
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Stereochemistry of Cobalt(III) Complexes with Thioethers. III.1' Vicinal 
Circular Dichroism due to the Chiral Sulfur Donor Atom 
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Two kinds of mixed type cobalt(III) complexes, [(2-aminoethylthio)acetato](L-methioninato)cobalt(III) 
chloride and [3-(2-aminoethylthio)propionato](L-methioninato)cobalt(III) chloride, have been prepared and 
chromatographically separated into seven and eight isomers, respectively. The characterization of isomers based 
on their electronic absorption and XH NMR spectra leads to the conclusion that there have been obtained four 
pairs of diastereomers due to the sulfur chirality of the coordinated L-methioninate. The circular dichroism spectra 
of isomers have been measured and discussed in relation to the absolute configurations. The vicinal CD con­
tribution due to the chiral sulfur atom of L-methioninate has been estimated by applying an additivity rule for 
the three diastereomeric pairs. 

A large number of investigations for the vicinal circu­
lar dichroism (CD) of asymmetric carbon2) and nitro­
gen3) atoms have been undertaken and the results have 
indicated that the vicinal chirality makes a relatively 
smaller CD contribution than the configurational one. 
The sulfur atom of a thioether ligand also becomes chiral 
by coordination to a metal ion,4 - 8) leaving on itself a 
single lone-pair which can give a fixed configuration 
for the donor center at ordinary temperature. How­
ever, no optical resolution has been reported for the 
coordinated sulfur atom of cobalt ( III) complexes with 
thioethers, though some examples were known for the 
complexes of other metals such as [Pt I VCl4(NH2CH2-
GH2SGH2CH2NH3)]C1.9) 

The present paper is concerned with the isolation of 
diastereomers arising from the chiral sulfur donor atom 
and the estimation of vicinal CD contribution due to 
the sulfur donor in two mixed-complex systems, [Co-
(terdentate-JV,kS',0)(L-met)] + [L-Hmet=L-methionine; 
terdentate-JV,£,0 = (2-aminoethylthio) acetic acid (Hae-
ta), and 3-(2-aminoethylthio)propionic acid (Haetp)] . 
For the mixed complex six geometrical isomers, tr.tr.tr., 
trans(S), trans(O), trans(N), cisciscis-I, and cisciscis-H, are 
possible as seen in Fig. 1. As compared with [Co(ter-
dentate-7V,»S',0)2]+ complexes,1) isomer distribution is 
altered; meridional isomer becomes impossible and two 
cisciscis isomers, cisciscis-I and -II, appear in the present 
mixed type complexes. In addition, a pair of another 
type isomers are formally expected for each of the six 
geometrical isomers, arising from the absolute configu­
ration (R) or (S) of the sulfur donor atom of coordinated 
L-methioninate ligand. 

Exper imenta l 

Preparation and Separation of Isomers. [( 2-Aminoethyl-
thio) acetato] (i^-methioninato) cobalt (III) Chloride, [Co (aeta) (~L-
met)]Cl: To a hot solution (ca. 75 °G) of 9.0 g of cobalt(II) 
chloride hexahydrate in 60 cm3 of water was added a mixed 
solution of 5.95 g of (2-aminoethylthio)acetic acid hemihydro-
chloride,10) 5.65 g of L-methionine, and 0.75 g of sodium 
hydroxide dissolved in 80 cm3 of water. Nine grams of lead 
dioxide was gradually added to the solution, and this was 
stirred at 70—75 °G for 40 min, whereupon the color of the 
solution became violet. The mixture was filtered to remove 

Present address: Department of Chemistry, The Uni­
versity of Tsukuba, Ibaraki, 300-31. 

an excess of the lead dioxide after cooling to room tempera­
ture. 

The filtrate was poured into a cation-exchange column of 
Dowex 50Wx8 (Na+ form, 200—400 mesh, 4.5x40 cm). 
After the column had been swept with water, the adsorbed 
band was eluted with 0.15 M aqueous solution of sodium 
chloride at the rate of 1 cm3 per min. Seven colored bands 
were eluted. It was confirmed from the measurements of 
the CD and electronic absorption spectra of these eluates, that 
the second eluate (brownish violet) was tr.tr.tr.-[Go(a,eta)2]

+, 
the third one (purple) trans(S)-[Co(L-met)2]+,8) the fourth 
one (purple) trans(0 )-[Co(aeta)2\

+, and the seventh one (red) 
trans(N)-[Co(aeta)2]

+,1) and that the isomers of the desired 
complex, therefore, exist in the remaining three eluates, first, 
fifth, and sixth ones. It was also found that the first dark 
violet eluate is a single band (C-l), but the fifth and sixth 
reddish purple ones consist of bands more than two. 
The three eluates were concentrated separately in a vacuum 
evaporator, and then the deposit, NaCl, was filtered off. The 
complex in C-l eluate was obtained by adding a large amount 
of ethanol to the concentrated solution and recrystallized 
from a small amount of water. 

Each concentrated solution of the fifth and sixth eluates 
was again poured into a column of SP-Sephadex C-25 (K+ 
form, 4.5x120 cm). The adsorbed band was eluted with 
0.05 M aqueous solution of K2[Sb2(rf-tart)2] -3H20 (i-H4tart 
= C406H6) at the rate of 0.5 cm3/min. For the column of the 
fifth eluate, five colored bands, a brownish red one (C-2), a 
violet one which was trans(O) -[Co(L-met)2]+,8> a reddish 

(a) (b) (c) 

(d) (e) (f) 

Fig. 1. Six possible geometrical isomers for the [Co-
(terdentate-7V,iS',0)(L-met)]+ type complex: (a) tr.tr.tr 
(b) trans(S), (c) trans(O), (d) trans(N), (e) cisciscis-I, 
and (f ) cisciscis-I I ; methyl group in L-methioninate is 
omitted. 

tr.tr.tr
tr.tr.tr
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purple one (G-3), a brownish red one (G-4), and another 
brownish red one which was trans( N)-[Go(i,-met)2\

+,8> were 
eluted in this order. O n the other hand, for the column 
of the sixth eluate four colored bands, a brownish red one 
(G-2), a red one (C-5), another red one (C-6), and a violet 
one (G-7), were eluted in this order. CD measurements 
showed that each band consists of a single species. T h e 
desired eluates, G-2 to G-7, were concentrated separately in 
a vacuum evaporator, and the deposit, K2[Sb2(È?-tart)2] • 
3 H 2 0 , was filtered off. T h e concentrated eluate was poured 
into an anion exchange column of Dowex 1x8 (Gl - form) and 
converted into the chloride salt. T h e desired complex was 
obtained by adding a large amount of ethanol to the eluate. 
T h e product was recrystallized from a min imum quanti ty 
of water by adding a small amount of ethanol and washed 
with ethanol and then acetone, and dried in a vacuum desic­
cator over CaCl2 . Found for G-l : G, 28.09; H , 4.79; N , 
7.34%. Calcd for [Co(ae ta ) (L-met ) ]Cl=C 9 H 1 8 N 2 S 2 0 4 ClCo: 
C, 28.69; H , 4 .82; N, 7 .44%. Found for G-2: G, 27.69; 
H , 4.76; N, 7 .09%. Calcd for [Co(aeta)(L-met)]C1.0.5H aO-
1/10 K C l = C 9 H 1 9 N 2 S 2 0 4 . 5 C I C o . 1/10 K C l : G, 27.49; H , 
4.87; N, 7.12%. Found for G-3: C, 25.79; H , 5.30; N, 
6.54%. Calcd for [Go(aeta)(L-met)]G1.2H aO. 1/10 K C l = 
C 9 H 2 2 N 2 S 2 0 6 GlCo . 1/10 K C l : C, 25.72; H , 5.28; N, 6.67%. 
Found for G-4: C, 26.42; H , 5.35; N, 6 .60%. Calcd for 
[Co(ae ta ) (L-met ) ]Cl -2H 2 0 = C 9 H 2 2 N 2 S 2 0 6 GlCo: G, 26.17; 
H, 5.37; N , 6 .79%. Found for C-5: G, 25.33; H , 4.89; 
N , 6 .75%. Calcd for [Go(aeta)(L-met)]Gl. 1.5H2O-3/10 KCl 
= C 9 H 2 1 N 2 S 2 O 5 . 5 ClCo .3 /10KCl : C, 25.37; H , 4.97; N, 
6 .57%. Found for C-6: G, 24.99; H , 4.94; N, 6 .86%. 
Calcd for [ G o ( a e t a ) ( L - m e t ) ] G l ' 1 . 5 H a O . 3 / 1 0 K G l = C , H a i N 2 -
S a08 .BClCo..3/10 K C l : C, 25.37; H , 4.97; N, 6.57%. Found 
f o r C - 7 : C, 26.15; H, 5.36; N, 6 .93%. Calcd for [Co(aeta)-
( L -me t ) ]C1 .2H 2 0 = G 9 H 2 2 N 2 S 2 0 6 ClGo: C, 26.19; H , 5.37; 
N, 6 .79%. 

[3 - (2 - Aminoethylthio) propionate] (~L - methioninato) cobalt (III) 
Chloride, [Co(aetp) (L-met)]Cl: T h e preparat ion and separa­
tion of isomers were carried out according to the method 
similar to that for the corresponding [Go(aeta)(L-met)]Cl 
complex, by use of Hae tp -HBr -0 .5H 2 O 1 0 ) instead of Hae ta -
0.5HG1. 

Nine colored bands were eluted. From the measurements 
of the electronic absorption and C D spectra, it was confirmed 
that the first eluate (brownish violet) is fr./rJr.-[Co(aetp)2]+, 
the third one (purple) trans(S)-[Co(L-met)2]+,8> the fourth 
one (purple) trans(O)-[Co(aetp)2]+, and the sixth one (brown­
ish red) trans(N)-[Co(a.etp)2]

+.1'> Thus , the second eluate 
(dark violet, D - l ) , the fifth one (purple, D-2), the seventh 
one (reddish purple, D-3 + D-4), the eighth one (purple, D-5), 
and the ninth one (red, D-6) were the desired isomers. These 
eluates were concentrated separately in a vacuum evaporator, 
and then the deposit, NaCl , was filtered off. 

Each concentrated filtrate was again poured into a column 
containing SP-Sephadex C-25 (K+ form, 4.5 X 120 cm) . T h e 
adsorbed band was eluted with 0.05 M aqueous solution of 
K2[Sb2(</- tar t)2]-3H20 at the rate of about 0.5 cm3 /min. 
For the column of the seventh eluate, three bands, a brownish 
red one (D-3), a purple one which was trans(0)-[Co(le­
rnet) 2]+,8) and a red one (D-4), were eluted in this order. 
For the other columns there was apparently a single band. 
However, careful CD measurements showed that D-4 and 
D-6 bands consist of two bands, which were designated as 
D-4a and D-4b for D-4 eluate, and D-6a and D-6b for D-6 
one according to the elution order though the separation of 
the latter two isomers was insufficient. T h e desired eluate 
was concentrated in a vacuum evaporator and the deposit, 
K3[Sb2(c?-tart)2]-3H20, was filtered off, and then converted 

into the chloride salt by using an anion exchange resin (Dowex 
1x8, C I - form). T o the eluate a large amount of ethanol 
and acetone was added. T h e product was recrystallized 
from a minimum quanti ty of water by adding ethanol and 
acetone, and washed with acetone and then diethyl ether, 
and dried in a vacuum desiccator over CaCl2 . T h e isomers 
obtained were contaminated with a small amount of potassium 
chloride or sodium chloride, because of the relatively lower 
yields of isomers as compared with those of [Co(L-met)2]+ 
and [Co(aetp)2]+ complexes. T h e C D spectra of D-4a, D- 4b, 
D-6a, and D-6b isomers were measured with the eluates, and 
their concentrations were calculated from the optical densities 
referring to that of the mixture, D-4 or D-6. Found for 
D - l : G, 23.88; H , 4.72; N, 5.49%. Calcd for [Co(aetp)-
(L-met ) ]G1 .2H 2 0 .1 .4NaCl=C 1 0 H 2 4 N 2 S 2 O 6 ClCo. 1.4NaCl: G, 
23.61; H , 4.76; N, 5 . 5 1 % . Found for D-2: G, 27.76; 
H, 5.36; N, 6.47%. Calcd for [Co(ae tp) ( L -met ) ]C1.2H 2 0 . 
l / 5 K C l = C 1 0 H 2 4 N 2 S 2 O 6 C l C o . l / 5 K C l : G, 27.19; H , 5.48; 
N, 6 .34%. Found for D - 3 : G, 29.38; H , 5.12; N, 6.84%. 
Calcd for [Co(aetp)(L-met) ]C1.0 .5H 2 O.0.13KCl=C 1 0 H 2 1 -
N 2 S 2 O 4 . 5 ClGo.0 .13KCl: C, 29.33; H , 5.17; N , 6.84%. 
Found for D-4 ( = m i x t u r e of D-4a and D-4b) : G, 27.68; 
H, 5.61 ; N, 5.89%. Calcd for [Co(aetp)(L-met)]Cl- 1.5HaO-
C H 3 O H • 2 /5KG1=C 1 0 H 2 3 N 2 S 2 O 5 . 5 ClCo .CH 3 OH• 2/5KC1 : G, 
27.54; H , 5.67; N, 5 .84%. Found for D-5 : G, 28.01; 
H , 5.08; N, 6 .56%. Calcd for [Go(aetp)(L-met)]Gl .H aO-
3/10NaCl=C 1 0 H a a N a S a O B ClCo.3 /10NaCl : G, 28.17; H, 
5.20; N , 6 .57%. Found for D-6 ( = mixture of D-6a and D-
6 b ) : C, 26.17; H , 5.23; N, 6 .13%. Calcd for [Co(aetp)-
(L-met)]Gl • 2 H 2 0 • 2 /5KGl=C 1 0 H 2 4 N 2 S 2 O 6 GlCo. 2/5KG1 : C, 
26.30; H , 5.30; N, 6 .13%. 

Measurements. T h e electronic absorption spectra were 
measured on a Shimadzu UV-200 spectrophotometer in 
aqueous solution. T h e CD spectra were recorded with a 
J A S C O M O E - 1 spectropolarimeter. T h e XH N M R spectra 
were measured in deuterium oxide on a Varian X L -
100-15 spectrometer with DSS as the internal reference. All 
measurements were made at room temperature. 

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

Absorption Spectra and Structural Assignments. I n 
t h e [ G o ( a e t a ) ( L - m e t ) ] + c o m p l e x , seven i somers w e r e o b ­
t a i n e d . T h e i r a b s o r p t i o n spec t r a , a r e s h o w n in F ig . 2 

20 30 40 50 

<r(103cm-1) 

Fig. 2. Absorption spectra of the isomers of [Co (aeta) -
(L-met)]Gl: C-l ( ) , G-2 ( - ), G-3 ( ), 
C-6 ( ), and C-7 ( ) ; the spectra of C-4 and C-5 
isomers are similar to those of C-2 and C-6 ones, re­
spectively. 
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TABLE 1. ABSORPTION DATA OF ISOMERS OF 

[Co(aeta)(L-met)]Cl AND [Co(aetp)(L-met)]Cl 

Isomer ° " ment First d-d 
band 

[Co(aeta)(L-met)]Cl 

C-l tr. tr. tr. 

C-2 trans (N) 

C-3 trans (S) 

C-4 trans (N) 

C-5 cisciscis-I 

C-6 cisciscis-I 

C-7 trans (0) 

17.5(2.25) 
20.0(2.10)b 

shc> 
20.2(2.07) 

18.8(2.41) 

shc> 
19.9(2.07) 

19.1(2.28) 

19.2(2.29) 

18.8(2.28) 
shc> 

[Co(aetp)(L-met)]Cl 

D-l tr. tr. tr. 

D-2 trans (S) 

D-3 trans (N) 

D-4 cisciscis-I 

D-5 trans (0) 

D-6 cisciscis-II 

19.2(2.26) 

18.6(2.24) 

18.4(1.99)b 

20.4(2.11) 

19.0(2.39) 

17.9(2.37) 
shc> 

18.8(2.39) 

<7maxa) ( l oge ) 

Second d-d 
band 

Charge 
transfer 

band region 

30.3(4.16) 
44.9(4.11) 

25.5(2.10)b> 33.5(4.16) 
41.9(4.16) 
47.7(4.07) 

30.3(4.18) 
44.1(4.16) 

25.5(2.20)b> 33.0(4.08) 
42.2(4.12) 

25.5(2.30)b> 34.0(4.10) 
42.8(4.10) 

25.5(2.30)b> 34.2(4.06) 
40.3(4.14) 

31.3 (3.95) b> 
37.5(4.08) 
41.7 (4.05) b> 
48.8(4.07) 

29.0(4.20) 
46.7(4.16) 

29.2(4.02) 
44.3(4.00) 

> 25.5(2.30)b> 33.4(4.20) 
47.5(4.08) 

25.5(2.40)b> 33.0(4.13) 
42.4(4.07) 

shc> 

shc> 

31.9(4.04) 
34.5 (4.02) b> 
42.4(4.01) 

33.3(4.11) 
46.3(4.05) 

a) The wave numbers are given in 103 cm 
A shoulder, c) The wave number cannot be 

- 1 unit, b) 
determined. 

and Table 1. The spectral behavior of the present 
isomers is very similar to that of [Co(aeta)2]+, and this 
is due to the fact that both complexes have the same 
chromophore [Co(N) 2 (0) 2 (S) 2 ] . Furthermore both 
complexes have the geometrical isomers of the same 
types. Therefore, the interpretation of the electronic 
absorption spectra described in the previous paper1) 
could be applied for the present isomers in the same 
manner. 

Of seven isomers, the long wavelength thioether charge 
transfer bands for C-l (30300 cm-1 , l oge=4 .16) and 
C-3 (30300 cm-1 , l oge=4 .18) locate at lower energy 
side than those for the other five isomers. This indicates 
that the former two isomers have two ligating sulfur 
atoms in trans positions and the latter five in eis positions. 
The isomers C-l shows a broad first absorption band 
with a shoulder at high energy side, while C-3 shows a 

sharp peak. Therefore, C-l and C-3 can be assigned 
to tr.tr.tr. and trans(S) structures, respectively. 

O n the other hand, of the latter five isomers, C-2 
and C-4 show a shoulder at low energy side of the major 
peak at 20200 and 19900 cm- 1 , respectively, and C-7 
shows a band at 18800 c m - 1 with a vague shoulder at 
high energy side, while C-5 and C-6 apparently a sharp 
peak at 19100 and 19200 c m - 1 , respectively. From 
these absorption patterns it was affirmed that C-2 and 
C-4 isomers are trans(N), C-5 and C-6 cisciscis, and C-7 
trans(O). As shown in Fig. 1, there exists the only one 
geometrical isomer for the trans(N) geometry. Accord­
ingly, C-2 and C-4 isomers with trans(N) structure 
should be diastereomers due to the sulfur a tom chirality 
(R) or (S) of the coordinated L-methioninate. For the 
cisciscis form, two geometrical isomers, cisciscis-I and 
cisciscis-II, are expected, but it is impossible to decide 
the configuration of C-5 and C-6 isomers from their 
electronic absorption spectra. In order to achieve the 
assignments, N M R spectra of C-5 and C-6 isomers were 
measured in D 2 0 by adding a small amount of DC1; 
the spectra are entirely similar to each other all over the 
measured region. Furthermore, in the region of amine 
protons, there are four peaks at 6.35, 5.85, 5.18, and 
4.48 ppm from DSS for both isomers. These results 
indicate that both isomers have either cisciscis-I or 
cisciscis-II structure. The C-5 and C-6 isomers, there­
fore, are diastereomers due to the sulfur atom chirality 
(R) or (S) of the coordinated L-methioninate. Refer­
ring to the characterization of cisciscis-I and cisciscis-II 
isomers for the [Co(aetp)(L-met)]+ complex, which will 
be described below, the C-5 and C-6 isomers are assigned 
finally to have the cisciscis-I structure (see Figs. 1 (e) 
and (f)). 

In the [Co(aetp)(L-met)]+ complex, eight isomers 
were obtained chromatographically and their absorp­
tion spectra are shown in Fig. 3 and Table 1. These 
isomers can be assigned in the same manner described 
above; D-l is tr.tr.tr., D-2 trans (S), D-3 trans(N), D-4a 
and D-4b cisciscis, D-5 trans ( 0 ) , and D-6a and D-6b 
cisciscis. It is reasonable from their chromatographic 
behavior to consider that D-4a and D-4b (or D-6a and 
D-6b) have the same geometrical structure. 

30 

a (103 cm-1) 

Fig. 3. Absorption spectra of the isomers of [Co(aetp)-
(L-met)]Cl: D-l ( -), D-2 ( ), D-3 ( ), 
D-4a ( ), and D-5 ( ); the spectra of D-4b, 
D-6a, and D-6b isomers are similar to that of D-4a one. 
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T h e assignment of cisciscis-I and cisciscis-II was made 
on the basis of 1H N M R spectra. D-4 complex which 
is a mixture of D-4a and D-4b isomers, showed a methine 
signal at 3.91 p p m from DSS, and D-6 one which is 
a mixture of D-6a and D-6b, showed at 3.45 ppm. 
This very large difference of the chemical shift between 
D-4 and D-6 isomers is explained on the basis of C - O 
deshielding effect11) as follows ; in the cisciscis-I structure, 
the methine proton is located just above a line drawn 
down the C - O bond of the other ligand and will be 
deshielded by the anisotropy associated with the C - O 
bond, while in the cisciscis-II form, this effect does not 
occur. From these reasons, D-4 and D-6 isomers can 
be assigned to the cisciscis-I and cisciscis-II structures, 
respectively. In addition, in the region of the amine 
protons, D-4 isomer showed three peaks at 4.31, 5.03, 
and 6.19 ppm, whereas D-6 isomer one peak at 5.97 
ppm from DSS. Since the cisciscis-I structure has each 
of two amine groups in the deshielded and shielded 
positions and the cisciscis-II one has two amine groups 
in the shielded positions, it is also expected that D-4 
isomer is cisciscis-I and D-6 one cisciscis-II. T h e similar 
consideration was applied for the assignment of cis­
ciscis-I structure of the C-5 and C-6 isomers of [Co (aeta) -
(L-met)]+. Thus, four diastereomeric pairs, C-2 and 
C-4, C-5 and C-6, D-4a and D-4b, and D-6a and D-6b, 
are discovered, which are arising from the chiral sulfur 
donor atom of the coordinated L-methioninate. 

T h e structural assignments described above were able 
to be made mainly on the basis of electronic absorption 
spectra. This indicates that the absorption spectral 
behavior in the mixed type complexes is similar on 
the whole to that of the bis(terdentate-JV,,S',0) type 
complexes. However, there appear some interesting 
differences in details. Firstly, two trans(N) isomers of 
[Co(aeta)2]+ and [Co(aetp)2]+ show no splitting in the 
first absorption band region, but four trans(N) isomers 
of the present mixed type complexes and of the [Co­
m m e t ) 2]+ complex exhibit an explicit shoulder at low 
energy side of the major peak. Two bis(terdentate) 
type trans(O) isomers show more explicit shoulder at 
high energy side of the major peak than the trans(0) 
isomers of the mixed type and [Co(L-met)2]+ complex. 
These differences indicate that the sulfur atom in the 
linear terdentate-JV,>S,0 ligands has a strong ligand 
field strength than that in L-methioninate. Secondly, 
the thioether charge transfer band positions of the mixed 
type trans(O) isomers apparently differ from those of the 
bis type trans(O) isomers: 31300 c m - 1 for [Co(aeta)-
(L-met)]+ (C-7); 31900cm- 1 for [Co(aetp)(L-met)] + 
(D-5); 35100 c m - 1 for [Co(aeta)2] + ; 34200 c m - 1 for 
[Co(aetp)2]+. The present mixed complexes have two 
kinds of sulfur atoms, one in the ligand a e t a - or a e t p -
and the other in L-met - . The trans(0) isomer of [Co-
(L-met)2]+ shows the thioether charge transfer band at 
32700 cm - 1 , a considerably lower energy position than 
that of [Co(aeta)2]+ or [Co(aetp)2]+. Therefore, the 
thioether charge transfer bands due to two kinds of 
sulfur atoms appear separately in this case. In fact, 
C-7 isomer shows another intense band at 37500 c m - 1 

and D-5 one at 34500 c m - 1 (sh), which correspond 
roughly to the positions of the bis type complexes. 

CD Spectra. CD spectra of fifteen mixed type 

complexes are shown in Figs. 4—9 an 1 Table 2. The 
CD patterns hardly change with the substitution of the 
aetp ligand for the aeta one, especially in the first ab­
sorption band region. This suggests that the difference 
in size of the ^-carboxylate chelate ring has not large 
effect on the CD spectra as in the case of the bis-
(terdentate-TV^O) type complexes.1) In contrast to 
this, drastic changes were reported for the cobalt(III) 
complexes of bis( terdentate-0,N,0) type.12) 

The tr.tr.tr. isomers show two CD bands in the first 
absorption band region; the low energy band has a 
positive sign and the high energy negative (Fig. 4) . 
This is good agreement with the fact that both isomers 
have A configurations13) according to the ring pairing 
method.14) 

Fig. 4. CD spectra of tr.tr.tr. complexes: [Co (aeta) -
(L-met)]Cl ( ) and [Go(aetp)(L-met)]Gl ( ). 

Fig. 5. CD spectra of trans(S) complexes: [Go(aeta)-
(L-met)]Gl ( -) and [Go(aetp)(L-met)]Gl ( ). 

Fig. 6. CD spectra of trans(O) complexes: [Co(aeta)-
(L-met)]Gl ( -) and [Go(aetp)(L-met)]Gl ( ). 

tr.tr.tr
tr.tr.tr
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TABLE 2. CD DATA OF ISOMERS OF [Go(aeta)(L-met)]Gl AND [Go(aetp)(L-met)]Gl 
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Isomer 

[Co (acta) (L-

tr. tr. tr. 
(G-l) 

trans (N) 
(G-2) 

trans (S) 
(G-3) 

Irans (N) 
(G-4) 

cisciscis-I 
(C-5) 

cisciscis-I 
(G-6) 

trans(0) 
(G-7) 

First d-d 
band region 

met)] Gl 

16 .9 ( + 3.16) 
19 .5 ( —1.28) 

18 .0 (—1.19) 
2 0 . 7 ( 4 - 2 . 1 4 ) 

17 .2 (4 -1 .31 ) 
1 9 . 5 ( - 1 . 9 6 ) 

17 .9 (4 -1 .31 ) 
2 0 . 7 ( - 3 . 2 9 ) 

18 .5 (4 -0 .53 ) 
2 3 . 6 ( 4 - 0 . 1 7 ) 

1 7 . 8 ( - 0 . 8 4 ) 
2 0 . 1 ( 4 - 0 . 6 9 ) 

1 7 . 2 ( - 0 . 8 9 ) 
2 0 . 0 ( 4 - 6 . 0 1 ) 

^exta) (Ae) 

Second d-d 
band region 

2 4 . 9 ( - 0 . 3 3 ) 

2 5 . 6 ( 4 - 0 . 9 6 ) 

2 3 . 7 ( 4 - 0 . 2 0 ) 

2 7 . 4 ( 4 - 2 . 5 4 ) 

2 6 . 4 ( - 0 . 6 9 ) 

2 6 . 0 ( - 0 . 4 5 ) 

Charge transfer 
band region 

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

3 0 . 4 ( 4 - 0 . 3 6 ) 
3 5 . 3 ( - 9 . 9 9 ) 
42 .1 ( — 11.8) 
4 7 . 6 ( 4 - 1 9 . 1 ) 

3 0 . 1 ( 4 - 1 0 . 2 ) 
3 4 . 8 ( - 6 . 4 2 ) 
3 9 . 5 ( 4 - 8 . 2 3 ) 

4 4 . 3 ( - 3 . 7 3 ) 
4 7 . 8 ( 4 - 9 . 9 9 ) 

3 1 . 6 ( 4 - 6 . 7 4 ) 
3 5 . 3 ( - 4 . 0 9 ) 
4 4 . 3 ( 4 - 3 . 2 0 ) 

2 9 . 9 ( 4 - 0 . 2 2 ) 
3 2 . 4 ( - 0 . 7 0 ) 
3 4 . 4 ( 4 - 0 . 1 1 ) 
3 7 . 7 ( - 2 . 6 4 ) 

4 2 . 1 ( 4 - 9 . 1 1 ) 
4 6 . 4 ( - 3 . 3 8 ) 

3 3 . 3 ( 4 - 2 . 0 4 ) 
3 9 . 5 ( 4 - 5 . 3 6 ) 
4 4 . 5 ( - 3 . 6 5 ) 

2 7 . 0 ( - 4 . 3 0 ) b > 30 .6 (—11 .2 ) 
3 4 . 5 ( 4 - 8 . 3 3 ) 
38 .1 ( - 7 . 5 9 ) 
4 2 . 8 ( 4 10.8) 

4 8 . 3 ( 4 11.8) 

Isomer 
First d-d 

band region 

[Co(aetp)(L -met)]Cl 

tr. tr. tr. 
(D-l) 

trans (S) 
(D-2) 

trans(N) 
(D-3) 

cisciscis-I 
(D-4) 

cisciscis-Ic) 
(D-4a) 

cisciscis-I0) 
(D-4b) 

trans (0) 
(D-5) 

cisciscis-II 
(D-6) 

cisciscis-II0) 
(D-6a) 

cisciscis-II0) 
(D-6b) 

<7ext
a) (Ae) 

Second d-d 
band region 

1 6 . 8 ( 4 - 1 . 2 2 ) 2 4 . 2 ( - 0 . 5 5 ) 
17 .3 (4 -0 .97)" ) 
21 .1 (—0.35) 

1 7 . 2 ( 4 - 0 . 3 9 ) 
1 9 . 2 ( - 0 . 8 3 ) 

16 .5 (4 -0 .03 ) 
1 7 . 7 ( - 0 . 0 5 ) 
2 0 . 6 ( 4 - 2 . 0 6 ) 

17 .0 (4 -0 .08 ) 
1 8 . 3 ( + 0 .12) 
2 0 . 6 ( - 0 . 4 4 ) 

17 .8 (4-1-30) 
20 .7 ( - 0 . 8 8 ) 

17 .7 (—1.13) 
2 0 . 5 ( 4 - 0 . 1 1 ) 

16 .1 (4 -0 .14 ) 
2 0 . 2 ( 4 - 4 . 8 9 ) 

17 .2 ( —0.17) 
19 .3 (4 -0 .14 ) 

15 .6 (4 -0 .04 ) 
1 7 . 3 ( - 0 . 0 7 ) 
2 0 . 5 ( - 0 . 2 1 ) 

16.0 (4-0 .05) b> 
1 9 . 5 ( 4 - 0 . 6 4 ) 

2 3 . 5 ( 4 - 0 . 3 8 ) 
26 .1 ( - 0 . 4 9 ) 

2 5 . 8 ( 4 - 0 . 8 7 ) 

2 6 . 9 ( 4 - 0 . 5 9 ) 

2 4 . 3 ( - 0 . 1 7 ) 

Charge transfer 
band region 

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

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

3 0 . 8 ( 4 - 3 . 6 1 ) 
3 5 . 9 ( - 1 8 . 9 ) 
4 6 . 3 ( 4 - 1 5 . 3 ) 

3 1 . 5 ( 4 - 2 . 3 0 ) 
35 .9 ( - 0 . 9 0 ) 
4 0 . 3 ( - 0 . 4 2 ) 
4 4 . 8 ( 4 - 0 . 3 2 ) 

3 2 . 5 ( —7.11) 
3 7 . 7 ( 4 - 2 . 0 5 ) 
4 0 . 8 ( - 0 . 2 4 ) 
4 3 . 6 ( 4 - 1 . 9 4 ) 
4 7 . 7 ( - 3 . 9 9 ) 

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

2 7 . 0 ( - 4 . 4 0 ) b > 3 0 . 4 ( - 9 . 1 7 ) 
3 8 . 3 ( 4 - 7 . 3 7 ) 
4 4 . 4 ( 4 - 6 . 6 0 ) 
4 9 . 3 ( 4 - 4 . 8 6 ) 

2 5 . 7 ( - 0 . 4 8 ) 

2 5 . 5 ( - 0 . 2 9 ) 

2 6 . 2 ( - 0 . 2 8 ) 

3 7 . 0 ( 4 - 7 . 0 4 ) 
4 5 . 0 ( - 4 . 7 3 ) 

3 6 . 8 ( 4 - 7 . 4 7 ) 
4 4 . 4 ( - 5 . 6 3 ) 

3 7 . 9 ( 4 - 5 . 3 1 ) 
4 5 . 5 ( - 2 . 0 9 ) 

a) The wave numbers are given in 103 cm"1 unit, b) A shoulder, c) CD spectra were measured for the eluates. 

Fig. 7. CD spectra of trans(N) complexes: [Go(aeta)-
(L-met)]Gl, G-2 ( -) and G-4 ( ); [Co(aetp)-
(L-met)]Cl ( ). 

Fig. 8. CD spectra of mm«W-[Co(aeta)(L-met)]Cl, 
C-5 ( ) and G-6 ( ). 
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Fig. 9. CD spectra of mmcw-/-[Co(aetp)(L-met)]+, 
D-4a ( ) and D-4b ( ). 

The two trans(S) isomers (Fig. 5) exhibit the same 
pattern as that of the tr.tr.tr. isomers in the first absorp­
tion band region. Since both trans(S) isomers also have 
A absolute configuration but the 1A-> 1A+ 1B b (G 2 ) transi­
tion should be in higher energy for this geometry, this 
result indicates that CD spectral pat tern cannot be al­
ways related to the ring pairing method for the complexes 
containing L-methioninate. A similar case has been 
reported for another system.15) 

Both trans(0) isomers exhibit a major positive CD 
band at high energy side, though a weak positive or 
negative band occurs in low energy (Fig. 6). This may 
suggest that the high energy positive band represents a 
composite transition 1 A-> 1 B a + 1 B b (C 2 ) . However, these 
mixed trans(O) isomers have formally no configurational 
chirality according to the ring pairing method. Thus 
it may be more reasonable to consider that the CD 
contributions due to the chiral sulfur donor atoms be­

come dominant. 
For the trans(N) isomers, this viewpoint becomes more 

important ; two trans (N) isomers of the aeta complex, 
C-2 and C-4, exhibit completely enantiomeric CD pat­
terns in the first absorption band region (Fig. 7), which 
can be attributed mainly to the enantiomeric configu­
rations of chiral sulfur atom of the coordinated L-methio­
ninate. In the case of the aetp complex, the only one 
trans(N) isomer was obtained. Its CD spectral pattern 
is similar to that of C-2 isomer and its structure is con­
sidered to be same as that of C-2. The D-4a cisciscis-I 
isomer shows the C D spectrum almost enantiomeric to 
the D-4b cisciscis-I isomer (Fig. 9). 

Of the fifteen mixed type complexes, eight ones which 
are classified into diastereomeric pairs, C-2 and C-4, 
C-5 and C-6, D-4a and D-4b, and D-6a and D-6b, 
have of course a definite configuration, (R) or (S), with 
respect to the chiral sulfur donor atom of L-methioni­
nate. Furthermore, the remaining five isomers except 
two tr.tr.tr. ones take also a definite configuration of 
the chiral sulfur atom of L-methioninate on the basis 
of the following reasons; firstly, all fractions of each 
isomer on the chromatographic separation shows the 
same CD spectra. Secondly, *£[ N M R spectra of 
these isomers showed a single peak in the ^-methyl 
proton region (Fig. 10). Thirdly, corresponding geo­
metrical isomers of the mixed aeta and aetp complexes 
show very similar C D spectra, and stereomodel exami­
nation reveals that the isomers except tr.tr.tr. one prefer 
(S) configuration, since the S-CH3 group in (R) con­
figuration interacts with the chelate ring of the other 
ligand. 

For the present mixed type complexes, there are two 
kinds of chiral sulfur atoms, one in the ligand a e t a -

or ae tp- , and the other in L-met - . Therefore, the CD 
signs in the thioether charge transfer band region cannot 

ppm from DSS 

Fig. 10. The 1U NMR spectra of the isomers of [Co(aeta)(L-met)]Cl, [(a) trans(N) = G-2, 
(b) trans(N)=CA, (c) trans(S), and (d) trans(O)] and [Co(aetp)(L-met)]Cl [(e) trans(N) 
and (f) trans(O)]. 

tr.tr.tr
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be simply related to the absolute configurations. How­
ever, some correlations are found for the trans (S) and 
trans(N) isomers. Namely, both trans(S) isomers show 
two CD bands, ( + ) and ( —) from low energy side, 
and both trans(N) isomers (C-2 and D-3) also two CD 
bands of opposite signs (Table 2). 

CD Contribution due to the Chiral Sulfur Donor Atom. 
In order to estimate the vicinal CD contribution of the 
chiral sulfur donor atom of L-methioninate, an additivi-
ty rule was applied to the C D spectra of the diastereo-
meric pairs C-2 and C-4, C-5 and C-6, and D-4a and 
D-4b isomers; the chiral sulfur contribution can be 
obtained by subtracting the observed C D of one isomer 
from that of the counterpart, while the overall CD con­
tribution due to the remaining factors such as the chiral 
carbon atom of L-methininate and the chiral sulfur atom 
of the terdentate-iV,iS',0 ligand and/or the configura -
tional chirality due to the skew pair of chelate rings 
can be obtained by summing up the two observed CD 
curves. The calculated CD curves are shown in Figs. 
11—13. 

In the case of fra/w(.V)-[Co(aeta) (L-met)] + (Fig. 11), 
the CD contribution of the chiral sulfur donor atom 
of L-methioninate is very large in the first absorption 
band region ( A e = —1.24 at 18000 cm- 1 and A e = + 2 . 7 2 
at 20700 c m - 1 ) . Similarly, for the cisciscis-I-\Co{a.eta)-
(L-met)]+ and -[Co(aetp)(L-met)]+ complexes (Figs. 
12 and 13), their L-methioninate sulfur vicinal CD are 

Fig. 11. Curve analysis of trans(iV>)-[Co(aeta)(L-met)]Cl 
complexes: 1/2 X {Ae(C-2) + Ae(C-4)} ( ) and 
l/2x{Ae(C-2)-A*(C-4)} ( ). 

<J o 

<i o 

-0 .8h 

- 1 . 6 

Fig. 12. Curve analysis of cisciscis-I- [Co (aeta) (L-met) ] CI 
complexes: 1/2 X {Ae(C-5) + Ae(C-6)> ( ) and 
l/2x{Ae(C-5)-Ae(C-6)} ( ). 

Fig. 13. Curve analysis of cisciscis-I-[Co(aetp) (L-met)] + 
complexes: 1/2 X {Ae(D-4a) + Ae(D-4b)} ( ), 1/2 
x{Ae(D-4a)-Ae(D-4b)} ( ), and D-4 mixture of 
diastereomers ( ). 

dominant in the first absorption band region. I t is 
interesting to note that the observed C D curve of the 
D-4 mixture is very similar to the calculated contribu­
tion of chiralities other than the sulfur atom chirality 
of L-methioninate. This indicates that the D-4 complex 
is composed of equal amounts of D-4a and D-4b iso­
mers. 

In conclusion, the sulfur chirality of the coordinated 
L-methioninate has large vicinal CD contribution even 
in the first absorption band region. In this respect, 
there are some differences between the chiral sulfur and 
nitrogen3) donor atoms. Therefore, care must be taken 
in relating the C D spectra to the absolute configurations 
of the complexes containing L-methioninate ligand. 

References 

1) Part II of this series: K. Yamanari, J . Hidaka, and 
Y. Shimura, Bull. Chem. Soc. Jpn., in contribution. 

2) C. T. Liu and B. E. Douglas, Inorg. Chem., 3, 1356 
(1964); B. E. Douglas and S. Yamada, ibid., 4, 1562 (1965); 
T. Yasui, J. Hidaka, and Y. Shimura, Bull. Chem. Soc. Jpn., 
39, 2417 (1966); C. J. Hawkins and P. J . Lawson, Inorg. 
Chem., 9, 6 (1970); N. Matsuoka, J . Hidaka, and Y. Shimura, 
ibid., 9, 719 (1970); C. J . Hawkins and P. J . Lawson, Aust. 
J. Chem., 23, 1735 (1970); N. Matsuoka, J . Hidaka, and Y. 
Shimura, Bull. Chem. Soc. Jpn., 45, 2491 (1972). ibid., 48, 
458 (1975); K. Yamanari, J . Hidaka, and Y. Shimura, ibid., 
48, 1653 (1975). 

3) D. A. Buckingham, S. F. Mason, A. M. Sargeson, and 
K. R. Turnbull, Inorg. Chem., 5, 1649 (1966); B. Halpern, 
A. M. Sargeson, and K. R. Turnbull, J. Am. Chem. Soc, 88, 
4630 (1966); M. Saburi and S. Yoshikawa, Inorg. Chem., 7, 
1890 (1968); M. Saburi, H. Homma, and S. Yoshikawa, 
ibid., 8, 367 (1969); K. Okamoto, J. Hidaka, and Y. Shimura, 
Bull. Chem. Soc. Jpn., 44, 1601 (1971); ibid., 46, 3134 (1973); 
M. Fujita, Y. Yoshikawa, and H. Yamatera, Chem. Lett., 
1976, 959. 

4) F. P. Dwyer and F. Lions, J. Am. Chem. Soc, 72, 1545 
(1950); F. P. Dwyer, N. S. Gill, E. C. Gyarfas, and F. Lions, 
ibid., 74, 4188 (1952); ibid., 75, 2443 (1953). 

5) J . H. Worrell and D. H. Busch, Inorg. Chem., 8, 1563 
(1969); ibid., 8, 1572 (1969). 

6) B. Bosnich, W. R. Kneen, and A. T. Phillip, Inorg. 
Chem., 8, 2567 (1969); B. Bosnich and A. T. Phillip, J. Chem. 
Soc, A, 1970, 264. 

7) R. J . Magee, W. Mazurek, M. J. O'Connor, and A. 
T. Phillip, Aust. J. Chem., 27, 1629 (1974). 



2458 Kazuaki YAMANARI, J insai H I D A K A , and Yoichi SHIMURA [Vol. 50, No. 9 

8) J . Hidaka, S. Yamada , and Y. Shimura, Chem. Lett., 
1974, 1487. 

9) F. G. M a n n , J. Chem. Soc, 1930, 1745. 
10) K. Yamanar i , J . Hidaka, and Y. Shimura, Bull. Chem. 

Soc. Jpn., 50, 2299 (1977). 
11) E. A. Brends and J . G. Brushmiller, Inorg. Nucl. Chem. 

Lett., 6, 531 (1970); ibid., 6, 847 (1970); L. G. Stadtherr and 
J . G. Brushmiller, ibid., 6, 907 (1970). 

12) K. Okamoto , J . Hidaka, and Y. Shimura, Bull. Chem. 

Soc. jpn., 46, 475 (1973). 
13) Absolute configurations are designated by the IUPAG 

rule : Inorg. Chem., 9, 1 (1970). 
14) J . I. Legg and B. E. Douglas, J. Am. Chem. Soc, 88, 

2697 (1966). 
15) J . Hidaka, S. Yamada , and B. E. Douglas, J. Coord. 

Chem., 2, 123 (1972); J . I. Legg and J . A. Neal, Inorg. Chem., 
12, 1805 (1973). 



September, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (9), 2459—2463 (1977) 2459 
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Reactions of [Co(H 2 0) (NH 3 ) 5 ] (C10 4 ) 3 with H 2 N ( C H 2 ) n N H 2 (N-N) in dimethyl sulfoxide were examined 
by changing the number of methylene groups in N - N ( n = 2 — 5 , 7, 8, 10, 12, and 14). Complexes of the Co(NH 3 ) 4 -
( N - N ) 3 + type were found to be formed for n=2—4, 12, and 14, but, not for n=5, 7, 8, and 10. In addition to 
these products, a number of new cobal t (III) complexes were isolated. 

I n t h e p rev ious p a p e r , a n u m b e r of n e w coba l t ( I I I ) 
complexes w e r e i so la ted as p r o d u c t s of t h e r eac t ions of 
[ C o C l 2 ( e n ) 2 ] C l w i t h a , co -a lkaned iamines H 2 N ( C H 2 ) n -
N H 2 ( N - N ) in d i m e t h y l sulfoxide ( D M S O ) , w h e r e e n 
deno te s 1 ,2 -e thaned iamine . 1 ) A m o n g t h e m , c o m ­
plexes of t h e [ G o ( e n ) a ( N - N ) ] X 8 a n d [ C o 2 ( e n ) 4 ( N - N ) 2 ] -
X 6 types w h i c h c o n t a i n l a rge c h e l a t e r ings w e r e f o u n d . 

R e c e n t l y , [ C o ( N H 3 ) 6 _ 2 j 3 ( e n ) p ] X 3 (p=0, 1,2, a n d 3) 
a n d [ C o ( N H 3 ) 5 ( e n H ) ] X 4 w e r e i so la ted as p r o d u c t s of 
t h e r e a c t i o n of [ C o ( H 2 0 ) ( N H 3 ) 5 ] ( C 1 0 4 ) 3 w i t h e n i n 
D M S 0 . 2 > I t s e e m e d t h a t it w o u l d b e in t e r e s t i ng a n d 
w o r t h w h i l e to k n o w , w h e n this r e a c t i o n is a p p l i e d to 
va r ious d i a m i n e s , w h a t k inds of p r o d u c t s a r e f o r m e d . 
I f a d i a m i n e w i t h a l ong m e t h y l e n i c c h a n is used , t h e 
f o r m a t i o n of t h e c o m p l e x e s c o n t a i n i n g l a r g e c h e l a t e 
r ings m i g h t b e e x p e c t e d . I n this p a p e r , t h e p r o d u c t s 
of t h e r eac t ions of [ C o ( H 2 0 ) ( N H 3 ) 5 ] ( C 1 0 4 ) 3 w i t h a,co-
a l k a n e d i a m i n e s ( N - N ) in D M S O a r e e x a m i n e d . T h e 
d i a m i n e s , H 2 N ( C H 2 ) r e N H 2 , u sed in this w o r k a r e n= 
2 (en ) , 3 ( t n ) , 4 ( t m d ) , 5 ( p m d ) , 7 ( h e p n ) , 8 ( o c n ) , 
10 ( d e n ) , 12 ( d o n ) , a n d 14 ( t d e n ) . 

Severa l a t t e m p t s h a v e b e e n m a d e to p r e p a r e c o b a l t -
( I I I ) complexes in n o n - a q u e o u s solvents.3) T h e results 
i n d i c a t e t h a t t h e n o n - a q u e o u s solvents a r e useful for 
o b t a i n i n g nove l c o b a l t (111) c o m p l e x e s . T h e p re sen t 
s t u d y wil l also h e l p to u n d e r s t a n d t h e fea tures of t h e 
reac t ions of c o b a l t ( I I I ) complexes in s u c h a so lven t . 

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

Preparation of Cobalt (III) Complexes. All the cobalt (II I) 
complexes were obtained from the products of the reactions 
of [Co(H 2 0) (NH 3 ) 5 ] (G10 4 ) 3 with N - N in D M S O . T h e 
species formed in the reactions were separated by the use of 
an SP-Sephadex C-25 column ( 0 5 x 4 0 cm). Usually, KBr 
solutions were used as the eluents. In order to isolate the 
products, each eluate was concentrated to a small volume by 
means of a rotary evaporator. 

When it was difficult to obtain bromide salt because of 
its high solubility, the eluate was diluted with water and 
then poured into another SP-Sephadex column. T h e ad­
sorbed species was then eluted with an appropriate eluent, 
e.g., a HCl , LiC10 4 , or N a l solution. When a LiC10 4 solu­
tion was used as the eluent, the column was washed first 
with a dilute HCl solution to remove potassium ions; other­
wise, the deposition of insoluble K C 1 0 4 crystals in the column 
was unavoidable. T h e eluate was then concentrated again. 
T h e addition of ethanol or ethanol-ether to the resulting solu­
tion was often necessary to ensure crystallization. 

T h e elution of highly charged species with KBr solutions 
sometimes caused a crystallization of the bromide salt in the 

column. In such a case, the eluent was changed to a sodium 
acetate-acetic acid solution and the eluate was concentrated. 
Then , the bromide salt was obtained by the addition of an 
HBr solution to the concentrated eluate. 

The analytical da ta for the complexes prepared in this work 
are summarized in Table 1. 

1) Products of the Reaction of [Co(H2OJ (NH3)5] (ClOJ3 with 
en. T o 100 ml of a D M S O solution containing 9.2 g 
of [Go(H 2 0) (NH 3 ) 5 ] (C10 4 ) 3 (0.02 mol) were added 1.2 g 
of en (0.02 mol) . T h e solution was kept at 85 °G for 20 min. 
T h e resulting deep yellowish orange solution was neutralized 
with coned HCl and diluted to 1.5 1 with water. This was 
poured into a Sephadex column, and then the column was 
washed with water. When the adsorbed bands were develop­
ed with NaBr solutions, the column showed three bands ; red­
dish orange (a trace amount ) , yellow, and yellowish orange, 
in the order of elution. T h e first and second species were 
eluted with a 0.25 M NaBr solution. T h e first reddish orange 
species was found to be C o ( H 2 0 ) ( N H 3 ) 5

3 + . When the second 
yellow eluate was concentrated, crystals of [Go(NH3)6]Br3 

appeared; they were filtered off, and the filtrate was diluted 
with water and then poured into a Sephadex column. The 
adsorbed species were eluted with a 0.08 M N a 3 P 0 4 solution. 
The single band was progressively separated into three bands . 
T h e eluates were labeled F 1,F2, and F3 , in the order of elution. 
Each eluate was neutralized with a HG1 solution and poured 
into a Sephadex column. T h e F l species was eluted with a 
0.3 M HCl solution. T h e concentration of the eluate gave 
yellow crystals, which were characterized as [Co(en)3]Gl3-
3 H 2 0 by the measurements of the infrared, electronic, and 
P M R spectra. T h e F2 and F3 species were eluted out with 0.5 
M K l solutions. T h e concentration of these eluates gave 
c^-[Go(NH 3) 2(en) 2]I 3 and [Go(NH 3 ) 4 (en)]I 3 respectively. 
T h e eis configuration of [Co(NH 3 ) 2 (en) 2 ] I 3 was confirmed 
by the measurement of the P M R spectrum. 

The last yellowish orange species was eluted with a 0.7 M 
NaBr solution. W h e n the eluate was concentrated with a 
rotary evaporator, yellowish orange crystals of [Co(NH 3 ) 5 -
(enH)]Br4 were obtained. Yield: 0.6 g. 

The yield of the products was found to be in the order : 
Go(NH3)63+ > Co(NH3)4(en)3+ > C o ( N H 3 ) 2 ( e n y + > Go-
(NH3)5(enH)*+>Co(en)33+ 

When a mixture of 0.6 g of en (0.01 mol) and 2.6 g of 
e n - 2 H G 1 0 4 (0.01 mol) was used in place of 1.2 g of en, 
0.8 g of [Go(NH3)5(enH)]Br4 was obtained. T h e other prod­
ucts were found to be [Co(NH a ) 6 - 2 p ( en ) p ]Br 3 (p=0—3). 

When 100 ml of a D M S O solution containing 6.8 g of [Go-
(NH 3 ) 6 ] (G10 4 ) 3 and 0.9 g of en was kept at 90 °C for 10 
min, 30 mg of [Co(NH 3 ) 5 (enH)]Br 4 was obtained from the 
reaction products. 

2) [Co(NH3)b(en)]Br3. Crystals of [Co(NH 3 ) 5 (enH)] -
Br4 (0.2 g) were dissolved into 4 ml of 1.5 M aqueous ammonia . 
Solid NaBr was added to the solution until a small amount 
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TABLE 1. SUMMARY OF ANALYTICAL DATA FOR THE COMPLEXES PREPARED IN THIS WORK 

Complex 
C, % 

Calcd 

0 
4.23 
8.09 
4.58 
3.98 
5.41 
7.21 

13.36 
18.08 
6.69 
4.21 
9.36 
8.69 

11.97 
10.22 
5.61 

10.59 
9.31 

14.46 
6.50 

14.13 
12.49 
27.89 
15.78 
29.62 
17.66 
18.85 
27.51 
41.00 
12.31 
21.22 
24.88 
25.41 
21.67 
19.39 
28.07 
14.89 
27.07 
24.26 

Found 

— 
4.12 
7.84 
4.37 
4.27 
5.68 
7.16 

13.08 
17.90 
6.98 
4.68 
9.60 
8.82 

12.14 
10.01 
5.87 

10.63 
9.41 

14.08 
6.59 

14.14 
12.62 
27.90 
16.10 
29.32 
17.37 
19.14 
27.40 
40.98 
12.36 
21.45 
24.72 
25.45 
21.73 
19.47 
28.26 
15.06 
27.11 
24.35 

H, % 

Calcd Found 

N 0/ ) /( 

Calcd Found 

[Co(NH3)6]Br/> 
[Co(NH3)4(en)]I3 

[Co(NH3)2(en)2]I3 

[Co(NH3)5(enH)]Br4 

[Co(NH3)5(enH)](C104)4 

[Co(NH3)5(en)]Br3 

[Co(NH3)4(tn)](C104)3 

[Co(NH3)2(tn)2](C104)3 

[Co(tn)3](C104)3.H20 
[Co(NH3)5(tnH)]Br4 

[(NH3)5Co(tn)Co(NH3)5]Br6*) 
[Co(NH3)4(tmd)](C104)3 

[Co(NH3)5(tmdH)]Br4 

[Co(NH3)4(tmdH)2](C104)5 

[Co(NH3)4(tmdH)2]I5 

[(NHa)5Co(tmd)Co(NH3)5]Br6b> 
[Co(NH3)5(pmdH)]Br4 

[Co(NH3)5(pmdH)](C104)4 

[Co(NH3)4(prndH)2](C104)5 

[(NH3)5Co(pmd)Co(NH3)5]Br6.3H20 
[Co(NH3)5(hepnH)]Br4 

[Co(NH3)5(hepnH)](C104)4 

[Co (NH,) 4 (hepnH) 2] Cl5 • 2H 2 0 
[Co(NH3)5(ocnH)]Br4 

[Co(NH3)4(ocnH)2]Cl5-3H20 
[Co(NH3)4(ocnH)2]I5.2H20 
[Co(NH3)5(denH)]Br4 

[Co(NH3)4(denH)2]Br5 

[Co(NH3)3(denH)3]Cl6.2H20 
[(NH3)5Co(den)Co(NH3)5]Br6.2H20 
[(NH3)4Co(den)2Co(NH3)4]Br6.3H20 
[Co2(NH3)8(den) (denH)2]Br8.2H20 
[Co(NH3)4(don)]Br3 

[Co(NH3)5(donH)]Br4 

[Co(NH3)5(donH)](C104)4 

[Co(NH3)4(donH)2](C104)5 

[(NH3)5Co(don)Co(NH3)5]Br6 

[Co(NH3)4(tden)]Br3.1.5HaO 
[Co(NH3)5(tdenH)]Br4 

4.53 
3.55 
3.73 
4.61 
4.01 
5.22 
4.44 
4.86 
5.39 
4.86 
4.79 
4.71 
5.10 
4.77 
4.07 
4.95 
5.33 
4.69 
5.10 
5.46 
5.76 
5.09 
9.03 
5.96 
9.32 
5.37 
6.33 
7.16 

10.09 
5.99 
6.94 
7.10 
7.11 
6.67 
5.97 
6.87 
6.04 
7.63 
6.98 

4.54 
3.64 
4.00 
4.53 
4.09 
5.34 
4.68 
5.12 
5.67 
5.15 
5.28 
4.90 
5.24 
5.00 
4.07 
5.80 
5.48 
4.75 
5.12 
5.36 
5.86 
5.20 
9.12 
6.23 
8.95 
5.02 
6.55 
7.20 

^10.01 
5.91 
7.03 
6.99 
7.33 
6.71 
6.04 
6.69 
6.30 
7.58 
7.29 

20.97 
14.80 
14.15 
18.68 
16.26 
22.09 
16.82 
15.57 
14.06 
18.20 
19.97 
16.36 
17.73 
13.96 
11.92 
19.63 
17.30 
15.20 
13.49 
18.19 
16.49 
14.57 
18.59 
16.10 
17.27 
10.30 
15.39 
12.83 
14.35 
17.22 
14.85 
13.54 
14.82 
14.74 
13.19 
10.91 
17.36 
13.53 
14.15 

21.19 
14.60 
14.04 
18.78 
16.02 
21.82 
16.64 
15.74 
14.25 
18.10 
19.66 
16.43 
17.73 
13.77 
11.97 
18.16 
17.62 
14.95 
13.28 
18.25 
16.80 
14.38 
18.58 
16.28 
17.49 
10.57 
15.48 
12.72 
14.18 
17.00 
14.76 
13.31 
14.84 
15.02 
12.91 
10.45 
17.31 
13.64 
14.20 

a) This sample was isolated from the products of the reaction of [Co(H20)(NH3)5](C104)3 with en in DMSO. 
b) The analytical results were not improved by repeated crystallizations. The salt might contain a small amount 
of [(NH3)4Co(N-N)2Co(NH3)4]Br6. 

of crystals of [Co(NH3)5(en)]Br3 appeared. Ethanol and then 
ether were added to insure the crystallization. 

3) Products of the Reaction of [Co (H2 0) (NH3) 5] (CIO J 3 with 
tn, tmd, pmd, hepn, ocn, den, don, or tden. To a DMSO 
solution containing [Co(H20)(NH3)5](C104)3 were added the 
title N-N. The solution was then treated with the way de­
scribed in 1). The species adsorbed on a Sephadex column 
were eluted with KBr solutions. 

a) Products of the Reaction with tn: To 100 ml of a DMSO 
solution containing 9.2 g of [Co(H20)(NH3)5](C104)3 (0.02 
mol) were added 1.5 g of tn (0.02 mol). Four bands were 
observed on a Sephadex column. The lowest reddish orange 
species was found to be a small amount of Co(H20)(NH3)5

3+ . 
The upper three bands were of yellowish orange colors. The 

eluates were labeled Fl , F2, and F3 in the order of elution. 
Fl was found to contain a mixture of Co(NH3)6_2J)(tn)p

3+ 

(p=0, 1, 2, and 3). The concentration of the eluate yielded 
crystals of [Co(NH3)6]Br3. The filtrate was diluted, and then 
the solution was poured into a Sephadex column. After the 
column had been washed with dil HCl, the adsorbed species 
were eluted out with a 0.5 M LiC104 solution. The concent­
ration of the solution gave crystals of [Co(NH3)6_2p(tn)p]-
(C104)3 (p=l, 2, and 3). The separation of [Co(NH3)4-
(tn)](G104)3, [Co(NH3)2(tn)2](C104)3, and [Go(tn),](G104)3 

•H 2 0 was achieved by fractional crystallization. From F2, 
crystals of [Go(NH3)5(tnH)]Br4 were obtained. The concen­
tration of F3 gave orange crystals which were considered to 
contain [(NH3)5Go(tn)Co(NH3)5]Br6 as the main component 
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(see Table 1). 
b) Products of the Reaction with tmd: To 100 ml of a DMSO 

solution containing 9.2 g of [Co(H20)(NH3)5](C104)3 (0.02 
mol) were added 1.8 g of tmd (0.02 mol). The Sephadex 
column showed six bands. The lowest species was found to 
be a small amount of Co2+. Then, the band of a small amount 
of Co(H20) (NH3)5

3+ followed. The eluates of the other four 
bands were labeled Fl , F2, F3, and F4 in the oder of elution. 
The concentration of Fl gave [Co(NH3)6]Br3. The filtrate 
contained Co(NH3)4(tmd)3+, which could be crystallized as 
the Perchlorate salt. When F2 was concentrated, crystals of 
[Co(NH3)5(tmdH)]Br4 were obtained. The KBr medium in 
F3 was replaced by LiC104 with the aid of a Sephadex column. 
Upon the evaporation of the solution, crystals of [Co(NH3)4 

(tmdH)2](C104)5 were precipitated. The concentration of 
F4 gave yellowish orange crystals, which were considered to 
consist of [(NH3)5Co(tmd)Co(NH3)5]Br6 and a small amount 
of [(NH3)4Co(tmd)2Co(NH3)4]Br6 (see Table 1). 

c) Products of the Reaction with den : To 750 ml of a DMSO 
solution containing 9.2 g of [Co(H20)(NH3)5](C104)3 (0.02 
mol) were added 3.4 g of den (0.02 mol). The Sephadex 
column showed the presence of a small amount of Co2+, 
Co(H20) (NH3)5

3+, and many yellow-to-orange species. From 
the fractions with yellow to orange colors, the following salts 
were obtained, in the order of elution (the yield (%), based 
on [Co(H20)(NH3)5](C104)3, is given in parentheses): [Go-
(NH3)6]Br3 (25), [Co(NH3)5(denH)]Br4 (26), [Co(NH3)4-
(denH)2]Br5 (9), [Co(NH3)3(denH)3]Cl6.2H20 (0.3)/) 
[(NH3)5Co(den)Co(NH3)5]Br6.2H20 (7),5> and [(NH3)4Co-
(den)2Co(NH3)4]Br6-3H20 (9).5> 

Even after these species had been eluted out, several species 
remained in the column. These species could be crystallized 
as bromides. One of the species was found to be [Co2(NH3)8-
(den)(denH)2]Br8-2H20. Yield: 3%.5> 

d) Products of the Reaction with don : To 700 ml of a DMSO 
solution containing 6.9 g of [Co(H20)(NH3)5](C104)3 (0.015 
mol) were added 3.0 g of don (0.015 mol). The Sephadex 
column showed many bands. Crystals of [Co(NH3)6]Br3, 
[Co(NH3)4(don)]Br3, [Co(NH3)5(donH)]Br4, [Co(NH3)4(don-
H)2](C104)5,*> and [(NH3)5Co(don)Co(NH3)5]Br6 were ob­
tained, in that order of elution. Even after these species had 
been eluted out, several species remained in the column. 

e) Products of the Reaction with pmd, hepn, ocn, or tden : To 
1000 ml of a DMSO solution containing 4.6 g of [Co(H20)-

(NH3)5](C104)3 (0.01 mol) were added 0.01 mol of N-N (1.0 
g for pmd, 1.3 g for hepn, 1.4 g for ocn, and 2.3 g for tden). 
From the eluates, various complexes containing pmd, hepn, 
ocn, or tden, which are shown in Table 1, were isolated as 
crystals. [Co(NH3)6]Br3 was also obtained, regardless of the 
kind of N-N used. No formation of Co(NH3)4(N-N)3+ was 
observed for any of the diamines except the tden. The [Co-
(NH3)4(tden)]3+ ions moved faster than Co(NH3)5(tdenH)4+, 
but slower than Co(NH3)6

3+. The formation of more posi­
tively charged species than six was not observed in any of 
the diamines under the conditions employed. 

Apparatus. The electronic spectra were recorded with 
a Union Giken SM-401 or a Hitachi EPS-3 recording spectro­
photometer. The PMR spectra were recorded with a Varian 
A-60 spectrometer. 

Results and Discussion 

Product Distribution. The analytical results given 
in Table 1 are in good agreement with the formulas 
assigned to the products isolated in this work. All these 
products are yellow to yellowish orange in color; hence, 
they must be of the CoN 6 type (vide infra). This is 
also consistent with the assigned formulas. Further­
more, these complex ions show reasonable flow rates 
on Sephadex columns.1) 

A semi-quantitative determination of the product 
distribution of the reactions in question was also car­
ried out ; the results are shown in Table 2. Complex 
ions, Co(NH3)6

3+ and Co(NH 3 ) 5 (N-NH) 4 +, 6 ) were al­
ways formed as the products, regardless of the kind of 
N - N . The p H titration of the solutions containing 
Co(NH 3 ) 5 (N-NH) 4 + with standard N a O H solutions 
reveals that the complex ions are mono-basic acid. T h e 
value of pK increases with the increase in the number 
of methylene groups in the N-N. 7 ) 

Table 2 shows that the change in the concentration 
of the reactants affects the product distribution con­
siderably. The formation of highly charged species be­
comes significant with the increase in the concentration 
of the reactants. This is a trend similar to that found 
in the reactions of [CoGl2(en)2]Cl with N - N in DMSO. 1) 

TABLE 2. PRODUCT DISTRIBUTION OF THE REACTIONS OF [Co(H20)(NH3)5](C104)3 WITH N-N IN DMSOa) 

N-N used en tnb,c) tn tmdb-d) tmd pmd hepn ocn dene) done) tden 

Concentration of reactants/M 
([Co(H20)(NH3)53+] = [N-N]) 

0.20 0.010 0.20 0.010 0.20 0.010 0.010 0.010 0.027 0.021 0.010 

Products ( 

f Co2+ 
Co(NH3)6

3+- r 
Co(NH3)4(N-N)3+ f 
Co(NH3)2(N-N)2

3+ f 
Co(N-N)3

3+ f t 

0 

•90 

Co(NH3)5(N-NH)4+ 6 
Co(NH3)4(N-NH)2

5+ 0 
I (NH3)5Co(N-N)Co(NH3)5«+ » 0 

0 
42 f 1 
f ) f 
f 41 f 
f ) f, 

0 

-80 

6 16 
0 0 
0 lf> 

25 
26 
22 
0 
0 
8 
1 
0 

f 
18 
21 
0 
0 

29 
6 
6f) 

f 
18 
0 
0 
0 

36 
1 
0.8 

f 
26 
0 
0 
0 

33 
3 

—e) 

f 
23 
0 
0 
0 

26 
5 

—e) 

f 
25 
0 
0 
0 

26 
9 
7 

f 
27 
5 
0 
0 

30 
7 

17 

f 
29 
6 
0 
0 

48 
—g) 

—sr) 

a) The reactants were allowed to react at 85 °C for 20 min, unless otherwise stated. The numerical values given 
in this table denote the yield (%) based on [Co(H20)(NH3)5](C104)3. The f symbol denotes that the product 
indicated is formed, b) The reactants were allowed to react at 92 °C for 20 min. c) The recovered Co(H20) (NH3)5

3+ 

amounted to 8% of the initial Co(H20)(NH3)5
3+. d) The recovered Co(H20)(NH3)5

3+ amounted to 14% of the 
initial Co(H20) (NH3)5

3+. e) The species with charges higher than 6 + were formed in considerable amounts, f) 
The product is not sufficiently pure (see Table 1). g) The product indicated is considered to be formed, but no 
pure sample has been isolated, h) The yield was calculated by means of the following relation: Yields2X (mol of 
the indicated product) X 100/(mol of [Co(HaO) (NH3)5](C104)3 used as the starting material). 
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The formation of Co(NH 3 ) 4 (N-N) 3 +, which contains 
an N - N chelate ring, is observed for en, tn, tmd, don, 
or tden, but not for pmd, hepn, ocn, or den. These 
facts support the previous conclusion in which the me­
dium-size chelate ring is unstable.1) 

In the en and tn systems, Co(NH 3 ) 2 (N-N) 2
3 + and 

Co(N-N)3
3+ were formed, and the formation of com­

plexes more positively charged than four was not signi­
ficant. The yield of Co(NH 3 ) 5 (N-NH) 4 + was also low. 
However, when the diamines with more methylene 
groups than tn were used, the formation of appreciable 
amounts of Co(NH 3 ) 5 (N-NH) 4 + was observed. Fur­
thermore, the formations of Co(NH 3 ) 4 (N-NH) 2

5 + and 
(NH 3 ) 5 Co(N-N)Co(NH 3 ) 5

6 + were also significant. 
These tendencies become notable with the increase in 
the number of methylene groups, as is shown in Table 
2. These facts indicate that, when the methylenic 
chain of N - N is long, the N - N tends to coordinate 
to a cobalt(III) ion as a unidentate ligand, or to two 
cobalt(III) ions as a bridging ligand, rather than as 
a chelate ligand. In the systems of the diamines higher 
than tn, Co2+ ions were always formed during the reac­
tions in D M S O . Their amounts increased with the in­
crease in the reaction time and with the elevation of 
the reaction temperature. In the en and tn systems, 
the formation of Co 2 + ions was found to be negligible. 

Mechanism of the Reaction of [Co(H20) (NH3)5](ClOJs 

with N-N in DMSO. When a D M S O solution 
containing [ C o ( H 2 0 ) (NH3)5] (C104)3 is heated, the aqua 
ligand in Co(H 2 0) (NH 3 ) 5

3 + is known to be replaced 
by DMS0. 3 g> Here, it is assumed tentatively that the 
formation of Co(DMSO)(NH 3 ) 5

3 + occurs prior to the 
attack of Co(H 2 0) (NH 3 ) 5

3 + by N - N ; that is, the reac­
tion occurs in the following sequence: 

Co(H20)(NH3)5
3+ + DMSO 

> Co(DMSO)(NH3)5
3+ + H aO, 

Go(DMSO)(NH3)5
3+ + N-N 

> Co(NH3)5(N-N)3+ + DMSO. 

(1) 

(2) 

Upon the acidification of the solution, the Co(NH 3 ) 5 -
(N-N)3+ complex should be converted into Co(NH 3 ) 5 -
(N-NH) 4 +. This explains the formation of [Co(NH 3 ) 5 -
( N - N H ) ] X 4 . 

As has been mentioned above, the product distribu­
tions of the en and tn systems are quite different from 
those for the higher N - N systems. The products in­
dicate that the predominant reactions in the systems 
of en and tn can be expressed as follows : 

Co(NH3)5(N-N)3+ -> Co(NH3)4(N-N)3+ + NH3, (3) 

Co(DMSO)(NH3)5
3+ + NH3 -* Co(NH3)6

3+ + DMSO, 

(4) 

Co(NH3)4(N-N)3+ + N-N 

-> Co(NH3)2(N-N)2
3+ + 2NH3, (5) 

Co(NH3)2(N-N)2
3+- + N-N -+ Co(N-N)3

3+ + 2NH3, (6) 

Co(NH3)6
3+ + N-N -* Go(NH3)5(N-N)3+ + NH3. (7) 

Reaction 7 was comfirmed by the product survey of 
the direct reaction of Go(NH3)6

3+ with en in D M S O 
(see Experimental section). The occurrence of Reac­
tions 3, 5, and 6 reveals that the successive substitution 

of the ammonia molecules from Co(NH 3) 5(N-N) 3+ with 
en or tn molecules leads to the formation of Co(NH3)6_2 p 

(N-N) p
3 + containing the diamine chelate(s), where 1< 

p<3. In the systems of the higher N-N 's , however, 
Reactions 5 and 6 are absent. T h e successive substitu­
tion of ammonia molecules from Co(NH3)5(N-N)3+ 
with these N - N molecules leads to the formation of 

TABLE 3. ELECTRONIC SPECTRAL DATA FOR THE 

COMPLEXES PREPARED IN THIS WORK 

Wave numbers are in 103 cm -1, while the intensities 
are given by loge in parentheses. 

Complex I band II band 

[Co(NH3)6](C104)3a> 
[Co(NH3)4(en)]I3 

[Go(NH3)4(en)](S04)1.5.2H2Oa) 
m-[Co(NH3)2(en)2]I3 

m-[Go(NH3)2(en)2](C104)3. 
H20*> 

*ran.y-[Co(NH3)2(en)2]-
(C104)3.H20*> 

Co(en)3](C104)3b) 
Co(NH3)4(tn)](C104)3 

Co (NH3) 4 (tn) ] Br3 • H2O
ü> 

Co(NH3)2(tn)2](C104)3 

Co(tn)3](C104)3") 
Co(NH3)4(tmd)](C104)3 

Co(tmd)3]Br3
d) 

Co(NH3)4(don)]Br3 

Co (NH3) 4 (tden) ] Br3 • 1. 5H 20 
Co(NH3)5(enH)](C104)4 

Co(NH3)5(tnH)](C104)4 

Co(NH3)5(tmdH)](C104)4 

Co(NH3)5(pmdH)](C104)4 

Co(NH3)5(hepnH)](C104)4 

Co(NH3)5(ocnH)](C104)4 

Co(NH3)5(denH)]Br4 

Co(NH3)5(donH)](C104)4 

Co(NH3)5(tdenH)]Br4 

Co(NH3)4(tmdH)2](C104)5 

;Co(NH3)4(pmdH)2](C104)5 

Co(NH3)4(hepnH)2]Cl5 • 2H 2 0 
Co (NH3) 4 (ocnH) 2] Cl5 • 3H 2 0 
;Co(NH3)4(denH)2]Br5 

;Co(NH3)4(donH)2](C104)5 

Co(NH3)3(denH)3]Cl6 • 2HaO 
(NH3)5Co(tn)Co(NH3)5]Br6e) 
(NH3) 5Co (tmd) Co (NH3) 5] Br6<» 
(NH3)5Co(pmd)Co(NH3)5]Br6 • 

3H2Of) 
(NH3)5Co(den)Co(NH3)5]Br6-

2H2O
f> 

(NH3)5Co(don)Co(NH3)5]Br60 
(NH3)4Co(den)2Co(NH3)4]Br6. 

3H2O
f> 

[Co2(NH3)8(den)(denH)2]Br8. 
2H2Of) 

21.0(1.76) 
21.2(1.87) 
21.2(1.83) 
21.4(1.89) 

21.5(1.79) 

21.4(1.77) 

21.3(1.94) 
20.9(1.82) 
20.9(1.79) 
20.7(1.86) 
20.3(1.88) 
20.7(1.84) 
19.9(1.89) 
20.6(1.86) 
20.7(1.88) 
20.8(1.80) 
20.8(1.83) 
20.8(1.82) 
20.8(1.82) 
20.8(1.86) 
20.8(1.85) 
20.8(1.83) 
20.8(1.87) 
20.8(1.87) 
20.6(1.88) 
20.7(1.88) 
20.7(1.91) 
20.7(1.90) 
20.7(1.89) 
20.7(1.91) 

29.5( 

29.5( 

29.8( 

29.7( 

29.6( 
29.1 ( 
29.2( 
28.9( 
28.5( 
29.0 ( 
27.9( 
29.0( 
29.0( 
29.2( 
29.2( 
29.2( 
29.2( 
29.2( 
29.2( 
29.2( 
29.2( 
29.2( 
29.0 ( 
29.0( 
29.0( 
29.0( 
29.0( 
29.2( 

1.67) 

1.76) 

1.74) 

1.73) 

1.89) 
1.76) 
1.78) 
1.83) 
1.87) 
1.77) 
1.85) 
1.81) 
1.83) 
1.71) 
1.75) 
1.74) 
1.74) 
1.80) 
1.81) 
1.77) 
1.81) 
1.83) 
1.83) 
1.82) 
1.85) 
1.84) 
1.84) 
1.99) 

20.4 
20.8 
20.8 

28.6 
29.2 
29.2 

20.9(2.13) 29.3(2.06) 

20.8(2.11) 

20.8(2.11) 

20.6(2.20) 

29.4(2.07) 

29.2(2.07) 

29.1(2.15) 

20.7(2.18) 29.1(2.15) 

a) From Ref. 8. b) From Ref. 1. c) From Ref. 10. 
d) From Ref. 3i. e) The sample is not pure (see 
Table 1). f) The intensities are given per complex 
ion, i.e., per two cobalt (III) ions. 
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C o ( N H 3 ) 6 . p ( N - N ) / + : 
Co(NH3)5(N-N)^ + ( ^ _ i ) N - N 

• Co(NH3)6_p(N-N)/+ + (/>-l)NH3 , (8) 

where p > 1. Upon the acidification of the solution, 
the Co(NH 3 ) 6_ î , (N-N) î ,

3 + complex should be converted 
into the highly charged Co(NH3)6_p(N-NH)p<3+*)+ 
complex. This would explain the formation of Co-
(NH 3 ) 4 (N-NH) 2

5+ and Co(NH3)3(denH)3
6+. Reaction 

8 is absent in the systems of en and tn, This result 
and the occurrence of Reactions 3, 5, and 6 show the 
remarkable tendency for the en or tn to take the chelate 
form. 

The formation of the dimeric complex can be ex­
pressed as: 

Co(DMSO)(NH3)5
3+ + Co(NH3)5(N-N)3+ 

> (NH3)5Co(N-N)Co(NH3)5
6+ + DMSO. (9) 

The amount of the dimer becomes appreciable with the 
increase in the number of methylene groups in the N - N . 
In the N - N with a long methylenic chain, a close ap­
proach between two positively charged cobalt (III) ions 
is not necessary. This would favor the formation of 
the dimer. 

Spectral Properties of the Complexes. The numerical 
data for electronic absorption spectra of the complexes 
are summarized in Table 3. The positions of the first 
absorption bands of all the complexes prepared in this 
work are located around 21000 cm - 1 . Therefore, it can 
be concluded that all the complexes have CoN6 moieties. 
The increase in the number of en chelate (s) in Co-
(NH3)g_2p(en)p

3+ causes shifts in the absorption maxima 
to shorter wavelengths,9) while those of the other N - N 
chelate(s) shift to longer wavelengths. The absorption 
bands of Co(NH 3 ) 4 (N-N) 3 + shift to longer wavelengths 
as the methylenic chain of the N - N becomes longer; 
hence, the ligand-field strength for N - N chelates is 
in this order: e n > ( N H 3 ) 2 > t n > t m d —don~tden . The 
successive substitution of ammonia molecules in Co-
(NH 3 ) 6

3 + with monoprotonated diamines causes shifts 
in the absorption maxima to longer wavelengths. How­
ever, the absorption positions for Co(NH 3 ) 5 (N-NH) 4 + 

and Co(NH 3 ) 4 (N-NH) 2
5 + are almost independent of 

the kind of diamine. The absorption positions of the 
dimeric complexes are also insensitive to the kind of 
diamine. 

The author wishes to thank Professor Nobuyuki 
Tanaka , Tohoku University, and Professor Junnosuke 
Fujita, Nagoya University, for their encouragement and 
support. 
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The crystal structure of di-^-propionato~0,0'-bis[iV-p-tolylsalicylideneaminatocopper(II)] was determined 
by X-ray diffraction method using the data collected by counter diffractometer techniques. The space group 
is P Î and the cell constants are a = 12.565(2), 6=13.040(2), c= 12.230(2) A, a = 107.73(1), 0=115.72(1), y= 
100.18(1)°, and Z = 2 . The structure was solved by the heavy atom method and refined by the block-diagonal least-
squares method to an R factor of 0.029. The crystal is composed of one-dimensional chains extended along the 
c axis, where the two copper atoms coordinated by the Schiff bases are bridged by two propionate groups. The 
magnetic property was discussed on the basis of the crystal structure. 

Recently, Tokii et al.1) found that bis(JV-R-salicy-
l ideneaminato)copper(II) , Cu(Sal-JV-R)2 reacts with 
copper(II) carboxylates, C u ( R ' C O O ) 2 , to form a series 
of the complexes with the formula, [Cu(Sal-iV-R)R'-
C O O ] , where R = p h e n y l and /»-tolyl and R ' = e t h y l . 
These complexes show antiferromagnetic behavior and 
the temperature dependence of the magnetic suscep­
tibility (80—300 K) is well expressed by the Bleaney-
Bowers equation l2) 

where — 2 J is equal to the energy separation between the 
lowest singlet and triplet levels, which gives the degree 
of the magnetic interaction. By the best fit of the 
observed cryomagnetic data to Eq. 1, assuming Ntx= 
60 X 10~6 emu/mol, they evaluated the values of —2J= 
101 c m - 1 and £ = 2 . 1 4 for [Cu(Sal-JV>tolyl)C2H6-
G O O ] . O n the basis of the magnetic properties and 
the I R spectral data, they concluded that the complexes 
possess the binuclear structure shown in 1.3> 

^ > ^ XX&R L C f l p ' 
1 2 3 

Binuclear copper(II) complexes with monatomic bridges 
and with triatomic bridges as shown in 2 and 3 have 
been studied extensively. However, the binuclear struc­
ture consisting of only two triatomic bridges as shown 
in 1 is rare so far. Only one example of the copper 
complex of this structure has been reported.4) Hence, 
in this study, the crystal structure of [Cu(Sal-JV-/>-
to ly l )C 2 H 5 COO], was determined by the single-crystal 
X-ray diffraction method, in order to clarify the struc­
ture and to discuss the magnetic property in more detail 
in relation to the structure. 

Exper imenta l 

Dark green crystals of the title complex were prepared 
according to Ref. 1. Most of the crystals were twins, and 

accordingly a crystal which had been confirmed to be a 
single-crystal by the Weissenberg photographs was used for 
the measurement of the cell parameters and intensities. 
Preliminary Weissenberg photographs revealed no systematic 
absences and showed the triclinic symmetry. The cell param­
eters and intensities were measured on a Syntex PI automated-
diffractometer with monochromated Mo Ka. radiation (A= 
0.71073 A). The crystal used was ground to a sphere of 
radius 0.225 mm. The cell parameters were determined by 
the least-squares refinement from 15 reflections within a range 
of 24<20<35°. The values are a= 12.565(2), b= 13.040(2), 
c=12.230(2)A, a=107.73(l), 0=115.72(1), y=100.18(l)°, 
and V= 1604.3(4) A3. The density Z>m= 1.43(1) g/cm3 ob­
tained by floatation in hexane-carbon tetrachloride solutions 
agrees well with the density -Dc= 1.435 g/cm3 calculated for 
two dimer units per cell. Of the two possible triclinic space 
groups, the centrosymmetric space group PI was assumed on 
the basis of its more frequent occurrence. Successful solution 
and refinement in this space group support this choice. 

Intensity data were collected by the 6-26 scan technique 
with a variable scan rate of 4.0 to 24.0 °/min. Three stan­
dard reflections were monitored every 50 reflections, and their 
intensities showed a good stability. A total of 4154 inde­
pendent reflections with 20<45° were collected. 3421 re­
flections with I greater than 3(7(7) were considered as "ob­
served" and were used for the structure analysis, where a (I) 
was calculated for each reflection on the basis of counting 
statistics. The Lorentz and polarization corrections were 
applied, but no absorption correction was made on account 
of fir= 0.33. 

Solution a n d Ref inement o f the Structure 

The structure was solved by the heavy atom method. 
The positions of the copper atoms were obtained from 
a three-dimensional Patterson synthesis. Successive 
Fourier syntheses and difference Fourier syntheses re­
vealed all the nonhydrogen atoms. Refinement was 
carried out by the block-diagonal least-squares method. 
In the course of refinement, it became apparent that 
the carbon atom G (6) of the ethyl group was subjected 
to disorder. A difference Fourier map revealed two 
largest chemically reasonable peaks in the vicinity of 
C(6). Thus, in further refiements two partial atoms, 
C(6A) and C(6B), were used. The occupancy factors, 
0.4 and 0.6 for C(6A) and C(6B) respectively, were 
based on the peak heights. The bolckdiagonal least-
squares refinement introducing anisotropic thermal pa-
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TABLE 1. FRACTIONAL POSITIONAL PARAMETERS AND ANISOTROPIC TEMPERATURE FACTORS (XlO5) 

OF N O N - H Y D R O G E N ATOMS W I T H T H E I R ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Temperature factors are of the from: exp [ - (h2B11 + k2B22 + l2B33 + 2hkB12 + 2hkB12 + 2hlBu + 2klB2Z)]. 

Atom 

Gu(l) 
Gu(2) 
O(l) 
0(2) 
0(3) 
0(4) 

0(5) 
0(6) 

N(l) 
N(2) 
G(l) 

G(2) 
G(3) 

C(4) 
G(5) 
G (6 A) 
G(6B) 

G(7) 
C(8) 
G (9) 
G(10) 
C(ll) 
C(12) 
G(13) 
G(14) 

G(15) 
G(16) 
G(17) 
G(18) 
G(19) 
G (20) 
G(21) 
G (22) 
G (23) 
G (24) 

C(25) 
G (26) 
G(27) 
G (28) 
G (29) 
C(30) 

C(31) 
G (32) 
G (33) 
G(34) 

X 

-2205(3) 
3755(4) 

15664(21) 
17973(22) 
-6813(22) 
-6477(23) 
3318(20) 

-10535(21) 
-19399(24) 
12871 (27) 
21566(31) 
34374(40) 
38428(51) 
-8377(33) 

-12797(55) 
-7845(200) 
-18559(114) 

-1091(32) 
6231(36) 
2100(41) 

-9379(43) 
-16837(37) 
-12930(30) 
-21587(31) 
-30045(29) 
-36143(40) 
-46277(43) 
-50253(36) 
-43928(38) 
-33862(34) 
-61146(47) 
-13764(34) 
-26165(39) 
-29955(46) 
-21634(54) 
-9644(48) 
-5368(37) 
7540(38) 

26216(35) 
34752(41) 
47732(41) 

51929(42) 

43280(52) 
30250(46) 
66016(53) 

y 

-3830(3) 
1228(3) 

-2176(22) 
-1832(23) 
-19116(19) 
-15168(19) 
11031(18) 
2992(19) 

-3518(23) 
18010(24) 
-2432(30) 
-3255(48) 
-4961(66) 

-21887(29) 
-34516(35) 
-40896(104) 

-43248(75) 
19306(28) 
30694(31) 

39605 (32) 
37636(34) 
26646(34) 
17250(28) 
5961(30) 

-14068(28) 
-15884(36) 
-25934(39) 
-34376(34) 
-32357(34) 
-22318(33) 
-45585(41) 
12144(31) 

11051(37) 
20375(47) 
31160(44) 
32598 (37) 
23150(31) 
25482(30) 
22848(31) 
22697(41) 
27712(46) 
32385(45) 
32327(59) 
27432(52) 
37655(65) 

z 

10253(4) 
39354(4) 
19502(25). 
38653 (25) 
9595 (23) 
28806(24) 
10656(23) 
40361(24) 

4914(27) 
48051(28) 
30510(35) 
34817(46) 
25085(66) 
17949(36) 
14585(55) 

6862(180) 

1472(97) 
13495(32) 
17601(40) 
20949(46) 
20159(48) 
15827(42) 
12589(33) 
7549(34) 

-1106(34) 

5412(42) 
-583(49) 

-12942(44) 
-19150(42) 
-13428(38) 
-19236(60) 
41647(34) 
38452(45) 
39691(54) 
44336(55) 
47445(49) 
46042(37) 
49502(36) 
52944(36) 

64320(47) 
69325(51) 
62850(50) 

51574(57) 
46217(49) 
68357(71) 

#11 

566(4) 
712(4) 

612(22) 
818(25) 
937 (25) 
1106(28) 
700(22) 
758(23) 
598(26) 
855 (30) 
707 (34) 
959(44) 

1303(59) 
864(36) 

2330(81) 
4650(391) 

3101(188) 
841 (34) 

944(39) 

1259(47) 

1471(52) 
1000(41) 

737 (33) 

659(32) 
579(30) 
1137(46) 
1228(51) 
776 (38) 
997(43) 
817(37) 
1230(55) 
935 (37) 
1043 (44) 
1356(55) 
2191(77) 
1756(61) 
1184(43) 
1231(44) 
904(38) 

1071(47) 
888(45) 
926(46) 

1463(65) 
1197(53) 
1122(62) 

#22 

604(3) 

592(3) 
1058(25) 
1053 (25) 
584(19) 
589(20) 
582(19) 
613(19) 
689 (24) 
657 (24) 
825(32) 
1985(64) 

2948(97) 
592 (28) 
534(33) 
713(104) 

912(78) 
599(27) 
700(31) 
622(31) 
756(34) 
891 (35) 
698 (29) 
782(30) 
654(28) 
957(39) 
1092 (44) 
798(35) 
800(35) 
866 (34) 
902(43) 
809(31) 
1083(41) 

1624(58) 
1331(52) 
880 (38) 
687(30) 
574(29) 

723(32) 
1208(45) 
1507(55) 
1447(55) 

2262(81) 
2053(71) 
2438(94) 

-#33 

784(5) 

842 (5) 
1090(30) 
1035(30) 
941(27) 
1081(31) 
1012(28) 
1214(32) 

839(32) 
836 (33) 
967(41) 
1314(56) 

2448(95) 
1032(43) 
1923(73) 
3286 (306) 
1620(126) 
694(36) 
1329(50) 

1621 (59) 
1815(64) 

1391 (52) 
887 (39) 
913(40) 
916(39) 
1166(50) 
1679(65) 

1491(57) 
1153(50) 
1066(45) 
2394(89) 
815(39) 
1487(58) 
1875(73) 
1987(76) 
1631 (62) 
965(43) 
893(42) 
882(41) 
1449(60) 
1571(65) 
1466(63) 

1683(75) 
1223(58) 
2502(107) 

#12 

181 (3) 
162(3) 
328(19) 
388(21) 
232(18) 
166(19) 
200(16) 
229(17) 
156(20) 
118(22) 
310(27) 
808(44) 

1383(65) 
211(26) 
271(41) 

1300(170) 
46(95) 
217(25) 
211(28) 
246(31) 

575(35) 
425(31) 
291(26) 
275(26) 
155(24) 
-49(34) 
-71(37) 
87(29) 
137(31) 
164(29) 

-186(39) 
346(28) 
485 (35) 
966 (48) 
1189(54) 
601(40) 
376(29) 
112(28) 
-6(27) 
224(37) 
173(39) 

-155(39) 

-310(57) 
-199(49) 
-173(59) 

B13 

375(4) 

483(4) 
457(22) 
550(24) 
508(23) 
710(26) 

514(21) 
609 (23) 

385 (25) 
483 (27) 
489(32) 
625(43) 

1256(65) 
503 (34) 
1200(66) 
2974(313) 
1153(130) 
389 (30) 
710(38) 
863 (45) 
1104(51) 
774(40) 
495(31) 
460(31) 
379(30) 
720(41) 
977(51) 
455(39) 
448 (39) 
563(35) 
876 (59) 
521 (33) 
749(43) 
966(55) 
1385(67) 
1038(53) 
637(36) 
561(36) 
481 (34) 
644(45) 
530(46) 
666(46) 

948(60) 
528(47) 
1088(71) 

#23 

303(3) 
244(3) 
592(23) 
413(23) 

287(19) 

258(20) 
284(19) 
297 (20) 
309(23) 
264(23) 
394(30) 
930(50) 
1627(83) 
316(29) 
386(41) 
1087(153) 

357(81) 
230(26) 
335(33) 
368(35) 

547 (39) 
503 (35) 
370(28) 
369(29) 
306 (28) 
155(35) 
403(43) 

319(37) 
86(34) 

300 (32) 
269(50) 
337(29) 
501(40) 
805(54) 
904(53) 
611(40) 
366(30) 
230(29) 
153(29) 
575(43) 
504(48) 
-85(46) 

701(63) 
774(53) 
172(79) 

rameters yielded discrepancy factors i ? ! = S 11F01 — | Fc 11 
/ S | F o | = 0 . 0 4 5 a n d Ä 2 = [ S a ; ( | F o | - | F e | ) V S a ; | F o | « ] V » 
=0 .067 . At this stage, a difference Fourier map re­
vealed all the hydrogen atoms except for those bound to 
the disordered carbon atom G (6). Further refinement 
including the hydrogen atoms yielded final values of 
0.029 and 0.042 for Rl3 and R2, respectively. The final 
shift in the atomic parameters of the nonhydrogen 
atoms averaged 0.05 o with a maximum of 0.42 a, 

with the exception of several parameters of the dis­
ordered carbon atom G (6) which were undergoing 
poorly damped oscillations of 0.05—2.15a. A final 
difference Fourier m a p showed no important features, 
the highest peak being 0.25 e/Â3 except for some 
peaks of 0.26—0.29 e/Â3 corresponding to the hy­
drogen atoms bound to C(6). 

In the least-squares refinement the function minimized 
was 11w(\F0\—k\Fc\)

2, and the weighting scheme was 
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TABLE 2. FRACTIONAL POSITIONAL PARAMETERS (xlO4) 

AND ISOTROPIC TEMPERATURE FACTORS 

OF HYDROGEN ATOMS 

The average of estimated standard deviations of the 
isotropic temperature factors is 1.2 Â. 

Atom B A2 

H(G2) 
H(C2)' 
H(G3) 
H(C3)' 
H(C3)" 
H(C5) 
H(G5)' 
H(G8) 
H(G9) 
H(G10) 
H(G11) 
H(G13) 
H(C15) 
H(G16) 
H(C18) 
H(G19) 
H(G20) 
H(C20)' 
H(C20)" 
H(C22) 
H(C23) 
H(G24) 
H(G25) 
H(G27) 
H(G29) 
H(C30) 
H(G32) 
H(G33) 
H(C34) 
H(C34)' 
H(G34)" 

3477(49) 
4092(50) 
4736(53) 
3885(61) 
3191(71) 

-1881(48) 
-346(57) 
1436(33) 
746(32) 

-1164(36) 
-2504(34) 
-3009(31) 
-3411(36) 
-5016(54) 
-4573(41) 
-2935(28) 
-6738(55) 
-6372(51) 
-5886(50) 
-3114(38) 
-3877(37) 
-2446(45) 
-298(37) 
1280(35) 
3183(40) 
5304(54) 
4544(71) 
2362(51) 
6463(55) 
7016(72) 
6956(61) 

-856(44) 
247(47) 

-493(49) 
141(53) 

-1240(63) 
-3666(43) 
-3595(52) 

3210(31) 
4769(29) 
4426(33) 
2489(31) 
552 (28) 

-998(33) 
-2774(49) 
-3800(38) 
-2115(25) 
-4683(48) 
-4597(47) 
-5204(45) 

378(34) 
1869(33) 
3759(41) 
4011(34) 
3416(32) 
1854(36) 
2686(50) 
3642(67) 
2749(46) 
4188 (50) 
3370(65) 
4192(55) 

3849(55) 
4387(59) 
2903(61) 
2284(69) 
1719(82) 
1678(54) 
1950(64) 
1720(37) 
2369(35) 
2263(41) 
1510(38) 
642(33) 

1351(41) 
414(62) 

•2707(46) 
-1683(30) 
-2712(62) 
-1420(59) 
-2009(54) 
3601(41) 
3699(40) 
4540(50) 
5126(42) 
5412(39) 
6833(45) 
7743(62) 
4753(84) 
3799 (58) 
6448(63) 
6942(82) 
7808(69) 

9.6 
10.6 
11.0 
13.4 
17.0 
9.3 

12.0 
5.0 
4.5 
5. 
5. 
3. 

11.0 
9.8 
6. 
5. 
8. 
6. 
5. 
7. 

11 
17, 
10.1 
12.4 
16.9 
13.5 

w=(6.0+\Fo\+0.0\\Fo\
2)-1.V Atomic scattering fac­

tors for Cu, O, N , C v a l , and H , and the anomalous dis­
persion corrections, A / ' and Af for Cu, were taken 
from International Tables for X-ray Crystallography.6) 

The final positional and thermal parameters with 
their estimated standard deviations are given in Tables 
1 and 2 .*** 

The calculations were carried out at the Computer 
Center of Kyushu University, with the U N I C S - I I pro­
gram system. 

Descr ip t ion o f the Structure a n d D i s c u s s i o n 

The molecular structure obtained is shown in Fig. 1. 
The bond distances and angles with their estimated 
standard deviations are listed in Tables 3 and 4, re­
spectively. Some least-squares planes with the devia­
tions of atoms from the planes are given in Table 5. 

The asymmetric unit contains two crystallographi-

Fig. 1. A perspective view of the molecule. 

TABLE 3. INTERATOMIC DISTANCES (//A) WITH THEIR 

ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Copper coordination spheres 
Gu(l)-0(1) 
Gu(l)-0(3) 
Gu(l)-0(5) 
Cu(l)-N(l) 
Cu(l)-0(5)n> 

1.960(2) 
1.941(3) 
1.917(3) 
1.979(3) 
2.371(3) 

Propionate groups 
0(1)-G(1) 1.238(5) 
0(2)-G(l) 1.248(6) 
G(l)-G(2) 1.496(7) 
G(2)-G(3) 1.460(11) 

Gu(2)-0(2) 
Gu(2)-0(4) 
Cu(2)-0(6) 
Gu(2)-N(2) 
Cu(2)-0(6)n> 

0(3)-C(4) 
0(4)-G(4) 
C(4)-G(5) 
G(5)-G(6A) 
G(5)-G(6B) 

JV-/>-tolylsalicylideneamine moieties 
0(5)-C(7) 
G(7)-G(8) 
G(8)-G(9) 
G(9)-G(10) 
G(10)-G(ll) 
C(ll)-G(12) 
G(12)-G(7) 
G(12)-G(13) 
G(13)-N(l) 
N(l)-G(14) 
G(14)-C(15) 
G(15)-C(16) 
G(16)-G(17) 
G(17)-G(18) 
C(18)-G(19) 
G(19)-G(14) 
G(17)-C(20) 

1.320(5) 
1.402(5) 
1 
1 
1 

377(7) 
374(8) 
358(6) 

1.409(6) 
1.412(6) 
1.425(5) 
1.289(5) 
1.450(4) 
1 
1 
1 
1 
1 
1 

.364(8) 

.375(6) 

.372(7) 

.360(8) 

.375(5) 

.364(5) 
1.515(6) 

*** A list of structure factors has been deposited with 
the Chemical Society of Japan as a Document No. 7716. 

Nonbonded contacts 
Gu(l)-Cu(l)1) 3.1828(12) 
Cu(2)-Cu(2)n> 3.2106(13) 
Cu(l)-Cu(2) 3.1217(9) 

0(6)-C(21) 
C(21)-C(22) 
C(22)-C(23) 
C(23)-C(24) 
C(24)-C(25) 
G (25)-C (26) 
G(21)-G(26) 
G (26)-C (27) 
G(27)-N(2) 
N(2)-C(28) 
G (28)-C (29) 
C(29)-C(30) 
C(30)-C(31) 
G(31)-G(32) 
G (32) -G (33) 
C(33)-C(28) 
G(31)-C(34) 

0(5)-0(5)1) 
0(6)-0(6)") 

1.929(3) 
1.949(2) 
1.901(3) 
1.968(3) 
2.519(3) 

1.260(6) 
1.237(5) 
1.502(6) 
1.478(26) 
1.408(10) 

1.314(5) 
1.400(7) 
1 
1 
1 
1 

372(8) 
368(8) 
345 (9) 
422(7) 

1.402(5) 
1.433(7) 
1.288(6) 
1.447(5) 
1.347(6) 
1.405(7) 

349(10) 
331(8) 

1 
1 
1.401(8) 
1.358(9) 
1.521(8) 

2.9093(44) 
3.1000(52) 

I) - * , -y, -z. II) -x, -y, l-z. 
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T A B L E 4. BOND ANGLES (<p/°) WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Copper coordination spheres 
0 ( l ) -Gu( l ) -0 (3 ) 
0 ( l ) -Gu( l ) -0 (5 ) 
0(1)-Cu(l ) -N(l) 
0(3)-Gu(l)-0(5) 
0(3)-Cu(l ) -N(l) 
0(5)-Gu(l)-N(l) 
0(1)-Cu(l)-0(5) I> 
0(3)-Cu(l)-0(5) I> 
0(5)-Cu(l)-0(5)1) 
N(l)-Cu(l)-0(5) I> 

Propionate groups 
Gu(l)-0(1)-G(l) 
Cu(l)-0(3)-C(4) 
0 ( l ) -C( l ) -0 (2 ) 
0(1)-C(1)-C(2) 
0(2)-C(l)-C(2) 
G(l)-G(2)-G(3) 

JV-/>-tolylsalicylideneamine 
Gu(l)-0(5)-G(7) 
Cu(l)-0(5)-Cu(l)1) 
C(7)-0(5)-Cu(l) I> 
Gu(l)-N(l)-C(13) 
Cu(l)-N(l)-G(14) 
G(13)-N(l)-G(14) 
0(5)-C(7)-C(8) 
0(5)-C(7)-C(12) 
G(8)-G(7)-C(12) 
G(7)-G(8)-G(9) 
C(8)-G(9)-G(10) 
C(9)-C(10)-C(ll) 
C(10)-G(ll)-G(12) 
G(7)-G(12)-G(ll) 
C(7)-G(12)-C(13) 
C(ll)-G(12)-C(13) 
N(l)-C(13)-G(12) 
N(l)-G(14)-C(15) 
N(l)-G(14)-G(19) 
G(15)-G(14)-C(19) 
C(14)-G(15)-G(16) 
G(15)-C(16)-C(17) 
C(16)-G(17)-C(18) 
G(16)-C(17)-G(20) 
C(18)-G(17)-C(20) 
G(17)-G(18)-G(19) 
G(14)-G(19)-C(18) 

89.3(1) 
87.3(1) 

167.5(1) 
175.7(1) 
92.5(1) 
91.4(1) 
89.7(1) 
92.6(1) 
84.7(1) 

102.5(1) 

125.6(3) 
128.0(2) 
126.2(4) 
118.0(5) 
115.8(4) 
117.3(5) 

moieties 
125.4(3) 
95.3(1) 

119.5(2) 
122.6(2) 
120.7(2) 
116.5(3) 
119.0(4) 
123.0(3) 
118.0(4) 
120.8(5) 
121.3(4) 
119.1(5) 
121.8(5) 
118.9(3) 
122.9(4) 
118.0(4) 
126.7(4) 
121.1(3) 
119.0(4) 
119.9(3) 
119.8(4) 
121.3(6) 
117.5(4) 
120.8(6) 
121.6(4) 
122.2(4) 
119.2(5) 

0(2)-Cu(2)-0(4) 
0(2)-Cu(2)-0(6) 
0(2)-Gu(2)-N(2) 
0(4)-Gu(2)-0(6) 
0(4)-Cu(2)-N(2) 
0(6)-Gu(2)-N(2) 
0(2)-Cu(2)-0(6)n> 
0(4)-Gu(2)-0(6)n> 
0(6)-Cu(2)-0(6)n> 
N(2)-Cu(2)-C-(6)n> 

Gu(2)-0(2)-G(l) 
Gu(2)-0(4)-C(4) 
0(3)-C(4)-0(4) 
0(3)-G(4)-C(5) 
0(4)-C(4)-C(5) 
G(4)-C(5)-G(6A) 
G(4)-C(5)-C(6B) 

Cu(2)-0(6)-G(21) 
Gu(2)-0(6)-Cu(2)n) 
C(21)-0(6)-Cu(2)n> 
Gu(2)-N(2)-C(27) 
Gu(2)-N(2)-C(28) 
C(27)-N(2)-C(28) 
0(6)-C(21)-G(22) 
0(6)-G(21)-C(26) 
G(22)-G(21)-C(26) 
G(21)-G(22)-C(23) 
C(22)-G(23)-G(24) 
G (23)-C (24)-G (25) 
G (24)-C (25)-G (26) 
G(21)-G(26)-C(25) 
C(21)-G(26)-G(27) 
G (25)-G (26)-G (27) 
N(2)-C(27)-G(26) 
N(2)-G(28)-C(29) 
N(2)-G(28)-C(33) 
G (29)-C (28)-G (33) 
G (28)-G (29)-C (30) 
G (29) -G (30) -C (31) 
G (30)-C (31)-G (32) 
G (30)-G (31)-G (34) 
C(32)-C(31)-G(34) 
C (31)-G (32)-C (33) 
G (28)-G (33)-G (32) 

90.1(1) 
174.6(1) 
91.9(1) 
85.9(1) 

173.1(1) 
92.5(1) 
88.1(1) 
86.1(1) 
87.9(1) 

100.6(1) 

133.1(3) 
129.1(3) 
126.2(3) 
117.4(4) 
116.5(5) 
111.6(9) 
123.0(7) 

127.1(3) 
92.1(1) 

113.7(3) 
123.6(3) 
121.5(3) 
114.9(3) 
119.5(4) 
123.2(4) 
117.3(4) 
121.6(4) 
120.9(6) 
119.5(6) 
121.5(4) 
119.1(4) 
123.2(4) 
117.6(4) 
126.7(3) 
119.2(5) 
121.2(4) 
119.7(4) 
119.3(6) 
121.9(5) 
117.5(5) 
121.1(5) 
121.4(7) 
122.6(7) 
119.0(5) 

I) - * , -y, -z. II) -x, -y, l-z. 

cally independent copper(II) atoms, two iV-/>-tolylsali-
cylideneamine ligands, and two propionate groups. 
The structure essentially agrees with that proposed by 
Tokii et al. The copper atoms Cu( l ) and Cu(2) are 
bridged by two propionate groups in a "syn-syn" 
configuration, and each copper atom is coordinated 
by the amino nitrogen and the phenolic oxygen 
atoms of iV-/>-tolylsalicylideneamine and by the two 
oxygen atoms of propionate groups with the distances 

of the normal C u - O and C u - N in-plane coordination. 
These four coordinating atoms slightly deviate from 
the least-squares plane (plane A and A' in Table 
5). Such a slight distortion from a plane toward the 
tetrahedron has been reported for a number of copper 
complexes. In addition to these coordinations, the 
phenolic oxygen atoms coordinate to neighbouring 
copper atoms from the apical direction with the bond 
distances of 2.371(3) and 2.519(3) Â, respectively. 
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TABLE 5. DEVIATIONS OF THE ATOMS FROM LEAST-SQUARES (//Â) AND DIHEDRAL ANGLES BETWEEN THEM (<p/°) 

(A) Plane through O(l) , 0(3) , 0(5) , and N(l) (plane A) 

O(l) 0.130 0(3) - 0 . 1 2 3 0(5) - 0 . 1 2 8 N(l) 0.120 Gu(l) - 0 .087 

(A') Plane through 0(2) , 0(4) , 0(6) , and N(2) (plane A') 
0(2) 0.083 0(4) - 0 . 0 8 9 0(6) 0.087 N(2) - 0 . 0 8 2 Cu(2) 0.028 

(B) Plane through G(7), G(8), G(9), G(10), G( l l ) , and G(12) (plane B) 
G(7) 0.007 G(8) - 0 . 0 1 1 C(9) 0.003 G(10) 0.010 G(ll) - 0 . 0 1 3 G(12) 0.005 

(B') Plane through G (21), G (22), G (23), C(24), G (25), and G (26) (plane B') 
G(21) 0.009 C(22) 0.002 C(23) - 0 . 0 1 0 G(24) 0.007 G(25) 0.005 G(26) - 0 . 0 1 2 

(C) Plane through C(14), C(15), C(16), C(17), C(18), C(19), and C(20) (plane G) 
G(14) 0.004 G(15) 0.009 G(16) - 0 . 0 1 3 C(17) - 0 . 0 1 0 G(18) - 0 . 0 0 5 
G(19) 0.002 C(20) 0.013 N(l) 0.016 

(C) Plane through G(28), G(29), G(30), G(31), C(32), C(33), and G(34) (plane C') 
G(28) 0.010 C(29) - 0 . 0 0 9 G(30) 0.006 G(31) - 0 . 0 0 2 C(32) 0.005 
C(33) - 0 . 0 0 9 G(34) - 0 . 0 0 1 N(2) 0.038 

(D) Plane through 0(5) , N(l) , C(7), C(8), G(9), G(10), C( l l ) , G(12), and G(13) (plane D) 
0(5) 0.012 N(l) 0.029 G(7) 0.002 G (8) - 0 . 0 2 5 C(9) - 0 . 0 0 5 
G(10) 0.020 G(ll) 0.007 G(12) 0.018 G(13) - 0 . 0 5 8 Gu(l) 0.584 

(D') Plane through 0(6) , N(2), G(21), G(22), G(23), G(24), G(25), G(26), and G(27) (plane D') 
0(6) 0.037 N(2) - 0 . 0 6 6 G(21) 0.015 C(22) - 0 . 0 1 7 C(23) - 0 . 0 3 6 
C(24) - 0 . 0 0 0 G(25) 0.023 G(26) 0.014 G(27) 0.030 Cu(2) - 0 . 3 8 9 

(E ) Plane through 0(5) , N(l) , G(7), G(12), and G(13) (plane E) 
0(5) - 0 . 0 1 0 N(l) 0.027 G(7) - 0 . 0 0 2 G(12) 0.031 G(13) - 0 . 0 4 5 Gu(l) 0.557 

G(8) - 0 . 0 2 9 C(9) 0.010 G(10) 0.051 G(ll) 0.037 G(14) - 0 . 1 7 8 

(E') Plane through 0(6) , N(2), G(21), G(26), and G(27) (plane E') 
0(6) 0.023 N(2) - 0 . 0 3 0 G(21) - 0 . 0 2 1 G(26) - 0 . 0 1 2 G(27) 0.039 Gu(2) - 0 . 3 5 6 
C(22) - 0 . 0 8 8 G(23) - 0 . 1 3 0 C(24) - 0 . 0 8 4 G(25) - 0 . 0 2 8 G(28) 0.106 

( F ) Plane through O(l ) , 0(2) , G(l), and G(2) (plane F) 
O(l) 0.003 0(2) 0.003 G(l) - 0 . 0 0 7 C(2) 0.002 Cu(l) - 0 . 3 1 8 
Gu(2) 0.219 G(3) - 0 . 1 2 4 

(F') Plane through 0(3) , 0 (4) , C(4), and G (5) (plane F') 
0(3) 0.002 0(4) 0.002 G(4) - 0 . 0 0 4 G(5) 0.001 Gu(l) - 0 . 1 0 9 
Gu(2) 0.529 C(6A) 0.756 C(6B) - 0 . 3 6 2 

(G) Plane through Gu(l), Gu(l)1), 0(5) , and 0(5) :) (plane G) 
Gu(l) 0.000 0(5) 0.000 Gu(l)1) 0.000 0(5)T> 0.000 

(G') Plane through Gu(2), Cu(2)n>, 0(6) , and 0(6)n> (plane G') 

Gu(2) 0.000 0(6) 0.000 Cu(2)n> 0.000 0(6)n> 0.000 

Dihedral angles between the planes 

Equat 
(A) 
(A') 
(B) 
(B') 
(C) 
(C) 

(D) 
(D') 

A and A' 35.9 A and D 28.2 
B and D 0.7 B and E 1.4 
B' and E' 2.5 G and D 51.9 
G' and D' 66.4 D' and E' 1.4 

:ions of planes8-) 
- 0.3587X+ 0.08817 + 0.9293Z= 1.2826 
-0 .1178X-0 .47687+0.8711Z=4.2711 
-0 .0657X-0 .30957+0.9486Z=0.6983 
-0 .2588X-0 .21467+0.9418Z=4.9144 

0 .4717X-0.76467+0.4393Z= -0 .9120 
- 0.2993X+ 0.79657+ 0.5254Z= 3.0862 
-0 .078UT-0 .31067+0.9473Z=0.7105 
-0 .2402^-0 .21217+0 .9473Z=4 .8531 

A' and D' 
B' and C' 
D and D' 
A and G 

(E) 
(E') 
( F ) 
( F ) 
(G) 
(G') 

17.3 B and G 51.5 
66.3 B' and D' 1.1 
10.9 D and E 0.8 
83.6 A' and G' 82.6 

- 0 .0903Z- 0.30317+ 0.9487Z= 0.7441 
-0 .2168X-0.22097+0.9509Z=4.8016 

0 .2298X+0.87097+0.4345Z=-0.1688 
0.8337X-0.31177+0.4559Z= 0.0875 
0.8260X- 0.31267+ 0.4690Z= 0.0000 
0.2455X+0.76297+0.5981Z= 0.8104 

I) — *, —J, -z- H) -x, -y, 1-2 . a) Equations have the from AX+BY+CZ=D where X, Y, and Z 
Cartesian axes lying along a X c*, b, and c*, respectively. 
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Fig. 2. A view of the packing along the b axis. 

and 116.9°, respectively. The Q ) > C - G planes retain 

their planarity (Table 5). Such planarity was also ob­
served for dimeric copper(II) carboxylates.12-16) T h e 
Cu( l ) -Cu(2 ) distance is 3.122(1) A, being longer than 
the Gu-Cu distances of dimeric copper(II) carboxylates 
{ca. 2 .5—2.8Â). When the number of bridging car-
boxylate groups is reduced from 4 to 2, the metal-metal 
distance becomes longer. Such a tendency was also 
found in the rhodium(II)1 7) and molybdenum(II)1 8) 
complexes with structures similar to the present one. 
The two basal planes of the distorted square pyramids 
around copper atoms incline toward each other making 
a dihedral angle of 35.9°, whereas those of copper (I I) 
carboxylates are parallel. T h e C u - O - G angles of the 
carboxylate groups have a mean value of 129.0°, larger 
than the angles observed in copper(II) acetate (a mean 
value of 123.1°). The above facts imply that a reduc­
tion of the number of bridging carboxylate groups 
weakens the binding force between the two copper 
atoms and opens the carboxylate group bridges. 

The binuclear units are linked in a mode of out-of-
plane coordination by the phenolic oxygens of upper 
and lower binuclear units, forming a one-dimensional 
polymeric chain along the c axis. The chains are 
separated from each other with the shortest interchain 
contact (excluding hydrogen atoms) of 3.594(19) Â. 
Consequently, any interchain magnetic interactions 
should be very small. There are two types of magnetic 
interaction between copper ions in the one-dimensional 
chain (Fig. 3). One is the magnetic interaction via 
two triatomic bridges of the propionate groups ( C u ( l ) -

Fig. 3. A portion of the chain structure. 

(A view of the packing along the b axis is shown 
in Fig. 2.) The apical O-Cu-basa l atom angles for 
Cu( l ) vary from 84.7(1) to 102.5(1)° and those for 
Cu(2) vary from 86.1(1) to 100.6(1)°, implying that 
the coordination sphere about each copper atom 
is a distorted square pyramid. The C - O distances 
O - C - O and O - C - C angles of the propionate groups 
are normal,7 - 1 1) with average values of 1.246 Â, 126.2 



2470 Masahiro MIKURIYA, Sigeo KIDA, Ikuhiko UEDA, Tadashi TOKII, and Yoneichiro MUTO [Vol. 50, No. 9 

Cu(2) 3.122(1) Â) , and the other is the interaction via 
monatomic out-of-plane bridges of the phenolic oxygen 
atoms ( C u ( l ) - G u ( l ) 1 3.183(1) Â, Gu(2 ) -Gu(2 ) n 3.211-
( 1 ) Â) . Because the C u - G u separations of both types 
are longer than 3 Â, a direct interaction can not be 
maintained. Therefore, a "superexchange" mechanism 
should be operative in this system. Considered from 
the fact that the magnetic behavior of the present com­
plex can be explained by a binuclear model, it is 
reasonable that the observed magnetic interactions are 
within each binuclear unit and inter-dimer interactions 
are negligible. I t has been known that the out-of-plane 
interaction in copper(II) complexes is very weak com­
pared to the interaction via triatomic carboxylate 
bridges.19»20) Accordingly, it is natural that the anti-
ferromagnetic behavior of the present complex can be 
explained mainly by a pairwise interaction between 
Cu( l ) and Gu(2) via two triatomic carboxylate bridges. 
This view seems to be compatible with the fact that 
the 2 J value of the present complex is about one third 
of that of copper(II) carboxylate (for example, 2J= 
—284 c m - 1 for copper(II) acetate monohydrate,21) 2J= 
— 300 c m - 1 for anhydrous copper(II) propionate22)). 

The authors are grateful to Dr. Yuzo Nishida of 
Kyushu University for his kind advice and help in the 

operation of the Syntex PÏ diffractometer. Thanks are 
also due to Professor Tetsuya Komori of Kyushu Uni­
versity for allowing us to use the difTractometer. 
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ESR Study of the *-Pentyl Derivative of Yang's Biradical 
Kazuo M U K A I , Koichi YORIMITSU, and Tadashi MISHINA 

Department of Chemistry, Faculty of Science, Ehime University, Matsuyama 790 
(Received January 17, 1977) 

Synopsis. An asymmetrical i-pentyl derivative of 
Yang's biradical was prepared, and the g- and Z)-tensor values 
of the biradical were determined from an analysis of an asym­
metric ESR spectrum of a frozen solution containing the 
biradical. The result may be understood by assuming that 
the benzene ring onto which two pentyl groups are substituted 
is twisted more than the other two benzene rings. On the 
other hand, the fluid solution ESR spectrum shows seven 
hyperfine splittings due to six equivalent meta ring protons 
in the three benzene rings of the pentyl derivative. 

Yang's biradical (I) is a ground-state triplet molecule 
which has structural three-fold symmetry and degenerate 
partially-filled levels.1-2) The evidence for the triplet 
state ( S = l ) has been demonstrated by the ESR observa­
tion of zero-field splitting in rigid media.3 '4) The tri­
plet ground state has actually been confirmed by suscep­
tibility measurements,5) that is, the susceptibility of 
powder samples of Yang's biradical follows the Curie-
Weiss law with a paramagnetic Curie constant of 1.0 
K-emu/mol and a Weiss constant of —4 K in the tem­
perature region between 4.2 and 300 K. In a previous 
paper, Mukai et al. analyzed the toluene rigid-matrix 
ESR spectrum of Yang's biradical, obtained with D = 
34.1 G and £ = 2 . 3 G,6) as the characteristic spectrum 
of a non-axially symmetrical triplet. This result was 
explained by assuming that at least one of the twist 
angles of the three benzene rings is different from the 
other two rings in the low-temperature rigid matrix. 
I t was suggested that both Jahn-Teller distortion and 
the asymmetric environment due to frozen solvent mol­
ecules may contribute to such a molecular distortion 
in Yang's biradical. In that publication, the effect of 
asymmetric deuterium substitution on molecular dis­
tortion in Yang's biradical was also reported, indicating 
that the effect is negligible. 

In work reported here, for the purpose of obtaining 
further information about the molecular distortion, a 
less symmetrical di-f-pentyl derivative (see Fig. 1(a)) 
of Yang's biradical was synthesized, and the effect of 
the pentyl substitution on the unpaired spin distribution 
and symmetry of Yang's biradical was studied. 

Exper imenta l 

2,6-Di-^-butylphenol is commercially available. 2,6-Di-i-
pentylphenol (bp 100—110°C/2mmHg) was synthesized by 
the reaction of phenol with 2-methyl-2-butene in the presence 
of aluminium phenoxide as a catalyst in an autoclave accor­
ding to the method of Kolka et a/.7> The bisphenol precursor 
of the di-f-pentyl derivative (see Fig. 1(a)) of Yang's biradical 
was synthesized from 2,6-di-f-butylphenol and 2,6-di-f-pentyl-
phenol, following a method similar to that used with the 

bisphenol precursor of Yang's biradical.1) Mp 245—247 °G. 
Found: C, 82.55; H, 10.15%. Calcd for C45H6603: C, 
82.53; H, 10.16%. UV spectrum (Amax=266 nm, loge= 
4.24; 412 nm, loge—4.57 in cyclohexane). 

ESR spectra were obtained in the X band using a JES-ME-
3X spectrometer equipped with a Takeda-Riken microwave 
frequency counter, which was used to measure the klystron 
frequency. The ESR splittings were determined using 
(KS03)aNO (aN=13.05±0.03G) as a standard. The g-
values were measured relative to the value of Li-TCNQ, 
powder, calibrated with (KS03)2NO (£=2.0054).8> 

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

The initial slight oxidation of the bisphenol precursor 
of the di-£-pentyl derivative of Yang's biradical in 
toluene gives a five line hyperfine pattern ( a £ = 1 . 3 0 ± 
0.04 G and £ l s o =2.00442±0.00003) due to the equiv­
alent four meta ring protons of the monoradical pre­
cursor. As the oxidation process proceeds further, the 
spectrum of the monoradical is altered to a seven-line 
spectrum with an equivalent splitting constant of a = 
0 . 8 6 ± 0 . 0 4 G and with £ i s o =2.00447±0.00003 , as 
shown in Fig. 1(b). This spectrum is believed to be 
due to the magnetically equivalent six meta ring protons 
of the di-^-pentyl derivative of Yang's biradical. T h e 
£ i so-value for the pentyl derivative is in good agreement 
with that (£ i s o=2.00451 ±0.00003) for Yang's biradi­
cal.6) The hyperfine splitting constant (a*) due to 
the meta ring hydrogen atoms of the pentyl derivative 
is also the same as that (a£=0.91 ±0.04) for Yang's 
biradical, to within experimental error. 

When a solution containing the biradical is frozen 
into rigid glass at 77 K, one can observe dipolar split­
tings, as is shown in Fig. 2. Assuming non-axial sym­
metry, the zero-field splitting parameters D and E and 
the fir-tensor values were tentatively estimated from the 

- ) - / = tert-Pentyl 

Fig. 1. (a) Molecular structure of the di-f-pentyl 
derivative of Yang's biradical, and (b) ESR spectrum 
of the biradical in toluene at 20 °G. 
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Fig. 2. ESR spectrum of the di-£-pentyl derivative of 
Yang's biradical in toluene at 77 K. 

positions of the three pairs of turning points ZZ'', YY', 
and XX' in Fig. 2, as performed for Yang's biradical 
in Ref. 6. The separation of the two outermost lines 
{ZZ') is 2Z)=66 .6±0 .4 G. Due to the dereal iza t ion 
of each unpaired electron, the principal Z-axis of the 
.D-tensor, corresponding to a maximum separation 2D, 
is probably parallel to the 2pt orbital of the center 
triphenylmethyl carbon atom. T h e remaining pairs, 
YY' and XX' ,are separated by ( Z > + 3 £ ) = 4 0 . 6 ± 1 . 2 G, 
and (D—3E) = 2 4 . 5 r t 1.2 G, respectively. The E values 
calculated from the separations ,YY' and XX', assuming 
Z>=33.3 G, are 2.4 and 2.9 G, respectively. These 
values will give lower and higher limits of the E value, 
considering the overlapping of the two inner pairs of 
lines. T h e average value is £ = 2 . 7 ± 0 . 4 G. Corre­
sponding separations for Yang's biradical are ZZ' = 
68.3±0.4 G, 7 F ' = 4 0 . 0 ± 1 . 2 G, and Z X " = 2 6 . 0 ± 1 . 2 G, 
respectively.6) T h e experimental errors in the absolute 
values of these separations were estimated by considering 
the overlapping of the lines. O n the other hand, com­
paring the rigid-matrix ESR spectra of Yang's biradical 
and its pentyl derivative, the relative decrease in the 
ZZ'=2D separation and the relatively small increase 
in the YY'=D-\-3E separation in the pentyl derivative 
compared to those of Yang's biradical are obvious. 
Therefore, it appears reliable that the values, Z)=33.3 
G and £ ' = 2 . 7 G, show a relatively small decrease and 
increase, respectively, compared with the values (Z)= 
34.1 G and £ = 2 . 3 G) for Yang's biradical reported 
previously. The frequency centers of these three pairs 
of absorption lines, ZZ', YY', and XX', give £ „ = 2 . 0 0 2 5 
±0.0002, £ y y = 2 . 0 0 5 3 ± 0 . 0 0 0 2 , and £ „ = 2 . 0 0 5 0 ± 
0.0002, respectively. The average gKY=lß{gxx+gvv + 
g„ )=2 .0043±0 .0002 is in agreement with the isotropic 
^ i s o =2.00447±0.00003 value measured at room tem­
perature, indicating that the fir-tensor values obtained 
by the above analysis are consistent. 

Yang's biradical may be considered to be triphenyl­
methyl derivatives. A molecular model indicates that 
the main steric interaction in Yang's biradical operates 
between the ring protons, although weak interactions can 
be seen between the substituted tertiary butyl groups. 
Thus, the radical most probably adopts a propeller 
configuration, with a twist angle of about 30°.2) By 
substituting a tertiary pentyl group for the tertiary butyl 
group, the steric interaction between the substituted 
groups increases to some extent. Consequently, the 
benzene ring onto which the pentyl groups are subs­
tituted will be twisted more than the other two benzene 
rings. This results in a decrease in the Z)-parameter 
and an increase in the ^-parameter in the pentyl deriva­
tive in comparison to those for Yang's biradical. There­
fore, in addition to both Jahn-Teller distortion and 
the asymmetric environment due to the frozen solvent 
molecules, as is observed for Yang's biradical, the 
asymmetric pentyl substitution may also contribute to 
the molecular distortion found for the pentyl derivative 
of Yang's biradical in the low-temperature rigid matrix. 

O n the other hand, the fluid-solution ESR spectrum 
of Yang's biradical exhibits seven equally-spaced lines 
due to the six equivalent protons in the biradical.3 '6) 
T h e results of N M R and E N D O R studies4-9) in solution 
also indicate that the six ring protons are magnetically 
equivalent, resulting in a hyperfine splitting for the six 
meta ring protons. The ESR spectrum of the pentyl 
derivative at 20 °C also appears to correspond to the 
hyperfine interaction with six equivalent meta ring 
protons. The difference in the proton splittings for the 
pentyl derivative is expected to be less than the line 
widths. 

We are very grateful to Prof. Kazuhiko Ishizu for 
his encouragement. 
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Variations in the Vibrational Structures of Fluorescence Spectra 
of Naphthalene and Pyrene in Water and in 

Aqueous Surfactant Solutions 
Akira NAKAJIMA 

Department of Electronic Engineering, Saitama Institute of Technology, Fusaiji, 
Okabemachi, Ohsatogun, Saitama 369-02 

(Received December 27, 1976) 

Synopsis. Variations in the vibrational structures of 
the fluorescence spectra of naphthalene and pyrene in water 
and in aqueous solutions of sodium dodecyl sulfate (SDS) 
have been studied by comparison with those in various organic 
solvents. The results were applied to the determination of 
the critical micelle concentration of SDS. 

In studies on the effect of solvent polarity on vibra­
tional structures in the absorption and fluorescence 
spectra of condensed aromatic hydrocarbons,1 - 5) re­
markable intensity enhancement of the forbidden vi-
bronic bands in various organic polar solvents was ob­
served for some aromatic hydrocarbons. 

The electronic spectra of condensed aromatic hydro­
carbons in aqueous solutions might be important in 
view of solvent effects.6'7) However, they have not been 
studied much. I t is of interest to examine whether a 
similar band enhancement is observed in water, a highly 
polar solvent. 

O n the other hand, in view of recent interest in the 
spectroscopic studies in micellar systems,8-10) the effects 
can be applied to micellar solutions to provide useful 
information on the micellar interior and permit deter­
mination of the critical micelle concentration (CMC) . 

In this work, the fluorescence spectra of naphthalene 
and pyrene have been investigated in water and in 
aqueous solutions of sodium dodecyl sulfate (SDS), a 
typical anionic surfactant. 

Exper imenta l 

Naphthalene and pyrene were purified by recrystallization, 
sublimation, and zone-refining. SDS was repeatedly recrystal-
lized from methanol. Water was distilled three times. All 
the organic solvents were of spectroscopic grade. The aqueous 
solutions of the aromatic hydrocarbons were prepared in the 
following way. Small amounts of the hydrocarbons were 
immersed in given quantities of water and the mixtures were 
treated with an ultrasonic cleaner to accelerate dissolution. 
In order to eliminate the undissolved microcrystals, the 
saturated solutions were carefully filtered with finest Whatman 
glass fiber papers, diluted with water, treated with an ultra­
sonic apparatus, and allowed to stand for a day before spectro­
scopic measurements. The solutions contained various 
amounts of SDS, the concentrations of hydrocarbons being 
constant. This was confirmed by measuring the absorbances 
at strong UV bands which were found to be ca. 2 X 10 -5 and 
3x l0~ 7 M for naphthalene and pyrene, respectively. The 
fluorescence spectra were recorded on a Hitachi MPF-2A 
spectrofluorometer and the absorption spectra on a Hitachi 
EPS-3 spectrophotometer. 

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

The fluorescence spectra of naphthalene and pyrene 
have been observed in organic solvents of varying 
polarities (Figs. 1 and 2). In the vibrational structures 
of these spectra, the intensities of the forbidden vibronic 
bands A, B, and C increase remarkably with the solvent 
polarity relative to the intensity of the allowed vibronic 
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Fig. 1. Fluorescence spectra of naphthalene in several 
organic solvents. Solvent : cyclohexane ( ), diethyl 
ether (•-•-•)» 1,2-dichloroethane ( ), and aceto-
nitrile ( ). 
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Fig. 2. Fluorescence spectra of pyrene 
organic solvents. Solvent: cyclohexane (•• 
ether ( •), 1,2-dichloroethane ( ), 
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band V, which is almost insensitive to the solvents.1-2'4) 
Thus , these aromatic hydrocarbons can be employed as 
fluorescent probes for the characterization of their en­
vironments. 

The fluorescence spectra of naphthalene (Fig. 3) and 
pyrene (Fig. 4) have been studied in aqueous solutions 
of various concentrations. The vibronic bands are con­
siderably broadened in water as compared with those 
in organic solvents, the red shifts being small. Rela­
tively large broadenings indicate the specific solvent 
effects of water. The relative intensities of bands A, 
B, and C are markedly enhanced in water, which is 
reasonable considering its high polarity. In aqueous 
surfactant solutions, the spectra at lower SDS concent­
rations are practically the same as those in pure water, 
whereas at higher SDS concentrations the band inten­
sities are reduced to those as observed in a much less 
polar solvent. The C M C can thus be determined by 
means of the present medium effects. 

The intensity enhancement can be expressed in terms 
of the intensity ratio of band A to band V, IJIV. In 

320 380 340 360 
Wavelength (nm) 

Fig. 3. Fluorescence spectra of naphthalene in water 
and in aqueous SDS solutions. SDS concentration: 
0 and 5.22X10-3 M ( ), 1 .22Xl0" a M ( ), 
and 1 .86xlO- 2 M ( ). 

1.5r 

.ti 1.0 

I 
a 

tf 0.5 

1 Ä 
« ' I 

••/v.* 
: IV i 

1 1 r 

1: 

!• 
i: 

i 'i 

1 
// 

x ^ 

V 

B 
t\ 
I \ 

i: 
t : : 

l : • 
1 ' / \ ' • • ' / \ 

\ 
\ 
•1 

'•» V» 

\'.\ V A \ • ^ 
V ^ 
V^/ . . v. _ 

^ • » ^ * • • > 

X!*. 
N ^ 

• . i . 1 ~i 

360 380 400 420 440 

Wavelength (nm) 

Fig. 4. Fluorescence spectra of pyrene in water and 
in aqueous SDS solutions. SDS concentration: 0 
and 1.30X10"3M ( ), 8 . 1 6 x l O ~ 3 M ( ), and 
4 .99X10- 2 M ( ). 
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Fig. 5. Plots of relative intensities, I^/Iy, vs. SDS 
concentration for naphthalene (# ) and pyrene (O) 
probes. 

Fig. 5, the ratios are plotted against the concentration 
of SDS. Changes in ratio occur in the relatively narrow 
concentration range, on either side of which the ratios 
remain constant. The concentration at which the 
breaks are observed may be taken as the C M C of SDS. 
Its values are estimated as 0.0065 and 0.007 M for na­
phthalene and pyrene, respectively (Fig. 5). These 
values are in rough agreement with those reported,11»12) 
being slightly smaller. In the presence of aromatic 
hydrocarbons, the micellar formation may be more or 
less influenced; thus, the C M C values are somewhat 
reduced by the induction effects of probes. 

In view of the band intensities in pyrene, the environ­
ment in the interior of micelle is considerably less polar 
than in ethanol but a little more polar than in diethyl 
ether. Such a weak polar environment might be caused 
by the influence of the ionic atmosphere around the 
micelles as well as the polarization of the surrounding 
water. In the case of naphthalene, however, a com­
parison of spectra indicates that the environment in 
micellar solution is much more polar than in organic 
polar solvents, implying that the probe molecules are 
preferably located near the micellar surface.13) 
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Synopsis. An ESR spectrum of the radical produced 
during the carbonization of rubrene was measured and analy­
zed from an ENDOR spectrum and using computer simula­
tions. 

I t is well-known that the initial thermal reactions of 
organic materials are of particular importance in deter­
mining the course of the subsequent carbonization and 
graphitization processes.1-3) T h e reaction mechanism 
and the precursor of the carbon produced have been 
investigated by X-ray diffraction,1) mass spectrometry,3) 
chromatography,4) etc. Singer and Lewis5) have pointed 
out that the electron spin resonance (ESR) spectrometer 
is a powerful tool for obtaining information about the 
individual steps of the carbonization process when py­
rolysis is carried out in an inert solvent such as m-
quinquephenyl. In many cases, however, it appears 
rather difficult to analyze the many ESR spectral lines 
due to radicals of large molecular size.6) 

The purpose of the present study is to identify the 
radicals produced during initial carbonization by com­
bining the ESR technique with electron nuclear double 
resonance (ENDOR) and to clarify the reaction process 
involving the mechanism of radical formation. This 
paper is concerned with the structure of the radical 
formed by the pyrolysis of rubrene, i.e., 5,6,11,12-tetra-
phenylnaphthacene (C4 2H2 8), and with the associated 
reaction mechanism. T h e reason why rubrene was 
selected as the starting material is that the carboniza­
tion reaction rate is moderate compared with that of 
naphthacene. 

Exper imenta l 

Rubrene and m-quinquephenyl were purchased from the 
Aldrich Ghem. Co., Inc., and the K & K Laboratories, Inc., 
respectively. The preparation of the sample and the proced­
ure for ESR measurement are described elsewhere.6) The 
ENDOR spectra were obtained using a Japan Electron Optics 
Laboratory ES-EDX1 ENDOR spectrometer. 

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

Rubrene dissolved in m-quinquephenyl in a weight 
ratio of 1 : 10 began to exhibit a large number of ESR 
spectral lines for pyrolysis at 450 to 470 °G. Figure 
1 (a) shows the spectrum observed at 150 °G for the 
heat treatment of rubrene at 500 °G for 5 min. This 
spectrum consists of about 57 lines with the same interval 
of 0.44 G, which are overlapped by a broad line. T h e 
spectrum illustrated in Fig. 1(a) is spread over about 
25 G. The spin concentration is of the order of about 
1.2 species per 1000 molecules of rubrene heat-treated 

* Present address: Faculty of Engineering, Hokkaido 
University, Sapporo 060. 

Fig. 1. (a) Experimental ESR spectrum of the radical 
produced when rubrene was heat-treated in m-
quinquephenyl at 500 °G for 5 min. The spectrum 
was measured at 150 °G. (b) The calculated spec­
trum. Line spape is Gaussian, with a peak to peak 
linewidth of 0.35 G. The spectrum consists of 
8 equivalent protons with aH = 0.884G, 6 protons 
with 1.230, 4 protons with 1.724, 2 protons with 
1.964, and 2 protons with 2.412. 

at 450 °G. A similar spectrum was observed also when 
only rubrene was pyrolyzed at 425 °C for 1 h or at 
450 °C for 10 min and then dissolved in m-quinque-
phenyl. Accordingly, it appears reasonable that the 
m-quinquephenyl used in this experiment does not par­
ticipate in the rubrene carbonization. 

When the rubrene was treated in m-quinquephenyl 
at 500 °G for a period longer than 5 min, the intensity 
of the broad line gradually increased but the relative 
intensity of the hyperfine spectral lines scarcely changed. 
Also, when the spectra were measured at various tem­
peratures between 130 and 190 °G, the line widths be­
came sharper with increasing temperature, whereas no 
significant variation of the intensity ratio was observed 
in this temperature range. Assuming a single radical 
on the basis of these observations, one can explain the 
odd lines of the hyperfine structure in terms of the 
interaction with even hydrogen nuclei. 

An E N D O R spectrum was recorded at 150 °G for 
the sample heat-treated in m-quinquephenyl at 500 °G 
for 5 min (Fig. 2). Five pairs of lines which were re­
duced to hyperfine splitting constants of 0.884, 1.230, 
1.724, 1.964, and 2.412 G, were observed above and 
below the free-proton frequency. 

O n the basis of the values of the splitting constants 
determined from the E N D O R signal, the ESR spectrum 
was simulated using the SESRS computer program of 
Stone and Maki.8) As a result, two calculated spectra 
were found to fit the observed spectrum best by trial 
and error. One consists of 8 equivalent protons at aK = 
0.884 G, 6 protons at 1.230, 4 protons at 1.724, 2 protons 
at 1.964, and 2 protons at 2.412. The other is com­
posed of 8 protons at 0.884 G, 6 protons at 1.230, 4 
protons at 1.724, 4 protons at 1.964, and 2 protons 
at 2.412. T h e former spectrum is represented in Fig. 
1(b). 
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Fig. 2. ENDOR spectrum of the radical produced 
when rubrene was heat-treated in wz-quinquephenyl 
at 500 °C for 5 min. The spectrum was measured 
at 150 °G. 

jr-Radicals, such as perinaphthenyl, are generally 
known to be stable at the intermediate stage of early 
carbonization.7) These radicals always contain an odd 
number of carbon atoms. In this case, since carbon-
carbon bond cleavage within the benzene and/or 
naphthacene ring in the rubrene is impossible at as low 
a temperature as 500 °G, the radical produced from 
the rubrene is considered to be located in the carbon-
frame composed of 11 rings, such as bi-naphthacene. 

In order to confirm the existence of a biradical, on 
the other hand, the lines due to the AMB — ±2 transi­
tion were examined and temperature variations of the 
spectrum were measured over the range 123—373 K, 
for which a single line was observed. No line corre­
sponding to this transition was found at low field, but 
the absorption intensity significantly decreased with 
decreasing temperature. This result may suggest the 
existence of a biradical. Also, it can be considered that 
dimerization of the radical causes a reduction in the 

signal intensity.10) But the large molecular size of the 
radical formed in the carbonization of rubrene may 
make dimerization difficult in the solid phase at the 
low temperature tested. Accordingly, identification of 
the radicals is expected after further experimentation. 

As an approach to estimating the molecular weight 
of the reaction product, the mass spectrum of the sample 
carbonized at 450 °G with no solvent was observed. 
New intense peaks appeared in the range 608—684, in 
addition to a group of peaks at /ra/é?=532, which were 
assigned to the unreacted parent molecular ion.9) The 
thermal reaction of rubrene involves the elimination of 
substituted phenyl groups, subsequent polymerization 
and aromatization to a condensed aromatic layer. The 
development of such a plane as the precursor of carbon 
is thought to result in a well-ordered graphite product, 
the c-spacing of which is 3.356 Â.11) 
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Synopsis. A series of cation exchange resin com­
plexes of metal ions were prepared. These resins are effective 
catalysts for the preparation of vitamin E and were recycled 
for use several times with little activity loss. The effect of 
solvents and metal ions on the reaction is discussed. 

Incresed attention has recently been paid to anchor­
ing homogeneous transition metal catalysts to polymers. 
Heterogenized catalysts have some advantages over their 
homogeneous counterparts such as (1) the ease in sepa­
ration from the product ,1 - 5) (2) enhanced size and 
positional selectivity,6) and (3) the ability to carry out 
sequential catalytic reactions.7) In this respect, in­
soluble polymers also have been used widely in organic 
synthesis,8) for example, as protecting groups9-11) or in 
esterification.12-13) 

The cation exchange resins were employed for the 
preparation of vitamin E, but their catalytic activity 
was very low. The present paper describes the pre­
paration of cation exchange resin complexes of metal 
ions and the use of these materials as catalyst for the 
preparation of vitamin E. 

GH3 

H O v A /GH 3 

| || + C1CH2GH=G 
C H / X ^ O H \ R 

CH« 

GH3 

HOvA/\ 
I II l/GH3 

C H 3 / X / \ 0 / \ R 

GH, 

(Polymer-S03)nM 

M : Zn, Sn 
n : 2 or 4 

Vitamin E 

R : GiftHoa 

It was shown that the catalysts can be used as hetero­
genous catalysts. Furthermore, the investigation of the 
preparation of vitamin E using the resin complexes as 
catalysts was prompted by the following advantages 
offered by resins: the ability to remove the catalyst 
from the reaction product by simple filtration, thus 
avoiding contamination of the latter and generating 
economic savings effected by repeated use of the resin, 
which exhibits good stability of activity. T h e stabili­
ties of the catalysts decrease in the order S n 4 + > S n 2 + > 
Zn 2 + . This agrees well with the stability order for 
chelate rings. In benzene, the catalysts were recycled 
several times with little loss in activity. However, in 
highly polar solvents such as acetonitrile, repeated use 
of the catalysts was not possible. This may be due to 
the elimination of metal ions from the resin by strong 
solvation. With recycling of the catalyst, a decrease 
in activity was observed. This is ascribed to the elimina­
tion of metal ions through reactions. The catalysts can 

TABLE 1. EFFECT OF RECYCLING CATALYSTS 

Trimethylhydroquinone : 50 mmol, phytyl chloride : 
50 mmol, catalyst: 20 mmol (as metal ion), benzene: 
50 ml and time : 3.0 h. 

Metal ion Run Yield (%) Purity (%) 

Sn4+ 

Sn2+ 

Zn2+ 

86.7 
86.0 
85.6 
82.5 
80.2 

87.4 
85.7 
84.7 
81.2 
75.4 

85.0 
83.5 
81.3 
75.6 
70.1 

96.4 
94.1 
90.8 
89.5 
85.4 

94.9 
90.0 
88. 
83. 
80. 

92. 
90. 
86. 
80. 
76.9 

Fig. 1. Loss of metal ions. 
Trimethylhydroquinone 50 mmol, phytyl chloride 50 
mmol, catalyst 20 mmol (as metal ion), benzene 
50 ml and time 3 h. 

be regenerated to their initial activity by the addition 
of the amount of metal ions equal to that lost in the 
reactions. The results are summarized in Table 1 and 
Fig. . 

One practical limitation of this method is the very 
low catalytic activity and the inability to employ re­
cycling when phytol or isophytol is used. In the course 
of the reaction, about 70% of the metal ions in the 
resin catalyst were detected. This strongly indicates 
that the catalytic species is a metal halide. These re­
actions were effectively assisted by the addition of a 
trace amount of a protonic acid, such as jb-toluene-
sulfonic or methanesulfonic acid. This may be due to 
the promotion of cyclization in the reaction.14) From 
the results, a plausible mechanism for this catalytic 
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system is shown below. T h e detailed nature of the 
catalytic process reported here requires further clari­
fication and work in progress is aimed at exploring the 
synthetic utility of this technique. 

2Polymer-S03H + ZnCl2 > (Polymer-S03)2Zn + 2HCl 

2 trimethylhydroquinone + 2 phytyl chloride 

> 2 Vitamin E + ZnCl2 + 2 Polymer-SQ3H 
(Polymer-S0 3 ) 2 Zn 

11 
(Polymer-SQ3)2Zn + 2 HCl 

or, 

trimethylhydroquinone + phytyl chloride + ZnCl2 

> Vitamin E + ZnCl2 + HCl 
H + (HC1 or Po lymer-S0 3 H) 

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

GLC and atomic absorption spectra were recorded on a 
Hitachi 023 gas Chromatograph equipped with a flame ionizer 
detector and a Hitachi 208 atomic absorption spectrometer, 
respectively. 

General Procedure. Zinc chloride (12.3 g, 0.09 M) was 
dissolved in 100 ml of ethyl acetate. Amberlyst 15 in hydrogen 
ion form (30 g, 4.8 meq/g dry resin) was added to the solu­
tion and the mixture was maintained at 40 °G for 2 h and 
allowed to stand overnight at room temperature. The resin 
complex was filtered and washed well with acetone to remove 
hydrogen chloride and unbounded zinc chloride. A theo­
retical amount of zinc ions were shown to be bounded to the 
resin (analyzed by atomic absorption spectroscopy). A ben­
zene solution (100 ml) containing 30 g of trimethylhydroqui­
none, 65 g of phytyl chloride and 30 g of the catalyst was 
allowed to reflux for 3 h. After standing overnight, the cata­
lyst was filtered off and washed with acetone. The filtrate 
was concentrated under reduced pressure and the residue was 
subsequently distilled. The product thus obtained was ana­
lyzed by GLG. The catalyst could be recycled for use in 
the next reaction. 

The author wishes to thank the Nisshin Chemical 
Co., Ltd., for permission to publish this report. The 
author is also grateful to Drs. K. Nakagawa and H. 
Fukawa of the Central Research Laboratory, Nisshin 
Flour Milling Co., Ltd., for their interest throughout 
this work. 
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Synopsis. It was confirmed from measurements of 
the adsorption isotherms of phosphates in aqueous solutions 
that there were adsorption sites with very high reactivity on 
the surface of silica-alumina. The concentration of adsorp­
tion sites which is estimated from the adsorption amount 
extrapolated to zero equilibrium concentration is nearly twice 
the concentration of Lewis-acid sites for silica-alumina of 
higher alumina content. Furthermore, the concentration 
of phosphate adsorbed on the surface of various silica-alumi­
na is relatively well correlated with the concentration of 
Lewis-acid sites. 

I t is well known that inorganic phosphates play an 
important role in the abnormal growth of phytoplankton 
in an area of the sea or a lake, which is called red tide. 
Nishimura1) has reported that the average concentra­
tion is 0.015 ppm for P and 0.14 p p m for N in a given 
sea area. T h e pollution source of the phosphates is 
mainly domestic sewage. Even in the effluent of so-
called secondary sewage treatment, phosphate in con­
centrations of 3 to 5 ppm as P is usually detected.2) 
Complete phosphate removal, which is relatively easy 
and economical compared with that of nitrogen, may 
offer the best solution for returning aquatic environments 
to their pristine state.3) Although many workers have 
widely studied phosphate removal,4"6) some clay mine­
rals containing aluminium atoms are reported to be ef­
fective for the removal of phosphate at the very low 
concentrations described above. T h e aluminium atoms 
responsible for the phosphate removal are not the inter­
nal atoms of the adsorbent but the surface atoms. 
Therefore, it is expected that the concentration of 
Lewis-acid sites associated with surface aluminium atoms 
correlates with that of the phosphate adsorbed. T o the 
authors' knowledge, no work has been done from such 
a viewpoint. 

In the study reported here, synthetic silica-alumina 
samples having strong Lewis-acid sites, which also react 
with electron-donating polyaromatic hydrocarbons7) 
were used as adsorbents. The object of the present 
paper is to clarify the correlation between the concentra­
tion adsorbed of Lewis-acid sites, the concentration of 
phosphate and the alumina content of the silica-alumina 
samples. 

Exper imenta l 

Aluminium isopropoxide and tetraethyl orthosilicate puri­
fied under reduced pressure were mixed in various propor­
tions and were hydrolyzed for 12 h. The gels thus obtained 
were treated at 600 °C for 8 h. The particles which passed 
through 100 mesh sieve were used as adsorbents. Each silica-
alumina sample is represented as % silica-alumina which 
indicates the alumina content in wt%. The surface area 

of these silica-alumina samples were measured by means of 
the BET method. The concentration of Lewis-acid sites on 
the surface of the silica-alumina samples was measured by 
the Leftin method,8> after heating in vacuo at 400 °C for 2 h. 

The phosphate was adsorbed onto various silica-alumina 
samples at 20 °C. The adsorbents were suspended in aqueous 
K H a P 0 4 solutions having concentrations in the range from 
1 to 10 mmol/1 and the mixture were stirred for 48 h. It 
was confirmed that the adsorption equilibrium was reached 
within 48 h. After centrifugation, the phosphate concentra­
tion in the supernatant solutions was determined by the 
molybdenum blue method.9) 

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

T h e isotherms for the adsorption of phosphate onto 
the silica-alumina samples are shown in Fig. 1. The 
phosphate is only slightly adsorbed on samples ranging 
from pure silica gel to 25 % silica-alumina, whereas ad­
sorption clearly occurs on samples ranging from 4 0 % 
silica-alumina to pure alumina. Thus , adsorption is 
enhanced with increasing alumina content. For pure 
alumina, however, the adsorption concentration, is 
slightly lower than that for 9 0 % silica-alumina. 

T h e phosphate adsorption concentration is fairly large 
even near zero equilibrium concentration in the cases 
from 5 0 % silica-alumina to pure alumina. This result 
suggests that highly reactive sites responsible for the 
adsorption exist on the surface. 

In order to confirm this, the Muljadi adsorption iso­
therm10) and the Langmuir isotherm for alumina are 
shown in Fig. 2. T h e Langmuir theory assumes that 
all the adsorption sites are equivalent. This theory is 

Equilibrium concentration of phosphate (mmol/1) 

Fig. 1. Adsorption isotherms of phosphate on the 
surface of silica-alumina (S.A). 
A : Alumina, O: 90% S.A, • : 75% S.A, £ : 60% 
SA, 0 : 50% S.A, # : 40% S.A, o: 25% S.A, 
• : 10% S.A, O: silica gel. 
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T A B L E 1. T H E RELATION BETWEEN THE CONCENTRATION 

OF PHOSPHATE ADSORBED AND THE CONCENTRATION 

OF LEWIS-ACID SITES 

0.1 0.2 

Equilibrium concentration of phosphate (mmol/1) 

Fig. 2. Adsorption isotherms of phosphate on the 
surface of alumina. 
—O—: Observed adsorption isotherm, —• — •: 
Langmuir adsorption isotherm, : Muljadi 
adsorption isotherm. 

not applicable to the present results obtained at low 
phosphate concentrations. O n the contrary, the adsorp­
tion isotherm obtained is in rather good accord with 
the Muljadi isotherm. Muljadi and his co-workers10) 
have revealed that there are two types of adsorption 
sites on the surface of kaolinite, gibbsite and pseudo-
boehmite. 

T h e concentration of highly-reactive sites estimated 
from the phosphate adsorption concentration extra­
polated to zero equilibrium concentration is shown in 
Table 1. Since the reactive sites responsible for the 
adsorption are essentially surface aluminium atoms, it 
can be expected that the concentration of Lewis-acid 
sites is a good parameter for estimating the phosphate 
adsorption. T h e Lewis-acid sites associate with bare 
aluminium atoms due to the removal of water which 
is produced by a reaction between adjacent hydroxyl 
groups on the surface. T h e concentration of highly-
reactive sites is nearly twice that of Lewis-acid sites for 
silica-aluminas of higher alumina content. This dif­
ference may be due to the following reason: there 
are weakly and strongly-bonded hydroxyl groups on the 
surface of silica-alumina, corresponding to strong and 
weak basic sites, respectively.n) T h e phosphate can 
easily exchange with weakly-bonded hydroxyl groups 
in the aqueous solution, forming a surface complex with 
aluminium atoms. In the case of the strongly bonded 
groups, the ability of the phosphate to exchange with 
the hydroxyl groups may be less. 

O n the other hand, the weakly-bonded hydroxyl 
groups may be preferentially eliminated by heat treat­
ment at 400 °C for 2 h in vacuo, forming weak Lewis-acid 
sites. All hydroxyl groups on the surface are not elimi­
nated by the heat treatment.12) Therefore, it is believed 

Silica-
alumina 

Specific 
surface area 

(m2/g) 

Alumina 
90% S.A 
75% S.A 
60% S.A 
50% S.A 
40% S.A 
25% S.A 
10% S.A 
Silica gel 

164.3 
323.6 
178.4 
142.7 
343.7 
97.4 

118.5 
309.1 
378.9 

Concentration 
of phosphate 

adsorbed (Xl0~4 

mmol/m2) 

8.95 
9.47 
8.42 
4.21 
1.89 
0.42 
0 
0 
0 

Concentration 
of Lewis-acid 
sites (XlO-4 

mmol/m2) 

4.72 
4.02 
3.41 
1.99 
1.89 
1.80 
0.88 
0.34 
0.13 

that strongly-bonded hydroxyl groups which form 
Lewis-acid sites with difficulty, have possibly an ex­
change ability in the aqueous solution, although this 
ability is weak. Another reason may be the positively-
charged spots proposed by Gloos et a/.13) 

Table 1 indicates that the concentration of Lewis-
acid site increases with the alumina content in silica-
alumina. However, the adsorption concentration is 
zero up to 2 5 % silica-alumina and, thereafter, it in­
creases with the alumina content. This should be due 
to the negatively-charged surface caused by the iso-
morphous replacement of four-fold coordinating alumi­
nium atoms into the tetrahedral silica framework. As 
the alumina content in silica-alumina is increased, the 
surface negativity decreases due to the increase in A l - O H 
cations with alumina content.13) 
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Asymmetric Shape of Charge-transfer Absorption in Crystalline 
Ion Radical Salts 
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Synopsis. Using the one-dimensional Hubbard model, 
we proposed an asymmetric band shape for the charge-transfer 
transition between ion radicals in crystalline ion radical salts. 
The charge-transfer band of the anion radical salts derived 
from 2,3-dicyano-/>-benzoquinone was explained in terms of 
such a model. 

In a number of solid ion radical salts, the planar 
ion radical molecules are known to form, in themselves, 
a face-to-face stacking into infinite one-dimensional 
columns so as to make a large overlap between their 
half-filled molecular orbitals.1-3) In this case, since 
any individual radical molecule interacts through 
charge-transfer most strongly with two other neighbor­
ing radicals, the electronic spectrum of the solid salt 
differs distinctly from the monomer spectrum of the 
radical ion in solution but shows a charge-transfer transi­
tion between ion radicals in the low-energy region.1-3) 

The 2,3-dicyano-/»-benzoquinone Q&-H2QCy2) and 
2,3-dichloro-5,6-dicyano-/>-benzoquinone (p- Cl2QCy 2) 
molecules are known to be strong electron acceptors 
and to form stable anion radical salts with some dia-
magnetic alkali metal cations. Several years ago,2) we 
measured the diffuse reflection spectra of the solid anion 
radical salts of Na+ j&-H2QCy2^, K+ p-H2QCy2

7', Na+ 
j&-Cl2QGy2~ and K+ />-Cl2QCy2~, and found strong ab­
sorptions due to the charge-transfer transition between 
anion radicals in the low-energy region. T h e observed 
spectra of the charge-transfer absorptions are reproduced 
in Fig. 1, where the Kubelka-Munk function, f(R) = 
(1—R)2j2R, was plotted against wave number. In the 
case of the Na+ />-Cl2QCy2~ salt (see (a) or Fig. 1), 
the peak position of the charge-transfer band is around 
12600 c m - 1 and its band shape is found to be almost 
symmetrical with respect to the axis of peak energy. 
O n the other hand, the solid-state spectrum of the Na+ 
j&-H2QCy2~ salt (see (c) of Fig. 1) shows the charge-
transfer band with the peak position around 10700 c m - 1 . 
However, its band shape is not symmetrical with respect 
to the axis of peak energy, but has a shoulder in the 
higher-energy region. Regardless of the species of the 
counter cations, these distinct differences are also ob­
served for the K+ />-ClaQ,Cy2~ and K+ />-H2QCy2"^ salts 
as are shown in (b) and (d) of Fig. 1. When we first 
reported those solid-state spectra,2) we could not fully 
explain why the anion radical salts derived from p-
H 2 QCy 2 have asymmetric charge-transfer band with a 
shoulder in the higher-energy region. 

In order to understand the character of this charge-
transfer absorption in more detail, we studied in a 
previous paper the transition energy and the theoretical 
line shape of such absorption by the use of one-di­
mensional Hubbard model and the Green's function 
method.3) For half-filled band system of simple ion 

Wave number (103 cm-1) 

Fig. 1. The observed charge-transfer absorptions of 
solid anion radical salts as studied by diffuse reflec­
tion method (see Ref. 2) ; (a) Na+ j&-Cl2QCy2~, (b) 
K+ />-Cl2aCysT, (c) Na+ £-H aQCy,- and (d) K+ 
/>-H2QGy2-. The Kubelka-Munk function, f(R) = 
(l—R)2/2R, was plotted versus wave number. For 
shaded and unshaded parts, see text. 

radical salt, we consider non-al ternant one-dimensional 
stack of ion radical molecules with paramagnetic state. 
We assumed a (5-function for each elementary transition 
in which the spin and the wave vector of an electron are 
conserved. T h e intermolecular charge-transfer absorp­
tion, O((JS), at very low temperature is given by 

P 
*(°° ~-T o>>Vo>*-P V^-<»*^ (1) 

where / is the intra-site Coulomb repulsion energy, and 
J T ( < 0 ) is the transfer matrix element between nearest 
neighbor sites in such one-dimensional column. 

T h e theoretical charge-transfer absorption has a sharp 
divergent peak at the energy co=I, where the spectrum 
has a van Hove singularity in the lower energy side. 
The spectrum has no absorption in the energy region 
co<I, bu t has an absorption intensity in the region co> 
I. T h e intensity is the greatest at co=I, and decreases 
progressively with the increase of to. T h e highest 
energy of the absorption takes place at w = V 7 2 + 4 7 ' 2 , 
where the intensity falls down to zero. T h e spectrum 
has a shoulder in the region 7 < c o < V 7 2 + 4 ! T 2 . These 
spectroscopic features are illustrated in Fig. 2. 

In this model, the line width, Vl2+4T2— I, of the 
charge-transfer absorption is solely caused by the ex-
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U^rf 
Fig. 2. The theoretical absorption line shape of Eq. 

1 due to the charge-transfer transition between ion 
radical molecules in one-dimensional Hubbard model. 
See text and Ref. 3. 

istence of non-zero transfer matrix element, T. How­
ever, as has been mentioned in the previous paper,3) 
the actual elementary absorption is not a simple ^-func­
tion but involves finite width. Therefore, the actual 
charge-transfer absorption will have extra width and 
become more smoothed. If the band width due to the 
transfer matrix element is much smaller than that of 
the elementary absorption, the charge-transfer absorp­
tion will be governed predominantly by the band shape 
of the elementary absorption, so that we can well expect 
almost symmetrical line shape of the charge-transfer 
absorption with the peak position at co=7. T h e charge-
transfer absorption of the Na+ p-C\2QCy2

r and K+ p-
ClgQGya"7" salts should correspond to this case. In the 
case of the Na+ />-Cl2QCy2"^ salt (see (a) of Fig. 1), 
the observed absorption peak value, 12600 c m - 1 , cor­
responds to 7=12600 c m - 1 . T h e band width due to 
the transfer matrix element, l / / 2 + 4 7 ' 2 — 7 , will be very 
small compared to that of the elementary absorption, 
4 0 0 0 c m - 1 , and the IT"! value appears less than 1000 
c m - 1 . In a similar way, 7=13300 c m - 1 is estimated 
for the K+ />-Cl2QCy2^ salt, and the \T\ value of this 
salt will again be less than 1000 c m - 1 . In both of these 
salts, we can well see that a narrow band system with 
strong electron correlation {i.e., \T\<£l) takes place 
in one-dimensional column of the j&-Cl2QCy2~ anion 
radicals. 

O n the other hand, we consider the case when the 
band width due to transfer matrix element is comparable 
to or larger than that of the elementary absorption. 
In this case, the peak position of the charge-transfer 
absorption is still at oi—I, bu t the line shape is no 
longer symmetrical with respect to co=I. Because of 
asymmetric component of Fig. 2, the charge-transfer 
absorption will have a distinct shoulder in the energy 
region a>>I, and the total band width will arise partly 
from the width due to the elementary absorption but 

partly from the width due to the non-zero transfer matrix 
element. As are shown in (c) and (d) of Fig. 1, the 
charge-transfer absorption of the Na+ j&-H2QCy2 " and 
K+/>-H2QCy2~ salts should correspond to this case. In 
the case of the Na+ j&-H2QCy2~ salt, the observed ab­
sorption peak value, 10700 c m - 1 , thus corresponds to 
7=10700 cm - 1 . As for the band shape, note that the 
effect of transfer matrix element gives no contribution 
to the absorption intensity in the region a><7. There­
fore, we divide, for the sake of simplicity, the observed 
charge-transfer absorption into symmetrical and asym­
metrical parts by subtracting, with respect to co=I, the 
lower-energy side from the higher-energy side. This 
is shown in (c) of Fig. 1, where the unshaded and shaded 
parts are the symmetrical and asymmetrical ones, re­
spectively. Then, the band width of the shaded part 
will come mostly from the width due to the non-zero 
transfer matrix element, Vl2-\-4:T2—I, and this width 
is found to be of the order of 3000 c m - 1 or less. By 
putt ing 7=10700 c m - 1 into this relation, the magnitude 
of the transfer matrix element is estimated to be \T\ 
<4300 cm- 1 . Similarly, in the case of the K+ />-H2-
QCy 2 ~ salt, it is found that 7 = 11700 c m - 1 and 
VP+^T2—7<3000 cm- 1 , so that the magnitude of 
the transfer matrix element is estimated to be | T \ < 
4500 cm- 1 . 

O n the basis of these considerations, we can well 
understand the spectroscopic features of the charge-
transfer absorptions characteristic of the Na+/>-H2QCy2" r 

and K+ j&-H2QCy2~ salts as well as of the Na+ p-C\2-
QCy 2 ~ and K+ j&-Cl2QCy2~ salts. The magnitude of 
| T | of the />-H2QCy2 anion radical salts appears to be 
considerably larger than that of the j&-Cl2QCy2 anion 
radical salts. This result is also strongly supported by 
the following reason. T h e j&-Gl2QCy2 anion radical 
molecule includes bulky chlorine substituents, while the 
j&-H2QCy2 anion radical molecule does not. Therefore, 
in one-dimensional stacking of anion radicals, the p-
H 2 QCy 2 anion radicals will stack, in themselves, more 
closely than do the />-Cl2QCy2 anion radicals, so that 
the magnitude of | T | of the />-H2QCy2 anion radical 
salts will be definitely larger than that of the />-Cl2QCy2 

anion radical salts. 
At the present time, it is desirable to make sure of 

the magnitudes of | T | of those anion radical salts by 
another approach. For this purpose, it will be quite 
useful to measure the exchange interaction parameters 
in their magnetic properties and the energy gaps in 
their semiconductivities. However, more useful ap­
proach is to measure absolute intensity of the charge-
transfer absorption, because the total intensity will be 
roughly proportional to | T | 2 . In this respect, the in­
tensités of the charge-transfer absorptions of the />-H2-
QGy 2 anion radical salts may be much stronger than 
those of the j&-Cl2QGy2 anion radical salts. 
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Synopsis. With the development of signal processing 
techniques, the spectral data obtained from analytical instru­
ments have been collected and searched with the aid of a 
digital computer. Recognition of the spectrum as a wave 
pattern is adequate in such situations. The previous study1) 
demonstrated signal processing based on this idea, involving 
the discrete Fourier transform (DFT) applied to ESR spectral 
data, and the advantages of this method with respect to 
memory capacity and searching speed. In that study, how­
ever, the spectral data were limited to symmetrical traces 
from organic free radicals in solution, in which case the ESR 
spectra exhibit isotropic hyperfine structure. This paper de­
scribes some modifications of the method rendering it appli­
cable to asymmetrical traces, thus, for general use. 

Modif icat ion of the P r o c e d u r e 

For the ESR spectral data, which are considered as 
a time series, values oïf(nT) (0<n<N—l) consisting 
of N samples, the discrete Fourier transform (DFT) , 
F(k£l) (0<A:^iV— 1), may be calculated using the 
Fourier processing algorithm. The notation and details 
of formulation are the same as in a previous paper.1) 

Mathematically, f(nT) and F(k£l) are complex 
numbers, but for an actual D F T sequence, the real par t 
of F(k£l) is even and the imaginary part is odd due to 
the nature of the DFT,2) since the values oîf{nT) are 
real numbers as obtained from experiment. I n a 
method presented previously,1) only the imaginary parts 
of F(kO>) appear due to the nature of the symmetrical 
ESR pattern, and these are stored in the file. T h e 
present method, which is intended for application to 
asymmetrical patterns, however, requires both the real 
and imaginary parts of the D F T terms in addition to 
the A;-values. This requires 5 0 % more storage than the 
previous method. 

For the file search, the known D F T , P(kil), and the 
unknown D F T , Q(k£l), are treated in an expression 
for the absolute value and the argument, 

known: P(AO) = |i*k| e x P (#>k) 

unknown: Q,(kD,) = |Q,k| exp (iqk) 
(1) 

although the comparison procedure should be modified. 
For the shift between the known and unknown traces, 

the absolute values, | P J and | Q , J , may be directly 
compared, since the absolute values of the D F T are 
invariant for the shifted traces. 

O n the other hand, the argument cannot be compared 
as it is. T h e comparison procedure is modified by utili­
zing the relationship that the shift in the time domain 
results in rotation of the argument in the frequency 
domain. In other words, the difference in argument 
angles due to the shift is linearly related to the difference 
in the magnetic fields to the order k, if the microwave 

(2) 

frequency is assumed to remain unchanged. T h e argu­
ments for unknown data are modified in the following 
manner : 

q\ =qic~ ( * / * m a x ) ( ? * m a x - A f c m a x ) , * m a x ^ 0 

* *max -r *max 

These equations indicate that the D F T arguments are 
rotated proportionally to the kjkmSiX ratio, so that the 
argument for an unknown £ m a x th D F T becomes equal 
to that for the known. Then, the modified argument 
q\ can be compared with the standard argument />k. 

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

The applicability of the modified method was tested 
on asymmetrical ESR spectra. The hyperfine structure 
of the dialkyldithiocarbamate complex in solution is 
asymmetrical, because the line widths are dependent on 
the magnetic quan tum number , ml5 of the central metal 
nucleus due to insufficient averaging for the aniso-
tropy.3»4) 

The examples of ESR spectra were measured on di-
ethyldithiocarbamate of Cu(I I ) in toluene under dif­
ferent conditions, such as for different signal heights, 
shifts, and signal-to-noise ratios. Traces l a and 2a in 
Fig. 1 are taken as examples of known and unknown 
spectra, respectively. 

The number of sampling points, N, is 512, since N 
should be a power of 2 for fast Fourier transform com­
putation.2) The D F T waveforms obtained are shown 

3200 3300 3400 3500 G 

2a 

N^/Mmé^' JIWVÈMM" L*w 

3200 3300 3400 3500 G 

Fig. 1. Original spectral traces of Gu(II) diethyldithio-
carbamate. la and 2a, assumed as known and 
unknown, are contrasted in respect of signal height, 
shift, and S/N ratio. 
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Fig. 2. DFT plots corresponding to la and 2a. lb, 
2b, and 2b' are real-part plots and lc, 2c, and 2c' 
are imaginary-part plots. 2b' and 2c' are modified 
DFT plots. 

in Fig. 2. Plots l b and lc are the real and imaginary 
parts, respectively, corresponding to la , and plots 2b 
and 2c the real and imaginary parts, respectively, cor­
responding to 2a. As comparisons between l b and 2b, 
and between lc and 2c indicate, these are completely 
different. 

T o obtain the unknown argument, q\, in Eq. 2, a 
problem arises from multi-valued arctangent function. 
Although the argument should change linearly with the 
magnetic field, the actual angle may differ by 2JT radians. 

Moreover, since the argument, /»k, is computed using 
the F O R T R A N statement, " A T A N 2 ( A I M A G ( P ( K ) ) , 
R E A L ( P ( K ) ) ) " , PTL will fall within the range — n to 
it. Such angles were corrected using the fact that the 
advanced trace shift corresponding to greater magnetic 
field results in a gain of the argument, as was discussed 
previously.1) 

In comparing known and unknown data for search, 
another problem occurs: when angle /»k is near n or 
—n radians, the comparison may be unsuccessfull be­
cause of deviation errors and the discontinuity of the 
arctangent function in these regions. For this reason, 
the D F T are returned as real and imaginary numbers. 
Therefore, the parameters obtained for the unknown 
data can be compared with those for the standard data. 

Modified D F T plots for the unknown trace, 2a, are 
shown as 2b ' and 2c' in Fig. 2. I t is seen that 2b ' is 

Fig. 3. The reproduced traces by inverse Fourier 
transform on modified DFT's 2b' and 2c'. 2d, 2e, 
and 2f are transformed from 20, 40, and 60 DFT 
terms in the largest order, respectively. 

almost identical with l b , and, similarly, 2c ' with lc , 
although small differences are present. 

The inverse Fourier transform using some of the largest 
terms may reproduce the original pat tern as described 
previously.1) This is demonstrated for the largest 
twenty, forty, and sixty D F T terms in Fig. 3. Fairly 
good reproduction is realized for sixty terms, but the 
number of terms required for an asymmetrical trace 
is greater than that for a symmetrical trace. The sym­
metrical wave pattern would be more sinusoidal, requir­
ing fewer D F T terms. O n the other hand, an asym­
metrical wave pattern, being composed of higher D F T 
terms, might be less favorable to Fourier processing. 
Fourier processing, however, might still be effective with 
respect to data normalization for search and with a 
reduction of computer memory compared with the 
storage of original spectral values. I t is believed that 
the present method may be applicable, in general, to 
analytical spectral data, as well as ESR data. 
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Low-spin Cobalt(II) Complexes with 6,13-Diaryl-l,8-dihydro-
dibenzoI^^lljéjS^lltetraazacyclotetradecene1' 
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Synopsis. The ESR spectra of the title compounds 
were measured at 77 K. From the results, it was concluded 
that an unpaired electron is localized in the dyz orbital of 
the cobalt atom of the complexes. 

In the last several years we have investigated the 
electronic structures of low-spin square planar cobalt(II) 
complexes in terms of their ESR spectra. Very recently 
we found that 6,13-diaryl-l,8-dmydrodibenzo[£,z][l,4, 
8,ll]tetraazacyclotetradecene, 1(a) and 1(b), shown in 
Fig. 1, can be readily obtained from the reaction mix­
ture of 4-aryl-l,2-dithiolium salt and o-phenylenedi-
amine.2) In this study we have synthesized the cobalt-
(II) complexes with 1(a) and 1(b) and measured their 
ESR spectra. This is the first report on the ESR spec­
tra of low-spin square planar cobalt(II) complexes 
with a 14-membered tetraazacyclotetradecene. 

R 

N HN 

NH N 

R 

Fig. 1. Tetraaza-macrocyclic ligands. 1(a) : R=phenyl 
1(b) : R=/>-tolyl 

Exper imenta l 

Preparation of the Ligands. The ligand, 1(a) (or 1(b)), 
was obtained from the reaction mixture of 4-phenyl(or 4-p-
tolyl)-l,2-dithiolium hydrogensulfate and o-phenylenedi-
amine.2) 

Preparation of the Cobalt(II) Complexes. A DMF solu-
tion(15 ml) containing cobalt(II) acetate tetrahydrate (0.001 
mol) and the ligand(0.001 mol) was refluxed at 150 °C for 
3 h. On cooling the solution, the complex was separated 
as dark violet needles. 

Measurements. ESR spectra were obtained with a 
JEOL ESR spectrometer model JES-ME-3X at 77 K. For the 
ESR measurements, cobalt(II) complexes were diluted in the 
corresponding nickel(II) complexes. DPPH was employed 
as a standard marker. Magnetic susceptibilities were me­
asured at room temperature by the Faraday method, Pascal's 
constants being used for diamagnetic correction. 

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

T h e magnetic moments of the cobalt(II) complexes 
with 1(a) and 1(b) were 2.28 BM and 2.30 BM at 
room temperature, respectively, indicating that these 
complexes are of low-spin type. These cobalt(II) com­
plexes are stable against air in the solid state. 

T h e ligands, 1(a) and 1(b), are 14-membered tetra-
azamacrocyclic ligands with 16 rc-electrons, while por­
phyrins are 16-membered tetraaza-macrocyclic ligands 
with 18 ^-electrons. Therefore it is interesting to com­
pare the electronic states of the complexes of 1(a) and 
1(b) with those of cobalt(II) porphyrins. 

In Fig. 2, the E S R spectrum of cobalt(II) complex 
with 1 (a) is shown, which is very similar to that of 1 (b). 
One absorption ( ^ = 4 . 2 5 6 ) with eight hyperfine struc­
tures due to 57Co was observed in the range 1000—2200 
G ( G = 1 0 - 4 T ) . In the range of 3700—4500 G, two 
a b s o r p t i o n s ^ ^ l ^ l , g 3 =1.53) were observed, their 

G 

1000 2000 3000 4000 

Fig. 2. ESR spectrum of cobalt (II) with 1(a). 

TABLE 1. ESR PARAMETERS OF COBALTS(H) COMPLEXES 

Type 

I 

II 

Complexes 

[Go(tpp))] 
[Co(pc)] 

[Co(acen)] 
[Go(sacsac)2] 

Go-l(a) 
Go-l(b) 

gx 

3.322 
2.92 

3.26 
3.280 

4.256 
4.057 

gz 

1.798 
1.91 

2.00 
1.899 

(1.71, 
(1.70, 

gy 

3.322 
2.89 

1.88 
1.904 

1.53)») 
1.55)») 

\AX\ 

315 
270 

116 
105 

397 
352 

(10"4cm-

197 
160 

34 
35 

(30, 

(— 

t) \AA 

315 
260 

38 
35 

55) b> 

-)c> 

Ref. 

3 

5 

6 
7 

a) The definite assignment of the experimental values to gz and gy is difficult, b) Roughly estimated. 
c) Unresolved. 



2486 N O T E S [Vol. 50, No. 9 

hyperfine splittings being smaller than that observed for 
gv I t should be noted that this ESR pat tern is quite 
different from that of Co-tpp,3) where H 2 tpp represents 
a,/?,y,(5-tetraphenylporphyrin. The latter complex 
shows an axial pat tern with g / /=1 .798 and gj_ = 3.322, 
and the hyperfine splitting observed for g// is very large. 
(cf. Table 1). 

Recently we have investigated the E S R spectra of 
low-spin cobalt(II) complexes in detail4) and found that 
square planar cobalt (II) complexes can be classified 
into two types, Type-I and Type-I I , in terms of their 
ESR parameters, as shown in Table I. These two 
types are different from each other in two points, (1) 
the anisotropy of f/-tensors and (2) the value of \AZ\. 
The origin of such differences was attributed to the 
different ground state configurations, (dx'-7

2)2(dxz)
2(dyZ)2-

( 4 2 ) 1 for Type-I and (d^^)2(dz
2)2(d^z)

2(dyz)
1 for 

Type-II .4 '*) 
As clearly seen in Table I, the cobalt(II) complexes 

with 1(a) and 1(b) belong to Type-II , and their ESR 
parameters can be elucidated in terms of our calculated 
results4) based on the (dx2-7

2)2(dz2)2(dxz)2(dyz)
1 ground 

state configuration. 
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Synopsis. 13G-NMR-Spektren von mono- und disubsti­
tuierten Cyclohexenen werden vorgelegt. Für die 13C-
chemischen Verschiebungen von disubstituierten Cyclohexenen 
gelten gute Additivitäten, sofern nicht sterische Wechselwir­
kungen auftreten und daraus einige Gesetzmässigkeiten ab­
geleitet werden können, die in der Konfigurations- und Kon­
formationsanalyse von Bedeutung sind. 

Was die 1 3C-NMR-Spektren von Cyclohexenderiva-
ten betrifft, werden nur die Monoalkylcyclohexene 
vorgelegt.1) In der vorliegenden Arbeit werden 1 3C-
NMR-spektroskopische Daten einer Reihe mono- und 
disubstituierter Gyclohexenderivate interpretiert. 

Resu l ta t u n d D i s k u s s i o n 

4-Substituierte Cyclohexene werden durch Diels-
Alder-Reaktionen von Butadien mit monosubstituierten 
Äthylenen gewonnen.2) Die Zuordnung der 1 3C-
Signale von 4-substituierten Cyclohexenen beruhen auf 
1H-Off-Resonance-Entkopplung und Substituentenein-
fluss auf den Cyclohexenring. Die 13G-chemischen 
Verschiebungen von 4-substituierten Cyclohexenen sind 
in Tabelle 1 zusammengefasst. Trägt man a-Effekte 
von 4-substituierten Cyclohexenen gegen die von G H 3 X 
auf, so stellt man eine lineare Korrelation fest. Da 
viele a-Effekte von C H 3 X bekannt sind3), kann man a-

TABELLE 1. 13C-CHEMISCHE VERSCHIEBUNGEN (Ö in ppm, 

<5TMS=0) VON 4-SUBSTITUIERTEN CYCLOHEXENEN 

R 

H 
CN 
COOH 
COOCH3 

CHO 
C.H5 

C-1 

127.2 
127.2 
126.7 
126.7 
127.1 
126.8 

C-2 

127.2 
123.9 
125.1 
125.4 
124.9 
128.3 

C-3 

25.5 
28.6 
27.3 
27.8 
24.4 
33.6 

C-4 

23.1 
24.8 
39.3 
39.4 
46.0 
40.3 

C-5 

23.1 
25.7 
24.9 
25.4 
22.1 
29.9 

C-6 

25.5 
23.2 
24.5 
24.8 
23.8 
26.0 

R 

122.5 
182.7 
175.7; 51.4 
203.7 

a ) 

a) C a : 147.1, C0: 126.8, Cm: 128.3, C„: 125.9. 

Effekte von unbekannten 4-substituierten Cyclohexenen 
schätzen. 

Bei der Diels-Alder-Reaktionen von Isopren mit 
monosubstituierten Äthylenen können zwei Regioiso-
meren entstehen.2) Diese Regioisomeren werden nicht 
durch gebräuchliche Methoden getrennt. Aber die 
Zuordnung der 13C-Signale von den Regiosiomeren 
wird im Gemisch erreicht, da die 1 3C-NMR-Spektren 
die chemischen Verschiebungen der C-Atome nicht nur 
direkter, sondern auch deutlicher anzeigen als 1 H - N M R -
Spektren. In Tabelle 2 und 3 sind die berechneten 
und beobachteten 13C-chemischen Verschiebungen von 
4- und 5-substituierten 1-Methylcyclohexenen zusam­
mengestellt. 
Tabelle 2 und 3 zeigen die guten Additivitäten. M a n 
erhält die linearen Korrelationen zwischen den a-Ef-
fekten von C H 3 X und denen von 4- und 5-substituierten 
1 -Methycyclohexenen. 

Bei der Diels-Alder-Reaktionen von trans-l,3-Pen-
tadien mit monosubstituierten Äthylenen können Stereo-
und Regioisomeren entstehen.2) Da die mtffa-Isomeren 
nu r in geringem Anteil entstehen, sind die Isolierung 
dieser Isomeren schwer. Demnach behandeln wir die 
ojtÄo-Isomeren. Jedes or^Äo-Isomer kann als Gleich­
gewicht zweier Konformeren auftreten. In der Regel 
ist das diaxiale Konformer thermolabiler als das di-
äquatoriale Konformer, was dafür spricht, dass das 
diäquatoriale Konformer gegenüber dem diaxialen 
Konformer bevorzugt ist. Für ortho-cis-lsomere erwartet 
m a n das zeitmittlere Spektrum. I m Vergleich zum 
ortho-trans-Isomer erlei den die Signale von G-3, -4, -5, 
-6, Methylkohlenstoff und Substituentskohlenstoff in 
ortho-cis-Isomeren die erwarteten Hochfeldverschie­
bungen infolge des sterischen Kompressionseffektes. 
In Tabelle 4 sind die berechneten und beobachteten 
13C-chemischen Verschiebungen von 4-substituierten 
3-Methyl-cyclohexenen zusammengestellt. Wegen der 

TABELLE 2. BERECHNETE UND BEOBACHTETE 13C-CHEMISCHE VERSCHIEBUNGEN (<5 in ppm, <5TMS = 0) VON 

4-SUBSTITUIERTEN 1-METHYLCYCLOHEXENEN 

R C-1 C-2 C-3 C-4 C-5 C-6 CH„ R 

H 
CN 

COOH 

COOCH3 

CHO 

CßHo 

134.2 
134.2 

(134.2) 
133.7 

(133.7) 
133.6 

(133.7) 
134.2 

(134.1) 
133.5 

(134.7) 

122.3 
117.8 

(119.0) 
119.2 

(120.2) 
119.5 

(120.5) 
118.9 

(120.0) 
120.9 

(121.0) 

26.7 
28.6 

(27.8) 
27.5 

(28.5) 
28.0 

(29.0) 
24.6 

(25.6) 
33.7 

(34.6) 

24.4 
25.9 

(26.1) 
39.2 

(40.6) 
39.3 

(40.7) 
45.9 

(47.3) 
40.7 

(41.5) 

24.4 
27.8 

(27.0) 
25.3 

(26.2) 
25.7 

(26.7) 
22.6 

(23.4) 
30.8 

(32.1) 

31.5 
27.8 

(29.2) a> 
29.2 

(30.5) 
29.5 

(30.8) 
28.6 

(29.8) 
30.2 

(31.9) 

23.8 
23.4 

23.4 

23.5 

23.5 

23.5 

122.5 

182.8 

175.8: 51.4 

204.0 

b ) 

a) Die Werte in Klammern bedeuten die berechneten 13C-chemischen Verschiebungen, b) C a : 147.1, C0: 126.8, 
Gm: 128.3, Cp : 125.9 
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T A B E L L E 3. BERECHNETE UND BEOBACHTETE 1 3C-CHEMISCHE VERSCHIEBUNGEN (<5 in ppm, (5TMS=0) VON 

5-SUBSTITUIERTEN 1 -METHYLCYCLOHEXENEN 

R 

H 
GN 

GOOH 

COOCH3 

GHO 

G6H5 

C-1 

134.2 
130.7 

(130.9) 
132.1 

(132.1) 
132.3 

(132.4) 
131.8 

(131.9) 
133.5 

(133.0) 

C-2 

122.3 
121.0 

(122.3) 
120.7 

(121.8) 
120.8 

(121.8) 
121.2 

(122.2) 
120.9 

(122.7) 

G-3 

26.7 
23.4 

(24.3) 
24.8 

(25.7) 
24.8 

(26.0) 
24.0 

(25.0) 
25.9 

(27.1) 

C-4 

24.4 
25.3 

(27.0) 
24.8 

(26.2) 
25.1 

(26.7) 
22.0 

(23.4) 
30.2 

(32.1) 

G-5 

24.4 
25.1 

(26.1) 
39.9 

(40.6) 
39.9 

(40.7) 
46.7 

(47.3) 
40.2 

(41.5) 

G-6 

31.5 
32.9 

(34.6) a> 
32.0 

(33.3) 
32.4 

(33.8) 
29.1 

(30.4) 
38.5 

(39.4) 

CH3 

23.8 
23.6 

23.4 

23.5 

23.5 

23.5 

R 

122.5 

182.8 

175.8; 

203.8 

b ) 

51.4 

a) Die Werte in K lammern bedeuten die berechneten 13C-chenmischen Verschiebungen. 
G m : 128 .3 , G,,: 125.9 

b) Ca: 147 .1 , G 0 : 126.8, 

T A B E L L E 4. BERECHNETE UND BEOBACHTETE 1 3C-CHEMISCHE 

VERSCHIEBUNGEN (<5 in ppm, <5TMS = 0) VOM 

4-SUBSTITUIERTEN 3- METHYLCYCLOHEXENEN 

R 

H 
CN 

eis 
Irans 

COOH 
eis 
trans 

COOCH, 
eis 
trans 

CHO 
eis 
trans 

C,H5 

eis 
Irans 

C-1 C-2 C-3 C-4 C-5 C-6 

126.6 134.0 32.6 30.9 22.4 26.1 
(126.6) (130.7) (35.7) (32.6) (25.0) (23.8)»' 

126.2 129.9 31.4 31.1 24.1 22.4 
126.0 130.1 33.8 32.9 25.1 23.5 

(126.1) (131.9) (34.4)(48.0)(24.2) (25.1) 
125.8 131.7 30.9 43.6 19.1 24.9 
125.5 131.7 32.4 47.7 24.5 25.7 

(127.1) (131.9) (34.4) (48.0) (24.2) (25.1) 
125.8 131.7 31.1 43.5 19.4 24.9 
125.5 132.0 32.6 47.7 24.6 25.8 

(126.5) (131.7) (31.5) (53.8) (21.3) (24.4) 
126.5 131.8 29.7 50.5 18.5 24.3 
125.8 131.5 29.6 53.6 21.5 23.7 

(127.0) (135.1) (40.7) (48.1) (29.2) (26.6) 
125.7 133.5 35.2 43.2 22.1 26.2 
126.0 133.4 37.0 48.9 30.9 26.0 

CH3 

22.4 
1 

18.5 
20.2 

16.4 
20.4 

16.5 
20.3 

16.9 
20.3 

15.7 
20.0 

R 

120.4 
122.0 

181.7 
182.9 

175.0; 51.1 
176.3; 51.4 

204.0 
204.7 

b ) 
c ) 

a) Die Werte in Klammern bedeuten die berechneten 13C-chemischen 
Verschiebungen, b) C„: 145.0, C0: 128.0, Cm: 128.2, Cp: 125.7. c) 
C a : 146.4, C0: 127.4, Cm : 128.2, C„: 126.0. 

T A B E L L E 5. D I E L S - A L D E R - R E A K T I O N E N VON ACYCLISCHEN 

D I E N E N MIT MONOSUBSTITUIERTEN ÄTHYLENEN 

Dien 

^ 
1 
% 

^ 
1 

H 3 C / % 

GH 
1 

J 
1 
\ 

Dienophil(CHaCHX) 
X = 

GN 
COOH 
COOCHg 
CHO 
C6H5 

CN 
COOH 
COOCHg 
CHO 
C6H5 

CN 
COOH 
COOCHg 
CHO 
G6H5 

Literatur 

4) 
5) 
6) 
7) 
8) 

9) 
10) 
H) 
12) 
10) 
10) 
13) 
14) 
12) 
10) 

s te r i schen F a k t o r e n e r h a l t m a n d ie l i n e a r e n K o r r e l a ­
t i o n e n z w i s c h e n d e n a-Effekten v o n G H 3 X u n d d e n e n 
v o n eis- u n d £ra«.s--4-substituierten 3 - M e t h y l c y c l o h e x e n e n 
i m e inze lnen . 

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

Zur Aufnahme der PFT- 1 3 C-NMR-Spektren diente ein 
PS-100 von J E O L - G e r ä t mit einer Messfrequenz von 25.15 
M H z . Alle Substanzen wurden als 50%-ige Lösung in CDC13 

gemessen ( T M S als innerer S tandard) . 1H-Rauschentkoppl-
ung-PFT- 1 3G-NMR-Spektren wurden unter Akkumulation von 
200 Pulsinterferogrammen bei einer Pulsbreite von 12.5 [xsek 
(Pulswinkel 45°) und einem Pulsintervall von 6 sek durch 
Fourier-Transformation des akkumulierten Interferogramms 
mit einem JEC-6-Rechner erhalten (Spektrumbreite 5 kHz ; 
Datenpunkte 8191). Die mono- und disubstituierten Gyclo-
hexene wurden durch bekannte Diels-Alder-Reaktionen von 
acyclischen Dienen mit monosubstituierten Äthylenen gewon-
n e n ( 1 5 0 ° - 2 0 0 °C ; 2—7 Stdn.) . Vgl. Tabelle 5. 
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Photochromism of 2,2,4,6-Tetraphenyl-l,2-dihydro-l,3,5-triazine 
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Synopsis. 2,2,4,6-Tetraphenyl-l,2-dihydro-l,3,5-tri-
azine shows temperature dependent photochromism only in a 
solid state at temperatures above ca. —70 °G under UV(320 
—380 nm) irradiation, giving several absorption maxima in 
the visible region, but no change in the IR spectrum. N-
Substituted derivatives show no photochromism. 

It was briefly reported by Lottermoser1) that 2,2,4,6-
tetraphenyl-l,2-dihydro-l,3,5-triazine (TPDT) exhibits 
photochromism in a solid state. No investigation has 
been made since the phenomenon was confirmed by von 
Walthers.2) In this note the specificity of the photo­
chromism of T P D T is reported. 

T P D T turned brownish pink on irradiation in a solid 
state with the light 320—380 nm of sunlight or a Xenon 
lamp, the coloration reaching a limit with continual 
irradiation. T P D T which showed Amax 257 and 325 nm 
(broad; assigned to an n,7r*-transition3)) in a solid state 
before irradiation showed Amax 430, 447, 487, 502, 533, 
565, and 584 nm in a solid state after irradiation (Fig. 1 ). 

40Ö ' ' ' 500 ' ' ' ' 600" 

Wavelength, nm 

Fig. 1. The electronic absorption spectrum of TPDT 
measured in a solid state after irradiation at room 
temperature (the paraffin paper method). 

I t seems that the absorption at 325 n m indicates the 
start of photochromism. The color hardly faded at all 
at room temperature in the dark and also under irradia­
tion with visible light, but it reverted thermally to the 
original colorless state in the dark slowly at temperatures 
above room temperature, somewhat rapidly with a rise 
in temperature. T P D T showed no change in the I R 
spectrum in the range 650—4000 c m - 1 on irradiation 
in solid state, showing no ESR signal in both solid state 
not irradiated and solid state irradiated. The photo-
chromic characteristic was lost by repetition of photo-
chromic treatment. 

I t was found that T P D T exhibits photochromism 
only in solid state, since T P D T exhibits photochromism 
neither in solutions at various temperatures nor in rigid 
glasses in mixed solvents such as isopentane-methyl-
cyclohexane(l : 1) at ca. —196 °G. In addition, no ab­
sorption of the light in the visible region was recorded 
at room temperature on high density excitation by the 

337 nm light of a nitrogen laser pulse with a nanosecond 
time-resolved spectrosco pytechnique.4) The result in­
dicates that T P D T does not yield even a transient 
colored species with a short lifetime on irradiation in 
solution. Very few compounds have been reported5»6) 
which exhibit photochromism only in a solid state. 

The photochromism of T P D T is temperature de­
pendent. I t was not observed at low temperatures 
below ca. —70 °G down to ca. —196 °G. A weak pho­
toch rome coloration was first observed at ca. —70 °G, 
deepening with a rise in temperature to about room 
temperature. No such temperature dependence seems 
to have been reported.6) 

T P D T containing a solvent of crystallization, such 
as acetone, benzene and chloroform, exhibited photo­
chromism accompanied by the absorption of light in 
visible region, similar to that of T P D T free from a 
solvent of crystallization. T P D T containing methanol 
or ethanol as a solvent of crystallization, in which for­
mation of a hydrogen bond between the alcohol and 
N H of T P D T was confirmed by I R analysis, exhibited 
no photochromism. Salts of T P D T , such as hydro­
chloride, and JV-substituted T P D T , such as JV-methyl-, 
JV-ethyl-, and JV-nitroso-TPDT, exhibited no photo­
chromism. This shows that the photochromism of 
T P D T requires the presence of free H in N H . 

The results suggest that the mechanism of the photo­
chromism of T P D T is of a new type6) at tr ibuted to an 
intermolecular interaction in a crystalline structure, pre­
sumably an interaction between free H in N H and ex­
cited G=N, rather than an intramolecular change of 
the molecular structure. 

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

The crystals of 2,2,4,6-tetraphenyl-l,2-dihydro-l,3,5-tri-
azine(TPDT), C27H21N3, were prepared according to the 
method of von Walthers;2) colorless fine crystalline powder, mp 
197—198 °G; A££«0H 242(e=3.62x 10*), 307(e= 1710), 330nm 
(e=1100), ;£•=• 274(£=6.84xl0*), 310(sh)(e=1170), 333 nm 
(e=884); IR(KBr) 3405(m, vNH), 1685(w), 1612 cm-1 (m, 
VCN); NMR(<5 ppm) 6.12 (1H, NH; missing on treatment 
with D 2 0) , 7.20—8.60 (aromatic protons). TPDT exhibits 
no thermochromism both in solid state and in solution. TPDT 
containing methanol, ethanol, benzene, acetone, or chloroform 
as solvent of crystallization was obtained as colorless fine 
crystals by recrystallization of TPDT from the solvents re­
spectively; C27H21N3-CH3OH(IR 3190 cm-1, m, i>NH (hydro­
gen-bonded)), C2 7H2 1N3C2H5OH (IR 3155 cm"1, m,) C27H21-
N3-CH3COCH3(IR 3420 cm-1, m, vNH), G27H21N3-l/3 C6H6 

(IR 3415 cm-1, m), G27H21N3-1/5 CHC13 (IR 3415 cm"1, m). 
iV-Methyl-TPDT, mp 198—200 °G, and JV-ethyl-TPDT, mp 
218—219 °G, were prepared7) from alkyl iodide and TPDT-
potassium which was obtained by heating TPDT with metallic 
potassium in dioxane. JV-Nitroso-TPDT, G27H20ON4 • 2H 20, 
mp 171—173 °G, was prepared by a reaction of an aqueous 
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solution of sodium nitrite with TPDT-hydrochloride, 
C27H21N3-HC1, obtained from TPDT and 2M HCl. 

The electronic absorption spectra were measured with a 
Cary 14 spectrophotometer. The spectrum in a solid state 
was recorded with a thin layer of the specimen on paraffin 
paper obtained by rubbing crystals of the specimen on par­
affin paper with an agate pestle and also with KBr disk. The 
infrared spectra were recorded with a Hitachi 215 grating 
spectrophotometer. The nuclear magnetic resonance spec­
trum was recorded with a Varian HA 100D spectrometer. 
The electron spin resonance was recorded with a JES 3B 
electron spin resonance spectrometer of Japan Electron Optics 
Laboratory. 

The author wishes to express his grati tude to Dr. 
H . Midorikawa, Dr. K. Yamamoto, Dr. T . Kobayashi, 
and Dr. R. Nakagaki, Institute of Physical and Chemical 
Research, and Dr. K. Maeda , Ochanomizu University, 
for their kind help throughout this work. 

References 

1) A. Lottermoser, J. Prakt. Chem., [2], 54, 113 (1896). 
2) R. von Walthers, J. Prakt. Chem., [2], 67, 446 (1905). 
3) The absorption Amax 325 nm is reasonably assigned to 

an n,7t*-transition in C=N, since A££B°H 307, 330 nm and 
^m«8 310, 333 nm measured in the solutions are assigned to 
an n,7T*-transition in C=N. 
4) The nanosecond time-resolved spectroscopic measure­

ment was carried out by Drs. K. Kobayashi and R. Nakagaki, 
Institute of Physical and Chemical Research. 

5) J . M. Tien and I. M. Hunsberger, J. Am. Chem. Soc, 
79, 6604 (1955). 

6) "Photochromism," ed by G. H. Brown, Wiley-Inter-
science, New York (1971) and literatures subsequently pub­
lished. 

7) iV-Methyl- and iV-ethyl-TPDT were supplied by Dr. 
K. Maeda, Ochanomizu University. 



September, 1977] N O T E S 2491 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (9 ) , 2491 2 4 9 2 (1977) 

Para Tolylation of Pyridine by Photolysis of Di-p-Tolyl Sulfone 
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Synopsis. Di-/>-tolyl sulfone, sulfoxide and sulfide, p-
toluoyl peroxide, and /»-iodotoluene were respectively photo-
lyzed in pyridine with a mercury arc lamp. It was found 
that all the compounds decompose photochemically to yield 
the isomeric /»-tolylpyridines (a, /?, and y). The isomer 
distribution ratios ( /?>a>y) obtained with the sulfone differ 
from those (a>/?>y) with the other compounds. The pres­
ence of acetone in the reaction system remarkably promoted 
the photochemical conversion of both the sulfone and sulfoxide. 

Kharasch and Khodair1) first reported that the pho­
tolysis of diaryl sulfone, sulfoxide, and sulfide in benzene 
produces aryl radicals which afford the corresponding 
biphenyl derivatives in good yields. They proposed the 
following intermolecular mechanism : the photolytic 
cleavage of the C-S bond of the sulfone, sulfoxide, or 
sulfide gives the aryl radical which, in turn, reacts with 
benzene to form the intermediate arylcyclohexadienyl 
radical, and finally the corresponding biphenyls are 
produced by the hydrogen atom abstraction from the 
intermediate. The mechanism was confirmed by Nakai 
et al.2) in the photolysis of a benzene solution of diphenyl-
l , r - 1 4 G 2 sulfone. Khodair et al.3) reported that the 
photolysis of a series of symmetrical and unsymmetrical 
aromatic sulfones in benzene solutions gives rise to only 
the corresponding monosubstituted biphenyls but no 
disubstituted biphenyls. Diphenyl sulfone in selected 
aromatic solvents undergoes photolysis to afford the cor­
responding isomeric biphenyl derivatives (o-, p-, and 
m-).4) This also supports the above mechanism involv­
ing the attack of aryl radical on aromatics used as the 
solvent. In the course of studies on the photolysis of 
aromatic sulfones, it was found5) that the photolysis of 
diphenyl sulfone in a pyridine solution gives rise to 

three isomeric phenylpyridines whose isomer distribu­
tion ratios (ß>oc>y) differ from those (cc>ß>y) for 
a free-radical phenylation of pyridine. T h e purpose of 
the present work is to examine whether or not the order 
of the isomer distribution ratios of/»-tolylpyridines pro­
duced by the photolysis of di-/>-tolyl sulfone in pyridine 
coincides with that obtained with the diphenyl sulfone. 

Di-/>-tolyl sulfone (1.5 mmol, 369.5 mg) in 100 ml of 
pyridine or pyridine-acetone ( 1 : 1 in volume) was ir­
radiated for 20 h or 50 h at room temperature, with a 
400-W medium pressure mercury arc lamp. After ir­
radiation, the unchanged sulfone and isomeric /»-tolyl-
pyridines produced in the reaction mixture were iden­
tified and estimated by gas chromatography. For the 
sake of comparison, di-jfr-tolyl sulfoxide and sulfide, p-
toluoyl peroxide, and jfr-iodotoluene were photolyzed in 
the same way as for the sulfone. T h e results are sum­
marized in Table 1. We see that acetone photosensi­
tized the degradation of both sulfone and sulfoxide in 
pyridine solutions, but decreased markedly the yield of 
the isomeric jfr-tolylpyridines with sulfoxide. T h e isomer 
distribution ratios of the /»-tolylpyridines were hardly 
or not at all affected by the acetone present in the reac­
tion mixture. Either di-/>-tolyl sulfoxide or sulfide was 
photolyzed in acetone to give p-to\y\ radical which ab­
stracts a hydrogen atom from acetone affording toluene 
in a good yield. Accordingly, the low yields of the 
jb-tolylpyridines both with the sulfoxide and sulfide in 
the presence of acetone seem to be ascribed to the com­
petitive formation of toluene with the /»-tolylpyridines. 
The isomer distribution ratios (ß>oc>y) with the sulfone 
differ from those (x>ß>y) obtained with the other com­
pounds (Table 1), being comparable to those with 
diphenyl sulfone.5) T h e gross isomer distribution ratios 

TABLE 1. PARA TOLYLATION OF PYRIDINE BY PHOTOLYSES OF DI-/>-TOLYL SULFONE AND RELATED COMPOUNDS 

Compound 
Irrad. 
time 
(h) 

Pyridine 
(ml) 

Acetone 
(ml) 

Photolysis*) **ld>> of 
(o/\ jb-tolylpyndines 

(%) 
(%) 

Isomer ratios0) of 
/»-tolylpyridines (%) 

ß 7 
(/>-CH3C6H4-) 2S0 2 

(/,-CH3C6H4-)2S02 

(/>-CH3CflH4-)2SO 
Q&-CH3C6H4-)2SO 
Q&-CH3C6H4-) 2S 
(/>-CH3G6H4-) 2S 

(/>-CH3C6H4COO-)2 

/>-IC6H4CH3 

50 
20 
20 
20 
20 
20 
20 
20 

100 
50 

100 
50 

100 
50 

100 
100 

0 
50 
0 

50 
0 

50 
0 
0 

15.6 
50.8 
19.6 

100.0 
65.5 
54.0 

d ) 
d ) 

104.0 
92.4 
99.1 
51.2 
58.2 
35.2 

d ) 
d ) 

21.7 
26.3 
47.2 
51.9 
50.3 
50.7 
46.8 
44.2 

66.4 
64.9 
35.4 
29.9 
31.7 
27.5 
32.0 
38.4 

11.9 
8.8 

17.4 
18.2 
18.0 
21.7 
21.2 
17.5 

a) Determined by estimation of the unchanged starting compounds, b) Based on the amount which actually under­
went photolysis and on the assumption that 1 mole of the starting compound gives 1 mole of /»-tolylpyridines. c) 
Preliminary work indicated that authentic /»-tolylpyridines do not isomerize mutually under our reaction conditions, 
d) Not determined. 
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in a free-radical phenylation of pyridine are essentially 
independent of the source of phenyl radicals.6 '7) 
Abramovitch and Saha8) reported that in the reaction 
with /»-tolyl radical generated by the Gomberg-Hey reac­
tion, the isomer distribution ratios of/»-tolylpyridines are 
a = 5 8 . 0 % , £ = 2 6 . 2 % , and 7 = 15.7%. This suggests 
that the jfr-tolylation of pyridine with compounds other 
than the sulfone proceeds via simple p-to\y\ radical 
generated from the radical sources themselves under 
U V irradiation. Although the reason for the charac­
teristic result obtained with the sulfone is ambiguous, 
we propose the following mechanism based on the fact 
that the yield of the /»-tolylpyridines with the sulfone 
does not decrease substantially even in the presence of 
acetone : the sulfone in pyridine interacts on U V irradia­
tion with pyridine to form a sulfone-pyridine complex9) 
which decomposes exclusively into the />-tolylpyridines 
giving the isomer distribution ratios of ß>oc>y. 

Exper imenta l 

Materials. Commercial di-p-tolyl sulfone (mp 160 °C), 
di-/>-tolyl sulfoxide (mp 96—97 °C), and /»-iodotoluene were 
purified by recrystallization or preparative gas chromato­
graphy. /»-Toluoyl peroxide (mp 134—135 °C, dec : lit10) 
136—137 °C, dec) was prepared by the method given in 
literature from the reaction of /»-toluoyl chloride with sodium 
peroxide and purified by recrystallization from ethanol. Di-
p-to\y\ sulfide (mp 56—57.5 °C) was supplied by Dr. S. 
Tamagaki, Osaka City University. Pyridine and acetone 
were of spectroscopic grade and used without further purifica­
tion. Authentic <x-/>-tolylpyridine was prepared from the cor­
responding bromopyridine according to the procedure of 
Abramovitch and Saha.11) Authentic /?-/>-tolylpyridine was 
prepared by a slight modification of the procedure since it 
was found that a mixture of /?-/>-tolylpyridine and 4-methyl-
l-(3-pyridyl)-l-cyclohexene was produced by the procedure; 
additional dehydrogenation of the above mixture was carried 
out with elemental sulfur at 200 °G. The two /»-tolylpyridines 
thus obtained were purified by preparative gas chromato­
graphy on a 5 m x 3 mm column packed with 20% OV-210 
on Shimalite W (210 D), using a JEOL Chromatograph, 
JGC-650. Authentic y-p-tolylpyridine was prepared by the 
dehydrogenation of y-/>-tolyl-l,2,3,6-tetrahydropyridine ob­
tained from />-a-dimethylstyrene, ammonium chloride, and 
formaldehyde.12) The compound was purified by recrystal­
lization twice from hexane (mp 90—91 °C, lit,13) 90—91 °C). 

General Procedure for the Photolysis of Di-p- Tolyl Sulfone and 
Related Compounds. The procedure for the sulfone is 

described here as a typical run. A 0.015 M-solution of d\-p-
tolyl sulfone in 100 ml of pyridine or pyridine-acetone (1 :1 
in volume) was placed in a quartz cylinder. The solution 
was irradiated for 50 h or 20 h at room temperature, with a 
400 W-medium pressure mercury arc lamp. After the irradia­
tion, the photolysate was transferred to a round-bottomed 
flask, acetone or pyridine being removed by means of a rotary 
evaporator. The residue was treated with benzene in order 
to remove benzene-insoluble materials. The benzene solu­
tion was washed with water and dried over anhydrous sodium 
sulfate. After most of the solvent had been evaporated, the 
oily residue was placed in a volumetric flask, adjusted to an 
appropriate volume with acetone, and subjected to GLC 
analysis to determine the unchanged sulfone and isomeric p-
tolylpyridines produced in the reaction. All the GLC analyses 
were carried out with use of a Shimadzu Gas Chromatograph 
GC-3AF equipped with a flame ionization detector. The 
unchanged sulfone and isomeric />-tolylpyridines obtained were 
identified by comparison of their retention times with those 
of authentic specimens, their amounts being estimated by use 
of calibration curves for the authentic compounds. A 3 m X 
3 mm column packed with 5% OV-210 on Shimalite W (210 
D) was employed in the GLC analyses. 
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Synopsis. The square planar dioxygen complexes 
M02(PPh3)2(M=Pt, Pd) reacted with catechols at low tem­
perature to give H 2 0 2 and the corresponding catecholato com­
plexes, characterized by their physical properties, in high 
yields. A similar treatment of Pt02(PPh3)2 with o-substituted 
anilines afforded the corresponding adducts and H 2 0 2 in 
moderate yields. 

A number of reports have appeared on the formation 
of catecholato complexes by oxidative addition of o-
quinones to metal complexes having mainly d6, d8, and 
d10 electron configurations.1-7) We have found that 
these complexes can also be obtained in high yields 
by an other route. In this paper we deal with the 
reaction of dioxygen complexes with catechols which 
results in the selective formation of catecholato com­
plexes and H 2 0 2 . The reactivity of dioxygen complexes 
toward o-substituted anilines was also studied, the reac­
tions of square planar dioxygen complexes M 0 2 ( P P h 3 ) 2 -
( M = P t , Pd)8 - 1 0) with catechlos being carried out in 
CH 2C1 2 or C H 2 C l 2 - E t O H ( l : 1 by volume) solvent at 
low temperature. Hydrogen peroxide formed during 
the course of reaction was transferred under vacuum 
(ca. 10 - 2 Torr) and then titrated by the conventional 
iodometric method. The transfer efficiency for H 2 O a 

TABLE 1. YIELD OF H 2 0 2 AND CATECHOLATO COMPLEXES 

IN THE REACTION OF DIOXYGEN COMPLEXES WITH 

PHENOLS OR AROMATIC DIAMINES AT 2 ° G a > 

Dioxygen 
complex 

(1.97xlO-2M) 

Pt02(PPh3) a 

Pd02(PPh3)2«> 

Phenol or diamine 
(8 .25xlO- 2 M) 

lab> 
lab> 
l b 
lc 
o-Aminophenol 
o-Phenylenediamine 
Hydroquinone 
/»-Aminophenol 
/»-Phenylenediamine 
l a 
l b 
lc 
o-Aminophenol 
o-Phenylenediamine 
/»-Aminophenol 
/»-Phenylenediamine 

Yield (%) 

H2Oa 

85.1 
1.22°) 

68.3 
66.5 
83.2 
57.6 
5.34 
7.40 

d) 

72.1 
65.7 
59.1 
36.5 
3.58 
4.44 
— d ) 

Catecholato 
complex 

87.8 
87.8 
77.6 
75.7 
64.0 
51.5 

68.9 
63.7 
65.7 

a) All the reactions were carried out in 4 ml of CH2-
Cl2-EtOH(l : 1 by volume) under N2 for 1 h. b) 
Reacted in 4 ml of CH2C12. c) Treated with catalase 
prior to titration, d) No peroxide was detected by 
iodometry. e) [PdOa (PPh3) 2] was 1.68 X 10~2 M. 

was about 98 percent. 
P t 0 2 ( P P h 3 ) 2 reacted with catechol ( l a ) , 4-f-butyl-

catechol( lb) , and 3,5-di-£-butylcatechol(lc) under ni­
trogen atmosphere to give peroxide in 6 6 — 8 5 % yields 
based on the dioxygen complexes (Table 1). The fact 
that the amount of peroxide formed considerably de­
creases by treatment with catalase prior to titration in­
dicates that the peroxide transferred is principally H 2 0 2 . 
H 2 0 2 was also obtained in moderate yields in the re­
action of P t 0 2 ( P P h 3 ) 2 with o-aminophenol and o-phenyl-
enediamine. Similarly reaction of P d 0 2 ( P P h 3 ) 2 with 
l a , l b , and l c gave H 2 0 2 in 59—72% yields. No 
H 2 0 2 is formed under N 2 in the absence of M 0 2 ( P P h 3 ) 2 . 
This suggests that the peroxide titrated was driven from 
the coordinated molecular oxygen of M 0 2 ( P P h 3 ) 2 . 
T h e yields of H 2 0 2 obtained in the reactions of the 
dioxygen complexes with /»-substituted phenols were 
much less than those obtained by use of the correspond­
ing o-isomers. A possible explanation may beth at 
catechol dianions are suitable ligands for the formation 
of these complexes. 

R 2 \ / \ / O H 
I O I 

-OH 

+ M0 2 (PPh 3 ) 2 

Ri 

l a ; R1 = R2 = H M = Pt, Pd 
l b ; RX = H, R2 = f-Bu 
l c ; R! = R2 = f-Bu 

R 2 \ / \ / C \ /PPh3 
I O I M + H 2 0 2 
\ / \ o / \pph 3 

i 

Ri 

2a: M = P t , R ^ R ^ H 
2b; M = Pt, Rx = H, R2 = *-Bu 
2c; M = Pt, R! = R2 = *-Bu 
2d; M = Pd, R1 = R2 = H 
2e; M = Pd, R1 = R2 = f-Bu 

l a reacted with M 0 2 ( P P h 3 ) 2 to yield, along with 
H 2 0 2 , new four-coordinate complexes, 2a and 2d, as 
yellow and blue crystals, respectively. Similarly l b and 
l c reacted with P t 0 2 ( P P h 3 ) 2 to yield orange complexes 
2b and 2c, respectively. T h e results of elemental an 
alyses are in line with the proposed structures (2a Found 
G, 60.03; H , 4.01 ; P, 6.99%. Calcd for C 4 2 H 3 4 0 2 P 2 Pt 
C, 60.94; H, 4.15; P, 7.48%. 2b Found: C, 62.35 

C 4 6 H 4 2 0 2 P 2 Pt : C H, 4.62; P, 6.98%. Calcd for 
62.50; H , 4.82; P, 7 .01%. 2c Found: C, 63.98; H 
5.35; P. 6.69%. Calcd for C5 0H5 0O2P2Pt : C, 63.88 
H, 5.37; P, 6.59%. 2d Found: C, 68.81; H, 4.60 
P, 8.36 %. Calcd for C 4 2 H 3 4 0 2 P 2 Pd : C, 68.25 ; H, 4.65 
P, 8.38%. NMR(CDC13)1 1) 2a : Ô 7.21 (m, 30H, PPh3) 
ca. Ô 6.42(m, 4H, C6H4) . 2 b : Ô 7.23(m, 30H, PPh3) , 
Ô 6.50—6.41 (m, 3H, C6H3) , ô 1.23(s, 9H, Bu<). 2c : 
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TABLE 2. IR DATA (cm-1) OF THE COMPLEXES IN NUJOL8-) 

Complex Bands characteristic of the o-diolato ligands v (PPh3) v (O-O) 

2a 1570 w 1267 s 1256 s 1093 sh 998 w 1098 s 
2b 1564 w 1282 m 1259 s 1096 sh 998 w 1098 s 
2c 1557 m 1290 s 1244 s ca. 1097b> 996 w 1099 s 
2d 1565 w 1264 s 1253 s 1094 sh 998 w 1098 s 
2e 1551m 1283 s 1244 s ca. 1097b> 996 w 1098 s 
Pt02(PPh3)20 1098 s 821s 
P d 0 2 (PPh3) ô 1098 s 869 s 

a) The IR spectra were calibrated with polystyrene film, w weak, m medium, s strong, sh shoulder. 
b) Overlapping with the strong PPh3 band, c) In CH2C12 solution. 

«5 7.26(m, 30H, PPh3) , «5 6.43(br d, 2H, C 6H 2 ) , ô 1.23 
(s, 9H, 5-Bu<), «5 0.99(s, 9H, 3-Bu*). 2e : ô 7.24(m, 
30H, PPh 3) , ô 6.33(br s, 2H, C 6H 2 ) , «5 1.23(s, 9H, 5-
Bu'), ô 0.92(s, 9H, 3-Bu«).). The infrared spectra 
(Table 2) of the complexes are similar to each other. 
T h e parent catechols show intense hydroxyl absorp­
tion at ca. 3500 cm- 1 , bu t none in the 4000—3100 c m - 1 

region. In the 1800—1500 c m - 1 region no bands were 
observed except for a weak band at 1570—1551 c m - 1 

which seems to be the characteristic of the reduced 
form of the ligand as reported for Pt(C6Cl402)(PPh3)2 .5> 
All the complexes exhibited intense I R absorption at 
1098 c m - 1 characteristic of the coordinated PPh3 . 
Other new bands in the complexes were observed at ca. 
1260, 1093, and 998 cm- 1 where the parent catechols 
show no characteristic absorption. The results support 
the structures illustrated above. 

H 
A / 0 \ /PPh3 A / N x /PPh3 

) O l Pt I O I Pt 
\ / \ N / \PPh 3 \ / N N / vpPh3 

H H 
3 4 

3 and 4 were obtained in moderate yields as brown 
and reddish brown crystals, respectively, by similar re­
actions of P t 0 2 ( P P h 3 ) 2 with o-aminophenol and o-
phenylenediamine. Analytical data of complexes 3 
and 4 are as follows: 3 Found : C, 61.47; H, 4.48; 
N, 1.44%. Calcd for C 4 2 H 3 5 ONP 2 Pt : C, 61.01; H, 
4.28; N, 1.66%. 4 Found: C, 60.51; H , 4.54; N, 
3.17%. Calcd for C4 2H3 6N2P2Pt: C, 61.08; H, 4.40; 
N, 3.39%. IR(Nujol) 3 : 3410, 1572, 1291, 1270, 
1098, and 997 cm-1 , 4 : 3400, 1567, 1298, 1098, and 997 
cm - 1 . Complex 4 is unstable in solution at ambient 
temperature, decomposing in a few hours to give black 
precipitates. However, the N M R spectrum of 4 in 
CDC13 solution exhibits a singlet absorption at 5.25 and 
a multiplet at 7.21 ppm. This also indicates the formula 
P t (C 6 H 4 NHO)(PPh 3 ) 2 and Pt (C 6 H 4 N 2 H 2 ) (PPh 3 ) 2 for 3 
and 4, respectively. 

Exper imenta l 

Melting points were determined on a Yazawa hot-stage 
apparatus and are uncorrected. IR spectra were recorded 

as Nujol mulls on a Nippon Bunko IR-G spectrophotometer 
(4000—400 cm-1), calibrated with polystyrene film. 1H 
NMR spectra were measured in GDC13 solution on a JEOL 
JMN PMX 60 spectrometer. 

Preparation of Catecholato Complexes. The general pro­
cedure for the preparation of catecholato complexes is as 
follows. Excess catechol(0.22 g, 2.0 mmol) dissolved in EtOH 
(10 ml) was added dropwise to a stirred solution of Pt02-
(PPh3)2.1.5C6H6(0.44g, 0.5 mmol) in CH2C12(2 ml) at 0 °C. 
The solution was then stirred for 1 h at 0 °G. At the end of 
the reaction, the mixture containing an appreciable amount 
of precipitates was filtered and washed twice with EtOH. 
Recrystallization from CHC13 gave yellow crystals in 88% 
yield. A similar procedure for the preparation of other com­
plexes was employed (yields were 50—80%). Infrared data 
for individual complexes are given in Table 2. 

The authors wish to thank Dr. E. Niki, the University 
of Tokyo, for his valuable discussions. 
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Synopsis. The AlGl3-catalyzed acylation of benzene 
with 2-phenylbutanedioic anhydride was found to give a 
mixture of 3-benzoyl-2-phenylpropanoic acid, isomeric 3-
benzoyl-3-pehnylpropanoic acid, and 3-oxoindan-l-carboxylic 
acid. The distribution of the products was affected markedly 
by the amount of A1G13 or solvents used. 

I t has been reported in earlier publications1-5) that 
the acylation of benzene with 2-phenylbutanedioic an­
hydride (1) gave only the intermolecular acylation 
products, 3-benzoyl-2-phenylpropanoic acid (2) and 3-
benzoyl-3-phenylpropanoic acid (3), in low yields (6.9 
and 7.5%, respectively). However, the reaction mecha­
nism discussed on the basis of such low yields does not 
appear to afford a rational mechanism, and furthermore, 
there is the possibility of intramolecular acylation of 
1 itself. In the present work, the acylation of benzene 
with 1 was studied in more detail and the solvent effect 
was examined. 

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

Ten mmol of 1 reacted almost quantitatively with 
20 mmol of A1C13 in a large excess of benzene (550 
mmol) to give a mixture of 2 and 3, in which the yield 
of 3 was about twice as much as that of 2. 

When acylation using a lesser amount of benzene 
(10 mmol) was carried out in the presence of 20 mmol 
of A1C13 in 1,2-dichloroethane, a considerable amount 
of 4, an intramolecular acylation product, was formed 
along with 2 and 3. A high yield (93%) of 4 was also 
obtained in the absence of benzene using 1,2-dichloro­
ethane as a solvent. These facts indicate that both inter-
and intramolecular acylations occur competitively in the 
reaction system. A decrease in the amount of A1G13 

in 1,2-dichloroethane resulted in a greater decrease in 
the yield of 3 than those of 2 and 4, or higher (2+4) / (3 ) 
ratio. 

Acylation in nitrobenzene gave the same products, 
accompanied by a small amount of 2,4-diphenyl-3-
buten-4-olide (5). However, the yield of 3 was low 
even with a greater amount (30 mmol) of A1G13 and 
it was always less than that of 2. 

These results suggest the following reaction paths : 
In the presence of a sufficient amount (20 mmol) of 
A1G13, the acylating agent should be the acyl halide 
complexes (2b and 3b) , because one molecule of dibasic 
acid anhydride requires two molecules of A1C13 to form 
an acyl halide complex.6) The electrophilic reactivity 
of 3b having an electron-attracting phenyl group closer 
to the acylium cation may be greater than that of 2b , 
hence, 3 is formed preferentially, even though the con­
centration of 3b is lower than that of species 2 b (or 2a) . 

However, for an insufficient amount of A1C13 (10 
mmol), complexes of the entire anhydride molecule 

Ph-CH-C 
I 0 - f AlCU 
c„ 4 o 

Scheme 1. 

coordinated with one molecule of A1C13 (2a and 3a) 
should appear as the actual acylating agents.7) T h e 
concentration of the complex, 2a, in which A1C13 is 
added to the oxygen atom separated from the phenyl 
group, should be higher than that of 3a (or 3b) . Com­
plex 2a should afford 2 and 4 upon acylation, although 
4 may be formed preferentially via 2b . Therefore, a 
decrease in the amount of A1C13 leads to an increase 
in the ratio (2+4) / (3 ) . 

Since nitrobenzene is a polar solvent, the polarized 
complexes (2b and 3b) should be strongly solvated by 
nitrobenzene to form bulky acylating species. Such 
bulky acylating species may be unfavorable for the 
electrophilic attack on the benzene molecule, hence, the 
yields of 2 and 3 become low. Furthermore, the com­
plex formation between nitrobenzene and A1C13 may 
decrease the effective amount of A1C13 and thus un­
favorably affect the formation of 3a (or 3b) with the 
result that the yield of 3 is low. 

The reaction of isolated 2 with A1C13 in nitrobenzene 
gave 5 via the enolization of 2. 

Exper imenta l 

General Procedure for the Acylation of Benzene with 2-Phenyl­
butanedioic Anhydride (1). To a solution of benzene and 
AIGI3 in G1GH2CH2C1 was gradually added a solution of 1 
in C1GH2GH2G1. The reaction mixture was stirred at 25 °C 
for 5 h, poured onto crushed ice containing 6 ml of coned 
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T A B L E 1. A1G13-CATALYZED ACYLATION OF BENZENE WITH 2-PHENYLBUTANEDIOIC ANHYDRIDE 

(10 mmol) AT 25 °C FOR 5 h 

Solvent 

None 

(GlCHa)2 

10 ml 

C6H5NOafc> 
10 ml 

AlCL 
(mmol) 

10 
20 
30 
20 
30 

5 
10 
20 
10 
20 
30 
20 
30 
30 

C6H6 

(mmol) 

550 
550 
550 

0 
0 

10 
10 
10 
20 
20 
0 

10 
10 
20 

2 

Î9~ 
29 
30 
— 
— 

3 
7 

21 
11 
24 
— 
10 
14 
25 

Product yields11) 

3 

29 
69 
69 
— 
— 

7 
18 
59 
28 
66 
— 

5 
10 
15 

(%) 
s 
4 

trace 
trace 
trace 
93 
93 

6 
12 
19 
9 
9 

39 
16 
23 
23 

(2 + 4) 

(3) 

0.7 
0.4 
0.4 

1.3 
1.1 
0.7 
0.7 
0.5 

5.2 
3.7e> 
3.3C> 

a) Calculated on the basis of the amount of 2-phenylbutanedioic anhydride used, 
day. c) 5 was obtained in a yield of less than 1%. 

b) The reaction time was one 

HCl , and then extracted with ether. After removal of the 
solvent, the crude keto carboxylic acids were methylated with 
an ethereal solution of diazomethane. T h e resulting esters 
were analyzed by means of G L P C employing a Yanagimoto 
G 800 T Model Chromatograph on a 1.5 m x 3 m m column 
packed with Apiezon Grease M (5 w t % ) with a He flow of 
40 ml/min at 205 °C. Benzyl benzoate was used as an internal 
s tandard. 

T h e a u t h o r s a r e v e r y g ra te fu l to Professor Y o s h i r o 
O g a t a of N a g o y a U n i v e r s i t y for v a l u a b l e discussions 
c o n c e r n i n g th is w o r k . 

R e f e r e n c e s 

1) A. Ali, R. D . Desai, R. F. Hunter , and S. M . M . 
M u h a m m a d , J. Chem. Soc, 1937, 1013. 

2) M . A. Saboor, / . Chem. Soc, 1945, 922. 
3) F. G. Badder, H . A. Fahim, and A. M . Fleifel, J. 

Chem. Soc, 1955, 2199. 
4) M . A. Wali , A. K. Khalli , R. L. Bhatia, and S. S. 

Ahamad , Proc Indian Acad. Sei., 14 A, 139 (1941). 
5) D. P. N . Satchell, J. Chem. Soc, 1961, 3822. 
6) A. G. Peto, "Acylation with Di- and Polycarboxylic 

Acid Derivatives in Friedel-Crafts and Related Reactions," 
Vol. 3, Par t 1, ed by G. A. Olah, Interscience Publishers, 
New York (1964), p . 536. 
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An Efficient Synthesis of Bicyclo[3.1.0]hex-3-en-2-one 
Masaji O D A , * Yoshinori K A N A O , Masaji KASAI, and (the late) Yoshio KITAHARA 

Department of Chemistry, Faculty of Science, Tohoku University, Sendai 980 
(Received March 19, 1977) 

Synopsis. Bicyclo[3.1.0]hex-3-en-2-one is synthesized 
in fair yield in five steps from 4-cyclopentene-l,3-dione-
furan Diels-Alder adduct. 

Although a good number of derivatives of bicyclo-
[3.1.0]-hex-3-en-2-one (1) have been described, there 
is only one paper dealing with the synthesis of the parent 
componnd.1) The preparation starts from 2-cyclopenten-
one and the total yield is poor. We have recently 
reported the preparation of 4-cyclopentene-l,3-dione-
furan Diels-Alder adduct (exo-10-oxatricyclo[5.2.1.02»6]-
dec-8-en-3,5-dione) (2).2) In view of ready thermal 
cycloreversion of furan-Diels-Alder adducts3* and of high 
reactivities of 1,3-diones, the adduct (2) could be a 
versatile synthetic intermediate for cyclopentenoids. 
We here describe an efficient synthesis of the parent 
compound (1) from 2. 

Treatment of 2 with a slight excess of triethyloxonium 
tetrafluoroborate4) in the presence of triethylamine in 
methylene chloride afforded the enol ether (3) in quanti­
tative yield. The enol ether (3) was then converted 
into the cyclopentenone derivative (4) by reduction with 
lithium aluminum hydride and following acid hydrol­
ysis of the resulting hydroxy enol ether with aqueous 
acetic acid in 5 4 % overall yield. 

Gyclopropanation of 4 using dimethylsulfoxonium 
methylide5) in dimethyl sulfoxide gave the cyclopropyl 
ketone (5) in 8 4 % yield. The configuration of the cyclo­
propane ring is tentatively assigned to be anti to the 
2,5-dihydrofuran moiety on the basis of steric hindrance. 

As expected, the thermal cycloreversion of 5 to 1 was 
fairly easy: on heating in a short-path distillating ap­
paratus6) at 120—140 °G at the pressure of 200 m m H g , 
5 gave almost pure material of 1 in 7 6 % yield. 

OH OEt 
2 3 4 

0 ° 
(ai3)2S=cu2 ^ t ^ J l 120-H0'C sK 

* (o£X - ^ ^ t-k 
i 

5 
Chart. 

Exper imenta l 

Melting points were uncorrected. IR spectra were re­
corded witii a Hitachi 215 grating spectrometer and PMR 
with a Varian A-60A and a JEOL PMX-60 spectrometers. 
Microanalyses were performed at the Microanalytical Labo­

ratory in this department. 
5-Ethoxy-l0-oxatricyclo[5.2.1 .Ö2'6]deca-4,8-dien-3-one (3). 

To a solution of 10-oxatricyclo[5.2.1.02'6]deca-8-en-3,5-dione 
(2)2) (10.0 g, 61 mmol) and triethylamine (7.88 g, 78 mmol) 
in methylene chloride (100 ml) was added rapidly triethyl­
oxonium tetrafluoroborate (14.0 g, 74 mmol) at room tem­
perature. After stirring for one hour, the reaction mixture 
was washed with water (30 mix 5), dried over MgS04 , and 
the solvent evaporated off under reduced pressure to give 
11.7 g (100%) of 3 as solids. Recrystallization from benzene 
gave pure materials, mp 137—138 °G. IR (KBr) 1674, 1582 
cm-1; PMR (GDG13) «5 6.53 (2H, s), 5.37 (1H, s), 5.12 (1H, 
br. s), 5.04 (1H, br. s), 4.14 (2H, q, J 7.0 Hz), 2.88 (1H, 
d, 5.6), 2.57 (1H, d, 5.6), 1.44 (3H, t, 7.0). Found: 
C, 68.66; H, 6.54%. Calcd for C n H l a 0 3 : G, 68.73; H, 
6.29%. 

9-Oxatricyclo\_5.2.1.02>«]deca-4,8-dien-3-one (4). To a 
suspension of lithium aluminum hydride (1.14 g, 30 mmol) 
in ether (150 ml) was added dropwise a solution of the crude 
3 (11.7 g, 61 mol) in tetrahydrofuran (150 ml) under stir­
ring in an ice-bath. The mixture was then stirred at room 
temperature for two hours. Water (10 ml) was cautiously 
added to the reaction mixture under ice-cooling and then 20 
g of MgS04 . The solids were filtered with suction and washed 
with tetrahydrofuran (50 mix 3), and the filtrate concen­
trated to leave 11.2 g of oil which on standing mostly crys­
tallized. The crude product was then dissolved in 60% 
aqueous acetic acid (50 ml) and the solution was allowed to 
stand at room temperature for two days. The mixture 
was added with methylene chloride (250 ml), and the organic 
layer was washed with water (50 mix 3), saturated aqueous 
sodium carbonate until no more carbon dioxide evolved, and 
finally with brine, and the organic layer dried. Removal of 
the solvent left 8.6 g of pale yellow oil. Chromatography 
on silica gel (100 g) using benzene-ethyl acetate as eluent 
afforded 4.9 g (54%) of 4, mp 69—70 °C. IR (KBr) 1692, 
1584 cm-1; PMR (CDC13) Ô 7.65 (1H, ddd ,y 5.6, 2.5, 0.5 Hz), 
6.5 (2H, m), 6.24 (1H, dd, 5.6, 1.3), 4.99 (1H, m), 4.78 (1H, 
m), 3.01 (1H, ddd, 5.0, 2.5, 1.3), 2.39 (1H, d, 5.0). Found: 
C, 72.99; H, 5.44%. Calcd for C 9H 80 2 : C, 72.96; H, 
5.44%. 

1l-Oxatetracyclo\ß.2.1.02>'''.0^6]undec-9-en-3-one (5). To 
a solution of dimethylsulfoxonium methylide prepared in situ 
from trimethylsulfoxonium iodide (4.0 g, 18 mmol) and sodium 
hydride (450 mg, 18.8 mmol) in dimethyl sulfoxide (25 ml) 
was added 4 (2.40 g, 16 mmol) under nitrogen atmosphere 
at room temperature. After one hour, ice-water (150 ml) 
was added and the mixture extracted with methylene chloride 
(50 mix 3), and the organic layer was washed with water 
(25 mix 2), and dried. After removal of the solvent, the 
residue was passed through a short silica gel column (30 g) 
to afford 2.20 g (84%) of 5, mp 46—48 °C. IR (KBr) 1712 
cm-1; PMR (CC14) Ô 6.4 (2H, m), 4.9 (2H, m), 2.28 (1H, 
d, J 6.0 Hz), 2.1—1.8 (3H, m), 1.15 (1H, dddd, 8.5, 7.5, 
4.5, 1.3), 0.61 (1H, dt, 4.5, 4.0). Found: C, 74.10; H, 
6.33%. Calcd for C10H10O2: C, 74.05; H, 6.22%. 

Bicyclo\3.1.0]hex-3-en-2-one (1). The cyclopropyl ke­
tone (5) (207 mg) was heated in a short-path distillating 
apparatus6* at 120—140 °C under the reduced pressure of 
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200 m m H g . After about 20 min, 91 mg (76%) of almost 
pure 1 was distilled. I R (liquid film) 1712, 1692, 1568 
c m - 1 ; U V ( M e O H ) A 210 (sh, s 4940), 251 (2060), 325 n m 
(90). P M R data were identical with the reported ones.1) 
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azedarach L. var. japonica Makino 
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Synopsis. Sendanolactone, a new tetracyclic triter­
penoid from the bark of M. azedarach L. var. japonica Makino, 
was determined as 3,6-dioxo-13a,14/?,17oc-lanosta-7,24-dien-
21,16/?-olide on the basis of chemical and spectroscopic 
evidence. 

In the course of an investigation of limonoids of M. 
azedarach L. var. japonica Makino,1) a new tetracyclic 
triterpenoid was obtained. In this paper, the isolation 
and structural elucidation of this compound designated 
as sendanolactone is treated. 

Sendanolactone (I), C3 0H4 2O4 , m p 208.5—209 °C, 
[a]ï'B —30° (c 0.1, E t O H ) , was isolated in a 0.008% 
yield from an methanol extract of the bark of M. 
azedarach L. var. japonica Makino by partitioning and 
careful silica gel column chromatography. T h e IR , 
UV, and N M R spectra of I indicate the presence of the 
following groups: one y-lactone (1780 c m - 1 ) , one six-
membered ring ketone (1715 c m - 1 ) , one a,/?-unsaturated 
ketone [1655 and 1625 c m - 1 ; 246 nm (e 16400)], five 
tertiary methyls [Ô 1.00, 1.13, 1.34 (3H each, s), and 
1.38 (6H, s)], two vinylic methyls [Ô 1.64 and 1.72 (3H 
each, br s)], and one trisubstituted double bond [<5 
5.11 (1H, m) ] . The reduction of I with sodium boro-
hydride in methanol, followed by acetylation, gave II, 
G 3 5 H 5 2 0 7 , m p 204.5—205 °G, and I I I , C 3 6 H 5 4 0 7 , mp 
154.5—155 °C. T h e U V spectra of both products still 
showed the presence of the conjugated enones. T h e 
N M R spectrum of I I indicates signals due to two acetate 
groups [ô 2.00 and 2.07 (3H each, s)] and a methyl 
ester [ô 3.62 (3H, s)], whereas that of III shows the 
presence of three acetate groups [ô 1.99, 2.04, and 2.07 
(3H each, s)] and an acetylated hydroxymethyl [ô 4.03 
(2H, d, J = 4 H z ) ] , instead of the methyl ester. T h e 
formation of these products is explained as follows. 
The opening of the y-lactone ring due to transesterifica-
tion occurs concurrently with the reduction of the satura­
ted ketone both in II and III during the sodium boro-
hydride treatment, and further reduction of the resultant 
methoxycarbonyl group ensued in the latter. 

These facts and the analogy with the structures of 
the triterpenes isolated from the Melia species2) suggest 
a euphane or tirucallane skeleton for I, the side chain 
of which contains a double bond between G24 and G25. 

T h e location of the conjugated enones was proven by 
the following data. The N M D R experiments of I show 

i i 

the presence of a - C O - C H A = C - C H B - grouping [ôA 

5.78 (1H, d, 7 = 3 Hz) and ÔB 2.96 (1H, m) ] , in which 
the dihedral angle between H A and H B is roughly 90°. 
In the N M R spectrum of I, the signal due to the methine 
proton adjacent to the carbonyl appears as a sharp 
singlet (ô 2.46). Consequently, the conjugated enone 

I R = 0 II R = C02Me 

IV R = H,H III R = CH20Ac 

must be located on the B-ring (7-en-6-one). Possible 
locations of y-lactone are C2 1-G2 3 and C21-G16 . The 
N M R spectrum of I contains a signal due to the methine 
proton on an oxygenated carbon as a doublet of paired 
doublets ( J = 10, 10, and 8 Hz) at ô 4.18. This observa­
tion indicates that the oxy linkage of the lactone is at 
C16 and is ß-oriented. From biogenetic considerations, 
it would be most reasonable to place the remaining 
carbonyl in I at G3. This was verified by the following 
evidence. T h e N M R spectrum of I includes signals 
due to the methyls at C4 and G10 at a rather low field 
[Ô 1.38 (6H) and 1.33 (3H)] , while those of I I and III 
exhibit the corresponding signals at a somewhat higher 
field [ I I : ,5 1.21 (6H) and 1.23 (3H) ; I I I : ô 1.19 
(6H) and 1.21 (3H)] . Moreover, the solvent shifts 
( J = < 5 ° D C I 3 _ # C , D 6 ) of these signals in I, given in Table 
1, are consistent with the case of 3,6-dione.3) 

TABLE 1. SOLVENT SHIFTS (A^ô^h-ôc^s) OF G4 

AND C10-METHYLS IN I 

C4-a-Me 
C4-£-Me 
GI0-Me 

<5CDC13 

1.38 
1.38 
1.33 

(506^6 

1.64 
1.42 
0.82 

A 

- 0 . 2 6 
- 0 . 0 4 
+ 0.51 

Therefore, sendanolactone must be represented by 
structure I.4) The proposed structure is quite analogous 
to that of kulactone (IV)2e) isolated from M. azedarach 
L., the typical variety, except for the presence of the 
ketonic group at C6, and the spectral data of I are in 
good agreement with those of IV, except for the en­
vironment of the conjugated enone. 

T h e structure of sendanolactone was eventually 
established from an X-ray analysis as 3,6-dioxo-13a, 
14ß,17a-lanosta-7,24-dien-21,16ß-olide (I),5) which is 
in full agreement with the structure derived from the 
chemical and spectral data mentioned above. 

Sendanolactone is the first compound of the euphane 
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series w h i c h h a s a n o x y g e n s u b s t i t u e n t a t G 6 . 

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

All mps are uncorrected. T h e I R and U V spectra were 
recorded on a J A S C O model IR-S and a Hitachi EPS-3T 
spectrophotometer, respectively. T h e N M R spectra were 
determined, using a J E O L PS-100 spectrometer, in GDC13 

solutions with T M S as an internal s tandard unless otherwise 
stated. A Rex Optical Works model NEP-2 appara tus was 
used for the rotation measurement. 

Isolation. Air-dried bark of M. azedarach L. var. japonica 
Makino (6 kg), collected in Kochi , in Ju ly 1974, was cut into 
small pieces and extracted with methanol (50 1) for one month . 
T h e methanol extract was concentrated u p to about 5 1 and 
washed with petroleum ether. T h e methanol layer was again 
concentrated u p to 1 1, diluted with water (2 1), and extracted 
with ether. T h e ether layer was dried over N a 2 S 0 4 and 
evaporated to dryness. T h e residue (32 g) was repeatedly 
subjected to chromatography over silicic acid. Elution with 
C H G l 3 - M e O H ( 4 9 : 1 ) gave sendanolactone (I) (470 m g ) : 
needles from methanol ; m p 208.5—209 °C, [a]1^6 - 3 0 ° 
(c 0 .1, E t O H ) ; M S mje 466 (M+). Found : G, 76.89; H, 
9 .12%. Calcd for G 3 0 H 4 2 O 4 : C, 77.21; H , 9 .07%. 

Reduction of I With NaBH^. To a solution of I (200 mg) 
in methanol (50 ml) were added excess amounts of N a B H 4 

(200 mg) . T h e mixture was stirred for 30 min at 0 °G. T h e 
solution was then concentrated, diluted with water (100 ml) , 
and extracted with ether. T h e ether layer was washed with 
water, dried over N a 2 S 0 4 , and evaporated to dryness. T h e 
residue was subjected to chromatography over silicic acid; 
subsequent elution with G H G l 3 - M e O H (99 : 1) gave a diol 
and a triol. 

T h e diol (84 mg) was acetylated with acetic anhydride (2 
ml) and pyridine (2 ml) and then worked u p in the usual 

manner to afford I I (65 mg) : needles from methanol, m p 
204.5—205 °G; I R (Nujol) 1735 and 1660 cm" 1 ; U V (EtOH) 
244 n m (e 16700). Found : G, 71.93; H , 9.06%. Calcd 
for C 3 5 H 5 2 0 7 : G, 71.88; H , 8.96%. 

T h e triol (40 mg) was acetylated in the same manner as 
described above to give III (21 m g ) : needles from aqueous 
ethanol, m p 154.5—155 °C ; I R (Nujol) 1740 and 1670 cm" 1 ; 
U V (EtOH) 245 n m (e 12700). Found : G, 72.16; H, 
9 .06%. Calcd for G 3 6 H 5 4 0 7 : C, 72.21; H , 9.09%. 

W e a r e gra tefu l to D r s . M . S h i r o a n d H . N a k a i of 
Sh ionog i R e s e a r c h L a b o r a t o r y for e a r r i n g o u t t h e X - r a y 
analys is a n d to D r . Y . H i r o s e a n d M r . H . N a o k i of t h e 
I n s t i t u t e of F o o d C h e m i s t r y for r e c o r d i n g t h e mass 
s p e c t r u m . 
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Synopsis. A number of diphenyl tellurium dicarbo­
xylates were readily prepared from diphenyl telluroxide and 
carboxylic acids or anhydrides. Some of them were also 
derived through the carboxylate exchange from readily 
available tellurium carboxylates. 

While several diaryl tellurium dicarboxylates have 
been prepared either by the reaction between the cor­
responding tellurium dichlorides and metal carboxy­
lates1) or via the lead tetraacetate oxidation of tel-
lurides,2) little attention has been paid to the prepara­
tion in which telluroxides serve as starting materials. 

Ar2TeCl2 + 2AgOCOR • Ar2Te(OCOR)2 + 2AgCi 

Ar2Te + Pb(OAc)4 > Ar2Te(OAc)2 + Pb(OAc)2 

Herein we wish to present facile methods for the 
preparation of a number of tellurium dicarboxylates 
from diphenyl telluroxide. 

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

Diphenyl telluroxide, easily prepared from diphenyl 
tellurium dichloride by aqueous sodium hydroxide hy­
drolysis,3) was allowed to react with an equiv of acetic 
anhydride in chloroform for 30 min at room tempera­
ture and evaporation of the solvent and recrystallization 
of the resulting residue from chloroform-hexane gave 
a crystalline product (I) almost quantitatively. 

r.t., 30min 
a) Ph2Te=0 + Ac20 • Ph2Te(OAc)2 (I) 

TABLE 1 

Dicarboxylate 

I. PRODUCT YIELDS AND PHYSICAL PROPERTIES OF TELLURIUM DICARBOXYLATES 

v . , , Elemental anal. 
IMWVinri ^ielü> Ar,-, ° p TRd) N M R e ) , ~ 

/ o Found Calcd 

Ph2Te(OCOH)2 

Ph2Te(OCOCH3)2 

Ph2(OCOPr*)2 

Ph2Te(OCOBu')2 

Ph2Te(OCOPh)2 

Ph2Te(OGOCH2Ph)2 

Ph2Te(OS02Tol)2 

/ O C O x / \ 
Ph2Te | O 1 

\occv\/ 
/OGOGH2 

Ph2Te | 
\OGOCH2 

b 

c 
a 

b 
a 

b 
c 
b 

c 
a 
b 
c 
b 

c 
a 

b 
c 

a 

a 

95 

79 
89 

97 
93 

91 
68 
87 

56 
88 
77 
77 
92 

79 
79 

71 
74 

93 

99 

122-

143-

108-

137-

161-

99-

282-

181-

115-

-124 

-145 

-109 

-140 

-163 

-100 

-285 

-185 

-119 

1637 

1645 

1637 

1642 

1650 

1644 

1218 
1195 
1180 

1643 

1645 

8.22( 
7 . 2 5 -

7 .30 -
1.95( 

7 .27-
2 .20-
1.00( 
1.12( 

7 . 2 5 -
1.08( 

8 . 0 1 -

7 .09-
7.790 
7.17( 
3.49( 

7 .10-
2.26( 

7 .20-

7 . 2 5 -
2.43 ( 

O 
-8.06(m) 

-7.95(m) 
s ) 

-7.94(m) 
-2.70(m) 
s ) 
O 

-7.97 (m) 
s ) 

-7.30 (m) 

-7.79(m) 
tn) 
s ) 
s ) 

-7.95 (m) 
s ) 

-8.12(m) 

-8.04(m) 
O 

G, 
H , 

lit, 

G, 
H , 

G, 
H , 

lit, 

G, 
H , 

G, 
H , 

c, 
H , 

c, 
H ^ 

45.31 
2.99 

mp 138-

51.97 
5.09 

54.46 
5.79 

mp 159-

60.63 
4.29 

48.83 
3.80 

54.42 
3.25 

48.36 
3.74 

45.22 
3.25 

-141 "̂ G1) 

52.68 
5.30 

54.59 
5.83 

-161°G 

60.91 
4.38 

50.03 
3.88 

53.87 
3.16 

48.30 
3.55 

a) From carboxylic anhydrides, 
indicated are unreacted amounts 
minutes after diphenyl tellurium 
were measured in CDC13. Line 

b) From carboxylic acids, c) By carboxylate exchange reaction. The values 
of the starting diacetate, which were determined by NMR measurements 5 
diacetate was mixed with two moles of acids, d) Vc = o (KBr) cm -1, e) Spectra 
positions are reported in Ô (ppm). 
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Likewise, other commercially available acid anhy­
drides could be employed for the synthetic purposes and 
the treatment of diphenyl telluroxide with sulfonic 
anhydride such as /»-toluenesulfonic anhydride afforded 
diphenyl tellurium bistoluenesulfonate (II) in good 
yield. 

Ph2Te=0 + (TolS02)20 > Ph2Te(OS02Tol)2 (II) 

Various dicarboxylates thus obtained were satisfac­
torily characterized by elemental analyses, and I R and 
N M R spectra. T h e data are summarized in Table 1. 

When desired carboxylic anhydrides are not available 
on hand, instead the corresponding carboxylic acids 
may be used as well. Thus , t reatment of the telluroxide 
with 2 equiv of acetic acid in chloroform at room tem­
perature resulted in the formation of the tellurium 
diacetate (I) quantitatively. 

r.t., 30min 
b) Ph2Te=0 + 2AcOH > I + H 2 0 

Quite recently McWhinnie et al.*> have reported that 
sodium salt of ortho-phthalic acid reacts with diaryl 
tellurium dichlorides to give dimeric tellurium phthal-
ates. I t is of particular interest, however, that the 
methods described here are applicable to dicarboxylic 
anhydrides and acids such as phthalic, maleic, malonic, 
and succinic acids giving quantitative yields of mono-
meric or oligomeric esters. Especially, the melting point 
of monomeric compound I I I (mp: 181—185 °G) is 
markedly different from that of the dimeric ester (mp : 
108—110 °G) provided by McWhinnie et al 

/ O - C C K / X 
Ph2Te I O I (HI) 

MW(obsd) : 438 

The application of this method to propiolactones 
failed to give discrete monomeric compounds, but led 
to the formation of oligomeric compounds with mo­
lecular weight larger than 1000. 

Ph2Te=0 + 0=G O > 
I I R = H, Ph 

CH 2 -CR 2 

- (Ph2Te-OCOCH2CR20) -„ = 3 _ 4 

Meanwhile, although McWhinnie's at tempt to ob­
tain a pure product from formic acid was unsuccessful, 
the preparation of diphenyl tellurium diformate was 
attained in a nearly quantitative yield by the reaction 
of the telluroxide with a slight excess of formic acid. 
Alternatively, the same formate ester could be given 
by the ligand exchange reaction of the corresponding 
diacetate with a large excess of formic acid. In general, 
less acidic carboxylic acids tend to be more readily 
expelled from the tellurium center than more acidic 
ones do. 

r.t . , 10min 
c) Ph2Te(OAc)2 + 2HGOOH > Ph2Te(OGOH)2 

The methods described are quite simple and hence 
convenient because a variety of carboxylic acids and 
anhydrides is commercially available and can be di­
rectly used without conversion into their sodium or 
silver salts. 

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

A typical procedure was as follows: diphenyl telluroxide 
and an equimolar amount of carboxylic anhydrides or acids 
were dissolved in dry chloroform. The reaction mixture was 
allowed to react at room temperature for 30 min. After 
evaporation of the solvent, the residue was recrystallized from 
chloroform-hexane. A similar procedure was also employed 
for carboxylate exchange reactions by using excess of desired 
carboxylic acids. Yields and physical properties of products 
are listed in Table 1. 
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Alicyclic Terpenoids from Cyclocitryl Phenyl Sulfides. V. 
A Synthesis of Ferruginol 
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(Received April 30, 1977) 

Synopsis. Ferruginol a precursor for taxodione 
synthesis, was prepared by the coupling of G(10) units 
between 2-(phenylsulfonylmethyl)-1,3,3-trimethylcyclohexane 
and 3-isopropyl-4-methoxybenzyl bromide followed by de-
sulfonation and acid-catalyzed cyclization. 

Taxodione (1), a tumor-inhibitory diterpene, has been 
isolated from Taxodium distichum Rich (Taxodiaceae) by 
Kupchan et al.2) Because of its significant tumor-
inhibitory activity, its synthesis attracted our attention. 
Mori et al. succeeded the transformation of podocarpic 
acid into 1 via ferruginol (2) by several modifications 
on B and C rings.3) Matsumoto et al. prepared 1 
starting from 2,3-dimethoxyisopropylbenzene by G->B 
-»A ring construction411) and also from abieta-8,11,13-
trienoate (3).4b) Recently, the same authors reported 
a new route to 1 from methyl ether of 2.5) 

2 R=Me; 3 R=C02H 

)Me, 

kX^S02Ph 

6 7a eis ; 7b trans 

Considering the synthetic design of 1, ferruginol (2) 
must be one of the desirable precursors of 1 and there­
fore should be prepared by a simple and practical 
method, since the reported syntheses involved many 
steps and unsatisfactory yields.6) Here, we describe an 
efficient synthesis of 2 by the coupling of C(10) units 
between 2-(phenylsulfonylmethyl) -1,3,3-trimethylcyclo-
hexene (4) and 3-isopropyl-4-methoxybenzyl bromide 
followed by desulfonation and acid-catalyzed cycliza­
tion. 

The sulfone, 4, is a synthon of cyclocitral and can 
react effectively with carbonyls, halides, and epoxides7) 
as a nucleophile. Thus, the reaction of 4 with 3-iso-
propyl-4-methoxybenzyl bromide afforded 5 in 9 2 % 

yield on treatment with butyllithium in T H F at —70 
G°. Desulfonation of 5 was accomplished selectively 
in 8 0 % yield, without reducing the anisole ring, by the 
action of potassium in liquid ammonia at —65 °C. 
Cyclization of 6 thus obtained was performed quanti ta­
tively by stirring in A c O H - H 2 S 0 4 ( 9 : 1 ) to afford 7 
as a mixture (6 : 4) of cis-7a. and trans-Th. T h e isomers 
were separated by V P C and identified spectroscopically 
with those reported.8) Demethylation of trans-Th with 
boron tribromide in dichloromethane gave 2 as a sole 
product. T h e spectral data of 2 was consistent with 
those reported.3 ,6g) 

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

Melting point is uncorrected. IR spectra were determined 
with a JASGO IRA-1 infrared spectrophotometer. NMR 
spectra were obtained at 100 MHz with a JEOL FX-100 
spectrometer and the chemical shift values are expressed in 
ô value (ppm) relative to Me4Si in GDG13. The mass spectra 
were determined at 70 eV with a Finnigan 3300F. 

2- [7-Phenylsulfonyl- 2'-{3-isopropyl-4-methoxyphenyï)ethyï\-1,3,3-
trimethylcyclohexane (5). To a solution of 181 mg (0.65 
mmol) of 4 in 2 ml of dry THF was added 0.63 ml (0.98 mmol) 
of BuLi-ether at — 70 °G under N2. After 5 min tsirring, the 
reaction mixture was treated with 3-isopropyl-4-methoxy-
benzyl bromide (221 mg, 0.91 mmol) dissolved in 2 ml of 
dry THF and stirred at — 70 °G for 2 h. After adding 
2 ml of saturated NH4C1, the organic substances were 
extracted three times with ethyl acetate. The combined 
extracts were washed with saturated NaCl, dried (Na2S04), 
and concentrated in vacuo. The residue was chromato-
graphed (SiOa, benzene-AcOEt/10 : 1) to afford 5 (359 mg, 
92%) as colorless crystals: mp 116—117 °G; IR (Nujol) 
1506 (Ar), 1306, 1156 (S02) cm-1; NMR (GDG1,) ô 7.82— 
7.30 (5H, m, ArSOa), 6.80—6.52 (3H, m, Ar), 3.98 (1H, 
dd, 7 = 6 and 8 Hz, GHS02), 3.75 (3H, s, GH30), 3.55— 
3.00 (3H, m, CH2Ar, GH), 2.30—1.92 (2H, m, CH2C=), 
2.14 (3H, s, GH3), 1.70—1.18 (4H, m, CH2), 1.11 (3H, 
d, 7 = 7 Hz, GH3), 1.08 (3H, d, 7 = 7 Hz, CH3), 0.99 (3H, 
s, GH3), 0.36 (3H, s, CH3); MS m/e (rel. intensity) 440 
(m+, 1), 299 (M+-S0 2 Ph , 69), 163 (81), 137 (71), 123 
(100). Found: G, 73.66; H, 8.08%. Galcd for G27H36-
0 3 S: G, 73.60; H, 8.24%. 

2- [2- (3-Isopropyl-4-methoxyphenyl) ethyl] -1,3,3-trimethylcyclohexene 
(6). To a solution of 132 mg of 5 in 2 ml of dry THF 
and 20 ml of liq. NH3 was added 100 mg of potassium at 
— 70 °G and the mixture was vigorously stirred at — 70— 
—65 °G for 2 h. After quenching with 1 ml of EtOH and 
evaporating the solvent under reduced pressure, 2 ml of satu­
rated NH4C1 was added to the residue and the organic sub­
stance was extracted with ether. The combined ether ex­
tracts were washed with saturated NaCl, dried (Na2S04), 
and concentrated in vacuo. The residue was chromatographed 
(SiOa, hexane-benzene/10 : 1), affording 6 (72 mg, 80%). 
Subsequent elution with hexane-AcOEt (10 : 1) provided 5 
(10 mg, 8%): IR (neat) 2840 (MeO), 1610 (Ar), 1500, 
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1460, 1240 cm-1; NMR (CDG13) Ô 7.02 (1H, d, y = 2 Hz, 
ArH), 7.00 (1H, dd, J=9 and 2 Hz, ArH), 6.75 (1H, d, 
/ = 9 Hz, ArH), 3.80 (3H, s, CH 3 0) , 3.28 (1H, sept, J= 
7 Hz, GH), 2.44—2.70 (2H, m, CH2Ar), 2.10—2.37 (2H, 
m, CH2), 1.82—2.02 (2H, m, CH2), 1.67 (3H, s, CH3C = ), 
1.30—1.72 (4H, m, GH2), 1.22 (6H, d, 7 = 7 Hz, CH3), 1.05 
(6H, s, CH3); MS mje 300 (M+, 8), 163 (100). Found: C, 
84.04; H, 10.76%. Calcd for G21H320: G, 83.94: H, 
10.73%. 

12-Methoxyabieta-8,ll,l3-triene (7). Into 46 mg of 6 
was added a mixture of AcOH (1.8ml) and coned H 2S0 4 

(0.2 ml) under ice cooling. The reaction mixture was stirred 
vigorously at 5 °C for 5 min and at 15—18 °G for 20 h. After 
adding 5 ml of ice water, the organic substance was extracted 
with hexane-ether (1 : 5). The combined extracts were 
washed with saturated NaHCOa and saturated NaCl, dried 
(Na2S04), and concentrated in vacuo. The residue was chro-
matographed (Si02, hexane-benzene 10 : 1), affording 7 
(45 mg, 99%) as a mixture (6 : 4) of m-7a and trans-lh. 
Both isomers were separated by VPG (SE-30, 3 m, 40, 210 
°C) and identified in comparison with the reported spectral 
data. 

Ferruginol (2). To a solution of 1.4 mg of 7b in 1.5 
ml of dry GH2C12 was added 10 mg of BBr3 at - 7 0 °C under 
stirring. The mixture was stirred for 1 h while the reaction 
temperature was allowed to rise to — 30 °G and then at 15— 
18 °G for additional 1 h. After adding 0.02 ml of saturated 
NaHG03 , the mixture was dried (Na2S04) and concentrated 
under reduced pressure. The residue was chromatographed 
(Si02, benzene), affording 2(1.1 mg, 84%) as a sole product. 
The NMR and IR spectra were consistent with those reported. 

The authors are grateful to Messrs M. Oka and K. 
Nara, Kuraray Co., Ltd. for mass spectral analysis. 
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Photochemical Dimroth Rearrangement of l,4-Diphenyl-5-amino-
and ^Phenyl-ö-anilino-l^jS-triazoles^ 
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Synopsis. Irradiation of l,4-diphenyl-5-amino-l,2, 
3-triazole (la) gives 4-phenyl-5-anilino-l,2,3-triazole (2a) and 
the reverse photochemical reaction is possible. Hence, the 
reaction is reversible, the ratio of l a : 2a in equibrium be­
ing 1.2—1.7, which is different from the ratio 0.33 in the 
thermal reaction (Dimroth rearrangement). The mechanism 
is discussed on the basis of spectral data and analogous re­
actions. 

Dimroth discovered a rearrangement of l-aryl-5-
amino-l,2,3-triazoles(l) to 5-anilino-l,2,3-triazoles(2) in 
boiling pyridine or in boiling ethanolic sodium eth-
oxide.2) The rearrangement is essentially complete in 
the above solvent,3) but in some other solvents or in 
melts, 1 gives an equilibrium mixture of 1 and 2 in 
which the acidic isomer(2) usually predominates.4 '5) 
The reverse thermal reaction of 2 to 1 (retro-Dimroth 
rearrangement) leading to the equilibrium state was also 
reported.6) 

N-
,R 

N- ,R 

N \ N / \ N H 2 
i 

Ar 

(1) 

N ̂ N ^ N H A r 
i 

H 

(2) 

We wish to report here a photo-equilibrium between 
the amino (basic) isomer (1) and the anilino (acidic) 
isomer (2). 

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

l ,4-Diphenyl-5-amino-l,2,3-triazole(la)7) (2.0 g) in 
absolute ethanol(250 ml) was irradiated with a 100-W 
high-pressure mercury lamp for 40 h under N2 . The 
irradiated products were separated by TLG, and the 
rearrangement product(2a) (34.9%), unreacted l a 
(53.5%) and unidentified products(12.1 w t%) were ob­
tained. 

O n the other hand, the irradiation of 2a ( 1.9 g) under 
N 2 in absolute ethanol (200 ml) for 40 h gave a mixture 
of l a (36.6%), unreacted 2a (30.7%) and unidentified 
products (32.7 w t % ) . The longer irradiation, which is 
sufficient for establishment of the equilibrium, afforded 
an equilibrium mixture containing l a and 2a in a mole 
ratio of 1.53 by means of preparative TLG. Whereas, 
the irradiation of 2a gave an equilibrium mixture of 
isolated l a and 2a in the ratio of 1.20. The slight 
difference in the ratio may be due to the difference 
of extent of side reactions from l a and 2a. 

The amount of acidic isomer (2a) was determined by 
acidimetry with aq K O H at appropriate time inter­
vals. As a result, the ratio of l a : 2a became constant 
approaching to 1.70. This ratio is close to that ob­
tained above by T L G analysis. 

Generally, l a is favored in the photo-equilibrium of 
l a : 2a. I t is in contrast to the thermal reaction in 
which the equilibrium mixture consists of a larger 
amount of 2 than that of 1, i.e., the reported equili­
br ium ratio of 0.33 in melts,6) while the ratio for pho­
tolysis in ethanol is 1.2—1.7, and suggests the difference 
in mechanism between thermal and photochemical 
reactions. 

The thermal Dimroth rearrangement was postulated 
to involve a diazonium intermediates(3 or 4).5) In the 
case of photolysis, this mechanism is not suitable, because 
the diazonium intermediate (3 or 4) is expected to react 

_/R *i / R N-

N N / \ N H 2 
i 

Ar 

(3) 

N-

N N ^ N H A r 
i 

H 

(4) 

with the solvent.8) In our at tempt for spectral detec­
tion of the intermediates (3 and 4), the U V peak around 
400 nm9) and I R absorption in a range of 2150—2170 
cm - 1 ,9) which are characteristic to diazonium group 
(C-N 2+; e.g., a diazonium ketone has U V peaks at 410 
and 417 nm10) and I R peak at 2137 cm- 1 1 0 ) ) , could not 
be detected at room temperature. These facts also 
disfavor the intermediacy of 3 and 4 possessing a diazo­
nium group. But the possibility cannot completely be 
precluded at present, since the diazonium intermediate 
should be diluted and short-lived. 

I t is likely that this photo-rearrangement of 1 to 2 
involves a valence isomerization which is characteristic 
to the photolysis of aromatic compound;1 1) i.e., the pho­
tolysis may proceed via diarines (5 and 6), and may 

l a 
h^ N-

N-

Ph 
« . / • 

N ^ N H 2 
i 

Ph 

N-

N-

Ph ./ 
N'^NHPh 

i 

H 

hv 
2a 

(5) (6) 

involve a process of ring contraction and expansion 
together with a proton shift of 5 to 6. A similar me­
chanism was suggested for five-membered hetero aro-
matics such as the photo-rearrangement of 3,5-diphenyl-
isoxazole to 2,5-diphenyloxazole via a three-membered 
azirine which was detected spectroscopically.12) 

Exper imenta l 

Materials. 1,4- Diphenyl - 5 - amino - 1,2,3-triazole (la) 
and 4-phenyl-5-anilino-l,2,3-triazole(2a) were prepared by 
the method of Libers;') l a , mp 171—172 °G (lit,7) 169— 
171 °G), Amax(EtOH) 268 nm (loge 4.18), IR (KBr)(cm-i) 
1620(s), 1265(s); NMR (DMSO-</6, internal TMS) Ô 7.95 
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(m, 3H), 7.72(s, 5H), 7.32(m, 2H), 6.82(s, 2H). 2a, mp 
167—168 °G (lit,7) 167—169 °G); Amax(EtOH) 238nm(log£ 

4.24), 360nm(sh); IR(KBr)(cm-1) 1580(s); NMR (DMSO-
d%, internal TMS) Ô 8.14(s, 1H), 7.94(m, 2H), 7.50(m, 4H), 
7.38(s, 1H), 7.20(d, 3H), 6.90(t, 1H). 

Photolysis of 7,4-Diphenyl-5-amino-1,2,3-triazole ( la). 
la(2.0 g) in absolute ethanol(250 ml) was irradiated with a 
100-W high-pressure mercury lamp for 40 h, and the 
reaction mixture was evaporated to yield a brown crystal­
line solid which was separated and analyzed by TLC. 

Photolysis of 4-Phenyl-5-anilino-l,2,3-triazole(2a). 2a 
(1.9 g) in absolute ethanol(200 ml) was irradiated similarly, 
and condensed in vacuo to yield brown tarry material which 
was analyzed by TLC. 

TLC Analysis. TLC was carried out on a plate 
(200 x200 mm) uniformly coated with Kieselgel 60PF254 

(1 mm thickness) by using a mixture of benzene-ethyl 
acetate (3 : 1) as an eluant. The TLC analysis afforded 
three substances from the reaction mixture of la(200mg). 
The first (i?f = 0.52) was unreacted la(107mg), the second 
(Äf = 0.65) was 2a(69.8mg), and the rest (Äf = 0.75) was 
unidentified(20.4 mg). Four substances were obtained from 
the reaction mixture of 2a(200mg). The first (Äf=0.52) 
and la(73.2mg), the second (i?f=0.85) (30.0 mg) was un­
identified. Identification of the isolated products was done 
by means of comparison of UV, IR, and NMR spectra 
with those of authentic specimen. 

Actinometry. An ethanol solution (200 ml) of l a (503 
mg) was irradiated with a 300-W high-pressure mercury lamp, 
and aliquots (10 ml) were pipetted out at 2 h intervals and 
titrated by 0.0146 M KOH using Phenolphthalein as an 
indicator. The final aliquot was that of 40 h irradiation. 
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Synthesis of 10-Hydroxy-2-decenoic Acid (Royal Jelly Acid) from 
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Synopsis. Ethyl 2-acetyl-4,9-decadienoate obtained 
by palladium catalyzed reaction of butadiene and ethyl aceto-
acetate was converted to 4,9-decadienoate. Hydroboration 
of the terminal olefin gave 10-hydroxy-4-decenoate. After 
hydrogénation and protection of the hydroxyl group, the 
double bond was created at the conjugated position by intro­
duction of phenylseleno group and subsequent oxidative re­
moval to give 10-hydroxyl-2-decenoic acid. 

Royal jelly is a nutrient of queen bee lavae. In­
vestigation of the lipids of royal jelly has revealed that 
their free acid fraction contained a complex mixture 
of Cw acids which are called royal jelly acids. T h e 
structure of the main component of the royal jelly acids 
was determined by Butenandt and Rembold as 10-
hydroxy-2-decenoic acid.1) Several synthetic methods 
for this physiologically interesting acid have been re­
ported.2) These syntheses are based on chain elonga­
tion of the shorter compounds via somewhat lengthy 
steps. We now wish to report a simple synthetic 
method for this acid starting from an easily available 
butadiene telomer which has the right carbon numbers 
and suitable functional groups for the synthesis of the 
acid. 

Butadiene and ethyl acetoacetate react to give 2-
acetyl-4,9-decadienoate (l)3) in 8 0 % yield (bp 9 1 — 
93 °G/2 Torr) using palladium acetate and triphenyl-
phosphine as a catalyst. I t is apparent that this easily 
prepared compound has an ideal structure for the con­
struction of the royal jelly acid, which was synthesized 
by the following sequences. 

X \ / \ / X / \ / C ° 2 E t —» 
XCOCH, 

y\/\/\/\/ 
CO„Et 

HO 

RO 

THPO 

RO 

CO.Et 

4a R = H 
b R = T H P 

C0 9 R 

I 
Se0 

COOR' 

6a R = THP, R' = Et 
b R = H , R' = Et 
c R = R ' = H 

The acetyl group was removed by treatment of the 
ester 1 (63.5 g, 267 mmol) with sodium ethoxide in 
absolute ethanol (5.3 g, 78 mmol, 241 ml) to give, in 
8 6 % yield, ethyl 4,9-decadienoate 2 : bp 83 °C/1 Tor r ; 
N M R (GC14) Ô 4.7—6.15 (m, 5H, olefin), 4.05 (q, 7 = 
7.0 Hz, 2H) , 1.75—2.45 (m, 6H) , 1.45—1.75 (m, 2H) , 
1.2 (t, 7 = 7 . 0 Hz, 3 H ) ; I R (neat) 1735, 970, 910 cm- 1 . 
Then the terminal double bond was converted to alcohol 
by hydroboration4) using 1.1 equivalent of bis(l,2-di-
methylpropyl)borane in dry T H F and subsequent oxida­
tion with 3 0 % hydrogen peroxide in 3 M sodium hy­
droxide solution to give, in 8 2 % yield, 10-hydroxy-4-
decenoate 3 : bp 118 °C/1 Tor r ; N M R (GG14) Ô 5.3— 
5.6 (bt, 2H, olefin), 4.1 (q, 7 = 7 . 0 Hz, 2H) , 3.55 (bt, 
7 = 6 . 0 Hz, 2H) , 3.2 (br, 1H, - O H ) , 2.3 (bs, 4H) , 
1.85—2.2 (br, 2H) , 1.25 (t, 7 - 7 . 0 Hz, 3 H ) ; I R (neat) 
3600—3200, 1735, 975 cm- 1 . The isomerization of the 
double bond at the position 4 of the ester 3 to the con­
jugated position would complete the synthesis. How­
ever, the at tempted isomerization with various catalysts 
such as strong base, RhCl(PPh 3 ) 3 , platinic acid, gave 
no clear result. Thus the double bond was hydro-
genated by using palladium on carbon to give the 
saturated ester 4 a in 9 0 % yield. T h e hydroxyl group 
was protected by converting to tetrahydropyranyl ether 
4 b in 7 7 % yield: N M R (GG14) ô 4.55 (br, 1H), 4.1 
(q, 7 = 7 . 0 Hz, 2H) , 3.15—3.80 (m, 4H) , 2.0—2.4 (m, 
2H) , 1.24 (t, 7 = 7 . 0 Hz, 3 H ) ; I R (neat) 1738, 1040 
c m - 1 . Generation of the anion of saturated ester 4 b 
(900 mg, 3 mmol) with lithium isopropylcyclohexyl-
amide (3.6 mmol) in dry T H F at —78 °G was followed 
by the reaction of phenylselenenyl bromide5) (991 mg, 
4.2 mmol) to give, in 4 7 % yield after column chromato­
graphy, the selenide 5 : N M R (GG14) ô 7.0—7.6 (m, 
5H, phenyl), 4.4 (br, 1H), 3.95 (q, 7 = 7 . 0 Hz, 2H) , 
3.2—3.7 (m, 5H) , 1.12 (t, 7 = 7 . 0 Hz , 3H) . T h e puri­
fied selenide 5 (636 mg, 1.4 mmol) was oxidized with 
sodium periodate5) (899 mg, 4.2 mmol) in aqueous 
methanol to give, in 81 % yield after column chromato­
graphy, the desired unsaturated ester 6a : N M R (GG14) 
ô 6.83 (dt, 7 = 15.6 and 6.0 Hz, 1H, olefin), 5.67 (d, 7 = 
15.6, 1H, olefin), 4.4 (br, 1H), 4.10 (q, 7 = 7 . 0 Hz, 2H) , 
3.2—3.7 (m, 4H) , 1.8—2.4 (br, 2H) , 1.25 (t, 7 = 7 . 0 
Hz, 3H) . The removal of tetrahydropyranyl ether 
from ester 6a (337 mg, 1.1 mmol) with copper sulfate 
(400 mg) in a mixture of methanol (8 ml) and water 
(2 ml) under reflux gave quantitatively the ethyl ester 
of royal jelly acid 6 b : N M R (GG14) «5 6.83 (dt, 7 = 
15.8 and 6.0 Hz, 1H, olefin), 5.67 (d, 7 = 1 5 . 6 , 1H, ole­
fin), 4.10 (q, 7 = 7 . 0 Hz, 2H) , 3.50 (dt, 2H) , 1.8—2.4 
(br, 3H) , 1.25 (t, 7 = 7 . 0 Hz, 3 H ) ; I R (neat) 3100— 
3600, 1720, 1650, 980 cm- 1 . T h e coupling constants 
of 15.6 and 15.8 for the olefinic protons of 6a and 6b 
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support the trans configuration of the olefins. Hydro­
lysis of the ester with 10% potassium hydroxide in 
aqueous methanol produced the royal jelly acid 6c which 
was identified by its melting point, 63—64 °C (reported 
64—65 °C).2a> 
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Exciplex and EDA Complex Fluorescence in 1,4-Dicyanonaphthalene 
with Alkylbenzenes and Alkylnaphthalenes 
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The exciplex (at room temperature) and EDA complex (at low temperature) fluorescence was observed in 
3-methylpentane solution of 1,4-dicyanonaphthalene with several alkylbenzenes and alkylnaphthalenes. The 
fluorescence behavior provides evidence for an identical fluorescent state of the exciplex and EDA complex. 

Intermolecular electron donor-acceptor (EDA) inter­
action leads to the formation of molecular complexes 
stable in the ground state and also the exciplexes stable 
only in the excited state. Formation of an exciplex can 
be observed in the fluorescence quenching of the 
component molecule and/or in the appearance of a new 
red-shifted fluorescence band. By transient absorption 
spectroscopy both the singlet excited states of the EDA 
complex and the exciplex are seen to show absorption 
bands of cation and anion radicals of the electron donor 
and acceptor, which indicates their strong charge 
transfer (CT) character in the excited state.2) 

I toh and Mimura3) and others4 '5) reported on the 
exciplex and EDA complex formation in the nonpolar 
solution of 9,10-dicyanoanthracene (DCA) and several 
naphthalene and benzene derivatives, demonstrat ing 
an experimental evidence for an identical fluorescent 
state of the exciplex and EDA complex. Similar evidence 
was reported for the identical fluorescent state in the 
tetracyanobenzene and /»-xylene system by Gaweda and 
Prochorow.6) This paper describes further examples 
of evidence for their identical fluorescent state in the 
simple EDA system of 1,4-dicyanonaphthalene (DCN) 
and alkylbenzenes (alkylnaphthalenes). 

Experimental 

1,4-Dicyanonaphthalene was prepared from naphthalene by 
bromination and cyanogenation, and purified several times by 
silica gel chromatography (solvent; benzene-hexane) and re-
crystallization. The sample has no fluorescent impurity in 
solution as verified by thinlayer chromatography. Purifica­
tion of alkylbenzenes, alkylnaphthalenes, and solvents was 
carried out as reported.4'5) 

Measurement of fluorescence spectra was carried out with 
Hitachi MPF-2A and MPF-4 spectrophotometers, and that 
of absorption spectra with Cary 11 and Hitachi 323 spectro­
photometers. Determination of fluorescence polarization 
was described previously.4) The fluorescence lifetimes and 
time-resolved fluorescence spectra were determined by ana­
lyzing exponential decay curves measured with an oscilloscope 
and a coaxial N2 gas laser. 

Results and Discussion 

The exciplex fluorescence in the 3-methylpentane 
(MP) solution of 1,4-dicyanonaphthalene (DCN) and 
alkylbenzenes was observed at room temperature. 
Figure 1 shows the fluorescence and fluorescence 
excitation spectra of M P solution of D C N and penta-

methylbenzene (PMB) at room temperature. The 
fluorescence maxima and lifetimes of the exciplexes in 

400 450 
\, nm 

Fig. 1. Fluorescence and fluorescence excitation spectra, 
and their polarizations of MP solutions of DCN and 
PMB. Spectra 1 (excited at 310 nm) and 2 (monitored 
at 450 nm) are fluorescence and excitation spectra at 
room temperature, respectively (Concentration: DCN, 
3 X 10-6 M: PMB, 1.5 X 10~2 M). Spectra 3 (excited at 
310 nm) and 5 (excited at 370 nm) are fluorescence 
spectra at 77 K, and 4 (monitored at 450 nm) is a fluo­
rescence excitation spectrum. Px (excited at 370 nm) 
and P2 (monitored at 420 nm) are fluorescence and 
excitation polarizations at 77 K, respectively (Concen­
tration: DCN, 9 x 10-7 M; PMB, 1 x ÎO"3 M). 

TABLE 1. FLUORESCENCE MAXIMA AND LIFETIMES OF THE 

EXCIPLEX (AT ROOM TEMPERATURE) AND THE E D A 

COMPLEX (AT 77 K ) IN M P SOLUTION OF D C N AND 

ALKYLBENZENES AND ALKYLNAPHTHALENES 

Donor 
Exciplex 

A, nm T, nsa> . 

EDA 
complex 

nm T, nsa 

Hexamethylbenzene 
Pentamethylbenzene 
Durene 
Mesitylene 
^-Xylene 
Toluene 

1,5-Dimethylnaphthalene 
2-Methylnaphthalene 
Naphthalene 

430 
416 
413 
390 
390 
376c> 

440 
436 
430 

86 
69 
69 
43 
38 
15e) 

59 
52 
51 

430 
415 
405b> 
400b> 
400b> 
— 

434 
430 
427 

71 
66 
50 
40 
37 
— 
58 
50 
48 

a) Errors are approximately ± 1 ns. b) Determined by 
time-resolved fluorescence spectra, c) Determined in the 
concentrations of DCN = 6 X 10"6 M and toluene =1.1 M. 
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Fig. 2. Fluorescence spectra of MP solutions of DCN 
and toluene at room temperature. 

M P , summarized in Table 1, show a slight concentra­
tion dependence of the electron donor. In the D C N 
and toluene system, however, the fluorescence maxima 
and lifetimes show remarkable concentration dependence 
(Fig. 2). Data of these exciplexes determined in almost 
the same concentrations of electron donor ( ^ Î O - 1 M) 
and acceptor ( Ä * 1 0 - 6 M) are given in Table 1. T h e 
concentration dependence is due to the increasing 
solvent polarity with donor concentration.73 

The exciplex fluorescence was gradually quenched 
with decrease in temperature. Almost the same fluores­
cence band as that of exciplex increases in intensity 
with further decrease in temperature. T h e temperature 
region of the decrease and increase of the long wave­
length fluorescence is dependent on the concentrations 
of donor and acceptor. The fluorescence spectra of the 
M P solution of D C N with low concentration of alkyl-
benzene show no exciplex fluorescence band at room 
temperature but a similar fluorescence to that of the 
exciplex a t low temperature. The fluorescence and 
excitation spectra of M P solution of D C N and P M B at 
77 K are also shown in Fig. 1. T h e absorption spectra 
of the M P solution of DCN-alkylbenzene system at room 
temperature are completely superimposed by those of 
the component molecules, while the spectra show the 
EDA complex formation at low temperature as shown 
in Fig. 3 (DCN-PMB) . T h e electronic absorption 
spectra at 77 K are similar to the corresponding excita­
tion spectra monitored at long wavelength fluorescence 

02]- DCN-PMB in MP 

—— room temp. 

A.nm 
Fig. 3. Electronic absorption spectra of an MP solution 

of DCN and PMB at room temperature and 77 K (Con­
centration: DCN, 1.6X10-5 M; PMB, 7 .5x l0 - 3 M). 
Volume change at 77 K was corrected. 

(Fig. 1). From the absorption and fluorescence excita­
tion spectra in the M P solutions of DCN-alkylbenzenes, 
the long wavelength fluorescences a t room temperature 
and at low temperature are ascribed to the exciplex 
and to the EDA complex, respectively. The absorption 
and excitation spectra indicate a small absorption band 
in the EDA complex at 350—400 nm as will be mention­
ed later. The fluorescence maxima and fluorescence 
lifetimes of the EDA complex in the M P solution a t 
77 K are summarized in Table 1. In the EDA complexes 
of D C N with durene, mesitylene and /»-xylene, fluores­
cence maxima were determined with time-resolved 
fluorescence spectra because of their low solubility in 
M P at 77 K. The DCN-toluene system shows no 
detectable EDA complex formation. 

A.nm 

Fig. 4. Fluorescence and excitation spectra of MP solu­
tions of DCN and 1,5-dimethylnaphthalnene. Spectra 
1 (excited at 335 nm) and 2 (monitored at 450 nm) are 
fluorescence and excitation spectra at room tempera­
ture, respectively (Concentration: DCN, 2x lO~ 6 M; 
1,5-DMN, 2.2 X 10-2 M). Spectra 3 (excited at 340 nm) 
and 4 (monitored at 450 nm) are fluorescence and exci­
tation spectra at 77 K, respectively (Concentration: 
DCN, 2X 10-6 M; 1,5-DMN, 3.4x 10"3 M). 

The D C N and methylnaphthalene system shows 
exciplex formation at room temperature with the 
excitation of D C N and the EDA complex formation 
at low temperature, spectra of which are shown in 
Fig. 4 (DCN-l ,5-dimethylnaphthalene) . With the 
excitation of electron donor, however, no exciplex 
fluorescence but only alkylnaphthalene fluorescence was 
observed. The excitation spectra monitored at long 
wavelength fluorescence of the EDA complex of D C N -
D M N (Fig. 4) give a similar absorption band at 350— 
400 n m to that in D C N - P M B . 

The fluorescence maxima and lifetimes of both 
exciplex and EDA complex increase with decreasing 
ionization potential of alkylbenzene (alkylnaphthalene), 
indicating an increase of C T character of their fluores­
cent state with decreasing ionization potential of the 
electron donor. The fluorescent behavior in D C N -
alkylbenzene (alkylnaphthalene) is similar to that in the 
DCA-alkylbenzene (alkylnaphthalene).4 '5) The fluores­
cence of the EDA complex in the DCN-alkylbenzene 
system at 77 K shows positive polarization with excita­
tion at 370 nm, and negative with excitation at 320 nm. 
O n the other hand, the electronic absorption spectra 
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Fig. 5. Temperature dependence of fluorescence maxima 
(—O— exciplex and — # — EDA complex) and life­
times (—O— exciplex and — ^ — EDA complex) in 
MP solutions of DCN and PMB, and of intensity ratio 
of the long wavelength fluorescence (P at AMax 415 nm) 
and DCN fluorescence (f at Amax 355 nm) ; —(J—, 
—<>— and —(J— are fluorescence indistinguishable 
from each other between exciplex and EDA complex. 

and the excitation spectra of the EDA complex give a 
small absorption band at 350—400 nm. The results 
indicate that the absorption is a GT band between D C N 
and the electron donor. In the DCA-alkylbenzene 
system reported previously, small positive polarization 
with the local excitation of DCA and rather small 
fluorescence lifetimes of the EDA complex as well as 
the exciplex suggest tha t the fluorescent states mostly 
consist of the locally excited state of DCA.5> T h e results 
of the EDA complex and the exciplex in DCN-alkyl-
benzene (alkylnaphthalene) show marked C T character 
in their fluorescent states. 

The fluorescence maxima and lifetimes of the long 
wavelength fluorescence of M P solution of D C N - P M B 
at serveral temperatures, plotted in Fig. 5, both show 
continuous variation from room temperature to 77 K. 
O n the other hand, the temperature dependence of 
intensity ratio of the long wavelength fluorescence to 
the D C N fluorescence completely differ between exciplex 

in 1,4-Dicyanonaphthalene 2511 

DCN-HMB in MP 
at -205K 

1 I I l _ ^ J 
350 400 x / n m 450 

Fig. 6. Fluorescence spectra of an MP solution of DCN 
and HMB at 205 K in the excitations at 320 nm ( •) 
and at 380 nm ( ), (concentration; DCN, 3 x lO"6 

M and HMB, 6 x l O - 3 M ) . 

and EDA complex.4) If the exciplex and EDA complex 
have different fluorescence behavior, different fluores­
cence should be observed in the intermediate tempera­
ture (200—140K) . However, no distinguishable 
fluorescence is observed between exciplex and EDA 
complex in D C N - H M B system at «*205 K, the fluores­
cence being observed in the excitation of D C N absorp­
tion band and C T band of the complex (Fig. 6). 
Appearance of one fluorescence species in this tempera­
ture region and the continuous change in fluorescence 
maxima and lifetime indicate an identical fluorescent 
state of the exciplex and EDA complex.3) 
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NMR Studies of Picolyl-type Carbanions. IV.1) Anions Produced by 
Reactions of 2-Substituted Pyridines with Butyllithium 
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The 13C and 1H NMR spectra of 2-pyridylmethyl (a-picolyl), 2-pyridylamino, 2-pyridyloxy, and 2-pyridylthio 
anions were observed in polar solvents with lithium as a counter ion. The chemical shifts are compared with the 
electron densities calculated using the PPP and CNDO/2 MO methods. A linear relationship was obtained 
between the 13C chemical shifts and 7r-electron densities. The charge distributions on the anions are discussed, and 
it is found that the 2-pyridylamino anion and its methyl derivatives can be regarded as delocalized anions with 
the same significance as a series of picolyl anions. 

In the benzyl carbanion, a simple Hückel M O theory 
predicts that the excess charges are distributed at the 
a-, o-, and /»-positions, respectively.2) Therefore, it is 
reasonable to consider that carbanions which have more 
electronegative atoms at the o- or j&-positions are more 
stable than the benzyl carbanion. Picolyl-type carban­
ions have been studied as models of these carbanions.1 '3»4) 
This study was extended to anions having a-atoms of 
nitrogen, oxygen, and sulfur. T h e anions prepared are 
numbered from I I to I X as follows: (I, which was 
reported previously,3 '4) is presented for comparison.) 

. O l e X N / X N H 

II 

5 / \ 3 

I OU 
l 

I 

v / G H 3 

O] e X N / X N H 

.Ol e 
N N A O 

V 

O l e 
H 3 C / N N / X N H 

VIII 

I O I e 
^ N / X S 

IV 

H3CV 

.O. _ 
X N / X N H 

VII 

H g C ^ N ^ N H 

IX 

Exper imenta l 

The procedures used in this study are similar to those de­
scribed in previous reports.3'4) All the starting materials are 
commercially available. These materials were used after 
vacuum sublimation. 

The 13C NMR spectra were measured using a Hitachi 
R-20B spectrometer operating in the CW mode at 15.085 
MHz. Sample concentrations were about 1.0 mol/1 or 
more. Chemical shifts were evaluated with solvent peaks 
used as an internal reference. These peaks were taken to be 
26.4 ppm for tetrahydrofuran (THF) and 37.0 ppm for hexa-
methylphosphoramide (HMPA) with respect to TMS. In the 
1H NMR spectra, the solvent peaks used as an internal refer­
ence were taken to be 1.79, 2.15, 2.58, and 3.28 ppm from 
TMS for THF, TMEDA (iV^JV^JV'-tetramethylethylenedi-
amine), HMPA, and DME (1,2-dimethoxyethane), respectively. 

The PPP and CNDO/2 MO calculations were carried out 
using the Okitac-4300C and Hitachi-8450 computer systems 
installed at The Industrial Technology Center of Mie Prefec­

ture and at Nagoya Institute of Technology, respectively, using 
modified versions of programs taken from the book of 
Kikuchi.5) All the parameters used in the calculation were 
taken from this book and other references.6'7) The skeletal 
coordinates of the anions were taken to be the same as those 
of pyridine.8) The bond lengths between the 2-carbon and 
the a-atom used in the calculation are 1.39, 1.36, 1.31, and 
1.75 Â for I, II, III , and IV, respectively. 

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

Typical spectra of the anions are shown in Figs. 1 and 
2. The 1 H and 13C chemical shifts of both the anions 
and the starting materials are given in Tables 1 and 2. 
T h e results are of first order analysis. 

NMR Spectra of the Anions. Typical P M R (*H 
N M R ) spectra of the anions are shown in Fig. 1. The 
well-separated signals permitted easy assignment. For 
example, the spectrum of the aromatic proton region 
of I I , shown in Fig. 1(a), consists of four parts. The 
peaks appear as a doublet, a triplet, a doublet, and a 
triplet in passing from lower to higher field, with an 
integrated ratio of 1: 1: 1: 1. They can, therefore, be 
identified as signals due to the 6-, 4-, 3-, and 5-protons. 
Typical G M R (13C N M R ) spectra are shown in Fig. 2. 
The signals were assigned in several ways, such as by 
comparison with the P M R spectra and by substitution 
of a methyl group for a hydrogen atom in the pyridyl 
ring. 

From an inspection of the P M R spectra of VI , V I I I , 
and I X shown in Fig. 1(b)—(d), the reaction sites of 
the starting materials having a 2-amino and 4- or 
6-methyl groups with butyllithium were confirmed 
using chemical-shift considerations. The metal-proton 
exchange reaction occurred at the 2-amino group, 
indicating that the 2-amino group is more reactive than 
the 6-methyl group. The methyl protons in these anions 
show upfield shifts similar to the ring protons, but the 
shifts are about 0.1 ppm and are smaller than about 
0.6 p p m in a-picolyl anions.4) In the P M R spectra of 
I I , V, and V I I in H M P A shown in Fig. 1(a), (e)—(f), 
one relatively broad signal is observed in the range of 
3.4—3.7 ppm. This signal may be attributed to the 
2-NH. 

Chemical Shift and Charge Density. In the C M R 
spectra of I—IV, the 5-carbon of each anion is the most 
shielded of the ring carbons, i.e., its signal appears at a 
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T A B L E 1. T H E PROTON CHEMICAL SHIFTS OF THE ANIONS AND THE STARTING 

MATERIALS, AT 60 M H z AND 31 . 5 °C IN ppma> 

Compound 

j 

II 

III 

IV 
V 
VI 
VII 
VIII 
IX 
2-Methylpyridine 

2-Aminopyridine 

2-Hydroxypyridine 

2-Mercaptopyridine 
2-Amino-3-methylpyridine 
2-Amino-4-methylpyridine 
2-Amino-5-methylpyridine 
2-Amino-6-methylpyridine 
2-Amino-4,6-dimethylpyridine 

Solvent 

THFb> 
DMEb) 
HMPA 
TMEDA 
THF 
HMPA 
THFd> 
HMPA 
HMPA 
HMPA 
DME 
HMPA 
DME 
DME 
THFb> 
DME") 
HMPA 
TMEDA 
THF 
HMPA 
THF 
HMPA 
HMPA 
HMPA 
DME 
HMPA 
DME 
DME 

3-H 

5.645 

5.58 
5.16 
5.96 
5.96 
5.75 
6.27 
6.24 
7.03 

5.83 
5.71 
5.89 
5.71 
7.16 
7.13 
7.30 
6.32 
6.41 
6.60 
6.46 
6.27 
7.21 

6.26 
6.51 
6.23 
6.06 

4-H 

(Toe -

6.01 
5.68 
6.84 
6.84 
6.58 
7.14 
7.01 
6.81 
6.66 

6.50 
6.84 

7.57 
7.54 
7.74 
7.20 
7.30 
7.29 
7.43e) 
7.44e) 
7.44 
7.18 

7.12 
7.19 

Assignment 

5-H 

4784 
4.77 
4.33 
5.79 
5.77 
5.42 
6.19 
5.98 
6.24 
5.55 
5.705 

5.77 
5.65 
7.07 
7.05 
7.21 
6.38 
6.48 
6.38 
6.19 
6.15 
6.75 
6.37 
6.31 

6.31 
6.17 

6-H 

6.90 
6.82 
6.81 
7.47 
7.50 
7.44 
7.73 
7.75 
7.66 
7.49 
7.435 

7.34 

8.46 
8.425 

8.42 
7.905 

7.95 
7.86 
7.43e) 
7.44e) 
7.61 
7.76 
7.79 
7.69 

CH2, CH3 

2.54(CH2) 
2.52(CH2) 
c) (CH2) 

1.89(CH3) 
1.99(CH3) 
1.90(CH3) 
2.18(CH3) 
1.98, 2.14(CH3) 
2.485(CH3) 
2.48(CH3) 
c) (CH3) 

2.16(CH3) 
2.16(CH3) 
2.09(CH3) 
2.29(CH3) 
2.10, 2.22(CH3) 

a) Errors are estimated to be within ± 0 . 0 3 ppm. b) From Table 1 of 
should be 31.5 °C. c) Chemical shifts are not available because 
d) Measured at 50 °C. e) Center peak of complex multiplet. 

Ref. 4, in which the measuring temperature 
of overlapping of the large solvent peak. 

T A B L E 2. T H E CARBON CHEMICAL SHIFTS OF THE ANIONS AND THE STARTING MATERIALS, IN ppm a ) 

Compound 

I 

II 

III 
IV 
V 
VII 
2-Methylpyridine 

2-Aminopyridine 

2-Hydroxypyridine 
2-Mercaptopyridine 
2-Amino-3-methylpyridine 
2-Amino-5-methylpyridine 

Solvent 

THF 
HMPA 
THF 
HMPA 
HMPA 
HMPA 
HMPA 
HMPA 
THF 
HMPA 
THF 
HMPA 
HMPA 
HMPA 
HMPA 
HMPA 

2-C 

164.0 
161.5 
173.7 
173.0 
173.3 
183.5 
172.2 
171.6 
159.0 
157.9 
160.9 
160.5 
162.7 
179.9 
158.6 
158.3 

3-C 

115.8 
113.7 
113.0 
111.7 
114.0 
128.6b) 
115.6 
111.4 
123.2 
122.9 
108.9 
108.5 
120.3 
133.6b) 
116.4 
108.4 

Assig 

4-C 

131.3 
129.9 
135.9 
134.0 
135.8 
132.2b) 
133.4 
135.6 
136.2 
136.0 
137.9 
136.8 
136.1 
135.8b) 
137.1 
138.0 

nment 

5-C 

97.9 
92.5 

104.4 
101.3 
106.3 
110.9 
101.7 
107.9 
120.8 
120.5 
113.2 
111.7 
104.6 
111.3 
113.2 
121.0 

6-C 

148.5 
149.2 
147.8 
148.2 
146.6 
146.1 
146.1 
147.2 
149.8 
149.0 
148.7 
147.8 
140.3 
137.3 
145.4 
147.4 

C H 2 , C H 3 

56.1(CH2) 
58.8(CH2) 

18.9(CH3) 
17.3(CH3) 
24.4(CH3) 
24.1(CH3) 

16.9(CH3) 
17.1(CH3) 

a) Errors are estimated to be within ± 0 . 3 ppm. b) Assignment uncertain. 
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Fig. 1. PMR spectra of pyridylamino anions; (a) II in HMPA, (b) VI, (c) VIII, (d) IX in DME, and (e) 
V, (f) VII in HMPA. 

higher field. In addition, the 5-carbon signals of I and 
I I are shifted appreciably in the upfield direction 
relative to those of the starting materials. In the P M R 
spectra, the same tendency is observed for the 5-protons. 
I t is apparent that the excess charges transferred from 
the a-atom to the pyridyl r ing in I and I I have the 
strongest influence at the 5-position, i.e., the 5-carbon 
and proton chemical shifts are most affected by the 
charges. The 5-carbon and proton signals appear at 
higher field in the increasing order, IV, I I I , I I , and I. 
Thus, it may be possible to consider that the excess 
charges transferred onto the . r ing increase in the same 

order. 
In order to clarify the relationship between the carbon 

or proton chemical shifts and the ^-electron densities, 
these densities were calculated using the PPP and 
CNDO/2 M O methods for I—IV and I—II I , respec­
tively. T h e 7r-electron densities calculated using the 
PPP method are plotted against the carbon chemical 
shifts in Fig. 3. The plot is linear although the 2-
carbons and the methylene carbon of I deviate from 
linearity. One cause of this deviation may be the 
hybridization change in the a-atoms. O n the other 
hand, in Fig. 4 are plotted the ^-electron densities 
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160 100 
PPM 

Fig. 2. CMR Spectra of the aromatic carbon region of 
pyridylamino anions; (a) II , (b) V in HMPA (proton 
noise decoupling), and (c) V i n HMPA (off resonance 
decoupling). 

calculated using the CNDO/2 method. The plot of 
the 4-carbons deviates considerably from linearity, as 
compared with the plot of the others, that is, the densities 
are underestimated. The cause of this is unclear at 
present. Next, the relation between the ring-proton 
chemical shifts for each anion in I—II I and the n-
electron densities of the adjacent carbons calculated 
using the PPP method is linear, and the plot of I is most 
distinctly linear. 

The charge distributions on I—IV are discussed on 
the basis of the relationship shown in Fig. 3. This 
relationship implies that, in spite of changes in the 
a-atoms, the jr-electron densities of the ring carbons in 

these anions can be evaluated from the carbon chemical 
shifts using an identical scale. T h e b-values of the ring-
carbon chemical shifts of each anion increase in the 
order 5-, 3-, 4-, 6-, and 2-carbons, indicating that the 
TT-electron densities decrease in the same order. Of 
these anions, the 6-carbon chemical shifts are almost the 
same, the shift range is about 3 ppm, and, of course, 
is smaller than about 18 p p m for the 5-carbons. This 
may be due to the strong induction effect caused by the 
neighboring nitrogen atom. Here, from an assignment 
of both the 3- and 4-carbon signals of IV, the calculated 
charge densities distinguish the 3- from the 4-carbon. 
In this sense, this assignment may be uncertain. There­
fore, a t least in I — I I I , the ^-electron distribution 
patterns are clearly analogous, i.e., I — I I I are anions 
of the same type. T h e ring nitrogens in I—II I are 
expected to follow the same tendency as the 5-carbons, 
over which the charges transferred from the a-atoms 
are largely distributed and the 7r-electron densities 
increase in the order I I I , I I , and I. T h e 7r-electron 
densities of the ring nitrogen calculated using both the 
P P P and CNDO/2 methods also increase in the order 
I I I , I I , and I. 

The P M R spectra of I in T H F were temperature 
dependent ; chemical shifts of the ring protons at —25 
°C were 0.10—0.15 p p m upfield from the 31.5 °C 
values. This variation is larger than those for benzyl-
lithium and 1- and 2-naphthylmethyllithium.9) This 
relatively large temperature dependence shows that 
solvent separation in I occurs to an appreciable extent. 
In addition to this fact, the ring proton and carbon 
signals in H M P A move to higher field in comparison 
with those in T H F , i.e., the excess charges on the a-atom 
are transferred more into the ring for H M P A than for 

140 
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0.80 
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O D 

• i 

180 

•o 

i 

O 

i 

, 
150 

• o 

4* 

Q»° 

120 90 

0« 

60 

13C Chemical shifts (ppm) 

Fig. 3. 7i-Electron densities (PPP method) vs. 13G chemi­
cal shifts. 
O I in HMPA, # I in THF, A II in HMPA, A II in 
THF, • III in HMPA, <> IV in HMPA. 

1J60 

140 h 

1.20 h 

,i.ooh 

Q80H 

150 120 9 0 
13C Chemical shifts (ppm) 

Fig. 4. jr-Electron densities (CNDO/2 method) os. 13C 
chemical shifts. 
O I in HMPA, # I in THF, A II in HMPA, A II in 
THF, • I I I in HMPA. 

W 
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TABLE 3. COMPARISON OF CHARGE DENSITIES CALCULATED USING THE PPP AND CNDO/2 

M O METHODS FOR THE 2-PYRIDYLMETHYL, -AMINO, -OXY, AND -THIO ANIONS 

Compd 

PPP 

I 

CNDO/2 

TT(PZ) Total 
PPP 

II 

CNDO/2 

7t(Pz) Total 
PPP 

III 

CNDO/2 

TT(PZ) Total 

IV 

PPP 

1-N 
2-C 
3-C 
4-C 
5-C 
6-C 
a-X 
3-H 
4-H 
5-H 
6-H 

a-H 

1.437 
0.847 
1.122 
1.008 
1.260 
0.863 
1.462 

1.292 
0.846 
1.209 
0.928 
1.265 
0.907 
1.554 

305 
802 
153 
941 
171 
871 
366 

1.046 
1.070 
1.060 
1.090 
1.064 
1.061 

1.391 
0.722 
1.103 
1.008 
1.227 
0.878 
1.672 

1.247 
0.822 
1.193 
0.934 
1.237 
0.920 
1.647 

296 
753 
157 
944 
156 
880 
520 

1.042 
1.069 
1.058 
1.090 
1.035 

1.380 
0.650 
1.099 
1.012 
1.221 
0.887 
1.751 

1.229 
0.802 
1.180 
0.936 
1.222 
0.928 
1.702 

.300 

.712 

.166 

.946 

.149 

.882 
,592 
,039 
,070 
,057 

1.089 

1.269 
0.655 
1.027 
1.008 
1.135 
0.907 
2.000 

T H F . In this sense, I is more stable in H M P A than 
in T H F . Consequently, I exists as either solvent separat­
ed ion pairs or free ions in H M P A . T h e ring protons of 
I I—III and the r ing carbons of I I in H M P A are also 
more shielded than those in T H F . The 5-proton 
chemical shift of each anion in I — I I I shows the largest 
variation with a change in solvents from T H F to 
H M P A , and the magnitudes are 0.21, 0.35, and 0.51 
p p m for I I I , I I , and I, respectively. For the 5-carbon 
chemical shifts of both I and I I , the same tendency is 
observed, and the magnitudes are 5.4 and 3.1 ppm. 
With a change in solvents, the densities a t the 5-position 
vary greatly. In H M P A , the P M R spectral patterns of 
I I and I I I are similar to that of I. From these results 
for I I and I I I in polar solvents and the relationship 
among I — I I I as shown in Fig. 3, it is possible to con­
sider that I I and I I I also exist as analogous ions in 
H M P A , as does I, and, furthermore, so may IV. 

The 5-carbons in V and V I I show upfield shifts of 
about 10 p p m similar to that in I I . This magnitude is 
smaller than about 25 ppm in I, but much larger than 
about 0 p p m in I I I and IV. This suggests that the 
excess charges on the a-nitrogen atoms are appreciably 
transferred onto the pyridyl rings with a change in 

starting materials to li thium salts in polar solvents. 
Therefore, anions I I and V — I X , whose a-atoms are 
nitrogens, can be regarded as delocalized anions with 
the same significance as a series of picolyl anions. 

References 

1) Part III in this series: K. Konishi, Y. Onari, S. Goto, 
and K. Takahashi, Chem. Lett, 1975, 717. 

2) A. Streitwieser, Jr., J. Am. Chem. Soc, 74, 5290 (1952). 
3) K. Konishi, K. Takahashi, and R. Asami, Bull. Chem. 

Soc. Jpn., 44, 2281 (1971). 
4) K. Takahashi, K. Konishi, M. Ushio, M. Takaki, and 

R. Asami, / . Organomet. Chem., 50, 1 (1973). 
5) Osamu Kikuchi, "Bunshi Kidoho," Kodansha, Tokyo 

(1971). 
6) J. Hinze and H. H. Jaffé, J. Am. Chem. Soc, 84, 540 

(1962). 
7) J. A. Pople and D. L. Beveridge, "Approximate Mo­

lecular Orbital Theory," McGraw-Hill Book Company, New 
York (1970). 

8) B. Bak, L. Hansen-Nygaard, and J. Rastrup-Andersen, 
J. Mol. Spectrosc, 2, 361 (1958). 

9) F. J . Kronzer and V. R. Sandel, J. Am. Chem. Soc, 94, 
5750 (1972). 



October, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (10), 2517—2521 (1977) 2517 

Synthetic Zeolites as Catalysts for the Ring Conversion of 
f-Butyrolactone into 1-Substituted 2-Pyrrolidinones 
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Synthetic zeolites were found to be effective catalysts for the synthesis of 1-substituted 2-pyrrolidinone by the 
reaction of y-butyrolactone with amines. l-Propyl-2-pyrrolidinone was obtained in the equilibrium yield with 
practically 100% selectivity over copper exchanged Y-zeolite at 280 °C. The effects of reaction temperature, 
contact time and partial pressures of the reactants were examined. A reaction mechanism is proposed for the 
ring transformation based on the kinetic studies of the reaction of y-butyrolactone with propylamine. 

Transformation of heterocycles into compounds 
containing a ring system differing from that of starting 
substance provides a convenient method for the syn­
thesis of some heterocycles. As an example, 2-pyr­
rolidinone can be obtained by the reaction of y-
butyrolactone and ammonia.1) Usually, the reaction is 
carried out in a liquid phase under pressure. T h e ring 
transformations of cyclic ethers or lactones into the 
corresponding cyclic imines or lactams can be effectively 
carried out in a vapor phase by using synthetic zeolites 
as catalysts.2-7) Over copper-exchanged Y zeolites, 2-
pyrrolidinone was obtained from y-butyrolactone in 
80—90% yield.4) We have carried out the synthesis of 
1-substituted 2-pyrrolidinones from y-butyrolactone in a 
vapor phase with use of zeolites as catalysts. A detailed 
study has been carried out on the kinetics of the reaction 
and a reaction mechanism is proposed in the case of the 
reaction of y-butyrolactone with propylamine to form 
1 -propyl-2-pyrrolidinone. 

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

Measurements. All the boiling points are uncorrected. 
The determination of infrared spectra was made on a Shimadzu 
IR-6 spectrophotometer. The NMR spectra were recorded 
in tetrachlorometane solution with a spectrometer using 
tetramethylsilane as an internal reference. Gas chromato-
grams were obtained using a 2 m column packed with a 
10% PEG-6000 on Shimalite-F operating at 200 °C. 

Materials. y-Butyrolactone (Tokyo Chemical Industry) 
was distilled just before each reaction. Amines (Wako Pure 
Chemical Industry) were used without purification. 

Catalyst. NaY-zeolite (Linde SK-40) was used as the 
starting material for all the catalysts. Various cation 
forms of zeolites were prepared by the conventional cation 
exchange procedure using salt solutions. The cation exchang­
ed zeolites were pelleted without a binder and crushed and 
sized into 9—16 mesh. 

Apparatus and Procedure. A continuous flow reactor 
was used under atomspheric pressure. The reactor is a 
silica tubing (13 mm i.d.) placed in a vertical furnace. Prior 
to the reaction, the catalyst in the reactor was heated in an 
air stream at 500 °C (or 450 °C for HY) for 60 min. The 
liquid reactants were pumped with microfeeders into the 
preheating zone of the reactor containing 10 ml quartz or 
a-alumina (about 24 mesh). The gaseous materials were 
fed through flowmeters. Nitrogen was used as a diluent for 

* Present address: Faculty of Education, Saitama 
University, Urawa, Saitama 338. 

regulating the initial pressure of reactants. Reaction products 
collected in the receiver maintained at 0 °C was withdrawn 
at certain intervals during the run and were analyzed by 
gas chromatography. 2-Pyrrolidinone, l-methyl-2-pyrrolidi-
none and l-ethyl-2-pyrrolidinone were identified by compar­
ison of their infrared spectra with that of authentic samples. 
Other products were assignd by IR, NMR, and the elemental 
analysis methods. 

1-Propyl-2-pyrrolidinone. Bp 94—96 °C, 9 mmHg. C= 
O band 1693 cm-1. NMR (CC14, Ô) 0.80—1.00 (t, 3H), 
1.24—1.80 (m, 2H), 1.90—2.40 (m, 4H), 3.06—3.47 (m, 
4H). Found: C, 66.33; H, 10.46; N, 11.27%. Calcd for 
C7H l sNO: C, 66.10; H, 10.30; N, 11.01%. 

l-Butyl-2-pyrrolidinone. Bp 116—118 °C, 10 mmHg. 
C=0 band 1686 cm-1. NMR (CC14, Ô) 0.80—1.85 (t, 3H), 
1.16—1.61 (m, 4H), 1.86—2.41 (m, 4H), 3.09—3.46 (m, 4H). 
Found: C, 67.83; H, 10.79; N, 10.30%. Calcd for C8H15NO: 
C, 68.04; H, 10.71; N, 9.92%. 

l-Isobutyl-2-pyrrolidinone. Bp 96—98 °C, 10 mmHg. 
C=0 band 1676 cm-1. NMR (CC14, Ô) 0.80—0.91 (d, 6H), 
1.64—2.40 (m, 5H), 2.92—3.02 (d, 2H), 3.20—3.40 (t, 2H). 
Found: C, 67.82; H, 10.69; N, 9.77%. Calcd for C8H15NO: 
C, 68.04; H, 10.71; N, 9.92%. 

l-s-Butyl-2-pyrrolidinone. Bp 102—103 °C, 10 mmHg. 
C=0 band 1677 cm"1. NMR (CC14, Ô) 0.75—0.96 (t, 3H), 
1.04—1.16 (d, 3H), 1.25—1.70 (m, 2H), 1.86—2.37 (m, 4H), 
3.12—3.33 (t, 2H), 3.70—4.21 (m, H). Found: C 68.31; 
H, 10.89; N, 10.20%. Calcd for CbH15NO: C, 68.04; H, 
10.71; N, 9.92%. 

l-t-Butyl-2-pyrrolidinone. C=0 band 1672 cm-1. 
l-Pentyl-2-pyrrolidinone. Bp 124—126 °C, 14 mmHg. 

C=0 band 1676 cm-1. NMR (CC14, Ô) 0.80—0.99 (t, 3H), 
1.15—1.59 (m, 6H), 1.86—2.34 (m, 4H), 3.09—3.44 (m, 4H). 
Found: C, 69.60; H, 11.14; N, 8.99%. Calcd for C9H17NO: 
C, 69.63; H, 11.04; N, 9.02%. 

l-Hexyl-2-pyrrolidinone. 133—134 °C, 10 mmHg. C= 
O band 1681 cm"1. NMR (CC14, Ô) 0.80—0.99 (t, 3H), 
1.15—1.60 (m, 8H), 1.80—2.35 (m, 4H), 3.07—3.45 (m, 4H). 
Found : C, 71.55 ; H, 11.46 ; N, 8.45%. Calcd for C10H19NO : 
C, 70.96; H, 11.23; N, 8.28%. 

1-Phenyl-2-pyrrolidinone. Mp 67—68 °C. C=0 band 
1676 cm-1. NMR (CC14, Ô) 1.86—2.64 (m, 4H), 3.68—3.91 
(t, 2H), 7.03—7.70 (m, 5H). Found: C, 74.60; H, 6.83; 
N, 8.79%. Calcd for C 1 0H nNO: C, 74.51; H, 6.88; 
N, 8.69%. 

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

Catalytic Activity of Various Cation Forms of Zeolite. 
The catalytic activities of various cation forms of Y-
zeolite for the reaction of y-butyrolactone and propyl­
amine were compared under the following conditions: 
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TABLE 1. ACTIVITY AND SELECTIVITY FOR THE REACTION OF 

F-BUTYROLACTONE OVER VARIOUS Y-ZEOLITES 

Fig. 1. Change in the yield of l-propyl-2-pyrrolidinone 
over various zeolites at 280 °C. 

reaction temperature 280 °C, catalyst weight 1 g, flow 
rate of reactants; y-butyrolactone 24 x 10 - 3 mol/h, 
propylamine 122 X 1 0 - 3 mol/h, flow rate of nitrogen 
99 X 1 0 - 3 mol/h. T h e catalytic activities decreased with 
time (Fig. 1). The activity and selectivity for the 
production of l-propyl-2-pyrrolidinone on various cation 
forms of zeolites are given in Table 1. The values refer 
to the data obtained after the reaction had proceeded 
for 3 h. Besides l-propyl-2-pyrrolidinone, a small 
amount of iV-propyl-4-hydroxybutyramide was produc­
ed. Selectivity is defined as follows. 

Selectivity (%) =, ^ 1 of pyrrolidinone^rocUiced x m 
mol oi y-butyrolactone reacted 

The highest yield of the pyrrolidinone was obtained 
over CaY (calcium exchanged Y zeolite), followed by 
alkaline cation forms (Table 1). The best selectivity 
for the pyrrolidinone was observed for CuY, the most 
stable catalyst for the reaction (Fig. 1). Thus, CuY 
was used exclusively for further investigations. Though 
the activity decreased gradually with stream hours, it is 
completely recovered by calcining the used catalyst 
under air stream at 500 °C. 

Reaction of y-Butyrolactone with Various Amines. 
The reactions of y-butyrolactone (I) with various 
pr imary amines were carried out with CuY as a catalyst 

Cation 

H 
Li 
Na 
K 
Rb 
Cs 
Mg 
Ca 
Sr 
Ba 
Cu 
Ni 
Co 
Zn 

Conversion 
of I 
% 
23 
47 
38 
58 
54 
54 
24 
73 
20 
16 
37 
35 
23 
16 

Yield of 
III 
% 
15 
36 
30 
50 
46 
44 
15 
62 
10 
6 

34 
27 
16 
6 

Selectivity 
for III 

% 

65 
77 
80 
86 
85 
81 
63 
85 
50 
38 
92 
77 
70 
38 

Catalyst 1 g. Reaction temperature 260 °C. Feeding 
rate of I 24.0 xlO" 3 mol/h. Reactant ratio 11/1=5.08. 
Total feed ( I + I I + N 2 ) 225 X 10~3 mol/h. 

at 280 °C. T h e results are summarized in Table 2. T h e 
yield of 2-pyrrolidinones depends on the nature of the 
amines, but the selectivity of the reaction is quite high. 
In addition to neat amines, the amine in aqueous 
solution can be used for the synthesis. 

The yield of 2-pyrrolidinone in the reaction of I with 
ammonia was lower than that with primary amines. 
This may be caused by the difference in the basicity of 
ammonia and primary amines. The steric effect also 
seems to be important for the reactions; the yield of 
2-pyrrolidinones depends on the starting amine in the 
following order. 

CH3NH2«*C3H7NHa > C4H9NHa > 

C 6 H n NH 2 > C6H13NH2 > PhNH2 

C4H9NH2 > Iso-QHoNHa > j-C4H9NH2 > /-QHsNHa 

Since the basicity of alkylamines hardly depends at 

TABLE 2. ACTIVITY AND SELECTIVITY FOR THE REACTION OF ^-BUTYROLACTONE 

WITH VARIOUS AMINES OVER Cu-Y 

Amine Pi 
(atm) ; x l 0 - 3 mol/h) 

p 
•* amine 

(atm) 

-"-amine 

; x l 0 " 3 mol/h) 

Yield of 
pyrrolidinone 

(%) 

Selectivity 
(%) 

Ammonia 
Methylamine 
Methylamine* > 
Ethylamineb> 
Propylamine 
Butylamine 
Isobutylamine 
j-Butylamine 
f-Buty lamine 
Pentylamine 
Hexylamine 
Aniline 

0.098 
0.098 
0.052 
0.075 
0.098 
0.098 
0.098 
0.098 
0.098 
0.098 
0.098 
0.098 

24 
24 
20 
20 
24 
24 
24 
24 
24 
24 
24 
24 

0.497 
0.497 
0.192 
0.258 
0.497 
0.409 
0.508 
0.404 
0.571 
0.522 
0.440 
0.446 

122 
122 
73 
67 

122 
101 
124 
99 

140 
128 
108 
109 

12 
98 
56 
80 
96 
86 
85 
64 
4 

60 
49 
8 

68 
98 
— 
— 
98 
94 
96 
92 
88 
92 
95 
— 

Catalyst Cu-Y 3 g. x v , . „ • 
pressure. R: feeding rate, a) 40% aqueous solution, b) 70% aqueous solution. 
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all on the kind of alkyl group, the difference in the yield 
of 2-pyrrolidinone seems mainly to be caused by the 
steric effect. T h e bulkier the alkyl group, the less the 
reactivity of amine toward I. Since propylamine (II) 
has a high reactivity toward I with high selectivity, 
the various parameters determining the yield of 1-
propyl-2-pyrrolidinone (III) were examined by using 
propylamine as a strating amine. 

240 260 280 
Temperature 

Fig. 2. Effect of reaction temperature on the catalytic 
behavior of CuY in the reaction of y-butyrolactone 
with propylamine. 
0 : Conversion of y-butyrolactone, 0 : yield f° r 1~ 
propyl-2-pyrrolidinone, 0 : selectivity for l-propyl-2-
pyrrolidinone. 

Influence of the Reaction Temperature. Figure 2 
shows the temperature dependence of the yield of I I I 
by the reaction of I with I I . The yield of I I I increases 
with temperature up to 320 °C, decreasing slightly above 
320 °C. Thus, the opt imum temperature seems to lie 
around 300 °C. 

Effect of Contact Time. Effect of the contact time 
{W/F) on the yield of I I I from I and I I over CaY and 
CuY was examined. W/F is denned as follows. 

W/F = 
Weight of catalyst (g) 

Total feed (I + II + N2) (mol/h) 

The results are illustrated in Fig. 3. The partial pressure 
of I was kept constant at 0.098 a tm and that of I I was 
varied in the range 0.088—0.497 atm. The yield of I I I 
increased with contact time, reaching a constant value 
which does not depend on the nature of the catalyst. 
Thus, the reaction seems to proceed until equilibrium 
is reached. The apparent equilibrium constant (KP) 

B=P.497atm 
3.248 

3.124 

0.0 8 8 

280X R=0.098atm 

100 200 
W/F (ghr/mol) 

300 

Fig. 3. Effect of contact time (W/F) on the yield of 
l-propyl-2-pyrrolidinone over CuY ( ) and CaY 
( )• 

values estimated from the data in Fig. 3 are given in 
Table 3. The KF value does not depend on the initial 
reaction conditions, suggesting that the reaction proceeds 
nearly to equilibrium. 

Reaction Kinetics. T h e kinetics of the reaction of 
I and I I was studied with CuY as a catalyst. Reaction 
kinetics was examined in the temperature range 240— 
280 °C under small contact t ime conditions for the 
reaction of I and I I . T h e effect of the partial pressure 
of I (Pi) on the reaction rate was examined by keeping 
the partial pressure of I I (Pn) at 0.348 a tm. The 
partial pressure of nitrogen was adjusted to keep the 
contact time constant. The result is given in Fig. 4. 

0.2 0.3 
Pi 

0.4 0.5 0.6 0.7 
(atm) 

Fig. 4. Dependence of the reaction rate on the partial 
pressure of y-butyrolactone. 

TABLE 3. APPARENT EQUILIBRIUM CONSTANT OF THE REACTION OF ^-BUTYROLACTONE WITH PROPYLAMINE 

Catalvst 

Feeding rate of reactant 

I 
X 10"3 mol/h 

II 
X 10"3 mol/h 

Formation 
rate of III 

X 10~3 mol/h 

Yield of III 

% 

Apparent 
equilibrium 

constant 
K„ 

CuY, CaY 
CuY 
CuY 
CuY 

Catalyst 3 g. Reaction 

24.0 
24.0 
24.0 
24.0 

temperature 

* P 

280 

— 

121.6 
60.8 
30.4 
21.5 

°C. Total feed 
^ * I I I ^ * H 2 0 _ 

23.0 
21.6 
18.5 
15.8 

( I + I I + N 2 ) 2 4 5 x io-

95.8 
90.0 
77.1 
65.8 

* mol/h. 

5.4 
5.0 
5.6 
5.3 

P* : partial pressure at the reactor exit. 
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The dependence of the rate (r) on the partial pressure 
of I can be expressed by 

r — k1>-
i+W (1) 

were kj and Ki are constants. By rearrangement, we 

have A = _L_ • A 
r k^ + *! ' (2) 

0.1 Q2 0.3 0.4 0.5 0.6 0.7 

Pi ( a t m ) 
Fig. 5. PJr vs. Pt plot. 

0, Q2 0.3 0.4 0.5 
Pjr (atm ) 

0.6 0.7 

Fig. 6. Dependence of the reaction rate on the partial 
pressure of propylamine. 

Straight lines are obtained by plotting PY\r against 
Pi (Fig. 5). T h e slope and the intercept give the values 
of Xjkj and \fkiKu respectively. 

The dependence of the reaction rate on the partial 
pressure of I I was examined by keeping Pi at 0.098 a tm 
(Fig. 6). I t was found to be represented also by 

r = kr 
K„P^ 

tn'l+KttPu> 

which, on rearrangement, gives 

1 1 ii 
r krrKr + £ 

(3) 

(4) 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
PK ( a tm) 

Fig. 7. Pnjr vs. Pu plot. 

The relation was checked (Fig. 7) and the values of kn 

and An were obtained. 
Thus, the following kinetic expression is obtained from 

Eqs. 1 and 3 : 

r= k> KlP1 KnP, 
1+K& 1 + i C n i V (5) 

where 

*i = k> 
K„P, 

1+tfnAi 
and T̂T = k- KlP1 

1+Kft 

From the values of hi, kn, KI} and Kn, obtained experi­
mentally, the value of A; was determined uniquely. The 
values of Ku Ku are given in Table 4. 

Equation 5 indicates that there are independent 
adsorption sites for I and amine and that the reaction 
of the adsorbed I and adsorbed amine is rate determin­
ing. The activation energy of the reaction, the heats of 
adsorption of I and I I were determined to be 23 kcal/ 
mol, 9.0 kcal/mol, and 9.9 kcal/mol, respectively. 

I t was also confirmed that rate does not depend on the 
part ial pressure of water or I I I , by addition of water or 
I I I to the feeding reactant. 

Reaction Mechanism. The reaction kinetics repre­
sented by Eq. 5 suggests that there is an independent 
adsorption site for each reactant. In a previous work 
on the reaction of I and ammonia, it was postulated 
that polarization of the carbonyl group of I to the 
strong electrostatic field in the neighborhood of the 
metal cation is essential. The same should hold for the 
reaction with pr imary amines. T h e adsorption sites 
for I are probably metal cations. 

The adsorption site for primary amines might be the 
oxygen ions next to a luminum cations in the zeolitic 
framework. Dissociative adsorption of ammonia has 
been observed on the oxide ions of alumina surface.8) 

TABLE 4. KINETIC PARAMETERS FOR THE REACTION OF ^-BUTYROLACTONE AND PROPYLAMINE OVER CUY 

Temperature 
(°G) Xl0-3mol/g-h) (atm-1) Xl0-3mol/g-h) (atm-1) Xl0-3mol/g.h) 

220 
240 
260 
280 

— 
3.66 
9.28 
23.25 

— 
32.1 
26.3 
21.5 

1.11 
3.15 
9.62 
16.39 

45.2 
24.9 
20.8 
15.3 

— 
4.1 
12.1 
20.9 
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Thus, we proposed the following reaction mechanism. 

K, 
Mr 

K„ 

•Mn+ 

RNH 

(6) 

O O " - H 
RNH- + V W~~NÄA/ (7> 

Si AI Si 

•R 

ÇV + V ^ - ^ V " (8> 

A- vw :r w v 
(IV) 

N ^ O 
H 2 0 (9) 

Equations 6 and 7 represent the adsorption of I and 
primary amine on metal cation and oxygen anion 
in the zeolite framework, respectively. The activated 
reactants react with each other to form an acid amide 
like intermediate I V (Eq. 8), the step being rate de­
termining. The dehydration of the intermediate to the 
lactam is fast. This mechanism is in line with Eq. 5, 
if we put the adsorption equilibrium constant of I and 
primary amine, Ki and KA and the rate constant of the 
elementary reaction (Eq. 8), k. This mechanism also 
expresses the effect of the kind of amines on their 
reactivity toward I. T h e elementary reaction (Eq. 8) 
should be faster, if the basicity of the amine increases ; 
primary normal alkylamines react more readily with I 
than ammonia. The large steric effect is expected since 

the reaction occurs on the surface of zeolite. The 
interaction between the carbonyl group of I and the 
lone pair of the amine may need very specific special 
arrangement. 

Low activity of hydrogen form of the zeolite (HY) 
should be noted since the origin of catalytic activity 
of the zeolite is very often ascribed to the protonic 
acidity of the zeolite. I n the case of the reaction studied, 
protonic acid probably reacts with amines to form 
ammonium ions. 

NH aR + H + <=± NH3R+ . 

This explains the low activity of HY. 

T h e authors acknowledge the helpful discussion of 
Professor Tominaga Keii. One of us (Y. O.) wishes to 
thank the Kura ta Foundat ion for financial assistance. 

References 

1) E. Späth and J . Lintner, Chem. Ber., 69, 2727 (1936). 
2) K. Hatada, M. Shimada, K. Fujita, Y. Ono, and 

T. Keii, Chem. Lett., 1974, 439. 
3) K. Fujita, K. Hatada, Y. Ono, and T. Keii, J. Catal., 

35, 325 (1974). 
4) K. Hatada, M. Shimada, Y. Ono, and T. Keii, J. 

Catal., 37, 166 (1975). 
5) Y. Ono, K. Hatada, K. Fujita, A. Halgeri, and T. 

Keii, J, Catal., 41, 322 (1976). 
6) Y. Ono, Y. Takeyama, K. Hatada, and T. Keii, Ind. 

Eng. Chem., Prod. Res. Dev., 15, 180 (1976). 
7) Y. Ono, M. Kaneko, A. Halgeri, and K. Hatada, 

"Molecular Sieves-II," ACS Symposium Series, No. 40, ed 
by J. R. Katzer, American Chemical Society, Washington 
(1977), p. 596. 

8) J. B. Peri, J. Phys. Chem., 69, 231 (1969). 



2522 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (10), 2522—2527 (1977) [Vol. 50, No. 10 

Application of Infrared ATR Spectroscopy to Liquid Crystals. I. 
Surface-Induced Orientation in Thin Films 

of Nematic MBBA1) 
Aritada H A T T A 

Laboratory of Interface Science of Metals, Faculty of Engineering, 
Tohoku University, Aramaki Aoba, Sendai 980 

(Received February 8, 1977) 

Infrared dichroism of nematic liquid iV-(/>-methoxybenzylidene)-/>-butylaniline (MBBA) was measured using 
a conventional transmission method and an ATR method. In the former, KBr windows were used as substrates. 
The degree of orientation order of the homogeneous structure, which was achieved by a rubbing procedure, was 
obtained to be 5=0.40. Using the measured dichroic ratios, the angles between the transition moments and the 
long axis of the molecule were calculated. The calculated values are in satisfactory agreement with the molecular 
conformation already suggested. In the ATR method, In203-coated glass plates were used as substrates. Rubbing 
of the In2O s surface gave a uniform homogeneous orientation with an S value of 0.57. An l n 2 0 3 surface treated 
with dimethyldichlorosilane gave a homeotropic texture with an S value of 0.53. The directions of the transition 
moments relative to the long axis of the molecule closely agreed with those obtained from transmission spectra. 

The orientation of the thin liquid-crystal film in 
contact with the solid surface is very often determined 
by the orientation of the liquid-crystal molecules 
interacting with the solid surface. Therefore, if the 
interaction between the molecules and the solid surface 
is very strong, the surface orientation can greatly 
contribute to the long-range ordering of the liquid 
crystal. Such an orientation behavior is not only a 
phenomenon of fundamental interest, but is also a 
practical problem for application to display elements.2) 
In this connection, it is interesting to observe the 
infrared dichroism arising from molecular orientation in 
thin films of the liquid crystals in contact with various 
substrate surfaces. 

T h e effects of temperature3) and electric field4) on 
molecular orientation have been investigated by the 
infrared dichroism method. All of these studies, however, 
have resorted to the use of the transmission method. 
Absorption measurements on liquid crystals using 
transmission techniques are often difficult because of the 
strong absorption and, therefore, extremely thin films 
are required. This difficulty does not arise when the 
A T R method5) is used, because the observed intensities 
are determined by an electric-field penetration into the 
sample of a few microns and are independent of the 
sample thickness. 

The most significant advantage of using the A T R 
method is that the electric fields exist in all spatial 
directions at the reflecting interface. Therefore, the 
A T R technique is capable of giving information about 
any orientational state of the liquid crystal. 

Vergoten and Fleury6) have recently reported infrared 
and R a m a n spectra of iV-(/>-methoxybenzylidene)-/>-
butylaniline (MBBA) in the solid state and in nematic 
and isotropic liquids. However, no infrared dichroism 
measurements have yet been reported. 

T h e objective of this report is to show the versatility of 
the infrared A T R method in studying the structure of 
oriented liquid films of MBBA induced by the surface 
effect of the substrate. 

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

ATR spectra were recorded using a JASGO model IR-G 
grating spectrophotometer equipped with a double-beam ATR 
attachment and a conventional AgCl polarizer. Two trape­
zoidal prisms made from high-purity monocrystalline silicon 
were used as internal reflection elements in an optically-
balanced double-beam system; one prism was put in the 
sample beam and the other in the reference beam. 

The prisms were cut and polished so as to provide an 
internal reflection angle of incidence of 40° and give one 
reflection. The Si prism used has a constant transmittance 
(55%) from 2.5 to 6.6 jx. Beyond 6.6 fx, however, the trans­
mittance of silicon falls off due to impurities and lattice bands, 
for example, three weak bands appear between 6.6 and 8 \x 
and a strong band appears at 9 \x. Careful balancing of the 
sample and reference beams provided a flat background level 
over the 2.5—10 JJL wavelength range with sufficient sensitivity. 
In the present study, mainly the 6—10 (j. range was investi­
gated. 

The sandwich cell shown in Fig. 1 was used for the ATR 
measurements. The sample of the liquid crystal is sandwiched 
between the Si prism and a substrate plate which is sepa­
rated from the prism by a polyester spacer. The substrate 
chosen for the present study was an In203-coated conducting 
glass plate. The substrate was in contact with the wall of a 
brass box containing a nichrome wire heater. The tempera-

fa c 

Fig. 1. Liquid crystal cell for ATR measurements, a: 
Si prism, b : thermocouple, c: liquid crystal, d: 
spacer, e: l n 2 0 3 electrode, f: glass plate, g: tem­
perature regulator, h: heater, i: single-bored glass 
plate, j : voltage generator. 
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ture of the liquid crystal was controlled by a conventional 
on-off power supply. The accuracy of the temperature was 
± 2 °G. Guaranteed-grade MBBA reagent was obtained from 
Tokyo Chemical Industry Co. and was used without further 
purification. 

To obtain homeotropic alignment, the substrate of the In2-
Os-coated glass plate was immersed in a 5% toluene solution 
of (CH3)2SiCl2, following the experimental procedure given by 
Uchida et al.1*) After standing for 30 min at room tempera­
ture, the substrate was taken out of the solution and then rinsed 
with toluene to remove the remaining (CH3)2SiCl2. The sub­
strate thus treated was dried at 100°C for 1 h. 

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

First, the transmission spectra of oriented MBBA 
at 30 °C will be discussed. The MBBA sample was held 
between two KBr windows whose surfaces were rubbed 
in one direction with a buff. 

TABLE 1. OBSERVED FREQUENCIES, VIBRATIONAL ASSIGNMENTS, 

AND DICHROIC RATIOS FOR HOMOGENEOUSLY-ORIENTED M B B A 

(S=0.40;a=39.2°) 

Observed Assignment R 

1630 
1600 
1578 
1520 
1250 

1160 

1030 

830 

C=N stretching 
phenyl ring stretching 
phenyl ring stertching 
phenyl ring stretching 
C-O-C asym. stretching 
phenyl C-H in-plane 
deformation 
CH 3 -0 stretching 
(C-O-C sym. str.) 
phenyl C-H out-of-plane 
deformation 

2.03 
2.51 
2.85 
2.52 
2.51 

29.4< 
19.3 
10.2 
19.0 
19.2 

2.63 

1.34 

16.4° 

44.8C 

0.50 90.0ob> 

a) The angle between the direction of the transition 
moment and the long axis of the molecule, b) Assumed. 

wavenumber cm"1 

Fig. 2. The polarized transmission spectra of oriented 
thin MBBA film at 30 °C. E„ and E± refer to the 
electric vector of radiation polarized parallel and 
perpendicular to the optic axis (rubbing direction), 
respectively. 

Spectra were taken for radiation with the electric 
vector polarized parallel and perpendicular to the 
rubbing direction. Because of the high degree of 
absorption, no spacer was used between the windows. 
The polarized transmission spectra for MBBA are shown 
in Fig. 2. The observed dichroic ratios and vibrational 
assignments for several important bands are given in 
Table 1. 

The degree of orientational order in liquid crystals 
is generally defined by the degree of order, S7) 

R = (2) 

and the optical axis of the uniformly oriented liquid 
crystal. 

O n the other hand, the dichroic ratio is given by8) 

ku _ 4 cos2 ß cos2 a + 2 sin2 ß sin2 a 
1 7 ~ 2 cos2 ß sin2 a+sin2 ß{ 1 + cos2 a) " 

In Eq. 2, k,i and k± are the absorption coefficients 
measured with the infrared radiation polarized parallel 
and perpendicular to the optical axis, respectively. T h e 
angle ß designates the angle between the long axis and 
the vibrational transition moment of the molecule. The 
coordinate system defined above is shown in Fig. 3. 
In this figure, all the long axes of the molecules are 
assumed to be inclined at a common angle a with 
respect to the optical axis. Furthermore, the molecules 
are assumed to rotate freely about their own long axes. 

optical axis 
C 

rubbing direction 

long-axis 

transition 
moment 

Fig. 3. Uniaxial orientation of the long-axis of the 
molecule around the optical axis and of the transition 
moment around the long-axis of the molecule. 

From Eqs. 1 and 2, the degree of order is expressed 
in the simple form, 

R-l 
S = 

Sß(R+2) ' 
(3) 

where 

S = y ( 3 c o s 2 a - l ) , (1) Sß = j-(3cos2/?-l). 

where a is the angle between the long axis of the molecule Thus, the degree of order is expressed in terms of R and 
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Sß. Accordingly, if the angle ß is known for a given 
vibrational band, the value of S can be obtained from 
its R value. Furthermore, by using the S value obtained 
above, the ß value can be calculated for any other 
vibrational band. 

According to Eq. 1, the S value in Eq. 3 should vary 
from —0.5 to 1, the former corresponding to liquids 
oriented with the long axes of molecules perpendicular 
to the rubbing direction and the latter to liquids oriented 
with the long axes parallel to that direction. If the 
liquid crystal is isotropic, that is i ? = l , the S value 
becomes zero. 

O n the other hand, there is a high tendency for 
nematic molecules to line up with their long axes 
parallel to the direction of rubbing3»9) and, therefore, 
the optical axis of the uniaxial liquid crystal can be 
assumed to coincide with the rubbing direction, as 
shown in Fig. 3. Accordingly, we may consider only 
the case in which the long axis of the molecule is oriented 
preferably parallel to the optical axis of the liquid so 
that the long axis has a positive S value. If the vibra­
tional transition moment is oriented along the long axis 
of the molecule, Eq . 3 reduces to S=(R—l)l(R+2). 
Because R varies between 1 and infinity in this case, the 
degree of order varies from 0 and 1, the former corre­
sponding to an isotropic liquid and the latter to a liquid 
oriented parallel to the optical axis. O n the other hand, 
when the transition moment is directed perpendicular 
to the long axis, the degree of order is given by S— 
2(1 —R)l(R+2). In this case, R would vary from 0 and 
1, and then S is positive with a maximum value of 1 
which also corresponds to a completely parallel liquid. 
Consequently, the degree of order £ varies from 0 and 1 
provided the ku component of the absorption coefficients 

is taken to be parallel to the optical axis of MBBA 
molecule. 

T h e S values estimated from Eq. 3 are plotted against 
ß in Fig. 4, using the R values listed in Table 1. The 
plots vary in a characteristic way and provide useful 
information about molecular structure: they afford the 
relative direction of the transition moment of the 
molecule and can, therefore, give confirmation of 
assignments already given. I t is evident from Fig. 4 that 
the angle for the 1578 c m - 1 band must have the lowest 
value; its transition moment is oriented nearly parallel 
to the direction of the long axis of the molecule. In 
contrast to this band, the 830 c m - 1 band very probably 
has a much different direction of transition moment 
from that of the above band. 

—*j8 degrees 
Fig. 4. The degree of orientation order S as a function 

of angle calculated from experimental dichroic ratio, 
a: 1578 cm-1, b : 1160 cm-1, c: 1600 cm-1, d: 1630 
cm-1, e: 1030 cm-1, f: 830 cm"1. 

Fig. 5. Structural model for MBBA. L is the approx­
imate direction of the long-axis of the molecule (from 
Ref. 10). 

Based on the N M R study, Pines and Chang10) 
suggested the structure of the MBBA molecule as shown 
in Fig. 5, where the long axis L is shown as the line 
passing through the centers of the co-planar benzene 
rings. If the transition moment of the 830 c m - 1 band is 
assumed to be perpendicular to the long axis, i.e., ß— 
rc/2, the S value is found, from Fig. 4, to be 0.40. From 
Eq. 1, the value of a is calculated to be 39.2°. If an S 
value of 0.40 is used, one can estimate ß values for the 
remainder of the vibrational bands. The results are 
presented in Table 1. 

The angle ß between the transition moment of the 
phenyl ring stretching mode at 1578 c m - 1 and the long 
axis of the molecule is calculated to be 10.2°, which is in 
excellent agreement with the experimental value of 9° 
given by Pines and Chang.10) T h e above-mentioned 
value S=0.40 is rather low compared with the 0.62 
value obtained from optical anisotropy measurements.11) 
Nevertheless, in view of the fact that a sample in the 
form of very thin film was used, the uniformity of 
orientation may be affected by the container surfaces. 

Saupe and Maier7) have pointed out tha t the observed 
dichroic ratios contain a contribution from the aniso­
tropy in the refractive indices, viz., birefringence, 
An—ne— noi where the extraordinary index ne and 
ordinary index n0 correspond to the directions parallel 
and perpendicular to the optical axis of the medium, 
respectively: the correction factor to the dichroic ratio 
should increase with increasing S. If we conveniently 
assume that the birefringence of MBBA12) obtained at 
6328 Â is applicable to the present case, the corrected 
S value is found to be 0.44. I n this case, however, the 
resulting ß value for the 1578 c m - 1 band is as large as 
22°, which cannot be considered reasonable in view 
of the structural model mentioned above. Therefore, 
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the birefringence in the infrared region is probably small 
compared with that in the visible region. Support for 
this deduction is given by the A T R measurements of 
highly-oriented MBBA. 

In the A T R method,13) electromagnetic fields interact­
ing with the absorbing medium are present in three 
directions at the reflecting interface and then the 
measurement of the reflectivity losses provides informa­
tion about the anisotropy of the medium. In this 
respect, the A T R method is valuable for all types of 
oriented liquid crystals. However, no A T R spectra of 
liquid crystals have yet been reported. Brief mention 
is made of a procedure for the determination of the 
orientation of MBBA induced by substrate surfaces. 

Fig. 6. The ATR spectra of uniformly homogeneous 
MBBA kept at 25 °C, measured with the electric vector 
of the radiation polarized parallel (solid line) and 
perpendicular (broken line) to the plane of incidence. 

Figure 6 shows the polarized A T R spectra of a 25-fx 
sandwich of nematic MBBA between indium-oxide 
coated glass and a single reflection silicon prism. T h e 
temperature of the liquid cell was maintained at 25 °G 
and the incident angle was 40°. In order to obtain 
homogeneous orientation, the l n 2 0 3 surface was rubbed 
with alumina in one direction. The rubbed substrate 

1400 1300 

wavenumber cm"1 

Fig. 7. The ATR spectra of homeotropic MBBA kept at 
25 °C, measured with the electric vector of the radia­
tion polarized parallel (solid line) and perpendicular 
(broken line) to the plane of incidence. 

was positioned to form the liquid cell so that the direc­
tion of rubbing coincided with the x-axis of the prism 
(see Fig. 8). 

Figure 7 shows the polarized A T R spectra of homeo-
tropically-oriented MBBA film at a constant tempera­
ture of 25 °C with the long axis of the molecule perpen­
dicular to the substrate. This homeotropic structure 
was at tained when the surface of the l n 2 0 3 coated glass 
was treated with dimethyldichlorosilane14) or lecithin. 
The dichroic behavior exhibited in Fig. 7 shows clearly 
that the sample is quite well oriented, in agreement with 
the literature.14) The observed dichroic ratios, D, taken 
from Figs. 6 and 7 are listed in Table 2. 

IRbeam 

Fig. 8. Coordinate system for the attenuated total reflec­
tion from anisotropic absorbing medium. 1 : Silicon 
prism, 2 : anisotropic liquid crystal. 

TABLE 2. OBSERVED DICHROIC RATIOS, CALCULATED 

ß VALUES, AND S VALUES FOR HOMOGENEOUS AND 

HOMEOTROPIC LIQUIDS OF M B B A 

Wavenumber 
(cm"1) 

1630 
1600 
1578 
1520 
1250 
1160 
1030 

Homogeneous 

-k'obsd kjkz 

0.74 2.556 
0.53 3.568 
0.42 4.502 
0.51 3.708 
0.51 3.708 
0.46 4.110 
1.19 1.589 

5=0 .57 ; a = 

ß 
31.6° 
20.9° 
11.0° 
19.6° 
19.6° 
15.5° 
43.6° 

32.4° 

Homeotropic 

A>bsd 

4.35 
5.72 
7.18 
5.90 
5.74 
6.48 
3.29 

kjkx 

2.277 
3.144 
4.068 
3.258 
3.156 
3.625 
1.606 

5 = 0 . 5 3 ; a = 

ß 
32.6° 
22.1° 
10.0° 
20.9° 
22.0° 
16.3° 
42.4° 

34.0° 

We now consider the two-phase system having a flat 
boundary shown in Fig. 8. In the figure, medium 1 
is the Si A T R prism (refractive index of 3.42)15) from 
which the infrared radiation is incident on medium 2, 
which is a semi-infinite absorbing liquid crystal. The 
plane of incidence is the yz plane, the x-axis being 
perpendicular to this plane. 

When total reflection occurs, the electromagnetic wave 
penetrates into medium 2 beyond the reflecting interface. 
For bulk material in which the thickness is much greater 
than the penetration depth of the evanescent wave, the 
change in reflection absorbance is respectively expressed 
for radiation polarized perpendicular and parallel with 
respect to the plane of incidence,16) 

as 

and 

.n(f)=A 
W 

+ rk, 
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with 

p = ^ 

q=r(l-n*1/sin*0), (5) 

and 

4rcyi»zi 

tan 6 ( 1 - nfi/sin2 0) V» ( 1 - n2Jsin2 6 + n2
nn

2i cot2 0) ' 

In Eq. 4, i?0 is the reflectivity when the absorption of 
medium 2 is zero and kx, ky, and kz are the components 
of the absorption coefficient along the x, y, and z axes, 
respectively. In Eq. 5, 6 is the incident angle and wxl, 
wyi, and nzl are the components of the ratio of the 
refractive index of medium 2 to that of medium 1. 

From Eq. 4, the experimental dichroic ratio D, 
obtained from A T R spectra can be written as 

In a particular case where the liquid is isotropic, i.e., 
where kx=ky=kz, D becomes (q-\-r)jp. Since the 
nematic liquid crystal has a uniaxial symmetry about 
the optical axis, the Eq. 6 can be reduced to a simpler 
expression. 

If the molecules are oriented normal to the Si prism 
surface (homeotropic orientation), one finds kx=ky 

from Fig. 8, and Eq. 6 reduces to 

If the molecules are oriented parallel to the x axis 
(homogeneous orientation), one has ky—kz and then 
obtains 

*--**(£). (8) 
Thus, if the values of p, q, and r can be calculated from 
Eq. 5, the value of the degree of order, S, can be obtained 
as a function of ß in the manner described above for 
the case of transmission spectra. One should note that 
the kz/kx in Eq. 7 corresponds to the R in Eq. 3 in the 
case of homeotropic orientation, while in the case of 
homogeneous orientation the kjkz in Eq. 8 corresponds 
to the R in Eq. 3. In order to calculate coefficients p, q, 
and r, however, it is necessary to know the anisotropic 
refractive indices in the infrared region for truly-
oriented MBBA, however, no data are available at 
present. 

O n the other hand, in the visible region, detailed 
determinations of the birefringence and indices of 
refraction of MBBA at two wavelengths have been made 
by Haller, Huggins, and Freiser.12) Their results are 
« 0 = 1 . 5 4 and Aw=0.22 at 6328 Â. These values are in 
good agreement with those obtained by Labrunie and 
Valette17) at the same wavelength. Therefore, the 
values of/, q, and r were calculated assuming the above 
values. 

Using an appropriate ß value and the D value 
observed for any one vibration band, we can determine 
the degree of order S by the combined use of Eq. 3 and 
Eq. 7 or 8 corresponding to the case of homeotropic or 
homogeneous orientation. The ß values for any other 
vibration can be derived using the S value thus deter­

mined. In the present study, the S value was changed 
independently for the homeotropic and the homogeneous 
cases so as to obtain agreement of the resulting ß values 
for all vibration bands listed in Table 2 for both cases, 
because the ß values cannot be altered by changes of 
orientation and the degree of orientation order. How­
ever, no set of reasonable S values could be obtained that 
fit the corresponding ß values for both cases. Therefore, 
the most reasonable set of ß values was obtained by 
changing only Aw, because the contribution of An to 
the calculated ß and S values is much more sensitive 
than that of nQ. For these calculations, a least-squares 
refinement gave S values of 0.57 for the uniform 
homogeneous orientation and 0.53 for the homeotropic 
orientation. In these cases, the values of a are calculated 
to be 32.4 and 34.0° for the homogeneous and homeo­
tropic cases, respectively. As a result of the above 
calculations, the most probable birefringence was 
obtained to be 0.05. In view of the experimental 
accuracy, however, a birefringence of 0.10 should also 
be considered to give good fit to the observations. T h e 
values of ß obtained for the two liquid crystals are 
presented in Table 2, together with the values of kz/kK 

and kjkz. T h e values of the degree of order S thus 
derived are compatible with the value of 0.62 for MBBA 
given by Chang.11) In addition, values of ß for the 
vibrational bands investigated here are in satisfactory 
agreement with those obtained by the transmission 
method mentioned previously. 

I t should be noted that the dichroisms observed for 
the two types of oriented film both arise from orienta­
tions of the liquid crystal very near the Si surface. In 
spite of this fact, dichroic analysis revealed a high degree 
of orientation, as mentioned above, which strongly 
suggests that the influence of the silicon surface on the 
orientational structure is much weaker than the aligning 
forces of the wall of the substrate side. 

For practical reasons, several techniques for obtaining 
uniform orientation of liquid crystals have been inves­
tigated.18) In order to understand the alignment 
mechanism, it is important to elucidate the structure 
of the liquid crystal as well as the surface structure of 
the substrate.14-19) T h e infrared A T R technique permits 
experiments directed towards these problems. 

Another important objective of the present A T R 
study on liquid crystals was to observe the molecular 
orientation under electric fields. This has been partly 
completed and the results of the experiment will be 
reported in the near future. 

The author wishes to thank the Osaka Ti tanium Co., 
Ltd., for providing a high-purity single crystal of Si. 
The author also wishes to thank Professor W. Suëtaka 
of Tohoku University, for help in the preparation of the 
manuscript . 
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The Heat of Solution of Poly(oxyethylehe) Dodecyl Ethers in Dodecane 
Takayasu MIURA* and Masao NAKAMURA 

Department of Chemistry, Faculty of Science, Tokai University, Kitakaname, Hiratsuka 259-12 

(Received February 9, 1977) 

The heats of mixing of nonionic surfactants, poly (oxyethylene) dodecyl ethers C12H25(OC2H4)„OH (n = 0—5) 
with a nonpolar liquid, dodecane were measured directly with a twin conduction microcalorimeter. A discon­
tinuity appears on the heat of mixing vs. concentration curve except for n = 0, the concentration of which decreases 
exponentially with n. This was regarded as the critical micelle concentration. It was deduced from the heat 
of solution at infinite dilution, AsA2

e, that the poly (oxyethylene) chain is in a cyclic state in dodecane due to intra­
molecular hydrogen bonding of the terminal OH group with an oxygen atom in the chain. In addition, the energy 
of the solute-solvent interaction, A^ 2

e , was estimated from AsA2
e and the heat of evaporation of the solute, Ae/z°. 

As a consequence, the interaction energies of the OH group with nonpolar hydrocarbon are similar, regardless of 
whether or not the OH group is intramolecularly hydrogen bonded. 

The use of nonionic surfactants in nonaqueous 
solutions has been developed,3) but the dissolved states 
are not well understood.2) In a previous paper,3) the 
molecular state of poly (oxyethylene) dodecyl ethers, a 
typical series of nonionic surfactants were deduced, in 
the vapor phase, in which the poly(oxyethylene) chains 
are not extended but in cyclic states due to the intra­
molecular hydrogen bonding of the terminal O H group 
with an oxygen a tom in the chain. Poly(oxyethylene) 
chains are also expected to be in cyclic states in a 
nonpolar liquid, because the vapor phase may be 
regarded as the most nonpolar medium. Dodecane may 
be the most desirable solvent in nonpolar liquids for 
poly (oxyethylene) dodecyl ethers, because the hydro­
phobic dodecyl group cannot be discerned from the 
solvent dodecane. In the present paper, the dissolved 
states of nonionic surfactant molecules in nonpolar 
liquids are elucidated by calorimetrically determining 
the heats of mixing of poly(oxyethylene) dodecyl ethers 
with dodecane. 

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

Poly(oxyethylene) dodecyl ethers, G12H25(OC2H4)„OH (n = 
1, 2, 3, 4, and 5), and 1-dodecanol (corresponding to n=0) 
were kindly provided by Nihon Surfactant Kogyo K. K., 
which have the same order of purity as those used in a previous 
paper.3> The solvent was prepared by distilling G. R. grade 
dodecane (Wako Junyaku Co.) after drying over a sodium 
wire for one week. 

The heats of mixing were measured with a twin con­
duction microcalorimeter using a mixing device for ampoules 
(Oyodenki Kenkyujo Co., CM-502).4) The temperature of 
the cells was maintained at 29.00±0.05 °C by circulating 
thermostatically-controlled water around the apparatus in­
stalled in an air thermostat. A small glass ampoule contain­
ing a weighed amount of solute was immersed in 25 cm3 of 
dodecane in the cell. After the establishment of thermal 
equilibrium, the ampoule was crushed and the liquid was 
stirred for 1 min. The difference in temperature between the 
two cells, one ampoule in either cell being empty, was rec­
orded. This difference is due to the liberation or absorption 
of heat which accompanies the mixing of the solute and 
dodecane. The heat was estimated similarly using the meth­
od described by Murakami and Fujishiro.5> 

* Present address : Nihon Surfactant Kogyo K. K., 3-24-3, 
Itabashi, Tokyo 174. 

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

Critical Micelle Concentration. When nx mol of 
solvent and n% mol of solute are mixed, the heat of 
mixing, AH, is given by 

A// = «! AAx + n2 AA2, (1) 

where AAi=At°—A; and A; and hp are the partial 
molar enthalpy in the solution and the molar enthalpy 
in the pure state, respectively, of component i. Then, 

A*8 = f ^ ) , (2) 
\ 3n2 /T)P>n, 

where T*is the absolute temperature and p the pressure. 
The relations between AH and n2 measured for poly-
(oxyethylene) dodecyl ethers with dodecane are shown 
in Figs. 1—6, when the amount of solvent dodecane is 
25 cm3 . Since T, p, and nL are maintained constant 
under the present experimental conditions, the tangent 
at any point on the curves in Figs. 1—6 is equal to Ah2 

at that concentration. 
For 1-dodecanol ( n = 0 ) , AH is proportional to n2 and, 

therefore, AA2 is constant over the measurement range, 
as shown in Fig. 1. This means that such concentrations 

0.3 

S 0.2 

0.1 

0 2 4 6 

n2X 105/mol 

Fig. 1. Heat of mixing LH of n2 mol of 1 -dodecanol with 
25 cm3 of dodecane at 29 °C. 
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2 4 6 

«a X 105/mol 

Fig. 2. Heat of mixing AH of n2 mol of C12H25OC2H4OH 
with 25 cm3 of dodecane at 29 °C. 

0 1 2 3 

n2X 105/mol 

Fig. 4. Heat of mixing AH of «2 mol of C12H25(OC2H4)3-
OH with 25 cm3 of dodecane at 29 °C. 

2 4 

«2Xl05/mol 

Fig. 3. Heat of mixing AH of n2 mol of C12H25(OC2H4)2-
OH with 25 cm3 of dodecane at 29 °G. 

0.15k 

as 

o.o5 y 

1 2 

n2X 105/mol 

Fig. 5. Heat of mixing AH of n2 mol of C12H25(OC2H4)4-
OH with 25 cm3 of dodecane at 29 °C. 

are dilute enough so that the solutions can be regarded 
as ideal dilute solutions. Thus, the value of Ah2 estimated 
from the inclination is equal to the heat of solution at 
infinite dilution, A sA2

e . 
For »—1—5, AH is not proportional to n2 and Ah2 

is not constant even in the same concentration region 
where the solution of 1-dodecanol is ideally dilute, as 
shown in Figs. 2—6. In such a concentration region, 
the solution not only deviates from the condition of an 
ideal dilute solution, but also there appears a discon­
tinuous point on the curve of AH vs. n2, where AH 
decreases abruptly with increasing concentration, regard­
less of n. Such discontinuous phenomena have been 
found by Hutchinson et a/.6> for aqueous sodium alkyl 
sulfates solutions. They have shown that the discon­
tinuity concentration, DC, is in good agreement with 

the critical micelle concentration, C M C . Then, the 
observed D C is also assumed to correspond to the C M C 
of poly(oxyethylene) dodecyl ethers in dodecane, the 
values of which are listed in Table 1. 

T h e plot of log D C was found to decrease linearly with 
n, the number of oxyethylene units in a poly(oxyeth-
ylene) chain, as shown in Fig. 7. Such a relationship 
resembles those between C M C for aqueous solutions 
and the number of methylene groups in a hydrophobic 
alkyl chain of a homologous series of surfactants.7) 
According to the theory of micellization,8> the linear 
relation means that each methylene group of the 
homologs makes an equal energy contribution, when an 
alkyl group is transferred from the aqueous solution into 
a micelle. The linear relation between log D C and n, 
therefore, confirms the assumption that the D C corre-
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0.15 h 

<1 

0.05 h 

1 2 

n2X 105/mol 

Fig. 6. Heat of mixing A//of n2 mol of C12H25(OC2H4)5-
OH with 25 cm3 of dodecane at 29 °C. 

TABLE 1. CRITICAL MICELLE CONCENTRATIONS CMC, HEATS 

O F MICELLIZATION A m A 2 , HEATS OF SOLUTION AT INFINITE 

DILUTION A s A 2
e , AND INTERACTION ENERGIES W I T H 

SOLVENT A i « 2
e OF C 1 2 H 2 5 ( O C 2 H 4 ) n O H IN 

DODECANE AT 2 9 ° C 

CMC A m A 2 

0 
1 
2 
3 
4 
5 

mol m 3 

1.40 
0.75 
0.60 
0.35 
0.26 

kcal mol x 

5.0 
4.0 
3.2 
4.0 
6.0 

kcal mol x 

5.6 
2.3 
1.5 
2.6 
3.2 
4.1 

kcal mol - 1 

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

o 

a 

0 

-0.5 

—i n 

\ o 

-

o \ 

i . ..,_ i _..-J : 

Fig. 7. The relationship between discontinuity concen­
tration DC and degree of polymerization n of C12H25-
(OC2H4)nOH in dodecane at 29 °C. 

sponds to the C M C . In addition, the state of an oxyeth­
ylene unit in the lipophobic chain would not be different 
depending whether it exists in micelle or in dodecane. 

Hutchinson et al. have also shown that the discon­
tinuous change in the heat of mixing per mol of solute 
at the C M C corresponds to the heat of micellization.6) 
The values of the heat of micellization, which are listed 
in Table 1, were estimated by dividing the abrupt 
changes in AH at the D C by n%. They exhibit no 
tendency to increase linearly with n, which is expected 
from the linear relation between log C M C and n. These 
may not always reflect equilibrium properties, because 
of the complexity of the dissolving process of the surfac­
tant, especially around the C M C , involving the alternate 
formation and destruction of micelles. Actually, both 
endothermic and exothermic parts were often found in a 
chart at such concentrations. Even if the heat of 
micellization cannot always be obtained correctly, the 
measurement of the heat of mixting is recommended 
as the preferred method for determining the C M C , 
especially for organic solutions. 

Heat of Solution at Infinite Dilution. From Eq. 2, 
the heat of solution at infinite dilution, AsA2

e, is expressed 
by 

As/z2
e = lim AA2 = lim ( -

nt-"0 ni-i-o \ Cw2 /T,p,ni 

dbH\ 
(3) 

Then, A sA2
e can be obtained from the initial slope of the 

straight lines passing through the origin in Figs. 1—6. 
The values thus estimated are listed in Table 1. I t 
was found that A sÄ2

e increases linearly with n in the 
range 2—5, as shown in Fig. 8. This means that all 
oxyethylene units in a poly (oxyethylene) chain of n = 
2—5 are in equal states in dodecane, as has been 
described previously for the heats of evaporation of 
these compounds.3) From the slope of the line, it 
requires ca. 0.8 kcal m o l - 1 for the oxyethylene unit to 
transfer a poly (oxyethylene) dodecyl ether from the pure 
liquid state to the dodecane solution for « = 2 — 5 . 

T h e straight line in Fig. 8 passes through the origin, 
which is ca. 5.6 kcal m o l - 1 less than the value for 1-
dodecanol (w = 0). These phenomena suggest that the 
terminal O H group of the poly (oxyethylene) chain is 

Fig. 8. Heat of solution at infinite dilution AsA2
e vs. n 

plot for CX2H25(OC2H4)nOH in dodecane at 29 °C. 
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not in the same state as the alcoholic O H group dissolved 
in dodecane, because both the alcoholic and terminal 
O H groups in their pure states are considered not to be 
so different energetically but to interact with one of the 
neighboring molecules due to intermolecular hydrogen 
bonding. As already deduced for the vapor phase,3) 

for the nonpolar dodecane solution the terminal O H 
group of the poly(oxyethylene) chain is believed to 
interact with an oxygen atom in the chain and thus 
the chain is in a cyclic state due to intramolecular 
hydrogen bonding. A signal due to intramolecular 
hydrogen bonding has been observed by means of 
infrared spectroscopy for similar substances, the 
monomer and dimer of ethylene glycol and their mono-
methyl ethers, in nonpolar carbon tetrachloride.9 '10) 
Because an energy of 5.6 kcal mol - 1 , the difference 
between A sA2

e for 1 -dodecanol and the straight line for 
n=2—5, corresponds exactly to that of 1 mol of a 
hydrogen bond11) (although this is slightly less than the 
corresponding value for evaporation, 6.2 kcal mol - 1 ) , 
almost all the molecules would be in cyclic states due to 
intramolecular hydrogen bonding. 

The value of AsA2
e for n = 1 is ca. 1.5 kcal m o l - 1 higher 

than that expected from the linear relation for n = 2—5. 
This increase in energy can be interpreted from the fact 
that the molecule of n=l can only form a 5-membered 
ring, for intramolecular hydrogen bonding. T h e 5-
membered ring is expected to have a higher energy 
for hydrogen bonding than 8-membered or larger 
rings,12) because it has been found that the infrared 
absorption-band shift of the O H group due to the 8-
membered ring is appreciably larger than that due to 
the 5-membered ring.10) 

Solute-solvent Interaction. The heat of condensa­
tion of 1 mol of solute from the vapor phase to solution 
at infinite dilution, A ^ 0 , may be expressed in terms of 
the heat of evapration, AeA2°, and the heat of solution 
at infinite dilution, AsA2

e, as 

W » = ASA2̂  - AeA2°, (4) 

according to the Born-Harber cycle : 

solute vapor 

AiA ae/ \ AJif 

ABÄ2e ^ 
solution < solute liquid. 

When the interaction between solute molecules i s 
neglected in the vapor phase, the interaction energy 
of the solute with the surrounding solvent molecules 
in the solution, AiW2

e, can be expressed as 

AiM2e = AiA^ + RT, (5) 

where R is the gas constant. A ^ 0 is considered to be 
the most suitable measure of the affinity for a given 
solute and solvent combination. The values of Aj«2

e for 
poly(oxyethylene) dodecyl ethers in dodecane listed in 
Table 1 were calculated from the data for A sA2

e in the 
present paper and those for AeA2° from a previous 
paper.3) The relationship between A ^ 0 and n is shown 
in Fig. 9. A linear relation holds not only for n=2—5, 
as in Fig. 8, but also for n—0 for which the value of 
AiW2

e falls near the straight line. This reveals that the 

30 

- i 
I 

a 
"g 20 

10 

n 

Fig. 9. Intraction energy with dodecane Aj«^ VS. n plot 
for G12H25(OC2H4)nOH at 29 °C. 

interaction of an alcoholic O H group with dodecane is 
indistinguishable from that of the terminal O H group 
of the poly(oxyethylene) chain for n = 2—5. Thus, it is 
concluded that the energy of interaction of the O H 
group with dodecane does not depend on whether it is 
free or intramolecularly bonded to an ether oxygen 
atom. If this is true, the upward deviation of n—\ from 
the straight line can be ascribed to changes in the 
energy of the intramolecular hydrogen bond in the 
5-membered ring and/or in the rate for the 5-membered 
ring to free an O H group, when the molecules are 
transferred from the vapor phase to the dodecane 
solution. The slope of the straight line gives an energy 
of ca. —4.7 kcal mol - 1 , which is the interaction energy 
of an oxyethylene unit with dodecane. Since the 
cohesive energy of a hydrocarbon is estimated to be ca. 
—0.8 kcal m o l - 1 of the methylene group,13) the interac­
tion energy of an ether oxygen atom with dodecane 
results in an energy of ca. —3.1 kcal mol - 1 , provided 
that the additivity holds for the interaction energy in 
oxyethylene unit. 

T h e authors wish to express their thanks to Professor 
Kiiti Kosiyama for his encouragement throughout this 
work. 
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Dye-sensitization on the Photocurrent at Zinc Oxide Electrode 
in Aqueous Electrolyte Solution 
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The dye-sensitized photocurrents generated from the electrochemical systems <^zinc oxide|aq solution [plat­
inum^- have been studied. The action spectra for the photocurrent, its dependence on the concentration of the 
dye solution and other experimental results have revealed that the photocurrent is caused by the dye adsorbed on the 
electrode, not from that dissolved in the liquid phase. From the analysis of the decay of the photocurrent with 
the time of illumination, the quantum yield for the electron injection from the excited dye has been determined. 
Rose Bengal showed the quantum yield of 22%. The influence of halide ions on the photocurrent has also been 
studied. 

"Wet- type" photocells, consisting of a semiconductor 
electrode, an aqueous solution, and a metal counter 
electrode, are attracting growing attention as a device 
to convert light energy into electrical or chemical 
energy.1"4) The photovoltaic effect in such cells arises 
essentially from generation of electrons and holes in the 
illuminated semiconductor electrode and their efficient 
separation by the built-in electric field inside the space 
charge layer of the semiconductor. O n e of the charac­
teristics of the "we t " cells is tha t the photocurrent is 
accompanied by redox reactions of the solute or the 
solvent in the electrolyte solution. 

When the electrolyte solution contains a dye, a 
photocurrent often flows by the excitation of the dye 
with photon energy less than the band gap of the 
semiconductor. In this case, the current is called the 
dye-sensitized photocurrent, on which many reports 
have been made. 5 - 9 ) 

We have succeeded in constructing a dye-sensitized 
semiconductor photo-cell having an energy conversion 
efficiency of 1.5% under monochromatic illumination.10) 
In order to increase the energy conversion efficiency 
further, it will be necessary to increase both the quanti ty 
of light absorbed by the dye and the quan tum yield of 
electron injection from the excited dye. For this purpose, 
it is essential to deepen our understanding on the 
mechanism of electron transfer in such systems. In this 
paper, we describe some of our results on such problems. 

Exper imenta l 

Zinc oxide sinter disks were used as the electrodes. They 
were prepared by moulding zinc oxide powder by compression 
and heating at 1300 °G in the air for 1 h. It was found that 
the adsorptive activity of the zinc oxide sinter for the dye 
depends on the source of the zinc oxide powder. In the fol­
lowing experiments, we made the sinter out of zinc oxide powder 
obtained from Kanto Chemical Co. without any purification 
or pre-treatment. The sinter had low adsorptive activity but 
gave a reproducible photocurrent. One of the surfaces of the 
zinc oxide disk was coated with indium by employing the 
evaporation method so as to make an ohmic contact, and a 
copper wire was attached with silver paste. The structure of 
the electrode was mostly the same as that described previous­
ly.9»10) Before each measurement, the electrode was polished 
with silicon carbide abrasive, etched with hydrochloric acid 
or nitric acid, washed with water, and dried. 

The potential of the semiconductor electrode versus the 

reference electrode (SCE) was controlled by use of a 
Hokutodenko HA-101 potentiostat and the current was meas­
ured with a Yokogawa-Hewlett-Packard 4304B electrometer. 
A 500 W xenon lamp of Ushio Electric Inc. was used as the 
light source. The light was monochromatized by use of a 
Japan Jarrel-Ash, 0.25 m Ebert type monochromator. The 
light intensity was measured with an Eppley, bismuth-silver 
type thermopile. A Shimadzu MPS-50L Spectrometer was 
used for the measurements of absorption spectra. 

All the solutions used contained 0.2 M (mol«dm-3) Na2S04 

or K N 0 3 as the supporting electrolyte. Oxygen was removed 
by bubbling high purity nitrogen gas through the solutions 
before measurement. All chemicals were of reagent grade and 
used without further purification. The structual formulas of 
the dyes used are given below: 

Cl -rr-'W-COCf 
C l A ^ C I 

Cl 

Rose Bengal. 

(C2H5)2Nj - ^ Y O ^ ^ N ( C 2 H 5 ) 2 

[fWcOOH 

[ I J 

Rhodamine B. 

R e s u l t s 

Figure 1 shows the dye-sensitized photocurrent-
potential curves for the case of Rose Bengal. T h e 
anodic current was negligible in the dark, while it rose 
up under illumination in the wavelength range of the 
absorption band of Rose Bengal. WThen the solution 
contained no dye, the photocurrent was less than 0.03 

0.5 1.0 
U,V vs. SCE 

Fig. 1. Current-potential curves in the presence of 6.5 X 
10~7M Rose Bengal and 0.2 M Na2S04 , - — d a r k 
current, under illumination (A 562 nm). 
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u A - c m - 2 under illumination at the same wavelength 
and at the electrode potential of 0.35 V. Since the 
photocurrent decayed during the course of illumina­
tion, the photocurrent curve was plotted by using the 
value obtained immediately after the light had been 
turned on. The photocurrent appeared at the electrode 
potential more positive than —0.5 V vs. SCE, which 
nearly agreed with the flat band potential of the zinc 
oxide electrode reported by Lohmann,1 1) and became 
constant at the potential more positive than 0.0 V. 
Therefore, most of the experiments were made at 0.35 V. 

time, s 

Fig. 2. The change of the photocurrent vs. time. Curve 
1, for the solution of 6.7 X 10"7 M Rose Bengal and 0.2 
M KN0 3 . Curve 2, the logarithmic plot of the same 
result. Curve 3, for the case where 0.1 M Kl is added. 

The photocurrent decayed rather quickly with time 
as shown in Fig. 2. The photocurrent was not restored 
to the initial value, if the electrode was kept in the dye 
solution for a few minutes. T h e photocurrent fell down 
to zero when the light was turned off, and no overshoot 
to the cathodic side was observed. The decay of the 
photocurrent was suppressed or stopped by adding a 
reducing agent, e.g., potassium iodide, as shown by 
curve 3. The logarithm of the photocurrent gave a 
straight line for the first several seconds as shown by 
curve 2, from which we can obtain the initial value of 
the photocurrent, ?ph, and the decay time constant, r , 
namely the period of illumination for which the current 
decays to 1/e. 

The surface of the zinc oxide electrode faintly colored 
pink, if it was dipped into the Rose Bengal solution. 
After prolonged illumination in the same solution at 
closed circuit, the color changed to brown-red. The 
color was not removed by washing with water. O n the 
other hand, no color change occurred when the elctrode 
was illuminated at open circuit or at closed circuit in 
the presence of a reducing agent. 

Figure 3 shows the photocurrent action spectrum 
obtained for a solution containing a sufficient amount of 
potassium iodide. Almost the same action spectrum 
was obtained for a solution without any reducing agent 

X, nm 

Fig. 3. (1) The action spectrum for the photocurrent for 
the solution of 5.3 X 10~7 M Rose Bengal and 0.1 M Kl 
at the electrode potential: 0.35 V vs. SCE. (2) Absorp­
tion spectrum of the same solution, measured with a 
10 cm cell. (3) Diffuse reflectance spectrum of the dye 
adsorbed on zinc oxide powder. The dye was adsorbed 
in the aqueous solution of 1.4 X 10~5 M Rose Bengal. 

by scanning rapidly under weak illumination. The 
peak of the action spectrum for the photocurrent shifted 
by 13 n m toward the longer wavelength from that of 
the absorption spectrum of the dye solution, and nearly 
coincided with that of the reflection spectrum of the 
dye adsorbed on zinc oxide powder. 

The initial value of the photocurrent increased 
proportionally with the illumination intensity, while the 
decay time constant was inversely proportional to it 
(Fig. 4). The value of z'ph and r scarcely changed over 
the electrode potential range 0.0—1.0 V. Figure 5 
shows the change of i£h and that of r with the concentra­
tion of Rose Bengal in the solution. The ipb value 
increased with the concentration of the dye and ap-

< a. 

0.1 Oh 

hT 0.05 r-

Light Intensity (arb. units) 

Fig. 4. The change of the initial value of the photocur­
rent (a), and the decay time constant of the photocur­
rent (b) with the light intensity: Rose Bengal, 6.5X 
IO-7 M; Na,S04 , 0.2 M; electrode potential, 0.2 V vs. 
SCE. 
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Concentration, M 

Fig, 5. The initial value of the photocurrent (a) and the 
decay time constant of the photocurrent (b) versus the 
concentration of Rose Bengal: Na2S04 , 0.2 M; elec­
trode potential, 0.35 V vs. SCE. 

1 

0.10 h 

0.05 P 

Concentration, M 

Fig. 6. The initial value of the photocurrent (a) and the 
decay time constant of the photocurrent (b) versus the 
concentration of the halide ions, Rhodamine B : 1.0 X 
10-« M, Na 2S0 4 : 0.2 M, electrode potential: 0.2 V vs. 
SCE; A? chloride ion; 0 , bromide ion; Os iodide ion. 

proached a constant. T h e r was constant for the 
concentration of Rose Bengal up to 10~6 M, and 
increased by the concentration above 10~6 M. 

The photocurrent for Rhodamine B increased by 
addition of halide ions to the dye solution, while the 
dependence of the decay time constant of the photocur­
rent on the concentration of the halide ions was more 
complicated (Fig. 6a and b) . 

D i s c u s s i o n 

The mechanism of the dye-sensitized photocurrent 
can be explained by the energy diagram such as shown 
in Fig. 7, for the case of an n-type semiconductor. T h e 

Conduction Band 
hv 

Dye 

Reducing 
Agent 

Valence Band 

Semiconductor Solution 

Fig. 7. A model for the electron injection. 

electron injection from an excited dye (D*) into a 
conduction band is suggested by the fact that only 
those dyes whose excited energy levels are considerably 
higher than the conduction band of the semiconductor 
at the interface can act as effective sensitizers.12) The 
electron deficient dye (D+) may undergo irreversible 
reaction, causing the color change of the electrode. T h e 
total reaction scheme can be represented as follows: 

D + hv y D*, (1) 

D* 

D+ 

D+ + e(electrode), 

reaction product. 
(2) 

(3) 

I t has been tacitly assumed by many authors so far 
that the dye-sensitized photocurrent is caused by the 
dye adsorbed on the electrode and not by that dissolved 
in solution. However, there has been no strong evidence 
for this. Now, we can pick up the following three facts 
as such evidence from our experimental results. 

1. T h e shift of the action spectrum for the photo­
current from the absorption spectrum of the solution, as 
shown in Fig. 3, indicates that the photocurrent is 
caused mainly by the dye adsorbed on the electrode. 

2. From the initial value of the photocurrent shown 
in Fig. 2, the apparent quan tum yield of the photocur­
rent (Y)), defined as the number of electrons transferred 
divided by the number of incident photons, can be 
calculated to be 1.8%, which means that a t least 1.8% 
of the photons are absorbed by the dye. If the photocur­
rent is assumed to be caused only by the dye in the bulk 
of the solution, 3 m m of the light pa th length in the 
solution is required to make the absorption factor of the 
light 1.8% at A=562 nm. However, the same photocur­
rent was observed with a light path length of 0.2 m m or 
shorter. This result indecates that the contribution of 
the dye in the solution is small or negligible. 

3. As shown in Fig. 5, the photocurrent indicates 
the tendency of saturation at a relatively low concentra­
tion of the dye, i.e., 5 X ÎO"6 M. It would be difficult 
to explain this by attr ibuting the photocurrent to the 
dissolved dye. From our preliminary experiments, the 
adsorption isotherm of the dye adsorbed on the electrode 
surface has been found to be saturated at about the 
same low dye concentration as above. 

The Decay Curve of the Photocurrent and the Quantum 
Yield of Electron Injection from the Excited Dye. The 
photocurrent of some semiconductor-aqueous solution 
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photocell decays with time owing to the deposition of 
opaque substance on the surface of the electrode, 
produced by the reaction with the holes generated. T h e 
photocurrent in the case of zinc oxide electrode does not 
decay, because in this case the products, zinc ion and 
oxygen, do not accumulate on the surface.13) 

In the case of the dye-sensitized photocurrent for 
zinc oxide, the photon energy is less than the band gap, 
and so it is clear that the decay is not caused by the 
reaction of the electrode itself, since no free hole exists 
in the electrode. The decay of the photocurrent should 
then be at tr ibutable either to the decrease of the number 
of the unoxidized dye molecules (or ions) adsorbed on 
the electrode or to an accumulation of the deteriorated 
dye (Reactions 1—3). 

The influence of the dye (D s o l n) or the reducing 
agent (R s o in) in solution on the decay of the photocur­
rent, as shown in Figs. 2 and 5, is explained by the 
following dye regeneration processes : 

D+ + Dsoln • D + Ds+oln, (4) 

D+ + Rsoin — D + R+ t a . (5) 

Process 4 can be achieved either by the electron transfer 
or by the exchange of D+ and D s o l n . The decay of the 
photocurrent is suppressed if the reaction velocities for 
processes 4 and 5 are greater than those for processes 
2 and 3. 

When the solution contains no reducing agent, the 
number of dye molecules (or ions), N, per unit area of 
the electrode surface will change according to 

dN/dt = -rtoSN + kC(N0-N), (6) 

where T)0 is the quan tum yield of the electron injection 
from the excited dye, S the frequency of excitation of a 
dye molecule (or ion), N0 the number of the dye mole­
cules (or ions) per unit area of the electrode before 
illumination, C [M] the concentration of the dye in the 
solution, and k the rate constant. T h e second term of 
the right hand side of Eq. 6 corresponds to the restoring 
rate of the oxidized dye on the electrode surface by 
Reaction 4. 

When the concentration of the dye in the solution is 
very low, the second term of Eq. 6 can be neglected, 
and N can be writ ten as 

N=N0exp(-riQSt). (7) 

The photocurrent, assumed to be proportional to N, 
can be written as 

/ph = ^ e x p ( - 7 J o 5 ' 0 , (8) 

and, hence 

ijo = 1/vS. (9) 

The exponential decay of the photocurrent, as observed 
experimentally at the initial stage, coincides with Eq. 8. 

The dependence of T on the concentration of the dye 
shown in Fig. 5b can be explained as follows. When 
the concentration of the dye is high, the second term of 
Eq. 6 cannot be neglected. Therefore, Eqs. 7—9 are 
valid only in the range of the concentration where r 
does not depend on C. Figure 5 shows that such a 
condition is satisfied when C is lower than 10 - 6 M . 

The absorbance of the dye on the electrode can be 
written as 

l o g / 0 / / = l000eN/NA, (10) 

where e [ M _ 1 c m - 1 ] is the molar extinction coefficient 
of the dye, NA the Avogadro constant, I0 the number of 
the photons incident on a unit area of the dye layer 
on the electrode per second, and / the number of the 
photons transmitted through the same layer. Since 
the absorption of light by the dye layer is small, the 
equation can be approximated as 

(I0-I)/I0 = 1000(ln 10)SN/NA, (11) 
and 

IQ-I=SN. (12) 

From these equations, S can be written as 

S = 1000(ln I0)el0/NA. (13) 

T h e relation that T is inversely proportional to 70, as 
shown in Fig. 4b, can be derived from Eqs. 9 and 13. 

The quan tum yield Y)0 for Rose Bengal was determined 
to be 2 2 % by applying Eqs. 9 and 13 to the experi­
mentally obtained photocurrent decay curves. The 
quan tum yield was obtained for the illumination at the 
peak wavelength, and the molar extinction coefficient 
was assumed to be the same as that at the peak of the 
absorption spectrum of the solution. The reflection 
factor of light at the surface of the electrode was estimat­
ed to be 0.7 from the comparison of the reflected light 
intensity with that from magnesium oxide powder. This 
means that seven tenths of the incident light, which 
passes through the dye layer toward the inside of zinc 
oxide sinter, is reflected and passes again through the 
dye layer on the surface of the electrode. Therefore, 
we employed the value of measured number of photons 
incident upon the sample multiplied by 1.7 for 70 in 
Eqs. 10—13. 

Effect of Halide Ions on the Dye-sensitized Photocurrent. 
Hauffe et <z/.14> found that the dye-sensitized photocur­
rent at a zinc oxide electrode was increased by addition 
of halide ions to the dye solution. The results shown 
in Fig. 6a indicate similar effects of the halide ions on 
the photocurrent. The increase in the photocurrent 
becomes greater in the sequence C l - < ^ B r - < 0 - . This 
order is the same as that of the electron donating 
ability of the ions, i.e., the oxidation potential increases 
in the reverse order. 

Essentially, the visible spectra of the dye solution 
were not changed by addition of halide ions. Therefore, 
the effect of halide ions can be explained by assuming 
the formation of the exciplex between the excited dye 
and halide ions, the exciplex injecting an electron into 
the electrode efficiently. I t is expected that the 1/T 
increases with the quan tum yield of electron injection 
(Eq. 9). The result for chloride and bromide ions 
(Fig. 6b) is consistent with the expectation and supports 
the mechanism mentioned above. By addition of ioide 
ion, r as well as e£h increased. Iodide ion suppresses 
the deterioration of the dye by supplying an electron 
to the oxidized dye as described earlier. Therefore, in 
this case, the decrease of 1/T is at tr ibutable to the 
restoration of the oxidized dye by iodide ion, but not 
to the decrease of the quan tum yield of electron injection. 

Hauffe et al. proposed the reduced dye formation by 
the electron transfer from halide ions to the excited 
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dye, the reduced dye injecting an electron into the 
electrode. According to their mechanism, the dye 
should not deteriorate, in contradiction with the 
experimental results that the decay is faster in the 
presence of chloride and bromide ions. 
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state of this work. The present work was partially 
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Equations are derived which are used to calculate the intermicellar concentration (Cg) of a surfactant from 
measurements of the elution volumes of micelles, the elution front and the intermicellar monodisperse molecules 
or ions. These quantities are obtained by the gel filtration of a surfactant charged in band form through a gel 
column previously filled with the same surfactant at a lower concentration. The Cg values found are not constant, 
but increase and the increase becomes less pronounced with the concentration (C) of the surfactant, both for sodium 
dodecyl sulfate and a-dodecyl-<y-hydroxyhexa(oxyethylene). This confirms that the concentration C—Cs of the 
micelles which move during the gel filtration is smaller than the usually-employed concentration C—Cm of micelles 
in a stationary state, where Cm denotes the critical micelle concentration. 

Many problems remain unsolved regarding the 
properties of aqueous surfactant solutions, especially the 
dissolution state of the surfactants.1) T h e intermicellar 
concentration of the aqueous surfactant, for instance, is 
usually believed to be constant for a solution of con­
centration C above the critical micelle concentration 
(CMC) , Cm , and the micellar concentration is equated 
with C— Cm.2'3> Here, constancy of the intermicellar 
solution is assumed from the constancy of the surface 
tension of the aqueous surfactant solution above the 
CMC4) or from the result of equilibrium dialysis.5) 
However, the surface tension of, for instance, a sodium 
dodecyl sulfate (SDS) solution shows a gradual decrease 
with increasing concentration of the SDS above the 
CMC.1 '6) Also, equilibrium dialysis cannot be applied 
to such a system, consisting of single ions and micelles 
with rapid equilibrium established between them, since 
the micelles eventually pass through a semipermeable 
membrane, if the intermicellar concentration or the 
activity increases above the CMC.7) 

T . Sasaki et al. have studied the dissolution state of 
aqueous surfactant solutions by gel filtration8) and have 
found the method to be suitable also for the study of 
intermicellar concentrations. T h e present paper 
describes studies of the measurements of intermicellar 
concentrations of the aqueous solutions of SDS and 
a-dodecyl-co-hydroxyhexa (oxyethylene) (D (EO) 6 ) . 

Exper imenta l 

Materials. SDS was prepared from 1-dodecanol and 
chlorosulfuric acid according to the Dreger method9) and was 
purified by extraction with diethyl ether and recrystallization 
from ethanol. D(EO)6 of more than 99% purity, as measured 
by gas chromatography, was obtained from the Nikko 
Chemical Company. Both SDS and D(EO)6 were confirmed 
to be free from surface-active impurities by the absence of a 
minimum in the surface tension vs. concentration curve. Dis­
tilled water was used after degassing by boiling. 

Apparatus. The gel filtration apparatus is shown in Fig. 
1. In this figure, Sephadex G-50 fine gel from Pharmacia 

* Present address: Department of Chemistry, Faculty of 
Science, Tokai University, Kitakaname, Hiratsuka 259-12. 

** Present address: c/o Hosoyama, 1-632 Marukodöri, 
Nakahara, Kawasaki 211. 
*** Present address: 3-2-10 Honchö, Koganei 184. 

Fig. 1. Gel filtration apparatus. 
(1) Gel column, (2) reservoir vessel, (3) siphon, (4) 
glass wool, (5) differential refractometry monitor, (6) 
recorder, (7) weighing vessel. 

Products was packed in gel column 1 after sufficient swelling 
in water. The gel beds used were of 1.18 cm inner diameter 
and 24 and 30 cm in length. For the measurements, a given 
amount (8 to 30 cm3) of sample solutions of varying concentra­
tions was placed in vessel 2, from which the solution was in­
troduced through a siphon onto the gel column that had 
previously been filled with the same solution at a different 
concentration which is hereafter abbreviated to a preset solu­
tion. The sample solution was then eluted by similarly 
introducing water from vessel 2 through the siphon onto the 
gel column. This ensures elution under a constant hydro­
static pressure. The rate of liquid flow was 30 and 24 cm3/h 
in the cases of SDS and D(EO)6, respectively. The monitor 
used for the sample flow was a flow-type differential refrac-
tometer (LDC-Mitsumi Model 1103 refractomonitor) which 
detects and records the change of the refractive index at the 
outlet of the gel column due to the concentration change. 
The whole apparatus, with the exception of the recorder, was 
maintained in an air thermostat at 30±1 °C for SDS and 
2 5 ± l ° C f o r D ( E O ) 6 . 

Principle of the Intermicellar Concentration Measurements. 
Figure 2 shows the elution profile of a surfactant solution of 
concentration C, which is larger than Cm, charged in band 
form and eluted with water through a gel column previously 
swollen with water. As is seen, the tail part of the elution 
curve forms two steps, corresponding to the fast- and slow-
flowing tails of the micelles and the intermicellar single mole­
cules or ions, respectively. 

At the elution front, fast-flowing micelles precede the inter-
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Fig. 2. Elution profile of a surfactant solution. 

micellar solution. However, since micelles without the inter­
micellar solution containing single molecules or ions are 
unstable, A in Fig. 2 decomposes to form intermicellar mole­
cules or ions, B, with which the rest of the micelles are brought 
into equilibrium, as is shown in Fig. 2. Because of such a 
docomposition, the micellar front moves slower than the 
micelles eluting without decomposition or than the tail of the 
micelles. Now, if the gel column is previously filled with a 
preset solution of the same surfactant at concentration C", 
which is lower than Cm, decomposition of the sample solution 
at the elution front decreases and the difference in elution 
rate between the micellar front and tail may become smaller. 
Then the preset concentration which makes this difference 
zero is considered to be the intermicellar concentration. 

Actually, the concentration of such a preset solution,which 
contains only single molecules or ions, is not available when 
the intermicellar concentration Cs is larger than Cm. There­
fore, in the present experiment, the concentration of the preset 
solution, C", was first made slightly lower than Cm. This also 
avoids the change in structure of the gel due to the change in 
the solution concentration as elution proceeds. Figure 3 shows 
the principle of the calculation of Cs. Figure 3(a) shows the 
state of the preset solution and the sample solution before 
elution and Fig. 3(b) represents the behavior of the solution 
during elution. In this figure, Rt, Rm, and R6 denote the 
elution rates of the solution front, of the tails of micelles, and 
of the intermicellar molecules or ions, respectively, C is the 
total concentration of the surfactant, and At and A0 are the 
cross-sectional area of the gel column through which the 
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Fig. 3. Gel filtration through a preset solution. 
(a) Before elution, (b) during elution. 

intermicellar solute and micelles flow, respectively. 
In Fig, 3(b), the broken lines indicate the elution profile 

of each component of solutions of concentrations C and C", 
the former being assumed to flow without micelle decomposi­
tion. Actually, however, as shown by the arrow, part Q of 
the micellar front of the solution of concentration C decom­
poses and fills up the solute gap, P. Thus, the entier elution 
profile assumes the form represented by the solid lines. From 
this consideration, we obtain 

(Rm-Rt)(C-Cs)A0 = (R(-Rs)(Cs-C')At. (1) 

Taking into account that 

elution rate R oc elution volume V~x 

and that I (2) 
cross sectional area A oc elution volume V, 

Eq. 1 can be rewritten as 

c. - (^-^-n + c, (3) 
' s ' m 

where Vm, Vt> and Vs represent the elution volumes of the 
micelles, the solution front and the intermicellar single mole­
cules or ions, respectively. Equation 3 enables us to calculate 
Cs from measurements of Vm, V{, and VB for a solution of 
concentration C eluted through the gel column filled with a 
preset solution of concentration C". Here, Vm and V6 can be 
measured from the elution tail of the corresponding con­
stituent. 

(a) 

micel le 

in temice l l a r 

solute 

d i rec t ion of 
elution 

micel le 

i n t e rmice l l a r 
solute 

gel column 

(b) 

CsAi 

Rl RmRn 

I 1 1 
(C-CMo 
1 * 

di rec t ion of 
elution 

F T T M T T 

Tiit̂ 'f:"_*___ 
Csilt 

— i 

gel column •» 

Fig. 4. Gel filtration through a preset solution. 
(a) Before elution, (b) during elution. 

Furthermore, in case the concentration C" of the preset solu­
tion is larger than Cm, so that Cm<X'<^C, the elution diagram 
becomes somewhat more complicated, as is shown in Fig. 4. 
Here, Rm' and C/ represent the elution rates of the micelles 
and the intermicellar concentration of the preset solution, 
respectively, and A0' denotes the cross-sectional area of the 
gel column available for micellar flow of the preset solution. 
The broken lines indicate both the elution tail of the preset 
solution when eluted alone and the elution front of the solution 
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of concentration C, assumig that the micelles do not decom­
pose. The solid lines indicate the actual elution front. 

From this diagram, it is confirmed that the frontal part of 
the micelles S+(overlapped)M decomposes to fill up the solute 
gaps, P and Q , or that the S + M + T part fills up parts P 
and 0,+ T. Thus, we obtain 

(Rm-Rf)(C-Cs)A0 = (Rt-R&)(Cs-C's)At 

+ {R'm-Rt){C'-C'&)A'o- (4) 

Again, applying Eq. 2, Eq. 4 can be rewritten as 

C8 _ — , (5) 
y a v m 

where the primes indicate preset solution quantities. Equa­
tion 5 enables us to calculate the intermicellar concentration, 
Cs, of the sample solution from measurements of Vti Vm, and 
Vs for a solution of concentration C passing through the gel 
filled with a preset solution of concentration C", intermicellar 
concentration C/ and elution volume Vm'. Thus, we can 
obtain the intermicellar concentration of a surfantant of suc­
cessively higher concentrations, C. 

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

Intermicellar concentration obtained, Cs, is plotted 
against the total concentration for the aqueous SDS 
and D ( E O ) 6 solutions in Figs. 5 and 6, respectively. 
I t is seen that Cs increases with increasing concentration 
of the surfactants both for SDS and D(EO) 6 , but the 
increase becomes less marked with the concentration. 
I t is worthwhile to refer to the fact that , according to 

10 12 14 16 

X 10-3 mol dm-3 

20 

Fig. 5. Intermicellar concentration of SDS. 
Abscissa; Concentration of SDS, 
ordinate; intermicellar concn of SDS. 

10.0, 

© 

X 

15 20 25 

X 10-5 mol dm"3 

Fig. 6. Intermicellar concentration of D(EO)e. 
Abscissa; Concentration of D(EO)6, 
ordinate; intermicellar concn of D(EO)6. 

11 13 15 17 19 

X l 0 - 3 m o l d m - 3 

Fig. 7. Intermicellar concentration of SDS at stationary 
and elution states. 
Abscissa; Concentration of SDS, 
ordinate; concns of CNa, CDg, and Cs. 

the results of E M F measurements,1) the intermicellar 
concentration of N a + ions increases while that of dodecyl 
sulfate ions, D S - , decreases with the total concentration 
above the C M C as shown in Fig. 7, where the curve 
for Cs is also depicted. As is seen, the Cs curve is 
situated between the Na+ and DS~ curves. This means 
that the micelles in the stationary state have a net 
negative charge, but when the micelles precede the 
intermicellar Na+ and DS~ ions during elution, they 
are constrained to move as electrically-neutral units. 
This requirement is satisfied by the dissociation and the 
detachment of a par t of the excess negative D S - ions of 
the micelles and at the same time by the at tachment of 
Na+ ions to the micelles from the intermicellar solution, 
thus leaving the solution also electrically neutral. 

Actually, Fig. 7 indicates that the amounts of D S - ion 
detachment and Na+ ion at tachment are roughly equal 
and the following relation results, 

C*Ja — -A — CDg + -A — _ ^Na + Q)S _ = c. (6) 

where CNS and CDS express the intermicellar concentra­
tion of Na+ and D S - ions, respectively, and X is the 
amount of D S - ions detached from and Na+ ions 
attached to micelles. Equation 6 may be the physical 
meaning of the intermicellar concentration Cs, although 
the actual intermicellar concentrations in the stationary 
state are CNft and CDS for Na + and D S - ions, respectively, 
both of which are different from Cs. Furthermore, the 
micellar concentration of SDS in the stationary state, 
or more strictly, the concentration of D S - ions in the 
form of micelles is expressed by C—CvS, which is larger 
than the usually-employed value of C— Cm,3) while the 
concentration of micelles which move during the gel 
filtration is C—Cs which is considerably smaller than 
C—Cva and is slightly smaller than C—Cm, as is seen 
from Fig. 7. T h e difference in concentration of the 
micelles in the stationary and in the gel filtration states 
results from the requirement that the micelles be 
negatively charged in the former case and electrically 
neutral in the latter case. 

T h e situation may be far simpler in the case of D(EO) 6 , 
since it produces no ions. Here also, the micellar 
concentration is C—Cs) and not C—Cm. As is seen in 
Fig. 6, the former is smaller than the latter. I t may 
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also be mentioned that, strictly speaking, C—Cs is the 
concentration of those micelles which move during gel 
filtration, while the micellar concentration in the 
stationary state may differ from C—Cs, as in the case 
of SDS. Although this concentration has not yet been 
determined experimentally, the value may prove to be 
close to C—Cs, because of the nonionic nature of 
D(EO) 6 . 

References 

1) T. Sasaki, M. Hattori, J. Sasaki, and K. Nukina, Bull. 
Chem. Soc. Jpn., 48, 1397 (1975). 

2) K. J. Mysels, J. Colloid Sei., 10, 507 (1955). 
3) C. Botré, V. L. Crescenzi, and A. Mele, J. Phys. Chem., 

63, 650 (1959). 

4) K. Shinoda and E. Hutchinson, J. Phys. Chem., 66, 577 
(1962). 

5) J. T. Yang and J. F. Foster, / . Phys. Chem., 57, 628 
(1953). 

6) H. Elworthy and K. J. Mysels, J. Colloid Interfac. Sei., 
21, 331 (1966). 

7) M. Abu-Hamdiyyah and K. J. Mysels, J. Phys. Chem., 
71, 418 (1967). 

8) T. Sasaki and Y. Ogihara, "Proc. 5th International 
Congress on Surface Activity," Barcelona, 915 (1968); H. 
Suzuki and T. Sasaki, Bull. Chem. Soc. Jpn., 44, 2630 (1971); 
T. Sasaki, K. Tanaka, and H. Suzuki, "Proc. 6th Interna­
tional Congress on Surface Activity," Zürich, 849 (1972); 
M. Kodama and T. Sasaki, Bull. Chem. Soc. Jpn., 47, 1368 
(1974). 

9) E. E. Dreger, Ind. Eng. Chem., 36, 610 (1944). 



2542 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (10), 2542 2547 (1977) [Vol. 50, No. 10 
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in Capillary Flow 
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Primary micelles form secondary, polymer-like aggregates in a capillary flow of aqueous solution of sodium 
deoxycholate (SDC). The formation of the polymer-like aggregate is promoted by mechanical action, degradation 
being simultaneously caused by shearing stress. The viscosity of the SDC solution in the capillary flow attains 
equilibrium value between polymerization and degradation. The viscosity changes a great deal with the time of 
observation and pH. Under given conditions the SDC solution behaves as a non-Newtonian fluid obeying a 
power-law. 

T h e flow of colloid-dispersed systems is of practical 
and theoretical interest as regards transportation through 
pipe and humors in a capillary in vivo. T h e motion of 
material in vivo can be classified into two types, permea­
tion through an interface (membrane) and the flow in a 
capillary. Flow systems accompanied by reactions are 
of special interest. Attention has been paid to the 
variation in particle size or particle structure during 
the course of flow which considerably affects the flowing 
characteristics. 

Sodium deoxycholate (SDC), a bile salt which is a 
surfactant in vivo, was chosen. Vochten and Joos1) 
studied the viscosity of SDC solutions with an Ubbelohde 
type viscometer. They measured the viscosity at p H = 7 
for SDC of constant concentration containing NaCl in 
different concentrations, and found that the viscosity 
varies with time. Fontell performed viscosity measure­
ment of aqueous solutions of various bile salts and 
pointed out that micelles at higher concentrations are 
voluminous and anisometric, indicating the formation 
of a secondary structure by the interlinking of pr imary 
micelles.2) However, Fontell ignored the time depen­
dency in the viscosity of the aqueous solution of SDC. 
We have regarded the viscous behavior in the capillary 
flow as a process of polymer-like aggregation of pr imary 
micelles. The aggregation is accelerated by mechanical 
action, degradation being caused by shearing stress 
simultaneously. Blow and Rich3 ) observed this phenom­
enon for the first time by viscosity measurement with 
an Ostwald-type viscometer. However, they did not 
carry out analysis. 

We have investigated aqueous solutions of SDC in 
detail, and found that the solution has a Theologically 
complex character, which might be clarified by means 
of an improved method of viscosity measurement on 
non-Newtonian flow. 

T h e present study was carried out with the use of 
horizontal viscometers in order to clarify the effect of 
shearing stress on the flow and to correlate the result 
with SDC concentration, p H , and temperature. 

Exper imenta l 

Horizontal viscometers were so constructed as to enable us 
to observe flow volume and flow time of the solution by 
connecting a 2 cm3 mess-pipet to the capillary. Two vis­
cometers were used: (a) capillary length 10 cm, and inner 

diam. 1.64xl0~2cm and (b) capillary length 10 cm, inner 
diam. 1.66 X 10~2 cm. The Reynold number was less than 
60 under hydraulic pressure of 100 cm. The viscosity meas­
urement was carried out by immersing the viscometer in a 
thermostated water bath, putting the SDC solution in the 
viscometer and giving an arbitrary shearing stress. The tem­
perature was kept constant within ±0.01 °C. 

A pressure-generator was set up by combination of two 
water-tanks (20 dm3), U-tube for manometer (180 cm in 
height) and cocks. This makes it possible to give an arbitrary 
difference of pressure and observe both forward and back­
ward processes by use of T-cocks. For the simultaneous 
measurement of viscosity and pH, the horizontal viscometer 
was fitted with a combination-type electrode (Hitachi-Horiba 
6028-10T for test tube) near the exit of capillary (Fig. 1). 
The variation of pH with time was measured with a Hitachi-
Horiba pH meter, model F-5 and recorded automatically 
with a recorder (QPD-54, Hitachi). 

The solutions were prepared as follows. Aqueous SDC and 
inorganic salt solutions (buffer) were prepared separately with 
concentration twice higher than necessary for the experiments. 
Both solutions were kept at a constant temperature. The 

PRESSURE GENERATOR 

Î 

Fig. 1. Horizontal viscometer for the simultaneous meas­
urement of pH and viscosity. 
Key C : cock, T : T-cock, F : flexible pipe , J : glass joint, 
H : horizontal viscometer, E: combination-type elec­
trode (for test-tube use). 
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same amount of each was mixed in a vessel, and the mixture 
was freed from dust by a Millipore 47 mm membrane filter. 
5 cm3 of filtered solution was immediately put into the vis­
cometer immersed in thermostated bath, and then subjected 
to incessant flow. The pH of the solutions was adjusted to 
6.8, 7.0, or 7.2 by the Sorensen buffer solution. 

SDC (E. Merck Co.) was thrice crystallized from ethanol 
and dried at 110 °C in vacuo for a day. Twice distilled water 
was used. Other chemicals were of guaranteed reagent-grade. 

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

Correlation of Viscosity with Flow Time. After the 
initial Newtonian flow the viscosity rises abruptly, 
showing a characteristic peak and stationary value 
(Fig. 2). The viscosity is expressed in time (s) required 

60 

t (min) 

Fig. 2. An example of viscosity change with time in the 
capillary flow. 

for the flow of the unit volume of liquid. T h e abrupt 
rise in viscosity with time seems to be correlated with 
various factors. The reproducibility is not always good 
because of sensitivity to the delicate difference of running 
or existence of impurity. We might interpret the initial 
part of the curve as follows. I t is assumed that the 
polymer-like aggregation of SDC takes place by crystal­
lization or phase transition. The growth of crystalline 
nuclei may be hindered by thermal and mechanical 
motions. The temperature of the whole system is kept 
constant during the observation, but minute, local 
variation is unavoidable. The rate of producing nuclei 
depends largely on the temperature nearer to that of 
phase transition, increasing rapidly with a lowering 
temperature. Thus, there is a possibility for effective 
nuclei to exist whose rate of production and growth 
exceed that of collapse during the minute, local variation 
of temperature. Once the effective nuclei are produced, 
polymer-like aggregation is accelerated in the field of 
flow. O n the other hand, the degradation of the aggre­
gates proceeds in the flow. T h e curves in Fig. 2 can be 

regarded as the result of polymerization and degrada­
tion. 

T h e time-dependent equation of the number-average 
degree of polymerization P Q) at time t is5> 

P<» = 
geqkt 

where T denotes the half-life of particle (monomer) 
number, k the rate constant of degradation of polymer­
like aggregates, and q=2g—l, g being the limiting 
degree of polymerization. If we denote the mass of 
pr imary particle (monomer) by m and the Avogadro 
number by N, the time-dependent weight average 
molecular weight [Ad]w,t is given by5) 

r M 1 2mNq^kt 

L w " et'-i+qTKt+T)' (2) 

where parameters T, q, and k have the same meaning as 
in Eq. 1. These parameters and m should be determined 
by separate experiments. No complete analysis can be 
carried out from only the curves shown in Fig. 2. We 
see from Eqs. 1 and 2 that P(t) and [M]w,t attain 
the values q and 2mNq, respectively, after a sufficiently 
long time. These two values correspond to the dynamic 
equilibrium after the peak in Fig. 2. 

Fig. 3. Simulation curves for the relation between the 
weight-average degree of polymerization, computed 
with various values of each parameter and time t. 

Figure 3 shows simulation curves computed by 
substituting appropriate values for the parameter in 
Eq. 2. T h e equilibrium value varies with concentration 
of SDG, temperature and p H . This is of dynamic 
equilibrium related directly to shearing stress or shear 
rate. The value of dynamic equilibrium does not 
depend on the history (the half-life T and the rate 
constant of degradation k) but on only the limiting 
degree of polymerization g determined by given condi­
tions. Thus only the treatment of dynamic equilibrium 
is required for the analysis of the characteristics of the 
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flow system. 
Apparent and Real Viscosity in Dynamic Equilibrium. 

The behavior of capillary flow of aqueous SDC solution 
was investigated by examining the relation between 
the value of dynamic equilibrium and various conditions. 
All systems in Fig. 2 behave as non-Newtonian flow. 

In the case of non-Newtonian flow the coefficient of 
viscosity YJ is a function of shearing stress pt or shear 
rate êt : 

* = A _ = s(*t) = A 
'» '. /(A) 

(3) 

The shearing stress P and shear rate V on the wall-
surface of capillary are 

P _ MP 
21 5 

v-M. 

(4) 

(5) 

where R is the radius of capillary, / the length, Ap the 
pressure difference on the unit area of cross-section of 
liquid cylinder in the capillary, and Q, the amount of 
flowing liquid per unit time. (Hs expressed as a function 
of P (or Ap) as follows.6) 

Q. = (211 àpy (PA2/(A)dA = (*&/*») [Ppt2f(Pt)dpt. (6) 
Jo Jo 

I t is desirable to find the relation between the measur­
ed Q,and Ap, but the type of function f(pt) is unknown. 
The function can be obtained, if we use the following 
equation.6 - 9) 

f{P) = F(3/4+ (1/4) d log d/d log P). (7) 

If we determine the slope of the curve logP-logQ,, we 
obtain the second term in parenthesis. Since P is 
proportional to Ap, we can use log Ap instead of log P. 

In the Newtonian flow d log Q,/d log P is equal to unity 
and we h a v e / ( P ) = V. While F i n Newtonian flow gives 
a real shear-rate on the capillary-wall, V in non-
Newtonian flow gives only an apparent one. Thus, P\ V 
gives the apparent viscosity Y)a. T h e real coefficient of 
viscosity Y) is given by P[f(P). 

When the non-Newtonian flow is of a power function 
type, f=kpt, we obtain the following equation from 
Eqs. 6 and 4. 

0.= 
nR3k 

pn = 
7lkRn' 

s-(^)". (8) 
n + 3 (» + 3)(2Q* 

Thus we have d log Qjd log P=n. Hence Eq. 7 gives the 
relation / ( P ) = ( 3 + » ) F / 4 . 
is given by 

T h e value of real viscosity Y) 

ot 

60 80 100(cmH,0) 

2 

log Ap 

Fig. 4. The plot of log Ap vs. log & at pH 6.8 and 30 °G. 
The figures at the right hand of curves indicate the con­
centration of SDC in mM. The slope of the straight 
line gives the power n in Eq. 8. 

7) = 
n + 3 •"Va- (9) 

Straight lines are obtained by plotting log Q, against 
log Ap in dynamic equilibrium (Fig. 4). This indicates 
that the flow of the SDC solution is non-Newtonian and 
of the power function type. The values n obtained from 
the slopes of log Ap-\og Q, curves are given in Table 1. 
The value of n may give a criterion of the deviation 
from Newtonian type, or a degree of non-Newtonian. 
Although the real physical meaning of n is not known, 
it seems to correspond to the degree of interaction among 
aggregated particles. We see from Table 1 that the 
value of n is larger in higher concentration range for 
any temperature and p H . 

Relation between Real Viscosity, Concentration of SDC, and 
Shearing Stress at Various Temperatures and pH. The 
dynamic equilibrium value of real viscosity r\ at p H 7.0 
and 25 °C is shown in Fig. 5, in which (a) is the plot of 
Y) vs. concentration of SDC and (b) the plot of YJ VS. 
shearing stress, where the pressure difference Ap (cm 

TABLE 1. THE POWER VALUE n OF SDC SOLUTION 

SDC concn (mM) { 

pH 

• 5 

7.5 
10 
12 
15 
16 

L 20 

6.8 

1.25 
1.37 
1.49 
1.58 
1.75 
1.77 
1.88 

20 °C 

7.0 

1.23 
1.32 
1.35 
1.42 
1.46 
1.50 
1.64 

7.2 

1.26 
1.39 
1.45 
1.49 
1.60 
1.61 

6.8 

1.20 
1.32 
1.42 
1.50 
1.57 
1.59 
1.73 

25 °C 

7.0 

1.22 
1.35 
1.47 
1.51 
1.56 
1.60 
1.68 

7.2 

1.10 
1.24 
1.41 
1.50 
1.59 
1.59 

30 °C 

6.8 

1.20 
1.35 
1.41 
1.49 
1.63 
1.70 
1.81 

32.5°C 

6.8 

1.08 
1.31 
1.40 
1.46 
1.57 
1.59 
1.80 

35 °C 

6.8 

— 
1.21 
1.35 
1.45 
1.58 
1.60 
1.77 
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TABLE 2. THE REAL VISCOSITY V\ (G.P.) OF SDG SOLUTION AT DYNAMIC EQUILIBRIUM 

SDC Temperature pH 

Pressure difference between both ends of the 
capillary hp in cm H 2 0 

1.00xlO~2M ( 

1.60xlO~2M 

V * - 7 

r 20 

25 

30 
32.5 

1 35 

f 2 ° 

1 2 5 

30 
35 

( 6.8 
7.0 

1 7.2 
, 6.8 

7.0 
[ 7.2 

6.8 
6.8 
6.8 

r 6.8 
^ 7.0 
r 6.8 
i- 7.0 

6.8 
6.8 

20 

6.61 
5.30 
5.11 
4.58 
4.74 
3.56 
3.60 
3.11 
2.33 

15.56 
9.90 
9.15 
9.65 
7.50 
5.38 

40 

4.61 
4.15 
3.82 
3.67 
3.43 
2.73 
2.76 
2.38 
1.86 
9.33 
7.23 
6.55 
6.37 
5.02 
3.23 

60 

3.63 
3.51 
3.13 
2.97 
2.82 
2.26 
2.29 
2.00 
1.54 
6.51 
5.87 
5.31 
4.93 
3.75 
2.51 

80 

3.20 
3.15 
2.76 
2.76 
2.51 
2.04 
2.09 
1.86 
1.44 
5.33 
4.98 
4.55 
4.21 
3.18 
2.15 

100 

2.82 
2.77 
2.50 
2.48 
2.19 
1.87 
1.80 
1.69 
1.27 
4.60 
4.45 
4.10 
3.75 
2.80 
1.84 

15 

3: 

10 

5 

' SDCCONCN 

20 1 

16 S 
15 » \ 

12 

10 « 

7.5 

5 # 

(«Mi 

(b) 

5 10 15 

SDC Conen.(mM) 

D 60 8 

4P (cm H20) 

Fig. 5. The correlation of the real viscosity (cp) with 
SDC concentration (mM) and pressure difference A/> 
(cm H 20) at pH 7.0 and 25 °C. (a) The plot of SDC 
concentration vs. r\, where numerical values indicate 
the pressure difference àp in cm H aO. (b) : The plot 
of A/» vs. 7), where numerical values indicate the SDC 
concentration in mM. 

H a O) is used instead of the real shearing stress. Numer­
i c a l at the end of respective curves refer to the pres­
sure difference (in cm H a O) in (a) and to the concentra­
tion (in m M * * (mol m"3)) of SDC in (b). Though the 
value of v) varies with p H and temperature, all the results 
are similar. Decrease in shearing stress tends to increase 
the viscosity, and the higher the concentration of SDC, 
the greater the dependence of real viscosity on shearing 
stress. The values of TJ of the 1.00 X 10"2 M * * solution 
and 1.60 X 10~2 M solution in the dynamic equilibrium 
under various conditions are given in Table 2. 

Effect of Shearing Stress on the Molecular Weight of 
Polymer-like Aggregate. As shown in Fig. 5, the 
shearing stress (A/?) considerably affects viscosity and 

the molecular weight of the polymer-like aggregate in 
dynamic equilibrium. 

The dimension of polymer-like aggregate can be 
estimated from the molecular weight determined by 
viscometry. If the reduced values t]sp/c and In y\rjc are 
plotted against c (in grams of SDC per 100 cm3) and 
extrapolated to c—0, both curves intersect at the same 
point of ordinate (Fig. 6). The coincidence of intercept 
of the two curves affords a reasonable value as the 
limiting viscosity number [rj]. 

The correlation of [YJ] with Ap illustrates the fact that 
decrease in shearing stress tends to increase considerably 
[TQ] or the dimension of polymer-like aggregate. The 
plot of \ogAp vs. [•/)] gives straight lines (Fig. 7). We 
see that the product [TQ] Apß is constant, where ß is a 

ic4-

5h 

I 

/ ° 
/ s^ e 

• / 

% / • 

*//^ 

AP = u<yX 

/ -i 

~*-*—-^2-. 

H20 

15 

Hi o 

02 0.8 

** Throughout this paper 1M=1 mol dm - 3 and 1 m M = l 
mol m - 3 . 

0-4 0-6 

SDC conen (g/dl) 

Fig. 6. The plot of In t\v\c and 7)gp/c vs. the SDC con­
centration c(g/dl). The reading value extrapolated to 
the zero concentration affords an apparent intrinsic 
viscosity [•/)]. 

file:///ogAp
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20 40 60 80 100(Ap) 

1 2 
log Ap 

Fig. 7. The relation between log A/> and log [•/)]. 
Key O PH 6.8, 25 °C, # pH 7.2, 20 °C, 3 pH 6.8, 
30 °C. Empirical formula is expressed as follows, 
at pH 6.8, 20 °G logfo] = - 0.46 log( A/>) +1.33 
at pH 6.8, 25 °C log[y)] = - 0.46 log( A/>) + 1.31 
at pH 6.8, 30 °C logfy] = - 0.46 log(A/>) +1.22 
at pH 7.0, 20 °C logfr] = - 0.37 log(A/>) +1.20 
at pH 7.2, 20 °C log|>j] = -0 .42 log(A/») + 1.24 

constant. 
T h e intercept of the log (Ap) vs. log [T;] curve might be 

utilized as an index of limiting dimension of the aggre­
gate at the pressure difference Ap=l cm H 2 0 . Though 
the physical meaning of the slope or the power of 
pressure difference cannot be grasped, the value seems 
to correspond to p H . Tempera ture seems to have no 
effect on the slope. When p H is constant, curves at 
various temperatures have the same slope. 

In the case of linear polymer the molecular weight is 
estimated by the relation \y\\=KMa. However, this 
relation is not applicable to the SDC system, since the 
parameters K and a are unknown. The molecular 
weight of SDC aggregates can be estimated roughly by 
use of the computed data for ^-value and the data for m 
obtained by means of light scattering. We assume that 
q is 5—10 (Fig. 3) and mN or the micellar weight of 
pr imary micelle is 2.6 X 104 at 36.5 °C. Thus from 
Eq. 2, the value of [A/J^,, in dynamic equilibrium is 
estimated to be 2 . 6 x l O 5 to 5.2 x l O 5 . The micellar 
weight of the polymer-like aggregate is calculated to be 
several millions at 10 °C.10> 

pH Change with Flow. T h e SDC solution under­
goes specific hydrolysis when it forms a gel.4-11) This 
can be explained by a kinetic consideration that the 
abrup t rise of p H is due to the hydrolysis of SDC. 
When gel formation takes place, the p H rise is linear 
against logarithm of the reaction time t in the early 
stage with the same slope of unity. If we denote the 
initial concentration of the reactant deoxycholate ion 
by C, the concentration of the product by x, the rate 
constant by k, and the ionic product of water by iCw, 

we obtain the relation 

pH= logt + log (kC/Kw), (10) 

where it is assumed that # < C in the initial stage of 
reaction and therefore only the first term of the expansion 
of ln[C/(C—x)] is taken. Equation 10 gives the relation 
d p H / d l o g / = l . I t was found that the rate constant 
varies from 1 . 6 x 1 0 - ' to 2 0 x l 0 ~ 7 (min"1) a t tempera­
tures 5—35 °C, the activation energy of hydrolysis being 
calculated to be 14 kcal. We studied the behavior of the 
counter ions Na+ and H+ through the measurement of 
their activity change with concentration. We have 
concluded that the adsorption of proton on the micelle 
surface (or hydrolysis) is necessary for the structure-
making of micelle or gel, and that the counter ion Na+ 
undergoes exchange with a proton on micelle (gel) 
formation, and the proton exchanged contributes to the 
formation of hydrogen bond between deoxycholate 
molecules.11) 

H 9.0 

0 30 60 90 
Time(min) 

Fig. 8. The time-dependent changes of viscosity and pH 
which were caused simultaneously in the capillary flow. 
1.6 X 10-2 M solution of SDC with addition of 0.5 M 
NaCl at 15 °C under A/>=80 cm H 2 0 . 

A special viscometer (Fig. 1) was used in order to 
determine the p H change accompanied by the change 
in viscosity. The solution containing SDC of given 
concentration and 0.5 M NaCl showed a specific rise 
in p H when viscosity began to rise. However, the 
rise in p H was gradual, no peak being observed as in 
viscosity. The dynamic equilibrium in viscosity and p H 
was reached at the same time. Figure 8 shows an 
example of both changes in p H and viscosity with time. 
T h e measurement of p H shifts was carried out for 
different concentrations of SDC, shear-rates and tem­
peratures. T h e results show that the p H shift is indepen­
dent of concentration and shear-rate, but depends on 
temperature. O n the other hand, viscosity is affected 
distinctly by shear-rate, concentration and temperature. 
The characteristic p H behavior indicates that the 
secondary aggregation or polymerization is not parallel 
to hydrolysis. T h e value of p H in equilibrium corre­
sponds to that of the system (Fig. 2, the preceding 
paper11)) and the range of p H shifts corresponds to the 
deviation from the straight line with slope 1 /2 extrapolat­
ed from the singly dispersed region. T h e mixing of two 
solutions (SDC and NaCl) indicates that the SDC 
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solution is diluted with NaCl solution, the micelles 
being broken abruptly due to the shift of equilibrium. 
After micelles are broken by dilution, new micelles are 
formed again. In this state the environment of new 
micelles and singly dispersed species are now rich in 
sodium ions, almost all the counterions being sodium 
ions. Micelles of a more stable structure are then 
formed gradually, the counterions of Na+ being replaced 
by protons. This can be considered a relaxation phe­
nomena. Though the exchange reaction is slow, it can 
be accelerated by mixing or by being carried out in a 
field of flow. Alternatively, in the early stage of the 
capillary flow when no rise of viscosity appears, the 
exchange reaction takes place and stable pr imary 
micelles are formed by hydrogen bonding. As soon as 
sufficient protons are adsorbed on deoxycholate ions 
in the micelle, the pr imary micelles begin to associate 
secondarily forming polymer-like aggregates. 

The indispensable role of hydrogen bond in the 
formation of SDC aggregate was revealed by other 
studies on p H and pNa behavior of aqueous solution of 
SDC11) and the sol-gel transition under high pressure.12) 

We would like to acknowledge the valuable sugges­
tions given by Prof. Dr . Kinsi Motomura , Kyushu 
University. We are indebted to Mr . Yoshio Aogame, 

Miss Machiko Hiraishi, Mr . Kiyofumi Hiramatsu, and 
Mrs. Makiko Taka, Fukuoka University, for their 
technical assistance. 
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Comparison of Experimental and Calculated Oscillator Strengths 
for Condensed Ring Compounds 

Tetsutaro YOSHINAGA, Hiroshi HIRATSUKA, and Yoshie TANIZAKI 

Department of Chemistry, Tokyo Institute of Technology, Meguro-ku, Tokyo 152 
(Received March 18, 1977) 

The electronic absorption spectra of eighteen aromatic condensed ring compounds (C2v or Dah) were studied 
by means of comparison between the calculated and experimental results in terms of three fundamental factors: the 
electronic transition energy, the direction of the electronic transition moment, and the oscillator strength. The 
three experimental factors were obtained from the component spectra polarized to the long and short axes of the 
molecule, which were determined by means of the dichroism analysis technique. The calculated oscillator strengths 
were obtained by the dipole-length, dipole-velocity, and mixed-dipole methods. From the comparison between 
experimental and calculated results, it was found that the mixed-dipole method gives the best fit of the values 
to the experimental ones. 

As is well known, the electronic absorption spectrum 
is assigned on the basis of comparison between calculated 
and experimental results for three fundamental factors: 
the electronic transition energy, the direction of the 
electronic transition moment, and the oscillator strength. 
In most cases, however, the experimental results to be 
compared with the theory are not always valid for these 
items, since the results are obtained through band 
spectra in which most bands are composed of two or 
more overlapping transition bands. In order to make 
more precise assignments, therefore, it is necessary to 
separate the overlapping bands. One of the most 
useful methods for separating such bands for some 
symmetrical molecules is dichroism analysis using a 
stretched PVA [polyvinyl alcohol)] film. 

For a planar molecule of C2 v symmetry, for instance, 
the polarization direction of the TC-TZ* electronic transi­
tions are restricted to directions parallel or perpendicular 
to the C2 axis in the molecular plane. In such cases, the 
directions of polarization can easily be distinguished 
from one another by the use of the dichroism analysis. 
By means of this method, an absorption spectrum 
observed in non-stretched PVA film can be divided into 
two kinds of spectra in which the polarization directions 
are orthogonal to each other. When the divided spectra 
thus obtained are employed as experimental data, the 
comparison with the calculated results will become more 
precise in terms of the three factors mentioned above. 

As for the theoretical calculation of the oscillator 
strength, the dipole-length method1) has been extensively 
used. In recent years, however, the mixed-dipole 
method2) and the dipole-velocity method3 - 5) have also 
been employed, and comparisons of calculated with 
experimental values have been reported. 

The first purpose in the present study is to determine 
the oscillator strength experimentally using the com­
ponent spectra for many symmetrical molecules, such 
as condensed-ring compounds. The second purpose is 
to compare the oscillator strengths obtained by the 
dipole-length, mixed-dipole, and dipole-velocity methods 
with the experimental values. 

Experimental 

Materials. The chemical structures and the names of 
the compounds used are shown in Fig. 1, along with the 

anthracene 9-methylanthracene 9,10-dimethylanthracene 

4,5-dihydropyrene 9,10-diazaphenanthrene 

Kß) GO) \&) (12) 

£3-dimethyl- 2,3-dihydroxy- 2,3-diamino- 2,7-diamino-
naphthalene naphthalene naphthalene naphthalene 

®%> # ® <iOö> <5^> 
biphenyl fluorene 9,10-dihydro- AAaiO-tetrahydro-

phenanthrene pyre ne 

pyrene perylene 

Fig. 1. Name, structures, and numbers for the com­
pounds. (In Table 1, these numbers are employed 
instead of respective name of compound.) 

sample number to be referred to throughout this work. 
The anthracene (U.P.; ultra-pure reagent), 9-methylanthra­

cene (G.R.; guaranteed reagent), 9,10-dimethylanthracene 
(G.R.), 3,6-dimethylphenanthrene (G.R.), 4,5-methanophen-
anthrene (G.R.), 2,3-dimethylnaphthalene (G.R.), 2,3-naph-
thalenediol (G.R.), 2,3-naphthalenediamine (E.P.; extra pure 
reagent), 2,7-naphthalenediamine (E.P.), pyrene (U.P.), bi­
phenyl (E.P.: > 9 9 % , G.C.), fluorene (U.P.), 9,10-dihydro-
phenanthrene (G.R.), and 4,5,9,10-tetrahydropyrene (G.R.) 
were commercially obtained from the Tokyo Kasei Kogyo 
Co., Ltd. The phenanthrene (fluorescence grade) and 5,6-
phenanthroline were obtained from the Aldrich Chemical 
Company. Highly purified perylene was kindly offered by 
the Inokuchi Laboratory at the Institute for Solid State Phys­
ics, the University of Tokyo. The biphenyl, 2,3-dimethyl-
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naphthalene, and other naphthalene derivatives were repeat­
edly recrystallized from the respective appropriate solvents. 
For 9,10-dihydrophenanthrene and 4,5,9,10-tetrahydropyrene, 
further purification was made by the Tokyo Kasei Kogyo Co., 
Ltd., at our request. For other compounds, no purification 
was made. 

Measurement. The measurement of the polarized absorp­
tion spectra and the determination of the component spectra 
were carried out using the methods previously reported.6) 

After the assignment of the electronic transition bands for 
the component spectra had been established, the experimental 
oscillator strength (/exp) for the respective bands were deter­
mined by means of the well-known formula:* 

fe*e = 4.32 X 10"9feoda 

where cr is the wave number in cm - 1 and where e„ is the 
molar extinction coefficient in the PVA substrate. In the 
present work, however, we used ea in ethanol instead of that 
in PVA, since the absorption curves in the PVA film generally 
resemble those in ethanol. In fact, for some compounds, such 
as anthracene, and phenanthrene, it was found that the ea 

values in PVA were nearly equal to those in ethanol. 

Calculat ion 

The M O calculations were carried out using the 
Pariser-Parr-Pople SCF CI method.7-8) T h e one- and 
two-center electron repulsion integrals were evaluated 
by the Pariser-Parr equation7) and the Nishimoto-
Mataga equation9) respectively. The valence-state 
ionization potentials (7p(r)) and the electron affinities 
(£ a(r)) were as follows: / p(G) = 11.16 eV, £ a ( C ) = 
0.03 eV, / p(-N=) = 14.12eV, £ a ( -N=) = 1.78 eV, 7p-
(-NH2) =24 .80 eV, £ a ( - N H 2 ) = 8 . 0 4 eV, 7 p ( - O H ) = 
33.00 eV, and £ a ( - O H ) = 11.47 eV. 

For the "methyl" group, the hyperconjugation effect 
was taken into account after Morita,10) and the following 
values were used: 7p(H3) = 10.08 eV and £ a ( H 3 ) = 0 . 1 9 
eV, the resonance integrals were ß(C-C) = —2.24 eV 
and /?(C'-H3) = — 5.27 eV where the primed carbon is 
for methyl carbon. For the methylene group, the same 
parameters were used as for the methyl group. All 
the molecules, including biphenyl, were regarded as 
planar. The geometrical structure of fluorene was 
determined by reference to the crystal structure.11) 

The theoretical oscillator strengths, fca[, were 
calculated by means of the following equations:2 '3) 

fx= l - t ^ x l O 1 1 ^ 2 (1) 

/ T = 1.463xlO»iV/a, (2) 

fm=(frA)1/2, (3) 

M = <rplÇr«HV, 

^v = < ^ I Ç g r a d / | F q > , 

where a is the transition energy in cm - 1 , for which the 
calculated values were used. The calculation methods 
using Eqs. 1, 2, and 3 are referred to as the dipole-length, 
dipole-velocity, and mixed-dipole methods respectively. 

* In general, fexp is little affected by the medium. 
However, we neglected this correction in the present work, 
since there is some disagreement about this matter. See also 
Ref. 5 and especially the Ref. 17 in the Ref. 5. 

In these calculations, Slater's atomic orbitals were 
employed, and the overlap integrals were not neglected. 
Moreover, all the elements of the transition density 
matrix were included. 

R e s u l t s 

Table 1 shows the experimental and calculated results 
for the allowed transitions of eighteen compounds. 
R o m a n numerals represent the calculated transition 
numbers. For example, in the case of anthracene 
(Sample Number 1), the I st, I I nd, and V I th transitions 
are allowed, while the others are forbidden, in the 
region above 200 nm. Even if a transition is allowed, 
when the corresponding absorption is too low to be 
determined, the relevant columns for the experimental 
transition energy and also the oscillator strength (fexp) 
are left blank, as may be seen for the 1st transition of 
Sample No. 5, for example. Moreover, even if a transi­
tion energy is determined, when not all of the band is 
observed, / e x p can not be determined and the relevant 
column is blank (see the Xth transition of Sample 
No. 5). 

In Table 1, the transition directions are designated by 
x and y for the long and short axes of the molecule 
respectively, and Piatt 's notations are shown in paren­
theses. T h e oscillator strengths calculated by the dipole-
length, dipole-velocity, and mixed-dipole methods are 
denoted by fi, fvi a n d / m respectively. 

According to Table 1, the calculated transition 
energies as well as the transition directions agree very 
well with the experimental values. As for the oscillator 
strength, however, the calculated values are considerably 
different from the experimental ones in some cases. 
Moreover, some considerable differences between f{ and 

fv are observed. 
Figure 2 shows the distributions of the experimental 

C/exp) a n d calculated ( / c a I ) oscillator strengths for the 
about seventy transitions listed in Table 1. In the 
figure, the abscissa is divided into sections at 0.1 inter­
vals : for example, the / e x p value, 1.54, of the V I th 
transition of Sample No. 1 is placed in the column 
between 1.5 and 1.6. Thus, the distributions for fexp, 
fi,fvi a n d / m are obtained as shown in Figs. 2(a), (b), 
(c), and (d) respectively. T h e / e x p a n d / c a l values did 
not exceed 1.6 and 2.6 respectively. Nearly 9 0 % of 
all t h e / v a l u e s fall in the range of 0 < / < 1. The frequen­
cies within 0<C/<0.1 are 30—40% and are the greatest 
in all classes. 

Now, let us investigate the relation between the . / e x p 

andjf c a l values. First, let us select sample molecules 
in Table 1 for which the 7r-electron approximation will 
be completely valid in the present calculation; that is, 
the five molecules of Samples No. 1, 4, 8, 17, and 18 
have a planar structure and no substituent groups. The 
ratios of the oscillator strength, Ä ( = / c a l / / e x p ) , for the 
corresponding transitions are plotted in Fig. 3, in which 
the abscissa is the same as in Fig. 2 and in which the 
ordinate represents the frequency of/? values. In Fig. 3, 
the R values for / e x p < 0 . 1 are marked by oblique lines 
to distinguish them from the others. 

According to Fig. 3(c) all the values of Rv(==fvjf
exp) 
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3 
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5 
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<D 
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10 

11 

12 

13 

14 

Tetsutaro YOSHINAGA , Hiroshi HIRATSUKA, and Yoshie TANIZAKI 

TABLE 1. COMPARISON OF EXPERIMENTAL AND CALCULATED OSCILLATOR STRENGTHS 

Transition 
No. 

[ VI 

1 VI 

1 VI 
, I 

II 
IV 
V 

VII 
^ X 

I 
II 

IV 
V 

VII 
X 
I 

II 
IV 
V 

VII 
X 

, I 
II 

IV 
V 

VII 
^ X 

I 
II 
V 

VI 
VIII 

- IX 

, i 
n 

m 
1 IV 
r I 

II 
III 
IV 

1 VI 
I 

II 
IV 
V 

VI 
- VIII 
, I 

II 
III 

V 
I IX 

[ VI 

t I 
II 

III 
I IV 

Transition 
energy 

Calcd 
kern-1 

26.91 
28.10 
39.17 
26.11 
27.82 
38.83 
25.62 
27.70 
38.63 
29.00 
32.96 
39.85 
39.87 
45.25 
48.85 
28.67 
32.15 
39.60 
39.64 
43.79 
48.46 
28.54 
32.52 
38.28 
38.67 
44.74 
47.39 
28.63 
32.69 
38.51 
38.83 
44.82 
47.54 
27.02 
29.36 
40.11 
40.57 
46.37 
48.88 
30.66 
34.02 
42.90 
43.57 
29.72 
33.41 
41.55 
43.04 
44.61 
26.55 
31.13 
37.18 
39.88 
42.72 
45.37 
26.88 
30.02 
36.09 
41.97 
48.05 
34.63 
36.40 
48.85 
33.95 
34.62 
35.76 
45.09 

Exptl 
kcm - 1 

2672 
27.6 
38.9 
25.5 
27.0 
38.4 
24.9 
24.9 
37.9 
28.9 
33.7 
(39) 
39.2 
45.0 
(46) 

33.1 
(38) 
38.8 
43.9 
(46) 

32.9 
39.1 
37.6 
44.6 
43.9 

33.1 
38.2 
37.4 
43.9 
45.7 
27.7 
31.8 
39.2 
39.8 
45.6 

> 4 6 . 5 
31.3 
34.3 
43.5 

30.5 
33.9 
42.5 

44.1 
28.9 
32.6 
39.6 

40.6 
46.0 
29.4 
32.1 
39.6 
45.8 
48.0 
34.5 
39.0 

32.6 
33.1 
37.6 
44.9 

/ I 

0.2437 
0.0120 
2.4135 
0.2614 
0.0202 
2.4780 
0.2775 
0.0188 
2.4427 

5 .9x l0~ 4 

0.3298 
0.4563 
1.3009 
0.3078 
0.0790 

7.3X10-4 

0.4255 
0.4591 
1.2838 
0.4943 
0.3208 

2 . 5 x l 0 - 5 

0.3107 
0.7817 
0.4378 
0.2920 
0.4402 
0.0011 
0.3023 
1.0222 
0.4475 
0.3150 
0.5597 
0.0457 
0.5021 
1.0652 
0.4609 
0.0704 
0.2405 
0.0046 
0.1596 
1.9731 
0.0036 
0.0439 
0.1324 
0.8730 
0.6136 
0.3027 
0.1206 
0.0382 
0.7162 
0.2168 
0.1215 
0.5515 
0.0855 
0.0658 
1.0014 
0.3496 
0.3319 

6 .0x10-* 
0.7684 
0.8038 
0.0008 
0.0558 
0.4751 
0.2724 

Oscillator strength 

Calcda> 

A 
0.0152 
0.0063 
1.2801 
0.0169 
0.0063 
1.2159 
0.0255 
0.0052 
1.1884 

4.6x10-4 
0.1225 
0.1213 
0.6735 
0.1429 
0.0263 

4.2x10-4 
0.1847 
0.1227 
0.7003 
0.2475 
0.1854 

l .OxlO- 5 

0.1103 
0.4645 
0.1192 
0.1205 
0.1885 

4.9x10-4 
0.0959 
0.5483 
0.1424 
0.1232 
0.2505 
0.0062 
0.1364 
0.5262 
0.1328 
0.0268 
0.1102 
0.0022 
0.0254 
1.0321 
0.0018 
0.0192 
0.0189 
0.4517 
0.3260 
0.1237 
0.0474 
0.0004 
0.3668 
0.1216 
0.0584 
0.2917 
0.0334 
0.0037 
0.5530 
0.1490 
0.1438 

1.5x10-4 
0.4420 
0.2970 
0.0026 
0.0230 
0.2811 
0.0986 

Jra 

070609 
0.0087 
1.7577 
0.0664 
0.0113 
1.7358 
0.0841 
0.0099 
1.7038 

5.2x10-4 
0.2010 
0.2353 
0.8762 
0.2097 
0.0456 

5.5x10-4 
0.2803 
0.2373 
0.9482 
0.3498 
0.2439 

1.6x10-5 
0.1851 
0.6026 
0.2284 
0.1876 
0.2881 

7.3x10-4 
0.1702 
0.7486 
0.2524 
0.1970 
0.3391 
0.0168 
0.2617 
0.7487 
0.2474 
0.0434 
0.1628 
0.0032 
0.0637 
1.4270 
0.0026 
0.0290 
0.0500 
0.6280 
0.4473 
0.1935 
0.0756 
0.0039 
0.5125 
0.1624 
0.0842 
0.4011 
0.0534 
0.0156 
0.7442 
0.2282 
0.2185 

3.0x10-4 
0.5828 
0.4886 
0.0015 
0.0358 
0.3654 
0.1638 

Exptl 
yexp 

0.0763 
0.0194 
1.545 
0.0867 
0.0201 
1.455 
0.127 
0.0232 
1.080 
0.0027 
0.171 
0.272 
0.737 
0.101 

0.198 
0.352 
0.613 
0.247 

0.187 
0.665 
0.317 
0.223 
0.217 

0.149 
0.396 
0.279 
0.169 
0.317 
0.0249 
0.154 
0.734 
0.191 
0.071 

0.0011 
0.0879 
1.040 

0.0267 
0.0581 
0.836 

0.258 
0.0572 
0.0346 
0.642 

0.274 

0.0409 
0.0168 
1.033 
0.147 

0.6x10-4 
0.293 

1.0x10-4 
0.0623 
0.404 
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Sample Transition 
No.c> No. 

15 

16 

© 

r I 
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I V 

L V 

. I 
I I I 
V I 

1 V I I 

, I 
I I 
V 

1 I X 

© I I 
!• I X 

Comparison of Experimental and Calculated Oscillator Strength 

Transit ion 
Energy 

Calcd Exptl 
ke rn - 1 ke rn - 1 

34.15 
34 .59 
35.86 
45 .33 
46 .54 
33 .56 
35 .03 
46 .71 
47 .28 

27 .05 
28 .00 
38.17 
43 .57 

23 .40 
28.60 
40 .04 

31 .7 
33 .2 
37 .3 
4 5 . 3 
46 
32 .6 
33 .9 
45 .3 
(46) 
26 .8 
2 9 . 4 
36 .4 
41 .2 
22 .6 

(27.3) 
37 .8 

T A B L E 1. 

Â 

8 . 2 x l 0 - f i 

0.0020 
0.6394 
0.1438 
0.1709 

7 . 0 x 1 0 - « 
0.5460 
0.8172 
1.2852 
0 .0034 
0.6723 
0.8322 
1.3143 
0.8037 
0.0121 
1.4677 

(continued) 

Oscillator strength 

Calcda> 

fr 

2 . 7 x l 0 - 5 

0.0029 
0.3472 
0 .0444 
0.0988 

1 . 1 x 1 0 - 5 
0.3130 
0.4047 
0.4185 

0.0014 
0.1841 
0.2401 
0.6054 

0.2126 
0.0046 
0.5515 

Jm 

4 . 7 x 1 0 - 5 
0 .0024 
0.4712 
0.0789 
0.1299 

8 . 8 x 1 0 - « 
0.4143 
0.5751 
0.7334 

0.0022 
0.3518 
0.4470 
0.8920 

0.4611 
0.0074 
0.8025 

Exptl 
yexp 

2 . 0 X 1 0 - 4 

0.0369 
0.296 
0 .103 

4 . 4 x 1 0 " * 
0.298 
0 .578 

0.0014 
0 .326 
0.418 
0.750 

0.332 
(0.019) 
0.592 

Polar 

y 
X 
X 
X 

y 
y 
X 

y 
X 

y 
X 

y 
X 

X 

y 
y 
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izationb> 

(Lb) 
(La) 
(Bb) 
(B.) 

a) The calculated oscillator strengths, fufyi and / m , represent the values from the dipole-length method, the dipole-
velocity method, and the mixed-dipole method respectively, b) Where x and y show the polarization directions 
paralle to and perpendicular to the molecular long axis respectively; the signs in parentheses are Piatt's notations. 
c) Circles indicated in the first column show the selected samples. 
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Fig. 2. Distributions of absolute oscillator strength for 

f°** (a),./i ( b ) , / y (c), and fm (d); The ordinate, the 
number of frequencies and the abscissa, the absolute 
oscillator strength classed at 0.1 intervals. 

except one (Äv = 1.5, the V l t h transition of Sample No. 
2) are less than unity, and most of those for / e x p < 0 . 1 
are less than those for 0.1<jfexp . O n the other hand, 
Fig. 3(a) shows that the values of Ri(—fijfexp) are 
scattered widely around 3. The values of i?m(=^/*m//exp) 
shown in Fig. 3(b) fall between the former two values, 
and it is noticed that the values for 0 . 1 < / e x p are 
concentrated in the range of 1.0—1.5. 

Fig. 3. Distributions of relative oscillator strength; (fj 
fexp) (a), (fjfexp) (b), and (/v//exp) (c) for the repre-
sentative compounds. The ordinate, the frequencies 
and the abscissa, the relative values, R= (/cal//exp) at 
0.1 intervals. The shaded parts represent the R values 
for/ e xP<0.1. 

Figure 4 shows the distributions of the R values for 
all the transitions in Table 1. The interrelation among 
Rv> Rm, and Ri is similar to that for the selected samples 
in Fig. 3. 

From these results, the following relations are general­
ly obtained : 
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Fig. 4. Distributions of relative oscillator strength, R= 
/ c a l / / e x p j for all compounds used in the present work. 
The shaded parts represent the R values for jf exp<^0.1. 

A ^fexp 3S/„ and fv <,fm <fx. 
Moreover, in the comparison of the experimental and 

calculated values, since, in practical absorption spectra, 
intensity-borrowing phenomena usually occur, even if 
the calculated values are exact ones, for weak intensity 
bands the / c a l < / e x p relation is to be expected. In 
fact, in the figures of distributions of the R values for 

fm a n d / v , the shaded parts ( / e x P < 0 . 1 ) mainly lie in 
the classes with relatively low values. 

D i s c u s s i o n 

In the present investigation, we determined the 
experimental oscillator strength (fexp) from the com­
ponent spectra obtained by the application of the 
dichroism analysis, thinking that the / e x p value to be 
compared with the calculated value should be deter­
mined for the corresponding single electronic band. 
Tha t the fexp values thus obtained are quite reasonable 
can be shown by the following example. For the first 
band of anthracene, the experimental oscillator strength 
has been given as 0.10—0.11 .i»-") I t is well known that 
this band is composed of 1 L a and 1 L b bands. According 
to Table 1 (Sample No . 1), they a r e / e x P ( L a ) = 0.0763 
and y e x p (L b )—0.0194 , the sum of these values gives 
0.096, which is very close to the above conventional 
value. For the strong second band (1Bb) of anthracene, 
the conventional values reported are 1.4—2.8 ;13»15.16) 
among them, the value of f—1.56 is considered as the 
best one.5> Table 1 shows that / e*P( 1B b ) = 1.545. Since 
it is known that this band is a little overlapped, the 
value o f y = 1.56 may be regarded as reasonable. 

In view of the above, the / e x p values which used to be 
compared with fcal in the studies of the oscillator 
strength were not always reliable. However, if the band 
in question is not overlapped, such as the first band of 

linear polyenes, its / e x p value is reliable. 
From the study of the oscillator strength for the linear 

polyenes, biphenyl linear polyenes, etc., Chong et a/.8»4> 
found that the f[[fexp ratio ranges from 2 to 5, whereas 

fvlfexp varies from 1 to 0.5; they concluded that fv 

is much better than fv The same conclusion was 
derived from the study of naphthalene, anthracene, etc. 
by M c H u g h and Gouterman.5) They obtained a 
quanti ty relatively independent of the overlapped bands 
and intensity borrowing by integration over the complete 
experimental absorption curve. Using these quantities, 
they compared M{ and Dy (see Eqs. 1—3) and found 
that Dy is superior to Mx and that consequently, fv 

is superior to fh in comparison with the experimental 
(fexp) value. Furthermore, they concluded that fv is 
superior to t h e / m employed by Hansen.2) 

O n the other hand, as is shown in our results, bothy^. 
andfm are much better than fx in comparison with the 
experimental (fexp) values; moreover, fm is superior to 

fv, as is shown in Figs. 3 and 4. I t is natural from the 
forms of Eqs. 1—3 that fm falls between /j and fv. 
According to Hansen,2) when the doubly excited 
configuration is taken into account, f{ and fY are 
considerably changed, while fm shows less sensitivity. 
This means that even if the electron correlation is taken 
into account, fm is still superior tofx &nàfy. 

Incidentally, one advantage of employing fm is that 
the transition energy is unnecessary in the calculation. 
Therefore, in contrast to fx and fv, one can avoid the 
problem of whether to use the experimental or theoret­
ical transition energy in the calculation of the oscillator 
strength. (In this connection, Chong et al. used the 
experimental values.) 

De Bruijn17) calculated f{ and fv by considering the 
overlap integral and CI for alternant hydrocarbons. 
H e concluded that a complete CI does not give much 
improvement in fcal and that the failure in fcal is 
partly attr ibutable to the deficiency of the simpler M O -
levels and part ly to the neglect of the polarization of the 
o--electrons. He pointed out that the overlap integral 
is effective in the fv calculation. Especially, from a 
comparison of f{ and fv for the Sj-S0 transitions of 
naphthalene and anthracene, he concluded that the 
inference of Chong et al. is not generally valid. However, 
as has been already pointed out, these considerations 
do not seem appropriate, since the / e x p values employed 
in his study have some problems. 

Finally, it should be emphasized here that the 
inclusion of the off-diagonal terms of the transition 
density matrix in the calculation of the oscillator 
strength, especially by the dipole-length method, 
sometimes becomes very important, though the off-
diagonal elements have been disregarded in almost all 
cases.18»19) An example is indicated for the very weak 
transitions on the longest-wavelength sides of the first 
bands for pyrene, phenanthrene, biphenyl, etc., which 
are well known to be 1 L b bands. (Ex. : for pyrene, fexp= 
1 . 4 x l 0 - 3 ) . For these transitions, the conventional 
calculated values are always zero; i.e., f\(diagonal) = 
0.000. O n the other hand, relatively good values for 
the corresponding / e x p values are obtained by the 
inclusion of off-diagonal terms. (Ex.: for pyrene, 
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/ 1 (diag. - fofF-diag. )=3.4xlO- 8 . ) (See Table 1.) The 
same relation holds for naphthalene, which was not 
taken up in the present study. This may also be extend­
ed to a general case; that is, the inclusion of the ofF-
diagonal terms gives a non-zero finite value for a 
transition which is group-theoretically allowed, but 

/i(diagonal) is zero. 
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ESR Studies of the Photoreduction of Quinones. II. The Reinter-
pretation of Semiquinone Intermediates from Halogenated 
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A reinterpretation was made of the electron spin resonance spectrum of semiquinone intermediates during 
the photolysis of a flowing solution of tetrachloro-/»-benzoquinone (chloranil) in ethanol. The photoinduced 
spectrum with a width of 0.06 mT with an unresolved hyperfine structure was found to be identical with the spectrum 
of the semiquinone anion generated by reducing chloranil in an alkaline ethanol solution. This and other observa­
tions indicated that the photoinduced spectrum was due to the chloranil semiquinone anion formed primarily by 
the one-electron transfer to chloranil from the solvent ethanol, rather than to the semiquinone radical. The 
photoinduced one-electron transfer reaction was found, though qualitatively, to proceed more efficiently for chlo­
ranil and fluoranil, with a larger electron affinity, than for /»-benzoquinone and dichloro-/>-benzoquinones. 

Because of the interesting nature of semiquinone 
intermediates and their important role in biological 
systems, the photochemistry of quinones has attracted 
much attention.1) One of the quinones, tetrachloro-/>-
benzoquinone (chloranil), had thus far been studied by 
means of the flash-photolysis and the electron spin 
resonance methods.2 - 6) However, controversy still 
remains as to the identification of semiquinone inter­
mediates upon photolyzing chloranil in alcoholic solu­
tions. Kemp and Porter observed an optical absorption 
at 420 n m in their laser-flash-photolysis study of the 
ethanol solution and attributed it to the semiquinone 
radical resulted from the hydrogen abstraction of the 
triplet excited chloranil from the solvent.2) Wong et al. 
observed an ESR spectrum with an unresolved hyperfine 
structure by flash-photolyzing chloranil in 2-propanol 
and attr ibuted it also to the semiquinone radical,4) 
mainly by the analogy to other simple quinones, such 
as j&-benzoquinone and duroquinone, from which 
semiquinone radicals has been inferred to be the 
photoinduced intermediates in alcoholic solutions.7-9) 
O n the contrary, Hales and Bolton assigned a similar 
ESR spectrum recorded from the solution in ethanol or 
methanol to the chloranil semiquinone anion on the 
basis of the measured ^-values.3) In the flash-photolysis 
study, Kawai et al. reported the formation of both the 
semiquinone anion and the radical from chloranil in 
ethanol.5) 

We also found the generation of the ESR spectra of 
both the anion and the radical recorded during the 
continuous photolysis of/»-benzoquinone and its methyl-
substituted derivatives in methanol and ethanol,10-11) 
and have recently revealed that the />-benzosemiquinone 
anion is generated by a photoinduced one-electron 
transfer from the solvent to the quinone and that the 
/>-benzosemiquinone radical results from a subsidiary 
reaction between the quinone and hydroquinone.12) 
These results raised a question as to our previous 
interpretation of an ESR spectrum observed during 
the photolysis of chloranil in alcoholic solutions6)—that 
the transient intermediate involved was the semiquinone 
radical. 

O u r pr imary concern in the present investigation is 

the reinterpretation of the ESR spectra of chloranil 
semiquinone intermediates. Experimental evidence will 
be given that the photoinduced one-electron transfer 
takes place for chloranil and other halogenated p-
benzoquinones in ethanol, just as for j&-benzoquinone.12) 

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

Chloranil, fluoranil (tetrafluoro-/>-benzoquinone), 2,5-, and 
2,6-dichloro-/>-benzoquinones of an analytical grade were puri­
fied by sublimation several times, and their purity was 
checked from their melting point. Ethanol of a specrtoscopic 
grade was usually used as received, without further purifica­
tion. Occasionally ethanol was purified as has been described 
before,12) but the purification of the solvent caused no change 
in the results. Sodium ethoxide of an analytical grade was 
used as received. 

The photogenerated semiquinone intermediates were studied 
by observing their ESR spectrum during the continuous pho­
tolysis of a solution of the quinones (usually 1 X 10~3 mol dm-3) 
flowing through a flat quartz cell in the ESR resonant cavity 
after being purged with helium gas for at least half an hour to 
remove any dissolved oxygen. The photolysis was carried out 
with unfiltered light from a super-high pressure mercury arc 
(Philips, SP-500), except when otherwise mentioned. The 
effective volume of the cell was 0.045 cm3, which results in the 
total photolysis time of 30 ms when the solution flows, for 
example, at the rate of 1.5 cm3 s-1. A more detailed descrip­
tion of the experimental apparatus has been given in our 
previous papers.12'13) The solution sealed in a quartz sample 
tube was studied under photolyzing light, but no good ESR 
signal could be recorded because of the rapid depletion of the 
quinones. 

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

Photolysis of Chloranil. Figure 1A shows a typical 
ESR spectrum recorded during the photolysis of 
chloranil in neutral ethanol. I t indicates no resolved 
hyperfine structure with a spectral width (peak-to-peak 
in the derivative spectral curve, A/ / m s l ) of 0.06 mT, 
and agrees with the spectra in our previous investiga­
tion, where the widths were precisely determined to be 
0.055, 0.062, and 0.063 m T in 2-propanol, ethanol, and 
methanol respectively.6) I t is essentially the same as 
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K-CUmT-a 

Fig. 1. ESR spectra of semiquinone intermediates gen­
erated from chloranil (1 X 10~3 mol dm -3) in ethanol at 
room temperature (A) during photolysis, or by the ad­
dition of (B) 1 x 10~3, (C) 3 X 10-3, or (D) 1 x 10~2 mol 
dm - 3 of sodium ethoxide. Solutions are flowing at the 
rate of 0.15 cm3 s - 1 for (A) and (B), and are sealed in 
sample tubes for (C) and (D). 

the spectrum reported by Wong et al. (0.058 m T in 
2-propanol)4) and that reported by Hales and Bolton 
(0.08 m T in ethanol and methanol).3> 

When the solution was made alkaline with a small 
amount of sodium ethoxide, it gave an ESR spectrum 
without photolyzing light, as is shown in Fig. IB. This 
"dark spectrum" showed a g-value and width exactly 
identical with those of the photospectrum in the neutral 
solution. Successive ESR recording under the photolyz­
ing light, the other conditions being the same, gave a 
much more intense spectrum without any change in the 
g-value and the width, and confirmed the identity of the 
dark spectrum with the photospectrum. Thus, the 
photospectrum is at tr ibutable to the chloranil semi­
quinone anion, the same entity as that in alkaline 
ethanol,3»14) resulting from photoinduced one-electron 
transfer from the solvent ethanol to chloranil. Previously 
we assigned the photospectrum to the semiquinone 
radical resulting from the hydrogen abstraction of 
excited chloranil from the solvent, on the basis of the 
observed difference in g-value between the photospec­
trum and the dark spectrum.6) However, such an 
assignment has been found to be incorrect, as will be 
described below. 

When the solution was made acidic with acetic acid, 
the photospectrum did not change in shape, but only 
decreased in intensity. Dissolved oxygen also reduced 
the intensity. By analogy with the semiquinone anion 
formation from />-benzoquinone previously studied,12) 
these observations may be interpreted in terms of the 
inhibiting effect of oxygen and acid on the photoinduced 
one-electron transfer to chloranil, and in terms of the 
protonation of the semiquinone anion being too slow 
to compete with its decay reaction. When the flow rate 
was changed from 2 to 0.15 cm3 s_1, the intensity 

decreased monotonically. This result indicates a lifetime 
of the semiquinone anion equal to, or less than, some tens 
miliseconds under the present conditions. Otherwise, 
the intensity should have increased as a result of the 
accumulation of the generated semiquinone anion during 
the longer photolysis time. The observed decrease in 
the intensity may be attributed to the depletion of 
chloranil. Some stable photoproduct seems to have 
been deposited on the cell surface and to have screened 
the solution from the photolyzing light at low flow rates, 
so that no quantitative measurement could be made of 
the effect of the flow rate. 
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Fig. 2. Dependence of the intensity of ESR spectrum 
observed during the photolysis of flowing (0.15 cm3 s-1) 
solution of 1 X 10 - 3 mol dm - 3 chloranil in ethanol on 
the wavelength of photolyzing light examined by dis­
criminating the light with long-pass filters. Optical 
absorption spectrum of chloranil in ethanol reported in 
Ref. 15 is shown by dashed line for comparison. 

When the shorter wavelength region of the light was 
successively descriminated by long-pass filters, the 
intensity of the spectrum decreased as is shown in 
Fig. 2. The intensity observed without a filter was 
plotted at 270 nm, which was effectively the shortest 
wavelength of the light source used. The plot at 325 n m 
shows the intensity observed with a filter of a 50% 
transmission at this wavelength, and so forth. T h e light 
of wavelengths longer than 450 nm is found to be 
ineffective to generate the photospectrum. T h e optical 
absorption spectrum of chloranil in ethanol was studied 
with a conventional recording spectrophotometer, and 
was found to agree with that reported by Shcheglova 
et al.,15> though it gradually changed even in the absence 
of light under oxygen-free conditions. Taking into 
account this optical absorption spectrum and the spectral 
distribution of the light sourse supplied by the manufac­
turer, the relative quan tum efficiency of the semiquinone 
anion formation can be calculated from the data in 
Fig. 2 : 

Wavelength (nm) 
295—330 
330—370 
3 7 0 ^ 0 5 
405—450 

Efficiency 
0.1 
0.02 
1.0 
0.8 

Admit t ing the uncertainty in the above values mainly 
caused by the tailing of the filters (though this uncer­
tainty was taken into account in calculating the efficien-
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cy), one can notice that the longer-wavelength region 
of the absorption spectrum is effective for the semi-
quinone anion formation. This observation is consistent 
with the previous result that the />-benzosemiquinone 
anion was the most efficiently generated by the light of 
wavelengths at the rm* band of jö-benzoquinone.12) 

Chloranil in Alkaline Ethanol. T h e dark formation 
of the chloranil semiquinone anion by adding sodium 
ethoxide was studied in more detail for a fixed con­
centration of chloranil, 1 X 10 - 3 mol d m - 3 , sealed in 
sample tubes under a vacuum. For concentrations of 
sodium ethoxide lower than 2 X 10~3 mol d m - 3 , the 
ESR spectrum was the one due to the semiquinone 
anion. However, the spectrum changed, as is shown in 
Fig. IG, when the ethoxide concentration was raised 
to 3 x 10 _ 3 mol d m - 3 . I t narrowed to the width of 
0.04 m T and was shifted to a resonant field higher by 
0.09 m T (the Rvalue was smaller by 0.0006). We had 
assigned this shifted spectrum incorrectly to the chloranil 
semiquinone anion.6) The increase in ethoxide con­
centration caused a further change in the spectral 
shape, it becoming complex, as is shown in Fig. I D . 

Sasaki et al. studied the reduction of chloro-/>-benzo-
quinone by ethoxide and found that the semiquinone 
anion primarily formed was further transformed into 
the diethoxy-/>-benzosemiquinone anion.16) The present 
spectral change in the reduction of chloranil may be 
interpreted analogously: the substitution of one of the 
chlorine atoms in the chloranil semiquinone anion with 
an ethoxyl group may have caused the narrowing and 
shift of the spectrum. Further substitution resulted in 
the complex and resolved hyperfine structure shown in 
Fig. ID , though no exact interpretation has been made. 
Because chlorine isotopes make the hyperfine structure 
complicated and unresolved, the decrease in the number 
of chlorine nuclei involved should resolve the hyperfine 
structure. Because of the large spin-orbit coupling of the 
chlorine atom, it is also conceivable that the loss of the 
chlorine nucleus caused the change in the £-value and, 
therefore, the shift in the resonant magnetic field. 

Assignment of Semiquinone Intermediates. Hales and 
Bolton compared spectral parameters between the 
photoinduced ESR spectrum in neutral alcohols and 
that of the semiquinone anion generated from chloranil 
in alkaline alcohols in the dark, and concluded tha t the 
photoinduced spectrum was also due to the semiquinone 
anion.3) Later Wong et al. argued tha t the difference 
in the £-value between the semiquinone anion and the 
semiquinone radical might be too small to give an 
unequivocal identification of semiquinone inter­
mediates.4) In the present investigation, however, the 
identity of the photospectrum with that of the authen­
tically generated semiquinone anion was proven almost 
unequivocally, especially by the photolysis of the 
alkaline solution, where the semiquinone anion was 
present even in the dark. In addition, it was strongly 
suggested that the photoinduced one-electron transfer 
took place between an ethoxide ion and chloranil. 

Wong et al. assigned the photospectrum to the 
chloranil semiquinone radical by analogy with other 
simple quinones, such as j&-benzoquinone and duro-
quinone.4) Since Porter's pioneering work by the flash 

photolysis-optical absorption method,7) the photo­
chemical generation of semiquinone radicals from these 
quinones in alcohols has been widely accepted. ESR 
studies seem to have supported such a view by detecting 
photospectra unquestionably attr ibutable to the corre­
sponding semiquinone radicals from their resolved 
hyperfine structure.8 '9) Recently, however, we reported 
E S R evidence that the semiquinone anion is a unique 
intermediate generated by photolyzing the fresh solution 
of the simple non-halogenated quinones in alcohols, 
and that the ESR spectra of the semiquinone radicals 
may, when observed, have resulted from a subsidiary 
reaction between the quinones and the corresponding 
hydroquinones.10 '12) Therefore, we believe that the 
photochemical analogy mentioned above is no longer 
pertinent. 

Naturally it is a difficult task to identify an ESR 
spectrum without a resolved hyperfine structure, such 
as shown in Fig. 1A. Perhaps the E N D O R study will 
give a firm answer to the question of whether the photo­
induced semiquinone intermediate is an anion or a 
radical, when the measurements are carried out during 
the photolysis, by proving the absence (or the presence) 
of a proton hyperfine splitting. In such a study, atten­
tion should be paid to eliminate the perplexing effect of 
the corresponding hydroquinone in the chloranil 
solution. 

frQ3mT* 

Fig. 3. ESR spectra of semiquinone intermediates ob­
served during the photolysis of the solution, flowing at 
a rate of 1.5 cm3 s"1, of 1 X 10~3 mol dm"3 (A) 2,5-
dichloro-/>-benzoquinone or (B) 2,6-dichloro-/»-benzo-
quinone in ethanol at room temperature. 

Photolysis of Other Halogenated p- Quinones. When 
2,5- and 2,6-dichloro-/>-benzoquinones were photolyzed 
in ethanol a t a comparatively high flow rate of the 
solution, the spectra with three hyperfine lines shown in 
Fig. 3 were recorded. T h e observed hyperfine splittings 
were 0.23 a n d 0.20 m T , essentially the same as those 
determined for the 2,5- and 2,6-dichloro-jb-benzosemi-
quinone anions generated by the air oxidation of the 
corresponding hydroquinones.17) Therefore, the semi­
quinone anions are believed to form from these dichloro-
/i-benzoquinones, as from chloranil, by photoinduced 
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one-electron transfer reactions. With a decrease in the 
flow rate, the spectra decreased in their intensity and 
were distorted simply because of an overlapping of the 
broad spectrum without a resolved hyperfine structure. 
The latter spectrum is thought to be due to the semi­
quinone radicals, which are generated preferentially at 
a low flow rate through the photoreaction between 
dichloro-/>-benzoquinones and their corresponding hy­
droquinones, because of the depletion of the quinone 
concentration and the increase in the concentration 
of the product hydroquinones. Such a dependence 
on the flow rate is just the same as that reported pre­
viously for />-benzoquinone.12> 

The ^-values for the authentically generated semi­
quinone aions of chloranil, 2,5-, and 2,6-dichloro-/>-
benzoquinones and /»-benzoquinone have been reported 
to be 2.00568, 2.00516, 2.00503, and 2.00468 respec­
tively.18) The spectra assigned to these semiquinone 
anions in this and previous12) investigations were all 
consistent with the reported ^-values. Evidently the 
increasing number of chlorine atoms in the semiquinone 
anions results in an increase in the g-value because of 
the large spin-orbit coupling in the chlorine atom. 
Keeping in mind the negligible difference in the g-
value between the /»-benzosemiquinone anion and the 
/»-benzosemiquinone radical, one might be convinced 
that the shift of the spectra to the higher field {i.e., to 
the smaller ^-value) in the solution of chloranil in the 
highly alkaline ethanol is attr ibutable to the elimination 
of some of the chlorine atoms by ethoxy-substitution. 

Fluorani] in ethanol gave, under the photoillumina-
tion, a spectrum with five hyperfine lines of the binomial 
intensity ratio, just as has been reported previously by 
Hudson and Lewis.19) They interpreted this spectrum 
as being due to a rapid proton transfer between the two 
oxygen atoms of the semiquinone radical, which was 
presumed to be the pr imary intermediate in the photo-
reduction of fluoranil in ethanol. However, the spectrum 
was found to decrease in its intensity without changing 
its shape if the solution was made highly acidic by 
adding water and sulfuric acid. The interconversion 
between the semiquinone anion and the radical, which 
was a part of proposed rapid proton transfer, is believed 
to be slow for fluoranil, as for/>-benzoquinone.12) There 
is no reason why the observed five-line spectrum cannot 
be attributed to the fluoranil semiquinone anion 
generated primarily by the photoinduced one-electron 
transfer. 

No spectrum attributable to the semiquinone radical 
was observed from either fluoranil or chloranil, even by 
decreasing the flow rate of solution. In contrast, the 
superposition of the spectrum of the semiquinone radical 
on that of the semiquinone anion was observed at a low 
flow rate for j&-benzoquinone12) and dichloro-/>-benzo-

quinones. The generation of the /»-benzosemiquinone 
radical was found previously to be the result of the 
hydrogen abstraction of the quinone from hydro-
quinone, the concentration of which became high 
enough because of the long photolysis time. The 
electron affinity increases in the order of/>-benzoquinone, 
dichloro-jb-benzoquinones, fluoranil and chloranil.20) 
The photoinduced one-electron transfer is slow for 
quinones of a low electron affinity, so that the hydrogen 
abstraction reaction competes. The one-electron 
transfer for quinones of a high electron affinity, such as 
fluoranil and chloranil, proceeds so rapidly that their 
semiquinone anions are exclusively observed by ESR 
during the photolysis. 
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Light-scattering photometers were partially modified in order to measure light scattering by low molecular-
weight molecules. Corrections to the molecular weights were then theoretically estimated, when the light scattering 
due to fluid density fluctuations were approximated by that due to the density fluctuations of a pure solvent. The 
molecular weight of benzene was determined, in an ethyl methyl ketone solvent, using the light-scattering method 
prior to the determination of the molecular weights of oligostyrene molecules. Measurements of light scattering 
by oligostyrene molecules with molecular weights from 600 to 20000 were then carried out. The weight-average 
molecular weight observed by the light-scattering method was compared with the number-average molecular 
weights which were determined by the vapor-phase osmometric and NMR methods. The molecular-weight 
heterogeneity of the specimen is discussed. The second virial coefficient, in the ethyl methyl ketone solvent system, 
was found to change from negative to positive with increasing molecular weight. It is also shown that the molecular 
optical anisotropy changes markedly in the range of molecular weights between 2000 and 3000, the change being 
considered to reflect the conformational changes of oligostyrene molecules. 

Oligomers are not only useful for practical uses but 
are also attracting considerable interest in the study of 
solution properties. I t is especially interesting to 
determine the range of molecular weights in which the 
recent theory of solutions for high molecular-weight 
polymers can be applied. For this purpose it is desirable 
to measure molecular weights in the range from oligo­
mers to high molecular-weight compounds using the 
same technique, because mean values should be compar­
ed on the same basis. The light-scattering method is 
most suitable for the measurement of molecular weights 
over such a wide range. There are several technical 
problems in the measurement of low molecular weights 
as noted below: 

(1) Minute amounts of scattered light must be 
accurately measured, because the scattering intensity 
may be very weak. 

(2) Scattering due to a fluctuation in the fluid 
density cannot be approximated by that due to the 
fluctuation of the solvent density. 

(3) T h e correction to the degree of depolarization 
of the scattered light due to a fluctuation in the orienta­
tion of anisotropic molecules should be made accurately 
when unpolarized light is used as the incident light. 

The method for measuring molecular weights utilizing 
minute amounts of scattered light has already been 
reported by K a m a t a and Nakahara.1) In the present 
paper, a method for correcting the observed molecular 
weights, as the result of density fluctuations and methods 
for correcting the depolarization are reported. In 
addition, the characteristic behavior of oligomer 
molecules in solution are discussed based on the results 
of light-scattering measurements of oligostyrene. 

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

Materials. Polystyrenes, batch 16a, 15a, 12b, l ib , 8b, 
and 2b, obtained from the Pressure Chemical Co., were used. 
Dibenzyl of G.R. grade, used as the substance corresponding 
to the dimer for the measurement of the specific refractive 
index increment, was obtained from the Tokyo Kasei Kogyo 
Co. The solvent, ethyl methyl ketone (special grade), was 
purchased from the Kanto Chemical Co. and used after dis­
tillation. The benzene (DOTITE Primazol) used, after 

distillation, for the calibration of the light-scattering photo­
meters was purchased from the Dojin Chemical Co. 

Light-Scattering Measurements. It is difficult to accurate­
ly measure the depolarization and the scattered light produced 
by a solution containing a low molecular-weight substance 
using a single light-scattering photometer. Thus, the Ray-
leigh factor and the depolarization were separately measured 
using two photometers. A light-scattering photometer, 
Shimadzu Model PG-21, was used for measuring the Ray-
leigh factor, and a high-gain photomultiplier, Hamamatsu 
TV. Co. Model R-105 UH, having an anode sensitivity= 
1530 (jtA/jxlm, was used for accurately measuring weakly 
scattered light. A Shimadzu Model DL-10A light scattering 
photometer was used with some modifications for the depo­
larization measurements. It is necessary that the zero point 
be easy to monitor during the experiments and the observed 
values be stable in order to accurately determine the depolari­
zation of the weakly scattered light. For this purpose, 
a solenoid shutter was placed in front of the photomultiplier. 
This shutter can be opened and closed by means of an external 
switch. The zero point was very easily checked using this 
shutter, which also rendered the observed values very stable, 
since there was no need to shut off the power supply for 
the photomultiplier during the course of the experiments. 
A Glan-Thompson prism was also used as a polarizer and 
an analyzer. 

The solvents and solutions used were all centrifuged for 
1 h at about 60000 g using a Beckman (Spinco) Model L4 

preparative ultracentrifuge, and then directly filtered into 
the light-scattering cell through a Corning ultrafine glass 
filter. 

The light scattering was measured using mercury radiation 
at a wavelength of 436 nm in vacuo at room temperature. 
Calibration of the light-scattering photometer was carried 
out using the Rayleigh ratio, Ä90=45.88x 10-« cm~1(20.0 
°C), for benzene. Depolarization was measured using the 
Shimadzu Model DL-10A light-scattering photometer with 
the cell containing the specimen the same as that used for 
the Rayleigh factor measurements. The isotropic part was 
calculated from the Cabannes factor.2) 

The determination of the specific refractive index increment 
was carried out at room temperature using a Shimadzu 
differential refractometer. 

Measurement of the Number Average Molecular Weight. The 
number average molecular weight was determined from 
values of the vapor pressure which was obtained using a 
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Hitachi-Perkin Elmer Model 115 vapor pressure osmometer 
and from the NMR spectra obtained in a CC14 solvent system 
using a JEOL Model HL-60 NMR spectrometer. 

Gel Permeation Chromatography. Gel permeation chro­
matography was carried out at 35 °G using a Waters Ana-
Prep GPG with four columns (4 feet long with pore sizes 
of 3x l0 5 , 104, 103, and 102 nm) connected in series, tetra-
hydrofuran being used as the solvent. 

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

Light Scattering Due to Fluctuations in the Fluid Density 
and Its Influence on Molecular Weight Determination. 
The total isotropic light scattering of the binary solution 
is expressed by 

R^^Rt + Rt + R*, (1) 

where Rc and Rd indicate the scattering intensity due to 
fluctuations in the densities of solute concentrations and 
those of the densities of the pure solvent, respectively. 
R* is the cross term. T h e scattering due to fluctuations 
in the solute concentrations, which is necessary for 
determining the molecular weight using the light-
scattering method, is usually obtained by subtracting 
the scattering by a pure solvent from that by the solu­
tion. As indicated by Eq. 1, the scattering due to 
fluctuations in the binary solution density is not equal 
to that due to fluctuations in the pure solvent density. 
The influence of this difference causes no problem for 
determining molecular weights larger than 104. T h e 
determination of low molecular weights, such as those 
in the range between several tens and several hundreds, 
however, is considerably affected by this difference. 

According to Bullough,3) when the scattering due to 
fluctuations in the solution density is approximated 
by the scattering due to fluctuations in the density of 
the pure solvent, a correction of the molecular weight 
obtained by the light-scattering method is given approxi­
mately by 

AM «* iVAV(r0iCok 7787r
3)V2/n0(d«/dc), (2) 

where JVA is Avogadro's constant, XQ the wavelength of 
the incident light in vacuo, T 0 the turbidity, /c0 the 
isothermal comressibility, k Boltzmann's constant, T the 
absolute temperature, n0 the refractive index of the 
solvent, and dn/dc the specific refractive index increment. 
For isotropic molecules, T0=(16/3)7ri?90. Therefore, 
Eq. 2 becomes 

A M ~ {(iVAVK(dn/dC)}(2Ä90^r/37r2)V2. (3) 

The values of AM obtained from measurements at 
A 0=436 n m in several solvents are given in Table 1. 

T h e contribution to the light scattering due to the 
density fluctuation was found to be rather large when 
a determination of the molecular weight of benzene 
was at tempted in an ethyl methyl ketone (EMK) 
solvent using the light-scattering method. T h e displace­
ment of the estimated molecular weight was up to 
1 3 % and was not negligible when the scattering due to 
fluctuations in the solution density was approximated 
by that due to fluctuations in the pure solvent density. 
T h e influence of such as approximation on estimations 
of the molecular weights of oligostyrenes, which are 
larger than 1000, in an E M K solvent using the light-
scattering technique, however, was found to be negligible 
when compared with the experimental errors in the 
light-scattering measurement. 

Measurement of Light Scattering of Benzene in an EMK 
Solvent. Since styrene polymers contain phenyl 
groups which are strongly optically anisotropic, it is 
believed that oligomers may strongly be affected by the 
phenyl groups and exhibit strong optical anisotropy. 
I t is, therefore, important to correct for the degree 
of depolarization in the light-scattering measurements 
of anisotropic molecules using unpolarized incident light. 
In the present study, as mentioned above, two photo­
meters were used for measurements of the light-scattering 
intensity and the degree of depolarization. In order to 
verify the method adopted in this study, a measurement 
of the molecular weight of benzene dissolved in an E M K 
solvent was carried out prior to measurements on 
oligostyrenes. 

The equation which is well known for the calculation 
of molecular weights, 

Kc/R, = l/(MwP(0)) + 2A2c + (4) 

was used. When unpolarized incident light is used, K 
and P(6) are given respectively by 

K = 27zW(Wàcyi(NAW) (5) 
and 

P(d) = 1 - (l/3)(47rM)^G
2 sin2 (6/2) + - , (6) 

where Re is the isotropic excess light scattering, c the 
solution concentration (g/cm3), Mw the weight average 
molecular weight of the solute, A2 the second virial 
coefficient and RQ the radius of gyration. Re in Eq. 4 

T A B L E 1. MOLECULAR WEIGHT CORRECTIONS CALCULATED FOR VARIOUS SOLUTIONS 

OF LOW MOLECULAR-WEIGHT SUBSTANCES 

Substance 

Benzene 
Benzene 
Toluene 
Carbon tetrachloride 
Oligostyrene (16a) 
Oligostyrene (16a) 
Sucrose 

Solvent 

EMK") 
Cyclohexane 
EMK 
EMK 
EMK 
Benzene 
Water 

y> 
1.388 
1.436 
1.388 
1.388 
1.388 
1.523 
1.340 

dn/dca> 
(cm3/g) 

0.154 
0.100 
0.150 
0.055 
0.222 
0.082 
0.149 

£90xl06a> 
cm - 1 

12.0 
12.5 
12.0 
12.0 
12.0 
45.9 

2.84 

/coxl012 

(cm2/dyne) 

108e> 
112*) 
108e> 
108e) 
108e) 
95s) 
45.7h) 

AM 

10.1 
15.6 
10.3 
28.2 

7.0 
31.6 
3.4 

Afb> 

78.1 
78.1 
92.1 

153.8 
600f) 
600f) 
342.3 

<5C) 
(%) 
13 
20 
11 
18 

1 
5 
1 

a) Experimental conditions: 20 °C, ^ = 4 3 6 nm. b) Calculated from molecular formula, c) ô=(AM/M) X 100. 
d) Ethyl methyl ketone, e) Ref. 8. f) Nomina l molecular weight, g) Ref. 9. h) Ref. 10. 
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o 

X 

sin2 {0j2) 

Fig. 1. Light Scattering diagram for benzene in ethyl 
methyl ketone. 
%: Uncorrected, 0 : corrected for optical anisotropy. 
Concentration of benzene: (1) 0.293, (2) 0.219, (3) 
0.146, (4) 0.0974 (g/cm3). 

was calculated, using the King equation (Eq. 8),4> from 
the Rayleigh factor (Re)n, which was measured with 
unpolarized light, 

Re = {Re)JU0) (7) 
with 

M0) = [6 + 6 ^ ( 1 - C O B « ô)/(l+co8"ô)}]/(6-7pu) , (8) 

where pn is the degree of depolarization. The scattering 
diagram for benzene in an E M K solvent is shown in 
Fig. 1. Since the benzene molecule is optically anisotro­
pic, the curves in Fig. 1 curve downward sharply. A 
straight line was obtained after correction for depolari­
zation, indicating a proper correction for depolariza­
tion. In addition to this, the value of KcjRe in Eq. 4 
exhibited no angle dependency and the value of P(0) is 
approximately equal to 1, since the benzene molecule is 
considerably smaller than the wavelength of the incident 
light. Thus, the molecular weight of benzene can be 
calculated from only the 90° scattering. 

TABLE 2. MOLECULAR WEIGHT OF BENZENE ESTIMATED 

FROM LIGHT-SCATTERING MEASUREMENTS 

M, app AM Af(expt)a> M(formula)b> 

88.5 10.1 78.4 78.1 

a) M(expt) = Mapp—AAf. b) Calculated from 
molecular formula of benzene. 

Since the contribution from the cross term, in Eq. 1, 
is rather large for the benzene molecule, the molecular 
weight estimated using the conventional double extrapo­
lation method (Zimm plot) resulted in a considerable 
deviation from the true value. T h e measured values of 
the molecular weight of benzene are shown in Table 2. 
Afapp indicates the apparent molecular weights evaluat­
ed by the conventional extrapolation method. AM gives 
the correction to the molecular weights, calculated 
using Eq. 3 and neglecting the cross term in Eq. 1. M 
is the molecular weight compensated for by the cross 
term. M (formula) is the molecular weight calculated 
from the molecular formula of benzene. The corrected 
molecular weights of benzene agree well with the formula 
weight of this compound, although Eq. 3 can only 
give a rough correction. The results given in Table 2, 
therefore, suggest that molecular weights of low molec­
ular-weight substances may be determined with sufficient 
accuracy by means of the light-scattering method, if 
the solvent system is so chosen as to make the molecular 
weight correction due to the cross term as small as 
possible. 

Light-Scattering Measurements of Oligostyrenes in an EMK 
Solvent. The scattering diagram of polystyrene 
(16a) is given in Fig. 2, showing a rather intense optical 
anisotropy. 

The results of measurements on oligostyrene are 

O 0-5 10 
sin2 (0/2) 

Fig. 2. Light scattering diagram for oligostyrene(16a) in 
ethyl methyl ketone. 
0 : Uncorrected, O'- corrected for optical anisotropy. 
Concentration of oligostyrene : 2.05 X 10~2 (g/cm3). 

TABLE 3. EXPERIMENTAL RESULTS FOR OLIGOSTYRENES IN AN ETHYL METHYL KETONE SOLVENT 

Oligostyrene 
sample* > 

dn/dcb> 
(cm3/g) AM ( M J , Af„ M„ 4sXl0 4 

(mol cm3/g2) A (90° 
MJMn 

Exptl Calcdc> Refd> 

16a 
15a 
12b 
lib 
8b 
2b 

0.2221 
0.2257 
0.2297 
0.2297 
0.2309 
0.2309 6.7 

702 
1780 
2250 
3790 
11000 
20800 

695 
1770 
2240 
3780 
11000 
20800 

580 
1230 
2100 
3100d> 
9800d> 
20200d> 

- 1 1 
3.8 

- 3 . 3 
0.12 
1.0 
2.0 

1.115 
1.156 
1.178 
1.038 
1.019 
1.019 

1.20 
1.14 
1.07 
1.22«" 
1.12e> 
1.03e> 

1.18 
1.09 
1.05 
1.03 
1.01 
1.005 

< 1 . 1 0 
<1 .10 
<1 .10 
<1 .10 
<1 .10 
<1 .06 

a) Commercial samples obtained from the Pressure Chemical Co. were used, b) Experimental conditions : 20 °C, 
^,=436 nm. c) Calculated from Eq. 10 on the assumption that living polymerization proceeded under ideal 
conditions, d) Pressure Chemical Co. data sheet, e) The values of Ma given on the Pressure Chemical Co. 
data sheet were used for the calculation of Mw/Mn. 
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summarized in Table 3. The factor indicating the 
optical anisot ropy, / u (90°), was calculated with 

/„(90°) = [(KC/RM^KKC/RM) 

= [(•#»<>) u/^Solc-Os ( 9 ) 

where (R90)u is the excess light scattering observed at 
an angle of 90°, without correction for depolarization, 
and R9Q is the isotropic excess light scattering calculated 
from the King equation. Values in the "expt l" column 
for MwIMn were calculated from the values obtained 
using the light-scattering and vapor-pressure measure­
ments. T h e values under "calcd" in the table indicate 
the heterogeneity of the molecular weights of polymers 
calculated, for conditions under which living polymeri­
zation would ideally be performed, using 

MJMn = 1 + 1/Pn (10) 

where Pn is the number average polymerization degree. 
When the observed, reference, and calculated values 
were compared with each other, the reference value for 
specimen 16a turned out to be markedly smaller than 
the calculated value. Since the calculated values were 
estimated assuming ideal polymerization, the hetero­
geneity of the molecular weights of real specimens 
should not be lower than this calculated value. T h e 
observed value for specimen 16a, on the other hand, was 
not in disagreement with the calculated value. 

In addition to specimen 16a, there exist considerable 
discrepancies between the observed values and the 
reference values for specimens 15a and l i b , the dis­
crepancy being marked for 15a. The heterogeneity of 
the molecular weights of this specimen is extremely high 
when compared with other specimens. This appears 
to be due to incomplete living polymerization. Since 
the calculated value of the heterogeneity of molecular 
weights is dependent upon the number average poly­
merization degree, it is important to accurately measure 
the number average molecular weight. T h e number 
average molecular weight of specimen 16a was estimated 
from the N M R spectrum of this compound, which is 
given in Fig. 3. The chemical structure of this substance 
was thought to contain a terminal butyl group based 
on its polymerization mechanism. Thus, the degree of 
polymerization may be estimated by taking the ratio 
of the Ht contributed by protons in the phenyl group 

Bt ( -CH-CH 2 - ) n H 

-CH2-
CH3-

8 7 6 5 4 3 2 I O 

6 (ppm) 

Fig. 3. NMR spectrum of oligostyrene(16a) in carbon 

tetrachloride. 

to that, the Hh, from protons in other groups in the 
expression 

/ y / / b = 5Pn/(10 + 3Pn). (11) 

The value of H$\Hh was estimated from the areas 
occupied by each spectrum and then the value of Pn 

for oligostyrene was calculated. T h e Pn value was 
calculated to be 4.64, and the number average molecular 
weight estimated from the Pn was found to be 541. 

T h e results obtained for specimen 16a are summarized 
in Table 4. The values of MVffMn were calculated using 
the number average polymerization degrees obtained 
from the number average molecular weights observed 
using various methods and from Eq. 10 on the assump­
tion that living polymerization proceeded under ideal 
conditions. T h e values of Mw/Mn are in the range 
between 1.18 and 1.20. Therefore, the true MJMn 

value of specimen is thought to be greater than 1.18 and 
is unlikely to be smaller than 1.10. Although the value 
of MwjMn obtained using the GPC method was slight­
ly higher than those obtained from the light-scattering 
and V P O methods, it appears to be reasonable judging 
from the calculated value. 

Molecular Optical Anisotropy of Oligostyrene. I t is 
interesting to study the dependency of the molecular 
optical anisotropy of styrene polymers on their molecular 
weights because this involves a phenyl group which 
exhibits strong optical anisotropy. The relation between 
the molecular optical anisotropics, fu{90°), and the 

TABLE 4. MOLECULAR WEIGHTS AND MOLECULAR WEIGHT HETEROGENEITIES OF OLIGOSTYRENE (16a) 

MJMn 
Method M„ iv±n 

— 
580 
541 
544 
524±7% 
585±7% 
581 ± 5 % 
550 ± 1 0 % 

Exptl 

1.20 
— 
— 
1.26 

— 

Calcda 

—. 
1.18 
1.19 
— 
1.20 
1.18 
1.18 
1.19 

LSb> 
VPOc> 
NMR 
GPC 
VPO(A)d> 
VPO(B)e> 
Rastf> 
Kinetic 

Present work 

Pressure Chemical Co. data sheet 

695 

684 

a) Calculated from Eq. 10 on the assumption that living polymerization proceeded under ideal conditions. 
b) Light scattering, c) Vapor pressure osmometry, d) Analysis performed at the Mellon Institute. Ex­
perimental conditions: benzene solvent, duplicate determinations, e) Crobaugh Laboratories, chloroform 
solvent, duplicate determinations, f ) Camphor solvent, duplicate determinations. 
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1.20 

10 15 
M w x l 0 ~ 3 

Fig. 4. Molecular weight dependence of the molecular 
optical anisotropy for oligostyrene in ethyl methyl 
ketone. 

molecular weights of oligostyrenes is shown in Fig. 4. 
Values of/u(90°) most fluctuated in the range between 
molecular weights of 2000 and 3000 and became almost 
constant at about 10000. This tendency has been 
observed by Nomura and Miyahara5) who reported the 
dependency of the partial specific compressibility on the 
molecular weight. This phenomenon has been con­
sidered to reflect the transition process of conformation 
of the polystyrene molecule from a rod-like rigid form 
to a random coil caused by internal rotation of the 
molecular chain. 

0.240 

0 2 2 0 

0.200 

10 15 
Af w xl0- 3 

Fig. 5. Molecular weight dependence of the specific 
refractive index increment for oligostyrene in ethyl 
methyl ketone. 
O : A0=436nm, A : A0=546nm, f A : data for di-
benzyl. 

20 

© 

X 

- I Oh 

- 2 0 
10 15 

M w x l 0 ~ 3 
25 

Fig. 6. Molecular weight dependence of the second virial 
coefficient for oligostyrene. 
O : Present work3 0 : Outer et al.6> 

10 15 
Mnx 10-3 

Fig. 7. Molecular weight dependence of the second virial 
coefficient for oligostyrene. 
O : Present work, £ : Nomura and Miyahara.5) 

Dependency of the Specific Refractive Index Increment and 
the Second Virial Coefficient on Molecular Weight. The 
data given in Table 3 are plotted in Figs. 5 and 6. The 
values of dn/dc show considerable fluctuations for mol­
ecular weights smaller than 20000. The second virial 
coefficient of the oligostyrene-EMK solution changed 
from negative to positive and exhibited a maximum 
with increasing molecular weight. I t has been reported 
by Outer et a/.6) that the second virial coefficient mono-
tonically decreases with increasing molecular weight 
when light scattering by polystyrenes of molecular 
weights from 2460 to 1770000 were measured in an 
E M K solvent. The results obtained in the low molec­
ular-weight range, in the present study, are thus different 
from their results. Sotobayashi and Ueberreiter7) have 
measured the second virial coefficient by means of a 
cryoscopic method. Nomura and Miyahara5) have also 
measured this using vapor-pressure osmometry. They 
obtained results similar to those reported here. Figure 7 
shows the plots of the second virial coefficients against 
the number average molecular weights, Mn, and also 
compares the results obtained in the present study with 
those of Nomura and Miyahara.5) Since, in the present 
study, the second virial coefficients were obtained from 
light-scattering measurements, they could not be 
compared with those of Nomura and Miyahara5) because 
of the influence of the molecular-weight distribution. 
The overall tendency, however, showing a conversion 
from negative to positive of the value of A2 with the 
molecular weight and the appearance of a maximum, 
agree well with their results. I t has been suggested by 
Sotobayashi and Ueberreiter,7) as mentioned above, that 
this may be due to the transition of the molecular 
conformation of styrene polymers from rod-like rigid 
molecules to random coil structures. I t appears improper 
to discuss the nature of this phenomenon in further 
details, because there is no evidence to prove the 
homogeneity of the chemical structure of terminal groups 
and because the heterogeneity of the molecular weights 
of oligostyrenes are slightly different for each of the 
specimens used in the present study. 

Since the properties of oligomers in solution are 
greatly influenced by the chemical structure of the 
terminal groups of the oligomer molecules, it may be 
necessary, first of all, to prepare specimens with 
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homogeneous molecular weights and with identical 
terminal groups in the molecules and then to measure 
these properties, in order to discuss them in detail over 
the oligomer molecular-weight range. 

The authors wish to express their thanks to Dr. Sueo 
Nishi for his kind permission to use the vapor pressure 
osmometer and his helpful advice regarding its operation. 
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The Molecular Structure of Dimethyl Sulfide* 
Takao IIJIMA, Shuzo TSUCHIYA, and Masao KIMURA 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received March 25, 1977) 

The gas-phase molecular structure of dimethyl sulfide, (CH3)2S, has been investigated by means of electron 
diffraction. By a joint analysis of the diffraction results and the spectroscopic moments of inertia by Pierce and 
Hayashi, the structure parameters, the distances in rg and the angles in £>av, were determined (with parenthesized 
limits of error) to be as follows: S-G= 1.807(2) Â, C-H=l.116(3) Â, ,/CSC=99.05(4)0 , and z l H C H = 109.3(5)°. 
A tilt of 2.35° and the local C3v symmetry of the methyl groups were assumed. The isotope effects of deuterium 
substitution were examined, and the DGD angle was found to be larger than HGH in the zero-point average struc­
ture. 

The present authors have, for some time, been 
investigating the structures of molecules which contain 
one or two methyl groups. The combined use of diffrac­
tion and spectroscopic data has been successful in 
obtaining more accurate values of the structure para­
meters. By this technique, the uncertainties of the 
hydrogen parameters were especially reduced to 
±0 .003—6 Â for G - H distances and ±0.5—1.0° for 
the H G H angles.1) Furthermore, it was possible in 
some favourable cases to obtain information on the 
isotope effects in structure parameters for the deuterium 
substitution.2) In the present study, the structure of 
dimethyl sulfide was determined by applying the 
technique of the joint analysis. 

T h e microwave spectra of this molecule were exten­
sively studied by Pierce and Hayashi.3) They measured 
and analyzed the spectra of several isotopic species as 
well as the parent species. The spectrum of the parent 
species was measured also by Rudolph, Dreizler, and 
Maier.4) As for the diffraction study, there were the 
visual works by Brockway and Jenkins5) and by 
Schomaker,6) but no high-precision data have been 
available.7) Therefore, the electron-diffraction data were 
newly obtained in the present study by the sector-
microphotometer method. The moments of inertia 
reported by Pierce and Hayashi were used in the jo int 
analysis. 

Exper imenta l 

A sample of grade G. R. purchased from Nakarai Chemicals, 
Ltd., was used without further purification. The diffraction 
experiments were made by means of the Hokkaido University 
apparatus8) at room temperature, using an r3-sector and two 
nozzle-to-plate distances, 244.3 and 109.3 mm. The other 
experimental conditions are as follows: accelerating voltage, 
42 kV; beam current, 0.1 [xA; exposure times, 100—180s; 
and sample pressure, 60—70 Torr (1 Torr = 133.322 Pa). 
The scale factor for LX was calibrated using the diffraction 
patterns of CS2 taken in the same sequence of exposures. 
Data obtained from three selected plates for the long and 
short camera distances covered the approximate s ranges 
of 3—17, and 7—40 Â - 1 respectively.9) 

The theoretical molecular intensities from the best-fit 
model and the differences (experimental minus theoretical) 
are shown in Fig. 1.10> The vertical scale of the difference 
is four times as large as that of the molecular intensity. The 

(b) SHORT DISTANCE 

A§iÉlp§^iitiip 
20 

s/A-i 
30 40 

* 1 Â = 100 pm is used throughout this paper. 

Fig. 1. Theoretical sM(s) from the best-fit model and 
the differences (experimental minus theoretical) for the 
long (a) and short (b) camera distances. The vertical 
scale of the difference is four times as large as that of 
thejAf(j) . See text. 

narrower shaded boundaries in the difference correspond to 
± 2 in the last digit of the digital voltmeter used in photometry, 
that is the, limit of the detectable changes in the intensity. 
The outer boundaries, drawn in broken lines, indicate the 
normally expected range of the random scattering of dif­
ferences. Some points are outside this boundary for acci­
dental reasons. A least-squares refinement with zero-weights 
for these points showed that the effects of these extraordinary 
data on the final parameter-values were negligibly small. 

Analys i s o f the Diffraction Data 

T h e skeletal parameters, S-C, S---H, and G--C 
distances, were determined by the least-squares 
method.9) T h e G - H and H---H ra distances of the 
methyl group were fixed at 1.107, and 1.783 Â 
respectively. The local G3v symmetry of the methyl 
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group was assumed. The other non-bonded distances 
were fixed at the values calculated from the reported 
restructure.3) T h e rms amplitudes of vibration were 
fixed at the values calculated by Gebhardt and Cyvin . n ) 

The Hartree-Fock elastic scattering factors were gen­
erated by a computer program for the partial-waves 
method.12) T h e inelastic scattering factors were taken 
from the literature.13) The results of the least-squares 
procedure are summarized in Table 1. 

TABLE 1. RESULTS OF THE LEAST-SQUARES ANALYSIS OF THE 

DIFFRACTION DATA FOR DIMETHYL SULFIDE 

(in Â units)a) 

TABLE 2. MOMENTS OF INERTIA OF DIMETHYL SULFIDE 

(in amu Â2 units) a> 

S-C S - H c—c 

2.4098 
37 
37 

101 

2.7616 
91 
64 

243 

Long camera distance 
ra 1.8056 
op 8 
a% 3 
ec> 31 

Short camera distance 
ra 1.8055 
ox 10 
<r8 3 
e 33 

Weighted averages 
ra 1.8056

d> 2.408x 2.76i 
6 2g 93 22 

2.3943 2.7567 
91 201 
22 60 

239 524 

a) Index of resolution; 0.82—0.94. b) For the definitions 
of ax and <r2, see Ref. 14. c) The limit of error, e, was 
estimated from 2.6<rx and the systematic error of the 
scale factor, 0.13% for the long, and 0.11% for the short, 
camera distance, d) rg(S-G); 1.8069Â. 

The ra values from the data of the long and short 
camera distances are in good agreement with each 
other for all three distances. T h e weighted averages of 
them give the most probable values of the bond distances 
as obtained by the diffraction method. For the S-G 
distance, the long- and short-distance data make nearly 
equal contributions, while for the S---H and G---G 
distances, the weights of the long-distance data are much 
larger than those of the short-distance data. 

It is noted that the S-G distance might be affected by 
the assumed value of the intra-methyl H - - H distance, 
because they are very close to each other. Thus , in the 
final refinement the value of the H---H was changed to 
1.804 Â, a value which was given from the results 
of the joint analysis, and the least-squares procedure was 
carried out again. T h e values of the parameters shifted 
within only 10% of the standard deviations. 

Joint Ana lys i s o f the Diffract ion 
R e s u l t s a n d the Spectroscopic 

M o m e n t s o f Inert ia 

More detailed structure information was obtained by 
a joint analysis of the diffraction data and the spectro­
scopic data on the moments of inertia. Since the data 
from both methods were combined on the rz-basis 
(the zero-point average structure),15) the vibrational 
effects of the moments of inertia or the vibrational 

(GH3)2S 
a 
b 
c 

f>) 
(CD3)SCH3 

a 
b 
c 

/(0) 

28.376 
66.314 
88.387 
(3.262) 

32.646 
76.619 
99.731 

M 

0.143(0.143) 
0.209(0.210) 
0.101(0.101) 
0.015(-0.004) 

0.151 
0.227 
0.112 

I m 

28.519 
66.522 
88.488 
3.277 

32.797 
76.846 
99.843 

a) / (°) : observed effective values for the ground vibrational 
state, taken from Ref. 3. The numerical values are, 
however, slightly different from Ref. 3 because of the use 
of the conversion factor of 505376 Me amu Â2 in this work. 
M; calculated vibrational corrections. The values in pa­
rentheses were obtained by an approximate method. See 
text. 7(z) : moments of inertia for the zero-point average 
structure, b) y indicates the torsional coordinate of the 
methyl tops. 

corrections were calculated by using the force field 
reported by Gebhardt and Gyvin.11) The barrier to the 
internal rotation of the methyl top of this molecule is 
reported to be about 2.1 kcal/mol.8> T h e method of 
calculating the vibrational corrections for molecules with 
large-amplitude internal motion was applied.16 '17) The 
moments of inertia and the vibrational corrections are 
shown in Table 2. 

For the vibrational correction in the case of a large-
ampli tude torsional motion, it is necessary to calculate 
the riis matrix as well as the /,s matrix.16) T h e «,s is 
the derivative of the / /s viewed on the top-fixed axis 
with respect to the torsional coordinate. T h e require­
ment of calculating the nts matrix makes the whole 
procedure tedious and complicated. If the « î s matr ix 
can be neglected, though, the /,s matr ix may easily be 
obtained by ordinary normal-cordinate calculations. 
T h e vibrational corrections for the parent species 
calculated by neglecting the n ts matr ix were found to 
be good approximations for AI except for A / y , as is 
shown in the parentheses in Table 2. A similar com­
parison was made for propane and 2-fluoropropane. 
T h e maximum deviation of the approximate value was 
found to be 0.006 amu Â2. The vibrational corrections 
for the CD 3 SCH 3 species in Table 2 were calculated by 
this approximated method. 

T h e r g (C-S) distance by diffraction, 1.8069A, was 
converted into r„ («*rz), 1.8048±0.002 Â, by the use 
of anharmonic stretching, 0.0003 Â, the correction for 
the perpendicular motion, 0.0009 Â, and centrifugal 
stretching, 0.0009 Â. All these corrections were calculat­
ed by the use of the force field by Gebhardt and Cyvin.11) 

As was the case in our previous papers,1»2) the structure 
of the molecule including the isotope effects for the 
deuter ium substitution was determined by using the 
7<2> values of (GH3)2S and GD 3 SCH 3 species and 
r£(S-C) from diffraction. T h e value of r°a (S-G) and its 
limit of error determine the allowable region of the S-G 
distance. For each S-G value within this region, three 
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structure parameters, C - H Z H C H , and Z C S C , were 
determined from the three moments of inertia of the 
parent species, by assuming a local C3v symmetry of the 
methyl top and a tilt of 2.35°.18) The equilibrium 
conformation of the methyl group was determined by 
the microwave study3) to be such that one of the C - H 
bonds lies on the CSG plane in the position trans to the 
S-C bond. 

By using the structure parameters of the parent 
species, the deuterium-isotope effects were determined 
from the 7 ( z ) values of the d3-species. T h e isotope 
effects in G-D, Z D C D , and Z C S C were also taken 
into consideration. Among them the isotope effect in 
C - D was estimated by assuming a Morse-type potential 
and using a diatomic approximation.19) T h e values of 
Z D C D and Z C S C were adjusted to give a good fit 
for the three 7 ( z ) values of the d3-species. I t was found 
that there was no satisfactory solution for them in the 
r (S -C)<1 .803 Â region, just outside the region allowed 
by the diffraction results. T h e moments of inertia of the 
13C and 34S species were found to be consistent with 
the parameters of the parent species, in and around the 
region of the S-C distance examined by the present 

ZHCH 
ZHCH 

l. l lOr 

1.100 

1.800 1.803 1.806 1.809 A 

Fig. 2. Variations of structure parameters determined 
by moments of inertia along the change of the S-C dis­
tance. Vertical broken lines show the uncertainties due 
to ±0.01 amu Â2 of I<z>. A show the CSC angle of da-
species. The range of S-C allowed by the diffraction 
result is indicated as ED. No solution was found for 
ZPCDh and Z C S C (d3) in the region of S - C < 1.803. 

TABLE 3. ZERO-POINT AVERAGE STRUCTURE OF 

DIMETHYL SULFIDE** 

S-C 
C-H 

zcsc 
Z H C H 
d(CSC)b> 
5(DCD)b> 

^av5 r'av 

1.805 
1.104 

99.05 
109.30 

0.01 
0.40 

ei 

0.002 
0.002 
0.01 
0.48 
0.02 
0.20 

e2 

— 
0.002 
0.04 
0.12 
0.03 
0.10 

e3 

— 
— 
— 
— 

0.01 
0.08 

e4 

—. 
— 
— 

0.03 
— 
— 

*o 

0.002 
0.003 
0.04 
0.50 
0.04 
0.25 

r g ;S -C 1.807, C-H 1.116 
a) The distances are in Â, and the angles, in degree units. 
ex through ei are uncertainties from various origins, and 
e0 is the estimate of the total uncertainty. See text, b) 
ö (CSC) = ZGSC(in d3) - Z C S C (h6) ; Ô (DCD) = Z D C D -
Z H C H . 

analysis. The variations of the parameters with the 
change in the S-C distance are shown in Fig. 2. 

The structure parameters obtained by the analysis 
are summarized in Table 3. Uncertainties from various 
origins were estimated and are also listed in the table. 
They are : el5 from the half-width of the variation of the 
parameter values in the allowed region; e2, from the 
uncertainties of 7 ( z ) , assumed to be ±0 .01 a m u Â 2 ; e3, 
from the uncertainty of the estimated isotope effect in 
C - D ±0 .0015 Â, and e4, from the uncertainty in the 
tilt, ±0.37°.2°) T h e total estimates of the uncertainty 
are shown as e0, obtained by means of the square-root 
of the sum of the squares of £x through £4. 

D i s c u s s i o n 

The bond-angles in the zero-point average structure 
shown in Table 3 are close to the values of the rs-
structure reported by Pierce and Hayashi, while the rz 

distances are longer than rs.
21^ The final structure in 

Table 3 leads to the ra values of 2.418, 2.748, and 1.804 Â 
for S - H , C - C , and H---H respectively, neglecting 
the anharmonicity in bond-angles. T h e S- • H and G-• -G 
distances are judged to be consistent with the diffraction 
results in Table 1. The H C H angle, 109.3(5)°, of this 
molecule is in the range, 107.9—110.8°, of the H C H 
angles of acetyl halides,1) acetone,2) acetaldehyde,16) 
propane,22) and 2-chloropropane,23) which were deter­
mined by the technique of joint analysis. T h e C - H 
distance, 1.116 A, in rg is, however, longer than the 
C - H distances of these molecules, 1.101—1.109 Â. This 
may be an effect of the neighbouring hetero-atom sulfur, 
used in place of carbon, on the structure of the methyl 
group. 

A positive isotope effect in the D C D angle (the effect 
giving a Z D C D larger than Z H C H ) is similar to that 
found in acetone and several other molecules. As was 
discussed in a previous paper on acetone,2) it may be 
attr ibuted to the repulsive interaction between the two 
methyl tops. I t is interesting to note that the nearest 
H - H distance between the two tops is 2.82 Â in 
acetone and 2.76 Â in dimethyl sulfide. The skeletal 
bond-distances are very different in the two molecules, 
but the smaller CSC angle of dimethyl sulfide compen­
sates for the longer S-C distance, and the H---H distance 
becomes almost the same. Therefore, the effect of the 
H---H interaction, if any, may be expected to exist to a 
similar extent. 

In the case of acetone, the isotope effect in the CCC 
angle was found to be 17'(2); that is, the angle for the 
d6-species is less than that for the h6-species. For 
dimethyl sulfide, however, the isotope effect in the CSC 
angle of the d3-species is essentially zero. According to 
the idea that the isotope effect in the CSC angle is due 
to the anharmonicity of the symmetric rocking mode of 
the two methyl groups,2) the effect in the d3-species may 
be roughly estimated to be about one third of what 
would be observed for the d6-species. The present result 
for the d3-species does not necessarily exclude the 
possibility of the existence of the isotope effect in the 
d6-species of an amount similar to that of acetone. 
Unfortunately, the spectroscopic data of the d6-species 
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are not available. 

The authors wish to thank Miss Kumiko Ohtaki for 
her help in an early stage of this work. The numerical 
computation was performed on a F A G O M 230-75 of the 
Hokkaido University Computing Center, and also on a 
F A C O M 270-20 in the laboratory of Professor Kimio 
Ohno, to whom the authors ' thanks are due. 
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Molecular Structure of 2-Chloropropane, as Determined by a 
Combined Use of the Electron Diffraction Data and 

the Spectroscopic Moments of Inertia* 
Takao IIJIMA, Schigenori SEKI, and Masao KIMURA** 
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(Received March 25, 1977) 

The gas-phase molecular structure of 2-chloropropane, (CH3)2CHC1, has been investigated by means of 
electron diffraction and by a joint analysis of the diffraction results and the spectroscopic moments of inertia. The 
structure parameters, distances in rg and angles in £>av, were determined (with parenthesized limits of error) to be 
as follows; C-Cl 1.812(1) Â, C-C 1.527(1) A, C - C l 2.720(2) Â, C-H 1.104(4) Â, zlCCC 112.7(4)° and ^ H C H 
108.5(8)°. The CCHsec angle was assumed to be 109.8(20)°. The present results, together with the data for other 
molecules, confirmed a systematic elongation of the C-Cl rg-distance in the series of methyl, ethyl, isopropyl, and 
/-butyl chlorides. 

The systematic elongation of the C-Cl distances in 
the series of chloroalkanes {viz., methyl, ethyl, isopropyl, 
and /-butyl chlorides) was first pointed out by Lide and 
Jen.1) In the corresponding series of fluorides, a similar 
trend has also been observed.2,3) These notable appear­
ances of the environment effect on structure parameters 
are worth careful investigation, perhaps next after the 
environment effect on carbon-carbon bonds.4) 

For the series of chlorides mentioned above, the re­
structures were determined by means of microwave 
spectroscopy. For /-butyl chloride, Hilderbrandt and 
Wieser obtained the rz- and rg-structure by an electron-
diffraction investigation and a joint analysis of both the 
diffraction data and the spectroscopic moments of 
inertia.5»6) For the other three molecules of the series, 
there has so far been no high-precision study by gas-
electron diffraction. The present paper will report the 
structure determination of isopropyl chloride, or 2-
chloropropane, by means of a joint analysis of the 
diffraction data and the spectroscopic moments of 
inertia. A similar study for the structures of ethyl 
chloride and methyl chloride will be reported in suc­
ceeding papers.7 '8) 

A brief comment must be added to clarify why we 
are not content with the restructures which are already 
available. T h e ^-structure is the only existing structural 
information which can be obtained by making the 
optimal use of the experimental values of the ground-
state rotational constants, without any knowledge of the 
molecular force field. I t is widely accepted that the 
^-structure is useful, not only qualitatively, but , to a 
considerable extent, quantitatively as well. 

In some favorable cases, the ^-structure can be a 
good estimate of the restructure . Watson10) showed 
that the 7s = (l/2)(/e-f-/0) relation holds for linear, 
planar, and symmetric top molecules. I t is, then, 
possible to derive the re-structure from the restructure 
and the observed ground-state rotational constants. The 
relation is theoretically approximate, but it is sufficiently 
good for molecules which do not contain light atoms, 
e.g., hydrogen. For the molecules which contain 
hydrogen atoms, it seems that much is still left to be 
investigated about the physical nature of the restructure. 

* 1Â= 100 pm is used throughout this paper. 
** To whom correspondence should be addressed. 

In several recent determinations of accurate rg-
distances which were obtained by the combined use of 
spectroscopic and diffraction information, it was found, 
contrary to one's expectation, that the differences 
between rg and rs are not necessarily the same for 
similar bonded distances in different molecules.11) The 
C - C distance of /-butyl chloride is one such case, the 
rg-value being smaller than the rs-value. This suggests 
that the r s-structure (restructure, too) may not be 
suitable for critical comparison and quantitative 
discussion of structural parameters. 

T A B L E 1. T H E rs- AND rg-DiSTANCES OF C-Cl AND C-C 

BONDS IN THE SERIES OF CHLORIDES 

(in Â units)a) 

' s 

rK 

rs 

rK 

' s 

rK 

rs 
re 

C-Cl 

1.781(1) 
1.783(2) 
1.788(2) 
1.797(3) 
1.798 
(+8 , - 4 ) 
1.812(1) 
1.803(2) 
1.830(5) 

C-C 

— 
— 

1.520(3) 
1.526(4) 
1.520 
(+4 , - 6 ) 
1.527(1) 
1.530(2) 
1.528(3) 

a) The uncertainties to be attached to the last significant 
digit are shown in the parentheses, b) This work. 

In the series of chlorides shown in Table 1, the 
documented revalues of C-Cl distances can not clearly 
establish the longer C-Cl of /-butyl chloride as compared 
with that of isopropyl chloride, if the quoted uncer­
tainties are taken into consideration. In the present 
study, the uncertainties have been reduced by the use of 
joint analysis, and the difference in C-Cl distances has 
been clarified in terms of the rg-structure, as is sum­
marized in Table 1. The C-C rg distances are nearly 
constant in this series of molecules, contrary to the 
difference observed in the rs-structure. 

Exper imenta l 

A guaranteed reagent of the Tokyo Kasei Co., Ltd., was 
used without further purification. The diffraction photo­
graphs were taken at room temperature on a unit with an 
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r3-sector,16> under the following conditions: camera length, 
109.3 mm; accelerating voltage, 40 kV; beam current, 0.2 (jtA; 
exposure time, 1 min; and sample pressure, 60 Torr (1 Torr= 
133.322 Pa). The total range of s covered was from 7 to 
38 A"1. 

Five sets of plates were taken during a week, each set 
containing six plates obtained in a sequence of exposures. 
The first set, like the last, was of the diffraction patterns of 
carbon disulfide, by which the scale factor was calibrated. 
The scale factors yielded by the two sets of carbon disulfide 
patterns agreed with each other within 0.1%. The relative 
stability of the accelerating voltage was monitored by a 
digital voltmeter and found to be within 0.05% during the 
term of a week. The nozzle setting was kept untouched so 
that the camera length was kept constant. Six plates of 
2-chloropropane were selected from eighteen plates and 
analyzed by the least-squares method. 

Analys i s o f the Diffract ion Data 

The procedure used to analyze the diffraction data of 
this molecule was much like that for 2-fluoropropane 
previously reported.3) Four distances, G-C, C-Cl, C - H , 
and C--C1, were adjusted by the least-squares method 
for molecular intensity. The remaining eighteen 
distances were fixed initially at the revalues by Tobiason 
and Schwendeman14) and finally at values consistent 
with the converged values of the four adjusted distances, 
the revalues being still used for the parameters which 
could not be deduced from the four converged values. 
All the mean amplitudes were fixed at the values 
calculated by Cyvin and Cyvin.17) The other details 
followed the routine procedure described in Ref. 18. 
The results of the least-squares adjustment are listed 
in Table 2. 

TABLE 2. RESULTS OF THE LEAST-SQUARES ANALYSIS OF THE 

DIFFRACTION DATA FOR 2-CHLOROPROPANEA) 

(in Â units) 

C-C C-Cl C-H C - C l 

' a 

O 
02 

ec> 
r g 

1.523J 
0.0016 

0.0013 

0.0043 

1.525 

1.807, 
0.0016 

0.000, 
0.0044 

1.809 

1.0985 

0.0029 

0.0016 

0.0073 

1.104 

2.7152 

0.0019 

0.0008 

0.0054 

2.717 

a) Index of resolution: 0.95—1.00 b) For the defini­
tions of ax and o2, see Ref. 19. c) Limits of error 
estimated from 2.50^ and the systematic error originat­
ing in the uncertainty of the scale factor. 

The best-fit calculated molecular intensity and the 
residuals of the observed are shown in Fig. I.20) The 
residuals are shown in an enlarged scale, four times as 
great as that of sM(s) curve. T h e narrower boundaries 
with shading correspond to ± 2 of the last digit of the 
digital voltmeter, that is, the limits of detection in the 
photometry. T h e outer boundaries (shown by the 
broken lines) are the estimated limits of error in the 
intensity measurement; they indicate the normally 
expected range of scattering in the intensity data. Some 
of the points exceeded the boundary, more or less for 
accidental reasons. These points were zero-weighted 
in the final refinement and are shown by vertical broken 

0.5 

-0.5 
o.if 

^tesgjfeg^^^^^^ 

Fig. 1. The best-fit theoretical molecular intensity and 
the residuals of 2-chloropropane. See text. 

lines in Fig. 1. The shifts of the converged values of the 
parameters caused by the use of the modified weight 
were within the standard deviations, which were 
reduced to about two thirds of the standard deviations 
in the unmodified case. 

Joint Analys i s 

The effective moments of inertia, as determined by 
Tobiason and Schwendeman,14) were corrected for the 
vibrational effect and converted into 7 ( z ) , the moments 
of inertia for the zero-point average structure.4) T h e 
corrections were calculated by the use of the force 
constants obtained by Cyvin and Cyvin.17) Since the 
barrier to the methyl torsion has been reported to be 
greater than 3.45 kcal/mol,14) the torsional motions were 
treated as small ampli tude vibrations. The rg distances 
of the C - C , C-Cl , and C - C l atom-pairs determined by 
electron diffraction were converted into râ distances21) 
by correcting for the anharmonic term, the centrifugal 
stretching, and the perpendicular vibration. T h e Morse 
parameter , <z3, was assumed to be 2.0 Â - 1 for C - C and 
C-Cl distances and zero for the non-bonded C--C1 
distance. The numerical values of these vibrational 
corrections are summarized in Table 3. 

TABLE 3. MOMENTS OF INERTIA, VIBRATIONAL CORRECTION, 

AND R„°-DISTANCES OF 2-CHLOROPROPANEA) 

a 
b 
c 

C-C 
C-Cl 
C - C l 

jT(eff) b) 

62.639 
110.566 
157.557 

A/c> 

0.073 
0.084 
0.063 

r8-r.° 

0.0030 
0.0034 
0.0021 

I m (in amu A2) 

62.712 
110.650 
157.620 

ra°
 d> (in A) 

1.522! 
1.8058 

2.715! 

a) Similar tables for isotopic species are omitted. 
b) Calculated from the rotational constants14) by 
means of the conversion factor of 505376 Mc amu 
A2, c) Vibrational correction for 7<eff>. /<*>=/<«"> 
+ A7. d) See Ref. 6 for the definition. 

The uncertainty of 7 ( z ) was assumed to be 0.01 amu 
Â2, while that of r"a was taken to be equivalent to the 
limits of error of the ra values. The zero-point average 
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structure (rav-structure)21> was determined by â joint 
analysis of the r°a by diffraction and of 7 ( z ) by spectros­
copy. (CH3)2CH3 5C1, -37C1, -D35C1, and (CH 3 ) (CD 3 ) -
CD35C1 (the C5s are all 12C) were selected for the 
structure analysis in the present work. 

It has been our experience that the moments of 
inertia of the isotopic species of such heavy atoms as 
13C and 37C1 can not give additional information 
independent of that of the parent species. This comes 
about for two reasons. First, the range of parameters 
which can account for the 7 ( z ) of both the parent 
species and the isotopic species is usually rather wide. 
Thus, the use of I(z) for the isotopic species is of no 
help in reducing the range of parameters already 
limited by the results of electron diffraction, if the 
uncertainties of 7<z) , which are of the order of 0.01 amu 
Â2, are taken into consideration. Secondly, the border 
between the acceptable region and the unacceptable 
region of the parameters is very vulnerable to the 
estimated isotope effects in structure parameters and 
to the amount of the uncertainty of 7 ( z ) , for which no 
quantitative method of estimation has been estab­
lished.22) 

The deuterated species, on the other hand, can 
provide independent information. I n this case, however, 
the isotope effect on the structure parameters becomes 
important. For the bonded distances, the isotope effect 
may be estimated fairly well by assuming a Morse-type 
anharmonic potential and using a diatomic approxima­
tion.23) For the bond angles, usually almost nothing is 
known about the anharmonicity. 

It seems to be a sound approach to the problem to let 
the isotope effects in the bond angles be adjustable and 
to determine the values from the / ( z ) of the deuterated 
species, as has already been at tempted in some of the 
previous studies.24-26) Fortunately, the deuterated 
species are very effective in reducing the allowed range 
of parameters, even if additional freedom is introduced 
by adjustable isotope effects. Moreover, the discrepancy 
between the calculated and observed values of Ilz) 

develops markedly with small changes in the parameters, 
so that the final conclusion for the structure is not 
sensitive to the estimated amount of the uncertainty 
in/<z>. 

Therefore, in the present study, the structure param­
eters were first determined chiefly by the use of the 
7<z) of the parent species. The 7<z) of the 37C1 species 
were calculated by the same parameter values only 
in order to confirm that they were consistent with the 
observed values. T h e allowable ranges of the param­
eters are naturally very wide at this stage, covering an 
area bounded only by the limits of error in the results 
of electron diffraction. They were then reduced by the 
use of the deuterated species. The isotope effects in 
ZC1CDS , Z D C D in the methyl tops and Z.CGC in 
the D-4 species were adjusted, while the isotope effect 
in the C - H bond was assumed to be the value calculated 
bv the diatomic approximation, with an estimated 
uncertainty of ±0 .0015 Â.27) 

The local C3v symmetry was assumed for the methyl 
tops. T h e tilting angle was assumed to be zero. The 
methyl C - H distance and the secondary C - H distance 

were assumed to be equivalent in their rg values. 
Therefore, their difference in ra v-structure was fixed at 
the calculated value, 0.0075 Â. A pertinent piece of 
information from the microwave study is that one of 
the methyl C - H bonds lies on the CCC plane in the 
trans position to the C - C bond.14) There are still seven 
independent structure parameters left, C-C, C-Cl, 
C - C l , Z C C C , C - H , and Z H C H in the methyl top 
and Z C C H S . For the C-C, C-Cl, and C - C l distances, 
the most probable values and the uncertainties by which 
the parameters may vary have been determined by 
electron diffraction. Therefore, three more parameters 
can be determined by the three moments of inertia 
of the parent species. By considering that the 7 ( z ) 

values are least sensitive to a change in ZlCCH s , it 
was assumed at the value in the rs-structure, 109.8°, 
with an estimated uncertainty of ± 2 ° . 

Fig. 2. The allowable range of structure parameters 
shown in the three-dimensional parameter space. The 
limits of error of electron diffraction is shown by a 
boundary like a rugby ball. The region compatible 
with spectroscopic moments of inertia is shown by the 
shaded portion of the space, which extends to both 
sides more than depicted. 

T h e range of parameters compatible with the 7<z) 

of the deuterated species as well as the parent species is 
shown schematically in Fig. 2 ; it is denoted as M W , 
with shading. The most probable values can be deter­
mined by the portion of the M W region which is inside 
the error boundary of electron diffraction. Figure 3 
shows the section of Fig. 2 by means of a plane defined 
by the C—Cl axis and a straight line connecting the 
origin and the ED point. In the sections parallel to 
that shown in Fig. 3, the situation is more or less similar. 

The results obtained are summarized in Table 4. 
Uncertainties originating from the several different 
factors are also shown: e l5 the half-width of the variation 
in the parameter value corresponding to the allowed 
region ; e2, the uncertainty originating in the uncertainty 
of 7 ( z ) , ± 0 . 0 1 amu Â2, although the correlations among 
the parameters are not shown; e3, the uncertainty due 
to the assumed ZlCCH s , ± 2 ° ; and e4, that due to the 
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T A B L E 4 . Z E R O - P O I N T A V E R A G E S T R U C T U R E O F 2-CHLOROPROPANEa) 

(in Â and degrees units) 

C-Cl 
C-C 
C - C l 
(^CCCl 

zccc 
C " H M o 
Z.ÜGH 
o(CCDsec)

c> 
o(DCD) 
3(CCC) 

^av, 0av 

1.8084 

1.5242 

2.7182 

109.00) 
112.7! 

1.093b> 
108.47

b> 
0.24d> 
0.26 
0.0 

£ i 

0.001 
0.001 
0.002 

0.20 
0.002 
0.55 
0.03 
0.17 
0.0 

e2 

— 
— 
— 

0.09 
0.001 
0.12 
0.1 
0.1 
0.03 

«3 

. 

0.27 
0.003 
0.57 
— 
— 
— 

e4 

— 
— 
— 

— 
— 
— 
— 
0.07 
0.01 

£o 

0.001 
0.001 
0.002 

0.4 
0.004 
0.8 
0.1 
0.2 
0.03 

rK: C-Cl 1.812, C-C 1.527, C»-CI 2.720, C-H 1.104 A. 
a) ex through e4 are uncertainties from various sources. e0 is the total estimate of uncertainty. See text. 
b) The effect of methyl torsion is eliminated by adding 0.010 A to C-H and 0.17° to ZlHCH. See text. 
c) S(CCDsee), ZCCD s e c - z lCCH s e c ; 3(DCD), Z D C D - ^ H C H ; <5(CCC), Z C C C ( D 4 ) - ^ C C C ( H ) . 
d) This amount is equivalent to —0.5° in <5(ClCD6ec). 

1 C-Cl 

(Â) 

U.720 

• 
/ 

/ 

[•2.715 

.'"*' 
» 

ft 
E D / ° 

x A 
* 

X 0 

/> 
* / • • 

0C 
/ 

f 
1 / 

/ 
/ / / 

/ 
/ 

Py 
™;> 

o 

- X 3 7 

7x37 

-P 

1.805 
1.522 

1.810 C - C l (A) 
1.525 C - C 

Fig. 3. A section of Fig. 2. See text. 
X ; Points not compatible with / ( z ) of the Ds-species. 
X37; Points not compatible with 7(z) of 37C1 species. 
O > Points compatible with 7(z) of Ds-species, but not 
with those of D-4 species. 
© and the area shown with dots; Points compatible 
with / ( z ) of Ds and D-4 species as well as those of the 
parent species. 

uncertainty of the assumed isotope effect in the G-H(D) 
distance, ±0 .0015 A. The total estimates of uncertainty 
are then shown in the last column as e0. 

The parameters of the structure of methyl tops, C - H 
and H C H , apparently decrease upon averaging over 
the torsional motion. For comparative purposes, 
however, it is desirable to get structure parameters 
which correspond to that of the large-amplitude treat­
ment,24) or a structure in which the average over the 
torsional motion is excluded. In the values listed in 
Table 4, the averaging effect of the torsional motion is 
eliminated by adding 0.010 A to the determined C - H 
distance and 0.17° to the H C H angle. Thes corrections 
were evaluated from the differences between the present 
results and those of the large-amplitude treatment.28) 
They were also in good agreement with the estimates 
by a simple model-calculation that the apparent shrink­
ing of the C - H distance is due only to the perpendicular 

ampli tude of the torsional mode and that the decrease 
in the H C H angle is caused by a slight bending of the 
shrunken C - H bonds, so that all the hydrogen atoms 
may lie on the same plane as that in the torsional-
equilibrium configuration. 

D i s c u s s i o n 

The skeletal structure has already been discussed in 
the introductory part , where it was compared with the 
structures of other normal alkyl chlorides. T h e structure 
of the methyl top of this molecule is much like that of 
acetone, including a positive isotope effect in the D C D 
angle, which was interpreted as being due to the 
repulsive interaction between two methyl tops.29) T h e 
isotope effect in the CCC angle was —0.3° in D-6 
acetone, while it is zero in the present case. This is 
not in perfect conformity with the picture of the repulsive 
interaction, although the amount of <5(CCC) is expected 
to be smaller in the present species, for which only one 
of the two methyl tops is deuterated. 

The positive isotope effect in ZlCCD s , obtained as 
0.24°, corresponds to a negative one in the C1CDS angle, 
—0.5°. This may be manifestation of the anharmonicity 
due to a repulsive interaction between the chlorine and 
the secondary hydrogen. 

In the present study, the anharmonicity in non-
bonded C - C l was neglected in obtaining r°a from rg. 
If the Morse-type parameter, a3, had a non-zero value, 
the ellipse shown in Fig. 3 by the broken curve would 
be shifted parallel to the C--C1 axis downwards or 
upwards, according to whether it has a positive value or 
a negative one. The overlapping area and, therefore, the 
structure parameters would be almost the same for a 
negative value within 0—2 A - 1 . However, for a positive 
a3, the overlapping area would decrease rapidly, and 
the consistency between the diffraction results and the 
spectroscopic moments of inertia would diminish. A 
possibility of a non-bonded anharmonicity which could 
be expressed by a Morse-type potential with a negative 
«3 value has also been found in recent studies of CHC13

30) 
and CHBr3

31> molecules. 
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T A B L E 5. COMPARISON BETWEEN rs AND rav STRUCTURE 

OF 2-CHLOROPROPANEa) 

(in Â and degrees units) 

I I I I I I 

C-Cl 
c-c 
G-H M e 

G - H s 

CCC1 

C C C 

KCH(ocß,ßT) 
H C H ( a , r ) 
CCH^ 
HSCC1 
CCFL 

1 
1 
1 
1 
1 

109 
112.8 
109.1 
108.3 
110.0 
105.2 
109.8 

797 
520 

092 
099b> 
091 
5 

1.797—1.807 
1.505—1.523 
1.091—1.099 

1.091—1.117 

112.5—114. 
108.9—109. 

110.0—111. 
103.5—105, 

1.808 
1.524 
1.093 

1.093 
109.0 
112.7 
108.5 
108.5 
110.4 
106.1 

(109.8)°) 

a) I : the complete res t ruc ture ; Ref. 14. I I : the range 
of variation in the res t ruc ture ; Ref. 15. I l l : the r e ­
structure of the present study, b) According to Ref. 15. 
c) Assumed. 

T o b i a s o n a n d S c h w e n d e m a n d e t e r m i n e d t h e c o m p l e t e 
r e s t r u c t u r e for th is m o l e c u l e b y t h e use of t h e species 
i so topica l ly s u b s t i t u t e d for al l n o n - e q u i v a l e n t a toms . 1 4 ) 
I t is c o m p a r e d i n T a b l e 5 w i t h t h e r a v - s t r u c t u r e d e t e r ­
m i n e d i n t h e p r e s e n t s t udy . T h e r e a lso a r e s h o w n t h e 
r a n g e s in t h e v a r i a t i o n of t h e r e v a l u e s r e p o r t e d b y 
S c h w e n d e m a n . 1 5 ) T h e s e v a r i a t i o n s a r e w h a t w o u l d b e 
caused b y different a n a l y t i c a l m e t h o d s as wel l as b y a n 
insufficient n u m b e r of i so top ic species . I t m a y b e 
n o t e d t h a t t h e c o m p l e t e ^ - s t r u c t u r e is i n fair a g r e e m e n t 
w i t h t h e r a v - s t r u c t u r e excep t for t h e C - C l d i s t a n c e , a n d 
t h a t t h e m a x i m u m d e v i a t i o n of a n i n c o m p l e t e r s - v a l u e 
f rom t h e r a v - v a l u e m a y b e a b o u t 2° in b o n d - a n g l e s . 
I t seems, t h e n , a p p r o p r i a t e to a s s u m e a n u n c e r t a i n t y o f 
± 2 ° w h e n s o m e b o n d a n g l e in t h e ^ - s t r u c t u r e a r e 
used as c o m p l e m e n t a r y i n f o r m a t i o n i n d e t e r m i n i n g t h e 
r a v - s t r u c t u r e . 

T h e n u m e r i c a l c o m p u t a t i o n s w e r e p e r f o r m e d o n a 
F A G O M 230-75 of t h e H o k k a i d o U n i v e r s i t y C o m p u t i n g 
C e n t e r a n d o n a F A C O M 270-20 i n t h e l a b o r a t o r y o f 
Prefessor K i m i o O h n o , to w h o m t h e a u t h o r s ' t h a n k s 
a r e d u e . 
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The crystal structure of 3-(adenin-9-yl)propiontryptamide (3-(adenin-9-yl)-Ar-[2-(3-indolyl)ethyl]propion-
amide) has been investigated as a model for adenine-tryptophan interaction. The space group of the crystal is 
P2j/c, with dimensions a=8.512(2), b= 16.884(3), c= 12.405(3) Â, ß= 105.54(2)°, and Z = 4 . The structure was solved 
by the direct method and refined by a block-diagonal least-squares method. A slight overlapping between adenine 
and indole moieties is found, but it may not be sufficient to produce a strong n-n interaction. The adenine base is 
paired with that related by the centre of symmetry through two N(6)H•••N(l) hydrogen bonds, and also with 
the other centrosymmetrically related adenine base through two N(6)H---N(7) hydrogen bonds. Adenine and 
indole are bound through a hydrogen bond between N(7) of adenine and imino nitrogen of indole. 

Interaction between nucleic acid and protein plays an 
important role in several biological processes, though 
the precise molecular mechanism is still unknown. Some 
elementary binding patterns between amino acid and 
purine-pyrimidine base, if any, would provide a stereo­
chemical basis for the mechanism of mutual recognition 
between nucleic acid and protein. 

We have reported some common hydrogen bond 
schemes between cytosine and acidic amino acid through 
X-ray crystallographic studies of complexes between 
nucleotide bases and amino acid derivatives.1-3) T h e 
preparation of complex crystals is very difficult owing 
to the physico-chemical properties of the compounds; 
only a few complex crystals of restricted combination 
of components have been obtained. We have tried to 
use other type of model compounds containing a 
nucleotide base and a side group of amino acid in a 
molecule. They might provide interaction modes for 
any combinations between nucleotide bases and amino 
acids. 

Intermolecular stacking interaction between adenine 
and tryptophan was suggested from spectroscopic 
studies.4-7> O n the other hand, in the crystal of 9-
ethyladenine-indole complex8) there is no stacking 
interaction between the two components. They are 
bound through a hydrogen bond between N(3) of 
adenine and imino nitrogen of indole. We have found 
the same hydrogen bond in the monohydrate crystal9) 
of the title compound. In the present paper, we report 
another mode of hydrogen bond between adenine and 
indole moieties. 

Exper imenta l 

3- (Adenin-9-yl) propiontryptamide (3- (adenin-9-yl) -N-
[2-(3-indolyl)ethyl]propionamide) was synthesized from 9-
(/5-carboxyethyl) adenine10) and tryptamine by the dicyclo-
hexylcarbodiimide method. Plate crystals were obtained 
by evaporating a solution of benzene and methanol (10: 1) 
at room temperature. Oscillation and Weissenberg photo­
graphs showed the space group to be P2]/c from the systematic 
absence of reflexions. The density was determined by 
flotation in a mixture of cyclohexane and carbon tetrachloride. 
A crystal, 0.2 X 0.3 X 0.4 mm, was mounted on a Rigaku 
four-circle automated diffractometer. Unit-cell parameters 
were calculated by least-squares refinement of 20 values 
for 22 high-angle reflexions (MoKtx; A=0.71069 Â). Crystal-

TABLE 1. CRYSTAL DATA 

3- ( Adenin-9-yl) propiontryptamide 
C18H19N70 F.W. = 349.40 
Crystal system : monoclinic 
Systematic absences: hOl, / = 2 n + 1 ; 0k0, k=2n-\-1 
Space group : P2x/c 
a= 8.512(2) Â 
* = 16.884(3) 
c= 12.405(3) 
/?= 105.54(2)° 
U= 1719.6(6) Â3 

Z = 4 
Z>x=1.350gcm-3 

An=l-34 7 g cm-3 

/i(MoÄa) 
=0.98 cm - 1 

lographic data are summarized in Table 1. 
Intensity data were collected on the diffractometer by use 

of graphite-monochromated M.oKtx radiation, with a co/20 
scanning technique (20<Ç5O°). Five reference reflexions 
monitored periodically showed no significant intensity fluctu­
ations during the course of data collection. Corrections 
were made for the Lorentz and polarization factors, but 
not for absorption. A total of 3030 independent reflexions 
were obtained, zero-reflexions ( /<>( / ) ) numbering 810. 

Structure D e t e r m i n a t i o n and Ref inement 

The structure was solved by the symbolic addition 
procedure.11) The atomic parameters were refined by 
the block-diagonal least-squares method; the quanti ty 
minimized was I,co(\F0\ — \Fc\)

2, with (Ji)=l/(02
p-\-qFo

2) 
where ffp is due to counting statistics and q is 1.25 X 10 - 5 

derived from the intensity variance of the monitored 
reflexions. In the refinement, the zero-reflexions were 
included by assuming \F0\=FVïm and co=co(Flim) 
where FVim is 2.43, an observational threshold value. 
However, zero-reflexions for which \Fc\<CF]im were 
omitted. When the R value reached 0.11, a difference 
synthesis revealed all the hydrogen atoms. T h e 
refinement was terminated when the max imum shift 
of parameters for hydrogen was less than 0.49ö". The 
final R value was 0.088 for 2504 reflexions ( £ = 0 . 0 7 3 
for F0>3l*/a>). Atomic scattering factors were taken 
from "Internat ional Tables for X-Ray Crystallo­
graphy."1 2) A comparison between observed and 
calculated structure factors is given in Table 2.13) The 
final positional and thermal parameters are listed in 
Table 3. 
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TABLE 3. FINAL POSITIONAL AND THERMAL PARAMETERS 

Standard deviations are given in parentheses. The anisotropic temperature factor 
has the form exp[— (B^+B^+B^ß + B^hk+BJd+B^kl)]. 

Atom 

NOT -

G (2) 
N(3) 
G (4) 
G (5) 
G (6) 
N(6) 
N(7) 
C(8) 
N(9) 
G (9) 
G (10) 
C ( l l ) 
O( l ) 
N(10) 
C(12) 
C(13) 
G (14) 
G (15) 
N( l l ) 
C(16) 
G (17) 
C(18) 
C(19) 
C(20) 
CJ21) 

Atom 

H (2) : 
H(61) -
H (62) -
H (8) 
H(91) 
H (92) 
H(101) 
H(102) 
H(10) 
H(121) 

X* 

-3764(3) 
-3318(4) 
-1841(3) 

-720(3) 
-1005(3) 
-2593(4) 
-3003(3) 

438(3) 
1527(4) 
911(3) 

1851(4) 
2230(4) 
2989(4) 
3832(3) 
2671(3) 
3311(4) 
1953(5) 
705(4) 
988(4) 

-459(3) 
-1726(4) 
-1019(4) 
-2064(5) 
-3718(5) 
-4375(5) 
-3410(4) 

*X104 

*** 
-422(3) -
-412(3) 
-223(3) -

268(3) -

y** 

66(2) 
-8(2) 
14(2) 
99(1) 

288(3) -151(2) 
115(3) —167(2) 
310(3) -
120(3) -
219(3) 

77(2) 
38(1) 
88(2) 

393(3) 146(2) 

y* 

-491(2) 
-679(2) 
-879(2) 
-858(2) 
-656(2) 
-470(2) 
-280(2) 
-698(2) 
-912(2) 
•1020(1) 
-1259(2) 
-555(2) 

126(2) 
13(1) 

841(2) 
1568(2) 
2167(2) 
1895(2) 
1544(2) 
1401(2) 
1650(2) 
1969(2) 
2273(2) 
2258(2) 
1944(2) 
1628(2) 

^** 
286(2) 

-67(2) 
-53(2) 
203(2) 
393(2) 
428(2) 
555(2) 
500(2) 
528(2) 
379(2) 

z* 

1369(2) 
2460(3) 
3110(2) 
2521(2) 
1411(2) 
816(2) 

-273(2) 
1079(2) 
2001.(3) 
2897(2) 
4024(3) 
4823(2) 
4344(2) 
3692(2) 
4699(2) 
4363(3) 
3923(3) 
2889(3) 
1969(3) 
1180(2) 
1582(3) 
2667(3) 
3262(3) 
2781(4) 
1708(4) 
1096(3) 

B~ik< 

R * 

83(4) 
109(6) 
101(5) 
86(5) 
70(5) 

101(6) 
89(5) 
96(5) 
89(5) 
88(4) 

116(6) 
114(6) 
96(6) 

133(4) 
135(5) 
156(7) 
219(8) 
191(8) 
161(7) 
185(6) 
169(7) 
180(7) 
249(9) 
240(9) 
181(9) 
177(8) 

> 
1.3(0.7) 
2.2(0.8) 
2.1(0.8) 
0.9(0.7) 
1.7(0.7) 
1.4(0.7) 
2.6(0.8) 
1.1(0.7) 
3.1(0.8) 
2.2(0.8) 

52 2* 

46(1) 
48(2) 
41(1) 
25(1) 
27(1) 
30(1) 
54(2) 
35(1) 
33(2) 
27(1) 
31(2) 
29(1) 
35(2) 
50(1) 
33(1) 
34(2) 
32(2) 
26(2) 
45(2) 
44(2) 
29(2) 
24(1) 
31(2) 
38(2) 
40(2) 
37(2) 

Atom 

H(122) 
H(131) 
H(132) 
H(15) 
H ( l l ) 
H(18) 
H(19) 
H (20) 
H(21) 

B * 
^ 3 3 

42(2) 
53(3) 
38(2) 
38(2) 
43(2) 
42(3) 
38(2) 
42(2) 
51(3) 
36(2) 
43(3) 
47(3) 
39(3) 
63(2) 
43(2) 
64(3) 
64(3) 
46(3) 
71(3) 
54(3) 
62(3) 
59(3) 
81(4) 

154(5) 
175(6) 
98(4) 

x** 
419(3) 
251(3) 
132(3) 
205(4) 

-52(4) 
-161(3) 
-446(4) 
-560(4) 
-383(4) 

Bl2* 

3(4) 
-1 (6 ) 

11(4) 
4(5) 
4(4) 

-10(5) 
8(4) 

13(4) 
13(5) 
12(4) 
27(5) 
17(5) 
0(5) 

-19(4) 
9(4) 

-30(6) 
11(6) 
17(6) 
21(6) 

3(5) 
0(6) 
5(5) 
3(7) 

- 8 ( 7 ) 
-36(7) 
-29(7) 

y** 

182(2) 
268(2) 
232(2) 
143(2) 
114(2) 
248(2) 
248(2) 
194(2) 
140(2) 

£.3* 

29( 5) 
76( 7) 
44( 5) 
16( 6) 
27( 6) 
25( 6) 
12( 5) 
37( 5) 
45 ( 6) 
15( 5) 
21( 6) 
30( 6) 

- 2 ( 6) 
90( 5) 
53( 5) 
16( 8) 
1( 8) 

26( 7) 
28( 8) 
36( 6) 
43( 8) 
58( 8) 

148( 9) 
233(12) 
126(11) 
15( 9) 

z** 
504(2) 
377(2) 
449(2) 
185(2) 
53(2) 

403(2) 
311(3) 
134(3) 
30(3) 

£23* 
6(3) 
2(4) 
2(3) 
0(3) 
2(3) 

-4 (3) 
26(3) 
4(3) 

-2 (3 ) 
3(3) 

11(3) 
0(3) 

-5 (3) 
-34(3) 

1(3) 
-1 (4 ) 

-16(4) 
2(3) 

-11(4) 
-16(3) 

12(4) 
19(4) 
25(4) 
15(5) 
20(6) 
12(5) 

£/A2 

2.7(0.8) 
1.5(0.7) 
2.2(0.8) 
3.4(0.9) 
3.6(0.9) 
2.1(0.8) 
5.6(1.1) 
4.4(1.0) 
3.9(0.9) 

xlO3 

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

Molecular Structure. Bond lengths and angles are 
given in Table 4 and those involving non-hydrogen 
atoms in Fig. 1. T h e least-squares planes of adenine, 
indole and amide moieties are given in Table 5, together 
with the displacements of atoms from the planes. T h e 
molecular structure is shown in Fig. 2, torsion angles 
being given in Table 6. 

The bond lengths and angles of the adenine ring are 
in good agreement with those found in related com­
pounds.14) The purine base is highly planar with a 
maximum shift of 0.011 Â for N ( l ) from the least-
squares plane. 

In the six-membered ring of indole, the bond lengths 

of G(18)-G(19) and C(20)-G(21) are shorter than the 
others, the bond angle of G(16)-G(21)-G(20) being the 
smallest. This is a common feature in the related 
compounds.15,16) T h e indole ring is highly planar with 
a maximum displacement of 0.010 Â for C(20) from the 
least-squares plane. The exocyclic atom of C(13) 
significantly deviates from the plane. 

As shown in Fig. 2, the molecule is folded as torsions 
around G(9)-G(10) and G(12)-G(13) are in skew 
arrangement (Table 6), in contrast to the extended 
form in its monohydrate crystal.9) The dihedral angle 
between the adenine and indole rings in the molecule 
is 38.3°. T h e shortest intramolecular contact between 
the adenine and indole rings is 3.612 Â for G(6)- -N(l 1). 

Crystal Structure. The crystal structure viewed 
along the a axis is shown in Fig. 3, and that along the 
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TABLE 4. BOND LENGTHS AND ANGLES 

Length (//A) 

N( l ) -C(2) 
C(4)-G(5) 
G(6)-N(6) 
C(8)-N(9) 
C(9)-G(10) 
G(l l ) -N(10) 
G(13)-C(14) 
N( l l ) -C(16) 
G(17)-C(18) 
C(20)-C(21) 
C(2)-H(2) 
G(8)-H(8) 
C(10)-H(101) 
G(12)-H(121) 
C(13)-H(132) 
G(18)-H(18) 
C(21)-H(21) 

Angle (0/°) 

1.343(4) 
1.374(4) 
1.340(4) 
1.363(4) 
1.525(4) 
1.337(4) 
1.501(5) 
1.371(4) 
1.398(5) 
1.369(6) 
1.02(3) 
0.99(3) 
1.07(3) 
1.01(3) 
1.03(3) 
0.99(3) 
1.03(3) 

C(2)-N(3) 
C(5)-C(6) 
C(5)-N(7) 
N(9)-G(4) 
C(10) -C( l l ) 
N(10)-C(12) 
C(14)-C(15) 
C(16)-C(17) 
C(18)-C(19) 
C(21)-C(16) 
N(6)-H(6I) 
G(9)-H(91) 
C(10)-H(102) 
C(12)-H(Ï22) 
C(15)-H(15) 
C(19)-H(19) 

1.343(4) 
1.393(4) 
1.399(4) 
1.370(4) 
1.517(4) 
1.450(4) 
1.364(5) 
1.424(5) 
1.376(6) 
1.400(5) 
1.00(3) 
1.01(3) 
1.00(3) 
1.05(3) 
0.98(3) 
0.93(4) 

N(3)-G(4) 
C(6)-N( l ) 
N(7)-C(8) 
N(9)-C(9) 
C ( l l ) - 0 ( 1 ) 
C(12)-G(13) 
C(15) -N( l l ) 
C(17)-C(14) 
G(19)-G(20) 

N(6)-H(62) 
C(9)-H(92) 
N(10)-H(10) 
G(13)-H(131) 
N ( l l ) - H ( l l ) 
G(20)-H(20) 

1.350(4) 
1.354(4) 
1.316(4) 
1.469(4) 
1.232(4) 
1.524(5) 
1.374(5) 
1.425(5) 
1.401(6) 

0.84(3) 
1.03(3) 
0.93(3) 
1.03(3) 
0.90(3) 
1.02(3) 

G(2)-N(l ) -G(6) 
C(2)-N(3)-G(4) 
N(3)-C(4)-N(9) 
G(4)-C(5)-C(6) 
C(6)-C(5)-N(7) 
N( l ) -C(6) -N(6) 
C(5)-N(7)-C(8) 
G(4)-N(9)-G(8) 
C(8)-N(9)-C(9) 
C(9) -C(10) -C( l l ) 
C(10)-C( l l ) -N(10) 
C( l l ) -N(10)-C(12) 
C(12)-C(13)-C(14) 
C(13)-C(14)-C(17) 
C(14)-C(15)-N(l l ) 
N( l l ) -C(16)-C(17) 
C(17)-G(16)-C(21) 
C(14)-G(17)-G(18) 
G(17)-G(18)-G(19) 
C(19)-C(20)-C(21) 
N( l ) -C(2) -H(2) 
C(6)-N(6)-H(61) 
H(61)-N(6)-H(62) 
N(9)-C(8)-H(8) 
N(9)-C(9)-H(92) 
C(10)-C(9)-H(91) 
C(9)-C(10)-H(101) 
H(101)-C(10)-H(102) 
C(l l ) -C(10)-H(102) 
C(12)-N(10)-H(10) 
N(10)-G(12)-H(122) 
C(13)-C(12)-H(121) 
C(12)-C(13)-H(131) 
H(131)-C(13)-H(132) 
C(14)-C(13)-H(132) 
N(l l ) -C(15)-H(15) 
C(16)-N(11)-H(H) 
C(19)-G(18)-H(18) 
C(20)-C(19)-H(19) 
G(21)-G(20)-H(20) 
G(16)-C(21)-H(21) 

118.0(3) 
110.8(3) 
127.6(3) 
118.2(3) 
131.3(3) 
119.2(3) 
103.2(2) 
105.8(2) 
125.6(3) 
112.0(3) 
114.2(3) 
123.0(3) 
113.5(3) 
126.6(3) 
110.3(3) 
106.5(3) 

122.9(3) 
134.3(3) 
119.2(3) 
121.9(4) 
116(1) 
122(2) 
117(3) 
124(2) 
106(2) 
111(2) 
105(2) 
111(2) 
111(1) 
116(2) 
111(2) 
111(2) 
106(2) 
105(2) 
106(2) 
123(2) 
127(2) 
121(2) 

115(2) 
117(2) 
118(2) 

N( l ) -C(2 ) -N(3) 
N(3)-C(4)-G(5) 
C(5)-C(4)-N(9) 
C(4)-C(5)-N(7) 
N( l ) -G(6) -C(5) 
C(5)-G(6)-N(6) 
N(7)-C(8)-N(9) 
C(4)-N(9)-C(9) 
N(9)-G(9)-G(10) 
C ( 1 0 ) - C ( l l ) - O ( l ) 
O ( l ) - C ( l l ) - N ( 1 0 ) 
N(10)-C(12)-C(13) 
C(13)-C(14)-C(15) 
G(15)-G(14)-C(17) 
C(15)-N( l l ) -C(16) 
N( l l ) -C(16) -C(21) 
C(14)-C(17)-C(16) 
G(16)-C(17)-G(18) 
G(18)-G(19)-C(20) 
G(16)-G(21)-G(20) 
N(3)-C(2)-H(2) 
G(6)-N(6)-H(62) 
N(7)-G(8)-H(8) 
N(9)-C(9)-H(91) 
H(91)-C(9)-H(92) 
C(10)-C(9)-H(92) 
G(9)-G(10)-H(102) 
G.(ll)-G<10)-H(101) 
C( l l ) -N(10)-H(10) 
N(10)-C(12)-H(121) 
H(121)-C(12)-H(122) 
.G(13)-G(12)-H(122) 
;C(12)-C(13)-H(132) 
C(14)-C(13)-H(131) 
C(14)^C(15)-H(15) 
C ( 1 5 ) - N ( l l ) - H ( l l ) 
C(17)-C(18)-H(18) 
C(18)-C(19)-H(19) 
C(19)-C(20)-H(20) 
C(20)-C(21)-H(21) 

129.1(3) 
126.0(3) 
106.4(3) 
110.5(3) 
118.0(3) 
122.8(3) 
114.2(3) 
128.6(3) 
111.8(3) 
121.6(3) 
124.2(3) 
111.0(3) 
127.2(3) 
106.2(3) 
109.3(3) 
130.6(3) 
107.7(3) 
118.0(3) 
121.4(4) 
116.7(4) 
115(1) 
116(2) 
122(2) 
106(2) 
110(2) 
112(2) 
109(1) 
109(2) 
120(2) 
111(2) 
104(2) 
109(2) 
115(2) 
111(2) 
127(2) 
123(2) 
120(2) 
123(2) 
122(2) 
125(2) 
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Fig. 1. Bond lenghts (//A) and angles (0/°). 

b axis in Fig. 4. As seen from Fig. 4, the folded molecules 
come together around the 2X axes, and stack along them. 
Short intermolecular contacts are 3.474 for N(9)---C(17), 
3.479 for N ( 9 ) - G ( 1 8 ) , and 3.129 A for G ( 8 ) - G ( 1 8 ) , 
the last one being fairly shorter than the normal van der 
Waals separation.17) Figure 5 shows the stacking 
geometry of the adenine and indole rings, (a) being a 

TABLE 5. LEAST-SQUARES PLANES 

X, Y, and Z are in A along the directions a*, c X a*, 
and c, respectively. 
Plane 1 (adenine ring) 

0.1902^-0.9615F+0.2074Z+6.018=0 
Plane 2 (indole ring) 

-0.0479Z-0.9007 F+0.4318Z+1.429=0 
Plane 3 (amide group) 

0.8171X-0.06357+0.5730Z-4.691 = 0 

Deviation (//A) 
Plane 1 

N( l )* 
C(2)* 
N(3)* 
G (4)* 
G (5)* 
C(6)* 
N(7)* 
C(8)* 
N(9)* 
N(6) 
G (9) 
H (2) 
H (8) 
H(61) 
H (62) 

- 0 . 0 1 1 
0.009 
0.001 

- 0 . 0 0 4 
0.009 

- 0 . 0 0 1 
0.001 
0.001 

- 0 . 0 0 6 
- 0 . 0 1 4 
- 0 . 0 1 0 

0.050 
- 0 . 0 0 8 

0.095 
0.220 

Plane 2 
C(14)* 
C(15)* 
N ( l l ) * 
C(16)* 
C(17)* 
G(18)* 
C(19)* 
C(20)* 
C(21)* 
C(13) 
H(15) 
H ( l l ) 
H(18) 
H(19) 
H (20) 
H(21) 

- 0 . 0 0 3 
- 0 . 0 0 1 
- 0 . 0 0 6 

0.006 
0.004 
0.004 

- 0 . 0 0 3 
- 0 . 0 1 0 

0.009 
- 0 . 0 3 6 
- 0 . 0 3 6 

0.054 
0.037 

- 0 . 0 6 3 
- 0 . 0 3 0 
- 0 . 0 2 0 

Plane 3 
C(10)* 
C ( l l ) * 
O( l )* 
N(10)* 
C(9) 
G (12) 
H(10) 

0.001 
- 0 . 0 0 3 

0.001 
0.001 

- 0 . 6 9 6 
0.029 
0.152 

* Atoms included in the calculation of the least-squares 
plane. 
Dihedral angles between the planes {<f>f°) 

No. 2 3 
1 141.7 78.2 
2 74.6 

TABLE 6. SELECTED TORSION ANGLES OF THE MOLECULE 

C(4)-N(9)-C(9)-C(10) 
C(8)-N(9)-C(9)-C(10) 
N(9) -C(9) -C(10) -C( l l ) 
C ( 9 ) - C ( 1 0 ) - C ( l l ) - O ( l ) 
G(9)-C(10)-C( l l ) -N(10) 
O( l ) -C( l l ) -N(10) -C(12) 
G(10)-C(M)-N(10)-G(12) 
G(l l ) -N(10)-G(12)-C(13) 
N(10)-C(12)-G(13)-G(14) 
C(12)-G(13)-G(14)-C(15) 
G(12)-G(13)-G(14)-C(17) 

- 7 8 . 4 ° 
101.4 

- 5 1 . 3 
- 2 9 . 9 

150.6 
- 0 . 9 
178.5 
128.6 

- 6 2 . 9 
- 4 4 . 9 

136.4 

Fig. 2. A stereoscopic view of 3-(adenine-9-yl)propiontryptamide. Thermal 
ellipsoids are drawn at the 50% probability level. 
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3.474 

Fig. 3. The crystal structure viewed along the a axis. 

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

projection onto the adenine plane and (b) that onto 
the indole. These planes make an angle of 18.7°, and 
the overlapping area is very small, so that there is no 
strong n-n interaction between them. 

The hydrogen bond arrangement is shown in Fig. 6, 
relevant distances and angles being given in Table 7. 
The adenine base is paired with that related by the 
centre of symmetry through two N(6)H—N(l ) hydrogen 
bonds and also with the other centrosymmetrically 

3.129 

(a) 

Fig. 5. The stacking geometry of adenine and indole 
rings, (a) is a projection onto the adenine plane and 
(b) is that onto the indole. 

C > ^ A 

Fig. 6. Hydrogen bond arrangement in the crystal. 

TABLE 7. 

X 
N(6) 
N(10) 
N ( l l ) 
N(6) 

DISTANCES AND ANGLES OF THE HYDROGEN BONDS 

( X - H - Y ) 

H 
H(61) 
H(10) 
H ( l l ) 
H (62) 

Y 
N(l) 
N(3) 
N(7) 
N(7) 

Distance 
(//A) 

(a) 
(b) 
(c) 
(c) 

(a) 
(b) 
(c) 

X-.-Y 
3.021 
2.987 
3.048 
3.111 

at - 1 
at 
at 

Distance 
(//A) 
H - Y 
2.03 
2.09 
2.16 
2.32 

— x, -y, 
-x, -y, 
-x, -y, 

Angle 

X - H - Y 
171 
162 
170 
158 

— z 
\-z 
—z 

related adenine bases through two N(6)H—N(7) 
hydrogen bonds. From a comparison of the hydrogen 
bond lengths and angles between these two pairing 
modes (Table 7), it is suggested that the mode by two 
N(6)H—N(l ) hydrogen bonds is more stable than that 
by two N(6)H—N(7) bonds. This is consistent with the 
relative stability of these modes calculated by Pullman 
et al.18) using molecular orbital methods. 

N(3) of the adenine ring is hydrogen bonded with 
N(10) of the amide group in the molecule related by the 
centre of symmetry. The same kind of hydrogen 
bonding between nucleotide bases and amide groups is 
proposed by Gurskii et al.19) as a model of interaction of 
nucleic acid with regulatory proteins. Furthermore, it is 
found that N(7) of the adenine ring is hydrogen bonded 
with N( l 1) of the indole. Thus N(7) acts as an acceptor 
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for two hydrogen bonds from N ( l l ) of indole and N(6) 
of adenine. A similar situation was found for N ( l ) of 
adenine in the crystal of iV-[3(adenin-9-yl)propyl]-3-
carbamoylpyridinium bromide.20) This would be 
attributable to the large basicity of the nitrogen atoms.21) 
Judging from the lengths and angles (Table 7), the 
N ( 1 1 ) H - N ( 7 ) hydrogen bond should be stronger than 
N(6)H---N(7). The hydrogen bonded adenine and 
indole rings make an angle of 18.7°. 

Interaction Mode between Adenine and Aromatic Moiety 
of Amino Acid. Crystals of 3-(adenin-9-yl)propion-
tyramide dihydrate,22) 3-(adenin-9-yl)propiontrypt-
amide (the present molecule), its monohydrate,9) and 
9-ethyladenine-indole complex8) are systems in which 
adenine and aromatic moieties co-exist. Although a 
71-71 interaction between adenine bases in nucleic acid 
and aromatic side groups in protein is suggested by 
spectroscopic studies,4-7) these crystal structures show 
that there is no stacking between the two components 
except for the present crystal. Even in the overlapping 
between adenine and indole rings found in the present 
crystal (Fig. 5), the relative arrangement may not be 
sufficient to produce a strong n-n interaction. This 
is consistent with the calculations of Pullman and 
Pullman,23) which indicate both adenine and indole to 
be ^-electron donating. Thus, we consider that hydrogen 
bonding is more important than the stacking in the 
system of adenine and the aromatic amino acids. 

Two interaction modes between adenine and indole 
have been found. O n e is the hydrogen bonding between 
N(3) of the former and N( l 1) of the latter found in the 
crystals of 9-ethyladenine-indole complex8) and 3-
(adenin-9-yl)propiontryptamide monohydrate.9) T h e 
other is the hydrogen bonding between N(7) of the 
former and N ( l l ) of the latter found in the present 
crystal. All the adenine bases interacting with indole 
are paired with other symmetry-related adenines in 
the crystals. Thus, the hydrogen bonds between adenine 
and indole provide models of interaction between paired 
adenine and the side group of t ryptophan. W e have 
tried to fit the interaction geometries found in our 
studies into a double helical nucleic acid (conformation 
B), atomic coordinates of which are taken from the work 

Fig. 7. Indole fitted into a double helical nucleic acid 
which is constituted with three adenine: thymine base 
pairs in the B conformation. 

of Arnott and Hukins.24) The indole ring bound to 
N(7) can be situated in the major groove of DNA 
without any stereochemical difficulties (Fig. 7) ; the 
shortest intermolecular contact is 4.67 Â. O n the other 
hand, the indole ring bound to N(3) in the minor 
groove gives very short approach to the ribose part, 
so that some modification of the DNA structure might 
be required. 

Part of the expenses connected with this research 
was defrayed by grants from the Ministry of Education 
and from the Kawakami Foundation, to which the 
authors ' thanks are due. 
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The oxidation of cis-2-butène, butadiene, and acetic acid was carried out by using a series of V205-XnOOT 

(atomic rat io=9: 1) catalysts with more than twenty metal oxides (XnOm). The results were compared with 
the dehydration activity for isopropyl alcohol (IPA), as a measure of acidity, and with the ratio, dehydrogenation 
activity for IPA/dehydration activity for IPA, used as a measure of the basicity of catalyst. The activity for the 
oxidation of butadiene and that for the isomerization of butène are correlated with the acidity, and the activity 
for the oxidation of acetic acid with the basicity of the catalyst. The selectivity to maleic anhydride from butène 
and butadiene is scarcely influenced by the introduction of metal oxides. Butène is mainly oxidized to acetic acid 
as a result of C-C fission. The selectivity to acetic acid is enhanced when the catalyst is highly acidic, decreasing 
with increase in basicity. It is concluded that the introduction of metal oxides into V 2 0 5 modifies the acid-base 
properties of the catalyst, inducing a change in oxidation activity and selectivity. 

Catalysts based on V 2 O s have been used for a long 
time in the synthesis of sulfuric acid from sulfur dioxide 
and of carboxylic acids from aromatic hydrocarbons; 
they play an important part in the partial oxidation of 
organic substances. The characteristic feature of these 
catalysts is their effective specificity in "acid formation." 

As a practical catalyst, pure V 2 O s is rarely used. In 
most cases V 2 O s is modified by combining it with oxides 
of other metals in order to enhance the catalytic action. 
Attempts have been made to determine the role of the 
additives as regards the structural,1 - 6) electronic,7-12) 
and other physico-chemical properties of the catalyst 
system.4 '13-16) I t should be noted that the selectivity of 
acrolein to acrylic acid is connected with the electro­
negativity of the metal oxides used as second components 
added to V 2 O s catalysts.17) 

The acid-base properties and their correlation with 
the oxidation activity and selectivity were studied in the 
case of many M o 0 3 and V2O s-based binary catalysts, 
such as M o 0 3 - P 2 0 5 , 1 8 ) Mo0 3 -Bi 2 0 3 -P 2 0 5 , 1 9 > 2 0 ) M o 0 3 -
V205 ,2 1) M o 0 3 - T i 0 2 , 2 2 ) M o 0 3 - S n 0 2 , 2 3 ) M o 0 3 - F e 2 -
0 3 , 2 4 ) V 2 0 5 -P 2 0 5 , 2 5 > V 2 0 5 -Ti0 2 , 2 2 > V 2 0 5 -Sn0 2 , 2 6 > and 
V 2 0 5 -Fe 2 0 3 . 2 4 ) The catalytic activity for the oxidation 
of electron-donating (basic) reactants such as olefinic 
and aromatic hydrocarbons is correlated with the acidic 
nature of the catalyst surface, and that of acidic reactants 
such as carboxylic acids with the basic nature of the 
catalyst. The activity and selectivity in mild oxidations 
are governed by the acid-base properties of the catalyst 
and the reactant.1 8 - 2 6) 

The following two functions are required for a 
catalyst to be active in an oxidation reaction; 

( 1 ) activation of oxygen, 
(2) activation of reactant molecules. 

When a catalyst is potent in the activation of oxygen, 
i.e., when it has high oxidizing power, the reaction takes 
place without requiring any activation of the reactant : 
it proceeds non-selectively toward C 0 2 and H 2 0 . This 
is the case of deep oxidation.27) O n the other hand, when 
the oxidizing power of a catalyst is not very high, the 
reaction requires the activation of the reactant molecule 
as well as of oxygen. Thus the difference in the mode or 
degree of this reactant-activation brings about the 
selectivity of the catalyst. 

T h e acidic sites, probably consisting of metal ions 
with a particularly high electron affinity, play a role 
in the electron transfer from reactant to the sites, 
resulting in the formation of a cationic intermediate 
and a reduced metal ion;2 8 - 3 0) the acidic sites contribute 
to the activation of the elctron-donating (basic) reac­
tants, such as olefins. O n the other hand, the basic 
sites, because of their electron-donating ability, serve 
to adsorb and activate the acidic reactants such as 
carboxylic acids. 

The fact that V 2 0 5 is a typical acidic oxide leads us 
to the prediction that the addition of metal oxide to 
V 2 0 5 modifies the acid-base properties of the catalyst 
system, and that this modification, in turn, induces a 
change in the catalytic behavior. 

In the present work, we have at tempted to confirm 
how the addition of a small amount of metal oxide to 
V 2 0 5 modifies the acid-base properties as well as the 
oxidation activity and selectivity and to find the correla­
tion between the acid-base properties and catalytic 
behavior. 

Exper imenta l 

Catalysts. The catalysts used in this study were a 
series of V205-based binary oxides, V205-XnOOT. As the 
second component, XMOm, more than twenty metal oxides, 
including almost all those used in practice, were tested. 
As starting materials, we used nitrates for Al, Sb, Bi, Te, 
Fe, Ni, Cr, Co, and Zn, ammonium salts of oxo^aoid for 
V, Mo, and W, chlorides (converted into hydroxides with 
dilute ammonia) for Sn and Ti, hydrates for Ca, Mg, and K, 
acetate for U, H 2S0 4 for S, and H 3 P0 4 for P. The surface 
area of these catalysts were determined by the BET method, 
using nitrogen at — 196 °G. 

Determination of Acidic and Basic Properties. Since the 
V205-based mixed oxides are colored and small in surface 
area, it is not easy to determine their acidity and basicity 
by the ordinary titration method31'32) or by studying the 
adsorption of a basic or acidic molecule in the gas phase. 
However, from a comparison of the catalytic activities for 
isopropyl alcohol (IPA) with the acidity-basicity data directly 
measured on many kinds of mixed catalysts, such as M o 0 3 -
Bi203-P205,20) Mo03-Ti02,22> Mo03-Sn02J

23) Mo03-Fe2-
03,

24> V205-Ti02,22> V205-Sn02,26> V205-Fe203,2*> and T i 0 2 -



2580 Mamoru Ai [Vol. 50, No. 10 

XnOTO (X„Om=various kinds of metal oxides),33) it has been 
found that the activity for the dehydration of IPA to propylene 
(rp) represents the acidity of the catalyst and that the value 
of the rjrv ratio, where ra is the activity for the dehydrogena-
tion of IPA to acetone, is also valid as an index of basicity; 

acidity oc dehydration rate (1) 

basicity ex dehydrogenation rate 
dehydration rate v ' 

The results indicate that acidic and basic sites take part 
almost equally in the dehydrogenation of IPA; 

dehydrogenation rate oc (acidity) (basicity). (3) 

This reaction may proceed by means of a concerted mechanism, 
e.g.") 

^C-H 0 —• acidic site 

O-H©-» basic site 

Thus we used the values of rp and rjrp as measures of 
the acidity and basicity, respectively, of the catalysts. 

Catalytic Activity Measurements. The vapor-phase oxi­
dation of cis-2-butène, 1,3-butadiene, and acetic acid, and 
the dehydration and dehydrogenation of isopropyl alcohol 
(IPA) were carried out in an ordinary continuous-flow-
type reaction system. The concentrations of butène, buta­
diene, acetic acid, and IPA were 0.67,0.67, 1.5, and 1.65 mol%, 
in the air; the total flow rate (at 25 °G) was kept constant 
at 1.5 1/min, the amout of catalyst used being 2—30 g. The 
reactor and experimental procedures were the same as those 
employed in previous works.18-26) 

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

Acidic and Basic Properties. A gaseous mixture of 
IPA with air was passed through a bed of the catalyst 
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Fig. 1. Influence of the second components (X„Om) on 
the acidity (rp) and the surface area. 

(2—6 g) held at 175 °C. The rates of dehydration (rp) 
and dehydrogenation (ra) [mol/h g-cat], which are 
known to be almost of zero-order with respect to the 
IPA concentration,18-28) were obtained for each catalyst. 

The values of rp together with the surface areas, S 
(m2/g) are given in Fig. 1. Introduction of the additives 
(XnOm) causes a remarkable change both in the surface 
area and the specific acidity (rp/S) of the catalyst. It 
should be noted that introduction of T e 0 2 , K 2 SnO a , 
and K 2 S 0 4 into V 2 0 5 decreases the acidic property 
significantly. 
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Fig. 2. The specific acidity of the binary system (V 2 0 5 -
X B O J , rJS, as a function of that of the second compo­
nent ( X „ O J alone, r'p/S. 
rv: The dehydration rate at 175 °C, 
r'p: the dehydration rate at 190 °C. 

In Fig. 2 the specific acidity of the binary system, 
rp/S, is plotted as a function of that of the second 
component (XnOm) alone, r ' p /S, obtained previously.35) 
A rough correlation holds between rp/S and r'JS, though 
a disparity and some exceptions are found. Addition 
of such acidic elements as P 2 0 5 and T e 0 2 decreases 
the acidity. 

Figure 3 shows the relationship between the specific 
acidity, rJS, and the basicity, rjrp. The basicity 
decreases a great deal with an increase in acidity, as 
might be expected in the case of a liquid acid-base, 
except for the cases of P 2 0 5 and T e 0 2 . Introduction of 
P 2 0 5 decreases both the acidity and the basicity. 

Isomerization Activity for Butène. The oxidation 
of butène over a V 2 0 5 -based catalyst is always accom­
panied by its isomerization. The influence of the 
additives on the activity for the isomerization of butène 
was studied. The experiments were carried out at the 
m-2-butene concentration of 0.67 mol % in the air, at a 
total flow rate of 1.5 1/min, and a t 220 °C, the catalyst 
amount being varied in the 2.5—30 g range. The ratio 
of {trans-2-butène + 1 -bu tène ) / (m-2 -bu tène + trans-2-
butene+1-butène) corresponding to the surface area 
of 5 m2 , / , which is far from the thermodynamic equilib­
r ium (Ie) of ca. 0.65, was adopted as a measure of the 
specific activity for isomerization. The data are plotted 
against the value of rp/S in Fig. 4. 
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A linear relationship is obtained between isomeriza­
tion activity and acidity of the catalyst. This 
indicates22'23»26) that, under the circumstances of the 
oxidation reaction in a flow system, the isomerization 
is catalyzed only by the acidic sites, and that the basic 
sites which can also catalyze the isomerization in the 
absence of oxygen in a closed36) or pulse-reaction 
system37) are poisoned by C 0 2 or other acidic products. 

Oxidation Activity for Olefin. The promotive effect 
of the additives on the oxidation activity for such basic 
reactants as olefins was also examined. The oxidation 
of 1,3-butadiene was chosen as a model reaction for 
convenience of experimental procedure. I t was carried 
out over a seires of VaOg-X^O^ catalysts at 285 °C, the 
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Fig. 5. The oxidation activity for butadiene (rJS) as a 
function of the acidity (rJS). 

amount of the catalyst being varied from 2.5 to 25 g. 
The initial rate of butadiene disappearance, rB (mol/h g-
cat), was adopted as a measure of activity. T h e specific 
activity, rB/S, is plotted as a function of the specific 
acidity, rpfS, in Fig. 5. 

A moderately good correlation is obtained between 
oxidation activity and acidity, except for several oxides 
such as T i 0 2 , A1203 , P 2 O s , SO a , and U 3 0 8 . The data 
are in line with the results obtained previously,18-26) 
indicating that the acidic sites play an important role 
in catalyzing the oxidation of olefin. I t seems that the 
large deviation of V 2 0 5 - T i 0 2 and V 2 0 5 - A 1 2 0 3 is 
connected to their large surface area. When the oxida­
tion activity per unit volume of catalyst is very high, the 
evolution of heat per unit volume of catalyst becomes 
great and, the real temperature of the catalyst surface 
becomes much higher than the measured temperature, 
which gives rise to a large increase in apparent activity. 
The disparity of these results may arise in part from the 
participation of another factor in the catalysis; e.g., the 
activation of oxygen which seems to be associated with 
(1) the strength of metal-oxygen bonding and (2) the 
possibility of incorporation of gaseous oxygen into the 
crystal lattice oxygen by electron donation from the 
catalyst. 

Oxidation Activity for Acid. T h e influence of the 
additives on the oxidation activity for acidic compounds 
was also examined. Acetic acid was chosen as the 
reactant. The initial rate of oxidation to C O a at 325 °C, 
rA (mol/h g-cat), was adopted as a measure of activity. 

The specific activity, rAfS, is plotted as a function of 
the basicity, rjrp, in Fig. 6. The basic sites of the 
catalyst are considered to contribute to the activation 
of acidic compounds.19-22 ,24) 
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Fig. 6. The oxidation activity for acetic acid {rJS) as a 
function of the basicity (ra/rp). 

A relatively good correlation is found between rA/S 
and ra/rp. This supports the validity of the above 
conception that the basic sites of catalysts contribute 
to the activation of an acidic compound and oxygen 
(electron-accepting compound). The large deviation of 
C u O and K 2 S 0 4 is supposed to be caused by the strength 
of metal-oxygen bonding. 

Selectivity in Oxidation. The effect of additives 
on selectivity in the oxidation of olefins was examined. 
Butadiene was oxidized in the presence of excess air 
(butadiene—0.67 mol %) over the series of V 2 Ö 5 - X M O m 

catalysts with a variety of second components, X M O m . 
At a high conversion of ca. 80—95%, the main product, 
besides C 0 2 and C O , was maleic anhydride as in 
earlier results. The amount of acetic acid was fairly 
small. 

The selectivity of butadiene to maleic anhydride at 
a conversion of 80—90% is plotted as a function of the 
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Fig. 7. The selectivity from butadiene to maleic anhy­
dride at a conversion of 80—95% as a function of the 
basicity of the catalyst (rjrp). 

basicity of the catalyst, rjrp> in Fig. 7. The selectivity 
is ca. 50 mol % and nearly independent of the additives, 
except in the cases of K 2 S 0 4 and K 2 S n 0 3 where the 
oxidation activity is extremely low. Since V2Oö-based 
catalysts are acidic enough, viz., they are inactive for 
acidic compounds, the selectivity is not limited by the 
consecutive decomposition of the maleic anhydride 
produced, but by the selectivity in the steps from 
butadiene to maleic anhydride. 

The selectivity in the oxidation of m-2-butene was 
examined. The formation of butadiene was very low, 
even at low oxygen concentrations. The butadiene 
produced can be oxidized more rapidly than butène, 
since the catalysts are acidic and butadiene is more 
basic than butène.19 '20 '22 '26* 

Concerning maleic anhydride formation, the selec­
tivity from butène is fairly small as compared with that 
from butadiene. A significant amount of acetic acid is 
formed at the expense of maleic anhydride as has been 
reported by Brockhaus.38) The selectivities to maleic 
anhydride and acetic acid at a 80—95% conversion are 
plotted as a function of the basicity of the catalyst, 
rjrp, in Fig. 8. 
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Fig. 8. The selectivity from cis-2-butène to maleic anhy­
dride and acetic acid at a conversion of 80—95% as a 
function of the basicity (rjrp). 
O —Maleic anhydride, A = acetic acid + maleic 
anhydride. 

The selectivity to maleic anhydride is ca. 12 mol % 
for each catalyst, while selectivity to acetic acid decreases 
with an increase in the basicity, rjrp. The results in 
Fig. 8, which coincide with the data of the oxidation 
activity for acetic acid (Fig. 6), reveal that acetic acid is 
decomposed more easily than maleic anhydride by 
means of the basic sites of the catalyst. I t is of interest 
that, in contrast to butadiene, butène is mainly oxidized 
to acetic acid. 

The selectivity to maleic anhydride over V2O s-based 
catalysts not containing a large amount of P 2 O s is mainly 
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limilted by the selectivity at the step of allylic oxidation, 
butène—»butadiene.39) This is because butène is more 
susceptible to the C - C fission than to the allylic C - H 
fission. 

Thus it can be said that the V 2 0 5 -based catalysts, 
if they are highly acidic and moderately basic, are 
effective for the oxidation of butène to acetic acid. 

Conclus ion 

The introduction of a small amount (10 atom %) of 
metal oxides into a V 2 0 5 catalyst causes a remarkable 
change in the surface area and the acid-base properties. 

The acidity of the binary system, V 2 0 5 - X M 0 O T (9 : 1), 
is roughly correlated to that of the second component, 
XnOm, itself, though there are many exceptions. In 
general the basicity decreases markedly with acidity. 

The activity for the isomerization of 1-butène is 
proportional to the acidity of catalyst. The oxidation 
activity for olefin is roughly correlated with the acidity 
and that for acid is correlated with the basicity of the 
catalyst. 

Since the V 2 0 5 - X M O w l (9 :1 ) catalysts are rather 
acidic, the selectivity of butadiene to maleic anhydride, 
which is relatively stable, is ca. 50 mol % and is scarcely 
influenced by the introduction of any metal oxides 
except for X M 0 O T = K 2 S 0 4 and K 2 S n 0 3 . Over these 
V 2 0 5 - X M O m catalysts, butène is mainly oxidized to 
acetic acid as a result of the C - C fission which takes 
place in preference to the allylic C - H fission, little 
butadiene being formed from butène. The selectivity 
to acetic acid decreases with an increase in the basicity 
of the catalyst, since acetic acid is decomposed easily 
with the basic sites. 

This agrees with the results of our earlier works and 
leads us to conclude that the introduction of metal 
oxides into V 2 0 5 modifies the acid-base properties of 
the catalysts, and that this modification induces the 
main change in oxidation activity and selectivity. 
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A Study of the Transport of Tetraalkylammonium Ions 
through Ion-exchange Membranes 
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(Received M a y 6, 1977) 

T h e membrane potential and conductance of the cation-exchange membrane-aqueous quaternary tetra­
alkylammonium chloride systems have been measured by using NH4+, te t ramethyl-(Me 4N+ ) , tetraethyl-(Et4N+), 
tetrapropyl-(Pr4N+), and te t rabutylammonium ions (Bu 4N+) . T h e potential change in the concentration cell with 
these salts was about 58 m V for a tenfold change of concentration. T h e membrane conductance in the concentra­
tion cell increased with the concentration. T h e membrane permeability, as estimated from the potential and 
conductance da ta , was in the order of N H 4

+ > M e 4 N + > E t 4 N + > P r 4 N + > B u 4 N + ; it is proportional to the geometric 
mean of the activities of exterior solutions. T h e effective pore size of the membrane was deduced from the conduct­
ance da t a and found to be ca. 10 Â. T h e selective permeation coefficient has been determined from the potential 
da t a of the two- and multi-ionic systems. T h e selectivity d a t a obtained with the two-ionic system were in agreement 
with those obtained with the multi-ionic system. T h e selectivity increased with the chain length of the cation, in 
contrast to the reversed order of the membrane permeability in the concentration cell. This was attributed to the 
decreasing mobility with the increasing chain length. 

So far, on ly a few s tud ies of t h e t r a n s p o r t p h e n o m e n a 
of o r g a n i c ions h a v e b e e n r e p o r t e d 1 - 1 0 ) i n sp i te of t he i r 
i m p o r t a n c e f rom t h e i n d u s t r i a l a n d b io log ica l p o i n t s of 
v iew. I t is wel l k n o w n t h a t q u a t e r n a r y t e t r a a l k y l ­
a m m o n i u m ions , such as t e t r a m e t h y l - ( M e 4 N + ) , t e t r a -
e t h y l - ( E t 4 N + ) , t e t r a p r o p y l - ( P r 4 N + ) , a n d t e t r a b u t y l a m ­
m o n i u m ions (Bu 4 N+) , a r e s p h e r i c a l a n d t h a t t h e 
c o n d u c t a n c e s of these ions i n a q u e o u s so lu t ions a r e 
g e n e r a l l y sma l l e r t h a n those of s imp le i n o r g a n i c ions.1 2) 
H o w e v e r , as to t h e t r a n s p o r t of these ions t h r o u g h i on -
e x c h a n g e m e m b r a n e s , i t h a s r a r e l y b e e n r epo r t ed . 5 ) 

T h e p u r p o s e of th i s s t u d y is to e s t i m a t e t h e m e m b r a n e 
p e r m e a b i l i t y , t h e m o b i l i t y , t h e se lect iv i ty coefficient, 
a n d t h e p o r e size of t h e m e m b r a n e o n t h e basis of 
m e a s u r e m e n t s of t h e m e m b r a n e p o t e n t i a l a n d t h e 
m e m b r a n e c o n d u c t a n c e of t h e i o n - e x c h a n g e m e m b r a n e -
o r g a n i c i o n sys tem b y us ing v a r i o u s q u a t e r n a r y a m m o ­
n i u m ions a n d to discuss these phys i ca l p r o p e r t i e s . 

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

Materials. T h e membrane used in this study was 
a CL-2.5T cation-exchange membrane kindly supplied by 
the Tokuyama Soda Industry Co., L td . ; after conditioning 
it was prepared by immersing the sodium-form membrane 
in 0.1 M tetraalkylammonium chloride for over a week. 
T h e water contents in the membranes of the ammonium 
and sodium forms were determined from the difference 
between the weights of the wet and dried membranes. T h e 
dried membrane was prepared by heating the wet membrane 
for a few days at 110 °C until the weight of the membrane 
attained a constant value. T h e ion-exchange capacity was 
measured by means of the back titration of alkali after 
treating the membrane of the hydrogen form with an excess 
of a 0.5 M sodium hydroxide solution. T h e exchange 
capacity was calculated with respect to the dry weight in 
the sodium form. T h e membrane of each form was washed 
thoroughly with redistilled water and blotted quickly with 
the filter paper to remove the adhered l iquid; its thickness 
was then measured with the micrometer. T h e concentra­
tion of each counter ion in the wet membrane was calculated 
on the basis of the exchange capacity and the wet volume 
of the membrane in the sodium form. T h e ion-exchange 
capacity, the water content, and the thickness of the cation-

T A B L E 1. SPECIFIC PROPERTIES OF MEMBRANE"0 

Substance 

Na+ 
NH 4+ 

Me4N+ 
Et4N+ 
Pr4N+ 
Bu4N+ 

Thickness X 

cm 

1.56 
1.57 

1.61 
1.66 

1.72 
1.77 

10* Cb> 

eq/1 

1.6 
1.6 

1.6 
1.5 
1.5 
1.4 

Water content ^ 

w t % 

27 
27 
— 
— 
— 
— 

a) Exchange capacity of membrane : 1.70 meq/g. 
b) Molari ty in membrane. 

exchange membrane in various forms are summarized in 
Table 1. T h e concentrations of the tetraalkylammonium 
chlorides were determined by the method of Fajans, in which 
Tween 80 (a nonionic surfactant) was used to decide the 
end point readily. 

Membrane Potential and Conductance. The membrane 
potential and the conductance were measured by the method 
described in previous papers.13 '14) There are several methods 
for conductance measurement.1 5 - 1 7) Lakshminarayanaiah 
et a/.14) have reported that the mercury method yields a 
steady value of membrane conductance for the range of the 
frequencies of the applied electric field of 1000—10000 Hz. 
Thus, this method was employed for the conductance measure­
ment, and values measured with 1000 Hz were taken through­
out this study. T h e area of the membrane for the measure­
ment was 0.785 cm2 . T h e experiments were carried out 
at room temperature, 2 0 ± 0 . 5 °C. 

Mean Activity Coefficient. In order to analyze the 
experimental results, the mean activity coefficient should 
be known. Since the mean activity coefficients of tetraalkyl­
ammonium ions in concentrations bellow 10_ 1 M have 
never been reported, they were calculated from the da t a 
of the freezing point depression.18) For concentrations 
above 10_ 1 M, the values obtained by the gravimetric isopie-
stic vapor pressure technique19) were used. 

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

C o n s i d e r t h e sys tem i n w h i c h t w o a q u e o u s phases , 
I a n d I I , c o n t a i n e lec t ro ly tes , M + X ~ a n d N + X ~ , a n d i n 
w h i c h t h e a q u e o u s phase s a r e s e p a r a t e d b y a n ion-
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exchange membrane. According to earlier papers,13-14 '20) 
the equations for the membrane potential, V0, and the 
membrane conductance, Gm, are expressed by: 

and: 

v = RT_ l n Pu< + i V k + ^ 4 1 

0 F i V i i + J V ï i + J W 

Gm = -^(Puaü + PvaV + PWx) exp ( - g ^ ) 

(1) 

F2 

RT iP*<k + P*<k + Px<%) e x P ( - ^ f ) ' (2) 

respectively. In Eqs. 1 and 2, the superscripts, I and I I , 
refer to the aqueous phases, I and I I , respectively, and 
the subscripts, M, N, and X, the ion M, N, and X, 
respectively; R denotes the gas constant; T, the absolute 
temperature; F, the Faraday constant; Pa, the 
membrane permeability to the ion, a, and aa, the 
activity of the ion, a. 

When the two phases contain a single electrolyte, 
M + X - , Eqs. 1 and 2 reduce to : 

and : 

y = RT^]nPu<±P^l 
0 F P M < + P X 4 ' 

Gm = ^ 7 ( i V U + i>x4) exp i^Ç) 

(3) 

F2 

RT 
( P ^ + P ^ e x p ^ - ^ ) , (4) 

respectively. 
For the cation-exchange membrane, which is highly 

permselective to cations, Px is very small as compared 
to PM and PN . In this case, Eqs. 1—4 can be reduced 
to: 

Vn = RT 

F2 

lnPu<±P^k 
P^ + P»< 

G „ l = - ^ ( P M < + P N 4)exp 

RT 
0PM< + « ) e x p 

\ 2RT j 

\2RT)> 

and: 

V°- F m a[ 

Gm = - ^ ^ V M exp V 2RT J 

-RT^atieXp\2RT)' 

(5) 

(6) 

(7) 

(8) 

respectively. 
When Phase I contains M+X~ and Phase I I , N+X~, 

i.e., when the system is two-ionic, Eqs. 5 and 6 are 
reduced to: 

and : 

V°- F P»ar 

F2 

(9) 

Gm = ^PK°\A exp \ 2RT) 

F2 ( FV \ (10) 

respectively. 

Thus, the membrane permeability can be estimated 
providing that the potential, the conductance, and the 
activity data are known. 

Concentration Cells. In Fig. 1, the membrane 
potentials are shown for the concentration cells of 
Pr4N+ and Bu4N+ chloride as typical examples. The 
concentration of the salt in Phase I I was kept at 10 - 2 M 
while that in Phase I was altered. T h e potential change 
was about 58 m V for a tenfold change in the concentra­
tions from 10~3 to 10_ 1 M and the apparent trans­
ference numbers of Pr4N+ and Bu4N+ were 0.97 or 0.98 
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i I 1 
lO- 10_ 1Q-
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Fig. 1. Membrane potentials as functions of the mean 
activity of Phase I for the concentration cells. 
A: Pr4N+, B: Bu4N+. 

10 10" 10"2 

aJM 

Fig. 2. Membrane conductances as functions of the 
mean activity of Phase I for various concentration 
cells. Concentration of Phase II was kept at 10-2M. 
A : NH4+, O : Me4N+, A : Et4N+, * : Pr4N+, ••* 
Bu4N+. 
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respectively. T h e same results were also obtained with 
NH4+, Me4N+, and Et4N+. All the data of membrane 
conductance are shown in Fig. 2. I t has been shown 
that the membrane conductance becomes larger16 '17 '21) 
as the concentration of the external solution increases 
except for the case of Et4NCl. In the case of Et4NCl, a 
small decrease in the conductance was observed at 
higher concentrations. The reason for this decrease 
is not still clear at present. The order of magnitude of the 
membrane conductance was N H 4 + > M e 4 N + > E t 4 N + > 
Pr4N+>Bu4N+. As has been mentioned previously,13) 
the membrane permeability, Pa, was estimated accord­
ing to Eqs. 7 and 8 by using the experimental results 
of the membrane potentials and conductances. The 
membrane permeabilities are plotted against the mean 
activities in Fig. 3. The results indicate that the mem­
brane permeability decreases with an increase in the 
concentration and decreases in the order: N H 4 + > M e 4 -
N+>Et 4 N+>Pr 4 N+>Bu 4 N+. 

HT1 

aJM 

Fig. 3. Permeability vs. mean activity diagram for various 
concentration cells. 
A : NH,+, Q: Me4N+, A : Et4N+, # : Pr4N+, Q : 
Bu4N+. 

The values of PCi were found to be very small as 
compared with those of cations; i.e., P C I /PNH. and 
PCI/PR^ were less than 1/100, where R 4 N denotes the 
tetraalkylammonium ion. 

According to a previous paper,20) the membrane 
permeability is expressed by : 

Pa = 
RT UaCa ;n) \Za\F ô(a*a.a%y/>' 

provided the membrane is permselective to the ion, a, 
and the process is membrane-controlling, where Za 

denotes the ionic charge; Ua, the mobility; Ca, the 
concentration of the ion, a, within membranes; d, the 
membrane thickness and al

a and a%t the activities of 
the ion, a, in Phases I and I I respectively. 

Thus, the permeabilities are plotted against 
Oâ-o")~1 / 2 in Fig. 4. Figure 4 indicates that Pa is 

a 
o 

m 
I 

o 

2.0 3.0 

K-4 I ) _ 1 / 2 / ( i0 2 M- 1 ) 

Fig. 4. Permeabilities as functions of the reciprocal of 
geometric means of the activities of Phase I and 
Phase II. 
A : NH4+, Q : Me4N+, A : Et4N+, # : Pr4N+, Q : 
Bu4N+. 

approximately proportional to (al
a'a^)~1/2 for all the 

systems studied. According to Eq. 11, this implies that 
UaCa is almost constant. Since the concentration of 
the cation in the membrane may be regarded as constant 
within the range of concentrations studied,22) this means 
that the mobilities are constant. The mobilities were 
then evaluated according to Eq. 11 ; they are summariz­
ed, together with the limiting equivalent conductance11) 
and ionic radii,12) in Table 2. The mobility in the 
membrane in Table 2 are plotted against the limiting 
equivalent conductance of each ion, Aa, in Fig. 5. 

20 40 60 80 

Aa/(cm2 fi"1 equiv"1) 

Fig. 5. Mobility in the membrane as a function of the 
limiting equivalent conductance in aqueous solution. 
1:NH4+, 2:Me 4N+ , 3: Et4N+, 4: Pr4N+, 5: Bu4N+, 
6:Na+, 7: Li+. 
0 : The data obtained in this study with C1-2.5T. 
O : The data obtained by Kawabe et a/.5> with AG-1 
(Asahi Chem.) at 10"1 M. 
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TABLE 2. MOBILITY IN THE MEMBRANE AND LIMITING 

EQUIVALENT CONDUCTANCES IN AQUEOUS 

SOLUTION AND IONIC RADII 

T7~ K I 7~ 

NH4+ 
Me4N+ 
Et4N+ 
Pr4N+ 
Bu4N+ 

cm2 s 1 V - 1 

1.4X10-5 

4.2X10-6 

3.0X10-6 

1.0x10-« 
1.3xl0" 7 

cm - 2 Q_1 equiv -1 

73.50 
44.92 
32.66 
23.42 
19.47 

Â 

3.31 
3.67 
4.00 
4.52 
4.94 

Kawabe et al.5) measured the membrane conductances 
with the alkali metal cation and tetraalkylammonium 
ions in order to estimate the effective pore size of the 
ion-exchange membranes. According to their method, 
the mean pore size of a membrane was estimated from 
our experimental results of Et4N+, Pr4N+, and Bu4N+. 
These quaternary ions may be regarded as indicating 
that they are not hydrated.12) By comparing the results 
of Et4N+-Pr4N+ and Pr4N+-Bu4N+, the pore radii of the 
membrane in this study were found to be 5.4 Â and 
5.2 Â respectively. Thus, it can be suggested that the 
mean effective pore size of the membrane is approximate­
ly 10 Â, since the ionic radius of Bu4N+ is 4.94 Â and 
the mobilities of Pr4N+ and Bu4N+ decrease steeply, as 
is shown in Fig. 5. 

Two-ionic System. The two-ionic membrane poten­
tials for the system expressed by the following scheme 
were studied. 

(II) 

NH4C1 

10~2M 

Membrane 
(I) 

Tetraalkylammonium chloride 

10~3 M to 10"1 M 

The concentration of the salt in Phase I I was kept at 
10-2 M NH4C1, while that in Phase I was altered from 
10~3 M to 10-1 M. The results are shown in Fig. 6. 

+ 50 

> 
a 

-100 

- 5 0 h -

aJM 

Fig. 6. Membrane potentials as functions of the mean 
activity of Phase I for two-ionic systems. 
O : Me4N+, A : Et4N+, # : Pr4N+, • = Bu4N+. 

aJM 

Fig. 7. Permeability ratios as functions of the mean 
activity of Phase I for two-ionic and multi-ionic 
systems. 
Two-ionic system; 
O : Me4N+, A : Et4N+, # : Pr4N+, Q : Bu4N+. 
Multi-ionic system; 
3 : Me4N+, A : Et4N+, R : Bu4N+. 

For the NH 4+-Me 4N+ and NH4+-Et4N+ systems, the 
plots of the potentials vs. the logarithmic activities were 
found to be linear, with the slope of 58 mV. T h e results 
are in agreement with that expected from Eq. 9 provided 
the membrane permeability ratios are constant. Small 
deviations from the slope of 58 mV, however, were 
observed with the NH 4+-Pr 4N+ and -Bu4N+ systems. 
The membrane permeability ratios, •PR^N/^NH») calculat­
ed according to Eq. 9 are shown in Fig. 7. I t may be 
seen in this figure that the longer the chain, the smaller 
the values of PR .N/^NH., and that the tendency to 
decrease with the concentration becomes greater as the 
ionic radius increases. A more detailed study will be 
required to elucidate the concentration dependence of 
the permeability ratio. 

Multi-ionic System. The multi-ionic potentials of 
the following system were examined : 

(II) 
NH4G1 
10~2M 

Membrane 
(I) 

R4NC1:NH4C1=1:1 

5 x l 0 - 4 M t o 5 x l O ~ 2 M 

The concentration of the salt in Phase I, where the 
concentration ratio of R4N+ to NH4+ was kept at 1: 1, 
was altered from 5 X 10~4 M to 5 X 10~2 M. Here, the 
activity coefficient was used without further correction 
for the mixed electrolyte solutions. The permeability 
ratio was calculated according to Eq. 5 and shown in 
Fig. 7. As shown in this figure, P K .N/PNH. in the two-
ionic system was agreed with that in the multi-ionic 
system. 

According to Eq. 11, Pa\Ua may give the measure of 
the partition of the ion, a, in the membrane ; hence : 

P Ü 
»'R.N _ r B . N u N H , A N H . — —5= D P ( 1 2 ) 

corresponds to the ion-exchange selectivity coefficient. 
The values of K$$t calculated according to Eq. 12 are 
shown in Table 3. K%£ shows an increase with an 
increase in the alkyl chain length which agrees with the 
result reported by Kressman and Kitchener.23-24) At 
this stage, it is interesting to compare the relative 
permeabilities, PR.N/^NH«, in the two- and multi-ionic 
systems with those calculated from the permeabilities 
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TABLE 3. SELECTIVITY COEFFICIENT"^ 

Substance 

Me4N+ 
Et4N+ 
Pr4N+ 
Bu4N+ 

*8£ 
2.2 
2.2 
5.3 

19 

a) The data were calculated at 10_1 M. 

0.7j 1 

°-6r 

^ \ \ 
«C °T X^ >> o-o-

02\ ^ ^ - ^ 

| -q n—n-i n—n- i 1 
KT3 w~2 io_1 

aJM 

Fig. 8. Permeability ratio, P^u/PtiH^ vs- mean activity 
diagram for concentration cells. 
O : Me4N+, A : Et4N+, # : Pr4N+, Q : BuAN+. 

in the concentration cell given in Fig. 8. Those per­
meability ratios showed a tendency to decrease against 
the increase in the concentration of the external solution, 
i.e., Phase I. However, the values in the concentration 
cell were found to be much smaller than those in the 
two- and multi-ionic systems. I t is noted that the longer 
the chain of the organic ion, the smaller the value of 
-PR.N/-PNH4. This behavior is more or less different from 
the earlier results in the case of simple inorganic ions.13»14) 
These facts imply that the transport phenomena of the 
organic ions are strongly dependent on the compositions 
of the ionic species present in the membrane . T h a t is, 
when only a single species of an ion is present in the 
membrane, the permeability to the quaternary tetra-
alkylammonium ion decreases remarkably as their ionic 
radii increase, as may be seen in Fig. 3. O n the other 
hand, when two species of ions are present together in 
the membrane, it may be presumed that the relative 
permeability is governed by the interdiffusion in the 

membrane and that, therefore, the permeabilities of 
coexisting ions become closer. However, a more 
detailed study of the permeability in the two- and 
multi-ionic systems will be required to confirm the 
deduction described here. 
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Structure of Aqueous Isomeric Butyl Alcohols—Sound Velocity Studies 
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The effect of isomeric butyl alcohols on the temperature of sound velocity maximum in water (TSVM) was 
studied using a variable path interferometer working at 3 MHz. The structural contribution to the shift in TSVM, 
[AT"str]exp, was evaluated for the butyl alcohols and the results are compared with those obtained from studies on 
the effect of these solutes on the temperature of adiabatic compressibility minimum and density maximum of water. 
The results indicate that the butyl alcohols enhance the hydrogen-bonded structure of water at low concentrations 
and at any given concentration, the order of increasing structural contribution to the shift in TSVM being /-butyl 
^>5-butyl^>isobutyl^>butyl alcohols. The structural propensities of the butyl alcohols as revealed by TSVM 
studies are in line with the information obtained from the temperature of adiabatic compressibility minimum and 
density maximum studies. The results of the present study indicate that TSVM studies are useful in understand­
ing the solution structure in aqueous mixtures. 

Many studies have been reported on the solution 
structure of aqueous alcohols. They mainly deal with 
the observation of non-ideal thermodynamic behaviour 
of aqueous mixtures such as viscosity composition,1) 
ultrasonic velocity,2'3) and absorption4 '5) maxima 
as a function of concentration and negative partial 
molal volumes.6-7) At any given temperature water 
can be considered to consist of essentially two 
species, one hydrogen bonded and the other non-
hydrogen bonded, this being the most common of the 
many theories.8) Water exhibits a density maximum at 
3.98 °C, adiabatic compressibility minimum at 64 °C and 
sound velocity maximum at 74 °C. Any parameter 
which can affect the structural equilibrium of water 
will also influence the temperature at which the extrema 
are observed. Hence a study of the effect of non-
electrolytes on these physical properties of water helps 
one to understand the structural propensities of these 
solutes in water. Wada and Umeda9) studied the 
effect of isomeric butyl alcohols on the temperature of 
density maximum of water. In an earlier communica­
tion10) we reported the effect of these solutes on the 
temperature corresponding to the adiabatic com­
pressibility minimum of water. Both studies indicate 
that isomeric butyl alcohols hehave as structure pro­
moters when added in small amounts to water. 

According to Eyring and Kincaid11) a sound wave in 
a liquid is supposed to travel with infinite velocity 
within a molecule and with gas kinetic velocity in the 
intermolecular space. O n this assumption, the con­
version of hydrogen-bonded into close-packed ones (due 
to rise in temperature) results in a positive temperature 
coefficient of sound velocity and the simultaneous 
volume expansion of both species gives rise to a negative 
temperature coefficient of velocity. The competition 
between these two opposing tendencies leads to the 
sound velocity maximum observed at 74 °C, where 
thermal expansion balances the effect due to the equi­
librium shift. Above 74 °C the structural expansion 
plays a dominant role and the velocity decreases with 
increasing temperature. 

Any parameter which can affect the structural 
equilibrium in water would also influence the tem­
perature of sound velocity maximum (TSVM). Hence 
ultrasonic velocity measurements in aqueous solutions 

in the vicinity of T S V M are likely to throw some light 
on the structural effects of different molecules. Howev­
er, ultrasonic velocity is not generally considered to be a 
primary thermodynamic quantity. I t can be con­
sidered to be dependent on density and adiabatic 
compressibility. Density and adiabatic compressibility 
of aqueous solutions show a complex temperature 
dependence, each becoming maxima and minima, 
respectively, at certain temperatures which are not 
the same. Under these conditions, we are not certain 
whether the condition (dtt/d£)/=TsvM=0 can be considered 
to be a criterion for structure breaking or structure 
promotion where u denotes ultrasonic velocity and t 
temperature. The present paper deals with the studies 
on the effect of isomeric butyl alcohols on the T S V M of 
water with a view to comparing the results with those 
obtained from density maximum9) and adiabatic 
compressibility minimum10) studies and thereby evaluate 
the usefulness of velocity measurements. 

Ex p e r i m e n t a l 

A. R grade isomeric butyl alcohols were used after 
purification. Ultrasonic velocity in the pure components 
and aqueous mixtures was determined using a single crystal 
variable path interferometer working at 3 MHz with an 
accuracy of ±0-003 percent. The details of the experimental 
technique and the method of measurement of velocity and 
temperature of liquid were reported.10* 

Solutions of desired concentration were prepared by weigh­
ing the samples using triple distilled, degassed water. Ultra­
sonic velocity in the solutions were determined at ~ 2 °C inter­
vals over a range of 5 °G on either side of TSVM. The 
velocities were corrected for diffraction effects, following 
the procedure developed by Subrahmanyam et a/.12> At low 
concentrations of the organic solute, the temperature de­
pendence of sound velocity in the aqueous solutions is parabo­
lic and resembles that of pure water. Hence a transparent 
template of the curve for pure water was employed to fix 
TSVM. The accuracy in fixing TSVM is ± 0.2 °C. 

R e s u l t s 

Diffraction corrected ultrasonic velocities in dilute 
aqueous solutions of isomeric butyl alcohols as a function 
of temperature at different concentrations are given 
in Table 1. Some typical results are shown in Fig. 1. 
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TABLE 1. ULTRASONIC VELOCITY IN 

Temper­
ature 
*(°C) 

* 2 = 

68.05 
69.60 
71.10 
72.20 
73.55 
75.05 
76.15 
77.55 
78.60 
79.95 

X2= 

68.50 
70.55 
72.75 
75.30 
77.15 
79.40 

x2= 

68.25 
70.15 
72.00 
72.90 
74.10 
76.05 
78.50 

x2= 

62.20 
64.00 
65.80 
67.30 
69.25 
71.35 

* , = < 

68.10 
70.30 
72.65 
74.60 
75.95 
78.30 

X2 = i 

61.30 
63.60 
66.55 
68.75 
71.30 

Velocity 
w(m/s) 

Temper 
ature 
<(°C) 

Water + t-hutyl alcohol 
0 

1550+ 
4.60 
4.84 
5.06 
5.19 
5.27 
5.26 
5.21 
5.10 
4.86 
4.60 

0.0025 

1550+ 
7.90 
8.19 
8.43 
8.34 
8.23 
7.67 

0.0046 

1550+ 
10.62 
10.82 
11.02 
11.03 
10.94 
10.87 
10.50 

0.0075 

1550+ 
15.17 
15.45 
15.51 
15.39 
15.29 
14.96 

Water + 

0.0014 
1550+ 

5.64 
6.00 
6.05 
5.89 
5.71 
5.30 

0.0048 

1550+ 
9.02 
9.53 
9.89 
9.96 
9.72 

* 2 = 

68.50 
69.20 
70.20 
71.95 
72.65 
74.60 
76.35 
78.35 

X2= 

68.25 
69.55 
71.35 
73.15 
74.85 
77.50 

x2= 

64.60 
66.70 
68.55 
70.00 
72.05 
74.20 
76.65 

j-butyl alcohol 

* , = < 

66.60 
68.80 
70.95 
73.35 
76.10 
78.10 

X2=i 

59.20 
61.45 
64.00 
66.40 
68.60 

V . SUBRAHMANYAM [Vol. 50, No. 10 

AQUEOUS SOLUTIONS OF ISOMERIC BUTYL ALCOHOLS AT DIFFERENT TEMPERATURES 

Velocity 
«(m/s) 

0.0013 

1550+ 
6.37 
6.52 
6.80 
7.03 
6.95 
6.92 
6.79 
6.56 

0.0037 

1550+ 
9.27 
9.49 
9.69 
9.67 
9.58 
9.33 

0.0062 

1550+ 
12.90 
13.15 
13.40 
13.41 
13.23 
12.97 
12.19 

0.0024 
1550+ 

7.01 
7.44 
7.49 
7.44 
7.12 
6.71 

3.0077 

1550+ 
12.90 
13.32 
13.38 
13.41 
13.06 

Temper­
ature 
<(°C) 

73.40 

x2= 

55.10 
55.80 
57.05 
59.50 
61.75 
64.20 
66.00 

x2= 

68.05 
70.60 
72.85 
75.15 
77.20 
79.10 

x2= 

62.60 
64.55 
67.15 
69.35 
71.35 
74.00 

x2= 

68.35 
70.15 
72.50 
74.35 
75.85 
77.70 

x2=< 

63.15 
65.00 
67.25 
69.20 
71.05 
73.15 

*.=' 

56.45 
58.10 
60.25 
62.65 
64.92 
67.35 

Velocity 
a (m/s) 

9J37 

0.0107 

1550+ 
16.13 
16.25 
16.46 
16.82 
16.78 
16.60 
16.24 

Temper­
ature 
*(°C) 

70.00 

Velocity 
«(m/s) 

12.86 

Water + isobutyl alcohol 

0.0017 X2=0.0037 
1550+ 

5.72 
5.98 
6.03 
5.86 
5.50 
5.02 

0.0056 

1550+ 
9.28 
9.64 
9.65 
9.58 
9.30 
8.80 

65.95 
68.30 
70.35 
72.00 
74.50 
76.00 

x2= 

57.30 
59.85 
62.35 
65.20 
61.75 
69.65 

Water + butyl alcohol 
0.0014 

1550+ 
3.87 
4.12 
4.20 
4.27 
4.02 
3.72 

0.0038 

1550+ 
5.75 
6.10 
6.35 
6.38 
6.27 
6.00 

0.0080 

1550+ 
9.80 

10.10 
10.28 
10.19 
9.94 
9.58 

X2= 

64.50 
66.40 
68.55 
70.40 
72.15 
74.15 
75.95 

* , = < 

59.05 
61.55 
63.70 
65.75 
67.90 
70.55 

X2=\ 

54.60 
57.20 
59.55 
61.55 
63.55 
65.10 

1550+ 
7.14 
7.53 
7.49 
7.49 
7.14 
6.84 

0.0082 

1550+ 
11.16 
11.50 
11.73 
11.61 
11.24 
10.94 

0.0028 

1550+ 
4.45 
4.65 
4.87 
5.02 
4.96 
4.72 
4.36 

0.0064 

1550+ 
7.75 
8.26 
8.47 
8.51 
8.41 
8.00 

0.0098 

1550+ 
11.63 
11.90 
11.95 
11.80 
11.44 
11.20 
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68 
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Fig. 1. Ultrasonic velocity in dilute aqueous solutions 
of isomeric butyl alcohols at different temperatures. 
A : Pure water. B : water + f-butyl alcohol, X2=0.0046, 
C: water+j-butyl alcohol, X2=0.0024, D, E: water+ 
isobutyl alcohol, X2=0.0037, 0.0082, F: water+butyl 
alcohol, X2=0.0064. 

D i s c u s s i o n 

In order to understand the structural propensities of 
solutes in aqueous mixtures from T S V M studies, it is 
necessary to obtain an expression for the T S V M of the 
solution in terms of known quantities. For this purpose 
it is neccessary to express the sound velocity in the mix­
ture in terms of the velocities in the pure components. 
Since there is no agreed view regarding the method of 
evaluation of sound velocity in an ideal mixture, we 
have taken up the additivity of adiabatic compressibility 
on volume fractions. The adiabatic compressibility of 
an aqueous solution can be represented by 

ß = faßx + faß* + ßE, (1) 
where ßx, ß2, and fa, <j>2 refer to the adiabatic com­
pressibilities and volume fractions of water and the 
organic solute, respectively, and ßE represents the 
excess adiabatic compressibility. Since 

? = "XT' (2 ) 

urp 
where u is the ultrasonic velocity and p density, we can 
rewrite Eq. 1 as 

1 
u2p « I P I + U2P2 + (3) 

It is not necessary to use p=^1p1-\-^2p2
J
rp

E in the 
above equation since the effect of pE, the excess density, 
on the velocity of the solution is negligibly small. 
Hence we can rewrite Eq. 3 as 

1 

wxuS + + Pßl (4) 

where w1 and w2 refer to the weight fractions of water 
and the organic solute, respectively, in the solution. 

According to Willard13) the velocity in pure water 
conforms to the relation 

Ul = 1557 - 0.0245(74-02 , (5) 

where t is the temperature in °C. Over a small range 
of temperature the sound velocity in the organic solute 
is given by 

u2 = «2° - aj, (6) 

where au is the temperature coefficient of sound velocity 
in the solute and u%° is the velocity at 0 °C. 

By substitution of Eqs. 5 and 6 in Eq. 4, differentiation 
with respect to temperature, and use of the conditions 
(dw/d£)/=TsvM=0, we obtain the following expression 
for T S V M in the solution : 

T= 7 4 -
0.049/ \uJ 

The shift produced in the T S V M of water due to the 
presence of the organic solute, ATohsd, is given by 

A 7 7 _ = - Ä . U* 
0.049 

ATohsd can be thought of as being due to two 
effects; structural effects caused by interaction of the 
two molecules and dilution. The effect of dilution is 
always to lower the T S V M . The first term on the 
right hand side of Eq. 8 represents the shift which can 
be called the ideal shift A!T id. If there is no interaction 
between the two types of molecules, we have A T ^ , , ^ 
ATld. The second term refers to the structural 
contribution to the shift in T S V M , A7" s t r , which can 
be evaluated either from the values of dß^jdt and dpfdt 
of the solution or by means of the relation 

(9) 

where 

TM = 74 -

[ATs t r]exp 

(faY 
UJ 

— •* e x p •* ids 

fwAf au \ 
[w2 A 0.049 y/ 

(ux 

\ «2 
(10) 

T-ld can be evaluated using au, u1} and u2 and follow­
ing the method of successive approximations. The 
values of u2° and a u for the isomeric butyl alcohols 
evaluated from a study of temperature dependence of 
ultrasonic velocity are given in Table 2. Since the 
temperature dependence of <j>x and 02 is very small, 
fa and fa used for determining T-ld were evaluated at 
the T S V M of the solution found experimentally. 

The values of Texp, Tid, and [A 7 ^ , . ] ^ at different 
concentrations for the isomeric butyl alcohols are given 
in Table 3. T h e variation of 7Vvn with mole fraction 
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TABLE 2. ULTRASONIC VELOCITY AT 0 °C, u2°, AND 

TEMPERATURE COEFFICIENT OF SOUND VELOCITY, 

a „ , FOR ISOMERIC BUTYL ALCOHOLS 

Solute 3(m/s) a(m/s °C) 

/-Butyl alcohol 
.y-Butyl alcohol 
Isobutyl alcohol 
Butyl alcohol 

1227.20 
1306.45 
1271.95 
1323.58 

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

TABLE 3. 7"exp, Tid, AND [AT"stl.]exp AT DIFFERENT MOLE 

FRACTIONS X9 FOR ISOMERIC BUTYL ALCOHOLS 

Mole 
fraction 

X.2 
(°G) (°C) 

[A^ s t r] e x p 

(°G) 

0.0013 
0.0025 
0.0037 
0.0046 
0.0062 
0.0075 

0.0014 
0.0024 
0.0048 
0.0077 
0.0107 

0.0017 
0.0037 
0.0056 
0.0082 

0.0014 
0.0028 
0.0038 
0.0064 
0.0080 
0.0098 

/-Butyl 
73.6 
73.4 
73.0 
72.9 
69.0 
66.0 

alcohol 
70.2 
67.0 
64.1 
61.9 
58.5 
56.2 

.f-Butyl alcohol 
72.3 
71.5 
68.0 
64.2 
60.5 

isobuty 
71.9 
69.8 
67.1 
62.7 

71.6 
69.8 
66.1 
62.0 
58.5 

alcohol 
71.2 
68.2 
65.6 
62.2 

Butyl alcohol 
72.4 
70.2 
68.5 
64.9 
61.0 
58.5 

72.1 
70.3 
69.1 
65.9 
64.0 
62.1 

+ 3 .4±0 .2 
+ 6 . 4 ± 0 . 2 
+ 8 . 9 ± 0 . 2 

+ 11.0±0.2 
+ 10.5±0.2 

+ 9 .8±0 .2 

+ 0 . 7 ± 0 . 2 
+ 1.7±0.2 
+ 1.9±0.2 
+ 2 .2±0 .2 
+ 2 . 0 ± 0 . 2 

+ 0 . 7 ± 0 . 2 
+ 1.6±0.2 
+ 1.5±0.2 
+ 0 .5±0 .2 

+ 0 . 3 ± 0 . 2 
+ 0 . 1 ± 0 . 2 
- 0 . 6 ± 0 . 2 
- 1 . 0 ± 0 . 2 
- 3 . 0 ± 0 . 2 
- 3 . 6 ± 0 . 2 

Fig. 2. Variation of Texp with mole fraction X2 of iso­
meric butyl alcohols. 
O '• /-Butyl alcohol, A : isobutyl alcohol, 
alcohol, • : butyl alcohols. 

X2 for the butyl alcohols is shown graphically in Fig. 2. 
Plots of [AT'stj.Jexp v er sus X% for the butyl alcohols 

are shown in Figs. 3A—3D. Also included in these 

25 30 10 15 20 

Z 2 Xl0 3 

Fig. 3. Structural shifts versus molefraction X2 of iso­
meric butanols. 

J : [Ar s t r] e x p , $ : [A7>str]exp, O' [àT'str]exp. 

A: Water-f /-butyl alcohol, B: water+j-butyl alcohol, 
G: water+isobutyl alcohol, D: water+butyl alcohol. 

figures are the variation of [ A 7 " s t r ] e x p (structural 
contribution to the shift in the temperature of maximum 
density of water) and [A Tß str]exp (structural contribu­
tion to the shift in the temperature of adiabatic com­
pressibility minimum of water) taken from literature9 '10) 
to facilitate a comparison of the different studies. 

[ATgtrJexp is positive at low concentrations for t-
butyl, .y-butyl, and isobutyl alcohols indicating stabiliza­
tion of the hydrogen-bonded structure of water. 
[ A 7 ^ s t r ] e x p and [ A 7 ^ , . ] ^ are also positive for 
these solutes. [ A r s t r ] e x p and [ATß s t r]eXp are positive 
for butyl alcohol though small in magnitude, in the 
very low concentration range, becoming negative at 
high concentrations. I t is quite possible that the 
structure stabilizing propensity of this molecule becomes 
weak at high temperatures. At any given concentra­
tion, the structure enhancing efficiency of the butyl 
alcohols found from T S V M studies is in the order, 
/ -butyl>5-butyl>isobutyl>butyl alcohol. The same 
order is found in studies on the effect of these butyl 
alcohols on the temperature density maximum9) and 
adiabatic compressibility minimum10) of water. 

For the butyl alcohols, the opt imum concentration at 
i:5-butyl- w h i c h t h e quantities [ A r s t r ] e x p , [ATß str]exP> and 

[ATgtrJexp become maxima are not the same (Figs. 
3A—3D and Table 4). Texp, Tß e x p , and r ' e x p 

(temperature of maximum density of the solution) for 
the aqueous isometric butyl alcohols at the optimum 
concentrations evaluated from the graphs (Fig. 2 and 
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Solute 

TABLE 4 

[Arst 

(^2Jopt 

(^2) opt 

rJexp 

T 
± exp 
(°G) 

FOR DIFFERENT SOLUTES 

(^2) opt 

strJexp 

Tßexp 

(°G) 

[A^ s t r] e x p 

T' 
( ^ o p t (OQ\ 

dcohol ° - 0 0 4 7 7 2 - 4 0-0175 43.5 0.0200 0.87 

alcohol 0 - 0 0 4 0 6 9 - ° 0-0106 52.0 0.0140 2.36 

alcohof ° - 0 0 3 8 6 9 - 8 0-0°92 53.2 0.0124 1.65 

alcohol ° - 0 0 2 7 7 1 - 2 0-°°90 50.6 0.0090 2.48 

literature9 '10)) are also given in Table 4. 
The results indicate that the structural effects as 

revealed from density and adiabatic compressibility 
measurements have similar concentration dependence. 
In all cases [A!Ts t I.]exp becomes maximum at much 
lower X2 than either that of [ATp str]exp o r [AT^Jexp. 
Even though the concentration at which [A 7^ str]exP 

becomes maximum is less than that at which [A!T s t r ] e x p 

becomes maximum, for a given solute, they are close to 
each other. This indicates that there is a close similarity 
between the temperature of density maximum and 
adiabatic compressibility minimum in revealing the 
structural propensities of solutes in water. However, 
there is a large difference with respect to the concentra­
tion dependence of structural effects as revealed from 
T S V M studies. This is because [A!T s t r ] e x p becomes 
maximum at a lower X2 as compared to [ATp str]exp 
or [ A 7 ^ s t r ] e x p for a given solute. It is difficult to 
interpret this behaviour from the fact that each study 
was confined to different temperature (TSVM studies 
around 74 °C, adiabatic compressibility minimum 
studies around 64 °C, and density maximum studies 
around 4 ° C ) . The (^2)opt of each study is not com­

mensurate to the temperature differences as is clear 
from Table 4. The occurrance of the maximum in 
[A!T s t r] e x p versus X% at very low X2 values as compared 
to the other two studies may very likely be due to the 
dependent nature of ultrasonic velocity on density and 
adiabatic compressibility. However, the T S V M stud­
ies, in general, indicate correctly whether a solute 
behaves as a structure promoter or disrupter. 

I t is clear that even though ultrasonic velocity is not 
a pr imary thermodynamic quantity, T S V M studies 
could be used to classify the solutes as structure makers 
or breakers. 
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Ultraviolet Spectral Study of o- and ^-(Halomercuriojphenols 
P. L. Y A D A V , * N . K. J H A , and V. RAMAKRISHNA** 

Department of Chemistry, I. I. T., New Delhi, India 
(Received December 13, 1976) 

The ultraviolet spectra of o- and /»-(halomercurio)phenols, o- and/»-OHC6H4HgX(X=F, CI, Br, or I) have been 
recorded in ethanolic solution and Amax and log emax have been recorded. The spectra of these compounds have 
been interpreted in terms of the correlation with the spectra of benzene. HgX group is shown to be having elec­
tron-withdrawing effect on the benzene ring. Variation in the values of Amax and log emax on changing from o-
to/»-derivative for a particular (halomercurio) phenol and on changing the halogen attached to mercury has been 
explained. 

A very large number of organomercury compounds 
are known but only a few of them have been subjected 
to U V spectral study; such a study is specially limited 
when one considers aromatic organomercurials. Leandri 
and Tundo1) have reported and interpreted the U V 
spectral data (220 to 350 nm) of />-XC6H4HgCl and 
X C 6 H 4 H g C e H 4 X where X = O H , CH 3 , CI, N 0 2 , 
and NH 2 . Gowenlock and Trotman2) restudied the 
/»-XC6H4HgCl compounds in a wider range (200 to 
350 nm) and also included compounds where X = 0 ~ 
or NH3+. In addition, they have reported the spectra 
of some ortho derivatives ( X = 0 - or O H ) . Baliah 
and Subharayan3) have reported the spectral study of 
some of the o- and /»- compounds reported earlier and 
they have enlarged their list to include compounds where 
X = ( C H 3 ) 2 N , (C 2H 5) 2N,and C H s O ; however, their data 
were collected upto 220 nm and they have referrred to 
the work of Leandri and Tundo only but not that of 
Gowenlock and Trotman. 

The spectral study of o- and/»-(halomercurio)phenols 
reported so far have been confined to the chloromercurio 
derivatives only. Gowenlock and Trotman2) predicted 
from their spectral analysis of o- and /»-chloromercurio 
derivatives that the spectra of bromo- and iodomercurio 
derivatives would be more complicated because of the 
interference from HgBr and H g l groups as observed 
in the case of HgCl group. In the present work the 
spectra of o- and />-OHC6H4HgX where X = F , CI, 
Br, or I are reported and interpreted. 

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

o- and /»-(Halomercurio)phenols were prepared according 
to a method reported earlier.4) The spectral data were re­
corded using ethanolic solutions of these compounds (ethanol 
was purified by treating with clean and dry magnesium 
turnings and a little iodine and refluxing for half an hour; 
the fraction distilling at 78.3 °C was collected). Solutions 
of concentration varying from 1 X 10~4 to 7 x l 0 ~ 5 M were 
employed. The spectra were recorded on Unicam SP 700 
UV and visible spectrophotometer. The spectra are shown 
in Figs. 1 and 2. 

All the eight compounds studied showed three bands in 
the UV region. Amax was recorded for each band and the 
corresponding value of log emax was also calculated. These 

TABLE 1. 

( 

Compound 

o-OHC6H4HgF 
/»-OHC6H4HgF 
o-OHC6H4HgCl 
/»-OHC6H4HgCl 
o-OHC6H4HgBr 
/»-OHC6H4HgBr 
o-OHC6H4HgI 
/»-OHC6H4HgI 

UV SPECTRAL 

HAROMERCURIO) 

"•max 

(nm) 
210 
207 
212 
207 
210 
208 
209 
208 

loge 

3.86 
4.05 
4.13 
4.14 
4.16 
4.17 
4.38 
4.39 

DATA OF 0- AND /»-

PHENOLS 

^ m a x 

(nm) 
225 
232 
225 
234 
225 
234 
232 
237 

loge 

3.49 
3.51 
3.80 
4.05 
3.82 
4.07 
4.05 
4.27 

^ m a x 

(nm) 
284 
282 
282 
275 
284 
282 
284 
282 

loge 

3.25 
3.23 
3.51 
3.30 
3.52 
3.39 
3.60 
3.54 

* Present address: Department of Chemistry, Engineer­
ing College, Bhagalpur, Bihar, India. 

** Present address: Ministry of Defence, South Block, New 
Delhi, India. 

Wavelength, nm 

Fig. 1. UV spectra of o-(halomercurio)phenols. 



October, 1977] Ultraviolet Spectral Study of o- and /»-(Halomercurio)phenols 2595 

VO 

0-8 

o 
Ö 

1 
I 

0-6; 

p_0HC6H4HgF 

p-0HC6H4HgCl 

p-0HC6H4HgBr 

p_0HC6HA Hgl 

0-4 

0-2 

0-0 

V 
N 

; \ 

\ 

\ 

200 220 240 260 280 300 320 

Wavelength, nm 

Fig. 2. UV spectra of/»-(halomercurio) phenols. 

values are shown in Table 1. In certain cases, viz. o-deriva-
tives the band at 225 nm was not distinct, rather observed 
as an inflection point (Fig. 1). 

D i s c u s s i o n 

As o- and /»-(halomercurio) phenols are disubstituted 
benzene derivatives, their spectral data may be corre­
lated with those of benzene. Benzene shows three 
absorption bands at 256, 203, and 180 nm attr ibuted 
to 1B2u-(—!Alg

 1B lu<—^ig, and 1Eln<-xAlg transitions re­
spectively.5) The 256 and 203 nm bands usually called 
secondary and primary bands respectively have been 
studied extensively in benzene derivatives. These 
bands are usually present in the spectra of substituted 
benzenes, though shifted due to substitution.6) 

Effect ofHgCl Group on the Spectra of Benzene. T h e 
two bands of phenylmercury(II) chloride at 210 and 
258 nm may be considered as bathochromically shifted 
primary and secondary bands of benzene.1 - 3) I t is 
difficult to assess the amount of shift in the primary 
band because HgCl group itself absorbs in this region. 
In fact most of the mercury compounds (though not 
derivatives of benzene) have absorption bands in this 
region, e.g. HgCl2 211 nm, HgBr2 206 and 234 nm, H g l 2 

215 and 273 nm,2) and CH 3 HgCl 206 nm.7) Thus, the 
bands in the first column of Table 1 may be ascribed 
to H g X groups and the bands in the second and third 

columns may be treated as the shifted primary and 
secondary bands of benzene respectively. 

In spite of the overlap of the primary band of C6H5-
HgCl by that of HgCl group, it is possible to estimate a 
value of Amax for the former using the observation by 
Doub and Vandenbelt6 3) that the ratio of Amax (second­
ary) to Amax (primary) in monosubstituted benzenes is 
nearly constant, viz. 1.19 to 1.28. Taking an average 
value of 1.23 for this ratio and the known value of ^ m a x 

(secondary) for C 6H 5HgCl, 258 nm, the value of Amax 

(primary) for C 6H 5HgCl comes out to be 258/1.23 = 
210 nm. 

Electronic Effect of HgCl Group. I t is not possible 
to conclude from the shifts alone in phenylmercury(II) 
chloride (203-»2 l0nm, 256-^258 nm) whether HgCl 
group is acting like electron acceptor or electron donor 
since both electron acceptor and electron donor groups 
are known to cause shift (bathochromic and hyper-
chromic) in the pr imary and secondary bands of 
benzene.6-8 '9) Gowenlock and Trotman2) have con­
cluded by comparing the effect of ionization OH—>0~ 
on the secondary band for both o- and /»-substituted 
phenols that HgCl group is o-, /»-directing. However, 
their conclusion is not very convincing ; for example, for 
the /»-substituents SMe, Cl, HgCl, C H O , C O M e , and 
N 0 2 the ionization leads to a displacement of 2 m a x to a 
longer wavelength by 7, 19, 30, 46.5, 49, and 85 nm 
respectively and from this observation they conclude 
that HgCl group is similar to CI group and is o-, />-
directing. However, the value of the shift for HgCl, 
30 nm, happens to be between the value for an o-, p-
directing group (CI, 19 nm) and that for a m-directing 
group ( C H O , 46.5 nm) and thus it is not possible to 
say definitely whether HgCl group is o-, /»-directing or 
m-directing. Unfortunately there is no direct experi­
mental evidence of the o-, /»-directing or m-directing 
nature of HgCl group in literature since most reagents 
used in substitution in the benzene ring remove the 
HgCl group from the ring. 

Some idea about the electron withdrawing or 
electron releasing nature of HgCl group may be obtained 
by using the observation of Doub and Vandenbelt6) that 
in a /»-disubstituted benzene, the shift in the primary 
band is not much different from the sum of the shifts by 

TABLE 2. EFFECT OF PARA DISUBSTITUTION A-G6H4-B 

ON THE PRIMARY BAND OF BENZENE 

A 

HgCl 
HgCl 
HgCl 
HgCl 
HgCl 
HgCl 
HgCl 
HgCl 

Shift 
(nm)a> 
for A 

7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 

B 

N 0 2 

CH3 

CI 
NH2 

OH 
OCH3 

N(GH3)2 

O -

Shift 
(nm) 
forB 

57.0 
3.5 
6.5 

31.0 
7.0 

13.5 
47.5 
31.5 

Ref. 

1 
1 
1 
1 
1 

10 
10 
10 

Shift for 
£-A-C6H4-

Calcd 
Sum Obsd 

A + B 

64.0 66.0 
10.5 21.5 
13.5 23.0 
38.0 50.0 
14.0 31.0 
20.5 30.0 
54.5 76.0 
38.5 43.0 

-B 

Ref. 

1 
1 
1 
1 

Table 1 
3 
3 
2 

a) Calculated from the present work. 
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the individual substituents (as observed in corresponding 
monosubstituted derivatives) if the substituents are of the 
same character (i.e. both electron withdrawing or both 
electron releasing) but the shift is larger than the sum 
of the two shifts if the substituents are of opposite 
character. Table 2 shows that when HgCl group is in 
/»-position to o-, /»-directing groups (OH, N H 2 etc.) the 
shift is much larger than the sum of the shifts due to 
two substituents individually. Fur ther when HgCl 
group is in /»-position to an electron withdrawing 
group, namely N 0 2 , the shift is nearly the same as the 
sum of the shifts due to N 0 2 and HgCl groups individu­
ally. These two observations clearly indicate that 
HgCl group acts like an electron withdrawing group. 

The electron withdrawing capacity of Hg group can 
be ascribed to the fact that mercury has two vacant p 
orbitals in its valence shell which can accommodate the 
withdrawn electrons. These must be a conjugative 
interaction of HgCl group with the electron-releasing 
group, for example, the following structure would make 
an important contribution to the excited state of /»-
(halomercurio)phenol : 

H O = < ^ > = H g - X (I) 

which causes a considerable bathochromic shift in the 
primary band of benzene. 

Comparison of the Spectra of o- and p - (Halomercurio)-
phenols. I t is observed in Table 1 that the shift in 
pr imary band is greater in /»-compounds than in o-
compounds and also that the intensities of these bands 
are greater for /»-compounds than for o-compounds. 
In fact, for o-compounds usually inflection points are 
observed rather than peaks which are distinct for the 
/»-compounds (Figs. 1 and 2). The decrease in the 
shift and intensity of the primary band in o-compounds 
can be ascribed to the steric interference with co-
planarity. The steric overlap between the o-substituents 
sets up appreciable interference which prevents the 
at ta inment of uniplanar configuration by the benzene 
derivatives. Steric inhibition of electronic interaction 
thus raises the energy level of the ground state but 
since the phenyl-oxygen and phenyl-mercury links 
postulated in the excited state contain a larger amount of 
double bond character and since the interplanar angle 
cannot from theoretical consideration (Franck-Condon 
principle) change during transition, the energy level of 
the excited state will be raised even more than that of the 
ground state. Thus the transition energy is increased in 
o-compound as compared to /»-compound resulting in a 
smaller bathochromic shift and also a reduced transition 
probability, resulting in a loss of absorption intensity. 

In case of secondary bonds /»-compounds show lesser 
bathochromic and hyperchromic shifts as compared to 
o-compounds. A reason for such a behaviour is not 

apparent since one might expect that the secondary 
bands would be effected in a similar way as the primary 
bands in changing from a /»-isomer to o-isomer. 

Effect of Change in Halogen Atom on the Spectra of o- and 
Y>-(Halomercurio)phenols. I t may be noted that the 
prediction by Gowenlock and Trotman2) regarding the 
complex nature of the spectra of bromo and iodo 
derivatives compared to that of chloro derivatives does 
not appear to be correct. Table 1 shows that the 
spectra of all the halo derivatives are similar and there 
are only three bands in each case. 

I t is seen in Table 1 that for the o-derivatives the 
intensity of the pr imary band increases in the order 
F < C l < B r < I . The secondary bands behave in a 
similar way. However, the 2 m a x values for the second­
ary bands remain nearly constant (282—284 nm) and 
Amax values for pr imary bands are also constant except 
for o-iodo derivative which has a longer Amax value than 
other o-halo derivatives. For /»-derivatives the situation 
is similar. 

The excited state of/»-(halomercurio)phenol may be 
represented by the structure I mentioned earlier where 
H g X group is acting like an electron acceptor. Since 
the iodo derivative shows the maximum intensity of the 
pr imary band, the excited state must be stabilized most 
in its case and stability of the excited state should 
decrease in the order I > B r > C l > F . On the basis 
of inductive effect of halogen atoms it would appear 
that the excited state should be most stable in the case 
of fluoro derivatives (fluorine being the most elec­
tronegative amongst the halogens) and the order 
should be F^>Cl^>Br^>I. Thus , the inductive effect 
cannot be used to explain the observed order. No 
other explanation is apparent for the observed order. 
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The propylene conversion process has been studied in the presence of synthetic zeolites of different types and 
metal ions. The NiX zeolite is selective for the oligomerization of propylene. On the zeolites of different other 
metal ions, the hydro-oligomerization process took place. It has been found that the obtained 3-methylpentenes 
are primary products of the propylene oligomerization. A scheme mechanism has been proposed assuming an 
intermediate of a cyclobutane derivative. The mechanism explains the formation of all the obtained products of 
propylene conversion on the synthetic zeolites. 

Oligomerization of olefins is one of the most com­
plicated reactions owing to its high exothermic effect. 
The heat liberated during the reaction accelerates 
different undesirable side reactions such as cracking, 
hydrogen transfer, double bond migration, and coke 
formation.1-5) I t is, therefore, difficult to study either 
the mechanism or the kinetics of this reaction, especially, 
on a solid catalyst. 

To facilitate this study, two problems had to be 
solved. The first is the unstability of the temperature 
during the reaction, and the second is the competition of 
the side reactions, i.e. the selectivity of the used catalyst. 

The first problem is solved6) by making a reactor 
with a special construction which allows to withdraw 
the released heat out of the reaction zone and maintains 
the reaction proceed at constant temperature. 

I t is of interest to study the propylene oligomerization 
in the presence of synthetic faujasites of various metal 
ions for the purpose to obtain a selective catalyst. 
For this purpose the cations such as cobalt, nickel, 
manganese, and magnesium were used, the oxides of 
which possess a high selectivity in the propylene 
oligomerization.7-10) Other cations were used for 
comparison. 

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

The various di- and trivalent cationic X and Y zeolites were 
prepared by exchanging the russian synthetic NaX (Na20-
Ala(V2.4SiOa.nHaO) and NaY (Na2O.Al203 .48Si02-nH20 
zeolites).3* The degree of exchange was maintained at 
«*65% for the X Zeolites and «*85% for the Y Zeolites. 
A catalyst with 80% of nickel-exchange was also prepared 
from the NaX zeolite. The ion-exchanged powders were 
compressed without binders into tablets, 4 mm in diameter 
and 5—6 mm in thickness. 

Propylene conversion activity was measured under atmos­
pheric pressure with 40 ml of catalyst in a fixed bed reactor 
of conventional design. The catalyst was calcined at 550 °C 
in a flow of dry air for 4 h and then in a flow of nitrogen for 
1 h. After calcination the temperature was adjusted to the 
desired value. The feed in each run was 4 liters of 100% pro­
pylene. 

Both gaseous and liquid products were collected separately. 
Each was analyzed by the gas and liquid chromatography. 
Liquid products were also analyzed by the infrared spectro­
scopy. The olefin products were determined quantitatively 
and separated by the thin layer chromatography using a 

fluorescene indicator11). The total catalytic activity of the 
catalyst was calculated by the percentage of converted pro­
pylene. 

The initial temperature was 190 °C, but due to the exo­
thermic behaviour of the studied reaction, it quickly in­
creased by about 20—25 °C depending on the treated zeolite 
catalyst. For kinetic experiments a reactor of special design6) 
was used which allowed to maintain the temperature constant. 

The part of liquid products which cannot be obtained by 
suction after the run, was cracked by raising the temperature 
slowly to 550 °C. Gases and liquids of Ct—Cs paraffins were 
formed and the colour of the catalyst became dark due to the 
formation of coke. The amount of the latter was determined. 

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

Catalytic Activity of Zeolites. The catalytic ac­
tivity of various ion-exchanged zeolites was tested at an 
initial temperature of 190 °C and space velocity of 
propylene 40 ml (ml catalyst)-1 h" 1 (Table 1). The 
overall order of activity is L a Y — L a X ^ G e X ^ M g Y > 
N i Y > C o Y > A l Y > M g X > M n Y > N i X > C o X > C a X . 

When cations are of the same group in the periodic 
table a certain relation may be obtained.12) Attempts 
have failed to correlate the obtained catalytic activities 
with the ionic radii or ionization potential of the ex­
changed metal cations of different groups of the periodic 
table. Thus , each metal ion has its own ability to 
perform a certain change in the zeolite lattice depending 
on its own electronic configuration. 

Selectivity of Zeolites. Depending on the zeolite 
form it is possible to obtain liquid products which 
contain only olefins, paraffins or mixtures of both. In 
the presence of all the tested zeolites no aromatics are 
detected by the infrared spectral analysis. 

In the cases of CoX, M n X , and MgX, 18.9, 10.1, 
and 20 .2% olefins are, respectively, separated from the 
liquid products by the thin layer column chromato­
graphy. The other products are C 4—C 9 paraffins. 
The I R spectra of the separated olefins indicate the 
presence of two bands at 910 and 965 cm 2 characteristic 
for double bonds of the vinyl and transvinyl types.13) 
The 890 c m - 1 band characteristic for the double bond of 
vinylidene type is absent. 

In the presence of all tested zeolites except NiX only 
paraffinic hydrocarbons are formed, as indicated by 
both chromatographic and infrared spectral analyses. 
The composition of these paraffins are presented in 
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TABLE 1. PROPYLENE CONVERSION ON VARIOUS ZEOLITE CATALYSTS AT 190 °C AND 0.025 h 

Catalyst MgY NiY CoY CaY A1Y LaY CaY CeX LaX 

Propylene conversion, wt % 
Liquid products, wt % 
Propane, wt % 
C2, C4, and C5 paraffins, wt % 
Unrecovered liquid converted into 
gas and liquid by heating, a> wt %. 
Unrecovered liquid converted 
coke,a> wt %. 

into 

98.7 
18.7 
3.9 

10.8 

54.6 

9.8 

92.0 
32.4 
8.8 
3.6 

26.2 

28.9 

90.7 
31.0 
5.7 
5.0 

30.3 

27.6 

62.4 
32.0 
6.3 

14.5 

23.9 

21.7 

88.1 
22.4 

1.6 
6.1 

58.6 

10.9 

98.4 
7.8 

15.1 
25.9 

38.0 

13.2 

32.6 
28.4 

3.0 
10.2 

35.0 

22.5 

98.8 
2.0 

12.2 
13.2 

57.1 

15.1 

98.3 
5.24 
14.3 
27.0 

35.6 

17.8 

a) These products were obtained by raising the temperature of the catalyst to 550 °C after the run. 

TABLE 2. PRODUCTS OF PROPYLENE CONVERSION ON ZEOLITES AT 190 °C AND 0.025 h 

Product MgY NiY CoY CaY A1Y LaX CaX CeX LaX 

Isobutane 
Butane 
2-Methylbutane 
Pentane 
2,3-Dimethylbutane 

+2-Methylpentane 
3-Methylpentane 
Hexane 
2,4-Dimethylpentane 
2-Methylhexane 
2,3-Dimethy lpentane 
3-Methylhexane 
3-Ethylpentane 
Heptane 
2,2 -Dimethy lhexane 
2,4- -f 2,5-Dimethylhexane 
2,3,4-Trimethylpentane 
2,3,3-Trimethylpentane 

+2-Methylheptane 
2,3-Methylethylpentane 
2,3-Dimethylhexane 
4-Methylheptane 
3-Methylheptane 

+ 3,4-Dimethylhexane 
3-Ethylhexane 
Total C9 

Calculated octane number 

7.68 
0.89 

28.05 
0.89 

27.63 

9.90 
0.89 
4.43 
5.02 
6.21 
4.88 
0.00 
0.00 
0.34 
2.17 
0.59 

0.93 

1.25 
0.00 
0.35 

1.14 

0.22 
1.04 

83.1 

3.86 
0.24 

21.40 
0.56 

32.47 

18.43 
3.37 
3.21 
4.92 
3.47 
4.15 
0.14 
0.17 
0.84 
1.39 
0.04 

0.82 

0.64 
0.00 
0.29 

0.97 

0.18 
2.97 

80 

2.51 
0.03 

17.83 
0.13 

32.47 

11.65 
0.33 
6.17 
5.77 
8.56 
7.77 
0.24 
0.30 
0.17 
0.41 
0.02 

0.64 

0.30 
0.00 
0.21 

0.45 

0.16 
4.15 

85 

3.72 
4.52 

11.22 
0.00 

28.15 

8.74 
0.00 
8.00 
6.32 

10.40 
6.88 
0.00 
0.00 
1.00 
4.28 
0.33 

3.72 

0.40 
0.00 
0.46 

1.55 

0.31 
0.00 

78 

0.28 
0.00 
8.59 
0.83 

22.18 

7.70 
0.62 
6.47 
5.39 
8.68 
6.32 
0.18 
0.28 
2.59 
5.54 
0.09 

2.95 

1.80 
2.22 
0.92 

0.24 

0.10 
16.13 

— 

0.10 
0.00 
5.02 
0.29 

29.25 

12.92 
0.97 
4.47 
9.91 
6.21 

11.66 
0.49 
0.47 
1.63 
3.47 
0.00 

2.38 

1.28 
0.48 
1.04 

3.15 

0.28 
3.58 
— 

0.00 
0.00 
2.77 
0.00 

11.29 

4.62 
0.74 
5.74 
9.44 

13.14 
8.51 
1.11 
0.00 
0.00 

12.76 
0.02 

9.07 

0.00 
0.00 
2.04 

4.81 

1.32 
12.62 

— 

0.83 
2.54 

18.11 
0.98 

24.62 

13.11 
1.39 
3.61 
7.62 
4.92 
8.19 
0.39 
0.08 
1.18 
2.52 
0.03 

1.71 

0.10 
0.28 
0.72 

2.52 

0.24 
4.26 
— 

5.34 
0.48 

23.11 
0.98 

31.92 

14.81 
1.18 
3.50 
5.44 
3.05 
6.48 
0.20 
0.00 
0.28 
0.38 
0.71 

0.56 

0.02 
0.01 
0.02 

0.66 

0.00 
0.92 

82 

Table 2. Presence of hexane, methylpentanes, and 
dimethylbutane gives evidence that a hydrodimerization 
reaction takes place on these zeolites. The C9 paraffins 
are formed by hydrotrimerization of propylene. In 
addition to that, C2, C4, C5, C7, and C8 paraffins are 
formed. This suggests that hydrodimerization of 
propylene into trimers and tetramers is accompanied by 
a cracking and then by subsequent hydrogen transfer 
to the cracking products. The distribution of C4—Cp 

paraffins in the liquid products seems to depend on the 
exchanged cations (Table 2). The zeolites NiY and La-
X give more dimers (47.9, 49 .7%), while A1Y and 
C a X give more trimers (16.1 ; 12.6%). Also the quan­
tity of propylene converted into propane, and the part 
of the liquid which remained on the zeolite (Table 1) 
depend on the nature of the exchanged cation and the 
SiO a : A1 2 0 3 ratio. 

The products which remain on the zeolites are prob­

ably propylene high oligomers, formed and captured 
within the pores of zeolites, which on heating crack 
into Ci—C 8 molecules and pass through the windows 
of the zeolite pores. 

The most interesting zeolite catalyst is the NiX. The 
reaction products of this catalyst are pure oligomers and 
95.49% of which are dimers (Table 3). The calculated 
octane number of these products is about 94. They 
contain more than 34% of hexenes which usually14) 
do not exceed 10% if an acid catalyst is used. Within 
the other dimers 3-methylpentenes are present. The 
presence of these dimers were previously15) attributed 
to secondary rearrangement. 

In the presence of NiX with a higher degree of nickel 
ions (80%), C5, C7, and C s olefins are formed. Thus 
replacement of the more difficultly exchangeable sodium 
ions by nickel, enhances the cracking of the formed pro­
pylene oligimers. 
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T A B L E . 3. COMPOSITION OF PROPYLENE OLIGOMERS 

OBTAINED ON NÏX AT 190 °C AND 0.025 h 

Propylene oligomer w t % 

2-Methyl-2-pentene 27.40 
trans-2-Hexene 23.50 
fraw-3-Methyl-2-pentene + cw-2-hexene 11.50 
trans- and os-3-hexene 10.24 
m-4-Methyl-2-pentene 1.57 
*ra/w-4-Methyl-2-pentene 8.35 
2-Methyl-l-pentene + 1-hexene 8.53 
cisA-Meth-1-1 -pentene 0.79 
a5-3-Methyl-2-pentene 1.26 
2,3-Dimethyl-2-butene 1.09 
2,3-Dimethyl-l-butène 1.26 
Trimers 4.51 
Octone number 94 

Kinetics of Oligomerization. I t is of interest to 
determine the kinetic curves of the oligomerization to 
obtain information on the 3-methylpentenes, i.e. whether 
they are secondary products or not. Thus the oligo­
merization was carried out on the N iX zeolite at dif­
ferent temperatures (190, 205, 217, and 225 °C) and 
contact times (0.01—0.037 h) . Figure 1 reveals a 
similar character of the decrease of the different dimer 
contents, as well as that of the 3-methylpentenes with 
the decrease of the contact time. The same results 
were obtained at the temperatures of 190, 205, and 
217 °C. If 3-methylpentenes are secondary products, 
then their contents should decrease with a higher degree 
than the other dimers. With respect to the 3-methyl-
pentane the same results were obtained165 over the 
HNaY zeolite as an example of the zeolites over which 
hydrooligomerization takes place. These experimental 
facts indicate that the 3-methylpentenes and the 3-
methylpentane are pr imary products of propylene 

250 

; io-4 h) 

Fig. 1. Distribution of propylene dimers against contact 
time at a reaction temperature of 225 °C. 
1: 2-Methyl-2-pentene, 2 : trans-2-hexene, 3 : trans-
3-methyl-2-pentene+aj-2-hexene, 4: trans- and cis-
3-hexene, 5: 2-methyl-l-pentene, 6: trans-4-methyl-
2-pentene+ 1-hexene, 7: cw-3-methyl-2-pentene, 8: 
2,3-dimethy 1-2 -butène. 

dimerization and hydrodimerization, respectively. They 
cannot be produced under the used experimental con­
ditions by secondary skeletal isomerization of either 
hexenes or 2-methylpentenes. 

Reaction Mechanism. The 3-methylpentenes can­
not be explained as the pr imary products of propylene 
dimerization neither by a carbonium-ion mechanism 
nor by any other mechanism which assumes an open-
chain hydrocarbon as the activated intermediate. A 
mechanism of dimerization has been proposed,8) over 
the nickel oxide on silica-alumina catalyst, which 
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The similar complex compounds (V,VI) 

Scheme 1. 
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assumes an intermediate of a cyclobutane derivative. 
Examination of the present results has shown that the 
same mechanism may hold for the conversion of pro­
pylene on the investigated zeolites. 

I t is possible that these intermediate compounds can 
be formed when a propylene molecule reacts with an 
adsorbed one on the zeolite surface as follows : 

CHo • • • CH> 

CH—CH3 ••• CH2 

(I) 

2CH,-CH=GH, 
CH2 ••• CH—CH3 

3 ; ; i (ii) 
CH2 . C H - C H 3 

The formed dimethylcyclobutanes, I and I I , are un­
stable complexes, and therefore they either converted 
to the initial molecules or undergo a bond rupture . 
T h e latter may take place in the bond 1, 2, or 3. 
The bond rupture of complex I (Scheme 1) or 
complex I I (Scheme 2) leads to the formation of ex­
tremely unstable complexes I I I , which undergo 
rearrangement and hydrogen redistribution. As a 
result, the propylene dimers, I I , are formed on the 
zeolite surface. 

Depending on the catalyst selectivity and the ex­
perimental conditions the redistribution of hydrogen 
can lead to the formation of propylene dimers as in the 
case of N i X zeolite (Table 3) and hydrodimers (par­
affins) as in the case of other zeolites (Table 2). 

The hydrodimerization leads to the formation of 
hydrodimers and compounds of poor hydrogen content. 
Dimers (Table 3) and hydrodimers (Table 2) of dif­
ferent structures are formed due to the rupture of 

different bonds of I and I I . Thus if the rupture occurs 
at positions 1, 2, or 3, then 4- or 2-methylpentenes are 
formed in the case of complex I (Scheme 1), and hexenes, 
3-methylpentenes or 2,3-dimethylbutenes in the case 
of complex I I (Scheme 2). The formation of 2-methyl-
2-pentene and trans-2-hexene in large quantities (Table 
3, Fig. 1) indicates that the rupture at position 2 
(complex I) and position 1 (complex I I ) occurs much 
easier than at other positions. 

If the rate of desorption is relatively slow, the formed 
dimers, IV, on the zeolite surface can adsorb another 
propylene molecule forming the complex V or V I which 
are unstable as well as complexes I and I I . They are 
converted either to the initial state or undergo bond 
rupture, bond and hydrogen redistribution and desorp­
tion to give propylene trimers or hydrotrimers. 

The presence of G2, C4, C5, C7, and C8 paraffinic 
hydrocarbons (Table 2) indicates that bond ruptures 
may take place for two bonds of complexes V and VI . 

Similarly if trimers are not relatively rapidly desorbed 
they can adsorb another propylene molecules forming, 
in the same manner, tetramers and so on. 

The above mechanism explains the formation of 
obtained products during the propylene conversion over 
the zeolites studied. However, the difference in the 
selectivity of the various cation-exchanged zeolites is 
not clear. This difference can be explained in view of 
some recent works17"20) which reported the existence 
of two types of active sites with different acidic strengths 
on faujasite. Barthomeuf and Beaumont21) reported 
that weak active sites are related to the cationic sites 
which are easily exchangeable. Thus, it can be con­
cluded that hydrooligomerization and the accompanied 
cracking reaction require the stronger active sites com­
pared to the oligomerization. This conclusion is 
supported by the fact that exchange of the more difficult-
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ly exchangable sodium ions by nickel cations, leads to 
cracking of some of the formed propylene oligomers. 
O n the other hand, it is evident17>22) that the ratio of 
strong acidic sites to all the sites on faujasite increases 
with the increase of the S i 0 2 : A1 2 0 3 ratio. This may 
explain the reason why the hydrooligomerization takes 
place on NiY ( S i 0 2 : A l 2 0 3 = 4 . 8 ) and oligomerization 
takes place on NiX (SiO a : A l 2 0 3 = 2 . 4 ) . As the con­
clusion, the difference in selectivity of the various 
cation-exchanged zeolites in propylene conversion, 
probably, relates to the change in the acidic strength 
distribution of the active sites on the zeolite surface, 
which is due to the S i 0 2 : A l 2 O s ratio and the different 
effect of each cation. However, this conclusion re­
quires further studies on the quantitative basis. 
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Hydrogen Bonding between Phenols and Nitriles 
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Hydrogen bonding between a number of para-substituted phenols and nitriles was studied by means of in­
frared spectroscopy using a longer cell. Thermodynamic quantities were determined and found to be the functions 
of the electronegativity and inductive effect of the phenol and nitrile substituents respectively except for the com­
plexes of /-butyl cyanide for which the — A// values were lower than expected. Some correlations among thermo­
dynamic quantities were also established. Both the sample and the reference cells were heated simultaneously by 
means of a special heating arrangement which minimized the base line errors and made the intensity measurements 
more accurate. 

Phenol has been one of the most extensively used 
proton donor molecules in hydrogen bond studies. 
Systematic data, however, for phenol-nitri le systems 
are relatively scarce and there are only a few reports 
available in literature. 1»2> Data on substituted phenols 
is even more scarce. I t was, therefore, considered 
worthwhile to make a detailed and systematic study of 
the thermodynamic properties of hydrogen bonds 
between a number of substituted phenols and nitriles 
using improved techniques and under more desirable 
experimental conditions. This study was carried out 
by means of infrared spectroscopy. The phenols and 
nitriles were chosen so as to give a rather wide range 
of acidity and basicity values respectively. Para-sub­
stituted phenols were preferred to avoid complications 
arising from intramolecular associations and steric 
effects. 

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

The infrared spectroscopic measurements were made on a 
Perkin-Elmer model 125 infrared grating spectrophotometer 
using an expanded scale (1 cm = 5 wave numbers). Quartz 
cells, 20 mm long, were used. As shown by Russell and 
Thompson,3) the slit width should be at least one-fifth of the 
half width of the absorption band in order to obtain true band 
intensities. Hence, a slit program was chosen which gave 
a spectral slit width of about one-seventh of the half width 
of the hydroxyl stretching vibrational band of phenols, i»0H. 
Tetrachloroethylene was chosen as the solvent because of its 
high boiling point (121 °C) to make measurements within a 
wide range of temperatures, 20 to 65 °C. 

A special heating jacket was designed because of the rather 
large size of the cells. It consisted of two solid brass pieces 
carefully cut from inside so that when the two pieces were 
brought together by means of a screw, they formed a round 
hole in the center of which the cell fitted almost exactly. The 
brass pieces were fitted through an asbestos insulator onto 
a brass backing plate. Copper tubes were soldered round 
the brass pieces through which water could be circulated 
from a thermostat. By means of this arrangement, it was 
possible to control the temperature of the cell within 4j 1 °C 
of the desired values for any length of time. Measurements 
were made at 20, 30, 39.5, 50, and 60 or 61.5 °C. The tem­
perature of the solutions in the cell was measured by means 
of an iron-constantan thermocouple. 

For each phenol, a preliminary investigation was first 

carried out to determine approximately the maximum con­
centration at which self-association disappears. Concentra­
tions much lower than this were used keeping the absorption 
of the bands within 25—60 percent for accurate measure­
ments of the intensities. The following concentrations were 
used for actual measurements of the thermodynamic param­
eters : 

/»-Methoxyphenol 
and phenol 7 .0X10- 4 M 

/»-Chlorophenol 7 .0x 10~4 M 

ClgCCN 1.20 M 

C6H5CN 0.20 M 

CH3CN 0.16 M 

(CH3)3CCN 0.12 M 

ClgCCN 0.80 M 

C6HSCN 0.12 M 

CH3CN 0.12 M 

(CH3)3CCN 0.08 M 

C13CCN LOOM 

C6H5CN 0.06 M 

CH3CN 0.06 M 

(CH3)3CCN 0.04 M 

The concentrations of the proton donors and acceptors are 
expected to change as a result of change in solution density 
with increase in temperature. The correction in the con­
centration for density changes was made as suggested by 
Powell and West.4) Since the densities of the solutions which 
had quite low concentrations of the proton donors and accep-

TABLE 1. ASSOCIATION CONSTANTS FOR HYDROGEN 

BONDS BETWEEN JB-METHOXYPHENOL AND 

TRICHLOROACETONITRILE 

/»-Cyanophenol 
and /»-nitrophenol 4 . 0 x l O ~ 4 M 

* Present address: Martin Marietta Laboratories, 1450 
South Rolling Road, Baltimore, Maryland 21227, U.S.A. 

Temperature 
(°C) 

21.0 
30.0 
39.5 
50.5 
60.0 

K{25 °C) 

- A G 

- A / / 

- A S 

Association constants 

K 

0.51 
0.46 
0.38 
0.32 
0.30 

0.48 

- 0 . 4 4 

2.97 

11.4 

K 

0.53 
0.48 
0.39 
0.33 
0.27 

0.49 

- 0 . 4 3 

2.91 

11.2 

K 

0.52 
0.45 
0.38 
0.31 
0.29 

0.48 
(1/mol) 
- 0 . 4 3 
(kcal/mol) 

3.00 
(kcal/mol) 
11.5 

(cal/mol/deg) 
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TABLE 2. ASSOCIATION CONSTANTS FOR HYDROGEN 

BONDS BETWEEN /»-CHLOROPHENOL 

AND ACETONITRILE 

Temperature 
(°G) 

20 .0 

30 .0 

39 .5 

50 .5 

61 .5 

K{25 °G) 

- A G 

-AH 

-AS 

Association constants 

K 

10.0 

6 .90 

4 .67 

3.60 

2 .69 

8.22 

1.25 

6 .06 

16.1 

A' 

11.2 

7 .0 

4 . 8 4 

3 .54 

2 .80 

8.37 

1.26 

6 .16 

16.4 

K 

10.5 

7.10 

4 .79 

3 .80 

2 .75 

8.32 
(1/mol) 

1.25 
(kcal/mol) 

5.99 
(kcal/mol) 

15.9 
(cal/mol/deg) 

tors were found to be very similar to that of the solvent, 
corrections were made using the density of the solvent only. 

The phenols and nitriles were purified by the usual methods 
of drying, recrystallization or fractional distillation. The 
solvent, tetrachloroethylene, was also dried carefully and 
fractionally distilled. After purification they were stored in 
vacuum dessicators or over nitrogen atmosphere in a dry box. 

The association constants were calculated using the method 
described by Lopes and Thompson.2) Tables 1 and 2 give 
the typical examples of the measurements of the association 
constants at different temperatures together with the values 
of —AG, —AH, and — AS. Three measurements were made 
for each system at almost the same concentrations of the 
phenols and nitriles. The thermodynamic quantities were 
calculated separately and then averaged. Figures 1 and 2 
give examples of plot of log K vs. \jT. 

-0.3 

^ -0.4 
&D 
O 

-0.5 

^ ^ ^ 

^-^" 
^^f00^^0^r^ ^ i t 0 0 l 0 ^ ^ 0 ^ ^ 

1 1 1 1 1 

1 / J T ( 1 . 0 X 1 0 - 3 ) 

Fig. 1. Plot of log K against 1/7" for /»-methoxyphenol-
C13CCN complex. 

371 3.2 3.3 

1/T(1.0xl0-3) 

Fig. 2. Plot of log K against IjT for p-chlorophenol-
GH3CN complex. 

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

T h e values of the thermodynamic quantities of the 
various systems studied are given in Table 3. As can 
be seen, for the complexing of any particular nitrile 
with different phenols, the association constant, and the 
enthalpy and entropy changes generally follow the 
same order as the electronegativity of the para-sub-
stituents in phenols. For any particular phenol com­
plexing with different nitriles, the association constant 
follows the same order as the inductive effect of the 
nitrile substituents. T h e enthalpy and entropy changes, 
however, increase from C13CCN to CH 3 CN, but, are 
lower for (CH 3 ) 3 CCN complexes than for C H 3 C N 
complexes although the values of association constants 
are higher for the complexes of the former. This 
result was observed for the complexes of (CH 3 ) 3 CCN 
with every phenols studied, and although the difference 
is within the error of measurements, repeated measure­
ments confirmed the observed pattern. I t seems un­
likely that steric hindrance of the bulkier /-butyl group 
plays a significant par t here because of the higher values 
of the association constants and some spectral charac­
teristics like infrared frequency shifts for (CH 3 ) 3 CCN 
complexes relative to CH 3 CN complexes. Solvent 
effects as suggested by Pullin and co-workers5) also can­
not account for this change as the effect persists even 
in the gas phase as shown by Thomas6) in his thermo­
dynamic studies of the hydrogen fluoride-ether com­
plexes in the gas phase. He explains this discrepancy 
in terms of the heat of conformational rearrangement 
of the ether molecule on hydrogen bond formation. In 

TABLE 3. THERMODYNAMIC QUANTITIES 

(Solvent : Tetrachloroethylene) 

Proton 
donor 

jb-Methoxy-
phenol 

jö-Chloro- ^ 
phenol 

/»-Cyano-
phenol 

/»-Nitro-
phenol 

Proton 
acceptor 

,C13CCN 

C 6 H 5 CN 

C H 3 C N 

l(GH,) ,CGN 

,C13CCN 

C 6 H 5 CN 

C H 3 C N 

l(CH3)3CCN 

rCl3CCN 

C 6 H 5 CN 

C H 3 C N 

1(CH3)3CCN 

rCl3CCN 

C 6 H 5 GN 

G H 3 C N 

l(CH3)3GCN 

C13CCN 

C 6 H 5 CN 

C H 3 C N 

(CH3)3CCN 

K 
(25 °C) 

1/mol 

0 .48 -

3.22 
3.69 
4 .73 

0 .67 -

,4 .46 

6 .75 

7.99 

1.18 

7.82 

8.30 
14.6 

1.47 

2 2 . 3 

30 .0 

39.2 

1.20 
27 .4 

3 3 . 5 

48 .2 

- A G 
kcal/ 
mol 

- 0 . 4 4 

0 .69 

0 .77 

0.92 

- 0 . 2 3 

0 .88 

1.13 

1.23 

0 .09 

1.22 
1.25 
1.59 

0 .23 

1.84 

2 .02 
2 .18 

0 .10 
1.96 

2 . 0 8 

2 .30 

-AH 
kcal/ 
mol 

2 .96 

4 .91 

5.27 
4 .99 

3 .03 

4 . 8 8 

5 .38 

5.11 

3.27 

5.37 

6 .08 

5.77 

3 .48 

5.66 

6 .07 
5 .89 

4 .35 

6 .54 

6 .97 

6 .73 

-AS 
cal/ 
mol/ 
deg 

11.4 

14.2 

15.0 

13.7 

11.0 

13.4 

14.3 

13.1 

10.6 

13.9 

16.2 
14.1 

10.9 

12.8 

13.6 
12.6 

14.2 
15.4 

16.4 

14.9 

AA"=±10% (1/mol), A{AG) = ±0 .05 kcal/mol, 
A {AH) = ± 0.2 kcal/mol, A {AS) = ±1.0 cal/mol/deg. 
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the present case, however, /-butyl cyanide is likely to 
have only one conformation common to the free mole­
cule and the complex. Thus, it is unlikely that an 
explanation of the reduced —AH along the lines of the 
hydrogen fluoride-ether complexes is possible unless 
the bonds throughout the molecule are weakened in 
such a way that the molecule becomes distorted. 

— AS(cal/mol/deg) 

Fig. 3. Plot of — AH against — AS for hydrogen bonds 
between phenols and nitriles. 

The thermodynamic parameters of the hydrogen 
bonded systems have been reported to show various 
correlations among themselves. Shepp and Bauer7) 
and Person8) have discussed theoretically the linear 
relationship between —AH and —AS. Several workers 
have noted this linear relationship.9-15) The present 
data for —AH and — AS when subjected to the least 
squares t reatment gave the following equation : 

-AJf (kcal/mol) = - 0 . 6 0 AS - 2.97. 

In view of the considerable scatter (Fig. 3), little mean­
ing can be given to such plots at least for the systems 
reported here. Person has theoretically predicted a 
value of 2.0 for the AH/AS slope. The observed value 
is, however, widely different from this. 

0.5 1.0 1.5 

-AG(kcal/mol) 

Fig. 4. Plot of — AH against —AG for hydrogen bonds 
between phenols and nitriles. 

All nitriles in the present study show a general in­
crease in —AH with K and hence with —AG. The 
only exception are the complexes of (CH 3 ) 3 CCN. These 
have already been discussed. A least squares treat­
ment of the present data for —AH and —AG gives the 
following straight line (Fig. 4) : 

-A#(kcal/mol) = - 1 . 3 8 AG + 3.6. 

Several linear correlations have also been reported by 
other workers.2»16-18) All these data, however, lead to 
the conclusion that there is perhaps a more complicated 
relationship between —AG, —AH, and — AS than simple 

equations as shown above and, therefore, not too much 
weight should be placed on the singificance of these 
equations. 

Before concluding the discussion of the thermo­
dynamic quantities, it is perhaps desirable to make 
some comments on the difficulties in the interpretation 
of data from solution phase studies. In fact, no solvent 
can be regarded as truly inert.19-21) Jones and 
Watkinson22) have shown that there exists an interac­
tion between solvent tetrachloroethylene and phenol 
molecules. This view seems to be verified from our 
studies also. Thus , in the course of measurements at 
various temperatures, we noted that the free or un­
bonded hydroxyl stretching vibrational frequency shifted 
to slightly higher values as the temperature raised. The 
more acidic the phenol, the greater was this shift. This 
indicates the decrease of a phenol-solvent association by 
the increase in temperature . Thus the effect of the 
solvent on the thermodynamic parameters is evident. 
Moreover, it has been reported that the value of the 
association constant varies with the concentrations of 
the proton donor and acceptor molecules. 

Figueroa and co-workers,23) in their studies of associa­
tion of phenol with sulfoxides, noted that the value 
of association constant increased with increasing phenol/ 
sulfoxide ratio showing that even in a chosen standard 
solvent, the concentrations of donor and acceptor 
molecules may affect the K and —AH values. 

Ther are evidences of self-association among nitrile 
molecules at higher concentrations.24 '25) Such an 
association would mean that there are less nitrile mole­
cules available to associate with phenol molecules and, 
consequently, the association constant is lowered. In 
addition, the heat of formation of hydrogen bond 
between phenol and nitrile may be partially com­
pensated by the heat of breaking the nitrile-nitrile bond. 
In the present work, the increased cell thickness enabled 
us to use very dilute solutions. This, together with the 
improved heating technique, made the data more reli­
able. 

I t is perhaps desirable to include here data on the 
more accurate values of v0n obtained by using a longer 
cell and keeping the temperature more accurate than 
before. Table 4 gives the values of both the free and 
bonded Von at 20 °C for the phenol-nitrile systems studied. 

TABLE 4. FREQUENCIES OF THE FREE AND BONDED VOH 

BANDS FOR THE PHENOL-NITRILE SYSTEMS AT 2 0 ° C 

vou Bonded (cm"1) 

Nitrile ^.Methoxy- p h e n o l j&-Chloro- />-Cyano- p-Nitro-
phenol e n phenol phenol phenol 

CI3CCN 3552.5 3544.5 3534.5 
G6H5CN 3471.0 3460.0 3442.5 
GH3CN 3468.0 3456.0 3439.5 
(CH3)3CCN 3458.0 3445.5 3426.5 

v0HFree 3 6 1 3 . 0 3608.0 3605.5 
(cm-1) 

3501.5 3494.0 
3398.5 3382.5 
3395.0 3380.0 
3377.0 3363.5 

3592.5 3589.5 

Accuracy of measurements of the values of vOK = 
±0.5 cm-1. Solvent: tetrachloroethylene. The 
values of v0H (bonded) were obtained by extrapola­
tion to infinite dilution of the nitriles. 
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TABLE 5. CHANGE IN VOH(Bonded) WITH CONCENTRATION 

OF NITRILES AT 20 °C 

Phenol 

/»-Chloro-
phenol 

(7.0xlO-4M) 

/»-Nitro-
phenol 

(4.0x10-* M) 

"OH 
Free 

(cm-1) 

3605 5 

3589 5 

Nitrile 

C13CCN 

C6H5GN 

CH3CCN 

(CH3)3CCN 

CI3CGN 

C6H5CN 

CH3CN 

(CH3)3CGN 

Nitrile 
concn 
mol/1 

0.196 

1.177 
0.041 

0.295 

0.047 
0.290 
0.018 
0.126 

0.261 

1.305 
0.028 

0.215 
0.032 
0.210 
0.015 

0.090 

"OH 
Bonded 
(cm-1) 

3533.5 

3529.5 
3441.5 

3434.0 

3539.0 
3431.5 

3425.0 
3420.0 

3493.0 

3490.0 
3381.0 

3379.0 
3381.0 
3375.5 
3360.0 

3356.0 

Accuracy of measurements of the values of von= 
± 0 . 5 cm- 1 . Solvent: tetrachloroethylene. 

T h e f r equency of t h e b o n d e d v0n is a lso found to d e p e n d 
to some e x t e n t o n t h e c o n c e n t r a t i o n of t h e n i t r i l e m o l e ­
cules. T a b l e 5 shows s o m e e x a m p l e s of this c o n c e n t r a ­
t ion d e p e n d e n c e . T h e u n b o n d e d o r free Von, h o w e v e r , 
r e m a i n s u n c h a n g e d . 
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Multiple Relaxation Processes in Long Chain Molecules 
at Microwave Frequencies 
H. D. PUROHIT and H. S. SHARMA 
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The permittivity e' and dielectric loss e" of octanoyl, undecanoyl, and lauroyl chlorides have been measured 
in benzene for five different concentrations varying from 0.02 to 0.10 wt fraction at three different microwave 
frequencies, viz. 3.31, 9.83, and 26.90 GHz at 35 °C. The static permittivity e0 at 100 kHz and the high frequency 
limiting permittivity eœ have also been measured at the same temperature. The permittivity and dielectric loss 
at different frequencies have been plotted against concentration and their slopes have been used to draw normalised 
complex plane plots between (a'—a,.)/^-aœ) and a"/(a0—aœ) for these compounds. Such plots show a 
skewed arc dielectric behaviour. The values of distribution parameter ß, characteristic relaxation time T,„ average 
relaxation time rav, and dipole moment ji have been reported for the first time. The relaxation mechanism in 
these three molecules has been explained on the basis of multiple relaxation processes. 

Complex plane plots for most of the normal un-
associated molecules are semicircular arcs represented 
by the Debye equation1) or symmetric Cole-Cole arcs 
represented by the Cole-Cole equation.2) However, there 
are a few exceptions. I t has been observed that in 
case of long chain molecules3,4) the complex plane plot 
is a skewed arc and can be represented by the Davidson-
Cole equation.5) Such a behaviour is also exhibited by 
higher thiols6) and benzylidyne trifluoride.7) T h e pre­
sent studies have been carried out with three long chain 
molecules namely octanoyl chloride CH 3 (CH 2 ) 6 COCl , 
undecanoyl chloride CH 3 (CH 2 ) 9 COCl , and lauroyl 
chloride CH 3 (CH 2 ) 1 0COC1 in dilute solutions of ben­
zene.8) These compounds are highly reactive and when 
exposed to the atmosphere react with moisture present 
to form hydrochloric acid. Fur ther in pure liquids the 
internal field effects9-11) are pronounced because of 
large dipolar field. T h e dielectric behaviour has, there­
fore, been studied in dilute solutions of benzene so that 
the solute molecules are in a quasi-isolated state prac­
tically unaffected by the dipolar field and solute-solute 
co-operative phenomenon. These molecules have 
been chosen because of the likelihood of multiple re­
laxation mechanism being present in them. 

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

Materials. (a) Solute: Octanoyl chloride of purum 
grade (of 98% purity), undecanoyl chloride of purum grade 
(of 98% purity) and lauroyl chloride of puriss grade (of 99% 
purity) were obtained from Messrs Fluka, A. G., Switzerland. 
They were used as such for experimental work. 

(b) Solvent: Benzene of A. R. grade was purchased from 
Messrs British Drug House (India) Ltd. and was dried over 
sodium and fractionally distilled before use. 

Experimental Details. The measurements of permit­
tivity e' and dielectric loss e" for each of the solutes in five 
dilute solutions of different concentrations (0.02 to 0.10 wt 
fraction) in benzene were made using the method suggested 
by Heston et al.12^ for low loss liquids and adapted for short 
circuited termination at three different microwave frequencies 
viz. 3.31, 9.83, and 26.90 GHz. The heterodyne beat method 
was used for determining the static permittivity e0 at 100 kHz. 
High frequency limiting permittivity e«, was taken as square 
of the refractive index which was measured by an Abbe's 
refractometer. All measurements were made at 35 °C and 

the temperature was maintained within ±0.5 °G by circulat­
ing water from a temperature controlled bath. The values of 
e', e", e0, and e«, thus obtained were plotted against concentra­
tion in wt fraction. The slopes a', a", a0, and a„ are given in 
Table 1. The accuracy of measurement of a' is i l percent 
and of a" is ± 5 percent. 

TABLE 1. VALUES OF THE SLOPES OF PLOTS OF e' 

AND e" versus CONCENTRATION 

Frequency a' 

(a) Octanoyl chloride 
100 kHz 

3.31 GHz 
9.83 GHz 

26.90 GHz 
Optical a« 

a0 = 4.58 
4.00 
2.88 
0.63 

,= - 0 . 2 3 

(b) Undecanoyl chloride 

100 kHz 
3.31 GHz 
9.83 GHz 

26.90 GHz 
Optical dœ 

(c) Lauroyl 

100 kHz 
3.31 GHz 
9.83 GHz 

26.90 GHz 
Optical aœ 

a 0=4.03 
3.60 
2.30 
0.65 

= - 0 . 1 8 

chloride 

a 0 =3.78 
3.25 
2.00 
0.40 

= - 0 . 2 1 

a" 

— 
1.30 
2.13 
1.19 

— 

— 
1.25 
1.81 
1.09 

— 

— 
1.23 
1.70 
0.78 

— 

Theory 

A system having an asymmetric distribution of re­
laxation time can be represented by Davidson-Cole type 
relation.5) This equation can be modified by sub­
stituting a', a" etc. in place of e', e" etc. The Davidson-
Cole equation can be written for dilute solution as 

a*-a~ ,- 1 m 
a0-a„ ( 1 + I 7 Ö T 0 ) ' ' Kl 

where ß is a distribution parameter having values 
between 0 and 1, and r0 is the characteristic relaxation 
time. The average relaxation time r a v is equal to ßr0. 
Putt ing the value of a*=a'—ia" and separating real 
and imaginary parts, one gets 
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a' — a«, = (a0 — am)(cos <f>Y cos; 

a" = (a0 — aœ)(cos^y sinß^, 

where tan ci = œz0, 

hence Û>T0 = tan I -5-tan 

(2) 

(3) 

(4) 

(5) 

An approximate value of ß can be obtained from the 
skewed arc in which high frequency side approaches 
asymptotically a line making an angle ßn/2 with real 
axis of a'. T0 can be calculated from Eq. 5 by substitut­
ing the measured values of a"f{a'—aJ) at a given fre­
quency. The value of ß is then adjusted within the 
experimental range for getting constant value of T0 

from different frequency data. 

0 01 0 2 0 3 0 4 0 5 06 0 7 0 8 0 9 10 

( a ' - 0 / ( « b - f l . ) 

Fig. 1. Normalised plot of (a'—aœ)/(aQ—aœ) versus 
a"l(ao~a<°) f° r lauroyl chloride in benzene. 

A better method would be to draw curve between 
(a'—oco)/(fl0—a») and a"j{aQ—aJ) (normalised plots) for 
different known values of ß by varying <f> by fixed 
amounts. The values of these quantities obtained ex­
perimentally are also plotted on the same graph. The 
value of ß can be found out from the curve which fits 
the experimental values best. Knowing ß, r0 can be 
calculated from Eq. 5 by substituting the measured 
values of a" I (a'—Ö„) at a given frequency. A representa­
tive normalised plot in case of lauroyl chloride is given 
in Fig. 1. The normalised maximum loss a"mj(aQ—aj) 
which indicates the width of the distribution of relaxa­
tion time has also been calculated and reported in 
Table 2. 

TABLE 2. VALUES OF ß, a'^/(a0—a„), x0, rav, AND fi FOR 
OCTANOYL, UNDECANOYL AND LAUROYL CHLORIDES 

Compound 
(a0-a<o) (ps) (ps) (D) 

Octanoyl chloride 
Undecanoyl chloride 
Lauroyl chloride 

0.75 0.430 18.6 
0.70 0.425 22.3 
0.65 0.415 27.3 

13.6 2.74 
15.6 2.88 
17.7 2.89 

The dipole moments fi of these solute molecules have 
been calculated by the following equation proposed by 
Higasi :13> 

fi = A(a0-aDy/* (6) 

where A is a constant and is given by 

'27kT Af, W 
A = 

AnN (ex + 2)24 J 

Here dx is the density of the solvent and M 2 is the 
molecular weight of the solute. The values of n for 
all the three solute molecules are reported for the first 
time and are given in Table 2. 

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

The normalised arc plots for all the three solute 
molecules are skewed arcs which show that there is an 
asymmetric type of distribution of relaxation time. The 
value of ß increases with the decrease of chain length 
which means that the distribution of relaxation time 
decreases with the decrease in chain length. In other 
words the distribution of relaxation time tends towards 
a symmetric distribution with decrease in chain length. 
The width of distribution of relaxation time which is 
indicated by the normalised maximum loss also in­
creases with the decrease of chain length. 

The skewed arc behaviour in liquids has been re­
ported by many workers14-17) and has been explained 
in terms of co-operative phenomenon and multiple re­
laxation processes. In dilute solutions the former possi­
bility is ruled out. T h e only possible machanism which 
can explain the asymmetric distribution is due to 
multiple relaxation processes. This is borne out by the 
fact that the skewed behaviour increases with the 
increase in chain length. The molecule becomes less 
rigid and can relax in more than one way. A partic­
ular group or segment of the molecule may rotate, as 
well as the molecule may rotate as a whole. T h e former 
process has a smaller relaxation t ime as compared to 
the latter process. These are the limits between which 
the other relaxation times lie. The orientation of one 
segment may trigger many other orientations and con­
sequently the rotating group does not relax independ­
ently. This intramolecular process has similar effects 
as intermolecular co-operative phenomenon which has 
been used to explain the skewed arc behaviour in pure 
liquids. The decrease in value of ß with increase in 
chain length suggests that the segmental reorientations 
become increasingly possible with the increase in the 
number of C - C bonds, whereas with the decrease in 
chain length or decrease in the number of C-C bonds 
the segmental reorientation processes are reduced and 
the distribution becomes symmetric tending towards 
Cole-Cole behaviour. In the study of such molecules 
the possibility of solute-solvent interactions can not be 
ruled out. 

T h e value of dipole moment increases with the in­
crease in chain length. The characteristic relaxation 
time T0 of these compounds in solution increases with the 
increase in chain length, which is due to the increase in 
the molecular size. The average relaxation time r a v 

also increases in the same manner as T0 . 

T h e authors are indebted to Professor Krishnaji, 
University of Allahabad, Allahabad for his helpful 
discussions and for the facilities provided in connection 
with some measurements. They also wish to thank 
Prof. A. N. Nigam, Head of Physics Depar tment of this 
University for providing facilities to continue the present 
investigations. 
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The Stereochemistry and Reactivity of Metal-Schiff Base Complexes. II. 
High Stereoselectivity in (lS,2S)-iV,iVM,2-Cyclohexylenebis-
(salicylideneaminato)(sal2-(S,S)-chxn) Cobalt (III) Complexes 

with Amino Acids and the Optical Resolution of 
Amino Acids with Cobalt(III)-sal2-(<S,S)-chxn* 

Yuki FUJII, Mitsuo SANO, and Yoshiharu NAKANO 
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A series of mixed ligand cobal t ( I I I ) -Schiffbase complexes with the general formula of [Co(sal2-(>S',-S')-chxn)(aa)] 
( aa=g ly~ , L- and D-ala_, L- and D-val~, L- and D-leu~, L- and D-thr - , or L- and D-trp_) were newly prepared from 
[Co(sal2-(5',iS')-chxn)] and amino acids by air oxidation. All the complexes were found to take, stereoselectively, 
the A-cis-ß-^ifac)-structure, irrespective of the configuration of the amino acids. O n the other hand , the reactions 
of [Co(sal2-(5',5')-chxn)] with an excess of DL-amino acids in open air gave [Co(sal2-(1S',1S')-chxn) (aa)] , in which 
L-amino acids were selectively coordinated except for proline. These stereospecificities were found from the optical-
purity measurement of the unreacted amino acids which h a d been separated from the reaction solutions by extract­
ing the formed complex with chloroform. The configuration and the optical purities of the unreacted amino acids 
recovered from 1: 2 reaction solutions (complex: DL-amino acid) were as follows: ala, ( D , 6—10%) ; leu, ( D , 6— 
8 % ) ; met, (D , 6 — 8 % ) ; ser, ( D , 10—12%); thr, (D , 2 7 — 3 0 % ) ; asp, ( D , 16—18%) ; glu, ( D , 6 — 8 % ) ; phe, ( D , 
29—31%) ; trp, (D , 41—43%) ; pro, (L, 48—50%) . These stereoselectivities and stereospecificities were explained 
in terms of the thermodynamic origin and the stereochemical requirement of the complexes. 

I n r e c e n t papers , 1 ' 2 ) t h e s te reose lec t iv i ty in c o b a l t ( I I I ) 
- S c h i f f base c o m p l e x e s c o n t a i n i n g L - a m i n o ac id s , 
[Co( sa l 2 en ) (L-aa ) ] a n d [ C o ( 7 , 7 ' - M e - s a l 2 e n ) ( L - a a ) ] , h a s 
b e e n r e p o r t e d o n . I n these c o m p l e x e s , t h e s te reose lec­
t ivi ty was t h e r m o d y n a m i c i n o r ig in a n d w a s wel l e x ­
p l a i n e d in t e r m s of t h e i n t r a m o l e c u l a r s te r ic r e p u l s i o n 
b e t w e e n t h e a lkyl g r o u p s of t h e c o o r d i n a t e d a m i n o ac id s 
a n d t h e H - C = N o r C H B - C = N g r o u p s of t h e Schiff base 
l igands . I n this p a p e r , w e wish to r e p o r t o n a n o t h e r 
type of s te reose lec t iv i ty w h i c h c o m e s f rom a c h i r a l 
Schiff base l i g a n d in coba l t ( I I I ) - sa l 2 - (£ , .S , ) -chxn c o m ­
plexes w i t h a m i n o ac ids . Also to b e r e p o r t e d is a 
stereospecif ici ty of t h e cobal t ( I I I ) -sa l 2 - (5 ' , l S

, ) -chxn c o m ­
p lex to L -amino ac ids . T h e s t u d y is v e r y i n t e r e s t i n g 
because t h e s tereospecif ic i ty is t h e r m o d y n a m i c in 
o r ig in a n d is r e l a t e d to t h e o p t i c a l r e so lu t i on of a m i n o 
ac ids w i t h a m e t a l c o m p l e x 3 - 1 3 ) o r to t h e p r o b l e m of 
ch i r a l r ecogn i t i on in m e t a l - c o e n z y m e . 1 4 - 1 9 ) 

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

Preparation of the Complexes. 1) [Co(sal2-(S,S)-chxn)~\ : 
This complex was prepared by the method described in Ref. 
20 using (l,S',25,)-iV,iV,-l,2-cyclohexylenebis(salicylidene-
amine). The optically active cyclohexanediamine used for 
the preparation of the optically active Schiff base ligand was 
resolved by a modification of the l i terature method.21) A 
solution of ^-tartaric acid (150 g) in 250 ml of water was cooled 
to about 10 °C. T o this solution we then cautiously added 
57 g of 1,2-cyclohexanediamine (Tokyo Kasei Co.) in small 
batches with cooling and stirring, followed by cooling in a 
refrigerator at about 0 °C for a day. A white powder-like 
compound was precipitated from the cold solution by scratch­
ing the wall of the beaker and subsequently separated by 
filtration. The white precipitate was the ( + )D-component 
and was recrystallized from a min imum amount of hot water 
to show a constant optical rotation (5—6 times), [a] D = 
+27 .0° . Yield, 12.5 g. Found : C, 38.68 ; H , 6.52 ; N , 6 .47%. 

* A part of this study was reported in Chem. Lett., 1976, 745. 

Calcd for C 6 H 1 6 N 2 ( C 4 H 5 0 6 ) 2 . H 2 0 : C, 38.89; H , 6.53; N, 
6 .48%. T h e hydrochloride of the ( + ) D - c o m P o n e n t 5 which 
was obtained by the usual procedure,21) showed an [oc]D of 
+ 16.0° (lit,21) +15 .8° ) . 

T h e ( —)D-component was obtained as white needles or 
plates by the slow concentrat ion of the filtrate at room tem­
perature . I t was recrystallized from a min imum amount of 
hot water several times to show a constant optical rotation, 
[ a ] D = - 1 2 . 1 ° (lit,22) - 1 2 ° ) . Yield, about 7.0 g. Found.: 
C, 44.75; H , 7.65; N , 10.49%. Calcd for C 6H 1 6N 2 (C 4H 4O e ) -
1 /4H 2 0: C, 44.69; H , 7.69; N , 10.42%. T h e hydrochloride 
showed [a ] D of — 16.0°. 

T h e absolute configuration, (IS, 2S), has been determined 
for ( + )D-chxn by M a r u m o et al. from the X-ray crystal 
analysis of ( - ) D - [ C o ( ( + ) - c h x n ) 3 ] C l 3 . 5 H 2 0 . 2 3 > 

2) [Co(sal2-(S,S)-chxn)(aa)~\: Since the preparat ive 
method is almost the same for all the complexes, only a re­
presentative procedure will be described here. T h e amino 
acid (1.5 X 10~3 mol) dissolved in 35 ml of water was added to 
a suspension of [Co(sal2-(5,5)-chxn)] (0.5 g, 1.3 X 10~3 mol) in 
45 ml of methanol . T h e mixture was stirred vigorously in 
open air for about 30 min at 60 °C. By this procedure, the 
complex was dissolved to give green solution. After cooling 
to room temperature , the solution was concentrated to about 
35 ml at room temperature . Chloroform (about 50 ml) was 
added to extract the formed complex, and the crude product 
was obtained by evaporat ing off the chloroform to dryness. 
I t was then recrystallized from methanol (complexes of L-ala, 
L-thr, D-thr, L-trp, and D-trp) or reprecipitated from chloro­
form (complexes of gly, D-ala, L-val, D-val, L-leu, and D-leu) 
by evaporating to dryness. T h e yields were 80—90%. These 
complexes can also be prepared from a mixture of a large 
excess of amino acid (about 1 X 10 - 2 mol) in 100 ml of water 
and [Go(sal2-(5,5)-chxn)(aa)] ( l x l 0 - 3 m o l ) in 50 ml of 
methanol , followed by a t reatment similar to the method 
mentioned above. T h e compounds were identified by their 
P M R spectra, and their yields were 80—90%. T h e analytical 
d a t a are listed in Tab le 1. 

Optical Resolution of Amino Acids. T h e method for the 
optical resolution of amino acids is similar for all the amino 
acids, and so only a representative procedure will be given 
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TABLE 1. ELEMENTAL ANALYSIS DATA 

Complex 

[Co(sala-(.S,.S)-chxn) (gly)]. H 2 0 
[Co(sal2-(5',5')-chxn) (L-ala)].4.5H20 
[Co(sal2-(5'^)-chxn) (D-ala)] .CHC13 

[Co(sala-(S,S)-chxn) (L-val)]. 0.5CHC13. H 2 0 
[Co(sal2-(5

,,5)-chxn) (D-val)] .0.5CHC13 . H 2 0 
[Co(sala-(£,S)-chxn) (L-leu)] .0.5CHC13 

[Cofsal.-^i-chxn) (D-leu)] .0.5CHC13 

[Co(sal2-(^)-chxn) (L-thr)] -H 2 0 
[Go(sala-(5,5)-chxn) (n-thr)] -H 2 0 
[Co(sala-{S,S)-chxn) (L-trp)] • 3.5H20 
[Go(sala-(S

,,5,)-chxn)(D-trp)].4HaO 

c (%) 
Found (Calcd) 
56.29(56.06) 
50.31(50.37) 
48.65(48.37) 
53.39(53.44) 
53.68(53.44) 
55.68(55.92) 
55.75(55.92) 
57.61(57.72) 
57.92(57.72) 
57.60(57.67) 
56.92(56.88) 

H ( % ) 
Found (Calcd) 

5.66(5.56) 
6.42(6.43) 
4.48(4.57) 
5.67(5.72) 
5.64(5.72) 
5.96(5.76) 
5.81(5.76) 
5.52(5.65) 
5.54(5.65) 
5.83(5.93) 
5.92(6.01) 

N (%) 
Found (Calcd) 

8.73(8.91) 
7.68(7.66) 
7.11(7.05) 
7.23(7.33) 
7.22(7.33) 
7.24(7.33) 
7.32(7.33) 
8.30(8.41) 
8.39(8.41) 
8.64(8.68) 
8.66(8.56) 

here. The molar ratio of the reactants is 1: 2 (Complex : 
DL-amino acid). DL-Amino acid (2.6 X 10-3 mol), dissolved 
in 40 ml of water, was added to a suspension of [Co(sal2-(5

,,5')-
chxn)] (0.5 g, 1.3xl0-3mol) in 60 ml of methanol. The 
mixture was then stirred vigorously for 30 min at about 60 °C. 
After cooling, the green complex was extracted into chloro­
form (50 ml, twice), and the water layer was concentrated to 
near dryness. The white precipitate thus obtained was washed 
with methanol; the yields were 90—100% (a half of the used 
amino acid corresponds to the yield of 100%). The white 
precipitate in each case was confirmed to be the correspond­
ing amino acid by a study of its IR spectrum. The opical 
purity of the recovered amino acids was determined by using 
the method described in Ref. 24. 

Measurements. The IR spectra were recorded as KBr 
pellets with a Hitachi EPI-S2 spectrophotometer. The 
electronic Absorption spectra were measured with a Hitachi 
EPS-3 spectrophotometer at 25 °C. The CD spectra were 
recorded with a JASCO J-20 Automatic Recording Spectro-
polarimeter at room temperature. The optical rotation at 
435 nm was measured with a JASCO DIP-180 Automatic 
Polarimeter at 25 °C. The PMR spectra were measured with 
a Hitachi R-20 spectrometer (60 MHz) at 35 °C in CD3OD 
using TMS as the internal reference. 

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

Stereoselectivity. The data for the electronic 
absorption spectra (AB) and the circular dichroism 

15 20 25 

i>(103 cm"1) 

Fig. 1. AB and CD spectra of A-[Co(sa\2-(S,S)-chxn)-
(L-val)] ( •) and ^-[Co(sala-(S,S)-chxn) (D-val)] 
( ) inMeOH. 

spectra (CD) are summarized in Table 2, while some 
representative AB and CD spectra are shown in Fig. 1 
(and Fig. 1 in Chem. Lett, 1976, 745). The P M R spectral 
data are listed in Table 3, while some representative 
P M R spectra are shown in Fig. 2 (and Fig. 2 in Chem. 
Lett., 1976, 745.) 

All the complexes exhibit AB and CD spectra which 
are quite similar to one another. Thus, it is suggested 
that all the complexes prefer to take the same geo­
metrical structure. All the complexes show CD intensi­
ties in the first absorption region (16000—21000 cm - 1 ) as 
strong as those for optically pure isomers of [Co(sal2en)-
(aa)].2> Thus , it is also suggested that all the complexes 
prefer to take the same optical form. These specula­
tions are strongly supported by the P M R spectra. All 
the complexes show almost the same P M R signal for 
the coordinated sal2-(kS',kS

,)-chxn. Moreover, the P M R 
signals of the alkyl groups of the coordinated amino 
acids consist of peaks which correspond to only one 
isomer. Therefore, it is clear from these data that the 

[Co(saU- (S.S)-chxn) ( L-val)] 

H20 MeOH 

Fig. 2. PMR Spectra of representative complexes in 
CD3OD. 
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TABLE 2. AB AND CD SPECTRAL DATA FOR [Co(sal2-(5',5,)-chxn)(aa)] IN METHANOL 

(Wave number are in 103 cm-1) 

Amino acid 
(aa) 

Gly 

L-Ala 

D-Ala 

L-Val 

D-Val 

L-Leu 

AB 
(log emax) 

16.95(2.56) 
20.83 (2.58) a> 
25.97(3.73) 

17.09(2.58) 
21.28(2.73)a> 
25.97(3.74) 

17.09(2.64) 
21.28(2.72)a> 
25.97(3.81) 

17.09(2.62) 
21.28(2.76)a> 
25.97(3.78) 

17.09(2.60) 
21.28(2.73)a> 
25.97(3.79) 

17.09(2.58) 
21.28(2.70) a> 
25.97(3.88) 

CD ( A O 

16.95(+8.35) 
20.00(+1.01) 
23.64(-8.33) 
25.00(-7.81) 
28.17(—12.94) 

16.95(+10.66) 
20.00(+1.30) 
23.64(-10.86) 
25.00(-10.86) 
28.17(—15.90) 

16.95(+8.44) 
20.62(+1.48) 
23.64(-8.82) 
25.00(-8.88) 
28.17(—13.31) 

16.95(+9.50) 
20.00(+2.00) 
23.26(-9.50) 
25.32(-10.23) 
28.17(—15.32) 

16.95(+8.53) 
20.63(+2.10) 
23.64(-9.33) 
25.00(-10.37) 
28.17(—13.98) 

16.95(+8.98) 
20.00(+1.65) 
23.64(-9.46) 
25.00(-9.27) 
28.17(—13.48) 

mino acid 
(aa) 

D-Leu 

L-Thr 

D-Thr 

L-Trp 

D-Trp 

AB 
(log emax) 

16.95(2.59) 
21.28(2.74) a> 
25.97(3.88) 

17.09(2.62) 
21.28(2.83)a> 
25.97(3.86) 

16.95(2.56) 
21.28(2.79)a> 
25.97(3.76) 

17.09(2.60) 
23.81(3.46)a> 
25.97(3.84) 

16.95(2.56) 
22.22 (2.98) a> 
25.97(3.87) 

CD (Aecxt) 

16.81(+8.68) 
20.62(+1.65) 
23.64(-9.55) 
25.00(-9.42) 
28.17(—13.28) 

16.65(+10.82) 
20.00(+1.87) 
23.42(-10.95) 
25.32(-10.93) 
28.17(—16.50) 

16.81(+9.96) 
20.62(+2.58) 
2 3 .6 4 ( - 10.44) 
25.32(-9.56) 
28.17(—15.22) 

16.95(+10.62) 
20.00(+2.31) 
23.42(-10.00) 
25.32(-9.28) 
28.17(—14.20) 

16.81(+8.46) 
20.00(+1.82) 
23.64(-8.30) 
25.00(-7.82) 
28.17(—11.55) 

a) Shoulder. 

complexes exist as only one diastereoisomer in methanol. 
As will be mentioned later, six diastereomers are possible 
for each complex: A- and A-cis-ß^ A- and A-cis-ß2, and 
A- and A-cis-a. However, all the complexes utilize only 
one diastereoisomer, and their structures are similar 
to one another whether the coordinated amino acid is 
L or D. Thus, it may be concluded that 1) the stereo­
selectivity in the [Co(sal2-(5,,.S,)-chxn)(aa)] complex is 
complete, and 2) the stereoselectivity of the coordinated 
sal2-(pS,,.S')-chxn is great enough to assume only one 
optical form. 

Although some differences in CD strengths are 
observed between the complexes with L- and D-amino 
acids, this is not due to the poor stereoselectivity but to 
the vicinal effect of the coordinated amino acids. Since 
the CD strengths in these Schiff base complexes are 
2—3 times greater than those in the usual amino acidato 
cobalt(III) complexes,25-28) the vicinal effect may also be 
somewhat stronger in these complexes. Qui te a strong 
vicinal effect has also been observed for [Co(tfac2en)-
(L-aa)] (tfac2en=dianion of iV,iV-ethylenebis(trifluoro-
acetylacetoneamine) ; the results will be reported else­
where. 

All the complexes show no time-dependence on their 

CD and P M R spectra in methanol. Thus , the iso-
merization reaction such as seen in [Co(sal2en)(L-aa)] 
and [Co(7,7'-Me-sal2en)(L-aa)] may not occur in these 
sal2-(»S',6')-chxn-complexes.2) However, these complexes 
are substitution-labile for the coordinated amino acid. 
T h a t is, as has been described in the Experimental 
section, the reaction of these complexes with an excess 
of another amino acid (aa 'H) proceeds comparatively 
rapidly to give [Co(sal2-(»S',»S')-chxn)(aa')] with a reten­
tion of the configuration. These facts mean that the 
stereoselectivity of sal2-(kS',5')-chxn-complexes is so high 
that no conversion of the configuration of the coordi­
nated Schiff base ligand is observed. Since the stereo­
selectivity in substitution-labile complexes can usually 
be ascribed to thermodynamic origins,11-13) the stereo­
selectivity observed here can also be thought to be 
thermodynamic in origin. 

Structure of the Complexes. All the complexes 
isolated show r ( C O O - ) at 1625—-1630 c m - 1 , suggesting 
the coordination of the carboxylate group of the amino 
acidato ligand to the central cabolt(III) ion.29) The 
elemental analysis suggests that all the amino acids act 
as bidentate ligands. Since the P M R signal of the 
H-C=N group of the sal2-(.S',5')-chxn ligand is split into 
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TABLE 3. PMR SPECTRAL DATA FOR [Co(sal2-(5',5,)-chxn)(aa)] IN CD3OD (<5, ppm) 

[Vo. 50, No. 10 

Amino acid 
(aa) 

Gly 

L-Ala 

D-Alaa> 

L-Vala> 

HC=NC> 

8.19(1) 
7.72(1) 
8.19(1) 
7.70(1) 
8.18(1) 
7.70(1) 
8.20(1) 
7.77(1) 

sal3-(5
,,.S,)-chxn 

çi-protons 

7.5—6.5 (multiplet) 

7.5—6.5 (multiplet) 

7.5—6.5 (multiplet) 

7.5—6.5 (multiplet) 

chxnb> 

2.3—1.3 (multiplet) 

2.3—1.3 (multiplet) 

2.3—1.3 (multiplet) 

2.3—1.3 (multiplet) 

! :25(! :a)> < d o u b k t > 

! : « | L 5 ) > <doubkt> 

ô:!Sjl:!|> <doubfct> 

D-Vala> 8.20(1) 7.5—6.5 (multiplet) 2.3—1.3 (multiplet) 
7.77(1) 

L-Leua> 8.17(1) 7.5—6.5 (multiplet) 2.3—1.3 (multiplet) 

D-Leua) 

L-Thr 

D-Thr 

L-Trp 

D-Trp 

8.17(1) 7.5—6.5 (multiplet) 2.3—1.3 (multiplet) 
7.71(1) 

8.23(1) 7.5—6.5 (multiplet) 
7.77(1) 
8.22(1) 7.5—6.5 (multiplet) 
7.77(1) 
8.10 ( 1 ) d> 7.5—6.5 (multiplet) 
7.55(l)d> 
8.20(1) 7.5—6.5 (multiplet) 
7.70(1) 

2.3—1.3 (multiplet) 

2.3—1.3 (multiplet) 

2.0—1.0 (multiplet) 

2.0—1.0 (multiplet) 

0.80(1 
0.68(1 
1.09(1 
0.97(1 
1.05(1 
0.83(1 
0.99(1 
0.91(1 
0.96(1 
0.88(1 
1.04(1 
0.95(1 
0.97(1 
0.88(1 
1.24(1 
1.12(1 
1.34(1 
1.22(1 

;j?]} (doublet) 

;;?]} (doublet) 

; ^ | } (doublet) 

; | | } (doublet) 

• j ] } (doublet) 

;jjj} (doublet) 

•j?h (doublet) 

jjj} (doublet) 

f ] } (doublet) 

HoKP~ 

a) This mcoplex shows a CHCL, signal at 7.87 ppm. b) Broad multiplet, c) 
is in parentheses, d) The high-field shift of this peak is perhaps due to the 
phenyl ring. 

two peaks of equal intensity, the cis-on- and « ^ - s t r u c ­
tures are thought to be possible. However, the cis-cx.-
structure is thought to be quite unstable, and such a 
complex has not yet been reported in coba l t ( I I I ) -
Schiff base complexes.30,31) O n the other hand, the 
cù-/?-structure is well known.3 0 - 3 4) Since the stereo­
selectivity in these complexes is thermodymanic in 
origin, as has been mentioned above, the thermodynami-
cally stable czV-/?-structure is confidently assigned to 
the complexes. I t is well known that ( .S^-chxn and 
its derivatives take the ^-conformation exclusively.35-37) 
This is due to the extraordinary stability of the chair 
form of the cyclohexane ring. Molecular models in­
dicate that the ^-conformation persists in sal2-(5',6,)-chxn 
and that the ^-configuration is strain-free in its complex 
with the cis-ß form. Therefore, the ^-configuration is 
confidently assigned to all the complexes. As will be 
discussed later, [Co(sal2-(JS',iS')-chxn)(L-aa)] is more 
thermodynamically stable than [Co(sal2-(1S',5')-chxn)-
(D-aa)]. This is mainly due to the intramolecular steric 
repulsion between the alkyl group of the coordinated 
amino acid and the H - O N group of the Schiff base 
ligand. This repulsion is larger in the D-aa-complex 
than in the L-aa-complex. Molecular models show that 
the steric repulsion is larger in the An-cis-ß^fac) isomer 
than in the A^-cis-ß^fac) isomer. However, the Ah-
cis-ß2(mer) isomer displays somewhat a larger steric 

The number of protons 
anisotropic effect of the 

A-L(S) A-D(R) 
Fig. 3. The proposed structure of [Go(sal2-(6',5')-chxn)-

(aa)]. 

repulsion than the AD-cis-ß2(mer) isomer. Thus, the 
cis-ß1(fac)-structure shown in Fig. 3 may be assigned to 
all the complexes. 

Stereo specificity. In order to study the stereo-
specificity of the complexes toward L- or D-amino acids, 
we examined the reactions of [Go(sal2-(»S',1,9)-chxn)] with 
various racemic amino acids in open air. The molar 
ratio in the reaction was maintained at 1: 2 (complex : 
DL-amino acid). The stereospecificity was estimated 
from the optical purity of the unreacted amino acid 
which was recovered from the reaction solution by 
extracting the formed complex with chloroform, followed 
by the concentration of the amino-acid solution. The 
optical purities of the unreacted amino acids are sum-
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TABLE 4. OPTICAL PURITY OF UNREACTED AMINO ACIDS WHICH WERE RECOVERED FROM THE REACTION 

SOLUTIONS OF [ C o ( s a l 2 - ( 5 ' , » S ' ) - c h x n ) ] AND DL-AMINO ACIDS IN A 1 : 2 MOLAR RATIO 

Amlino 
acid 

Configuration 
of unreacted 
amino acid 

Optical 
purity 
(%) 

Amino 
acid 

Configuration 
of unreacted 
amino acid 

Optical 
purity 
(%) 

Ala 
Val 
Leu 
Met 
Ser 
Thr 

D(R) 
D(R) 
D(R) 
D(R) 
D(R) 
D(R) 

6—10 
6—8 
6—8 
6—8 

10—12 
27—30 

Asp 
Glu 
Phe 
Trp 
Pro 

D(R) 
D(R) 
D(R) 
D(R) 
L(S) 

16—18 
6—8 

29—31 
41—43 
48—50 

marized in Table 4. Since the reaction is stoichio­
metric, it is written as follows : 

2[Go(sal2-(5,5')-chxn)] + 4aaH + 0.502 • 

2[Co(sal2-(5',5,)-chxn)(aa)] + 2aaH + H 2 0 . (1) 

Moreover, since all the complexes are substitution-labile 
toward the coordinated amino acids, the following 
equilibrium is also thought to be established in solution : 

[Co(sal2-(5',5')-chxn)(L-aa)] + D-aaH <. >, 

[Go(sala-(5
,,5,)-chxn)(D-aa)] + L-aaH. (2) 

Here, we must consider the possibility of the racemiza-
tion of amino acids or the assymetric transfer of the 
coordinated amino acids, but these processes were not 
observed under our experimental conditions. There­
fore, the results in Table 4 indicate that Equilibrium 
2 tends to lie toward the left side. Thus, it may be 
concluded that the cobalt(III)-sal2-(.S,£)-chxn-complex 
favors L-amino acids more than D-amino acids, with the 
exception of proline. Since the existence of Equilibrium 
2 means that the stereospecificity is thermodynamic in 
origin, it may be concluded that the L-aa-complex is 
thermodynamically more stable than the D-aa-complex, 
again with the exception of proline. In this case, it is 
known that the stereoselective behavior of proline is 
markedly different from that of the other amino acids.1'2) 

The stereospecificity increases in the order, a l a ~ 
met — leu — val — glu <C ser <C asp <C thr <, phe <C t rp <C pro. 
This order parallels the increasing order of the stereo­
selectivity in the [Co(sal2en)(L-aa)] complex and also 
coincides with the increasing order of the steric crowd­
ing of the alkyl group of the amino acid.2) Therefore, 
an intramolecular steric repulsion between the alkyl 
group and the H-C=N group of the Schiff base ligand, 
such as seen in the [Co(sal2en)(L-aa)] complex,2) exists 
in each complex, and it may be larger in the ylD-isomer 
than in the ylL-isomer. This is the reason why the L-
amino acid is selectively coordinated in the complex. 
In the case of proline, the molecular model indicates 
that the steric repulsion is larger in the yfL-isomer than 
in the ^D-isomer. 

Variation of the Molar Ratio (lïL-Amino AcidjComplex) 
in the Reaction. Figure 4 shows the plots of the 
optical purity of unreacted amino acid versus the molar 
ratio (mjn) in the reaction of n mol of a complex with 
2m mol of DL-amino acid. In this figure, the solid 
lines show the calculated values, and the circles, the 
observed values. The calculation was carried out by 
using Eqs. 3 and 4 as derived below. Here, K is the 
equilibrium constant of Reaction 2 and is equal to 

-ö 100 

mjn 

Fig. 4. A plot of optical purity (O.P.) of unreacted 
amino acid and molar ratio (mfn) in the reaction of n 
mol of complex with 1m mol of DL-amino acid, (a), 
(b), (c), and (d) are the calculated curve for Ä"=20, 
Ä"=6.0, K=3A, and K=2, respectively. O a n d • 
are the observed values for tryptophan (O) a n d phenyl­
alanine ( 0 ) . 

KL/KD {Khy>KD in sal2-(6',iS')-chxn-complex), where Kh 

and Kv are the stability constants written as follows: 

* L = [Co(Y)(L-aa)l/[Go(Y)][L-aa], 

KD = [Co(Y)(D-aa)]/[Go(Y)][D-aa]. 

Go(Y) indicates the Co(sal2-(»S',1S
,)-chxn)-complex, and 

the brackets stand for the concentration. 
When the reaction of n mol of the complex with 2m 

mol of DL-amino acid (2m>n) is considered, the optical 
purity of the unreacted amino acid is written as follows : 

O.P. (%) = {[D-aa]f-[L-aa]f}/{[D-aa]f+[L-aa]f} X 100. 

where [D-aa]f and [L-aa]f are the concentrations of free 
D- and L-amino acids respectively. Since the complex 
formation is quantitative, and if we can neglect the 
concentration of free complex, [Co(Y)], the O.P.(%) 
can be written as follows: 

O.P. (%) = {[D-aa] f - (2m-n-[D-aa] f )} / 

{[D-aa] f+(2m-«-[D-aa] f)> X 100, (3) 

where 

[D-aa]f = {-(3m-n-mK + nK)+[(3m-n-mK + nK)2 

-4(mn-2m2)(K-\)Y/*} x [2(K-1)YK (4) 

Thus , if K is known, we can estimate the O.P.(%) of the 
unreacted amino acid by using Eqs. 3 and 4. In Fig. 4, 
we selected K arbitrarily (K=2 or 20) or as fitted to the 
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observed values (K=3A for phe and K=6.Q for trp). 
From these results, it may be seen that the observed 

values fit the calculated curves quite well at all the 
reaction molar ratios; the ^-values for phe and trp are 
quite reliable. These K-values are close to the thermo­
dynamic stereoselectivity (A^-cis-ßj^ isomer/A h-cis-ß1 

isomer) of the Co (sal2en)-complexes with L-phe and 
L-trp, respectively (about 4 for phe and 8 for trp).2) 
Here, the Ah-cis-ß1 isomer/A h-cis-ß1 isomer ratio is 
equal to the AL-cis-ß1 isomerfAD-cis-ß1 isomer rat io; it 
corresponds to the relative stability constant between 
the complex with L-aa and that with D-aa. Therefore, 
these results give strong support for the thermodynamic 
origin of the stereospecificity. 

Finally, it should be pointed out that, although the 
optical purity at 2m/n = 2 is not very high, it becomes 
higher as m becomes smaller, and that the use of a 
chloroform-soluble, non-electrolyte complex is one of 
the advantages of our method of optical resolution of 
amino acid, as it provides for the easy separation of the 
unreacted amino acid and the formed complex by 
solvent extraction. 
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The Synthesis of Greigite from a Polysulfide Solution at about 100 °C 
Hiroaki WADA 

National Institute for Researches in Inorganic Materials, Kurakake, Sakura-Mura, Nihari-Gun, Ibaraki 
(Received October 15, 1976) 

Favorable synthesis conditions for greigite are examined in FeS04« (NH4)2S04-Na2S--Na2S.j. systems at about 
100 °C. It has been found that greigite formation is influenced by the pH adjustment and by the addition of 
sulfur. When the final pH is about 6.0 and the dissolved iron concentration is in the 10~3— 10-1-5 M range, greigite 
is synthesized as a single phase. The unit-cell dimensions of greigite range from 9.840 to 9.877 Â, corresponding 
to variations in compositions between 45.4 and 42.9 atomic % Fe. The formula of synthetic greigite is represented 
as Fe3+a;S4 (*=0-0 .4 ) . 

Many reports have been published on the preparation 
of greigite, Fe3S4, in an aqueous solution.1-3) However, 
it is not easy to synthesize greigite as a single phase, 
because greigite formation depends upon many factors, 
such as the temperature, the p H , the starting source 
materials, and the redox conditions.4-5) Recently, 
Horiuchi et al. studied the reaction of tetragonal FeS 
(mackinawite) with colloidal sulfur and observed the 
formation of cubic Fe3S4 in the semi-dry system by 
means of electron diffraction.6) From the results of 
this work, it was suggested that amorphous sulfur 
played an important role in Fe3S4 formation. 

In an aqueous solution, free sulfur is frequently 
combined with sulfide ions and so changed into the 
form of polysulfide ions. Paying special attention to 
sulfur source materials, the present author at temped to 
prepare greigite from a polysulfide solution. 

Exper imenta l 

All the chemicals used were of a guaranteed reagent 
grade. A polysulfide stock solution was prepared by reacting 
orthorhombic sulfur with a Na2S solution in a nitrogen gas 
atmosphere for 2 h at about 100 °G. After the residual 
solid sulfur had been taken away by filtration, the polysulfide 
solution was kept in polyethylene bottles in a cold and dark 
place. Prior to the experiments, the concentrations of 
sodium and sulfur were determined by the methods of flame-

Fig. 1. Schematic diagram of the reaction vessel for 
synthesis of iron sulfides. A: Heating mantles. B: 
Mercury thermometer. C : 500 ml of round bottom 
flask with four necks. D: Dimroth condenser. E and 
F: Washing gas bottles. E is filled with 40 per cent 
pyrogallol-NaOH solution to remove oxygen in nitro­
gen gas. H2S gas which is expelled from the vessel is 
absorbed in F, filled with 10 per cent NaOH solution. 

photometry and conventional gravimetry respectively. 0.20 M 
Na2S3-89 solution was used in the synthesis of greigite. 

FeS04»(NH4)2S04 and Na2S were dissolved in a proper 
volume of distilled water in every other experiment. Less 
than 10 ml of a Na2S3-89 solution was added into large amounts 
of the Na2S solution as a part of the sulfur source. Two hun­
dred ml of a 0.0834±0.0006 M FeS04-(NH4)2S04 solution 
were mixed with 200 ml of a 0.1468± 0.0006 M Na2S solution 
containing polysufide ions, as is shown in Fig. 1. Purified 
nitrogen gas was flowed through the solution at the rate 
of about 170 ml/min in order to avoid the contamination 
of products by air oxidation. A colloidal suspension of 
iron sulfides precipitated was heated at the boiling temperature 
(103 °G) for 15—20 h. 

At the termination of each experiment, the final pH of 
solution was measured by means of a pH meter (TOA 
Electronics Ltd., HM-7A type). The concentration of 
ferrous ions in the clear supernatant solution was determined 
by the titration method using 1.67 X 10~2 M K2Cr207 or 
a colorimetric method using 1,10-phenanthroline. The 
iron sulfide product was separated from the solution by a 
centrifuge, washed by water, aqueous ammonia, and acetone, 
dried in a vacuum, and identified by means of X-ray and 
electron diffraction. An X-ray diffractometer (Shimadzu 
VDR-11) and an electron microscope (100 kV: Hitachi 11 D) 
were employed to identify the specimens. 

The compositions of the iron sulfide products were determin­
ed by the analytical method of Kolthoff and Sandell.7) 
About 200-mg portions of the specimens were decomposed 
into an ionic state on the basis of oxidation in the wet way 
using bromine with nitric acid. The sulfur was determined 
gravimetrically as BaS04 . After the dissolved iron had 
been reduced to Fe2+ ions with NH 2OHHCl, the iron 
content was determined by the spectrophotometric method,8* 
using 1,10-phenanthroline. 

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

Greigite was obtained under the preferred synthesis 
conditions, listed in Table 1. Meanwhile, phase trans­
formations were observed in the order of mackinawite, 
greigite, and pyrite (cubic FeS2) with an increase in the 
amounts of the Na2S3p89 solution added. When the 
Na2S3 - 8 9 solution was not added, only mackinawite was 
formed. Greigite was produced as a single phase by the 
addition of 3—6 ml of the Na2S3#89 solution. Pyrite was 
formed together with greigite by the addition of 7—10 
ml of the Na2S3 - 8 9 solution. 

The analytical results of the products showed that 
the S/Fe atomic ratio of iron sulfides increased linearly 
with an increase in the amount of polysulfide solution 
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TABLE 1. EFFECT OF SULFUR FROM A 0.20 M Na2S3.{ 

SOLUTION U P O N PRODUCTS, ON H E A T I N G FOR 

15—20 h AT ABOUT 100 °C 

S 

FeSO 
(NH4)2S 

6HaC 
in g 

ource materia 

4 ' 

6.5401 
6.4972 
6.5807 
6.5988 
6.6023 

6.5211 

1.6 

S
/F

e 
at

om
ic

 r
at

io
 

• a . 

NaJS-
9H"20 
in g 

7.0269 
7.0227 
7.0733 
7.0158 
7.0279 

7.0322 

, r-

b 

. i i 

Is 

Na2S3.89 
in ml 

— 
3 
5 
5.5 
6 

10 

, r-

b 

• 

Final 
pH 

6.38 
6.00 
6.10 
6.01 
6.03 

6.00 

— T - , 

Product 

mackinawite 
greigite 
greigite 
greigite 
greigite 
greigite 
+pyrite 

, , 

c ' 

1 1 

" ' " 0 5 10 

0.20 M Na2S3.89 added (ml) 

Fig. 2. Relation of S/Fe atomic ratio of products with 
0.20 M Na2S3.89 solution added. Products: a=macki-
nawite, b=greigite, c=greigite+pyrite. 

pH 

Fig. 3. Relations of the final pH with iron concentration 
in solutions. The pH is adjusted with variation of mix­
ing ratio of FeS04- (NH4)2S04 

addition of 1.13 M H ä S0 4 (Q)-
and Na2S (%), and 

added (Fig. 2). The dissolved iron content in the clear 
supernatant solution increased by the order of 2.5, from 
10~4 to 10 - 1-5 M/l, corresponding to the p H change 
from 7 to 5.8 (Fig. 3). T h e final p H values of the 
solutions associated with greigite ranged from 5.8 to 6.1. 

The region of greigite formation was consistent with the 
conspicuous increase in the solubility of mackinawite. 
These results indicate that (1) forms of the resulting 
iron sulfide are controlled systematically by the amounts 
of sulfur added and by the p H of the solution and (2) 
the region of greigite formation as a single phase in 
solutions is restricted to the extremely narrow p H range 
between 5.8 and 6.1. 

I t was found that the correct p H adjustment of the 
solution was important in preparing greigite as a single 
phase. However, the rapid p H change upon the addition 
of mineral acids was not suitable for its synthesis. In 
order to acidify solutions mildly and gradually from the 
alkaline side in the heating process, proper mixing 
ratios of F e S 0 4 « ( N H 4 ) 2 S 0 4 and Na2S solutions, describ­
ed above, were selected. Pure greigite was formed when 
( 1 ) 2 Wso.=>^Na+and (2) ms- + 7rcHs->mFe^ (all the iron 
was transformed initially into the form of precipitated 
FeS). 

After the solution had been dried in a vacuum, 
synthetic greigite was obtained as a fine sooty black 
powder with strong magnetic properties. The grain 
size of greigite was calculated to be 200—300 Â on the 
basis of the measurement of the half-width of the 
diffraction peak. Fresh greigite synthesized in acidic 
solution sometimes showed a pyrophoric property. When 
exposed to the atmosphere, it was burned with fumes 
of S2 and SO a , being thus completely altered to a 
mixture of magnetite (Fe 3 0 4 ) and hematite (Fe2Oa). 

Fig. 4. Electron diffraction pattern of synthetic greigite. 

Figure 4 shows a typical electron-diffraction pattern 
from a synthetic greigite. This pattern contains only the 
reflections allowed for the spinel structure, with the 
space group Fd3m. Both the d-spacings and the relative 
intensities observed are listed in Table 2 in comparison 
with the X-ray data of natural greigite. There is a close 
correspondence of d-spacings and intensities between 
synthetic greigite and the natural mineral.9) 

The product, stable in air was examined by the X-ray 
powder diffraction method, and its composition was 
determined by chemical analysis. The compositions of 
synthetic greigite ranged from 45.4 to 42.9 atomic per 
cent of iron and explicitly showed a deviation from 
stoichiometric Fe3S4. The chemical formula of synthetic 
greigite was given by Fe3+A:S4 (x = 0—0.4). With respect 
to the compositions, this iron-rich greigite (Fe3+A.S4) was 
analogous to natural iron-rich smythite (Fe3+A.S4), which 
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TABLE 2. ELECTRON-DIFFRACTION DATA FOR SYNTHETIC 

GREIGITE IN COMPARISON WITH X-RAY DIFFRACTION 

DATA FOR MINERAL GREIGITE ( S k i n n e r , 

Erd, and Grimaldi (1964)) 

hkl 

ni 
220 
311 
222 
400 
331 
422 

333, 511 
440 
531 
620 
533 
622 
444 

711, 551 
642 

731, 553 
800 
733 
644 

822, 660 
751, 555 

840 
753, 911 

664 
931 
844 

Synthetic 
greigite 

^obsd 

5.68 
3.51 
3.00 
2.88 
2.49 
2.29 
2.03 
1.91 
1.75 

1.57 
1.50 

1.43 
1.39 
1.32 
1.29 
1.23 

1.14 
1.10 

1.03 
1.01 

/*) 

W 

S 

vs 
w 
vs 
w 
w 
vs 
vs 

vw 
w 

w 
vw 
vw 
V W 

vw 

vw 
w 

vw 
w 

Natural 
greigite 

"obsd 

5.720 
3.500 
2.980 
2.855 
2.470 
2.260 
2.017 
1.901 
1.746 
1.671 
1.563 
1.506 
1.488 
1.425 
1.383 
1.320 
1.286 
1.235 
1.210 
1.198 
1.164 
1.140 
1.105 
1.084 
1.054 
1.035 
1.001 

I 

~~8 
30 

100 
4 

55 
2 

10 
30 
75 

1 
4 

10 
2 
8 
1 
4 

12 
10 
1 
1 
1 
2 

16 
1 
2 
8 

30 

a) Intensities were estimated visually. vs=very strong, 
s = strong, w=weak, vw=very weak. 

was found at Silverfields Mine, Cobalt, Ontario.10) 
The cell edges of synthetic greigite ranged from 

9.840 Â to 9.877 Â with corresponding variations in the 
compositions. They increased with a decrease in the 
iron content in the compositional range between 45.4 
and 42.9 atomic % Fe. 

The density determination with a pycnometer was 
made at 25 °C on synthetic greigite. T h e specific 
gravities of Fe3.33S4 and Fe3S4 were 4.60 and 4.02 
respectively. 

The results presented above may be indicative of 
the possibility that excess iron occupies an interstitial 
site in the spinel structure. Further detailed researches 
on the crystal structure are, however, necessary for a 
better understanding of the nonstoichiometry of greigite. 

T h e author wishes to express his thanks to Dr. Shigeto 
Yamaguchi for his encouragement and guidance 
throughout this work and to Dr. Shigeo Horiuchi for 
his valuable discussions. Thanks are also due to Mr . 
Kousuke Sakaguchi for his operation of the electron 
microscope. 
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Preparation and Properties of the Uni- and Binuclear [Co(III)N204] 
Type Complexes Containing (S)-2-Amino-l-propanol 
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Reactions of (5')-2-amino-l-propanol (.S-praH) with the tricarbonatocobaltate(III) solution gave binuclear 
complexes bridged by carbonates, or carbonate and hydroxide. The carbonate was replaced by oxalate (ox2-) to 
give binuclear complexes [(5-praH)2Co(ox)2Co(5'-praH)2]2+ and uninuclear trans(N)cis(0)-[Co(ox)(S-pra.)-
(S-praH)]. Another uninuclear complex [Co(ox)(5,-praH)2]+ was obtained by direct synthesis from S-praH and 
cobalt(II) acetate by oxidation with lead dioxide. Column chromatography with SP-Sephadex C-25 was useful 
for separating the geometrical isomers, which were identified by PMR, IR, visible, and UV absorption spectra. 
Their circular dichroism (CD) spectra changed depending on pH of the aqueous solution. All the S-prar chelates 
have ^-conformation, which is characterized by an intensive plus CD component in the 25000 cm - 1 region, regardless 
of the skeletal structure of the complexes. 

In the previous papers1 '2* we reported the preparation 
of mixed ligand complexes of the type [ C o i n N 5 0 ] 
containing various amino alcohols ( a m O H ) , and 
ammines or diamines. T h e alcohol protons of coordinat­
ed aminoalkanols in complexes of the type [Co111-
( a m O H ) ( L ) ] X 3 ( amOH=2-aminoe thano l [e taH] , (S)-
2-amino-l-propanol [S-praH] etc. ; L = (NH3)4 , (en)2, 
and ((Ä,Ä)-l,2-diaminocyclohexane)2; X = c h l o r i d e , bro­
mide and Perchlorate) were deprotonated easily (pÄ" 3 
to 3.5 at 25 °C and ionic strength 0.05), and the amino-
alkanolato complexes exhibited larger CD components 
than the protonated did in the first and second absorp­
tion band regions. Especially [Co(kS'-amO)(L)]2+ gave 
characteristic large plus vicinal CD components at ca. 
25000 c m - 1 (second band region), which were due to 
the ^-conformation of the iS-amO - chelate. 

The study has been extended to related complexes 

containing two moles of aminoalkanol ligands per 
cobal t ( I I I ) , and this paper deals with the preparation 
of complexes of [CoN 2 0 4 ] type, i.e. the uninuclear 
complexes [Co(ox)(6'-praH)2]C104 and trans(N)cis{0)-
[Co(ox)(iS'-pra)(iS'-praH)], and the binuclear complexes 
[(6 ,-pra)2Co(C03 ,OH)Co(6'-pra) (S-praH)], [(S-pra) (S-
praH)Co(C03)2Co(kS ,-pra)(kS'-praH)], and [(S-praH)2-
Co(ox)2Co( lS

,-praH)2](C104)2. Their structure and CD 
pattern have been discussed with reference to the 
characteristic nature of the coordinated aminoalkanolato 
ligand. 

Exper imenta l 

Material. The S-praH ligand was synthesized by Vogl 
and Pöln's method.3) The outline of the syntheses is shown in 
Fig. 1. 

(O 

, „ 3_ 2S-praH 
c c c P c c o ^ 

in H20 50C,2h 

HCl gas| 
(solid product ) 

dissolved in H20 

K2C03 

A0°C , 20 mm 

(C) lib. 
' Ic. AA-as(N)trans(0)- H ox.2H 0

% W AA-c/'s(A/)frans(0)-
C(S-pra)2Co(C03,OH)Co(S-pra)(S-praH)] 2 2 ^ US-praH^CoCox^CoCS-praH^Ciq^ 
blue 40°C,20min 

—»lb . AA-c/s(A/)c/s(0)-
[(S-pra)2Co(C03,OH)Co(S-pra)(S-praH)] 

(Ç) violet H2ox-2H20 

A0°C,20min 

• l a . AA-cis(N)trans(0)-

C(S-pra)(S-praH)Co(C03)2Co(S-pra)(S-praH)] 

bluish green 

HfxrTHp 

(C) 

type-A 

blue 

Ha. 

[» AA- c/s(A/)c/s(O)as(A/) trans®)- * — 

[(S-praH)2Co(ox)2Co(S-praH)2](CIOA)2 

type-B ( c ) 

blue 

40°C,20min 

U Ilia. Arans(A/)c/s(0)-[Co(S-pra)(S-praH)] 

blue 

K2ox-H20 (C) 

CoPcCHjCOO^H^)^ 

H2ox-2H20 
K2ox-H20 

2 S-praH 

40°C,20'min 

inH20 Pb02 (C) 

^III c. CTs(/V)c/s(0HCo(ox)(S-praH)2]CI04 

blue 

90°C,1h 

Fig. 1. Outline of the preparation. (C); Column chromatography (see the text). 

• Illb. cis(N)trans(0)-lCo(ox)(S-praH)2lC[0A 

blue 
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Syntheses and Separation of [i-Carbonato Complexes : T h e tricar-
bonato [ C o ( C 0 3 ) 3 ] 3 - solution (0.042 mol, 50 cm3)4) was heat­
ed with S-praH (0.1 mol) at 60 °C for 2 h and evaporated to 
dryness under a reduced pressure. T h e complexes were ex­
tracted with ethanol (300 cm3) , the solution was evaporated 
to dryness and the residue was extracted with a small amount 
of water. The aqueous solution was poured onto a column 
(3.5X 60 cm) of Dowex 50W-X8 (Na form, 100—200 mesh). 
The adsorbed band was eluted with water to give three bands. 
The eluates were collected individually and each was evapo­
rated to dryness under a reduced pressure at 40 °C to give 
higroscopic powder. T h e complexes were recrystallized from 
ethanol and found to have the following formulae. They were 
named la , l b , and Ic in the order of elution. 

l a : [(1S ,-pra)(5 ,-praH)Co(C03)2Co(6'-pra)(5 ,-praH)] -2Na-
H C 0 3 . 2 H 2 0 . Found : C, 26.16; H , 5.54; N , 7.06%. Calcd for 
C02Ci4H34N4Oio.2NaHCO3.2H2O: C3 25.95; H , 5.45; N , 
7.57%. 

l b : [( lS
,-pra)2Co(C03,OH)Co(6 ,-pra)(1S ,-praH)]. Found : C, 

32.18; H, 7.13; N , 11.20%. Calcd for Co 2 C 1 3 H 3 3 N 4 0 8 : C, 
31.78; H , 6.77; N , 11 .41%. 

I c : [(>S-pra)2Co(C03 ,OH)Co(5 ,-pra)(5-praH)] - 2 H 2 0 . 
Found: C, 29.75; H , 7.36; N, 10.67%. Calcd for Co2C1 3H33-
N 4 0 8 . 2 H 2 0 ; C, 29.61: H , 7.07; N , 10.63%. 

These complexes were also prepared by the following meth­
od. When the residue on the extraction of the initial reaction 
products with ethanol was treated with hydrogen chloride gas, 
blue violet hygroscopic powder was obtained with the compo­
sition [CoCl2(5'-praH)2]Cl. Reaction of its aqueous solution 
with potassium carbonate gave a blue solution, which was 
treated with a similar ion exchange column to that mentioned 
above for separating l a , l b , and Ic from one another. 

Syntheses and Separation of \x-Oxalato Complexes'. T h e initial 
reaction mixture containing the ^-carbonato complexes (0.042 
mol) was heated with oxalic acid (6.35 g, 0.05 mol) at 40 °C 
for 20 min. Blue prisms were filtered off and identified as the 
uninuclear complex trans (N) cis (0)-[Co(oyL)(S-pra.)(S-pra.îï)] • 
0.5 H 2 0 . ( I l i a , vide infra) T h e filtrate was submitted to column 
(4.5 X 82 cm) chromatography with SP-Sephadex C-25 and 
eluted with sodium Perchlorate solution (0.2 mol . d m - 3 ) . 
Three bands were observed, of which the first band was too 
small to be collected. Eluates from the remaining two bands 
were individually made acid to p H 1 with perchloric acid, and 
evaporated under a reduced pressure at 40 °C to decrease the 
volumes to ca. 20 cm3 . Both solutions were filtered, m a d e p H 
3 with sodium hydroxide solution ( 1 mol • d m - 3 ) and kept over­
night in a refrigerator to give blue crystals. They were 
filtered off, washed with ethanol, and recrystallized from 
water, and named H a and H b in the order of elution. 

I I a : [(>S ,-praH)2Co(ox)2Co(5'-praH)2](C104)2 .6H20. 
Found: C, 21.03; H , 5.00; N , 6 .05%. Calcd for Co2C1 8H3 6-
N 4 O 1 0 C l a . 6 H 2 O : C, 21.32; H, 5.37; N , 6.22%. 

I I b : [(>S'-praH)2Co(ox)2Co(5 ,-praH)2](C104)2 .2.5H20. 
Found: C, 23.24; H , 5.38; N, 6 . 3 1 % . Calcd for Co2CX6H36-
N 4 O 1 0 Cl 2 . 2 .5H 2 O: C, 22.92; H , 4 .93; N , 6 .69%. 

Reaction of a concentrated aqueous solution of l a with an 
equivalent amount of oxalic acid at 40 °C for 20 min gave a 
blue solution, which was treated with a similar column to 
that mentioned above to give two bands consisting of H a and 
l i b respectively. O n the other hand, when a concentrated 
solution of Ic was caused to react with an equivalent amount 
of oxalic acid at 40 °C for 20 min, a blue solution was obtained, 
which gave only one band consisting of l i b on a similar 
column chromatography. 

Preparation of Uninuclear Complexes Containing Oxalate : Among 
the three geometrical isomers the trans(N)cis(0) isomer 

( I l i a ) was obtained as shown before. T h e other two isomers 
were synthesized directly as in the following. An aqueous 
solution of cobal t ( I I ) acetate (0.02 mol) was mixed with 
oxalic acid (0.024 mol) , potassium oxalate (0.016 mol) and 
S-praH (0.048 mol) in water (total 140 cm 3) . T h e solution 
was oxidized with lead dioxide (5 g) at 80—90 °C for 1 h. 
T h e product was filtered and the filtrate was poured into a 
column (4.5 X 45 cm) of SP-Sephadex C-25. T h e adsorbed 
band was eluted with sodium perchlorate solution (0.2 mol« 
d m - 3 ) . A blue and a violet band were observed in the order 
of elution. Blue ( H l b ) and violet (Hie) crystals were ob­
tained by treating the respective eluates similarly to those of 
the ^-oxalato complexes. They were assigned as follows. 

I l i a : /mnj(<iV;m^O;-[Co(ox)( lS
,-pra)(5 ,-praH)].0.5H2O. 

Found : C, 31.18; H, 6.36; N, 9.22%. Calcd for C o C 8 H l t -
N 2 O 6 - 0 . 5 H 2 O : C, 31.48; H, 5.95; N, 9 .18%. 

I H b : eis (N) trans (0)-[Co(ox) (S-praHJJClO« • 2 . 5 H 2 0 . 
Found : C, 21.89; H , 5 .01; N , 6 .53%. Calcd for CoC 8H 1 8-
N 2 O 1 0 C L 2 . 5 H 2 O : C, 21.75; H , 5.24; N, 6 .34%. 

I I I c : w(< iV;w(<OJ-[Co(ox)(>S-praH) 2]C10 4 .H 20. Found : 
C, 23 .31; H , 5.13; N, 6 .62%. Calcd for CoC 8 H 1 8 N 2 O 1 0 Cl . 
H 2 0 : C, 23.17; H , 4.86; N , 6 .76%. 

An aqueous solution of the hygroscopic blue violet powder 
( [ C o O ^ S - p r a H ^ C l ) was treated with an equivalent amount 
of potassium oxalate at 40 °C for 20 min to give a blue solution, 
which was similarly treated with a column containing SP-
Sephadex C-25 to give only I I I c isomer. 

Measurements. Visible and ultraviolet absorption spectra 
were recorded with a Hitachi 323 Recording Spectrophotom­
eter. Circular dichroism (CD) spectra were recorded with 
a J A S C O Model O R D / U V - 5 Spectrometer with C D at tach­
ment. Proton N M R spectra were recorded with Varian T-60 
and A-60 Spectrometers. A J A S C O IR-A-2S Spectropho­
tometer was used for the measurement of infrared spectra in 
KBr disks. T h e acid dissociation constants of the complexes 
were determined by the titration with sodium hydroxide solu­
tion (0.1 mol -dm- 3 ) with a Met rohm Combi Ti t ra tor 3D at 
25 °C and ionic strength 0.1, T h e p H of complex solutions 
for spectroscopic measurement was adjusted with perchloric 
acid (0.1 mol« d m - 3 ) , sodium hydroxide (0.025 mol «dm - 3 ) , or 
potassium carbonate solution (ca. 10 - 2 m o l - d m - 3 ) . 

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

Determination of the Skeletal Structure. T h e skele ta l 
s t r u c t u r e has b e e n ident i f ied o n t h e basis of e l e m e n t a l 
ana lys i s , c o l u m n c h r o m a t o g r a p h y , a n d in f ra red ( I R ) 
spec t roscopy . 

Binuclear Complexes with Carbonate Bridges: E a c h 
of t h e c o m p l e x e s l a , l b , a n d I c in a q u e o u s solu­
t i on g a v e a n a b s o r p t i o n p e a k i n t h e r eg ion f rom 
30000 to 31000 c m - 1 . H e n c e t h e y m u s t h a v e b i - o r 
m u l t i n u c l e a r s t r u c t u r e s . T h e y g a v e a n t i s y m m e t r i c 
s t r e t c h i n g a b s o r p t i o n of t h e c a r b o n a t e ions i n t h e r e g i o n 
f rom 1500 t o 1520 c m " 1 i n K B r disks (F ig . 2 ) . G a t e h a u s e 
et a/.5) f ound t h a t t h e a n t i s y m m e t r i c C O s t r e t c h i n g 
a b s o r p t i o n s of b i - a n d u n i d e n t a t e c a r b o n a t o l i gands 
a p p e a r e d i n h i g h e r e n e r g y reg ions t h a n 1520 c m - 1 a n d 
1493 c m - 1 , r espec t ive ly . T h e u n i n u c l e a r c o m p l e x cisß-

[ C o ( C 0 3 ) ( t f , i V ' - M e 2 - ( S ; S > m h y d a H ) ] gives t h e * a s ( C O ) 
v a l u e 1600 cm" 1 . 6 ) T h e ^ - c a r b o n a t o c o m p l e x [ ( N H 3 ) 5 -
C o ( C 0 3 ) C o ( N H 3 ) 5 ] ( S 0 4 ) 2 . 4 H 2 0 gives t h e v a s ( C O ) v a l u e 
1480 c m - 1 . 7 ) W i e g h a r d t p r e p a r e d v a r i o u s b i n u c l e a r 
c o m p l e x e s of t h e t y p e [ ( N H 3 ) 3 C o ( O H , O H , R C 0 2 ) C o -
( N H 3 ) 3 ] 3 + , a n d f o u n d a l i n e a r r e l a t i o n s h i p b e t w e e n t h e 

C02Ci4H34N4Oio.2NaHCO3.2H2O
file:///x-Oxalato
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Fig. 2. I R Spectra of the binuclear complexes. 
(1) [(1S-pra)2Co(C03JOH)Co(5-pra)(5,-praH)].2H20 (le). 
(2) [(S-pra)(5,-praH)Co(G03)2Co(5-pra)(S-praH)]. 2Na-
H G 0 3 . 2 H 2 0 (Ia). 
(3) [(5,-praH)2Co(ox)2Go(5'-praH)2](C104)2.2.5H20 
( ) (IIb). 
(4) [(lS

,-praH)2Go(ox)2Co(.S-praH)2](G104)2.6H20(—-) 
(IIa). 
(5) trans(N)eis(0)-[Co(ox) (S-pra) (5-praH)] .0.5H2O 
( ) ( l i la) . 

y a s(CO) in c m - 1 and the pKa value of the carboxylic 
acid.8) T h e £as(CO)'s observed for the present binuclear 
complexes fall on the same line. O n the basis of these 
facts the carbonate ligands in our complexes can be 
reckoned to bridge two cobalt(III) ions. Reactions 
with oxalic acid converted all the /«-carbonato complexes 
into ^-oxalate complexes (Fig. 1). This fact also supports 
binuclear structure of the carbonato complexes. 

Nakamoto et al. measured the I R spectrum of the 
binuclear complex K4[(ox)2Co(OH)2Co(ox)2], and 
assigned the band near 1100 c m - 1 to the C o - O - H 
bending.9) Both the complexes l b and Ic give the same 
absorption bands. Thus hydroxide ions must bridge 
two cobalt(III) ions in these complexes. The complex 
Ia gives no such I R absorption band. O n the basis of 
these data we give the formulae to la , l b , and Ic as 
mentioned before. 

Binuclear Complexes Bridged by Oxalate : Chromato­
graphic behavior of I Ia and l i b and the presence of 
U V absorption bands in 30000—31000 cm" 1 suggest that 
they have binuclear structure. T h e p H titration and I R 
spectra indicate the absence of unidentate ligands. 

Co Co Co Co 

°T° Vc/0 

(Ao o' *0 
type-A type-B 

Fig. 3. Types of the bridging oxalate. 

Hence these complexes should be doubly bridged. 
The oxalate can bridge cobalt(III) in two ways as 

shown in Fig. 3 ; i.e. by coordinating to two cobalt(III) 
through two oxygen atoms on one carbon atom (Type-
A), or through two oxygens on different carbon atoms 
(Type-B). I R Spectroscopy was useful for distinguishing 
these bridges. Scott et al. found the 0(CO) of oxalate 
in the Type-A bridging binuclear complex [(NH3)4Co-
(NH2 ,ox)Co(NH3)4]3+ at 1640 and 1616 cm- 1 and in 
[(NH3)3Co(OH,OH,ox)Co(NH3)3]2+ at 1634 and 1600 
cm-1.10) T h e complex l i b gave v(CO)'s 1620 and 1570 
c m - 1 (Fig. 2). These are slightly lower in wave number 
than those of Scott et al's complexes. However, such a 
shift can be caused by the difference in other bridging 
ligands between ours and theirs. So we conclude that 
l i b has two bridging oxalates of Type-A. 

T h e complex H a gave f(CO) 1700 and 1675 cm- 1 

(Fig. 2). These wave numbers are similar to those of 
the five-membered oxalate chelate. However, we tend 
to consider that the oxalates in this complex bridge two 
cobalt(HI) through Type-B by the following reasons. 
First, the Type-B bridge will have a similar electronic 
state to chelating oxalate, so that the v(CO) can be 
similar to that of chelating oxalate. Scott et al. observed 
four v(CO)'s, 1721, 1701, 1629, and 1670 cm- 1 for the 
Type-B binuclear complex [ (NH 3 ) 5 Co(ox)Co(H 2 0)-
(NH3)4]4+.10) They considered these bands to be the 
split peaks of the two bands of chelated oxalate at 1696 
and 1667 c m - 1 in [Co(ox) (NH3)4]+. I R peaks of our 
complex fail to show such a splitting, presumably 
because of the increase in symmetry around the bridging 
moiety. Second, an alcohol is a weaker ligand than 
amines and carboxylates toward cobalt ( I I I ) . If amino 
alcohols doubly bridged two cobal t(III) , the C o - O 
bonds would be compared to those between Co(III) 
and (O-coordinated) unidentate amino alcohol. Further, 
each cobalt (I II) in such a complex is considered to be 
chelated by a large chelate ring consisting of two amino 
alcohols and one cobal t ( I I I ) . Such a ring may not be 
stable enough to give a crystalline product. Thus we 
conclude the structure of I Ia and I I b as shown before. 

Uninuclear Complexes Containing Oxalates: The 
complexes I l i a , I l l b , and I I I c gave fl(CO) values of 
oxalate ligands ca. 1700 and 1667 c m - 1 (Fig. 3). Absence 
of U V peaks in the 30000 c m - 1 region, as well as their 
chromatographic behavior, indicates that these com­
plexes are uninuclear. 

Synthetic Method. The tricarbonato method has 
been recognized as a very useful tool for preparing a 
variety of uninuclear cobalt (111) complexes containing 
bidentate carbonate. These products are also useful 
intermediates for synthesizing further varieties of 
uninuclear complexes containing other ligands.4) How­
ever, no binuclear complexes have ever been known 
among the products. We have succeeded in preparing a 
few binuclear species with carbonate bridges and thus 
extended the usefulness of this method to the prepara­
tion of binuclear complexes. 

Reactions of oxalic acid with such binuclear complexes 
under a mild condition gave binuclear species bridged 
by oxalate. These reactions appear to involve local 
substitution of the bridging part . 
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TABLE. NUMERICAL DATA OF ABSORPTION (AB) AND CD SPECTRA UNINUCLEAR OXALATO COMPLEXES 
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I l ia 

n ib 

IIIc 

Geometrica 
isomerism 

trans(N) 
cis(O) 

cis(N) 
trans(O) 

cis(N) 
cis(O) 

r 
i 

{ 

{ 

b 

a 

b 

b 

AB 
f/lO'cm"1 (log 

17.61(1.81) 
19.88(1.83) 
17.57(2.14) 

17.92(2.03) 
18.12(2.17) 

18.38(1.99) 

18.08(2.11) 

I band 
,̂  

CD 
B) v/W3cm-1^s) 

16.05(4-1.12) 
18.69(-1.25) 
16.13(4-0.64) 
18.12( —2.05) 

18.02(-0 .51) 
17.86(—1.18) 

16.67(4-0.52) 
19.23(-0.62) 
15.92(4-0.84) 
18.45(-1.69) 

II band 

AB 
v/103 cm"1 (log e) 

25.13(2.12) 

23.06(2.07) 
sh. 28.17(2.10) 

24.81(2.21) 
sh. 23.60(2.26) 
sh. 25.20(2.29) 

26.11(2.18) 

25.13(2.30) 

^ 
CD 

V/10s cm-1 (Ae) 

27.47(4-0.4 ) 

23.70(4-1.74) 

25.32(4-0.11) 
22.94(4-1.17) 

25.77(4-0.22) 

23.47(4-1.50) 

a: Protonated form tCo(ox)(5'-praH)a]
+. b : Deprotonated form [Co(ox)(,S,-pra)2]-. 

Acid-base Equilibria. The uninuclear complexes 
I l i b and I I I c were titrated with sodium hydroxide, 
and their pKt and pK2 values were determined to be 
ca. 3.2 and ca. 6, respectively, at 25 °C and ionic strength 
0.1. The pK± values are similar to the pKa values of 
uninuclear complexes containing one amino alcohol.1 '2) 
The pK2 values are similar to the pKa values of aqua 
ligands in various cobalt(III) complexes. The pKa 

values of other complexes were not determined by 
technical reasons. These data, as well as the p H de­
pendence of the absorption and CD spectra, and the 
chromatographic behavior, indicate that all the com­
plexes containing oxalate have »S-praH ligands in 
protonated form in an aqueous solution of pH<Çl, and 
in completely deprotonated form at p H > 9 . //-Car-
bonato complexes are only stable in aqueous solutions of 
p H > 7 , so that the amino alcohol logands are in depro­
tonated forms. 

Geometrical Isomerism and Absorption Spectra of the 
Uninuclear Complexes. Octahedral cobalt ( III) com­
plexes containing two S-praH and one oxalate exist 
in three geometrical isomers, trans(N)eis(0), cis{N)trans-
(0 ) , and cis(N)cis(0), which have C2, C2, and CX sym­
metry, respectively. T h e absorption spectra of protonat­
ed and deprotonated forms of I l i a , I l l b , and I I I c are 
shown in Fig. 4. Change in p H always brings about 
reversible change of the absorption spectra between the 
protonated and the deprotonated form. I l i a in the 
protonated form gives split bands in the first band 
region and is assigned to trans(N)eis(O) isomer. I l l b 
and I I Ic give similar absorption patterns to each other. 
The I I I c isomer gives more complicated methyl signals 
in the pmr spectra than the I l l b isomer does, so that 
they are assinged to cis(N)cis(0) and eis(N)trans(0) 
isomer, respectively. 

Data of the absorption and CD spectra in the d-d 
transition region are shown in the Table for both the 
protonated and the deprotonated form of the complexes. 
The locations of absorption peaks of the protonated 
forms are almost equal to those of the corresponding 
isomers of [Co(ox)(gly)2]~ (gly=glycinate ion).11) 
Hence the alcoholic hydroxyl group has the same 
position in the spectrochemical series with carboxylates. 

2.0 

2.0 

2.0 

trans (N) eis (0) 

eis (N) eis (0) 

_i L 

eis {N) trans (0) 

20 

y/103cm-x 

30 

Fig. 4. Absorption spectra of geometrical isomers of 
[Co(ox)(^-praH)2]+ (protonated form) ( ) and [Co-
(ox)(5,-pra)2]~ (deprotonated form) ( ). 

O n deprotonation of the hydroxyl groups, peaks in 
the first band region change in quite characteristic ways 
depending on the geometrical isomerism. Split peaks 
of the trans(N)eis(0) isomer unite apparently into one 
peak. The eis(N) trans(O) isomer gives blue shift, 
whereas the cis(N)cis(0) isomer red shift. (In the 
[CoN 5 0] type complex containing one (£)-2-amino-l-
propanol, the peak in the first band region gives blue 
shift in a basic solution2)). In the second band region, 
the peaks of trans(JV)eis(0) and eis(N)trans(O) isomers 
split on deprotonation. T h e cis(N)cis(0) isomer gives 
apparently only a broad band. Since all these absorption 
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bands consist of more than one component, the deproto-
nation brings about not only splitting but also shift 
and intensity change of the component peaks. I t also 
causes increase in number of lone pair electrons on 
coordinating oxygen atoms. These factors give influence 
in a complicated manner, to result in very diverse 
change in the absorption pattern. 

CD Spectra of the Uninuclear Complexes. Attempts 
to resolve the isomers were unsuccessful. Intensity of 
the P M R methyl signals of 11 l b and I l i e suggests that 
these complexes consist of almost equal amounts of 
A- and J-isomers. Hence their CD patterns should 
reflect the vicinal contribution of S-praH and «S-pra-. 

In the first band region, large minus components are 
commonly seen for both protonated and deprotonated 
forms of all the geometrical isomers. Such minus 
components reflect ^-conformation of the S-praH or 
S-pra - chelate.1»2) The Ae values are large for the 
deprotonated than for protonated forms. These facts 
were also seen in [CoN 5 0] type complexes with one 
optically active amino alcohol.2) T h e spectral patterns 
are, however, different among the geometrical isomers. 
They should be dependent on the symmetry, and 
related to the change in absorption patterns. 

In the second band region, the change of CD pattern 
with p H is more marked than in the first band region. 
All the three isomers in the deprotonated form give 
characteristic large plus components at 23000 to 24000 
c m - 1 . Such a marked plus C D was also observed 
in the deptonated forms of [CoN 5 0] type complexes. 
We considered that it reflected ^-conformation of S-
pra~ and the unusually large Ae values in this region 
were related to the presence of three lone pairs in 
alcoholate - O - moiety.2) The same consideration is 

+ 3.0 

4 + 2.0 

•1+1.0 

J —1.0 <] 

-2 .0 

4-3.0 

4+3.0 

4+2.0 

4+1.0 

4-1.0 

-2.0 

4-3.0 

30 

v/103 cm-1 

Fig. 6. Absorption and CD spectra of 
[(5,-praH)aCo(ox)2Go(5,-praH)Ja+ ( ) and 
[(,S-pra)2Co(ox)2Co(5,-pra)2]

2- (- ) (Ha). 

v / lO^m- 1 

Fig. 5. Absorption and CD spectra of 
[(lS'-praH)2Co(ox)2Co(5'-praH)2]

2+ ( ) and 
[(5-pra)2Co(ox)2Co(.S'-pra)2]

2- ( — ) (IIb). 

v/lOäcm-1 

Fig. 7. Absorption and CD spectra of ^-carbonato com­
plexes, 
[(5,-pra)2Co(C03)2Co(5-pra)2]2- ( ) (la), 
[(5,-pra)2Co(C03,OH)Co(5'-pra)2]- ( ) (lb), and 
[(S-pra)2Co(C03,OH)Co(S-pra)2]- ( - - - ) (Ic). 
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applicable to the present complexes containing two 
S-pra~ ligands. 

Geometrical Isomerism and CD Spectra of the Binuclear 
Complexes. A large number of geometrical isomers 
can exist for such types of binuclear complexes. Only 
two //-oxalato complexes and three /«-carbonato com­
plexes have been obtained. Attempts to assign the 
crystalline products to individual isomers have turned 
out unsuccessful, because of too complicated absorption 
and CD patterns. 

The CD spectra of //-oxalato complexes are shown in 
Figs. 5 and 6, and those of ^-carbonato complexes in 
Fig. 7. Each of these complexes gives a large plus 
component in the first band region. I t must be due to 
the yl^i-configurational effect around cobal t ( I I I ) . I t 
appears as if the Jyl-isomers were preferentially formed. 
The reason may be related to the larger stability of 
lei- than ob-structure, because the chelated .S-praH 
ligands give ^-conformation exclusively. 

There is one common characteristic pattern in the 
second band region; i.e. the deprotonated forms give 
remarkable plus CD components. T h e Ae values are 
nearly equal to four times of that of [Co(£-pra)-
(NH3)4]2+ (Ae=0.85) . T h e vicinal effect of S-pra-
ligand in the second band region does not appear to be 
much affected by the skeletal structure throughout all 

the cobalt (I II) complexes. 

T h e authors thank the Ministry of Education for 
financial support. 

References 

1) K. Ogino, T. Uchida, T. Nishide, J. Fujita, and K. 
Saito, Chem. Lett., 1973, 679. 

2) T. Nishide, K. Ogino, J. Fujita, and K. Saito, Bull. 
Chem. Soc. Jpn., 47, 3057 (1974). 

3) O. Vogl and M. Pöln, Monatsh., 83, 541 (1952). 
4) M. Shibata, Proc. Jpn. Acad., 50, 779 (1974). 
5) a) B. M. Gatehause, S. E. Livingstone, and R. S. 

Nyholm, J. Chem. Soc, 1958, 3137; b) E. Kyuno, Nippon 
Kagaku Zasshi, 80, 849 (1959). 

6) Unpublished data. N,N'-Me2-{S,S)-mhydaH2=(2S,7S)-
2,3,6,7-tetramethyl-1,8-dihydroxy-3,6-diazaoctane. 

7) E. Kramer and C. R. P. Mac-Coll, Inorg. Chem., 10, 
2182 (1971). 

8) K. Wieghardt, J. Chem. Soc, Dalton Trans., 1973, 2548. 
9) K. Nakamoto, "Infrared Spectra of Inorganic and 

Coordination Compounds," Willey (1970), p. 171. 
10) K. L. Scott, K. Wieghardt, and A. G. Sykes, Inorg. 

Chem., 12, 655 (1973). 
11) N. Matsuoka, J. Hidaka, and Y. Shimura, Bull. Chem. 

Soc Jpn., 40, 1868 (1967). 



2624 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (10), 2624 — 2631 (1977) [Vol. 50, No. 10 

Circular Dichroism Spectra of Cobalt(III) Complexes Containing One or 
Two Azido, Isothiocyanato, and Nitro Ligands. II.1) trans-

Type Bis[(lÄ,2JB)-l,2-cyclohexanediamine] Complexes 

Kiyoshi YAMASAKI,* Jinsai HIDAKA,** and Yoichi SHIMURA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received February 7, 1977) 

The trans dianiono type complexes of cobalt(III) containing (lÄ,2Ä)-l,2-cyclohexanediamine, trans-[Co(X)2-
(Ä,Ä-chxn)a]+, and -[Co(X)(X')(Ä,Ä-chxn)a]+ (X and X , = N 8 - , NCS - , or NO a

-) were prepared and their circular 
dichroism (CD) spectra measured in the visible and ultraviolet regions. The CD and absorption behaviors in the 
so-called specific absorption band region are compared with those of eis-type bis(ethylenediamine) complexes and 
discussed in relation to the origin of the specific band. In addition, three isomers of the [Co(NCS)(NH3)(Ä,Ä-
chxn)2]2+ complex are assigned on the basis of their CD spectra. 

In a previous paper,1) circular dichroism (CD) spectra 
of bis(ethylenediamine) complexes of cobalt(III) with 
a cis configuration were discussed, especially with 
emphasis on the so-called specific absorption band in the 
near ultraviolet region. The specific absorption band 
is moderately intense, and specific for certain aniono 
ligands, such as azido, isothiocyanato, nitro, and sulfito 
ligands. T h e origin of these bands has been attr ibuted 
to charge-transfer transitions between the aniono ligand 
and the central metal, or to intraligand transitions. A 
previous study1) suggests an interaction between two 
aniono ligands in the eis positions through the central 
cobalt(III) ion. This kind of electronic interaction 
between two N C S - , N 0 2 ~ , or Cl~ ligands have frequent­
ly been proposed for complexes which have two aniono 
ligands in the trans positions.2-6) Thus, the specific 
band of a trans dianiono complex is more bathochromic 
than that of the corresponding eis isomer,4,5) with some 
exceptions.6) 

The present paper deals with trans dianiono type 
complexes, including mixed complexes, of cobal t (III) 
containing (lÄ,2Ä)-l,2-cyclohexanediamine (abbreviat­
ed as R,R-chxn) for the purpose of studying their CD 
spectra in the region of the specific absorption bands 
of azido, isothiocyanato, and nitro ligands. 

Exper imenta l 

Preparation and Optical Resolution. (1) ( lR,2R)-l,2-Cyclo-
hexanediamine : The ligand was optically resolved by the 
method of Asperger and Liu.7) The less soluble diastereomer, 
(Ä,Ä-chxnH2) (rf-tart), showed a constant optical rotation 
[a]s89= + 1 2 . r (rf-tart denotes the (+)689-tartrate(2 —) ion). 
Found: C, 45.18; H, 7.60; N, 10.55%. * Calcd for C10H20N2-
0 6 : C, 45.45; H, 7.63; N, 10.60%. For preparative purposes, 
a stock solution of R,R-chxn was conveniently prepared by the 
addition of a calculated amount of Ba(OH)2-8H20 to a hot 
suspension of the less soluble diatereomer. After cooling over­
night in a refrigerator, the precipitated BaS04 was removed. 

(2) trans-[CoCl2(R,R-chxn)2]Cl'H20: This complex was 
prepared following exactly the method of Treptow.8) Found : 
C, 35.79; H, 7.41; N, 13.60%. Calcd for [CoCla(C8HuNa)a]-

* Present address: Osaka Prefectural Industrial Research 
Institute, Enokojima, Nishi-ku, Osaka 550. 
** Present address: Institute of Chemistry, The University 
of Tsukuba, Ibaraki 300-31. 

C1-H20: C, 35.01; H, 7.35; N, 13.61%. 
(3) traris-\Co(Na)i(R,R-chxn)a]Cl'0.5HiO: The dichloro 

complex, fra/w-[CoCla(Ä,Ä-chxn)a]Cl-HaO (0.4 g), was dis­
solved in 20 cm3 of methanol at 30 °C, and 25 mg of LiN3 

was added with stirring. The azide of the dichloro complex, 
/ran5-[CoCl2(A,JR-chxn)2]N3 • rcH20, quickly separated out. The 
suspension in methanol was vigorously stirred at 30 °C until 
the azide salt dissolved (about 5 min). Then another 25 mg 
of LiN3 was added to the solution and the resulting suspension 
was further stirred for 15 min. To the resulting blue-violet 
solution of the azidochloro complex was added 50 mg of LiN3, 
and the mixture was heated to 50 °C and stirred for 40 min. 
This was then cooled in ice to stop the reaction, and concen­
trated to about 10 cm3 with a vacuum evaporator. After 
cooling in a refrigerator overnight, the dark blue-violet crystals 
that separated out were filtered, washed with ether and air-
dried. 110 mg. Recrystallization was performed from metha­
nol by the addition of ether. Found: C, 34.86; H, 6.93; N, 
32.78%. Calcd for [Co(N8)a(CflHMNa)a]C1.0.5HaO: C, 34.66; 
H, 7.03; N, 33.33%. 

(4) tra.ns-[Co(NCS)2(R,R-chxn)2]Cl-H20 : To a solution of 
0.4 g of the dichloro complex in 20 cm3 of methanol was added 
340 mg of LiSCN • H 2 0 , and the mixture was stirred for 30 min 
at 65 °C. Then, crystals began to separate out. After further 
stirring for 15 min, the mixture was ice-cooled for half an hour. 
The resulting reddish-orange crystals were filtered, washed 
with ice-cold methanol and ether, and air-dried. 180 mg. 
Recrystallization was carried out from hot methanol (60 °C, 
8 cm3). Found: C, 36.64; H, 6.66; N, 18.72%. Calcd for 
[Co(NCS)2(C6H14N2)2]Cl-HaO: C, 36.80; H, 6.62; N, 18.39%. 

(5) \xaa&-lCo(NOi)i('ELiRrchxn)ÀCl-2.5HiO\ To a solution 
of the dichloro complex (0.4 g) in 20 cm3 of methanol was 
added 140 mg of LiN0 2 H 2 0 . The mixed solution was stirred 
at 60 °C for 2 h, and the separated crystals were filtered off. 
The filtrate was evaporated to 7 cm3 and stored in a refrig­
erator overnight. The resulting crystals were filtered off. The 
yellow-orange lustrous crystals obtained (both the first and 
second crops) were the «j-isomer. The filtrate was evapo­
rated to dryness. The residual solid was suspended in 4 cm3 

of ethanol and filtered. 99 mg. The product was recrys-
tallized from ethanol by the addition of ether, and the result­
ing fine yellow-orange crystals were filtered, washed with 
ether, and air-dried. Found: C, 31.75; H, 7.32; N, 18.35%. 
Calcd for [Co(N02)2(C6H14N2)2]Cl-2.5H20: C, 31.35; H, 
7.23; N, 18.28%. 

(6) trans-[CoCl(NCS) (R,R-chxn)a]CI-3H20: To a solution 
of the dichloro complex (0.4 g) in 20 cm3 of methanol at 30 °C 
was added 85 mg of LiSCN • H 2 0. When the mixed solution 
was stirred for 10 min, the color of the solution changed from 
green to dark violet. The solution was evaporated to 5 cm3 
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and stored in a refrigerator overnight. After the removal of 
the reddish-violet precipitate of the m-chloroisothiocyanato 
complex, the filtrate was again stored overnight in a refrig­
erator. The resulting blue-violet precipitate of the desired 
complex was filtered with suction and washed with ether. 
35 mg. T h e second crop of the blue-violet precipitate was 
obtained when the filtrate was stored in a refrigerator for 
further 3 days. 32 mg. T h e two crops of the crude trans 
complex were combined and reprecipitated from methanol 
(2 cm3) by adding ether (8 cm 3) . T h e reprecipitated product 
was filtered and washed with ether and air-dried. Found : 
C, 34.51; H , 7.29; N , 14.87%. Calcd for [CoCl(NCS)(C 6 -
H 1 4 N 2 ) 2 ]C1-3H 2 0 : C, 33.19; H, 7.29; N, 14.89%. 

(7) trans-[CoCl(N02) (R,R-chxn) 2]Cl • 1.5H20 : The reaction 
was carried out at 30 °C by adding 70 mg of L iNO a - H 2 0 to 
a solution containing 0.4 g of the dichloro complex in 20 cm3 

of methanol. After stirring for 10 min, the reacted solution 
of dark orange color was cooled in ice for 2 h. T h e resulting 
crystals (the m-chloronitro complex) were removed by filtra­
tion, 10 cm3 of ether was added to the filtrate, and then the 
mixture was stored in a refrigerator overnight. T h e second 
crop of eis complex crystals separated out was filtered off, and 
the filtrate was further cooled for 3 days in a refrigerator. T h e 
third crop of crystals yielded in a small quanti ty, and this was 
filtered off. T h e fourth crop, which was obtained upon evapo­
rating the filtrate to about 4 cm3 , was a mixture of eis and 
trans complexes. T o the filtrate from the fourth crop was 
added 2 cm3 of ether, and after a period the trans complex 
separated out. After storage in a refrigerator for 2 h, the 
crystals were filtered, washed with a little cold methanol and 
ether, and air-dried. 75 mg. Reddish-orange fine crystals 
were obtained by recrystallization from methanol (3 cm3) upon 
the addition of ether (4 cm 3) . Found : C, 33.87; H, 7.31 ; N, 
15.97%. Calcd for [CoCl(N0 2 ) (C 6 H 1 4 N 2 ) 2 ]Cl - 1 .5H 2 0: C, 
33.42; H, 7.25; N, 16.24%. 

(8) trans-[Co(NCS)(N02)(R,R-chxn)2]Cl-L5H20: T o a 
solution of 0.4 g of the dichloro complex in 20 cm3 of methanol 
was added 70 mg of L i N 0 2 • H a O . After the mixture had 
been stirred for 10 min at 30 °C, 80 mg of LiSCN H 2 0 was 
added to it and the reaction temperature was raised to 60 °C. 
After stirring for 10 min, the reacted solution was evaporated 
to dryness. T h e resulting solid was dissolved in water and the 
solution was adsorbed on a column (20 X 220 mm) containing 
a cation-exchange resin (Dowex 50W X 8, K+ form). The 
eluting agent, a 0.1 M KCl solution, was made to flow at a 
rate of 2 cm3 /min. While 6.8—11.5 dm 3 of the eluting agent 
flowing, the yellow-to-orange colored eluate (4.7 dm3) was 
collected in 20-cm3 portions in a fraction collector. T h e mid­
dle (56—180 th) fractions were confirmed to contain the de­
sired /rattr-isothiocyanatonitro complex by checking the absorp­
tion spectra. These were combined and evaporated at 30 °C. 
After the separated KCl crystals had been removed by filtra­
tion several times, the eluate was evaporated to dryness. T h e 
complex was extracted from the residual solid using 20 cm3 of 
methanol, and the undissolved K C l crystals were filtered off. 
In order to remove the remaining KCl , careful fractional 
precipitation was carried out by the addition of ether to the 
methanol extract. T h e desired complex obtained as a later 
fraction was filtered, washed with ether, and air-dried. Found : 
C, 34.45; H , 6.84; N, 18.66%. Calcd for [ C o ( N C S ) ( N 0 2 ) -
(C 6 H 1 4 N 2 ) 2 ]C1-1.5H 2 0: C, 34.40; H, 6.88; N, 18.52%. 

(9) trans-[_Co(N3)(NCS)(R,R-chxn)2]+: As in the course 
of preparing the diazido complex (3), four 25-mg portions of 
LiN3 were added over a 30-min period to a stirred solution 
containing 0.8 g of the dichloro complex in 40 cm 3 of methanol 
at 30 °C. T o the blue-violet reaction mixture (the eis- and 
frawi-azidochloro complexes) was added 165 mg of LiSCN-

H 2 0 , and the solution was heated to 60 °C and stirred for 15 
min. The color of the solution turned to red-violet. After 
the reaction had been stopped by ice-cooling, an equal volume 
of ether was added to the solution and the resulting mixture 
was evaporated to dryness with a vacuum evaporator. T h e 
solid was dissolved in water and subjected to chromatogra­
phy on a column containing a cation-exchanger CM-Sephadex 
C-25 using a 0.1 M NaCl solution as the eluting agent. T h e 
earlier eluate contained the desired frawj-azidoisothiocyanato 
complex. T h e isomerization to eis occurred even at 25 °C and 
the trans complex could not be isolated in crystal. 

(10) trans-[Co(N3)(N02)(R,R-chxn)2]+: T o a solution of 
0.8 g of the dichloro complex in 40 cm 3 of methanol at 30°C 
was added 140 mg of L i N 0 2 H 2 0 with stirring. This stirring 
was continued for 10 min. U p o n the addition of 100 mg of 
LiN3 , the azide salt of the dichloro complex separated out. 
The suspension was heated to 60 °C and stirred for 20 min. 
The resulting solution was evaporated to dryness, and the 
solid obtained was dissolved in water and subjected to chro­
matography on a column ( 2 7 x 9 8 0 mm) containing C M -
Sephadex C-25 with a 0.1 M NaCl solution at a rate of 0.23 
cm3 /min. When 1.5 dm 3 of the eluting agent was passed 
over the column, the trans species reached the bot tom of the 
column. At this time, the eluate began to be collected in 
10-cm3 portions and the 28—38 th fractions were confirmed 
to contain the desired /raw^-azidonitro complex (the trans-
dinitro and -diazido complexes were contained in the 1—15 th 
and 44—50 th fractions, respectively). T h e isomerization to 
eis occurred rapidly, and isolation of the complex was unsuc­
cessful. 

(11) Three Isomers of the [Co(NCS) (NH3) (R,R-chxn) 2~\2+ 

Complex : T o a solution containing 0.8 g of the dichloro com­
plex in 40 cm3 of methanol at 30 °C was added 170 mg of 
L i S C N - H 2 0 , and the mixed solution was stirred for 10 min. 
After adding an equal volume of ether, the reaction mixture 
was evaporated to dryness with a vacuum evaporator. T h e 
resulting violet solid was placed in a 250-cm3 pressure cylin­
der, which was placed in a dry ice-methanol bath, and 
ammonia was condensed over the solid. After about 15 cm3 

of ammonia had been condensed, the container was tightly 
capped and allowed to stand at room temperature (21°C) 
for about 15 min. T h e color of the ammonia solution changed 
to reddish-orange. Then , the cap was removed and the am­
monia was evaporated. After the resulting orange product 
had been dried over P 2 0 5 in vacuo, it was dissolved in an 
appropriate amount of water and subjected to chromatogra­
phy on a cation-exchanger column (CM-Sephadex C-25, 25 
X850 mm) with a 0.15 M NaCl solution. While 12.4—19.6 
dm 3 of the eluting agent was made to flow through the column 
in one month, the three desired isomers were eluted out in 
well separated bands. Each of the three eluates was evapo­
rated to dryness on a vacuum evaporator at 30 °C, and the 
resulting solid was extracted with a min imum amount of 
methanol and undissolved NaCl was removed by filtration. 
After evaporating each of the methanol solutions to dryness 
at 10 °C, the resulting solid (contaminated with a small 
amount of NaCl) was dissolved in 3 to 4 cm 3 of water. 

1) T o the aqueous solution obtained from the first eluted 
band (Fl) was added 0.3 g of N a l with stirring T h e iodide 
salt precipitated was filtered, washed with a small amount of 
ethanol and ether, and air-dried. 100 mg. T h e iodide dis­
solved in 15 cm 3 of water, and changed to a chloride solution 
by employing a cation-exchange resin (Cl _ form). T h e chlo­
ride solution was evaporated to dryness by the freeze-drying 
method, and the resulting chloride salt was dissolved in 2 cm3 

of water and the solution was evaporated gently to dryness in 
a vacuum desiccator over P 2 O s . Reddish-orange crystals. 55 
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mg (Fl). Found: C, 32.39; H, 7.62; N, 17.36%. Calcd for 
[Co(NGS)(NH3)(C6H14N2)2]C1.2.5H,0: C, 32.34; H, 7.52; 
N, 17.40%. 

2) To the aqueous solutions obtained from the second and 
third eluted bands (F2 and F3) were added 0.5 and 1.5 g of 
LiC104-3H20 with stirring, respectively. The Perchlorate 
salts precipitated were filtered, washed with an ethanol-ether 
mixture and then ether, and air-dried. 144 mg (F2) and 
200 mg (F3). The Perchlorate salts were dissolved in an 
appropriate amount of water, and the solutions were changed 
to chloride solutions using an ion-exchange method. The 
chloride solutions were evaporated to dryness by freeze-drying, 
the resulting powders were dissolved in 3 and 4 cm3 of water, 
respectively, and then to the solutions were added 1.0 and 
0.75 g of LiC104-3H20 with stirring. After storage in a re­
frigerator for 2 days, the perchlorate salts were filtered, washed 
sufficiently with an ethanol-ether mixture to eliminate the 
contaminant LiC104 • 3H 20, then with ether, and air-dried. 
Reddish-orange crystals. 50 mg (F2) and 73 mg (F3). Found 
for F2: C, 29.51; H, 5.70; N, 15.70%. Found for F3: C, 
29.62; H, 5.89; N, 15.74%. Calcd for [Co(NCS)(NH3)(C6-
H14N2)2](C104)2: G, 29.46; H, 5.89; N, 15.85%. 

(12) Bis(ethylenediamine) Complexes: The trans complexes 
were prepared according to methods described in the litera­
ture, except for the two new complexes, for which the methods 
will be described below. Cis and trans isomers of chloronitrobis-
(ethylenediamine)cobalt(III) chloride were prepared by the 
method of Werner.9'10) 

tram-[Co(NJ (NCS) (en)2]Cl04: To a solution of 12.0 g of 
m-[CoCl(NCS)(en)2]C104

10> in 75 cm3 of water (60 °C) was 
added 2.5 g of NaN3. The resulting solution was stirred at 
60 °C for about 2 h. After diluting with an appropriate amount 
of water, the solution was subjected to chromatography on a 
column (26x800 mm, Dowex 50Wx8, H+ form) using a 0.2 
M LiC104 solution as the eluting agent. The elution was 
continued at a rate of 1.5—2.0 cm3/min until the first series 
of bands (containing trans complexes) were eluted out. The 
eluates were fractionated and the intermediate fractions, with 
the first d-d absorption band at about 528 nm, were combined 
and evaporated to dryness on a vacuum evaporator below 
35 °C. In order to remove the eluting agent, LiC104-3H20, 
the solid obtained was suspended in ethanol, filtered, washed 
sufficiently with ethanol. This was recrystallized from water 
(55 °C), filtered, washed with water, ethanol, and then ether, 
and air-dried. Found: C, 15.46; H, 4.21; N, 29.63%. Calcd 
for [Co(N3)(NCS)(C2H8N2)2]C104: C, 15.86; H, 4.26; N, 
29.59%. 

trans-[Co(N3)(NO2)(en)2]C704: To a solution containing 
4.0 g of *ra^-[CoCl(N02)(en)2]Cl.H209) in 40 cm3 of water 
(60 °G) was added 1.0 g of NaN3. Then the azide salt of 
chloronitro complex precipitated out. The resulting suspen­
sion was stirred at 60 °C for 90 min. After diluting with water, 
the solution was subjected to chromatography on a column 
(Dowex 50WX8, H+ form) with a 0.1 M LiCl solution. 
When the elution was continued for 8 days using a 0.1 M 
LiCl solution of about 25 dm3, the first series of bands con­
taining trans complexes were eluted out. The earlier fractions, 
which showed the first d-d absorption band at about 481 nm, 
were combined and evaporated to 20 cm3 below 35 °C. To 
the concentrated eluate was added a solution of 2.0 g of 
LiC104 • 3HaO in 4 cm3 of water. After a period, the per­
chlorate salt of the desired complex crystallized out. After 
standing for 1 h, the crystals were filtered (0.8 g), recrystal­
lized from warm water (55 °C), filtered, washed with water, 
ethanol, and then ether, and air-dried. Lustrous red-orange 
flakes. 0.5 g. Found: C, 12.92; H, 4.42; N, 30.27%. Calcd 
for [Co(N3)(N02)(C2H8N2)2]C104: C, 13.11; H, 4.40; N, 

30.57%. 
Measurements. The absorption spectra were measured 

using Shimadzu UV-200 and Beckman DU spectrophoto­
meters. The CD spectra were recorded withjasco ORD/ 
UV-5, J-10, and J-20 spectropolarimeters. The optical ro­
tation was checked using Yanagimoto Model 185 and Jasco 
ORD/UV-5 spectropolarimeters. The measurements were 
made at room temperature in aqueous or methanol solutions 
ranging in concentration from 0.005 to 0.0001 M. The cell 
lengths were 1, 0.2, and 0.1 cm. 

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

Characterization of trans Dianiono Complexes. Eight 
cobal t (III) complexes of trans-d\a.iiioriobis{{\R,2R)-\,2-
cyclohexanediamine] type were derived from trans-
[CoCl2( Jff,A-chxn)2]Cl-H20 upon treatment with LiN3, 
LiSCN, or L iNO a in methanol. Only one of these, the 
/ra«.y-dinitro complex, is a known complex, which was 
recently prepared by Brennan and Douglas for the first 
time.11) trans-to-cis isomerization was observed in the 
isolation procedure of some trans complexes containing 
azido ligand from the eluates, and the azidoisothio-
cyanato and azidonitro complexes could not be isolated 
as crystals. T h e trans structures of all the complexes 
were determined by comparing the visible and ultra­
violet absorption bands with those of eis and trans 
isomers of the corresponding ethylenediamine complex 
(Table 1). 

Configuration of Three Isomers of the Ammineisothiocyanato 
Complex. Three isomers are possible for the 
[Co(NCS)(NH3)(Ä,Ä-chxn)2]2+ ion: one is the trans 
isomer and the other two are the diastereomeric eis 
isomers. All the isomers of the [Go(NGS)(N)6] type show 
very similar absorption spectra, and they are indisting­
uishable on the basis of their absorption spectra. The 
configurations of the three isomers are assigned, there­
fore, on the basis of their CD spectra. T h e eis isomers 
have two kinds of chiralities : one is the "configurational" 
chirality {A or A) due to the two chxn chelate rings and 
the other the "vicinal" chirality due to the asymmetric 
carbon atom of the Ä,/?-diamine (including "conforma­
t ional" chirality). I t has been established that the CD 
contributions of the two kinds of chiralities are separable 
and additive in several cobal t (III) complexes containing 
five-membered chelate rings.12-15) Thus, for the CD 
of the diastereomeric eis ammineisothiocyanato isomers, 
ARR and ARR, the following equations can be written, 
where R represents the R,R-chxn ligand, 

Ae(ARR) = AeU) + 2Ae{R) (1) 
and 

Ae{ARR) = Ae(A) + 2Ae{R). (2) 

Because Ae(A) should be equal to —As(A), one obtains 

Ae(A) = ±[Ae(ARR) - Ae(ARR)] (3) 

and 

Ae(R) = -j[te{ARR) + Ae(ARR)]. (4) 

Therefore, if a pair of eis isomers can be selected from 
the three isomers, the configurational CD contribu-
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TABLE 1. ABSORPTION PEAK POSITIONS (in 103 cm x) AND INTENSITIES (log e in parenthesis) 

OF THE [Co(X)(X') (diamine) 2]+ COMPLEXES 

(X)(X') Diamine Config. First d-d 
band 

'Specific" or charge 
transfer bands 

(N3)2 

(NCS)2 

( N 0 2 ) 2 

(N,)(NCS) 

(N 3 ) (N0 2 ) 

(NCS) (N0 2 ) 

Gl(NGS) 

C1(N02) 

R,R-chxn 

en 

en 

R,R-chxn 

en 

en 

R,R-chxn 

en 

en 

R,R-chxn 

en 

en 

R,R-chxn 

en 

en 

R,R-chxn 

en 

en 

R,R-chxn 

en 

en 

R,R-chxn 

en 

en 

trans 

trans 

eis1'' 

trans 

trans 
eis» 

trans 

trans 

cis1^ 

trans 

trans 

cis1^ 

trans 

trans 

eis» 

trans 

trans 

cisX) 

trans 

trans 

eis» 

trans 

trans 

eis 

17 .7(2 .52) 

17 .8(25 .4) 

19 .3(2 .52) 

19 .6(2 .43) 

19 .7(2 .44) 

20 .4 (2 .54 ) 

23 .1 (2 .28 ) 

2 3 . 4 ( 2 . 2 8 ) 

2 2 . 8 ( 2 . 2 3 ) 

18.9 

18 .9(2 .49) 

19 .6(2 .51) 

20 .7 

2 0 . 8 ( 2 . 6 0 ) 
20 .4 (2 .65 ) 

21 .6 (2 .38 ) 

2 1 . 8 ( 2 . 3 8 ) 

21 .2 (2 .48 ) 

18 .1(2 .12) 
17 .9(2 .16) 

19 .9(2 .24) 

21 .5 (1 .98 ) 

2 1 . 6 ( 1 . 9 8 ) 

2 0 . 1 ( 1 . 9 4 ) 

2 9 . 8 ( 4 . 0 8 ) 

30 .0 (4 .13 ) 
33 .1 (4 .06 ) 

32 .5 (3 .54 ) 

31 .6 (3 .49 ) 

32 .5 (3 .46 ) 

29 .3 (3 .53 ) 

29 .5 (3 .56 ) 

31 .1 (3 .56 ) 

32 .6 

32 .3 (3 .94 ) 

32 .4 (3 .91 ) 

29 

29 (3.7) 

33 .1 (3 .92 ) 

32 (3.3) 

34 (3.4) 

31 .0 (3 .52 ) 

31 (3.3) 

30 .9 (3 .30 ) 

32 (3.2) 

29 .9 (3 .03 ) 

29 .4 (3 .21 ) 

2 9 . 9 ( 3 . 2 0 ) 

4 6 . 5 ( 4 . 3 8 ) 

46 .0 (4 .28 ) 

4 6 . 5 ( 4 . 3 0 ) 

47 (4.4) 

4 0 . 2 ( 4 . 3 8 ) 

4 0 . 3 ( 4 . 3 1 ) 

41 .7 (4 .32 ) 

46 .6 

47 (4.4) 

47 (4.3) 

33 .4 

3 3 . 8 ( 4 . 0 0 ) 

41 (4.3) 

42 (4.2) 
41 (4.1) 

37 (3.6) 

37 (3.4) 

42 (4.3) 

40 .1 (4 .26 ) 

41 .6 (4 .21 ) 

+ 2r 

+ 1 

(a) 

\ F 1 

F3 

ff(103cm 

Fig. 1. CD spectra of three isomers of [Co(NCS) (NH3)-
(i?,/?-chxn)2]

2+ (a), and calculated curves of (l/2)[Ae(Fl) 
_A e(F3)] ( ), (l/2)[Ae(F2)-Ae(F3)] ( ), and 
(l/2)[Ac(Fl)-Ac(F2)] ( ) (b). The CD curve 
(Aex2) of zl(-)589-[Co(NCS)(NH3)(en)2]2+ is also 
shown in (b) ( ). 

tion can be calculated from their observed CD 
spectra. The configurational CD curve thus calculated 
is considered to be similar in shape to the ob­
served CD curve of the corresponding en complex. 
Fig. 1(a) shows the CD curves in the d-d absorption 
band region for the three isomers which are designated 

as F l , F2, and F3 in the order of elution, and Fig. 1(b) 
shows the calculated curves for ( l / 2 ) [A e (F l )— Ae(F3)], 
( l /2 ) [A £ (F2)-Ae(F3)] , and ( l / 2 ) [ A £ ( F l ) - A e ( F 2 ) ] toge­
ther with the observed CD curve of A( — )5 8 9-[Co(NCS)-
(NH3)(en)2]2+. T h e calculated ( l / 2 ) [ A e ( F l ) - A e ( F 3 ) ] 
curve is similar in shape to (but reverse in sign to and 
about twice as intense as) the observed curve of A-[Co-
(NCS)(NH3)(en)2]2+. I t is therefore concluded that 
F l and F3 form the eis pair and F2 is the trans isomer 
and that F l is the A(ob) isomer and F3 the A(lel) isomer 
(this is consistent with the fact that the formation ratio 
of F l to F3 is 1: 1.19). Furthermore, if the configura­
tional contribution of the chxn complex is of the same 
magnitude as that of the en complex, it can be deduced 
that the optical purity of the ( — ) 5 8 9-[Co(NCS)(NH 3)-
(en)2]2+ complex derived from the resolved [CoCl(NCS)-
(en)2]+ complex was a little lower than 5 0 % and that 
its true CD intensity may be about twice the reported 
value.1) 

CD and Absorption Spectra. It is acceptable, from 
the first d-d absorption band positions, that the ligand 
strength of chxn is almost the same as that of en. Two 
or three CD bands are observed in the first d-d absorp­
tion band region (Table 2). Although the trans-[Co-
(X)2(i?,/?-chxn)2]+ complexes are of D 2 symmetry, if 
they are considered to be of the frww-[Co(X)2(N)4]+ type, 
they are approximately of D 4 h symmetry. Accordingly, 
the first spin-allowed d-d transition, 1A lg—>1T lg, in O h 

is split into the ^jg—>1Eg and 1Alg—>1A2g transitions. 
Then, the CD bands observed at about 21000 c m - 1 are 
considered to correspond to the nondegenerate com-
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T A B L E 2. C D DATA OF THE /nww-[Co(X)(Y)-

(R,R-chxn)2]
n+ COMPLEXES IN THE 

FIRST d-d BAND REGION 

(Wave numbers are given in 103 cm - 1 ) 

(X)(Y) 

(Na), 

(NGS)a 

(N8)(NCS) 

Gl(NGS) 

(NCS)(NH3) 

(N02)2 

(N3)(N02) 

(NCS)(NOa) 

C1(N02) 

<7ext(Ae) 

i n H 2 0 

17 (+0.19) 
18 ( + 0.18) 
21 .3 ( -0 .24) 

19.7(+0.76) 
22 .9 ( -0 .28) 

19.1(+0.40)a> 

22.0(-0.21)a> 

20.3(+0.75) 
23 .7 ( -0 .06) 

21 .8 ( -1 .01) 
24.6(+0.52) 

18.4(-0.28)a> 

20.9(+0.25)a> 

23.3(-0.02)a> 

19.8(—0.17) 
22.4(+0.37) 

<7ext(Ae) 

in CH3OH 

16.1 ( + 0.56) 

18 (+0.20) 

21.2(—0.12) 

19.2 (+0.76) 

22 .8 ( -0 .20 ) 

17.5(+0.75) 

21.3(—0.14) 

21.9(—1.04) 
24.9(+0.24) 

19.8(—0.12) 
22.2(+0.31) 

18.7(-0 .06) 

20.8( + 0.23) 

Fig. 
No. 

Fig. 2 

Fig. 3 

Fig. 6 

Fig. 5 

Fig. 4 

Fig. 7 

Fig. 8 

a) These Ae values are estimated by assuming that 
the molar extinction coefficients of the first d-d 
absorption band are the same as those of the 
corresponding en complexes. 

44 

-\3 

15 20 25 30 35 

a{ 103 cm-1) 

40 45 

p o n e n t , 1Als-^
1A2g, a n d those obse rved a t t h e lower c m 

( X = N 3 - a n d N G S ~ ) o r h i g h e r ( X = N 0 2 ~ ) e n e r g y 
pos i t ions to t h e d e g e n e r a t e c o m p o n e n t , 1 A l g — ^ E g . I n 
t h e d i a z i d o c o m p l e x , h o w e v e r , t w o C D b a n d s c o r r e ­
s p o n d i n g to t h e 1 A l g - ^ - 1 E g c o m p o n e n t a r e obse rved a t 
a b o u t 16000 a n d 18000 c m - 1 (F ig . 2 ) . T h i s b a n d 
sp l i t t ing c a n b e r e a s o n a b l y i n t e r p r e t e d b y s y m m e t r y 

Fig. 2. Absorption and CD spectra of fra?w-[Co(N3)2-
(i?,/?-chxn)2]Gl-0.5H2O in water ( ) and in meth­
anol ( ). 

l o w e r i n g to D 2 . I t is r e m a r k a b l e t h a t t h e C D b a n d 
ass igned to t h e 1Alg-^

1A2g t r a n s i t i o n in t h e d i az ido 
c o m p l e x , w h i c h is obse rved a t 21300 c m - 1 i n a n a q u e o u s 
so lu t ion , is l oca t ed j u s t in t h e t r o u g h of t h e a b s o r p t i o n 
c u r v e . T h i s a p p e a r s to suggest t h a t , i n th is c o m p l e x , 
t h e a b s o r p t i o n b a n d in t ens i ty of th is n o n d e g e n e r a t e 
c o m p o n e n t is v e r y w e a k a n d t h e obse rved a b s o r p t i o n 
p e a k c o r r e s p o n d s to t h e d e g e n e r a t e c o m p o n e n t . 

I n t h e d i a z i d o c o m p l e x , t w o s t r o n g C D b a n d s of 
o p p o s i t e signs a r e obse rved in t h e specific b a n d reg ion , 
exac t ly c o r r e s p o n d i n g to t h e m a i n a b s o r p t i o n p e a k a n d 
t h e s h o u l d e r o n its h i g h e r e n e r g y s ide (F ig . 2 a n d 
T a b l e 3 ) . T h e t w o pos i t ive C D b a n d s a t 2 4 0 0 0 — 2 6 0 0 0 

_ 1 a r e t h e n t h o u g h t to b e l o n g to t h e second d -d b a n d 
w h i c h is c o m p l e t e l y h i d d e n . Also in t h e d i i s o t h i o c y a n a t o 
c o m p l e x , t w o C D b a n d s of oppos i t e signs a r e obse rved 
i n t h e specific b a n d r e g i o n (Fig . 3 a n d T a b l e 3) . I n 
this case , t h e lower e n e r g y b a n d of n e g a t i v e sign is 
m u c h w e a k e r t h a n t h e h i g h e r e n e r g y o n e of posi t ive 
s ign. T h e n e g a t i v e b a n d is cons ide r ed to b e p a r t l y 

T A B L E 3. C D DATA OF THE trans-[Co(X.)(Y)(R,R-chxn)2]
n+ COMPLEXES IN THE 

ULTRAVIOLET REGION (wave numbers are given in 103 cm - 1 ) 

(X)(Y) Solvent ^ext(Ae) 
Second d-d band region 

. tfext(Ae) 
'Specific" band region 

tfext(Ae) 
Intense band region 

(N8), 

(NCS)2 

(N3)(NCS)a> 

Cl(NCS) 

(NCS)(NH3) 
(N02)2 

(N3)(N02)a> 

(NCS)(N02) 

Cl(NOa) 

H aO 

CH3OH 
H 2 0 
CH3OH 
H 2 0 

CH3OH 

H 2 0 
H 2 0 
CH3OH 

H 2 0 

H 2 0 

CH3OH 
CH3OH 

25 ( + 0.5) 

24 .0(+0.3) 

25 (+0.2) 
26 .0(+0.1) 

29.0(+0.05) 
29.3(+0.12) 

26 .4(+0.2) 
28.1 (+0.18) 

28.0(+0.05) 
27.2 (+0.28) 

25.9(+0.63) 

26 

28 

l (+0 .36) 

(+0.2) 

29.7 

29.3 
28 
27 
30.8 

31.0 

31.0 

32 
31.8 

30.3 

33.2 
30.3 
34.1 

; - i . 5 ) 

I—1.45) 
, - 0 . 1 ) 

, - o . i ) 
, - 0 . 2 ) 
+ 0.43) 

- 0 . 0 4 ) 
( -0 .7 ) 
, - 0 . 6 ) 

+0 .1) 
- 0 . 6 ) 

, - 0 . 2 ) 
- 1 . 5 ) 

35.0(+2.0) 

35.0(+1.6) 
34 (+1.2) 
34 (+1.0) 
35 (+1.3) 

3 4 . 8 ( - 0 . 8 ) 

36 (+1) 
34.3(—1.1) 
37 (+1.7) 
33.1 ( - 0 . 5 ) 

3 2 . 8 ( - 0 . 3 ) 

46.7(+10.6) 

47.3(+11.6) 
44.0(+11.0) 
45.0(4-11.6) 
45 (+11.4) 

40.7(+10.2) 

44.7(+12.5) 
41.3(+8.0) 
41 .3(+6.2) 

43.3(+9.3) 

42.5(+10.3) 

43 .0(+8.9) 
41.0(+8.0) 

4 5 . 7 ( - 2 . 4 ) 

a) T h e Ae values are 
are the same as those 

estimated by assuming tha t the molar extinction coefficients of the fisrt d-d absorption band 
of the corresponding en complexes. 
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^(K^cm-1) 

Fig. 3. Absorption and CD spectra of frans-[Co(NCS)2-
(R,R-chxn)z]Cl H 2 0 in water ( ) and in methanol 
( ). 

20 25 40 30 35 

^(KPcm-1) 

Fig. 4. Absorption and CD spectra of trans-[Go(N0.2)2-
(Ä,Ä-chxn)2]Cl-2.5H20 in water ( ) and in meth­
anol ( ). 

cancelled by the CD bands for the second d-d transition, 
which probably have a positive net sign like the analo­
gous trans-[Co(X)2(R,R-chKn)2]+ complexes ( X = F ~ , 
CI-, Br - 8) and N3~). 

In the two pseudohalogeno complexes, a positive CD 
band is observed in an energy region higher than the 
specific absorption band. 

If the specific absorption bands of the present pseudo­
halogeno complexes are assigned to the p^(l igand)-* 
dz> charge-transfer transitions, the relatively weaker 
absorption intensity of the higher energy component 
can be explained by the electric-dipole forbidden 
character of the p^g(ligand)—>dz*(eg—>>alg in D4h) transi­
tion and the relatively stronger CD intensity of the 
component can be interpreted by its magnetic-dipole 
allowed character. Furthermore, the red shift of the 
specific absorption band of the /rans-dianiono type 
complexes (in comparison with the «s-dianiono com­
plexes) can be attributed to the relatively stronger 
absorption intensity of the lower energy electric-dipole 
allowed component, the pjrn—Kiz.(eu—>alg in D4 h) transi­
tion. A similar interpretation has been made for 
the CD spectra of the charge-transfer band region of 
the halogeno complexes, frans-[Co (X)2(-ß,Ä-chxn) 2]+ 
( X = C 1 ~ and Br~), although the signs of these two CD 
bands are the reverse of the present complexes.8) 

The assignment of the specific bands of the present 
pseudohalogeno complexes to the p*—>dz* charge-
transfer transitions is consistent with the previous CD 
study of the cis-type bis(ethylenediamine) complexes. 
The same assignment has also been made in absorption 
spectral studies of [Co(X)(NH 8 ) 6 ] and [Co(X)(CN) 5 ] 
complexes16,17) and a redox study of [Co(NCS)-

(NHa)B]»+18> 
For the corresponding nitro complex (Fig. 4 and 

Table 2) in aqueous solution, two CD bands of opposite 
signs are observed under the "nitro-specific b a n d " and 
the lower energy positive band is weaker than the 
higher energy negative band. However, the signs of 
these are reverse to the pseudohalogeno complexes. O n 
the other hand, it has been reported that the analogous 
( — ) 5 8 8 - i raw, te^- [Co (N0 2 ) 2 (iV-Me-en) 2 ] + complex 

shows the same CD pat tern in this region as that of the 
present pseudohalogeno complexes.19) 

Concerning the solvent effect on the absorption and 
CD spectra of the three dianiono complexes, it was 
found that the specific absorption bands apper at 
higher energies in water than in methanol ; the shift is 
very wide especially for the isothiocyanato complex 
(2600 c m - 1 interval). The shift is in the same direction 
as that reported for the charge-transfer band in some 
halogeno complexes.20) 

In a previous paper1) on the as-type bis(ethylenedi-
amine) complexes, it was found that the dipseudo-
halogeno complexes show two CD bands in the specific 
band region, while the amminepseudohalogeno com­
plexes show a single CD band. In Fig. 5, the calculated 
CD curve of the configurational effect for the m-[Co-
(NCS)(NH3)(Ä,Ä-chxn)2]2+ complexes and the observed 
CD curve for the trans complex are shown together 
with their absorption spectra. T h e configurational CD 

35 40 45 

a{ 103 cm-1) 

Fig. 5. Absorption and CD spectra of frww-[Co(NCS)-
(NH3)(Ä,Ä-chxn)2](C104)a ( ) and calculated A 
configurational curve of «j-[Co(NCS)(NH8)(Ä,Ä-
chxn)2]2+ ( ). Absorption spectrum of zl-[Co-
(NCS)(NH3)(Ä,Ä-chxn)2](C104)2 is shown in broken 
line. 



2630 Kiyoshi YAMASAKI, Jinsai HIDAKA, and Yoichi SHIMURA [Vol. 50, No. 10 

curve has the same pattern as the observed CD curve1) 
of ZJ-[Co(NCS)(NH3)(en)2]2+ over all the regions, and 
has a single CD band corresponding to the absorption 
peak of the specific band. T h e CD band can be assigned 
to the degenerate charge-transfer transition, p^(ligand) 
->dzi(e—>aj in C4 v) . However, in the case of the 
toj-[Co(NCS)(NH3)(Z?,Jff-chxn)2]

2+ complex which has 
the same approximate symmetry, C4 v , as the eis complex, 
the positive CD band in shoulder and another very weak 
negative CD band on the lower energy side appear to 
correspond to the specific absorption band, because the 
positive shoulder is located rather far from the absorp­
tion peak. 

T h e absorption curves in the specific band region of 
the trans mixed complexes [Co(X)(X')(diamine)2]+ (X 
and X ' = N a - , NCS~, and N 0 2 ~ ) are very different 

25 30 35 40 45 

Fig. 6. Absorption and CD spectra of trans-[Co(N3)-
(NCS)(i?,A-chxn)2]+ eluate ( ). (The intensities are 
estimated by assuming that the molar extinction coeffi­
cient of the first d-d band is the same as the corre­
sponding en complex.) Absorption spectra oftrans-[Co-
(Ns)a(Ä,Ä-chxn)a]C1.0.5H2O ( ) and -[Co(NCS)2-
(/?,/?-chxn)2]Cl-HaO ( ) are shown for comparison. 

-a 

( + 2)r .' 

( + Dh 

(-l)t 
25 30 35 

Fig. 7. Absorption and CD spectra of trans-[Co(N3)-
(N02)(Ä,Ä-chxn)2]+ eluate ( ). (The intensities are 
estimated by assuming that the molar extinction coeffi­
cient of the first d-d band is the same as the corre­
sponding en complex.) Absorption spectra of trans-[Co-
(N,)2(Ä,Ä-chxn)a]C1.0.5HaO ( ) and -[Co(NOa)2-
(Ä,Ä-chxn)2]Cl-2.5H20 ( ) are shown for com­
parison. 

-a 

Fig. 8. Absorption and CD spectra of <n»w-[Co(NCS)-
(NOa)(Ä,Ä-chxn)2]G1.1.5HaO ( ). Absorption 
spectra of frflW-[Co(NCS)a(Ä,Ä-chxn)a]Cl.HaO ( ) 
and -[Co(N02)2(i?,/?-chxn)2]C1.2.5H20 ( ) are 
shown for comparison. 

from the intermediate of the "pa ren t " complexes 
[Co(X)2(diamine)2]+ and [Co (X' ) 2 (diamine) 2]+ (see 
Figs. 6—8). This absorption behavior suggests that the 
specific bands are not due to the intraligand transitions 
and that there is some strong interaction, for example, 
a Ptf-djr interaction, between the ligands in the trans 
positions through the central cobalt (III) ion. The CD 
data of the franj-[Co(X)(X')(Ä,Ä-chxn)2]+ (X, X ' = 
N3~, NCS~, N 0 2 ~ , and Cl~) complexes are presented in 
Tables 2 and 3 and Figs. 6—8. T h e azidoisothiocyanato 
complex shows two CD bands under the specific absorp­
tion band (Fig. 6) : one is the weaker negative CD band 
of lower energy and the other the stronger positive one 
of higher energy. The CD behavior is the same as that 
of the "pa ren t " complexes, trans-[Co(N3)2(R,R-chxn)2]+ 
and -[Co(NCS)2(Ä,Ä-chxn)2]+. Accordingly, the two 
CD bands at about 25000 and 28000 cm" 1 are considered 
to belong to the second d-d band. The azidonitro 
complex (Fig. 7) exhibits a very strange absorption 
spectrum which is remarkably different from the inter­
mediate of the "pa ren t " complexes, and a negative CD 
band is located under the intense absorption band at 
33400 c m - 1 and two positive CD bands are observed 
under the shoulder at about 29000 cm - 1 . I t is more 
probable to consider that the lowest energy CD band 
corresponds to the second d-d absorption band, which 
is hidden. Then, the weak positive and strong negative 
CD bands at 30300 and 33100 cm" 1 are assigned to the 
specific absorption band. A single strong positive CD 
band is observed under another intense absorption band 
in the higher energy region. In summary, the CD 
behavior of the mixed complexes in the specific absorp­
tion band region is complicated as in the case of the 
m-type bis(ethylenediamine) complexes, but it seems a 
common behavior that two CD bands are observed 
under the specific band, and the higher energy one of 
which is the stronger. 

Finally, the four complexes containing only N3~ or 
N C S - , that is, (N3)(N3), (NCS)(NCS), (N3)(NGS), and 
(NCS)(NH3) complexes, exhibit the ( - , + ) CD 
pattern under the specific absorption band. T h e five 



October, 1977] CD Spectra of Co(III) Complexes 2631 

complexes containing Cl~ or N O a , namely, (N0 2 ) (N0 2 ) , 
(NCS) (N0 2 ) , (N 8 ) (NO a ) , Cl(NCS), and C1(N02) 
complexes, appear to exhibit the reverse CD pattern, 
( + , —) , under the specific band. Furthermore, the 
higher energy CD component of the specific band is 
stronger than the lower energy CD component for all 
nine complexes. Lastly, it was observed that all the 
complexes exhibit one strong CD band in the region of 
41000—48000 c m - 1 and that the sign is always positive 
(Table 3). 

The authors are grateful to Dr. Wasuke Mor i of 
Osaka University, and to Dr. Keiji Matsumoto of 
Osaka City University for their help in the measure­
ments of the CD spectra. 
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Three geometrical isomers of the bis(/7-alaninato)(oxalato)cobaltate(III) and of the (/?-alaninato) (glycinato) -
(oxalato)cobaltate(III) complexes have been prepared and resolved into their optical isomers. Their structures 
were assigned on the basis of the electronic absorption, XH NMR and 13G NMR spectra. The circular dichroism 
spectra of these complexes have been measured and compared with those of the bis(glycinato) (oxalato)cobaltate(III) 
complexes. 

Optically active cobalt(III) complexes containing 
amino acids are important for clarifying the relation­
ships between their electronic absorption and circular 
dichroism (CD) spectra and the structures of the 
complexes. A number of investigators have studied 
a-amino acid-cobalt ( III) complexes.1-8) However, only 
a few cobalt(III) complexes containing /^-alanine have 
been reported and further investigation is necessary. 

/^-Alanine can coordinate to a cobalt(III) ion with 
both carboxyl and amino groups as in the case of a-
amino acids. Consequently, in complexes of the type 
bis(amino acidato)(oxalato)cobaltate(III) anion, ß-
alanine complexes provide the same geometrical 
isomers as a-amino acid complexes. However, ß-
alanine forms a six-membered chelate ring, unlike 
a-amino acids. I t has been pointed out that the differ­
ence in size of chelate rings affects the CD spectra.9,10> 
Thus, it would be interesting to compare the CD 
spectra of the complexes which contain /^-alanine with 
those of the complexes containing a-amino acids. 

The present paper deals with the separation and 
optical resolution of the isomers of bis(/?-alaninato)-
(oxalato)cobaltate(III) and (/?-alaninato) (glycinato) -
(oxalato) cobaltate(III) complexes and with their elec­
tronic absorption and CD spectra. Their spectra are 
compared with those of optically active bis (glycinato) -
(oxalato) cobaltate (111 ) complexes. 

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

Preparation of Complexes. Isomers of Potassium Bis(ß-alaninato)-
( oxalato) cobaltate (HI) : A solution of 20 g of cobalt(II) chloride 
hexahydrate in 20 ml of hot water was added to a solution 
containing 18.5 g of potassium oxalate monohydrate and 15 g 
of /5-alanine in 80 ml of water. The resulting dark red solu­
tion was oxidized with 20 g of lead dioxide at 60 °G for about 
22 h. After the mixture had been cooled to room tempera­
ture, a large amount of insoluble material was removed by 
filtration. The filtrate was poured into a column (30 mm X 
600 mm) containing an anion exchange resin (Dowex 1 x 8, 
200—400 mesh, acetate form). A small quantity of non-
electrolyte complexes was eluted when the column was flushed 
with water. The adsorbed band was eluted with a 0.05 M 
aqueous solution of potassium acetate, giving three colored 
bands. The bands, in the order of elution, were blue-violet, 
purple and blue. Another blue band remained at the top of 
the column. The second and third eluted bands were deter­
mined from their electronic absorption spectra and column 

chromatographic behavior to be G1-cw(N)- and C2-cw(N)-[Go-
(j5-ala)a(ox)]~ ions, respectively. The first eluted band was 
confirmed to be trans(N)-[Go(ß-ala,)2(ox)]~ ion from its absorp­
tion spectrum. Each eluted solution was evaporated to a few 
milliliters in a vacuum evaporator. To each concentrated 
solution was added a large amount of ethanol. The complex 
precipitated was washed with methanol. Each complex was 
recrystallized from hot water by addition of methanol. The 
yields were 5.0 g for the C1-w(N) isomer and 1.5 g for the 
C2-m(N) isomer. Found: C, 22.77; H, 4.48; N, 6.55%. 
Galcd for C1-m(N)-K[Go(/?-ala)2(ox)].3.5H20: C, 22.59; H, 
4.50; N, 6.59%. Found: C, 23.18; H, 4.22; N, 6.67%. 
Calcd for C2-m(N)-K[Co(£-ala)2(ox)].3H20: C, 23.08; H, 
4.35; N, 6.73%. 

Isomers of Potassium ( ß-Alaninato) (glycinato) (oxalato )cobaltate-
(III) : A solution containing 4.5 g of potassium oxalate mono-
hydrate, 1.6 g of glycine and 3.5 g of /^-alanine in 20 ml of water 
(50 °C) was added to a solution containing 4.5 g of cobalt(II) 
sulfate heptahydrate in 10 ml of water (50 °C). The solution 
was oxidized with 3 g of lead dioxide. The resulting mixture 
was stirred at 50 °C for about 30 min. After the mixture had 
been cooled in an ice bath for about 3 h, a large amount of 
insoluble material was removed by filtration. The filtrate 
was poured into a column (35 mm x 900 mm) containing an 
anion exchange resin (Dowex 1 X 8, 200—400 mesh, acetate 
form). After the column had been swept with four liters of 
water, the adsorbed band was eluted with a 0.04 M aqueous 
solution of potassium acetate. Ten colored bands were sepa­
rated: (i) blue-violet, (ii) blue-violet, (iii) violet, (iv) purple, 
(v) blue, (vi) violet-red, (vii) red-violet, (viii) pale violet, (ix) 
red-violet and (x) pale blue-violet. The symbols (i)—(x) 
represent the fractions eluted from each band. The complex/ 
or isomer obtained from each fraction is abbreviated as 1—10. 
Thus, (i) represents the fraction from the first band and 1 
denotes the complex/or isomer from fraction (i), and so on. 
Each fraction was concentrated in a vacuum evaporator at 
35—40 °C. A mixture of a small amount of methanol and a 
large amount of acetone was added to each concentrated 
solution to give two liquid layers, a cloudy colorless layer and 
a clear colored layer. After the cloudy layer was removed 
by décantation, a mixture of a small amount of methanol and 
a large amount of acetone was added to the clear layer, and 
the resulting new cloudy layer was discarded. This proce­
dure was repeated several times, and finally a large amount 
of ethanol was added to the residual solution. The crude 
product deposited was filtered and washed with ethanol. 
Purification of the complex was carried out by addition of 
ethanol to a concentrated aqueous solution. 

The visible absorption and NMR spectra of the isolated 
complexes indicate that the complexes 1, 4, and 5 are three 
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geometrical isomers of [Co(ß-ala)2(ox)]- and the complexes 
3, 9, and 10 are those of [Co(gly)2(ox)]-. The complexes 
obtained from the (ii), (vi), (vii), and (viii) fractions are the 
isomers of [Co(/?-ala)(gly)(ox)]-. The yield of the complex 
from the band (viii) was so small that we could not isolate 
complex 8 in pure form. The yields of 2, 6, and 7 were 0.15, 
0.2, and 0.1 g, respectively. Found for complex 2: C, 23.31 ; 
H, 3.04; N, 7.86%. Calcd for K[Co(£-ala)(gly)(ox)].0.5H2-
O: C, 23.54; H,3.10; N, 7.80%. Found for complex 6: C, 
21.85; H, 3.65; N, 7.22%. Calcd for K[Co(£-ala)(gly)(ox)]. 
2H 2 0 : C, 21.88; H, 3.67; N, 7.29%. Found for complex 7: 
C, 22.34; H, 3.50; N, 7.32%. Calcd for K[Co(0-ala)(gly)-
(ox)].1.5H20: C, 22.41; H, 3.49; N, 7.47%. 

Optical Resolution of the Complexes. The Second Eluted Isomer 
of Potassium Bis(ß-alaninato) (oxalato)cobaltate(III) : A suspen­
sion of 2 g of ( + )546-[Co(en)2(ox)]I in 14 ml of water was 
stirred with 0.9 g of silver acetate at 50 °C for about 10 min. 
The silver iodide precipitated was filtered and washed with a 
small amount of ice water. To the combined filtrate and 
washings was added 2 g of C1-m(N)-K[Co(/?-ala)2(ox)].3.5-
H 2 0 (the second eluted isomer), and the solution was chilled 
in an ice bath for about 4 h. The red-brown diastereomer 
which deposited, (+)B464Co(en)2(ox)](4-)546-[Co(ß-ala)2-
(ox)] • 7H20, was filtered, washed with a small amount of ice 
water, methanol and then ether, and dried in the air. The 
diastereomer was recrystallized repeatedly from hot water by 
addition of methanol until no further increase in optical ro­
tation was observed. [<x]546+1490°. Found: C, 23.38; H, 
6.07; N, 11.57%. Calcd for (+)546-[Co(en)2(ox)](+)546-[Co-
(£-ala)2(ox)].7H20: C, 23.47; H, 5.92; N, 11.73%. 

A solution containing 0.7 g of the (+) 5 4 6 diastereomer in a 
small amount of water was passed through a column (20 mm 
X 200 mm) containing a cation exchange resin (Dowex 50W 
X 8, 200—400 mesh, potassium form). The complex anion, 
(+)B46-[Co(/?-ala)2(ox)]-, was eluted when the column was 
flushed with water, while the resolving agent, (+)546-[C!o(en)2-
(ox)]+, was adsorbed on the top of the column. The eluate 
(solution) was evaporated to a few milliliters in a vacuum 
evaporator, methanol being added to the residue. The com­
plex which precipitated was filtered, washed with a water-
methanol mixture and then methanol, and dried in the air. 
The complex was recrystallized from hot water by addition 
of methanol. [a]546+1710°. Found: C, 23.62; H, 4.34; N, 
6.80%. Calcd for ( + )646-K[CoQ9-ala)2(ox)].2.5H20: C, 
23.59; H, 4.21; N, 6.88%. 

The Third Eluted Isomers of Potassium Bis(ß-alaninato) (oxalato)-
cobaltate(III): A suspension containing 1.1 g of (+)5i6-[Co-
(en)2(ox)]I in 10 ml of water was stirred with 0.5 g of silver 
acetate at 50 °C for about 10 min. The silver iodide which 
precipitated was filtered and washed with a small amount of 
water. To the combined filtrate and washings was added 1.1 
g of C2-cw(N)-K[CoQ5-ala)2(ox)].3H20 (the third eluted 
isomer). A red-brown diastereomer which deposited immedi-
ately, (+)546-[Go(en)2(ox)]( + )546-[Co(jff-ala)2(ox)] .4H 2 0, 
was filtered, washed with a small amount of ice water, meth­
anol and then ether, and dried in the air. The diastereomer 
was recrystallzed repeatedly from hot water by addition of 
methanol until no further increase in optical rotation was 
observed. [a]546+840°. Found: C, 25.39; H, 5.57; N, 
12.61%. Calcd for (+)B46-[Go(en)2(ox)](+)516-[Co(/3-ala)2-
(ox)].4HaO: C, 25.38; H, 5.49; N, 12.69%. 

Separation of (+)546-K[Co(/?-ala)2(ox)] from the diastereo­
mer was carried out by the same method as described for the 
separation of (+)5 4 6 isomer from the second eluted band. The 
complex obtained was recrystallized from hot water by addi­
tion of methanol. [a]546+590°. Found: C, 24.87; H, 4.16; 
N, 6.93%. Calcd for (+)546-K[Co(£-ala)2(ox)]. 1.5H20: C, 

24.69; H, 3.88; N, 7.19%. 
The Potassium Salt of Complex 3: The recemate, (±)-trans-

(N)-K[Co(£-ala)(gly)(ox)].0.5H2O (0.51 g), was dissolved in 
70 ml of water, and the solution was treated with a cation 
exchange resin (Dowex 50Wx8, 200—400 mesh, lithium 
form). The resolving agent, (+)546-[Co(en)2(ox)]Br.HaO 
(0.25 g) was dissolved in 200 ml of water, and the solution 
was treated with an anion exchange resin (Dowex 1X 8, 
200—400 mesh, acetate form). The two solutions were mixed, 
the mixture was evaporated to 50 ml, and then 15 ml of 
ethanol was added to the concentrated solution. The less 
soluble diastereomer deposited was filtered and washed with 
warm water. It is sparingly soluble in water. [a]5464-940°. 
Found: C, 25.90; H, 4.72; N, 13.94%. Calcd for ( + )546-
[Co(en)2(ox)](+)646-[Co(/?-ala)(gly)(ox)].1.5H20: C, 25.88; 
H, 4.85; N, 13.93%. 

The cation exchange resin (Dowex 50Wx8, 200—400mesh, 
potassium form) was added to a suspension of the ( + )546 

diastereomer in water. The mixture was stirred for about 1 
h and the resin was removed by filtration. The filtrate 
containing ( + )546-K[Co(ß-ala)(gly)(ox)] was concentrated in 
a vacuum evaporator, ethanol being added to the concentrated 
solution. The (+) 5 4 6 isomer obtained was reprecipitated 
repeadedly from aqueous solution by addition of ethanol until 
optical rotation attained a constant value. The isomer was 
gelatinous. [M]546+2040° (concentration of the solution was 
determined from its absorption spectrum). 

The Potassium Salt of Complex 6: A 50 ml of aqueous solution 
of K[Co(£-ala)(gly)(ox)].2H20 (obtained from the eluted 
band (vi), 0.8 g) was treated with a cation exhange resin 
(lithium form). An aqueous solution of ( + )546-[Co(en)2(ox)]-
Br«H20 (0.5 g) was passed through an anion exchange resin 
(acetate form). These two solutions were mixed, the mixture 
was evaporated to 50 ml in a vacuum evaporator, and then 
50 ml of ethanol was added to the concentrated solution. On 
cooling the solution in an ice bath for 2 h, the less soluble 
diastereomer precipitated as a red-violet powder. The pre­
cipitate was filtered and washed with ethanol. The diastereo­
mer was recrystallized repeatedly from hot water by addition 
of ethanol until no further increase in optical rotation was 
observed. [<x]546 -940° . Found: C, 25.36; H, 4.99; N, 
13.57%. Calcd for ( + )546-[Co(en)2(ox)](-)546-[Co(^-ala)-
(gly)(ox)].2HaO: C, 25.50; H, 4.94; N, 13.73%. 

The ( - ) 5 4 6 diastereomer, (+)546-[Co(en)2(ox)](-)546-[Co-
(jft-ala)(gly)(ox)] • 2H 2 0, was dissolved in water and the solution 
was passed through a small column of cation exchange resin 
(Dowex 50WX 8, 200—400 mesh, potassium form). The solu­
tion was evaporated to a few milliliters. Violet-red flakes 
were deposited by adding ethanol to the concentrated solution. 
The complex was recrystallized from water by addition of 
ethanol. [a]546-1830°. Found: C, 22.25; H, 3.70; N, 
7.25%. Calcd for (-)546-K[Co(£-ala)(gly)(ox)].2H20: C, 
21.88; H, 3.67; N, 7.29%. 

The Potassium Salt of Complex 7. The complex was resolved 
in the same way as described for complex 6. The racemate, 
(±)rK[Co(/5-ala)(gly)(ox)]. 1.5H20 (obtained from the eluted 
band (vii), 1.10 g), was dissolved in 50 ml of water, and the 
solution was treated with a cation exchange resin (Dowex 
50WX 8, 200—400 mesh, lithium form). The resolving agent, 
( + )546-[Go(en)2(ox)]Br.H20 (0.69 g), was dissolved in 60 ml 
of water at 60 °C, and the solution was treated with an anion 
exchange resin (Dowex 1 x 8, 200—400 mesh, acetate form). 
The two solutions were mixed. The mixture was evaporated 
to 75 ml in a vacuum evaporator, and then 25 ml of ethanol 
was added to the concentrated solution. After 1 h, red-violet 
crystals deposited were filtered and washed with water-ethanol 
mixture. They were recrystallized from water by addition of 
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ethanol. [a]546+980°. Found: C, 24.48; H, 5.07; N, 13.55%. 
Calcd for (+)546-[Co(en)2(ox)](+)546-[Co(/9-ala)(gly)(ox)]. 
3H 2 0 : C, 24.77; H, 5.11; N, 13.33%. 

The ( + )546 diastereomer was dissolved in water, and the 
solution was passed through a column of a cation exchange 
resin (Dowex 50W X 8, 200—400 mesh, potassium form) in 
order to remove the resolving agent. The resulting solution 
was evaporated to a few milliliters, and then ethanol was 
added to the concentrated solution. After the solution had 
been allowed to stand for about 30 min at room temperature, 
crystalline powder deposited was filtered. It was recrystal-
lized from a mixture of water and ethanol. [a]546+1210o. 
Found: C, 22.81; H, 3.30; N, 7.58%. Calcd for (+)546-K-
[Co(j9-ala)(gly)(ox)].HaO: C, 22.96; H, 3.30; N, 7.65%. 

Measurements. The electronic absorption spectra of the 
complexes were measured with a Hitachi Model EPS-3T 
spectrophotometer in aqueous solution. The CD spectra were 
recorded on a JASCO Model MOE-1 spectropolarimeter, the 
*H NMR spectra on a JEOL Model MH-100 spectrometer 
with DSS as an internal standard, and the 13C NMR spectra 
on a JEOL Model MFT-100 spectrometer in pulse Fourier 
transform/proton noise decoupling mode at 25.15 MHz. The 
13C chemical shifts were measured relative to external benzene 
and converted into the chemical shifts from TMS using the 
relation ôTils=ôheazene- 128.5 ppm. 

( o x ) ] - ion. Thus we conclude that the isomer obtained 
from the first eluted band has the trans (N) configuration. 
O n the other hand, the other two isomers obtained from 
the second and third eluted bands showed no such 
marked split in the first absorption band, so that their 
configurations can be assigned to cisÇS). 

T h e assignments of the Ct- and C2-cis(N) isomers can 
be verified by their 13G N M R spectra. Since the 
chemical environments of the ethylene-carbons of the 
two /?-alanine ligands are equivalent in the C2-cis(N) 
isomer but not in the G 1-m(N) isomer, two and four 
resonance lines resulting from ethylene-carbons are 
expected for the former and the latter, respectively. In 
addition, one resonance line due to the carboxyl-carbons 
in the coordinated /^-alanines is expected for the C2-
cis(N) isomer, and two lines for the C1-cis(N) isomer. 
T h e second eluted isomer showed four resonance lines 
resulting from ethylene-carbons and two resonance lines 
from carboxyl-carbons (Table 1). O n the other hand, 
the third eluted isomer showed only two resonance lines 
and one for these carbons. Thus the structures of the 
second and third eluted isomers can be assigned to Cj-
cisÇS) and C2-cis(~N), respectively. 

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

Both [Co(gly)2(ox)]- and [Co(/?-ala)2(ox)]~ ions 
provide three geometrical isomers, trans(N), C1-cw(N) 
and C 2 -m(N) . O n the other hand, the mixed complex 
ion, [Co(/?-ala)(gly)(ox)]-, exists in four geometrical 
isomers of trans(N), eis (N) trans (Oß,N) (Oß represents 
the coordinating oxygen atom in ß-alanine), cis(N)trans-
(Og ,N) (Og represents the coordinating oxygen atom 
in glycine) and eis (N) trans (Oß,Og) (this isomer has a 
pseudo C2 axis, the glycine being regarded as /^-alanine ; 
it is therefore referred to as C 2 - O J ( N ) in this paper) 
(Fig- 1). 

TABLE 1. 13C CHEMICAL SHIFTS OF THE 

COORDINATED /^-ALANINE 

Complex ion E thylene-carbons Carboxyl-
carbon 

trans (N)-
[Co(£-ala)2(ox)] 

C1-a
-5(N)-

_ 33.9 ppm 

f33.7 

[Co(/?-ala)2(ox)]- fe^ 38.6 

C2-cis(N)-
[Co(£-ala)2(ox)]-

split) 

33.6 

38.6 ppm 184.4 ppm 

38.0 183.1 

184.2 

38.0 183.3 

9^N 

0-ala 

(I) 

0 

/ ) 

/3-ala gly 

0 / 0 _ | , _ . 

/3-ala gly ,3-ala 

(ID (III) (IV) 

9^N 

/"I" 
N r-0 

2.5 r 

O 

Fig. 1. The geometrical structures of four isomers in the 
mixed complex ion, [Co(ß-ala)(gly)(ox)]-. 
(I), trans(N); (II), eis (N) trans (Oß,N); (III), cis(N)trans-
(Og,N); (IV), eis(N)trans(Ofi,Os) (pseudo C2 symme­
try). 

Structural Assignments of the Isomer [Co(ß-ala)2(ox)]~. 
It is generally recognized that the visible absorption 
band at lower energy side (the so-called first absorption 
band) of the trans (N) isomer of [Co(N) a (0 ) 4 ] type 
complex shows a more marked split as compared with 
that of the corresponding eis (IS) isomer.12) T h e [Co(/?-
ala)2(ox)]~ complex prepared by Hidaka and Shimura13) 
has been assigned to trans (N) isomer on the basis of the 
above. A marked split of the first absorption band was 
also observed for the complex obtained from the first 
eluted band in the process of separation of [Co(/?-ala)2-

-J-2 

Fig. 2. The absorption and CD spectra of Gx- and C2-
eis(N) isomers of [Co(/ft-ala)2(ox)]~ ion. 

( + )546-C1-m(N)-[Co(lS-ala)2(ox)]- and 
( + )546-C2-m(N)-[Co(/?-ala)2(ox)]-. 
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The assignments of the C 1 -m(N) and C 2 -m(N) isomers 
can be made also on the basis of the energy difference 
in the first absorption bands. Matsuoka et al.12) reported 
three geometrical isomers of a bis (amino acidato)-
(oxalato)cobaltate(III) complex, and pointed out that 
the first absorption maxima of the C2-cw(N) isomers are 
located in a lower energy region than those of the C±-
cis(N) isomers. As shown in Fig. 2, the first absorption 
maximum (18070 cm - 1 ) of the second eluted isomer was 
observed in a higher energy region as compared with 
that (17300 cm - 1 ) of the third eluted isomer. I t can be 
concluded that the second and third eluted isomers take 
C^cisÇS) and C2-cù(N) structures, respectively. These 
assignments are in line with those from the 13C N M R 
data. 

Structural Assignments of Four Isomers in \Co(ß-ala)(gly)-
(ox)~\- Ion. Ten chromatographic bands ((i)—(x)) 
appeared on separation of [Co(/?-ala)(gly)(ox)]~ (see 
Experimental). For complexes 3, 9, and 10, the 1H 
N M R resonance lines due to only the methylene-protons 
of the coordinated glycine were observed in the region 
3.37—3.67 ppm. O n the other hand, for complexes 
1, 4, and 5, the resonance lines due to only the ethylene-
protons of the coordinated /^-alanine were observed in 
the region 2—3 ppm. However, for complexes 2, 6, 7, 
and 8, both signals of the coordinated glycine and ß-
alanine were observed. The absorption spectra of 

complexes 1, 3, 4, 5, 9, and 10 agree well with those of 
trans(N)-[Co(ß-ala)2(ox)]-} trans (N)-[Co (gly)2(ox)]-, C V 
m(N)-[Co(^-a la) 2 (ox)] - , C 2 -m(N)-[Co(^-ala) 2 (ox)]- , 
C 1-m(N)-[Co(gly) 2(ox)]- , and C2-m(N)-[Co(gly)2-
(ox)]~, respectively. I t is therefore expected that the 
remaining complexes, 2, 6, 7, and 8, are four isomers 
of the [Co(^-ala)(gly)(ox)]- ion. 

Of four isomers of the (/?-alaninato)(glycinato)-
(oxalato)cobaltate(III) complex, the structure of isomer 
2 can be assigned to trans (N) since a marked split was 
observed in the first absorption band, which is charac­
teristic of the complexes of frfl7w(N)-[Co(N)2(0)4] type. 
The other three isomers, 6, 7, and 8, exhibited no such 
marked split in the first absorption band, and thus 
would have the cis(N) configuration. Of these three 
cis(N) isomers, isomer 8 showed the first absorption band 
maximum (17670 cm - 1 ) in the lowest energy region 
(Table 2 and Fig. 3). T h e absorption maximum of 
C2-cis(N) isomer was observed in a lower energy region 
than for the C1-cis(N) isomer in bis (amino acidato)-
(oxalato)cobaltate(III) complexes. Isomer 8 is thus 
expected to take C 2 -m(N) structure, as shown in Fig. 1 
( IV) . T h e structures of the remaining two isomers 6 
and 7 can be assigned to either eis(N)trans(Oß,N) (Fig. 1 
(II)) or cis(N)trans(Og,N) (Fig. 1 ( I I I ) ) . 

XH NMR Spectra. The *H N M R spectra of the 
complexes are shown in Fig. 4. T h e methylene-proton 

TABLE 2. ABSORPTION AND CD DATA OF BIS(AMINO ACIDATO)COBALTATE(III) COMPLEXES 

T^lntirm 
•LJlLlllUil 

order 

(iii) 

(ü) 

(i) 

(ix) 

(vi) 

(vii) 

(iv) 

(x) 

(via) 

(v) 

~T 
2 

1 

9 

6 

7 

4 

10 

8 

5 

Complex ion 

(+)5i6-trans(N)-
[Co(gly)2(ox)]-*> 

(+W*nww(N)-
[Co(/?-ala)(gly)(ox)]-

(+)5it-trans(N)-
[CoO?-ala)2(ox)]-a> 

( - ) 5 46-C 1 -m(N)-
[Co(gly)2(ox)]-a> 

{-)5i6-cu{N)trans(Oß>N)-
[Co(/?-ala)(gly)(ox)]-

(+)5i6-cis(N)trans(Og,N)-
[Co(/?-ala)(gly)(ox)]-

( + )546-Cx-m(N). 
[Co(/?-ala)2(ox)]-

( + )546"C2-m(N)-
[Co(gly)2(ox)]-*) 

cis(N)trans(Oß,0 ) -
[Co(/?-ala)(gly)(ox)]-
(pseudo C2 symmetry) 

(+WC a-*M(N)-
[Co(/?-ala)2(ox)]-

Band I 

ABmax 

103 cm"1 (log e) 

ca. 16.7 (1.7) 
18.87(2.00) 

16.30(1.75) 
18.81(2.01) 

16.00(1.76) 
18.83(2.00) 

18.33(2.15) 

18.52(2.19) 

18.02(2.20) 

18.07(2.24) 

17.83(2.08) 

17.67 
(qualitative) 

17.30(2.12) 

y-^ 
CDext 

103 cm"1 (Ae) 

ca. 16.7 ( - 1 . 4 ) 
18.88(-2.07) 

ca. 16.3 ( - 1 . 1 ) 
18.55 ( -1 .46) 

15.70 ( -0 .43) 
ca. 16.7 ( - 0 . 3 ) 

19.53(-0.57) 

17.70(+2.48) 
ca. 22.3 (+0.04) 

17.09(4-3.81) 
19.49 ( -1 .88) 

17.15(—1.50) 
19.80 (+0.24) 

17.00 ( -1 .45) 
19.43(+1.71) 

18.03(-3 .39) 
ca.22.5 (+0.04) 

16.47(—1.19) 
18.47(+0.62) 
20.83 ( -0 .24) 

Band II 

ABraax^ 
103 cm" 1 (logs) 

25.83(2.23) 

25.97(2.19) 

26.30(2.12) 

25.77(2.24) 

25.84(2.24) 

26.04(2.24) 

25.90(2.18) 

25.90(2.20) 

26.14 
(qualitative) 

25.77(2.17) 

^ CD6Xt 

103 cm"1 (Ae) 

26.17(+0.69) 

23.70 ( -0 .13) 
26.11 (+0.54) 

23 .80( -0 .13) 
26.53(+0.71) 

23.93(+0.09) 
26.30 ( -0 .32) 
29.00 (+0.10) 

24.27 (+0.49) 
26.11 ( -0 .09) 
28.17(4-0.17) 

23 .98(-0 .10) 
26.11 (+0.20) 
28.74 ( -0 .04) 

24 .57( -0 .13) 
27.23 ( -0 .12) 

25.97(+0.52) 

25 .30(-0 .29) 

a) Refs. 11 and 13. 
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•i-2 
Fig. 3. The absorption and CD spectra of the isomers in 

[Co(ß-ala)(gly)(ox,l]- complex ion. 
( + )546-^«5(N)-[Co(^-ala)(gly)(ox)]-, 
(-)546-m(N)fra^(0^,N)-[Co(^ala)(gly)(ox)]-, 
( + )546-m(N)^^(Og ,N)-[Co(^-ala)(gly)(ox)]-. 

0) M _A^/L 
(2) 

(7) 

(3) 

(A) 

U~ 

J 
00) 

2 4 •Ppm 

Fig. 4. The !H NMR spectra of [Co^-ala^.^gly)*-
(ox)]- (*=0—2) ions. 
(1), trans(N)-[Co{ß-a\a)2(ox)]-; (2), trans(N)-[Co{ß-a\a)-
(gly)(ox)]-; (3), fr^(N)-[Co(gly)2(ox)]-; (4), C^m-
(N)-[Co(|5-ala)2(ox)]-; (5), C2-m(N)-[Co(£-ala)2(ox)]-; 
(6), cis(N)trans(Oß, N)-[Co(£-ala)(gly)(ox)]-; (7), m(N)-
fom(Og,N)-[Co(£-ala)(gly)(ox)]-; (8), eis(N)trans(Oß, 
Og)-[Co(/?-ala)(gly)(ox)]- (pseudo G2 symmetry, con­
taining some contamination) ; (9), G1-m(N)-[Co(gly)2-
(ox)]-; and (10) C2-m(N)-[Co(gly2(ox)]-. 

signals of the chelated glycine appear in the region 
3.3—3.7 ppm. The trans (N) isomer 3 of the bis(gly-
cinato)(oxalato)cobaltate(III) complex showed a single 
resonance at 3.67 ppm, and the C2-cis(N) isomer 10 one 
at 3.52 ppm. However, two different resonance signals 
(a singlet at 3.52 p p m and a quartet a t 3.37 ppm) were 
observed in the C1-«.r(N) isomer 9. This suggests that 
the methylene-protons of the two glycines in isomer 9 
are present in different chemical environments. 
Sakaguchi et al. pointed out the importance of the effect 
of magnetic anisotropy which is induced on the central 
Go(III) chromophore. They applied the anisotropy to 
the assignments of protons in ethylenediamine-Co(III) 
complexes14) and amino acidato-Co(II I ) complexes.15) 
They suggested that, in C r a j (N)- [Co(g ly) 2 (ox) ] - , the 
methylene-protons of the chelated glycine located in the 
plane including N-Co(I I I ) -N would be observed in a 
lower field than the other methylene-protons of the 
chelated glycine which is not located in the plane. 
Thus the singlet at 3.52 p p m can be assigned to H b and 
H b ' , and the quartet at 3.37 p p m to H a and H a ' (Fig. 5 

(I))-

e HbVv co \ e fl Co 
U k ' " k l M M Hb' N 

( I ) (II-a) (II -b) 

Fig. 5. The magnetic anisotropy induced on cobalt(III) 
chromophore. 
(I); C1-m(N)-[Go(gly)a(ox)]-J (Il-a); eis(N)trans(Oß, 
N)-[Co(£-ala)(gly)(ox)]-, and(II-b) ; eis (N) trans (Og,N)-
[Co(/?-ala)(gly)(ox)]-. 
+ : Shift to up field, — : shift to down field. 

T h e XH N M R data of isomer 6 gave a quartet signal 
due to the methylene-protons of glycine, at 3.38 ppm 
(Fig. 4). From the chemical shift and splitting pattern, 
it seems that these methylene-protons are in similar 
chemical environments to the higher field methylene-
protons (H a and H a ' ) of the C1-a.y(N) isomer of bis-
(glycinato)(oxalato)cobaltate(III) complex. The reso­
nance line due to the methylene-protons of the glycinato 
chelate in isomer 7 (a singlet at 3.54 ppm) corresponds 
to that of the lower field methylene-protons (H b and 
H b ' ) of C j - a ^ N ^ f C o f ô l y ^ o x ) ] - . The correspondence 
leads to the conclusion that the structure of isomer 6 is 
eis (N) trans(OßiN) and that of isomer 7 is cis(N)trans-
(Og ,N) (Fig. 5, (I l-a) and (II-b)) . 

The signals in the region 2—3 p p m should be assigned 
to the ethylene-protons of the ^-alaninato chelate. 

Electronic Absorption and CD Spectra. Electronic 
absorption and CD data of trans (N) complexes are given 
in Table 2. The absorption spectra of these complexes 
are very similar to each other. The intensity ratio of 
sub- and major-band of the first absorption band, 
(£max(sub)/emax (major)), for the trans<N)-[Co(ß-ala)2-
(ox)]- is 0.58 and that for the fra«>y(N)-[Co(gly)2(ox)]- is 
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0.50. The ratio of the trans (N)-[Co(ß-ala) (gly) (ox)]~ is 
0.55, greater than that of trans (N) bis(glycinato) and 
smaller than that of the trans (N) bis(/?-alaninato) 
complex. The maximum of the second absorption band 
of the trans(N) (/?-alaninato) (glycinato) complex was 
observed in a higher energy region than that of the 
bis (glycinato) complex, but in a lower energy region 
than that of the bis(/?-alaninato) complex. For the 
second absorption bands of these three trans (N) com­
plexes, the bis(/?-alaninato) complex shows the lowest 
intensity (log emax) a n d the bis (glycinato) complex the 
highest intensity. 

The CD curve of the (-f)546-fra?w(N) bis (glycinato) 
complex shows two negative bands in the first absorption 
band region and a positive band in the second absorption 
band region (Table 2). The CD curve of the (-f)546-
trans(N) bis(/?-alaninato) complex shows three negative 
bands in the first absorption band region, their intensities 
being significantly smaller compared with those of the 
bis (glycinato) complex.13) However, the positive CD 
band of the bis(/?-alaninato) complex observed in the 
second absorption band region is nearly equal to that 
of the bis (glycinato) complex. T h e CD curve of the 
(+)546-frmy(N)-[Co(/?-ala) (gly) ( o x ) ] - in the first absorp­
tion band region shows two negative bands which have 
somewhat smaller intensities than those of the ( + ) 5 4 6 -
trans(N) bis (glycinato) complex. T h e positive CD band 
of the mixed trans (N) complex in the second absorption 
band region is nearly equal in intensity to those of the 
other two trans(N) complexes. From the CD spectrum 
of the ( + )M6-ft*a/u(N)-[Co(/?-ala)2(ox)]- in the first 
absorption band region, it is possible to assign its absolute 
configuration to A, as in the case of the (-\-)5iG-trans(N) 
bis (glycinato) complex.11) 

For the four C1-cis(N) complexes (9, 6, 7, and 4) in 
Table 2, the first absorption maximum of the cis(N)trans-
(Op,N) (/5-alaninato) (glycinato) complex 6 was observed 
in the highest energy region and that of the cis(N)trans-
(Og ,N) (/?-alaninato) (glycinato) complex 7 in the lowest 
energy region. However, the first absorption maximum 
of the eis(N)trans(Oß,Og) (/?-alaninato) (glycinato) com­
plex 8 (pseudo C2 symmetry) is located in a lower 
energy region than that of the C2-cw(N) bis (glycinato) 
complex 10, but in a higher energy region than that 
of the C2-aV(N) bis(/?-alaninato) complex 5. T h e 
maxima of the first absorption band of the C2-cis(N) 
complexes were observed in a lower energy region than 
those of the C 1-m(N) complexes. 

The a.r(N)-[Co(a-am)2(ox)]- type complexes contain­
ing glycine or L-serine show only one CD band in the 
first absorption band region. O n the other hand, eis 
(N)-[Co(ida)2]-,1 6 ) [Co(edta)]-16>17> and m(N) - [Co( L -
alama)2]~ (L-alama: L-alanine-monoacetic acid)18) have 
two CD bands of the opposite signs with comparable 
intensities. The eis(N)trans(Oß,N) (/?-alaninato) (gly­
cinato) complex 6 and the Cj-cisÇN) bis(/?-alaninato) 
complex 4 belong to the latter group, revealing two CD 
bands of the opposite signs and of nearly comparable 
intensities. The CD curves of the eis(N) trans(Og5N) 
(p°-alaninato) (glycinato) complex 7 and C2-cù(N) bis(/?-
alaninato) complex 5 show different patterns from those 

of C 1 - « J ( N ) bis(/?-alaninato) and eis ÇS) trans (Oß,N) 
(^-alaninato) (glycinato) complexes in the first absorp­
tion band region. Namely, complex 5 shows three CD 
bands in the first absorption band region, while complex 
7 shows two CD bands of opposite signs in the first 
absorption band region, but the CD intensity at 19800 
c m - 1 is significantly smaller than that of the opposite 
sign at 17150 c m - 1 . T h e differences in the CD spectra 
would be caused by the difference in ligand field 
strength between O g and Oß, and the difference in 
size of the chelate ring between the glycinato and ß-
alaninato chelates. However, the dominant factor is 
unknown. 

The absolute configuration of the a,y(N)-[Co(ida)2]~ 
isomer for which the CD bands in the first absorption 
band region show positive and negative signs listing 
from the lower energy side, was assigned to A by Van 
Saun and Douglas.16) The A (—)546-isomer of [Co-
(edta)]~ shows a similar CD pattern in this region. 
From a comparison of CD patterns, it is concluded that 
the (+) 5 4 6 -C 1 - and (+) 5 4 6 -C 2 -m(N) isomers of the bis-
(/5-alaninato) complex and (-}-)5M-cis(N)trans(Og,N) 
isomer of the (/?-alaninato) (glycinato) complex take A 
configuration and the (—) 5M-cis(N) trans (Op, N) isomer 
of the (p°-alaninato) (glycinato) complex takes A con­
figuration. 
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A new ternary oxide Bij 34CrNb06 was prepared and characterized. The unit cell is face-centered cubic with 
a= 10.455 Â. The structure is assumed to be of the pyrochlore type based on the space group Fd3m and was refined 
by trial and error to a reliability factor R of 0.0564. This pyrochlore phase was confirmed to have vacancies at the 
A sites and also at the special oxygen sites, and may be considered to be a rare case in this respect. The Cr3+ and 
Nb5

+ ions are bonded octahedrally to six oxygen atoms at 2.03 Â, while the Bi3+ ions are bonded to six oxygen 
atoms at 2.56 Â. The structure consists of bismuth tetrahedra, the centers of which are vacant. The highly 
polarizable Bi3+ ion plays an important role in the formation of the defect pyrochlore structure. Related pyro-
chlores were also prepared. 

A number of mixed oxides with pyrochlore structure 
are known by the formula A ^ O ? , 1 ) and have provided 
a rich source of new materials exhibiting ferroelectri-
city2) and promising electrooptic effects.3) In recent 
years, many defect pyrochlores have been prepared 
based on the correlation between the perovskite and 
pyrochlore phases, and their structures and electrical 
properties have been investigated.4-7) Most are oxygen 
deficient pyrochlores having the formula A2B207_^ 
( 0 0 ^ 1 ) . Like Pb!.5Nb206 .5

2) and TlSbW06 ,8> there 
are few pyrochlores which have vacancies at the A sites. 
During a study on the synthesis of Bi-containing mixed 
oxides, a new phase, Bi1 # 3 4CrNb06 , was found which 
exhibits an X-ray pat tern of pyrochlore structure. As 
can be estimated from the chemical formula* this phase 
may be regarded as a rare defect pyrochlore which has 
vacancies at the A sites. In T lSbW0 6

8 ) and T l ^ « -
(Ta 1 +«W 1-a)0 6 , 9) however, the A ions occupy special 
sites and, therefore, the latter is a nonstoichiometric 
pyrochlore. I t is of interest to know how the structure 
of the defect pyrochlores can tolerate a balanced 
deficiency of both bismuth and oxygen ions. A sugges­
tion can be given on the basis of systematic synthesis of 
defect pyrochlores. In the present study, the defect 
pyrochlore, Bi 1 > 3 4CrNb0 6 , was prepared and are 
characterized. T h e position of the Bi3 + ions in the cubic 
unit cell was determined and is discussed, and the 
formula of this compound is established. Also, related 
pyrochlores, Bi 1 3 4 B'B"0 6 , where B ' = Cr and Fe and 
B " = N b , Ta , and Sb were prepared and their dielectric 
properties were measured. 

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

For sample preparations, starting materials were employed 
in the form of metal oxides. The reactants were all of reagent 
or better grade. Appropriate mixtures of metal oxides were 
fired at 950 °C for 2 h, ground and refined at 1050 °C for 3 h 
in air. An examination of the samples was carried out using 
the powder diffraction method employing a Philips diffracto-
meter with Cu/Ca and occasionally FeKa. radiation. The lat­
tice constants were determined from the reflection lines of (662) 
and (840). The X-ray intensity data were measured integrally 
for each peak. The theoretical intensity of a group of equiv­
alent reflection lines was taken to be I=KM(Lp)F2, where K 
is the scale factor, M the multiplicity, Lp the Lorentz-
polarization factor, and F the structure factor.10) For structur­
al refinement, the observed intensity was compared with 

the sum of the calculated intensities which appeared at the 
same value of 20. The scattering factors for Bi3+, Cr3+, 
Nb5+, and O 2 - ions were taken from Moore.11) The calculated 
structure factors were also corrected for anomalous dispersion 
using values given by Cromer.12) The intensity computations 
were performed using a FACOM 270-30 computer with 
a Fortran program developed by this laboratory for the 
minimization of the reliability factor jR=2|/obsd—/ca.lcdl/ 
2/0bsd . Stereographic pictures of the pyrochlore structure 
were drawn using a computer program.13) The dielectric 
constants were measured on a YHP universal bridge at 
1 kHz. For the measurements, disks about 1 cm in diameter 
and 0.15 cm thick were coated with silver paint. 

R e s u l t s 

Formation qfBi1SiCrNb06 and Related Pyrochlores. 
The new phase was prepared by firing a powdered 
mixture of Bi 2 0 3 , G r 2 0 3 , and N b 2 O s having a molar 
ratio of 4 : 3 : 3. T h e X-ray diffraction powder pattern 
was completely indexed on the basis of a face-centered 
cubic unit cell with the dimension a= 10.455 Â, as shown 
in Table 1. This pat tern exhibits the reflection lines 
characteristic of pyrochlore structure. The chemical 
formula of the new phase Bi1 # 3 4CrNb06 , however, does 
not differ from that of normal or oxygen deficient 
pyrochlore. When mixtures of metal oxides correspond­
ing to the formulae Bi 2CrNbO v and B i 1 5 C r N b 0 6 2 5 

were fired separately, the formation of phases other 
than the cubic pyrochlore phase was observed. In the 
case of Bi-rich components, the reacted products were 
partly melted even when fired at 900 °C. In all cases, 
there was almost not change in the relative intensity 
ratio and in the positions of the reflection lines observed 
in the powder patterns. T h e best preparation of this 
new pyrochlore phase resulted from the mixture with 
a molar ratio of 4 : 3 : 3, and it was found that no 
nonstoichiometric pyrochlore phase appears to exist. 

Thermal analysis was carried out in order to determine 
whether oxidation or reduction occurs in the sample 
during the formation process. In the T G and DTA 
curves, an increase in weight began at ca. 520 °C and 
then the broad peak of the exothermic reaction was 
observed at 700 °G at a heating rate of 10 °C/min. 
An X-ray diffraction analysis of the intermediate stage 
showed the formation of (B iO) 2 Cr0 4 and supported the 
hypothesis that the oxidation of Cr ion in the sample took 
place during the heating run in air. Upon heating above 
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TABLE 1. 

h k I 

1 1 1 
3 1 1 
2 2 2 
3 3 1 
5 1 1 
3 3 3 
4 4 0 
5 3 1 
6 2 0 
5 3 3 
6 2 2 
4 4 4 

7 1 1 
5 5 1 
8 0 0 

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

10 2 2 
8 8 0 

Î 

1 
} 

} 

} 
} 

X-RAY POWDER DIFFRACTION DATA 

FOR Bi1>34 

"obsd 

6.03 
3.15 
3.02 
2.40 

2.01 

1.848 
1.766 
1.652 
1.594 
1.575 
1.513 

1.463 

1.307 

1.207 

1.199 
1.169 

1.147 

1.096 
1.067 

1.011 

1.006 

0.924 

CrNbO« 

-'obsd 

10.0 
9.4 

100.0 
28.2 

2.4 

30.1 
1.7 
0.9 
0.2 

23.3 
6.0 

0.9 

2.4 

0.9 

6.2 
5.8 

0.4 

0.2 
3.0 

0.4 

3.0 

0.6 

-*calcd 

10.8 
9.6 

100.0 
29.8 

1.8 

31.7 
0.5 
0.1 
0.1 

23.3 
5.2 

0.6 

2.5 

0.5 

5.2 
4.1 

0.5 

0.2 
2.7 

0.1 

2.5 

0.6 

760 °C, however, loss of oxygen occurred and the T G 
curve returned to its original level at ca. 950 °C. This 
level remained unchanged up to 1050 °C. After heating 
at this temperature for 2 h and then cooling, only 
formation of the new pyrochlore phase was found in the 
product. During a reheating run, the product showed 
no change in thermal analysis. Consequently, the Cr 
ions in this compound were assumed to be trivalent. 

TABLE 2. LATTICE AND DIELECTRIC CONSTANTS FOR 

SOME B I 1 3 4 B ' B " 0 6 PYROCHLORES 

Compound 

Bi1.34CrNbOe 

Bi1.34CrTa06 

Bii.^CrSbOe 
Bi l i34FeNb06 

Bi1>34FeTa06 

Bi1>34FeSbOe 

a (A) 

10.455 
10.449 
10.374 
10.506 
10.501 
10.421 

e 

72 
35 
56 

116 
43 
39 

The preparation of related compounds, all of which 
were of the pyrochlore type, was at tempted. These 
lattice constants are shown in Table 2. T h e Cr3+-
containing pyrochlores are olive green in color, while 
the Fe3+-containing compounds are dark organge, with 
a slight difference in hue. Attempts to prepare the V5 +-
containing pyrochlores were unsuccessful even at high 
pressure (900 °C, 60 kb, 45 min) . The lattice constant 
of B i 1 3 4 C r N b 0 6 was slightly larger than that of Bi 1 3 4 -
CrTaÖ 6 , although both N b 5 + and Ta5+ ions are of the 

same size (0.64 Â) according to Shannon and Prewitt.14> 
In this respect the Fe3+-containing defect pyrochlores 
gave the same result as in the Cr3+-containing ones. 
This is valid evidence for the existence of a defect 
pyrochlore type, since six pyrochlores could be prepared 
with starting compositions of Bij 3 4B'B"06 . 

Refinement of Bi1SiCrNb06. T h e cell dimension 
and qualitative intensities of Bij 3 4 CrNbO e strongly 
suggest that this compound has the pyrochlore structure 
belonging to the space group Fd3m.15> Assuming Bij 34-
C r N b 0 6 is of the pyrochlore type, one-third of the Bi3+ 
ions and one-seventh of the oxygen ions are missing in 
comparison with normal pyrochlore. Such a defect 
pyrochlore is rare. In Pb 1 # 5 Nb 2 0 6 i 5 , the Pb 2 + ions have 
been assumed to occupy the 16(d) sites.2) In T l S b W 0 6 , 
the T l 1 + ions have been reported to occupy the 32(e) 
sites between the 8(b) and 16(d) sites.8) Although the 
pyrochlore structure itself has been studied extensively, 
it is important in the establishment of the defect pyro-
chlore structure to determine the arrangement of atoms 
in the new phase, Bij 3 4 C r N b 0 6 . Since there are only 
one or two positional parameters for the pyrochlore 
structure, the 23 reflection lines observed in the powder 
pattern are considered to be sufficient for structural 
analysis. Their intensities were calculated using the 
positions listed in Tablé 3. T h e site with 3m symmetry 

TABLE 3. ATOMIC POSITIONS FOR Bi1<34CrNb06 

Space group : 
Lattice constant: 
Cell content : 

Fd3m (No. 227) 
10.455 Â 
SBi^CrNbOß 

(0,0,0; 0,1/2,1/2; 1/2,0,1/2; 1/2,1/2,0) + 
Bi 

Cr(Nb) 
O 

O 

16(d 

16(c 
4 8 ( f ; 

8(b 

1/2,1/2,1/2; 1/2,1/4,1/4; 1/4,1/2,1/4; 
1/4,1/4,1/2 occupancy probability : 67% 
0,0,0; 0,1/4,1/4; 1/4,0,1/4; 1/4,1/4,0 
«,1/8,1/8; 8,7/8,7/8; 1/4—«,1/8,1/8; 3/4 
+ «,7/8,7/8; l/8,«,l/8; 7/8,8,7/8; 1/8, 
1/4-«,1/8; 7/8,3/4+«,7/8; 1/8,1/8,«; 
7/8,7/8,5; 1/8,1/8,1/4-w; 7/8,7/8,3/4+« 
«=0.330 
3/8,3/8,3/8; 5/8,5/8,5/8 
occupancy probability: 0% 

was chosen as the origin. Firstly, the bismuth and 
oxygen vacancies were assumed to lie on one-third of 
the 16(d) sites and on the 8(b) sites, respectively, as 
shown in Fig. 1. Then, minimization of the reliability 
factor R to the final value of 0.0564 yielded the following 
results, «=0 .330 and 5 = 4 . 1 8 A2. T h e observed and 
calculated intensities for these parameters a re listed 
on the right side of Table 1, and good agreement 
between both intensities is obtained. T h e density of 
the sample measured with a pycnometer was 6.01 g/cm3, 
which corresponds to 8 formula weights of Bi 1 # 3 4 CrNb0 6 

per unit cell (theoretical density, 6.04 g/cm3). When 
the random distribution of Bi3+ ions in the 16(d) and 8(b) 
sites or of oxygen ions in the 48(f) and 8(b) sites was 
assumed, the min imum values of R became considerably 
larger. This fact indicates erroneous assumptions. Next, 
when the Bi3+ ions were assumed to lie only on the 
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@ Bi3+ion 16(d) Site 

• Cr3 + or Nb5+ ion 16(c) Site 

O O2" ion 48(f) Site 

{_) oxygen vacancy 8(b) Site 

Fig. 1. Crystal structure of defect pyrochlore Bix 34-
CrNb06 . 

32(e) sites, instead of the 16(d) sites, the final R value 
was refined to be 0.0562 with wa=0.495 (32(e) positional 
parameter) and J3=4 .04Â 2 . The slight decrease in the 
R value might be related with experimental errors in 
the intensity measurement. T h e ua value obtained is 
close to 0.500, a value indicating the 16(d)-site occu­
pancy of Bi3+ ions, differing from that (ua=0.403) in 
TlSbW0 6 . 8 ) From these results, it is not necessary to 
conclude that the Bi3+ ions lie on the 32(e) sites and that 
they deviate slightly from the 16(d) sites. T h e selected 
interatomic distances and angles in Bi1 - 3 4CrNbO e were 
calculated on the first assumption, and are shown in 
Table 4. These values are in reasonable accord with 
the ionic sizes of Shannon and Prewitt.14) T h e O -
C r ( N b ) - 0 angles are a measure of the distortion of the 
oxygen octahedra, since all of these angles are 90° in 
the case of a regular octahedron. 

TABLE 4. SELECTED INTERATOMIC DISTANCES AND 

ANGLES FOR Bi l<34CrNb06 

Distance 

Bi-O 
Cr(Nb)-0 
O-O 

o-o 
Bi-Bi 

Â 

2.56 
2.03 
2.70 
3.03 
3.70 

Angle 

O-Bi-O 
O-Bi-O 
O-Bi-O 
0 - C r ( N b ) - 0 
0 -Cr (Nb) -0 

Deg. 

63.5 
116.5 
180.0 
83.3 
96.7 

In order to further examine this defect pyrochlore 
phase, the values of the reliability factor R for two 
series of proposed formulae, Bi2-ArCrNb07_3a:/2 and 
Bi2.xCr2-BX/2Nb3x/206, were calculated using the two 
parameters («=0.330 and J5=4 .18Â 2 ) determined 
previously. Figure 2 shows the relationship between R 
and x. I n both curves, the R values are minima respec­
tively when # = 2 / 3 , the x value of which corresponds to 
the chemical formula of Bi 1 - 3 4 CrNb0 6 . T h e R values 
rapidly increase with any deviation from this x value. 
This result provides conclusive proof that the defect 
pyrochlore phase has the true composition, Bij 34-
CrNbO f i . 

0.20, 

ô  
SH 

O 

fa
c 

£• 
.^ Xi 
OS 

V 
(4 

0.15 

0.10 

0.05 

1 

r 

r 

L-

— 

0.0 

A defect amount, x 

Fig. 2. Relation between R and x for two series of 
proposed formula. 
O : K ^ C r N b O ^ / j j . 
A : Bi2_,Crs_3JB/2Nbjte/20,. 

Dielectric Properties. The six defect pyrochlores 
prepared had dielectric constants of ca. 30—110 at room 
temperature, as shown in Table 1, although no correc­
tion was made in regard to sample porosity. These 
values are relatively high in general, which fact renders 
them worth examining. The dielectric constants of 
Nb5 +-containing pyrochlores are considerably higher 
than those of Ta 5 + - and Sb5+-containing pyrochlores. 
Since these defect pyrochlores are of the cubic and 
centrosymmetric space group, the dielectric measure­
ments were carried out in the temperature range from 
— 150 to 20 °C. Figure 3 shows the temperature 
dependence of e and tan ô for Bi 1 - 3 4 CrNb0 6 and Bi1<34-
FeNbO e . No dielectric anomaly was observed, and e 
and tan Ô increased monotonically with increasing 
temperature. These defect pyrochlores are considered 
to be paraelectric in this temperature range. They 
have high electric resistivities which, although not 

Temperature (°C) 

Fig. 3. Temperature dependence of e and tan «5 for two 
defect pyrochlores. 
# : Bi134CrNb06 . A : Bi^FeNbO«. 
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measured directly, were high enough to balance a 
capacitance bridge. There should be a little change 
even when transition metal ions are present in the 
ambivalent oxidation state, since the electrical resistivity 
is expected to be sensitive to the state. 

Discussion 

The A cations in the pyrochlore structure are usually 
in eightfold coordination. In the case of B i 1 3 4 C r N b 0 6 , 
however, the Bi3+ ions have a sixfold coordination with 
an equivalent distance of 2.56 Â, since the 8(b) sites 
are not occupied by oxygen ions. T h e Cr3+ and N b 5 + 

ions are bonded octahedrally to six oxygen ions at a 
distance of 2.03 Â. T h e positional u parameter of 
0.330 is within the range of 0.305 to 0.355 reported by 
Sleight16) for twelve pyrochlores and is close to the 
values for rare-earth pyrochlores. T h e oxygen octa­
hedra are slightly distorted because of the deviation 
from the 0.3125 value for a regular octahedron. T h e 
oxygen-oxygen distances in the octahedra are 2.70 and 
3.03 Â. T h e octahedra form corners with other octa­
hedra to form a three-dimensional framework, as shown 
in Fig. 4. T h e 8(b)-site vacancies are located at the 

^ Bi3+ ion O °2~ ion 

• Cr 3 + or Nb5+ ion (_ } oxygen vacancy 

Fig. 4. Framework structure of defect pyrochlore Bit 34 

CrNbOe. 

centers of bismuth tetrahedra and the occupancy 
probability of Bi3+ ions is 6 7 % at the tetrahedral 
corners. The Bi-Bi distance was 3.70 Â and the bismuth 
ions are in close proximity to each other, being 
unscreened. In normal pyrochlores, the 8(b) sites are 
filled by oxygen ions and, therefore, the defect pyro-
chlore structure should be unstable because of the 
repulsion between the Bi3+ ions, judging only from 
electrostatic considerations. No pyrochlore phases, 
however, were formed when the Bi3 + ion was replaced by 
a La3+ or Y3+ ion as the A-site ion in the A 1 < 3 4 CrNb0 6 

and A 2 CrNbO ? forms. Occupancy by a La3+ or Y3+ 
ion appears to be unfavorable for the formation of such 
a defect pyrochlore structure, while occupancy by a 
Bi3* ion appears favorable. T h e ionic sizes of La3+, 

Y3+, and Bi3+ ions are 1.18, 1.015, and 1.11 Â respec­
tively,14) and these ions are of suitable size for the A-site 
ion in the pyrochlore structure. Consequently, the 
essential nature of A-site ions must be considered in the 
formation of defect pyrochlores. T h a t is to say, the 
La 3 + and Y 3 + ions are of ionic character and the Bi3+ 
has a significant contribution of covalent character. 
Even though the Bi atom is completely ionized to the 
valence state of + 3 , the Bi3+ ion has outer 6s2 core 
electrons which easily polarize the neighiboring oxygen 
ions and exhibit directional bonding. T h e remarkable 
arrangement of unscreened Bi3+ ions in Bij 3 4 CrNbO e 

has often been found for oxides containing an inert-pair 
ion, as in P b O , B i 2 0 3 , and SnO.17) T h e abnormal 
stereochemistry of these compounds is due to s-p hybridi­
zation. T h e trap-mediated metal-metal bond pointed 
out by Goodenough et al.^> may also be responsible for 
the defect pyrochlore formation of Bi 1 - 3 4 CrNb0 6 . T h e 
8(b)-vacancy sites act as traps for the outermost electrons 
of the Bi3+ ions, and the 6s and 6p orbitals spread out 
into the vacancy sites, where considerable electron 
density is concentrated. The electrostatic repulsion 
between the Bi3+ ions may be counteracted by the 
transfer of the outermost electrons to the vacancy sites, 
and the defect pyrochlore structure of Bi1 - 3 4CrNbO e is 
stabilized by this Bi-Bi bonding. A 6 7 % occupancy 
of Bi3 + ions at the 16(d) sites is naturally determined 
from the electroneutrality condition, considering that 
the Cr3+ and N b 5 + ions contribute to the framework 
of the defect pyrochlore structure. T h e value itself 
exhibits no significant meaning in this case. However* 
the case appears to be different for T l S b W O e where 
the occupancy probability of T l 1 + ions is only 5 0 % . 
In the case of T lSbWO e , the 32(e) positional parameter 
for the T l 1 + ion has been determined to be wa=0.403.8> 
T h e 32(e) site lies on a straight line between the 16(d) 
and 8(b) sites. As shown in Fig. 1, the 16(d) and 8(b) 
sites are the corners and center of the cationic tetra­
hedron, respectively. T h e 32(e) site corresponds to the 
16(d) site at w a=0.500, and to the 8(b) site at w a=0.375. 
Consequently, the T l - T l distance becomes smaller with 
decreasing ua. In T lSbWO e , the 32(e)-site occupancy 
of T l 1 + ions, which deviates considerably from the 16(d) 
site, would enable the outermost electrons to overlap 
sufficiently at the vacancy sites despite the low occupancy 
probability. T h e circumstances under which the t rap-
mediated bond is formed may be severe because of the 
rather large T l - T l distance under the condition that 
the T l 1 + ions occupy half of the 16(d) sites. For that 
reason, the assumption that the Bi3+ ions occupy the 
32(e) site with ua=0.495 in Bi 1 # 3 4 CrNb0 6 might be 
correct, although deviation from the 16(d) sites is slight. 
This slight deviation is probably due to the fact that the 
occupancy probability of A-site ions is higher in Bij 34-
C r N b 0 6 than in T l S b W O e . Thus , the Bi3+ ions not 
only occupy open spaces in the framework, but also 
play an important role in the formation of defect 
pyrochlore structures. Bi1 - 3 4CrNbO e and related 
compounds are rare examples of a defect pyrochlore 
type which has vacancies at the A sites and also at 
special oxygen sites. 
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Stereochemistry of Cobalt(III) Complexes with Thioethers. II.1) 
Geometrical Isomers, Absorption, and Circular Dichroism 

Spectra of Bis(terdentate-iV,S,0) Complexes 
Kazuaki YAMANARI, Jinsai HIDAKA,* and Yoichi SHIMURA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received February 21, 1977) 

Two cobalt(III) complexes containing terdentate thioethers, bis[(2-aminoethylthio)acetato]cobalt(III)(l + ), 
and bis[3-(2-aminoethylthio)propionato]cobalt(III) (1 + ) were prepared and separated into five and six geometrical 
isomers, respectively, by ion-exchange column chromatography. The isomers were identified on the basis of their 
electronic absorption and NMR spectra. The circular dichroism spectra of optically resolved isomers were measured 
and discussed in relation to the absolute configurations. 

Some cobalt (III) complexes with multidentate thio-
ether ligands have so far been reported.2 - 1 5) I t appears 
that the presence of thioether donor atoms induces an 
extreme specificity concerning the formation of geo­
metrical isomers.6-9) As an example, of the bis (ter­
dentate) type cobalt(III) complexes with linear terden­
tate ligands having the donor atom sequence N-S-N11»14) 
or O-S-O, 1 5) only one or two geometrical isomers of 
three possible ones have been isolated. Recently, a 
bis(L-methioninato)cobalt(III) complex11) of the [Go-
(N)2(0)2(S)2] type has been prepared and its three 
geometrical isomers obtained. The complex is the first 
example for the isolation of all the possible isomers of a 
complex with multidentate thioethers. 

In the present work, two linear terdentate ligands 
having the donor atom sequence N - S - O , (2-amino-
ethylthio) acetic acid ( H a e t a = N H 2 C H 2 C H 2 S C H 2 C 0 2 -
H) and 3-(2-aminoethylthio)propionic acid (Haetp = 
N H 2 C H 2 C H 2 S C H 2 C H 2 C 0 2 H ) , were used, and the 
absorption and circular dichroism (CD) spectra of their 
cobalt(III) complexes studied. For the bis(terdentate-
N,S,0) type cobalt(III) complexes, six geometrical 
isomers are possible. So far no report seems to have 
appeared with respect to the isolation of six geometrical 
isomers of such [Co(A-B-C) 2] type complex, though two 
isomers of [Co(aeta)2]+ have recently been reported.16) 

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

Preparation, Separation, and Optical Resolution of the Complexes. 
(I) Bis[(2-aminoethylthio)acetato~\cobalt(III) Chloride, \Co(aeta)?\-
Cl: To a hot solution (ca. 70 °G) of 9 g cobalt(II) 
chloride hexahydrate in 80 cm3 of water was added a solution 
of 9.35 g of (2-aminoethylthio)acetic acid hemihydrochloride1) 
and 1.51 g of sodium hydroxide dissolved in 80 cm3 of water. 
Fifteen grams of PbOa was gradually added to the mixed 
solution on a water bath, whereupon the solution turned 
violet. The mixture was stirred at 70 °C for ca. 40 min. 
The reaction mixture was filtered in order to remove excess 
lead dioxide after being cooled to room temperature. A 
considerable amount of brownish violet precipitate appeared 
which was filtered off. 

The filtrate was poured into an ion exchange column 
containing Dowex 50 W x 8 resin (200—400 mesh, Na+ form, 
4.5x40 cm). After the column had been swept with water, 
the adsorbed band was eluted with a 0.15 M aqueous solution 

* Present address : Department of Chemistry, The Univer­
sity of Tsukuba, Ibaraki, 300-31. 

of NaCl at the rate of 1 cm3 per min. Five colored bands, 
brownish violet (A-1), purple (A-2), red (A-3), another 
red (A-4), and reddish purple (A-5), were eluted in this 
order. The eluates of these bands were separately concentrat­
ed in a vacuum evaporator and then the deposit, NaCl, 
was filtered off. To each of the filtrates was added a large 
amount of ethanol. The complexes thus obtained were 
crystallized from a minimum quantity of water by adding 
ethanol and then acetone, and dried in a vacuum desiccator 
over CaCl2. The isomers were obtained in comparable 
yields, except for A-2 which showed a somewhat higher 
yield. Found for A-1 : C, 25.76 ; H, 4.44; N, 7.71 %. Calcd 
for [Co(aeta)2]Cl=C8H16N2S204ClCo: C, 26.49; H, 4.45; 
N, 7.72%. Found for A-2: C, 26.28; H, 4.62; N, 7.82%. 
Calcd for [Co(aeta)2]Cl=C8H16N2S204ClCo: C, 26.49; H, 
4.45; N, 7.72%. Found for A-3: C, 25.04; H, 4.83; N, 
7.81%. Calcd for [Co(aeta)2]Cl.H20=C8H18N2S205ClCo: 
C, 25.24; H, 4.77; N, 7.36%. Found for A-4: C, 24.46; 
H, 5.10; N, 7.56%. Calcd for [Co(aeta)2]Cl. 1.5H20= 
C8H19N2S205#5ClCo: C, 24.65; H, 4.91; N, 7.15%. Found 
for A-5 : C, 24.80; H, 4.85; N, 7.75%. Calcd for [Co(aeta)2]-
Cl.H20=C8H1 8N2S205ClCo: C, 25.24; H, 4.77; N, 7.36%. 

Of the five isomers, four except A-1 were optically resolved. 
A-2, (—)589-[Co(aeta)2]Cl, (trans(O)): This isomer was 

resolved by using (—)589-K[Co(edta)] • 2H 2 0 as a resolving 
agent. The racemic chloride (0.36 g) and the resolving 
agent (0.21 g) were dissolved in 2 cm3 of water at 40 °C. 
After being cooled to room temperature, the mixed solution 
was allowed to stand overnight in a refrigerator. A small 
amount of less soluble diastereomer was deposited as violet 
needles and recrystallized from a minimum quantity of 
water. The yield was 0.25 grams. Found: C, 27.91; H, 
4.87; N, 7.33%. Calcd for (-)589-[Co(aeta)2][Co(edta)]. 
5H20=C1 8H3 8N4S201 7Co2: C, 28.28; H, 5.01; N, 7.33%. 

Optically active chloride was obtained from the diastereomer 
by using an anion exchange resin (Dowex 1x8 , Cl~ form). 
Found: C, 26.23; H, 4.49; N, 7.71%. Calcd for ( - ) 5 8 9 -
[Co(aeta)2]Cl=C8H16N2S204ClCo: C, 26.49; H, 4.45; N, 
7.72%. 

A-3, (—)5S9-[Co(aeta)2\Cl-H20, (trans(S)): Attempts to 
resolve this isomer by means of the resolving agents (—)589-
K[Co(edta)]-2H20, (+)589-Na[Co(ox)2(en)]-H20, Na2[Sb2-
(rf-tart)2].2H20, and Ag2(</-H2tart); (rf-H4tart=C406H6), 
were unsuccessful. However, spontaneous resolution17) was 
observed for the crystals prepared as follows : 0.5 g of the 
racemic chloride monohydrate was dissolved in 5 cm3 of 
water at 40 °C and the solution was kept standing in a 
refrigerator for several days for crystallization. Crystals 
arbitrarily chosen then showed optical activity. No hemi-
hedral facets, however, were found for the crystals. Found: 
C, 24.93; H, 4.83; N, 7.45%. Calcd for (-)589-[Co(aeta)2]-
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G l . H 2 0 = C 8 H 1 8 N 2 S 2 0 5 G l C o : C, 25.24; H , 4.77; N , 7.36%. 
A-4, (-\-)569-\Co(aeta)^\+, (cisciscis): T h e racemic chloride 

(0.39 g) , dibenzoyW-tar tar ic acid (</-H2tart-bz2) (0.38 g) , 
and sodium hydroxide (0.08 g) were dissolved in 10 cm 3 of 
water at 40 °C. T h e mixed solution was then evaporated 
to 2 cm 3 and cooled in a refrigerator overnight. T h e red 
diastereomer deposited was recrystallized from 2 cm 3 of hot 
water by adding acetone. Found : C, 36.47; H , 4 .75; N , 
4 .92%. Calcd for ( + ) 5 8 9 - [ C o ( a e t a ) 2 ] 2 ( i - t a r t - b z 2 ) . 5 . 5 H 2 0 = 
C 3 4H 6 5N 4S 40 2 1 . 5Co2: C, 36.79; H , 4.99; N, 5 .05%. 

Optically active chloride was obtained from the diastereomer 
by using an anion exchange resin (Dowex 1 x 8 , Cl~ form). 
T h e C D spectrum of this complex was measured with the 
eluate, and the concentration was calculated from the CD 
intensity referring to that of the diastereomer. 

A-5, (~)Mr[Co(aetata- 2.25H20, (trans(N)) : T h e race­
mic chloride (0.39 g) and the resolving agent Na2[Sb2(û?-
t a r t ) 2 ] » 2 H 2 0 (0.16 g) were dissolved in 3 cm 3 of water at 
40 °C. T h e mixed solution was allowed to stand for a few 
days in a refrigerator to crystallize. T h e less soluble diaster­
eomer (reddish purple) precipitated was filtered off and recrys­
tallized from 2 cm3 of hot water by adding ethanol. This 
was converted into the optically active chloride by using an 
anion exchange resin (Dowex 1 x 8 , Cl~ form). Found : 
C, 23.46; H , 4.94; N, 6.90%. Calcd for ( - W [ C o ( a e t a ) a ] -
a . 2 . 2 5 H a O = C 8 H a o 6 N a S a O e a 6 C l C o : C, 23.83; H , 5.12; N, 
6 .95%. 

(2) Bis[3-( 2-aminoethylthio )propionato~\cobalt( III) Chloride, [Co-
(aetp)2~\Cl: This complex was prepared a n d separated 
according to the same method as tha t for [Co(aeta)2]Cl 
with use of 3-(2-aminoethylthio)propionic acid1) instead 
of (2-aminoethylthio)acetic acid. 

Five colored bands, brownish violet (B-l) , purple (B-2), 
another purple (B-3+B-4) , reddish purple (B-5), and violet 
(B-6), were eluted in this order. T h e yields for B-l and 
B-2 isomers were very low. I t was confirmed by the absorp­
tion spectral behavior in the thioether charge transfer band 
region tha t the third eluate consists of two isomers B-3 a n d 
B-4, and that the B-l , B-2, and B-4 have a configuration 
in which the two sulfur atoms occupy trans positions. T h e 
eluates were separately concentrated in a vacuum evaporator 
and the deposit, NaCl , was filtered off. T o each of the 
concentrated solution was added a large amount of ethanol. 
T h e desired complex was collected by filtration and recrys­
tallized from a small amount of water by adding ethanol 
and acetone, and then dried in a vacuum desiccator over 
CaCl2 . However, complete separation of B-3 and B-4 
isomers by means of an ion exchange resin (Dowex 50 W X 8 
or SP-Sephadex C-25) was unsuccessful. T h e pure products 
of these two isomers were obtained as follows. After removal 
of excess laed dioxide, the reaction mixture was evaporated 
to 50 cm 3 and cooled in an ice bath , and B-3 isomer was 
then crystallized as the bromide salt. O n the other hand , 
the pure product of B-4 isomer could be fractionally crystal­
lized from the mixed eluate of B-3 and B-4 isomers because 
of its low solubility. Found for B - l : C, 27.52; H , 5.70; 
N, 6.44%. Calcd for [ C o ( a e t p ) a ] a . 2 . 5 H a O = C 1 0 H a 6 N a S a -
0 6 6 C l C o : C, 27.56; H , 5.78; N , 6 .43%. Found for B-2: 
C , ' 2 6 . 7 6 ; H , 6.14; N , 5.90%. Calcd for [Co(aetp) a ]Cl . 
4 H 2 O = C 1 0 H 2 8 N 2 S 2 O s ClCo: C, 25.95; H , 6.10; N , 6 .05%. 
Found for B-3 : C, 21.74; H , 5.06; N, 5 .23%. Calcd for 
[Co(aetp) 2 ]Br . 3 .5H a O . l /2NaBr = C1 0H2 7N2S2O7 5BrCo • 1/2-
NaBr : C, 21.85; H , 4 .95; N , 5.10%. Found for B-4: C, 
27.96; H , 5.43; N . 6 .58%. Calcd for [ C o ( a e t p ) 2 ] C 1 . 2 H 2 0 = 
C 1 0H 2 4N aS 2O 6ClCo: C, 28.14; H , 5.67; N, 6 .56%. Found 
for B-5: C, 29.18; H , 5.50; N, 6.90%. Calcd for [Co(ae tp ) J -
C l . H 2 O = C 1 0 H 2 2 N 2 S 2 O 5 C l C o : C, 29.38; H , 5.42; N, 6 .85%. 

Found for B-6: C, 27.60; H , 5.73; N, 6.47%. Calcd for 
[Go(aetp) a lG1.2 .5H a O=G 1 0 H a B N a S 9 O 6 , B GlCo: C, 27.56; H , 
5.78; N, 6 .43%. 

B-3, (—) 589-[Co (aetp) 2]CI• 2H20, ( trans(O)) : T h e racemic 
bromide (0.55 g) and the resolving agent K2[Sb2(rf-tart)2] • 
3 H a O (0.32 g) were dissolved in 5 cm3 of water at 50 °C. 
After cooling to room temperature , the mixed solution was 
allowed to stand for a week in a refrigerator. T h e less 
soluble diastereomer deposited was recrystallized from a 
small amount of water, and converted into the chloride 
salt by using an anion exchange resin (Dowex 1 x 8 , C l _ 

form). Found : C,23.47; H,4 .68; N ,5 .40%. Calcd for 
( - W [ C o ( a e t p ) a ] C l • 2 H a O . 1.2KC1 = C 1 0 H 2 4 N 2 S 2 O 6 ClCo • 
1.2KC1: C,23.26; H,4 .69; N , 5 . 4 3 % . 

B-2, (+),sACo(aetp)2]+> (mer-trans(S)); B-4, (+)5S9-
[Co(aetp)2-\+, ( t rans(S)); B-5, (+)^-\Co(aetp)2\+, (cisciscis); 
and B-6, (+)^s^-\Co(aetp)2Y

r, ( t rans(N)) : These four isomers 
were partially or completely resolved into their optical 
antipodes by chromatographic technique. 

An aqueous solution containing 0.1 g of the complex was 
poured into a column of SP-Sephadex C-25 (Na + form, 
3 x 120 cm). T h e adsorbed b a n d was eluted with a 0.1 M 
aqueous solution of K2[Sb2(</-tart)2]-3H20 at the rate of 
0.3 cm3 /min. Unde r these conditions, 7—10 days were 
necessary for the complete elution of the complex, which 
produced a broad band . T h e eluate was separated into 
fractions of 5 cm 3 each. A few fractions eluted first, which 
showed C D spectra completely enantiomeric to those of the 
last fractions, were collected and after removal of the excess 
elution agents converted into the chloride salt by using an 
anion exchange resin (Dowex 1 x 8 , Cl~ form). This eluate 
of the chloride salt was used to measure the C D spectrum, 
and its concentration was calculated from the optical density 
referring to tha t of the racemate. 

In all of the four isomers, the first eluates showed positive 
optical rotations for the N a - D line. A complete band 
separation into the antipodes was only observed for B-4 
isomer. 

Measurements. T h e electronic absorption spectra were 
measured on a Shimadzu UV-200 spectrophotometer in 
aqueous solutions. T h e C D spectra were obtained with 
a Jasco M O E - 1 spectropolarimeter, by use of a cell with 
1 cm pathlength. A Jasco DIP-4 digital Polarimeter was 
used to check the optical rotations. T h e XH N M R spectra 
were recorded in deuter ium oxide on a Var ian XL-100-15 
spectrometer with DSS as the internal reference. All the 
measurements were carried out at room temperature . 

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

Separation of Isomers. F o r t h e p r e s e n t [ C o ­

here ! e n t a t e - J V ^ O ^ ] 4 " t y p e complexes , six g e o m e t r i c a l 
i somers a r e poss ib le . T h e y a r e d e n o t e d b y tr.tr.tr., 

trans(S), trans{0), trans(N), cisciscis, a n d mer-trans(S), 

respec t ive ly , as s h o w n i n F ig . 1. 
I n t h e [ C o ( a e t a ) 2 ] + c o m p l e x , five g e o m e t r i c a l i somers 

w e r e o b t a i n e d . A-1 a n d A - 2 seem t o c o r r e s p o n d to t h e 
t w o i somers r e p o r t e d b y Hor i 1 6 ) f rom a c o m p a r i s o n of 
a b s o r p t i o n s p e c t r a . F o r t h e [ G o ( a e t p ) 2 ] + c o m p l e x , six 
g e o m e t r i c a l i somers w e r e s e p a r a t e d c h r o m a t o g r a p h i c a l -
ly, w h i c h is t h e first e x a m p l e for t h e i so la t ion of all t h e 
poss ib le i somers of t h e [ C o ( A - B - C ) 2 ] t y p e c o m p l e x . 
A m o l e c u l a r m o d e l e x a m i n a t i o n revea ls t h a t t h e a e t a 
l i g a n d , w h i c h forms t w o f i v e - m e m b e r e d che l a t e r ings 
b y c o o r d i n a t i o n , s t rong ly prefers t h e facial c o o r d i n a -

tr.tr.tr
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*V V <Ù 
TABLE 1. ABSORPTION DATA OF ISOMERS OF 

[Co(aeta),]Cl AND [Go(aetp)a]Cl 

(a) (b) 
o-

(c) 

(d) (e) (f) 

Fig. 1. Six possible geometrical isomers for the [Go(ter-
dentate-iV.1S',0)2]

+ type complex: (a) tr.tr.tr., (b) trans-
(S), (c) trans (0), (d) trans (N), (e) cisciscis, and (f) mer-
trans(S). 

tion, whereas the aetp ligand which forms a five- and a 
six-membered chelate ring will take the meridionally 
coordinated form readily. It is therefore reasonable 
to expect that the mer-trans{S) isomer does not exist in 
the aeta complex. These circumstances seem to be 
common with the bis(terdentate) type cobalt (111) 
complexes containing linear 0,S,0-15) or 0,N,0-
terdentate18-21) ligands. 

An optical antipode exists for each five isomers of the 
six geometrical ones, except for tr.tr.tr. which has an 
inversion center. Accordingly, A-1 and B-l isomers 
which could not be optically resolved are expected to 
have the tr.tr.tr. geometry. 

a (10acm-x) 

Fig. 2. Absorption spectra of the isomers of [Co(aeta)2]-
Cl: A-1 tr.tr.tr. ( ), A-2 trans(O) ( ), A-3 trans-
(S) ( ), A-4 cisciscis ( ), and A-5 trans(N) ( ). 

Absorption Spectra and Configuration Assignments. 
The absorption spectra of [Go(aeta)2]+ are shown in 
Fig. 2 and summarized in Table 1. In the near-ultra­
violet region, the complexes show intense sulfur-to-
metal charge transfer bands. T h e bands for A-1 and 
A-3 are located at lower energy side than those for the 
other three isomers. The charge transfer band of this 
type has been recognized to occur at a lower energy side 
for the cobalt(III) complexes with two ligating S atoms 

[Go 

Iso­
mer 

A-1 

A-2 

A-3 

A-4 

A-5 

aeta)2]Cla> 

Config­
uration 

tr.tr.tr. 

trans (0) 

trans{S) 

cisciscis 

trans{N) 

[Co(aetp)2]Cla> 
B-l 

B-2 

B-3d) 

B-4 

B-5 

B-6 

tr.tr.tr. 

mer-trans(S) 

trans (0) 

trans (S) 

cisciscis 

trans (N) 

First d-d 
band 

18.4(1.87) 
20.4(1.87) 

18.1(2.24) 
20.8(1.88)c 

19.2(2.10) 

19.2(2.27) 

19.2(2.31) 

17.5(1.92) 
20.7(2.02) 

18.9(2.59) 

17.8(2.32) 
21.1(2.05) 
18.8(2.60) 

19.0(2.42) 

sh6> 
18.8(2.60) 

<Wb )( loge) 

Second 
d-d band 

25.3(2.34) 

26.1(2.32) 

25.5(2.36)°) 

25.3(2.55)°) 

26.4(2.40)°) 

25.6(2.46)°) 

25.3(2.62)°) 

Charge 
transfer 

band region 

30.9(4.04) 
40.1(4.11) 
46.3(4.11) 
35.1(4.09)°) 
40.0(4.17) 
48.3(4.04) 
31.2(4.04) 
40.2(4.12) 
33.7(3.98)°) 
40.0(4.12) 
32.4(3.97) 
40.7(4.11) 
47.8(4.01) 

29.2(4.13) 
39.1(4.02) 
47.2(4.13) 
31.2(4.26) 
39.7(4.04) 
34.2(4.19) 
40.5(4.00) 
29.7(4.15) 
39.3(4.03) 
47.4(4.08) 
33.0(4.15) 
42.1(4.06) 
31.8(4.10) 
40.9(4.08) 

a) The racemates. b) Wave numbers are given in 
103 cm - 1 unit. c) A shoulder, d) Bromide salt, 
e) The wave number could not be determined. 

in trans positions than for the corresponding eis com­
plexes.12»13'15) Additional support was recently given to 
this absorption spectral criterion by the X-ray crystal 
structure analysis of trans(S)-[Co(S-meihy\-L-
cysteinato) 2]C10 4 'H 20. 2 2) Thus, A-1 and A-3 isomers 
can be assigned to the trans(S) or tr.tr.tr. configuration 
and others to the trans(O), trans(N), or cisciscis one. 

In the first d-d absorption band region, the expected 
splittings can be calculated semi empirically;23) the 
tr.tr.tr. and trans(N) isomers should have the component 
of lowest energy, since the sulfur atom in the present 
terdentate ligands is between the oxygen of the carboxyl 
group and the nitrogen of the amino group in the 
spectrochemical series.1) The tr.tr.tr. and trans(0) 
isomers should have one component in close proximity 
to the transition of [Co(N)6] , and the splitting for 
tr.tr.tr. isomer should be greater than those for trans(N) 
and trans(O) forms. T h e trans(S) and cisciscis isomers 
should have two and three components, respectively, 
in about the same region. 

Of the two isomers assigned to the trans (S) or tr.tr.tr, 
A-1 exhibits two splitting components with the same 
molar extinction coefficients in the first absorption band 

tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
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region, while A-3 shows apparently a sharp band. This 
indicates that A-l is tr.tr.tr. and A-3 trans (S). 

O n the other hand, of the three isomers assigned to 
the trans (O), trans (N), or cisciscis, A-2 exhibits an explicit 
shoulder at the high energy side of the major peak in 
the first absorption band region, while both A-4 and 
A-5 show a sharp peak. In the [Co(L-methioninato)2]-
Br12) complex, both trans(N) and trans(O) isomers showed 
a marked splitting in the first absorption band region, 
their splitting patterns differing from each other; the 
trans(0) isomer showed a broad band with a shoulder 
at high energy side of the major peak, the trans(N) one 
at low energy side. This confirms that A-2 isomer is 
trans (0). 

ppm from DSS 
Fig. 3. The NMR spectra of the isomers of [Co(aeta)J-

Cl in D 2 0 : (a) A-2 trans(O), (b) A-3 trans(S), (c) A-4 
cisciscis, and (d) A-5 trans(N). 

T h e absorption spectra of A-4 and A-5 isomers are 
similar to each other, though there is a difference with 
respect to the position of thioether charge transfer band. 
1 H N M R spectra of these isomers are shown in Fig. 3. 
A-2, A-3, and A-5 isomers exhibit a quartet due to 
methylene protons between carboxyl group and sulfur 
atom,15) whereas A-4 shows two sets of quartet . The 
trans(S), trans(O), and trans(N) structures have C2 

symmetry, the cisciscis structure Cv T h e latter isomer 
should show the most complicated pattern. Accordingly, 
A-4 can be assigned to cisciscis, and A-5 to trans(N). 
Further support is given by the signals in the region 
of amine protons. T h e amine signals appear at 6.17 and 
6.58 p p m from DSS for A-2, at 4.62 and 4.98 p p m for 
A-3, at 4.49, 4.90, and 6.36 p p m for A-4, and at 5.26 
and 6.67 p p m for A-5. This is explained qualitatively in 
terms of the magnetic anisotropy associated with the 
C - O single bond.24"27) In each of the present isomers 
there are two amine groups; two groups of trans(S) and 
trans(N) isomers and one group of cisciscis isomer are 
in the shield position from the C - O bond of the other 
ligand, whereas one group of cisciscis isomer and two 
groups of trans (0) isomer are deshielded by the G - O 
bond of the other ligand. I t is possible to expect that 
cisciscis isomer with C^ symmetry shows the most 
complicated signals over the wider region than the other 
three isomers with C2 symmetry. 

T h e absorption spectra of six isomers of [Co(aetp)2]+ 
are shown in Fig. 4 and summarized in Table 1. Accord­
ing to the same discussion as described above, B-l 

40 50 30 

a (10»cm-i) 

Fig. 4. Absorption spectra of the isomers of [Co(aetp)2]-
Gl: B-l tr.tr.tr. ( ), B-2 mer-trans(S) ( ), B-3 
trans(O) ( ), B-4 trans(S) ( ), B-5 cisciscis ( ), 
and B-6 trans(N) ( ); B-3 isomer is a bromide salt. 

isomer can be assigned to tr.tr.tr. and B-3 to trans(O). 
Of the remaining four isomers, B-5 and B-6 have the 
thioether charge transfer bands at the higher energy 
side than B-2 and B-4. Therefore, the former two and 
the latter two isomers can be assigned to the configura­
tions with two ligating S atoms in eis and trans positions, 
respectively. I n the first absorption band region, B-5 
shows a sharp band, while B-6 exhibits a vague shoulder 
at the low energy side of the major peak. T h e spectral 
behavior corresponds to the expectation from semiem-
pirical theory, and B-5 can be assigned to cisciscis and 
B-6 to trans(N). The B-2 and B-4 isomers were assigned 
to mer-trans{S) and fac-trans{S) configurations, respec­
tively, on the basis of the low yield of B-2 (see Experi­
mental) , and of absorption spectral behavior in which 
the low energy thioether charge transfer band of B-2 
occurs at an exceptional position. These assignments 
have good correlation with the column chromato­
graphic behavior. Namely, the complexes [Co(aeta)2]+ 
and [Co(aetp)2]+ have the same elution order of isomers 
except for B-2-mer-trans(S) isomer; the order is tr.tr.tr., 
trans(0), trans(S), cisciscis, and trans(N) for both series. 

Thus, the electronic absorption spectra of the corre­
sponding isomers between [Co(aeta)2]+ and [Go-
(aetp)2]+ complexes are similar to each other but differ 
in detail. Firstly, the first d-d band intensities of the 
isomers of [Co(aetp)2]+ are two or three times larger 
than those of the corresponding isomers of [Go(aeta)2]+. 
Such kind of intensity difference has been observed 
between trans(N)-RR-[Co(i,-promip)2]- and trans(N)-
Äß-[Co(L-proma) 2 ] - complexes,28) where L-promp and 
L-proma are L-prolinate-iV-monopropionate and L-
prolinate-JV-monoacetate, respectively. Secondly, in the 
aetp complexes, the thioether charge transfer band is 
shifted to a lower energy side than that of the corre­
sponding aeta isomer, and the shift direction is the same 
as that of the first d-d absorption band. 

CD Spectra. T h e CD spectra are shown in Figs. 
5—8 and Table 2. T h e complexes have two CD con­
tributions, one from the configurational chirality due 
to the skew pair of chelate rings and the other from the 
chirality due to the sulfur donor atoms, though both 
contributions can not be separated. The observed CD 

tr.tr.tr
tr.tr.tr
tr.tr.tr
tr.tr.tr
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TABLE 2. CD DATA OF ISOMERS OF [Co(aeta)2]Cl AND [Co(aetp)2]Cl 

[Co(aeta)2]Cl °exta>(As) 

Isomer 

trans(O) 

trans (S) 

cisciscis 

trans (N)h> 

Rotation for 
Na-D line 

( - ) 

( - ) 

(+) 

( - ) 

[Co(aept)2]Cl 
mer-trans(Sp 

trans (0) 

trans(Sp 

cisciscis*) 

trans(N)b> 

(+) 

( " ) 

(+) 

(+) 

(+) 

First d-d 
band region 

l 7 . 8 ( - 4 . 0 4 ) 
21.5(+2.64) 

17 .9 ( -0 .52) 
20 .3 ( -0 .13 ) 

18.0(+2.51) 
20 .4 ( -1 .19 ) 

18.7(—1.63) 
20.0(-1.48)c> 

17.3(4-0.37) 
19 .6( -0 .44) 

18 .0( -4 .51) 
21.1 (+4.56) 

17.2(—1.59) 
19.6(+5.87) 

17.7(4-1-52) 
20 .7 ( -0 .17 ) 

17.2(—0.27) 
19.8(4-1-25) 

Second d-d 
band region 

25 .4 ( -1 .23) 

23.7(—0.15) 

24.6(+0.82) 

26.0(+2.24) 

25.1 (+0.21) 

25 .8 ( -1 .25 ) 

26.2 ( -2 .47) 

24.2(+0.19) 
26.5 (+0.25) 

25 .6 ( -0 .75) 

Charge transfer 
band region 

36.4 
42.1 
47.6 
30.9 
35.7 
39.6 
44.9 
32.5 
38.7 
43.2 
31.7 
35.5 
40.3 
44.8 

31.5 
36.1 
38.6 
44.4 
31.7 
34.8 
37.7( 
44.2 ( 
48.3 ( 
30.1 ( 
36.6( 
43.5( 
31.9( 
37.2( 
43.3( 
46.8( 
31.1 ( 
36.1 ( 
42.9( 

(+10.7) 
( -17 .2) 
(+22.2) 
(+23.5) 
( -10.4) 
( -14.9) 
(+23.3) 
( -5 .72) 
( -15.5) 
[+14.5) 
(+13.6) 
( -2 .09) 
(+16.5) 
(-19.5) 

- 3 . 8 8 ) 
,+ 1.17) 
- 0 . 4 3 ) 
+4.22) 
- 8 . 0 9 ) 
+4.22) 
- 6 . 5 9 ) 
+ 14.0)°) 
+ 21.6) 
- 4 . 3 6 ) 
- 1 3 . 6 ) 
+ 8.12) 
- 1 4 . 7 ) 
+ 3.97) 
+2.59) 
- 3 . 1 6 ) 
- 6 . 8 5 ) 
- 4 . 2 8 ) 
+ 10.6) 

a) Wave numbers are given in 103 cm - 1 unit, b) CD spectra were measured with eluates. c) A shoulder. 

spectra differ significantly among the different geo­
metrical isomers, but resemble the corresponding 
geometrical isomers of [Co(aeta)2]+ and [Co(aetp)2]+ . 
Accordingly, it is convenient to discuss each pair of 
geometrical isomers individually. 

Fig. 5. CD spectra of trans(0) complexes: ( — )589-[Go-
(aeta)a]+ (• •) and (-)589-[Co(aetp)2]+ ( ). 

In the first absorption band region, both (—)589-
trans(O) aeta and (—)589-trans(0) aetp complexes have 
two CD components, (—) and ( + ) from low energy 
side (Fig. 5), though three bands, ( + ), (—), and ( + ) , 
have been observed for fra^(0)-[Co(L-methioninato)2]+ 

12> and frö7w(0)-[Co(S-methyl-L-cysteinato)2]+
13) in the 

corresponding region. In the present trans (0) isomers 
with G2 symmetry, there is a weaker field along the 
unique axis ( O - C o - O ) than along the other axes 
perpendicular to it. Thus it is predicted that the 1 A + 
^ ( C y level would be lower in energy than the 1Ba(C2) 
level. Consequently, the negative CD components at 
low energy are assigned to be 1 A + 1 B b ( C 2 ) , and the 
positive CD components at high energy 1B a(C2) . The 
absolute configurations of (—)5 8 9-Jra^(0)-[Co(aeta)2]+ 
and (—)589-?ra«j(0)-[Co(aetp)2]+ are assigned to AAA-
(RR) and AAA-(SS),2^ respectively, according to the 
CD sign of the 1 A+ 1 B b (C 2 ) transition, where (RR) and 
(SS) represent the chiralities of the chiral sulfur atoms. 
T h e absolute configuration of (—)589-trans(0)-[Co(NH2-
CH 2 CH 2 NHCH 2 C0 2 ) 2 ]+ , 3 0 ) which exhibits two CD 
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Fig. 6. CD spectra of trans(N) complexes: (—)689-[Co-
(aeta)a]+ ( ) and (+)689-[Co(aetp)2]+ ( .—.) . 

peaks of opposite sign, ( —) and ( + ) from low energy 
side, in the first absorption band region, has been 
assigned to AAA. 

For the trans(N) isomers (Fig. 6), the aeta (—)589-
complex exhibits two negative C D bands at 18700 
cm" 1 ( A e = —1.63) and ca. 20000 c m - 1 ( A e = —1.48), 
but the aetp (+)5 8 9-complex shows two bands of 
opposite sign at 17200 c m - 1 ( A e = - 0 . 2 7 ) and 19800 
c m - 1 ( A e = + 1.25). O n the basis of a consideration 
similar to that mentioned above, the low energy band 
is assigned in each case to the 1A->1Ba(G2) transition 
and the high energy component to 1 A-> 1 A+ 1 B b (G a ) . 
Worrell and Busch7) studied some complexes containing 
a flexible quadridentate ligand, l,8-diamino-3,6-dithia-
octane (dadt) . Of these complexes, (+)5M-sym-cis-
[Co(dadt)Cl2]+, (+ ) 5 4 6 -^m-m-[Co(dad t )C lH 2 0] 2 + and 
(+) 5 4 6 -^ /w-m-[Go(dadt)(H 2 0) 2 ] 3 +, which have the two 
ligating N H 2 groups in trans positions and show a 
negative and a positive C D component from low energy 
side of the first absorption band region, were assigned 
to A absolute configurations, because in all three cases, 
the sign pat tern is in agreement with that exhibited 
by the corresponding ethylenediamine and triethylene-
diamine complexes of A absolute configuration. The 
same argument is applied to the present system. T h e 
absolute configurations of (—)SS9-trans(N)-[Co-
(aeta)2]+ and ( + )58ii-trans(N)-[Co(sLetp)2]^ are assigned 
to AAA-{SS) and AAA-(SS) configurations, respectively, 
according to the sign of the 1 A+ 1 B b (G a ) transition. 

In the cisciscis isomers (Fig. 7), the parential arguments 
as above seem to have limited applicability because of 
the lowering of symmetry and the difficulty in the 
assignment of three components. However, the CD 
contribution of this geometrical isomer is mainly due 
to the configurational chirality, since the two chiral 
sulfur atoms form a meso combination ((R) and (£)). 
Therefore, the major CD component in the first absorp­
tion band region is related to the molecular framework; 
cisciscis isomers of both aeta and aetp (+)5 8 9-complexes 
exhibit a strong positive and a negative band and can 
be assigned to AAA configuration. 

Fig. 7. CD spectra of cisciscis complexes: (+)5S9-[Co-
(aeta)a]+ ( ) and ( + )589-[Co(aetp)2]+ (•—.). 

Fig. 8. CD spectra of trans(S) complexes: (—)589-[Co-
(aeta)2]+ ( ) and (+)589-rCo(aetp)2]+ (.—.)• 

For the trans(S) isomers (Fig. 8), the aeta (—)589-
complex exhibits two weak CD components in the first 
absorption band region and a strong CD band in the 
thioether charge transfer band region, whereas the aetp 
(+)5 8 9-complex shows a strong major CD band in the 
first absorption band region and a relatively weak band 
in the thioether charge transfer band region. These CD 
patterns cannot be related directly to their absolute 
configurations, because the trans (S) forms do not have 
CD contribution due to the skew pair of chelate rings 
according to the ring pairing method31) but only the 
contribution due to the two chiral sulfur donor atoms. 

In the low energy thioether charge transfer band 
region, medium or strong CD bands are generally 
observed for all isomers. The correlation of the charge 
transfer CD spectra of the trans(N) isomers between 
the aeta and aetp complexes is good as regards position 
and sign; the aeta A A A-(SS)-complex has a ( + ) band, 
the aetp AAA-{SS)-complex a (—) band. 
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One-dimensional System of Square-planar Bis(l,2-dicyanovinylene-
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of [(C4H9)4N]2[Ni(mnt)2] and [(C2H5)4N][Ni(mnt)2] 
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X-Ray crystal structure analyses of [(C4H9)4N]2[Ni(mnt)2] (I) and [(C2H5)4N][Ni(mnt)2] (II) {mnt: 1,2-
dicyanovinylene-l,2-dithiolato C4N2S2

2-}- have been carried out from the viewpoint of one-dimensional system. 
Crystals of (I) belong to triclinic system: a= 12.360(6), 6=11.138(12), c=9.833(9) Â, <x= 118.43(9), £=92.05(6), 
7=91.91(6)°, space group PÏ with Z = l . The compound (II) forms monoclinic crystals, P2x/a: a=20.018(18), 
6=16.079(9), c= 7.118(6) Â, £=110.43(6)°, Z= 4. Both structures, solved by the heavy-atom method, have been 
refined anisotropically by least-squares procedure to ÜL=0.049 and 0.050 for (I) and (II), respectively. The bond 
distances of diamagnetic Ni (mnt) 2

2 - anion and paramagnetic Ni (mnt) 2
1 - anion are compared. A columnar 

structure was found in the structure of (II). The Ni (mnt) a1- ions form a diadic unit, that is a repeating unit of 
two anions, within the columns. The electrical conductivity data are measured along the direction parallel to the 
Ni (mnt) 2

1 - stacks in the temperature range from room temperature to 373 K. This compound behaves as a 
semiconductor in this temperature range. 

Recent studies of high conductive plat inum complex of 
K2Pt(CN)4Br0 .3-#H2O and T C N Q salts1) have revealed 
their metallic behavior. Their magnetic, electrical 
and optical properties are also originated from one-
dimensional interactions associated with a columnar 
crystallographic structure.1) Like TCNQ, , bis( l ,2-
dicyanovinylene-l,2-dithiolato) metal complexes are 
known in some cases to form compounds with high 
electrical conductivities.2 '3) Furthermore these 
dithiolene complexes form a series of stable compounds 
with the same central metal ion in different oxidation 
states e.g., in the Ni, Pd, Pt, the 0, — 1 , —2 charged 
complexes are well known.4) 

W e report here X-ray diffraction studies on single 
crystals of te t rabutylammonium salt of diamagnetic 
Ni (mnt) 2

2 - and tetraethylammonium salt of para­
magnetic Ni(mnt) 2

1 _ . Electrical conductivity measure­
ments were also performed on single crystals of [ (Et) 4 N]-
[Ni(mnt)2] by the use of the four-probe methods. We 
are interested in the relationship between the crystal 
structures and electrical properties of one-dimensional 
system. 

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

Data Collections and Structure Analyses. The compounds 
[(n-Bu)4N]2[Ni(mnt)2] (I) and [(Et)4N][Ni(mnt)2] (II) were 
prepared by the published method.4) The tetrabutyl­
ammonium salt and tetraethylammonium salt were chosen 
because we could obtain suitable single crystals for experi­
ments. The red crystals of (I) and black crystals of (II) 
were obtained from the original product through recrystalliza-
tion by slow evaporation from acetone solution. For the 
purpose of the X-ray diffraction work, a specimen 0.25 X 
0.20x0.37 mm was used for (I) and 0.075x0.125x0.38 mm 
for (II). The intensity data set were collected with mono-
chromatized MoXa radiation by the co-26 scan technique 
out to 20=60 °. Reflections were scanned at a rate of 
2 ° minute in 20. Background counts of 10 s were taken 
at each end of the scan range. Independent 3559 significant 
reflections for which \F\^>3o(F) were obtained for (I) and 
2635 for (II), respectively. The data were corrected for 

Lorentz and polarization effects. No corrections were made 
for absorption. 

The crystal data are as follows: 

[(«-Bu)4N]2[Ni(mnt)2] (I) [(Et)4N][Ni(mnt)2] (II) 

triclinic PÏ monoclinic P2x/a 
a=12.360( 6)A a = 20.018(18)A 
0 = 11.138(12) 0 = 16.079(9) 
c= 9.833( 9) c= 7.118( 6) 
a=118.43( 9)° j3=110.43( 6)° 
ß= 92.05 ( 6) 7 = 2147.0 A3 

y= 91.91 ( 6) Z = 4 
F=1187 .7A 3 </m=1.24g/cm3 

Z = l </c=1.235g/cm3 

</m=1.07g/cm3 /*= 13.23 cm"1 

dc =1.074g/cm3 

// = 6.29cm"1 

Since Wilson's statistics indicated the presence of a center 
of symmetry, the space group PÏ was assumed for (I). For 
solution and refinement of the structure usual heavy-atom 
methods were employed. The atomic parameters were 
refined by the block-diagonal least-squares method, using 
anisotropic temperature factors for all the nonhydrogen 
atoms and isotropic ones for hydrogen atoms. The effects 
of the anomalous dispersion of Ni and S atoms were included 
in the calculation. Final reliability factors are: (I), R=0.049, 
(II), R= 0.050. The positional and thermal parameters of 
all atoms are presented in Tables 1 and 2. 

The calculations were performed on a HITAC 8700/8800 
computer at the Computer Center of the University of Tokyo 
using a local version of UNICS.5) The atomic scattering 
factors and the values of A / ' and A/" were taken from the 
International Tables for X-Ray Crystallography.6) The 
weighting scheme used were: (I), a ;=l for 1^1^4.25 (F0: 
absolute scale), w=0.0 otherwise; (II), w=\ for |F0 j^l5.15, 
w=0.2 otherwise. The F0-Fc tables are kept at the office 
of this Bulletin as Document No. 7726 and 7727. 

Conductivity Measurements. [(Et)4N][Ni(mnt)2] single 
crystals are black needles with long axis parallel to the crys­
tallographic c axis, giving good optical reflections. Compara­
tively high electrical conductivity is expected for [(Et)4N]-
[Ni(mnt)2] single crystals because of its columnar structure: 



October, 1977] Crystal Structure of [(C4H9)4N]2[Ni(mnt)2] and [(G2H5)4N][Ni(mnt)2] 2651 

TABLE 1. FRACTIONAL COORDINATES AND THERMAL PARAMETERS (x 104) FOR [(C4H9)4N]2[Ni(mnt)2] 

Thermal parameters are for the expression exp-[— (h2B11+k2B22-}-l2B33-}-2kkB12-{-2hlBl3+2klB23)~}. 
a) Nonhydrogen atoms. 

Atom X B, B0 B« B, B, B9 

Ni 
S( l ) 
S (2) 
N(l) 
N(2) 
N(3) 
C(l ) 
G (2) 
G (3) 
G (4) 
G (5) 
C(6) 
G (7) 
G (8) 
G (9) 
G (10) 
G( l l ) 
G (12) 
C(13) 
G (14) 
G (15) 
C(16) 
G (17) 
G (18) 
G (19) 
C(20) 

0 
-1370(1) 
-283(1) 

-3662(3) 
-2241(5) 

2787(3) 
— 1914(3) 
-1434(4) 
-2884(4) 
-1881(5) 

2576(3) 
3521(4) 
3232(5) 
4044(6) 
3720(3) 
3594(4) 
4468(4) 
4275(6) 
1726(3) 
1764(4) 
765(4) 
739(5) 

3121(3) 
2271(4) 
2780(4) 
1953(5) 

0 
-417(1) 
2168(1) 
1270(5) 
4628(5) 
855(3) 

1166(4) 
2284(4) 
1241(4) 
3597(5) 
1931(4) 
2946(4) 
3817(5) 
5018(6) 
-10(4) 

-679(5) 
-1722(5) 
-2992(6) 

-23(4) 
-1196(5) 
-2074(6) 
-3261(6) 

1534(4) 
2358(4) 
3227(5) 
4082(5) 

0 
1073(1) 
1079(2) 
3458(5) 
3532(7) 
3761(4) 
2066(5) 
2068(5) 
2844(5) 
2896(6) 
3246(5) 
3544(5) 
2781(6) 
3232(8) 
2918(5) 
1149(5) 
417(6) 
547(8) 

3375(5) 
3745(7) 
3240(7) 
3580(7) 
5492(5) 
6556(5) 
8204(5) 
9315(6) 

76(1) 
93(1) 

114(1) 
91(4) 

253(8) 
66(3) 
78(3) 

101(4) 
83(4) 

137(5) 
79(3) 
95(4) 

149(6) 
180(7) 
70(3) 

112(5) 
109(5) 
164(7) 
65(3) 
97(5) 

104(5) 
123(6) 
81(3) 
92(4) 

124(5) 
161(6) 

95(1) 
108(1) 
102(1) 
204(7) 
172(7) 
117(4) 
113(5) 
111(5) 
133(6) 
146(6) 
126(5) 
121(5) 
169(7) 
168(8) 
126(5) 
167(7) 
168(7) 
165(8) 
137(5) 
190(8) 
205(9) 
186(8) 
132(5) 
138(6) 
152(6) 
175(8) 

127(1) 
186(2) 
200(2) 
270(9) 
377(13) 
141(5) 
137(6) 
138(7) 
179(8) 
230(10) 
143(6) 
164(7) 
200(9) 
334(14) 
177(7) 
170(8) 
238(10) 
394(17) 
158(7) 
324(12) 
350(14) 
330(13) 
130(6) 
139(7) 
148(7) 
161(8) 

-1 (1 ) 
0(1) 
4(1) 
4(1) 

95(6) 
0(3) 
3(3) 

12(4) 
3(4) 

30(5) 
15(3) 
5(4) 

-14(5) 
-34(6) 

20(3) 
42(5) 
21(5) 
34(6) 

-11(3) 
-38(5) 
-38(5) 
-33(5) 
- 8 ( 3 ) 
-6 (4 ) 

-23(4) 
-11(6) 

-5 (1 ) 
11(1) 
37(1) 
16(5) 

162(8) 
-10(3) 

-2 (4 ) 
12(4) 

-11(4) 
59(6) 

- 2 ( 4 ) 
8(4) 

-13(6) 
-8 (8 ) 

7(4) 
27(5) 
31(6) 
46(9) 

-12(4) 
-56(6) 
-30(7) 
-13(7) 
-19(4) 
-11(4) 
-17(5) 
-5 (6 ) 

55(1) 
75(1) 
69(1) 

123(7) 
149(8) 
69(4) 
69(5) 
63(5) 
81(5) 

111(7) 
79(5) 
78(5) 

117(7) 
157(9) 
75(5) 
67(6) 
70(7) 

112(10) 
74(5) 

173(8) 
168(9) 
144(9) 
70(5) 
66(5) 
64(6) 
68(7) 

b) Hydrogen atoms. 
Fractional coordinates X 103; Isotropic thermal parameters X 10. 

Atom X Atom X B 

H(l) 
H (2) 
H (3) 
H (4) 
H (5) 
H (6) 
H (7) 
H (8) 
H (9) 
H(10) 
H ( l l ) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(18) 

198(4) 
237(4) 
422(4) 
360(4) 
252(4) 
319(4) 
378(4) 
441(4) 
362(4) 
281(4) 
527(4) 
441(4) 
158(4) 
120(4) 
176(4) 
240(4) 

59(4) 
11(4) 

241(5) 
145(4) 
244(5) 
359(5) 
405(5) 
330(5) 

-64(4) 
75(5) 
16(5) 

-108(5) 
-125(5) 
-214(5) 
-40(4) 

58(5) 
-63(5) 

-161(5) 
-245(5) 
-147(5) 

380(5) 
214(5) 
332(5) 
462(5) 
301(6) 
173(6) 
337(5) 
338(5) 
93(6) 
92(6) 
80(6) 

-84(6) 
222(5) 
411(5) 
499(6) 
374(6) 
206(6) 
376(6) 

53(12) 
48(12) 
55(13) 
50(12) 
65(14) 
66(14) 
45(11) 
50(12) 
60(13) 
59(13) 
61(13) 
66(14) 
45(11) 
50(12) 
70(15) 
68(14) 
68(14) 
67(14) 

H(19) 
H (20) 
H(21) 
H (22) 
H (23) 
H (24) 
H (25) 
H (26) 
H (27) 
H (28) 
H (29) 
H (30) 
H(31) 
H (32) 
H (33) 
H (34) 
H (35) 
H (36) 

380(4) 
335(4) 
178(4) 
200(4) 
339(4) 
302(4) 
473(4) 
405(4) 
417(4) 
43(4) 

141(4) 
2(4) 

138(4) 
161(4) 
239(4) 
481(4) 
340(4) 
440(4) 

219(4) 
79(5) 

179(5) 
301(5) 
380(5) 
262(5) 
476(5) 
573(5) 
540(5) 

-262(5) 
-360(5) 
-400(5) 

359(5) 
464(5) 
463(5) 

-361(5) 
-340(5) 
-279(5) 

561(5) 
575(5) 
662(5) 
624(5) 
818(5) 
864(6) 
321(5) 
443(6) 
246(6) 
459(6) 
342(6) 
283(6) 
941(5) 
907(5) 

1023(6) 
-19(6) 

19(6) 
161(6) 

47(12) 
49(12) 
53(12) 
54(12) 
53(12) 
64(14) 
59(13) 
68(14) 
67(14) 
69(14) 
68(14) 
67(14) 
58(13) 
58(13) 
62(13) 
67(14) 
68(14) 
69(14) 

the details of the crystal structure will be mentioned later. 
Four-probe resistance measurements were made on single 
crystals (3—6 mm long and 0.45—0,5 mm in diameter) 
along the needle axis paralled to the Ni(mnt)2

1_ stacks. 
The crystals were attached by four 0.025 mm gold wires 
on a Teflon sample holder. Electrical contact was made 
by wetting the gold wires with silver-paste paint. The 
resistivity data (R=a~1) are presented in Fig. la, where 

In R/R0 is plotted as a function of T~x in the limited range 
from room temperature to 373 K which shows straight-line 
behavior. Thus this compound is semiconductive. From 
this slope, one obtains the value of 0.35 eV for the activation 
energy. The room temperature resistivity parallel to 
Ni(mnt)2

x- stacks is (3.5±1.2) X 105 Q cm. Another type 
of [(Et)4N][Ni(mnt)2] crystals (paralio!epiped pillar) show 
different kinds of resistivity behavior in the temperature 
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TABLE 2. FRACTIONAL COORDINATES AND THERMAL PARAMETERS ( X 104) FOR [(C2H5)4N][Ni(mnt)2] 

Thermal parameters are for the expression exp{_—(h2B11
J
rk

2B22
J
rl

2BZ3-}-2hkB12-}-2hlB13-\-2klB23)'}. 
a) Nonhydrogen atoms. 

Atom 

Ni 
S(l) 
S (2) 
S (3) 
S (4) 
N( l ) 
N(2) 
N(3) 
N(4) 
N(5) 
C( l ) 
G (2) 
G (3) 
G (4) 
G (5) 
G (6) 
G (7) 
G (8) 
G (9) 
G (10) 
G(H) 
G (12) 
G (13) 
G (14) 
G (15) 
G (16) 

X 

432(1) 
1427(1) 

-174(1) 
1053(1) 

-553(1) 
2155(5) 

86(5) 
831(6) -

-1235(5) -
1866(4) 
1177(5) 
471(5) 

1721(5) 
253(5) 
427(5) -

-283(5) -
667(5) -

-818(5) -
1621(5) 
2167(7) 
1224(5) 
866(6) 

2434(5) 
2712(6) 
2184(5) 
1696(7) 

b) Hydrogen atoms. 

Y 

496(1) 
1157(2) 
1619(2) 

-607(2) 
-186(2) 
3282(6) 
3887(6) 

-2895(6) 
-2348(6) 
5083(5) 
2179(6) 
2378(6) 
2792(7) 
3220(7) 

-1375(6) 
-1199(6) 
-2231(7) 
-1840(6) 
5910(6) 
6610(7) 
4515(6) 
4312(8) 
4716(7) 
3869(7) 
5191(7) 
5622(10) 

Z 

2852(2) 
3814(4) 
1871(4) 
3938(4) 
1908(4) 
4025(17) 
1355(15) 
4348(16) 
1693(16) 
9373(11) 
3225(14) 
2373(14) 
3677(17) 
1801(16) 
3448(14) 
2534(13) 
3957(16) 
2064(15) 
8242(16) 
8844(22) 
8874(16) 
6597(17) 
8579(16) 
9399(20) 

11619(14) 
12463(18) 

# n 

22(0) 
22(1) 
22(1) 
25(1) 
23(1) 
36(4) 
34(3) 
60(5) 
41(4) 
20(2) 
24(3) 
24(3) 
29(3) 
24(3) 
33(3) 
29(3) 
34(4) 
33(4) 
31(4) 
46(5) 
24(3) 
37(4) 
26(3) 
30(4) 
31(3) 
50(5) 

Fractional coordinates X 103; isotropic thermal paramel 

Atom 

H(T) " 
H (2) 
H (3) 
H (4) 
H (5) 
H (6) 
H (7) 
H (8) 
H (9) 
H(10) 

X Y 

124(6) 603(7) 
145(5) 576(6) 
85(5) 479(7) 

137(5) 405(7) 
282(5) 509(7) 
221(5) 470(6) 
262(5) 560(6) 
233(5) 460(6) 
201(6) 706(7) 
260(6) 641(8) 

Z 

866(16) 
655(15) 
942(15) 
996(15) 
878(15) 
698(14) 

1189(13) 
1208(13) 
778(16) 
887(18) 

B 

" 49(29) 
38(26) 
43(27) 
44(28) 
42(27) 
29(23) 
25(22) 
28(23) 
51(30) 
66(34) 

# 2 2 

32(0) 
37(1) 
35(1) 
39(1) 
35(1) 
55(5) 
42(4) 
41(5) 
38(4) 
33(3) 
33(4) 
30(4) 
39(5) 
45(5) 
32(4) 
30(4) 
44(5) 
36(5) 
33(5) 
32(5) 
38(4) 
55(6) 
47(6) 
43(5) 
60(6) 

107(10) 

:ers X 10. 

Atom 

H ( l l ) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(18) 
H(19) 
H (20) 

# 3 3 

165(2) 
271(7) 
232(6) 
276(7) 
216(6) 
562(43) 
495(36) 
440(36) 
474(37) 
221(20) 
226(26) 
234(27) 
339(34) 
293(31) 
231(28) 
160(23) 
281(31) 
226(27) 
308(32) 
602(55) 
342(32) 
298(34) 
297(30) 
502(46) 
161(24) 
270(34) 

X 

220(6) 
43(5) 
74(5) 

116(5) 
284(6) 
309(5) 
232(6) 
133(6) 
151(6) 
197(7) 

B12 

2(0) 
2(1) 
2(1) 
4(1) 

1(1) 
-12(4) 

5(3) 
17(4) 

-9 (3 ) 
-3 (2 ) 
-1 (3 ) 

0(3) 
4(3) 

-3 (3 ) 
4(3) 
2(3) 
5(4) 
5(3) 
0(3) 

-13(4) 
-7 (3 ) 
-8 (4 ) 

1(3) 
7(4) 

-1 (4 ) 
1(6) 

Y 

670(8) 
402(7) 
482(6) 
392(7) 
387(8) 
368(7) 
340(7) 
535(8) 
619(7) 
581(8) 

# 1 3 

25(1) 
23(2) 
27(2) 
21(2) 
22(2) 
33(10) 
54(9) 
53(11) 
32(9) 
24(6) 
21(7) 
37(7) 
34(9) 
36(8) 
34(8) 
23(7) 
34(9) 
20(8) 
31(9) 
46(3) 
30(8) 
3(9) -

43(8) 
48(11) 
20(7) 
62(11) -

Z 

1037(18) 
610(15) 
572(14) 
617(16) 

1093(17) 
861(16) 
875(17) 

1253(18) 
1167(16) 
1377(19) 

# 2 3 

~3(D 
8(2) 
5(2) 

12(3) 
6(2) 
5(12) 

24(11) 
20(11) 

-1(11) 
7(7) 
9(9) 

10(8) 
21(11) 
2(10) 

-2 (8) 
1(8) 

11(10) 
10(9) 
15(10) 
9(14) 

22(11) 
-12(12) 

3(10) 
4(13) 
2(10) 

-32(16) 

î? 
68(35) 
45(28) 
37(26) 
45(28) 
60(32) 
45(28) 
57(31) 
63(34) 
49(29) 
80(39) 

range of 323—363 K (Fig. lb) and the resistivity of 
the room temperature is R=(4.9±1.5) X 107 Q cm. From 
the X-ray check both crystals are crystallographically identical 
but the latter data shows that the crystallization is bad. 
The accuracy of the absolute value of the conductivity is 
evidently limited by the crystalline imperfection.7) It seems 
likely that the imperfections involved are microcracks or 
other large scale defects which limit the effective cross-
sectional area of the samples. 

Descr ip t ion o f the Structure 
a n d D i s c u s s i o n 

[(n-Bu)±N]2[Ni(mnt)2]. Molecular geometry of 
the Ni (mnt ) 2

2 _ anion is shown in Fig. 2a. A projection 
of the structure as viewed along the c axis are presented 

in Fig. 3. This Ni2+ complex is isomorphous with Co2+8> 
and Cu2 + 9> complexes. The planar diamagnetic Ni-
(mnt)2

2~ ion has a center of symmetry at the nickel 
atom and the two tetra-w-butylammonium ions are 
related to each other by a center of symmetry. The 
bond lengths and angles of the anion are listed in 
Table 3a. The nickel atoms are very well separated with 
the closest distance of approach in the shortest axial 
length of 9.84 Â. T h e anion is closely planar with the 
sulfur atoms in a square arrangement around the nickel 
a tom and Ni, S ( l ) , S(2), C ( l ) , and C(2) make the five-
membered ring. The distance of the various atoms from 
the least-squares plane are listed in Table 4a. The 
average Ni-S bond length is 2.175(1) Â, S-G 1.730(5), 
and G-C 1.410(7), respectively. T h e bond distance of 
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- 2 h 

(a) 

, i 

##/ 

R*300'=(3 5'1.2)x105n<m / 

Ea=0 35eV / 

y 

i i i i . i 1 1 1 — ! 

2 6 2.7 2-8 29 3-0 3.1 32 

r- ixio 3 
33 3.4 3-5 3-6 

Fig. 2. Molecular geometry of the Ni(mnt)2
2- (2a) and 

(2b) anions. The 50% probability ellip­
soids are shown. 
Ni(mnt)a-1 

(b) 
R*300-K=(*-9*15))(107iJ.cm 

Ecr0.34eV 

T A B L E 3. BOND LENGTHS AND ANGLES OF THE ANIONS 

0$ 

J3 

-1 \ 

-2 

- 3 

27 2 * 2 9 3 0 3.1 3.2 3-3 

r- ixio3 
3.4 

Fig. 1. Temperature dependence of electrical resistivity 
of [(Et)4N][Ni(mnt)2]3 showing resistivity parallel to 
the anion stacks (crystallographic c axis). 

C-C agrees well with those found in the conjugated 
C-G system like the benzene molecule. The S-Ni-S 
bond angle within the five-membered ring is found to 
be 92°. The bond lengths and angles of the cation is 
listed in Table 5a. Three of the butyl chains adopt the 
trans conformation, but one (G(9)—G(12)) adopts a 
gauche conformation. The dihedral angles for all the 
chains are listed in Table 6. The dihedral angle for the 
gauche chain is 72.4°. 

[(Et)iN][Ni(mnt)^\. Molecular geometry of the 
anion is shown in Fig. 2b. A projection of the structure 
along the c axis is shown in Fig. 4. The anions are 
stacked in columns whose axes are parallel to c and 

a) Ni(mnt)2
2-

N i -S ( l ) 
Ni - S (2) 
S(l)-G(l) 
S(2)-G(2) 
C(l)-G(2) 

S(l)-Ni-S(2) 
N i - S ( l ) - G ( l ) 
N i - S (2)-G (2) 
S( l)-C(l)-C(2) 
S(2)-G(2)-G(l) 

,176(1)Â 
.173(1) 
.732(4) 
.725(5) 
.360(7) 

92.2(1)' 
103.1(1) 
103.0(2) 
120.3(3) 
121.4(3) 

G(l)-G(3) 
C(2)-C(4) 
G(3)-N(l) 
G(4)-N(2) 

1.428(6)Â 
1.435(6) 
1.147(7) 
1.130(7) 

C(2)-G(l)-G(3) 121.9(4)° 
C(l)-C(2)-C(4) 120.4(4) 
C( l ) -G(3)-N(l ) 178.4(5) 
G(2)-G(4)-N(2) 179.2(5) 

b) Ni(mnt),1-

Ni -S( l ) 
Ni- S (2) 
Ni- S (3) 
Ni- S (4) 
S(l)-G(l) 
S(2)-G(2) 
S(3)-G(5) 
S(4)-G(6) 
G(l)-G(2) 
S(l)-Ni-S(2) 
S(3)-Ni- S (4) 
N i - S ( l ) - C ( l ) 
N i - S (2)-C (2) 
N i - S (3)-C (5) 
N i - S (4)-C (6) 
S(l)-C(l)-G(2) 
S(2)-G(2)-G(l) 
S(3)-G(5)-C(6) 

147( 3)Â 
151( 3) 
148( 3) 
149( 3) 
727(10) 
722( 9) 
705(10) 
724( 9) 
367(12) 

92.5(l)c 

92.5(1) 
103.6(3) 
103.3(3) 
103.5(3) 
103.3(3) 
119.8(7) 
120.7(7) 
120.9(7) 

C(5)-C(6) 
C(l)-C(3) 
C(2)-C(4) 
C(5)-G(7) 
G(6)-G(8) 
G(3)-N(l) 
G(4)-N(2) 
G(7)-N(3) 
G(8)-N(4) 

S(4)-G(6)-
G(3)-C(l)-
G(l)-C(2)-
C(6)-C(5)-
C(5)-C(6)-
C(l ) -C(3)-
C(2)-G(4)-
C(5)-C(7)-
C(6)-C(8)-

1 
1 
1 
1 
1 
1 
1 
1 
1 

•G (5) 

•G (2) 

C(4) 

•G (7) 
G (8) 
N(l) 
N(2) 
N(3) 
N(4) 

,370(12)Â 
420(14) 
,437(14) 
.462(14) 
439(13) 
133(14) 
135(14) 
124(14) 
131(14) 

119.9(7)° 
122.1(9) 
120.7(8) 
120.6(9) 
121.8(8) 
179.5(11) 
179.5(11) 
177.9(11) 
179.5(11) 

those columns are surrounded by cations. This arrange­
ment is very different from that found in [R 4 N] 2 -
[M(mnt) 2 ] , where the metal atoms are separated by 
about 10 A. T h e dimensions of the anion are listed in 
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TABLE 4. LEAST-SQUARES PLANE FOR Ni(mnt)2
w~ 

ANIONS AND DEVIATIONS FROM THE PLANES 

a) Ni(mnt)2
2-

Plane equation : 

0.56445Z+ ( - 0.24625) F + (0.78788)Z= 0 

Atom Deviation (Â) Atom Deviation (Â) 

Ni 0.0 G (3) -0 .0882 
S(l) 0.0306 C(4) -0 .0456 
S(2) 0.0284 N( l ) -0 .1431 
G(l) -0 .0172 N(2) -0 .0882 
G(2) -0 .0121 

b) NiCmntJa1-
Plane equation: 
0.41049X+(-0.13374)7+(-0.90201)Z 
+ 1.76906=0 

Atom Deviation. (Â) 

TABLE 6. DIHEDRAL ANGLES FOR THE FOUR BUTYL 

CHAINS IN ( G 4 H 9 ) 4 N + CATION 

Ni 
S( l ) 
S (2) 
S (3) 
S (4) 
G (3) 
G (4) 
G (5) 
G (6) 

0.0107 
0.0093 

-0 .0387 
-0 .0067 

0.0122 
- 0 . 0 0 4 4 

0.0176 
-0 .0102 

0.0115 

Atom 

N(l) 
N(2) 
G (7) 
G (8) 
N(3) 
N(4) 
G(l) 
G (2) 

Deviation (Â) 
0.0020 
0.0506 
0.0124 
0.0403 
0.0147 
0.0678 

-0 .0014 
-0 .0244 

Table 3b, and compared with those found for the 
Ni (mnt ) 2

2 - anion in the [(w-Bu)4N]2[Ni(mnt)2]. T h e 
paramagnetic anion is approximately planar, but 
deviations from planari ty are considerably smaller than 
those in the Ni(mnt)2

2~ ion. One of the cyanide group 
is bent a little out of the plane. T h e deviations of the 
atoms from the least-squares plane are listed in Table 4b. 
The average Ni -S bond length is 2.149 Â, S-G 1.725 Â, 
and G-C (in the five-membered ring) 1.369 Â. T h e 
S-Ni-S bond angle is 92.5°. Table 7 shows comparison 
of the bond lengths of Ni (mnt ) 2

w _ (n=l, 2) in our 
structure analyses and those found in other M(mnt ) 2

w _ 

structures. In [(Et)4N][Ni(mnt)2] bond distances of 

Plane (1) Plane (2) Dihedral 
angles 

G(5)-C(6)-C(7) 
C(9)-C(10)-C(ll) 
G(13)-G(14)-G(15) 
C(17)-G(18)-C(19) 

G(6)-C(7)-G(8) 9.45° 
C(10)-C(ll)-C(12) 72.41 
G(14)-G(15)-G(16) 0.41 
C(18)-C(19)-C(20) 0.38 

Fig. 3. A projection of the structure of [(rc-Bu)4N]2[Ni-
(mnt)2] as viewed along the c axis. 

the ligand agree well with our result of [(«-Bu)4N]2 

[Ni(mnt)2] and [TMPD] 2 [Ni (mnt ) 2 ] n ) by less than two 
standard deviations except N i -S . Namely, Ni -S in (I) 

TABLE 5. BOND LENGTHS AND ANGLES OF THE CATIONS 

a) (C4H9)4N+ 
N(3)-G(5) 
G(5)-G(6) 
G(6)-C(7) 
C(7)-G(8) 
N(3)-G(13) 
G(13)-G(14) 
C(14)-C(15) 
G(15)-G(16) 

1.533( 7)A 
1.516( 6) 
1.526( 9) 
1.519( 8) 
1.532( 5) 
1.515( 9) 
1.464( 7) 
1.509(11) 

N(3)-G(9) 
G(9)-G(10) 
C(10)-C(l l ) 
G(ll)-G(12) 
N(3)-C(17) 
G(17)-G(18) 
G(18)-G(19) 
G(19)-G(20) 

1.525( 5)A 
1.531( 6) 
1.542( 7) 
1.491(10) 
1.530( 5) 
1.506( 6) 
1.533( 6) 
1.516( 7) 

N (3)-G (5)-G (6) 
N(3)-G(9)-G(10) 
N(3)-C(13)-C(14) 
N(3)-C(17)-C(18) 
C(5)-N(3)-G(9) 
C(9)-N(3)-G(13) 
G(13)-N(3)-G(17) 
G(17)-N(3)-G(5) 
G(5)-N(3)-G(13) 
G(9)-N(3)-G(17) 

115.4(4)° 
114.8(4) 
114.8(4) 
115.3(4) 
111.0(4) 
111.2(3) 
111.7(3) 
110.9(3) 
105.8(3) 
106.4(3) 

C(5)-G(6)-G(7) 
G(6)-C(7)-G(8) 
G(9)-G(10)-G(ll) 
G(10)-G(ll)-G(12) 
G(13)-C(14)-G(15) 
G(14)-C(15)-G(16) 
C(17)-G(18)-G(19) 
C(18)-C(19)-G(20) 

108.7(4)° 
112.7(5) 
110.2(4) 
113.3(5) 
112.9(5) 
116.0(6) 
109.9(4) 
111.7(4) 

b) (C2H5)4N+ 
N(5)-G(9) 1.543(12)A 
N(5)-G(l l ) 1.514(12) 
N(5)-C(13) 1.553(14) 
N(5)-G(15) 1.510(11) 

C(9)-C(10) 1.522(15)A 
C(ll)-G(12) 1.561(15) 
C(13)-C(14) 1.510(15) 
C(15)-G(16) 1.485(19) 

N(5)-G(9)-G(10) 115. l(8)c 

N(5)-G(ll)-G(12) 114.5(9) 
N(5)-C(13)-G(14) 114.9(9) 
N(5)-C(15)-G(16) 112.8(9) 

G(9)-N(5)-G(ll) 108.0(6)£ 

G(9)-N(5)-C(13) 106.1(8) 
G(9)-N(5)-G(15) 113.2(7) 
C(l l)-N(5)-C(13) 110.7(7) 
G(ll)-N(5)-C(15) 109.1(7) 
C(13)-N(5)-C(15) 109.7(7) 
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TABLE 7. COMPARISON OF BOND DISTANCES FOUND FOR M(mnt)2
w- ANIONS 

Bond 

M - S ( l ) 
M - S (2) 
S( l ) -C( l ) 
S(2)-C(2) 
C(l)-C(2) 
C(l)-C(3) 
C(2)-C(4) 
C(3)-N(l) 
C(4)-N(2) 

[ W « N ] , 
[Ni(mnt)2] 

2.176(1)A 
2.173(1) 
1.732(4) 
1.725(5) 
1.360(7) 
1.428(6) 
1.435(6) 
1.147 (7) 
1.130(7) 

[(Et)4N]**> 
[Ni(mnt)2] 

2.148(2) 
2.150(2) 
1.716(7) 
1.723(6) 
1.369(9) 
1.441(10) 
1.438(10) 
1.129(10) 
1.133(10) 

[TMPD]2 

[Ni(mnt)2]
a> 

2.173(2) 
2.179(2) 
1.731(5) 
1.727(5) 
1.378(6) 
1.413(7) 
1.427(6) 
1.148 (6) 
1.137(6) 

[(Me)4N]2 

[Ni(mnt)2]
b) 

2.16(1) 
2.16(1) 
1.75(1) 
1.75(1) 
1.30(2) 
1.44(1) 
1.42(1) 
1.13(2) 
1.13(2) 

[(«-Bu)4N]2 

[Cu(mnt)2]
c> 

2.286(1) 
2.265(1) 
1.727(3) 
1.729(3) 
1.359(4) 
1.434(4) 
1.430(4) 
1.143 (4) 
1.147 (4) 

[(Et)4N]2 

[Cu(mnt)2]
d> 

2.264(1) 
2.271(1) 
1.725(2) 
1.729(2) 
1.365 (3) 
1.432(3) 
1.433(3) 
1.140 (3) 
1.146 (3) 

[(n-Bu)4N]* 
[Cu(mnt)2]

e> 

2.174(4) 
2.158(5) 
1.73(1) 
1.70(1) 
1.32(2) 
1.42(2) 
1.43(2) 
1.17(2) 
1.12(2) 

[ (K-BU) 4N] 2 

[Co(mnt)2]
f> 

2.163(3) 
2.159(3) 
1.731(7) 
1.715(7) 
1.34(1) 
1.40(1) 
1.40(1) 
1.15(1) 
1.16(1) 

a) Reference 11. b) Reference 10. c) Reference 9b. 
g) The asterisk indicates the existence of the columnar 

d) Reference 12. e) Reference 8. f) Reference 9a. 
structure of M(mnt)2

ra_ anions. 

Fig. 4. A projection of the structure of [(Et)4N][Ni-
(mnt)2] as viewed along the c axis. 

4dg (Gray rt al.) 

8 8X8 8 
3t>2g (Schrauzer et at.) 

Fig. 5. Schematic drawing of highest occupied orbitals 
of Ni(mnt)2

n- (n=l, 2). The nv is the ligand TT-MO 
vertical to the plane of the molecule and nh is in the 
plane of the molecule. 

Fig. 6. Nearest neighbor overlapping within a Ni-
(mnt)a1- column in [(Et)4N][Ni(mnt)2], 

is 2.175(1) Â and 2.149(2) Â in ( I I ) . 
I t is well known in organic compounds that bond 

lengths of molecules become longer or shorter in accord­
ance with the change of the bond order or electronic 
state of molecules. When a molecular orbital which 
has the same sign on the neighboring two atoms is 
occupied with electrons, the bonding is strengthend and 
the bond length becomes shorter. If the sign is the 
reverse, the bonding is weakened. Similarly this 
discussion can be applied to complexes such as Ni-
(mnt)2

w~ whose oxidation state could change with the 
molecular structure almost remaining unchanged. 

The paramagnetic Ni(mnt)2
1 _ anion is thought to have 

the same electronic structure as that of the N i ( m n t ) 2
2 -

whose one electron is removed from the highest occupied 
level. T h e electronic structures of Ni(mnt)2

M~ were 
studied by Gray and Schrauzer et a/.13'14) Gray's highest 
occupied orbital is 4a g and Schrauzer's is 3b 2 g (Fig. 5). 
These wave functions have the reverse sign on the Ni 
and S atoms, and the Ni -S bond length will be longer 
according to changing from Ni(mnt ) 2

2 _ to Ni (mnt ) 2
1 - . 

This agrees with the result of our crystal structure 
analyses. Similar relationship will be hold between 
[(«-Bu)4N]2[Cu(mnt)2] and [(w-Bu)4][Cu(mnt)2] as to 
Cu-S bond distances (Table 7). 

A characteristic feature of the crystal structure of 
N i ( m n t ) 2

1 - complexes is the presence of columns of 
the Ni (mnt ) 2

1 _ anions weakly connected with each 
other. T h e mode of nearest neighbor overlapping 
within a Ni (mnt ) 2

1 _ column is shown in Fig. 6. T h e 
N i ( m n t ) 2

1 - ions form a diadic unit within the columns. 
Similar columnar structure has been found in [(n-
Bu) 4 N][Cu(mnt) 2 ] , where columns are composed with 
tetradic units of Cu(mnt) 2

1 _ . The average interplanar 
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spacing of Ni (mnt ) 2
1 _ anion pairs in Fig. 6 is 3.5 Â and 

that of Cu(mnt ) 2
1 _ is 3.6 Â. In Ni (mnt) 2

1 _ anion 
columns, overlapping of the Ni and S atoms is especially 
large, a similar columnar structure is also found in 
[(n-Bu)4N][Gu(mnt)2] . 
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The Study of Thermochemical Hydrogen Preparation. III.1) 
An Oxygen-evolving Step through the Thermal 

Splitting of Sulfuric Acid 
Masayuki DOKIYA, Tetsuya KAMEYAMA, Kenzo FUKUDA, and Yoshihide KOTERA* 

National Chemical Laboratory for Industry, 2-19-19 Mita, Meguro-ku, Tokyo 153 
(Received March 31, 1977) 

The thermal decomposition of sulfuric acid is used as a step in the oxygen evolution in some thermochemical 
water-splitting cycles. The catalytic activity of metal oxides was studied in an attempt to find some suitable 
catalysts for sulfuric acid decomposition. The catalytic activity of Si02 , A1203, ZnO, GuO, NiO, CoO, Fe203 , 
MnO, Gr203, V205 , T i 0 2 was measured at high temperatures (800—870 °G) and at atmospheric pressure. Iron(III) 
oxide was found to have the highest activity as a catalyst. Low catalytic activity was observed for the oxides (A1203, 
ZnO, NiO, CoO, MnO) which change to their sulfates under the present reaction conditions. Since the reaction 
conditions were very severe (more than 800 °C and in the presence of steam), a rapid decrease in both the specific 
surface area and the catalytic activity was observed. In order to avoid these disadvantages and in order to prepare 
practically useful catalysts, iron(III) oxide was pelletized and sintered (1000 °G, 6 h). Upon this procedure, this 
catalyst showed an almost constant activity for 120 hours' reaction. 

Among the many thermochemical water-splitting 
cycles2-5) proposed thus far, the following cycle is 
thought to be one of the most promising ones. T h e most 
difficult problem of this cycle is, though, how to separate 
the hydroiodic acid from the sulfuric acid in Reaction 1 : 

I2 + 2HaO + SOa H 2 S0 4 + 2HI, (1) 

H2S04 • H 2 0 + SOa + l /202 , (2) 

2HI • H2 + I2. (3) 

Three solutions have been proposed for this problem 
by the present authors1* and by others.6-10) 

The most simple solution is to omit Reaction 3 and to 
replace Reaction 1 by a Reaction 4 evolving hydrogen 
by electrolysis.1,6-8,10) In this case, the electric power 
will be reduced to one-third of that needed in the 
electrolysis of water : 

electrolysis 
2HaO + S0 2 • H 2 S0 4 + H2. (4) 

Another solution was proposed by Rüssel et a/.9) They 
tried to separate hydroiodic acid from sulfuric acid by 
adding a large amount of iodine to the reaction mixture 
of Reaction 1, and then to separate it into two liquid 
phases. 

The present authors showed the possibility of perform­
ing Reaction 1 as a cell reaction using a cation-exchange 
membrane, which serves as a diaphragm and a separator 
of hydroiodic acid and sulfuric acid at the same time.1) 

In every case, Reaction 2 serves as an oxygen-evolving 
reaction. The decomposition of sulfur trioxide seemed 
feasible when studied by Spewock et al. ;8) however, the 
composition of the catalyst has not been reported: 

S 0 3 > S 0 2 + l /202 . (5) 

Moreover, there exists a difference between Reac­
tions 2 and 5 ; that is, steam is also present in Reaction 2 
and not in Reaction 5. Thus, in the latter case, one more 
process step will be needed before Reaction 5 — the 
dehydration of sulfuric acid. 

In this paper, the catalytic activities of various metal 
oxides have been studied for Reaction 2. 

Exper imenta l 

The experimental system is shown in Fig. 1. To find 
out the most suitable chemical species for use as the catalyst 
for Reaction 2, the reaction vessel, C, was used. The same 
volume (2.8 cmç5x0.4 cm=2.5 ml) of powder oxides of Si, 
Al, Zn, Gu, Ni, Go, Fe, Mn, Cr, V, and Ti were put in the 
reaction vessel, G. These oxides were all guaranteed reagents 
and were commercially available. The 60 wt% sulfuric acid 
was used as a reactant, as the concentration of sulfuric acid 
yielded in Reaction 1 could be expected to be 60 wt% on 
the basis of another experiment.1) The sulfuric acid was 
introduced into the reaction vessel, G, which was kept at 
820 ± 10 °G or 860 ± 10 °C, by the use of a microfeeder 
at the rate of 0.85 ± 0.04 ml/min. The reaction mixture, 
consisting of unreacted gaseous sulfuric acid, sulfur dioxide, 
and oxygen, was then cooled to room temperature at the 
cold trap, and the unreacted sulfuric acid was condensed 
out. The sulfur dioxide and oxygen gas mixture was washed 
with a sodium hydroxide solution, in which the sulfur dioxide 
was absorbed almost completely (less than 0.1 % ) ; the 
amount of oxygen evolved per unit of time was measured 
by means of a conventional gas meter. 

The decomposition of sulfuric acid with the sintered iron-
(III) oxide catalyst was carried out by the use of the same 

* Present address: Central Research Center, Showadenko 
Co., Ltd., 2-24-60 Tamagawa, Ohta-ku, Tokyo 146. 

Fig. 1. Apparatus. 
A: 60 wt%H2S04 , B: microfeeder, C: reaction vessel, 
D : manometer, E : cold trap, F : NaOH solution, G : gas 
meter, H : reaction vessel. 
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apparatus as in Fig. 1, except that the reaction vessel, C, was 
replaced by the vessel, H, as may be seen in the figure. The 
volume of the catalyst bed was 1.2 cm0x2.8 cm=3.2 ml. 
The iron(III) oxide catalyst was prepared as follows: iron(III) 
oxide powder was pressed at 5 tons/cm2 into cylindrical 
pellets 4 cm in diameter and 1 cm in height. These pellets 
were sintered at 1000 °G for 6 h, and then crushed. Particles 
of 2—4 mm were used as the catalysts. The other procedure 
was almost the same as has been described above, except 
for the feeding rate of sulfuric acid. 

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

Some typical results on the iron (III) oxide powder 
catalyst are shown in Fig. 2, where the amount of 
oxygen evolved per unit of time is plotted against the 
time. The rapid increase and decrease in the reaction 
rate observed at the initial stage at 820 °C was due to 
the time lag, during which the evolved sulfur dioxide 
and oxygen replaced the air in the experimental system. 
As may be seen in Fig. 2, the amount of oxygen evolved 
per unit of time gradually decreased with the reaction 
time at 860 °C. Such a tendency was observed with 
almost all kinds of chemical species the catalytic activity 
of which was examined. 

100 

0 100 200 300 
t/min 

Fig. 2. The change of catalytic activity of Fe203 with 
time. 
0 820 °G, O 8 6 5 °G-

Ti02 V205Cr203Mn02Fe203Co3Q; NiO CuO ZnO AI2O3 SiÛ2 

Fig. 3. The comparison of activity per unit weight of 
various oxides. 
# 820±10°C, O 860±10°C. 

S io h 

5 \-

Ti02 (V) Cr203Mn02Fe2O3Co30A NiO CuO ZnO Al203 S i0 2 

Fig. 4. The comparison of activity per specific surface 
area of various oxides. 
0 820±10°C J O 860±10°C. 

In Figs. 3 and 4, the amount of oxygen evolved per 
unit of time is plotted against the metal oxides used as 
catalysts. ^The ordinates of Figs. 3 and 4 are the 
amount of oxygen evolved per unit of time per unit of 
weight of the catalyst and the amount of oxygen evolved 
per unit of time per unit of the specific surface area, 
respectively. In Fig. 4, the value for vanadium (V) oxide 
is omitted because vanadium (V) oxide is a liquid at 
these reaction temperatures. Here, the amount of 
oxygen evolved per unit of time 4—5 h after the initia­
tion of the reaction was chosen as the representative 
value of the amount of oxygen evolved per unit of time 
for each oxide. As may be seen from these results, 
i ron(II I ) oxide has the highest activity among the 
oxides used. 

T A B L E 1. T H E CRYSTAL STRUCTURE AND SPECIFIC 

SURFACE AREA OF CATALYSTS 

Original 

TiOa 

v2o5 
Gr203 

MnO a 

Fe203 

Fe304 

Si02(am) 

Go304 

GoO 

NiO 

CuO 

ZnO 

a-Al203 

Catalyst 

Used 

rutile> 
anatase 

v 2o 5 
eskolaite 
MnS0 4 

Fe203 

Fe203 

SiOa(am) 
Go304, GoO 
a-CoS04 

Co304 . GoO 
a-GoS04 

NiO 
NiS04 

G u O > 
GuO(S04) 
ZnS04 
Zn502(S04)3 
Zn302(S04)2 

a-Al203 

A12(S04)3 

Surface 
Sjm* 

Original 

2.50 

— 
3.10 

31.8 
9.21 

— 
655.0 

0.88 

— 

0.42 

1.84 

5.26 

6.20 

area 
g"1 

Used 

1.86 

fused 
1.58 
1.43 
1.85 

— 
95.5 

1.24 

— 

2.48 

1.48 

1.15 

1.41 
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As may be seen in Table 1, the speicfic surface area 
and the crystal structure of the catalysts used changed 
during the reaction. The specific surface area decreased 
except in the cases of cobalt(II) oxide and nickel(II) 
oxide. This fact and the gradual decrease in the amount 
of oxygen evolved per unit of t ime are noteworthy for 
the practical preparation of catalysts. 

The oxides of Al, Zn, Ni, Co, and Mn, which were 
found as sulfates after the reaction (Table 1), showed 
low catalytic activity, as can be seen in Figs. 3 and 4. 
Among the active oxides (V, Cr, Cu, and Fe), i ron(I I I ) 
oxide was chosen as a candidate for catalyst for practical 
use, considering the cost of the catalyst and the environ­
mental safety. 

1 00 

0 0-5 10 

H2S04feed ( F/ml min"1) 

Fig. 5. The dependence of oxygen evolution rate upon 
the feeding rate of H2SO4. 
O 800 °G, # 850 °G. 

Five g of well-sintered particles of i ron(III) oxide 
were used for each reaction, having been placed in the 
reaction vessel, H, shown in Fig. 1. I n Fig. 5, the 
amount of oxygen evolved per unit of time vs. the feeding 
rate of the sulfuric acid is plotted. A linear dependence 
of the amount of oxygen evolved per unit of time on 
the feeding rate below 0.5 or 0.8 ml/min at 800 °C or 
850 °C was observed. These results indicate that the 
space velocities based on the sulfur dioxide and oxygen 
gas produced are 560 ml/ml-catalyst-h (800 °C) and 
1200 ml/ml-catalyst-h (850 °C). Their conversion were 
69 and 79% respectively. O n the basis of these 
results, the feeding rates of sulfuric acid at 1.1 ml/min 
(800 °C) and 1.3 ml/min (850 °C) were chosen as the 
feeding rates for the following experiments. 

In Fig. 6, the results of the long-time examination of 
the stability of catalyst at 800 °C and 850 °C are shown. 
In each case, an increase of activity was observed 
around 25 hours' reaction. After that increase, the 
iron(III) oxide catalyst showed a constant activity up 
to 120 h. The specific surface area of the catalysts 
used were compared with those of the original ones; 
the results are summarized in Table 2. At 800 °C, an 
increase in the specific surface area was observed with 
the catalyst which was used for 28 hours' reaction (open 
square in Fig. 6) ; then the specific surface area of the 
catalyst remained substantially constant up to 120 h 
(solid square in Fig. 6). At 850 °C, the specific surface 
area still increased from 28 hours' reaction up to 120 h. 

100 

"a 
Is 

3 501-

1 • 
1 • • 

• M 

L é 

1 

a * * 

" f c 

1 

*••• 

1 

•••• 

• • 

1 1 
50 100 150 

t/h 

Fig. 6. The change of catalytic activity of sintered 
Fe203 with time. 
• , • 800 °G, 0 , # 850 °G. 

T A B L E 2. T H E SPECIFIC SURFACE AREA OF 

FERRIC OXIDE CATALYSTS 

850 °G 
800 °G 

Surface 

Original 

2.20 
2.20 

area S/m? (5 g)_ 1 

Used 28 h Used 120 h 

3.09 6.41 
2.80 2.74 

No sulfate species were observed by means of X-ray 
diffractometry. However, it was observed that a few 
particles changed color from violet to red and that the 
crushing strength of the pellets was lowered in spite 
of the fact tha t their shape did not change at all. 

From these results, the authors concluded that, from 
a practical stand point, the well-sintered i ron(I I I ) oxide 
catalyst has a high possibility of being utilized in the 
sulfuric acid thermal splitting reaction. T h e next 
problem may be whether this catalyst can be applied 
for a long term or not (for example, one year's opera­
tion), because of the necessary reaction conditions of 
a high temperature and the presence of steam. Silica 
or alumina would not be proper for a catalyst support, 
as they are not stable enough under the reaction condi­
tions described above, as is shown in Table 1. 

This work was done as par t of the Sunshine Project 
of the Ministry of International Trade and Industry of 
J a p a n . 
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Conversion of Cobalt(II) and Nickel(II) Fixed on the Ion Exchange 
Resin into Their Trifluoroacetylacetonates and Gas 

Chromatography of the Chelates 
Tooru TAMURA, Kunio OHZEKI , and Tomihito KAMBARA 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received April 18, 1977) 

The conversion of cobalt(II) and nickel(II) ions collected on the ion exchange resin into the chelate compounds 
with trifluoroacetylacetone (Htfa) has been studied in various solvents. In the presence of pyridine, cobalt and 
nickel ions were quantitatively extracted from the resin into organic phase in the form of the base adducts [Co(tfa)2-
(py)2] and [Ni(tfa)2(py)2], respectively. The thermogravimetric and gas chromatographic behaviors of these 
compounds have been investigated. A gas chromatographic separation of [Ni(tfa)2] from [Co(tfa)2] was success­
fully performed. 

The gas chromatography of metal chelates, particular­
ly those with ligands of the /9-diketone type, has been 
noted and reviewed.1»2) The application of the gas 
chromatography to inorganic analysis has been limited 
by the problems involved in the quantitative conversion 
of metal ions in aqueous solution into the suitable metal 
chelates with adequate volatility and thermal stability 
for elution from gas chromatographic column.3) The 
application of gas chromatography to divalent transition 
metal ions in the form of /9-diketonates has proved 
particularly difficult, since the dihydrates of the bis 
chelates are hardly volatile.4) Attempts have been made 
to separate cobalt(II) and nickel(II) ions as their 
2-thenoyltrifluoroacetonates by gas chromatography,5 , 6) 
and it was reported that the peak shapes of the chelates 
could be improved when the chelates were injected 
as the corresponding adducts with diethylamine.6) 

We have reported that iron(III),7) copper(II),8) 
nickel(II),9) and cobalt(II)10) ions fixed on the ion 
exchange resins were quantitatively extracted with 
acetylacetone or 2-thenoyltrifluoroacetone into organic 
medium by the aid of a small amount of pyridine or 
pyridine-water mixture. 

I t is worthwhile to examine the utility of the synergis­
tic extraction of metal ions previously fixed on the ion 
exchange resin in the preparation of the chelate com­
pounds suitable for gas chromatography. In this work, 
the synergistic extraction of cobalt(II) and nickel(II) 
with trifluoroacetylacetone in the presence of pyridine 
is studied and the gas chromatographic behavior of the 
resulting chelates is discussed. 

Exper imenta l 

Apparatus. A Hitachi 508 atomic absorption spec­
trometer was used for the cobalt and nickel absorption 
measurements at 240.7 and 231.4 nm, respectively, in air-
acetylene flame. The thermogravimetric data were obtained 
using a Shimadzu TG-20 thermogravimetric analyzer with 
ca. 5 mg of sample. The heating rate was programmed 
at 5 °G min - 1 and helium was passed through the sample 
chamber at a flow rate of 30 cm3 min -1. A Hitachi 063 
gas Chromatograph equipped with a thermal conductivity 
detector was used. 

Reagents. Trifluoroacetylacetone ( 1,1,1-trifluoro-
pentane-2,4-dione, Wako Pure Chemicals Go.) was distilled 
and used. Pyridine and all other reagents used were of the 

guaranteed reagent grade. 
Extraction of Metal Ions from the Resin with Htfa. The 

resin used was a sulfonate cation exchanger, Amberlyst 15, 
with a macroreticular structure. The Co(II)- and Ni(II)-
form resins were prepared according to the method reported 
previously.9»10) It was found that 3.43 meq of cobalt and 
3.31 meq of nickel ions were adsorbed on 1.00 g of the airdried 
Go(II)- and Ni(II)-form resins, respectively. A 5-cm3 

portion of 0.1 mol 1_ 1 Htfa in organic medium was poured 
onto the 25 mg of airdried Go(II)- or Ni(II)-form resin in 
an eggplant type flask and a small amount of pyridine was 
added. The mixture was shaken at a room temperature 
for 20 min for cobalt and 10 min for nickel. The resin was 
separated by filtration and washed with ethanol and then 
water. The cobalt or nickel ion remaining on the resin was 
eluted by 2 mol l - 1 hydrochloric acid and determined by 
atomic absorption spectrometry. 

Preparation of Chelates. A 100-cm3 portion of 0.5 mol-
1 - 1 Htfa in benzene was poured onto 4 g of the air-dried 
Go(II)- or Ni(II)-form resin in an eggplant type flask and 
8 cm3 of pyridine was added. The mixture was shaken 
for 1 h at a room temperature. After filtration, the filtrate 
was gently warmed and the solvent was removed with a 
stream of nitrogen gas. The residue was dissolved in benzene 
or ethanol and the adduct [Go(tfa)2(py)2] or [Ni(tfa)2(py)2] 
was recrystallized from the solution. The results of elemental 
analysis were: Found: G, 45.50; H, 3.86; N, 5.21 ; Co, 11.23%. 
Calcd for [Co(tfa)2(py)2]: C, 45.91; H, 3.47; N, 5.35; Co, 
11.26%. Found: C, 45.62; H, 3.58; N, 5.58; Ni, 11.15%. 
Calcd for [Ni(tfa)2(py)„] : C, 45.92; H, 3.47; N, 5.36; Ni, 
11.22%. 

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

Extraction of Nickel (II) and Cobalt (II) from the Resin 
with Htfa. The removal of nickel and cobalt ions 
from the resin with Htfa into the organic solvent was 
successfully carried out in the presence of a small 
amount of pyridine, as shown in Figs. 1 and 2. Upon 
the addition of pyridine blue or dark orange color was 
immediately developed in the organic phase, indicating 
the formation of the base adduct, [Ni(tfa)2(py)2] or 
[Go(tfa)2(py)2]- Nickel(II) ions on the resin were 
quantitatively extracted into Htfa-carbon tetrachloride 
and Htfa-benzene solution in the presence of pyridine 
in 1—6 and 1—4% (v/v), respectively. Gobalt(II) 
ions were also quantitatively extracted into Htfa-carbon 
tetrachloride, Htfa-benzene, and Htfa-cyclohexane solu-
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0.1 0.7 0.3 0.5 

Pyridine added, ml 

Fig. 1. Effect of pyridine on the extractability of Ni (II) 
ions from the resin with 0.1 mol I - 1 Htfa in various 
solvents. 
O : Carbon tetrachloride, © : benzene, f): chloroform, 
0 : cyclohexane. 

Pyridine added, ml 

Fig. 2. Effect of pyridine on the extractability of Co(II) 
ions from the resin with 0.1 mol 1_ 1 Htfa in various 
solvents. Keys to the svmbols are similar to those in 
Fig. 1. 
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Fig. 3. Thermogravimetric analysis of [Co(tfa)2(py)2] 
(— -) and [Ni(tfa)2(py)2] ( ). 

tion in the presence of pyridine in 2—6, 2—4 and 
10—14% (v/v), respectively. 

Thermogravimetric Analysis. Thermogravimetric 
behavior of the chelates is shown in Fig. 3. A con­
siderable volatility difference between the chelates was 

observed, while both chelates were not completely 
volatile. Some black residue was left in the sample pan 
after each run. T h e loose weight loss observed at the 
beginning of thermograms is attributed to the thermal 
dissociation of pyridine from the adduct. For com­
parison with the gas chromatographic behavior, the 
thermograms were obtained under the conditions in 
which the chelates were sublimated through a small 
amount of the column packing, i.e. 10% SE-30 or 5 % 
Apiezon L on Chromosorb W A W was placed on the 
chelate in the sample pan. No remarkable differences 
were found with and without the column packing. 

Thermal Dissociation of Pyridine from the Adducts. 
T h e thermal dissociation of pyridine from the adducts 
was investigated by gas chromatography as follows. A 
25-cm glass column packed with 30% PEG 4000 on 
Celite 545 was used. T h e column temperature was held 
at 75 °C and injection port temperature was varied 
from 100 to 300 °C. An appropriate dead space was 
placed between the packing and injection port to avoid 
the thermal decomposition of the packing. The sample 
solution containing 33.8 mg of [Co(tfa)2(py)2] or 42.1 
mg of [Ni(tfa)2(py)2] in 1.5 cm3 of benzene was prepared 
and a 10-(j,l portion of ethylbenzene was added. Sample 
size injected was 2 \L\ for cobalt and 4 [d for nickel, 
respectively. T h e relationship between the injection 
port temperature and the amount of dissociated pyridine 
was examined with ethylbenzene as the internal stan­
dard. As shown in Fig. 4, the peak height ratio of 

"100 200 300 

Injection port temperature, °C 

Fig. 4. Thermal dissociation of pyridine from the adduct. 
O : [Co(tfa)2(py)2], # : [Ni(tfa)2(py)2]. 

pyridine to ethylbenzene became constant above the 
injection port temperature around 230 and 270 °G 
for cobalt and nickel chelates, respectively. I t is safely 
assumed that under the appropriate gas chromato­
graphic conditions the liberation of pyridine takes place 
immediately after the sample injection, and hence, 
cobalt and nickel are eluted from the column in the 
form of [Co(tfa)2] and [Ni(tfa)2], respectively. 

Choice of Column Packing. T h e following experi­
ment was carried out to select the column packing 
suitable to elute the chelates. A J-shaped glass tube, 
the round par t of which was packed with column 
packing, was affixed to injection port in the column oven. 
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The linear par t of the tube stuck through a hole out of 
the wall of the oven, so that it was cooled to a room 
temperature resulting in the deposition of the metal 
complex at the inner wall of glass tube. The injection 
port temperature and column temperature were held 
at 210 and 230 °C, respectively. A benzene solution 
containing a known amount of the chelate was injected 
successively. Then the chelate condensed at the inner 
wall of the protruding section of tube was washed with 
methyl isobutyl ketone into a volumetric flask and the 
metal ion content was determined by atomic absorption 
spectrometry and compared with the injected amount . 
Among the several stationary liquids examined, the best 
result was obtained with silicone SE-30. With the use 
of 5 % SE-30 on silanised Chromosorb W (80—100 
mesh), 80, 84, and 8 6 % of the injected amount of the 
cobalt chelate were found to be eluted from the glass 
tube, the packed length of which was 26, 10.5, and 4.5 
cm, respectively. For nickel chelate 77% of the injected 
amount were found to be in the effluent from a 28 cm 
packed tube. O n the other hand, no detectable amount 
of the chelate was found in the effluent from the tube 
packed with Apiezon L. This fact clearly indicates that 
the recovery does not depend on the packing length, 
but seriously depends on the packing material . No 
evidence of the thermal decomposition of the chelate 
at the injection port was found. I t is supposed that the 
loss of the chelate is mainly due to the adsorption of 
chelate on the column packing adjacent to the injection 
port.11) 

Gas Chromatography. A glass column (25 cm long 
and 4 m m i.d.) packed with 10% SE-30 on Chromosorb 
WAW (60—80 mesh) was used. Gas chromatographic 
conditions were as follows. For [Co(tfa)2(py)2], column 
temperature, 170 °C; injection port temperature, 210 

Q 

Time, min 

Fig. 5. Chromatograms of (a) [Ni(tfa)2] and (b) [Co-
(tfa)2]. Column: 25 cm longX 4 mm i.d., borosilicate 
glass, filled with 10% SE-30 on 60—80 mesh Chro­
mosorb WAW. 

°C; detector temperature, 200 °C. For [Ni(tfa)2(py)2], 
column temperature, 230 °C; injection port temperature 
260 °C; detector temperature, 240 °C. Detector current, 
115 m A ; helium flow rate, 25 cm3 m i n - 1 . T h e typical 
chromatograms are shown in Fig. 5. Sample quantities 
are 3 2 ^ [Co(tfa)2(py)2] and 1 1 3 . 4 ^ [Ni(tfa)2(py)2] 
in benzene. In the case of cobalt, a good separation of 

Co(tfa)2py2 injected, (xg 

50 100 150 200 

Ni(tfa)2py2 injected, [xg 

Fig. 6. Plot of the chelate peak height against the 
sample amount injected. 0 : [Co(tfa)2(py)2], # : [Ni-
(tfa),(py),]. 

Time, min 

Fig. 7. Separation of Co(II) and Ni(II) trifluoroacetyl-
acetonates by the programmed temperature method. 
Column: 25 cm longX4 mm i.d., borosilicate glass, 
filled with 2% SE-30 on 80—100 mesh Chromosorb 
WHP. Temperature was programmed at the point 
indicated bv an arrow from 165 to 230 °C at 20 °C 
min-1. (A)' [Co(tfa)2], (B) [Ni(tfa)2]. 
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the chelate from the solvent was obtained. O n the other 
hand, an isothermal separation of nickel chelate from 
the solvent was unsuccessful under the condition 
employed. T h e column temperature was too low for 
the chelate and too high for the solvent to give sym­
metrical peak shapes. The increase in the peak height 
with sample size was found to be linear as shown in 
Fig. 6. 

Separation of Nickel(II) and Cobalt (II) Trifluoroacetyl-
acetonates. T h e programmed temperature method 
was examined to separate these compounds. A 25-cm 
glass column packed with 2 % SE-30 on Chromosorb 
W H P (80—100 mesh) was used. The temperatures of 
injection port and detector were held at 250 °C and 
210 °C, respectively. The detector current was 125 mA 
and helium flow rate was 45 cm3 m i n - 1 at 165 °C. A 
mixture of 98.4 pig of [Co(tfa)2(py)2] and 205.0 pig of 
[Ni(tfa)2(py)2] in benzene was injected. T h e column 
temperature was held at 165 °G until the cobalt chelate 
was eluted, then programmed to 230 °C at 20 °G min - 1 . 
A fair separation of cobalt and nickel trifluoroacetyl-
acetonates was observed as shown in Fig. 7. A small 
shoulder was found for nickel chelate. An at tempt 
was also made to separate these compounds in the 
extract from the resin. The column temperature was 
held at 110 °C until the solvent and the excess reagents 
were eluted, then programmed to 230 °C at 10 °C m i n - 1 . 
A fairly good separation was attained, which indicates 

that the synergistic extraction of nickel(II) and cobalt-
(II) ions from the ion exchange resin onto which the 
metal ions are previously collected from the aqueous 
solution is effective in the preparation of metal chelates 
to be separated by gas chromatography. 
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Five bis (dicarboxylato) bis (pyridine)-type complexes, /ra>tt-[CoC03ox(py)2]-, trans- and eù-[Co(ox)2(py)2]_, 
and trans- and m-[Co(mal)2(py)2]~, have been isolated as crystals and characterized on the basis of the absorption 
spectra, the PMR spectra, etc. The trans isomers of the carbonatooxalato and bis(oxalato) complexes reveal 
spectra similar to that of the /ran.y-[Co(C03)2(py)2]~ complex synthesized previously; the splittings of the absorption 
bands are not observed in the I bands, but are observed in the II bands. On the other hand, the trans isomer of 
the bis(malonato) complex reveals no splittings in either the I band or the II band. The assignment of these 
absorption bands has been made from considerations based on the Angular Overlap Model. 

In the studies previously carried out in our 
laboratory,1-3) some dicarbonato complexes of the 
[Co(C0 3 ) 2 (a ) 2 ] M _ type, where a represents unidentate 
ligands such as NH 3 , NO a ~, and C N - , were synthesized 
by a method called the "tr icarbonato method."4) 
However, every complex isolated was of eis isomer. 
Under the circumstances, efforts were continued to find 
a trans isomer of this type of complex, and we finally 
succeeded in obtaining the isomer; the action of pyridine 
on an aqueous potassium bicarbonate solution of 
tricarbonatocobaltate(III) yielded not only the eis 
isomer, but also the trans one of the [Co(COa^a(py)2]~ 
complex.5) In addition to this success, it was found that 
the trans isomer revealed an unusual absorption spec­
t rum; it showed a single maximum in the first absorp­
tion-band region (I band) and two maxima in the 
second absorption-band region (Ha and l i b bands). 

Then, studies of the synthesis of the [ C o ( 0 - 0 ) 2 -
(py)2]~-type complexes were undertaken by using C 0 3

2 ~ , 
C204

2~, and C 3 H 2 0 4
2 - (malonate) ions as the bidentate 

O - O donor ligands. This paper will deal with the 
results of the studies; the synthesis gave a pair of eis 
and trans isomers for the [CoC0 3 ox(py ) 2 ] - , [Co(ox)2-
(py)2]~, and [Co(mal)2(py)2]~ complexes. The trans 
isomers of the former two complexes revealed spectra 
similar to that of the trans-\Co{CO^)2{^y)^\~ complex, 
while the trans isomer of the latter complex exhibited no 
splittings in either the first or the second absorption 
band. 

Exper imenta l 

Synthesis. 1) Carbonatooxalatobis (pyridine)cobaltate( III). 
a) Potassium Salt of the trans Isomer, trans-KlCoCOgOxfpy)^-

2.5H20: To a green solution containing mainly the [Co-
(C03)2(ox)]3- species, which had been prepared by the 
literature method2) (Co(N03)2 .6H20, 15 g scale, 0.05 mol), 
we added pyridine (8 ml, 0.1 mol) ; the mixture was then 
stirred at 50 °C for 1.5 h. The resulting violet solution was 
kept in a refrigerator until red-violet crystals were deposited. 
The crystals were filtered and recrystallized from warm water 
(ca. 50 °C). The filtrate was preserved for the synthesis of 
the subsequent eis isomer. The yield was about 2.5 g. Found : 
C, 34.71; H, 3.66; N, 6.58%. Calcd for K[CoC03(C204)-
(C5H5N)2].2.5H20: C, 34.70; H, 3.36; N. 6.23%. 

b) eis Isomer, c\s-\CoCOzox(py)^\-'. A portion of the 
filtrate {ca. 1 /5 volume) was charged on a column of Dowex 
1-X8 resin (100—200 mesh) in the Cl-form (4.0x25.0 cm). 
After washing with water, the column was treated with a 

0.1 M NaCl aqueous solution; three bands were thus separated. 
The first-descending band was of m-[Co(COs)2(py)2]~, a n d 
the last band, m-[Co(ox)2(py)?]~, while the middle band was 
the desired one. This was collected in a fraction and concen­
trated to a small volume, but no crystals were obtained 
because of its great solubility. 

2) Bis(oxalato)bis(pyridine)cobaltate(HI), a) Potassium Salt 
of the trans Isomer, tra.ns-K[Co(ox)2(Py)2\'3H20: To an 
aqueous solution of K3[Go(ox)3]'3H206) (25 g, 0.05 mol in 
60 ml H 2 0 ) , we added pyridine (8 ml, 0.1 mol) and activated 
charcoal ( 1 g) ; the mixture was then stirred at 60 °G for 
2 h. The resulting solution was filtered once to remove the 
charcoal and any precipitated material, and then concentrated 
until pink crystals began to be deposited. After the whole 
had been cooled for a while, the crystals were collected 
by filtration and recrystallized from warm water (ca. 50 °C). 
The filtrate was preserved for the subsequent eis isomer. The 
yield was ca. 2 g. Found: C, 34.86; H, 3.55; N, 6.00%. 
Calcd for K[Co(C204)2(C5H5N)2].3H20: C, 34.51; H, 3.31; 
N, 5.75%. 

b) Lithium Salt of the eis Isomer, cis-Li[Co(ox)2(py)2]' 
H20 : The filtrate in a) was poured into a column of Dowex 
50W-X8 resin (100—200 mesh) in the Li-form (5.0 X 10.0 cm) 
in order to obtain the lithium salt of the desired isomer. 
The effluent was collected and evaporated almost to dryness. 
The residue was then extracted with warm ethanol (ca. 50 °C), 
and the solution was kept in a refrigerator until violet crystals 
were deposited. The yield was about 1.5 g. Found: C, 
40.23; H, 3.21; N, 6.75%. Calcd for Li[Co(C204)2-
(C 5H,N) 2] .H 20: C, 40.12; H. 2.89; N, 6.68%. 

3) Bis ( malonato) bis (pyridine)cobaltate( HI). a) Potassium 
Salt of the trans Isomer, tTans-K[Co(mal)2(py)2\' 2H20: To 
a solution of potassium tris(malonato)cobaltate(III), 
which had been prepared by the literature method7) 
(Co(N03)2-6H20, 30 g scale, 0.1 mol), we added pyridine 
(16 ml. 0.2 mol); the mixture was then stirred at 50 °C for 
40 min. After the insoluble material had been removed by 
filtration, the filtrate was concentrated to a small volume 
and then kept in a refrigerator until purple crystals separated 
out. The crystals were collected by filtration and recrystal­
lized from warm water (ca. 50 °C). The filtrate was preserved 
for the subsequent eis isomer. The yield was about 2 g. 
Found: C, 38.73; H, 3.55; N, 5.68%. Calcd for K[Co(C3H2-
04)2(C5H3N)2] .2H20: C, 38.72; H, 3.66; N. 5.64%. 

b) Bis(ethylenediamine)oxalatocobalt(IH) Salt of the eis 
Isomer, \Co(ox)(en)2\'ch-\Co(mal)2(py)^\-3H20: The filtrate 
in a) was evaporated almost to dryness, after which the 
residue was extracted with methanol. The methanol 
solution was then dried, and the residue was again dissolved 
with a minimum amount of water. To this solution, we 
added an aqueous solution of bis(ethylenediamine)oxalato-
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cobal t ( I I I ) acetatee> (in excess). T h e whole was kept in a 
refrigerator until red-brown crystals were deposited. Recrys-
tallization was peiformed from warm water (ca. 50 °C). T h e 
yield was about 3.5 g. Found : C, 35.73; H , 4.84; N , 11.03%. 
Calcd for [ C o ( C 2 0 4 ) ( C 2 H s N 2 ) 2 ] . [ C o ( C 3 H 2 0 4 ) 2 ( C 5 H 5 N ) 2 ] . 
3 H „ 0 : C, 35.59; H , 4.88; N, 11.32%. 

An at tempt to resolve this complex was successful; the 
racemate (3.5 g, 0.005 moD was ground in a mor ta r 
with water (5 ml) , and then N a l (0.83 g, 0.005 mol) was 
added T h e mixture was filtered to remove precipitates 
of [Coox(en)2]I . T o an aqueous solution of (—)589[Coox-
(en)2]+ (0.003 mol in 7 ml H a O ) , which had been prepared 
in the acetate form according to the l i terature method,8) 
we added the above filtrate; the mixture was then cooled 
in an ice bath , and a small amount of ethanol was added. 
After the sides of the vessel h a d been scratched with a glass rod 
for some time, the whole was kept for an hour in an ice b a t h . 
T h e crystals thus deposited were recrystalHzed several times 
from water (ca. 40 °C). T h e less soluble diastereoisomer was 
found to be ( - ) 5 8 9[Goox(en) 3 ] . ( + ) 5 8 9 [Co(maJ) 2 (py) 2 ] .3H 3 0 . 

4) Dicarbonatobis (pyridine )cokaHate( III), t rans- and cis-
K\Co(COi)2(py)^\-3H20: T h e syntheses of these isomers 
have been described in a previous paper.5) 

T h e synthesis was a t tempted using 3- or 4-methylpyridine 
in place of pyridine; the trans isomers could be isolated, but 
no eis isomers were isolated because of their great solubility 
in ethanol. I n the case of 2-methylpyridine, no substitution 
reaction proceeded. 

Measurements. For the measurement of the absorption 
spectra in solution, a Hi tachi 323 record5ng spectrophotom­
eter was used. T h e spectra of the trans- and cu - [Co(C0 3 ) 2 -
(PY^J - complexes were measured with aqueous solutions 
containing a small amount of K H C O s in order to prevent 
the decomposition of the complex species. For the 
[Coox(en) 2 ] -m-[Co(mal) 2 (py) 2 ] complex, the spectrum was 
measured with the effluent obtained by passing its aqueous 
solution through a column of Dowex 50W-X8 resin in the 
Na-form. T h e absorption spectrum of the trans-[Coox.(H20)2-
(py)2]+ species was measured with an acidified solution of 
the toww-[CoC03ox(py)2]- complex with 10% H C 1 0 4 ; the 
acid-hydrolyzed species was chromatographical ly pure, and 
its absorption spectrum was reformed into the original 
spectrum of the paren t carbon ato complex when K H G 0 3 

was added to the acidified solution. This fact was evidence 
for the complete retention of the configuration dur ing the 
acid-hydrolysis. T h e crystal absorption spectra were 
measured with a microspectrophotometer constructed in our 
laboratory.9) 

T h e proton magnetic resonance (PMR) spectra were 
recorded on a J E O L J N M PS-100 N M R spectrometer a t 
25 °C, using T M S P as the internal reference. T h e infrared 
absorption ( IR) spectra in the 700—4000 c m " 1 region were 
measured by means of a KBr disc method using a J A S C O 
IRA-2 grating infrared spectrophotometer. T h e far-infrared 
spectra were taken by the Nujol method using a J A S C O 
I R - F far-infrared spectrophotometer. 

T h e isomerization of the trans-[Co(C03)2(py),i]~ species 
was monitored spectrophotometrically at 400 a n d 560 n m at 
25 °C under the following conditions : [Co111 complex] = (4.30— 
4.72) X 10-3 M, [ H C O 3 - ] = 0.25 M, [H+] = 3 .98x 10~9 M and 
[py] = 6 .18x 10~6 M . T h e ionic strength was made u p to 
1.0 M with KCl . T h e p H measurement was carried out 
with a Hi tachi -Hor iba M-7E pH-meter . 

T h e calculations Tor curve analysis were carried out at Da ta 
Processing Center, K a n a z a w a University. 

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

Characterization. I n a p r e v i o u s work , 5 ) w e c h a r a c ­
t e r i zed t w o i somers of t h e [ C o ( C 0 3 ) 2 ( p y ) 2 ] _ c o m p l e x 
o n t h e basis of t h e e l ec t ron i c a b s o r p t i o n a n d t h e far-
i n f r a r ed s p e c t r a ; t h e i s o m e r w h i c h exhib i t s a d is t inc t 
sp l i t t i ng i n t h e s e c o n d a b s o r p t i o n b a n d a n d a v e r y 
s imp le p a t t e r n of t h e fa r - in f ra red s p e c t r u m w a s de t e r ­
m i n e d to b e t h e trans i somer . F i g u r e 1 shows t h e so lu t ion 
s p e c t r a for t h e i somers o b t a i n e d a t t h e ea r l i e r s tage i n 
e a c h synthesis of t h e [ C o C 0 3 o x ( p y ) 2 ] - a n d [ C o ( o x ) 2 -
( p y ) 2 ] ~ complexes , t h e s p e c t r u m of t h e trans-[Co(C03)2-

( p y ) 2 ] ~ b e i n g i n c l u d e d for c o m p a r i s o n . B o t h t h e isomers 
e x h i b i t sp l i t t ings of t h e s econd a b s o r p t i o n b a n d s ( H a 
a n d l i b ) , a l t h o u g h t h e ex ten t s of t h e spl i t t ings a r e 
c o n s i d e r a b l y r e d u c e d c o m p a r e d w i t h t h a t for trans-

[ C o ( C 0 3 ) 2 ( p y ) 2 ] - . T h e a b s o r p t i o n s p e c t r u m of t h e 
i s o m e r o b t a i n e d a t t h e l a t e r s t age i n t h e synthesis of t h e 
[ G o ( o x ) 2 ( p y ) 2 ] _ c o m p l e x a n d t h e s p e c t r u m of t h e cis-

[ C o ( C Ö 3 ) 2 ( p y ) 2 ] - c o m p l e x a r e c o m p a r e d i n F ig . 2 . 

20 25 

103 a / cm- 1 

Fig. 1. Absorption spectra of trans isomers of; 
[CoC0 3 ox(py ) 2 ] - , [Go(ox)2(py)2]- , and 

. [ C o ( C 0 3 ) 2 ( p y ) 2 ] - . 

2.0 

to 

S 
1.5 

1.0 h 

25 20 

103 ff/cm-1 

Fig. 2. Absorption spectra of eis isomers of; 
[Co(ox) 2 (py) 2 ] - and • [Co(C0 3 ) 2 (py ) 2 ] - . 



October, 1977] The [Co(0-0)2(py)2]--type Complexes 2667 

103 cr/cm-1 

Fig. 3. Absorption spectra of; 
frmj-[Co(mal)2(py)2]~ and 
m-[Co(mal)2(py)2]-. 

The spectra in the two figures are quite similar to each 
other. From a comparison of the spectra, the present 
isomers can be characterized. 

The absorption spectra of the two isomers of the 
[Co(mal)2(py)2]~ complex are shown in Fig. 3. The 
spectra are similar to each other except that there is a 
considerable difference in e value between the isomers. 
However, as a successful resolution was effected with 
the isomer obtained at a later stage in the synthesis, 
the eis configuration is assigned to that isomer. Con­
sequently, the remainder is regarded as the trans isomer. 
In this connection, the optical resolution was performed 
with one isomer of the [Co ( C 0 3 ) 2 ( p y ) 2 ] - complex and 
one of the [Co(ox)2(py)2]- complex. O u r CD spectral 
studies of these a>- [Co(0-0) 2 (N) 2 ]~- type complexes10) 
will be reported in a subsequent paper. 

The P M R spectra of the present bis (pyridine) 
complexes are shown in Fig. 4. I t is well known that, 
in free pyridine, the a-, y-, and ^-protons resonate at 
8.50, 7.36, and 6.98 ppm (vs. TMSP) respectively. In 
the present complexes, these protons resonate at lower 
fields; for the trans isomers, at 8.9—8.7 ppm (a), 8.2— 
8.0 ppm (y), and 8.0—7.6 ppm (/?), while for the eis 
isomers, at 8.4—8.2 (a), 8.2—7.9 (y), and 7.7—7.4 (ß). 
A marked difference in chemical shift is observed 
between the a-protons of a trans isomer and those of the 
corresponding eis isomer. This phenomenon can be 
understood by the empirical rule of Watabe et A/.11) 
found from the studies of a-amino carboxylato complexes 
of cobalt(III) : " T h e methine proton adjacent to the 
coordinated N atom resonates at a higher magnetic 
field when the O atom occupies the site trans to the N 
atom than when the N atom occupies the same site." 
The former case applies to the present eis isomer, which 
exhibits the resonance due to the a-protons at a higher 
magnetic field, the latter case, to the trans isomer. 

Properties. The present compounds are all soluble 
in water, methanol, and ethanol. No eis isomer could 
be isolated as potassium or sodium salt because of their 

ppm vs. TMSP 

Fig. 4. PMR spectra of; 
a) frww-[CoC03ox(py2)]-, b) taz/z.y-[Co(ox)2(py)2]-, 
c) cw-[Co(ox)2(py)2j-, d) frwu-[Co(mal)2(py)2]- and 
e) cw-[Co(mal)a(py)a]-. 

great solubilities in either an aqueous or an alcoholic 
medium. T h e use of the [Goox(en)2]+ ion as a counter 
ion was effective for the isolation of the m-[Co(mal) 2 -
(py)2]~ complex. The cw-[Go(ox)2(py)2]- complex was 
isolated as the li thium salt. T h e isolation of the cis-
[CoC0 3 ox(py) 2 ] _ complex was unsuccessful in spite of 
various attempts. With respect to the corresponding 
trans isomers, all of the complexes were isolated as 
potassium salts. 

Davies and Hung12) investigated the kinetics of the 
reaction between the [ C o ( G 0 3 ) 3 ] 3 _ species and excess 
pyridine in an aqueous sodium hydrogencarbonate 
medium and reported that the reaction produced only 
the «'.y-[Co(C03)2(py)2]~ species. Contrary to their 
statement, we found an isomerization of the trans-
[Go(C0 3 ) 2 (py) 2 ]~ species; under the conditions men­
tioned in Experimental, ca. 4 0 % of the initial amount 
of the trans species isomerized to the eis species after 12 h, 
and ca. 70% after 22 h, while the reaction was completed 
after 3 days. 

The ^ra«j-[CoC03ox(py)2]- species was acid-hydrolyz-
ed in aqueous perchloric acid to give the trans-[Coox-
(H 20) 2 (py) 2 ]+ species; the hydrolysis proceeded slowly. 
In a 10% perchloric acid medium, it took about an 
hour to complete the reaction. The absorption spectrum 
of the diaqua complex species thus produced is shown 
in Fig. 5. 

The trans- and m - [ G o ( C 0 3 ) 2 ( p y ) 2 ] _ species are also 
hydrolyzed in the same acid medium to give diaquacar-
bonato species. However, the species produced are not 
pure chromatographically because of the rather unstable 
nature of the parent dicarbonato species in an aqueous 
medium. 
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103 a/cm-1 

Fig. 5. Absorption spectra of; 
trans- [Coox(H20) 2 (py)2]+ a n d 

ox(py)2]~-
trans-[CoC03-

When excess ammonia reacts on the [Co(C0 3 ) 3 ] 3 ~ 
complex, the reaction proceeds successively, yielding 

cw-[Co(C0 3 ) 2 (NH 3 ) 2 ] - and then [CoC03(NH3)4]+.1> In 
contrast, the action of excess pyridine on the [Go-
(C0 3 ) 3 ] 3 ~ complex gives only the trans- and cis-[Co-
(C0 3 ) 2 (py) 2 ]~ complexes, no further reaction to give 
the te trakis (pyridine) complex occurring. Springborg 
and Schäffer13) reported that the action of excess 
pyridine on an aqueous potaasium bicarbonate solution 
of the [ C o ( C 0 3 ) 3 ] 3 _ complex, which had been prepared 
using CoCl 2 «6H 2 0, at room temperature, yielded the 
[CoClC0 3 (py) 3 ] complex after 2—3 days. Further, 
the action of pyridine on this tris (pyridine) complex in 
the presence of bis (pyridine) mercury (II) Perchlorate 
gave the tetrakis(pyridine) complex [CoG03(py)4]+. 
The acid decomposition of this carbonato complex to 
give carbon dioxide is unusually slow and results in the 
formation of the trans-[CoÇH.20)2(py)4\

3+ species.13) 
The coordination of the O - O donor ligands was 

ascertained from the I R spectral data according to the 
literature.14»15) As to the I R spectra of pyridine com­
plexes, Gill et a/.16) pointed out that coordinated pyridine 
is usually distinguished from the free base by the 
presence of a weak band between 1235 and 1250 cm - 1 , 
by a shift of the strong 1578 c m - 1 band to 1600 cm - 1 , 
and by shifts of the 601 and 403 c m - 1 bands to 625 and 

TABLE 1. ABSORPTION SPECTRAL DATA OF trans(N) COMPLEXES (V in 103 cm-1) 

Ha IIb 

Complex „ n \ Half- _ „ v Half- . ,. , Half-
^ax(loge) w i d t h vm a x(log e) w i d t h Vax (loge) w i d t h 

/ranj-[Co(C03)2(py)2]- obsd 18.2(1.95) 3.00 23.5(1.56) 26.7(1.86) 
calcda> 18.2(1.95) 2.93 23.3(1.55) 3.42 26.5(1.76) 2.48 

fr^-[CoC03ox(py)2]- obsd 18.2(1.82) 3.12 ca. 23.8 26.7(1.80) 
calcda> 18.2(1.82) 3.06 23.8(1.47) 2.92 26.6(1.75) 3.02 

fawu-[Co(ax)a(py)2]- obsd 18.4(1.76) 3.25 «a. 24.2 26.7(1.84) 
calcda> 18.4(1.76) 3.12 24.0(1.25) 2.57 26.7(1.79) 3.53 

trans- [Co (mal) 2 (py ) 2] -
trans-[Co ox(H20)2(py)2] + 

*ranj(JV>[Coox(gly)2]-
b> 

trans(N)-[Co{ida)2]-h> 
franj(iV)-[Co(L-asp)2] - b> 

a) Results from Gaussian , 

TABLE 2. 

Complex 

I 

18.1(1.78) 
17.9(1.73) 

la 

16.7(1.70) 
16.7(1.05) 
15.9(1.16) 

II 

3.31 26.0(1.85) 4.05 
3.70 26.5(1.95) 4.12 

lb 

18.9(2.00) 
20.4(1.72) 
19.5(1.90) 

II 

25.8(2.23) 
27.8(1.75) 
26.5(1.90) 

Analysis, b) Réf. 17. 

ABSORPTION SPECTRAL DATA OF THE eis COMPLEXES (V in 103 cm-1) 

V a x 

I 

n v Half-
^ S 6 ) width 

II 

V x (log c) 
Half-
width 

m-[Co(C03)2(Py)2]-
m-[Co(Cx)2(py)2]-
ar-[Go(mal)2(py)J-
C2-m(^)-[Coox(gly)2]-a) 
C1-m(^)-[Coox(gly)2]-a) 
Oî(jlV)-[Co(ida)2]-a) 
cw(Ar)franj(06)-[Co(L-asp)2] - a) 

cw(JV)fr«M(0B)-[Go(L-asp)a] ~ a> 

17.7(2.24) 
18.2(2.06) 
18.0(2.07) 
17.8(2.08) 
18.3(2.15) 
17.8(2.18) 

ca. 16.7(1.90) 
19.2(2.25) 
17.2(2.09) 

ca. 20.0(1.88) 

2.94 
2.89 
3.23 

— 
— 
— 
— 

~ 

25.5(2.34) 
25.8(2.29) 
25.4(2.20) 
25.9(2.20) 
25.8(2.24) 
26.3(2.13) 
26.2(1.87) 

26.5(1.80) 

3.77 
3.58 
3.72 

— 
— 
— 
— 

" 

a) Ref. 17. 
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420 c m - 1 respectively. In our spectra, a similar trend 
was observed; a weak 1250 c m - 1 band was observed in 
the spectrum of each of the dicarbonato and carbonato-
oxalato complexes (in the spectra of the other complexes, 
this absorption region was hidden by other bands). 
The strong band at ca. 1580 cm" 1 in the free base shifted 
to 1600—1610 cm"1 . The shifts in the ca. 600 and 
400 cm- 1 bands could not be identified, because other 
bands due to the coordinated O - O ligands occurred. 
There was little difference in the spectrum of the 700— 
4000 c m - 1 region between any isomeric pair of the 
complexes. In the far-infrared region, however, a 
marked difference was observed between the trans and 
eis isomers of the [Co(CO g ) 2 (py) 2 ] - complex,5) while 
the spectra of the other isomeric complexes were weak 
and broad. 

Absorption Spectra. In order to discuss this subject 
in some detail, we summarize the numerical data on 
the absorption spectra in Tables 1 and 2, also including 
the spectral data17) on some related complexes. As to 
all the trans isomers except for the /ranj-bis(malonato) 
complex, the observed spectra were divided into three 
Gaussians (I, Ha , and l ib) ; 1 8 ) the calculations were 
repeated until the corrections became sufficiently small. 
The calculated data are included in Table 1 and are 
illustrated in Fig. 6. 

50 V Y 

i i — 

!i 
11 

,1 
• i 
1 
i 
1 

i 

i! 
i l , 

1 
lil 20 25 

103 a/cm-1 

Fig. 6. Calculated positions and intensities for absorp­
tion maxima; 

[CoC03ox(py)2]-, [Go(ox)2(py)2]- and 
[Co(C03)2(py)2]-

Most of the [CoN 2 0 4 ] - - type complexes thus far 
prepared contain the N-donor in the form of an amino 
acidate, iminodiacetate, or nitrilotriacetate ion, and 
their trans(N) isomers exhibit explicit splittings of their 
first absorption bands (Table l).«.i»-«i) T h e situation 
differs in the present complexes, which contain uniden-
tate pyridine molecules; the trans-[Co(C03)2(py)2\-) 

frmy-[CoC03ox(py)2]- and fran.y-[Co(ox)2(py)2]- com­
plexes exhibit the first bands which can be expressed 
by only one Gaussian and the second bands which can 
be divided into two Gaussians, while the trans-[Co(ma\)r 

(py) 2 ] - complex shows no splittings in either the first 
or the second absorption band. As far as the eis isomers 
are concerned, their spectra are typical of the cis-
[CoN 2 0 4 ] - - type (Table 2). 

When the spectral data of the above-mentioned three 
trans isomers are compared with each other, the following 
tendencies can be found: 

1) T h e maximum positions of the I bands are 
similar to each other. This was a rather unexpected 
fact in view of the ligand-field-strengths of the two 
ligands (the A values for octahedral [Co (O-O) 3 ] 3 -

complexes are 17300 cm" 1 (G0 3
2 - ) and 18000 cm" 1 

(C 20 4
2-)) . 2 2) T h e e m a x values decrease in the order of 

the dicarbonato, carbonatooxalato, and bis(oxalato) 
isomers. 

2) The half-widths of the I bands are all narrow, 
but they tend to broaden progressively from the dicar­
bonato to the bis(oxalato) isomer. 

3) The maximum positions of the H a bands shift 
to shorter wavelengths in the order of the dicarbonato, 
carbonatooxalato, and bis(oxalato) isomers, and the 
£max values decrease in the same order. T h e half-widths 
also decrease in this order. 

4) The l i b maxima are located at almost the same 
positions, and the e m a x values are nearly identical. The 
half-widths increase from the dicarbonato to the bis-
(oxalato) isomer. 

Let us first discuss the assignment of the absorption 
bands for the three trans isomers besides the bis-
(malonato) isomer. I t is well known that, under the 
D 4 h symmetry, the xTlg component in the O h parentage 
splits into the 1 E g

a and 1A2g components and the 1 T 2 g 

into the 1 E g
b and 1 B 2 g . From a comparison of our 

spectral data on the 1 T l g region with those of the related 
fomy(iV)-[CoN204]--type complexes, it can be said that 
the observed I bands (18200—18400 cm"1) are mainly 
due to the 1Alg—»•1Eg

a transition; the transitions to the 
^ g component are perhaps hidden by the feet of the I 
bands. 

For the assignment of the H a and l i b bands, the it 
contributions from the N and O donors must be con­
sidered. Schäffer et Ö/.23) have recently reported rc-back 
bonding due to the N ligators with respect to the trans-
[Cr(py)4AB]M+-type complexes. O n the other hand, 
we previously reported that the positions of the H a and 
l i b bands for the trans-[Co(C03)2(py)2\- complex 
calculated by means of Yamatera 's prediction24) roughly 
agreeded with the observed positions, although any n 
contribution was ignored in the calculation. W e shall 
discuss this subject in more detail below. 

According to the Angular Overlap Model,25) the 
energies of the (t2 g)6-^(t2 g)5(eg) transition in a complex 
whose holohedrized symmetry is D 4 h are expressed as 
follows : 

V 

E(A2g) = <*2_y|A|*s-y> - <^|A|*7> - C 

E(B2g) = <z2\A\z2} - <*y|A|*y> + 16B - C 

3/4<£2|A|22> 

-<vz\A\vz>-C-E <x ^ | A | * *'* 

VT/4{<*2 |A|^> 
- < x 2 - / I A | * 2 - / » 

1/4<^|A|^> 
+ 3 /4<x 2 - / IA |x 2 -y> 
- O z | A | ^ > + 1 6 B 
- C - E 

(1) 

(2) 

= 0 

(3) 

where A represents a one-electron potential operator, and 
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where B and C denote Racah parameters. From these 
relations, the energies of the degenerate E g states can 
be expressed by the parameters B and C, and the 
energies E(A2 g) and E(B2g) and the energy difference 
between dy z antibonding energy and dx y antibonding 
energy, <Cyz\A\yz^>—<*y|A|*y> (=AE(OT)) . Actually 
the E(B2g) value as well as the E(E g

b ) value can be 
estimated from the observed H a maximum and the l i b 
maximum, and the E(A2g.) value from the related 
complexes which exhibit remarkable splittings in their I 
band region. Thus, assuming C=4B, 2 6 ) the variation in 
the E(E g

a ) or the AE(TT) with varying B values is 
found. 

Let us take the trans-[Co(ox) 2(py) 2~\- complex as a 
representative example; we assume two cases, one of 
which is that the l i b band is assumed to be the 1Alg—> 
1 B 2 g transition (Case a) , and the other is that the l i b 
band is assumed to be the 1Alg—•1Eg

b transition (Case 
b) . For the E(A2 g) value, various values are adopted 
in the 16000—17000 c m - 1 region. The B parameter 
varies in the 400—520 c m - 1 range. T h e results are 
illustrated in Figs. 7 and 8. 

In Case a, the calculated E(E g
a ) values are almost 

independent of the varying E(A2 g) values, and the 
estimated AE(TT) has positive values. O n the other 
hand, in Case b the E(E g

a ) values are sensitive to the 
variation in the E(A 2 g) , and the AE(^) has negative 
values, which are evidence for a net n back-bonding 
from metal( I I I ) to ligand. In this connection, for the 
other trans bis (pyridine) complexes similar situations 
were obtained. 

The most suitable B value can be evaluated by fitting a 
calculated E(E g

a ) value to the observed I max imum; 
the value is estimated to be less than 400 c m - 1 in Case a, 
while in Case b it is ca. 480 c m - 1 . In view of the separa­
tion between the I maximum and the I I maximum for 
the m-[Co(ox) 2 (py) 2 ] - complex, the value in Case a 

20 \~ 

E(E|) 

E(A2gy 
15 k-

2k-

0h-

- 2 h 

zfEU) 

0.50 0.48 0.46 0.44 0.42 

B lO^/cm-1 

Fig. 7. The variation of E(Eg
a) or AE(TI) with B (Case a) ; 

E(A2g) = 17000, E(A2g)= 16500 and E-
(A2g) = 16000 cm-1. 
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Fig. 8. The variation of E(Eg
a) or AE(rc) with B (Case 

-E(A9_) = 16500 and E-
b); 

E(A2g) = 17000, 
(A2g)= 16000 cm-1. 

(«*400 cm - 1 ) seems to lose its physical meaning. 
Since the 1Alg-^

1A2g and the 1 A l g -^ 1 B 2 g transitions 
correspond to the xy—>x2—y2 and the xy—>z2 transitions 
respectively, the ratio of the transition oscillator strengths 
can be derived in a way similar to that used for the O h 

transitions:27) 

A , _ 3xE(A2) 
/ B . E(B2) 

/ E ( B 2 ) - E ( C T ) \ 2 

X U ( A , ) - E ( C T ) r { } 

Using this equation, the intensity of the ^ g - ^ A a g 
transition can be evaluated for the trans-[Co(ox)2(py)2~\-
complex; the E(A2g) value is estimated to be ca. 17000 
c m - 1 in view of the l a maxima of the trans(N)-[Co-
(ida)2]~ and trans (N)-[Coox(gly)2\~ complexes (Table 
1). The E(GT) value is assumed to be 41000 cm-1 , 
which corresponds to the C T maximum for the [Co-
(ox)3]3 _ complex. 
*A 

Thus , the emax value due to the 

i g 
a A 2 g transition is calculated to be ca. 42 in Case a 

and ca. 19 in Case b . If the fact that the observed I 
maximum has e m a x = 5 7 . 5 is taken into consideration, 
then the £m a x in Case a seems to be too large. As to the 
frmy-[Co(C03)2(py)2]- complex, it is difficult to adopt 
the same discussion about the intensity because the 
symmetry of this complex is actually lower than D 4 h ; 
in addition, the E(A2 g) value is hard to estimate. O n 
the basis of these considerations, we now assign the H a 
band to the 1 A l g -^ 1 B 2 g transition and the l i b band to 
the !A i g ^Egb transition. 

In this connection, the same procedure was applied 
to the spectral data for the trans(N)-[CoC03(mda)-
( N H 3 ) ] - (mda=A r-methyliminodiacetateion) complex28) 
in order to find the variation in E(E g

a ) or AE(^) with B. 
The results were quite similar; this fact suggests the 
minor contribution of the n bonding character due 
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to coordinated py molecules in the present bis (pyridine) 
complexes. 

We adopt the more reasonable B value, 480 cm - 1 . 
The <ixy\A\xy\> value is assumed to be zero, because 
two p orbitals of any O donor in xy molecular plane 
are already used for a hybridizations and so cannot be 
of any use in the n bondings. Using such a value, the n 
antibonding energy in the yz plane is evaluated to be : 

<yz\A\yz> = -2200cm-i . (5) 

This is expressed alternatively in terms of ligand-field 
parameters ; 

A(0) + A(N) = -4400 cm"1. (6) 

This value is more negative than the A(N) value 
( - 3 4 0 0 2000 cm-1) for the trans-[Cr(py)4AB]n+-
type complexes.23) When the energies from the ligand 
to metal-charge-transfer transitions are compared be­
tween the [Go(acac)3] and [Cr(acac)3] complexes,29) it is 
found that the metal orbitals in the cobalt(III) complex 
lie at rather lower levels than those in the chromium-
(III) complex, suggesting the existence of ^-bonding 
contributions due to O - O donors in the present cobalt-
(III) complexes. 

Let us next consider the spectrum of the trans-[Co-
(mal)2(py)2]~ complex. No shoulder is observed in the 
I band, but the maximum shifts to a longer wavelength 
compared with those for the other trans isomers, and the 
half-width is enhanced. These facts suggest that the 
absorption due to the 1Als-^

1A2s transition gains a 
certain amount of intensity. The II band maximum 
also shifts to a considerably longer wavelength compared 
with the maxima of the l i b bands for the other isomers, 
and the half-width is also enhanced. These facts 
suggest that the absorptions due to the 1Alg—*-1B2g and 
^jg—>1Eg

b transitions occur in a closely-neighboring 
region with the comparable intensities. The same facts 
can be found more clearly in the spectrum of the 
frflraj-[Coox(H20)2(py)2]+ complex (Fig. 5 and Table l ) . 

T r 

15 20 25 

103 tf/cm-1 

Fig. 9. Crystal spectra of trans isomers of: 
. K[Co(C03)2(py)2].3H20, 

K[CoC08ox(py)2] • 2.5H20, 
K[Co(ox)2(py)2].3H20, 
K[Co(mal)2(py)2].2H20. 

Figure 9 shows the nonpolarized crystal spectra of the 
trans-isomers; every spectrum resembles the correspond­
ing solution spectrum in shape, but it is noteworthy 
that the spectrum of the frmy-[Co(mal)2(py)2] -2H 2Ö 
shows a shoulder on the longer-wavelength side [ca. 
16400 cm-1) of the main I band (18600 cm" 1) . This 
may be due to the 1Alg—^1A2g transition, which disap­
pears in the solution spectrum. 

References 

1) M. Shibata, Nippon Kagaku Zasshi, 87, 771 (1966). 
2) H. Ichikawa and M. Shibata, Bull. Chem. Soc. Jpn., 

42, 2873 (1969). 
3) S. Fujinami and M. Shibata, Bull. Chem. Soc. Jpn., 

46, 3443 (1973). 
4) M. Shibata, Proc. Jpn. Acad., 50, 779 (1974). 
5) Y. Ida, K. Kobayashi, and M. Shibata, Chem. Lett., 

1974, 1299. 
6) Inorg. Synth., Vol. 1, 37 (1939). 
7) N. C. Kneten and S. T. Spees, J. Inorg. Nucl. Chem., 

33, 2437 (1971). 
8) F. P. Dwyer, I. K. Reid, and F. L. Garvan, J. Am. 

Chem. Soc, 83, 1285 (1961). 
9) S. Nagasaki and M. Shibata, Bull. Chem. Soc. Jpn., 

49, 2329 (1976). 
10) S. Muramoto and M. Shibata, Presented in part 

at the 26 th Symposium of Coordination Chemistry, Sapporo, 
August, 1976. 

11) M. Watabe, K. Onuki, and S. Yoshikawa, Bull. Chem. 
Soc. jpn., 48, 687 (1975). 

12) G. Davies and Y. Hung, Inorg. Chem., 15, 704 (1976). 
13) J. Springborg and C. E. Schaff er, Acta Chem. Scand., 

27, 3312 (1973). 
14) K. Nakamoto, J. Fujita, S. Tanaka, and M. Kobayashi, 

J. Am. Chem. Soc, 79, 4904 (1957). 
15) J. Fujita, K. Nakamoto, and M. Kobayashi, J. Phys. 

Chem., 61, 1014 (1957). 
16) N. S. Gill, R. H. Nuttall, D. E. Scaife, and D. W. A. 

Sharp, J. Inorg. Nucl. Chem., 18, 79 (1961). 
17) S. Yamada, J. Hidaka, and B. E. Douglas, Inorg. 

Chem., 10, 2187 (1971). 
18) L. M. Schwarz, Anal. Chem., 43, 1336 (1971). 
19) N. Matsuoka, J. Hidaka, and Y. Shimura, Bull. Chem. 

Soc. jpn., 40, 1868 (1967). 
20) N. Koine, N. Sakota, J. Hidaka, and Y. Shimura, 

Bull. Chem. Soc. Jpn., 42, 1583 (1969). 
21) N. Matsuoka, J. Hidaka, and Y. Shimura, Inorg. 

Chem., 9, 719 (1970). 
22) C. K. Jçirgensen,"Absorption Spectra and Chemical 

Bonding in Complexes," Pergamon Press (1962), p. 110. 
23) J. Glerup, O. Monsted, and C. E. Schäffer, Inorg. 

Chem., 15, 1399 (1976). 
24) H. Yamatera, Bull. Chem. Soc. Jpn., 31, 95 (1958). 
25) C. E. Schäffer, Structure and Bonding, 5, 68 (1968); 

C. E. Schäffer, Pure Appl. Chem., 24, 361 (1970). 
26) Since the parameter C is involved in each transition 

energy to the same extent, the relation between B and C 
has no influence upon the results of the calculating process. 
27) R. F. Fenske, J. Am. Chem. Soc, 89, 252 (1967). 
28) S. Nakashima and M. Shibata, Bull. Chem. Soc. Jpn., 

48, 3128 (1975). 
29) Y. Murakami and K. Nakamura, Bull. Chem. Soc. 

jpn., 39, 901 (1966). 



2672 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (10), 2672—2673 (1977) [Vol. 50, No. 10 
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and Fumarate Ions Determined from the Kinetic Data 

of Hydrogen-Deuterium Exchange 
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The hydrogen-deuterium exchange rates of A- and J-[Co(en)3]3+ were measured in D 2 0 solutions containing 
(+)-tartrate ions. From the kinetic data, the ion-association constants of the A- and zl-isomers with (+)-tartrate 
ions were determined to be 40 and 32 (7=0.1) respectively. Similar measurements with fumarate resulted in the 
association constant of 16 (7=0.1). 

In a previous paper,1) we preliminarily reported the 
stereoselective hydrogen-deuterium exchange reaction 
of A- and ^ - [Co(en) 3 ] 3 + in D 2 0 solutions in the presence 
of (+ ) - t a r t r a t e ions. 

The present paper will give a further analysis of the 
experimental results on the exchange reaction rates, 
from which the association constants of A- and A-
[Co(en)3]3 + with the (+ ) - t a r t r a t e ion and with the 
fumarate ion will be derived. 

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

[Co(en)3]Br3.H20 was prepared by the usual method and 
resolved into the optical isomers by using silver ( + ) - and 
(—)-tartrate. The A- and zJ-[Co(en)3]Br3«H20 obtained 
showed [a]D values of +125 ° and —124 ° respectively. ( + ) -
Tartrate buffer solutions of a constant pH value (pH=5.00± 
0.03)** were prepared by dissolving the acid and its sodium 
salt at a given ratio in a E. Merck DzO with an isotopic 
purity of 99.75%; the concentrations of sodium ( + ) -
tartrate in these buffer solutions ranged from 0.006 to 
0.15 M (=mol dm - 3) . The fumarate buffer solutions (pH= 
5.33±0.03, 0.025—0.12 M) were similarly prepared. 

After the complex had been dissolved in the buffer solutions 
at a constant concentration (0.03 M), the hydrogen-deuterium 
exchange rates were measured at 25.0 °C. The first-order 
rate constants were determined in the way described in a 
previous paper.1) 

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

Table 1 shows the first-order rate constants, k, of 
hydrogen-deuterium exchange reactions of A- and A-
[Co(en)3]3 + in the presence of (+ ) - t a r t r a t e and of 
fumarate. T h e rate constants decreased with the 
increase in the (+ ) - t a r t r a t e concentration; the change 
in the rate constant was greater for yf-[Co(en)3]3+ than 
for the A -isomer, showing a stereoselectivity between 
A- and <d-[Co(en)3]3+ in the interaction with ( + ) -
tartrate ions. Fumara te ions had a smaller effect 
without stereoselectivity. These data were analyzed in 
order to determine the association constants of A- and 
^l-[Co(en)3]3 + with (+ ) - t a r t r a t e ions and with fumarate 

T A B L E 1. FIRST-ORDER RATE COSTANTS OF HYDROGEN-

D E U T E R I U M EXCHANGE REACTIONS OF A' AND 

^-[Co(en)3]3+ in D2O
a> 

* Present address: Department of Chemistry, Nagoya 
City University, Mizuho, Nagoya 467. 

** The pH values in this paper are the apparent ones 
of D 2 0 solutions measured with an ordinary pH meter. Two 
relations, pD=pH(apparent) + 0.402) and A"w(Di0) =0.160X 
^W(H,O)'3) were used for the determination of [OD - ] / 0 D ~ . 

[(+)-
tartrate]/ 

0.00614 
0.0191 
0.0254 
0.0487 
0.0664 
0.0988 
0.1035 
0.1225 
0.1485 
0.2045 

10**/; 

A 

13.7 
11.3 
10.5 
7.63 
6.02 
4.97 
4.77 
3.93 
2.72 
2.55 

S"1 

13.9 
11.9 
10.6 
8.23 
6.70 
5.28 
5.17 
4.42 
3.28 
3.05 

[fumarate]/ 

0.0240 
0.0248 
0.0359 
0.0467 
0.0700 
0.1079 
0.1228 

lO^/s- 1 

A, A 

3.05 
3.00 
2.53 
2.38 
2.02 
1.73 
1.51 

a) The [Go(en)3]3+ concentration was 0.03 M in all 
cases, b) pH 5.00±0.03. c) pH 5.33±0.03. 

ions on the following assumptions: 
i) There is the ion-association equilibrium: 

RH3 + + B2- <==± RHB+ 

where RH 3 + and B 2 - represent the complex cation and 
the buffer anion respectively. T h e association constant, 
K, is given by : 

[RHB+] y- x f 
[RH3+][B*-] f3f2 (cA-x)(cB-x) f3f2' ^ > 

where cA and cB are the total concentrations of R H 3 + 

and B 2 _ respectively, and x the concentration of the 
ion-pair, RHB+, at equilibrium. The fz (z=l, 2, and 
3) notation represents the activity coefficient of the ions 
with the charge of z or — z. 

ii) The hydrogen-deuterium exchange proceeds in 
the following steps : 

Kon 

RH3+ + OD" <=± RHOD2 + 

„ [RHOD2+] 
AOD = 

A (2) [RH3+][OD-] A / i ' 
k' 

RHOD2 + • R2+ + HOD, (3) 

R2+ + DaO • RD3+ + OD-. (4) 

Step 3 with the rate constant, k', is rate-determining, 
and Step 4 is very fast. T h e activity coefficients were 
assumed to be identical for ions of the same \z\ value. 

iii) The rate of the hydrogen-deuterium exchange of 
RHB+ is very slow compared with that of R H 3 + . 
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On these assumptions, the observed exchange rate, 
first-order in the concentration of the complex, cA, is 
related to the rate of Step 3 : 

kcK = A'[RHODa+]. (5) 

Equations 2 and 5 give: 

kcA = ^ 0 D [ R H » + ] ^ [ O D - ] / x . 

On the other hand, Eq. 1 is transformed to 

CRH»+]=<A{1 + (*B-*) 
Jx 

Substituting Eq. 7 into Eq. 6, one obtains : 

\fzfi. 

or 
log*(/2//3) = log/:oD + log ([OD"]/!) 

- l o g { l + ( c B - * ) faf2K}, 
/ i 

(6) 

(7) 

(8) 

(9) 

where A;OD is substituted for k'Kov Since the values of 
£OD and [ O D - ] fx (activity of OD~ ions) are constant 
in the present experiments, a —log (l-\-X) vs. log X 
curve will fit the log k(f2(f3) vs. log{(cB— x) (A/ 2 / / i )> plots 
of the experimental results. The association constant 
and the £0D value can be determined from the asymptotes 
of the curve. 

The activity coefficient, fz, was calculated by using 
the extended Debye-Hückel equation : 

log/, = - + bl, (10) 
1+BÛA/I 

with the values of a = 6 Â and 0 = 0 . 1 z2. T h e ionic 
strength (7) ranged from 0.18 to 0.64 for the sample 
solutions containing ( + ) -tartrate and from 0.12 to 0.43 
for the fumarate solutions. All the kinetic data were 
corrected to 7=0 .1 by means of Eq. 10. 

An approximate K value was obtained from the curve-
fitting with the first approximation of (cB—x)(fsf2lf1) = 
c*(Âf*lfi) a n d / = 6 < 7 A + 3 C B , and was then used to 
calculate the value of* with Eq. 1. T h e n , / 1 5 / 2 , a n d / 3 

were recalculated with I=6cA+3cB—6*. T h e second 

-2 .8 - 2 .4 -2 .0 -1 .6 - 1 . 2 -0.8 

log {(cB-x)(f3fJ/,)} 

Fig. 1. The curve-fitting for the results on the ^-[Co-
(en)3]3+-(+)-tartrate(2 — ) system. 0 : Experimental 
values, : the normalized curve, : asymptotes 
for the curve. 

TABLE 2. VALUES OF THE ASSOCIATION CONSTANT, K, 

AND OF THE RATE CONSTANT, k0D, AT 25 °G 

K 

Ion-pair This 
work Ref. 4a> Ref. 5b> 

10- 6 *OD/ 
M- 1 s"1 

This 
work 

4 + ( + ) - t a r t ( 2 - ) 40 
A+ (+ ) - t a r t (2 - ) 32 
A(A) + fumarate(2-) 16 

26±2 55 .8±1 .4 4.2 
21±2 50 .4±1 .8 4.1 

4.5 

a) Measured at 7=0.1 (adjusted with NaG104). b) Cor­
rected to 7=0.1 using the equation: l og / z =— Az2 A/T! 
(l+Ba^s/T), with the value of a=6Â. 

curve-fitting for the log k(fjfs) vs. log{(cB—x)(fsf2!f1)} 
plots gave a better K value. Further repetition of the 
procedure reproduced the K value within the limits of 
experimental error. 

Figure 1 shows a typical example of the curve-fitting 
for ^t-[Co(en)3]3 + after repeated successive approxima­
tions as has been described above, while Table 2 
summarizes the resulting K and k0i> values, together 
with the literature values. O u r K values for the A- and 
^ - [Co(en) 3 ] 3 + - (+) - t a r t r a te ion-pairs are intermediate 
between the two sets of literature values4 '5) obtained 
from spectrophotometric measurements. Yoneda et a/.5) 
have claimed that the smaller K values obtained by 
Ogino and Saito4) may be ascribed to the neglect of the 
association of [Co(en)3]3 + with C 1 0 4

_ ; the latter 
authors added NaC10 4 to the sample solutions to adjust 
the ionic strength. In the present experiments, the 
sample solutions contained a constant amount of 
bromide ions derived from [Co(en) 3]Br 3«H 20. There­
fore, our K values may be slightly too small because of 
the neglect of the association of [Co(en)3]3 + with Br~. 

The kov values given in Table 2 can be compared 
with the value of 2.4 x 106 M _ 1 s _ 1 obtained by Palmer 
and Basolo6) in an acetate buffer solution, considering 
that different methods were used for the estimation of 
the O D ~ concentrations. As is shown in Table 2, the 
K values are about twice as large for (+ ) - t a r t r a t e ions 
as for fumarate ions. This is consistent with the conclu­
sion from our previous circular-dichroism studies that 
the ( + ) -tartrate ion would be favored in the formation 
of hydrogen bonds through N - H hydrogens of the 
complex ion.7) 
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Complex formation of silver(I) ion with 1,3-propanediamine and 1,4-butanediamine has been studied poten-
tiometrically at 25 °G in 3 mol dm"3 LiC104 aqueous solution. Some additional experiments have been carried 
out in the system of silver-1,2-ethanediamine of large diamine/Ag ratios, the system having been examined in a 
previous work at small diamine/Ag ratios. Over the pH range of 6—10.4, the emf data obtained in the silver-
diamine solutions could be explained in terms of the formation of the following complexes (L denotes the free 
diamine molecule) : In a solution of low pH (pH=6—8), the AgHL2+ and AgH2L2

3+ complexes are formed. In 
an alkaline solution, the AgL+, Ag2L2

2+, and AgL2+ complexes are formed, and the relative amounts of the complexes 
depend on the concentrations of the metal and ligand (L) and also the ratio of these concentrations. The Ag(OH)L 
complex becomes a main species at the highest pH examined. In some cases the formation of the AgHL2

2+, 
Ag2HL2

3+, and Ag2L
2+ complexes is suggested from the graphical or computer analysis of the data, but the 

formation constants of the complexes are rather uncertain. Over the whole pH range examined, the AgHL2+, 
AgH2L2

3+, AgL+, and Ag2L2
2+ complexes are predominant in all the systems. 

In a previous work we studied the complex formation 
ofsilver(I) ion with 1,2-ethanediamine and 1,2-propane-
diamine, and found various protonated and polynuclear 
complexes.1) The equilibria between silver (I) and the 
diamines were more complicated than those described 
in the preceding papers.2 '3) In addition to the study on 
the effect of the methyl group attached to the methylene 
chain previously examined,1) the effect of the length 
of the methylene chain on the reaction between silver(I) 
and diamines was explored in the present work. 

Exper imenta l 

Reagents. 1,3-Propanediammonium Perchlorate and 
1,4-butanediammonium Perchlorate were prepared from the 
corresponding diamines and perchloric acid. 1,3-Propanedi-
amine and 1,4-butanediamine were purchased from Wako 
Pure Chemicals Co., Osaka and Aldrich Chemical Co., 
Inc., Milwaukee, USA, respectively. The method of 
preparation of the reagents was described in the previous 
paper.1) Other chemicals were the same as those used 
previously.1) 

Apparatus. Beckman (Nos. 40495 and 40498) glass 
electrodes were used in combination with the Kawai-type 
of the half cell4) for emf measurements. An Orion Digital 
pH Meter Model 801 was used. 

Method of Measurements. During the potentiometic 
titrations the total concentration of Perchlorate ions was 
kept constant at 3 M (M=mol dm - 3) by using lithium 
Perchlorate. The concentrations of silver and diamines were 
changed over the range of 2—40 mM and 5—160 mM, 
respectively. The ratio of the concentration of the diamines 
to that of silver ion (Ch/CAg) was changed from 0.5—40. 

Twelve titrations for silver-1,3-propanediamine and fifteen 
titrations for silver-1,4-butanediamine solutions were per­
formed at 25.00±0.01 °C in a paraffin oil thermostat, 
which was placed in a room thermostated at. 25d= 1 °C 
Some additional titrations were carried out for silver-1,2-
ethanediamine solutions under the same experimental 
conditions. The CJCAg ratio was 5 and 10 in this work, 
whereas the ratio had been 2—4 in the previous work.1) 

Details of the method of measurements were described 
elsewhere.1) 

R e s u l t s 

Titration curves of silver-1,3-propanediamine and 
-1,4-butanediamine solutions are shown in Figs. 1 and 

50 Q5 1.0 1.5 ^0 
X 

Fig. 1. Titration curves of 1,3-propanediamine and 
silver-1,3-propanediamine solutions. Curve 1: CAg 

(mM) = 0.0, Ch (mM)=20.00; 2: 2.488, 39.99*; 3: 
2.488, 20.02; 4: 5.169, 39.99; 5: 2.494, 10.01; 6: 5.170, 
20.42; 7: 2.518, 5.035; 8: 5.017, 10.02; 9: 10.09, 39.99; 
10: 9.993, 20.01; 11: 20.37, 80.08; 12: 20.10, 39.80; 
13: 40.37, 160.1. 
* The concentration of the ligand was changed by dilu­
tion during the titration. Curves are calculated ones 
by using constants in Table 2. 
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Fig. 2. Titration curves of 1,4-butanediamine and silver-
1,4-butanediamine solutions. Curve 1 : CAg (mM) = 
0.0, Ch (mM) =5.004; 2: 2.516, 80.06*; 3: 2.516, 
39.97*; 4: 2.526, 80.03; 5: 2.519, 40.01; 6: 2.524, 
20.00; 7: 2.513, 9.990; 8: 5.044, 9.973*; 9: 2.540, 
5.012; 10: 5.012, 9.990; 11: 5.008,20.01; 12: 10.06, 
9.973*; 13: 9.993, 40.62; 14: 10.01. 20.32; 15: 19.86, 
10.03*; 16:20.01,80.03. 
* The concentration of the ligand was changed by 
dilution during the titration. Curves are calculated 
ones by using constants in Table 2. 

2, respectively. 
The pK Values of the Diammonium Perchlorates were 

obtained from the titration curves of the solutions 
without silver ion (curve 1 in Figs. 1 and 2). The pK 
values are tabulated in Table 1, together with the pK 

TABLE 1. ACID DISSOCIATION CONSTANTS OF 1,2-ETHANE-

DIAMINE, 1,3-PROPANEDIAMINE AND 1,4-BUTANE­

DIAMINE (25 °C, 3 M LiCO!4) . 

en pn bn 

P A- 2 

ApK=pKi-pK1 

7.93 
10.74 
2.81 

9.71 
10.93 

1.22 

10.39 
11.05 
0.66 

values of 1,2-ethanediammonium Perchlorate which 
were recalculated in the present work. Compared with 
the values reported by Ohtaki and Tanaka in a 0.1 M 
NaCl medium,5) the pK values found in the 3 M LiC10 4 

medium were larger, but ApÄ~=pÄ*2—pKx more 
rapidly converged to the statistical value of 0.6. 

Estimation of the Composition and Formation Constants 
of Silver-Diamine Complexes. Along the line describ­
ed in the previous paper,1) we estimated the composition 
and the formation constants of the silver-diamine 
complexes first with the graphical method and then 
the mathematical treatment by using a high speed 
electronic computer in order to refine the constants. 

(1) 

(2) 

(3) 

In the course of the computer calculations, some 
complexes were assumed in addition to the complexes 
graphically estimated in order to obtain a better fit of 
calculated titration curves with experimental ones. 

At lower p H where most diamine molecules are 
present as H2L2+ (L denotes the free base of diamine), 
the equilibrium between silver ion and a diamine may 
be written by Eq. 1. 

pAg+ + rH2L2+ = AgpHgLr<*+«>+ + (2r-q)H+. 

The equilibrium constant is defined as follows : 

_ [AgpHgLrc*+g>+][H+]^-g) _ o 
mr ~ [Ag+]*[H2L2+]'" - Pw^ A a ' 

where ßPqr is the overall formation constant of the 
complex Ag / ,H9L r

(^+« ) + ; 

[AgyHgL r^g>+] 
PpQr [Ag+]P[H+J»[L]r ' 

Here [ ] represents the concentration ( M = m o l d m - 3 ) 
of the species. From the material balance of the metal 
ion, Eq. 4 can be readily derived. 

CM-[Ag+] ^ 
[Ag+] 9 

= SS3S/'^r[Ag+]^1[H+]-^-«>[H2L^]'-. (4) 
p q r 

If we assume as a first approximation that only one 
complex is formed in this p H range, the summations in 
Eq. 4 are dropped. If the assumption is acceptable, 
the plot of log (ç5— 1) against —log [H+] should give 
straight lines with a slope of (2r—q), the lines depending 
on the concentrations of the silver ion and diamine. 
However, the plots were independent of the concentra­
tion of the silver ion as is seen in Fig. 3. Therefore, it is 
obvious that the main species formed in the p H range 
shown in Fig. 3 is mononuclear with respect to silver. 
Since the slope of the line was approximately unity, 
(2r—q) should be unity. Since it is readily found that 
the family of the straight lines is a function of log CL 

(CL is approximately equal to [H2L2+] under the 

QOi 

-Q5 

— -1.0 
i 

-1.5 

-20 

16 
° ° 

o o o 
o o 8 * 

° ®°* * 

13 6« 
° o1J 7 

o*.14 S 
* , 0 9 

6.5 7.0 75 

-log([H+]/M) 

8.0 as 

Fig. 3. Relationships between log (^ — 1) and —log [H+]. 
Numbers in the figures correspond to those of Fig. 2. 
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present conditions), r should be unity, and thus q=\. 
Thus the composition of the species was determined to 
be AgHL 2 + . Another species was found from the 
analysis of the second approximation of Eq. 4 by 
assuming two complexes, AgHL2+ and AgyH 9 'L r '

( ^ ' + 9 ' ) + , 
because the slope of the lines in Fig. 3 was slightly 
larger than unity. In order to avoid duplication of 
description, the treatment of the data is not described 
here and should be referred to the previous paper, 
Eqs. 14—17 of Ref. 1.6> The second species AgyH f f ' Iy 
was AgH2L2

3+. 
At higher p H the AgL+ complex was found. In 

solution containing a large excess of a diamine compared 
with the silver ion, the Ag2L2

2+ and AgL2+ complexes 
were found in the same p H range.7) 

At the highest p H a hydrolyzed species A g ( O H ) L 
formed. 

The formation constants of the complexes, together 
with some other complexes which were not detected 
by the graphical treatment, were refined by the least 
squares method in which the error square sum U= 
^j(X— Assied)2 w a s minimized by searching the best 
values of ßPqr for a set of the complexes Ag^HçL r

(^+ 9 ) + . 
Here X denotes the ratio of the concentration of hydrox­
ide ions added to the total concentration of a diamine 
in the solution, and Xcz\cA represents the calculated 
value of X and is given by Eq. 5. 

2Ch + KJ[H+] - [H+] - I E 2 3 ^ « r [ A g + ] ' [ H + ] « [ L ] ' 
Y — V i r 

^»•calcd — f, } 

(5) 

where Kw denotes the autoprotolysis constant of water 
in the 3 M LiC10 4 and is lO-i»-»«*«.«» M2.8> 

The results are summarized in Table 2 in terms of 
log ßPqr. For the silver-1,2-ethanediamine complexes, 
the formation constants of the complexes reported in the 
previous paper were recalculated by using all the data 
given in Ref. 1 and obtained in the present work. 
Some other complexes such as AgHL 2

2 + , Ag2HL2
3+, and 

AgL2+ were found in the present calculation; these 

TABLE 2. FORMATION CONSTANTS OF THE AgpH?L/2'+3>+ 

COMPLEXES, log ßmr, IN 3 M LiC104 AT 25°G 
ß9V= [AgpH,L r^

+«) + ] / [Ag + ]* [HT[Lr M - » + « " ^ > . 

Complex 

HL 
H2L 
AgHL 
AgH2L2 

AgHL2 

Ag2HL2 

Ag(OH)L 
AgL 
Ag2L2 

AgL2 

Ag2L 

en 

10.74 
18.67 
13.53 
27.48 
18.8, 
21.9, 

- 4 . 8 , 
5.26 

14.90 
9.45 

— 

pn 

10.96 
20.65 
14.32 
28.90 
19.25 

- 3 . 5 7 

6.59 
15.90 
(9.8)a> 

— 

bn 

11.05 
21.44 
14.68 
29.83 

19.1. 

- 4 . 4 0 

(6.4)a> 
15.27 
8.62 

7.23 

en2> 

10.03 
17.25 
12.38 

— 
— 

— 
4.7 

13.2 
7.7 
6.5 

pn3> 

10.64 
19.52 
13.2 

— 
— 

— 
5.8 

— 
— 

6.4 

bn3> 

10.82 
20.42 
13.9 

— 
— 

— 
5.9 

— 
— 
— 

complexes have not been obtained in solutions of 
relatively small CL/CAg ratios in the previous work.1) 
O n the other hand, the formation constant of the Ag2L2 + 

complex was not detected with reasonable accuracy in 
the present calculation. 

The Ag 2HL 2
3 + complex was not detected with reason­

able certainty in both the systems of silver-1,3-propane-
diamine and -1,4-butanediamine. The formation 
constant of the AgL2+ complex was also not obtained 
in the former system by the least squares calculations. 
The value estimated by the graphical method is given 
in parentheses as reference in Table 2. For the silver-
1,4-butanediamine solutions, the formation constant of 
the AgL+ complex was uncertain as is shown in paren­
theses in Table 2. Some minor complexes added in the 
least squares caculation may sometimes refine the results, 
but the existence of the complexes is less certain and the 
formation constants obtained are rather unreliable. The 
Ag 2HL 2

3 + complex detected as a minor species in the 
present calculation is uncertain with this reason. 

a) Values in parentheses are those estimated by curve-
fitting in the concentration ranges where appreciable 
amounts of the relevant complexes are expected to be 
present, but these constants are not refined by the 
least-squares calculations with reasonable certainty. 

IOg5([L]/M) 

Fig. 4. Distribution of silver-1,4-butanediamine com­
plexes. 
CAg=2.542 mM, CL=20.00 mM. 

A typical set of the distribution curves of the com­
plexes listed in Table 2 is shown for the 1,4-butanedi­
amine system in Fig. 4. Similar sets of the distribution 
curves of the complexes were obtained for the 1,2-
ethanediamine and 1,3-propanediamine systems. As 
is seen from the figure, AgHL2+ is a major component of 
the complexes at the lowest pH's ( p H = 6 — 7 ) . The 
AgH 2L 2

3 + complex is a main species over a wide range 
of p H examined. T h e Ag2L2

2+ complex and sometimes 
the AgL+ complex become the main species. In the 
highest p H range the Ag(OH)L complex becomes one 
of the most important species in the solution. 

D i s c u s s i o n 

Stepwise formation constants of the AgHL2+ and 
AgH 2L 2

3 + complexes are readily calculated from the 
values in Tables 1 and 2. 
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Ag+ + HL+ = AgHL2+, (6) 

logiC(AgHL/HL)=2.79(L=en), 3.39(pn), 3.63(bn), 

and 

AgHL*+ + HL+ = AgH2L2
3+, (7) 

logiC(AqH2L2/HL) = 3.16(L=en), 3.65(pn), 4.10(bn), 

where the constants ÜT(AgHL/HL) and ÜT(AgH2L2/HL) 
are defined as follows: 

ww=iS-
and #(AgH2L2/HL) = 

[AgH2L2*+] 
[AgHL^][HL + ] ' (8) 

and en, pn, and bn denote 1,2-ethanediamine, 1,3-
propanediamine and 1,4-butanediamine, respectively. 

The second formation constant Ä"(AgH2L2/HL) is 
larger than the first one iC(AgHL/HL) in all the cases, 
as has been pointed out in the previous paper.1) The 
values of log ^ ( A g H L / H L ) and log tf (AgH2L2 /HL) 
approach the corresponding stepwise formation constants 
of the silver-ammine complexes, log ^ = 3 . 5 8 and log 
Ä"2=4.199> with the length of the methylene chain. 
The values of the stepwise formation constants of the 
silver-1,4-butanediamine complexes are very close to 
those of the silver-ammine complexes. This fact 
suggests that the electrostatic repulsion between protons 
on the diamine molecules and the silver ion becomes 
negligible when they are separated by four methylene 
groups. The result that ApK of 1,4-butanediamine was 
close to the statistical value (0.6, see Table 1) supports 
this consideration. Tha t the first stepwise formation 
constant is smaller than the second one is a known fact 
for a complex having a linear structure. 

The stepwise formation constants of the AgLM 

complex are given as follows : 

Ag+ + L = AgL+, (9) 

log#(AgL/L) = 5.26(L = en), 6.59(pn), (6.4)(bn), 

and AgL+ + L = AgL2
+, (10) 

log/C(AgL2/L) = 4.19(L = en), (3.2)(pn), (2.2)(bn). 

The values in parentheses are uncertain because the 
overall formation constants of these complexes were 
not determined with reasonable accuracy. However, 
we may still say that Ä"(AgL/L) is larger than K(AgL2/ 
L), and the values of ÜT(AgL/L) for all the diamine 
complexes are smaller than ß2 of the diammine silver(I) 
complex. I t is seen that Ä"(AgL/L) is much larger than 
Kx of the monoammine silver complex and Ä"(AgHL/ 
HL) of the AgHL2+ complex. Therefore, we concluded 
that the diamine molecule combines with the silver ion 
as a bidentate ligand. The AgL2+ complex may have a 
tetrahedral configuration. The AgL+ complex would 
have either a bent linear or a distorted tetrahedral 
structure with additional two water molecules attached 
to the vacant sites of the tetrahedron. As we will 
discuss later for the formation constant of the A g ( O H ) L 
complex, the latter structure seems to be more possible 
than the former. 

A large dimerization constant of the AgL+ complex 
suggests a ring structure of the Ag2L2

2 + complex, as 

has been described by Schwarzenbach, et al.2) 
The formation constant of the AgHL2

2+ complex 
from the AgL+ and HL+ complexes is given as follows: 

AgL+ + HL+ = AgHL2
2+; 

[AgHL2*
+] 

^ ( A g H L 2 / H L ) = [ A g L + ] [ H L + ] , 

log iC(AgHL2/HL) = 2.86(L = en), 
1.70(pn),(1.7)(bn). 

I") 

Stabilization of the AgHL 2
2 + complex by combination 

of AgL+ with HL+ suggests that the AgHL2
2+ complex 

has also a ring structure. T h e formation constant 
X(AgHL 2 /HL) smaller than Ä"(Ag2L2/AgL) may be 
attributed to the weaker H 2 N - H + - N H 2 bond than the 
H 2 N-Ag+-NH 2 bond in the ring structures. 

The hydrolysis constant of the AgL+ complex is given 
b y E q / 1 2 . 

AgL+ + H 2 0 = Ag(OH)L + H + ; 

*(Ag(OH)L/H20) = [ A g ( O H ) L ] [ H ^ 
[AgL+] 

logiC(Ag(OH)L/H20) = -10 .0 8 (L = en), 
-10.1 6(pn) , ( -10.8)(bn) . 

(12) 

These values are almost the same as the hydrolysis 
constant of the aqua silver(I) ion: 

Ag+ + H 2 0 = AgOH + H + ; 

log /C(AgOH/H20) = - 1 1 . 1 ( 1 M AgNOs
1(»). (13) 

T h e fact may show that no H 2 N - A g bond cleavage 
occurs by the hydrolysis of the AgL+ complex. There­
fore, the silver ion within the A g ( O H ) L complex might 
be combined with at least three ligand atoms (two N 
and one O ) , and more probably the metal ion would 
be coordinated with two amino groups, one hydroxide 
ion and one water molecule. 

The authors thank Dr. Takayoshi Kawai for his 
kind assistance. 
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Phthalimides. I. Base-catalyzed Lossen Rearrangement and 
Acid-catalyzed Beckmann Rearrangement with 

N- ( Arylsulf onyloxy )phthalimides 
A. F . M. FAHMY, N. F . A L Y , A. N A D A , and N . Y. A L Y 

Faculty of Science, Ain Shams University, Abbassia, Cairo, A.R.E. 
(Received August 2, 1976) 

iV-(Arylsulfonyloxy) phthalimides undergo base-catalyzed Lossen rearrangement with amines, and amino 
acids to give iV,iV-diaryl ureas and amine salts. They behave similarly with Phenylhydrazine in alcohol to 
give a mixture of iV-hydroxyphthalimide and Phenylhydrazine salts. However, N-(arylsulfonyloxy)phthalimides 
undergo isomerization followed by Beckmann rearrangement to give a mixture of 4-aryl-l//-2,3-benzoxazin-l-
ones and diarylsulfones. 

N- (Hydroxy) phthalimides undergo Beckmann 
rearrangement but fail to undergo Lossen reange-
ment.1) We have reinvestigated the imide rearrange­
ment starting with AT-(arylsulfonyloxy) phthalimides 
(I) in order to see the effect of the introduction of N-
arylsulfonyl group on the mode of rearrangement. I t 
was found that l a and b undergo base-catalyzed Lossen 
rearrangement and acid-catalyzed isomerization fol­
lowed by Beckmann rearrangement. 

Lossen Rearrangement of N-(Arylsulf onyloxy) phthalimides. 
(A) Rearrangement in the Presence of Amines : When N-
(arylsulfonyloxy)phthalimides ( la and b) are allowed 
to react with aromatic amines in refluxing benzene, 
they undergo aminolysis followed by base-catalyzed 
Lossen rearrangement to give the corresponding mix­
tures of A r-[2-(arylcarbamoyl)phenyl]-iV'-arylureas (Ha 
—d) , and aromatic amine salts of aryl sulfonic acids 
( I l i a — h ) . 

^ \ / C O s 
N-OSO,Ar 

Ar'NH, 

ethanol 
or benzene 

(I) 

Ar' 
a; C6H5 

u r%T PFT (*\ I II + ArS03NH3Ar' 

d; C6H4Cl(/>) 
(II) 

?H 
/ C - N - A r 

Ar 
a; C6H5 

b; C6H5 

c; C6H5 

d; C6H5 

Ar' 
C6H5 

C6H4CH3(/>) 
C6H4OCH3(/>) 
C6H4Cl(/>) 

e; C6H4CH3(/>) C6H5 

f; C6H4CH3(/>) C6H4CH3(/>) 
g; C6H4CH3(/>) C6H4OCH3(/>) 
h; C6H4CH3(/>) C6H4Cl(/>) 

Structure (II) was confirmed by the following: 
I R spectra: *>c=0 (anilide, 1710—1700 cm" 1 ) , vc=o2) 

(JV,iV'-diarylureas, 1660—1640 cm" 1) , and i>NH'S (3300— 
3200 and 3120—3100 cm- 1 ) . 
M S of l i d : (molecular ion, m/*=399). 

Pyrolysis of H a — d to give the corresponding 3-aryl-
1,2,3,4-tetrahydroquinazoline-2,4-diones ( IVa—d). 

Structure ( I l i a—h) was confirmed by the following: 

(i) I R spectra : itfH. (3020—3000 cm-1) , N H 3 asymm. 

O 
H 

H 
(IV) 

• N - A r ' 

a ;Ar ' = C6H5, b ; Ar' = C6H4CH3(/>), 
c; Ar' = C6H4OCH3(/>), d; Ar' = C6H4Cl(/>) 

+ 

bending (1600—1575 c m - 1 ) , NH3
3) symm. bending 

(1500 cm- 1 ) . 
(ii) Identity with authentic products.4) The above 

reactions are summarized in the following scheme 
(Scheme 1). 

0 
II (step i) 
C \ Ar'NH2 

N-OS02Ar 
</ 
Ö 

( I ) 

0 
H 

- (M ^NH*-Ar 

vs. 
, / 

N-OSOvAr 

(step Ü: 
C NH2Ar Lossen Rearrangement 

( Ä - 0 S 0 2 A r 

tf H 
C-NAr ' 

+ ArS03H 
N = C = 0 

(V) 

2Ar'NH2 

C - N - A r ' 

( , H + 

•N-C(-N-Ar' 
TT « \ 

H O 
(ID 

ArS03NH3Ar' 

(III) 

Pyrolysis 
-NH 2Ar' 

• N - A r ' 

C=0 

(IV) 

Scheme 1. 

(B) Rearrangement in the Presence of Aminobenzoic 
Acids: iV-(Arylsulfonyloxy)phthalimides (la and b) 
undergo base-catalyzed Lossen rearrangement with (p-
and m-) aminobenzoic acids to give the corresponding 
mixtures of .A/,JV'-diarylureas (Via and b) and amino 
acid salts with sulfonic acids (V i l a—d) . 
Structure (VI) was confirmed by the following: 

I R spectra: i>NH (3320—3300 cm- 1 ) , and vc=o (acid, 
1720—1700 cm- 1 ) . 
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COOH 

(VI) 
a; COOH(/>-) 
b ; GOOH(m-) 

+ A r S 0 3 N H 3 - < 0 / 
/ G O O H 

COOH <V H ) 

a; Ar = C6H5, COOH(/>-) 
b ; Ar = C6H4CH3(p-), COOH(/>-) 
c; Ar = C6H5, COOH(m-) 
d; Ar = C6H4CH3 (/>-), COOH(m-) 

Structure (VII) was confirmed by the following: 
(i) I R spectra: v^H, 3) (3000 cm- 1 ) , and vc=o (acid, 

1700—1680 cm-1).5) 
(ii) Identity with products obtained by the reac­

tion of arylsulfonic acids (V) with the corresponding 
amino acids. 

(C) Rearrangement in the Presence of Phenylhydrazine: 
.A/-(Arylsulfonyloxy)phthalimides ( la and b) undergo 
base-catalyzed Lossen rearrangement with phenyl-
hydrazine in refluxing ethanol to give mixtures of V I I I , 
and Phenylhydrazine salts of sulfonic acids ( IX) . 

H 
X \ / C O N H - N - P h _ + 
| || + ArS03NH3NHPh 
X / x N C O N - N - P h ,TY» 

H H H {i^} 

(VHT'i a ; A r = C6H5 

^ ; b ; A r = C6H4CH3(/>-) 

Structure (VIII) was confirmed by the following: 
IR spectra: vN H s at (3320—3280cm-1) and vc=0's at 

(1680—1660 c m - 1 ) ; pyrolysis to give 3-anilino-1,2,3,4-
tetrahydroquinazoline-2,4-diones (X). 

y \ . 
H 

^ N - N - P h 

c=o 
H 

(X) 

(II) Beckmann Rearrangement of N-( Arylsulfonyloxy ) -
phthalimides. N- ( Arylsulfonyloxy) phthalimides 
undergo isomerization to 3-(arylsulfonyloxyimino)-
phthalide followed by Beckmann rearrangement with 
anhydrous aluminium chloride as a Lewis acid. 

iV-(Arylsulfonyloxy)phthalimides (la and b) react 

y \ /Go x Ar'H 
1 II N -
\/^CO/ 

(I) 

Ar' 
a; C6H5 

OS02Ar > 
A1CU 

Ar' 
(XI) 

Ar 
a ;C 6 H 5 

b; C6H4CH3(/,-) b ; C6H5 

c;C6H4OCH3(/>-) c ;C 6 H 5 

d; C6H4C1(^-) d; C6H5 

ArSOaAr' 

(XII) 

Ar' 
C6H5 

C6H4CH3(/,-) 
C6H4OCH3(/>-) 
CÄCl(A-) 

e;C6H4CH3(/,-) C6H4CH3(/,-) 
f ; C6H4CH3(/>-) C6H4OCH3(/>-) 

with anhydrous aluminium chloride in 1,1,2,2-tetra-
chloroethane to give a mixture of phthalic acid and 
arylsulfonic acid (V). 

It was also found that N- (arylsulfonyloxy) phthalimi­
des ( la and lb) react with reactive aromatic substrates 
(benzene, toluene, anisole, and chlorobenzene) in the 
presence of anhydrous A1C13 to give the corresponding 
mixtures of 4-aryl-l//-2,3-benzoxazin-l-ones (XIa—d) , 
and diarylsulfones ( X l l a — g ) . 
Structure (XI) was confiermd by the following: 

(i) I R spectra: vc=o in six membered heterocyclic 
compounds, 1750—1740 cm- 1 . 

(ii) Identity with authentic products.6 - 9) 
Structure (XII) was confirmed by the following: 

(i) I R spectra: Î>SO2 asymm. st. 1320—1310 cm - 1 . 
(ii) Identity with authentic products.10-12) 
The reaction is assumed to take place according to 

Scheme 2. 

a •c 
M 

0 
( I ) 

0 
Ä (step i) 

) j - 0 S 0 2 A r Ar'H-A1C13 

Ô AICI3 

C\-A1C13 

N-O—H+ArS0 2Ar' 
V (xii) 

0 Ä1CI3 rO -AlCls 

% -̂ #* fr Q 

C U Ä l - O ^ 
Ar' 

N 
H20/HC1 ? 

decomposi­
tion 

(XI) 

Scheme 2. 

The above scheme was confirmed by the fact that 
iV-hydroxyphthalimide (XII I ) reacts with aromatic 
substrates in the presence of anhydrous A1C13 to give 
4-aryl-l//-2,3-benzoxazin-l-ones.1) 

V \ / C O , 
N-OH 

Ar'H 

X/xco/ 
(XIII) 

A1C1, 

o 
II 

rCxo 
1 

Ar' 
(XI) 

g;C6H4CH3(/>-) C Ä C l ^ ) 

The results show that N- (arylsulfonyloxy) phthalimides 
undergo two types of molecular rearrangement. Lossen 
rearrangement occurs with amines, amino acids, and 
hydrazines; isomerization followed by Beckmann rear­
rangement occurs with Lewis acids such as anhydrous 
AICI3. 

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

Melting points were not corrected. IR spectra were 
carried out on an Unicam SP 1200 spectrophotometer by 
means of KBr Wafer technique. 

Reaction of N-(Arylsulfonyloxy) phathalimides with Aromatic 
Amines in Ethanol. A mixture of N-(arylsulfonyloxy)-
phthalimides (I) (0.1 mol) and primary aromatic amines 
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T A B L E 1. ACTION OF AROMATIC AMINES ON N- (ARYLSULFONYLOXY) PHTHALIMIDES (la AND b) 

Reactants 
start amine 

la Aniline 

/»-Toluidine 

jb-Anisidine 

p-Chloro-
aniline 

Ib Aniline 
/»-Toluidine 
jb-Anisidine 
/»-Chloro-

aniline 

No. 

Ha 

IIb 

Ile 

l id 

Ha 
IIb 
Ile 

I ld 

JV-2-

Mp, °G 

218—220 

204—205 

208 

225—226 

218—220 
204—205 

208 

225—226 

(Arylca 

Yield 
% 

58 

54 

60 

40 

60 
58 
62 

49 

Products 

rbamoyl)-iV-arylureas (II) 

M.F. 

CaoHi7N3Oa 

C22H21N3O2 

0 2 2H 2 ]N 30 4 

G20H15N3O2Cl 

Anal 

Req. 

C 72.50 
H 5.13 
C 73.5 
H 5.8 
G 67.53 
H 5.37 
G 60.0 
H 3.75 

ysis 

Found 

72.3 
5.4 

74.0 
5.0 

67.00 
5.17 

60.5 
3.4 

Amine salts of 
acid ( 

No. 

I l i a 

I l l b 

IIIc 

Hid 

Hie 
Hlf 
I l lg 

IHh 

Mp, °C 

222 

194—196 

168—170 

213—215 

224—225 
184—185 

180 

230 

aryl sulfoni 
ID 

Mmp, °C 

222 

195 

169 

214—215 

223 
184 
180 

230 

c 

Yield 

60 

61 

64 

68 

60 
48 
61 

58 

(0.4 mol) in ethanol or benzene (20 ml) were heated under 
reflux for (6 h) and then cooled. T h e solid product was 
treated with ethanol and filtered off. 

The residual solid was recrystallized from ethanol to give 
iV-[2-(arylcarbamoyl)phenyl]-iV-arylureas (II) as white crys­
tals. The mother liquor was concentrated by evaporation 
and trated with a few drops of benzene to give I I I as a solid 
product (Table 1). 

I t was proved to be an amine salt of arylsulfonic acids by 
m p and mixed mps with authentic samples prepared from 
the reaction of arylsulfonic acids (Va and b) with the corre­
sponding amines.3) 

Pyrolysis of N-[2-(Arylcarbamoyl)phenyl]-N'-arylureas: N-\2-
(Arylcarbamoyl)phenyl]-iV'-arylureas (Ha—d) were heated 
above their mps on a sand ba th for 2 h. T h e solid product 
was obtained in sublimed needles and collected in an air 
condenser. T h e product was proved to be 3-aryl-1,2,3,4-
tetrahydroquinazoline-2,4-diones (IVa—d) by m p and mixture 
m p and I R spectra.4) 

I-B) Reaction of N-(Arylsulfonyloxy)phthalimides with Amino-
benzoic Acids. A mixture of N- (arylsulfonyloxy)-
phthal imide (I) (0.1 mol) , aminobenzoic acid (0.3 mol) and 
a few drops of pyridine in benzene (10 ml) was heated under 
reflux for 4 h, then cooled. T h e solid product was treated 

with ethanol and filtered off. T h e residual solid was recrys­
tallized from acetic acid to give N,N'-diarylureas (Via and b) 
as white crystals (Table 2) . T h e mother liquor was con­
centrated, and treated with a few drops of benzene to give-
V I I as a product (Table 2) . 

I t was proved to be arylsulfonic acid salts of aminobenzoic 
acid by m p and mixture m p . 

Reaction of Arylsulfonic Acids (V) with Aminobenzoic Acids: 
A mixture of arylsulfonic acids (V) (0.1 mol) and amino-
benzoic acids (0.3 mol) and a few drops of pyridine in benzene 
was heated under reflux for 2 h, then cooled. The solid 
product obtained was filtered off, recrystallized from benzene 
and a few drops of ethanol were added to give white crystals. 
I t was proved to be arylsulfonic acid salts of aminobenzoic 
acids by m p and mixture m p . 

Reaction of N-(Arylsulfonyloxy)phthalimides with Phenylhydra­
zine in Ethanol'. A mixture of N-{arylsulfonyloxy)phthal­
imides (I) (0.1 mol) and Phenylhydrazine (0.3 mol) in ethanol 
was heated under reflux for (3 h) , then cooled. The solid 
product was obtained, filtered off, recrystallized from ethanol 
to give V I I I as white crystals, m p 193 °C. Found: G, 66.6; 
H , 5 .0%. Calcd for C 2 0 H 1 9 H 6 O 2 : C, 66.48; H, 4 .9%. 

T h e mother liquor was concentrated by evaporation. A 
solid product was obtained. I t was proved to be phenyl-

T A B L E 2. ACTION OF AMINOBENZOIC ACIDS ON JV- [ARYLSULFONYLOXY] PHTHALIMIDES 

Products 

Reactants 
start amino 

acids 

iV,iV-Diarylureas (VI) Aminobenzoic acid salts (VII) 

No. ^ c
P ™ d M.F. 

Analysis % 
Calcd 

(Found) No. M p °C 
Yield 

/o 
M.F. 

Analysis, % 
Calcd 

(Found) 

C H C H 

l a /»-Amino-
benzoic acid 

I b /»-Amino-
benzoic acid 

l a m-Amino-
benzoic acid 

Ib m-Amino-
benzoic acid 

V i a 

V i a 

Vlb 

VIb 

over 
360 
over 
360 
over 
360 
over 
360 

75 C 2 2 H 1 7 N 3 0 6 

75 

78 C „ H „ N , 0 , 

78 

J22 r a17 i > l3V j '6 

63 .0 4 .06 
(63.34) (3.69) 

63.0 4.06 
(63.7) (4.2) 

V i l a 

V l l b 

V I I c 

V l l d 

173—175 40 C „ H n N O , S 52.42 4.4 

253—255 41 C 1 4H 1 5NO sS 

(53.3) (4.6) 
54.37 4 .85 

(54.5) (4.6) 
52.45 4 .40 

(53.3) (4.6) 
54.37 4 .85 

5kJ (54.4) (4.6) 
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Reactants 
aromatic 
solvents 

l a Benzene 

Toluene 

Anisole 

/»-Chloro-
benzene 

l b Benzene 
Toluene 

Anisole 

/»-Chloro-
benzene 

T A B L E 3. 

Base-catalyzed Rearrange anient of Phthalimides 

REACTION OF ANHYDROUS ALUMINIUM CHLORIDE IN AROMATIC SOLVENTS WITH 

4-Ar) 
benzoxazi 

No. 

X I a 

X l b 

X I c 

X l d 

X I a 
X l b 

X I c 

X l d 

M p 
°C 

160 

158 

141 

187 

160 
158 

141 

186 

rl-\H-2,3 
m-l-ones 

Mixed "! 
m p ° C 

160 

158 

140 

186 

— 
— 

— 

— 

N- [ARYLSULFON YLOXY] PHTHALIMIDES 

Products 

(XI) 

^ l d Ref. 

/o 
35 5 

33 6 

30 7 

28 8 

— — 

— — 

— — 

No. 

X l l a 

X l l b 

X I I c 

X l l d 

X l l b 
X l l e 

X l l f 

X l l g 

Diary lsulfont 
(XII ) 

M p 
°C 

128 

124 

72 

93 

124 
158 

100 

128 

s 

Mixed Yield 
m p °C % 

127 

123 

72 

93 

— 
157 

98 

127 

85 

83 

84 

80 

86 
84 

86 

81 

Ref. 

9 

— 

— 

10 

— 
11 

— 

— 

M.F. 

— 

Ci3H 1 2 0 2 o 

Ci3H 1 20 3S 

— 

— 
— 

C 1 4 H 1 4 0 3 S 

Cia-HjjOgSGl 

2681 

Analysis % 
Galcd 

(Found) 

C H 

— — 
58 .7 4 . 6 

(58.3) (4.3) 
6 2 . 9 4 .84 

(62 .65 ) (4 .9 ) 

— — 

— — 
— — 

64.12 5 .33 
(63 .72) (5 .61) 
54 .6 4 . 5 

(54.2) (5.0) 

hydrazine salt of arylsulfonic acids ( IX) by m p and mixed 
mps.3> 

Pyrolysis of VIII: V I I I was heated above its m p on a 
sand bath for one hour, then cooled. A solid product obtained 
was filtered off, and recrystallized from ethanol to give a solid 
product. I t was proved to be X a — d by m p and mixed m p , 
and I R spectra. T h e mother liquor was concentrated by 
evaporation to give an oil. 

I t was proved to be Phenylhydrazine by condensation with 
benzophenone to give benzophenone hydrazone. 

IIA. Action of Anhydrous Aluminium Chloride in Dry 1,1,2,2-
Tetrachloroethane on N-(Arylsulfonyloxyjpathalimides (I). 
Anhydrous aluminium chloride was added while stirring to a 
solution of iV-(arylsulfonyloxy)phthalimides (I) in dry 1,1,2,2-
tetrachloroethane. T h e reaction mixture was heated under 
reflux for 1/2 h, and the complex formed was decomposed 
with ice-cold dilute hydrochloric acid. T h e solvent was 
steam distilled. T h e solution was extracted with ether. T h e 
ethereal layer was separated, dried over anhydrous sodium 
sulfate, and the solvent was concentrated by evaporation. 

The solid product obtained was filtered off, recrystallized 
from ethanol to give white crystals, m p 206 °C. I t was 
proved to be phthalic acid by m p and mixed mp. The 
mother liquor was concentrated to dryness to give arylsulfonic 
acids. 

IIB. Action of Anhydrous Aluminium Chloride in Aromatic 
Solvents on N-(Arylsulfonyloxy) phthalimides. Anhydrous 
aluminium chloride (0.6 mol) was added under stirring to 
a solution of iV-(arylsulfonyloxy)phthalimide (I) (0.1 mol) 
in dry aromatic solvents. The reaction mixture was heated 
under reflux for 1 h , and the complex formed was decomposed 

with ice-cold dilute hydrochloric acid. T h e solvent was steam 
distilled. T h e residual solid was filtered off. 

T h e crude product was dissolved in ethanol, concentrated, 
then cooled, and the solid obtained was filtered off and re­
crystallized from ethanol to give diarylsulfone (XI I ) as white 
crystals (cf. Table 3). 

T h e mother liquor was concentrated then cooled to give 
solid product . I t was proved to be 4-aryl- l / / -2,3-benz-
oxazin-1-ones (XI ) , (cf. Table 3). 
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Polymers containing dicyclopentadiene units in their main chain were prepared by the polycondensation of 
dicyclopentadienedicarbonyl dichloride with bis(/>-hydroxyphenyl) ether or 2,2-bis(/>-hydroxyphenyl)propane. 
Thermal analysis showed that the dicyclopentadiene units dissociate reversibly. The results of thermal degrada­
tion in a nitrobenzene solution indicate that a reversible degradation occurs at 10% concentration of the polymer, 
and an irreversible one at concentration below 1 %. The activation energy of the dissociation of dicyclopentadiene 
units in the main chain of the polymer was estimated to be 30 kcal/mol. 

I t is well-known that a molecule of dicyclopentadiene 
reversibly dissociates into two molecules of cyclopen-
tadiene on heating. Thus, a polymer containing dicyclo­
pentadiene ring in the main chain is expected to dis­
sociate reversibly into polymers of lower molecular 
weight. Stille and Plummer at tempted to synthesize 
polymer having such a structure by the Diels-Alder 
type polyaddition of bis(cyclopentadienyl)alkanes,1) but 
obtained only polymers of low molecular weight. Thus 
the behavior of the thermally dissociative degradation 
of these polymers has not been clarified. 

We obtained polymers of high molecular weight 
containing the dicyclopentadiene ring in the main chain 
by the polycondensation of dicyclopentadienedicarbonyl 
dichloride (DCPG) with bis(p-hydroxyphenyl) ether 
(HPE) or 2,2-bis(/>-hydroxyphenyl)propane (HPP), and 
investigated their thermal behavior. This paper deals 
with thermally dissociative degradation of these polymers 
in solid state and in a nitrobenzene solution. 

Exper imenta l 

Materials. HPP was recrystallized from toluene 
just before use, mp 160—161 °G. HPE was prepared2) 
from bis(/»-aminophenyl) ether as a starting material via 
the diazonium salt and then acetate; it was recrystallized 
from water, mp 167—168 °G; 15% yield (based on the 
starting material). DGPC was obtained by the chlorination 
of dicyclopectadienedicarboxylic acid with thionyl chloride,3) 
and recrystallized from petroleum ether, mp 61.5—62.5 °G 
(lit, 62 °C3>). 

Model compound (diphenyl dicyclopentadienedicarboxy-
late). A solution of 2.21 g (8.9 mmol) DCPC in 10 ml 
dichloromethane was added to a mixture of 9.19 g (23.2 mmol) 
phenol, 3.23 ml (27.1 mmol) pyridine and 20 ml dichloro­
methane at 19—23 °G, followed by stirring at the same 
temperature. The reaction mixture was washed with a 
dilute aqueous solution of sodium carbonate and then with 
water. The oily layer was separated and dried with anhy­
drous calcium chloride, the solvent being removed. The 
viscous liquid so obtained was dissolved in methanol, poured 
into water to give a solid product, which was recrystallized 
from heptane to yield colorless crystals, mp 90.5—91.5 °C 
(lit, 92—94°C4>); 57.4% yield. Found: C, 77.38%; H, 
5.32%. Galcd for C24H20O4: C, 77.42%; H, 5.41%. The 
IR spectra showed absorptions for ester group at 1200 and 
1735 cm - 1 and for double bonds of dicyclopentadiene ring 
at 1600 and 1635 cm-1. 

Polycondensation. A typical procedure is as follows. 
A solution of 0.643 g (2.5 mmol) DCPC in 3.8 ml dichloro­
methane was added dropwise to a solution of 0.505 g(2.5 
mmol) HPE and 0.8 ml (5.5 mmol) triethylamine in 7.5 ml 
dichloromethane under stirring at —3 °C. Stirring was 
continued for 45 min at —3 2 °C. The reaction mixture 
was poured into acetone containing 20% water to precipitate 
polymer. The polymer obtained was reprecipitated in 
benzene-methanol system and dried in vacuo to yield 80.8% 
of a white powdery polymer. The inherent viscosity(0.5% 
concn, m-cresol, 30 °C) was 0.67 dl/g. Found: C, 74.30%; 
H, 4.77%. Calcd for C24H1805: C, 74.60%; H, 4.70%. 
The IR spectra showed absorptions for the ester group at 
1190 and 1700 cm - 1 and for double bonds of the dicyclo­
pentadiene ring at 1600 and 1630 cm -1. 

The polycondensation of DCPC with HPP gave high 
molecular weight polymers under the same reaction condi­
tions as those described above except that reaction time 
was 10 minutes. The inherent viscosity (0.5% concn, 
w-cresol, 30 °C) was 0.84 dl/g. Found: C, 77.71%; H, 
6.23%. Calcd for C27H2404: C, 78.62%; H, 5.86%. IR 
spectra showed not only the IR absorptions decribed for 
the polymer of DCPC with HPE, but also absorption for 
methyl group at 2960 and 1375 cm-1. 

Degradation and Measurement. DTA and TGA were 
carried out on a Rigaku Denki thermal analyzer (Cat. No 
8085D1) at a heating rate of 20 °C/min under a nitrogen 
stream. 

Thermal degradation of a polymer solution was carried 
out in a sealed viscometer5) for a dilute solution containing 
less than 1% of the polymer. A nitrobenzene solution of 
the polymer was added to the viscometer, degassed by a 
freeze-thaw procedure and sealed. The viscometer was 
heated at a specified temperature for a certain time, then 
rapidly cooled, viscosity being measured at 30 °G. 

In the case of a solution of 10% concentration, a degassed 
polymer solution in a sealed glass tube was heated at a 
specified temperature for the desired time, and then diluted 
with nitrobenzene to 0.5%. The viscosity of the solution so 
obtained was measured at 30 °C with an Ubbelohde 
viscometer. 

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

Preparation of Polymer. The polycondensation of 
DGPC with bisphenol was carried out in dichloro­
methane by low temperature solution polycondensation. 
The results are given in Table 1. The high molecular 
weight polymer of DGPC with H P E could be obtained 
at the reaction conditions of No. 5 in Table 1. With 
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TABLE 1. Low TEMPERATURE SOLUTION POLYCONDENSATION OF DCPG WITH BISPHENOL 

No. Bispheonl 
Conen of 

acid chlorideft) 

mol l-1 

Ratio of triethylamine 
to acid chloride 

mol mol -1 

Temp 
°C 

Reaction 
timeb> 

h 

Conversion W 1 

dig- 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

HPE 
HPE 
HPE 
HPE 
HPE 
HPE 
HPP 
HPP 
HPP 

0.167 
0.187 
0.220 
0.220 
0.220 
0.333 
0.220 
0.267 
0.267 

2 
2 
2 
2.2 
2.2 
2 
2.2 
2.2 
2.2 

2—3 
1.5—3 

2—3 
- 3 2 
- 3 2 

2—3 
- 2 1 
- 3 1 
- 3 2 

1 
6 
1 
0.75 
2 
2 
2 
0.16 
2 

76.4 
60.1 
78.1 
80.8 

— 
— 

71.2 
61.1 

— 

0.12 
0.11 
0.40 
0.67 

_ < J ) 

— d ) 

0.29 
0.84 

— d ) 

a) Conen of acid chloride in reaction mixture, b) Reaction time after addition of acid chloride soin. 
c) 0.5% w-cresol soin at 30 °C. d) Insoluble in m-cresol. 

decrease in the concentrations of reactants, molecular 
weight of polymer decreased (Nos. 1 and 2). When the 
concentration of reactants was increased, a polymer 
insoluble in m-cresol was formed; it may be crosslinked 
(No. 6). An unnecessarily long reaction time also 
resulted in the formation of insoluble polymers. T h e 
polycondensation of DCPG with H P P proceeded in a 
similar way to that of DCPG with H P E with respect to 
the concentrations of reactants and the reaction time. 

The resulting polymers were identified by elemental 
analysis and I R spectroscopy. Since the structure of 
DGPC was assigned by Peters3'6) as endo-4,9-bis-
(chloroformyl)tricyclo[5.2.1.02 '6]deca-3,8-diene, the 
structures of the polymers obtained in this investigation 
are as follows. 

(-§TK>ro^x-o-°l 
X : - o - , -

CH3 
i 

C-

CH3 

Degradation in Solid State. T G A and D T A curves 
of the model compound show two endothermic peaks at 
92 and 190—305 °C respectively (Fig. 1, Curve A) . 
The one at lower temperature corresponds to the melting 
point of the model compound. The other accompanied 
by 9 3 % weight loss is due to the dissociation of the model 
compound and the volatilization of dissociated com­
pounds. T G A and D T A of the polymer of D C P C with 
H P E show two endothermic peaks at 190—250 and 
300—420 °C (Curve B). The first peak of curve B 
seems to be caused by the dissociation of polymer 
chains, since the thermal dissociation of the model 
compound starts at almost the same temperature. This 
was confirmed by the following experiment. Thus the 
polymer heated to 237 °C (at this temperature, the 
first endothermic peak can be observed, but not the 
second one) was allowed to cool down to room tem­
perature; on reheating of this polymer, an endothermic 
peak appeared at 223—260 °G. The endothermic peak 
on reheating may be responsible for some chemical 
change of polymer by heating. T h e second peak at 
300—420 °C accompanied by ca. 70% weight loss is 

100 

50 

0 

100 

50 |-

0 

100 r 

50 

210°C ( \ 

330°C 

i i i. 

B 

• 

0 

r^> 
228°C ] \ 

342°C 

• • 

C 

0 200 400 600 
Temp (°C) 

Fig. 1. TGA and DTA of model compound and poly­
mers: 
A, model compound ; B, polymer of DCPC with HPE 
C, polymer of DCPC with HPP; N2 flow, 100 ml/min; 
rate of temperature increase, 20 °C/min. 

due to further degradation and volatilization of dis­
sociated and degradated fragments. T G A and D T A 
of the polymers of DGPC with H P P gave endothermic 
peaks at 190—250 and 250—400 °C accompanied 
by ca. 7 5 % weight loss. The temperature at which the 
dissociation of polymer chains begins was similar to 
that for the polymers of D G P C with H P E , but endo­
thermic peaks were observed at slightly higher tem­
perature (Fig. 1). 

Degradation in a Solution. Thermal degradation 
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0.5 r 0.4 r 

10 20 30 
Time (h) 

Fig. 2. Effect of temperature on viscosity decrease of 
polymer: temperature; 0> 30 °G; # , 40 °C; 0 , 50 °C; 
3 , 60 °C; C , 80 °C; Q, 100 °C; polymer concentra­
tion, 0.5%; samples of different molecular weight were 
used for the measurements at 50 and 60 °C. 

processes of the polymers in a nitrobenzene solution 
were followed by viscometry. Figure 2 shows the 
viscosity change of a solution of the polymer of DGPG 
with H P E at a concentration of 0 .5% at various tem­
peratures. At 30 °G, no change in viscosity of the 
solution was observed for 30 h. This indicates that 
hardly any of the dicyclopentadiene ring in the main 
chains of the polymers dissociate at this temperature. 
Wi th increasing temperature the viscosity decreased 
rapidly. At temperature higher than 80 °G, viscosity 
decreased a great deal at the initial stage of heating. 
When the polymers of D C P C with H P P were used, 
almost the same curves showing viscosity decrease as 
above were observed at 30 and 80 °C. Thus, further 
experiments were carried out on the polymers of DCPG 
with H P E only. For the polymer concentration from 
0.1 to 1.0%, decrease in viscosity is not influenced by 
polymer concentration, (Fig. 3). This indicates that 
the polymer degrades irreversibly in a solution of 
concentration less than 1%. If the degradation of the 
polymer proceeds reversibly, the decay curve of the 
viscosity should be affected by the concentration of the 
polymer, since the forward reaction is of first-order with 
respect to the concentration of dicyclopentadiene unit 
and the reverse reaction is of second-order with respect 
to the concentration of cyclopentadienyl groups produc­
ed. Thermal degradation of the polymer in a solution 
of 10% concentration is shown in Fig. 4 together with 
that of the 1% polymer solution. I n the case of the 10% 
polymer solution, the viscosity was measured for 0 .5% 
polymer solution obtained by diluting the heat-treated 
10% polymer solution with nitrobenzene. At 10% 
polymer concentration, viscosity fell to a constant value 
in a relatively short time, the value being higher than 
that of the 1% polymer solution. The 10% polymer 
solution heated for 18.5 h at 80 °C was allowed to stand 
for 48 h at room temperature, but no increase in 
viscosity of the polymer from the equilibrium value 
could be observed. 

If the polymer is degraded in the presence of excess 
dienophile such as JV-phenylmaleimide, cyclopentadienyl 

Time (h) 

Fig. 3. Effect of polymer concentration on viscosity de­
crease of polymer at 80 °G: polymer concentration; Q, 
1.0%; # , 0 . 5 % ; D , 0 .1%. 

&- 0.2 [ 

Time (h) 

Fig. 4. Effects of polymer concentration and maleimide 
addition on viscosity decrease of polymer at 80 °C : 0 , 
10% polymer solution; Q, 1% polymer solution; • , 
five times as much the molar quantity of iV-phenyl-
maleimide as the dicyclophntadiene unit of the polymer 
was added to the 10% polymer solution. In the case 
of 10% polymer solutions viscosities were measured in 
0.5%, and in the case of 1% no dilution was done. 

groups produced by the dissociation of dicyclopentadiene 
units in the polymers react exclusively with iV-phenyl-
maleimide; thus a recombination reaction of two cyclo­
pentadienyl groups present as end groups of the degraded 
polymers would be disturbed. As shown in Fig. 4, 
addition of the maleimide to the 10% polymer solution 
has predominant effect of the decrease of molecular 
weight of the polymers. T h e decay curve of the vis­
cosity in the presence of the maleimide was similar to 
that observed for the 1 % polymer solution in which 
irreversibly dissociative degradation took place. The 
addition of maleimide to the 1 % polymer solution had 
no effect on the relationship between the viscosity of the 
polymers and heating time. 
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From the effect of polymer concentration and that of 
maleimide addition on viscosity decrease, it is concluded 
that in the 10% polymer solution the degradation of the 
polymers proceeds by a reversible process, the molecular 
weight of the polymer reaching an equilibrium value. 
In this case, however, no viscosity recovery could be 
observed by letting the solution to stand for 48 h at room 
temperature. This might be responsible for the very 
slow rate of the recombination reaction because of the 
low reaction temperature. In a dilute solution below 
1%, recombination of cyclopentadienyl groups is 
disturded by dilution ; consequently irreversible degrada­
tion was observed. 

If the polymers degrade irreversibly under random 

100 r 

D0 10 20 30 

Time (h) 

Fig. 5. Plots of (l/7]tnh)
2 against time. 

scission of the main chain, a linear relationship can be 
expected to exist between the reciprocal of the degree of 
polymerization and heating time. The plots of ( 1 / [TJ] )1/a 

against heating time should be linear, where a donates 
the exponential term of the Mark-Houwink equation 
and [•/)] intrinsic viscosity. However, a has not yet 
been estimated for this polymer solution. By assuming 
that a equals 1/2, plots of (l/v) inh)2 against heating time 
were found to be linear at temperatures lower than 
60 °G, using the data in Fig. 2, (Fig. 5). The Arrhenius 
plot of the slope of lines gave satisfactory linear relation­
ship. T h e activation energy for the degradation of the 
polymer was calculated to be 30 kcal/mol. The activa­
tion energy corresponds to that for the dissociation of 
dicyclopentadiene units in the main chain of the polymer 
into cyclopentadienyl group, since the scission of the 
main chain seems to occur exclusively at the dicyclo­
pentadiene units at a temperatures below 60 °C. The 
activation energy for the dissociation of dimethyl 
dicyclopentadienedicarboxylate was reported to be 
30 kcal/mol in a tetraglyme solution.7) I t is interesting 
to note that the activation energy of the dissociation of 
dicyclopentadiene units in a polymer main chains agreed 
with that for a low molecular weight compound. 
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The reactions of phenacyl benzoates, X-G6H4COCH2OCOC6H4-Y (la—i), with trialkyl phosphites (2a—c) 
giving dialkyl 1-arylvinyl phosphates (3a—d) in high yields were studied kinetically using the GLC technique. 
The overall reactions are second order, and exhibit a moderate solvent effect and catalysis upon the addition of 
certain organic acids. The activation energy, £ a=16.5 kcal/mol, and entropy, A£ # = — 38.5 e.u., were obtained 
from the reaction of l a with 2b, and the p value obtained using a for reactions of the two series of l a with 2b was 
|Ox=3.4 and jOY= 1.0, respectively. The reactivity of 2 in this reaction is markedly increased in the order, 
Me<^Et<j-Pr. These and other data accumulated support a mechanism for this reaction involving a rate-
determining addition of phosphorus atoms in 2 to the carbonyl carbon of the phenacyl group followed by 
rearrangement of the phosphorus moiety to the carbonyl oxygen of the phenacyl group. 

Various studies have been published on the scope and 
mechanism of the Perkow reaction with a-halo 
ketones.1-8) I t is well known that the reactions of these 
ketones with trialkyl phosphites (2) lead to ketophos-
phonates (the Arbuzov reaction) and/or enol phosphates 
(3) (the Perkow reaction) (Scheme 1), and that the 
nature of the halogen atom in the a-halo ketones and the 
reaction temperature have a substantial effect on the 
course of the reaction. 

I t has been found that the reactions of phenacyl 
benzoates (1) with 2 form only 3 in high yields.9) In this 
paper, kinetic studies on the reactions of two series of 
1 with 2, and to discuss the mechanism of the reactions. 

X-C6H4COCH2OCOC6H4-Y + P(OR)3 > 
1 2 

X-C6H4-C=CH2 + Y-G6H4COOR 

6 4 
„ P(0)(OR) 2 

TABLE 1. REACTION OF l a WITH 2b AT 140 °G IN TETRALIN 

R = C H 3 

R = C 2 H 5 

R=(GH 3) 2CH 

X = r i , R:=C2Hg 

X=/>-CH3, R = C2H5 

X=/>-CH30, R = C 2 H 5 

X=/>-Cl, R = C 2 H 5 

l a : X = H , Y = H 2a: 
l b : X = H , Y=p-CH3 2b: 
l c : X = H , Y=p-CH30 2c : 
I d : X = H , Y=m-CH3 

l e : X = H , Y=p-Cl 3a : 
If : X = H , Y=m-Cl 3b: 
lg:X=j&-GH3, Y = H 3c : 
l h : X=/>-CH30, Y = H 3d: 
l i : X=/>-Cl, Y = H 
l j : X=2,4,6-(CH3)3, Y = H 

Scheme 1. 

R e s u l t s 
T h e reaction of 1 with 2, which quantitatively yields 

enol phosphates (3), was studied kinetically in solution 
using the G L C technique (see Experimental) . T h e 
reactions obey good second-order kinetics, and are first 
order with respect to both 1 and 2, as shown by linear 
plots of log (a—x)/(b—x) vs. time. The relative con­
stancy of k2 for the reaction of l a with 2 b for differing 
ratios of reactants is shown in Table 1. The rate law 
is expressed as 

v = £2[triethyl phosphite] [phenacyl benzoate]. (1) 

[ la] , M 

0.40 
0.20 
0.50 

TABLE 2. 

[2b], M 

0.40 
0.80 
0.30 

[2b]/[la] 

1.0 
4.0 
0.6 

104*2, M ^ s " 1 

1.13 
1.16 
1.19 

REACTION OF PHENACYL BENZOATES ( la—i) 

WITH 2 b AT 140 °C IN TETRALINa) 

Compound 10* k2, M- 1s~1 

l a 
l b 
l c 
Id 
l e 
If 

l g 
l h 
i i 

1.16 
0.77 
0.72 
1.23 
2.22 
3.40 
0.28 
0.11 
5.14 

a) 0.2 M/l of 1, 0.8 M/l of 2b. 

- 2 

-3 

-4 

-5 

f x = 3 . 4 / 

-~~Si^y' fy=1.0 

1 1 1 .-
- 0 . 5 0.5 

Fig. 1. Hammett plots of rates on the reaction of phe­
nacyl benzoates (X-C6H4COCH2OCOC6H4-Y) with 
triethyl phosphite in tetralin at 140 °G. 

The rates of the reactions of phenacyl benzoates ( la— 
i) with 2 b at 140 °C are give in Table 2. The kinetic 
data gave a straight lines for Hammet t plots with px = 
+ 3 . 4 and pr=

Jrl.O using the a values shown in Fig. 1. 
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The rate constants ( M _ 1 s_1) of the reaction of l a 
with 2b in tetralin at various temperatures were 3 .10x 
10-5 at 110 °C, 4 .64X10- 5 at 120 °C, 1 . 1 6 x l 0 - 4 at 
140 °C, and 1.90 x 10~4 at 150 °C. The plots of log k2 

vs. IjTproduced a straight line, from which the energy, 
16.5 kcal/mol, and the entropy of activation, —38.5 
e.u., were obtained. 

TABLE 3. SOLVENT EFFECT ON THE RATE OF THE REACTION 

OF l a WITH 2b AT 140° Ca> 

addition of phosphite to the carbonyl carbon of the 
phenacyl groups followed by rearrangement of the 
phosphorus moiety to oxygen giving 5 (Scheme 2). 

a 
Path A: A r - C - C H 9 - 0 - C - A r ' Ar-C=CH, P 

O o 
P(OR)s 

O • Ar ' -COO-
I 

+P(OR)3 

5 

Solvent 

Tetralin 
Phenetole 
Acetophenone 

a) 0.2 M/l of la , 

Dielectric 
constant, e 

2.77 
4.22 

17.39 

0.8 M/l of 2b. 

10* Ä2, M"1 s"1 

1.16 
1.85 
3.13 

TABLE 4. EFFECT OF PROPIONIC ACID AND OT-CHLOROBENZOIC 

ACID ON THE REACTION OF l a WITH 2 b a ) 

Added acid 

None 
G2H5GOOH 
C2H5COOH 
C2H5COOH 
m-ClC6H4COOH 

Conen, M/l 

— 
0.014 
0.020 
0.030 
0.014 

104Â 2, M-i s"1 

1.13 
1.35 
1.41 
1.55 
1.44 

Ar-C=CH2 

O-P(O) 

3 

Pa thB: 
r P ( O R ) 3 

Ar-- C - C H 2 - 0 - C - A r ' -

A A 
Ar-C=CH2 

—> O • Ar 'COO- -
1 +P(OR)3 

5 

+ Ar'COOR 
(OR), 4 

+ 
r\V^h 

A r - C - C H 2 - 0 - C - A r 

[ A- A 
u 

Ar-C=CH2 

| 
—> O P ( O R ) 2 + Ar'COO 

O 4 

3 

a) 0.4 M/l of la , 0.4 M/l of 2b in tetralin at 140 °C. 

The solvent effect on the reaction of l a with 2 b at 
140 °C is shown in Table 3. The rate constants increase 
with increasing solvent dielectric constant. When 
organic acids are added to the reaction mixture, the 
rate constants at 140 °C increase for the incipient step 
of the reaction (up to a conversion of about 30%) as 
shown in Table 4. The plots of k2 vs. [propionic acid] 
show a straight line with a slope of + 1 . 4 0 X 1 0 - 3 as 
expressed by 

k2 = 1.13 X 10"4 + 1.40 X 10"3 [propionic acid]. (2) 

The effect of the alkyl groups of 2 in the reactions 
with l a in tetralin was also studied, and the results are 
shown in Table 5. The reaction rates decrease in the 
order, f - P r > E t > M e , corresponding to the nucleo-
philicity order of the phosphites. 

TABLE 5. EFFECT OF ALKYL GROUPS ON THE REACTION 

OF 2a—c WITH la a ) 

Compound 

2a 
2b 
2b 
2c 

a* 

0 
- 0 . 1 0 
- 0 . 1 0 
- 0 . 1 9 

104 k.„ M"1 s"1 

0.10 (110 °C) 
0.26 (110 °C) 
1.16 (140 °G) 
3.34 (140 °C) 

a) 0.2 M/l of 1, 0.8 M/l of 2 in tetralin. 

D i s c u s s i o n 

Although various mechanisms have been proposed for 
the Perkow reaction, the most likely for the reaction of 
1 with 2 include pathway A : the addition of 2 to the 
carbonyl oxygen of the phenacyl group gives directly 
an enol phosphonium salt (5), and pathway B: the 

Scheme 2. 

Pathway A, formally an *S'N2' type reaction, involves 
the loss of a benzoate anion in the rate-determining 
step. From the p value obtained and the solvent effect, 
the rate along this pathway, which was proposed by 
Miller,10) Trippett,11) and Ramirez et a/.12) may be 
considerable. However, this pathway appears to be 
unacceptable in our experiments from a consideration 
of the role of the acid catalysis. Therefore, pathway A 
is excluded. 

On the other hand, pathway B, involving a rate-
determining addition of phosphite to the carbonyl 
carbon of the phenacyl group followed by fast rear­
rangement and Arbuzov cleavage, is supported by the 
following facts. 

A) The p values, ^ = + 3 . 4 and ,oy=1.0, obtained 
from the reaction with X - C 6 H 4 C O C H 2 O C O C 6 H 4 - Y 
show that the reaction rate is determined by the nucleo-
philic addition of phosphite to the carbonyl carbon 
of the phenacyl group. T h e reaction of 2,4,6-trimethyl-
phenacyl benzoate ( l j) with 2 b with no solvent did not 
occur at 140 °G for 10 h because of steric hindrance 
due to the mesityl group. 

B) When the solvent is changed from tetralin ( e = 
2.77) to acetophenone ( e = 17.39), the rate increases by 
a factor of 2.7 (Table 3). T h e reaction via a charge-
separated complex (6) should be facilitated by an 
increase in the polarity of the solvent.13) 

C) When organic acids are added to the mixture of 
l a and 2b , the rate constant increases in the incipient 
step of the reaction as shown in Table 4. As the 
reaction proceeds, however, the accelerating effect 
gradually decreases. This phenomenon is due to the 
fact that a reaction of 2 with an acid occurs. In the 
presence of the acid, 1 may form weak hydrogen bonds 
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^c=o + HA <=± yâLo~~n~~A 

(RO)3P + ^C£- .0- - - -H-- - -A '~<=± (RO)3P-C Ö + H A 

Scheme 3. 

between the phenacyl group and the acid added, and 
the resulting bonds activate the carbonyl group for the 
nucleophilic attack by 2. The reaction is believed to 
progress as shown in Scheme 3. 

m-Chlorobenzoic acid is a more effective catalyst in 
this reaction (Table 4), because it is more acidic and, 
thus, more effective in forming a hydrogen bond with 
the carbonyl group. The acid catalysis and solvent 
effect, which have been observed for the reaction of 
a-halo ketones4 '5 '8 '13 '14) and benzil15) with trivalent 
phosphorus compounds, are similar to those obtained 
in this work. According to this mechanism, the second 
step, a rearrangement of the phosphorus moiety to 
oxygen, is not rate-determining in terms of the acid 
effect. T h e last step, Arbuzov cleavage of the alkyl 
group by the benzoate anion, which has been shown to 
be rapid and not rate-determining in the reaction 
of phosphite with ethyl iodide,16) should not be accelerat­
ed in a polar solvent. 

D) In view of the o* of Taft,17) the nucleophilicity 
of the phosphites is considered to be in the order 
( M e O ) 8 P < ( E t O ) 8 P < ( î - P r O ) s P . T h e observed reac­
tivity for the reaction of 1 with 2 is in agreement with 
the nucleophilicity of trialkyl phosphite. 

E) For the reaction of aryl-substituted a-haloiso-
butyrophenones with 2b , in which the rate-determining 
step is carbonyl addition, £"a=12.8—13.3 kcal/mol and 
A1S"F= —41 42 e.u.4) These data are quite similar to 
those presented here. Also, the reaction of benzil with 
2 has been postulated to proceed via a similar mecha­
nism.15) The large negative entropy of activation 
obtained should be consistent with a dipolar transition 
state 6.18'19) 

F) This reaction leads exclusively to enol phosphate 
in very high yields.9) Since the facility of the elimination 
of a leaving group in an SH2 reaction is generally in the 
order I > B r > C l > O C O C H 3 , 2 0 ) the elimination of a 
benzoate anion should be more difficult than that of a 
halide anion. Consequently, it is believed that this 
reaction proceeds along pathway B shown in Scheme 2. 

Exper imenta l 

Materials. Phenacyl benzoates (la—i) were prepared 
from corresponding phenacyl bromides and sodium benzo­
ates.9) I j was prepared by the method described above. Mp 
87.5—88.3 °C. NMR (CD3C1) : Ô 2.20 (s, 9H, (CH3)3), 5.02 
(s, 2H, CH2), 6.60—8.10 (m, 7H, aromatic-H). MS : m/e 283 
(M+). Trialkyl phosphites (2a—c) were prepared from a 
reaction of phosphorus trichloride with alcohols in the pres­
ence of a base and were distilled from metallic sodium.21) 
All of the solvents used were purified by the usual method.22) 

Instruments. NMR spectra were recorded on a Hitachi 
Model R-24 (60 Mc) spectrometer using TMS as an internal 
standard. Mass spectra were recorded on a Hitachi Model 
RM-50GC gas chromatograph-mass spectrometer. GLC 
measurements were carried out on a Shimadzu Model GC-

4BPT instrument equipped with a 0.5 x 2 m silicone SE-30 
(5 wt%) on Chromosorb G (60—80 mesh) column at 200 °C, 
using H2 as the carrier gas (90 ml/min). Melting points were 
determining on a Yanaco MP apparatus and uncorrected. 

Kinetic Measurements. The reactions were carried out 
in a rubber-stoppered glass tube maintained at a given tem­
perature using a stirred thermostatically-controlled bath. The 
reaction rates were estimated from the relative peak areas 
(corrected), which were determined by means of the internal 
standard method using the GLC technique. Pyrene was used 
as the internal standard. In a typical reaction, 2 mmol of 
1, 8 mmol of 2 and 0.3 g of pyrene were placed in a 10-ml 
volumetric flask. Then this solution was quickly increased to 
10 ml with the addition of tetralin. This solution was trans­
ferred into a tube displaced with nitrogen, and was allowed 
to react at 140 °C. Aliquots were taken out by syringe at 
appropriate time intervals and their compositions were deter­
mined immediately by the GLC technique. No reaction of 
l j with 2b occurred for 10 h at 140 °C, and both l j and 2b 
were recovered. 

T h e authors are indebted to Mr . S. Isogai for carrying 
out some of the kinetic determinations. 
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Several D-arabino- and 2'-deoxy-D-ribonucleosides of 1,2,3-triazolecarboxamides were synthesized by two 
methods, one involving acid-catalyzed fusion reactions of 1-O-acetyl derivatives (3, 5) of the corresponding sugars 
and l,2,3-triazole-4-carboxylate (1), and the other by glycosylation of the trimethylsilyl derivative (2) of 1 with 
glycosyl halides (4, 6). Evidence for the iV-glycosylation sites and anomeric configurations of the resulting nucleo­
sides is presented. 

Because of antiviral activity, some azole-carboxamides 
such as pyrazomycin1,2) and virazole3) have attracted 
attention. The synthesis of l-(/?-D-ribofuranosyl)-l,2,3-
triazole-4-carboxamide, which is active in vitro against 
vaccinia viruses, has been reported.4 '5) Modifications of 
the glycosyl moiety of these nucleosides were of interest 
for the determination of structure-activity relationships. 
A report was given on the syntheses of D-arabino-
furanosyl and 2'-deoxy-D-ribofuranosyl pyrazolecarbox-
amides.6) The present paper deals with an extention 
of the work;4* i.e. the synthesis of some 1,2,3-triazole 
nucleosides with modifications of the glycosyl moiety, 
including the arabinofuranosyl and 2-deoxyribofuranos-
yl derivatives of l,2,3-triazole-4-carboxamide. Two 
methods have been employed to prepare these N-
glycosyl-l,2,3-triazoles. One method (method A) is the 
acid-catalyzed fusion reaction of 1-O-acetyl derivatives 
of O-blocked sugars and ethyl l,2,3-triazole-4-carbox-
ylate (1), and the other (method B) is the glycosylation 
of the trimethylsilyl derivative (2) of ethyl 1,2,3-triazole-
4-carboxylate with O-blocked glycosyl halides. 

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

Since D-arabinosylation of purine and pyrimidine 
bases has often been successful in yielding antiviral and 
cytotoxic activities as exemplified7) by 9-(/?-D-arabino-
furanosyl) adenine and l-(/?-D-arabinofuranosyl)cytosine, 
we performed the synthesis of l-iV-(/?-D-arabinofuranos-
yl)-l,2,3-triazole-4-carboxamide (13^). Synthesis of the 
Y,2'-eis nucleoside was first performed by use of 1-0-
acetyl-2,3,5-tri-0-benzyl-D-arabinofuranose4> (3) in 
which the hydroxyl group at C-2 is blocked with benzyl 
group (a nonparticipating group). However, fusion 
of 3 with ethyl l,2,3-triazole-4-carboxylate8) in the 
presence of bis(/>-nitrophenyl) hydrogenphosphate9) 
gave a mixture of isomeric products (total yield 95.8%), 
viz., ethyl l-iV-(2,3,5-tri-0-benzyl-/?-D-arabinofuranos-
yl)-l,2,3-triazole-4-carboxylate {Iß), its a-anomer (7«), 
ethyl 2-iV-(2,3,5-tri-0-benzyl-/?-D-arabinofuranosyl)-
l,2,3-triazole-4-carboxylate (fy9) and its a-anomer (8«) 
in a ratio of 1 : 5 : 7 : 13.5, which were separated by 
chromatography. An improved yield of 7ß (16.7%) was 

* Present address: Research Laboratories, Meiji Seika 
Kaisha, Morooka-cho, Kohoku-ku, Yokohama, Kanagawa 222. 

** Present address: Institute of Bio-organic Chemistry, 
Nakahara, Kawasaki, Kanagawa 211. 

obtained by application of the Lewis acid-catalyzed silyl 
Hilbert-Johonson reaction.10) T h e trimethylsilyl deriva­
tive (2) of ethyl l,2,3-triazole-4-carboxylate was treated 
with 2,3,5-tri-O-benzyl-D-arabinofuranosyl chloride11) 
(4) in the presence of stannic chloride in 1,2-dichloro-
ethane to give a mixture of 7ß, 7a, 8ß, 8a, and ethyl 
l-JV-(2,3,5-tri-0-benzyl-a-D-arabinofuranosyl)-l, 2,3-tri-
azole-5-carboxylate (9«) (total yield 83%) in a ratio 
of 1: 1.5: 1: 1.5: 1.2, which were readily separated by 
chromatography. T h e products (7ß, 7a, 8ß, 8a, and 
9«) were converted into the corresponding carboxamides 
(10^, 10a, 11^9, l i a , and 12a) by treatment with 
methanolic ammonia. The benzyl groups were readily 
removed by catalytic hydrogenolysis on palladium black 
to give l-iV-(^-D-arabinofuranosyl)-l,2,3-triazole-4-car-
boxamide (13j8), its a-anomer (13a), 2-iV-(/?-D-arabino-
furanosyl)-l,2,3-triazole-4-carboxamide (14jS), its a-
anomer (14a), and l-iV-(a-D-arabinofuranosyl)-1,2,3-
triazole-5-carboxamide (15a), respectively. 

The structures of these arabinonucleosides were 
assigned on the basis of their P M R (Table 1 ) and U V 
spectra (Table 2). The anomeric proton of 15a (ô 6.81) 
appears at lower field than those of 13a and 13ß (<3 6.16 
and 6.40, respectively) and 14a and 14£ {ô 6.00 and 6.29, 
respectively). The downfield shift of H-1 ' of nucleosides 
having a carbamoyl group adjacent to the site of 
glycosylation has been attr ibuted to the anisotropic 
effect of the carbonyl group.12 '13) The signals for the 
H-5 of 13a and 13£ (Ô 8.86 and 8.70, respectively) 
appear at lower field than those of the isomeric 14a and 
leß (ô 8.39 and 8.31, respectively), indicating6-14) that 
13a and 13ß are 1-iV-glycosides and 14a and 14j8 are 

EtC^C •TMS 
(X 

BnO, 

ErO 

Bn=-CH2<3 

p - N O ^ z O ^ 0 - . 0 A c p - T o l O ^ 0 ^ Q 

P-NOZBZO p-TolO 

5 6 

p-N02Bz=-CON02 P-T0I-Ç-QCH3 
0 0 

Chart 1. 
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TABLE 1. PMR SPECTRAL DATA IN DMSO-ûk 

Arabino-
nucleosides 

13a 

13£ 
14a 

14y3 
15a 

Anomeric 
proton 

Ô 6.16 

6.40 

6.00 

6.29 

6.81 

Ji'.t' 

3 . 8 H z 

5.2 
5 .3 

6 .4 

4 . 6 

H-5 

Ô 8.86 

8.70 

8.39 

8.31 

8.35(H-4) 

2'-Deoxyribo-
nucleosides 

20a 

2 0 ^ 
21a 

2 1 £ 

Anomeric 
proton 

ô 6 .43 

6.40 

6.30 

6.31 

Jl',2' Jx',2" 

2 . 5 , 7 . 0 H z 

6 .0 , 6 .0 

5 .5 , 6 .5 

5 .0 , 6 .0 

H-5 

ô 8.72 
8.78 

8.20 

8.13 

2-iV-glycosides. Comparison of 13ß and 14ß with their 
a-anomers (13a and 14a, respectively) shows downfield 
shifts for the anomeric protons of the /9-anomers as 
expected for V,2'-cis nucleosides.15) The coupling 
constants for the anomeric protons of 13a, 13ß, 14a, and 
14ß also support their a- and /^-configurations. The 

TABLE 2. ULTRAVIOLET ABSORPTION DATA 

Compound 
No. 

13a 
1 3 ^ 

14a 

Uß 
15a 

20a 
20£ 
21a 

l\ß 

P 

Solvents Ar 

H 7 
( H 2 0 ) 

; 
"•max 

212 

211 

229 

229 
218 

213 

213 

228 

228 

e 

11200 

12000 

11900 

11600 
9700 

11100 

11900 

11400 

11600 

n a x n m and e 

p H 1 
(HCl) 

^max 

211 

211 

230 

229 

217 

212 
213 

227 

228 

e 

10800 

12200 

12000 

12700 
10200 

11800 

12200 

10900 

12000 

p H 13 
(NaOH) 

"•max 

224 

223 

230 

230 
225 

225 
224 

228 

230 

e 

8600 

9800 

10500 

11500 

6150 

8000 

11000 

11500 

11300 

anomeric configuration of 15a was deduced by its 
specific rotation. 

T h e synthesis of 2'-deoxyribofuranosyl nucleosides was 
also performed by the two methods. The fusion reac­
tion of l-0-acetyl-2-deoxy-3,5-di-0-(jfr-nitrobenzoyl)-D-
erythro-pentofuranose^ (5) and 1 gave ethyl l-iV-[2-
deoxy-3,5-di-0-(^-nitrobenzoyl)-/9-D-^/Aro-pentofuran-
osyl]-l,2,3-triazole-4-carboxylate (l&ß), its a-anomer 
(18a), ethyl 2-iV-[2-deoxy-3,5-di-0-(/>-nitrobenzoyl)-ß-
D- erythro - pentofuranosyl]- 1,2,3 -triazole- 4 -carboxylate 
(19^) and its a-anomer (19a) in a ratio of 1.25: 1: 2.5: 

1.75 (total yield 78.9%). Protection of hydroxy-groups 
with substituted benzoyl groups facilitates separation of 
the anomers usually formed in the synthesis of 2'-
deoxyribonucleosides.6 '16) Glycosylation of the trimeth-
ylsilyl derivative (2) with 2-deoxy-3,5-di-0-(jö-toluoyl)-
D-tfr^Aro-pentofuranosyl chloride17) in the presence 
of stannic chloride in 1,2-dichloroethane gave ethyl 
l-N-[2-deoxy- 3,5 -di-0-(/>-toluoyl)-/5-D-^/tro-pentofur-
anosyl]-l,2,3-triazole-4-carboxylate (16ß), its a-anomer 
(16a), ethyl 2-Ar-[2-deoxy-3,5-di-0-(/>-toluoyl)-ß-D-er>>-
/Äro-pentofuranosyl]-1,2,3 -triazole-4-carboxylate {17ß), 
and its a-anomer (17a) in a ratio of 1.77: 2.4: 1: 1.1 
(total yield 90.5%). Their treatment with methanolic 
ammonia afforded the corresponding carboxamides, 
20j8, 20a, 21j8, and 21a, respectively. It should be 
noted that in the synthesis of the 2'-deoxyribonucleo-
sides by method B, no formation of isomeric 5-carbox-
ylate was detected as compared with a 14.7% yield of 
9a in the synthesis of arabinonucleosides. The H-5 
protons of 20a and 20^8 appear at significantly lower 
field than those of 21a and 21j8, indicating that the 
former are l-./V-glycosyl derivatives and the latter 2-N-
glycosyl derivatives. Their U V spectra also show a 
characteristic difference4) (Table 2). The anomeric 
proton of 20)9 appears as a pseudotriplet with a peak 
width of 12 Hz which is in line with the ^-configura­
tion.18 '19) The anomeric proton of 20a appears as a 
quartet whose ^/-values indicate the a-configuration. 
The anomeric configuration of 21a and 21j8 was deduced 
by their specific rotation, though their P M R spectra 
provided no definite assignments. 

Of the nucleosides prepared, l-iV-(^-D-arabinofuran-
osyl)-l,2,3-triazole-4-carboxamide (13£) and l-iV-(2-
deoxy-/?- D -gry/Aro-pentofuranosyl) - 1 , 2 , 3 - triazole- 4-car-
boxamide (20^9) were found to have antiviral and 
cytotoxic activities.5) 

^ N 

F ^ - N ' 
> 

RO 

RO 
RCV 

7<t, R-CC^Et, R*Bn 
7ß, R'COjEt, R=Bn 

10 a, R'=C0NH2,R = Bn 
10ß, R'=C0NH2, R=Bn 
13 a, R'=C0NH2,R = H 
13(3, R'=C0NH2jR=H 

8a,R'=C02Et, R=Bn 
8ß,R=C0;a, R=Bn 

11a, R'=C0NH2l R=Bn 
11(3, R'=C0NH2,R=Bn 
H a , R'=C0NH2,R = H 
K(3, R'=C0NH2,R=H 

9a, R=C02Et, R=Bn 

12a, R'=C0NH2,R = Bn 

15a, R'=C0NH2, R=H 

Chart 2. 

16a, R=C02Q/R=p-N023z 
16ß, R=C02Et, R=p-N02Bz 
18 a, R=C02Et, R=p-Tol 
18ß, R'=C02Et, R=p-Tol 
20 a, R'=C0NH2,R=H 
20(3, R'=C0NH2,R=H 

17 a, R=C02Et, R-p-NO^Bz 
17ß, R'=C02Et, R=p-N02Bz 
19a, R'=C02Et, R=p-Tol 
19(3, R'=C02Et, R=p-Tol 
21a, R'=C0NH2,R=H 
21 ß, R = C0NH2,R=H 
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Exper imenta l 

Melting points were determined on a micro hot stage and 
are uncorrected. Thin layer chromatography (TLC) was 
carried out with Wakogel B-5, silica gel column chromatog­
raphy with Wakogel C-200. U V spectra were taken with 
a Hitachi Perkin-Elmer U V - V I S spectrometer 139 and P M R 
spectra with a Var ian A-60D spectrometer with T M S as an 
internal s tandard. 

Silylation of Ethyl l,2,3-Triazole-4-carboxylate. To a solution 
of ethyl l,2,3-triazole-4-carboxylate8> (1, 5.0 g, 35.5 mmol) and 
chlorotrimethylsilane (7.45 g, 67.5 mmol) in dried 1,4-dioxane 
(48 ml) was added dropwise, with stirring, a solution of tri-
ethylamine (6.9 g) in dried 1,4-dioxane (3 ml) . T h e reaction 
mixture was stirred for 12 h at room temperature. T h e pre­
cipitated triethylamine hydrochloride was filtered off and 
washed with two 5 ml portions of dried 1,4-dioxane. T h e 
filtrate and washings were combined and evaporated under 
reduced pressure. T h e resulting oil was distilled at 114 °C/1 
mmHg, to give 6.86 g (91%) of a colorless oil (2). 

Ethyl /-N-(2,3,5-Tri-0-benzyl-ß-T>-arabinofuranosyl)-l,2,3-tri-
azole-4-carboxylate (7ß), Its cc-Anomer (7a) and Ethyl 2-N-(2,3,-
5- Tri- O -benzyl-ß-D-arabinofuranosyl)-1, 2,3-triazole-4-carboxylate 
(8ß), Its oc-Anomer (8a) and Ethyl l-N-(2,3,5-Tri-0-benzyl-a-r>-
arabinofuranosyl)-l,2,3-triazole-5-carboxylate (9a). Method A: 
A mixture of ethyl l,2,3-triazole-4-carboxylate (1, 890 mg, 
6.30 mmol) and l-O-acetyl-2,3,5-tri-0-benzyl-D-arabinofu-
ranose4) (3, 2.19 g, 6.30 mmol) was heated at 143°C. To the 
melt was added bis(/>-nitrophenyl) hydrogenphosphate (4 mg), 
and the mixture was heated at 143°C under reduced pressure 
for ca. 20 min until the evolution of acetic acid ceased. T h e 
resulting mixture was dissolved in a minimum amount of 
ethyl acetate and was placed on a column of silica gel ( 180 g, 
2 . 8 x 7 0 cm, packed with 2 : 1 hexane-diisopropyl ether) and 
successively eluted with 2 : 1- (120 ml) and 1: 1 h e x a n e -
diisopropyl ether. T h e effluent was fractionated into 12 mi-
fractions. 

Fractions 37—53 gave 8a, colorless syrup, 1.38 g (40.2%). 
Fractions 54—63 gave a mixture of Sa and 8/Ï, 820 mg (23.9 
% ) , <x:/3=2:3 (from P M R ) . Fractions 64—69 gave 8/3, 
colorless syrup, 390 mg (11.4%). Fractions 81—91 gave 7a, 
colorless syrup, 530 mg (15.4%). Fractions 92—98 gave a 
mixture of 7a and 7/3, 90 mg (2.6%), a: ß= 1: 1 (from P M R ) . 
Fractions 99—105 gave 7ß, colorless syrup, 80 mg (2 .3%). 

Method B: T o a solution of 2,3,5-tri-O-benzyl-D-arabinofu-
ranosyl chloride11) (4, 2.00 g, 4.6 mmol) and silylated ethy-
l,2,3-triazole-4-carboxylate (2, 1.00 g, 4.8 mmol) in 1,2-dichlo-
roethane (50 ml) was added a solution of redistilled SnCl4 (1.2 
ml, 2.0 mmol) in 1,2-dichloroethane (3 ml) at 0 °C under stir­
ring. T h e reaction mixture was stirred at room temperature 
for 12 h. After dilution with 1,2-dichloroethane (20 ml) , the 
reaction mixture was washed with saturated aqueous N a H C 0 3 

solution. The organic layer separated by centrifugation was 
dried (Na 2 S0 4 ) , and evaporated under reduced pressure. T h e 
resulting mixture was dissolved in a min imum amount of ethyl 
acetate and chromatographed on a column of silica gel (140 g, 
2 . 8 x 6 0 cm, packed with 1: 1 hexane-diisopropyl ether) and 
eluted with the same solvent system. T h e effluent was frac­
tionated into 11 ml-fractions. 

Fractions 40—44 gave 8a, colorless syrup, 396 mg (17.3%); 
[a]2

D° +58 .4° (c 1.0, GHC13). P M R (CDG13): Ô 8.25 (s, 1H, 
H-5), 7.40 (d, 15H, Ar) , 6.39 (d, IH , JVt2, = 3.7 Hz, H - l ' ) , 
5.05 (dq, IH , H-2') , 4 . 7 0 ^ . 3 0 (m, 10H, CH2-ester, CH 2 -Ar , 
H-3 ' , H-4 ' ) , 3.75 (d, 2H, H-5' ,5"), 1.45 (t, 3H, GH3-ester). 
Found: C, 68.14; H , 6.16; N, 7 .53%. Calcd for C3 1H3306N3 : 
C, 68.49; H , 6.12; N, 7 .73%. 

Fractions 45—48 gave a mixture of 8a and 8/3, 85 mg (3.7 
% ) , a:ß=l: 1 (from P M R ) . 

Fractions 49—52 gave 8/3, colorless crystal, 236 mg (10.3%); 
m p 101—102 °C. [a]£ - 5 4 . 5 ° (c 1.0, CHC13). P M R (CDCl3) : 
ô 8.35 (s, I H , H-5) , 7.45 (d, 15H, Ar) , 6.67 (d, IH , Jv,a.= 
4.8 Hz, H - l ' ) , 4.50 (m, 11H, H-2 ' , CH 2 -Ar , CH,-ester, H-3 ' , 
H-4 ' ) , 3.75 (d, 2H, H-5' ,5"), 1.41 (t, 3H, CH3-ester). Found : 
C, 68.63; H , 6.11 ; N, 7.86%. Calcd for C 3 1 H 3 3 0 6 N 3 : C, 68.49; 
H , 6.12; N, 7 .73%. 

Fract ions 63—66 gave 9a, colorless syrup, 358 mg (14.7%); 
[a]2

D° + 5 5 . 0 ° (c 1.0, CHC13). P M R (CDC13): ô 8.12 (s, IH , 
H-4) , 7.30 (d, 15H, Ar) , 6.85 (d, I H , / r , 2 , = 3.3 Hz, H - l ' ) , 
5.20 (dq, I H , H-2'), 4.70—4.20 (m, 10H, CH 2 -Ar , CH2-ester, 
H-3 ' , H-4 ' ) , 3.69 (d, 2H, H-5' ,5"), 1.39 (t, 3H, CH3-ester). 
Found : C, 68.58; H , 6.18; N, 7 .51%. Calcd for C3 1H3306N3 : 
C, 68.49; H , 6.12; N , 7 .73%. 

Fractions 75—83 gave 7a, colorless syrup, 465 mg (20 .3%); 
[a]2

D° +61 .0° (c 1.0, CHC13). P M R (CDC13): ô 8.44 (s, I H , 
H-5) , 7.45 (d, 15H, Ar) , 6.42 (d, I H , Jv,v=1.5 Hz, H - l ' ) , 
4.75—4.20 (m, 11H, CH 2 -Ar , CH2-ester, H-2 ' , H-3 ' , H-4 ' ) , 
3.73 (d, 2H, H-5' ,5"), 1.40 (t, 3H, CH3-ester). Found : C, 
68.26; H , 6.12; N, 7 .55%. Calcd for C3 1H3306N3 : C, 68.49; 
H, 6.12; N, 7 .73%. 

Fractions 85—91 gave 7/3, colorless syrup, 380 mg (16.7%); 
[a]2

D° - 3 0 . 2 ° (c 1.0, CHC13). P M R (CDC13): ô 8.65 (s, I H , 
H-5 ) , 7.45 (d, 15H, Ar) , 6.65 (d, IH , y v > 2 , - 4 . 0 Hz, H - l ' ) , 
4.70—4.10 (m, 11H, CH 2 -Ar , CH2-ester, H-2 ' , H-3 ' , H-4 ' ) , 
3.75 (d, 2 H , H-5 ' ,5") , 1.40 (t, 3H, CH3-ester). Found: C, 
68.69; H , 6 .25; N , 7 .63%. Calcd for C 3 1 H 3 3 0 6 N 3 : C, 68.49; 
H , 6.12; N, 7 .73%. 

l-N-(2,3,5-Tri-0-benzyl-cc-T>-arabinofuranosyl)-l,2,3-triazole-4-
carboxamide (10a). A sample of 7a (400 mg, 0.74 mmol) in 
absolute methanol (40 ml) saturated with ammonia at 0 °C 
was kept a t room temperature for 12 h and evaporated under 
reduced pressure at 40 °C. The residual syrup was washed 
with hexane and the resulting gum was crystallized from ethyl 
acetate and diisopropyl ether to give 10a, 315 mg (85%); m p 
135—136 °C. [a]™ + 6 7 . 2 ° (c 1.0, CHC13). P M R (CDC13): 
ô 8.48 (s, I H , H-5) , 7.40 (m, 15H, Ar) , 6.40 (d, IH , Jv>2,= 
1.9 Hz , H - l ' ) , 6.30 (br d, 2H, C O N H 2 ) , 4.65 (m, 8H, C H 2 -
Ar, H-2 ' . H-3 ' ) , 4.30 (m, I H , H-4 ' ) , 3.73 (d, 2H, H-5' ,5"). 
Found : C, 67.54; H , 5.81 ; N, 10.70%. Calcd for C2 9H3 0O5N. i : 

C, 67.69; H , 5.88; N, 10.89%. 
7-N- ( 2,3,5- Tri-O-benzyl-ß-n-arabinofuranosyl) -1,2,3-triazole-4-

carboxamide (10ß). By a procedure similar to that for 10a, 
Iß (153 mg, 0.28 mmol) gave 10/3. Recrystallization from 
benzene-diisopropyl ether gave a pure sample, 110 mg (76%); 
m p l 2 2 — 1 2 3 °C. [a]^0 - 4 7 . 5 ° (c 0.61, CHC13). PMR(CDC13) : 
ô 8.62 (s, I H , H-5) , 7.40 (m, 15H, Ar), 6.60 (d, IH , JVtV = 
4.3 Hz, H - l ' ) , 5.85 (br d, 2H, C O N H , ) , 4.85—4.20 ( m / 9 H , 
CH 2 -Ar , H-2 ' , H - 3 ' , H-4 ' ) , 3.75 (d, 2H, H-5',5"). Found : C, 
67.69; H , 5.97; N, 10.70%. Calcd for C 2 9 H 3 0 O 5 N 4 : C, 67.69; 
H, 5.88; N, 10.89%. 

2-N-(2,3,5-Tri-0-benzyl-aL-T>-arabinofuranosyl)-l,2,3-triazole-4-
carboxamide (11a). By a procedure similar to tha t for 10a, 
8a (883 mg, 1.62 mmol) gave 11a. Recrystallization from 
ethyl acetate and diisopropyl ether gave 701 mg ( 8 4 % ) ; m p 
89.5°C. [a]2

D° + 6 7 . 6 ° (c 1.4, CHC13). P M R (CDC13): ô 8.30 
(s, I H , H-5) , 7.40 (m, 15H, Ar) , 6.50 (br d, 2H, C O N H 2 ) , 
6.30 (d, I H , y r , 2 , = 3.5 Hz, H - l ' ) , 5.00 (t, IH , H-2 ' ) , 4.75— 
4.25 (m, 8H, CH 2 -Ar , H -3 ' , H-4 ' ) , 3.72 (d, 2H, H-5',5"). 
Found : C, 67.64; H , 6.05; N, 10.66%. Calcd for C ^ H g o O ^ : 
C, 67.69; H , 5.88; N, 10.89%. 

2-N- ( 2,3,5- Tri-O-benzyl-ß-n-arabinofuranosyl) -1,2,3-triazole-4-
carboxamide (llß). By a procedure similar to that for 10a, 
8/3 (706 mg, 1.3 mmol) gave 11/3. Recrystallization from ben­
zene-diisopropyl ether gave 535 mg (80%). m p 131—132 °C. 
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[a]S - 5 7 . 5 ° (c 1.2, CHCl , ) . P M R (CDC13): «5 8.31 (s, 1H, 
H-5) , 7.40 (m, 15H, Ar) , 6.48 (d, 1H, Jv,v = 5.5 Hz, H - l ' ) , 
6.30 (br d, 2 H , C O N H 2 ) , 4.80—4.20 (m, 9H, CH 2 -Ar , H-2 ' , 
H - 3 ' , H-4 ' ) , 3.S0 (d, 2H , H-5',5"). Found : C, 67.82; H , 5.91 ; 
N, 10.82%. Calcd for G, 8H 3 0O 5N 4 : G, 67.69; H , 5.88; N , 
10.89%. 

l-N-(2,3,5-Tri-0-benzyl-a-r>-arabinofuranosyl)-l,2,3-triazole-5-
carboxamide (12a). By a procedure similar to that 10a, 
9 a (200 mg, 0.37 mmol) gave 12a. Recrystallization from 
benzene-diisopropyl ether gave 153 mg (81%) ; m p 122—123 
°G. [<x]2D° + 6 5 . 5 ° (c 1.0, CHC13). P M R (CDC13): Ô 8.00 (s, 
1H, H-4) , 7.30 (d, 15H, Ar) , 6.92 (d, 1H, / v . a . = 3.1 Hz, 
H - l ' ) , 6.60 (br s, 2H, C O N H 2 ) , 5.20 (dq, 1H, H-2 ' ) , 4 . 7 0 -
4.20 (m, 8H, CH 2 -Ar , H -3 ' , H-4 ' ) , 3.73 (d, 2H, H-5' ,5"). 
Found : C, 68.00; H , 6.10; N, 11.07%. Calcd for C„9H3 0O5N4 : 
C, 67.69; H , 5.88; N , 10.89%. 

l-N-(a-D-Arabinofuranosyl)-I,2,3-triazole-4-carboxamide (13a). 
A sample of 10a (300 mg, 0.583 mmol) in 6 ml methanol was 
hydrogenated over pal ladium black catalyst at 3.5 a tm for 
24h. After removal of the catalyst, the methanol layer was 
evaporated and the residue was crystalilzed from methanol 
and benzene to give 13a, 101 mg ( 7 8 % ) ; m p 185—185.5 °C. 
[ a ] * + 8 9 . 1 ° (c 0.73, H 2 0 ) . P M R (DMSO-</6) : Ô 8.86 (s, 1H, 
H-5) , 7.80 (br d, 2H, C O N H 2 ) , 6.16 (d, 1H, Jv,2, = 3.8 Hz, 
H - l ' ) , 6.06 (d, 1H, O H ) , 5.67 (d, 1H, O H ) , 5.00 (t, 1H, O H ) , 
4.60 (t, 1H, H-2 ' ) , 4.20 (m, 2H, H - 3 ' , H-4 ' ) , 3.69 (m, 2H, 
H-5,5"). Found : C, 39.37; H , 5.03; N, 23.22%- Calcd for 
C 8 H 1 2 0 5 N 4 : C, 39.34; H , 4.95; N, 2 2 . 9 4 % . 

7-N- ( ß-v-Arabinofuranosyl)-1,2,3-triazole-4-carboxamide (13ß). 
A sample of 10/9 (100 mg, 0.19 mmol) was hydrogenated and 
worked up in a similar manner to tha t described above. 
Recrystallization from methanol gave 13/9, 42 mg ( 8 4 % ) ; m p 
163—164 °C. [<x]2D° - 3 1 . 0 ° (c 1.0, H 2 0 ) . P M R (DMSO-d6) : 
Ö 8.70 (s, 1H, H-5) , 7.75 (br d, 2H, C O N H 2 ) , 6.40 (d, 1H, 
y r > 2 , = 5.2 Hz , H - l ' ) , 5.70 (m, 2H, O H ) , 5.18 (d, 1H, O H ) , 
4.40—3.90 (m, 3H, H-2 ' , H-3 ' , H-4 ' ) , 3.75 (m, 2H, H-5 ' ,5") . 
Found : C, 39.00; H, 4.88; N, 22 .65%. Calcd for C 8 H 1 2 0 5 N 4 : 
C, 39.34; H , 4.95; N , 22.94%. 

2-N- (a-v-Arabinofuranosyl) -1,2,3-triazole-4-carboxamide (14a). 
Similar hydrogénation of l i a (515 mg, 1.0 mmol) followed by 
recrystallization from methanol gave 14a, 181 mg ( 7 4 % ) ; m p 
188—189 °C. [a]S +89 .0° (c 0.87, H 2 0 ) . P M R ( D M S O -
d6) : ô 8.39 (s, 1H, H-5) , 7.89 (br d, 2H, C O N H 2 ) , 6.00 (d, 1H, 
Jv,v=5.3 Hz, H - l ' ) , 5.95 (d, 1H, O H ) , 5.61(d, 1H, O H ) , 
4.90 (m, 2H, O H , H-2 ' ) , 4.15 (m, 2H, H-3 ' , H-4 ' ) , 3.68 (m, 
2H, H-5' ,5"). Found : C, 39.10; H , 4.94; N , 23.19%. Calcd 
for C 8 H 1 2 0 5 N 4 : C, 39.34; H , 4.95; N, 22.94%. 

2-N-(ß-D-Arabinofuranosyl)-l,2,3-triazole-4-carboxatnide (14ß). 
Similar hydrogénation of 11/9 (118 mg, 0.23 mmol) , followed 
by recrystallization from isopropyl alcohol, gave amorphos 14/9, 
35.4 mg ( 6 3 % ) ; [a] S - 4 4 . 6 ° (c 0.42, H 2 0 ) . P M R ( D M S O -
d6) -.0 8.31 (s, 1H, H-5) , 7.80 (br d, 2H, C O N H 2 ) , 6.29 (d, 1H, 
J r 2, = 6 . 4 H z , H - l ' ) , 5.60 (d, 1H, O H ) , 5.47 (d, 1H, O H ) , 
4.78 (t, 1H, O H ) , 4.45 (m, 2H, H-2 ' , H-3 ' ) , 3.80 (m, 3H, 
H-4 ' , H-5' ,5"). Found : C, 39.35; H, 5.15; N, 22 .65%. Calcd 
for C 8 H 1 2 0 5 N 4 : C, 39.34; H,4 .95; N , 22.94%. 

l-N-(a-v-Arabinofuranosyl)-1,2,3-triazole-5-carboxamide (15a). 
A sample of 12a (80 mg, 0.16 mmol) in 5 ml methanol was 
hydrogenated over pal ladium black catalyst at 3.5 a tm for 72 
h. After removal of the catalyst, the methanol layer was 
evaporated and the residue was crystallized from methanol to 
give 15a, 12 mg (31 .6%) ; m p 189—190 °C. [a]2

D° + 8 5 . 5 ° (c 
0.5, H 2 0 ) . P M R (BMSO-d6): ô 8.35 (s, 1H, H-4) , 7.80 (br 
d, 2H , C O N H 2 ) , 6.81 (d, 1H, y r > 2 , = 4 . 6 Hz , H - l ' ) , 6.00 (d, 
1H, O H ) , 5.65 (d, 1H, O H ) , 4.80 (m, 2H, O H , H-2 ' ) , 4.18 
(m, 2H, H - 3 ' , H-4 ' ) , 3.68 (d, 2H, H-5' ,5"). Found : C, 
39.08; H , 4.97; N , 22.69%. Calcd for C 8 H 1 9 0 5 N 4 : C, 

39.34; H , 4.95; N, 22.94%. 
Ethyl l-N-[2-Deoxy-3,5-di-0-(p-nit,obenzqyl)-ß--D-erythro-pento-

furanosyl\-l,2,3-triazole-4-carboxylate (16ß), Its a-Anomer (16a) 
and Ethyl 2-N-[2-Deoxy-3,5-di-0-(p-nitrobenzoyl)-ß-T>-erythro-
pentofuranosyl]-I,2,3-triazole-4-carboxylate (17ß), Its a-Anomer 
(17a). Ethyl l,2,3-triazole-4-carboxylate (1, 560 mg, 3.59 
mmol) and l-0-acetyl-3,5-di-0-(/>-nitrobenzoyl)-D-2-deoxyri-
bofuranose (2, 1.70 g, 3.59 mmol) were heated at 143 °C. To 
the melt was added bis(j&-nitrophenyl) hydrogenphosphate (4 
mg) and the mixture was heated at 143 °C under reduced pres­
sure for ca. 20 min until the evolution of acetic acid cessed. 
T h e resulting gum was dissolved in ethyl acetate (5 ml) . 
Silica gel (2.5 g) was added and the suspension was evaporated 
to dryness. T h e residue was placed on a column of silica gel 
(170 g, 3.2 X 70 cm, packed with benzene) and eluted with 
10: 1 benzene-ethyl acetate. The effluent was fractionated 
into 9.2 ml-fractions. 

Fractions 47—53 gave colorless crystals. Recrystallization 
from benzene gave 17/3, 430 mg (21.6%); m p 178.5—179 °C. 
[a]2

D° - 3 7 . 5 ° (c 1.0, CHC13). P M R (CDC13): ô 8.43 (s, 8H, 
Ar) , 8.25 (s, 1H, H-5) , 6.79 (t, 1H, H - l ' ) , 6.10 (m, 1H, H-3') , 
4.75 (br s, 3H, H-4 ' , H-5' ,5"), 4.53 (q, 2H, CH2-ester), 3.60 
—2.75 (m, 2H , H-2' ,2"), 1.41 (t, 3H, CH3-ester). Found: C, 
51.89; H , 3.88; N , 12.82%. Calcd for C 2 4 H 2 1 O n N 5 : C, 
51.90; H , 3.81; N, 12.82%. 

Fractions 54—60 gave a mixture of 17/9 and 17a, 388 mg 
(19.6%). 

Fractions 61—68 gave colorless cx'ystals. Recrystallization 
from acetone gave 17a, 212 mg (10.7%); m p 128— 129°C. 
[<*]£ + 3 3 . 5 ° (c 1.0, CHCI3). P M R (CDClj) : ô 8.45 (d, 8H, 
Ar) , 8.26 (s, 1H, H-5) , 6.85 (t, 1H, H - l ' ) , 5.90 (m. 1H, H-3') , 
5.10 (m, 1H, H-4 ' ) , 4.83 (d, 2H, H-5' ,5"), 4.58 (q, 2H, C h ­
ester), 3.28 (t, 2H, H-2' ,2") , 1.47 (t, 3H, CH3-ester). Found: 
C, 51.93; H , 3.90; N , 12.58%. Calcd for C ^ H u O n N j : C, 
51.90; H , 3.81 ; N , 12 .61%. 

Fractions 76—96 gave a mixture of 16a and 16/8, 566 mg. 
The crude gum of the mixture was crystallized from ethyl 
acetate giving 16/9, 256 mg (12%); m p 204.5—205.0 °C. [aft0 

- 3 3 . 0 ° (c 1.0, D M S O ) . P M R (DMSO-</„): ô 9.18 (s, ÎH , 
H-5) , 8.50 (m. 8H , Ar) , 6.87 (t, 1H, H - l ' ) , 6.08 (m, 1H, H-3') , 
4.80 (m, 3H, H-4 ' , H-5' ,5"), 4.45 (q, 2H, CH2-ester), 3.10 (m, 
2H, H-2',2"), 1.35 (t, 3 H , CH3-ester). Found: C, 51.80; H, 
3.97; N, 12.52%. Calcd for C 2 4 H n O u N 5 : C, 51.90; H , 3.81; 
N, 12 .61%. 

T h e mother liquor contains 16/3 and 16a (about 1: 4 from 
P M R ) . 16a could not be isolated by recrystallization or 
chromatography with silica gel. 

Ethyl l-N-[2-Deoxy-3,5-di-0-(p-toluoyl)-ß-v-erythro-pentofu-
ranosyl]-l,2,3-triazole-4-carboxylate (18ß), Its a-Anomer (18a) and 
Ethyl 2-N-[2-Deoxy-3,5-di-0-(p-toluoyl)-ß-v-erythro-pentofuranos-
y[\-l,2,3-triazole-4-carboxylate (19ß), Its a-Anomer (19a). 
T o a solution of 3,5-di-0-(/>-toluoyl)-D-2-deoxyribofuranosyl 
chloride17) (6, 3.99 g, 10.3 mmol) and silylated ethyl 1,2,3-
triazole-4-carboxylate (2, 2.72 g, 12.7 mmol) in 1,2-dichloro-
ethane (70 ml) was added a solution of redistilled SnCl4 (1.73 
ml, 14.1 mmol) in 1,2-dichloroethane (40 ml) at 0 °C under 
stirring. T h e reaction mixture was stirred at room tempera­
ture for 12 h. After dilution with 1,2-dichloroethane (60 ml), 
the reaction mixture was washed with saturated NaHCOg 
solution and the resulting emulsion was separated by centrifu-
gation. T h e organic layer was dried (Na 2 S0 4 ) and evapo­
rated under reduced pressure. T h e resulting syrup was 
tr i turated with benzene and the insoluble product obtained 
by filtration was recrystallized from benzene to give 18/9, 
1.13 g (22 .3%); m p 157—158°C. [a]2

D° - 6 4 . 5 ° (c 1.0, CHC13). 
P M R (CDCI3): ô 8.32 (s, 1H, H-5) , 7.90 (m, 4H, Ar), 7.30 
(m, 4H , Ar) , 6.58 (t, 1H, H - l ' ) , 5.80 (m, 1H, H-3 ' ) , 4.70 
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(m, 3H, H-4 ' , H-5' ,5"), 4.40 (q, 2H, CH2-ester), 3.10 (m 2H, 
H-2',2"), 2.40 (d, 6H, C H 3 - A r ) , 1.40 (t, 3H, CH3-ester). 
Found: C, 63.03; H , 5.42; N, 8.70%. Calcd for C 2 6 H 2 7 0 7 N 3 : 
C, 63.27; H , 5 .51; N, 8.52%. The filtrates were combined 
and evaporated. T h e resulting syrup was dissolved in ethyl 
acetate and was placed on a column of silica gel (150 g, 3.2 
X 60 cm, packed with benzene) and eluted with 10 :1 benzene-
ethyl acetate. The effluent was fractionated into 10 mi-
fractions. 

Fractions 52—57 gave colorless crystals. Recrystallization 
from ethanol gave 19/?, 761 mg (15 .0%) ; m p 121—122 °C, 
[a]2

D° - 3 3 . 0 ° (c 1.0, CHC13). P M R (CDCI3): «5 8.15 (s, 1H, 
H-5), 8.00 (m, 4H, Ar) , 7.28 (m, 4H, Ar ) , 6.65 (dt, 1H, H - l ' ) , 
5.98 (m, 1H, H-3 ' ) , 4.68 (m, 3H, H-4 ' , H-5' ,5"), 4.37 (q, 2H. 
CH2-ester), 3.6—2.4 (m, 2H, H-2' ,2"), 2.43 (d, 6H, CH 3 -Ar ) , 
1.40 (t, 3H, CH3-ester). Found: C, 63.40; H , 5.64; N, 
8 .51%. Calcd for C 2 6 H 2 7 0 7 N 3 : C, 63.27; H , 5.51 ; N, 8.52%. 

Fractions 59 —64 gave 19a, colorless syrup, 780 mg (15.4%) ; 
[a]2

D° + 3 5 . 0 ° (c 1.0, CHCI3). P M R (CDC13): ô 8.12 (s, 1H, 
H-5), 7.90 (m, 4H, Ar) , 7.25 (m, 4H, Ar) , 6.58 (t, 1H, H - l ' ) , 
5.63 (m, 1H, H-3 ' ) , 4.94 (m, 1H, H-4 ' ) , 4.60 (d, 2H, H-5' ,5") , 
4.40 (q, 2H, CH2-ester), 3.10 (m, 2H, H-2' ,2"), 2.40 (d, 6H, 
CH 3 -Ar ) , 1.37 (t, 3H, CH3-ester). Found: C, 63.14; H, 
5.59; N, 8.50%. Calcd for C 2 6 H 2 7 0 7 N 3 : C, 63.27; H, 5 .51; 
N, 8.52%. 

Fractions 77—88 gave 18a, colorless syrup. 1.70 g (33 .5%) ; 
[a]2

D° +72 .0° (c 1.0, CHC13). P M R (CDCl 3 ) : ô 8.35 (s, I H , 
H-5), 7.80 (m, 4H, Ar) , 7.20 (m, 4H, Ar) , 6.55 (q, I H , H - l ' ) , 
5.65 (m, IH , H-3 ' ) , 4.80 (m, I H , H-4 ' ) , 4.62 (d, 2H, H-5'5") , 
4.40 (q, 2H, CH2-ester), 3.08 (m, 2H, H-2' ,2"), 2.38 (d, 6H, 
CH 3 -Ar) , 1.37 (t, 3H, CH3-ester). Found: C, 63.00; H, 5.58; 
N, 8 .61%. Calcd for C 2 6 H 2 7 0 7 N 3 : C, 63.27; H , 5 .51; N, 
8.52%. 

Fractions 90—96 gave 18/3, colorless crystal, 218 mg (4.3%). 
7-N- ( 2-Deoxy-ß-D- ery thro-pentofuranosyl) -1,2,3-tria zole- 4 -car-

boxamide (20ß). A sample of 18/3 (600 mg ; 1.45 mmol) in 
absolute methanol (60 ml) saturated with ammonia at 0 °C 
was kept at room temperature for 2 days and evaporated under 
reduced pressure below 40 °C. The residual syrup was dis­
solved in water (30 ml) and washed with ethyl acetate (10 ml 
X3) . The aqueous layer was evaporated to dryness. T h e 
crude syrup was crystallized from methanol and benzene to 
give 20/3, 264 mg (80%) ; 156—157 °C. [a]2

D° - 3 2 . 2 ° (c 1.0, 
C H 3 O H ) . P M R (DMSO-rf6): ô 8.78 (s, I H , H-5) , 7.60 (br 
d, 2H, C O N H 2 ) , 6.40 (t, I H , H - l ' ) , 5.30 (d, I H , O H ) , 4.88 
(t, IH , O H ) , 4.45 (m, I H , H-3 ' ) , 3.95 (m, I H , H-4 ' ) , 3.55 
(m, 2H, H-5',5"), 2.90—1.90 (m, 2H, H-2' ,2"). Found : C, 
41.89; H , 5.16; N, 2 4 . 6 1 % . Calcd for C 8 H 1 2 0 4 N 4 : C, 42.11 ; 
H , 5.30; N , 24.55%. 

7-N - ( 2-Deoxy-a.- D - ery thro-pentofuranosyl) -1,2,3-tria zole- 4-cra-
boxamide (20a). A sample of 18a (1.00 g, 2.03 mmol) was 
subjected to ammonolysis and worked up in a similar manner 
to that described for 20/3. T h e crude syrup was crystallized 
from ethanol and benzene to give 20a, 364 mg (78 .5%); m p 
161—162 °C. [a]2

D° +85 .0° (c 1.0, C H 3 O H ) . P M R ( D M S O -
d6): Ö 8.72 (s, 1H, H-5), 7.60 (br d, 2H, C O N H 2 ) , 6.43 (q, 
1H, H - l ' ) , 5.42 (d, IH , O H ) , 4.80 (t, 1H, O H ) , 4.28 (m, 2H, 
H-3 ' , H-4 ' ) , 3.50 (m, 2H, H-5',5"), 3.01—2.11 (m, 2H , H-2 ' , 
2"). Found: C, 41.79; H , 5.22; N, 24.52%. Calcd for C ^ , -
0 4 N 4 : C, 42.11; H, 5.30; N , 24 .55%. 

2- N- ( 2-Deoxy-ß-. D-eyythro-pentofuranosyl) -1,2,3-tria zole- 4-car-
boxamide (21ß). Ammonolysis of 19/3 (600 mg , 1.22 mmol) 
in a similar manner to tha t described above gave crude syrup 
which was crystallized from methanol and benzene to give 
21/3, 233 mg, (84%.); m p 139 °C. [a]^0 - 4 5 . 5 ° (c 1.0. C H 3 O H ) . 
P M R (DMSO-4, ) : ô 8.13 (s, IH , H-5), 7.67 (br d, 2H, 
C O N H , ) , 6.31 (dt, 1H, H - l ' ) , 5.30 (d, 1H, O H ) , 4.60 (m, 

2H, O H , H-3 ' ) , 3.90 (m, 1H, H-4 ' ) , 3.40 (m, 2H, H-5' ,5"), 
3.05—2.10 (m. 2H. H-2' ,2"). Found : C, 41.88; H , 5.20; H , 
24.10%. Calcd for C 8 H 1 2 0 4 N 4 : C, 42.11 ; H , 5.30; N, 24.55 

%• 
2-N-(2-Deoxy-a-D-erythro-pentofuranosyl)-l, 2,3-triazole-4-car-

boxamide (21a). Ammonolysis of 19a (600 mg, 1.22 mmol) 
was subjected to and worked up in a similar manner to tha t 
described for the preparat ion of 20)8. T h e residual syrup was 
crystallized from ethanol and benzene to give 21a, 210 mg (76 
% ) ; m p 125—126°C. [a]S +74.5° (c 1.0, C H 3 O H ) . P M R 
(DMSO-4, ) : 5 8.20 (s, I H , H-5), 7.70 (br d, 2H, C O N H 2 ) , 
6.30 (q, IH , H - l ' ) , 5.22 (d, I H , O H ) , 4.75 (t, I H , O H ) , 4.20 
(m, 2H, H - 3 ' H-4 ' ) , 3.55 (m, 2H, H-5 ' , 5"), 2.90—2.20 (m, 
2H, H-2 ' , 2") . Found; C, 41.88; H , 5.20; N , 24 .80%. Calcd 
for C 8 H 1 2 0 4 N 4 : C, 42 .11 ; H , 5.30; N, 24 .55%. 

T h e a u t h o r s wish to t h a n k M r . S a b u r o N a k a d a , 
D e p a r t m e n t of C h e m i s t r y , K e i o U n i v e r s i t y , for t h e 
m i c r o a n a l y s i s . T h e r e s e a r c h was s u p p o r t e d i n p a r t b y 
a g r a n t for c a n c e r r e s e a r c h , M i n i s t r y of E d u c a t i o n , 
Sc i ence a n d C u l t u r e . 
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1,3-Dipolar Cycloadditions to Bicyclic Olefins. I. 1,3-Dipolar 
Cycloadditions to Norbornadienes1) 

Hisaji TANIGUCHI, Toshikazu IKEDA, Yoshihiro YOSHIDA, and Eiji IMOTO 

Department of Applied Chemistry, College of Engineering, University of Osaka Prefecture, 
Mozu-Umemachi, Sakai, Osaka 591 

(Received February 16, 1977) 

The 1,3-dipolar cycloadditions of phenylglyoxylonitrile oxide, benzonitrile-iV-phenylimine, or iV-phenyl-C-/>-
nitrophenylnitrone to norbornadiene, 2,3-dicyanonorbornadiene, and 2,3-bis(methoxycarbonyl)norbornadiene 
give the endo-a.dd\xcts, together with the e^o-adducts. These findings show that the 1,3-dipolar cycloadditions to 
norbornadienes do not follow the "exo rule." It is suggested that the present 1,3-dipolar cycloadditions are kinetically 
controlled reactions. The endo-side of norbornadienes is found to be homoconjugated by their NMR spectra. The 
homoconjugation must be responsible for the observed phenomenon. 

T h e "exo ru le" has been deduced by Alder and Stein 
on the basis of the facts that phenyl azide (7) undergoes 
1,3-dipolar cycloadditions to various bicyclic olefins 
with a moiety of a bicyclo[2.2.1]heptane skeleton to 
afford only ^xo-adducts.2) In fact, the 1,3-dipolar 
cycloadditions to norbornenes which have thus far 
been examined follow the "exo ru le" without exception.3) 
Most norbornadienes also undergo cycloadditions by 
the "exo rule."4) However, in the cycloadditions of 7 to 
norbornadiene (1) and of benzonitrile oxide to 1, small 
amounts of the endo-adducts were found to be formed 
in addition to large amounts of the ßw-adducts.5»6) 
This fact stimulated us to elucidate whether or not the 
"exo ru le" is applicable to 1,3-dipolar cycloadditions 
to norbornadienes; the formation of the ^ o - a d d u c t is 
general. We carried out the 1,3-dipolar cycloadditions 
of phenylglyoxylonitrile oxide (4), benzonitrile-N-
phenylimine (5), C,N-diphenylnitrone (6a), or N-
phenyl-C-jb-nitrophenylnitrone (6b) to 1, 2,3-dicyano­
norbornadiene (2), and 2,3-bis(methoxycarbonyl)nor-
bornadiene (3). In these reactions, we found that the 
£«flfo-adducts are formed in addition to the ^o-adducts . 
O n the basis of these results, we will discuss here the 
reason for the formation of the £«â?o-adducts. 

C ß H 5 -CO-C=NO CßHfi-C=N-N-CfiH, 

1 R = H 
2 R = CN 
3 R = C 0 2 C H 3 

H C6H5 

C=N 

X-<XH4 *0 

6a X = H 
b X = /»-NOa 

CRH f i-N=N-N 

Results and Discussion 

1,3-Dipolar Cycloadditions. T h e 1,3-dipolar cycload­
dition of 4 to 1 was carried out as follows. T o a stirred 
solution of a-chloro-a-hydroxyiminoacetophenone (8) 
with an excess of 1 in T H F cooled in an ice bath, a 
solution of triethylamine in T H F was added, drop by 
drop, over a period of one hour. The subsequent work­
up of the reaction mixture gave a mixture of 5-benzoyl-
3-oxa-4-azatricyclo[5.2.1.02>6exo]deca-4,8-diene (9a), 5-
benzoyl-3-oxa-4-azatricyclo[5.2.1.02>6<?MÛ?o]deca-4,8-diene 
(10a), and bisadducts. Judging from the T L C , the 

bisadducts were composed of at least three isomers. 
Among the isomers, only 5,ll-dibenzoyl-3,9-dioxa-4,10-
diazatetracyclo [5.5.1.02>6e*°0.8 '12e*°]trideca-4,10-diene 
(11) has been isolated and characterized. 

The cycloadditions of 4 to 2 and 4 to 3 were carried 
out by a method like that described above. In these 
reactions, the reagent, 4, attacked the more electron-
rich unsubstituted double bond of 2 and 3 to give 5-
benzoyl- 8,9-dicyano- 3 -oxa-4-azatricyclo[5.2.1.02>6e*°]-
deca-4,8-diene (9b) and 5-benzoyl-8,9-bis(methoxycar-
bonyl)-3-oxa-4-azatricyclo [5.2.1.02>6e*°]deca-4,8-diene 
(9c) as the tfxo-adducts and 5-benzoyl-8,9-dicyano-
3-oxa-4-azatricyclo[5.2.1.02>6eMrfo]deca-4,8-diene (10b) 
and 5-benzoyl-8,9-bis(methoxycarbonyl)-3-oxa-4-azatri-
cyclo[5.2. 1.02 '6ewrfo]deca-4,8-diene (10c) as the endo-
adducts. The bisadducts and the monoadducts produced 
by the attack of 4 on the more electron-poor double bond 
were not detected at all. These findings show that 4 
acts as an electron-accepting 1,3-dipole toward 2 and 3. 

The nitrilimine, 5, which was prepared from N-
phenylbenzenecarbohydrazonoyl chloride (12) and 
triethylamine in benzene, reacted with an excess of 1 
in benzene to afford a mixture of 3,5-diphenyl-3,4-
diazatricyclo[5.2.1.02>6^°]deca-4,8-diene (13), 3,5-di-
phenyl- 3,4 -diazatricyclo [5.2.1.02>6eMrfo]deca- 4,8 -diene 
(14),7) and bisadducts. 

The reaction of the nitrone 6a with an excess of 1 
in toluene gave two &*o-monoadducts(4,5eMrfo-diphenyl-
3-oxa-4-azatricyclo[5.2.1.02>6e*°]dec-8-ene (15a) and 
4,5e*°-diphenyl- 3 -oxa-4-azatricyclo [5.2.1.02>6e*°]dec-8-
ene (16a)8)) and bisadducts. When a solution of the 
nitrone 6b in benzene containing an excess of 1 was 
refluxed, however, an ^ä?o-adduct(4-phenyl-5e-co-/>-
nitrophenyl-3-oxa-4-azatricyclo[5.2.1.02>6eMrfo]dec-8-ene 
(17b)) was obtained, together with two ao-mono-
adducts (4 -phenyl- 5endo-p - nitrophenyl- 3 - oxa - 4 - azatri-
cyclo[5.2.1.02 '6e*°]dec-8-ene (15b) and 4-phenyl-5e*°-

c R = C O , C H , 

10a R = H 
b R = C N 
c R = C 0 2 C H 3 
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T A B L E 1. Y I E L D AND PRODUCT COMPOSITION 

Olefin 

Product 

1,3-
Dipole 

Monoadduct 

Yield*) 
(%) 

Composition (%) 

exo endo 

Bisad-
x duct 
exo Yielda> 

(%) endo 

4 
4 
4 
5 
5 
6a 

6a 
6b 

76 
90 
95 
95 
79c> 
73 

54d) 
76 

67e) 

9a (81) 
9b (68) 
9c (75) 

13 (87) 
13c) 
15a (56) 
and 
16a (44) 
15ad> 
15b (67) 
and 
16b (29) 
18e) (92) 

10a (19) 
10b (32) 
10c (25) 
14 (13) 

17a' (0) 

- d ) 
17b (4) 

4.3b) 
2.1 
3.0b) 
6.7 

24 

19e) (8) IIe) 

17 
0 
0 
4 
6 
7 

0 
a) The yields are based on the starting 1,3-dipoles. 
b) The ratio is different from that shown in a previous 
communication.g) c) Ref. 4d. d) Ref. 4c. e) Ref. 5. 
f ) A small amount of bisadducts was obtained in the 
reaction reported in Ref. 5. g) Ref. 1. 

TABLE 3. 

exo 
Adducts or 

endo 

COUPLING CONSTANTS IN ADDUCTS8-'15) 

Coupling constants 

Jl,2 1/2,6 0/5,6 J6,7 

9a 
9b 
9c 
10a 
10b 
10c 
13 
14 
15a 
15b 
16a 
16b 
17b 

exo 
exo 
exo 
endo 
endo 
endo 
exo 
endo 
exo 
exo 
exo 
exo 
endo 

~ 0 
0—1 
0—1 

4.0 
4.0 
4.0 
~ 0 
4.0 
~ 1 
~ 1 
~ 1 
~ 1 
4.5 

9.0 
9.5 
8.5 
9.5 

10.0 
10.0 
9.0 

11.0 
7. 
7. 
7. 
7. 
8.0 

9.0 
9.5 
7.0 
7.0 
6.5 

~ 0 
0—1 
0—1 

4.0 
4.0 
4.0 
~ 0 
4.0 
~ 1 
~ 1 
~ 1 
~ 1 
4.5 

a) The spectra were recorded at 60 MHz. b) J values 
in Hz. 

to 1 Hz, while the coupling constant between the 
bridgehead proton and the adjacent éwo-proton of an 
endo-isomer was in the range from 4 to 5 Hz. These 
coupling constants were consistent with the values cited 
in the literature.9) 

/>-nitrophenyl-3-oxa-4-azatricyclo[5.2.1.02'6<?*°]dec-8-ene 
(16b)) and bisadducts. 

The yields of the adducts and the product composi­
tions are summarized in Table 1, together with the data 
of Findlay et al.5) and Huisgen et fl/.4c,d> As has been 
described above, the formation of the £«*/o-adducts was 
observed in all reactions except for that of 6a with 1. 
This fact led us to conclude that the "exo ru le" is not 
applicable to 1,3-dipolar cycloadditions to norbor­
nadienes. 

Analyses of NMR Spectra of Adducts. T h e exo-
and endo assignments of each mono-adduct were based 
on the N M R data (Tables 2 and 3). T h e coupling 
contant between the bridgehead proton and the adjacent 
endo-proton of an &w-isomer was in the range from 0 

13 

T h e tfxo-adduct 9c exhibited the chemical shifts of 
methyl groups of two methoxycarbonyl groups at ô 3.78 
and 3.81 ppm, while the endo-adduct 10c at ô 3.33 and 
3.78 ppm. The value of ô 3.33 ppm was assinged as 
being due to the methoxycarbonyl group attached to 
the C8 position of 10c. The molecular model of 10c 

T A B L E 2. CHEMICAL SHIFTS OF ADDucTsa»b) 

Adducts 

9a 
9b 
9c 

10a 
10b 
10c 
13 
14 
15a 
15b 
16a 
16b 
17b 

H; 

3.78 

3.71 
3.25 
3.46 
2.26 
2.20 
2.85 
2.89 

t and H7 

3.31 
and 
3.73 
3.40 
3.96 
and 
and 
and 
and 
and 
and 
and 

3.92 

3.82 
3.46 
3.60 
3.06 
ca. 3 
3.00 
3.00 

2.8—3.3 

H2 

4.99 
5.20 
5.19 
5.37 
5.77 
5.57 
4.39 
4.79 
4.57 
4.66 
4.52 
4.53 
5.12 

Protons 
^ 

H5 

— 
— 
— 
— 
— 
— 
— 
— 
4.67 
4.83 
3.80 
3.95 
3.88 

H6 

3.78 
4.06 
4.05 
4.09 
4.55 
4.40 
3.77 
4.12 
2.90 
3.04 
2.63 
2.58 
3.16 

H, 

6.07 

6.15 

6.05 
6.07 
6.03 
6.06 
6.23 

8 and H9 

and 
— 
— 
6.05 
— 
— 
and 
5.89 
and 
and 
and 
and 
and 

6.35 

6.34 

6.14 
6.17 
6.19 
6.22 
6.33 

a) The spectra were recorded at 60 MHz. b) Expressed in ô ppm units, with TMS as the internal 
standard, in CDC13 solution. 
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Ç6 H 4" X 

.H 

-H 

/ -N 
C6

H5 

14 15a X = H 
b X=/>-N02 

reveals that one of the two methoxycarbonyl groups 
lies in the shielding cone of the benzene ring of the 
benzoyl group attached on the C5 position. The vinyl 
protons of 14 which are placed above the carbon-nitrogen 
double bond appeared in a field higher by 0.26—0.45 
ppm than that of the corresponding vinyl protons of 13. 
This upfield shift is probably due to the diamagnetic 
anisotoropy effect of the carbon-nitrogen double bond.10) 
The chemical shifts of H 2 and H 5 of the exo-&dduc\. 15a 
were determined by means of the following observation. 
The former proton appeared as a doublet of triplets 
with a small coupling constant (J=ca. 1 Hz) , while 
the latter proton appeared as a simple doublet. The 
small coupling was attr ibuted to a "W-let ter" coupling 
between H10_aM//- and H,_ 

endo a n d to the coupling 
between H x and H2_eMrfo. T h e chemical shifts of H 2 

and H 5 of the adducts 15b, 16a, and 16b were also 
determined in the same way. T h e configurations of 
each isoxazoline moiety of 15a and 16a, both of which 
were ^o-adducts , as shown in Table 3, were determined 
on the basis of the magnitude of the coupling constant 
between H 5 and H 6 : the larger value (J—9.0 Hz) was 
assigned to the cw-coupling constant between H 5 and H 6 

of 15a, and the smaller value ( y = 7 . 0 Hz) to the trans-
coupling constant between H 5 and H 6 of 16a. Such an 
assignment has also been carried out for the two exo-
adducts formed by the cycloaddition of the nitrone 6a 
to norbornene.4c> In the A 2-isoxazoline system, Jcis 

has been observed to be always larger than Jtrans-X1) 

The assignments of the configurations of 15b and 16b 
were carried out in the same manner . T h e value {J= 
6.5 Hz) of the coupling constant between H 5 and H 6 

of the endo-adduct 17b corresponds reasonably to the 
trans-coupling constant. 

: -C6H4-X 

N-C 6 H 5 

0 
H-C 

16a X = H 
b X=/>-N02 

I N-C6H5 

C6H4-X 

17a X = H 
b X=/>-N02 

The presence of the symmetry along a C2 axis of the 
bisadduct 11 was confirmed by a double-resonance 
technique: when the bridging methylene protons were 
irradiated with an additional radio frequency at their 
resonance position, the broad singlet was sharpened, but 
not divided into two singlets. 

18 

Thermal Stability of the exo-Adducts (9b and 9c) and the 
endo-Adducts (10b and 10c). When the éwo-adduct, 
9c, and the endo-adducts, 10b and 10c, were each heated 
under reflux in T H F for 2 h, they were recovered 
unchanged. T h e ^o-adduct 9b, when heated under 
the same conditions, gave a dirty mixture including 9b, 
but not 10b. T h e mass spectra of 9b and 10b showed 
the same fragmentation pattern (mje 173, mje 116, and 
no molecular ion peak; sample injection at 200 °C). 
This finding implies that the adducts 9b and 10b are 
liable to undergo the retro-Diels-Alder reaction by 
thermal decomposition to 2,3-dicyanocyclopentadiene 
and 3-benzoylisoxazole, rather than to the starting 
moieties, 2 and 4. In addition, isoxazoles can not act 
as dipolarophiles.3i> 

Ph-CO 
I t e ' 

9b 

CN_ 

CN 

Ph-CO-C^ N0 

m/e173 

+ 
CN CN 
m/e 116 

PIvC-c fp^CN 
ö N 

10b 
Scheme 1. 

From above findings, we suggest that the present 1,3-
dipolar cycloadditions are kinetically controlled reac­
tions. 

An Explanation for the Formation of the endo-Adducts. 
1,3-Dipoles cannot undergo cycloadditions from the 
endo-side of norbornene. This is probably because of 
the steric hindrance of the £«öfo-5,6-hydrogens. O n the 
other hand, in the case of norbornadiene, it is possible 
that, 1,3-dipoles attack the carbon-carbon double bond 
from the endo-side because of the absence of such steric 
hindrance. This is insufficient, however, to explain the 
formation of the endo-adducts. If the endo-side of norbor­
nadiene suffers from no steric hindrance, the endo-
adduct should be produced in a higher yield than 
the ^vo-adduct, or at least in an amount equal to 
that of the &w-adduct. As the results shown in Table 1 
do not accord with this prediction, an alternative factor 
must be responsible for the observed phenomena. 

We show in Fig. 1 that there is a good linear relation­
ship between the ô values of the vinyl protons of five 
norbornadienes (1, 2, 3, 20, and 21) and the values of 
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R 
1 R = H 

2 R = CN 

3 R = CO£H3 

20 R = C02H 

21 R = C0NH2 

Fig. 1. Chemical shifts (TMS as an internal standard, 
in DMSO-</6 solutions) of vinyl protons of 2,3-disub-
stituted norbornadienes vs. Hammett's aps (—0—), 
and the exo/endo product ratios vs. Hammett's aps 

( - 0 - ) 

Hammett 's <5ps
12) of the substituents. T h e phenomenon 

that the ô values of the vinyl protons are shifted to lower 
fields by the electron-withdrawing groups is likely to be 
attributable to homoconjugation on the endo-side of 
norbornadienes. T h e presence of homoconjugation 
between the two non-neighbouring carbon-carbon 
double bonds has also been found by investigating the 
photoelectron spectroscopy of norbornadiene.13) 

Inagaki et al. have proposed that the ^-electron 
distribution of norbornene extends to the exo-side 
more than to the endo-side because of the interaction 
between the jr-orbital and the methano-bridge orbital 
or the back-side of the anti C - H bond orbital at the C7 

position.14) Such an interaction may also be present 
in norbornadiene. O n the endo-side of norbornadiene, 
however, homoconjugation is present, as has been 
described above. This homoconjugation may result in 
extending the ^-electron distribution toward the endo-
side. Consequently, the difference in the ^-electron 
distribution between the exo- and endo-sides of norbor­
nadiene may be smaller than that of norbornene. 

Thus, we may assume that the homocinjugation on 
the endo-side of norbornadiene brings about the forma­
tion of the tfwöfo-adducts in the cycloadditions of the 
electron-accepting 1,3-dipoles to norbornadienes. 

Exper imenta l 

Materials. The precursors of 1,3-dipoles(815> and 124d>), 
1,3-dipoles(6a16> and 6b16)), a norbornadiene 3,17> and nor-
bornadiene-2,3-dicarboxylic acid(20) 17> were prepared by the 
method described in the literature. The 1 was purchased and 
distilled before use. 

Preparation of 2. Into a solution of ammonium chloride 
(24 g) in aq ammonia (240 cm3), 3 (47 g, 0.226 mol) was 
added, after which the mixture was stirred vigorously for 5 h 
at room temperature. The resulting white solid was sepa­
rated by nitration, washed with ether, dried, and recrystal-
lized from MeOH-EtOH to yield norbornadiene-2,3-dicar-
boxamide(21) mp 209—211 °C (dec) (lit,18) 211—212 °C) in a 
quantitative yield. To a stirred suspension of 21(5.0 g, 2.8 
mmol) in DMF (28 g), cooled in an ice bath, a solution of 
thionyl chloride (10.0 g, 84 mmol) in DMF (10 g) was added, 
drop by drop, over a 30-min period. When the addition of 
the thionyl chloride solution was complete, the reaction mix­
ture became a clear yellowish liquid. Then, the ice bath 

was removed and the solution was stirred for 2 days at room 
temperature. The resulting brown solution was poured into 
150 g of ice-water, neutralized (aq Na2C03), and extracted 
(ether 100 cm3 X 3). The resulting solution was dried(MgS04) 
and evaporated to dryness to give a yellowish solid (3.77 g). 
It was chromatographed on alumina. Elution with benzene 
afforded colorless pure 2 (3.38 g, 85%): mp 44—46 °C (lit,18) 
44—45 °C). 

Reaction of 4 with 1. Into a stirred solution of 1 (2.00 g, 
21.7 mmol) and 8 (1.84 g, 10.0 mmol) in dry THF (30 cm3) 
cooled in an ice bath, a solution of triethylamine (TEA) (1.30 
g, 13 mmol) in dry THF (20 cm3) was added, drop by drop, 
over a 1-h period. After an additional 1 h of stirring at the 
same temperature, the resulting triethylammonium chloride 
was removed by filtration. It was chlomatographed on silica 
gel (200—300 mesh). Elution with benzene gave 1.81 g (76%) 
of a mixture of 9a and 10a. The NMR spectrum of the mix­
ture showed that the exo/endo ratio was 81/19. Further elution 
with benzene afforded 0.316 g (17%) of a mixture of bisadducts 
(C23H1804N2 by elemental analysis). The TLC of the mixture 
showed three spots (elution with benzene-ether (9:2)). It 
was recrystallized from EtOH-benzene to give 0.18 g of 11: 
mp 181—182 °C; IR(KBr) 1650 (G=0) and 1565 cm"1; NMR 
(GDClj) 5=1.55 (s, 2, CH2), 3.15 (s, 2, Hx and H7), 3.83 (d, 
2, 7 = 8 Hz, H6 and H12), 4.76 (d, 2, 7 = 8 Hz, H2 and H8), 
and 7.3—8.3 ppm (m, 10). 

Found: C, 71.63; H, 4.82; N, 6.99%. Calcd for C23H18-
0 4N 2 : C, 71.49; H, 4.70; N, 7.25%. 

A mixture of 9a and 10a was column chromatographed on 
silica gel once again. Elution with benzene-hexane (6:1) 
gave 9a. It was recrystallized from EtOH to afford colorless 
needles: mp 65—66 °C; IR(KBr) 1640 (G=0) and 1557 cm-1. 

Found: C, 75.20; H, 5.35; N, 5.77%. Calcd for C15H13-
02NX: C, 75.30; H, 5.48; N, 5.85%. 

Further elution with the same solvent gave 10a. It was 
recrystallized from E tOH-H 2 0 to yield colorless needles: mp 
53—54 CC; IR(KBr) 1655 (G=0) and 1560 cm-1. 

Found: C, 75.28; H, 5.35; N, 5.55%. Calcd for C15H13-
0 ^ : C, 75.30; H, 5.48; N, 5.85%. 

Reaction of 4 with 2. Into a stirred solution of 2 (710 
mg, 5.00 mmol) and 8 (460 mg, 2.50 mmol) in dry THF (40 
cm3), cooled in an ice bath, a solution of TEA (330 mg, 3.26 
mmol) in dry THF (10 cm3) was added, drop by drop, over 
a 1-h period. After an additional 1 h's stirring, the resulting 
triethylammonium chloride was removed by filtration. After 
the removal of the solvent, the residue was chromatographed 
on silica gel. Elution with benzene gave 351 mg of 2. Further 
elution with benzene afforded 9b (440 mg, 61%), which was 
subsequently recrystallized from EtOH to give colorless prisms : 
mp 140—141 °C; IR(KBr) 2220(C^N), 1640(C=O), and 1570 
cm - 1 . 

Found: C, 70.73; H, 3.67; N, 14.56%. Calcd for C1 7Hn-
02N3 : C, 70.58; H, 3.83; N, 14.53%. 

Elution with benzene-ethyl acetate (1:1) gave 10b (208 
mg, 29%). It was recrystallized from MeOH to afford 
colorless sticks: mp 127—127.5 °C; IR(KBr) 2225(C=N) and 
1660 cm-1 (C=0). 

Found: C, 70.73; H, 3.64; N, 14.81%. Calcd for C1 7Hn-
OaN3: C, 70.58; H, 3.83; N, 14.53%. 

Reaction of 4 with 3. To a stirred solution of 3 (1.04 g, 
5.00 mmol) and 8 (0.92 g, 5.00 mmol) in dry THF (15 cm3), 
cooled in an ice bath, a solution of TEA (0.65 g, 6.50 mmol) 
in dry THF (10 cm3) was added, drop by drop, over a 1-h 
period. After an additional 1 h's stirring at the same tem­
perature, the resulting ammonium chloride was removed by 
filtration. After the evaporation of the solvent, a yellowish 
oily residue was solidified by the addition of a few drops of 
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9 5 % E t O H . T h e solid was separated by filtration and dried 
under a vacuum to give 1.69 g (95%) of a mixture of 9c and 
10c. T h e N M R spectrum of the mixture showed tha t the 
exo/endo ratio was 75/25. T h e mixture was chromatographed 
on sillica gel. Elution with benzene-ether (20: 1) gave 9c. 
I t was recrystallized from 9 5 % E t O H to give colorless sticks : 
m p 113—114 °C ; IR(KBr ) 1740 (ester C = 0 ) , 1715 (ester 
C = 0 ) , 1657 ( C = 0 ) , 1635, and 1573 cm- 1 . 

Found : C, 64.14; H , 4 .61 ; N, 3 .76%. Calcd for C1 9H1 7-
O ^ : C, 64.22; H, 4.82; N , 3 .94%. 

Fur ther elution with the same solvent afforded 10c. I t was 
recrystallized from 9 5 % E t O H to give colorless sticks: m p 
151—153 °C ; IR(KBr) 1740(ester C = 0 ) , 1650(C=O), and 
1620 cm- 1 . 

Found : C, 64.07; H , 4.65; N , 3 .94%. Calcd for C1S,H17-
O ^ : C, 64.22 ; H , 4.82 ; N, 3 .94%. 

Reaction of 5 with 1. A mixture of 1 (3.00 g, 32.6 mmol) 
and 12 (576 mg, 2.50 mmol) was dissolved in dry benzene 
10 cm3) . In to the solution, T E A (1.3 cm3) was added all at 
once, after which the solution was stirred for 24 h at room 
temperature . T h e resulting ammon ium chloride was removed 
by filtration. T h e evaporation of the solvent left a yellow 
residue. I t was chromatographed on alumina. Elution with 
benzene gave 680 mg (95%) of a mixture of 13 and 14. T h e 
exo/endo ratio was 87/13 (from N M R ) . T h e developing sol­
vent was changed to ethyl acetate to give 55 mg (4%) of a 
mixture of bisadduts (mp 281—305 °C (dec); C3 3H2 SN4) . A 
mixture of the monoadducts was chromatographed on a lumina 
once again. Elution with hexane-benzene (3 : 7) gave 13. I t 
was recrystallized from E t O H to give pale yellow needles: 
mp 134—135 °C (lit,4d> 133—135 °C). Fur ther elution with 
the same solvent afforded 14. I t was recrystallized from E t O H 
to give pale yellow needles: m p 110—111 °C; IR(KBr) 1595, 
1550, and 1500 cm- 1 . 

Found : C, 83.65; H , 6.39; N , 9 .86%. Calcd for C2 0H1 8-
N 2 : C, 83.88; H , 6.34; N, 9 .78%. 

Reaction of 6a with 1. A mixture of 1 (1.84 g, 20.0 mmol) 
and 6a (978 mg, 5.00 mmol) was dissolved in dry toluene (5 
cm3) and heated under reflux for 4 h. A large amount of the 
solvent was removed in vacuo. Then , the concnetrated solu­
tion was chromatographed on silica gel. Elution with toluene 
gave 15a (595 mg, 4 1 % ) . I t was recrystallized from M e O H 
to afford colorless needles: m p 110—111 °C (lit,40) 111°C) . 
Fur ther elution with toluene afforded 16a (467 mg, 3 2 % ) . 
I t was recrystallized from M e O H to give colorless needles: 
m p 76—77 °C; IR(KBr) 1595, 1490, and 1450 cm- 1 . 

Found : C, 83.26; H, 6.56; N, 4 . 7 1 % . Calcd for C2 0H1 9-
O ^ : C, 83 .01; H , 6.62; N, 4 .84%. 

T h e final elution with toluene gave a mixture of bisadducts 
in a 7 % yield (88 mg) : m p 218—233 °C (dec) (elemental 
analysis; C33H30O2N2). 

Reaction of 6b with 1. A solution of 1 (1.84 g, 20.0 mmol) 
and 6b (1.21 g, 5.00 mmol) in dry benzene (20 cm3) was 
heated under reflux for 18 h. T h e solution was concentrated 
and chromatographed on silica gel. Elution with benzene 
gave the following products : 15b (859 mg, 5 1 % ) : m p 121— 
122 °C (pale yellow sticks from M e O H ) ; IR(KBr) 1600, 1520 
( N 0 2 ) , 1495, and 1350 cm" 1 (NO a ) . 

Found : C, 72.06; H , 5.47; N, 8 . 3 1 % . Calcd for C 2 0 H 1 8 O 3 -
N 2 : C, 71.84; H, 5.43; N , 8 .38%. 16b (353 mg , 22%) : m p 
153—154 °C (pale yellow sticks from M e O H ) ; IR(KBr) 1595, 
1510 (NO,) , 1490, and 1350 c m - 1 ( N 0 2 ) . 

Found : C, 71.86; H , 5.44; N , 8 .63%. Calcd for C2 0H1 8-
0 3 N 2 : C, 71.84; H , 5.43; N , 8 .38%. 17b (43 mg, 3%) : m p 
138—140 °C (pale yellow needles from M e O H ) ; IR(KBr ) 
1595, 1510(NO2) , 1490, and 1355 c m - 1 ( N 0 2 ) . 

Found : C, 71.81; H , 5.49; N , 8 .15%. Calcd for C2 0H1 8-

O s N 2 : C, 71.84; H, 5.43 ; N, 8.38%. A mixture of bisadducts 
(83 m g ; 7 % ) : m p 231—246 CC (dec)(C 3 3 H 2 8 0 6 N 4 ) . 

Examination of the Thermal Stability of 9b, 9c, 10b, and 10c. 
A solution of 10b (53 mg) in T H F (3 cm3) was heated under 
reflux for 2 h. T h e solvent was then evaporated to give a 
white solid composed of only one component (TLC) . The 
N M R spectrum of the solid was identical with that of 10b. 
9c and 10c were treated in the same way. They were also 
recovered unchanged. When a solution of 9b (53 mg) in 
T H F (3 cm3) was heated under the same conditions, a dirty 
mixture was obtained. I t contained 9b, bu t not 10b (TLC, 
N M R ) . 

T h e mass spectra of 9b and 10b showed the same pattern. 
M S (80 eV) m/e 173, 116, 105, 89, 77, 51 , and 28. 

NMR Measurements of Norbornadienes (1, 2, 3, 20, and 21). 
T h e N M R spectra of norbornadienes (1, 2, 3 , 20, and 21) were 
recorded at 60 M H z , using T M S as the internal s tandard, in 
DMSO-rf6 solutions (10% solutions); <5 values of vinyl protons: 
6.73 (1), 7.01 (2), 6.93 (3), 6.93 (20), and 6.89 p p m (21). 
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T h e glow-discharge reactions of pyrrole, pyrrolidine, and butylamine were carried out. Pyrrolidine produces a 

complex mixture of products, the most prevalent of which is | N C H ( R ) C N ( R : H , CH 3 , and G2H5) , and butyl­

amine yielded primarily C H 3 ( C H 2 ) 3 N = C H R (R: CH 3 , G2H5 , and C3H7) along with GH 3 (CH 2 ) 3 NHCH 2 CN, whereas 

pyrrole afforded a mixture of acrylonitrile, crotononitrile, benzene, a-methylpyrrole and /?-methylpyrrole, together 

with large amounts of H G N . T h e formation of characteristic products, a-(l-pyrrolidinyl) nitrile derivatives with 

pyrrolidine, and the yield of butylaminoacetonitri le with butylamine can be explained by considering the formation 

of a resonance-stabilized a-cyanoalkyl radical as the most probable intermediate which attacks a nitrogen atom of 

pyrrolidine and that of butylamine or which recombines with pyrrolidine-iV-radical and butylamine-iV-radical. 

E x t e n s i v e s tud ies of t h e r e a c t i o n of o r g a n i c c o m p o u n d s 
in a r a d i o f r e q u e n c y d i s c h a r g e h a v e b e e n c a r r i e d o u t . 1 - 3 ) 
T h e r e ha s , h o w e v e r , b e e n l i t t le o r n o a t t e m p t to s t u d y 
t h e d i s c h a r g e r e a c t i o n of a series of s i m p l e a m i n e 
de r iva t ive s . I n th is p a p e r , t h e i n d i v i d u a l r e a c t i o n s of 
p y r r o l e , p y r r o l i d i n e , a n d b u t y l a m i n e ( t h r e e di f ferent 
types of C 4 a m i n e ) i n a r a d i o f r e q u e n c y d i s c h a r g e wil l 
b e r e p o r t e d . T h e s e c o m p o u n d s w e r e chosen i n a n 
a t t e m p t to a sce r t a in t h e b e h a v i o r of these t h r e e a m i n e s 
u n d e r t h e in f luence of r a d i o f r e q u e n c y d i s c h a r g e a n d 
to obse rve t h e f o r m a t i o n of t h e v a r i o u s p r o d u c t s r e su l t i ng 
t he re f rom. 

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

T h e radiofrequency generator was operated at a fixed fre­
quency of 28 M H z , with an output of up to 150 W. T h e 
operating pressure in the system was 2.0 Tor r through all 
the runs. T h e products were collected in a liquid nitrogen 
t rap (—196 °G), as has previously been described.4) 

Analysis. Gas chromatography was employed for quan­
titative analysis. A Shimadzu GG-4BPTF instrument was 
used with the following columns : 4.5 m, Silicon SE-30 for 
the analysis of liquid products (oven t e m p : 30—270 °C, pro­
gram r a t e : 10 °C/min), with H 2 as the carrier gas. The 
gaseous products were analyzed on a 3-m column packed 
with silica gel at 150 °C, using N 2 as the carrier gas. 

Radiofrequency Decomposition of Pyrrole. Pyrrole vapor was 
passed through the glow discharge (see Table 1). T h e major 
portion of the gas fraction collected in the liquid nitrogen 
traps was a mixture of ethylene (44.1%), acetylene (31.2%), 
ethane (20.0%), propylene (0 .8%), and propane (0.9%) 
(Table 1, R u n No. 2) . Noncondensable products were ob­
tained from the exhaust gas of the vacuum p u m p connected 
to the nitrogen traps. Upon gas-chromatographic analysis, 
they were found to contain only hydrogen and methane (0.21 
g; C H 4 2 2 % , H 2 7 8 % in R u n No. 2) . T h e fractional distil­
lation of the liquid products collected from several runs and 
N M R measurements of the resulting fractions showed the 
presence of hydrogen cyanide (bp 28—29 °G), acetonitrile, 
propionitrile, acrylonitrile, crotononitrile,3* benzene, a-methyl­
pyrrole, and jft-methylpyrrole. Their mass spectra also con­
firmed these assignments. The N M R d a t a of these compounds 
are shown below. Acrylonitrile: N M R (ô p p m in CG14) : 5.60 

* Organic React ion Employing the Glow Discharge. V I I . 
Par t V I : S. Kikkawa, M . Nomura , and Y. Mori ta , J. Syn. 
Org. Chem. Jpn., 34, 36 (1976). 

( I H , m, C H 3 C N ) , 5.92 ( I H , m, trans ß-H), 6.10 ( I H , m, eis 
ß-H). Crotononitrile : N M R (ô p p m in GC14) : 1.98 (3H, d.d, 
C H 3 C H ) , 5.24 ( I H , d.q, G H C N ) , 6.46 ( I H , d.q, GH 3 CH) . 
Benzene: N M R (ô p p m in GC14) : 7.24 (s, aromatic H ) . a-
Methylpyrrole: N M R (ô p p m in GC14): 2.12 (3H, s, GH3) , 
5.72 ( I H , m, G 3 -H) , 5.94 ( I H , m, G 4 -H) , 6.34 ( I H , m, C 5 - H ) . 
jS-Methylpyrrole: N M R (ô p p m in CG14) : 2.07 (3H, s, GH, ) , 
5.88 ( IH , m, C 4 -H) , 6.28 ( I H , m, G 2 -H) , 6.40 ( IH , m, C 5 - H ) . 

Radiofrequency Decomposition of Pyrrolidine. For 20 min, a 
7.7-g portion of pyrrolidine was passed through a radiofre­
quency glow discharge (Table 2, R u n No. 5). The conden­
sable gaseous products consisted of ethylene (62.4%), acetylene 
(18.9%), propylene (9 .6%), ethane (7 .6%), and propane (1.5 
% ) , while the noncondensable products were hydrogen and 
methane . Gas-chromatographic analysis indicated the pres­
ence of twelve constituents in the liquid products. A fractional 
distillation of the reaction mixture isolated acetonitrile, pro­
pionitrile, and butyronitrile. Three major unknown com­
pounds were separated by preparat ive gas chromatography 
(Shimadzu GG-2G, Silicon D C 550, 4.5 m, H 2 ) . By referring 
to their N M R spectra, these three compounds were identified 
1-pyrrolidinylacetonitrile, 2-(l-pyrrolidinyl)propionitrile, and 
2-(l-pyrrolidinyl)butyronitrile respectively. 

T h e analytical da t a of the identified products were as 
follows. Acetonitrile: N M R (ô p p m in GG14) : 1.94 (s, CH 3 -
CN) . I R : complete superimposable spectrum with an au­
thentic sample. Propionitri le: N M R (ô p p m in CG14) : 1.26 
(3H, t, C H 3 C H 2 ) , 2.32 (2H, q, CH 2 GN) . Butyronitrile: 
NMR[<5 p p m in (CD 3 ) 2 CO] : 1.00 (3H, t, CH 3 CH 2 ) , 1.62 (2H, 
m, GH 3 GH 2 CH 2 ) , 2.38 (2H, t, CH 2 GN) . Pyrrole: N M R (ô 
p p m in CCLJ: 6.02 (2H, m, ß-H) , 6.52 (2H, m, a-H). 1-
Pyrrolidinylacetonitrile: N M R (<5 ppm in CDC13) : 1.86 (4H, 
m, GH 2 GH 2 ) , 2.68 (4H, m, C H 2 N C H 2 ) , 3.68 (2H, s, CH 2 GN). 
I R ( c m - 1 ) : 2800 (=N-) , 2230 (C=N). M S (m/e): 110 (M+). 
Found : G, 65.32; H, 9.00; N, 25 .15%. Calcd for C„H1 0N2 : 
G, 65.42; H, 9.15; N, 2 5 . 4 3 % . 2-(l-Pyrrolidinyl)propio-
nitri le: N M R (ô p p m in CDG13) : 1.48 (3H, d, C H 3 C H ) , 1.83 
(4H, m, GH 2 CH 2 ) , 2.65 (4H, m, C H 2 N G H 2 ) , 3.88 ( I H , q, 
C H 3 G H ) , I R ( c m - 1 ) : 2800 (=N-) , 2220 (G=N). MS(m/e): 
124 (M+). Found : G, 67.43; H , 9.80; N, 22 .60%. Galcd for 
C 7H 1 2N 2 : C, 67.70; H , 9.74; N , 22 .56%. 2-(l-Pyrrolidinyl)-
butyronitr i le: N M R (ô p p m in GDG13) : 1.08 (3H, t, GH 3 GH 2 ) , 
1.84 (6H, m, GH 3 GH 2 CH,GH 2 CH 2 ) , 2.68 (4H, m, GH 2 NGH 2 ) , 
3.67 ( I H , t, G H 2 G H G N ) . I R ( c m - 1 ) : 2810 (=N-), 2240 
(G=N). M S (m/e) :138 (M+). 

Radiofrequency Decomposition of Butyronitrile. T h e glow-
discharge reaction was carried out by means of a procedure 
similar to tha t described above. T h e condensable gaseous 
products in R u n No. 9 were ethylene (44.2%), acetylene 
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(7.2%), propylene (15.3%), butène (2.0%), ethane (18.6%), 
and propane (12.7%). 

The compounds with the same retention times as acetonitrile 
were separated from the reaction mixtures and were identified 
as such. Butylaminoacetonitrile was separated by preparative 
gas chromatography and identified on the basis of its NMR 
spectrum. Two other major components were identified as 
iV-ethylidenebutylamine and iV-butylidenebutylamine5> by 
comparing the retention times with authentic samples, and 
the mass spectra of the individual fraction (obtained by the 
use of Hitachi RMU-6MG type GG-MS), with authentic 
sample. Acetonitrile: NMR (<5 ppm in CDC13) 2.01 (s, 
GH3CN). IR: complete superimposable spectrum with an 
authentic sample. Butylaminoacetonitrile: NMR (<5 ppm in 
GDClg): 0.93 (3H, t, CH3CH2), 1,30 (1H, s, NH), 1.42 (4H, 
m, CH3CH2CH2CH2), 2.65 (2H, t, GH2NH), 3.48 (2H, s, 
NHCH2CN). IR (cm-1): 3320 (-N-), 2240 (G=N). MS 

H 
(m/e): 112 (M+). Found: G, 63.65; H, 11.01; N, 24.97%. 
Galcd for C6H12N2: G, 64.24; H, 10.78; N, 24.98%. JV-ethyli-
denebutylamine: MS (m/e): 99 (M+), 84 CH3CH2CH2CH2-

N E G H (67.6), 57 CH3CH2N=CH2 (54.0), 56 GH3CH=N=GH2 

(100). JV-Butylidenebutylamine: MS (m/e)V: 127 (M+), 112 

/NNCH 2CH 2CH 2CH 3 (12.5), 99 (15.3), 84 GH3CH2GH2-

^XN=GH2 (27.8), 57 TNHCHa (75.0), 
\ / 1/ 

(75.0). iV-Propy lidenebuty 1 amine : 

98 (7.4), 84 CH3CH2CH2CH2N=CH 

CH=N=CH2 (100), 70 • 

56 CH2=NHCH=CH2 

MS (m/e): 113 (M+), 
(100), 71 (38.9), 70 (70.4), 57 (50.0), 56 (92.6). 

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

The product distributions with the discharge reactions 
of pyrrole and pyrrolidine are shown in Tables 1 and 2 
respectively, along with the reaction conditions. Under 

TABLE 1. EXPERIMENTAL CONDITIONS AND YIELDS OF THE 

LIQUID PRODUCTS FOR THE GLOW DISCHARGE 

REACTION OF PYRROLEA> 

Reaction conditions 

Applied voltage (kV) 

Anodic current of discharge 

Reactant fed in (g) 

Liquid products (g) 

Polymeric materials (g) 

(mA) 

Condensable gaseous products (g) 

Liquid products (%) 

H C N 

CHgCN 

C H ^ C H C N 

C H 3 C H a C N 

foz,w-CH3CH=CHCN 

C6H6 

a-CH 3 C 4 H 4 N 

j8-CH3C4H4N 

Otheres 

C4H5N 

% Conversion 

1 

1.23 

70 
4 . 6 

4 .1 

0 .35 

0 .11 

5 .0 

0 .7 

1.3 

0 . 4 

3 .7 

0 .2 

2 .0 

1.3 

2 .1 

83 .3 

16.7 

Run No. 
^ 
2 

1.50 

80 

4 . 8 

4 .2 

0 .42 

0.22 

12.5 

1.4 

5.2 

1.1 

3.2 
0 .7 

2 .9 

2 .1 

4 . 4 

66 .5 

33 .5 

3 

1.63 

90 

4 . 4 

3 .5 
0 .44 

0 .30 

16.3 
2 . 4 

6 .3 

2 .0 
3 .4 

1.3 

3 .3 

2 . 4 

7 .8 

54 .8 

45 .2 

TABLE 2. EXPERIMENTAL CONDITIONS AND YIELDS OF THE 

LIQUID PRODUCTS FOR THE GLOW DISCHARGE 

REACTION OF PYRROLIDINE*0 

Reaction conditions 

Applied voltage (kV) 

Anodic current of 
discharge (mA) 

Reactant fed in (g) 

Liquid products (g) 

Polymeric materials (g) 
Condensable gaseous 

products (g) 

Liquid products (%) 

H C N 

C H 3 C N 

C H 3 C H 2 C N 

C H 3 C H 2 C H 2 C N 

C 4 H 5 N 

4 

1.33 

70 

7.5 

6 .8 

0 

0 .4 

t 

t 

t 
1.6 

0 . 3 

R u n No. 

5 

1.50 

80 

7.7 

6 . 5 

0 

0 .6 

t 

t 

t 
4 . 3 

1.0 

,.̂  
6 

1.70 

90 

7.7 

5 .5 

0 .01 

1.5 

5 .6 

3 .0 

0 . 4 

8 .9 

2 . 9 

7 

1.95 

100 

7 .3 

4 .1 

0.03 

2 . 3 

32 .9 

5 .9 

2 .2 
9 .6 

5 .4 

NCH2CN 

CH(CH3)CN 

NCH(C2H5)CN 

1.9 7.4 20.4 

3.2 

1.4 

8.6 16.0 

4.5 11.0 

7.0 

9.6 

9.9 

Others (20 peaks) 
C4H9N 

2.9 6.2 11.4 17.6 
88.6 67.9 19.9 0 

% Conversion 11.4 32.1 80.1 100 

a) Duration of reaction : 20 min. 

the influence of radiofrequency discharge, pyrrole 
produced H C N , CH 3 CN, C 2H 5CN, CH 2 =CHCN, trans-
CH 3 CH=CHCN, G6H6, a -CH 3 C 4 H 4 N, and ß-CH 3C 4 -
H 4 N as the pr imary products, whereas pyrrolidine 
yielded the characteristic products of a-(l-pyrrolidinyl) 

nitrile, | N C H ( R ) C N ( R = H , CH 3 , and C2H5) , in 

addition to other nitrile derivatives. 
First, we will discuss the discharge reaction of pyrrole. 

In the experiment with a discharge current of 70 mA 
at 1.23 kV (Run No. 1), the pr imary products were 
H C N and crotononitrile. If this discharge reaction is 
assumed to proceed via the radical mechanism suggested 
in a previous paper,7) the formation of crotononitrile 
may be explained by the following scheme, where the 
initial homolytic fission of G-N bond is accompanied 
by both the subsequent rotation of the G-G bond 
and the double-bond shift, leading to crotononitrile. 

When the discharge current was changed from 70 
to 90 mA, the crotononitrile yield decreased among the 
products while, the yields of H G N and acrylonitrile 

N V H 

H _ H CH, 

-H< 

a) Duration of reaction : 20 min. Scheme 1. 
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increased. In view of these findings and its chemical 
structure, the formation of acrylonitrile is considered 
to proceed by means of the generation of crotononitrile. 
T h e fact that no detectable amounts of butyronitrile 
were found in the reaction mixture suggests that propio­
nitrile was formed not by the hydrogénation of acrylo­
nitrile, but by the recombination of -CH 2 CN with the 
methyl radical. By analogy with the reactions of the 
atomic hydrogen produced by electric discharge with 
GH3CN,8) it seems likely that hydrogen atoms first 
attack one of the pr imary products, crotononitrile, to 
abstract the CN radical or methyl radical to produce 
HGN, CH=CH, and the methyl radical, or GH4 , 
CH=GH, and the CN radical, respectively. T h e 
formation of GH=CH may partly compensate for the 
energy needed for the above bond cleavage. According­
ly, these cyano and methyl radicals which stem from 
crotononitrile produce G2H6 and C H 3 C N via recombina­
tion. I t is evident that the methyl radical formed in the 
discharge zone also attacks pyrrole to generate a- and 
/5-methylpyrrole. 

With the reaction of pyrrolidine, the radiofrequency 
discharge initiates a homolytic fission of the C - N bond, 
which is surely the weakest bond9) in this molecule, 
accompanied by a subsequent dehydrogenation similar 
to that described above to deliver various saturated 
aliphatic nitriles, such as acetonitrile, propionitrile and 
butyronitrile, that is outlined in the following scheme. 

r\^r\mn-s^ rr'"h, 

F\"! O î'Cf* C 
: ^ N j 

Scheme 2. 

Pyrrolidine produces, unlike pyrrole, the charac­
teristic products of a-(l-pyrrolidinyl)nitrile derivatives, 
whose yields amount to 47 .8%, on the basis of the 
converted pyrrolidine (Run No. 6). The product 
distribution indicates that, with anodic currents of 70, 
80, and 90 mA (Run No. 4, 5, and 6), a-(l-pyrrolidinyl) 
nitriles are the main products, while small amounts of 
acetonitrile, propionitrile and butyronitrile are detected 
which are the alternative constituents of the a- ( l -
pyrrolidinyl) nitrile derivatives. These findings strongly 
suggest that pyrrolidine reacts with the resonance-
stabilized a-cyanoalkyl radicals10) to produce a - ( l -
pyrrolidinyl) nitrile. In this case it appears that a-
cyanoalkyj radicals such as ' C H 2 C N , C H 3 C H C N , and 
C H 3 C H 2 C H C N are not re-formed from the correspond­
ing nitriles by the abstraction of a hydrogen atom, but 
are generated by the initial radical fission of the G-N 
bond of pyrrolidine, followed by dehydrogenation 
subsequent migration to a more stable radical, and the 
elimination of ethylene, ultimately forming an aceto­
nitrile radical. Scheme 2 shows this, together with the 
production of saturated nitriles. In Scheme 2, the 
first-stage intermediate, • GH 2 GH 2 GH 2 CN, may rapidly 
abstract a hydrogen atom to yield butyronitrile, because 

it is an unstable pr imary radical. This route competes 
with another rearrangement leading to a more stable 
a-radical. Such an idea is supported by the fact that 
the amounts of butyronitrile were appreciable relative 
to the trace amounts of acetonitrile and propionitrile 
produced under rather mild conditions (Run No. 4 and 
Run No. 5). 

Concerning the formation of a-(l-pyrrolidinyl) nitrile 
derivatives, two possible mechanisms may be considered ; 
one is the recombination of the a-cyanoalkyl radical 
with the pyrrolidine-iV-radical, and the other is the 
electrophilic attack of the a-cyanoalkyl radical towards 
the basic nitrogen atom of pyrrolidine, accompanied 
by the subsequent release of the H atom. 

TABLE 3. EXPERIMENTAL CONDITIONS AND YIELDS OF THE 

LIQUID PRODUCTS FOR THE GLOW DISCHARGE 

REACTION OF BUTYLAMINEA) 

Run No 
Reaction conditions 

Applied voltage (kV) 
Anodic currrent of discharge (mA) 
Reactant fed in (g) 
Liquid products (g) 
Polymeric materials (g) 
Condensable gaseous products (g) 

Liquid products (%) 
GH3GN 
CH3CH2CH2CH2N=CHCH3 

GH3GH2GH2CH2N 
=GHGri2CH2Gri3 

CH3GH2CH2CH2NHGH2CN 
Others (13 peaks) 
GH3GH2GH2CH2NH2 

% Conversion 

8 

1.60 
70 

4.2 
3.7 
0.04 
0.3 

0.6 
9.4 

3.8 

0.6 
2.5 

83.0 

17.0 

9 

1.95 
85 

4.8 
4.2 
0.05 
0.4 

0.4 
15.4 

2.8 

2.5 
3.3 

75.6 

24.4 

10 

2.25 
100 

3.7 
2.3 
0.07 
0.9 

2.8 
21.0 

1.3 

27.7 
8.4 

38.8 

61.2 

a) Duration of reaction: 10 min. 

T h e product distribution and the reaction conditions 
with butylamine are shown in Table 3. T h e reaction 
mixture was found to contain acetonitrile, iV-butyli-
denebutylamine, iV-ethylidenebutylamine, and butyl­
aminoacetonitrile, together with other unidentified 
products. In this case, the probable mechanism of 
butylaminoacetonitrile formation is considered to be 
the same as that for the formation of a-(l-pyrrolidinyl) 
nitrile derivatives in the discharge reaction of pyr­
rolidine; e.g., a-acetonitrile radical resulting from 
ethylene-elimination and the dehydrogenation of butyl-
amine either attacks a nitrogen atom of butylamine or 
combines with the butylamine- N- radical, forming 
butylaminoacetonitrile. i^-Butylidenebutylamine is 
assumed to be formed by the recombination of inter­
mediate radicals, C H 3 C H 2 C H 2 C H N H 2 and CH 3 CH 2 -
C H 2 C H 2 N H , followed by the elimination of ammonia 
whose formation was confirmed in this experiment. 

An inspection of Table 3 shows that the combined 
yield of C H 3 C H 2 C H 2 C H 2 N = C H C H 3 and CH 3 CH 2 CH 2 -
C H 2 N = C H C H 2 C H 2 C H 3 increases almost linearly with 
the anodic currents of discharge (70, 85, and 100 mA). 
As the release of the ethyl radical from the latter to 
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yield CH 3 CH 2 CH 2 CH 2 N=CHCH 2 - seems to be an 
energetically preferred process, so the latter produced 
may be easily converted to C H 3 C H 2 C H 2 C H 2 N = C H C H 3 

under these discharge conditions. Therefore, the forma­
tion of C H 3 C H 2 C H 2 C H 2 N = C H C H 3 may be supposed 
to be contingent upon the prior generation of CH 3 CH 2 -
CH 2 CH 2 N=CHCH 2 CH 2 GH 3 . 
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The Oxidative Solvolysis of Durohydroquinoiie Monobenzoates. 
A Study of the Mechanism 
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Durohydroquinone mono (^-substituted benzoate)s (la—le) were oxidized by D D Q in CH3OH/CH2Cl2 at 
room temperature. The products were duroquinone dimethyl acetal 4 and /»-substituted benzoic acids (5a—5e). 
None of the methyl esters 3 was formed. The details of the mechanism of a series of reactions, which start 
with the one-electron oxidation of 1, is elucidated by the isolation and characterization of the intermediates as 
well as by a kinetic study in an acetonitrile solution. The relation between the mode of oxidation, whether it is 
a one-electron or two-electron process, and the activation of the acyl group was explicitly discussed in terms of 
the mechanism. Two-electron oxidation is suggested to offer a better chance for acyl activation. Some generaliza­
tion of the mechanism is made for other oxidation-induced acyl, phosphoryl and sulfuryl activating systems. 

The oxidation of hydroquinone monoesters is of 
considerable interest as models for biological energy 
conversion, wherein the free energy associated with 
redox reaction is conserved in such "energy-rich" 
bondings as phosphoric or carboxylic anhydrides. 
Research efforts have especially been focussed on the 
phosphate esters since some hydroquinone phosphates 
are believed to be involved in biological phosphoryla­
tion.1-3) The oxidation of hydroquinone phosphates can 
generate a phosphorylating agent and the reaction 
mechanism, as well as the synthetic application, has 
been examined extensively.4'5) The carboxylates behave 
similarly, and several implications of the mechanism 
involved have been made by Wieland and Aquila,6) 
Bunton and Hellyer,7) and Clark et a/.8) Thanassi and 
Cohen9) have proposed a phosphate-free energy conser­
vation cycle based on the ubihydroquinone monocarbox-
ylate ester in mitochondria. 

From the point of view of the mechanism, there have 
been controversial observations of this oxidation-assisted 
activation of phosphoryl and acyl groups, since both 
O-C(aryl) and O - P or O-C(acyl) bond fissions have 
been observed depending on the oxidation condi­
tions.4-12) T h e mode of oxidation, whether it is a one-
or two-electron process, and the nature of the specific 
ionic species involved in the case of phosphate esters 
should be explicitly formulated in the delineation of the 
reaction mechanism which links oxidation to the 
phosphoryl and acyl transfer processes. There has been, 
however, little work along this line which traces back 
to the characterization of the reaction intermediates 
involved and studies the detailed behavior in the 
isolated state. As a substrate for a study of the mecha­
nism involved the carboxylate has some advantages over 
the phosphate in that they do not dissociate under 
ordinary conditions and the physical-organic chemistry 
of the acyl group in general is much better founded 
than that of the phosphoryl group. In the present 
investigation, the mechanism of oxidation of durohydro­
quinone mono(/?-substituted benzoate)s (l)1 3 a) by di-
chlorodicyano-/>-benzoquinone ( ( D D Q ) was studied 
by product analysis and by intermediate isolation and 
characterization, as well as by kinetic measurements. 
The one-electron oxidation process which does not lead 
to acyl activation130) has been elucidated, and the 
mechanism has been discussed in comparison with the 

two-electron oxidation process by bromine or NBS which 
was found to bring about acyl transfer. 

H3C GH3 l a : X = H 

R e s u l t s 

Oxidation Products. Substrate 1 reacted with 
equimolar amounts of D D Q in CH 3 OH/CH 2 Cl 2 (50/50, 
v/v) at 30 °C, and the mixture was analyzed directly 
using G L C for duroquinone (2), methyl />-X-benzoate 
(3), duroquinone dimethyl acetal (4) and j&-X-benzoic 
acid (5). The results are shown in Table 1. I t is 
obvious that the nature of the products and their yields 
are the same, irrespective of the /»-substituent on the 
benzoyl nucleus. About 90% of the durohydroquinone 
moiety was recovered as 4, and 6 to 8%, as 2. The 
combined yield accounts for more than 94% of the 
starting substrate. The benzoyl portions were almost 
quantitatively converted into the benzoic acids, and 
methyl benzoates were formed only in trace amounts. 
After work up, D D Q H 2 and 5 were isolated in about 
90% yield, and the combined yield of isolated 2 and 4 
accounted for over 90% of the starting durohydro­
quinone ester. However, no methyl benzoate 3 was 
detected. Thus, the reaction can be formulated as 

1 + DDQ + 2CH3OH ^U 4 + 5 + DDQH2. (1) 
l h 

Isolation of Reaction Intermediates. Dissolution of 
D D Q and l b in benzene produced a 1: 2 ( D D Q : l b ) 
molecular complex as black-violet crystalline powder, 
having an I R spectrum very close to the superposition 
of those of l b and D D Q . Since the I R spectrum of the 
anion radical, D D Q / (potassium salt14)), was quite 
different, the structure of this molecular complex appears 
to involve the usual charge transfer (CT) interaction 
rather than an ionic or dative one with complete 
electron transfer. Similar C T complexes were isolated 
using other nonpolar solvents ( 1 : 1 or 1:2 stoichiom-
etry). Recently, McNelis15) reported a 1:1 C T 
complex between naphthalenediol monoacetate and 
D D Q . 
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DDQ 
1 • CT complex 

base }-„-,- DDQ^ 

,o-< >-o-c-<_>-x 
o 

I 

1° 
etc. 

7 (7b, X=C1) 

C-O coupling 

6 (6b, X=C1) 
Scheme 1. 

When l b reacted with D D Q in benzene (CT complex 
formation) and was then treated with a 2 M N a O H 
solution, 4- (4-chlorobenzoyloxy) -4- [4- (4-chlorobenzoyl-
oxy)-2,3,5,6-tetramethylphenoxy] - 2 ,3,5,6-tetramethyl-
2,5-cyclohexadienone 6b was produced in a 9 0 % yield 
as colorless crystals. T h e 1H N M R spectrum is illustrated 
in Fig. 1. T h e assignment is based on a comparison with 
other structurally-related compounds synthesized in the 
present study, which are included together in the figure. 
The formation of 6 from the GT complex upon treatment 
with a base can be rationalized as follows. The base 
abstructed the phenolic proton from the C T complex. 

c s . , 1 . 9 5 ; - s . , 2 . 1 2 

'cïfJcÏÏ} H H 
" O O ° Ï 0 C 1 lb(DMS0-d6) 

CH3CH3 H H 

r d . , 8 . 0 3 ; J . 8 . 5 

Vd. ,7 .48 ; J,{ 
f ' - 1 - . ? ' S-'1-8

n
9 H H 

/ ' d . , 7 . 6 2 ; J ,É 

^ d . , 8 . 1 5 ; J , 8 

)C1 3b(CDCl 3 ) 

H H 

J U., 7.40; J,8.f 
Cl.,7.98; J.8.5 

CH3CH3 

o=rv°C H 3 *(«!«) 

CH3CH3 - H H 
6b(CDCl 3 ) 

CH3CH3 H H 

7T?o7 /,/d.,7.48; J.8.: 
l s . 2 . 2 1 < - d . , 8 . 1 7 ; j > 8 . 5 

3 . , 1 . 7 2 ; s . , l . £ 

fÏÏ^CHj 
o = n > C „ 3 ^ 

s . , 2 . 0 0 ; s . , 2 . 1 0 

'CH3CH3 H H 

L 
CH3CH3 

Ü^.,1.86; x i 

CH 3CH3^0/O) 0S^>C 1 «b(CDCl3) 
CH3CH3 H H 

^ d . , 7 . 4 6 ; J . 8 . 5 

d . , 8 . 1 5 ; J . 8 . 5 m . , 1 . 8 1 ; J<1 

rs.,2,05; s.,2.22 

'CH3CH3 H H 
C 2 H 5 ° ^ 3 ° Ç ^ ^ Cl (CDCI3) 

CH3CH30 H H 

) (&. ,7.52; J.8.5 

M.,8.22; J.8.5 

Fig. 1. 1H NMR spectra of the oxidation products and 
related compounds. Chemical shifts are in ppm from 
TMS, and coupling constants in Hz. 

The C T interaction then proceeded to transfer an 
electron to form phenoxyl 7, which in turn coupled 
bimolecularly at C- and O-terminals giving 6 (Scheme 

The reaction of 1 with D D Q in a medium containing 
alcohols as a major component proceeded rather rapidly 
(within 1 h) and gave 4, 5 and D D Q H 2 as final products 
(Reaction 1 ). However, when the reaction was quenched 
at a very early stage, the products were different. The 
oxidation of l b in C 2 H 5 O H / C H C l 3 (50/50, v/v) accord­
ing to the similar procedure as described above for the 
reaction in benzene (1 min of reaction time before 
treatment with 2 M N a O H ) produced 6b in a 7 3 % 
yield. In the alcoholic solvent, the C T complex is not a 
stable entity, but proceeds rapidly to further reactions. 
I t is, therefore, uncertain whether 6b was formed on 
contact with the added base (as is the case for the 
reaction in benzene) or was already being formed in 
the polar and hydroxylic reaction medium. T h e 
reaction mixture was quenched by aqueous ascorbate-
sodium hydrogen carbonate. Then, the yield of 6b 
was even higher (86%) in C 2 H 5 OH/CHCl 3 , while in 
benzene no 6b was obtained, and l b was recovered 
quantitatively. This indicates that the ascorbate anion 
reduced D D Q in the C T complex and completely 
suppressed the base promoted transformation of the C T 
complex to /»-benzoyloxyphenoxyl (7b) and D D Q " . 
These results strongly support the hypothesis that the 
reactions in Scheme 1 are under way in the initial 
phase of the reaction in the polar and hydroxylic 
mediums, such as C H 3 O H / C H 2 C l 2 or C 2 H 5 OH/CHCl 3 . 
O n the other hand, the reaction does not proceed 
beyond the C T stage in the benzene solvent. 

Scheme 1 describes the one-electron oxidation of 1 
by D D Q . The oxidation was carried out with typical 
one-electron oxidizing agents for comparative purposes. 
T h e oxidation of l b with potassium hexacyanoferrate-
(I I I ) in 2 M N a O H produced 6b in a 70% yield. 
Oxidation with cerium(IV) ammonium nitrate in 
methanol turned out to be somewhat different, giving 
4- [4- (4-chlorobenzoyloxy) -2,3,5,6-tetramethylphenoxy] -
4-methoxy-2,3,5,6-tetramethyl-2,5-cyclohexadienone 8b 
(yield 84%) . Clark et al.8) conducted a similar cerium-
(IV) oxidation experiment with l a and isolated a yellow 
solid for which the structure 9a ( X = H ) was suggested. 
The XH N M R spectra of the preparation reported here 
(Fig. 1, 8b) is not in accord with this type of structure. 
Another structure, 10b, which is isomeric to 8b , was 
excluded on the basis of a detailed comparison of the 
*H N M R chemical shifts of the related compounds in 

= C /OCFL 

- X 

Fig. 1. The product difference between hexacyanofer-
ra te( I I I ) oxidation and cerium(IV) oxidation can be 
rationalized by the lability of 6 b under acidic conditions. 
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TABLE 1. DDQ OXIDATION OF 1 IN CH3OH/CH2Cl2
a) 

Substrate 

l a 
l b 
l c 
Id 
l e 

2 

6 
8 
6 

— 
6 

Product, 

3 

< 1 
< 1 
< 1 
< 1 
< 1 

% yield 

4 

92 
92 
88 
88 
88 

5 

— 100 
— 100 

b) 
— 100 
— 100 

a) [1]0= [DDQ]0=0.05 M, C H g O H / C H Ä (50/50, v/v), 
30 °C, 1 h. b) Not determined. 

The reaction medium for cerium(IV) oxidation was 
rather strongly acidic, and it was shown in a control 
experiment that, under such circumstances, 6 b is 
readily converted into 8b . 

Chemical Transformations of Reaction Intermediates. 
The intermediates isolated in the foregoing section were 
found to be eventually transformed into the final 
products, 2, 4, and 5, under the reaction conditions 
described in Table 1. In this context, the behavior 
of the isolated intermediates was studied with respect 
to the reactivity of the acetal linkages. Two types of 
reaction, i.e., heterolytic and homolytic cleavages, were 
observed. 

The acetal 6b dissolved in CHGl 3 /CH 3 OH (10/90, 
v/v) was maintained at 0 °C overnight. Work up of the 
mixture gave no recoverable 6b but did give 8b (in a 
8 3 % yield without purification) and /»-chlorobenzoic 
acid, 5b . No evidence was obtained for the formation 
of l b , which should be readily detectable from its 
characteristic I R absorption (^0H, 3415 c m - 1 ) . This 
indicates that the acetal linkage C - O C O A r is much 
more labile than C - O A r ' under neutral to weakly acidic 
conditions (Reaction 2). Prolonged treatment of 6 b 
with methanol resulted in a complex mixture containing 
2 and 4, in addition to 5 and 8. T h e reaction in ethanol 
proceeded similarly, but slowly in comparison with that 
in methanol : 

6 + CH3OH — 
8 + 5 

I—x— 9 + 1 
(2) 

The time dependence of the 1 H N M R spectrum of a 
mixture of durohydroquinone monomethyl ether (11, 
0.10 mmol) and D D Q (0.11 mmol) in CD 3 OD/CDGl 3 

(50/50, v/v, 400 (il) was inspected. The spectra in Fig. 2 
indicate that, after 2 h, methyl trideuteriomethyl acetal 
of duroquinone, 12 (the compound 4 in which one of 
the C H 3 0 groups is replaced by C D 3 0 ) , was formed 
quantitatively. After 4 days, the G H 3 0 group in the 
acetal 12 was completely exchanged to C D 3 0 by 
further reaction with the solvent. A considerable 
amount of duroquinone was also formed by a reaction 
with the moisture in the solvent. The first phase of the 
reaction was very rapid, and the formation of 12 was, 
in fact, complete within 5 min according to the N M R 
measurement. The reaction of 11 and D D Q under 
alkaline conditions gave a quite different product. Thus, 
the solution of 11 and D D Q in benzene, after t reatment 
with aqueous alkali, afforded 4-methoxy-4-(4-methoxy-
2 ,3 ,5 ,6- te t ramethylphenoxy)-2 ,3 ,5 ,6- te t ramethyl -2 ,5-

CH30D 

CH3CH3 

J CH3CH3 

S 2 . 9 7 X T " 
5 1 . 9 0 

-14—K-

i3UH3 

CH3OD 

CHoCHo 

D->C0 v = = / 

i CH3CH3 

- * > — » -

ô, ppm 

Fig. 2. DDQ oxidation of 11 (0.10 mmol) in GD3OD/ 
GDC13 (50/50, v/v, 400 pi) at room temperature. XH 
NMR spectra. A, 11 in CDC13; B, reaction mixture 
after 2 h; C, after 4 days. 

cyclohexadienone 14 as colorless crystals (yield, 75%). 
T h e latter could also be prepared using an alkaline 
hexacyanoferrate(III) solution as the oxidizing agent.16) 
Compound 14 was not only labile to acid forming 4 and 
11 in acidified methanol (by the addition of D D Q H 2 ) 
but also readily oxidizable (within 5 min) by D D Q in 
CD 3 OD/CDCl 3 to give the acetal 12. These facts 
indicate that 14 would be of only transient existence, 
even if it were formed in the D D Q oxidation of 11 in 
CD 3 OD/CDGl 3 . The 1U N M R spectrum of 14 contained 
unusually broad resonance signals, which were barely 
assignable to the proposed structure. T h e ESR measure­
ments made on the solution in benzene/toluene (Fig. 3) 

5Gauss 

Fig. 3. The ESR spectrum of 14 in C6H6/C,H5CH3 

(40/60, v/v). [14] = 0.67M, room temperature. 14^± 
2-15. 
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clearly indicate the presence of phenoxyl 15 in equilib­
rium with 14. Similar behavior has been reported for a 
related compound.17) 

An equimolar mixture of 6b and 14 was found to be 
converted into 8 b simply by dissolving the former in 
benzene followed by concentration under reduced 
pressure. This observation indicates that the radical 
dissociation of 6b should be considered in addition to 
that of 14. The reaction is illustrated in Scheme 2. 

14 -OCH, etc. 

o= 

15 

OCHq 

O 

/ W Q - / VoCAi 

• O -
> \ 

Scheme 2. 

The intermediate 8 also appears to undergo facile 
homolytic cleavage of the acetal linkage, evidence for 
which has come from the attempted purification of 8 b 
by column chromatography on silica gel. O n elution 
with benzene/ether, 8b ( 1 mmol, contaminated with 5b) 
decomposed to l b (0.55 mmol) , 2 (0.89 mmol) , 5b 
(0.79 mmol) and 11 (0.26 mmol). Degradation accounts 
for the difficulty encountered in obtaining 8b , and, in 
fact, it was this finding which prompted the examination 
of the D D Q oxidation of 11. The reaction can be 
rationalized by the process illustrated in Scheme 3. A 
hydrolysis of acetal 8 b to l b and 2 should also be 
considered. 

Kinetic Study in Dilute Solutions. In the preceeding 
sections, the chemical events after the completion of 
one-electron oxidation on the substrate were considered. 
Now, information is treated regarding the oxidation 
step using a kinetic method in dilute solutions. The 
oxidation for the kinetic study was carried out con­
veniently in CH 3 CN or A c O H , and most of the kinetic 
runs presented herein involve the former as a solvent. 
When l a (0.5 m M ) reacted with D D Q (0.5 mM) in dry 
CH 3 CN at room temperature, the electronic spectra 
indicated the formation of D D Q T , in addition to D D Q H 2 

(Fig. 4). In accordance with the acid dissociation and 

320 400 500 600 

Wavelength, nm 

Fig. 4. The variation of electronic spectra accompany­
ing the reaction of DDQ with la . [DDQJ 0 =[ la ] 0 = 
0.5 mM, CH3CN, 30 °G. 

redox equilibrium between D D Q , D D Q H 2 , and 
DDÇT,18) the relative D D Q / and D D Q H 2 concentra-

2DDQ/ + 2H+ <=> DDQ, + DDQH2, (3) 

tions formed during the oxidation reactions varied with 
the acidity of the medium. For example, upon the 
addition of excess trifluoroacetic acid, no D D Q T was 
detected, and in the presence of equimolar 2,6-lutidine, 
D D Q / was the sole product in the oxidation. The 
presence of basic material (e.g., 2,6-lutidine, pyridine 
JV-oxide or lithium acetate) not only affected the 
nature of the product (i.e., increased the ratio of D D Q / / 
D D Q H 2 ) but also drastically accelerated the oxidation 
rate. For instance, oxidation in the presence of equi­
molar 2,6-lutidine was instantaneous at room tempera­
ture, while the presence of several molar excess amounts 
of water, methanol, acetic acid or trifluoroacetic acid 
showed no measurable influence on the rate (vide infra). 
Base-assisted oxidation, which is in accord with Scheme 
1, will be more fully treated in a separate communica­
tion. 

S 
ö 

o 
m 
CO 
4-1 

v 

0 .2h 

o.ih 

0.0 
200 

Reaction time, min 

Fig. 5. The time dependence of the increase in absorp­
tion at 350 nm in CH3CN at 30 °C. [DDOJ 0 =[ la ] 0 

=0.5 mM. 
— • — , without additive; — O—, 0.06 M CH3OH; 
— # — , 0.31 M GH3OH; —A—, 0.61 M CH3OH; 
— D — , 0.22 M AcOH; —A—, 0.22 M CF3COOH. 
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In Fig. 5, the increase in the absorbance at 350 nm, 
which corresponded to the formation of D D Q H 2 , was 
plotted against time for the oxidation of l a in CH 3 CN. 
A small absorption due to D D Q T was observed under 
these conditions, except for the case in which trifluoro-
acetic acid was present as an additive, but this constitut­
ed only a trivial correction to the amount of D D Q H 2 

formed on reduction by substrate l a . No sign of GT 
complex formation was observed in the spectra at the 
low concentration ranges of DDQ, and l a utilized. 
Figure 5 exhibits the unusually fast production of 
D D Q H 2 at the very early stages of the reaction « 2 . 5 % 
conversion of D D Q ) , which was followed by a region 
(up to ^ 8 % ) with a constant rate (pseudo-zero order 
kinetics). The first phase of the reaction was probably 
due to the presence of a small amount of basic impurity 
in the GH 3 CN solvent, although it was carefully purified. 
The addition of trifluoroacetic acid eliminated most but 
not all of this irregular region. T h e relative reaction 
rates estimated from the slope of the second linear 
portion of the plots in Fig. 5 are 1.00 (without the 
additive), 0.83 (AcOH, 0.22 M ) , 1.23 ( C F 3 C O O H , 0.22 
M) , 1.06 ( C H 3 O H , 0.06 M ) , 1.34 (GH 3 OH, 0.31 M ) , 
and 1.69 ( C H 3 O H , 0.61 M ) . The small effect of the 
additives on the reaction rate even in the presence of a 
molar excess of l a of 1000 is more likely due to the 
change in the nature of the medium rather than to the 
specific effect of the additives. Thus, neither a nucleo-
philic process nor an acidic catalysis is involved in the 
rate-determining step of the formation of D D Q H 2 (or 
D D Q ; , refer to Reaction 3). The reaction products 
from 1 are probably similar to those mentioned in 
previous sections, but were not identified under the 
present reaction conditions. Where no nucleophilic 
additive was intentionally applied, a trace of water in 
the solvent might have assumed the role of a nucleo-
phile. 

Kinetics in acidified GH 3 CN (0.16 M C F 3 C O O H ) 
were studied. The initial concentration of D D Q was 
maintained constant at 0.5 m M and that of l a was 
varied between 0.25 and 3.99 m M . The pseudo-zero 

100 

10 

1 

7 

• 

1 

/o 

. . I 1 1 1 1 l l . . 1 I 1 . l l 

10 100 

[ l a ] 0 x l 0 M M ) 

Fig. 6. The dependence of the initial rate of DDQH2 

formation on the substrate (la) concentration. 
[DDQ] 0 =0.5mM, [CF3GOOH] = 0.16 M, CH3CN, 
30 °C. 

order rates, v0, for the production of D D Q H 2 in the 
early stages of the reaction « 7 % conversion of D D Q ) 
were obtained from the slopes of the plots similar to 
that shown in Fig. 5 and are plotted against the l a 
concentration in Fig. 6. The linear plot with a 1.0 
slope indicates the first-order dependence of the rate 
on [ l a ] . The other series of experiments, in which D D Q 
(initial concentration, 0.1 mM) reacted with a large 
excess (4—7 m M ) of l a , showed that the dependence 
on D D Q was also of the first order (pseuso-first order 
production of D D Q H 2 with up to 90% conversion of 
D D Q ) , although the reactions for such low concentra­
tions of D D Q were less reliable in this experiment. 
Kinetic studies with glacial acetic acid as the solvent 
also indicated a first-order dependence on both [ D D Q ] 
and [ l a ] . The calculated second-order rate constant 
k ( M - 1 m i n - 1 ) , according to the expression rf[DDQH2]/ 
d * = £ [ l a ] [ D D Q ] / 2 , was 1.6 in CH 3 CN (30 °C) and 2.0 
i n C H 3 C O O H (25 °G). 

The effect of a /»-substituent in the benzoyl group on 
the rate was investigated. The substrate ( l a — l e , 0.5 
m M ) was oxidized by D D Q (0.5 m M ) at 30 °C in 
acetonitrile containing 0.16 M trifluoroacetic acid. The 
previous initial rates were obtained, and the logarithm 
of the rate ratio was plotted against a and c+ (Fig. 7) 

0.4 h 

0.2 \-

%> 0.0 

- 0 . 2 

L -jjle 

Id 

[_ f—0.53 

I 1 1 

\ 
\ 

Q ^ l d 

^ \ 
Éyla 

l b ^ 

i 

l b 

0.4 - 0 . 8 - 0 . 4 0.0 

<* (—A—) or a+(—O—) 

Fig. 7. Hammett's plot of the initial rate for the oxida­
tion of l a—le by DDQ. [DDQ,]0=[1]0=0.5 mM, 
[CF3COOH]=0.16 M, GH3CN, 30 °C. 

The plot against <r+ gave a straight line with a slope 
p = —0.53. This indicates that a positive charge 
develops on substrate 1 in the transition state of the 
rate-limiting step. This is in accord with the expectation 
that the transition state involves electron transfer or 
charge separation between 1 and D D Q . The small 
value of p reflects that the substituents are situated rather 
remote from the durohydroquinone nucleus which suffers 
oxidation. 

D i s c u s s i o n 

Reaction Products and Intermediates in DDQ Oxidation. 
The oxidation products in an alcoholic medium indicat­
ed that no activation of an acyl group or acyl transfer 
occurs (Reaction 1 ). Even the trace of 3 detected in 
direct GLC analysis could be an artifact due to the 
subsequent analytical operation. However, in their 
extensive study on the oxidation of hydroquinone 
monocarboxylates, Clark et al.8) reported the activation 
of an acyl group in a system closely related to that 
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studied here. In their experiment, l a , l c , and l e 
reacted separately with DDQ, in G 2 H 5 OH/CHCl 3 

(50/50, v/v) at room temperature, and the formation of 
2 and 3 ' (ethyl esters) was observed in yields of 80—95 
and 4 — 3 3 % , respectively, by analyzing the reaction 
mixture directly using GLC. This reaction was re­
examined and their results were reproduced (except 
for the production of 4, which they did not mention) 
but only under subtly specific reaction conditions. Thus, 
when the GLC analysis was performed immediately after 
the dissolution of the reactants, the yield of 3 ' was 
much higher than those reported. Analyses at various 
reaction times indicated a decreasing yield of 3 ' with 
time. Analyses after the conventional work up indicated 
that no 3 ' was formed throughout the reaction. Their 
results, therfore, do not appear to reflect the real 
progress of the reaction in the reaction vessel. Quite 
similar behavior was in fact observed also in the present 
system (reaction in CH 3 OH/CHCl 3 ) and, under 
suitable conditions, a yield of 3 of more than 60% was 
realized by direct GLC analysis. These facts obviously 
indicate that the starting material, or more probably 
some reaction intermediates therefrom, reacted to give 
3 at the high temperature in the injection par t of the 
instrument. The behavior of reaction intermediate 6 
was studied in this context. When a solution of 6b in 
CH 3 OH/CH 2 Cl 2 or C 2 H 5 OH/GHGl 3 was injected onto 
a GLG column, no benzoate, neither 3 b nor 3b ' , was 
formed. Upon the addition of D D Q to the solution, the 
formation of 2—4% of the ester was indicated, which 
could be eliminated by treating the reaction mixture 
with aqueous sodium ascorbate before injection. Thus, 
the combination of 6 and D D Q partially simulate the 
reaction of 1 with D D Q to give benzoates. However, 
this is obviously not sufficient to explain the origin of 
the high yield (10—60%) of 3 at the initial stage of the 
oxidation reaction. I t is most likely that the C T complex 
of 1 and D D Q is responsible for this reactivity : 

high temp 

1-DDQ„ + GHgOH • 
CT complex 

2 + 3 + DDQH2 + (n- 1)DDQ. (4) 
The strongly blackish coloration at the onset of the 
reaction and the isolation of the C T complex support 
this view. 

Hageman et al.15) have studied the oxidation of 2,3-
dimethyl-1,4-naphthalenediol monoacetate by manga­
nese dioxide and D D Q to give an oxidatively dimerized 
product and have suggested that the dimer is formed 
via an o-quinone methide intermediate. In the present 
system, no evidence for the presence of such an inter­
mediate could be obtained, even after all attempts 
including the possible cyclo-addition of the intermediate 
with butyl vinyl ether. These same authors15) have 
further assumed that the foregoing intermediate was 
preceeded by still other intermediates, the naphthoxyl 
and its dimer, which were in equilibrium. This supposi­
tion appears to be substantiated by the isolation of 6b 
in the present study. Clark et al. have mentioned that 
the oxidation of hydroquinone monobenzoates with 
cerium(IV) ammonium nitrate produced an oxidatively 
dimerized compound with concurrent nitration.8) T h e 

structure of this compound was not elucidated, but it 
could be similar to 6. 

Mechanism of Oxidative Solvolysis. I t is reasonable 
to suppose that ordinary acid catalyzes the acetal 
exchange process for the degradation of 14 to 4 and 11 
in methanol.16) However, in consideration of the 
homolytic fission of 14, it appears also possible to 
delineate the alternative radical mechanism, in which 
15 is first protonated and the subsequent electron 
transfer results in the net heterolytic cleavage of the 
acetal bond of 14:19) 

15 
H+ 

-OCH, 

OCH, 

15 

CH3OH 
4 + HH 

(5) 

Another possibility would be the disproportionation of 
15 involving a quinone methide intermediate.17) In the 
presence of D D Q , still another modification can occur 
due to the Lewis acidity (or C T interaction) of D D Q . 
The protonated radical in Reaction 5 is then replaced 
by the C T complex, which subsequently decomposes 
into D D Q T and the carbonium ion,19) thus: 

DDQ 
[14<±215] — * 1 5 . D D Q + 1 5 

CHaOH 
-6>-OCH3 . > 4 + H + . (6) 

DDQT 

As has been noted, the oxidation of 11 and 14 by D D Q 
in CD 3 OD/CDCl 3 is very rapid and is complete within 
5 min at room temperature. The acid (DDQH 2 ) 
catalyzed degradation of 14 into 4 and 11 in the same 
solvent was also rapid and complete within 5 min under 
the conditions of the N M R spectral measurements 
(37 °C). Thus, under the present conditions, it was not 
possible to assign the major route of degradation of 
14 from the alternative oxidation path (giving 4 and 
15, Reaction 6) and acid catalyzed paths (giving 4 and 
11, e.g., via Reaction 5). 

The homolytic scission of the acetal linkage of 8 poses 
a question similar to the case of 14 as regards the 
detailed mechanism of the acid catalyzed solvolytic 
reaction of 8 in methanol giving the dimethyl acetal 4 
and 1 (a reaction similar to Reaction 5). The presence 
of D D Q here again introduces the possibility of an 
oxidation route, i.e., the oxidative degradation of 8 to 
produce 4 and the />-aryloxyl radical 7 (which is in 
equilibrium with 6) in a manner similar to that in 
Reaction 6. T h e data on hand show that both the acid 
catalyzed path and the oxidation path are again very 
rapid under the conditions for the N M R spectral 
measurements (complete within 5 min at 37 °C) and, 
therefore, it is difficult to determine which pa th is the 
major one under the reaction conditions given in Table 
1. However, it is interesting to note that 6b was very 
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labile to acid, but not to D D Q . An equimolar mixture 
of D D Q and 6b in CD 3 OD/CDCl 3 showed no reaction 
after 5 min, although after 10 min, the N M R spectra 
implied the onset of the reaction, which was followed 
by a great increase in the rate. After 20 min, the reac­
tion was complete and the products were 4 and 5b . 
In the presence of D D Q H 2 (an acid catalyst), 6b was 
rapidly converted into 4, 5b , and l b (within 5 min) . 
The insensitivity of 6b to D D Q is deemed to reflect 
the reluctance of l b to undergo two-electron oxidation 
by D D Q . 

The chemical events after the formation of 6 (Scheme 
1 ) can now be delineated as in Scheme 4 (in which only 
the oxidation path is shown for the conversion of 8 
into 4 and 7), thus completing the overall reaction of 
Reaction 1. 

CH,OH 
0 = 

DDQ 

CH3OH 
Q=( -£>-OCH3 > 4 + H + 

1/2 6 

Scheme 4. 

One-electron Oxidation of 1 by DDQ. The informa­
tion obtained from this kinetic study can be summarized 
as follows. Under neutral to acidic conditions, the 
transition state of the oxidation step (i) contains one 
molecule each of D D Q and the substrate, (ii) does not 
involve the direct participation of a nucleophile such 
as water or methanol, (iii) does not involve acid catalysis, 
and (iv) carries a cationic character on the substrate. 
The following mechanism is consistent with these facts: 

O 

1 + D D Q 

II 
H O - / , ^ - O C A r <=> HO-<^7 |>-OGAr 

slow 

" \ 
DDQ. DDQ/ 

CT complex 

\_y o _H+ \=/ o 
HO-<&^>-OCAr - ^ 1 . O - / \ - O C A r . (7) 

+ 17 7 
DDQ/ 

I t is assumed that electron transfer within the GT 

complex is rapid and its dissociation into the solvated 
radical ion pair is rate determining. The degradation 
of the GT complex should be strongly facilitated in the 
presence of a base, since the phenoxyl 7 rather than its 
conjugate acid 17 can result from the interaction between 
the base and the GT complex. This view conforms to 
experimental observation. Tha t the increase in the 
concentration of methanol in acetonitrile brought about 
rate enhancement suggests the solvation of the transition 
state by methanol molecules effectively acting as bases. 
For the oxidation of phenols by D D Q , both one-electron 
(as in Scheme 1 and Reaction 7) and two-electron 
(hydride abstraction mechanism) processes have been 
proposed,17 '20) and experimental distinction, in many 
cases, is difficult. The present kinetic evidence itself by 
no means excludes the alternative hydride abstraction 
mechanism. The preference for the one-electron 
oxidation with prior GT complex formation (Reaction 7) 
is in compliance with the results in the previous sections. 

One- and Two-electron Oxidations and the Mechanism of 
Acyl Activation. Concerning the process of acyl 
activation via oxidation, it would be reasonable to 
suppose that, as a consequence of oxidation, the hydro-
quinone moiety of the ester should be converted into a 
group which exhibits an improved capacity to accom­
modate the negative charge. For the oxidation of 1 with 
D D Q , it was shown that 1 is first transformed into the 
phenoxyl 7 via a one electron process. The much stronger 
acidity of durosemiquinone (pKa, 4.9—5.921)) than that 
of durohydroquinone (p^a> 10-5» a guess from Ref. 22) 
renders the conjugate base of the former much more 
stable as a product anion. Therefore, from a comparison 
between the structures of 1 and 7, we would expect the 
activated acyl group from 7, rather than that from 1. 
This type of activation should account for somewhat 
more than the difference in reactivities between phenyl 
(pKa (C 6 H 5 OH) = 10.6) and^-ni t rophenyl (pKa (/>-N02-
C 6 H 4 O H ) = 7 . 2 ) benzoates. The enhanced reactivity of 
the benzoyl group in 7, however, could not be observed 
experimentally because of the involvement of other 
facile processes, which are initiated by the dimerization 
of 7 to 6 (Scheme 4). Since the dimerization of radicals 
is inevitable under ordinary reaction conditions, it is 
concluded that the acyl activation of hydroquinone 
monoester cannot generally be expected, when the 
oxidation is effected by the one-electron process. How­
ever, there is a prerequisite for this conclusion in that 
radical 7 dimerizes to 6 and the latter does not undergo 
further one-electron oxidation, which would lead in 
effect to the two-electron oxidation of the substrate, 1. 
If the dimerization process is inhibited by certain factors, 
the expected activation should be observed. The 
unimolecular conditions (with respect to the substrate) 
imposed in enzymic reactions or possibly in reaction 
in a polymer matrix would qualify to be such factors. 
Concerning two-electron oxidation, there is no evidence 
up to now that either 6 or 7 is further one-electron 
oxidized by D D Q . Such a process would produce the 
very reactive hypothetical cation intermediate : 

\ / O 

0 = =OCAr 

18 

file:///-OCAr
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If 18 or a similar species which can conveniently be 
formulated as 18 on the basis of its reactivity is formed 
in the reaction mixture, a nucleophilic attack by 
methanol would be possible at two reactive sites, i.e., 
at the acyl carbon and the carbonyl carbon of the 
quinone nucleus. The former gives methyl carboxylate, 
while the latter would lead eventually to dimethyl 
acetal (4) and carboxylic acid (5). Thus, the production 
of 18 is not necessarily equivalent to experimentally 
observable acyl activation. The literature indicates that 
the acyl activation (acyl transfer) has been verified 
successfully utilizing bromine, NBS, etc., which are 
apparently two-electron oxidizing agents.6 '8 '9) Some of 
these results were confirmed for the present substrate, 1. 
A preliminary study on the mechanism suggests the 
intervention of 18 or a similar species. Thus, when 
l b reacted with equimolar NBS in benzene at room 
temperature, j?>-chlorobenzoyl bromide was obtained in a 
10% yield, which was identified by I R spectroscopy 
and its derivation to the anilide. The reaction may be 
formulated as: 

NBS 
o= 

o 
=\xOCAr . 

\ + succinimide 

O 
[18- Br"] 0 = / V o + BrGAr (8) 

A similar process has been inferred previously.8 '10 '23) 
The reaction with bromine gave similar results, but 
extensive bromination of the side chain of duroquinone 
occurred concurrently (acid catalysis by HBr) . 

It is reasonable to suppose that the actual structure of 
the intermediate in the two-electron oxidation process 
can vary according to the nature of the specific oxidizing 
agent. For NBS, the two electrons are abstracted directly 
from the hydroquinone nucleus through C-Br bonding 
(Reaction 8), while the formation of O-I7 '2 4) and 
O-Tl8 '25) bonding are assumed for oxidation with 
periodate and thallic salt, respectively. T h e efficiency 
of the nucleophilic attack on the acyl carbon in 18 is 
also dependent on these variations. A detailed study 
has yet to be made of this aspect. I t is interesting to 
note in passing that the thermolysis of the C T complexes 
of 1 and D D Q produced methyl benzoates in a fairly 
high yield (up to 60%) . The mechanism is by no means 
clear, but it is possible that the thermal decomposition 
of the GT complex resulted in a net two-electron 
oxidation and gave an intermediate of type 18. 

Generalization of the Mechanism. As is obvious 
from the foregoing discussion, two-electron oxidants 
have a greater probability of activating the acyl group 
than do one-electron oxidants. This proved also true 
of the oxidative acyl transfer observed in the reaction 
of 1,3-dithiol mono carboxylates:26) 

SH - 2 e ,—S 

SCR CH3OH 
11 

o 

+ RC0 2 CH 3 + 2H+. (9) 

While iodine was the most effective oxidizing agent 

for the acyl activation, one-electron oxidizing agents 
lead to the linear disulfide (dimerization of the inter­
mediate thiyl radical) without activating the acyl 
group. However, if we leave the carboxylate and 
proceed to the phosphates and sulfates, a different 
consideration has to be made . The essential difference 
between the acyl group displacement and that of the 
phosphoryl and sulfuryl groups resides in the fact that 
the acylium ion intermediate can never be formed 
under ordinary conditions, while the corresponding 
intermediates the metaphosphate anion5 '27) and sulfur 
trioxide,28 '29) respectively, are of a more realistic entity. 
There have been reports, although small in number, 
of one-electron oxidation processes resulting in the 
observable activation of the phosphoryl group (phos­
phoryl transfer).4 '11) This means that the radical 
intermediate corresponding to 7 evolves the metaphos­
phate anion, the semiquinone anion radical acting as an 
effective leaving group.11 '12) I t is reasonable to assume 
in these cases that the dimerization of the radical 
intermediate was inhibited because of the unfavorable 
charge and steric effects. A similar process may also be 
possible for the sulfate.28'30) O n the other hand, much 
of the same above discussion applies to the two-electron 
oxidation of the phosphates and the sulfates except for 
allowance for the intervention of metaphosphate and 
sulfur trioxide intermediates, respectively. 

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

General. The melting points were determined on a hot-
stage apparatus and are uncorrected. The infrared spectra 
were recorded in Nujol mulls on a Jasco IR-E instrument 
unless otherwise noted. The ultraviolet and visible spectra 
were measured on a Shimazu UV-200 spectrometer, and the 
NMR spectra were recorded with a Varian A-60 spectrom­
eter for solutions in CDC13, CC14 or deuterated DMSO, using 
TMS as an internal standard. The ESR spectra were ob­
tained on a Jasco ME-3X X-band spectrometer. The mag­
netic field was calibrated with Mn2+: MgO. All solvents 
were purified by standard techniques. The acetonitrile for 
the kinetic study was retained over 3A Molecular Sieves after 
a final distillation from K2COa. Kinetic measurements were 
made in a thermostatically-controlled cell, having an optical 
path of 10 mm and which was capped with silicone rubber 
and placed in the spectrometer. The solution was prepared 
in a nitrogen atmosphere and introduced by means of syringe. 
The reaction temperature was reproducible to within±0.2 °C. 

Materials. D D Q (reagent grade, purchased from the 
Tokyo Kasei Kogyo Co.) was repeatedly recrystallized from 
benzene, and the CT complex therefrom was decomposed 
under reduced pressure to give pure DDQ,. Durohydroqui­
none was synthesized according to the reported procedure.31) 
The durohydroquinone mono />-X-benzoates, la , lc , and l e 
were prepared according to the literature8'32) and purified by 
repeated recrystallization from benzene and then methanol. 
l a : Yield (after purification), 20%; mp 227—228 °C (lit, 221 
—223°C32>); IR 3420, 1710, 1292, 1250, and 1097 cm-1; 
Found: C, 75.65; H, 6.72%. Calcd for C17H1803: C, 75.53; 
H,6.71%. l c : Yield, 15%; mp 231.5—233.0 °C (lit, 231 °C8>); 
IR 3440, 1720, 1536, 1350, 1290, 1245 and 1093 cm-1; NMR 
(DMSO-</6) Ô 1.95 (6H, s), 2.15 (6H, s), 8.36 (4H, s); Found: 
C, 64.65; H, 5.51; N, 4.55%. Calcd for C17H17N05: C, 
64.76; H, 5.43; N, 4.44%. l e : Yield, 16%; mp 239—241 °C 
(lit, 237 °C8>); IR 3400, 1708, 1290, 1245, and 1100 cm-1; 
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N M R (CDC13) Ô 2.06 (6H, s), 2.15 (6H, s), 3.89 (3H, s), 6.97 
(2H, d, 7 = 9 Hz) , 8.18 (2H,.d, 7 = 9 H z ) ; Found : C, 71.96; 
H , 6 . 7 1 % . Calcd for C 1 8 H 2 0 O 4 : C, 71.98; H , 6 . 7 1 % . T h e 
substrates l b and I d were prepared similarly, l b : Yield, 3 3 % ; 
m p 240—241 °C ; I R 3415, 1715, 1290, 1245, and 1095 c m - 1 ; 
N M R , Tab le 1 : Found : C, 67.07; H , 5 . 7 1 % . Calcd for C17-
H 1 7 C10 3 : G, 67.00; H , 5.62%. I d : yield, 3 2 % ; m p 253.5— 
255.5 °G; I R 3410, 1712, 1290, 1245 and 1095 cm" 1 ; N M R 
(DMSO-i 6 ) Ô 1.95 (6H, s), 2.15 (6H, s), 2.41 (3H, s), 7.36 
(2H, d, 7 = 8 Hz) , 8.03 (2H, d, 7 = 8 H z ) ; Found : C, 76.06; 
H , 7.16%. Calcd for C 1 8 H 2 0 O 3 : C, 76.03; H , 7.09%>. Duro-
hydroquinone monomethyl ether (11) was synthesized accord­
ing to the literature23) and purified by repeated recrystalliza-
tion from CCl4 /petroleum ether. Yield, 14% ; m p 117—118 °C 
(lit, 115—116 °C33>); I R 3330, 1242, 1076, and 1008 c m - 1 ; 
N M R (CDC13) ô 2.11 (6H, s), 2.16 (6H, s), 2.59 (3H, s), 
4.2—4.5 (1H, broad) . Durohydroquinone monoethyl ether 
was synthesized similarly (mp 122.5—124.5 ° C ; I R 3370, 1240, 
1080, and 1030 cm- 1 ) . 4-Ethoxy-2,3,5,6-tetramethylphenyl 

/»-chlorobenzoate was prepared in a manner similar to that 
described for 1 by the reaction of />-chlorobenzoyl chloride 
with durohydroquinone monoethyl ether. Yield, 3 9 % ; m p 
152—154 °C; I R 1738, 1269, 1235, and 1090 c m - 1 ; N M R , 
Table 1 ; Found : C, 68.25; H , 6 .35%. Calcd for C 1 9 H 2 1 C10 3 : 
C, 68.57; H , 6.36%. 

The Oxidation of lb by DDQ_ in Methanol. A mixture 
of 0.05 mmol of 1 and D D Q in 1 ml of CH 3 OH/CH 2 C1 2 (50 / 
50, v/v) was stirred at 30°C for 1 h. T h e initially blackish 
mixture gradually faded to a brownish and then a reddish-
orange color. After 40 min, no further reaction was visually 
observed, and the reaction mixture was analyzed directly on 
a G L C column for 2,3,4, and 5. Silicone SE 30 (10% on 
Celite) was utilized for the former three products (with dinitro-
durene as the internal s tandard) , and Polyester FA (10% on 
Celite) was used for the latter (with dinitrodurene or dimethyl 
phtha la te as the s tandard) . T h e yield of 2 was dependent on 
the analytical G L C conditions, and when Polyester FA was 
utilized, instead of Silicone SE 30, the yield increased to 32— 
3 4 % at the expense of a decrease in the yield of 4. This 
indicates hydrolytic decomposition of 4 during the G L C 
analysis and, thus, the values for 2 in Tab le 1 may be con­
sidered to be the upper limits of 2 present in the actual reac­
tion mixture. T h e reddish-orange coloration of the final 
reaction mixture was caused by the displacement of the 
chloride a tom on D D Q by C H 3 O H , although this constituted 
only a minor side reaction since the reaction was carried out 
under neutral to acidic conditions. 

T h e reaction was carried out on a preparat ive scale with 
304 mg (1 mmol) of l b and 227 mg (1 mmol) of D D Q in 5 
ml of C H 3 O H at room temperature in a nitrogen atmosphere. 
After 24 h, the reaction mixture was concentrated under 
reduced pressure and extracted with 5 ml of CC14. T h e 
insoluble residue was found to be an approximately equimolar 
mixture of D D Q H 2 and 5 b from an inspection of the I R 
spectrum, which accounted for «*88% of the D D Q and l b 
utilized. T h e CC14 soluble portion was subjected to chro­
matography on silica gel to give 39 mg (24%) of 2 and 144 
mg (69%) of 4. T h e combined yield corresponded to 9 3 % 
of the starting durohydroquinone ester. No methyl benzoate 
3 b was detected. T h e yields of 2 and 4 were again dependent 
on the separation conditions, but the combined yield remained 
constant for duplicate runs. 4 : m p 48—54°G (lit, 56 °C16>); 
I R 1678, 1638, 1075, and 1030 cm" 1 ; N M R (CG14) ô 1.81 
(6H, m, y < l H z ) , 1.86 (6H, m, 7 < 1 Hz) , 2.88 (6 H , s). 
T h e corresponding diethyl acetal was synthesized according 
to the known procedure.16) M p 88—89.5 °C (lit, 68 °C16)); 
I R 1686, 1650 and 1058 cm" 1 N M R (CDCLJ <5 1.19 (6H, t, 

7 = 7 . 0 H z ) , 1.92 (12H, s), 3.05 (4H, q, 7 = 7.0 Hz) . 
Reaction Intermediates. CT Complex: U p o n the addition 

of D D Q (450 mg, 2 mmol) to a solution of l b (304 mg, 1 
mmol) in benzene (50 ml) , a black-violet crystalline powder 
(220 mg, dec 107 °C) was immediately separated out. T h e 
preparat ion as obtained gave reasonably good analysis for a 
1:2 ( D D Q : l b ) molecular complex. Found : C, 61.35; H, 
4.19; N, 3 . 4 1 % . Calcd for C 4 2 H 3 4 N 2 C1 4 0 8 : C, 60.30; H , 
4.10; N, 3 .35%. T h e complex was unstable in the presence 
of moisture. 6 b : A mixture of l b (102 mg, 0.33 mmol) and 
D D Q , (350 mg, 1.5 mmol) in benzene (20 ml) was stirred for 
10 min, and the resultant suspension of the C T complex was 
treated with a cold 2 M N a O H solution. T h e organic layer 
which immediately turned colorless was separated from the 
yellow aqueous solution after further addition of 30 ml of 
benzene. T h e organic layer was repeatedly washed with 
2 M N a O H until the latter became colorless. After the 
fiinal washing with water , the benzene solution was filtered 
through dry filter paper and evaporated under reduced pres­
sure. T h e pale yellowish residue gave 6b as colorless crystals 
(92 mg) after purification by reprecipitation from CC14/ 
hexane. Yield, 9 0 % ; m p 145 °C (dec); U V Amax (CH 3CN) 
244 n m (s 29000); I R (Jasco DS-403G, KBr pellet) 1732, 
1720, 1676, 1639, 1594, 1269, 1228, 1088, 1070, 1012, 898, 
and 759 c m - 1 ; N M R , Table 1; Found : C, 67.32; H , 5.30%. 
Calcd for C 3 4 H 3 2 C1 2 0 6 : C, 67.22; H , 5 .31%. 8 b : T h e com­
pound was isolated according to the procedure outlined in the 
text. After the addition of N a H C 0 3 , the reactions mixture 
(CH 3 OH/CHCl 3 ) was concentrated under reduced pressure, 
and the residue was extracted twice with 20 ml of ether. After 
filtration through fine filter paper , the ether solution was 
evaporated to dryness, and the residue was purified by repre­
cipitation from CCl4 /petroleum ether giving colorless crystals 
of 8b . Spectral d a t a indicated the presence of /»-chloroben-
zoic acid as a minor contaminant , the complete elimination 
of which was not successful under the present conditions (also 
see text). Yield, 8 4 % ; m p 131 °C (dec); U V Amax (CH3CN) 
240 n m (s 36000); I R (Jasco DS-403G, KBr pellet) 1743, 
1673, 1636, 1594, 1265, 1229, 1085, 1046, 1010, 948, and 759 
c m - 1 ; Found : C, 68.63; H , 6.44%. Calcd for C 2 8 H 3 I G10 5 : 
C, 69.63; H , 6.47%. 14: T o a solution of methyl ether 11 
(180 mg, 1 mmol) in benzene (20 ml) was added D D Q (650 
mg, 2.4 mmol) , and the mixture was stirred for 10 min at 
room temperature. T h e resultant solution was washed with 
2 M N a O H until the washing became colorless. Workup of 
the organic layer in a manner similar to that reported16) 
afforded 14 in a 7 5 % yield. White crystals; m p 100—101 °C 
(lit, 101 °C1 6)); I R 1678, 1643, 1247, 1085, 1045, 1010, and 
945 c m - 1 ; N M R (CDC13) «5 1.5—2.3 (24 H , broad) , 2.75— 
3.15 (3H, broad) , 3.4—3.8 (3H, broad) . 

T h e a u t h o r s a r e gra te fu l to D r . Yosh ih i sa M a t s u d a 
for E S R m e a s u r e m e n t . 
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Metal-catalyzed Organic Photoreactions. Photoreactions of Compounds 
Containing a Carbon-oxygen or Carbon-nitrogen Multiple Bond 

with Alcohols in the Presence of Titanium (IV) 
Chloride or Uranyl Chloride1) 

Tadashi SATO, Shigeo YOSHIIE, Takashi IMAMURA, Kazumi HASEGAWA, 

Masayuki MIYAHARA, Shigeo YAMAMURA, and Osamu ITO 

Department of Applied Chemistry, Waseda University, Nishiookubo 4, Shinjuku-ku, Tokyo 160 
(Received February 25, 1977) 

a,/?-Unsaturated carbonyl compounds and esters, cyclopropyl ketones, ß-diketones, Schiff's bases, and nitriles 
were irradiated in several alcohols in the presence of titanium(IV) chloride or uranyl chloride. In the titanium(IV) 
chloride-catalyzed reactions, the a-carbon atom of the primary alcohols underwent a bond formation, generally with 
the C=X (or C E N ) carbon atom of the substrates, while the bond formation occurred on a C=C carbon atom of the 
substrates in the uranyl chloride-catalyzed reactions. The reactions were examined under several conditions, and a 
possible scheme for the reactions was suggested. 

We previously reported2) that <x,/?-unsaturated ketones, 
when irradiated in alcohols in the presence of t i tanium-
(IV) chloride, underwent novel types of reaction with 
the formation of a C - C bond between the carbonyl 
carbon atom and the a-carbon atom of the alcohols. 
Pulegone and dypnone afforded dihydrofurans 2 (Type 
A), while mesityl oxide and 3-methyl-2-cyclohexenone 
afforded acetals 3 (Type B) ; these reactions are shown 
schematically in Scheme 1. 

Type A 

/ K C H 2 O H 

OH 

1 

TypeB 

o 

/ | \ C H O 
H 

Scheme 1. 

H 
CH(OCH3)2 

In the present study, we found that the reaction is 
applicable to other types of compounds and that uranyl 
chloride is also effective as a photocatalyst, but in a 
different mode from that observed with t i tanium(IV) 
chloride. 

R e s u l t s 

Photoreactions in Methanol. a,/?-Unsaturated 
carbonyl compounds and esters, cyclopropyl ketones, 
/9-diketones, Schiff's bases, and nitriles were irradiated 
in methanol in the presence of t i tanium (IV) chloride or 
uranyl chloride. Several types of reactions were disclos­
ed; the results are summarized in Tables 1 and 2. 
Evidently, in view of the observations obtained so far, 
the compounds containing a newly-formed C - C bond 
are products formed through the cooperation of light 
and the catalyst. The details concerning some blank 

experiments will be described in the Experimental part. 
The structure determinations of the products were done 
referring mostly to the spectroscopic data. Further 
support for the structures was also obtained from the 
following observations. 

Photoreactions in the Presence of Titanium(IV) Chloride. 
<x.,ß-Unsaturated Ketones: The irradiation of 1-acetyl-
cyclopentene (4) gave glycol monomethyl ether 5, 
acetal 6, and methoxy ketone 7 (Run 1 ). The structure 
of 5 was supported by oxidizing it to an aldehyde 70. 
Compound 5 corresponds to the diol 1, which had been 
speculated as an intermediate for the formation of 2 or 3 
(Scheme 1). Some reactions which terminated at the 
diol stage were also discovered in another systems 
(vide infra), and we classify these reactions as Type C. 
Several efforts to convert 5 into 6 were, however, 
unsuccessful. 

Unlike the case of 3-methyl-2-cyclohexenone, which 
afforded an acetal via a Type B reaction,2) 2-methyl-2-
cyclohexenone (8) afforded a product in which two 
carbon units had been introduced (Run 2). The 
structure 9 was assigned to the product because it gave 
o-ethyltoluene upon treatment with hydrochloric acid 
through the elimination of water and methanol and a 
succeeding proton rearrangement. In order to eliminate 
the alternative structure 71 , which is also consistent with 
the observed spectroscopic data, we oxidized 9 with 
Cr0 3 -py r id ine -HCl . Besides the main product 72 (the 
structure is not fully conclusive; see Experimental part) , 
a small amount of a methoxy aldehyde 73 was isolated, 
which definitely supported the structure 9. Further 
support for favoring 9 over 71 was obtained because the 
chemical shift of the O-methylene protons in 9 exhibited 
a greater down-field shift (A<5"»0.6 ppm) than that of 
the O-methine proton (Ad^O. 1 ppm) when derived into 
a phenylurethane derivative. 

Reaction 8—>9 can be shown schematically by the 
consecutive steps of: (1) the Type B reaction from 8 to 
form 74: (2) the isomerization of 74 into an ^ - u n s a t ­
urated aldehyde 75, and (3) the Type C reaction from 
75 to produce 9. The photoreactions of a,/?-unsaturated 
aldehydes will be described in the following section. 

The absence of a methyl group in the 2-cyclohexenone 
system induced the reaction to proceed by way of a 
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T A B L E 1. TiCl4-CATALYZED PHOTOREACTIONS 

Runs Starting 
materials 

Products (yields, %) 

CH„. /O 
OCH3 

CH 3 -C-CH 2 OH CH3-CH-CH(OCH3)2
 ( 

A , A , A\/OCH3 

5(25) 6(4) 7(5) 

O 
11 /CH-, 

CH 3 0-CH-CH 2 OH 

A/CH3 

9(32) 

O CH,OH 

CH, 

O 
11 

10 

CH3x | l/OCHg 
C H 3

/ X / N H 
11(45) 

CH3x | I/OCH3 
' X H 

12 (trace) 

9 

H3C CH3 

13 

CH2OH 

H3C CH3 

14(18) 

CH(OCH3)2 O 

H3C CH3 

15(16) 

,/OCH, 
' N H 

irlqC CJrlo 
16(8) 

o 
II 

H3C CH3 

17 

CHO 

A 
1 11 
\ X C H 3 

CH3 

18(32) 

6a> C H 3 v / x C H O 

19 

CH 
H >j ^ xOCH 3 

x O / N H 
20(60) 

H 
CH3 Ni/^CH(OCH3)2 

OCH3 

21 (trace) 

CH3 X /CH3 

/ CHO 

CHa 

CH./I 
>,—O 

|xOCH3 

CH3 

22 

V 
CH3 

23(18) 24(4) 25(4) 

CH-COOCH3 
II 
CH-COOCH3 

26 

HO-CH, -CH-COOCH, CH,OOC s 

A H2-COOCH3 

27 (66:34) o /No 28 

CH(OCH3)2 

30(95) 

10 /CHq 

o 
32 

IX CH3 

LA\UCH 2 OH 
6CH3 

33(60) 

\ / C H 3 

CH(OCH3)2 

34(5) 

11 

O CH(OCH3)2 

C H K | 

C H 3 X ^ O 
35 

CHa 

C H 3
/ \ A ^ O 

36(44—60) 

O 
H 

cH3xn 
C H 3

/ \ X O C H 3 

37(20—10) 
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T A B L E 1. (Continued) 

Runs Starting 
materials 

Products (yields, %) 

O O 

12 
C H , 

O H 

I/O 

H 3 C / X O C H a 

38 39(60) 

13 I
R 1 = \ R 2 = R 2 

R 1 

R 2 

15 R 1 

14 

C H 3 

H 

Bu-t 
H 
R 2 = C H 

O O 
R 1 ' ( \ / A R 1 

R a 

40 

R2s ,RX 

C " H 3 X / \ / C H 3 GH 3 ,CH„ 

44 

46 

R l / \ 0 / ^ 0 

41(5) 

45(65) 

47(n.d.)b> 

ô C O O C H 3 C H 3 0 / \ 0 _ o / X O C H a 

42(18) 43(5) 

RK 
C = N - R 3 

16 

17 

18 

19 

IR 1 = 
\ R 3 = 

R 2 / 

P h , R 2 = H 4 a 

G H , W R 3 

R ^ P h , R 2 = H 

R 3 = -

fR 1 : 
R 2 : 

R 3 : 

f R i = 
\ R 2 = 

n-C5Hn 

: H 

= Ph 
R 3 = C H , 

51 

54 

57 

R 1 

R 2 - C - N H R 3 

C H 2 O H 

49(80) 

52(90) 

55(n.d.) 

58 (3:2) 

R 1 

R M — N - R 3 

I 1 

50(20) 

53 (trace) 

56(n.d.) 

59 

20 

21 

22 
23 

CH3CN 

60 

ArCN 

A r = P h 62 
Ar=/>-Tol 65 

Ar=o-Tol 68 

R = 
R = 
R = 

CH3Oxf > C H 3 

C H 3
/ x O / 

61(8) 

GH3 

A r - I — N - R 
1 1 

= CH3 59(20) 
= H 

= H 
66(11) 
69(15) 

Ar-CH-OH 

CH3 

63 (trace) 
67 (trace) 

CH3 

A r - C - O H 

CHaOH 
64 (trace) 

a) SnCl4-catalyzed reaction. b) Not determined. 

T A B L E 2. U O O C L - C A T A L Y Z E D PHOTOREACTIONS 

Runs 
Starting 
materials 

Products (yields, %} 

24 

25 

26 

C H 3 X / X , 0 

\ / \ / C H 3 

CH3 

91 

CH3X 

C=CH-COR 
R/ 

R = H 19 

R = CH3 93 

CH, , 0 

/ \ 
H 3 G C H 3 

92(71) 

GH 
R>J [/OCH,, 

x O / x R 

CH, 
• \ -

,CH a 

20(19) 

94(45) 

X ° 
( / X C H 3 

95 (trace) 
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TABLE 2. (Continued) 
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Runs 

27 

28 

29 
30 
31 

R = 
R = 
R = 

Rx 

Starting 
materials 

O 

A 
X / N C H 3 

96 

O 
n r\ 

V 
H3C CH3 

13 

C H = C H ^ C O O C H 3 

= COOCH3 26 
= CH3 102 
= H 105 

" 
OCH. 

CH 
3 

97(17) 
OCH 

CH3 

100(4) 

R-CH-CH2COOCH3 

CH2OH 

27(65) 
103(47) 
106(13) 

Products (yields, %) 

O 

| \ c H 2 O H 
V ^ C H , 

98(0—2) 

O 
ii 

| \ c H 2 O H 

/ \ 
H3C CH3 

101 (9) 

R 

28(6) 
104(11) 
107(1) 

x 

O 

| j / O C H 3 

V X C H 3 

99(15) 

different course. The irradiation of 10 afforded a 
methoxy alcohol 11 as a t i tanium(IV) chloride-catalyzed 
photoproduct (Run 3). The oxidation of 11 with C r O s -
pyridine-HCl afforded an aldehyde 77. The formation 
of 11 can be considered to involve the Type C reaction 
to produce a diol 76 followed by an SN ' reaction by the 
methoxyl group. 

Since it is widely known that the photoreactions of 
cyclohexenone and cyclohexadienone systems proceed 
in a unique way to produce "lumi-products ," we 
carried out the t i tanium(IV) chloride-catalyzed photo­
reactions with these substances. The products from 13 
were methoxy alcohol 14, acetal 15, and a methoxy 
ketone 16 (Run 4). Evidently 14 and 15 are typical 
products via the t i tanium(IV) chloride-catalyzed photo-
reaction, and no products via " lumi products" were 
identified. The structure of 15 was confirmed by 
hydrolyzing it to an aldehyde 78, and that of the 
alcohol 14, by oxidizing it to an aldehyde 79. T h e 
formation of 14 is another instance of a 2-cyclohexenone 
system carrying no methyl group. 

The irradiation of 17 gave 3,4-dimethylbenzaldehyde 
(18) (Run 5). A possible sequence for the formation of 
this aromatic aldehyde is an initial hydroxymethylation 
(Type C), followed by aromatization, with a methyl 
migration and the succeeding oxidation of the benzyl 
alcohol to the aldehyde (Scheme 2). However, benzyl 
alcohol afforded benzyl methyl ether selectively without 
being oxidized to benzaldehyde under the same reaction 
conditions. 

HO CH20H 
CH,OH 

\ 
18 

Scheme 2. 

a,/?-Unsaturated Aldehydes: With a view to comparing 
the reactivities of ketones and aldehydes, 2-butenal 
(crotonaldehyde, 19) and 3,7-dimethyl-2,6-octadienal 
(citral, 22) were irradiated under the same conditions. 
In contrast with the ketone system, 19 afforded a cyclic 
acetal 20 as the t i tanium(IV) chloride-catalyzed photo-
product (Run 6). The acetal was isolated as a mixture 
of eis- and frare^-isomers, which could not be separated by 
GLC. T h e N M R spectrum was obtained as a sum of 
the two spectra, but on adding Eu(DPM) 3 , each signal 
separated sufficiently well for the assignment to be made. 
We assumed that the methyl signal in the m-isomer 
would exhibit a greater down-field shift when affected 
by the shift reagent as compared with that in the trans-
isomer, and estimated the composition of eis to trans as 
42: 58 from the intensities of the methyl signals of the 
two isomers. 

CH,OH 

It should be noted that the same reaction pattern 
was observed in the photoreaction under the catalytic 
action of t in(IV) chloride in place of t i tanium(IV) 
chloride. Generally, t in(IV) chloride did not reveal 
any catalytic activities in reaction to ketones. T h e 
formation of a by-product 21 was much less when 
tin (IV) chloride was used as the catalyst. The present 
reaction can be schematized as a 1,4-addition, in 
contrast with the 1,2-additions observed so far (Types 
A—C) , and we would like to classify the reaction as 
Type D (Scheme 3). I t was found that the 1,4-type 
reaction became the sole reaction pattern, even in a 
ketone system, when uranyl chloride was used as the 
catalyst {vide infra). 
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Type D is not necessarily an exclusive reaction type 
of unsaturated aldehydes. Citral (22), when allowed 
to react under the present reaction conditions, afforded 
a tetrahydrofuran 23, along with 24 and 25 resulted 
from the t i tanium(IV) chloride-catalyzed dark reaction 
(Run 7). Evidently the reaction proceeded through the 
1,2-type (Type C) to give 80, followed by a cyclization 
involving a remote double bond. 

^-Unsaturated Esters: I t was found that the reaction 
of dimethyl maleate (26) was of the 1,4-type and 
afforded a hydroxymethyl derivative 27 and a lactone 
28 (Run 8). Although the sensitized photoadditions of 
alcohols to a,/?-unsaturated esters have been known to 
produce y-butyrolactones,3) the present reaction is 
considered to proceed through a different mechanism 
(see Discussion par t ) . The hydroxymethyl derivative 
cyclized to the corresponding lactone upon heating at 
150 °C and it can be assumed to be an intermediate to 
lactone. T h e same reaction occurred in the uranyl 
chloride-catalyzed photoreaction {vide infra). 

Cyclopropyl Ketones: We observed that saturated 
alicyclic ketones (cyclohexanone and cycloheptanone) 
were intact under the present reaction conditions, and 
we were tempted to see if the cyclopropyl group would 
activate the carbonyl group to be involved in the present 
reaction. I t was found that the two cyclopropyl ketones 
29 and 32 mainly underwent Type B and Type G 
reactions to produce 30 (Run 9) and 33 (Run 10) 
respectively. The structure 30 was confirmed by 
comparing it with the sample prepared from the 
authentic aldehyde 31 . The structure of 33 was support­
ed because the O-methylene protons exhibited an 
extensive down-field shift (Ä<5«s>0.6 ppm) when the 
alcohol was derived into a phenylurethane derivative 
{cf. R u n 2). Upon oxidation with Cr0 3 -py r id ine -HCl , 
33 gave an aldehyde 81 . When the work-up was 
performed after the irradiated solution had been reflux-
ed, the acetal 34 became the sole product. This observa­
tion verifies the intermediacy of the diol 1 in the Type B 
reaction. 

ß-Diketones: 5,5-Dimethyl-l,3-cyclohexanedione (di-
medone, 35) afforded an acetal 36 and an enol ether 
37, upon the t i tanium(IV) chloride-catalyzed photoreac­
tion (Run 11). Since the enol ether 37, which is the 
exclusive product in the dark reaction of the present 
system, produced 36 under the same irradiation condi­
tions, the reaction from 35 can be schemed as involving 
a pr imary dark step to produce 37, followed by a Type 
B reaction to produce 36. T h e acetal 36 gave an 
aldehyde 82 upon hydrolysis with hydrochloric acid. 

Although 2-acetylcyclohexanone, under the present 
reaction conditions, afforded a complicated mixture of 
products, 2-acetylcyclopentanone (38) underwent a clear 
reaction (Run 12). The extraction of the reaction 
mixture and the evaporation of the solvent from the 
extract left an almost pure oil. The structure 39 is 
tentatively assigned as the product, although we could 
not eliminate the alternative structures such as 83 and 
84. 

Unlike the cases of cyclic /5-diketones mentioned 
above, open-chain /?-diketones gave different types of 
products. Acetylacetone (40) afforded butenolide 41 , 

y-keto ester 42, and cyclic peroxide 43 (Run 13). The 
spectroscopic data of the butenolide 41 coincided with 
the reported data.4) The structure of 42 was confirmed 
by comparing it with the authentic sample prepared 
from nitroethane and methyl methacrylate.5) Evidently 
the oxidation state of the newly-introduced function is 
higher than those observed so far; we speculate a 
Cannizzaro-type oxidation of the intermediate aldehyde 
with the co-operation of the suitably located hydroxyl 
group and ti tanium to give the butenolide {cf. 86), 
which partly undergoes methanolysis to afford a y-keto 
ester 42. 

T h e formation of the cyclic peroxide 43 is without 
precedent, but it was found that its formation is not 
characteristic of the t i tanium(IV) chloride-catalyzed 
photoreaction. The peroxide was also obtained as the 
sole product by the hydrochloric acid-catalyzed photo­
reaction of 40, although the rate in this case was much 
slower than the t i tanium(IV) chloride-catalyzed photo­
reaction. 

The cyclic peroxide 43 was distillable under reduced 
pressure, but it decomposed cleanly into methyl acetate 
and methyl propionate at 150 °C {cf. 87). When it was 
ignited, however, it was detonated violently. Its forma­
tion may be shown schematically as a proton-assisted 
addition of methanol to produce 88, which was photo-
oxidized to the product, t i tanium or oxygen in the air 
presumably serving as the oxidizing agent. 

The reaction of 2,2,6,6-tetramethyl-3,5-heptanedione 
(dipivaloylmethane, 44) was much more selective: the 
extraction of the irradiated solution with chloroform 
and the evaporation of the extract left a butenolide 45 
as almost pure crystals in 6 5 % yield (Run 14). The 
physical data of 45 and those of a reduction product 89 
coincided with the reported values.4) 

In the same way, diketone 46 afforded a butenolide 
47 under the same conditions (Run 15). 

Schiff's Bases : In contrast with the diversity of the 
photoreactions reported with carbonyl compounds, only 
a few photoreactions of Schiff's bases have been known. 
However, it was found in the present study that the 
reactions of Schiff's bases also proceeded in a reaction 
pattern similar to that of carbonyl compounds when 
irradiated in the presence of t i tanium(IV) chloride. 

T h e photoreaction of 48 afforded an oil which 
consisted of 49 as the main fraction, contaminated with 
a minor amount of 50, as revealed by the N M R analysis 
(Run 16). No appreciable intensities of signals assign­
able to the other compounds were observed. Although 
49 was stable in the presence of t i tanium(IV) chloride, 
it decomposed (probably polymerized) completely after 
24 h at room temperature when isolated free from 
t i tanium(IV) chloride. From this mixture, a pure 
sample of 50 was isolated by column chromatography. 
The structure of 49 was confirmed by deriving it to the 
bis(jfr-nitrobenzoyl) derivative and the picrate. The 
formation of 49 is reasonable in view of the Type C 
reaction observed with carbonyl compounds. The oxa-
zolidine 50 must be a secondary product from 49 and 
formaldehyde, which had been photolytically produced 
from methanol and t i tanium(IV) chloride. Actually, 
49 was quantitatively transformed into 50 upon treat-
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ment with formalin. 
An example of the formation of oxazolidine upon the 

irradiation of Schiff's base in methanol has been re­
ported by Cerutti and Schmid.6) In the present case, 
however, it was confirmed that 49 and 50 were obtained 
only with the cooperation of light and t i tanium(IV) 
chloride. The same authors7) reported the formation of 
imidazolidines 90 {dl and meso) from 48 through photo-
reductive dimerization, followed by the condensation of 
formaldehyde. These products were not identified 
under the present reaction conditions. The formation 
of the imidazolidines became the main reaction path 
upon irradiation in the presence of t i tanium (IV) chloride 
and sodium methoxide, which will be described in the 
next section. 

A selective photoreaction was also observed in the case 
of 51 (Run 17). The extraction of the reaction mixture 
with chloroform and the evaporation of the extract left 
crystals of 52 in an almost pure state in a high yield. 
The treatment of 52 with formalin again afforded an 
oxazolidine 53. Similarly, 54 afforded 55 and 56 under 
the same conditions (Run 18). 

The photoreaction of ketimine also proceeded in the 
same way (Run 19). The N M R analysis of the crude 
reaction mixture from 57 revealed that the products 
are mainly 58, accompanied by a small amount of 59. 
The treatment of the crude mixture with formalin 
afforded 59. 

Nitriles: I t has been established that the photo­
chemical reaction of aromatic and aliphatic nitriles 
proceeds mostly on the carbon-carbon double bond 
(even in an aromatic system), to the exclusion of any 
products from the reaction at the cyano group. T o 
the best of our knowledge, exceptions have been reported 
only by Cantrell8) and recently by Yang,9> who observed 
a 2 + 2 cycloaddition at the nitrile function upon the 
irradiation of aromatic nitriles with certain electron-rich 
olefins. 

We have now observed that the cyano group was also 
induced to be involved in the photoreaction in the 
presence of t i tanium(IV) chloride. The irradiation of 
acetonitrile (60) gave a mixture of two stereoisomers 
(3 : 1) of 61 as the exclusive non-volatile product. 
Recrystallization furnished the major component as a 
pure sample which was identical with the crystals 
separated out from a 5 0 % methanol solution of hydroxy-
acetone, but the stereochemistry was not elucidated. 
The reaction can be shown schematically as similar to a 
Type C reaction, followed by hydrolysis and dimeriza­
tion (Scheme 4). 

CH3-C=NH C H 3 - C = 0 
60 • | • I y 61 

CH2OH CH2OH 
Scheme 4. 

In contrast with the simple reaction observed with 
acetonitrile, the photoreaction of aromatic nitriles gave 
products exceeding expectations. T h e major product 
from benzonitrile (62) was a C- and JV-methylated 
oxazolidine 59 (Run 21), which was identical with the 
product obtained from iV-(a-methylbenzylidene)meth-
ylamine in R u n 19. Similar reactions were observed 

with p- and o-tolunitrile, although no 7V-methylation 
was observed with the tolunitrile system (Runs 22 and 
23). The by-product 63 was identified by comparison 
with an authentic sample. The by-product 64 was 
identical with the sample obtained in a small amount 
by the irradiation of acetophenone in methanol in the 
presence of t i tanium(IV) chloride. 

No reasonable scheme for the C- and JV-methylation 
can be proposed. For the t i tanium(IV) chloride-
catalyzed photoreactions of ketones, we previously 
proposed a mechanism involving primary electron 
transfer from methanol to the carbonyl compound, 
followed by the proton transfer and cross-coupling of the 
resulting radicals.2) In compliance with this scheme, 
we postulated in our previous communication10) a 
mechanism involving phenylazirine as a possible 
intermediate for the reaction. The scheme seemed to 
be attractive, but it has now been found to be unfa­
vorable since phenylazirine did not afford the ox­
azolidine 59 under the present reaction conditions. 
Although the structure of the actual product, which was 
obtained as crystals, has not been determined, the N M R 
analysis indicated that neither C-methylation nor N-
methylation took place on phenylazirine. 

Photoreactions in the Presence of Uranyl Chloride. 
In contrast with the 1,2-type reactions (Types A—C) 
observed with most of the a,/?-unsaturated carbonyl 
compounds (except in the cases of Runs 6 and 8), the 
photoreactions in the presence of uranyl chloride were 
of the 1,4-type (Type D, Scheme 3). The results are 
summarized in Table 2. 

T h e pr imary products from 91 seem to be a mixture 
of stereoisomers of 108, as revealed by N M R analysis, 
but these compounds decomposed cleanly into 92 upon 
vacuum distillation (Run 24). 

The reaction of 2-butenal (19) proceeded in the same 
way (including stereochemistry) as the t i tanium(IV) 
chloride- and t in(IV) chloride-catalyzed reactions (Run 
25, cf. R u n 6). Similarly, mesityl oxide (93) furnished 94 
as the main product, accompanied by a trace amount 
of 95 (Run 26). Small amount of 95 was also identified 
in the reactions in other alcohols (ethanol, 1- and 2-
propanol, and water-2-methyl-2-propanol ( 1 : 1 ) , vide 
infra) ; it is speculated that this product arose through 
the addition of the acetyl radical, which had been 
formed from 93 in a certain stage of the reaction, to 
another molecule of 93. The addition of the acetyl 
radical to 93 to produce 95 has been reported.10) The 
hydrolysis of 94 with hydrochloric acid gave a product 
which could be identified by N M R analysis as a tauto­
meric mixture of 109a and 110a (1 : l).11) T h e mixture, 
upon oxidation with CrO a -pyr id ine-HCl , afforded a 
keto aldehyde 111 as the sole product. 

The reaction of 96 produced 97 as the main product, 
accompanied by a small amount of a methanol adduct 
99 (Run 27). A vacuum distillation of the mixture 
induced the elimination of methanol from 99; the 
distillate consisted of 97 and the starting ketone 96. 
T h e yields of products in the uranyl chloride-catalyzed 
reactions are sensitive to the reaction conditions (light 
intensities, duration of irradiation, quality of the 
catalyst, and p H of the solution; vide infra), and the 
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ring-opened product 98 was identified, along with the 
major product 97, on some reactions of 96. 

The enone 13 also gave a ring-opened alcohol 101, 
as well as a cyclic acetal 100 (Run 28). T h e reaction 
path through the "lumi-products" was not observed in 
the present case either {cf. R u n 4). The primary alcohols 
98 and 101 were oxidized to the aldehydes 112 and 113 
respectively. 

The same type of reaction as observed with titanium* 
(IV) chloride-catalyzed reaction proceeded with the 
esters 26, 102, and 105 (Runs 29—31). The yields in 
Run 31 are low because of the extensive polymerization 
of the starting material. The oxidation of the y-hydroxy 
ester 106 with C r 0 3 - p y r i d i n e - H C l gave an aldehydic 
ester 114. As has been observed in R u n 8, 103 and 106 
cyclized to lactones 104 and 107 respectively upon 
heating. I t should be noted that, while shorter-wave­
length light (quartz-filtered light) was necessary to 
induce the reaction in the t i tanium(IV) chloride-
catalyzed reaction, Pyrex-filtered light induced the 
reaction well with catalytic assistance by uranyl chloride. 

TABLE 3. CONCENTRATION EFFECT OF TiCl4 UPON THE 

PRODUCT YIELDS IN THE REACTION OF 9 6 

TiCl4 

ol equiv 
to 96 

0 .1 

0 .2 
0 .5 

1.0 
2 .0 

3 .0 

4 . 0 

5 .0 

10 

96 
(Recovd) 

(%) 
12 

29 
7 

0 

trace 

4 

4 

2 
trace 

115 

(%) 

30 
49 

65 

71 

70 

51 

46 

30 

15 

116a 

(%) 

trace 
trace 

trace 

5 

5 

6 

8 

11 
17 

117a 

(%) 

trace 

trace 

trace 

3 

2 
3 

5 

5 

2 

99 

(%) 

25 

5 
6 

11 

trace 

4 

4 

trace 

trace 

Solutions of 96 (0.1 g, 0.91 mmol) and varying amounts 
of TiCl4 in methanol (10 ml) were irradiated with Pyrex-
filtered light for 7 h. The yields were determined by 
NMR analysis, using nitrobenzene as the internal refer­
ence. 

Effects of the Reaction Conditions. Titanium (IV) 
Chloride-catalyzed Reactions: The effect of the catalyst 
concentration on the product yields was examined using 
3-methyl-2-cyclohexenone (96) as the substrate. T h e 
yields of the products, as determined by N M R analysis, 
are summarized in Table 3. Although the maximum 
yield of the Type B products (115, 116a, and 117a) was 
obtained when about an equimolar amount of t i tanium-
(IV) chloride was used, it is evident that t i tanium(IV) 
chloride functions catalytically rather than stoichio-
metrically, because the amounts of the products exceed 
the amount of the catalyst at low concentrations of 
t i tanium(IV) chloride. Excess amounts of the catalyst 
complicated the reaction and afforded large amounts of 
by-products. At low concentration of t i tanium(IV) 
chloride, the polar addition of methanol to give 99 
became efficient. Presumably the addition of methanol 
is catalyzed by the proton formed by the reaction of 
t i tanium(IV) chloride with methanol. I t was confirmed 
that the proton-catalyzed photoaddition of methanol to 

96 was remarkable at low concentrations of hydrochloric 
acid. Probably at higher proton concentrations, the 
thermal reverse reaction (elimination of methanol from 
99) would become efficient. 

The reaction medium in the present reaction was 
acidic as a result of the formation of hydrochloric acid 
from t i tanium(IV) chloride and methanol. Since we 
observed, in our preliminary experiments,2) that the 
acidic conditions are necessary to induce the present 
photoreaction, we carried out the t i tanium(IV) chloride-
catalyzed photoreaction of 96 and 48 while adding 
varying amounts of sodium methoxide. Evidently the 
Type B reaction (96-^115+116a+117a, Table 4) was 

TABLE 4. CONCENTRATION EFFECT OF NaOCH3 UPON THE 

PRODUCT YIELDS IN THE REACTION OF 9 6 

N a O C H 3 

Mol equiv 
to TiCl4 

0 .5 

1.0 

1.5 

2 .0 

3 .0 

4 . 0 

96 
(Recovd) 

(%) 
trace 

trace 

0 

61 

73 

55 

115 

(%) 

72 
63 

65 

6 

0 

0 

116a 

(%) 

4 

5 

4 

trace 

0 

0 

117a 

(%) 

3 

2 

2 
0 

0 

0 

99 

(%) 

0 

0 

0 

6 

trace 

trace 

Solutions of 96 (0.1 g, 0.91 mmol), TiCl4 (0.17 g, 0.91 
mmol), and varying amounts of NaOCH3 in methanol 
(10 ml) were irradiated and treated in the way described 
in the footnote in Table 3. 

retarded remarkably when the amount of sodium 
methoxide exceeded two mole equivalents of that of 
t i tanium (IV) chloride. The effect of the sodium 
methoxide concentration was also observed in the case 
of the photoreaction 48—>49+50 (Run 16), as is shown 
in Table 5. Notably, there was a change in the reaction 
pattern, and imidazolidines 90 {dl and meso) became the 
products at higher concentrations of sodium methoxide. 
Cerutti and Schmid reported the formation of 90 by the 
irradiation of 48 in methanol with a low-pressure 
mercury lamp under argon.7) Although we could not 
duplicate their results, the spectroscopic data on our 

TABLE 5. CONCENTRATION EFFECT OF NaOCH3 UPON THE 

PRODUCT YIELD IN THE REACTION OF 4 8 

50 

:%) 

71 

67 

66 

50 

19 

5 

meso-90 

(%) 

0 

0 

0 

0 

7 

15 

dl-90 

(%) 

0 

0 

0 

0 

6 

13 

Solutions of 48 (0.3 g, 2.5 mmol), TiCl4 (0.17 g, 0.91 
mmol), and varying amounts of NaOCH3 in methanol 
(10 ml) were irradiated with quartz-filtered light for 3 h. 
An appropriate amount of 37% formalin was then added 
to the photolysate and the solution was worked-up in the 
way described in Run 16. The yields were determined 
by NMR analysis, using 1,1,2,2-tetrachloroethane as in­
ternal reference. 
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imidazolidines coincided with those previously report­
ed.12) m&yo-Imidazolidine 90 was prepared by the 
condensation of formaldehyde with an authentic 
ethylenediamine derivative 118 of mp 137 °C.13) dl-
Imidazolidine was also prepared from another isomer of 
118, which remained as an oil after the separation of 
the crystaline form of 118. 

We found that the imidazolidines were the sole 
products in the titanocene dichloride-catalyzed photo-
reaction of 48 in methanol. A decrease in the proton 
concentration or a change in the nature of the catalyst 
might be responsible for the effect of sodium methoxide, 
but no experimental evidence has been obtained. 

Uranyl Ion-catalyzed Reactions: The uranyl chloride-
catalyzed reaction is very sensitive to the p H of the 
solution. I t was found from the experiment with 96 
that the C-C bond-formation reaction proceeded most 
efficiently at p H 2—3. At p H 7, most of the starting 
material was recovered, while at p H 1, methanol 
addition to give 99 became the main reaction pat tern. 

The effect of the catalyst concentration on the 
product yields was examined using dimethyl maleate 
(26) as the substrate. In contrast with the case of the 
titanium (IV) chloride catalyst, the product yield 
(27+28) reached its maximum at a catalyst concentra­
tion of a one-tenth mole equivalent to that of the 
substrate, and thereafter held constant with increasing 
amounts of the catalyst. Wi th increasing amounts of 
the catalyst, however, the cyclization to lactone (pro­
bably through the secondary thermal reaction) became 
appreciable. 

TABLE 6. EFFECTS OF THE COUNTER IONS IN U0 2 X 2 UPON 

THE PRODUCT YIELDS IN THE REACTION ( 2 6 — » 2 7 + 2 8 ) 

Counter ions 
(X) 

CI 
NO3 

OAc 

so4 

26 
(Recovd) 

(%) 

0 
52 
79 
62 

27+28 
(%) 

59 
24 
8 
6 

Solutions of 26 (0.15 g, 1.3 mmol) and uranyl compounds 
(0.13 mmol) in methanol (12 ml) was irradiated with 
Pyrex-filtered light for 6 h. The yields were determined 
by NMR analyses, using benzene as the internal refer­
ence. The yields of 28 did not exceed 3% of those of 
27. 

It was found that the nature of the counter ions 
exerts a remarkable influence on the reaction of 26, 
as is shown in Table 6. However, the trend should not 
be considered to be general, because uranyl sulfate was 
found to be as effective as uranyl chloride in the case 
of the reaction of mesityl oxide, although the acetate 
was poor in catalytic activity in both cases. 

Reactions in the Other Solvents. Titanium(IV) 
Chloride-catalyzed Reaction of 3-Methyl-2-cyclohexenone (69) : 
We have previously reported that the reaction of 96 in 
ethanol proceeded in the same way as in methanol to 
produce two methyl ketones 116b (49%) and 117b 
(12%).2> The same type of reaction also occurred in 
other primary alcohols; the products were 116c (34%) 

and 117c (9%) in 1-propanol; 116d (30%) and 117d 
(8%) in 1-butanol; and 116e (39%) in 2-methyl-l-
propanol. Contrary to the primary alcohols, 2-propanol 
was found to be unreactive, the major par t of the 
starting material being recovered unreacted, accom­
panied by a small amount of m-cymene (119), which is a 
product of a Type C reaction followed by dehydration 
and proton rearrangement. The reduced reactivity of 
2-propanol was also indicated by the reaction of 96 
in a mixed solvent of 2-propanol and methanol ( 1 : 1 
by volume), which afforded a methanol-participated 
product 115 as the sole product. Most of the starting 
material was recovered by photoreactions in 2-butanol 
and 2-methyl-2-propanol. 

Uranyl Chloride-catalyzed Reaction of Mesityl Oxide (93) : 
The photoreaction of 93 in ethanol in the presence of 
uranyl chloride proceeded according to the same 
pattern as that in methanol and afforded a product 
which was identified by N M R analysis as a mixture of 
109b and 110b. T h e subsequent oxidation of the 
product mixture by C r 0 3 - p y r i d i n e - H C l afforded 95 
as the main product (13% from 93), along with a small 
amount of a lactone 120. T h e lactone must be a product 
of the oxidative demethylation from 110b. In parallel 
with the observation described above, 2-propanol was 
also lacking the reactivity, and the products in this 
solvent were a diketone 95 and a cyclobutanol 121. The 
diketone 95 became the major product by Pyrex-filtered 
light, while the ratio was reversed by quartz-filtered 
light. Both compounds were also the main products 
in a hydrochloric acid-catalyzed photoreaction in 2-
propanol and in a t i tanium(IV) chloride-catalyzed 
photoreaction in water-2-methyl-2-propanol ( 1 : 1 by 
volume). The cyclobutanol 121 is known to be a 
photoproduct from 4-methylpent-4-en-2-one (isomesityl 
oxide),14) and it can be presumed that the weak acidic 
conditions (pH 3) of the present reaction might catalyze 
the thermal isomerization of 93 into isomesityl oxide, 
from which the cyclobutanol is derived. 

Uranyl Chloride-catalyzed Reactions of a,/?- Unsaturated 
Esters'. T h e reaction of dimethyl maleate (26) in 
ethanol proceeded in the same way as in methanol and 
furnished a mixture of threo-122a15) (23%), erythro-122a. 
(14%), «V-123a (13%), and trans-123a ( 6%) , as reveal­
ed by N M R analysis. Heating induced cyclization, and 
a mixture of eis- and trans-123a. was obtained. T h e 
assignments of the stereochemistry of the lactones were 
performed by referring to the reported data.3b) The 
stereochemistry of the hydroxy esters 122a was speculat­
ed from the relative amounts prior to and after the 
thermal cyclization to the lactones (cf. Experimental 
par t ) . 

I n contrast with the reactions described above, 2-
propanol was brought into the reaction with 26 with the 
catalytic assistance by uranyl chloride ; we thus obtained 
122b, which was then further cyclized to a lactone 123b. 

D i s c u s s i o n 

All the reactions described thus far can be shown 
schematically as involving a pr imary step of the formal 
addition of the hydroxymethyl radical to C = 0 , G=N, 
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and O N groups (1,2-type, in the t i tanium(IV) chloride-
catalyzed reactions) or to an unsaturated carbon atom 
(1,4-type, in the uranyl chloride-catalyzed reactions). 
The photochemical 1,4-additions of alcohols16) or 
ethers17) to oc,/?-unsaturated carbonyl compounds by 
means of aromatic-ketone sensitization have been 
reported with various systems, and have been shown 
schematically involving radical species. I t seemed 
conceivable that the present reaction might proceed 
through a radical initiation, particularly when uranyl 
chloride was used as the catalyst, since such a catalyst 
might produce chlorine radicals upon irradiation. This 
hypothesis was examined and rejected on the basis 
of the following observations. 

No traces of products characteristic of the present 
metal-catalyzed photoreactions were identified from 
mesityl oxide upon (1) refluxing in methanol for 50 h 
while benzoyl peroxide was being added, (2) irradiating 
in methanol in the presence of benzophenone, or (3) 
the bubbling of chlorine into the methanol solution 
under irradiation with a tungsten lamp. The reaction 
with chlorine gave 124 and one more compound whose 
structure has not been elucidated. T h e fact that uranyl 
sulfate is as effective as uranyl chloride would also 
eliminate the possible intervention of the chlorine 
radicals. 

T A B L E 7. SOLVENT EFFECTS UPON THE PRODUCT YIELDS 

IN THE REACTION (125—>126+127) 

T A B L E 8. EXPERIMENTAL CONDITIONS 

Starting 
Runs materials 

(g) 

U02Cl2-catalyzed 

Alcohols l h 6 h 

Benzophenone-
sensitized 

6 h 

Methanol 
Ethanol 
2-Propanol 

126 
(%) 
45 
19 
0 

127 
(%) 

0 
0 
7 

126 
(%) 
65 
39 

5 

127 
(%) 

0 
0 

24 

126 
(%) 
0.6 
0.6 
1.0 

127 
(%) 
0 
0 
1.3 

A solution of 125 (0.15 g, 1.5 mmol) and UOaGl2 (0.044 
g, 0.13 mmol) or benzophenone (0.029 g, 0.16 mmol) in 
alcohol (12 ml) was irradiated with Pyrex-filtered light. 

Although the benzophenone-sensitized additions of 
alcohols to ethyl 2-butenoate (125) have been reported 
to be effected under irradiation for 50—72 h,3a) no 
appreciable photoaddition was observed during the 
present irradiation time (1—6 h, see Table 7). The 
same authors investigated the photochemical addition 
of hydroxyalkyl groups to 125 with various alcohol 
systems, and found that the reactivities increased in the 
order of: methanol Methanol <C2-propanol, an order 
which is consistent with the proposed radical-chain 
mechanism. The same reactions with the catalytic 
assistance by uranyl chloride were now examined, and 
it was found that the order of the reactivities of these 
alcohols is completely reversed (Table 7). The decrease 
in the reactivities of the secondary alcohols, as observed 
in the cases described here and in the previous section, 
could be another evidence against the intervention 
of the free-radical species. 

T h e uranyl ion-catalyzed photoisomerization of 
stilbene18) and the photodimerization of dienone19) have 

TiCl/) 
or 

uo2ci2 
(g) 

Methanol r^ u C) Time , n Tubes^ « v (ml) (h) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

4(0.3) 
8(0.45) 

10(0.10) 
13(1.40) 
17(0.04) 
19(0.30) 
22(1.40) 
26(0.15) 
29(0.1) 
32(0.1) 
35(0.8) 
38(0.6) 
40(1.6) 
44(0.4) 
46(0.1) 
48(1.0) 
51(0.47) 
54(0.5) 
57(0.28) 
60(1.3) 
62(0.38) 
65(0.38) 
68(0.38) 
91(0.6) 
19(0.8) 
93(0.8) 
96(0.8) 
13(1.0) 
26(1.0) 

102(1.5) 
105(1.5) 

0.52 
0.78 
0.17 
2.42 
0.10 
0.52d> 
2.42 
0.26 
0.17 
0.17 
1.4 
1.04 
2.8 
0.7 
0.17 
2.1 
0.8 
1.04 
0.7 
1.4 
0.66 
0.66 
0.66 
0.24 
0.21 
0.2 
0.2 
0.15 
0.24 
0.51 
0.3 

30 
45 
10 

140 
10 
36 

140 
12 
13 
13 
80 
60 
80 
40 
10 

120 
56 
60 
48 
80 
48 
48 
48 
72 
96 
96 
96 
80 
80 

120 
120 

o, 
a 
p 

o, 
a 
a 
a 
a 
p 

o, 
a 
p 

o, 
a 
a 
a 
a 
Q, 
a 
a 
Q. 
p 
p 
p 
p 
p 
p 
p 
p 

3 
6 
5 
4 
4 
3 
3 
6 
4 
4 
5 
6 
7 
6 
6 
4 
4 
4 

24 
24 
24 
24 
24 

5 
5 
5 
5 
7 
3 
6 
1 

a) Runs 1—23. b) Runs 24—31. c) P: Pyrex, Q : quartz. 
d) SnCl4. 

been reported. Energy transfer and a restricted orienta­
tion of dienone by coordination, respectively, have been 
presented as the mechanisms. 

The photoreaction of mesityl oxide in tetrahydrofuran 
in the presence of uranyl chloride resulted in the 
formation of a C - C bond, giving 128 as the main 
product (17%). The same product was obtained by the 
benzophenone-sensitized photoreaction, while the direct 
irradiation (without any additives) under the same 
conditions resulted in a recovery of the starting material, 
with a negligible formation of 128. Evidently uranyl 
chloride functions as a sensitizer in the reaction in 
tetrahydrofuran, and the reaction proceeds through an 
intermediacy of the radical species, in marked contrast 
with the photoreactions in alcohols. 

Some of the t i tanium(IV) chloride-catalyzed photo­
reactions were wave-length-dependent. Pyrex-filtered 
light could not induce the present reaction in the cases 
of 2-acetylcyclopentanone (38), dimethyl maleate (26), 
and acetonitrile (60). The acetylcyclopentanone 38 
afforded 129, while 26 and 60 were recovered intact 
under these conditions. 

In considering possible mechanisms for the metal-
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200 250 300 

Wavelength (nm) 

Fig. 1. Absorption spectra of 96 ( •, 1.97 X 10-5 M, 
e=14900), TiCl4 ( , 1.96xlO-5M, e=6580), and 
a mixture of an equal volume of both solutions (- ). 

catalyzed photoreactions, it seems important to inves­
tigate the absorption characteristics. At low concentra­
tions («*2x 10~5 M) , the mixing of 3-methyl-2-cyclo-
hexenone (96) and t i tanium(IV) chloride did not result 
in any changes in the absorption curves in the 220—320 
nm region ; only a sum of the two absorption curves was 
obtained (Fig. 1 ). The same phenomena were observed 
with the uranyl chloride-dimethyl maleate (26) and 
uranyl chloride-mesityl oxide (93) systems. It was 
revealed from the experiments with more concentrated 
solutions (concentrations corresponding to the actual 
reactions, 10~2—10_1 M ) , however, that a new absorp­
tion band appeared in the 350—480 n m region upon 
the mixing of the substrate and the metal compound in 
the 96-TiCl4 , 93-TiCl4 , and 9 3 - U 0 2 C l 2 systems, while 
no development of the new band was observable in the 
2 6 - U 0 2 C l 2 , 26-TiCl4 , and 60-TiCl 4 systems. T h e 
absorption coefficients (e) calculated by assuming the 
formation of a 1: 1 complex between the substrate and 
the metal compound were 5—7. We have not identified 
the character of this new band, and it remains unknown 
whether or not the light absorption corresponding to 
this band plays an indispensable role in inducing the 
present photoreactions. The action spectrum would be 
informative in this connection, but we have not carried 
out such an experiment. 

The intensity of the new band in the 96-TiCl 4 system 
increased as a function of the time when kept in the 
dark. Actually, the color of the solution changed from 
light yellow (immediately after the mixing) to dark 
yellow, and became dark green after 24 h when kept 
in the dark. Despite the remarkable color change 
though, a work-up resulted in the recovery of only the 
starting ketone. No such color change in the dark was 
evident in other systems. Even in cases where no 
coloration was remarkable upon standing in the dark, 
most of the reactions are accompanied by a color change 
to some degree during irradiation. Obviously, it seems 
difficult to characterize the pr imary light-absorbing 
species. 

The observations described so far provide convincing 
evidence that both the substrate and the catalyst are 

involved in the excited species, although a glance at 
Fig. 1 might lead one to conclude erroneously that the 
present photoreaction, particularly with Pyrex-filtered 
light, is induced by the excitation of the catalyst alone. 

All these facts favor our previous proposal of a scheme 
comprising an initial electron transfer, followed by a 
proton transfer and succeeding cross coupling.2) All 
these processes are considered to proceed consecutively 
within the coordination sphere of metal compounds, 
thus providing circumstances favorable for the cross 
coupling. We have no clear-cut interpretation of the 
different catalytic behavior between ti tanium (IV) 
chloride and uranyl chloride. The different mode of 
coordination could be responsible, but we have no 
experimental evidence for this argument at the present 
stage of our investigation. 

Addendum. In their synthetic studies of sesquiter­
penes, Isoe and his co-workers recently prepared 131 
from 130 by means of the t i tanium (IV) chloride-
catalyzed photoreaction, and established the configura­
tion of the introduced hydroxymethyl group in 131 as 
exclusively eis to the methoxycarbonyl group.56) 
Although further work should be done for the full 
interpretation of the stereoselectivity, an explanation 
of the selectivity can be obtained in terms of our present 
proposal that the whole reaction proceeds within the 
coordination sphere of t i tanium, which, in this case, 
might coordinate to oxygen atoms of both the ester and 
carbonyl groups in 130. 
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General Procedures. The instrumentation was the same as 
has been described previously.20) All the irradiations were 
carried out under the conditions summarized in Table 8, with 
a high-pressure mercury vapor l amp (Ushio U M 452 (450W)) 
at the temperature of running water. After the irradiation, 
the solution was poured into water and shaken with chloroform 
or dichloromethane. T h e extract was dried (Na 2 S0 4 ) , and 
the solvent was removed in vacuo. T h e residual substance 
was treated as indicated in each entry. 

Unless otherwise stated, all the spectroscopic d a t a were 
determined on a sample collected on a preparat ive GLC, a 
carbon tetrachloride solution being used for the N M R and 
I R spectra determinations. 

As for the blank experiments in the presence of hydrochloric 
acid, a solution in methanol and coned hydrochloric acid 
(10: 1 by volume) was used. 

T h e yields shown in Tables 1 and 2 were determined on a 
crude reaction mixture by means of N M R and/or G L C 
analyses, using appropriate internal references. The isolated 
yields, when determined, are described in each entry. 

Materials. a) Uranyl Chloride : Prepared ( 1 ) according 
to the previously reported method21) or (2) by dissolving 
thoroughly washed U 0 2 ( O H ) 2 , which h a d been precipitated 
from U 0 2 ( N 0 3 ) 2 by sodium hydroxide, in hydrochloric acid, 
evaporating the water, and drying the residue on solid sodium 
hydroxide under reduced pressure, b) 4 : Prepared from 
cyclopentene and acetyl chloride, using t in(IV) chloride as 
a condensing reagent, according to the reported procedure22) 
with the following modifications. Dichloromethane was used 
as the solvent at the temperature of Dry Ice, and triethylamine 
in benzene was used in place of iV,iV-dimethylaniline. Bp 67 
—69 °C (19 m m H g ) , c) 8 : Prepared from 2-methylcyclo-
hexanone according to the reported procedure,23) using NBS 
and pyridine as the brominat ing and dehydrobrominating 
reagents respectively. Bp 72—73 °C (22 m m H g ) , d) 10: 
Prepared from dimedone (35) according to the procedure 
reported for the preparat ion of cyclohexenone.24) Bp 76°C 
(19 m m H g ) , e) 13: Ref. 25. Bp 34—38°C (3 mmHg) , f) 
17: Ref. 26. Bp 44 °C (4 m m H g ) , g) 22: Commercial 
sample (eis 6 3 % and trans 3 5 % ) . h) 29: Ref. 27. Bp 7 1 — 
75 °C (20—22 m m H g ) , i) 32: Ref. 28. Bp 106—110 °C. j) 
38: Prepared from 4-(l-cyclopentenyl)morpholine and acetic 
anhydride according to the procedure reported for the prepa­
ration of a six-membered ring homologue.29) Bp 104—106 °C 
(12 m m H g ) , k) 44: Ref. 30. Bp 86 °C (22 m m H g ) . I) 46: 
Ref. 31 . Bp 85—87 °C (45—50 m m H g ) , m) 48: Ref. 32. 
Bp 67 °C (15 m m H g ) , n) 51 : Ref. 33. Bp 97—98 °C (3 
m m H g ) . 0) 54: Prepared by stirring an aqueous solution 
( 17.5 ml) of hexanal (5 g) and cyclohexylamine (7.5 g) at 
room temperature for 2 h. Bp 126—142 °C (30 m m H g ) . 
(Lit,3*) bp 115 °C (16 m m H g ) ) . I R , 2960, 2925, 2855, 1665, 
1550, 1470, 1450, and 1380 cm- 1 . N M R , Ô 0.6—3.1 (m, 
22H) and 7.58 (t, J=8 Hz , 1H). p) 57: Prepared according 
to the previously reported procedure35) with the following 
modifications : methylamine (prepared from 30 g of the hydro­
chloride) was bubbled into a mixture of acetophenone (10 g) 
and Molecular Sieve 4A (4 g) in methanol (20 ml) at 60— 
70 °C. T h e solution was then decanted from the catalyst and 
fractionated, q) 96: Ref. 36. Bp 65—66 °C (5 m m H g ) . 

The other materials were commercially available and were 
subjected to the reaction without further purification. 

Run 1. T h e chromatography of the crude oil on a 
silica gel column and subsequent purification on a preparative 
G L C afforded 5, 6, and 7 as products, although 6 was not 
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obtained in a highly pure state. 
5 : MS, m/e 125 ( M - O M e , base peakj , 95, 93, and 67. 

I R , 3440, 2950, 1370. and 1070 cm- 1 . N M R , Ô 1.30 (s, 3H) , 
1.6—2.1 (m), 2.1—2.5 (m), 3.10 (s, 3H) , 3.28 and 3.52 (ABq, 
7 = 1 0 Hz, 2H) , and 5.64 (bs, 1H). 

6 (in an impure state) : I R , no characteristic bands. N M R , 
ô 0.95 (d, 7 = 8 Hz, 3H) , 1.5—2.5 (m), 3.21 (s, 3H) , 3.24 (s, 
3H) , 4.10 (d, 7 = 8 Hz, 1H), and 5.35 (bs, 1H). 

7 : (Lit,37) bp 131—132 °C (140 m m H g ) ) . I R , 2960, 1720, 
1360, and 1100 cm"1 . N M R , ô 1.4—2.0 (m), 2.15 (s, 3H) , 
2.83 (bs, 1H), 3.29 (s, 3H) , and 3.82 (bs, 1H). 

Irradiation in the absence of t i tanium (IV) chloride afford­
ed a complicated mixture of products irrespective of the pres­
ence or absence of hydrochloric acid. 

Oxidation of 5. A mixture of Cr0 3 -pyr id ine -HCl 3 8 ) 
(0.1 g) and 5 (0.066 g), which h a d been isolated by prepara­
tive T L C (silica gel), in dichloromethane (2 ml) was stirred 
for 1 h at room temperature . The decanted solution was then 
passed through a short column of Florisil, and the eluant was 
evaporated. T h e crude oil was purified by preparat ive G L C 
to give a pure sample of an aldehyde 70. I R , 2960, 1750, 
and 1120 cm- 1 . N M R , ô 1.31 (s, 3 H ) , 1.5—2.5 (m), 3.23 (s, 
3H) , 5.75 (bs, 1H), and 9.38 (s, 1H). 

Run 2. A crude oil (0.37 g) was obtained which was 
chromatographed on an a lumina column to give a fraction 
(0.22 g) of 9. M S ; m/e 170 (M) , 140, 139 (base peak) , 107, 
91, and 79. I R , 3420, 2920, and 1100 cm- 1 . N M R , ô 1.6 
—2.3 (m), 1.70 (s, 3H) , 3.20 (s, 3H) , 3.28 (d o fd , 7 = 1 1 and 
4 Hz, 1H), 3.49 (d o fd , 7 = 11 and 8 Hz , 1H), and 4.10 (d of 
d, 7 = 8 and 4 Hz, 1H). 

Irradiat ion in either the presence or absence of hydrochloric 
acid resulted in the recovery of the starting material . 

Phenylurethane Derivative of 9. A mixture of 9 (0.19 g) and 
phenyl isocyanate (0.13 g) was heated at 60 °C for 5 min. 
Chromatography on a silica gel column (benzene-chloroform) 
gave crystals which were subsequently recrystallized from 
methanol-water . M p 85 °C. I R , 2920, 1747, 1601, 1520, 
1442, and 1205 cm- 1 . N M R , ô 1.5—2.0 (m) , 1.64 (s, 3H) , 
3.06 (s, 3H) , 3.90 (d, 7 = 8 Hz, 1H), 3.92 (d, 7 = 4 Hz, 1H), 
and 4.18 (d o fd , 7 = 8 and 4 Hz , 1H). 

Found: C, 70.53; H , 8.00; N , 4 .69%. Calcd for C 1 7 H,, -
N 0 3 : C, 70.56; H , 8.01; N, 4 .84%. 

Treatment of 9 with Hydrochloric Acid. A mixture of 9 (0.1 
g), 3M-hydrochloric acid (15 ml) , and ethanol (15 ml) was 
refluxed for 1.5 h. Subsequent extraction with chloroform 
gave o-ethyltoluene. 

Oxidation of 9. T h e oxidation was carried out in the way 
described above. A small amount of 73 was obtained, along 
with the main product 72. The structure of 72 is not conclu­
sive because the fragmentation pat tern of the mass spectrum 
was not consistent with the structure, al though the N M R 
spectrum was satisfactory. T h e aldehyde 73 could not be 
completely freed from 72 by preparat ive G L C , so the spectrum 
was obtained by subtracting tha t of 72 from the spectrum of 
the mixture. 

72: N M R , ô 1.5—1.8 (m, 4H) , 2.0—2.3 (bs, 7H) , and 9.98 
(s, IH) . 

7 3 : N M R , ô 1.5—1.8 (m), 1.71 (s, 3H) , 1.9—2.3 (m), 3.27 
(s, 3H), 4.25 (bs, 1H), and 9.63 (bs, 1H). 

Run 3. T h e oil remaining after the work-up was mainly 
11, accompanied by a small amount of 12. 

1 1 : MS, m/e 139 ( M - O M e , base peak) , 107, 93, 91 , 79, 
and 77. IR , 3400, 2950, and 1100 cm- 1 . N M R , ô 0.90 (s, 
3H) , 1.02 (s, 3H) , 1.5—1.9 (m, 4 H ) , 3.30 (s, 3H) , 3.6—3.9 
(b, 1H), 3.90 (bs, 2H) , and 5.70 (bs, 1H). 

12; 1R, 2950, 1708, and 1083 cm- 1 . N M R , ô 0.88 (s, 3H) , 
1.10 (s, 3H) , 1.15—2.3 (m, 6H) , 3.30 (s, 3H) , and 3.3—3.7 

( m ' . 1 H ) \ 
Direct irradiation in methanol resulted in the recovery of 

the starting material . I r radiat ion in the presence of hydro­
chloric acid or a dark reaction in the presence of t i tanium 
(IV) chloride gave the methanol adduct 12. 

Oxidation of 11. An oxidation and work-up in the way 
described above afforded an aldehyde 77. MS, m/e 168 (M) , 
139 (base peak) , 107, 91 , and 79. I R , 2950, 2820, 2700, 
1688, 1210, and 1102 cm- 1 . N M R , ô 0.87 (s, 3H) , 1.02 (s, 
3H) , 1.2—2.3 (m), 3.37 (s, 3H) , 3.8—4.1 (b, 1H), and 9.48 
(s, 1H). 

Run 4. A crude oil was distilled at 4 m m H g into four 
fractions. Each fraction was found by G L C analyses to 
contain one or two of the products 14—16. T h e isolated 
yields of the products were 12% for 14, 3 % for 15, and 2 % 
for 16. 

14: M S , m/e 170 (M) , 139, and 114 (base peak) . I R , 3420, 
2920, 1209, and 1090 cm- 1 . N M R , ô 0.85 (s, 3H) , 0.95 (s, 
3H) , 1.0—2.0 (m), 3.22 (bs, 1H), 3.37 (s, 3H) , 3.96 (bs, 2H) , 
and 5.67 (bs, 1H). 

15 : M S , m/e 153 ( M - O M e ) , 137, 121, 105, 93, 91 , and 
75 (base peak) . I R , 2950, 1120, and 1055 cm- 1 . N M R , ô 
1.02 (s, 6H) , 1.1—2.5 (m), 3.30 (s, 3H) , 3.33 (s, 3H) , 3.99 
(d, 7 = 9 Hz, 1H), and 5.47 (s, 2H) . 

Found : C, 71.46; H , 10 .71%. Calcd for C ^ H ^ : C, 
71.69; H , 10.94%. 

16: M S , m/e 156 (M) , 141, 125, 100, 87, 75, and 70 (base 
peak) . I R , 2920, 1720, and 1100 cm- 1 . N M R , ô 1.02 (s, 
3H) , 1.10 (s, 3H) , 1.2—1.6 (m, 1H), 1.6—1.9 (m, 1H), 2 . 1 — 
2.6 (m, 4 H ) , 3.03 (d o f d , 7 = 8 and 5 Hz , 1H), and 3.28 (s, 
3H) . 

A dark reaction in the presence of t i t an ium(IV) chloride 
gave 16 in 6 3 % yield. I r radiat ion in either the presence or 
absence of hydrochloric acid gave a complicated mixture of 
products. 

Oxidation of 14. T h e oxidation of 14 in the way described 
above afforded an aldehyde 79. M S , m/e 168 (M) , 112, and 
83. I R , 2940, 2820, 2720, 1680, 1640, 1190, and 1095 cm- 1 . 
N M R , ô 0.82 (s, 3H) , 1.02 (s, 3H) , 1.4—1,7 (m, 2 H ) , 2 . 1 — 
2.3 (m, 2 H ) , 3.50 (s, 4 H ) , 6.67 (bs, 1H), and 9.56 (s, 1H). 
T h e signal at ô 3.50 split into a three-proton singlet and a 
one-proton signal upon the addition of E u ( F O D ) 3 . 

Hydrolysis of 15. T h e acetal 15 was treated with 3 M -
hydrochloric acid in methanol in the way described above to 
give an aldehyde 78. M S , m/e 138 (M) , 123, 109, and 95 
(base peak) . I R , 2960, 1680, and 1640 cm- 1 . N M R , <5 1.00 
(s, 6H) , 1.4—1.6 (m, 2H) , 2.0—2.5 (m, 4 H ) , 6.73 (bs, I H ) , 
and 9.57 (s, I H ) . 

Run 5. T h e work-up and preparat ive G L C afforded 
a pure sample of 18. MS,39> m/e 134 (M) , 133 (base peak), 
105, 91 , 79, and 77. I R , 2930, 2840, 2720, 1690, 1610, and 
1110 cm- 1 . N M R , ô 2.36 (s, 6H) , 7.21 and 7.53 (ABq, J= 
9 Hz , 2 H ) , 7.57 (s, 1H), and 9.85 (s, 1H). These N M R 
d a t a are not consistent with those of 2,4-40> or 2,5-41) dimethyl-
benzaldehyde. 

No reaction occurred in the dark in the presence of t i tanium-
(IV) chloride. I r radiat ion in methanol in either the presence 
or absence of hydrochloric acid gave a complicated mixture 
of products. 

Run 6. T h e work-up afforded an oil which was an 
almost pure sample of 20, accompanied by a small amount 
of 21 , as revealed by G L C and N M R analyses. T h e same 
products were obtained when t i tan ium(IV) chloride was used 
as the catalyst, but, in this case, the amount of the by-product 
21 was much greater. 

20 : M S , m/e 85 ( M - O M e , base peak) , 71, 56, and 4 1 . I R , 
3060, 1450, 1370, 1100, and 1030 cm- 1 . N M R , [<5 0.98 (d, 
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7 = 8 Hz, for trans) and 1.02 (d, 7 = 8 Hz, for eis)] 3H, 1.3 
—1.5 (m, 1H), 1.7—2.5 (m, 2H) , [3.03 (s, for trans) and 3.06 
(s, for eis)] 3H, 3.15 (t, 7 = 8 Hz, 1H), [3.65 (t, J = 8 Hz, for 
as) and 3.75 (t, 7 = 8 Hz, for trans)] 1H, and 4.60 (d, 7 = 5 
Hz, 1H). T h e signal assignments for the cis-and trans-isomers 
were performed by adding E u ( D P M ) 3 . F rom the intensities 
of the methyl signals, the ratio of the eis- to the trans-homer 
was determined to be 4 2 : 58. 

Found : C, 61.59; H , 10.16%. Galcd for C 6 H 1 2 O a : C, 
62.04; H , 10 .41%. 

21: N M R , <5 1.05 (d, 7 = 6 Hz, 3H) , 1.45—1.55 (m, 2H) , 
3.10 (s, 9H) , 3.1—3.2 (m), and 4.26 (d of d, 7 = 4 and 3 Hz , 
I H ) . 

The irradiation of 19 in the presence of hydrochloric acid 
gave 21 as the exclusive product. T h e direct irradiation gave 
an oil which is considered from its N M R spectrum to be a 
mixture of eis- and trans-19, as well as their dimethyl acetals. 

Run 7. T h e oil remaining after the work-up was distilled 
under reduced pressure to give a mixture of 23—25. Each 
component was separated by preparat ive G L C . 

2 3 : MS, m/e 166 (M) , 151, 136, 121, 108, and 93 (base 
peak) . I R , 2950, 1460, 1380, 1170, and 1050 cm- 1 . N M R , 
«5 1.0—2.0 (m), 1.14 (s, 6H) , 1.68 (s, 3H) , 3.33 (d of d, 7 = 9 
and 8 Hz, 1H), 3.90 (t, 7 = 8 Hz, 1H), and 5.37 (bs, 1H). 

24 : The N M R da ta coincided with the reported data.42) 
25:43> IR , 2960, 1620, 1360, 1250, 1160, and 1060 cm- 1 . 

N M R , Ô 1.49 (s, 6H) , 2.40 (s, 3H) , 3.07 (s, 3H) , 7.04 and 
7.18 (ABq, 7 = 9 Hz, 4 H ) . 

T h e dark reaction in the presence of t i tan ium(IV) chloride 
gave 24 and 25 in 3 1 % and 10% yields respectively. I r radia­
tion in either the presence or absence of hydrochloric acid 
gave a complicated mixture of products. 

Run 8. The work-up afforded an oil which was identified 
by N M R analysis as a mixture of 27 and 28 (66: 34). Details 
concering the da t a will be described in R u n 29. A dark 
reaction in the presence of t i t an ium(IV) chloride resulted in 
the recovery of the starting material . 

Run 9. T h e oil remaining after the work-up was an 
almost pure sample of 30, accompanied by a small amount 
of 31 , as revealed by G L C analysis. 

30 : IR , 3080, 3000, 2920, 2840, 1470, 1360, and 1080 cm- 1 . 
N M R , Ô 0.0—0.9 (m, 11H), 3.35 (s, 6 H ) , and 4.15 (d, 7 = 5 
Hz , I H ) . 

Found : C, 69.97; H , 10.32%. Calcd for C 1 0 H 1 8 O 2 : C, 
70.54; H , 10.66%. 

T h e aldehyde 31 was identical with an authentic sample 
prepared according to the reported method.44) 

I r radiat ion in either the presence or absence of hydrochloric 
acid gave a complicated mixture of products. 

Preparation of 30. A mixture of 31 (0.27 g) , methyl 
orthoformate (0.5 g) , and ammonium nitrate (0.025 g) in 
methanol (0.5 ml) was kept at room temperature for 8 h. 
A saturated solution of sodium carbonate was then added, 
and the solution was shaken with dichloromethane. T h e 
subsequent evaporation of the solvent from the extract left 
an oil which was identical with 30. 

Run 10. T h e oil remaining after the work-up was 
almost pure 33 , accompanied by a small amount of 34, as 
revealed by N M R and G L C analyses. 

3 3 : M S , m/e 99 ( M - O M e , base peak) , 69, 67, and 41 . 
I R , 3670, 3590, 3070, 1480, 1400, 1080, and 1050 cm"1 . 
N M R , ô 0.0—1.0 (m, 5H) , 0.85 (s, 3H) , 2.45 (bs, I H , disap­
pears by D 2 0 ) , 3.15 (s, 3H) , and 3.20 and 3.30 (ABq, J= 
11 Hz, 2H) . 

Found : G, 64.23: H , 11.33%. Calcd for C 7 H 1 4 0 2 : C, 
64.58; H , 10.84%. 

34 : M S , m/e 113 ( M - O M e ) , 81 , 75 (base peak) , and 47 

I R , 2960, 2920, 2820, 1450, 1380, and 1070 cm"1 . N M R , 
ô 0.0—0.7 (m, 5H) , 0.7—1.1 (m, 4H) , 3.12 (s, 6H) , and 3.85 
(d, 7 = 7 Hz , 1H). T h e multiplet at ô 0.7—1.1 split into a 
three-proton doublet ( 7 = 8 Hz) and a one-proton distorted 
sextet ( 7 = 7—8 Hz) upon the addition of Eu (DPM) 3 . 

Found : C, 65.75; H , 11.30%. Calcd for C 8 H 1 6 0 2 : C, 
66.63; H , 11.18%. 

W h e n the photolysate was refluxed for 30 min and then 
worked-up in the same way as above, 34 was obtained as the 
sole product . T h e irradiat ion of 32 in methanol in either 
presence or absence of hydrochloric acid gave a complicated 
mixture of products. 

Oxidation of 33. T h e oxidation of 33 in the way described 
above gave an aldehyde 8 1 . I R , 3030, 2970, 2830, 1740, and 
1090 cm- 1 . N M R , ô 0.2—1.0 (m, 5H) , 1.10 (s, 3H) , 3.23 
(s, 3H) , and 9.45 (s, 1H). 

Phenylurethane Derivative of 33. T h e phenylurethane de­
rivative of 33 was prepared in the way described in R u n 2. 
Although the product seems to be pure , judging from its N M R 
spectrum, we could not effect the crystallization. N M R (in 
an impure state), ô 0.05—0.6 (m, 4 H ) , 0.7—1.0 (m, I H ) , 
0.86 (s, 3H) , 3.00 (s, 3H) , 3.85 (s, 2H) , 6.5—7.1 (m, 5H) , and 
7.18 (bs, 1H). 

Run 11. The oil remaining after the work-up was a 
mixture of 36 and 37, judging from the G L C and N M R 
analyses. 

36 : M S , m/e 169 ( M - O M e ) , 153, 125, 97, and 74 (base 
peak) . I R , 2950, 1700, 1120, and 1050 cm- 1 . N M R , ô 0.95 
(s, 3H) , 1.15 (s, 3H) , 1.3—2.5 (m, 7H) , 3.35 (s, 6H) , and 
4.10 (d, 7 = 6 Hz, 1H). 

T h e enol ether 37 was identical with a sample prepared 
according to the reported method.45) 

When 36 was treated with 2,4-dinitrophenylhydrazine, the 
bis(2,4-dinitrophenylhydrazone) of the keto aldehyde 82 was 
obtained; it was subsequently recrystallized from dioxane-
methanol. M p 210—212 °C. 

Found : C, 48.64; H , 4 .13; N , 21 .35%. Calcd for C21H2i!-
N 8 O s : C, 49.03; H , 4 .31 ; N, 21 .78%. 

Hydrolysis of 36. A crude sample of 36 was refluxed 
in a mixture of methanol (10 ml) and cone, hydrochloric acid 
(4 ml) for 4 h. T h e solution was then diluted with water and 
extracted with chloroform. T h e subsequent evaporation of 
the solvent from the extract left an oil which was purified by 
preparat ive G L C to give 82. M S , m/e 139 ( M - M e ) , 126, 
83, 69, 57, 55 (base peak) , and 41 . IR , 2930, 1710, and 1250 
cm- 1 . N M R , à 0.92 (s, 3H) , 1.12 (s, 3H) , 1.3—2.8 (m, 7H) , 
and 9.50 (d, 7 = 0 . 5 Hz , 1H). 

Irradiation of'37 in the Presence of Titanium(IV) Chloride. 
Irradiat ion was carried out under the same conditions as 
those used with 35. An acetal 36 was obtained as the sole 
product . 

Run 12. The oil remaining after the work-up was 
distilled under reduced pressure to give a pure sample of 39. 
Bp 58—62 °C (15 m m H g ) , 0.1 g. M S , m/e 172 (M), 157, 
155, 143, and 141 (base peak) . I R , 3510, 2930, 1770 (weak), 
1450, 1400, 1370, 1320, 1200, and 1020 cm- 1 . N M R , ô 1.15 
(s, 3H) , 1.1—2.2 (m, 7H) , 3.30 (s, 3H) , and 3.73 and 3.82 
(ABq, 7 = 7 Hz, 2 H ) . 

Found : C, 62.67; H , 9 .09%. Calcd for C 9 H 1 6 0 3 : C, 62.76; 
H , 9 .36%. 

When 38 was i r radiated in methanol without any additives, 
or when it was kept in methanol-hydrochloric acid in the 
dark, it gave an enol ether 129. I R , 2950, 1740, 1720, 1435, 
1360, and 1165 cm" 1 . N M R , ô 1.45—1.65 (m), 2.05 (s, 3H), 
2.1—2.5 (m), and 3.56 (s, 3H) . 

Run 13. T h e oil remaining after the work-up was 
distilled under reduced pressure. An oil, bp 39—45 °C (15 
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m m H g ) , was thus obtained which was found by G L C analysis 
to be a mixture of several compounds ; three major fractions 
(41—43) were collected in pure states by preparat ive G L C 
(temperature, 70 °C). 

4 1 : MS, m/e 112 (M), 111, 97, and 69 (base peak) . T h e 
I R and N M R spectra were identical with those previously 
reported.4) 

42 : Identical with the authentic sample prepared accord­
ing to the reported method.5) 

4 3 : IR , 2940, 1450, 1370, 1320, 1180, and 1050 cm- 1 . 
N M R , ô 1.45 (s, 6H) , 2.60 (s, 2 H ) , and 3.35 (s, 6 H ) . 

Found : C, 52.26 ; H, 9.00%. Calcd for C 7 H 1 4 0 4 : C, 51.84 ; 
H, 8.70%. 

Irradiation of 40 in the Presence of Hydrochloric Acid. A solu­
tion of 40 (0.1 g) and coned hydrochloric acid (0.4 ml) in 
methanol (10 ml) was i r radiated in a Pyrex tube for 24 h. 
The subsequent evaporation of the extract left 43 in an almost 
pure state (GLC and N M R analyses). T h e temperature of 
the GLC should not exceed 70 °C. 

Thermolysis of 43. When a neat sample of 43 was kept 
at 150 °C for 2 h, an equimolar mixture of methyl acetate 
and methyl propionate was obtained, as established by G L C 
and N M R techniques. 

Run 14. The crystals obtained after the work-up (0.26 g) 
were almost pure 45. Recrystallization from carbon tetra­
chloride gave white needles; m p 91—92 °C (lit,4) m p 92— 
94 °C). T h e I R and N M R d a t a coincided with the reported 
values.4) Hydrogénation over Pd /C gave 89, which also indi­
cated I R and N M R spectra identical with those previously 
reported.4) M p 73—75 °C (lit, m p 86—88 °C,4) or 82—83 
°C.46)) 

Run 15. T h e oil remaining after the work-up was a 
mixture of 47 and one more product of an unknown structure. 
47 : IR , 2980, 2925, 1760, 1440, 1090, and 1000 cm- 1 . N M R , 
ô 1.36 (d, 7 = 7 Hz, 3H) , 1.75 (s, 3H) , 1.95 (s, 3H) , and 4.68 
(q, 7 = 7 Hz, 1H). 

Run 16. T h e photolysate was diluted with water and 
made alkaline with a sodium hydroxide solution. The pre­
cipitates of t i tanium hydroxide were filtered off with the aid 
of Hyflo Super Cel, and the filtrate was shaken with dichloro-
methane. The subsequent evaporation of the solvent from 
the extract left an oil which was found by N M R analysis to 
be a mixture of 49 and 50 (4: 1). Distillation under reduced 
pressure gave 49 in an almost pure state. Bp 125—133 °C 
(6 m m H g ) , 0.75 g, 5 9 % . (Lit,47) bp 115—120 °C (4 m m H g ) ) . 
N M R , ô 2.25 (s, 3H) , 3.72 (bs, 2H) , 4.72 (bs, 2H) , and 7.2 
—7.7 (m, 5H) . 

When the crude material of 49 was treated with /»-nitro-
benzoyl chloride in benzene, crystals of bis (/>-nitrobenzoyl) 
derivative were obtained. Recrystallization from chloroform-
ethanol afforded a pure sample. M p 167—168 °C. 

Found: C, 60.94; H, 4.19; N , 8.99%. Calcd for Ga3H19-
N 3 0 7 : C, 61.47; H, 4.26; N, 9 .35%. 

The picrate of 49 was also obtained. Recrystallization 
from ethanol afforded a pure sample. M p 188—191 °C. 

Found: C, 46.74; H, 4.04; N, 14.46%. Calcd for C1 5H1 6-
N 4 O s : C, 47.37; H, 4.24; N, 14.73%. 

Preparation of 50. An appropriate amount of 3 7 % 
formalin was added to the photolysate of 48, and the solution 
was kept at room temperature for 7 days. T h e work-up 
described above afforded an oil which was almost pure 50. 
IR , 2880, 2800, 1495, 1455, and 1070 cm- 1 . N M R , ô 2.30 
(s, 3H) , 3.53 and 3.67 (d ( 7 = 8 Hz) of ABq, 7 - 8 Hz, 2H) , 
4.08 (d, 7 = 2 Hz, 1H), 4.25 (t, J = 8 Hz, 1H), 4.78 (d, 7 = 2 
Hz, 1H), and 7.2—7.7 (m, 5H) . T h e signals at ô 3.53 and 
3.67 separated into two one-proton triplets ( 7 = 8 Hz) upon 
the addition of Eu(DPM) 3 . 

Run 17. T h e work-up described in R u n 16 afforded 
crystals of 52 ; 0.52 g, m p 87—95 °C. Recrystallization from 
carbon tetrachloride-hexane afforded a pure sample. M p 107 
—109 °C. IR, 3400, 3120, 1445, 1055, and 1030 cm- 1 . N M R , 
ô 0.9—1.4 (m, 5H) , 1.4—1.8 (m, 4H) , 1.8—2.1 (b, 1H), 
2.2—2.5 (b, 1H), 2.40 (bs,. 2H,-disappears by D 2 0 ) , 3.48 
[d ( 7 = 1 1 Hz) of AB ( 7 = 10 Hz) , 1H], 3.70 [d ( 7 = 4 Hz) of 
AB ( 7 = 10 Hz) , 1H], 3.96 (d of d, 7 = 1 1 and 4 Hz, 1H), 
and 7.2—7.6 (m, 5H) . 

Found : C, 75.97; H , 9.57; N, 6 .18%. Calcd for C14H21-
N O : C, 76.66; H, 9.65; N, 6 .39%. 

Preparation of 53. A mixture of 52 (0.031 g) and 3 7 % 
formalin (0.018 g) in methanol (0.5 ml) was stirred at 70 °C 
for 6 h. T h e work-up afforded a crude sample of 53 . N M R , 
ô 1.0—2.0 (m, ÎOH), 2.1—2.7 (bs, 1H), 3.5—3.7 (m, 1H), 
4.0—4.3 (m, 2H) , 4.5—4.75 (m, 2H) , and 7.2—7.6 (m, 5H) . 

Run 18. The work-up described in R u n 16 afforded a 
crude oil (0.34 g), which part ly crystallized upon standing. 
T h e crystals were collected and recrystallized from carbon 
tetrachloride to give white needles of 55. M p 71—73 °C. 
I R (KBr) , 3420, 3260, 2960, 2925, 2850, 1450, 1360, 1140, 
and 1120 cm- 1 . N M R (CDC13), ô 0.77—2.1 (m, 2H) , 2.07 
(bs, 2H, disappears by D 2 0 ) , 2.35—2.88 (m, 2H) , 3.20 [d 
( 7 = 7 Hz) of AB ( 7 = 1 1 Hz) , 1H], and 3.58 [d ( 7 = 4 Hz) of 
AB ( 7 = 1 1 Hz) , 1H] . 

From the mother liquor separated from the crystals of 55, a 
pure sample of 56 was obtained by preparat ive G L C. M S , 
m/e 225 (M) , 194, 182, 154 (base peak), 72, and 55. IR , 
2960, 2925, 2855, 1470, 1450, 1375, 1170, and 1028 cm- 1 . 
N M R , ô 0.76—2.11 (m, 21H) , 2.17—2.57 (m, 1H), 2.89— 
3.28 (m, 2H) , 3.78 (t, 7 = 7 Hz, 1H), and 4.15 and 4.42 
(ABq, 7 = 6 Hz, 2H) . 

I r radiat ion without any additive or a dark reaction in the 
presence of t i t an ium(IV) chloride resulted in the recovery of 
the starting material . I r radiat ion in the presence of hydro­
chloric acid afforded a complicated mixture of products. 

Run 19. T h e work-up described in R u n 16 afforded 
a mixture of 58 and 59 ( 3 : 2 ) , as revealed by the N M R 
spectrum. When the mixture and 3 7 % formalin (0.19 g) in 
methanol (0.5 ml) were kept at 70 °C for 2 h, and then at 
room temperature overnight, 59 was obtained; it was iden­
tical with the sample obtained in R u n 21 . T h e N M R spec­
t rum of 58 was obtained by subtracting tha t of 59 from the 
mixture spectrum, ô I A3 (s, 3H) , 2.14 (s, 3H) , 3.0—3.6 (b), 
3.39 (s), and 7.2—7.6 (m). 

Run 20. T h e work-up afforded white crystals (0.2 g) . 
Recrystallization from methanol afforded white needles of 61 . 
M p 122—127 °C. (Lit,48) m p 125 °C). M S , m/e 144 ( M -
M e O H , base peak) , 113, and 73. I R (KBr), 1370, 1285, 
1196, 1175, 1065, and 1035 cm- 1 . N M R , ô 1.15 (s, 6H) , 
3.20 (s, 6 H ) , and 3.27 and 3.50 (ABq, 7 = 1 1 Hz, 4 H ) . 

Found : C, 55.18; H, 9 .59%. Calcd for C 8 H 1 6 0 4 : C, 
54.53; H , 9 .15%. 

I t was speculated tha t the crude crystals contain a stereo­
isomer of 61 (one-third of 61), since these crystals indicated 
N M R signals a t ô 1.30 (s, 6H) , 3.22 (s, 6H) , and 3.27 and 
3.50 (ABq, 7 = 1 1 Hz, 4H, overlap with those of 61), as well 
as those of 6 1 . 

Compound 61 was identical with the crystals separated out 
from a 5 0 % methanol solution of hydroxyacetone. 

Run 21. The photolysate was made alkaline with a 
sodium hydroxide solution, and the solid was filtered off 
(Hyflo Super Cel). T h e filtrate was made acidic with hydro­
chloric acid and shaken with chloroform (Extract A). The 
aqueous solution was made alkaline with sodium hydroxide 
solution again, and shaken with chloroform (Extract B). 
Extract A, upon the evaporation of the solvent, gave a trace 
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amount of an oil from which two products, 63 and 64, were 
obtained in pure states by preparat ive G L C . Compound 
63 was identical with the authent ic sample. 64 : I R (neat), 
3450, 1610, 1505, 1455, 1030, 760, and 695 cm- 1 . N M R , 
ô 1.35 (s, 3H) , 2.4—2.9 (b, 2 H ) , 3.26 and 3.45 (ABq, J= 
11 Hz, 2H) , and 6.8—7.1 (m, 5H) . 

Compound 64 was identical with the sample obtained in 
a small amount by the irradiation of acetophenone (0.12 ml) 
in methanol (12 ml) in the presence of t i tan ium(IV) chloride 
(0.12 ml) . 

Extract B, upon the evaporation of the solvent, gave an oil 
which was subsequently distilled under reduced pressure to 
give 0.13 g of 59. M S , m/e 177 (M) , 162 (base peak) , 146, 
132, and 91. I R (neat) , 2980, 2850, 2780, 1440, 1050, 758, 
and 690 cm- 1 . N M R ô 1.35 (s, 3 H ) , 2.05 (s, 3H) , 3.52 and 
3.65 (ABq, 7 = 8 Hz, 2H) , 4.07 and 4.27 (dist. ABq, 7 = 2 Hz , 
2H) , and 6.7—7.2 (m, 5H) . 

Found : C, 73.82; H , 8.30; N , 7 .75%. Calcd for C n H 1 5 N O : 
C, 74.54; H , 8.53; N, 7.90%. 

Run 22. The photolysate was worked-up in the way 
described in R u n 21 . A trace amoun t of 67 was obtained 
from the extract from the acidic solution. T h e amount of 
the product corresponding to 64 was negligible. 67 : I R 
(neat), 3320, 2960, 1510, 1440, 1360, 1065, 1005, 890, and 
810 cm- 1 . N M R , ô 1.39 (d, 7 = 7 Hz , 3H) , 2.25 (s, 3H) , 
4.55 (q, 7 = 7 Hz , 1H), and 6.78 and 6.90 (ABq, 7 = 8 Hz, 
4H) . 

The extract from the alkaline solution gave an oil which 
was subsequently distilled under reduced pressure to give 
0.062 g of 66. I R (neat) , 3380, 2950, 2880, 1520, 1460, 
1380, 1083, 1018, and 812 cm- 1 . N M R , ô 1.35 (s, 3H) , 2.21 
(s, 3H) , 3.43 and 3.52 (ABq, 7 = 7 Hz , 2 H ) , 4.03 and 4.23 
(ABq, 7 = 6 Hz, 2 H ) , and 6.70 and 6.88 (ABq, 7 = 8 Hz, 4 H ) . 

Found : C, 74.54; H , 8.82; N , 7 .85%. Calcd for C n H 1 5 -
N O : C, 74.54; H, 8.53; N, 7.90%. 

Run 23. T h e work-up was the same as tha t described in 
R u n 21 . T h e amounts of products corresponding to 63 and 
64 were negligible. T h e extract from the alkaline solution 
gave an oil which was subsequently distilled under reduced 
pressure to give 0.088 g of 69. M S , m/e 176 ( M - 1), 162, 147, 
146 (base peak) , 133, 132, 105, and 91. I R (neat), 2980, 
2890, 1450, 1080, 1015, 900, and 758 cm" 1 . N M R , ô 1.40 
(s, 3H) , 2.27 (s, 3H) , 3.44 and 3.74 (ABq, 7 = 7 Hz, 2H) , 
4.06 and 4.30 (ABq, 7 = 6 Hz , 2 H ) , 6.65—6.85 (m, 3H) , and 
7.17—7.35 (m, 1H). 

Found : C, 74.62; H , 8.76; N , 7 . 7 1 % . Calcd for C u H 1 5 N O : 
C, 74.54; H , 8.53; N , 7.90%. 

Run 24. T h e oil remaining after the work-up indicated 
a complicated N M R spectrum suggestive of the structure 108 
of a stereoisomeric mixture. Distillation induced the elimina­
tion of methanol from these isomers and gave 92 in an almost 
pure s ta te ; bp 72—78 °C (23 m m H g ) . I R , 2930, 1710 (weak), 
1463, 1172, 1120, and 980 cm- 1 . N M R , ô 0.97 (d, 7 = 8 Hz, 
3H) , 1.00 (s, 6H) , 1.5—2.1 (m, 7H) , and 3.64 (s, 2H) . 

Found : C, 78.67; H , 11.23%. Calcd for C U H 1 ! 5 0 : C, 
79.46; H, 10.92%. 

Run 25. The oil remaining after the work-up was distilled 
to give 20 (bp 56—65 °C (25 m m H g ) ) , which contained a 
small amount of chloroform. The I R and N M R spectra were 
identical with those obtained in R u n 6. 

Run 26. T h e oil remaining after the work-up was distilled 
to give 94 (bp 35—56 °C (3 m m H g ) ) , which contained a small 
amount of chloroform. M S , m/e 113 ( M - O M e , base peak) , 
112, and 97. I R , 2965, 2885, 1470, 1378, 1190, 1050, and 
1028 cm- 1 . N M R , ô 1.00 (s, 3H) , 1.05 (s, 3H) , 1.25 (s, 3H) , 
1.50 and 1.70 (ABq, 7 = 13 Hz, 2H) , 2.96 (s, 3H) , and 3.23 
a n d 3.30 (ABq, 7 = 8 Hz, 2H) . 

From the crude oil prior to the distillation, a small amount 
of 9510> was isolated by preparat ive G L C. MS, m/e 142 (M), 
100, 99, 85 (base peak) , 82, and 43 . IR , 2960, 1715, 1700, 
1360, 1170, and 1130 cm- 1 . N M R , ô 1.15 (s, 6H) , 2.00 (s, 
3H) , 2.10 (s, 3H) , and 2.60 (s, 2H) . 

When 94 was kept in a mixture of te trahydrofuran-3M-
hydrochloric acid (2: 1) at room temperature for 10 min, an 
oil was obtained which was identified from its N M R spectrum 
as a mixture of 109a and 110a. T h e oxidation of the oil with 
C r 0 3 - p y r i d i n e - H C l in the way described above afforded keto 
aldehyde 111. M S , m/e 100 ( M - C O ) , 85, and 43 (base peak). 
I R , 2960, 2800, 2650, 1725, and 1370 cm- 1 . N M R , ô 1.10 
(s, 6H) , 2.10 (s, 3H) , 2.65 (s, 2H) , and 9.60 (s, 1H). 

Run 27. T h e oil remaining after the work-up was a 
mixture of 97 and 99, as revealed by N M R analysis. Distil­
lation under reduced pressure induced the elimination of 
methanol from 99 and gave a mixture of the starting 
material and 97 (bp 68—94 °C (18 m m H g ) , 0.66 g). On 
some occasions, the product contained 98 (0—10% of 97). 

97 : M S , m/e 156 (M) , 141, 125, 113 (base peak) , and 111. 
IR , 2990, 2900, 1457, 1195, 1105, 1030, and 1012 cm- 1 . N M R 
ô 0.98 (s, 3H) , 1.05—2.25 (m, 8 H ) , 3.05 (s, 3H) , and 3.30 
and 3.40 (ABq, 7 = 6 Hz , 2 H ) . 

98: M S , m/e 142 (M) , 125, 112, 111 (base peak) , and 99. 
I R , 3400, 1710, 1230, and 1050 cm" 1 . N M R , ô 0.90 (s, 3H) , 
1.7—2.4 (m, 8H) , and 3.25 (s, 2H) . 

99: I R , 2960, 2870, 1715, 1213, 1112, and 1065 cm-1 . 
N M R , ô 1.15 (s, 3H) , 1.5—2.5 (m, 8H) , and 3.00 (s, 3H) . 

Found : C, 66.79; H , 9 .95%. Calcd for C 8 H 1 4 0 2 : C, 67.57; 
H , 9 .93%. 

No reaction occurred in the dark in the presence of uranyl 
chloride. I rradiat ion in methanol in the presence of an ordi­
nary amount of hydrochloric acid resulted in the recovery of 
the starting ketone, while in the presence of a small amount 
of hydrochloric acid (pH 2—3), a methanol adduct 99 was 
obtained exclusively. 

Oxidation of 98. T h e oxidation of 98 in the way de­
scribed above afforded an aldehyde 112. M S , m/e 112 (M— 
C O ) , 111, 97, 83, 69, and 55 (base peak) . IR , 2960, 2800, 
2650, 1720, and 1220 cm- 1 . N M R , ô 1.11 (s, 3H) , 1.2—2.6 
(m), and 9.34 (s, 1H). 

Run 28. T h e work-up left an oil which was distilled under 
reduced pressure to give two fractions: Fraction 1 (bp 36— 
41 °C (1 m m H g ) , 0.17 g) contained 3 2 % of 100, while Frac­
tion 2 (bp 62—68 °C (1 m m H g ) , 0.22 g) contained 5 1 % of 
101, as revealed by G L C analyses. 

100: M S , m/e 170 (M) , 139, 125, 110, 100, and 99 (base 
peak) . I R , 2960, 1310, 1190, and 1120 cm- 1 . N M R , ô 0.97 
(s, 3H) , 1.02 (s, 3H) , 1.1—2.0 (m), 3.24 (s, 3H) , and 3.89 
(m, 2H) . The multiplet at ô 3.89 was transformed into a 
typical ABX type upon the addition of Eu (DPM) 3 . 

Found : C, 70.03; H , 10.50%. Calcd for C 1 0 H 1 8 O 2 : C, 
70.54; H , 10.66%. 

101: M S , m/e 156 (M) , 126, 125, 85, 83 , 69, and 55 (base 
peak) . I R , 3440, 2940, and 1710 cm- 1 . N M R , Ô 1.08 (s, 
3H) , 1.16 (s, 3H) , 0.9—2.6 (m), and 3.3—3.9 (m, 2H) . 

Oxidation of 101. T h e oxidation of 101 in the way 
described above afforded an aldehyde 113. M S , m/e 154 (M), 
126, 111, 97, 83, 69, and 55 (base peak) . IR , 2960 and 
1730 cm- 1 . N M R , ô 1.14 (s, 3H) , 1.31 (s, 3H) , 1.6—1.9 (m, 
2H) , 2.1—2.7 (m, 5H) , and 9.98 (s, 1H). 

Run 29. An oil (bp 108—110 °C (3.5 m m H g ) , 0.84 g) 
was obtained which was found by N M R analysis to be a 
mixture of 27 and 28 (93: 7). Fur ther purification was not 
achieved, so the spectroscopic da t a of 27 were obtained by 
subtracting those of 28 from the spectra of the mixture. 27: 
I R : 3440, 2920, 1740, and 1450 cm- 1 . N M R , ô 2.57 and 
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2.64 (d of d, 7 = 7 and 5 Hz , 2 H ) , 2.8—3.0 (m, 1H), 3.30 
(bs, IH) , 3.67 (bs, 3 H + 2 H ) , and 3.70 (s, 3H) . 

When the mixture was kept at 200 °C for 1 h, 2849> was 
obtained in a 6 0 % yield. Bp 96—97 °C (1.5 m m H g ) . I R , 
1795, 1745, 1450, 1165, and 1015 cm- 1 . N M R , Ô 2.70 (d, 
7 = 10 Hz, I H ) , 2.71 (d, 7 = 7 . 5 Hz , I H ) , 3.45 (dist. quintet , 
7 = 8 Hz, I H ) , 3.78 (s, 3H) , 4.40[d ( 7 = 7 Hz) of AB ( 7 = 1 0 
Hz) , I H ] , and 4.51[d ( 7 = 9 Hz) of AB ( 7 = 10 Hz) , I H ] . 

Found: C, 49.24; H , 5 .63%. Calcd for C 6 H 8 0 4 : C, 50.00; 
H , 5.60%. 

Run 30. An oil (bp 63—67 °C (3 m m H g ) , 1.04 g) was 
obtained which was found by N M R analysis to be a mixture 
of 103 and 104 (84:16). Further purification was not achieved, 
and so the spectroscopic d a t a of 103 were obtained by sub­
tracting those of 104 from the spectra of the mixture. 103: 
IR, 3490 and 1740 cm- 1 . N M R , Ô 0.90 (d, 7 = 7 Hz , 3H) , 
1.85—2.56 (m), 3.35 (bs, IH , disappears by D 2 0 ) , 3.36 (dist. 
quintet, 7 = 6 Hz, 2H) , and 3.57 (s, 3H) . 

When 103 was kept at 200 °C for 3 h, 104 was obtained. 
Bp 56—57 °C (3 mmHg) (lit,50) bp 80—81 °C (10 m m H g ) ) . 
IR , 2990, 1790, 1165, and 1025 cm- 1 . N M R , ô 1.11 (d, 
7 = 7 Hz, 3H) , 1.8—2.2 (m, 1H), 2.4—2.8 (m, 2H) , 3.74 
(d of d, 7 = 9 and 7 Hz , 1H), and 4.29 (d of d, J= 10.5 and 
9 Hz, 1H). 

Run 31. T h e oil remaining after the work-up was 
distilled under reduced pressure. Much of a colorless, viscous 
material remained undistilled. The distillate (bp 62—65 °C 
(2 m m H g ) , 0.28 g) was found by N M R analysis to be a 
mixture of 106 ans 107 (94: 6) . Fur ther purification was not 
achieved, and so the spectroscopic da t a of 106 were obtained 
by subtracting those of 107 from the spectra of the mixture. 
106 (lit,51) bp 45—46 °C (0.2 m m H g ) ) : I R , 3420 and 1745 
cm- 1 . N M R , ô 1.80 (quintet, 7 = 7 Hz, 2H) , 2.38 (t, 7 = 7 
Hz, 2H) , 3.23 (bs, I H ) , 3.58 (t, 7 = 7 Hz, 2 H ) , and 3.63 (s, 
3H) . 

Found (with a sample of 9 4 % purity) : C, 50.69; H, 8.72%. 
Calcd for C 5 H 1 0 O 3 : C, 50.83; H , 8 .53%. 

When 106 was kept at 200 °C for 3 h, 107 was obtained in 
a pure state; it was identical with y-butyrolactone. 

Oxidation of 106. T h e oxidation of 106 in the way 
described above afforded an aldehydic ester 114. (Lit,52) bp 
7 9 _ 8 0 °C (12 m m H g ) ) . M S , m/e 88 ( M - C O ) , 85, 59, and 
57. IR , 2960, 2820, 2710, 1740, 1440, and 1175 cm- 1 . N M R , 
<5 2.5—2.9 (AaBam, 4 H ) , 3.70 (s, 3H) , and 9.95 (s, I H ) . 

Irradiation of 3-Methyl-2-cyclohexenone (96) in Alcohols in the 
Presence of Titanium (IV) Chloride. Solutions of 96 (0.1 g) and 
t i tanium(IV) chloride (0.17 g) in the following alcohols (10 
ml) were irradiated in Pyrex tubes for 6 h. Subsequent work­
ups afforded oils which were analyzed by G L C and N M R 
to determine the yields. 

In 1-Propanol: T h e product was 116c. M S , m/e 152 (M) , 
95 (base peak) , 79, 77, and 67. IR , 2900, 1710, 1440, and 
1110 cm- 1 . N M R , ô 1.03 (t, 7 = 8 Hz , 3H) , 1.3—2.0 (b, 
6H) , 1.70 (bs, 3H) , 2.41 (q, 7 = 8 Hz, 2H) , 2.94 (b, 1H), and 
5.47 (bs, 1H). 

In 1-Butanol: T h e products were 116d and 117d. 
116d: M S , mie 166 (M) , 95 (base peak) , 79, 77, 71, and 

67. I R , 2920, 1710, and 1130 cm- 1 . N M R , ô 0.91 (t, 7 = 8 
Hz, 3H) , 1.0—2.2 (m), 1.68 (bs, 3H) , 2.34 (t, 7 = 8 Hz, 2H) , 
2.92 (b, 1H), and 5.48 (bs, 1H). 

117d: IR , 2950, 2930, 1670, and 1200 cm- 1 . N M R , ô 0.92 
(t, 7 = 8 Hz, 3H) , 1.13 (d, 7 = 8 Hz, 3H) , 1.2—2.0 (m), 2.52 
(t, 7 = 8 Hz, 2H) , and 6.51 (bs, 1H). 

In 2-Methyl- 1-propanol: T h e product was 116e. M S , m/e 
166 (M), 95 (base peak) , 79, 77, 71, and 67. I R , 2960, 2930, 
and 1710 cm- 1 . N M R , ô 1.06 (d, 7 = 8 Hz, 6H)S 1.5—2.0 
(m), 1.70 (bs, 3H) , 2.72 (heptet, 7 = 8 Hz, 1H), 3.10 (b, 1H), 

and 5.45 (bs, 1H). 
In 2-Propanol: T h e product was m-cymene. IR,53) 2950, 

2910, and 708 cm- 1 . N M R , ô 1.21 (d, 7 = 7 Hz, 6H) , 2.18 
(s, 3H) , 2.85 (m, 7 = 7 Hz, 1H), and 6.7—7.2 (m, 4H) . 

Irradiation of Mesityl Oxide (93) in Alcohols in the Presence of 
Uranyl Chloride. Solutions of 93 (0.1 g) and uranyl chloride 
(0.04 g) in the following alcohols (10 ml) were i rradiated in 
Pyrex tubes for 6 h. Subsequent work-ups afforded the fol­
lowing products. 

In Ethanol: T h e irradiation product , which was assumed, 
on the basis of N M R analysis, to be a mixture of 109b and 
110b was directly oxidized with C r 0 3 - p y r i d i n e - H C l in the 
way described above. T h e products were 95 ( 1 3 % from 93) 
and 120 (trace). T h e spectroscopic d a t a of 120 were identi­
cal with those previously reported.54) 

In 2-Propanol: T h e products were 95 and 121. T h e com­
pound 121 was identical with the one reported previously.55) 

Irradiation of Dimethyl Maleate (26) in Alcohols in the Presence 
of Uranyl Chloride. Solutions of 26 ( 1.0 g) and uranyl chloride 
(0.24 g) in the following alcohols were i rradiated in Pyrex 
tubes for 1 h, and then treated as follows. 

In Ethanol: T h e oil remaining after the work-up was dis­
tilled under reduced pressure to give an oil (bp 106—108 °C 
(4 m m H g ) , 0.79 g) . Although this oil (Oil A) was assumed 
to be a mixture of stereoisomeric esters 122a and lactones 
123a (vide infra), it gave eis- and foms-lactones 123a (54: 46) 
(bp 99—102 °C (5 m m H g ) ) when kept at 200 °C for 2 h. 
T h e stereochemistry of the lactones was assigned on the basis 
of the N M R spectrum by compar ing it with those previously 
reported.315) By subtracting the spectra of the lactones from 
the N M R spectrum of Oil A, we assigned the structure of the 
y-hydroxy esters 122a to the rest of the components. Although 
the amount of w- lac tone exceeds that of the trans-\somç.r in 
Oil A, amounts became almost equal after the thermal cycli-
zation. W e concluded from this result that the major com­
ponent of the hydroxy esters in Oil A is probably the threo-
isomer. From the distinctive methyl signals in the N M R 
spectrum of Oil A, we estimated the yields of the components 
as follows: threo-122a (23%) , erythro-122a (14%) , trans-123a. 
(6 % ), and cis-123a. (13%) . 

W e assigned the N M R signals for 122a as follows: [<5 1.15 
(d, 7 = 7 Hz) for threo and 1.18 (d, 7 = 7 Hz) for erythro] 3H, 
2.6—3.3 (m, 3H) , 3.58 (b, I H , disappears by D s O ) , 3.75 (s, 
3H) , 3.79 (s, 3H) , and 4.0—4.3 (m, 1H). 

In 2-Propanol: T h e oil remaining after the work-up was 
identified by means of N M R analysis as a mixture of 122b, 
123b, and the starting material (26) (76: 11: 13). Further 
purification was not achieved, and so the spectroscopic d a t a 
of 122b were obtained by subtracting those of 123b and 26 
from the spectra of the mixture. 122b: I R , 3525, 1740, and 
1175 cm- 1 . N M R , a 1.16 (s, 3H) , 1.20 (s, 3 H ) , 2.6—2.8 (bs, 
3H) , 3.18 (bs, I H , disappears by D 2 0 ) , 3.63 (s, 3H) , and 
3.67 (s, 3H) . 

T h e distillation under reduced pressure induced the cycli-
zation of 122b into 123b; the distillate (bp 108—110 °C (4 
m m H g ) , 0.71 g) was a mixture of 122b, 123b, and 26 (9: 74: 
17), as shown by N M R analysis. T h e spectroscopic d a t a of 
the purified 123b were identical with those previously re­
ported.31 ' '40) 

Irradiation of Mesityl Oxide (93) in Tetrahydrofuran in the 
Presence of Uranyl Chloride. A solution of 93 (0.1 g) and 
uranyl chloride (0.03 g) in tetrahydrofuran (10 ml) was irra­
diated in a Pyrex tube for 4 h. A subsequent work-up afforded 
an oil which was almost pure 128. M S , m/e 113 (M—CH 2 -
C O M e ) , 98, 86, 72 (base peak) , and 71. I R (neat) , 2950, 
2860, 1700, 1355, and 1060 cm- 1 . N M R , ô 0.89 (s, 3H) , 
0.98 (s, 3H) , 1.4—2.0 (m, 4 H ) , 2.05 (s, 3H) , 2.18 and 2.40 
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(ABq, J= 14 Hz, 2H), and 3.4—3.8 (m, 3H). 

The authors are grateful to K. Ueda, T. Hamano , 
H . Kaneko, A. Kohda, K. Nagumo, K. Machida, and 
M. Morishita, who performed some parts of the ex­
periments. 
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A Wittig-type Reaction of Phosphoranes with Carbon Monoxide 
Coordinated to Palladium. A Synthetic Route to 

Isocyanide Palladium Complexes 
Jitsuo Km,* Akira MATSUMURA, Tomoyuki HAISHI , Satoshi OKAZAKI, and Junji FURUKAWA 

Department of Synthetic Chemistry, Faculty of Engineering, Kyoto University, Yoshida, Kyoto 606 
(Received March 9, 1977) 

The reaction of carbon monoxide with triphenyl(phenylimino)phosphorane proceeded at room temperature 
in the coordination sphere of palladium to give a mixture of phenyl isocyanide and carbonyl complexes of palladium. 
Triphenyl(J-butylimino)phosphorane gave bis(/-butyl isocyanide)palladium chloride in a low yield. Benzophenone 
triphenylphosphazine and triphenyl(/»-tolylsulfonylimino)phosphorane failed to react with carbon monoxide. 

Although phosphoranes (ylides) and carbon monoxide 
are versatile reagents in organic synthesis, no reaction 
between them has been recorded. Coordinated carbon 
monoxide is susceptible to attack by many nucleophiles. 
For example, an attack by organolithium leads to the 
formation of aldehydes1) or metal-carbene complexes.2) 
Ylides possess a nucleophilic character and can be 
expected to react with coordinated carbon monoxide. 
In fact, Kaska and his co-workers3) succeeded in apply­
ing the Wittig reaction to transition-metal carbonyl. 
Iminophosphoranes also react with iron carbonyl to 
form isocyanide-substituted iron carbonyls via a Wittig-
type reaction.4) These reactions seem to provide a 
method of preparing novel organotransition metal 
complexes. 

While no Pd2+-carbonyl with a definite stoichiometry 
has been characterized, carbonylation by carbon 
monoxide is generally accepted to occur in the coordina­
tion sphere of the Pd2+-ion.5) A preliminary work of the 
present study has been published.6) 

This paper will deal with the Pd2+-assisted Wittig-
type reaction of carbon monoxide with iminophos­
phoranes. 

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

Triphenyl(phenylimino)phosphorane (I). Triphenyl-
(phenylimino)phosphorane (I) reacted with carbon 
monoxide under an atmospheric pressure in the presence 
of such palladium chloride complexes (hereafter ab­
breviated as "PdCl 2 ") as PdCl 2 (COD) ( C O D = l , 5 -
cyclooctadiene) or [PdCl2(styrene)]2 . T h e product was 
revealed by the I R spectrum to be a mixture of 

2C6H5N=P(C6H6)3 + «PdCl2» + CO • 

I 

O - P+(C6H5)3 
, ) \ | v « 5 / 3 -OP(C éH,), 

-Pd- 'G—N-C6H5 • 

[C6H5N=P(C6H6)3]PdCl2(CNC6H5) 

II 

[C6H5N=P(C6H5)3]PdCl2(CO) 

III 

CO 

-C,H6NC 

(i; 

* To whom correspondence should be addressed. Present 
address : Department of Environmental Chemistry and Tech­
nology, Faculty of Engineering, Tottori University, Tottori 
680. 

Pd2+-isocyanide (II) and -carbonyl ( III) complexes. 
T h e formation of the isocyanide complex indicates an 
apparent Wittig-type reaction of the ylide (I) with 
carbon monoxide coordinated to the palladium. 
Triphenylphosphine oxide, which is the other typical 
product of the Wittig reaction, was isolated from the 
solution. 

Complex I I is soluble in chloroform and slightly 
soluble in toluene, while complex I I I is insoluble in 
common organic solvents. In dimethyl sulfoxide, I I I 
decomposed slowly. The separation of I I from I I I could 
be achieved by extraction with a mixed solvent of 
toluene and acetone containing a small amount of 
chloroform. The analytical data of I I and I I I are in 
accord with the formula of PdCl2(ylide)L (II , L = 
C 6 H 5 NC; I I I , L = C O ) . The molecular weight (osmom­
etry in CHC13) indicates that I I is monomeric. T h e 
infrared and far infrared spectra of I I show strong bands 
at 2200 and 340 c m - 1 and a medium absorption at 
324 c m - 1 . Complex I I I has a strong infrared band at 
1900 cm - 1 . In benzene, I I I reacted slowly with 2 mol 
of triphenylphosphine, with the evolution of carbon 
monoxide, to give PdCl 2[P(C 6H 5) 3] 2 . 

It is noteworthy that PdCl 2 (COD) itself is inactive 
to carbon monoxide in benzene.7) All the systems of 
" P d C l 2 " and ylide absorbed carbon monoxide slowly. 

2200 1900 

Fig. 1. Typical IR absorptions of vco and vCN of the 
reaction products obtained from: (A) PdCl2(COD), 
27 h; (B) PdCl2(C6H5CN)2, 23 h; (C) [PdCl2(sty-
rene)]2, 2.5 h. (D) A mixture (1: 1) of II and III . 
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The absorption continued for 25—30 h. The ratio of 
II to III depended upon the reaction time. In the early 
stages of the reaction a considerable amount of II was 
detected; it was slowly converted into III. Some 
typical spectra of the reaction products are shown in 
Fig. 1. 

The reaction of II with carbon monoxide is notewor­
thy. In a toluene solution, II reacted with carbon 
monoxide to afford III. In the presence of I ( I / I I < 1 ) , 
however, the phenyl isocyanide coordinated to palladium 
reacted with I under an atmosphere of carbon monoxide 
to afford diphenylcarbodiimide in a moderate yield.8) 
The formation of the carbodiimide was shown by the 
I R absorptions at 2137 and 2104 (sh) cm" 1 and by 
isolating diphenylurea after hydrolyzing it with H G 1 -
A c O H . 

Triphenyl(t-butylimino)phosphorarte (IV). T h e I V 
ylide was allowed to react with carbon monoxide under 
conditions similar to those described above. T h e 
product of the Wittig-type reaction in this case was 
off-white bis(£-butyl isocyanide)palladium chloride (V), 
which was identified with an authentic sample.9) T h e 
infrared 

2 *-C4H9N=P(C6H5)3 + 2CO + "PdCl2" • 

IV 

PdCl2(CNC4H9)2 + 20P(C6H5)3 (2) 

V 

spectrum coincides completely with that of the authentic 
sample in the 400—4000 c m - 1 region. T h e charac­
teristic bands due to vCa appear at 2240 and 2260 cm - 1 . 
The yield after purification was low, because the separa­
tion from triphenylphosphine oxide was difficult (see 
Experimental) . The formation of 2 mol of the iso­
cyanide on palladium shows that basic I V reacts with 
carbon monoxide more smoothly within the coordina­
tion sphere of palladium. In this case, however, the 
reduction of " P d C l 2 " with IV occurred competitively 
and a considerable amount of " P d C l 2 " was reduced 
to metal. 

Besides V, an insoluble carbonyl complex was also 
formed. However, it could not identified, because its 
purification was difficult as a result of poor solubility. 

Benzophenone Triphenylphosphazine (VI). In the 
reaction of V I with carbon monoxide, brown " P d C l 2 " 
gradually turned to an insoluble yellow solid. T h e solid 
was revealed to be a carbonyl-Pd 2 + complex (VI I ) . 

(C6H5)2C=N-N=P(C6H5)3 + "PdCla" + CO 

IV 

• [(C6H5)2C=N-N=P(C6H5)3]PdCl2(CO) (3) 

VII 

T h e analytical data are in accord with VII . The 
yield was quantitative. The infrared spectrum shows a 
strong band at 1900 c m - 1 . Neither isocyanide complex 
(or Wittig-type product derived from VI) nor triphenyl­
phosphine oxide was detected in the reaction system. 
From these facts, it is concluded that V I fails to react 
with carbon monoxide at room temperature. Phos-
phazine V I , whose negative charge is delocalized, may be 
represented as follows:10) 

R3P=N-N=C^ <—> R3P-N-N=CT <—> R3P-N=N-C^ 

T h e lack of reactivity toward the coordinated carbon 
monoxide may be ascribed to this decreased nucleo-
philicity. 

Other Phosphoranes. No reaction of triphenyl-
Q&-tolylsulfonylimino)phosphorane (VIII ) with carbon 
monoxide occurred. The lack of reactivity of VIII 
may be ascribed to its decreased nucleophilicity, caused 
by electron-withdrawing sulfonyl group. 

CH 3 -^0^>-S0 2 N=P(C 6 H 5 ) 3 (C6H5)3P=C=P(C6H5)3 

~~ VIII IX 

Hexaphenylcarbodiphosphorane (IX) was allowed to 
react with carbon monoxide. T h e brown olefin-palla-
dium complex gradually turned to an insoluble dark 
green solid which showed infrared bands at 2120 and 
1900 c m - 1 . T h e former frequency is tentatively assigned 

i 

to the vG=c vibration of -Pd -C=C-P(C 6 H 5 ) 3 . Triphen­
ylphosphine oxide was isolated from the solution. An 
analogous reaction has been observed between manga­
nese carbonyl and IX . The absorption band of Mn-
(CO) 4 Br[ (>C-P(C 6 H 5 ) 3 ] at 2105 c m - 1 was assigned to 
the ?>csc band.4) The product, which shows the I R 
band at 2120 cm - 1 , was relatively stable in the dry 
state, but exceedingly unstable in solution. All attempts 
to isolate it in a pure form have been unsuccessful. 

Exper imenta l 

Materials. The C6H5N=P(C6HrJ3
11), f-C4H9N=P(C6-

H,),»), (C6H5)2C=N-N=P(C6H5)3™>, /,-CH3C6H4S02N=P(C6-
H5)3

14>, and (C6H5)3P=C=P(C6H5)3
15> compounds and the 

palladium complexes were prepared by the known methods. 
Toluene and benzene were purified by distillation in the pres­
ence of benzophenone sodium ketyl and were used under an 
argon atmosphere. Carbon monoxide (99.5% Matheson Co.) 
was used without further purification. 

General Procedure for the Reactions with Carbon Monoxide. The 
conventional hydrogénation apparatus under an atmospheric 
pressure was used. In a round 50-ml flask, ylide, "PdCl2," 
and toluene (solvent) were placed under an atmosphere of 
argon. The system was then placed under carbon monoxide 
by evacuating it by means of an aspirator and by filling it 
with carbon monoxide several times. Then the flask was 
shaken under an atmospheric pressure of carbon monoxide at 
room temperature. After shaking, the resulting solid was 
filtered off, washed, and dried. Some typical reactions are as 
follows. 

Reaction of I. The ylide (I, 1 mmol) was allowed to 
react with carbon monoxide in the presence of [PdCl2(cyclo-
octene)]2 (0.25 mmol) for 22 h. The solid mass was then 
extracted with a mixed solvent of toluene, acetone, and chlor­
oform (6 :4 : 1). The subsequent evaporation of the solvent 
gave II in a 37% yield; mp 99 °C (dec). Found: C, 
58.26; H, 4.27; N, 4.44; P, 4.79%. Calcd for C31H85N2-
PPdCl2: C, 58.73; H, 3.95; N, 4.42; P, 4.89%. Complex 
III (21.6%) remained undissolved; mp 148 °C (dec). 
Found: C, 54.20; H, 4.21; N, 2.55; P, 5.30%. Calcd for 
C25H20NOPPdCl2: C, 53.72; H, 3.58; N, 2.51; P, 5.55%. 

Reaction of III with P(C6H5)3. I l l (0.2233 g) was 
suspended in 2 ml of benzene and was allowed to react with 
0.2098 g of P(C6H5)3 at a refuxing temperature for 4 h. Fil­
tration gave PdCl2[P(C6H6)3]2 in a 78% yield (Found: C, 
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61.65; H, 4.30; P, 8.82%). 
Reaction of IV. T h e reaction of 0.143 g (0.5 mmol) of 

PdCl 2 (COD) with 1 mmol of I V in 10 ml of toluene under 
carbon monoxide gave gray-green solids after 70 h. After 
the filtration of the solids, the solution was evaporated to a 
small volume and ether was added to the concentrated solu­
tion. Triphenylphosphine oxide, which was soluble, was 
removed by this t reatment. (In this procedure, a considera­
ble amount of V remained in the solution.) T h e precipitate, 
which contained a small amount of the carbonyl compound, 
was extracted with benzene. T h e subsequent evaporation of 
benzene gave pure V ; 3 mg (Found: N, 7.23%). 

Reaction of VI. T h e reaction of the V I ylide ( 1 mmol) 
with carbon monoxide in the presence of " P d C l 2 " (1 mmol) 
for 22 h gave VII in an 8 0 % yield. Found : C, 57.84; H, 
3.95; N, 4.46; P, 4 .77%. Galcd for G 3 2H 2 5N 2OPPdCl 2 : C, 
58.06; H, 3.78; N , 4 .23; P, 4.69. 

Reaction of IX. T h e reaction of ylide I X (1.74 mmol) 
with "PdCl 2 " (0.87 mmol) in 10 ml of toluene for 22 h gave 
0.436 g of solids, which showed I R absorptions at 2120 and 
1900 cm- 1 . 
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The pyrolyses and thermal stabilities of 2,5-dialkylpyrazines (la—e), 2,5-diethoxypyrazine (2), chloropyrazine 
(3), alkoxypyrazines (4a—c), alkylthiopyrazines (5a, b), and alkylaminopyrazines (6a—d) were studied by means 
of a mass spectrometer, by which the pyrolysates in the sample reservoir were analyzed. The temperature depen­
dence of the molecular ions and/or fragment ions was also discussed. The thermal dehydrogenation from two 
a-methine groups makes the Id molecule thermally sensitive. The other 2,5-dibutylpyrazines were more stable 
than it, except for the /-butyl derivative, le. Hydroxy- and aminopyrazine, 4a and 6a, were very stable. The 
alkoxypyrazines, 4b and 4c, and alkylthiopyrazines, 5, underwent the thermal elimination of olefine to yield hydroxy-
and mercaptopyrazine respectively. The latter disproportionated to form dipyrazinyl sulfide (11). At 280 °C, 
no analogous reactions of alkylaminopyrazines 6b—d could be observed. The relative thermal stabilities of the 
compounds were as follows: 

2, 4a, 6a, 4 b > l c > l e > l b > 6 c , 5 a > 3 > 6 b > l d > l a > 6 d , 5b>4c 

T h e chemistry of pyrazine derivatives has been 
investigated in various kinds of fields.1) Recently, 
several new synthetic methods of the pyrazine ring have 
been reported. Azirines undergo both acid-catalyzed 
and photochemical dimerization to give pyrazines.2 '3* 
Many kinds of pyrazines have been prepared from 
diaminomaleonitrile and its derivatives.4 '5) Both thermal 
and photochemical transformations of perfluoroalkyl 
pyridazines to perfluoroalkylpyrazines have been 
reported.6-7) O n the other hand, it is well known that 
the pyrazine ring is isomerized to other diazine rings 
under both photolytic and pyrolytic conditions.1) 
Although many kinds of reactions of substituted 
pyrazines have been reported, it is difficult to find 
intramolecular y-hydrogen abstruction reactions analo­
gous to the Norrish Type I I reaction of ketones except 
for a photoreaction of 2-alkylquinolines.1'6b>8) 

In this paper, we wish to report our findings on the 
thermal behavior of substituted pyrazines (1—6), which 
can be expected to undergo thermal elimination reac­
tions analogous to those of acetates and of S-methyl 
xantates.9 - 1 1) Indeed, pyrazines (4c, 5b) eliminated 
propylene at a temperature (250 °C) lower than 
acetates.9) Some of the others, ( lb—d, 4b, and 5a) , 
were confirmed to eliminate olefines at higher tempera­
tures. T h e mercaptopyrazine (10) produced by thermal 
decomposition dispropotionates to give dipyrazinyl 
sulfide (11). The thermal stabilities of these compounds 
were also discussed. 

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

Pyrolysis was carried out in an indirect-inlet system 
of a mass spectrometer under reduced pressure (see 
Experimental section). In order to minimize the mass-
spectral fragmentations of the thermal decomposition 
products, the low-energy ionization technique was used. 
The substituted pyrazines, 1—6, were heated in the 
vapor phase at 150—280 °G for a constant period (3—5 
min) , and then the pyrolysates were transferred into 
an ionization chamber without fractionation. The 
total ion current was approximately constant throughout 
the period. The temperature dependence on the 

molecular ion abundances (226 values) are shown in 
Figs. 1, 3, 4, and 7, and the relative total ion current 
Ir

+(t), in Table 1. Ir
+{t) was calculated by means of 

the following Equation ( 1 ) : 

1=26 

Ir + (t) = / + ( 0 / / + (150) (1) 

where Ir
+(t) is the relative abundance of a "m/e i" ion 

in a 16 eV spectrum at t °G and where n is the highest 
mass number in the spectrum. If all of the spectra are 
obtained under the same operating conditions except 
for the temperature of the sample reservoir, it is obvious 

/N v N / R / N ^ O C 2 H 5 / N ^ 

R / ^ N ^ H 5 C 2 0 / \ N ^ ^ N ^ C l 
1 2 3 

a: R = CH3 

b : R = n-C4H9 

c : R = /-C4H9 

d: R = J - C 4 H 9 

e : R = *-C4H9 

/ N x 7 N x X / N x 

II I II I II I R2 
^ N ^ O R \ N ^ S R ^ N ^ N ^ 

4 5 6 R1 

a : R = H a : R = C2H5 a : R ^ R ^ H 
b : R = C2H5 b : R = *'-C3H7 b : R1 = C2H5, 
c : R = *'-C3H7 R2 = H 

c i R ^ R ^ C o H g 
d i R ^ - Q H , , 

R2 = H 

that the changes in the spectra (for example, a change 
in the ion abundance, and the appearance of a new peak) 
are at tr ibutable to a change in the temperature. The 
operating conditions are shown in the Experimental 
section. For that reason, the temperature dependence 
of the molecular ion intensity and of the relative total 
ion current Ir

+(t) give us information about the thermal 
reaction and stability of a compound. 

Pyrolyses of 2,5-Dialkylpyrazines 1. Figure 1 
shows the following facts: (i) the molecular ion abun­
dances of the butyl and isobutyl derivatives, l b and l c , 
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tJ°C 

Fig. 1. Temperature dependence of M* of 2,5-dialkyl-
pyrazines (1) at 16 eV: (a) 2,5-dimethylpyrazine(la), 
(b) 2,5-dibutylpyrazine (lb), (c) 2,5-diisobutylpyrazine 
(lc), (d) 2,5-di-i-butylpyrazine (Id), (e) 2,5-di-f-butyl-
pyrazine (le). 

t/°G 

Fig. 2. Temperature dependence of fragment ion abun­
dances of 2,5-dw-butylpyrazine (Id): (a) M+ , m/e 
192.1597 (error - 2 . 8 ) ; (b) M - 2 , 190.1469 (0.0); (c) 
M - C H 3 , 177.1391 (0.0); (d) ( M - G H , ) - 2 , 175.1232 
( -0 .2) ; (e)M-C2H4,164.1306 ( -0 .6 ) ; (f) (M-C 2 H 4 ) 
- 2 , 162.1180 (2.4); (g) (M-C 2H 4 ) -C 2H 5 , 135.0913 
( -0 .7) ; (h) M- (C 2 H 4 +C 2 H 5 ) - 2 , 133.0761 ( -0 .3) , 
(i) M - C 3 H 6 , 150.1142 ( -1 .3 ) ; (j) ( M - C . H , ) - 2 , 
148.0987 mu ( -1 .2 mmu). 

are almost independent of the temperature (150—250 
°C), (ii) that of the /-butyl derivative ( le) decreases 
slowly with the rise in the temperature, and (iii) those 
of methyl and j-butyl derivatives ( l a ) and I d , show a 
strong temperature dependence at 200—250 °G. These 
results suggest the thermal unstability of l a and Id . 
In order to explain the unstability of I d , the tempera­
ture dependence of the fragment ions was examined 
(Fig. 2) and the elemental composition of each ion was 
determined by means of a high-resolution mass spectrom­
eter. Although the intensity of the molecular ion 
(C12H2oN2, m[e 192.1597, error —2.8 mmu) decreases 

with the rise in the temperature, that of the dehydro-
genated ion (G12H18N2 , m\e 190.1469, error 0.0 mmu) 
increases. The relative total ion current Ir

+(t) also 
increases (see Table 1). This suggests that the thermal 
reaction, Eq. 2, occurs in the sample reservoir before 
the ionization by electron impact. No thermally induced 
elimination of ethylene from this compound was 

CHo 

Id 
H 5 C 2 v r ^ N ^ 1 

.^Cs, 
C2H5 + H2 (2) 

CH, 

observed at 250 °G (cf. Compounds (4) and 5).13c) In 
the case of l a , however, no increasing ion like (7) could 
be found in spite of the strong temperature dependence 
of its molecular ion abundance. Therfore, the decrease 
in the intensity of the molecular ion appears to result 
from a lack of stabilizing ability of the methyl group. 

Pyrolyses of Chloropyrazine (3), Hydroxypyrazine (4a), 
and Aminopyrazine (6a). The temperature depen­
dence of the molecular ions for these compounds is 

TABLE 1. TEMPERATURE DEPENDENDENCE OF THE 

RELATIVE TOTAL ION CURRENT IT
+(T) 

AND A/(250) AT 16 eV 

t/°G 

l a 
l b 
lc 
Id 
l e 
2 
3 
4a 
4b 
4c 
5a 
5b 
6a 
6b 
6c 
6d 

60 

55 

œ 
^ 50 

45 

1 -

(r) • to 

\c) * 

- (a)-o-

L_ 

150 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
— 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

(b) 

/r
+^) 

200 

1.01 
1.00 
1.03 
1.05 
1.03 
0.98 
1.01 
1.00 
1.02 
1.15 
1.02 
1.03 
0.99 
1.04 
1.01 
1.05 

1 

a— <a 

— 1 

250 

1.06 
1.07 
1.05 
1.17 
1.09 
1.02 
1.05 
0.99 
1.03 
1.67 
1.08 
1.24 
1.01 
1.13 
1.10 
1.10 

280 

— 
— 
— 
— 
— 
— 

1.07 
0.98 
1.08 
1.62 
1.13 
1.36 
0.99 
1.33 
1.17 
1.31 

—1 

~ l » 

e> 

1 

A/(0 
250 

0.06 
0.07 
0.05 
0.17 
0.09 
0.02 
0.05 

- 0 . 0 1 
0.03 
0.67 
0.08 
0.24 
0.01 
0.13 
0.10 
0.10 

a_ 
e 

_ 

-

150 200 250 

*/°C 

Fig. 3. Temperature dependence of M+ of (a) chloro­
pyrazine (3), (b) hydroxypyrazine (4a), and (c) amino­
pyrazine (6a) at 16 eV. 
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Compd 
No. 

Yield 

(%) 

T A B L E 2. YIELDS AND PHYSICAL PROPERTIES FOR PYRAZINES (1)—(6) 

Bp U V i n E t O H I R M S N M R in CCI, 
(°C/mmHg) A(nm) (e) (cm"1) mje Ö value0) 

Found (Calcd) 

C % ~ ~ " H % 

l b 

lc 

Id 

4b 

4c 

5a 

5b 

6b 

6c 

6d 

26 95/11.5 

48 103/13 

45 112/13 
lit,111) lit,m) 

60 114/13 
65 58/13 

lit,n) lit,n) 
56 73/30 
51 74.5/22 

81 87/10.5 

59 79/6 

88 90.5/2.5 

78 125/26 

60 82.5/2.0 

274(7100) 
279(7200) 
312 (840) 
275(7000) 
278(7100) 
312(1000) 
273(7100) 
279(6800) 
310(760) 
211(11200) 
279(5500) 
295 (sh) 
212(11400) 
280(4680) 
295 (sh) 
252(9700) 
300 (sh) 
322(4900) 
253(9910) 
300(sh) 
322(5030) 
247(15800) 
290(1300) 
334(4460) 
255(18000) 
295(990) 
345(4400) 
247(16300) 
290(sh) 
335(4340) 

3070 
1360 

3075 
1365 
1155 
3070 
1375 
1160 
3070 
1590 
1390 
3050 
1585 
1170 
3040 
1560 

3050 
1565 
1175 
3270 
1600 
1530 
1603 

3270 
1600 

192 0.95(t,6H),a> 1.57(m,8H), 
2.74(t,4H),b>8.20(s,2H) 

192 0.93(d,12H),c) 2.12(m,2H), 
2.62(d,4H),a) 8.26(s,2H) 

192 0.83(t,6H),b) 1.28(d,6H),d) 
1.70(q-d,4H),b»d) 2.78(se,2H),d) 
8.25(s,2H) 

124 1.37(t,3H),b'1>4.33(q,2H),b> 
8.05(m,2H), 8.18(d,lH)e) 

138 1.33(d,6H),d>1) 5.28(h,lH),d) 
8.01(d,lH),f) 8.03(d,lH),f) 
8.13(s, 1H) 

140 1.33(t,3H),b) 3.12(q,2H),b) 
8.08(d,lH),i) 8.23(d-d,6H),8«h) 
8.34(d,lH)h) 

154 1.36(d,6H),a) 3.94(h,lH),a) 
8.08(d,lH),*> 8.25(d-d,lH),h.1) 
8.32(d,lH),h) 

123 1.19(t,3H),J) 3.33(q,2H),-)) 
5.83(bs,lH), 7.63(d,lH),J> 
7.79(d,lH),h) 7.87(d-d,lH)V) 

151 1.15(t,6H),a) 3.45(q,4H),a) 
7.62(m,lH),7.85(m,2H) 

137 1.18(d,6H),c) 4.01(h-d,lH)b«c) 
5.64(bd,lH),b) 7.62(d,lH),1) 
7.77(d,lH),k) 7.87(d-d,lH)1>k) 

74.02 
C 

(74.95) 

10.41 
12H20N2 

(10.48) 

192.1597 m u 
C 1 2H 2 0N 2 

error —2.8 m m u 

60.03 7.19 
C 7 H 1 0 O N 2 

(60.85) (7.30) 
51.11 5.87 

C6H8SN2 

(51.40) (5.75) 
54.59 6.62 

C7H10SN2 
(54.51) (6.54) 
57.69 7.50 

G6H9N3 
(58.51) (7.37) 
63.30 8.80 

C8H13N3 
(63.54) (8.67) 
60.81 7.82 

C7HUN3 
(61.28) (8.08) 

a) 7 = 7 Hz. b) 7 = 7 . 5 Hz. c) 7 = 6 Hz. d) 6.5 Hz. e) J= 1.35 Hz. f) J= 1.9 Hz. g) 7 = 3 Hz. 
h) 7 = 2 Hz. i) 7=2 .5 Hz. j) 8 Hz. k) J= 1.5 Hz. 1) in CDC13. m) Ref. 22. n) Ref. 25. 
o) (1): at 60 MHz; (4)—(6) : at 100 MHz. 

shown in Fig. 3. Hydroxy- and aminopyrazine, 4a and 
6a, are independent of the temperature. They are 
stabilized by the electron-donating substituents, while 
the electron-withdrawing chloro group makes its 
molecular ion thermally sensitive. This conclusion is 
also supported by the data in Tables 1 and 3. 

Pyrolyses of Alkoxypyrazines 4b, 4c and Alkylthiopyrazines 
5a, 5b. Except for 4b , the pyrazines, 4c, 5a, and 
5b, are more thermally sensitive than the others. T h e 
molecular ion abundances of both 4c and 5 b are 

t/°C 

Fig. 4. Temperature dependence of M+ of (a) ethoxy-
pyrazine (4b), (b) isopropoxypyrazine (4c), (c) 2,5-
diethoxypyrazine (2), (d) ethylthiopyrazine (5a), and 
(e) isopropylthiopyrazine (5b) at 16 eV. 

especially strikingly decreased at 200—250 °G (Fig. 4). 
T h e details are shown in Figs. 5 and 6. In Fig. 5, a 
molecular ion (mje 138) decreases with the rise in the 
temperature and almost disappears at 280 °G. O n the 
other hand, the mje 96 ion decreases at 150—250 °C and 
becomes constant at 250—280 °C. T h e abundance of 
the m\e 42 ion increases with the rise in the temperature 
and is constricted to a constant value. The behavior 

N 20h 

t/°C 

Fig. 5. Temperature dependence of fragment ion abun­
dances of isopropoxypyrazine (4c): (a) M f , m/e 138; 
(b) M - C 3 H 6 , 9 6 ; (c) C3H6*,42; (d) G3H5+, 41; (e) 
M - ( C 3 H 6 + C O ) , 68. 
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C3H6-lt 

m/e 42 

H * 

M* m/e 138 

" C 3 H 6 

(8- ) H m/e 96 

-CÔ^ 

m/e 68 

Q 
H. 

y 
( 8 ' ) m/e 96 

' C O 

Scheme 1. 

ru 
1 

H 

If ( 8> 

^ T "OH 

m/e 40 

-•H 

C3H6 

C3H61t 

m/e 42 

-•H 

C 3 H 5 n + 

m/e 41 

of t h e ions s h o w n in F ig . 5 is e x p l a i n e d b y m e a n s of 
S c h e m e 1. I n a n e l e c t r o n - i m p a c t r e a c t i o n , t h e a b u n ­
d a n c e s of t h e c o m p e t i n g ion p r o d u c t s g e n e r a l l y reflect 
t he i r r e l a t ive i o n i z a t i o n p o t e n t i a l s (Ip). As t h e Ip of 
h y d r o x y p y r a z i n e is sma l l e r t h a n t h a t of p r o p y l e n e , t h e 
fo rma t ion of t h e i o n (8") ( c h a r g e r e t e n t i o n ) is m o r e 
favored t h a n t h a t of p r o p y l e n e ( C H 3 C H = C H 2

+ / 
G 4 H 3 N 2 O H t - 0 . 0 2 3 a t 150 °C).12> M o r e o v e r , h y d r o x y ­
p y r a z i n e is i n d e p e n d e n t of t h e t e m p e r a t u r e (F ig . 3 ) . 
F r o m these facts, i t is obv ious : (i) t h a t i s o p r o x y p y r a z i n e 
4 c is t h e r m a l l y d e c o m p o s e d to g ive h y d r o x y p y r a z i n e 
8 a n d p r o p y l e n e , a n d (ii) t h a t c u r v e (b) i n F i g . 5 is 
c o m p o s e d of b o t h 8 ' a n d 8" a t 2 0 0 — 2 5 0 °G. T h a t is, 
t h e l o w - t e m p e r a t u r e r e g i o n is d u e to 8" a n d t h e h i g h -
t e m p e r a t u r e r eg ion , to 8 ' . I n a k ine t i c s t u d y of t h e 
pyrolysis of a l k o x y p y r a z i n e s , i t w a s f o u n d t h a t e t h o x y -
p y r a z i n e 4 b was d e c o m p o s e d in t h e s a m e w a y as 4c . 1 3 a ) 
A l t h o u g h a s imi la r r e a c t i o n of 2 , 5 - d i e t h o x y p y r a z i n e , 2 , 
w h i c h h a d t w o r e a c t i o n sites, w a s n o t obse rved a t these 
t e m p e r a t u r e s , i t w a s e x p e c t e d to o c c u r a t m o r e e l eva t ed 
t e m p e r a t u r e s . 

A r e a c t i o n a n a l o g o u s to t h a t of 4 c w a s also obse rved 
i n t h e pyrolysis of i s o p r o p y l t h i o p y r a z i n e , 5 b ; i t is 
i l lus t r a t ed in F ig . 6 a n d S c h e m e 2 . C o m p a r e d w i t h 4 c , 
this c o m p o u n d s h o w e d m o r e d r a s t i c c h a n g e s i n t h e 
a b u n d a n c e s of t h e i o n p r o d u c t s , espec ia l ly i n a mass 
r eg ion h i g h e r t h a n t h a t of t h e m o l e c u l a r i o n . A t 200 
— 2 5 0 °C , a n e w m/e 190 p e a k , t h e a b u n d a n c e of w h i c h 
was inc reased b y t h e e l eva t ion of t h e t e m p e r a t u r e , 
a p p e a r e d . I t c o r r e s p o n d s to t h e i on i zed d i p y r a z i n y l 

sulfide, 1 1 , p r o d u c e d b y t h e t h e r m a l d i s p r o p o r t i o n a t i o n 
r e a c t i o n of m e r c a p t o p y r a z i n e , 10. T h i s d i s p r o p o r t i o n a ­
t i on r e a c t i o n w a s r e p o r t e d b y G h e e s e m a n i n t h e pyrolys is 
of m e r c a p t o p y r a z i n e a t 220 °C.14> C u r v e (b) i n F ig . 6 
suggests t h a t , i n t h e s a m p l e reservoi r , m o s t of t h e 
m o l e c u l e of m e r c a p t o p y r a z i n e , 10, is d i s p r o p o r t i o n a t e d 
so easi ly t h a t t h e r e is n o m o l e c u l e to g ive t h e ion r a d i c a l 
(9) u p o n e l ec t ron i m p a c t . E t h y l t h i o p y r a z i n e , 5 a , m a y 
also b e e x p e c t e d to d e c o m p o s e s imi la r ly a t t e m p e r a t u r e s 
h i g h e r t h a n 280 ° C . 

Pyrolyses of Alkylamino- and Dialkylaminopyrazines (6b— 
d). As h a s p rev ious ly b e e n m e n t i o n e d , a m i n o -

H 

*/°C 

Fig. 6. Tempera tu re dependence of fragment ion abun­
dances of isopropylthiopyrazine (5b ) : (a) M*, m je 154; 
(b) M - C 3 H 6 , 112; (c) C 3 H 6 t , 4 2 ; (d) C3H5+, 4 1 ; (e) 
M - ( C 3 H 6 + C O ) , 6 8 ; (f) dipyrazinyl sulfide (11), 190; 
(g) ( 1 1 ) _ C 3 H 4 N , 136. 

cc*-
M+ m/e 154 

- C 3 H 6 

' N ^ n t 

H 

m/e 68 

-CS 

ce 
KsK 
(5b) 

Q 
H 

(9) m/e 112 

QJO 
( I D 

H 

It (10) 

OL 

(11 f i t 

m/e 190 

C3H6 

C 3 H 6 l f 

m/e l\Z 

3 h , m/e 136 

Scheme 2. 
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pyrazine, 6a, is thermally stable. Its alkyl derivatives 
(6b—d), however, show interesting behavior. Mono-
alkylation on the amino group destabilizes the molecule 
more strikingly than dialkylation (see Figs. 3 and 7). 
This destabilization may be caused by dehydrogenation 
from the imino and/or alkyl group. The molecular ion 
abundance of isopropylaminopyrazine (6d) is more 
strongly suppressed at 280 °G than the others. Details 
of the thermal dehydrogenation from the 6b and 6d 
molecules are shown in Figs. 8 and 9 respectively. The 
isopropylamino derivative 6d behaved much like 6b. 
Reactions of 6b, 6c, and 6d analogous to that of 4c were 
observed at temperatures higher than 280 °C.13b) 

N 

35 

30 

25 

20 

i 

HB HS _ 

i 

I I 

~~7b) "TT 

i I 

-

Y^\ 1 

(cA J 
150 200 250 

t/°C 

Fig. 7. Temperature dependence of M f of (a) ethyl-
aminopyrazine (6b), (b) diethylaminopyrazine (6c), 
and (c) isopropylaminopyrazine (6d) at 16 eV. 

W 

Fig. 8. Temperature dependence of fragment ion abun­
dances of ethylaminopyrazine (6b): (a) M1", mje 123; 
(b) M - l , 122; (c) M - 2 , 121; (d) M - 3 , 120; (e) 
M - 4 , 119; (f) M - C H 3 , 108; (g) M - C 3 H 6 , 95. 

H 

t/°C 

Fig. 9. Temperature dependence of fragment ion abun­
dances of diethylaminopyrazine (6c): (a) M+ , mje 151; 
(b) M - l , 150; (c) M - 2 , 149; (d) M - 3 , 148; (e) 
M - C H 3 , 136; (f) M - C 2 H 5 , 122; (g) M - C 2 H 4 , 121. 

Thermal Stability of Compounds 1—6. Generally, 
changes in the thermal stability of a series of compounds 
have been determined by a comparison of half-lives,15) 
the amount of evoluted volatile products,16) the tempera­
tures of the beginning of the evolution of volatile 
products,17) and the thermogravimetric curves.18) From 
the discussion above, the changes in the ion abundances 
have proved to be attr ibutable to thermal decomposition 
reactions. If it is correlated to the reaction temperature, 
the thermal stability of the compound can be clarified. 
However, a complete treatment of this subject involves 
a detailed study of the kinetics of the thermal decomposi­
tion reactions, followed by electron-impact reactions, and 
is very complicated. Therefore, a qualitative treatment 
was employed in this work. A conversion, a, at a certain 
temperature is obtained from the following Eq. 3 : 

K - Mm (3) 

where M(T) is a molecular ion abundance of the 
pyrazine derivative at T K (see Figs. 1, 3, 4, and 7). 
When T0 was 423.15 K, a plot of In a vs. l/T gave a 
straight line with a negative slope, s. The s values are 
summarized in Table 3. The most unstable compound, 
4c, showed a small s value (—14.7 kK) , and l c , more 
stable than 4c, a large one ( —1.4kK) (Fig. 10). 
Tha t is to say, the more unstable a compound is, the 
smaller the s value is, and vice versa. Accordingly, it 
can be adopted as one of the measures of the thermal 
stability for the compound. From the data in Table 3, 
the following order of the thermal stability of the 
pyrazines 1—6 is given : 

2, 4a, 6a, 4 b > l c > l e > l b > 6 c , 

5 a > 3 > 6 b > l d > l a > 6 d , 5 b > 4 c (4) 

As the molecular ion peaks of 2, 4a, 4b, and 6a were 
not affected by the temperature, they were classified 
into the group of the most stable compound. However, 

kK/T 

Fig. 10. A plot of In a w. l/T: (a) chloropyrazine (3), 
(b) isopropyrazine (4c), (c) ethylthiopyrazine (5a), (d) 
isopropylthiopyrazine (5b), (e) ethylaminopyrazine 
(6b), (f) diethylaminopyrazine (6c), (g) isopropyl­
aminopyrazine (6d). The plot of In a i»f. \\T for 
(la) —(le) was omitted in the Figure. 



October, 1977] Pyrolyses and Thermal Stabilities of Pyrazines 

TABLE 3. THERMAL STABILITY OF THE PYRAZINES (1)—(6) 

2739 

Compds l a lb lc Id le 3 4a 4b 4c 5a 5b 6a 6b 6c 6d 

*/kKa> - 9 . 8 - 3 . 9 - 1 . 4 - 8 . 0 - - 5 . 7 - - - - 1 4 . 7 - 5 . 1 - 1 1 . 2 - - 6 . 8 - 5 . 0 - 1 1 . 0 

a) s: the slope obtained from l n a w . \jT. 

y 
M* m/e 192.1613 

(error -1.2 mrau) 

-•CH 
3 -•CH 3 

m* 148.3 

m/e 177.1395 

(error O.k mrau) (error 1.9 mmu) 

- • C H 3 
117.2 ^ N * ^ m 

m/e 150.1166 
(error 1.0 mmu) 

Scheme 3. 

121.5 

m/e 135.0937 

(error 1.5 mmu) 

4b was decomposed in the same way as 4c. O n the 
other hand, an at tempt to compare the thermal stability 
of the pyrazines on the basis of the temperature depen­
dence on the Ir

+(t) values in Table 1 was also successful. 
Although neither \nlr+(t) nor ln(7 r+(0 —1) yielded a 
linear relationship with 1 / T, the order of the thermal 
stability was obtained by a comparison of AI(t), which 
was calculated by means of the following Eq. 5. 

M(t) = 7 / ( 0 - 1 (5) 

The AI (250) values in Table 1 gave the following 
order : 

2, 4a, 6a, 4 b > l c , 3, la, lb, 5a, 

le, 6c, 6 d > 6 b > l d > 5 b > 4 c (6) 

This is in agreement with the order of (4) except for the 
cases of l a and 6d. T h e s value appears to be more 
suitable for a comparison of the thermal stability of the 
1—6 pyrazines than AI(t). No theoretical interpretation 
of the linear relationship between In a and 1/7* can be 
offered at the present time. 

Mass-spectral Reaction. In the mass-spectral frag­
mentation of 6c, the McLafferty rearrangement was 
scarcely observed; this is in contrast with the other 
cases (except for l a , l e , 3, 4a, and 6a).19> This appears 
to result from a steric effect of the diethylamino group. 
2,5-Di-^-butylpyrazine, l e , produces the rearranged ion 
(C9H1 4N2 ; m/e 150.116; error, 1.0 mmu) , which is 
responsible for the base peak in low-energy spectra at 
various temperatures. At 70 eV, l e loses a methyl 
radical from one of the t-butyl groups to give a base 
peak.20) The fragmentation pat tern is shown in Scheme 
3. 

Exper imenta l 

All the melting points and boiling points are uncorrected. 
The melting points were measured with a Meiho micro-melting 
point apparatus or with a sealed capillary in silicon oil. The 
ultraviolet spectra were recorded on a Hitachi EPS-3T spec­
trophotometer. The infrared spectra were recorded on a 

Hitachi EPI-G2 type spectrometer. The NMR spectra were 
recorded with either a JNM 4H-100 or a Varian A-60 
spectrometer for solutions in deuteriochloroform, carbon tetra-
chrolide, or deuterium oxide. The chemical shifts are reported 
in ^(internal tetramethylsilane). The unpublished UV and 
NMR data are summarized in Table 3. The analitycal GLC 
determinations were carried out with a Shimadzu GC-4APF 
apparatus using a 2 m by 4 mm glass column of 10% Silicon 
GE SE-30 liquid phase on Shimalite W support (60—80 
mesh). Elemental analyses were performed at the Institute 
of Physical and Chemical Research. 

Mass Spectra and Pyrolyses of the Compounds. Both normal 
and high-resolution mass spectra were recorded with a Hitachi 
RMU-7M double-focusing mass spectrometer at 70 eV. The 
pyrolyses of the compounds were performed in the indirect 
inlet system of this instrument. Both a liquid and a solid 
sample were vaporized at 100 °C under a highly reduced 
pressure and were transferred into a sample reservior heated 
previously, in which the gaseous sample was then heated at 
150, 200, 250, and 280 °C at 10~4—IO-5 mmHg for a con­
stant period (3—5 min). An equilibrium mixture of the 
pyrolysate was introduced into an ionizing chamber through a 
transfer line heated at the same temperature as the reservior. 
All of the inlet system was made of Pyrex glass, and a gold 
orifice (Q,o=0.3 ml/s, molecular leak) was used as the gas 
leak. The operating conditions in this experiment were fixed 
as follows: ionizing voltage, 16 eV; chamber temperature, 
170 or 200 °C; target current, 10 or 13 \iA; total emission 
current, 10, 12, or 13 y.A. 

Materials. 2,5-Dimethylpyrazine (la),21) 2,5-di-^-
butylpyrazine (ld),22> 2,5-di-*-butylpyrazine (le),20) 2,5-
diethoxypyrazine (2),23) and chloropyrazine (3)24) were pre­
pared by known methods. 

Hydroxypyrazine (4a) : The direct synthetic method devised 
by Karmas and Spoerri was employed.24) Both the effect of 
the reaction temperature and of the addition velocity of alkali 
on the yield were examined.25) In consequence, it was found 
that the following procedure gave the highest yield (the tech­
nique was substantially that of Karmas and Spoerri).24) A 
solution of glycine amide hydrochloride (22.2 g, 0.2 mol) and 
water (40 ml) in methanol (400 ml) was stirred at — 30— 
- 4 0 °C while a 40% glyoxal solution (34.8 g, 0.24 mol) was 
added rapidly. The mixture was then cooled at —50 60 
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°C, and 12.5 M sodium hydroxide (0.50 mol) was added, drop 
by drop, over a period of 55—60 min. After an addit ional 
stirring for 1 h at this temperature , the mixture was stirred 
at room temperature for 4 h. Then it was treated by the 
same way as before.24) T h e lower the temperature , the higher 
the yield, unless the reaction mixture was solidified. I t was 
solidified at a temperature lower than —60 °C. O n the other 
hand , the max imum yield was obtained when alkali was added 
over a period of 55—60 min. Recrystallzation from ethanol 
using activated carbon was employed instead of purification 
with silver acetate. T h e purity of the product , determined by 
means of its U V spectrum, was 9 6 % (corrected yield, 6 1 % ; 
m p 180 °C ; lit,24) 5 1 % , 188—190 °C). This was used without 
further purification to prepare chloropyrazine 3. 

2,5-Dibutylpyrazines (lb, c) : T h e method of Newbold and 
Spring was applied.22) T h e yields and physical properties are 
shown in Table 2. 

Alkoxypyrazines (4b, c) : T h e following general procedure 
was used.26) Chloropyrazine 3 (4 g, 0.035 mol) was added, 
drop by drop, into a stirred alcoholic solution of sodium 
alkoxide R O N a ( R = C 2 H 5 , i-G3H7) (from 1.6 g of sodium and 
32 ml of the corresponding absolute alcohol), after which the 
mixture was heated under reflux for 1 h. After cooling, the 
mixture was poured into a saturated aq sodium chloride solu­
tion (200 ml) and then completely extracted with ether. T h e 
dried (Na 2 S0 4 ) and evaporated extract was then distilled 
under reduced pressure (see Table 2) . 

Alkylthiopyrazines (5a, b) : T h e following general procedure 
was used. A solution of 0.045 mol of alkyl thiol R S H 
( R = C 2 H 5 , *-C3H7) and sodium hydroxide (1.9 g, 0.045 mol) 
in absolute ethanol (20 ml) was heated to boiling and then 
cooled. Chloropyrazine 3 (5.1 g, 0.045 mol) was subsequently 
added cautiously with stirring. T h e mixture was then refluxed 
for an addit ional 30 min. After cooling, the mixture was 
poured into a satulated aq sodium chloride solution (150 ml) 
and then extracted completely with ether. T h e dried (Na2-
S 0 4 ) and evaporated extract was distilled under reduced 
pressure (see Table 2) . 

Aminopyrazine (6a) : This was prepared by Erickson and 
Spoerri 's method.26) T h e crude product was purified by 
sublimation under reduced pressure (75—80 °C at 1.5 m m H g ) . 
Yield, 8 1 % ; m p 119 °C (lit,26) 8 0 % , 118—120 °C). 

Ethylaminopyrazine (6b) and Isopropylaminopyrazine (6d) : 
These substances were prepared by an application of Cheese-
m a n ' s method.14) Chloropyrazine 3 (2 g, 0.017 mol) , 70% 
aq ethylamine (or isopropylamine) (0.096 mol), and ethanol 
(10 ml) were used (see Table 2) . 

Diethylaminopyrazine (6c) : Diethylamine (7 g, 0.096 mol) 
and chloropyrazine 3 (2 g, 0.017 mol) in ethanol (15 ml) 
were heated in a sealed tube a t 150 °C for 7 h. T h e cooled 
reaction mixture was then poured into 10 ml of ca. 8 M N a O H , 
extracted with chloroform, and washed with water. The dried 
(Na 2 S0 4 ) and evaporated extract was then distilled under 
reduced pressure (see Tab le 2) . 
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RhCl(PPli3)3-catalyzed Coupling of Diorganomercurials 
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College of Liberal Arts and Science, Okayama University, Tsushima, Okayama 700 
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RhCl(PPh3)3 has been proved to be an effective catalyst for the reaction of various diorganomercurials to 
give such coupling products as conjugated diyne, conjugated diene, biaryl, and alkane in good yields under mild 
conditions. A probable mechanism including the oxidative addition of organomercurials to a rhodium complex 
and the subsequent reaction of two oxidative-addition adducts to yield the product was presented. 

Organomercurials are attractive substrates for organic 
syntheses,1) since pure substances, including configura-
tionally pure ones,2) are easily obtainable. In our 
previous study of the palladium(0) -catalyzed reaction of 
organomercurials with acyl halides, the coupling product 
of organomercurial ( R - R ) was obtained in a rather 
large quantity, accompanied by the desired ketone:3) 

Pd(PPh3). 
R2Hg + R'COBr > RCOR' + R-R 

(minor product) 

As for the decomposition of organomercurials, it is 
well known that it occurs only at elevated temperatures 
(generally above 300 °C). In the presence of some 
transition-metal compounds (Pt, Pd, Ag) the required 
temperature for the decomposition was lowered, but the 
conditions were still very drastic.4) We examined the 
reaction in detail for the purpose of obtaining the 
coupling product under mild conditions and found that 
tris (triphenylphosphine) chlororhodium (RhCl ( PPh3) 3) 
is particularly effective for the reaction. While we have 
been continuing our study, several papers concerning 
the palladium-assisted coupling of organomercurials 
have appeared.5) Here in this paper we will report the 
rhodium-catalyzed coupling of organomercurials, which 
is a more convenient system for the reaction.6) 

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

Reaction Conditions. T h e decomposition of diphenyl-
mercury was examined with various catalysts and 
solvents; the results are compared in Table 1. The 
control experiment showed that a catalyst was essential 
for the reaction under the conditions examined. T h e 
decomposition of Pd(PPh 3 ) 4 occurred, and the reaction 
was incomplete (Run 1). RuGl 2 (PPh 3 ) 3 showed little 
activity (Run 4). Contrary to palladium or ruthenium 
complex, RhCl(PPh 3 ) 3 was very effective as a catalyst 
and biphenyl was obtained quantitatively (Run 5 and 
Table 2). This implies that two phenyls in diphenyl-
mercury are available for the reaction. Mercury metal 
was also separated quantitatively. Thus, the stoichio-
metry of rhodium-catalyzed coupling can be represented 
by the following equation : 

RhCl(PPh,)3 
(G6H6)aHg > (C6H6)2 + Hg 

TABLE 1. CATALYTIC COUPLING OF Ph2Hga> 

* Institute for Chemical Research, Kyoto University, 
Uji, Kyoto 611. 

** Chemical Laboratory of Textile Fibers, Kyoto 
University of Industrial Arts and Textile Fibers, Kyoto 606. 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
IIe) 
12d> 

13e) 

Catalyst 

Pd(PPh3)4 

Pd(PPh3)4 

Pd(PPh3)4 

RuCl2(PPh3)4 

RhCl(PPh3)3 

RhCl(PPh3)3 

RhCl(PPh3)3 

RhCl(PPh3)3 

RhCl(PPh3)3 

RhCl(PPh3)3 

RhCl(PPh3)3 

RhCl(PPh3)3 

RhCl(PPh3)3 

Solvent 

HMPA 
CH3CN 
THF 
HMPA 
HMPA 
CH3CN 
DMF 
DMSO 
toluene 
THF 
HMPA 
HMPA 
HMPA 

Time 
h 
4 
8 
8 
4 
4 
4 

15 
4 
4 
4 
4 
4 
1 

Biphenyl") 
% 
13 
31 
16 
1 

100 
96 
36 
20 
13 
4 

49 
10 
8 

a) Catalyst; 0.0065 mmol, Ph2Hg; 0.25 mmol, solvent; 2 
ml, temp. ; 80 °C, under N2. b) GLC analysis using an 
internal standard, c) PPh3; 0.065 mmol, d) Under air. 
e) Galvinoxyl ; 0.04 mmol. 

Amoung the solvents examined, H M P A and acetonitrile 
gave better results. T h e reaction was pronouncedly 
retarded with galvinoxyl or oxygen. Inhibition by excess 
triphenylphosphine was also observed. 

Syntheses of Conjugated Diynes, Conjugated Dienes, Biaryls, 
and Alkanes. Rhodium-catalyzed coupling was 
applied to the syntheses of various hydrocarbons. The 
results are listed in Table 2. In all cases, pure products 
were isolated with simple treatments. Thus, this cataly­
tic reaction may be valuable for the syntheses of sym­
metrical conjugated diyne, symmetrical conjugated 
diene, and biaryl. T h e case of dibutylmercury was 
exceptional; the coupling product, octane, was never 
detected, as is shown in R u n 25, although dibutylmer­
cury undoubtedly reacted with the rhodium catalyst, 
even a t room temperature. T h e red color of the catalyst 

T A B L E 2. RhCl(PPh3)3-CATALYZED SYNTHESIS OF 

DIYNE, DIENE, BIARYL, AND ALKANE 

Run R2Hg Temp Time R2Hg/Rh R-R 
R °C h mol ratio % 

21 
22 
23 
24 
25 
26 

PhC=C 
(£)-PhCH sCH 
/>-CH3-C6H4 

^-C1-C6H4 

Bu 
PhCH2 

50 
70 
80 
80 

130 
130 

1 
1 
4 
4 
4 
8 

200 
50 
30 
30 
30 
30 

95 
99a> 
86 
91 
0b) 

4 4 b ) 

a) {E,E). b) GLC analysis using an internal standard. 
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immediately changed into black when dibutylmercury 
was added. Presumably some side reaction, e.g. ß-
elimination of hydrorhodium in the organorhodium 
intermediate, would occur preferentially. Dibenzyl-
mercury afforded 1,2-diphenylethane only on being 
heated to an elevated temperature. 

Reaction Mechanism. T h e initial stage of the 
reaction is probably an oxidative addition of organomer-
curials to the rhodium catalyst: 

R2Hg + RhCl(PPh3)2 • (R)(RHg)RhCl(PPh3)2 (1) 
1 

There are examples of the oxidative addition of organo-
mercurials to such transition-metal complexes as Pd, 
Rh, Ir, and Pt.7) The present result of the supression 
of the catalytic reaction by the addition of triphenyl-
phosphine supports the idea.8) 

T h e coupling products are expected to be produced 
by the reaction of the oxidative-addition adduct(s) . 
There is evidence that the reaction is not such a simple 
unimolecular demercuration as is shown in Eq. 2, which 
was suggested by Birch et al. for the reaction of Ref. 
5a:9> 

R2Hg + Rh R-Rh-HgR 
1 

- H g 

R-Rh-R • R-R + Rh (2) 

A competitive reaction of an equimolar mixture of 
diphenylmercury and bis (p-to\y\) mercury afforded bi-
phenyl, 4-methylbiphenyl, and 4,4'-dimethylbiphenyl 
(Table 3). The statistical ratio in diaryls indicates that 
the catalytic reaction does not follow Eq. 2 ; if it did, 
the molar ratio of P h - P h : P h - T o l : To l -Tol should be 
1: 0: 1. Here, it should be noticed that the redistribu­
tion between diphenylmercury and bis (p-tolyl) mercury 
does not take place rapidly.10) 

TABLE 3. COMPETITIVE REACTION OF Ph2Hg AND 

(/>-Tol)2Hg*> 
Ph2Hg+ (/>-Tol)2Hg > P h - P h 

Rh 

Conversionb> 
/o 

8 
30 
90 

+ P h - Tol-p +/>-Tol - To\-p 

P h - P h 

1.3 
1.3 
1.1 

Relative mol ratio 

Ph-Tol-p />-Tol-Tol-/> 

2.0 0.9 
2.0 0.8 
2.0 1.0 

a) Ph2Hg; 0.1 mmol, (/>-Tol)8Hg: 0.1 mmol, RhCl-
(PPh3)3; 0.0065 mmol, HMPA; 2 ml, 80 °C, under 
N2. b) Converison based on Ph2Hg consumed. 

At the present time, we propose the next reaction as 
the most plausible mechanism for the reductive elimina­
tion ; in this reaction two molecules of 1 yield a coupling 
product : 

2(R)(RHg)RhCl(PPh3)2 • 
1 

R-R + 2RhCl(PPh3)2 + R2Hg + Hg (3) 

Similar "complex" bimolecular reactions yielding 
organic coupling products are frequently found in 
organo-transition metal chemistry.12) 

Exper imenta l 

Materials. Commercial diphenylmercury and 
galvinoxyl were used without further purification. The 
RhCI(PPh3)3,

13> RuC!9(PPh3)3,
M> Pd(PPh3)4,

15> and bis(2-
phenylethynyl) mercury16) were prepared by previously 
reported methods. The other organomercurial was prepared 
from a Grignard reagent and HgCl2 according to a procedure 
in the literature17) and was distilled or recrystallized from 
ethanol or benzene. The solvents were dried over a molecular 
sieve (3A). 

Procedure. Preparation of Biphenyl: In a typical run 
(Run 5), a solution of diphenylmercury (89 mg, 0.25 mmol), 
RhCl(PPh3)3 (6mg, 0.0065 mmol), and HMPA (2 ml) was 
stirred at 80 °C for 4 h under nitrogen. After the mercury 
metal had then been separated by décantation, aqueous 
sodium chloride (5 ml, 12.5%) was added to the resulting 
solution, and the organic materials, extracted with 4 ml of 
ether, were washed with 5 ml of 12.5% aqueous sodium 
chloride. Then the ether layer was treated with an ether 
solution of iodine to decompose the unreacted diphenyl­
mercury. Subsequent analysis by GLC (Hitachi Perkin-
Elmer F6D, 35% silicon DC 200 on Celite 545, 1 m, 170 °C, 
0.5 kg cm - 2 of N2) revealed 38.6 mg (0.25 mmol) of biphenyl 
and a trace amount of iodobenzene. The separated mercury 
metal, after it had been washed several times with acetone 
and air-dried, weighed 48.2 mg (0.24 mmol). 

Preparation of l>4-Diphenyl-l,3-butadiyne: A mixture of 
bis(2-phenylethynyl)mercury (503.5 mg, 1.25 mmol), RhCl 
(PPh3)3 (6 mg, 0.0065 mmol), and HMPA (3 ml) was stirred 
at 50 °G for 1 h under nitrogen. Aqueous sodium chloride 
(10 ml; 12.5%) was then added to the mixture, and the 
organic materials were extracted with 10 ml of ether. The 
aqueous layer was extracted two times with 5-ml portions 
of ether. After the ether extract had been washed with two 
5-ml portions of 12.5% aqueous sodium chloride, the ether 
was removed under reduced pressure. The purification of 
the residual solid by column chromatography on silica gel 
(2 g), using hexane as the eluant, gave 239 mg of 1,4-diphenyl-
1,3-butadiyne (94.5%). Mp 86—86.5 °C (lit,18) 87—88 °C) 
Found: C 95.13; H, 4.90%. Calcd for C1RH10: C, 95.01; 
H, 4.99%. 

Preparation of fE,E,)- l,4-Diphenyl-l,3-butadiene: A mixture 
of bis((£')-2-phenylethenyl)mercury (101.7 mg, 0.25 mmol), 
RhCl(PPh3)3 (4.6 mg, 0.005 mmol), and HMPA (1 ml) was 
stirred at 70 °C for 1 h under nitrogen. Treatment similar 
to that described above gave 50.4 mg of (2s,.E)-l,4-diphenyl-
butadiene (99%). Mp 153.5—154 °C (lit,19) 153—153.5 °C) 
Found: C, 93.16; H, 6.86%. Calcd for G l e H u : C, 93.15; 
H, 6.85%. 

Preparation of 4.J4'-Dimethylbiphenyl: A mixture of bis(/>-
tolyl)mercury (574.8 mg, 1.50 mmol), RhCl (PPh3)3 (46.3 mg, 
0.050 mmol), and HMPA (5 ml) was stirred at 80 °C for 
4 h under nitrogen. Treatment similar to that above gave 
234 mg of 4,4'-dimethylbiphenyl (86%). Mp 121.5 °C 
(lit,20) 122 °C). Found: C, 91.97; H 7.86%. Calcd for 
C14H14: C ; 92.24; H, 7.76%. 

Preparation of 4,4'-Dichlorobiphenyl: A mixture of bis(/>-
chlorophenyl)mercury (635.4 mg, 1.50 mmol), RhCl(PPh3)3 

(46.0mg, 0.050 mmol), and HMPA (5 ml) was stirred at 
80 °C for 5 h under nitrogen. Treatment similar to that 
above gave 304 mg of 4,4'-dichlorobiphenyl (91%). Mp 
147—147.5 °C (lit,21) 147—148 °C). Found: C, 64.55; H, 
3.63%. Calcd for C12H,SC12: C, 64.60; H, 3.62%. 
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Imidazopteridines. I. Synthesis of Imidazo[l,2-c]pteridine 
and Its Alkyl Derivatives 
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The synthesis of imidazo[l,2-c]pteridine and its alkyl derivatives is described. The reaction of 4-amino-
pteridine with chloroacetaldehyde gave the ring-opened 2-formamido-3-(2-imidazolyl)pyrazine and the isomeric 
2-amino-3-(l-formyl-2-imidazolyl)pyrazine but no imidazopteridine. 4-Amino-2-methylpteridine and chloro­
acetaldehyde similarly gave 2-acetamino-3-(2-imidazolyl)pyrazine in high yield. Hydrolysis of these compounds 
gave 2-amino-3-(2-imidazolyl)pyrazine, which was used as the key intermediate for the synthesis of the title com­
pounds. Thus it reacted with triethyl orthoformate and homologues to give respectively the parent imidazo­
le l,2-c]pteridine and its 6-methyl and 6-ethyl homologues. Their 2,3-dimethyl derivatives were prepared likewise 
from 2-amino-3-(2-imidazolyl)-5,6-dimethylpyrazine, which in turn was prepared from 4-amino-6,7-dimethyl- or 
4-amino-2,6,7-trimethylpteridine. 

Interest in tricyclic imidazoazines with a bridgehead 
nitrogen atom has been enhanced by the isolation and 
structural elucidation of the fluorescent imidazo[l ,2-a]-
purines from baker's yeast Phef-RNA1> and T. utilis 
Fhe/-RNA.2> Also, imidazo[2, l-^purines3-8) and analo­
gous systems9'10^ have been studied extensively; several 
phosphate derivatives of ribofuranosyl imidazo[2,l-*']-
purine have been found to be active in several enzymatic 
systems.4'5) 

In continuing our research programs on tricyclic 
imidazoazines,2»10 '11) we became interested in the chemis­
try and possible biological activities of hitherto unknown 
imidazopteridines, since several hydrogenated deriva­
tives of imidazo[l,2-c]quinazoline, the 1,4-deaza analo­
gues of imidazo[l,2-c]pteridine, have interesting phar­
macological activities on the central nervous system.12'13) 
In this paper we describe the synthesis of the parent 
imidazo[l,2-c]pteridine (6a) and some of its alkyl 
derivatives (6b—f) . 

We first at tempted to prepare the unsubstituted 
imidazo[l,2-c]pteridine (6a) by condensation of 4-
aminopteridine ( l a ) with chloroacetaldehyde. The 
condensation in water gave several fluorescent com­
pounds, but not the desired imidazopteridine (6a). From 
the mixture, three compounds (A, B, and C) were 
isolated; the remaining were too little to be isolated 
Compound A with the molecular formula C 8 H 7 N s O 
exhibited weak sky blue fluorescence. Acid hydrolysis 
of A in hot dilute hydrochloric acid afforded the intense­
ly blue fluorescent 2-amino-3-(2-imidazolyl)pyrazine 
(5a). The 1 H N M R spectrum of 5a in trifluoroacetic 
acid showed a singlet at à 7.41 for both protons of the 
imidazole ring and a pair of doublets at ô 7.87 and 8.12 
C / = 3 Hz) for the protons of the pyrazine ring. The 
results suggest that compound A is a formyl derivative 
of 5a, either 2-formamido-3-(2-imidazolyl) pyrazine (2a) 
or 2-amino-3-(l-formyl-2-imidazolyl) pyrazine (3). We 
assigned the structure 2a to this compound, since its 
1 H N M R spectrum showed a sharp singlet at à 7.70 for 
the imidazole ring protons indicating that the two 
protons are chemically equivalent, a pair of doublets 
at ô 8.77 and 8.84 ( 7 = 3 Hz) for the pyrazine ring 
protons, and a singlet at ô 9.12 for the formyl group. 
The second product (B) was found to be the isomer of 
A from elemental analysis and gave 5a on hydrolysis 

in dilute hydrochloric acid. The 1H N M R spectrum of 
B showed two pairs of AB doublets at ô 7.27 and 7.42 
( 7 = 2 Hz) representing the imidazole ring protons and 
at ô 8.22 and 8.33 ( 7 = 3 Hz) representing the pyrazine 
ring protons, and a singlet at ô 9.54 for the formyl group. 
This indicates that the protons of the imidazole ring 
are no longer equivalent, and hence, compound B was 
assigned as 2-amino-3-(l-formyl-2-imidazolyl)pyrazine 
(3). 

The third compound (C) was yellow, showing Amax 

at a wavelength longer than 2 a : the neutral molecule 
absorbed at 371 nm and the cation at 380 nm (see 
Table 1). T h e mass spectrum of C exhibited the 
molecular ion(M) peak at mle 221 and M + 2 peak 
with an intensity about one third of the M peak, sug­
gesting that C contains a chlorine atom. From these 
data and the fact that C yielded 5a on heating in 1 M 
sodium hydroxide at 70 °C, we determined the com­
pound C to be 2-(2-chloroethylideneamino)-3-(2-imi-
dazolyl) pyrazine (4), a Schiff base formed by the 
condensation of 5a with chloroacetaldehyde. This 
conclusion was supported by the XH N M R spectrum, in 
which the 2-chloroethylidene group appears as a set 
of a doublet at ô 4.00 ( 7 = 2 Hz) and a triplet at ô 6.70 
(J =2 Hz) , the imidazole ring protons as a sharp 
singlet at ô 7.55, and the pyrazine ring protons as a 
pair of doublets at ô 7.91 and 8.03 ( 7 = 3 Hz). 

The relative yield of the three compounds depends a 
great deal on the acidity of the reaction solution. In 
general, when the reaction was carried out in a neutral 
solution at p H 6—7, 2a was formed as the main product; 
in contrast, 4 became predominant in an acidic solution 
at p H 3—4. In either case, 3 was formed only in a 
small amount . 

4-Amino-6,7-dimethylpteridine ( lc) reacted similarly 
with chloroacetaldehyde, yielding 2-formamido-3-(2-
imidazolyl)-5,6-dimethylpyrazine (2c) in a low yield. 

I t is obvious that these imidazolylpyrazines (2a, 3, 
and 2c) were produced by a ring-opening reaction of 
the initially formed 6a or 6d from 4-aminopteridine ( la ) 
or the 6,7-dimethyl homologue ( le) with chloroacetal­
dehyde, respectively. This reaction took place most 
probably via a nucleophilic addition of water to the 
6,5-double bond of 6a or 6d. We therefore expected 
that introduction of a blocking methyl group14) at the 
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site of the nucleophilic addition would impede ring-
opening, and accordingly investigated the reaction of 
of 4-amino-2-methylpteridine ( lb ) with chloroacetal-

dehyde in order to obtain 6-methylimidazo[l,2-c]-
pteridine (6b). However, although the reaction was 
carried out under various conditions, no imidazopter-

TABLE 1. THE pKa VALUES AND UV SPECTRA OF 2-AMINO-3-(2-IMIDAZOLYL)PYRAZINES 

AND IMIDAZO[l,2-t]PTERIDINES 

* m a X ( l o g e ) b > 

264(4.04), 311(3.94) 
226(4.04), 283(4.10), 339(4.05) 
215(3.79), 265(3.80), 303(4.14) 
225(3.85), 283(3.97), 335(3.90) 
266(4.06), 315(4.02) 
225(4.03), 284(4.16), 341(4.12) 
214(4.04) ,268(4.01), 311(4.06) 
223(4.01), 283(4.16), 333(4.10) 
265(4.03), 312(3.92) 
226(4.05), 283(4.11), 338(4.06) 
256(3.93), 270(3.84), 380(4.03) 
216(4.17), 268(3.74), 371(4.12) 
212(4.00), 254(3.88), 361(4.03) 
213(3.91), 259(3.95), 353(3.99) 
212(3.92), 254{3.91), 270(3.90), 359(4.11) 
213(4.03), 269(4.03), 377(4.16) 
215(4.01), 264(3.99), 356(4.06) 
213(4.01), 270(4.02), 363(4.16) 
218(4.25), 261(3.96), 304(3.66), 345(3.90) 
215(4.27), 266(3.65), 318(3.96) 
220(4.31), 262(3.92), 304(3.58), 343(3.94) 
214(4.32), 265(3.71), 321(4.00) 
219(4.32), 262(3.93), 303(3. 61), 344(3.94) 

2a 

2b 

2c 

2d 

3 

4 

5a 

5b 

6ac> 
6b 

6c 

6d 

6e 

6f 

P*a 

3.13±0.01 

3.84±0.02 

3.94±0.01 

4.57±0.01 

3.10±0.01 

4.06±0.02 

0.10±0.05 
3.82±0.02 

0.53±0.03 
4.33±0.02 

2.21±0.01 

2.49±0.01 

2 .98±0.04 

2.84±0.01 

3.02±0.01 

pH and ionic 
speciesa> 
1.0 ( + ) 
5.5 ( 0 ) 
1.5 ( + ) 
6.0 ( 0 ) 
2.0 ( + ) 
6.0 ( 0 ) 
2.0 (+ ) 
7 . 5 ( 0 ) 

1.0 ( + ) 
5.5 ( 0 ) 
2.0 ( + ) 
6 . 0 ( 0 ) 

- 2 . 5 ( + + ) 
2.0 (+ ) 
6.0 ( 0 ) 

- 2 . 5 ( + + ) 
2.5 ( + ) 
6.5 ( 0 ) 
MeOH 
0.0 ( + ) 
4.5 ( 0 ) 
0.5 (+ ) 
4.5 ( 0 ) 
0.5 ( + ) 
5.0 ( 0 ) 
0.5 ( + ) 
5.0 ( 0 ) 
1.0 ( + ) 

214(4.20), 277(3.88), 
225(4.37), 264(3.88), 
220(4.48), 272(3.72), 

5.0 (0 

317(4.00) 
304(3.72), 343(3.96) 
281(3. 70), 326(4.11), 341(4. 09) 

225(4.43), 262(3.86), 301(3. 69), 344(4.05) 
220(4.45), 271(3.71), 280(3. 70), 326(4.10), 340(4. 00) 
224(4.42), 261(3.85), 300(3. 68), 344(4.04) 

a) Negative figures are H0 values; ionic species are shown by 0 (neutral molecule), + (monocation), and + + 
(dication). b) Wavelength in nm and inflexions or shoulders in italics. c) Accurate pKK value could not 
be obtained. The observed pK& value was 2.65±0.13 and the UV spectra at pH 1.0 ( + ) : 220(4.48), 272 
(3.72), 281(3. 70), 317(4.00); at pH 5.0 (0) : 225(4.43), 262(3.86), 301(3. 69), 344(4.05) were recorded. 

TABLE 2. THE 1H NMR SPECTRA OF 2-AMINO-3-(2-IMIDAZOLYL)PYRAZINES AND IMIDAZO[1,2-C]PTERIDINES 

Compound Solvent «5a> 

7.70(s, 2), 8 .77 (d ,y=3 , 1), 8 .84(d ,7=3 , 1), 9.12(s, 1) 
2.39(s, 3), 7.50(s,2), 8 .62 (d ,7=3 , 1), 8 .76 (d ,7=3 , 1) 
2.74(s, 3), 2.96(s, 3), 7.53(s, 2) 8 .07 (d ,7=3 , 1), 8 .37 (d ,7=3 , 1), 9.58(s, 1) 
2.39(s, 3), 2.72(s, 3), 2.77(s, 3), 7.51(s,2) 
7.27(d, 7 = 2 , 1), 7.42(d, 7 = 2 , 1), 8.22(d, 7 = 3 , 1), 8.33(d, 7 = 3 , 1), 9.54(s, 1) 
4 . 0 0 ( d , J = 2 , 2), 6 .70( t ,7=2 , 1), 7.55(s, 2), 7 .91 (d ,7=3 , 1), 8 .03 (d ,7=3 , 1) 
7.41(s, 2), 7.87(d, 7 = 3 , 1), 8.12(d, 7 = 3 , 1) 
2.53(s, 3), 2.64(s, 3), 7.44(s, 2) 
7 .79(d ,7=2 , 1), 8 .24(d ,7=2 , 1), 8.97(s, 2), 9.54(s, 1) 
2.95(s, 3), 7 .81(d ,7=2 , 1), 8.25(d,7=2, 1), 8.94(s, 2) 
1.46(t, 7 = 7 , 3), 3.30(q, 7 = 7 , 2), 7.82(d, 7 = 2 , 1), 8.31(d, 7 = 2 , 1), 8.94(s, 2) 
2.69(s, 3), 2.72(s, 3), 7.71(d, 7 = 2 , 1), 8.17(d, 7 = 2 , 1), 9.45(s, 1) 
2.68(s, 3),2.52(s, 3), 2.91 (s, 3), 7.75(d, 7 = 2 , 1), 8.17(d, 7 = 2 , 1) 
1.43(t ,7=7, 3), 3 .25(q ,7=7 , 2), 2.68(s, 3), 2.72(s, 3), 7 .74(d ,7=2, 1), 8.21 
( d , 7 = 2 , 1) 

a) Relative to TMS; coupling constants(7) in Hz. Suffixes: s, singlet; d, doublet; t, triplet; q, quartet. 
b) Measured on a Varian HA-100 NMR spectrometer. 

2a 
2b 
2c 
2d 
3b> 
4 
5a 
5b 
6ab> 
6bb> 
6cb> 
6db> 
6eb> 
6fb> 

TFA-d 
TFA-d 
TFA-d 
TFA-d 
Acetone-rfg 
TFA-d 
TFA-d 
TFA-d 
DMSO-d6 

DMSO-4, 
DMSO-rf6 

DMSO-d6 

DMSO-rf6 

DMSO-d6 
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idine was obtained. Instead, only the ring-opened 
2-acetamido-3-(2-imidazolyl)pyrazine (2b) was obtained 
in a high yield from l b and chloroacetaldehyde. The 
location of the acetyl group on the amino group, as in 
2a, was confirmed by the 1 H N M R spectrum which 
exhibits a sharp singlet at ô 7.50 for both protons of the 
imidazole ring (see Table 2). 

4-Amino-2,6,7-trimethylpteridine ( Id) and chloro­
acetaldehyde similarly gave 2-acetamido-3-(2-imidazol-
yl)-5,6-dimethylpyrazine (2d). Both 2b and 2d were 
converted in high yield into their 2-amino analogues 
(5a and 5b) , respectively, by boiling in dilute hydro­
chloric acid. 

We then used the aminoimidazolylpyrazines (5a and 
5b) for the synthesis of imidazo[l,2-£]pteridine (6a) and 
its alkyl homologues and found that they are excellent 
precursors. Heat ing 5a in a mixture of triethyl ortho-
formate and toluene under reflux gave the parent 
compound (6a) in a high yield. The compound was 
unstable in an aqueous solution, undergoing the ring-
opening reaction. The change could be easily monitored 
by T L C on a Merck silica gel G plate developed by 
ethyl acetate. 

Synthesis of 6-methylimidazo[l,2-£]pteridine (6b) 
from 5a and triethyl orthoacetate required more severe 
conditions: 5a was boiled in the ortho ester in the 
presence of trifluoroacetic acid as a catalyst. In the 
absence of the catalyst, 5a was converted only to a small 
extent into 6 b after prolonged refluxing. Triethyl 
orthopropionate and 5a similarly gave 6-ethylimidazo-
[l,2-c]pteridine (6c). Likewise, their 2,3-dimethyl 
derivatives (6d3 6e, and 6f) were synthesized by the 
reaction of 5b with an appropriate ortho ester. The 
structures of these imidazo[l,2-c]pteridines (6a—f) were 
confirmed by elemental analyses, pKa values (Table 1), 
U V spectra (Table 1), and ! H N M R spectra (Table 2). 
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Exper imenta l 

The elemental analyses were carried out at the Analytical 
Section, Faculty of Agriculture, Nagoya University, and at 
the Analytical Section, Meijo University, Nagoya. The pK& 

values were determined by a spectroscopic method and the 
UV spectra on a JASCO UVIDEC-1 spectrophotometer. 
The 1H NMR spectra were determined on a JEOL JNM-
MH-60 or Varian HA-100 NMR spectrometer with TMS 
as an internal standard. 

2-Formamido-3-(2-imidazolyl)pyrazine (2a) and 2-Amino-3-
( l-formyl-2-imidazolyl)pyrazine(3). A solution of 4-amino-
pteridine15) (0.50 g) and chloroacetaldehyde (50% aqueous 
solution, 5 g) in water (150 ml) was kept at 60 °C for 5 h; 
during this time the solution was maintained at pH 6—7 
with sodium acetate. After being chilled in a refrigerator 
overnight, the solid (0.25 g) was collected by filtration. 
The solid was extracted with hot ethyl acetate to remove 
a little insoluble material and then chromatographed on 
five Merck silica gel 60 PLC plates (20 X 20 cm) using 
ethyl acetate as a solvent to give 2a (150 mg) and 3(15 mg). 
The main product (2a) melted at 214—215 °G (from ethyl 
acetate) (Found: C, 50.95; H, 3.57; N, 37.03%. Calcd for 
C 8 H ; N 5 0: C, 50.77; H, 3.74; N, 37.03%). The isomer (3) 
melted at 228—228.5 °C (from ethyl acetate) (Found: C, 
50.62; H, 3.56; N, 36.99%). 

2- (2-Chloroethylideneamino) -3- (2-imidazolyl)pytazine (4). 
A solution of 4-aminopteridine (0.50 g) andchloroacetaldehyde 
(50%, 2g) in water (150 ml) was kept at 60 °C for 24 h 
without the addition of alkali for neutralization; the pH of 
the solution reached ca. 3 at the end of the reaction. After 
neutralization with sodium acetate, the solution was con­
centrated to ca. 30 ml under reduced pressure and chilled 
to give a solid. Crystallization of the solid from methanol 
(about 50 ml) gave crude 2a. The mother liquor was 
concentrated to ca. 10 ml and chilled to give yellow needles 
(0.18 g) of 4, mp 173—173.5 °C (from ethyl acetate) (Found : 
C, 48.78; H, 3.71; N, 31.48%. Calcd for C9H8C1N5: C, 
48.76; H, 3.64; N, 31.61%). 

2-Formamido-3-(2-imidazolyl)-5,6-dimethylpyrazine (2c). 
A solution 4-amino-6,7-dimethylpteridine16> (0.40 g) and 
chloroacetaldehyde (50%, 20 g) in water (300 ml) was 
maintained at 60 °C for 10 h. The pH of the solution was 
adjusted at 6—7 with sodium acetate and then the solution 
was concentrated to ca. 50 ml under reduced pressure. A 
small amount of solid was removed by filtration and the 
filtrate was chilled in a refrigerator overnight to give a solid. 
The solid was purified by preparative layer chromatography 
(PLC) as above to give almost colorless needles (80 mg) 
of 2c, mp 218.5—220 °C (from ethyl acetate) (Found : C, 
55.29; H, 4.98; N, 32.22%. Calcd for C ^ H ^ O : C, 
55.29; H, 5.10; N, 32.24%). 

2-Acetamido-3-(2-imidazolyl)pyrazine (2b). A solution 
of 4-amino-2-methylpteridine17> ( 1.0 g) and chloroacetal­
dehyde (50%, 10 g) in water (200 ml) was heated at 60 °C 
for 5 h. The solution was neutralized with sodium acetate, 
concentrated to ca. 60 ml under reduced pressure, and chilled 
to give colorless needles (0.75 g) of 2b, mp 227—228 °C 
(from methanol)(Found: C, 53.57; H, 4.48; N, 34.39%. 
Calcd for C9H9N50: C, 53.19; H, 4.47; N, 34.47%). 

2-Acetamido-3- (2-imidazolyl) -5,6-dimethylpyrazine (2d). 
Replacement of 4-amino-2-methylpteridine by 4-amino-2,6,7-
trimethylpteridine18> (1.0 g) in the foregoing reaction gave 
colorless needles (0.76 g) of 2d, mp218—219°C (from 
methanol)(Found: C, 57.33; H, 5.64; N, 30.08%. Calcd for 
C u H 1 3 N 5 0: C, 57.12; H, 5.68; N, 30.29%). 
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2-Amino-3-(2-imidazolyl)pyrazine (5a). A solution of 
2b (200 mg) in 0.1 M hydrochloric acid (20 ml) was heated 
under reflux for 4 h. T h e solution was made alkaline with 
ammonia and chilled to give slightly yellow leaflets (160 mg) 
of 5a. The analytical sample was prepared by sublimation 
at 140 °C/2 m m H g , m p 203—203.5 °G(Found: C, 52.25; H , 
4 .41; N, 43.64%. Calcd for C 7 H 7 N 5 : C, 52.16; H , 4.39; 
N, 43.46%). 

T h e same compound was obtained in a similar way from 
2a in 9 2 % yield and from 3. Heat ing of 4 in 1 M sodium 
hydroxide at 70 °C for 20 h and subsequent extraction with 
ether afforded 5a in 8 0 % yield. 

2-Amino-3-(2-imidazolyl)-5,6-dimethylpyrazwe (5b). A 
solution of 2d (200 mg) in 1 M hydrochloric acid (40 ml) 
was heated at 80 °C for 4 h. T h e solution was evaporated 
to dryness under reduced pressure at ca. 40 °C. T h e residue, 
dissolved in water (10 ml) and made alkaline with ammonia , 
gave slightly yellow leaflets (130 mg) of 5 b ; m p 226—226.5 °C 
(sublimed at 140 °C/2 m m H g ) ( F o u n d : C, 57.23; H , 6 .01; 
N, 37.04%. Calcd for C f l H u N 5 : C, 57.11; H , 5.87; N , 
37.01%). 

The same compound was obtained in 9 3 % yield by boiling 
2C (90 mg) in 0.1 M hydrochloric acid (5 ml) under reflux 
for 4 h, followed by neutralization with ammonia and chilling 
in a refrigerator. 

Imidazo[l,2-c\pteridine (6a). 2-Amino-3-(2-imidazolyl)-
pyrazine (80 mg) was dissolved in triethyl orthoformate (60 ml) 
by gentle heating. After addition of toluene (30 ml) , the 
solution was heated under reflux for 24 h. T h e solution was 
evaporated to dryness under reduced pressure and the residue 
triturated with a small amount of ethyl acetate and filtered. 
Sublimation of the solid at 180 °C/2 m m H g gave a colorless 
solid (60 mg), analytically pure 6a, m p 303—304 °C (dec) 
(Found: C, 56.25; H, 2.90; N, 40 .93%. Calcd for C S H 5 N 5 : 
C, 56.13; H . 2.95; N , 40 .92%). 

6-Methylimidazo[l,2-c]pteridine (6b). T o a solution 
of 5a (65 mg) in triethyl orthoacetate (20 ml) was added 
trifluoroacetic acid (30 \i\). T h e solution was heated under 
reflux for 2.5 h. After cooling, the solution was diluted with 
acetone (60 ml) , treated with Dowex 1X2 anion exchange 
resin(OH form) for neutralization, and then evaporated to 
dryness under reduced pressure. T h e residue was tr i turated 
with cold ethanol (2 ml) and filtered to give colorless needles 
(45 mg) of 6b , m p 278—279 °C (dec) (sublimed at 180 °C/2 
mmHg) (Found : C, 58.42; H, 3.87; N, 37.72%. Calcd 
for C 9 H 7 N 5 : C, 58.36; H, 3.82; N, 37 .82%). 

6-Ethylimidazo[l,2-c]pteridine (6c). Aminoimidazolyl-
pyrazine(5a)(160 mg) , trifluoroacetic acid (160 fjd), and 
triethyl orthopropionate (30 ml) were heated under reflux 
for 7 h. After dilution with acetone (100 ml) and neutra­
lization with Dowex 1X2 resin as above, the solution was 
evaporated to dryness under reduced pressure. T h e residue 
was crystallized from ethyl acetate to give colorless prisms 
(155 mg) of 6c, m p 184—184.5 °C (sublimed at 155 °C/2 
mmHg)(Found : C, 60.58; H, 4.52; N, 35 .16%. Calcd for 
C 1 0H 9N 5 : C, 60.28; H, 4.52; N, 35 .16%). 

2,3-Dimethylimidazo[l,2-c]pteridine (6d). A solution 
of 5 b (100 mg) in triethyl orthoformate (10 ml) and toluene 
(30 ml) was heated under reflux for 9 h. Evaporat ion to 
dryness under reduced pressure and subsequent crystallization 
from toluene gave colorless needles (99 mg) of 6d, m p 304— 
305 °C (dec)(sublimed at 200 °C/2 m m H g ) ( F o u n d : C, 59.90; 
H, 4.56; N, 35 .38%. Calcd for C1 0H9N6 : C, 60.28; H , 4.52 ; 
N, 35.16%). 

2,3,6-Trimethylimidazo[l,2-c]pteridine (6e). A solution 
of 5 b (65 mg) in a mixture of triethyl orthoacetate (30 ml) 
and trifluoroacetic acid (50 fxl) was heated under reflux for 

6 h. Dilution with acetone (50 ml) , neutralization with 
Dowex 1X2 resin, and evaporation to dryness under reduced 
pressure gave a solid. T h e solid was crystallized from 
ethanol to give colorless needles (47 mg) of 6e, m p 308— 
309 °C (dec)(sublimed at 195 °C/2 m m H g ) ( F o u n d : C, 62.01; 
H 5.28; N, 3 2 . 6 1 % . Calcd for C n H n N 5 : C, 61.94; H , 
5.21; N, 32 .84%). 

6-Ethyl-2,3-dimethylimidazo[J,2-c]pteridine (6f). A solu­
tion of 5 b (320 mg) and trifluoroacetic acid (300 jA) in triethyl 
orthopropionate (30 ml) was heated under reflux for 5 h. 
T h e solution was chilled to give slightly brown prisms (283 mg) 
which were collected by filtration and washed with ether. 
T h e prisms were then dissolved in cold ethanol and treated 
with Dowex 1X2 anion exchange resin ( O H form) till the 
solution became neutral . After removal of the resin by 
filtration, the filtrate was evaporated to dryness under 
reduced pressure and the residue was tr i turated with a little 
ether. T h e solid was collected by filtration and sublimed 
at 160 °C/2 m m H g to give colorless needles (250 mg) of 
6f, m p 235—235.5 °C(Found: C, 63.50; H , 5.84; N, 30.96%. 
Calcd for C 1 2H 1 3N 5 : C, 63 .41; H , 5.78; N, 30.82%). 

W e t h a n k Mis s N . I t o h for m e a s u r i n g t h e piC a va lues 
a n d U V s p e c t r a , D r . D . U e m u r a for m e a s u r i n g t h e 
100 M H z * H N M R s p e c t r a , a n d Prof. T . S a k a k i for 
his i n t e re s t i n th is w o r k . W e a r e also gra te fu l to D r . D . 
J . B r o w n , A u s t r a l i a n N a t i o n a l U n i v e r s i t y , for h is 
d isucss ion. 
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Preparation and the Properties of n- Ally lie Palladium (II) 
Complexes of Amino Acid 
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Hakozaki, Higashi-ku, Fukuoka 812 

(Received March 29, 1977) 

The preparation of rc-allylic and related organopalladium(II) complexes with amino acid anions as bidentate 
ligands is described. The complexes were characterized by means of 1H NMR. 

In a previous communication1) we reported a variable-
temperature 1 H N M R spectral survey of 7r-allylic 
palladium complexes of a-amino acid without giving 
details of the preparation of the complexes. Some 
complexes were later found to show an interesting 
catalytic activity in oligomerizing butadiene preferen­
tially to tetramers.2> We report herewith on the prepara­
tion and characterization of the metal complexes 
concerned. 

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

T h e principle in preparing the complexes was to 

displace the di-/*-chloro bridge of dimeric organopalla-
dium complexes by bidentate and chelating amino acid 
anions. The latter was used as silver salts. After publica­
tion of our communication, Benedetti et alß reported 
the preparation of similar amino acid complexes, in 
which potassium salts of amino acids were utilized. The 
alkali metal salts can not always be prepared. However, 
the corresponding silver salts are readily available. Thus 
the use of the latter salts is preferable for the present 
study. The rc-alrylic palladium complexes prepared are 
given in Table 1 along with the 1 H N M R chemical 
shifts of allylic protons. The aryl- or alkylpalladium(II) 
amino acid complexes of similar type could also be 

T A B L E 1. ^ - A L L Y L I C PROTON CHEMICAL SHIFTS OF PALLADIUM COMPLEXES 

(<5, ppm from TMS, 60 MHz, 35 °C)« 

f 
Ç - H 

R'-ç(—PdX 

C—H tant» 

H(syn) 
Complex 

Î 
2 

3 
4 
5 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

R1 

H 
H 

H 
H 
H 

H 
H 

CH3 

GH3 

CH3 

GH3 

GH3 

GH3 

GH3 

GH3 

H 
H 
H 

R2 

H 
H 

H 
H 
H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

CH3
d> 

G6H5 

COaC2H5 

xb> 
Gly" 
Ala 

Val 
Phe 
Pro 

Bz-Ala 
Gbz-Gly 
Gly 
Ala 
Phe 
Pro 
His 

Bzl-Ala 
6-MP 
BTA 

Ala 
Ala 
Ala 

Solvente 

L\Ö 
M 

D 2 0 
M 

DaO 
M 
C 

D 2 0 
C 
G 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
C 

syn-H 

47ÎÔ 
3.93 
3.70 
3.93 
3.95 
3.92 
3.91 
4.05 
3.90 
3.8—4.0 
3.70 
3.70 
3.56 
3.65 
3.6—3.9 
3.95, 3.82 
4.15 
3.90 
3.5—4.1 
3.92 
4.0—4.3 

anti-H 

3.02 
2.86 
2.99 
2.84 
2.73 
2.96, 
2.89, 
3.05, 
2.86 
2.85 
2.71 
2.70 
2.41 
2.77, 
2.7—: 
2.56, 
3.17 
2.95 
2.62 
4.56, 
3.21, 

2.82 
2.67 
2.95 

2.63 
3.1 
2.1—2.3 

2.97 
3.53 

R ^ C H s ) 

5~743 
5.46 
5.41 
5.44 
5.48 
5.52 
5.40 
5.61 
5.30 
5.40 
2.10 
2.10 
1.99 
2.12 
2.12 
1.85 
2.20 
2.04 
5.31 
5.94 
6.05 

a) When signals were broad or no definite assignment could be made, the region where the signals appeared 
is indicated. Coupling constants between the central and terminal protons were 6.5—7.5 Hz and 
11—12.5 Hz for syn and anti positions, respectively. Geminal couplings of the terminal protons were ^ 1 Hz. 
b) Amino acids are of natural (L-) configuration. Bz-Ala, iV-benzoylalaninate ; Cbz-Gly, iV-benzyl-
oxycarbonylglycinate; Bzl-Ala, iV-benzylalaninate; 6-MP, 6-methylpicolinate; BTA, (benzylthio) acetate. 
c) M, CD3OD; G, CDC13. d) The methyl group is in anti position. 
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Ha 

A B 

Fig. 1. Schematic view of |>-(2-methylallyl)]Pd(II) 
complex of a-amino acid. 

prepared, including those derived from iV,i^-dimethyl-
benzylamine-,4) JV-benzylideneaniline-5> or methoxy-
dicyclopentadiene6)-palladium(II) chloride (see Experi­
mental) . 

Figure 1 shows a schematic picture of ^-(2-methylall-
yl) palladium complex of amino acid as viewed down 
Cartesian y axis. Because of the "ligand a tom effect" 
and "chirality effect,"1) the four front octants in which 
allylic protons Hs and H a are placed should differ 
from each other in their magnetic environment. If the 
relative configuration of the allylic ligand and the amino 
acid ligand is fixed as in pictures A and B, then four anti 
proton signals as well as the same number of syn proton 
signals should be observed. T h e low temperature XH 
N M R at 90 M H z was studied for rc-(2-methylallyl)-
palladium glycinate (8), alaninate (9) and prolinate (11) 
complexes at temperatures between 0 and —90 °C. No 
further change in spectral pat tern was observed by 
lowering the temperature below —40 °C in line with 
the previous study at 60 M H z . However, the signals 
were sharpened, and additional small splittings (1—3 
Hz) were disclosed. A schematic representation of the 
experimentally observed spectra is given in Fig. 2 for 
selected signals. Splittings of syn or anti proton signal(s) 
into four signals or less for 9 and 11 are in line with the 
expectation that the relative configuration of the two 
ligands on the metal is fixed at low temperature, and 
all or a t least three out of the four front octants differ 
from each other in their magnetic environment. Exami­
nation of intensities of the signals reveals that the relative 
population of configuration A and B are equal. This is 
reasonable since no direct steric or dipolar interaction 
can be expected between the coordinated allylic ligand 
and the amino acid ligand. Glycinate complex 8 gave 
the splitting of syn and anti proton signals (which are 
singlets at room temperature) into doublets, but the 
absence of chirality in the glycine molecule allowed no 
further splitting. T h e freezing of the chelate ring 
conformation of the glycine ligand might have occurred 
at low temperature (—90 °C), but the effect was not 
sufficient to bring about measurable splittings of the 
signals. 

The dynamic process as revealed by the temperature-
dependent 2 H N M R signals was most satisfactorily 
rationalized either by yr-allyl rotation1* or base assisted 
N,0- l igand atom exchange of amino acid ligand. 1>7> No 

8 . 35* 

Î^-CH3 

- 6 0 ° 

9 , 35 

AU-CH 3 

- 5 0 * 

2Hz 

I 
-3Hj ~1Hz 

11 . 35 

- 5 0 

<F ( ppm from TMS ) 
Fig. 2. A schematic representation of selected proton 

signals observed for jr-allylic complexes. Low tem­
perature spectra ( — 50, — 60 °C) were obtained at 90 
MHz, and those at 35 °C were at 60 MHz. 

effect of the complex concentration7) on the spectral 
shape was observed, indicating that the process is 
unimolecular with respect to the complex. Preference 
of the 7r-allyl rotation as a plausible mechanism is 
suggested. However, the possibility that the solvent 
molecule (methanol-^) acts effectively as base and that 
the process is the N,0- l igand atom exchange can not be 
excluded. As to the 1 H N M R behavior of other :rc-allyl-
or n-(2-methylallyl)palladium complexes (Table 1), 
most of them seem to be grouped into one of the three 
typical types (Fig. 2). Complex 13 shows a complicated 
temperature-dependent behavior, rejecting simplified 
spectral interpretation. 

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

General. The XH NMR spectra were obtained with 
a Varian A-60 spectrometer at 60 MHz and a Hitachi R-22 
spectrometer at 90 MHz. Natural (L-) amino acids and 
their derivatives were used. jr-Allylic palladium(II) chloride 
complexes were prepared according to the reported procedures8) 
and used as obtained or after purification by column chro­
matography. 

Silver Salts of Amino Acid. The general procedure 
for the preparation of the salts is as follows. Silver nitrate 
(1 mmol) dissolved in water or aqueous methanol was added 
under stirring to an equimolar mixture (1 mmol each) of 
lithium hydroxide monohydrate and an amino acid in a 
similar solvent. Silver salt precipitated as withe powder. 
The solvent was chosen considering the solubility of the 
starting material and the product. For silver salt easily 
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hydrolyzable in water (typically, those of proline, JV-phenyl-
glycine and t ryptophan) , 80—90% methanol was used. For 
the stable salts {e.g., those of glycine and /^-phenylalanine), 
water was used. In each case the use of min imum amount 
of the solvent was preferred. Yields were 6 0 % to quanti ta t ive. 

n-Allylic Palladium(II) Complexes of Amino Acid. T h e 
complexes were prepared according to the following general 
procedure. jr-Allylic pa l lad ium(I I ) chloride (1 mmol) was 
stirred with the suspension of excess silver salt of amino 
acid (3 mmol) in methanol or chloroform (20—40 ml) in the 
dark until the yellow coloration due to the starting complex 
disappeared (5—20 min) . Filtration and concentration of the 
reaction mixture followed by gradua l addition of ether 
produced the amino acid complex as pale yellowish crys­
talline powder. Yields were 6 0 % to quant i ta t ive. T h e 
product was in most cases analytically pure , but in some 
cases reprecipitation was needed for further purification after 
t rea tment with decolorizing charcoal. T h e stable complexes 
could be purified by recrystallization. Numerous complexes 
other than those given in Table 1 were also prepared according 
to the procedure outlined above. T h e complexes of Phe 
were the most stable, while those containing Pro were air-
sensitive, the manipula t ion of the solution being preferably 
carried out under dry nitrogen. T h e proline complexes 
could not be stored more than a week. T h e elemental 
analyses of the complexes were statisfactory except for a few 
cases. No analyses were made for 12 and 17. T h e I R and 
N M R spectra are in line with the composition and structure 
of the complexes. Details for the selected complexes are 
given in the following. 4. Tr-Allylpalladium(II) chloride8) 
was reacted with silver salt of Phe in methanol . T h e complex 
was recrystallized from water or water containing a small 
amount of ethanol, yield 73—95%, dec 160—175 °G, vc=0 

1600 cm- 1 . N M R for Phe (<5, p p m from T M S ; D 2 0 ) : 
2.2—2.6 (t, 7 = 5 . 0 Hz , > C H - ) , 3.31 (d, j = 5 . 0 H z , - C H 2 - ) , 
7.75 (s, - C 6 H 5 ) . F o u n d : G, 46.24; H , 4.76; N , 4 .52%. 
Calcd for G 1 2 H 1 5 N 0 2 P d : G, 46.25; H , 4 .85; N , 4 .49%. 9. 
7i-(2-Methylallyl)palladium(II chloride8) was reacted with 
silver alaninate in chloroform, yield 80—87%, dec 138— 
150 °G, M W (vapour pressure osmometer) 236 (Galcd: 249.6), 
f c = o1603 cm- 1 . N M R for Ala (GD 3 OD) : 3.54 (q, J = 7 . 0 Hz, 
>GH-) , 1.41 (d, 7 = 7 . 0 Hz, - C H 3 ) . Found : G, 33.04; 
H , 5 .21; N, 5.54%. Galcd for G 7 H 1 3 N 0 2 P d : G, 33.69; 
H , 5.25; N, 5 . 6 1 % . 11. 7r-(2-Methylallyl)palladium(II) 
chloride8) was reacted with silver prolinate in chloroform, 
yield 60—90%, dec 110—138 °G, M W 294 (Galcd: 275.6), 
iV-o1608 cm- 1 . N M R for Pro ( G D 3 O D ) : 1.7—2.2(m, G -
C H 3 C H 2 - C ) , 3.1—3.4 (m, N - C H a - C ) , 3.7—3.9 (m, > G H - ) . 
Found : G, 39.00; H , 5.41 ; N, 5 .01%. Galcd for GMH1 5NOa-
P d : G, 39.22; H , 5.49; N , 5 .08%. 15. T h e silver salt of 
BTA was obtained as white precipitate from aqueous reaction 
mixture. T h e reaction with jr-(2-methylallyl)palladium(II) 
chloride8) was carried out in chloroform, yield 7 6 % , dec 

110—125 °G, r c = 0 1634 cm- 1 . LNMR for BTA (GDG13): 
3.47 (s, benzyl-GH 2 - ) , 4.08 (s, - G O G H 2 S - ) , 7.38 (s, - C 6 H 5 ) . 
Found : G, 45.69; H , 4 .70%. Calcd for C 1 3 H 1 6 0 2 PdS : C, 
45.56; H , 4 . 7 1 % . Tr-(l-Ethoxycarbonylallyl) palladium (I I) 
glycinate. 7r-(l-Ethoxycarbonylallyl)paIladium(II) chlo­
ride8) was reacted with silver glycinate in methanol, yield 
80—97%, dec 150—160 °G, *>c=o1600, 1620 cm- 1 . Found: 
G, 32.73; H , 4 .33; N , 4 .95%. Calcd for C 8 H 1 3 NO a Pd: 
G, 32.73; H , 4 .33; N, 4 .77%. T h e complex is stable at room 
temperature . Other complexes. o-(Dimethylaminomethyl)-
phenylpal ladium(H) alaninate. T h e organopalladium chlo­
ride4) was reacted with silver alaninate in chloroform in the 
usual way, white crystalline powder, yield 9 7 % , v c = 0 

1625 cm- 1 . N M R ( C D 3 O D ) : 6.8—7.0 (m, A r - H ) , 3.88 
(s, benzyl GH 2 ) , 3.57 (q, / = 7 . 0 Hz, - C H - ) , 2.79 (s, N - C H 3 ) , 
1.49 (d, 7 = 7 . 0 Hz , C-GH 3 ) . Found : C, 42.82; H , 5.58; 
N, 8.47%. Calcd for C 1 3 H 1 8 N 2 0 2 Pd : C, 42.85; H, 5.52; 
N, 8.52%. 3a,4,7,7a-Tetrahydro-£X0-6-methoxy-£ttJ0-4,7-meth 
anoindene - endo - 5a, 2n - pal ladium (II) a laninate . The 

organopal ladium(II) chloride6) was reacted with silver 
alaninate in methanol . Manipula t ion under nitrogen produc­
ed white powder, yield 8 8 % , y c = 01632, vc_0 1090 cm- 1 . 
N M R for Ala (GD 3OD) : 3.3—3.6 (q, > C H - ) , 1.58 (d, 
. 7=7 .5 Hz, - G H 3 ) . T h e signals for the 7r-enyl moiety were 
similar to those of the chloride complex.6) 

T h e a u t h o r s ' a c k n o w l e d g e m e n t s a r e d u e t o Prof. Y . 
T s u n o a n d D r . M . M i s h i m a , F a c u l t y of Sc ience , K y u s h u 
U n i v e r s i t y , for t h e m e a s u r e m e n t of low t e m p e r a t u r e 1 H 
N M R s p e c t r a . 
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Reactions of Thiocarboxylic Acids with Oximes and Nitrones. 
A New Synthesis of Thiones 
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The reactions of ketone derivatives containing carbon-nitrogen double bond such as oximes (3), iV-alkyloximes 
(nitrones, 11), oxime 0-alkyl ethers, phenylhydrazones and semicarbazones with thiocarboxylic acids were studied 
for the purpose of preparing thioketones. Both 3 and 11 reacted with thiocarboxylic acids to give thioketones 
in good yields. The reaction did not proceed in the cases of other ketone derivatives, the starting materials being 
recovered. The reaction of benzophenone oxime with thiobenzoic acid gave thiobenzophenone, dibenzoyl disulfide 
and ammonium benzoate, while that of benzophenone-iV-methylnitrone with thioacetic acid gave thiobenzophenone 
and iV-acetyl-iV-methylhydroxylamine. The mechanisms of these reactions are presented. 

Various procedures for the preparation of thiones 
including the thionation of ketones by hydrogen sulfide 
or phosphorus pentasulfide have been worked out.1-2) 
Conversion of ketodichlorides3) or ketimines4) (Scheme 
1) into thiones by the action of thiocarboxylic acids 
have been used for preparing diaryl or heterocyclic 
thiones. We were interested in these simple synthetic 
methods using thiocarboxylic acids and have examined 
the reaction of more readily available derivatives of 
ketones such as oximes, nitrones, hydrazones, and 
semicarbazones with thiobenzoic (1) or thioacetic acid 
(2). 

Ph2C=NPh + RCOSH • 

PhzC-NHPh 
k ^ • Ph2C=S + RCONHPh (1) 
S-C-R 

0 

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

When benzophenone oxime (3a) was mixed with an 
equimolar amount of 1 in benzene at room temperature, 
thiobenzophenone (4a) was obtained in low yield after 
being left to stand for 3 days. However, ammonium 
benzoate (5) and dibenzoyl disulfide (6) were formed 
as by-products instead of benzohydroxamic acid (7) 
which was expected to be formed according to the 
following scheme. Since 7 does not react with 1, 3a 

Ph2C=NOH + PhCOSH • 

3a 1 

PhaC-rNHOH 
l*> > Ph2C=S + PhCONHOH (2) 
sV-Ph 4 -

il 4a 7 
0 

8 

PhzC-^rKMH 
3a + 1 — + | ; — 

s—c=o 
I 
Ph 

8 
Ph2C=S + H2NOCPh (3) 

ii 
4a O 

9 

or 4a to form 5 or 6 under the same reaction conditions, 
another pathway involving intramolecular nucleophilic 
attack of oxygen to carbonyl carbon followed by proton 
transfer in the intermediate (8) to form 4a and 
O-benzoylhydroxylamine (9) has been considered. O-
Acylhydroxylamines react readily with various nucleo-
philes at nitrogen atom to form carboxylate ion.5 '6) 

RG02NH2 + :Nu > R C 0 2 " + NH2Nu (4) 

I t seems probable that a portion of 1 in the reaction 
mixture would react as nucleophile with 9 to afford 5 
and 6 as follows. If these steps take par t in the reaction 

9 + 1 • PhC0 2H + (PhCOSNH2) 

(PhCOSNH2) + 1 • 6 + NH3 

PhC0 2H + NH3 • PhC02NH4 (5) 
5 

and proceed relatively rapid, overall reaction would be 
as follows. Support for this proposal is supplied by the 

Ph2G=NOH + 3PhCOSH • 

3a 1 

Ph2C=S + PhC02NH4 + PhCOSSCOPh (6) 

4a 5 6 

fact that 9 prepared from jb-nitrophenyl benzoate and 
hydroxylamine reacts with 2 mol of 1 at room tem­
perature to give 5 and 6 and that the yield of 4a increases 
to ca. 8 0 % by using over 3 mol of 1 (Table 1). The 
other ketoximes reacted similarly to give the correspond­
ing thiones in relatively good yields. The results are 
given in Table 2. 

TABLE 1. RELATION OF MOLAR RATIO (THIOBENZOIC ACID 

(1)/OXIMES) AND YIELD OF THIOBENZOPEHNONE (4a) 

Molar ratio 

Yield of 4a (%) 

1 

30 

2 

50 

3 

78 

T h e reactions of ketoximes with thioacetic acid (2) 
proceeded rapidly to give thioketones and acetamide 
along with a small amount of diacetyl disulfide. No 
ammonium acetate was obtained. 

No reaction took place with 1 and benzophenone 
oxime O-methyl ether (10), which structurally cannot 
cause proton transfer in the intermediate. 

Nitrones were found to react with thiocarboxylic 
acids much more readily than oximes. When benzo-



2752 Kazuhiko KIMURA, Hiroaki N I W A , and Shinichi M O T O K I [Vol. 50, No. 10 

T A B L E 2. PREPARATION OF THIONES BY THE REACTION OF OXIMES WITH THIOBENZOIC ACID AND THIOACETIC ACID 

RJ—G—R2 
ii 
S 

4a 

4b 

4c 

4d 

4e 

4f 

4g 

4h 

R i 

G6H6 

GH3 

/>-CH3OC6H4 

/>-CH3OC6H4 

/>-CH3C6H4 

2-Thienyl 

P-CIC.H, 

/»-GlGeH, 

R2 

G8H5 

C6H5 

/>-CH3OC6H4 

C6H5 

G6H5 

/>-ClC6H4 

/>-ClC6H4 

G6H5 

Molar ratio 
(RCOSH/oxime) 

1 
3 
1 
3 
1 
3 
1 
3 
1 
3 
1 
3 
1 
3 
1 
3 

Condition 

Solvent 

B 

B 

B 

B 

B-E 

B 

B 

B-E 

Time 
(day) 

4 

3 

4 

3 

3 

7 

4 

3 

R (in 

Ph 
Yield 
(%) 
30 
78 

trace 
30 
60 
30 
60 
25 
60 
26 
60 
20 
50 
20 
70 

RCOSH) 

CH3 

Yield 
(%) 
40 
80 

trace 
36 
65 
30 
70 
35 
70 
30 
78 
35 
67 
40 
75 

Solvent. B : benzene, B - E : benzene-ether ( 4 : 1 ) 

T A B L E 3. PREPARATION OF THIONES BY THE REACTION OF 

N-METHYLNITRONES WITH THIOACETIC ACID 

RJ—C—R2 

S 

R i R , 
Reaction 

time 
(day) 

4a 
4b 
4c 
4e 
4g 

C6H6 

GH3 

/>-CH3OC6H4 

/>-CH3C6H4 

/>-ClC6H4 

G«H5 

C6H5
21> 

/>-CH3OC6H4 

C6H5 

/>-ClC6H4 

2 
1 
2 
2 
2 

Yield 

(%) 

76 

44 

70 

81 

75 

as i n t h e case of S c h e m e 1. T h e o t h e r th iones w e r e 
o b t a i n e d s imi la r ly ( T a b l e 3 ) . 

T h e c a u s e of s u c h differences in t h e m e c h a n i s m s of t h e 
r e a c t i o n of ox imes a n d n i t rônes h a s n o t b e e n clar if ied. 

P h e n y l h y d r a z o n e s a n d s e m i c a r b a z o n e s d i d n o t r e a c t 
w i t h t h i o c a r b o x y l i c ac ids even i n re f lux ing b e n z e n e , 
t h e s t a r t i n g m a t e r i a l s b e i n g r e c o v e r e d . I n these c o m ­
p o u n d s , t h e fo l lowing r e s o n a n c e effects m a y m a r k e d l y 
l o w e r t h e r e a c t i v i t y of i m i n o c a r b o n t o w a r d unc l eo -
ph i l i c a d d i t i o n of t h i o c a r b o x y l i c ac ids , r e t a r d i n g t h e 
r e a c t i o n . 

:C^N-^NH-Ph :C^N~NHCONHz 

p h e n o n e - 7 V - m e t h y l n i t r o n e (11a) w a s a l l o w e d t o r e a c t 

w i t h 2 , 4 a a n d JV-ace ty l - JV-methy lhydroxylamine (12) 

w e r e o b t a i n e d . * T h e l a t t e r w a s iden t i f i ed b y e l e m e n t a r y 

ana lyses a n d c o m p a r i s o n of its I R s p e c t r a w i t h t hose of 

a n a u t h e n t i c s a m p l e . T h u s , t h e r e a c t i o n is cons ide r ed 

t o p r o c e e d b y i n t r a m o l e c u l a r n u c l e o p h i l i c a t t a c k of 

n i t r o g e n o n c a r b o n y l c a r b o n i n t h e i n t e r m e d i a t e (13) 

C H 3 

P h 2 C = N - 0 - + C H 3 C O S H • 

111 2 

ÇH3 
Ph2C-f!|-0H 

S-C=:0 

CH3 
13 

Ph2C=S + C H 3 C O N - O H (7) 

4a C H 3 

12 

* T h e reactions of 11 with 1 proceeded similarly, but 
gave unsatisfactory results in the yield and puri ty of 4. 

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

All melting and boiling points were uncorrected. T h e I R 
spectra were measured on a Hitachi EPI-21G spectrometer. 
T h e mass spectra were obtained on a Hitachi R M U - 7 M 
mass spectrometer operat ing at an ionization energy of 70 eV. 
Silica gel column chromatography was performed with 
Wakogel C-200 (Wako Pure Chem.) . 

Materials. Commercial benzophenone and aceto-
phenone were used without further purification. T h e other 
ketones were prepared by the Friedel-Crafts reaction of the 
corresponding acid chlorides. Oximes were prepared by the 
usual methods. 3£ was prepared from the corresponding 
ketone and hydroxylamine hydrochloride in pyridine.7) N-
Methylnitrones were prepared by the reaction of the corre­
sponding oximes with dimethyl sulfate8) or methyl iodide.9) 
Acetophenone-7V-methylnitrone was prepared from aceto-
phenone diethyl acetal and 7V-methylhydroxylamine hydro­
chloride.10) O-Benzoylhydroxylamine was synthesized from 
/»-nitrophenyl benzoate and hydroxylamine hydrochloride 
in the presences of sodium hydroxide.11) iV-Acetyl-JV-
methylhydroxylamine was prepared according to the method 
given by Exner.10) Thioacetic and thiobenzoic acid were 
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prepared according to general methods.12'13) 
Preparation of Thiobenzophenone (4a). Reaction of Ben-

zophenone Oxime (3a) With Thiobenzoic Acid (1) : A solu­
tion of 1 (12.4 g, 0.09 mol) in bry benzene (30 ml) was 
added to a solution of 3a (6 g, 0.03 mol) in dry benzene 
(140 ml) at room temperature under nitrogen atmosphere. 
The solution gradually turned blue, white precipitates 
separating. The reaction mixture was allowed to stand 
in the dark for 4 days. Filtration of the precipitate gave 
ammonium benzoate (2.7 g, mp 189—191 °C (from EtOH), 
lit, mp 190 °C). The blue filtrate was evaporated under 
reduced pressure. The residue was chromatographed on a 
silica gel column (80 g) by elution with petroleum ether 
to afford 4a (4.7 g, 78%, bp 120—125 °G/1 mmHg, mp 
47—50 °G (from petroleum ether (bp 60—80 °G) ; lit,14) mp 
53—54 °C). Further elution with benzene gave dibenzoyl 
disulfide (3g, mp 128 °C (from EtOH) ; lit,15) mp 130 °C). 

Reaction of 3a with Thioacetic Acid (2) : A solution of 2 
(6.8 g, 0.09 mol) in dry benzene (15 ml) was added to a 
solution of 3a (6 g, 0.03 mol) in dry benzene (140 ml) at 
room temperature under nitrogen atmosphere and the mixture 
was allowed to stand in the dark for 4 days. The blue solution 
obtained was evaporated under reduced pressure. The 
residue was chromatographed on a silica gel column (80 g) 
by elution with petroleum ether to afford 4a (4.8 g, 80%). 
Further elution with benzene-ethanol (1:1) gave acetamide 
(1 g, mp80—81 °G;lit, mp 81—82 °C) and diacetyl disulfide 
(0.2 g, bp 72—74 °C/2 mmHg, lit16) bp 60—61 °C/1 mmHg). 
Acetamide was identified by its IR spectra and by admixture 
with an authentic sample. 4b—h were obtained by a 
similar procedure. The thiones obtained were identified 
by their physical constants (4c,3) 4d,17> 4e,18) 4f,19> 4g,20) 4h18)) 
and conversion into 2,4-dinitrophenylhydrazone. 

Reaction of O-Benzqylhydroxylamine (9) with Thiobenzoic 
Acid (1). A solution of 9 (2.2 g, 0.016 mol) in dry 
benzene (15 ml) was added to a solution of 1 (4.4 g, 0.032 mol) 
in dry benzene (50 ml) with stirring at room temperature 
under nitrogen atmosphere and allowed to stand for 3 days. 
The white precipitate separated was removed by filtration 
to give ammonium benzoate (1.4g, mp 190—193 °C). The 
filtrate was evaporated under reduced pressure and the 
residue was recrystallized from ethanol to give dibenzoly 
disulfide (2.6 g, mp 127—128 °C). 

Reaction of Benzophenone-N-methylnitrone (11a) with Thio­
acetic Acid (2). A solution of 2 (7.1 g, 0.092 mol) in 
dry benzene (15 ml) was added to a solution of 11a (19.5 g, 
0.092 mol) in dry benzene (100 ml) at room temperature 
under nitrogen atmosphere. The reaction mixture which 
rapidly turned blue was allowed to stand in the dark for 

2 days. After removal of the solvent, fractional distillation 
under reduced pressure gave 4a (15 g, 76%, bp 120—125 °C/1 
mmHg, mp 48—50 °C) and iV-acetyl-iV-methylhydroxylamine 
(5 g, bp 93—95 °G/3 mmHg; lit,10) bp 80 °C/2 mmHg) ; 
IR (liquid) : 3150, 2850, and 1630 cm-1; MS m je 73 (M+—O), 
58, and 43. 4b, 4c, 4e, and 4g were obtained by a similar 
procedure. 
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Synthesis of Tetrahydrospectinomycin 
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Condensation of l,3-bis-iV-(benzyloxycarbonyl) actinamine (2) with 2-0-chloroacetyl-4,6-dideoxy-3-0-/>-
nitrobenzoyl-a-D-xylohexopyranosyl chloride (8), followed by deacylation and catalytic hydrogénation afforded 
5-0-(4,6-dideoxy-/?-D-xylohexopyranosyl)actinamine (11). Compound 11 was found to be identical with one 
of the four tetrahydrospectinomycins. 1H and 13C NMR spectra were determined and analyzed. 

Spectinomycin is an unique aminocyclitol antibiotic 
produced by the fermentation of Streptomyces spec-
tabilis,1'2) and is widely used in clinical treatment. 
Its structure was established by Wiley et Ö/.,3) the 
configuration being assigned by X-ray diffraction 
study,4) as shown in Scheme 1. 

.-CH3 

HNCH3 

Spectinomycin 

Scheme 1. 

Reduction of spectinomycin with sodium borohydride 
or hydrogen in the presence of a catalyst gave two 
epimeric dihydrospectinomycins,3) further reduction of 
the dihydrospectinomycins yielding four tetrahydro­
spectinomycins.5) 

We have directed our studies toward a total synthesis 
of spectinomycin, and wish to report the synthesis of 
tetrahydrospectinomycin by the following reaction route 
(Schemes 2 and 3). 

Actinamine dihydrochloride (1) was prepared by the 
hydrolysis of hexa-N,0-acetylactinamine6) in 6 M hydro­
chloric acid. Treatment of 1 with benzyl chloroformate 
gave l,3-bis-N-(benzyloxycarbonyl)actinamine (2). 

CH3 

4>( 
OH 

\««./OR' 
OR' 

I 
R 
R' 

Scheme 2. 

N _ ^ C l 

OR" 
8 

: P - 0 2 N C 6 H A C 0 

: CICH2CO 

CbzOH 
CH3NR, 

H O - T ^ 1 

HO Jsr-*^NCH3 
OH Cbz 

2 

+ 

OH 

yCH3 

9—11 

RO OR CI R"0 

8 

* To whom correspondence should be addressed. 

Cbz=C„H I iCHäOCO 

8 R=ClCH 2 CO, R'=£-02NC6H4CO 
9 R=Cbz , R' = ClCH2CO, R"=/>-02NC6H4CO 

10 R=Cbz , R ' = R " = H 
11 R = R ' = R " = H 
12 R=Cbz , R '=ClCH 2CO, R"=/>-0„NC6H4CO 
13 R=Cbz , R ' = R " = H 
14 R = R ' = R " = H 

Scheme 3. 

2-0-Chloroacetyl-4,6-dideoxy-3-0-/>-nitrobenzoyl-a-D-
xylohexopyranosyl chloride (8) was prepared from 4,6-
dideoxy-D-xylohexopyranose7) (3) in five steps. A 
chloroacetyl group was used as protecting group on the 
hydroxyl group of C-2 because of relative ease of 
removal under milder conditions as compared with the 
/>-nitrobenzoyl group.8) This was demonstrated by the 
preparation of methyl 4,6-dideoxy-3-0-/>-nitrobenzoyl-
/9-D-xylohexopyranoside (17) from methyl 2-O-chloro-
acetyl-4,6-dideoxy-3-0-jb-nitrobenzoyl-/?-D-xylohexopyr-
anoside (16) in an aqueous pyridine solution. 

Condensation of 2 with 8 in dry benzene in the 
presence of mercury(II) cyanide and "Drier i te" gave a 
mixture of three products (i?f 0.28, 0.34, and 0.38) 
which were detectable on TLG. The mixture was 
fractionated on a silica gel column with benzene-ethanol 
as an eluant. Fractions showing a single spot at Rf 0.28 
on TLG were combined and evaporated to give the 
desired compound: l,3-bis-iV-(benzyloxycarbonyl)-5-0-
(2-0-chloroacetyl-4,6-dideoxy-3-0-/>-nitrobenzoyl-/?-D-
xylohexopyranosyl)actinamine (9) as crystals in 7.8% 
yield. 

Besides compound 9, l,3-bis-iV-(benzyloxycarbonyl)-
4,6-bis- O- (2- O-chloroacetyl-4,6-dideoxy- 3- O-p-nitroben-
zoyl-/?-D-xylohexopyranosyl)actinamine (12) was obtain-
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ed from the fractions (Rf 0.38) in 13% yield. From the 
fractions (Rf 0.34), an isomer of 9 (15) was obtained in 
1.7% yield, the structure of which has not been clarified. 

By removing the protecting group, 9 gave 5-0-(4,6-
dideoxy-^D-xylohexopyranosyl) actinamine (11) which 
was found to be identical with one of the four tetra-
hydrospectinomycins described by Knight and 
Hoeksema.5) 

By removing the protecting group, 12 gave 4,6-bis-O-
(4,6-dideoxy-/3-D-xylohexopyranosyl) actinamine (14). 
The /9-anomeric configuration of the two glycosidic 
linkages in 14 were established by 1H N M R spectro­
scopic study, and their positions attached to the actin-
amine were confirmed by carbon-13 N M R spectrum in 
connection with that of 11. 

The normal proton-decoupled natural-abundance 
carbon-13 Fourier transform spectra of 11 and 14 were 
determined. The resonances were separated into those 
originating from an actinamine moiety and those from 
4,6-dideoxy-/?-D-xylohexopyranosyl group. 

When the spectra were determined at p D < T , the 
resonances arising from the actinamine moiety shifted 
more or less from those determined in a free base by the 
effect of protonation on an amino group.9> 

The spectrum of 11 revealed the presence of 14 
carbon atoms. The resonance at 33.3 ppm (2 carbons) 
was attributed to the two iV-methyl carbons shifted to 
31.6 ppm at p D < l , the resonance at 62.9 p p m (2 
carbons) being ascribed to C-1 and C-3 which shifted to 
62.0 and 61.7 ppm respectively, at p D < l . T h e reso­
nance at 63.7 p p m is due to C-2, since a large upfield 
shift (3.6 ppm) was observed at p D < l . These assign­
ments were established in connection with those of 
spectinomycin.10) The resonance at 88.0 p p m was 
assigned to C-5, since methylation of a hydroxyl group 
causes a large downfield shift of the carbon bearing this 
hydroxyl group,11) the result being extended to the 
glycosidation of a hydroxyl group.12) C-5 of hyosamine 
in hygromycin B2 revealed its resonance at 86.4 ppm13) 
and that of 2-deoxystreptamine in ribostamycin at 85.0 
ppm.14) The two resonances at 71.3 and 72.0 ppm were 
ascribed to the remaining C-4 and C-6, respectively, 
owing to a large upfield shift at p D < l . 

The other 6 resonances were attr ibuted to 6 carbon 
atoms of the 4,6-dideoxy-/?-D-xylohexopyranosyl group. 
The resonances at 20.6 and 40.6 p p m were clearly due 
to C-6' and C-4', respectively. The resonances at 104.5 
and 76.2 ppm were ascribed to C-1 ' and C-2', respec­
tively, since those of methyl /5-D-glucopyranoside 
resonate at 104.2 and 74.1 ppm.15) T h e resonance at 
69.7 ppm was ascribed to C-5', since the corresponding 
carbon atom of spectinomycin revealed its resonance at 
69.2 ppm.10) Thus, the remaining resonance at 71.1 
ppm is attributable to C-3' . The assignment was 
rationalized by the fact that C-4' of nebramine shows 
its resonance with a large upfield shift (5.2 ppm) as 
compared to C-4' of neamine.16) 

The assignments of the resonances are given in Table 
1. 

The resonances of the spectrum of 14 were assigned 
in connection with those of 11. In the spectrum of 14, 
resonances originating from 4,6-dideoxy-/9-D-xylohexo-

TABLE 1. 1 3 C N M R CHEMICAL SHIFTS* > OF 1 1 , 14 , AND 

SPECTINOMYCIN HYDRATE 

11 14 Spectinomycin 
. . . • . hydrate10' 

base p D < l base p D < l pD 4.6 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
1-NCHg 
3-NCH3 

c-r 
C-2' 

C-3' 

C-4' 

C-5' 

C-6' 

62.9 
63.7 
62.9 
71.3b> 
88.0 
72.0b> 
33.3 
33.3 

104.5 

76.2 

71.1 

40.6 

69.7 

20.6 

62.0 
60.1 
61.7 
68.2 
84.2 
69.0 
31.6 
31.6 

104.2 

76.1 

71.1 

40.6 

69.8 

20.6 

62.7C> 
62.9C> 
61.9 
82. 7d> 
75.5 
84.8d> 
33.1 
32.8 

104.5 
105.7 
76.2 
76.7 
71.3 
71.5 
40.5 
40.7 
69.7 
69.8 
20.7 
20.7 

61.5 
59.8 
60.8 
77.1 
73.4 
79.3 
32.1 
31.7 

103.8 
103.8 
75.8 
76.0 
71.1 
71.1 
40.4 
40.6 
69.8 
70.2 
20.7 
20.7 

a) In parts per million downfield from tetramethylsilane. 
b), c), d) The signals may be reversed. 

pyranosyl groups were readily recognized by the 
formation of pairs of signals at the same position observed 
in the spectrum of 11. The two glycosyloxy groups were 
linked to C-4 and C-6 of the actinamine, since two 
resonances at 82.7 and 84.8 ppm were ascribed to the 
carbon atoms where the glycosyloxy groups attached12) 
and the resonances of C-4 and C-6 (71.3 and 72.0 ppm) 
in the spectrum of 11 were not observed in the spectrum 
of 14, C-5 showing its resonance at 75.5 p p m instead. 

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

General Methods. , Melting points were determined 
in capillary tubes and are uncorrected. Solutions were 
evaporated under reduced pressure below 40 °C. Opitcal 
rotations were recorded on a Japan Spectroscopic DIP-SL 
Polarimeter. IR spectra were measured on a Hitachi 225 
spectrophotometer in KBr disks. 1H NMR spectra were 
recorded on a Varian A-60D spectrometer at 60 MHz or a 
Varian XL-100 spectrometer at 100 MHz in deuteriochloro-
form or deuterium oxide with tetramethylsilane or sodium 4,4-
dimethyl-4-silapentane-l-sulfonate as an internal standard. 
The peak positions are given in ö-values. 13C NMR spectra 
were recorded for solutions in deuterium oxide with an 
internal dioxane reference, the chemical shifts being reported 
in ppm downfield from tetramethylsilane (ôG for dioxane= 
—67.4). The spectra were obtained on a Varian XL-100 
transform with Varian VFT-100 computer. TLC was 
performed on Wakogel B-10 (Wako Pure Chemical Co. Ltd.) 
plates, silica gel (Wakogel C-300) being employed for column 
chromatography. Elemental analyses were performed by 
Mr. Saburo Nakada. 

Actinamine Dihydrochloride (1). A 5.63 g portion of 
hexa-A^O-acetylactinamine6) was heated in 6M hydrochloric 
acid (40 ml) for 6 h under reflux. The solution was evaporat­
ed to dryness and the residue was recrystallized from aqueous 
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acetone giving 3.38 g (99%) of 1, m p above 250 °C. 
Found : C, 34.24; H, 7.08; N, 9.93; Gl, 25 .49%. Calcd 

for C 8 H ] 8 N 2 0 4 . 2 H C 1 : C, 34.42; H, 7.22; N , 10.03; CI, 
25 .40%. 

l,3-Bis-N-(benzyloxycarbonyl)actinamine (2). A 3.57 g 
portion of 1 was suspended in 6 0 % aqueous acetone (550 ml) 
containing sodium carbonate (13.8 g) . 3 0 % Benzyl chloro-
formate in toluene (43.5 g) was added to the suspension 
under ice cooling with agitation. After being left to stand 
overnight at room temperature , the reaction mixture was 
evaporated to dryness and the residue was extracted with 
warm acetone. T h e acetone extracts were evaporated and 
the residue was tr i turated with ether. T h e crude product 
was recrystallized from ethanol-e ther to give 5.11 g (84%) 
of 2, m p 161—163.5 °C. An analytically pure sample was 
obtained by further recrystallizartion fom water, m p 164— 
165 °C. 

Found : G, 61.01 ; H , 6.30; N, 5 .98%. Calcd for C2 4H3 0N2-
C v C, 60.75; H, 6.37; N, 5.90%. 

4,6-Dideoxy-n-xylohexopyranose (3). T h e compound was 
prepared by the method of Jones and his co-workers.7) 

1,2-0-Cyclohexylidene-4,6-dideoxy-<x-n-xylohexopyranose (4). 
Compound 3 (2.10 g) was suspended in cyclohexanone 
(74 ml) containing /»-toluenesulfonic acid (60 mg) and 
"Dr ie r i te" (2.0 g) . After being stirred overnight at room 
temperature , the reaction mixture was added with sodium 
hydrogencarbonate (5.5 g) . T h e mixture was filtered and the 
filtrate was evaporated. The residue was purified by silica 
gel column chromatography with 1: 3 (v/v) 2-butanone-
toluene as an eluant. Fractions showing a single spot at 
Rt 0.42 on T L C in the same solvent were combined and 
evaporated to give 2.45 g (76%) of 4 as a syrup, [a]2

D
2 + 3 5 . 3 ° 

(c 5.8, chloroform). *H N M R (CDC13): Ô 1.23 (d, 3, J= 
6.5 Hz , CH 3 ) , 2.74 (broad s, 1, O H ) , 5.56 (d, 1, 7 = 4 . 5 Hz, 
H - l ) . 

Found : C, 62.84; H, 8 .65%. Calcd for C 1 2 H 2 0 O 4 : C, 
63.13; H , 8 .83%. 

1,2-0-Cyclohexylidene-4,6-dideoxy-3-0-p-nitrobenzoyl -a - D - xylo-
hexopyranose (5). T o a suspension of />-nitrobenzoyl 
chloride (4.96 g) in pyridine (90 ml) was added a solution 
of 4 (2.33 g) in pyridine (5 ml) under ice cooling with agitation. 
After being stirred overnight at room temperature, the 
reaction mixture was poured into ice cold water (700 ml) 
and extracted with chloroform (50 m i x 3). T h e combined 
chloroform layers were washed with sodium hydrogen-
carbonate solution and water. After being dried over 
anhydrous sodium sulfate, the solution was evaporated to 
give 3.13 g of a syrup. The product was recrystallized 
twice from e ther -pentane to give 2.49 g (65%) of 5, m p 
94—97 °C; [oft + 7 2 ° (c 1.1, chloroform). 1H N M R 
(CDClg): «5 1.29 (d, 3, 7 = 6 . 5 Hz, CH 3 ) , 5.68 (d, 1, JU2= 
2.5 Hz, H - l ) . 

Found : C, 60.35; H , 6.06; N , 3 . 5 1 % . Calcd for C1 9H2 3-
N 0 7 : C, 60.47; H, 6.14; N , 3 .71%. 

4,6-Dideoxy-3-0-p-nitrobenzoyl-u-xylohexopyranose (6). 
Compound 5 (1.51 g) was heated in 8 0 % aqueous acetic 
acid (30 ml) for 1 h under reflux. T h e solution was evaporat­
ed and the residue was dissolved in ethanol. Petroleum 
ether was added to the ethanolic solution to give 1.01 g 
(85%) of 6 as amorphous powder, [a]2

D
2 + 1 4 8 . 8 ° ->+142 .1 ° 

(c 1.45, pyridine). 
Found : C, 52.29; H , 5.27; N, 4 .49%. Calcd for C1 3H1 5-

N 0 7 : C, 52.53; H , 5.27; N, 4 . 7 1 % . 
1,2-Bis-0-chloroacetyl-4,6-dideoxy-3-0-p-nitrobenzoyl - a - vt-xylo-

hexopyranose (7). Compound 6 (456 mg) was dissolved 
in a mixture of dioxane (5 ml) and pyridine (0.4 ml) . T o 
the solution was added chloroacetyl chloride (0.4 ml) 

under ice cooling with agitation. After 1 h, the reaction 
mixture was poured into ice cold water (30 ml) and extracted 
with chloroform (30 m i x 3). T h e combined chloroform 
layer was washed with sodium hydrogensulfate solution, 
sodium hydrogencarbonate solution and water. After 
being dried over anhydrous sodium sulfate, the solution 
was evaporated to give 778 mg of a crude product. Re-
crystallization from ethanol gave 382 mg (55%) of 7, m p 
136—138 °C; [a]2

D
3 + 1 2 8 ° (c 0.5, chloroform). *H N M R 

(CDC13):<5 1.14 (d, 3, J = 6 . 0 Hz, CH 3 ) , 3.95 (s, 2, CH2C1), 
4.15 (s, 2, CH2C1), 6.43 (d, 1, 71 > 2 = 3.0 Hz, H - l ) . 

Found : C, 45.53; H , 3.84; N , 3.06; CI, 15.44%. Calcd 
for C 1 7 H 1 7 N0 9 C1 2 : C, 45.35; H, 3.81; N, 3.11; CI, 15.75%. 

2-0-Chloroacetyl-4,6-dideoxy-3-0-p-nitrobenzoyl-<x - D - xylohexo-
pyranosyl Chloride (8). Hydrogen chloride was bubbled 
into a solution of 7 (610 mg) in dry ether (150 ml) until 
saturated and the solution was left to settle overnight in a 
refrigerator. T h e solution was evaporated and the residue 
was dissolved in chloroform (30 ml) . T h e chloroform 
solution was washed with sodium hydrogencarbonate solution 
and water. After being dried over anhydrous sodium sulfate, 
the solution was evaporated. T h e residue was recrystallized 
from chloroform-ether to give 364 mg (69%) of 8, m p 147— 
149 °C; [<*]% + 2 1 6 ° (c 0.5, chloroform), *H N M R (CDC13) : 
Ô 1.26 (d, 3, 7 = 6 . 5 Hz , CH 3 ) , 3.98 (s, 2, CH2C1), 6.34 (d, 
l , 7 i . 2 = 4 . 0 H z , H - l ) . 

Found : C, 45.82; H , 3 .81; N, 3.46; CI, 18.11%. Calcd 
for C 1 5 H 1 5 N0 7 C1 2 : C, 45.94; H, 3.86; N, 3.57; CI, 18.08%. 

Condensation of 2 and 8. A mixture of 2 (3.08 g, 6.5 
mmol) and 8 (4.82 g, 12.3 mmol) in dry benzene (60 ml) 
containing mercury(I I ) cyanide (3.5 g) and "Drier i te" 
(3.1 g) was heated for 41 h under reflux. T h e mixture was 
filtered and the filtrate was evaporated. T h e residue was 
fractionated on a silica gel column with 20: 1 (v/v) benzene-
ethanol as an eluant. 

Fractions showing a single spot at R{ 0.28 on T L C in the 
same solvent system were combined and evaporated. The 
residue was recrystallized from chloroform-ethanol to give 
421 mg (7.8%) of l,3-bis-iV-(benzyloxycarbonyl)-5-0-(2-0-
chloroacetyl-4,6-dideoxy-3-0-/>-nitrobenzoyl-/?-D-xylohexo-
pyranosyl)actinamine (9) as crystals, m p 143—144 °C; 
[a]g + 4 5 . 4 ° (c 1.0, chloroform), *H N M R (CDC13): ô 1.35 
(d, 3, 7 = 6 . 0 Hz, CH 3 ) , 3.06 (s, 3, N C H 3 ) , 3.10 (s, 3, N C H 3 ) , 
4.03 (s, 2, CH2C1). 

Found : C, 56.15; H , 5.26; N, 5.05; Cl, 4 .39%. Calcd 
for C 3 9 H 4 4 N 3 0 1 5 C1: C, 56.42; H , 5.34; N, 5.06; Cl, 4 .27%. 

Fractions showing a single spot at R{ 0.34 on T L C were 
combined and evaporated. T h e residue was recrystallized 
from chloroform-ethanol giving 92 mg (1.7%) of 1,3-bis-A7-
(benzyloxycarbonyl) - 0- (2-0-chloroacetyl-4,6- dideoxy - 3 -O-p-
nitrobenzoyl-D-xylohexopyranosyl)actinamine (15), m p 172— 
173.5 °C; [a]2

D
2 + 8 7 . 5 ° (c 1.0, chloroform). *H N M R 

(CDC13): ô 1.24 (d, 3, 7 = 6 . 0 Hz, CH 3 ) , 3.09 (s, 3, NCH 3 ) , 
3.11 (s, 3, N C H 3 ) , 4.04 (s, 2, CH2C1). 

Found : C, 56.37; H , 5.32; N , 5 .01; CI, 4 .39%. Calcd 
for C 3 9 H 4 4 N 3 0 1 5 C1: C, 56.42; H, 5.34; N, 5.06; CI, 4 .27%. 

Fractions showing a single spot at R{ 0.38 on T L C were 
combined and evaporated. T h e residue was recrystallized 
from chloroform-ether giving 989 mg (13%) of 1,3-bis-iV-
(benzyloxycarbonyl)-4,6-bis-0-(2-0-chloroacetyl-4,6-dideoxy-
3- 0-/>-nitrobenzoyl-/?-D-xylohexopyranosyl) actinamine ( 12), 
m p 152—153 °C; [a]2

D
2 + 1 4 . 0 ° (c 1.0, chloroform). *H N M R 

(CDG13) : ô 1.21 (d, 3, 7 = 6 . 5 Hz, CH 3 ) , 1.40 (d, 3, 7 = 6 . 5 Hz, 
CH 3 ) , 3.05 (s, 6, 2 x N C H 3 ) , 4.02 (s, 4, 2 x C H 2 C l ) . 

Found : C, 54.51; H , 4 .93; N, 4 .55; Cl, 6 .28%. Calcd 
for C 5 4 H 5 8 N 4 0 2 2 C1 2 : C, 54.69; H, 4 .93; N , 4.72; Cl, 5.98%. 

l,3-Bis-N-(benzyloxycarbonyl)-5-0-(4i 6- dideoxy - ß- D-xylohexo-
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pyranosyl)actinamine (10). Compound 9 (290 mg) was 
deacylated in saturated methanolic ammonia (20 ml) overnight 
at ambient temperature with gentle agitation. T h e solution 
was evaporated and the residue was recrystaUized from 
methanol giving 206 mg (98%) of 10, m p 244—246 °C ; 
[aJi,8 - 1 . 1 ° (c 1.0, pyridine). 

Found: C, 59.37; H, 6.53; N , 4 . 8 3 % . Calcd for C3 0H4 0-
N 2 O n : C, 59.59; H , 6.67; N, 4 . 6 3 % . 

5-0-(4,6-Dideoxy-ß-n-xylohexopyranosyl)actinamine (11). 
A solution of 10 (115 mg) in 5 0 % aqueous methanol (20 ml) 
was hydrogenated in the presence of pal ladium black (20 mg) 
overnight in a Parr appara tus in hydrogen atmosphere 
(3.4 kg/cm2). The filtrate was evaporated after the catalyst 
had been filtered off. T h e residue was purified by Amberli te 
CG-50 (H+) resin column chromatography with 0.05 M 
ammonia as an eluant. T h e product was recrystaUized 
from ethanol to give 59 mg (92%) of 11 as needles, m p 222— 
225 °C; [«]« - 2 1 . 8 ° (c 1.0, water) . *H N M R ( D 2 0 ) : 
ô 1.28 (d, 3, 7 = 6 . 5 Hz, CH 3 ) , 2.41 (s, 6, 2 x N C H 3 ) , 4.58 (d, 
1, 7 = 7 . 5 Hz, H - l ) . I R and XH N M R spectra of 11 were 
superimosable on those of an authent ic sample of tetra­
hydrospectinomycin prepared by the method of Knight and 
Hoeksema.5) [Lit,6> m p 227—231 °C ; [<x]D-22 ° (c 1.0, 
water)] . 

Found: C, 49.79; H, 8.19; N, 8.35%. Calcd for C1 4H2 8-
N 2 0 7 : C, 49.99; H, 8.39; N, 8 .33%. 

1,3-Bis-N- (benzyloxucarbonyl) -4,6-bis-0-(4,6-dideoxy -ß-v-xylo-
hexopyranosyl)actinamine (13). Compound 12 (0.4 g) 
was deacylated by a procedure analogous to tha t described 
for 10. T h e product was purified by column chromatography 
with 15: 1 (v/v) benzene-ethanol . Fractions showing a 
single spot at Rf 0.58 on T L C in 5 : 1 (v/v) benzene-ethanol 
were combined and evaporated. T h e residue was dissolved 
in benzene. Hexane was added to the solution giving 190 mg 
(75%) of 13 as amorphous powder, m p 111—128 °C; [a]2

D
2 

- 2 5 . 0 ° (c 1.0, pyridine). 
Found: C, 57.52; H, 6.68; N, 3 .62%. Calcd for C3 6H5 0-

N 2 0 1 4 - H 2 0 : C, 57.44; H , 6.96; N, 3.72%. 
4,6-Bis-0-(4,6-dideoxy-ß-v-xylohexopyranosy I) actinamine (14). 

Hydrogenolysis of 13 (124 mg) was carried out by a procedure 
analogous to tha t described for 11. T h e product was recrys­
taUized from ethanol to give 63 mg (82%) of 14, m p 243— 
247 °C; [a]2

D
2 - 2 6 . 0 ° (c 1.0, water) , *H N M R ( D 2 0 ) : 

Ô 1.28 (d, 6, 7 = 6 . 0 Hz, 2 X C H 3 ) , 2.44 (s, 6, 2 X N C H 3 ) , 4.50 
(d, 1, 7 = 7 . 5 Hz , anomeric proton) , 4.62 (d, 1, 7 = 7 - 5 Hz, 
anomeric proton) . 

Found: C, 51.61; H , 8.02; N, 6 . 0 1 % . Calcd for C2 0H3 8-
N 2 O 1 0 : C, 51.49; H , 8 .21; N, 6 .00%. 

Methyl 2-0-Chloroacetyl-4,6-dideoxy-3-0-p-nitrobenzoyl-ß-u-xylo-
hexopyranoside (16). A solution of 8 (340 mg) in 
dichloromethane (1.5 ml) was added to methanol (5 ml) 
containing mercury(II ) cyanide (340 mg) . T h e mixture was 
stirred at ambient temperature for 2 h and filtered. T h e 
filtrate was evaporated, and the residue was dissolved in 
chloroform. T h e chloroform solution was filtered and the 
filtrate was evaporated. The residue was recrystaUized from 
ethanol to give 238 mg (71%) of 16, m p 122—123 °C ; [ a ß + 
58 ° (c 0.5, chloroform), *H N M R (CDC13) : ô 1.34 (d, 3, J= 
6.0 Hz, CH 3 ) , 3.50 (s, 3, O C H 3 ) , 3.98 (s, 2, CH2C1), 4.44 
(d, 1 , 7 = 8 . 0 Hz, H - l ) . 

Found : C, 49.36; H , 4.70; N, 3.69; CI, 8.97%. Calcd 
for C 1 6 H 1 8 N 0 8 C 1 : C, 49.56; H, 4.68; N, 3 .61; CI, 9.14%. 

Methyl 4,6-dideoxy-3-0-p-nitrobenzoyl-ß-D-xylohexopyranoside 
(17). Water (4 ml) was added to a solution of 16 (158 
mg) in pyridine (7 ml) , and the p H of the mixture was adjusted 
to 7 by addition of 6 M hydrochloric acid. T h e mixture was 
settled at ambient temperature for 5 h. T h e mixture was 
diluted with chloroform, and the solution was washed succes­
sively with sodium hydrogensulfate solution, sodium hydro-
gencarbonate solution and water. After being dried over 
anhydrous sodium sulfate, the solution was evaporated. 
T h e residue was recrystaUized from ethanol-petroleum ether 
to give 103 mg (81%) of 17, m p 133—134 °C; [a|2D

2 + 3 0 ° 
(c 0.5, chloroform). *H N M R (CDC13) : ô 1.32 (d, 3, 7 = 
6.0 Hz, CH 3 ) , 2.66 (broad s, 1, O H ) , 3.57 (s, 3, O C H 3 ) , 4.26 
(d, 1 , 7 = 8 . 0 Hz , H - l ) . 

Found : C, 54.19; H , 5.50; N , 4 .56%. Calcd for C14H17-
N 0 7 : C, 54.02; H , 5 .51; N, 4 .50%. 

T h i s w o r k w a s s u p p o r t e d i n p a r t b y a g r a n t - i n - a i d 
f rom t h e M i n i s t r y of E d u c a t i o n . 
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Dehydroannulenes. VII. Synthesis of 3,7,10,14-Tetrasubstituted 
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It was found that dienyne ketones such as 2,2-dimethyl-7-£-butyl-4,6-nonadien-8-yn-3-one, 2,2-dimethyl-
7-phenyl-4,6-nonadien-8-yn-3-one and l,5-diphenyl-2,4-heptadien-6-yn-l-one give the corresponding tetrasub-
stituted 14-membered cyclic glycols on treatment with a suspension of potassium hydroxide in liquid ammonia. 
Reactions of the cyclic glycols with tin(II) chloride in organic solvent saturated with hydrogen chloride afforded 
strongly diatropic tetrasubstituted bisdehydro[14]annulenes. 

Oxidative coupling of polyentetrayne glycols (1 or 2) 
with copper(II) acetate in pyridine-methanol-ether in 
high dilution1) yielded the corresponding 18-membered 
(3) or 22-membered cyclic glycols (4), precursors of 
tetrakisdehydro[18]-2) and [22] annulenes,3) in unexpect­
edly high yields. This seems to be a reflection of the 
favorable configuration of the acyclic glycols (1 and 2) 
on intramolecular oxidative coupling, suggesting the 
possibility of cyclic dimerization of polyenyne ketones 
(5) to give cyclic polyendiyne glycols under suitable 
conditions. The cyclic glycols may be transformed into 
bisdehydro[4n + 2 ] annulenes by the reductive dehydrox-
ylation reaction adopted in the conversion of the cyclic 
tetrayne glycols (3 and 4) into tetrakisdehydro[18]- and 
[22]annulenes.2>3> 

m m 
i 
m m 

HO 

l : n = l 
2 : n = 2 

R ^ f ^ R ' 

HO 

3: n=\ 
4 : « = 2 

Rv^vR' 
0 

In this paper we wish to report on the cyclic dimeriza­
tion of dieyne ketones (6) to 14-memberd cyclic glycols 
(7) and their transformation into 3,7,10,14-tetrasub­
stituted l,8-bisdehydro[14]annulenes (8).4) The parent 
compound l,8-bisdehydro[14]annulene (8d) was obtain­
ed by Sondheimer and his co-workers by prototropic 
rearrangement accompanied by an unexpected dehydro-
genation by atmospheric oxygen in the course of 
synthesis of monodehydro[14]annulene.5) T h e present 

studies have opened an efficient route to the synthesis 
of l,8-bisdehydro[14]annulenes. 

Synthesis. Ethynylation of carbonyl compounds 
with acetylene or monosubstituted acetylenes in organic 
solvent in the presence of alkali hydroxide, carbonate or 
alcoholate is well-known (Favorskii method).6) Forma­
tion of a trace of the cyclic glycol (7c) could be recogniz­
ed on treatment of the diphenyldienyne ketone (6c) 
with potassium hydroxide in tetrahydrofuran or 
pyridine. No indication of the formation of 7c could be 
obtained with alkali amide in liquid ammonia, sodium 
hydroxide in tetrahydrofuran or pyridine, potassium 
hydroxide in JV,iV-dimethylformamide or in ether, or 
sodium hydroxide and calcium carbide in tetrahydro­
furan. I t was found that slow addition of a solution of 
6 in tetrahydrofuran to a stirred suspension of finely 
powdered potassium hydroxide in liquid ammonia 
caused the cyclic dimerization of 6 to give a diastereo-
meric mixture of the desired cyclic glycol (7) in a high 
yield. In the case di-^-butyl ethynyl ketone (6a), an 
amorphous solid with an unidentified structure was 
obtained in addition to the desired cyclic glycol (7a). 

R ^ W . R>WR' RV^rR' 
OH 

6 7 8 

a: R = R ' = f - B u : b : R = P h , R'=f-Bu; 
c: R = R ' = P h ; d: R = R ' = H 

T h e cyclic glycols (7a—c) in an organic solvent were 
mixed with t in(II) chloride in ether saturated with 
hydrogen chloride. T h e resulting deeply colored 

TABLE 1. YIELDS AND MELTING POINTS OF 7 AND 8 AND COLOR OF CRYSTALS OF 8 

7a 

7b 
7c 

Yield 
(%) 
19 
50 
96 
93 

Glycol 

Mp 
(°G) 

230.9—232.4 (dec) 
220.0—222.2 (dec) 
241.0—243.0 (dec) 
236.0—237.0 (dec) 

8a 
8b 
8c 

Yield 
(%) 
64 
83 
83 

Annulene 

Color 

red 
brown violet 
deep violet 

Mp 
(°C) 

298.0—229.0 (dec) 
284.0—284.5 (dec) 

>300 (dec) 

To whom inquiries should be addressed. 
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TABLE 2. 60 MHz 1H NMR PARAMETERS OF BISDEHYDRO[14]ANNULENES (8) (T-VALUES) 

Outer protons 

o-Protons of phenyl 
m,/>-Protons of phenyl 
Protons of i-butyl 

Inner protons 

Solvent 

8a 

Ha, Hc 0 
7 = 1 3 . 5 

8.10s 

14.39 t 
7 = 1 3 . 5 
THF-rf8 

58 d 

8b 

H a 0 . 1 2 d 
7 = 1 3 . 5 
H e 0 . 4 7 d 
7 = 1 3 . 5 

1.2—1.5m 
2.2—2.8m 
8.02 s 

13.42 t 
7 = 1 3 . 5 
THF-ds 

8c 

Ha , H c 0 . 0 6 d 
7 = 1 3 . 5 

1.1—1.5m 
2.1—2.6m 

12.56 t 
7 = 1 3 . 5 
THF-4 

8d 

H% H c 0 . 4 5 d d 
7 = 1 3 . 3 , 8 
R.R' 1.57 d 
7 = 1 3 . 3 

15.54 t 
7 = 1 3 . 3 
GDG13 

reaction mixtures were worked up in the usual way to 
give the tetrasubstituted l,8-bisdehydro[14]annulenes 
(8a—c). The yields and melting points of cyclic glycols 
(7a—c) and annulenes (8a—c) together with the color 
of crystals of the annulenes are given in Table 1. 

Properties. The tetrasubstituted 1,8-bisdehydro-
[14] annulenes (8a—c) were found to be quite stable, no 
decomposition being observed in the air at room 
temperature under diffused daylight for a long time. 
The 1H N M R spectra of 8a—c indicate that they 
sustain fairly strong diamagnetic ring current as evidenc­
ed by low-field and high-field signals of the outer and 
inner protons, respectively. The 1H N M R parameters 
are summarized in Table 2 together with those of the 
parent compound (8d).5) As a representative example, 
the 1 H spectrum of the tetra-/-butyl derivative (8a) is 
shown in Fig. 1. T h e di-i-butyl-diphenyl derivative 
(8b) exhibits two outer proton signals as doublets at 
T 0.12 and 0.47. The lower field signal (T 0.12) could 
be assigned H a which undergoes the deshielding effect 
of the ring current both of the annulene ring and the 
phenyl groups. The multiplets observed at r 1.1—1.5 
and 2.2—2.8 in the spectra of 8a and 8c could be 
assigned to 0- and m,j&-protons of the phenyl groups, 
since the protons of the phenyl groups are disposed in 
the deshielding region of diamagnetic ring current of the 
annulene ring, and lower field shift of the o-protons can 

JUL IN II 

inCDCI3 

=ç= 

Bu* 

- J L 

J 
II 

0 

1: r-

CHCI3 

2 i 

1 1 r 

- ^ 

6 8 

1 1 

TMS 

' 1 
10 

1 1 T~ 

12 

T-™ 1 

.4. 

•" ! 

1 6 f ^ 1 8 

;ni 11 * « „ 

t B u /V^A t B u P h , A ^ X t B u 

8a 8b 

TABLE 3. 13C NMR PARAMETERS OF 8a AND 8b IN 

GDGI3 (ppm FROM TMS) 

t-Bu 

csc2 

C3 

C4 

C5 

8a 

32.2(CH3), 
37.8(C) 
116.7 
131.3 
130.4 
129.0 

*-Bu 

CSC2 

C3,C7,C15 

C4,C6 

C5 

C16,C17 

C18 

8b 

32.3(CH3), 37.8(C) 

114.7, 115.7 
119.8, 113.7, 139.9 
130.3, 130.7 
132.3 
128.0, 128.7 
127.3 

Fig. 1. 100 MHz *H NMR spectrum of tetra-f-butyl-
bisdehydro[ 14] annulene (8a) in CDC13. 

be at tr ibuted to their proximate position to the 14-
membered ring. The most remarkable feature of 1 H 
N M R spectra is the marked low-field shift of signals of 
inner protons in the tetrasubstituted derivatives (8a—c) 
as compared with that of the parent compound (8d). 
A slight low-field shift of the outer protons of phenyl 
substituted derivatives (8b, c) was also observed. 

Carbon-13 N M R spectral parameters of 8a and 8b 
are given in Table 3. The spectrum of 8c could not be 
obtained owing to the poor solubility in N M R solvents. 
Assignment was made on the basis of chemical shift, 
off resonance technique and the magnitude of N O E . 
However, the signals of tertiary carbon atoms (C3, C7 

and C15) and o,m-carbons of phenyl groups (C16 and 
C17) could not be discriminated. The sp-hybridized 
carbon atoms in symmetrical 8a exhibits only one 
signal at an intermediate region of acetylene7 '8) and 
cumulene8) carbon atoms, suggesting strongly the 
identity of acetylenic and cumulenic linkages incor­
porated in aromatic [4w+2]?r-electron system.2g 'h) O n 
the other hand, two signals were observed in the corre­
sponding region in the spectrum of 8b . This seems to be 
ascribable to the difference in electron density between 
G1 and G2 caused by the different inductive effect of 
£-butyl and phenyl groups. 
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TABLE 4. ELECTRONIC SPECTRA OF 8a—c IN THF 

Amax IN nm (e)a> 

8a 228.5(6670), 301 sh(28100), 329(272000), 432 sh 
(11900), 452(24600) 500 sh(150), 525(100), 548 
(210), 567 sh(240), 590(920) 

8b 226 sh(12300), 234(14300), 260(13400), 272 sh 
(10800), 315 sh(27900), 332 sh(41100), 345 sh 
(76300), 354(195000), 508(50), 571(570), 623(1640) 

8c 224 sh( 13400), 246(26000), 268(23200), 274.5 
(24700), 282.5(24400), 326(18100), 343(30900), 372 
sh(68100), 388(289000), 521(26300), 549(53200), 
600 sh(830), 658(2520) 

a) The absorption curves were given in a preliminary 
report.4) 

The electronic spectra of the tetrasubstituted 1,8-
bisdehydro[14]annulenes (8a—c) consist of three main 
absorption bands characteristic of aromatic [4w-|-2]-
annulenes. The numerical data are given in Table 4. 

Increase in the number of phenyl substitution causes 
a progressive bathochromic shift of the main three 
absorption bands and appreciable intensification of the 
medium and the longest wavelength bands indicating 
electronic perturbation of phenyl groups on the annulene 
ring. The same trend has been observed in the electronic 
spectra of tetrakisdehydro[18]-2e) and [22]annulenes.3> 

Tetra-i-butyl- (8a) and di-/-butyl-diphenyl derivatives 
(8b) formed 1: 1 C T complexes with 2,4,7-trinitro-
fluorenone. O n the other hand, the tetraphenyl analogue 
(8c) gave C T complex with 2 moles of the nitro com­
pound. 

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

All melting points are uncorrected. The IR spectra were 
measured with a Hitachi EPI-2 or EPI-3G spectrophotometer, 
the weak, medium and strong absorptions being indicated 
by w, m and s, respectively. The electronic spectra obtained 
on a Hitachi EP-3T spectrophotometer were recorded in 
nm. The e-values are given in parentheses, the shoulder 
being denoted by sh. The mass spetra were measured with 
a Hitachi RM-50 spectrometer (ionization potential 70 eV). 
The XH NMR spectra were obtained on a Varian T-60 or 
a Varian XL-100 spectrometer, and are recorded in r-values 
with respect to TMS as an internal standard. The coupling 
constants (J) are given in Hz. The 13G NMR spectra were 
measured with an XL-100 spectrometer operated at 25.2 MHz 
using pulse FT technique with a deuterium internal lock, 
and given in ppm from TMS as an internal standard. Silica 
gel (Merck, Kiesel Gel 60) or alumina (Merck, Act. II—III) 
was used for column chromatography, unless otherwise stated. 

1,4,8,11-Tetra-t-buty 1-4,6,11,13-cyclotetradecatetraen-2,9-diyn-l, 
8-diol (7a). A solution of 2,2-dimethyl-7-f-butyl-
4,6-nonadine-8-yn-3-one (6a, 0.21 g, 0.96 mmol)2d>e> in THF 
(50 ml) was added over a period of 8 h to a stirred suspension 
of finely powdered potassium hydroxide (1.5 g, 27 mmol) in 
liquid ammonia (200 ml) at —40 50 °G. After the mixture 
had been stirred for 5—6 h at —30 40 °C, powdered 
ammonium chloride (3.0 g, 56 mmol) was added at —40 °C, 
and the ammonia was allowed to evaporate. Water was 
added to the residue and the mixture was extracted with 
ether. The ethereal solution, after being washed with water 
and dried (sodium sulfate), was evaporated under reduced 

pressure. The residue was chromatographed on silica gel 
(Wako, 15 g). Elution with hexane-benzene gave colorless 
crystals, mp 202—205 °C (dec), 65 mg, 31%. The IR, NMR 
and mass spectral data indicate that the colorless srystals 
are oligomeric, presumably trimeric, cyclic alcohol. However, 
no further studies on the structure have been performed. 
Further elution with benzene and benzene-ether (9: 1) 
yielded a diastereomer of 7a, colorless crystals, mp 230.9— 
232.4 °C (dec), 39 mg, 19%; Mass (m/e) 436 (M+). Elution 
with a solvent of increased polarity (benzene-ether) gave 
another diastereomer of 7c, colorless crystals, mp 220.0— 
222.2 °G (dec), 105 mg, 50%; IR(KBr-disk) 3600, 3455 m 
(OH), 1633 w (C=C), 975 s (trans -CH=CH-) cm-1; NMR 
(CDC18) 2.34 (dd, 2, / = 1 0 . 5 , 16.0, Hb), 3.67 (d, 2, 7=10.5, 
Hc), 4.06 (d, 2, 7=16.0, Ha), 8.45 (s, 2, OH, disappeared 
on addition of DaO), 8.85 (s, 18, J-butyl adjacent to OH), 
8.94 (s, 18, /-butyl). 

Found: G, 82.75; H, 10.40%; M+ 436. Galcd for C30H44-
O a : G, 82.51; H, 10.16%; M 436. 

3,7,10,14- Tetra-t-butyl-1,8-bisdehydro [ 14] annulene (8a). 
A diastereomeric mixture of 7a (59 mg, 0.14 mmol) in ether 
(50 ml) was mixed at —60 °C with the same solvent saturated 
with hydrogen chloride (10 ml) and finely powdered tin(II) 
chloride dihydrate (200 mg). After being stirred for 15 min, 
the resulting deep red solution was worked up in the usual 
way. Red crystals (57 mg) obtained on evaporating the 
solvent were dissolved in hexane and chromatographed on 
alumina (20 g) to give pure 8a, red crystals, mp 298.0— 
299.0 °G (dec), 36 mg, 64%; IR(KBr-disk) 963 {trans -CH= 
CH-) 2000 (-C=C-*>=C=C=) cm-1; NMR(CDC13) 0.65 
(d, 7=13.5 , outer-H), 14.50 (t, 7=13 .5 , inner-H), 8.10 
(s, /-butyl). 

Found: G, 89.49; H, 10.53%; M+ 402. Calcd for G30H42: 
G, 89.42; H, 10.63%; M 402. 

The reaction product obtained on treatment of 6a with 
potassium hydroxide in liquid ammonia could be converted 
without purification under similar reaction conditions into 8a 
(67%). 

CT Complex of 8a with 2,4,7-Trinitrofluorenone. Brown 
crystals of GT complex of 8a with 2,4,7-trinitrofluorenone 
were obtained on admixing a solution of the nitro compound 
(9 mg, 0.029 mmol) in ethanol (4 ml) with a hot solution 
of 8a (9 mg, 0.022 mmol) in cyclohexane (3 ml). 

Found: C, 72.19; H, 6.65; N, 5.91%. Galcd for C„0H4,. 
G13H5N305: C, 71.94; H, 6.60; N, 5.85%. 

1,8-Di-t-butyl- 4, ll-diphenyl-4,6,11,13-cyclotetradecatetraen-2,9-
diyn-l,8-diol (7b). 2,2-Dimethyl-7-phenyl-4,6-nonadien-
8-yn-3-one (6b) was prepared by a slight modification of the 
reported method2g>h> (mp 77.5—76.0 °C, 52% based on 
3-phenyl-2-penten-4-ynal). A solution of 6b (0.500 g, 2.22 
mmol) in THF (60 ml) was added over a period of 7 h to 
a stirred suspension of potassium hydroxide (2.0 g) in liquid 
ammonia (1000 ml) at the boiling point of the solvent. After 
the mixture had been stirred overnight at the same tempera­
ture, finely powdered ammonium chloride (6 g) was added 
to the reaction mixture at —65 °G, and then the ammonia 
was allowed to evaporate. Ethereal extract (500 ml) of the 
residue was evaporated to yield crystalline material. An 
examination with TLG indicated predominant formatiom of 
one of the diastereomers. The material was washed succes­
sively with hexane-benzene (9:1) and hexane. Colorless 
fine crystals (0.480 g, 96%), thus obtained, were recrystal-
lized twice from benzene to give pure 7b, colorless crystals, 
mp 241—243 °G (dec); IR(KBr-disk) 970 s (trans-CH=CH-), 
2 2 2 0 W ( - C E C - ) , 3440 w, 3560 m (OH) cm-1; NMR (acetone-
dt) 1.96—2.23 (m, 6, Hb and o-H of phenyl), 2.49—2.76 
(m, 8, H a and m, p-H of phenyl), 3.65 (d, 2, 7 = 1 5 , Hc), 
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5.23 (s, 2, O H , disapppeared on addition of D 2 0 ) , 8.85 
(s, 18, f-butyl). 

Found: G, 85.60; H , 7 .58%. Calcd for C 3 4 H 3 6 O a : G, 
85.67; H, 7 .61%. 

7,14-Di-t-butyl-3,11-diphenyl-1,8-bisdehydro [ 14] annulene (8b). 
To a stirred solution of 7 b (0.110 g, 0.23 mmol) in ether 
(100 ml) kept at —60 °G was added a solution of t in(II ) 
chloride dihydrate (0.40 g) in the same solvent saturated 
with hydrogen chloride (20 ml) . T h e cooling ba th was 
removed and the reaction mixture was stirred for 20 min . T h e 
mixture was worked up in the usual way. Ethereal extract 
of the product was evaporated under reduced pressure and 
the crystalline residue was washed thoroughly with hexane 
to give fairly pure 8b , reddish brown fine crystals, 85 mg, 
8 3 % , which were recrystallized from benzene-ethanol to 
give an analytical specimen of 8b , brown violet crystals, m p 
284.0—284.5 °C (dec); IR(KBr-disk) 962 {trans - C H = C H - ) , 
2020 (-C=C-*+=C=C=); NMR(CDG1 3 , 60 M H Z ) 0.12 (d, 2, 
7 = 1 3 . 5 , H a ) , 0.53 (d, 2, / = 1 3 . 5 , H c ) , 1.2—1.6 (m, 4, 
o-H of phenyl), 2.2—2.7 (m, 6, m,p-H of phenyl) , 8.07 (s, 18 
f-butyl), 13.58 (t, 2, 7 = 1 3 . 5 , H b ) ; (THF-rf8, 100 M H z ) 
0.16 (d, 2, J = 1 3 , H a ) , 0.49 (d, 2, 7 = 1 3 , H e ) , 1.39 (m, 
4, o-H of phenyl), 2.3—2.7 (m, 6, m,p-H of phenyl) , 8.05 
(s, 18, /-butyl), 13.45 (t, 2, 7 = 1 3 , H b ) . 

Found: G, 91.96; H , 7.70%. Calcd for C 3 4H 3 4 : G, 92.26; 
H, 7.74%. 

CT Complex of 8b with 2,4,7-Trinitrofluorenone. A hot 
solution of 2,4,7-trinitrofluorenone (15.0 mg) in ethanol 
(6 ml) was mixed with a hot solution of 8 b (15.0 mg) in 
benzene (2 ml) . O n cooling the mixture the G T complex 
was obtained as violet brown crystals. 

Found: G, 74.27; H , 5.16; N , 5 .57%. Calcd for C 3 4 H 3 4 . 
C 1 3 H 5 N 3 0 7 : C, 74.49; H , 5.19; N ,5 .54%. 

/,8,4,11- Tetraphenyl-4,6,11,13-cyclotetradecatetraen-2,9-diyn -1,8-
diol (7c). A solution of l ,5-diphenyl-2,4-heptadien-
6-yn-l-one (6c, 396 mg, 1.53 mmol)2c>d'e> in T H F (25 ml) 
was added over a period of 17 h to a suspension of potassium 
hydroxide (1.6 g, 29 mmol) in liquid ammonia (600 ml) at 
—55 65 °G. After the mixture had been stirred at —55 °G 
for 4 h, ammonium chloride (4 g) was added to the reaction 
mixture, and the ammonia was allowed to evaporate. T h e 
residue was digested with ether by décantat ion. T h e 
insoluble material was dissolved in water , and the aqueous 
solution was extracted with ether. T h e combined organic 
layer was worked u p in the usual way. Crystalline solid 
obtained on evaporating the solvent was dissolved in T H F 
and passed through a short column of silica gel (10 g). T h e 
filtrate was concentrated under reduced pressure to give 
pale brown crystals, which were washed with hexane-benzene 
to give slightly impure 7c (369 mg, 9 3 % ) . T h e mater ia l 
was recrystallized from T H F to give colorless crystals, and 
was found to contain half mole of T H F as a solvent of crystal­
lization, m p 236—237 °G (dec) ; IR(KBr-disk) 974 s (trans 
- C H = C H - ) , 2210 w (-G=G-), 3550 w, 3340 broad (OH) 
c m - 1 ; N M R ( T H F ) 2.23—2.92 (m, 24, H a , H b , and phenyl), 
3.69 (d, 2 , 7 = 1 5 . 0 , H e ) . 

Found: C, 85.47; H , 5.72%. Calcd for C 3 8 H 2 8 0 2 - l / 2 
C 4 H 8 0 : C, 85.68; H , 5 .75%. 

3,7,10,14-Tetraphenyl-l,8-bisdehydro\_14]annulene (8c). 

Finely powdered t in(I I ) chloride dihydrate (600 mg) was 
added under nitrogen atmosphere to a solution of 7c (45.0 mg, 
0.087 mmol) in dimethoxyethane (40 ml) at — 60 °C. T o 
the stirred mixture was added ether saturated with hydrogen 
chloride (4 ml) at —50 55 °C. After the mixture had 
been stirred for 10 min at —55 60°C, the resulting deep 
purple solution was poured into water and extracted with 
ethyl acetate. T h e extract was worked u p in the usual 
way. Deep purple crystals obtained on evaporating the 
solvent under reduced pressure were washed with h e x a n e -
ether ( 1 : 1) to give pure 8c, deep purple crystals, m p >300 °C 
( d e c ) , 35 mg, 8 3 % ; IR(KBr-disk) 945 s (trans - C H = C H - ) 
c m - 1 . 

Found : C, 94.57; H , 5 .43%. Calcd for C 3 8H 2 6 : C, 94.26; 
H , 5 .45%. 

CT Complex of 8c with 2,4,7~Trinitrofluorenone. T h e 
bisdehydro[ 14] annulene (8c, 10.0 mg, 0.032 mmol) was 
dissolved in hot toluene (20 ml) , and the solution was mixed 
with a solution of 2,4,7-trinitrofluorenone (10.0 mg, 0.032 
mmol) in ethanol (5 ml) and toluene (5 ml) . After addition 
of ethanol (10 ml) , the mixture was kept in a refrigerator to 
give 1: 2 C T complex as violet crystals. 

Found : C, 68.87; H , 3.23; N, 7.59%. Calcd for C 3 8H 2 6 . 
2C 1 3 H 5 N 3 O v : C, 69.06; H , 3.26; N , 7 .55%. 
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Nagarse, papain, pepsin and thermolysin were found to catalyze the peptide bond formation between two 
amino acids or peptides, one protected with a suitable group at the amino group and the other at the carboxyl 
group. Experiments with various combinations of amino acids and dipep tides show specificity in the catalytic action 
in varying degree which depending on the nature of the enzyme. Since the condensation takes place efficiently 
under mild conditions, this method opens up a useful way for the synthesis of peptides. 

During the last three decades several important 
general methods and a large number of coupling 
reagents for peptide bond formation have been devel­
oped.1) Almost all the coupling methods involve the 
possibility of side reactions and racemization. Racemi-
zation may always be expected to some extent when 
the carboxyl group of an N-protected amino acid or 
peptide is activated. Careful control of coupling 
conditions may be used to minimize or eliminate these 
side reactions and racemization in chemical synthesis. 

O n the other hand, proteolytic enzyme is expected to 
provide a potential method for the peptide synthesis 
without racemization, if hydrolytic action is supressed. 

However, no successful result seems to have been 
reported except for that of Bergmann and Fraenkel-
Conrat which involves the condensation of acylamino 
acid and amino acid anilide in the presence of papain.2) 
Fruton3) referred to their method as an interesting 
approach to the synthesis of peptide but one involving 
difficulties which prevent it from being a general 
synthetic method. 

With the expectation that the above difficulties can 
be overcome by means of the protecting groups of the 
substrates, we have examined the possibility of using 
proteolytic enzymes for practical preparation of peptides 
since a few years ago. The study has produced a 
considerable amount of useful findings, and in this 
paper we give some typical examples from the results 
obtained so far. 

Examination was made of the catalytic action of four 
representative enzymes4-7) each from seryl-, thiol-, 
acid-, and metallo-proteinase groups on the following 
peptide forming reactions between two amino acids or 
dipeptides suitably protected at the amino group 
(carboxyl component) or at the carboxyl group (amine 
component) : 

1. Z-X-OH + H-Phe-Val-OBu£ 

> Z-X-Phe-Val-OBu* 

2. Z-Phe-X-OH + H-Phe-Val-OBu£ 

• Z-Phe-X-Phe-Val-OBu£ 

3. Z-X-Y-OH + H-Phe-ODPM 

• Z-X-Y-Phe-ODPM 

4. Z -X-OH + H-Val-ODPM 

> Z-X-Val-ODPM 

5. Z -X-OH + H-Phe-Phe-OBuJ 

• Z-X-Phe-Phe-OBu* 

In these formulas, X and Y stand for arbitrary amino 
acid residues with Z, benzyloxycarbonyl; Bu ;, £-butyl; 
and D P M , diphenylmethyl as protecting groups. 

Mater ia l s and M e t h o d s 

Enzymes: Papain (2.1 X 102 units/mg, Midori Juji Co.), 
Nagarse (5x l0 2 units/mg, Nagase Co.), Thermolysin (8.08 
X 103 units/mg, Daiwa Kasei Co.) and porcine pepsin (1.9 
X 103 units/mg, Sigma Chemical Co., U.S.A.) were used with­
out further purification. 

Substrates: All the amino acids used had the reconfigura­
tion. 

Phenylalanine Diphenylmethyl Ester p- Toluenesulfonate and Valine 
Diphenylmethyl Ester p-Toluenesulfonate: These were prepared in 
the same manner as described for the corresponding benzyl 
ester.8) 

Phenylalanine Diphenylmethyl Ester p- Toluenesulfonate. The 
yield was 83%, mp 217—220 °C (from methanol-ether). 

Found: C, 68.88; H, 5.76; N, 2.71%. Calcd for C29H29-
N 0 5 S : C, 69.16; H, 5.80; N, 2.78%. 

Valine Diphenylmethyl Ester p- Toluenesulfonate. The yield 
was 65%,, mp 173 °C (from methanol-ether). 

Found: C, 65.41; H, 6.51; N, 2.96%. Caldc for C25H29-
N 0 5 S : C, 65.91; H, 6.42; N, 3.07%. 

The following dipeptide derivatives were prepared by the 
procedure given in literature: H-Phe-Val-OBu',9) H-Phe-
Phe-OBuV°> Z-Phe-Gly-OH,11) Z-Phe-Ser-OH,12> Z-Phe-
Arg-(N02)-OH,13) Z-Leu-Phe-OH,14) Z-Phe-Tyr-OH.15> 

Z-Phe-Val-OEt. To 48.5 g (0.267 mol) of H-Val-OEt in 
180 ml of DMF at - 1 0 °C was added 30 ml (0.270 mol) of 
iV-methylmorpholine, 80 g (0.267 mol) of Z-Phe-OH, 36.5 g 
(0.27 mol) of 1-hydroxy-benztriazole and 56.7 g (0.276 mol) 
of dicyclohexylcarbodiimide in 180 ml of of DMF. After 20 
h, the reaction mixture was worked up by the usual procedure. 
The product was recrystallized from ethanol-water: yield 
107.5 g (94%); mp 103—105 °C; [a]D -18.4° (c 1, ethanol). 

Found: C, 67.45; H, 7.09; N, 6.61%. Calcd for C24H30-
N 2 0 5 : C, 67.58; H, 7.09; N, 6.57%. 

Z-Phe- Val-OH. A solution of 60 g (0.141 mol) of Z-Phe-
Val-OEt in 350 ml of ethanol was saponified with 180 ml of 
1 M aqueous sodium hydroxide for 12 h. The solution was 
acidified with 2 M hydrochloric acid and filtered. The sample 
was recrystallized from ethanol-water for analysis: yield 52.4g 
(93%); [<x]D - 7 .1° (c 1, ethanol). 

Found: C, 66.11; H, 6.60; N, 7.05%. Calcd for C22H,6-
N 2 0 5 : C, 66.31; H, 6.58; N, 7.03%. 

General procedures of the synthesis with enzymes are as 
follows. 

Peptide Synthesis by Papain : 20 ml of a Mcllvaine buffer 
solution having pH 6.6 was added to 1.0 mmol each of a 
carboxyl component and an amine component. 150 mg 
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of papain and 0.1 ml of 2-mercaptoethanol were then added to 
the mixture. After incubation at 38° for 24 h, the resulting 
precipitate was filtered off and washed in succession with 
water, 7% aqueous ammonia , 0.5 M hydrochloric acid and 
water. The product was dissolved in 50 ml of hot methanol 
and the solution was treated with active carbon. T h e solution 
was concentrated in vacuo and the residue was recrystallized 
from an appropriate solvent to give a pure crystalline product . 

Peptide Synthesis by Nagarse : 20 ml of a Mcl lva ine buffer 
solution having p H of 7.2 was added to 1.0 mmol each of a 
carboxyl component and an amine component . 150 mg of 
nagarse was then added to the mixture. After incubation at 
38 °G for 24 h, the product was isolated by the same pro­
cedure as described above. 

Peptide Synthesis by Pepsin : 20 ml of an acetate buffer solu­
tion having p H of 4.5 was added to 1.0 mmol each of a car­
boxyl component and an amine component . 100 mg of pepsin 
was then added to the mixture and the mixture incubated 
at 38 °C for 24 h. T h e product was isolated by the same 
procedure as described above. 

Peptide Synthesis by Thermolysin : 20 ml of a veronal buffer 
solution having p H of 7.5 was added to 1.0 mmol each of a 
carboxyl component and an amine component . 20 mg of 
thermolysin was then added to the mixture. After incubation 
at 38 °C for 24 h, the product was isolated by the same 
procedure as described above. 

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

T h e effect of p a p a i n a n d t h e r m o l y s i n on t h e r e a c t i o n 
of b e n z y l o x y c a r b o n y l a m i n o ac id s w i t h p h e n y l a l a n y l -
v a l i n e ï -bu ty l ester is g iven i n T a b l e 1. 

TABLE 1. EFFECT OF ENZYMES ON TH EREACTION 

Z - X - O H + H - P h e - V a l - O B u £ - + Z - X - P h e - V a l - O B u J 

Compound ( -X-) 

Enzyme 
Yield (%) 

Papain Thermolysin 

Gly 
Val 
Tyr 
Ser 

A r g ( N 0 2 ) 

43 

15 
31 
49 

85 
47 
63 
76 
58 

W h i l e p a p a i n a n d t h e r m o l y s i n d i s p l a y e d a s imi l a r 
syn the t i c ac t iv i ty t o w a r d these subs t r a t e s , n a g a r s e a n d 
peps in w e r e ineffective in r e a c t i o n 1. T h e r m o l y s i n 
a p p e a r s to b e m o r e p o t e n t t h a n p a p a i n i n t h e t r i p e p t i d e 
fo rma t ion . 

T h e effect of p a p a i n , t h e r m o l y s i n a n d n a g a r s e o n t h e 

T A B L E 2. EFFECT OF ENZYMES ON THE REACTION 

Z - P h e - X - O H f + H - P h e - V a l - O B u £ - + Z - P h e - X - P h e -
Val-OBu* 

Compound (-X-
Yield (%) 

Papain Thermolysin Nagarse 

Gly 
Val 
Tyr 

Ser 
Arg(N0 2 ) 

77 

12 

84 

91 

79 
50 
72 
65 
52 

22 
35 

21 

r e a c t i o n of Z - P h e - X - O H w i t h p h e n y l a l a n y l - v a l i n e 
f-butyl ester is g i v e n in T a b l e 2 . 

P a p a i n , t h e r m o l y s i n a n d n a g a r s e e x h i b i t a s y n t h e t i c 
ac t iv i ty , w h i l e p e p s i n w a s ineffect ive in these t e t r a p e p t i d e 
f o r m a t i o n s . 

A c o m p a r i s o n of t h e resul t s o b t a i n e d i n r eac t i ons 1 
a n d 2 shows t h a t acy l d i p e p t i d e s ( Z - P h e - X - O H ) a r e 
m o r e p r o n e to g ive c o n d e n s a t i o n p r o d u c t s t h a n acy l 
a m i n o ac ids ( Z - X - O H ) as c a r b o x y l c o m p o n e n t . 

T h e effect of p a p a i n a n d p e p s i n o n t h e r e a c t i o n of 
b e n z y l o x y c a r b o n y l d i p e p t i d e ac id s ( Z - X - Y - O H ) w i t h 
p h e n y l a l a n i n e d i p h e n y l m e t h y l es ter is g i v e n in T a b l e 3 . 

T A B L E 3. EFFECT OF ENZYMES ON THE REACTION 

Z - X - Y - O H + H - P h e - O D P M - ^ Z - X - Y - P h e - O D P M 

Compound 
(-X-Y-) 

Leu-Phe 
Phe-Tyr 
Val-Tyr 

Papain 

98 
94 

100 

Yield (%) 

Pepsin 

84.7 
63 

0 

B o t h e n z y m e s s h o w t h e s a m e s y n t h e t i c a c t i v i t y i n t h e 
case of Z - L e u - P h e - O H or Z - P h e - T y r - O H w i t h 
p h e n y l a l a n i n e d i p h e n y l m e t h y l ester . I t is of i n t e re s t 
t h a t t h e r e is a s t r i k ing di f ference b e t w e e n these e n z y m e s 
in t h e case of Z - V a l - T y r - O H as c a r b o x y l c o m p o n e n t . 
H o w e v e r , n a g a r s e a n d t h e r m o l y s i n w e r e ineffect ive in 
these r eac t i ons . 

T h e effect of p a p a i n o n t h e r e a c t i o n of b e n z y l o x y c a r ­
b o n y l a m i n o ac ids w i t h v a l i n e d i p h e n y l m e t h y l es ter is 
g iven in T a b l e 4 . 

T A B L E 4. E F F E C T OF PAPAIN ON THE REACTION 

Z - X - O H + H - V a l - O D P M ^ Z - X - V a l - O D P M 

Compound 
(X) 

Yield Compound 
(X) 

Yield 

Ala 
Met 
T h r 
Gin 

Lys(z) 

80 
81 
66 
69 
70 

Phe 
Glu 
Asn 
Arg(NOa) 

91 
61 
25 
83 

T A B L E 5. E F F E C T OF PAPAIN AND THERMOLYSIN 

ON THE FOLLOWING REACTION 

Z - X - O H + H - P h e - P h e - O B u ^ Z - X - P h e - P h e - O B u * 

Compound 
( -X- ) 

Yield (%) 

Papain Thermolysin 

Gly 
Ala 

Leu 
Phe 
Tyr 
Ser 
T h r 
Met 
Cys(Bzl) 
Asn 
Glu 
Gin 

20 
80 
32 

71 
95 
69 
48 
52 
78 

68 
61 
79 
28 
50 

28 
74 

7 
89 
79 
79 
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T A B L E 6. PHYSICAL PROPERTIES AND ELEMENTAL ANALYSIS OF THE ENZYMIC REACTION PRODUCTS 

1. 

X 

Gly 

Val 

Tyr 

Ser 

Arg(N02) 
_ 

Gly 

Val 

Tyr 

Ser 

Arg(NOa) 

37 
Leu-Phe 

Phe-Tyr 

Val-Tyr 

. _ 

Ala 

Phe 

Thr 

Met 

Asn 

Glu 

Gin 

Arg(N02) 

Lys(z) 

57 
Gly 

Ala 

Leu 

Phe 

Tyr 

Ser 

Z-X-Phe-Val-OBuJ 

Mp(°G) 

foam 

178 

85 

135 

125 

M D 

- 1 8 . 3 (c 1, MeOH) 

- 4 5 . 5 [c 1, MeOH) 

- 3 3 . 4 (c 1, MeOH) 

- 3 4 . 9 (c 1, MeOH) 

- 2 4 . 9 ( c l , MeOH) 

Z-Phe-X-Phe-Val-OBuê 

85—92 

216 

110 

169 

115 

Z-X-Y-Phe-

172 

165 

196 

- 1 9 . 9 (cl, MeOH) 

- 4 4 . 8 (c 1, MeOH) 

- 4 0 . 6 (c 1, MeOH) 

- 2 8 . 3 (c 1, MeOH) 

- 2 9 . 2 (c 1, MeOH) 

-ODPM 

- 2 4 . 5 (c 1, DMF) 

- 2 3 . 9 (c 0.63, DMF) 

- 3 4 . 8 (c0.5, DMF) 

Z-X-Val-ODPM 

92—96 

106 

89—95 

98 

116—125 

125—131 

178—183 

142 

117 

Z-X-Phe-Phe-OBu* 

72 

95 

96 

104 

119 

103 

- 1 3 . 6 (c0.5, MeOH) 

- 3 3 . 5 (c 1, MeOH) 

- 3 2 . 1 (c 1, MeOH) 

- 2 9 . 5 (c 1, MeOH) 

- 2 6 . 1 (c 1, MeOH) 

Formula 

C28H37N306 

C31H43N306 

C35H43N307 

C29H39N307 

C32H45N708 

C37H46N407 

C40H52N4O7 

C44H52N408 

C3 8H4 8N408-H20 

C41H54N809 

C45H47N306 

C48H45N307 

C44H45N307 

C29H32N205 

C35H36N205-2H20 

C30H34N2O6 

C3iH36N205S 

G3oH33JN306 

G31H34N207 

C3iH35N306 

C32H38N607 

C40H45N3O7 

C32H37N306 

C33H39N306 

C36H45N306 

C39H43N306 

C39H43N307 

C33H39N307 

C ^ 

65.73 
(65.75 
67.24 

(66.98 
68.05 

(67.98 
64.31 

(64.00 
58.61 

(58.88 

67.46 
(67.52 
68.55 
(68.52 
69.09 

(68.91 
64.57 

(64.46 
61.33 

(61.79 

74.46 
(74.62 
74.30 

(74.06 
72.61 

(72.49 

71.29 
(71.28 
69.98 

(70.21 
69.48 

(69.19 
67.80 

(67.83 
67.78 

(68.18 
68.12 

(68.23 
68.24 

(67.94 
62.12 

(62.48 
70.67 

(70.28 

68.67 
(68.91 
69.09 

(68.95 
70.22 

(70.38 
72.09 

(71.86 
70.36 

(70.37 
67.21 

(67.30 

Calcd (%) 
(Found) 

-̂  x H 

7.29 
7.45 
7.83 
7.73 
7.02 
7.14 
7.26 
7.33 
6.92 
6.98 

7.04 
6.93 
7.48 
7.50 
6.85 
6.89 
7.13 
6.91 
6.78 
6.65 

6.53 
6.67 
5.85 
5.84 
6.23 
6.22 

6.60 
6.54 
6.71 
6.34 
6.61 
6.59 
6.61 
6.60 
6.26 
6.27 
6.27 
6.31 
6.47 
6.39 
6.19 
6.21 
6.67 
6.66 

6.66 
6.76 
6.85 
6.84 
7.37 
7.57 
6.67 
6.66 
6.51 
6.38 
6.67 
6.91 

N S 

8.21 
8.52) 
7.59 
7.55) 
6.80 
6.91) 
7.76 
7.87) 

14.95 
14.53) 

8.50 
8.58) 
7.99 
7.97) 
7.32 
7.56) 
7.93 
8.01) 

13.96 
13.90) 

5.79 
5.66) 
5.42 
5.35) 
5.77 
5.84) 

5.73 
5.82) 
4.66 
4.80) 
5.40 
5.26) 
5.12 5.84 
5.16 5.79) 
7.90 
7.41) 
5.12 
4.84) 
7.70 
7.74) 

13.58 
13.40) 
6.18 
6.33) 

7.51 
7.58) 
7.32 
7.21) 
6.82 
6.64) 
6.47 
6.39) 
6.31 
6.05) 
7.13 
6.88) 
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X Mp(°C) W D Formula 

Calcd (%) 
(Found) 

c 
67.64 

(67.24 
66.32 

(66.30 
69.04 

(68.92 
66.54 

(66.54 
66.21 

(66.22 
66.65 

(66.51 

H 

6.85 
6.70 
6.84 
6.77 
6.52 
6.48 
6.54 
6.41 
6.54 
6.52 
6.71 
6.71 

N 

6.96 
6.88) 
6.63 
6.53) 
6.04 
6.06) 
6.65 
6.59) 
9.09 
8.87) 
8.88 
8.74) 

Thr 

Met 

Cys(Bzl) 

Glu 

Asn 

Gin 

94 

106 

68 

147—152 

185 

188 

- 2 4 . 9 {c 1, MeOH) 

- 3 1 . 3 (c 1, MeOH) 

- 3 5 . 0 (c 1, MeOH) 

- 1 7 . 6 (c 1, DMF) 

- 2 9 . 2 (c\, DMF) 

- 1 8 . 3 (c 1, DMF) 

C34H41N307 

C35H43N306S 

C40H45N3O6S 

C35H41N308 

C34H40N4O7 

C35H42N407 

Papain exhibits wide peptide formation activity for 
various amino acids as a carboxyl component. 

The effects of papain and thermolysin in the reaction 
of benzyloxycarbonyl amino acids with phenylalanyl-
phenylalanine tf-butyl ester are compared in Table 5. 

These two enzymes show similar activities, the 
specificity as regards the nature of reacting amino acids 
being low. 

It appears that the low specificity in the peptide bond 
formation is generally associated with the low specificity 
in the hydrolysis of protein, such as papain5) and 
thermolysin.7) 

The results shown that the utilization of proteolytic 
enzymes as a catalyst in the formation of a peptide 
linkage is advantageous for practical synthesis of 
oligopeptides because of ready condensation under mild 
conditions. 

The authors wish to express their deep grati tude to 
Drs. Y. Morino and O . Shimamura for their constant 
encouragement throughout the work. Thanks are due 
to Mrs. K. Kogure for her skilful assistances throughout 
the experiments. 
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The Enzymatic Synthesis of Protected Valine-5 Angiotensin II Amide-1 
Yoshikazu ISOWA, Muneki OHMORI, Masanari SATO, and Kaoru MORI 

Sagami Chemical Research Center, Nishi-Ohnuma Sagamihara, Kanagawa 229 

(Received April 15, 1977) 

An example of the use of proteolytic enzymes to facilitate the peptide synthesis by fragment condensation is 
provided for the preparation of protected valine-5 angiotensin II amide-1 using J-butoxycarbonylpeptides as a 
carboxyl component and a peptide ethyl ester as an amine component. The proteolytic enzymes used are papain, 
nagarse (subtilisin BPN') and microbial metalloenzyme isolated from St. caespitosus. Papain-catalyzed condensa­
tion reaction afforded the corresponding oligopeptide in the ester form, whereas nagarse and microbial metallo-
enzyme-catalyzed condensation reactions afforded the products in the carboxyl free form. Assignment of the 
product was made on the basis of a comparison of physical properties with those of the peptide prepared by the 
solution method. 

Previous work in this series has shown that typical 
proteolytic enzymes, e.g., papain, thermolysin, nagarse 
(subtilisin BPN') and pepsin, may be capable of catalyz­
ing peptide bond formation between acylamino acids 
or acyldipeptides and amino acid or dipeptide esters.1) 
T h e first instance of such a reaction was the amide bond 
formation between an acylamino acid and amino acid 
anilide in the presence of papain reported by Bergmann 
and Fraenkel-Conrat,2) who also examined the effect 
of the peptide bond formation by chymotrypsin using an 
amino acid anilide as an amine component.3 '4) These 
observations indicate that the proteolytic enzymes 
catalyze the formation of small peptides such as di, tri , 
and tetrapeptides. However, since the enzymes essential­
ly catalyze the hydrolysis of peptides, it is of interest to 
examine them with respect to their ability to catalyze 
the formation of oligopeptides without undesirable 
reactions. 

This investigation was undertaken to provide a 
fundamental information on the enzymatic synthesis of 
oligopeptides using papain,5) nagarse (subtilisin BPN')6) 
and microbial metalloenzyme7) as catalysts. For this 
purpose, the preparat ion of protected valine-5 angioten­
sin I I amide-1 via the enzymatic fragment condensation 
was studied. This peptide hormon consists of eight 
amino acid residues having a L-configuration. Its 
constructional formula is as follows. 

H-Asn1-Arg2-Val3-Tyr4-Val5-His6-Pro7-Phe8-OH 

The octapeptide was first synthesized by Schwyzer 
and co-workers.8) Several angiotensin peptides have 
since been prepared by means of solution or solid phase 
method. 

It was demonstrated that the angiotensin undergoes 
cleavage at a tyrosyl residue on the carboxyl side by the 
action of chymotrypsin or chymotrypsin-like endopep-
tidases.9»10) The peptide bond chosen for the fragment 
condensation was therefore Tyr 4 -Val 5 linkage in this 
synthetic procedure. The scheme for the preparation of 
N-terminal dipeptide and tetrapeptide used for carboxyl 
component is given in Fig. 1 and that of C-terminal 
tetrapeptide for amino component in Fig. 2. 

In order to facilitate isolation the side-chain func­
tional groups of Arg, Tyr , and His were protected by 
nitro or benzyl group.11) As an amino protecting group 
for Arg(NO a ) , His(BZL), and Pro, 2,4,6-trimethyl-
benzyloxycarbonyl (TMZ) group, which was readily 

Asn 
1 

A r g 
2 

Val 
3 

Ty r 
4 

BOC-

BOC-

TMZ 

TMZ 

H 

BOC-

BOC-

| /N0 2 

- ^OH H-
(IV) 

| /N0 2 

VL 

V 

VL 

\L 
(i) 

k 
(n) 

]/ 

(m) 

(V) 

(VI) 

(VII) 

(VIII) 

BZL 

OMe 

BZL 

OH 

BZL 

]/. 

OMe-HCl 

,BZL 

-OMe 

BZL 

k 
OMe-HCl 

BZL 

VL 

OMe 

BZL 

OH 

Fig. 1. Preparation of peptide substrates, II and VIII, 
as carboxyl component; prefix L for amino acids is 
omitted; BOC, J-butoxycarbonyl; TMZ, 2,4,6-trimeth-
ylbenzyloxycarbonyl; BZL, benzyl; Me, methyl. 

Val 
5 

H i s 
6 

BOC-

H-

TMZ 

TMZ-

H-

P r o 
7 

T M Z ^ O H 

Phe 

TMZ-

^BZL / 
-f-o H H-(xn) 

V. 

V. 

BZL 

BZL 

v_ 
BZL 

v_ 
BZL 

(X) 

(XI) 

(xm) 

(XIV) 

(XV) 

-OEt 

-OEt-HCl 

-OEt 

-0Et-2HCl 

-OEt 

-0Et-2HCl 
(XVI) 

Fig. 2. Preparation of peptide substrate, XVI, as amine 
component; Et, ethyl. 

introduced by the reaction with 2,4,6-trimethylbenzyl 
2,4,5-trichlorophenyl carbonate by a modification of the 
^-butoxycarbonylation12) and smoothly removed by 
acidolysis, was employed because of the fine crystalliza­
tion of their peptide derivatives. In a comparison of 
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V I and X I with samples obtained from the correspond­
ing BOC-derivatives, no detectable amount of optical 
inpurity was observed. 

The reaction sequence for the preparation of the 
valine-5 angiotensin 3—8 fragment and the protected 
valine-5 angiotensin I I amide-1 as authentic samples is 
shown in Fig. 3. 

Asn Arg Val Tyr 
1 2 3 * 

Val His Pro Phe 

BOC-

BOC-

BOC-

BOC-

BOC-

,N02 

^ 0 2 

(ID 

(van 

,BZL 
OH H-

,BZL 

3ZL 

,BZL 
•OH H-

3ZL 

k* 

k! 

ZL 

ZL 

]£. ZL 

]£. ZL 

,BZL 

(XVI) 

(XVII) 

(XVIII) 

(XVI) 

(XIX) 

OEt 2HCI 

-OEt 

•OH 

-0Et-2HCl 

OEt 

Fig. 3. Preparation of authentic samples, XVII, XVIII, 
and XIX, by solution method. 

In all cases, the coupling reactions were carried out 
by means of H O B t / D C C I method,13) the tertiary base 
being iV-methylmorpholine, and the solvent N,N-
dimethylformamide. The resulting products were 
isolated in the usual way. When necessary, the 
f-butoxycarbonyl or 2,4,6-trimethylbenzyloxycarbonyl 
group was removed by treatment with hydrogen chloride 
in ethyl acetate. Saponification of the peptide esters 
was carried out in methanol or iV,iV-dimethylformamide 
solution in the presence of sodium hydroxide at room 
temperature. 

The enzymatic condensation reactions were carried 
out by incubating the substrates in buffer solutions of 
the p H comparable to those of the hydrolytic reactions, 
either in the absence or presence of methanol ; the 
Mcllvaine buffer of p H 5.5, 7.5 and Veronal buffer of 
p H 7.0 were employed for the papain, nagarse and 
microbial metalloenzyme-catalyzed reactions, respec­
tively. When hydrochloride was used as an amine 
component, the required quanti ty of 1 M sodium 
hydroxide was added. Details of the composition of the 
reaction mixture and of the reaction conditions are 
given in Experimental. 

All the products obtained in these reactions were 
identified by direct comparison of their melting point, 
optical rotation and Rf value of thin layer chromato­
graphy with those of samples prepared by the solution 
method (Fig. 3). 

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

1) Syntheses of the Protected Valine-5 Angiotensin II 
3-8 Fragment by Papain, Nagarse and Microbial Metallo­
enzyme-catalyzed Reaction. The possibility of the 
ploteolytic enzymes to catalyze the formation of oligo­
peptides was examined in the condensation of B O C -
Va l -Ty r (BZL) -OH (II) with H - V a l - H i s ( B Z L ) - P r o -
Phe-OEt -2HCl (XVI) . T h e results are summarized 
in Fig. 4. 

Val 

BOC-
(i i ) 

Tyr 

-+1 
Val His Pro Phe 

BZL 
OH 

,BZL 

(XVI) 
-0Et2HCl 

BOC- Ï 
papain 

BZL I 

I (XVII-pa) 

BZL 
-OEt 

BOC-

nagarse 

/BZL 1 ,BZL 

l(XVni-na) 
-OH 

BOC-

microbial meta l l oenzyme 

l/BZL I I , l/BZL 

I I (XVin-me) 

Fig. 4. Enzymatic condensation of BOC-Val-Tyr(BZL)-
OH (II) with H-Val-His(BZL)-Pro-Phe-OEt.2HCl 
(XVI) ; suffix -pa, -na, and -me indicate the products 
obtained respectively by papain, nagarse, and microbial 
metalloenzyme-catalyzed reaction. 

The papain-catalyzed reaction in Mcllvaine buffer of 
p H 5.5 containing methanol (1/1, v/v) afforded the 
corresponding hexapeptide ethyl ester (XVII -pa) as the 
major product. T h e presence of all the amino acid 
residues constituting the hexapeptide and of the ethyl 
ester were determined by its N M R spectrum (see 
Experimental) . Further structural elucidation was 
achieved by a comparison of physical properties with 
those of the peptide ester prepared by the H O B t / D C C I 
method (Table 1). 

TABLE 1. COMPARISON OF PHYSICAL PROPERTIES OF 

XVII-pa WITH THOSE OF XVII PREPARED 

BY SOLUTION METHOD 

Type of condensation 

Papain-catalyzed 
condensation 

(XVII-pa) 

HOBt/DCCI 
(XVII) 

Mp(°C) 
DMF 

M » < " - 0 > MeOH 

Rt (TLC) 
system I 
system II 

167—173 
- 3 6 . 0 ° 
- 5 8 . 5 ° 
0.79 
0.74 

164—173 
- 3 5 . 3 ° 
- 5 9 . 2 ° 
0.79 
0.75 

T h e observation that the protected hexapeptide ethyl 
ester (XVII-pa) is mainly obtained by the enzymatic 
reaction seems to be incompatible with the fact that 
papain possesses an esterase activity.5 '14) This is of 
considerable importance from a practical point of view. 

The nagarse-catalyzed condensation reaction in 
Mcllvaine buffer of p H 7.5 gave the corresponding 
hexapeptide in the carboxyl free form (XVII I -na ) . T h e 
melting point, optical rotation and Rf values of thin 
layer chromatography agree with those of X V I I I 
obtained from the synthetic X V I I by saponification 
(Table 2). 

The result is in line with the fact that the serine 
proteinases catalyze the hydrolysis of ethyl or methyl 
ester linkage to a great extent.15-16) 

T h e microbial metalloenzyme-catalyzed reaction in 
Veronal buffer of p H 7.0 afforded the corresponding 
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TABLE 2. COMPARISON OF PHYSICAL PROPERTIES OF XVIII-na 

WITH THOSE OF X V I I I PREPARED BY SAPONIFICATION 

OF THE SYNTHETIC X V I I 

Type of condensation 

Nagarse-catalyzed 
condensation 
(XVIII-na) 

Solution 
method 
(XVIII) 

MP (°C)a> 165—169 
[ a ] D ( d . O ) DMF - 2 7 . 4 ° 

system I 0.41 
system II 0.64 

Rt (TLC) 

172—179 
- 2 8 . 7 ° 

0.41 
0.63 

a) Discrepancy in the melting, points may be due to the 
water of crystallization; XVIII-na, 2H 2 0 ; synthetic 
XVIII, H 2 0 . 

hexapeptide acid (XVII I -me) . In spite of the fact that 
the microbial metalloenzymes are inactive against the 
ester substrates,17 '18) no measurable amount of the 
hexapeptide ester was detected in the condensation 
product. This might be at tr ibuted to an impurity in the 
microbial metalloenzyme employed.7> 

The investigations into the peptide bond forming 
ability of the proteolytic enzymes show that the protected 
hexapeptides can be enzymatically prepared by the 
fragment condensation of I I with X V I without loss of 
amino acid residues. However, except in the case of the 
papain-catalyzed reaction, the hexapeptide was obtained 
in a carboxyl free form even when the condensa­
tion reactions were carried out in the presence of 
methanol. 

2) Synthesis of the Protected Valine-5 Angiotensin II 
Amide-l by the Papain-catalyzed Reaction. Since the 
papain-catalyzed reaction afforded the product in the 
form of the ethyl ester as described in the synthesis of 
hexapeptide, preparation of the protected valine-5 
angiotensin I I amide-l was at tempted with use of 
papain. T h e product obtained by the papain-catalyzed 
condensation of fragment 1—4 (VIII) with 5—8 (XVI) 
in a mixture of Mcllvaine buffer of p H 5.5 and methanol 
(1/1, v/v) was the corresponding octapeptide ester 
(XIX-pa) containing two of the water of crystallization. 
Its structure was determined by means of elemental and 
N M R analysis. 

BOC-Asn-Arg(N02)-Val-
Tyr(BZL)-OH (VIII) 

H-Val-His(BZL)-Pro-
Phe-OEt (XVI) 

papain 

in buff er/methanol=1/1 (v/v) 

BOC-Asn-Arg(N02)-Val-Tyr(BZL)-Val-His(BZL)-
Pro-Phe-OEt 

Protected valine-5 angiotensin II amide-l (XIX-pa) 

T h e significant physical properties of X I X - p a were 
the same as those of X I X prepared by the solution 
method (Table 3). A small amount of the octapeptide 
acid was concomitantly obtained when the reaction was 
carried out in the absence of methanol. I t seems to be 
reasonable to assume that the papain-catalyzed esterol-
ysis is repressed by the addition of methanol to the 
reaction mixture. 

This finding indicates that papain also catalyzes the 

TABLE 3. COMPARISON OF PHYSICAL PROPERTIES OF XIX-pa 

WITH THOSE OF X I X PREPARED BY SOLUTION METHOD 

Type of condensation 

Papain-catalyzed 
condensation 

(XIX-pa) 

HOBt/DCCI 
(XIX) 

MP (°C) 

R , (TLC) s y s ; e m ;T 
1 v ' system II 

186—195 
- 2 7 . 3 ° 
- 4 8 . 3 ° 
0.62 
0.56 

189—195 
- 2 6 . 5 ° 
- 4 8 . 4 ° 

0.63 
0.55 

octapeptide formation via fragment condensation without 
loss of amino acid residues. Furthermore, it is of interest 
to note that by the addition of methanol to the reaction 
mixture, the papain-catalyzed reaction affords the 
product in the form of ethyl ester. 

I t is apparent that the proteolytic enzymes, papain, 
nagarse and microbial metalloenzyme, are capable of 
synthesizing oligopeptide by fragment condensation. 
T h e oligopeptide formation can be attributed to the 
insolubility of the products, which influences the 
equilibrium in favor of the peptide bond formation. 

In view of the low solubility of the protected oligo­
peptides, the application of this enzymatic procedure, 
enzymatic procedure, along with a combination of the 
solution method, promises a new possibility of facile 
preparation of the peptide. 

Exper imenta l 

The melting points were determined on a Yanagimoto micro 
melting point apparatus and are uncorrected. The optical 
rotations were measured with a Yanagimoto automatic Polar­
imeter OR-50 type. The NMR spectra were recorded on a 
Varian HA-100 High Resolution NMR spectrometer, using 
tetramethylsilane as an internal or external standard. The 
thin layer chromatography was carried out on precorted 
plates of silica gel G (E. Merck). The developing solvents 
commonly used were 2-butanol—3% ammonia water (8: 3, 
v/v) (system I) and 1-butanol—acetic acid-water ( 4 : 1 : 5 , 
v/v) (system II). 

Enzymes. All the proteolytic enzymes used in this 
investigation were commercial preparations; papain (Midori 
Juji Co., E-2 1200 U/g); nagarse (Nagase Sangyo Co., 50 X 
10* PUN/g); microbial metalloenzyme (St. caespitosus) (Kyowa 
Hakko Kogyo Co.). The proteolytic activities of the papain, 
nagarse and microbial metalloenzyme, assayed by the casein 
digestion method of Tsuru, Yamamoto, and Fukumoto19) 
with the exception that the papain was preincubated with 
cysteine, were 2.20X 105, 1.15X 106 and 2.64X 105 PU/g, re­
spectively. The microbial metalloenzyme seems to be con­
taminated with alkaline proteinases, since the proteolytic 
activity is inhibited by not only EDTA but also diisopropyl 
fluor ophosph ate. 7> 

BOC-Val-Tyr(BZL)-OMe (I). A mixture of BOC-Val-
OH (10.9 g, 50 mmol) and H-Tyr(BZL)-OMe.HCl (16.1 g, 
50 mmol) in 120 ml of iVjN-dimethylformamide was cooled 
at — 5 °C with stirring. To the chilled solution were added 
iV-methylmorpholine (5.1 g, 50 mmol) and 1 -hydroxybenzo-
triazole (6.8 g, 50 mmol), followed by a solution of dicyclo-
hexylcarbodiimide (10.7 g, 52 mmol) in 50 ml of iV,iV-dimeth-
ylformamide. Stirring was continued at the same temperature 
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for 1 h and then at room temperature for 8 h. After removal 
of the urea by filtration the filtrate was evaporated to dryness 
in vacuo and the residue was treated with water . T h e solid 
product was collected by filtration and washed with 5 % 
sodium hydrogencarbonate, water, 1 M hydrochloric acid and 
water. Recrystallization twice from methanol—water yielded 
2 0 . 3 g (83.7%) of I ; m p 114— 116°C; [a ] D - 1 3 . 0 ° (c 1.0, 
methanol) . 

Found: C, 67.17; H , 7.31; N, 5 .79%. Calcd for C2 7H3 6-
N 2 0 8 : G, 66.92; H , 7.49; N , 5 .78%. 

BOC-Val-Tyr(BZL)-OH (II). A solution of I (14.5 g, 
30 mmol) in methanol was treated with 1 M sodium hydroxide 
(33 ml) at room temperature for 2 h. After removal of metha­
nol in vacuo, the aqueous solution was acidified with 2 M 
hydrochloric acid under ice-cooling. T h e precipitate was 
collected by filtration and washed with water, and then 
recrystallized from methanol—water ; 11.6 g (82 .2%); m p 
142—145 °C; [ a ] D + 0 . 2 ° (c 1.0, methanol) . A sample was 
further recrystallized from a small volume of methanol for 
analysis; m p 143—145 °C. 

Found : C, 66 .51 ; H, 7.01; N, 6 .07%. Calcd for C,6H3 4-
N 2 O s : G, 66.36; H , 7.28 N, 5 .95%. 

H- Val- Tyr(BZL) -OMe • HCl (III). Eighty milliliter of 
5 M hydrogen chloride in ethyl acetate was added to a sus­
pension of I (9.69 g, 20 mmol) in 40 ml of ethyl acetate. T h e 
substance dissolved immediately to form a clear solution. 
After being left to stand for 2 h at room temperature , the 
solution was evaporated to dryness in vacuo. T h e residue was 
crystallized by addition of e ther ; 8.10 g (96.2%,); m p H o ­
rn °C; [a] D + 2 9 . 2 ° (c 1.0, methanol) . 

Found: C, 62.94; H, 6.82; N, 6 .45%. Calcd for C2 2H2 9N2-
0 4 C 1 : C, 62.77; H, 6.94; N, 6 .66%. 

2,4,6-Trimethylbenzyl 2,4,5-Trichlorophenyl Carbonate. 2,4,6-
Trimethylbenzyl alcohol (26.2 g, 174 mmol) was allowed to 
react with 2,4,5-trichlorophenyl chloroformate (45.2 g, 174 
mmol) in 200 ml of dichloromethane in the presence of 
quinoline (23.2 g, 180 mmol) , by the same procedure as tha t 
for the preparat ion of /-butyl 2,4,5-trichlorophenyl carbon­
ate.12) Recrystallization from ligroine yielded colorless needles 
of the carbonate ; 43.0 g (66 .1%); m p 113—115 °C. 

Found: C, 54.41; H , 4.18; CI, 2 8 . 7 3 % . Calcd for C1 7H1 5-
0 3 C 1 3 : C, 54.64; H, 4.05; CI, 28.47%. 

TMZ-Arg(N02)-OH (IV). Twenty-eight milliliter of 
4 0 % benzyltr imethylammonium hydrxide was added to a 
suspension of H - A r g ( N O , ) - O H (10.6 g, 48.5 mmol) in 100 ml 
of methanol and the resulting mixture was stirred at 55—60 
°C until solution was complete (2 h ) . T h e solvent was removed 
in vacuo and replaced by a mixture of 200 ml of dioxane and 
50 ml of water. T o the solution obtained was added 2,4,6-
trimethylbenzyl 2,4,5-trichlorophenyl carbonate (18.7 g, 50.0 
mmol) and the solution was stirred for 6 h a t 55 °C. After 
removal of the solvent in vacuo, the residue was taken up in 
250 ml of water and the aqueous solution was washed three 
times with 100 ml of ether. I V was precipitated by bringing 
the p H of the solution to 4—5 with citric acid. T h e crude 
material was collected, washed with water, and recrystallized 
from e thanol -e ther ; 17.2 g (89 .7%); m p 176—178 °C; [a ] D 

+20 .7° (c 1.0, methanol) and + 0 . 8 ° (c 1.0, tetrahydrofuran). 

Found: C, 51.52; H, 6.36; N, 17.48%. Calcd for C1 7H2 5-
N 8 0 6 : C, 51.63; H , 6.37; N, 17 .71%. 

TMZ-Arg(N02)-Val-Tyr(BZL)-OMe (V). Condensa­
tion of I I I (4.21 g, 10 mmol) with I V (3.95 g, 10 mmol) was 
carried out as described for I . Recrystallization of the product 
twice from methanol-water yielded V as a colorless powder; 
5.97 g (78 .4%); m p 191—192 °C ; [a ] D + 3 . 0 ° (c 1.0, N,N-
dimethylformamide). 

Found: C, 61.33; H, 6.67; N, 12.80%. Calcd for C3 9H6 1-

N 7 0 9 : C, 61.48; H, 6.75; N, 12.87%. 
H-Arg(N02)-Val-Tyr(BZL) . OMe• HCl (VI). Depro-

tection of V (5.20 g, 6.83 mmol) with 5 M hydrogen chloride 
in ethyl acetate was carried out in the way as in the prepara­
tion of I I I . T h e solid product obtained on evaporation was 
recrystallized from methanol -e ther ; 4.16 g (98 .0%); m p 220 
—223 °C; [a ] D + 2 5 . 7 ° (c 1.0, me thano l ) ; thin layer chro­
matography, Rf 0.59 (system I ) . 

F o u n d : C, 53.95; H, 6.43; N, 15.82%. Calcd for C28H40-
N 7 0 7 C 1 : C, 54.05; H , 6.48; N , 15.76%. 

This compound was found to be identical with tha t obtained 
from the corresponding BOC-derivative (amorphous powder) 
by comparison of the melting point, optical rotation and Rt 

value of thin layer chromatography: V I obtained from BOC-
derivative; m p 219—223 °C, no depression on admixture with 
above produc t ; [ a ] D + 2 5 . 4 ° (c 1.0, me thano l ) : thin layer 
chromatography of a mixed sample, Rf 0.60 (system I ) . 

BOC-Asn-Arg(N02)-Val-Tyr(BZL)-OMe (VII). T o a 
chilled ( - 5 °C) solution of B O C - A s n - O H (5.8 g, 25 mmol) 
and V I (15.6 g, 25 mmol) in 120 ml of iV,iV-dimethylform-
amide were added iV-methylmorpholine (2.5 g, 25 mmol) and 
1-hydroxybenzotriazole (3.4 g, 25 mmol) , followed by dicyclo-
hexylcarbodiimide (5.4 g, 26 mmol) in 20 ml of iV,iV-dimethyl-
formamide. T h e mixture was stirred at — 5 °C for 2 h and 
then at room tempera ture for 10 h . T h e mixture, after 
removal of urea, was evaporated to dryness in vacuo and the 
residue was treated with 80 ml of water . T h e resulting solid 
product was collected by filtration and washed with 5 % 
sodium hydrogencarbonate , water, 1 M hydrochloric acid and 
water. Recrystallization from iV,JV-dimethylformamide— 
water gave 16.9 g (85.5%,) of V I I , m p 198—201 °C. For 
analysis, a small amount of the product was further recrystal­
lized from iV,7V-dimethylformamide-methanol-water; m p 
201—203 °C ; [a ] D - 5 . 2 ° [c 1.0, iV,^-dimethylformamide). 

Found : C, 55.80; H, 6 .41; N, 15.59%. Calcd for C3 7H5 3-
N 9 O n : C, 55.56; H , 6.68; N , 15.76%. 

BOC-Asn-Arg(NOJ-Val-Tyr(BZL)-OH (VIII). T o a 
stirred solution of V I I (1.0 g, 1.25 mmol) in 20 ml of N,N-
dimethylformamide was added dropwise 0.1 M sodium hy­
droxide until the p H became 11. T h e solution was mainta ined 
at this p H by g radua l addit ion of sodium hydroxide over a 
period of 1 h (the total amount of sodium hydroxide required 
was 30 ml) . After stirring for 2 h a t room temperature , 4 ml 
of 1 M hydrochloric acid was added with stirring over 15 
min under ice-cooling. T h e mixture was concentrated in vacuo 
nearly to dryness and the residue was t r i turated with water. 
The resulting solid product was collected by filtration, washed 
thoroughly with water, and recrystallized from e thano l -
wate r ; 0.87 g (88 .6%) ; m p 167—170 ° C ; [a ] D - 5 . 0 ° (c 0.5, 
me thano l ) ; thin layer chromatography, R{ 0.57 (system I) 
and 0.69 (system I I ) . 

Found : C, 54.82; H , 6.49; N , 16.04%. Calcd for C36H51-
N 9 O u : C, 55.02; H, 6.54; N, 16.04%,. 

TMZ-Pro-OH (IX). T h e 2,4,6-trimethylbenzyloxy-
carbonylation of H - P r o - O H (11.5 g, 100 mmol) with 2,4,6-
trimethylbenzyl 2,4,5-trichlorophenyl carbonate (39.2 g, 105 
mmol) was carried out as described for I V . T h e oily mater ia l 
which separated on acidification of the aqueous solution was 
extracted with 400 ml of ethyl acetate, the ethyl acetate 
solution being washed with water and dried over sodium sul­
fate. Removal of solvent gave 28.6 g (98.2%) of I X as a 
colorless viscous oil; [ a ] D —31.4° (c 2.03, methanol ) . The 
homogeneity of this product was established by thin layer 
chromatography, R{ 0.47 (system I) and 0.79 (system I I ) . 
T h e oily product was further characterized by the prepara­
tion of the corresponding dicyclohexylamine salt; m p 165— 
168 ° C ; [ a ] D - 2 0 . 0 ° (c 1.0, methanol) . 
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Found : C, 71.32; H , 9.54; N , 5 .82%. Calcd for C2 ,H4 4-
N 2 0 4 : C, 71.15; H, 9.38; N, 5 .93%. 

TMZ-Pro-Phe-OEt (X). Condensation of I X (23.6 g, 
81 mmol) with H - P h e - O E t • HCl (18.6 g, 81 mmol) in the 
presence of iV-methylmorpholine (8.2 g, 81 mmol) , 1-hydroxy-
benzotriazole (10.9 g, 81 mmol) and dicyclohexylcarbodiimide 
(17.1 g, 83 mmol) was carred out as described for I. T h e 
product was recrystallized twice from ethyl ace ta te -hexane; 
34.5 g (85 .9%); m p 97—99 °C; [a ] D - 4 6 . 0 ° {c 1.0, ethanol) . 

Found : C, 69.56; H , 7.13; N, 5 .95%. Calcd for C2 7H3 4-
N 2 0 5 : C, 69.50; H , 7.35; N, 6 . 0 1 % . 

H-Pro-Phe-OEt • HCl (XI). X (10.0 g, 21 mmol) was 
treated with 5 M hydrogen chloride in ethyl acetate by the 
same procedure as for I I I . T h e product obtained on evapo­
ration of the reaction mixture was recrystallized from ethanol 
- e the r ; 6.51 g (94 .9%); m p 151—153 °C; [a ] D - 3 5 . 0 ° (c 
1.0, ethanol) . 

Found : C, 58.77; H , 7.10; N, 8.62%. Calcd for C ] 6H 2 3 -
N 2 0 3 C 1 : C, 58.80; H , 7.09; N , 8.57%. 

This compound was found to be identical with that obtained 
from B O C - P r o - P h e - O E t (oily material) by comparison of 
melting point, optical rotation and thin layer chromatography : 
X I obtained from BOC-derivat ive; m p 151—153 °C, no de­
pression on admixture with a sample prepared above; [ a ] D 

— 35.1° (c 1.0, ethanol) ; thin layer chromatography of a mixed 
sample gave a single spot, /? f 0.68 (system I ) . 

TMZ-His(BZL)-OH (XII). H - H i s ( B Z L ) - O H (12.3 g, 
50 mmol) was allowed to react with 2,4,6-trimethylbenzyl 
2,4,5-trichlorophenyl carbonate (19.4g, 52 mmol) as in the 
preparat ion of IV . T h e product was recrystallized from 
methanol -water ; 17.8 g (84 .5%); m p 181—183 °C; [ a ] D 

+ 34.2° (c 1.0, methanol) and + 1 2 . 0 ° (c 1.0, iV,iV-dimethyl-
formamide). 

Found : C, 68.49; H, 6.40; N, 9 . 9 8 % . Calcd for C24H.27-
N 3 0 4 : C, 68.39; H, 6.46; N, 9 .97%. 

TMZ-His(BZL)-Pro-Phe-OEt (XIII). A solution of X I I 
(13.1 g, 31.0 mmol) and X I (10.0 g, 30.6 mmol) in 80 ml of 
i^N-dimethylformamide was cooled at — 5 °C with stirring. 
To this solution were added JV-methylmorpholine (3.10 g, 
30.6 mmol) and 1-hydroxybenzotriazole (4.13 g, 30.6 mmol) , 
followed by a solution of dicyclohexylcarbodiimide (6.40 g, 
31.0 mmol) in 30 ml of iVj-ZV-dimethylformamide. Stirring 
was continued for 2 h a t this tempera ture and 8 h a t room 
temperature . After the urea was filtered off, the filtrate was 
evaporated in vacuo and the residue was taken up in 300 ml 
of ethyl acetate. The ethyl acetate solution was washed with 
7% aqueous ammonia and water, dried over sodium sulfate, 
and then evaporated to dryness in vacuo. T h e resulting semi­
solid product was purified by dissolution in 200 ml of hot 
ethyl acetate, t reated with charcoal, and concentration to a 
small volume followed by the addition of 100 ml of petroleum 
ether to yield X I I I as an amorphous powder ; 20.8 g (97.8%) ; 
[<x]D —37.2° (c 1.0, methanol) . T h e homogeneity was con­
firmed by thin layer chromatography; Rt 0.84 (system I) and 
0.72 (system I I ) . 

Found : C, 68 .81 ; H , 6.68; N, 10.08%. Calcd for C4 0H4 7-
N 5 0 6 : C, 69.24; H, 6 .83; N, 10.09%. 

All a t tempts to crystallize the product were unsuccessful. 
I t was thus used for the reaction without further purification. 

H-His(BZL) -Pro-Phe-OEt • 2HCI (XIV). Fifty milliter 
of 5 M hydrogen chloride in ethyl acetate was added to a 
solution of X I I I (8.20 g, 11.8 mmol) in 25 ml of ethyl acetate. 
After being left to s tand for 2 h at room temperature , the 
solution was evaporated in vacuo to afford a solid product 
which was collected by filtration with the aid of ether and 
washed thoroughly with ether. Recrystallization from ethanol 
gave colorless needles of X I V ; 6.62 g (95 .1%); m p 215—218 

°C; [oc]D - 6 . 3 ° (c 1.0, methanol) . 
Found : C, 58.88; H, 6.36; N, 11.89%. Calcd for C29H37-

N 5 0 4 C 1 2 : C, 59.08; H, 6.33; N, 11.88%. 
BOC-Val-His(BZL)-Pro-Phe-OEt • 2H.fl (XV). B O C -

V a l - O H (3.74 g, 17.2 mmol) was coupled with X I V (9.98 g, 
16.9 mmol) in the presence of JV-methylmorpholine (3.42 g, 
33.8 mmol) , 1-hydroxybenzotriazole (2.28 g, 16.9 mmol) and 
dicyclohexylcarbodiimide (3.51 g, 17.0 mmol) by the same 
procedure as for X I I I . Removal of urea by filtration followed 
by concentration of the filtrate in vacuo gave an oily residue, 
which was taken u p in 200 ml of ethyl acetate. The ethyl 
acetate solution, after being washed with 7% aqueous am­
monia, was dried over sodium sulfate and evaporated to 
dryness in vacuo. Tr i tura t ion of the residue with a mixture of 
ether and petroleum ether afforded a solid material . Recrys­
tallization from ethanol-ether gave X V as an amorphous 
powder with two molecules of the water of crystallization; 
11.2 g (88.0%o); m p 111—116 °C; [a ] D - 3 6 . 0 ° (c 1.0, 
methanol ) ; thin layer chromatography, R{ 0.82 (system I) 
and 0.70 (system I I ) . 

Found : C, 61.97; H , 7.25; N, 11.24%. Calcd for C39H52-
N 6 0 7 - 2 H 2 0 : C, 62 .21 ; H , 7.49; N, 11.16%. 

H- Val-His (BZL) -Pro-Phe-OEt • 2HCI (XVI). A suspen­
sion of X V (9.03 g, 12.0 mmol) in 40 ml of ethyl acetate was 
treated with 96 ml of 5 M hydrogen chloride in ethyl acetate. 
After being left to s tand for 2 h at room temperature the 
solution was evaporated in vacuo and the residue was taken 
up in 150 ml of water . T h e aqueous layer was washed three 
times with 50 ml of ethyl acetate, followed by t reatment with 
charcoal . Removal of the solvent by azeotropic distillation 
in vacuo gave an oily material . This was solidified by tritu­
rat ing with e thanol-ether and recrystallized from the same 
solvent; 7.40 g (89.4%) ; m p 158—162 °C; [a ] D - 1 5 . 9 ° (c 1.0, 
methanol) and —10.4° (c 1.0, e thanol) . 

Found : C, 58.96; H, 6.98; N, 12 .33%. Calcd for C34H}6-
N 6 0 5 C 1 2 : C, 59 .21; H , 6.72; N, 12.19%. 

BOC-Val-Tyr(BZL)-Val-His(BZL)-Pro-Phe-OEt • 1/2H20 
(XVII) as an Authentic Sample. T o a cooled solution (—5 
°C) of I I (2.35 g, 5.00 mmol) and X V I (3.45 g, 5.00 mmol) 
in 50 ml of iV,7V-dimethylformamide were added iV-methyl-
morpholine (1.01 g, 10.0 mmol) and 1-hydroxybenzotriazole 
(0.68 g, 5.00 mmol) with stirring, followed by a solution of 
dicyclohexylcarbodiimide (1.05 g, 5.10 mmol) in 5 ml of N,N-
dimethylformamide. T h e mixture was stirred for 2 h at —5 
°C and for 36 h at room temperature . Removal of urea by 
filtration followed by concentration of the filtrate in vacuo gave 
a solid mater ia l , which was collected by suction with water, 
washed with 7% aqueous ammonia and water, and then 
dissolved in 20 ml of a mixture of iV,iV-dimethylformamide 
and water ( 5 : 1 , v/v) . A small amount of insoluble substance 
was removed by filtration, the filtrate being passed through a 
column of Sephadex LH-20. T h e effluent was evaporated to 
dryness in vacuo, and the product was suspended in water, 
collected by filtration, and dried. Recrystallization twice 
from methanol -wate r gave X V I I as a colorless powder; 
3 .89g (71 .5%); m p 164—173 °C ; [oc]D - 5 9 . 2 ° (c 1.0, meth­
anol) and - 3 5 . 3 ° (c 1.0, N,JV-dimethylformamide). The 
homogeneity of this product was confirmed by thin layer 
chromatography, Rt 0.79 (system I) and 0.75 (system I I ) . 
Prior to analysis, the compound was dried over phosphorus 
pentaoxide at 70 °C and 2 m m H g . 

Found : C, 66.77; H , 7.09; N, 10.32%. Calcd for C60H7C-
N 8 O 1 0 - l / 2 H 2 0 : C, 66.82; H, 7.19; N, 10.39%. 

BOC- Val- Tyr(BZL) - Val-His (BZL) -Pro-Phe-OH. H20 
(XVIII) as an Authentic Sample. T o a stirred solution of 
X V I I (2.17 g, 2.0 mmol) in 40 ml of ethanol was added 48 
ml of 0.1 M sodium hydroxide dropwise at room temperature 
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over a period of 1 h. After being stirred for 2 h the reaction 
mixture was neutralized with Dry Ice according to the method 
of Schwyzer, et a/.,20) and evaporated to a small volume in 
vacuo. The residue obtained was taken up in 40 ml of water 
and the solution was acidified with citric acid to yield a solid 
product. Recrystallization from ethanol gave X V I I I as col­
orless needles with one molecule of the water of crystallization; 
1.29 g (62 .3%); m p 172—179 °C; [a ] D - 2 8 . 7 ° (c 1.0, N,N-
dimethylformamide) ; thin layer chromatography, R{ 0.41 
(system I) and 0.63 (system I I ) . 

Found: C, 65.86; H , 6.92; N , 10.69%. Calcd for C5 8H7 2-
N 8 O 1 0 - H 2 O : C, 65.76; H, 7.04; N, 10.58%. 

BOC-Asn-Arg(N02) - Val- Tyr(BZL) - Val-His (BZL) -Pro-
Phe-OEt-2H20(XIX) as an Authentic Sample. JV-Methyl-
morpholine (2.02 g, 20 mmol) and 1-hydroxybenzotriazole 
(1.35 g, 10 mmol) were added with stirring to a cooled ( — 5 
°G) solution of V I I I (7.86 g, 10 mmol) and X V I (6.70 g, 
10 mmol) in 80 ml of A^iV-dimethylformamide. T o this was 
added in one portion a solution of dicyclohexylcarbodiimide 
(2.27 g, 11 mmol) in 10 ml of iV,7V-dimethylformamide. After 
being stirred for 48 h at room temperature , the reaction 
mixture was worked up by the same procedure for X V I I . 
Recrystallization from ethanol-water gave X I X as a color­
less powder with two molecules of the water of crystallization ; 
10.6 g (74 .3%); m p 189—195 °C; [a ] D - 4 8 . 4 ° (c 1.0, meth­
anol) and —26.5° (c 1.0, 7V,iV-dimethylformamide). Only one 
spot was obtained in thin layer chromatography, R{ 0.63 
(system I) and 0.55 (system I I ) . 

Found: C, 59.07; H, 6.72; N , 14.75%. Calcd for C7 0H9 3-
N 1 5 0 1 5 - 2 H 2 0 : C, 59.17; H, 6.88; N, 14.79%. 

Enzymatic Syntheses of the Protected Valine-5 Angiotensin II 3—8 
Fragment. i) Papain-catalyzed Condensation of II with XVI 
(XVII-pa) : Papain (150 mg) and 0.1 ml of 2-mercaptoetha-
nol were added to a solution of I I (471 mg, 1.0 mmol) and 
X V I (690 mg, 1.0 mmol) in a mixture of 15 ml of Mcl lva ine 
buffer (pH 5.5) and 15 ml of methanol containing 2 ml of 
1 M sodium hydroxide. After being incubated at 38 °C for 
2 h, the product precipitated was collected by filtration, 
washed with 7% aqueous ammonia , 2 % citric acid and water, 
and then dried. Recrystallization from methanol-water gave 
the hexapeptide ester (XVII -pa ) as colorless crystals with a 
half molecule of the water of crystallization ; 615 mg (57 .0%); 
mp 167—173 °C, no depression on admixture with X V I I 
prepared by the solution method; [a ] D —36.0° (c 1.0, N,N-
dimethylformamide) and —58.5° (c 1.0, methanol) . Only 
one spot was obtained in thin layer chromatography, Rt 0.79 
(system I) and 0.74 (system I I ) . 

Found : C, 66.72; H, 7.16; N, 10.55%. Calcd for C60H76-
N 8 O 1 0 . l / 2 H 2 0 : C, 66.82; H, 7.19; N , 10.39%. 

The N M R spectrum in DMSO-rf6 showed the following 
signals in p p m : 0.74 (12H; - C H 3 of Val) , 1.05 (3H: - C H 3 

of OEt ) , 1.36 (9H; - C H 3 of BOC) , 1.75 (4H; ß,y-CH2- of 
Pro), 1.91 (2H; 0 - C H - of Val) , 2.78—3.28 (8H; <S-CHa-of 
Pro and |8-GH a - of Phe, His and Tyr ) , 3.92 (2H; - C H 2 - of 
OEt ) , 4.98—5.05 (4H; - C H 2 - of BZL in His and Tyr ) , 6.79 
and 7.02 (4H; - C 6 H 4 - of Tyr ) , and 7.18—7.34 (15H; - C 6 H 5 

of Phe and BZL in His and Tyr ) . 
ii) Nagarse-catalyzed Condensation of II with XVI (XVHI-na) : 

Nagarse (40 mg) was added to a suspension of I I (282 mg, 
0.60 mmol) and X V I (414 mg, 0.60 mmol) in 8.0 ml of 
Mcllvaine buffer of p H 7.5 containing 1.2 ml of 1 M sodium 
hydroxide. After being incubated at 38 °C for 6 h, the prod­
uct precipitated was collected by filtration, washed with 2 % 
citric acid and water, and then dried. T h e product was 
purified by solution in 40 ml of hot ethanol, t rea tment with 
charcoal, and concentration into a small volume, followed by 
the addition of ethyl acetate which gave the hexapeptide acid 

( X V H I - n a ) as a colorless powder with two molecules of the 
water of crystallization ; 476 mg (73 .7%); m p 165—169 °C; 
[ a ] D —27.4° (c 1.0, N,iV-dimethylformamide) ; thin layer 
chromatography, R{ 0.41 (system I) and 0.64 (system I I ) . 

Found : C, 64.87; H , 6.90; N, 10.52%. Calcd for C5 8H7 2-
N 8 O 1 0 - 2 H 2 O : C, 64.66; H, 7.11; N, 10.40%. 

T h e N M R spectrum of X V I I I - n a in DMSO-rf6 showed the 
following signals in p p m : 0.75 (12H; - C H 3 of Val) , 1.36 (9H; 
- C H 3 of BOC) , 1.69 (4H; ß,y-CH2- of Pro), 1.92 (2H; 
/8-GH- of Val) , 2.80—3.11 (8H; <5-CH2- of Pro and /? -CH 2 -
of Phe, His and Tyr ) , 4.97 and 5.07 (4H; - C H 2 - of BZL in 
His and Tyr ) , 6.79 and 7.01 (4H; - C 6 H 4 - of Tyr ) , and 7.18 
—7.33 (15H; - C 6 H 5 of Phe and BZL in His and Tyr ) . No 
signals of ethyl ester were observed in this spectrum. 

iii) Microbial Metalloenzyme-catalyzed Condensation of II with 
XVI (XVIII-me) : Microbial metalloenzyme (50 mg) was 
added to a suspension of I I (235 mg, 0.50 mmol) and X V I 
(345 mg, 0.50 mmol) in 8.0 ml of Veronal buffer of p H 7.0 
containing 1.0 ml of 1 M sodium hydroxide. After being 
incubated at 38 °C for 6 h, the reaction mixture was worked 
up in the same way as for X V I I I - n a . X V I I I - m e was obtained 
as a colorless powder with two molecules of the water of 
crystallization; 222 mg (41 .2%); m p 164—169 °C, no depres­
sion on admixture with X V I I I - n a ; [<x]D - 2 7 . 9 ° (c 0.5, N,N-
dimethylformamide) ; thin layer chromatography, R{ 0.42 
(system I) and 0.65 (system I I ) . 

Found : C, 64.89; H , 7.01; N, 10.32%. Calcd for C5 8H7 2-
N s O 1 0 - 2 H 2 O : C, 64.66; H, 7.11; N, 10.40%. 

T h e N M R spectral d a t a of X V I I I - m e were consistent with 
those of X V I I I - n a . 

Enzymatic Synthesis of the Protected Valine-5 Angiotensin II 
Amide-1. Papain-catalyzed Condensation of VIII with XVI (XIX-
pa) : Papain (100 mg) and 0.07 ml of 2-mercaptoethanol 
were added to a solution of V I I I (472 mg, 0.60 mmol) and 
X V I (414 mg, 0.60 mmol) in a mixture of 10 ml of Mcl lvaine 
buffer (pH 5.5) and 10 ml of methanol containing 1.2 ml of 
1 M sodium hydroxide. After being incubated at 38 °C for 
2 h, the product precipitated was collected by filtration, 
washed 7% with aqueous ammonia, 2 % citric acid and water. 
Recrystallization carried out by evaporating an ethanol solu­
tion of the product gave a colorless powder of the octapeptide 
ester (XIX-pa ) with two molecules of the water of crystalli­
zat ion; 685 mg (78 .1%); m p 186—195 °C, no depression on 
admixture with X I X prepared by solution method; [oc]D 

- 2 7 . 3 ° (c 1.0, A^-d imethy l formamide) and - 4 8 . 3 ° {c 1.0, 
methanol) . Only one spot was obtained in thin layer chro­
matography, R{ 0.62 (system I) and 0.56 (system I I ) . 

Found : C, 59.11; H , 6.62; N . 14.92%. Calcd for C7 0H9 3-
N 1 5 0 1 5 - 2 H 2 0 : C, 59.17; H , 6.88; N, 14.79%. 

The N M R spectrum of X I X - p a in DMSO-rf8 showed 
following signals in p p m : 0.75 (12H; - C H 3 of Val) , 1.08 
(3H; - C H 3 of O E t ) , 1.36 (9H; - C H 3 of BOC) , 1.50—1.80 
(8H; ß,y-CH2- of Pro and Arg), 3.45 (2H; c5-CH3- of Arg), 
3.92 (2H; - C H 2 - of O E t ) , 4.98—5.21 (4H; - C H 2 - of BZL 
in His and Tyr ) , 6.80 and 7.12 (4H, - C 6 H 4 - of Tyr ) , and 
7.20—7.32 (15H; - C 6 H 5 of Phe, and BZL in His and Tyr ) . 
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Efficient Methods for Oxidation of Alcohols 
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Trea tment of alkoxymagnesium bromides, prepared in situ from alcohols and Grignard reagent, with N-
chlorosuccinimide, m-chloroperbenzoic acid, or (diacetoxyiodo)benzene in the presence of f-butoxymagnesium 
bromide afforded the corresponding carbonyl compounds in good yields. A wide variety of alcohols, after being 
converted into their bromomagnesium salts by t reatment with propylmagnesium bromide, were also selectively 
oxidized with l , r - (azodicarbonyl)dipiper idine to afford the corresponding ketones or aldehydes in excellent 
yields. 

I n t h e p r e c e d i n g c o m m u n i c a t i o n s , c o n v e n i e n t m e t h o d s 
w e r e r e p o r t e d for t h e o x i d a t i o n of a lcoho l s t o t h e 
c o r r e s p o n d i n g ke tones o r a l d e h y d e s b y t h e t r e a t m e n t of 
t r i a lky l t in m e t h o x i d e 1 ) o r b i s ( t r i b u t y l t i n ) oxide, 2) a n d 
b y t h a t of a l k o x y m a g n e s i u m b r o m i d e s w i t h iV-chloro-
s u c c i n i m i d e in t h e p r e s e n c e of l i t h i u m J-butoxide. 3 ) 

T h e s e r eac t ions w e r e successfully a p p l i e d to t h e 
o x i d a t i o n of a lcohols s u c h as s e c o n d a r y a lcohols , a l ly l ic 
a lcohols , a n d benzy l i c a lcohols , b u t n o t a l i p h a t i c a n d 
olefinic p r i m a r y a lcohols . I m p r o v e m e n t of t h e m e t h o d s 
was u n d e r t a k e n i n o r d e r to es tabl i sh a n effective m e t h o d 
for t h e o x i d a t i o n of a w i d e v a r i e t y of a lcohols , espec ia l ly 
a l i p h a t i c a n d olefinic p r i m a r y a lcohols . 

I n t h e p r e v i o u s m e t h o d s , effective a c i d c a p t o r s s u c h 
as l i t h i u m tf-butoxide, t r i a lky l t in m e t h o x i d e a n d bis-
( t r ibu ty l t in ) ox ide w e r e e m p l o y e d in o r d e r to s c a v e n g e 
h y d r o g e n ha l ides g e n e r a t e d d u r i n g t h e cou r se of t h e 
reac t ions . I t w a s f o u n d t h a t t h e y ie lds of t h e p r o d u c t s 
d e p e n d a g r e a t d e a l o n t h e k i n d s of a c i d c a p t o r . T h e 
effects of t h e o t h e r a c i d c a p t o r s w e r e r e e x a m i n e d in 
de ta i l . T h e yields of t h e c a r b o n y l c o m p o u n d s i n c r e a s e d 
r e m a r k a b l y w h e n / - b u t o x y m a g n e s i u m b r o m i d e w a s 
used as a n a c i d c a p t o r i n s t e a d of l i t h i u m i - b u t o x i d e 
in t h e r e a c t i o n of a l k o x y m a g n e s i u m b r o m i d e w i t h 
TV-chlorosuccinimide, t h e c a r b o n y l c o m p o u n d s b e i n g 
o b t a i n e d in t h e bes t y ie lds w h e n t h e m o l a r r a t i o of 
a l k o x y m a g n e s i u m b r o m i d e , ^ - b u t o x y m a g n e s i u m b r o ­
m i d e , a n d iV-chlorosucc in imide w a s 1: 1.2: 1.2. W h e n 
several a l i p h a t i c p r i m a r y a lcohols , af ter b e i n g c o n v e r t e d 
i n t o t h e b r o m o m a g n e s i u m salts b y p r o p y l m a g n e s i u m 
b r o m i d e , w e r e t r e a t e d w i t h a 1.2 m o l a r a m o u n t of 
N - c h l o r o s u c c i n i m i d e i n t h e p r e s e n c e of a 1.2 m o l a r 
a m o u n t of ^ - b u t o x y m a g n e s i u m b r o m i d e in t e t r a h y d r o ­
fu ran for 30 m i n a t r o o m t e m p e r a t u r e , t h e c o r r e s p o n d ­
i n g a l d e h y d e w e r e p r o d u c e d in g o o d yie lds ( T a b l e 1) . 
I n t h e case of t h e o x i d a t i o n of olefinic p r i m a r y a l c o h o l 
such as 7 -pheny l -4 -hep ten -1 -o l , t h e des i r ed 7 -pheny l -4 -
h e p t e n a l w a s o b t a i n e d i n low y ie ld ( 3 4 % ) , s o m e by ­
p r o d u c t s b e i n g p r o d u c e d . 

I n o r d e r to find s u i t a b l e ox id i z ing r e a g e n t s for t h e 
o x i d a t i o n of olefinic p r i m a r y a lcohols , severa l ox id i z ing 
r eagen t s w e r e e x a m i n e d . I t w a s f o u n d t h a t w h e n 
m-ch lo rope rbenzo ic a c i d o r (d i ace toxy iodo) b e n z e n e is 
used for t h e o x i d a t i o n of t h e b r o m o m a g n e s i u m sal t of 
7 - p h e n y l - 4 - h e p t e n - l - o l i n t h e p r e s e n c e o f ^-butoxy-

* Present address: Depar tment of Applied Chemistry, 
Faculty of Engineering, Sai tama Univsersity, Shimo-Okubo 
255, Urawa, Sai tama 338. 

R - C H , O H 

T A B L E 1. OXIDATION OF ALCOHOLS WITH 

IV-CHLOROSUCCINIMIDE 

n-PrMgBr 

T H F 

1.2 f-BuOMgBr, 1.2 NCS 

T H F , r.t., 30 min 
R - C H O 

Alcohol Yield (%) 

1-Octanol 
1 -Heptanol 
3-Phenyl-1 -propanol 
7-Phenyl-4-hepten-1 -ol 

80a> 
77a> 
81b> 
3 4 b) 

a) Yield determined by GLG. b) Isolated yield. 

m a g n e s i u m b r o m i d e , 7 - p h e n y l - 4 - h e p t e n a l is o b t a i n e d 
in fair ly g o o d y ie lds . T h e b r o m o m a g n e s i u m sal t of 
7 - p h e n y l - 4 - h e p t e n - l - o l , p r e p a r e d f rom t h e a l coho l a n d 
p r o p y l m a g n e s i u m b r o m i d e , w a s t r e a t e d w i t h a 1.2 
m o l a r a m o u n t of ( d i a c e t o x y i o d o ) b e n z e n e or m-ch lo ro­
p e r b e n z o i c ac id in t h e p r e s e n c e of a 1.2 m o l a r a m o u n t of 
£ - b u t o x y m a g n e s i u m b r o m i d e in t e t r a h y d r o f u r a n for 30 
m i n a t r o o m t e m p e r a t u r e . T h e des i r ed 7 -pheny l -4 -
h e p t e n a l w a s i so la ted in 76 a n d 7 4 % yie lds , r e spec ­
t ively . I n a s imi l a r w a y , severa l k i n d s of a lcohols such 
as a l i p h a t i c p r i m a r y a l c o h o l , s e c o n d a r y a l coho l , benzy l i c 
a l coho l , a n d a l ly l ic a l c o h o l w e r e ox id i zed to t h e c o r r e ­
s p o n d i n g c a r b o n y l c o m p o u n d s in g o o d yie lds b y use of 
these r e a g e n t s ( T a b l e 2 ) . T h e yie lds of t h e o x i d a t i o n 

T A B L E 2. OXIDATION OF ALCOHOLS WITH 

M-CHLOROPERBENZOIC ACID OR 

(DIACETOXYIODO) BENZENE 

C H O H 
R 2 / 

n-PrMgBr 

T H F 
1.2 f-BuOMgBr, m oxidant R \ c=o 

THF r.t., 30 min 

Alcohol 

R 2 / 

Yield (%),*> (m) 

MCPBA Ph-I(OAc)2 

7-Phenyl-4-hepten-1 -ol 
3-Phenyl-1 -propanol 
Benzhydrol 
Cinnamy] alcohol 
û?/-Menthol 
3^-Cholestanol 

74(1 .4) 
79(1 .8) 
82(1 .2 ) 
75(1 .2) 

76(1 .2) 
84(1 .5) 
89(1 .2) 

90(1 .2) 

81(1 .2) 

a) Isolated yield. 
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product of the olefinic pr imary alcohol, 7-phenyl-4-
hepten-1-ol, were not so good in comparison with those 
of the other kinds of alcohols, small amounts of by­
products being obtained. 

Further examination of suitable oxidizing reagents for 
the oxidation of olefinic pr imary alcohol was carried 
out. Concerning the oxidation of alcohols, an efficient 
method for ketone synthesis was reported.4) T h a t is, 
j-alkoxymagnesium bromides were prepared by the 
reaction of aldehydes with Grignard reagents followed 
by treatment with diethyl azodicarboxylate or 1,1'-
(azodicarbonyl)dipiperidine, resulting in the formation 
of the corresponding ketones in good yields. Generally 
these azo compounds are inactive to olefinic linkage, 
and the use of azo compounds is expected to suppress 
the side reactions with respect to olefinic linkage of the 
alcohol. T h e oxidation of 7-phenyl-4-hepten-l-ol was 
attempted first by employing diethyl azodicarboxylate 
as an oxidant. However, the desired oxidation could 
not be observed and only an ester-exchanging reaction 
took place to give ethyl 7-phenyl-4-heptenyl azodicar­
boxylate and bis(7-phenyl-4-heptenyl)azodicarboxylate. 
To avoid this side reaction, dibenzoyldiimide was used 
as an oxidizing reagent instead of diethyl azodicarbox­
ylate. The desired 7-phenyl-4-heptenal was obtained in 
only 20% yield, a by-product, 7-phenyl-4-heptenyl 
benzoate, being isolated in 3 8 % yield accompanied by 
the cleavage of carbon-nitrogen bond of dibenzoyl­
diimide. 

O n the other hand, when 7-phenyl-4-hepten-1-ol was 
allowed to react with a 1.2 molar amount of propyl-
magnesium bromide in tetrahydrofuran and then treated 
with a 1.2 molar amount of l , l ' - (azodicarbonyl)-
dipiperidine at room temperature for 2 h, the desired 
7-phenyl-4-heptenal was obtained in 8 9 % yield along 
with l , l ' -(hydrazodicarbonyl)dipiperidine in 9 3 % yield, 
7% of 7-phenyl-4-hepten-1-ol being recovered after the 
separation by column chromatography (silica gel) 
(Table 3). 

TABLE 3. OXIDATION OF 7-PHENYL-4-HEPTEN-1-OL 

WITH SEVERAL AZO COMPOUNDS 

P h / \ / X / \ / x O H 
«-PrMgBr 

* [ P h / X / X / X / ^ O M g B r ] 
o o 

R-C-N=N-C-R 

r.t., 2h, T H F 
•* P h / \ / X / \ / ^ o 

R 

-OEt 
-OPh 

- N \ 
\ / 

Isolated yield (%) 

0 
20 

89 

Similarly, the oxidation of various kinds of alcohols 
with l , l ' -(azodicarbonyl)dipiperidine afforded the corre­
sponding ketones and aldehydes in excellent yields 
(89—99%). The results are summarized in Table 4. 

An alternative method was adopted for the oxidation 
of alcohols having the carbonyl group for prevention of 
the addition reaction of the Grignard reagent to the 

TABLE 4. OXIDATION OF VARIOUS ALCOHOLS WITH 

1,1'- (AZODICARBONYL)DIPIPERIDINE 

R \ w-PrMgBr [ R \ 1 
CHOH >\ CHOMgBr 

R 2 / THF R 2 / 

_ o o __ 
<̂  NN-C-N=N-C-N/ y R l x 

Alcohol 

7-Phenyl-4-hepten-1 -ol 
Cinnamyl alcohol 
Geraniol 
Benzhydrol 
2-Phenyl-l-butanol 
2-Octanol 
3/?-Cholestanol 
Citronellol 

R 2 / 

Time 

2 h 
2 h 
2 h 
2 h 
2 h 

over night 
over night 

2 h 

Yield 
(%)a) 

89 

92 

96 

99 

90 

91b> 

93 

89 

a) Isolated yield, b) Yield determined by GLC. 

carbonyl group. When ^-butoxymagnesium bromide 
was employed in place of the Grignard reagent for the 
conversion of testosterone into the bromomagnesium 
salt, the oxidation of testosterone proceeded successfully, 
4-androsten-3,17-dione being obtained in 96% yield 
(Eq. 1). 

Similarly, stanolone and 7-phenyl-4-hepten-l-ol were 
oxidized to give the corresponding carbonyl compounds 
in excellent yields (Eqs. 2, 3). 

OH 0 

( I I t-BuOMgBr 0 ) C - N = N - C r T } , f j l 

rt^ - • - - \ÖJ 
9 6 % ( E q . 1 ) 

o-^KJ THF r.t., 2 h 

OH 0 5) 

/ j l t-BuOMgBr Q l C - N ^ N - c Q ^ . ( T j l 

X X X ™F r-t-2h cXXX 
88 7. (Eq.2) 

P h ' X / W ^ O H 

0 0 
t-BuOMgBr ( j JC -NrN-C lO 

THF r.t., 2 h 9 5 % (Eq.3) 

Azo compounds such as diethyl azodicarboxylate6) 
and 4-phenyl-l,2,4-triazoline-3,5-dione7) react with free 
alcohols to afford the corresponding carbonyl com­
pounds, but the yields are not so good. A long reaction 
time and elevated temperature are required for the 
oxidation with diethyl azodicarboxylate. 4-Phenyl-
l,2,4-triazoline-3,5-dione is very unstable. Contrary to 
these results, the oxidation of alcohols proceeded under 
mild conditions (room temperature) by use of alkoxy-
magnesium bromide in place of free alcohol, the corre­
sponding carbonyl compounds being obtained in 
excellent yields. Use of 1,1'- (azodicarbonyl) dipiperidine 
instead of iV-chlorosuccinimide, m-chloroperbenzoic acid 
and (diacetoxyiodo)benzene makes it possible to oxidize 
various kinds of alcohols selectively to the corresponding 
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c a r b o n y l c o m p o u n d s w i t h o u t a d d i t i o n of a c i d c a p t o r s 
such as l i t h i u m f -bu tox ide a n d i - b u t o x y m a g n e s i u m 
b r o m i d e . 

I n gene ra l , r e a g e n t s such as C r 0 3 - p y r i d i n e complex , 8 ) 
C r 0 3 - a c e t o n e , 9 > d i m e t h y l s u l f o x i d e - d i c y c l o h e x y l c a r b o -
di imide , 1 0 ) d i m e t h y l su l f ide - iV-ch lo rosucc in imide or 
chlor ine 1 1 ) a r e w ide ly e m p l o y e d for t h e o x i d a t i o n of 
a lcohols to t h e c o r r e s p o n d i n g ke tones or a l d e h y d e s . 
H o w e v e r , s o m e of t h e m a r e v e r y tox ic [ C r ( V I ) ] , c a u s i n g 
s ide reac t ions s u c h as fu r the r o x i d a t i o n of p r o d u c e d 
a l d e h y d e s a n d t h e f o r m a t i o n of a lkyl ch lo r ides a n d 
sulfides. W e h a v e con f i rmed t h a t a w i d e v a r i e t y of 
a lcohols a r e ox id i zed select ively to t h e c o r r e s p o n d i n g 
ke tones or a l d e h y d e s i n exce l len t y ie lds b y t h e p r e s e n t 
p r o c e d u r e u t i l i z ing a l k o x y m a g n e s i u m b r o m i d e s a n d 1,1'-
( azod ica rbony l ) d i p i p e r i d i n e . 

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

Materials. Commercial iV-chlorosuccinimide was recrys-
tallized quickly from hot water before use. T h e purity was 
determined by iodometry (puri ty^>98%). m-Chloroper-
benzoic acid was prepared by the reaction of m-chlorobenzoyl 
chloride with aqueous hydrogen peroxide and purified by 
washing with a phosphate buffer of p H 7.5 according to the 
procedure given in literature.12) T h e purity was determined 
by iodometry (purity^>97.5%). (Diacetoxyiodo)benzene was 
synthesized by the reaction of iodobenzene with peracetic 
acid,13) the pur i ty being determined in a smilar way (purity 
^>97%). l , r - (Azodicarbonyl)dipiperidine was prepared by 
the reaction of diethyl azodicarboxylate with piperidine,14) 
and purified by recrystallization from a mixture of benzene 
and hexane (mp 134—135 °C). 7-Phenyl-4-heptene-1-ol was 
synthesized from dihydrofuran and 2-phenylethylmagnesium 
bromide according to the procedure of Brandron et al.15) and 
purified by distillation (bp 119—120 °C/1.0 m m H g ) . 

General Procedure of Oxidation of Alkoxymagnesium Bromide with 
N-Chlorosuccinimide. T o a solution of propylmagnesium 
bromide in dry T H F (3 ml) prepared from magnesium (58 
mg, 2.4 mmol) and propyl bromide (320 mg, 2.6 mmol) was 
added dropwise a solution of alcohol ( 1.0 mmol) and /-butyl 
alcohol (89 mg, 1.2 mmol) in T H F (4 ml) at room tempera­
ture under argon atmosphere. After the reaction mixture had 
been stirred for 10 min, iV-chlorosuccinimide (160 mg. 1.2 
mmol) was added all at once at room temperature . T h e 
reaction mixture was stirred for 30 min, quenched by the 
addition of brine and solid N a 2 S 2 0 3 • 5 H 2 0 , and extracted 
with diethyl ether. T h e ether layer was washed with saturated 
aqueous N a H C 0 3 and brine, and dried over anhydrous 
N a 2 S 0 4 . T h e yeild of the corresponding aldehyde was deter­
mined by vapor phase chromatography or isolation using 
preparative thin layer chromatography (silica gel). 

General Procedure of Oxidation of Alcohols with m-Chloroper-
benzoic Acid. A solution of propylmagnesium bromide (1.2 
mmol) in T H F (3 ml) was prepared in a similar way and 
treated with a T H F (4 ml) solution of an alcohol ( 1 mmol) 
and /-butyl alcohol (89 mg, 1.2 mmol) at room temperature 
under argon atmosphere, and stirred for 10-15 min at room 
temperature. This solution was then treated with crystalline 
m-chlorobenzoic acid (1.2—1.8 mmol) at room temperature, 
stirred for 30 min at room temperature , and quenched by 
the addition of brine and solid N a 2 S 2 0 3 • 5 H 2 0 . Benzene was 
added to the mixture and the resulting precipitate was filtered 
off. T h e organic layer was washed with saturated aqueous 
N a H C 0 3 and brine, and dried over anhydrous N a 2 S 0 4 . 

After removal of the solvent, the corresponding carbonyl 
compound was isolated by preparat ive thin layer chroma­
tography (silica gel). 

General Procedure of Oxidation of Alcohols with ( Diacetoxyiodo ) -
benzene. A solution of alkoxymagnesium bromide ( 1 mmol) 
and /-butoxymagnesium bromide (1.2 mmol) in T H F (7 ml) 
was prepared in a similar way, treated with crystalline (di­
acetoxyiodo) benzene (1.2—1.5 mmol) at room temperature . 
After being stirred for 30 min at room temperature , the mix­
ture was quenched by addition of brine and solid N a 2 S 2 O s • 
5 H 2 0 , and extracted with ethyl acetate. T h e organic layer 
was washed with saturated aqueous N a H C 0 3 and brine, and 
dried over anhydrous N a 2 S 0 4 . After removal of the solvent, 
the yield was determined by isolation using preparat ive thin 
layer chromatography (silica gel) or column chromatography 
(silica gel). 

Oxidation of 7-Phenyl-4-hepten-l-ol with (Diacetoxyiodo)benzene. 
A T H F (3 ml) solution of propylmagnesium bromide was 

prepared from magnesium (58 mg, 2.4 mmol) and propyl 
bromide (320 mg, 2.6 mmol) , then treated with a T H F 
(4 ml) solution of 7-phenyl-4-hepten-l-ol (186 mg, 0.98 
mmol) and /-butyl alcohol (89 mg, 1.2 mmol) at room tem­
perature under argon atmosphere. T h e reaction mixture was 
stirred for 10 min at room temperature , a T H F (10 ml) 
solution of (diacetoxyiodo)benzene (429 mg, 1.33 mmol) being 
added dropwise within the period of 20 min. T h e mixture 
was stirred for addit ional 30 min. After the usual work-up, 
7-phenyl-4-heptenal (140 mg, 76%) was isolated by column 
chromatography (silica gel). 

N M R (CC14) «5 2.12—2.80 (m, 8H) , 5.32—5.55 (m, 2H) , 
7.15 (s, 5H) , 9.70 (s, 1H) ; I R 1725 cm- 1 . 

2,4-dinitrophenylhydrazone, m p 96.0—96.2 °C. Found : C, 
61.94; H , 5.38; N, 15.02%. Calcd for C 1 9 H a 0 N 4 O 4 : C, 61.94; 
H , 5.47; N, 15.21%. 

Oxidation of 7-Phenyl-é-hepten-l-ol with !,!'-( Azodicarbonyl)-
dipiperidine Utilizing Propylmagnesium Bromide. T o a T H F 
(3 ml) solution of propylmagnesium bromide (160 mg, 1.3 
mmol) was added dropwise a T H F (2 ml) solution of 7-phenyl-
4-hepten-l-ol (190 mg, 1.0 mmol) at room temperature under 
argon atmosphere. A T H F (4 ml) solution of l , l ' - (azodicar-
bonyl)dipiperidine (320 mg, 1.2 mmol) was then added drop-
wise to the mixture. T h e mixture was stirred for 2 h at room 
temperature , quenched by addition of brine, and extracted 
with ethyl acetate. T h e organic layer was washed with 
saturated aqueous N a H C 0 3 and brine, and dried over anhy­
drous N a 2 S 0 4 . After removal of the solvent, the residue was 
separated by column chromatography (silica gel). Elution 
with benzene, methylene chloride, and methanol afforded the 
desired 7-phenyl-4-heptenal (167 mg, 8 9 % ) , 7-phenyl-4-
hepten-1-ol (13 mg, 7%) and l , r - (hydrazodicarbonyl )d i -
piperidine (234 mg, 9 2 % ) , respectively. 

General Procedure of Oxidation of Alcohols with l,l'-(Azodi-
carbonyl) dipiperidine Utilizing Propylmagnesium Bromide. T o a 
solution of propylmagnesium bromide in T H F (3 ml) prepared 
from magnesium (29 mg, 1.2 mmol) and propyl bromide(160 
mg, 1.3 mmol) was added dropwise a T H F (2 ml) solution of 
an alcohol (1 mmol) at room temperature under argon at­
mosphere. A T H F (4 ml) solution of l , l ' - (azodicarbonyi)-
dipiperidine was then added dropwise at room temperature . 
T h e mixture was stirred for 2 h—overnight, quenched by 
addition of brine, and extracted with ether. After filtration 
of the precipitate, the organic layer was washed with saturated 
aqueous N a H C O a and brine, and dried over anhydrous 
N a 2 S 0 4 . T h e yield of the corresponding ketone or aldehyde 
was determined by isolation using column chromatography 
(silica gel) or by vapor phase chromatography analysis. 

Oxidation of Testosterone with l,l'-(Azodicarbonyl)dipiperidine 
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Utilizing t-Butoxymagnetium Bromide. To a THF (3 ml) 
solution of propylmagnesium bromide prepared from magne­
sium (29 mg, 1.2 mmol) and propyl bromide (160 mg, 1.3 
mmol) was added drowise a THF (2 ml) solution of f-butyl 
alcohol (89 mg, 1.2 mmol). A THF (2 ml) solution of testos­
terone (388 mg, 1.0 mmol) was then added, and the mixture 
was treated with a THF (4 ml) solution l,l'-(azodicarbonyl)-
dipiperidine (302 mg, 1.2 mmol). After the usual work-up, 
the desired 4-androsten-3,17-dione (374 mg, 96%) was isolated 
by preparative thin layer chromatography (silica gel). 

NMR(CDC13) Ô 0.93 (s, 3H), 1.23 (s, 3H), 5.72 (s, 1H); 
IR 1660, 1740 cm-1, mp 170—171 °G (lit, 169—170 °C10> 
Found: G, 79.42; H, 9.30%. Calcd for C19H2fi02: G, 79.68; 
H, 9.15%. 

References 

1) K. Saigo, A. Morikawa, and T. Mukaiyama, Chem. 
Lett., 1975, 145. 

2) K. Saigo, A. Morikawa, and T. Mukaiyama, Bull. 
Chem. Soc. Jpn., 49, 1656 (1976). 

3) T. Mukaiyama, M. Tsunoda, and K. Saigo, Chem. 
Lett., 1975,691. 

4) T. Mukaiyama, K. Takahashi, and I. Kuwajima, Bull. 
Chem. Soc, Jpn., 41, 1491 (1968). 

5) Found: C, 79.36; H, 9.82%. Calcd for C19H28Cy: C, 
79.12; H, 9.79%- Melting point and NMR spectrum agree 

with these in literature. Cf. J. E. Bridgeman, P. C. Cherry, 
A. S. Clegg, J. M. Evans, E. R. H.Jones, A. Kasal, V. Kumar, 
G. D. Meakins, Y. Morisawa, E. E. Richards, and P. D. 
Woodgate, J. Chem. Soc, C, 1970, 250; H. Nakata, Tetrahedron, 
19, 1959 (1963). 

6) F. Yoneda, K. Suzuki, and Y. Nitta, J. Am. Chem. Soc, 
88, 2328 (1966). 

7) R. C. Cookson, I. D. R. Stevens, and C. T. Watts, 
J. Chem. Soc, Chem. Commun., 1966, 744. 

8) J . C. Collins, W. W. Hess, and F. J. Frank, Tetrahedron 
Lett., 1968, 3363. 

9) K. Bowden, I. M. Heilbron, E. R. H. Jones, and B. C. 
L. Weedon, J. Chem. Soc, 1946, 39; A. Bowers, J. G. Halsall, 
E. R. H. Jones, and A. J. Lemin, ibid., 1953, 2548. 

10) K. E. Pfizner and J . G. Moffatt, J. Am. Chem. Soc, 87, 
5661 (1965); A. H. Fenselau and J. G. Moffatt, ibid., 88, 1762 
(1966). 

11) E. J. Corey and C. U. Kim, J. Am. Chem. Soc, 94, 
7586 (1972); Tetrahedron Lett., 1973, 919. 

12) R. N. McDonald, R. N. Steppel, and J . E. Dorsey, 
Org. Synth., 50, 15 (1970); N. N. Schwartz and J. H. 
Blumbergs, J. Org. Chem., 29, 1976 (1964). 

13) K. H. Pausacker, J. Chem. Soc, 1953, 107. 
14) E. E. Smissman and A. Makriyannis, J. Org. Chem., 

38, 1652 (1973). 
15) R. C. Brandon, J. M. Derfer, and C. D. Boord, J. Am. 

Chem. Soc, 72, 2120 (1950). 



October, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (10), 2777—2779 (1977) 2777 

The Addition Reaction of Acyl Radicals to 9,10-Phenanthrenequinone 
in the Presence of the Corresponding Aldehydes. A Support for 

the In-Cage Mechanism of the Photochemical Reaction 
of 9,10-Phenanthrenequinone with Aldehydes 
Kazuhiro MARUYAMA, Hiroshi SAKURAI, and Tetsuo OTSUKI 

Department of Chemistry, Faculty of Science, Kyoto University, Kyoto 606 

(Received April 18, 1977) 

Regarding the photochemical reaction of 9,10-phenanthrenequinone, 1, with acetaldehyde, 2, two reaction 
mechanisms have been proposed: the in-cage mechanism (Eq. 1) and the radical chain mechanism involving an 
acyl radical as the chain carrier (Eq. 2). For the establishment of the true reaction mechanism, the thermal 
addition reaction of an acyl radical to 9,10-phenan threnequinone was investigated. The products in the thermal 
reaction were the dimeric isomers of the aryloxyl radical, 6, i.e., 4 and 5, which were quite different from the product 
of the photochemical reaction of 9,10-phenanthrenequinone with acetaldehyde, i.e., 9-acetoxy-10-hydroxyphenan-
threne, 3. These results, as well as the estimation of the quantum efficiency for the photochemical reaction, exclude 
the radical chain mechanism (Eq. 2) and strongly support the in-cage mechanism (Eq. 1) for the photochemical reac­
tion of 9,10-phenanthrenequinone with aldehyde. 

The photochemical reactions of quinone have been 
of great practical significance, providing a method of 
synthesizing complex organic molecules.1) The mecha­
nistic elucidation of these reactions are essential to ensure 
further success in preparative organic photochemistry. 

The irradiation of a benzene solution of 9,10-phenan­
threnequinone, 1, and acetaldehyde, 2, for example, 
gives 9-acetoxy-10-hydroxyphenanthrene, 3, in a quan­
titative yield. T h e other aldehydes, aliphatic and 
aromatic, behave similarly to give the corresponding 
9-acyloxy-10-hydroxyphenanthrenes in good yields. 
Recently for the above reaction the present authors 
proposed the intervening contribution of a radical pair, 
i.e., the in-cage mechanism, mainly on the basis of an 
investigation using the ^-H-CIDNP technique (Eq. I).2) 
In contrast, Moore and Waters suggested about twenty 
years ago a radical-chain mechanism involving the 
acetyl radical as a chain carrier (Eq. 2)3> 

In the present investigation the acetyl radical generat­
ed from the hydrogen abstraction of acetaldehyde by the 
tf-butoxyl radical was allowed to react with 9,10-phenan­
threnequinone, 1, and the products were compared with 
those of the photochemical reaction of 9,10-phenan­
threnequinone, 1, with acetaldehyde, 2. 

;§ + CH 3 CH0-^ 

"0 Vibrotionalty 
Excited 

* 
S 

OÇ-CH3 
0 

:§ + CH3CH0 - ^ g + CH3CHO 

CH3CO 

f;0 + CH3CHO 
^0C0CH3 OCOCH3 

+ CH3CO 

(Eq. 2) 

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

Product Analysis. T h e acetyl radical was generat­
ed by the thermal decomposition (70 °C) of di-f-butyl 
diperoxyoxalate4) dissolved in benzene in the presence 
of an excess amount of acetaldehyde, 2. When the 
acetyl radical was allowed to react with 9,10-phenan­
threnequinone, 1, the yellow color due to 1 disappeared. 
After the evaporation of the solvent, column chromato­
graphy on silica gel gave two white crystals in nearly 
equal amounts (total yield: 9 0 % ) . Their molecular 
weights, as determined by the vapor-pressure method, 
indicated that both of them are dimers of the aryloxy 
radical, 6. The aryloxy radical, 6, is to be yielded by 
the addition of an acetyl radical to 9,10-phenan-

! ° + CH3CHO + (CH3)3C-O0-Ç^ - ^ > 

L>o + L H 3g ^ A > o - ç - C H 3 

(Eq. 1) (Eq. 3) 
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threnequinone. O n the basis of their mass analysis and 
spectral data, the two products were concluded to be 
configurational isomers with each other and were 
identified as 4 ("â?/-form") and 5 ("meso-form") respec­
tively5) (see Eq. 3). The other products were quite 
small in their amounts, but different from 9-acetoxy-
10-hydroxyphenanthrene, 3, which was the sole product 
in the photolysis of a solution of 1 and 2.2> Further, the 
possible formation of 4 and 5 via 3 was examined by 
treating 3 with di-^-butyl diperoxyoxalate in the presence 
of acetaldehyde, but no 4 or 5 was found. The exclusive 
product in this reaction was 9,10-diacetoxyphenan-
threne, 7 (Eq. 4). Thus, we can exclude the inter-
mediacy of 3 in the formation of 4 and 5. As will be 
described in the following section, the time-dependent 
parallelism of the amount of 4 relative to 5 also supports 

- ! ï ï r u + CH3CH0+(CH3bC-0O 
LKA.H3 

(Eq. 4) 

the above consideration. In the reaction with other 
acyl radicals 9,10-phenanthrenequinone gives dimeric 
mixtures analogous to that of 4 and 5. The total yields 
of the isomeric dimers are summerized in Table 1. 

TABLE 1. THE THERMAL REACTION OF 9,10-PHENANTHRENE-

QUINONE WITH THE ACYL RADICAL 

g +R-CH0 + (CH3)3C-O0-C^-^g-

R 
Yields of 

dimers (%) 

CH3-
C3H7-
/»-CH3-C6H4-
^-CH30-Cf iH4-

90 
83 
88 
66 

The Yield of 4 Relative to that of 5 versus the Reaction 
Time. With the progress of the reaction the 
amount of 4 relative to 5 was followed ; the amounts of 
4 and 5 increased monotonously with the time. As was 
concluded from Fig. 1, the relative yield, 4/5, was 
invariably constant throughout the reaction. Thus, 
both 4 and 5 must be primary products in the reaction; 
hence, 3 cannot be a precursor of 4 and 5. 

Concluding Remarks. Without doubt the acetyl 
radical adds to 9,10-phenanthrenequinone, 1, to form 
the 6 radical in the primary step of the reaction. Sub­
sequently, the 6 radical could undergo dimerization, 
resulting in the formation of 4 and 5 in nearly com­
parable amounts. Thus, the free acetyl radical adds to 
1 even in the presence of a large excess of acetaldehyde, 
as summarized in Eq. 3. 

Contrary to the present reaction, the photochemical 
reaction of 9,10-phenanthrenequinone, 1, with acetal­
dehyde gives 3 in a quantitative yield without 4 or 5. 
Therefore, in the photochemical reaction of 9,10-
phenanthrenequinone with acetaldehyde the interven-

Product (isolated) 

Quinone(recovered) 

7. 

50 

40 

30 

20 

10 I-

10 min 
Reaction 
Time 

CH3CH0 + (CHshC-CKHft L(ï0*£O> 
C6H6 

Fig. 1. The effect of the reaction time. 

tion of the free acetyl radical, and thus the intermediacy 
of the aryloxyl radical, 6, can be excluded completely. 
Tha t is, the photochemical reaction of 9,10-phenan-
threnequinone with acetaldehyde may proceed via the 
in-cage radical pair, i.e., the in-cage mechanism, 
resulting in the quantitative formation of 3 (Eq. 1). 
The exclusion of the radical-chain mechanism (Eq. 2) 
was further supported by the disappearance of 9,10-
phenanthrenequinone in the presence of a 10-fold molar 
quanti ty of acetaldehyde. Its quan tum efficiency was 
about 0.21. 

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

Materiah. The 9,10-phenanthrenequinone was prepared 
by the oxidation of phenanthrene with potassium dichromate; 
mp 202—204 °C. The di-^-butyl diperoxyoxalate was pre­
pared according to the method in the literature.4) All the 
aldehydes examined here were commercially available and 
were submitted to the thermal reactions after purification by 
distillation. 

General Procedures. 9,10-Phenanthrenequinone (7.2 mmol) 
and aldehyde (26.8 mmol) were dissolved in dry benzene (30 
ml), while the temperature of the solution was kept at 70 °C 
To the solution di-^-butyl diperoxyoxalate (10.2 mmol) was 
added in portions. After an appropriate reaction time, the 
reaction was quenched by cooling and the reaction mixture 
was purified by chromatography on silica gel. 

Identification of Products. 9,9'-Diaceloxy-9,9',10,10'-tetra-
hydro[9,9'-biphenanthrene]-10,10'-dione: yield, 90%. dl-9,9'-
Diacetoxy-9,9', 10,10'-tetrahydro[9.9'-biphenanthrene]-l0, lO'-dione 
(4) : white crystals; mp 200.2—201.2 °C. Found; C, 76.76; 
H, 4.21%. Calcd for C32H2206; C, 76.48; H, 4.41%. Molecu­
lar weight (vapor-pressure method); m/e—502 (Calcd for 
C32H2206; m/<?=502). Mass; m/<?=251 (monomer+), 209, 207, 
180, 179. IR (KBr); 1750, 1690 cm-1. iH-NMR (GDC13); 
Ô: 1.55 (6H,s), 6.40 (2H,d,y=8Hz), 6.9—8.0 ppm (14H,m). 
UV max (CHC13); 339 nm (loge: 3.68), 252 (4.64), 216 
(4.57). 

meso-9,9'-Diacetoxy-9,9',lO,lO'-tetrahydro[9,9'-biphenanthrene]-
10,10'-dione (5) : white crystals; mp 216—217 °C. Molecu-
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lar weight (vapor-pressure me thod) ; m/e=553 (Calcd for 
C 3 oH 2 2 0 6 ; m/e=502), Mass ; m/e=251 (monomer+), 209, 207, 
180, 179. I R (KBr) ; 1770, 1690 cm- 1 . ' H - N M R (CDC13); 
Ô: 2.10 (6H,s), 7.0—7.9 p p m (16H,m). U V max (CHC13); 
339 n m (log e: 3.56), 227 (4.47), 216 (4.58). 

9'9'-Bis(butyryloxy)-9,9',10,10'-tetrahydro\_9,9'-biphenanthrene\-
10,10'-dione: yield, 8 3 % . 

d\-9,.9'~Bis(butyryloxy) -9,9', 10,10''-tetrahydro[9,9'-biphenan-
threne]-l 0,10'-dione: white crystals; m p 190—191 °C. Mass; 
m/e=279 (monomer+). I R (KBr) ; 1750, 1695 cm- 1 . i H - N M R 
(GDGls); ô: 0.70 ( 6 H , t , . / = 6 H z ) , 1.32 (4H, sextet, J=6 Hz) , 
1.84 ( 4 H , t , . / = 6 Hz) , 6.44 ( 2 H , d , y = 8 Hz) , 7.0—8.1 p p m 
(14H, m) . Î JV max (CH2C12) ; 337, 256, 248 (sh)nm. 

meso-9,9'-Bis (bufyryloxy)-9,9', 10,10'-tetrahydro[9,9'-biphenan-
threne]-! 0,10'-dione: white crystals; m p 176—177 °C. Mass; 
m/e=279 (monomer+). I R (KBr) ; 1750, 1695 cm- 1 . ' H - N M R 
(GDCI3); Ô: 0.92 (6H,t, J=6 Hz ) , 1.56 (4H, sextet, y = 6 Hz) , 
2.30 (4H), 2.30 (4H, t, y = 6 H z ) , 6.8—7.8 p p m (16H,m). 
U V max (CH2C12) : 337, 255 (sh), 248 nm. 

9,9'-Bis(p-toluoyloxy)-9,9',l0,10'-tetrahydro[9,9'-biphenan-
threne]-10,10'-dione: yield, 8 8 % ; white crystals, m p 195 CC 
(dec) as a mixture of nearly equal amounts of two iso­
mers. Mass; mle=327 (monomer+). I R (KBr) ; 1740, 1690 
cm- 1 . i H - N M R (GDGl a) ; Ô: 2.35 (s,CH3(rf/-form)), 2.42 (s, 
C H 3 (meso-form)), 6.42 (d, J=8 Hz, aromat ic-H (dl-form)), 
6.8—8.2 p p m (m). U V max (CH2C12) ; 338, 248 nm. 

9,9'-Bis(p-arisoyloxy)-9,9',10,10'-tetrahydro[9,9'-biphenan-
threne]-10,10'-dione: yield, 6 6 % ; white crystals; m p 151—161 
°C as a mixture of nearly equal amounts of isomers. Mass; 
m/e=343 (monomer+). I R (KBr) ; 1720, 1690 cm- 1 . 1H-
N M R (CDGI3); Ô: 2.34 (s, OGH3(rf/-form)), 2.40 (s, O C H 3 -
(meso-fovm)), 6.64 (s, J=8 Hz, aromat ic-H ((//-form)), 6.8—8.1 
(m, aromatic-H(dl-form)), 7.0—8.0 p p m (m, aromat ic-H 
(meso-form)). U V max (CH2C12) ; 337, 255 nm. 

9,10-Diacetoxyphenanthrene (7): white crystals; m p 196.0— 
197.5 °C. Mass; m/e=294 (M+). I R (KBr) ; 1780 cm" 1 . W-
NMR(CDC1 3 ) ; Ô: 2.52 (6H,s), 7.7—8.0 (6H,m), 8.6—8.8 p p m 
(2H,m). U V max (CH2C12); 295, 285, 275, 255, 245 nm. 
9,10-Diacetoxyphenanthrene was also yielded by the reductive 
acetylation (Zn-Acetic anhydride) of 9,10-phenanthrenequi-
none. 

The Estimation of the Quantum Efficiency. T h e light sourse 
was a high-pressure H g arc l amp (300W) ; by the use of a 
filter (Toshiba K L - 5 0 ) , the irradiation was carried out by 
selected light (wavelength: 4 9 8 ± 8 nm) at 15 .0±0.5 °G. The 
quan ta of light absorbed by the reaction mixture was calibrat­
ed using an aqueous solution of potassium tris(oxalo)ferrate-
( I I I ) as a chemical actinometer.7) T h e reaction mixture 
submitted to the measurement was a benzene solution of 1.92 
X IO-3 M of 9,10-phenanthrenequinone and 2.3 X 10"2 M of 

acetaldehyde. T h e q u a n t u m efficiency, followed by the dis­
appearance of 9,10-phenanthrenequinone, was estimated to 
be 0.21. 
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The reactions of JV,iV-dichloromethanesulfonamide (I) with substrates such as hydrocarbons and ethers gave 
the iV-substituted methanesulfonamide (II) and methanesulfonamide (III) in the presence of copper. The reaction 
with 2-methylbutane gave the product only with a tertiary C-H bond, though the singlet nitrene which was generat­
ed from methanesulfonyl azide reacted with the primary, secondary, and tertiary C-H bonds in the ratio of 1 : 
4.2: 9.6. The reactions with the tertiary C-H bonds of eis- and £ran.r-l,4-dimethylcyclohexanes proceeded non-
stereospecifically, in contrast to those of the nitrene with them. The addition of a radical inhibitor, hydroquinone, 
reduced the yield of II, while it increased the yield of III . The reaction with alcohols led to a quantitative yield 
of III, accompanied by the corresponding aldehydes. These results suggest that the reaction proceeds not by a 
nitrene mechanism, but by a metal-radical mechanism. 

T h e existence of a nitrene intermediate has been 
shown in several reactions which afford the same 
products or product mixtures via two or more indepen­
dent routes. Phenylnitrene, for example, seems to be the 
intermediate in the pyrolysis1) and photolysis2) of phenyl 
azide, in the deoxygenation of nitrosobenzene3) and 
nitrobenzene,4) and in the photolyses of oxaziridines,5) 
for the intermediate always leads to the same product, 
2-dialkylamino-3//-azepine, in the presence of a dialkyl-
amine. T h e species generated by the photolysis6) and 
the thermolysis7) of ethyl azidoformate and by the 
a-elimination of iVr-(/>-nitrophenylsulfonyloxy)urethane8) 
nearly the same regioselectivities toward the C - H bonds 
of 2-methylbutane. These demonstrations have been 
explained by the intervention of ethoxycarbonylnitrene 
in each instance. 

Breslow and Sloan9) reported that the reaction of 
dichloramine-T with zinc dust in cyclohexane gave 
iV-cyclohexyl-/>-toluenesulfonamide, and suggested that 
a free sulfonylnitrene was formed as an intermediate, 
since the insertion into C - H bonds is a distinctive 
nitrene reaction: 

/>-CH3C6H4S02NCl2 + Zn />-CH3C6H4S02N 
,ca 

^ZnCl 

• />-CH3C6H4SOaN: + ZnCl2 

(sulfonylnitrene) 

O n the other hand, the thermolysis of JV,JV-dichloro-
methanesulfonamide in benzene afforded methanesul­
fonamide in an 8 2 % yield, with gas-chlomatographically 
detectable biphenyl, but neither iV-mesylaniline nor 
azepine derivatives.10) This finding, by Abramovitch, 
shows that the formation of nitrene in the reaction 
might be ruled out. Prior to his paper, we ourselves 
reported that the reaction of iV,iV-dichloromethanesul-
fonamide (I) with hydrocarbons and ethers in the 
presence of copper proceeded by means of a radical 
mechanism involving no sulfonylnitrene.11) 

W e are investigating decomposition mechanisms of 
chloramide. As a par t of this work, the reactions of I 
with the substrate hydrocarbons, ethers, and alcohols 
have been studied in further detail. T h e results will be 
discussed here in comparizon with those of the direct 
and the sensitized photolyses of methanesulfonyl azide. 

Results and Discussion 

Reactions of I in the Presence of Copper. Copper 
powder was suspended in a substrate (IV), and N,N-
dichloromethanesulfonylamide (I) was added to the 
stirred suspension in small portions in a stream of 
nitrogen. T h e yields of the products are listed in Table 1. 

TABLE 1. REACTION OF I WITH ETHERS AND HYDROCARBONS 

Substrate (IV) 
Product (%)a> 

II III 

( a ) 

( b ) 

( c ) 

( d ) 

( e ) 

( f ) 

\ Q / 

CK 

CH3 ( a ) NDb> 

(b ) | | 

42 

46 46 

I I 

CH3 \ /CH 3 
CH-CH 

C H / \CH 3 

0 / NNHRc> 

( c ) M 52 41 
\CK\NHR 

( d ) | | 46 48 
\ 0 / v N H R 

CH3 \ /CH 3 
( e ) C-CH 7.0 63 

C H / 1 ^CH3 

NHR 
CH, CH, 

CH, / 
CH-CH2-CH3 ( f ) C-CH2-CH3 7.0 65 

CH3 ' 

( g ) 

( h ) 

( i ) 

0 
CH3 

foi 
CH3 

( « ) 

( h ) 

( i ) 

NHR o 
\ / N t f H R 

\ / A N H R 
CH2NHR 

(o) 
GH3 

5.4 60 

5.6 62 

9.1 53 

a) Calculated on the basis of the I used, b) ND: not 
detected, c) R: S02CH3 . 

Each of the reactions gave the JV-substituted methane­
sulfonamide (II) and methanesulfonamide ( I I I ) . 

file:///CK/NHR
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TABLE 2. REACTION OF I WITH eis- AND trans-1 ,4-DIMETHYLCYCLOHEXANES 
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I o r V IV 

Product (%)a> 

H ' 

/ G H , 

^NHR 
(trans-II) 

Uy \ — / x N H R b > 
(cis-II) 

III 

RNCL 

RN, 
direct 

I sensitized \": 
{ ci. 

trans 
eis 
trans 
eis 
trans 
eis 

12.4 
12.1 
3.6 
0 

12.9 
13.8 

11.0 
10.3 
0 
3.3 
2.8 
4.3 

61 
60 
35 
49 
22 
22 

a) Calculated on the basis of the I and V used, b) R : S02CH3 . 

Cu 
CH3S02NC12 + R ' -H » 

(I) 
CH3S02NHR' + CH3S02NH2 

(II) (III) 

(R': hydrocarbon rest or ether rest) 

The products, I I and I I I , correspond formally to those 
from insertion into the G - H bonds, and from the 
abstraction of the hydrogen atoms, by methylsulfonyl-
nitrene respectively. In the reactions with cyclic ethers, 
the a-substituted derivatives were isolated in good yields. 
The preferential formation of the a-substituted deriva­
tives in IVb and IVc parallel those in the direct and 
sensitized photolyses of ethyl azidoformate in cyclic13) 
and acyclic12) ethers. T h e reaction of I with propylene 
oxide gave large quantities of a colorless, viscous 
substance whose I R spectrum showed a strong O - H 
stretching absorption. T h e products with the ring or 
the methyl C - H bonds were not isolated. T h e reactions 
in IVe and IVf gave, besides I I I , products with only 
the tertiary C - H bonds. This finding for the reaction 
with IVf is different from that of the direct photolysis 
of methanesulfonyl azide (V) in IVf; the singlet sulfonyl-
nitrene generated by the direct photolysis reacted with 
the primary, secondary, and tertiary C - H bonds of 
IVf in the ratio of 1: 4.2: 9.6.14) T h e difference in the 
regioselectivities toward the C - H bonds between the 
present reaction and the photolysis of V means that the 
singlet sulfonylnitrene is probably not involved in the 
former. 

Attempting the reaction of I with aromatic substrates, 
the decomposition in /»-xylene gave the reaction product 
(Hi) with only the side-chain C - H bond, although the 
reaction in benzene gave that with the aromatic nucleus, 
besides I I I . O n the contrary, the thermolysis of V in 
toluene gave no iV-benzylmethanesulfonamide corre­
sponding to Hi , but methanesulfonyltoluidide isomers 
and I I I in 76.8 and 22 .7% yields respectively.15) Such 
aromatic nucleus derivatives are formed via an aziri-
dine intermediate or a transition state with the sul-
fonylnitrene.16»16) T h e formation of H i in the present 
reaction also supports the idea that the reaction pro­
ceeds by means of a mechanism involving no singlet 
nitrene. 

Next, the reactions of I were carried out in eis- and 
/r<mr-l,4-dimethylcyclohexanes (cis-TV and trans-TV) in 
order to obtain information about the stereospecificity. 

T h e results are listed in Table 2, where they are compar­
ed with those of the direct11) and the sensitized17) 
photolyses of V. T h e reaction of I with either cis-TV 
or trans-TV gave a mixture of O J - I I and trans-II (stereo­
isomers) . O n the other hand, in the photolyses of V, 
only one product isomer (cis-II or trans-II) was isolated 
in each reaction; the reaction was virtually completely 
stereospecific. T h e insertion of the sulfonylnitrene into 
the C - H bonds of hydrocarbons is a concerted reaction 
involving the singlet nitrene. Breslow et al. also recently 
reported that the insertion of methylsulfonylnitrene, 
generated by the thermolyses of V, into the tertiary C - H 
bonds of eis- and frö«j-l,2-dimethylcyclohexanes proce­
eded stereospecifically.18) T h e stereospecific formation 
of cis-II or trans-II shows that the radical, C H 3 S 0 2 N H , 
produced by the hydrogen abstraction of the triplet 
nitrene is not able to recombine with a hydrocarbon 
radical. Therefore, the non-stereospecific formation of 
cis-II or trans-II in the reactions of I means that neither 
the singlet nor the triplet nitrene takes par t in the 
formation of I I . T h e non-stereospecific formation of 
cis-II or trans-II in the sensitized photolyses of V can be 
explained by the triplet azide mechanism.17) 

T h e reactions of I with ethyl alcohol and butyl 
alcohol did not give the product with the O - H bonds, 
but the hydrogen abstraction product, I I I , in yields of 
97.2 and 97 .8% respectively, accompanied by the 
corresponding aldehydes. T h e formation of the alde­
hydes in the alcohols suggests that the reaction of I 
involves a radical process. Therefore, the reaction of 
I was repeated in the presence of hydroquinone as a 
potential inhibitor. When cis-TV was employed, the 
addition of the hydroquinone reduced the yield of the 
mixture of cis-II and trans-II from 2 3 % to below 0 . 3 % , 
while it increased the yield of I I I from 60 to 7 7 % . When 

TABLE 3. REACTION OF I IN THE PRESENCE OF 

COPPER ( I ) CHLORIDE 

Substrate (IV) 

IVb 
trans-TV*) 
w-IVb> 

II 

l i b 
trans-II 
trans-II 

Produc 

57.6 
9.7 
8.6 

t (%)a) 

cis-II 
cis-II 

7.3 
6.1 

III 

43 
60 
64 

a) Calculated on the basis of the I used, b) A mixture 
of IV and 1,2-dichloroethane in a molar ratio of 0.7: 
0.3 was used. 
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/CI 
CHoSO,N — 

(I) 
\ci 

Cu GH3S02N-C1 

CuCl 

(Via) 

cuci CH3S02N-C1 

CuCl2 

(VIb) 

• R' 
R'-H 4. 

* CH3S02N-H -
R'-H CI 

(VII) 

cu CH3S02N-H 

CuCl 

(Villa) 

Cuci CH3S02N-H 

CuCl2 

(VHIb) 

• R' 
R' H + R'-H 

^ CH3S02N-R' CH3S02NH2 ^ 

(II) (III) R'-H •R 

R' : hydrocarbon rest or ether rest 

Scheme 1. 

I V b was employed, l i b was not detected, while the 
yield of I I I increased from 45.6 to 98.4%. These facts 
show that the reaction of I with the substrates in the 
presence of copper powder involves a radical mechanism. 

Reactions of I in the Presence of Copper (I) Chloride. 
The reactions of I with the substrates were carried out 
in the presence of copper(I) chloride instead of copper. 
The yields of the products are listed in Table 3. The 
same products as those formed in the presence of copper 
were obtained. In the reaction with cis-YV and trans-I V, 
the products, I I , were obtained only when 1,2-dichloro-
ethane was used as a diluent, and the reactions were 
non-stereospecific. 

Reaction Mechanism. A tentative reaction mecha­
nism, which perhaps involves a metal-radical complex, 
may be outlined as in Scheme 1. 

T h e reactions of I with the substrates do not proceed 
in the absence of copper or copper(I) chloride under our 
conditions. T h e decomposition of I must be initiated 
by copper or copper (I) chloride. T h e elimination of 
one chlorine a tom gives a metal-radical complex (VI) , 
followed by the formation of iV-chloromethanesulfon-
amide (VII ) . The sulfonamide radical (VII I ) which 
is formed from V I I with copper or copper(I) chloride 
recombines with the substrate radical (-R')> giving 
I I . O n the other hand, V I I I abstracts a hydrogen a tom 
from the substrate to give I I I . It is well known that the 
metal-radical complex, generated from organic halides 
and transition metal compounds, behaves somewhat 
differently from those of radicals generated from such 
initiators as organic peroxides.19) As has been mentioned 
above, the C H 3 S 0 2 N H radical generated from V in 
hydrocarbons, was not able to recombine with a hydro­
carbon radical. However, the radical generated by the 
present reaction would be stabilized by forming the 
metal-radical complex, as is shown in the Scheme. Conse­
quently, the recombination of the radical with a hydro­
carbon radical may be possible. 

Photolyses of V in the Presence of Copper (I) Chloride. 
T h e presence of a metal compound in the photolysis 
of V would lead us to expect the recombination of 
C H 3 S 0 2 N H with a hydrocarbon radical. Thus , the 
direct photolysis of V was carried out in cis-IV in the 
presence of copper(I) chloride. Unexpectedly, the 
reaction gave only one tertiary isomer, cis-II; the 
reaction was completely stereospecific. T h e sensitized 
photolyses of V were carried out in cis-IV and trans-
I V in the presence of copper(I) chloride. As the photo­
lyses proceeded, the solution had a color varying from 
an initial light yellow to dark green at the end. However, 

TABLE 4. SENSITIZED PHOTOLYSES OF V IN THE PRESENCE 

OF COPPER ( I ) CHLORIDE 

Hydrocarbon (IV) 

trans-IV 
cis-IV 

trans-II 

5.9 
12.7 

Product (%)a> 

w-II 

2.4 
4.3 

III 

22 
27 

a) Calculated on the basis of of the I used. 

there was no significant difference in the product yields 
between the absence of copper (I) chloride (shown in 
Table 2) and its presence (shown in Table 4). 

T h e copper compound did not exhibit any effect on 
the reaction involving the azide, though it was evident 
that the copper compound played an important role 
in the present chloramide system ; the absence of copper 
compound did not result in the formation of the N-
substituted methanesulfonamide.10) 

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

The IR spectra were recorded on a Hitachi EP-S photo­
meter and a Nippon Bunko (JASCO) Model A-3 photometer, 
while the NMR spectra were taken on Hitachi R-20 and 
Hitachi R-24 instruments, using tetramethylsilane as the inter­
nal standard. The gas chromatography (VPC) was conduct­
ed on Shimadzu GC-2C and Nippon Denshi (JEOL) JGC 
20K units by means of the following columns: A, 20% Ucon 
Oil 5 HB 2000 on Celite (60—80 mesh); B, 10% Polyethylene 
Glycol Succinate on Neopak 1A (60—80 mesh). The products 
were separated by VPC, and the structures of the products 
were determined by means of elemental analyses and by meas­
urements of the IR and NMR spectra. The structures of some 
of the products were determined by comparing their IR and 
NMR spectra with those of authentic samples. The quanti­
tative analyses of the products by VPC and testing for the 
stability of each product during VPC analysis have been de­
scribed in a previous paper.20> 

Materials. The iV,iV-dichloromethanesulfonamide (I) was 
prepared by the method of Newcombe.21) The methanesul-
fonyl azide (V) was prepared by the method of Reagan and 
Nickon.22) The propylene oxide, tetrahydrofuran, tetrahydro-
pyran, 1,4-dioxane, 2,3-dimethylbutane, 2-methylbutane, cy-
clohexane, benzene, /»-xylene, ethyl alcohol, butyl alcohol, and 
1,2-dichloroethane were used after the commercial reagents 
had been purified according to the published directions.23) 
Analytical-grade reagents of copper(I) chloride, copper, hy-
droquinone, and acetophenone were used without further 
purification. The preparation of eis- and trans-1,4-dimethyl-
cyclohexanes (cis-IV and trans-IV) has already been de­
scribed.17) 
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Authentic Samples. T h e preparat ion of JV-cyclohexylmeth-
anesulfonamide ( I lg) , iV-(m-l,4-dimethylcyclohexyl)methane-
sulfonamide (cis-l\), and iV-(tom-l,4-dimethylcyclohexyl)-
methanesulfonamide(£ran.y-II) has been described previously.17) 
iV-Phenylsulfonamide ( I lh) was prepared from aniline and 
methanesulfonyl chloride in a way similar to that used in the 
preparation of iV-cyclohexylurethane;24) m p 98 °C, I R (Nujol, 
c m - 1 ) : 3270 (NH), 1330, and 1155 ( S 0 2 ) . N M R (CDC13 , 
r ) : 2.70 (C6H5 , 5H, s), 2.72 (NH, 1H, bs), and 7.00 (SCH3 , 
3H, s). 

Reactions of I with Ethers, Hydrocarbons, and Alcohols in the 
Presence of Copper. Copper powder (4.8 g, 0.075 mol) was 
suspended in a substrate (0.6 mol of ethers, hydrocarbons, or 
alcohols), and iV,iV-dichloromethanesulfonamide (I, 4.1 g, 
0.025 mol) was added to the stirred suspension in small por­
tions in a stream of nitrogen. T h e reactions with ethers and 
alcohols were carried out at 5—7 °C, except for tha t wi th 
dioxane, which was done at 12 °C. After I h a d been added, 
the stirring was continued for about another 5 h. Then the 
suspension was filtered, and the filtrate was concentrated 
under reduced pressure. In the reactions with hydrocarbons, 
the residue was analyzed by V P C on Column A and B. O n 
the other hand , the residual material resulted from the filtra­
tion of the suspension was extracted with three 50-ml portions 
of 1 M-hydrochloric acid and the hydrochloric acid was evapo­
rated under reduced pressure. T h e abstraction product ( I I I ) 
contained in the residue was dissolved in ethyl alcohol and 
analyzed by means of V P C on Column A. In the cases of 
the ethers and alcohols, the residue was extracted with three 
50-ml portions of hot benzene. T h e colorless crystals ( I I ) , 
obtained by evaporating the benzene, were dried in vacuo and 
weighed. T h e N M R spectrum of each of the crystals showed 
it to contain no contaminant . T h e crystals were then recrys-
talized from benzene, and the melting points were measured. 
On the other hand, I I I was also obtained from the insoluble 
material in the hot benzene. Methanesulfonamide ( I I I ) , 
formed from every experiment, had I R and N M R spectra and 
a V P C retention time identical with those of the authentic 
sample. 

In Tetrahydrofuran (IVb), Tetrahydropyran (IVc), and 1,4-
Dioxane (IVd) : N-(2-Tetrahydrofuryl)methanesulfonamide 
( l i b , 1.90 g), JV-(2-tetrahydropyranyl)methanesulfonamide 
(He, 2.32 g), and JV-(l,4-dioxan-2-yl)methanesulfonamide 
( l i d , 2.08 g) were isolated respectively. I I b : M p 75 °C, I R 
(Nujol, cm L l ) : 3240 (NH) , 1325, and 1170 ( S 0 2 ) . N M R 
(CDC13, T ) : 4.44 (NH, 1H, bs), 4.48—4.90 (r ing-CH, 1H, m ) , 
5.60—6.34 (ring <5-CH2, 2H, m) , 6.93 (SCH3 , 3H, s), and 7.33 
—8.52 (ring ß- and y-CH 2 , 4H, m) . Found : C, 36.10; H , 
6.59; N, 8.30%. Calcd for C 5 H n 0 3 N S : C, 36.36; H , 6 .71; 
N, 8.48%. l i e : M p 102 °C, I R (Nujol, c m - 1 ) : 3300 (NH) , 
1330, and 1155 ( S 0 2 ) . N M R (CDC13 , r) : 3.90 (NH, 1H, b d ) , 
4.82—5.58 (ring-CH, 1H, m) , 5.66—6.68 (ring e-CH2 , 2 H , 
m) , 6.85 (SCH3 , 3H, s), and 7.78—8.74 (ring ß-, y- and (5-CH2, 
6H, m) . Found: C, 39.81; H , 7.05; N , 7 .75%. Calcd for 
C 6 H 1 3 0 3 N S : C, 40.22; H, 7.31; N, 7.82%. l i d : M p 109 °C, 
I R (nujol, c m - 1 ) : 3265 (NH) , 1335, and 1155 ( S 0 2 ) . N M R 
(CDC13, r ) : 4.05 (NH, 1H, bd) , 4.76—5.22 (r ing-CH, 1H, 
m) , 5.68—6.78 (ring-CH2 , 6H, m) , and 6.90 (SCH3 , 3H, s). 
Found: C, 32.95; H, 6 .01; N, 7.62%. Calcd for Q H ^ N S : 
C, 33.14; H, 6.12; N , 7 .73%. 

In 2,3-Dimethylbutane (IVe), 2-Methyl butane (IVf), and Cyclo-
hexane (IVg) : N- ( 1,1,2 -Trimethylpropy 1 ) meth anesulfon amide 
(He, 0.31 g), JV-(l,l-dimethylpropyl)methanesulfonamide(IIf, 
0.29 g), and JV-cyclohexylmethanesulfonamide (Hg, 0.24 g) 
were isolated respectively. T h e I R and N M R spectra of H e , 
Ilf, and I l g have been described previously.17) 

In Benzene (IVh) and ^-Xylene (IVi) : iV-Phenylmethane-

sulfonamide ( I lh , 0.24 g) and iV-(7>-tolylmethyl)methanesul­
fonamide (Hi , 0.45 g) were isolated. T h e I R and the N M R 
spectra of I l h were identical with those of the authentic 
sample. H i : I R (neat, c m - 1 ) : 3260 (NH) , 1330, and 1160 
(SO a ) . N M R (CDC13 , T ) : 2.83 (C6H4 , 4H, s), 5.00 (NH, 
1H, bs), 5.75 (CH, , 2H, d) , 7.19 (SCH 3 , 3H, s), and 7.66 
(CH 3 , 3H, s). Found : C, 53.81; H , 6 .43; N, 6 .92%. Calcd 
for C 9 H 1 3 0 2 N S : C, 54.26; H, 6.58; N, 7 .03%. 

In t r ans - /F : N- (frans-1,4-Dimethylcyclohexyl) methanesul­
fonamide (trans-II, 0.63 g) and JV-(m-l,4-dimethylcyclohexyl)-
methanesulfonamide ( w - I I , 0.56 g) were isolated. T h e I R 
and the N M R spectra of trans-II and m - I I have been de­
scribed previously.17) 

In ch-IV: trans-II (0.62 g) and cis-ll (0.53 g) were isolated. 
In Ethyl Alcohol and Butyl Alcohol: For each of the reactions 

with alcohols, the excess substrate and the volatile product, 
aldehyde, were t rapped in a flask immersed in a dry ice-
methanol ba th reduced pressure. T h e t rapped solution was 
added to a 2,4-dinitrophenylhydrazine solution, and the 
aldehyde was converted to the hydrazone. For ethyl alcohol 
and butyl alcohol, acetaldehyde and butyraldehyde were 
isolated as the hydrazones in yields of 2.30 g (41.1%) and 
0.42 g (6.7%) respectively. 

Reaction of I with IVb and ch-IV in the Presence of Copper and 
Hydroquinone. Hydroquinone (2.8 g, 0.025 mol) was added 
to the system of I-substrate-copper mentioned above. T h e 
reaction with I V b was carried out at 5—7 °C, while tha t 
with m - I V was carried out at 70 °C. T h e reaction mixture 
was treated with the procedures described for the reaction 
in the absence of hydroquinone. In the reaction with m - I V , 
trace amounts (0.01 g) of a mixture of trans-II and m - I I were 
isolated. In the reaction with I V b , only the abstraction 
product ( I I I ) was isolated. 

Reaction of I with Ether and Hydrocarbons in the Presence of 
Copper(I) Chloride. Copper(I) chloride (7.1 g, 0.075 mol) 
was suspended in ether (0.5 mol) or a mixture of hydro­
carbon (0.35 mol) and 1,2-dichloroethane (0.15 mol). I 
(4.1 g, 0.025 mol) in small portions was then added to the 
stirred suspension in a s t ream of nitrogen. T h e reaction 
with I V b was carried out at 5—7 °C, while those with trans-
I V and cis-IV were carried out at 70 °C. After I h a d been 
added, the reaction mixture was treated with the procedures 
described for the reaction in the presence of copper. 

In IVb: l i b (2.37 g) was isolated. 
In trans-JT": trans-II (0.50 g) and cis-II (0.37 g) were 

isolated. 
In c is-IV: trans-II (0.44 g) and cis-II (0.31 g) were isolated. 
Sensitized Photolyses of Methanesulfonyl Azide (V) in Hydro­

carbons in the Presence of Copper (I) Chloride. A powder of copper 
(I) chloride (1.9 g, 0.019 mol) was suspended in a mixture of V 
(1.5 g, 0.0124 mol), hydrocarbon (0.15 mol), 1,2-dichloroeth­
ane (0.3 mol), and acetophenone (0.15 mol). T h e mixture 
was then irradiated, with stirring at 25 °C, by a high-pressure 
mercury l amp under an atmosphere of nitrogen. A 1.5M-
C u S 0 4 aqueous solution was circulated as a filter. T h e filter 
completely inhibited the direct excitation of V. T h e irradia­
tion was continued until the evolution of nitrogen was no 
longer observed. After the copper compound had been filter­
ed out, the excess substrate was removed by distillation at 50 
—80 °C under 20—30 m m H g . T h e residue was analyzed by 
V P C on Columns A and B. 

In t rans-JT: trans-II (0.15 g) and cis-II (0.06 g) were 
isolated. 

In cis-JF: trans-II (0.32 g) and m - I I (0.11 g) were iso­
lated. 

Direct Photolysis of V in ch-IV in the Presence of Copper (I) Chlo­
ride. A powder of copper(I) chloride (1.9 g, 0.019 mol) was 
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suspended in a mixture of V (1.5 g, 0.0124 mol), cis-IY (0.15 
mol), and 1,2-dichloroethane (0.3 mol). The suspension was 
irradiated, with stirring and cooling at 0 °C, by a low-
pressure mercury lamp (mainly 2537 Â) under an atmosphere 
of nitrogen until the evolution of nitrogen was no longer 
observed. Then, the reaction mixture was treated with the 
procedures described for the sensitized photolyses. m-II (0.12 
g, 4%) was isolated. 

T h e authors are particulary indebted to Dr. Hisao 
Arakawa and Dr. Akira Matsumoto of the Science 
Education Institute of Osaka Prefecture for help in the 
preparation of this paper and for many useful sug­
gestions. 
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The reactions of various isocyanides with diacyl disulfides or tetraethylthiuram disulfide occur smoothly in 
the presence of thallium (I) acetate and thiocarboxylates in various organic solvents to give the corresponding iso­
thiocyanates in good yields. Lead(II) acetate has an activity almost identical with that of thallium(I), while 
cadmium(II) and silver(I) acetates and copper(I) oxide show a slightly lower activity than the above thallium 
and lead salts. An ionic scheme involving a complex formation between the metal salt and one S atom of the 
disulfide, followed by a nucleophilic attack of isocyanide on the adjacent S atom, is proposed for this reaction. 
It is revealed that the reaction of isocyanide with one equivalent of thallium (III) thiobenzoate in refluxing chloro­
form similarly affords a good yield of the isothiocyanate through the above mechanism after the decomposition of 
the thallium(III) salt to thallium(I) thiobenzoate and dibenzoyl disulfide, rather than through a pathway involving 
thiothallation (oc-addition). 

Several reactions involving the oxymetallation of 
isocyanides (a-addition) with Hg( I I ) , T l ( I I I ) , or Pb(IV) 
salts have recently been reported.1) While examining 
the reaction of isocyanides with similar metal salts 
containing a S atom, we have found that dibenzoyl 
disulfide, which can be derived from Tl ( I I I ) thioben­
zoate, reacts smoothly with isocyanides in the presence 
of a catalytic amount of T1(I) salt to afford the corre­
sponding isothiocyanates. We wish now to report the 
results of the T1(I)- or some other metal salt-catalyzed 
formation of isothiocyanates from various disulfides and 
isocyanides, and to discuss its reaction mechanism. I t 
should be noted here that similar metal salt-promoted 
reactions of disulfide have been known2) in the cases of 
amine and methanesulfinate ion using Ag(I) salt. 

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

Reaction of Cyclohexyl Isocyanide (1) with Metal Thiocar­
boxylates ( Table 1). By analogy with the oxidation 
of isocyanides with Hg( I I ) , T l ( I I I ) , or Pb(IV) acetate 
giving isocyanates, lc) isothiocyanate formation can be 
expected to proceed by means of the reaction of iso­
cyanides with these salts of thiocarboxylic acids. When 
1 was treated with T l ( I I I ) thiobenzoate in chloroform 
under reflux, cyclohexyl isothiocyanate (2) was obtained 
in a good yield, whereas none of it was formed by the 
reaction with Hg(I I ) thioacetate. If the product is 

TABLE 1. THE REACTION OF 1 WITH METAL 

THIOCARBOXYLATES IN C H Q 3
A ) 

Metal Salt 

Tl(SCOPh)3 

Hg(SCOMe)a 

TISCOPh 
TISCOMe 
Pb(SCOPh)2 

Sc> 
Sc>+T10Ac 

a) 1 (1 mmol), 

2(%)b> 

66 
0 
0 

28 
trace 

3 
8 

Metal Salt (1 mmol), 

Recovered l(%)b> 

28 
86 

100 
63 

100 
75 
81 

and CHC13 (10 ml) 
were used; at reflux for 3 h. b) By GLC. c) 10 mmol. 

formed through the thiometallation of 1 (Scheme 1), 
it should also be obtained by the use of Hg( I I ) thio-
carboxylate, since it is generally known that oxymer-
curation occurs more rapidly than oxythallation.3) 

^SCOPh 
c-CLH^NC 

Tl(SCOPh)3 
— J 

CHC1, 
c-CUH^^C 

.SCOPh 
c-CfiHi,N=C 

^SCOPh 

\Tl(SCOPh)2 

/7-CeHnN^CtS (1) 

* To whom correspondence should be addressed. 

Furthermore, although the reaction with T1(I) or Pb( I I ) 
thiobenzoate did not give 2, that with T1(I) thioacetate 
did afford it.4) T h e formation of 2 with the Tl salt of a 
lower oxidation state can not also be explained by this 
scheme. Therefore, such a mechanism does not seem 
to be operative for the isothiocyanate formation. The 
possibility of the participation of elemental sulfur, which 
might be formed from the Tl salts in some way or 
other,5) can nearly be excluded also, because separate 
experiments revealed that only a small amount of 2 
was formed from 1 and solid sulfur in either the presence 
or absence of T1(I) acetate under similar reaction 
conditions. T h e most likely route is the nucleophilic 
attack of 1 upon dibenzoyl or diacetyl disulfide, which 
can be formed by the thermal decomposition of the 
corresponding Tl ( I I I ) 4 a ) or T1(I) thiocarboxylate 
(Schemes 2 and 3), since similar S-S bond scissions in 
alkyl, aryl, and acyl disulfides by various O-, S-, N-, 
P-, As-, and C-nucleophiles have been reported.2»6»7) In 
fact, when 1 was treated with dibenzoyl disulfide in the 
presence of T1(I) thiobenzoate, 2 was obtained in a good 
yield. O n the other hand, the yield of 2 was quite low 
without the addition of the T1(I) salt, suggesting that 
the electrophilic assistance of T1(I) salt may be involved, 
as in the case of other Ag(I)-catalyzed reactions:2) 

Tl(SCOPh)3 • (PhCOS)2 + PhCOSTl (2) 

2TlSCOMe • (MeCOS)a + 2T1 (3) 

Reaction of Isocyanides with Various Disulfides in the 
Presence of Tl(I) Salts (Table 2). Since the T1(I)-
assisted interaction between 1 and dibenzoyl disulfide 
was proved, the scope and limitations of this reaction 
were examined by using various kinds of disulfides, 
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T A B L E 2. 

R N C 
(1 mmol) 

R 

o C . H u 
c - C 6 H n 

c-C.Hn 
o C . H u 

c-C.Hu 

o C . H n 

o C . H n 

r - C . H n 

o C 6 H n 

o C 6 H n 

o C 6 H n 

o C , H u 

o C . H u 

Ph 

t-Bu 

n-Bu 

E t O ( C H 2 ) 4 

c - C 6 H n 

o C . H u 

o C . H n 

o C . H n 

g-CjHn 

a) By G L C . 
d) T l O A c (0 

Sakuya TANAKA, Sakae U E M U R A , and Masaya O K A N O 

T H E REACTION OF ISOCYANIDES WITH DISULFIDES IN THE PRESENCE OF T1(I) ! 

R ' S S R ' 
(1 mmol) 

R ' 

~ P h C O ~ 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

P h C O 

Et 2 NCS 
M e C O 

P h C H 2 

Ph 

n-Bu 

T1(I)Z 
(1 mmol) 

Z 

—• 
O C O M e 

O C O M e 

O C O M e 

O C O M e 

O C O M e 

OCOMe") 

O C O M e 

O C O M e 

O C O M e 

O C O M e 

SPh 

S C O P h 

O C O M e 

O C O M e 

O C O M e 

O C O M e 

O C O M e 

S C O M e 

O C O M e 

O C O M e 

O C O M e 

b) /»-Benzoquinone (0.5 mmol) was 
.1 mmol) ' was used 

Solvent 
(10 ml) 

CHC1 3 

CHC1 3 

CHCI3 

CHCI3 

CHCl3
b> 

CHC13
C) 

CHCI3 

Toluene 

C6Hlu
e> 

E t O H 

Dioxane 
CHCI3 

CHC1 3 

CHC1 3 

CHCI3 

CHCI3 

CHC1 3 

CHC1 3 

CHCI3 

CHC1 3 

CHC1 3 

CHC1 3 

; added, c) 
. e) Cyclohexene. 

T e m p 
(°C) 

61 

61 

30 
61 
61 

61 

61 

85 

83 

78 

84 

61 

61 

61 

61 

61 

61 

61 

61 

61 
61 

61 

T ime 
(h) 

3 
3 

3 
0 . 5 

0 . 5 

0 .5 

3 
3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

f-Butylcatechol (0.5 mmol) 

3ALTS 
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Product (%)ft> 

R N C S R N C 
recovered 

9 

96 

44 

82 
85 

76 

85 

94 

74 

83 

81 

41 

77 

100 

100 

100 

100 

66 

48 

1 

2 

0 

86 

0 

56 

13 
trace 

15 

14 

trace 

0 

0 

trace 

59 

21 

0 

0 

0 

0 

18 

6 

82 
98 

100 

was added. 

isocyanides, T1(I) salts, and solvents (Scheme 4). The 
following points are evident from the table : (i) Dibenzo-

T1(I)Z 
RNC + R'SSR' - * RNCS (4) 

TABLE 3. THE REACTION OF 1 WITH DIBENZOYL DISULFIDE IN 

THE PRESENCE OF VARIOUS METAL SALTS IN CHCL3
A ) 

Solvent 

R = c-C.Hn(l), Ph, n-Bu, t-Bu, EtO(CH2)4 

R ' = PhCO, MeCO, Et2NCS, Ph, PhCH2 

yl, diacetyl, and tetraethylthiuram disulfides give good 
yields of isothiocyanates, while dialkyl and diaryl 
disulfides scarcely react at all. (ii) T1(I) acetate is the 
most effective salt among the salts examined, and a 
catalytic amount of it is enough for the reaction, (iii) 
The reaction is applicable to both aliphatic and aromatic 
isocyanides. (iv) T h e yield of isothiocyanate does not 
vary significantly when the solvents are changed, (v) 
The reaction seems to proceed through an ionic pathway, 
since many radical scavengers exert no effect on the 
reaction. 

Reaction of 1 with Dibenzoyl Disulfide in the Presence of 
Various Kinds of Metal Salts (Table 3). T h e catalytic 
effects of several metal salts other than T1(I) were 
examined in the reaction of 1 with dibenzoyl disulfide 
under reflux for 3 h in chloroform. As can be seen from 
the table, the salts of soft metal ions (soft acid) are 
generally effective ( T l + > P b 2 + > C d 2 + > A g + > C u + > H g + ) 
in the preparat ion of 2, while those of hard ones 
are not at all effective. From the HSAB principle,8) it 
can be deduced that the interaction of soft metal ions 
with either of the two S atoms of the disulfide (soft base) 
plays an important role in this reaction. Though 
considerable differences in catalytic activity between 
two salts of Cu(I) or Fe(II) (depending on the anion 

Metal Salt 2 (%)b> Recovered 
1 (%)b) 

P b ( O A c ) 2 - 3 H 2 0 

Pb(OAc) 2 .3H 2O c> 

C d ( O A c ) 2 - 2 H 2 0 

Cd(OAc)2-2H2O c> 

H g O A c 
AgOAc 

C u 2 0 

CuCl 

C u ( O A c ) 2 . H 2 0 

Z n ( O A c ) 2 - 2 H 2 0 

F e S 0 4 - 7 H 2 0 

F e [ C H 3 C H ( O H ) C 0 2 ] 2 

C o ( O A c ) 2 - 4 H 2 0 

N i ( O A c ) 2 - 4 H 2 0 

C r ( O A c ) 3 . H 2 0 

M n ( O A c ) 2 - 4 H 2 0 

K S C O M e 

89 

61 

75 

51 

39 
65 

66 

30 

28 

14 

4 

26 

30 

32 

2 
5 

3 

11 

25 

6 

46 

2 
23 

29 

56 

72 
64 

71 

32 

26d> 

16d> 

87 

59 
95 

a) 1 (1 mmol), Metal Salt (1 mmol), and CHC13 (10 ml) 
were used; at reflux for 3 h. b) By GLC. c) 0.1 mmol. 
d) In these cases, some polymerized compounds were also 
formed. 

component) were observed, it appears to be difficult to 
offer a reasonable explanation. 

Reaction Scheme. In order to clarify the reaction 
scheme, the following experiments were carried out 
in the presence of T1(I) acetate as a catalyst. First, the 

oC.Hu
c-C.Hn
c-C.Hu
oC.Hn
oC.Hu
oC.Hn
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TABLE 4. THE REACTION OF 1 WITH ^-SUBSTITUTED 

DIBENZOYL DISULFIDES IN THE PRESENCE OF 

TlOAc IN CHCl3
a> 

R'SSR' 
(1 mmol) 

R'=/>-N02C6H4CO 
C6H5CO 

/>-MeOC6H4CO 

R'=/>-N02C6H4CO 
G6H5CO 

/>-MeOC6H4CO 

R'=/,-N02C6H4CO 
C6H5CO 

/>-MeOC6H4CO 

Time 
(h) 

0.25 
0.25 
0.25 

0.5 
0.5 
0.5 

3 
3 
3 

2 (%)b> 

87 
59 
40 

97 
82 
63 

100 
96 

100 

Recovered 
1 (%)b) 

13 
41 
60 

3 
13 
37 

0 
0 
0 

a) 1 (1 mmol), TlOAc (1 mmol), and CHC13 (10 ml) 
were used; at reflux, b) By GLC. 

competitive reaction between 1 and phenyl isocyanide 
with dibenzoyl disulfide (1 mmol of each reactant) in 
chloroform at reflux for 3 h afforded 2 (60%) and 
phenyl isothiocyanate (40%), the unreacted 1 and 
phenyl isocyanide amounting to 19% and 3 8 % respec­
tively. Second, the yields of 2 in the reaction of 1 with 
representative 4,4'-disubstituted dibenzoyl disulfides 
were compared with that with a non-substituted one 
(Table 4). As a result, it was revealed that the reaction 
rate decreases in the following order: /?-N0 2>H>j&-
MeO. Both results can be explained by assuming that 
a nucleophilic attack of isocyanide on one S atom of 
disulfide is an important step in this reaction. 

By summarizing all the data described above, we 
propose Scheme 5 as a reaction scheme. The reaction 
may involve the initial complex formation between soft 
metal salt and one S atom of disulfide and the sub­
sequent nucleophilic attack of isocyanide on the adjacent 
S atom. The latter step would be rate-determining. 
The removal of the benzoyl cation from the transient 
imidoyl cation affords isothiocyanate. The last step, 
namely, the combination of the benzoyl cation with the 
anion, was explained by the presence of PhCOSPh and 
PhCOOAc as products of the reactions using TISPh and 
TlOAc respectively: 

PhC-S-S-CPh 
MZ3 

PhC-S-S-CPh 
RNC 

o o o o 
M Z , 

R - N - C - S -CPhl 

o 
+ PhCSMZ^ 

ii o 
PhCSMZ^ <=± Z- + P h C S M Z ^ 

II II o o 
and/or MZ,, + PhCS" 

ii 
O 

R-N=C-S-CPh l 

O 

RNCS + [ PhC 1 X 

Ô V 

PhCOS-

z-

PhCSCPh 
II II 

O O (5) 

PhCZ 
II o 

There may be another route involving the attack of 
the isocyanide-metal salt complex on disulfide, since 
isocyanides are known to form complexes with various 
metal salts.9) I t is obvious, however, that the nucleo­
philic reactivity of isocyanide decreases with complexa-
tion,10) and so such a pathway would be less probable. 
It was observed in a separate experiment that, when the 
cyclohexyl isocyanide-CuCl complex prepared separate­
ly9) was treated with dibenzoyl disulfide, 2 (21%) and 
free 1 (79%) were obtained under reflux for 3 h in 
chloroform. T h e result is comparable to that of the 
reaction catalyzed by CuCl ; this suggests that no 
significant participation of the isocyanide-metal complex 
is present. 

Exper imenta l 

The IR and NMR spectra were recorded with a Hitachi 
EPI-S2 and a Varian EM-360 apparatus respectively. The 
GLC analyses were carried out on a Shimadzu 4BMPF 
apparatus, using EGSS-X(30%)-Chromosorb-W(l m)column 
(N2 as the carrier gas). 

Materials. Most of the isocyanides (RNC: R=c-C6HU , 
n-Bu, t-Bu, Ph) were prepared by the dehydration of iV-sub-
stituted formamides with POClg,11) while 4-ethoxybutyl isocy-
anide[R=EtO(CH2)4] was prepared by the reaction of the 
corresponding bromide with AgCN at 75—80 °C for 24 h ; 
bp 89—94 °C/30 mmHg. The cyclohexyl, butyl, /-butyl, and 
4-ethoxybutyl isothiocyanates (prepared previously in our 
laboratory12)) and commercial phenyl isothiocyanate were 
used as authentic samples for GLC analyses. Some disulfides 
(R'SSR': R'=MeCO,4 a) PhCO,4a> Ph,4a) PhCH2,

4a> p-MeO-, 
and /»-N02C6H4C013>) were prepared by the oxidation of the 
corresponding thiols or thiocarboxylic acids, while those of 
R'=«-Bu and Et2NCS were commercial products. Metal 
salts such as Tl(SCOPh)3,

4a> TlSCOPh,4a> TlSCOMe,4a> Tl-
SPh,4a> and Pb(SCOPh)2

4b> were prepared by the respective 
reported methods. The Hg(SCOMe)2[mp 140 °C (d)] was 
prepared by the reaction of yellow HgO with thioacetic acid 
in chloroform at 5—10°C for l h and then recrystallized 
from chloroform. The radical scavengers and other metal 
salts were commercial products and were used without further 
purification. The organic solvents were purified by distilla­
tion before use. 

Reaction of 1 with Tl(SCOPh)3. To a stirred suspension 
of Tl(SCOPh)3(0.62 g, 1 mmol) in chloroform(8 ml) we added 
1 (0.11 g, 1 mmol) in chloroform(2 ml) at 55 °C; the resulting 
mixture was stirred for 3 h under reflux. After being cooled, 
the solid was filtered off and the filtrate was washed with 
water, dried over Na2S04 , and analyzed by GLC, using 
iodobenzene as the internal standard. Analysis revealed the 
presence of 0.66 mmol(66% yield; based on Tl salt) of 2 and 
0.28 mmol of unreacted 1. 

From the reaction using 1 (20 mmol), Tl(SCOPh)3 (10 
mmol), and chloform(20 ml), 2 was isolated by distillation 
(1.20 g; bp 72 °C/7mmHg, J,N=C=S 2120 cm-1); it was iden­
tical with an authentic sample in GLC, NMR, and IR. In 
addition, 2.4 g of benzoic acid was isolated by the column 
chromatography of the residue after distillation (Wakogel 
C-100; diethyl ether as the eluent). No (PhCO)2S or PhCOSH 
was obtained by this procedure. These substances may be 
hydrolyzed to benzoic acid by these treatment. 

Reaction of 1 with Dibenzoyl Disulfide in the Presence of TlOAc. 
To a stirred suspension of TlOAc (0.263 g, 1 mmol) in 
chloroform (5 ml) we added slowly a mixture of 1 (0,109 g, 
1 mmol) and dibenzoyl disulfide (0.274 g, 1 mmol) in chloro-
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form (5 ml) at room temperature , after which the resulting 
mixture was stirred for 3 h under reflux. After being cooled, 
the solid was filtered off and the filtrate was washed with 
water and dried over N a 2 S 0 4 . Its G L C analysis reveled the 
presence of 0.96 mmol (96% yield; based on Tl salt) of 2. 
The presence of P h C O O A c was confirmed by the I R of the 
residue after the evaporation of the solvent from the filtrate. 

Competitive Reaction between 1 and Phenyl Isocyanide. A 
mixture of 1 (0.109 g, 1 mmol) , phenyl isocyanide (0.103 g, 
1 mmol) , and dibenzoyl disulfide (0.274 g, 1 mmol) was stir­
red for 3 h under reflux in the presence of T l O A c (0.263 g, 
1 mmol) in chloroform (10 ml) . After t rea tment as described 
above, the G L C analysis of the filtrate revealed the presence 
of 0.60 mmol of 2 (60%) , 0.40 mmol of phenyl isothiocyanate 
(40%) , 1 (0.19 mmol, 19%), and phenyl isocyanide (0.38 
mmol, 3 8 % ) . 

Reaction of 1 with Dibenzoyl Disulfide in the Presence of TISPh. 
A mixture of 1 (1.09 g, 10 mmol) , dibenzoyl disulfide (2.74 
g, 10 mmol) , and TISPh (3.13 g, 10 mmol) in chloroform (10 
ml) was stirred for 3 h under reflux and then t reated as above. 
T h e G L C analysis of the filtrate revealed the presence of 2 
(4.26 mmol, 4 3 % ) , 1 (5.60 mmol, 5 6 % ) , diphenyl disulfide 
(3.84 mmol, 3 8 % ) , and P h C O S P h (2.37 mmol, 2 4 % ) . T h e 
last two compounds were separated by column chromato­
graphy (Wakogel C-100; benzene-ethyl acetate as the eluent), 
the retention time of G L C , the melting point, and I R spectrum 
being found identical with those of an authent ic sample for 
each compound. 

Reaction of Cyclohexyl Isocyanide-Copper(I) Chloride Complex 
with Dibenzoyl Disulfide. T o a chloroform (10 ml, freed from 
ethanol) solution of the 1-GuGl complex9) (0.208 g, 1 mmol) 
we added dibenzoyl disulfide (0.274 g, 1 mmol) a t room tem­
perature, and the resulting mixture was stirred for 3 h under 
reflux. After being cooled, the precipitated solid was filtered 
off. T h e G L C analysis of the filtrate revealed the presence of 
0.21 mmol of 2 ( 2 1 % yield; based on the complex) and 0.79 
mmol of 1 ( 79%) . 
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The 13G NMR spectra of 4-chromanone, 4i/-l-benzothiopyran-4-one, 4//-l-benzothiopyran-4-one 1,1-
dioxide, and their methyl and phenyl substituted homologs were examined. The salient effect depending on the 
kinds of the hetero atoms or the group at the 1-position has been observed on the chemical shifts, especially for 
C-2, G-3, C-8, C-4a, and C-8a. 

13C N M R spectroscopy has been used extensively to 
elucidate the structures of complex molecules. Although 
13C N M R studies of several flavones were performed in 
connection with the structural elucidation of naturally 
occuring flavonoid compounds,1) its applications to this 
field have so far been limited.2) We wish to report here 
a study of the 13C N M R spectra of 4-chromanone (2), 
4i/-l-benzothiopyran-4-one (7), 4/ /- l -benzothiopyran-
4-one 1,1-dioxide (12), and their methyl and phenyl 
substituted homologs, undertaken with the object of 
providing background data for use in future structural 
studies of the heterocyclic compounds. 

Natural-abundance 25.15 M H z 13C F T - N M R spectra 
in CDClg were obtained using the 1 H noise-decoupling 
technique. T h e signals were assigned by comparing 
the signal shifts due to differences in structures between 
closely related compounds and by the use of the 1 H 
off-resonance decoupling technique. A shift reagent, 
Yb(dpm) 3 was used to aid the assignments of the 
resonances to specific carbon atoms.3) The chemical 
shifts, ô, thus obtained are listed in Table 1, in which 
the carbon numbering relates, for purposes of com­
parison, to the equivalent carbon in the flavanone 
series (Fig. 1). 

Fig. 1. 

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

The resonance of the carbonyl carbon of 1-tetralone 
(1) occurs at ô 197.90. Upon the replacement of the 
1-methylene group (the numbering system follows that 
of 2) with a hetero atom, the carbonyl carbon signals 
moved upheld; that of 12 appears at the highest field 
among the simplest members of each series of com­
pounds, 1, 2, 7, and 12. Analogous trends were observed 
in the 13C N M R spectra of cyclohexanone and 1-
hetera-4-cyclohexanones.4) T h e substituent param­
eters of a sulfur and an oxygen atom, and a sulfonyl 
group in simple l-hetera-4-cyclohexanones are negative 

(upfield shift) for a y-carbon. T h e chemical shifts of 
C-2 and G-3 of 1, 2, 7, and 12 also exhibited trends 
similar to those observed in the series of l-hetera-4-
cyclohexanones. T h e chemical shifts of C-2 are described 
in the order of the electron-withdrawing abilities of the 
atoms or the group at the 1 -position. The C-3 resonances 
of 2 and 7 occur at a field lower, while that of 12 appear 
at one higher than that of 1. The effect of the sulfonyl 
group in the C-3 chemical shift indicated a negative 
value, the reverse of those of the oxygen and the sulfur 
atom. This may be due to the steric y-gauche interaction 
of C-3 with one of the oxygen atoms of the sulfonyl 
group, which takes an axial-like orientation.4) The 
carbonyl chemical shifts of the 2-substituted compounds 
are similar to those of the corresponding parent com­
pounds. O n the other hand, the carbonyl signal of 
3-methyl-4-chromanone (4) moved downfield by about 
3 ppm. 

O n the addition of Yb(dpm) 3 to the solution examin­
ed, the carbonyl signal was moved downfield. The 
magnitude of the lanthanoid-induced shifts (LIS) of 
12 and 1-thioflavanone 1,1-dioxide (15) were much 
smaller than those of 2, flavanone (5), 7, and 1-thio­
flavanone (10). Ytterbium ions may coordinate to the 
oxygen atoms of the sulfonyl group as well as to the 
carbonyl oxygen atom. 

The signal of the methyl group at the 3-position 
resonates at an apparently high field (ô 10.55). This 
indicates that the through-bond interaction of the oxygen 
atom at the y-position participates significantly, because 
the arrangement of the oxygen atom and the methyl 
carbon is anti-periplanar.6) However, when a sulfur 
a tom is introduced at the 1-position, the methyl signal 
appears at ö 13.8; the electronic y-effect of a sulfur atom, 
the third-row hetero atom, is negligible.5) T h e methyl 
resonance of 2-methyl-4i/-l-benzothiopyran-4-one 1,1-
dioxide (13) occurs at a field slightly higher than that 
of 2-methyl-4#-l-benzothiopyran-4-one (8) because of 
the steric y-gauche interaction of the oxygen atoms of 
the sulfonyl group. 

T h e resonances of substituted aromatic carbons are 
easily distinguished from those of other aromatic 
carbons by the off-resonance decoupling technique. 
Since the substituent parameters of the carbonyl group 
on both a- and /?-carbons are positive, the former smaller 
than the latter, the signals at ô 144.39 and 132.56 of 1 
can be ascribed to C-4a and C-8a respectively. T h e 
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No 

T 
2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

< 

T A B L E 1. CARBON-13 N M R CHEMICAL SHIFTS OF 4-CHROMANONES, 4 / / -1 -BENZOTHIOPYRAN-4-ONES 

AND 4iï-l-BENZOTHIOPYRAN-4-ONE 1,1 

Compound 

1-Tetralone 

4-Chromanone Parent 

AYba> 

2-Methyl-
3-Methyl-

2-Phenyl- (flavanone) 

AYb 

3-Phenyl- (isofla vanone) 

4//- l-Benzothiopyran-4-one Parent 

AYb 

2-Methyl-

3-Methyl-

2-Phenyl-( 1-thiofla vanone) 

AYb 

3-Phenyl- ( 1 -thioisoflavanone) 

4//- l-Benzothiopyran-4-one 1,1-dioxide Parent 

AYb 
2-Methyl-

3-Methyl-

2-Phenyl- ( 1 -thioflavanone 1,1 -dioxide) 

AYb 

3-Phenyl- ( 1 -thioisoflavanone 1,1 -dioxide) 

No. Compound 

1 1-Tetralone 

2 4-Chromanone Parent 

AYb 

3 2-Methyl-

4 3-Methyl-

5 2-Phenyl-(flavanone) 

AYb 
6 3-Phenyl-(isoflavanone) 

7 4/ /- l -Benzothiopyran-4-one Parent 

AYb 

8 2-Methyl-

9 3-Methyl-
10 2-Phenyl- ( 1 -thioflavanone) 

AYb 

11 3-Phenyl-(1-thioisoflavanone) 

C-l 

29 .60 

12 4/ / - l -Benzothiopyran-4-one 1,1-dioxide Parent 

AYb 

13 2-Methyl-

14 3-Methyl-

15 2-Phenyl-(1 -thioflavanone 1,1-dioxide) 

AYb 

16 3-Phenyl-(1-thioisoflavanone 1,1-dioxide) 

C-2 

23 .29 

66.92 
2 .79 

74.20 

72.25 

79.47 

2 .43 

71 .40 
26 .45 

2 . 4 8 

36 .34 

32 .94 

45 .32 
2 . 3 0 

32.51 

49 .44 

1.50 

54 .66 

55.51 

63 .76 

1.70 

55 .57 

C-4a 

132.56 

121.27 

5.71 

120.79 

120.74 

120.87 

5.62 
121.06 

130.74 

5 .34 

130.44 

130.38 
130.27 

5.02 
131.11 

130.50 

1.75 

130.80 

129.89 

130.34 

2 .37 

130.57 

C-3 

39.07 

37.61 

5.83 

44 .47 

40 .77 

44 .53 

5.52 

52 .23 

39.37 

5.52 
47 .68 

42 .04 

46 .53 
5.10 

53 .63 

36.82 
1.83 

44 .28 

41 .37 

42 .95 

2 .43 

52 .90 

C-8a 

144.39 

161.73 

3.11 

161.62 

161.81 

161.43 

2 .80 

161.56 

142.03 

2 .67 

141.60 

141.72 
141.95 

1.33 

141.66 

141.72 
1.33 

141.06 

141.78 

141.29 

1.70 

142.18 

-DIOXIDI 

C-4 

197.90 
191.47 

13.05 

191.96 

194.20 

191.66 

12.86 

191.90 

193.54 

12.31 

193.78 

196.14 

194.02 

11.77 

193.66 

190.08 

4 .00 

190.26 

193.23 

190.81 

4 .85 

191.71 

M e 

20 .93 
10.55 

20.32 
14.86 

11.70 

16.56 

C-5 

128.74 

126.96 

4 . 0 8 

126.86 

127.32 
126.93 

3.99 

128.56 

128.98 

4 .07 

128.74 

129.35 

129.04 

3.82 

129.59 

128.74 

1.27 
128.44 

128.68 

129.76 

1.32 
129.46 

c-r 

138.71 

1.19 

135.07 

138.27 

1.15 

137.96 

127.95 

0 .93 

136.06 

C-6 

126.49 

121.19 
1.79 

121.09 
121.25 

121.47 

1.75 

121.52 
124.80 

1.69 

124.67 

124.67 
125.04 

1.64 

124.80 

C-> 

133^ 

135. 

1. 

135. 

j 

^29~ 
.75 

.48 

.78 
135.44 

136.01 

1. ,34 

135.93 

133.05 

1. 

133. 

33 

11 

132.80 

133. 

1. 

132. 

47 

39 

99 

(133.23)b> (134.81) 

(0.60) 

(133.17) 

(133.17) 

(133.19) 

(0.66) 
(133.64) 

C-2' ,6 ' 

126.07 

0.61 

127.68 

127.34 

0 .55 

128.31 

128.94 

0.31 

128.86 

(0.60) 

(134. 87) 

(134.62) 
(134. 90) 

(0.54) 

(134.98) 

C-3' ,5 ' 

128.71 

0 .27 

128.80 

128.86 

0 .24 

128.44 

129.76 

0.12 

129.29 

C-8 

126.98 

117.76 

1.76 

117.82 
117.70 

118.00 
1.58 

117.82 

127.40 

1.52 
127.28 

127.16 

127.10 

1.40 

127.22 
123.64 

0 .73 

124.19 

123.34 

124.19 

0.73 

123.76 

C-4' 

128.61 

0 .25 

128.56 

128.31 

0 .19 

127.22 

128.51 
0 .05 

128.51 

) Yb(dpm) 3 - induced shift (downfield shift), see experimental section, b) T h e values in parentheses may be interchanged. 

magnitude of the L IS values also supports these signal 

assignments; the LIS value for the G-4a signal is larger 

than that for C-8a. Taking into account the substituent 

parameters of a methyl and an acetyl group on a 

benzene ring, the resonance of C-7, which is placed at 

the position para to the acetyl group, appears at a field 

lower than that of C-6, which is in the meta position in 

the chromanone system. The chemical shifts of all the 

aromatic carbons except C-4a and C-8a are supposed 

to be in the order of: G - 7 > C - 5 > G - 6 > C - 8 . The 

resonances of these carbons demonstrate that the more 

remote from the carbonyl carbon, the smaller were the 

LIS usually observed in this system. 

For 7, the resonances of G-4a and C-8a were easily 

distinguished from those of other aromatic carbons as 

in the case of the chromanone system. The 13C N M R 

spectrum of thiophenol indicates that the mesomeric 

effect of the sulfur atom is smaller on the aromatic 

ring than that of the oxygen a tom: substituted-C, ô 

130.80; o- or m-C, Ô 129.28 or 128.92; p-C, Ô 125.40.6) 
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Unlike the case of phenol, the resonance of the para-
related carbon appeared at a field higher than that of 
the or/Ao-related carbons. The C-4a signal moved 
downfield by about 10 ppm, and that for C-8a, upfield 
by about 20 ppm, compared to those of the correspond­
ing carbons of chromanone. This may be a result of 
the smaller mesomeric effect of the sulfur a tom than 
that of the oxygen atom. Other aromatic carbon signals 
are tentatively assigned in taking of the effect of the 
sulfur atom on the aromatic carbons which appeared in 
the 13C N M R spectrum of thiophenol. These assign­
ments are supported by their LIS values, much as in 
the case of the chromanone system. 

Since the sulfur atom of the sulfonyl group has no 
lone-pair electrons, and since this group polarizes as 
O w O -

S , this group may act as an electron-attracting 

group, such as a nitro group. Since the 13C chemical 
shifts of nitrobenzene are in this order: subs t i tu ted^ 
para-y-meta-y'ortho-rela.ted carbons, the resonances at 
123—124 and 128—129 are assigned to C-8 and C-5 
respectively. The LIS values for these carbons observed 
in 12 and 15 support these signal assignments. T h e 
LIS values suggest that the signals at Ô 133.19 and 
ô 134.90 for 15 correspond to C-6 and C-7 respectively, 
because carbons which are more remote from the 
carbonyl group experience smaller shift reagent effects 
in this system. 

Since the resonances of substituted carbons of mono-
alkylbenzenes are known to occur around ô 140—150, 
the resonances around ô 140 must correspond to C- l ' 
in the flavanone system. The resonance of C- l ' of 15 
occurs at a field higher than those of other phenyl-
substituted compounds. This may be due to the steric 
y-gauche interaction with the oxygen atoms of the 
sulfonyl group, such as the methyl carbon of 13. When 
we compare the chemical shifts of alkylbenzenes, the 
signals of C-2' and C-6' or C-3' and C-5' may be 
expected to appear at the same position of the magnetic 
field, the former carbon atoms appearing at a field 
slightly higher than those of the latter two. 

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

NMR Spectra. The 13C FT-NMR spectra were ob­
tained at 25.15 MHz with a JEOL JNM-MH-100 instrument 
equipped with a JNM-MFT-100 Fourier transform accessory; 
the instrument was controlled with a JEC-6 spectrum com­
puter. Samples were observed in 5-mm spinning tubes at 20 
± 5 % solution in CDC13 at 28 °C. The solvent provided the 
internal lock signal. The measurement conditions were as 
follows: pulse width, 27.5 [xs (ca. 45°); repetition time, 4 s; 
spectral width, 6250 Hz; data point, 8192; acquisition time, 

0.65 s. All the chemical shifts are expressed in ô (ppm down-
field from internal Me4Si). Each observed chemical shift is 
estimated to be accurate to ô ±0.06. The LIS values were 
obtained as follows: each compound (1 mmol) was dissolved 
in GDC13 (0.2 ml), and then Yb(dpm)3 (0.15 mmol) was 
added to the solution, AYb = dYb—ô. 

Materials. The compounds employed in this study have 
all been previously prepared except 14: 1,7> (bp 82 °C/0.3 
mmHg); 2,8> (mp 38 QC); 3,9> (mp 32 °C); 4,10> (bp 125— 
128 °G/11 mmHg); 5,n> (mp 76 °C); 6,12> (mp 76—77 °C); 
7,13> (mp 29—30 °C); 8,14> (bp 146—147 °C/9 mmHg); 9,14> 
(bp 188—190 °C/12 mmHg); 10,15> (mp 55—56 °C); 11,16> 
(bp 170—176 °C/0.5 mmHg); 12,17> (mp 131—132 °C); 13,18> 
(mp 138—139 °C); 15,18> (mp 133—134 °G); 16,16> (mp 151 
—152 °C). Compound 14 was prepared as follows: 3-methyl-
4//-l-benzothiopyran-4-one (1 g) in AcOH (10 ml) was treated 
with H 2 0 2 (30%, 2 ml), and then the solution was allowed 
to stand for 2 days. The product was precipitated by the 
addition of water. Crystallization from ethanol afforded 14 
as colorless prisms; mp 143—145 °C. 
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The Studies of the Activated Compound. III.1) A Synthesis 
of Muscalure: (Z>9-Tricosene 

Kyo ABE, Tomio YAMASAKI, Nobuo NAKAMURA, and Takeo SAKAN 

Department of Chemistry, Faculty of Science, Osaka City University, Sugimotocho, Sumiyoshi-ku, Osaka 558 
(Received May 16, 1977) 

Synopsis. A synthesis of muscalure, (Z)-9-tricosene, 
was carried out as an application of metal-induced acylation. 

Muscalure, (Z) -9-tricosene (3), is a sex-attractant 
pheromone for the female house fly (Musca domestica L.). 
Its synthesis has been accomplished by two groups.2»3) 
We ourselves also previously carried out the synthesis 
of the muscalure as an application of metal-induced 
acylation.4 '5* 

H x c / ( C H 2 ) 7 C O O ^ - V 

H / C \ C H 2 ) 7 C H 3 N ~ ^ ( 1 ) 

H \ Q / ( C H . 2 ) 7 C O ( C H 2 ) 4 C H 3 H x ^ /(CH2)12GH3 

ii ii 

H / G \ ( C H 2 ) 7 C H 3 (2) H / G \ ( C H 2 ) 7 C H 3 (3) 

The activated starting material, 8-oleoyloxyquinoline 
(1), was prepared from oleoyl chloride and 8-quinolinol 
in a good yield by the Schotten-Baumann method. A 
solution of 8-oleoyloxyquinoline (1) in dichloromethane 
was treated with an ethereal solution of pentylmagnesi-
u m bromide at —90 °C to give (Z)-14-tricosen-6-one 
(2) as the sole product in a 7 5 % yield. T h e enone (2) 
was reduced by means of Hung-Minion's procedure to 
afford muscalure, (Z)-9-tricosene (3), in an 84% 
yield. I t was found to be identical to an authentic 
sample by a study of its I R and N M R . 2 ' An advantage 
of this route to muscalure (3) is in the preparat ion of 
the enone (2). 

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

Synthesis of 8-Oleoyloxyqidnoline (1). To a stirred 
suspension of 8-quinolinol (2.390 g; 0.02 mol) and powdered 
sodium hydroxide (0.96 g; 0.02 mol) in tetrahydrofuran (20 
ml), we added, drop by drop, a solution of oleoyl chloride 
(6.020 g ; 0.02 mol) in tetrahydrofuran (20 ml) at 0 °C over 
a period of 15 min under an argon atmosphere. The reaction 
mixture was then kept at 0 °G for 1 h, allowed to stand at room 
temperature overnight, poured into ice-cooled water, and 
extracted with ether (30 ml x 3). The extracted organic 
layer was washed with a 1% aqueous solution of sodium 
hydroxide (20 mix2) and saturated brine (10 ml), and dried 
over sodium sulfate. The removal of the solvent from the 
organic layer gave a crude product (1) (7.20 g; 88% yield), 
which could be used for the next step without any purification. 
IR (neat): 1770, 1140, 1120cm-1. NMR (CC14) : <5 0.83 (3H. 
t, J = 5 Hz), 1.00—1.60 (broad peak centered at 1.26, 22H), 
1.60—2.00 (broad peak centered at 1.94, 4H), 2.26 (2H, t, 
J = 7 Hz), 5.18 (2H, m), 7.00—7.60 (4H, m), 7.90 (1H, dd, 
7 = 4 , 2 Hz). 

Synthesis of (Z)-14-Tricosen-6-one (2). An ethereal 

solution of pentylmagnesium bromide, generated from 
magnesium turnings (0.178 g; 7.33 mg atom) and pentyl 
bromide (1.24 g; 7.33 mmol), and a catalytic amount of 
iodine in dried ether, was added at —90 °G to a solution of 
8-oleoyloxyquinoline (1) (2.00 g ; 4.9 mmol) in dichloro­
methane (8 ml) under an argon atmosphere. The reaction 
mixture was then allowed to warm up to room temperature 
and left to stand overnight. The yellow precipitate in the 
reaction mixture was then filtered off and the filtrate was 
washed with a 1 M aqueous hydrochloric acid solution and 
with saturated brine, and dried over sodium sulfate. By 
evaporating the solvent, 1.23 g of the residue was obtained. 
It was purified by preparative TLG (Si02, developed with 
CHC13) to give the pure enone (2). IR (neat): 3015, 2925, 
2850, 1715, 1460, 1380, 725 cm"1. NMR (GC14): Ô 0.88 
(6H, t, J = 5 H z ) , 0.96—1.60 (28H, broad peak), 1.92 (4H, 
m), 2.23 (4H, t, J=l Hz), 5.16 (2H, m). Found: C, 81.71; 
H, 12.83%. Galcd for C2 3H4 40: G, 82.07; H, 13.18%. MS 
m/e 336 (M+). 

Synthesis of (Z)-9-Tricosene (3). A mixture of (Z)-14-
tricosen-6-one (2) (127 mg; 1.14 mmol), 80% hydrazine 
hydrate (71 mg; 1.14 mmol), and potassium hydroxide (76 
mg; 1.14 mmol) in 0.8 ml of diethylene glycol was heated at 
140 °C for 1.5 h and then at 190 °C for an addition 4h . 
After cooling to room temperature, the reaction mixture was 
diluted with ice water, neutralized with a 6 M hydrochloric 
acid solution, and then extracted with pentane (10 ml) 
several times. The extracted organic layer was washed with 
saturated brine and dried over sodium sulfate. The removal 
of the solvent from the organic layer gave a crude product. 
It was purified by means of column chromatography (Si02, 
eluted with hexane) to give (Z)-9-tricosene (3) (112 mg; 84% 
yield). Its IR and NMR spectra were both identical with the 
spectra of an authentic sample. IR (neat) : 3015, 2930, 2855, 
1460, 725 cm-1. Found: G, 85.60; H, 13.88%. Calcd for 
C2aH46: C, 85.63; H, 14.37%. NMR (CG14): Ô 0.60—1.60 
(40H, m), 1.90 (4H, m), 5.16 (2H, t, y = 4 H z ) . MS m/e 
322 (M+). 

The authors wish to thank Dr. Gordon W. Gribble 
and Dr. Rober t L. Cargill for sending charts of the I R 
and N M R spectra of muscalure. 
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Synopsis. The removal of trace amounts of unsul-
fonated dinonylnaphthalene contained in sulfonates by 
rubber membrane dialysis in pentane increased the apparent 
aggregation number of the micelles of dinonylnaphthalene-
sulfonate measured using vapor-pressure osmometry. The 
interaction between the cation and sulfonate ion was a factor 
affecting the aggregation, in addition to the steric factor of 
the hydrocarbon group and the solute-solvent interaction. 

The micelle formation of metal salts of dinonylnaph-
thalenesulfonic acid (DNNS) in nonpolar solvents has 
been extensively studied using many methods, such as 
fluorescence depolarization,1 '2) viscometry,3) ultracen­
trifuge separation,4) and vapor-pressure osmometry.5) I t 
has been considered that the micelle formation of D N N S 
in nonpolar solvents is mainly due to the strong interac­
tion between polar groups.6) Furthermore, considera­
tions of the steric or geometric factor and the solute-
solvent interaction are also important . Kaufman and 
Singleterry2) have studied the effect of cations on the 
micelle formation and the apparent molar volume of 
DNNS anions in benzene. However, the effect of the 
cation on the aggregation number for D N N S salts, 
which is a direct measure of the strength of the interac­
tion between polar groups, has not been determined. 
In the present paper, the effect of the cation on the 
aggregation number for D N N S salts is reported and the 
importance of purification of the D N N S salts for vapor-
pressure osmometry are also discussed. 

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

Alkali and alkaline-earth metal salts of DNNS were synthe­
sized as described previously. 7> Metal salts of DNNS were 
further purified by rubber-membrane dialysis8) for 72 h in 
pentane. This purification period was found to be sufficient 
to gain the limiting value of the aggregation number. The 
final product was freed from the solvent by evacuation 
at 70 °C for 24 h. The benzene used as the solvent for the 
vapor-pressure osmometric measurements was passed through 
activated alumina in order to remove water and polar con­
taminants. The water content in the benzene was determined 
using the Fischer titration method and was found to be less 
than 0.01%. The vapor-pressure osmometric measurements 
were carried out with a Mechrolab Model 301A vapor-
pressure osmometer at 38 °C. 

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

The relation of the apparent aggregation number for 
DNNS sodium salt (NaDNNS) and its concentration 
in benzene are shown in Fig. 1. T h e apparent aggrega­
tion number for NaDNNS was increased by the removal 
of the trace amount of unsulfonated dinonylnaphthalene 
contained in the NaDNNS using rubber-membrane 
dialysis in pentane. Although vapor-pressure osmom-

2 4 6 
Concentration, M x 102 

Fig. 1. Effect of purification of sodium dinonylnaphtha-
lenesulfonate by rubber membrane dialysis on the ag­
gregation number in benzene at 38 °C. 
(—0— Before dialysis, — O — a^ t e r dialysis). 

etry is the most advantageous and accurate technique 
for investigating the aggregation of a surfactant in a 
nonpolar and volatile solvent, the result is strongly 
affected by the presence of trace amounts of low molec­
ular-weight impurities. In addition to the effect men­
tioned above, the residual impurity in a surfactant 
which is similar to the surfactant in shape and structure 
should affect the state of aggregation by solubilization 
or the formation of co-micelle. T o avoid this problem, 
purification by rubber-membrane dialysis is available 
for determining the micelle formation of high molecular-
weight detergents, such as oil-soluble sulfonates. 

Little and Singleterry5) have studied the micelle 
formation of D N N S salts in various nonpolar solvents 
using vapor-pressure osmometry and have reported that 
the micelle aggregation number in benzene is 7 for Li 
and Na salts, and 6 for Cs salt. From the consideration 
that the aggregation of an ionic surfactant in a nonpolar 
solvent is mainly due to the interaction between the 
gegenion and the surfactant ion in the micellar cores, 
it is difficult to understand that the cations have little 
effect on the micelle aggregation number. Therefore, 
the present authors reexamined the micelle formation 
of D N N S salts, which were purified using vapor-
pressure osmometry. T h e effect of the cation radius on 
the aggregation numbers of metal salts of D N N S in 
benzene is shown in Fig. 2. The aggregation number 
plotted in Fig. 2 shows the saturated value in the curve 
of the concentration-aggregation number as in Fig. 1. 
A strong correlation is found between the saturated 
aggregation number and the reciprocal of e2/^ for each 
cation studied, where e and rx are the charge and 
radius of the cation, respectively. Ki tahara and Kon-no9) 
have reported the same effect of halogen ions on the 
aggregation number of didodecyldimethyl ammonium 
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Fig. 2. Effect of cations of dinonylnaphthalenesulfon-
ates on the aggregation number (acid residue/micelle) 
in benzene at 38 °C. 

halides in benzene. Born10) has suggested that e2/^ is 
proportional to the energy of hydration of gaseous 
spherical ions and that this value might be considered 
to be a measure of Lewis acidity. I t is clearly seen in 
Fig. 2 that the driving force for the aggregation of 
micelles of D N N S salts in nonpolar solvents is the strong 
acid-base interaction between the polar groups in 
micellar cores. Kaufman and Singleterry2) have also 
reported that such strong acid-base interactions cause a 
decrease in the apparent molar volume of anions of 
DNNS salts and an increase in the packing density from 
solution density measurements. A deviation from the 
linear relation in Fig. 2 is found in the case of alkaline-

earth metal salts of DNNS. T h e deviation of the 
bivalent D N N S salts is ascribed to the increased polarity 
of their ionic head and the different contribution of the 
hydrocarbon group in the packing of the micelle from 
that of the monovalent DNNS salts. 

Consequently, the micelle formation of DNNS salts 
in nonpolar solvents is mainly due to the strong interac­
tion between polar groups in micellar cores, in addition 
to the steric factor and the solute-solvent interaction 
which have been discussed by Heilweil,11) and Little 
and Singleterry,5) respectively. 
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Synopsis. The electron-donor property of the zirco-
nia-titania system was investigated by means of the adsorption 
of TCNQ. The TCNQ anion radicals were formed as a 
result of electron transfer to adsorbed TCNQ, from the 
zirconia-titania surface. The radical concentration on the 
zirconia-titania system decreased with a increase in the 
titania content, reached a minimum point at a titania content 
of 38%, and then increased with the further increase in the 
titania content. This behavior can explained by the relative 
amount of O H - sites, which must be proportional to both, 
or either one, the relative contents of the pure zirconia phase 
or the pure titania phase existing on the surface of the zirconia-
titania system. 

The formation of anion-radical ions on electron-donor 
sites of some simple metal oxide surfaces has been 
reported, these electron-donor sites have been also 
associated with the surface hydroxide ions and the 
surface oxide ions.1-5> O n the other hand, Flockhart 
et a/.1) studied the electron-donor property of two-
component metal oxide systems, they found that silica-
aluminas had negligible electron-donating power a t low 
alumina contents, but silica-aluminas of high alumina 
contents possessed strong electron-donor properties. 
Hosaka et a/.6> studied the electron-donor property of 
silica-alumina, silica-titania, and alumina-titania systems 
in the base of the results of the adsorption of 7,7,8,8-
tetracyanoquinodimethane ( T C N Q ) , they found that 
the difference in electron-donor properties among metal 
oxide systems can be characterized by the change in 
the concentration of T C N Q , anion radicals formed. 

These studies are of metal oxides in the Group I V 
elements. This group, starting with silica, is of interest 
with respect to changes in size of the metal, coordina­
tion, and bonding type. In the present work, the 
electron-donor property of the zirconia-titania system, 
estimated by means of the T C N Q adsorption, will be 
reported. 

The preparation of zirconia-titania samples was 
carried out as follows: Zirconium tetrachloride and 
titanium one mixtures, in different molar ratios, were 
dissolved in distilled water, and then, to these solutions, 
diluted aqueous ammonia was added under vigorous 
stirring. The precipitates formed were washed with 
distilled water until free from Cl~ ions. T h e products 
were then dried for 48 h at 120 °C. The dried products 
were calcined in air for 2 h at 500 °C in an electric 
furnace, followed by cooling in vacuo. 

The composition of zirconia and titania in each 
product was determined by means of X-ray fluorometry. 
The compositions were, respectively, 0, 13, 38, 80, and 
100 in the weight-percentage rat io: T i O a / ( T i 0 2 + Z r 0 2 ) . 
The abbreviations used here are as follows: Z, zirconia; 
T , t i tania; Z4T, ZT , and ZT4, zirconia-titania contain­
ing 13, 38, and 8 0 % titania. 

T h e surface areas of the zirconia-titania system, as 
determined bv nitrogen adsorption, were as follows: 
Z, 88 ; Z4T, 224; ZT , 282; ZT4, 140; T , 69 m2 /g. 

The T C N Q was supplied by Dainippon Ink Chemical, 
Ltd. It was recrystallized from acetonitrile for purifica­
tion. The acetonitrile used as the solvent was of a 
reagent grade. 

The apparatus and procedure used in this study have 
been previously described.7) 

Equil. concn (mmol/1) 

Fig. 1. Adsorption isotherms of T C N Q on zirconia-
titania system (at 25 °C): zirconia, A ; Z4T, Q; ZT, 
V ; Z T 4 , O ; titania, # . 

Figure 1 shows the adsorption isotherms of T C N Q 
from the acetonitrile solution at 25 °C on the zirconia-
titania surfaces. All the isotherms follow Langmuir 
plots. 

The radical concentration formed on the surfaces of 

2 U 6 8 10 

Equil. concn (mmol/1) 

Fig. 2. Radical concentration on zirconia-titania system 
vs. equilibrium concentration of TCNQ: zirconia, A 5 
Z4T, O ; ZT,_V; ZT4, O ; t i t a n i a , ^ . 
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zirconia-titania, plotted against the equilibrium con­
centration of T G N Q , is shown in Fig. 2. 

When T C N Q was adsorbed from a solution in 
acetonitrile on the surfaces of zirconia-titania, the 
surfaces of zirconia-titania showed a remarkable colora­
tion, such as violet. The colored samples gave an 
unresolved ESR spectra with a g-value of 2.003, that of 
T C N Q , anion radicals.6-7) These T C N Q , anion radicals 
were formed as a result of electron transfer from the 
electron-donor sites of the zirconia-titania surface to 
adsorbed T C N Q . In the Z T sample, however, the 
ESR absorption was scarcely observed at all. T h e 
unresolved ESR spectra can be explained by the 
decrease in the freedom of the T G N Q anion radicals 
adsorbed and by the hyperfine structure becoming 
obscure of the spectra. 

The half-values of the saturated amounts of T C N Q 
adsorbed, as estimated from the Langmuir plots, are 
given in the second column of Table I. As can be seen, 
the half-values are almost the same in all the samples 
except the Z4T. This indicates that the half-values 
which consist of neutral TCNÇ) and T C N Q , anion 
radicals are little affected by the change in the composi­
tion of the zirconia-titania system. 

For the evaluation of the change in the radical 
concentration on the surface of zirconia-titania with 
the composition, the amount of the radical concentra­
tion corresponding to the half-values of adsorbed T C N Q 
in saturation is employed, as is shown in the third 
column of Table 1. The zirconia-titania (Z4T, Z T , and 
ZT4) had a much lower radical concentration than 
titania only. T h e same tendency has been reported by 
Hosaka et a/.6) in the silica-alumina, silica-titania, and 
alumina-ti tania systems. T h e radical concentration 
decreased gradually between zirconia and Z4T, but 
decreased remarkably between Z 4 T and ZT . O n the 
other hand, in the crystal features of the zirconia-titania 
system, the pure zirconia phase was present until Z4T, 
but it became amorphous, as is shown in the fourth 
column of Table 1. From these results, it may be 
supposed that the amount of the pure zirconia phase 
present on the surface of the zirconia-titania system 

TABLE 1. DATA OF TCNQ_ ADSORPTION 

Sample 

Zirconia 
Z4T 
ZT 
ZT4 
Titania 

Half-values 
of saturated 

amounts 
(xl07mol/m2) 

3.6 
5.8 
3.9 
3.9 
2.8 

Radical concn to 
corresponding 
half-values of 

saturated 
amounts 

1014 spins/m2 

6.8 
1.7 

negligible 
11.9 
48.0 

Phase 

M*+T(w) 
T(w) 
A 
An(w) 
An 

* M=monoclinic, T=tetragonal, A = amorphous, 
An=anatase, (w)=weak. 

plays an important role in determining the radical 
concentration. However, the increase in the radical 
concentration from Z T to Z T 4 can be related to the 
pure titania phase present slightly on the surface of 
ZT4. It is noteworthy that a weak anatase pattern of 
Z T 4 suggests the presence, in the conglomerate, of a 
pure titania phase. T h e steep increase in the radical 
concentration from ZT4 to the titania corresponds to 
the increase in the amount of the pure titania phase 
on the surface. 

T h e electron-donor sites of two-component metal 
oxides are not well known. However, the electron-donor 
sites of titania, one of the parent oxides in the zirconia-
titania system, have been associated with surface 
hydroxide ions and T i 3 + ions.2'8) Infrared spectroscopy 
of zirconia has shown that the surface of zirconia 
contains hydroxide ions.9) Indeed, Fomin et a/.10) have 
reported that electron transfer from the hydroxide ion 
can occur in certain solvent systems, provided a suitable 
acceptor molecule is present. The electron-transfer 
adsorption of T C N Q , on the zirconia-titania system may 
result from surface hydroxide ions and T i 3 + ions. The 
other product of the electron-transfer adsorption is 
mainly the O H radical, although only the T C N Q , anion 
radicals are observed in the ESR spectra. The change 
in the radical concentration of the zirconia-titania 
system, shown in Table 1, depends on the amount of 
the pure zirconia phase or the pure titania phase 
present on the surface of the zirconia-titania system. 
From the above considerations, it can be expected that 
the electron-donor sites are surface hydroxide ions(Zr-
OH~) in zirconia-titania of a higher zirconia content, 
and surface hydroxide ions(Ti-OH~) and Ti3 +ions in 
the case of zirconia-titania of a higher titania content. 
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Synopsis. The thermal transpiration effect of the 
title gases was measured by a relative method by using 
a diaphragm-type pressure transducer. The data fit 
the Takaishi-Sensui equation [ P 1 / P 2 = ( ^ X 2 + P A r + C v

/ Z + 

*/TxITi)IAX*+BX+C*/X+\)] quite well in the region of 
X (=P2d2) higher than 0.03 mmHg mm. The values for 
A, B, and C are 25.5, 9.3, and 0.6 for NO at 90 K, 28.5, 
10.5, and 0.6 for GO and N2, 24.0, 9.2, and 0.8 for Oa, 44.0, 
11.4, and 1.2 for CH4, and 2.96, 0.6, and 1.6 for He at 77 k 
respectively. The values for the temperature-independent 
constants, A*, B*, and C* deduced from the values for A, 
B, and C above, were in agreement with the literature values 
and/or the estimated values. 

In studies of the physical adsorption of nitric oxide 
and carbon monoxide gases,1) we measured the thermal 
transpiration effect2) of N O and C O . Since no data for 
the thermal transpiration effect of N O and C O are 
available in the literature, it may be worthwhile to 
report our data in detail. T o check the reliability of 
our measuring system, other common gases, N2 , O a , 
He, and CH4 , were also studied, and the results were 
compared with existing data. 

Exper imenta l 

The nominal purities of N2, He, 0 2 , CO, NO, and CH4 

were 99.999, 99.99, 99.9, 99.9, 99.9, and 99.9% respectively. 
NO was further purified by a method described elsewhere.1) 

The thermal transpiration value, PJP2, was obtained as 
a function of log P2d2 by the relative method. The apparatus 
used is shown schematically in Fig. 1, where the meanings 
of P l5 P2, d2, etc. are illustrated. The pressure difference, 
P2—P3, was measured by means of a Datametrics Barocell 

Fig. 1. Schematic representation of the measuring ap­
paratus. 
A: Measuring cell, rf3=46.5 mm, d2=lA5 mm. 
B: Datametrics Barocell Pressure Sensor 570D. 
C: Datametrics Barocell Electronic Manometer 1173. 
D: Takeda Riken Integrating Digital Voltmeter. TR 
66150. 
E: Hitachi Recorder 056. 

Pressure sensor-Electronic Manometer. Then, P3 was deter­
mined by evacuating the chamber, B2, of the pressure sensor 
to 10~5 Torr. P2 was calculated from the P2=P3+(P2-P3) 
relation. Finally, P1 was determined from P3 by the usual 
method.3-4) The temperature on the lower side was held 
at 90 K for NO, and at 77 K for the other gases. The 
temperature on the higher side was always held at 300 ± 1 K. 
The pressure region extended down to 2 X 10-2 Torr. 

The pressure indication of the electronic manometer was 
calibrated by the gas-expansion method. The accuracy was 
within 0.2% at pressures above 1 Torr, within 1.2% between 
1 and 0.1 Torr, and within 3% between 0.1 and 0.02 Torr. 

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

T h e Pt[P2 and PJP2 values of N O measured at 90.5 K 
are plotted against log P2d2 in Fig. 2. T h e curves for C O 
and other gases were obtained at 77.5 K, but are not 
shown in the present paper. 

logPc (mmHg) 

-I 

0 

(mmHg-mm) 

Fig. 2. Plots of thermal transpiration values of NO at 
90.5 K. 
a : Observed P3/P2 vs. log P2d2, 
b : observed PJP2 vs. log P2d2, 
c: calculated PJP2 vs. log P2d2. 

Takaishi and Sensui have proposed the following 
empirical equation for the thermal transpiration effect:5) 

Px = AX*+BX+C*/lC+*/l\fT2 

P2 AX2+ BX+C*/H+\ 
T,<T2, (1) 

where A, B, and C are constants and where X is P2dr 

By substituting the experimental data into the equation, 
the best-fitting values for A, B, and C have been obtained 
as summarized in Table 1. T h e degree of their fitness 
can be seen from Fig. 2. 
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TABLE 1. VALUES^ FOR THE CONSTANTS, A, B, AND C, 

CONTAINED IN T H E TAKAISHI-SENSUI EQUATION 1, 

T H E VISCOSITY COEFFICIENT,b> AND T H E 

COLLISION DIAMETER C ) 

A B C 
(mmHg (mmHg (mmHg 

mm) - 2 mm) - 1 mm) - 1 /2 

106Y) 

(poise) 

D 

(A) 

NO 
CO 
N2 

o2 
GH4 

He 

25.5 
28.5 
28.5 
24.0 
44.0 

2.96 

9.3 
10.5 
10.5 
9.2 

11.4 
0.6 

0.6 
0.6 
0.6 
0.8 
1.2 
1.6 

179 
166 
166 
192 
102 
186 

3.67 
3.75 
3.75 
3.60 
4.26 
2.23 

a) Values at 90.5 K for NO and those at 77.5 K for other 
gases, b) Values at 0 °C. "Kagaku Binran," Chemical 
Society of* Japan, p. 470. c) Values calculated from r\ (see 
text). 

Takaishi and Sensui have demonstrated that the 
constants, A, B, and C can be written as : 

A* = A x t \ (2) 

B* = B X f, (3) 

C* = Cs/f, (4) 

where T is ( 7 \ + : T 2 ) / 2 and where J * , B*, and C* are 
the temperature-independent constants. T h e determin­
ed values for A*, J?*, and C* are summarized in Table 2 
and compared with the literature values. Since no 
literature values for N O and GO are available, another 
way ofcomparison must be made. T h e A*, B*, and C* 
constants of N O and C O are estimated from the follow­
ing Takaishi-Sensui equations :5>6> 

log A* = 0.507Z> + 4.146, (5) 

log B* = 0.607£> + 0.663, (6) 

C * = (110/Z>) - 14. (7) 

Here, D represents the collision diameter of the gases 
and is calculated from the viscosity coefficient, >;, by the 
aid of Y\=5*/7imkTI\Ç>7iD% relation. By using the values 
of D summarized in Table 1, the values for ^4*, B*, and 
C* are calculated. T h e results are summarized in 
Table 2. The agreement between the observed values 
for the constants and the literature and/or estimated 
values is reasonably good for all of the gases measured. 

TABLE 2. CONSTANTS, A*, B*, C*, CONTAINED IN Eqs. 2—7 

10-54* io-2#* c* 
(deg/mmHg (deg/mmHg (deg/mmHg 

mm)2 mm) mm)1/2 

NO 

CO 

Nn 

O, 

CH4 

He 

obsd 
calcd 

obsd 
calcd 

obsd 
lit 
calcd 

obsd 
lit 
calcd 

obsd 
lit 
calcd 

obsd 
lit 
calcd 

9.7 
10 

10 
11 

10 
12 
11 

8.6 
9—7 

9.4 

16 
15 
20 

1.1 
1.4—1.6 

1.9 

18 
7.8 

20 
8.7 

20 
10 
8.7 

17 
16—19 

7.1 

22 
15 
12 

1.1 
1.2—1.1 

1.0 

9 
16 

8 
15 

8 
10—18 

15 

10 
— 
17 

16 
13 
12 

22 
18—20 

35 

obsd : observed value in the present work. lit. : literature 
value summarized in Ref. 5. calcd : calculated value in 
the present work (see text). 
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Synopsis. Two new empirical formulas are presented 
for alkali halides at the melting point. There is a set of 
linear relations between the initial slope of melting curve 
(dTmldP) and the solid volume (Vs) for the sequences LiX, 
NaX, KX, and RbX (X = F, Gl/ Br, and I). 

Alkali halides are the most typical ionic salt for 
which theoretical and analytical studies have been made 
in order to clarify the melting of ionic compounds.1 - 3) 
However, the phenomenon of melting still remains 
unclarified. I t is expected that the relations between 
various thermodynamic properties associated with fusion 
might help us understand the mechanism of melting of 
ionic crystals. 

In a previous paper,4) the following empirical formula 
was given for the entropy change on fusion ( A ^ ) for the 
sequences of LiX, N a X , K X , and R b X ( X = F , CI, Br, 
and I) . 

i 

0.2 h 

0.1 h 

AS,, = a V 3 ^ + j B \ (1) 

1 1 ••' 

h 

D CsBr 
OF Csi Y 

r ^ r*c t 
KBr^O 

KI 0 O ° R b C 1 

O CsCl 

NaCl ri 

* Lil 

' 1 

NaF Q 1 

/ (J LiCl 

// n 

J LlBr 

,, 

/ LiF 

H 

J 

0.3 0.4 0.5 

where a and r are the electronic polarizability and 
interionic distance of the salt, respectively; A and B are 
constants. 

A similar relation holds for the relative volume change 
on fusion : 

AFn = «V^y + A (2) 

where A F m and Vs are the volume change on melting 
and the volume of the solid salt at the melting point, 
respectively; C and D are constants for the salts with 
the same cation (LiX, NaX, K X , and R b X , X = h a l o g e n 
ion). Although a small deviation from the straight line 
is seen for a few salts, good linear correlation for the 
halides of the same cation (Fig. 1 ) indicates that elec­
tronic polarizability, a measure of the deformation of 
electron cloud in ion, is a very important factor for 
characterizing melting of these salts in contrast to the 
argument of Pauling5) that apparent irregular variation 
of thermodynamic properties (melting point, boiling 
point) of alkali halides is ascribed to the radius-ratio 
effect. Obviously, regular or irregular variation of a 
certain property depends on the choice of a set of 
parameters and coordinates. 

Irregular variation of cesium halides (CsCl, CsBr, and 
Csi) is presumably due to the difference in crystal 
structure between CsCl (face-centered cubic structure 
at the melting point) and CsBr and Csi (both simple 
cubic structure at their melting points). The percentage 
volume expansion of CsCl on melting (10.0%) is 
considerably smaller than that of the bromide and iodide 
(26.8 and 28 .5%, respectively).6 '7) However, an 

\jr (A-*) 

Fig. 1. Relative volume expansion of alkali halide at 
the melting point. Sources of data: AVm and Ve; H. 
Spindler and F. Sauerwald, Z. Anorg. Allg. Chem., 335, 
267 (1965), electronic polarizability; J. R. Tessman, A. 
H. Kahn, and W. Schockley, Phys. Rev., 92, 890 (1953), 
Interionic distance; L. Pauling, "The Nature of the 
Chemical Bond," third ed, Cornell Univ. Press, Ithaca, 
N. Y. (I960), p. 527. 

extrapolation of the molar volume of the low tempera­
ture form of CsCl up to the melting point would give a 
volume expansion on fusion of 2 8 . 3 % . Conversely, 
if the volume expansion (17.6%) associated with the 
transition in CsCl from simple cubic to face-centered 
cubic structure is applied to the bromide and iodide, 
hypothetical cesium bromide and iodide would result 
in a volume expansion on melting of 9.2 and 10.3%, 
similar to the value of 10.0% for the chloride. This 
fact was pointed out by Johnson et A/.6) who reasoned that 
large volume expansion of CsBr and Csi is attr ibuted to 
the reduction in coordination number from eight to 
about five on melting, whereas the melting from NaCl 
structure involves only small change in coordination 
number (from six to about five). I t was proposed and 
verified by X-ray diffraction study6-8) that the structure 
of liquid cesium bromide and iodide is very similar to 
that of the chloride. I t is noteworthy that relations (1) 
and (2) include lithium halides because it has often been 
pointed out that lithium salts do not obey the corre­
sponding-state law of other alkali halides.9-10) 
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KF Ö 

NaFCT/ 

O l l F 

1 

Ebl 0 

RbBr Of / 

/ J K l / 

/ Ö NaBr 

/ >D NaCl . / 

O KI 

P "»I 

O l i t 

H 

H 

d r m / d P ( x l 0 - 2 O C / b a r ) 

Fig. 2. Linear relation of (d r m / d P) with solid volume 
at the melting point ( Vs) for the sequences LiX, NaX, 
KX, and RbX. Sourece of data : A£m values are cal­
culated from A//m and Tm data compiled by L. Brewer 
and E, Brackett, Chem. Rev., 61, 425 (1961). 

From relations (1) and (2), we get 

/ d T m \ = &V^ =
 V*{T+D) = Vs(C+Dr) 

= ^ s (3) 

where £ is a constant for the sequence (LiX, N a X , K X , 
or R b X ) . Formula (3) suggests that the initial slope of 
melting curve (d7" m /df% = l a t m is proportional, as a first 
approximation, to the volume of the solid salt at the 
melting point (F s ) . As is shown in Fig. 2, there is a 
good linear relation between the initial slope of the 
melting curve and the volume of the salt for a sequence 
of alkali halides of the same cation. I t is expected 
from this relation that at certain high pressures the 
salt having larger volume should have higher melting 
point than those of smaller volume if the relation (3) 
holds up to high pressures. In fact the normal order of 
melting points of sodium halides is reversed above ca. 
60 kbars with N a F having the lowest and N a l the 
highest melting point,n> and a similar behavior is found 
for the potassium and rubidium halides at lower pres­

sures.12,13) 
The initial slope of the melting curve (dTmldP)p=p,is 

expressed as TJa c by differentiation of the well-known 
Simon equation, P-P0=a{(TIT0)

c-l}, where T0 and 
P 0 are the triple-point temperature and pressure, 
respectively; a and c are constants. From the corre­
sponding law developed by Reiss et a/.,9) the melting 
point of alkali halide is inversely proportional to ionic 
distance, i.e., TQoc\jr. Combining this relation and 
formula (3), we see that a c is inversely proportinal to 
r4, in accord with the conclusion given by Owens10) in 
his analysis of melting curves of alkali halides. 

Finally it should be pointed out that the calorimetric 
heats of fusion of N a l , K I , R b l , and Csl redetermined by 
Bousquet et a/.14) are considerably higher than those of 
Dworkin and Bredig.15) However, a comparison of the 
observed values of the initial slopes of the melting 
curves of alkali halides16) with those calculated by means 
of the Clapeyron-Clausius equation indicates that the 
data of Dworkin and Bredig are more accurate. 
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Synopsis. The ESR and ENDOR spectra of the 
[2.2](2,7)-pyrenophane anion, which was prepared by reduc­
tion with alkali metal in ethereal solvents, were observed. 
From a comparison of the spin densities for the anion with 
those for the pyrene anion, the derealization of the unpaired 
electron between the stacked aromatic rings was demonstrated. 

Since ESR was successfully used in studies of the 
intramolecular electron exchange in the [2.2]paracyclo-
phane anion by Weissman,1) the transannular interac­
tion between the aromatic nuclei has been reported for 
several cyclophanes, such as [2.2](l ,4)naphthaleno-
phane2) and [2.2](9,10)anthracenophane,3> where the 
cyclophane derivative has been regarded as an artificial 
dimer of the alkyl-substituted aromatics, and the proton 
hyperfine splitting showed nearly half the value of that 
for the corresponding monomer anion. In the present 
note, we wish to report our ESR and E N D O R studies 
of the [2.2](2,7)pyrenophane anion. Studies of [2.2]-
(2,7)pyrenophane have been interesting since, because 
the pyrenophane M O occupied by the unpaired 
electron has a node at the bridging positions (2,7) of the 
pyrene ring, the dereal izat ion of the unpaired electron 
due to c-TZ exchange or the hyperconjugative interaction 
between the methylene and aromatic groups can be 
ignored. Therefore, one may expect to elucidate the 
pure transannular effect on the spin density regardless 
of either the hyperconjugative or the inductive effect 
of the bridged ethylene groups in the present case. 

Exper imenta l 

The synthesis of materials has been described elsewhere.4) 
The anion radical was prepared by reduction with sodium 
in 1,2-dimethoxyethane (DME) and tetrahydrofuran (THF). 
The ENDOR spectra were recorded with a JEOL-type EX-
EDX-1 spectrometer under the operating conditions similar 
to those described previously.5) 

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

Figure 1 shows the ESR spectrum of the pyrenophane 
anion, which was prepared by reduction with sodium 
in D M E . The ESR spectrum is composed of 25 hyperfine 
lines equally spaced, with a line width of 150 mG. The 
ESR hyperfine structure can be adequately analyzed in 
terms of the splittings (2.18 G) due to the 8 equivalent 
protons; the structure is split further into 9 lines at tr ib­
utable to the other equivalent protons with a splitting 
constant of nearly half. No important changes were 
detected in the ESR hyperfine structure obtained with 
T H F , and the extra splittings of the alkali metal cation 
have never been observed anywhere. 

The E N D O R spectra of pyrene and pyrenophane 
anions are shown in Fig. 2. The pyrene anion gives 

the three E N D O R signals (15.33, 16.88, and 20.71 
MHz) above the free proton frequency (13.89 M H z ) . 
The splittings were assigned with reference to the 
previous ESR studies;6) ß 2

H = a 7
H = 1 . 0 2 , a4

H=a5
H= 

fl9
H=a10

H = 2.13, and a1
H=aJk = a6

H = a8
1I=4.87 G. O n 

the other hand, the E N D O R signals of the pyrenophane 
anion were recorded at 15.40 and 17.05 M H z above 
the free proton frequency. No E N D O R absorption 

Fig. 1. (a) ESR spectrum of [2.2] (2,7)pyrenophane anion 
recorded at room temperature, (b) A computer simula­
tion of the ESR spectrum. 

+ Na in DME |2 |3 14 15 16 17 ' ^ 0 21 22 
- 9 0 ° C M H 2 

Fig. 2. Higher frequency halves of ENDOR spectra of 
pyrene and [2.2](2,7)pyrenophane anions. vH: free 
proton frequency. 
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attr ibutable to the bridging methylene groups can be 
detected. T h e splittings of each pyrene group were 
determined to be 1.08 G for a4

H, Ö5
H, a,*, and Ö10

H and 
2.25 G for a-^, a3

n, aß
H, and a8

H. Based on the present 
assumption, computer calculations of the ESR line 
intensities showed an excellent agreement with the 
observed spectrum, as is shown in Fig. 1. 

T h e splittings of the pyrene and pyrenophane anions 
thus determined are summarized in Table 1. 

In the previous ESR works on the cyclophane anions, 
it was pointed out that the spin-density distrubution 
showed a large dependence on the degree of the trans-
spatial exchange of the unpaired electron in the cyclo­
phane. In [2.2]paracyclophane, however, the doubly 
degenerated antibonding orbital of the benzene anion 
causes much difficulty.7) The importance of the induc­
tive effect of the methylene groups was recently proposed, 
and the unpaired electron is believed to occupy the 
orbital which can be expressed by a linear combination 
of the antisymmetric orbital relative to a plane passing 
through the two opposite centers and perpendicular to 
the benzene ring.8) For [2.2](9,10)anthracenophane, 
the largest spin densities were assigned to the bridging 
positions, 9 and 10. Therefore, the possibility of the 
hyperconjugative interaction of the methylene, which 
also causes a perturbation on the spin densities, in 
particular, for the positions with small spin densities, can 
not safely be ruled out. 

TABLE 1. PROTON HYPERFINE SPLITTINGS OF PYRENE 

AND THE [2.2](2,7)PYRENOPHANE ANION 

(absolute value in G) 

Position 2,7 4,5,9,10 1,3,6.8 

l>yrene Ï~Ô2 27Ï3 4~87 
Pyrenophane < 1 5 0 m G 1.08 2.25 

As may be seen in Table 1, the observed ring-proton 
splittings of the pyrenophane anion are very close to the 
half-values of those of the pyrene anion radicals, and 

the methylene proton splitting is very small. This 
means that the unpaired orbital of the pyrenophane is 
antisymmetric with respect to the plane passing through 
the bridging position and perpendicular to the aromatic 
plane, indicating a negative spin density at the bridging 
position. 

A perturbation of the spin densities due to the hyper­
conjugative interaction of the methylene group can 
thus be ignored. A tentative calculation of the methylene 
proton was performed under the assumptions that the 
spin densities at the bridging positions, p*, are not 
affected much by the methylene substitution and that 
the magnitude of the spin density is reduced to the 
half-value from that of the pyrene anion.9) If the 
methylene protons are tightly fixed in the positions 
taking the dihedral angle to be 0 = 60°, the methylene 
proton splitting can be estimated to be 0.220 G, based 
on McConnell and Heller's equation, aR=Bp7r cos20, 
| B | = 5 0 G.10) The calculated value is indeed small, and 
it would be diminished to the order of the ESR Hnewidth 
in the real molecule. 
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9-(a-Fluorenylidene-p-chlorobenzyl)-9-fluorenyl 

Jun YAMAUCHI and Yasuo DEGUCHI 

College of Liberal Arts and Sciences, Kyoto University, Kyoto 606 
(Received April 16, 1977) 

Synopsis. The low-dimensional character in the 
organic free radical, /»-Cl-BDPA, is discussed. The tempera­
ture dependence of the ^-values can provide a method of 
discrimination between the short- and long-range-ordering 
effects, and the organic free radical can be regarded as a 
one-dimensional organo-magnetic material at first approxima­
tion, but its interchain interaction is appreciable, amounting 
to the order of | J77I = 0.2; thus, |J ' | /Ä=0.88 K. 

Recently the magnetic interactions between unpaired 
electron spins in crystalline organic free radicals have 
been of great interest. Especially in the case of neutral 
organic free radicals, much information has been 
accumulated so far, and it is generally accepted that 
there are two regions characteristic of the magnetic 
interaction between unpaired electron spins in organic 
free radicals, that is, the short- and long-range-ordered 
regions.1) One of the present authors (J.Y.) has discuss­
ed in detail the linear antiferromagnetic interaction and 
the possibility of long-range ordering in organic free 
radicals.2) Thus, organic free radicals have been 
classified as among low-dimensional magnetic materials, 
that is, low-dimensional organo-magnetic material. An 
organic free radical, 9-(a-fluorenylidene-/>-chlorobenz-
yl)-9-fluorenyl (hereafter abbreviated as />-Cl-BDPA), 

o>\ .A2/ 
c=c-c i 

<öX^\ö> 
Cl 

is a typical example, exhibiting magnetic low dimen­
sionality in the short-range-ordered region and ex­
periencing a magnetic phase transition to a long-range-
ordered state.2) 

In order to clarify the magnetic interactions in organic 
free radicals and to obtain more information about low 
dimensionality and the magnetic structure, various kinds 
of experiments have been carried out on/>-Cl-BDPA.3-8) 

In the course of these investigations an important 
question has been arisen— to what extent does the 
organic free radical, /»-Cl-BDPA, have a magnetic low 
dimensional character. This may be one question to 
which it is not possible to give a definite answer. In this 
paper, however, attention will be paid mainly to the low 
dimensionality of the organic free radical, /»-Cl-BDPA. 

I t was shown in our previous papers that the low-
dimensional character can be found in susceptibility,2) 
magnetic heat capacity,3) ESR linewidth,2) and N M R 
intensity4) as a function of the temperature and that 
/>-Cl-BDPA has a nearly one-dimensional magnetic 
interaction with an exchange interaction parameter of 
Jjk=— 4.4 K, where k is Boltzmann's constant. In the 

Temperature/K 

Fig. 1. Temperature dependences of g-value and line-
width of/»-Cl-BDPA. It should be noted that the line-
width is different from that published previously.2) 

microscopic information concerning the ESR linewidth 
or the N M R intensity, however, the low-dimensional 
effect could not be discriminated from the long-range-
ordering effect. 

T h e experimental results on the ESR ^-values of 
polycrystalline /?-Cl-BDPA as a function of the tempera­
ture are shown in Fig. 1, which indicates a g-value 
deviation from a room-temperature j^-value as the 
temperature is lowered and its divergence after reaching 
a minimum at 3.6 K when the temperature approaches 
the magnetic-phase-transition temperature, 3.25 K. This 
deviation may be at tr ibuted to the magnetic short-
range-ordering effect, and the divergence may be due 
to the magnetic long-range-ordering effect. 

Nagata et al. classically estimated the simple relations 
between the anisotropics of the £-value and the suscep­
tibility by introducing a small magnetic dipolar interac­
tion and a single ion D-term, both of a uniaxial symmetry 
referred to the directions of the linear chain interaction.9) 
The relationships were as follows : 

bg///g = (x//-x±)/x//> 0) 
bgjg = (Xx-X//)/2Zx- (2) 

When we assume the following relation for a powder 
sample : 

^ i so = (A*//+2A*j.)/3, (3) 

equations 1 and 2 give this expression : 

A f t J * = -(X//-Xx)2/3X//Zx- (4) 

Equation 4 indicates that the £-value observed on the 
powder sample decreases with a decrease in the tern-
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perature. T h e g-value deviation of J&-C1-BDPA is 
comprehensible from the theory and, therefore, implies 
a one-dimensional short-range ordering of unpaired 
electron spins in a linear chain. In the long-range-
ordered region, ESR shows an antiferromagnetic 
resonance pattern, and the resonance shifts to the 
down-magnetic-field become much larger.6) This leads 
to a large ^-value anisotropy and to a divergence of the 
£-value in the short-range-ordered region near the long-
range-ordering temperature. This may be the reason 
why the divergence of ^-values can be observed in the 
case of J&-C1-BDPA. 

I t is generally accepted that one-dimensional magnetic 
interactions characterize ESR absorptions at room 
temperature ; that is, the line shape is different from the 
usual Lorenzian or Gaussian line shapes, and the 
linewidth angular variation is different from that of the 
three- or two-dimensional magnetic interaction.10) 
These facts are explained at present on the basis of a 
one-dimensional spin diffusion model. Although the 
line shape of jf?-Cl-BDPA was observed, we could not 
obtain any characteristic behavior such as is mentioned 
above, but it exhibits a Lorenzian line shape exactly. 
This fact indicates that J&-C1-BDPA is not a purely one-
dimensional magnetic material and implies the presence 
of fairly large interactions between the magnetic linear 
chains. As for the angular variations in the linewidth, 
we can not draw any decisive conclusion because of the 
lack of the single crystal measurements. 

T h e interchain interaction can not be estimated 
directly from the experimental results, but the relation­
ship between the intrachain interaction, J, the inter­
chain interaction, J', and the phase transition tempera­
ture can be anticipated. Oguchi deduced this relation­
ship in the case of a two-dimensional interchain interac-

T A B L E 1. INTRACHAIN- AND INTERCHAIN-EXCHANGE 

INTERACTION PARAMETERS OF SEVERAL 

ORGANIC FREE RADICALS 

j/k 7y> JikTn 17771 \j'\ik 

/»-Cl-BDPA - 4 . 4 K 3.25K - 1 . 4 0.2 0.88K 
BDPA-Bza> - 4 . 4 K 1.695K - 2 . 6 0.04 0.18K 
TANOLb> - 5 . O K 0.49K - 1 0 . 2 0.004 0.02K 

a) l,3-Bisdiphenylene-2-phenyl-allyl and benzene com­
plex, b) 2,2,6,6-tetramethyl-4-piperidinol-1 -oxyl. c) 
Antiferromagnetic phase transition temperature. 

tion using the Green function method,11) which gives 
the interchain interaction, J', of J&-C1-BDPA. In Table 
1 the results obtained are listed, together with those 
of other organic free radicals for comparison. It can be 
seen there that \J'/J\=0.2 leads to | y ' | / * = 0 . 8 8 K and 
that the interchain interaction is fairly large and not 
negligible compared with that of the T A N O L radical,12) 
amounting to the same order of magnitude as in the 
BDPA-Bz radical.2-13) 

In conclusion, the temperature dependence of the 
^-values of the organic free radical, /»-Cl-BDPA,can 
provide a method of discrimination between the short-
and long-range-ordering effects, and/?-Cl-BDPA can be 
regarded as a one-dimensional organo-magnetic material 
at first approximation, but its interchain interaction 
is appreciable, amounting to the order of \J'jJ\ — 0.2; 
thus, \J'\/k=0.88 K. 
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Synopsis. Lead alkoxide was hydrolyzed at various 
temperatures from 28 to 85 °G. The products consisted of 
only massicot or litharge, or a mixture of the two for modi­
fications of PbO, depending on the reaction temperature 
and pH of the suspension. 

PbO has two polymorphic modifications, litharge 
(tetragonal) and massicot (orthorhombic). Although 
litharge transforms into massicot at about 500 °C,1) the 
reverse transformation does not occur. O n the other 
hand, massicot transforms readily into litharge by 
grinding2-4) or wet ball-milling.5»6) Commercial P b O , 
prepared by oxidation of the molten Pb, is usually a 
mixture of the two modifications.6) The present paper 
is concerned with the conditions for the formation of 
the two modifications and the characterization for the 
alkoxy-derived PbO. 

Exper imenta l 

An alcoholic solution containing 6.5 wt% lead alkoxide 
was prepared by the reaction of anhydrous lead acetate 
with sodium isopropoxide in the presence of an excess amount 
of isopropyl alcohol : 

Na + G3H7OH • Na(OC3H7) + 1/2H2, (1) 
83°C, 12 h 

Pb(GH3GOO)2 + 2Na(OC3H7) • 
C3H,OH 

Pb(OG3H7)2 + 2GH 3GOON4. (2) 

The purities of anhydrous lead acetate and sodium metal 
used in the reaction were 99.5 and 99.9%, respectively. 
Isopropyl alcohol was purified by fractional distillation of 
the guaranteed reagent. The hydrolysis was carried out as 
follows. A five-necked flask was equipped with a reflux 
condenser, a dropping funnel, a stirring rod, a thermometer 
and a thermo-controller. A definite quantity of water in 
the range from 100 to 1000 ml was introduced into the flask, 
and then heated to the desired temperature. A solution of 
100 ml of the alkoxide in the dropping funnel was added 
dropwise to the stirred water in the fiask. After completion 
of the addition, the suspensions were further stirred for 15 
min. The products were separated from the suspensions by 
filtration, washed repeatedly with water, and dried at 60 °G 
under reduced pressure. The products were examined by 
means of X-ray diffraction using Ni filtered OÜKOL radiation. 

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

All products obtained at various temperatures in 400 
ml of water were identified as P b O only as massicot or a 
mixture of massicot and litharge. The yield was about 
6 7 % . Table 1 shows the composition of the two modifi­
cations for each P b O powder. T h e composition was 
determined by measuring the relative intensities, 7M and 

TABLE 1. COMPOSITION OF THE TWO MODIFICATIONS FOR 

P B O OBTAINED BY HYDROLYZING LEAD ALKOXIDE 

R u n 
Temp 
(°C) 

Composition (%) 

Massicot Litharge 

1 
2 
3 
4 
5 
6 
7a) 

8a> 

28 
40 
50 
60 
70 
85 
70 
85 

100 
98.6 
97.4 
96.3 
76.8 
38.8 
— 
— 

— 
1.4 
2.6 
3.7 
23.2 
61.2 
100 
100 

a) Obtained by rapid hydrolyzation. 

It,, of the strongest peaks in the massicot and litharge 
spectra. For the alkoxy-derived PbO, as described 
subsequently, these peaks correspond to ä?(002)=2.95 Â 
for massicot and </(002) = 2 . 5 1 Â for litharge. T h e 
product consisting of only massicot was obtained at 
28 °C. A small amount of litharge in addition massicot 
was formed at 40 °C and the litharge content of the 
products increased with an increase in temperature up 
to 85 °G, but no product consisting of only litharge was 
formed. O n the other hand, the products consisted of 
only litharge when the alkoxide solution was added to 
water all at once at temperatures ranging from 70 to 
85 °C. Judging from the yield described above, it can 
be assumed that the unreacted sodium alkoxide was 
involved in the lead alkoxide (see Reaction 2). In view 
of the fact that sodium alkoxide changes into sodium 
hydroxide upon hydrolysis, the difference between the 
results at 70 to 85 °C may be ascribed to a change in 

10 11 12 13 14 
pH value 

Fig. 1. Relationship between the composition of two 
modification for PbO and pH of suspensions obtained 
by hydrolyzing at 85 °C. 
The lead alkoxide was in the pH range from 13.6 to 
13.8. 
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(A) (B) (X800) 

Electron micrographs of the massicot (A) and Fig. 2. 
litharge (B) powders. 

(A) (B) (XI500) 

Fig. 3. Electron micrographs of massicot (A) and 
litharge (B) showing rhombic and tetragonal mor­
phology, respectively. 

the p H of the suspensions during the course of hydrolysis. 
Accordingly, the 100 ml alkoxide solution was added 
dropwise to various quantities of water at 85 °C. As 
shown in Fig. 1, an approximately linear relationship 
exists between the composition of the two modifications 
in the products and the p H of the suspensions. When 
the p H value of the suspensions was below about 11.4, 
the massicot content of the products were greater than 
the litharge content. A further increase in the p H 
resulted in the formation of litharge. From the results, 
it was found that the compositon of the two modifica­
tions for P b O prepared by the alkoxy-method is due to 
the p H of the suspension, as well as the hydrolysis 
temperature. 

Electron micrographs of the P b O powders are shown 
in Fig. 2. Massicot with an orthorhombic crystal 
structure consists of rhombic plate-like particles. O n 
the other hand, litharge with a tetragonal crystal 
structure is composed of tetragonal plate-like particles. 
T h e morphology is shown more clearly in Fig. 3, in 
which well-defined rhombic and tetragonal plates are 
easily discernible. 

X-Ray diffraction patterns of P b O prepared by the 

M ( 0 0 1> M (111) 

M (002) 

M (003) 
I 

L(001) L(101) 

|L(IIO) 

L(002) 

L(202) 

L(112) VL(103) 
L(200)| L (21 in 

M LM 
i l I 

L L 

J_il 

M (001) 

M (111) 
M (003) M (220) 

M (002) M (020) 
M / M 
(200)./ (202) 

M- / 
(212) M (113) 
(022)J \ M (311) 

L 
(101) 

L(001) 

L(110) 
L 

(002) 
I 

L(202) 

r(2'"i\i L(102)/ 

10 20 50 60 30 40 

20(Cu#a) 

Fig. 4. X-Ray diffraction patterns of PbO prepared by 
alkoxy-method and described in X-ray powder data 
file. 

M: massicot L: litharge 
(A) massicot \ 
(B) litharge I from alkoxide 
(G) specimen of run 6 in Table 1 J 
(D) massicot } 
(E) litharge j f r ° m X " r a y P ° w d e r d a t a file 

present method showed a preferred orientation in the 
direction of the c axis in comparison with those of 
massicot and litharge described in the X-ray powder 
data file (Fig. 4).7>8> This phenomenon was observed 
particularly for massicot. 
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Synopsis. By the successive replacement of C03
2~ 

ions in the [Co(C03)3]3~ complex with 2-pyridinecarboxylic 
acid (Hpicol), the [Co (C03)2 (picol)]2- complex and two 
geometrical isomers of the [CoC03(picol)2]~ complex have 
been prepared. By the reaction of the m-[Co(C03)2-
(NH3)2]~ complex and picol, three geometrical isomers of 
the [CoC03 (picol) (NH3)2] have been prepared. 

The most remarkable feature of the preparative 
method for cobalt(III) complexes starting from a 
potassium hydrogencarbonate aqueous solution of the 
tricarbonatocobaltate(III) is the successive replacement 
of the C 0 3

2 - ions with another ligand, and the first 
substitution step in the reaction with such a ligand as 
ammonia, ethylenediamine, pyridine, nitrite ion, or 
cyanide ion resulted in a dicarbonato complex.1) 
However, the action of an a-amino acid (glycine, alanine 
or valine) on the [ C o ( C 0 3 ) 3 ] 3 _ complex resulted not in 
the dicarbonato complex, but in the carbonatobis (amino 
acidato) complex.1) Thus, we adopted 2-pyridinecar­
boxylic acid (picolinic acid, abbreviated as Hpicol) 
in order to investigate successive substitution. In 
addition, the reaction of m - [ C o ( C 0 3 ) 2 ( N H 3 ) 2 ] - with 
2-pyridinecarboxylic acid to give [CoC0 3 (picol)-
(NH3)2] was investigated. 

Exper imenta l 

2-Pyridinecarboxylic acid was prepared from 2-methyl-
pyridine in the form of hydrochloride by a familiar method.2' 

To a freshly prepared solution of tricarbonatocobaltate(III) 
(Co(N03)2 .6H20, 29.1 g, 0.1 mol), we added a solution of 
Hpicol (0.1 mol) ; the mixture was stirred at ca. 50 °C for 
40 min, whereupon the solution turned blue-green. The 
resulting solution was allowed to cool in an ice bath. Ethanol 
was added, to the cold solution for the successive removal 
of the coexisting salts. Finally, an ethanol-ether (1:1) 
mixture was added to the solution, and the whole was kept 
in a refrigerator until blue-green crystals separated out. 
Recrystallization was performed by dissolving the crude 
product in a minimum amount of water, followed by the 
addition of an ethanol-ether (1:1) mixture when cold. 
Yield, ca. 15 g. Found: C, 24.77; H, 1.44; N, 3.90%. Calcd 
for K2[Co(C03)2(C6H4N02)] . l /2H20: C, 24.75; H, 1.30; 
N, 3.61%. 

A solution of Hpicol (0.05 mol) was added to a freshly 
prepared solution of [Co(C03)3]3- (0.025 mol) ; when the 
mixture was then stirred at 60 °C for 4 h, it turned violet. 
The resulting solution was concentrated to a small volume 
with a rotary evaporator at ca. 35 °C. To the concentrated 
solution we added an ethanol-ether mixture (1: 1), and the 
whole was kept in a refrigerator overnight. The crude 
product thus obtained was filtered and recrystallized in the 
way described above. On the other hand, the filtrate was 
charged on a column containing Dowex 1 X-8 in the Cl-
form (9x15 cm). By elution with a 0.3 M KCl aqueous 

solution, a broad band consisting of univalent anionic species 
was descended; it was collected in a fraction. This was 
again chromatographed using a column (5 X 30 cm) and 
0.3 M KCl; three violet bands were then separated. They 
were collected in fractions labeled A-l—A-3. The absorption 
spectra of these fractions indicated that the crystals obtained 
prior to the chromatographic separation were identical with 
the species in the A-2 fraction. Each fraction was evaporated 
almost to dryness, the residue being extracted with ethanol. 
After a small amount of water had been added to the 
extracted solution, the whole was kept in a refrigerator until 
crystals separated out. This was successful with the fractions 
A-2 and A-3, crystallization from the A-l fraction being 
unsuccessful because of the poor yield and easy isomerization 
of the species. Yields, ca. 3 g for the A-2 fraction plus the 
crystallized crop and ca. 0.5 g for the A-3 fraction. Found for 
the A-2 complex: C, 35.82; H, 3.02; N, 6.60%. Calcd for 
K[CoC0 3(C 6H 4N0 2) 2] .2H 20: C, 35.62; H, 2.76; N, 6.39%. 
Found for the A-3 complex: C, 36.44; H, 2.57; N, 6.17%. 
Calcd for K[CoC03(C6H4N02)2] -3/2H20: C, 36.37; H, 2.58; 
N, 6.53%. 

Three isomers of the diamminecarbonatopicolinatocobalt-
(III) complex were obtained analogously to those of the 
[CoC03(gly)(NH3)2] complex.3) To a solution of K[Co-
(C03)2(NH3)2].H201) (10 g, 0.037 mol in ca. 20 ml H20) 
we added a solution of the Hpicol ligand (0.05 mol) ; the 
mixture was then stirred at room temperature for 3 h. During 
the reaction, a considerable amount of red-violet crystals 
separated out as the first crop. The crystals were collected 
by filtration, and the filtrate was concentrated to a small 
volume. Ethanol was added to the concentrate, and then 
the whole was cooled in an ice bath, the second crop of the 
crystals being thus obtained. The combined first and second 
crops of crystals were recrystallized from a large quantity 
of hot water (50 °C). 

On the other hand, the filtrate from the second crop of 
crystals was chromatographed on a column containing 100— 
200 mesh Dowex 50W-X 8 resin in the Na-form (4.5 X 25 cm). 
By washing the column with water, the band of unreacted 
[Co(C03)2(NH3)2]- was descended first, followed by the 
three bands of the desired isomers. Since the first-descended 
band was very poor in yield and was found to be identical 
with the crystals separated during the reaction, this portion 
of the eluate was discarded. The second and third bands 
were collected in fractions. Each fraction was concentrated 
to a small volume. After the addition of ethanol, the con­
centrate was kept in a refrigerator overnight. Red needle­
like crystals separated out from the fraction of the second 
band, while pink plates were obtained from the fraction of 
the third band. Yields, ca. 1 g (red-violet crystals), ca. 0.5 g 
(red crystals), and ca. 0.5 g (pink crystals). Found for the 
red-violet crystals: C, 30.53; H, 4.03; N, 14.86%. Calcd 
for [CoC03(C6H4N02)(NH3)2]: C, 30.56; H, 3.66 N, 15.07%. 
Found for the red crystals: C, 27.00; H, 4.87; N, 13.18%. 
Calcd for [CoC03(C6H4N02)(NH3)2] .2H20: C, 27.02; H, 
4.54; N, 13.51%. Found for the pink crystals: C, 28.79; 
H, 4.42 ; N, 14.43%. Calcd for [CoC03(C6H4N02) (NH3)2]. 
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H 2 0 : C, 28.68; H, 4.13; N, 14.34%. 
The absorption spectra were measured with a Hitachi 

Model 323 spectrophotometer. The proton magnetic reso­
nance (PMR) spectra were recorded on a JEOL JNM-PS-
100 NMR spectrometer at ca. 25 °C, using DaO as the solvent. 
The values of the chemical shifts were referred to internal 
sodium </4-trimethylsilylpropionate (TMSP). 

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

T h e absorption spectra in solution for the present 
three kinds of complexes are shown in Figs. 1 and 2. 
The numerical data are summarized in Table 1, the 
data4> on related complexes being included for com­
parison. When the spectral data of the [Co(C03).2-
(picol)]2" complex are compared with those of the 
[Co(ox)2(gly)]2~ complex, a bathochromic shift is 
observed in the spectrum of the dicarbonato complex. 
This shift can reasonably be explained by the facts 
that the C 0 3

2 _ is ranked in a position of the 
spectrochemical series lower than the C 2 0 4

2 - ion, and 
that the picol lies close to the gly ligand in the series.5> 

T h e absorption spectra of the two isomers of the 
[CoC03(picol) 2 ] ~ complex are quite similar to each 
other (Fig. 1); hence, the geometrical configurations 
have not been determined from the spectral data . 
Although another isomer had not been isolated as 
crystals from the eluate, the spectrum of the eluate 
exhibited the first band at 18200 c m - 1 which is rather 
broader than those for the isolated two isomers and the 
second band at 25200 cm- 1 . Concerning the [Coox-
(gly)2]~ complex, Matsuoka et alß reported that one 
somer, whose structure is determined to be trans{N)i 
from the splitting of the first absorption band, corre­
sponds to the first-eluated band in chromatographic 
separation, and that other two isomers, determined 
to be Cx-cis(N) and C2-cis(N) on the basis of the P M R 
spectra, correspond to the second band and the third 

TABLE 1. ABSORPTION SPECTRAL DATA ($ in 103 cm-1) 

v/103 cm-1 

Fig. 1. Absorption spectra 
of; 
a) [Co(C03)2(picol)]2-, b) 
C1-m(JV)-[CoC03(picol)2]-
and c)C2-cis(N)-[CoCOs 

(picol) 2 ] - . 
Short horizontal lines show 
the levels of log e=2.00 
for each the complexes. 

v/103 cm-1 

Fig. 2. Absorption spectra 
of three isomers of [CoC03-
(picol) (NH3)2]; 
a) mer-cis(N) -isomer, b) 
mer-trans(N)-isomer and c) 

fac-isomer. 

Complex 

[Co(G03)2(picol)]2-
[Co(ox)2(gly)]2-4) 
[CoC03(picol)2]-

trans(N) (l)a> 
C^cisiN) (2) 
C2-cis(N) (3) 

[Coox(gly)2]-*> 

trans(N) (1) 

C.-cisiN) (2) 
C2-cis(N) (3) 

[CoC03(picol)(NH3)2] 
mer-cis(NH3) (1) 

mer-trans(NH3) (2) 

Joe (3) 
[CoC03(gly)(NH3)2p 

mer-cis(NH3) (1) 

mer-trans(NH3) (2) 

Jac (3) 

I Band 

»'max 

17.0 
17.9 

18.2 
18.2 
18.4 

16.7 
18.9 
18.3 
17.8 

18.3 

19.2 

18.9 

18.1 

18.7 

18.7 

loge 

2.16 
2.20 

— 
2.19 
2.06 

1.70 
2.00 
2.15 
2.08 

2.02 

2.04 

2.07 

2.03 

2.07 

2.02 

II Band 

W 
24.1 
25.0 

25.2 
25.3 
25.2 

25.8 

25.8 
25.9 

26.8 
25.0(sh) 
28.4(sh) 
26.9 

26.5 
24.9(sh) 
27.3 
26.7 

loge 

2.28 
2.26 

— 
2.27 
2.30 

2.23 

2.24 
2.20 

2.26 

2.23 

2.25 

1.85 
2.13 

a) Numbers in parentheses indicate the elution order. 

band respectively. T h e two isomers isolated in the 
present work exhibit the proton signals due to the 
pyridine rings of picol in the region of à 1A—9.2 ppm. 
T h e patterns were so complicated that the assignments 
of the peaks have not been performed, but the spectrum 
of the isomer from the second eluate exhibited a more 
complex pat tern than that from the third eluate. Con­
sidering these differences in the absorption spectrum, 
in the elution order, and in the P M R spectrum, the 
three isomers are assumed to adopt trans(N), C1-m(iV), 
and C2-cis(N) configurations respectively, according to 
the order of elution. 

T h e characterization of the three isomers of the 
[CoC0 3 (picol) (NH 3 ) 2 ] complex can be made in the 
same way as that used for the isomers of the [CoC0 3 -
(gly)(NH3)2] complex;3) the isomer, exhibiting splitting 
of the second absorption band is identified as that of 
mer-trans(NH3) ; the isomer exhibiting the first absorption 
band with the largest half-width, as that of the mer-cis-
(NH3) isomer, and the remainder, which was obtained 
from the last eluate, as the Jac one. 

References 

1) M. Shibata, Proc. Jpn. Acad., 50, 779 (1974), and 
references therein. 

2) "Organic Syntheses," Vol. 20 (1940), p. 79. 
3) S. Kanazawa and M. Shibata, Bull. Chem. Soc. Jpn., 

44, 2424 (1971). 
4) N. Matsuoka, J. Hidaka, and Y. Shimura, Bull. Chem. 

Soc. Jpn., 40, 1868 (1967). 
5) N. Matsuoka, Y. Shimura, and R. Tsuchida, Nippon 

Kagaku Zasshi, 82, 1637 (1961). 



October, 1977] N O T E S 2809 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 ( 1 0 ) , 2 8 0 9 2 8 1 0 (1977) 

Electrochemical Fluorination of Ethanethiol 
Hajime BABA, Kazuo KODAIRA, Shunji NAGASE, and Takashi ABE 

Government Industrial Research Institute, Nagqya, Hirate-machi, Kita-ku, Nagoya 462 
(Received May 9, 1977) 

Synopsis. The electrochemical fluorination of 
ethanethiol has been carried out. A number of new flu-
oroalkyl sulfur compounds have been isolated and charac­
terized. 

With bivalent sulfur compounds, the electrochemical 
fluorination of alkyl sulfides has frequently been carried 
out,1) but little work has been reported on the electro­
chemical fluorination of thiols.2) The present paper will 
describe the results of a study of the electrochemical 
fluorination of ethanethiol, a study initiated in order 
to examine the possible use of this method for the 
preparation of partially-fluorinated alkyl sulfur com­
pounds. 

The results turned out to be very complex, yielding 
almost all possibly producible fluoroethyl derivatives of 
sulfur hexafluoride, most of them new. However, their 
yields were quite small ( < 13%). The extensive cleavage 
of the carbon-sulfur bond of the thiol was observed 
giving fluorocarbons and sulfur hexafluoride. There 
were also formed dialkyl sulfur tetrafluoride compounds, 
that may be yielded as a consequence of the fragmenta­
tion of the thiol and the combination of the fragments, 
showing the complexity of the nature of the electro­
chemical fluorination of sulfur compounds. l c>f) The 
low yields of the fluorinated products may be ascribed 
partly to the instability of the thiols in hydrogen 
fluoride3) and also to the formation of tar-like materials 
during fluorination. 

TABLE 1. FLUOROALKYL SULFUR COMPOUNDS 

Compound 

CHF2CF2SFS 

CF3CH2SF5 

CHF2CHFSF5 

CHF2CH2SF5 

C2HSSF6 

CH8FCHFSFS 

m-(C2F5)2SF4 

CF3CHFSF4C2F5 

CF3CH2SF4C2F5 

C2F5SF4C2F4SFB 

Bp*> 
(°C) 

31.6 
39.5 
48.0 
56.0 
59.6 
62.2 
71.7 
81.4 
88.6 

132.0 

iff 

< 1 . 2 8 
< 1 . 2 8 

1.2866 
1.2967 
1.3114' 
1.3048 
1.2832 
1.2870 
1.2941 
1.3057 

Elemental analysisb) 

c (%) 
10.63(10.53) 
11.55(11.43) 
11.57(11.43) 
12.25(12.50) 
15.56(15.38) 
12.72(12.50) 
13.81(13.88) 
14.63(14.64) 
15.26(15.49) 
10.77(10.58) 

H ( % ) 

0.70(0.44) 
0.95(0.96) 
1.16(0.96) 
1.75(1.58) 
3.67(3.23) 
1.77(1.58) 

0.50(0.31) 
0.85(0.65) 

! 
F (%) 

74.6(75.0) 
72.4(72.4) 
72.9(72.4) 
69.0(69.2) 
60.5(60.9) 
69.1(69.2) 
76.4(76.9) 
74.7(75.3) 
73.0(73.5) 
75.2(75.3) 

a) Recorded, uncorrected, at atmospheric pressure. 
b) The calculated values are given in parentheses. 

The physcial constants and elemental analyses of the 
new sulfur-containing compounds are listed in Table 1. 
From the kinds of the products, such as CF 3CH 2SF 5 , 
CHF 2CH 2SF 5 , and C2H5SF5 , it may be said that, during 
the fluorination, the sulfur atom in the thiols is oxidized 
to the sexivalent state, mainly in the initial stage of the 
fluorination, before the fluorination of the alkyl group 
is complete, as has been shown in the fluorination of 
alkyl sulfides.lb>c'f> 

The 19F N M R spectroscopy was particularly useful in 
the structure determination of these kinds of com­

pounds.4»5) For example, fluoroethylsulfur pentafluorides 
could be confirmed by indicating the presence of two 
differently shielded types of fluorine nucleus bonded to 
the sulfur in the correct intensity ratio of 1: 4 in the 
regions expected. The axial fluorine nuclei are more 
shielded than the equatorial fluorine nuclei. The 
19F and 1 H N M R data are shown in Table 2. Except 
for the case of bis (pentafluoroethyl) sulfur tetrafluoride, 
the trans configuration of the dialkyl groups of disub-
stituted derivatives of sulfur hexafluoride was confirmed: 
all of the - S F 4 - fluorine atoms are equivalent, showing 
a single multiplet expected for only the trans-isomer. 

The bis (pentafluoroethyl) sulfur tetrafluoride obtained 
was found to be a mixture of eis (A2B2X4Y6 system)- and 
trans (A4X4Y6 system)-isomers in an approximate ratio 
of 1: 6, which could be resolved by gas chromatography. 
For the trans-isomer, the - S F 4 - signals are a multiplet 
centered at —26.7 p p m (in CC14, with respect to 
internal CC13F). I n the case of the cw-isomer, in the 
sulfur-fluorine regions, two triplets of multiplets of an 
equal intensity, centered at —21.8 and —61.4 ppm, are 
exhibited. The coupling interaction between SF a x and 
SF e q is 89.5 Hz. This is the first example of the forma­
tion and identification of the m-isomer of bis(perfluoro-
alkyl) sulfur tetrafluoride in the electrochemical fluorina­
tion. Only the trans-isomers have been yielded via the 
electrochemical fluorination of the sulfides. lb_d '4 '5) 

Exper imenta l 

The electrolytic fluorination apparatus and operating 
procedures were similar to those described previously.6) The 
mass spectra were recorded on a Hitachi RMU-7 instrument 
at 70 eV, the 19F NMR spectra, on a Hitachi R-20B instru­
ment at 56.4 MHz, and the 1H NMR spectra, on a Hitachi 
R-22 instrument at 90 MHz. 

A representative run and the results obtained will be 
described below. The sample (25.5 g, 0.410 mol) was 
dissolved in anhydrous hydrogen fluoride (400 ml) in the cell 
and fluorinated under the following conditions: sodium 
fluoride, 20.0 g ; anodic current density, 3.5 A/dm2 (the 
effective surface areas of the anodes and the cathodes were 
both 7.7 dm2); cell voltage, 5.5—6.5 V; cell temperature, 
17— 18°C; electricity supplied, 312 A h (690 min); helium, 
100 ml/min. (Though this flouorination could be carried 
out without using a conductivity additive, the use of sodium 
fluoride increased the yields of partially-fluorinated ethylsul-
fur pentafluorides). The products (75.5 g) obtained were 
rectified into four fractions by means of a low-temperature 
rectification column, and each fraction was then subjected 
to gas-chromatographic analysis using the following stainless-
steel column, 2 m x 3 mm, silica gel ; 4 m X 3 mm, Daifl oil 
3 (20%) on Chromosorb P-AW, 4 m x 3 m m , Silicone DC 
QF-1 (15%) on Chromosorb P-AW. 

The following compounds were obtained (the compositions 
were calculated on the basis of the chromatographic peak 
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Compound Chemical shifts, p p m Coupling constants, Hz 

C H F . / C F ^ S F , 

CF 3
a CH 2 SF 6 

C H a F 2
a C H b F b S F 5 

CH a F 2
a CH 2

b SF 5 

CH 3
a CH 2

b SF 5 

C H 2
a F a C H b F b S F 5 

m-(CF 3
a CF a

b ) 2 SF 4 

CF 3
a CHF b SF 4 CF 2

c -
CF 3

d 

CF 3
a CH 2 SF 4 CF 2

b -
CF3

C 

CF 3
aCF 2

bSF 4CF 2
c -

CF 2
d S'F 5 

F 8 135.1 , F b 101.2, SF e q - 4 1 . 5 , 
SF a x - 6 4 . 9 
H 6 . 1 

F 8 6 5 . 5 , SF e q - 7 0 . 0 , SF a x - 7 6 . 5 
H 4 . 0 

FA 128.8, F | 132.4, F b 175 .1 , 
S F e q - 4 9 . 8 , S F a x - 7 0 . 9 

H a 6 . 0 , H b 5 . 4 

F a 117.3, SF e q - 6 8 . 5 , SF a x - 7 9 . 1 

H a 6 . 2 , H b 3 . 9 

S F e Q - 6 1 . 3 , S F « - 8 4 . 2 
H a 1.5, H b 3 . 7 

F a 2 3 2 . 1 , F b 164.0, SF e q - 4 9 . 1 , 
S F a x - 7 3 . 6 
H a 4 . 8 , H b 5 . 6 

F a 8 1 . 1 , F b 97 .4 , SF a x - 2 1 . 8 , 
S F e q - 6 1 . 4 

F a 7 6 . 1 , F b 170 .1 , F c 97 .7 , 
F d 8 1 . 2 , SF e q - 3 4 . 7 
H 5 . 6 

F a 6 5 . 1 , F b 9 7 . 5 , F c 8 1 . 2 , 
S F e q - 5 3 . 1 
H 4 . 1 

F a 79 .8 , F b 96 .6 , SF e q - 2 8 . 5 , 
F c 9 1 . 8 , F d 9 3 . 6 , S'Feq - 4 4 . 7 , 
S ' F „ - 6 2 . 4 

F a - H 52 .2 , F a - F b 8 . 1 , F a - S F e q 8 . 1 , F b -SF e q 13.0, 
F b - H 5 . 2 , F b - S F a x 5 . 0 , SF a x -SF e q 147.2 
H - F a 5 2 . 1 , H - F b 5 .2 , H - S F e q 0 . 9 

F a - S F e q 10.5, F a - H 8 .7 , S F a x - F a 2 . 1 , SF a
x -SF e q 143.9 

H - F a 8 . 9 , H - S F e q 7 . 3 

F\_B 306 .3 , F a - H a 52 .2 , F%-Fb 12.4, F ^ - S F ^ 9 .4 , 
F l - H b 6 .6 , F a - F b 9 .4 , F | - S F e q 8 . 1 , F | - H b 8 .7 , 

F b _ H b 44 2 ; F b _ H a 6 5 j F b -SF e q 2 . 3 , F b - S F a x 1.8, 
SF a x -SF e q 147.5 
H a - H b 3 . 9 , H b - S F e q 5 . 2 

F a - H a 5 4 . 5 , F a - H b 13.9, F a - S F e q 9 .6 , F a - S F a x 1.5, 
SF a x -SF e q 146.8 
H a - H b 4 . 5 , H b - S F e q 8 . 0 

SF a x -SF e q 143.9 
H a - H b 7 .6 , H a - S F e q 1.5, H b - S F e q 7 .7 

SF a x -SF e q 145.7, others unresolved 

H a - F a 46, H b - F b 46 .2 , H b - F a 25 

F a - S F a x 8 .8 , F a - S F e q 8 .6 , F a - F b 2 . 2 , F b - S F a x 12.0, 
F b -SF e q 9 .9 , SF a x -SF e q 89 .5 

F a - S F e q 10.0, F a - H 5 . 3 , F b - H 4 3 . 3 , F b - F a 9 . 3 , 
F b -SF e q 1.0, F c -SF e q 15.7, F d -SF e q 9 .0 
H - F b 4 3 . 2 , H - F a 5 .2 , H - S F e q 5 .0 

F a - S F e q 10.9, F a - H 8.6, F b -SF e q 16 .3 , F c -SF e q 9 .0 

H - F a 8 . 7 , H - S F e q 7 . 7 

F a - S F e q 8 .8 , F b -SF e q 15 .3 , F c -SF e q 16 .1 , F c - S ' F e q 13.3, 
F d -S 'F e q 16 .1 , F d -SF e q 13.5, F d -S 'F a x 4 . 8 , F d - F c 2 . 3 , 
S 'F a x -S 'F e q 145.7, S ' F a x - F d 4 . 9 , S 'F a x -F c 1.4 

a) CC14 solution, 
internal references. 

b) T h e chemical shifts are in d values 
c) SF e q and SF a x indicate equatorial 

a reas) : Cx and C2 fluorocarbons (29.4 g), SF6 (12.7 g) , n-
C 4 F 1 0 ( 0 . 2 g ) , C 2 H 5 C 2 F 5 (0.3 g) , C2F5SF5ib-c> (12.9 g, 12.8%), 
trans-(C2F5)2SF^) ( L 2 g ) j a - , . ( c 2 F 5 ) 2 SF 4 (0.2 g) , C F 3 C H F -
SF57> (2.9 g), CHF 2 CF 2 SF 5 (0.5 g) , SF5C2F4SF5^) (0.4 g) , 
CF 3 CH 2 SF 5 (9.8 g, 11.3%), C H F 2 C H F S F 6 (1.1 g) , C F 3 C H F -
SF4C2F5 (0.03 g) , CHF 2 CH 2 SF 5 (1.5 g) , C 2 H 5 SF 5 (0.3 g) , 
C H 2 F C H F S F 5 (0.1 g), C2F5SF4C2F4SF6 (0.04 g) , CF 3 CH 2 SF 4 -
C2F5 (0.02 g) , others (1.6 g) . 

trans-(C2Fb)^Fi h a d bp 70.0 °C (lit, lb) bp 70.0 °C) and 
n»° < 1 . 2 8 . 19F NMR: 4 ' 5 ) (CF 3

a CF 2
b ) 2 SF 4 ; F a 80.5, F b 97 .7 , 

SF e q - 2 6 . 7 p p m ; F a - S F e q 8.9. F b - S F e q 14.9, F a - F b 0.6 Hz, 
T h e significant ions from the mass cracking patterns are 

as follows: w- (C 2 F 5 ) 2 SF 4 ; (m/e) 189 [C2F5SF2] , 119 [C 2F 5 ] , 
89 [SF3] , 69 [CF 3 ] . C H F 2 C F 2 S F 6 : {m/e) 127 [SF 5 ] , 101 
[ M - S F 5 ] , 89 [SF 3 ] . CF 3 CH 2 SF 5 : (m/e) 191 [ M - F ] , 127 
[SF5] , 89 [SF 3] , 83 [ M - S F 5 ] , 69 [CF 3 ] . C H F 2 C H F S F 5 : {m/e) 
127 [SF5], 122 [CH 2 SF 4 ] , 89 [SF 3] , 83 [ M - S F 5 ] . CF 3 CHFSF 4 -
C 2 F 5 : (m/e) 119 [C 2 F 5 ] , 101 [C 2 HF 4 ] , 89 [SF3] , 82 [C 2 HF 3 ] , 
69 [CF 3 ] . C H F 2 C H 2 S F 5 : (mle) 127 [SF 5] , 89 [SF3] , 65 
[ M - S F 5 ] . C 2 H 5 SF 5 : (m/e) 127 [SF5] , 89 [SF3] , 70 [SF 2] . 
51 [SF], 29 [ M - S F 5 ] , 28 [ C 2 H J . C H 2 F C H F S F 5 : (m/e) 
127 [SF 6] , 89 [SF3] , 65 [ M - S F 5 ] , 64 [C 2 H 2 F 2 ] . C2F5SF4-
C 2 F 5 SF 5 : (m/e) 189 [C2F5SF2] , 119 [C 2F 5 ] , 100 [C 2F 4 ] , 89 
[SF3] , 69 [CF 3 ] . CF 3 CH 2 SF 4 C 2 F 5 : (m/e) 191 [C 2 H 2 F 3 SF 4 ] , 
153 [C 2 H 2 F 5 S], 119 [C 2F 5 ] , 89 [SF3] , 84 [CH 2 F 2 S] , 83 [C 2 H 2 -
F 3 ] , 70 [SF2] , 69 [CF 3 ] . 

with respect to CC13F for 1 9F, and to T M S for 1H as 
(basal) and axial (apical) fluorine atoms respectively. 
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Synopsis. In order to study the isomerization of 
daphniphylline into isodaphniphylline, l,4-dimethyl-2,8-
dioxabicyclo[3.2.1]octane-4-carboxylic acid (3), a dégrada 
tion product of daphniphylline, was synthesized from the keto 
diester and transformed into the 3-oxacyclopentanones 
(6, 7). 

A Daphniphyllum alkaloid, daphniphylline, undergoes 
isomerization in hydrochloric acid into isodaphniphyl­
line, by which the 2,8-dioxabicyclo[3.2.1]octane struc­
ture is transformed into the 3-oxacyclopentanone 
skeleton. V This paper deals with a model reaction of 
the isomerization, and the synthesis of l,4-dimethyl-2,8-
dioxabicyclo[3.2.1]octane-4-carboxylic acid (3), a deg­
radation product of daphniphylline. 

Condensation of diethyl methylmalonate with 4,4-
ethylenedioxypentanoyl chloride gave the keto diester 
(1), which afforded acetal alcohol (2) on reduction with 
lithium aluminium hydride followed by treatment with 
hydrochloric acid. Oxidation of 2 with potassium 
permanganate gave acetal acid (3), whose I R and N M R 
spectra were identical with those of the authentic 
sample.1) Thus, exo orientation of the hydroxymethyl 
group in 2 is clear. 

For conversion into the 3-oxacyclopentanone skeleton, 
the sodium salt of 3 was converted into the diazo ketone 
(4) accompanied by the chloro ketone (5) with oxalyl 
dichloride followed by treatment with diazomethane in 
ether. Treatment of 4 with methanolic hydrochloric 
acid gave 3-oxacyclopentanone (6), which afforded 
mesylate (7). The I R (3670, 3490, 1762, and 1713 cm- 1) 

o~~o Me 

Me>C-Y^(C00Et)a 

o 

°v\Me CH20H 

Vf9 
OvMe Ç00H 

-0 

Me^ M?* 

Me 

NCH2OR 

T 
6 R = H 
7R=Ms 

Scheme 

and N M R (Ö 2.19 ppm, 3H, s) spectra of 6 are in line 
with the assigned structure. T h e formation of 6, which 
bears the substituents shown in the formula, is explained 
by a nucleophilic attack on the a-keto methylenediazo-
nium group by the 8-oxygen atom in 4 in close proximity. 

An at tempt to convert 5 into 6 by treatment with 30% 
methanolic hydrogen chloride failed, giving isomeric 
ketone (8) instead. T h e doublet proton signal at 4.55 
ppm (-CHC1-) of 8 is due to the long-range coupling 
with H*, indicating endo configuration of the chlorine 
atom. T h e isomerization might proceed through an 
intermediate, which has an enol group bearing the 
chlorine atom trans to the carbon chain. 

By analogy with the conversion of 4 into 6, the 
isomerization of daphniphylline seems to involve an 
intramolecular substitution of the protonated acetoxyl 
group or protonated hydroxyl group (upon hydrolysis) 
by the bridge-oxygen in close proximity. 

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

All melting points and boiling points are uncorrected. The 
NMR spectra were obtained on a JNM-C-60H in CDC13 

solution, with TMS as an internal standard. 
The Keto Diester 1. To a mixture of 17.4 g of diethyl 

methylmalonate, 4.8 g of 50% NaH and 100 ml of ether was 
added a solution of 4,4-ethylenedioxypentanoyl chloride in 
50 ml of ether, prepared from 18.2 g of sodium 4,4-ethyl-
enedioxypentanoate2) and 18.5 g of oxalyl dichoride. After 
being stirred at room temperature for 6 h, the reaction mixture 
was refluxed for 1 h, and worked up in the usual way to 
give 16.8 g (53.2% from the sodium salt) of 1 as a colorless 
oil: bp 148—151 °G/1.2mmHg; IR(neat) 1755 and 1726cm"1; 
NMR Ô 1.30 (3H, s), 1.30 (6H, t, 7 = 7 Hz), 1.63 (3H, 
s), 1.96 (2H, m), 2.74 (2H, m), 3.89 (4H, s) and 4.24 ppm 
(4H, q, 7 = 7 Hz). Found: C, 57.06; H, 7.74%. Calcd for 
C15H2407: C, 56.95; H, 7.65%. 

The Acetal Alcohol 2. A mixture of 22.1 g of 1, 7.6 g 
of LiAlH4 and 250 ml of ether was refluxed for 6 h, and 
then treated with 150 ml of 6 M HCl at room temperature 
overnight. The work-up in the usual way gave 5.1 g (42%) 
of 2 as a colorless oil: bp 109—110 °C/3.2 mmHg; IR (CC14) 
3640 and 3480 cm-1; NMR Ô 0.74 (3H, s), 1.46 (3H, s), 
1.98 (4H, m), 3.22 (1H, s, disappeared on addition of D20), 
3.40 (1H, d, 7 = 1 2 Hz), 3.65 (1H, d, 7 = 1 2 Hz), 3.78 (2H, 
AB-q, 7 = 11 Hz) and 4.18 ppm ( 1 H, m). Found : G, 63.03 ; 
H, 9.43%. Calcd for C9H1 603 : C, 62.76; H, 9.36%. 

The Acetal Acid 3. A mixture of 3.1 g of 2, 0.5 g of 
NaOH, 6.1 g of K M n 0 4 and 85 ml of water was stirred at 
0 °C for 24 h. Work-up in the usual way gave 1.8 g (55%) 
of 3 as colorless plates, mp 144—145 °C (CHC13), whose IR 
(CHC13) and NMR spectra were identical with those of the 
authentic sample. The melting point higher than that of 
the authentic sample (mp 122—123 °C) indicates that the 
synthetic 3 is in a form of racemic compound. 

Transformation of 3 into Chloro Ketone 5 and Cyclopentanone 6. 
To a mixture of 611 mg of the sodium salt of 3, 3 drops of 
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pyridine and 5 ml of benzene was added a solution of 2 ml 
of oxalyl dichloride in 5 ml of benzene. After being left to 
s tand at room temperature for 3 h, the reaction mixture 
was concentrated in vacuo. T rea tment of the residue with 
ethereal d iazomethane (from 5 g of iV-nitrosomethylurea) at 
room tempera ture for 2 days, and then with methanolic 
hydrochloric acid* (2 ml of 1 M H C l in 3 ml of M e O H ) 
at room temperature for 10 min gave an oily product , which 
was chromatographed on 5 g of silica gel. Elution with 
CHC1 3 afforded 120 mg (19%) of 5 as colorless needles: 
m p 76—77 °G (in a sealed tube, diisopropyl ether) ; I R 
(Nujol) 1730 c m - 1 ; N M R Ô 0.92 (3H, s), 1.47 (3H, s), 2.02 
(4H, m) , 3.60 (1H, d, y - 1 2 Hz) , 4.23 (1H, q, J = 1 2 and 
2 Hz) , 4.6 (1H, m ) , and 4.64 p p m (2H, s ) ; M S (70 eV), 
m/e, 218 (M+), 183 and 141. F o u n d : C, 55.23; H , 7 .24%. 
Calcd for C 1 0H 1 5O 3Gl: C, 54.93; H , 6 . 9 1 % . Elution with 
5 % M e O H - G H G l 3 gave 163 mg (28%) of 6 as a colorless 
oil; I R (CHC13) 3670, 3490, 1762, and 1713 c m - 1 ; N M R 
«5 1.07 (3H, s), 2.00 (2H, m) , 2.19 (3H, s), 2.59 (1H, s, dis­
appeared on addit ion of D 2 0 ) , 2.73 (2H, m ) , 3.69 (2H, s), 
3.84 (1H, m) , 3.88 (1H, d, y = 1 7 H z ) and 4.12 p p m (1H, 
d, J = 1 7 H z ) ; M S (70 eV), m/e, 170 ( M + - 3 0 ) , 152, 113, 
and 112. 

The Mesylate 7. T rea tment of 127 mg of 6 with 0.3 ml 

* 5 was also obtained on t reatment with A c O H instead 
of methanolic hydrochloric acid. 

of methanesulfonyl chloride in 1 ml of pyridine a t room 
temperature for 3 h gave 54 mg (31%) of 7 as colorless plates: 
m p 90—91 °C ( E t O H ) ; I R (Nujol) 1759, 1710, 1348, and 
1176 c m - 1 ; N M R Ô 1.21 (3H, s), 2.01 (2H, m) , 2.21 (3H, s), 
2.73 (2H, m) , 3.03 (3H, s), 3.88 (1H, q, J = 9 and 5 Hz) , 
3.95 (1H, d, J= 17 Hz) , 4.15 (1H, d, J= 17 Hz) , and 4.23 ppm 
(2H, s ) ; M S (70 eV), m/e, 278 (M+), 221 and 191. Found : 
C, 47.30; H, 6 .55%. Calcd for C u H 1 8 O e S : C, 47.47; H , 
6.52%. 

Isomerization of the Chloro Ketone 5. A solution of 51 mg 
of 5 in 5 ml of 3 0 % methanolic hydrogen chloride was 
refluxed for 3 h. Evaporat ion in vacuo and subsequent cry­
stallization from benzene-hexane gave 31 mg (61%) of 8 as 
colorless needles: m p 86—88 °C (in a sealed tube) ; I R (CC14) 
3610, 3580 and 1720 c m - 1 ; N M R ô 1.42 (3H, s), 1.60 (3H, 
s), 1.7—2.2 (5H, m) , 3.65 (2H, AB-q, J = 1 2 Hz) , 4.20 (1H, 
q, 7 = 5 and 2 Hz) and 4.55 p p m (1H, d, 7 = 2 H z ) ; M S 
(70 eV), m/e, 218 (M+), 183 and 165. Found : G, 54.77; 
H, 7 .01%. Calcd for C 1 ( JH 1 50 3C1: C, 54.93; H , 6 . 9 1 % . 

R e f e r e n c e s 

1) H . Ir ikawa, N . Sakabe, S. Y a m a m u r a and Y. Hira ta , 
Tetrahedron., 24, 5691 (1968). 

2) C. K. Warren and B. C. L. Weedon, J. Chem. Soc, 
1958, 3972. 



October, 1977] N O T E S 2813 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (10 ) , 2 8 1 3 2 8 1 4 (1977) 
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Synopsis. The 13C NMR spectra of thirteen methyl 
substituted 1,3-dioxolanes were measured. The carbon 
chemical shifts of the methyl groups imply that the 1,3-
transannular nonbonded interaction of the methyl groups 
is negligible, except in the cases of 2,2,4-trimethyl- and 
2,2,4,5-tetramethyl-1,3-dioxoIanes. 

Various attempts have been made to determine the 
configurations of dimethyl-1,3-dioxolanes by means of 
the physical constants, such as the boiling point1) or the 
reflactive index.2) Kametani and Sumi have determined 
the steric configurations of some di- and trimethyl-1,3-
dioxolanes by means of the 1H N M R spectra.3) In this 
investigation the 13C N M R spectra of methyl-substituted 
1,3-dioxolanes were measured in order to probe the 
influence of stereochemistry on the carbon chemical 
shifts of these compounds. 

Conformation of 1,3-dioxolane. 

The carbon resonance for one of the methyl groups of 
aj--2,4-dimethyl- 1,3-dioxolane (cis-5) that which appear­
ed at «9 20.2 is assigned to the 2-methyl carbon, and at 
Ô 18.9, to the 4-methyl one, on the basis of the chemical 
shifts of 2-methyl- (2) and 4-methyl-1,3-dioxolanes (3). 
The chemical shifts for the methyl groups of trans-5 
are similar to those of cis-5. The 1,3-transannular 
nonbonded interaction between 2- and 4-methyl groups 

of cis-5 is practically negligible because of the high 
flexibility of the five-membered ring system.4) A similar 
observation was made in the 13G N M R spectra of 
stereoisomeric 1,3-dimethylcycIopentanes.4) The carbon 
resonances for the methyl groups of a'i--4,5-dimethyl-1,3-
dioxolane (cis-6) moved upfield by 2.2 ppm compared to 
that of trans-6. Such upfield shifts may be due to the 
dihedral angle of the two vicinal methyl groups of 
cis-6 being smaller than that of trans-6.5) In the case of 
2,4,5-trimethyl- 1,3-dioxolanes (7) the carbon resonances 
for the methyl groups appeared in two separate regions 
of the magnetic fields, at Ô 20.7—21.3 and 14.3—17.4. 
Comparing the carbon chemical shifts for the methyl 
groups of 2, 5, and 6, the signals in the former region are 
found to be of the 2-methyl, while those in the latter 
are of the 4- and 5-methyl carbons. Since the carbon 
chemical shifts for the 2-methyl groups of trans-2,2,4,5-
tetramethyl-1,3-dioxolane (trans-9) are ô 21 A, the 
signal of 2,2,4-trimethyl-1,3-dioxolane (8) a t ô 27.2 is 
assigned to the methyl group eis, and that at ô 25.9, 
to the one trans, to the 4-methyl group. Much as in the 
case of 8, the methyl carbon resonance of the cis-9 a t 
ô 28.7 is ascribed to the one eis to the methyl group at the 
4- and 5-positions. T h e chemical shifts for one of the 
2-methyl groups of 8 and cis-9 are the same as those for 
the methyl groups of 2,2-dimethyl-1,3-dioxolane (4)> 
while the chemical shifts for the alternative methyl 
groups eis to the 4-methyl one moved downfield 
by 1.5—3.0 ppm. This indicates the presence of a 
1,3-transannular nonbonded interaction between 2-, 
and 4- and/or 5-methyl groups in the compounds which 
have two methyl groups at the 2-position. Although 
the two 2-methyl groups of trans-9 are indistinguishable 

TABLE 1. 13C CHEMAICAL SHIFTS OF METHYL-1,3-DIOXOLANES 

1,3-Dioxolane 

Parent (1) 
2-Methyl- (2) 
4-Methyl- (3) 
2,2-Dimethyl- (4) 
m-2,4-Dimethyl- (cis-5) 
/ra«j--2,4-Dimethyl- (trans-5) 
cw-4,5-Dimethyl- (cis-6) 
fom.y-4,5-Dimethyl- (trans-6) 
r-2,o4,c-5-Trimethyl- (r-2, cA, 
r-2,c-4,f-5-Trimethyl- (r-2, cA, 
r-2,f-4,f-5-Trimethyl- (r-2, tA, 

2,2,4-Trimethyl- (8) 

m-2,2,4,5-Tetramethyl- (cis-9) 

c-5-7) 
t-5-7) 
t-5-7) 

/ran^-2,2,4,5-Tetramethyl- (trans-9) 

2-Me 

19.8 

25.7 
20.2 
20.2 

20.9 
20.7 
21.3 
27.2(c)a) 

25.9(/)b) 

28.7(c) 
25.8(0 
27.4 

4-Me 

18.1 

18.9 
18.5 
14.7 
16.9 
15.6 
17.4 
14.3 

18.6 

15.6 

16.9 

5-Me 

14.7 
16.9 
15.6 
17.2 
14.3 

15.6 

16.9 

C-2 

95TÎ 
101.7 
95.0 

108.5 
101.6 
100.7 
93.6 
94.0 

100.3 
100.2 
99.6 

108.7 

107.2 

107.4 

C-4 

64/7 
65.0 
72.3 
64.5 
73.0 
71.8 
74.1 
78.8 
74.8 
80.0 
74.3 

72.0 

74.0 

78.3 

C-5 

6477 
65.0 
71.0 
64.5 
71.0 
72.0 
74.1 
78.8 
74.8 
78.2 
74.3 

70.9 

74.0 

78.3 

a) cis to the 4-methyl group. b) trans to the 4-methyl group. 
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in 13C N M R , the carbon resonance at «5 27.4 implies 
the presence of the 1,3-transannular nonbonded interac­
tion. 

Exper imenta l 

NMR Spectra. The 13C FT-NMR spectra were ob­
tained at 25.15 MHz with a JEOLJNM-MH-100 instrument 
equipped with a JNM-MFT-100 Fourier transform accessory. 
Samples were observed in 5-mm spinning tubes with 2 5 ± 5 % 
solutions in CDC13 at 24 °C. All the chemical shifts are 
expressed in ô (ppm downfield from the internal TMS). 
Each observed chemical shift is estimated to be accurate to 
<5±0.1. 

1,3-Dioxolanes. The compounds employed in this 
study were prepared by the methods of Dauben et a/.6> and 
Carmack and Kelley:7) 1, bp 74— 76 °C; 2, bp 81—83 °C, 
3, bp 82—85 °C; 4, bp 92—93 °C; 5, bp 91 °C, separated by 
preparative GLC; 6, bp 74—85 °C, separated by preparative 
GLC; 7, bp 80—90 °C, separated by preparative GLC; 

8, bp 95—98 °G; 9, bp 67—69 °C, separated by preparative 
GLC. All the compounds were checked by analytical GLC 
and by means of the IR and XH NMR spectra. 
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Synopsis. Fluorine-containing cyclobutane deriva­
tives, 1-benzyl-1,2,2,3,3,4,-hexafluorocyclobutane (1) and 
l,5,6,6,7,7-hexafluorobenzo[2,3]bicyclo[3.2.0]hept-2-ene (2), 
were synthesized in one step by the radical reaction of toluene 
and hexafluorocyclobutene. On the other hand, a similar 
reaction of toluene and 1,2-dichlorotetrafluorocyclobutene 
gave no adduct, but a substituted product, l-benzyl-2-
chlorotetrafluorocyclobutene (4). 

In earlier papers, the radical addition reactions of 
such compounds as alcohols, ethers, and aldehydes to 
hexafluorocyclobutene (HFCB) and 1,2-dichlorotetra-
fluorocyclobutene (CFCB) have been reported to give 
the corresponding 1: 1 adducts or their dehydro-
chlorinated products.1) However, no investigation is 
known into the addition of aromatic compounds to 
these fluorocyclobutenes. In the present work, we 
carried out a di-f-butyl peroxide-induced reaction of 
toluene to HFCB and CFCB as a par t of our synthetic 
studies of the free-radical addition of aromatic com­
pounds to fluoro olefins.2»3) 

Two different reaction conditions, Methods A and B, 
were employed. In Method A, excess toluene to fluoro-
cyclic olefins and small amounts of DTBP were used, 
whereas in Method B, equimolar amounts of toluene 
and cyclic fluoro olefins were reacted in the presence of 
large amounts of DTBP in an inert solvent. T h e condi­
tions employed in Method A had been found suitable 
for the synthesis of 1: 1 adducts, and those in Method 
B, for the preparation of cycloadducts.2) 

Addition Reaction of Toluene to Hexafluorocyclobutene. 

Fv ,F , 
>-CH9 

_/* 2 DTBP 

+ F / _ ~XF, 

- C H , 

n/ _VF, + 
y \ . 
\/\À ~XF, 

The reaction of toluene and HFCB by Method A 
afforded l-benzyl-l,2,2,3,3,4-hexafluorocyclobutane (1) 
as a 1: 1 adduct in a 25.6% yield, together with 1,5,6,-
6,7,7-hexafluorobenzo[2,3]bicyclo[3.2.0]hept-2-ene (2) 
as a cycloadduct in 1.7% yield. The GLC of 1 indicated 
the presence of two stereoisomers in the ratio of 86: 14. 
The mass and I R spectra of these isomers give an 
almost identical pattern, and the N M R spectra show 
complex splitting due to H - F and F - F coupling. T h e 
assignment of their configurations is made on the basis 
of the internal chemical shift values between two non-
equivalent fluorine atoms of CF 2 groups. T h e signals 
of the fluorine atoms of the CF 2 groups of the predomi­
nant isomer appear in the AB quartet (43.1 ppm, 55.3 
ppm, Jffl=226 Hz) and are nearly equivalent as a 
broad singlet (50.5 ppm) . Those of the other isomer 

appear in two AB quartets (39.4 ppm, 55.6 ppm, 
yF!.e

F
m=226Hz and 47.4 ppm, 53.4 ppm, /pÇ?F

m=226 
Hz) . The fluorine chemical shifts in the cyclobutane 
series can be predicted by considering the electric-field 
effect of the neighboring substituents.4) Since, in the 
«j-isomer, the electric-field effect of the substituents is 
additive on the same geminal fluorine nucleus, whereas 
in the trans-isomer this effect is partially compensated 
for, the cis-isomer should show a greater non-equivalence 
of the fluorine atoms of CF 2 groups than does the trans-
isomer. Therefore, the predominant isomer is estimated 
to have the /ranj-configuration, in which a hydrogen and 
a benzyl group are on opposite sides of the plane of the 
four-membered ring. As will be mentioned later, the 
configuration of the trans-isomer is supported by the 
N M R spectrum of its oxidized product. 

In order to increase the yield of the cycloadduct (2), 
the reaction was carried out by Method B. However, 2 
was obtained in only a 4 .9% yield, together with 1 
(3.9% yield) and large amounts of a high-boiling 
residue. As compared with Method A, the yield of 1 in 
Method B decreased markedly, whereas that of 2 
increased, though only slightly. The low yield of 2 may 
be due to the instability of the strained structure with 
the fused four-, five-, and six-membered ring. 

l-Benzyl-2-methylhexafluorocyclobutane (3) was 
obtained as a by-product in a 2 .7% yield. T h e mecha­
nism for the formation of 3 may be explained in terms 
of the coupling of the benzyl radical and the 2-methyl-
1,2,3,3,4,4-hexafluorocyclobutyl radical generated by 
the addition of a methyl radical to HFCB. 

Although a similar reaction of cumene and HFCB 
was at tempted, most of the HFCB was recovered and 
neither 1: 1 adduct nor cycloadduct was obtained, 
presumably because of the steric hindrance of methyl 
groups 

Addition Reaction of Toluene to 1,2-Dichlorotetrafluoro-
cyclobutene. T h e reaction of toluene and CFCB 
gave benzyl chloride and 1-benzyl-2-chlorotetrafluoro-
cyclobutene (4). T h e corresponding 1: 1 adduct was 
not obtained. In Method A, the conversion of CFCB 
was low (14.5%) and the yield based on the amounts 
of CFCB consumed was 48.4%. In Method B, 28.4% 
of the CFCB was consumed and 4 was obtained in a 
12 .1% yield. 

O -GH3 + 

Thus, the substitution of a vinylic chlorine by a 
benzyl group occurred in the reaction of CFCB. The 
product, 4. is probably formed by the chlorine elimina­
tion from an intermediate radical generated by the 
addition of a benzyl radical to CFCB. The different 
behavior between H F C B and CFCB in the radical 
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reaction with toluene seems to be due mainly to the 
difference in the carbon-halogen bond dissociation 
energy. Similar chlorine-substituted products have been 
reported to be obtained by the radical reaction of 
alkylbenzenes and chloro olefins.5) 

Oxidation of the Adducts. The methylene groups 
of 1 and 2 were oxidized to carbonyl groups. T h e 
oxidation of 1 by chromium trioxide afforded 1-benzoyl-
1,2,2,3,3,4-hexafluorocyclobutane (5) in a 72.9% yield. 
T h e N M R spectrum of 5 is more simple than that of 1. 
The trans configuration is also supported by a comparison 
of the chemical shifts and coupling constants of 5 with 
those of the 1: 1 adduct which was obtained from the 
photochemical stereospecific trans-addition of trichloro-
silane and HFCB.6) A similar oxidation of 2 also gave 
1,5,6,6,7,7-hexafluorobenzo [2,3]bicyclo [3.2.0]hept-2-
en-4-one (6). An at tempt to oxidize 4 was unsuccessful 
and gave only small amounts of benzoic acid. T h e 
oxidation of the double bond took place in the case of 4. 

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

Addition Reaction of Toluene and Hexafluorocyclobutene. 
Method A: A mixture of toluene (115 g, 1.25 mol), HFGB 
(53 g, 0.327 mol), and DTBP (7.5 g, 0.051 mol) was heated 
at 130—140 °C for 24 h. After the recovery of unchanged 
HFGB (11.4g; conversion, 78.5%), the liquid product was 
distilled in vacuo. A crude 1: 1 adduct (16.8 g) and a high-
boiling residue (6.2 g) were obtained. Three components, 
two stereoisomers of the 1: 1 adduct and a cycloadduct, 
were detected by GLC in the ratio of 80.5: 13.0: 6.5. They 
were separated by preparative GLC. 

Trans-\-Benzyl-1,2,2,3,3,4-hexafluorocyclobutane (13.5 g, 
20.6% yield): mp 30.8 °C; bp 188 °C; NMR (50% CC14 

solution) Ô 7A4 (5H, s), 3.13 (2H, d-m, 25.2 Hz), 4.92 (1H, 
d-m, 48.6 Hz), 92.3 (IF, m), 135.8 (IF, d), 43.1 and 55.3 
(2F„AB, 226 Hz), 50.5 (2F, broad s); Found: C, 52.01; H, 
3.22%. Calcd for C nH 8F 6 : C, 51.98; H, 3.17%, cis-l-
benzyl-l,2,2,3,3,4-hexanuorocyclobutane (2.2 g, 3.3% yield): 
bp 200 °C; n™ 1.4363; d? 1.385; NMR (20% CC14 solu­
tion) (5 7.1—7.4 (5H, m), 3.11 (2H, d-m, 25.2 Hz), 4.75 
(1H, d-m, 50.8 Hz), 110.0 (IF, t-m), 138.8 (IF, d-m), 
39.4 and 55.6 (2F, AB, 226 Hz), 47.4 and 53.4 (2F, AB, 
226 Hz); Found: C, 52.08; H, 3.07%. Calcd for CUH8F6: 
G, 51.98; H, 3.17% and l,5,6,6,7,7-hexafluorobenzo[2,3]-
bicyclo[3.2.0]hept-2-ene (1.1 g, 1.7% yield): bp 199 °C; »g 
1.4442; d? 1.438; NMR (50% CCld solution) à 7A—-7.5 
(4H, m), 3.2—3.7 (2H, AB), 112.3 (IF, m), 97.0 (IF, m), 
47.1 and 53.6 (2F, AB, 218 Hz), 40.6 and 52.1 (2F, AB, 
226 Hz); Found: C, 52.39; H, 2.68%. Calcd for C nH 6F 6 : 
C, 52.40; H, 2.40%. 

Method B: A solution of toluene (46.1 g, 0.500 mol), 
HFCB (80.0 g, 0.494 mol) and DTBP (75 g, 0.513 mol) in 
1,1,2-trichlorotrifluproethane (187 g, 1.00 mol) was heated at 

temperatures gradually rising from 130 °C to 160 °C for 
about 6 h. The product was separated by vacuum distil­
lation and preparative GLC to give 1 (4.9 g, 3.9% yield), 2 
(6.1 g, 4.9% yield), and l-benzyl-2-methylhexafluorocyclobu-
tane7> (3.6 g, 2.7% yield; bp 198—202 °C; «g 1.4325; d? 
1.322; Found: C, 53.83; H, 3.99%. Calcd for C12H10F6: C, 
53.74; H, 3.76%), together with a high-boiling residue (57 g). 

Addition Reaction of Toluene and 1,2-Dichlorotetrafluorocyclobutene. 
Method A: By a procedure similar to that described above, 
the reaction of toluene (115 g, 1.25 mol), CFCB (60.8 g, 
0.312 mol), and DTBP (7.5 g, 0.051 mol) gave benzyl chlo­
ride (3.6 g), l-benzyl-2-chlorotetrafluorocyclobutene (5.5 g, 
48.4%; bp 209 °C; ng 1.4687; d? 1.321; IR vc=c 1655 cm-1; 
NMR (50% CC14 solution) ô 7.0—7.2 (5H, m), 3.49 (2H, 
t-m, 2.6 Hz), 36.6 and 37.9 (4F, AA'BB'); Found: C, 52.76; 
H, 3.25%. Calcd for CUH7C1F4: C, 52.72; H, 2.82%), and 
a high-boiling residue (2.3 g). 

Method B: By a procedure similar to that described above, 
the reaction of toluene (46.1 g, 0.500 mol), CFCB (97.5 g, 
0.500 mol), and DTBP (75 g, 0.513 mol) in 1,1,2-trichloro-
trifluoroethane (187 g, 1.00 mol) gave benzyl chloride (12.7 g), 
4 (4.3 g, 12.1% yield), and a high-boiling residue (23.4 g). 

Oxidation of the Adducts. 1-Benzqyl-1,2,2,3,3,4-hexafluoro-
cyclobutane (5) : To a solution of chromium trioxide (3.0 g, 
0.030 mol) in water (5 ml), a solution of 1 (2.6 g, 0.010 mol) 
in glacial acetic acid (15 ml) was added. The mixture was 
then refluxed for 16 hr and poured into an ice-cooled aqueous 
sodium hydrogen sulfite solution. Dichloromethane (100 ml) 
was then added, and the organic layer separated was washed 
and dried over magnesium sulfate. The solvent was allowed 
to evaporate to give an oily residue (2.6 g), which contained 
5, together with small amounts of unchanged 1. Further 
purification was done by preparative GLC to give pure 5 
(2.0 g, 72.9% yield): bp 215 °C; «2

D° 1.4530; d? 1.467; IR 
vc=0 1705 cm-1; NMR (50% CC14 solution) <5 7.2—7.9 (5H, 
m), 5.44 (1H, d-m, 48.6 Hz), 85.9 (IF, m), 132.2 (IF, d), 
38.1 and 57.5 (2F, AB, 226 Hz), 46.9 (2F, broad s); Found: C, 
49.19; H, 2.24%. Calcd for C u H 6 OF 6 : C, 49.27; H, 2.26%. 

/, 5, 6, 6, 7, 7-Hexafluorobenzo[2,3]bicyclo[3. 2. 0]hept-2-en-4-one 
(6) : By a similar procedure, the oxidation of a mixture 
(1.3 g) of 1 (40%) and 2 (60%) by chromium trioxide (2.0 g) 
gave a mixture (1.2 g) of 5 and 6. They were separated 
by preparative GLC to give 6: n£ 1.4629; IR vc=0 1754 cm-3 ; 
NMR (5% CC14 solution) ô 7.6—8.0 (4H, m), 105.8 (IF, 
t-d-d), 123.3 (IF, d-d-d-d), 35.5 and 51.3 (2F, AB, 209 
Hz), 40.2 and 49.1 (2F, AB, 226 Hz); Found: C, 49.58; H, 
1.63%. Calcd for C u H 4 OF 6 : C, 49.64; H, 1.51%. 
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Synopsis. 3-Alkyl-, 3-aryl-, and 3-deuteriotropili-
denes are prepared in 21—29% yields by the dehydration 
of the corresponding 1-substituted 2,6-cycloheptadienols with 
boric acid. The present method provides an unambiguous 
route to the title compounds. 

Several methods have been proposed for the synthesis 
of 1-, 2-, or 3-substituted tropilidenes. The relatively 
simple ones include: (a) the reaction of substituted 
tropylium ions with metal hydrides,1) (b) the thermal2) 
or photochemical3) isomerization of 7-substituted 
tropilidenes, and (c) the ring-expansion of aromatic 
compounds with carbene.4) However, such methods 
generally afford a mixture of isomeric substituted 
tropilidenes which are separated from each other only 
with considerable difficulty because of the similarity 
of the boiling points. Previously we reported an unam­
biguous route to 3-alkyl-2,4-dimethyltropilidenes which 
involves the addition of alkyllithiums to 2,7-dimethyl-
2,6-cycloheptadienone and the subsequent dehydration 
of l-alkyl-2,7-dimethyl-2,6-cycloheptadienols in the 
presence of boric acid.5) In the present work the 
method has been applied to 2,6-cycloheptadienone ( I ) , 
utilizing lithium aluminum deuteride or various alkyl-
and phenyllithiums, in the hope of exploring a selective 
route to 3-substituted tropilidenes (III) (Eq. 1). 

(1) 

The alcohols (II) were obtained in approximately 
quantitative yields except for the cases of R = z - P r or 
/-Bu.6) The dehydration of the crude alcohols with 
boric acid,7) followed by a single distillation, afforded 
3-substituted tropilidenes (III) in a greater than 9 6 % 
purity. The results of the synthesis are shown in Table 1. 
Although the yields of III are generally low (21—29%) 
because of the formation of polymers during dehydra­
tion, the excellent purity of the tropilidenes permits the 
use of the method applicable to the unambiguous 
synthesis of I I I . I t should be noted that the present 
method provides a unique route to highly pure tro-
pilidene-3-öf, which has never been accessible by any 
other methods. 

For comparison, the dehydration of l-methyl-2,6-
cycloheptadienol with boric anhydride, oxalic acid, or 
potassium bisulfate was examined. I t was found that 
boric anhydride works much like boric acid, whereas 
oxalic acid and potassium bisulfate give 3-methyl-
tropilidene in a purity of 8 9 % in each case, the impurities 

TABLE 1. RESULTS OF THE SYNTHESIS OF 

3-SUBSTITUTED TROPILIDENES 

Lithium 3 _ S u b s t i t u e n t Yields Purity 
compound % % 

Boiling point 
°C (Torr) 

LiAlH4 

LiAlD4 

MeLi 
Z-PrLi 
oPrLi 
PhLi 

H 
D 
Me 
*-Pr 
c-Pr 
Ph 

24 
29 
25 
21 
24 
29 

— 
100b> 
96°»d> 
97c,d) 
97c,d) 
9 9 e , d ) 

115—116 
115—116 
45— 48(21) 
99—100(50) 
58— 62 (70) 

137—139 ( 3) 

a) Overall isolated yield, b) Determined by NMR. 
c) Determined by GLG. d) Preparative GLC is 
required for further purification. 

being difficult to separate by repeated distillations. 
The extension of the present method to the selective 

synthesis of 1-substituted tropilidenes was attempted 
starting with 3,5-cycloheptadienone, but such an 
application was found not to be straightforward, since 
3,5-cycloheptadienone, when treated with methyl-
lithium, afforded the corresponding alcohol in a low 
yield (31%) and the rest of the starting ketone was 
recovered unchanged. Presumably the enolization of 
3,5-cycloheptadienone is preferable to the addition 
reaction in the presence of methyllithium. 

T h e present method has been successfully applied to 
the preparation of mixtures of isomeric disubstituted 
tropilidenes as the precursors of 1,2-disubstituted 
tropylium ions; the work will be reported elsewhere, 
together with the results of the one-electron reduction 
of substituted tropylium ions with chromium (II).8) 

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

Materials. 2,6- and 3,5-Cycloheptadienones were 
prepared by the procedure of Garbisch.9* 

1-Substituted 2,6-Cycloheptadienols (II). 2,6-Cyclohepta-
dienone was treated with a 30% excess amount of the appro­
priate lithium compound in anhydrous ether at 0—20 °C, 
except that the reaction with f-butyllithium was conducted 
at — 72 °G. For isopropyllithium, pentane was used in place 
of ether as the solvent.10) The NMR spectra of the crude 
product showed that all the lithium compounds, except for 
isopropyl- and f-butyllithium, gave the expected alcohols 
(II) in approximately quantitative yields. Isopropyllithium 
afforded a mixture composed of the expected alcohol and 
unidentified ketones, which were presumably formed by the 
1,4-addition reaction. A detailed characterization of the 
products has not been carried out. /-Butyllithium failed 
to give l-£-butyl-2,6-cycloheptadienol, as demonstrated by 
the IR spectrum of the crude product; instead, it afforded 
a mixture of unidentified ketones and ether-insoluble polymers. 
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TABLE 2. NMR SPECTRA OF 3-SUBSTITUTED TROPILIDENES 

[Vol. 50, No. 10 

3-Substituent 
R 

Ö, ppm CC14, 60 MHz) 

H - l H-2 H-4 H-5 H-6 H-7 R 
Coupling constant, Hz 

D 

Me 

î'-Pr 

c-Pr 

Ph 

5.25 6.12 

«*5.20 5.92 

«*5.23 6.02 

«*5.15 5.75 

«*5.37 6.28 

6.48 

6.28 

6.32 

6.21 

6.80 

6.05 

5.97 

6.00 

5.25 

.5.20 

.5.23 

5.89 «*5.15 

6.17 «.5.37 

2.20 

2.17 

2.15 

2.12 

2.25 

2.03 s 

l . lOd 
2.50m 
0.63m 
1.57m 

7.25m 

71.1 = 75.6 = 9-0 7l.7=78.7 = 6.4 
74.5 = 3-0 
7 i . i=7 i . i=9 -2 7i .7=78 .7=6-2 
74.5 = 6.0 
7i .2=75 .6=9-2 y 1 ( 7 =y 6 > 7 =6.6 
74.5 = 6.0 
7 i . i = 7 i . t = 9 . o y 1 ( 7 =y 6 > 7 =6.0 
74.5 = 6-0 
7i . .=7« . i=8 .6 7 I . T = 7 « . 7 = 7 . 0 
74 .5=6.0 

In each ease the crude product was used in the dehydration 
step without furthes purification. 

Dehydration of 1-Substituted 2,6-Cycloheptadienols. Crude 
1-substituted 2,6-cycloheptadienol prepared from 20 mmol 
of 2,6-cycloheptadienone was mixed with pulverized boric 
acid (20 mmol) in a short test tube provided with a glass 
tube connected to a receiver, and the mixture was heated in an 
oil bath at 150 °C for five min. The pressure of the system 
was gradually reduced until the products distilled out and 
thereafter kept constant. The temperature of the oil bath 
was then gradually raised to 200 °C. The distillate was 
extracted with ether, dried, and subjected to distillation. 
The structure of the 3-substituted tropilidenes was determined 
by means of NMR; the data are shown in Table 2. 
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Synopsis. The electronic absorption spectrum of 
sodium 4-nitrophenoxide was determined in 21 solvents of 
varying polarities by the aid of the ability of 15-crown-5 
ether to solubilize the salt in nonpolar solvents. These 
spectra showed a marked difference between hydroxylic 
solvents and nonhydroxylic solvents. A possible interpreta­
tion for this difference is presented. 

In the course of our study of the relationships between 
solvent polarity parameters and solvent-induced spectral 
shifts in spectroscopic investigations, we previously 
observed interesting solvent effects on the I R frequency 
shifts1) and on the N M R chemical shifts.2) In this 
report the effects of solvents on the electronic absorption 
spectrum of sodium 4-nitrophenoxide will be discussed 
on the basis of the correlation between the solvent shifts 
and Dimroth's solvent polarity parameter, Et (hereafter 
abbreviated as D's Et), values.3) 

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

The Table summarizes the solvent-induced spectral 
shifts for sodium 4-nitrophenoxide relative to 4-nitro-
anisole in a range of solvents. In certain nonpolar 
solvents, in order to obtain a solubility of the salt 
sufficient for the measurement of the Amax value, a large 
excess of the sodium chelatent, 15-crown-5 ether, was 
used. Since it is desirable that solvent shifts be compared 
under the same conditions, all the spectra were measured 
in the presence of a large excess of the crown ether. 
The crown ether's effects on the spectra are also given 
in the Table. 

I t is found that the enhanced red shifts (—Aymax values 
in the Table) are correlated well by the D's Et values 
(see Figure). As can be seen in the Figure, however, 
the correlation is separated into two set of straight lines, 

8 ^ ( 2 °>*\ 0<2, 

* I (12* • / • t i e » 0 , 

, e 7 . 5 ' 

6.5 h 

o 
( 6 ) 

( S ) 

o 
30 60 40 50 

D's Et value 

Figure. Correlation between — Avmax value and D's Et 

value. 
( O ) : Hydroxylic solvents, ( 0 ) : nonhydroxylic solvents. 

TABLE ELECTRONIC SPECTRAL SHIFTS FOR SODIUM 4-NITRO-

PHENOXIDE ( I ) RELATIVE TO 4-NITROANISOLE ( I I ) 

IN THE PRESENCE OF 15-CROWN-5 ETHER 

IN A RANGE OF SOLVENTS11) 

Solvents 

( 1 ) f-Butyl alcohol 
( 2 ) Isopropyl alcohol 
( 3 ) n-Propyl alcohol 
( 4 ) Ethanol 
( 5 ) Methanol 
( 6 ) Ethylene glycol 
( 7 ) Water 
( 8 ) CCI, 
( 9 ) Toluene 
(10) Benzene 
(11) Diethyl ether 
(12) Dioxane 
(13) THF 
(14) Bromobenzene 
, , n 1,2-Dimethoxy-
^ ' ethane 
(16) CHC13 

(17) Dichloromethane 
(18) Dichloroethane 
(19) DMF 
(20) DMSO 
(21) Acetonitrile 

^max 

nm (I)b> 

421.0(4-1) 
414.5(0) 
407.0(0) 
406.0(0) 
389.0(0) 
407.5(0) 
403.5 
385.0d> 
391.0d> 
393.0d> 
391.0d> 
407.5(4-1) 
404.0d> 
406.0d> 

410.0(4-3) 

417.5d> 
420.0d> 
416.0d> 
435.5(0) 
438.0(0) 
429.0(0) 

nm (II) 

307.0 
307.0 
308.0 
308.0 
309.0 
316.0 
317.0 
302.0 
308.0 
308.5 
302.5 
307.5 
309.0 
313.0 

308.5 

312.0 
313.0 
312.5 
319.0 
318.0 
311.5 

-Avm a x 
kKc> 

8.82 
8.44 
7.90 
7.84 
6.65 
7.11 
6.77 
7.14 
6.89 
6.96 
7.48 
7.98 
7.61 
7.32 

8.02 

8.10 
8.14 
7.98 
8.36 
8.62 
8.79 

D ' s £ t 

value 

43.9 
48.6 
50.7 
51.9 
55.5 
56.3 
63.1 
32.5 
33.9 
34.5 
34.6 
36.0 
37.4 
37.5 

38.2 

39.1 
41.4 
41.9 
43.8 
45.0 
46.0 

a) The apporopriate compound (II) was used as a 
reference standard, because the solvation effects on 
4-nitrophenyl portion are assumed to be similar in 
both compounds; reproducibility <U nm. b) The 
Amax value is attributed to a n—>n* transition with the 
character of an intramolecular charge transfer from 
the oxygen anion to the hydrocarbon portion. The 
values in parentheses represent the magnitude of the 
crown ether effect on the Amax value; positive numbers 
indicate red shifts, c) Enhanced red shifts for Com­
pound (I) as compared with Compound (II) ; 

- A w , k K = [ l / A ( I ) - l M ( I I ) ] x 10* 
d) Not sufficiently soluble in the absence of 15-crown-
5 ether. 

one for hydroxylic solvents and the other for non­
hydroxylic solvents. Furthermore, it should be noted 
that the slopes of the two straight lines show opposite 
signs. 

In the hydroxylic solvents, the phenoxide anion is 
presumably present as a cation-free anion rather than 
as sufficiently tight ion aggregates, because the anion is 
supposed to be strongly solvated by hydrogen bonding. 
Indeed, the addition of crown ether produces essentially 
no effect on the Amax value (see Table) . Therefore, it 
seems reasonable to assume that the hydroxylic solvent-
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induced shifts are mainly due to the direct H-bonding 
solvation of the phenoxide anion. A stronger H-bonding 
solvation should produce a larger blue shift, because the 
oxygen of phenoxide is more negative in the ground 
state than in the excited state. In fact, the decreasing 
order of the —A^m a x values is consistent with the a-scale 
of solvent H-bond donor acidities (HBD)4) reported by 
Taft and Kamlet , except for the case of methanol. 
Furthermore, the parallelism between the —Avmax value 
and the D's Et value (see Figure) suggests the operation 
of similar H-bonding solvation mechanisms, because the 
D's Et value is based on the electronic transition of the 
pyridinium betain with the phenoxide anion site. 

O n the other hand, the nonhydroxylic solvents are 
presumed to be poor anion solvators, so that direct 
solvations of the phenoxide anion can be neglected. 
The nonhydroxylic solvent shifts can be interpreted by 
assuming an interaction between the sodium cation 
bound by the crown ether and the phenoxide anion. 
I t is known5) that the D's Et value is correlated with 
such measures of the ionizing power of solvents as 
Winstein's Y value6) and Kosower's Z value.7) There­
fore, the increasing D's Et value may be expected to 
cause a larger charge separation between the sodium 
cation bound by the crown ether and the phenoxide 
anion, and this charge separation should produce red 
shifts.8) Indeed, the observed red shifts are found to be 
proportional to the D's Et value (see Figure). Further­
more, the absence of any effect of crown ether in the 
dipolar aprotic solvents suggests that the salt is a 
relatively free ion. 

Consequently, the —Ar m a x value - D ' s Et value 
correlation revealed a difference in the solvation 
mechanism of sodium 4-nitrophenoxide between the 
hydroxylic solvents and the nonhydroxylic solvents.9) 

Exper imenta l 

The electronic spectra were obtained using a Hitachi 124 
automatic recording spectrophotometer. A quartz cell 1.0 cm 
in length was employed, and the concentration of the sample 
was of the order of 10~4 M. 

Sodium 4-nitrophenoxide was prepared by a known method 
and dried in vacuo at 110°G overnight. The solvents were 
freshly distilled before use, and the spectro-grade solvents 
were used without further purification, except for chloroform, 
which was chromatographed on alumina. The 15-crown-
5-ether was a commercial sample (Aldrich Chemical Company, 
Inc.). 
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Synopsis. From the heart wood of Cinnamomum 
Camphora Sieb., a new lignan, (—)-fra«5-2-(3,4-dimethoxy-
benzyl)-3-(3,4,5-trimethoxybenzyl)butyrolactone [I] and 
3-hydroxy-5,7-dimethoxy-3',4/-methylenedioxyflavan [IV], 
were isolated, and their structures were determined. 

In a previous report,2) we described the isolation and 
structural determination of several lignans from the 
leaves of four kinds ofCinnamomum Camphora, the camphor 
tree.3) We will report here a new lignan, (-)-trans-
2- (3,4-dimethoxybenzyl) -3 - (3,4,5-trimethoxybenzyl) -
butyrolactone [I] and 3-hydroxy-5,7-dimethoxy-3',4'-
methylenedioxyflavan [ IV] , isolated from the heart wood 
of the "sesquiterpene tree,"3) a kind of camphor tree 
which contains nerolidol as a major component of the 
leaf oil, along with dimethylmatairesinol [ I I ] and 
kusunokinin [III].2) 

R e s u l t s 

(—) -trans-2- (3,4-Dimethoxybenzyl) -3- (3,4,5-trimethoxy­
benzyl) butyrolactone [ / ] . This compound is a y-
lactone ( Ä 1760 cm- 1 ) . The N M R spectrum of 
aliphatic protons indicates that this compound has a 
/rmy-substituted y-lactone ring, as in the case of dimeth­
ylmatairesinol;2) Ô (ppm) 2.55 (4H, m) , 2.90 (2H, m) , 
and 3.8—4.25 (2H, m) . Five methoxyl groups are also 
detectable. 

In the region of aromatic protons, the signal at ô 6.18 
ppm (2H, s) indicates two protons of a symmetric 
trimethoxybenzyl group, i.e., either the 3,4,5-trimeth­
oxybenzyl or the 2,4,6-trimethoxybenzyl group. Of 
them, the latter can be excluded because the chemical 
shifts of benzyl CH 2 are almost identical with those of 
dimethylmatairesinol; i.e., benzyl CH 2 is not flanked by 
two methoxyl groups. 

The signals at ô 6.61 (1H, d, 7 = 8 Hz) , 6.68 (1H, br 
s), and 6.75 ppm (1H, d, J—S Hz) show three protons 
of a dimethoxybenzyl group which has two protons 
located at positions ortho to each other-, i.e., the 3,4-, 
2,4- or 2,5-dimethoxybenzyl group. I t may be supposed 
that the 3,4-dimethoxybenzyl group is the most probable 
from the fact that the signals of the three protons appear 
in a narrow range and that the two coupled protons are 
not so equivalent. This supposition is confirmed by the 
co-occurence of this compound with dimethyl­
matairesinol [II] and kusunokinin [ I I I ] . 

From these results, this compound is determined to be 
either /ranj-2-(3,4-dimethoxybenzyl)-3-(3,4,5-trimeth-
oxybenzyl)butyrolactone [I] or trans-2-(3,4,5-trimeth­
oxybenzyl) -3- (3,4-dimethoxybenzyl) butyrolactone [ l a ] . 

The MS spectrum shows an ion of mje 208. The 
fragmentation (Scheme 1) is considered to proceed in 
the same manner as in the case of kusunokinin,2) and 

the formation of this ion can be explained on the basis 
of [I, but not on that of la .] 

T h e CD curve of this compound shows a negative 
Cotton effect at 235 and 270 nm, as in the case of 
thujaplicatin methyl ether and related compounds.4) 
Therefore, the absolute configuration may be concluded 
to be 2R, 3R. 

('—)-tra.ns-3-Hydroxy-5,7-dimethoxy-3'' ,4'-methylenedioxy-
flavan (IV). The I R spectrum shows an O H 
group (3300 c m - 1 ) . The N M R spectrum shows a 
methylenedioxy group, two methoxy groups, and five 
aromatic protons. T h e B ring is a 1,3,4-trisubstituted 
one, because its protons appear as a singlet at <5 7.14 
ppm, and there are two doublets ( / = 8 Hz) , at ô 6.91 
and 7.06 ppm, all benig finely splitted. The A ring 
is a 1,2,3,5-tetrasubstituted one, because two protons 
appear as two doublets (J=S Hz) at <3 6.19 and 6.27 
ppm, as in the case of tetramethylcatechin.5) H-2 and 
H-3 are supposed to be located trans to each other, 
because H-2 appears as a doublet (J=2 Hz) at ô 4.99 
ppm (equatorial-equatorial coupling). This supposition 
is confirmed by the very small signal of M+—18 in the 

MeO 

( I ) Ri ,R 2 ,R< i ,R5,R6 =0Me , R 3 : H 

(la) R i , R 2 , R 3 , R 5 , R 6 ; 0 M e , R 4 : H 

(0) R , , R 2 , R A , R 5 : OMe , R 3 ,R S :H 

OH) R, R 2 : O C H 2 0 , R 4 , R 5 : 0 M e , R 3 , R 6 : H 

MeO TV M<?0 

M e O - J v ^ N : H 2 MeO 
• % 2 0 8 

OMe * + 

11+ + T i l Y 
Qt 

MeOY^SY^wA'o *%208 

"XMII 

Scheme 1. 
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MS spectrum (resistant to dehydration6)). Therefore, 
this compound is identified as /ra;w-3-hydroxy-5,7-
dimethoxy-3',4'-methylenedioxyflavan [ IV] . 

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

Instruments. The CD curve, and the IR, NMR, UV, 
and MS spectra were obtained by using ORD UV-5 (JASCO), 
IR-400 (Shimadzu), JNM-4H-100 (JEOL), ESP-3T (Hitachi), 
and JMS-OlSG-2 (JEOL) apparatuses respectively. [a]D 

was measured by the use of a Yanako OR-50 (Yanagimoto) 
apparatus, and elemental analyses were carried out with 
a CHN Corder MT-2 (Yanagimoto). 

Isolation. Shaves of the heart wood (10 kg) of the 
tree (10 years old) were extracted with hexane; the hexane 
solution was then concentrated in vacuo and steam-distilled 
to remove any volatile components. The residue (70 g) was 
dissolved in hexane and chromatographed on a silica gel 
column (solvent: hexane: ethyl acetate=100: 0—0: 100) into 
22 fractions. 

The 19 th fraction (3.7 g) was rechromatographed on a 
silica gel column (solvent: benzene: ethyl acetate=75: 25) 
into 18 fractions. From the second fraction, [III] was 
isolated by TLC. 

The 20 th fraction of the first chromatography (4.8 g) 
was rechromatographed on a silica gel column (solvent: 
benzene: ethyl acetate =100: 0—0:100) into 8 fractions. 
A crystalline material (mp 106—107 °C) was obtained from 
the second fraction by TLC; this substance shows one spot 
on TLC with benzene-ethyl acetate (60: 40), but withhexane-
chloroform-methanol (6 :3:1) it shows two spots, which 
were separated by TLC. The less polar compounds was 
identified by means of its spectral data as [II]. 

The more polar compound [I] : a minor component, mp 
120—121.5 °C, A™* 229 nm (e=1.4xl0 4 ) , 280 nm (e= 
3.2X103), [<x]D -17.8° (<r=0.51 in CHC13). Found: C, 
66.4%; H, 6.2%. Calcd for C23H2807: C, 66.3%; H, 

6.7%. I R c m - 1 (KBr): 1760, 1590, 1510. NMR (<5ppm 
in CDC13): 2.55 (4H, m), 2.90 (2H, m), 3.28 (s), 3.32 (s) 
(15H), 3.8—4.25 (2H, m), 6.18 (2H, s), 6.61 (1H, d, 7 = 8 H z ), 
6.68 (1H, br s), 6.75 (1H, d, 7 = 8 Hz). MS: m/e 416 (M+), 
386 (M+-30), 265, 235, 209, 208, 181, 151 (base peak). 

The 17 th fraction of the first chromatography (3.0 g) 
was rechromatographed into 8 fractions in the same manner 
as in the case of the 19 th fraction. From the 3 rd fraction, a 
crystalline substance [IV] was isolated by TLC: a minor 
component, mp 164—165 °C, [a]D —39.3° (c=0.84 in 
CHC13), Xgg* 286 nm (e=3.4x 103). Found: C, 65.8%; 
H, 5.2%. Calcd for C18H1806: C, 65.5%, H, 5.5%. IR cm-1 

(KBr) 3300, 1610, 1490. NMR (<5 in CDC13): 1.82 (1H, 
d, 7 = 6 Hz, OH), 2.95 (2H, m, H2-4), 3.83 (6H, s, 2 x 
CH 30), 4.28 (1H, m, H-3), 4.99 (1H, d, 7 = 2 Hz, H-2), 
6.03 (2H, s, OCHaO), 6.19 (1H, d, / = 3 Hz, H-8 or H-6), 
6.27 (1H, d, 7 = 3 Hz, H-6 or H-8), 6.91 (1H, d, 7 = 8 Hz, 
H-5' or H-6'), 7.05 (1H, d, 7 = 8 Hz, H-6' or H-5'), 
and 7.14 ppm (1H, s, H-2'). 
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Preparation of Mannich Bases from 6-Methoxy-2#-pyran-3(6#)-one 
and Its Epoxide 

Sigeru TORII, Hideo TANAKA, and Hisasi TAKAO 
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Synopsis. 4-Morpholinomethyl-2//-pyran-3 (6//)-ones 
3 and 8 were prepared directly from 6-methoxy-2//-
pyran-3(6//)-one (1) and its epoxide 4 by treatment with 
morpholine and aqueous 37% formalin in methanol in 70— 
88% yield. The mechanisms of the reaction have been 
discussed on the basis of the intermediates 5,6-dimethoxy-
tetrahydropyran-3-one (2), 2,6-dimethoxy-5-hydroxytetrahy-
dropyran-3-one (5), 2,6-dimethoxy-2i/-pyran-3(6//)-one (6), 
and 2,5,6-trimethoxytetrahydropyran-3-one (7). 

Potential biological activities of Mannich bases along 
with their very reactive properties have aroused great 
interest.1) In connection with our interest in the chemi­
stry of 2//-pyran-3(6//)-ones2> we report here our studies 
on 6-methoxy-2//-pyran-3(6//)-one (1) and its epoxide 
4, functionalized with morpholinomethyl group as a 
Mannich base. 

Various studies have been made on Mannich synthesis, 
but investigations of the reaction at the a position of 
a,/?-unsaturated carbonyl compounds are very limited.3) 
No report seems to have appeared on the reaction with 
oc./?-epoxy carbonyl compounds. 

The Mannich products 3 and 8 were synthesized 
directly from the reactive intermediates 1 and 4.2> The 
4-morpholinomethyl derivatives 3 and 8 could be 
prepared in several steps via 5-methoxytetrahydropyran-
3-ones 2 and 7. The latter case in particular reveals the 
fact that introduction of methoxyl function as well as 
the morpholinomethyl group could be achieved at G-2 
and C-4 positions of 4, respectively. 

Conversion ofl and 2 into 3. Stirring 1 in methanol 
with potassium hydroxide below 5 °C gave 2 in 9 2 % 
yield.4) Both 1 and 2 could be converted into the 
Mannich adduct 3 in 70—84% yields by treatment with 
morpholine and aqueous formalin in methanol at 45—70 
°C for 4—6 h. Under the reaction conditions proton 
abstraction from C-4 position of 2 followed by nucleo-
philic attack to formaldehyde would give the Mannich 
adduct 3. A possible mechanism for the direct conver­
sion of 1 into 3 can be also rationalized by considering 
the formation of the intermediate 2. 

Conversion of 4, 6, and 7 into 8. Treatment of 4 
in methanol with potassium hydroxide at 15—20 °C 
for 3 h gave 5 in 74% yield together with a small amount 
of 7. Addition of the excess base increased the formation 
of 7. The treatment of 5 with a mixture of acetic 
anhydride and pyridine at room temperature for 6 h 
gave the enone 6, whereas a similar treatment of 7 
afforded the acetate 9 in 9 7 % yield. T h e transformation 
of 4, 6, and 7 into 8 in 83—88% yields was carried 
out by heating with morpholine and aqueous 3 7 % 
formalin in methanol at 40—65 °C for 3—4 h. A 
plausible mechanism for the formation of the Mannich 
adduct 8 directly from 4 can be formulated as follows. 

6o-70°C 

Me 

56.eMeO 

72« 

)Mes5.9 MeO^xr^OMe 
8 

M e 0-yw-°A c 

MeCK'xr^OMe 

OMe 

10 

In the presence of morpholine as a base, methoxide ion 
would be able to react with 10 at C-2 position to give 5. 
Subsequent dehydration in the medium would afford 
6 smoothly. T h e assignments of carbon 13 N M R 
spectra of 3 and 8 are shown on the structural formula. 

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

Boiling points are uncorrected. IR spectra were deter­
mined with a JASGO IRA-I infrared recording spectrophoto­
meter fitted with a grating. PMR spectra were determined 
at 60 MHz with a Hitachi R-24 spectrometer. The chemical 



2824 N O T E S [Vol. 50, No. 10 

shift values are expressed in ô values (ppm) relative to a 
Me4Si internal s tandard. C M R spectra were taken at 25.05 
M H z in the Fourier mode with a J E O L FX-100 spectrometer. 
Samples were dissolved in CDC13 containing Me4Si as an 
internal s tandard. T h e mass spectra were obtained with a 
J E O L Model J M S - O I B M - 2 , ionizing voltage 75 eV. 

5,6-Dimethoxytetrahydropyran-3-one (2). T o a mixture of 
K O H (20 mg) in M e O H (4 ml) was added dropwise a 
solution of 12> (200 mg, 1.56 mmol) in M e O H (1 ml) at 0— 
5 °C. T h e mixture was stirred below 5 °C for 10 min and 
quenched with 5 % aqueous tar tar ic acid. T h e mixture was 
poured into ice water, extracted with AcOEt , washed with 
brine, and dried ( M g S 0 4 ) . Removal of the solvent gave 
2 (239 mg, 92%) : bp 61—64 °C/2 T o r r ; I R (neat) 1732 cm" 1 

( G = 0 ) ; P M R (GDG13) Ô 2.70 (m, 2, GH 2 ) , 3.39 (s, 3, C H 3 0 ) , 
3.50 (s, 3, GH3O), 3.67 (m, 1, G H O ) , 4.00 (s, 2, G H 2 0 ) , 
4.77 (d, 1, / = 2 Hz , O G H O ) . 

6-Methoxy-4-morpholinomethyl-2H-pyran-3(6H)-one (3). T o 
a solution of 2 (116 mg, 0.72 mmol) and morpholine (73 mg, 
0.86 mmol) in M e O H (2 ml) was added dropwise aqueous 
3 7 % formalin (67 mg, 0.83 mmol) at room temp. T h e 
mixture was stirred at 60—70 °C for 4 h. After removal of 
the solvent, the residue was chromatographed (SiOa , benzene-
A c O E t / 3 : 1) to give 3 (137 mg, 84%) as a pa le yellow oil: 
bp 91—96 °C/0.005 T o r r ; I R (neat) 1688 c m - 1 ( C = 0 ) ; P M R 
(CDC13) <5 2.44 (m, 4, CH 2 N) , 3.15 (t, 2, 7 = 1 Hz , CH 2 N) , 
3.51 (s, 3, C H , 0 ) , 3.69 (m, 4, C H 2 0 ) , 4.10 (d, 1, 7 = 1 6 Hz, 
G H 2 0 ) , 4.40 (d, 1, 7 = 1 6 Hz, G H 2 0 ) , 5.15 (d, I, 7 = 4 Hz, 
G H O ) , 6.86 (m, 1, HC=C) . F o u n d : G, 57 .91 ; H , 7 .53%. 
Calcd for G u H 1 7 N 0 4 : C, 58.14; H , 7 .54%. 

Morpholinomethyl Derivative 3 from 1. T o a solution of 
1 (136 mg, 1.06 mmol) in M e O H (3 ml) was added dropwise 
morpholine (130 mg, 1.50 mmol) and aqueous 3 7 % formalin 
(119 mg, 1.50 mmol) . T h e mixture was stirred at 45—55 °G 
for 6 h and concentrated. T h e residue was chromatographed 
(S i0 2 , benzene-AcOEt /3 : 1) to give 2 (167 mg, 70%) as a 
pale yellow viscous oil, whose I R and P M R spectral da t a 
were identical with those given above. 

2,6-Dimethoxy-5-hydroxytetrahydropyran-3-one (5). T o a 
solution of 4 (287 mg, 1.99 mmol) in M e O H (3 ml) was 
added dropwise a 0.2 M K O H - M e O H solution (2 ml) at 
5—10 °G. T h e mixture was stirred for 3 h at 15—20 °C and 
then neutralized with aqueous 5 % tar tar ic acid. After 
removal of the solvent, the residue was taken up in AcOEt , 
washed with brine, and dried ( N a 2 S 0 4 ) . Removal of the 
solvent gave 5 (258 mg, 74%) as a yellow oil, after being 
chromatographed (S i0 2 , benzene -AcOEt /3 : 1 ) : I R (neat) 
3420 ( O H ) , 1742 c m - 1 ( G = 0 ) ; P M R (GDG13) ô 2.73 (d, 
1, 7 = 7 Hz, CH 2 ) , 2.75 (d, 1, 7 = 6 Hz, GH 2 ) , 3.14 (broad, 
1, O H ) , 3.53 (s, 3, CH3O), 3.56 (s, 3, G H 3 0 ) , 3.90 (m, 1, 
C H O ) , 4.65 (s, 1, C H O ) , 4.83 (d, 1, 7 = 6 Hz , O C H O ) . 
Found : C, 47.73; H , 6 .85%. Calcd for C 7 H 1 2 0 5 : C, 47.73; 
H , 6 .87%. 

2,6-Dimethoxy-2îî-pyran-3(6H)-one (6). A mixture of 
5(122 mg, 0.69 mmol) , pyridine (0.5 ml) and A c 2 0 (0.5 ml) 
was stirred a t room temp for 6 h. T h e mixture was poured 
into 2 M HCl . T h e organic phase was extracted with AcOEt , 
washed with aqueous N a H C 0 3 , and dried ( N a 2 S 0 4 ) . 
Removal of the solvent gave 6 (104 mg, 95%) as a pale 
yellow oil: bp 6 1 — 64 °C/1 T o r r ; I R (neat) 1708 ( G = 0 ) , 
1632 c m - 1 (C=C) ; P M R (CDC13) ô 3.46 (s, 3, C H 3 0 ) , 3.52 
(s, 3, C H 3 0 ) , 4.76 (s, 1, G H O ) , 5.35 (m, 1, G H O ) , 6.04 
(dd, 1, 7 = 2 Hz, 7 = 1 1 Hz, HC=C) , 6.78 (dd, 1, 7 = 2 Hz, 
7 = l l H z , H C = C ) ; M S m/e (rel intensity, % ) 158 (M+, 22), 

144 (12), 127 (31), 116 (100), 98 (57), 55 (15), 43 (58). 
Found : C, 53 .31; H , 6 .13%. Calcd for C 7 H 1 0 O 4 : C, 53.16; 
H , 6 .37%. 

2,5,6-Trimethoxytetrahydropyran-3-one (7). To a solution 
of 6 (218 mg, 1.38 mmol) in M e O H (3 ml) was added dropwise 
a M e O H - K O H solution (0.2 M , 2 ml) at 0—5 °C. After 
being stirred at 0—5 °C for 30 min, the mixture was neutral­
ized with aqueous 5 % tar tar ic acid. T h e mixture was 
poured into brine and extracted with AcOEt . The extracts 
were washed with brine, dried ( N a 2 S 0 4 ) , and concentrated, 
giving 7 (188 mg, 72%) as a pale yellow oil: bp 64—67 °C/1 
Tor r ; I R (neat) 1742 c m - 1 ( C = 0 ) ; P M R (CDC13) ô 2.73 
(d, 1, 7 = 9 Hz , CH 2 ) , 2.75 (d, 1, 7 = 5 Hz, CH 2 ) , 3.42, 
3.53, 3.58 (s, 9, C H 3 0 ) , 3.60 (m, 1, C H O ) , 4.71 (s, 1, C H C = 
O ) , 4.88 (d, 1, 7 = 5 Hz, C H O ) . Found : C, 50.36; H, 7.64%. 
Calcd for C 8 H 1 4 0 5 : C, 50.52; H, 7.42%. 

2,6-Dimethoxy-4-morpholinomethyl-2H-pyran-3(6ii)-one (8) 
from 7. A mixture of 7 (116 mg, 0.61 mmol) , aqueous 
3 7 % formalin (67 mg, 0.82 mmol) , and morpholine (75 mg, 
0.89 mmol) in M e O H (2 ml) was stirred at 55—65 °C for 
4 h. After removal of the solvent, the residue was chromato­
graphed (SiOa , benzene -AcOEt /3 : 1) to give 8 (137 mg, 88%) 
as a pale yellow oil: bp 81—84 °C/0.04 Tor r ; I R (neat) 
1700 c m - 1 ( C = 0 ) ; P M R (CDC13) ô 2.42 (m, 4, CH 2 N), 
3.14 (t, 2, 7 = 2 Hz, C H 2 N ) , 3.52, 3.54 (s, 6, C H a O ) , 3.65 
(m, 4, C H 2 0 ) , 4.92 (s, 1, C H C = 0 ) , 5.47 (rn, 1, C H O ) , 6.84 
(m, 1, H C = C ) ; M S m/e (rel intensity, %) 257 (M+, 53), 
225 (76), 196 (70), 121 (27), 100 (100), 83 (31), 56 (27), 
Found : C, 55.99; H , 7.37%. Calcd for C 1 2 H 1 9 N 0 5 : C, 
56.02; H , 7.44%. 

Morpholinomethyl Derivative 8 from 6. A mixture of 6 
(158 mg, 1.00 mmol) , aqueous 3 7 % formalin (97 mg, 1.16 
mmol) and morpholine (104 mg, 1.20 mmol) , in M e O H (3 ml) 
was heated for 4 h at 45—55 °C. After work-up in a similar 
way to tha t described above, 8 (213 mg, 83%) was obtained. 

Morpholinomethyl Derivative 8 from 4. T o a solution of 
4 (590 mg, 4.09 mmol) and morpholine (460 mg, 5.48 mmol) 
in M e O H (5 ml) was added dropwise aqueous 3 7 % formalin 
(443 mg, 5.47 mmol) at room temp and the mixture was 
heated a t 55—65 °C for 4 h. After work-up in a similar 
way to tha t above, 8 (892 mg, 85%) was obtained. 

3-Acetyl-2,5,6-trimethoxy-5,6-dihydro-2H-pyran (9). A 
solution of 7 (101 mg, 0.53 mmol) in a mixed solution of 
pyridine (0.5 ml) and A c 2 0 (0.5 ml) was stirred at room 
temp for 12 h. After work-up in a similar way to that above, 
9 (120 mg, 97%) was obtained as a colorless oil: bp 93—97 °C/ 
1 Tor r ; I R (neat 1764 c m - 1 (AcO) ; P M R (CDC13) ^ 2.17 
(s, 3, C H 3 C O ) , 3.45, 3.50, 3.57 (s, 9, C H s O ) , 3.88 (m, 1, 
C H O ) , 4.77 (d, 1, 7 = 6 Hz, HC=C) , 5.09 (s, 1, H C C = 0 ) , 
5.68 (d, 1, 7 = 3 Hz, C H O ) . Found : C, 51.70; H , 6.86%. 
Calcd for C 1 0 H 1 6 O 6 : C, 51.72; H , 6 .94%. 
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Cyclopropanes from Ally lie Halides. I. Synthesis of Dimethyl 3-(2-Methyl-
l-propenyl)-2,2-dimethylcyclopropane-l,l-dicarboxylate and 

Pyrocin as Precursors of Chrysanthemic Acid 
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Synopsis. Dimethyl 3-(2-methyl-l-propenyl)-2,2-
dimethyl-cyclopropane-l,l-dicarboxylate and pyrocin as pre­
cursors of chrysanthemic acid were synthesized by the reac­
tion of (2-halo-2-methylpropylidene)malonate with 2-methyl-
1-propenylmagnesium bromide. 

Chrysanthemic acid (1), an important moiety of 
Pyrethrins and a naturally occurring pesticide, has been 
a subject of interest as regards its synthesis.1) In contrast 
to the nucleophilic substitution reaction of allylic 
halides taking place at the a- or y-position, nucleophilic 
attack with cyanide at the ^-carbon of allylic halides 2 

> > 

COOH 

bearing alkoxycarbonyl groups in the y-position followed 
by cyclization, giving cyclopropanecarboxylates 3, was 
observed.2) The diverse nature of allylic halides prompt­
ed us to examine the reaction of dimethyl (2-halo-2-
methylpropylidene)malonate (4) with various nucleo-
philes. 

R R 

/ ^ X t t O M e 
Nu 

R .R 

. 2V 
Nu 

/ XOOMe 

COOMe 

COOMe 

4a, X=C1 
b, X = B r 

COOMe 

COOMe 

COOMe 

COOMe 

v1^ 
o 

6 7a, Y=COOMe 
b Y = H 

and 5) carried out a t 24 °G afforded the dehalogenated 
product 6 principally6) and 5 showed only 25—32% 
yields as compared to 46—55% for 5 from 4a. 

T h e ambident ion 8 is believed to be formed by an 
unusual nucleophilic reaction of 2-methyl-l-propenide 
ion on the ^-position of 4. T h e formation of the cyclo­
propane ring of 5 can be rationalized by ^ 2 type 
nucleophilic attack of the carbanion of 8 to the y-position 
(Path a) , while the formation of the parent compound 7a 
could be attr ibuted to nucleophilic attack by the enolate 
ion at the y-position (Path b) . 

V/^T^OMe 
"COOMe 

The present paper describes the results obtained in 
the reaction of 4 with 2-methyl-l-propenylmagnesium 
bromide3) as a nucleophile as well as the synthesis of 
pyrocin (7b)4) using the same starting materials. 

(2-Halo-2-methylpropylidene)malonate (4) was treat­
ed with 2-methyl-1-propenylmagnesium bromide in 
tetrahydrofuran under the conditions given in Table 1. 
Chloride 4a was allowed to react with 2-methyl-1-
propenylmagnesium bromide at 24 °C for 45 h to give 
the desired 5 in 4 6 % yield as well as 1 1 % of 6 and the 
recovered 4a (30%) (run 1), whereas the reaction at 
45 °C for 18 h resulted in a mixture of 5 5 % of 5, 19% 
of 6, and 14% of 7a (run 2). When the same reaction 
was carried out in the presence of catalytic amounts 
of copper(I) chloride,5) most of 4a was consumed within 
45 min, giving 5 1 % of 5 and 3 7 % of 6 along with minor 
product 7a (4%) (run 3). T h e presence of a good 
leaving group in the allylic halide 4 is not sufficient for 
the reaction, since the same reaction with 4 b (runs 4 

When 4 b was heated to 170 °C for 2 h under nitrogen, 
the 2-butenolide 9 was obtained in 76% yield. Subse­
quently, Michael addition of 9 with 2-methyl-1-
propenylmagnesium bromide gave 7a in 8 5 % yield.7) 
Demeth oxycarbonylation of 7a in wet dimethyl 
sulfoxide-sodium chloride at 170 °C afforded pyrocin 
(7b) smoothly. 

Y MeOOC 

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

All boiling points and melting points were uncorrected, 
the boiling points indicated being air-bath temperatures. Ir 
spectra were recorded on a Japan Spectroscopic Co., Ltd., 
IRA-I infrared recording spectrophotometer with a grating. 
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T A B L E 1. REACTION OF 4a AND 4 b WITH 2-METHYL-1-PROPENYLMAGNESIUM BROMIDE 

Run 

1 
2 
3 
4 
5 

Substrate 
(mmol) 

4a (0.6) 
4a (4.5) 
4a (0.6) 
4b (0.7) 
4b (0.6) 

> 
= ^ M g B r 
mmol 

1.4 
9.0 
2.0 
0.8 
1.0 

Additive 

none 
none 
CuClb> 
CuClb> 
none 

Temp 
°C 

24 
45 
45 
24 
24 

Time 
h 

45 
18 

0.75 
0.75 

12 

5 

46 
55 
51 
25 
32 

Products, 

6 

11 
19 
37 
47 
56 

%a) 

7a 

— 
14 
4 
5 

12 

4 

30 
— 

5 
7 

— 
a) Isolated Yields, b) Copper(I) chloride (10 mg) was added. 

N M R spectra were recorded at 60 M H z on a Hi tachi R-24 
spectrometer with an internal s tandard of tetramethylsilan. 
Elemental analyses were carried out in this laboratory. 

Dimethyl (2-Chloro-2-methylpropylidene)malonate (4a). A 
mixture of dimethyl (2-methylpropylidene)malonate8> (3.0 g, 
16.1 mmol) , i-butyl hypochlorite9) (2.0 g, 18.4 mmol) , and 
azobisisobutyronitile (AIBN) (30 mg) in CC14 (3 ml) was 
heated under reflux for 2 h. After removal of the volatile 
substance, CC14 (3 ml) , /-butyl hypochlorite (2.0 g, 18.4 mmol) 
and AIBN (30 mg) were added to the residue. T h e resulting 
mixture was refluxed for 2 h. T h e operation was repeated 
5 times and the resulting oi l was distilled to give 4a (1.78 g, 
50%) : b p 75—77 °C/3 T o r r ; I R (neat) 1740 ( C = 0 ) , 1651 cm" 1 , 
(C=C); N M R (CDC13) Ô 1.76 (s, 6, CH3CC1), 3.77 (s, 6 
CH 3 ) , 6.93 (s, 1, HC=C) . Found : C, 49.17; H , 6 . 0 1 % . 
Calcd for C 9 H 1 3 0 4 : C, 48.99; H , 5 .94%. 

Dimethyl (2-Bromo-2-methylpropylidene)malonate (4b). 4 b 
was prepared by brominat ion of dimethyl (2-methylpropy-
l idene)malonate with iV-bromosuccinimide, bp 92—95 °C/18 
Torr , according to the reported procedure.10) 

Dimethyl 2,2-Dimethyl-3- ( 2-methyl- 1-propenyl) cyclopropane-1,1-
dicarboxylate (5). T h e reaction conditions and results 
are given in Table 1. A typical experimental procedure 
(run 2) is as follows: T o a T H F solution (3 ml) of 4a ( l .Og, 
4.5 mmol) was added dropwise a T H F solution (7 ml) of 
2-methyl-1-propenylmagnesium bromide,3) prepared from 2-
methyl-1-propenyl bromide (1.22 g, 9.0 mmol) and magne­
sium (0.22 g, 9.0 mmol) at room temperature . After 
being stirred for 30 min a t this tempera ture and for 18 h 
a t 45 °C, the mixture was quenched with aqueous 10% 
NH 4 C1, extracted with ether, washed with brine and dried 
( N a 2 S 0 4 ) . Removal of the solvent followed by column 
chromatography (S i0 2 , T H F - h e x a n e , 1/20) gave 5 (597 mg, 
5 5 % ) , 6 (160 mg, 19%), and 7a (143 mg, 14%) . 

Compound 5: Bp 81—84°C/10 T o r r ; I R (neat) 1730 c m - 1 

( C = 0 ) ; N M R (CDC13) Ô 1.23 (s, 3, CH 3 ) , 1.27 (s, 3, CH 3 ) , 
1.74 (br s, 6, CH 3 C=C) , 2.44 (d, 1, 7 = 8 Hz, C H ) , 3.68 
(s, 3, C H 3 0 ) , 3.72 (s, 3, C H s O ) , 5.02 (diffused d, 1, 7 = 8 Hz, 
HC=C) . Found : C, 64.99; H , 8.59%. Calcd for C 1 3 H 2 0 O 4 : 
C, 64.98; H , 8.39%. 

Compound 6: Bp 73—76 °C/8 T o r r : I R (neat) 1735 c m - 1 

( C = 0 ) ; N M R (CDC13) ô 1.67 (diffused s, 3, CH 3 C=C) , 1.77 
(diffused s, 3, GH 3 C=C), 3.71 (s, 6, C H 3 0 ) , 4.24 (d, 1, J= 
9 Hz, C H C O ) , 5.43 (diffused d, 1, 7 = 9 Hz, HC=C) . Found 
C, 58.29; H, 7.47%. Calcd for C 9 H 1 4 0 4 : C, 58.05; H , 7 .58%. 

Compound 7 a : M p 81—81.5 °C (hexane-ether, 10/1); I R 
(Nujol) 1770 (lactone C = 0 ) , 1734 ( C = 0 ) , 1675 c m - 1 (C=C); 
N M R (CDC13) ô 1.27 (s, 3, CH 3 ) , 1.44 (s, 3, CH 3 ) , 1.73 
(m, 6, CH 3 C=C) , 3.48 (d, 1, 7 = 10 Hz , C H C = 0 ) , 3.56 
(dd, 1, 7 = 5 and 10 Hz, CHC=C) , 3.76 (s, 3, C H s O ) , 
4.98 (diffused d, 1, 7 = 5 Hz, HC=C) . Found : C, 63.82; 
H , 8.05%. Calcd for C 1 2 H 1 8 0 4 : C, 63.70; H , 8.02%. 

4,4-Dimethyl-2-methoxycarbonyl-2-butenolide (9). T h e 
diester 4 b (940 mg, 3.55 mmol) was heated in a Claisen 

flask to 170 °C for 2 h under N 2 and then distilled to give 
9 (456 mg, 7 6 % ) : bp 90—95 °C/5 Tor r ; m p 72—73 °C 
(hexane); I R (Nujol) 1758 (lactone C = 0 ) , 1721 ( C = 0 ) , 
1640 c m - 1 (C=C); N M R (CDC13) ô 1.54 (s, 6, CH 3 ) , 3.87 
(s, 3, C H 3 0 ) , 8.08 (s, 1, HC=C) . Found : C, 56.43; H , 
5.79%. Calcd for C 8 H 1 0 O 4 : C, 56,47; H , 5.92%. 

4, 4-Dimethyl-3- ( 2-methyl- 1-propenyl) - 2- (methoxycarbonyl) butan-
olide (7a). To a T H F solution (3 ml) of 9 (100 mg, 
0.95 mmol) was added dropwise a T H F solution (2 ml) of 
2-methyl-1-propenylmagnesium bromide, prepared from 2-
methyl-1-propenyl bromide (135 mg, 1.0 mmol) and magne­
sium (24 mg, 1.0 mmol) at room temperature . After being 
stirred for 16 h a t this temperature , the mixture was 
quenched with aqueous 10% NH 4 C1, extracted with ether, 
washed with brine and dried ( N a 2 S 0 4 ) . Removal of the 
solvents followed by chromatography (SiOa , hexane-ether, 
20/1) gave 7a (113 mg, 8 5 % ) : m p 81—81.5 °C (hexane-
ether, 10/1). T h e I R and N M R spectra were identical with 
those described above. 

Pyrocin (7b). A solution of 7a (40 mg, 0.18 mmol) 
in D M S O (1.24 ml) containing NaCl (5 mg) and a few 
drops of water was heated in a sealed tube at 170 °C for 1 h. 
T h e mixture was diluted with water and extracted with 
ether. T h e extract was washed with brine, dried (Na 2 S0 4 ) , 
and concentrated in vacuo. A short-path distillation of the 
residue gave 7 b (21 mg, 7 1 % ) : bp 80—85 °C/3 Torr (lit,4) 
b p 130—137 °C/17 Tor r ) . The I R and N M R spectra were 
identical with those reported.4) 
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Synopsis. Synthesis of some /»-nitrophenyl alkane-
thiohydrazonates, RC(SC6H4N02-/>)=NNHC6H3BrN02(2, 
4~), and ^-nitrophenyl alkanehydrazonates, RC(OC6H4N02-
j6)=NNHG6H3BrN02(2,4-) is described. Upon treatment 
with triethylamine in ethanol at reflux the thiohydrazonates 
give directly 2-alkyl-4-(/»-nitrophenyl)-7-nitro-4//-l,3,4-benzo-
thiadiazines, whereas the hydrazonates yield the hydrazides, 
RCONHN(C6H4N02-/>)C6H3BrN02(2,4-). The latter hydra­
zides can be cyclized, under stronger basic conditions, into 
2-alkyl-4-(/>-nitrophenyl)-7-nitro-4//-l,3,4-benzoxadiazines by 
displacement of the 2-bromine atom. 

We have been exploring the synthesis and thermal 
rearrangement of several hydrazonate esters of type I 
(Z=ary l , C 2 H 5 OOC, C 6 H 5 NHCO, a n d X = 0 or S).3"6) 
We wish now to describe the synthesis of some alkane-
thiohydrazonates (II , R = a l k y l and X = S) and the use 
of such esters in the synthesis of 2-alkyl derivatives of 4H-
1,3,4-benzoxadiazines (III, X = 0 ) and the thiadiazine 
analogs (III, X = S) respectively. 

/ X-Ar 
Z-G 

^NNHAr' 

I 

NO, NO, 

V 
N II I 

RAx/\y\NO a 

III 

a, X = S ; R = CH3 d, X = 0 ; R=(GH3)2CH 
b, X = S ; R = GH3GH2 e, X = 0 ; R = GH3 

c, X = S ; R=(GH3)2GH 

The required >S-/>-nitrophenyl alkanethiohydrazon-
ates, H a to He , were obtained by treating the corres­
ponding alkanehydrazonoyl bromides with j&-nitro-
benzenethiol in ethanol in the presence of triethylamine 
at room temperature. The other alkanehydrazonates, 
l i d and He , were similarly prepared using/»-nitrophenol 
in place of /»-nitrobenzenethiol. T h e structures of 
these esters were confirmed by their elemental analysis 
and the spectral data. For example, esters l i d and H e 
exhibited in infrared spectra bands at 1250 and 1065 
c m - 1 assignable to an aryl ether linkage. Their elec­
tronic absorption pattern in ethanol was of typical 
hydrazones. 

Treatment of thiohydrazonate H a with triethyl­
amine in ethanol at reflux gave the corresponding thia­
diazine, I l i a . The other thiohydrazonates, l i b and He , 
similarly gave the thiadiazines, I l l b and I I Ic , respec­
tively. The structures of the latter products were 

•o- N 0 Z 

XNH^Q-N02 

s-O-
c ^ 

N 0 2 

NOj 

N 0 2 

A 

i-s.Jo-LNo2 
* Br 

0 - N - ^ O 
^ N - ^ 

-C===N / 
^ Br 

i 
N0Z 

:fïX. 
I--
N 0 2 

R - ' \ X ^ \ ^ N 0 2 

m, x = s oro 

0. 
,AX 

I V , X » 0 
B = Base 

Scheme 1. 

evidenced by their elemental analysis and spectra (see 
Experimental) . T o account for this, it is assumed that 
the reaction proceeds through the formation of the 
anionic species of the rearranged thiohydrazide (IV, 
X = S ) , which undergoes cyclization to thiadiazine (HI , 
X = S) as it is formed (Scheme 1). This is analogous 
to the reaction of arenehydrazonoyl bromides with thio-
acetate ion7> and the recently reported rearrangement 
of aryl thiohydrazonates.8) 

In contrast to thiohydrazonates H a to H e , hydraz­
onates l i d and H e rearranged to the corresponding 
hydrazides (IV, X = 0 ) in refluxing ethanol-triethyl-
amine generally within 100 min. T h e structures of the 
latter hydrazides, 

R-CX-NHN(C6H4N02-/>) C6H3BrN02 (2,4") 
IV 

were 

IV 

evidenced by the appearance of bands at 1680 c m - 1 
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TABLE 1. /»-NITROPHENYL ALKANEHYDRAZONATES 

AND THEIR THIO ANALOGS 

Compd Mp, Molecular C ' .% H ' ,% N ' . % 

No. °C formula F o u n d (C a l c d ) F o u n d (C a l c d) F o u n d (Calcd) 

IIa'> 156 C ^ n N ^ B r S 41.05 (40.88) 2776 (2769) 13.60 (13.62) 
l ib 132 C^H^N^BrS 42.50 (42.36) 2.87 (3.08) 13.31 (13.17) 
lie 113 CieH15N404BrS 43.74 (43.74) 3.33 (3.44) 12.65 (12.75) 
lid") 151 C18H15N405BrS 45.44 (45.40) 3.59 (3.57) 13.43 (13.24) 
He 188 C ^ H u N ^ B r 42.39 (42.54) 2.87 (2.80) 14.29 (14.28) 

a) AJ**1 (loge) 363 (4.383); 320 (4.156) b, nm; i? (KBr) 3297 (NH); 1344 
(C-S-C) cm-1; 5(CDC13) 2.1.4 (s, 3H, CH3), 7.0—8.40 (m, 8H, ArH and 
hydrazone NH) ppm. b) A«« (logs) 363 (4.321), 325 sh (4.156), 260 sh 
(4.010) nm; j?(KBr) 3375 (NH), 1336, 1038 (aryl ether linkage) cm-1; 5(CDC13) 
1.28 (d, 6H, 7 = 7 Hz, (CH3)SCH), 2.75 (septet, 1H, J = 7 Hz, (CH3)2CH), 
7.0—8.6 (m, 8H, ArH and hydrazone NH) ppm. 

(CO) and the absence of the A r - O - C bands in their 
infrared spectra. This base catalyzed rearrangement 
of I I to I V (X = 0 ) appears to follow nucleophilic sub­
stitution mechanism (Scheme 1) ra ther than the free 
radical sequence proposed for the thermally induced 
rearrangement of aryl arenecarbohydrazonates to N-
aroyl-N'jiV'-diarylhydrazines.9) T h e jb-nitro substituent 
in the O-aryl moiety probably increases the stability of 
the five-membered cyclic transition state. In this 
respect the present O—>N aryl migration can be seen 
as a Smiles-type rearrangement;1 0) in agreement with 
the views of Elliott et al.11) who indicated that aryl 
arenecarbohydrazonates substituted such that the O-aryl 
ring is sufficiently electron deficient, undergo a facile 
base-catalyzed Smiles rearrangement to give the corres­
ponding hydrazides. 

T h e cyclization of I V ( X = 0 ) into I I I ( X = 0 ) was 
effected only by boiling with an equivalent amount of 
sodium hydroxide in iV,iV-dimethylformamide-triethyl-
amine mixture for 10 h. T h e structure of the benz-
oxadiazines prepared followed their elemental analysis 
and was confirmed by the absence of N H and C O ab­
sorption bands in their infrared spectra. T h e mecha­
nism favoured for this cyclization seems to be analogous 
to that proposed for the cyclization of I V — I I I (X = S) ; 
i.e., the anionic species derived from the hydrazide is 
thought to attack the 2-position of the 2-bromo-4-nitro-
phenyl group to form the heterocyclic ring by nucleo­
philic displacement of bromine. 

Exper imenta l 

All melting points are uncorrected. Microanalyses were 
performed by Alfred Berhardt, Mikroanalytische Laborato­
rium, West Germany. The IR and UV spectra were re­
corded with Pye-Unicam SP 1000 and SP 8000 spectrophoto­
meters respectively. PMR spectra were recorded on a 
Varian T60A spectrometer using tetramethylsilane as an 
internal reference. 

Alkanehydrazonoyl bromides were prepared by literature 
method;12> their physical constants (mp.s) corresponded with 
data reported.12) 

/»-Nitrophenyl N- (2-bromo-4-nitrophenyl) alkanehydrazon­
ates (lid—e) and their thio analogs (II—ac). General 
Procedure. A mixture of hydrazonoyl bromide (0.01 mol), 
/»-nitrophenol (or /»-nitrobenzenethiol) (0.01 mol) and tri-
ethylamine (0.02 mol) in ethanol (50 ml) was stirred at room 
temperature for 1 h. The product that precipitated was 

collected, washed with water and purified by crystallization 
from ethanol. The results are summarized in Table 1. 

N-Isobutyryl-N'-( 2-bromo-4- nitrophenyl)-N'- (p-nitrophenyl) -hyd­
razine (IVd). The hydrazonate l id in 1: 1 (v/v) ethanol -
triethylamine mixture was refluxed for 1 h. The reaction 
mixture was then concentrated, diluted with water and the 
solid formed was collected. Crystallization from methanol 
gave the hydrazide IVd, mp 168 °C. Found: C, 45.41; H, 
3.50: N, 13.20%. Calcd for C16H15N405Br : C, 45.40; H, 
3.57; N, 13.24%. *(KBr) 1680 (CO); 3250 (NH) cm-1; 
Ä H Gog e) 363 (4.274); 325 (3.997) sh; 260 (3.912) sh; 
Ô (CDG13) 1.22 (d, 6H, 7 = 7 Hz, (CH3)2CH) 2.58 (septet, 
1H, J = 7 Hz, Me2CH) ; 7.0—8.6 (m, 8H, ArH and hydrazide 
NH) ppm. 

2-Isopropyl-4-(p-nitrophenyl)-7-nitro-4Yi-l, 3,4-benzoxadiazine, 
Hid. Equivalent amounts of the hydrazide IVd and 
sodium hydroxide were dissolved in a mixture of N,N-di-
methylformamide and triethylamine and refluxed for 10 h. 
The solution was then cooled, poured into excess of 5% acetic 
acid. The solid that precipitated was collected and washed 
with water. Crystallization from methanol gave Hid in 
50% yield, mp 165 °C. Found: C, 55.98; H, 4.20; N, 16.20%. 
Calcd for C16H14N405: C, 56.14; H, 4.12; N, 16.36%. y(KBr) 
1350, 1040 (cyclic ether). 

2-Alkyl- 4-(p-nitrophenyl)- 7-nitro-4H-l, 3,4 -benzothiadiazines, 
Ilia—c. The appropriate thiohydrazonate (0.5 g) was 
refluxed in a 1:1 (v/v) mixture of ethanol and triethylamine 
(40 ml) for 4 h. The solution was then concentrated and the 
solid that separated on cooling was collected. Crystallization 
from dioxane gave the following benzothiadiazines. 

Compound I l ia , mp 240 °C. Found: C, 50.90; H, 3.13; 
N, 16.59%. Calcd for C14H10N4O4S: C, 50.90; H, 3.05; 
N, 16.96%. ffiH (log s) 410 (4.163); 295 sh (3.833) nm; 
d(CDCl3) 2.40 (s, 3H, 2-CH8); 7.0—8.4 (m, 7H, ArH) ppm. 

Compound 11 lb, mp 180 °C. Found: C, 51.95; H, 4.10; 
N, 16.23%. Calcd for C15H12N404S: C, 52.32; H, 3.51; 
N, 16.27%. 

Compound IIIc, mp 160 °C. Found: C, 53.41; H, 3.78; 
N, 15.41%. Calcd for C16H14N404S: C, 53.62; H, 3.93; 
N, 15.63%. 
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Synopsis. Styrene was graft-polymerized on kaolin 
clay treated with silane coupling agents e.g. (y-methacryloyl-
oxypropyl)trimethoxysilane. Although the silane-styrene 
copolymer was soluble in benzene, the polystyrene-grafted 
clay swelled in the same medium. A clay-crosslinked, three-
dimensional structure is suggested and conditions for gelation 
are also discussed. 

In order to elucidate the interfacial interactions 
between organic matrices and inorganic fillers in 
composite materials, studies of the graft polymerization 
of organic monomers onto inorganic pulverized solid 
surfaces are of importance. 

Many papers appear in the literature dealing with 
topochemical graft polymerization. But only a single 
paper has been published on the clay-crosslinked 
structure of graft polymerization products. Dekking1* 
has prepared the adduct of bentonite and 2,2'-azobis-
isobutyramidine hydrochloride, which initiated the 
polymerization of vinyl monomers and gave gel-like 
compositions. 

Although silane coupling agents are often used in 
many composite materials, neither graft polymerization 
on kaolin clay treated with silane agents nor the charac­
teristic structure of the products has been reported. In 
the present paper, the crosslinking role of the clay in 
the polystyrene-silanized clay composition is described. 

Exper imenta l 

Materials. X-Ray analysis showed that Kaolinite was 
the principal mineral in the kaolin clay used. (Found: SiOa, 
44.84; A1203, 39.59; Fe203 , 0.36; TiOa, 1.12; GaO, 0.14; 
MgO, 0.06; Na 2 0, 0.07; K 2 0 , 0.20; Ig. loss, 13.99%. Calcd 
for kaolin; SiOa, 46.54; A1203, 39.49; H 2 0 , 13.96%). The 
percentage of water adsorbed on the clay under atmospheric 
conditions was determined to be 0.56% by the Fischer 
method and, after the desorption treatment procedure de­
scribed it was found to be 0.02%. The specific surface area 
was found to be 6.89 m2/g by the BET method. 

(y-Methacryloyloxypropyl)trimethoxysilane (1) was obtained 
commercially and used without further purification. Benzene 
was purified in the usual way and styrene was freshly distilled 
prior to use. Other organic solvents were of reagent grade. 
The 2,2'-azobisisobutyronitrile (AIBN) used was also of 
reagent grade. 

Procedure. In a 200-ml two-necked round-bottomed 
flask equipped with a magnetic stirring bar, a condenser 
and a three way stopcock was placed 2.0 g of clay. The flask 
was heated to 70 °C under ca. 1 mmHg (1 m m H g ^ l 3 3 Pa) 
for 1 h, and then allowed to cool down to room temperature 
at which time nitrogen was introduced into the vessel. After 
5.0 ml of benzene and 0.2 ml of 1 were added to the clay, 
the mixture was stirred at room temperature for 30 min. 

Moreover, 5.0 ml of styrene and 40 mg of AIBN were added 
to the mixture, which was heated at 80 °C with stirring in a 
nitrogen atmosphere for 2 to 4 h. The reaction mixture was 
poured into hexane and the precipitate was filtered, dried 
in vacuo, and weighed. Non-graft polymer was extracted 
from the precipitate with benzene for 12 h. Then, in 
order to determine the graft polystyrene, the residual solid 
was submitted to pyrolysis gas chromatography whose 
decomposing temperature was ca. 570 °C. 

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

As shown by Solomon and Rosser,2) and Kawasaki 
et a/.,3) kaolin clay can initiate the polymerization of 
styrene (conv. 93%) by desorption of water from the 
clay surface, although no graft polymer is observed on 
the clay surface. T h e polymerization is inhibited by the 
addition of either pyridine or 1. This is probably due 
to poisoning of the acidic sites on the clay surface. 

TABLE 1. STYRENE GRAFT POLYMERIZATION ON CLAY 

Experiment 

Clay (g) 
Benzene (ml) 
l (ml) 
Styrene (ml) 
AIBN (mg) 
React, temp (°C) 
React, time (h) 
St. conv. (%) 
Free poly-st/free poly-st and 

graft poly-st wt ratio 
Graft efficiency 

ja ) 

2.0 
5.0 
0.2 
2.0 

40 
80 

2 
35 

0.85 

0.046 

II 

2.0 
5.0 
0.2 
2.0 

41 
80 

2 
71 

0.94 

0.041 

III 

2.0 
5.0 
0.2 
2.0 

40 
80 

4 
79 

0.88 

0.084 

a) 0.2 ml of pyridine was added. 

T h e data for styrene graft polymerization are given 
in Table 1. T h e graft efficiency is indicated by the 
weight ratio of the graft polystyrene to the polymer-clay 
composition. These values varied from 0.041 to 0.084. 
I t is noteworthy that the polystyrene-clay products 
swelled and formed gels in benzene as do vulcanized 
rubbers. The conditions for gelation were further 
explored as explained below. 

T h e amount of 1 adsorbed on the clay was determined. 
Two kinds of procedures were employed for the treat­
ment of 1 on the clay. (A) One procedure was to add 
1 in a solution of methanol-water (9: 1 ) to the air-dried 
clay. After evaporation, benzene was added to dissolve 
the non-adsorbed 1, which was determined by ir 
spectroscopy (1716 c m - 1 ; ester band of 1). T h e amount 
of 1 adsorbed was calculated from these data. (B) In 
the other method, the addition of 1 in a benzene solution 
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0.1 0.2 0.3 0.4 

m/g 
amount of 1 added 

Fig. 1. Amounts of 1 adsorbed on the clay (2.0 g). 
A) £ : As methanol-water solution (5 ml). B) 0 : 

As benzene solution (5 ml). IR ester band of 1 (1716 
cm-1) was used for determination. 

was employed. The adsorbed 1 was determined by a 
similar method. These results are summarized in Fig. 1. 

Figure 1 shows that the adsorption of 1 was effective 
in the presence of enough water to hydrolyze the 
methoxy moiety of 1 and that the adsorption of 1 
increased proportionally to the amount of 1 added in 
method A. However, in the case of method B, the 
amount of 1 adsorbed is shown to have a plateau at ca. 
0.07 g. T h e specific surface area of the clay is 6.89 
m2 /g and the minimum specific surface area of 1 is 
314m2/g.4> From these observations, it is considered 
that 1 forms a multimolecular layer on the clay surface, 
although it was added as an anhydrous benzene solution. 

Subsequently, polymerization was carried out in the 
presence of the clay which had been treated with 
various amount of 1 by method A. The results are 
listed in Table 2. T h e reproducibility of the graft 
efficiency and of the amount of /»-xylene absorbed was 
rather poor probably due to heterogenity. 

As seen in Table 2, when nearly the same amount of 

TABLE 2. EFFECTS OF THE AMOUNT OF 1 ON THE GELATION, 

CROSSLINK DENSITY, AND GRAFT EFFICIENCY 

OF THE PRODUCTS 

1 
(ml) 

0.4 
0.3 
0.2 
0.1 
0.05 
0.2C> 
0.1c> 
0.05c> 

State of 
productsa) 

g 
g 
P 
n 
n 
g 
g 
P 

Absorbed 
/>-xyleneb) 

0.40 
1.17 
1.10 
— 
— 

0.65 
1.03 
2.98 

Graft 
efficiency 

0.247 
0.086 
0.041 
0.002 
0.002 
0.250 
0.251 
0.236 

1 was added to the clay, bulk polymerization was found 
to be preferable to the solution polymerization for the 
gel compositions. I t was also found that gelation of the 
products brought a considerable increase in the graft 
efficiency. From the results in Fig. 1, it may be said 
that the amount of 1 on the clay surface is one of the 
gelation conditions. 

The crosslink density of the composition was estimated 
from the amount of the solvent, such as /»-xylene, 
absorbed. Table 2 also shows that the density increases 
for an increase in the amount of 1 added to the clay.6) 

Then, the polystyrene-clay compositions were com­
pared with the styrene-1 copolymer (2) of the same feed 
composition. The ir spectra of the two polymers were 
essentially identical in the 3100—1400 c m - 1 region. 
However, the decomposition patterns for differential 
thermal analysis of the two in air are evidently different 
(250—450 °C). Therefore, a difference in structure of 
the organic polymer is suggested. Further work on 
these results is now in progress. 

In contrast to the solubility of copolymer 2 in benzene, 
the polymer-clay composition swelled by the same 
solvent. These facts are consistent with the clay-bridged, 
three-dimensional structure illustrated in Fig. 2. 

a) g : gel, p : partially gel, n : non-gel. b) The amount 
of /»-xylene absorbed (g-/>-xylene/g-composition) was 
determined by glpc.5> c) Bulk polymerization was 
carried out in a manner similar to that for solution one, 
except for benzene. 

Fig. 2. Model of the polystyrene-clay composition. 
CD : Clay, „ : styrene-1 copolymer. 

It was hoped to obtain more information about the 
crosslinking role of the clay. However, attempts to 
prepare the polymer-clay gel composition by the 
reaction of copolymer 2 with the clay were not success­
ful. This appears to be due to the decreased acces­
sibility of the silanols or alkoxysilane groups in the 
copolymer to the clay surface. 
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On the Behavior of Paramagnetic Species Formed in the Pure 
V205 Crystal under S02-Oxidation 

Yoshiya K E R A and Keiji K U W A T A 
Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
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Two types of ESR spectra were found in the highly purified V2Os crystal under conditions of SOa oxidation. 
The shapes and the intensities of the spectra were investigated in detail in the temperature range from 470 to 
656 °G under various mixing ratios of SOa to Oa. Below ca. 600 °G a sharp and asymmetric spectrum existed 
stably, while above that temperature it was replaced by a spectrum with an hfs of 29 lines, the intensities of which 
always were very weak. The low-temperature-type spectrum was reasonably assigned to the VOS0 4 phase, and 
the high-temperature-type, to an oxygen defect surrounded equivalently by four vanadium ions in the V 2 0 5 

phase. The interchange between the two spectra near 600 °G occurred reversibly and was related favorably to the 
following process in the surface layer of the V 2 0 5 crystal: 2 V O S 0 4 = V 2 0 5 + S 0 3 + S 0 2 . The change in the 
working states of a pure V2Os crystal according to the conditions of S 0 2 oxidation was discussed. 

There have been numerous reports1-10) on the mecha­
nism of S 0 2 oxidation over vanadium oxide catalysts, 
which are used in the states of a fused mixture of V 2 0 5 

with alkali sulfates and of a mixture supported on silica 
and alumina gels. Many authors5 - 1 0) have determined 
the changes in the mechanisms of S 0 2 oxidation over 
the catalysts at around 450 °C; they have been discussed 
mainly from the point of view of reaction kinetics. 
Mastikhin et al.11) have observed the ESR spectra of 
V 2 0 5 -3 .5 K 2 S 2 0 7 supported on alumina gel during 
S 0 2 oxidation and have suggested that the changes in 
the kinetics are related to some changes in the working 
states of the catalyst. However, no full solution to 
this problem has yet been given for multicomponent 
catalysts because of the complicated changes in the ESR 
spectra according to the reaction conditions. 

In the highly purified V 2 0 5 crystal, however, simple 
spectra were found under the conditions of S 0 2 oxida­
tion. The shapes and the intensities of the spectra 
showed clear changes depending upon the S 0 2 / 0 2 ratio 
and the reaction temperature. The purpose of this 
paper is mainly to give proper assignments to the 
paramagnetic species and to discuss in detail the be­
havior of the species on the surface of the pure V 2 0 5 

crystal depending on the conditions of S 0 2 oxidation. 

Exper imenta l 

Materials. The V 2 0 5 powder, which has been obtained 
by the decomposition of NH4VOa (Special grade, Wako 
Pure Ghem. Ind. Go.) was further chemically purified ac­
cording to the methods of McCarley et al.12) and Haemers.13) 
The V 2 0 5 single crystals were prepared by a zone-melting 
method with a Pt-boat. The crystals were cut into a proper 
size for contact with the reaction gases and for the ESR 
measurements. The VOS0 4 • 3H 2 0 (Special grade, Mitsuwa 
Ghem. Ind. Co.) was used without further purification for 
the observation of the changes in the ESR spectra by dehydra­
tion and sintering. 

Procedures. The V2Os single crystal was placed in a 
quartz tube with an inner diameter of 0.3 cm and a length of 
3 cm, which was connected by a gradual joint to a glass 
tube 0.6 cm in inner diameter. After pretreatment at 500 °G 
under evacuation for 1 h, it was cooled to room temperature. 
A given amount of a gaseous mixture of SOa and 0 2 was 
introduced into the sample tube, and then the tube was 
sealed off. The reaction was carried out by heating the sample 

tube in an electric furnace for a long time. It was quenched 
by immersing it quickly in cold water before the ESR measure­
ment. The procedure was repeated at various temperatures 
between 470 and 656 °G, the temperature fluctuation being 
kept within ± 1 °C. The reaction conditions are summarized 
in Table 1. 

TABLE 1. EXPERIMENTAL CONDITIONS OF S 0 2 

OXIDATION ON V 2 0 5 CRYSTAL 

Sample S 0 2 Oa(air) S 0 2 / 0 2 
Torra) Torr ratio 

v2o5 
mg 

Volume 
cm3 

S.-1 
Ss-2 

Ss-3 
Ss-4 

370 
375 
480 
556 

40(200) 
34(170) 
6( 31) 
0 

9 
11 
80 
CO 

29 
45 
32 
18 

4 
25 
25 
5 

a) 1 To r r=1 .334x l0 2 Pa. 

The dehydration of VOS0 4 • 3H 20 and its sintering were 
done in the same ESR sample tube described above. 

ESR Measurements. The ESR spectra were recorded 
at room temperature and at 77 K with an X-band spectrom­
eter. The modulation frequency of the magnetic field was 
455 kHz. The frequency of the microwave was determined 
to be 9326 MHz by the use of a wave meter. The calibra­
tion of the static magnetic field was done with DPPH and 
the Mn(II) ion doped in MgO as standards. 

Determination of Spin Concentration. The spin concentra­
tion was determined with a single mode cavity (TQ11) by the 
use of CuS0 4 -5H 2 0 (single crystal) and DPPH (benzene 
soin) as the primary and the secondary standards of the spin 
concentrations respectively. A capillary tube which contained 

Liq.Nt 
Dewar -

V2O0 
Crystal 

Sample 
tube 

CuS045HtO 

DPPH 

VT/ 
Fig. 1. Arrangement of V 2 0 5 crystal and DPPH and 

GuS0 4-5H 20 standards in ESR cavity. 
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DPPH was always fixed on the outer wall of the quartz Dewar. 
On the other hand, a capillary tube which contained the 
CuS0 4 -5H 2 0 was placed on the outer wall of the sample 
tube and was immersed together with it in the Dewar. The 
arrangement of the sample and the standards in the cavity 
are shown schematically in Fig. 1. The GuS04 • 5H 2 0 crystal 
was placed in the capillary tube so as to make the g// and 
gX axes nearly parallel to H0 during the rotations of the 
sample tube around the axes. The spin concentrations were 
mainly obtained by a comparison of the integrated intensi­
ties of the standards with those of the samples. In the case 
of low spin concentrations, the amplitude of the first deriva­
tive curve of DPPH was used as a secondary standard. 

R e s u l t s 

ESR Spectra in a Single Crystal of Highly Purified V205 

under the Conditions of S02 Oxidation. No ESR 
signal was observed in the single crystal prepared from 
the cautiously purified V 2 0 5 powder in air by the 
zone-melting method, although the signals ascribed to 
both vanadium ions (IV) with hfs of 15 lines and to 
the Fe ion as an impurity were usually found in the 
spectrum of the unpurified crystal. When the purified 
V 2 0 5 single crystal was placed in contact with a gaseous 
mixture of S 0 2 and 0 2 , an ESR spectrum with hfs 
of 15 lines and an hf-splitting constant, A//, of 8.8 m T 
appeared initially. The spectrum is probably the 
same as has been found in pure and doped V 2 0 5 by 
many authors,14"16) as has been mentioned below. O n 
prolonged contact the spectrum was replaced by an 
asymmetric spectrum, and the intensity of new spectrum 
increased with the time. When the temperatures were 
raised above ca. 600 °C, the asymmetric spectrum 
abruptly disappeared and a new spectrum with hfs 
whose splitting constant, A//, is about 4.3 m T appeared. 
The former will hereafter be called the low-temperature-
type spectrum, and the latter, the high-temperature-
type spectrum. 

In R u n Ss-4, in which the crystal was treated at 
617 °C with S 0 2 alone, the spectrum with an hfs of 15 
lines appeared initially, but soon disappeared. By this 
time the brilliance of the surface and the transparency 
disappeared completely, and the surface was covered 
with black and velveteen poly crystallines. Except for 
R u n Ss-4, the surface brilliance of the cleaved plane 
(010) did not vary clearly upon the repetition of the 
heating and cooling, although the color and the trans­
parency of the crystal did change. 

Low-temperature-type Spectrum. T h e growth of the 
sharp asymmetric spectrum on Sample Ss-2 during the 
contacts at 470 °C is illustrated in Fig. 2. T h e line 
shapes of the asymmetric spectra at HJ/b and H0±b 
in Fig. 2 seem to show a typical randomly oriented 
paramagnetic species with an axially symmetric g-tensor. 
In the intermediate direction between H0jjb and H0± 
b , however, an additional sharp line appeared in the 
asymmetric spectrum. The sharp line moved from the 
static magnetic field (position) corresponding to g//= 
1.924 to that corresponding to g± = 1.970, according 
to the change in the direction of the static magnetic 
field from HJ/b to H0±b in the ac-plane. In a previous 
paper,17) the angular dependencies of the spectrum 

470° C 

v^N^vy^YI 

DPPH 

H.//b 1 

tV/b 

Fig. 2. Changes in ESR spectrum of a highly purified 
V 2 0 5 single crystal during contact with a reaction 
mixture of S 0 2 and 0 2 at 470 °G.—Appearance and 
disappearance of ESR spectrum with hfs of 15-lines and 
then appearence of a sharp asymmetric spectrum 
(the so-called low temperature type spectrum). 

TABLE 2. CHANGES IN SPECTRUM AND ITS SPIN CONCEN­

TRATION IN SAMPLE SC-1 WITH THE TEMPERATURE 

Temp 
°C 

505 
639 
656 
656 
599 
549 
532 

Time 
h 

134 
43 
17 
39 

166 
163 
70 

Low-temperature 
type 

Spin concn 
Xl017/29mg 

8.2 
4.7 
0.7 

— 
3.8 
6.8 
6.6 

High-temperature 
type 

— 
— 

hfs 29 lines 
hfs 29 lines(4xl015) 

— 
— 
— 

were examined in detail and it was concluded that the 
asymmetric sharp spectrum was as a composite: one 
component was ascribed to the spectrum caused by an 
axially symmetric £-tensor (g//= 1.924 and g± = 1.970) 
taking a relatively random orientation to the crystalline 
lattice of the V 2 0 5 and the other, to that taking a 
definite orientation, i.e., the g////b-axis of the V 2 0 5 

crystal. 
T h e changes in the spin concentrations according to 

the reaction conditions are given for Samples S s-1, 
Ss-2, and Ss-3 in Tables 2, 3, and 4 respectively. All 
the data were also graphically shown together in Fig. 
3. In the case of Sample Ss-2, the time responses for 
the appearance and disappearance of the low-tempera­
ture-type spectrum are given in Fig. 4. I t may be seen 
from the figures that the appearance and disappearance 
occur abruptly within the temperature range between 
586 and 595 °C. 

High-temperature-type Spectrum. At higher tem­
peratures the low-temperature-type spectrum was re-
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T A B L E 3 . C H A N G E S I N S P E C T R U M A N D I T S S P I N C O N C E N ­

T R A T I O N IN SAMPLE S„-2 WITH TEMPERATURE 

Temp 
°C 

470 
536 
595 
640 
586 
513 
481 

Time 
h 

229 
166 
96 
65 

161 
180 
230 

Low-temperature 
type 

Spin concn 
X 1017/45 mg 

1.5 
4.5 
0.1 
0.08 
5.2 
6.2 
8.9 

High-temperature 
type 

— 
— 

hfs of 29 lines 
hfs of 29 lines 

— 
— 
— 

T A B L E 4 . C H A N G E S I N S P E C T R U M A N D ITS S P I N C O N C E N ­

T R A T I O N IN SAMPLE So-3 WITH TEMPERATURE 

Temp 
°C 

600 
656 
481 
550 
572 
516 
476 

Time 
h 

45 
70 

167 
161 
160 
180 
228 

Low-temperature 
type 

Spin concn 
X 1017/32 mg 

0.013 
0.022 
0.32 
0.97 
1.1 
1.1 
4.6 

High-temperature 
type 

— 
hfs 29 lines 

— 
— 
— 
— 
— 

r V 

500 600 

Temperatüre / "c 

700 

Fig. 3. Temperature dependences of spin concentrations 
of V 2 0 5 single crystals after any periods of the contacts 
with S 0 2 + 0 2 gases. The concentrations mean the 
numbers of unpaired electron per weight of used crystal. 
The figures in the circles indicate sequences of the 
measurements. Contact conditions are given in Table 
1. The spin concentrations, the contact periods and 
sequences are given in Tables 2, 3, and 4, correspond 
to Ss-1, Ss-2, and Ss-3, respectively. 

10" 

.,—fe-
470° I536°j59p> j5860

t5l3° i/ 481 

500 1000 
time / h 

Fig. 4. Changes in the spin concentrations of the 
crystal, Ss-2 at various temperatures with the contact 
times. 

placed by a new spectrum with hfs of more than twenty 
lines, whose hf-splitting constant was a half of that of 
the previous spectrum (A//=4.3 m T ) . Such a change 
in the spectrum of Sample Sg-1 is illustrated in Fig. 5. 

ESR Spectrum of Pure Vanadium Sulfate Powder. In 
mixtures of V 2 0 5 and alkali sulfates under the reaction 
conditions of SO a oxidation, quite similar spectra with 
low-temperature-type spectra have been reported and 
ascribed to some states of vanadium sulfates.11) T h e 
ESR spectrum of pure vanadium sulfate was also 
examined. T h e ESR spectrum of V O S 0 4 - 3 H 2 0 and 
the spectra obtained after heating V O S 0 4 - 3 H 2 0 in 
air at 490 °G for 24 h and then at 600 °G for 1 h are 
shown in Fig. 6. T h e higher the temperature, and 
the longer the treatment, the sharper and the more 
asymmetric the line shape. The g-values of the spectra 
are summarized in Table 5. In the limiting case we 
could obtain the spectrum with a g-value similar to 
that of the low-temperature-type spectrum. Upon 
heating at 620 °C the sharp asymmetric spectrum 
disappeared completely. 

D i s c u s s i o n 

High-temperature-type Spectrum in V205 Crystal under the 
Conditions ofS02 Oxidation. There have been many 
reports on the ESR spectra of doped and undoped V 2 0 5 

single crystals. For instance, the spectrum with an 
hfs of 15 lines was found in Fe-, V-, and Cu-doped 
crystals,14»15) and that with an hfs of 29 lines in Li- and 
Na-doped crystals.20) In undoped V 2 0 5 single crystals, 
spectra with hfs of 15 and 29 lines16»18) were also re­
ported; the spectra were ascribed to some kinds of 
oxygen vacancies in the crystalline lattices. No clear 
differences in the spectra with an hfs of 15 lines can be 
found between the doped and undoped crystals so long 
as only the ESR parameters are compared. 

These results indicate that the hf-coupling constants 
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TABLE 5. COMPARISONS OF ESR PARAMETERS WITH RESPECT TO THE LOW TEMPERATURE TYPE SPECTRUM 

Sample 

V 2 0 5 • 3. 5K2S207 on a-Al203 
in working states 

VOS0 4 on silica gel 
V 2 0 5 crystal in the SOa oxidation 
V O S 0 4 . 3 H 2 0 powder 
V O S 0 4 . 3 H 2 0 glyceline soin 
VOS0 4 -3H 2 0 heated in air 

at 148 °C for 4 h 
VOS0 4 -3H 2 0 heated in air 

at 490 °C for 24 h 
VOS0 4 -3H 2 0 heated in air 

at 600 °C for 1 h 

TABLE 6. COMPARISONS OF ESR 

Measurement 
Temp/K 

673 

300 
77 
77 
77 

77 

77 

77 

gll 

1.920 

1.915 
1.924 

— 
1.940 

1.929 

1.932 

1.925 

PARAMETERS WITH RESPECT TO THE 

c , No. of hfs 
Sample _ l m e gu 

Doped (l^^i 
VA crystal ^ p e d 

Undoped 
V2O s crystal 
Ss-1 (at 656 °C) 
Ss-2 (at 470 °C, initially) 

15 
15 
15 
15 
29 
29 
15 

1.82 
1.92 
1.92 
1.911 
1.931 
1.917 
1.924 

g± 

1.98 
1.985 
1.991 
1.983 
1.982 

g± 

1.980 

1.969 
1.970 

— 
1.990 

1.967 

1.970 

1.966 

<£> 

1.960 

1.951 
1.955 
1.980 
1.973 

1.954 

1.957 

1.952 

HIGH-TEMPERATURE-TYPE 

An 
(mT) 

10.5 
8.6 
9.0 
8.8 
4.3 
4.3 
8.8 

(mT) 

5.0 
— 

3.7 
3.3 
— 
— 

3.3 

Reference 

11 

19 
The present work 
The present work 
The present work 

The present work 

The present work 

The present work 

SPECTRUM (at 77 K) 

Reference 

14 
15 
15 
16 
18 

The present work 
The present work 

539* 
43 hr 

DPPH 
fl»- 1.914 

Fig. 5. Low temperature type spectrum at 539 °C, 
and disappearance of the spectrum and appearance 
of a new spectrum with hfs of more than 20 lines by 
the contact at 656 °C (the so-called high temperature 
type spectrum). 

are related inversely to the number of 51V nuclei, 
interacting equivalently with an unpaired electron, and 
thus to the number of the hf-lines, as has previously 
been suggested by Ioffe and Patrina.14) According to 
such a rule, the spectrum with an hfs of 15 lines ( A / / = 
8.8 mT) in Fig. 2 can be ascribed to an oxygen vacancy 
of the Gillis type.16) The high-temperature-type spec­

t rum with the hf-splitting of 4.3 m T at H0jjh in Fig. 5 
could also be identified with the spectrum with an hfs 
of 29 lines,18) although not all the hf-lines appear and 
the relative intensities of the hf-lines do not accord 
with a polynomial distribution. The lack of the full 
number of hf-lines and the correct intensity distribution 
might be caused by the relatively low concentration 
and the small fluctuation in the orientations of the 
paramagnetic species in the surface layer. Such a low 
concentration could be understood by thermochemical 
considerations, as will be mentioned below, and such 
a fluctuation in the orientations could be expected for 
the sample quenched from a real working state of S 0 2 -
oxidation. 

The positions of the hf-lines, however, were explained 
well by the following procedure and ESR parameters. 
Including the magnetic hyperfine interaction to the 
second order, the resonance field is given approxi­
mately by Eq. 1:21> 
Him,) = H0-Km1lgß-{AH0)-^{gß)-^AL^{A//^K^)K-^ 

{/(7+ l ) -m i«}-(2f l i ) - i . (^)-« . 
{A,^-A^)K-^g^-glhg-^z\\-z^mx\ (1) 

where 

and 

H0 = hv/gß, g* = gl* + (g/f-gl_*)z* 

K2g2 = A/fg/fz* + A±*gL*(l-Z*). 

In the limiting case of z = c o s < 5 = l , 

H(mi) = H„ - {AtimYlg„ß) 

- (2H//)-^(g//-ß)-^A1^{I(I+l)-mI^}, (2) 

can be derived. The positions of the hf-lines (at any 
mv m=mn-\-mI2 and mn-\-ml2-\-mIZ-\-mu respectively)} 
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TABLE 7. COMPARISONS OF SPIN CONCENTRATION OF THE LOW-TEMPERATURE-TYPE SPECTRUM 

WITH NUMBERS OF S 0 3 AND S 0 2 AT 5 8 0 ° C IN EQUILIBRIUM OF S O « OXIDATION 

W S 0 3
 W S 0 2 " s p i n « v a n a d . 

Sample S 0 3 mois S 0 2 mois Spin concn Vanadium atom "spin/"vanad 
XlO19 XlO19 XlO19 XlO19 

s 7 i T ë ë 0T06 20 0.003 
Ss-2 5.6 27 0.05 30 0.0017 
Ss-3 0.5 41 0.01 21 0.0005 

which were calculated by means of Eq. 2 using the 
parameters of £ / / = 1.924; A//=^8A, ^ ± = 3 . 3 m T and 
g//= 1.917; i4/ /=4.3 m T , are given above and below 
the spectra in Figs. 2 and 5 respectively. In the latter 
case the third term of Eq. 2 is neglected. The param­
eters are listed in Table 6 for the sake of comparison. 

From the discussions both the ^-values and the hf-
coupling constants, it is clear that the ESR spectra, 
like what those which have previously been observed 
in doped and undoped V 2 0 5 by many authors,14-18) 
can also exist in the highly purified V 2 0 5 under the 
conditions of S 0 2 oxidation. The spectra with hfs 
values of 15 lines and more than 20 lines can, then, be 
conclusively ascribed to the V 4 + - " V 5 + and V4 +---V5 + 

V5+-.-V5+ 

sites, produced by the elimination of lattice oxygens 
without the interpositions of other metal impurities. 

Low-temperature-type Spectrum of the V205 Crystal under 
the Conditions of S02 Oxidation. The thermal 
analysis of V 2 0 5 - w H 2 0 has been carried out in several 
atmospheres by many authors.22-25) From those results, 
above ca. 140 °G V O S 0 4 - 3 H 2 0 is known to start to 
change in air to V O S 0 4 H 2 0 and above ca. 200 °C 
to anhydrated V O S 0 4 ; this will be followed by further 
decomposition, V O S 0 4 - » V 2 0 5 , on heating above ca. 
550 °C. O n the basis of our present knowledge, the 
changes in the spectrum from a symmetric and broad 

Fig. 6. Changes in ESR spectrum of VOS0 4 -3H 2 0 
powder with heat treatments, see Table 5. 

type to an asymmetric and sharp one in Fig. 6 seems 
to correspond to the progress in the dehydration and 
sintering : V O S 0 4 • 3 H 2 0 - > V O S 0 4 . I t is known from 
the suggestion by Ballhausen et al.26) and Ladwig24) 
that, in V O S 0 4 - 3 H 2 0 , some of the water molecules 
remain in the ligand sites and are replaced by S 0 4

2 _ 

ions as the dehydration progresses. Thus, the crystal­
line-field splittings of the oxovanadium(IV) ion, and 
thus the ^-values, should differ between V O S 0 4 - 3 H 2 0 
and anhydrated V O S 0 4 , as will be discussed below. 

The rather symmetric line shape of the spectrum of 
V O S 0 4 - 3 H 2 0 might be caused by a similar extent 
of increase in the linewidth with the anisotropy of the 
g-tensor of the spectrum of anhydrated V O S 0 4 in Fig. 6. 
Such an increase in the linewidth must be due mainly 
to some effects of the ligand water on the relaxation 
time.27) The reason can not be explained fully now, 
although the fact that the structure,24»28) linked tightly 
by S 0 4

2 - tetrahedrons, is realized by the elimination 
of the ligand water seems to give a hint. 

T h e ^-values of powdered V O S 0 4 - 5 H 2 0 2 9 ) and 
V O S 0 4 - 2 H 2 0 3 ° ) have been reported to be <£>=1.99 
and 1.96 respectively. The tendency for <g> to decrease 
as the dehydration progresses corresponds closely to the 
results in Table 5. I t is shown in the table, that 
finally, the ^-value became close to the value of the 
low-temperature-type spectrum. Such a decrease in 
the g-value could be caused by the increase in the 
covalency of the vanadyl complex due to the replace­
ment of the water molecules in the ligand sites by the 
S 0 4

2 - ions.27) By these comparisons, it seems possible 
to assign the low-temperature-type spectrum under the 
conditions of S 0 2 oxidation to the V O S 0 4 phase, 
formed on the V 2 0 5 crystalline lattice. 

The amounts of S 0 3 formed and S 0 2 remaining in 
the equilibrium at 580 °G were roughly estimated from 
the initial amounts of S 0 2 and 0 2 and the equilibrium 
constant of the reaction, S 0 2 + 1 / 2 0 2 = S 0 3 . The 
values are given in Table 7, while the total number of 
vanadium atoms in the V 2 0 5 crystal and the spin 
concentrations for the low-temperature-type spectrum 
at 580 °C are given in Fig. 3. By comparing the data, 
especially between Samples Sg-2 and S s-3, it can be 
surmised that w8pIn decreases with a decrease in nso3 

and inversely with an increase in nSo2. Thus, the 
spectrum can be ascribed to the V O S 0 4 phase; in 
contrast to this, the possibility of a different assignment 
to some kinds of reduced vanadium oxides can clearly 
be ruled out. 

Formation of the VOSO± Intermediate and the Reaction 
Mechanism of S02 Oxidation on the V2Oh Crystal. 
I t is known that the (w8pin/«vanad.) ratio is 1/2000— 
1/330, as is shown in Table 7. This indicates that the 
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paramagnetic species, ascribed to V O S 0 4 , is formed 
only in the surface layer of the crystal, even if the reaction 
is much prolonged. The curves for the increase in 
intensity of the low-temperature-type spectrum with 
the time at 470 and 586 °G in Fig. 4 show clearly the 
existence of a very fast process at the initial stage and 
a relatively slow process after that . The initial process 
can be attr ibuted to the growth of the V O S 0 4 phase on 
the surface, especially on the (010) plane, and the second 
process, to the diffusion of the V O S 0 4 phase into the 
bulk. 

The abrupt increase and decrease in the intensity of 
the low-temperature-type spectrum near 600 °C seems 
to occur reversibly in Figs. 3 and 4. The temperature 
range where the spectrum suddenly disappears may be 
consistent with the temperature at which the V O S 0 4 

phase in a V 2 0 5 - S 0 2 - S 0 3 - V O S 0 4 system is decom­
posed thermally, although the range should change 
according to the reaction conditions of the S 0 2 oxidation 
on V205.31> The disappearance of the spectrum can, 
therefore, be related to the process of Eq. 3 : 

2VOS04 -» V 2 0 5 + S0 3 + S0 2 . (3) 

At low temperatures the S 0 2 oxidation reaction on pure 
V 2 0 5 crystal can be expected to proceed through the 
V O S 0 4 intermediate as in the following scheme, 
Eq. 4 : 

2S02 + y O a + V 2 0 5 -» 2VOS04 -» 

V 2 0 5 + S 0 3 + S0 2 . (4) 

O n the other hand, at high temperatures it would 
proceed by the participation of the oxygen defect, 
surrounded equivalently by four vanadium ions on 
the V 2 0 5 surface, as is suggested by the appearance of 
the spectrum with an hfs of 29 lines. 

The findings that the formation and decomposition 
of the V O S 0 4 phase in the V 2 0 5 crystal occur reversi­
bly and that the surface brilliance of the (010) plane 
is kept seem to show the possibility of some regular 
arrangement of the V O S 0 4 phase on the surface of 
the V 2 0 5 crystal, as was suggested in a previous paper.17) 
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The Adsorption Mechanism of Methanol on Alkali Halides1 
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The amounts of methanol adsorbed on (100) planes of the crystals of six alkali halides (LiCl, NaCl, NaBr, 
KCl, KBr, and KI) and the isosteric heats of their adsorption were measured. For the chloride samples, the order 
of magnitude of the adsorption heats at a coverage of 0 = 0.5 was found to be LiCl > NaCl > KCl, while the order 
for the bromide samples was NaBr > KBr. The monolayer capacities estimated from the adsorption isotherms 
for KCl and NaBr were in accord with the values calculated by assuming that one methanol molecule is adsorbed 
on one surface anion of the crystal. In the cases of the NaCl and LiCl salts, whose lattice spacings are smaller 
than that of NaBr, the methanol molecule was adsorbed on the surface anion with a ratio below 1 : 1 . On the 
other hand, for the KBr and KI samples, whose lattice spacings are larger than that of KCl, alcohol was ad­
sorbed on the surface anion in a ratio above 1 : 1 . These phenomena are reasonably interpreted in terms of a 
relationship between the cross-sectional area of a methanol molecule and the lattice spacing of the salt concerned. 
An adsorptive mechanism deduced from the isosteric heat curves was compatible with the above explanation. 

In the adsorption of polar molecules on the surfaces 
of alkali halide particles, interaction forces between the 
surface anions of the salt and the adsorbates will be 
large. Especially, when the adsorbates form hydrogen 
bonds with the surface anions, the role of the anions is 
presumed to be very significant.2"5) 

A methanol molecule (MeOH) has one O H group 
expected to form a hydrogen bond with the surface 
anion. Therefore, in the present paper, M e O H is 
used as an adsorbate for several alkali halides, and the 
adsorption characteristics of the samples and the role 
of the surface anion in M e O H adsorption are discussed. 

Exper imenta l 

Materials. Samples of five alkali halides (NaCl, NaBr, 
KCl, KBr, and KI) were purified by two recrystallizations 
of special-grade reagents using distilled water. A solution 
of an alkali sample (ca. 100 ml, 20—30 wt%) was added to 
about a five-fold volume of ethanol cooled to —80 90 °C 
with stirring. The precipitate was filtered, washed four times 
with absolute ethanol, and then dried under a reduced pres­
sure of 10-3 mmHg. Lithium chloride was prepared by the 
pulverization of a special-grade reagent in a ball-mill for 10 
min. The LiCl and NaBr samples, which are able to form 
the hydrates, were heat-treated at 350 and 450 °C respec­
tively for 2—3 days under a reduced pressure of 10~6 mmHg, 
while the other samples were evacuated with an oil diffusion 
pump (<10 - 6 mmHg) for 1—2 days at room temperature 
prior to the adsorption measurements. These samples were 
found by microscopy to be very small cube crystals (1—8[xm). 

The methanol was purified by distillation from a reagent 
for the UV spectrum measurements, and then used. 

Surface Area Measurement. The specific surface areas of 
the samples were determined by the nitrogen adsorption 
method at 77 K, assuming the cross-sectional area of a nitrogen 
molecule to be 16.2 Â2. 

Methanol Adsorption Isotherm. The adsorption iso­
therms of MeOH on the alkali halides at 10, 20, 30, and 40 °C 
were determined volumetrically by using the adsorption 
apparatus reported previously by the present authors.6) 

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

Adsorption Isotherms. The adsorption isotherms 
of M e O H on alkali halides are given in Fig. 1. In 

n l 1 1 i i i I 

0 0.1 0.2 0.3 0.4 0.5 

P/Po 
Fig. 1. Adsorption isotherms of MeOH on alkali halides 

at 20 °C. 
— • — : LiCl, — • — : NaCl, — A - : KCl, —A—: 
NaBr, —O—: KBr, — # — : KI. 

the case of LiCl, it is characteristic that the amount of 
M e O H adsorbed increased rapidly at pressures above 
pjpQ=0A4 and that, simultaneously, the dissolution 
of LiCl into the adsorbed M e O H films occurred. The 
relative vapor pressure of a M e O H solution saturated 
with LiCl is about p/p0=0A5 at 20 °C. The volume 
adsorbed at_/>//>„=0.15 was estimated from the adsorption 
isotherm to be 0.28 ml STP/m 2 . This volume agreed 
with the amount required to cover the surface of the 
LiCl particle with a 1.36 molecular layer of M e O H , 
assuming that the cross-sectional area of a M e O H 
molecule is 18 Â2 7) (calculated from the density of 
liquid M e O H at 20 °C). The considerable solubility 
of LiCl into such a small amount of adsorbed M e O H 
will be explained on the basis of a strong interaction 
between the Li ion and the M e O H molecule. This 
interpretation is supported by the fact that the solubili­
ties8) of lithium halides in methanol are higher than 
those of sodium halides in spite of the considerably 
larger lattice energies9) of the former. 
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TABLE 1. MONOLAYER CAPACITIES OF MeOH ADSORBED ON ALKALI HALIDES 

Sample FBET(ml STP/m2) FB(ml STP/m2) Fcal(ml STP/m2) VB/VC&1 

LiCl 0.23 0.17—0.18 0.282 0.62 
NaCl 0.23 0.18—0.19 0.234 0.79 
NaBr 0.205 0.24—0.25 0.209 1.17 
KCl 0.19 0.18—0.20 0.188 1.01 
KBr 0.23 0.24—0.25 0.171 1.40 
KI 0.21 0.22—0.23 0.149 1.50 

A 

Fig. 2. Schematic diagrams of MeOH adsorption on 
(100) plane of NaCl. 

A: Side view Q : MeOH, O CI-, O : Na+. 

B: Ground plane Q ) : MeOH, Q: CI", O : Na+. 

The monolayer capacities, FBET and VB, were de­
termined by two methods, the BET and the point B 
methods respectively. The values thus obtained are 
summarized in Table 1. As for the salt with a lattice 
spacing smaller than that of KCl or NaBr, VB was 
less than FB E T . O n the other hand, for the sample 
whose lattice spacing is larger than that of KCl or 
NaBr, VB was greater than FBET. These phenomena 
may be due to differences in the adsorption mechanisms 
at a coverage of 0 = 1 . This will also be discussed in 
the section on the mechanism of adsorption. The 
disagreement between VB and FBET values in each 
sample was within 2 0 % . 

Mechanism of Adsorption. The two assumptions 
introduced here to simplify the mechanism of M e O H 
adsorption on alkali halides are as follows: (I) all 
the surfaces of alkali halides particles consist of (100) 
planes, and (II) one M e O H molecule is adsorbed on 
one surface anion by an interaction such as a hydrogen 
bond. The former assumption for the surface structure 
of the salts will be reasonable in view of two experi-

Fig. 3. Schematic diagram of MeOH adsorption on 
(100) plane of KBr. 

O : Br-, O : K+, Q : MeOH. 

mental proofs, an electron microscopic observation of 
alkali halides surfaces made by Yao2) and the fact 
found by Young10) that approximately 80 % of the sur­
faces of pulverized KCl is composed of (100) planes. 
The amounts of M e O H (Fca l) necessary for cover­
ing the unit surface area (1 m2) were calculated 
for all the samples (cf., Table 1). The adsorptive 
situation of M e O H on the surface, i.e., the (100) 
plane of NaCl, is illustrated in Fig. 2, in which 
the O H axis in the molecule is perpendicular to the 
surface of the crystal. The van der Waals radii of 
the hydrogen atom, the oxygen atom, and the C H 3 

group are assumed to be 1.2, 1.4, and 2.0 Â respec­
tively.11) In the case of NaCl, some overlaps of 
neighboring adsorbed M e O H molecules occur, as is 
shown with the shaded area in Fig. 2-B. Considering 
this schematic structure of M e O H adsorption, a 
certain degree of steric hindrance is expected to 
arise among the adsorbed molecules at the monolayer 
completion. If an O H axis of M e O H is slightly 
oblique to the normal surface, such steric hindrance 
can be avoided in the adsorption. However, since 
the F B /F c a l value for NaCl was smaller than 1, the 
steric hindrance is considered to remain to some 
extent. O n the contrary, the VBIVCRl values obtained 
for KCl and NaBr were approximately equal to 1. 
Therefore, the lattice spacings of the both salts will 
be regarded as convenient spacings for M e O H adsorp­
tion. 

In the case of the salt whose lattice spacing is smaller 
than that of NaCl, the steric hindrance will unavoidably 
be induced in the adsorbed M e O H , and the number 
of M e O H molecules adsorbed becomes less than that 
of anions on the surface. O n the other hand, for 
KBr, whose spacing is larger than that of KCl , M e O H 
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Fig. 4. Isosteric heats of adsorption of MeOH on alkali 
chlorides. 
—A—: LiCl, — • — : NaCl, —O—: KCl. 
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Fig. 5. Isosteric heats of adsorption of MeOH on alkali 
bromides. 
—O—: NaBr, —#—KBr. 

is adsorbed first on the surface anion in the ratio of 1 : 1. 
At this time, however, a vacant space is produced 
among the adsorbed molecules, as is shown in Fig. 3. 
In further adsorption, M e O H is packed more closely 
to diminish the vacant space. Therefore, the monolayer 
capacity is larger than the value to be expected from 
the adsorptive structure of one M e O H for one surface 
anion. When such a vacant space becomes larger, 
the amount of M e O H necessary for covering the space 
rises. Hence, the value of VB/Ve&l increases with an 
increase in the lattice spacing of the salt. The change 
in the VB/ F c a l values with the alteration of the samples 
will be explained in terms of the difference in their 
lattice spacings. Moreover, this explanation is sup­
ported by the discussion in the next section. 

Heat of Adsorption. In Figs. 4 and 5, the iso­
steric heats ( — qst) of M e O H on the alkali halides are 
plotted against the amounts adsorbed. In the case of 
the chloride samples, the order of magnitude of the 
adsorption heats at 0 = 0 . 5 ( F = 0 . 1 1 ml STP/m2) was 
found to be LiCl > N a C l > KCl. For the bromide 

0.05 0.20 0.10 0.15 

VI (ml STP/m2) 

Fig. 6. Molar integral entropy of MeOH adsorbed on 
KCl. 
Ss : Molar integral entropy of adsorbed MeOH. 
Sh : Molar integral entropy of liquid MeOH at 20 °G. 

samples, the order was NaBr > KBr. The heat of 
M e O H adsorption rose with an increase in the ionic 
radius ratio, ran ion/rca t lon , of the crystal. These results 
are consistent with the adsorptive structure described 
above that M e O H molecules are adsorbed on the surface 
anion by the hydrogen bond. 

The heats of adsorption for LiCl, NaCl, and KCl 
were noticed to have maximum values at a coverage 
below 0 = 1 ( < 0 . 2 m l STP/m 2 ) . This phenomenon 
is considered to be caused by a lateral interaction 
induced among the adsorbed molecules. The heats 
of adsorption for NaCl and KCl had smaller values 
than the liquefaction heat of M e O H at the adsorbed 
amounts of above 7 = 0 . 2 2 5 and 0.21 ml STP/m 2 re­
spectively. When a M e O H molecule is adsorbed on 
the surface of the (100) plane, as is shown in Fig. 2, 
the polar O H group in M e O H is located under the 
CH 3 . Therefore, an interaction between M e O H and 
the polar groups in the formerly adsorbed molecules is 
expected to be depressed on the further adsorption of 
M e O H , i.e., a two-layer adsorption, and the isosteric 
heat of adsorption will be small at this time. This inter­
pretation is compatible with the molar integral entropy 
change in M e O H adsorbed on KCl , as is shown in 
Fig. 6. These entropy values were calculated from 
adsorption isotherms omitted in this report. At low 
coverages, F < 0 . 0 7 ml STP/m 2 , the entropy of adsorbed 
M e O H became small with a decrease in the amounts 
adsorbed. This entropy change suggests that the Me­
O H molecule is tightly adsorbed on the surface of KCl 
in the early stage of the adsorption. 

In the case of KBr, M e O H is considered to be ad­
sorbed first on the surface anion, as is illustrated in 
Fig. 3. The lateral interaction induced among the 
adsorbed M e O H molecules will be very weak, owing to 
the long lattice spacing of KBr. I t will be stated, in 
view of such an adsorption mechanism, that the heat 
of adsorption decreases with the amount adsorbed until 
the adsorbed molecules come in contact with each other. 
In the vicinity of the monolayer completion, the ad­
sorbed molecules come in touch with each other, and 
the lateral interaction increases to cause a peak in the 
isosteric heat of adsorption at F = 0 . 2 1 ml STP/m 2 . 
This value is approximately equal to the monolayer 
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capacity estimated from the cross-sectional area of 
18 Â2 for a M e O H molecule. A peak caused by the 
lateral interaction was also observed in the curve of the 
adsorption heat of LiCl in the high-pressure region. 
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By the use of highly concentrated lsO-carbon dioxide, both the rate of the isotopic exchange of G0 2 and the 
surface oxygen of a powderd V2Os catalyst and that of the isotopic equilibration of C 0 2 on the surface were deter­
mined simultaneously in the temperature range from 330 to 450 °G. The rate of the isotopic exchange on the 
thin-plate crystallines, in which the (010) plane of V2Os crystal was mainly exposed, was also determined. The 
equilibration rate was 30—40 times faster than the exchange rate. The exchange process on the thin-plate crystal­
lines was found to be extremely rapid, although such a phenomenon has never been found on the powdered 
catalyst. Based on these results, the relationship of the reaction steps of the isotopic exchange and the isotopic 
equilibration with those on the triangular scheme of CO-oxidation, previously proposed, was discussed in 
detail. A small cycle of alternate reduction-oxidation on the top of the surface, especially on the (010) plane, 
was conclusively confirmed. 

The bonding energy of the surface oxygen of metal 
oxides and its energy distribution have been determined 
by many authors1-12) as important parameters for cata­
lytic activities. Information on the dynamical aspects 
of oxygen species on the surface of metal oxides has 
also been obtained successfully by the applications of 
l sO-tracer techniques.13-16) 

In our previous paper17) the behavior of the surface 
oxygens of powdered V 2 0 5 during the course of C O -
oxidation were examined by the use of l sO-tracer 
techniques, and a mechanism, that is, a " t r iangular" 
reaction scheme, was proposed. The very high activity 
of the surface V = 0 group, asserted by T a r a m a et a/.,18) 
was confirmed practically by the simultaneous applica­
tions of the I R and l sO-tracer techniques.19) Evidence 
of the alternate reduction-oxidation of the oxygen of 
the V = 0 group has also been given by the measure­
ments of the reflectance spectra of I R by Fahrenfort 
et a/.20) However, the relationship between the ex­
changeable oxygen and the most reactive oxygen in 
CO-oxidation has not been established well enough, 
as has been pointed out by Sachtler20) and Emmett.21) 

In this work, first the rates of two processes, the iso­
topic exchange between C 0 2 and the surface oxygen 
of powdered V 2 0 5 , Eq. 1, and the isotopic equilibration 
of oxygen in C O a on the surface, Eq. 2, were simulta­
neously determined and compared with each other: 

C1802 + 160(s) = G1 801 60 + 180(s), (1) 

G1802 + G1602 = 2C1 801 60. (2) 

Secondly, the rate of the exchange process on the 
powdered V 2 0 5 was compared with that on the thin-
plate crystallines, in which the (010) plane of V 2 0 5 

crystal was mainly exposed. O n the basis of the results, 
the relationship of the reaction steps of the isotopic 
exchange and the isotopic equilibration with those of 
CO-oxidation was successfully discussed and the trian­
gular scheme, previously proposed, was confirmed 
further. 

Exper imenta l 

Materials. A commercial V 2 0 5 (special grade, 
Mitsuwa Ghem. Ind. Go.) was used as the powdered catalyst 
without further treatment. Thin-plate crystallines of V 20 5 , 
with the (010) plane mainly exposed, were obtained by the 

pulverization of a single crystal and by sieving with an 80-
mesh sieve. Crystal I (smaller size—above 80-mesh) and 
Crystal II (larger size—below 80-mesh) were used as the 
catalysts of the thin-plate crystallines. The BET surface area 
of powdered V2O s and Crystal I were determined to be 2.5 
and 0.55 m2/g respectively. 

Gaseous C 0 2 containing 1 8 0 was prepared by the oxida­
tion of carbon with heavy gaseous oxygen (180), which had 
been highly concentrated by the thermal diffusion method.22) 
After purification by the usual procedures, no impurities were 
detected mass-spectrometrically. 

Procedure and Experimental Conditions. Reaction systems 
and procedures similar to those of previous papers17'19) were 
adopted. The reaction conditions are summarized in Table 1. 
The reaction temperatures were controlled within ± 1 °C, 
and the accuracies in the determination of the 180-concentra-

tion were ±0.02—0.05 atom%. 

R e s u l t s 

1) Simultaneous Determinations of the Rates of the Iso­
topic Exchange and the Isotopic Equilibration. Simulta­
neous determinations of the rates of both the isotopic 
exchange, Eq. 1, and isotopic equilibration, Eq. 2, 
over powdered V 2 0 5 were attempted. In a preliminary 
experiment, the determination of the rate of the isotopic 
equilibration was quite difficult, for the isotopic com­
positions in carbon dioxide (C 1 6 0 2 , C 1 8 0 2 , and C 1 6 0 1 8 0 ) 
were greatly disturbed by the exchange process, which 
occurred simultaneously. In this experiment, therefore, 
small amounts of V 2 Ö 5 (0.03 g) were used, and the 
changes in the isotopic compositions were measured 
only at the initial stage in order to avoid the trouble 
as much as possible. The results under the conditions 
shown in Table 1 are given in Table 2. In the Table, 
*, y, and K denote 1 8 0 a t o m % in C 0 2 , C 1 6 0 1 8 0 mo­
lecular percent in C 0 2 , and the value of { C 1 6 0 1 8 0 } 2 / 
{C 1 6 0 2 }{C 1 8 0 2 } at a certain reaction time respectively. 
The increases in y and K indicate the progress of the 
equilibration reaction and the decrease in x the pro­
gress in the exchange reaction. When the changes in 
x become large, the values of y and K will be affected 
directly and the rate of the equilibration can not be 
determined accurately. The changes in x and y with 
the time are illustrated again by Fig. 1. It can clearly 
be seen a t 450 °C that y is practically disturbed by 
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TABLE 1. REACTION CONDITIONS 
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Experiment V2O s Catalyst Temperature 
°C 

G0 2 Pressure Volume Catalyst weight 
mmHg cm** 

Exchange and 
equilibration reactions 

Exchange reaction 

Powdered 

Crystal I 
(below 80 mesh) 

Crystal II 
(above 80 mesh) 

Powdered 

330—450 

410 

(410 
(490 

410 

12 

23 

21 
21 

12 

130 

300 

300 
300 

130 

0.03 

0.3 

0.3 
0.3 

0.3 

TABLE 2. CHANGES IN THE ISOTOPIC COMPOSITIONS OF C 0 2 ON THE POWDERED V 2 0 5 AT 450 °C 

(*: 1 80 atomic% y: C1 601 80 molecular0/,, K: (C160180)2/(C160)(C180)) 

Reaction time/h 

450 °C 

410 °C 

370 °C 

330 °C 

U 
\i 
li 

X 

y 
K 

0 

17.70 
21.40 
0.88 

17.57 
21.61 
0.99 

17.66 
22.16 
0.99 

17.69 
21.83 
0.98 

0.25 

17.87 
24.07 

1.43 

— 

— 

——* 

0.5 

17.37 
25.34 

1.9, 

17.45 
24.90 

1.7, 
17.60 
23.75 

1.3» 

17.66 
23.08 

1.2. 

1.0 

17.12 
26.35 

2.53 

17.37 
26.50 

2.48 

17.53 
24.81 

1.7, 

17.66 
24.01 

1.45 

1.5 

16.90 
27.03 

3.03 

17.23 
27.34 

2.9a 

17.50 
25.70 

2.O3 

17.57 
24.68 

1.68 

2.0 

— 

— 

17.44 
26.37 

2 .3 , 

17.58 
25.39 

1.9o 

3.0 

— 

E 
~ ~ • 

17.50 
26.14 

2.23 

30 

• . • : 450° 
© , • : 410° 
o .« : 370° 

h O.O : 330° 

COt) % 

20 

0 2 
Time/h 

Fig. 1. Changes in 1 8 0 atom% and C1 601 80 molecular 
% in COa with time over powdered V2Os in the tem­
perature range from 330 to 450 °C. 

relatively large changes in x. 
2) Comparison of the Rates of the Isotopic Exchange on 

the Powdered F 2 0 5 with That on the Thin-plate Crystallines. 

In order to make clear the effects of the particle size and 
shapes of V 2 0 5 on the catalytic activities and to ascertain 
the differences in the activities among the crystalline 
planes, the rate of the isotopic exchange was measured 
over three types of V 2 0 5 samples, shown in Table 1, 
and compared. The changes in the 1 80-concentration-

cryst. n, 4io° 

cryst. n, 490° 

0 50 100 
Time/h 

Fig. 2. Changes in 1 8 0 atom% in C 0 2 with time over 
powdered V2Os and thin plate crystallines of V205 . 

(a tom%) in C O a with the time are given in Fig. 2. 
The equilibration reaction took place too fast to deter­
mine the rate — the equilibration has already arrived 
at the first point in the figure. From Fig. 2 it is clear 
at 410 °C that the rate on the powdered V 2 0 5 is faster 
than that on the Crystal I, while that on the Crystal I 
faster than that on the Crystal I I . These differences 
must be caused by the differences in the surface areas. 
In the figure it can also be seen in the initial stage 
that the rates on the Crystal I I are less even at 490 °C 
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Fig. 3. Kinetical treatment of the data on the isotopic 
exchange in Table 2 with Eq. 4. 

than those on the Crystal I at 410 °G. The slope of 
the curve of the l sO-concentration vs. the time was kept 
constant; however, after 30 h on the former sample, 
it became considerably larger than that on the latter. 
This feature may correspond to the indication14»16) 
that oxygen diffusion in the inner bulk of V 2 O s 

crystal is extremely stimulated above 500 °G. 

Discussion 

Comparison of the Rate of the Isotopic Exchange with That 
of the Isotopic Equilibration on the Powdered F 2 0 5 . 
The rate of the isotopic exchange can be generally 
described by Eq. 3 if the oxygen atoms in the oxide 
(Ox) are alike in exchangeability and if the kinetical 
isotope effects are neglected: 

-(d*/df) = kex( (3) 

The integrated form is given by Eq. 4:13~16) 

ln{(#0-*oo)/(x-xoo)} = keT-tt (4) 

where x is the l sO-concentration in carbon dioxide at 
any time, x0 and x<» denote the initial and the final 
values respectively, and kex is an apparent rate constant. 
The total reaction rate, Äex, is obtained by multiplying 
kex by the total number of oxygen atoms in carbon 
dioxide, ng. x°o in Eq. 4 can be estimated using Eq. 5 : 

#oo = {ng/(ng + nex)}x0. (5) 

Since the amount of exchangeable oxygen in V 2 0 5 , 
nex, is not known in the present experiment, it is assumed 
preliminarily that nex is equal to the total number of 
oxygen atoms in V 2 0 5 , nt. x™ was estimated as about 
3 a t o m % by using the values of B g = l X 1020 and nt = 
5 x l 0 2 0 atoms. Plots of log{(*0—*«,)/(*—fo)} vs. the 
time are shown in Fig. 3. 

The rate of the isotopic equilibration, Eq. 2, can be 
described by Eq. 6 if there is no disturbance of the 
isotopic composition in carbon dioxide by the exchange 
reaction : 

(dy/dt) =keq(Yoo-y). (6) 

1 ' ' 
L 410° 

| 6 450° 

/ / 
L / / 370° 

1 ' / À y 
Xll AS 
X i / y y 

lie/ 
IT 1 1 

1 

-

-j 

330°H 

~I 
1 

i 

1 1 
Time/h 

Fig. 4. Kinetical treatment of the data on the isotopic 
equilibration in Table 2 with Eq. 6. 

The integrated form is given by Eq. 7:13-16) 

in{(yo-y») / (y-y<»)}=Wf, (7) 

where y is the concentration of C 1 6 0 1 8 0 in carbon 
dioxide, y0 and y«> denote the initial and the final 
values respectively, and £eq is an apparent rate constant. 
The total reaction rate, ReV is obtained by multiplying 
ke<l by the total number of G 0 2 molecules. 

y<x> in Eq. 6 can be estimated as follows: when the 
initial contents of G 1 6 0 2 , G 1 8 0 2 , and G 1 6 0 1 8 0 are 
denoted by a0, ß0, and y0, the values at equilibrium 
can be described as (a0—«), (ß0—u), and (y0+2w) 
respectively, using an unknown value, u. The value 
of K is approximately equal to 4 in the present tempera­
ture range. Therefore, Eq. 8 holds: 

K = (y0 + 2u)V(oc0-u)(ß0-u) = 4, (8) 

and thus u can be represented by Eq. 9: 

« = (4«„^„-7o2)/4- (9) 

Therefore, y~ is described by Eq. 10: 

y«, = y0 + 2u = 7o + (4a0/?0-7„2)/2. (10) 

Plots of log{(y0—yoo)j(y—y*»)} vs. the time are shown 
in Fig. 4. 

kex and keq can be directly estimated from the slopes 
of the curves in Figs. 3 and 4 respectively, although 
the errors are rather large. In Fig. 4 the higher the 
temperature and the longer the reaction time, the 
larger the deviation from the straight lines. This in­
dicates that the disturbance of the isotopic compositions 
by the exchange reaction can not be neglected as the 
temperature increases and as the time becomes longer. 
At 450 °C especially, disturbance appeared more clearly 
as time passes; thus, ke<l was estimated by considering 
only the first point in the curve. kex, £eq, Rex, and 
i?eq are summarized in Table 3. From the comparison 
of Rex with Re(l, the equilibration rate is known to 
be about 20—40 times faster than the exchange rate. 
Arrhenius plots of kex and £eq are given in Fig. 5. The 
apparent pre-exponential factors and activation energies 
were evaluated as follows: 

^o.eq = 1.3 X 10-2(cm-2 s-1), £ e q = 14(kcal/mol), 

*o,ex = 5 X 10-*(cm-2 s-1), Eex = 15(kcal/mol), 
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TABLE 3. THE ISOTOPIC EXCHANGE RATE AND THE ISOTOPE EQUILIBRATION RATE 

Temperature £ex Exchange rate £eq Equilibration rate 
°G l O ^ c m ^ s - 1 1011 atoms cm-2 s-1 10~7 cm"2 s"1 1013 molecules cm"2 s"1 

450 14.4 15.8 7.0 3.8 
410 5.6 6.1 4.0 2.2 
370 3.0 3.3 1.7 0.9 
330 1.5 1.6 1.2 0.6 

k K / T 

Fig. 5. Arrhenius plots of &ex and ke<l. 

Comparison of the Exchange Rate on the Powdered V205 

with That on the Thin-plate Crystallines. O n the 
application of Eq. 4 to the data of the exchange reac­
tion on the powdered V 2 0 5 , if an appropriate value 
is assumed for #00, plots of log{(;v0—Xoo)j{x—#00)} vs. 
the time show two clear straight lines with a break 
point, as has been mentioned in a previous paper.17) 
The appearance of the break suggests that the reactivity 
or mobility of oxygen in the surface layer of the powdered 
V 2 0 5 can be differentiated from that in the inner bulk 
during the exchange reaction. 

The data on the powdered V 2 0 5 (410 °C), the Crys­
tal I (410 °G) and the Crystal I I (490 °C), given in 
Fig. 2, were treated with Eq. 4 assuming appropriate 
values of *«,. The results are given in Fig. 6. In the 
cases of the thin-plate crystallines, an extremely rapid 
process appeared before the two processes found in the 
powdered run. The extremely rapid process must have 
appeared because of relatively high exposure of the 
(010) plane. This would also give experimental proof 
that the (010) plane has a considerably higher activity 
than the other planes. In the case of the powdered 
V 2 0 5 , only the process on the (010) plane seems not to 
be differentiated from that on the other planes; this 
is because of following reasons : a rapid process would 
occur not only on the (010) plane, but also on many 
kinds of surface grain boundaries, and all planes might 
be exposed with a nearly equal possibility on powdered 

v2o5. 
It was found previously by the simultaneous applica­

tions of I R and 1 80-tracer techniques that the oxygen 
in the V = 0 group, projected from the (010) plane, was 
first exchanged, followed by the oxygen in the V - O - V 
layer.19) With reference to these results, of the three 

powder, 410° 

Time/h 

Fig. 6. Comparison of kinetics of the isotopic exchange 
on the powdered V 2 0 5 with that on the thin plate 
crystallines. 

straight lines in Fig. 6, the first line corresponds to the 
exchange of the oxygen in the V = 0 group, projected 
perpendicularly to the (010) plane; the second, to 
that of oxygen in the surface layer (that is, the oxygen 
near the surface of the other planes or the V - O - V 
layer), and the third, to the exchange between the 
surface layer and the inner bulk. Kakioka et a/.23) have 
examined in detail the rate of the isotopic exchange 
of oxygen in C 0 2 with that in powdered V 2 0 5 and 
Mo-doped V 2 0 5 . They have also demonstrated the 
existence of two processes — the exchange between the 
gaseous phase and the surface layer and the diffusion 
in the inner bulk. The rate and the activation energy 
of the present second process, /? e x , are nearly equal to 
the rate and the activation energy of the exchange 
process respectively, as obtained by Kakioka et al. 

From the intersections of vertical axis with the ex­
trapolated second and third straight lines in Fig. 6, 
the idealized amounts of exchangeable oxygen atoms 
corresponding to the top of the surface, «si, and the 
surface layer, ns2, respectively, could be estimated. 
Besides, the amounts of the exchangeable oxygen cor­
responding to the inner bulk, nb, can be easily estimated 
as the difference between the total exchangeable oxygen, 
nex and «si+«s2- The amounts of exchangeable oxygen 
obtained by those procedures are summarized in Table 
4. The overall rates at the initial stage, Ä0>ex> were 
preliminarily estimated as the decrease in the l sO-con-
centration for the initial hour. The results are added 
to Table 4 for the sake of comparison. rcSl is 4—5 
times less than ng in Table 4. The initial rates, R0>ex, 
may not indicate the real values because, in this situa­
tion, the exchange between the gaseous phase and the 
top of the surface possibly arrives at equilibrium within 
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T A B L E 4. 

Sample 
(Temp/°C) 

Powder (410) 

Crystal I (410) 

Crystal I I (490) 

AMOUNTS OF EXCHANGEABLE OXYGENS OF V 2 0 5 

ng 

1020 atoms 

1.03 

1.92 

1.58 

nB1 nB3 

1020 atoms 1020 atoms 

1.36 

0 .37 0 .57 

0 .30 0 .31 

CRYSTAL AND THE 

«b 
1020 atoms 

7 .4 

2 .2 

35 .1 

INITIAL EXCHANGE RATE 

»t 
1020 atoms 

4 9 . 4 

4 9 . 4 

4 9 . 4 

atoms c m - 2 s_x 

3.8X1011 

3 . 3 x l O i 2 

( i . i x i o i 3 ) a ) 

a) The surface area was assumed to be 0.2 m2/g in this run. 

0 
u 

CO 
in 

o s = o 0 + CO« m 
fl 17 

002.. 

o, 
Ob 

Fig. 7. Relations of reaction paths among the isotopic 
exchange, the isotopic equilibration, and CO-oxidation. 
The first, the second, and the third processes of the 
isotopic exchange are controlled by step V, VI, and 
VII, respectively and the isotopic equilibration by step 
V and CO-oxidation by step I and II. 
{r( + I) = r (+ I I ) = r ( + I I I ) - r ( - H I ) 

= r ( + I V ) - r ( - I V ) = r (±VI) , r (±V)«30r (±VI)> 

1 h. Practically, larger values could be expected. The 
exchange rate on the thin-plate crystallines is known, 
from Table 4, to be more than 10 times faster than 
that on the powdered V 2 0 5 . This seems to mean that 
the exchange rate on the top of the surface of the (010) 
plane is comparable to the equilibration rate. This 
could be confirmed, however, only under the experi­
mental condition of rcg<C«si. 

Relationship of the Reaction Steps on the Isotopic Exchange 
and the Isotopic Equilibration with Those on the Triangular 
Scheme of CO-oxidation. The previous reaction 
scheme17> of CO-oxidation was further generalized, as 
is shown in Fig. 7, by adding some steps of oxygen 
transfer in V 2 0 5 crystallines on the basis of the above 
discussion. In the isotopic exchange on the powdered 
V 2 0 5 Step V could not be observed, only Step V I . 
In the simultaneous determination of the exchange and 
the equilibration rates, Req, which should be related 
to the rate of Step V, was about 20—40 times faster 
than i?ex, correspondng to the rate of Step V I . O n 
the other hand, on the thin-plate crystallines the rate 
of Step V was more than 10 times faster than that of 
Step V I ; moreover, Rex on the top of the surface of 
the (010) plane was suggested to be comparable to the 
i?eq, observed on the powdered V 2 0 5 . At the steady 
state of the exchange reaction, therefore, the length 
of the arrow of Step V I is 20—40 times shorter than 
the length of the forward and backward arrows in 
Steps I I I , IV, and V. 

O n the powdered V 2 0 5 , the overall rate of C O -
oxidation, /?o x l d , was nearly equal to i?ex , as was shown 
in a previous paper.17) I t was suggested, furthermore, 
that the -ßoxld was controlled by the length of the arrow 
of Step I or of Step I I in Fig. 7. At the steady state 
the length should be equal to the differences between 

the forward and backward arrows of Steps I I I and IV. 
At the steady state of CO-oxidation, therefore, the 
length of the arrow of Step V I would be nearly equal 
to the difference between the forward and the backward 
arrows in Steps I I I and IV. With respect to the ab­
solute length of the arrows, Steps I I I and I V are both 
also about 20—40 times longer than Step V I . O n the 
basis of the reaction scheme it can easily be understood 
that the catalytic oxidation proceeds according to a 
small cycle of alternate reduction-oxidation on the top 
of the surface, especially on the (010) plane. 

In the present experiment the extremely high activity 
of oxygen on the (010) plane was shown only under 
the atmosphere of C 0 2 . The surface composition of 
vanadium and oxygen seems to be nearly stoichiometric 
in the working states. An acceleration of the exchange 
rate has been previously found on the addition of CO.17) 
In this case the surface of V 2 0 5 is probably kept in 
reduced states. Therefore, the question of whether or 
not the small cycle of reduction-oxidation can hold on 
the strongly reduced surface of V 2 0 5 remains for future 
study. 

Recently Boreskov et al.2*) and Kazanskii et a/.25) ex­
amined in detail the reaction of CO-oxidation over 
vanadium oxide, supported or not supported, and gave 
valuable suggestions as to the reaction mechanism. 
However, it is difficult to compare the mechanisms 
presented by Boreskov, Kazanskii, and the present 
authors, because the reaction conditions and surface 
states of the catalysts seem to be very different. In 
a forthcomming paper the effects on the rate of C O -
oxidation will be investigated in detail in connection 
with the particle sizes and shapes, the degrees of oxida­
tion and reduction of the surface, and the purities of 
the V 2 0 5 catalyst. 
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Semiconducting Properties of (Ln^ Lnn)Cu04 and of (Ln, A)2Cu04 

(Ln=rare earth, A=alkaline earth) 
Tadao K E N J O and Seishi YAJIMA 

Oarai Branch, Research Institute for Iron, Steel and Other Metals, Tohoku University, Oarai-machi, Ibaraki 311-13 
(Received December 13, 1976) 

The ternary oxides, (La,Pr)2Cu04, (Gd,Tb)2Cu04, (La,Tb)2Gu04, (La,Ca)2Cu04 and (La,Ba)2Cu04, 
were prepared and their semiconducting properties were investigated. When the mean ionic radius of Ln3+ (r) 
is increased, the (La,Pr)2Gu04 compounds transform from semiconductors to metals at a critical r value of 1.05 
Â. The metal-semiconductor transition which accompanies the shrinkage of the a axis, is explained as being due 
to the 7T-bond formation of the Cu-O bond. Compounds in the composition range from La1.3Tb0.7GuO4 to 
La1.4Tb0.6GuO4 are peculiar to the (La,Tb)2Gu04 compounds. The crystal structure is the same as that of 
Ln2Gu04, but it is different from Ln2Gu04 as regards the cja ratio and resistivity. The doping of 20 mol% CaO 
or 10 mol% BaO into La2Gu04 lowers the resistivity to tenth of that of La2Gu04. 

In the C u O - L n 2 0 3 system ( L n = r a r e earth), 
there are three different types of compounds, the metal­
lic L a 2 C u 0 4 compound, the semiconductive L n 2 G u 0 4 

compounds (Ln = Pr—Gd) and the insulating L n 2 C u 2 0 5 

compounds ( L n = T b — L u ) . 1 - 3 ) The resistivities of the 
L n 2 C u 0 4 compounds decrease with increasing ionic 
radius of the Ln 3 + ions continuously for L n = G d — P r , 
but a semiconductor-metal transition takes place be­
tween Ln = Pr and La ; the L a 2 G u 0 4 compound is 
metallic.3) The lattice parameters of these compounds 
vary with the size of the Ln3+ ions in accordance with 
the electrical behavior. The lattice parameters, both 
of the a and c axes, increase with increasing ionic 
radius of the Ln 3 + ion continuously for L n = G d — P r , 
but between Ln = Pr and La they change discon-
tinuously; the a parameter for the L a 2 C u 0 4 compound 
is smaller than that for the P r 2 G u 0 4 compound although 
the La 3 + ion is larger than the Pr 3 + ion.3) T h e ternary 
(La ,Pr ) 2 Cu0 4 compounds are expected to reveal how 
critically the resistivities and lattice parameters change 
with variations in the ionic radius between those of the 
Pr3+ and La3+ ions, because the ionic radii of the Ln 3 + 

ions can be continuously varied by changing the La/Pr 
ratio. 

The ternary ( L a , T b ) 2 C u 0 4 compounds would con­
tinuously cover ionic radii of the Ln3+ ion ranging 
from that of the La 3 + ion to that of the T b 3 + ion, if 
the La 3 + ion can freely be replaced by a Tb3+ ion. 
These ternary compounds would reveal how the re­
sistivity and the lattice parameters of L n 2 C u 0 4 com­
pounds vary with the r value ( r = m e a n ionic radius 
of rare earth ions) over the above range and will also 
reveal whether or not the ternary compounds containig 
two kinds of rare earth ions, the ionic radii of which 
are very different from each other, are the same as 
the binary compounds as regards the variation of 

structure and resistivity with the r value. 
The resistivities of the L n 2 C u 0 4 compounds decrease 

with increasing ionic radius of the Ln3+ ions.3) If this 
trend could be extended to the region of the ionic 
radius beyond the La 3 + ion, L n 2 C u 0 4 compounds con­
taining larger trivalent ions than La 3 + ions would 
show a lower resistivity than that for L a 2 C u 0 4 . Such 
large trivalent ions are very difficult to obtain, but the 
less electronegative metals, such as alkaline earth metals, 
can be expected to give the same effect on the resistivity 

because this trend appears to be related to the elec­
tronegativity of atoms in the Ln 3 + sites. Since the 
Gd 3 + ions in the G d 2 C u 0 4 compound are partially 
replaced by alkaline earth ions,4) the La 3 + ions in 
L a 2 C u 0 4 can be expected to be replaced by some 
alkaline earth ions. C a O and BaO were added to the 
L a 2 C u 0 4 compound to see if the resistivity decreased. 

The composition of the L n 2 0 3 - C u 0 compounds 
changes discontinuously between Ln = Gd and T b ; 
G d 2 C u 0 4 and T b 2 C u 2 0 5 are known,1 '2) but Gd 2 Cu 2 O s 

and T b 2 C u 0 4 are unknown. I t is of interest to deter­
mine whether L n 2 C u 2 0 5 and L n 2 C u 0 4 compounds 
coexist in a region of the ionic radius of the Ln 3 + ion 
or the L n 2 C u 0 4 compound changes into the L n 2 C u 2 0 5 

compound at a certain critical Gd /Tb atomic ratio. 
Furthermore, these compounds also have different elec­
trical properties. G d 2 C u 0 4 is a semiconductor, while 
T b 2 C u 2 0 5 is an insulator. Since the mean ionic radius 
of the Ln 3 + ion can be varied continuously by using 
ternay ( G d , T b ) 2 C u 0 4 compounds, these discontinuous 
compositional and electrical changes between Ln = Gd 
and T b will be investigated in more detail. 

Exper imenta l 

Reagents and Materials. Stock solutions of Ln(N03)3 , 
Ba(N03)2, and Ga(N03)2 were obtained by dissolving Ln 2 0 3 

(Nihon Yttrium Co., 99.9% pure), BaC03 and CaC0 3 

(Wako Pure Chemical Co., Ltd., GR grade) into nitric acid 
(Wako Pure Chemical Co., Ltd., GR grade). A stock solu­
tion of Cu(N03)2 was obtained by dissolving Cu(N03)2-3H20 
(Kanto Chemical Co., GR grade) into distilled water. The 
solutions were standardized by the EDTA chelatometric 
titration method. 

Procedure. Samples were prepared using the same 
method as that described in a previous paper.3) Aliquot 
portions of the solutions of Ln(N03)3 , Cu(N03)2 (and an 
alkaline earth nitrate, when necessary) were mixed. A sodium 
hydroxide solution (IM) (and sodium carbonate solution 
( 1M) for the addition of an alkaline earth nitrate) was added 
and the mixture was stirred. After the mixture had stood 
overnight, filtering and washing were repeated until no sodium 
ions were detected in the filtrate using the flame test. The 
mixtures of precipitates thus obtained were preheated to 750 
°G in air. The dry powder of the oxide mixture thus obtained 
was milled, pressed into 15 mm diameter pellets and heated 
to 1000 °C for 15 h in air. The resistivity was measured 
using the 4-probe method in the same manner as described 
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Fig. 1. Variation of lattice parameters of Ln2Cu04 

with ionic radii or mean ionic radii of rare earth ions. 
D : Ln2Gu04, O : (La,Tb)2Cu04, A : (La,Pr)2Gu04. 

in a previous report.3) An X-ray diffractometer was used 
for the measurement of lattice parameters and for the solid 
solubility determination in the ternary system. 

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

Figure 1 gives the variation of the lattice parameters 
of binary L n 2 C u 0 4 and ternary (Ln I ,Ln I I ) 2 Cu0 4 com­
pounds with the ionic radius, or the mean ionic radius 
of the Ln 3 + ion (r). Both the a and c axes expand 
for an increase in the ionic radius of the Ln 3 + ions for 
L n = G d — P r . For L n = L a , the c axis expands more 
than the value estimated by extrapolating the data for 
Ln = Gd—Pr, and the a axis shortens ( • ) . L a 2 C u 0 4 

is electrically metallic, while P r 2 C u 0 4 is semiconduc-
tive.3) This marked difference between Ln = La and Pr 
can be explained as a change in the nature of the C u - O 
bond on the a axis ( ( C u - O ) J as described below. 

The Cu 2 + ions in the L n 2 C u 0 4 lattice are octahedrally 
surrounded by six O 2 - ions.5) According to ligand 
field theory,6) in the ground state with the Cu 2 + ion 
coordinated octahedrally, the 3dz

2, 3dx
2_y

2, 4s and 4p 
orbitals of the Cu 2 + ion are used for the «r-bonds. T h e 
3dx y , 3dyz, and 3dzx orbitals (t2g) can form rc-bonds 
with the coordinating O 2 - ions, but for Ln = Gd—Pr, 
they are essentially nonbonding. The upper edge of 
the valence band originates from the antibonding o-
orbitals (eg*). The conduction band is formed of the 
rc-orbitals of higher energy levels, probably the 4d 
orbitals of the Cu 2 + ions. For Ln = Gd—Pr the re­
latively long bond-length of the ( C u - 0 ) a bond prevents 
any great overlapping in the jr-bond so that the con­
duction band is located at a higher energy level than 
the eg* orbitals, or the valence band. Therefore, the 
L n 2 C u 0 4 compounds are semiconductive for Ln = Gd— 
Pr. When the effective change of the O 2 - ions on the 
c axis is enhanced, the energy levels of the t2g orbitals 

are elevated due to the electrostatic repulsive force. 
Since the less electronegative Ln atom or the atom 
with the smaller atomic number pushes more electrons 
toward the O 2 - ions surrounding the Ln 3 + ions, the 
effective charge of the O 2 - ions increases with decreasing 
atomic number of the Ln atom so that the energy levels 
of the t2g orbitals are elevated. For L n = L a , the t2g 

energy level is maximum so that the L a 2 C u 0 4 lattice 
becomes unstable. T o stabilize it, the (Cu-O) 0 bond 
expands; this weakens the electrostatic repulsive force 
[ ( C u - 0 ) e is the C u - O bond on the c axis]. This is 
the reason why the c axis of L a 2 C u 0 4 expands more 
than expected from the size of the La 3 + ion. The 
lengthening of the ( C u - 0 ) c bond weakens it, that is, 
lowers its <7-bond energy but this energy lowering is 
compensated for by the jr-bond formation in the (Cu-
0 ) a bond composed of the 3dxz and 3dyz orbitals. This 
is the reason for the shortening of the a axis in L a 2 C u 0 4 . 
T h e shortening of the ( C u - 0 ) a bond also enhances the 
electron overlap in the conduction band, lowering the 
energy level of the conduction band to that of the eg* 
band. Thus, the upper edge of the eg* band overlaps 
the lower edge of the conduction band and metallic 
conduction results. This is the reason why L a 2 C u 0 4 

is metallic. 

The lattice parameters for the ternary (La,Tb) 2 C u 0 4 

compounds are given in Fig. 1 (open circles). In the 

region of r from 0.94 to 0.97 Â, these increase with 

increasing r as do the lattice parameters of binary com­
pounds. This phase is called phase 1. However, when 

the r value increases beyond 0.97 Â, another phase 
appears as a separated phase and the relative amount 
of the phase increases with increasing amount of the 
La 3 + ions. The X-ray diffraction data reveal that this 
phase is a single phase in the composition range from 
Laj 3 Tb 0 - 7 CuO 4 to L a 1 4 T b 0 6 C u 0 4 and that the X-ray 
diffraction patterns can be indexed as L n 2 C u 0 4 struc­
tures. Since this phase exists as a phase separated from 
phase 1 and its cja ratio is different from that of all 
binary L n 2 C u 0 4 compounds, it should be considered 
to be a new phase which is peculiar to the (La,Tb) 2 C u 0 4 

system. This phase is called phase 2. 

When the r value increases beyond r= 1.015 Â, the 
L a 2 C u 0 4 phase appears and coexists with phase 2. 
This fact indicates that phase 2 is different from both 

phase 1 and the L a 2 C u 0 4 phase. Beyond r= 1.05 Â 
the L a 2 C u 0 4 phase occurs as a single phase. 

The semiconducting properties of this system cor­
respond well to the structural behavior described above. 
Figure 2 gives the log p vs. 1000/T plots for the (La, 
T b ) 2 C u 0 4 compounds ( |0= resistivity). The roman 
numerals refer to the sample numbers given in Fig. 1. 
The p values at a given temperature for phase 1 decrease 

with increasing r value, but with slopes that are es­
sentially the same (I and I I ) . The plots for phase 2 
(I I I ) give a less steep slope than those for phase 1, 
indicating that the activation energy for the phase 2 
sample is lower than that of phase 1. 

The lowering of the activation energy in phase 2 
can be explained as being due to jr-bond formation in 
the ( C u - 0 ) a bond. As described in the previous sec-
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1000/T 

Fig. 2. Temperature dependence of resistivities of (La, 
Tb)2Cu04 compounds. 
O(I) : Lao.agTbj.^GuO^ « ( I I ) : La^.Tb^CuCu, 
D( IH) : La i.4Tbo.aGu04, A(IV): La i.8Tb0.aGuO4. 

tion, the shortening of the ( C u - 0 ) a bond can be at­
tributed to the 7r-bond formation of the t2g orbitals of 
the Cu 2 + ions and the degree of ^-electron overlap in­
creases with decreasing ( C u - 0 ) a bond length. T h e 
( C u - 0 ) a bond length in phase 2 is between that of 
phase 1 and of L a 2 C u 0 4 so that the ( C u - 0 ) a bond 
in phase 2 can be expected to include jr-bond charac­
teristic although the electron overlap is not as great as 
for L a 2 C u 0 4 . The jr-bond formation lowers the energy 
of the conduction band, resulting in a lower activation 
energy. 

The fact that the composition range of phase 2 is 
very narrow and that the La /Tb ratio is two approxi­
mately suggests that the phase 2 compound is La 4 Tb 2 -
Cu 3 0 1 2 , although no super lattice lines due to ordering 
of the La3+ and T b 3 + ions were observed. 

The triangles in Fig. 1 show the variation of the 
lattice parameters for the (La ,P r ) 2 Cu0 4 compounds 

with r. These lattice parameters change very critically 
at r = 1.05 Â. No stable specimens of compounds hav­
ing r ^ l . 0 5 Â could be obtained; the pellets spon­
taneously reduced to powder when removed from the 
furnace and cooled to room temperature. Therefore, 
it was not determined whether or not the critical change 
in lattice parameters is accompanied by a semicon­
ductor-metal transition, although shortening of the a 
axis and the very great lengthening of the c axis strongly 
suggests the same semiconductor-metal transition as 
that between L a 2 C u 0 4 and P r 2 C u 0 4 . 

As described previously, the La atom, which has the 
lowest electronegativity of the Ln atoms, causes the 
TT-bond formation of the ( C u - 0 ) a bond to which the 
metallic conductivity of L a 2 C u 0 4 is ascribable. One 
can expect that for metals less electronegative than 
La, the effective charge of the O 2 - ions on the c axis 
are enhanced to a value greater than that for L a 2 C u 0 4 

so that the ( C u - 0 ) c bond is longer and the ( C u - 0 ) a 

bond is shorter than in the case of the La atom. Since 

iol 
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Fig. 3. Temperature dependence of resistivities of GaO-
doped La2Cu04 compounds. 
• : La2Gu04, O : 2.5 mol% GaO-doped, A : 5 
mol% GaO-doped, • : 20 mol% GaO-doped. 
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Fig. 4. Temperature dependence of resistivities of BaO-
doped La2Gu04 compounds. 
• : La2Cu04 , O : 2.5 mol% BaO-doped, • : 5 
mol% BaO-doped, A : 10 mol% BaO-doped. 

the shortening of the ( C u - 0 ) a bond enhances the degree 
of jr-electron overlap and this results in an enhancement 
of the conducting electron mobility, the replacement of 
the La3+ sites with less electronegative atoms will 
enhance the conductivity of L a 2 C u 0 4 . Calcium and 
bar ium are less electronegative than La and it is known 
that they can replace parts of the Gd 3 + ions in Gd2-
Cu0 4 . 4 ) Therefore, Ca 2 + and Ba2 + ions can be expected 
to replace La3+ ions and to enhance the conductivity 
of L a 2 C u 0 4 . Figures 3 and 4 show the log p vs. 1000/ T 
plots for CaO-doped and BaO-doped L a 2 C u 0 4 com­
pounds, respectively. These are seen to be metallic, 
with the resistivities of the former decreasing with in­
creasing C a O content and, at 20 mol % doping, the p 
value decreases to one-tenth of that of undoped La2-
C u 0 4 . Similarly, the BaO dopant lowers the resistivity; 
at 10 mol % doping the p value becomes one-tenth of 
that for undoped L a 2 C u 0 4 . 

Table 1 gives the lattice parameters of undoped and 
20 mol % CaO-doped and 10 mol % BaO-doped La2-
C u 0 4 compounds. Although the Ba2 + ion is larger 
than the La 3 + ion, the a axis or the ( C u - 0 ) a bond 
shortens due to the BaO-doping. This is evidence for 

TABLE 1. LATTICE PARAMETERS FOR UNDOPED AND 

CaO- AND BaO-DOPED La2Gu04 

«(A) *(A) cja 

La2Gu04 

La1#6Ca04CuO4 

La1.8Ba0.2GuO4 

3.808 
3.790 
3.796 

13.200 
13.189 
13.274 

3.466 
3.480 
3.497 
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1.4 2.2 

1000/T 

Fig. 5. Temperature dependence of resistivities of 
Gdo.^Tb^CuaOs (O) and Gd0.84Tb1.16GuO4 ( • ) . 

an enhancement in the degree of jr-electron overlap, 
which was expected. The C a O dopant shortens the 
a axis but enhances the c\a ratio. This suggests that 
the shortening of the a axis due to the C a O dopant 
is not only due to the smaller size of the Ca2+ ion, but 
is due partly to an enhancement of the jr-electron over­
lap. Thus, the lowering of the resistivity due to doping 
with alkaline-earth oxides can be attributed to an 
increase in the degree of yr-electron overlap in the 
conduction band. 

The positive-charge deficiency in the La 3 + site due 
to doping with divalent alkaline-earth ions may be 
balanced partly by the oxygen vacancies and partly 
by the formation of Cu 3 + ions, as for alkaline-earth 
doped G d 2 C u 0 4 . This contributes to a decrease in 
the number of electron carriers, but the decrease in 
conductivity due to this effect is negligibly small in 
comparison with the increase in conductivity due to 

jr-electron overlapping, since L a 2 C u 0 4 is metallic. 
T h e composition of the C u O - L n 2 0 3 system changes 

discontinuously between Gd and T b ; C u O / L n 2 0 3 = l 
for L n = L a — G d and C u O / L n 2 0 3 = 2 for L n = T b — L u . 

Since the r value can be varied continuously by varying 
the G d / T b ratio, the ternary system, G d 2 0 3 - T b 2 0 3 -
CuO, will reveal how the C u O / L n 2 0 3 ratio depends 

upon the r value between Gd and T b . Powder X-ray 
diffraction data reveal that the limit composition for 
a compound with C u O / L n 2 0 3 = l is Gd0 8 4 Tb 1 - 1 6 Cu0 4 

and that for C u O / L n 2 0 3 = 2 is Tb 1 > 0 4Gd 0 9 6Cu 2O 5 . 
This indicates that overlap occurs in both types of 
compounds for Gd /Tb ratios ranging from 0.72 to 1.08, 
that is, there is no critical ionic radius of the Ln 3 + 

ions at which the L n 2 C u 0 4 type compound transforms 
into the L n 2 C u 2 0 5 type compound. 

T b 2 C u 2 O s is an insulator and G d 2 C u 0 4 is a semicon­
ductor.1,2) I t is not known whether this difference in 
the resistivities is ascribable to the difference in the crystal 
structures or to the difference in the ionic radii of the 
Gd 3 + and T b 3 + ions. Figure 5 indicates that the re­
sistivity of the T b j 04Gd0 9 6 C u 2 0 5 compound is still 
greater than that of the Gd0 8 4 T b i a 6 C u 0 4 compound by 

three orders of magnitude, although the r value of the 
former is greater than that of the latter. Therefore, 
the difference in the resistivities of G d 2 C u 0 4 and Tb 2 -
C u 2 0 5 is not due to the difference in size of the Ln3+ 
ion but due to the difference in the crystal structures. 
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The Determination of the Critical Volume for the Free Motion of 
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A certain volume of a solution, (20—30 Â)3 per unit of solute entity, designated the "molecular space," is 
assigned as the necessary volume for the free motion of the solute. By the use of ESR, the actual size of the mo­
lecular space has been determined for the cupric ion and 2,2,5,5-tetramethyl-3-carbamoylpyrollidin-l-oxyl. It is 
pointed out that the concentrations of the important solutions in nature, such as sea water or human serum, may 
correspond to the moleuclar space of ions. 

Solute entities in solution, such as ions or molecules, 
undergo diffusional and rotational motions in the 
solvent media. Those motions depend on the condi­
tions of the solution, such as the concentration, the 
volume, the temperature, or the chemical propterties 
of the system, and the behavior of the solutes can be 
investigated by analogy with gaseous systems, where 
non-elastic and the elastic collisions characterize ideal 
and real gases. The free motion of the solute entity 
colud be defined as the motion in which the solute 
fulfils any one or a combination of the following con­
ditions; 1) the motion is isotropic, 2) the solute does 
not exist as an ion-pair, 3) the solute is completely 
hydrated, or 4) the correlation time r of the rotational 
motion obeys Debye's formula, Tc=4:7i7]a3l3kT, where 7] 
is the viscosity of the solution; a, the ionic radius; k, 
the Boltzman constant, and T, the absolute temperature. 
Whether or not the solute entity is in the state of free 
motion can be seen by its N M R or ESR spectral features. 
This paper will report that a certain volume of a solu­
tion is required for the maintenance of the free motion 
of the solute entity. T h e minimum volume of a solution 
which allows the solute entity free motion is defined as 
Vc. The results of the investigation which has been 
carried out for the measurement of Ve will be presented. 

In the investigation, the magnitude of Vc was evalu­
ated first by the examination of the concentration 
dependence of the linewidths of the ESR spectra of 
aqueous cupric ions. In this experiment, the con­
ditions of 1, 2, and 3 cited above were taken as measures 
of the free motion of ions. (Experiment 1). 

We planned then to measure Ve more directly by 
the control of the space of the solution available to the 
solute entity. Two systems were adopted for this pur­
pose, one silica gel (Experiment 2) and the other, 
cross-linked poly(vinylalcohol), PVA, gel (Experiment 
3). One of the most notable findings of these experi­
ments is that the magnitude of Vc is several times larger 
than the actual size of the solute entity. T h e relevance 
of this finding will be discussed with respect to the 
recent results of the measurement of the viscosity or 
the relaxation times of magnetic resonance. T h e signi­
ficance of Ve in nature will also be discussed in the 
text. 

Exper imenta l 

Experiment 1 : Concentration dependence of the ESR linewidth 
of cupric ions in aqueous solutions. The ESR linewidth of 
cupric ions in aqueous solutions, &H, has been measured as 
the function of the concentration of ions. As the details of 
the experimental conditions have already been published 
elsewhere,2) they will not be repeated in this article for except 
Fig. 1. Figure 1 has been reproduced for convenience, and 
it has been augmented with some additional data and a re-
calibration of the scale of the linewidth. 

It is evident in Fig. 1 that AH is not dependent on the 
concentration nor on the anion species in the range lower 
than about 0.1 M. This result has been interpreted in terms 
of the fact that the cupric ions are wholly hydrated in the 
concentration range lower than 0.1 M, whereas, in the higher 
concentration range, ion pairs are formed, resulting in the 
reduction and the anion dependence of AH. Hence, the 
conditions of the free motion, 1, 2, and 3, which have been 
raised in the introduction, are fulfilled, and 0.1 M can be 
taken as the limiting concentration which allows the free 
motion of ions. 

This value of the critical concentration refers to a certain 
volume of solution (a cube of 20Â) per ion (=1000 ml/2 X 
0.1 X 6.02 XlO23). 

Experiment 2: ESR pattern of aqueous solutions ofCu2+ adsorbed 
in silica gel. In order to evaluate Va more directly, 
another experiment was undertaken*** with the use of 
aqueous solutions of cupric sulfate spread over the surface 
of silica gel. 

Two types of experiment were performed: A) with the 
silica gel dipped in aqueous solutions of different concentra-
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* Present address : Tsukuba University, Sakura, Niihari 
Ibaraki 300-31. 

** Present address: Institute for Solid State Physics, 
Roppongi, Minato-ku Tokyo 160. 
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Fig. 1. Concentration dependence of the ESR line 
widths of aqueous Cu2+ ions. 
— O — GuS04 aq. —A— Gu(N03)2 aq. 

*** This section is a part of the B. Sc. thesis submitted 
by H. Morita to the University of Tokyo, 1970. 
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T A B L E 1. CONTENTS OF WATER AND CUPRIC SULFATE 

ABSORBED IN SILICA GEL 

T A B L E 2. W A T E R CONTENT IN SILICA GEL JUST AFTER 

T H E DEVELOPMENT OF THE SOLUTION OF CUPRIC SULFATE 

Sample 

i 
ii 
i l l 

Mother 
solution 

0 .25M 
0 . 5 M 
l .OM 

H 2 0 g/g SiOa 

1.1 
1.1 
1.1 

Cu2+ mM/g SiOa 

0.26 
0.56 
1.1 

Sample 

iv 
v 

Mother 
solution 

0.20 M 
0.46 M 

H 2 0 Content just 
after development 

1.2g/gSiO a 

1.0 g/g SiOa 

The values of water and cupric ions refer to those 
contained in the silica gel just after it is taken out 
of the mother solution and after it has been drained. 

tions of cupric sulfates, and B) with thin-layered silica gel 
plates over which the cupric sulfate was developed. I n both 
cases, the ESR of the cupric ions and the contents of ions 
and water in silica gel were measured. 
Conditions of Experiment 2-A: 

Silica gel: Wako Gel, 
E S R : J 3BS Spectrometer, made by J a p a n Electron 

Optics Laboratory Co. X band, 100 kHz modulation. 
Procedure. T h e silica gel was pu t in equilibrium with 

three aqueous solutions (i, ii, and iii) with concentrations 
of 0.25, 0.5, and 1.0 M respectively. N o solution with a 
concentration lower than ca. 0.2 M was adopted in the present 
experiment because of the limitations of the ESR measure­
ments. After filtration, the excess solution was gently removed 
as drainage. T h e contents of water and cupric ions in the 
samples as well as the ESR were measured at the same time 
at this stage. As a wet sample lowers the Q, value of the ESR 
spectrometer, the sample size must be kept small. This 
condition brings another difficulty-that the number of cupric 
ions which are brought into the ESR cavity is reduced. Ef­
forts were made to find out the optimal conditions. Another 
difficulty lay in the t reatment of silica gel. T h e silica gel 
which had became wet with the solution showed a tendency 
to squeeze the solution out of the gel when it was treated for 
the transference into the capillary sample tube of ESR measure­
ments. Efforts were made to transfer the wet silica gel into 
the capillary without any distortion. T h e results of the 
analysis are shown in Table 1. 

Results of 2-A: In Tab le 1 it may be seen that the water 
content is the same for all three samples, 1 ml/gSiO a . This 
value may be taken as the volume of solution which can 
"na tura l ly" be held in silica gel. As the results of the analysis 
of the copper content also show that 1.1 ml of each mother 
solution is held in the silica gel, ca. a 1-ml solution over g S i 0 2 

would be a good value of water, with reference to the value 
of Ve. With the values of the surface of the silica gel from 
4 to 6, m 2 /gSi0 2 t , a water layer 2 0 ± 5 Â thick ( = 1 ml/4—6 
m2) is taken as the space which allows the solute ions "a lmos t" 
free motion. T h e motion in the latter case is called "almost 
free" because the ions with the concentration of the experiment 
are assumed to be ion-paired to some extent. There was 
a slight worry that the samples might hold excess solution 
as a result of an incomplete removal of the drainage. Ac­
cordingly, Experiment 2-B was carried out, where the samples 
were assumed to be prepared in more homogeneous condition. 

Experiment 2-B : Thin-layered silica gel plates were prepared 
on glass plates according to the usual technique of thin-layer 
chromatography. T h e thickness of the silica gel layers 
was assumed to be a few hundred microns. T h e silica gel 
used is the one same used in Experiment 2-A. 

Two solutions of cupric sulfate with concentrations of 0.20 
and 0.46 M were developed in the layers. After the develop­

ment, each layer of silica gel was cut into 9 portions, equal 
in length, from the bottom to the top of the plate. The 
contents of water, cupric, and sulfate ions were measured 
as well as the ESR spectra for all samples. Table 2 presents 
the results of the measurement with respect to the bottom 
portion of the plates. 

Results of 2-B. In Table 2 it may be seen that the 
two samples of thin-layered silica gel, iv and v, also hold 
about 1 ml (actually 1.2 and 1.0 ml) of the solution. Because 
the patterns of the E S R spectra are of a single line with a 
fairly good symmetry, it is certain that the cupric ions are in 
a state of almost "free' motion. Summarizing the results of 
A and B, the ions in the samples of both cases are in almost 
"free' motion in the water layer ( 2 0 ± 5 Â thick) which is 
spread over the surface of the silica gel. 

Experiment 5 t t : Use of the network of y-irradiated PVA. 
For the purpose of the measurement of Vc, the cross-linked 
network of polyvinyl alcohol, PVA, which was produced by 
the y-ray irradiation was utilized. By the y-ray irradiation 
of the aqueous solution of PVA, the latter molecules are cross-
linked and form a three-dimensional network. The average 
distance between the end terminals of the PVA molecules, 
</>, can be controlled by the control of the concentration of 
PVA, C, and the total dose of the y-rays, R. T h e value of 
<7) actually refers to the size of the hole in the network which 
can hold ions in the solution. Thus , the cross-linked PVA 
gel is used as a convenient medium for the control of the 
motion of the solutional ions. Some examples of the applica­
tion have already been reported.3) 

T h e value of (T) may be calculated according to the 
following equation:*) 

</> = 2 . 5 X [ ( 5 . 1 X 1 0 8 + 1 . 3 7 X 1 0 8 C ) / J R ] 1 / 2 J :i) 

where C refers to the value in g PVA per 100 ml of H 2 0 and 
R is in rads. In practice, the degree of the polymerization 
of PVA is about 2000, and C is 5 g P V A / 1 0 0 g H 2 O . T h e 
source of the y rays is the University of Tokyo, the y-ray 
source of Co-60 with 3000 Curies, and R is 2 X 106 rads. 
First in this experiment, a ) , the symmetry of the ESR spectra 
was examined by a comparison of the half-maximum line-
widths of the two parts of the derivative curve. Tha t is, 
after recording the derivative of the single line of the ESR 
absorption spectrum, the half-maximum linewidths, A^i and 
A^2? were measured with respect to both the higher-field and 
lower-field parts {cf. Fig. 2), respectively. It was confirmed 
that the cupric ions in the gel of (V) almost equal to, or smaller 
than, 25 Â gave A^2 values for the lower field side derivative 
about 5 % larger than the £±hx values for the higher-field side. 
However, the ions showed almost symmetric lines in the gel 
of </> larger than 25 Â. T h a t is, the F c for Cu 2 + ions was 
counted as about 25 Â. 

I n the b) experiment, the relative heights of the three 
hyperfine lines of the ESR signal of the radical were compared. 
T h e correlation time, TC, was then calculated by the use of 
the observed results and the following equation,5) where the 

t Determined by the nitrogen gas adsorption. 
tt This section forms a par t of the B. Sc. thesis of 

Yasushi Kanaoka , University of Tokyo, 1975. 
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Fig. 2. Derivative of the ESR spectrum of Cu2+ 0.01 M 
solution in PVA gel of </> = 20 Â, where A/*i>AA2 

by 5%. When </>|>25Â, A^=AA 2 . 

20 40 60 80 

< 0 A 
Fig. 3. Correlation time, TC, for the motion of 2,2,5,5-

tetramethyl-3-carbamoylpyrrolidin-l-oxyl, TMCA, as 
the function of the molecular space in PVA gel. 

0 ^ c / N H 2 

GH3\| | /CH3 

C H 3 / \ N / \ C H 3 

O-
— X—: 0.01 M in PVA gel, —O—: 0.001 M in 
PVA gel, **: TC in bulk solution. 

values of the hyperfine constants of Axx, and Azz were obtained 
from the literature :6> 

i / A ( ° ) Y / , i 
LU(i)/ 

A(0) 1/2 

- 2 
3^Av(0) 

2C, (2) 
Ä ( - l ) 

where C2 = 2n/9[AZZ—Axx]
2 and where h refers to the deriva­

tive height of each hyperfine line. The results of the measure­
ment are shown in Fig. 3, where a marked increase of TC is 
seen in the gels of </> lower than about 20 Â. 

D i s c u s s i o n 

According to the results of all the experiments shown 
above, it is evident that a certain volume of a solution, 
(20±5) 3 Â per unit solute entity, is required for the 
free motion of the solute entity of a simple structure, 
like Cu 2 + or a low-molecular-weight compound. A 
problem of current interest is the fact that Vc is several 
times larger than the real size of the solute entity. 
This fact may have some connection with the discussion 
related with the microviscosity, which assumes the pres­

ence of a structural sphere surrounding the solute 
entity.7) It may also be related to the discussion which 
has recently been made in the field of magnetic relaxa­
tion.8) I t should be stressed that Vc has been measured 
directly in the present investigation, unlike as in former 
investigations of microviscosity or magnetic relaxation. 
Further investigation will be necessary for a real under­
standing of the structure of Vc. Another point to be 
noted in this article is the possible significance of Va 

in nature. As one considers the situation of the solute 
entity, where it is held in the concentration range of 
Vc, the whole system of the solution is assumed to be 
stabilized by the buffer action of the solute entity. 
T h a t is, in the solution where the solute entity just 
holds the space of Vc, each individual solute entity 
behaves as free from the others and also as free from 
the external system. Nevertheless, it should easily re­
spond to the action of the external system, for the con­
centration is not far from the condition which produces 
the mutual interaction of the solutes or the reaction 
with the external system. In connection with this 
statement, reference may be made to the fact that the 
concentrations of the salt in the important solutions in 
nature fall in the range of the concentration of Vc. 
For example, the concentration of the human serum 
is about 0.1 M, that of the silk worm egg is 0.1 M,9) 
and that of the sea water is about 0.5 M. In addition 
to this, we may refer to the work of Ehrenberg.10) He 
assumed the case of an adult human with a body of 
weight of 70 kg, 50 kg of water and 20 kg other materials, 
mainly organic. H e evaluated the total interface of 
the macromolecules (and membranes) to be of the 
order of 10—100 km2 (107—108m2) . If one spreads, 
according to this formula, the 50 kg of water in an 
uniform layer over this area, the thickness of the layer 
becomes 5—50 Â. H e assumes that there would be, 
on the average, less than 20 water molecules between 
the most distant point in the water and the surface. 

Valuable discussions with Professors K. Higasi and 
A. Ehrenberg are heartily acknowledged. 
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Studies of the Aqueous Solutions of Guanidinium Salts. VI. Complexes 
of Guanidinium Halides and Symmetrical Tetraalkylammonium Halides 

Koichiro MIYAJIMA, Hiromitsu YOSHIDA, and Masayuki NAKAGAKI 

Faculty of Pharmaceutical Sciences, Kyoto University, Yoshidashimoadachi-cho, Sakyo-ku, Kyoto 606 
(Received March 22, 1977) 

Guanidinium halides (bromide and chloride) form crystalline complexes with symmetrical tetraalkylammo­
nium bromides (tetraethyl-, tetrapropyl-, and tetrabutylammonium bromides and tetrabutylammonium chloride) 
in aqueous solutions at room temperature. These complexes were analyzed and found to be either binary com­
plexes of two kinds of salts or ternary complexes with water as a third component. Each complex showed com­
plicated peaks in the DSC measurements, which indicated the phase transition in the solid state. The solubility 
of each salt in ternary systems was measured, and phase diagrams were constructed for some of the ternary systems. 
A mutual salting- in effect was observed in all the ternary systems, and this effect was discussed in terms of complex 
formation and the structual change of water. 

The guanidinium ion has a strong resemblance to 
urea in its shape, size, and functional group except 
for a charge which is distributed around the periphery 
of the disc-shaped ion. Even in aqueous solutions, the 
guanidinium ion and urea have a similar effect toward 
hydrophobic solutes when they are mixed with hydro­
carbon gas1) and symmetrical tetraalkylammonium 
salts.2'3) These properties of urea and guanidinium 
salts are regarded as the main factor in the denatura-
tion of protein in their aqueous solutions.4) In 1966 
Saito et a/.5) reported the complex formation of urea 
with various tetraalkylammonium salts in aqueous 
solutions. Therefore, it seems worthwhile to investigate 
the interaction between a hydrophobic solute and a 
guanidinium salt in an aqueous solution, especially at a 
high concentration. 

From these points of view, we studied the mutual 
solubility of a guanidinium halide and a symmetrical 
tetraalkylammonium halide in aqueous solutions and 
isolated crystalline complexes containing each salt from 
aqueous ternary solutions. In this paper, we wish to 
report the preparation and characterization of various 
crystalline complexes formed by guanidinium halides 
and tetraalkylammonium halides in aqueous solutions. 
In addition, the solubilities of these salts were measured 
in ternary solutions, the total concentrations and the 
mole ratio being changed. From these data, phase 
diagrams were constructed for some of the ternary 
systems. 

Materials. Symmetrical tetraalkylammonium halides 
were obtained from the Nakarai Chemical Co., and were 
purified by recrystalization from appropriate solvents described 
elsewhere.6) The guanidinium halides used were the same 
as those of the previous paper.7) Reagent-grade urea ob­
tained from Wako Chemical Co., Ltd., was used without 
further purification after being dried in vacuo. 

Preperation of Complex. A guanidinium halide and a 
tetraalkylammonium halide were mixed at an appropriate 
mole ratio, after which a desired quantity of water was added 
to dissolve the solid. The solution was then subjected to 
natural evaporation in an open beaker at room tempetature. 
The crystals thus formed were collected by filtration, cut to 
small pieces, and pressed between filter papers to remove 
the mother liquid. These crystals were powdered and dried 
for several hours at a relative humidity of 30—50% at room 

temperature and used for the direct analysis of complexes. 
Method of Analysis. For each of the crystalline com­

plexes, wet residues, and saturated solutions, the halide ion 
was determined by Mohr's method, and the tetraalkylam­
monium ion, by colorimetry. The latter method is based 
on the fact that the tetraalkylammonium ion and Metyl 
Orange form a complex which is slightly soluble in water 
and soluble in organic solvents, such as chloroform and 1,2-
dichloroethane. Therefore, the contents of the tetraalkyl­
ammonium ions were determined by measuring the optical 
densities of extracted solutions of the tetraalkylammonium-
Methyl Orange complex at 425 nm. This method was useful 
in the presence of guanidinium salts. The difference between 
the contents of the halide and tetraalkylammonium ions cor­
respond to the content of the guanidinium ion. The water 
content was also deternined from these values and the total 
weight of the sample. 

The phase diagrams were obtained by Schreinmakers' 
"wet residue" method.8) In this method, the solid components 
were dissolved in water at various concentrations, and solu­
tions were agitated in a thermostat until equilibrium was 
reached. Then the liquid phase and the wet residue were 
separated, and both were weighed and determined. The 
compositions obtained by the above procedure are plotted 
on a triangular diagram in Fig. 1. Let the points a, b, and 
c represent the compositions of the saturated solutions, and 
the points a', b' , and c', the compositions of the corresponding 
wet residues. Then, the tie-line a-a', b-b', and c-c', must 
pass, on the extention past a', b', and c', through the com­
position of the solid complex P. 

Crystalline Complexes and Phase Diagrams. Tetrabutyl­
ammonium Bromide [(n-Bu) ^NBr\-Guanidinium Bromide 
\GuBr\-Water. By applying Scheinmakers' wet 
residue method, the triangular diagram shown in Fig. 1 
was obtained for the (w-Bu)4NBr-GuBr-H20 system. 
In this diagram, A and B are the solubilities of (rc-Bu)4-
NBr and GuBr respectively in water at 25 °C. Curve 
ACDB shows the compositions of saturated solutions 
containing both (rc-Bu)4NBr and GuBr. As is shown in 
the plots, Scheinmakers' wet residue method indicated 
the presence of the P complex, which contains equimolar 
amounts of (rc-Bu)4NBr, GuBr, and H 2 0 in a crystal. 
This conclusion was confirmed by the direct analysis 
of the crystal obtained from mixed solutions containing 
both salts in different mole ratios. The crystal form 

Exper imenta l R e s u l t s 

file:///GuBr/-Water
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TABLE 1. SOME CHARACTERISTICS OF THE CRYSTALLINE COMPLEXES FORMED BY GUANIDINIUM 

HALIDES AND SYMMETRICAL TETRAALKYLAMMONIUM HALIDES 

System Crystal form 
of complex 

Stoichiometric 
composition in 

mole ratio 

Mp of 
complex 

(°C) 

Mp of 
pure R4NBr 

(°G) 

(n-Bu)4NBr-GuBr-H20 

(w-Pr)4NBr-GuBr-H20 

(Et)4NBr-GuBr-HaO 

(ra-Bu)4NBr-GuBr-H20 
[>-Bu)4NCl-GuBr-H20] 

Prism 
Plate 
Flat needle 
Flat needle 
Needle 
Prism 
Prism 

1 : 1 : 1 
2 : 1 : 0 
3 : 5 : 0 
1 : 1 : 0 
1 : 2 : 1 
1 : 1 : 1 
1 : 1 : 1 

65— 66 
153—155 
108—110 
147—149 
160—161 
60— 63 
60— 63 

119 
250 
250 
250 
250 
119 
75 

(BU4NBr 40 60 
w t 7 0 of GuBr 

GuBr 

Fig. 1. Triangular diagram for ternary system (re-Bu)4-
NBr-GuBr-HaO at 25 °C by Schreinmakers' wet 
residue method. Complex P (ra-Bu)4NBr : GuBr : H 2 0 
= 1 : 1 : 1 . 

and the melting point of the complex are shown in 
Table 1. The crystal of the P complex is stable in 
an atmosphere at room temperature, but when it was 
allowed to stand for several hours in vacuo at room 
temperature, it melted by losing water. The amount 
of water lost corresponded almost exactly to the amount 
obtained by the direct analysis of the crystal. Tetra-
butylammonium bromide forms a clathlate hydrate, 
0-Bu)4NBr-32.8H2O at low temperature.9) Therefore, 
the same experiment as was done at room temperature 
was carried out again at 3 °G, no clathlate hydrate was 
found to form when enough guanidinium bromide was 
dissolved in the solution. In the (n-Bu)4NBr-GuCl-
H 2 0 or (w-Bu) 4NCl-GuBr-H 20 system, a similar 
crystalline complex was isolated from the mixed solu­
tions, but the half mole of the bromide ion was replaced 
by the chloride ion in the crystal. 

Tetrapropylammonium Bromide [(n-Pr)^NBr\-GuBr-H^O. 
As is shown in Fig. 2, the wet residue method indicated 
the presence of two kinds of complexes, P ' and Q \ 
These complexes did not contain water, and the mole 
ratio of (n-Pr)4NBr and GuBr was 2 to 1 and 3 to 5 
for the P ' and Q,' complexes respectively. The crystal 
forms and melting points are shown in Table 1. 

Tetraetylammonium Bromide [(Et)^NBr^-GuBr-H^O. 

(Pr)4NBr 40 60 

wt 7o of GuBr 
GuBr 

Fig. 2. Triangular diagram for ternary system (ra-Pr)4-
NBr-GuBr-H20 at 25 °C by Schreinmakers' wet 
residue method. 
Complex P' (ra-Pr)4NBr : GuBr=2 : 1. Complex Q,' 
(rc-Pr)4NBr : GuBr=3 : 5. 

Tetraetylammonium bromide also formed two kinds of 
complexes with GuBr in aqueous solutions. As is shown 
in Fig. 3, the P" complex contained equimolar amounts 
of the two salts, and no water, while the Q," complex 
contained (Et)4NBr, GuBr, and H 2 0 in the mole ratio 
of 1 : 2 : 1. The crystal forms and melting points are 
shown in Table 1. 

We did not study ternary systems containing the 
salts with only a chloride or iodide ion as a common 
anion, but we may predict with a high possibility of 
success the formation of crystalline complexes in these 
systems, judging from the formation of a crystalline 
complex in the (ra-Bu)4NBr-GuCl-H20 system. 

Thermochemical Properties of the Complexes. For the 
elucidation of the thermochemical properties of these 
complexes, DSC was employed. Some typical DSC 
charts and heats of fusion are shown in Fig. 4. and Table 
2 respectively. T h e heats of fusion were determined 
by comparing the peak area with that of urea. As 
may be seen in Fig. 4, these DSC charts may be classi­
fied into three typical groups. A peak with a shoulder 
is observed for Type A, a doublet peak for Type C, 
and two isolated peaks for Type B. No complex shows 
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T A B L E 2. SOME THERMOCHEMICAL PROPERTIES OF THE CRYSTALLINE COMPLEXES 

[Vol. 50, No. 11 

Complex Type of 
chart 

Transition temp 
by DSC (°C) 

Hea t of transition 
(kcal/mol of complex) 

[(«-Bu)4NBr] [GuBr] [ H 2 0 ] 

[(ra-Pr)4NBr]2[GuBr] 

[(7*-Pr)4NBr]3[GuBr]5 

[(Et) 4NBr][GuBr] 

[ (Et) 4 NBr][GuBr] 2 [H 2 Oj 

[(«-Bu)4NBr] [GuCl] [ H 2 0 ] 

A 

B 

C 

A 

C 

A 

59.6 
63.7 

135.4 
155.2 
103.1 
106.9 
147.2 
149.6 
154.3 
159.2 
58.7 
61.0 

(shoulder) 
(peak) 
(peak) 
(peak) 
(peak) 
(peak) 
(shoulder) 
(peak) 
(peak) 
(peak) 
(peak) 
(peak) 

2.68 

1.43 
1.59 

2.17 

0 .99 

2 .17 

2 .02 

(Et)«NBr 40 60 
wt°/o of GuBr 

GuBr 

Fig. 3. Tr iangular d iagram for ternary system (Et)4-
N B r - G u B r - H 2 0 at 25 °C by Schreinmakers' wet 
residue method. 
Complex P" (Et)4NBr : G u B r = l : 1. Complex Q." 
(Et)4NBr : GuBr : H 2 0 = 1 : 2 : 1. 

A 6 
molality of R«NBr 

Fig. 5. Solubility ratios (S/S0) of GuBr vs. concentra­
tions of tetraalkylammonium bromides at 25 °C. 
S: Solubilities of GuBr in aqueous tetraalkylam­
monium bromides solutions (mol /kg-H 2 0) . S0: 
Solubility of GuBr in water (mol/kg-H aO). 3 : 
(«-Bu)4NBr, • : («-Pr)4NBr, O : (Et)4NBr. 

t [ m i n i 

type A 

t [min] 

type B 

t [min] 

type C 

Fig. 4. Typical DSC charts for the crystalline complexes. 
R a n g e : 8 mcal/min. Temperature-programing ra te : 
5 °C/min. 

a s ingle p e a k . T h e s e p h e n o m e n a seem to suggest t h e 
p r e s e n c e of p o l y m o r p h i s m in e a c h c o m p l e x . As m a y 
b e seen in T a b l e 2 , t h e m e l t i n g p o i n t s , as d e t e r m i n e d 
b y t h e u s u a l m e t h o d , c o r r e s p o n d to t h e t e m p e r a t u r e 
of t h e second peaks in F ig . 4 . T h e r e f o r e , t h e shou lde r s 
of t h e first p e a k s in F ig . 4 m a y ar ise f rom t h e p h a s e 
c h a n g e i n t h e solid s ta tes . T h e s t r u c t u r e of these c o m ­
plexes a r e n o w b e i n g s t u d i e d b y m e a n s of X - r a y diffrac­
t ion analys is . 

0 2 /, 6 8 
molality of GuBr 

Fig. 6. Solubility ratios (S/S0) of tetraalkylammonium 
bromides vs. concentrations of GuBr at 25 °C. 
S: Solubilities of tetraalkylammonium bromides in 
aqueous GuBr solutions. (mol /kg-H 2 0) . S0: Solu­
bilities of tetraalkylammonium bromides in water. 
(mol /kg-H 2 0) . 3 : (n-Bu)4NBr, Q : («-Pr)4NBr, 
O : (Et)4NBr. 
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Solubility Measurement. As is shown in Fig. 1, 2, 
and 3, the solubility of each salt in a ternary solution 
increased as compared with that in pure water. T h e 
effect of tetraalkylammonium bromide on the solubility 
of GuBr is shown in Fig. 5. Each tetraalkylammonium 
bromide has a salting-in effect toward GuBr in aqueous 
solutions, (n-Bu)4NBr having the strongest effect among 
them. As is shown in Fig. 6, GuBr also has a salting-in 
effect toward tetraalkylammonium bromide and is 
most effective toward (n-Bu)4NBr. These phenomena 
constitute the so-called "mutua l salting-in" effect. 
These salting-in effects of GuBr toward tetraalkylam­
monium bromides are greater than those of urea.5) This 
fact is consistent with the effectiveness of GuBr and urea 
for protein denaturation in aqueous solutions. 

D i s c u s s i o n 

Guanidinium halides form complexes with symmetrical 
tetraalkylammonium halides in aqueous solutions just 
as urea does, though the compositions of complexes are 
not the same. However, the fact that urea, thiourea,5) 
and guanidinium halides form complexes with symmetri­
cal tetraalkylammonium halides suggests that the shape, 
the size, and the functional group play important roles 
in the reaction of the complex formation, although 
there is a quite significant difference (electrolyte and 
nonelectrolyte) between urea and guanidinium halides. 

(«-Bu)4NBr does not form a clathlate hydrate, but 
does form complexes with guanidinium halides in the 
presence of enough guanidinium halide, even at low 
temperatures. This fact indicates the presence of a 
stronger interaction between guanidinium bromide 
and (tt-Bu)4NBr than between water and (w-Bu)4NBr. 
As for the structures of crystalline complexes, we must 
await a detailed X-ray analysis. However, the fol­
lowing things may be deduced. (w-Bu)4NBr forms the 
clathlate hydrate in which the tetrabutylammonium ion 
is surrounded by a cage formed by water molecules 
and bromide ions.9) In contrast with the clathlate 
hydrate, the amount of guanidinium bromide and water 
in the crystalline complex seems to be too small to form 
a cage. O n the other hand, the difference of ionic 
size between the guanidinium ion and the tetrabutyl­
ammonium ion is too much to form a mixed crystal 
as in the case of alkali halide. Therefore, the crystal 
structures of these tetraalkylammonium halide-guanidi-
nium halide complexes may be different from those of 
either a clathlate hydrate or a mixed crystal. 

We can postulate two kinds of mechanisms for the 
mutual salting-in effect in the ternary systems. One 
is the salting-in due to the formation of a water-soluble 
complex in the ternary solutions (Mechanism A). If 
the water-soluble complex is a 1 -to-1 complex of GuBr 
and tetraalkylammonium bromide, and if the specific 
hydration of the complex is not taken into account, 
the solubility ratio (SjS0) must be proportional to the 
concentration of the solubilizing salt (m) and the slope 
must correspond to KS/(\ -\-KSQ), where K is the forma­
tion constant of the water-soluble complex. As has 
been stated in the experimental section, tetrabutyl­
ammonium bromide and tetraethylammonium bromide 
form a crystalline complex in which guanidinium 
bromide and tetraalkylammonium bromide are in a 
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mole ratio of 1-to-l. However, as may be seen in Figs. 5 
and 6, a linear relation between (SjS0) and m was not 
obtained in either case. This fact suggests that even 
if the water-soluble complexes were formed in an mixed 
aqueous solution, the compositions of water-soluble 
complexes would be different from those of crystalline 
complexes. 

The other mechanism is the salting-in due to the 
interaction between the guanidinium ion and the tetra­
alkylammonium ion through the alteration of the water 
structure (Mechanism B). T h e guanidinium ion is a 
structure breaker, while the tetraalkylammonium ions 
are hydrophobic structure makers. Since an aqueous 
solutions of tetraalkylammonium bromide is more struc­
tured than pure water, the guanidinium ion breaks the 
water structure in the aqueous solution of tetraalkyl­
ammonium bromide more clearly than that in pure 
water. This effect decreases the activity coefficient of 
guanidinium bromide. O n the other hand, when tetra­
alkylammonium bromide is added to an aqueous solu­
tion of guanidinium bromide, which is less structured 
than pure water, the ability of the tetraalkylammonium 
ion to form a water structure will decrease as compared 
with that in pure water. Thus, the effect of the addition 
of guanidinium bromide on the structure of water is 
similar to that of the elevation of the temperature. This 
effect decreases the activity coefficient of tetraalkylam­
monium bromide. 

We can say that Mechanism A is based on the contri­
bution of the enthalpy change, while Mechanism B is 
based on that of the entropy change. T h e thermo­
dynamic way of determining which of these two mecha­
nisms is really working is to measure the free energy 
and the heat change on mixing these two salts in an 
aqueous solution. When the free energy change on 
mixing tetrabutylammonium bromide and guanidinium 
bromide in an aqueous solution was investigated, large 
negative free energy changes were obtained.3) There­
fore, a promising avenue to the elucidation of the mutual 
salting-in effect may be to measure the heat of mixing 
tetraalkylammonium and guanidinium bromides in 
aqueous solutions. 
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31P Magnetic Relaxation in Polynucleotides* 
Kazuyuki AKASAKA, Atsuko YAMADA, and Hiroyuki HATANO 
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(Received April 11, 1977) 

Phosphorus-31 nuclear spin-lattice relaxation times and nuclear Overhauser enhancement upon nonselec­
tive proton saturation were measured on polyriboadenylic acid, polyribocytidylic acid, and polyribouridylic 
acid. A method is described to separate dipolar contribution from the contribution of chemical shift anisotropy 
for the phosphorus relaxation by the combined use of 7^ and NOE data. Chemical shift anisotropics (ô// — ô±) 
of phosphorus in these polynucleotides in solution are estimated to be in the range 120—165 ppm. The molecular 
motion of the phosphorus moiety becomes faster in the order, poly(A)<poly(C)<poly(U), the thermal activa­
tion processes being characterized by single activation energies, i.e., 5.1, 5.3—6.0, and 7.2—8.1 kcal/mol for poly(U), 
poly(C), and poly (A), respectively. 

Phosphorus nucleus plays a key role in the main chain 
structure of nucleic acids. Its relatively large nuclear 
moment with its 100% natural abundance makes the 
31P nucleus a good sample for nuclear magnetic re­
sonance studies. Numerous reports are available on 31P 
magnetic resonance of nucleic acid systems, but most 
of them are based on the analysis of chemical shift1) and 
spin-spin coupling constant.2) Studies of nucleic acids 
by 31P relaxation measurements have only recently 
begun, and their relaxation mechanisms and use for 
the study of nucleic acid structures and dynamics have 
not been investigated in detail. 

Akasaka studied dynamic structure of polyriboade­
nylic acid using 31P relaxation assuming solely dipolar 
mechanism for relaxation.3) Recently Hayashi et al. 
applied 31P relaxation to studies of structures of yeast 
transfer RNAp l l e based on more rigorous analysis of 
31P relaxation including the contribution from chemical 
shift anisotropy.4) In the present paper, a detailed 
account is given on the method of analysis of 31P relaxa­
tion as well as the results of its application to single-
stranded polyribonucleotides. 

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

Materials. Homopolyribonucleotides (poly(A), poly-
(G), and poly(U)) ( M r > 100,000) from Sigma Chemical 
Company were used. They were dialyzed extensively in 0.1 
M NaCl, mainly to remove paramagnetic metal ions. Samples 
for 31P NMR measurements were prepared in concentrations 
of 60—90 mM (in monomer unit) in 99.75% D 2 0 containing 
a small amount of EDTA ([EDTA]/[P] = 1/20). All the 
samples were throughly degassed on a vacuum line before 
NMR measurements. 

ApU (from Sigma) was treated with chelex and then pre­
pared for NMR measurements as in the case of polynucleotides. 

Methods. Measurements of 31P spin-lattice relaxation 
times (7\) were performed on a JEOL PFT-100 Fourier 
transform NMR spectrometer operating at 40.48 MHz under 
proton noise irradiation, by utilizing 180°-t-90° (inversion 
recovery) pulse sequences. 

Nuclear Overhauser enhancement of 31P resonance upon 
proton irradiation was obtained as relative integrated in­
tensity of 31P resonance between conditions with the proton 
noise-decoupler on and off by using sodium pyrophosphate 
as an internal standard. The proton decoupling power was 
kept less than 10 watts to avoid temperature rise in the sam-

* Presented at XVth NMR Symposium of Japan, Tokyo, 
October 1976. 

pies. 

Analys i s o f 31P Relaxat ion 

Three major mechanisms are considered to be impor­
tant in determining 31P longitudinal relaxation in nucleic 
acids : 
(1) dipolar interaction with neighbouring protons, 
(2) chemical shift anisotropy, and (3) interaction with 
paramagnetic ions. These interactions are coupled 
with molecular motions to cause phosphorus relaxation 
in solution, and must be separated in order to utilize 
31P relaxation for a quantitative study of nucleic acid 
structures and dynamics. 

First, the contribution from paramagnetic impurities 
and dissolved oxygen can be removed almost throughly 
(see Experimental) . The absence of paramagnetic ef­
fects can be verified by observation of large nuclear 
Overhauser enhancements. 

Separation of the dipolar contribution from the 
chemical shift anisotropy contribution is more intricate, 
requiring inspection into the nature of the relaxation 
mechanisms. One way frequently used on phospholipid 
systems5) is to measure line widths at more than one 
observing frequency. This is based on the fact that, 
while the magnitude of the dipolar interaction is in­
dependent of the observing frequency co, that of the 
chemical shift anisotropy depends on co2.6) However, 
often in 31P line width, contribution from the component 
that is linearly dependent co can not be neglected, 
leading to errors in the evaluation of chemical shift 
contribution. Moreover, the availability of 31P N M R 
spectrometers for a few to several different frequencies 
can not be usually expected. 

In the present work, we have taken an alternative 
approach for separating two mechanisms, utilizing 
nuclear Overhauser enhancement of 31P signals upon 
saturation of proton signals. The utility of the method 
lies in the fact that the nuclear Overhauser effect occurs 
only in the case of dipolar relaxation with protons, but 
not in the case of chemical shift anisotropy relaxation. 

Following three basic assumptions are made. (1) The 
molecular motion of the phosphorus moiety can be 
approximated as isotropic and is therefore characterized 
by a single correlation time rc. (2) The same correla­
tion time rc can be used in common for both the dipolar 
relaxation and the chemical shift anisotropy relaxation. 
(3) The geometrical as well as the electronic structure 
of the phosphorus moiety is invariant in the measured 
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t e m p e r a t u r e r a n g e so t h a t t h e d i s tances b e t w e e n t h e 

p h o s p h o r u s a t o m a n d t h e n e i g h b o u r i n g p r o t o n s (e.g., 

H 3 ' , H 5 ' , a n d H 5 " ) as wel l as t h e a n i s o t r o p y in t h e 

p h o s p h o r u s c h e m i c a l shift c a n b e t r e a t e d as t e m p e r a ­

t u r e i n d e p e n d e n t q u a n t i t i e s . 

Assumpt ions (1) a n d (2) a r e e x p e c t e d f rom s imp le 

a p p r o a c h e s in N M R theory 6 ) , a n d c a n b e a l l o w e d as 

a first s tep . O n t h e o t h e r h a n d , (3) m i g h t n o t b e 

just i f ied easi ly i n a re la t ive ly flexible p o l y m e r s u c h as a 

s ing le - s t randed p o l y n u c l e o t i d e . H o w e v e r , as a n e x a m ­

ple , in t h e case of A p A a n d U p U p h o s p h o r u s - p r o t o n 

c o u p l i n g cons t an t s , 3JPKS', V P H * ' , a n d 3Jpn3', s h o w on ly 

smal l va r i a t ions (less t h a n 1 0 % ) in g o i n g f rom 20 °G 

to 80 °C,7) i n d i c a t i n g re la t ive i n v a r i a n c e of r o t a m e r 

p o p u l a t i o n s a b o u t t h e C 3 ' — 0 3 ' a n d C 5 ' — 0 5 ' b o n d s 

w i t h t e m p e r a t u r e . U n f o r t u n a t e l y , n o s u c h d a t a a r e 

a v a i l a b l e for po lynuc l eo t i de s , b u t t h e v a r i a t i o n s in 

r o t a m e r p o p u l a t i o n s m i g h t b e e x p e c t e d to b e e v e n 

sma l l e r in po lynuc leo t ides . I n v i ew of th is , a s s u m p t i o n 

(3) is cons ide red to b e r e a s o n a b l e . 

Based o n a s s u m p t i o n s (1) a n d (2) , t h e t i m e d e p e n ­

d e n c e of t h e l o n g i t u d i n a l m a g n e t i z a t i o n </ z > P of p h o s ­

p h o r u s , in t h e a b s e n c e of r e l a x a t i o n c o n t r i b u t i o n f rom 

p a r a m a g n e t i c i m p u r i t i e s , s h o u l d o b e y t h e e q u a t i o n 8 ) 

d< / z ) i 

dt 
- = ( S ^ P H t + / > p ) ( / 0 P - < / z > p ) + S f f p H i ( / 0 H 1 - < / z > H i ) , 

(1) 

w h e r e I0P a n d 70Ht d e n o t e t h e m a g n e t i z a t i o n of p h o s ­

p h o r u s a n d t h e i-th p r o t o n , respec t ive ly , a t t h e r m a l 

e q u i l i b r i u m w i t h t h e la t t i ce , a n d </ z > P a n d < / z ) H l
 t n e 

m a g n e t i z a t i o n of p h o s p h o r u s a n d i-th p r o t o n , r espec­

t ively, a t t i m e t af ter a p p l i c a t i o n of a 180° pu l se . 

i°PHi a n d a7VLi a r e r e l a x a t i o n t e r m s d u e to d i p o l a r 

i n t e r ac t i on b e t w e e n t h e p h o s p h o r u s n u c l e u s a n d t h e 

z-th p r o t o n , a n d expressed b y 

ylylfr [ 1 1 
/°PHt = 

+ 

10 \ + (coP-con)
2rl 

1 3 

<7PH4 = 

10 l + (cop + o ) H ) 2 ^ 

ylylh* f 1 1 

+ 
1 

10 \+œ2
Prl 

+ 

• I — -( 10 1 + (cop — cüH)2r« 

10 l + ^ p + W H ^ r 0 , 

1 

(2) 

(3) 

w h e r e rt r ep resen t s t h e d i s t a n c e b e t w e e n t h e p h o s p h o r u s 

a t o m a n d t h e i-th p r o t o n , coF a n d OJH a r e t h e L a r m o r 

a n g u l a r f requencies for p h o s p h o r u s a n d p r o t o n , r espec­

tively. pP is t h e r e l a x a t i o n t e r m d u e to c h e m i c a l shift 

a n i s o t r o p y a n d g iven by6) 

P* = ^Ô'<-Ô±MT£& (4) 

w h e r e ax ia l s y m m e t r y is a s s u m e d for t h e c h e m i c a l shift 

tensor . 

U n d e r s a t u r a t i o n of all t h e p r o t o n r e sonances d u e 

to p ro ton -no i se i r r a d i a t i o n , < / z > H i
= 0 for all i a n d E q . 

1 c a n b e solved, g iv ing 

S<7pHt 

</z>p = /„p(l + 
S/OpHi + /0p 

iE 
7 P : ) -

2 e - ' / r 0 (5) 

w i t h 

1 \ J 1 /dipole \ l l /c.s.a. i 

w h e r e 

•* 1 /dipole \ J- 1 /c. 

it l l 
- 1 l io 

3 
i 1 10 

A = 

1 + (G>P-O>H) 

1 ) T 
1+œÎTÎ ) c 

4 J „e 

s.a. 

2T\ 

+ B 

+ 
1 

10 l + (coP + coH)2rl 

\+oilrl 

B=-^o>l(ô//-ô1_)2. 

(6) 

(7) 

(8) 

T h e f r ac t iona l i nc rease (if) of p h o s p h o r u s m a g n e t i z a ­

t ion u p o n s a t u r a t i o n of p r o t o n s ignals , i.e., t h e n u c l e a r 

O v e r h a u s e r e n h a n c e m e n t , is g iven b y 

2 > p H f .. 2 . 4 7 2 > p H i 

9 = 
S^PHi + ^P 

yn 

yp S i O p H ( + ^ P 
(9) 

U n d e r cond i t i ons of e x t r e m e n a r r o w i n g ((cop-f eoH)2-

T C
2 < 1 ) , E q s . 6 a n d 9 b e c o m e 

= (A+B)re , (10) 

rj = 1.235^-
A+B (11) 

I f w e m a y a s s u m e t h a t t h e a v e r a g e m o l e c u l a r confor­

m a t i o n of t h e r i b o s e - p h o s p h a t e m o i e t y does n o t c h a n g e 

s ignif icant ly w i t h t e m p e r a t u r e ( a s s u m p t i o n (3 ) ) , w e m a y 

r e g a r d A a n d B as p a r a m e t e r s i n d e p e n d e n t of t e m ­

p e r a t u r e . 

l / 7 \ expressed b y E q . 6 goes t h r o u g h a m a x ­

i m u m (or 7 \ goes t h r o u g h a m i n i m u m ) a t a c e r t a i n 

v a l u e of r c (TC —coP
_ 1 ) , t h e p a r t i c u l a r v a l u e of w h i c h 

d e p e n d i n g o n t h e o b s e r v i n g f r e q u e n c y eoP a n d t h e 

re la t ive va lues of A a n d B . O n t h e o t h e r h a n d , t h e 

n u c l e a r O v e r h a u s e r e n h a n c e m e n t 37, w h i c h is n e a r l y 

ze ro or v e r y s m a l l for r^cop-1 (see E q . 9 ) , increases 

m o n o t o n i c a l l y w i t h t h e d e c r e a s e of r c t o a final v a l u e 

g iven b y E q . 11 . S u c h b e h a v i o r of 7 \ a n d 7) is 

i l l u s t r a t ed i n F ig . 1, as a func t ion of r c for t h r e e r e p r e ­

s e n t a t i v e cases, B=0, A/B=\, a n d A=0. 

I n f o r m a t i o n O b t a i n a b l e f r o m 3 1 P R e l a x a t i o n 

a n d N u c l e a r O v e r h a u s e r E n h a n c e m e n t 

I n p r a c t i c e , if w e k n o w t h e re la t ive va lues of A a n d 

B f rom m e a s u r e m e n t s o b t a i n e d u n d e r e x t r e m e n a r ­

r o w i n g cond i t i ons ( E q . 11) , w e c a n d e t e r m i n e t h e 

TC v a l u e a t t h e m i n i m u m p o i n t of Tx b y us ing E q . 6. 

K n o w i n g b o t h t h e TC v a l u e a n d t h e Tx v a l u e a t t h e 

m i n i m u m p o i n t of Tlt w e c a n also d e t e r m i n e f rom 

E q . 6 t h e a b s o l u t e va lues of A a n d B, w h i c h in t u r n , 

g ive i n f o r m a t i o n as to t h e effective p h o s p h o r u s - p r o t o n 

d i s t a n c e , def ined b y 

rp-H = ( S i / r i ) " 1 / 6 , (12) 
i 

a n d t h e m a g n i t u d e of t h e effective 3 1 P c h e m i c a l shift 

a n i s o t r o p y (ô//—ô±) in so lu t ion . 

S ince A a n d B va lues a r e fixed as t e m p e r a t u r e i n ­

v a r i a n t q u a n t i t i e s , t h e on ly u n k n o w n v a r i a b l e in t h e 

r i g h t - h a n d s ide of E q . 6 is r c . F r o m a m e a s u r e d 
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Fig. 1. Theoretical dependence of 31P spin-lattice relaxa­
tion time ( T-,) and the nuclear Overhauser enhancement 
(j]) upon nonselective proton saturation on the rota­
tional correlation time TC for three representative cases 
of relaxation mechanism: 
(a) dipolar 100% ( 5 = 0 in Eq. 6), (b) dipolar 50%, 
chemical shift anisotropy 50% (A/B=l), (c) chemical 
shift anisotropy 100% (A = 0). Isotropic molecular 
rotation is assumed and the resonance frequency of 
31P nucleus at 40.5 MHz is presumed. 

value of Tx at any desired temperature, we can deter­
mine TC, a quanti ty that characterizes the molecular 
motion around the phosphorus moiety. 

Appl icat ion t o Po lynuc leot ides 

Figure 2 shows the temperature dependence of spin-
lattice relaxation time (7 \ ) for phosphorus in three 
polyribonucleotides, poly(U), poly(C), and poly (A), in 
single-stranded forms in neutral D 2 0 solutions. Data 
for poly (A), taken from a previous work3), are subjected 
to a more rigorous treatment here. Poly(G) behaves in 
a distinctly different manner from other polynucleotides, 
showing neither 7 \ minimum nor nuclear Overhauser 
enhancement (eopTc>l) because of its unique multi-
stranded structure. We notice the following from Fig. 2, 
(1) Each polynucleotide shows a minimum value of 
7 \ in the temperature range of measurement so that 
the method of analysis described above can be applied. 
(2) The temperature at which 7^ m I n occurs increases in 
the order, po ly (U)<po ly (C)<po ly (A) , showing that 
the rate of molecular rotation around the phosphorus 
atom decreases in this order. 

The lower par t of Fig. 2 shows the corresponding 
nuclear Overhauser enhancement (?) for these poly­
nucleotides. We see that : 
(3) Nuclear Overhauser enhancement at the highest 
observed temperature (57=0.6—1.0) is greater than 
5 0 % o f t h a t ( 9 = 1.235) expected for the case of 100% 
dipolar relaxation under extreme narrowing conditions 
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Fig. 2. Temperature dependence of 3XP spin-lattice 
relaxation times and 31P nuclear Overhauser enhance­
ment {•/]) upon nonselective proton saturation of poly 
U, poly C, and poly A in neutral D 2 0 solutions (pH— 
6.0+0.1, [Na+] = 0.1M). Concentration of poly­
nucleotides are 92 mM for poly U, 73 mM for poly C, 
and 60 mM for poly A (monomer unit). 

(B=0 in Eq. 11), although except for poly(U), the 
systems may not be under extreme narrowing condi­
tions even at the highest observed temperatures. 
(4) At any temperature, the nuclear Overhauser en­
hancement decreases in the order, po ly (U)>po ly (C)> 
poly (A), in line with the rate of molecular motion 
estimated above from the Tx data. 

Observation (3) shows that A/(A-\-B)>0.5 holds for 
the three polynucleotides, and the dipolar mechanism 
is a dominant source of 31P longitudinal relaxation 
at 40.48 M H z . To ensure measurement of nuclear 
Overhauser effect under extreme narrowing conditions, 
a model compound of lower molecular weight ApU was 
investigated, which indicated 9 = 1.0. 

By using the maximum values of nuclear Overhauser 
enhancement in the measured temperature range, and 
the Tx and rc values at 7 \ m i n , the values or the ranges 
for A and B are determined in each polynucleotide, 

and the corresponding values or the ranges for rp_H and 
{ô//—ô±) are estimated, according to the method of 
analysis described. T h e values are summarized in 
Table 1. The corresponding quantities for yeast trans­
fer RNA p h e , previously obtained from a similar analy­
sis4) are given for comparison. 

The relatively small variation of rp_H values among 
different polynucleotides seems to indicate that con­
formational variation is small among the backbone 
structures of these polynucleotides. The values of 
chemical shift anisotropy (ô//—ôi_) were obtained in the 
range 120—160 ppm. Differences in (ô//—ô±) values 
between different polynucleotides can not be discussed 
in view of the limited accuracy of the present method 
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TABLE 1. SUMMARY OF 31P RELAXATION DATA AND MOLECULAR PARAMETERS DEDUCED THEREFROM 

IN HOMOPOLYRIBONUCLEOTIDES AND RELATED SUBSTANCES 

Nucleotide (T^Jmin (s) NOE Dipolar 
contribution (%) r£H (A) à// — ô± (ppm) E& (kcal/mol) 

poly(U) 
poly(G) 
poly(A) 

(helix) 
tRNA'L6.!? 

(random 
ApUc> 

1.18 
1.15 
1.41 
1.55 

)1.80 

2.0 (72 °G) 
1.8 (83 °G) 
1.6 (83 °C) 

1.9 (80 °C) 

2.0 (79°G) 

~ 

> 
> 

~ 

80 
65 
50 

73 

80 

2.33 
2.1—2.4 
2.2—2.6 

2.49 

2.25 

128 
<165 
<158 

130 

120 

5.1 
5.3—6.0 
7.2—8.1 

6.0 (45—80 °C) 

a) Effective P-H distance; l/rP
a.H = S(l/» , î)- b) Data taken from Ref. 4. c) Measured at 20 mM. 

t(°C) 

60 40 20 0 

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

1/TX103 CK"1) 

Fig. 3. Temperature dependence of rotational correla­
tion times (TC) of poly U, poly C, and poly A as deduced 
from Tx and NOE data of Fig. 2. 

although the isotropic value of the chemical shift 
definitely varies.9) Extreme narrowing conditions are 
insufficiently fulfilled for poly(A) and poly(C). O n the 
other hand, A p U which is certainly under extreme 
narrowing conditions in all the temperature ranges 
measured shows y~ 1.0 or 8 0 % dipolar contribution. 
By taking account of these facts, we expect that if 
measurements were done under extreme narrowing 
conditions for poly (A) and poly(C), the value of 7] 
would become as large as that of ApU. Then a pro­
bable value of (ô//—ô±) in single stranded polynucleo­
tides in an aqueous solution can be placed in the 
lower side of the range, i.e., 120—130 ppm. 

Furthermore, the rc value is obtained as a function 
of temperature for each polynucleotides (Fig. 3). 

I t is to be noted that TC follows approximately the 
following equation: 

r c-1 = T0- iexp(- JB a /Är) (13) 

where E& is the activation energy. The fact that these 
single-stranded polynucleotides approximately follow 
a single activation process indicates that their thermal 
melting is non-cooperative, i.e., the motional activation 
occurs in a non-cooperative fashion. This makes a 
sharp contrast with the result for tRNA, which shows 
a few distinctive steps of activation process.4) 

T h e TC values observed are in the order of 10~9 s and 
can be considered to represent not the whole motion 
of the molecule (Mt> 100,000) but the local torsional 
motions around the sugar phosphate backbone. Con­
sequently, the E& values are considered to represent 
primarily the torsional barriers around the sugar-
phosphate back bone. The observation that the E& 

value increases in the order po ly(U)<poly(G)<poly(A) 
seems to reflect the fact that the incressing tendency 
of base-stacking gives additional barriers for the molec­
ular motion of the sugar-phosphate moiety. 

Conclus ion 

Impor tant conclusions obtained by inspection of 
Table 1 and Figs. 2 and 3 may be summarized as 
follows. 
1) The relaxation mechanisms are dipolar dominant 
(more than 5 0 % in the extreme narrowing region) 
at this observing frequency (40.48 M H z ) . 
2) Conformations involving the phosphorus a tom and 
the neighbouring protons do not seem to vary signif­
icantly between different polynucleotides, as judged 

from rp_H values. 
3) Phosphorus chemical shift anisotropy, (ô//—ô±), 
of single-stranded polynucleotides in solution is in 
the range 120—165 ppm. I t would probably range 
around 120—130 p p m if measurements could all be 
made under extreme narrowing conditions. 
4) Molecular motions around the phosphate group of 
single-stranded homopolyribonucleotides become faster 
in the order, po ly (A)<po ly (C)<po ly (U) . The ther­
mal activation is characterized by single activation 
energies, 5.1, 5.3—6.0, and 7.2—8.1 kcal/mol for 
poly(U), poly(C), and poly (A), respectively. These 
results seem to imply that the base-stacking plays an 
important role in restricting flexibility of the main chain 
structure of single-stranded polynucleotides. 

We thank Dr. Hayashi for the measurement of the 
nuclear Overhauser effect in ApU. 
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Structural Studies of Asymmetric Hydrogénation. III. The Crystal 
Structure of (Al-l-lMethoxycarbonyDethyltAK+J-a-methyl-

benzylaminebis(dimethylglyoximato)cobalt(III) 
Yuji OHASHI and Yoshio SASADA 

Laboratory of Chemistry for Natural Products, Tokyo Institute of Technology, 
O-okayama, Meguro-ku, Tokyo 152 

(Received April 12, 1977) 

The structure of (R) -1 - (methoxycarbonyl) ethyl (R) ( -f ) -a-methylbenzylaminebis (dimethylglyoximato) cobalt-
(III) has been determined by X-ray analysis. The crystal is monoclinic, the space group P2X, Z=2 with a = 
7.899(5), b= 16.397(2), c = 9.054(7) Â, and £=90.98(7)°. The structure was deduced by the heavy atom method 
and refined by the block-diagonal least-squares method to a final R value of 0.048 for 2146 observed reflections. 
The bis (dimethylglyoximato) cobalt moiety is twisted around its long axis, owing to the steric repulsion from the 
(R)-l-(methoxycarbonyl)ethyl group and the optically active amine. It is proposed that this twist is one of the 
factors inducing the asymmetry in the hydrogénation catalyzed by the complex of bis (dimethylglyoximato) cobalt 
and the active amine. At the step of Co-G bond cleavage the reaction proceeds mainly through inversion of the 
configuration. 

The complexes of bis (dimethylglyoximato) cobalt (ab­
breviated to Co(dmg)2 or cobaloxime) and optically 
active amine catalyze asymmetric hydrogénation of 
olefins.1-6) The hydrogénation proceeds as follows: 

TABLE 1. CRYSTAL DATA 

H2C=CXY 

H2C=CXY + Co(dmg)2 

I 
B* 

H„CC*XY 

Co(dmg)2 > 
I 
B* 1«, 

Co(dmg)2 

I 
B* i« , 

H3CC*HXY + Co(dmg)f 

I 
B* 

where B* is the optically active amine. In order to 
clarify the mechanism of inducing asymmetry, several 
crystal structures of related complexes have been deter­
mined by X-ray analysis. In Par t I I of this series on 
the crystal structure of methyl ( /?) (+) -a-methylbenzyl­
aminebis (dimethylglyoximato)cobalt(III) benzene sol­
vate7) (abbreviated to methyl complex), it has been 
shown that the Co(dmg) 2 moiety of the catalyzer is 
deformed by the steric repulsion from the optically 
active amine coordinated to the cobalt atom so that its 
symmetry changes from D 2 h to G2h. We proposed that 
this deformation is one of the factors inducing asym­
metry in the reaction step of rc-bond formation. T h e 
present study has been undertaken to disclose the mech­
anism of Co-C(ff) bond formation and its cleavage. 

Exper imenta l 

Dark red crystals of the title complex were obtained from 
aqueous methanol solution. The unit cell dimensions were 
determined from zero layer Weissenberg photographs using 
CoKoc radiation about b and c axes. Spacings of 40 high 
angle reflections (0;>6O°), calibrated with superposed silicon 
powder lines, were subjected to the least-squares treatment. 
The crystal data are summarized in Table 1. 

With the use of a crystal of dimensions 0.2 X 0.4 X 0.3 mm, 
the intensities for 3°^20^6O° were collected on a Hilger-
Watts linear diffractometer with MoKoc radiation. The 
balanced Y/Zr filter pair was used. Out of 3055 accessible 
reflections, 2149 for which 7 ^ 3 a (I) were regarded as ob­
served. The usual Lorentz and polarization, but no absorp-

Formula 
F. W. 
a 
b 

c 

ß 
V 
Systematic absence 
Space group 
Z 
Dm 

Dx 

/i(MoKoc) 

C20H32N5O6Co 
497.44 
7.899(5) A 
16.397(2) Â 
9.054(7)Â 
90.98(7)° 
1172(1)Â3 

0*0, k odd 
P2x 
2 
1.414g/cm3 

1.409g/cm3 

8.05 cm-1 

TABLE 2. PART OF OBSERVED AND CALCULATED 

INTENSITY RELATIONS BETWEEN hkl AND hkl 

Indices \Fe(hkl) Observed 
relations \Fe(hkl) 

2 
2 
2 
2 
2 
2 
2 
2 

1 
2 
3 
5 
7 
2 
1 
3 
4 
6 
6 
4 
3 

- 3 
1 

- 1 
- 1 

2 
7 
7 

- 4 
- 3 

1 
3 
7 
7 

130 
1183 
231 
595 
493 
520 
353 
92 

139 
117 
92 

100 
64 

< 
> 
> 
< 
> 
> 
< 
< 
< 
< 
< 
> 
< 

595 
511 
19 

1325 
139 
256 
475 
346 
424 
475 
493 
13 
262 

tion, corrections were made. 

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

The positions of the cobalt and six coordinated atoms 
were obtained from the three-dimensional Patterson 
function. The other atoms were revealed on the first 
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TABLE 3. FRACTIONAL COORDINATES (XlO4) AND THERMAL PARAMETERS (XlO5) FOR THE NON-HYDROGEN ATOMS 

The anisotropic thermal parameters are of the form; 
T = exp (-ßi1h*-ßaaP-ßnP-ß12hk-ßVihl-ßJU). 

Estimated standard deviations are in parentheses. 

Atom 

~Co" 
N(l) 
N(2) 
N(3) 
N(4) 
O(l) 

0(2) 

0(3) 
0(4) 
G(l) 
C(2) 
G(3) 
C(4) 
C(5) 

G(6) 
C(7) 

C(8) 
N(5) 
C(9) 
G(10) 
G(ll) 
C(12) 
C(13) 
C(14) 

G(15) 
C(16) 
G(17) 

G(18) 
C(19) 
0(5) 
0(6) 
G(20) 

X 

1135(1) 
0514(6) 
2068(7) 
1869(7) 
0253(7) 

-0328(6) 
2815(8) 
2758(7) 

-0609(7) 
1102(9) 
1987(10) 
1563(10) 
0583(9) 
0947(13) 
2665(15) 
2087(15) 
0052(13) 
3427(7) 
3607(9) 

5072(12) 
3782(8) 
4785(12) 
4984(15) 
4276(12) 
3324(12) 
3051(10) 

-0972(9) 
-1983(12) 
-2101(7) 
-3325(6) 
-1650(6) 
-2663(13) 

y 

2500 
2298(3) 
1447(3) 
2748(3) 
3559(3) 
2843(3) 
1057(3) 
2207(3) 
3939(3) 
1637(5) 
1109(5) 
3462(4) 
3965(4) 
1421(7) 
0286(6) 
3774(7) 
4814(6) 
2917(3) 
3595(4) 
3422(6) 
4419(4) 
4539(6) 
5325(6) 
5987(6) 
5881(6) 
5099(5) 
1930(5) 
1422(6) 
2502(6) 
2827(4) 
2640(4) 
3201(7) 

z 

2740(1) 
0752(6) 
2577(6) 
4675(5) 
2892(6) 

-0084(5) 
3721(6) 
5517(5) 
1779(5) 
0185(8) 
1265(8) 
5160(7) 
4100(8) 

-1443(9) 
0970(13) 
6663(10) 
4356(11) 
1974(6) 
0915(7) 

-0090(9) 
1636(8) 
2875(11) 
3480(13) 
2806(14) 
1557(12) 
0974(9) 

3586(8) 
2510(11) 
4329(6) 
3772(6) 
5743(5) 
6555(10) 

lu 
0852(9) 
0803(81) 
1139(100) 
1184(94) 
1073(93) 
1453(95) 
2112(118) 
1727(105) 

1481(95) 
1022(119) 
1282(131) 
1601(138) 
1228(121) 
2355(202) 
3127(259) 

3136(246) 
2489(216) 
0848(88) 
1178(115) 
1993(165) 
0923(108) 
2023(186) 
2833(247) 
1620(178) 
1976(185) 
1366(141) 
1202(126) 

1651(167) 
0990(87) 
1116(88) 
1357(79) 
2117(188) 

ß%2 

0143(2) 
0244(26) 
0175(21) 
0292(26) 
0155(19) 
0375(23) 
0266(22) 
0461(28) 

0256(21) 
0320(32) 
0274(30) 
0242(27) 
0173(24) 
0558(50) 
0294(39) 
0525(49) 
0262(35) 
0202(21) 
0197(24) 

0349(36) 
0248(28) 
0409(43) 
0397(46) 
0318(39) 
0272(37) 
0288(32) 
0268(29) 

0422(42) 
0236(20) 
0500(30) 
0389(32) 
0576(52) 

ßzZ 

0529(6) 
0731 (62) 
0997(74) 
0546(56) 
0750(64) 
0780(57) 
1286(80) 
0806(63) 

1022(67) 
0964(92) 
1114(102) 
0606(73) 
1059(93) 
0903(105) 
2360(197) 
0950(109) 
1626(141) 
0900(70) 
0805(79) 

1155(106) 
1057(90) 
1714(143) 
2408(193) 
3034(228) 
2317(180) 
1470(121) 
0921(90) 
1704(143) 
0841(64) 
1471(81) 
0828(52) 
1290(125) 

ßl2 

0126(14) 
-0141(59) 
0096(72) 
0196(70) 
0214(67) 
0095(73) 
0762(82) 
0568(82) 
0324(71) 

-0291(97) 
0095(97) 

-0043(95) 
0034(86) 

-0121(160) 
0848(159) 

0050(172) 
0044(131) 

-0010(68) 
-0139(86) 
-0315(124) 
-0017(87) 
0172(141) 
0038(166) 

-0005(125) 
0079(130) 

-0001(105) 
0061(93) 

-0676(137) 
-0225(137) 
0494(80) 
0183(81) 
0364(160) 

ßrs 

-0080(11) 
0045(114) 
0165(136) 

-0266(115) 
0017(122) 

-0706(119) 
-0051(154) 
-0528(131) 

-0336(125) 
0459(167) 
0283(183) 

-0092(159) 
0316(168) 
0270(231) 
1561(363) 

-0876(265) 
-0045(278) 
-0120(120) 
-0101(155) 

1005(212) 
-0175(159) 
-2122(271) 
-2755(361) 
-0354(308) 
-0321 (289) 
-0133(205) 
0325(175) 

0659(249) 
0039(120) 

-0670(137) 
0340(102) 
1358(250) 

Äs 

0047(12) 
-0072(52) 
0033(63) 
0014(54) 
0107(56) 
0171(58) 
0502(66) 
0345(62) 

0252(58) 
-0113(84) 
-0286(86) 
-0166(70) 

-0146(74) 
-0545(119) 
-0444(140) 

-0701(117) 
-0329(110) 
0127(61) 
0122(71) 

-0254(100) 
-0194(81) 
-0352(124) 
-0707(151) 
-0566(151) 
0057(126) 
0301(98) 
0051(81) 

-0534(128) 
0183(122) 
0200(77) 

-0111(67) 
-0457(128) 

Fourier m a p phased with these seven atoms. 
The structure was refined by the block-diagonal least-

squares method. After several cycles of refinement, the 
three strongest reflections were excluded because they 
seemed to be affected by secondary extinction. All the 
hydrogen atoms were found on the difference map . 
The final refinement was made including these hydrogen 
atoms with isotropic temperature factors. T h e weight­
ing scheme, w= (34.44/ \F0 \)2 if \F0\>34.44, re; = 1 . 0 
if 3 4 . 4 4 > | F J > 8 . 6 1 , w=0.3 if | F 0 | < 8 . 6 1 , w a s employed. 
The final R value became 0.048 for 2146 observed 
reflections. At the final stage, no peaks higher than 
0.30 e Â~3, except for the peaks of 0.45 e Â - 3 around the 
cobalt atom, were found on the difference map . Atomic 
scattering factors were taken from the International 
Tables for X-Ray Crystallography.8) 

The absolute configuration was determined from 
Weissenberg photographs using CuKx radiation. The 
observed and calculated structure factors of 13 Bijvoet 
pairs are compared in Table 2. 

Final atomic parameters and their standard devia­

tions are given for non-hydrogen atoms and hydrogen 
atoms in Tables 3 and 4, respectively. A list of the 
observed and calculated structure factors is kept in the 
office of the Chemical Society of J a p a n (Document No. 
7719). T h e computation was done on a H I T A C 8800 
computer at the University of Tokyo and a H I T A C 
8700 computer at this Institute. 

Descr ip t ion o f the Structure 

Co(dmg)2 Moiety. The equations of the mean 
planes of four nitrogen atoms and two dmg's, (I), (II) , 
and ( I I I ) , are given in Table 5, together with the 
deviations of atoms from the planes. Figure 1 shows the 
structure of the complex projected on plane (I) and 
the short contacts between the non-bonded atoms in 
the complex. The molecular coordinates, x and y, are 
taken in plane (I) , where x is the projection of the 
line passing through the mid-points of N(l)---N(2) and 
N(3)---N(4) on the plane, y being perpendicular to x 
passing through the cobalt atom. Two arrows indicate 
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TABLE 4. FRACTIONAL COORDINATES (XlO3) AND 

T H E R M A L PARAMETERS FOR H Y D R O G E N ATOMS 

(Esd's are in parentheses) 

Atom y B(A*) 

T A B L E 5. LEAST-SQUARES PLANES AND DEVIATIONS FOR 

EQUATORIAL LIGANDS 

X, Y, and Z in Â referred to a, b , and c* respectively. 
(I) Co(dmg)2 plane: 

- 0 .8635^-0.38537+0.3255Z+1.5507 = 0. 
H(01) 
H(02) 
H(51) 
H(52) 
H(53) 
H(61) 
H (62) 
H(63) 
H(71) 
H(72) 
H(73) 
H(81) 
H(82) 
H(83) 
H(N51) 
H(N52) 
H(9) 
H(101) 
H(102) 
H(103) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(181) 
H(182) 
H(183) 
H(201) 
H(202) 
H(203) 

-051(11) 
278(14) 
051(13) 
137(12) 
227(15) 
196(15) 
358(16) 
332(14) 
123(13) 
225(14) 
287(11) 

-080(12) 
-037(12) 

093(13) 
414(11) 
389(12) 
261(12) 
490(12) 
520(18) 
565(17) 
535(13) 
555(16) 
461 (12) 
261 (12) 
262(15) 

-034(12) 
-260(11) 
-135(12) 
-255(16) 
-346(12) 
-306(17) 
-224(15) 

346(6) 
184(7) 
093(7) 
185(6) 
106(8) 

-009(7) 
052(9) 

-002(7) 
422(7) 
337(8) 
405(6) 
497(6) 
498(7) 
518(7) 
242(7) 
302(6) 
367(6) 
378(6) 
276(11) 
352(9) 
410(7) 
532 (8) 
657 (6) 
639(6) 
508 (8) 
166 (6) 
170(6) 
099(6) 
087 (8) 
358(6) 
311(9) 
352(8) 

086(10) 
484(12) 

-170(12) 
-195(11) 
-164(14) 

033(13) 
016(15) 
140(13) 
689(13) 
718(14) 
674(11) 
387(11) 
536(12) 
409(12) 
143(9) 
273(10) 
030(11) 

-084(11) 
-057(19) 

063(16) 
340(13) 
431(15) 
339(12) 
109(11) 

- 0 0 1 (14) 
432(11) 
199(10) 
206(11) 
290(15) 
597(10) 
726(14) 
738(13) 

3(2) 
4(3) 
5(3) 
3(2) 
6(3) 
6(3) 
9(4) 
5(3) 
5(3) 
5(3) 
3(2) 
4(2) 
4(2) 
4(3) 
4(2) 
3(2) 
3(2) 
3(2) 

10(5) 
8(4) 
5(3) 
7(4) 
4(2) 
3(2) 
6(3) 
3(2) 
3(2) 
4(2) 
8(4) 
3(2) 
9(4) 
7(3) 

(II) 

(in; 

Go 
N(l) 
N(2) 
N(3) 
N(4) 
0 (1 
0(2] 
0(3] 
0 ( 4 
C(l) 
C(2) 
C(3) 
C(4) 
G(5) 
C(6) 
G(7) 
G(8) 

dmg plane: 
- 0 . 8 5 9 5 Z -

dmg plane: 
- 0 . 8 5 8 5 Z -

I 
0.041 (//A) 

- 0 . 0 2 0 * 
0.020* 

- 0 . 0 2 0 * 
0.020* 

- 0 . 0 4 7 
0.109 

- 0 . 0 2 5 
0.026 

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

- 0.45887+0.2252Z+1.9239 = 0. 

-0.33077+0.3919Z+1.0370 = 0. 

T T 

II 
- 0 . 1 3 2 (//A) 

0.010* 
- 0 . 0 0 9 * 

- 0 . 0 1 1 
0.025 

- 0 . 0 1 6 * 
0.016* 

- 0 . 1 0 2 
0.110 

III 
- 0 .080 (//A) 

0.001* 
- 0 . 0 0 1 * 

0.001 
-0 .031 

0.001* 
0.001* 

0.028 
0.005 

* Atoms included in the least-squares calculation. 

8906 

8515 

0(3)f"> 

o*J\C(7) // 
P ^ v . 2.929 NOW 

-\~p2or 
LCP 2 ) ;& 

Q0(2) 

2 51 H(17) 2 52 } \ M ? 

c(6jne? 

r®i 

lea) 

83 00 

88 64 
C03K 

om 
the vectors normal to the planes of (II) and ( I I I ) . 

The Go (dmg) 2 moiety is significantly bent downward 
to avoid the short contact with the l-(methoxycarbonyl)-
ethyl group (abbreviated to mce group). T h e Co-
(dmg)2 moiety in the methyl complex,7) which con­
tains the methyl group instead of the mce group and 
the same amine, is slightly bent in the opposite direc­
tion. The cobalt atom in the present complex is 
significantly displaced upward from the mean plane 
whereas that in the methyl complex is shifted downward 
(0.04 A). Moreover, each dmg is inclined to the y 
direction. Contacts with the axial ligands, especially 
between G(18) and N ( l ) and between H(N51) and 
N(2), tilt the plane of (II) , whereas contacts between 
C(9), G ( l l ) , and N(4) , and between N(3), G(3), and 
0 ( 6 ) tilt the plane of (III) in the opposite sense. A 
similar twist of Go (dmg) 2 is found in the crystal of 4-
pyridyltributylphosphinecobaloxime.9) 

Bond distances and angles are shown in Fig. 2 and 
Table 6, respectively. In Table 7 the bond lengths in 
the Co (dmg) 2 moiety are compared with those in the 
methyl complex and the average distances suggested by 
Bigotto et a/.10) In regard to the bond lengths of N - G 

COD/ \0(5) 

HOO 

rm) 

)o(D 

Fig. 1. Projection of the complex to the mean plane 
of four nitrogen atoms of Co (dmg) 2 and the short 
contacts between non-bonded atoms (//A), their thresh­
old values being 3.400 A for distances between the 
non-hydrogen atoms and 2.70 A for those including 
hydrogen atoms. 

and G - C H 3 and three angles around the endo-cyclic 
carbon atom, the symmetry of C2 h holds good for the 
present complex. 

However, four distances of Go-N are nearly the same 
and close to the value of Bigotto et al.10) Two bonds 
of N ( 3 ) - 0 ( 3 ) and N ( 4 ) - 0 ( 4 ) are longer than N ( l ) -
O ( l ) and N ( 2 ) - 0 ( 2 ) . Two hydrogen atoms, H (Ol ) 
and H ( 0 2 ) , are bonded to 0 ( 4 ) and 0 ( 3 ) , respec­
tively. 

Equivalence of four Go-N bonds might be caused 

file://-/~p2or
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TABLE 6. BOND ANGLES (0/°) (Esd's are in parentheses) 

Angles including methyl hydrogens are omitted. 

N(l)-Co-N(2) 
N(l)-Co-N(4) 
N(l)-Go-G(17) 
N(2)-Co-N(4) 
N(2)-Go-C(17) 
N(3)-Go-N(5) 
N(4)-Co-N(5) 
N(5)-Go-G(17) 
Co-N(l)-G(l) 
Go-N(2)-0(2) 
0(2)-N(2)-C(2) 
Co-N(3)-C(3) 
Go-N(4)-0(4) 
0(4)-N(4)-G(4) 
N(l)-C(l)-G(5) 
N(2)-G(2)-G(l) 
G(l)-C(2)-G(6) 
N(3)-G(3)-G(7) 
N(4)-G(4)-G(3) 
C(3)-G(4)-C(8) 
N(5)-C(9)-C(10) 
G(9)-C(ll)-C(12) 
C(12)-G(ll)-G(16) 
G(12)-G(13)-G(14) 
C(14)-G(15)-G(16) 
Go-G(17)-G(18) 
G(18)-C(17)-G(19) 
G(17)-G(19)-0(6) 
G(19)-O(6)-C(20) 
Co-N(5)-H(N51) 
C(9)-N(5)-H(N51) 
H(N51)-N(5)-H(N52) 
N(2)-0(2)-H(02) 
N(4)-0(4)-H(01) 
0 (2 ) -H(02) -0 (3 ) 
C(10)-C(9)-H(9) 
G(ll)-G(12)-H(12) 
G(12)-C(13)-H(13) 
G(13)-G(14)-H(14) 
G(14)-G(15)-H(15) 
C(15)-C(16)-H(16) 

M e t h y l Present 
complex 

81.9(2) 
98.1(2) 
94.4(3) 

178.7(2) 
86.2(3) 
89.1(2) 
92.7(2) 

171.7(3) 
116.0(5) 
122.8(5) 
120.7(6) 
117.5(5) 
123.6(4) 
118.6(6) 
124.0(7) 
111.6(7) 
125.9(8) 
124.9(8) 
110.9(6) 
125.0(7) 
109.5(6) 
122.0(7) 
117.8(8) 
120.9(11) 
120.7(10) 
115.7(6) 
109.4(7) 
113.1(8) 
117.2(8) 
111(6) 
103(6) 
108(10) 
94(4) 

101(5) 
169(11) 
108(6) 
124(7) 
110(9) 
113(6) 
119(5) 
H6(7) 

TABLE 7. BOND LENGTHS 

Average value 
of Bigotto et al. 

N(l)-Co-N(3) 
N(l)-Co-N(5) 
N(2)-Co-N(3) 
N(2)-Co-N(5) 
N(3)-Co-N(4) 
N(3)-Co-G(17) 
N(4)-Go-C(17) 
Co-N( l ) -0 ( l ) 
0(1)-N(1)-G(1) 
Go-N(2)-G(2) 
Co-N(3)-0(3) 
0(3)-N(3)-G(3) 
Co-N(4)-C(4) 
N(l)-G(l)-G(2) 
G(2)-G(l)-C(5) 
N(2)-G(2)-G(6) 
N(3)-G(3)-G(4) 
C(4)-G(3)-G(7) 
N(4)-C(4)-C(8) 
Go-N(5)-G(9) 
N(5)-G(9)-G(ll) 
G(9)-G(ll)-G(16) 
G(ll)-C(12)-C(13) 
C(13)-G(14)-C(15) 
C(ll)-C(16)-C(15) 
Go-C(17)-C(19) 
G(17)-C(19)-0(5) 
0(5)-C(19)-0(6) 

Co-N(5)-H(N52) 
C(9)-N(5)-H(N52) 
N( l ) -0 (1 ) -H(01) 
N(3)-0(3)-H(02) 
0 ( l ) - H ( 0 1 ) - 0 ( 4 ) 
N(5)-C(9)-H(9) 
G(ll)-G(9)-H(9) 
G(13)-C(12)-H(12) 
G(14)-C(13)-H(13) 
G(15)-C(14)-H(14) 
G(16)-G(15)-H(15) 
C(ll)-G(16)-H(16) 

IN Co(dmg)2 (//A) 

Methyl 
complex 

176.1(2) 
87.3(2) 
99.0(2) 
86.0(2) 
80.8(2) 
89.4(3) 
95.1(3) 

122.6(4) 
121.0(6) 
116.4(5) 
121.9(4) 
120.4(6) 
117.7(5) 
113.6(7) 
122.4(7) 
122.5(8) 
113.0(6) 
122.1(7) 
124.1(7) 
124.2(4) 
113.8(6) 
120.0(7) 
120.5(9) 
119.2(12) 
120.8(8) 
112.4(6) 
125.5(9) 
121.5(9) 

100(7) 
110(7) 
102 (4) 
92(7) 

172(10) 
113(6) 
101(6) 
116(7) 
129(9) 
128(6) 
120(5) 
120(7) 

Present Av^rage value 
present o f B i g o t t o et al 

Go-N(l) 1.877 1.888 N(2)-G(2) 1.306 1.312 
Go-N(2) 1.886 1.885 N(3)-G(3) 1.280 1.275 
Go-N(3) 1.883 1.880 N(4)-G(4) 1.306 1.303 
Co-N(4) 1.906 1.877 C(l)-C(5) 1.514 1.519 
N(l ) -0(1) 1.318 1.340 G(2)-G(6) 1.480 1.478 
N(2)-0(2) 1.350 1.344 G(3)-C(7) 1.484 1.505 
N(3)-0(3) 1.328 1.358 C(4)-G(8) 1.540 1.474 
N(4)-0(4) 1.349 1.358 C(l)-G(2) 1.483 1.474 
N(l) -C(l ) 1.257 1.288 G(3)-G(4) 1.447 1.474 

1.297 

1.500 

1.451 
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HC201) 

il 
^02)022^^^^) 

H081) 

r o^H(182 ) 
^ C ( 1 8 ) 

H(51) 

# 

14(10) 

HO) 

H ( 8 2 ) ^ ^ 

H ( 1 3 ) ^ H(83) w / 

^ v*oS!£L-C02), ^ ^ i î S ^ N ( 5 ^ 

X ^ 1505Ü21— W) ^^-H(N52) CO20-
A / 

^ C 0 5 ) T î o ^ ^ 

H(15) 

Fig. 2. Bond distances (//A). Their standard deviations are in parentheses. 

1.990(5) A 
1.998(5) 
2.009(7) 
1.988(19) 
2.04 

15 
10 
10 
7 

11 

2.04 

2.067(8) 

16 

present 

TABLE 8. VARIOUS Co-C(sp3) DISTANCES IN 

COBALOXIME COMPLEXES 

Go-G distance Reference 

GH3Co(dmg)2(OH2) 
CH3Co(dmg)2(py) 
CH3Co (dmg) 2 (nmeim) 
CH3Co(dmg)2(mba) 
(GH2G02GH3)Co(dmg)2(py) 
(CH2CH2CN)-

Co (dmg) 2 (dphy ea) 
(CH(CH3)C02CH3)-

Co(dmg)2(mba) 

py: Pyridine, nmeim: 3-iV-methylimidazole, dphyea: 
erythro-1,2-diphenyl-2-hydroxyethylamine. 

by the steric repulsions between G(18) and N ( l ) and 
between G(19) and N(4). T h e highly negative 0 ( 5 ) 
and 0 ( 6 ) atoms would draw the positive H (Ol ) and 
H ( 0 2 ) atoms toward 0 ( 4 ) and 0 ( 3 ) , respectively, by 
electroattractive force. Thus in the step of ff-bond 
formation, not only the twist of Go (dmg) 2 bu t also 
slight changes of bond distance occur as a result of 
electrostatic force and the short contacts between the 
mce group and Go (dmg) 2. 

l-(Methoxycarbonyl) ethyl Group. The Co-G(17) 
distance of 2.067 Â is significantly greater than the usual 
Co-G(sp3) length. Various Co-C(sp3) lengths so far 
determined in the cobaloxime complexes are sum­
marized in Table 8. As the number of the bulky sub-
stituents bonded to the ligating carbon atom increases, 

TABLE 9. CHARACTERISTIC DIMENSIONS OF THE AMINE 

Methyl complex Present 

Go-N(5) 
N(5)-C(9) 
C(9)-C(ll) 
N(4)-Co-N(5) 
Go-N(5)-C(9) 
Dihedral angle of 

N(4)-Go-N(5)-C(9) 
Dihedral angle of 

Co-N(5)-G(9)-G(ll) 
Bending of C(9)-C(ll) 

from the phenyl ring 

2.087(9) A 
1.463(15) A 
1.541(16) A 
96.2(4)° 

125.4(7)° 

17.6° 

76.0° 

2.2° 

2.066(6) A 
1.476(9) A 
1.505(10) A 
92.7(2)° 

124.2(4)° 

39.7° 

89.9° 

4.0° 

the C o - C distance is lengthened. This can be inter­
preted by the steric repulsion between the substituents 
and the Co (dmg) 2 moiety. The C(17)-G(19) distance 
of 1.466 Â is significantly smaller than the correspond­
ing one in propionic acid (1.50 Â) and slightly smaller 
than that in 0-methyl-(Co-C)carboxymethylpyridine-
cobaloxime (1.48 Â).11) Since C(17)-G(18) is shorter 
than the usual G(sp3)-G(sp3) single bond, this suggests 
that the hybridization of C(17) is modified by coordina­
tion. The other distances are in good agreement with 
the corresponding ones of 0-methyl-(Co-C)carboxy-
methylpyridinecobaloxime. The angle of Go-C(17) -
C(18), 115.7°, is greater than the tetrahedral angle, 
probably due to the steric repulsion from Go (dmg) 2. 
Three angles around the G( 19) atom, 125.5, 121.5, and 
113.1°, are close to those of propionic acid, 125, 122, 
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and 112°, respectively. Four atoms of G(17), G(19), 
0 ( 5 ) , and 0 ( 6 ) are coplanar within the limit of 0.001 
Â, its plane making an angle of 27.5° with the plane 
(I) o fCo(dmg) 2 . 

oc-Methylbenzylamine Ligand. In Table 9, the 
characteristic dimensions of amine ligand (abbreviated 
to mba) are compared with those in the methyl complex. 
The Go(dmg)2 plane is bent toward the amine so that 
the steric repulsion from the amine should be stronger 
than that of the methyl complex. To release this, 
rotation around Go-N(5) and N(5)-C(9) and bending 
of the phenyl group occur. Co-N(5) rotates from the 
stable conformation, in which the dihedral angle of 
N(4) -Go-N(5) -G(9) is 13°.7> The conformation 
around N(5)-G(9) is shown in Fig. 3. The N(5)-C(9) 
bond rotates by about 15° from the conformation of 

C(ll) 

H(N52) 

COO) 
H(N51) 

Fig. 3. Newman projection of mba along C(9)-N(5) 
with the angles (ci/0) between the projected bonds. 

A?/ 

r/" 

Fig. 4. Projection of the crystal structure along the c axis and short contacts between 
complexes. Along the c axis the contacts, 3.379 Â for 0(3)—G'(5) and 3.580 Â for 
O(l)—C'(20) are observed. 
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the methyl complex to the unstable eclipsed form. O n 
the other hand, the Co-N(5) distance is smaller than 
that in the methyl complex, probably by the effect of 
the trans ligand. The N(5)-G(9) and C ( 9 ) - G ( l l ) 
lengths are in good agreement with the usual distances, 
1.472±0.005 and 1.505±0.005 Â, respectively.12) 

Crystal Structure. The crystal structure viewed 
along the c axis is shown in Fig. 4, the short contacts 
also being given. There is a fairly short distance, 3.018 
Â, between N(5) and 0 ' (5 ) in the neighbouring com­
plex along the a axis. Although this may be a hydro­
gen bond of N - H - O in view of N - O distance,13) 
0 ' (5)—H(N52) is not so short and the angle of N ( 5 ) -
H ( N 5 2 ) - 0 ' ( 5 ) is 136°. Therefore, the interaction of 
N - H - O , if any, should be very weak.14) Others are 
normal van der Waals contacts. 

D i s c u s s i o n 

The Go(dmg)2 moiety is twisted as a 'propeller' by 
the steric repulsion with the mce group and mba ligand. 
The N ( l ) and N(4) atoms are shifted downward and 
upward, respectively, from the plane, to avoid the 
short contacts with the methyl of mce group and the 
asymmetric mba ligand. The carbonyl group with 
smaller van der Waals radius is located over N(4) . 
If the absolute configuration of the mce group is S, 
as indicated by broken lines in Fig. 5, the methyl of 
mce group comes close to N(2) , which is above the 
mean plane, giving rise to the strong steric repulsion. 
I t is plausible that the ff-complex containing the .S-mce 
group is less stable energetically than that having R-mce 
group, if the asymmetric amine has R configuration. 
We propose that this is one of the factors inducing 

Fig. 5. A presumed conformation of er-complex con­
taining S-mce group (broken lines). The deviations 
of four nitrogen atoms from the mean plane are in 
parentheses. 

asymmetry in the step of ff-bond formation of this 
hydrogénation reaction. This hypothesis, however, is 
based on the assumption that the S-mce group does not 
change seriously. 

As regards the mechanism of C o - C bond cleavage, 
the absolute configuration of the mce group was deter­
mined to be R by an anomalous dispersion method. 
The reaction product of ( + )-methyl propionate-2-flf, 
which was obtained by deuterogenation of this com­
plex, was determined to have S configuration from the 
specific rotation.6) I t is, therefore, concluded that the 
Co-G bond cleavage proceeds mainly through inversion 
of configuration at the carbon atom. 

The authors are grateful to Dr. Yoshiaki Ohgo for 
supply of the specimens and for valuable discussions. 
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The Vibrational Spectra and Rotational Isomerism of Methylvinylsilane 
and Allylsilane^ 
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The infrared and Raman spectra have been measured for methylvinylsilane, CH2=CHSiH2(-D2)CH3, and 
allylsilane, GH2=GHCH2SiH3(-D3). The fundamental vibrations have been assigned, and the normal coordinate 
treatment for possible molecular forms has been carried out. For methylvinylsilane, the eis and skew forms coexist 
in the gaseous and liquid states, while only the former persists in the solid state. In the liquid state the eis form 
is more stable by 0.66±0.05 kcal/mol than the skew form. For allylsilane, the form near the skew form predomi­
nantly exists in the gaseous, liquid, and solid states. 

The ultraviolet absorption maximum of allyltrimethyl-
silane appears at a wavelength longer than that of 
trimethylvinylsilane.2) Previously, the bathochromic 
effect of the allyl derivative has been commonly cited 
as evidence of (p-d)jr bonding between the double bond 
and the silicon.3) Recently, however, this effect has 
been interpreted in terms of o-n hyperconjugation4-5) 
between the double bond and the Si-C a bond, whose 
magnitude may vary with the dihedral angle about the 
axis between the carbon atoms in the a- and ^-positions 
in allylsilane. 

In the present paper, we will, therefore, deal with 
the molecular vibrations of methylvinylsilane and al­
lylsilane in relation to the rotational isomerism in order 
to obtain information on the stereospecific effect. 

Exper imenta l 

The samples of methylvinylsilane, CH2=CHSiH2(-D2)-
GH3, and allylsilane, GH2=GHGH2SiH3(-D3), were pre­
pared by the reduction of commercial products of dichloro-
(methyl)vinylsilane (K & K Co., U.S.A.) and allyltrichloro-
silane (Aldrich Ghem. Co., U.S.A.) with lithium aluminium 
hydride or deuteride in dibutyl ether6) and were purified by 
low-temperature bulb-to-bulb distillation in a vacuum. Their 
purities were checked by means of their nuclear magnetic 
resonance spectra; CH2=GHSiH2CH3 NMR(CC14): ô 0.21 
(t, 3H, y = 4 H z , SiCH3), 3.94 (dq. 2H, J=\ and 4 Hz, 
SiH2), 5.5—6.5 (m, 3H, CH2=GH), GH2=GHSiD2CH3 NMR 
(CG14): Ô 0.21 (s, 3H, SiCH3), 5.5—6.5 (m, 3H, CH2= 
GH), CH2=CHGH2SiH3 NMR(CC14): ô 1.69 (sex, 2H, J= 
4 Hz, CH2Si), 3.53 (t, 3H, / = 4 H z , SiH3), 4.8—6.2 (m, 3H, 
GH2=CH), CH2=GHCH2SiD3 NMR(CC14) : ô 1.69 (d, 2H, 
7 = 8 H z , GH2Si), 4.8—6.2 (m, 3H, GH2=CH). 

The infrared and Raman spectra were recorded on a 
Perkin-Elmer instrument (Model 621) and a JEOL Raman 
Spectrometer (Model JRS-400D) with an argon-ion laser 
respectively. The infrared spectra in the gaseous state were 
measured using a 10-cm gas cell fitted with Gsl windows. 
The infrared spectra in the liquid state at low temperatures 
were measured at about 150 K by condensing the gaseous 
samples on a Csl window cooled with liquid nitrogen. For 
the Raman spectra in the solid state, the sample in the ampoule 
was held on a copper block cooled with liquid nitrogen; the 
solid was obtained by the use of a long period of cooling. 

R e s u l t s 

Normal Coordinate Treatment. T h e normal vibra­
tions were calculated in order to determine the molec­
ular forms and the assignments of the observed spectra 

to rotational isomers. The valence angles of the CH2= 
GH group and the bond lengths used were transferred 
from those of vinylsilane,7) dimethylsilane,8) and 1-
butene.9) The other valence angles were assumed to 
be tetrahedral, and the dihedral angles were 0° for 
the eis form and 120° for the skew form. The modified 
Urey-Bradley force field was used in the calculation. 
T h e force constants of the CH 2=CH group and those 
of the skeletal torsion were taken so as to predict well 
the observed frequencies of vinylsilane, CH 2=CHSiH 3 

T A B L E 1. F O R C E CONSTANTS FOR METHYLVINYLSILANE 

A N D ALLYLSILANEa) 

Force const 

K(G-H), =GH2 

K(G-H), =GH 
JC(C-H), CH3 

K(G-H), CH2 

tf(Si-H), SiH3 

X(Si-H), SiH2 

K(C=C) 
K(G-G) 
JT(G-Si), =G-Si 
K(G-Si) 
/ / (H-C-H) , =CH2 

/ / (H-C-H) , GH3 

/ / (H-C-H) , CH2 

H{C=C-H) 
/ / (C-C-H), =GH 
/ / (C-C-H), GH2 

/ / (Si-C-H), =CH, 
//(Si-C-H), CH3 

/ /(H-Si-H) 
/ /(C-Si-H), =CH 
//(C-Si-H), GH3 

/ /(C-Si-H), CH2 

//(C=C-C) 
//(C=C-Si) 
//(C-C-Si) 
//(C-Si-C) 
F(H-C-H) 

4.651 
4.472 
4.403 
4.230 
2.578 
2.544 
7.071 
2.800 
2.655 
1.991 
0.360 
0.349 
0.331 
0.212 
0.123 
0.278 

GH2 0.123 
0.102 
0.180 
0.123 
0.092 
0.094 
0.320 
0.090 
0.118 
0.133 
0.200 

Force const 

^ (H-C-H) , =GH 
i?(G=-G-H) 
F ( C C H ) 
F(Si-C.H) 
i^H-Si-H) 
F(C-Si-H) 
F(C=-C-C) 
F(C-C-Si) 
F(C-Si-C) 
/ (=CH o. p.) 
/ ( - G H , wag.) 
r(G-G) 
F(C-C) 
F(C-SiH3) 
r(Si-CH3) 
y(Si-CH) 
A:(GH3) 

A:(GH2) 

A:(SiH3) 

x:(SiH2) 
p(G-H), CH3 

P(G-H), GH2 -
*(C=CH, G=GH) 
*(C=CH, G=GY) 
*(CSiH2, SiGH3) 
*(CSiC, SiCH3) 
*(CCSi, GSiH3) 

2 0.0 
0.450 
0.540 
0.271 
0.041 
0.149 
0.400 
0.276 
0.040 
0.252 
0.324 
0.601 
0.088 
0.067 
0.039 
0.056 
0.014 

-0 .040 
0.076 
0.104 

-0 .084 
-0 .070 

0.089 
0.141 
0.0571» 
0.030b) 
0.053b) 

a) The units of the force constants are mdyn/Â for 
stretching, K; bending, H; repulsion, F; bond interac­
tion, p ; and mdyn Â for out-of-plane bending, / ; 
wagging, / ; torsion, Y; intramolecular tension, K, and 
trans coupling, t. b) The gauche coupling constants are 
assumed to be g =—0.5 t. 
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T A B L E 2. OBSERVED AND CALCULATED FREQUENCIES (cm - 1 ) OF METHYLVINYLSILANE-^2 1) 

Gas 

3064 

2977 

2927 

2916 

/2155 
V2146 

1920 b 

1596 

1408 

1258 

1012 

954 

951 
902 

756 

728 
700 sh 

629 

517b 

477 sh 

356 

Int. 

m 

m 

VW 

V W 

vs 
W S 

V W 

V W 

m 

m 
m 

s 
vs 
W S 

s 

s 
w 
w 

w 
vw 

vvw 

Infrared 

Type 

AB (15) 

AB(15) 

AB(15) 

A B (14) 

AB (14) 

A B (14) 

A B (20) 

A B (14) 

A B (14) 

G 

A B (14) 

AB(15) 

\ 
Liquid Int. 
(«150 K) 

3057 

3013 

2972 

2951 

2911 

2138 

1915 
1592 

1421 

1402 

1249 
1008 

950 
939 
897 sh 
886 

864 

751 

725 

702 
633 
527 

516 
479 
406 
357 

w 

vvw 
w 

V W 

W W 

vs 

W W 

V W 

V W 

m 

m 
m 

s 
s 
W S 

W S 

m 
s 

m 

w 
w 
vw 

vw 
W W 

W W 

V W 

Liquid 

3057 

2981 
2971sh 

2953 

2913 

2142 

1595 

1426 sh 

1406 

1273 

1255 

1014 

953 
944 sh 

898 b 

866 
753 

726 
700 
632 
535 sh 

522 
474 

405 
357 

297 

205* 

185 

112*sh 

Ramanb) 

Int. 

V W 

vs 
vw 

s 

W W 

W S 

vs 

vw 

m 

s 
w 
vw 

w 
w 
vw 

vw 
w 

w 
vs 
W S 

vw 

vw 
vw 
W W 

vw 

w 

m 

m 

w 

P 
dp 

P 
P 

P 

P 

P 

P 

P 
P 

dp 

dp 

dp 

P 

dp' 

P 
P 

dp 

dp 

P 

Solid 

? 3054 

Z2977 
\2974 

/2954 
V2947 
2907 

/2141 
2133 
\2127 

1595 

1426 

1405 

1273 

1256 

/1012 
\1008 

> 955 

942 sh 

> 893 

/869 sh 
V865 

753 

/731 
> V729 
702 
640 
/534 
1,527 
— 
— 
411 
360 

176 

145 

118 

90 

81 

63 

57 

45 

25 

Int. 

vw 

vs 
vs 

vvw 
W W 

vw 

W S 

s 
vw 

m 
m 
vw 
vw 
vw 
vs 
vw 
VW 

vw 
w 
m 
w 
w 
vs 
W S 

w 
w 

w 
w 

m 
vw 
VS 

m 

m 

vs 

vs 

vs 

vs 

Calcd 

G form S form 

3052 A' 

2984 A' 
2964 A" 

2964 A' 

2953 A' 

2900 A' 

2181 A" 
2180 A' 

1603 A' 

1413 A' 

1413 A " 

1383 A' 

1264 A' 

1254 A' 

1014 A' 
1008 A " 

959 A' 

952 A " 

884 A' 

841 A" 
768 A' 

721 A' 
704 A" 
655 A' 
549 A" 

462 A" 
330 A' 

157 A' 
152 A" 
107 A" 

3052 

2984 
2964 
2964 

2953 

2900 
2181 
2180 

1601 
1413 
1413 
1382 
1264 
1254 

1013 
1008 
958 
952 
885 

840 
774 

725 
692 
662 

527 
499 

279 
214 

145 
92 

) 

Assignment0) 

^a(=CH2) 

1592 + 1421 

v(-CH) 
^a(GH3) 

"a(CH3) 

*s(=CH2) 

*.(CH,) 

"a(SiH2) 
*s(SiH2) 

950x2 

v(C-C), 5(=GH2) 

<5a(CH3) 
<5a(CH3) 

*(=CH2) 

<5(=CH i. p.) 

<5S(CH3) 

r(-GHa), <5(=CH i. p.) 
*(=CHa), w(=CH2) 

*(SiH2) 

a>(=GHa), t(-CHa) 

w(SiHa), rs(CH3) 

ra(CH3) 

rs(CH3), »(SiHa) 

v(Me-Si), v(G-Si) 

*(SiHa) 

v(G-Si), v(Me-Si) 

r(SiHa), <5(=CH o. p.) 

r(SiHa), <5(=CH o. p.) 

(5(-GH o. p.), r(SiHa) 

(5(=CH o. p.), r(SiH2) 

<5(GGSi), <5(CSiC) 

(5(GGSi) 

(5(GSiC) 

<5(GSiG), ô(GGSi) 

r(Si-Me) 

r(G-Si) 

' lattice vibrations 

a) Int. = intensity, s, m, w=strong, medium, weak, v=very, b=broad, sh=shoulder; AB, B, C=ab-, b-, c-type 
infrared band contours in the asymmetric top case (the values in parentheses indicate the P-R spacing); p = pola­
rization, p, dp=polarized, depolarized; G, S=cis, skew; A',A / /=A /,A" species of the Gs symmetry, b) Asterisks 
indicate the Raman lines observed at low temperatures ( «150K) . c) Assignments based on the potential-energy 
distributions greater than 20% are included; v, s, w, t, r, ô, x = stretching, scissoring, wagging, twisting, rocking, 
deformation, torsion, i.p. = in-plane, o.p. = out-of-plane, a, s=asymmetric, symmetric. 
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y 

Gas 

3065 

2977 

2928 
2918 
1916b 

1570 
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1411 

1404 

1264 
1255 

1009 

955 
812 

741 

/703 b 
^688 b 

/618 b 
^607 b 
557 b 

443 b 

355 b 

Int. 

m 

m 

vw 
vw 
vw 

vvs 
vvs 

m 

m 

m 
m 

m 
m 
vvs 

vvs 

vs 
vs 

s 
s 
m 

w 

vvw 

TABLE 3. 

Infrared 

Type 

~AB 

AB 

AB 

G 
C 
AB 

AB 

(13) 

(13) 

(12) 

(12) 

(13) 

Keiichi O H N O , Kei 

OBSERVED AND 

Liquid Int. 
(«150 K) 

3056 
3013 

2969 

2949 
2908 
1915 
1593 
1562 
/1552 
1̂543 sh 
1413sh 

1403 

1264sh 
1248 

1005 
955 
805 

746 
731 
689 

645 
635 

609 
563 
550 
455 
439 
413 
361 
347 

W 

VW 

w 

w 
vw 
vvw 
w 
vvs 
vvs 
vvs 
w 

m 

vvw 
m 

m 
s 
vvs 

s 
s 
vs 

w 
vw 

s 
m 
m 
vw 
vw 
vw 
vw 
vw 

iro T A G A , and Hiromu M U R A T A 

CALCULATED FREQUENCIES (cnV 

Liquid 

3058 

2979 

2950 
2911 

1594 

/1552 
\1545sh 
1414 sh 

1404 

1269 
1253 

1008 
960 
814 

745 sh 

732 
695 

647 
637 

617 
569 
556 
455 
442 sh 

415* 

353 
268 
198* 
186 

103* 

Ramanb> 

Int. 

vw 

m 

vw 
m 

vs 

vvs 
m 
vw 

w 

m 
w 

vw 
vvw 
vvw 

w 
s 
m 

vvs 
vs 

w 
w 
w 
m 
w 
w 

vw 
m 
s 
s 

w 

P 
"dp" 

P 

P 
P 

P 

P 

P 

P 
P 

dp 
dp 

P 

P 
P 

P 
P 

P 

dp 

Solid 

? 3052 

2975 
2963 sh 

2945 
2904 

1593 
1567sh 

/1558 
V1548sh 
1414sh 

1405 
/1266sh 
\1262 
1244 
1021 

? 1008 
961 
814 

746 
— 

/697 
6̂89 
— 
636 

610 
567 
— 
— 
444 

367 
344 

189 

129 
100 
86 
69 
62 
38 

-1) OF 

Int. 

w 

vs 
m 

vw 
s 

m 
s 
vvs 
s 
w 

m 
w 
m 
vw 
vvw 
w 
w 
vvw 

m 

m 
m 

vvs 

vw 
m 

m 

vw 
m 

m 

m 
vs 

s 
s 
s 
m 
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METHYL VINYLSILANE-rf2
a> 

Cale 
y — - ^ — 

Cform S 

3052 A' 

2984 A' 
2964 A" 
2964 A' 
2953 A' 
2900 A' 

1603 A' 
1576 A" 
1559 A' 

1413 A' 
1413 A" 
1383 A' 

1264 A' 
1254 A' 
1013 A' 
1007 A" 
952 A" 
823 A' 
815 A" 
742 A' 

706 A' 

637 A' 

587 A' 
565 A" 

473 A" 

386 A " 

327 A' 

157 A' 
150 A" 
104 A" 

d 

form 

3052 

2984 
2964 
2964 
2954 

2900 

1602 
1576 
1559 

1413 
1412 
1382 

1264 
1254 

1012 
1007 
952 
823 
815 

738 
709 

648 

599 

536 
482 

412 

267 
212 

144 
91 
\ 

Assignment0) 

*a(=CH2) 

1593 + 1413 
K=CH) 
"a(CH3) 

"a(CH3) 
vs(=CH2) 

*s(CH3) 
955x2 

v(G-G), J(-GH,) 

^a(SiD2) 
|.s(SiD2) 

<5a(CH3) 

<5a(CH3) 
*(=CH2) 

<5(=CH i. p.) 
<5S(CH3) 
r(=CH2), d(=CH i. p.) 
*(-CH2), w(=CH 2) 
œ(-CH 2), *(=CH2) 
rs(GH3) 

ra(CH3) 
v(Me-Si), v(G-Si) 
v(Me-Si) 
*(SiD2) 

v(C-Si), j(SiD2) 
v(G-Si), v(Me-Si), 
*(SiD2) 
a>(SiDa) 
<5(=CH o. p.), *(SiD2) 

<5(=CH o.p.), *(SiD2) 

*(SiD2), Ô(=GH o. p.) 
*(SiD2), (5(=CH o. p.) 
r(SiD2) 
r(SiD2) 

Ô(GGSi), (5(CSiC) 
<5(CCSi) 
<5(CSiC) 
(5(CSiC), ô(GGSi) 
T(Me-Si) 
T(C-Si) 

) lattice vibrations 

a), b), and c) : See Footnotes a), b), and c) of Table 2. 

(-D3),10) and those of methylvinylsilane and allylsilane 
respectively. T h e other force constants were trans­
ferred from those of alkylsilanes11) and olefins.12) T h e 
force constants used are listed in Table 1. The observed 
and calculated frequencies are summarized in Tables 

2—5, together with the assignments based on the pre­
dominant potential-energy distributions. As a fair agree­
ment was obtained between the observed and cal­
culated frequencies, further adjustment was not at­
tempted. T h e vibrational assignments based on the 

file:///1545sh
file:///1262
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T A B L E 4. OBSERVED AND CALCULATED FREQUENCIES (cm - 1 ) OF ALLYLSILANE-*/,,3-) 

/ 
Gas 

3093 

3001 
2987 
2939 
2915 
2902 

2167 

1814 
1636 

1426 
1397 sh 

1300 
1195 
1163 
1039 
995 sh 
979 sh 

/931b 
^923 b 

834 
772 
767 

589 
527 b 
407 

Int. 

vw 

vw 
vw 
vw 
vw 
vw 

vvs 

W W 

w 

vw 
vw 

W W 

vw 
w 
vw 
vw 
w 

vvs 
vvs 

m 
vw 
vw 

m 
W W 

W W 

Infrared 

Type 

AB (14) 

AB (15) 

B(14) 
AB (14) 

AB (16) 

AB (16) 
AB(15) 
AB (14) 
AB (14) 

AB(12) 

AB (14) 

AB (15) 

Liquid Int. 
(«150 K) 

3080 
3063 
3036 
2997 
2975 
2932 

2896 

2157 

1804 
1632 

1418 
1394 

1295 
1192 
1157 
1041 
990 

942 sh 
936 sh 
928 
909 

829 

764 
597 sh 
588 
524 
407 

vw 
VW 

W W 

VW 

VW 

VW 

VW 

vs 

vvw 
m 

w 
VW 

W W 

VW 

w 
VW 

w 

s 
s 

vs 
vvs 

s 

m 
m 
s 

vw 
vw 

Liquid 

3083 

3000 
2977 
2931 
2912sh 
2897 
2835 

2160 

1632 

1422 
1400 

1299 
1192 
1161 
1043 
989 sh 

941 

904 

829 

765 
599 
590 sh 
529 
408 
227 

112* 

Int. 

vw 

m 
vw 
vw 
vw 
m 
W W 

W S 

vs 

w 
w 

vs 
w 
vs 
VW 

VW 

m 

vw 

W W 

s 
vs 
m 
vw 
s 

vw 

w 

Ramanb> 

P 

dp? 

P 
P 

P 

P 

P 

P 
P 

P 

P 

dp? 

dp? 

dp? 

dp? 

P 
P 
P 

dp? 

P 
dp? 

Solid 

3083 

2998 
2975 
2931 
2907 sh 
2897 
2839 

/2168 
2156 

\2148 

1631 
/1426 sh 
^1423 

1401 
/1301sh 
\1295 

1196 
1159 
1039 
991 

949 
935 
928 

/909 
V901 
828 

/772 sh 
^763 
602 
589 
530 
415 

/237 
V228 sh 

137 
98 
91 
71 
58 
44 
37 
31 

Int. 

w 

m 
vw 
m 
vw 
vs 
vvw 

W S 

s 
VW 
VW 

w 
w 
m 
w 
vs 
VW 

VW 

vs 
m 
m 
VW 
w 
vvw 
VW 
m 
vs 
w 
w 
m 
VW 
W W 

m 
s 
s 

vs 
vs 
vs 
vs 
vs 

Calcd 
S form 

3053 

3029 
2955 
2946 

2913 

2174 
2174 
2172 

1627 

1416 
1404 

1303 
1223 
1175 
1108 
999 
968 
949 
949 
917 
906 

769 

733 
589 
582 
521 
402 
239 

147 
112 

Assignment0) 

*V(=CH2) 
1632 + 1418 
1632 + 1392 
v(-CH) 
vs(=CH2) 
"a(CH2) 

"8(CH2) 
1422x2 
*a(SiH3) 
*a(SiH3) 
*<s(SiH3) 
906x2 
v(C-C), J ( - G H 2 ) 

*(CH2) 
*(=CH2) 

(5(=CH i. p.) 
*(CH2) 
ai(CHa), j(CHa) 
r(=CH2), „(C-C) 
*(=CH2) 
a>(=CH2) 
<5a(SiH3) 
<5a(SiH3) 
<5s(SiH3) 
*(C-C), r(=GH2) 

r(CHa), *(CHa) 

v(G-Si) 
rs(SiH3) 
ra(SiH3) 
<5(-GH o.p.) 
<5(GGG) 
<5(CCSi) 

T(G-SiH3) 
T ( G - C ) 

) lattice vibrations 

a), b), and c) : See Footnotes a), b), and c) of Table 2. 

relative intensities of the infrared bands and the R a m a n 
lines and the comparison with the spectra of analogous 
molecules10'11'15^ are consistent with the results of the 
calculation, except for the assignments of the SiH2 

twisting and Me-Si stretching modes for methylvinyl-
silane-tY0 and those of the GH 2 wagging and twisting 
modes for allylsilane-cY0 and -d3. 

Rotational Isomerism. Figures 1 and 2 show the 

R a m a n spectra of methylvinylsilane-rf0 and allylsilane-
d0 in the region below 1700 c m - 1 ; the upper and lower 
spectra are for the liquid state at room temperature 
and for the solid state at about 100 K respectively. 
For 1-butène9) and methylvinylsilane,13) thé stable con­
formations have been confirmed by means of the micro­
wave spectra to be eis and skew about the G-G or C-Si 
axes adjacent to the double bond. For methyl vinyl-

file:///2148
file:///1295


2874 Keiichi OHNO, Keijiro TAGA, and Hiromu MURATA [Vol. 50, No. 11 

T A B L E 5. OBSERVED AND CALCULATED FREQUENCIES (cm - 1 ) OF ALLYLSILANE-^*) 

Gas 

3092 

3003 

2986 

2935 

2913 

2901 

1811 

1636 

1579 

1558 

1425 

1403 

1300 

1194 

1167 

1036 

990 

930 

906 

786 b 

755 

684 

679 

580 

482 b 

422 

410 

Int . 

vw 

vw 

vw 

vw 

vw 

vw 

W W 

m 

W S 

W S 

VW 

VW 

W W 

W W 

w 

VW 

VW 

w 

s 
m 

m 

vs 

vs 

W W 

W W 

W W 

W W 

Infrared 
^ 

Type 

AB(13) 

B ( 1 3 ) 

AB (14) 

AB(13) 

AB (14) 

AB(15) 

AB (12) 

AB(15) 

AB (12) 

AB (14) 

AB(13) 

AB (11) 

AB (13) 

B ( 1 0 ) 

AB (14) 

AB(12) 

AB (12) 

Liquid Int . 
( « 1 5 0 K ) 

3081 

3064 

3033 

3005 

2976 

2936 

2901 

1810 

1632 

1574 

1551 

1417 

1392 

1293 

1190 

1165 

1151 

1037 

990 

928 

900 

792 

752 

677 sh 

669 

579 

479 

416 

405 sh 

w 

vw 

W W 

vw 

w 

vw 

vw 

W W 

m 

vs 

vs 

w 

w 

W W 

w 

w 

w 

w 

m 

w 

s 

s 

s 

vs 

W S 

w 

m 

w 

vw 

Liquid 

3084 

3003 

2997 sh 

2978 

2932 

2911sh 

2898 

2834 

1632 

1574 

1554 

1419 

1397 

1310 
1300 

1191 

1167 

1155sh 

1040 

990 

926 

903 

788 sh 

750 

678 

579 

493 sh 

478 

416 sh 

403 

213 

100* 

Int . 

vw 

m 

w 

vw 

vw 

vw 

m 

w w 

W S 

s 

W S 

w 

w 

W W 
vs 

vw 

s 

m 

w w 

vw 

w 

w 

vw 

vs 

m 

vs 

vw 

vw 

vw 

s 

vw 

w 

Ramanb> 

P 

dp? 

P 

P 
d p 

P 

P 

dp? 

P 

P 
dp? 

P 

P 

P 
dp? 

dp? 

dp? 

P 
dp? 

P 

dp? 

dp? 

P 
dp? 

Solid 

3077 

3006 

2993 sh 

2975 

2937 

2910 

2900 

2833 

1631 

/ 1579sh 
1573 

\1568 

1550 
/1422sh 
1,1417 

/1399sh 
U 3 9 5 

/1302 
^1298 

/1196sh 
Vll91 

1166 

1151 

1039 

994 

929 

908 

790 

752 

/687 
V680 
/674 
^668 

583 

494 

/483 
^479 sh 

422 

410 

/233 
^225 sh 

124 

114sh 

87 

82 sh 

75 sh 

55 

40 

30 

Int . 

w 

w 

vw 

vw 

w 

vw 

m 

w w 

vs 

m 
vs 
vs 

WS 

W W 
VW 

VW 
w 

VW 
s 

VW 
w 

w 

vs 

W W 

VW 

VW 

w 

VW 

vs 

w 
w 

w 
w 

s 

W W 

w 
w 

VW 

s 

W W 
VW 

m 

w 

m 

m 

m 

vs 

m 

s 

Calcd 

S form 

3053 

3029 

2955 

2946 

2913 

1627 

1572 
1572 

1545 

1416 

1404 

1303 

1223 

1175 

1107 

999 

968 

904 

764 

744 

681 

680 

657 

523 

454 

445 

393 

227 

112 

108 
s 

Assignment"5) 

*a(=CH2) 

1632+1417 

1632 + 1392 

v(-GH) 

v s(=CH2) 

*a(CH2) 

"S(CH 2) 

9 0 0 x 2 

v(C-C) , *(=CH2) 

va(SiD3) 
va(SiD3) 

" s(SiD3) 

5(GH2) 

*(=CH2) 

<5(=CH i. p.) 

*(CH2) 

677 + 479, 750+404 

w(CH2), s(CH2) 

r(=CH2) , v(G-G) 

*(=CH2) 

K > ( = C H 2 ) 

»(C-C) , r(=CH2) 

r (CH 2 ) , f(CH2) 

v(G-Si) , <5s(SiD3) 

<5a(SiD3) 

<5a(SiD3) 

<5s(SiD3) 

(5(=CH o. p.) 

f8(SiD,) 

ra(SiD3) 

<5(CCC) 

<5(GGSi) 

T (C-SiD 3 ) , T ( G - G ) 

T ( G - G ) , r (C-SiD 3 ) 

> lattice vibrations 

a), b), and c) : See Footnotes a), b), and c) of Table 2. 
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CH2'CHSiH2CH3 

2875 

CH2«CHCH2SH3 

1000 500 
Wavenumber/cm~1 

Fig. 1. Raman spectra of methylvinylsilane-*/,,. 

1500 1000 500 
Wavenumber / c m - ' 

Fig. 2. Raman spectra of allylsilane-rf0. 

silane, several Ra man lines observed in the liquid state 
vanish in the solid state, but for allylsilane all the 
Raman lines observed in the liquid state remain in the 
solid state. O n the other hand, all the vibrational 
frequencies observed in the solid state for methyl­
vinylsilane and allylsilane are assigned to the funda­
mental vibrations of one isomer, as Tables 2—5 show. 
In the 150—450 c m - 1 region for both the molecules, 
two skeletal deformation and one torsional vibrations 
are expected for one isomer ; the GH 3 and SiH3 torsional 
vibrations may, in general, be very weak in the R a m a n 
scattering. For methylvinylsilane-^0, four R a m a n lines 
—at 357, 297, 205, and 185 cm- 1 —are observed in 
the liquid state, and two of them remain in the solid 
state, indicating that two isomers coexist in the liquid 
state and that one of them persists in the solid state. 
For allylsilane-</0, two R a m a n lines—at 408 and 227 
cm - 1 —are observed in both the liquid and solid states, 
indicating the existence of only one isomer in both 
the liquid and solid states. T h e same results are ob­
tained from methylvinylsilane-^ and allylsilane-</3. 

In order to determine the molecular forms, the nor­
mal coordinate treatment was carried out for seven 
possible molecular forms of methylvinylsilane-^, and 
allylsilane-ßf0. Figure 3 shows the observed and cal­
culated frequencies of the skeletal deformations. T h e 
calculations indicate that, for methylvinylsilane-^0, eis 
and skew forms coexist in the liquid state, while only 

- 300|-

E 

0* 30* 60* 90* 120" 150- IBff 

- Obsd • Calcd 

0* 30* 80* 90* 120* 150* MO* 

- Obsd • Calcd 

Fig. 3. Dependence of skeletal deformation frequencies 
on dihedral angle for methylvinylsilane-*/,, and allyl­
silane-*/,,. 

iHï Liquid 

139 K 

CH2=CHSiH2CH3 

In ( I s / Ic>.= 4 H / " T * Const. 

iH = -0.6610.05 Kcal/mol 

4& Sfo 200 
Wavenumber/cm"1 

10 3T _ 1 / K_1 

Fig. 4. Raman spectra of methylvinylsilane-*/,, in the 
200—400 cm-1 region and a plot of ln(I297/Is5,)c 

vs. \jT. 

the eis form persists in the solid state, and that for 
allylsilane-*/0 only the molecular form near the skew 
form exists in both the liquid and solid states. 

Enthalpy Difference of the Isomers in Methylvinylsilane. 
The relative intensities of the R a m a n lines at 297 and 
357 c m - 1 assigned to the C=C-Si deformation vibra­
tions for the skew and eis forms of methylvinylsilane-*/0 

respectively were measured in the liquid state at tem­
peratures ranging from 297 to 139 K. In the solid 
state the band at 297 c m - 1 disappears, but that at 357 
c m - 1 persists. Figure 4 shows some typical examples 
at 228 and 139 K among seven different temperatures 
and a plot of ln ( / B / / 0 ) [ ( l - e -*"^* r ) / ( l - e - f t ' J « /* r ) ] 

against IjT. From the slope of the straight line, the 
value of the enthalpy difference, A / / ( / / s k e w — / / c i s ) = 
0.66±0.05 kcal/mol, is obtained. 

D i s c u s s i o n 

For allylsilane, the form near the skew form is deter­
mined on the basis of the normal coordinate treatment 
to exist predominantly in the liquid and solid states. 
This result is also supported by the infrared spectra in 
the gaseous state; no c-type bands for the eis form were 
observed, and all the bands were assigned to the funda­
mental vibrations of only one isomer. O n the other 
hand, for methylvinylsilane, the eis and skew forms are 
confirmed to coexist in the gaseous and liquid states; 
the eis form is more stable than the skew form by 0.66 
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± 0 . 0 5 kcal/mol in the liquid state. For 1-butène, the 
skew form has been reported to be more stable than the 
eis form by only 150± 150 cal/mol (from the analysis 
of microwave spectra9)) and by —100±50 cal/mol 
(from the N M R spectra14)). For allyl halides ( X = 
CI, Br, I ) , the eis and skew forms have been confirmed 
to coexist in the liquid state, although a larger steric 
repulsion between the CH 2 = C H group and halogen is 
to be expected.15) 

Recently, Weidner and Schweig have demonstrated, 
from the photoelectron spectra and CNDO/2 calcula­
tions, the importance of a-n hyperconjugation in tri-
methylvinylsilane and allyl trimethylsilane.5) CNDO/2 
model calculations have indicated that allyltrimethyl-
silane has a conformation near the skew form as a result 
of the a-n hyperconjugation between the Si -C a bond 
and the double bond. Thus, the present result on 
allylsilane is consistent with the conformation of allyl-
trimethylsilane. Therefore, the form near the skew of 
allylsilane may have a dihedral angle between the 120° 
of the ordinary skew form and the 90° of the maximal 
a-n interaction. Actually, Hayashi et al. have, from 
the microwave spectra, reported an estimated dihedral 
angle of 103°40' for allylsilane.16) 

The authors wish to express their thanks to Dr. 
Hiroatsu Matsuura for his valuable discussion. 
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The Interaction of Acridine Orange with Poly(S-carboxymethyl-L-cysteine) 
Toyoko IMAE and Shoichi IKEDA 

Department of Chemistry, Faculty of Science, Nagoya University, Chikusa, Nagoya 464 
(Received April 25, 1977) 

The interaction of Acridine Orange with poly^-carboxymethyl-L-cysteine) has been investigated by observing 
the solubility behavior, absorption spectra, and circular dichroism of the mixture. When the dye is added to 
aqueous solution of the polymer, the mixture is homogeneous at higher pH, but precipitation takes place at lower 
pH; the threshold pH ranges from 3.5 to 6, depending on the mixing ratio. For [P]/[D] 1 or less, the mixture 
is again homogeneous at very low pH between 4 and 2, when no salt is added. Various type of circular di­
chroism are induced for the homogeneous solutions, which are characteristic of the bound dye species on the 
polymer and the structure of dye-polymer complex. The binding of dye with the polymer is mainly caused 
by electrostatic effect, and the solubility of the mixture is interpreted by considering the ionization of polymer 
and the binding of dye to the polymer. 

T h e visible absorption spectra of Acridine Orange in 
water are characterized by two absorption bands at 
492 and 470 nm, which are ascribed to the monomer 
and dimer, respectively, of the dye.1) T h e relative 
abundance of the two forms of the dye depends on its 
concentration. A structure of antiparallel stacked type 
has been proposed and accepted2«3) for the dimeric dye 
molecule. In highly concentrated dye solutions, higher 
aggregates of dye are formed, the absorption band 
shifting down to around 450 nm. 

When Acridine Orange is mixed with poly(5-carboxy-
methyl-L-cysteine), its absorption spectra change re­
markably from those of free dye in the position and 
intensity of visible band.4»5) The peak position indicates 
the state of aggregation of dye molecules in solution, 
while the hypochromism suggests the binding of dye 
to the polymer. 

It has also been found that the circular dichroism 
(CD) is induced on Acridine Orange at its absorption 
bands in the presence of poly^-carboxymethyl-L-
cysteine).4»5) The induced CD spectra observed at 
various [P]/[D] (mole of polymer residue/mole of 
added dye) mixing ratios and p H can be classified into 
fundamental types or their combinations. The funda­
mental types are characterized with reference to the 
bound species of dye molecules on the polymer and 
the conformation of the polypeptide chain. T h e latter 
is deduced from the CD spectra associated with the 
electronic transitions of peptide groups. 

The CD spectrum of Type I was induced on aggre­
gates of dimeric dyes bound to the polymer in the 
/^-conformation.4'6) Type I I C D spectrum was induced 
on a dissymmetric array of dimeric dyes bound to the 
randomly coiled polymer at low ionization.5,7) The 
CD of Type I I I was characteristic of low [P]/[D] 
ratios and was induced on another kind of array of 
dimeric dyes bound to the randomly coiled polymer 
at high ionization. Other types of CD, Types I F and 
I I I ' , originate from bound monomeric dyes and are 
considered to be counterparts of Types I I and I I I , 
respectively. 

The experiments so far reported4»5) were performed on 
solutions of weakly acidic or higher p H , since the d y e -
polymer mixture precipitated at lower p H . It was 
found that the mixture was again homogeneous at very 
low p H region and for low [P] / [D] . The present work 
concerns with the interaction of Acridine Orange with 

poly(^-carboxymethyl-L-cysteine), as revealed in the 
solubility behavior and circular dichroism. 

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

Poly (»S-carboxymethyl-L-cy steine) (code E602) was the 
same sample as that previously used.8) Low-molecular-
weight poly(^-carboxymethyl-L-cysteine) (code E515) was 
also used for comparison.8) Acridine Orange was purified 
from commercial zinc salt and obtained as a hydrochloride 
salt.1-4) 

The stock solution of dye was added to aqueous solution 
of polymer. The pH was then adjusted by HCl or NaOH, 
followed by dilution to the desired dye concentration. For 
the preparation of solutions at a desired ionic strength, NaCl 
was added to the stock solution of polymer. The mixed 
solutions were kept overnight before measurements. 

The pH was measured with a Hitachi-Horiba F5-X pH 
Meter. Absorption spectra were recorded with a 5 mm 
quartz cell on a Hitachi 323 Recording Spectrophotometer. 
The CD measurements were performed by using a 10 mm 
cell on a Jasco J-20 Circular Dichrometer, which was calibrat­
ed by use of aqueous solution of rf-10-camphor sulfonic acid.9) 
Measurements were carried out at room temperature. 

The molar extinction coefficient, eD, and the molar el-
lipticity, [ÖD] ? a r e expressed on the basis of the total molar 
concentration of added dye. 

R e s u l t s 

Solubility and Phase Separation of Dye-Polymer Mixture. 
Figure 1 shows the p H region for various [P]/[D] values, 
indicating where the mixed solution of Acridine Orange 
and poly(iS'-carboxymethyl-L-cysteine) is homogeneous 
and where precipitation takes place. A red precipitate 
is formed when the polymer concentration is high, and 
a fine gel separates when the polymer concentration is 
low. 

The p H region where the mixture is soluble changes 
with the [P]/[D] rat io; as [P]/[D] decreases, the p H 
of phase separation becomes higher. The mixture is 
soluble above p H 5.8, when [P]/[D] is 0.9. At [P]/[D] 
lower than 0.9, the p H of phase separation is lowered. 
When solutions of different concentrations are compared 
at a given [P] / [D] , it is found that the more con­
centrated mixture precipitates at slightly higher pH. 

When [P]/[D] is 1 or less, homogeneous solutions 
appear at p H between 4 and 2. T h e upper and lower 
p H of homogeneous solutions change parallel to the p H 
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Fig. 1. Solubility of Acridine Orange-poly (S-carboxy-
methyl-L-cysteine) mixture in water and in aqueous 
NaCl solutions. ——, Solutions; — , precipitation. 

of phase separation around p H 5.5. In the solution 
of the lowest [P] / [D] , 0.6, precipitation does not take 
place even at p H 1.80. Redissolution occurs for [P] / 
[D] 1, even when the dye concentration and conse­
quently the polymer concentration are increased by four 
times. Addition of 0.2 M NaCl prevents the mixture 
of [P]/[D] 1 from becoming homogeneous in the p H 
region 4—2, and yields extremely fine gels in this region. 

Dye-Polymer Mixture at Higher pH Region. In a 
higher p H region where no phase separation occurs, 
the dye molecules on the complex for high [P]/[D] 
generally form dimers or higher aggregates, while those 
for low [P]/[D] exist as monomers. T h e blue shift of 
the main visible absorption band down to 450 n m occurs 
for solutions of [P]/[D] higher than 1, suggesting the 
formation of highly aggregated dye. In the solutions 
of [P] / [P] 1 and 0.9, the dye molecule is in different 
states, depending on the p H . For [P]/[D] 0.8 and 
0.6, the absorption band of monomeric dye is always 
dominant. The observed molar extinction coefficient 
of the main absorption band of dye in the visible region 
shows hypochromism, which implies extensive binding 
of dye to the polymer. 

T h e induced CD spectra drastically vary with p H and 
[P] / [D] . Table 1 gives the wavelength of CD bands 
belonging to different types of CD. For [P]/[D] higher 
than 4, the C D of Type I is induced at acidic pH.4) 
A strong positive band is located at 466 nm, and a 
weak negative one at 433 nm. The CD of Type I I , 
which is observed for solutions of [P]/[D] 2 or 1 at 
p H 6.8 or 5,8, consists of paired bands with a strong 
negative band at 472 n m and a weak positive band 
at 415 nm, and of an additional broad positive band 
around 560 nm. The CD is also induced even at the 
neutral or alkaline p H when [P]/[D] is lower than 4. 
It is characterized by three bands, having opposite signs 
to those of Type I I . This type of CD has been called 
Type I I I . The other type of CD, Type I I I ' , occurs for 
solutions of [P]/[D] 0.9—0.6 at acidic p H . A positive 
band is manifest at 545 nm, and a negative one at 
421 nm. Some of the spectral characteristics of the 
dye-polymer mixtures have already been reported.5) 
The p H and [P]/[D] values for the induction of CD of 
various types are given in Table 2. 
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500+ sh 
473-sh 
4 2 1 - m 

326+m 
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2 7 8 - m 
2 5 0 - m 
2 2 4 - m 
208+m 

a) Wavelength is given in nm. Magnitude is classified 
into strong ( s ), medium (m), weak (w), and shoulder 
(sh). 

Dye-Polymer Mixture at Very Low pH Region. The 
mixtures of [P]/[D] 1 or less are homogeneous at p H 
4—2, when no salt is added. However, thier absorp­
tion spectra appreciably change from those of the solu­
tions mentioned above. As illustrated in Figs. 2 and 
3, the absorption spectra for [P]/[D] 1, 0.8, and 0.6 
have two peaks at 492 and 470 nm, and their extinc­
tion coefficients differ slightly from those for the free 
dye at the same concentration.1 '4) This suggests that 
only a few dye molecules are bound to the polymer. 

In this region, the C D behavior is even more compli­
cated. As shown in Fig. 2, the CD for [P]/[D] 1 be­
longs to Type I I at the most acidic p H . Upon raising 
p H , the three C D bands in the visible region change 
their signs, while the ultraviolet bands keep them un­
changed. However, the solutions of [P]/[D] 0.8 and 
0.6 exhibit the C D of Type I I I ' , which has a strong 
positive band at 541 nm, as seen in Fig. 3. Although the 
apparent CD is weak in this region, the actual molar 
ellipticity might be stronger than that shown, if correc­
tion is made for the amount of bound dye. 

T h e absorption band of Acridine Orange at 470 nm 
becomes stronger when the dye concentration increases.1) 
Its molar extinction coefficients are slightly influenced 
by the presence of the polymer for [P]/[D] 1 in very 
low p H region, which indicates very low binding of 
dye to the polymer. The CD spectra belong to Type 
I I . 

Dye-Low-molecular-weight Polymer Mixture. The 
low-molecular-weight polymer (E515) has a disordered 
conformation for all the p H in both absence8) and 
presence5) of Acridine Orange, and it interacts with 
the dye in a different way from the high-molecular-
weight polymer. T h e induced C D spectra observed in 
the presence of the dye differ from each other, although 
the absorption spectra in the visible region are quite 
similar. 

Absorption spectra indicate aggregation of dye in the 
solution of [P]/[D] 2 and more, as seen in Table 2. 
In the mixture of [P]/[D] 1, the species of dye changes 
at both sides of p H 5.4, while for [P]/[D] 0.8 the mono­
meric dye is dominantly present at all the p H examined. 
T h e hypochromism suggests the extensive binding of 
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TABLE 2. THE pH REGION FOR THE INDUCTION OF CD OF VARIOUS TYPES 
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Fig. 2. Circular dichroism (a) and absorption spectra (b) of Acridine Orange-poly (S-
carboxymethyl-L-cysteine) mixture of [P]/[D] 1 in water at very low pH region. 
[D] = 4.94xlO"6M. A, pH 2.57; B, pH 2.68; C, pH 2.75; D, pH 2.91; E, pH 
3.39; F, pH 3.81. 
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Fig. 3. Circular dichroism (a) and absorption spectra (b) of Acridine Orange-poly (S-
carboxymethyl-L-cysteine) mixture of [P]/[D] 0.8 in water at very low pH region. 
[D]=4.94x 10-5 M. A, pH 2.14; B, pH 2.44; C, pH 3.09; D, pH 3.46; E, pH 3.61; 
F, pH 3.71. 
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Fig. 4. Circular dichroism (a) and absorption spectra (b) of Acridine Orange- low-
molecular-weight poly(.S'-carboxymethyl-L-cysteine) mixture of [P] / [D] 0.8 in water 
at very low p H region. [ D ] = 4 . 9 4 x 10"5 M . A, p H 2.49; B, p H 3.13; C, p H 3.45. 

dye to the polymer. 
The CD is induced only at p H lower than about 

6 for all the [P]/[D] values. T h e CD of the complexes 
formed at [P]/[D] higher than 1 belongs to Type I I . 
The observed CD spectrum for [P]/[D] 0.8 consists of 
a positive band at 427 n m and a negative one at 533 
nm, and it has been called Type I I ' , as shown in Table 1. 

T h e low-molecular-weight polymer (E515) yields pre­
cipitates at p H 3.51, 4.98, 4.80, and 4.36 for [P]/[D] 25, 
2, 1, and 0.8, respectively. At very low p H , 2.0—3.7, 
the mixture of [P]/[D] 0.8 is soluble again and exhibits 
the CD of Type I I ' combined with Type I I , as shown 
in Fig. 4. Since the absorption spectra in this region 
are very similar to those of free dye, indicating very 
few bound dye on the polymer, the observed CD has 
to be corrected for the amount of bound dye. 

D i s c u s s i o n 

Free Acridine Orange in water is dominantly in 
monomeric form at a concentration of 5 x l O ~ 5 M , 
while it aggregates at high ionic strengths.1»4) In the 
dye-polymer mixtures of low [P] / [D] , monomeric form 
of dye is dominant over all the p H region. O n the 
other hand, for higher [P] / [D] , dimeric or higher aggre­
gates of dye are formed on the polymer, since ionized 
carboxyl groups of the polymer and counter ions behave 
as the ionic atmosphere surrounding the dye molecules, 
making the dye molecules stack together. 

T h e binding of dye to the polymer occurs primarily 
electrostatically, and a nitrogen atom of the cationic 
dye would be close to an ionized carboxyl group of 
the polymer, irrespective of whether the dye is mono­
meric or dimeric. In the absence of dye, the p H for 
the phase separation of polymer solution is lowered with 
decrease in concentration. For high [P] / [D] , where the 
binding of dye is relatively low, the solubility of the 
polymer would not be influenced by such a binding. 
Thus the complex precipitates at low p H where the 
polymer is only slightly ionized. However, for [P]/[D] 
as low as 2, the phase separation occurs at p H as high 
as 5. When the divalent cationic dimer of Acridine 
Orange1»2»10) binds to an ionized carboxyl group of the 
polymer, the charge on the carboxyl group turns from 
negative to positive. Thus the phase separation ob­
served around p H 5 can be interpreted as the iso­
electric precipitation of ampholytic complex. For [P]/ 

[D] lower than 2, the dye is mainly in monomeric 
form at low p H . When the monomeric dyes are bound 
to the polymer, the complex becomes electrically neu­
tral at a certain p H and precipitates. 

When greater amounts of cationic dyes are added 
to the polymer, or when [P]/[D] is lowered further, 
the p H of phase separation should be higher. How­
ever, the p H decreases for [P]/[D] less than 0.9. This 
could be caused by the decrease in concentration of 
the polymer. In the same way, more concentrated mix­
ture for [P]/[D] 1 precipitates at slightly higher p H 
(Fig. 1), reflecting the solubility of the polymer itself.8) 

For the complexes of [P]/[D] 1 or less formed at low 
p H 4—2, the amount of bound dye is very small, since 
ionization of carboxyl groups is low and the cationic 
dye does not bind to uncharged carboxyl groups. How­
ever, the net charge of the complex would be positive 
and the complex becomes soluble. In this complex the 
polymer chain would be a random coil owing to the 
electric repulsion between attached positive charges. 
Thus it is unlikely that the observed CD is of Type I 
as observed for the ^-conformation. The observed CD 
was either of Type I I or Type I I I ' . At very low p H 
around 2.5, the ionization of the polymer is too low 
to be soluble in solution. 

T h e same discussion on the solubility behavior of the 
dye-polymer mixture would apply to that of the dye -
low-molecular-weight polymer mixtures, and also to the 
dye-poly(L-glutamic acid) mixtures.11) 
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T h e polarized reflection spectra were measured on crystals of tetracyanoethylene and its charge-transfer 
complexes, and the absolute intensity of the absorption parallel to the crystalline axes has been obtained by the 
Kramers-Kronig transformation. T h e charge-transfer degree and the stabilization energy in the ground state 
were estimated for each complex by analyzing the charge-transfer bands in the crystalline state. I n the T G N E -
hexamethylbenzene(HMB), acenaphthene, and dibenzofuran complexes, the charge-transfer degrees are 9.05, 
12.3, and 4 .95% respectively in the ground state. 

Tetracyanoethylene, T C N E , is a strong electron ac­
ceptor. The formation of charge-transfer complexes 
with a variety of aromatics in dichloromethane solu­
tions has been studied by Merrifield and Phillips.1) 
These complexes are characterized by an intense elec­
tronic absorption in the visible or near-ultraviolet region 
that can be attributed to neither component of the 
complex alone, but to a new molecular species, the 
complex itself. Mulliken2) has developed a theory of 
the intermolecular charge-transfer (GT) interaction 
which has been applied successfully to the interpreta­
tion of the absorption bands characteristic of molecular 
complexes. Aihara, Tsuda, and Inokuchi3) examined 
the gas-phase spectra of these GT complexes and dis­
cussed how an increase in solvent polarity results in a 
shift of the GT band to a higher-energy region. 

The infrared spectra of the complexes showed new 
bands which appeared on the complex formation,4 '5 '16) 
and the resonance-enhanced R a m a n band was con­
cluded to be due to the direct participation of the low­
est GT state of the complex in the intermediate states 
of R a m a n scattering.6-9) 

Some of the molecular complexes of tetracyano­
ethylene can be obtained as crystalline solids, which 
often exhibit characteristic absorption bands analogous 
to the GT bands of the molecular complexes in solution. 
Kuroda et a/.10'11) revealed the presence of marked 
dichroism in these characteristic bands; the absorption 
is stronger as the light is polarized parallel to the alter­
nate stack of donor and acceptor molecules, in agree­
ment with the theoretical prediction for a C T transition. 
Furthermore, the GT interaction between donor and 
acceptor molecules has been applied to the interpreta­
tion of the mechanism of the electrical condition in 
these crystals of T C N E complexes.12) 

However, no study has been reported hitherto on the 
correlation of the electronic states of these complexes 
with the absolute absorption intensity of the C T band. 
In the present paper, the author shows the crystal 
absorption spectra obtained by the K - K transformation 
of the reflection spectra of T C N E complexes with H M B , 
acenaphthene, and dibenzofuran and gives information 
about the electronic states of the complexes. 

Exper imenta l 

The single crystals of T C N E complexes with H M B , ace­
naphthene, and dibenzofuran were grown by sublimation in 
bottles. These crystals have the crystal habits shown in 

HMB Acenaphthene Dibenzofuran 

Fig. 1. T h e crystal habits of T C N E - H M B , acenaph­
thene, and dibenzofuran. 

Fig. 1. 
T h e reflection spectra at the normal ' incidence have been 

measured over the range of 10000—40000 c m - 1 with a re­
flection spectrophotometer made in our laboratory, while the 
absorption spectra have been obtained by the Kramers-
Kronig transformation. T h e oscillator strength along the 
a axis of the crystal may be evaluated by using the following 
equation : 

f = 4.32X10-» fna(a)ea(o)d(7, 

where the integration is calculated over the whole band , 
a is the wave number , and na and sa are the a components 
of the refractive index and the molar extinction coefficient. 
T h e oscillator strenghts for the three orthogonal axes in the 
crystal should be compared with that in solution: 

fx i fy i fz _ g/'solution^ 

Theoret ica l 

The basic theory of the C T complex was given by 
Mulliken2); and the energy diagrams are shown in 
Fig. 2. 

In the AD type, the ground state is partly ionic and 

Solution (AD type) Crystal (ADA type) 

<#AdA") 

f^-^1-^£L=%%£$£&-«m 

<E^=#AD)*a<#A-cr} 

a=<^walvl*ortf)y^T 

Charge transfer dgree^a' 

' « ^ C A D I 2 

ECT 

<JKAD) I (ftADA) 
" ^ L L L io--<fXA0H* b(aS(ADA> cftKD'M^ 

b=Ä(««AD«|vl#nft)) /EC T --JÎ a 

i )E=b2EC T=2a2EC T 

Charge transfer dgree = b2 =2a2 

f oc Ecr t ^ l ^ t f j l 2 = 6 »sol 
3 1,1 •"ALT 

Fig. 2. T h e energy diagrams of the charge-transfer 
complexes. 
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may be described by a wavefunction 

W0~<p(AD) + E«,04(A-D+) , 

where 0(AD) represents a non-bonding, and 0€(A-D+) 
the i-th. GT wavefunction involving the transfer of an 
electron from D to A. Then, the charge-transfer de­
gree and the stabilization energy are given as Stf4

2 and 
i 

Ai?=S«<ai?0T*. For the z'-th charge-transfer excited 

state, we can write the wavefunction, Wc^ given by 

^CT* = ^(A-D+) - arfiAD). 
This is responsible for the characteristic color of the 
complex and the oscillator strengths in the solution 
and crystal are given as follows: 

/<(AD)B°ia«°n = I . O S S X I O ^ C T V I ^ A D I 2 , 

/ï(AD)crystai = s/^AD)501^1^ , 

where i?AD is the vector between the acceptor and 
donor molecules in the unit of cm and £CT* the excita­
tion energy in cm - 1 . 

In the ADA type, the ground state can also be de­
scribed by a wavefunction 

W0 ~ 0(ADA) + 2 W i ( A D + A - ) + 0,(A-D+A)}/i/2", 

where 0(ADA) represents a non-bonding, and ^ ( A D + -
A-) and ̂ ( A - D + A ) the i-th GT wavefunctions. Then, 
the charge-transfer degree and the stabilization energy 
in the ground state are given as S ^ 2 and AE=^bi

2-
i i 

Ec^. Therefore, it should be noted that they are twice 
as much as those in the AD type. The wavefunction, 
*"OT'( —)» f o r the optically allowed t-th excited state is 
given by 

Vm*(-) ~ {^«(AD+A-)-^(A-IH-A)}/v^2-, 

and the oscillator strengths in the solution and crystal 
are as follows: 

/<(ADA)BOln«<» = 1 . 0 8 5 X 1 0 1 1 J B C T V | . Ä A D | 8 , 

/ï(ADA)c ry s t a l = 3/i(ADA)solntl»n. 

Accordingly, by a comparison between the experi­
mental and theoretical oscillator strengths, we can 
obtain the magnitude values of at

2 or b2 and get infor­
mation about the electronic states of the C T complexes. 
Furthermore, T G N E complexes form configurations of 
the A D type in the solution and of the ADA type in 
the crystal. This means that the oscillator strength in 
the crystal is six times that in the solution: 

/«(ADA)«*"*1 = 6/f(AD)solut lon. 

R e s u l t s 

TCNE. T G N E forms monoclinic crystals of the 
P2j/n space group, and there are two centrosymmetric 
molecules in the unit cell. T h e polarized absorption 
spectra can be obtained from the reflection spectra, as 
is shown in Fig. 3. T h e long-axis transition band of 
the molecule has a structure; its origin is located at 
36300 cm"1 , and other vibronic levels appear at 37600, 
38800, and 39800 cm"1 . 

TCNE-HMB Complex. T h e T C N E - H M B com­
plex forms triclinic crystals,13) as is shown in Fig. 1. 
T C N E and H M B molecules are stacked alternately in 

50 « 40 35 30 

Wave number (l/cm)/103 

Fig. 3. T h e absorption spectra of T C N E crystal obtained 
from the K - K transformation of the reflection spectra. 

40 ~1 3Ü ' Ob" "" 25 20 15 ' 10 

Wave number (l/cm)/103 

Fig. 4. T h e absorption spectra of the crystal of T C N E -
H M B complex obtained from the K - K transformation 
of the reflection spectra. 

columns parallel to the c axis. Both molecular planes 
are perpendicular to the c axis, and the interplanar 
separation, RAJ), is 3.35 Â. The reflection spectra are 
observed for the polarizations parallel and perpendicular 
to the c axis, and the absorption spectra are obtained 
by the K - K transformation of the reflection spectra, 
as is shown in Fig. 4. 

The 17000 c m - 1 band is exclusively polarized along 
the c axis, which can be assigned to a C T band. The 
oscillator strength of this band is 0.563, and the charge-
transfer degree is 9 .05%. T h e stabilization energy in 
the ground state is given as 4.40 kcal, as is shown in 
Table 1. The spectrum polarized perpendicular to the 
c axis consists of the locally excited band of the TGNE 
molecule, and the broad band in the region of 30000— 
37000 c m - 1 corresponds to the 36000 c m - 1 band of the 
T G N E crystal. 

TCNE-Acenaphthene Complex. The crystal of this 
complex (pohsi—ca. 1.3 g/cm3) is a brownish black 
prism, and its crystal structure is not known. The 
reflection spectra are observed for the light polarized 
along the three orthogonal axes (x, y, and z), and the 
absorption spectra are obtained by the K - K transfor­
mation of the reflection spectra, as is shown in Fig. 5. 

The z-axis spectrum has three bands— at 14800, 
23200, 30000 cm- 1 — which can be assigned to the GT 
band. The oscillator strengths of these bands are 0.388, 
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TABLE 1. T H E OBSERVED TRANSITION ENERGY ( £ C T i n 

1 0 3 C m - 1 ) AND OSCILLATOR STRENGTH ( / ) AND THE 

CALCULATED CHARGE-TRANSFER DEGREE (b2 i n % ) 

AND STABILIZATION ENERGY ( A - ß in k c a l ) IN 

THE GROUND STATE OF T C N E COMPLEXES 

T C N E complex / b2 AE 

HMB 

Acenaphthene 

(Total) 

Dibenzofuran 

(Total) 

( 

( 

{ 

0.563 

0.388 
0.238 
0.250 

0.269 
0.160 

17.0 

14.8 
23.2 
30.0 

21.4 
29.0 

9.05 

7.17 
2.80 
2.28 
12.3 

3.44 
1.51 
4.95 

4.40 

3.03 
1.86 
1.96 
6.85 

2.11 
1.25 
3.36 
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Fig. 6. T h e absorption spectra of the crystal of T C N E -
dibenzofuran complex obtained from the K - K trans­
formation of the reflection spectra. 

~W 30 25 20 

Wave number (1/cm) /103 

Fig. 5. T h e absorption spectra of the crystal of T C N E -
acenaphthene complex obtained from the K - K trans­
formation of the reflection spectra. 

0.238, and 0.250 respectively. Each band contributes 
to the charge-transfer degree in the ground state, and 
the total degree becomes 12.3% by using i?A D=3.35 Â, 
as is shown in Table 1. The stabilization energy is 
also given as 6.85 kcal. The y-axis spectrum may 
consist of the a and ß bands corresponding to the 
30900 and 41800 c m - 1 bands of the acenaphthene 
crystal,14) while the x-axis spectrum consists of the p 
and ß' bands corresponding to two bands at 31400 
and 45000 c m - 1 of the acenaphthene crystal and one 
band at 36000 cm" 1 of the T C N E crystal. 

TCNE-Dibenzofuran Complex. The crystal of this 
complex (P0bsi—ca. 1.3 g/cm3) is a brownish black 
prism; its crystal structure is not known. T h e reflec­
tion spectra are observed for the light polarized along 
the three orthogonal axes (x, y, and z), while the absorp­
tion spectra are obtained by the K - K transformation 
of the reflection spectra, as is shown in Fig. 6. 

The GT bands located at 21400 and 29000 c m - 1 are 
observed in the z and y axes spectra. The total oscilla­
tor strengths of these two bands are 0.269 and 0.160, 
and the total charge-transfer degree in the ground state 
is estimated to be 4 .95% by using i?A D=3.35 Â. T h e 
stabilization energy is also calculated to be 3.36 kcal, 
as is shown in Table 1. The y-axis spectrum may 
consist of the a*, p , and ß' bands corresponding to the 
33300, 39100, and 46000 cm" 1 bands of dibenzofuran15) 

<L> 
O 
O 
Ö 
o 

Wave number (1/cm) /103 

Fig. 7. T h e absorption spectra characteristic of crystals 
of T C N E complexes with H M B , acenaphthene, and 
dibenzofuran. 

in addition to two GT bands. The x-axis spectrum 
may consist of the a and ß bands corresponding to two 
bands at 32600 and 42500 cm" 1 of the dibenzofuran 
crystal and one band at 36000 cm" 1 of the T G N E crys­
tal. 

D i s c u s s i o n 

The absorption bands characteristic of crystals of 
T C N E complexes are again depicted in Fig. 7. The 
first C T band of the T C N E complexes with H M B and 
acenaphthene splits into doublets, the separation of 
which are 1500—1200 cm- 1 . In the crystal of the 
T C N E - H M B complex,13) the T G N E residues are dis­
ordered in two perpendicular orientations about the 
normal plane, with relative occupancies of 3 : 1. There­
fore, two independent energy bands can be formed in 
the crystal as a result of the disorder and observed as 
a doublet. 

Another characteristic of the absorption spectra of 
the T C N E complexes is the appearance of the second 
and third C T bands. This phenomenon can be ob­
served with complexes of acenaphthene and dibenzo­
furan. These bands may be assigned to the C T transi­
tion from the highest, second highest, and third highest 
occupied orbitals of the donor to the lowest vacant 
orbital of T C N E . 

T h e molar extinction coefficient, e, and the half-
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width of the T C N E - H M B complex are 43901«9) and 
52008> cm" 1 in the CH2C12 solution, and the oscillator 
strength is calculated to b e / s o l u t l o n = 0 . 0 9 ; the value of 
6 / B o l n t I o n = 0 . 5 4 is comparable to that o f / c r y s t a l = 0 . 5 6 3 
which is shown in Table 1. 
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PMR Studies of the Phase Transition in iV,iV,iV%iVVretramethyl-
jP-phenylenediamine (Wurster's Blue) Perchlorate 
Motomichi INOUE, Hiroyoshi KURAMOTO, and Daiyu NAKAMURA 

Department of Chemistry, Nagoya University, Chikusa, Nagoya 464 
(Received May 27, 1977) 

The powder PMR spectra of [TMPD]+(C104)- were recorded in the temperature range 110—300 K. The 
spectra observed above 140 K consist of two widely separated simple absorption curves of intensity ratio approxi­
mately equal to 3 : 1. Spin densities on the carbon and nitrogen atoms of the cation radical were evaluated from 
the observed field shift ascribable to the Fermi contact interaction. The spin density distribution of the radical 
ion changes at the transition temperature of 189 K. 

The phase transition of Jv',iV,i\r,JV''-tetramethyl-/>-
phenylenediamine (TMPD) Perchlorate attracts par­
ticular attention, because the crystals display phase 
transition at ca. 189 K accompanied by a novel magnetic 
behavior.1»2) X-Ray crystal analysis carried out at 300 
and 110 K has revealed that cation radicals, in the high-
temperature phase, are stacked equidistantly to form 
a one-dimensional array, whereas radical ions are di-
merized to construct alternating chains in the low-
temperature phase.3) The magnetic interaction be­
tween radical ions is closely related to the stacking of 
cations and also to the distribution of an unpaired 
electron within radicals.4 '5) T h e latter can be deter­
mined by observing the contact shift of P M R . 
Kawamori and Suzuki6) have reported that the P M R 
absorption curve of TMPD-perchlorate powders con­
sists of two component curves, and that the separa­
tion between the centers of the curves varies with tem­
perature in proportion to the magnetic susceptibility 
of the compound. However, the authors failed to 
determine the absolute values of the P M R shifts. In 
the present investigation, we have precisely recorded 
the P M R spectrum of the radical salt at various tem­
peratures between 110 and 300 K, and have deter­
mined the spin density distribution of the T M P D 
cations in crystals. 

Exper imenta l 

TMPD Perchlorate was prepared by the method of Michaelis 
and Granick.7) Crystalline powders obtained were dried in 
vacuo for ca. 4 h to eliminate solvent molecules completely. 

The PMR spectra were recorded by means of a JEOL 
JNM-MW-40 NMR spectrometer operating at 40 MHz with 
a field-modulation amplitude of 0.5 G.* Isohexane (isomeric 
mixture) was employed as an external standard. The tem­
perature of the specimen was determined with a copper -
constantan thermometer inserted directly in the specimen 
before and after recording each PMR spectrum. The tem­
perature was automatically controlled within ± 1 ° by the 
following method. Gold vapor evaporated from liquid nitro­
gen was conducted to the specimen through a transfer tube, 
in which a heater was mounted. The evaporation of liquid 
nitrogen was kept at a constant rate, and the temperature of 
flowing gas was controlled by use of the heater connected 
to a conventional PID temperature controller. The homo­
geneity of temperature in the specimen was difficult to keep 
within ±1° , because of a large volume of the specimen 
amounting to ca. 4 cm3. The accuracy of the temperature 

* The unit corresponds to 10~4 T in the SI unit system. 

was estimated to be within ± 2 ° over the temperature range 
investigated. 

R e s u l t s 

Figure 1 shows some typical derivative curves of P M R 
absorptions observed at various temperatures. Above 
ca. 140 K, each curve observed can be resolved into 
two component curves of intensity ratio equal to 3 : 1. 
T h e stronger component shifts to a low field, whereas 
the weaker one does to a high field. From the intensity 
ratio, the former can be assigned to iV-methyl protons 
and the latter to the protons of benzene rings. The 
amount of the shifts from the external standard is 
plotted against the temperature for each component 
as shown in Fig. 2. The temperature dependence of 
the P M R shifts closely resembles that of the magnetic 
susceptibility. This is consistent with the results re­
ported by Kawamori and Suzuki.6) 

J I I I 1 L 

-15 -10 - 5 0 +5 +10 

AH/G 

Fig. 1. PMR absorption derivative curves of [TMPD]-
(C104) at various temperatures. Each curve can be 
resolved into two simple derivative curves (broken 
curves). Sharp components at A # = 0 in the spectra 
A and B are due to isohexane employed as an external 
standard. The spectrum G dispalys the curve recorded 
without the external standard to show the inherent 
curve clearly. The arrows in the spectrum C show 
the resonance fields estimated by use of the coupling 
constants of the low-temperature phase. 
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X 

af 

I 
Ö 

r/K 
Fig. 2. Observed PMR shifts (# ) and the coupling 

constants (T) of iV-methyl protons and ring protons. 
The straight lines show the respective averaged values 
of the coupling constants. The solid curves display 
the shifts evaluated with the coupling constants of the 
high-temperature phase. The aNcH3 value averaged 
below Tc gives the broken curve reproducing well the 
shifts of iV-methyl protons observed below Tc. 

Each curve observed below 140 K can be decom­
posed into two simple derivative curves, the intensity 
ratio of which, however, varies with temperature. 
For example, the spectrum G in Fig. 1 observed at 
113 K is made up of two components of intensity ratio 
nearly equal to 2 : 1. In this paper, the discussion is 
based solely on the data observed above 140 K. 

D i s c u s s i o n 

The P M R shift AH/H is attr ibutable to the Fermi 
contact shift, which is proportional to magnetic sus­
ceptibility x:8) 

M. = _ _^ *_, (i) 

where, apar t from the usual notations, ai is the contact 
coupling constant in Gauss and c is the radical con­
centration determined from the Curie constant. Thus, 
the coupling constants, ÖNCH3 for iV-methyl protons and 
ÖC(O)H f ° r r m S protons, can be evaluated from the cor­
responding P M R shifts and the magnetic susceptibility 
which has been reported by Duffy, Jr.1) and Okumura2) 
in the temperature range 77—300 K. The temperature, 
a t which the P M R shift shows a sharp decrease, agrees 
with the transition temperature Tc determined by 
Okumura rather than by Duffy, J r . Therefore, the 
coupling constants were evaluated on the basis of 
Okumura 's data ( 7 ; = 1 8 9 K and *=0.86 7 ) . Each 

coupling constant is practically constant above Te as 
shown in Fig. 2. T h e averaged values of the constants 
are listed in Table 1 along with estimated standard 
deviations. The shifts observed above Te are well re­
produced by the solid curves calculated using Eq. 1. 

The coupling constant flc(f)H is proportional to spin 
density pc(t) localized on a carbon atom bonded to 
the proton:8> 

«CU)H = QjcnPc(i)> (2) 

where Q,CH 1S a proportionality constant. When the 

rotation of iV-methyl groups is hindered in > N - G H 3 

systems, the contact coupling constant depends on the 
torsional amplitude 0 as well as the equilibrium angle 
6j between an N - G - H ( j ) plane and the axis of the 
nitrogen p-orbital involving the unpaired electron:9) 

«NCH.O') = B(cos2dj)tpN, (3) 

where j stands for t h e j t h proton of an TV-methyl group 
and B is a proportionality constant. For freely rotating 
methyl groups, all the protons are equivalent so that 
the coupling constant is simply proportional to the spin 
density pN of nitrogen: 

«NCH3 = & N C H 3 P N - V*) 

The JV-methyl groups of T M P D cations can be as­
sumed to undergo a free rotation about the threefold 
axis in the high-temperature phase, because of the fol­
lowing facts: (1) the component curve attributable to 
iV-methyl protons has a peak-to-peak width nearly 
equal to that of the curve due to the ring protons, and 
shows no appreciable structure, and (2) the absolute 
values of the coupling constants agree well with the 
corresponding values determined by an ESR experi­
ment10) carried out on the radical ions in solution 
(Table 1), in which iV-methyl groups perform a free 
rotation. T h e proportionality constants have been 
estimated as £ C H = - 2 8 G a n d & N C H 3 = 2 5 G.n> By 

using these values, the spin density can be evaluated 
as given in Table 1. All the carbon atoms in the 
benzene ring carry positive spin densities. The spin 
density distribution has been calculated on the basis of 
various M O models.11 '12) The distribution deter­
mined by McLachlan1 1) yields the best fit to the present 
result. 

Below the transition temperature, the observed shifts 
of N-methyl protons deviate systematically from the 
solid curve in Fig. 2 calculated with the value of ÖNCH3 

evaluated above Tc, while the broken curve shows the 
temperature dependence of the shift calculated with 
« N C H 3 = 6 . 5 2 G, reproducing well the data observed be­
low Tc. T h e ÖNCH3 value of the low-temperature phase 
differs clearly from that of the high-temperature phase. 
Although the magnetic data reported by Duffy differ 
slightly from Okumura 's data, the coupling constants 
evaluated on the basis of Duffy's data agree with the 
corresponding values based on Okumura 's data over 
the whole temperature range except near Te (180—190 
K ) . Therefore, it can be concluded that the "ÖNCH3 

g a p " accompanying the phase transition is inherent in 
the radical salt. Two interpretations are conceivable 
for the marked ÖNCH3 gap : (a) the spin density on 
nitrogen atoms changes appreciably at the transition 
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7>189K 
T< 189 K 
ESRC> 

TABLE 1. CONTACT COUPLING 

<*NCH3/G 

7.01±0.20 
6.52±0.21 
6.76 

CONSTANT at AND 

U C ( Ö ) H / G 

-2.71±0.22 
-2.69±0.35 

(-)1.97 

SPIN DENSITY pi 

PN 

0.280 

0.2Ô! 
0.270 

OF A T M P D CATlONa> 

i°C(6) 

0.097 

0.096 

0.070 

Pc(a)b) 

0.026 

0.047 

0.090 

H3C 

H3C 

+ b) /o c ( a ) = {l-(2/>N + 4 i0c(&))}/2. c) Ref. 10. 

>Q-< 
CH3 

CH3 

temperature, and (b) a hindered rotation of iV-methyl 
groups below Tc yields an apparent Q,NCH3 value dif­
ferent from that for freely rotating iV-methyl protons. 
Equation 3 indicates that, in case (b), three protons 
within an iV-methyl group display P M R shifts different 
from one another, and, hence, the component curve 
attributable to iV-methyl protons is expected to display 
an incipient indication of structure. Contrary to ex­
pectation, the component curve obtained below Tc 

exhibits no appreciable change in shape and line width 
as compared with that above Tc, suggesting that the 
TV-methyl groups practically perform a free rotation 
even below the temperature. T h e aforementioned 
value of Q,NCH3 gives a smaller spin density pN in the 
low-temperature phase than that in the high-tempera­
ture phase. This indicates that a fraction of an un­
paired electron, in the former phase, is delocalized 
from nitrogen onto the aromatic ring to a greater extent. 
X-Ray crystal analysis3) has shown that the G-N bond 
length 1.346 A at 1 1 0 K is evidently shorter than the 
length of 1.359 Â at 300 K, suggesting a larger double-
bond character in the G-N bonds below Te. This 
gives support to the present conclusion. The ac(&)H 

values averaged above and below Tc agree with each 
other, although the constant is difficult to determine 
accurately owing to the small absolute value. Hence, 
it can be presumed that pc(b) remains almost unchaged 
with decreasing temperature through Tc, despite the 
discernible change of Pc(a). In fact, X-ray crystal 
analysis has shown that the C(a)-C(b) bond distance 
increases by 0.005 A at 110 K whereas the C(b)-C(b) 
distance remains unchanged, suggesting that there is 
no significant alteration in the charge distribution on 

C(b) atoms above and below Te. 
The present investigation presents a unique example 

showing that the phase transition is accompanied by 
spin-distribution change in a molecule as well as change 
of molecular arrangement. 

This work was partially supported by a Grant-in-
Aid for Scientific Research from the Ministry of Educa­
tion. 
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The Crystal and Molecular Structures of ^rans-Bis(trimethylphosphine)-
[l,2-bis(methoxycarbonyl)vinyl](phenylethynyl)palladium(II) 

Takao YASUDA, Yasushi K A I , Noritake YASUOKA, and Nobutami KASAI* 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
(Received June 11, 1977) 

The X-ray molecular structure of the addition product of £rans-HPd(PEt3)a(CHCPh) with dimethyl acetylene­
dicarboxylate has been determined to be [franj-{(MeOaC)HG=G(COaMe)}Pd(PEt8)a(C=CPh)]. The crystal 
belongs to the monoclinic system, space group P2j/c, with eight formula units in a cell with dimensions of a= 
17.844(3), è = 9.476(3), c = 36.061 (4) Â, £=98.18(1)°. Two independent molecules have similar structures ex­
cept for the conformation of the phenylethynyl groups and one of the triethylphosphine groups. The l,2-bis(metho-
xycarbonyl)vinyl and phenylethynyl groups are tr-bonded to the palladium atom. No significant difference 
is observed between the Pd-G(sp)[2.04(2) and 2.03(2) Â] and Pd-G(sp2)[2.05(2) and 2.06(2) A] bond lengths. 
The environment of the palladium atom is approximately square-planar: Pd-P=2.321(5), 2.312(5), and 2.305(5), 
2.311(5)Â. 

I t has been reported that a hydridoalkynylmetal 
complex (I) , which is formed by the oxidative addition 
of a terminal acetylene group to the metal, can be 
considered to be an intermediate in the oligomeriza-
tion of terminal acetylenes catalyzed by low-valent 
transition-metal complexes,1) and that the hydrido or 

H 

Spectroscopic studies of the reaction products of di­
methyl acetylenedicarboxylate with hydridoalkynyl 
complexes of pal ladium(II) and pla t inum(II) suggest 
that the addition may produce alkenylalkynyl deriva­
tives3) (Path a in the scheme). In order to establish 
the molecular structure and clarify the reaction mech­
anism, an X-ray structure analysis of the addition 
product of fra/w-HPd(PEt3)2(C=CPh) with dimethyl ace­
tylenedicarboxylate has now been carried out. 

Exper imenta l 

Yellow needle crystals of the addition product mentioned 
above were supplied by Professor N. Hagihara and his co­
workers. The unit-cell parameters were determined by the 
least-squares fit, using 35 20 values of high-angle reflections. 

Crystal Data: [fra«-{(MeOaC)HC=C(COaMe)}Pd(PEt,)a-
(GsGPh)], C26H4a04PaPd, F. W. 591.0, monoclinic, P2jc, 
0=17.844(3), 6=9.476(3), c=36.061(4) Â, 0=98.18(1)°, 
£7=6036(2) A3, A(MoÄa) = 0.71069Ä, Dm= 1.29 g-cm-3, 
Z = 8 , De= 1.29 g-cm-3, ß(MoK<x) = 7.59 cm-1. 

The intensity data were collected on a Rigaku automated, 
four-circle diffractometer using the 0-20 scan technique. 
The graphite-monochromatized MoÄ"a radiation was used. 
The crystal used had dimensions of ca. 0.3 X 0.3 X 0.2 mm. 
The integrated intensity was determined by scanning over a 
peak at a rate of 4° min - 1 and by subtracting the background 
obtained by averaging the two values measured for 5 s at both 

To whom the correspondence should be addressed. 

alkynyl groups of such an intermediate may add to 
acetylenes to form an alkynylalkenyl (II) or a hydrido-
alkenyl ( III) complex,2) which can subsequently 
undergo reductive elimination to the dimer and reform 
the starting low-valent complex (Scheme). 

ends of a scan. The scan width in 20 was (1.6+O.7O0C)°, 
where 0C is the calcuUted Bragg angle for WLoKxx. A total 
of 4920 reflections was measured (sin0/A<|O.46), of which 
954 were less than o(F) and were classed "unobserved". 
Five standard reflections measured after every 60 reflections 
showed no significant change in intensity throughout the data 
collection. The Lorentz and polarization corrections were 
made in the usual way. 

Structure Solut ion and Ref inement 

Two independent molecules are contained in an 
asymmetric unit. The palladium atoms were located 
from the Patterson map . The non-hydrogen atoms 
were then located from the subsequent Fourier syn­
thesis. T h e structure was refined anisotropically by 
the block-diagonal least-squares procedure, using the 
HBLS V program.4) T h e function minimized was 
2>w(AF)2, where w was taken as unity. The final re­
finement reduced the R to 0.075 for 3966 non-zero 
reflections (sin0/A<O.46). Hydrogen atoms were not in­
cluded in the refinement. The atomic scattering factors 
were taken from the International Tables for X-Ray 
Crystallography, Vol. IV.5) The positional and thermal 
parameters are given in Table 1.** 

* * The table of observed and calculated structure factors 
is kept as Document No. 7720 at the Ghimical Society 
of Japan. 

CR=CR' 

LnM-GnGR 

^ / ( I I ) ^ \ . 
LnM-GEGR + R ' G E G R ' H G R ' = G R ' - G E G R + LnM 

(I) \ *f / (IV) 
LnM-CR'=CR'-C=CR 

(III) 
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TABLE 1. ATOMIC PARAMETERS ALONG WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 
Positional parameters in fraction of cell edges and thermal parameters in the form of 

ex.p[-{B(U)& + B(22)k* + B(33)P + B(12)hk + B (13) hl+B (23) kl}]. 

ITOM 

PDA 
P<1A) 
PUA) 
0(1*» 
0 ( 2 * ) 
0 O * > 
O U » ) 
cd*) 
C(2*> 
c<3») 
C(4A) 
C(5*) 
C(6*) 
C<7A) 
C(BA) 
C(11*> 
C(12A) 
C(l3A) 
C ( U * I 
C d * * ) 
C(UA) 
C(2lA) 
C(22A) 
C(23A) 
CX31» 
C(37A) 
C(33A) 
C ( 4 1 A ) 
C(4?A) 
C(43A| 
C151AJ 
C(52A) 
C153A) 
POB 
P ( l B ) 
P ( 2 B ) 

0(2B) 
0(3B) 
0<4B> 
CUB) 
C«2B) 

C(4B) 
C(5R> 
C ( 6 B ) 
C(7B) 
C(BB) 
C i l l B ) 
C d ? B ) 
CIHB) 
C « 1 * B ) 
C ( 1 5 B J 

C(UB) 
C(.2)B» 
C«22B) 
2<23B) 
C(31B> 
C(3?B) 
C(31B) 
CI'» IB) 
C(4?B) 
C(43fl) 
CI5IB) 
C J 5 2 B ) 
C ( 5 3 B ) 

.19373« 7) 

.16916(26) 

.20626(26) 

.1550 ( 7) 

.3>l8 ( 7) 

.167* ( 7) 

.4233 ( 7) 

.7*35 ( 9) 

.3187 ( 9) 

.1R51 ( 9) 

.3489 (11) 

.1080 (1?) 

,45i>6 (12) 
.1437 ( 9) 
.1124 ( 8) 
.0790 ( R) 
.0183 ( 9) 

-.0147 ( o) 
.0120 (10) 
.0713 (10) 
.1038 ( 9) 
.1792 (12) 
.2269 (15) 
.0709 (U) 
.1588 (13) 
.3087 (14) 
.0150 (11) 
.2511 (11) 
.1119 (10) 
.2602 (11) 
.25*7 (13) 
.0573 (11) 
.1*63 (11) 
.66689« 7) 
.74866(26) 
.57581(26) 
.«165 ( 8) 
.«713 ( 7) 
.7253 ( 7) 
.«971 ( 7) 
.7533 ( 9) 
.7936 ( 9) 
.7718 (10) 
.«557 ( 9) 
.73*7 (15) 
.9598 (12) 
.578* (10) 
.5719 ( 9) 
.454« ( 9> 
.3851 (12) 
.3181 (11) 
•1226 (1?) 
.3R85 (13) 
.4556 (11) 
.7283 (11) 
.7454 (14) 
.«512 ( 9) 
.7367 (16) 
.6743 (14) 
.9037 (11) 
,*9B1 (10) 
.6063 (10) 
.5256 (10) 
.5286 (U) 
.5447 (12) 
.58*6 (13) 

.60404(13) 

.4262 ( 5) 

.7964 ( 5) 

.2767 (13) 

.264? (14) 

.4556 (12) 

.32»* (16) 

.4646 (16) 

.4393 (17) 

.3841 (17) 

.3351 (71) 

.3882 (26) 

.2234 (27) 

.7422 (17) 

.8218 (16) 

.9181 (16) 
1.0045 (17) 
1.Û944 (19) 
1.0922 (70) 
1.0017 (70) 
.9146 (17) 
.4815 (19) 
.2623 (19) 
.3579 (13) 
.3653 (74) 
.2867 (78) 
.4276 (33) 
.7667 (19) 
.8757 (18) 
.9*58 (19) 
.9062 (71) 
.76'5 (23) 
.9110 (27) 
.49196(14) 
.6721 { 5) 
.3308 { 5) 
.3*5« (13) 
.1309 (13) 
.1885 (12) 
.2064 (15) 
.3461 (16) 
.3110 (18) 
.2933 (16) 
.2034 (19) 
.1465 (79) 
.1064 (25) 
.6279 ('9> 
.6977 (18) 
.7755 (17) 
.7316 (75) 
.8165 (76) 
.9,0, ,?,) 
.9686 (75) 
.8902 (71) 
.8365 (20) 
.7112 (76) 
.6407 (19) 
.8211 (77) 
.7524 (10) 
.7626 (74) 
.3109 ,?2) 
.1*79 (17) 
.3893 (71) 
.2856 (79) 
.0559 (70) 
.4101 ,?6) 

,40338( *) 
.35907(1*) 
.44322(13) 
.45029(34) 
.5000 ( 4) 
,4Ql88(32) 
.48*9 ( 4) 
.4429 ( 4) 
.4522 ( *) 
.4614 ( 5) 
.4806 ( 6) 
.5103 { 6) 
.5112 ( 7) 
.3642 ( 4) 
.3412 { *) 
.3113 ( 5» 
.3192 ( 5) 
.2901 ( 5) 
.2547 < 5> 
.2485 ( 5> 
.2769 ( 4) 
.3113 ( 5) 
.3656 ( 6) 
.3568 ( 8) 
,2«05 ( 6) 
.3591 ( 7) 
.3657 (10) 
.4928 t 5) 
.4474 ( 5) 
.4251 ( 6) 
.5175 < 5) 
.4595 ( 6) 
.4290 ( 6) 
.356311 *) 
.34650(14) 
.36795(14) 
.3091 < *) 
.3732 ( 4) 
.3126 ( *) 
.4129 ( 4) 
.3618 ( 5) 
.3971 ( 5) 
.3766 ( 6) 
.3989 ( 5) 
.2753 ( 7) 
.4390 « 7) 
.3474 ( 7) 
.3380 ( 5) 
.3285 ( 5) 
.3406 { 7) 
.3778 { 7) 
.,067 ( 7) 
.2935 ( 7) 
.3050 ( 6) 
.3681 ( 6> 
.2943 ( 7) 
.3615 ( 7) 
.4097 ( 7) 
.2754 ( 7) 
.3533 ( fl) 
.3793 ( 5) 
.3802 ( 6) 
.4071 ( 5) 
.2924 ( 6) 
.3965 ( 6) 
.4430 { 6) 

,00304{ 5) 
.00340(19) 
.00402(20) 
.0059 { 6) 
.0046 { 6) 
.0072 ( 6) 
.OO43 { 6) 
.0036 { 7) 
.0033 { 7) 
,0030 ( 7) 
.0060 { 9) 
.0058 <10) 

.0058 (ID 

.0037 ( 7) 

.0027 ( 6) 

.0026 ( 6) 

.0029 ( 7) 

.0036 { 7) 

.0049 ( 8) 

.0048 ( 8) 

.0035 ( 7) 

.0094 (12) 

.0113 (15) 

.0066 (12) 

.0084 (12) 

.0082 (13) 

.0030 ( 9) 

.0066 (10) 

.005 { 8) 

.0067 (10) 
,0102 (13) 
.0046 ( 9) 
.0038 ( 8) 
,00322( 5) 
.00333(19) 
.00321(19) 
.0073 { 7) 
.0052 ( 6) 
.0059 { 6) 
.0045 ( 5) 
.0027 ( 6) 
.0032 ( 7) 
.0042 ( 8) 
.0025 ( 7) 
.0103 (15) 
.0054 (10) 
.0032 { 7) 
.0034 , 7) 
.0032 < 7) 
.0055 (10) 
.0041 ( 9) 
.0061 (10) 
.0069 (12) 
.0052 ( 9) 
.0053 ( 9) 
.0078 (12) 
.0023 ( 7) 
.0121 (17) 
.0084 (14) 
.0039 ( 9) 
.0046 { 8) 
.0047 ( B) 
.0042 ( 8) 
.0090 (14) 
.0066 (10) 
.0073 (11) 

.00857(16) 

.0104 ( 6) 

.0084 ( 6) 

.0149 (19) 

.0215 (23) 

.0139 (18) 

.02*1 (26) 

.0086 (21) 

.0124 (25) 

.0101 ,24) 

.0140 (31) 

.029 ( 4) 

.030 ( 5) 

.0113 (24) 

.0090 ,21) 

.0070 (21) 

.0072 (22) 

.0134 (26) 

.0139 (28) 

.0144 (28) 

.0113 (23) 

.0114 (26) 

.0065 (24) 

.044 < 7) 

.021 , 4) 

.029 ( 5) 

.039 ( 6) 

.0137 (28) 

.0116 (26) 

.0120 (28) 

.0160 (31) 

.0193 (35) 

.031 ( 5) 

.00957(17) 

.0093 { 6) 

.0123 ( 7) 

.0123 ,1«} 

.0168 (20) 

.0101 ,17) 

.0231 (24) 

.0084 (23) 

.OIO5 (24) 

.0060 ,21} 

.0123 (28) 

.018 ( 4) 

.027 ( 4) 

.0100 (27) 

.0099 (24) 
,0l0e (25) 
.023 ( 4) 
.023 ( 4) 
.019 ( 4) 
.020 , 4) 
.0151 (31) 
.0120 (28) 
.024 { 4) 
.0115 (27) 
.024 ( 4) 
.035 ( 6) 
.019 ( 4) 
.0200 (34) 
.0074 (24) 
.0191 (32) 
.034 ( 5) 
.0141 (31) 
.029 ( 4) 

B(33> 

.00n850,l3) 

.00106 , 5) 

.00078 { 5) 

.00114 (14) 

.00133 (15) 

.OOO9O (13) 

.00199 (20) 

.00056 (15) 

.00073 (17) 

.00135 (21) 

.00148 (26) 

.00169 (29) 

.00216 (35) 

.00045 (15) 

.00074 ,16) 

.00112 ,19) 

.00170 ,24) 

.00110 (20) 

.00103 (20) 

.00101 (20) 

.00061 (16) 

.00060 (17) 

.00177 (30) 

.0028 ( 4) 

.0013* (25) 

.00200 (35) 

.0041 { 6) 

.00072 (19) 

.00139 (23) 

.00157 (27) 

.0006* (19) 

.00183 (29) 

.0018 (29) 

.001110<14) 

.00122 ( 6) 

.00113 ( 6) 

.00175 (17) 

.00156 (16) 

.00169 (17) 

.00147 (16) 

.00142 (22) 

.OO14O (23) 

.0017B (27) 

.00164 (23) 

.00170 (30) 

.00183 (30) 

.00255 (33) 

.00162 (25) 

.00115 (21) 

.0025 ( *) 

.OO74O ,34) 

.00197 ,,1) 

.0073 , 4) 

.00)98 (30) 

.001„5 (28) 

.002? ( 4) 

.0027 , 4) 

.00131 (28) 

.00152 ,30) 

.0030 , 4) 

.00112 (22) 

.00709 (29) 

.00126 (23) 

.00110 ,?5) 

.00159 (27) 

.00102 (23) 

R(12) 

,0005l{ 4) 
-.0006 ( 6) 
.0001 ( 6) 

-.0060 (IB) 
.0046 (19) 

_,0001 (16) 
.OO38 (20) 

-.0012 (20) 
.0013 (21) 
.0003 (21) 
.0020 (27) 

-.002 ( 4) 
.012 ( *) 

-.0012 (21) 
-.0006 (19) 
-.0018 (19) 
-.0019 (21) 
.0007 (23) 

-.0005 (26) 
-.OO55 (26) 
.0009 (21) 
.0060 (30) 
,0061 (3D 

-.021 { 5) 
.000 ( 4) 
.016 ( 4) 
.000 ( 4) 
.0013 (27) 
.OO57 (24) 

-.0076 (27) 
-,004.5 (3*» 
.0037 (29) 

-.0082 (33) 
.00050(16) 

-.0012 ( 6) 
-.0013 { 6) 
-.0062 (IS) 
.0079 (18) 

-.0029 (17) 
.OO59 (19) 
.0027 (20) 
.OO44 (22) 
.0023 <2l> 

-.0011 (23) 
-.005 ( 4) 
.017 ( 4) 

-.0033 (23) 
-.0017 (22) 
.0029 (21) 
.0009 (34) 
.0016 (3D 
.002i (,i) _ 
.0035 (35) -

-.0002 (29) 
.0016 (26) 

-.006 ( 4) 
-.0003 {22) 
.008 ( 5) 

-."12 ( 5) 
-.0050 (29) 
-.0029 (28) 
.0004 (23) 
.0010 (27) 

-.016 ( 5) 
-.0050 (28) 
-.005 ( 4) 

.00033, 8) 

.00078(15) 
-.00008(15) 
.00090(15) 

_.0001 « 4) 
.0022 « 5) 
.0008 ( 5) 

-.0001 , 5) 
-.0008 ( 5) 
-.0001 , 6) 
.0013 ( 8) 
.0033 ( 9) 

-.0012 ( 6) 
-.0001 ( 6) 
-.0013 ( 4) 
-.0006 ( 6> 
.0008 , 5) 
.0008 ( 7) 
.0022 (10) 
.0037 (12) 
.002 ( 9) 
.0017 (10) 
.0014 (12) 

-.0007 { 7) 
.0022 ( 7) 
.0013 ( 8) 
,0000 , 8) 
.0014 , 8) 
.0018 , 8) 
.00061( 4) 
.00032,16) 
.00037(16) 
.0041 < 6) 
.0007 ( 5) 
.0009 ( 5) 

-.0003 { 5) 
.0016 < 6) 
.0005 ( 6) 
.001 t 7> 
.0010 , 6) 
.0021 (11) 

-.0011 , 8) 
.0009 ( 8) 
.0010 , 7) 
.0OO2 ( 6) 
.0032 ,10) 
.0013 , 9) 
..0006 , 9) 
,.0016 ,10) 
..0023 ( 8) 
.0012 ( 8> 
.0010 (10) 
.0011 , 8) 
.0010 (11) 
„0002 ,10) 
.0018 { 9) 
..0006 { 7) 
.0021 ( 8) 
.0020 ( 7) 
,.0002 , 9) 
.0017 , 8) 
.0016 , 8) 

R(23) 

.000*9, 0) 
-.00101,30) 
.00052(28) 
.0003 ( 8) 
.0047 (10) 
.0000 , 8) 
.OO3O ,12) 

-.0008 , 9) 
.0006 (10) 
.0018 (12) 
.OOO9 (151 
.0037 (19) 
.0078 Ul) 

-.0010 ,10) 
.0000 ,10) 

-.0004 ,11) 
..001* <12) 
,0009 (12) 
.0004 U3> 
.0002 (13) 

-,0009 (10) 
.0012 (11) 

-,000S <13> 
_.0134 (29) 
-.00*5 «U> 
-.0034 (21) 
..0081 (32) 
-.0011 (12> 
..0001 (13) 
.0001 (1*) 
.003*. (I») 
.0022 (16) 

-.0019 (19) 
,00075( 9) 
.00058(31) 
.001*2,32) 

-.0014- ( 9) 
-.OOI9 ( 9) 
-.0002 < 9) 
.0001 (10) 
.0006 111» 
.0022 (12) 
.0010 ,12) 
.OOI9 ,13) 

-.0061 (17) 
.0001 (19) 
.0007 (15) 
.0001 (13) 
.OOOt fl2) 

..0037 (20) 
_.00*e (20) 
-.00,8 (17) 
.0029 ,19) 
.0026 (16) 

-.004* lL*J 
.0071 (21) 

-.0022 ,1S) 
_.0027 (19) 
.0052 <21) 

..0023 (20) 
„00 U +14.1 
.0030 (13> 
.0005 (14) 
..0024 (19) 
.00*8 (15) 
..0037 (17) 

O' COD 

M COtTctZ) ° ^ C(e' 

0(3,r%5) 
C<42) J p(2) 

«V,c(s» > « « , 

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

Figure 1 shows a stereoscopic view of the two in­
dependent molecules in an asymmetric unit. The two 
molecules (A and B) have similar structures except for 

the conformation of the phenylethynyl groups and one 
of the triethylphosphine groups. Selected bond lengths 
and bond angles are given in Fig. 2. 

The main feature of the structure is that the 1,2-bis-
(methoxycarbonyl)vinyl and phenylethynyl groups are 
a -bonded to the palladium atom, and that they are 
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L;,^-)&s I 

(A) CV—-\^r 

"W* 
x 

* & - * * - } < 
f / -

<B> W 
c ^ - 3 

(A) 

Fig. 1. Stereoscopic drawing of two independent molecules of [£ranj-{(Me02C)HC= 
G(GOaMe)}Pd(PEt8)a(G=GPh)]. 

TABLE 2. DIHEDRAL ANGLES 

o(D c(5) 

\ (d> I 
...p.(l) C.(3)—0(3) 

-C(8) 5 C(7)— Pd ^ c f l ) , \ 0(4)-Ç(4) 

\ / < * > • - \ ! h ) \ / ( e > : 

•P(2) \ ( 2 ) — C ( 4 ) / 
H \ / 

^0(2) 

(B) 

Fig. 2. Selected bond lengths and bond angles, 
in parentheses. 

Molecule "" 
(«)&(*) 

A 82.6 
B 83.2 

Dihedral angles [°] between 

(«)&(«) G^c{8) (*)&(«0 

51.2 1.8 89.0 
24.3 9.9 95.5 

2.7 
13.3 

E.s.d.'s 

both in the trans position. This indicates that, of the 
two possible reaction paths in the scheme, the terminal 
acetylene reacted with the hydridoalkynylmetal com­
plex to give the alkenylalkynyl derivative (Path a in 
the scheme). A third feature is that two methoxy-
carbonyl groups are mutually eis, the insertion of di­
methyl acetylenedicarboxylate into the palladium atom 
being found to be a m-insertion. This may be caused 
by the electronic repulsion between the methoxycar-
bonyl group and the palladium atom. 

T h e environment of the palladium atom is approxi­
mately square-planar: the Pd, P ( l ) , P(2), C ( l ) , and 
C(7) atoms lie on a plane within 0.13 Â. T h e two 
P d - P lengths are equal [2.321 (5), 2.312(5) and 2.305(5), 
2.311(5) Â] , and no significant difference is found be­
tween the Pd-G(sp) [2.04(2) and 2.03(2) A] and Pd^ 

C(sp2) lengths [2.05(2) and 2.06(2) A] . 
T h e alkenyl group, or, more exactly, the vinyl plane 

((b) in Table 2), is roughly perpendicular to the co­
ordination plane (a). The bulkiness of the alkenyl 
group probably causes the P ( l ) - P d - C ( l ) and P ( 2 ) -
P d - C ( l ) bond angles to be larger than 90°. One of 
the methoxycarbonyl groups (d) is approximately per­
pendicular to, whereas the other one (e) is nearly parallel 
to, the vinyl plane (b). I t seems that the C(4)=0(2) 
double bond lengths [1.23(3) and 1.22(2) A] are slightly 
longer than the C (3 )=0 ( l ) lengths [1.19(2) and 1.19(3) 
A ] , though this is not really significant; it can be ex­
plained by the conjugation of the C(4)=0(2) bond with 
the vinylic ^-system. 

The phenylethynyl groups in two molecules have 
rather different conformations: the C(7)-C(8) bonds 
make different angles of 1.8 and 9.9° with the co­
ordination plane. The dihedral angles between the 
phenyl ring and the co-ordination plane also have dif­
ferent values [51.2 and 24.3°]. This is probably the 
result of the difference in the conformations of the 
triethylphosphine groups (Fig. 1). The bond lengths 
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Fig. 3. Stereoscopic view of the crystal structure projected along the b axis. 
Non-hydrogen atoms are represented by thermal ellipsoid at 50% probability 
level. 

(av. 1.40 and 1.40 A) and bond angles (av. 120 and 
120°) in the phenyl groups are normal. 

As has been mentioned before, the triethylphosphine 
groups, including the P( l ) a tom have different con­
formations in two independent molecules: the PEt3 

group in Molecule B is rotated about 120° from that 
in A (Fig. 1). The exceptionally large thermal param­
eters of G(23) and C(33) atoms in A and the unusually 
short C(23A)-C(33A) bond length [1.28(5) A] suggest 
disorder in these atoms. The other G-G bond lengths 
in ethyl groups have normal values (av. 1.55 A) . 

The crystal structure is shown in Fig. 3. No close 
intermolecular atomic contacts less than the usual van 
der Waals distances can be observed. 

All the computations in the present study were car­
ried out on a NEAG 2200-700 computer at Osaka 
University. Figures 1 and 3 were drawn on a N U M E -
R I C O N 7000 system at Osaka University, with a local 
version of ORTEP. 6 ) 

The authors wish to express their deep thanks 

to Professor Nobue Hagihara, Professor Kenkichi 
Sonogashira, and their co-workers of Osaka University 
for their kindness in supplying crystals and for their 
many helpful discussions. 
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Solution Properties of Phycocyanin. IV. Studies of the Self-association 
Equilibrium of Phycocyanin in a pH 6.8 Solution* 
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The self-association of phycocyanin in a buffer of pH 6.8 with an ionic strength of 0.1 has been studied by sedi­
mentation equilibrium measurements in the temperature range from 5.2 to 25 °C. The self-association of this system 
increases with a decrease in the temperature. A quantitative evaluation of the experimental data for this system 
indicates that the type of the association reaction is not a simple mechanism such as a monomer^n-mer, but the 
discrete monomer^±trimer^±tetramer mechanism is probable. Several thermodynamic quantities, such as the 
Gibbs free energy change, AG0, the enthalpy change, AH°, and the entropy change, AS°, accompanying the self-
association reaction were computed on the basis of the equilibrium constants. From the results, it is considered 
that the association process is similar to the ordinary crystallization, and that the formation of a tetramer proceeds 
at a higher concentration than that in which the trimerization reaction is completed. 

Phycocyanin isolated from red or blue-green algae 
undergoes reversible self-associating reactions according 
to changes in the environment such as the pH, the 
ionic strength, the temperature, and the protein con­
centration of the solution. 

In the course of our study of the solution properties of 
phycocyanin,1 - 3) it was supposed, from an analysis of 
the sedimentation velocity data and of the sedimentation 
equilibrium data, that the self-association equilibrium 
was predominantly a monomer^hexamer at p H 5.4 
and also probably a monomer^±trimer at p H 6.8, both 
at the temperature of 25 °C. In the higher-concen­
tration region at p H 6.8, however, the formation of 
the various aggregates higher than a trimer was prob­
able, judging from the osmotic pressure measure­
ments. 

The purpose of the work reported here was to in­
vestigate the self-association reacting equilibrium of 
phycocyanin at p H 6.8 in more detail. T h a t is, the 
equilibrium constants of the self-association of phy­
cocyanin under various conditions of temperature were 
determined by sedimentation equilibrium measure­
ments. The characteristic functions, such as the Gibbs 
free energy change, AG°, the enthalpy change, AH°, 
and the entropy change, AS°, accompanying the self-
association were evaluated on the basis of the equilibrium 
constants obtained. 

Exper imenta l 

Materials. The crystalline phycocyanin used in this 
study was obtained from red alga Porphyra tenera by repeated 
precipitations with ammonium sulfate. The details of the 
purification of the protein were presented in an earlier paper.1) 
The ionic strength was limited to 0.1 in the phosphate buffer 
in this work. 

Sedimentation Equilibruim Measurements. The sedimen­
tation equilibrium measurements were carried out using a 
magnetically suspended equilibrium-type ultracentrifuge and 
a Hitachi Model UGA-1 ultracentrifuge, with an interference 
optical system. All the measurements were made in about 

* Presented at the 25th Annual Meeting of the Society 
of Polymer Science, Japan, Tokyo, May 30, 1976. 

** Department of Chemistry, Tokyo Kyoiku University, 
Otsuka, Bunkyo-ku, Tokyo 112. 

a 2-mm liquid column at a given speed for approximately 
24 h so as to ensure that an equilibrium was established. 
The rotor speeds were set at approximately 8000—9000 
rpm, and the measurements were done in the temperature 
range from 5.2 to 25.0 °G. 

The apparent weight-average molecular weight at a posi­
tion, r, in the solution column, M°£v{r), was calculated from 
the following equation: 

where v is the partial specific volume of the solute; p, the 
density of the solvent; <x>, the angular velocity of the rotor; 
R, the gas constant, and T, the absolute temperature. The 
concentration, c, was calculated from the concentration dif­
ference, Ac, by the use of the formula 

Ac = AM/(dn/dc)L, 

where AN is the number of fringes: X, the wavelength of 
light (546 nm) ; dnjdc, the refractive-index increment, and 
L, the thickness of the cell (12 mm). 

The Solvent Density and the Partial Specific Volume. The 
solvent density, p, at 16.5—25.0 °G was determined by means 
of a pycnometer approximately 10 ml in volume. The values 
of 1.0027 g/ml, 1.0039 g/ml, and 1.0046 g/ml were obtained 
at 25.0, 20.0, and 16.5 °G respectively. The values of 
1.0052 g/ml at 11.5 °G and of 1.0056 g/ml at 5.2 °G were ob­
tained by the linear extrapolation of the values at 16.5—25.0 
°C. 

Bull and Breese4> have pointed out that the variation in 
the partial specific volume of the protein, v, with the tem­
perature is only ca. 0.08% at 5—25 °G. Accordingly, the 
literature value5) of 0.744 ml/g was used for the partial specific 
volume of phycocyanin in all the measurements in this work. 

The Refractive-index Increment. The refractive-index 
increment, dn/dc, was calculated from the schlieren pattern 
of a protein solution of a known concentration at 25.0 °C; 
this pattern has been obtained by using a synthetic-boundary 
cell. The value of 0.180 ml/g was obtained, and this value 
was used for the analysis of the experimental data in this 
work. 

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

Figure 1 shows the concentration dependence of the 
apparent weight-average molecular weight of phyco­
cyanin at p H 6.8, with the open and closed marks being 
indicative of the experiments performed at 5.2 and 25.0 
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Fig. 1. Plots of M^v(r) versus c for phycocyanin in a 
buffer of pH 6.8 and ionic strength 0.1 at 5.2 °C (upper 
curve) and at 25.0 °G (lower curve). The closed mark 
and the open mark correspond to the values at 25.0 
°G and those at 5.2 °C, respectively. The various 
mark represent the values obtained with solutions 
of different initial concentration (g/dl) : O, 0.0048; 
A, 0.0054; • , 0.0031; • , 0.0053; A, 0.0043; • , 
0.0084. 

°C respectively. Similar results were obtained from 
the measurements performed at 20.0, 16.5, and 11.5 
°C; these results stood between those at 25.0 °C 
and those at 5.2 °C in Fig. 1, in the order of the tem­
perature. Consequently, it is clear that the associa­
tion proceeds with a decrease in the temperature. 

In our preceding paper,3) the molecular weight of 
the monomer, M1} of phycocyanin was assumed to be 
42000 on the basis of the results of the osmotic pressure 
measurements. The value of 42000 is, then, used as 
the molecular weight of the monomer in the following 
analysis. 

Tang and Adams6) have proposed an analytical 
method applicable to any monomer^/2-mer association 
system; by using it we can determine both the value 
of n and the equilibrium constant, Kn. According to 
their theory, the weight fraction of a monomer, f1} is 
given as follows: 

U+2-(2/n)-{[U+2-(2/n)Y-8(Un-l)/n}V* 
Â 

where 

4 (n - l ) / n 

(2) 

\r)) 

(3) 

U= 2{M1jMT{r)) - (MJM* 

dc1 

~d7' 

M*™(r) is the apparent number-average molecular 
weight at a position, r, which can be calculated from 
the value of Mlpp(r) as measured by using the follow­
ing equation:7) 

Mx 1 Cc M1 __L F 
c Jo 

-de, (4) 
MT(r) ej0 M?*(r) 

where c indicates the concentrations of all the species 
and where cx is the monomer concentration {c1=cf-i). 
With the value of/ l5 the following equation is derived: 

( i - Z i V / ^ J W i ) " - 1 - (5) 
If the arbitrarily chosen value of n is suitable, a plot 
of ( 1 —/x) versus c"1-1/^ will give a straight line which 
passes through the point of orgin. 

^ 

0.2 0.8 1.0 0.4 0.6 

cn-lfn 

Fig. 2. Plots of (1—7i) versus cn~xf-f, which are based 
on Eq. 5, for phycocyanin in a buffer of pH 6.8 
and ionic strength 0.1 at 25.0 °G. X, n=2; O, n= 
3; D, n=4; A, n=6; O, n=12. 

Their theory was applied to the self-association of 
phycocyanin in a buffer of p H 6.8 with ionic strength 
0.1 at 5.2—25.0 °C. Figure 2 shows the plot of (1 -fx) 
versus c™-1/^ at 25.0 °C, in which the w-values are 
chosen from 2 to 12. As is shown in Fig. 2, the plots 
were not straight lines passing through the point of 
origin; similar results were obtained at other tempera­
tures. From these results, it may be concluded that 
the type of the association of phycocyanin in a buffer 
of p H 6.8 with an ionic strength 0.1 is not so simple 
as a monomer^n-mer . 

In previous works1»2) it was shown that the type of 
the association of phycocyanin at p H 6.8 was a monomer 
^ t r i m e r at relatively low concentrations and that 
various higher aggregates were formed at higher con­
centrations. Therefore, we assume in this work that 
the type of the association of phycocyanin at this p H 
is a monomer^±tr imer^te t ramer or a m o n o m e r ^ 
t r imer^hexamsr . Adams et a/.7'8) have analyzed the 
multi-component system and have proposed a procedure 
for evaluating an equilibrium constant for a m o n o m e r ^ 
d imer^ t r imer and a m o n o m e r ^ d i m e r ^ t e t r a m e r as­
sociations. Extending their treatment to a monomer 
^tr imer^±tetramer, the following equation may be de­
veloped : 

\2MJMTir) = 7 + 6/ae-B*i» + 6BMlC 

-l/KMjMT^-BM.el (6) 

where B is the non-ideal parameter. Moreover, the 
q u a n t i t y / a is the apparent weight fraction of the mono­
mer and is obtained from the values of Mipp(r) and c 
according to the following equation: 

In / , • - Ä 
M1 

M?v(r) 
- 1 

dc 
(7) 

In this work, it is assumed that all of the systems con­
sidered here are pseudo-ideal solutions, since the ther­
modynamic pseudo-ideality of the phycocyanin solu­
tion was confirmed by the experimental results from 
the osmotic pressure measurements.2) 

When the non-ideal parameter, B, is zero, the fol­
lowing equation may be derived for a monomer^ t r imer 

file:///2MJMTir
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TABLE 1. THE EQUILIBRIUM CONSTANTS OF THE MONOMER 

±=, TRIMER AND MONOMER ^ TETRAMER OF PHYCOCYANIN 

AT P H 6 . 8 AND AN IONIC STRENGTH 0 . 1 

^XlO 2 (g/dl) 

Fig. 3. Plot of [(Mw(r) /M1 /1)- l] /^i2 versus cx, which 
is based on Eq. 8, for phycocyanin in a buffer of pH 
6.8 and ionic strength 0.1 at 25.0 °C. 

-tetramer equilibrium: 

[(Mw(r)/M ] /1)-1]/C l2 = 3*3 + 4 * ^ , (8) 

where K3 and K^, which are calculated on the basis of 
the weight concentration (g/dl), are the equilibrium 
constants of a m o n o m e r ^ t r i m e r equilibrium and a 
monomer^ t e t r amer equilibrium respectively. Accord­
ing to Eq. 8, the plot of the value of the left-hand side 
of Eq. 8 versus c1 will be linear. An example of such 
a plot is shown in Fig. 3, which is obtained from the 
data of the measurement at 25.0 °G. The plots at all 
the other temperatures were linear, like that at 25.0 
°C, although they were excluded from Fig. 3 for the 
sake of simplicity. Tha t is, all the plots of [(Mw(r)j 
M J / J ) — l]/^i2 versus cx were linear. This means that 
the type of the association of phycocyanin in a buffer 
of p H 6.8 with an ionic strength 0.1 is probably a mono-
mer^±tr imer^te t ramer in the temperature range from 
5.2 to 25.0 °C. 

In the case of a linear plot such as that at 25.0 °C 
in Fig. 3, the values of K3 and K± may be obtained from 
the intercept and the slope of the plot respectively. 
The values thus obtained are summarized in Table 1. 
These K3- and KA- values suggest that the lower ag­
gregate, the trimer, decreases, while the higher aggre­
gate, the tetramer, increases, with a decrease in the 
temperature. In order to ascertain the obtained values 
of K3 and JT4, the values of Mw(r) at some concen­
trations were calculated by using the K3- and ^ - v a l u e s 
and were compared with the values obtained experi­
mentally. The calculated values were in good agree­
ment with the experimental ones. Table 2 shows an 
example of the comparison. 

A similar analytical procedure was applied to the 
experimental data assuming a monomer^±trimer^± 
hexamer system. The equilibrium constants of hexa-
merization, Ä"6, obtained decreased with a decrease in 
the temperature. The association proceeds with a 
decrease in the temperature, as is shown in Fig. 1. 
O n the assumption that the higher aggregate may in­
crease relatively with the process of association, the 
value of K6 should increase with a decrease in the tem­
perature, Thus, the associating mechanism of a mono-

T (°G) 

5.2 
11.5 
16.5 
20.0 
25.0 

7C3X10-4 

(dl/g)2 

0.36 
0.34 
0.45 
0.75 
0.68 

X 4Xl0- 6 

(dl/g)3 

0.25 
0.28 
0.38 
0.18 
0.18 

TABLE 2. THE COMPARISON OF THE Mw(r)'s OBTAINED 

AT 2 5 . 0 ° C AND CALCULATED BY USING K3 AND Kt 

c (g/dl) 

0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.12 

M^r) X 10-4 

Obtained Calculated 

4.20 

6.00 

7.40 

8.60 

9.60 

10.6 
11.3 
12.0 
12.6 
12.9 
13.0 
13.0 
13.0 

4.20 

6.83 

8.69 

9.72 

10.4 
10.9 
11.2 
11.5 
11.7 
11.9 
12.1 
12.2 
12.4 

m e r ^ t r i m e r ^ h e x a m e r system was not considered in 
this report. 

Figures 4 and 5 show the plots of In k3 versus 1 / T 
and In £4 versus \jT respectively, where k3 and kà are 
the molar equilibrium constants. The values of en­
thalpy change, AH°, accompanying the trimerization 
and the tetramerization were calculated to be 6.4 kcal/ 
mol and —3.8 kcal/mol respectively from the slope in 
each plot. Table 3 lists the enthaply changes, A / / ° , 
the Gibbs free energy changes, AG0, and the entropy 
changes, AS°, for both reactions. 

From the negative value of AG° and the positive 
value of AS°, it is clear that the aggregation process is 
spontaneous under the experimental conditions in this 
study. The Gibbs free energy changes in Table 3 
correspond to —4 5 kcal/mol per monomer unit. 
The values are comparable to the values reported for 
many other proteins.9) Oosawa and Asakura10) have 
suggested that the aggregation process of protein is 
similar to a crystallization mechanism. Figure 6 shows 
the relation between the concentration of the aggregate 
and the total concentration of the solution, which is 
estimated by using the values of K3 and Kà here ob­
tained. T h e behavior shown in Fig. 6 may be con­
sidered to be similar to crystalization. The estimation 
using the values of K3 and Kà shows that the c± becomes 
equal to c3 when c—ca. 0.78 g/dl. In Fig. 6, the con­
centration range is limited to that used in the sedi­
mentation equilibrium measurements. After that con­
centration the tetramer forms quickly. 
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TABLE 3. THE CHARACTERISTIC THERMODYNAMIC FUNCTIONS ACCOMPANYING THE 

SELF-ASSOCIATION REACTION OF PHYCOCYANIN 

The units of AH° and AG° are (kcal/mol), and that of AS°, (cal/mol K) 

* (l/mol)s AHC AG0 ASC 

monomer-tnmer 
monomer-tetramer 

(2.0—4.0) X1010 

(4.5—9.3) XlO15 
6.4 

- 3 . 8 
- 1 3 . 1 14.4 
- 2 0 . 1 21.3 

69—70 
59—60 

0.05 

3.3 3.4 3.5 3.6 

l/rxio3 

Fig. 4. Plot of lnAs versus l/T. 

38 

37h 

" * 36 
a 

35 H 

34 

1 

^ —-""er 
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! 

O 

! 

l 

O 

1 

-

-

-

3.3 3.6 3.4 3.5 

l/rxio3 

Fig. 5. Polt of ln*4 versus l/T. 

Although a large part of the aggregate is a trimer in 
concentrations under 0.1 g/dl at this p H and ionic 
strength, small amounts of a higher aggregate, which 
is assigned to a tetramer in this work, also exist in this 
system. Tha t is the reason why we could not determine 
the molecular shape of phycocyanin at the p H and 
ionic strength of a previous work.2) T h e number-
average molecular weight, Mn of 1.7 X10 5 was ob­
tained in the concentration range from 0.5 to 1.5 g/dl 
from the osmotic pressure measurements.2) The Mn 

is calculated to be 1.4XlO5 in the same concentration 
range by using the values of K3 and K4 here obtained. 
The calculated value of 1.4 x l O 5 is comparable to the 
experimental value of 1.7 X 105. Considering the facts 

0.02 0.08 0.10 0.04 0.06 

c (g/dl) 

Fig. 6. The relation between the concentration of ag­
gregate (c3 and £4) and the concentration of solution, 
which is estimated by using the values of K3 and Kà 

obtained. 

that the phycocyanin molecule is most stable in solu­
tion at p H 5.4, and that the predominant species is 
assumed to be hexamer under this p H condition,3) the 
associating system in this work may be intermediate 
from a monomeric state to a stable polymeric state, 
the hexamer. This is clear from the thermodynamic 
analysis of the association reaction of phycocyanin at 
p H 5.4. 
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Violet Emission Spectra of CN(B22) Produced in the 
Photodissociation of HCN and DCN 

Setsuko TATEMATSU and Kozo KUGHITSU 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received June 17, 1977) 

Emission spectra of the CN violet band system (B22-X22, A»=0) produced in the photodissociation of HCN 
and DCN by Lyman-a radiation (121.6 nm) were observed with resolution of about 0.2 nm and with sample pres­
sures of 0.01—1.5 Torr. The spectral features of the two were similar, but the main peaks (v'=0—4) from DCN 
appeared more sharply than the corresponding peaks from HCN. The relative vibrational populations and the 
effective rotational temperatures were estimated by a band-envelope analysis. No indication of vibrational popula­
tion inversion was observed. The CN(B22) radical produced from DCN is likely to have slightly higher vibrational 
(0.31 ±0.08 eV measured from the zero-point energy) and rotational energies (0.15±0.02 eV) than that from 
HCN (0.23±0.08 and 0.11±0.02eV, respectively). 

There has recently been a spate of theoretical and 
experimental investigations on the photofragmentation 
of simple polyatomic molecules. Many of them provide 
valuable information on the partitioning of internal and 
kinetic energies of fragments.1 '2) Diatomic radicals 
produced from linear molecules, particularly the CN-
(B2£) radicals from various cyanides, have been stud­
ied most extensively.3^ For instance, the CN(B22) 
radicals from cyanogen halides were analyzed in detail 
by Mele and Okabe4) and were recently reinvestigated 
by Ashfold and Simons5 '6) with much higher resolu­
tion. 

One of the problems of current interest is the isotope 
effect on the production of CN(B22) from H G N / D C N 
by vacuum ultraviolet radiation. In a number of re­
cent theoretical studies,7-10) model repulsive potentials 
for the C - H / G - D bond were estimated by fitting the 
vibrational distributions of CN(B22) from H C N ob­
served by Mele and Okabe,4) and isotope effects on 
the photofragmentation probability and the vibtational 
distributions for the krypton and xenon resonance lines 
were predicted. T h e predictions made by Band and 
Freed7) and by Atabek et a/.9'10) differed drastically 
from each other, but they equally emphasized the im­
portance of an experimental measurement of this isotope 
effect for the elucidation of the mechanism and dynamics 
of photodissociation. It should be ideal for this purpose 
if the CN violet and red emission bands from H C N 
and D C N by radiations of several different wavelengths 
were to be measured with high resolution and high 
accuracy. 

T h e present study is our effort in this direction but 
only to the limit of our current experimental facilities.11) 
Relative vibrational distributions of the CN(B2H) pro­
duced from H C N and D C N with various sample pres­
sures by Lyman-a radiation (121.6 nm) have been esti­
mated by analyzing the violet emission spectra measured 
with medium resolution. T h e rotational distributions 
have been estimated by band-envelope simulation. 

Exper imenta l 

The apparatus and experimental details have been reported 
previously.11) The Lyman-a radiation was obtained by 2.45 
GHz microwave discharge of a 1 :3 mixture of hydrogen 
and helium. Fluorescence in the visible region from the 
sample cell was detected by a Nikon P-250 grating mono-
chromator (1200 Gr/mm) blazed at 500 nm. The CN violet 

Az>=0 bands around 388 nm were observed with slit widths 
of 40—60 fxm. The slit width of 50 [xm corresponds to an 
energy resolution of about 0.2 nm. The signal from a photo-
multiplier (HTV R585) was measured by a photon counting 
system. 

The sample of HCN was prepared by the reaction12) of 
sodium cyanide with sulfuric acid at 60—80 °C. DCN was 
prepared in a similar way, D2S04 and D 2 0 being used in 
place of H 2S0 4 and H 2 0 . The samples were purified by 
vacuum distillation. An infrared spectrum of HCN showed 
no trace of impurity. The isotopic purity of DCN was 
estimated from the Balmer emission intensities of H and D 
atoms produced by impact of 200 eV electrons.13) The upper 
limit of hydrogen impurity was estimated from the observed 
intensity ratio to be about 10%. 

Analys i s 

Spectral Features. T h e Az>=0 sequences of the 
CN violet band (B22-X2£) produced from H C N and 
D C N were observed at pressures ranging from 0.01 to 
1.5 Torr . The spectra observed around 388 nm were 
assigned according to the table prepared by Pearse and 
Gaydon.14) T h e Az>= — 1 sequence was also observed 
around 420 nm, but it was much weaker than the Av= 

Fig. 1. Emission spectra of the CN violet (B2£-X22) 
A^=0 band from a) HCN, 0.04 Torr and b) DCN, 
0.02 Torr with a slit width of 50 fxm. The numbers 
indicate positions of the P-branch heads of the p '= 
0—4 bands. 
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n 1 1 1 1 r-

b) 

— — ^ , , V . L 
3§Ä ' 386 ' 3è8 nm 

Fig. 2. Typical pressure dependence of the CN(B22-
X22) A^=0 band from DCN at a) 0.01 Torr and b) 
0.62 Torr. The effective rotational temperatures were 
estimated from best-fit analysis to be a) 1700±200 K 
and b) 1000±200K. 

0 sequence. Though the isotope effect on the emis­
sion yield was not measured quantitatively, there ap­
peared to be no drastic isotope difference at this wave­
length. Typical emission spectra measured under simi­
lar experimental conditions and at the lowest practicable 
sample pressures are shown in Fig. 1. The peak in­
tensities of the bands decreased monotonically from v' 
= 0 to 4, and no anomalous population distributions 
were observed. T h e bands from D C N had sharper 
peaks than those from H C N . T h e rotationally per­
turbed lines5'6'15) were not observed significantly, but 
the spectral resolution was insufficient to prove or dis­
prove their presence. 

For both species the spectral features were essentially 
independent of the sample pressure below about 0.4 
Torr, but they started to change when the pressure was 
further increased, as shown in Fig. 2 : At a higher pres­
sure the peaks were broadened and those with v' = 2—4 
became obscured. This trend has not been observed 
clearly for other cyanides studied concurrently11»16) 
(BrCN, IGN, and (GN)2). 

Band-Envelope Analysis. T h e vibrational popula­
tions, i V , and the effective rotational temperatures, 
TT{v'), of the CN(B2H) states immediately after pro­
duction from H G N and DCN, i.e., essentially free from 
subsequent collisional relaxations, were estimated by a 
band-envelope analysis.11,17'19) Since the bands with 
z/ = 5—10 were buried within those of the lower vibra­
tional levels, only crude estimates of Pv> for y ' ^ 5 could 
be obtained. In addition, since the rotational lines were 
not resolved, the effective rotational temperatures for 
all the vibrational states were assumed to be equal. T h e 
parameters, Pv> and TT, were adjusted by trial and error 
to obtain the best fit of the calculated band envelope 
to the observed spectrum. A typical comparison of 
the observed and calculated band envelopes is shown in 
Fig. 3. The effective rotational temperatures were thus 
estimated to be 1300±200 and 1 7 0 0 ± 2 0 0 K for H C N 
and DCN, respectively. The relative vibrational popu-

—! " 1 1 1 1 1 
384 386 388 nm 384 386 388 nm 

Fig. 3. Comparisons of the observed and best-fit calcu­
lated band envelopes of the CN(B22-X22) A^ = 0 
from (a) HCN and (b) DCN. 

TABLE 1. RELATIVE VIBRATIONAL POPULATIONS (PV>/P0) 

FOR C N ( B 2 2 ) PRODUCED IN THE PHOTODISSOCIATION 

OF HCN AND DCN 

v HCNa> DCNa> HCN*» 

0 1.00 1.00 1.00 
1 0.54(5) 0.56(5) 0.40 
2 0.20(5) 0.28(5) 0.09 
3 0.10(4) 0.17(4) 0.012 
4 0.06(3) 0.09(3) 0.006 
5 0.04 0.07 — 
6 0.02 0.04 — 
7 <0.01 0.01 — 

a) The present study, by Lyman-a radiation (121.6 nm). 
Uncertainties represent estimated limits of error in the 
last significant digits. The relative populations for v'^5 
are only crude estimates, b) Crude estimates made 
by Mele and Okabe (Ref. 4) for the CN(B22]) produced 
by krypton resonance lines (116.5 and 123.6 nm). 

lations, PV'JPQ, in the low-pressure limit are listed in 
Table 1. 

D i s c u s s i o n 

Distributions of Internal Energy. By use of the rela­
tive populations estimated in Table 1 and the known 
vibrational energy levels,20) the average vibrational 
energies (above the zero-point energy) of the CN(B22) 
produced from H C N and D C N are calculated to be 
0.23±0.08 and 0.31 ± 0 . 0 8 eV, respectively. The aver­
age rotational energies, given by k TT, are estimated 
to be 0.11 ±0 .02 and 0.15±0.02 eV for H C N and DCN, 
respectively. The estimated uncertainties include those 
due to the overlapping of the observable bands, the 
approximations made in the analysis, and the various 
sources of experimental error. 

The available excess energy in the production of 
CN(B22) from H C N corresponds to the difference be­
tween the photon energy (10.2 eV) and the sum of the 
C - H bond dissociation energy (5.221) or 5.522) eV) and 
the electronic energy of CN(B22) from the ground 
vibrational state of CN(X 2 2) (3.1 eV).23) Thus, the 
fractions of the available energy used for vibrational 
and rotational excitations are about 15 and 8%, re­
spectively. These estimates agree with those reported 
by Mele and Okabe4) for the CN(B22) produced from 
H C N by the K r (and Xe) resonance lines, about 13 
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and 7%. 
Notwithstanding the appreciable uncertainties estima­

ted above, the present study indicates slight isotope 
effects on the vibrational and rotational excitations of 
CN(B22) produced from H C N and DCN.24) A further 
more accurate measurement is necessary for a critical 
comparison of experimental and theoretical distribu­
tions of vibrational and rotational energies. In this con­
nection, it is noteworthy that significant isotope effects 
on the vibrational and rotational distributions of CN-
(B22) produced from H C N and D C N have been found 
in our recent study of electron-impact dissociation (ca. 
200 eV) with much higher resolution.25) 

Pressure Effect. The observed changes in the 
spectrum when the sample pressure is higher than 0.4 
Torr— the decrease in the peak intensities correspond­
ing to &' = 2—4 and the apparent decrease in the effective 
rotational temperatures— may be ascribed to collision-
al relaxations. If one assumes that the rotational re­
laxation takes place effectively at about 0.5 Torr , 
where the mean time between the formation of the CN-
(B22) radicals and their collisions with the parent 
molecules is comparable with their natural radiative 
lifetime (presumably about 60 ns26_28>), then it is pos­
sible to estimate roughly the effective cross section for 
the rotational relaxation of CN(B22). Since the mean 
velocity of CN(B2£) is estimated to be about 6 x l 0 4 

cm/s, the cross section for rotational relaxation is 
probably of the order of 150 Â2. 

The research has been supported by Science and 
Technology Grants of Toray Science Foundation. 
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The Two-Photon Excitation Spectrum of Phenanthrene Crystal 
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The two-photon excitation spectrum of phenanthrene crystal was measured and compared with the corre­
sponding usual one-photon absorption spectrum. It was found that the two-photon spectrum consists of a one-
photon like system and a system characteristic of a two-photon process. The vibronic couplings in phenanthrene 
were discussed on the basis of the observed results. 

The two photon excitation spectra of benzene and 
naphthalene have recently been studied by many work­
ers.1-9) The most characteristic feature of the two-
photon absorption of these molecules from the ground 
state to the lowest excited electronic state 1B2u(Lb) is 
the appearance of strong vibronic bands involving a 
b 2 u vibration whose frequency in the excited state is 
about 1500 cm - 1 . This is regarded as evidence of 
vibronic coupling involving the ground state.10) 

For both phenanthrene and naphthalene, the lowest 
excited electronic state is 1L b . For phenanthrene, it 
is 1A1(Lb), for which both one-photon and two-photon 
transitions from the ground state are allowed under the 
molecular symmetry C2 v . (See Fig. 1.) This is in 
contrast to naphthalene, where the transition to the 
1B2u(Lb) state is one-photon allowed but two-photon 
forbidden. The purpose of the present work is to see 
how different the one-photon and two-photon spectra 
are for phenanthrene, where the electronic transition 
is simultaneously allowed by both one-photon and two-
photon selection rules. 

Phenanthrene was purified by zone refining. T h e 
single crystal was grown by the Bridgman method, and 
the ab cleavage plane was normal to incident light. T h e 
two-photon excitation spectra were measured at 4.2 K 
by irradiating with a dye laser over the tunable wave­
length region between 580 and 700 nm and detecting 
the resulting fluorescence. These two-photon energies 
cover the entire spectral region of the lowest excited 
electronic state of phenanthrene (300 to 350 nm) . The 
method of the spectral measurements is the same as 

->B, 

B, 

'A, (BbT-

'B2(La)-

'A, (l*>-

Tfr— 39000 cm" 

-34 000 

-28000 

f=i.i 

f=O.I8 

f=0.003 

'A, 

that reported in our previous paper.9) The accuracy 
of the observed frequencies is ± 2 c m - 1 for sharp bands. 
It was found that a trace of anthracene remaining in 
the phenanthrene crystal as an imputiry serves as an 
efficient fluorescence sensitizer. Polarization measure­
ments were attempted. However, no significant dif­
ference was found between the main bands of the spectra 
with light polarized parallel to either the a or the b 
axis of the crystal. The two-photon excitation spectrum 
was observed also for the mixed crystal of biphenyl at 
4.2 K. I t was found that the spectrum of the mixed 
crystal is essentially the same as that of the pure crystal. 

Figure 2 shows the two-photon excitation spectrum 
of the phenanthrene crystal, together with the corre­
sponding usual absorption spectrum reproduced from a 
paper by Craig and Gordon.11) Table 1 lists the ob­
served frequencies of the main bands. I t is seen from 
Fig. 2 that the 0,0 band appears strongly in the two-
photon spectrum. This indicates that the electronic 
transition 1A1(Lb)—XAX is two-photon allowed as ex­
pected. Details of the Davydov splitting of the 0,0 
band are somewhat different for the one-photon and 
the two-photon cases. In both spectra the lower fre­
quency Davydov component is very sharp and has the 
same frequency. O n the other hand the higher fre­
quency component is very broad in the two-photon 
spectrum but is sharp in the one-photon spectrum. 
The maximum of the higher frequency component is 

(laser wavelength,nm) 

650 

—œosu 
r-j-j — °0 

— cnoiT) — cr>°!£ m<r^jro ~ ^ S ~ ^ S K i r j U - j m i n - J - J f ) 

Fig. 1, Low lying electronic states of phenanthrene. 

29 xlOOO cm-

Fig. 2. (a) Two-photon excitation spectrum of phenan­
threne crystal at 4.2 K. (b) One-photon absorption 
spectrum of phenanthrene crystal at 4.2 K taken from 
Ref. 11. The arrow indicates the position of the 
average frequency of the Davydov components of the 
one-photon 0,0 band (28627 cm"1). 
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T A B L E 1. O N E - P H O T O N AND TWO-PHOTON ABSORPTIONS OF PHENANTHRENE CRYSTAL AT 4.2 K 

v (cm" 

One-photon 

-1) 

28597 Av. 

28656 2 8 6 2 7 

29022 

29143 

29298 

29632 

29881 

30003 

30034 

30073 
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30821 

31378 

(Craig, 

v (cm-1) 

0 
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30481 
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Two-photon (present 

x) v (cm-1) 

(one photon 
28627) 
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392 

669 
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1246 
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1410 

1449 
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2190 
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0 

392 ai 
516 a1 

669 a: 
955 a1 

1003 ai 
1246 ax 
1385 ax 
1410 aa 

1449 ax 

1521 ax 
1582 ai 
669+1003 

392+1385 

392+1410 

392+1449 

516+1385 

392+1521 

516+1416 

669+1385 

669+1410 

669+1449 

669+1521 

2X1385 

also shifted by 7 c m - 1 toward higher frequency from 
the corresponding one-photon peak. The breadth and 
frequency shift of the higher frequency band suggest a 
considerable contribution by a low frequency lattice 
phonon to the intensity of the 0,0 band of the two-
photon spectrum. Coupling with the phonon is also 
suggested for other broad vibronic bands. 

In our vibrational analysis of the two-photon excita­
tion spectrum, the average frequency of the Davydov 
components of the one-photon 0,0 band (28627 cm - 1)1 1) 
was taken as the origin from which frequency differences 
of the main vibronic bands were measured. I t is seen 
from Fig. 2 and Table 1 that the observed frequency 
differences of the main bands agree very well with those 
of the one-photon spectrum within experimental error. 
There is a one-to-one correspondence between the one-
photon and two-photon spectra for all the main vibronic 
bands, showing again the simultaneous one-photon and 
two-photon allowed transition.* However, the relative 
intensities of the vibronic bands are somewhat different 
in the two spectra. The two-photon vibronic bands 
can be classified into two groups, A and B, on the basis 
of their relative intensities in comparison with the 
intensities of the corresponding one-photon bands. 
The bands belonging to groups A are those for which 
the intensities relative to that of the 0,0 band are 
similar to those of the one-photon spectrum. The 

* The one-photon band, 0,0 + 516 cm - 1 is missing in the 
two-photon spectrum. This will be discussed later. 

main bands in this group are 392, 669, 1385, 1410, 
1449 c m - 1 and their combinations. With a few excep­
tions they are generally very sharp. Group B consists 
of the vibronic bands involving 1521 cm" 1 shown by 
asterisk in Fig. 2. These bands are weak in the one-
photon spectrum, but fairly strong in the two-photon 
spectrum. They are also characterized by their broad­
ness. 

According to the ordinary absorption studies of the 
pure and mixed crystals of phenanthrene by Craig and 
Gordon11) and by Hochstrasser and Small,12) all the 
main bands in the A system involve totally symmetric 
vibrations in the excited state. The most interesting 
feature of the A system is the origin of the 669 c m - 1 

band. Craig and Gordon,11) Hochstrasser and Small,12) 
and Craig and Small13) concluded that the 669 c m - 1 

band in the one-photon spectrum borrows part of its 
intensity from higher excited electronic states by vibro­
nic coupling. Since 669 c m - 1 is a totally symmetric 
vibration, this is an interesting example of vibronic 
coupling through a totally symmetric vibration. If this 
interpretation is correct, we expect some difference in 
the intensity of the 669 c m - 1 band relative to that of 
the 0,0 band between the one-photon and two-photon 
spectra, because vibronic coupling schemes reflected in 
the two spectra are generally different. On the other 
hand, if the 0,1 band is not a vibrational!/ induced 
one, the relative intensity should be equal both for the 
one-photon and the two-photon spectra. 

I t is difficult to compare quantitatively the intensity 
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ratio of the 0,0 band and the 0 ,0+669 c m - 1 band in 
the two spectra because of rather large errors in the 
intensity estimation. However, qualitatively the observ­
ed ratios are not greatly different. At least the intensi­
ty relation between the 0,0 band and the 0,0 + 669 c m - 1 

band is similar in the two spectra. The intensity of 
the 669 c m - 1 band relative to the 1385 c m - 1 band, 
which has a non-vibronic origin according to Craig and 
Small13), is also similar. These facts seem to support 
a non-vibronic origin for the 669 cm- 1 band, contrary 
to the conclusion of Craig et al. However our qualitative 
intensity data are not good enough to derive a definite 
conclusion at the present time. We merely point out 
here that comparison between the relative intensities 
of one-photon and two-photon spectra may provide an 
additional clue for the origin of vibronic bands. 

We shall consider next the B system, which consists 
of the vibronic bands involving the totally symmetric 
excited-state frequency of 1521 cm - 1 . The B system is 
fairly strong in the two-photon spectrum and weak in 
the one-photon one. As mentioned before, the strong 
appearance of vibronic bands whose excited-state fre­
quency is about 1500 c m - 1 is a common characteristic 
of the xLb—XA two-photon absorption spectra of benzene 
and naphthalene.1 - 9) Therefore, the B system of phe­
nanthrene may be assumed to arise from the same cause 
as that of benzene and naphthalene. The effective vibra­
tions of benzene and naphthalene are bond alternating 
C-C stretching modes. In benzene they are ^14(b2u) 
(1566 cm- 1 in the ^ . ^ ( L J state and 1309 c m - 1 in the 
ground state) and in naphthalene ^2i(t>2u) (1535 c m - 1 

in 1B2u(Lb) state and 1361 c m - 1 in the ground state). 
Mikami and Ito10) concluded that these vibronic bands 
are due to vibronic coupling between the ground state 
and the lowest excited 1B2u(Lb) state through these 
vibrations. The excited-state vibration at 1521 c m - 1 

of phenanthrene probably corresponds to v1A of benzene 
and v21 of naphthalene, although it is a totally symmetric 
vibration in phenanthrene because of reduction of the 
molecular symmetry. Assuming that the vibronic coup­
ling involving the ground state is similar to the cases of 
benzene and naphthalene, the corresponding ground 
state frequency should be smaller than 1521 cm - 1 . I t 
is expected to be between 1300 and 1400 cm- 1 by 
analogy to benzene and naphthalene. There are several 
totally symmetric vibrations in this frequency region.14) 
Unfortunately, it is difficult to pick a specific one be­
cause of the lack of knowledge about the detailed vibra­
tional modes. 

Finally, it may be worthwhile to mention that the 
moderately intense one-photon vibronic band 0,0 + 516 
cm - 1 , reported by Craig and Gordon11) is entirely mis­
sing in our two-photon spectrum (see Fig. 2). In the 
one-photon spectrum it has about the same intensity 

as that of the nearby band 0,0 + 392 cm-1 . The latter 
appears with a considerably intensity in the two-photon 
spectrum, but the former is absent. This suggests that 
the 0,0 + 516 c m - 1 band has a vibrationally induced 
origin which occurs selectively in the one-photon spect­
rum. The excited-state vibration of 516 c m - 1 was assign­
ed by Craig and Gordon11) and by Hochstrasser and 
Small12) to a totally symmetric vibration. The fre­
quency is close to the excited-state v6(e2 ) mode of 
benzene at 520 c m - 1 15) (606 c m - 1 in the ground state) 
and to the excited-state ^33(b3g) of 438 c m - 1 of naphtha­
lene16) (506 c m - 1 in the ground state). These vibra­
tions are well known to be the most effective perturbing 
vibrations in mixing the 1Lh states and XB states of 
benzene and naphthalene. Therefore, it is highly prob­
able that the totally symmetric 516 c m - 1 vibration 
of phenanthrene is the perturbing vibration coupling 
the lowest excited 1A1(Lb) state and the third lowest 
1A1(Bb) state of this molecule. 

We are appreciative to Drs. K. Kaya, Y. Udagawa, 
and F. A. Miller for the useful comments and discus­
sions. 
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Magnetic Cross-over in Hexa-coordinate Iron(II) Complexes 
of Several Schiff Bases 
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Iron(II) complexes with the Schiff bases of 6-methyl-2-pyridinecarbaldehyde and 2-quinolinecarbaldehyde, 
and with a,a'-diimine were prepared. The Mossbauer spectra and magnetic susceptibilities of the complexes, 
Fe(cbi)2(NCS)2-%CHCl3, Fe(tbi)2(NCS)2-CHCl3, Fe(mpmea)2(C104)2, and Fe(mepma)3(C104)2, were studied 
in the range of 80—298 K. It was found that these complexes show a 5T2-1A1 spin transition in the solid state. 

A number of iron (II) complexes have been shown to 
exhibit a 5T2-1A1 spin equilibrium.1 - 3) In this paper we 
wish to describe new iron complexes exhibiting such 
a spin equilibrium. The ligand abbreviations used in 
this work are as follows. 

Abbreviation Ligand 
pbi 7V,JV'-diphenyl-2,3-butanediimine 

iV,iVr'-di-j&-tolyl-2,3-butanediimine 
N, JV'-bis (/»-chlorophenyl) -

2,3-butanediimine 
N,N'-bis (/>-methoxyphenyl) -

2,3-butanediimine 
N- (6-methyl-2-pyridylmethylene) -

methylamine 
N- (2-pyridylmethylene) -

2- (2-pyridyl) ethylamine 
N- [ 1 - (2-pyridyl) ethylidene] -

(2-pyridyl) methylamine 
N- [ 1 - (2-pyridyl) ethylidene] -

2- (2-pyridyl) ethylamine 
N- (6-methyl-2-pyridylmethylene) -

2-pyridylmethylamine 
N- (6-methyl-2-pyridylmethylene) -

2- (2-pyridyl) ethylamine 
N- (2-quinolylmethylene) -

2-pyridylmethylamine 
N- (2-quinolylmethylene) -

2- (2-pyridyl) ethylamine 

tbi 
cbi 

mbi 

mepma 

pmea 

pema 

peea 

m p m m a 

mpmea 

qmma 

qmea 

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

The preparation of the 2-quinolinecarbaldehyde was ac­
complished by the reduction of co,eo-dibromoquinaldine with 
silver nitrate.4) 6-methyl-2-pyridinecarbaldehyde, 2-pyridyl­

methylamine, and 2-(2-pyridyl)ethylamine were purchased 
from the Aldrich Co., Ltd. The ligands, <x,a'-diimines, were 
isolated before the preparation of the complexes. The other 
Schiff bases were used without isolating them as solids. The 
complexes were prepared by mixing iron(II) salts and the 
Schiff bases in oxygen-free ethanol. The crude products were 
recrystallized from chloroform or ethanol. All the complexes 
except Fe(qmma)2(C104)2 and Fe(qmea)2(C104)2 were gener­
ally stable for oxidation. 

The analytical data of the complexes prepared are listed 
in Table 1. The microanalyses were carried out at the 
Elemental Analysis Center of Kyushu University. The 
Mossbauer, electronic reflectance, and infrared spectra, and 
the conductivities in organic solvents were obtained as has 
been described elsewhere.3) The effective magnetic moments, 
//eff, were obtained from the j«eff=2.83 V fX relation, where 
%m is the molar susceptibility after applying diamagnetic 
corrections for both the ligands and anions. 

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

Characterization of the Samples. The molar conduc­
tivities of the complexes listed in Table 2 indicate that 
the thiocyanates are non-electrolytic in acetone or 
chloroform, while the Perchlorates behave as uni-
bivalent electrolytes. The infrared spectra of the Per­
chlorates show absorptions around 1090 cm - 1 , which 
indicate that the Perchlorate ion is ionic in these com­
plexes. 

Magnetic Susceptibilities. Figure 1 shows the varia­
tion in /«eff with the temperature for the complexes 
which have cross-over points. Although we observed 
the Mossbauer absorptions of only low-spin states in 

T A B L E 1. ANALYTICAL DATA (%) 

Complexes 

Fe(pbi)2(NCS)2-^CHCl3 

Fe(tbi)2(NCS)2-CHCl3 

Fe(cbi)2(NCS)2-%CHCl3 

Fe(mbi)2(NCS)a 

Fe(pema)2(C104)2 

Fe(peea)2(C104)2 

Fe(pmea)2(C104)2 

Fe(mpmma)2(C104)2-H20 
Fe(mpmea)2(C104)2 

Fe(qmma)2(C104)2 

Fe(qmea)2(C104)2 

Fe(mepma)3(C104)2 

C 

59.27 
56.38 
47.52 
58.58 
45.28 
47.32 
45.96 
44.29 
47.20 
51.13 
52.55 
43.62 

Found 

H 

4.74 
4.97 
3.38 
5.27 
3.91 
4.71 
3.91 
3.92 
4.32 
3.79 
3.93 
4.65 

___ 
N 

12.62 
10.24 
9.62 

10.80 
12.07 
10.91 
12.25 
11.66 
11.58 
11.29 
11.72 
12.64 

Fe 

8.05 
6.80 
7.54 
7.55 

a ) 
a ) 
a ) 

8.46 
8.26 
6.90 
7.14 
9.15 

C 

58.81 
56.97 
48.28 
58.64 
46.09 
47.67 
46.09 
44.90 
47.67 
51.96 
53.19 
43.86 

Calcd 

H 

4.62 
5.23 
3.33 
5.24 
3.84 
4.26 
3.84 
4.03 
4.26 
3.92 
3.91 
4.57 

N 

11.93 
10.23 
9.75 

10.99 
12.41 
11.91 
12.41 
12.09 
11.91 
11.36 
10.95 
12.79 

Fe 

7.94 
6.81 
7.13 
7.31 
8.25 
7.92 
8.25 
8.04 
7.92 
7.46 
7.19 
8.50 

a ) Was not analyzed. 
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TABLE 2. MAGNETIC MOMENTS, MOLAR CONDUCTIVITIES, INFRARED SPECTRA, AND REFLECTANCE 

SPECTRA OF THE IRON COMPLEXES 

Compounds flett (BM) 
at 295K 

A^ X-NCS (cm-
Reflectance data 

(cm-1) 

Fe(pbi)2(NCS)2- y2CHCl3 

Fe(tbi)2(NCS)2-CHCl3 

Fe(cbi)2(NCS)2-2/3CHCl3 

Fe(mbi)2(NCS)2 

Fe(pema)2(C104)2 

Fe(peea)2(C104)2 

Fe(pmea)2(C104)2 

Fe(mpmma)2(C104)2'H20 

Fe(mpmea)2(C104)2 

Fe(mepma)3(C104)2 

Fe(qmma)2(C104)2 

Fe(qmea)2(C104)2 

2.87 

4.26 

4.78 

3.07 

1.09 

1.07 

1.22 

1.86 

4.38 

5.58 

1.60 

5.44 

0(A) 

12.2(A) 

0(C) 

0(C) 

175.9(A) 

187.7(A) 

190.0(A) 

163.8(A) 

199.9(A) 

213.6(A) 

b) 

b) 

2070, 

2120 

2055 

2110 

2049, 

2045, 

2095, 

2080 

2055 

2065 

2110 

29000 s, 15700 s, br, 

10500 s 

29000 s, 16000 s,br, 

10300 s 

29000 s, 15200 s, br, 10000 s 

29000 s, 15700 s, br, 

10500 

24200 s, 20400 sh, 17500 s, br 

23600, 17100 s,br 

25000 s, 19800 sh, 17200 s, br 

24400 s, 20400 sh, 17500 s, br, 
16800 s,br 

25000 s, 20200 s, 18000 w, sh, 
16700 s,br 

18500 s, 9400 sh 

b) 
b) 

a) cm"2 mho mol -1 at 25 °C; concn 10-3 M in acetone (A) or chloroform (C). b) Was not measured. 

100 200 
Temperature( K ) 

300 

Fig. 1. Variation of the magnetic monemt //eff with 
temperature for (A) Fe(pbi)2(NCS)2-^CHC13, (B) 
Fe(tbi)a(NCS)a.CHCl3, (C) Fe(cbi)a(NCS)a.%CHCl3, 
(D) Fe(mbi)2(NCS)2, (E) Fe(mpmea)2(C104)2, and 
(F) Fe(mepma)3(C104)2. 

Fe (pb i ) 2 (NCS) 2 - ^CHCl 3 and Fe(mbi) 2(NCS) 2 a t 296 
K, the magnetic moments of the complexes probably 
increase at high temperatures, in view of the tendency 
of the curves. The magnetic data at 295 K show that 
Fe(pmea)2(C104)2,Fe(pema)2(C104)2,Fe(peea)2(G104)2, 
Fe (mpmma) 2 (C10 4 ) 2 -H 2 0 , and Fe(qmma) 2 (C10 4 ) 2 

adopt a low-spin configuration (Table 2). A small 
residual paramagnetism is commonly observed in low-
spin iron complexes with imine chelates. A large re­
sidual paramagnetism has been observed in the poly­
morph I I of Fe(phen)2(NCS)2.5> The origin of the 
rather high paramagnetism of Fe(cbi) 2 (NCS) 2 -%CHCl 3 , 
Fe(mbi)2(NCS)2 , Fe (pb i ) a (NCS) a - ^CHCl 3 , and Fe-
(mpmma) 2 (C10 4 ) 2 -H 2 0 at low temperatures is not 
clear. 

Fe (mpmma) 2 (C10 4 ) 2 -H 2 0 (five- and five-membered 
ring) adopts a low-spin configuration, and Fe(mpmea) 2 -

0 k ^ : ; 

^ 5 \ 

° 0 
a 
fc 2 </) 

XI 

< A 

10 

(A) 

( B ) 

( C ) 

- 1 0 1 2 3 
Veloci ty( mm S"1) 

Fig. 2. Mössbauer spectra of Fe(pbi)2(NCS)2.l^CHC13 

at (A) 296 K, (B) 196 K, and (C) 80 K. 

(C104)2 (five- and six-membered ring) is a cross-over 
complex. Fe(qmma) 2 (C10 4 ) 2 (five- and five-membered 
ring) and Fe(qmea) 2(C10 4) 2 (five- and six-membered 
ring) adopt low- and high-spin configurations respec­
tively. These facts show that, in the complexes studied 
here, the ligands fields of the ligands forming five- and 
five-membered rings are stronger than those of the 
ligands forming five- and six-membered rings. The 
change in the spin multiplicity of iron upon the sub­
stitution of the methyl group at the 6-position of the 
pyridine ring is best at tr ibuted to the steric effect of 
methyl. 

Mössbauer Spectra. Table 3 shows the Mössbauer 
parameters of the complexes. The isomer shifts, <5Fe, 
were measured relative to the center of the spectrum 
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Complexes 

Yonezo 

TABLE 

Fe(pbi)2(NGS)2-l/2GHCl3 

Fe(tbi)2(NCS)2-CHCl3 

Fe(cbi)2(NCS)2.2/3GHCl3 

Fe(mbi)2(NGS)2 

Fe(pema)2(G104)2 

Fe(peea)2(C104)2 

Fe (mpmma) 2 (ClOJ 
Fe (mpmea) 2 (G104) 2 

Fe(pmea)2(C104)2 

Fe(mepma)3(G104)2 

Fe(qmma)2(C104)2 

Fe(qmea)2(G104)2 

, -H 2 0 

MAEDA, Shunji 

3. MOSSBAUER 

SHITE, Yoshimasa TAKASHIMA, 

PARAMETERS FOR SEVERAL IRON 

At 296K 

dFe 

0.30 
0.96 

0.87 

0.30 
0.21 
0.25 
0.27 
0.94 

0.32 
1.00 

0.31 
0.94 

—— 

~^o 

a ) 

a ) 

a ) 

a ) 

a ) 

v 

AE 

0.75 
2.91 

2.74 

0.74 
0.98 
0.61 
0.94 
1.92 

0.89 
1.06 

0.60 
2.59 

At 

, 
< 5 F 6 

0.99 
0.32 
1.03 
0.34 

0.98 
0.35 

0.98 
0.46 

196 K 
— v 

AE 

3.07 
0.74 
2.92 
0.75 

2.14 
0.98 

1.43 
0.71 

and Yuzo NISHIDA 

COMPLEXES (mm/s) 

At 80 K 
, 

< 5 F 6 

0.38 

0.37 

0.37 

0.38 
0.26 
0.39 
0.34 
1.02 
0.35 
0.39 
1.09 
0.48 

1.00 

_̂ >—.—x 
AE 

~^) 
0.80 

a ) 

0.78 

a ) 

0.78 

a ) 

0.78 
0.99 
0.80 
1.15 
2.57 
1.03 
0.89 
2.09 
0.73 

2.96 

[Vol. 50, No. 11 

Spin state 

6 ^ 2 

S=0 

S=2 

S=0 

S=2 

S=Q 

S=2 

S=0 

S=0 

S=0 

S=0 

S =2 
£ = 0 

S=0 

£ = 2 

£ = 0 

S=0 

S=2 

a) Was not observable. 

0 

0.5 

0 h 

§1 \ 
o 
'S. 
o 

< 0 

5 [ -1 0 1 2 
Velocity ( mms"') 

(A) 

U ) 

(C) 

Fig. 3. Mossbauer spectra of Fe(tbi)2(NGS)2-GHC13 at 
(A) 296 K, (B) 196 K, and (C) 80 K. 

of iron foil. The Mossbauer spectrum of Fe(pbi)2-
( N C S ) 2 - ^ C H C l g shows an asymmetric doublet, the 
center of which is situated in the range of low-spin 
iron(II) complexes at 296 and 80 K. T h e Mossbauer 
spectrum of Fe(mbi)2(NCS)2 at 296 K is virtually iden­
tical with that of Fe(pbi)2(NCS)2-1 /2CHCl3 , both giving 
only a low-spin state, though the former spectrum is not 
shown here. No spectrum of a high-spin state has been 
observed because of the small recoilless fraction or small 
populations of the high-spin isomer at 296 K, as can 
be seen in Fig. 2. 

Fe( tbi ) 2 (NCS) 2 -CHCl 3 and Fe(cbi)2(NCS)2-2 /3CHCl3 

clearly show the Mossbauer absorptions of the 1A1 and 
5 T 2 states at 196 K, as is shown in Figs. 3 and 4. 

The Mossbauer spectra of Fe(mpmea) 2 (C10 4 ) 2 and 
Fe(mepma) 3 (C10 4 ) 2 in Figs. 5 and 6 show absorptions 

0 fcv::Y.;?"*;*y-

1 I-

0 

(A) 

( 3 ) 

o 
ai n 

< 1 

2 

3 

••:':• ,:).:••:> 

_ _ i 

"•"• : 

• » • . • ; " • • • • -

-.* 

i 

: 

i 

. . , „ • - . . : . 
:•
••
•
 

• 

•CV.::'̂  

(C) 

:...•.: 

-1 0 1 2 3 
Ve loc i ty ( mms"1 ) 

Fig. 4. Mossbauer spectra of Fe(cbi)2(NCS)2-%CHCl3 

at (A) 296 K, (B) 196 K, and (C) 80 K. 

consisting of two species at 80 K, i.e., high-spin and 
low-spin states. The component of the low-spin con­
figuration increases as the temperature descends. 

Assuming that the Debye-Waller factors , / ( 5T 2 ) and 
y( 1 A 1 ) , are equal, we are able to calculate the propor­
tions of the high-spin isomer, S(5T2), from the Mossbauer 
spectral area and the magnetic data respectively. The 
magnetic moment values for S =2 and S=0 states were 
taken to be 5.30 and 0.80 BM for Fe (mpmea) 2(C104)2 , 
and 5.46 and 0.80 BM for Fe(mepma) 3(C10 4) 2 , respec­
tively. The results are shown below: 
Fe(mpmea) 2 (C10 4 ) 2 ; Temp(K) 196 80 14 

(from Mossbauer data) £ ( 5 T 2 ) (%) 50 45 50 
(from magnetic data) £ ( 5 T 2 ) (%) 53 45 — 
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Fig. 5. Mössbauer spectra of Fe(mpmea)2(G104)2 at 
(A) 296 K, (B) 196 K, (C) 80 K, and (D) 14 K. 
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Fig. 6. Mössbauer spectra of Fe(mepma)3(C104)2 at 
(A) 296 K, (B) 196 K, (C) 147 K, and (D) 80 K. 

Fe(mepma) 3(C10 4) 2 ; Temp(K) 196 147 80 
(from Mössbauer data) S(5T2)(%) 68 63 33 
(from magnetic data) S( 5 T 2 ) (%) 91 59 30 

The difference between the populations of the high-spin 
isomer calculated from the Mössbauer spectral area and 
from the magnetic moment may show that the Debye-
Waller fac tor / ( 5 T 2 ) is less t h a n / ( 1 A 1 ) . 

For an axial field resulting from a trigonal ligand 
symmetry, the quadrupole splitting results primarily 
from an electron either in t2g°(dz

2) or in t 2 g
± , where 

the tgg* are: 

t2g
+ = y(l/~2~|dx»_y»> - | d « > ) , 

tag" = - j ( l /"2" |d x y> + | d y z > ) . 

For the determination of the orbital ground state it is 
necessary to know the sign of the electric-field gradient 
tensor(Fzz). In Fe(mephen)3(C104)2

6> and Fe(2-Cl-
phen)3(C104)2 ,7 ) negative quadrupole splittings have 

2000 1800 1600 

Wave N umber ( cm"1) 

Fig. 7. The G=N stretching vibration region of the 
infrared spectra of Fe(pbi)2(NGS)2-^GHG13 at (A) 
340 K and (B) 298 K. 

2000 1500 1000 600 

Wavelength (nm) 

500 400 

Fig. 8. Electronic reflectance spectra for (A) Fe-
(mpmea)2(G104)2, (B) Fe(cbi)2(NCS)2-%CHCl35 and 
(G) Fe(mepma)3(C104)a. 

been observed. T h e lowest orbital of Fe(mepma) 3-
(C104)2 , therefore, may be dz

2. In this state, the field 
splitting of t2 orbitals increases when the temperature is 
lowered (i.e., from about 165 c m - 1 at 296 K to 210 c m - 1 

at 80 K) in Ingall's approximation (assuming X=—80 
cm - 1).8* This result corresponds to an increasing com­
pression of the coordination octahedron over the 5 T 2 -
XAX transition region as the temperature descends. 

Infrared Spectra. The data in Table 2 show that, 
in the 5 T 2 state, the thiocyanate ion is iV-bonded.9) 
I t has been reported that the C - N stretching modes in 
the XAX state are observed in the range of 2100—2128 
cm -1 .10) Figure 7 shows the infrared spectra of Fe-
(pbi)2(NCS)2- ^CHCl- j in the range of 1800—2400 cm- 1 

at about 298 and 340 K. T h e spectrum at 340 K may 
be considered to be predominantly populated in the 
5 T 2 ground state, and the spectrum at 298 K, in the 
XAX ground state. 

The splitting of the C-N stretching band has been 
assigned to a m-configuration of the compound.10) If 
Fe( tbi) 2 (NCS) 2 -CHCl 3 (having an unsplitted C - N 
stretching band) had a ^««^-configuration, its quadru­
pole splitting in the low-spin state would be twice as 
large as that of the other complexes.n> It seems to be 
ambiguous, therefore, for the splitting of the vc_N band 
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to be used to distinguish between eis- and /r<my-conngura-
tions. 

Electronic Spectra. Figure 8 shows the electronic 
reflectance spectra of several complexes. T h e posi­
tions of the absorption maxima are listed in Table 2. 
The d-d spectra for <x,a-diimine complexes show a 
shoulder band at about 10500 cm - 1 . If we take ^( 5 T 2 ) 
= 10Z>q= 10500 cm- 1 , zl(5T2) should be almost equal 
to the spin-pairing energy yr=%.BH-4C= 18.55 (assum­
ing the usual relation, C=4Z?, between the electron-
repulsion parameters). Thus, taking Zl(5T2)=jr, one 
obtains 5 ( 5 T 2 ) = 5 6 8 cm- 1 . Since B is 1058 cm" 1 for 
free Fe 2 + , the nephelauxetic ratio is ß—B(complex)/ 
Z?(free ion) = 0 . 5 4 . Since the value of Z)q for Fe-
( H 2 0 ) 6

2 + is estimated to be 1040 cm - 1 ,1 2) and since the 
critical Z)q has been reported to be in the range of 
1160—1340 cm-1 , or 1250±80 cm-1,13) the Z)q for iron-
diimine complexes is considered to be significantly small. 
There are two plausible reasons for the small Z)q of 
the iron-diimine complexes. First, the peak of 10500 
c m - 1 is one component of the doublet, while the other, 
on the high-energy side, is masked by the stronger 
charge-transfer band because site symmetry for the metal 
is distorted from O h . Second, the Racah parameters 
for the free metal ion may be reduced drastically by 
ligand coordination because of the concomitant reduc­

tion of interelectronic repulsions. 
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Gel Chromatography of /3-Diketones and Their Metal Complexes. III. 
The Chromatographic Behavior of Metal(II, III) Chelates with 

Acetylacetone in Systems of a Polyvinyl acetate) Gel 
and Various Eluting Solvents^ 

Nobuo SUZUKI and Koichi SAITOH 

Department of Chemistry, Faculty of Science, Tohoku University, Sendai 980 
(Received February 3, 1977) 

Chelate compounds of acetylacetone (2,4-pentanedione) with metal ions (Al(III), Gr(III), Fe(III), Go(III), 
and Be(II)) were passed through a Chromatograph in columns packed with a cross-linked poly(vinyl acetate) 
gel (Merckogel OR-2000). Various organic solvents (chloroform, benzene, toluene, 1,4-dioxane, ethyl acetate, 
butyl acetate, acetone, ethyl methyl ketone, and methanol) were used as the eluents. The distribution coefficient, 
K&v, for each chelate in a given column system was measured to within 0.7% of the relative standard deviation. 
The iCav values of a chelate were dependent on the solvent used. With most of the solvents, the K&Y values of the 
metal (III)-chelates were close together and smaller than the Jfav value of the Be(II)-chelate. The effective 
molar volume, Feff, of the chelates thus determined, using calibration charts prepared on the basis of elution data 
for normal alkanes, depended strongly on the solvent used. With all the solvents except chloroform, the Vett 
values of each chelate were smaller than the literature value of the molar volume for that chelate. 

The uniqueness of gel chromatography can be found 
in its separation mechanism which is usually referred 
to as the molecular sieve effect resulting from the dif­
ference in the molecular dimensions of the solute species. 
This method is actively used in the fields of polymer 
and biological chemistry, not only as a method of 
separation, but also as a means of determining the 
molecular weight and size of solute molecules. Gel 
chromatography of neutral metal complexes has not 
yet been actively studied. Only a few papers have 
dealt with this subject.2) 

The program of the present study was initiated in 
an attempt to utilize the unique capabilities of gel 
chromatography in studying metal complexes in organic 
solvent media.3) Acetylacetone (Hacac) and its metal 
chelates have been exclusively selected as model com­
pounds and Merckogel OR-2000, a cross-linked poly­
v iny l acetate) gel, has so far been used as the column-
packing material. In the work dealing with metal-
(II, I I I ) chelates with acac and normal alkanes in the 
column system, including tetrahydrofuran as an eluent, 
it was observed that these two sets of compounds are 
differ in their relationships between the distribution 
coefficient and the molar volume.4) In an effort to 
elucidate this fact, the elution behavior of normal 
alkanes5) and the degree of gel swelling6) were in­
vestigated from a viewpoint of solvent effects. 

In the present work, the distribution coefficients of 
some metal(II , I I I ) chelates with acac were measured 
in various solvent systems, and determinations of the 
effective molar volume of these chelates were attempted. 

Exper imenta l 

Metal Chelates. Tris(acetylacetonato)aluminum(III), 
-chromium(III), -iron(III), and -cobalt(III) (hereafter ab­
breviated to [Al(acac)3], [Gr(acac)3], [Fe(acac)3], and [Go-
(acac)3], respectively) were prepared and purified according 
to methods in the literature.7-9) The results of elemental 
analysis are as follows. [Al(acac)3]. Found: G, 55.19; 
H, 6.54%. Calcd: G, 55.56; H, 6.54%. [Gr(acac)3]. 
Found: G, 51.87; H, 6.29%. Galcd: G, 51.56; H, 6.07%. 
[Fe(acac)3]. Found: C, 51.02; H, 5.98%. Galcd: G, 

51.00; H, 6.00%,. [Co(acac)3]. Found: C, 50.42; H, 
5.99%. Galcd: C, 50.56; H, 5.95%. Bis(acetylacetonato)-
beryllium(II) (hereafter abbreviated to [Be(acac)2]) (Dojin 
Labs.) was further recrystallized from benzene and petroleum 
ether. Found: C, 57.99; H, 6.83%. Calcd: C, 57.77; H, 
6.94%. 

Solvents. Benzene, toluene, 1,4-dioxane, ethyl acetate, 
butyl acetate, acetone, ethyl methyl ketone and methanol 
were carefully distilled. Since the purified material was 
unstable, reagent-grade chloroform (Wako Chemicals) was 
used without further purification. 

Columns and Apparatus. Most of the parts coming into 
contact with the liquids were made of PTFE or Pyrex, rather 
than metal, in order to avoid undesirable effects. The chro­
matographic column was a 100 cm long Pyrex tube with a 
5-mm inside diameter packed with Merckogel OR-2000 (E. 
Merck) swollen by the solvent to be used. A Model FLC-350 
syringe-type pump (JASCO) and a Model 1107L refracto-
metric detector (L. D. C.) were used. The detection signal 
was fed into a JEC-5 computer (JEOL) for on-line data 
processing. 

Procedure. A sample solution was prepared by dis­
solving 15 mg of a metal chelate and 5 mg of a mono-dispersed 
polystyrene standard (Afw=200 000, Pressure Chemical Co.) 
in 5 cm3 of the solvent used as the eluent. With methanol, 
methylated blue dextran which had been prepared by methyla-
tion of Blue Dextran 2000 (Pharmacia)5) was used in place 
of polystyrene. A 0.05-cm3 portion of the sample solution 
was fed into the column with the aid of a loop injector, and 
elution was carried out at a solvent flow-rate of 0.20 cm3 min - 1 

and at a column temperature of 25.0±0.02 °C. The UV 
and visible absorption spectra of the eluates were recorded 
in order to confirm the species eluted. Each experiment on 
a sample in a given column system was carried out at least 
three times. 

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

Shape of Elution Curves. The chelates except for 
[Fe (acac) 3] gave elution curves without excessive 
skewness in all solvent systems studied, with the values 
of the skew ratio10) ranging from 0.9 to 1.0. [Al(acac)3] 
gave an exceptionally skewed elution curve with meth­
anol. O n the other hand, [Fe(acac)3] gave some­
what tailing elution curves in all solvent systems used. 
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TABLE 1. K&v VALUES OF METAL CHELATES WITH acac IN SYSTEMS OF MERCKOGEL OR-2000 

AND VARIOUS ELUTING SOLVENTS AT 25 .0 °G 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Eluting solvent 

Chloroform 
Benzene 
Toluene 
1,4-Dioxane 
Tetrahydrofuranb> 
Ethyl acetate 
Acetone 
Ethyl methyl ketone 
Butyl acetate 
Methanol 

Al(acac)3 

0.220 
0.326 
0.384 
0.430 
0.497 
0.565 
0.588 
0.597 
0.725 

— 

Cr(acac)3 

0.218 
0.342 
0.400 
0.436 
0.517 
0.609 
0.622 
0.628 
0.790 
0.677 

K a> 

Fe(acac) 3 

0.295 
0.439 
0.439 
0.455 
0.536 
0.618 
0.638 
0.630 
0.802 

— 

Go (acac) 3 

0.217 
0.335 
0.397 
0.432 
0.523 
0.623 
0.648 
0.654 
0.728 
0.608 

Be(acac)a 

0.271 
0.542 
0.653 
0.570 
0.620 
0.702 
0.660 
0.653 
0.828 
1.02 

a) The relative standard deviation in each instance is less than 0.7%. 
b) Data from Ref. 4. 

TABLE 2. Kd VALUES OF METAL CHELATES WITH acac ON MERCKOGEL OR-2000 COLUMNS 

No. 

1 

2 

3 

4 
5 
6 

7 

8 

9 

Eluting solvent 

Chloroform 
Benzene 
Toluene 
1,4-Dioxane 
Tetrahydrofuran 
Ethyl acetate 
Acetone 
Ethyl methyl 
Butyl acetate 

kotone 

Al(acac)3 

0.290 
0.479 
0.687 
0.615 
0.726 
0.848 
0.858 
0.895 
1.23 

Cr (acac) 3 

0.288 
0.503 
0.716 
0.623 
0.755 
0.914 
0.908 
0.942 
1.34 

ÄV0 

Fe(acac)3 

0.389 
0.645 
0.786 
0.651 
0.783 
0.927 
0.931 
0.945 
1.36 

Co(acac)3 

0.286 
0.492 
0.711 
0.618 
0.764 
0.935 
0.946 
0.981 
1.24 

Be (acac) 2 

0.358 
1.20 
1.17 
0.815 
0.905 
1.05 
0.964 
0.980 
1.41 

a) Values converted from the A"av values. 

With methanol, both [Al(acac)3] and [Fe (acac) 3] gave 
such skewed elution curves that no elution data with 
high reproducibility could be obtained for these two 
chelates. Typical elution curves obtained are shown 
in Fig. 1. 

Distribution Coefficient. The elution volume, Ve, 
of a substance passed through a Chromatograph in a 
given column system is expressed by 

V& = V0 + K„VX, (1) 

where V0, Fx , and A'av are the column void volume, 
the volume of the gel phase, and the distribution coef­
ficient, respectively.11^ In the present work, the K&y 

value of each chelate was calculated according to the 
relation, 

K„ = {V9-V0)/(Vt-V0), (2) 

where Vt is the total volume of the column (Vt=V0-\-
Vx). The Vt values of all columns used in this work 
were exactly 19.63 cm3. The V0 value of the column 
was determined from a measurement of the Ve value 
of either a polystyrene standard or methylated blue 
dextran which are regarded as substances to be com­
pletely excluded from the Merckogel OR-2000 gel net­
work. The dead volume related to that part of the 
tubing was corrected for in the calculation of the Ä"av 

0 20 40 60 80 100 

elution time, min 

Fig. 1. Elution curves of (1) polystyrene (Afw = 
200 000), (2) [Cr (acac)3], (3) [Fe(acac)3], and (4) 
[Be (acac) 2 ] . 
Merckogel OR-2000 column, 100cmx5mm I. D., 
25.0±0.02°C; eluting solvent, 1,4-dioxane, 0.2 cm3-
min-1; R. I. Detector, sens. 16 for (1), (2), and (4), 
sens, 8 for (3). 
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TABLE 3. SEPARATION FACTOR, a, FOR THE [Be(acac)2]-

[Cr(acac)3] PAIR ON MERCKOGEL OR-2000 COLUMNS 

AT 25.0 °C 

1.4 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Eluting solvent 

Chloroform 

Benzene 

Toluene 

1,4-Dioxane 

Tetrahydrofuran 

Ethyl acetate 

Acetone 

Ethyl methyl ketone 

Butyl acetate 

Methanol 

a 

1.24 

1.58 

1.63 

1.31 

1.20 

1.15 

1.06 

1.04 

1.05 

1.51 

1.2 

CM 

J 1.0 
c 
i 

**~* 
<X8 

0.6 h 
value. 

The K&w values of the metal chelates were obtained 
with high reproducibility, the relative standard de­
viation in each instance being not more than 0 .7%. 
However, precise data for [Al(acac)3] and [Fe(acac)3] 
could not be obtained in the systems with methanol. 
The results are given in Table 1 together with previous 
data on the system with tetrahydrofuran. 

The gel chromatographic behavior of a solute sub­
stance is characterized also by the elution parameter 
Kd, derived from the relation, 

Ve = V0 + KaVly (3) 

where Vi is the volume of the internal solvent in the 
swollen gel beads. When Vx is assumed to be equal 
to the sum of Vi and the volume of the gel matrix, 
Vg, Kd can be obtained from K&x according to the 
following relation, 

*d = (Vx/VJK^ = [Q/(Q.- l)]tfav, (4) 

where Q, is the degree of gel swelling defined as the 
reciprocal of the volume fraction of the gel matrix in 
the swollen gel. The Kd values of metal chelates thus 
calculated from the available K&Y and Q values6) are 
given in Table 2. 

I t is obvious that both the K&v and Kd values of the 
chelates are strongly dependent on the solvent used. 
The solvents are arranged in Tables 1 and 2 in order 
of increasing K&v and Kd values for [Al(acac)3]. 

The K&Y values of metal( I I I ) chelates in a solvent 
are close together. This fact implies that separation 
of these chelates is not easy if a solvent is used as the 
eluent. The K^ value of [Be(acac)2] is larger than 
that of a metal(III) chelate in any solvent. The 
separation factor, a, defined as the ratio of the KaY 

values, for the [Be(acac)2]-[Cr(acac)3] pair is given in 
Table 3. The a value for this solute pair depends on 
the solvent used, which reveals the importance of the 
choice of the solvent as the eluent for gel chromato­
graphic separation. 

Effective Molar Volume. For large molecules such 
as polymers, the molecular weight is frequently used 
as a size parameter for a compound in gel chromato­
graphy, whereas for small molecules having molecular 
weights less than 1000, the molar volume, Vm, is an 
effective size parameter.12) The molar volume experi­
mentally determined by means of gel chromatography 

1/3 

Fig. 2. Relationship between K&y and Vm for normal 
alkanes in the systems of Merckogel OR-2000 and 
various eluting solvents. 
C5, C6, C7, C10, and C16 denote pentane, hexane, 
heptane, decane, and hexadencane, respectively. 
Numerals 1—10 denote solvents as in Table 1. 

is termed the effective molar volume, Vett, as distinct 
from Fm.13 '14) The Vetf values of the metal chelates 
were obtained in this work using the calibration charts 
based on the elution data for normal alkanes. 

Laurent and Killander11) have proposed the follow­
ing equation, 

Xav = exp[-7r£(r r + rs)
2], (5) 

where 
and 
matrix and solvent. 

rs is the radius of the solute molecule, and L 
rT are constant for a given combination of gel 

Assuming rs to be proportional 
to the cube root of Vm, we can write 

(-lnK„)1/* = k1+k2Vmy*, (6) 

where kx and k% are constants in a column system. The 
(—In K&x)V* versus V^3 plots in Fig. 2 are based on 
the K&v values for normal alkanes on Merckogel O R -
20005) and the Vm values calculated from the molecular 
weight and density data for the respective compounds.15) 
When these plots are used for calibration, the Veit 

values of the chelates were obtained by comparing 
their K&v values with the plots. The results are given 
in Table 4. I t is obvious that the Vet{ values for each 
chelate is strongly dependent on the solvent used. T h e 
Vet( values of [Cr(acac)3] , for example, range from 27 
to 317 cm3 mol - 1 . 

Irving and Smith have shown that the partial molar 
volume of [Cr(acac)3] is nearly constant in different 
organic solvents16) and Irving have reported Vm values 
of the chelates as follows: [Al(acac)3], 271 ; [Cr-
(acac)3], 267; [Fe(acac)3], 269; [Go(acac)3], 261 cm3-
mol -1 .17) When the semi-empirical relation expressed 
by 

Fm ,M(acac)„ = 0-9 wFm >H a Cac5 (7) 

is used, the Vm value of [Be(acac)2] is estimated to be 



2910 Nobuo SUZUKI and Koichi SAITOH [Vol. 50, No. 11 

TABLE 4. THE Fef f VALUES OF METAL CHELATES WITH acac DETERMINED USING THE CALIBRATION 

CHARTS BASED ON T H E GEL C H R O M A T O G R A P H I C DATA FOR NORMAL ALKANES 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Eluting solvent 

Chloroform 
Benzene 
Toluene 
1,4-Dioxane 
Tetrahydrofuran 
Ethyl acetate 
Acetone 
Ethyl methyl ketone 
Butyl acetate 
Methanol 

Al(acac)3 

315 
211 
150 
234 
133 
128 
143 
111 
48 
— 

Gr(acac)3 

317 
202 
143 
230 
125 
106 
120 
97 
27 
95 

Feff/cm3 mol - 1 

Fe(acac)3 

245 
150 
126 
217 
117 
102 
110 
96 
23 
— 

Go (acac)3 

317 
210 
144 
232 
122 
99 

104 
86 
47 

216 

Be (acac) 2 

266 
108 
56 

155 
86 
65 
94 
88 
13 
— 

184 cm3 mol 1, where Vm Hacac arid Vm,-M.{a.ca.c)n are the 
molar volumes of Hacac ( = 102 cm3 mol - 1 ) and of its 
metal chelate containing an integral number n of (acac) _ 

anions, respectively.18) Comparing the Vm value of a 
chelate with the Vett values shown in Table 4, it is References 

dated. T h e details of the solvent effects and the so-
called secondary effect in gel chromatography will be 
treated in a subsequent paper. 

obvious that the latter values are different from the 
former value. The P"eff values of the chelates, except 
for [Fe (acac) 3] in chloroform, are marked larger than 
the Vm values of the respective chelates. Considering 
that many metal chelates with acac form solvated 
species in chloroform,19-20) the larger Vett values ob­
served in this solvent may refer to solvations. Despite 
the fact that the Vm values of the 4 metal ( I I I ) chelates 
studied are close together, the Vett values of [Fe (acac) 3] 
are smaller than those of other metal (I II) chelates in 
many solvents. Recalling that [Fe(acac)3] gave elution 
curves with a tailing and larger Ä"av values relative 
to other metal ( I I I ) chelates, and considering that Fe-
(III)-chelate is known to be a labile complex, it is 
deduced that some partial dissociation of the chelate 
occured in the chromatographic process. I t is rea­
sonable to consider that the relatively smaller Veîî 

values for [Fe (acac) 3] result from such anomalous chro­
matographic behavior. 

The fact that the K&v value for [Be(acac)2] in a given 
solvent is larger than the üTav values of the metal ( I I I ) 
chelates indicates that one of the factors governing the 
chromatographic behavior of those compounds is the 
molecular sieve effect. Considering that Vet{ values 
of the chelates are different from the expected values 
{Vm values) and also that the KA values, in some in­
stances, are larger than unity, it is reasonable to assume 
that gel chromatography of the chelates is based not 
only on the molecular sieve effect but also on some 
other effects caused by interactions among the solute, 
solvent and gel matrix. 

The selection of an appropriate eluting solvent is 
quite important for the purpose of estimating the molar 
volume of a solute species. According to the available 
data, the Vett value of a metal chelate with acac ob­
tained using 1,4-dioxane as an eluent appears to be 
close to the Vm value. 

The solvent dependence of the gel chromatographic 
behavior is an attractive problem to be further eluci-
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in Tap Water by Means of Mass Fragmentography of GC-MS 
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A simple, sensitive and practical method for the halogenated organic compound analysis of tap water is 
reported. A pentane extraction procedure using a ten fold increase in concentration by volume (without further 
concentration) followed by mass fragmentography of GG-MS was used. As little as 0.05 ppb concentration of 
each compound was detectable. Five simple halogenated organic compounds, including GG14 and CHBr3 whose 
concentrations are relatively small, were determined for tap water in Japan. 

Recent years have seen an increasing concern1-2) for 
levels of trace organic contaminants in water ulti­
mately used for human consumption. In some cases 
less than 1 u.g/1 ( 1 ppb) of the minimum detectable limit 
is required for specific compounds. This concen­
tration is significant and all methods should approach 
this sensitivity requirement. Until now, procedures 
used for obtaining the required sensitivity have in­
volved some sort of extraction procedure. Solvent 
extraction,3-5) followed by further concentration for 
extreme trace concentration samples, has been com­
monly used. Although this method meets the sensi­
tivity requirement, it suffers from serious interferences 
due to accumulation of solvent impurities as well as the 
informative substances. 

However, solvent extraction without further concen­
tration can be successfully applied to even extreme 
trace concentrations, when very high sensitive and 
specific detection is possible. Mass fragmentography6) 
of GC-MS is a useful technique to meet the high sensi­
tive and specific detection requirement, which provides 
specific information at a sensitive level that often sur­
passes that of the electron capture detector. I wish 
to report here a method for the analysis of halogenated 
organic compounds in tap water, utilizing mass frag­
mentography of GC-MS. A pentane extraction pro­
cedure without further concentration followed by mass 
fragmentography of GC-MS does not seem to have 
been reported. 

Exper imenta l 

Apparatus. Gas chromatographic separation and mass 
spectrometric analysis were performed on a Finnigan 3300F 
gas chromatograph-quadrupole mass spectrometer equipped 
with multiple ion detector (Finnigan, PROMIM), by which 
mass fragmentography can be carried out. A selected mass 
can be quickly set with the aid of a digital mass marker 
display. The GC-MS interface utilizes an all glass jet-type 
enrichment device. A 3 mX 2 mm (i.d.) glass column packed 
with 5% SE-30 on 60/80 mesh Ghromosorb W. AW. DMGS. 
(Johns-Manville) was used. Other conditions were: flow 
rate of helium carrier gas 30 ml/min, temperature of gas 
Chromatograph injection port 200 °C, temperature of interface 
and transfer line 200 °G, pressure in the mass spectrometer 
6xl0~ 6Torr , electron energy 70 eV, emission current 0.45 
mA, electron multiplier 1450 volts. 

Standard Solutions. A series of CHG13 standard con­
centrations in the range 0.5—400 ppb were made by successive 
dilution into special grade pentane (Wako pure chemicals) 

starting with pure GHC13 (Dojin chemicals). Calibration 
standards were made from pure reagents for each organohalide, 
CHCl2Br, CHClBr2, CHBr3, and CC14 (Tokyo Kasei chem­
icals). Water used for recovery works was prepared by 
double distillation of ground water. 

Procedure. Pretreatment of water samples was per­
formed as follows, using pentane extraction procedure as a 
concentration technique. 10 ml of pentane was floated on 
100 ml of water samples in a tightly closed container and 
agitated rigorously for 10 min. 10 \A injection of the extract 
was then made with a 10-(xl Hamilton syringe (701-RN). 
At the start of each run the column was maintained at 40 
°C for 7 min and programmed from 40 to 70 °C at 4 °C/min. 
The mass spectrometer was set to unit resolution (10% valley 
between adjacent nominal masses). The mass spectrometer 
was then set to monitor a specific mass of the examined com­
pounds. The resulting ion currents were recorded on a 
strip chart recorder. 

Positive identification of the compounds is supported not 
only by known retention times of the standards but also by 
the selectivity afforded by specific ion detection. The ions 
chosen to be monitored7) include the chlorine and (or) bromine 
of each compound. Comparison of the expected ratio of 
isotope clusters with the observed ratio gives the permissible 
limit for analyzing unknown substances and determining 
whether they are free of coeluting impurities. Quantitative 
information was obtained using peak areas. 

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

Detection Limit. Detection response (peak area) 
was linear over the range of standard solutions for each 
organohalide. The range was chosen to cover the 
concentrations likely to be found in various tap water 
samples. The detection limit of each compound (con­
centration of substance producing a peak five times 
higher than noise level) was found to be 0.5 ppb. 
Thus, water samples of 0.05 ppb concentration com­
pound were determined by the extraction procedure 
using a ten fold increase in concentration by volume 
( 10 ml of pentane per 100ml of water) . 

Recovery. Recovery was tested with amounts of 
the examined compounds similar to those which would 
be present in samples. A testing solution for recovery 
was prepared by mixing standard solutions of the com­
pounds in treated and pretested water. The extrac­
tion was carried out as mentioned above. Recovery 
of each compound is given in Table 1. I t is seen that 
efficient recovery was obtained for all tested sub­
stances, although a decrease in precision was observed 
at low concentration levels. 
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T A B L E 1. RECOVERY OF THE HALOGENATED ORGANIC 

COMPOUNDS SPIKED INTO WATER 

Compounds 

CHC13 

CHCl2Br 

CHClBr 2 

CHBr 3 

CG14 

Concentration 
added to water 

(Wï/1) 

20 

1 

1 

0 .1 

0 .1 

Average*) 
recovery 

(%) 

9 6 ± 4 

9 4 ± 8 

9 3 ± 7 

9 5 ± 1 5 

1 0 9 ± 1 8 

a) Average of five recovery works. 

T A B L E 2. HALOGENATED ORGANIC COMPOUNDS 

IN TAP WATER 

Compounds 

CHCI3 

CHCl2Br 

CHClBr 2 

CHBr3 

CC14 

Retention 
time (min) 

3 .9 

7 .2 

10.8 

14.5 

4 . 9 

Mass monitored 
(mle) 

83,a> 85 

83, 85, 127,a) 129 

127,a> 129 

171, 173,a) 175 

117, 119a> 

a) Specific ions chosen for quanti tat ive information of 
each compound. 

T A B L E 3. HALOGENATED ORGANIC COMPOUND 

CONCENTRATIONS ( p p b ) IN TAP WATER SAMPLE 

Location CHC1 3 

Hanamuro a ) 22 .5 

Kanamachib> 17.5 

Hamura«) 18.8 

(July 8, 

CHCl 2Br 

0 .6 

2 . 6 

1.0 

1976) 

CHClBr 2 CHBr 3 

0 .24 undetectable 

1.7 0 .06 

0 .53 undetectable 

CC14 

0 .1 

0 .08 

0 .05 

a) Tsukuba Research Center. 
East Tokyo. 

b) West Tokyo. c) 

Solvent. T h e p e n t a n e used as t h e d i l u e n t of t h e 
s t a n d a r d so lu t ions a n d t h e so lvent of t h e e x t r a c t i o n 
was found to c o n t a i n n o d e t e c t a b l e C H C l 2 B r , C H C l B r 2 

a n d C H B r 3 w i t h t h e e x c e p t i o n of C H G 1 3 a n d GG1 4 . 
T h e p r e s e n c e of C H C 1 3 (0 .06 p p b to b e e s t i m a t e d w i t h 
e x p l o r a t i o n ) a n d C C 1 4 (0 .05 p p b ) as a t r a c e c o n t a m i n a n t 
in p e n t a n e l i m i t e d t h e a c c u r a c y . H o w e v e r , t h e r e is 
n o t r o u b l e w i t h C H C 1 3 s ince its a m o u n t is neg l ig ib ly 
sma l l to affect t h e s ignal . T h e r e is a m u c h w i d e r 
cho ice of solvents , s u c h as t h e h i g h e r a l k a n e s . H o w e v e r , 
these solvents o b s c u r e t h e vo la t i l e e x t r a c t i o n c o m ­
p o n e n t s . I t is m o r e difficult to o b t a i n t h e m in suf­
ficient p u r i t y . P e n t a n e w a s f o u n d to b e t h e m o s t 
su i t ab l e so lvent . 

Tap Water Analysis. M a n y h a l o g e n a t e d o r g a n i c 
c o m p o u n d s h a v e b e e n found in t a p w a t e r in t h e U . 
§ 1,2,5,8-10) c o n s i d e r a b l e in te res t in t he i r d e t e r m i n a t i o n 
b e i n g a r o u s e d . Ana lyses w e r e m a d e in a n a t t e m p t to 
su rvey t h e a m o u n t s of five h a l o g e n a t e d o r g a n i c c o m ­
p o u n d s i n t a p w a t e r in J a p a n . T a b l e 2 s u m m a r i z e s 
t he i r r e t e n t i o n t imes a n d masses m o n i t o r e d . T h e s e 
c o m p o u n d s w e r e m a j o r c o m p o n e n t s of t h e h a l o g e n a t e d 
o r g a n i c c o m p o u n d s d i scovered i n t h e U . S . w a t e r s u p ­
plies. F i g u r e 1 shows typ i ca l mass f r a g m e n t o g r a m s (mje 
8 3 , 119, 127, 173) , resul ts of t h e ana lys is of t a p w a t e r 

10 5 
Retention time (min.) 

Fig. 1. Typical analysis of halogenated organic com­
pounds in the t ap water by mass fragmentography. 
A 10 (xl injection. 
Peaks a re : (1) CHC13 , (2) CC14, (3) CHCl2Br, (4) 
CHClBr2 , (5) CHBr3 . 

t a k e n a t K a n a m a c h i in T o k y o . T h e resul ts of m e a s u r e ­
m e n t s a r e g iven in T a b l e 3 . T h e C H G l 2 B r a n d C H -
ClBr 2 c o n c e n t r a t i o n s w e r e r e m a r k a b l y i n v a r i a n t . T h e 
r e l a t e d c o m p o u n d G H B r 3 was found in ve ry low con­
c e n t r a t i o n s (0 .06 p p b ) . T h e C C 1 4 levels w e r e ve ry low. 
I n d i v i d u a l s a m p l e s of GG1 4 p r o d u c e d t h e s a m e o r a 
s l ight ly h i g h e r p e a k t h a n t h a t of t h e t r a c e c o n t a m i n a n t s 
in p e n t a n e . Q u a n t i t a t i v e va lues of C C 1 4 w e r e o b t a i n e d 
b y s u b t r a c t i n g t h e a m o u n t of C C 1 4 t r a c e c o n t a m i n a n t s 
in p e n t a n e . 

R e f e r e n c e s 

1) B. Dowty, D . Carlisle, J . L. Laseter, and J . Storer, 
Science, 187, 75 (1975). 

2) T . A. Bellar, J . J . Lichtenberg, and J . J . Kroner, J. 
Am. Water Works Ass., 66, 703 (1974). 

3) M. AhnofF and B. Josefsson, Anal. Chem., 46, 658 (1974). 
4) A. J . Mur ray and J . P. Riley, Anal. Chim. Acta, 65, 

261 (1973). 
5) K. Grob, K. Grob, J r . , and G. Grob, J. Chromatogr., 

106, 299 (1975). 
6) C. G. Hammer , B. Holmstedt, and R . Ryhage, Anal. 

Biochem., 25, 532 (1968). 
7) E. Stenhagen, S. Abrahamson, and F. W. Mclafferty, 

"Registry of Mass Spectral Da t a , " J o h n Wiley & Sons, New 
York (1974). 

8) W. Bertsh, G. Anderson, and G. Hölzer, / . Chromatogr., 
112, 701 (1975). 

9) R. D. Kleopfer and B. J . Fairless, Environ. Sei. Technol., 
6, 1036 (1972). 

10) J . Novak, J . Zlutickey, V. Kubelka, and J . Mostecky, 
J. Chromatogr., 76, 45 (1973). 



November, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (11), 2913—2916 (1977) 2913 

The Mutual Separation of mAc, 227Th, 223Ra, and 223Fr by the Solvent Extraction 
Technique Using Bis(2-ethylhexyl)phosphoric Acid as an Extractant 
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The separation and purification of 227Ac, 237Th, 223Ra, and 223Fr were studied by the solvent extraction method 
using HDEHP (bis(2-ethylhexyl)phosphoric acid) as an extractant. The mutual separation of Ac, Th, and 
Ra was achieved, and new milking processes for 223Fr and 228Ac are presented. 

The cyclic relation between 227Ac, 227Th, 223Fr, and 
223Ra in natural actinium decay series is shown in Fig. 
1. These nuclides are important as radioactive tracers, 
and interesting from the viewpoint of investigation of 
natural radioactive substances. Measurement of the 
radioactivity of 227Ac is especially difficult, since its y-
activity and a-activity are very weak and the energy 
of /?-rays are too low for quantitative detection. M a n y 
authors have reported on the application of radiation 
of its daughter nuclides to the detection and determina­
tion of 227Ac. The separation of these nuclides is very 
important for the chemistry of natural radioactive sub­
stances. 

The separation of Ac and Ra has been attempted 
by the cation exchange1) and solvent extraction methods 
utilizing the TTA-TBP synergistic effect,2) but these 
methods have certain drawbacks. 

The cation exchange method,1) because of its rather 
prolonged elution time, is not suitable for the separa­
tion of short-lived tracers such as 228Ac (/1/2 = 6.13 h)3> 
and 223Fr ( i 1 /a=21 min)3) from each other. In the 
solvent extraction method using T T A as an extractant, 
it is necessary for the aqueous solution to have acidity 
of 4—5 pH, in spite of the remarkable tendency of Ac 
and T h toward hydrolysis in such a low acidic solution. 
The separation coefficient of Ac and R a is expected 
to increase with the decrease in acidity of the aqueous 
solution, and there is a possibility of the hydrolysis of 
Ac also increasing in such a low acidic solution. Once 
the hydrolysis of Ac occurs, the separation coefficient 
should decrease because of the decrease in the propor­
tion of the native ion Ac 3 + in aqueous solution. I t 
would be better to extract Ac from the solution whose 
acidity is as high as possible. Since H D E H P can ex­
tract some multivalent metal elements selectively from 
a highly acidic solution,4) it is expected that Ac, Ra , 
and T h can be effectively separated from each other 
by H D E H P extraction. We have studied the applica­
tion of H D E H P as an extractant to the separation of 
2 2 7 A c ? 2 2 7 T h ) 2 2 3 R a ? a n d 2 2 3 F n 
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Fig. 1. Cyclic relation of 227Ac, 227Th, 223Ra, and 223Fr 
in natural actinium decay series. 

I t is well known that T h is quantitatively extracted 
by 1 M HDEHP-benzene solution from 0.2—0.5 M 
HCl solution. However, the extraction behavior of Ac, 
Ra , and Fr in the H D E H P extraction system is not 
known as yet. From the difference in the charge of 
the native ions Ac3+, Ra 2 + , and Fr+, we can expect 
that Ac can most easily be extracted. Thus, the ex­
traction conditions of Ac in the H D E H P extraction 
system were investigated first. I t was found that T h 
is much more extractable than Ac and the separation 
of Ac and T h is easy. Thus the main problem was 
to separate Ac and Ra or Fr, and we tried to find the 
exact conditions for the separation of Ac and Ra . Fr 
goes to the Ra-fraction in our separation method, and 
there remains the problem of separating 223Ra and 
223Fr. However, the difference in their half-lives is too 
large, and makes our procedures feasible. It is rather 
worthwhile to establish a new milking method of 223Fr 
by which we can easily get 223Fr grown from 227Ac. 

Exper imenta l 

Reagents. All the chemicals used were of analytical 
grade. HDEHP was purified by the procedures reported 
previously.5) 

Radioisotopes and Their Detection. Ac: 228Ac was used 
as a tracer of Ac, whose y-activity is very easy to detect,3) 
and was prepared by the cation exchange chromatography 
method from 228Ra isolated from 232Th. When a sample of 
228Ac contains any amount of 228Ra that is a parent nuclide 
of 228Ac, the y-activity of the sample does not vanish because 
of the radio-equilibrium between 228Ac and 228Ra. Thus, 
the purity of the sample of 228Ac could be confirmed by check­
ing the decay out of the y-activity of the sample in each ex­
periment. 

Ra and Th: 223Ra and 227Th isolated from 227Ac in their 
radio-equilibrium by cation exchange chromatography were 
used as the tracers. These two nuclides were determined by 
measuring their y-spectra by Ge(Li) detector and calculating 
the peak area of their characteristic y-ray peaks. 

pH Buffer Solution. Considering the fact that the dis­
tribution ratios of multivalent metal ions in HDEHP extrac­
tion system are expected to be a sensitive function of the 
acidity of the solution, the pH value of the aqueous phase 
must be fixed in order to keep the reproducibility of the 
extraction. Thus, we used "Clark-Lubbs pH buffer solu­
tion"6) which consists of KCl and HCl in the range of p H < 
2.2, and KH phthalate and HCl in the range of pH>2.2, 
where the concentration of both salts in each solution is 0.05 
M. Solutions, the pH values of which were 1.0—3.6 were 
prepared using this buffer solution in this work. Since there 
might be difference in their behavior between KCl-system 
and KH phthalate-system, two kinds of solutions made from 
two different salts were prepared in the range of 2.1 < p H ^ 
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Fig. 2. Relations between DAc, Z>Ra and the acidity 
of the aqueous phase. 
Om : DAc when KCl (O) and KH phthalate ( • ) 
buffer solution was used. • • : Z>Ra when KCl (D) 
and KH phthalate ( • ) buffer solution was used. 

2.2, and the data were compared with each other. 
Apparatus. The apparatus used are as follows. Sépara-

tory Funnel Shaker: IWAKI KM type (200—400 rpm), Ge(Li) 
Detector: ORTEG model number 8101-1820 (the effective 
volume is about 60 ml), Multichannel Pulse Height Analyser: 
TOSHIBA USG-1 4096 ch (controlled by a mini-computer 
TOSBAC-40A), Nal Scintillation Counter: HITACHI well 
type l3/4"x2", Digital pH Meter: ORION 801-A type. 

Procedures. The back extraction behavior of Ac was 
investigated according to the following procedures. The pH 
value of the 228Ac solution was adjusted to 3.0 and 228Ac 
was extracted with a 1M HDEHP-benzene solution. Then 
a 5 ml portion of the organic phase containing 228Ac was 
poured to the another separatory funnel and shaken for 20 
min with 5 ml of buffer solution. 

The forward extraction of 223Ra was investigated with the 
shaking time of 20 min. 

In both cases of Ac and Ra, the pH value of the aqueous 
phase was checked after extraction with a digital pH meter. 
A 2 ml portion of each phase was taken into a polyethylene 
test tube and their y-rays were measured. The calculation 
of the peak area of the characteristic y-rays of 223Ra and 
227Th were carried out with a mini-computer system7) con­
nected to the multichannel pulse height analyzer. 

For the final experiment to check the separation method, 
a mixed solution of 227Ac, 227Th, and 223Ra in radio-equilibrium 
was used. A radio-equilibrium mixture of 227Ac and 223Fr 
was used for the check of the milking of 223Fr. 

The distribution ratio of each element is defined by 

DTA = C'M.org/C'M.aq 

where M denotes metal element, CM. org the concentration 
of M in the organic phase and CM. aq that in the aqueous 
phase. The separation coefficient is defined by 

aAc,Ra = Ale/Ala« 

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

Dependence of DAc and Dn& 

Benzene Extraction System. 
on the pH in 1 M HDEHP-

Figure 2 shows the rela-

Mixlure of Ac, Th , Ra 

! 
pH Adjustment 2 2 

Extract ion 1M HDEHP-Benzene A q . Org. 

Wash :1M HDEHP-Benzene 

Org.| ~~| Aq. 

(Ac) S 
Wash : pH 22 Solution 

Org. | ' 1 Aq. 

| ( R a ) 
Back E x t r a c t i o n : 0-5 N HCl 

A q . I ' I Org 

Wash \ / w a s h 
1M HDEHP-Benzene J \ 0 5 N HCl 

ra [Th] 

Fig. 3. Separation procedures for Ac, Th, and Ra 
system. 

TABLE 1. SEPARATION COEFFICIENT OF AC AND Ra 

IN THE 1 M H D E H P - B E N Z E N E EXTRACTION SYSTEM 

pH 

1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 

A c 

1.914 
3.917 
8.017 

16.405 
33.574 
68.707 
140.61 

A l a 

0.0024 
0.0038 
0.00593 
0.00920 
0.01429 
0.02220 
0.03450 

aAc,Ra 

778.0 
1025.4 
1351.9 
1783.2 
2349.5 
3094.9 
4075.5 

logaACiRa 

2.891 
3.001 
3.131 
3.251 
3.371 
3.491 
3.610 

tion between the logarithm of DAc or Z)Ra and the p H 
value of the aqueous phase. They show linearity with 
different slopes. The slope for Ac is ca. 3.0 and that for 
Ra , 1.9. In the data of Z>Ra, there is a large difference 
between the two kinds of buffer solutions containing 
KCl and K H phthalate. Two explanations are pos­
sible. One is the difference of the stability of the com­
plex ion of Ra with Cl~ or C 6 H 4 ( C O O ) 2

2 - ; the other 
is the synergistic effect caused by the coordination of 
the neutral phthalic acid molecules to the extracted 
compound of Ra . However, we could not decide which 
explanation is feasible, while it is clear that Z)Ra shows 
a larger value when K H phthalate is used than when 
KCl is used. Considering that there is no difference 
between the two kinds of buffer solution in the data 
of DAc, it is obvious that the separation coefficient of 
Ac and Ra (aAcjRa) becomes larger when KCl is used 
and the KCl-buffer solution is more suitable for the 
separation of Ac and Ra . The calculated values of 
aAc,Ra u s m g the above-mentioned data, are given in 
Table 1. These values were calculated from the two 
straight lines drawn by the method of linear least square 
fitting. There is the tendency that log(aACjRa) increases 
in proportion to the p H value. The maximum of 
aAc,Ra i s 4-1 X 1 0 3 a t p H = 2.2 where over 99 .4% of Ac 
is extracted into the orgaic phase and over 99 .9% of 
R a remains in aqueous phase. Thus, the separation 
of Ac from R a can be made by adjusting the p H of the 
aqueous solution to 2.2 and then shaking it with 1 M 
HDEHP-benzene solution, as described in the follow­
ing. T h which is more extractable than Ac can be 
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Fig. 4. y-Spectra of fractions separated. 
(a) Starting mixture of 227Ac, 227Th, and 223Ra, (b) 
227Th-fraction separated, (c) 223Ra-fraction separated. 

separated from Ra and goes to the Ac-fraction. 
The Mutual Separation of Ac, Ra, and Th. From 

the above result, and the fact that T h is quantitatively 
extracted by 1 M HDEHP-benzene solution from 0.1 — 
0.5 M HCl solution, we propose the following separa­
tion method for Ac, Th , and Ra system (Fig. 3). 

The acidity of the mixed solution of Ac, Th , and 
Ra is adjusted to p H = 2 . 2 and the solution is shaken 
with 1 M HDEHP-benzene solution. Ac and T h are 
quantitatively extracted to the organic phase while R a 
remains in the aqueous phase. Pure Ra solution can 
be easily prepared by washing the aqueous phase with 
the same organic solution. The organic phase is washed 
by the solution of p H 2.2 and shaken with 0.5 M HCl 
solution. Ac is back-extracted to the aqueous phase 
while T h remains in the aqueous phase. 

Ra is recovered as HCl solution whose p H is equal 
to 2.2, Ac, as 0.5 M HCl solution, and Th , as 1 M 
HDEHP-benzene solution. The yield of each element 
is over 9 9 % . 

Figure 4 shows the y-spectrum of each fraction after 
the separation of 227Ac, 227Th, and 223Ra which were 
in radio-equilibrium. Comparing the spectrum of each 
fraction with that of the original mixed solution, we 
see that these elements are isolated and purified. No 
characteristic y-peaks could be found in the ^ A c -
fraction. However, when a sample of 227Ac having a 
much higher specific activity is used, the growth of the 
y-peaks of 223Fr will be detected in a period of about 
40 min after purification of 227Ac. 

Milking Method for 22SFr Using HDEHP-Solvent Extrac-

Back Extraction of Ra : pH 2 2 Solution 

A q . I | Org. 

( ! " R a " V r ) Wash : pH 2-2 Solution 

2 5 3 0 hours 

T 
Back Extraction of Fr : pH 2 2 Solution 

Org. 

"Ac 

A q . 

" ' F r 

Fig. 5. Milking procedures for 223Fr. 
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Fig. 6. y-Spectrum of 223Fr obtained by the proposed 
milking method. 

Hon. We can easily carry out the milking of 223Fr 
from 227Ac by utilizing the principle of the above-
mentioned separation method. The procedure is 
shown in Fig. 5. After recovering 227Ac as 0.5 M HCl 
solution (Fig. 3), the p H is adjusted again to 2.2 and 
shaken with 1 M HDEHP-benzene solution to prepare 
the organic solution of 227Ac to be used as a milking 
source. Extraction of 227Ac is carried out twice because 
223Fr has y-rays very similar to those of 227Th a n d it 
is better to completely eliminate the contamination of 
227Th. By shaking the milking source with the solu­
tion of p H 2.2 once, 223Fr and a small amount of 223Ra 
that have grown in the organic phase is back-extracted 
to the aqueous phase. In a period of 2.5—3.0 h after 
the first back-extraction, 223Fr whose half-life is 21 min 
grows and attains radio-equilibrium with 227Ac in the 
organic phase. Thus, after standing for 2.5—3.0 h, 
223Fr should be back-extracted to the aqueous phase by 
shaking with the same buffer solution. 2 2 3Ra also 
grows in this period. However, because the half-life 
of 223Ra is 11.4 days and too long compared with that 
of 223Fr, the growth of 223Ra in this period does not 
need to be considered, unless the amount of 227Th in 
the organic phase is not too large. 223jrr [s easily iso­
lated from 227Ac by carrying out the same extraction 
twice. Figure 6 shows the y-spectrum of 223Fr purified 
by this milking method. In the second measurement, 
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almost all of the y-peaks disappeared and a slight 
growth of the characteristic y-peaks of 223Ra and the 
Kx-rays of R n were observed. 

Possibility of the Determination of 221Ac Utilizing the y-
Activity Measurement of 223Fr. I t is impossible to 
detect and determine 227Ac by its y-activity since it 
has no characteristic y-rays that have intensity sufficient 
for measurement. Thus, the only way to detect and 
determine 227Ac by the y-ray measurement is to measure 
the y-activity of its daughter nuclides (223Ra, 223Fr, and 
2 2 7Th). However, for 223Ra and 227Th, because of their 
long half-lives of 11.4 and 18.2 days respectively, we 
must wait more than 3 months for the at tainment of 
radio-equilibrium for the determination of 227Ac. For 
223Fr, since its y-rays are similar to those of 227Th, 
correct measurement of its y-activity is difficult. How­
ever, the proposed separation method can eliminate 
the contamination of 227Th which prevents accurate 
measurement of 223Fr, and we can expect a new method 
to determine 227Ac by measuring the y-activity of 223Fr 
in radio-equilibrium with 227Ac. As shown in Fig. 6, 
the peak of 50 keV of 223Fr has sufficient intensity to 
be measured and 227Ac can be easily determined by 
correct measurement of this peak. I t is also possible 
to determine the absolute amount of 227Ac by this y-
ray, if we know the absolute abundance ratio of this 
y-transition and its relation with the absolute disintegra­
tion rate of 227Ac. T h e proposed method for the deter­
mination of 227Ac is very attractive. However, we must 
be careful no to allow even a slight contamination of 
227Th in 223Fr fraction, since 227Th also has intense y-
ray of 50 keV. Elimination of 227Th is completely done 
by the separation method, and check of contamination 
of 227Th could be easily made by checking the relative 
ratio of the intensity of each y-peak. 

Separation of 228Ac and 22SRa in Natural Thorium Decay 
Series. The separation method using H D E H P ex­
traction can be applied to the 232Th-228Ra-228Ac chain 
in the natural thorium decay series. 228Ac is the most 

Ra aqueous solut ion 

pH = 2-2 

-» •Ex t rac t i on : 1M HDEHP-Benzene 

Org. | ' | A q . 

Wash : pH=2 2 solut ion 

Back Ext rac t ion : 0 2 N HCl 

Org. 

Aq. 

" B A c "Ra 

Fig. 7. Milking procedures for 228Ac from 228Ra. 

useful radioactive tracer of Ac, and is convenient for 
obtaining 228Ac from 228Ra by applying the simple 
milking method. T h e separation of 228Ra and 228Ac 
can be easily made by H D E H P extraction, and a new 
milking method for 228Ac utilizing H D E H P extraction 
was proposed as shown in Fig. 7. 
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Adenine, adenosine, guanine, and guanosine were voltammetrically oxidized in a glassy carbon electrode 
in aqueous solutions, but at different potentials. In general, the nucleosides were oxidized at more positive 
potentials than their bases. The bases and their nucleosides were strongly adsorbed on the surface of the glassy 
carbon electrode at the pH values around neutrality, so that the concentration vs. anodic peak current curves were 
not linear. The adsorption on the electrode was very dependent on the pH, and at pH values below 4 good linear 
relationships were observed between the anodic peak current and the concentration. The differences between the 
peak potentials of each of the purine bases and their nucleosides were most pronounced at pH 2—4. Consequently, 
it was possible to determine simultaneously both in mixtures of the purine bases and their nucleosides by using 
Britton-Robinson buffer as a supporting electrolyte in the pH range of 2—4. The proposed method is simple 
and rapid, since no prior treatment or separation procedure is required. 

The electrochemical reduction and oxidation of 
biologically-important compounds have been investi­
gated with much interest. The electrochemical reduc­
tion of purine bases, which are important components 
of nucleic acids, has been investigated in both aque­
ous1-3) and nonaqueous solutions.4) I t is known that 
adenine is reduced and guanine is not at a dropping 
mercury electrode(DME). Adenosine appears to be 
reduced by the same mechanism, but, as the half-
wave potentials are very close, the Polarographie analysis 
of mixtures of adenine and adenosine is not possible. 
Also, the ultraviolet absorption spectra of these bases 
are very similar, so it is very difficult to work out a 
simple method for the analysis of such mixtures. A 
paper chromatographic method5) for the quantitative 
determination of purine bases and their nucleosides in­
volves extracting the paper chromatogram after separa­
tion and determining the amount of each species by 
U V spectrophotometry. Apart from being time-con­
suming, this method can be applied only to samples 
containing relatively high concentrations of the bases 
and their nucleosides. 

A few studies6-8) on the electrochemical oxidation of 
the purine bases were done at the pyrolytic graphite 
electrode(PGE) in aqueous solutions. Dryhurst9) deter­
mined adenine in the presence of fairly large amounts 
of adenosine by taking advantage of the competitive 
adsorption of the two compounds on the PGE. How­
ever, this method cannot be applied to the simultaneous 
determination of adenine and adenosine in mixtures of 
the two compounds, because large amounts of adenosine 
must be added to test solutions. 

In the present work, the oxidation behavior of purine 
bases and their nucleosides was investigated by linear-
sweep voltammetry using a stationary, planar glassy 
carbon electrode (GCE). Also, in order to develop a 
satisfactory analytical method it was found necessary 
to investigate in some detail the adsorption of the 
purine bases on the GCE. This paper will describe 
a method whereby adenine, adenosine, guanine, and 
guanosine in mixtures of these bases can be determined 
simultaneously by utilizing the voltammetric oxidation 
peak of each of these bases at the GCE. 

Exper imenta l 

Chemicals. The adenine, adenosine, guanine, and 
guanosine were all obtained from the Wako Pure Chemical 
Co. and were recrystallized two times from distilled water 
before drying in vacuo at 60 °C. The Britton-Robinson buffer 
used throughout this work was prepared from reagent-grade 
chemicals. 

Apparatus. The polarograms and anodic voltam-
mograms were recorded using a Yanagimoto P-8 type Pola-
rograph at a scan rate of 3.3 mV/s. The three-electrode 
voltammetric cell maintained at (25±0.1)°C was used for 
all the experiments. An aqueous saturated calomel elec-
trode(SCE) was used as the reference electrode, and a pla­
tinum wire served as the counter electrode. 

The DME used had the following characteristics : mercury 
flow rate, m = 2.28 mg/s and drop time, £=3.35 s at an open 
circuit with a mercury head of 70 cm in 1 M HC104. 

The working electrode for anodic voltammetry was con­
structed from a 3-mm glassy carbon rod (Grade GC-20, 
Tokai Electrode Co.). The rod was cut into a length of 
10 mm and was sealed in one end of a glass tube 3 mm in 
diameter with epoxy cement. The end of the glass tube-
carbon rod assembly was polished with 400-grade emery 
paper until it was quite smooth. Then, by polishing with 
1500-grade emery paper and a paste of sedimented calcium 
carbonate, the surface of the electrode was brought to a 
mirror finish. 

Voltammetric Procedure. In order to obtain reproducible 
results, a standard pretreatment procedure was applied before 
recording each voltammogram. The GCE was polished for 
60 s with 1500-grade emery paper and then for 30 s with a 
paste of sedimented calcium carbonate. The surface of the 
electrode was then washed for about 10 s with a fine spray 
of water. Any water remaining on the electrode surface and 
the shaft of the electrode was removed by touching the surface 
very gently with a piece of soft absorbent paper. Test solu­
tions were not deaerated. The voltage scan was commenced 
after quiescency for 20 s at the starting potential (always 
0.0 V vs. SCE). At least three replicate voltammograms were 
recorded for each test solution. A voltammogram of the 
background solution was recorded in the same way, while 
the peak current was obtained by arithmetrically subtracting 
the observed background current at the peak potential from 
that of the test solution. 
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R e s u l t s and D i s c u s s i o n 

Effect of pH. The half-wave potentials for the 
Polarographie reduction of adenine and adenosine at 
the D M E shifted linearly towards negative potentials 
with the increase in the p H . T h e wave-heights for 
both compounds were relatively constant at p H values 
below 5, but began to decrease sharply with a further 
increase in the p H . Adenine and adenosine also had 
practically identical Ex/2 values at all the p H values 
where the Polarographie waves were observed, e.g., at 
the p H 4.0 £ 1 / 2 = - 1 . 3 1 V for adenine and —1.32 V 
for adenosine, so that the Polarographie analysis of 
mixtures of the two compounds was not possible. Also, 
since the Polarographie waves of both guanine and 
guanosine occurred close to the background-discharge 
potential, it was difficult to measure the limiting current 
accurately. 

Each of the purine bases and their nucleosides gave 
a well-defined oxidation peak at a stationary GCE. 
The effect of the p H on the voltammetric peaks was in­
vestigated by recording the voltammograms of 0.05 m M 
purine bases and their nucleosides in Britton-Robinson 
buffer solutions. Adenine and adenosine both gave the 
single voltammetric oxidation peaks over the p H range 
of 2—12. The half-peak potentials(Ep/2) of the voltam­
metric oxidation peaks of adenine and adenosine shifted 
linearly towards negative potentials with the increase in 
the p H ; Ep/2(V vs. SCE) = 1 .45-0.064 p H for adenine 
and Ep/2(V vs. SCE) = 1.49-0.032 p H for adenosine 
(Fig. 1). Both guanine and guanosine also gave single 
voltammetric oxidation peaks at the GCE. T h e half-
peak potential shifted linearly towards negative poten­
tials with the increase in the p H according to the follow­
ing equations: Ep/2(V vs. SCE) = 1 .13-0.059 p H for 
guanine and Ep/2ÇV vs. SCE) = 1.25-0.046 p H for 

TABLE 1. THE EFFECT OF THE pH ON THE PEAK 

CURRENT OF THE VOLTAMMETRIC OXIDATION PEAK 

OF 1 . 0 m M BASES 

GCE geometric area, 7.1 mm2 ; scan rate, 3.3 mV/e. 

P H 

Fig. 1. The effect of pH on the peak current and the 
half-peak potential of the voltammetric oxidation 
peaks of 0.05 mM adenine(O), adenosine(#), guanine 
( 3 ) , and guanosine(D) in the Britton-Robinson's 
buffer solutions. 
GCE geometric area; 7.1mm2, scan rate; 3.3 mV/s. 

*"P> ( ) ; EP/2> ( )• 

Britton-Robinson buffer 0 .5M 

pH 10 

Adenine 4. 9a> 
Adenosine 6.9 
Guanine 4.4 
Guanosine 3.8 

p H 7 

7.9 
10.5 
7.1 
6.2 

p H 4 

14.5 
14.4 
10.0 
8.5 

p H 3 

14.9 
14.0 
9.8 
8.8 

pH 2 

14.9 
14.2 
10.2 
9.2 

H 3 P0 4 

15.6 
14.8 
10.5 
9.1 

a) Peak current ([xA). 

guanosine. The analytical significance of these ex­
perimental results lies in the facts that the voltammetric 
oxidation peak-potential for each of the purine bases 
and their nucleosides is quite different in the p H range 
of 2—4, and that the oxidation potential for each of 
the purine bases is more negative than that for each 
of their nucleosides at all the p H values studied. 

The peak current of the voltammetric oxidation peaks 
of purine bases and their nucleosides increased gradually 
with the decrease in the p H , as is shown in Fig. 1. 
This experiment was undertaken at a very low concen­
tration (0.05 mM) of the purine bases. When the de­
polarizer concentration was fairly high (1.0 m M ) , the 
p H values were found to have a pronounced effect on 
the peak current of the purine bases and their nucleo­
sides. This result is shown in Table 1. The peak 
current increased sharply with the decrease in the p H 
and remained almost constant at p H values below 4. 
The same result was obtained in other buffers (acetate 
buffers and chloride buffers) and acid solutions (1 M 
HCl , H 2 S 0 4 , HC10 4 , and H 3 P 0 4 ) as supporting elec­
trolytes; in electrolytes containing chloride ions the 
oxidation peaks of both adenine and adenosine were 
masked by the oxidation of the chloride ion in the 
background electrolytes. Also, in the acid solutions 
the oxidation peak of adenosine occurred close to the 
background discharge potential, so that the accurate 
measurement of the peak current was impossible. 

Effect of the Scan Rate. In order to study the 
adsorption of the purine bases and their nucleosides on 
the stationary GCE, the effect of the voltage scan rate 
on the peak current of these compounds was examined. 

T h e electrochemical oxidation of the purine bases 
and their nucleosides was irreversible, as was shown by 
cyclic voltammetric experiments in which no cathodic 
peak corresponding to the reduction of the oxidation 
product was observed at any scan rate. 

For a linear diffusion-controlled irreversible peak, the 
peak current function, ip/ACV1/2, shoud be a constant,10) 
and a plot of this function vs. V1/2 should be a straight 
line parallel to the V1/2 axis, where A is the area of 
the electrode surface; C, the bulk concentration of 
depolarizer; and V, the scan rate. At p H values below 
4, the peak current functions of both adenine and ade­
nosine were almost independent of the scan rate. At 
p H values above 4, however, the peak current functions 
increased markedly with the increase in the scan rate. 
This behavior is typical of an electrode process where the 
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< a. 

0.1 0.2 0.3 0.4 0.5 
Concentration, mM 

Fig. 2. Peak current-concentration curves for the 
voltammetric oxidation of the purine bases at the 
stationary GGE in the Britton-Robinson's buffer 
(pH 7.0). 
O, Adenine; # , adenosine; 3 , guanine; C , guanosine. 
GGE geometric area; 7.1 mm2, scan rate; 3.3 mV/s. 

0.2 0.4 0.6 0.8 1.0 
Concentration, mM 

Fig. 3. The relationships between peak current and 
concentration for the purine bases in the Britton-
Robinson's buffer at pH 3.0. 
O, Adenine; # , adenosine; 3 , guanine; C, guanosine. 
GCE geometric area; 7.1 mm2, scan rate; 3.3 mV/s. 

reactant is adsorbed on the electrode.11) In the cases 
of both guanine and guanosine, also, similar effects of 
the p H and the scan rate on the peak current function 
were observed. 

Effect of the Concentration. In the Britton-
Robinson buffer with p H values above 4, each of the 
purine bases studied showed a non-linear relationship 
between the peak current and the concentration, as 
is shown in Fig. 2. Such curves clearly indicate that 
the adsorption of the depolarizer takes place on the 
surface of the GGE. Also, the peak potential of the 
voltammetric oxidation peak for each of the purine 
bases and their nucleosides was dependent on the con­
centration and slightly shifted to more positive values 
with an increase in the concentration. Over the con­
centration range of 0.05—0.5 m M this shift was about 
30—50 mV for all the purine bases. 

In equimolar solutions (pH 7.0) of adenine and 

0.2 0.4 0.6 0.8 1.0 

E, V vs. SCE 

Fig. 4. Anodic voltammograms for the mixtures of 
adenine, adenosine, guanine, and guanosine. 
Conen of each of adenine, adenosine, and guanosine : 
0.4 mM, Conen of guanine : 0.2 mM. pH(Britton-
Robinson's buffer); (1): 3.0, (2): 7.0, (3): 10.0. 

TABLE 2. VOLTAMMETRIC RESULTS FOR THE DETERMINATION 

OF EACH COMPONENT IN MIXTURES OF PURINE BASES 

AND THEIR NUCLEOSIDES 

A 

0.20 
0.20 
0.20 
0.40 
0.40 
0.40 
0.80 

Taken 

B 

0.20 
0.40 
0.80 
0.20 
0.40 
0.80 
0.20 

(mM) 

C 

0.20 
0.20 
0.20 
0.40 
0.40 
0.40 
0.80 

D 

0.20 
0.40 
0.80 
0.20 
0.40 
0.80 
0.20 

A 

0.18 
0.19 
0.21 
0.37 
0.42 
0.41 
0.77 

Found 

B 

0.18 
0.38 
0.83 
0.19 
0.42 
0.85 
0.19 

(mM) 

C 

0.20 
0.22 
0.20 
0.40 
0.36 
0.38 
0.75 

D 

0.22 
0.44 
0.86 
0.21 
0.41 
0.77 
0.18 

A, Guanine; B, guanosine; C, adenine; D, adenosine. 
Supporting electrolyte; Britton-Robinson's buffer pH 
3.0. GCE geometric area, 7.1 mm2 ; scan rate, 3.1 
mV/s. 

guanine, guanine showed a non-linear relationship be­
tween the peak current and the concentration similar 
to that shown in Fig. 2, but the peak current of adenine 
decreased in concentrations more than 0.25 m M in 
spite of the increase in the adenine concentration. 
However, in the Britton-Robinson buffer at p H 3 these 
purine bases showed a linear relationship between the 
peak current and the concentration, as is shown in 
Fig. 3. 

These effects of the concentration and the p H and 
the scan rate on the peak current imply that the adsorp­
tion of the depolarizer on the GGE is very dependent 
on the p H , but in the electrolytes at p H values below 
4 the voltammetric oxidation is a diffusion-controlled 
process. 

The Simultaneous Determination of the Purine Bases and 
Their Nucleosides. The anodic voltammograms for 
the mixtures of adenine, adenosine, guanine, and 
guanosine were recorded in Britton-Robinson buffer 
solutions of various p H values (Fig. 4). At p H values 
below 4 four successive well-defined oxidation peaks 
were observed, but a further increase in the p H made 
the voltammetric peaks sensitive to the adsorption of 
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depolarizer on the GCE. Also, the differences between 
the peak potentials of each of the purine bases and their 
nucleosides were most pronounced at p H 2—4. Ac­
cordingly, for the quantitative determination of the 
purine bases and their nucleosides a Britton-Robinson 
buffer in the p H range of 2—4 is suitable. 

In order to test the quantitative method developed 
here, the voltammograms for some mixtures of four 
purine bases were recorded in the Britton-Robinson 
buffer of p H 3.0 at a stationary GCE. The concen­
tration of each of the purine bases was determined by 
the calibration-curves method from the respective 
heights of the resulting voltammetric oxidation peaks. 
Some typical analytical results are shown in Table 2. 
Clearly this method is readily capable of determining 
simultaneously each component in mixtures of the 
purine bases and their nucleosides. 

The principal advantage of the proposed method is 
the rapidity of analysis. The speed of analysis is aided 
by the fact that no prior treatment or separation pro­
cedure is needed. Furthermore, as dissolved oxygen 
does not interfere with the anodic voltammetry, no 
deaeration is required. One disadvantage is that the 
electrode must be pretreated before every voltam-
mogram in order to ensure reproducibility. In addi­

tion, the method is of only moderate sensitivity, and 
traces (sub ppm) of the purine bases cannot be detected. 
It would be possible to improve the sensitivity by utiliz­
ing a pulse voltammetric method. 
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Reaction of Ru(II)-EDTA in Sodium Formate-Formic Acid Solutions* 
K u n i o S H I M I Z U 

Department of Chemistry, Faculty of Science and Technology, Sophia 

University, Chiyoda-ku, Tokyo 102 

(Received M a y 2, 1977) 

When [ R u m ( H e d t a ) ( H 2 0 ) ] was reduced at mercury electrode in sodium formate-formic acid solutions, 
the reduced species gradually became polarographically inactive. T h e final product of the deactivation reaction 
was isolated and identified as N a 2 [ R u n ( e d t a ) ( C O ) ] . T h e kinetics follows the second-order rate equation, —dcj 
dt=kohsd cx c2, where cx= [ [ R u n ( H e d t a ) ( H 2 0 ) ] - ] + [ [ R u n ( e d t a ) ( H 2 0 ) ] a " ] and c2= [ H C O O - ] + [ H C O O H ] . T h e 
/cobsd value was found to be expressed by * [H+]/ ( /C A +[H+])( /C R + [H+]), where KA( = 3.28x 10~4 mol dm- 3 ) and 
^ R ( = 6 .92x 10 - 4 mol d m - 3 ) are the acid-dissociation constants of formic acid and [ R u n ( H e d t a ) ( H 2 0 ) ] ~ , respec­
tively, with k= 1.01 X 10 - 5 s_ 1 at 25 °C (ionic strength = 0.5 mol d m - 3 ) . Several possible mechanisms for the 
reaction were discussed. Probably the reaction proceeds through the formation of an intermediate involving one 
formate anion followed by dehydration and rearrangement. 

F o r m a t i o n of c a r b o n y l s t h r o u g h d e c a r b o n y l a t i o n of 
o rgan ic c o m p o u n d s b y m e t a l c o m p l e x e s h a s a t t r a c t e d 
cons ide rab le in te res t in r e c e n t yea r s a n d a n u m b e r of 
such reac t ions h a v e b e e n r e p o r t e d . 1 - 8 ) H a l p e r n a n d 
K e m p s tud ied t h e d e c a r b o n y l a t i o n of formic ac id b y 
r u t h e n i u m ( I I ) ch lo r i de in s t rong ly ac id so lu t ions ( a b o u t 
3 m o l d m - 3 H C l ) a n d o b t a i n e d ( N H 4 ) [ R u n ( C O ) C l 4 -
( H 2 0 ) ] . 3 ) T h e y also e x a m i n e d t h e kinet ics of t h e 
d e c a r b o n y l a t i o n a n d c l a i m e d t h a t t h e r e a c t i o n is of 
t h e s e c o n d - o r d e r w i t h respec t to t h e r u t h e n i u m ( I I ) 
species a n d formic acid. H o w e v e r , t he i r resul ts m a y b e 
equa l ly wel l e x p l a i n e d b y p o s t u l a t i n g f o r m a t e a n i o n as 
a r e a c t a n t . 

I t has b e e n p o i n t e d out 9 ) t h a t e lec t ro ly t ica l ly g e n e r a t ­
ed [ R u n ( H e d t a ) ( H a O ) ] - o r [ R u n ( e d t a ) ( H 2 0 ) ] 2 - * * 
unde rgoes a d e a c t i v a t i o n process in f o r m a t e - f o r m i c ac id 
buffer solut ions . 

I n t h e p r e s e n t w o r k t h e final r e a c t i o n p r o d u c t of 
this process has b e e n ident i f ied as a c a r b o n y l - e d t a -
c o m p l e x of r u t h e n i u m ( I I ) , t h e k inet ics of its f o r m a t i o n 
b e i n g e x a m i n e d in de ta i l . 

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

Materials. Aqua (hydrogenethylenediaminetetraace-
ta to)ruthenium(III) tetrahydrate, [ R u ( H e d t a ) ( H a O ) ] - 4 H 2 0 , 
was prepared according to the procedure of Mukaida et A/.10) 
with some modifications. An intensely blue ru thenium(II ) 
cluster complex11) was prepared by evaporating a mixture 
of 200 cm3 of ethanol and 150 cm3 of 3 mol d m - 3 HCl solution 
containing 1.05 g of ru thenium(I I I ) on a water bath. I t 
was dissolved in a small portion of water, and a solution of 
2.4 g of disodium ethylenediaminetetraacetate was added. 
The mixture, after being acidified by the addition of 1 cm 3 

of concentrated hydrochloric acid, was evaporated nearly to 
dryness. The residue was dissolved in a small amount of 
water and evaporated again. The procedure was repeated 
several times until an orange solution was obtained on dis­
solving the residue. T h e p H of solution was then adjusted 
to ca. 2 with a sodium hydroxide solution. Ethanol was 

* Partly presented at the 22nd Annual Meeting on 
Ploarography and Electroanalytical Chemistry, October, 1976 
in Nagano. 

** T h e following abbreviations will be used: R u ( I I ) -
H e d t a - for [ R u n ( H e d t a ) ( H 2 0 ) ] - , R u ( I I I ) - H e d t a for [ R u i n -
(Hed ta ) (H a O)] , Ru( I I ) - ed t a 2 - for [ R u n ( e d t a ) ( H 2 0 ) ] 2 - , and 
R u ( I I I ) - e d t a - for [ R u i n ( e d t a ) ( H 2 0 ) ] - . 

solwly added to the solution with stirring until a yellow pre­
cipitate appeared, and the mixture was left to stand overnight 
in a refrigerator. T h e yellow precipitate was filtered, washed 
several times with ethanol, and then dried in vacuo at 40 ° G 
(yield, 2.4 g) . Found : Ru, 20.57; C, 24 .61; N , 5.60; H , 
4 .48%. Galcd for [ R u ( H e d t a ) ( H 2 0 ) ] - 4 H 2 0 : Ru , 21.04; 
G, 25.00; N , 5.83; H , 4 . 2 8 % . T h e I R spectrum of the 
product agreed with that reported by Mukaida et al. Its 
purity as determined by alkalimetric titration was 9 9 . 3 % . 

Deionized water distilled in an all-glass appara tus was 
used for the electrochemical experiments. T h e oxygen dis­
solved in the electrolytic solutions was removed by bubbl ing 
nitrogen gas which had been passed through acid vanadium (II) 
sulfate solution and then distilled water. T h e other chemicals 
used were of guaranteed reagent grade. 

Measurements. All the electrochemical measurements 
were carried out at (25.0±0.1) °G under nitrogen atmosphere. 
All the potentials were measured against a saturated calomel 
electrode (SCE). 

T h e electrolysis for the preparat ion of the final reaction 
product was performed with a Yanagimoto Controlled Poten­
tial Electrolyzer CE-3. T h e geometry of the electrolytic cell 
is illustrated in Fig. 1. 

Controlled potential coulometry was carried out as described 
earlier9) except that the integration of the electrolytic current 
was carried out on a digital counter (Takedariken, Universal 
Counter TR-5104) by converting the current signal into 
pulses with a voltage-frequency converter (Aiko V F 500).12) 

Fig. 1. Electrolytic cell for recorvery of the final reac­
tion product . 
1. Mercury pool working electrode {ca. 7.2 cm 2 ) ; 
2. electrolytic solution; 3. D M E ; 4. to S C E ; 5. salt 
bridge (1 mol d m - 3 sodium formate) with filter paper 
plugs; 6. gas inlets; 7. gas outlet; 8. carbon anode 
immersed in 1 mol d m - 3 sodium formate solution ; 
9. magnetic stirrer. 
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All the polarograms were recorded with a potentiostat-typs 
dc-ac polarograph constructed in this laboratory. The drop 
time of the DME was controlled by an electronic drop-
dislodger.13»14) The device incorporated a relay which cuts 
off the Polarographie current signal to the recorder at the 
moment of drop dislodging in order to suppress the noise 
accompanying the drop fall and to enhance the S/N ratio.15) 
The Polarographie current signal was sampled at 3.50 s after 
dislodgement. The flow rate of mercury from the DME 
was 1.78 m g s - 1 under a mercury head of 50 cm. All the 
Polarographie currents were corrected for the residual currents. 

Infrared spectra were recorded with a Hitachi EPI-G2 IR 
spectrophotometer by the potassium bromide disk technique. 
Visible spectra were measured with a Hitachi 124 spectro­
photometer. Conductivity was measured in distilled water 
with a TOA Electronics Conduct Meter CM-6A. Magnetic 
properties were measured by the Gouy method. 

All the pHc1" values of the solutions were determined with 
a Radiometer pH meter 25E equipped with a glass electrode 
Type G202B and an SCE Type K401, whose meter readings 
were calibrated against standard hydrochloric acid solutions 
adjusted to 0.5 mol dm - 3 of ionic strength by the addition 
of NaCl. 

Analysis. Elemental analysis of C, H, and N was 
carried out by means of a Yanagimoto MT2 CHN Corder. 

Spectrophotometric determination of ruthenium in the 
complexes was carried out according to the ruthenate meth­
od.16) A weighed sample (ca. 10 mg) was decomposed in 
a nickel crucible by heating, and then fused with 0.1 g of 
potassium hydroxide and 0.3 g of potassium nitrate. The 
melt was dissolved in 50 cm3 of a solution containing 10 g 
of potassium hydroxide, the solution volume then being 
adjusted to 100 cm3 with water. The absorbance of the solu­
tion was measured at 465 nm. 

The content of sodium ions in the final reaction product 
was determined by the cation-exchange method. A weighed 
sample (ca. 0.1 g) dissolved in 10 cm3 of water was passed 
through a column of an H-form cation exchanger (Dowex 
50-X8, 100—200 mesh), the column was washed with water 
and the combined eluate was titrated with a standard sodium 
hydroxide solution. 

The content of water of crystallization was estimated by 
thermal gravimetric analysis with a Rigakudenki TG-DTA 
M8075. 

Procedure. Isolation of the Final Reaction Product: A 20 
cm3 portion of sodium formate-formic acid (0.5 mol dm^3 

each) containing 1.0 g of Ru(III)-Hedta was placed in the 
electrolytic cell and deoxygenated. Electrolysis was carried 
out at —0.5 V with stirring until more than 99% of the 
Ru(III)-Hedta was reduced. After the cell solution had 
been left to stand for 2 h under a nitrogen atmosphere, it 
was transferred into a flask and concentrated to one-fourth 
the initial volume under a reduced pressure at 40 °C. Ethanol 
was slowly added to the resulting solution until fine, pale 
yellow crystals precipitated; the mixture was allowed to 
stand in a refrigerator overnight. The precipitate, after being 
filtered, was recrystallized from methanol. The product was 
washed several times with ethanol and then dried in vacuo 
at 40 °C. 

Measurement of Acid-dissociation Constants: The acid-dis­
sociation constants of formic acid and Ru(III)-Hedta in 0.5 
mol dm - 3 NaCl solution were determined from the respective 
pH-titration curves.17) The constnat of Ru(II)-Hedta~ was 
calculated from the pHc dependence of the reversible half-
wave potential of the Ru(III)-Hedta reduction step in acid 

t pHc represents — log ([H+]/mol dm~3). 

TABLE 1. ACID-IDISSOCIATION CONSTANTS 

(Ionic strength = 0.5moldm-3 , 25 °C), K= [H+][X]/[HX]. 

Symbol X K/mo\ dm"3 

ÄÄ HCOO- 3.28X10-4 

K0 [Run i(edta)(H20)]- 2 .22x l0 - 3 

KR [Run(edta)(H20)]2- 6.92x10-* 

buffer solutions (sodium chloride-hydrochloric acid-0.001% 
Triton X-100 for p H c < 2 , sodium formate-formic acid for 
2 < p H c < 4 , sodium acetate-acetic acid for p H c > 4 ; ionic 
strength=0.5 mol dm - 3 (NaCl)). The method was essentially 
the same as that described earlier;9) but in the present case 
the data for pHc=1.8—5.5 were used so as to secure a higher 
precision for KR. The values are given in Table 1. 

Kinetic Measurements: For the kinetic measurements, sc-
dium formate was used as the supporting electrolyte and the 
ionic strength of the solution was adjusted to 0.5 mol dm - 3 

by the addition of sodium /»-toluenesulfonate. A 12 cm3 

portion of the supporting electrolyte solution was placed in 
the cell and deoxygenated. The solution was pre-electrolyzed 
at —0.5 V unitl a constant electrolytic current (usually about 
3 (J.A) was reached. A known amount of Ru(III)-Hedta 
(ca. 20 (j.mol) was dissolved in the pre-electrolyzed solution, 
and the polarogram was recorded. When ca. 80% of Ru-
(III)-Hedta was reduced at —0.5 V to the bivalent state, a 
known amount of concentrated formic acid was injected into 
the solution from a microsyringe. After bubbling the nitro­
gen for 2—3 min, the decreasing anodic diffusion current at 
0 V was recorded (chart speed, 2.5 X 10-2 cm s_1) until it 
reached one-tenth the initial current. 

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

Final Reaction Product. Elemental analyses of the 
final reaction product gave Ru , 19.48; G, 26.09; N, 
5.59; H, 3.30%. The thermal gravimetric analysis 
showed that the water content in the product is 6 .5%. 
These results indicate that the product contains 11 
carbon, 2 nitrogen and 16—17 hydrogen atoms, and 
2 molecules of water per ruthenium atom. The presence 
of protonated carboxyl groups and coordinated water 
is excluded by the fact that the final reaction product 
had no dissociable hydrogen. The cation-exchange 
experiment showed the complex ion in the product to 
be an anion, the number of sodium ions per ruthenium 
atom being 1.92. 

The I R spectrum of the product is similar to that 
of the Ru( I I I ) -Hed ta . Two points, the presence of a 
very strong absorption at 1940 cm- 1 and the absence 
of the )>C=0 stretching band which would be expected 
for a protonated carboxyl group (1730 cm" 1 for R u ( I I I ) -
Hedta) , were noted. The former strongly suggests the 
existence of a carbonyl group coordinated to ruthenium 
(II).2 '3 '18) The latter indicates that each of the four 
carboxyl groups is either ionized or coordinated; in 
this event the >G=0 absorption band should appear at 
1590—1650 cm-1.19) In fact, a band was observed 
at 1630 cm- 1 . 

T h e oxidation state of the ruthenium in the final 
reaction product is considered to be I I (tlg) since the 
substance is diamagnetic. This view is supported by 
the fact that the product in acetate-acetic acid buffer 
solutions shows no Polarographie step in the potential 
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range + 0 . 2 1.2 V. The effect of the coordinat­
ing carbonyl in ruthenium (I I) complexes has been 
discussed in terms of the strong back-bonding with the 
metal orbitals of dn-symmetry.20) Coordination of car­
bonyl to ruthenium(II) renders the complex much less 
oxidizable. The frequency of the GO band also leads 
to the same conclusion : if the oxidation state of ruthe­
nium were higher than I I , the frequency would be 
higher because of the increase in positive charge on 
the central a tom; for example, the y(CO) is 1950 c m - 1 

in (NH 4 ) 2 [Ru n Cl 4 (CO) (H 2 0) ] and 2059 cm- 1 in 
(NH4)2[Run iCl5(CO)].2> We infer Na 2 [Ru"(ed ta ) -
( C O ) ] - 2 H 2 0 as the formula of the final reaction prod­
uct. The elemental composition calculated on the 
basis of the formula is in line with the experimental 
values: Ru, 20.24; G, 26.46; N, 5.61; H, 3 .23%. 

The molar conductivity of the product at 8.01 X 10 - 4 

mol d m - 3 in aqueous solution was 250 S m o l - 1 cm2 at 
25 °C, which is reasonable for a 1 : 2 type electrolyte. 

The absorption peak in the visible region was at 
428 nm at which the molar absorption coefficent was 
9.06 X l 0 4 mol- 1 cm2. 

Results of Kinetic Studies. When Ru( I I I ) -Hed ta 
was partially electrolyzed in solutions containing sodium 
formate and sodium />-toluenesulfonate at a potential on 
the diffusion-current plateau of its reduction step, a 
single oxidation-reduction Polarographie step appeared 
at about —0.25 V. The anodic limiting current, 7a, 
was proved to be diffusion-controlled, being propor­
tional to the quantity of electricity consumed for the 
reduction, i.e., to the total concentration of the Ru( I I ) 
species (in such weakly alkaline solutions, [Ru n (ed ta ) -
(OH)] 3 ~ is also present together with Ru( I I ) -ed ta 2 - ) . 
No change in the polarogram was observed at least for 
a few hours at 25 °C. 

When formic acid was present, however, the anodic 
current decreased with time as shown in Fig. 2, while 

t/102 s 

Fig. 2. Typical decay curves (ionic strength = 0.5 mol 
dm-3, 25 °C) with reference to Table 2. 
O, No. 10; • , No. 11; Q No. 9; • , No. 14; A, 
No. 12; • No. 13. 

the cathodic current remained constant. In the pres­
ence of excess formic acid-formate ion (at least 50-
fold the concentration of Ru( I I ) species), the rate of 
decrease of the anodic diffusion current always obeyed 
the pseudo-first-order rate expression (Eq. 1) until the 
reaction had proceeded at least 8 0 % to completion 
(Fig. 3 ) : 

In 
4(0) — Ä obsd t> (1) 

where 7a(f) and 7a(0) are the anodic diffusion current 
at time t and £=0 , respectively. The values of £'obsd 

determined from the slopes of the first-order rate plots 
were substantially independent of the concentrations of 
initially present ruthenium(II) and coexisting ruthe-
n ium(I I I ) species. 

At a given hydrogen ion concentration, k'obsd was 
proportional to the sum of the concentrations of formate 
ion and formic acid (Fig. 4). Hence Eq. 1 becomes 

i ML-i. (2) 

where t 2 = [ H G O O - ] + [ H C O O H ] and £obsd is the 
second-order rate constant. As seen from Fig. 5, kobsd 

is a function of the hydrogen ion concentration, increas­
ing almost linearly up to a maximum at [ H + ] = 5 X 10 - 4 

mol d m - 3 , after which it decreased slowly. The kinetic 
data are summarized in Table 2. 

Interpretation of Kinetic Results. Under the experi­
mental conditions there may be four reactant species 
participating in the deactivation reaction: R u ( I I ) -
Hed ta - , Ru(I I ) -ed ta 2 - , H G O O - , and H C O O H . Here, 
[ R u n ( e d t a ) ( O H ) ] 3 - is ignored because the acid-dis­
sociation constant for 

[Run(edta)(H20)]2 [Run(edta)(OH)]3- + H+ 

2 4 6 

t/10* s 

Fig. 3. Typical pseudo-first-order rate plots for the 
deactivation reaction (ionic strength=0.5 mol dm - 3 , 
25 °G) with reference to Table 2. 
O, No. 10; • , No. 11; • , No. 9; • , No. 14; A, 
No. 12; A, No. 13. 
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TABLE 2. KINETIC DATA FOR DEACTIVATION RATE 

(ionic strength=0.5moldm-3 , 25 °C) 

o 0.2 0.4 0.6 
c2jraol dm-3 

Fig. 4. Dependence of k'obsA on c2 at given hydrogen 
concentrations (ionic strength = 0.5 mol dm - 3 , 25 °C) 
with reference to Table 2. 
c 2 - [HGOO-] + [HCOOH]; O, No. 18—23; Q, 
No. 9—14; • , No. 3—5. 

i o 

2 4 6 8 10 12 

[H+]/10-4moldm-3 

Fig. 5. Dependence of kobsû on hydrogen ion concen­
tration (ionic strength = 0.5 mol dm-3, 25 °G). The 
curve is calculated from Eq. 8 with £=1.01 X 10-5 s_1. 

should be appreciably smaller than that of the corre­
sponding Ru(I I I ) -edta~ (pX=7.63)9> so that its concen­
tration is negligible in formic acid-formate buffer 
solutions. 

There are several mechanisms involving these four 
reactants that can explain the experimental data. Most 
probably, the reaction will proceed through some inter­
mediate (s) which contains formate ion or formic acid: 

(i) v (ii) 
Reactants • Intermediate(s) > Product 

Either step (I) or step (II) may be rate-determining. 
Case I : step (I) rate-determining. 

No. 

1 
2 

3 
4 
5 

6 
7 
8 

9 
10 
11 
12 
13 
14 

15 
16 
17 

18 
19 
20 
21 
22 
23 

24 
25 
26 
27 
28 

[H+] 
10-4 mol dm-3 

0.164 
1.26 

1.51 
1.55 
1.55 

2.00 
2.44 
2.51 

3.09 
3.16 
3.16 
3.16 
3.16 
3.24 

3.86 
3.98 
5.62 

6.31 
6.46 
6.46 
6.61 
6.61 
6.66 

7.64 
9.33 

10.3 
11.4 
12.7 

g2 

mol dm - 3 

0.596 
0.347 

0.297 
0.591 
0.737 

0.247 
0.442 
0.442 

0.392 
0.198 
0.295 
0.779 
0.970 
0.586 

0.178 
0.344 
0.313 

0.294 
0.148 
0.438 
0.582 
0.725 
0.866 

0.273 
0.263 
0.256 
0.251 
0.244 

k obsd 

io-3s-! T 
1.20 
1.10 

1.06 
2.11 
2.63 

1.02 
1.92 
1.91 

1.80 
0.914 
1.36 
3.53 
4.35 
2.67 

0.835 
1.69 
1.58 

1.45 
0.708 
2.09 
2.77 
3.48 
4.17 

1.36 
1.21 
1.15 
1.09 
1.05 

"•obsd 

0 - 3 mol - 1 dm3 s-1 

2TÖI 
3.17 

3.57 
3.57 
3.57 

4.13 
4.34 
4.32 

4.59 
4.62 
4.61 
4.53 
4.48 
4.56 

4.69 
4.91 
5.05 

4.93 
4.78 
4.77 
4.76 
4.80 
4.82 

4.98 
4.60 
4.49 
4.34 
4.30 

c2= [HCOO-] + [HGOOH] 

Mechanism la 

Ru(II)-Hedta- + HCOOH > intermediate, (Rl) 

Ru(II)-Hedta- + HGOO- > intermediate, (R2) 

Ru(II)-edta2- + HGOOH > intermediate, (R3) 

Ru(II)-edta2- + HGOO" > intermediate, (R4) 

where kx, k2, k3, and A;4 are the corresponding second-
order rate constants. If these reactions proceed in 
parallel, the rate of decrease of the total concentration 
of the Ru( I I ) species (c1 = [Ru(I I ) -Hedta - ] + [Ru(I I ) -
ed ta 2 - ] ) , is given by 

p- = *1[Ru(II)-Hedta-] [HGOOH] 
at 

+ A2[Ru(II)-Hedta-][HCOO-] 
+ £3[Ru(II)-edta2-] [HGOOH] 
+ £4[Ru(II)-edta2-] [HGOO"]. (3) 

Since the proton transfer reactions between R u ( I I ) -
H e d t a - and Ru( I I ) -ed ta 2 - and between H G O O H and 
H C O O " must be very fast and remain in a quasi-
equilibrium state so that (R2) and (R3) are kinetically 
indistinguishable, the above expression is reduced to 
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2 4 

[H+]/10-4moldm-3 

Fig. 6. Plot of kohsi ( Ä A + [ H + ] ) ( Ä - B + [ H + ] ) against 
hydrogen ion concentration (ionic strength = 0.5 mol 
dm-3, 25 °G). 

dCl ^ [H+] 2 4- (k2KA+k3KR) [H+] + kiKAKR 

dt (*A+[H+])(tfR+[H+]) 

(4) 

Equation 4 is integrated with c 1 =c 2 (0) at t—0 and 
c2=constant. Since 7a is proportional to c1} by com­
paring the resulting expression with Eq. 2, we obtain 

. _ *i[H+]2 + (k2KA+k3KR) [H+J +k,KAKR 

° b s d ~ ( * A + [ H + ] ) ( * B + [ H + ] ) * ( 5 ) 

Thus the plot of * o b s d ( * A + [ H + ] ) ( X R + [ H + ] ) against 
hydrogen ion concentration generally should be a 
parabola. 

The plot gives a straight line with zero intercept 
(Fig. 6). Hence, kx and £4 must be negligibly small 
with respect to k2 and/or k3, since [H+], ^ A [ H + ] , KR-
[H+], and KAKR are of the same order of magnitude 
under the experimental conditions. 
Mechanism l b 

The termoleclar rate determining step, 

Ru(II)-edta2- 4- HCOO- + H+ • intermediate, (R5) 

is also possible but seems unlikely on statistical grounds. 
Case I I : step (II) is rate determining. In this case 
step (I) is in quasi-equilibrium state. 
Mechanism 2a 

(R6) 
Ru(II)-

Ru(II) 

Ru(II) 

Ru(II) 

•Hedta- + HGOOH 

intermediate (6) 

•Hedta- + HGOO-

intermediate(7) 

-edta2- + HGOOH 

intermediate (8) 

•edta2- + HCOO- ; 

intermediate(9) -

Ke 

* 6 

Ay 

* 7 

> 

A 8 ^ 

* 8 

> 

A, 

«9 

> 

± intermediate (6) 

-> product, 

: intermediate(7) 

product, 

intermediate (8) 

product, 

intermediate (9) 

product, 

(R7) 

(R8) 

(R9) 

where K6, K7, K8, and K9 are the equilibrium constants 
for respective reactions, and k6, k7, ks, and k9 are the 
first-order rate constants for the respective intermediate. 
Here, intermediates(6)—(9) are not necessarily different. 

If the intermediates are also oxidized at the potential 
where 7a is measured and their diffusion coefficients are 
the same or nearly the same as that of Ru( I I ) species, 
—dl&{t)fdt is proportional to 

-d([Ru(II)-Hedta-] + [Ru(II)-edta2-] 

+ S [intermediate(t)])/df. 
i = 6 

If these reactions proceed in parallel, a simple calcu­
lation similar to that in the preceeding section leads to 

k6K6[U+r + (k1K1KA + ksKsKR)[il+]+k9K9KAKn 
n-ohsd — 

(#A+[H+])(tfR+[H+]) 

(6) 

For the same reason as in the case of Mechanism la , 
the reaction paths (R6) and (R9) are neglected. 

If the intermediates are electro-inactive at the po­
tential concerned and hence I& is proportional to Ru( I I ) 
species only, the resulting expression becomes consistent 
with the experimental results only when the concen­
trations of the intermediates are very small. In such a 
case kohsd is obtained by Eq. 6. 
Mechanism 2b 

Ru(II)-edta2- + HGOO-

intermediate + H+ 
(RIO) 

(7) 

i intermediate 

• product 

If the intermediate is electro-active, we get 

k10K10KAKR[H+] 

*obsd (tfA + [H+])(tfR + [;H+])' 

which is compatible with the experimental results. 
O n the other hand, if the intermediates is electro-

inactive, the resulting expression is reduced to Eq. 7 
only when the intermediate concentration is very small. 

The probable mechanisms la , lb , 2a, and 2b are 
kinetically indistinguishable and their discrimination 
requires further information. 

At present, the rate constant is expressed by 

*[H+] 
^obsd — (8) 

( t f A +[H+]) (# R +[H+]) ' 

where k is a constant equal to 1.01 X 10~5 s_ 1 at 25 °G 
(ionic s t rength=0.5 mol d m - 3 ) . 

Conclus ion 

Gleare and Griffith8) in their study of the formation 
of halogeno-carbonyl complexes of the plat inum metals 
identified formato-intermediates from the formic acid-
hexahalogenorhodate(2 — ) reactions by I R spectroscopy. 
Although no such intermediate was identified in the 
case of ruthenium, they noted "indications that the 
reactions proceed via formato- and formato-halogeno-
carbonyl intermediates (the use of hydrochloric acid 
in the reactions appears to inhibit the formation of 
formato complexes)." 

Most probably, the present reaction also will proceed 
through such formato-intermediates. The reaction 
path that involves R u ( I I ) - H e d t a - and H C O O H (Rl 
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or R6) is not compatible with the experimental results. 
Since H C O O H does not react with Ru( I I ) -Hed ta - , it 
will not react with Ru(II)-edta 2~ because it is improb­
able that H C O O H , being an uncharged species, be­
haves in an essentially different way depending on the 
charge of the bulky reaction par tner : (R3) and (R8) 
are excluded. A reaction path involving no hydrogen 
ion such as (R4) and (R9) has been excluded on the 
basis of the kinetic data. 

The formato-intermediate requires one proton to 
undergo the subsequent dehydration process to [Ru11-
(ed ta) (CO)] 2 _ . The proton is involved in the rate 
determining step as indicated by the kinetic data. In 
(R2) or (R7) the proton is supplied from R u ( I I ) -
H e d t a - , the concentration of which is much larger 
than the free hydrogen ion concentration in the solu­
tion. 

The above discussion and the kinetic analysis lead 
to three probable mechanisms: 
Mechanism la 

Ru(II)-Hedta- + H C O O — U Ru(II)-Hedta-HC002+ 
slow 

Ru(II)-Hedta-HC00 2- > Run(edta)(GO)2- + H 2 0 
fast 

Mechanism 2a 

Ru(II)-Hedta- + HCOO- ; ^ ± Ru(II)-Hedta-HCOC»2-

Ru(II)-Hedta-HG00 2 - > Run(edta)(GO)2- + H 2 0 
slow 

Mechanism 2b 

Ru(II)-edta2- + HCOO- ^± Ru(II) -edta-HC00 3 -

Ru(II)-edta-HG003- + H+ —^> Ru I I(edta)(GO)2-
slow 

+ H 2 0 
T h e second steps of these mechanisms involve dehy­

dration and rearrangement of the formato ligand. 
Direct evidence for the formato-intermediate is yet to 
be sought, but information on the kinetics of acetyl-
acetonato-ruthenium(II)-formate reactions21) suggests 
that it may be formed through substitution of the aqua 
ligand by formate ion. At present, the experimental 
data available are insufficient to establish the most 
probable mechanism. The numerical values for the 
rate constants as interpreted according to the three 
mechanisms are given in Table 3. 

Equation 8 implies that the ra te is maximum when 
[ H + ] = ( * A * B ) 1 / 2 > in this case, 4 .76x 10"4 mol dm-3". 
It should be noted that a mild acidic condition is 
favorable for preparing carbonyl complexes when the 
reaction mechanism is similar to the present one. 
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TABLE 3. RATE CONSTANT FOR PROBABLE MECHANISMS 

Mechanism k Experimental value 

la k2kR £2 = 3 .08xl0- 2 mol- 1 dm 3 s- 1 

2a k,K7 k7K7 = 3.08 X 10~2 moh1 dm3 s-1 

2b kwK10KAKR k10K10 = 44.5mol-2dm«s-1 
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Hydrolytic Behavior of Oxovanadium(IV) Ions 
Akitoshi KOMURA, Mutsuo HAYASHI, and Hiroto IMANAGA 

Faculty of Technology, Kanazawa University, Kanazawa 920 
(Received March 18, 1977) 

The hydrolysis of V 0 2 + was investigated in 0.1 M LiC104 by Potentiometrie, conduetometric and turbi-
dimetric measurements. The following values of the equilibrium constants were obtained: /? n=[VOOH+]-
[H+]/[VO2+] = 9 . 0 x l 0 " 6 M (M=moldm-3);)52 2=[(VO)2(OH)2

2+][H+]2 /[VO2+]2=1.9xl0-7M. The solubility 
product of VO(OH)2 given by üTspl= [V0 2 + ] [OH-] 2 was found to be 6.6 x 10~23 M3 from the pH values at which 
precipitation occurs. Only one species with a stoichiometric ratio VO/OH = 2.5 is present in basic solutions 
in the pH range 9—12. The solubility product of VO(OH)2 given by tfsp2=[H+][(VO)2(OH)5-] is log# s p 2 

= — 11.1. A less soluble salt Na(VO)2(OH)5 or NaHV 26 5 was isolated from strongly basic solutions. Measure­
ments of Na+ concentration at which the solid phase first appears give log Ksp3=— 3.74 as its solubility product, 
tfSp3=[Na+][(VO)2(OH)5-]. 

The species with metal-oxygen multiple bonds are 
of particular interest in connection with their reactivi­
ties and structures.1-2) The oxovanadium(IV) ion seems 
to be the most stable diatomic ion known, forming a 
wide variety of stable complexes and persisting in V 0 2 + 

entity.3) The susceptibility of the V 0 2 + ion to hydrol­
ysis, however, may greatly complicate the coordinative 
behavior of vanadium(IV) in aqueous solution. In­
vestigations4-6) on the hydrolysis of V 0 2 + in acidic solu­
tions have provided strong evidence for the existence of 
a simple monohydroxo species accompanied by the for­
mation of a dinuclear species. O n the other hand, only 
a few quantitative studies have been made on the nature 
of vanadium(IV) in neutral or basic solutions. Titra­
tion curves obtained by Britton and Welford7) showed 
the presence of the V 4 0 9

2 _ species in basic solutions. 
The Polarographie data by Lingane and Meites8) were 
interpreted in terms of the formation of two ions V 2 0 5

2 _ 

and V 4 0 9
2 - . A recent ESR study9) showed that the 

vanadium (IV) species in basic solutions was monomeric 
V O ( O H ) 3

- . Various vanadate(IV) compounds, often 
called either vanadites or hypovanadates, were isolated 
from strongly basic solutions of vanadium(IV).1 0 '1 1) 
The present authors have examined the hydrolysis of 
V 0 2 + over a wide range of p H , using Potentiometrie, 
conduetometric and turbidimetric techniques, in order 
to identify the hydrolysis species of vanadium(IV) and 
clarify their formation equilibria. 

Exper imenta l 

Materials. Chemicals of guaranteed quality were used 
without further purification. Stock solutions of oxovanadium 
Perchlorate in dilute perchloric acid {ca. 0.1 M) were prepared 
by dissolving vanadium(IV) hydroxide in a perchloric acid 
solution, and standardized by permanganate titration. The 
free acid in the oxovanadium Perchlorate solution was deter­
mined by passing an aliquot portion of the stock solution 
through a cation-exchange resin, and titrating the effluent 
with a standard base. Lithium Perchlorate was prepared 
from perchloric acid and lithium carbonate, and recrystal-
lized twice from water. A standard carbonate-free sodium 
hydroxide solution was prepared by the usual procedure from 
a saturated NaOH solution, and stored in a polyethylene 
bottle under a COa-free atmosphere. Perchloric acid solu­
tions were prepared by dilution of concentrated perchloric 
acid (Wako Super Special Grade). 

Apparatus and Procedures. Potentiometrie titration was 
carried out by means of a Horiba F-7SS pH meter with a 

Horiba glass electrode and an asbestos fiber-junction calomel 
electrode in a gas-tight cell under a stream of purified nitrogen. 
All the pH measurements were made in LiC104 solutions 
at a constant ionic strength (7=0.1 M) and at 25±0.05 °C. 
The electrode system was calibrated in terms of free hydrogen 
ion concentration, h, with standard HG104 and NaOH solu­
tions. The liquid junction potential of the cell was indepen­
dent of h within the limit of experimental error (0.5 mV) 
in the range h< 0.001 M. The value of h in the vanadium 
solutions was determined by comparing the cell potential 
of the solutions with that of a standard solution of 0.001 M 
HG104 in 0.1 M LiC104. In order to remove the oxygen 
dissolved, nitrogen was bubbled through sample solutions 
for 1 h before titration. Small increments of a standardized 
NaOH or HC104 solution were added to the titration cell 
with a microburet and the pH was read every 2—3 min after 
each addition of the titrant. The decrease in concentration 
of ions due to dilution in the course of titration was below 2% 
of initial concentration over the pH range studied. The 
concentrations of ions were corrected for the dilution effect 
on the basis of the added amount of titrant. 

Conduetometric titration was carried out under purified 
nitrogen at 25±0.01 °C with the use of a Yokogawa conduct­
ance bridge (1000 Hz) and a conduetometric cell with 
platinized platinum black electrodes. Precipitation bounda­
ries were determined by measuring the concentration of H+ 
or Na+ at which a solid phase first appeared in vanadium(IV) 
solutions. The experimental procedure was similar to that 
for the Potentiometrie titration, except that titrants were added 
very slowly to the cell. The turbidity of the vanadium 
solutions was observed either visually under irradiation with 
a beam of light or by means of a Hitachi 124 spectrophotom­
eter. The formation of a solid phase was detected as a 
sudden development of turbidity. Electronic spectra of solu­
tions were recorded on a Hitachi 124 spectrophotometer 
with the use of matched 10 mm quartz cells fitted with ground-
glass stoppers. All solutions for spectral measurements were 
prepared under anaerobic conditions. In basic solutions, 
extreme care was required to prevent oxidation of vanadium-
(IV). 

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

Hydrolysis in Acidic Solution. T h e average number 
of hydroxide ions bound per vanadium, n, is calculated 
at any point of titration from the following relationship : 

where CH and Cm are the total analytical concentrations 
of H+ and vanadium(IV) . T h e hydrolysis of V 0 2 + 
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- logÄ 

Fig. 1. Average number, n, of hydroxide ions bound per 
vanadium as a function of log A. 
The total concentrations of vanadium: ©, 5x 10~2 M; 
• , 10- 2M; O, 5 x l O - 3 M ; 3 , 10~3 M. 

can be expressed by 

/,V02+ + ? H 2 0 = = i (VO)p(OH) a^-« + qii+, (2) 

where p and q are positive integral numbers. Equilib­
r ium constants ßpq and n are defined as follows: 

ßn = [(VO)J,(OH)fl»J»-*][VO»+]-i'A«f 

_= Z g [ ( V O ) p ( O H ) g
2 ^ ] 

(3) 

(4) 

The total concentration of vanadium is given by 

Cm = [V02+] + Xp[(VOUOH)q*P-*}. (5) 

Precipitation of vanadium hydroxide at a low value of 
~n restricts the region of measurements accessible to the 
study of solution equilibrium. As shown in Fig. 1, n 
vs. log h curves in the region without precipitation are 
parallel to each other over the range Cm=0.001—0.05 
M. The treatment for the general 'core-links' com­
plexes12) was applied. Analysis of the data in the range 
Cm=0.001—0.05 M strongly indicates the species with 
p=2 and q=2 to be the predominant hydrolysis product 
of V 0 2 + , in agreement with Rossotti and Rossotti.4) A 
value of ß22 of 1.9 X 10 - 7 M was obtained on the assump­
tion that only the (VO) 2 (OH) 2

2 + species was formed. 
T n e assumption could not, however, explain satis­
factorily the experimental data for Cm below 0.001 M. 
The possible presence of hydrolysis species other than 
(VO) 2 (OH) 2

2 + was tested by a curve-fitting procedure. 
T h e Potentiometrie data over a wide range of Cm could 
best be interpreted in terms of the additional formation 
of the mononuclear V O O H + species at lower Cm values. 
The ß values evaluated by the procedure were ßlx = 
( 9 ± l ) x l O - 6 M and /S2 2=(1.9±0.5) x 10"7 M. If the 
species (VO) 2 (OH) 2

2+ and V O O H + are the only two 
complexes formed, the following relation can also be 
derived from Eqs. 3, 4, and 5. 

As(l - a ) - * = ßu + 2ßi2Cmh~\l -n). (6) 

A plot of hn(\— n)'1 vs. Cm A_1(l — n) should give a 
straight line with a slope equal to 2/?22 and an inter­
cept equal to ßu (Fig. 2). The straight line gives the 
same values of ß as those obtained above. The /?22 value 
we obtained is in good agreement with that of 10 -6-88 

0 0.5 1 

l0-*Cm(l-n)Jh 

Fig. 2. A plot of hn/(l— n) as a function of Cm(l— n)/h. 
The total concentrations of vanadium : 0 , 5 X 10~2 M ; 
• , 10- 2M; 3 , 10- 3M; Q, 5 x l O - 4 M ; C, IQ-4 M. 

3^ 

2h 

a b 

12 

PH 

Fig. 3. The n vs. pH curves over a wide range of n. 
The total concentrations of vanadium: a, 10-3 M; b, 
5 x l O - 5 M . 

M in 3 M NaC10 4 reported by Rossotti and Rossotti,4) 
whereas our /? n value is 8—9 times as large as that4) 
in 3 M NaC10 4 . A noticeable difference is also ob­
served between the ßlx values in literature.4 '13-15) 

Figure 3 shows n vs. p H curves over a wide range of 
n. The curves exhibit a plateau at w=2 corresponding 
to the precipitation of vanadium (IV) hydroxide. The 
I R spectrum of the hydroxide isolated (found: V, 
50.2%) has a strong band at ca. 970 c m - 1 assigned to 
the V = 0 stretching vibration. According to Selbin3), 
a very strong band at 985±50 c m - 1 indicates the pres­
ence of the V = 0 bond. Thus the vanadium hydrox­
ide appears to have the formula V O ( O H ) 2 or V 0 2 -
H 2 0 (calcd: V, 50.5%). The solubility product, 
Ä"spi, of V O ( O H ) 2 given by Eq. 8 was determined as 
follows : 

V02+ + 2 0 H - ? = * VO(OH)a(s) (7) 

* S P 1 = [V02+][OH-]2 (8) 

In the p H range where no precipitation of V O ( O H ) 2 

occurs, the concentration of unhydrolyzed oxovana-
dium(IV) ions is given by 

[V02+] = ( l - n ) C m . (9) 
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TABLE 1. ELECTRONIC SPECTRA (Amax/nm) 

OF VANADIUM ( IV) a > 

3 

pH 

Fig. 4. The absorbance of vanadium (IV) solution as 
a function of pH. 
The concentration of vanadium is 10~3 M. Wave­
length, 240 nm. 

pH 

Fig. 5. The relation between the total concentration of 
vanadium and the pH at which vanadium hydroxide 
first appeared in acidic solutions. 

Equation 9 can be derived from Eqs. 4 and 5, since only 
the V O O H + and (VO) 2 (OH) 2

2+ species are the hydrol­
ysis products of V 0 2 + . If Eq. 9 holds at the p H at 
which precipitation first takes place, the following re­
lation can be derived from Eqs. 8 and 9 : 

log Kavl = log (l-n)Cm + 2 log Kw + 2pH, (10) 

where Kw is the ionic product of water. The p H at 
which precipitation first takes place was determined by 
measuring the absorbance of vanadium (IV) solutions 
at a given Cm as a function of p H . Figure 4 shows 
the plot at C m =0.001 M. Extrapolation of the linear 
portion in the plot gave the critical p H at which solid 
phase first appeared at the given Cm. Figure 5 shows 
a plot of the critical p H vs. l o g ( l — «)Cm , giving a 
straight line with a slope —2 which corresponds to 
the value given by Eq. 10. If we use log Kw= —13.78 
in 0.1 M NaC104,16> the Kspl value of 6 . 6 x l O - 2 3 M 3 

is obtained from the intercept. 
Species of Vanadium (IV) in Basic Solution. The V O -

(OH) 2 precipitate dissolves in alkali to give a golden 
brown solution indicative of the formation of a new 
species. The electronic spectra of vanadium (IV) in 

0.1 M HC104 0.5 M NaOH 

764(17.4) 
620sh(7.50) 
240 (242) 

790 (14) 
525 (15) 
418 (25) 

a) Molar absorption coefficients (M~x cm-1) are given 
in parentheses. 

basic solutions are given in Table 1, together with those 
of V 0 2 + for comparison. T h e spectrum of the vana­
dium species in basic solutions differs from that of 
V 0 2 + in the appearance of the third d-d band which 
is hidden under the strong charge-transfer band at 240 
nm in the spectrum of V 0 2 + . The same spectrum of 
vanadium (IV) in a basic solution has also been obtained 
by Iannuzzi and Rieger.9) They indicated that the 
R a m a n spectrum of vanadium(IV) in 1 M N a O H has 
a strong band at 987 c m - 1 indicating the presence of 
the V = 0 group in the vanadium species. Basic solu­
tions of vanadium (IV) may contain any species of the 
general formula ÇVO)p(Oïï)q

2p-q. The vanadium 
species in a basic solution were formulated in the follow­
ing way. A solution of N a O H in 0.1 M LiC10 4 was 
titrated with a vanadium-containing solution of H C 1 0 4 

and a vanadium-free solution of HC10 4 , respectively. 
T h e values of n are then given by 

CoH — Q)H ,, , . 
n = -z, , (H) 

where COH and C0 H ' are the total analytical concentra­
tions of O H - added to reach the same p H in the pres­
ence and in the absence, respectively, of vanadium. 
Addition of V 0 2 + to N a O H solutions gave the soluble 
species in the basic p H region followed by precipita­
tion of a vanadium compound in the region of nearly 
neutral p H . Table 2 gives the n values obtained in 
the p H region where no precipitation occurs. T h e 
Potentiometrie data indicate that n is 2.5 over the range 
of Cm and p H studied. A constant value of « = 2 . 5 
suggests that only one species with a stoichiometric ratio 
q/p=2.5 is present in basic solutions in the p H range 
9—12. The formation of this species is also seen as 
the second plateau of the Potentiometrie titration curves 
(Fig. 3), for which low Cm values were used in order 
to cause rapid re dissolution of the oxovanadium hydrox­
ide precipitated. Further evidence of the above stoi-
chiometry was obtained by means of conductometric 
titration, in which an acid solution of VO(C10 4 ) 2 was 
added incrementally to a N a O H solution. T h e titra­
tion was carried out at low Cm value so as to effect no 
precipitation up to neutral p H . From the electro-
neutrality condition on the titration system, we have 

Ch + [H+] = Ca + [OH-] + 2 q[C/0)p(OH)SP-*}, (12) 

where Ca and Cb are the analytical concentrations of 
H C 1 0 4 and N a O H , respectively, in the system. At 
[H+] = [OH~] , n is given as follows from Eqs. 4 and 12: 

n= . (13) 

The point of minimum conductivity in titration curves 
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TABLE 2. THE n VALUES EVALUATED POTENTIOMETRICALLY IN BASIC SOLUTIONS OF VANADIUM(IV) 

pH 

11.8 
11.4 
11.0 
10.6 
10.0 
9.60 
9.00 
8.60 

O) H 

25.9 
16.4 
11.1 
8.41 
6.21 
5.12 
4.05 
3.45 

a) (104 

CoH 

36.0 
33.2 
31.7 
31.0 
30.4 
30.1 
29.7 
29.4 

C/M) 

cm 

3.98 
6.70 
8.20 
9.01 
9.59 
9.89 
10.4 
10.6 

n 

2.54 
2.51 
2.52 
2.51 
2.52 
2.53 
2.47 
2.45 

pH 

12.0 
11.6 
11.2 
10.8 
10.4 
9.80 
9.40 
9.00 

COH' 

5.80 
3.08 
1.90 
1.37 
1.10 
0.88 
0.79 
0.69 

b) (103 

CoH 

8.81 
8.02 
7.69 
7.55 
7.47 
7.39 
7.36 
7.32 

C/M) 

" m 

1.23 
2.01 
2.31 
2.45 
2.53 
2.61 
2.64 
2.68 

n 

2.45 
2.46 
2.51 
2.52 
2.52 
2.49 
2.49 
2.47 

a) A solution of 0.004 M NaOH in 0.1 M LiC104 was titrated with a solution 0.1 M in VO(G104)2 and 0.1 
M in HC104, and a 0.1 M HC104 solution, respectively, b) A solution of 0.01 M NaOH in 0.1 M LiC104 

was titrated with a solution 0.2 M in VO(C104)2 and 0.2 M in HG104, and a 0.2 M HC104 solution, respec­
tively. 

TABLE 3. THE n VALUES OF BASIC VANADIUM SPECIES 

DETERMINED BY CONDUCTOMETRIC TITRATIONS3-) 

ch 

7.84 
7.56 
3.87 
1.94 

Ca 

3.08 
1.35 
0.650 
0.316 

Cm 

1.87 
2.48 
1.28 
0.639 

n 

2.55 
2.50 
2.52 
2.54 

a) Each C (10-3M) is the concentration at [H+] = 
[OH-]. 

was taken as that corresponding to the relation [H+] 
= [ O H - ] . The conductometric data (Table 3) indicate 
that the n values obtained are practically 2.5, regardless 
of Cm. This is in line with the Potentiometrie measure­
ments. At low Cm, the occurrence of precipitation in 
the neutral p H region, if any, probably leads to no 
significant error in the estimation of n. Attempts were 
made to determine ionic charge (z) of the vanadium 
species in basic solutions by use of an anion-exchange 
resin. However, the results are not decisive, although 
the ion-exchange behavior of the species suggests that 
\z\ is not greater than 2. The experiments were ac­
companied with a great difficulty due to the fact that 
the species is highly sensitive to oxygen. If the smallest 
integers giving the above stoichiometric ratio are taken 
as the values of/? and q, the dinuclear, probably mono-
hydroxo-bridged ion ( V O ) a ( O H ) 5 " or H V 2 0 5 - should 
be presented as the vanadium species in basic solutions. 
In the range of p H below 12, no evidence was found for 
the monomeric V O ( O H ) 3 ~ species proposed by Iannuzzi 
and Rieger9) corresponding to the stoichiometric ratio 
q/p=3. They obtained an indication of the V O ( O H ) 3

_ 

ion from experiments in more basic solutions, in which 
Potentiometrie measurements seemed impracticable. 

A dark brown precipitate of vanadium is obtained 
on addition of acid to its basic solution, and a gray 
precipitate on neutralization of its acidic solution. 
Britton and Welford7) state that oxovanadium hydrox­
ide, on first precipitation, is grayish-white, turning dark 
brown as precipitation proceeds. T h e color change 
results from the formation of a sparingly soluble sodium 
vanadite. Stoichiometry of the formation of the dark 
brown precipitate might be expressed as follows; 

(VO)a(OH)B- + wH+ + j>M+ ^=± 

M,(VO)2(OH)2w(s) + mH20, (14) 

where M+ is a + 1 charged ion, n=(5—m)/2, andjy= 
1— m. T h e solubility product, jRTsp2, of the solid is 
defined by 

*sP 2 = [(VO)1(OH)B-][H+]«[M+]». (15) 

If the concentration of ( V O ) 2 ( O H ) 6 - is still equal 
to Cm/2 at the p H where precipitation first occurs, the 
following relation is obtained: 

log iCsp2 = log Cm/2 -mpH+y log [M+]. (16) 

The p H at which the solid phase first appears was 
determined at a given ionic strength (0.1 M) . Figure 
6 represents a plot of the critical p H vs. log Cm/2 giving 
a straight line. The slope m = l of the line indicates 
that n=2 and jy=0. Thus the dark brown precipi­
tate also has the formula V O ( O H ) 2 . The dark brown 
color of the precipitate might be due to co-precipita­
tion of the ( V O ) 2 ( O H ) 5

_ ion, as presumed from its 
formation reaction, 

(VO)a(OH)B- + K+ ^=± 2VO(OH)2(s) + H 2 0 . (17) 

The solubility product of V O ( O H ) 2 in basic solutions 
is found to be log KBp2= — \\.\ from the intercept of 
the line in Fig. 6. From the values of Kspl and Ksv2, 
we can estimate the equilibrium constant, ßn , for the 
reaction, 

2V02+ H- 5 0 H - ; = ± (VO)a(OH)B-, (18) 

0 b [(VO)2(OH)5-] Ks 

[V02+]2[OH~]5 KwKspi* 
= 1.8X10«M-«. 

(19) 

Vanadium (IV) is less soluble even in strongly basic 
solutions, as noticed by Iannuzzi and Rieger.9) Vari­
ous vanadates (IV) compounds have been isolated from 
basic solutions of vanadium, e.g., M 2

I V 4 0 9 -xH 2 0, 1 0 ' 1 1 ) 
M 2

r V 2 0 5 - x H 2 0 1 0 ) and K 2 V 3 0 7 - 2 H 2 0 . 9 ) When a large 
excess of Na+ is added to a basic solution containing 
( V O ) 2 ( O H ) 5

_ ion, a solid is precipitated owing to the 
common ion effect. The formula of the compound was 
determined on the basis of stoichiometry of its precipita­
tion. Figure 7 shows the concentration of Na+ at which 
the solid phase first appears at given Cm and basicity. 
A plot of log[Na+] vs. log Cmj2 gives a straight line with 
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Fig. 6. The relation between the total concentration 
of vanadium and the pH at which the vanadium 
hydroxide first appeared in basic solutions. 

a slope of — 1 . Thus the value of y in Eq. 16 is 1, and 
the values of m and n in reaction 14 are 0 and 2.5, 
respectively. The results of the measurements indicate 
that the less soluble compound may have the stoichio­
metric formula N a ( V O ) 2 ( O H ) 5 or N a H V 2 O g apart from 
the hydration water. The formula corresponds to 
sodium vanadate (IV) N a 2 V 4 0 9 - ^ H 2 0 which has occa­
sionally appeared in literature.7 '10 '11) The intercept of 
the straight line gives log jfiTsp3=— 3.74 as the solubili­
ty product of the compounds defined by Eq. 21. 

Na+ + (VO)2(OH)5- ^ = ± Na(VO)2(OH)5 (s), (20) 

*sp3= [Na+][(VO)2(OH)5-]. (21) 

Under the experimental conditions, the present work 
gave no indication of such salts as M^VaOg and K 2 V 3 0 7 

formulated by Grow10) and by lannuzzi and Rieger,9) 
respectively. 
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The processes of the solid state reaction of Y 2 0 3 with WO s were studied for samples mixed in the molar ratios 
of Y 2 0 3 : W 0 3 = 1 : 3, 1 : 1, 7 : 4, 5 : 2, and 3 : 1 . It was found that all the reactions except Y2Os : W O a = 
5 : 2 from the powders of both Y2Os and W 0 3 in air proceeded according to the following order step reactions : 
Y 2 0 3 .3W0 3 ->Y 2 0 3 .W0 3 ->7Y 2 0 3 -4W0 3 ->5Y 2 0 3 .2W0 3 and 5Y2Oa• 2W03-*3Y203• W0 3 , with temperatures 
rising from 600 to 1300 °C and with an unknown compound, X, always first formed below 700 °G. In a reac­
tion couple in contact with both Y 2 0 3 and WOa pellets, W 0 3 components preferentially diffused to the Y 2 0 3 

side to form Y 2 0 3 -3W0 3 (orthorhombic form) on the boundary between them at 1000 °C. 

The compounds formed in the reaction of the ses-
quioxides of the rare earth elements (R 2 0 3 ) with W O a 

are attracting the attention of research workers because 
of the possibility of using them as engineering materials : 
refractory materials, dielectrics, laser materials, and 
luminescents materials. They are also interesting from 
a crystallographical point of view and from the point 
of view of reaction kinetics. 

H . J . Borchardt1) studied a phase relation in the 
Y 2 0 3 - W 0 3 system and reported that there were six 
compounds: Y 2 0 3 - 3 W 0 3 , Y 2 0 3 W 0 3 , 3 Y 2 0 3 - 2 W 0 3 

(metastable phase), 1 5 Y 2 0 3 - 8 W 0 3 , 9 Y 2 0 3 - 4 W 0 3 , and 
3 Y 2 0 3 W 0 3 . Recently, G. H . McCar thy et al.2) 
reported that five compounds existed in the system: 
Y 2 0 3 - 3 W 0 3 (YW,) , Y 2 0 3 W 0 3 ( Y W ) , 7 Y 2 0 3 4 W 0 3 -
(Y7W4), 5 Y 2 0 3 2 W 0 3 ( Y 5 W 2 ) , and 3 Y 2 0 3 W 0 3 ( Y 3 W ) . 
However, the Y 20 3 - r ich region of the system has not 
yet been made clear. 

In the present study, the processes of the solid state 
reaction between Y 2 0 3 and W 0 3 were studied. Also, 
we tried to determine what the diffusion component was 
through an interface where the two oxides came in 
contact using an electron-probe microanalyzer (EPMA). 

Exper imenta l 

Both dried Y203(Rare-Metallic Co., 99.99%) and W 0 3 

(Mitsuwa Chemical Co., 99.9%), calcined at 800 °G for 3h, 
were weighed in the appropriate oxide ratio and were mixed 
thoroughly in an agate mortar. These oxide mixtures were 
then pressed into pellets at 800 kg cm-2. The pellets were 
then heated in air on an alumina boat for 48 h at temperatures 
from 600 °G up to 1300 °C in a mullite tube in a silicon carbide 
furnace. The temperature was controlled within ± 1 0 °G. 
After heating, the products were identified by the X-ray 
powder diffraction methods. 

Y 2 0 3 was pressed into a pellet at 3200 kg cm - 2 and sintered 

( a ) ( b ) 

o _L 
Y 2 0 3 

u 
wo3 

Platinum wire 

Fig. 1. Schematic diagrams of specimen to study dif­
fusion components, 

in air at 1400 °G for 48 h; the apparent porosity of the pellet 
was 19%. The surface of the pellet was polished with diamond 
paste. A 0.2 mm0 platinum wire was fixed as a marker 
on the Y 2 0 3 pellet and was then pressed into a larger pellet, 
with W 0 3 powder covering the pellet, at 3200 kg cm"2. It 
was heated on an alumina boat in air for 72 h at 1000 °G. 
After cooling, the pellet was cut off perpendicular to the 
interface between the Y 2 0 3 and W 0 3 layers, as is shown in 
Fig. la. The cut surface was polished and measured by 
means of an EPMA. 

Each portion of Y2Oa or W 0 3 was pressed into a pellet at 
3200 kg cm-2. The Y2Oa pellet was sintered at 1400 °G, 
while the W 0 3 was sintered at 1000 °G for 48 h. After 
cooling, both the pellets were placed with a 0.2 mm0 platinum 
wire sandwiched between, in order to give a clearance of 
0.2 mm between them, as is shown in Fig. lb. The above 
sandwich-type specimen, wrapped up by a platinum plate, 
was covered with W 0 3 powder in order to confirm the occur­
rence of a reaction of solid-state Y2Os with W 0 3 vapor and 
was heated on an alumina boat in air at 1000 °C for 72 h. 

R e s u l t s 

The relative amounts of phases present in the products 
after Y 2 0 3 - W 0 3 reactions for 48 h in air at each tem­
perature are shown in Fig. 2a—e. The relative amounts 
were obtained from the intensities of the peaks on the 
X-ray diffraction pattern from each compound. I t was 
found that all the reactions except Y 2 O s : W 0 3 = 5 : 2 
from both Y 2 0 3 and W 0 3 in air proceeded according 
to the following order: YW3-*YW-*Y7W4-*Y5W2 and 
Y5W2-*Y3W, with temperatures increasing from 600 °G 
up to 1300 °C, though for the reaction of 5 Y 2 0 3 + 
2 W 0 3 , Y3W was formed by the reaction of Y 2 0 3 with 
a part of the Y7W4 and the reaction of 6 (Y 3 W)+Y 7 -
W4-*5(Y5W2) yielded the Y5W2 compound. The 
unknown compound, X, was first formed for all the 
reactions ; its X-ray diffraction diagram, shown in Table 
1, has not been indexed. Oxide mixtures weighed in 
the molar ratios of Y 2 0 3 : W 0 3 = 1 : 2, 1 : 3, or 1 : 4 
were heated in air at temperatures from 600 °G up to 
800 °G for 5 days in order that Compound X could be 
studied in detail. The pellets were reground twice 
during the heating schedule and then pelletized again 
in order to insure homogeneity. The products are 
shown in Table 2. I t was impossible to obtain Com­
pound X alone for each composition because of the in­
complete reactions. The same results were obtained 
from 10 days' heating. 

A microscopical photograph of the E P M A specimen 
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Fig. 2. Relative amounts of phases present in the 
products from Y 2 0 3 - W 0 3 reactions for 48 h in air 
at each temperature, (a) Y 2 0 3 -3W0 3 , (b) Y2O a-
W0 3 , (c) 7Y203-4W03 , (d) 5Y203-2W03 , (e) 3Y 20 3-
W0 3 . Y203 , (662), (O); X, 20=18.8, (©); YW3, 
20=20.3, ( • ) ; a-YW, 20=33.6, (A); ß-YW, (112), 
(A); Y7W4, (003), (A); Y5W2, (113), (O); Y3W, 
(003), ( • ) . 

(Fig. la) and the results of the E P M A measuremnts 
are shown in Fig. 3. T h e W 0 3 layer was detached 
from the reaction layer because of a difference in thermal 
expansion between W O a and the reaction product . 
A reaction layer 120fjun thick was produced as a single 
layer in the Y 2 0 3 layer. The diffusion of Y 2 0 3 com­
ponent to W 0 3 side was negligible. The reaction layer 
was found to be YW3(orthorhombic form) using the 
X-ray powder diffraction methods and the EPMA. 

On the other hand, no reaction layer was found by 
the X-ray powder diffraction methods or microscopic 
observation of the specimen shown in Fig. l b and 
heated for 72h at 1000 °C. 

D i s c u s s i o n 

The Sample Mixed in the Ratio of Y203 : WOs=l : 3. 
Compound X began to form at about 600 °C, and Y W 3 

(orthorhombic from) was produced above 800 °C. It 

150 

£ 100 

I 50 

h Y2°3 

oh 

Pt 

wo3 

J 1 L J I L J L 
Distance(100/Vdiv) 

Fig. 3. A microscopical photograph and a result of a 
EPMA measurement for a reaction couple contacted 
both Y 2 0 3 and WO s pellets. 

TABLE 1. X - R A Y POWDER DATA FOR COMPOUND X 

Line No. Ilh 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

,0619 
3358 
7111 
5319 
1475 
0024 
8289 
5902 
3272 
2097 

1.9087 
1.9049 
1.8974 
1.6876 

5 
20 
80 
15 
90 

100 
30 
50 
15 
10 
60 
60 
30 
20 

TABLE 2. PRODUCTS FROM Y 2 0 3 - W 0 3 REACTION 

HEATED IN AIR FOR 5 DAYS 

Temp Y 2 0 3 + 2W0 3 Y 2 0 3 + 3W0 3 Y 2 0 3 + 4WO 

600~°C X + Y^Oa X + Y 2 0 3 + W 0 3 X + W 0 3 + Y203
a» 

700 °G X + Y 2 0 3 X + Y 2 0 3 + W 0 3 X + W 0 3 + Y 20 3
a ) 

800 °C YWj + Y A YW3 YW3 + WO3 

a) Trace of Y203 . 

was impossible to obtain Compound X alone because 
of the slow reaction rate at low temperatures, as is 
shown in Table 2; i.e., oxide mixtures with this bulk 
composition, when subjected to the usual heat treatment 
at 600 or 700 °C, yielded products which consisted 
of Compound X and unreacted Y 2 O s and W O s . The 
phase changes for R 2 0 3 - 3 W 0 3 ( R = D y and Ho) were 
reported by V. E. Plyuschev and V. M. Amosov3) and 
those for R = La—Dy, by K. Nassau et alV M. 
Yoshimura et al.5-7) synthesized 2 R 2 0 3 - 9 W 0 3 (R = La, 
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Ce, Pr, and Nd) and pointed out that rare earths which 
are heavier than Sm would be too small to form this 
type of compound. Considering the above reports and 
the present results, Compound X can be assumed to 
be a high-temperature form of Y W 3 or a compound 
near to YW3 . This compound may exist as a meta­
stable phase between 600 and 700 °C. 

The Sample Mixed in the Ratio of Y203 : WOs=l : 1. 
Compound X began to form at about 600 °C, and the 
Y3W2 (metastable phase) reported by H. J . Borchardt1) 
was yielded about 700 °C. Recently, M. Yoshimura 
et al.*) reported that this metastable phase was a high-
temperature form(jö-phase) of Y W plus Y 2 O s . A low-
temperature form(a-phase) of YW was produced above 
900 °C through the process of Compound X-*/?-YW-* 
(z-YW. Y W 3 (orthorhombic form) was not observed 
in this process. 

The Sample Mixed in the Ratio of Y203 : WOz = 7 : 4. 
T h e compound of Y7W4 was produced above 960 °C 
through the process of Compound X-*/?-YW-*Y7W4. 
Y W 3 and a-YW (low-temperature form) were not 
formed, as is the case of the sample mixed in the ratio 
of Y 2 0 3 : W 0 3 = 1 : 1. Similar results were obtained 
for the formation of Y5W2 and Y3W. 

The Sample Mixed in the Ratio of Y203 : W03=5 : 2. 
After passing through the process of Compound X—» 
/?-YW->Y7W4, the reaction of Y 2 0 3 with a part of 
Y7W4 yielded Y3W. The Y5W2 compound was pro­
duced by the reaction of Y7W4 with Y 3W at temperatures 
higher than 1300 °C. 

G. J . McCar thy et al.2) reported that 5 R 2 0 3 - 2 W 0 3 

was found only for the rare earths, R = Gd—Ho and Y. 
The reaction products from mixtures with their bulk 
compositions, after usual heat treatment at 1400 °C, 
consisted of 3 R 2 0 3 W 0 3 , plus 7 R 2 0 3 - 4 W 0 3 for other 
rare earths. 5 R 2 0 3 - 2 W 0 3 may be also yielded by 
heating at temperatures higher than 1400 °C for the 
other rare earths, because the reactions proceeding 
at 1400 °C for them correspond to that of the mixture 
of 5 Y 2 0 3 and 2 W O s heated at 1200 °C. 

The Sample Mixed in the Ratio of Y203 : W03=3 : 1. 
After passing through the process of Compound X-» 
/§-YW-*Y7W4, the compound of Y3W(low-temperature 
form) was produced by a reaction of Y 2 0 3 with Y7W4 

and Y5W2 above 1200 °C. The high-temperature form 
of Y3W was not yielded before the production of the 
low-temperature form from this oxide mixture. I t is 
different from the other samples because the reaction 
temperature is sufficiently high to enhance the mobili­
ties of the reactant ions, and transition temperature 
of Y 3W is about 1800 °C too high compared to this 
reaction temperature. 

Reaction of Pellets of Y203 and WOz. Considering 
that the vapor pressure of W O s was as low as 10_ ö 

Torr9) at 1000 °C and that the reaction layer did not 
form in the specimen shown in Fig. l b , it can be said 
that the solid state reaction of pellets of both Y 2 O a and 
W 0 3 occurred in the specimen shown in Fig. la . 
Flor Giorgio et al.10) reported that the W 0 3 + S r C 0 3 

- > S r W 0 4 + C 0 2 solid state reaction was controlled by 

the counterdiffusion of cations involving W6+ and Sr2+. 
E. V. Tkachenko et al.11) reported that the elements 
of the tungsten sublattice in C u W 0 4 and Cr 3 WO e had 
a higher mobility than that of the copper sublattice. 
I t is possible to consider the diffusion of W 6 + , so W6+ 
and O 2 - may be preferentially diffused to the Y 2 0 3 

side in the reaction of the pellets of both Y 2 0 3 and W 0 3 . 
The reaction process of Y 2 0 3 with W 0 3 is similar to 
that of boron with tungsten metal reported earlier by 
one of the present authors;12) the reaction from both 
BN and W proceeded thus : WB4-»WB2-VWB and WB 
->W3B with an increase in the temperature because 
the diffusibility of B is higher than that of W. Such 
a reaction is due to the significant difference in mobili­
ties between the reactant ions. The diffusion species, 
W 6 + , or any W - O complex ions must be confirmed by 
a more detailed examination of the reaction kinetics. 

Conclus ion 

(1) All the reactions of the powders of both Y 2 0 3 

and W 0 3 in air proceeded according step-by-step in 
the following order: YW3-*YW-*Y7W4-*Y5W2 and 
Y5W2-^Y3W with the elevation of the temperature from 
600 °C up to 1300 °C, and an unknown compound, 
X , was always first formed below 700 °C. 

(2) In a reaction couple bringing Y 2 0 3 and W O s 

pellets in contact with each other, W O s components 
preferentially diffused to the Y 2 0 3 side to form YW 3 

(orthorhombic form) on the boundary between them 
at 1000 °C. 

The authors wish to thank Dr. Masahiro Yoshimura 
of this laboratory for his helpful advice and discussions. 
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The rate of the base hydrolysis of pentaamminechlorocobalt(III) ions was measured in the presence of mul­
tivalent anions at a constant ionic strength. The results were analyzed in view of the iS*Nl C.B. mechanism con­
sidering the formation of ion-pairs. The ion-pairing has the effect of suppressing the acid dissociation of the 
complex or the formation of its conjugate base, which acts as the intermediate of the reaction. This effect 
out-weighs the adverse effect of the probable acceleration of the rate-determining step of the base hydrolysis. 
The association constants obtained for [CoCl(NH3)5]2+.S04

2~ and [CoCl(NH3)5]2+.P309
3- were 40±5, and 

82±5, respectively (7=0.1, 25 °C). 

The effect of multivalent anions on the rates of the 
acid and base hydrolyses of pentaamminechlorocobalt-
(III) ions has been studied by Monk et al., who found 
that ion-pairing accelerated the acid hydrolysis1) and 
retarded the base hydrolysis.2'3) If the latter is assumed 
to be a simple bimolecular reaction, the retardation can 
be explained on electrostatic grounds by the reduced 
positive charge of the ion-pair. However, among 
several possible mechanisms4) thus far proposed for this 
base hydrolysis, the most widely accepted is the 5*N1 
C.B. mechanism, with which Monk et al.z) failed to 
explain the retardation effect. 

In this paper, the effect of multivalent anions on the 
rate of the base hydrolysis of pentaamminechlorocobalt-
(III) cations at a constant ionic strength is analyzed in 
view of the SNl C.B. mechanism and is explained by 
considering the formation of the ion-pairs of the ammine 
and the amido complexes with the multivalent anions. 

Exper imenta l 

Materials. Pentaamminechlorocobalt(HI) Perchlorate : 
The chloride of the complex, prepared by the method of 
Hynes et al.,^ was dissolved in hot water and was then convert­
ed to the Perchlorate by treating it with concentrated per­
chloric acid and by then cooling the solution in ice. The 
complex was identified spectrophotometrically. 

Sodium Perchlorate: Sodium Perchlorate was prepared from 
a saturated sodium hydroxide solution and perchloric acid. 
Heavy metal impurities in the sodium Perchlorate were pre­
cipitated as hydroxides at pH 9, and the removal of heavy 
metals was confirmed by means of PAN( = l-(2-pyridylazo)-
2-naphthol). 

Sodium Acetate: Anhydrous sodium acetate, a guaranteed 
reagent of Wako Pure Chemical Go, was used after dried at 
110°C. 

Sodium Sulfate: Anhydrous sodium sulfate, a guaranteed 
reagent of Wako Pure Chemical Co, was recrystallized from 
water at 80 °C and dried at 100 °C. 

Sodium Trimetaphosphate:^ Disodium hydrogenphosphate 
was heated at about 800 °C for 200 h, after which the product 
was cooled very slowly. Then the sodium trimetaphosphate 
thus produced was extracted with a small amount of water and 
recrystallized by the addition of alcohol and cooling in a 
refrigerator. The purity of the twice-recrystallized salt was 
confirmed by paper chromatography. 

Kinetic Runs. The rate was measured spectrophoto-

*Present address : Department of Chemistry, Faculty of 
Science, Nara Women's University, Nara 630. 

metrically by following the change in the absorbance of solu­
tions containing the complex (2.0xlO~4M ( = mol dm-3)), 
an ammonia (2 X 10~3 M) -ammonium Perchlorate ( 2 x l 0 - 4 

M) buffer, added salts (in appropriate concentrations), and 
sodium Perchlorate, the last being added so as to adjust the 
ionic strength to 0.1. The reaction mixture, contained in a 
1-cm quartz cell, was placed in the cell compartment of a 
Carl-Zeiss spectrophotometer, PMQ. II, maintained at 25± 
0.05 °C by circulating water from a thermostat. 

pH Measurement. After the reaction had reached 
completion, the pH value of the sample solution was measured 
with a Beckman Research pH meter standardized with a 
buffer solution of Na 2 C0 3 -NaHC0 3 (pH 10.02 at 25 °G). 
As the internal solution of the reference electrode, a saturated 
NaCl solution was used so as to avoid the precipitation of 
KC104. The change in the liquid junction potential due 
to the displacement of the added salts was assumed to be 
negligible. 

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

The experimental conditions and the rate constant 
observed for each run are shown in Fig. 1 and Tables 
1—5. The rates were determined by plotting ln(Z)oo — 
Dt) against the time t, where Doo and Dt are the absorb-
ances at an infinite time and at the time t respectively. 
The pseudo-first-order rate constant, kohsd was thus 

0.05 O l 

0.01 0.02 0.03 

c/M 

Fig. 1. Effects of added salts on the rate of base hydrol­
ysis of [CoCl(NH3)5]2+. 7=0.1. KCl: ®, CH3-
C0 2Na: 3 , N a 2 S 0 4 : O, Na 3P 30 9 : • . 
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TABLE 1. EFFECT OP ACETATE IONS ON THE RATE OF 

THE BASE HYDROLYSIS OF [GoGl(NH3)5]2+ 

Run 

1 
2 
3 

[NaClOj 
M 

0.10 
0.05 

0 

[GH3C02Na] 
M 

0 
0.05 
0.10 

pH 

10.25 
10.26 
10.27 

10 £0bsd 
s^ï 

1.46 
1.42 
1.40 

«H 

M- 1 s-1 

0.839 
0.780 
0.752 

TABLE 2. EFFECT OF SULFATE IONS ON THE RATE OF 

THE BASE HYDROLYSIS OF [GoGl(NH3)5]
2+ 

(Ionic strength = 0.1) 

[NaClOJ [Na2S04] 10* kc ku 

1 

2 
3 
4 
5 
6 
7 
8 

C
T

) 

M 

1.000 

0.085 
0.070 
0.055 
0.050 
0.040 
0.025 
0.010 

0 

M 

0 

0.005 
0.010 
0.015 
0.016 
0.020 
0.025 
0.030 
0.033 

P-LJ. 

10.28 
10.28 
10.22a> 
10.29 
10.29 
10.30 
10.29a> 
10.32 
10.33 
10.31a> 
10.34 
10.23a> 

s-1 

1.658 
1.604 
1.397 
1.462 
1.262 
1.155 
1.117 
1.132 
1.044 
0.948 
0.963 
0.734 

M-i s - i 

0.870 
0.842 
0.842 
0.750 
0.650 
0.585 
0.573 
0.542 
0.488 
0.464 
0.440 
0.432 

a) The buffer solutions used in these runs were not 
identical with those used in the other runs. 

TABLE 3. CONCENTRATIONS OF EACH ION IN THE 

NaC104-Na2S04 SYSTEMS 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

[cior] 
M 

0.1 
0.085 
0.070 
0.055 
0.050 
0.040 
0.025 
0.010 

0 

[SCV~] 
M 

0 
0.00424 
0.00852 
0.0129 
0.0144 
0.0173 
0.0219 
0.0265 
0.0297 

[Na+.S04
2-] 

M 

0 
0.000765 
0.00148 
0.00209 
0.00230 
0.00265 
0.00309 
0.00347 
0.00362 

[Na+] 

0.1 
0.0942 
0.0885 
0.0820 
0.0810 
0.0774 
0.0719 
0.0665 
0.0631 

/ 

0.1 
0.0985 
0.0970 
0.0958 
0.0955 
0.0947 
0.0938 
0.0931 
0.0928 

TABLE 4. EFFECT OF TRIMETAPHOSPHATE IONS ON THE 

RATE OF THE BASE HYDROLYSIS OF [COCL(NH 3 ) 5 ] 2 + 

(Ionic strength = 0.1) 

Run 

1 
2 

3 

4 

5 

[NaClOJ 
M 

0.085 
0.070 

0.040 

0.025 

0 

[Na3P309] 
M 

0.0035 
0.0050 

0.0100 

0.0125 

0.0167 

PH 

10.19 
10.19 
10.19 
10.20 
10.20 
10.24 
10.24 
10.26 

104 «obsd 
s-1 

1.14 
1.02 
1.04 
0.859 
0.864 
0.868 
0.894 
0.806 

ku 

M- 1 s-1 

0.737 
0.657 
0.672 
0.542 
0.545 
0.500 
0.515 
0.443 

TABLE 5. CONCENTRATIONS OF EACH ION IN THE 

NaC104-Na3P309 SYSTEMS 

[ClOr] [P309
3-] [Na+-P3Cy-] [Na+] 

1 
2 
3 
4 
5 
6 

M 

0.1 
0.085 
0.070 
0.040 
0.025 

0 

M 

0 
0.00164 
0.00339 
0.00723 
0.00934 
0.0132 

M 

0 
0.00086 
0.00161 
0.00277 
0.00316 
0.00349 

M 

0.1 
0.0916 
0.0834 
0.0672 
0.0592 
0.0465 

0.1 
0.0974 
0.0951 
0.0917 
0.0905 
0.0897 

obtained as the slope of this plot. Therefore, the rate 
of the reaction measured in the buffer solution is: 

Rate = «obsd[CoGl(NH3)5
2+]0, (1) 

where [CoCl(NH 3 ) 5
2 + ] 0 is the total concentration of 

the complex. 
O n the other hand, according to the SNl C.B. mecha­

nism, the following reaction scheme has been proposed : 

[CoCl(NH3)5]2+ + O H - =^± 
fast 

[CoCl(NH2)(NH3)4]+ + H 2 0 , (2) 

[CoCl(NH2)(NH3)4]+ - L 

slow 

[Co(NH2)(NH3)4]2+ + Gl-, (3) 

[Go(NH2)(NH3)4]2+ + H 2 0 > 
fast 

[Co(OH)(NH3)5]2+, (4) 
where K is the equilibrium constant and k is the rate 
constant of the rate-determining step (3). Unless 
otherwise stated, the equilibrium constants appearing 
in this paper are the concentration equilibrium con­
stants under the present experimental conditions ( / = 
0.1, 25 °C).7) In such a case, the rate equation for 
the hydrolysis would be : 

Rate = *[CoCl(NH2)(NH3)4+] 

= K # [ C O C 1 ( N H 3 ) 5
2 + ] [ O H - ] 

= ^ [ C o C l ( N H 3 ) 5
2 + ] [OH-], (5) 

where K& represents the acid dissociation constant of 
the ammine complex, and Ä"w, the ionic product of 
water. 

Considering [CoCl(NH3)5
2+]> [CoCl(NH2)(NH3>)4+] 

under the present experimental conditions, a comparison 
of Eqs. 1 and 5 would give: 

*obsd = ^ - [ O H - ] . (6) 

The concentration of hydroxide ions can be related to 
the measured p H by: 

log [OH-] = pH-14 - log^o i i -
Under the condition of a constant ionic strength, yon 

is almost kept constant, and the observed differences 
in the p H among the different solutions can be attributed 
to the effects of the added salts on the N H 3 + H 2 0 ^ 
NH4+ + O H - equilibrium. To allow for the p H 
change, the second-order rate constant, ku, defined by 
Eq. 7 will be used in the following discussion. 
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*n = AbbBd/WOH-]. (7) 

Figure 1 shows that ku changed with the change in 
the amount of salt added at the constant ionic strength 
of 0.1. Thus, the simple reaction scheme (Eqs. 2, 3, 
and 4) is not adequate in the presence of multivalent 
anions. However, the scheme given below is considered 
to relate the observed change in the reaction rate to 
the ion-pairing between the complex cations and the 
added anions: 

[CoCl(NH3)5]*+ [GoGl(NH3)6]»+.X»-

K.. | | i f . " 

[CoCl(NH2)(NH3)4]+ ^=± [CoCl(NH2)(NH3)4]+.X«- (8) 

[Co(NH1)(NH,)J»+ 
fast 

[Co(OH)(NH3)5]*+ 

where X r e _ represents the added multivalent anions, 
K22 and K12 are the ion association constants; iCa and 
Ka

lF, the acid dissociation constants, and k° and klF, 
the rate constants of the rate-determining steps. In 
this reaction scheme, the rate expression is: 

Rate = /fc°[CoCl(NH2)(NH3)4+] 

+ ^[GoGl(NH2)(NH3)4+ • X" ] 

= - ^ [ C o C l ( N H 3 ) 5 * + ] [ O H - ] 
A w 

MPir IP 
+ » [CoCl(NH,)5»+.X"-][OH-] (9) 

A w 

For a weakly basic solution where 
[CoCl(NH 3 ) 5

2+]>[CoCl(NH 2 ) (NH 3 ) 4+], Eq. 9 becomes: 

(FJfa + F i C a ' % 2 [ X » 1 ) [ O H - ] 
Rate = [CoCl(NH3)52+]0 tfw(l+tfM[X»-]) 

Relating this equation to Eq. 1, one obtains: 

_ (*°iCa + A^*a g ^ a [X»- ] ) [OH- ] 

tfw(l+tfM[X»-]) 

Then Eq. 7 leads to : 

Substituting ku° for (k0K&)l(Kwy01l) in Eq. 10 and us­
ing the relation: 

AVp/A-a = KJK22 (11) 

one obtains: 

l + (k™/k°)K12[X.«~] 
kit — k\ (12) 

l+tfM[X»-] 

This equation will be used below for the explanation 
of the change in kn shown in Fig. 1. 

Monk et al.2) observed little change in the rate when 
sodium Perchlorate was replaced by potassium chloride. 
On the other hand, our experiments have shown that 
acetate ions have the effect of decreasing the reaction 
rate (Table 1). Thus, the substitution of acetate for 
Perchlorate resulted in a slight decrease in A;obsd in 
spite of the increased p H of the solution ; therefore, the 
second-order rate constant, ku, showed an unmistakable 
decrease. Since electrostatic theories8) of ion associa-

0.5 0.6 

ku/M-1 s-1 

Fig. 2. Determination of the formation constant of the 
[CoCl(NH3)5]2+.S04

2-, ion-pair, (slope=K22) 

tion predict only a slight difference between Perchlorate 
and acetate ions in the tendency to form ion-pairs, the 
observed reaction rates seem to suggest some interac­
tion such as hydrogen-bonding operating between the 
acetate and the complex ion. 

The substitution of sodium sulfate for sodium Per­
chlorate caused a remarkable decrease in kohsd (Table 2). 
For a quantitative treatment of the effect of the ion-
pair formation between the bivalent complex cations 
and sulfate ions, the net concentration of free sulfate 
ions must be known. T h e decrease in the concentra­
tion of free sulfate ions due to the formation of hydro-
gensulfate ions and of the ion-pairs with the complex 
cations was estimated to be negligible at very low con­
centrations of hydrogen ions ( « 1 0 " 1 0 M ) and the com­
plex cations ( 2 x l O " 4 M ) . O n the other hand, the 
formation of the N a + S 0 4 - 2 ion-pairs cannot be ne­
glected.9) The third column of Table 3 gives the con­
centrations of free sulfate ions, which were calculated 
by using the value of 2.0 (at 7=0 .1) for the formation 
constant of the N a + S 0 4

2 ~ ion-pairs. The last column 
of the table shows how the ionic strength decreases as 
a result of the ion-pair formation. According to the 
Brensted-Bjerrum equation,10) this decrease in the ionic 
strength will cause a decrease in the reaction rate of 
only 3 % at most, a magnitude of the same order as 
the experimental error. This Bronsted-Bjerrum neutral-
salt effect was, therefore, disregarded. For the analysis 
of the experimental results, Eq. 12 was transformed to: 

( * I I ° - * I I ) / [ X » - ] = K22ku - (k™/k°)K12ku°. (13) 

By taking X " " as free sulfate ions, (kn°—£n)/[X
n-] 

was plotted against ku. As Fig. 2 shows, a linear re­
lationship was observed, and the slope gives the K22 

value of 40=t5. Then, in order to avoid mathematical 
difficulty at [ X B _ ] = 0 , Eq. 13 was transformed to : 

* I I ( 1 + * « [ X » - ] ) = kno + {k^/k°)K12[X^]kn°. 

With the K22 value determined above, the left-hand 
side of this equation was plotted against [ X n _ ] 
( = [ S 0 4

2 - ] ) . This plot gave the values of ku° and 
(k1Flk°)K12ku°, from which (kIF/k°)K12 was found to be 
6 ± 1 . 
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TABLE 6. ASSOCIATION CONSTANTS OF [CoCl(NH3)5]2+-Xn~ 

(X»- = S0 4
2- , NaP3CV-5 and P309

3~) 

( 

[CoCl (NH 3 ) 5 ] 2 +-S0 4
2 -

[CoCl(NH 3 ) 5 ] 2+. 
(NaP 3 0 9 )2 -

Theoretical ( a = 6Â)a> 

(fl = 7A) 

(ü 
[CoCl(NH3)5]2+-

P 3 O 9
3 -

M g 2 + . P 3 0 9
3 " 

G a 2 + - P 3 0 9
3 -

S r 2 + - P 3 0 9
3 -

Theoretical (a — 7 Â) 

i) log K2i 

2 . 4 0 ± 0 
2 .48 
2 .49 

2 . 4 ± 0 

1.98 

1.80 
1.87 

1.71 

) log ^23 

( /= 
05 

1 

('= 
3.20±0.03 

3.31 
3.45 
3.35 

2.70 

2.60 

= 0) 

This work 
Ref. 11 (solubilities) 
Ref. 1 (kinetic data) 

This work 

Ref. 8 (Yokoyama-
Yamatera Eq.) 

Ref. 8 (Fuoss Eq.) 
Ref. 8 (Yokoyama-

Yamatera Eq.) 
Ref. 8 (Fuoss Eq.) 

= 0) 

This work 

Ref. 13 
Ref. 13 
Ref. 13 

Ref. 8 (Yokoyama-
Yamatera Eq.) 

Ref. 8 (Fuoss Eq.) 

a) The notation a represents the 
approach of ions. 

closest distance of the 

In Table 6, the K22 value here obtained is compared 
with other experimental and theoretical values. O u r 
K22 value is in good agreement with those obtained by 
Monk et al. in a solubility study11) and in a kinetic 
study of acid hydrolysis,1) but it is about three times 
greater than the theoretical values. This difference can 
be attributed to the fact that the complex ion is not 

spherical but has an electric dipole moment in addition 
to the electric charge. 

The value of K12 for the 1—2 ion-pair can be esti­
mated with the Yokoyama-Yamatera equation12) to be 
4.7 (7=0) , which is in reasonable agreement with the 
experimental K12 values for alkali metal sulfates, 5—10 
(7=0).13) Then, with K12 (7=0.1) = 2 , one obtains 
klPlk°=3±0.5. This value can be compared with the 
corresponding value of 2.35 experimentally obtained 
by Monk et al. for the acid hydrolysis,1) if allowance 
is made for the probable overestimate in the present 
kÎFjk° value. This overestimate is due to the neglect 
of the polarity of the complex ion, leading to an 
underestimated K12 value. 

In a system with added sodium trimetaphosphate, 
the reaction scheme is more complicated. The decrease 
in free trimetaphosphate ions by the formation of hydro-
gentrimetaphosphate ions (pJ<Tal=2.05)14) as well as by 
the ion-pair formation with the complex cations can 
be ignored, as in the case of sulfate. The formation 
of ion-pairs between sodium and trimetaphosphate ions, 
N a + + P 3 0 9

3 - ^ ± N a + - P 3 0 9
3 - , was studied by Gardner 

et a/.,15) who found the ion-association constant to be 
25.1 at an infinite dilution. Then, the ion-association 
constant at 7 = 0 . 1 would be 5.7. This value was used 
in the calculation of the net concentrations of the ions 
derived from the added sodium trimetaphosphate (Table 
5). Although the decrease in the ionic strength is 
larger in this case than in the case of the sulfate ions, 
its effect on the reaction rate was estimated to be still 
of a magnitude within the limits of experimental error. 
Ignoring the formation of the ion-pairs with univalent 
anions, as in the case of the sulfate ions, the reaction 
scheme is: 

[CoCl(NH3)5]2+-(NaP309)2- ^ k [GoGl(NH3)5]
2+ ^k± [GoGl(NH3)5]2+-P309

3-

*a<2' M jr. ||jr.a> 

[GoGl(NH2)(NH3)4]+.(NaP309)2- ^ k [CoCl(NH2)(NH3)4]+ ^ ± [CoCl(NH2)(NH3)4]+.P309
3- (14) 

-* [Co(NH2)(NH3)4]2+ 

fast 

[Co(OH)(NH3)5]2+ 

jfcipai 

where the definitions of the parameters are similar to 
those in the case of Eq. 8. In this scheme, the rate 
expression is: 

A„ = 

0 1 + (A* W/y)*M[P,CV-] + (^(2)/F)JC12[Na+ -P3Q9
3-] 

11 l+iC23[P309
3-] + J:22[Na+.P309

3-] 

(15) 

As a first approximation, ignoring the formation of the 
N a + - P 3 0 9

3 _ ion-pairs, one can simplify Eq. 15 to 
obtain : 

where [P 3 O 9
3 _ ] 0 is the total concentration of sodium 

trimetaphosphate. With Eq. 16, the experimental re­
sults were analyzed in a manner similar to that used 

in the case of sulfate; the values i ^ 2 3 = 7 5 ± 5 and (jfclp(1)/ 
k°)K13=9±2 were thus obtained. Since Eq. 15 in­
volves too many parameters, all the parameters except 
for K2Z and K22 were estimated by theory or by analogy. 
The Klz and K12 values were calculated by means of 
the Yokoyama-Yamatera theory of ion-association,8) 
which gave 7T13=5.1 and 7T12=1.5 under the present 
experimental condition (or 22.3 and 4.0 respectively 
at 7 = 0 ) , assuming the closest distance of approach of 
ions to be 7 Â ( = 0 . 7 nm) . The values for kl7^jk° 
and kIVW/k° were estimated at 2.516> and 2.01) respec­
tively from the values for analogous acid hydrolyses. 
Using these parameter values and starting with the 
7T23=75 obtained with Eq. 16, successive approxima­
tions with Eq. 15 resulted in the final values, K2Z= 
8 2 ± 5 and ^ 2 2 = 4 0 ± 1 0 . Since no experimental re­
sults on the same system are found in the literature, 
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the constants are compared with those for the systems 
of similar charge types, such as bivalent metal ions-
trimetaphosphate ions and pentaamminechlorocobalt-
(III) ions-sulfate ions. The comparison in Table 6 
shows that the values obtained are of reasonable mag­
nitude. 

It has been shown above that the experimental results 
can be explained on the basis of the scheme shown 
in Eqs. 8 and 14 giving ion-association constants of an 
acceptable magnitude. The discussion also shows that 
the retardation of the base hydrolysis of pentaammine-
chlorocobalt(III) ions by multivalent anions can be 
attributed mainly to the multivalent anions preferring 
the ammine complex rather than the amido complex 
(the reaction intermediate) in the ion association or, 
in other words (using Eq. 11), to the suppression of 
the acid dissociation of the ammine complex by the 
ion-pairing. The probable acceleration effect at the 
rate-determining step, represented by the kIP/k° term 
is relatively small, so that the net effect of ion-pairing 
is the retardation of the rate of hydrolysis. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education. 
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The formation and nonstoichiometry of strontium uranates, especially those with the Sr/U atom ratio around 
unity, were examined by means of thermogravimetry and X-ray diffraction. The reaction of SrC0 3 with U 3 0 8 

in air, where S r / U = l , produced the stoichiometric /?-SrU04, which had an orthorhombic structure. The reac­
tions in vacuum and in hydrogen yielded the products of the composition SrU03 .563 and SrU03.175, respectively. 
On the other hand, the reduction of /?-SrU04 in vacuum and in hydrogen gave SrU03 .4 8 and SrU03.65, respec­
tively. Stoichiometric SrU0 3 was prepared by the reaction of SrO with UOa . The reduction product of /?-
SrU04 , SrUC^-ar, was oxidized in air below 500 °C to a-SrU04 which was rhombohedral. During the phase 
transition to /?-SrU04, a-SrU04 exhibited anomalous behavior; that is, a-SrU04 was first reduced and then re-
oxidized to nearly the initial composition with the formation of /?-SrU04. Of the uranates with Sr/U ̂  1, the 
formations of SrU4013 , SrU207 , and Sr2U05 were examined; the single phase SrU207 was not obtained. Thermo­
grams for their reduction, followed by the oxidation of the resultants, suggest the existence of the compounds 
SrU 4 O n and SrU2O6.0_6.6. No uranates containing only U(IV) were obtained by hydrogen reduction of the 
uranates containing U(VI) formed in air at high temperatures. 

I t is widely known that so-called uranates1) are formed 
by the reaction of uranium oxides with alkali or alkaline 
earth oxides, carbonates, nitrates, chlorides, etc. There 
have been many reports concerning the preparation, 
properties, and crystal structures of these uranates. 
However, the literature data on their composition and 
crystal structure often seem to be incomplete or con­
flicting. Interest in these uranates, which are possibly 
produced in the reactions of the matrix oxide with the 
alkali and alkaline earth metals as fission products in 
nuclear fuel, has given the stimulus to investigate 
systematically the compound systems. 

Strontium uranates can be, according to Keller,2) 
classified into the following three groups of compounds : 
SrU03,3>4) Sr 2 U0 4 (?) , 3 ) and Sr3U05

5>6) in the system 
SrO-UO<2 containing uranium in tetravalent state; 
SrU206

5 '7>8) in the system S r O - U 2 0 5 containing U ( V ) ; 
and SrU4013,6>9> SrU2O7(?),5.6>10> Sr2U3On ,6> (a and ß) 
SrU04 ,6>9 ,n-i7) Sr2U05,

4>6>9>16-19> and Sr3U06
3 '6.15>20-22) 

in the system S r O - U 0 3 containing U ( V I ) . However, 
the physical and chemical properties as well as the phase 
relations of these strontium uranates have not been well 
investigated. In the present paper, we examine the 
formation, reactivity, and nonstoichiometry of the 
uranates; our interst was centered on the compounds 
with the Sr /U atom ratio around unity as determined 
by means of thermogravimetry. 

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

Materials. Strontium carbonate, SrC03 , uranium di­
oxide, U 0 2 , and triuranium octoxide, U 3 0 8 , were used as 
starting materials. SrC0 3 was prepared by adding strontium 
nitrate aqueous solution into ammonium carbonate ammonia­
cal solution, similar to the procedure for producing the pre­
cipitated calcium carbonate.23) U 3 0 8 was prepared by heat­
ing ammonium diuranate in air at 900 °C for one day. U 0 2 

was obtained by reducing U3Og at 1000 °G in a stream of 
hydrogen for 10 h. 

Almost all reactions were performed with samples in the 
form of pressed pellets. The compounds of SrCOa and U 0 2 

or U 3 0 8 were thoroughly mixed in an agate mortar and 
compacted at 3 ton/cm2 into cylindrical pellets of 10 mm in 
diameter and of about 2 mm in thickness. The weight of 
each pellet was usually about 800 mg. 

Apparatus and Procedures. The experimental apparatus 
for thermogravimetry was similar to that described in an 
earlier paper, where the equilibrium nitrogen pressure was 
measured in the UN-U2N3 system.24) It consists of a Cahn 
RH-type automatic electrobalance, a Kanthal resistance 
furnace, a pressure measurement system, and vacuum pumps. 
The balance was adjusted so as to have a maximum weight 
change of 500 mg, and a sensitivity of 0.01 mg. A fused 
quartz crucible, 20 mm in height and 18 mm in outer diam­
eter, was suspended from the balance, and then a quartz 
tube of 26 mm in inner diameter was connected to the vessel 
containing the balance. After being connected, the system 
was evacuated to 1 X 10 -5 mmHg or below. 

The temperature of the specimen was measured by means 
of a Pt/Pt+ 13%Rh thermocouple placed close to the crucible 
inside the reaction tube. Most of the experiments were made 
at the heating rate of 2 °C/min unless otherwise specified. 

X-Ray Analysis. The samples were finely ground and 
loaded into capillaries, and then vacuum-sealed. The X-ray 
powder photographs were obtained with a Nerelco 114.6 mm 
camera using the nickel-filtered CuKoc radiation. 

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

Reaction of SrC03 with U30H (Sr\U=l). Stron­
tium monouranate, S r U 0 4 , is known to be dimorphic: 
one is rhombohedral11) and the other is orthorhom­
bic.13»20) They are conventionally named a- and ß-
S r U 0 4 respectively. The reaction of S r C 0 3 with 
U 3 0 8 in air, where the Sr/U atom ratio is unity, yielded 
yellow colored /?-SrU04 . The equiatomic mixture was 
heated in air from room temperature to 1100 °G, and 
then it was kept at 1100 °G for 3 h. A typical thermo-
gravimetric curve is shown in Fig. 1, together with the 
results obtained in other atmospheres, and also with 
the decomposition curve of S r C 0 3 . The weight loss 
of S r C 0 3 due to decomposition should be 29.1 %, but 
in this figure it was normalized to the S r C 0 3 + l / 3 U 3 0 8 

mixture for the sake of convenience, where the value 
was to be 10.27%. This was attained at 1100 °G. As 
seen in the figure, the reaction of S r C 0 3 with U 3 O a 

in air began at 470 °G and then it proceeded stepwise. 
When the thermogravimetric curve of the reaction 
is compared with the decomposition curve of S r C 0 3 , 
it may be deduced that the first step is the reaction 
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Fig. 1. Thermograms for the reaction of SrC0 3 with 
U 3 0 8 in various atmospheres: ® in air; (2) in vacuum; 
(3) in hydrogen; heating rate, 2 °G/min. 

of S r C 0 3 with U 3 0 8 , and that the second is the reac­
tion of the decomposition product of S r C 0 3 with U 3 O g . 
The X-ray pattern of the product was identical with 
that of the /?-SrU04 , which is orthorhombic and iso-
morphous with B a U 0 4 with space group Pbcm, z = 
4 i3,i7) The composition of the product was S r U 0 3 997. 
Therefore, the overall weight change consists of weight 
loss due to the thermal decomposition of S r C 0 3 plus 
weight gain due to oxidation in forming the uranate. 
The average valency of uranium in the compound is 
seen to increase from + 5 . 3 3 to + 5 . 9 9 during the reac­
tion. 

In vacuum, the reaction occurred at 410 °G and 
finished at about 950 °G. T h e composition of the 
product was S r U 0 3 563 under the condition that the 
sample was heated to 1100 °G and then kept at that 
temperature for 1 h. Because the formal valency of 
uranium in this compound is + 5 . 1 3 , the U 3 0 8 is re­
garded as losing a part of the combined oxygen. In a 
strict sense, the oxygen content varies as functions of 
oxygen pressure, temperature, and holding t ime; the 
number of oxygen atoms per formula can be changed 
in the range between 3.55 and 3.65 at 1100—900 °G 
in vacuum. According to X-ray analysis, the crystal 
was rhombohedral with space group R3m, z = l , which 
is isomorphous with CaU0 4 . 1 1 ) Although the structure 
of oxygen deficient SrU0 4 _ a . is basically the same as 
that of the a -S rU0 4 , it has vacant O( I I ) sites due to 
nonstoichiometry.25) T h e product was dark green. 

In a hydrogen atmosphere, the reaction of S r C 0 3 with 
U 3 0 8 started at 320 °C. The reaction obviously pro­
ceeded stepwise, as seen in Fig. 1. T h e first is the re­
duction of U 3 0 8 to U 0 2 in the reaction mixture, because 
the same curve is obtained when U 3 0 8 is reduced to 
U 0 2 in hydrogen. T h e second step proceeds at tem­
peratures above 700 °G, and probably corresponds to 
the reaction of S r C 0 3 with U 0 2 . The overall com­
position of the product heated to 1000 °G was S r U 0 3 175. 
The product was dark gray. No stoichiometric S r U 0 3 
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Fig. 2. Thermograms for reduction of /?-SrU04 in 
vacuum and in hydrogen atmosphere: heating rate, 
2 °C/min. 

was obtained by the reaction under the following con­
ditions: maximum temperature, 1000 °C; holding time 
at 1000 °G, 1 h ; atmosphere, hydrogen; and heating 
rate, 2 °C/min. T h e bulk composition of the products 
obtained under the conditions was S r U 0 3 18_3-20. 

The products, obtained by the reactions in vacuum 
or in hydrogen, gradually took up oxygen into the 
crystal even at room temperature when exposed to air, 
and the color changed from dark green or dark gray 
to red over 3 months. According to X-ray analysis, 
the red product was rhombohedral with nearly the 
same lattice parameters as those of the stoichiometric 
a-SrU04 .2 6) 

Reaction o/SrC03 with U02 (SrjU=l). Behavior 
of the reaction in a vacuum was similar to that of the 
second step of the reaction of S r C 0 3 with U 3 0 8 in a 
hydrogen atmosphere. T h e reaction began at about 
580 °C and finished at 950 °G. The composition of 
the product heated to 1100 °G was S r U 0 3 21; the 
stoichiometric S r U 0 3 was not obtained. 

Reduction of ß-SrUO^. Thermograms of ß - S r U 0 4 

heated in vacuum and in a hydrogen atmosphere are 
in Fig. 2. When the reaction was performed in a 
vacuum of 10~6 m m H g , the dissociation began at 790 
°G and continued at a slow rate even at 1100 °G. The 
composition of the product kept at 1100 °G for 3 h 
was S r U 0 3 - 6 5 ; its oxygen amount was slightly larger 
than that obtained by the reaction of S r C 0 3 and 
U 3 0 8 in vacuum, i.e. S r U 0 3 56. As already mentioned, 
the oxygen content of the product is not only a function 
of temperature and of oxygen pressure, but tends to 
decrease with time at temperatures as high as 1100 °G. 
If the sample is heated for a longer time, the oxygen 
content must be smaller than that in S rU 0 3 - 6 5 . The 
equilibrium oxygen pressure over S rU0 4 _ a . at the given 
temperatures has not been measured. 

T h e reduction in hydrogen began at 380 °C and 
finished at about 650 °G. T h e composition of the 
product heated to 1000 °G and kept at that temperature 
for 1 h was S rU 0 3 - 4 8 . Its oxygen content was much 
larger than that obtained by the reaction of S r C 0 3 

with U 3 0 8 in hydrogen, i,e, S r U 0 3 i l 8 . I t was very dif-
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Fig. 3. Thermogram for oxidation of a-SrU04_x in 
air: sample weight, 0.86476 g; heating rate, 2 °C/min. 

ficult to get a lower oxygen content than that for 
S r U 0 3 48, even if /?-SrU04 was heated in a hydrogen 
atmosphere at 1000 °G for more than 3 h. 

Preparation ofSrU03. As already mentioned, the 
attempts to prepare S r U 0 3 in a hydrogen atmosphere 
at temperatures below 1000 °G by the reaction of Sr-
C 0 3 with U 3 0 8 and by the reduction of S r U 0 4 were 
unsuccessful. Thus, as a next step, an equimolar 
mixture of SrO and U 0 2 was heated in a vacuum at 
1100 °G for 3 h. The product had the composition 
S r U O 3 0 4 and was yellowish-brown. When the com­
pound was heated in air at a rate of 2 °C/min, it ignited 
at about 60 °G and changed into yellow /?-SrU04 , 
passing through a red-heated state for a short time of 
about 10 min. 

In another experiment, an equimolar mixture of SrO 
and U 0 2 was heated in a vacuum at 1650 °C for 5 h 
by using a tantalum-resistor high temperature vacuum 
furnace. For comparison, in one further experiment 
ß - S r U 0 4 was reduced in a hydrogen stream at 1500 °G 
for 3 h by using a high frequency-induced furnace. 
Both the products had the composition S r U 0 3 and their 
X-ray diffraction lines were in the same pattern. How­
ever, these patterns were not consistent with the re­
ported data, which have been assigned to the ortho-
rhombic perovskite structure.2) The structure analysis 
of S r U 0 3 00 by X-ray and neutron diffraction will be 
reported elsewhere. 

Oxidation of cc-SrUO^_x. The nonstoichiometric 
SrUO^^. , which was prepared by the reaction of S r C 0 3 

with U 3 0 8 or by the reduction of S r U 0 4 in a vacuum 
or in hydrogen, had the rhombohedral structure. Here 
this uranate is designated as a -S rU0 4 _ x . Although the 
compound is oxidized at a very slow rate in air even 
at room temperature, the oxidation is accelerated by 
heating. Figure 3 shows a thermogram for the oxida­
tion of a - S r U O ^ j . in air, where the initial composition 
of the sample is S r U 0 3 688. As seen in Fig. 3, the 
a-SrU0 3 - 6 8 8 began to be oxidized at about 150 °G, and 
attained to its maximum oxygen content, S rU0 3 - 9 9 1 , 
around 500 °G. This oxidation process is not revers­
ible. Above 500 °G the compound with the composi­
tion S r U 0 3 - 9 9 1 began to lose its oxygen. T h e weight 
loss continued till 770 °C, at which the minimum oxygen 
content, SrU0 3 > 8 6 7 , was observed. The compound was 
still in the a phase region, and if it was cooled from 
770 °C : the oxygen content again increased on the same 

400 600 800 
Temperature, °C 

Fig. 4. Thermograms for formation of SrU4013 and 
SrU a07 by the reaction of SrC0 3 with U 3 0 8 in air at 
a heating rate of 2 °G/min. 

line with that of the heating process up to the maxi­
m u m point at 500 °G, and the oxygen content remained 
unchanged on further cooling of the temperature. O n 
the other hand, if the sample was heated above the 
temperature giving the minimum oxygen content, the 
a phase transformed into the ß phase, along with oxida­
tion. T h e transition was finished at 870 °G. The 
product was a mixture of a - S r U 0 4 and /?-SrU04 at 
temperatures between 770 and 870 °G. The oxidation 
process in this region was not reversible. 

The temperature and the composition at the minimum 
point varied with oxygen pressure and heating rate. 
When a-SrU0 4_ a . was heated in oxygen at different 
pressures, the composition and the transition tempera­
ture were as follows: S rU0 3 - 8 6 7 at 770 °C in air (160 
m m H g 0 2 ) , S r U 0 3 839 at 790 °C in 50 m m H g 0 2 , and 
SrUO 3 . 8 0 5 at 800 °C in 10 m m H g 02.26> When the 
heating rate of the sample was varied from 2 to 5 °C/min, 
the composition at the minimum point in air was 
changed from S r U 0 3 867 at 770 °C to S r U O s 838 at 800 
°G. 

T h e weight loss of a - S r U 0 4 at temperatures from 500 
to 770 °C in air is due to oxygen nonstoichiometry, 
because the weight loss is enhanced with temperature 
and also with decreasing oxygen pressure. Therefore, 
the minimum point of oxygen content in Fig. 3 seems to 
have resulted from the competitive reactions between 
the weight loss due to the reduction of the a - S r U 0 4 

and the weight gain due to the formation of the /?-SrU04 . 
Formation of Strontium Uranates with SrjlKl. 

Strontium uranates S r U 4 0 1 3 and S r U 2 0 7 were prepared 
by the reactions between S r C 0 3 and U 3 0 8 in air. 
Figure 4 shows thermograms for the formation of these 
compounds. The shape of the curves for the formation 
of S r U 4 0 1 3 is different from that for S r U 2 0 7 . In the 
case of S rU 4 0 1 3 , the minimum oxygen content appeared 
at about 900 °G. The shape of the curve and the initi­
ation temperature of the reaction for S r U 2 0 7 were 
similar to those obtained by the reaction of the equi-
atomic mixture of S r C 0 3 and U 3 O s . The reactions 
proceeded stepwise. T h e compositions of the products 
were SrU 4 0 1 2 - 7 4 1 for Sr : U = 1 : 4 and S r U 2 Ö 6 9 3 3 for 
Sr : U = 1 : 2. They were not in the stoichiometric 
compositions. 
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Fig. 5. Thermograms for reduction of SrU401 3 in hydro­
gen and for oxidation of the resultant uranate in air 
at a heating rate of 2 °G/min. 
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Fig. 6. Thermograms for reduction of SrU207 in hydro­
gen and for oxidation of the resultant uranate in air 
at a heating rate of 2 °G/min. 

The S r U 4 0 1 3 obtained here was reduced in a hydrogen 
atmosphere by heating from room temperature to 
1000 °C. T h e result is shown in Fig. 5. As seen in 
the figure, the composition was changed from SrU4-
0 1 2 741 to S r U 4 0 9 6S8 by reduction. The latter was 
found to be a mixture of U O , and a-SrUO,_,. . When 4-x-

the resultant product was oxidized in air to 1100 °G, 
the thermogram showed a bend near the composition 
S r U 4 O u . T h e existence of the compound S r U 4 O n 

has not been reported so far, and we did not examine 
further whether there was a compound or not at this 
composition. The compound S r U 4 0 1 3 has been pre­
pared by using the reaction of S r ( N 0 3 ) 2 with U 3 0 8 . 6 ) 
Gordfunke and Loopstra6) have pointed out that it 
shows nonstoichiometry; S r U 4 0 1 2 8. O u r results were 
in good agreement with theirs. 

Figure 6 shows thermograms of the reduction of the 
compound with Sr : U = 1 : 2, followed by the oxidation 
of the product obtained in the reduction process. T h e 
compound obtained in air showed a nearly stoichiometric 
bulk composition SrU 2 0 6 - 9 3 3 , but it was seen not to be 
a single phase compound from the X-ray pattern, as 
Gordfunke and Loopstra6) stated. When heated in a 
hydrogen atmosphere, it was reduced to S r U 2 0 5 572. 
Next, the resultant product was oxidized by heating 
in air. As shown in the thermogram in Fig. 6, the curve 
bends near the compositions of SrU 2 O 6 i 0 and S r U 2 0 6 6. 

* - 6 
CD 

a 
- 5 - 8 
x: 
5? 
J? 
5 -10 

SrC0s+SrU04 

2SrC0s+ 1/3U30e 

Theoretical. 15.72% 

200 400 600 800 
Temperature, °C 

1000 1200 

Fig. 7. Thermograms for formation of Sr 2U0 5 by the 
reaction of SrCOg with U 3 0 8 and by the reaction of 
SrC0 3 with SrU0 4 in air at a heating rate of 2 °C/min. 
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Fig. 8. Summary for compounds in the system Sr-U-O. 

According to Hoekstra and Katz,5) there exists a 
nonstoichiometric compound S r U 2 0 6 ± a ! with CaF2-type 
f.c.c. structure. T h e anomalies in our curve may be 
interpreted to correlate with the lower and the upper 
limits of this nonstoichiometric S r U 2 0 6 ± a . . 

Formation of Sr2U05. For preparing the com­
pound Sr 2 UÖ 5 , the reaction of S r C 0 3 with U 3 0 8 was 
first examined. A thermogram for this reaction is 
shown in Fig. 7. The shape of the curve was similar 
to that observed in the formation reaction of the other 
uranates mentioned above, for example S r U 0 4 . The 
theoretical weight loss of this reaction was 15.72%, but 
the reaction did not finish when the sample was heated 
to 1060 °C and kept at that temperature for 3 h. Next, 
the reaction of S r C 0 3 with S r U 0 4 was studied as a 
way to obtain S r 2 U 0 5 . Its thermogram is also shown 
in Fig. 7. The reaction started at about 750 °G and 
finished at 1100 °G. T h e product was the stoichiometric 
S r 2 U 0 5 , which was pale yellow. To prepare S r 3 U 0 6 , 
a mixture of S r C 0 3 with S r U 0 4 was heated under the 
same conditions as in the formation of S r 2 U 0 5 , but the 
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reaction did not terminate. I t seems that the chemical 
reactivity in the formation reaction of the uranates tends 
to be lowered as the content of strontium increases. 

Reduction of S r 2 U 0 5 by hydrogen at 1000 °G did 
not yield S r 2 U 0 4 , but the product with the composi­
tion of Sr 2 U0 4 - 6 1 8 . When heated in air, the reduction 
product was again oxidized in a manner similar to the 
case where the a-SrU0 4_ a . was oxidized in air. From 
the curve, it could not be distinguished whether the re­
duction product is a new compound or a mixture con­
taining a-SrU0 4_ a ; . 

Summary for Strontium Uranates. All of the 
strontium uranates are shown in Fig. 8. In the system 
S r O - U 0 3 , five uranates are known. T h e valence state 
of uranium in the uranates formed in air is nearly or 
exactly + 6 . This value is higher than + 5 . 3 3 of 
uranium in U 3 O g , which is the most stable compound 
in the uranium-oxygen system in air. However, the 
compound S r U 4 0 1 3 is not stoichiometric, the valence 
state of uranium being + 5 . 8 7 . T h e dashed line in 
Fig. 8 shows the bulk composition when a mixture of 
S r C 0 3 and U 3 O s is heated in air. In the system S r O -
U 2 0 5 , there is only one compound S rU 2 O e which shows 
a rather wide range of oxygen nonstoichiometry. Al­
though it was reported that the uranate has the homo­
geneity range between 5.95 and 6.4 in the number of 
oxygen atoms per formula,5) there is another report in 
which the S r U 2 0 6 is described to be a mixture of GaF2-
type f.c.c. uranate, Sr^U 1_ y0 2± a . , and a solid solution 
containing /9-SrUO4.

10> O u r results show that the 
nonstoichiometry range is 6.0 to 6.6 in air. In the system 
S r O - U 0 2 , two uranates are known. When reduced in 
hydrogen at 1000 °C, U 3 O s is readily converted into 
the stoichiometric U 0 2 . However, strontium uranates 
containing U(VI ) are not reduced to the uranates 
containing U( IV) under the same condition; i.e. 
SrU 4 0 9 > 6 9 for S r U 4 0 1 3 , S r U 2 0 5 57 for S r U 2 0 7 , and 
S r U 0 3 48 for S r U 0 4 . In addition to this, when exposed 
to air at room temperature, these uranates, which are 
prepared by vacuum or hydrogen reduction, are gradual­
ly oxidized by accommodating oxygen into the crystal, 
whereas U 0 2 is scarcely oxidized. The uranates con­
taining U( IV) can be produced only by the reactions 
of SrO with U 0 2 . 
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The effects of the kind of metal of metal porphyrins and the substituent of the phenyl group of porphynato 
plane were discussed, using them as catalysts in the autoxidation of aldehydes. The effect of the solvent and the 
additive on the above-mentioned catalytic activity of the porphyrins was put into order by means of their pXa(BH+) 
and p7Ca(H

+) values; the increased pÄ"a(BH+), namely, the electron-donating power of solvents, seemed to lead 
to their strong coordination, followed by the initiation of the coordination of oxygen. On the other hand, the 
oxygen which had been activated on the porphyrins was estimated to react with or be stabilized by a solvent with 
a low pÄa(H+); it could not initiate the autoxidation with ease. 

The interaction of molecular oxygen with hemopro-
teins is important in respiratory and metabolic pro­
cesses. Many investigators have studied this interac­
tion using a metal porphyrin as a model of such he-
moproteins as hemoglobin and myoglobin. I t has been 
one of their most important aims to ioslate a so-called 
dioxygen complex, such as the "picket fence porphyrin" 
obtained by Collman et a/.1) On the other hand, there 
have been reported2 '3) a number of studies of Fe(II) 
dioxygen complexes in terms of the effect of the environ­
mental conditions of dioxygen complexes on their 
stability or instability—the concept of axial bases and 
hydrophobic circumstances. 

Welscher and Anderson4) reported the trans effect of 
axial bases on the dissociation of Fe(TPP)(base ) (0 2 ) , 
namely, the reversible liberation of the oxygen of the 
dioxygen complex, to be in the order of pyridine > 
piperidine> 1-methylimidazole, and concluded that n-
donating ability of an axial base was responsible for 
the instability of the dioxygen complex. Bringer, 
Chang, and Traylor5) showed the effect of the basicity 
of the media on the oxygenation of porphyrin. 

The above-mentioned papers, however, offer no 
detailed information about whether axial bases help the 
stabilization of the oxygen of the dioxygen complex, 
or whether they act as activating agents of such an 
oxygen molecule for a substrate approaching from the 
outside. We have tried to make it clear, in the autoxi­
dation of organic compounds, how oxygen molecule 
behaves on complexes such as metal polyphthalocyanines 
and cobalt tetra(/>-tolyl) porphyrin in its interaction with 
cumene,6) and aldehydes7-10) as proton donors. In 
these studies, it has been found that the interactions 
among all chemical species including an oxygen mole­
cule, a substrate to be oxidized, and a solvent are of 
importance.10) However, there remain a few points to 
be clarified, because Taft's equation, which is con­
sidered in these experiments to show, only incompletely, 
the direct correlation with the electron-donating and 
electron-accepting natures of chemical species, has been 
used in the measurements. 

In this paper, the interactions among all of chemical 
species are more distinctly discussed using the acidity 
and basicity of the chemical species in place of the o * 
and p* values of Taft's equation. I t is also discussed 
how the concentrations of chemical species are im­
portant in addition to their electron-donating and elec­
tron-accepting properties. 

Exper imenta l 

Materials. Metal tetra (/»-substituted phenyl) porphyrins 
used for this study were metal tetra-(/>-methoxyphenyl)-, 
-(/>-tolyl)-, -phenyl-, and -(/>-chlorophenyl)-porphyrins, which 
were prepared according to the procedure described in an 
earlier paper.11) As metals, nickel, copper, manganese, and 
cobalt were introduced.12) 

Aldehydes, such as acetaldehyde and benzaldehyde, were 
purified under nitrogen by the conventional methods just 
before use in order to avoid the formation of the corresponding 
peracids. 

Solvents, such as ethyl acetate and ethyl isobutyrate, and 
additives as a part of the solvents, such as pyridine, N,N-
dimethylformamide, water, acetone, ethanol, trichloroethanol, 
nitroethane, succinic acid, benzoic acid, trichloroacetic acid, 
benzamide, urea, quinoline, benzylamine, piperidine, and 
acridine, were purified by standard methods. 

Procedure. The oxidation of aldehydes with a porphyrin 
complex catalyst and the titration of peracids and hydrogen 
peroxide were carried out as has been described in a previous 
paper.10) 

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

General Aspect of Oxidation. T h e liquid-phase oxi­
dation of aldehyde with a porphyrin complex catalyst 
proceeds according to the autoxidation mechanism re­
presented by the rate equation, 

-d [0 2 ] /d* = £[RCHO]3/2 [porphyrin] V2[02]V2, (I) 

as has been described before.10) The rate of initiation 
can be written as 

Ri = k' [RGHO] [porphyrin] [0 2 ] . (II) 

According to the ESR study by many investigators13 '14) 
and by us,15) porphyrins can activate molecular oxygen 
as superoxide ions, which abstract hydrogen atom from 
a substrate to be oxidized, initiating autoxidation as 
follows:16-17) 

Co(II)TPP + 0 2 ^ = ± Co(III)TPP.. .02- , (1) 

Go(III)TPP—Oa- + RGHO 

-> Go(I I I )TPP- .0 2 H- + RGO. (2)* 

The nature of the central metal of a porphyrin 

* Step (2) may be followed by 
Go(III)TPP--.02H- -> Go(H)TPP + 0 2 H , (3) 

RGHO + 0 3 H -> RCO + H3Oa. (4) 
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TABLE 1. EFFECT OF THE METAL ION OF TETRAPHENYL-

PORPHYRINS ON THE OXIDATION RATE 

Metal ion 
( X 103 M) 

Ni(II) 
Gu(II) 
Mn(II) 
Go(II) 
Co(II) 

5.0 
5.0 
5.0 
5.0 
6.7 

Acet aldehyde 
(M) 

0.5 
0.5 
0.5 
0.5 
0.1 

- d [ O J / d * 
( X 108 M s-1) 

3.1 
3.4 
3.5 
2.6 
3.6 

Reaction conditions: solvent, ethyl acetate; temperature, 
10 °C; [0 2 ] , l a tm . 

TABLE 2. EFFECT OF THE SUBSTITUENT OF THE PHENYL 

GROUP OF COBALT TETRAPHENYLPORPHYRINS 

ON THE OXIDATION RATE 

Substituent 

p-OCH3 

p-CHs 

H 
/»-Gl 
/>-N02 

- d [ O J / d / 
( X 106 M s-1) 

4.2 
81 

2.6 
1.2 
— 

Relative activity 
for oxidative 

dehy d rogen at iona> 

1.18 
1.44 
1.00 
— 

0.82 

Reaction conditions: Acetaldehyde, 0.5 M ; catalyst, 
5.0X 10 -3 M; solvent, ethyl acetate; temperature, 10 °G; 
(02) , 1 atm. 
a) Details of the reaction are unknown. 

o 1 2 3 4 5 
Reaction time (h) 

Fig. 1. Amount of oxygen absorbed and selectivity 
of peracid. 

Catalyst Solvent AcH Temp Ref. 

O, • Go tetra(^-tolyl)-
porphyrin, 5 X 10 -3 M 

• , • , Fe,Cu-polyphth-
alocyanine 5 x 10-3 M 

A, A, Fe,Cu-polyphth-
alocyanine 5 X 10~3 M 

ethyl 
acetate 
ethyl 
acetate 
bromo-
benzene 

1.0M 

0.45 M 

0.45 M 

10 °C 

10 °G 

10 °C 

This 
work 

9 

9 

0 2 4 6 

Additive (Xl0 3 M) 

Fig. 2. Effective of some additives on oxidation rate. 
Reaction conditions: Co tetra(/>-tolyl) porphyrin, 5.0 
X 10-3 M; acetaldehyde, 0.5 M; solvent, ethyl acetate; 
temperature, 10 °C; (02) , 1 atm. 
A : Pyridine, O: iV,iV-dimethylformamide, • : water. 

affected its activity little, compared with the case of 
metal polyphthalocyanine (Table 1), but the sub-
stituents of the phenyl group in the porphynato plane 
had a considerable effect (Table 2 ) ; the effects of 
substituents on the rate of oxidation were in the order 
of G H 3 > C H 3 0 > H > C 1 . This order, though it cannot 
be easily explained by only the electron-donating and 
electron-attracting properties of the substituent, coin­
cides with that of the influence of chemical substituents 
on the catalytic activity for oxidative dehydrogenation, 
as studied for tetra (/»-substituted phenyl) porphyrins by 
Manassen (see Column 3 in Table 2).18> 

A metal porphyrin had little activity to decompose 
a peracetic acid as one of oxidation products and pro­
duced the peracid quantitatively, as is in the case of 
a metal polyphthalocyanine (Fig. 1). Hydrogen per­
oxide was also considerably stable in the presence of 
the porphyrin at 10 °C. This result suggests that the 
formation of free radicals by the redox decomposition 
of peracid with a metal porphyrin, if any, is less impor­
tant as an initiation reaction in this oxidation. 

T h e addition of a small amount of pyridine, N,N-
dimethylformamide, or water to a main solvent such 
as ethyl acetate used in the reaction system affected 
the activity of the catalyst, as is observed in the case 
of a metal polyphthalocyanine (Fig. 2). Water did 
not affect, or was apt to decrease the oxidation rate 
upon addition, whereas pyridine or iV,iV-dimethylform-
amide gave the maximum rate when the catalytic 
amount was added. A small addition of such an 
electron-donating additive is likely to increase the 
catalytic activity, which depends on the characteristic 
donating power of the additive. The effect of ad­
ditives was of the order of pyridine >N, iV-dimethylform-
amide> water. 

The increase in the catalytic activity of a metal 
porphyrin can be well explained by the coordination 
of an additive to the metal, resulting in the activation 
of oxygen molecule at the trans-position, as has been 
reported with respect to a metal polyphthalocyanine.6) 
The decrease upon the addition of more than a catalytic 
amount of the additive, on the contrary, may be ascribed 
to the occup ation of both axial positions by the additive. 
T h e effect of the additive on the decrease mentioned 
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0.21-

0.1 

..Acetone Pyridine 

Acridine 
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12 - 4 0 4 8 
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Fig. 3. Effect of pXa(BH+) of basic additive on oxidation 
rate. Reaction conditions: Co tetra(jö-tolyl)porphy­
rin, 2 .5x lO _ 3 M; benzaldehyde, 0.4 M ; solvent, 
ethyl isobutyrate; temp, 10 °C; (02) , 1 atm; additive 
O: 2 .5xlO" 3M, ©: 6 .0xlO" 3M, • : 2.5 x 10"2 

M, 0 : 4 .0x l0 - 2 M. 

above will be discussed in the next paragraph. 
Effect of Additives. Effect of Bases : An additive 

with an elctron-donating or electron-accepting ability 
was added to the oxidation system consisting of cobalt 
tetra(/?-tolyl) porphyrin as a catalyst, benzaldehyde, and 
oxygen, with ethyl isobutyrate as the main solvent. 
Figure 3 shows the relation of the pÄ"a(BH+) of an 
additive as a conjugated acid to the oxidation rate 
under same concentrations of acetaldehyde and a 
catalyst, and oxygen pressure. The additive with a 
higher pÄ"a(BH+) value—that is, a stronger electron-
donating ability, suppressed the oxidation by prevent­
ing the oxygen from coordinating, depending on the 
amount present. Based on the mole of the catalyst, 
the catalytic and 2.4 times as much of the additive 
gave the point of the abrupt suppression of the rate 
near p# a(BH+) = 10; 10 times, near piCa(BH+) = - 2 , 
and 160 times, pXa(BH+) = —8. In addition, it is 
very surprising that a small change in the pÄ"a(BH+) 
values near 10 brought about a sudden decrease in 
the oxidation rate, even in the presence of a catalytic 
amount of the additive. 

The effect of the additive concentration on the rate 
is illustrated in Fig. 4. T h e p^ a (BH+) of the oxygen 
molecule is not known. However, it is considered to 
be under about 5, because the pÄa(BH+) of the super­
oxide ion has been reported as 4.8.19) Acetone with 
a p^Ta(BH+) of —7.2 did not affect the rate even if 
it was present in an amount 100 times that of the moles 
of the catalyst. The additive of a relatively high 
pÄ"a(BH+), such as quinoline (4.83), pyridine (5.21), 
or acridine (5.50), reduced the rate gradually when 
the concentration went over a certain amount. How­
ever, an additive such as benzylamine of pJKa(BH+) = 

0.1 0.2 0.5 1 2 3 4 5 

Additive (X l0 2 M) 

Fig. 4. Effect of the amount of basic additive on oxida­
tion rate. Reaction conditions: Cobalt tetra(/>-tolyl)-
porphyrin, 2.5 X 10~3 M; benzaldehyde, 0.4 M; solvent 
ethyl isobutyrate; temperature, 10 °C; (02) , 1 atm; 
additive, • : acetone (piTa(BH+) = —7.2), O : quino­
line (4.83), A : pyridine (5.21), A: acridine (5.50), 
• : benzylamine (9.33), • : piperidine (11.12). 

9.33 lowered the oxidation rate abruptly, and piperidine 
(11.12) inhibited the oxidation almost completely even 
if there was only a little more than the catalytic amount. 
In other words, as the piTa(BH+) of the additive became 
higher, the degree of competitive coordination between 
an additive and the molecular oxygen increased. In 
the case of piperidine, almost all substances added 
seem to occupy the coordination sites of the catalyst 
because of its high pÄa(BH+) value. 

The competitive reaction can be successfully explained 
by the above-mentioned results and discussion. How­
ever, a minor effect, namely, the steric effect of an 
additive, may be observed. O n quinoline, pyridine, 
and acridine, the respective pi^a 's are 4.81, 5.21, and 
5.50. These additives, accordingly, would lead to the 
lowering of the oxidation rate in the order of: quinoline 
> pyridine > acridine when present in inhibitive 
amounts. However, the experimental order was re­
versed in quinoline and pyridine. This may be due 
to the difference in steric bulkiness on gaining access 
to the central metal of catalyst: quinoline>pyridine. 

Effect of Acids. For the start of oxidation, it is 
essential for the substrate to be oxidized to approach 
and react with the activated oxygen. The ease of 
approach will be discussed using the electron-attract­
ing, namely, the proton-giving, property of the chemical 
species in the reaction system, such as an aldehyde, a 
solvent, and an additive. Such a point of view with 
respect to aldehydes has been previously reported.12) 
The role of the last additive is shown in Fig. 5. The 
figure shows that a decrease in the oxidation rate was 
observed below pÜTa(H+) of 4 on the addition of a 
proton-donating substrate corresponding to the amount 
of a catalyst, below pÄ" a(H+)=6 on the addition of 
10 times the amount, and below pÄ"a(H+) = 10 on the 
addition of 100 times the amount. I t is also well 
known in the field of electrochemistry that the superoxide 
ion, which is fairly stable under an alkaline condition, 
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Fig. 5. Effect of pÄ"a(H+) of protic additive on oxida­
tion rate. Reaction conditions: Go tetra(/>-tolyl)-
porphyrin, 2.5 X 10-3 M; benzaldehyde, 0.4 M; solvent, 
ethyl isobutyrate; temp, 10 °C; (02) , 1 atm; additive, 
O 2 . 5 x l 0 - 3 M , • 2 .5x lO- 2 M, (D 2 .5x l0 -*M. 
Arrow ( J, ) means no absorption of oxygen in trichloro­
acetic acid (pA"a(H+) = 0.65). 

reacts easily with a proton-giving substrate thus: 

0 2 + e + H+ - • H0 2 - , (5) 

H 0 2 ' + e + H+ -> H2Oa. (6)2°> 

These facts imply that the oxygen activated on por­
phyrin is deactivated by a protic substrate. If its 
acidity is stronger than that of benzaldehyde, it ob­
structs the hydrogen abstraction of benzaldehyde and 
converts the activated oxygen into the other form which 
interacts with the aldehyde only with difficulty. 

This may be explained by plotting the oxidation rate 
against the amount of an additive added (Fig. 6). In 
the presence of ethanol (pJTa(H+) = 15.9) or trichloro-
ethanol (pJCa(H+) = 12.24), the oxidation rate begins to 
be suppressed only after the addition of approximately 
the same amount of the additive as benzaldehyde. 
This means that the solvent with a pA"a(H+) over 
about 12 has no power to compete with benzaldehyde 
in approaching to the activated oxygen because of 
its lower electrophilic property: the pÄ~a(H+) of al­
dehyde is from about 10 to about 13.5; that of formal­
dehyde, 13.29, and that of chloralaldehyde, 10.03. O n 
the other hand, benzoic acid ( p ^ a ( H + ) = 4 . 2 0 ) inhibited 
the oxidation considerably even if only 2 . 5 x l O _ 2 M 
was present, corresponding to 10 times the catalytic 
amount. Trichloroacetic acid (p.£ a(H+)=0.65) pre­
vented the oxidation almost completely in the presence 
of the catalytic amount . 

These experimental facts coincide well with the curve 
of oxygen absorption (Fig. 1). T h e oxidation of acet-
aldehyde and benzaldehyde produces acetic and benzoic 
acids respectively as follows: 

RGOOOH + RCHO -* 2RGOOH. (7) 

o 
X 

O 
-ö1 

0.2 20 30 0.5 1 2 " 3 5 

Additive (X l0 2 M) 

Fig. 6. Effect of the amount of protic additive on oxida­
tion rate. Reaction conditions: Cobalt tetra(/?-tolyl)-
porphyrin, 2.5 X 10~3 M; benzaldehyde, 0.4 M; solvent 
ethyl isobutyrate; temperature, 10 °C; (Oa), 1 atm; 
additive, <D: ethanol, O : trichroloethane, # : nitro-
ethane, O : benzoic acid. 

These acids may deactivate the activated oxygen; the 
pÄ"a(H+) values of these acids are 4.76 and 4.20 re­
spectively.** 

Conclus ion 

As an additive included in a solvent has some parallel 
interaction with a porphyrin and its active intermediate, 
its pX a plays an important role in the initiation reac­
tion in terms of change of the rate. T h e concentra­
tion of the solvent relative to other chemical species 
is also important. These results and this dicussion can 
considerably clarify the questionable aspects proposed 
by other investigators. 

F. A. Walkner, for example, studied the thermody­
namics of the reaction of molecular oxygen with a cobalt 
porphyrin.21) T h e thermodynamics data of the reac­
tion, 

GoP-B + 0 2 GoP-B-O. (8) 

in which B represents an axial base, probably cor­
responding to the activation of the oxygen molecule, 
were measured at —65 °C for bases such as pyridine, 
4-picoline, 3,4-lutidine, 4-methylimidazole, and pi-
peridine. He could not find any direct relationship 
between the pK& of the coujugated acids of amines 
and the equilibrium constants of Scheme 8 or the AH 
of the formation of the C o - O bond. In this paper, 
moreover, there remain a few questions with respect 
to the following points: (A) T h e stabilization of co­
ordinated oxygen by the base C o P 0 2 B was not 
taken into account in the kinetical treatment of forma­
tion of oxygen complexes. This action of the amine 
cannot always be neglected, though; Pauling22) and 
others23*24) suggest that a more distinct imidazole from 

** The sudden decrease in the oxidation rate after a 
certain amount of oxygen has been absorbed (Fig. 1) may be 
attributed to the formation of such an acid. 
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the histidine residue (Ë-7) projecting into the oxygen-
binding pocket in the oxygen-carrying protein may 
somehow stabilize the coordinated dioxygen by hydro­
gen bonding. (B) The sample used in his experiments 
contained cobalt tetra(^-tolyl)porphyrin in a concen­
tration of (8 —9) X 10 - 4 M and the above-mentioned 
amine in a concentration of 1 X 10 - 2 — 1 X 10_ 1 M. In 
other words, the ratio of the amine to porphyrin was 
from about ten to one hundred. This ratio is considered 
to be in the range of concentration ratios in which some 
bases can stop the oxidation completely (see Fig. 4) 
and the formation of dioxygen complex may be sup­
pressed, and in which only 0 .8% of the cobalt would be 
in the form of the oxygen adduct under an atmo­
sphere in the presence of 4-dimethylaminopyridine or 
iV-methylimidazole as an axial base. The ratio seems 
to be too high for us to dicuss the formation of the 
oxygen complex kinetically. In autoxidation under 
such a ratio, a difference in the slopes of the straight 
parts of the graphs in relation with pK& was observed, 
namely, the equilibrium constants, as shown in Figs. 
4 and 6, and the straight parts sometimes crossed each 
other. A discussion based on the special ratio may, 
therefore, misunderstand the actual phenomena. The 
results reported by Stynes and Ibers25) for the similar 
cobalt protoporphyrin I X dimethyl ester-B system, 
including pyridine, 4-butylpyridine, iV-methylimidazole, 
and several others as axial bases, showed a direct re­
lationship between the pÄ"a(BH+) of the base and the 
formation of the C o - O bond. T h e ratio of 2—3 which 
they used will be suitable for a discussion of the in­
teraction of porphyrin with the oxygen molecule. (C) 
Though the steric hindrance of bases is probably small, 
it should also be considered. 

We wish to express many thanks to Professor Teiji 
Tsuruta for giving us fruitful advice and discussion 
through this work. 
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The Kinetics and Mechanism of the Radical Addition of Hydrogensulfite Ions 
to 1-Dodecene in a Micellar Solution of Sodium 1-Dodecanesulfonate 
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The addition reaction induced by Co-60 gamma-rays proceeded without any detectable induction period under 
homogeneous conditions in the presence of sodium 1-dodecanesulfonate. The consumption rate of 1-dodecene 
was equal to that of sodium hydrogensulfite and proportional to the square roots of the hydrogensulfite-ion and 
1-dodecene concentrations. The g-value of 1-dodecene consumption was 860 at the concentrations of 0.260 
mol/1 of sodium hydrogensulfite, 0.0966 mol/1 of 1-dodecene, and 0.11 mol/1 of sodium 1-dodecanesulfonate at 
the dose rate of 2.70 X 1015 eV/g-s and the dose of 1.62 X 1018 eV/g. The apparent rate constant was 2.6 X 10-* 

s-1 under these reaction conditions. The reaction of CH3(CH2)9CHCH2S03- with the sulfite radical ion was 
proposed as the termination step of the reaction. 

I t is well known that the addition of hydrogensulfite 
ions to olefins initiated by oxidizing agents,1-4) by ultra­
violet light5) or gamma irradiation6) proceeds by a 
radical process, but the reaction is still not sufficiently 
understood. Investigations in this area have recently 
been stimulated by the interest in converting 1-alkenes 
with 8 to 18 carbon atoms into 1-alkanesulfonates, but 
to date no kinetic study has been made, probably be­
cause of the low solubilities of these olefins in water. 

1-Alkanesulfonates with 8 to 18 carbon atoms have 
good surfactant properties.7) Surfactants have been 
utilized extensively for the enhancement and the in­
hibition of industrially and biologically important 
radical processes.8) Emulsion polymerization9) is per­
haps the prime example of this application of surfac­
tants. Similarly, micellar amphiphiles affect the rate 
of the oxidation of dispersed or emulsified hydrocar­
bons,10) aldehydes,11) and unsaturated esters.12) I n the 
present study, some preliminary experiments showed 
that the addition reaction started at a significant rate 
and without any detectable induction period in the 
presence of sodium 1-dodecanesulfonate, though hardly 
no reaction occurred in its absence. 

The present study was undertaken in order to throw 
some light on the kinetics and mechanism of the radia­
tion-induced addition of hydrogensulfite ions to 1-
dodecene in micellar solutions of sodium 1-dodecane­
sulfonate. In this study an aqueous i-butyl alcohol 
solution, which has been reported to be the most ap­
propriate solvent for the similar photo-reaction,5) was 
used as the solvent, and the reaction was carried out 
under homogeneous conditions. 

Exper imenta l 

Materials. The sodium hydrogensulfite was of a 
guaranteed grade and was used without further purification. 
The 1-dodecene (97.8%) was distilled under a reduced pres­
sure of nitrogen. The water and £-butyl alcohol were distill­
ed. The sodium 1-dodecanesulfonate was prepared from 
sodium hydrogensulfite and 1-dodecene as follows. Sodium 
hydrogensulfite (0.25 mol/1), 1-dodecene (0.25 mol/1), water 
(200 ml), and f-butyl alcohol (200 ml) were added to a flask 
(1000 ml) fitted with a stirrer. The rapidly stirred mixture 
was irradiated with Co-60 gamma-rays (3.47 X 1015 eV/g«s) 
for about 2 h at room temperature and then neutralized with 
dilute hydrochloric acid. After the neutralization, the mix­
ture was irradiated again for 1 h to complete the reaction. 

The irradiated mixture was then dried under reduced pressure 
overnight to give a white powder as the product. Neither 
sodium hydrogensulfite nor 1-dodecene was observed in the 
product. 

Procedure and Irradiation. A reaction mixture was pre­
pared by dissolving sodium hydrogensulfite, 1-dodecene, and 
sodium 1-dodecanesulfonate (0.11 mol/1) in a /-butyl alcohol-
water (50 vol%) mixture. In order to keep the starting re­
action mixture a single liquid phase, it is necessary that the 
initial concentrations of sodium hydrogensulfite and 1-dode­
cene be in the ranges of 0.04—0.30 mol/1 and 0.03—0.20 
mol/1 respectively. The reaction mixture was placed in a 
glass tube (50 ml) and irradiated with Co-60 gamma-rays 
at room temperature after the tube had been deaerated under 
reduced pressure. The dose rate was determined by means 
of a Fricke dosimeter, taking G(Fe3+) = 15.6. No correction 
was introduced (<1%) for the electronic density difference 
between the dosimetric solutions and those studied. The pH 
of the reaction mixture was measured before and after irradia­
tion using a Töa Denpa HM-5A pH meter; no significant 
differences in the pH values (about 4.1) were found. 

Analytical Procedure. The determination of unreacted 
1-dodecene was made on a gas Chromatograph (Yanagimoto 
model G-80) equipped with a flame-ionization detector and 
a 1.5 m stainless steel column packed with 60—80 mesh 
Celite 545 and coated with 30% Silicone DC 550, where 
aqueous samples were directly injected into the gas Chromato­
graph without pretreatment. 

Unreacted sodium hydrogensulfite was determined by titra­
tion: after the oxidations of sulfite and hydrogensulfite ions 
into the sulfate ion with hydrogen peroxide, the sulfate ion 
was titrated with barium Perchlorate using 4,5-dihydroxy-3, 
6 - [(2 - sulfo- 4- methylphenyl)azo] - 2,7 - naphthalenedisulfonic 
acid, Na2 salt (m,m'-dimethyl sulfonazo III13>) as the indicator. 

The product was identified as sodium 1-dodecanesulfonate 
by a comparison of its infrared spectrum [721, 798 (vC-S), 
1063 (vS-O), 1175, 2855, 2924 cm"1 (vC-H)] with the spectra 
of the alkanesulfonates in the literature.14) The spectrum 
was obtained by the use of an infrared spectrophotometer, 
Hitachi EPI-S2, using a potassium bromide disk method. 

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

Hydrogensulfite-ion Concentration. The hydrogen­
sulfite-ion concentration in an aqueous solution is given 
by15) 

[NaHS03], (1) 
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Fig. 1. The conversion of 1-dodecene as a function of 
irradiation time. 
O—NaHS03 : 0.260 mol/1, 1-dodecene: 0.0966 mol/1, 
l-C12H25S03Na: 0.11 mol/1, dose rate: 2.70X 1015 

eV/g-s. A—NaHS03 : 0.46mol/1, 1-dodecene: 0.47 mol 
/I, dose rate: 1.11 X 1016 eV/g-s. 

where Kx and K2 are the dissociation constants of H 2 S 0 3 

and H S 0 3 - respectively; /H2SO3 , /HSO3- , and /so3
2-, the 

activity coefficients of H 2 SO s , H S 0 3
_ , and S 0 3

2 _ re­
spectively; [an*], the activity of the hydrogen ion, and 
[ N a H S 0 3 ] , the concentration of the sodium hydro-
gensulfite initially dissolved in the solution. 

The p H values of sodium hydrogensulfite solutions 
in water and in a £-butyl alcohol-water (50vol%) 
mixture were roughly independent of the sodium hydro­
gensulfite concentration. The p H value observed in 
the £-butyl alcohol-water mixture was only about 0.2 
pH-units higher16) than that (about 3.9) in water. 
Therefore, the p#H

+, —log[aH
+], value in the mixture 

was roughly estimated to be equal to the p H value in 
water, by analogy with the paH+-determination of 
succinate buffer solutions in alcohol-water mixtures.17) 
Accordingly, [<zH

+] in Eq. 1 is 1.3 X 10~4 mol/1. Since 
Kx and K2 are 1 .54x l0" 2 and 1.02X10-7 18) respec­
tively at 18 °G, and since the activity coefficient ratios of 

/HSO3-//H2SO3 and/HSO3- / /SO3
2- do not differ greatly from 

unity,15 '19) the substitution of these values into Eq. 1 
gives, 

[HSO3-] « [NaHSOa]. 

Reaction in Micellar Solution. Alkanesulfonates 
with a straight-chain alkyl group of from 8 to 18 carbon 
atoms are usually capable of forming micelles and 
solubilizing olefins in aqueous solutions above their 
critical micelle concentrations.20) The critical micelle 
concentration of sodium 1-dodecanesulfonate in an 
aqueous solution is 9.8 X 10~3 mol/1 at 31 °G21), and the 
addition of alcohols except methyl alcohol to the solu­
tion causes a decrease in the critical micelle concen­
tration.22-25) In the present work, 0.11 mol/1 of sodium 
1-dodecanesulfonate was added to the reaction solution 
so that the reaction might be carried out under homo­
geneous conditions. I t follows, then, that the micelles 
must be formed in this solution. Accordingly, it may 
be noted that the solution, though it is seemingly a 
single liquid phase under the homogeneous conditions, 
comprises both a micellar phase and a bulk phase in 
the presence of the surfactant. In such a solution, it 
is necessary to consider that the rate of the addition 
reaction is subject to the influence of the solubilization 

«.S x 
Ü v 

*-Butyl alcohol (vol%) 

Fig. 2. The conversion of 1-dodecene and the concentra­
tion of 1-dodecene dissolved in the aqueous phase as 
a function of the content of f-butyl alcohol. 
O—NaHS03 : 0.458 mol/1, 1-dodecene: 0.214 mol/1, 
dose: 1.42X 1017 eV/g at the dose rate of 2.37X 1015 

eV/g-s. #—NaHS0 3 : 0.229 mol/1, 1-dodecene: 
0.225 mol/1, l-C12H25S03Na: 0.055 mol/1. 

of 1-dodecene by the micelles, since this olefin is hardly 
soluble in water. 

Figure 1 shows two typical plots of the 1-dodecene 
conversion against the absorbed dose. The reaction 
began without any detectable induction period in the 
presence of the surfactant, while hardly no reaction 
occurred for up to 10 min in its absence. In this case, 
at the beginning of the reaction, the reaction solution 
was apparently homogeneous in the former case, while 
it comprised both an organic (olefin) phase and an 
aqueous (hydrogensulfite ion) phase in the latter case. 
The 1-dodecene concentration in the aqueous phase was 
only 0.014 mol/1, less than that in the former solution 
by a factor of about 10. Figure 2 shows the plots of 
the 1-dodecene conversion and of the 1-dodecene con­
centration in the aqueous phase as functions of the 
vo l% of £-butyl alcohol under such heterogeneous con­
ditions that this solution comprises both the organic 
and aqueous phases in the presence of 0.055 mol/1 of 
sodium 1-dodecanesulfonate. The 1-dodecene concen­
tration in the aqueous phase decreased with the decrease 
in the i-butyl alcohol content below 50 vo l% of ^-butyl 
alcohol. I t follows, then, that the 1-dodecene concen­
tration in the organic phase must increase with the 
decrease in the i-butyl alcohol content below 50 vol % 
of i-butyl alcohol. In addition, the organic-phase 
portion of the solution increased with the decrease in 
the f-butyl alcohol content. If the reaction takes place 
predominantly in the organic phase, the 1-dodecene 
conversion will increase with the decrease in the t-
butyl alcohol content below 50 vol % of i-butyl alcohol. 
O n the contrary, if the reaction takes place predomi­
nantly in the aqueous phase, the rate of 1-dodecene 
consumption will depend on the 1-dodecene concen­
tration in the aqueous phase. As is evident from Fig. 
2, the 1-dodecene conversion did not increase with the 
decrease in the i-butyl alcohol content below 50 vol % 
of i-butyl alcohol ; rather a nearly close correlation was 
found between the 1-dodecene conversion and the 1-
dodecene concentration in the aqueous phase. From 
the facts described above, it appears more likely that 
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Fig. 3. The conversion of 1-dodecene as a function of 
irradiation time with various dose rates and concentra­
tions. 
O, A, • — N a S H 0 3 : 0.252 mol/l, 1-dodecene: 0.144 
mol/1, l-G12H25S03Na: 0.11 mol/1, dose rate (eV/g-s): 
4.75 x 1015 for O, 1.68 X 1015 for A, 8.19x 10u for D-
C—NaSH0 3 : 0.260 mol/1, 1-dodecene: 0.0966 mol/1, 
l-G12H25S03Na: 0.11 mol/1, dose rate: 2.70xlO15 

eV/g-s. 

TABLE 2. THE CONVERSION RATIO OF 1-DODECENE TO 

NaHS0 3 IN THE ADDITION OF H S 0 3 - TO 1-DODECENE 

TABLE 1. CONVERSIONS OF 1-DODECENE UNDER VARIOUS 

REACTION CONDITIONS 

[NaHS03] 
(XlO-2 

mol/1) 

9.61 
9.61 
9.61 
9.61 

14.4 
14.4 
14.4 
14.4 
26.0 

[1-Dedecene] 
(xio-2 

mol/1) 

6.75 
6.75 
6.75 
6.75 
6.75 
6.75 
6.75 
4.50 
9.66 

[l-C12H25S03Na] 
(XlO-2 mol/1) 

1.8 
3.7 
7.3 

11.0 
1.8 
3.7 
7.3 

11.0 
11.0 

1-Dodecene 
conv. 

( X 10-2 mol/ 

2.01 
2.03 
2.08 
1.97 
2.46 
2.59 
2.54 
1.86 
4.10 

Dose: 3.24X 1018 eV/g at the dose rate of 2.70 x 1015 

eV/g-s. 

the reaction takes place predominantly in the aqueous 
phase in the presence of the surfactant. 

1-Dodecene was hardly soluble in the aqueous phase 
in the absence of the surfactant. As can be seen in 
Fig. 2, however, the 1-dodecene concentration in the 
aqueous phase was 0.255 mol/1 at 5 0 v o l % of i-butyl 
alcohol in the presence of 0.055 mol/1 of sodium 1-
dodecanesulfonate. Since this surfactant can solubilize 
1-dodecene in aqueous solutions above its critical micelle 
concentration, most of this olefin dissolved in the a-
queous phase can be considered to be solubilized by 
the surfactant. Table 1 shows the 1-dodecene conver­
sion at various surfactant concentrations under the 
homogeneous conditions. This conversion was inde­
pendent of the surfactant concentration in the range 
studied. I t can, therefore, be considered that most of 
the olefin is solubilized by the surfactant under the 
homogeneous conditions, because the distribution of 
the olefin between the micellar and the bulk phases, 
which is responsible for the alteration of the reaction 
rate, will vary with the surfactant concentration if the 
olefin is present in these two phases. From this result 
and from the experimental findings described above, it 
can be concluded that solubilized 1-dodecene predom­
inantly takes par t in the addition reaction in the 
presence of the surfactant. 

Reaction Mechanism. The addition of the hydro-
gensulfite ion to 1-dodecene is known to proceed by a 
radical chain process involving the chain-carrying steps 
given by1) 

S 0 3 - + CH3(CH2)9CH=CH2 

-» CH3(CH2)9CHCH2S03-, (2) 

CH3(CH2)9CHCH2S03~ + H S 0 3 -

-» CH3(CH2)9CH2CH2S03- + S0 3 - . (3) 

In general, the action of ionization radiation upon 
dilute solutions results in the degradation of the sol­
vent.26) 

The degradation of water by radiation is expressed 
as27) 

H 2 0 -V\A+ OH, H, eaq-, H2, H 2 0 2 

and the radiolysis of £-butyl alcohol gives such species 

Dose rate Dose Conversion (mol/1) Conv. ratio 
X lO-15 X 10-18 '—"—* / 1-D°decene\ 

(eV/g-s) (eV/g) 1-Dodecene NaHSOs V NaHSOs ) 

0.81 
1.68 
1.68 
2.70 
2.70 
2.70 
4.57 

2.43 
2.02 
2.43 
3.24 
3.53 
4.86 
5.48 

0.048 
0.040 
0.035 
0.053 
0.058 
0.069 
0.061 

0.044 
0.043 
0.032 
0.053 
0.057 
0.070 
0.063 

as H, C H 2 ( C H 3 ) 2 C O H , and es-0l.
28) Of these species, 

•H, -OH, and erq or e™i react with the hydrogen-
sulfite ion to give the sulfite radical ion.29-30) 

Figure 3 shows the plots of the 1-dodecene conver­
sion as a function of the irradiation time at various 
dose rates and at various concentrations of the hydro-
gensulfite ion and of 1-dodecene. The reaction began 
without any detectable induction period under these 
reaction conditions. Table 2 shows that a 1 : 1 prod­
uct is formed independently of the dose and the dose 
rate. Most of the product obtained was identified as 
sodium 1 -dodecansulfonate. 

The termination of the addition reaction may result 
mostly from processes such as the dimerization of the 
chain-carrying radicals given in Eqs. 2 and 3 or a 
coupling reaction of these radicals. If the dimerization 
of the sulfite radical ion takes place as the termination, 
the rate of 1-dodecene disappearance should be pro­
portional to the 1-dodecene concentration, by analogy 
with kinetic analysis in general.31) Similarly, if the 
dimerization of the alkanesulfonate radical takes place, 
the rate should be proportional to the hydrogensulfite 
ion concentration. O n the other hand, if the alkane­
sulfonate radical couples with the sulfite radical ion to 
terminate the addition reaction, the rate should be 
proportional to the square roots of both the 1-dodecene 
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[ 1 -Dodecene] V« (mol1/* • l"1/») 

Fig. 4. The conversion of 1-dodecene as a function of 
the square root of the initial concentration of 1-dode­
cene. 
NaHS0 3 : 0.260 mol/l, l-C12H25S03Na: 0.11mol/l, 
dose: 2.43 X 1018 eV/g at the dose rate of 2.70X 1015 

cV/g-s. 

0.1 0.2 0.3 0.4 

[NaHS03]V* (molV2.1-V2) 

Fig. 5. The conversion of 1-dodecene as a function of 
the square root of the initial concentration of sodium 
hydrogensulfite. 
1-Dodecene: 0.0902 mol/l, l-G12H25S03Na: 0.11 mol/ 
1, dose: 4.05 x 1018 eV/g at the dose rate of 2.70X 1015 

eV/g-s. 

and hydrogensulfite ion concentrations. The conver­
sion was independent of the surfactant concentration 
in the range studied, as can be seen in Table 1. Figures 
4 and 5 show the plot of the 1-dodecene conversion 
against the square root of the initial 1-dodecene con­
centration, and that against the square root of the 
initial hydrogensulfite ion concentration, respectively. 
These results indicate that the rate of 1-dodecene 
disappearance is proportional to the square roots of 
both the 1-dodecene and hydrogensulfite ion concentra­
tions. Consequently, the termination can be deduced 
to be the coupling reaction of the alkanesulfonate 
radical with the sulfite radical ion to give dodecanedi-
sulfonate. In fact, substantial amounts of dodecane-
disulfonate were identified in a similar radical-addition 
initiated by nitrate salts.1) 

On the basis of the above experimental findings and 
the chain-carrying steps cited above, the basic reac­
tion mechanism of the addition reaction may be deduced 
to be as follows: 

Solvent -\AA» A, 

A + HS0 3 AH + SO.-, 

(4) 

(5) 

S 0 3 - + CH3(CH2)9CH=GH2 

• CH3(CH2)9CHCH2S03-, (6) 

CH3(GH2)9CHGH2S03- + H S 0 3 -

> GH3(CH2)9CH2CH2S03- + SO s-, (7) 

CH3(CH2)9CHCH2S03- + SO s-

> CH 3 (CH 2 ) 9CH(S0 3 )CH 2S0 3 - , (8) 

where A represents the above-mentioned radiolytic 
species which participate in the initiation of the addi­
tion reaction. 

Rate Equation. According to Eqs. 4 to 8, and 
assuming the usual steady-state approximation for each 
radical we obtain the over-all rate equation of the 1-
dodecene consumption in the micellar solution as 
follows : 

d[RCH=CH2] 

d* 

goh j l + ( ^ l + ^ - ^ [ R C H = G H 2 ] [ H S 0 3 - ] j j , (9) 

where g0 is the number of A per absorbed dose of one 
eV; I0, the dose rate (eV/g-s); kG, kn, and k8, the rate 
constants of Eqs. 6, 7, and 8 in the micellar solution re­
spectively, and [RCH=CH 2 ] , the 1-dodecene concen­
tration. 

From Fig. 1, the g-value (the number of molecules 
reacted per 100 eV of radiation energy absorbed) of 
1-dodecene consumption was calculated to be 860 at 
the absorbed dose of 1.62 X 1018 eV/g (in irradiation 
time of 10 min) and at the concentrations of 0.0966 
mol/l of 1-dodecene, 0.260 mol/l of sodium hydro­
gensulfite, and 0.11 mol/l of sodium 1-dodecanesulfonate. 
This ^-value is very large compared to the pr imary 
yields of the active species produced from the radiolysis 
of water and organic compounds,32 '33) so it may be 
assumed that, in Eq. 9, 8£ 6 £ 7 [RCH=CH 2 ] [HS0 3 - ] / 
goIok^X. Consequently, Eq. 9 can be simplified to 

d[RCH=CH2] 

d* 

where, 

k = 

= A[RGH=GHa]
1/a[HSOs-]

1/a, 

gohkJh V / 2 / g0I0k6k7 V 
V 2ks J 

(10) 

(11) 

The expression of Eq. 10 agrees well with the experi­
mental findings shown in Figs. 4 and 5. 

Since the conversion of 1-dodecene was equal to 
that of sodium hydrogensulfite, Eq. 10 becomes 

- ^ - = k(a-x)y\b-x)V\ (12) 

where A; is a variable representing the decrease in the 
concentrations of the reactants in the given time and 
where a and b are the initial concentrations of 1-
dodecene and the hydrogensulfite ion respectively. O n 
integrating Eq. 12 with the boundary condition, x=0 
at t=0, the apparent rate constant of the 1-dodecene 
consumption can be derived as 

, 2 . {(a-x)V*-(b-x)V*) 
k ~ ~Tln\ «V2_£V2 J' ;i3) 
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10 30 40 20 

t (min) 

Fig. 6. Plots of ]n[{(a-x)1/*-(b-x)1/*}/(aV*-b1/*)'] 
against t. 
O, C , A, G : See Fig. 4. 

TABLE 3. THE APPARENT RATE CONSTANTS FOR THE 

ADDITION OF HSO3 - TO 1-DODECENE UNDER 

VARIOUS REACTION CONDITIONS IN MICELLAR 

SOLUTIONS AT ROOM TEMPERATURE 

[NaHSOs] [1-Dodecene] 
xio2 

(mol/1) 

9 . 6 1 s 

9.61 
9.61 
9.61 

14.4 T 
14.4 
14.4 
14.4 
26.0 j 
25.2 x 

25.2 F 
25.2 , 

XlO2 

(mol/1) 

6.75 
6.75 
6.75 
6.75 

ablel 6.75 
6.75 
6.75 
4.50 
9.66 
14.4 

ig. 6 14.4 
14.4 

[l-G laH25S03Na] 
XlO2 

(mol/1) 

1.8 
3.7 
7.3 

11.0 
1.8 
3.7 
7.3 

11.0 
11.0 
11.0 
11.0 
11.0 

Dose rate 
XlO-15 

(eV/g.s) 

2.70 
2.70 
2.70 
2.70 
2.70 
2.70 
2.70 
2.70 
2.70 
4.57 
1.68 
0.819 

k 

xio* 
(s-1) 

2.4 
2.4 
2.5 
2.4 
2.4 
2.6 
2.5 
2.3 
2.6 
3.6 
1.7 
1.0 

Apparent Rate Constant. According to Eq. 13, a 
plot of ln[{(f l -x) 1 /2_(é-x)V2}/( f l i /2_é 1 /2)] against 
the time, t, should be a straight line, passing through 
the point of origin, with a slope equal to kj2. As is 
shown in Fig. 6, a good straight line was obtained for 
each dose rate by using the same data as those given 
in Fig. 3. The apparent rate constants can be calcu­
lated from the slopes of these straight lines; they are 
summarized in Table 3, together with those calculated 
from the values given in Table 1. 

Dose-rate Dependence of the Apparent Rate Constant. 
According to Eq. 11, a plot of the logarithm of k against 
the logarithm of I0 should be a straight line with a 
slope of 0.5. The plot of the experimental data gave 
a straight line with a slope of 0.73, as is shown in Fig. 
7. This value is somewhat different from 0.5. This 
difference may be attributable to the termination steps 
other than Eq. 8, a par t of which is presumably the 
reactions of the alkanesulfonate radical with radicals 
from the irradiated solvent. 

Surfactant Effects. Although the coupling reac­
tion of the alkanesulfonate radical with the sulfite 
radical ion was proposed as the termination of the 
addition reaction, it is possible to postulate another 
coupling reaction, the dimerization of the alkane­
sulfonate radical, by analogy with radical reactions in 

0.2 0.4 

- 1 5 + log/0 

Fig. 7. Plot of log k against log I0. 

general. According to the accepted model34) for ionic 
micelles, the hydrophobic part of the aggregated sur­
factants forms the core of the micelles, which is liquid-
parafnn-like in character, while the polar-head groups 
are located at the micelle-water interface in contact 
with, and hydrated by, a number of water molecules. 
The unpaired electron of the alkanesulfonate radical 
is assumed, on this basis, to be located at the micelle-
water interface. O n the contrary, the charged species, 
such as the sulfite, hydrogensulfite or sulfite radical 
ions, are generally in the bulk phase.20) However, 
water molecules very probably penetrate beyond the 
polar-head groups at the micellar exterior.35) Accord­
ingly, it is assumed that solutes in the bulk phase may 
interaet with the alkanesulfonate radical solubilized 
in the micelle, without penetrating into the nonpolar 
micellar core. Since there are a great number of 
micelles in the reaction solution, two or more alkane­
sulfonate radicals are scarcely ever produced in the 
micelle at the same time. Therefore, the rate of the 
dimerization of this radical may be very slow because 
there is electrostatic repulsion between the micelles. 
Consequently, the coupling reaction of the alkanesul­
fonate radical with the sulfite radical ion may be more 
predominant than the dimerization of the alkanesul­
fonate radical as the termination of the addition re­
action. 

The authors wish to thank Dr. Akira Mitsui for his 
valuable discussions. 
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The Synthesis of a-Aminonitriles Starting from the Corresponding 
Amino Acids. I. Use of o-Nitrophenylsulfenyl as an 

N-Protecting Groupx) 

Katsuhiro KAWASHIRO, Hideyuki YOSHIDA, and Shiro MORIMOTO 

Department of Chemical Engineering, Faculty of Engineering, Tokushima 
University, Minamijosanjima, Tokushima 770 

(Received October 25, 1976) 

JV-o-Nitrophenylsulfenylamino acid amides of glycine, alanine (DL and L), leucine (DL and L), methionine 
(DL), phenylalanine (DL and L), and proline (L) were dehydrated in POCl3-pyridine. The N-protected a-amino-
nitriles obtained were treated with anhydrous HCl affording the corresponding a-aminonitrile hydrochlorides. 
The optical purity of the L-a-aminonitriles was well retained. 

a-Aminonitriles can be synthesized by reactions of 
ammonium cyanide with carbonyl compounds, which 
is known as Zelinsky-Stadnikoff synthesis2) and which 
always yields racemic products. I t may be more con­
venient to prepare a-aminonitriles from the corre­
sponding amino acids on a laboratory scale. The pur­
pose of this study is to obtain some racemic and enantio-
merically pure a-aminonitriles from the corresponding 
amino acids, and also to establish a procedure applicable 
to the enantiomeric analysis of a-aminonitriles. 

Several investigators3-7) have reported the preparation 
of N-protected a-aminonitriles by dehydrating the cor­
responding amino acid amides. They employed ben-
zyloxycarbonyl, phthaloyl, or acetyl as an N-protecting 
group. These N-protecting groups have not been re­
moved. Recently, Ojima et al.8) have reported the 
asymmetric synthesis of some a-aminonitriles via cyano-
silylation of the Schiff bases. 

Alanyl-a-aminopropiononitriles have been obtained 
as hydrochlorides by the dehydration of the correspond­
ing iV-o-nitrophenylsulfenyl(NPS)-dipeptide amides, fol­
lowed by treatment with anhydrous HCl.9) The pres­
ent paper is concerned with the preparation of a-
aminonitriles, which includes the dehydration of NPS-
amino acid amides and the subsequent removal of the 
N-protecting groups. 

As model compounds, NPS derivatives10) of a-
aminonitriles (aminoacetonitrile and DL-a-aminoglu-
taronitrile) were prepared. Their NPS groups were 
easily removed by treatment with anhydrous HCl , and 

R 
I 

NPS-NHGHGONH2 

1 

R 

poci3 

Pyridine 

NPS-NHCHGN 

2 

HCl 

R 

H2NCHCN-HC1 

3-HCl 

a) R = H, b) R = Me(DL), c) R = Me(L), 
d) R = »-BU(DL), e) R = Z-BU(L), 

f) R = CH2CH2SMe(DL), g) R = CH 2P1I(DL), 
h) R=CH 2 Ph( L ) , 3i) CH2-CH, (L) 

I I 
CH2 GHGN 

H 
NPS = o-Nitrophenylsulfenyl 

Scheme 1. 

ion-exchange chromatography of each a-aminonitrile 
obtained gave a single peak. O n the basis of this 
work, the nine a-aminonitrile hydrochlorides were 
synthesized as shown in Scheme 1. 

The methyl esters of NPS-glycine and alanine (DL 
and L) were easily converted into the corresponding 
amides ( la—c) by ammonolysis at room temperature 
for several days in methanol saturated with NH 3 . The 
other NPS-amino acid amides (Id—i) were not ob­
tained by ammonolysis of the corresponding NPS-
amino acid methyl esters but were prepared by the 
reaction of the amino acid amides with o-nitrobenzensul-
fenyl chloride. The NPS-amino acid amides ( la—i) 
were dehydrated in cold POCl3-pyridine according to 
the method of Liberek et a/.4) to afford the correspond­
ing nitriles (2a—i), among which the N-protected 
nitrile derivatives of glycine, alanine (DL and L ) , and 
DL-leucine (2a—d) were obtained as crystalline prod­
ucts and those of the other amino acids (2c—i) as 
oily products. When the NPS-a-aminonitriles (2a—i) 
dissolved in ethyl acetate or diethyl ether were treated 
with anhydrous HCl , the a-aminonitrile hydrochlorides 
(3a—i-HCl) shown in Table 1, were obtained. The 
yields of the products based on the corresponding NPS-
amino acid amides ( la—i) were poor (10—40%). The 
I R spectra of the products had absorption bands at 
2250—2260 c m - 1 corresponding to the C=N stretching 
vibration. 

0.4 

0.3 

E c0.2 

dO.1 

3a 

Li 
D3b 

11 
11 
1 1 
1 1 
1 1 
1 1 
1 1 

! ! 
1 1 

1 1 

11 

Oly-NH2 ,» 

NH, / / 
y y j > 

I T _., i_ _^-„J_ 

^DL-Ala-NH2 

1 \ 
1 1 

1 1 

1 i 
A > 

1 
i 1 I 

1 1 
1 1 
I t \ \ \ \ 
V \ 

... _ i_" ...mi 

Fig. 1. 

Retention t ime(h) 

Ion-exchange chromatograms of a-aminonitriles. 
: 3a(0.305 {i.mol) + Gly-NH2(0.229 fxmol). 
: 3b(0.118 {jtmol) + DL-Ala-NH2(0.204 (imol). 

Column: 0.250 X 50 cm. Thirty min after the elution 
began, the eluent was changed from a pH 3.25 buffer 
to a pH 5.28 buffer. 
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TABLE 1. OC-AMINONITRILE HYDROCHLORIDES 

a-Amino-
nitrile-HCl 

3a 

3b 

3c 

3d 

3e 

3f 

3g 

3h 

3if) 

Molecular 
formura 

C2H4N2-HC1 

C3H6N2-HC1 

C3H6N2-HC1 

C6H12N2-HC1 

C6H12N2.HG1 

G5H10N2S-HG1 

G9H10N2-HG1 

G9H10N2-HG1 

G5H8N2-HC1 

Mp (°G) 
(dec) 

164— 166c> 

135— 137d> 

156—158 

203—208e> 

173—176 

112—115 

166—168 

176—178 

128—130 

Yield (%)a> 

9 

17 

13 

9 

13 

40 

35 

30 

34 

(cm-1) 

2260 

2260 

2260 

2260 

2260 

2260 

2250 

2250 

2250 

Ml2 (deg) 

- 1 5 . 3 
(c 0.708, H 2 0) 

+ 16.8 
(c 0.80, H 2 0) 

+ 5.8 
(c 0.79, H 2 0) 

- 2 5 . 5 
(c 0.80, H 2 0) 

Found (Galcd) 

G H 

26.30 
(25.96 
34.16 

(33.82 
33.77 

(33.82 
48.33 

(48.49 
48.28 
(48.49 
35.91 

(36.03 
59.09 

(59.18 
58.88 

(59.18 
44.86 

(45.29 

5.47 
5.45 
6.62 
6.62 
6.69 
6.62 
8.66 
8.82 
8.86 
8.82 
6.59 
6.65 
6.21 
6.07 
6.14 
6.07 
6.94 
6.84 

(%) 
s 

N 

30.21 
30.28) 
26.28 
26.29) 
26.37 
26.29) 
18.60 
18.85) 
18.90 
18.85) 
17.15 
16.81) 
15.26 
15.34) 
15.29 
15.34) 
20.05 
21.13) 

a) Calculated on the basis of 1. b) IR spectra were measured in KBr pellets. c) Lit, mp (dec) 165 °G: Ref. 
16. d) Lit, mp (dec) 125—128 °G: Ref. 3 and lit, mp 115—117 °G: Ref. 17. e) Lit, mp (dec) 175—180 °C: 
Ref. 18. f) Hygroscopic and contaminated with impurities. 

TABLE 2. CHROMATOGRAPHIC DATA OF OC-AMINONITRILES 

a-Amino- Ion-exchange Paperb) 
nitrile retention time (h)a) i?f

a> 

3a 
3b, 3c 
3d, 3e 
3£ 
3g, 3h 
3i 

3.6 
3.7 
4.0 
2.5 
5.2 
1.8 

(4.5) 
(4.6) 
(3.7) 
(4.4) 
(6.9) e> 
(2.4) 

c ) 

d ) 

0.25 (0.29) 
0.55 (0.49) 
0.86 (0.69) 
0.70 (0.63) 
0.80 (0.63) 
0.43 (0.53) 

Configuration retention for the L-a-aminonitriles (3c, 
e, h , and i) was confirmed using a gas chromatographic 
method.11) These compounds were transformed into 
the corresponding iV-trifluoroacetyl(TFA)-amino acid 
( + )-2-butyl esters as shown in Scheme 2. 

R R 
I HCI-CH3OH I H2O 

H , N C H C H N > H^NCHCOCH, > 

a) Values in parentheses are those of the corresponding 
amino acid amides, b) Carried out with Toyo filter 
paper No. 50 using a n-BuOH-AcOH-H20 ( 4 : 1 : 2 v/v) 
solvent system, c) 0.250 x 50 cm column. Thirty min 
after the elution began, the eluent was changed from a 
pH 3.25 buffer to a pH 5.28 buffer, d) 0.250 x 15 cm 
column, eluent: pH 5.28 buffer, e) Eluent: pH 5.28 
buffer-f-BuOH (8 : 2 v/v). 

The results of ion-exchange chromatography of the 
a-aminonitriles (3a—i) are summarized in Table 2. 
Only the small peaks of N H 3 were observed in the 
chromatograms, in addition to the a-aminonitriles. 
These a-aminonitriles were eluted more rapidly than 
the corresponding amides with the exception of the 
a-aminoisocapronitriles (3d and e) , which were not 
separated from leucine amide when a 0 . 2 5 0 x 1 5 cm 
column and a p H 5.28 buffer were used. T h e chro­
matograms presented in Fig. 1 show that the chromato­
graphic method is available for quantitative analysis 
of the a-aminonitriles. Aminoacetonitrile (3a) and DL-
a-aminopropiononitrile (3b) were identified by com­
paring their retention times on the chromatograms with 
those of authentic samples. The results of paper chro­
matography of the a-aminonitriles (3a—i) are also 
summarized in Table 2. In this case, 3d and 3e were 
separated from the corresponding amides. 

R 
I 

H2NCHCOCH 

O 

NH 

R 
HCl-(+)-2-Butanol | 

a > H2NCHCO-( + )-2-Bu 
no°c, 2 h 

R 

O 

(CF3CO)20 
CF3CONHCHCO-( + )-2-Bu 

O 

Scheme 2. 

10 12 14 
Retention time (min) 

Fig. 2. Gas chromatogram of A'-TFA-analine ( + ) -
2-butyl ester derived from 3c. 
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T A B L E 3. A COMPARISON OF THE GAS CHROMATOGRAMS 

OF J V - T F A - A M I N O ACID ( + ) -2-BUTYL ESTERS DERIVED 

FROM BOTH L-AMINO ACIDS AND L-A-AMINONITRILES 

Retention Fraction of peak height0) 
Dériva- time (min) , ~ -N 

tive ~ s Derivative of Derivative of 
Ia) I P ) L-amino acid L-a-aminonitrile 

Ala 12.2 13.0 0 .93 0 .93 (3c) 

Leu 21 .8 22 .8 0 .93 0 .93 (3e) 

Phe 6 4 . 0 6 4 . 8 0 .92 0 .94 (3h) 

Pro 4 4 . 4 45 .2 0 .94 0 .93 (3i) 

a) D-(-f) , L - ( —) Diastereomer, b) L-( + ) , D- ( — ) 
Diasteromer. c) Peak height of I I/sum of peak heights 
of I and I I . 

E a c h of t h e i V - T F A - a m i n o ac id ( + ) -2 -bu ty l esters w a s 
a n a l y z e d b y gas c h r o m a t o g r a p h y o n a c a p i l l a r y c o l u m n 
c o a t e d w i t h L B 5 5 0 X . T h e JV-TFA-L-amino ac id ( + ) -
2 - b u t y l esters d e r i v e d f rom L - a m i n o ac ids ( a l a n i n e , 
l euc ine , p h e n y l a l a n i n e , a n d p ro l ine ) w e r e also a n a l y z e d . 
T h e c h r o m a t o g r a m of t h e s a m p l e d e r i v e d f rom 3 c is 
p r e s e n t e d in F ig . 2 . T h e s a m p l e f rom L-a lan ine also 
g a v e a s imi l a r c h r o m a t o g r a m , w h i c h shows t h a t t h e 
(-f-)-2-butanol1 2> used in this w o r k c o n t a i n s a sma l l 
a m o u n t of t h e (—)- i somer . T h e gas c h r o m a t o g r a p h i c 
d a t a a r e s u m m a r i z e d in T a b l e 3 , w h i c h shows t h a t t h e 
f rac t ion of o b s e r v e d p e a k he igh t s of t h e s a m p l e for 
e a c h L - a - a m i n o n i t r i l e is a p p r o x i m a t e l y e q u a l to t h a t 
of t h e s a m p l e for t h e c o r r e s p o n d i n g s t a n d a r d L - a m i n o 
ac id . T h e s e resul ts i n d i c a t e t h a t t h e e n a n t i o m e r i c 
p u r i t y of t h e L-a -aminon i t r i l e s (3c , e , h , a n d i ) is wel l 
r e t a i n e d a n d also t h a t t h e p r o c e d u r e d e s c r i b e d in 
S c h e m e 2 is a v a i l a b l e for t h e e n a n t i o m e r i c ana lys is of 
a- a m i n o n i t r i l e s . 

T h e p o o r yields of 2 a — d m a y b e d u e to t h e un fa ­
v o r a b l e e l i m i n a t i o n of t h e N P S g r o u p d u r i n g t h e d e ­
h y d r a t i o n of t h e c o r r e s p o n d i n g a m i d e s ( l a — d ) in 
P O G l g - p y r i d i n e . A l t h o u g h t h e overa l l yields of 3 a — 
i a r e also p o o r , t h e m e t h o d d e s c r i b e d i n S c h e m e 1 
m a y b e useful for p r e p a r i n g r a c e m i c a n d e n a n t i o m e r i c 
a - aminon i t r i l e s of as h i g h a p u r i t y as poss ible . 

Exper imenta l 

All the melting points were determined with a Yanagimoto 
micro-melting point apparatus and are uncorrected. I R 
spectra were taken with a Hitachi EPI-G2 spectrometer. T h e 
optical rotations were measured with a Yanaco OR-50 Polari­
meter. Ion-exchange chromatography was carried out with 
a Sibata amino acid analyzer, AA-600, under the following 
conditions: column size, 0.250 x 50 cm or 0 . 2 5 0 x 1 5 cm 
(Aminex A-4) ; eluent, citrate buffer of p H 3.25 (0.2 M Na) 
and p H 5.28 (0.35 M Na) ; flow rate, 6 ml /h ; jacket tempera­
ture, 30 °G. Gas chromatography was carried out with a 
Hitachi gas Chromatograph 063 provided with a flame ion­
ization detector; column, 0.010 i n x l 5 0 f t stainless steel 
capillary column coated with LB 5 5 0 X (Perkin E lmer ) ; 
temperature 100—170°G, 1 °G/min; carrier gas He , 6 ml/min. 
Amino acid methyl ester hydrochlorides were prepared by 
the thionyl chloride method.13) o-Nitrobenzenesulfenyl chlo­
ride was prepared from bis(o-nitrophenyl) disulfide and chlo­
rine.14) Amino acid amides were prepared according to the 
method of Yang and Rising.15) 

NPS-oc-aminonitriles. T h e neutral sulfate of the a-
aminonitrile (aminoacetonitrile or DL-a-aminoglutaronitrile) 
(0.04 mol) was dissolved in a mixture of 2 M aq N a O H (20 ml) 
and dioxane (25 ml) . In to the solution, o-nitrobenzene-
sulfenyl chloride (0.04 mol) was added in small portions as 
2 M aq N a O H (24 ml) were added dropwise, with vigorous 
stirring during a period of 20 min. The reaction mixture 
was filtered and diluted with water (400 ml) . A yellow 
product precipitated out, which was recrystallized from ethyl 
acetate-petroleum ether. 

NPS-aminoacetonitrile : Yield, 8 0 % ; m p 112—114 °G. Found : 
C, 46.12; H, 3.50; N , 20.09%. Galcd for G 8 H 7 N 3 0 2 S : G, 
45.93; H , 3.37; N, 20 .08%. 

NPS-VL-a-aminoglutaronitrile : Yield, 73 % ; mp 100— 102 °C. 
Found : C, 50.50; H , 3.70; N , 2 1 . 2 1 % . Galcd for G n H 1 0 -
N 4 0 2 S : G, 50.37; H , 3.84; N, 21.36%. 

Removal of the NPS from the Model NPS-ac-aminonitriles. 
When 5 ml of diethyl ether including anhydrous HCl (3 M) 
was added to the solution of the NPS-a-aminonitrile (amino­
acetonitrile or DL-a-aminoglutaronitrile) (5 mmol) in a mini­
m u m amount of ethyl acetate, the a-aminonitrile hydrochloride 
precipitated out. T h e precipitates collected were washed with 
diethyl ether and dried in a vacuum without further purifica­
tion. T h e recovery yields of aminoacetonitrile and DL-a-
aminoglutaronitrile were 58 and 6 9 % , respectively. T h e 
results of ion-exchange chromatography of the products 
showed that the samples included no impurities such as the 
corresponding amino acids or amino acid amides. 

NPS-amino Acid Methyl Esters. These compounds 
were prepared according to the method of Zervas et a/.10) 

NPS-vi.-alanine Methyl Ester: Yield, 6 0 % m p 79—81 °G. 
Found : G, 46.94; H, 4 .65; N , 10.76%o. Calcd for C1 0H 2-
N 2 0 4 S : C, 46.87; H, 4.72; N , 10.93%. 

Ammonolysis of NPS-amino Acid Methyl Esters. The NPS-
amino acid methyl esters of glycine, DL-alanine, and L-alanine 
were dissolved in small amounts of ethanol and then large 
excess amounts of methanol saturated with N H 3 were added. 
T h e solutions were allowed to stand at room temperature 
for 2—3 d. T h e crystals precipitated were collected and 
recrystallized from hot ethanol. T h e experimental results 
for the NPS-amino acid amides ( la—c) are shown in Table 4. 

NPS-amino Acid Amides (Id—i). These compounds were 
prepared by reactions of the amino acid amides with o-nitro-
benzenesulfenyl chloride in chloroform in the presence of 
triethylamine and recrystallized from hot ethanol. In the 
case of I d , the reaction was carried out in chloroform-ethanol 
( 1 : 1 v/v). T h e experimental results for the NPS-amino acid 
amides ( Id—i) are shown in Table 4. 

NPS-tx-aminonitriles (2a—i). An NPS-amino acid amide 
dissolved in a min imum amount of pyridine or pyridine-
dimethylformamide (2 : 1 v/v) was cooled on an ice salt bath 
below — 5 °C and a slight excess of POGl 3 was added dropwise 
to the solution. After the mixture had been allowed to stand 
at room temperature for 30 min, ice was added to it in order to 
decompose the excess POGl 3 and then the solution was treated 
with ethyl acetate to extract the product . T h e extract was 
washed successively with water, dilute aq HCl , and water, 
and then dried over anhydrous N a 2 S 0 4 . After evaporation 
of the ethyl acetate from the extract, the product was separated 
out as a solid (2a—d) or an oil (2e—i) by the addition of petro­
leum ether. Recrystallization was performed from ethyl 
acetate-petroleum ether. T h e crystalline products (2a—d) 
obtained are shown in Table 5. 

a-Aminonitrile Hydrochlorides (3a—i-HCl). Into a solu­
tion of an NPS-a-aminonitrile in a minimum amount of ethyl 
acetate or diethyl ether were added two equivalents of an­
hydrous HCl in diethyl ether to afford the a-aminonitrile 
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T A B L E 4. N P S - A M I N O ACID AMIDES 

2959 

NPS-amino 
acid amide^ 

l a 

l b 

lc 

Id 

le 

If 

lg 

l h 

l i 

Molecular 
formula 

G8H9N303S 

C,HuN.O,S 

C9HnN303S 

G12H17N303S 

C12H17N303S 

CnHi5N303S2 

C15H15N303S 

G15H15N303S 

CnH1 3N303S 

Mp (°G) 

166—168 

182—184 

199—201 

206—210 

95—98 

135—139 

122—124 

120—122 

192—194 

Yield (%) 

83 

78 

53 

60 

32 

41 

57 

50 

45 

MS (deg) 

- 4 9 . 0 
(c 1.0, DMF) 

- 2 4 . 8 
(c 1.0, DMF) 

+ 36.6 
(c 1.0, DMF) 

- 2 3 . 4 
(c 1.0, DMF) 

Found (Calcd) (%) 

G 

42.40 
(42.28 

45.02 
(44.80 

45.02 
(44.80 

51.08 
(50.87 

50.70 
(50.87 

43.69 
(43.84 

56.46 
(56.77 
57.04 

(56.77 

49.17 
(49.43 

H 

4.03 
3.99 

4.65 
4.60 

4.72 
4.60 

6.09 
6.05 

6.16 
6.05 

5.08 
5.02 

4.90 
4.76 

4.82 
4.76 

4.89 
4.90 

N 

18.27 
18.49) 

17.27 
17.42) 

17.62 
17.42) 
14.56 
14.83) 

14.57 
14.83) 

14.04 
13.94) 

13.16 
13.24) 

13.10 
13.24) 
15.58 
15.72) 

a) l a — c were obtained by ammonolysis of the NPS-amino acid methyl esters, 
reactions of the amino acid amides with o-nitrobenzensulfenyl chloride. 

T A B L E 5 . NPS-a-AMiNONiTRiLES 

T h e others were obtained by 

NPS-a-aminO' 
nitrile 

2a 

2b 

2c 

2d 

- Molecular 
formula 

C8H7N302S 

G9H9N302S 

G9H9N302S 

C12H15N302S 

Mp (°G) 

114—116 

98—100 

108—110 

53—54 

Yield (%) 

22 

30 

32 

37 

^C-N a ) 

(cm-1) 

2240 

2230 

2230 

2230 

W 3
D° 

- 2 8 . 
(c 1.0, 

(deg) 

6 
DMF) 

Found (Galcd) (%)J 

G H N 

45.88 
(45.93 
48.14 
(48.42 

48.40 
(48.42 
54.26 

(54.32 

3.38 
3.37 

3.77 
4.06 

4.11 
4.06 

5.72 
5.70 

20.04 
20.08) 

18.50 
18.82) 

18.48 
18.82) 
15.78 
15.84) 

a) I R spectra were measured in KBr pellets. 

hydrochloride. After a large amount of diethyl ether had 
been added to it, the precipitated crystals were collected and 
recrystallized from ethanol-diethyl ether. 

Derivation of L-tx-Aminonitriles for Gas Chromatographic Analysis. 
About 10 mg of each L-a-aminonitrile hydrochloride were 
dissolved in 9 M HCl in methanol (10 ml) and then water 
(0.05 ml) was added to the solution. After 2 d, the solution 
was evaporated to dryness to remove the excess methanol and 
the residue (amino acid methyl ester hydrochloride) was 
heated to 100—110 °G for 2 h in (+) -2 -bu tano l (1 ml) satu­
rated with anhydrous HCl . After transesterification, the 
solution was evaporated to dryness in a vacuum to remove 
the excess (-f)-2-butanol. Trifluoroacetic anhydride (1 ml) 
was added to the residue and then a clear solution was ob­
tained. Methylene dichloride (5 ml) was added to the solu­
tion and it was allowed to stand overnight at room tempera­
ture. After trifluoroacetylation, the solution was evaporated 
to dryness carefully and the residue was taken up in nitro-
methane for direct injection into the gas chromatographic 
column. 

Preparation of N - T F . / 1 - D L - and \,-amino Acid (-{-)-2-Butyl 
Esters. About 10 mg of the amino acid were suspended 
in ( + )-2-butanol (1 ml) saturated with anhydrous HCl . 
T h e suspension was heated to 100—110 °G for 3 h and then 
a clear solution was obtained. After esterifiçation, the solu­

tion was evaporated to dryness in a vacuum and trifluoro­
acetylation was carried out in a manner similar to that de­
scribed above. 
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Proton Magnetic Resonance Studies of cis-trans Equilibria 
of Some iV-(2,5-Dichlorophenyl)-3-aminocrotonamides 

Michio K O N D O 

Central Research Laboratories, Sankyo Co., Ltd., Hiromachi 1-2-58, Shinagawa-ku, Tokyo 140 
(Received November 16, 1976) 

The 1H NMR spectra of 3-(alkylamino)crotonamides indicate that these substances exist in solution as a 
mixture of the geometric isomers, eis and trans, in which the chelated eis form is predominant. Unsubstituted 3-
aminocrotonamide appears to exist in the eis form only, and iV,iV-disubstituted derivatives in the trans form. In 
the case of 3-(alkylamino)crotonamide it is found that the cis-trans equilibrium is solvent dependent and that the 
apparent rate of interconversion between the isomers is very slow in chloroform-^, fast in dimethyl-^ sulfoxide, 
and intermediate in acetone-J6 and methanol-J4. It seems that the cis-trans equilibrium is almost independent of 
both temperature and concentration, and that the replacement of the olefinic H by D proceeds through enamine^± 
imine tautomerization. 

1 H N M R spectroscopy has proved to be a powerful 
method for studying structural problems such as tau­
tomeric equilibrium and proton-deuteron exchange. 
The previous paper reported the 1H N M R spectroscopic 
study of iV-(2,5-dichlorophenyl)acetoacetamide (7), in 
which the enol form was found to be a minor com­
ponent in any solvent used.1) The 1 H N M R spectral 
study of the title compounds, easily prepared from 7 
and appropriate amines, will give further information 
about their conformations. 

From the 1 H N M R spectral studies of 3-aminocro-
tonic esters it has been found that iV-monosubstituted 
derivatives exist as mixtures of two geometric isomers, 
eis (A) and trans (B).2>3> In the case of the title com­
pounds there is another problem, the cis-trans iso­
merism about the amide bond, but its conformation 
can be confined to trans on the basis of the diagnostic 
acylation-deshielding shifts of the ring proton-6.4> 
Hereafter the terms eis and trans will refer to the con­
formation about the olefinic bond, C 2 -C 3 , unless other­
wise noted. 

>c=o-, 
H C / \H 

JC— N< 
\ R 2 

R1 

H3G 

R1: Gl 

(A) 

-<o> 

\ c = 0 
H C / 

> C - C H 3 
R 2 HN/ 

(B) 

or EtO-
Cl 

R \ 

>c=o 
H2C< 

> G - C H 3 
R 2 N / 

(C) 

H - N 
\ 

Another point of interest is that the shift direction 
of the olefinic proton signals of the title compounds 
was opposite to that for ethyl 3-(alkylamino)crotonate 
when the solvent was changed from CDC13 to D M S O . 

Exper imenta l 

Materials. To 2,5-dichloroacetoacetanilide (1/20 mol) 
suspended in ethanol (50 ml) was added an appropriate 
amine in slight excess. The reaction mixture was gently 
warmed to give a pale yellow solution and then concentrated 
to near dryness at room temperature. Repeated crystalliza­
tions of the precipitates from ethanol or aqueous ethanol 
gave the pure compounds, as proved by the satisfactory 
results of elemental analyses. This indicates that the conden­
sation reaction occurred at either the acetyl-carbonyl or the 
amide-carbonyl group. However, the latter position may 

be ruled out from the constancy of the chemical shifts of the 
ring protons of these six compounds. Therefore, it is con­
cluded that the reaction products are 3-aminocrotonamides 
(A and B) or their imino-tautomer (C). The structure C 
can be ruled out on the basis of the absence of signals assignable 
to methylene protons. 

(2,5) Gl2C6H3NHCOCH=C (CH3)X 

X 
mp(°C) 

X 
mp(°C) 

1 
NH2 

130.5 

4 
N(CH3)2 

141(dec) 

2 
NHCH3 

72.5 

5 
N(CH2CH2), 

195.5 
2o 

3 
NHGH2CH3 

85.0 

6 
N(CH3)CH2G6H5 

157 

The XH NMR spectra were recorded on a Varian T-60A 
spectrometer. Sample concentrations were 20 mg/ml unless 
otherwise noted. The concentration dependence of the 
chemical shifts of 2 was examined in DMSO and found to be 
negligible. The temperature dependence of the spectra 
of 2 was tested in DMSO at higher temperatures, using a 
Varian A-60D spectrometer. 

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

Signal Assignment. A single set of signals was 
observed for CDC13 solution of 2 and 3, whereas two 
sets of signals were observed for D M S O solutions of 
2 and 3 ; one set of the two corresponded well to the 
signals observed for the GDG13 solution. The amino 
proton signals of 2 and 3 in CDC13 are located at ô 
9.17 and 9.21 respectively, suggesting a molecular con­
formation containing an intramolecular hydrogen bond 
between the amino proton and the amide carbonyl, 
i.e., the eis conformation (A). T h e other set of signals 
of the D M S O solutions of 2 and 3 can be attr ibuted 
to the trans conformation. The chemical shifts thus 
assigned to the eis- and trans-C-CHs, N - G H 3 , and =CH 
protons of 2 in D M S O , for example, are in fair agree­
ment with those reported for the corresponding protons 
of ethyl 3-(methylamino)crotonate (8) in DMSO. 3) 

Each of the 1 H N M R spectra of 1, 4, 5, and 6 con­
sists of only a single set of signals in both CDC13 and 
D M S O solutions. T h e chemical shifts of various kinds 
of protons of 1, except for the amino protons, are close 
to those of 2 in the eis form, leading to the conclusion 
that the molecular conformation of 1 in the solutions 
is eis. A similar comparison of the chemical shifts of 



2962 Michio KONDO [Vol. 50, No. 11 

TABLE 1. THE CHEMICAL SHIFTS OF VARIOUS KINDS OF PROTONS IN SOME 7V-(2,5-DICHLOROPHENYL)-

3-(ALKYLAMINO)CROTONAMIDES IN CDCLJ AND DMSO 

Gompd 

1 

2 

3 

4 

5 

6 

Solvent 

CDC13 

DMSO 

GDCI3 

DMSO 

GDGI3 

DMSO 

CDClg 
DMSO 

GDGI3 
DMSO 

GDGlg 
DMSO 

ca> 

c 

c 

t 

c 

t 

c 

t 

c 

t 

t 

t 

t 

t 

t 

t 

GGH3 

1.95 

1.84 

NCH3 

— 

1.93 2.93 
(not detected) 
1.92 2.88 
2.26 2.65 

1.95 b ) 
(not detected) 
1.91 b ) 
2.23 b ) 

2.53 
2.42 

2.49 
2.40 

2.61 
2.50 

2.98 
2.93 

c ) 
c ) 

2.96 
2.93 

=CH 

4.58 
4.80 

4.51 

4.87 
4.95 

4.48 

4.83 
4.97 

4.56 
5.02 

4.80 
5.36 

4.71 
5.20 

N H 

6.60 
7.50 

9.17 

9.05 
6.60 

9.21 

9.07 
6.53 

— 

Z 
— 

NHGO 

7.20 
8.44 

7.07 

8.38 
8.26 

7.03 

8.43 
8.30 

7.23 
8.43 

7.3 
8.64 

d ) 
8.50 

H-3 

7.26 
7.44 

7.24 

7.43 
7.42 

7.24 

7.44 
7.41 

7.25 
7.43 

7.25 
7.45 

d ) 
7.41 

H-4 

6.93 
7.03 

6.88 

7.03 
7.01 

6.88 

7.03 
7.00 

6.88 
7.01 

6.92 
7.07 

6.89 
7.02 

H-6 

8.56 
8.20 

8.52 

8.26 
8.34 

8.52 

8.18 
8.26 

8.61 
8.25 

8.58 
8.23 

8.58 
8.23 

a) c and t mean eis and trans, respectively, b) JV-Ethyl signals are omitted, c) Signals of the morpholine 
moiety are omitted, d) Not identified because of overlapping of the benzyl signals. 

TABLE 2. DMSO-INDUCED SHIFTS (<5DMSO — <5CDCI3) 

Gompd CCH, NCH, =GH NH NHGO H-3 H-4 H-6 

1 

2 

3 

4 

5 

6 

(eis) 

(eis) 

(eis) 

(trans) 

(trans) 

(trans) 

- 0 . 0 9 

- 0 . 0 1 

- 0 . 0 4 

- 0 . 0 9 
- 0 . 0 9 

- 0 . 0 9 

— 

0.05 
— 

- 0 . 0 5 
— 

- 0 . 0 3 

0.22 

0.36 

0.35 

0.46 

0.56 

0.49 

0.90 

- 0 . 1 2 

- 0 . 1 4 

— 

— 

— 

1.24 

1.31 

1.40 

1.20 

1.34 

— 

0.18 

0.19 

0.20 

0.18 

0.20 

— 

0.10 

0.15 

0.15 

0.13 

0.15 

0.13 

- 0 . 3 6 

- 0 . 2 6 

- 0 . 3 4 

- 0 . 3 6 

- 0 . 3 5 

- 0 . 3 5 

various kinds of protons of 4, 5, and 6, with those of 
2 leads to the conclusion that these three amides have 
trans conformation in the solutions. 

The chemical shifts thus determined are collected in 
Table 1. 

DMSO-induced Shifts. The changes (<Wo— 
<5CDCI3) in the chemical shifts of various protons are 
summarized in Table 2. 

The chemical shifts of the ring protons show charac­
teristic changes upon changing solvents from CDC13 to 
D M S O : proton 3 and 4 show downfield shifts of 
about 0.1—0.2 ppm and proton 6 an upheld shift of 
about 0.33 ppm. Similar observations were reported 
for a number of acetanilides having an electronegative 
ortho substituent capable of forming an intramolec­
ular hydrogen bond with the amide proton.4) 

The same solvent change caused slight upheld shifts 
of the G-GH 3 and N - C H 3 signals (<0 .1 ppm) , but 
remarkable downfield shifts of the olefinic proton (0.22 
—0.56 ppm) and the amide proton signals (1.20—1.40 
ppm) . This DMSO-induced downfield shift of the 
olefinic proton signal may be explained in terms of 
the deshielding effect5) of a D M S O molecule inter-
molecularly hydrogen bonded with the amide proton 
(D), because D M S O is known as a powerful solvent 
for disrupting the intermolecular association among 

amide molecules through forming intermolecular hydro­
gen bonds with the amide proton.6) This kind of 
deshielding effect is not expected for JV,JV-dimethyl-
amide or the ethyl ester of 3-aminocrotonic acid, be­
cause each of them can be supposed to have no specific 
interactions with D M S O molecules. In fact, the 
olefinic proton signals for these compounds remained 
at almost the same field for the solvent change described 
above.3 '7) 

H« G GH, 

H 

O 

H Gl 

À A G A C / C H * ( N R I R 2 

101 V V 
o N R Ï R ^ G H S ) 

Cl 

(D) 

The fact that the eis form was observed for l , 2, and 
3 only is indicative of the important role of the intra­
molecular hydrogen bond between the amino proton 
and the carbonyl oxygen in stabilizing the eis form, 
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As for the amino protons of 1, the DMSO-induced 
deshielding shift is 0.90 ppm. The deshielding shift for 
the amino proton not involved in the intramolecular 
hydrogen bond could be calculated as 1.92 ppm (see 
next section). This value is a little larger than the 
deshielding shift of about 1.3 ppm for the amide pro­
ton, probably reflecting stronger interactions with 
D M S O molecules. 

Intramolecular Hydrogen Bonds. The amino pro­
tons of 2 and 3 in the eis form resonate at very low 
fields (ô 9.17 and 9.21, respectively) even in CDG13. 
The concentration dependence of these resonances was 
found to be negligible. This means that the m-amino 
proton is involved in the intramolecular hydrogen bond 
with the carbonyl oxygen. With the change of sol­
vents from CDC13 to D M S O , this amino-signal showed 
only a trivial upfield shift which may be a reflection 
of the persistence of the intramolecular hydrogen bond 
with almost the same strength even in D M S O . T h e 
U V absorption spectrum of 2 in D M S O is very similar 
to that in cyclohexane; this supports the above argu­
ment about the intramolecular hydrogen bond. 

The amino protons of 1 resonate at ô 6.60 in GDG13 

and at <5 7.50 in D M S O . These values are smaller by 
as much as about 2.59 and 1.56 ppm than those for the 
m-amino protons of 2 and 3 in CDC13 and those in 
D M S O , respectively, mainly because of time averag­
ing through a rapid internal exchange on the N M R 
time scale between the two amino protons (one is in­
volved and the other is not involved in the intra­
molecular hydrogen bond) and partly because of the 
difference between N H 2 and N H R ( R = C H 3 or C2H5) . 

It is reasonable to assume that the inductive effect 
due to the alkyl group is common and has the same 
magnitude for both the eis and trans amino protons. 
In this approximation, the hydrogen bonded and free 
amino protons of 1 in D M S O are expected to resonate 
a t <5 h . b .=9 .06-A/ and <5 f r e e=6.57-A7, where AI 
stands for the inductive effect. From these two values 
and the observed chemical shift (ô 7.50), the inductive 
effect is evaluated as A7=0 .32 ppm. Since the in­
ductive effect can be assumed to be solvent independent, 
the hydrogen bonded amino proton of 1 dissolved in 

Cl H H 

A / N \ A CH 
I O J G G / ' " " 3 

O N 
Gl \ / S H 

H (free) 
1 

GDC13 is expected to resonate at <5 8.87. Therefore, 
the free amino proton of 1 in CDC13 would resonate 
at ô 4.33. The free amino proton of ethyl 3-(methyl -
amino)crotonate in GDC13 was reported to resonate at 
ô 5.18 at - 3 0 °C.8> This difference could be ascribed 
to the difference in intermolecular interactions under 
different temperatures as well as the difference between 
the ester and the amide. The DMSO-induced shift 
for the free amino proton would be calculated as 1.92 
ppm. 

The splitting of about 5 H s in the N - C H 3 signal of 

2 and the N - C H 2 signal of 3 suggests that the intra­
molecular hydrogen bond is not the R H 2 C = N " H O - C 
type but the R H 2 C N H -0=C type. Dudek et al. 
discussed a similar problem for some 15N enriched 
anilides.9) 

Population Equilibrium between the two Isomers and the 
HjD Exchange of the Olefinic Proton. In this sec­
tion the isomeric equilibrium of 2 will be discussed in 
some detail. The equilibrium is solvent dependent; the 
percentage of the trans isomer is negligible in CDG13 

even after two days, 7 % in acetone, 2 2 % in methanol-
*/4, and 3 2 % in D M S O at the sample concentration 
of 100 mg/ml at room temperature, respectively. 

In a GDG13 solution of 2, the 1H N M R spectrum 
consists of only the cu-signal ; the trans-signah were not 
observed even after two days. In the case of a methanol-
rf4 solution of 2, on the other hand, the 1 H N M R spec­
trum recorded just after dissolution consists of almost 
only the ôy-signals and then the trans-signah for the 
C - C H 3 and the N - C H 3 grew gradually on repeated re­
cording at the expense of the m-signals until the cis-
trans equilibrium was attained after about 30 min. 
These observations can be explained by assuming the 
eis conformation of 2 in the crystalline state. 

During the cis-trans equilibration in the methanol 
solution of 2 described above, the «.y-signal for the 
olefinic proton disappeared. 

In acetone solution of 2 the cis-trans equilibrium is 
established in one and a half hours. An addition of 
D 2 0 of about 10% v/v to this acetone solution induced 
the disappearance of the olefinic proton signal without 
any change in the intensity ratio of transjeis. Each of 
the doublet signals due to the N - G H 3 protons for both 
the eis and trans forms collapsed more rapidly because 
of the remarkable reduction in the spin-spin coupling 
constant by the deuteration of the amino proton. 
However, the G - C H 3 signals did not show any change 
in either their signal positions or their relative inten­
sities. 

Almost the same behavior was observed for a D M S O 
solution of 2, with the addition of D 2 0 ( 5 % v/v). T h e 
H / D replacement at the olefinic site attained equili­
brium in about 40 min (Fig. 1). 

—.—J\~>—y 
i t.O 8.0 7.0 6 0 5.0 

Fig. 1. The time dependent 1H NMR spectrum of 
N- (2,5 -dichlorophenyl) - 3 - (methylamino) crotonamide 
(2) in DMSO-D 2 0 (20:1) (ca. 80mg/m!): a) no 
D 2 0 ; b) just after the addition of DaO; c) after 25 
min; d) after 43 min, 
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From these observations, the H / D replacement at 
the olefinic site seems to proceed through a transient 
state which is also involved in the cis-trans isomeriza-
tion process. 

In order to clarify whether or not the «.y-amino 
proton plays an important role in the H / D exchange, 
the *H N M R spectrum of 6 in D M S O - D 2 0 was re­
corded. T h e addition of D 2 0 of about 5 % v/v to a 
D M S O solution of 6 induced a very slow reduction in 
the intensity of the olefinic proton signal and the amide 
one, without any changes in the other signals. T h e 

The deuteration of the vinyl proton of some enamino 
ketones was detected by means of the 1 H N M R spec­
troscopy; the imine tautomer has been proposed as an 
intermediate in the cis-trans isomerization.10) T h e re­
placement of the olefinic proton by a deuteron was 
found to be rapid ( < 1 0 m i n ) for A^iV-dimethyl-S-
(methylamino)crotonamide, but much slower for meth­
yl 3-(l-pyrrolidinyl)crotonate, upon addition of D 2 0 
to the D M S O solutions. These results are consistent 
with the above argument about the exchange mech­
anism. 

The concentration dependence of the cis-trans equi­
librium was tested for D M S O solutions of 2 and found 
to be negligible over the concentration range from 10 
to 140 mg/ml, reflecting the relative importance of the 
intramolecular mechanism for the isomerization. 

The temperature variation of the XH N M R spec­
t rum of 2 in D M S O was found to be negligible for all 
protons except for the amide proton and the trans 
amino proton; their signals shifted upfield with raising 
the temperature, probably because of reduced inter-
molecular interactions both between the solute-solute 
and the solute-solvent molecules. The population ratio 
of the trans to the eis isomer seemed to be constant 
within the experimental accuracy over the tempera­
ture range from room temperature to about 90 °C. 
This fact may be ascribed to an occasional cancellation 

plot of the log-value of the ratio, / / /„ , of the intensity 
of the olefinic proton signal to the initial intensity vs. 
time yielded a straight line. This suggests that a 
unimolecular mechanism is operative in the H / D ex­
change at the olefinic site. The exchange rate is much 
slower for 6 than for 2, suggesting that the olefinic 
proton exchange in 2 may occur mainly through en-
a m i n e ^ i m i n e tautomerization (E), but there must be 
some other mechanism concurrently contributing to the 
H / D exchange. 

between two counteracting factors: (i) increased ther­
mal motions at the elevated temperatures would break 
the intramolecular hydrogen bond and shift the equi­
librium to the trans preference, and (ii) weaker inter-
molecular interactions at elevated temperatures would 
destabilize the trans form. 
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The mechanism of electrolytic reduction of 1-pyridylalkanol to the corresponding substituted-alkyl pyridine 
was examined by electrolyzing several optically-active 1-pyridylalkanols in an aqueous sulfuric acid solution in 
the vicinity of a mercury cathode. The alkyl pyridine from l-(2-pyridyl)alkanol showed optical rotation, while 
that from l-(4-pyridyl)alkanol was almost racemized. 

Alcoholic hydroxyl groups are generally difficult to 
reduce electrolytically.1-3) In a previous work,4) it was 
found that l-(2-pyridyl)- and (4-pyridyl)alkanols are 
electrolytically reduced to the corresponding substi­
tuted-alkyl pyridines in high yields and current efficien­
cies with a mercury cathode in an aqueous sulfuric acid 
solution. Also a tentative mechanism for the reductive 
elimination of the hydroxyl group of 1-pyridylalkanols 
was proposed on the basis of their adsorption on a 
cathode surface and the steric hindrance effect of 
their substituents. Namely, the two electrons required 
for the reduction were supposed to be introduced from 
the cathode to a carbon atom adjacent to the hydroxyl 
group following the route of the conjugated 7r-electron 
system of a pyridine nucleus. 

In order to discuss the stereochemical aspects of the 
reaction mechanism, the starting 1-pyridylalkanol and 
the alkyl pyridine formed must be chiral. In this work, 
the three kinds of optically-active 1-pyridylalkanols 
(1, 2, and 3) studied are electrolytically reduced to the 
corresponding substituted-alkyl pyridines. 

R1 R1 

I I 
R2_c-R3 + 2e + 2H+ > R 2 - C - R 3 

I I 
OH H 

1 : R^é-Pyr idyl , R2 = Methyl, R3 = Ethyl 
2 : R^é-Pyridyl , R2 = Methyl, R3 = Phenyl 
3 : R1 = 2-Pyridyl, R2 = Ethyl, R3 = Phenyl 

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

Although a number of racemic 1 -pyridylalkanols were 
synthesized, only 2-(4-pyridyl)-2-butanol (1), l-(4-
pyridyl)-l-phenylethanol (2), and l-(2-pyridyl)-l-phen­
yl-1-propanol (3) could be optically resolved by frac­
tional recrystallization of their salts with optically-
active acids, such as ( + )-camphor-10-sulfonic acid or 
( + )-tartaric acid. 

Electrolysis was carried out at a constant cathodic 
potential, for which the initial cathodic current density 
was 6 A/dm2 and no hydrogen evolution was observed. 
The electrolytic results are summarized in Table 1. 

Optically-active l-(4-pyridyl)alkanols (1 and 2) were 

* Part I I I : Chem. Lett., 1977, 47. 
** Present address: Chemical Administration, Asahi 

Chemical Industry Co., Ltd., 1-3-1 Yakoo, Kawasaki-ku, 
Kawasaki 210. 

reduced to the corresponding alkylpyridines, which were 
almost racemized, in high yields. O n the other hand, 
the reduction of optically-active l-(2-pyridyl)alkanol 
(3) afforded the optically-active alkylpyridine in a low 
yield, and two by-products were detected by gas Chro­
matograph. The amount of these by-products increased 
steadily with increasing electric charge passed, while 
the amount of alkylpyridine reached a maximum of 
3 to 4 X 105 C/mol of electric charge passed.5) This fact 
indicates that the alkylpyridine formed was further re­
duced to the by-products. Although the by-products 
could not be isolated, their molecular weights were both 
determined to be 201 using a gas chromatograph-mass 
spectrometer. Therefore, they may be two isomers of 
2-(l-phenylpropyl)tetrahydropyridine, though the posi­
tion of the double bond was undetermined. Polymeric 
substances insoluble in ether were also formed upon the 
reduction of 3. 

No optical yield of the alkylpyridines could be esti­
mated because the at tempt to determine the optical 
purities of both the starting 1-pyridylalkanols and the 
alkylpyridines formed using an optically-active N M R 
shift reagent, such as europium tris [3-(trifiuoro methyl-
hydroxymethylene)-äf-camphorate,6) was unsuccessful. 

The absolute steric configurations of the 1-pyridylalka­
nols and the alkylpyridines are unknown. Therefore, 
the change in relative configuration in the course of 
the reduction was investigated on the basis of an em­
pirical rule, the so-called Freudenberg displacement 
rule.7) The rule states that, when two similarly con­
stituted dissymmetric compounds are chemically chang­
ed in the same way and the change produces a con­
siderable shift in optical rotation in the same direction, 
then the two compounds probably have the same con­
figuration. In order to apply the rule to determining 
the relative configuration of the 1-pyridylalkanols and 
the corresponding alkylpyridines, their derivatives were 
prepared by the same way. As shown in Table 2, for 
1-substituted pyridinium halides from 3 and the corre­
sponding alkylpyridine, the shifts were in the same direc­
tion. This fact suggests that the configurations of 3 
and the alkylpyridine are the same, i.g., in the reduction 
of 3 to the alkylpyridine, retention of the configuration 
is predominant over inversion. O n the other hand, the 
free base and N-oxide of either 3 or the alkylpyridine 
may not fall in the category of the displacement rule, 
since the intramolecular hydrogen bonding in these 
compounds should give a rather different contribution 
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TABLE 1. RESULTS OF THE ELECTROLYSIS OF OPTICALLY-ACTIVE 1-PYRIDYLALKANOLS 

1-Pyridylalkanol 

[a]2D° (degree) 

1 - 1 . 7 ± 0 . 4 a > 
2 + 2.4±0.4b> 
3 +8 .8±0 .2 b ) 

Cathodic 
potential 

(V vs. SCE) 

- 1 . 2 2 
- 1 . 2 5 
- 1 . 3 6 

a) Measured in ethanol. b) Measured in methanol. 

TABLE 2. MOLECULAR OPTICAL ROTATIONS OF THE 

Charge passed 
(Xl05G/mol) 

1.88 
1.96 
3.09 

Alkylpyridine 

Yield (%) [a]JD° (degree) 

92 -0 .1±0 .1 a > 
94 + 0.1±0.1b> 
62 -5 .0±0 .2 b > 

DERIVATIVES OF 1-PYRIDYLALKANOLS AND ALKYLPYRIDINES 

[M]2D° (degree) 

Original 
base 

Hydro­
chloride Hydroiodide 

1-Phenacyl-
pyridinium 

bromide 

1-Methyl-
pyridinium 

iodide 

1-Benzyl-
pyridinium 

bromide 
1-Oxide 

- 2 . 6 ± 0 . 6 a > - 0 . 6 ± 0 . 2 a > -1 .8±0 .5 b > 

- 0 . 1 ± 0 . 1 a > - 0 . 2 ± 0 . 2 a > -0 .1±0 .2 b > 

+ 4.3±0.2C> + 10.5±0.5C> -f 11.0±0.5b> + 1.0±0.1C> 

+ 0.2±0.2C> - 0 . 2 ± 0 . 5 C ) - 0 .2±0 .5 b > -0 .0±0.1 C > 

+ 18.8±0.4°) + 248.8±1.6C> + 258.8±1.4d> - 2 0 5 . 9 ± 1.6d> -38 .4±0.3 d > -14.4±0.1C> 

- 9 . 9 ± 0 . 5 C ) +19.9±0.5C> + 35.8±0.5d) -11 .9±0 .1 d > +7.4±0.2d> + 12.1±0.1C> 

Alkylpyridine 
from 1 

Alkylpyridine 
from 1 

Alkylpyridine 
from 3 

a) Measured in ethanol. b) Measured in water, c) Measured in methanol, d) Measured in acetone. 

H : +0H 

TTTTTTTTT 
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H +0H2 H +0H 
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n 
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ne 

H»<dC---0H2 

H7 

nd 
(Retention) 

-H20 

He' Hd' 
! Inversion] 

Scheme. 

to their optical activities. Such an exception to the 
displacement rule is acceptable.7) 

In the cases of 1 and 2, the optical rotations of not 
only the original alkylpyridines, but also their deriva­
tives, were so small that the displacement rule could 
not be applied.8) Such small optical rotations may 
indicate that racemization occurs almost exclusively in 
the reduction of 1 and 2. 

Although the reductive elimination of the hydroxyl 
group of a 1-pyridylalkanol is formally similar to that 
of the halo group of an alkyl halide, it is doubtful 
that these eliminations proceed via similar mechanisms. 
If the reduction of a 1-pyridylalkanol proceeds via a 

mechanism similar to that for the reduction of an 
optically-active alkyl halide,9) the formation of configu-
rationally inverted alkylpyridine is expected, since an 
intermediate radical formed by the first one-electron 
transfer appears to be sufficiently planar in its steric 
form to result in an inverted carbanion as a result of 
the second electron transfer. The planarity of a pyri-
dylmethyl radical is thought to be due to the interaction 
between an unpaired electron and the ^-electrons of 
a pyridine nucleus. 

The electrolytic results, however, indicate that the 
reduction involves configurational retention and racemi­
zation in the cases of l-(2-pyridyl)- and (4-pyridyl)-
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alkanols, respectively. A mechanism involving the 
pyridylmethyl radical as an important intermediate 
should also be inadequate to explain such a difference 
between the electrolytic results of l-(2-pyridyl)- and 
(4-py ridyl) alkanols. 

According to the mechanism proposed in a previous 
paper4) two electrons are supplied to a pyridine nucleus 
via a pyridinium nitrogen atom adsorbed on the cathode 
surface and then migrate to an asymmetric carbon atom 
through the 7r-electron system of the pyridine nucleus. 
As is shown in the scheme, a protonated l-(2-pyridyl)-
alkanol molecule (I) promotes adsorption at a pyridi­
nium nitrogen, on which a positive charge would be 
localized to some degree, and at a hydroxonium oxygen. 
The orientation perpendicular to the cathode surface 
of the adsorbed pyridine nucleus may contribute to 
relaxing the steric hindrance between the cathode and 
I. Two electrons are transferred to the pyridine nucleus 
from the cathode. Excess electrons in the resulting 
intermediate ( la) , which should be substantially regard­
ed as an unstable dihydropyridine such as l b , are 
sequentially introduced into the bonding a orbital of 
the C - O bond lengthened by the at tachment of a positive 
hydroxonium group, and then water is eleminated from 
the asymmetric carbon. Consequently, a carbanion 
(Ic), the configuration of which is retained, is formed 
by the restoration of the completely conjugated system 
of the pyridine nucleus. The sequence of processes 
from I to Ic may be regarded as a multi-centered re­
action involving two adsorption sites on the cathode. 

On the other hand, a protonated l-(4-pyridyl)-
alkanol molecule (II) should promote adsorption only 
at its pyridinium nitrogen, which has an electron density 
lower than that of the hydroxonium oxygen, because 
of the rigidity of the molecule. In the course of the 
formation of the carbanion from l i b , an electron 
should be introduced not only into the bonding a 
orbital of the G - O bond but also into the antibonding 
<r* orbital. The latter process may be accelerated by 
a proton approaching to the asymmetric carbon from 
the opposite side of the hydroxonium group. Racemiza-
tion in the reduction of l-(4-pyridyl) alkanols should be 
rationalized as being due to the almost even competi­
tion between the above two processes, one of which 
results in configurational inversion and the other of 
which results in retention. In the above discussion, it 
is tacitly assumed that the configurations of the carban-
ions (Ic and He) are stable enough not to be racemiz-
ed before undergoing protonation. Such an assump­
tion should be acceptable, especially in a strongly 
acidic medium, since it is known that no recemization 
occurs in the reduction of optically-active alkyl halides 
to the corresponding alkanes in neutral media,9 '11 '12) 
which involves a carbanion as an intermediate.10) 

In conclusion, the mechanism proposed in a previous 
paper4) is consistent with the stereochemical data 
obtained in this work. 

Exper imenta l 

Materials. Optically-active 2-(4-Pyridyl)-2-butanol (1): 
Racemic 1 was prepared from 4-cyanopyridine using the 
method of Nakajima.13) Yield 12%, mp 103—104 °G (lit,13) 

113—114 °G), and mje 151 (M+). Found: G, 71.46; H, 
9.01; N, 8.94%. Galcd for G9H13NO: C, 71.49; H, 8.64; 
N, 9.25%. After 30 g (0.2 mol) of racemic 1 and 46 g (0.2 
mol) of ( + )-camphor-10-sulfonic acid ([a]o +22.1° in water) 
were dissolved in 90 ml of absolute ethanol at 60 °G, the 
mixture was slowly cooled to room temperature. The result­
ing crystals were repeatedly recrystallized (three times) from 
ethanol. Optically-active 1 was finally obtained: Yield 
6.4 g with [a]2D° -1 .7° (in ethanol). 

Optically-active 7 -{4-Pyridyl)-7 -phenylethanol (2) : Racemic 2 
was synthesized from 4-pyridyl pheny ketone and methyl-
magnesium iodide in benzene. Yield 80 g, mp 146—148 °G 
(lit,14) 148—150 °G), and m/e 199 (M+). Found: C, 77.76; 
H, 6.48; N, 6.82%. Galcd for G13H13NO: G, 78.46; H, 
6.58; N, 7.03%. The compound, 2, was optically resolved 
using the method of Thakar and Pathak.11) [a]2D° +2.4° (in 
methanol) (lit,14) [<xf£ +1.567°). 

Optically-active 7 -(2-Pyridyl)-7 -phenyl-7 -propanol (3) : The syn­
thesis and optical resolution of 3 were carried out by the 
method of Davies.15) Mp 84—85 °G (Ht,15) 80—81 °G) and 
m/e 213 (M+). Found: C, 78.61; H, 7.33; N, 6.42%. 
Calcd for G14H15NO: G, 78.84; H, 7.09; N, 6.57%. [a]2D° 
+ 80.0° (in chloroform) (lit,12) [a]2j +65.9°). 

Electrolytic Procedure. Electrolysis was carried out 
using a method similar to that used in previous work.4) The 
products were analyzed by a gas Chromatograph (OV-1 
column at 150 °G) and were isolated by fractional distillation. 

Alkylpyridines. 4-(2-Butyl)pyridine: Bp 36—37 °G/1.5 
Torr (lit,13) 93—97 °G/15 Torr) and mje 135 (M+). Picrate: 
Mp 145—146 °G. Found: G, 49.37; H, 4.42; N, 15.07%. 
Galcd for C15H16N407: G, 49.45; H, 4.43; N, 15.38%. 

4-(oc-Methylbenzyl)pyridine: Bp 96—98 °G/1 Torr and m/e 
183 (M+). Picrate: Mp 153—154 °G. Found: G, 55.32; 
H, 3.93; N, 13.29%. Galcd for G19H16N407: G, 55.34; H, 
3.91; N, 13.59%. 

2-(7-Phenylpropyl)pyridine: Bp 89—90 °G/1 Torr (lit,16) 
104—106 °G/0.01 Torr) and m/e 197 (M+). Picrate: Mp 
144—145 °G. Found: G, 56.53; H, 4.38; N, 12.78%. 
Galcd for C20H18N4O7: C, 56.34; H, 4.26; N, 13.14%. 

N-Substituted Derivatives of 7-Pyridylalkanols and Alkylpyridines. 
4-(7 -Hydroxy-7 -phenylethyl)-7 -phenacylpyridinium Bromide: Com­
pound 1 was heated at 70 °G in an excess amount of phenacyl 
bromide for 2.5 h. Yield 45% and mp 220—222 °G. Found : 
G, 63.16; H, 5.15; N, 3.22%. Galcd for G21H20NO2Br: G, 
63.33; H, 5.06; N, 3.52%. 

4-(a-Methylbenzyl)-7-phenacylpyridinium Bromide: This com­
pound was prepared by a method similar to that described 
above. Yield 70%, and mp 228—229 °G. Found: G, 
65.86; H, 5.36; N, 3.43%. Calcd for G21H20NOBr: C, 
65.98; H, 5.27; N, 3.66%. 

2-(1 -Hydroxy-1 -phenylpropyl)-1 -methylpyridinium Iodide: Com­
pound 3 was heated with an excess amount of methyl iodide 
at 50—60 °C for 3 days in a sealed tube. Yield 40% and 
mp 119—120 °G. Found: G, 50.57; H, 5.40; N, 3.56%. 
Galcd for C15H18NOI: C, 50.72; H, 5.11; N, 3.94%. 

2-(7 -Phenylpropyl) - 7 -methylpyridinium Iodide : 4- ( 1 -Phenylpro­
pyl) pyridine was reflexed in an excess amount of methyl 
iodide for 5 h and the separated oil was solidified by treatment 
with diethyl ketone. The titled compound was obtained in 
a form including three molecules of diethyl ketone as a solvent 
of crystallization. Yield 36%,, mp 100 °G, and vG = 0 1690 cm"1 

Found: C, 60.41 ; H, 7.75; N, 1.97%. Galcd for C15H18NI-
3C5H10O: G, 60.30; H, 8.09; N, 2.34%. 

2-(7-Hydroxy-7-phenylpropyl)-7-benzylpyridinium Bromide: An 
equimolar mixture of 3 and acetic acid was heated at 90 °C 
in an excess amount of benzyl bromide for 12 h. Yield 70% 
and mp 97—100 °G. Found: C, 65.70; H, 5.58; N, 3.50%. 
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Calcd for C21H22NOBr: G, 65.63; H, 5.77; N, 3.64%. 
2-(l-Phenylpropyl)-1-benzylpyridinium Bromide: 2-(l-Phenyl-

propyl) pyridine was heated in an excess amount of benzyl 
bromide at 90 °C for 4 h. Yield 60% and mp 121—123 °C. 
Found: C, 68.30; H, 6.18; N, 3.61%. Calcd for G21H22-
NBr: C, 68.48; H, 6.21; N, 3.80%. 

2-( 1 -Hydroxy-1 -phenylpropyl)pyridine 1-Oxide: Two grams of 
3 and 4 ml of 30% hydrogen peroxide were heated in 10 ml 
of acetic acid at 80 °G for 24 h. Yield 74%, mp 119—120 
°G,and»i/«229(M+). Found: G, 73.02; H, 6.59; N, 5.83%. 
Calcd for C14H15N02: C, 73.34; H, 6.59; N, 6.11%. 

2-(1-Phenylpropyl) pyridine 1-Oxide: This compound was 
prepared by a method similar to that described above. Yield 
78%, mp 99—101 °C, and m/e 213 (M+). Found: C, 
78.48; H, 7.17; N, 6.37%. Calcd for C14H15NO: G, 78.84; 
H, 7.17; N, 6.59%. 

This work was supported by a grant from the 
Kawakami Memorial Foundation, to which the authors 
wish to express their deep appreciation. 
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4-Alkyl or aryl-3,5-diphenyl-4i/-l,2,4-triazoles, 3-phenyl-1,2,4-triazolo [4,3-a] pyridine, and -pyrimidine are 
obtained by the title reactions. The reaction may proceed via the nucleophilic attack of amidine or imidate on 
the imidoyl carbon of hydrazonoyl chloride and the subsequent intramolecular cyclization of the intermediate 
formed in the initial step, with the removal of the amino or alkoxyl and phenylsulfonyl groups. 

i\f-(Phenylsulfonyl) benzohydrazonoyl chloride(l) does 
not function as a 1,3-dipole source for the cyclo-addi-
tion reaction because of the strong electron-withdrawing 
nature of the phenylsulfonyl group.1) However, since 
the arylsulfonyl group can be eliminated as an arene-
sulfinate anion or -sulfonyl cation, and since the 
imidoyl carbon and amino nitrogen of 1 possess electro-
philic and nucleophilic2) characters respectively, 1 may 
serve for synthesizing heterocycles. 

In the previous paper,3) we reported the synthesis 
of 2,5-diaryltetrazoles by the reaction of 1 with aryl-
hydrazine, in which the elimination of the benzene-
sulfinate ion was observed. 

The present paper will deal with the formation of 
1,2,4-triazoles from 1 and iV-substituted benzamidines, 
benzimidates, or 2-aminopyridines. In this reaction, 
the phenylsulfonyl group may be removed cationically. 

Fusco and Musante4) reported the preparation of 1-
substituted l//-l,2,4-triazoles using jV-phenylbenzo-
hydrazonoyl chloride and unsubstituted benzamidines. 
Similarly, Huisgen et al.b) obtained 1,2,4-triazole by the 
reaction of ethyl acetimidate with JV-phenylbenzo-
hydrazonoyl chloride in the presence of triethylamine. 
In these methods, however, iV-substituted benzamidines 
or imidates cannot be used, and the resulting triazole 
bears the iV-substituent of the starting hydrazonoyl 
chloride, virtually the phenyl group only, as its 1-
substituent. 

In contrast, the present method, using various ami-
dines and imidates, gives 4-aryl or alkyl substituted 4H-
1,2,4-triazoles as well as 1 -phenylsulfonyl- \H- 1,2,4-
triazole. 

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

Reaction with Benzamidines. The reaction of 1 
with benzamidines was carried out in a 1 : 2 mole 
ratio in T H F at room temperature, giving 4-substituted 
3,5-dipheny\AH- 1,2,4-triazole (4 or 4 ' ) , and/or 1-
phenylsulfonyl-3,5-diphenyl-1H-1,2,4-triazole (5), and 
l,4-dihydro-3,6-diphenyl- 1,4-bis (phenylsulfonyl) -1,2,4, 
5-tetrazine(2), together with a trace amount of 3,6-di-
phenyl-l,2,4,5-tetrazine.6) The results are summarized 
in Scheme 1 and Table 1. 

* Presented in part at the Autumnal Joint Meeting of 
the Tokai Branch of the Chemical Society of Japan and the 
Ghubu Branches of the related Societies, Nagoya, October, 
1975. 

PhC=N-NHS( 
1 1 

Gl 

(1) 
Ph 

N N-
1 1 

PhS0 2 -N N 

Y 
Ph 
(2) 

3aPh 
+ 

-SOaPh 

Ph-G=NR 

NHR' 

R (or 

Phs^Nx/Ph 
+ II II 

N—N 

(4 or 4') 

Scheme 1. 

-HCl 

R') 

+ 
P h ^ N ^ P h 

II II 
N—N 

S02Ph 

(5) 

Benzenesulfonamides and iV-phenylsulfonylated ami­
dine were also obtained. Interestingly, the formation 
of benzenesulfonyl chloride was observed in the reaction 
with JVjiV-disubstituted benzamidines.7) 

As is shown in Table 1, iV-arylbenzamidines gave 4 
predominantly, and the reaction with benzamidine and 
its JV-alkylated derivatives resulted in an increase in 
the yield of 2. Aliphatic amidines such as JV-ethyl-
acetamidine, a stronger base than benzamidines, gave 
2 primarily, and a small amount of N- (phenylsulfonyl) -
N-[N- (phenylsulfonyl) benzohydrazonoyljbenzohydrazo-
noyl chloride (2')8) was isolated in this case. 

Since the phenylsulfonyl group is a strong electron-
withdrawing group, the amino hydrogen of 1 may be 
acidic and may be abstracted easily by amidine, a 
base, and the resulting N- (phenylsulfonyl) benzohydrazo-
noyl chloride anion( l ' ) may be also stable. Consider­
ing the isolation of 2 ' in the reaction with iV-ethylacet-
amidine, the following mechanism involving the nucleo­
philic attack of 1' on 1 may be possible for the formation 
of 2 (Scheme 2).9) The increased formation of 2 ob­
served in the reaction with benzamidine and its N-
alkylated derivatives may be attributed to their basicity 
being stronger than that of JV-arylbenzamidines. 

Gl 
- H + 

1 • P h C = N - N - - S 0 2 P h _ci PhC=N-NS02Ph 

CI +i PhSOaN-N=GPh 
I 

H 

(!') 
-HCl 

(2') 

-> 2 
Scheme 2. 
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TABLE 1. THE REACTIONS OF ^-(PHENYLSULFONYL)-

BENZOHYDRAZONOYL CHLORIDE WITH BENZAMIDINES 

Ph-C=N-R 

NHR' 

Yields (%) of 
productsa) Mp of 4 

(°G) 
R R' 5b) 4c) 

Ph 
Ph 

Ph 

/>-ClC6H4 

/>-MeC6H4 

PhGH2 

Et 
Me 
H 

Ph-C=NH 

H 
Ph 

Me 

H 
H 
H 
H 
H 
H 

trace 
trace 

4 82 
— 90 291—292e> 

7 — 70 
9(4', R' = Me)d> 

4 
trace 

10 
22 
16 
20 

12 

58 
40 
37 
49 

80 
69 
26 
12 
16 

266—267f) 
291—292^) 
223—224h) 
159—1600 
248—250J) 

N=CHPh 
72 — 

a) Yields (isolated) as mole per cent based on 1 used. 
Satisfactory analytical data (±0 .3% for G,H,N) were 
obtained for all the known products in the table. 
b) Colorless needles. Mp 145—147 °G (EtOH). Found: 
G, 66.56; H, 4.10; N, 11.72%. Galcd for G20H15N3O2S: 
G, 66.46; H, 4.19; N, 11.63%. c) The 4-substituent 
corresponds to the iV2-substi tuent of the starting amidine 
shown in the table, d) Identical with 4 (R=Me) . e) 
Lit, mp 291—292 °G: Y. A. Levin and M. S. 
Skorobagotova, Khim. Geterotsikl. Soedin, 1967, 339; 
Chem. Abstr., 67, 100076f(1967). f) Lit, mp 252.5—254 
°C: idem., ibid, g) Lit, mp 291—292 °G: idem., ibid. 
h) Lit, mp 229 °G: T. Gurtius and G. Ehrhart, Ber., 
55, 1559 (1922); "Beilsteins Handbuch der Organischen 
Chemie," E2, Bd. XXVI (1954), p. 49. i) Lit, mp 
163.5—164.5 °G: L. A. Lee, R. Evans, and J . W. 
Wheeler, J. Org. Chem., 37, 343 (1972). j) Lit, mp 
242—243 °G: L. A. Lee and J. W. Wheeler, ibid., 37, 
348 (1972). 

The attempted reactions of 1 with a number of di-
polarophiles in the presence of a base via the 1,3-
dipolar cyclo-addition were unsuccessful, but resulted 
in the formation of 2 in all cases. The reactivity of 
1 different from that of iV-phenylbenzohydrazonoyl 

chloride is probably due to the fact that the negative-
charge delocalizability of the phenylsulfonyl group is 
superior to that of the phenyl group: the charge on 
the amino nitrogen of 1' is delocalized by the phenyl­
sulfonyl group, so 1' does not release the chloride anion 
to form a 1,3-dipole. 

Thus, the 1,3-dipolar cyclo-addition mechanism may 
not be applicable to the reaction of 1 with amidines, 
and a step-by-step mechanism involving the nucleophilic 
attack of amidine on 1, followed by the intramolecular 
cyclization of the resultant iV-hydrazonoylbenzamidine 
(3 or 3')10) via the nucleophilic attack of amino group 
on the imino carbonyl carbon of the original amidine 
moiety, can be postulated as more probable (Schemes 
3 and 4) : 

"Ph-C=NR Ph-G-NHR 
1 + 

/ 

N H R ' / 1 

/ -HCl 

R 

P h - C - N - C - P h (3) 
II II 

NR' N-NHS02Ph 

I R#H \ 

NR' 

- H C l 

i 
R' 

P h - G - N - C - P h (3') 
II II 

NR N-NHSO,Ph 

R 
I 

P K / N x / P h 
II II 

N—N 

(4) 

\ R = H 

\ / 
/ R ' = H 

Phs^Nx/Ph 
I II 

N—N 

2I 
SO,Ph 

(5) 
Scheme 3. 

\ R ' * H 
\ 

R ' 

P K / N ^ / P h 
II II 

N—N 

(40 

Amidines are a tautomeric compound, so that the 
nucleophilic attack of amidine on the imidoyl carbon 
of 1 may take place in two ways. Since the nucleo-
philicity of imino nitrogen of amidine is stronger than 
that of amino nitrogen, the predominant formation of 
4 in the reaction with iV-arylbenzamidines indicates 
that the amidines exist preferentially as arylimino 
tautomers. This preference is probably a result of the 

R R 

Ph / N \ Ph 

+NHR' N 

XS02Ph 
\ 

\ 

Ph / ' N + \ Ph r ù ^ C G / n 

NHR' N 
/ 

N -

R 
\ CsPh 

R R 

R = H Ph^/Nx/Ph 
R 'NH/ | || 

-R'NH2 N — N 

s'a Ph 

R%H 

- R ' N H 2 

Scheme 

Ph^N+x/Ph 
1 II 

N N 
sb2Ph (5') 

I 

P K / N x / P h 
1 II 

+N—N 

S02Ph 

4 + PhSOaX 
(X = R'NH, Cl, etc.) 

4. 
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conjugation between the aryl and imino groups.11) O n 
the other hand, ^V-alkylbenzamidines gave 5 as the 
major product : presumably, this result is due to the 
steric hindrance of the iV-alkyl group. 

Since the arylsulfonamido group is also workable 
as a leaving group, as may be seen in the diazo-transfer 
reaction with tosyl azide,12) an alternative process in­
volving the direct replacement of the sulfonamido group, 
given in Scheme 5, is conceivable for the cyclization 
of 3 or 3 ' ; in such a case, R ' = H in 3 or R = H in 3 ' . 

R 

,N> Ph / N Ph 

II II 
H / N : ^ N x y 

-w 

R 
I 

P h ^ N ^ / P h 
II II 

+ N—N 

IÎ 
R 

P h \c / NVP h 

+ Y-

4 + YH 

N N 
\ H / ^Y 

(3, R ' = H ) : Y = PhS02NH 
(7) : Y = P h S 0 2 

Scheme 5. 

In this route, benzenesulfonamide should be the only 
product carrying a phenylsulfonyl group. Actually, 
however, iV-phenylsulfonylated amidine and amine were 
mainly obtained, and benzenesulfonamide was a minor 
product. Consequently, this reaction route is improb­
able.13) 

Stirring the reaction mixture obtained in the first 
step of the reaction of 1 with amidine with potassium 
carbonate after the removal of the precipitates led to 
the formation of 3,5-diphenyl-4//-l,2,4-triazole(6) in 
part, which must have been derived from 1-phenyl-
sulfonyl-3,5-diphenyl-l#-l,2,4-triazole(5). The com­
bined yield of the two products were almost invariable. 

The transformation of 5 to 6 proceeded excellently 
when the ethanolic solution of 5 was refluxed in the 
presence of a catalytic amount of /»-toluensulfonic acid. 

EtOH 

/.-CHaCÄSOaH 

H 
I 

PlK/Nx/Ph 
II II 

N—N 

(6) 

P h ^ N x / P h 
I II 

N—N 
/ 

H 

Attempts to derive 5 to 4 by alkylation with alkyl halide 
were, however, unsuccessful. 

RX 
5 - \ \ -

R 

P h ^ N ^ P h 

N—N 

SOoPh 

X 4 + PhS02X 

iV-Benzylidenebenzamidine gave 5 upon the re­
moval of the benzylideneamine moiety, and the elimi­
nation of benzenesulfinic acid from the primary inter-

TABLE 2 . 3,5-DIPHENYL-1,2,4-TRIAZOLES FROM 

BENZIMIDATES(Ph-C=NR) 

OR' 

Benzimidate 

R R' 

H Et 
Ph Et 
Me Me 

Triazole 
(Yield, %) 

5 (95) 
4(R = Ph) (25) 
4(R = Me) (33) 

mediate could not be observed in the presence of alkali. 
Reaction with Benzimidates. The reaction of 1 

with benzimidates took place analogously with the 
removal of the alkoxyl group to give triazoles (Table 2). 
With a slight modification of Schemes 3 and 4 by replac­
ing R ' N H by R ' O , the reaction route can be represent­
ed. In the case of iV-substituted benzimidates, the re­
action proceeded slowly and gave 2 as the main product ; 
this may be due to the uneasy formation of an inter­
mediate because of the lack of a hydrogen atom to be 
removed as a proton in the imidates. 

R 

Ph-C=N-R + 1 -> Ph-C=N+-C-Ph 

OR' OR' N 

NHSOaPh 

R = H 
-> Ph-G=N-G-Ph 

OR' N 

NHS02Ph 

Reaction with 2-Aminopyridine and -Pyrimidine. 2-
Aminopyridine(8a) and -pyrimidine (8b), cyclic amidi-
nes known to exist as amino tautomers, reacted with 
1 in a manner similar to that above to give 3-phenyl-
l,2,4-triazolo[4,3-a] pyridine and -pyrimidine(9) respec­
tively in fairly good yields (Table 3). 

2 II 
y*A 

+ i 
-HCl, -NH3 /^A 

\ N ^ N H , x N / \ 
| N 

P h / ^ N / 

+ 
y * A 
II I 
\ N ^ N H S 0 9 P h 

(8a: A = C H , 8b: A = N ) (9) 

The main phenylsulfonylated products were 2-(phenyl-
sulfonylamino)pyridine and -pyrimidine. These results 
indicate that the initial hydrazonoylation took place 
at the ring nitrogen, and that the 2-amino group was 
removed. No product via the alternative process could 
be isolated. 

Since several methods for preparing 4-substituted 3,5-
diaryl-4//-1,2,4-triazoles are available,14) the present 
method is not always useful from the synthetic point 
of view. O n the other hand, for preparing 1,2,4-tri-
azolopyridines, known to be useful anti-convulsants and 
tranquilizers, the reaction of 2-hydrazinopyridine with 
carboxylic acid15) may be the only available method. 
Thus, because of the ready availability of starting ma­
terials, the simplicity of procedure, and the compara­
tively higher yield of products, this reaction might be 
useful in obtaining this type of compound. 
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9 
A 

Yield 

(%) 

T A B L E 3. 

M p (°C) 

PREPARATION OF 3 -PHENYL-1 ,2 ,4 -TRIAZOLO[4 ,3 -Ö]PYRIDINES(9) 

I R
 1 H-NMR((5 , ppm, CDCl3)a> 

(*££, cm-1) c _ 4 c_5 C 6 C 7 ~Ph 

G H 54 174—177b)(EtOH) 

Nc> 42 190—193(EtOH) 

1630, 1495, 1461, 
1375, 1309, 1176, 
1135, 1163, 1010, 
751 

1616, 1507, 1442, 
1417, 1379, 1347, 
1293, 1226, 1172, 
1123, 766 

8.32 6.86 7.28 d> 7.50—8.00 
brd dt brt m 
74.5=75,6=7.0, y5 .7=i-5, y 6 ) 7 =8.0Hz 

8.92 7.09 8 .86 

dd q dd 

A 5 = 6.0, A 6 = 1 . 5 , 

y 5 , 6 = 4 . 5 H z 

8 .30—8.50 

m ( 2 H ) 

7 .40—7.70 

m ( 3 H ) 

a) Abbreviations of the N M R spectral pat terns are as follows: d, doublet ; t, t r iplet ; q, quar te t ; m, multiplet; 
dd, double doublet ; dt, double tr iplet ; br, broad, b) Lit, m p 173—174°G: S. Takase and T . Demura , Kogyo 
Kagaku Zasshi, 69, 1417 (1966). F o u n d : G, 75.32; H , 4.60; N , 21 .45%. c) Almost colorless leaflets. Found : 
G, 67.02; H , 4.12; N , 28 .27%. Galcd for C n H 8 N 4 : G, 67 .33; H , 4 .11 ; N , 28 .56%. d) Overlapped with G-3 
phenyl-proton. 

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

T h e melting points were determined with a Yanagimoto 
micromelting point apparatus , Model MP-S3 , and are un­
corrected. T h e microanalysis was performed on a Perkin-
Elmer elemental analyzer, Model 240. T h e I R and N M R 
spectra were recorded with a J A S G O DS-301 spectrometer 
and a J E O L G60-HL spectrometer respectively. 

T h e 7V-(phenylsulfonyl)benzohydrazonoyl chloride(l) was 
prepared by the previously reported method,3) while the 
benzamidines were obtained from ethyl benzimidate hydro­
chloride or JV-substituted benzimidoyl chlorides according to 
methods described in the li terature. T h e products were 
identified by means of their analytical and spectral da ta 
and by comparison with authentic specimens prepared by 
other synthetic methods. 

Reaction of 1 with Amidines. General Procedure: A solu­
tion of amidine(0.01 mol) in T H F ( 1 5 ml) was added, drop 
by drop, to a solution of 1(0.005 mol) in T H F ( 1 5 ml) at 
room temperature . Within a few minutes, precipitates be­
gan to separate. T h e reaction mixture was stirred for 2 h 
and then allowed to stand overnight. T h e separated pre­
cipitates were filtered and washed with T H F . T h e filtrate 
combined with the washings was concentrated and then 
chromatographed on a silica gel(20 g) column, using benzene 
as the eluent, to give dihydrotetrazine, benzenesulfonamides, 
JV-phenylsulfonylamidine, and 1,2,4-triazole. Benzenesulfon-
yl chloride, when formed, was obtained as the first eluate. 
Most of the 4-substituted 3,5-diphenyl-4i/- 1,2,4-triazole was 
obtained in a fairly pure state by washing the precipitates 
above separated with water, followed by cold ethanol. T h e 
results are summarized in Tables 1 and 3. 

Reaction of 1 with Benzimidates. T h e reaction was con­
ducted in a manner similar to that used with amidines. T h e 
results are summarized in Table 2. 

R e f e r e n c e s 

1) S. I to, Y. Tanaka , and K. Yoshida, Abstracts of the 
Meeting of the Tokai Branch of the Chemical Society of 
J a p a n , Matsumoto, November 1972, p . 1; Abstracts of the 
28th Annual Meeting of the Chemical Society of J a p a n , 
Tokyo, April 1973, Vol. I l l , p . 1371. 

2) Phenylsulfonylamino nitrogen may function also as an 
electrophilic center with the elimination of the benzene-
sulfinate ion; see Ref. 3. 

3) S. I to , Y. Tanaka , and A. Kakehi , Bull. Chem. Soc. 
Jpn., 49, 762 (1976). 

4) R. Fusco and G. Musante , Gazz. Chim. ItaL, 68, 147 
(1938). 

5) R. Huisgen, R. Grashey, E. Aufderhaar, and R. Kunz, 
Chem. Ber., 98, 642 (1965). 

6) Amine and amidine hydrochloride separated as pre­
cipitates in the reaction. 

7) This fact might support the possible and potential 
intermediacy of 5 '(Scheme 4), which may be a strong phenyl-
sulfonylating agent. 

8) Compound 2 ' : m p 160—162 °C(dec), IR(KBr , cm- 1 ) , 
3190(vNH), 1370; 1350; 1170(*SO2). Found : G, 56.79; H, 
3.79; N, 10.12%. Calcd for G 2 6 H 2 1 N 4 S a 0 4 Cl: G, 56.47; 
H , 3.83; N , 10.13%. 

9) Wawzonek and Kellen obtained l,4-dihydro-3,6-di-
phenyl-l,4-bisQ&-tolylsulfonyl)-l,2,4,5-tetrazine by treating iV-
(j5>-tolylsulfonyl)benzohydrazonoyl chloride with triethylamine, 
and suggested the same reaction route for this dehydrochloro-
dimerization(S. Wawzonek and J . N . Kellen, J. Org. Chem., 
38, 3627 (1973)). 

10) T h e overall reaction generally proceeded easily at 
room temperature, and the pr imary product or intermediate, 
3 or 3 ' , could not be isolated. However, 1 is able to function 
as a hydrazonoylating agent : for example, the formation 
of 2 ' should be ascribed to the hydrazonoylation of 1' with 
1, and the reaction of 1 with arylhydrazines3) proceeds via 
the iV-hydrazonoylation of hydrazine with 1. Therefore, the 
postulation of 3 or 3 ' is reasonable. 

11) P. A. S. Smith, " T h e Chemistry of Open-Chain Or­
ganic Nitrogen Compounds ," Vol. I , W. A. Benjamin, New 
York (1965), p . 178. 

12) M . Regitz, Angew. Chem., 79, 786 (1967). 
13) In order to obtain some mechanistic information, the 

ring closure of iV^phenyl-iV^benzimidoyl-iVa-(phenylsulfonyl)-
benzamidine(7, prepared from JV-(phenylsulfonyl) benzimidoyl 
chloride and iV-phenylbenzamidine, m p 222—225 °C) to 4 
was examined. However, even under reflux in xylene in 
the presence of alkali, no remarkable change was observed, 
and most of the 7 was recovered. T h e concerted 1,5-cis 
elimination of benzenesulfinic acid should not be possible 
because of the anti-aromaticity of the transition state ; in the 
intramolecular ,SN2-type route (Scheme 5), the separation of 
an unlike charge is required for the activation process; the 
most stable configuration of 7 may be the U-shaped form 
with hydrogen-bonding. These seem to be the reasons for 
the unreactivity of 7. 

14) E.g., R. Stolle, J. Prakt. Chem., 73, 288(1906); G. 
Scheuing and B. Walach, German Patent 543026; Chem. 
Abstr., 26, 3263 (1932). 

15) J . B. Bicking, U . S. Patent 2917511; Chem. Abstr., 54, 
8854e (1960). 
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Photochemical reactions of 1,2-naphthoquinone and the substituted derivatives with a variety of aldehydes 
in the liquid phase have been investigated. The reaction with saturated aliphatic aldehydes gives a mixture of 
3-acyl-l,2-naphthalenediol and 1,2-naphthalenediol monoacyl esters. On the other hand, the irradiation of the 
benzene solution of a 1,2-naphthoquinone derivative and an aromatic aldehyde gives, in general, 1,2-naphtha­
lenediol monoaroyl esters, together with small amounts of other products. Unlike saturated aliphatic aldehydes, 
a,/?-unsaturated aldehydes; i.e., propenal, 2-butenal, trans-2-hex.enal, 1-cyclopentenecarbaldehyde, and 1-cyclo-
hexenecarbaldehyde, behave similary to the aromatic aldehydes in the photochemical reaction, giving only 1,2-
naphthalenediol monoesters. However, 10-undecenal, 3-phenylpropanal, cyclopentanecarbaldehyde, cyclo-
hexanecarbaldehyde, and 3-cyclohexenecarbaldehyde give mixtures of 3-acyl-l,2-naphthalenediols and 1,2-naph­
thalenediol monoacyl esters similar to those from saturated aliphatic aldehydes. The origin of these signifi­
cant differences is discussed. 

Light-induced reactions between quinone and al­
dehyde have been extensively studied by several 
workers,2) but there have been few studies of those 
of 1,2-naphthoquinone derivatives, probably because 
of their instability.3) Awad and Hafez, for example, 
failed to isolate photo-adducts by the photolysis of 
1,2-naphthoquinone in the presence of acetaldehyde.4) 
The successful isolation of photo-adducts in the pho­
tochemical reactions of 1,2-naphthoquinone with sat­
urated aliphatic aldehydes was first reported by the 
present author.1) Thus, 3-acyl-1,2-naphthalenediols, 1, 
(G-attacking product) and 1,2-naphthalenediol mono­
acyl esters, 2, (O-attacking product) were isolated as 
the reaction products. 

OH OH 

X X / V / O H / / \ / V O G O ( C H 2 ) 7 l C H 3 

R + II I R + || | 
X / \ y x C O ( G H 2 ) K C H 3 \ / \ ^ 

and/or isomer 
1 2 

(G-attacking product) (O-attacking product) 
R = H, 4-CN, 6-Br, 6-CH3; « = 0—8 

O n the contrary, a preliminary investigation of the 
photochemical reactions of aromatic or a,/#-unsaturated 
aliphatic aldehydes with 1,2-naphthoquinones revealed 
that the reaction products consisted exclusively of 1,2-
naphthalenediol monoesters. O n the other hand, p-
quinones, in general, give G-attacking products as their 
major products in photochemical reactions with ali­
phatic or aromatic aldehydes.2) In this paper, a 
detailed investigation of the reaction products, as well 
as of the effect of the structure of aldehydes and the 
substituent effect of 1,2-naphthoquinones on the product 
distributions, will be described. 

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

The quinones examined in this work are 1,2-naph­
thoquinone and its 3-chloro-, 3-bromo-, 4-cyano-, 4-
methyl-, 4-methoxy-, 6-bromo-, 6-chloro-, and 6-
methyl derivatives. Benzaldehyde, and its jfr-nitro-, 

m-nitro-, ^-methyl-, /»-methoxy-, 2,4-dimethoxy-, 3,4,5-
trimethoxy-, 2,4,6-trimethyl-, and 2,4,6-triisopropyl de­
rivatives are examined as typical aromatic aldehydes. 
As representative a,/?-unsaturated aliphatic aldehydes, 
propenal, 2-butenal, frmy-2-hexenal, 1-cyclopentenecar­
baldehyde, 1-cyclohexenecarbaldehyde, and cinnamal-
dehyde are used in this work. In addition, 10-unde­
cenal, 3-phenylpropanal, cyclopentanecarbaldehyde, 
cycloh ^xanecarbaldehyde, 3-cyclohexenecarbaldehyde, 
and 3-chlorobutanal are also examined. 

A benzene solution of a 1,2-naphthoquinone deriva­
tive and an aldehyde was irradiated by means of a 
300-W high-pressure H g arc lamp for a suitable time. 
T h e reaction mixture was then concentrated and chro-
matographed on silica gel. T h e products are sum­
marized in Tables 1, 2, and 3. 

In the reaction of 1,2-naphthoquinone with benzal-
dehyde, only 1,2-naphthalenediol monobenzoate, 3a, is 
obtained. T h e other aromatic aldehydes used here 
behave much like benzaldehyde, giving the correspond­
ing 1,2-naphthalenediol monoaroyl esters (O-attacking 
products), together with no ring-substituted derivatives 
(C-attacking products). Other substituted 1,2-naph­
thoquinone derivatives give O-attacking products ex­
clusively in photochemical reactions with aromatic al­
dehydes (see Table 1). 

These results are surprising because, in the photo­
chemical reactions of 1,2-naphthoquinones with saturat­
ed aliphatic aldehydes, acetaldehyde, for example, gives 
3-acetyl-l,2-naphthalenediols in a yield comparable 
to that of 1,2-naphthalenediol monoacetates. In addi­
tion, it is well known that /»-benzoquinones and 1,4-
naphthoquinones, in general, give G-attacking products 
predominantly, along with minor O-attacking products, 
in photochemical reactions with both aliphatic and 
aromatic aldehydes.2) 

In the photochemical reactions of 1,2-naphtho­
quinones with aromatic aldehydes, the larger steric re­
quirement of the phenyl than of the alkyl group might 
be the cause of the absence of the G-attacking product. 
Cyclopentanecarbaldehyde and cyclohexanecarbalde-
hyde, however, give both G-attacking products and O-
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TABLE 1. T H E PHOTO-ADDITION COMPOUNDS FROM THE PHOTOCHEMICAL REACTION OF 

1,2-NAPHTHOQUINONE DERIVATIVES WITH AROMATIC ALDEHYDES 

OCOAr OCOAr OCOAr OCOAr OCOAr OCOAr 

A A / O H A À / ) H ^ / V / O H A A / Î H X \ A S / O H X \ / V O H 

I II I I II I I II I I II I I II I I II I 
V V B r / \ / \ X \/\f W ^ V V ^ CH3/\/\̂  

CN 
3 4 5 6 7 8 

and/or isomer 

Quinonea> 

1,2-NQ 
1,2-NQ 
1,2-NQ 
1,2-NQ 
1,2-NQ, 
1,2-NQ 
6-Br-1,2-NQ 
6-Br-1,2-NQ 
6-Br-1,2-NQ 
6-Br-1,2-NQ 
6-Br-1,2-NQ 
6-Br-1,2-NQ 
6-Br-1,2-NQ 
6-Br-1,2-NQ 
6-Br-1,2-NQ 
4-GN-1,2-NQ 
4-CN-1,2-NQ 
4-CN-1,2-NQ 
4-CN-1,2-NQ 
4-CN-1,2-NQ 
4-CN-1,2-NQ 
4-CN-1,2-NQ 
3-C1-1,2-NQ 
3-C1-1,2-NQ 
3-C1-1,2-NQ 
3-C1-1,2-NQ 
3-C1-1,2-NQ 
3-C1-1,2-NQ 
3-Br-1,2-NQ 
3-Br-1,2-NQ 
3-Br-l,2-NQ 
3-Br-1,2-NQ 
3-Br-1,2-NQ 
3-Br-1,2-NQ 
6-Me-1,2-NQ 
6-Me-1,2-NQ 
6-Me-1,2-NQ 
6-Me-1,2-NQ 
6-Me-1,2-NQ 
6-Me-1,2-NQ 

Aldehyde 

Benzaldehyde 
/»-Nitrobenzaldehyde 
m-Nitrobenzaldehyde 
/j-Methylbenzaldehyde 
/»-Methoxybenzaldehyde 
3,4,5-Trimethoxybenzaldehyde 
Benzaldehyded> 
/»-Nitrobenzaldehyde 
ffz-Nitrobenzaldehyde 
/>-Methylbenzaldehyded> 
p- Methoxybenz aldehy ded> 
2,5-Dimethoxybenzaldehyde 
3,4,5-Trimethoxybenzaldehyde 
2,4,6-Trimethylbenzaldehyde 
2,4,6-Triisopropylbenzaldehyde 
Benzaldehyde 
p -Nitrobenzaldehy de e> 
/ra-Nitrobenzaldehyde 
/»-Methylbenzaldehyde 
/>-Methoxybenzaldehydee) 
3,4,5-Trimethoxybenzaldehyde 
2,4,6-Trimethylbenzaldehyde 
Benzaldehyde 
Cinnamaldehyde 
j&-Nitrobenzaldehyde 
m-Nitrobenzaldehyde 
/»-Methylbenzaldehyde 
/»-Methoxybenzaldehyde 
Benzaldehyde 
Cinnamaldehyde 
/»-Nitrobenzaldehyde 
»z-Nitrobenzaldehyde 
/»-Methylbenzaldehyde 
/»-Methoxybenzaldehyde 
Benzaldehyde 
Cinnamaldehyde 
/»-Nitrobenzaldehyde 
/n-Nitrobenzaldehyde 
/»-Methylbenzaldehyde 
p- Methoxy benzaldehy de 

Ar 

CeÏÏ, 
/>-N02C6H4 

m-N02C6H4 

/>-CH3C6H4 

/>-CH3OC6H4 

3,4,5-(CH30)3C6H2 

C6H5 

/>-N02C6H4 

nz-N02C6H4 

/>-CH3C6H4 

/>-CH3OC6H4 

2,5-(CH30)2C6H3 

3,4,5-(CH30)3C6H2 

2,4,6-(CH3)3C6H2 

2,4,6-[(CH3)2CH]3C6H2 

G6H5 

/>-N02C6H4 

m-N02C6H4 

/>-CH3C6H4 

/>-CH3OC6H4 

3,4,5-(CH30)3C6H2 

2,4,6-(CH3)3C6H2 

G6H5 

Cgrd5Crd=Ciri 

/>-N02C6H4 

m-NOaC6H4 

/>-CH3C6H4 

/>-CH3OC6H4 

G 6 H 5 
C6H5CH=CH 
/>-N02C6H4 

m-N02C6H4 

/>-CH3C6H4 

/>-CH3OC6H4 

G6H5 

C6H5CH=CH 
/>-N02C6H4 

m-N02C6H4 

/>-CH3C6H4 

/>-CH3OC6H4 

Compound 
No 

3a 
3b 
3c 
3d 
3e 
3f 
4a 
4b 
4c 
4d 
4e 
4f 

4g 
4h 
4i 
5a 
5b 
5c 
5d 
5e 
5f 

5g 
6a 
6b 
6c 
6d 
6e 
6f 
7a 
7b 
7c 
7d 
7e 
7f 
8a 
8b 
8c 
8d 
8e 
8f 

Yield1».0) 
(%) 
29 
39 
31 
23 
26 
14 
47 
49 
39 
35 
54 
65 
15 
41 
19 
21 
39 
35 
16 
26 
27 
55 
26 
25 
44 
26 
40 
26 
21 
20 
17 
15 
22 
20 
38 
35 
23 
24 
41 
53 

Mp 
(°C) 

162-
182-
159-
158-

-166 
-183 
-161 
-160 

184—185 
195-
173-
201-
177-
189-
193-
145-
211-
292-
190-
177-
253-
225-
186-
215-
151-
217-
141-
180-
203-

-198 
-174 
-202 
-178 
-190 
-194 
-149 
-214 
-293 
-192 
-178 
-255 
-227 
-188 
-217 
-152 
-219 
-144 
-181 
-205 

194—196 
164—166 
184—186 
150-
189-
202-
188-
176-
196-
172-
145-
187-
172— 
185-
184-

-153 
-190 
-205 
-190 
-178 
-198 
-174 
-146 
-189 
-175 
-186 
-185 

a) 1,2-NQ: 1,2-naphthoquinone, 6-Br-l,2-NQ: 6-bromo-l,2-naphthoquinone, 4-CN-l,2-NQ: 4-cyano-l,2-naph-
thoquinone, 3-Cl-l,2-NQ: 3-chloro-1,2-naphthoquinone, 3-Br-l,2-NQ: 3-bromo-1,2-naphthoquinone, 6-Me-l,2-NQ: 
6-methyl-1,2-naphthoquinone. b) The yield was calculated on the basis of the amount of quinone used, c) The 
relatively low yields may be due to the instability of 1,2-naphthoquinone and its derivatives, because they were 
not recovered from the reaction mixture, d) Cf. A. Mustafa et al., J. Am. Chem. Soc, 78, 4306 (1956). e) 
Cf. A. Schönberg et al., J. Am. Chem. Soc, 77, 3850 (1955). 
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TABLE 2. 

Photochemistry of 1,2-Naphthoquinone with Aldehydes 2975 

THE PHOTO-ADDITION COMPOUNDS FROM THE PHOTOCHEMICAL REACTION OF 1,2-NAPHTHOQUINONE 

DERIVATIVES WITH A,/?-UNSATURATED ALIPHATIC ALDEHYDES 

OCOR' o 

I || I + R'GHO • 

Ri Ri 

and/or isomer 

Quinonea> 

1,2-NQ 
6-Br-1,2-NQ 
4-CN-1,2-NQ, 
1,2-NQ, 
4-GN-1,2-NQ, 
1,2-NQ 
6-Br-1,2-NQ, 
4-CN-1,2-NQ 

1,2-NQ 

6-Br-1,2-NQ, 

4-CN-1,2-NQ, 

1,2-NQ, 

6-Br-1,2-NQ 

1,2-NQ, 

6-Br-1,2-NQ, 

4-CN-1,2-NQ 

Aldehyde 

Propenal 
Propenal 
Propenal 
2-Butenal 
2-Butenal 
t raw-2-Hexenal 
trans-2-Hexenal 
fmnj-2-Hexenal 

1 -Cyclopentenecarbaldehyde 

1 -Cyclopentenecarbaldehyde 

1 -Cyclopentenecarbaldehyde 

1 -Cyclohexenecarbaldehyde 

1 -Cyclohexenecarbaldehyde 

Cinnamaldehyde 

Cinnamaldehyde 

Cinnamaldehyded) 

R7~ 
H 
H 
CN 
H 
CN 
H 
H 
CN 

H 

H 

CN 

H 

H 

H 

H 

CN 

Product 

R2 

H 
Br 
H 
H 
H 
H 
Br 
H 

H 

Br 

H 

H 

Br 

H 

Br 

H 

R' 

CH2=CH-
CH2=CH-
CH2=CH-
CH3CH=CH-
CH3CH=CH-
CH3(CH2)2CH=CH-
CH3(CH2)2CH=CH-
CH3(CH2)2CH=CH-

: > -

: > -

> 

< : > -o-
C6H5CH=CH-

C6H5CH=CH-

C6H5CH=CH— 

Compound 
No 

9a 
9b 
9c 
9d 
9e 
9f 

9g 
9h 

9i 

9j 

9k 

91 

9m 

9n 

9o 

9P 

Yield1».«5) 
(%) 

~~47~ 
72 
51 
42 
28 
16 
43 
20 

37 

30 

8 

28 

41 

57 

39 

58 

Mp 
(°C) 

111—113 
150—151 
165—166 
99—101 

153—154 
80— 81 

129—131 
135—137 

130—132 

176—177 

145—146 

140—142 

156—157 

179—180 

190—191 

178—180 

a, b), c) See the footnotes in Table 1. d) Cf. A. Schönberg et al., J. Am. Chem. Soc, 77, 3850 (1955). 

attacking products in reactions with 1,2-naphtho­
quinone. 4-Cyano-1,2-naphthoquinone behaves simi­
larly to give both G-attacking and O-attacking prod­
ucts. In addition, a,/?-unsaturated aliphatic aldehydes 
also give 1,2-naphthalenediol monoesters exclusively 
(see Table 2). Therefore, there is no reason to con­
sider that the higher steric factor of the phenyl group 
could be the controlling factor of the product distribu­
tion. 

What is, then, the controlling factor for the G-attack­
ing or O-attacking products in these reactions? Since 
these photochemical reactions are undoubtedly initiated 
by hydrogen abstraction from aldehyde by the photo-
excited 1,2-naphthoquinone molecule,5) giving an acyl 
radical and a 1,2-naphthosemiquinone radical,6) the 
structure of the combination product of the two re­
sulting radicals must depend on the electronic character 
of the radical concerned. I t has been reported that 
both the acetyl radical and the benzoyl radical have 
a nucleophilic character.7) However, considering the 
photochemical reactions of 1,2-naphthoqinone with 
acetaldehyde, propenal, and benzaldehyde, the pres­
ent author could arrange the decreasing nucleophilic 
character of the acyl radicals concerned in the follow­
ing order: C H 3 G = 0 > C H 2 = C H - G = 0 > G 6 H 5 G = 0 , on 
the basis of the inductive effect of the methyl, vinyl, 
and phenyl groups. Acyl radicals are, in general, of 

a strong ff-radical character and most of the free spin 
localizes on the acyl carbon. This was confirmed by 
the ESR measurement of the benzoyl radical.8) 

/»-Methyl- and /»-methoxybenzaldehyde, in reaction 
with />-benzoquinone, give 2-aroylhydroquinones as the 
predominant products.9) However, as is shown in 
Table 1, the introduction of three methyl or three 
methoxyl groups on the phenyl ring has no appreciable 
effects on the product distributions, giving 1,2-naphtha­
lenediol monoesters exclusively. Thus , a,/?-unsaturated 
aldehydes, including aromatic aldehydes, are character­
istic in giving the O-attacking products selectively. 

As for the reactions with 10-undecenal, 3-phenyl-
propanal, and 3-cyclohexenecarbaldehyde, which have 
no olefinic ^-system conjugated to carbonyl, we ob­
tained the C-attacking product together with the O -
attacking product in the reaction with 1,2-naphtho­
quinone derivatives, as is shown in Table 3. Whereas 
the carbonyl carbon of the acyl radical derived from 
a,/?-unsaturated aldehydes attaches to the sp2 carbon, 
the carbonyl carbon derived from these three alde­
hydes attaches to the sp3 carbon. Therefore, it is 
reasonable to consider that the former acyl radical is 
more electrophilic than the latter. Thus, the inherent 
polarity of an acyl radical could exert the controlling 
influence on determining the attacking position on the 
1,2-naphthosemiquinone radical. T o support the 
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TABLE 3. THE PHOTO-ADDITION COMPOUNDS FROM THE PHOTOCHEMICAL REACTION OF 1,2-NAPHTHOQUINONE 

DERIVATIVES WITH ALDEHYDES WHICH HAVE NO CONJUGATED OLEFINIC 7T-SYSTEM TO CARBONYL 

o 
It 

OH 

<o 
R 2

/ X / \ ^ 
Ri 

+ R"CHO 
OH 

R / X / V ^ X C O R ' + 
R i 

10 

OCOR" 

^ \ A / O H 

R2
/X/V^ 

i 

R! 
11 

and/or 
isomer 

Quinone8-) 

i,2-Na 

6-Br-l ,2-NQ, 

4-GN-l ,2-NQ, 

1 ,2 -Na 

6-Br - l ,2 -NQ 

4-CN-l ,2 -NQ, 

1 , 2 -Na 

6-Br-l ,2-NQ. 

4 - C N - 1 , 2 - N a 

1 ,2 -Na 

6-Br-l ,2-NQ. 

4 - C N - 1 , 2 - N a 

1 ,2 -Na 

6 -Br -1 ,2 -Na 

4 - G N - 1 , 2 - N a 

Aldehyde 

Gyclopentanecarbaldehyde 

Cyclopentanecarbaldehyde 

Gyclopentanecarbaldehyde 

Gyclohexanecarbaldehyde 

Gyclohexanecarbaldehyde 

Gyclohexanecarbaldehyde 

10-Undecenal 

10-Undecenal 

10-Undecenal 

3 -Pheny lpropanal 

3 -Pheny lpropanal 

3-Phenylpropanal 

3-Cyclohexenecarbaldehyde 

3 - Gyclohexenecar baldehyde 

3-Cyclohexenecarbaldehyde 

R i 

H 

H 

GN 

H 

H 

C N 

H 

H 

GN 

H 

H 

GN 

H 

H 

C N 

Product 

R 2 

H 

Br 

H 

H 

Br 

H 

H 

Br 

H 

H ( 

Br 

H 

H < 

R " 

> 

: > -

: > -

< : > -

< : > o-
jH2=CH(CH 2 )g -

^,H2=CH(GH2)g— 

j H 2 = G H ( G H 2 ) j -

^6H5CH 2 CH 2 -

L-J 6 H 5 GH 2 GH2— 

36H 5 CH 2 CH 2 -

o-
Br < > 
H < : > -

Compound 
No 

ïïôa 
tlla (10b 
tllb 
(10c 
tllc 
(10d 
tlld 
JlOe 
tlle 
flOf 
tllf 
(10g 
tilg 
(lOh 
tllh 
jlOÎ 
tili 
rioj 
inj 
(10k 
tllk 
(101 
till 
(10m 
1 1 m 

(10n 
tlln 
flOo 
tllo 

Yieldb'c> 
(%) 

8 
25 

14 
37 

21 
6 

9 
34 

20 
36 

17 
8 

8 
11 

12 
32 

25 
6 

5 
33 

18 
43 

32 
8 

5 
34 

12 
42 

10 
17 

M p 
(°C) 

148—149 
107—109 

133—134 
156—158 

181—182 
130—131 

186—187 
104—105 

138—139 
180—181 

149—150 
165—167 

65— 67 
68— 69 

65— 66 
84— 87 

84— 85 
82— 83 

128—129 
103—104 

125—126 
120—122 

165—166 
149—150 

109—110 
139—140 

143—144 
163—165 

157—158 
147—148 

a), b), c) See the footnotes in Table 1. 

above consideration it was confirmed that, in the reac­
tions of 6-bromo- 1,2-naphthoquinone with butyralde-
hyde1) and with 3-chlorobutanal, the ratios of C-attack-
ing to O-attacking products were 47 : 53 and 9 : 91 
respectively. 

O n the other hand, the introduction of an electron-
attracting group, such as halogen or cyano groups, into 
the quinone ring should facilitate the G-attacking on 
the basis of the same considerations. Since the electron 
densities on the G3-carbon of the 1,2-naphthosemi­
quinone radical, of the 6-bromo-1,2-naphthosemi-
quinone radical, and of the 4-cyano-1,2-naphtho-
semiquinone radical may decrease in this order, the C-
attacking product would increase in the same order. 
The results of the photochemical reactions of 1,2-
naphthoquinone, 6-bromo-1,2-naphthoquinone, and 4-
cyano-1,2-naphthoquinone with acetaldehyde, pro-
panal and 3-phenylpropanal are compared in Table 4. 
In actual, the amounts of the G-attacking product 
relative to the amounts of the O-attacking product 

change regularly. T h a t is, the relative yields of the 
G-attacking products are 13—27, 30—57, and 80—85 
% respectively. In the cases of the reaction with other 
aliphatic aldehydes, as has been described in a pre­
vious paper1) and as is shown in Table 3, these tendencies 
can also be recognized. 

Contrary to the effect of introducing some electron-
attracting groups into the quinone ring, the introduc­
tion of an electron-donating group, such as methyl or 
methoxyl group, should exert the opposite influences 
on the product distributions. Actually, 4-methyl- or 
4-methoxy- 1,2-naphthoquinone gives only O-attacking 
products, without any G-attacking product, as is shown 
in Table 4. 

T h e 2-butenoyl radical is also of an O-attacking 
character for the 1,2-naphthosemiquinone radical, but 
it shows a somewhat G-attacking character for the 6-
halo-1,2-naphthosemiquinone radical. This might be 
due to the fact that the introduction of the halogen 
atom at the 6-position of the 1,2-naphthosemiquinone 
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TABLE 4. THE RELATIVE YIELDS OF THE PHOTO-ADDITION 

COMPOUNDS OBTAINED IN THE REACTION OF 1,2-NAPHTHO­

QUINONE DERIVATIVES WITH SEVERAL ALDEHYDES 

Quinonea) 

1,2-NQ. 
6-Br-1,2-NQ. 
4-CN-1,2-NQ. 
4-Me-1,2-NQ. 
4-MeO-1,2-NQ. 
1,2-NQ. 
6-Br-1,2-NQ. 
4-GN-1,2-NQ. 
4-Me-1,2-NQ. 
4-MeO-1,2-NQ. 
1,2-NQ 
6-Br-1,2-NQ. 
4-CN-1,2-NQ. 

Aldehyde ^ 

CH3GHOb) 
CH3CHOb> 
CH3GHOb) 
CH3CHOc) 
CH3GHOc) 
CH3CH2CHOd> 
CH3CH2CHOd> 
CH3GH2GHOd) 
GH3GH2GHOc) 
CH3CH2CHO> 
C6H5(CH2)2CHO> 
CaH5(CH2)2CHC» 
C6H6(CH2)2CHO> 

Relative 
y " ^" 

•product 
(%)e ) 

24 
46 
82 
0 
0 

27 
57 
83 

0 
0 

12 
29 
80 

yields 
• x 

O-product 
(%)f> 

76 
54 
18 

100 
100 
73 
43 
17 

100 
100 
88 
71 
20 

a) 4-MeO- 1,2-NQ,: 4-Methoxy-l,2-naphthoquinone. 
The other quinones are shown in Table 1. The relative 
yields were determined by b) the integration of the 
1H-NMR signals of the concentrated reaction mixture, 
c) the weights of the isolated products, and d) the 
integration of the 1H-NMR signals of the isolated 
products with TLC. e) 3-Acyl-l,2-naphthalenediol. f) 
1,2-Napthalenediol monoacyl esters. 

TABLE 5. THE RELATIVE YIELDS OF THE PHOTO-ADDITION 

COMPOUNDS OBTAINED IN THE REACTION OF 6-BROMO-

AND 6-CHLORO-1,2-NAPHTHOQUINONE WITH 2-BUTENAL 

AND 3-METHYL-2-BUTENAL 

Quinonea> Aldehyde 
Relative yields (%)b> 

s~ ^ s 
C-productc> 0-productd> 

6-Br-1,2-NQ. CH3GH=CHCHO 2.6 97.4 

6-C1- 1,2-NQ. CH3CH=GHCHO 4.9 95.1 

6-Br-1,2-NQ. (GH3)2C=CHCHO 6.3 93.7 

a) 6-Br-1,2-NQ.: 6-bromo-l,2-naphthoquinone, 6-G1-1,2-
NQ.: 6-chloro-l,2-naphthoqinone. b) Average of three 
experiments, c) C-attacking product, d) O-attacking 
product. 

radical induces a change in the electron density of 
the radical. Thus, the relative ratio of the G-attacking 
product to the O-attakcing product in the photo­
chemical reaction of 6-chloro-l,2-naphthoquinone with 
2-butenal increases slightly compared with the case of 
6-bromo-l,2-naphthoquinone(see Table 5). 

The reaction of 6-bromo-l,2-naphthoquinone with 
propenal yields the O-attacking product exclusively, 
but with 2-butenal a minor G-attacking product arises 
along with the major O-attacking product, suggesting 
that the methyl group somewhat enhances the nucle-
ophilic character of the derived acyl radical.10) How­
ever, as compared with 2-butenal, 3-methyl-2-butenal 
gives a slightly larger G-attacking product in the re­
action with 6-bromo-l,2-naphthoquinone (Table 5). 

Experimental 

The melting points are uncorrected. The infrared spectra 
were obtained on a Hitachi 215 spectrometer, using a KBr 
disc. The 1H-NMR spectra were taken with a JEOL MH-
100 spectrometer, using TMS as the internal standard. 
Elemental analyses were carried out using a Yanaco MT-2 
GHN corder. 

Materials. Quinones: The 1,2-naphthoquinone (mp 
121—122 °C),11) 3-chloro-(mp 171 °C),12> 3-bromo-(mp 164 
°C),13> 4-cyano-(mp 175—176 °C),14> 4-methoxy-(mp 191— 
192 °C),15> 6-bromo-(mp 156 °G),16) and 6-chloro- 1,2-naphth­
oquinone (mp 160—161 °G)16> were prepared according to 
the methods described in the literature. 6-Methyl-1,2-
naphthoquinone (mp 126—127 °C)17) and 4-methyl-l,2-naph-
thoquinone(mp 77—80 °C)18> were prepared by the oxida­
tion of 6-methyl-2-naphthol and 4-methyl-l-naphthol respec­
tively with Fremy's salt. 

Aldehydes: The /»-nitro-, /w-nitro-, /»-methyl-, /»-methoxy-, 
2,4-dimethoxy-, and 3,4,5-trimethoxybenzaldehyde, and cin-
namaldehyde were commercially available and were used 
without further purification. The acetaldehyde, propanal, 
propenal, 2-butenal, trans-2-hexenal, 10-undecenal, 3-phenyl-
propanal, and benzaldehyde were commercially available and 
were further purified by distillation before use. The 2,4,6-
trimethylbenzaldehyde(bp 94—95 °G/5 mmHg),19) 2,4,6-tri-
isopropylbenzaldehyde (bp 110— 114 °C/3 mmHg) ,19) cy-
clohexanecarbaldehyde(bp 75—77 °C/21 mmHg),20) 1-cyclo-
hexenecarbaldehyde(bp 82 °G/24 mmHg),20) 3-cyclohexene-
carbaldehyde(bp 70—73 °G/20 mmHg),21) cyclopentene-
carbaldehyde(bp 57—59 °C/28 mmHg),22) 1-cyclopentene-
carbaldehyde(bp 49 °C/20 mmHg),23) 3-methyl-2-butenal(bp 
67 °C/81 mmHg),2*) and 3-chlorobutanal(bp 65 °G/64 
mmHg),25) were prepared according to the methods given 
in the literature. 

General Procedures. A 1,2-naphthoquinone derivative 
(1—2.5 mmol) and an aldehyde(l—10 mmol) were dissolved 
in benzene(25—80 ml), and the solution was irradiated for 
an appropriate time from outside in an ordinary glass tube 
by means of 300-W high-pressure mercury arc lamp through 
a 5-cm-thick layer of flowing water(15—20 °C) or of cold 
water (0—5 °G). After the removal of the solvent under 
reduced pressure, the residue was chromatographed on silica 
gel 60 (Merck, Art 7734, 0.063—0.200 mm), using benzene 
as the eluent. The photo-adducts thus obtained were fur­
ther purified by recrystallization from benzene or benzene-
light petroleum, or by TLC. 

Structure Determination of Photo-adducts. 3-Acyl-l,2-
naphthalenediols have characteristic IR bands at 3300—3500 
(OH) and 1620—1650 (C=0) cm-1. The 2-hydroxyl proton 
of them appeared at ô: 11—12 as a result of intramolec-
ularly bonded hydrogen bonding with the carbonyl of the 
3-acyl group. The 1,2-naphthalenediol monoesters show IR 
bands corresponding to carbonyl (1700—1740 cm-1) and hy-
droxyl(3300—3400 cm"1) groups. The existence of two iso­
mers in these esters was confirmed by 1H-NMR analyses. 
The yields and melting points of the adducts are listed in 
Tables 1, 2, and 3. Their physical properties and elemental 
analyses are shown in Table 6. 

Detection of C-attacking Products. The presence of 3-
acyl-1,2-naphthalenediol in a reacting system has been con­
firmed by inspecting the XH-NMR signal at ô: 11—12 in 
the concentrated reaction mixture. Thin-layer chromato­
graphy has been also used to detect the C-attacking products. 

Irradiation of 6-Bromo-l,2-naphthoquinone with 2-Butenal: A 
benzene solution of the quinone (355.5 mg, 1.5 mmol) and 



2978 Akio TAKUWA [Vol. 50, No. 11 

T A B L E 6. SPECTRAL PROPERTIES AND ANALYTICAL DATA OF T H E PHOTO-ADDITION COMPOUNDS OBTAINED 

IN THE REACTION OF 1,2-NAPHTHOQUINONE DERIVATIVES WITH ALDEHYDES 

Compoui 
No 

3 a ~ 

3 b 

3c 

3 d 

3e 

3f 

4a 

4 b 

4c 

4 d 

4e 

4f 

4g 
4 h 

4 i 

5 a 

5 b 

5c 

5d 

5e 

5f 

5g 
6a 
6 b 

6c 
6d 
6e 
6f 
7a 
7b 

7c 
7d 
7e 
7f 
8a 
8 b 
8c 
8d 
8e 
8f 

9a 
9 b 
9c 
9d 
9e 
9d 

9g 

9 h 

n d IR (KBr , < 

O H 

3410 

3400 

3430 

3380 

3380 

3425 

3375 

3380 

3330 

3350 

3320 

3350 

3420 

3320 

3380 

3325 

3255 

3274 

3345 

3275 

3420 

3325 

3330 
3350 

3375 
3345 
3360 
3310 
3340 
3300 

3375 
3370 
3325 
3320 
3380 
3490 
3420 
3360 
3375 
3450 

3410 
3340 
3250 
3375 
3300 
3390 

3340 

3330 

GN 

— 
— 

— 

— 
— 

— 
— 
— 
— 
— 
— 
— 

— 
— 
— 

2220 

2240 

2237 

2238 

2250 

2225 

2230 

— 
— 

— 
— 
— 
— 
— 
— 

— 
— 
— 
— 
— 
— 
— 
— 
— 

— 
— 

2226 

— 
2230 

— 

2240 

zm-1) 

c=o 
1720 

1740 
1720 

1740 
1718 

1710 

1728 
1700 

1725 

1720 

1715 

1715 

1705 

1700 

1710 

1735 

1720 

1720 

1735 

1745 

1745 

1735 

1725 

1683 

1720 

1722 
1715 

1720 
1718 
1717 
1710 
1720 
1700 

1720 
1720 
1715 
1710 
1705 
1705 
1719 
1710 
1710 
1739 
1707 
1725 
1710 
1738 
1910 
1740 
1710 

1700 

1745 

P M R (CDC13 , (5)a.b> 

2 . 4 4 ( s ) , 

3 . 8 9 ( s ) , 

4 . 0 2 ( s ) , 

2 . 4 3 ( s ) , 

3 . 8 9 ( s ) , 

3 . 7 5 ( s ) , 
3 . 9 0 ( s ) , 
3 . 7 2 ( s ) , 

2 . 2 9 ( 8 ) , 

1 . 2 6 ( t ) , 

— 
— 

— 

2 . 4 7 ( s ) 

3 . 9 1 ( s ) c > 

4 . 0 5 ( s ) 

— 
— 
—c) 

2 . 5 4 ( s ) « > 

3 . 9 2 ( s ) « > 

3 . 7 8 ( s ) , 
3 . 9 3 ( s ) 
8 . 8 1 ( s ) « > 

2 . 4 2 ( s ) , 2 . 4 8 ( s ) 

1 . 2 9 ( t ) , 
2 . 8 2 — 3 . 2 7 (m) 

2 . 5 1 ( s ) 

3 . 8 0 ( s ) , 

3 . 6 6 ( s ) , 

2 . 4 0 ( 8 ) , 

6 . 8 1 ( d ) , 
7 . 8 9 ( d ) , 

2 . 4 3 ( s ) 
8 . 8 9 ( s ) , 

6 . 8 3 ( d ) , 
7 . 8 9 ( d ) , 

2 . 4 4 ( s ) 
3 . 9 0 ( s ) , 
2 . 4 6 ( s ) d > 

— 
_ c ) 

_ c ) 

3 . 8 3 ( s ) 

3 . 7 5 ( s ) 

2 . 5 3 ( s ) 

— 
6 . 9 0 ( d ) , 
7 . 9 7 ( d ) « ) 

— 
—c) 

3 . 9 1 ( s ) c ) 
—O 

6 . 8 9 ( d ) , 
7 . 9 2 ( d ) « ) 

— 
— 

3 . 9 1 ( s ) c > 

2 . 5 3 ( s ) , 6 . 0 7 ( d ) 
2 . 5 0 ( s ) , 
2 . 5 1 ( s ) 
2 . 4 4 ( s ) , 
2 . 4 5 ( 8 ) , 
3 . 9 0 ( s ) , 

1 .90(dd) , 
2 . 0 4 ( d d ) , 
1 . 0 3 ( t ) , 
2 . 3 3 ( q ) , 
0 . 9 7 ( t ) , 
2 . 2 4 ( q ) , 
1 . 0 3 ( t ) , 

2 . 5 4 ( s ) 

2 . 4 6 ( s ) , 2 . 5 0 ( s ) 
2 . 5 0 ( s ) 
3 . 9 1 ( s ) 

_ d ) 

— 
— 

1.95(dd) 
6 . 2 5 ( m ) 
1.50—1.75 ( m ) , 
6 . 1 5 ( d ) 
1.37—1.67 ( m ) , 
5 . 9 8 ( d ) 
1.50—1.75 ( m ) , 

Found (%) 

C 

77.35 

65 .88 

65 .92 

77.62 

73.60 

67 .62 

59.21 

52 .23 

52.67 

60 .55 

57 .80 

56.79 

55 .27 

62 .30 

66 .30 

74.71 

64 .77 

64 .51 

75 .34 

71.40 

66 .53 

76 .18 

68 .30 
70 .14 

59 .40 
59.27 
69 .22 
65 .67 
59.47 
61 .78 

52 .55 
52 .44 
60 .50 
57 .77 
77.77 
78 .85 
66 .63 
66 .85 
77.98 
74 .05 

72 .89 
53 .24 
70 .14 
73.57 
71.11 

74 .99 

57.42 

72.56 

H 

4 .61 

3 .40 

3 .63 

5 .17 

4 .71 

5 .00 

3 .28 

2 . 6 4 

2 .52 

3 .52 

3.42 

3 .77 

3.77 

4 .53 

6 .48 

3 .88 

2 .95 

3 .14 

4 .33 

4 . 0 0 

4 .50 

5.06 

3.77 
4 . 0 8 

2 .85 
2 .88 
4 . 1 5 
4 .01 
3 .23 
3 .61 

2 .52 
2 .59 
3 .69 
3 .44 
5 .13 
5.21 
4 . 0 9 
3.96 
5 .56 
5 .30 

4 .61 
3 .12 
3 .73 
5.31 
4 .40 
6 .25 

4 .56 

5.32 

N 

4 .61 

4 .51 

3 .81 

3 .69 

4 . 6 9 

8.46 

8 .45 

4 .58 

4 .46 

3.52 

4 .19 

4 .11 
3 .93 

3 .68 
3.56 

4 . 4 4 
4 .41 

5 .80 

5.22 

4 .89 

Galcd (°/ 

"' "~ C 

77.26 

66 .02 

66 .02 

77 .68 

73.46 

67 .79 

59 .50 

52 .58 

52 .58 

60 .53 

57 .73 

56 .60 

55 .45 

62 .35 

66 .53 

74 .73 

64 .67 

64 .67 

75 .24 

71.47 

66 .49 

76.12 

68 .35 
70.27 

59 .39 
59 .39 
6 9 . 1 3 
65 .76 
59 .50 
61 .81 

52 .58 
52 .58 
6 0 . 5 3 
57 .73 
77.67 
78 .93 
66 .87 
66 .87 
78.06 
74.01 

72 .89 
53 .27 
70 .29 
73.67 
71 .14 
74 .98 

57 .33 

72 .58 

H 

4 .58 

3 .58 

3 .58 

5.07 

4 .79 

5.12 

3 .23 

2 .58 

2 .58 

3.67 

3 .51 

3 .75 

3 .96 

4 . 4 5 

6 .23 

3 .83 

3.02 

3.02 

4 .32 

4 .10 

4 .52 

5.17 

3.71 
4 .03 

2 .91 
2 .91 
4 .19 
3 .99 
3 .23 
3 .55 

2 .58 
2 .58 
3 .67 
3.51 
5.07 
5 .30 
4 .05 
4 .05 
5.52 
5.23 

4 .71 
3 .09 
3 .79 
5 .30 
4 .38 
6 .29 

4 .51 

5 .37 

'*) 

N 

4 .53 

4 .53 

3 .61 

3.61 

4 . 8 4 

8 .38 

8 .38 

4 .62 

4 .39 

3 .69 

4 .23 

4 . 0 8 
4 .08 

3.61 
3.61 

4 .33 
4 .33 

5 .85 

5 .53 

4 .89 

Molecular 
formula. 

C 1 7 H 1 2 0 3 

C 1 7 H n N 0 5 

G 1 7 H n N 0 5 

C i 8 H 1 4 0 3 

G i 8 H 1 4 0 4 

^ o ^ i s ^ e 
C i 7 H u B r 0 3 

C 1 7H 1 0NBrO 5 

G1 7H1 0NBrO5 

C 1 8 H 1 3 Br0 3 

C I 8 H 1 3 B r 0 4 

G 1 9 H 1 5 Br0 3 

C2 0H1 7BrO6 

G2 0H1 7BrO3 

G 2 6 H 2 9 Br0 3 

G 1 8 H n N 0 3 

C 1 8H 1 0N 2O 5 

C I 8 H 1 0 N 2 O 5 

C 1 9 H 1 3 N 0 3 

C 1 9 H 1 3 N 0 4 

G 2 1 H 1 7 N0 6 

C 2 1 H 1 7 N 0 3 

C i 7 H n C 1 0 3 

Ci 9 H 1 3 C10 3 

G1 7H1 0NGlO5 

G 1 7H 1 0NClO 5 

Ci 8H 1 3C10 3 

Ci 8 H 1 3 C10 4 

C 1 7 H n B r 0 3 

Ci 9 H 1 3 Br0 3 

C1 7H1 0NBrO5 

C 1 7H 1 0NBrO 5 

C 1 8 H 1 3 Br0 3 

C 1 8 H 1 3 Br0 4 

C i 8 H 1 4 0 3 

G2oHl6^-'3 
C 1 8 H 1 3 N 0 5 

C 1 8 H 1 3 NO s 

C i 9 H 1 6 0 3 

C i 9 H 1 6 0 4 

Ci 3 H 1 0 O 3 

Gi 3 H 9 Br0 3 

G 1 4 H 9 N 0 3 

C 1 4 H 1 2 0 3 

C 1 5 H n N 0 3 

C i 8 H 1 6 0 3 

G 1 6 H 1 5 Br0 3 

G 1 7 H 1 5 N0 3 

2 . 3 7 ( q ) , 6 . 2 2 ( d ) 
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TABLE 6. (Continued) 

Compour 
No 

9i 

9j 
9k 
91 
9m 
9n 
9o 

9p 
10a 

11a 
10b 

l i b 
10c 

l i e 
lOd 

l i d 

10e 

l i e 
lOf 

l l f 
10g 

" g 

10h 

l l h 

lOi 

H i 

lOj 
l l j 
10k 
I lk 
101 
111 
10m 

11m 

lOn 

l l n 

lOo 

H o 

i d IR(KBr, cm-1) 

OH GN G=0 

3300 
3360 
3240 
3350 
3360 
3330 
3380 

3275 
3480 

3320 
3450 

3420 
3310 

3220 
3460 

3310 

3440 

3400 
3370 

3250 
3470 

3430 

3440 

3400 

3300 

3370 

3450 
3320 
3450 
3320 
3280 
3275 
3470 

3380 

3450 

3400 

3450 

3250 

— 
— 

2220 
— 
— 
— 
— 

2236 
— 

— 

— 

— 
2220 

2235 
— 

— 

— 

— 
2210 

2220 
— 

— 

— 

2220 

2230 

— 
— 
— 
— 

2225 
2230 
— 

— 

— 

— 

2215 

2230 

1700 
1700 
1700 
1690 
1700 
1708 
1705 

1740 
1650 

1720 
1640 

1720 
1640 

1755 
1635 

1710 

1645 

1720 
1625 

1745 
1650 

1735 

1650 

1735 

1630 

1745 

1660 
1725 
1660 
1730 
1638 
1760 
1630 

1720 

1640 

1720 

1630 

1750 

1.91-
1.94-
1.92-
1.56-
1.48-

PMR (CDC13, <5)a.b> 

-2 .28 , 2.46—2.85(m) 
-2 .20 , 2.49—2.84(m) 
-2 .16 , 2.49—2.84(m) 
-1 .87 , 2.15—2.56(m) 
-1 .82 , 2.17—2.47(m) 

6 . 7 6 ( d ) , 6.88(d)°> 
6 . 7 6 ( d ) , 6 . 8 8 ( d ) , 
8 . 0 3 ( d ) , 8.13(d)c> 
6.75(d) c> 
1.48-
4.03( 
1.48-
1.63-
4.01 ( 
1.60-
1.55-
4.62( 
1.53-
1.20-
3.68 ( 
1.20-
2.64( 
1.20-
3.57( 
1.18-
1.20-
4.22( 
1.20-
1.17-
4.70-
1.17-
2.80( 
1.16-
4 .73 -
5.80( 
1.30-
4 . 9 5 -
1.20-
4 .70-
5.84( 
1.10-
4 . 8 0 -
3.02( 
2 .92 -

- 2 . 1 4 ( m ) , 3.78— 
» , 11.78(s)d> 
-2.20(m), 2.89—3.24(m) 
- 2 . 1 6 ( m ) , 3.70— 
» , 11.69(s)d> 
-2 .21 (m), 2.90—3.33(m) 
- 2 . 3 0 ( m ) , 4.40— 
m ) , 11 .51(s ) 
-2.20(m), 2.90—3.29(m) 
- 2 . 2 0 ( m ) , 3.28— 
m ) , 11.87(s)d> 
- 2 . 2 0 ( m ) , 2.37— 
m)d> 
- 2 . 0 7 ( m ) , 3.23— 
m ) , 11.87(s)d> 
-2.18(m), 2.58—2.82(m) 
- 2 . 1 5 ( m ) , 3.95— 
m ) , 11 .60(s ) 
-2.20(m), 2.54—2.80(m) 
-2 .12 (m) , 3 . 0 6 ( t ) , 
- 5 .01 (m) , 11.55(s)d> 
- 2 . 1 4 ( m ) , 2.48— 
m ) , 4.72—4.97(m)d> 
-2 .13 (m) , 2 . 9 7 ( t ) , 
-4 .98 (m) , 5.50— 
m ) , 11.84(s)d> 
-2 .20(m) , 2 . 7 0 ( t ) , 
-5.18(m), 5.76—6.25(m) 
- 2 . 1 0 ( m ) , 3 . 4 2 ( t ) , 
-4 .96(m) , 5.44— 
m) , 12.01(s)d> 
-2 .20(m) , 2 . 6 3 ( t ) , 
-4.98(m), 5.60—5.90(m) 
t ) , 3.39( t ) , 11.36 ( s ) 
-3.10(m) 

2.96(t), 3.27(t), 11.31 (s)d> 
2 . 8 3 -
3.07( 
3.00(] 
1.78-
5.68(a 
1.77-

-3.02 (m) d> 
t ) , 3.76( t ) , 11.57 ( s ) 
m) 
-2.43(m), 3 .68(m), 
m), 11.68(s)d> 
-2.67(m), 2.91 (m), 

5.67 (m)d> 
1 .63- -2.45(m), 3 .65(m), 
5.69 (m), 11.66(s)d> 
1.80- -2.54(m), 1.96(m), 
5.75(m) 
1 .95- •2.52(m), 4 .22(m), 
5 .68(m), 11.58( s )d> 
1 .97- -2.53(m), 2 .96(m), 
5.77(m) 

Found (°/ 

G " 

75.33 
57.77 
73.16 
76.24 
58.75 
78.39 
62.00 

76.01 
74.90 

75.11 
57.33 

57.28 
72.47 

72.58 
75-51 

75.60 

58.28 

58.48 
73.28 

73.19 
77.07 

77.25 

62.02 

62.28 

75.15 

75.23 

78.02 
78.16 
61.47 
61.35 
75.61 
75.72 
76.00 

75.99 

58.84 

58.88 

73.76 

73.81 

H 

5.58 
3.90 
4.66 
6.04 
4.31 
4.95 
3.62 

4.32 
6.31 

6.26 
4.44 

4.62 
5.35 

5.30 
6.60 

6.78 

4.96 

4.83 
5.86 

5.86 
8.03 

7.94 

6.27 

6.16 

7.15 

7.01 

5.54 
5.50 
4.13 
3.98 
4.80 
4.70 
6.05 

5.87 

4.30 

4.26 

5.01 

5.03 

i) 

N 

5.01 

4.47 

4.79 

4.99 

4.65 

4.71 

3.95 

4.04 

4.44 
4.33 

4.78 

4.87 

Calcd (°/c 

C ~ 

75.58 
57.68 
73.11 
76.10 
58.81 
78.61 
61.81 

76.18 
74.98 

74.98 
57.33 

57.33 
72.58 

72.58 
75.53 

75.53 

58.47 

58.47 
73.20 

73.20 
77.27 

77.27 

62.23 

62.23 

75.19 

75.19 

78.06 
78.06 
61.47 
61.47 
75.70 
75.70 
76.10 

76.10 

58.81 

58.81 

73.71 

73.71 

H 

5.55 
3.93 
4.69 
6.01 
4.35 
4.86 
3.55 

4.16 
6.29 

6.29 
4.51 

4.51 
5.37 

5.37 
6.71 

6.71 

4.91 

4.91 
5.80 

5.80 
8.03 

8.03 

6.22 

6.22 

7.17 

7.17 

5.52 
5.52 
4.07 
3.98 
4.76 
4.76 
6.01 

6.01 

4.35 

4.35 

5.15 

5.15 

,) 

5.01 

4.44 

4.98 

4.98 

4.74 

4.74 

3.99 

3.99 

4.41 
4.41 

4.78 

4.78 

Molecular 
formula 

G 1 6 H 1 4 0 3 

Ci6H13Br03 

C17H13N03 

G17H1603 

C17H15Br03 

Ci9H1 403 

C19H13BrOa 

C20H13NO3 

Gi6H1603 

Gi6H1603 

G16H15Br03 

C16H15Br03 

C17H15N03 

C17H15N03 

G17H1803 

C17H1803 

C17H17Br03 

C17H17Br03 

G18H17N03 

G18H17N03 

G2iH2603 

C21H2603 

G21H25Br03 

G21H25Br03 

C22H25N03 

C22H25N03 

Gi9H1603 

Ci9H1 603 

Ci9H15Br03 

Ci9H15Br03 
G20H15NO3 

G20H15NO3 

Ci7H1 603 

Ci7H1603 

Gi7H15Br03 

Gi7H15Br03 

C18H15N03 

G18H15N03 

a) The protons appeared in the aromatic region, and the hydroxyl protons, except for the 2-hydroxyl proton 
which shifted to the low field of 3-acyl-1,2-naphthalenediols, are not listed, b) s: singlet, d: doublet, t: triplet, q: 
quartet, m ; multiplet, dd : double doublet, c) The solvent is acetone-rf6. d) The solvent is carbon tetrachloride. 
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the aldehyde (350 mg, 5 mmol) was irradiated for 2 days. 
T h e reaction mixture was then worked-up as usual. 3-(2-
Butenoyl)-6-bromo-l ,2-naphthalenediol: orange-red needles 
(7.5 mg, 1.6%), m p 185—186.5 °C. I R : 3450(OH) , 1655 
(G=0) cm- 1 . PMR(GDG1 3) , Ô: 2.02(dd, 3H, 7 = 1 . 5 , 7.0 
Hz) , 5.96(s, 1H, removed by D 2 0 ) , 7.05—7.97(m, 6 H ) , 
11.37 (s, 1H, removed by D a O ) . 6-Bromo-l ,2-naphthalene-
diol mono-2-butenoate: white crystals (283 mg, 61 .6%) , m p 
173.5—175 °G. I R : 3340(OH) , 1710(C=O) cm- 1 . P M R 
(GDClg), Ô: 1.94 (dd, 3H, / = 1 . 5 , 7.0 Hz) , 1.99 (dd, 3H , 
7 = 1 . 5 , 7.0 Hz) , 5.82—6.10 (m, 4H) , 7.04—8.06 (m, 14H). 

Irradiation of 6-Chloro-1,2-naphthoquinone with 2-Butenal: A 
benzene solution of the quinone (192.5 mg, 1 mmol) and the 
aldehyde (350 mg, 5 mmol) was irradiated for 3 days. T h e 
reaction mixture was then worked-up as usual. 3-(2-Buten-
noyl)-6-chloro-l ,2-naphthalenediol: red crystals (6.5 mg, 2.5 
% ) , m p 151—154 °C. I R : 3460(OH), 1655 (G-O) cm" 1 . 
P M R (GC14), Ô: 2.08 (dd, 3H, 7 = 1 . 5 , 7.0 Hz) , 6.13 (s, 
I H , removed by D 2 0 ) , 7.07—8.13 (m, 6H) , 11.93 (s, 1H, 
removed by D 2 0 ) . 6-Chloro-l ,2-naphthalenediol mono-2-
butenoate : white crystals (125 mg, 47 .6%) , m p 179—180 
°C. I R : 3340 ( O H ) , 1708 (G=0) cm- 1 . P M R (CDG13), 
Ô: 2.00 (dd, 3H, 7 = 1 . 5 , 7.0 Hz) , 2.05 (dd, 3H, 7 = 1 . 5 , 
7.0 Hz) , 6.21 (s, 2 H , removed by D 2 0 ) , 7.25—8.24 (m, 14H). 

Irradiation of 6-Bromo-1,2-naphthoquinone with 3-Methyl-2-
butenal: A benzene solution of the quinone (476 mg, 2 mmol) 
and the aldehyde (504 mg, 6 mmol) was irradiated for 3 
days. T h e reaction mixture was then worked-up as usual. 
3 - (3 - Methyl -2- butenoyl) -6-bromo-1,2-naphthalenediol : red 
crystals (22 mg, 3 .4%), m p 148—150 °G. I R : 3400 ( O H ) , 
1635 ( C = 0 ) cm- 1 . P M R (CC14), 6: 2.10 (s, 3H) , 2.27 
(s, 3H) , 5.94 (s, I H , removed by D 2 0 ) , 6.93—8.00 (m, 5H) , 
12.04 (s, I H , removed by D 2 0 ) . 6-Bromo-l ,2-naphthalene-
diol mono(3-methyl-2-butenoate) : white crystals, m p 147— 
148 °G. I R : 3345 ( O H ) , 1700 ( C = 0 ) cm- 1 . P M R (CD-
Gig), Ô: 2.02 (s, 3H) , 2.27 (s, 3H) , 6.02 (br, I H ) , 6.24 (s, 
I H , removed by D 2 0 ) , 7.23—8.15 (m, 5H) . 

Irradiation of 4-Methyl-1,2-naphthoquinone with Acetaldehyde: 
A benzene solution (80 ml) of the quinone (258 mg, 1.5 
mmol) and the aldehyde (660 mg, 15 mmol) was irradiated 
for 42 h. N o G-attacking product was detected by X H-NMR 
or T L G in the concentrated reaction mixture. T h e reaction 
mixture was then worked-up as usual. 4-Methyl- l ,2-naphtha-
lenediol monoacetate : white needles (165 mg, 5 1 % ) , m p 
174 °C (dec). I R : 3410 ( O H ) , 1740 (G=0) cm- 1 . P M R 
(GDGlg), 6: 2.40 (s, 3H) , 2.52 (s, 3H) , 5.45 (br, I H ) , 7.14 
—7.74 (m, 4 H ) . Found : G, 72.01; H , 6 .04%. Galcd for 
C 1 3 H 1 2 0 3 : G, 72.21; H , 5.59%. 

Irradiation of 4-Methyl-1,2-naphthoquinone with Propanai: A 
benzene solution (25 ml) of the quinone (86 mg, 0.5 mmol) 
and the aldehyde (87 mg, 1.5 mmol) was irradiated for 24 h. 
T h e reaction mixture was then worked-up as usual. 4-
Methyl- l ,2-naphthalenediol monopropanoate : white needles 
(52 mg, 4 5 % ) , m p 112 °C. I R : 3400 ( O H ) , 1730 (G=0) 
cm- 1 . P M R (CDC13), Ô: 1.25 (t, 3H) , 1.32 (t, 3H) , 2.51 
(s, 6H) , 2.64 (q, 2H) , 2.67 (q, 2H) , 5.46 (bs, I H ) , 5.63 (br, 
I H ) , 6.85 (s, 2H) , 7.16—7.75 (m, 8H) . T h e ratio of the 
isomer contents was 1 : 1, as estimated on the basis of the 
integration of the *H-NMR signals of the mixture. Found : 
C, 73.12; H , 6 .08%. Calcd for G 1 4 H 1 4 0 3 : C, 73.03; H , 
6 .13%. 

Irradiation of 4-Methoxy-1,2-naphthoquinone with Acetaldehyde: 
A benzene solution (25 ml) of the quinone (200 mg, 1.06 
mmol) and the aldehyde (500 mg, 11.4 mmol) was irradiated 
for 2 days at 0—5 °G. T h e reaction mixture was then worked-
up as usual. 4-Methoxy-l ,2-naphthalenediol monoaceta te : 
white needles (186 mg, 76%) , m p 105—106 °G (dec). I R : 

3360 ( O H ) , 1728 (G=0) cm- 1 . P M R (GDG13), Ô: 2.30 
(s, 18%), 2.38 (s, 8 2 % ) , 3.66 (s, 8 2 % ) , 3.81 (s, 18%), 5.81 
(br, removed by D 2 0 ) , 6.32 (s, 8 2 % ) , 6.35 (s, 18%), 7.09— 
7.96 (m). Found : C, 67.22; H , 5.10%. Calcd for C13-
H 1 2 0 4 : C, 67 .23; H , 5 . 2 1 % . 

Irradiation of 4-Methoxy-l,2-naphthoqinone with Propanai: A 
benzene solution of the quinone (188 mg, 1 mmol) and the 
aldehyde (87 mg, 1.5 mmol) was irradiated for 2 days. T h e 
reaction mixture was then chromatographed on silica gel, 
using benzene-ether (8 : 2) as the eluent. 4-Methoxy-l ,2-
naphthalenediol monopropanoate : white needles (200 mg, 
8 1 % ) , m p 90—91 °G (dec). I R : 3320 ( O H ) , 1725 (C=6) 
cm- 1 . P M R (CDC13), <5: 1.33 (t, 2 1 % ) , 1.40 (t, 79%) , 
2.73 (q, 2 1 % ) , 2.83 (q, 7 9 % ) , 3.82 (s, 79%) , 3.99 (s, 21%) , 
6.47 (s, 7 9 % ) , 6.58 (s, 2 1 % ) , 7.36—8.20 (m). Found : 
G, 68.09; H , 5 . 7 1 % . Calcd for C 1 4 H 1 4 0 4 : G, 68.23; H , 
5 .73%. 

Irradiation of 6-Bromo-1,2-naphthoquinone with 3-Chlorobutanal: 
A benzene solution (25 ml) of the quinone (237 mg, 1 mmol) 
and the aldehyde (211 mg, 2 mmol) was irradiated for 2 
days. T h e concentrated reaction mixture was then chromato­
graphed on silica gel, using benzene as the eluent. 
3-(3-Chlorobutanoyl) -6-bromo-1,2-naphthalenediol : orange 
yellow needles (22.3 mg) , m p 138—141 °G. I R : 3420 
( O H ) , 1642 (G=0) cm- 1 . P M R (CDG13), <5: 1.70 (d, 3H) , 
3.58 (m, 2H) , 4.72 (m, I H ) , 6.11 (s, I H ) , 7.55—8.03 (m, 4H) , 
11.40 (s, I H ) . 6-Bromo-l ,2-naphthalenediolmono (3-chloro-
bu tanoa te ) : white needles (203.3 mg) , m p 135—137.5 °C. 
I R : 3410 ( O H ) , 1725 (C=0) cm" 1 . P M R (CDC13), Ô: 
1.66 (d, 3H) , 1.69 (d, 3H) , 3.03 (m, 4H) , 4.75 (m, 2H) , 
5.62 (br. I H ) , 5.92 (s, I H ) , 7.20—7.93 (m, 10H). 

T h e a u t h o r wishes to express his d e e p g r a t i t u d e to 
Professor K a z u h i r o M a r u y a m a , K y o t o Un ive r s i t y , a n d 
Professor O s a m u S o g a , S h i m a n e U n i v e r s i t y , for t he i r 
fruitful sugges t ions a n d i n v a l u a b l e e n c o u r a g e m e n t . H e 
also wishes to t h a n k t h e M i n i s t r y of E d u c a t i o n for its 
financial s u p p o r t for th is r e s e a r c h . 
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An induction period was present in the Ullmann condensation reactions of l-bromoanthraquinone(AQBr) 
with 2-aminoethanol(AE) in the presence of CuBr or Gul in aprotic solvents under a nitrogen atmosphere, while 
there was no induction period in the reaction systems of 1-iodoanthraquinone (AQI)-AE-CuBr, AQJ-AE-Cul, 
and AQBr-AE-[Cu(CH3CN)4]C104. In the condensation system with a copper(I) catalyst, the Gu(I) species 
was oxidized to the Cu(II) species by means of an electron transfer from Gu(I) to haloanthraquinone as the reac­
tion proceeded. By adding copper(II) bromide, the induction period vanished in the reaction system of AQBr-
AE-CuBr. The copper(II) species increased the catalytic activity of the copper(I) species. The formation of 
the copper(II) species was responsible for the presence of an induction period and played an important role in 
the Ullmann condensation reaction of haloanthraquinones with amines in the presence of copper(I) salt as a 
catalyst. 

T h e Ul lmann condensation reaction, the nucleophilic 
substitution of aryl halides by amines or phenols in the 
presence of copper catalyst, is widely used for the 
synthesis of diaryl amines or diaryl ethers. Although 
many studies of the condensation of phenols with aryl 
bromides have been described, and although aryloxy-
copper(I) has been proposed as a nucleophile,2,3) only 
a few mechanistic studies of the condensation with 
amines have been reported. We reported previously 
on the catalysis of copper(II) species in the reaction of 
sodium 1 -amino-4-bromoanthraquinone-2-sulfonate 
with aniline in an aqueous alkaline solution.4-7) 
Kurdyumova investigated the reaction of haloanthra­
quinones with aromatic and aliphatic amines in the 
presence of copper salts as catalysts.8) However, 
scarcely no systematic studies of the Ul lmann con­
densation reaction of haloanthraquinone derivatives 
with amines in aprotic solvents have been reported. 

In our preceding paper,1) we discussed the reactivi­
ties of haloanthraquinones, amines, and catalysts in the 
reaction of haloanthraquinones with amines by copper 
catalysts in aprotic solvents under a nitrogen atmo­
sphere. 

In this paper we will report that an induction period 
is observed under some reaction conditions in the 
reaction of 1-haloanthraquinones with 2-aminoethanol 
in the presence of copper(I) halides in aprotic solvents, 
and we will propose that the formation of the copper-
(II) species plays an important role in determining the 
presence of an induction period and the catalytic 
activity of copper salts. 

O Hal 

AAA 
I || || | + NH2CH2CH2OH vw 

II 

o 
O NHCH2GH2OH 

under N2 / / \ / \ / \ 
> I II II I cux vyv 
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R e s u l t s and D i s c u s s i o n 

T h e plot of the yield of the reaction product against 
the reaction time shows that the copper(I) catalyst is 
more effective than the copper(II) catalyst, that the 
catalytic activity of copper(I) salts decreases in this 
order: C u B r > C u I , and that 1-iodoanthraquinone 
(AQI) is more reactive than 1-bromoanthraquinone 
(AQBr) (Fig. 1). An induction period is observed in 
the condensation systems of AQBr-2-aminoethanol 
(AE)-CuBr and A Q B r - A E - C u I , while an induction 
period is absent in the condensation systems using A Q I . 
In explaining the presence of an induction period, the 
following several factors were discussed: the auto-
catalytic reaction, the halogen-exchange reaction be­
tween A Q B r and Gul , the depolymerization of the 
polymeric copper (I) complex to monomeric species, and 
the formation and catalytic action of the copper(II) 
species. 

Autocatalytic Reaction. When the catalytic ac­
tivity of copper salt is increased by the coordination 
of a condensation product, the reaction rate will in­
crease as the reaction proceeds, and there will be an 
induction period. If this is the case, the addition of 
the condensation product [l-(2-hydroxyethylamino)-
anthraquinone] will enhance the reaction rate and the 
induction period will vanish. However, the yield of 
the condensation product decreased and the induction 
period did not vanish upon the addition of the con­
densation product(Fig. 2). This result probably in­
dicates that the catalytic action of the copper (I) species 
diminishes by means of the coordination of the con­
densation product. Therefore, autocatalysis does not 
seem to be responsible for the presence of the induc­
tion period. 

Halogen-exchange Reaction between 1-Bromoanthraquinone 
and Copper(I) Iodide. I t has been established that 
the halogen atoms of haloaromatics are replaced by 
halogens or other groups of copper (I) salts in aprotic 
solvents.9-12) In the case of the reaction of 1-bromo­
anthraquinone with 2-aminoethanol by the Gul cat­
alyst, 1-iodoanthraquinone was indeed produced along 
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Fig. 1. Plots of the yields of products vs. reaction time 
in the reaction of l-haloanthraquinone(AQHal) with 
2-aminoethanol(AE) by copper salt(CuX) catalyst at 
70 °G; [AQHal]0=5.00x 10-3 mol/1, [AE]0=0.50 mol 
/ l , [CuX]0 = 2.00xlO-3mol/l , solvent 1,2-dimethoxy-
ethane-methyl cellosolve 4 : 1 . O: AQI-CuBr, # : 
AQI-Cul , A : AQBr-CuBr, A : AQBr-Cul, • : 
AQBr-CuBr2. 

Fig. 2. Effect of the addition of condensation product; 
[AQBr]0=5.00 X lu-3 mol/1, [AE]0=0.50 mol/1, [Cu-
I ] 0 =2 .00x l0 - 3 mol/1, temp 60 °G, solvent T H F -
ethanol 4 : 1 . O : control, # : [l-(2-hydroxyethyl-
amino)anthraquinone]0= 1.30 X 10~3 mol/1. 

with the condensation product (Fig. 3). This result 
suggests that the bromine atom of 1-bromoanthra-
quinone is replaced by the iodine atom in the course 
of the condensation reaction, 

AQ.Br + Cul -> AQI + GuBr. 

Since more reactive 1-iodoanthraquinone is produc­
ed with the lapse of time, the rate of the condensa­
tion reaction will increase as the reaction proceeds, 
then an induction period will be observed. 

If the rate law is supposed to be first-order in both 
concentrations of the substrate and catalyst,10) the re­
action rate can be written by 

o = (*a[CuBr]+V[CuI])[AQBr] 

+ (£2[CuBr] + *2'[CuI]) [AQI] . (1) 

Fig. 3. Reaction of 1-bromoanthraquinone with 2-
aminoethanol by Gul catalyst; [AQBr]0 = 5.00x 10~3 

mol/1, [AE]0=0.50 mol/1, [Cul]0=2.00 X 10~3 mol/1, 
temp 70 °C, solvent 1,2-dimethoxyethane-methyl 
cellosolve 4 : 1 . 
O : 1 - ( 2 -Hydroxyethylamino) anthraquinone, 
# : 1 -iodoanthraquinone. 

t/min 

Fig. 4. Effect of anionic ligand of GuX; [AQBr]0= 
5.00 x 10-3 mol/1, [AE]0=0.50 mol/1, [GuX]0=2.00 x 
10 -3 mol/1, temp 70 °G, solvent 1,2-dimethoxyethane-
methyl cellosolve 4 : 1 . • : [Gu(CH3CN)4]C104, 
A : GuBr, O : Gul. 

The values of kjk^, k^k-^', and £ 2 W > estimated from 
the initial rate of each, were 2.4, 45.4, and 17.2 re­
spectively. A Q I was formed in a yield of about 7 % 
after 60 min (Fig. 3). Since the resulting A Q I is 
consumed in the reaction with 2-aminoethanol, the 
concentration of the resulting CuBr may be supposed 
to be higher than that of the observed A Q I . Con­
sequently, the rate after 60 min was estimated to be 
larger than the initial rate by a factor of more than 
2.7. O n the other hand, Fig. 3 shows that the rate 
after 60 min rises to about two times the initial rate. 
These values may indicate some effects of the halogen 
exchange on the reaction rate. However, it cannot be 
considered as the main reason for the presence of the 
induction period even in the reaction of A Q B r with 
2-aminoethanol caused by the Cu l catalyst, for the 
induction period was also present in the condensation 
system of A Q B r - A E - C u B r and it could not result 
from an increase in the rate by the halogen-exchange 
reaction. 

Consequently, the presence of the induction period 
cannot be understood on the basis only of the halogen-

AQ.Br
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exchange mechanism. 
Depolymerization of the Polymeric Copper (I) Complex to 

Monomeric Species. As is shown in Fig. 4, the in­
duction period was observed in the reaction systems 
of A Q B r - A E - C u B r and A Q B r - A E - C u l , while it was 
not present in the system of AQ,Br-AE-tetrakis(ace-
tonitrile)copper(I) Perchlorate ( [Gu(CH 3GN) 4 ]C10 4 ) . 
Copper perchlorate complexes are known to be present 
as monomeric species in solution because the perchlorate 
ligand cannot act as a bridging group between copper (I) 
species.13-14) The structures of copper(I) hal ide-amine 
complexes were proposed to be the halogen-bridged 
dimer(A)15-17) or the tetramer(B)15 '16 '18) on the basis 
of the cryoscopic data on solution and an X-ray ex­
amination of the crystalline state. 

,X. L 

- s' X / 
Cu^ Cu 

X ^ V 

.Cu 

L Cu 

X 

>Cu L 

(A) 
L = RNHa, R2NH. 
X = G1, Br, I. 

/ Cu 
X , 

(B) 
L = RNH a ; X=G1, Br, I. 
L = R2NH; X = G1. 

T h e [Cu(CH 3 GN) 4 ]G10 4 catalyst, which did not ex­
hibit the induction period, was more effective catalyst 
than CuBr and Gul , which did exhibit the induction 
period (Fig. 4). These facts seem to indicate that the 
monomeric copper (I) species is a rather more effective 
catalyst than the polymeric one in the Ul lmann con­
densation and that the induction period may be ascrib­
ed to the change from the polymeric copper (I) species 
to the active monomeric species. T h e polymeric 
copper (I) species will be depolymerized by the coordina­
tion of amine as follows : 

\ Y / V 

L \ / L 

> C u < 

X=Halogen; L = Halogen, Amine, AQBr; L' = Amine. 

As is shown in Fig. 5, the induction period was shortened 
with the increase in the concentration of amine, and it 
was not observed at a high concentration of amine. 
This result seems to support the above consideration. 
T h e Cu( I ) - amine solution was allowed to stand for a 
long time, either at room temperature or at 70 °G, and 
then the solution was added to a solution containing 
1-bromoanthraquinone. If the induction period was 
caused by the depolymerization of the polymeric cop-
per(I) species in the course of the reaction, the induc­
tion period would vanish under the above condition, 
but no change of the induction period was observed. 
This finding may enable us to exclude the idea that the 
change in copper (I) species from a polymeric complex 
to a monomeric one was responsible for the presence 
of the induction period. 

Formation and Catalytic Action of the Copper (II) Species. 
Figure 6 shows that the plots of — log(l— x) against the 
time, where x denotes the yield of the reaction product, 
are independent of the initial concentration of A Q B r . 
This result suggests that the reaction rate is first-order 

Fig. 5. Effect of the concentration of 2-aminoethanol; 
[AQBr]0=5.00x 10~3 mol/1, [Cul]0=2.00x 10~3 mol/1, 
temp 70 °G, solvent 1,2-dimethoxyethane-methyl cel-
losolve 4 : 1 . [AE]0; A : 2.00, A : 1.50, • : 1.00, 
O: 0.50, • : 0.25 mol/1. 

0.050 h 

0.000 

[-

^ ^ 1 1 1 

yly 

1 

.f i 
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i 
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Fig. 6. Effect of the concentration of 1-bromoanthra­
quinone; [AE]0=0.50 mol/1, [CuBr]0=2.00x 10~3 mol 
/l, temp 70 °G, solvent 1,2-dimethoxyethane-methyl 
cellosolve 4 : 1 . [AÇiBr]0; • : 7.00 X 10~3, O : 5.00 X 
10-3, A : 3.00Xl0-3 mol/1. 

in the concentration of AQBr . Since the concentra­
tion of amine used in a large excess may reasonably 
be supposed to be kept constant, the presence of the 
induction period is considered to reflect the change in 
the catalytic activity. We reported previously that the 
copper (I) species was oxidized to the copper (II) species 
by means of an electron transfer from copper(I) to 
haloanthraquinone as the reaction proceeded, but the 
reaction rate did not decrease in accordance with the 
formation of the copper (I I) species, which was less active 
than the copper (I) species.1) Figures 4 and 7 suggest 
that the induction period is observed in the case of the 
slow formation of the copper(II) species. As has been 
mentioned above, the induction period was absent at 
high concentrations of amine. The ESR spectra of 
the reaction system indicated that the formation of 
copper (I I) species increased with the increase in the 
concentration of amine. The ESR spectra showed also 
that the formation of the copper (I I) species in the re­
action of 1-iodoanthraquinone with 2-aminoethanol was 
much faster than that in the reaction using 1-bromo­
anthraquinone. The reaction with 1-iodoanthraqui­
none did not reveal any induction period, but the 
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U 0 

Fig. 7. T ime dependence of Gu(I I ) signal height ; 
[ A Q B r ] 0 = 5 . 0 0 x l O - 3 mol/1, [ A E ] 0 = 0 . 5 0 mol/1, [Cu-
X ] 0 = 2 . 0 0 x l 0 - 3 mol /1 , temp 70 °C, solvent 1,2-di-
methoxyethane-methyl cellosolve 4 : 1. # : [Cu(CH 3 -
CN)4]G104 , O : GuBr, A : Gu i . 

Fig. 8. Pseudo-first order plots of the condensation 
catalyzed by GuBr, GuBr2, or C u B r + C u B r 2 ; [AQBr] 0 

= 5 . 0 0 x l 0 - 3 m o l / l , [AE] 0 =0 .50 mol/1, t emp 70 °G, 
solvent 1,2-dimethoxyethane-methyl cellosolve 4 : 1 . 
• : [CuBr] 0 = 1.70 X 1 0 - 3 + [ G u B r 2 ] 0 = 0 . 3 0 x lO-3 mol/1, 
O : [ C u B r ] 0 = 2 . 0 0 x l O - 3 mol /1 , A : [ C u B r 2 ] 0 = 2 . 0 0 x 
lO-3 mol /1 . 

r e ac t i on us ing 1 - b r o m o a n t h r a q u i n o n e r e v e a l e d a m a r k ­
ed i n d u c t i o n p e r i o d (Fig . 1). 

T h u s , t h e f o r m a t i o n of t h e c o p p e r ( I I ) species s e e m s 
to b e r e l a t e d to t h e p r e s e n c e of t h e i n d u c t i o n p e r i o d . 
I f this is t h e case , t h e i n d u c t i o n p e r i o d wil l v a n i s h 
u p o n t h e a d d i t i o n of c o p p e r ( I I ) b r o m i d e to c o p p e r ( I ) 
b r o m i d e . T h e e x p e r i m e n t a l resul ts fit i n w i t h this 
e x p e c t a t i o n (Fig . 8 ) . A l t h o u g h t h e y ie ld of t h e con ­
d e n s a t i o n p r o d u c t w a s s t r ik ing ly low w h e n t h e C u B r 2 

ca ta lys t w a s used , i t is n o t e w o r t h y t h a t t h e c o p p e r ( I I ) 
species i nc reased t h e ca t a ly t i c ac t iv i ty of t h e c o p p e r ( I ) 
species. 

All of t h e resul ts s u p p o r t t h e i d e a t h a t t h e f o r m a t i o n 
of c o p p e r ( I I ) species is closely c o r r e l a t e d w i t h t h e in ­
d u c t i o n p e r i o d . T h u s , t h e p r e s e n c e of a n i n d u c t i o n 
pe r iod c a n b e u n d e r s t o o d to b e d u e to t h e effect of t h e 
f o r m a t i o n of t h e c o p p e r ( I I ) species o n t h e c a t a l y t i c 
ac t iv i ty of t h e c o p p e r ( I ) species . 

F u r t h e r d e t a i l e d s tudies a r e in p rogress to e l u c i d a t e 
t h e f o r m a t i o n a n d ro le of t h e c o p p e r ( I I ) species . 

Materials. 

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

T h e 1-bromoanthraquinone, l-(2-hydroxy-

ethylamino)anthraquinone, and copper (I) halides were pre­
pared as has been reported previously.1) T h e 1-iodoanthra-
quinone was prepared by the reaction of an thraquinone-1-
diazonium salt and potassium iodide and purified by column 
chromatography on silica gel (using benzene as the developing 
solvent), followed by recrystallization from acetic acid: m p 
205.3—205.5 °G (cor) (lit, m p 204—205 °C19>) (Found: G, 
50.32; H, 1.94%). Copper(I I ) bromide was purified by 
washing with ethyl acetate and anhydrous ethanol and then 
dried in vacuo. Tetrakis(acetonitrile)copper(I) Perchlorate 
was prepared as has been described in the literature,20) re-
crystallized several times from acetonitrile, and dried under 
a nitrogen atmosphere. T h e 2-aminoethanol was purified by 
the method described previously.1) All the solvents were 
dried by the usual methods, distilled, and stored under a 
nitrogen atmosphere. 

Kinetic Measurements. T h e kinetic measurements were 
conducted by the method described in the previous paper.1) 
T h e 1-iodoanthraquinone formed by the halogen-exchange 
reaction was analyzed as follows: sample(0.5 ml) were with­
drawn and diluted in ethanol. T h e solution was analyzed 
by the use of a Shimadzu Du Pont LC-1 high-speed liquid 
Chromatograph (column: Zorbax O D S ; eluent: methanol -
water 67 : 33), with 1 

-amino-2-bromoanthraquinone as the 
internal s tandard. 

ESR Measurement. T h e ESR spectra were measured 
a t 70 °C by means of a J E O L - P E - 3 X E S R spectrometer. A 
single sample tube was used throughout the measurement, 
and the conditions of the ESR spectrometer were kept constant 
as far as possible. 
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Restricted Rotation Involving the Tetrahedral Carbon. XX. Barriers to 
Rotation and 13C NMR Spectra of 9-(2-Alkylphenyl)fluorene Derivatives12) 
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A series of 9-(2-alkylphenyl)fluorene derivatives are prepared and their internal rotation about the G9-Car 

bond is examined. Those which have a methyl, an ethyl, or an isopropyl group in 2' position exist as a mixture 
of sp and ap forms, showing coalescence phenomena in the NMR spectra at high temperatures. The barriers 
to rotation of these compounds are obtained by the usual DNMR method. 9-(2-£-Butylphenyl)fluorene, in contrast, 
is found to exsist exclusively as an sp form and thus the barrier to rotation must be determined by measuring the 
rates of conversion from the unstable ap form which is successfully obtained by the protonation of the corre­
sponding lithium fluorenide at low temperatures. The barriers to rotation of the compounds are alike except for 
the f-butyl compound. The difference is explained in terms of the conformation of the alkyl group in the 
ground and the transition state for rotation. The 13G NMR data also exhibit a large steric interaction between the 
alkyl group and the fluorene ring. 

Barriers to rotation about G 9 -C a r bond are known to 
be extremely high in 9-arylfluorenes, especially when the 
aryl group is a 2,6-disubstituted phenyl.4) For example, 
the barrier to rotation of 9-(2,6-dimethylphenyl)fluo­
rene (1) was reported to be larger than 23 kcal/mol and, 
as expected from the barrier, we could isolate the two 
rotamers of structurally anologous 9-(2-bromomethyl-
6-methylphenyl) fluorene (2). When one of the substi-

sp ap 

(1) (2) 

tuents in 2 and 6 positions of the aryl group is replaced 
by hydrogen, the barrier to rotation decreases to a 
great extent and the rotamer is no longer isolable at 
room temperature. In such a case D N M R method 
may become a powerful tool for deciding the barriers 
to rotation. The barrier to rotation of 9-(o-tolyl)-
fluorene was measured to be ca. 16 kcal/mol by this 
method.5) 

As for the equilibrium constant between rotamers, it 
depends mainly on the relative bulkiness of the sub-
stituents in 2 and 6 positions of the aryl, though in 
some cases electronic effect such as charge transfer 
stabilization controls the population.1) Judging from 
the results on equilibrium constants, so far reported, 
in this series, a bulkier substituent is apt to take the 
position in proximity of 9-H. Thus, in the case of 
2 the sp form is favored over the ap form as the bromo-
methyl is larger than the methyl group. If one of the 
substituents is exceedingly large, the populations of 
two rotamers must be one-sided. In such a case, in­
formation on the barrier to rotation cannot be obtained 
by the D N M R method. Signals due to the unfavorable 
ap forms of 9-(2-alkylphenyl)fluorene derivatives 4, 5, 
and 6 could be observed in the XH N M R spectra, 
whereas none of the signals at tr ibutable to the ap 
form could be detected when the substituent was 
i-butyl.2) Thus compounds 4, 5, and 6 belong to a 
category which gives barriers to rotation by the 
D N M R method, whereas compound 7 needs a device 

(3) R = H 

for measuring the barrier. We could solve the latter 
problem by finding a method for preparing unstable 
isomer and by measuring the rates of isomerization. 

In this paper we wish to describe the method for 
obtaining the barrier to rotation of 9-(2-£-butylphenyl)-
fluorene (7) together with the substituent effects on the 
rotational barriers in the 9-(2-alkylphenyl) fluorene 
series. To identify the substituent, the positions are 
referred to by numbers with primes when they are 
carried in the 9-aryl group. 

Exper imenta l 

Materials. The syntheses of 9-aryl-9-fluorenol were 
carried out by the Grignard reaction of fluorenone with the 
corresponding arylmagnesium halide followed by treatment 
with dilute hydrochloric acid. 9-Arylfluorenes were obtained 
by reducing the corresponding fluorenol with hydriodic acid. 
Details of the syntheses were described in a previous paper, 
taking 6 and 7 as examples.6) 

9-(2-Ethylphenyl)-2-fluorenol (10), mp 133—134 °C. Yield 
75%. *H NMR (GDG13, Ô): 0.43 (CH3CH2), 1.72 (CH3-
GH2), 8.2 (6'-H). Found: G, 88.10; H, 6.36%. Galcd for 
G21H180: G, 88.08; H, 6.34%. 

9-(2-Ethylphenyl)fluorene (4), mp 65—66 °C. Yield 84%. 
m NMR (CDGI3, ô) : 1.42 (sp-Ci/3CH2), 0.40 (ap-C//3CH2), 
3.07 (sp-CH3C//2), 1.4 (ap-CH3G//2), 5.37 (sp-9-H), 4.95 
(ap-9-H), 6.33 (sp-6'-H). Found: G, 93.45; H, 6.65%. 
Galcd for C21H18: G, 93.29; H, 6.71%. 
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Ha> 
Me 
Et 
*Pr 
«Bu 

AH* 
(kcal/mol) 

15.9 
18.2 
16.0 

sp—»ap 

AS* 
(eu) 

- 2 . 4 
1.1 

- 8 . 6 

AG* 
(kcal/mol) 

< 9 
16.6 
17.9 
18.3 

>23 

AH* 
(kcal/mol) 

15.9 
18.2 
16.0 
21.8 

ap—»sp 

AS* 
(eu) 

- 1 . 5 
3.3 

- 7 . 3 
5.6 

AG* 
(kcal/mol) 

< 9 
16.3 
17.3 
18.0 
20.3 

X(ap/sp) 

1/1.6 
1/3.3 
1/2.4 

<1/100 

a) Data reported by Siddall et al.5) for 9-(w-tolyl)fluorene. 

Synthesis of ap Form of 7. The synthesis of thermo-
dynamically unstable ap form of 7 was carried out by the 
following procedure. 

To an NMR sample tube containing ca. 20 mg of 7 was 
added ca. 0.2 ml of ether-THF solution of butyllithium which 
contained about 0.15 mmol of net butyllithium. The solu­
tion gradually changed red as lithium salt was produced. 
When the 9-H signal disappeared completely, the sample was 
cooled to ca. — 50 °C and a small amount of pre-cooled tri-
fluoroacetic acid in THF was added in small portions with 
stirring until the solution turned colorless. The 1H NMR 
spectra of the colorless solution showed the presence of only 
ap form at this temperature. 

the corresponding fluorenide anion at low temperature in 
ether-THF solution : These solvents interfered the measure­
ment of the 9-G signal. Thus the solvent had to be replaced 
by CDC13. The replacement of the solvent was easily attained, 
since the 9-lithio derivative crystallized when the solution 
was maintained at — 5 °C for a day. The solvents were 
decanted and the red crystals of the lithium salt were dried 
under reduced pressure. A CDC13 solution containing a small 
amount of trifluoroacetic acid was added slowly at — 50 °G 
to the crystals placed in a 13C NMR sample tube. After the 
solution was stirred vigorously, the 13C NMR spectra were 
measured at —40 °C to exhibit a clear 9-C signal. These 
data are listed in Table 2. 

C(CH3)3 

sp ap 

Kinetics. Although the ap form of 7 was stable at 
—50 °G, new signals assigned to the sp form appeared gradual­
ly when the temperature was raised up to ca. —10 °C. The 
rate of isomerization was followed by comparison of the signal 
height of 9-H's of two rotamers. The temperature was cali­
brated by the peak separation of methyl alcohol. Plots of 
log (1—xja) vs. time gave a straight line and the first order 
rate constants were obtained by the usual way. The rate 
constants were 3.9 X 10~4 s-1 ( - 1 °C), 1.2 X lO^s" 1 ( - 9 °G), 
and 4 .1xl0~ 5 s- 1 (—15 °C). Putting these rate constants 
into Eyring's equation, we could obtain the activation para­
meters for rotation. 

As for compounds 4, 5, and 6, barriers to rotation were 
obtained by the usual DMNR method since the signals of 
these compounds broadened and showed coalescence pheno­
mena when the temperature was changed. Thus the rate 
constant at each temperature was obtained by the computer 
simulation of the observed curves. Free energies, enthalpies, 
and entropies of activation for rotation are given in Table 
1 together with the equilibrium constants between rotamers. 

NMR Measurement. 1H NMR spectra were determined 
on a Hitachi R-20B spectrometer operating at 60 MHz. 
13G NMR spectra were measured on a JNM-FX 60 spectrom­
eter operating at 15.04 MHz and "C- 1 ! ! coupling constants 
were obtained from all proton undecoupled spectra. The 
estimated error in reading the coupling constants was ±0 .5 
Hz. In every compound except 7 the chemical shifts and 
the coupling constants of 9-C's of two rotamers were easily 
obtained since these compounds existed as a mixture of sp 
and ap form at the equilibrium. The 13C NMR parameters 
of the ap form of compound 7, on the other hand, was dif­
ficult to obtain as it was prepared by the protonation of 

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

Barriers to Rotation. In Table 1, kinetic para­
meters for rotation of compounds 4, 5, and 6 at 0 °G 
are listed for both sp-»ap and ap-»sp processes. We 
limit our discussion here on free energies of activation, 
since values of entropies of activation obtained by the 
D N M R method are often controversial. 

The free energy of activation for the process sp—»ap 
of compound 7 was not possible to obtain, since no t-
butyl signal of the ap form could be detected at the 
equilibrium state. Although the extremely concentrat­
ed solution of 7 was prepared in order to observe the 
^-butyl signal of the ap form, if any, in 1H N M R spectrum, 
no signal could be detected at the expected position. 
Thus we concluded that the equilibrium constant at 
0 °G is less than 1/100 which corresponds to the free 
energy difference of ca. 2.5 kcal/mol. Since the barrier 
to rotation was estimated at 20.3 kcal/mol for the 
ap-»sp process, that for sp-» ap must be larger than 
23 kcal/mol from the above discussion. The measure­
ment of the 1 H N M R spectrum at high temperature 
may be another possible method for detecting the ap 
form, since, in general, the population of a less stable 
isomer increases as the temperature is raised. But 
neither broadening of the i-butyl signal due to exchange 
nor the change of its chemical shift was observed up 
to 180 °C, indicating that the sp form is more stable 
than the ap form at least by ca. 2.5 kcal/mol even at 
180 °G. 

To start, let us compare the barriers to rotation for 
the process from the sp to the ap form. Data in Table 
1 indicate that a considerably large increase in energy 
is observed when a methyl group is introduced in 2 ' 
position in place of a hydrogen (more than 7 kcal/mol) 
and when an isopropyl group is replaced by a f-butyl 
group (more than 5 kcal/mol). In contrast to these the 
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replacement of the methyl group by a bulkier ethyl or 
isopropyl group results in a small increase in activation 
energy. The substituent effect on the rotational bar­
riers observed in this system is somewhat similar to that 
of neopentyl derivatives (8) reported by Dahlberg et 

H ? 8 a R = Me 

b R = Et 

c R = iPr 

d R = *Bu 

al. ;7) barriers to rotation at the coalescence tempera­
ture are 10.6 ( ! T c = - 5 6 °C), 10.7 ( - 5 3 °C), and 12.7 
(—15 °C) kcal/mol for 8a, 8b , and 8c, respectively, 
whereas it becomes as high as 17.6 kcal/mol ( + 82 °C) 
when R is a /-butyl. 

In principle, the barriers to rotation are relative 
values : even if the absolute value of a barrier is very 
high, the barrier may be low if the ground state is 
rich in energy. We must, therefore, discuss both the 
transition state and the ground state, if we compare the 
barriers. 

The transition state for rotation may be considered as 
a conformation which gives rise to most repulsive inter­
action between the alkyl group in 2'-position and 1 
(or 8)-position of the fluorene ring, whereas the ground 
state involves the interaction of the alkyl group with 9-H. 
The fact that substitution of 2'-hydrogen by a methyl 
group causes great enhancement of the barrier is inter­
preted as such that the destabilization of the ground 
state due to 2 ' -GH 3 -9-H interaction is relatively small 
and that of the transition state due to 2 ' -CH 3 - l (o r 8)-
H is large. 

Ground state of compounds 4, 5, and 6 may not 
differ to a great extent, because they can take a con­
formation in which the smallest group comes to a 
most crowded site. This type of consideration is well 
documented in explaining the free energy difference 
of axial-equatorial alkylcyclohexanes. Likewise the de-
stabilization of the transition state will be also compa­
rable for compounds 4, 5, and 6 (Fig. l a ) . Thus the 
similar free energies of activation for rotation is reason­
able, if the substituent in 2'-position has at least a 
hydrogen in a-position of the alkyl group, although 
the entropy factor may be unfavorable for those which 
have smaller number of hydrogens. 

The /-butyl compound has no hydrogen to lessen the 
repulsion by taking a conformation of the least strain. 
Thus both the ground state and the transition state are 
greatly destabilized relative to the lower homologs. 

R ' O 

(a) Transition state (b) Ground state 

Fig. .1. Possible conformations of the compound, the 
substituent of which has an a hydrogen. 

Again the effect seems to be larger in the transition 
state than in the ground state. Thus the barrier is 
increased to a great extent, compared to that of the 
isopropyl compound. 

The barriers to rotation of the ap-»sp processes show 
a quite different aspect in a sense that only a 2 kcal/mol 
increase in energy is observed by the introduction of 
a /-butyl group instead of an isopropyl group. This 
clearly means that, in compound 7, a remarkable 
amount of energy increase in the transition state for 
rotation is compensated by nearly the same degree of 
increase in energy in the ground state. The destabili­
zation of the ap form of compound 7 can again be 
explained by taking the conformation of the alkyl 
group into account. In methyl, ethyl, and isopropyl 
derivatives the repulsive interaction between the sub­
stituent and the fluorene ring may not become so large 
if the a-hydrogen of the substituent faces the fluorene 
ring. Whereas in the /-butyl derivative severe repul­
sion inevitably occurs (Fig. l b ) . 

The large repulsion between the /-butyl group and 
the fluorene ring is more clearly demonstrated in 9-
(2-alkylphenyl)-9-fluorenols 9, 10, 11, and 12. The W 
N M R spectrum of compound 9 showed a characteristic 
feature of the ap form : a methyl signal appeared at a 
high field (<5 1.27) and 6'-H multiplet at a low field 
(Ô 8.2). The m N M R spectra of 10 and 11 showed the 
same trends as that of 9, indicating that these compounds 
also existed as ap forms probably because of a large 
repulsion between the alkyl and the 9-hydroxyl groups 
compared with that between the alkyl group and the 
fluorene ring. The /-butyl derivative (12), on the other 
hand, was concluded to exist exclusively as the sp form, 
since the /-butyl signal appeared at a low field (ô 1.79) 
as a little broad singlet and signals due to 6'-H was 
observed at quite a high field (ô 6.4) also as a broad 
doublet. When the temperature was raised, the /-butyl 

(9) R = Me 

(10) R = Et 

(11) R = *Pr 

(12) R = *Bu 

signal showed further broadening and at 50 °G its half 
band width amounted to 2.9 Hz. The signals of 6'-H 
changed more appreciably in the same temperature 
range: the doublet broadened with the increase in 
temperature and at 60 °G the fine structure of the 
signals almost disappeared. Both signals sharpened 
on further raising of the temperature. When the tem­
perature was lowered, there appeared a trace of a 
signal at ô 0.7 which was assigned to the /-butyl group 
of the ap form because structurally analogous 11 gave 
isopropyl signals of the ap form at ô 0.5. While it 
was difficult to obtain an accurate equilibrium con­
stant from the spectra, it was roughly estimated to 
be 1/80 at —30 °C from the integration of the two 
signals. These results again suggest the existence of 
considerably large repulsion between the /-butyl group 
and the fluorene ring. 

13C NMR Spectra. Above discussion implies that 
the deformation of molecular structure may exsist in 
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TABLE 2. 13G NMR DATA OF ROTAMERIC 9-ARYLFLUORENES 

IN GDG13 AT ROOM TEMPERATURE (<5 from TMS) 

R 

Ha> 
Me 
Et 

*Pr 
'Bu 

Ô of 9-G 

sp 

53.93 
49.79 
49.26 
48.90 
50.97 

ap 

53 
55 
56 

93 
96 
28 

56.33 
59 66 

V 1 3c-

sp 

128.8 
127.7 
126.7 
127.6 
127.2 

iH of 9-C 

ap 

128.8 
125.1 
124.8 
122.7 
115.4 

a) The compound carries a methyl group in /»-position. 

Fig. 2. Molecular deformation of the sp form. 

the ap form of compound 7, since it is less stable than 
the sp form by at least ca. 2.5 kcal/mol. Several de­
formations are expected for the relief of the strain 
which is originated by the repulsion between the bulky 
/-butyl and the fluorene ring. Of those, bending of 
the G 9 -C a r bond outwards from the fluorene ring will 
be of most importance (Fig. 2). If such a deformation 
really exists, it will affect the chemical shift and the 
coupling constant (13G-1H) of 9-G, making them 
quite different from those of other normal 9-aryl­
fluorenes. In Table 2 13G and *H N M R spectral data 
of rotameric 9-arylfluorenes are listed. In each case, 
9-C gave two distinct signals corresponding to the sp 
and ap form. As for the chemical shifts of the ap 
forms, they tend to increase as the size of the alkyl 
group increases: this tendency is in accordance with 
the above assumption of molecular deformation, because 
bending of the C 9 -G a r bond outwards from the fluorene 
ring is expected to change the hybridization of 9-C 
sp2-like to cause the low field shift of the signal due to 
9-C of the ap form. The degree of the low-field shift 
of the 9-C signals of the ap forms parallels somewhat 
with the increase in free energy difference between 
rotamers as the size of the alkyl group increases. In 
methyl, ethyl, and isopropyl derivatives the chemical 
shifts of 9-C lie within a small range of 0.4 ppm. Cor­
respondingly free energy differences between rotamers 
are 0.3, 0.6, and 0.4 kcal/mol for the methyl, the ethyl, 
and the isopropyl compound. In the /-butyl derivative, 
however, the low field shift by about 3.3 ppm and the 
large free energy difference of more than 2.5 kcal/mol 
are observed. The correlation may be an indication 
that the population of 9-(2-alkylphenyl) fluorene is 
mainly regulated by the nonbonded interaction between 
the alkyl group and the fluorene ring. I t may mean 
in turn that repulsion between the alkyl group and 9-H 
is relatively small. 

Another method to check the presence of the molecular 
deformation, shown in Fig. 2, is the measurement of 
the 1 3 C- 1 H coupling constant of 9-C. Inspection of 
Table 2 reveals that the coupling constants of the ap 

Fig. 3. The spacial arrangement of groups in 1,1-
dimethylcyclohexane and 4. 

(A) (B) 

Fig. 4. Conformation of the o-alkyl group in 9-aryl­
fluorenes. 

forms decrease as the size of the alkyl group increases. 
Since the magnitude of the 1 3 C- 1 H coupling constant is 
correlated to s-character of the C-H bonding orbital, 
the decrease can be taken as an indication of the in­
crease in p-character of the C - H bonding orbital.8) 
This may most reasonably be caused by bending of 
the C 9 - C a r bond as shown in Fig. 2, though it may 
also be caused by widening any of the C - C - C angles 
at 9-C. As was seen in the chemical shifts of this series, 
the coupling constant of 7 showed a striking difference 
from those of other compounds. The value of 115.4 
Hz may be one of the smallest C - H coupling constants 
ever reported for neutral molecules.8) 

As for the chemical shifts of 9-C of the sp-forms, they 
showed rather a complicated tendency as the size of 
the substituents increases: a large high field shift (4.1 
ppm) was observed when a methyl group was introduced 
in 2 ' position, whereas the shift was affected to only 
a small extent (0.9 ppm or less) on change of the methyl 
group by an ethyl or an isopropyl group. In contrast, 
a low field shift of ca. 2 ppm was observed when the 
alkyl changed from isopropyl to /-butyl. A large high 
field shift observed in the methyl compound may be 
attributed to the well-known y effect, because the spacial 
arrangement of the 2'-methyl and 9-C in 4 is quite 
similar to that of an axial-methyl and 3-C in 1,1-di-
methylcyclohexane (Fig. 3).9) In both compounds the 
high field shift caused by the introduction of a methyl 
group amounted to ca. 4 ppm. 

The most difficult point to explain is why the chemical 
shift of 9-C of compound 7 showed a relatively large 
low field shift. We tentatively consider that the dif­
ference in the prefered conformation of the alkyl group 
plays some role in determining the chemical shift of 
the sp form. Two stable conformations are possible 
for the alkyl group in position 2'. One is a conformation 
where 9-H squeezes in R 1 and R 2 (Conformer A) and 
the other is the one where 3'-H is situated between 
R 1 and R2 (Conformer B) as shown in Fig. 4. In each 
conformation R 3 opposes either 3'-H or 9-H. Thus 
the stability of two conformations must be decided by 
the relative bulkiness of R1, R2, and R3. In compound 
6 where R 1 and R 2 are methyl and R 3 is hydrogen, 
conformer B must be more stable than conformer A, 
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because two methyl groups are placed within a repulsive 
region of 9-H in the latter, whereas the repulsive force 
between two hydrogens in the conformation B will 
be less. There is another possibility in conformation 
A: that is, the conformation where R 1 and R 3 are 
methyls and R2 is hydrogen. Contribution of this 
conformation will be minor because the opposing effect 
of R 3 (CH3) with 3'-H is large. Likewise, conforma­
tion B where R 1 and R 3 are methyls and R 2 is a hydrogen 
may contribute to only a small extent becuase of the 
opposing effect between R 3 and 9-H. Similarly the 
stable conformation of 5 is expected to be the one 
where an a hydrogen of the substituent is in proximity 
of 9-H. In this sense ethyl and isopropyl groups give 
similar steric effects on carbon at position 9 and thus 
the chemical shift of 9-G is almost invariable for the 
methyl, the ethyl, and the isopropyl compounds. In 
the case of compound 7, R1, R2, and R 3 are all methyl 
groups and therefore A must be more stable than B : 
in B the distance between the methyl (R3) and 9-H is 
quite small and a large repulsion is expected. 

Then the spacial relation between 9-G and methyl 
carbon of this compound is quite similar to that be-

CH3 

(7) (13) 

Fig. 5. The spacial arrangement of groups in 7 and 
13. 

tween the methyl and the hydroxy! group of 4a-methyl-
trans-\-decalol (13) (Fig. 5).10> In 13 a downfield 
shift of ca. 3.4 ppm was observed and was attributed 
to the syn-axial arrangement of two interacting groups 
separated by four bonds. Thus the observed downfield 
shift of ca. 2 ppm may become a support for the à effect 
originally described by Stothers et al. 
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Acetylation of 5-hydroxy-4-(2-hydroxyethyl)-3-methylpyrazole (1) produced five acetyl derivatives: 4-(2-
acetoxyethyl)-5-hydroxy-3-methylpyrazole (2), 4-(2-acetoxyethyl)-2-acetyl-5-hydroxy-3-methylpyrazole (3), 4-(2-
acetoxyethyl) -1 -acetyl-5-hydroxy-3-methylpyrazole (4), 5-acetoxy-4- (2-acetoxyethyl) -2-acetyl-3-methylpyrazole 
(5), and l-acetyl-5-hydroxy-4-(2-hydroxyethyl)-3-methylpyrazole (6). The partial hydrolysis of 3 and 5 in aq 
acetic acid gave the monoacetate (2). The triacetate (5) afforded 3 by heating in a mixture of pyridine and meth-
thanol. Migration of the acetyl group from the ^-position to the C5-0- and to the side chain-O-position is sug­
gested. It is also suggested that the triacetate (5) may be effective for acetylation of amines. 

In previous papers we have shown that five mono-
and diacetyl derivatives could be prepared from 5-
hydroxy-3-methylpyrazole by acetylation with acetic 
anhydride.2 '3) We have also shown that the acetyl 
derivatives were useful as mild acetylating reagents.3) 

In order to improve the usefulness of this type of 
acetylating reagent we have prepared vinylpyrazole 
derivatives as a monomeric source of acetyl group-ex­
change resins. 

In this paper we deal with the acetylation of 
5-hydroxy-4-(2-hydroxyethyl)-3-methylpyrazole (1),4) 

which is readily prepared from a-acetyl-y-butyro-
lactone.5) 

The pyrazole (1) can be expected to give a very com­
plicated mixture of mono-, di- and triacetyl derivatives, 
because, as Katritzky and Lagowski have predicted, 
1 has eight possible tautomers6) (Scheme 1), and the 
first attack of the acetylating reagent may occur either 
at Nj- , N2-, G 5 -0- , or the side chain-O-position. The 
structures of the reaction products were determined 
based on the IR , the N M R , and the U V spectra and 
the ferric chloride coloration test.7) 

By heating in refluxing acetic acid, 1 gave a mono-
acetate (2), whose U V spectrum was almost superim­
posable with that of the starting material. The I R 
spectrum (1750 cm - 1 ) and the N M R spectrum (1.98, 
2.08 ppm) indicated that the acetyl group bonded to 
the oxygen atom on the side chain to furnish 4-(2-
acetoxyethyl)-5-hydroxy-3-methylpyrazole. 

When 1 was heated with two molar equivalents of 
acetic anhydride in pyridine under reflux, diacetate (3) 
was formed in good yield; this was identical in every 
respect with the specimen prepared by acetylation of 
2 with an equimolar amount of acetic anhydride in 
pyridine. Hydrolysis of 3 in aq acetic acid afforded 
2. The diacetate (3) gave a reddish brown coloration 
with methanolic ferric chloride; there was one absorp-

R 7 = T R 

HO H 0 < N 

H 

: 7=\R ,H 

HO 

R ' 7 = T R R' 

HO-C^ .N 
N" 

tion maximum (257.5 nm) in the U V spectrum and a 
chemical shift of C 3 - C H 3 at 2.50 (or 2.52) ppm. 

By heating 2 in acetic anhydride at 110°C for 1.5 
min the diacetate (4) separated; its U V spectrum dis­
played two absorption maxima (224 and 295.5 nm) 
and the N M R spectrum displayed the C 3 - C H 3 peak 
at 2.21 ppm. According to the empirical rule that 
N2-acetyl groups bring about low field shifts of a G 3 -
GH 3 signal,2) the diacetate (3) which showed a C 3 -
GH 3 signal at the lower field of 2.50 (or 2.52) p p m has 
the N2-acetyl group, which is 4-(2-acetoxyethyl)-2-
acetyl-5-hydroxy-3-methylpyrazole, while the diacetate 
(4) is 4-(2-acetoxyethyl)-1-acetyl-5-hydroxy-3-methyl-
pyrazole. 

Heating a suspension of 1 in acetic anhydride under 
reflux for 4 h afforded triacetate (5), which did not 
show any coloration with ferric chloride. The I R 
spectrum showed a phenol ester band at 1785 cm - 1 , 
and the N M R spectrum displayed a C 3 - C H 3 signal at 
2.53 ppm. Since the C 3 - C H 3 signal shifted to the lower 
field of 2.53 p p m compared with that of the parent 
compound (1), the structure of 5 corresponds to 5-
acetoxy-4- (2-acetoxyethyl) -2-acetyl-3-methylpyrazole. 

Further acetylation of the diacetate (3) and mono-
acetate (2) with acetic anhydride produced the triacetate 
(5). The partial hydrolysis of 5 in aq acetic acid afforded 
the monoacetate (2) and milder hydrolysis of 5 in a 
mixture of methanol and pyridine afforded the diacetate 
(3). These results further supported the similarity of 
the structures of the triacetate (5), the diacetate (3), 
and the monoacetate (2). 

Heat ing of 1 in acetic anhydride at 110 °C for 1.5 
min gave monoacetate (6). In contrast to the other 

CH2CH2OH 

J \\. Ac OH 

CH2CH20AC 

In"* 

Ac 2 0 
1.5min 

Scheme 1. Scheme 2. 
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2.39 

.UAA^AA 

2 ppm 

Fig. 1. NMR spectra of the time-course of the conver­
sion of a mixture of 1 and 5 at 35 °C in DMSCW6 into 
a mixture of 3 and 6. 

monoacetate (2), 6 gave bluish green coloration with 
ferric chloride and had two distinct absorption maxima 
(225.5, 296.5 nm) in the U V spectrum. T h e methyl 
signal of C3-position (2.10 ppm) is not so much lowered 
in contrast to the parent compound (1) which has its 
methyl signal at 2.02 p p m ; the carbonyl band shifted 
to the lower wave number of 1715 c m - 1 as a result 
of hydrogen bonding with C 5 - O H . So 6 has the N j -
acetyl group and its structure corresponds to 1-acetyl-
5-hydroxy-4- (2-hydroxyethyl) -3-methylpyrazole. 

Next we examined the mode of acetyl-transfer reac­
tion during the formation of the acetyl derivatives. 

Heating a solution of 5 and an equimolar amount 
of 1 in benzene under reflux for 28 h afforded a mixture 
of 1, 2, 3, 5, and 6. Fig. 1 shows the time dependence 
of the N M R signals of the reaction mixture in DMSO-d 6 . 
The chemical shifts of the methyl proton and ethylene 
proton signals of a mixture of 1 and 5 in D M S O - ^ 6 

were changed at 35 °G and finally the N M R spectrum 
turned into that of a mixture of diacetate (3) and mono­
acetate (6) after 135 h. These results suggest that the 
acetyl group at the C5-0-position of 5 migrates to the 
N r or N2-position of the other pyrazole molecule. 

A solution of monoacetate (6) in chlorobenzene was 
heated at 130 °C for 1 h ; colorless crystals separated 
after cooling, and their I R and N M R spectra indicated 
that the product was monoacetate (2). O n the other 
hand 5-hydroxy-4-(2-hydroxyethyl)-1,3-dimethylpyraz-
ole (7) was heated with acetic acid under reflux to afford 
4- (2-acetoxyethyl)-5-hydroxy-1,3-dimethylpyrazole (8). 
A mixture of an equivalent amount of 5 and 7 was 

converted by heating under reflux in benzene into four 
components; 2, 3, 4, and 8. This result suggests that 
the acetyl group at the C5-0-position of the triacetate 
(5) was transferred to the alcoholic group at the side 
chain of 7 to form 3 and 8. The fact that the two 
isomeric diacetates 3 and 4 were isolated from the re­
action mixture suggests the existence of an equilibrium 
between 3 and 4. Indeed, heating of 4 in chlorobenzene 
under reflux for 8 h afforded a mixture of 3 (53%) 
and 4 (47%). A mixture of 3 and 4 in almost the same 
ratio was also formed from 3. 

HO 

HO 

CH2CH2OH 

H 

1 

CH2CH2OAc 

/ ' M -^-

HO 

CH2CH2OH 

Ac 
6 

a 

CH2CH2OAc 

AcO 

CH2CH2OAc 

^1 Me 

N 
Ac 
A 

* H CH2CH20Ac 
t \ h=rrMe 

AcO-Cs. 

Me 

NAc 

HO // \ 
Ac 

Me 

CH2CH20Ac dAf 

Me / / ( 

H 0 ^ > NAc 

3 

Scheme 3. a: acetylation t: acetyl transfer d: deacetyla-
tion 

The reaction path of these conversions can be formu­
lated as shown in Scheme 3. In the acetylation of 1, 
the kinetically controlled product (6) was formed at 
the first stage. The acetyl group of l-acetyl-5-hydro-
xypyrazole was formed, which easily migrates to a 
position like N2- or C5-0-.3> By heating 6, therefore, 
acetyl group at Nj-position migrated either intermolecu-
larly or intramolecularly to the side chain-oxygen to 
form 2. The formation of 2 was promptly followed by 
acetylation at Nj-position to give diacetate (4), which 
was rearranged by heating into the thermally more 
stable isomer (3), and the hydroxyl group at G5-posi-
tion of 3 was finally acetylated to form the stable 
triacetate (5). At this stage acetylation of 4 may 
promptly rearrange into 5 under the present reaction 
conditions. 

The acetoxyl group of the compound 5 was considered 
to be effective as an acetylating reagent of amines, 
as shown in the case of 5-acetoxy-2-acetyl-3-methyl-
pyrazole.3 '8) When 5 was treated with an equimolar 
amounr of aniline, acetanilide was separated in quanti­
tative yield. Further investigation concerning the ap­
plication of this reagent to other materials is proceeding 
in this laboratory and will be reported elswhere. 

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

All the melting points were measured in capillary tubes 
and were uncorrected. NMR spectra were measured on 
Hitachi R-20 60 MHz and Hitachi R-22 90 MHz spectropho­
tometers, using tetramethylsilane as an internal reference. IR 
and UV spectra were measured on a JASCO IRA-1 spectro­
photometer and a Hitachi EPS-3 spectrophotometer, respec­
tively. Column chromatography was carried out through 
silica gel (Merck, art. 7734, 70—230 mesh) using chloroform 
containing 5% methanol as the eluting solvent, 
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4-(2-Acetoxyethyl)-5-hydroxy-3-methylpyrazole (2). After 
4-(2-hydroxyethyl)-5-hydroxy-3-methylpyrazole (1) (1.00 g) 
was heated in acetic acid (10 ml) under reflux for 1 h, the re­
action mixture was evaporated to dryness in vacuo. T h e 
residual mass was recrystallized from methanol to give colorless 
plates (995 mg, 76.9% yield), m p 186—188 °C, which gave 
reddish brown coloration with methanolic ferric chloride. 
Found: C, 52.11; H , 6.38; N, 15.38%. Calcd for C8H1 2-
0 3 N 2 : G, 52.16; H, 6.57; N, 15 .21%. I R (KBr) : 1750 
cm- 1 . U V œ H n m (log e) : 227 (3.72), 239 (3.77). N M R 
(5ppm (DMSO-</6): 1.98 (3H), 2.08 (3H), 3.99 (t, 2H, 7 = 
7.5 Hz) , 4.29 (t, 2H, 7 = 7 . 5 Hz) . 

4- (2-Acetoxyethyl) -2-acetyl-5-hydroxy-3-methylpyrazole (3). 
A solution of 1 (284 mg) and acetic anhydride (420 mg) in 
pyridine (3 ml) was heated under reflux for 3 h. After pyri­
dine was evaporated in vacuo, the residue was added onto 
ice-water. The colorless powder was collected by filtration, 
and recrystallized from ethyl acetate to give colorless needdles 
(396 mg, 88.6%), m p 113—114 °C. The material showed 
reddish brown coloration with methanolic ferric chloride. 
Found: C, 53.10; H, 6.30; N , 12 .11%. Calcd for G10H14-
C-4N2: G, 53.09: H, 6.24; N, 12.38%. I R (KBr) : 1740, 
1720, 1640 cm- 1 . U V ffnm (log s) : 257.5 (4.28). 
N M R «5 ppm (GDC13): 2.02 (3H), 2.50 (3H), 2.52 (3H), 
2.68 (t, 2H, 7 = 7 Hz) , 4.19 (t, 2H, 7 = 7 Hz) . 

4- (2-Acetoxyethyl) - 7-acetyl-5-hydroxy-3-methylpyrazole (4). 
A suspension of 2 (300 mg) in acetic anhydride (3 ml) was 
heated at 110 °C for 1.5 min with vigorous agitation. After 
cooling in an ice-salt ba th crystals separated; these were 
collected by filtration and washed with cold ether to give a 
colorless powder (192 mg, 5 2 % ) , m p 115—117 °C. T h e 
compound was too unstable to be purified by recrystalliza-
tion from an ordinary organic solvent. The material showed 
bluish green coloration wtih methanolic ferric chloride. 
I R (KBr) : 1740, 1720, 1650 cm- 1 . U V X^ n m (log e) : 
224 (4.00), 295.5 (3.75). N M R Ô ppm (CDG13) 2.03 (3H), 
2.21 (3H), 2.60 (t, 2H, 7 = 7 Hz) , 2.62 (3H), 4.18 (t, 2H, 
7 = 7 Hz) . 

5-Acetoxy-4- (2-acetoxyethyl) -2-acetyl-3-methylpyrazole (5J. 
After 1 ( 1.00 g) was heated in acetic anhydride (20 ml) under 
reflux for 4 h, the acetic anhydride was evaporated in vacuo. 
The residual oil was distilled under reduced pressure to give 
a colorless oil (1.55 g, 81 .6%) , bp 178 °C (6 m m H g ) . The 
material did not show any coloration with ferric chloride. 
Found: C, 53.62; H , 6.04; N , 10.35%. Calcd for C1 2H1 6-
0 5 N 2 : C, 53.72; H, 6.01 ; N, 10.44%. I R (CHC13) : 1785, 
1750, 1730 cm- 1 . U V ;***« n m (log e) : 247 (4.05). N M R 
Ô ppm (CDCI3): 2.02 (3H), 2.33 (3H), 2.53 (3H), 2.59 
(m, 5H), 4.09 (t, 2H, 7 = 7 . 5 Hz) . 

7-Acetyl-5-hydroxy-4-(2-hydroxyethyl) -3-methylpyrazole (6). 
A mixture of 1 (300 mg) and acetic anhydride (3 ml) was 
heated at 110 °C for 1.5 min with vigorous agitation. After 
cooling in an ice-salt ba th crystals separated; these were 
collected by filtration and washed with cold ether to give a 
colorless powder (132 mg, 33 .8%), m p 115—118 °C. T h e 
compound was too unstable to be purified by recrystallization 
from an ordinary organic solvent. T h e material showed 
bluish green coloration with methanolic ferric chloride. I R 
(KBr): 1715, 1675cm- 1 . U V f f n m ( loge) : 225.5 (4.31), 
296.5 (3.76). N M R <5 ppm (DMSO-</6) : 2.10 (3H), 2.28 
(t, 2H, 7 = 7 Hz) , 2.50 (3H), 3.43 (t, 2H, 7 = 7 Hz) . 

4- (2-Acetoxyethyl) -5-hydroxy-7,3-dimethylpyrazole (8). 
5-Hydroxy-4-(2-hydroxyethyl)-l,3-dimethylpyrazole (7) (1.00 
g) was heated in acetic acid (30 ml) under reflex for 5 h. 
After the acetic acid was evaporated, the residue was separated 
by column chromatography to give colorless crystals (1.71 g) 
and the starting material (7) (78 mg) . T h e former was 

recrystallized from benzene to give colorless needles (900 mg, 
72%) , m p 64—65 °C. Found : C, 54.43; H , 7.22; N , 
14.32%. Calcd for C 9 H 1 4 0 3 N 2 : C, 54.53; H , 7.12; N, 
14.13%. I R (KBr) : 1755,1750 cm"1 . U V A ^ H n m (log 
e): 221 (3.72). N M R «5 ppm (CDC13): 2.00 (3H), 2.12 
(3H), 2.58 (t, 2H, 7 = 7 . 5 Hz) 3.39 (3H), 4.10 (t, 2H, 7 = 7 . 5 
H z ) . 

Partial Hydrolysis of the Triacetate (5) in 60% Aq Acetic Acid. 
After 5 (500 mg) was heated in 6 0 % aq acetic acid (10 ml) 
under reflux for 3 h, the solvent was evaporated under reduced 
pressure to give a colorless powder (270 mg, 78.7%), m p 
186—188 °C. T h e mixed melting point and the I R spectrum 
showed that the material was identical with the monoacetate 

(2). 
Partial Hydrolysis of the Diacetate (3) in 60% Aq Acetic Acid. 

T h e diacetate (3) (100 mg) was treated as described above to 
give colorless powder (79 mg, 9 6 % ) . T h e I R and the N M R 
spectra were completely identical with those of the monoacetate 
(2). 

Partial Deacetylation of the Triacetate (5) with Methanolic 
Pyridine. A solution of 5 (200 mg) and pyridine (0.3 
ml) in methanol (3 ml) was heated under reflux for 1 h. 
After evaporation of the solvent in vacuo the residue was washed 
with cold ether to afford colorless crystals (155 mg, 9 2 % ) , 
m p 112—114 °C. T h e I R and the N M R spectra were com­
pletely identical with those of the diacetate (3). 

Treatment of the Monoacetate (2) with an Equimolar Amount 
of Acetic Anhydride in Pyridine. A mixture of 2 (368 mg), 
pyridine (3 ml) , and acetic anhydride (210 mg) was heated 
at 100 °C for 1.5 h. After the pyridine was evaporated in 
vacuo, the reaction mixture was poured onto ice-water. T h e 
separated crystals (298 mg, 65.8%) were collected by filtra­
tion. T h e filtrate was extracted with chloroform. T h e 
organic layer was dried over magnesium sulfate and the solvent 
was removed to give colorless crystals (130 mg, 28 .7%) . T h e 
I R and the N M R spectra of each sample indicated that 
both of them were identical with the authentic specimen of 
the diacetate (3). 

Treatment of the Monoacetate (2) with Excess Acetic Anhydride. 
After 2 (300 mg) was heated in acetic anhydride (6 ml) under 
reflux for 2 h, the acetic anhydride was evaporated in vacuo. 
T h e residual oil was distilled in vacuo to give a colorless oil 
(353 mg) , 84 .8%) , bp 176—178 °C (6 m m H g ) . T h e I R and 
the N M R spectra were completely identical with those of 
the triacetate (5). 

Treatment of the Diacetate (3) with Excess Acetic Anhydride. 
Diacetate (3) (300 mg) was treated as described above to 
give the triacetate (5) (293 mg, 82 .4%) , bp 176—178 °C 
(6 m m H g ) , after distillation. 

Treatment of the Pyrazole (1) with the Triacetate (5) at 80 °C 
in Benzene. In to a solution of 5 (140 mg) in benzene 
(20 ml) was added finely powdered 1 (70 mg) , after being 
heated under reflux for 28 h, the benzene was evaporated 
in vacuo. T h e residue was separated by column chromato­
graphy to give 5 (32 mg) , 3 (90 mg), 6 (5 mg) 2 (958 mg), 
and 1 (16 mg) . These materials were identical with the 
authentic samples by comparing the I R spectra. 

Treatment of the Pyrazole ( 1) with the Triacetate (5) at 35 °C 
in DMSO-d6. A sample tube for the N M R measurement 
which contained 5 (27 mg) , 1 (14 mg), and DMSO-rf6 (0.3 
ml) was sealed under a nitrogen stream. The sample tube 
was warmed to 35 °C and the N M R spectra were measured 
( T M S as an internal reference). T h e results are shown in 
Fig. 1. 

Thermal Treatment of the Monoacetate (6) in Chlorobenzene. 
After a solution of 6 (100 mg) in chlorobenzene (8 ml) was 
heated under reflux for 4 h, it was cooled in an ice-salt ba th . 
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T h e separated crystals were collected by filtration to give 
colorless leaflets (85 mg, 85%) , m p 185—188 °C. T h e I R 
spectrum showed tha t it was identical with the monoacetate 
(2). 

Treatment of the Pyrazole (7) with the Triacetate (5) at 80 °C 
in Benzene. A mixture of 7 (156 mg) and 5 (270 mg) 
in bezene (5 ml) was heated under reflux for 5 h. After 
the benzene was evaporated in vacuo, the residual solid was 
separated by column chromatography to give 4 (23 mg) , 
3 (157 mg), 8 (190 mg), and 2 (30 mg) . These materials 
were found to be identical with the authentic samples by 
comparing the I R and the N M R spectra. 

Thermal Treatment of the Diacetate (4) in Chlorobenzene. 
After 4 (100 mg) was heated in chlorobenzene (5 ml) under 
reflux for 8 h, the solvent was evaporated in vacuo to give a 
colorless powder (98 mg, 9 8 % ) . T h e N M R spectrum indicat­
ed that the substance was a mixture of 3 and 4 (17 : 15). 

Thermal Treatment of the Diacetate (3) in Chlorobenzene. 
T h e diacetate (3) (100 mg) was treated in the same manner 
as described in the case of the diacetate (4). After 8 hours ' 
heating the N M R spectrum became identical with that of 
the compound 4. 

Acetylation of Aniline with the Triacetate (5). The tri­
acetate (5) (270 mg) was added into a solution of aniline 
(93 mg) in benzene (7 ml) and the mixture was heated under 
reflux for 2 h. After the solvent was evaporated, the residue 
was separated by column chromatography to give diacetate 
(3) (215 mg) and acetanilide (131 mg, 9 7 % ) , which was re-
crystallized from water to give colorless plates, m p 112—114 
°G. The material was proved to be identical with the au­
thentic sample of acetanilide by comparing the I R spectra. 

T h e a u t h e r s a r e g ra te fu l t o t h e m e m b e r of t h e C e n t r a l 
Ana lys i s Div i s ion of this school for t h e e l e m e n t a l analyses 
a n d t h e m e a s u r e m e n t of N M R spec t r a . 
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Light-induced Conformational Changes of Polypeptides. Random Copolymers 
of f-Benzyl-L-glutamate with m- and p-Phenylazobenzyl-L-aspartates 
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Copolymers of y-benzyl-L-glutamate with m- and /»-phenylazobenzyl-L-aspartates were prepared for investigat­
ing the effect of side-chain photoisomerization on their conformations. A study was made of the circular dichroism 
associated with the n,n* transition of the amide group, as well as the extrinsic bands associated with the azo chro-
mophore. The intensity of the 222-nm amide band seems unaffected by the interaction with the side-chain chro-
mophore. The circular dichroism spectra before irradiation indicate that poly[/?-(m-phenylazobenzyl)-L-aspartate] 
(mPALA) adopts a left-handed a-helical form and the other copolymers a right-handed form in 1,2-dichloroethane. 
After irradiation, remarkable changes of the 222-nm band were observed for the meta copolymer with 89.3% azo 
residues and mPALA. The increased absolute ellipticity for the former indicates that photoisomerization enhances 
the helicity of the polymer. Decrease in ellipticity for the latter indicates that photoisomerization induces signifi­
cant instability of the left-handed a-helical conformation. In the course of subsequent relaxation of mPALA, an 
abrupt change in the CD spectra was found above 50% of eis followed by a gradual change with decreasing cis%. 

The conformation of ester derivatives of poly(L-
aspartic acid) has been shown to depend on the nature 
of the side chain. Left- and right-handed a-helical 
conformations are usually identified by the circular 
dichroism (CD), I R or N M R spectra. Poly(/?-benzyl-
L-aspartate) (PBLA) was shown to adopt a left-handed 
a-helical conformation,1»2) but the para substitution of 
the benzene ring with a methyl, chloro, cyano, or 
nitro group induces a reversal of the helical sense to a 
right-handed a-helical conformation.3-11) T h e chloro 
substituted PBLAs assume different handed helices de­
pending on the position of the chlorine atom attached to 
the benzene ring.12) These observations indicate that 
the balance of forces is so delicate that a small change 
in the side-chain conformation could reverse the helix 
sense. This prompted us to realize conformational 
changes of polyaspartates by inducing a configurational 
change of their side chains. From this view point we 
prepared some copolymer series containing azobenzene 
groups in their side chains. We report here the re­
sults of copolymers of y-benzyl-L-glutamate with m- and 
/>-phenylazobenzyl-L-aspartate. T h e side-chain azo 
chromophore undergoes trans-to-cis photoisomerization 
and subsequent relaxation back to the original trans 
form. The energy balance of the polymers might be 
perturbed by the configurational change, and the con­
formational changes as exemplified below might be 
possible. 

hv 

left-handed helix ; = ± right-handed helix (1) 
A 

hv 

left-handed helix ; = ± random coil (2) 
â 

hv 
random coil v right-handed helix (3) 

J 

Process 1 has been confirmed to occur for a copolymer 
of ß-benzyl-L-aspartate and /5-(/>-phenylazobenzyl)-L-
aspartate (41 : 59).13) In this report, Processes 2 and 
3 are discussed. Photoisomerization of polypeptide 
side chains itself has been reported for the copolymers 
of L-/>-(phenylazo) phenylalanine14) and also for poly-

(y-cinnamyl-L-glutamate).15) However, no conforma­
tional change could be induced by irradiation probably 
due to their conformational stability. 

Experi m e n t a l 

Materials. The solvents used for recrystallization of 
iV-carboxy anhydries (NCA) and for polymerization were 
purified shortly before use, dioxane and hexane by distilla­
tion over sodium, ethyl acetate by distillation over GaH2, 
and triethylamine by drying and distillation over KOH. 
For the measurements of optical properties in solution, 
"Dotite Spectrosol" grade 1,2-dichloroethane was used with­
out further purification. 

•p-Aminobenzyl Alcohol (1). A mixture of/»-nitrobenzyl 
alcohol (30 g), dry methanol (50 ml) and palladium carbon 
(5 weight%) (1.5 g) was agitated in an autoclave under an 
atmosphere of hydrogen (initial pressure was 100 kg/cm2). 
After the catalyst had been removed by suction filtration, 
the filtrate was evaporated to dryness under reduced pressure. 
The crude product was recrystallized from ethanol. Yield, 
18.5 g (77%); mp 58—60 °C (lit,16) 63—64 °G). Found: 
G, 67.71; H, 7.22; N, 11.30%. Galcd for G7H9NO: G, 
68.27; H, 7.37; N, 11.37%. 

m-Aminobenzyl Alcohol (2). /w-Nitrobenzyl alcohol 
(30 g) was reduced, as described above, to m-aminobenzyl 
alcohol. Yield, 15.9 g (66%); mp 91—93 °G (lit,17) 95—96 
°G). Found: G, 68.29; H, 7.47; N, 11.15%. Galcd for 
C7H9NO: G, 68.27; H, 7.37; N, 11.37%. 

p-Phenylazobenzyl Alcohol (3). A mixture of alcohol 1 (12 
g) and ethanol (40 ml) was added with stirring to a mixture 
of nitrosobenzene (12 g), ethanol (120 ml) and glacial acetic 
acid ( 12 ml). After the mixture had been stirred for 2 h, 
the product was crystallized upon cooling. The crude 
solid was recrystallized from ethanol. Yield, 9.9 g (48%); 
mp 142—143.5 °G (lit,18) 142.5—143 °G). Found: G, 72.78; 
H, 5.72; N, 13.16%. Galcd for G13H12N20: G, 73.56; 
H, 5.70; N, 13.20%. 

m-Phenylazobenzyl Alcohol (4)- This alcohol was pre­
pared from 2 (12 g) and nitrosobenzene (12 g) in the same 
way as for 3. The crude product was purified by distilla­
tion (177 °G/3 mmHg). Yield, 18.8 g (91%); mp 36 °G 
(lit,19) 34.5—36 °G). Found: G, 73.50; H, 5.68; N, 13.10 
%. Galcd for G13H12N20: C, 73.56; H, 5.70; N, 13.20%. 

p-Phenylazobenzyl-L-aspartate (5), A mixture of L-
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T A B L E 1. YTELDS, VISCOSITIES, AND eis PERCENTAGE 

IN THE PHOTOSTATIONARY STATE 

Copo­
lymer 
series a> 

P 
P 
P 
P 
m 
m 
m 
m 
m 

Mol% 
azo 

NCAb> 

50 
70 
90 

100 
30 
50 
70 
90 

100 

Mol% 
azo 

content0) 

46.5 
74.0 
85.9 

100 
26.2 
45.9 
78.0 
89.3 

100 

Yield 

19 
22 
27 
63 
62 
46 

5 
64 

218 

18 
22 
26 
61 
63 
44 

4 
53 
75 

?sp/<d ) 

0.04 
• — 

0.16 
— 

0.51 
0.37 
— 

0.28 
0.23 

Cis% 

69 
74 
68 
70 
88 
75 
68 
62 
68 

a) p : para-copolymer. m ; meta-copolymer. b) M o l % 
of m- or jf>-phenylazobenzyl-L-aspartate N C A reacted 
with y-benzyl-L-glutamate NCA. c) Determined from 
the nitrogen content of elemental analysis, d) 0 . 1 % 
1,2-dichloroethane solution. 

aspartic acid (5.8 g), alcohol 3 (10 g), jb-toluenesulfonic acid 
(9.2 g), and dioxane (60 ml) was heated with stirring at 80 
°C for 24 h. T h e reaction mixture was evaporated to dryness, 
and the residue was neutralized with a sodium hydrogen-
carbonate solution. T h e precipitated crystalline product was 
filtered, and washed with acetone. This was recrystallized 
from a mixed solution of dioxane and water ( 1 : 1 by volume). 
Yield, 1.3 g (8 .4%) ; m p 229—229.5 °C; [ a ] D = + 0 . 6 3 ( c = 3 . 1 , 
dichloroacetic acid). I R : 1735, 1585 c m - 1 . Found : C, 
62.26; H , 5.38; N , 12.33%. Calcd for C 1 7 H 1 7 N 3 0 4 : C, 
62.38; H , 5.23; N , 12.84%. 

m-Phenylazobenzyl-L-aspartate (6). Ester 6 was pre­
pared from alcohol 4 (10 g) and L-aspartic acid (5.8 g) in 
the same way as for 5. Yield, 0.86 g (5.8%) ; m p 218—218.5 
°C; [ a ] D = + 0 . 9 3 ° ( c=1 .5 , acetic acid). I R : 1720, 1585 
cm- 1 . Found : C, 62 .41; H , 5.45; N , 12.38%. Calcd for 
C 1 8 H 1 5 N 3 0 5 : C, 62.38; H , 5.23; N, 12.84%. 

p-Phenylazobenzyl-L-aspartate NCA (7). This N C A was 
prepared from amino acid 5 (2.5 g) and phosgene using the 
reported procedure.20) Yield, 1.3 g ( 4 8 % ) ; m p 240—240.5 
°C. I R : 1860, 1788, 1725 cm- 1 . Found : C, 61 .41 ; H , 
4.42; N , 12.02%. Calcd for C 1 8 H 1 5 N 3 0 5 : C, 61.19; H , 
4.28; N , 11.89%. 

m-Phenylazobenzyl-i.-aspartate NCA (8). This N C A was 
prepared from amino acid 6 (2 g) and phosgene using the 
reported procedure.20) Yield, 1.2 g (56%) , m p 133.5—134.5 
°C. I R : 1850, 1800, 1735 cm- 1 . Found : C, 61.27; H , 
4.27; N, 11.86%. Calcd for C 1 8 H 1 5 N 3 0 5 : C, 61.19; H, 
4.28; N, 11.89%. 

Poly[ß-(p-phenylazobenzyl)-i,-aspartate] (pPALA). N C A 
7 was dissolved in dioxane (0.1 M ) , and a 0.004-M solution 
of triethylamine in dioxane (monomer/initiator = 40) was 
added. Polymerizatiom was carried out at room tempera­
ture for 5 days. The reaction mixture was added to vigorously 
stirred ethanol. T h e precipitate was collected on a filter, 
washed with several portions of ethanol and dried in vacuo 
at 40 °C. Found : C, 65.79; H , 4 .83; N, 13.08%. Calcd 
for ( C 1 7 H 1 5 N 3 0 3 ) n : C, 66 .01; H , 4.89; N , 13.58%. 

Poly[ß-(m-phenylazobenzyl)-^-aspartate] (mPALA). 
mPALA was prepared from N C A 8 in the same way as for 
pPALA. Found : C, 66.24; H , 4 .91 ; N , 13.73%. Calcd 
for (C 1 7 H 1 5 N 3 0 3 ) m : C, 66 .01; H , 4.89; 13.58%. 

Polymers. Copolymers were prepared in an analogous 
way to tha t for homopolymers by using varing ratios of y-

200 400 500 300 

À (nm) 

Fig. 1. Ultraviolet spectra of mPALA before ( ) 
and after ( ) irradiation. 

benzyl-L-glutamate N C A and m- or /»-phenylazobenzyl-L-
aspartate NCA. Mole percentage of azo residue in the 
copolymers was estimated from their nitrogen contents ob­
tained by elemental analyses. T h e reduced specific viscosity, 
rjsp/c, of each polymer was measured for a 0 . 1 % 1,2-dichloro­
ethane solution at 25 °C. Viscosity measurement could not 
be carried out for pPALA because of its insoluble character, 
or for the copolymers containing 74.0% /?-phenylazobenzyl 
residue and 78 .0% wz-phenylazobenzyl residue because of low 
yields of the samples. Data on the homopolymers and co­
polymers are summerized in Table 1. 

Photoisomerization. Photoirradiation was carried out 
on solutions with concentration of 1-mg/ml using a Corning 
7—37 filter which permits the light of 310—380 n m to pass. 
T h e eis percentage was calculated from the absorbance at 
320 n m assuming tha t the absorbance is substantially pro­
portional to the concentration of the trans isomer in view of 
the low extinction of the eis isomer at the wavelength.21) 

Measurements. C D spectra were recorded on a J A S C O 
J-20 circular dichrograph appara tus with cell thickness of 
0.1 and 0.01 cm. Due to the absorption of the solvent no 
spectra could be obtained below 210 nm. Molar ellipticities 
were calculated for the supposedly intrinsic band around 
222 n m using the molar concentration of amide groups, while 
the molar concentration of the azo groups was used for the 
calculation of the ellipticities associated with the extrinsic 
bands. Ultraviolet (UV) spectra were measured with a 
J A S C O U V I D E C - 1 spectrophotometer. 

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

Photoisomerization. T h e U V s p e c t r a of m P A L A 
before a n d after i r r a d i a t i o n a r e s h o w n in F ig . 1. T h e 
m a j o r e l ec t ron ic t r ans i t ions of this p o l y m e r a r e essen­
t ia l ly those of azobenzene . 2 2 ) T h e b a n d for m P A L A 
before i r r a d i a t i o n in t h e 320 n m reg ion (e = 22000) is 
a t t r i b u t e d to 7r,jr* t r a n s i t i o n a n d t h e b a n d in t h e 430 n m 
reg ion (e = 700) to n,7r* t rans i t ion . 2 3 ) T h e s p e c t r u m 
after i r r a d i a t i o n r e sembles t h e s p e c t r u m of cis-azoben-
z e n e r e p o r t e d b y G e r s o n a n d co-workers . 2 2 ) T h e s p e c t r a 



November, 1977] Light-induced Conformational Changes of Polypeptides 2997 

1 
o 

X 
S1 
i i 

CO 

o 

V 

<3S 

3 

2 

1 

0 

- 1 

- 2 

- 3 

- 4 

2 

1 

0 

- 1 

- 2 
I 

— A 

1 1 

/? 

À 
^/\ ——̂  y 

* 
i i . i . . . i — i — i — i 

20 40 60 80 

% Azo residues 
100 

Fig. 2. Variation of the maximum or minimum ellipti-
cities associated with the side-chain n,7r* (A,A) and the 
amide n,7T* ( # , 0 ) transitions before (A,#) and after 
(A,0) irradiation for the meta-copolymers as a func­
tions of the azo content. 
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Fig. 3. CD spectra of mPALA (a) and the meta-co-
polymer with the azo content of 89.3% (b) before ( ) 
and after ( ) irradiation. 

of the other polymers before and after irradiation are 
similar to those of mPALA in the regions of the azo 
jc,7i* and n,7r* transitions. 

The eis percentages of all the polymers at the photo-
stationary state are given in Table 1. The values of 
the para copolymer series are almost the same and 
close to 70%. O n the other hand, a considerable 
decrease in eis percentage is observed for the meta 
copolymer series on proceeding from the copolymer 
with the least azo residue to the copolymer which con­
tains 8 9 . 3 % azo residue. The decreased eis conversion 
for the meta-copolymers may result from steric restric­
tions between the side-chain meta-azobenzene groups. 

200 260 220 240 
A (nm) 

Fig. 4. CD spectra of mPALA at different eis per cents 
in the course of relaxation. 

The eis percentage of mPALA seems slightly higher as 
a polymer with side-chains of maximal steric restric­
tions. This might be due to the conformational dif­
ference. 

CD Spectra of meta-Copolymers. The maximum or 
minimum ellipticities associated with the amide n,7z* 
transition at 222 nm before and after irradiation are 
plotted against the mole percentage of azo residue (Fig. 
2). The values are almost independent of the copoly­
mer composition for the copolymers with less than 8 0 % 
azo residue. These observations suggest that the over­
lapping of allowed transitions of the side-chain chro-
mophore with those from the peptide main chain is 
either small or absent in the polymers. This is in 
contrast to that for other azoaromatic copolypeptides 
which contain jb-(/?-hydroxyphenylazo) phenylalanine 
residue.24) For these polymers, decreasing intensity of 
the peptide main-chain band was observed with in­
crease in mole percentage of the azo residue. If one 
takes [0 ] 2 2 2 =-4OOOO±lO% for 100% right-handed a-
helix,25) the meta-copolymers are all confirmed to exist 
as right-handed a-helices. O n the other hand, the 
CD spectrum of mPALA before irradiation shows a 
maximum with the value of [0]2 2 2=28000 (Fig. 3), 
confirming the conclusion together with the results of 
its I R spectrum that the helix of mPALA is left-handed 
in 1,2-dichloroethane. The ellipticities at 222 nm seem 
unaffected by irradiation for the copolymers with less 
than 8 0 % azo residue. However, irradiation causes 
significant changes in the ellipticity values of the co­
polymers with more azo residue. The absolute ellip­
ticity of 8 9 . 3 % azo copolymer increases from 19000 
to 33000 by irradiation, confirming the increased per­
centage of helicity. This enhanced helix content might 
be due to the release of steric restrictions between the 
trans side chains by the formation of eis isomers. The 
ellipticity of mPALA decreases from 28000 to 13000 
by irradiation, confirming the induced instability for 
its left-handed a-helical conformation. This observa­
tion could be due to the partial transition from the 
left-handed a-helix to a random coil or a right-handed 
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Fig. 5. Variation of the maximum ellipticities around 
222 nm for mPALA as a function of the eis per cent. 
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Fig. 6. CD spectra associated with the side-chain n,n* 
transition before (a) and after (b) irradiation for the 
meta-copolymers. Azo% : 100( ); 78.0( ); 
45.9 ( — ) ; 26.2 ( ). 

a-helix. We reported that the copolymer of p-phenyl-
azobenzyl-L-aspartate and /?-benzyl-L-aspartate (59 : 41) 
undergoes a light-induced conformational change from 
left- to right-handed helix.13) The CD band associated 
with the peptide n,jz* transition of this copolymer 
changes its sign from positive to negative by irradiation, 
giving clear evidence for inversion of its helix sense. 
In the case of mPALA, however, it is difficult only by 
the CD spectrum to determine which of the confor­
mational transformations is responsible for the observa­
tion. N M R spectra could, in principle, give some 
information. 

Subsequent relaxation of mPALA back to the ori­
ginal conformation was followed by its CD spectra 
(Fig. 4) . Maximum ellipticities at 222 n m are plotted 
as a function of eis percentage (Fig. 5). I t shows an 
abrupt change of [0]222 a t o v e r 5 0 % followed by a 
gradual change with decrease. The result demonstrates 
that the energy required for the conformational change 
comes from eis forms in the side chain, viz., ultimately 
from light energy. 

X 
S1 

o 
X 
S1 

40 60 

% Azo residues 

Fig. 7. Variation of the maximum or minimum ellipti­
cities associated with the side-chain n,n* (A,A), n,n* 
( • ,D) and the amide n,n* ( # , 0 ) transitions before 
( • , • , • ) and after (A,D,0) irradiation for the para-
copolymers as a function of the azo content. 

Fig. 8. CD spectra associated with the side-chain n,n* 
and n,n* transitions before (a) and after (b) irradiation 
for the para-copolymers. Azo% : 85.9 ( ) ; 74.0 
(___); 46.5 ( ). 

The CD spectra associated with the n,7z* transition 
of the side-chain chromophore before and after irradia­
tion are given in Fig. 6, maximum or minimum ellip­
ticities being plotted against mole percentage of azo 
residue (Fig. 2). The copolymers show no dichroic 
band in the region of the 7Z,TI* transition of the side-chain 
chromophore. One important aspect is the relation 
between the sign of the side-chain CD band and the 
backbone helix sense. There is a possibility that the 
sign of a side-chain band is opposite corresponding to 
the left- and right-handed helices.20) The CD spectra 
of the meta copolymer series provide one example of 
the corresponding behavior since mPALA shows a 
positive band while the right-handed copolymers show 
negative bands. Usually the origin of induced dichroic 
bands are discussed in the terms of side chain-side 
chain and side chain-main chain interactions. In the 
case of the former interactions, the induced circular 
dichroism is expected to be dependent on the concen­
tration of the side-chain chromophores in the copoly-
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mers. No such dependency was observed for the poly­
mers we studied. The ellipticities of the side-chain 
CD bands before and after irradiation are almost in­
dependent of mole percentage of azo residue in the co­
polymers unless conformational changes are induced. 
Thus the side-chain n,7z* CD band should be attributed 
to the coupling between the backbone and the side 
chain. 

CD Spectra of para-Copolymers. The minimum 
ellipticities associated with the amide n,7r* transition 
are plotted against mole percentage of azo residue in 
Fig. 7. The CD spectrum of pPALA could not be 
measured since it is insoluble in 1,2-dichloroethane. 
The spectra of the copolymers show that they assume 
a right-handed a-helical conformation. Photoirradia-
tion did not change the minimum ellipticities of the 
copolymers in the region of the amide n,7r* transition 
except for the azo 85 .9% copolymer. This copolymer 
shows increase in absolute ellipticity after irradiation, 
which indicates an increase of helicity though not so 
remarkable as observed for the 8 9 . 3 % meta-azo co­
polymer. 

The CD spectra before and after irradiation associated 
with the side-chain n,7r* and n,n* transitions are given 
in Fig. 8. Their maximum or minimum ellipticities 
are plotted against the mole percentage of azo residue 
in Fig. 7. The side-chain transitions are affected re­
markably by irradiation. The ellipticity for the n,7r* 
transition increases a great deal with inversion of its 
sign, whereas the circular dichroism for the n,7z* transi­
tion vanishes. Similarly to the case for the meta-
copolymers, the ellipticities of the side-chain n,?r* CD 
bands before and after irradiation seem to be almost 
independent of the mole percentage of azo residue. 
This confirms the fact that the origin of the CD bands 
resides in side chain-main chain interactions. However, 
the absolute ellipticity of the side-chain 7i,n* band ob­
served only before irradiation increases with increasing 
azo residue, which suggests side chain-side chain inter­
actions as the origin of the CD band. 

Conclus ion 

The effect of irradiation on the backbone conforma­
tion is remarkable for the two polymers of the meta 
copolymer series, the 8 9 . 3 % azo copolymer and mPALA 
For the former, stability of the right-handed a-helical 
conformation is promoted. O n the other hand, signi­
ficant instability is induced for the left-handed a-helical 
conformation of the latter. The conformational change 
of mPALA occurs abruptly at greater than 5 0 % eis. 
Thus, the light-induced conformational change can be 
compared with visual purple, rhodopsin, where its re­
tinal component undergoes photoisomerization accom­

panied by a change in conformation of opsin. 

The authors wish to express their appreciation for 
permission to use the J A S C O J-20 circular dichrograph 
apparatus at the National Industrial Research Institute, 
Tohoku. 
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The Photocyclization of 3,3'-Diphenyl-2,2 Mn-lÄ-indene-M'-dioiie 
Fumio T O D A and Yozo T O D O 

Department of Industrial Chemistry, Faculty of Engineering, Ehime University, Matsuyama 790 
(Received March 28, 1977) 

The photocyclization of the title compound afforded 14-hydroxy-4b-phenylbenz[c]indeno[2,l-a]fluoren-13-
(4h#)-one, which is easily isomerized to 4b,13b-dihydro-4b-phenylbenz[c]indeno[2,l-a]fluorene-13,14-dione. 
The hydrogénation of both compounds gave an^'-4b,8b,13a,13b-tetrahydro-4b-phenylbenz[c]indeno[2,l-a]fluorene-
13,14-dione. 

Although the photooxidative cyclizations of stilbenes1) 
and 2-styrylthiophenes2) to phenanthrenes and naphtho­
ic, l-è]thiophenes respectively have been proposed to 
proceed via 4a,4b-dihydrophenanthrene and 9a,9b-
dihydronaphtho[2,l-6]thiophene intermediates, such in­
termediates have not yet been isolated because of their 
extreme instability. Recently, though, Doyle et a/.3> 
have isolated the keto-form of the 4a,4b-dihydrophenan-
threne intermediate in the photocyclization of 3,4-bis-
(jfr-hydroxyphenyl)-3-hexene, and Cuppen and 
Laarhoven4) have clarified that this photocyclization 
proceeds in the first excited state and then in a con-
rota t Dry manner. 

The hypothetical photocyclization product (2) of 
3,3 '-diphenyl-2,2 '-bi-l i /- indene-l , l ' -dione (1) is ex­
pected to be isolable, because 2 has a highly conjugated 
enone structure, and because the conditions are un­
favorable for the elimination of benzene from 2. 

The photolysis of 1, however, gave a proton-migrated 
isomer of 2, 14-hydroxy-4b-phenylbenz[c] indeno [2,1-
«]fluoren-13(4b//)-one (3). We will report on this 
photocyclization and an some reactions of 3. 

The irradiation of 1 in benzene for 20 h afforded 35) 
as blue-black prisms in a 70% yield. Although the 
Î > O H band of 3 was not observed, presumably because 
of a strong intramolecular hydrogen bond, an O H 
proton signal appeared at ô 9.93. The U V spectral 
data of 3 (604 nm (e 2800)) were comparable to those 
of the analogous compound, 6 (626 nm (e 4000) ).6'7) 
T h e U V spectral data of the acetate of 3 (513 nm (e 
2700)) were also comparable to those of the acetate 
of 6 (535 nm (e 3250)).6> It has previously been re­
ported that the heating of 3,3',4,4',5,5'-hexaphenyl-
2,2'-bi-2,4-cyclopentadiene-l,l '-dione in boiling ben-
zophenone affords 6 in a 70% yield.7) However, the 
heating of 1 under these conditions did not give 3, and 
1 was recovered unchanged. In contrast to the ther­
mal stability of 6, 3 was easily converted into 4b, 13b-
dihydro-4b-phenylbenz [c] indeno [2,1 -a] -fluorene-13,14-
dione (4) by heating in boiling toluene. This ketoniza-
ticn of 3 wss performed more easily by treating it with 
acid. The phenyl group and the hydrogen atom mark­
ed in 4 probably bear a syn relationship to each other, 
because the signal due to this hydrogen atom was at 
a higher magnetic field (ô 4.25), and because the 
spectral data of 4 were comparable to those of 7 of 
the syn-form.8^ 

The treatment of 3 and 4 with Br2 afforded 4b,8b-
dihydro-8b - bromo - 4b - phenylbenz [c] indeno [2,1 -a] fluo­
rene- 13,14-dione (5a) both in 9 3 % yields, on treat­
ment with AgC10 4 in M e O H this substance was con­
verted into its methoxy derivative (5b). The spectral 

data of 5a and 5b were comparable to those of 5c.9) 
The hydrogénation of 3 and 4 over P d - C gave anti-
4b,8b, 13a, 13b- tetrahydro - 4b - phenylbenz [c]indeno[2,1 -
a]fluorene-13,14-dione (8) in 50 and 2 5 % yields re­
spectively. These hydrogénations of 3 and 4 were 
performed more easily in 55 and 6 9 % yields respec­
tively, using the recently reported reagent, Z n - Z n C l 2 -
EtOH.1 0) Interestingly, this reagent was also effective 
for the conversion of 5 b and the acetate of 3 into 8 
in 48 and 4 4 % yields respectively. 

The ««^'-relationship between the indanone rings of 
8 was determined by comparing its N M R spectral data 
with those of 9 of the ^n-configuration11) and of 10 
of the «nta'-configuration, which had been prepared by 
the hydrogénation of 7. The N M R spectral data of 
8 (Ô 4.01 (d, y B C = 8 H z , H B ) , 4.07 (s, H A ) , 4.92 (d, 
H c ) ) were comparable to those of 10 (ô 4.12 (d, JBC = 
6.5 Hz, H c ) , 4.61 (s, H A ) , and 4.67 (d, HB)) , but not 
to those of 9, which shows complex signals of an ABX 
pattern.11) The absence of spin-spin coupling between 
H A and H B in 8 and 10 is probably due to the fact that 
the dihedral angle between the hydrogen bonds is 
nearly 90°. The examination of the molecular models 
supports this idea. 

Ph Ph 
h^ 

a: R=Br 
b: R=0Me 
c: R=Ph 

0"B0 
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Experimental 

AU the melting points are uncorrected. The IR, UV, 
and NMR spectra were measured in Nujol mull, GHG13, 
and GDGlg respectively. The mass spectra were measured 
with an ionization energy of 75 eV. 

Photocyclization of 1. A solution of 1 (2 g) in benzene 
(400 ml) was irradiated with light from a 400-W high-pres­
sure mercury lamp, filtered through Pyrex glass, at room 
temperature under N2 for 20 h. The crude crystals after 
the evaporation of the solvent were recrystallized from AcOEt 
to afford 3 as blue-black prisms; 1.4 g (70%); mp 194 °G 
(dec). IR: 1670, 1615, 1590, 1560, and 1520 cm-1; 
l m a ï : 297 (35700), 373 (13800), and 604 nm (e 2800) ; NMR 
Ô: 7.0—8.4 (m, Ar, 17H) and 9.93 (s, OH, IH); MS m/e 
(rel intensity): 410 (M+, 100), 333 (M+-Ph , 70), and 305 
(333-GO, 21). 

Found: C, 87.51; H, 4.35%. Calcd for G30H18O2: G, 
87.78; H, 4.42%. 

The keeping of a solution of 3 (0.1 g) in Ac20 (0.5 ml)-
pyridine (2 ml) at room temperature for 12 h afforded, after 
recrystallization from CC14, the acetate of 3 as purple prisms; 
0.105 g (95%); mp 254—256 °C; IR: 1760, 1695, and 1190 
cm-1; Amax: 285 (30500), 307 (18800), and 513 nm (e 
2700); NMR Ô: 2.58 (s, AcO, 3H) and 7.1—8.2 (m, Ar, 
17H). 

Found: C, 84.74; H, 4.30%. Galcd for C32H20O3: G, 
84.94; H, 4.46%. 

Conversion of 3 into 4. HCl gas was bubbled through a 
solution of 3 (0.5 g) in CHC13 (50 ml) at 0 °C for 10 min. 
Recrystallization from AcOEt afforded 4 as orange prisms; 
0.45 g (90%,); mp 245—247 °G (dec); IR: 1710 and 
1695 cm-1; Amax: 292 (11300), 332 sh (4700), and 430 nm 
(e 1700); NMR ô: 4.25 (s, GH, 1H) and 6.9—8.5 (m, Ar, 
17H) ; MS m/e (rel intensity) : 410 (M+, 100), 333 (M+-Ph , 
98), and 305 (333-CO, 28). 

Found: C, 87.55; H, 4.52%. Galcd for C30H18O2: G, 
87.78; H, 4.42%. 

The heating under reflux of a solution of 3 (0.1 g) in toluene 
(10 ml) under N2 for 24 h afforded, after recrystallization 
from AcOEt, 4; 0.06 g (60%). 

Preparation of 5a and 5b. To a solution of 3 (0.69 g) 
in CHG13 (25 ml), Br2 (0.4 g) was added, and then the mix­
ture was stirred for 10 min. Recrystallization from AcOEt-
GHG13 afforded 5a as yellow prisms; 0.764 g (93%,); mp 
209—210 °G; IR: 1740 and 1700 cm-1; Amax 301 nm (e 
15600); MS m\e (rel intensity): 490 and 488 (M+, 5) and 
409 (M+-Br, 100). 

Found: C, 73.35; H, 3.41%. Calcd for G30H17O2Br: 
C, 73.63; H, 3.50%. 

The treatment of 4 (0.18 g) in CHG13 (10 ml) with Br2 

(0.1 g) as above afforded 5a; 0.2 g (93%). 
The treatment of a solution of 5a (0.27 g) in MeOH (10 

ml)-tetrahydrofuran (10 ml) with AgC104 (0.5 g) afforded, 
after recrystallization from AcOEt, 5b as yellow needles; 
0.22 g (91%); mp 258—260 °G; IR: 1710 and 1640 cm-1; 
Amax: 302 nm (e 17400); NMR Ö: 2.29 (s, OMe, 3H) and 
6.9—8.3 (m, Ar, 17H); MS m/e (rel intensity): 440 (M+, 
20) and 409 (M+-OMe, 100). 

Found: G, 84.27; H, 4.44%. Calcd for C31H20O3: C, 
84.53; H, 4.58%,. 

Hydrogénation of 3, 4, and 7. A mixture of 3 (0.2 g), 
tetrahydrofuran (30 ml), and a catalytic amount of Pd-C 
was stirred under H2 at room temperature for 12 h. The 
filtrate after the filtration of Pd-C was evaporated to dryness 
to leave crude crystals. The recrystallization of the crude 
crystals from AcOEt afforded 8 as colorless prisms; 0.11 g 
(50%); mp 233 °C; IR: 1720 cm-1; Amax 247 (23200) and 
295 nm (e 4200); NMR ô: 4.01 (d, J B C = 8 Hz, HB, IH), 
4.07 (s, HA, IH), 4.92 (d, yBC = 8 Hz, H c , IH), and 6.5—8.0 
(m, Ar, 17H); MS m/e (rel intensity): 412 (M+, 100), 335 
(M+-Ph , 16), and 307 (335-GO, 15). 

Found: C, 87.63; H, 4.66%. Galcd for C30H20O2: C, 
87.35; H, 4.89%. 

The same treatment of 4 as described above afforded 8 
in a 25% yield. 

The same treatment of 7 as described above afforded 10 
as pale yellow needles in a 58% yield; mp 263—265 °C; 
IR: 1700 cm-1; Amax: 249 (23800), 290 (4600), 326 (800), 
and 340 nm (e 800); NMR ô: 4.12 (d, / B C = 6.5Hz, H c , 
IH), 4.61 (s, HA, IH), and 4.67 (d, yBC = 6.5 Hz, HB, IH). 

Found: C, 87.55; H, 4.68%. Calcd for C30H20O2: G, 
87.35; H, 4.89%. 

The treatment of 3, 4, and 7 with Zn-ZnCl2-EtOH by 
the previously reported procedure10* afforded 8 (55), 8 (69), 
and 10 (69%,) respectively. 

The authors wish to thank to Dr. R. S. Atkinson, 
The University of Leicester for his valuable suggestion 
as to the structure of the photocyclization product of 
1 (3). 
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The Photosensitized Oxygenation of Furanoeremophilanes. IL1* 
The Preparation and Stereochemistry of the Isomeric 

Hydroperoxides and the Corresponding Lactones 
from Furanofukinin and Furanoeremophilane 
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(Received March 30, 1977) 

The dye-sensitized oxygenation of furanofukinin, and furanoeremophilane, in methanol gave, quantitatively, 
crystalline mixtures of two isomeric hydroperoxides each consisting of a pair of 8a-methoxy-12/?-hydroperoxy 
and 8/?-methoxy-12a-hydroperoxy derivatives respectively. The hydroperoxides were readily transformed to the 
corresponding lactones with acetic anhydride-pyridine through dehydration. The stereochemistry of the 
hydroperoxides and the corresponding lactones has been elucidated by spectral and chemical methods according 
to a previously outlined generalization. Further, furanofukinin, furanoeremophilane, and 8/?-hydroxyeremo-
philenolide, have been synthesized from petasalbin, fukinone, and an epimeric mixture of 8a- and 8/?-methoxy 
lactones, respectively. 

In our previous paper,1) we reported on the photosen­
sitized oxygenation of petasalbin (1) to yield, quanti ta­
tively, a mixture of two isomeric hydroperoxides, (2a) 
and (2b), both of which were then transformed quan­
titatively to the corresponding lactones, (3a) and (3b), 
by treatment with acetic anhydride-pyridine. Their 
configurational assignments were ascertained by a 
comparison of the chemical and spectral properties 
between sets of the two isomeric substances. In the 
present paper, we will describe the photosensitized 
oxygenation of furanofukinin (4)2) and furanoeremo­
philane (5),3) performed in order to examine the utility 
of the generalization outlined in the preceding paper1) 
for the configurational assignments to hydroper­
oxides, 2a,b, and the corresponding lactones, 3a,b, 
converted from petasalbin, 1. Thus, a pair of 8a-
and 8/?-methoxy isomers have been estimated to exist 
in non-steroidal and steroidal A/B eis chair/chair con­
formations respectively. 

OCB, 2a: OH 
8a: OCHo 

10a: H J 

OCH, 3a: OH 
J 9a:OCH. 

11a:H J 

l2a:0Ac 

^0 H 
R 

1:0H 
A:0CH3 
5: H 

Hoo-'^a-'h<^-^ 
0CH3

n 

2b: OH 
8b: OCH-
10b: H J 

R 
3b: OH 
9b:0CH-, 

11b:H 
!2b:0Ac 

Both furanofukinin, 4, and furanoeremophilane, 5, 
were isolated from the rhizomes of a wild plant,2) 
Petasites japonicus Maxim, and its subspecies, subsp. 
gigantus Ki tam. These substances, 4 and 5, were also 
synthesized in good yields by the methylation of peta­
salbin, 1, with methanol in the presence of acetic acid, 
and by Treibs ' method4»5) via sultone (7) from fukinone 
(6), respectively. 

The dye-sensitized oxygenation of furanofukinin, 4, 
in methanol gave a crystalline product, which showed 

0 ^ 

JJ 
HOOC^Y 

0 ^ 

6 

ojJl 
T) ^ j 

13 
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. ill Kr 
o^o-'t>ir^ 

R' n 

14: 

1 15: 
J 16: 

17: 

» 

R 
H 

OH 

OH 

H 

5 

R' 
H 

H 

OH 
OH 

two spots on T L G (Rv 0.40 and 0.20; benzene-ethyl 
acetate, 10 : 1) and which was then separated by frac­
tional recrystallization from benzene to afford two 
hydroperoxides, (8a) (mp 116.0—117.0 °C (dec)) and 
(8b) (mp 136.0—137.0 °C (dec)). Both hydroperoxides 
have the same molecular formula, G 1 7 H 2 8 0 5 , and both 
are positive to a peroxide test ( K I - A c O H ) . They 
showed similar spectra characteristic of hydrperoxide 
groups: Ô 11.30 (s) and 11.29 (s); IR(KBr) : 3380 
and 3350 c m - 1 . Upon treatment with acetic anhy­
dride-pyridine, the mixture of hydroperoxides, 8a,b, 
gave, quantitatively, an epimeric mixture of 6/?,8a-
dimethoxyepieremophilenolide6) (9a) (mp 132.5—133.5 
°G) and 6/?,8/9-dimethoxyeremophilenolide (9b) (mp 
123.0—123.5 °C) through dehydration. Subsequently 
each lactone was isolated by fractional recrystalliza­
tion from benzene. 

The stereochemistry of the hydroperoxides, 8a,b, and 
the corresponding lactones, 9a,b, can be readily deter­
mined as follows according to the previously outlined 
generalization.1) The formation and the stereochem­
istry of the hydroperoxides, 8a,b, can be well demon­
strated by the use of the approved mechanism on the 
basis of the known oxygenation mode1»7) of a furan 
moiety in methanol. Then, with the aid of the Dreiding 
model, it is evident that the introduced 8a- and 
8/5-methoxyl groups force the molecules to adopt ex­
clusively non-steroidal (A) and steroidal (B) A/B eis 
chair/chair configurations respectively (cf. Fig. 1). 
Therefore, the non-steroidal 8a- (A) and steroidal 8/9-
isomers (B) have cis-anti-cis and cis-syn-cis-type ring-
fusion systems, and they will tend to possess trans and 
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TABLE 1. COMPARISON OF THE CHEMICAL SHIFTS (Ô), SPECIFIC ROTATIONS, AND Rt VALUES 

OF THE CORRESPONDING ISOMERS 

Compound 
[mp]°C 

8a 
[116—117] 

8b 
[136—137] 

9a ] 
[132.5—133.5] 

9b 
[123—123.5] 

10a ) 
[123.5—124] | 

10b 
[120.5—121] J 

11a 
[110.5—111.5] 

l i b 
[98.5—99.5] 

17 
[212—213.5] 

Solventa> 

A 

B 

A 

B 

A 

15-Me 

0.78 s 

1.02 s 

0.75s 

0.99 s 

0.80 s 

0.98 s 

0.77 s 

0.98 s 

1.04 s 

14-Me 

0.96 d 
7 = 7 - 5 
0.78d 
7 = 5 . 3 

0.96d 
7 = 7 . 5 
0.75d 

0.98d 
7 = 6 . 0 
0.80d 
7 = 6 . 0 

0.98d 
7 = 7 . 0 
0.74d 
7 = 6 . 0 

0.80d 
7 = 5 . 5 

13-Me 

1.87d 
7 = 1 - 5 
1.85 s 

1.90d 
7 = 1 . 8 
1.81s 

1.71d 
7 = 1 - 2 
1.74d 
7 = 1 - 2 
1.76d 
7 = 1 - 5 
1.76d 
7 = 1 - 2 
1.73d 
7 = 1 - 6 

6-H 

4.20q 
7 = 1 - 5 
3.88 s 

4.28q 
7 = 1 - 8 
3.89 s 

MS 
c) MeOH 
d) CHC1 

-54°) 

+ 13.4°) 

-185d> 

+ 170d> 

-15.2°) 

+ 2.9°) 

- 168d> 

+ 164d> 

+ 157d> 

Rf 
d) CHC13 

0.40b> 

0.20b> 

0.80b> 

0.70b> 

0.40b> 

0.40b> 

0.78d> 

0.70d) 

a) A: acetone-^; B: CC14. b) C6H6: AcOEt, 10 : 1. c) MeOH. d) CHC13. 

HoC 

(A) X: < H or 0 
•00H 

R:H or OCH3 

,C-6.C-11 
» ^ ^ = 

Fig. 1. Conformations of 8a- and 8/?-methoxyl isomers, 
and the angles between 6-H and 13-CH3. 

eis characters respectively, depending on the molec­
ular volume and the symmetric factor.8) 

Next, furanoeremophilane, 5, lacking a C-6 sub­
stituent, was photooxygenated by a method similar to 
that described above to yield a single spot on T L G ; 
it was nevertheless separated to furnish two hydro­
peroxides, (10a) (mp 123.5—124.0 °C (dec)) and (10b) 
(mp 120.5—121.0 °C (dec)), by careful recrystalliza-
tion from light petroleum. Subsequently, the cor-
respoding lactones, (11a) (mp 110.5—111.5°G) and 
( l i b ) (mp 98.5—99.5 °G), were obtained from each 
hydrperoxide, 10a or 10b, by dehydration with acetic 
anhydride-pyridine, and also from the 10a,b mixture 
by lactonization, followed by column chromatography 
and fractional recrystallization respectively. The 
stereochemistry of 10a,b and l l a , b can be settled in 
a similar manner ; that is, the 8a- and 8/9-isomers have 
non-steroidal (A) and steroidal (B) conformations 
(cf- Fig. 1). 

Finally, the specified assignments to the 8a-(A) and 
8jö-(B) configurations between the two isomers were 
drawn by a comparison of the melting points, solubil­
ities, adsorptive properties, specific rotations, and N M R 

spectra. In Table 1, the aV-like 8/5-methoxy deriva­
tives generally have lower melting points, higher solu­
bilities, and stronger adsorptive properties than those 
of the trans-like 8a-isomers, in agreement with the well-
known "von Auwers-Skita rule"8) (cf. Experimental) . 
There are, however, a few exceptions in which the 
8/9-methoxyl isomer, 8b, has a higher melting point, 
together with a lower solubility, than the corresponding 
8a-isomer, 8a, much as in the relation between 6/9-
acetoxy-8a- and 6/5-acetoxy-8/?-methoxy lactones, 12a 
and 12b, described in the earlier work.1) 

In addition, in the N M R spectra of the hydroperox­
ides, 8a,b, and the lactones, 9a,b, only the 8a-methoxyl 
derivatives, 8a and 9a, exhibit homoallylic couplings9) 
(1.0—1.8 Hz) between 6a-H and 13-CH3, because the 
dihedral angle between the plane of the double bond— 
C-6-G-13— and the 6a-H is around 90°, as shown by an 
inspection of the configuration (A) with the Dreiding 
model (Fig. 1), whereas 8/?-isomers do not show these 
couplings between 6a-H and 13-GH3, all lying around 
20° (cf. Fig. 1 and Table 1). Furthermore, the 8a-
methoxy compounds showed the chemical shifts due to 
14-methyls at a lower field than those due to 15-methyls; 
this relation of the chemical shifts between 14- and 15-
methyls is reversed in the 8/9-series (cf. Table 1). 
These variations in the chemical shifts may be explained 
similarly in terms of the effect due to the alteration in 
the geometry of the skeleton observed in the steroid 
field— by bending rings away from the angular methyl 
group, or by blocking the angular methyl's view over 
the remaining skeleton the methyl signal may cause a 
downfield shift.10) O n the other hand, 8/9-methoxyl 
compounds have stronger positive rotations than the 
corresponding isomers. This can be expected from 
the helicities1) derived from dihydrofuran/ring A fusion. 
T h e helicity was clarified by O R D - G D study in the 6-
oxo derivatives of 3a and 3b . 

All the derivatives, 10a,b and l l a , b , transformed 
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from furanoeremophilane, 5, showed the signals due 
to 13-methyls with homoallylic couplings in their N M R 
spectra: Ô 1.71 and 1.74 (each d, / = 1 . 2 H z ) in 10a 
and 10b, and 1.76 and 1.76 (each d, 7 = 1 . 2 and 1.5 
Hz) in 11a and l i b . These couplings are obviously 
the expected ones between 6a-protons and 13-methyls in 
8a-methoxyl compounds, and between 6/?-protons and 
13-methyls in 8/3-isomers, as a consideration of the angles 
with the Dreiding model shows (Fig. 1). 

Thus, summarizing the above results, the generaliza­
tion outlined in the previous paper1) was found also to 
be applicable to the configurational assignments of 
the hydroperoxides, 8a,b and 10a,b, and the lactones, 
9a,b and l l a , b , prepared from furanofukinin, 4, and 
furanoeremophilane, 5. 

O n alkaline hydrolysis, a mixture of dimethoxy lac­
tones, 9a,b, gave a sole product, C 1 5 H 2 0 O 3 (mp 95.0 
—96.0 °G), which was identical with the expected un­
saturated acid (13)1) previously prepared by alkaline 
hydrolysis from a mixture of 6/?-acetoxy-8(a and ß)-
methoxy lactones 12a,b. O n the other hand, a mixture 
of l l a , b was treated with 1.5 M potassium hydroxide-
methanol to yield also a sole product, G 1 5H 220 3 (mp 
212.0—213.5 °G), in a good yield: this product showed 
spectra suggesting the presence of a hydroxyl group and 
an <x,/?-unsaturated y-lactone group: 3565, 3330 (OH) , 
and 1745, 1697 c m - 1 (unsaturated y-lactone G=0) , 
and an U V maximum at 222 nm. T h e structure of this 
lactone was easily inferred from its N M R spectrum, 
closely similar to that of the natural eremophilenolide 
(14)n) except for the absence of the signal due to 8-H. 
Moreover, the lactone revealed a steroidal character— 
the chemical shift due to 14-methyl is higher than that 
due to 15-methyl in the N M R spectrum, and it showed 
a strong positive rotation (Table 1). T h e above con­
clusion can be further supported by the similar feature 
observed in the known natural eremophilenolides with 
8/9-substituents (a hydrogen or a hydroxyl) other than 
a methoxyl group. The specific rotations and the 
chemical shifts of 15- and 14-methyls in the spectra 
of eremophilenolide, 14, 6/9-hydroxyeremophilenolide 
(15), and 6/9,8/9-dihydroxyeremophilenolide (16) are as 
follows; 14: [a]2

D°+16.6° (c, 3.67, CHC13),
12>13) à 

1.01 (s) and 0.78 (br d);11) 15: [a]2
D

4+205.8° (c, 1.021, 
CHGlg), Ô 1.11 (s) and 0.78 (non-resolved methyl 
signal);") 16: [a]î?4-1690 (c, 0.985, CHC13), ô 1.11 
(s) and 0.78 (non-resolved methyl signal).1) Thus, 
the lactone can be represented as in the formula (17) 
with a steroidal configuration (B). Compound 17 has 
previously been derived as the by-product from the 
autoxidation of furanoeremophilane, 5, by Sorm et a/.15) 

Exper imenta l 

The IR, UV, and mass spectra were taken with Hitachi 
EPI-G3, Gary 14, and Hitachi RMU-6 spectrophotometers 
respectively. The NMR spectra were recorded with a Hitachi 
R-20B (60 MHz) spectrophotometer, and the chemical shifts 
are reported in (5-values (with TMS as the internal reference). 
The optical rotations were measured with a Perkin-Elmer 
141 Polarimeter. The TLG were run on Kieselgel G (Merck). 

Synthesis of Furanofukinin (4). Petasalbin, 1 (492 mg), 
was dissolved in a solution of methanol (10 ml) and acetic 

acid (0.5 ml), and then left for three days at room temperature. 
After the removal of the solvent in vacuo and dilution with 
water, the reaction product was extracted with ether. Sub­
sequent working-up as usual gave a crude product as a yellow 
oil (477 mg), which was purified by column chromatography 
on alumina (10 g, grade IV), with light petroleum-ether 
(100 : 1) as the eluent, and by vacuum-distillation to give 
furanofukinin (4) as a colorless oil; bp 96.0—106.0 °G (bath 
temperature)/6x 10-3 mmHg. This was identical in all re­
spects with the natural specimen.2) 

Synthesis of Furanoeremophilane (5) via Sultone (7) from Fuki-
none (6). Sultone (7): Concentrated sulfuric acid (d= 
1.84, 1.91 g) was stirred, drop by drop, into acetic anhydride 
(5.15 g) under ice-cooling below —10 °G, and then fukinone, 
6 (3.34 g) ,was added to the stirred solution over a period 
of 15 min under continued cooling. After stirring for a further 
1.5 h, the mixture was left for 38 h at - 8 °G 4 °G and for 
1 h at room temperature. The subsequent addition to the 
reaction mixture of cracked ice (ca. 1 g) and a solution of 
sodium hydroxide (0.89 g) in water ( 1.6 ml) deposited yel­
lowish brown crystals, which were filtered and washed with 
water. The crude product (3.0 g, 70%) was recrystallized 
from ethyl acetate to afford a sultone (7) as colorless prisms; 
mp 187.5—188.0 °C; UV: A ^ H 275.2 nm (e, 4330); IR 
(KBr): 1653, 1578, 1195, 1085, 865 cm"1; NMR (GDG13): 
6.24 (m, 12-H), 1.96 (d, J = 1 . 0 H z , 13-CH3), 0.89 (s, 15-
GH3), 0.87 (d, y = 6 . 3 H z , 14-GH3). 

Found: G, 63.59; H, 7.90; S, 11.38%. Calcd for 
G15H2203S: G, 63.80; H , 7.85; S, 11.35%. 

Furanoeremophilane (5) : A mixture of the sultone, 7 (497 
mg), and zinc oxide (500 mg) was subjected to pyrolytic 
distillation. The distillate was collected in a 10% potassium 
hydroxide aqueous solution (0.3 ml) and then extracted with 
ether. The ethereal extract was washed with a saturated 
sodium hydrogencarbonate solution and then with water, and 
dried over anhydrous sodium sulfate. The subsequent evap­
oration of the solvent gave crude furanoeremophilane (5) 
as an oil (360 mg, 94%), which was purified by vacuum-
distillation (bp 67—100°C (bath temperature)/0.15 mmHg) 
to furnish a pure specimen (297 mg, 77%) and subsequently 
by GLG to obtain an analytical sample (PEG 20 M, 2.6 m; 
column temperature, 175 °C; H2-flow rate, 60 ml/min; re­
tention time, 8.8 min); IR (film): 1641, 1560, 1145, 1087, 
985 cm-1; [a]2

D
3 -13 .2 °C (c, 1.0, GHG13). 

Found: G, 82.35; H, 10.21%. Calcd for G15H220: C, 
82.51; H, 10.16%. This compound was identical in all 
respects (IR, NMR, GLG, and specific rotation) with the 
natural specimen.2) 

Photosensitized Oxygenation of Furanofukinin (4). A solu­
tion of furanofukinin, 4 (770 mg), and Rose Bengal (30 mg) 
in methanol (300 ml) was irradiated with a circular fluores­
cent lamp (30 watt) for 1 h under the bubbling of air. After 
the subsequent removal of the solvent in vacuo, the residue 
was taken up with benzene. The benzene extract was washed 
with water and then passed through a filter filled with an­
hydrous sodium sulfate for drying and taking off the dye-stuff. 
The removal of the solvent in vacuo gave a colorless solid, 
which showed two spots on TLG (i?f, 0.40 and 0.20; benzene-
ethyl acetate, 10 : 1) and which was separated into two 
hydroperoxides, (8a) and (8b), by careful fractional crystal­
lization from benzene. The 8b compound was less soluble 
than 8a in benzene. 

Hydroperoxide (8a) : Mp 116.0—117.0 °C (dec) as colorless 
prisms, [a]2D

4 - 5 4 °C {c, 1.0, MeOH); IR(KBr) : 3380, 
1300, 1140, 1090, 960 cm-1; NMR (acetone-d6) : 11.30 (s, 
OOH), 5.68 (s, 12-H), 4.20 (q, y = 1 . 5 H z , 6-H) 3.43 and 
3.17 (each s, 6- and 8-OGH3), 1.87 (d, 7 = 1 . 5 Hz, 13-GH3), 
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0.96 (d, J = 7 . 5 Hz , 14-CH3), 0.78 (s, 15-GH3). 
Found: C, 65.43; H , 9 .05%. Galcd for G 1 7 H 2 8 0 5 : G, 

65.36; H , 9 .03%. 
Hydroperoxide (8b) : M p 136.0—137.0 °C (dec) as colorless 

needles, [a]2
D* + 1 3 . 4 ° (c, 1.12, M e O H ) ; M S : mje 294 

( M + - H 2 0 ) , 154 (base peak) ; IR(KBr) : 3350, 1280, 1200, 
1080, 1050, 970 c m - 1 ; N M R (acetone-</6) : 11.29 (s, O O H ) , 
5.73 (s, 12-H), 3.88 (s, 6-H), 3.27 and 3.11 (each s, 6- and 
8-OGH3), 1.85 (s, I3-CH3), 1.02 (s, I5-GH3), 0.78 (d, J= 
5.3 Hz , I4-CH3). 

Found: G, 65.34; H, 8.97%. Galcd for G 1 7 H 2 8 0 5 : G, 
65.36; H , 9 .03%. 

6ß,8oc-Dimethoxyepieremophilenolide (9a) and 6ß,8ß-Dimethoxy-
eremophilenolide (9b). A mixture of hydroperoxides 8a , 
b (527 mg) was dissolved in pyridine (4 ml) and acetic an­
hydride (1 ml) and then left overnight at room temperature . 
Subsequent working-up as usual gave a colorless solid (480 
mg), which was subjected to fractional crystallization from 
light petroleum to deposit a less soluble isomer (9a) (143 mg) 
and then an epimer (9b) (48 mg) . In addition, the two hydro­
peroxides, 8a (9 mg) and 8 b (15 mg) , were transformed into 
the corresponding lactones, 9a (6 mg) and 9b (10 mg) . 

6ß,8a-Dimethoxyepieremophilenolide (9a): M p 132.5—133.5 
°G, colorless needles, [a]2

D
s - 1 8 5 ° (c, 0.80, GHC13); U V : 

A ^ H 224 n m (e, 13700); I R (GHC13): 1750, 1300, 1100, 
960, 920, 900 c m - 1 ; N M R (GG14): 4.28 (q, 7 = 1 . 8 Hz, 
6-H), 3.40 and 3.13 (each s, 6- and 8-OCH 3 ) , 1.90 (d, J= 
1.8 Hz, 13-GHg), 0.96 (d, 7 = 7 . 5 Hz, 14-CH3), 0.75 (s, 15-
GH 3 ) . 

Found: G, 69.39; H, 8 .85%. Galcd for G 1 7 H 2 6 0 4 : G, 
69.36; H, 8.90%. 

6ß,8ß-Dimethoxyeremophilenolide (9b) : M p 123.0—123.5 °G, 
colorless prisms, [a]2

D
B + 1 7 0 ° (c, 1.0, CHG13); U V : ^ > H 

220.5 n m (e, 7600); IR(GHG13) : 1760, 1320, 1100, 1085, 
995, 975, 920 c m - 1 ; NMR(GG1 4 ) : 3.89 (s, 6-H), 3.25 and 
3.06 (each s, 6- and 8-OGH 3) , 1.81 (s, 13-GH3), 0.99 (s, 
15-GHg), 0.75 (d, 7 = 5 . 5 Hz , 14-GHg). 

Found: G, 69.44; H , 8.78%. Galcd for G 1 7 H 2 6 0 4 : G, 
69.36; H , 8.90%. 

Photosensitized Oxygenation of Furanoeremophilane (5). A 
stirred solution of furanoeremophilane, 5 (560 mg), and Rose 
Bengal (30 mg) in methanol (300 ml) was irradiated with a 
circular fluorescent lamp (30 watt) for 1 h under the bubbling 
of air. A subsequent working-up as has been described above 
gave a colorless crystalline mixture of hydroperoxides, which 
showed a single spot on T L C {R{, 0.40, benzene-ethyl acetate, 
10 : 1). T h e mixture was separated by fractional crystal­
lization from benzene to deposit the less soluble 8a-epimer 
(10a) (181 mg) first, and then the 8^-epimer (10b) (167 mg) 
from the mother liquors. 

Hydroperoxide (10a) : M p 123.5—124.0 °G (dec) as colorless 
needles, [a]2

D
4 - 1 5 . 2 ° (c, 1.0, M e O H ) ; M S : mje 264 (M+ 

- H 2 0 ) , 109 (base peak) ; IR(KBr) : 3300, 1700, 1130, 1040, 
960, 8 6 0 c m - 1 ; N M R (ace tone-^) : 11.20 (s, O O H ) , 5.70 
(s, 12-H), 3.07 (s, OGH 3 ) , 1.71 (d, 7 = 1 . 2 Hz, 13-CH3) , 
0.98 (d, 7 = 6 . 0 Hz, I4-CH3), 0.80 (s, 15-GH3). 

Found: G, 68.03; H , 9.24%. Galcd for C 1 6 H 2 6 0 4 : G, 
68.05; H , 9 .28%. 

Hydroperoxide (10b): M p 120.5—121.0 °C (dec) as colorless 
prisms, [a]a

D* + 2 . 9 ° (c, 1.01, M e O H ) ; M S : mje 264 ( M + -
H 2 0 ) , 109 (base peak) ; I R ( K B r ) : 3300, 1710, 1160, 1070, 
970, 920 c m - 1 ; N M R (acetone-i6) : 11.21 (s, O O H ) , 5.73 
(s, 12-H), 3.06 (s, OCH3), 1.74 (d, 7 = 1 . 2 Hz, 13-CH3) , 0.98 
(s, I5-GH3), 0.80 (d, 7 = 6 . 0 Hz, I4-GH3). 

Found: C, 68.03; H , 9.30%. Calcd for G 1 6 H 2 6 0 4 : G, 
68.05; H , 9 .28%. 

8a- and 8ß-Methoxy Lactones, (Ha) and (lib). A color­

less crystalline mixture of hydroperoxides, 10a,b, prepared 
from furanoeremophilane, 5 (455 mg) , was dissolved in pyri­
dine ( 1 ml) and acetic anhydride (2 ml) and then left overnight 
at room temperature . A subsequent working-up in the usual 
manner gave an oil (524 mg) which showed two spots on 
T L C (i?f, 0.78 and 0.70, CHC13) and which was then chromato-
graphed over silica gel (12 g). Elution with light pe t ro leum-
ether (50 : 1) and subsequent fractional recrystaUization from 
light petroleum gave 8a-methoxy lactone (11a) (130 mg) at 
first, and the 8/?-epimer ( l i b ) was obtained from the mother 
liquors. 

8oc-Methoxyepieremophilenolide (Ha) : M p 110.5—111.5 °G, 
colorless prisms, [a]2

D
4 - 1 6 8 ° (c, 0.95, CHG13) ; U V : ^ H 

227 n m (e, 12500); I R ( K B r ) : 1750, 1690, 1310, 940 c m - 1 ; 
NMR(GG14) : 3.05 (s, O C H 3 ) , 1.76 (d, 7 = 1.5 Hz , 13-CH3), 
0.98 (d, 7 = 7.0 Hz , I4-GH3), 0.77 (s, 15-GH3). 

Found : G, 72.59; H , 9 .20%. Calcd for C 1 6 H 2 4 0 3 : C, 
72.69; H, 9 .15%. 

8ß-Methoxyeremophilenolide (Hb) : M p 98.5—99.5 °G, color­
less needles, [<x]2D

4 + 1 6 4 ° (c, 1.08, CHG13); U V : A ^ 1 

225 n m (e, 11500); I R ( K B r ) : 1750, 1690, 1170, 990 c m - 1 ; 
N M R (CC14) : 2.99 (s, O C H 3 ) , 1.76 (d, 7 = 1.2 Hz, 13-GH3), 
0.98 (s, I5-GH3), 0.74 (d, 7 = 6 . 0 Hz, 14-GH3). 

Found : C, 72.65; H , 9 .27%. Galcd for G 1 6 H 2 4 0 3 : G, 
72.69; H , 9 .15%. 

Unsaturated Acid (8-Oxo-eremophila-6,11-dien-12-oic Acid) 
(13).xï A mixture of dimethoxy lactones, 9a ,b (200 mg) , 
was dissolved in methanol (10 ml) and 1.84 M potassium 
hydroxide-methanol (8 ml) and then left for 36 h. After the 
removal of the solvent and dilution with water, the solution 
was acidified with 10% sulfuric acid and then extracted with 
ether. A subsequent working-up as usual gave an acid (198 
mg) as a colorless oil, which was recrystallized from diiso-
propyl ether-l ight petroleum to afford the pure acid (13) 
(mp 95.0—96.0 °C). T h e acid, 13, was found by a mixed-
melting point determination and a comparison of the I R 
spectra to be identical with the 8-oxo-eremophila-6,ll-dien-
12-oic acid prepared from a mixture of 6/?-acetoxy-8(a and /?)-
methoxy lactones, 12a,b.x) 

8ß-Hydroxyeremophilenolide (17). A mixture of 8a- and 
8/?-methoxy lactones, l l a , b (53 mg) , was dissolved in a 1.5 M 
potassium hydroxide-methanol solution (1.3 ml) and then 
left for 3 h at room temperature . After the evaporation of 
the solvent in vacuo and acidification with 10% sulfuric acid, 
the reaction mixture was extracted with ether, washed with 
water, and dried. T h e removal of the solvent gave a semi-
crystalline product (59 mg) , which was subsequently re-
crystallized from methanol-diisopropyl ether to afford 8ß-
hydroxyeremophilenolide (17) (25 mg) as colorless prisms; 
m p 212.0—213.5 °C, [a]2

D° + 1 5 7 ° (c, 0.69, GHC13); U V : 
A ^ H 222 n m (e, 9200) ; M S : mje 250 (M+), 91 (base peak) ; 
IR(GHC1 3 ) : 3565, 3330, 1745, 1697 c m - 1 ; N M R (acetone-
d6): 5.90 (br s, O H ) , 2.83 (d, 7 = 1 3 . 5 Hz , 6-GH2) , 1.73 
(d, 7 = 1.6 Hz, 13-GH3), 1.04 (s, 15-GH3), 0.80 (d, 7 = 5 . 5 
Hz , 14-GH3). 

Found : G, 71.93; H , 8.70%. Calcd for G 1 5 H 2 2 0 3 : G, 
71.97; H , 8.86%. 
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The Synthesis and Properties of Diacyl Selenides 
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Diacyl selenides were synthesized in good yields by the deselenization of diacyl diselenides, which have con­
veniently been prepared from acyl chlorides and sodium hydroselenide. The reaction of dibenzoyl selenide with 
piperidine at 0 °G formed a fairly stable piperidinium salt. The methanolysis of distearoyl selenide gave seleno-
stearic acid as an unstable intermediate. 

Although the reactions of diacyl sulfides with various 
reagents have been investigated extensively, few studies 
of diacyl selenides have been known. In 1932, diben­
zoyl selenide was obtained by Szperl and Wiorogoski1) 
by the treatment of benzoyl chloride with dry hydrogen 
selenide in the presence of aluminium chloride. Re­
cently, Jensen et al.*) prepared dipropionyl selenide, not 
selenopropionic acid, by the reaction of propionyl 
chloride with hydrogen selenide in the presence of an 
equimolar amount of pyridine, but the yield was poor. 
In this paper, we will describe a convenient method for 
synthesizing diacyl selenides, which are important as 
the starting material for preparations of potassium 
selenocarboxylates,3) by the deselenization of diacyl 
diselenides with triphenylphosphine and will discuss 
the reactions of diacyl selenides with amines and 
methanol. 

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

The reaction sequence used in the synthesis of diacyl 
selenides is outlined in Scheme 1. 

NaHSe NaHSe 
RCOG1 •-> [RCOSeH > RCOSeNa] 

0 2 and I2 

RCOSeSeCOR (2) 

JPHSP 

RCOSeCOR (1) 

R = C6H5- (a), />-CH3C6H4- (b), />-ClC6H4- (c), 
/>-CH3OC6H4- (d), n-C17H35- (e). 

Scheme 1. 

First, diacyl diselenides were prepared by a new, 
convenient method. T h e oxidation of a mixture cf 
selenocarboxylic acid and sodium selenocarboxylate, 
which had been prepared by the reaction of acyl chlo­
rides and sodium hydrogen selenide in ethanol, gave 
diacyl diselenides in good yields, as is shown in Table 
l.4) Next, diacyl selenides were obtained in good 
yields by the deselenization of diacyl diselenides. T h a t 
is, the diacyl diselenides readily reacted with an equi­
molar amount of triphenylphosphine in benzene to 
give diacyl selenides and triphenylphosphine selenide. 
Diacyl selenides were isolated in good yields by the 
recrystallization of the resulting mixture from hexane— 
ether. The results and some properties are summarized 
in Table 2. 

Distearoyl selenide was also prepared by the one-step 
reaction of stearoyl chloride with sodium selenide in 

benzene. The recrystallization of the crude product 
from benzene gave distearoyl selenide in a 6 7 % yield, 
while small amounts of distearoyl diselenide and octa-
decylidene bis(selenostearate) were obtained as by­
products. O n the other hand, attempts to use the same 
method for the preparat ion of dibenzoyl selenide were 
unsuccessful, though some of the dibenzoyl diselenide 
was isolated. 

Reactions of Dibenzoyl Selenide with Amines. Jensen 
et al.2) have described that dipropionyl selenide reacted 
with aniline to form 2 mol of propionanilide. However, 
when dibenzoyl selenide was treated with 2 mol of 
piperidine at 0 °C, piperidinium selenobenzoate (3) 
was isolated in a 7 9 % yield. T h e piperidinium salt 
(3) was fairly stable in the solid state and did not change 
when left standing for a day under nitrogen. However, 
the salt (3) decomposed in ether at ordinary tempera­
tures to give 1-benzoylpiperidine, with the concurrent 
evolution of hydrogen selenide (Scheme 2). The salt 

PhCOSeCOPh + 2NH 
\ 

PhCOSe-NH 
\ 
i2\ + Phcor/ \ 

PhCON + H2Se 

Scheme 2. 

was confirmed by elemental analysis and by a study of 
its I R and N M R spectra. Tha t is, in the I R spectrum 
the characteristic multiple absorption bands ( Î>NH) at 
2500—3000 c m - 1 and a carbonyl absorption band at 
1550 c m - 1 were observed. T h e N M R spectrum showed 
peaks at 1.14 (6H, piperidine), 3.22 (4H, piperidine), 
7.48, 8.28 (5H, C e H 5 ) , and near 9.4 ppm (about 2H, 
N H 2 ) . Furthermore, the structure of the salt was 
chemically suported by the formation of methyl selenol-
benzoate in a 9 0 % yield by the reaction of the salt with 
methyl iodide in dry ether. 

PhCOSe-NH2 
\ 

+ GH3I PhCOSeCH. 

+ 

3 

W-HI 
/ 

In a similar way, the reactions of bis(/>-chlorobenzoyl) 
selenide and bis(/>-methylbenzoyl) selenide with piperi­
dine gave the corresponding piperidinium salts in 79 
and 8 2 % yields, respectively. Though, attempts to 
isolate the analogous adducts of dibenzoyl selenide with 
morpholine or dibutylamine failed, the infrared spectra 
of the oily substances, obtained by evaporating the 
solvent from the reaction mixture, showed multiple 
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TABLE 

Compound 

R 

2a 

2b 

2c 

2d 

2e 

a) ! 

G 6 H 5 

^-CH3C6H4 

/>-ClC6H4 

/>-CH3OC6H4 

n-C17H35 

Shoulder. 

Hideharu ISHIHARA, Shigeyuki SATO, and Yoshio HIRABAYASHI 

1. SYNTHESIS AND PROPERTIES OF DIACYL DISELENIDES (RCOSeSeCOR) 

Yield 

% 

77 

80 

81 

65 

86 

TABLE 2. SYNTHESIS 

Compound 

R 

l a 

l b 

l c 

i d 

l e 

C6H5 

^-CH3C6H4 

/>-ClC6H4 

/,-CH3OC6H4 

n-C17H35 

a) Shoulder. 

Yield 

% 

88 

93 

91 

77 

98 

Mp 

°C 

131.0—132.0 

110.0—111.5 

122.0—124.0 

106.0—107.0 

79.8— 80.3 

AND PROPERTIES 

Mp 

°C 

61.5— 62.3 

90.0— 91.0 

118.5—120.0 

77.8— 80.2 

75.3— 75.8 

Selenium 
Found(Calcd) 

% 

42.55 (42.90) 

39.41 (39.86) 

35.75 (36.13) 

36.20 (36.88) 

22.73 (22.79) 

OF DIACYL SELENIDES 1 

Selenium 
Found (Calcd) 

% 

27.08 (27.30) 

24.72 (24.89) 

21.88 (22.05) 

22.33 (22.61) 

12.74 (12.86) 

IR, cm-1 

(GC1J 
^c = o 

1741 
1700 
1744 
1704 
1739 
1700 
1746 
1703 
1732 

(RCOSeCOR) 

IR, cm-1 

(CC14) 
vc = o 

1737 
1685 
1738 
1690 
1737 
1686 
1735 
1687 
1775 
1715 

[Vol. 50, No. 11 

UV, nm 
(cyclohexane) 

^max ( l og« ) 

242 (4.47) 
281 (3.97) 
253 (4.51) 
280 (4.12) 
253 (4.53) 
285 (4.10) 
276 (4.53) 
285a> 
244 (3.56) 

UV, nm 
(cyclohexane) 
4 U (loge) 

252 (4.34) 
285 (3.86) 
263 (4.47) 
303 (3.85) 
263 (4.53) 
304 (3.89) 
282 (4.51) 
305a> 

261 (3.15) 

TABLE 3. METHANOLYSIS OF DISTEAROYL SELENIDE 

AT 50°C 

Reaction conditions 

Selenide Gas Time 
h 

l e N2 10 
l e N2 0.5 
l e air 0.5 
2e N2 0.5 

l e 

— 
22 
5 

10 

Yielda> 
Mole ratio(%) 

2e Esterb> 

— 100 
12 66 
27 67 
71 19 

a) The yields of these products were obtained by the 
UV method (Ref. 8). b) Methyl stéarate. 

bands(vNH) at 2500—3000 c m - 1 and a carbonyl absorp­
tion band at 1550 c m - 1 . These results may show that 
the reaction of diacyl selenide with amine gives, at 
first, the amine salt and amide, and that then the salt 
decomposes to give amide, with the evolution of hydro­
gen selenide. 

Methanolysis of Distearoyl Selenide. I t is known that 
the alcoholysis of diacyl sulfides gives the thio acid and 
the ester.5) O n the other hand, a methanolysis of 
distearoyl selenide ( le) in both a stream of nitrogen 
and air gave methyl stéarate, distearoyl diselenide (2c), 
and l e , with the concurrent evolution of hydrogen 
selenide, but selenostearic acid was not obtained. O n 
the other hand, as is shown in Table 3, in case of the 
reaction in a stream of air, the yield of 2e was 2 7 % , 
and in case of the reaction in a stream of nitrogen, 
that of 2e was 12%, whereas the yields of l e were 5 and 

2 2 % , respectively. Furthermore, the reaction mix­
tures comsumed iodine in methanol. These results show 
that 2e may be produced by the oxidation of seleno­
stearic acid. T h a t is, selenostearic acid may be formed 
by the methanolysis of l e , and the acid may change 
to l e with the evolution hydrogen selenide or may be 
oxidized to give 2e, as is shown in the following equa­
tions : 

RCOSeCOR + CH3OH > 

[RCOSeH] + RCOOCH3, (1) 

2[RCOSeH] — • RCOSeCOR + H2Se, (2) 
(O) 

2[RCOSeH] > RCOSeSeCOR + H 2 0 , (3) 

RCOSeSeCOR + CH3OH > 

[RCOSeH] + RCOOCH3 + Se + H2Se. (4) 

These equations are supported by the reaction of 2e 
with methanol in a stream of nitrogen to give l e , 
methylstearate and elemental selenium, with the concur­
rent evolution hydrogen selenide (Eq. 4). 

Exper imenta l 

Synthesis of Dibenzoyl Diselenide. Hydrogen selenide, 
generated from Al2Se3 (0.80 mol)7) and dilute hydrogen 
chloride and dried by being passed through a CaCl2-tube, 
was led into a solution of sodium ethoxide (0.60 mol) in 400 
ml of ethanol at 0 °C. Then, 71 g (0.50 mol) of benzoyl 
chloride was slowly added to the solution at 0 °C. After 
the stirring had continued for another 3 h, the mixture was 
treated with 100 g of iodine in ethanol and 5% aqueous 
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K 2 C 0 3 . T h e organic layer was extracted with benzene, and 
the benzene solution was washed with aqueous N a 2 S 2 0 3 and 
then water, and dried over N a 2 S 0 4 . T h e solvent was evap­
orated, and the residue was recrystallized from benzene-
ether. Yield, 70.8 g ( 7 7 % ) ; m p 131—132 °C (lit,1) 129— 
130 °C). 

Synthesis of Dibenzoyl Selenide. A mixture of equimolar 
amounts of dibenzoyl diselenide ( l l . O g ; 0.03 mol) and tri-
phenylphosphine (7.9 g; 0.03 mol) in benzene (150 ml) was 
stirred at room temperature for 1 h . After the benzene had 
then been evaporated under reduced pressure, ether was added 
to the residue. T h e resulting insoluble par t (Ph 3PSe; m p 
179—181 °G) was filtered off. After the ether had been re­
moved from the filtrate, recrystallizations of the residue solid 
from hexane-ether gave 7.6 g (88%) of dibenzoyl selenide 
as white crystals; m p 60—61^°C (lit,1) 61—62 °C). 

Synthesis of Distearoyl Selenide by the Reaction of Stearoyl Chloride 
with Sodium Selenide. In a four-necked flask, 300 ml of 
ammonia dried by being passed through GaO-tube was lique­
fied, and then metal sodium (2.3 g; 0.10 mol) was added. 
Thereafter, elemental selenium (3.95 g; 0.05 mol) was slowly 
added to the solution at —40 °G under vigorous stirring. 
After the stirring had been continued for another 2 h, a 
small portion of selenium or sodium was added, as required. 
(If the solution become orange, a small quanti ty of sodium 
was added, or if it showed blue, a small quanti ty of selenium 
was added) . Then , the solution turned white. After the 
solvent had been completely removed, to the residue in dry 
benzene (200 ml) stearoyl chloride (30.3 g; 0.10 mol) was 
added, drop by drop, at 50 °C and the stirring was continued 
for another 3 h. After the removal of the insoluble par t 
from the reacting mixture by filtration, the solvent was re­
moved. Recrystallizations of the residue from benzene gave 
20.5 g (67%) of distearoyl selenide; m p 75.3—75.8 °C ; Se 
12.78% (Calcd for G3 6H7 0O2Se: 12.86%), 1.5 g of distearoyl 
diselenide; m p 79.8—80.3 °C; Se 22 .73% (Galcd for C3 6H7 0-
0 2 S e 2 : 22.79%), and 0.8 g of (G 1 7 H 3 5 COSe) 2 CHC 1 7 H 3 5 ; 
m p 58—59 °C; Se 16.67% (Galcd for C5 4H1 0 6O2Se2 : 16.70%) 
r C - O 1709 cm- 1 , vG-Se 945 cm" 1 ; N M R peaks 4.82 ( - C H - , 
1H, T,) 2.59 ( - C H 2 C O - , 4H, T ) , 1.25 ( - C H 2 - , about 92H, 
S) and 0.83 ppm ( -CH 3 , 9H, T ) . 

Reaction of Dibenzoyl Selenide with Piperidine. A mixture 
of dibenzoyl selenide (2.90 g; 10 mmol) and piperidine (1.70 
g; 20 mmol) in 50 ml of anhydrous ether was stirred at 0 °C 

for 30 min. T h e resulting precipitated were collected from 
the reaction mixture, and recrystallizations of the precipitate 
from dichloromethane-hexane gave 2.13 g (79%) of piperidi-
n ium selenobenzoate. The filtrate was concentrated under 
reduced pressure, giving 2.28 g (128%) of 1-benzoylpiperidine 
and a small amoun t of elemental selenium. 

Reaction of Piperidinium Selenobenzoate with Methyl Iodide. 
T h e reaction of piperidinium selenobenzoate (1.0 g ; 3.7 mmol) 
with methyl iodide (2.6 g) in 20 ml of dry ether at room tem­
perature gave methyl selenolbenzoate (0.66 g, 9 0 % ; bp 105— 
106 °C/6 m m H g ) . T h e ester was identified by a comparison 
of its I R spectrum with that of an authentic sample. 

Reaction of Distearoyl Selenide with Methanol. Methanol 
(15 ml) was added to a solution of 615 mg of distearoyl selenide 
in benzene (30 ml) . T h e mixture was heated at 50 °G by 
means of N 2 gas. After 30 min, the reaction mixture was 
cooled and extracted with ether. T h e ether solution was 
washed with water, dried, and concentrated, giving a crystal­
line residue. Distearoyl selenide, distearoyl diselenide, and 
methyl stéarate were obtained by the recrystallization of the 
residue, while the hydrogen selenide was evaporated dur ing 
the reaction. W e found nothing else. T h e yields (Table 3) 
of these products in the residue were calculated by fitting a 
equation8) to extinction at 244 and 261 nm. 
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On the Mechanism of the Formation of Steroidal Cyclic Hydroxamic 
Acids in the Photolysis of Steroidal 17/3-ol Nitrite1} 

Hiroshi SUGINOME, Norihisa YONEKURA, Terutoshi MIZUGUCHI , and Tadashi MASAMUNE 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received April 18, 1977) 

The Photolysis of 5a-androstane-3a, 17/?-diol 3-acetate 17-nitrite (1) in benzene with monochromatic light (372 
± 4 nm) afforded two rearranged products, 17a-aza-D-homo-5a-androstane-3a,17a-diol-17-one 3-acetate (2) and the 
G-13 epimer (8). This result confirmed that the cyclization of the nitroso aldehyde intermediate (C) to the two 
products 2 and 8 proceeds without the involvement of excited species of the nitroso aldehyde intermediate C 
This conclusion differs from that obtained for bornyl and isobornyl nitrites by Kabasakalian and Townley. The 
results of photolysis in carbon tetrachloride are also compared with that in benzene. The photolysis of the nitrite 
1 in an EPA matrix at 77 K showed that essentially no /?-cleavage of the 17/?-oxyl radical takes place at the 
temperature of liquid nitrogen. 

In previous papers, the formations of steroidal cyclic 
nitrones and spiroisoxazolines via the photochemical 
rearrangement of steroidal cyclopentyl and cyclopent-
enyl nitrites were reported.2a-2e) The reaction path­
ways of these photoinduced rearrangements were con­
firmed to involve nitroso aldehyde intermediates formed 
via the /^-cleavage of the oxyl radical to afford the allyl 
radical, followed by the combination of N O and the 
allyl radical.2b'2c> The cyclization of the nitroso alde­
hyde to the products is a thermal process and proceeds 
without any involvement of excited species.2c,2d> 

In connection with these investigations, we were 
interested in the formation of a steroidal cyclic hydro­
xamic acid (2) via the photochemical rearrangement of 
a steroidal 17-nitrite (1) reported by Barton and his 
collaborators,3) since the proposed pathway for this 
photoinduced rearrangement, which is illustrated in 
Scheme 1, involved also the formation of a nitroso 
aldehyde intermediate (C) and its cyclization to the 
product 2.3> Although the proposed pathway is quite 
reasonable, no experimental evidence for the intermedi-
acy of the nitroso aldehyde C has been available and 
the problem of whether the cyclization of the nitroso 
aldehyde C is a thermal process or a photochemical 
one seemed also to remain to be clarified. 

Subsequent to this work,3) Kabasakalian and 
Townley4) and Nakazaki and Naemura5) reported an 
analogous photorearrangement of bornyl and isobornyl 

ONO Ô 

AcO 
(1) 

H 
(A) 

-OJr 
NO 

H v . 0 

0 
Il H+ 

(B) 

H 
(D) 

Scheme lf 

(C) 

OH 

{ty° 
H, 

(2) 

nitrites. These two groups of investigators found that 
the photolysis of bornyl and isobornyl nitrites (e.g., 3) 
in benzene or in trichlorotrifluoroethane with black 
light or ultraviolet light led to the formation of 1,8,8-
trimethyl-2-hydroxy-2-azabicyclo[3.2.l]octan-3-one (4) 
in a 27—30% yield, together with several prod­
ucts derived from a /9-cleavage of the corresponding 
oxyl radical, as is depicted in Scheme 2. Moreover, 

ONO" 
+other products 

(4) 

Scheme 2. 

Kabasakalian and Townley were able to isolate a nitroso 
aldehyde intermediate (5), although none of its physical 
constants were given in the paper.4) They also reported 
that they succeeded in converting the nitroso aldehyde 
5 into the hydroxamic acid 4 on exposure to sunlight or 
a neon lamp (585—660 nm) , but failed to transform 
the aldehyde 5 into the hydroxamic acid 4 by heat at 
60 °G (Scheme 3). O n the basis of these results, they 
concluded that the cyclization of the nitroso aldehyde 
5 to the hydroxamic acid 4 took place from an excited 
species of the nitroso aldehyde 5. 

sunlight 

CHO heat, w 60° (4) 

Scheme 3. 

It would not be unreasonable to extrapolate these 
results to the pathway of the analogous rearrangement 
of the steroidal 17-nitrite. In order to obtain indepen­
dent evidence for the intermediacy of the nitroso alde­
hyde C and the mode of cyclization in the steroidal 
rearrangement, however, we carried out the photolysis 
of the nitrite 1 with a monochromatic light and the 
photolysis of the nitrite 1 in an EPA matrix at 77 K. 
Thus, if the hydroxamic acid 2 is formed from the as­
sumed nitroso aldehyde C, we can readily ascertain 
whether this process is thermal or photochemical by 
the photolysis of the nitrite 1 with monochromatic light, 
which will be able to excite only the O - N O group of 
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the nitrite 1, not the C - N O group or the C H O group 
of the assumed nitroso aldehyde intermediate (s) C 
in Scheme 1. 

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

The O - N O group generally has a characteristic struc­
tured band centred at ca. 370 nm due to the n-»7r* 
transition.6) The stronger absorption at the shorter 
wave length was ascribed to the intramolecular charge-
transfer band.7) The U V spectrum of 5a-androstane-
3a-17/?-diol 3-acetate 17-nitrite (1) in benzene or in 
T H F exhibited a characteristic structured absorption 
due to the n-»7r* of the O N O group centred at ca. 
372 nm (e; 112 in benzene). O n the other hand, the 
nitroso aldehyde (1) would have one weak absorption 
at ca. 290 nm8) due to an n->7r* transition of the aldehyde 
group, and another at 670 n m due to the n->7r* transi­
tion of the C-nitroso group.9) Therefore, the nitrite 1 
in dry benzene was photolyzed with 3 7 2 ± 4 nm mono­
chromatic light generated by a GRM-FA grating spec-
troirradiator in order to excite only the O N O chromo-
phore. A careful separation of the products by pre­
parative T L C afforded 5a-androstan-3a-ol-l 7-one 3-
acetate (6) (8%) , 5a- androstane-3a, 17/5-diol 3-acetate 
(7) (12%), a new compound (8) (mp 118—120 °C), 
(21%), and 17a-aza-D-homo-5a-androstane-3a,17a-
diol-17-one 3-acetate (2)3) (20%), in the order of de­
creasing mobilities in T L C (Scheme 4). The electron-

0 OH OH OH 

H H it Â 
(6) (7) H

(8)
 H(2) 

Scheme 4. 

impact mass spectrum of the new compound 8 revealed 
a fragmentation pattern very similar to that of the 
hydroxamic acid 2. They both show a molecular ion 
at m\e 363 and the principal fragment ions at m\e 348, 
332, 272 and 150. The relative intensities of the princi­
pal ions in the mass spectra of the two compounds 2 and 
8 are shown in Table 1. This mass spectrum, together 
with the I R and N M R spectra, suggest that the structure 
of the new compound is 17a-aza-D-homo-5a, 13a-
androstane-3a, 17a-diol-17-one 3-acetate. 

TABLE 1. RELATIVE INTENSITIES (%) OF THE PRINCIPAL 

IONS IN THE MASS SPECTRA OF COMPOUNDS 2 AND 8 

mje 
Gompd M+- y ^ 

348 332 272 150 

2 1 12 100 10 24 
8 4 48 100 16 10 

The base peak of the two compounds 2 and 8 is the 
fragment ion 332 corresponding to [ M - C H 3 , 0 ] + . The 
(a) in Scheme 5 is a possible representation of this 
fragment. The intense fragment ion at mje 348 involves 
the elimination of GH3 , and this ion may possess the 
structure (b) in Scheme 6. The intense peak at mje 
150 is most probably formed via an ion (c)10> identical 

OH 

H H 
13a or 13/? (a) m/e332 

Scheme 5. 

OH OH 

H H 
13aor 13/? (b) We348 

Scheme 6. 

m/el50 

Scheme 7. 

with the ion postulated for the mass spectral fragmenta­
tion11) of 17a-aza-5a-androstan-17-one and is represen­
ted as having a structure (d). T h e pathway for the 
formation of the ion (d) from the ion (c) suggested by 
Budzikiewicz and his collaborators11) is illustrated in 
Scheme 7. 

This structure for the hydroxamic acid 8 was con­
firmed by its conversion into 17a-aza-D-homo-5a,13a-
androstan-3a-ol-l7-one 3-acetate: the reduction of the 
product 8 with zinc and acetic acid under reflux3) 
afforded the corresponding known lactam identical 
with an authentic sample12) prepared by the Beckmann 
rearrangement of an oxime of 5a,13a-androstan-3a-ol-
17-one acetate. Very similar results were obtained in 
the photolysis of the nitrite 1 with Pyrex-filtered light, 
as is shown in Table 2. 

Since the monochromatic light of 3 7 2 ± 4 n m is 
unable to excite the formyl group or the nitroso group 
of the hypothetical intermediate C, it may be concluded 
that the cyclization of the nitroso aldehyde C to the 
observed hydroxamic acids 2 and 8 is a thermal process. 
This conclusion differs from the one obtained for bornyl 
and isobornyl nitrites by Kabasakalian and Townley.4) 

TABLE 2. YIELDS (%) OF THE PRODUCTS IN THE 

PHOTOLYSIS OF THE NITRITE 1 WITH 

MONOCHROMATIC LIGHT IN VARIOUS SOLVENTS 

Benzenea) 
Benzene 
THF 
GG14 

6 

10 
8 

traced 
21 

7 

9 
12 
52 
52 

8 

20 
21 
13 
8 

2 

20 
20 
12 
8 

a) Results with Pyrex-filtered light. 
b) Detected by TLC, 
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The mode of the transfer of the 17-hydrogen of the nitrite 
1 remains to be clarified. 

In order to examine the effects of solvents, the photol­
ysis of the nitrite 1 in two aprotic solvents, T H F and 
carbon tetrachloride, was studied. Thus, it was found 
that the four products, 6, 7, 8, and 2, are also formed 
in two solvents under conditions comparable to the case 
in benzene and with light of a 3 7 2 ± 4 n m wave length. 
However, the ratios of the four products are different, 
as is shown in Table 2. 

Thus, it is apparent that the hydroxamic acids are 
generally produced in aprotic solvents.13) However, the 
main product in T H F and in carbon tetrachloride is 
the parent alcohol 7. Needless to say, T H F is a better 
hydrogen-donating solvent than benzene, and hydrogen 
abstraction by the 17/9-oxyl radical from a hydrogen 
attached to the oxygen-bearing carbon of T H F may 
take place readily to produce the parent alcohol. In 
the photolysis in carbon tetrachloride, the ketone 6 
is formed in a considerable amount , together with the 
parent alcohol. Some of these compounds, 6 and 7, 
may perhaps be formed via the disproportionation of 
the 17/Ö-oxyl radical (A). 

We also carried out the photolysis of bornyl nitrite 
3 in benzene. Let us discuss the results briefly. The 
photolysis of the nitrite 3 in benzene with monochro­
matic light (358±8 nm) gave the hydroxamic acid 4,4'5> 
although the yield was only 3 % and the major product 
was the parent borneol, as was confirmed by T L C . 
A repetition of the photolysis with Pyrex-filtered light 
also afforded the hydroxamic acid 4 in an equally poor 
yield (ca. 2%) and borneol as the major product (T-
LC).14) These results indicate that the hydroxamic acid 
4 may also be formed by a thermal cyclization of the 
nitroso aldehyde 5. 

Finally, an experiment aimed at proving the inter-
mediacy of the nitroso aldehyde C will be described. 
In a previous publication20) we described the photolysis 
of a nitrite carried out in an EPA matrix at 77 K. 
This technique successfully proved the intervention of 
a nitroso aldehyde in the photorearrangement of the 
nitrite to nitrone. In the present case, the nitrite 1 
in an EPA matrix (8.3 X 10~3 M) was photolyzed at 
77 K through a Pyrex glass filter in the hope that we 
might be able to t rap the nitroso aldehyde intermediate 
C. The reaction was monitored by U V spectroscopy 
in the 250—800 n m region, as in the previous case.2c) 
However, in contrast to the case of the nitrite-nitrone 
transformation,20) the increase in the absorption maxi­
m u m at ca. 670 n m in the matrix due to the G-nitroso 
compound C was not signifcant, even after a prolonged 
irradiation. This is due to the fact that the ^-cleavage 
of the 17/?- oxyl radical (A) at 77 K took place to only 
a small extent, as was proved by the presence of the 
hydroxamic acids on the thin-layer chromatogram of 
the EPA solution after irradiation. 

Exper imenta l 

For the instruments and general procedures, see Part 302d> 
in this series. 

5cc-Androstane-3<x,17ß-diol 3-Acetate 17-Nitrite (1). This 
nitrite was prepared by the procedure of Barton and his col­

leagues.3) Mp 183—184 °G (lit,3) 177—180 °G) NMR: r 
9.26 (18-H), 9.20 (19-H), 7.94 (OAc), 5.00 (bs. Wl/2=7.5 
Hz) (3ß-H), 4.78 (t, .7=8.4 Hz) (17a-H). UV: l^T™ (nm) 
372 (112), 360 (116), 348 (96), 336 (72). C M 372 
(93), 360 (96), 348 (81), 336 (64). 

Photolysis of the 17-Nitrite 1 with Pyrex-filtered Light. A 
solution of the nitrite 1 (300 mg) in dry benzene (30 ml) 
was irradiated for 1.5 h under an argon atmosphere with a 
100-W high pressure Hg arc at room temperature. After 
the removal of the solvent by means of rotatory evapo­
rator at 30 °G, the residue was subjected to preparative TLC. 
Four fractions, A, B, G, and D, were obtained in order of 
decreasing mobilities. The most mobile fraction, A (26 mg, 
10%) j w a s 5a-androstan-3a-ol-17-one acetate (6). The sec­
ond most mobile fraction, B (26 mg, 9%), was 5a-androstane-
3a,17/?-diol 3-acetate 7. The fraction G was recrystallized 
from aq ethanol to afford a new compound (8) (60 mg, 20 
% ) ; mp 118—120 °G. Found: G, 69.11; H, 9.19; N, 3.70 
%. Galcd for G21H3304N: G, 69.39; H, 9.15; N, 3.85%. 
IR: 1742 (OAc), 1628 (amide G=0), 3127 cm-1 (hydrogen 
bonded hydroxyl). NMR: r 9.28 (19-H), 8.64 (18-H), 
7.06 (OAc), 4.99 (bs. WV3=7.5 Hz) (3£-H) 7.44—7.62 (m, 
2H, 16a- and 16^-H). 

The fraction D was recrystallized from ether to afford 17a-
aza-D-homo-5a-androstane-3a,17a-diol-17-one 3-acetate (2) 
(59 mg, 20%). Mp 230—234 °C. (Lit,3) mp 229—233 °G). 
NMR: r 9.21 (19-H), 8.74 (18-H), 7.95 (OAc), 4.99 (b.s. 
W/l/2=7.5 Hz) (3ß-H), 7.46—7.62 (m, 2H, 16a- and 16£-H). 

Photolysis of the 17-Nitrite 1 with Monochromatic Light (372± 
4 nm). a) Photolysis in Benzene: A solution of the 
nitrite (200 mg) in dry benzene (3 ml) in a quartz cell (lOx 
10x45 mm) was flushed with argon and then placed in the 
chamber of a JASGO GRM-FA grating spectroirradiator. 
Irradiation was carried out with light of 3 72 ± 4 nm. The 
progress of the reaction was monitored by means of TLG. 
After the completion of the photolysis (33.3 h), the solution 
was evaporated in vacuo. The TLG of the residue exhibited 
4 spots (benzene/ether =1/5) ; the residue was subjected to 
preparative TLG (benzene/ether = 1/1) as has been described 
above. The yields of the four products were as follows: 
ketone 6 (15 mg, 8%); \lß-o\ 7 (22 mg, 12%); hydroxamic 
acid 8 (41 mg, 21%); isomeric hydroxamic acid 2 (40 mg, 
20%). b) Photolysis in THF: A solution of the nitrite 1 
(200 mg) in dry THF (3 ml) in a quartz cell was flushed 
with nitrogen and then photolyzed as in the photolysis in 
benzene. Eleven hours was required for the completion of 
the photolysis. The yields of the four products were as 
follows; ketone 6 (trace); \lß-o\ 7 (96 mg, 52%); hydro­
xamic acid 8 (26 mg, 13%); isomeric hydroxamic acid (2) 
(23 mg, 12%). c) Photolysis in Carbon Tetrachloride: A solu­
tion of the nitrite (200 mg) in dry carbon tetrachloride 
(luminazol, dotite, Wako) (3 ml) in a quartz cell was flushed 
with argon and then photolyzed as has been described 
above. Forty hours were required for the completion of 
the photolysis. The yields of the four products were as 
follows: ketone 6 (37 mg, 21%); \lß-o\ 7 (95 mg, 52%); 
hydroxamic acid 8 (16 mg, 8%); isomeric hydroxamic acid 
(2) (15 mg, 8%). 

17a-Aza-T>-homo-5oc,13oc-androstan-3oc-ol-17-one 3-Acetate by 
Reduction of the Hydroxamic Acid 8. Into a solution of 
the hydroxamic acid 8 (14 mg) in glacial acetic acid (2.8 ml), 
we stirred Zn dust (70 mg). After solution has then been 
heated under reflux for 3 h, the reaction mixture was filtered 
and the filtrate poured into ice water. The solution was 
neutralized with saturated sodium hydrogencarbonate solution 
and extracted with methylene chloride. The dichloromethane 
solution was worked up in the usual way. The residue 
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(12 mg) was purified by preparative T L C to afford the lactam, 
8, R = H , (4mg) (mp 192.5—193.5 °G), identical with an 
authentic specimen.12) 

Photolysis of dl-Bornyl Nitrite 3 with Monochromatic Light 385 
±8 nm. A solution of the nitrite (1.5 g) in dry benzene 
(2 ml) in a quartz cell was flushed with argon and then pho-
tolyzed as in the photolysis of steroidal nitrites. Eighty-five 
hours were required for the completion of the photolysis. 
The yellowish green solution was evaporated in vacuo, and 
the residue was subjected to preparative T L C (benzene/ether; 
4/1). T h e polar fraction containing the hydroxamic acid 
was then again subjected to preparative T L C (ether). T h e 
least mobile fraction (46 mg, 3%) was the hydroxamic acid 
4. T h e analytical results of a specimen obtained by chroma­
tographic purification were in agreement with the C 1 0 H 1 7 NO 2 

formula. (Found: G, 65.80, H , 9.21, N , 7.48%) M S , mfe 
183 (M+); N M R : r 8.65 (1-methyl), 8.95, 8.99 (8.8-gem 
dimethyl) I R : 1637 (amide G = 0 ) , 3131 and 3 4 1 1 c m - 1 

(hydrogen-bonded hydroxyl). 

Photolysis of d-Bornyl Nitrite 3 in Benzene with Pyrex-filtered 
Light. Bornyl nitrite 3 (2 g) in dry benzene (200 ml) 
was photolyzed for 12 h. A brownish solution was evaporated, 
and the residue was recrystallized from hexane to yield the 
crude hydroxamic acid. T h e compound was again recrys­
tallized from benzene-hexane to yield 37 mg (2%) of the 
hydroxamic acid 4. 

Irradiation of the Nitrite 1 in an EPA Matrix at 77 K. 
T h e matrix was prepared by dissolving the nitrite 1 (30 mg) 
in EPA (diethyl ether- isopentane-ethanol 1 : 1 : 2 in volume) 
10 ml (8.3 X 10 - 3 M) and by then freezing the solution with 
liquid nitrogen. T h e matrix was degassed by freeze-thaw 
cycles. This matrix was irradiated through a Pyrex-filter 
with a 250-W super high-pressure H g arc ( U S H I O U I 
50IG). T h e change in the spectrum was monitored at 
appropriate time intervals by means of a Garry ultraviolet 
spectrometer. After a 30-min irradiation, a very weak broad 
absorption at 695 n m due to the G-nitroso compound ap­
peared, although the banded absorption due to the O - N O 
(385, 372, 358, 348, and 336 nm) nearly vanished. After 
the matrix had been brought to room temperature , a T L G 
examination of the solution revealed that the major product 
was the 11 /?-ol 7, though traces of the hydroxamic acids 2 
and 8 were also present. 

W e t h a n k Professor K a t s u m i K i m u r a of t h e R e s e a r c h 
I n s t i t u t e of A p p l i e d E lec t r i c i ty of H o k k a i d o U n i v e r s i t y 

for his h e l p in t h e m a t r i x e x p e r i m e n t . W e also t h a n k 
T o m o k o O k a y a m a of th is l a b o r a t o r y for t h e X H N M R 
m e a s u r e m e n t s . 
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The reaction of hexafluoropropene (HFP) with 2-aminobenzamide afforded 2-( 1,2,2,2-tetrafluoroethyl)-4(3ü> 
quinazolinone (4) and iV-(2-cyanophenyl)-2,3,3,3-tetrafluoropropionamide (5) in caA : 1 ratio, which is essentially 
independent of the reaction temperatures ranging from room temperature to 100 °C. The formation of the two 
products is explained in terms of the competitive cyclization of the imidoyl fluoride intermediate, the N-6 and 0-6 
ring closures ultimately yielding 4 and 5, respectively. In contrast to the HFP reaction, 2-(trifluoromethyl)penta-
fluoropropene (OFIB) and 2-aminobenzamide gave only the 0-6 cyclized product, iV-(2-cyanophenyl)-2-trifluoro-
methyl-3,3,3-trifluoropropionamide. The difference in reactivity between HFP and OFIB is discussed. 

It is well-known that amines undergo nucleophilic 
addition to perfluoroolefins affording acetamidine 
derivatives via reactive imidoyl fluoride intermediates 
(1)M> (Eq. 1). 

RNH2 + CFa=CFRf > 

R N H 2 

[R-N=CF-CHFR f] > R-N=C-CHFR f (1) 

1 NHR 

Rf = F, CF3, etc. 
The reaction of hexafluoropropene (HFP) with 2-
substituted anilines afforded the heterocyclic compounds 
(2) in good yields3) (Eq. 2). The formation of the he­
terocyclic products has been explained by the X-54) 
ring closure of the imidoyl fluoride (3). 

(HFP) 

A / N H , 
CF2=CFCF3 + | O I 

V / \ X H 

X = 0 , NH 

| O I V G H F G F , 

V\x/ 
(2) 

The reaction of perfluoroolefins with 2-aminobenz­
amide is of particular interest since the carbamoyl group 
is expected to act as " an ambident internal nucleo-
phile"5) affording the N-6 and/or 0 - 6 cyclized products. 
Thus we have studied the reactions of H F P and 2-(tri-
fluoromethyl)pentafluoropropene (OFIB, octafluoro-
isobutylene) with 2-aminobenzamide. This paper deals 
with the reaction mechanisms involving the competitive 
cyclization of the imidoyl fluoride intermediates. 

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

Product Determinations. T h e reactions of H F P 
with 2-aminobenzamide were carried out in iV,iV-dimetli-
ylformamide (DMF) under various conditions in pres­
sure vessels. As an example, a mixture of H F P and 
the benzamide in D M F was stirred overnight at room 
temperature and then at 60 °C for 6 h. Removal of 
D M F in vacuo gave a solid residue. Its 19F N M R spec­
t rum indicates that the residue consists of two compounds 

* UNESCO Post-graduate Fellow on leave from the 
Department of Chemistry, Cairo University, Cairo, A. R. 
Egypt. 

in nearly 1 : 1 ratio. T h e two compounds were then 
successfully separated by utilizing the great difference 
in solubility in hot water. O n the basis of the spectral 
data, the water-soluble and insoluble parts were assig­
ned to 2-(l,2,2,2-tetrafluoroethyl)-4(3#)-quinazolinone 
(4) and JV-(2-cyanophenyl)-2,3,3,3-tetrafluoropropion-
amide (5), respectively. T h e formation of 4 was easily 
anticipated but that of 5 was somewhat surprising, and 
it is suggested that a dehydration process permitting 
the conversion of the carbamoyl to the cyano group 
was involved in the reaction. 

A / N H 2 
HFP + | O I 

V N C O N H a 

O 

/ V N * / C H F C r , 
IO I I 
W N H 

II 

o 
4 

/ X / N H C G H F C F » 
+ I O I 

\ / \ G = N 
5 

Table 1 gives the results of the reactions carried out 
under various conditions. T h e product ratio is seen 
to be independent of the reaction conditions. 

TABLE 1. REACTIONS OF HFP WITH 2-AMINOBENZAMIDE 

Run 

1 
2 
3 
4b) 

5 
6 
7 

Temp 
(°C) 
50 
60 
70 
70 
80 

100 
R. T. 

Time 
(h) 

10 
6 
5 
7 
8 
6 
5 day 

Total yield 
(%) 

41 
63 
33 

7.5 
84 
77 
28 

Product ratioa> 
4 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

5 
1.06 
1.02 
1.19 
1.13 
1.14 
1.05 
1.37 

a) Determined by 19F NMR analysis of the reaction 
mixtures. The values are essentially the same as those 
obtained from weights of each compound separated 
from the reaction mixtures. b) The reaction was 
carried out in an open system in which which HFP 
was bubbled to a solution of the benzamide in DMF. 

T h e structure proofs for 4 and 5 are as follows. Both 
mass spectral and elemental analytical data for 4 and 
5 gave the same formula G1 0H6F4N2O. 

For the quinazolinone 4, the I R spectrum shows 
bands at 2900—3005 (NH), 1680 (G-O) , and 1615 
c m - 1 (G-N). Both 19F and *H N M R spectra un-
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© F 

0 0 

N-6 C y c l i z a t i o n 

N = C F - C H F C F . 

Scheme 1. 

210 250 230 

Wavelength (nm) 

Fig. 1. UV spectra of the quinazolinone 4 and refer­
ence compounds in 95% ethanol. 

4; 6; 7 . 

equivocally indicate the presence of the grouping of 
- C H F - C F g (see Experimental). Comparison of its U V 
spectrum with reported spectra6) for 4(3//)-quinazoli-
none (6) and 3-methyl-4(3//)-quinazolinone (7) (Fig. 1) 
supports the quinazolinone structure for 4. I t has been 
established that the parent compound 6 exists mainly 
in the hydroxy tautomeric form (6a). 6>7) Although the 
three tautomeric forms, 4a, 4b , and 4c, are possible 
for the product 4, the spectrum of 4 is more similar to 
that of 7 than that of 6, suggesting that 4 exists mainly 

the tautomeric form 4a. i n 

l O l I 
X / V N H 

H 

o 
6 

A / N , \ 
IO I I 

OH 
6a 

IO I I 
X / \ / N C H 3 

H 

O 
7 

H 
/ \ / N s X / C H F C F 3 / \ / N ^ C H F C F 3 / X / N ^ C H F C F g 
IO I I I O I I IO I II 

,/NH X / V . N V V N 
O OH 6 
4a 4b 4c 

Quinazolinone 4 fluoresces a light green color and 
is soluble in concentrated aqueous sodium carbonate 
solutions to give a salt stable even in the boiling solutions. 
O n acidification 4 was recovered unchanged. Methyl-
ation of 4 with diazomethane in a mixture of ethanol 
and ether afforded a single product assigned to the 3-
methylquinazolinone 8 based on the following spectral 
data. The I R spectrum of 8 showed bands at 1600 
(C=0) and 1605 cm" 1 (G-N), no absorption due to 
the N H being observed. T h e 1U N M R spectrum 
showed not only a slightly split singlet at 3.4 p p m for 
the N - G H 3 protons but also the presence of the grouping 
of - C H F - C F g . T h e finding supports the tautomeric 
structure 4a for 4. Although 6 (mainly 6a) reacts 
with hydrazine hydrate giving 3-amino-4(3//)-quinaz-
olinone via a ring-opening,8) no similar reaction of 
4 takes place under the same conditions. 

/ ^ \ / N ^ C H F C F 3 CH2N2 

IO I I < 
v/NGH3 

NH2NHZ 

-X- -

II 

o 

, /N s N /GHFGF3 

IO I I 
H 

o 
8 

O n the other hand, the structure of another product 
5 was elucidated as follows. The I R spectrum of 5 
showed bands at 3226 (NH), 2230 ( G E N ) , and 1684 
c m - 1 (C=0) . Both the 19F and 1H N M R spectra 
indicated the presence of the grouping o f - G H F - C F 3 . 
The structure was confirmed by an independent synthe­
sis of an authentic sample (Eq. 3). The authentic 
sample thus obtained was identical with 5. 

(3) 
s/NH, 

I O I + CFgCHFGOCl 
\ / \ C E N 
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Reaction Mechanisms The formation of 4 and 5 
can be explained in terms of the competitive N-6 vs. 
0 - 6 cyclization of the imidoyl fluoride intermediate 
(9) formed via addition of the amino group to H F P 
followed by elimination of H F (Scheme 1 ). 

Imidoyl fluoride 9 thus formed undergoes the N-6 
cyclization via the attack of the carbamoyl nitrogen 
at the imidoyl carbon atom followed by proton transfer 
and elimination of H F to give the quinazolinone 4. 
Alternatively 8 undergoes the 0 - 6 cyclization by the 
attack of the carbamoyl oxygen followed by elimina­
tion of H F accompanied by the cleavage of the carbon-
oxygen bond, finally yielding the cyanoanilide 5. The 
0 - 6 ring closure is of mechanistic and synthetic inter­
est since it can be considered as an intramolecular 
dehydration reacion accomplishing the conversion of 
the amido into cyano groups. 

Reaction of OFIB with 2-Aminobenzamide. The 
reaction of O F I B with 2-aminobenzamide was studied. 
The benzamide was allowed to react with O F I B in 
D M F at 60 °G for 4 h to afford only N-(2-cyanophenyl)-
2-trifluoromethyl-3,3,3-trifluoropropioamide (10) in 82 
% yield; no quinazolinone 11 was found in the resulting 
mixture. The I R spectrum of 10 showed a strong 
band at 2240 c m - 1 due to the cyano group, and the 19F 
N M R spectrum exhibited a doublet at — 15 p p m for 
CH(CF 3 ) 2 

O 

CF2=C(CF3)a + | O 1 
\ / \ C O N H 2 (OFIB) 

/ \ / N s N / C H ( C F 3 ) 2 

IOI I 
, /NH 

H 
O 

11 

/ X / N H C C H ( C F 3 ) 2 

I O I 
X / ^ C E N 

10 

/ F R \ 

I O I ' 

NH, 

9, Rf = F 
12, R f = C F 3 

I t should be noted that the O F I B reaction proceeds 
more rapidly than the H F P reaction. Such a difference 
between H F P and O F I B can be interpreted by assuming 
the difference in the electrophilicity of the imidoyl 
carbon atoms in 9 and 12; the carbon atom in 12 is 
more electron-deficient and might combine only with 
the more highly electron-donating carbamoyl oxygen 
rather than the carbamoyl nitrogen leading to the 
exclusive 0 - 6 cyclization process. 

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

All melting points are uncorrected. IR and UV spectra 
were recorded on Hitachi 215 and EPS-3T spectrometers, 
respectively. 19F NMR spectra were taken with a Hitachi 
R-24F spectrometer using trifluoroacetic acid (TFA) as an 
external standard, the chemical shifts being given in <5 ppm 
upfield from TFA. XH NMR spectra were measured with 
a Hitachi R-24 and a Varian EM 360 spectrometer using 
tetramethylsilane (TMS) as an internal standard, the chemical 
shifts being given in ô ppm downfield from TMS. Mass 
spectra (MS) were recorded on a JEOL JMS-D100 spectrom­
eter. 

Reactions of HFP with 2-Aminobenzamide. A typical 

procedure is as follows. HFP (3 ml, 25 mmol) was trans­
ferred from the bomb to a trap tube cooled in a dry ice-acetone 
bath, and then put into a cooled pressure vessel equipped 
with a magnetic stirrer in which 2-aminobenzamide (2.0 g, 
12 mmol) and 30 ml of DMF were placed. The vessel was 
then closed and brought to room temperature (internal 
pressure, 3.1 kg/cm2). The mixture was stirred overnight 
at room temperature and then heated at 60 °C for 6 h. 
The vessel was carefully opened after being cooled and the 
resulting mixture was transferred to a distillation apparatus. 
The solvent was completely distilled under reduced pressure 
and the residual solid was cooled and collected to give a 
solid mixture (2.26 g, 63%). The solid mixture was sepa­
rated by recrystallization from hot water (10 ml). The 
water-insoluble solid was filtered and recrystallized from 
methanol to give colorless plates of 4; mp 210—212 °C; 
IR (KBr), 2900—3005 (NH), 1680 (C=0), and 1605 cm"1 

(G-N); 19F NMR (DMSO), ô - 2 . 0 (d of d, Jvic_HF=10.8 
and y^ c _ F P =10.8Hz, CHF-CF3) and +126 (d of q, 
/*e-FF=10.8 and y(7ew-HF = 36.2 Hz, CHF-CF3); *H NMR 
(GDGI3), ô 6.4 (d of q, CHF-CF3) and 7.5—8.3 (m, 4H, 
aromatic protons); UV (ethanol) (Fig. 1), Amax (loge), 
313.5 (3.47), 301 (3.57), 277.5 (3.80), 269 (3.81), and 227 
nm (4.23); MS, mje 246 (M+, 100%). 

Found: G, 48.41; H, 2.37; N, 11.37%. Galcd for 
C10H6F4N2O: C, 48.79; H, 2.46; N, 11.38%. 

The filtrate was cooled in an ice box to give colorless 
needles of 5; mp and mixed mp 95—96 °G; IR (KBr), 3226 
(NH), 2230 (C=N), and 1680 cm-1 (G=0) ; 19F NMR (DM­
SO), ô - 4 . 0 (d of d, y^ c-HF = 9.9 and Jvic-FF=9.9 Hz, 
CHF-GF3) and +125 (d of q, fgem-UF = 36.2Hz, CHF-
CF3); m NMR (GDG13), ô 3.3 (br s, 1H, NH), 6.08 (d of 
q, 1H, CHF-CF3) and 7.2—8.0 (m, 4H, aromatic protons); 
MS, m/e 246 (M+, 100%). 

Found: C, 49.02; H, 2.66; N, 11.47%. Calcd for 
C10H6F4N2O: C, 48.79; H, 2.46; N, 11.38%. 

Yields and product ratios are given in Table 1. 
Preparation of an Authentic Sample of 5. 2,3,3,3-Tetra-

fluoropropionyl chloride (bp 48—49 °C) was prepared from 
phosphorus pentachloride and the tetrafluoropropionic acid9> 
(7.3 g). The acid chloride (10 mmol) was added dropwise 
to a solution of 2-cyanoaniline (10 mmol) in 10 ml of benzene 
and the mixture was then refluxed for 15 min and allowed 
to stand overnight at room temperature. Crystals formed 
were filtered and recrystallized from hot water giving colorless 
needles; mp 95—96 °C. 

Reaction of 4 with Diazomethane. Quinazolinone 4 (0.3 
g) was dissolved in a mixture of ethanol (20 ml) and ether 
(20 ml) and diazomethane generated from Diazad (7 g) and 
potassium hydroxide (1.3 g) was bubbled into the mixture 
with stirring. The resulting mixture was stirred overnight 
at room temperature and the solvent was evaporated to give 
colorless plates (0.55 g, 84%) of the crude 8 (recrystallized 
from hexane); mp 132—133 °C; IR (KBr), 1660 cm-1 (C= 
O) ; lH NMR (CDC13), ô 3.4 (slightly split s, 3H, NGH3), 
5.9 (d of q, 1H, CHFCF3) and 7.3—8.4 (m, 4H, aromatic 
protons). 

Found: C, 50.70; H, 3.10; N, 10.49%. Calcd for 
C u H 8 F 4 N 2 0: C, 50.78; H, 3.09; N, 10.76%. 

Reaction of OFIB with 2-Aminobenzamide. The reaction 
was carried out in the same way for the HFP reaction. A 
mixture of OFIB (2.5 ml) and 2-aminobenzamide (1.0 g) in 
DMF (7.5 ml) was stirred at room temperature for 2 h and 
then heated at 60 °C for 4 h with stirring. The resulting 
mixture was cooled and the vessel was opened carefully. 
The solvent was distilled in vacuo to give a solid residue (1.78 
g, 82%). Recrystallization from benzene afforded colorless 
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needles; mp 185—186 °C; IR(KBr), 3270 (NH), 2240 (G= 
N), and 1670 cm-1 (C=0); 19F NMR (DMSO), Ô - 1 5 (d, 
CH(CF3)2). 

Found: G, 44.89; H, 2.18; N, 9.50%. Calcd for C n H 6 -
F6NaO: C, 44.61; H, 2.04; N, 9.46%. 
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Nuclear Magnetic Resonance Study of Exchanging Systems. IX.1} The Slow 
Rotation of the Methyl Group in Sterically Overcrowded Compounds 

Hiroshi NAKANISHI and Osamu YAMAMOTO 

National Chemical Laboratory for Industry, Honmachi, Shibuya-ku, Tokyo 151 
(Received April 27, 1977) 

In order to obtain information about the slow rotation of methyl groups, the 1H NMR spectra of 9-/-butyl-
ethenoanthracene and 9-f-butyltriptycene derivatives were measured at very low temperatures. It was found 
that the signals of the two methyls of the i-butyl group in these compounds show a considerable line broadening 
at low temperatures, and it was made clear that the rotation of the methyl groups in these compounds is strongly 
restricted. 

A rotation about the sp3-sp3 carbon-carbon single 
bond has for a long time been considered to be free, 
but recently it was reported2) that, in some sterically 
overcrowded molecules, the rotation about the sp3-sp3 

carbon-carbon single bond in bulky groups, such as 
/-butyl and isopropyl groups, is strongly restricted. O n 
the other hand, the rotation of the methyl group, the 
smallest alkyl group, is especially rapid, and it is well 
known that the rotation of the methyl group in a 
quite overcrowded compound, for example, hexamethyl-
benzene, is not frozen on the N M R time scale at a 
temperature as low as —150 °C, even in the solid state.3) 

Most recently, however, the first example of a strongly 
restricted rotation of a methyl group on the N M R time 
scale was found in 1-/-butyl-l,4-dihydro-l,4-epoxy-
naphthalene derivatives (1).4>5) Then , in 9-methyltri-
ptycene derivatives (2), the methyl rotations were also 
found to be sufficiently slow and the activation param­
eters of the rotation were determined from the N M R 
complete line-shape analyses.6'7) The rotation of a 
methyl group in the Diels-Alder adduct (3) of 9-methyl-
anthracene with />-benzoquinone was also analysed.8) 

In this paper, we will present new examples of the 
slow rotation of methyl groups in two sterically over­
crowded compounds. 

Exper imenta l 

Materials. Dimethyl 9-£-butyl-9,10-ethenoanthracene-
11,12-dicarboxylate (4) was prepared by a Diels-Alder reac­
tion between 9-i-butylanthracene and dimethyl acetylene-
dicarboxylate, heating at 180—200 °G for 10 h in a sealed 
Pyrex tube. The purification was made by Al2Oa column 
chromatography and three recrystalizations from ethanol. 
mp 146—148 °G (lit,9) mp 182—183 °G). 

l,2,3,4-Tetrachloro-9-fbutyltriptycene (5) was prepared by 
the benzyne reaction of 9-^-butylanthracene and 1,2,3,4-
tetrachloroanthranilic acid by a method similar to that 
described in the literature.7'10) mp 277—278 °G. The puri­
fication of 5 was done similarly as has been described above. 

The purity of these compounds was checked by studying 
the *H NMR spectra. 

Measurements. The 1H NMR spectra of 4 and 5 were 
recorded on Varian HA-100 D (100.0 MHz) and XL-100-
15 A FT (100.1 MHz) spectrometers. The spectra of 4 at 
155 and 199 °C were measured by the former spectrom­
eter, using a 5-mmç5 sample tube. The solvent was hexa-
chloro-l,3-butadiene. The measurements at low tempera­
tures were made by means of the latter spectrometer. As 
the solubility of 4 and 5 is very poor at low temperatures, 
a 12-mm0 sample tube was used and a one hundred-fold 
accumulation was made by means of a pulsed FT method 

at very low temperatures. The sample concentration was 
0.013 mol/1 for 4 and 0.011 mol/1 for 5 in the (CS2+CDC13+ 
CD2Cl2+CD3COCD3+CD3C6D5 , 5 : 1 : 2 : 1 : 2 ) solvent 
system. The temperature was read by means of a calibrated 
copper-constantan thermocouple. 

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

The 1H N M R signal of the /-butyl group of 4 at room 
temperature consists of two sharp peaks (<3: 1.733 and 
1.874 from T M S ) , whose intensities are in a 2 : 1 ratio, 
as is shown in Fig. 1. The higher field peak is assigned 
to methyl A protons, and the lower to methyl B protons, 
judging from the line intensities (see the Newman pro­
jection 6). This spectrum shows that the rotation of 
the /-butyl group is frozen at this temperature on the 
N M R time scale. This line shape remains unchanged 
at temperatures as high as 155 and 199 °C, and no 
line broadening occurs.* This means that the rota­
tion of the /-butyl group of 4 is sufficiently slow at these 
temperatures. * * 

MeB MeA 

C02Me 

6 7 

In order to obtain information about the rotation 
of a methyl group, the spectra of 4 were measured at 
low temperatures, since the methyl rotation is expected 
to be strongly restricted by the bulky phenyl and meth-

* Öki and Suda reported the same result for the spec­
trum of 4 at 132 °C.9> 

** The activation free energy, AG*, of the rotation of 
the f-butyl group in 4 is roughly estimated to be much larger 
than 30 kcal/mol. 
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T : 
31.0°C 

40 Hz 

Fig. 1. XH NMR spectra of f-butyl group in 4 at low 
temperatures. 

oxycarbonyl groups, and since the bicyclo[2.2.2]octa-
triene skeleton is very rigid. The spectra obtained are 
given in Fig. 1. Figure 1 clearly shows that the peak 
height of the higher field signal of methyl A protons 
is conspicuously reduced as the temperature is decreased. 
The peak hieght of the higher field signal of methyl A, 
which is twice that of the methyl B at room tempera­
ture, is almost the same as that of the methyl B at 
- 9 2 . 4 °C and becomes a half of it at - 1 1 4 . 2 °C. At 
— 120.4 °C, the line width of the A peak is 18 Hz and 
that of the B peak is 8 Hz. The exceeding peak-
height reduction in the signal of the methyl A protons 
of 4 with the decrease in the temperature clearly shows 
that the rotation of the methyl A group is strongly re­
stricted at these low temperatures, and that the line-
broadening occurs because of the chemical exchange 
among three non-equivalent protons of the methyl group. 
Figure 1 also shows that the line-broadening in the 
signal of the methyl B protons occurs to a small extent 
at such low temperatures. Nevertheless, this fact does 
not directly indicate a slow rotation of the methyl B 
group, because the line-broadening in the methoxy pro­
tons also occurs and the peak height ratio between 
the signals of the methyl B and methoxy methyl pro­
tons are almost the same at all temperatures. T h e 

-82.2 

50 Hz 

Fig. 2. Temperature-dependent XH NMR spectra of 
t-butyl group in 5. 

small line-broadening in the methyl B protons may 
be due to the high viscosity of the sample and the poor 
resolution of the N M R measurements at these very 
low temperatures. The anomalous slow rotation of the 
methyl A group in 4 indicates that the bis (methoxy-
carbonyl)etheno bridge is more bulky than the benzo 
bridge, which is the same conclusion as in the 13C N M R 
study of the isopropyl analogue.1) 

As an extension of the study of the slow rotation of 
the methyl groups in 4, the 9-^-butyltriptycene deriva­
tives (5) was also investigated, because the steric hin­
drance in 5 is expected to be large in the triptycene 
(tribenzo[b,e,h]bicyclo[2.2.2]octatriene) skeleton.6'7-11) 
The spectra at low temperatures are shown in Fig. 2. 
The peak height ratio of the lower-field peak, B, to 
the higher-field peak, A (the chemical shift ô: 2.296 
for B and 2.005 for A from T M S ) , is 2.0 at 31.0 °C, 
1.8 at - 9 1 . 7 °C, and 1.4 at - 1 2 0 . 4 °C. The peak 
height ratios of the methyl A peak to the bridgehead 
methine peak (<5: 5.986 from T M S ) are almost the 
same throughout the temperature range from 31.0 °G 
to —114.2 °C. These facts mean that the line-broaden­
ing due to the chemical exchange occurs at the lower-
field methyl signal, which is assigned to the methyl B 
group surrounded by a phenyl ring and a tetrachloro-
substituted phenyl ring, as is shown in the Newman pro­
jection sheme 7, on the basis of the line intensities. 
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This result indicates that the rotation of the methyl B 
group in 5 is also strongly restricted at the low tempera­
tures, although the degree of the restriction seems to 
be smaller than in the case of 4, judging from the 
apparent line shapes.*** 

Thus, it was made clear that the rotations of the 
two methyl groups in the /-butyl group in 4 and 5 
are strongly restricted at low temperatures. I t is 
worth pointing out, from the results in this study, that, 
in 4 and 5, the rotation of the methyl groups /S-posi-
tioned to the bicyclo[2.2.2]octatriene skeleton is severely 
restricted by the bulky j&m-substituents, while in the 
previously reported compounds 2 (e.g., 1,2,3,4-tetra-
chloro-9-methyltriptycene) and 3, the rotation of the 
a-positioned methyl group is restricted also by the 
/>m'-substituents.6~8) In the case of 1 (e.g., l-/-butyl-
5,6,7,8- tetrachloro - 1,4-dihydro-1,4-epoxynaphthalene), 
the rotation of the ^-positioned methyl group is restricted 
by the oxide bridge instead of the j&m'-substituent in the 
1,4-dihydro-1,4-epoxynaphthalene skeleton.5> This in­
teresting difference may be caused by the variety in 
the geometries of their different skeletons and the 

*** Strictly speaking, the comparison between the activa­
tion parameters of the rotations of the methyl groups in 4 
and 5 is impossible at the present time, because we do not 
know the exact chemical shifts of the three protons of the 
methyl groups in question, and so no line-shape analyses 
can be made. 

bonded alkyl groups. 

The authors wish to express their hearty thanks to 
Prof. Michinori Öki of the University of Tokyo for his 
helpful discussions. 
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The Ethylation of Nucleic Acid-Bases with Triethyl Phosphate 
Toshizumi TANABE, Kiyoshi YAMAUCHI, and Masayoshi KINOSHITA 

Department of Applied Chemistry, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received April 30, 1977) 

Uracil, thymine, cytosine, adenine, and guanine were alkylated by triethyl phosphate in a homogeneous 
aqueous phase at 60—80 °C, giving the corresponding ethyl derivatives in considerable yields. The reactivity order 
on the ethylating site in each base was found to be as follows; uracil, thymine, and cytosine: N-l > N - 3 ; adenine: 
N-9«N-3>N-7, N- l ; guanine: N - l > N - 7 > N - 3 , N-9. 

It has been known that the structural deformation 
of nucleic acids caused by such alkylating agents as 
mustards may be relevant to their mutagenic and car­
cinogenic effects on many living systems. Therefore, 
the action of various alkylating agents, such as dialkyl 
sulfates,1-5^ alkyl alkanesulfonates,3-6) alkyl halides,5-8) 
diazoalkanes,9) and mustards,10) on nucleic acids and 
their components has been studied actively. 

In previous papers, we reported that trialkyl phos­
phates were very useful for the iV-alkylation of nitrogen 
heterocycles, such as imidazoles,11»12) pyrimidines,13) 
and purines.14»15) Especially, trimethyl and triethyl 
phosphates are suited for the alkylation of many na­
tural products because of their moderate reactivity 
and high solubility in water. In practice, the methyla-
tions of nucleic acid-bases with trimethyl phosphate 
have been carried out successfully in a homogeneous 
aqueous phase.16) 

While many methylation studies of nucleic acids and 
their components have been reported, little is known 
about ethylation. The ethylating reaction has though 
been reported to show mutagenic effects in some bio­
logical systems, and Singer et al. indicated that ethyl 
ethanesulfonate and ethyl methanesulfonate were good 
mutagenes.17) Furthermore, Kononova and Gumanov 
reported that triethyl phosphate (TEP) inactivated 
phage T4V more readily than did trimethyl phosphate 
(TMP) , although T M P was more mutagenic.18) 
Industrially, T E P has been employed as a gasoline 
additive and a flame retardant for polymers and 
paints; in addition, T E P has even been proposed as 
a food additive. 

In this regard, we have investigated the ethylation 
of nucleic acid-bases, such as uracil (1), thymine (2), 
cytosine (3), adenine (11), and guanine (12) with T E P 
in an aqueous phase. 

Below we will characterize the products from these 
reactions. The reaction sites on ethylation will also 
be compared with those on methylation. 

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

The reactions were carried out at 60—80 °C by 
stirring a mixture of a base and a 2—5 molar excess of 
T E P in water. (The p H values were 10—10.5 for 
1, 2, 3, and 11 and p H 12 for 12. A relatively high 
p H value was used for the reaction of 12 in order to 
obtain a homogeneous solution.) The yields of the 
products were determined by means of the U V spectra. 
The products were isolated through extraction and 
column chromatography and were identified conveni­
ently by means of their U V and N M R spectra. The 

results are summarized in Tables 1 and 2. 
Uracil (1), Thymine (2), and Cytosine (3). 

Compounds 1 and 2 are generally alkylated with alkyl 
halide to give 1-alkyl and 1,3-dialkyl derivatives.19 '20) 
Diazomethane also alkylated 1 to give the corresponding 
iV-methyl and O-methyl derivatives.21) We reported 
previously that trimethyl phosphate (TMP) alkylated 
these pyrimidines at the N- l a n d N-3 positions in 
almost equal amounts to give 1-methyl, 3-methyl, and 
1,3-dimethyl derivatives.16) 

O n the other hand, the present reactions of 1 and 2 
with T E P gave results different from those of methyla-
tions, showing ethylation to take place mainly at the 
N- l position. Thus, the reactions of 1 and 2 with T E P 
afforded the corresponding 1-ethyl derivatives (4 and 
7) chiefly, along with 3-ethyl derivatives (5 and 8) in 
small yields. When the reaction temperature was raised 
to 80 °G, 1,3-diethyl derivatives (6 and 9) were also 
produced. 

o 
H N / \ / R 

1 II 
0 ^ \ N / 

H 

1: R = H 
2: R = Me 

+ 

O 

TEP H N < \ / R 
> 1 II 

0 ^ \ N / 
i 

Et 
4: R = H 
7: R = Me 

N / \ / R 
1 II + 

0 ^ \ N / 
H 

5: R = H 
8: R = Me 

Ft ° 
^ t \ ii 

N / \ / R 
0 / \ N / 

i 

Et 
6: R = H 
9: R = Me 

In cytosine (3), dimethyl sulfate in D M F has been 
reported to methylate 3 at the N-3 position mainly to 
give 3-methylcytosine,1) while T M P has been shown 
to methylate 3 at the N- l position predominantly to 
give 1 -methylcy tosine.16) 

The present reaction of 3 with T E P at 80 °C afforded 
six U V absorbing products (6, 10, and four unknown 
products). Compound 10 was produced mainly and 

NHa 

N ^ ' \ 
I II 

O^NN/ 
H 

NH2 

w\ 
I II 

0 / \ N / 
i 

Et 
10 

+ 6 + Four unknown 
products 
(Trace) 

was identified as 1-ethylcytosine through its physical 
constants. Compound 6 was produced in a small yield 
and was identified as 1,3-diethyluracil through its U V 



3022 

Base 

Uracil 
(U) 

Thymine 
(T) 

Gytosine 
(G) 

Adenine 
( A ) 

Guanine 
(G) 

10-

10-

10-

10-

1 1 -

Toshizumi TANABE 

TABLE 1. REACTIONS OF 

p H 

l 

-10 .5 • 
( 

1 

-10.5 

I 

-10.5 < 

-10.5 

-12 < 

Product 

1-Ethyl-U 
3-Ethyl-U 

6 0 ° 

1,3-Diethyl-U 

1-Ethyl-T 
3-Ethyl-T 
1,3-Diethyl 

f 1-Ethyl-G 

-T 

1,3-Diethyl-U 
Unknown 

Unknown 
Unknown 

^ Unknown 

' 9-Ethyl-A 
3-Ethyl-A 
7-Ethyl-A 

A 

B 

G 

D 

JV6, 9-Diethyl-A 
Unknown 

v Unknown 

, 1-Ethyl-G 

7-Ethyl-G 

E 

F 

Other minor 
^ products 

, Kiyoshi YAMAUCHI, and 

NUCLEIC ACID-BASES WITH 

G, 48 h 

~75 
6 

0 

14 

6 

0 

13b> 

0 

0 

0 

0 

0 

26b> 

15b> 

0 

0 

0 

0 

0 

5 b ) 

— 

Yield (%) 

80°G, 24 h 

23 

8 

5 

24 

9 
4 

15 

2 

Trc> 

T r 

0 

0 

33 

22 
4 

1 

T r 

0 

37 

12 

T r 

Masayoshi KlNOSHITA [Vol. 

TRIETHYL PHOSPHATE ( T E P ) a > 

80 °G, 

34 

10 

7 

34 

12 
6 

17 

3 

T r 

T r 

T r 

T r 

39 

29 

6 

3 

T r 

T r 

28 

17 

T r 

T8h 

U V 

pH 1 

267.0 
260.0 
267.0 

273.0 
260.0 
273.0 

284.0 

261.0 

267.0 

261.0 
275.0 
273.0 
265.0 
268.0 
263.0 

249.5 
273.5s) 
251.0 
275.0s) 

50, No. 11 

Spectra Amax 
s-^ 

pH 7 

268.0 
261.0 
268.0 

273.0 
267.0 
272.0 

276.0 

271.0 

265.0 
270.0 
277.0 

263.0 
275.0 
269.0 
268.0 
268.0 
263.0 

248.0 
272.0s) 
250.0s) 
282.5 

d) 

~pH~13 

268.0 
284.0 
268.0 

271.0 
290.0 
273.0 

276.0 

271.0 

269.0 

263.0 
274.0 
269.0 
267.0 
270.0 
268.0 

280.0 

a) The ratio of TEP to base was 6 : 1 at 80 °C and 3 : 1 at 60 °G. b) Isolated 
yield, d) The yields of these minor products were too small for the UV spectra 

yield, c) Tr refers to a trace 
to be measured, s) Shoulder. 

TABLE 2. REACTIONS OF ALKYLATED NUCLEIC ACID-BASES WITH TRIETHYL PHOSPHATE (TEP) 

Base pH TEP/Base Temp 
(°G) Product 

Yield (%)a> 

24 h 48 h 

1-Ethyluracil 
1 -Ethylthymine 
1 -Methylcytosine 
9-Ethyladenine 

10 
10 

10 

10 

6 

6 

6 

6 

80 

80 

80 

80 

1,3-Diethyluracil 
1,3-Diethylthymine 
3-Ethyl-1 -methyluracil 
N6,9-D iethyladenine 

23 

16 

8 

4 

28 

22 
13 

10 

a) Spectroscopic yields. 

spectrum. Although 1,3-diethylcytosine was not ob­
served in the reaction mixture, the formation of 6 may 
be attributed to the rapid alkaline hydrolysis of 1,3-di-
ethylcytosine. In practice, the analogous compound, 
1,3-dimethylcytosine, was converted to 1,3-dimethyl-
uracil under similar conditions. The U V spectra of 
all possible alkyl derivatives of 3 were compared with 
those of the four unknown products (A-D), but only 
one compound showed an U V spectrum similar to 
that of 02-methylcytosine. Although the alkylation of 
the cytosine ring at the 02-atom has not been reported, 
Singer et al. have suggested the possibility of the forma­
tion of 02-ethylcytidine from the reaction of cytidine 
with ethyl iodide.5) When the reaction temperature 
was lowered to 37—60 °C, 10 was formed as the sole 
product. 

The difficulty of ethylation at the N-3 position of these 
three pyrimidine bases (1, 2, and 3) with T E P might 

be attributed to the steric hindrance on the approach 
of T E P to the N-3 position by two adjacent carbonyl 
groups of 1 and 2 and amino and carbonyl groups 
of 3. Similar results were shown in the alkylation of 
xanthine and its derivatives.15) However, when the 
reactions were performed at 80 °C, 1-alkylpyrimidines 
(4, 7, and 1-methylcytosine) reacted with T E P to 
afford the corresponding 3-ethyl derivatives. 

Since the rates of the reactions of 1, 2, and 3 were 
enhanced with the increase in the p H value of the re­
action mixture, 1, 2, and 3 may react in the anionic 
form with T E P . The slower reaction of 3 than 1 and 
2 may, therefore, be originated by the larger p # a 

value of 3 (12.15) than those of 1 (9.46) and 2 (9.90). 
Adenine (11) and Guanine (12). These purine 

bases of nucleic acids have been known to be reactive 
towards alkylating agents. The alkylations of 11 with 
various alkylating agents have been studied actively. 
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and, thanks to these works, 11 has been shown to be 
alkylated at the N-3 position under neutral condi­
tions,2'4»22) while under basic conditions the N-9 posi­
tion was alkylated mainly, with the co-formation of 
N-3 substituted adenine.8) However, a reaction of 11 
with T M P in a homogeneous alkaline aqueous phase 
afforded 3-methyl- and 9-methyladenines chiefly in 
almost equal yields, with the co-formation of small 
amounts of iV6-methyl- and 7-methyladenines.16) 

The present reaction of 11 with T E P at 80 °G gave 
six U V absorbing products. Two main products (13 
and 14) were isolated and identified as 9-ethyl- and 3-
ethyladenines respectively through their physical prop­
erties. The yield of 13 was a little more than that 
of 14. Compounds 15 and 16 were produced in low 
yields and were identified as 7-ethyl- and iV6,9-diethyl-
adenines through their U V spectra which corresponded 
excellently to those of 7-methyl- and iV6,9-dimethyl-
adenines. iV6,9-Dialkyladenine was established to be 
formed by the Dimroth rearrangement of 1,9-dialkyl-
adenine under alkaline conditions.16) When the reac­
tion temperature was lowered to 37—60 °C, only two 
products, 13 and 14, were formed. These results show 
that the reactivity order of the four nitrogens of 11 is 
similar to that in the methylation, that is, N - 9 « N - 3 > 
N-7, N-1 . 
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H 2 N / ^ N / \ N / 
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+ 
H N / \ 

,Et 
N 

H 9 N / ^ N / \ N ^ 

17 

+ Several unknown 
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Although 13, which is considered as the model of 
adenosine, was not as reactive as adenine itself, 13 was 
ethylated with T E P at 80 °C at the N-1 position, which 
has been established as the most nucleophilic and basic 
site in 9-alkyladenine. Resulting 1,9-diethyladenine 
was rearranged in situ to give JV6,9-diethyladenine. 

O n the other hand, only a few studies have been 
carried out on the alkylation of guanine (12); with 
ethyl ethanesulfonate4) and dimethyl sulfate,2) the for­
mation of 7-ethyl- and 7,9-dimethylguanines has been 
reported. Recently, we reported that 12 was succes­
sfully methylated with T M P in water at p H 11—12 
to give 1-methylguanine mainly, with the co-formation 
of 3-methyl-, 7-methyl-, and 06-methylguanines.16) 

T h e present reaction of 12 with T E P at 80 °C af­
forded several UV-absorbing products; the two main 
products could be identified as 1-ethyl- and 7-ethyl-
guanines (17 and 18) through their U V spectra. 
Compound 17 was produced chiefly at 80 °C, but , at 
60 °C, 18 was given as the sole product. Since 12 was 
consumed for the ethylation reaction in a rate similar 
to that in the ethylation of 11, the reactivity of 12 
towards T E P may be considered to be almost the same 
as that of 11. Compound 17 gradually decreased in 
quantity with the progress of reaction t ime; probably 
it was subsequently ethylated to diethylguanine, which, 
however, could not be isolated. 

Conclus ion 
T E P was found to react with five nucleic acid-bases 

in a homogeneous aqueous phase because of its solu­
bility in water. Although T E P was not so reactive as 
T M P , which reacted with five nucleic acid-bases at 
25—37 °C very well, at 60—80 °C five nucleic acid-
bases were ethylated with T E P , giving the correspond­
ing ethyl derivatives in yields comparable with those 
obtained by the use of other ethylating agents. 

The reactivity order of five nucleic acid-bases to­
wards T E P was found to be as follows, based on the 
consumption of the starting materials of the reaction 
with T E P : adenine (11)«guanine (12)>uracil (1)~ 
thymine (2)>cytosine (3). In each base, ethylation 
occured in the following order: uracil, thymine, 
and cytosine: N-1 > N - 3 ; adenine: N-9 « N-3 > N-7, N-1 ; 
guanine: N-1 > N - 7 > N - 3 , N-9. This reactivity order 
of bases and sites in each base was almost the same as 
in the methylation. However, the sterically hindered 
sites, the N-3 positions of 1, 2, and 3, were less reactive 
in ethylation than in methylation. 

T h e alkylated bases shown in Table 2, which have 
alkyl groups in the same position as nucleosides have 
ribose or deoxyribose, also reacted with T E P to afford 
the dialkyl derivatives. The reactivity order of these 
alkylated bases was different from that of the parent 
bases: 1-ethyluracil (4)>l-e thyl thymine ( 6 ) > l - m e t h -
ylcytosine>9-ethyladenine (13). 

Thus, T E P has a considerable ethylating ability of 
the base moiety of nucleic acids, therefore, it seems 
reasonable to pay attention to the use of T E P as an 
additive for commercial products. 

Exper imenta l 

The UV and IR spectra were measured with Hitachi 
PPS-3/T and Jasco IR-G spectrometers respectively. Tl^e 
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N M R spectra were recorded on a Hitachi-Perkin Elmer R-20 
spectrometer, with a dilute solution in deuterioxide, deuterio-
chloroform, or trifluoroacetic acid and tetramethylsilane as 
an internal or an outside s tandard. Thin-layer chromatog­
raphy was performed on silica gel [GF2 5 4 (type 60), Merck] 
or a luminium oxide [PF2 5 4 (type 150), Merck] or cellulose 
[13254, Eas tman] using a mixture of chloroform and methanol 
in the following volume ratio. Solvent A : 10 : 1, B : 5 : 1 , 
G: 5 : 2, or Solvent D : 1-propanol-concentrated ammo­
nium hydroxide-water , 9 : 1 : 3. Column chromatography 
was carried out using silica gel (Merck, Art . 7734, 70—230 
mesh) or cellulose (GF 11, W h a t m a n ) . 

Commercially available uracil (1), thymine (2), cytosine 
(3), adenine (11), and guanine (12) as well as T E P were 
used without further purification. 

Ethylation of Uracil (1). A: A mixture of 1 (112 mg, 
1.0 mmol) and T E P (1.07 g, 6.0 mmol) in water (2.0 ml) 
was stirred at 80 °C. T h e solution was maintained at p H 
10—10.5 throughout the reaction by the occasional addit ion 
of 4 M sodium hydroxide. After stirring for 48 h, 3 (xl of the 
reaction mixture was spotted in a luminum oxide thin-layer 
chromatography. T h e plate was developed immediately using 
Solvent A. Three UV-absorbing products (4, 5, and 6) 
were observed. (Äf va lue; 1: 0.03, 4 : 0.35, 5 : 0.56, 6 : 
0.95). Each spot was then scraped individually from the 
plate to extract the substance on the spot with 4 ml of water . 
T h e yield of each product was calculated, by means of a 
procedure similar to tha t described in a previous paper,16) 
from the absorbancy of the solution; we thus found the yields 
of 4, 5, and 6 were 34, 10, and 7% respectively. 

B: A similar reaction of 1 (1.21 g, 10.8 mmol) and T E P 
(5.35 g, 2.90 mmol) at 60 °C was carried out. After stirring 
for 48 h, the reaction mixture was neutralized with concent­
rated hydrochloric acid to give a precipitate of 1. T h e mother 
liquor was then extracted with chloroform. After the solvent 
had then been removed from the organic layer, the addit ion 
of hexane to the residue afforded the crystals of 1-ethyl-
uracil (4, 0.05 g, 4 % ) ; m p 146—147.5 °C (from T H F - e t h e r ) 
(lit,19) m p 147.5 °C) ; N M R (CDC13) : 1.28 (t, 3H, - C H 2 C H 3 , 
J = 7 Hz) , 3.77 (q, 1H, - C H a C H 3 , 7 = 7 Hz) , 5.67 (d, 1H, 
H 6 , 7 = 8 Hz) , 7.18 (d, 1H, H 6 , 7 = 8 Hz) , and 10.17 p p m 
(<5) (bs, 1H, N 3 - H ) . 

Ethylation of Thymine (2). A: T h e t reatment of 2 
(126 mg, 1.0 mmol) with T E P (1.07 g, 6.0 mmol) in water 
(2.0 ml) at 80 °G for 48 h gave 1 -ethylthymine (7, 3 4 % ) , 
3-ethylthymine (8, 12%), and 1,3-diethylthymine (9, 6 % ) , 
whose yields were calculated in a way similar to tha t used in 
the ethylation of 1. {Rt value on a luminumn T L C using 
Solvent A ; 2 : 0.06, 7 : 0.49, 8 : 0.65, 9 : 0.98) 

B: T h e isolation of 1-ethylthymine (0.08 g, 5%) was car­
ried out in a manner similar to that used for 1-ethyluracil 
after a mixture of 2 (1.30 g, 10.30 mmol) and T E P (5.35 g, 
29.0 mmol) in water (10 ml) had been stirred for 48 h a t 
60 °G; m p 220—222 °C (from T H F - e t h e r ) (lit,23) m p 223 °G) ; 
N M R (GDC13) 1.42 (t, 3H, - G H 2 C H 3 , 7 = 7 H z ) , 2.02 (d, 
3H, - G H 3 , 7 = 1 . 2 Hz) , 3.88 (q, 2H, - C H 2 G H 3 , 7 = 7 H z ) , 
7.09 (d, 1H, H 6 , 7 = 1 . 2 Hz) , and 9.90 p p m (<5) (bs, 1H, 
N 3 - H ) . 

Ethylation of Cytosine (3). A: A mixture of 3(111 mg, 
1 mmol) and T E P (1.07 g, 6.0 mmol) in water (2 ml, p H 
10—10.5, N a O H ) was stirred at 80 °C for 48 h. T h e reaction 
mixture (4 yd) was then developed on a silica gel T L C using 
Solvent C, giving the following spots. Rt value; 3 : 0.18, 
6 : 0.76, 10: 0.45, unknown A : 0.73, B : 0.57, G: 0.49, 
D : 0.23. A treatment similar to tha t used in the ethylation 
of 1 showed tha t the yields of 10 and 6 were 17 and 3 % re­
spectively. 

B: A mixture of 3 (1.0 g, 9.0 mmol) and T E P (5.25 g, 
29.0 mmol) in water (15 ml, p H 10, N a O H ) was stirred at 
60 °C for 48 h. T h e subsequent neutralization of the reaction 
mixture with concentrated hydrochloric acid gave the pre­
cipitate of 3. After the precipitate had been filtered out, 
the mother liquor was extracted with chloroform to remove the 
unreacted T E P . T h e water layer was concentrated to give 
a residue, which was subsequently mixed with ethanol to 
remove any undissolved substances. T h e residue which was 
obtained after concentrating the alcoholic solution was treated 
by silica gel column chromatography ( 1 . 5 x 6 0 cm). Elution 
with Solvent G provided the salt of 1-ethylcytosine with 
diethyl hydrogen phosphate (0.54 g). T h e salt was subse­
quently treated with an anionic exchange resin (Dowex 1 X 8, 
200—400 mesh, O H form). Elution with water gave the 
free form of 1-ethylcytosine (8, 0.16 g, 1 3 % ) ; m p 236—238 °C 
(sublime) (lit,24) 245—246 °G); N M R ( D a O ) : 1.22 (t, 3H, 
- C H 2 C H 3 , 7 = 7 Hz) , 3.76 (q, 2H, - G H 2 C H 3 , 7 = 7 Hz) , 
5.95 (d, 1H, H 5 , 7 = 8 Hz) , and 7.58 p p m («5) (d, 1H, H 6 , 
7 = 8 H z ) ; Found : C, 51.75; H , 6 .31; N, 30 .51%, Calcd 
for C a H ^ O i : G, 51.78; H , 6.52; N , 30.20%. 

Ethylation of Adenine (11). A : Compound 11 (135 
mg, 1 mmol) and T E P ( 1.07 g, 6.0 mmol) were stirred in 
water (2 ml, p H 10—10.5, N a O H ) for 48 h at 80 °G. T h e 
reaction mixture (4 \i\) was then developed on silica gel 
T L C , using Solvent B, to give the following spots. Rz value; 
1 1 : 0.32, 13 : 0.57, 14: 0.42, 15 : 0.23, 16: 0.66, un­
known E : 0.10, F : 0.14. Calculations from the absorbancy 
of the solution of each spot similar to that described above 
showed the yields of 13, 14, 15, and 16 to be 39, 29, 6, and 3 % 
respectively. 

B: A mixture of 11 (1.35 g, 10.0 mmol) and T E P (5.25 g, 
29.0 mmol) was stirred in water (10 ml, p H 10, N a O H ) at 
60 °G for 48 h. T h e reaction mixture was then neutralized 
with concentrated hydrochloric acid and extracted with 
hexane to remove any unreacted T E P . T h e water layer was 
concentrated to give a residue, which was subsequently mixed 
with ethanol to remove any undissolved substances. T h e 
residue which was obtained after concentrating the alcoholic 
solution was then treated by silica gel column chromatography 
( 1 . 5 x 6 0 cm). Elution with Solvent B provided 9-ethyl-
adenine (12, 0.42 g, 26%) and then 3-ethyladenine (13, 0.24 
g, 1 5 % ) ; 12: m p 202—203 °C (from ethanol) (lit,25) m p 
194—195 °C) ; N M R (GDC13) : 1.58 (t, 3H, - C H 2 C H 3 , J= 
7 Hz) , 4.25 (q, 2H, - C H 2 G H 3 , 7 = 7 Hz) , 6.39 (bs, 2H, 
- N H 2 ) , 7.79 (s, 1H, H 2 ) , and 8.32 p p m (Ô) (s, 1H, H 8 ) ; 13 : 
m p 233—234 °C (from ethanol) (lit,2«) m p 233 °G); N M R 
( D 2 0 ) : 1.34 (t, 3H, - C H 2 G H 3 , 7 = 7 Hz) , 4.13 (q, 2H, 
- C H 2 G H 3 , 7 = 7 Hz) , 7.67 (s, 1H, H 2 ) , and 7.95 ppm (Ô) 
(s, 1H, BP). 

Ethylation of Guanine (12). A: After 12 (151 mg, 
1 mmol) had been dissolved in water (2 ml, p H 13) at 80 °C, 
T E P ( 1.07 g, 6.0 mmol) was added. Soon after the reaction 
began, the p H of solution dropped to 11—12; this value was 
maintained by the occasional addition of 4 M sodium hydro­
xide. T h e reaction mixture (4 \L\) was developed on silica 
gel T L C , using Solvent A, to give the following spots: Rf 

value ; 12: 0.00, 17: 0.21, 18: 0.24, six minor unknown 
products : 0.03- 0.12, 0.32, 0.35, 0.45, 0.74. After a treat­
ment similar to tha t described above, the yields of 17 and 18 
were found to be 28 and 17% respectively. 

B: A mixture of 12 (1.25 g, 8.30 mmol) and T E P (5.25 
g, 29 mmol) in water (50 ml, p H 11—12, N a O H ) was stirred 
for 48 h a t 60 °C. T h e reaction mixture was then extracted 
with chloroform to remove any unreacted T E P . T h e water 
layer was concentrated to give a residue, which was subsequent­
ly treated by a cellulose column chromatography (2.5 x 60 cm). 
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Elution with Solvent D provided a viscous liquid which was 
crystalized by the addition of a small amount of water and 
identified as 7-ethylguanine through its U V spectra (18, 
0.075 g, 5 % ) ; m p > 3 0 0 ° C dec ; N M R ( G F 3 C 0 2 H ) : 1.14 
(t, 3H, -GH 2 GH3, / = 7 H z ) , 4.15 (q, 2H, - G H , G H 3 , J= 
7 Hz) , and 8.34 p p m (<5) (s, 1H, H 8 ) . 
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The sensitized photooxygenation of benzofuran, 2-methylbenzofuran, and six 2-vinylbenzofurans was 
investigated. Benzofuran and 2-methylbenzofuran were stable toward singlet oxygen. On the other hand, 
the vinylbenzofurans were easily photooxygenated to give the 1,4-endoperoxides. The 1,4-cycloaddition of singlet 
oxygen to the 2-benzofurans was confirmed to proceed with stereospecificity. 

Recently, it has been found that, for some styrene 
derivatives1) and vinyl-substituted polynuclear aromatic 
hydrocarbons,2) an aromatic double bond in conjuga­
tion with extranuclear unsaturation produces an active 
diene system capable of undergoing the 1,4-cycloaddi­
tion of singlet oxygen. Vinyl-substituted heteroaroma-
tics such as 2-vinylthiophene3) and l-methyl-3-vinyl-
indoles,4) have also been found to undergo the 1,4-
cycloaddition of singlet oxygen. O n the other hand, 
such aromatics as benzene, naphthalene, phenanthrene, 
and thiophene are themselves known to be stable to 
singlet oxygen.5) Of the heteroaromatics, furans have 
been most intensively studied in connection with their 
photooxygenation, though their benzo analogs, i. e., 
benzofurans, have scarcely been known to undergo 
any sensitized photooxygenation.5) We have studied 
here the sensitized photooxygenation of 1 benzofurans 
and 2-vinylbenzofurans, 2, in order to investigate the 
reactivities of the 2,3-double bond of the ring and a 
conjugated system composed of the 2-vinyl group and 
the 2,3-double bond of these aromatics. 

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

Preparation of 2-Vinylbenzofurans. Of six vinyl­
benzofurans, 2, used in this work, 2-(2-methyl-l-pro-
penyl)- (2a), trans-2-$tyry\- (2c), cù-2-styryl- (2d), and 
2-isopropenylbenzofuran (2f) were prepared by the 
Witting reaction of 2-formylbenzofuran or 2-acetyl-
benzofuran and the corresponding methylenetriphenyl-
phosphoranes. The other two, 2-vinyl- (2b) and 2-
(1-phenylvinyl)benzofuran (2e) were obtained by the 
dehydration of the corresponding alcohols which them­
selves had been prepared from 2-acetylbenzofuran. The 
preparations of these vinylbenzofurans were described 
in detail in the Experimental Section. 

Sensitized Photooxygenation of 2-Vinylbenzofurans 
First, the sensitized photooxygenation of benzofuran 
( la ) and 2-methylbenzofuran ( l b ) as typical examples 
of 2- and 3-alkyl-substituted benzofurans were examined. 
When 2-methylbenzofuran ( lb ) was photooxygenated 
for 3 h as in the cases of the vinylbenzofurans 2 de­
scribed below, scarcely no oxygen was consumed and 

V / N ° / X R 

l a : R = H 
l b : R = GH. 

No reaction 

3 

/GH3 

X / x O / \ G H 3 

l02 ^ / C O C H 3 

— - ! II 
% / \ O G O G H 3 

the starting material was recovered. Benzofuran ( l a ) 
itself was also fairly stable under similar irradiation 
conditions. These results showed that, for benzofurans, 
the 2,3- double bond is more stable than for indoles,6) 
though 2,3-dimethylbenzofuran ( lc) has been known to 
be the only substance to undergo the 1,2-addition of 
singlet oxygen to give o-acetoxyacetophenone.7) 

Second, the sensitized photooxygenation of 2-vinyl­
benzofurans 2 was carried out. A solution of 2-(2-
methyl-1-propenyl) benzofuran (2a) and tetraphenyl-
porphine (TPP) (used as a sensitizer) in carbon tetra­
chloride was irradiated externally with low-pressure 
sodium vapor lamps under an oxygen atmosphere at 
5 °G. After the irradiation, the photolysate was con­
densed and purified by chromatography on silica gel 
to give a 1,4-endoperoxide 3a as colorless plates in a 
9 0 % yield. The structure of 3a was assigned on the 
basis of spectral evidence and combustion analyses. 
In this examination, scarcely no 1,2-cycloaddition of 
singlet oxygen to the 2,3-double bond of the side chain 
or the " e n e " reaction was observed. The similar 
photooxygenation of 2-vinylbenzofuran (2b) afforded 
the corresponding 1,4-endoperoxide 3b as an oil in a 
41 % yield. Then, in order to investigate the stereo­
chemical features of the 1,4-cycloaddition of singlet 
oxygen to 2-vinylbenzofurans 2, /rarc.y-2-styrylbenzofuran 
(2c) and its m-isomer 2d were individually photooxyge­
nated under similar conditions. The trans-isomer 2c 
gave the corresponding 1,4-endoperoxide 3c in a 70% 
yield. O n the other hand, the peroxide 3d was obtained 
from the öy-isomer in a 7 5 % yield. The olefin 2c gave 
no 3d, whereas the isomer 2d gave no 3c. Consequently 
the results obtained here confirm that the 1,4-cycloaddi­
tion of singlet oxygen to 2-vinylbenzofurans 2 proceeds 
with stereospecificity. 

^ \ . R1 

\/\0^\//^K2 

2a: R1, R2 = CH3 

2b: Ra, R2 = H 
2c: R! = H, R2 = C6H5 

2d: R ^ C e H s , Ra = H 

R^HJ 

R2 (H b ) 

3a: R1, R2 = CH3 

3b: Ri, R2 = H 
3c: R! = H, R2 = C6H5 

3d: R ^ G , ^ , R a - H 

The endoperoxides 2a—d were thermally stable, but 
were easily changed under basic conditions. When the 
peroxide 3c was treated with a catalytic amount of 
triethylamine in ether at an ambient temperature, 
2-benzoylmethyl-3(2//)-benzofuranone (4) was obtained 
in a 5 8 % yield, 
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V / x o / \ / \ p h 
4 

The 1,4-cycloaddition of singlet oxygen has been 
found to take place with l-vinylnaphthalenes,2a) 9-
vinylphenanthrenes,2b) and 2-vinylthiophenes3) bearing 
no substituent and a /^-substituent on the side chain. An 
a-substituent of these aromatics has been known to cause 
significantly different results; for the naphthalene or the 
phenanthrene derivatives, no 1,4-cycloaddition but " e n e " 
reaction of singlet oxygen occurs,2) hereas, for the vinyl-
thiophenes, both the 1,4-cycloaddition and the " e n e " 
reaction occur competitively.3) T h e 2-vinylbenzofurans 
2 seemed to behave much like the 2-vinylthiophenes 
in the reaction with singlet oxygen. When 2-(1-phenyl -
vinyl) benzofuran 2e was photooxygenated as in the 
cases described above, the corresponding peroxide 3e 
was formed. A similar irradiation of 2-isopropenyl-
benzofuran (2f) also gave the expected peroxide 3f. 
Neither peroxide 3e or 3f could be isolated in a pure 
form because of their instabilities. In particular, the 
former, 3e, was highly explosive. These differences be­
tween a pair of 2-vinylthiophenes and 2-vinylbenzofurans 
2, and a pair of 1-vinylnaphthalenes and 9-vinylphen-
anthrenes may be due to steric and electronic factors. 
For the vinylnaphthalenes and vinylphenanthrenes with 
an a-substituent on the side chain, a steric repulsion 
between the 8-hydrogen and the a-substituent may 
hinder the favorable conformation of the side chain 
for 1,4-cycloaddition, though this hindrance seems to 
be overcome at higher temperatures.8) O n the other 
hand, in the cases of 2-vinylthiophenes and 2-vinyl­
benzofurans 2 such steric repulsion need not be con­
sidered and carbons in both the /5-position of the side 
chain and the 3-position of the aromatic nucleus may 
be activated toward electrophiles, such as singlet 
oxygen, more than the corresponding carbons in the 
naphthalene or phenanthrene analogs, by the sulfur 
or the oxygen atom. These suggestion may be 
supported by the fact that maleic anhydride reacts 
more easily with 2e and 2f (in refluxing benzene)9b) 
than with naphthalene and phenanthrene analogs (in 
refluxing xylene).8) 

A _ io, y \ , o s 

I II II — - I II I o 

R R 

2e: R = C6H5 3e: R = C6H5 

2f: R = CH3 3f: R = GH3 

In summary, we have found that, for 2-vinylbenzo­
furans 2, the 2,3-double bond, which is scarcely active 
itself in response to singlet oxygen, in conjugation with 
2-ethylenic double bond produces an active diene 
system capable of undergoing the 1,4-cycloaddition of 
singlet oxygen. 

Exper imenta l 

All the melting points and boiling points are uncorrected. 
The NMR spectra were recorded with a Varian HA-100 
spectrometer? with TMS as the internal standard, The 

TABLE 1. NMR SPECTRAL DATA OF THE PEROXIDES 3 a ) 

Chemical shifts (ppm). 

H a Hb Hc H(j 

3a — — 6.10 5.06 
3b 4.50 4.91 6.15 5.17 
3c 5.48 — 6.24 5.30 
3d — 5.90 6.37 5.36 

Coupling Constants (Hz). 

J Sub Jac Jad 

3a — — — 
3b 15.0 2.5 2.5 
3c — 3.0 2.0 
3d — — — 

R1 

1.28b> 
— 
— 

7.1—7. 

7bc 

3.0 
— 

2.5 

1 

7. 
50 

7bd 

— 
2.5 
— 

2.0 

R2 

.38b> 
— 

1—7.4°) 

— 

7cd 

2.5 
2.5 
3.0 
2.5 

a) Measured in CC14. b) Methyl group. c) Phenyl 

group. 

NMR spectral data of the peroxide 3 are summarized in Table 
1. The mass spectra were obtained with a Hitachi RMU-
6E spectrometer. The light source was consisted of eight 
60-W low pressure sodium-vapor lamps (National SOI-60). 

Preparation of 2-Methylbenzofuran (lb). To a solution 
of coumarone (1.18 g, 10 mmol) in tetrahydrofuran (THF) 
(30 ml) was added 10 mmol of ra-butyllithium (6.4 ml of a 
10% hexane solution) under an argon atmosphere at room 
temperature. After 30 min, methyl iodide (1.42 g, 10 mmol) 
in THF (5 ml) was added to the solution of the carbanion 
of coumarone, and the mixture was stirred for 1 h. After 
the usual work-up, the crude product was purified by chro­
matography on silica gel. The furan l b was obtained as 
a colorless oil [bp 195 °C (lit,10) bp 192 °C/744 mmHg)] in 
an 81% yield (1.07 g) 

Preparation of 2-(2-Methyl-l-propenyl)benzofuran (2a). 
Under an argon atmosphere, to a solution of isopropylidene-
triphenylphosphorane (prepared from 10 mmol of isopropyl-
triphenylphosphonium bromide and an equimolar amount of 
n-butyllithium) in THF (20 ml) was added 2-formylbenzofuran 
(1.46 g, 10 mmol) at an ambient temperature. After 1 h, 
the reaction mixture was poured into brine and extracted 
with hexane. The hexane solution was dried over MgS0 4 

and condensed. The residue was chromatographed on silica 
gel and eluted with hexane to yield 1.35 g of the furan 2a 
(78%) (colorless needles; mp 48—49.5 °C, from hexane); 
IR (KBr): 3027, 1660, 1455, 1258, 1194, 940, 750 cm-1; 
NMR (CCLJ: Ô 1.92 (s, 3H), 2.08 (s, 3H), 6.07 (m, IH), 
6.34 (s, IH), 6.9—7.5 (m, 4H) ppm. 

Preparation of 2-Vinylbenzofuran (2b). 2-Acetylbenzo-
furan11) (3.6 g, 23 mmol) was reduced as usual with lithium 
aluminium hydride (0.4 g, 10 mmol) in dried ether (15 ml) 
overnight at room temperature to give 2-(1-hydroxyethyl)-
benzofuran. The crude alcohol was dehydrated with alumina 
(Woelm neutral, for column chromatography) at 140 °C 
(bath temperature). Thus, 2b was obtained as a colorless 
oil [bp 52°C/2mmHg (lit,91» 50°C/0.1 mmHg)] in a 62% 
yield; IR (liquid film): 3050, 1548, 1452, 1255, 980, 910 
cm-1; NMR (CC14) : Ô 5.22 (d of d, 7 = 11.0 and 2.0 Hz, IH) 
5.84 (d of d, 7=18.0 and 2.0 Hz, IH), 6.38 (s, IH), 6.47 
(d of d, 7=18.0 and 11.0 Hz, IH), 6.9—7.5 (m, 4H) ppm 

Preparation of tra.ns-2-Styrylbenzofuran (2c) and ch-2-Styryl-
benzofuran (2d). To a solution of benzylidenetriphenyl-
phosphorane (prepared from 10 mmol of benzyltriphenylphos-
phonium bromide and an equimolar amount of re-butyllithium 
in THF was added 2-formylbenzofuran (1.46 g, 10 mmol) 
under an argon atmosphere at room temperature, The rea,ç-
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tion mixture was then treated as in the case of 2a to give 
a mixture of 2c and 2d (2c /2d=71/29 , 1.30 g). T h e separa­
tion of the mixture was performed by chromatography on 
silica gel in hexane. 

2c: Colorless crystals (mp 123 °G) from ethanol ; I R (KBr) : 
3050, 1444, 1255, 960, 945, 805 cm- 1 , N M R (GG14) : «5 6.49 
(s, 1H), 6.82 (d, J= 16.0 Hz, 1H), 6.9—7.5 (m, 10H) ppm. 

2 d : A colorless viscous oil; I R (liquid film): 3050, 1452, 
1260, 945, 810 c m - 1 ; N M R (GC14) : Ô 6.42 (s, 1H), 6.46 
(qAB, J A B = 1 3 . 0 H Z , 2H) , 6.9—7.5 (m, 9H) ppm. 

Preparation of 2-(1-Phenylvinyl)benzofuran (2e). T o a 
solution of phenylmagnesium bromide (prepared from 25 
mmol of bromobenzene and an equimolar amount of magne­
sium) in ether was added 2-acetylbenzofuran 3.0 g, 19 mmol) 
under an argon atmosphere. T h e usual work-up afforded 
the crude 2-(a-hydroxy-a-methylbenzyl) benzofuran, which was 
subsequently dehydrated with phosphorus pentaoxide in ether 
at room temperature for 2 h. T h e ether solution was then 
washed with water and dried over M g S 0 4 . After the evap­
oration of ether, the crude product was chromatographed 
on silica gel in hexane to give 2e as a pale yellow oil in a 4 3 % 
yield : the spectral da ta were identical with those in the liter­
ature.915) 

2-Isopropenylbenzofuran (2f) was prepared by a Witt ing re­
action of 2-acetylbenzofuran and methyltr iphenylphospho-
nium bromide in accord with the method described in the 
literature,9*) 

Irradiation of Benzofuran (la) and 2-Methylbenzofuran (lb). 
A solution of 1.00 g of l a and 5 mg of T P P in CC14 (60 ml) 
was irradiated under an oxygen atmosphere at 5 °C for 3h. 
Scarcely no oxygen was consumed, and no products were 
observed by T L C . T h e furan ( l b ) was also stable under 
similar irradiation conditions. 

Photooxygenation of 2-(2-Methyl-1-propenyl) benzofuran (2a). 
A solution of 1.35 g (8 mmol) of 2a was photooxygenated 
in 60 ml of CC14 until 158 ml of oxygen has been consumed 
(30 min) . After the removal of the solvent, the photolysate 
was chromatographed on silica gel and eluted with a hexane 
- C H 2 C 1 2 (1 : 1) mixture to give 1.42 g of the endoperoxide 
3a (colorless plates (mp 107.5—109.0 °C) from ether) (90% 
yield); I R (KBr) : 3070, 2973, 1610, 1460, 1088, 1043, 760 
c m - 1 ; M S m/e: 204 (M+, 15), 172 (100), 161 (55), 157 
(33), 131 (24), 77 (25), 43 (61). 

Found : C, 70.53; H , 5 .93%. Galcd for C 1 2 H 1 2 0 3 : C, 
70.58; H , 5.92%. 

Photooxygenation of 2-Vinylbenzofuran (2b). A solution 
of 1.0 g (7 mmol) of 2 b and 5 mg of T P P in 60 ml of GC14 

was irradiated for 3.5 h ( 0 2 u p t a k e = 1 2 9 ml) . T h e photol­
ysate was then condensed and chromatographed on alumina 
(Woelm neutral) previously treated with 2 0 % water. Elution 
with hexane gave 0.50 g (41%) of the peroxide 3 b as an oil: 
I R (liquid film): 3050, 1610, 1460, 1095, 1050, 750, 740 
c m - 1 ; M S m/e: 176 (M+, 18), 147 (100), 146 (51), 134(85). 

Photooxygenation oftrans-2-Styrylbenzofuran (2c). A solu­
tion of 0.93 g (4 mmol) of 2c and T P P in 60 ml of GG14 

was irradiated for 3 h ( 0 2 u p t a k e = 9 1 ml) . T h e chromatog­
raphic purification of the photolysate on silica gel in a hexane 
-CH 2 G1 2 ( 1 : 1 ) mixture afforded 0.74 g (70%) of the peroxide 
3c (colorless needles (mp 75.5—76.5 °G) from ether) ; I R 
(KBr) : 3050, 1610, 1460, 1092, 1050, 755, 739, 6 9 5 c m - 1 ; 
M S m/e: 252 (M+, 15), 220 (100), 147 (24), 105 (45), 77 
(54), 51 (26). 

Found : C, 76.58; H , 4 .63% . Calcd for C 1 6H 1 2Cy. C, 
76.18; H , 4 .79%. 

Photooxygenation of cis-2-Styrylbenzofuran (2d). A solu­
tion of 0.24 g (1 mmol) of 2d a n d T P P in 60 ml of GG14 

was photooxygenated for 2.5 h. After the irradiat ion, the 

photolysate was treated as in the case of 2c to give 0.19 g 
(75%) of the peroxide 3d (colorless granules, m p 115.0— 
116.5°G) from ether; I R (KBr) : 3040, 1622, 1465, 1095, 
1045, 750, 700 c m - 1 ; M S m/e: 252 (M+, 9), 220 (100), 
105 (27), 77 (49), 51 (26). 

Found : G, 75.83; H , 4.96%0. Calcd for C 1 6 H 1 2 0 3 : C, 
76.18; H , 4 .79%. 

Photooxygenation of 2- (1 -Phenylvinyl) benzofuran (2e). A 
solution of 1.10 g (5 mmol) and T P P in GG14 (70 ml) was 
oxygenated for 1 h. After the removal of CC14, the reaction 
mixture was chromatographed on silica gel and eluted with 
CH2G12 to give a viscous oil of the peroxide 3e (10% yield), 
which crystallized on standing and exploded when subjected 
to weak friction; N M R (CCLJ : «5 4.29 (qAB, / = 15.0 Hz, 
2H) , 6.22 (s, 1H), 6.7—7.6 (m, 9H) ppm. 

Photooxygenation of 2-Isopropenylbenzofuran (2f). A solu­
tion of 1.0 g (6 mmol) of 2f and T P P in CC14 (60 ml) was 
irradiated for 3.5 h. T h e N M R spectrum (CC14) of the crude 
photolysate revealed the formation of the corresponding endo­
peroxide 3f; ô 1.70 (s with fine coupling, 3H, CH 3 ) , 4.56 
(qA B with fine coupling, / = 1 5 Hz, 2H, - C H 2 0 - ) , and 6.20 
(m, 1H, - C H O - ) p p m . All the efforts to purify 3f by chro­
matography on silica or alumina were unsuccessful; when the 
photolysate was adsorbed on the absorbent, immediately an 
exothermic reaction was occurred to give complex products. 

Isomerization of the Peroxide 3c. Triethylamine (100 mg) 
was added to a solution of 350 mg of the peroxide 3c in 10 ml 
of ether and the mixture was stirred for 20 min at an ambient 
temperature . Then , the mixture was condensed and chro­
matographed on silica gel. Elution with CH2C12 gave 200 
mg of 2-benzoylmethyl-3(2//)-benzofuranone (4) as pale 
yellow granules (mp 113 °C, from ether) ; I R (KBr) : 3070, 
2930, 2900, 1725, 1710, 1687, 1615 cm" 1 ; M S m/e: 252 
(M+, 25), 147 (38), 105 (100), 77 (45); N M R (CDC13): «5 
3.55 (m, 2H) , 5.08 (m, 1H), 6.9—8.0 (m, 9H) ppm. 

Found : C, 76.07; H , 4 .96%. Calcd for C 1 6 H 1 2 0 3 : C, 
76.18; H , 4 .79%. 
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Many aliphatic hydrocarbons, nitrogen-containing compounds, and other substances were isolated from 
neutral or alkaline liquid swine manure by steam distillation and column chromatography, and identified by 
means of gas chromatography-mass spectrometry. Aliphatic hydrocarbons have an oily odor, and nitrogen-con­
taining substances, particularly indole, skatole, and o-aminoacetophenone, have a strong malodor. Sulfur-con­
taining substances which have a strong malodor have been detected in a trace quantity. 

Malodor has been the most frequent nuisance except 
noise in Japan . Swine buildings are among the most 
important sources of this malodor. Liquid swine 
manure evolves a very strong and offensive odor, 
mainly by means of an anaerobically microbial de­
composition. Only a little knowledge has been ob­
tained about the chemical nature of the odor of 
liquid swine manure. Seventeen carboxylic acids and 
four phenols in acidic liquid swine manure have been 
reported in a previous paper.1) The odor of neutral 
or slightly alkaline swine manure is different from 
that of acidic swine manure . Anaerobically decom­
posed liquid swine manure shows a neutral or 
slightly alkaline nature . I t has been thought that 
amines and sulfur-containing compounds play an 
important role with regard to malodor.2»3) Steam dis­
tillation is a useful method to isolate volatile compounds 
containing odorous substances, although it is apt to 
lose very volatile compounds such as lower amines, 
or to decompose unstable substances such as sulfur-
containing material. 

This paper will deal with the separation by steam 
distillation and column chromatography of odorous 
components in neutral or slightly alkaline liquid swine 
manure, and with the results of the application of gas 
chromatography-mass spectrometry and the organoleptic 
technique to the determination of the compounds most 
responsible for the malodor. 

E x p e r i m e n t a l 

Gas Chromatography. A Shimadzu Model GG-5A gas 
Chromatograph was equipped with dual-flame ionization 
detectors, a matrix temperature programmer, a dual-pen 
recorder, and a Takeda Riken -fr-2215A digital integrator. 
The flame detectors were operated at a hydrogen-flow rate 
of 50 ml/min and an air-flow rate of 0.5 1/min. Some ap­
paratus was also used for the organoleptic tests, as will be 
described below. The gas-chromatographic conditions were 
as follows: injector and detector temperatures, 300 °G; 
column temperatures for Fraction A, 80 °G for a minute, 
followed by an increase to 280 °G at a rate of 2 °G/min, 
and then held at 280 °G for 30 min; column temperatures 
for the other fractions, 70 °G for 3 min, followed by an in­
crease to 270 °G at a rate of 8 °C/min, and then held at 270 
°G until the completion of the analysis; carrier-gas (nitrogen) 
flow rate, 43 ml/min at 5 kg/cm2 for Fraction A or 20 ml/min 

* Author to whom correspondence should be addressed. 

at 5 kg/cm2 for the other fractions. A 3 m X 3 mm i.d. glass 
column packed with 5% Silicone SE-30 on 60- to 80-mesh, 
acid-washed, DMGS-treated Ghromosorb W was used. 

Mass Spectrometry. A JEOL Model JMS-D 100 mass 
spectrometer was connected with a JEOL JGG-20 K gas 
Chromatograph and a JEOL JMA-2000 data-treatment sys­
tem. The gas-chromatographic conditions were the same 
as above except for the size of the column. A 3 m X 2 mm 
i.d. glass column packed with 5% Silicone SE-30 on 60- to 
80-mesh, acid-washed, DMGS-treated Ghromosorb W was 
used. The mass-spectrometric conditions were as follows: 
ion-source temperature, 135 °G; ionizing current, 3x 10-4 A; 
ionizing voltage, 25 V; accelerating voltage, 3 kV; scan range, 
m je 35 to 400; scan time, 2.1 s; scan interval, 5 s. The data-
treatment procedures were the addition of the mass spectra 
on several scans, the subtraction of the integrated background-
mass spectra from the added mass spectra, and normaliza­
tion by means of the most intense peak. 

Organoleptic Test. This test was carried out by smel­
ling the odor of compounds progressively eluted from the 
outlet of the gas Chromatograph, which was modified as 
follows in order to study the quality of odors : the gas eluted 
from the end of the column was divided into two streams in 
a 10 : 1 ratio, a eleventh of the gas was led into the flame-
ionization detector, and ten elevenths of the gas was emitted 
from the outlet of gas Chromatograph for smelling. A 3 m x 
3 mm i.d. stainless column was used for this test. 

Sampling Procedure and Fractionation. The experiments 
reported here were performed using accumulated liquid swine 
manure collected from pits under confinement swine buildings 
near Takezono, Tsukuba New Town, Ibaraki, Japan The 
liquid manure (52 1) was steam-distilled. The distillate was 
saturated with sodium chloride and extracted two times with 

TABLE 1. FRACTIONATION OF THE EXTRACT BY LIQUID 

CHROMATOGRAPHY 

First chromato- Second chromatog-

g ^ P 1 ^ r a P h y b ) Fraction 

Solvent 

Hexane 

Hexane 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

V/ml 

150 
300 

100 

100 

100 

50 
100 

A 
B 

C 

D 

E 
F 
G 

a) Silica gel was used as an adsorbent, b) Alumina 
was used as an adsorbent. 
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dichloromethane. The extract was evaporated by means of 
a Kvrderna-Danish concentrator under atmospheric pressure. 
The concentrated residue was dissolved in ether (50 ml), 
and the solution was washed with an aqueous solution of 
sodium hydroxide in order to eliminate the phenol compounds. 
The solution was then concentrated and chromatographed 
over silica gel (60 g) (Wako Gel obtained from Wako Pure 
Chemicals Industries). As elution solvents, hexane, benzene, 
and ether were used. Each fraction was chromatographed 
again over neutral alumina (90 g), obtained from the Merck 
Co., Ltd. The details of the first and second chromato­
graphies are shown in Table 1. 

R e s u l t s a n d D i s c u s s i o n 

The steam-distillate had a malodor, but it was rel­
atively different from the odor of neutral or slightly 
alkaline liquid swine manure . I t is considered that 
lower aliphatic amines might be lost and some sulfur-
containing compounds might decompose during steam 
distillation. Fractions A, C, D, F , and G have a 
malodor. Figures 1 to 7 show gas chromatograms of 
Fractions A, B, C, D , E, F , and G respectively. A 
large quanti ty of extracted matter was contained in 
Fractions A and C. 

The components included in each fraction were 
identified by gas chromatography-mass spectrometry. 
No other identification method such as IR , N M R , and 
U V , has been practical because of the small quanti ty of 

Frac t ion A 

1—r-
12 

~i— i— i— i— i— i— i— i— i— i— i— i— i—i— i— i— i— i— i—r 
24 36 48 60 72 84 96 

Time (m in ) 
0 

Fig. 1. Gas chromatogram of fraction A. 

Fract ion B 

T— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— r 
5 10 15 20 

T i m e ( m i n ) 

extracted matter and the difficulty of separating com­
ponents of a similar chemical nature. Fraction A had 
a roasted rubber-like or oily odor, and it consisted 
mainly of alkanes whose origins were unknown. Table 
2 shows the results of the identification of Fraction A 
and the content ratio of each component, which was 
calculated from the areas of the peaks on the gas chro­
matogram, corrected by the relative sensitivity of each 
normal alkane against the gas-chromatographic detector. 
2,6-Di-^-butyl-/?-cresol, only a little of which was present 
in Fraction A, was the main component in Fraction 
B ; its presence in liquid swine manure has already been 
reported in a previous paper.1) From the mass spec-

Fract ion C 

23 

22 

-A_A-
i i i i i i i r i i i i i i i i i i i i i i 

10 15 20 
Time ( m i n ) 

Fig. 3. Gas chromatogram of fraction C. 

Fraction D 

Time ( min ) 

Fig. 4. Gas chromatogram of fraction D. 

Fraction E 

JAAJI_JVJV_ 
—i—I—I I I—I—r—I—i—r—r-

10 15 20 
Time ( m in ) 

T—i—i i l l 
25 

Fig. 2. Gas chromatogram of fraction B. Fig. 5. Gas chromatogram of fraction E. 
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Fraction F 
TABLE 2. COMPONENTS OF FRACTION A 

"I—r—1—I-1—r 
5 

n—i—i—i—i—i—i—i—i—i—r~ 
15 20 25 

Time ( min ) 
0 

Fig. 6. Gas chromatogram of fraction F. 

Fract ion G 

30 

I l l I I l I I 
10 15 20 

Ti me ( min ) 
25 

Fig. 7. Gas chromatogram of fraction G. 

t rum normal alkanes can be distinguished from iso-
alkanes, but structure determinations of the isoalkanes 
are almost impossible using only the mass spectra. 

Table 3 shows the results of the identification of 
Fractions C to G. Fraction C consisted almost entirely 
of indole and skatole, which are well-known to have 
a fecal odor and which had already been detected in 
liquid animal manure.4) However, the odors of indole 
and skatole are quite different from that of the swine 
manure, although they are thought to contribute to the 
total odor of the swine manure . Fraction D contained 
some aldehydes besides indole and skatole. However, 
the aldehydes did not play any role in the odor of 
swine manure. Fraction E consisted exclusively of 
dibutyl phthalate (DBP), which was also confirmed, with 
a peak enhancement, by the co-injection of an authentic 
substance into the gas Chromatograph. DBP is an 
odorless compound and a well-known pollutant; thus, 
its origin in liquid swine manure may not be a meta­
bolic process, but , rather, it may be a pollution from 
the synthetic polymers. 

Fractions F and G had a characteristic and tenacious 
malodor. The organoleptic test showed that a com­
pound with a peak number of 29 had the odor. I t 
was concluded from its mass spectrum to be amino-
acetophenone. Further, it was confirmed to be o-
aminoacetophenone by means of a comparison with 

Peak 
number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Name 

Tridecane 
Tetradecane 
Pentadecane isomer 
2,6-Di-f-butyl-/>-cresol J 
Pentadecane 
Ci6H30 

Hexadecane 
Octadecane isomer 
Heptadecane isomer 
Heptadecane 
Nonadecane isomer 
Octadecane 
Nonadecane isomer 
Nonadecane isomer 
Nonadecane 
Eicosane isomer 
Eicosane isomer 
Eicosane 
Heneicosane isomer 
Heneicosane 
Docosane 

1 

1 

} 

} 

Content ratio 
(%) 

0 .1 

0 . 2 

0 . 4 

2 . 0 

0 .7 

2 . 4 

6 .2 

8 .7 

12.4 
14.7 

11.5 

12.3 

8 .2 

7 .6 

1.8 

6 .9 

0 .2 

TABLE 3. RESULTS OF IDENTIFICATION OF FRACTIONS, 

C, D, E, F, AND G 

Peak number 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

Name 

Indole 
Skatole 
Tetradecanal 
Pentadecanal 
Hexadecanal 
G i 8 H 3 4 0 

Dibutyl phthalate 
o-Aminoacetophenone 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
2- ( 1 -Propenyl) -6 -methoxyphenol 
3,4-Dimethoxyacetophenone 
2- (Butylamino) benzoxazole 
2-Tridecanol 
Unknown 
Unknown 
Unknown 

an authentic substance using gas chromatography. As 
the odor of this compound has been recognized for the 
first time by column chromatography, it must fuse with 
odors of other odoriferous substances to become a new 
malodor. Many components in Fractions F and G 
could not be identified by mass spectrometry alone. 

Trace components which did not appear as peaks 
in the gas chromatograms with the detector's gain. 
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shown in Figs, 1, 3, 5, and 6, were also identified by 
gas chromatography-mass spectrometry; most of them 
were odoriferous. They are tr i thiapentane and tera-
thiahexane in Fraction A ; ethylindole, 2-pentadecanone, 
and 2-hexadecanone in Fraction C ; 3,3-dimethyl-2-
thiapentane and benzothiazole in Fraction E, and 
quinazoline in Fraction F . 

The authors wish to thank Mr . Minoru Kur iyama, 
a hog raiser near Tsukuba New Town of Ibaraki , for 
his offer of liquid swine manure . 
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Effects of Neighboring Functional Groups in the Asymmetric 
Reduction of ^-Substituted Alkyl Phenyl Ketones with 

Lithium Tri-/-Menthoxyaluminum Hydride^ 
Shozo YAMAGUGHI and Kuninobu K A B U T O 

Department of Chemistry, College of General Education, Tohoku University, Kawauchi, Sendai 980 
(Received May 25, 1977) 

In the enantioselective reduction of co-substituted alkyl phenyl ketones, PhCO(CH2)„Y, with lithium tri-/-
menthoxyaluminum hydride, the effect of the functional groups, Y(NR2, OMe, and SMe) on the stereoselectivity 
was examined in comparison with that of the alkyl group. Of the functional groups tested, the MeO group is more 
effective in enhancing the stereoselectivity than the NMe2 or SMe group except in the case of re=l. The optical 
yields are also affected by the number of the methylene group (n) in the substrates. These results strongly suggest 
that the coordination of the Y group with the reducing reagent is one of the essential factors in the stereoselectivity. 
The absolute configurations of the resulting alcohols are correlated with the relative magnitudes of the lanthanide-
induced shifts (LIS) of their ( + )-MTPA esters. 

There have been many studies2) of the asymmetric 
reduction of achiral ketones with lithium aluminum 
hydride modified by chiral reagents. Although some 
systematic studies3) have been done in exploring ef­
fective chiral ligands, attention has so far been mostly 
focused on the steric effects of the substituents around 
the chiral center on the asymmetric bias. Mosher and 
his co-workers have developed the LAH-chi ra l amino 
alcohol complexes,4) which give excellent asymmetric 
yields of as much as 75 % in the reduction of acetophe-
none. They explained this high stereoselectivity in 
terms of a rigid conformation of the chiral hidride 
reagent as a result of the coordination of such functional 
groups as NMe 2 in the chiral ligand with Li+. A 
similar coordinating effect has also been reported5) in 
the asymmetric reduction with LAH-iV-(o-substituted 
benzyl)-a-methylbenzylamine complexes. 

On the other hand, in order to conduct the asym­
metric reduction of the substrates with functional groups 
effectively, it is necessary to get information on the 
effect of the functional group on asymmetric induction. 
Such investigation has, however, been limited to the 
diastereoselective reductions6) of the carbonyl group, 
and little is known about the role of the groups7) in 
substrates on enantioselective reduction. 

For the purpose of clarifying the stereoselectivity en­
hancement by the functional group in substrates in the 
case of enantioselective reductions, it is desirable that 
a chiral ligand not have any additional group other 
than the one essential for complex formation with a 
reducing reagent, and that the asymmetric yield not 
be high when the functional group is absent in the 
substrates.8) 

O n the basis of these considerations, the asymmetric 
reduction of co-substituted alkyl phenyl ketones, P h C O -
(CH 2) nY ( Y = N R 2 , O M e , SMe, and alkyl; n = l - 4 ) , 
with L iAlH(0 -Men thy l ) 3 was carried out in order to 
find the most profitable group (Y) and number of the 
methylene group («). 

The reduction of ketones was conducted in ether 
under a nitrogen atmosphere. The synthetic yields 
were 80—100%, and the resulting secondary alcohols 
were purified by preparative GLC. The results are 

* (/?)-(+ )-a-Methoxy-a-trifluoromethylphenylacetic acid 
(Mosher's Reagent). 

shown in Table 1. 
Of the absolute configurations of the alcohols ob­

tained by this reduction, those of 2-methoxy-l-phenyl-
ethanol(2) and 2-methylthio-l-phenylethanol(3) were 
assigned as S{-\-) by correlating them chemically to 
(£)-(-f-)-mandelic acid according to the procedure 
outlined in Scheme 1, while that of 4-dimethylamino-1 -
phenyl-1-butanol(12) was determined to be Ä( + ) by 
correlation to 1-phenyl-1-butanol(6) (Scheme 2). 

Mef/K2C03
 H * /CH20Me 

% / C 0 2 H LAH H,, CH20H 

* vcC 
PIT m 
(S)-( + )-17 

\ 

P\/ N0H 
(S)-(-l)-mandelic 

acid 

PIT OH 
(S)-( + )-2 

H, .CHoSMe 

2 MeSNa Ptr OH 
(S)-( + )-3 

Scheme 1. 

V" 
Pi/ N(CH2)3Cl 
(S)-(-)-18 

LAH 

1. Ac20 
2.NaI 

3. Me2NH 
V ,0Ac 

PIT (CH2)3NMe2 

(S)-(-)-19 

LAH 

H OH 

pt/ \H 2 CH 2 CH 3 

(S)-( - ) -6 

\ x: PK* (CH2)3NMe2 

(S)-(-)-12 

Scheme 2. 

The absolute configurations of the other alcohols with 
functional groups were assigned9) by means of the 
(Ä)- (+) -MTPA*/Eu(fod) 8 method10) previously re­
ported by the present authors, since it has been con­
firmed that this method is also applicable to 1-phenyl-
ethanols with the functional groups [ Y = N M e 2 (1) ; 
O M e ( 2 ) ; SMe(3)] at the C-2 position. 

The (Ä)- (+) -MTPA/Eu(fod) 8 method correlates the 
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TABLE 1. ASYMMETRIC REDUCTION OF CO-SUBSTITUTED ALKYL PHENYL KETONES WITH LiAlH(0-/-Menthyl)3 

AND THE ABSOLUTE CONFIGURATION OF THE RESULTING ALCOHOLS 

Entry 

1 
2 
3 
4 
5 
6 J 

7 s 
8 
9 

10 

11 

12 1 

13 
14 
15 ) 

16 

PhGO(CH2)7lY 
1—16 

Alcohol 

> n=\ ' 

n—1 ( 

) n = 3 < 

» = 4 

Functional 
group (Y) 

( NMe2 (1) 
OMe (2) 
SMe (3) 
H (4) 
Me (5) 

< Et (6) 

/ NMe2 (7) 
OMe (8) 
SMe (9) 
Et (10) 

N ~ \ (H) 

( NMe2 (12) 
OMe (13) 
SMe (14) 

l Et (15) 

OMe (16) 

LISA 

4.4 
7.1 
8.4 

12.6 
9.6 
9.8 

10.0 
10.0 
9.3 

9.5 
8.7 

11.5 

11.3 

LiAlH(0-Menthyl)3 

Ether, 0 °C 

LISoMe 

LISB 

4.2 
4.9 
6.4 
8.6 
7.5 
7.8 

8.2 
9.3 
8.3 

7.4 
7.9 

10.0 

9.6 

> 

ALIS 

0.2 
2.2 
2.0 
4.0 
2.1 
2.0 

1.8 
0.7 
1.0 

2.1 
0.8 
1.5 

1.7 

PhCH(OH)(CH2)nY 
1—16 

Configa> 

5(_)c.d) 

# ( - ) c ) 

S(+)C ) 

Ä(+)«> 
Ä(+)°> 
Ä(+) 

tf(+)f) 

Ä(+) 
R{+) 
R( + ) 

* ( + ) f ) 

Ä ( + ) 

Ä ( + ) 

Ä ( + ) 

Ä ( + ) 

Ä ( + ) 

%eeb> 

7 
4 

12 
3 
7 

15 

25s) 
35 
17 
19 

37s) 

3h) 

38 
14 
13 

16 

a) The optical rotations, [a]D, were taken in cyclopentane unless otherwise specified, b) All the data are the 
averages of 2—3 runs. The enentiomeric excesses were determined based on the relative peak area of the MeO 
signals of the (.#)-(+)-MTPA acid moiety in the presence of Eu(fod)3. c) In these three alcohols, the -GH2Y 
group takes nomenclatural precedence over that of the Ph group; therefore, the S configuration in these alcohols 
corresponds to the R of the others, d) Sign for the hydrochloride of 1 in water; H. Yoshimura, Yakugaku Zasshi, 
84, 305 (1963). e) Ref. 10. f) Sign for a methanol solution; Ref. 7. g) Based on the absolute rotations: 7, [a]D 

+ 27.6° (c 1.61, MeOH); 11, [a]D +29.3° (c 1.9, MeOH). Refs. 7 and 14. h) Determined on the basis of the 
relative peak area of carbinyl protons in the XH NMR spectrum of 12 in the presence of the chiral shift reagent, 
Eu(hfc)3, since (Ä)-( + )-MTPA esters of 12 were not obtained under ordinary conditions. 

relative magnitude of LIS 0 M e (the lanthanide-induced 
shift by Eu(fod)3 of the M e O signal of the M T P A acid 
moiety in ( Ä ) - ( + ) - M T P A esters of secondary alcohols) 
with their absolute configurations; the diastereomeric 
ester with the larger LIS value has Structure A, while 
the other ester, with the smaller L IS value, has Struc­
ture B. The results are also summarized in Table 1. 

MeO^ ¥ 
Ph^c-c N o / c , „ ( l R M 

CF3 RL 

MeOv 0 tf 

/ 
CF3 RM 

R L > R M 

The most pertinent observations in the asymmetric 
reduction are as follows: (1) When the Y group is 
alkyl or H , the preferential attack of the hydride ion 
occurs on the .«'-face of the carbonyl group, and the 
presence of the functional group does not alter the sense 
of the asymmetric induction except in the case of 2-
methoxyacetophenone(Table 1, Entry 2) ; (2) The 

stereoselectivity in the reduction dépendes on the 
functional group. Among the functional groups ex­
amined, O M e (when n=2 and 3) and NR 2 ( w h e n « = 2 ) 
functioned effectively to increase the stereoselectivity 
(Table 1, Entries 7, 8, 11, and 13) while the SMe 
group did not give any higher asymmetric induction, in 
comparison with the non-polar ethyl group. The 
ethyl group was chosen as a standard, since its steric 
requirement, including the extention effect,11) was con­
sidered to be similar to those of O M e and SMe, and 
its steric effect would be the sole controlling factor in 
the stereoselectivity; (3) As can be seen from Fig. 1, 
the stereoselectivity also depends on the number of the 
methylene group (n) in the case of Y = O M e or NMe 2 ; 
even the sense of asymmetric induction was reversed 
when Y = O M e ( n = l ) . The highest selectivity was ob­
served at n = 2 ( Y = N M e 2 ) 25%ee) or n = 3 ( Y = O M e , 
38%ee) . O n the other hand, when Y = S M e or Et, 
there was no distinct dependence. 

I t is apparent that these results could not be elucidat­
ed by an exclusive consideration of the steric effects 
of the functional group Y, because the similar steric 
requirements of the group (OMe, SMe, and Et) re-
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40 V 

î W\ 
10 I 

l — « 1 i i I 

1 2 3 4 
Number of methylene group (n) 

Fig. 1. Selectivity dependence on the number of meth­
ylene groups. 
• : Y = O M e , 0 : Y = N M e 2 , A : Y=Et , A : Y=SMe. 

TABLE 2. ASYMMETRIC REDUCTION OF 11' IN THE 

PRESENCE OF TMEDA 

/ — \ LiAlH(0-Menthyl)3 

PhCO(GH2)2N > > 
\—/ Toluene, 0 °C 

11' _ 
PhCH(OH)(CH2)2N \ 

i TMEDA/LAH (mol/mol) 0 1.0 2.0 4.0 
Optical yielda> (%) 23 13 12 12 

a) Based on the reported absolute rotation; [a]D 

+ 29.3° (c 1.9, MeOH). Ref. 7. 

suited in two different patterns of stereoselectivity de­
pendence (Fig. 1, Y = O M e ; SMe and Et ) . These 
observations strongly suggest that the coordination of 
the Y group (OMe or NR 2) with the reducing reagent 
also plays an important role in the stereoselectivity. 

The coordination of the Y group with the reducing 
reagent can be substantiated by the asymmetric re­
duction of 3-piperidinopropiophenone (11) in the pres­
ence of the additive, N,N,N',N'-tetramethylethylene-
diamine(TMEDA), which can strongly coordinate with 
Li+. The reduction was conducted in toluene in order 
to eliminate the effect of ether oxygen, which may act 
as a coordinating functionality. The results are shown 
in Table 2. Although the change in the stereoselec­
tivity was not very remarkable because of the rather 
low asymmetric induction in the absence of the addi­
tive, it can be seen that the stereoselectivity was im­
mediately decreased by the addition of T M E D A in a 
1 molar ratio and did not change upon the further 
addition of T M E D A . This can be interpreted as a 
result of the interference of the coordination of piperidino 
nitrogen with the reducing reagent caused by T M E D A . 

The oxygen and nitrogen atoms in the functional 
group Y are hard bases, and they can strongly coordinate 
with L i + or Al 3 + of hard acids, while the sulfur atom 
is a soft base which can hardly coordinate at all with 
the light metal cations. Therefore, the SMe group 

can be considered to act as a functionality with a poor 
coordinating capability in the present case. The ob­
servations that the effects of the SMe group on the 
stereoselectivity are almost the same as those of the 
non-polar Et group (see Fig. 1) is consistent with this 
expectation. 

Experimental support for the coordination of O M e 
being stronger than that of SMe with Li+ has been 
found in the asymmetric reduction5) of propiophenone 
with L A H modified by (S)-( — )-JV-(o-dimethylamino-
benzyl)-a-methylbenzylamine, where the addition of 
1,2-dimethoxyethane to the reaction mixture caused a 
dramatic decrease in the stereoselectivity, while that 
of l,2-bis(methylthio)ethane did not. 

The stereoselectivity was greatly affected by the posi­
tion of the carbonyl group relative to the functional 
group Y (OMe, NR 2 ) in the present case, indicating 
that the reduction proceeded via a cyclic transition 
state. Concerning the mechanism of the metal hydride 
reduction of the carbonyl group, Pierre and Handel 
demonstrated that the alkali metal cation is indispen­
sable12) and that it also plays very important role in 
the stereoselectivity.615) 

They examined the diastereomeric reduction of 
N-substituted 2-aziridinyl ketones and proposed a 
cyclic model where the alkali metal cation (not the 
metal hydride anion) is incorporated in the chelate ring. 
O n the basis of this model, it can be considered that 
a similar coordination (C) of the carbonyl and the 
Y group with Li+ occurs in the present asymmetric 
reduction : 

o - * L \ 
Il \ 

Ph (CH2)n 

C 

The number of the methylene group (n) determines 
the size of the chelate ring and thus affects the rigidity 
of the transition state, being responsible for the stereose­
lectivity. As can be seen from the low stereoselec­
tivity in the reduction of 2-methoxyacetophenone 
(Table 1, Entry 2), however, the ease of the chelate-
ring formation, predicted from both the ring size13) and 
the nature of the heteroatoms, does not always afford 
a high asymmetric induction. 

Exper imenta l 

Instruments. The NMR spectra were taken on a 
Hitachi R-22 (90 MHz) spectrometer, with TMS as the in­
ternal standard. The gas-liquid chromatographic (GLG) 
determination was performed on a Shimadzu GG-5A ap­
paratus, using a PEG 20 M or PDEG succinate column (3 
mm X 1.5 m). The preparative GLG was carried out on a 
Varian Aerograph 700 using the same stationary phases 
(l/4"x 1.5 m). The optical rotations were tekan on a Perkin 
Elmer 241 Polarimeter, using a 1-dm thermostated microcell. 

Reagents. The ether was distilled over sodium hydride 
and stored over Linde molecular sieves 3A. The toluene 
was dried over the same molecular sieves. A stock LiAlH, 
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solution in ether was passed through a glass filter under 
nitrogen and stored in a flask closed with a rubber septem. 
It was analysed by iodometry just before use. Aliquots were 
taken up by syringe as needed. A commercially available 
/-menthol [Tokyo Kasei, [a]2D° - 5 0 ° (c 10, E t O H ) ] was used 
without further purification. 

Materials. 2-Dimethylaminoacetophenone(l ' ) ,1 5> 2-
methoxyacetophenone (2') ,16> 3-dimethylaminopropiophenone 
(7'),7> 3-methoxypropiophenone(8'),17) 3-(methylthio) pro-
piophenone(9'),18> and 3-piperidinopropiophenone(l l /)7) 
were prepared according to the reported procedures. 

2-(' Methylthio) acetophenone( 3'') : A solution of phenacyl bro­
mide (30 g, 0.15 mol) in ethanol (120 ml) was cooled with 
ice, and then a 2 0 % aq solution of sodium methyl sulfide 
(36 ml) was added over a period of 10 min under stirring. 
T h e reaction mixture gradually turned red, and stirring was 
continued for 1 h. T h e reaction mixture was then poured 
into 600 ml of ice water. After being salted out, it was 
extracted with ether and the extract was washed with water, 
d r i ed (Na 2 S0 4 ) , concentrated, and distilled, giving 17.5 g 
(70%) of 3 ' as a pale yellow oil: bp 118—119 °G/3 T o r r ; 
NMR(GG14) (5=2.02 (3H, s, SGH 3 ) , 3.60 (2H, s, - G H 2 S ) ; 
Found : G, 65.06; H , 6 .05%. Galcd for G 9 H 1 0 OS: G, 
65.02; H , 6 .06%. 

4-Dimethylaminobutyrophenone(12') : T o a 100 ml portion of 
a cold ether solution of dimethylamine (25 g, 0.056 mol), was 
added, little by little, crude 4-iodobutyrophenone (7.35 g, 
0.027 mol, prepared from 4-chlorobutyrophenone and sodium 
iodide, and heated at 90 °G for 18 h in ethyl methyl ketone). 
After standing for a day at room temperature , the reaction 
mixture was warmed at 30—40 °C for 1 h. T h e precipitates 
were filtered off, and then the filtrate was concentrated to 
yield a pale yellow oil, which was subsequently dissolved in 
ether. T h e ether solution was extracted with 2 M HCl . 

After the acid layer had been made alkaline with dilute 
sodium hydroxide solution, it was extracted with ether. 
T h e extract was washed with water, dried (Na 2 S0 4 ) , concen­
trated, and distilled in vacuo, yielding 2.6 g (50%) of 12' as 
a colorless oil: bp 122—124 °G/0.5 T o r r ; N M R (GG14) ô= 
1.80 (2H, quintet, - C H 2 C H 2 C H 2 - N ) , 2.13 (6H, s, - N ( C H 3 ) 2 ) , 
2.27 (2H, t, - G H 2 - N ) , 2.93 (2H, t, - G O - G H 2 - ) ; Found : 
N, 7 .43%. Galcd for G 1 2 H 1 7 ON: N , 7.32%. 

4-Methoxybutyrophenone( 13') : T o a solution of sodium meth-
oxide, prepared from 1.38 g (0.06 mol) of sodium and 60 
ml of methanol , was added, by portions, 4-chlorobutyro­
phenone ethylene acetal (11.4g, 0.05 mol ; m p 55—57 °G; 
Found : G, 63.60; H , 6 .83%. Galcd for G 1 2H 1 5G10 2 : G, 
63.58; H , 6.67%, prepared from 4-chlorobutyrophenone, 
ethylene glycol, and a catalytic amount of j^-toluenesulfonic 
acid, refluxed in benzene for 48 h with a Dean-Stark water 
separator; yield, 6 9 % ) . T h e reaction mixture was subse­
quently stirred for 45 min at 50 °G and then cooled to room 
temperature . After the addition of a saturated sodium 
chloride solution, the reaction mixture was extracted with 
benzene and the extract was washed with water, dried (Na2-
S 0 4 ) , and concentrated, yielding 10.2 g of a pale yellow oil. 
I t was dissolved in 50 ml of methanol , and, after the addition 
of 10 ml of coned HCl , the methanol solution was stirred for 
1 h at room temperature . T h e solvent was then removed, 
and the residue was extracted with ether. T h e extract was 
washed with a sodium hydrogencarbonate solution and brine 
successively, dried (Na 2 S0 4 ) , concentrated, and distilled, 
yielding 5.0 g (56%) of 13 ' as a colorless oil: bp 93 °C/0.5 
T o r r ; N M R (GG14) <5=1.96 (2H, quintet , - C H 2 C H 2 C H 2 - 0 ) , 
3.01 (2H, t, - C O - G H 2 - ) , 3.41 (2H, t, - G H 2 O M e ) , 3.29 (3H, 
s, O M e ) ; Found : G, 74.23; H , 8 .01%. Galcd for G n H 1 4 -
0 2 : G, 74.13; H , 7.92%. 

4-(Methylthio)batyrophenone( 14'): T o a solution of a 2 0 % 
aq solution of sodium methyl sulfide ( 16 ml) was added, drop 
by drop, 4-chlorobutyrophenone ethylene acetal (9.08 g, 40 
mmol) in 120 ml of ethanol, after which the reaction mixture 
was warmed at 60 °C for 1 h. After concentration in vacuo, 
the mixture was poured into water and extracted with ether. 
T h e extract was washed with a saturated sodium chloride 
solution. After the removal of the ether, the pale yellow 
residue was dissolved in 50 ml of methanol and stirred for 
1 h with 10 ml of coned HCl at room temperature. The 
methanol was then removed under reduced pressure, and the 
residue was dissolved in ether, washed with saturated sodium 
hydrogencarbonate and brine successively, dried (Na 2 S0 4 ) , 
concentrated, and distilled, giving a pale yellow oil, which 
was subsequently distilled in vacuo to yield 5.6 g (72%) of 
14 ' : bp 118 °G/1 T o r r ; N M R (CG14) 0=1.8—2.1 (2H. m, 
- G H 2 C H 2 C H 2 - S ) , 2.07 (s, SMe) , 2.56 (2H, t, - C H 2 - S ) , 
3.07 (2H, t, - G O - G H 2 - ) ; Found : G, 68.07; H , 7.40%. 
Galcd for G n H 1 4 O S : G, 68.00; H , 7.26%. 

5-Methoxyvalerophenone( 16') : T o a Grignard reagent pre­
pared from 1-chloro-4-methoxybutane (12.3 g, 0.1 mol), mag­
nesium turnings (2.6 g, 0.11 mol) , and ether (35 ml) was 
added, drop by drop, benzonitrile (10.3 g, 0.1 mol) in toluene 
(50 ml) . After the moderately exothermic reaction had sub­
sided, about 50 ml of the solvent was distilled off. Reflux 
was continued for 4 h, and then the mixture was stood over­
night at room temperature . I t was subsequently poured into 
water containing coned HCl , extracted with ether, washed 
with dil N a O H and water successively, dried ( M g S O J , con­
centrated and distilled in vacuo to yield 16.3 g (85%) of 16' 
as a colorless oil: bp 119—120 °G/0.2 T o r r ; N M R (GG14) 
0 = 1 . 7 (4H, m, - C O - C H 2 C H 2 C H 2 C H 2 ) , 2.96 (2H, t, - C O -
G H 2 - ) , 3.29 (s, - O G H 3 ) , 3.38 (t, - C H 2 - 0 ) ; Found: G, 
74.96; H , 8.56%. Calcd for G 1 2 H 1 6 0 2 : G, 74.97; H , 8.39 

Vo­
w-Substituted 1-Phenyl-1-alkanols (9, 12, 13, 14, and 16): 

These new carbinols were obtained as a colorless oil by the 
LiAlH 4 reduction of the corresponding ketones in ether. 
( ± ) - 9 : N M R (GG14) 0=1.75—2.1 (m, - G H ( O H ) - G H 2 ) , 
2.01 (s, SMe) , 2.47 (2H, t, - G H 2 - S ) , 4.67 (1H, dd, - G H -
( O H ) - ) ; Found : G, 65.85 ; H , 7.77%. Calcd for G1 0H1 4OS : 
C, 65.89; H , 7.74%. ( ± ) - 1 2 : N M R (GG14) (5=1.65 (4H, 
m, - G H ( O H ) - G H 2 G H 2 - ) , 2.17—2.2 (8H, N M e 2 and - C H 2 -
N ) , 4.47 (1H, dd, - G H ( O H ) - C H 2 - ) ; Found: C, 74.53; 
H , 9.95; N, 7.00%. Galcd for C 1 2 H 1 9 ON: C, 74.57; H, 
9.91; N, 7 .25%. ( ± ) - 1 3 : N M R (GG14) 5 = 1 . 6 (4H, m, 
- G H ( O H ) - G H 2 G H 2 - ) , 3.21—3.28 (5H, O M e and - C H 2 - 0 ) , 
4.49 (1H, t, - C H ( O H ) - ) ; Found : G, 73.36; H , 9.04%. 
Galcd for C n H 1 6 0 2 : G, 73.30; H , 8 .95%. ( ± ) - 1 4 : N M R 
(GG14) (5=1.6 (4H, m, - C H ( O H ) - C H 2 C H 2 - ) , 1.96 (3H, s, 
SMe) , 2.36 (2H, t, - G H 2 - S ) , 4.49 (1H, t, - G H ( O H ) - ) ; 
Found : G, 67.25; H , 8.26%. Calcd for C n H l 6 O S : C, 
67.25; H , 8 .28%. ( ± ) - 1 6 : N M R (GC14) (5=1.6 (6H, m, 
- G H ( O H ) - C H 2 C H 2 G H 2 - ) , 3.20—3.26 (5H, O M e and - C H 2 -
O ) , 4.51 (1H, t, - G H ( O H ) - ) ; Found: C, 74.18; H, 9.44%. 
Galcd for C 1 2 H 1 S 0 2 : G, 74.19; H , 9 .34%. 

Determination of Absolute Configurations by Chemical Correlation. 
(S)-(+)-2-Methoxy-7-phenylethanol(2): A mixture of (S)-
( + )-l-phenyl-l ,2-ethanediol(17) [1.38 g, 10 mmol, [a]*J 

+ 39.2° (c 2.62, EtOH)] , 1 9) potassium carbonate (2.38 g), and 
methyl iodide (0.75 ml, 12 mmol) in acetone (15 ml) was 
refluxed for 15 h. T h e reaction mixture was then filtered, 
and the filtrate was concentrated, after which the residue 
was dissolved in ether. T h e ether solution was washed with 
water, dried (Na 2 S0 4 ) , and concentrated to give 1.24 g of a 
pale yellow oil containing about 50% of 2. The monomethyl 
ether was concentrated by silica gel column chromatography, 
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using benzene-ether (10 : 1) as the eluent, purified by pre­
parative G L C ( P D E G S l / 4 " x l . 5 m , 170 °C, He 6 0 m l / m i n ) , 
and distilled in vacuo [115 °C (bath) / l To r r ] . 197 m g ; N M R 
(GG14) 5=3 .1—3.6 (AB part of ABX, - G H 2 - 0 ) , 3.36 (3H, 
s, O M e ) , 4.73 ( I H , dd, - C H ( O H ) - ) ; [a]2

D°+44.6° (c 4.54, 
cyclopentane). 

(S)-(+)-2-Methylthio-1-phenylethanol (3): Tosyl chloride 
(3.14 g, 16 mmol) was added, portion by portion ,to a solution 
of («$>(+)-17 (2.07 g, 15 mmol, [a]2

D° + 3 9 . 2 ° in E t O H ) in 
pyridine (20 ml) at 0 °G. After the addition was completed, 
the reaction mixture was allowed to stand overnight in a 
refrigerator, poured into water (200 ml) , and extracted with 
benzene. The extract was washed with 2 M HCl and satu­
rated sodium hydrogencarbonate successively, dried (Na 2 S0 4 ) , 
and concentrated to yield crude (£)-( + ) - l -pheny l - l ,2 -e thane-
diol 2-tosylate (4.1 g) , which was then recrystallized from 
benzene-hexane to give fine needles (2.6 g, 5 9 % ) ; m p 72— 
73 ° C ; [a]2

D° + 3 0 . 3 ° (c 3.35, M e O H ) ; Found : C, 61.75; H , 
5.52%. Galcd for C 1 5 H 1 6 0 4 S : G, 61.63; H , 5.52%. T o 
a stirred solution of the tosylate (584 mg, 2 mmol) in ethanol 
(10 ml) was added, drop by drop 2 0 % aq sodium methyl 
sulfide (0.8 ml, ca. 3 mmol) at room temperature. Stirring 
was continued for 2 h. After water had been added to the 
mixture, it was extracted with ether. T h e subsequent evap­
oration of the solvent afforded a pale yellow oil (290 mg) , 
which was chromatographed on silica gel using benzene-
ether (20 : 1) as the eluent and distilled [120 °G(bath) / l 
Torr] to yield 150 mg (45%) of 3 as a pale yellow oil: 
N M R (CC14) (5=2.02 (3H, s, SMe) , 2.4—2.9 (AB par t of 
ABX, - G H 2 - S ) , 4.6 ( I H , dd, - G H ( O H ) - ) ; [a]2

D° + 6 3 . 8 ° {c 
5.63, cyclopentane). 

(S)-( — )-4-Chloro-1'-phenyl-1-butanol (18): This alcohol was 
prepared by the asymmetric reduction of 4-chlorobutyro-
phenone by LiAlH4 modified by ( - ) - ( 2 Ä , 3S)-4-dimethyl-
amino - 3 - methyl -1,2 - diphenyl-2-butanol (LAH : R * O H = 1 : 
2.3) according to the reported procedure.413) T h e absolute 
configuration was determined to be S( — ) by (/?)-( + ) - M T P A / 
Eu(fod)3 method;10) L I S A 8.64, L I S B 8.08, A L I S 0.56; 54 
%ee, [a]a

D° - 2 7 . 3 ° (c 2.83, cyclopentane); N M R (CG14) <5= 
1.73 (4H, m, - C H ( O H ) - C H 2 C H 2 - ) , 3.42 (2H, bt, -GH2G1), 
4.50 ( IH , bt, - C H ( O H ) - ) . Acetate of 18; [a]2

D° - 4 9 . 3 ° (c 
5.88, cyclopentane). T h e absolute configuration of 18 was 
confirmed by hydrogenolysis to (S)-( — )-l-phenyl-1 -butanol 
(6) (see Table 1, Entry 6) as follows. A T H F solution (8 
ml) of LiAlH4 (160 mg, 4 mmol) and 18 (277 mg, 1.5 mmol, 
[a]2D° - 2 7 . 3 ° ) was renuxed at 95 °G for 3 h. T h e reaction 
mixture was then worked-up in a usual way, and the resulting 
colorless oil (198 mg) was submitted to preparative T L G (silica 
gel, 2 0 % ethyl acetate in hexane) to yield 48 mg of (S)-( — )-6 
as colorless crystals; [a]£—31.0° (c 3.08, cyclopentane). 

(S)-( — )-4-Dimethylamino-1-phenyl-1-butanol (12): T h e ace­
tate (412 mg, [a]2

D°—49.3° in cyclopentane) of 18 was re-
fluxed for 6 h with sodium iodide (600 mg) in ethyl methyl 
ketone and then transformed to 493 mg of crude 4-iodo-l-
phenyl-1-butanol as a colorless oil: [a]2

D° —33.6° (c 3.21, 
cyclopentane). This was used without further purification. 
T o a solution of dimethylamine (5 g) in ether (10 ml) was 
added crude 4-iodo-l-phenyl-1-butanol (480 mg) in dry ether 
(5 ml) , and the mixture was stood overnight at room tempera­
ture. T h e precipitates were filtered off, and the filtrate was 
concentrated in vacuo. T h e residue was dissolved in ether 
and extracted with 2M HCl . After having been washed with 
ether, the acid layer was made alkaline and extracted with 
ether, washed with water, dried (Na 2 S0 4 ) , concentrated, and 
distilled [120 °C (bath)/0.4 Tor r ] , yielding 225 mg of 19: 
N M R (GC14) «5=1.2—1.9 (4H, m, - G H ( O A c ) - G H 2 G H 2 - ) , 
2.0 (3H, s, OAc) , 2.09 (6H, s, NMe 3 ) , 2.22 (2H, t, - C H 2 - N ) , 

5.67 ( I H , t, - C H ( O A c ) - ) ; [a]a
D° - 4 2 . 5 ° (c 3.30, cyclopentane). 

T h e reduction of 19 (200 mg) with LiAlH4 (150 mg) in ether 
(4 ml) at room temperature for 4 h afforded 12 (125 mg) as 
a colorless oil, which was distilled in vacuo [90 °G (bath) / 
0.2 T o r r ] ; [a]2

D° - 2 8 . 6 ° (c 3.40, cyclopentane). 
Asymmetric Reduction of co-Substituted Alkyl Phenyl Ketones with 

Lithium Tri-l-menthoxyaluminum Hydride. U n d e r a nitro­
gen atmosphere, to a stirred solution of LiAlH 4 (1.2 mmol) 
in ether (2.5 ml) was added /-menthol (562 mg, 3.6 mmol) 
in 2 ml of the same solvent at 0 °C. T h e container of /-
menthol was washed with 1 ml of ether, and the washing 
was added to the LiAlH 4 solution. Three minutes after the 
initial addition of menthol, ketone (1 mmol) in 0.5 ml of 
ether was added, drop by drop, to the LAH-men tho l complex 
and the container of ketone was also washed with 0.5 ml 
of ether. T h e reaction mixture was stirred for 3 h at 0 °G 
to give a t ransparent solution. T h e excess hydride was de­
composed with a small amoun t of water. After the addition 
of excess dil HCl , the mixture was extracted with ether. T h e 
extract was washed with saturated sodium hydrogencarbonate 
and water successively and dried (Na 2 S0 4 ) . T h e product 
was purified by preparative GLG and finally distilled in 
vacuo. In the case of the reduction of amino ketones, the 
products were extracted with dil HCl from the reaction mix­
ture. After the extract had then been made alkaline, the 
amino alcohol liberated was extracted with ether and purified 
by preparative G L C and distilled in vacuo. 

T h e enantiomeric purities of the resulting alcohols were 
determined according to a method previously reported.10) 

Optical rotations, [a]„ in cyclopentane, of the new op­
tically active alcohols are as follows. (S)-2, + 4 4 . 6 ° (c 4.54) 
optically pu re ; (S)-3, + 6 3 . 8 ° (c 5.63) optically pu re ; (R)-S, 
+ 11.1° (c 3.78) 3 4 % ee ; (R)-9, + 3 . 6 3 ° (c 3.94) 18%ee; 
(Ä)-12, + 1 . 6 5 ° (c 4.67) 3%ee ; (Ä)-13, + 1 5 . 2 ° (c 4.72) 38 
% e e ; (R)-14, + 1 . 4 3 ° (c 4.44) 12%ee; (Ä)-15, + 2 . 8 6 ° (c 
5.71) 13%ee; (Ä)-16, +0 .322° (c 8.73) 16%ee. 

Asymmetric Reduction of 3-Piperidinopropiophenone (11') in the 
Presence of TMEDA. T o a solution of LiAlH4 (2.0 
mmol) in 5 ml of ether was added /-menthol (938 mg, 6 
mmol) in 4 ml of ether at 0 °C. T h e ether was subsequently 
removed in vacuo, and the residue was dissolved in 9 ml of 
dry toluene. iV,iV,iV'/,iV'/-Tetramethylethylenediamine ( T M ­
EDA) [Run 1, 0.3 ml (2 mmol ) ; 2, 0.6 ml (4 mmol) ; 3, 1.2 
ml (8 mmol) ; 4, none] was added to the solution, and the 
resulting solution was cooled to 0 °C. After 3 min, 11 ' 
(217 mg, 1 mmol) in 1 ml of toluene was added. The re­
action mixture was kept overnight at 0 °C. After the cautious 
addition of water, the reaction mixture was extracted with 
dil HCl . T h e acid layer was made alkaline with dil N a O H 
and extracted with ether. T h e solvent and T M E D A were 
removed in vacuo, and the product was purified by distillation 
[120 °G(bath)/0.5 T o r r ] . No starting ketone was detected 
on GLG. T h e results are shown in Table 2. 
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3'-Episeldomycin 5 (7) was synthesized from seldomycin 5. Reaction of hexa-iV-ethoxycarbonylseldomycin 
5 (2) with o-nitrobenzenesulfonyl chloride gave penta-iV-ethoxycarbonylseldomycin 5-2',3'-epicyclic carbamate (3) 
in one step. Hexa-7V-ethoxycarbonyl-3'-0-tosylseldomycin 5 or hexa-N-ethoxycarbonyl-S'-O-mesylseldomycin 5, 
prepared from 2, was also converted into 3 by being heated in weakly basic solvents such as iV,iV-dimethyl-
formamide or pyridine. Compound 3 was hydrolyzed to give 7. Structure of 7 was confirmed by PMR, GMR, 
MS, and A[M] values. Compound 7 was found to be active against resistant bacteria which carry 3'-0-phos-
phorylating enzymes. A[M] values for vicinal amino groups were shortly discussed. 

Seldomycins are new aminoglycoside antibiotic com­
plex produced by Streptomyces hofuensis and five factors 
are known among which factor 5 is the most active 
component.1) Structure of seldomycin 5 has been 
shown to be 4-0-[2,6-diamino-2,4,6-trideoxy-a-D-
xylo- hexopyranosyl] -6- 0- [2,3-diamino - 2,3 - dideoxy-4-0-
methyl - a - D - xylopyranosyl] - 2 - deoxystreptamine ( 1 ). 2> 
Seldomycin 5 has been shown to exhibit strong antibac­
terial activity against both gram-positive and gram-
negative bacteria, but to be inactivated, similarly to 
other aminoglycoside antibiotics having 3'-hydroxy 1 
group,3) by resistant strains carrying 3'-0-phosphorylat-
ing enzymes.1) Consideration of spatial specifity mani­
fested by most enzymes led us to transform 1 into 3 ' -
episeldomycin 5 (7) which has an axial hydroxyl group 
at 3 ' position and expect it to be active against resistant 
strains carrying those enzymes. Hanessian et al. had 
transformed paromamine into 3'-epiparomamine by 
oxidation of the 3'-hydroxyl group to a carbonyl group 
and reducing it by sodium borohydride, but the anti­
bacterial activity of the product had not been reported.4) 

R e s u l t s and D i s c u s s i o n 

Compound 1 was converted into hexa-iNT-ethoxycar-
bonyl(ecb)-seldomycin 5 (2) as an iV-protected deriva­
tive. Reaction of 2 with o-nitrobenzenesulfonyl chlo­
ride in pyridine at 60—65 °C for 45 h surprisingly gave 
penta-iV-^ô-seldomycin 5-2'33'-epicyclic carbamate (3) 
in 57.9% yield. When this reaction was run at 13.5 
°C for 20 h, hexa-JV-ecè-seldomycin 5-3'-0-(o-nitroben-
zenesulfonate) (4) was isolated in 70 .3% yield and 4 
was then converted into 3 by being heated in pyridine 
at 65 °C for 43 h in 80 .4% yield. These results indicate 
that direct formation of 3 from 2 at higher temperature 
occurs by way of the formation of 4 in situ. The 
critical temperature above which the direct formation 
of 3 mainly occurs within 45 h was determined to be 
about 55 °C. Although the anchimeric ability of a 
benzyloxycarbonylamino group to a vicinal carbon 
atom which has an eliminating group such as halogen, 
mesyloxy, and epoxide is well known,5) direct conver­
sion of 2 into 3 may be, to our best knowledge, the first 
instance of epimerization of a free hydroxyl group in 
one step. O n the other hand, reaction of 2 with p-

toluenesulfonyl chloride or methanesulfonyl chloride in 
pyridine at 55—65 °C for 23 h gave hexa-N-ecb-3'-0-
tosylseldomycin 5 (5) or hexa-iV-^6-3'-0-mesylseldo-
mycin 5 (6) in 96.0 or 90 .6% yield, respectively. Con­
version of 5 or 6 into 3 was achieved by heating them 
in weakly basic solvents such as pyridine, iV,iV-dimethyl-
formamide, at 80—110°C for 18—19.5 h in 75.8 or 
38 .6% yield, respectively. 

The structure of 3 was elucidated by the following 
evidences, (i) elemental analysis, (ii) disappearance of 
the signals due to the sulfonate residues in P M R and 
IR , (see experimental section), (iii) appearance of a 
new peak at 1760 c m - 1 in I R due to a carbonyl group 
of a five-membered cyclic carbamate, (iv) In the C M R 
spectrum of 3 (Table 1), a new signal appeared at 
158.8 ppm which is attr ibutable to the carbonyl carbon 
of the newly formed cyclic carbamate. There were 
6.5 and 9.8 ppm upfield shifts in the C-2' and C-4' 
signals, respectively, relative to the corresponding signals 
in the spectrum of 2, while 7.2 p p m downfield shift in 
the C-3 ' signal was observed resulting from the trans­
formation of 2 into 3. (v) hydrolysis to 7. T h e reac­
tions described above are summarized in Scheme 1 
and possible mechanism for the formation of the epi-
cyclic carbamate ring is shown in Scheme 2. This 
mechanism requires water for the formation of 3, which 
is supposed to be contained in the solvents used. In 
fact both the pyridine and D M F that we used were 
revealed (Karl Fisher method) to contain about 650 
ppm water, which is stoichiometrically enough for the 
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Compound 

c-r 
G-2' 
G-3' 
C-4' 
G-5' 
G-6' 
G-l 
C-2 
G-3 
C-4 
G-5 
C-6 
C-l" 
C-2" 
C-3" 
C-4" 
C-5" 
OGH3 

COOCH2CH3
d> 

COOÇH2CH3
d> 

COOCH2CH3
e> 

new CO 

Hideo 

TABLE 1. 

2̂ > 

99.3 
57.6 
64.4 
37.0 
66.6 
44.4 
50.7 
35.0 
49.9 
82.3 
74.6 
79.4 
96.7 
54.4 
53.1 
76.1 
59.5 
57.6 
14.6 
59.5 

155.4 
156.0 

— 
— 

MATSUSHIMA, KoZO KlTAURA, and Yasuki MORI 

C M R CHEMICAL SHIFTS OF COMPOUNDS 1, 2 , 3 , AND 7 

i * ) -

96\5~ 
51.1 
71.6 
27.2 
65.2 
44.0 
51.1 
34.7 
49.5 
81.7 
74.6 
78.7 
96.5 
54.3 
53.2 
76.2 
59.6 
57.7 
14.6 
59.6 

155.2 
155.3 
156.0 
158.8 

A 

- 2 . 8 
- 6 . 5 

7.2 
- 9 . 8 
- 1 . 4 
- 0 . 4 

0.4 
- 0 . 3 
- 0 . 4 
- 0 . 6 

0.0 
- 0 . 7 
- 0 . 2 
- 0 . 1 

0.1 
0.1 
0.1 
0.1 
0.0 
0.1 
— 
— 
— 
— 

lb.c) 

101.9 
57.6 
69.0 
37.0 
70.8 
45.6 
51.1 
36.5 
50.1 
87.6 
75.1 
86.8 
99.9 
56.2 
54.8 
80.1 
60.8 
58.7 
— 
— 
— 
— 
— 
— 

7b) 

102.6 
51.8 
67.9 
35.3 
66.0 
45.6 
51.0 
36.5 
49.9 
88.7 
75.1 
86.9 

100.0 
56.2 
54.7 
80.2 
60.8 
58.7 
— 
— 
— 
— 
— 
— 
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~A 

0.7 
- 5 . 8 
- 1 . 1 
- 1 . 7 
- 4 . 8 

0.0 
- 0 . 1 

0.0 
- 0 . 2 

1.1 
0.0 
0.1 
0.1 
0.0 

- 0 . 1 
0.1 
0.0 
0.0 
— 
— 
— 
— 
— 
— 

a) Measured in DMSO-rf6 solution with DMSO-</6 as internal reference and shown by ppm from TMS, using 
^TMS = 39 .5 —<5DMS0. b) Measured in D 2 0 solution with dioxane as internal reference and shown by ppm from 
TMS, using <5TMS=67.4—<5dioxane. c) CMR data of this compound had been reported in Ref. 2. Each chemical 
shifts obtained here are consistent with those reported in Ref. 2 within 0.5 ppm deviation, d) All the methyls or 
methylenes of the ecb residues showed the single chemical shift, e) The carbonyls of the ecb residues in 2 or 3 showed 
the two or three chemical shifts, respectively. 

NHCOOEt 

Rso2oV-_-TA 
X , : N H I / \ V O 
o = c ' 

^OEt 

*NH 1 / y, O 
c\?H 

I H :B 
OEt 

NHCOOEt 

I NH 1 / 

EtoJ So^H 

NHCOOEt 

I NH 1 / 
O / O 

^ C = 0 

Scheme 2. Possible mechanism for the formation of the 
epicyclic carbamate ring. 

reactions. 
Alkaline hydrolysis of 3 caused simaltaneous de-

ethoxycarbonylation and fission of the epicyclic car­
bamate ring to give 7. The structure of 7 was supported 
by the following evidences, (i) High resolution mass 
spectrum gave the ( M + l ) peak at 451.2912 (m/e), 
which means 7 is an isomer of 1. Its fragmentation 
pattern is quite similar to that of 1.2> (ii) In the C M R 
spectrum of 7 (Table 1), the four signals due to the 
C-2 '—C-5' carbons appeared in the range of 1.1—5.8 
p p m upfield compared with the corresponding signals 

in the spectrum of 1. These upfield shifts resulting 
from epimerization of the 3'-hydroxyl group are con­
sistent with those reported by Roberts and Dorman6) 
or Perlin et a/.7> (iii) In the P M R spectrum of 7 (Table 
2), the signals due to the H-2 ' , H-3 ' , and H-4'ax 
showed 0.3—0.4 ppm downfield shifts, respectively, 
from the corresponding shifts in the spectrum of 1. 
These downfield shifts are well compared with the 
empirical rule proposed by Lemiuex and Stevens.8> 
(iv) Optical rotatory behavior (A[M] value) in copper-
ammonium solutions9»10) also supported the structure 
of 7. Compound 1 or 7 has two sites where the forma­
tion of copper complex are possible, i.e., a pair of 
adjacent 2'-amino and 3'-hydroxyl groups (site A) and 
a pair of adjacent 2" - and 3"-amino groups (site B). 
Supposing that the complex formation occurs equally 
at site A and site B, contributions of each site to the 
apparently observed A[M] values could be calculated 
as shown in Table 3. These results indicate that the 
projected angle9) at site A in 7 is + 6 0 ° (counter­
clockwise), while it is —60° (clockwise) in 1. I t seems 
to be noteworthy that the sign of A [ M ] c u p r a B for the 
vicinal amino groups at site B (the projected angle: 
clockwise) is minus. T h a t is in accord with the sign 
conventionally observed for vicinal amino and hydro­
xyl groups or vicinal hydroxyl groups in a chair-formed 
pyranose or cyclitol. O n the other hand the A[M] C u A m 

value for the vicinal amino groups is nearly zero. 
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TABLE 2. SELECTED P M R CHEMICAL SHIFTS (T VALUE) 

OF COMPOUNDS 1 AND 7a> 

H - l ' H -2 ' H - 3 ' H - 4 ' a x H-4 ' e q H - 5 ' 

Compound 1 4 .70 7 . 4 6 . 3 8 .72 8.1 6 .0 

Compound 7 4 .86 7.1 6 .0 8 .3 8.1 5 .9 

a) Measured in D 2 0 solution with DSS as internal 
standard (100 M H z ) . Each chemical shifts were con­
firmed by spin decoupled method. 

T A B L E 3. A [ M ] VALUE OF COMPOUNDS 1 AND 7 

A [ M ] o b s e r v e d 

Contribution 

of the site Aa> 

Contribution 
of the site Bb> 

- 9 5 0 

- 8 7 0 

- 9 0 

+ 780 

+ 870 

- 9 0 

-1100 

- 8 6 0 

- 2 4 0 

+ 620 

+ 860 

- 2 4 0 

a) (A[M] o b s e r ved with 7~~ A[M] o b s e r v ed with l ) /2 . 
b) ( A ] M ] o b s e r v e d w i t h 7 + A [ M ] o b s e r v e d w i t h j ) /2 . 

T A B L E 4. T H E MINIMUM INHIBITORY CONCENTRATIONS 

OF COMPOUNDS 7 AND 1 (mcg/ml) 

Strain 

Staphylococcus aureus 209-P 
Staphylococcus aureus Smith 
Escherichia coli NIHJC-2 
Escherichia coli GN-2411-5 
Escherichia coli R-5 
Escherichia coli R-12 
Escherichia coli R-16 
Escherichia coli R-17 
Escherichia coli R-18 
Escherichia coli Ä-19 
Escherichia coli R-20 
Proteus vulgaris JJ 
Pseudomonas aeruginosa BmHft] 
Pseudomonas aeruginosa TI-13a 
Klebsiella pneumoniae KY4274 
Klebsiella pneumoniae Y-58 
Providencia 164 
Serratia marcescens 1065 

Inactivating -

enzymea) 

APH(3')-I 
ANT (2") 
APH(3')-I 
AAC(6')-I 
APH(3')-II 
AAC(3)-I 
APH(3')-I 

I 
APH(3')-I 

ANT(2") 
AAC(2')-I 
AAC(6')-IV 

1.56 
1.56 

12.5 
25 
25 
25 
6.25 

25 
12.5 

>100 
12.5 
50 
12.5 
50 
12.5 
12.5 

>100 
>100 

1 

0.78 
0.78 
6.25 

12.5 
>100 

6.25 
>100 

25 
12.5 

>100 
>100 

6.25 
12.5 

>100 
>100 

50 
>100 
>100 

a) A P H : aminoglycoside antibiotic phosphotransferase, 
A N T : aminoglycoside antibiotic nucleotidyltransferase, 
AAC : aminoglycoside antibiotic acetyltransferase. T h e 
figure in parenthesis indicates the position where the anti­
biotic is enzymatically modified. 

N o A [ M ] va lues for v ic ina l a m i n o g r o u p s h a s b e e n 
h i t h e r t o r e p o r t e d . 

T a b l e 4 shows in vitro a n t i b a c t e r i a l ac t iv i t ies of 7 
a n d 1. I t is obv ious t h a t e p i m e r i z a t i o n of t h e 3 ' -
h y d r o x y l g r o u p of 1 i m p r o v e s , as e x p e c t e d , its a n t i ­
b a c t e r i a l ac t iv i ty aga ins t these res i s tan t s t ra ins c a r r y i n g 
3 ' - 0 - p h o s p h o r y l a t i n g e n z y m e [APH(3 ' ) - I ] , 1 1 > b u t does 
n o t i m p r o v e its ac t iv i ty a g a i n s t o t h e r k inds of res i s t an t 
s t ra ins a n d sensit ive s t ra ins . L D 5 0 v a l u e of 7 w a s 
e s t i m a t e d to b e 183 m g / k g (mice , i n t r a v e n o u s l y ) , w h i l e 
t h a t of 1 w a s 667 m g / k g , n a m e l y , 7 is u n e x p e c t e d l y 
m o r e toxic t h a n 1 in a c u t e toxic i ty . 

Af ter w e h a d c o m p l e t e d th is w o r k , M a l l a m s et al. 
r e p o r t e d t h e synthesis of 3 ' - e p i g e n t a m i c i n X 2 , s t a r t i n g 
f rom 3 ,4 ,6- t r i -O-ace ty l -D-a l la l , w i t h s imi la r ob jec t ive 
in mind . 1 2 ) 

E x p e r i m e n t a l 

General. Mps were determined with Yanaco micro 
melting point apparatus and uncorrected. I R spectra (with 
KBr pellet) were taken with Shimazu IR-27G or Perkin-
Elmer 125 model. Var ian T-60 or J E O L PS-100 was 
employed for N M R measurements with T M S as internal re­
ference or in D a O with DSS as internal reference. Samples of 
1 and 7 were decarbonated by the usual manner1 3) just before 
the N M R measurements. Optical rotations were measured 
with Hitachi-Perkin-Elmer 141 Polarimeter at ambient 
temperature . Mass spectra were obtained with J E O L J M S -
01SG-2 model at 75 eV using direct insertion probe. Th in 
layer chromatography (tic) was carried out with Merck T L G 
plate and spots were visualized with iodine vapor and or U V 
light and or ninhydrin. Wate r content of solvent was measu­
red with Tsutsui Rikagaku Kikai 's Karl-Fisher automatic 
titrator. Evaporat ion of solvents was done in vacuo at ba th 
temps of below 45 °G. T h e solutions of GuAm and Cupra 
B were prepared according to the literatures.10)-11) Anti­
bacterial activity was determined with the agar dilution 
method at p H 7.2 specified by the J a p a n Society of 
Chemotherapy. 

Hexa-N-ecb-seldomycin 5 (2). T o an ice-cooled solu­
tion of 1 (13.5 g) in water (195 ml) and acetone (195 ml) 
containing sodium carbonate (anhydrous, 45.6 g), was added 
with vigorous stirring ethyl chroloformate (43.2 g) in ten 
minutes. After all the ethyl chloroformate was added, the 
reaction mixture was stirred for 20 h at 19 °C. T h e white 
ppt formed was filtered, washed with water (800 ml) and 
ether (500 ml) , successively. T h e ppt was suspended again 
in water (600 ml) and stirred for 1 h at room temp. T h e 
undissolved material was filtered, washed with water (1000 
ml) and dried in vacuo over phosphorus pentaoxide overnight 
to give a white powder of 2, 18.9 g. M p > 3 0 0 ° C , [a]x

D
7 

+ 76.1° (c 0.315, D M F ) , Rt value on T L C (chloroform-
methanol 12 : 1); 0.55. 

Found : G, 48.50; H , 7.20; N, 9.36%. Calcd for G36-
H 6 2 N 6 0 1 9 : C, 48.96; H , 7.09; N , 9.52%. 

Hexa-N-ecb-3'-0-tosylseldomycin 5 (5). T o a solution 
of 2 (3.00 g) in pyridine (150 ml) , /»-toluenesulfonyl chloride 
(9.90 g) was added and the solution was allowed to stand 
at 55—65 °G for 23 h. A single spot appeared on T L C (Rt= 
0.67, chloroform-methanol 12 : 1). After addition of water 
(10 ml) , the solution was evaporated and the residue was 
treated with water (150 ml) , the water-insoluble material 
was filtered, washed with water (200 ml) and then with ether 
(150 ml) , dried in vacuo overnight to give a white powder, 
3.42 g. Analytical sample was recrystallized from aq ethanol. 
M p 193—197 °C, [a]x

D
9 + 7 2 . 3 ° (c 0.361, D M F ) ; 

Found : G, 49 .51 ; H , 6.65; N , 8.08; S, 2 .98%. Calcd 
for C 4 3 H 6 8 N 6 0 2 1 S: G, 49.79; H , 6.62; N, 8.10; S, 3.09%. 
I R : 1175 cm- 1 , P M R (in DMSO-</6) : x 2.50 (4H, q) , 7.60 
(3H,s). 

Hexa-N-ecbS'-O-mesylseldomycin 5 (6). T o a solution 
of 2 (5.20 g) in pyridine (500 ml), methanesulfonyl chloride 
(11.8 g) was added and the solution was allowed to stand 
at 24 °G for 3.5 h. O n T L G with chloroform-methanol 9 : 1 
a spot ( i? f=0.80) appeared. After addition of water (10 ml) , 
the solution was concentrated to ca. 20 ml. Water (150 ml) 
was added to the concentrate and the pp t formed was filte­
red, washed with water (80 ml) and dried in vacuo overnight 
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to give a white powder, 5.14 g. Analytical sample was 
recrystallized from aq ethanol. M p 242—243 °G, [a]2

D
4 

+ 118° (c 0.347, D M F ) . 

Found : C, 46.30; H , 6 .81; N, 8.68; S, 3.62%. Galcd 
for C 3 7 H e 4 N 6 0 2 1 S : C, 46.23; H , 6.73; N , 8.75; S, 3 .34%. 
I R : 1170 cm- 1 . P M R (in D M S O - ^ , ) : t 6.87 (3H, s). 

Hexa-N-ecb-3'-0-(o-nitrophenylsulfonyl)seldomycin 5 (4). 
T o a solution of 2 (1.00 g) in pyridine (50 ml) , o-nitrobenzene-
sulfonyl chloride (3.02 g) was added and the solution was 
kept at 13 °C for 20 h. Similar processing as described 
above gave a solid of crude 4, which showed a major spot 
(Ä f =0 .36 , chloroform-methanol 18 : 1) and two faster mov­
ing spots on T L G . Recrystallization of the crude 4 from aq 
ethanol gave a pure product which showed a single spot on 
tic. m p 169—171 °C, [a]i>4 + 3 4 . 6 ° (c 0.327, D M F ) . 

Found : G, 47.08; H , 6.07; N, 8.91, S, 3 .49%. Galcd for 
G 4 2 H 6 5 N 7 0 2 3 S: C, 47.22; H , 6.15; N, 9.18; S, 3 .00%. P M R 
(in DMSO-</6): T 2.0 (4H, m) . 

Penta-N-ecb-seldomycin 5-2'',3'-Epicyclic Carbamate (3). 
i) form 2\ T o a solution of 2 (2.78 g) in pyridine (150 ml) 
o-nitrobenzenesulfonyl chloride (7.50 g) was added and the 
solution was kept at 60—65 °G for 45 h. O n T L G with chloro­
form-methanol 12 : 1 a major spot of 3 ( i? f=0.24) and a small 
spot of 4 ( i? f=0.54) appeared. After a small amount of water 
(1.5 ml) was added, the solution was evaporated to dryness. 
T h e residue was chromatographed on a column of silica gel 
(Merck, 170g) with chloroform-methanol 3 0 : 1 — 2 5 : 1 . 
The portion containing 3 was evaporated to give a white 
powder which showed a single spot on T L G , 1.53 g. M p 247 
—248 °G, [of* + 4 7 . 8 ° (c 0.320, D M F ) . 

Found : G, 48.37; H , 6.73; N, 9 . 9 1 % . Calcd for C3 4-
H 5 6 N 6 0 1 8 : G, 48.79; H , 6.76; N , 10.04%. I R : 1760 cm" 1 . 

ii) from 5: T h e compound 5 (2.90 g) was dissolved in 
D M F (58 ml) and the solution was heated at 110 °G for 
19.5 h. A small amount of pp t was filtered off and the filtrate 
was evaporated to dryness. T h e residue was chromatographed 
on a column of silica gel (180 g) with chloroform-methanol 
30 : 1—20 : 1. From earlier fractions 0.445 g of unreacted 
5 was recovered. T h e portion containing 3 was evaporated 
to give 1.49 g of a white solid. M p 249—250 °G. I R spect­
rum was identical with that of 3 obtained in i) . 

iu) from 6: T h e solution of 6 (1.00 g) in a mixture of D M F 
(18 ml) and water (2ml) was kept at 110°G for 18 h. Re ­
covered 6 (0.47 g) and a white powder of 3 (0.18 g) was re­
spectively isolated after similar processing and chromato­
graphy as described in ii). mp 248—249 °C I R spectrum 
was identical with that of 3 obtained in i) . 

iv) from 4: T h e solution of 4 (0.72 g) in pyridine (40 ml) 
was kept at 65—70 °C for 43 h. T h e solvent was evaporated 
to dryness and the residue was chromatographed as described 
in i) . Pure 3 was obtained as a white powder, 0.45 g. M p 
248—251 °C. I R spectrum was identical with that of 3 
obtained in i) . 

Experiment Concerning Temperature Dependence of the Reaction 
of 2 with o-Nitrobenzenesulfonyl Chloride. Eleven solutions 
of 2 (18—20 mg each) and o-nitrobenzenesulfonyl chloride 
(48—53 mg each) in pyridine (1.00 ml each) were kept at 
11 different temps between 67 and 9.5 °G, respectively, 
using Toyo Kagaku Sangyo's Tempera ture Gradient 
Incubator T N - 3 . After 44 h the solutions were inspected 
by T L C (chloroform-methanol 12 : 1). T h e samples reacted 
at 9.5, 14.5, 20, and 26 °C showed a single spot of 4 on 
T L C and even a trace spot of 3 was not detected. At 31.5, 
37.5, and 41.5 °G a major spot of 4 and a trace spot of 
3 were visible. At 49.5 and 53 °G the spots of 4 and 3 
appeared in apparent ly 1 : 1 ratio. At 57 and 67 °G a 
major spot of 3 and a tiny spot of 4 appeared. 

3'-Episeldomycin 5 Free Base (7). T h e compound 3 
(1.15 g) was suspended in a mixture of 2N-aq sodium hydro­
xide (25.5 ml) and methanol (25.5 ml) and heated at 110 °G 
in a sealed glass tube. After 15 minutes 3 dissolved completely 
and heating was continued for 100 minutes. A white ppt 
formed was filtered off, washed with aq methanol. The 
filtrate and washings combined were neutralized with coned 
hydrochloric acid and evaporated to dryness. T h e residue 
was dissolved in water (10 ml) and adjusted to p H 4.80 by 
hydrochloric acid. A small amount of ppt formed was 
filtered off and the filtrate was charged on a column of Am-
berlite GG-50 (ammonium cycle, 50 ml) . After washing the 
column with water (370 ml) , it was eluted stepwisely by 
0.1- and 0.2 M aqueous ammonia . From a portion eluted 
by 0.1 M-ammonia a white powder (0.13 g) was obtained 
which showed no antibacterial activity, [ a ] " +126° (c 
0.300, water) . This compound was supposed to be IN,3N-
carbonyl-3'-episeldomycin 5.14> Fractions eluted by 0.2 M 
-ammonia gave a white powder of pure 7 (0.14 g) after 
evaporation. M p 189—194 °G, [a]2D° +95 .1° (c 0.377, 
water) . P M R (in D 2 0 ) : r 4.86 (d, / = 4 H z , H - l ' ) , 5.00 
(d, 7 = 3 Hz, H - l " ) . 

Found : C, 45.52; H , 7.75; N , 16.82%. Calcd for C18-
H 3 8 N 6 0 7 1/2 H 2 G 0 3 : C, 46.13; H , 8.18; N, 17.45%. 

T h e a u t h o r s wish to t h a n k M r s . M a y u m i Y o s h i d a 
for t h e C M R m e a s u r e m e n t s , M r s . K a z u k o Y a m a g u c h i 
for t h e e l e m e n t a l ana lys is , a n d M i s s Y u r i k o A d a ê h i for 
o b t a i n i n g t h e mass spec t r a . T h e a u t h o r s a r e also in ­
d e b t e d to S a g a m i C e n t r a l R e s e a r c h I n s t i t u t e for t h e 
e l e m e n t a l ana lys is of sulfur a n d t h e I R m e a s u r e m e n t s 
w i t h a P e r k i n - E l m e r 125 m o d e l . 
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Synopsis. The colloid titration of the maleic acid-
methyl vinyl ether (MA-MVE) copolymer with trimethylam-
monium glycol chitosan iodide (MGGH) was carried out at 
various pH values. The mechanism of the formation of the 
poly ion complex between the MA-MVE copolymer and the 
MGGH ions was discussed. 

The colloid titration, which was originated by 
Terayama,1) is based on the stoichiometric complex for­
mation between polyacidic and polybasic titrants. 
Strong polyelectrolytes, such as potassium poly (vinyl 
alcohol) sulfate (PVSK),1) tr imethylammonium glycol 
chitosan iodide (MGGH),1) and poly(diallyldimethylam-
monium chloride),2) are frequently used as standard 
titrants. 

In previous studies,3-4) the effects of the p H on the 
dissociation of the above-mentioned three polyelec­
trolytes were investigated by using colloid titration and 
electrophoresis. From the results obtained, the mech­
anism of the formation of the polyion complex be­
tween polyacidic and polybasic titrants was discussed. 

In the present study, the colloid titration with M G G H 
was carried out for the maleic acid-methyl vinyl ether 
(MA-MVE) copolymer, which is a representative 
polydibasic acid. The colloid titration curves were 
compared with the results of electrophoresis and Poten­
tiometrie titration reported previously,5) and the 
mechanism of the formation of the polyion complex be­
tween the M A - M V E copolymer and the M G C H ions 
was discussed. 

Exper imenta l 

Materials. The MA-MVE copolymer and the sodium 
salt of the copolymer (NaMA-MVE copolymer) used were 
prepared in the manner described in previous paper.5) The 
MA-MVE copolymer was prepared by the hydrolysis of the 
maleic anhydride-MVE copolymer manufactured by the 
General Aniline & Film Go. On the other hand, the NaMA-
MVE copolymer was prepared by the neutralization of the 
MA-MVE copolymer with sodium hydroxide. The molec­
ular weight of the repeating unit for the MA-MVE copolymer, 
as estimated by elemental analysis and by Potentiometrie 
titration, was 176. This value agrees with that calculated 
on the assumption that this copolymer is an alternating co­
polymer. The intrinsic viscosity of the NaMA-MVE copoly­
mer was 1.57 dl/g, as established by viscometric measure­
ment in a 1M NaCl solution at 25 °G. The PVSK and 
MGGH were obtained from Wako Pure Chemical Industries, 

* Present address: Department of Chemistry, The 
University of Tsukuba, Sakura-mura, Niihari-gun, Ibaraki 
300-31. 

Ltd. These properties were characterized in previous pa­
pers.3'4) 

Colloid Titration. The sample solution (0.005 N) was 
titrated indirectly with MGGH (0.005 N) by the method of 
Terayama.1) An excess of MGCH was added to the sample 
solution to precipitate a polyion complex, and then the 
excess of MGGH was back-titrated with PVSK (0.0025 N). 
A blank titration was also carried out. The titrant volume 
was determined by means of the difference in these titration 
results. The end point was indicated by the metachromatic 
color change of toluidine blue1) and the turbidity measure­
ments. The pH of the titration system was adjusted with 
0.1—1M HCl, NaOH, Ba(OH)2, and tetrabutylammonium 
hydroxide (TBAH). 

R e s u l t s a n d D i s c u s s i o n 

T h e colloid titration curve was obtained by plotting 
the reciprocal of the equivalent weight (Ew) of the 
sample copolymer against the pH. A titration curve 
of the N a M A - M V E copolymer is shown in Fig. 1. 
In contrast to the results for poly (sodium acrylate) 
(NaPAA) and carboxymethylcellulose (CMC),2) the 
titration curve shows an inflection point at about p H 
6.5. From this result, it can be estimated that one of 
the two carboxylic groups in a monomer residue of 
the copolymer dissociates at first in the p H region below 
the inflection point, while the other dissociates in the 
p H region above the inflection point. This agrees 
with the result of the Potentiometrie titration.5) The 
values of Ew (219) and p H (ca. 6.5) at the inflection 
point are equal to the molecular weight of the repeat­
ing unit for the N a M A - M V E copolymer and to the 
p H value at a half-neutralization point of the Po­
tentiometrie titration curve, respectively. Therefore, 
this inflection point can be considered to be the half-
neutralization point. 

O n the other hand, it is observed from the colloid 
titration curve that Ew~x reaches a constant value above 
p H 9. This suggests that the two carboxylic groups in 
a monomer residue are completely dissociated in this 
p H region. However, the value of Ew (145) is not 
equal to one-half of the molecular weight of the re­
peating unit for the N a M A - M V E copolymer. The 
electrophoretic studies of polycarboxylic acids in pre­
vious papers5 '6) showed that the binding effect of the 
counterion on the M A - M V E copolymer ion is larger 
than that of the counterion on the NaPAA and C M C 
ions in the p H region from 7 to 10. T h e disagreement 
mentioned above can be explained on the basis of the 
assumption that the complex formation of the M A -
M V E copolymer with M G C H is not stoichiometric 
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Fig. 1. Colloid titration curve of NaMA-MVE copoly­
mer with MGGH. 
pH-adjuster: O, HCl; ©, NaOH; • , non. 

o 
X 
I 

<4 

Fig. 2. Effects of pH-adjusters on the colloid titration 
curve of MA-MVE copolymer with MGCH. 
pH-adjuster: O, HCl; 0 , TBAH; 3 , NaOH; A, 
Ba(OH)2; O, non. 

effect of a counterion on a polyacidic ion does not need 
to be considered if the counterion is a tetraalkylam-
monium ion.7) In the case of a bivalent metal ion such 
as the Ba2 + ion, however, this effect on a polydibasic 
acid seems to be important, since a stable ring structure 
will be formed between the metal cation and the two 
carboxylate ions in a monomer residue. In Fig. 2, 
from the titration curve for which the p H was adjusted 
with N a O H , it is observed that E^~x is independent 
of the p H in the p H region above 9. The value of 
E^ (115) in this p H region is not equal to one-half 
of the molecular weight of the repeating unit for the 
M A - M V E copolymer. In contrast to this result, in 
the case of the titration curve for which the p H was 
adjusted with TBAH, 2?w

- 1 increases in the p H region 
from 7 to 10, and reaches a constant value above p H 
10.5. In the p H region above 10.5, the value of Ew 

(89) is comparable with one-half of the molecular 
weight of the repeating unit for the M A - M V E copoly­
mer. O n the other hand, when the p H was ad­
justed with Ba(OH) 2 , 2?w

- 1 rapidly decreased with 
the increase in the p H , since Ba2 + ions are bound 
to the M A - M V E copolymer ion. From these facts, 
it may be concluded that the binding effect of the 
counterion on the M A - M V E copolymer ion plays an 
important role in the complex formation of this copoly­
mer with M G C H . 

The authors wish to express their thanks to Professor 
Kyoji Toei, Okayama University, for his valuable 
guidance and encouragement in the colloid titration. 
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Fig. 1. Phosphorescence spectrum of [Cr(NH3)6][Co-
(GN)J at 20 K. 

Phosphorescence Spectra of [Cr(NH3)6][Co(CN)6] and [Cr(NH3)6][CdCl5]. 
Splitting of Their 0-0 Bands 

Yusuke YAMAMOTO 

Department of Chemistry, Faculty of Science, Rikkyo University, Nishi-ikebukuro, Toshima-ku, Tokyo 177 
(Received May 19, 1977) 

Synopsis. High resolution 2E—>4A2 phosphorescence 
spectra of [Gr(NH3)6][Go(CN)6] and [Cr(NH3)6][CdCl5] 
were measured. The 0-0 bands split into two components 
separated by 3.7 and 3.4 cm-1 for [Gr(NH3)6][Co(GN)6] 
and [Cr(NH3)6][CdCl5], respectively. The same spacings 
were also resolved in the v8 bands. The splitting in both 
cases is assigned as that of the 2E phosphorescent electronic 
level. 

There have been many studies of 2E—»4A2 phospho­
rescence spectra of hexaamminechromium(III) salts.1-5) 
The phosphorescence spectrum of [Gr(NH3)6] [Go(GN)6] 
was studied by Kataoka1) in our laboratory, and by 
Gervone et al.2) from the viewpoint of energy transfer 
from [Go(GN)6]3- to [Cr(NH3)6]3+, but no assignment 
of the vibronic bands was made. Flint et al.3) inves­
tigated the phosphorescence spectra of [Cr(NH 3 ) 6 ] -
[CdCl5], [Gr(NH3)6][Go(GN)6] , and [Gr(NH3)6](N3)3 , 
where the complex cation is in non-cubic environment, 
and they have given an assignment of vibronically ac­
tive fundamentals. O n the other hand, X-ray studies 
of [Gr(NH3)6][Co(CN)6]«) and [ C r ( N H 3 ) 6 J [ C d C l 5 p 
showed that the [Cr(NH 3 ) 6 ] 3 + ion occupies 3 site sym­
metry in the lattice. A 2E level does not split by the 
sole action of the trigonal field or the spin orbit interac­
tion, but splits into two Kramers doublets through the 
interplay of the two. Hence a splitting of the 0-0 
band would be expected, but to date no splitting has 
been observed in [Gr(NH3)6] [Go(GN)6] and [Cr(NH 3 ) 6 ] -
[CdClJ . 

Exper imenta l 

The materials were prepared according to the published 
methods1»7) from carefully recrystallized [Cr(NH3)6](N03)3, 
K3[Co(GN)6], and CdCl3-2.5H20. 

Phosphorescence spectra were recorded using excitation 
from a mercury lamp, the line being isolated by a Spex 
Michromate (f 2.5, 10 cm). The detection monochromator 
was a Jasco CT-100 (f 8.5, 100 cm) equipped with a cooled 
Hamamatsu R-649S (S-20) photomultiplier connected with 
Hamamatsu G-767 photon counter. Spectral slit width 
was 0.8 cm - 1 for this measurement. 

R e s u l t s and D i s c u s s i o n 

[Cr(NH3)6][Co(CN)6]. The 20 K, 365 n m ex­
cited phosphorescence spectrum measured on a pow­
dered sample ranging from the 0-0 to v7 band is shown 
in Fig. 1 together with the assignment of the vibronic 
bands observed. Down to 77 K, the 0-0 band 
clearly split into two components separated by 3.7 cm - 1 , 
and the same spacing was also observed in the v8(eu) 
band. The two components of each of these bands at 
77 and 20 K are shown in Fig. 2. In the 0-0 band, 
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Fig. 2. Phosphorescence spectra of [Gr(NH3)6][Co-
(CN)J at 20 K. (a) vs(eu) band, (b) 0-0 band. 
Dotted line indicates outline of the spectra at 77 K. 
Lower energy component of each band is normalized. 

these components, completely separated, had com­
parable intensities and their intensity ratios at 77 and 
20 K are given by exp( — AE/kT). Hence, the split­
ting of both the 0-0 band and the v8(eu) band can be 
assigned as that of the 2E phosphorescent electronic 
level, and can be interpreted as being due to the com­
bined effect of the trigonal distortion of the [Cr (NH 3 ) 6 ] 3 + 

ion in the lattice and the spin orbit interaction. Split­
ting of the 4A2 ground state is expected to be much 
smaller than that of the 2E state.8) In other vibronic 
bands, the splitting of the 2E level could not be re­
solved because of their broadness. 

[Cr(NH3)ß][CdCl5]. This complex salt is photo­
sensitive even in a solid state. During a few minutes 
exposure to the excitation source, the original bands 
decreased in intensity and new bands appeared. For 



3046 N O T E S [Vol. 50, No. 11 

( a ) 

rc\ 
CO 

^ 

1 1 1 

Hh 
LT\ 

VD 
co 

~̂ ^h 

1 1 

T+480 14490 -152OO 15210 

Wave number (jJ/cm-1) 

Fig. 3. Phosphorescence spectra of [Cr(NH3)6][CdCl5] 
at 77 K. (a) v8 band, (b) 0-0 band. 

pared with 27 c m - 1 for [Cr(NH3)6](N3)3,3> 48 cm" 1 for 
[Cr(en)3](CI04)3 ,9) and 18 cm" 1 for 2[Cr(en)3]Cl3-KCl-
6H 2 0. 8 ' 9 ) This indicates that the deviation from cubic 
symmetry is very small as expected from the X-ray 
studies. Since the structural studies were done at room 
temperature, it can be considered that phase transi­
tion might occur at low temperature, although observa­
tion of the bands while the sample was being cooled 
indicated no change in the spectral pat tern in detail 
other than sharpening of the bands. This suggests that 
no phase transition occurred, or if it did occur, the 
structural difference should be little. 

T h e author is grateful to Professor Yukio Kondo and 
Professor Masayoshi Nakahara for their encouragement 
throughout this work. He also wishes to thank Pro­
fessor Gene S. Leheman for his kindness in reading the 
original manuscript. 

this reason, an excitation wavelength less susceptible 
to decomposing was selected, and measurement was 
done as quickly as possible, changing the sample for 
measuring each band. The 77 K, 313 n m excited phos­
phorescence spectra of a powdered sample of the 0-0 
and v8 bands are shown in Fig. 3. Splitting of the 
0-0 and v8 bands with a spacing of 3.4 c m - 1 was also 
observed as in [Cr(NH 3 ) 6 ] [Co(CN) 6 ] . The two com­
ponents of these bands can be reasonably assigned as 
the transition from two levels, originated from the 2E 
state, to the 4A2 ground state, but neither of them can 
be a constituent band of a photodecomposition prod­
uct, because long exposure gave no shift of the 0-0 
and v8 bands, and intensity ratios of the two were 
constant. 

The 0-0 band splitting observed is very small corn-
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The Effects of Sodium Chloride on the Ultrasonic Properties of an 
Aqueous Solution of Isopropyl Alcohol 

Sadakatsu NISHIKAWA, Mitsuo MASHIMA, and Tatsuya YASUNAGA* 

Department of Chemistry, Faculty of Science and Engineering, Saga University, Honjo-machi Saga 840 
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Synopsis. The ultrasonic absorptions in an aqueous 
solution of isopropyl alcohol with sodium chloride (NaCl) 
were measured in the frequency range from 2.5 to 220 MHz 
at 25 °G. The ultrasonic properties were remarkably af­
fected by the addition of NaCl, and a new absorption was 
found around 7 MHz in addition to that observed in the 
solution without NaCl. The results were discussed in terms 
of the forming effects of NaCl on the water structure. 

As has been reported in previous papers,1,2) ultra­
sonic absorptions in aqueous solutions of alcohols have 
been characterized by two kinds of relaxations. One 
is associated with the interaction between alcohol and 
water molecules, and the other, with aggregation re­
action of alcohols having a relatively high hydropho-
bicity. However, the latter absorption was not ob­
served in the aqueous solution of isopropyl alcohol over 
all the concentration range studied.3) 

In order to investigate further the properties of the 
aqueous solutions of alcohols and the structure of water, 
the ultrasonic absorption measurements were performed 
in the aqueous solution of isopropyl alcohol with sodium 
chloride (NaCl) added. 

E x p e r i m e n t a l 

The isopropyl alcohol and water used in this study were 
the same as those described in a previous paper.3) The 
NaCl was the purest grade obtainable and was used without 
further purification. The ultrasonic absorption was measured 
in the manner described in previous work.1) All the measure­
ments were made at 25 °C. 

R e s u l t s and D i s c u s s i o n 

The ultrasonic absorptions were measured under 
various concentrations of NaCl at a constant concen­
tration of isopropyl alcohol (5.20 mol d m - 3 ) , because 
the ultrasonic parameters for the aqueous solution could 
be determined with a relatively high accuracy at this 
concentration. Figure 1 shows the representative ul­
trasonic absorption spectra in the mixed solution. In 
general, the spectra associated with several relaxation 
processes can be expressed by the following equation: 

/ , MHz 

Fig. 1. Ultrasonic absorption spectra in 5.20 mol dm - 3 

solution of isopropyl alcohol with various NaCl concen­
trations at 25 °C. The arrow indicates the relaxation 
frequency. # : without NaCl, 0 : 0.40 mol dm-3 

(NaCl), € : 0.60 mol dm"3 (NaCl), 3 : 1.20 mol dm"8 

(NaCl). 

ffi 

S 

«//• = S 4 / [ l + C/Z/rl)a]+*, (1) 

where a is the absorption coefficient;^, the frequency; 
At, the amplitude of the excess absorption for the i-ih 
process; fri, the relaxation frequency, and B, the con­
stant. The absorption data in the concentration range 
of NaCl below 0.50 mol d m - 3 were represented by a 
single relaxation formula and were analyzed graphically 
from the plot of oc/f2 vs. [l + C/Z/i-)2]-1 so as to obtain 

0.5 1.0 1.5 

GNacb mol dm~3 

Fig. 2. Dependences of the relaxation frequencies in 
5.20 mol dm - 3 solution of isopropyl alcohol on the con­
centration of NaCl at 25 °C. O : frl, • : / r a . 

a straight line. However, with an increase in the 
NaCl concentration, a new absorption appeared in the 
low frequency range (around 7 MHz) ; the absorption 
data were analyzed by means of a nonlinear least-
squares routine. Figure 2 shows the variation in the 
relaxation frequencies with the NaCl concentration. 
The amplitudes of the excess absorptions are also shown 
in Fig. 3. 

As has been reported in a previous study,3) only a 
single relaxational absorption was observed over all the 
concentration range of isopropyl alcohol and the ab-
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Fig. 3. Dependences of the amplitudes of the excess 
absorption in 5.20 mol dm - 3 solution of isopropyl 
alcohol on the concentration of NaGl at 25 °C. O : Av 
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sorption mechanism was interpreted quantitatively in 
terms of a solute-solvent interaction as follows: 

kt 

A + B <—> AB, (2) 

where A and B are the monomers of alcohol and water, 
and where kf and kh are the forward and backward 
rate constants respectively. The relaxation frequency 
for this process was related by the following equation: 

27r/r = Af([A] + [B]) +kh. (3) 

In this analysis, water molecules are assumed to be 
in two states; that is, there exists an equilibrium be­
tween hydrogen bonded and non-hydrogen bonded 
water, and only non-hydrogen bonded water molecules 
participate in the reaction with alcohol molecules. If 

the addition of NaCl disturbs the equilibrium in water, 
the ultrasonic parameters associated with the reaction 
of Eq. 2 will be affected. Considering that NaCl acts 
as the former of the water structure,4) the relaxation 
frequency, frl, should be decreased through Eq. 3 by 
the decrease in the monomer concentration of water 
with an increase in the NaCl concentration. The ex­
perimental results are in agreement with this expecta­
tion, as is shown in Fig. 2. 

Another important and interesting feature of the 
ultrasonic absorption in the mixed solution is the ap­
pearance of a new absorption in the low frequency 
range at concentrations of NaCl more than 0.50 mol 
d m - 3 , as may be seen in Fig. 1. The frequency range 
in which the new absorption was found is near that 
in which the relaxational absorption associated with 
the hydrophobic effects were observed in aqueous solu­
tions of w-propyl and i-butyl alcohols.1»2) This shows 
that even the molecules with relatively low hydropho-
bicities can interact with each other by means of the 
hydrophobic effect when the enviroments of the mole­
cules are changed by added substances. 

Finally, urea is well known to be a breaker of the 
water structure, and its effect on the ultrasonic pro­
perties of the aqueous solution might be expected. 
However, no effective changes in the relaxation para­
meters were observed when urea was added to the 
aqueous solution of isopropyl alcohol. 
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Synopsis. A spectrophotometry study of the silver-
(I) ion-catalyzed oxidation of the ethylenediaminetetraace-
tatocobaltate(II) (Gon-edta) peroxodisulfate ion (S208

a-) 
was carried out in acidic media. The rate is independent 
of the concentration of Con-edta, but first-order-dependent 
with respect to the concentrations of S208

2 _ and Ag(I) in 
the 1 . 6 7 x l 0 - 2 - 7 . 2 5 x l 0 - a M and 2.00x 10~3-2.26x 10-2 

M ranges respectively. 

Recently, kinetic studies of the oxidation reaction of 
nitrilopolyacetatocobaltate(II) with various oxidants 
have been carried out.1 - 4) The present authors found 
that the rate of the oxidation of Gon-edta by S 2 0 8

2 _ 

is first-order-dependent on the concentration of S 2 0 8
2 - , 

but is independent of the Co n -edta concentration for 
Con(bpy)3

2+ oxidation; however, the rate is dependent 
on the concentrations of both Co n (bpy) 3

2 + and S208
2~. 

Such a difference in rate law between Go I I-edta and 
Co(bpy)3

2 + must come from the difference in charge 
on the cobalt (I I) complexes.5) In this note, the me­
chanism of the silver (I) ion-catalyzed oxidation of 
Gon-edta6> by S 2 0 8

2 _ and also the effect of other ions 
on the rate will be reported. 

Exper imenta l 

Materials. A cobalt(II) Perchlorate solution was pre­
pared by dissolving cobalt carbonate into a slight excess of 
perchloric acid. This cobalt(II) solution was standardized 
by titration with a disodium dihydrogenethylenediaminetetra-
acetate (NaaH2edta) solution. The working solution was pre­
pared by dilution with redistilled water. 

Standard solutions of NaaHa edta were prepared by dissolv­
ing known quantities of disodium dihydrogenethylenediamine-
tetraacetate dihydrate into redistilled water. Standard solu­
tions of potassium peroxodisulfate were prepared by dissolving 
known quantities of the reagent into redistilled water. The 
peroxodisulfate ion solution was prepared just before use to 
avoid any decomposition. The standard solutions of silver-
(I) nitrate were prepared by dissolving silver nitrate into 
0.01 M perchloric acid. These silver (I) solutions were stan­
dardized by the Volhard method. The adjustment of the 
pH of the solution was made by adding an acetate buffer 
solution. The ionic strengths of the solutions of Con-edta 
were adjusted to 0.50 by the addition of sodium Perchlorate. 

Procedure for the Measurement of the Reaction Rate. For 
the preparation of Gon-edta solutions, the concentration of 
Na2H2edta was kept at three times that of the cobalt (I I) ion. 
The solutions of S208

2_, the acetate buffer, GoII-edta, and the 
silver(I) ion were each thermostated at 25 °G. In each ex­
periment, S208

2_, acetate buffer, and Con-edta solutions were 
pipetted into a 50-ml measuring flask. Then the silver (I) 
ion solution was added to the solution. A portion of the 
solution was transferred into a 1-cm cell placed in a thermo­
stated cell compartment of a Hitachi EPS-3-type spectrophoto­
meter. The time dependence on the variation in the absor-
bance of the solution was measured at 540 nm. All the 

kinetic measurements were carried out in a large excess of 
the S208

2 _ concentration to that of GoII-edta. 

R e s u l t s a n d D i s c u s s i o n 

Kinetics of the Silver (I) Ion-catalyzed Oxidation of Co11-
edta by S208

2~. T h e rate of the oxidation of Go11-
edta by S 2 0 8

2 _ in the absence of silver(I) ions was slow, 
as was shown in a previous paper.5) In the present 
work, however, it was found that the silver (I) ions 
catalyze the oxidation of Co n-edta by S2Og

2 _ . The 
oxidation product was characterized spectrophotome-
trically as Co111 ( ed ta ) - . I t was confirmed spectropho-
tometrically that one mole of S 2 0 8

2 - oxidizes two 
moles of Co I I-edta in the presence of silver(I) ions 
when there is a large excess of Co n -edta relative to the 
concentration of S 2 0 8

2 - . However, the at tempt to 
confirm the stoichiometry in the presence of a large 
excess of S 2 0 &

2 - to Co n -edta was unsuccessful. 
As is shown in Fig. 1, the plot of the absorbance vs. 

the time shows a straight line up to a 9 5 % reaction. 
This behavior indicates that the oxidation rate is zero-
order with respect to the Gon-edta concentration. I t 
was ascertained that no oxidation rate changes with 
the variation in the Gon-edta concentration (Table 1). 

In order to examine the effect of the S 20 8
2~ concen­

tration on the rate, the reaction was carried out at 
five different initial concentrations of S2Og

2~. As is 
shown in Fig. 2, the plot of the apparent rate vs. the 
S 2 0 8

2 _ concentration shows a straight line. Further­
more, it was confirmed that the oxidation rates were 
first-order with respect to the silver(I) ion concentra­
tion (Fig. 3). The rate law for this reaction is repre­
sented by Eq. 1 : 

^ ' = U W ) [ W ) , (•) 

where £obsd is the second-order rate constant at a given 
p H value. 

T h e effect of the p H on the oxidation rate was in­
vestigated over the p H range from 3.50 to 5.00 (Fig. 

TABLE 1. T H E KINETIC DATA FOR THE SILVER (I) ION-

CATALYZED OXIDATION OF GoII-edta BY PEROXODISULFATE 

Concentration of Gon-edta Ratea> 
(10-3M) ( lO^Ms- 1 ) 

_ _ _ 

2.5 6.3 
4.0 6.4 
7.5 6.4 

10.0 6.3 

a) [Ag( I ) ]=8 .0x lO- 3 M, [S 2 O 8
2 - ]=8 .57x l0 - 2 M, 

pH 3.60, 7=0.50, 25 °C. 
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20 

Time, min 

Fig. 1. A typical kinetic run of the reaction between 
Con-edta and peroxodisulfate ions in the presence of 
silver (I) ions at pH 3.60, 25 °G, and 7=0.50 (NaC104). 
[Con-edta] = 2.08x 10~3 M, [S208

a-] = 8.57x 10-2 M, 
[Ag(I)] = 1.35xlO-2M. 

« «U-

2.5 5.0 7.5 

[S208
a-] , 10-s M 

Fig. 2. Apparent rate vs. [S208
a-] at pH 3.60, 25 °C, 

and 7=0.50(NaClO4). 
[Con-edta]=2.08x 10-3 M, [Ag(I)]=1.67x 10-2 M. 

4). T h e rate constant increases with an increase in 
the p H . No detailed explanations of the effect of the 
hydrogen ions on the rate could be given. T h e effect 
of the Na 2H 2edta concentration on the rate was not 
observed over the range of 1.40 X 10~3— 7.54X 10~3 M . 

The rate-determining step in the silver (I) ion-cat­
alyzed oxidation reaction of Co n -edta by S 2 0 8

2 - must 
be the reaction between the silver(I) ion and S 2 0 8

2 _ , 
since the oxidation rate is first-order with respect to 
the concentrations of both S 2 0 8

2 _ and silver(I) ions. 
The path for the oxidation of Gon-edta may be repre­
sented by Eqs. 2, 3, 4, and 5: 

Ag(I) + S208
2-

Ag(I) + SCV -

Go"-edta + S 0 4 

fast 

• Ag(ii) + so4
2- + s c v 

Ag(II) + SO,2-, 

Goni(edta)-

(2) 

(3) 

(4) 

Con-edta + Ag(II) > Con i(edta)- + Ag(I). (5) 

The effects of the other ions on the silver (I) ion-
catalyzed oxidation of Co n-edta by S 20 8

2~ were also 
examined. In the presence of 250 p p m Ag(I) , the 
Zn2+, Cd2+, Pb2+, Fe3+, Mo(VI ) , and W(VI) metal 

fast 

4 8 12 16 20 24 

[Ag+], 10-*M 

Fig. 3. Apparent rate as. [Ag(I)] at pH 3.60, 25 °C, and 
7=0.50 (NaG104). 
[Gon-edta]=2.08X 10-3 M, [S208

2-] = 8.57 x 10-2 M. 

i o 

.o Ç,\~ 

Fig. 4. The relation between the observed second-order 
rate constant and pH. 
[Gon-edta]=2.08x 10-3 M, [S208

2-] = 8.57x 10-2 M, 
[Ag(I)] = 1.67x 10-2 M, 25 °G, and 7=0.50 (NaC104). 

ions did not affect the rate at a concentration of 200 
ppm, but at the same concentration the Ni2 + , Mn 2 + , 
and Cu 2 + metal ions increase the rate by more than 
4 0 % of the rate in the presence of the silver(I) ions. 

This reaction may be applied to the determination 
of the concentration of the silver(I) ions, since the rate 
of the oxidation reaction of Gon-edta is first-order-
dependent on the silver (I) ions over the range of 108 to 
400 ppm (Fig. 3). 
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Synopsis. The liquid-liquid extraction behavior of 
the Al(III) and Cr(III)-AcAc(acetylacetone)-CHCl3 system 
and of the Mg(II), Pb(II), Mn(II), Co(II), Ni(II), and 
Gu(II)-TTA(thenoyltrifluoroacetone)-MIBK (isobutyl me­
thyl ketone) system have been studied, and the results have 
been applied to the separation of these metals as their AcAc-
and TTA-complexes by extraction chromatography. 

The systematic and quantitative group separation of 
nineteen common cations by extraction chromatography 
has been devised in the authors ' laboratory using the 
following six columns, in which the organic solvents were 
adsorbed on Kel-F(poly(chlorotrifluoroethylene)) :*) 

1 

2 

3 
4 
5 

6 

Stationary phase Mobile phase Metal ions retained 
(5.5 g Kel-F) (HG1(M) or pH) (each 0.5 mg) 

100% TBP(l) 

20% TOA-CCl4 

100% TBP(2) 
50% AcAc-CHCl3 

1.5M TTA(1)-MIBK 

1.5M TTA(2)-MIBK 

2M HCl 

2M HCl 

6M HCl 
pH 5.0 
pH 5.0 

pH 7.0 

Fe(III), Hg(II), 
Sn(IV) 
Ag(I), Bi(III), 
Gd(II), Zn(II) 
Sb(III) 
Al(III), Cr(III) 
Co(II), Gu(II), 
Mg(II), Mn(II), 
Ni(II), Pb(II) 
Ga(II), Ba(II), 
Sr(II) 

The mutual separation of the metal ions retained on 
each column has already been attempted by passing 
a suitable eluting solution through columns of TBP 
(tributyl phosphate) (l),2) TOA(trioctylamine)-CCl4 ,3) 
and TTA(2)-MIBK(isobutyl methyl ketone).4) In this 
investigation, the extraction behavior of the Al(III) and 
C r ( I I I ) - 5 0 % AcAc-CHCL, system and of the Co(II) 
Gu(II) , Mg( I I ) , M n ( I I ) , Ni ( I I ) , and Pb( I I ) -0 .2 M 
T T A - M I B K system have been examined, and the results 
have been applied to the mutual separation by extrac­
tion chromatography of the metals retained on the 
columns of the 5 0 % AcAc-CHCl 3 system, and the 
1.5 M T T A ( l ) - M I B K system. 

Exper imenta l 

The experimental procedures were almost the same as 
those previously described.1-6) Into a 50-ml centrifuge tube, 
50% AcAc in chloroform(lO-ml) and an aqueous solution 
(10-ml) containing 0.5 mg each of Al(III) and Gr(III), 10-ml 
of 0.2 M TTA in MIBK, and 10-ml of an aqueous solution 
containing 10 ppm each of Co(II), Cu(II), Mg(II), Mn(II), 
Ni(II), and Pb(II) were put together, and the contents for 
each of the metal ions were agitated with a mechanical shaker 
for 30—40 min at room temperature (20—23 °C). The pH 
of the solution was adjusted to a desired value by using 0.5 M 

acetic acid or an aqueous ammonia solution. The pH was 
checked again after every extraction by means of the pH 
meter. In the case of Cr (III), the mixture was heated 
gently for 1 h until the completion of the formation of the 
AcAc-chelate of Cr (III) with or without Al(III), because 
the quantitative extraction of Cr(III) with 50% AcAc in 
chloroform was impossible at room temperature.1,7) The 
back extraction was carried out by shaking a 5-ml or 10-ml 
portion of the organic phase containing the extracted metal 
chelates with an aqueous solution of the desired acidity. 
The distribution ratios of the metals were determined radio-
metrically with Co-60, Cr-51, Mn-54, Ni-63, and Pb-210, 
colorimetrically for Al oxinate at 390 nm, or atomic absorp-
tiometrically for Cu(II) and Mg(II). The extraction chroma­
tography was carried out by using a glass chromatographic 
column (10 mm in diameter and 30 cm long, with a course frit 
at the bottom) containing a 5.5 g portion of Kel-F(40—80 
mesh), a definite volume of 50% AcAc in chloroform (5.0-
ml) and 1.5 M TTA in MIBK (6.5-ml) which had been pre-
equilibrated with the eluting solution of pH 5.0, and a de­
finite volume of the eluting solution(5.0—6.5 ml). A 50-ml 
sample solution containing 0.5 mg each of Co(II), Cu(II), 
Mg(II), Mn(II), Ni(II), and Pb(II), adjusted to pH 5.0, 
was passed through the column at the rate of 0.03—0.3 ml 
per minute, and then an eluting solution of a suitable pH, 
which had previously been pre-equilibrated with the organic 
solution of the stationary phase, was passed through at the 
flow rate of 0.4—0.5 ml per minute. The effluent was 
taken up in a fraction collector. In the case of the 
Al(III) and Cr(III)-50% AcAc-CHCl3 system, a 100-ml 
sample solution of pH 5.0 containing acetylacetonates of 
Al(III) and Cr(III)(each 0.5 mg), which had been prepared 
by heating for an hour, was percolated through the column 
at the rate of 0.2-ml per minute, and then an eluting solu­
tion of a definite acidity was passed through at the flow rate 
of 0.5-ml per minute, as has previously been reported.1) 

Theoret ica l 

T h e percentage of extraction, % E, and the percentage 
of back extraction, % -Eback, can be calculated by means 
of the following equations: % £ = 2 ) / ( l + Z ) ) - 1 0 0 , % 
£ b a c k =Z>*/ ( l+£>*) • 100, where D and Z>* are the net 
distribution ratios of a metal in the extraction and in 
the back extraction respectively. The % E and the 
% î back of metals in the column can be expressed 
by the following equation5): % E={\—V*/Vm) • 100, 
where V* is the volume of the mobile phase and where 
Vm is the volume of the eluate relative to the maxi­
m u m of the eluted metal concentration. 

R e s u l t s and D i s c u s s i o n 

The symbols in Fig. 1 A - » 0 and O ^ A denote the 
extraction and the back extraction of chemical species 
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TABLE 1. % E AND % £ b a c k OF Al(III), Cr(III), 
Mg(II), Pb(II), Mn(II), Go(II), Ni(II), AND G U ( I I ) 
OBTAINED FROM THE EXTRACTION AND ELUTION CURVES 

HG1(M) pH 

Fig. 1. The effect of pH or HC1(M) on the extraction 
and the back extraction of Al(III) and Gr(III)-50% 
AcAc-GHCl3 system, and Co(II), Gu(II), Mg(II), 
Mn(II), Ni(II), and Pb(II)-0.2 M TTA-MIBK 
system. 

respectively. The extraction and the back extraction 
are repeated in the column many times during the 
process of the extraction chromatography, which is 
closely related to the batch extraction; therefore, the 
opt imum p H or acidity of the eluting solution can be 
predicted from the distribution ratios of the metals 
obtained by the ordinary extraction.1 - 6) W h e n the 
results of the batch extraction of metals with 0.2 M 
T T A in M I B K are applied by extraction chromato­
graphy to the mutual separation of metals retained on 

< 

III p H 4 1 J 
IMg / \ P b 1 

if V . ^vJ_ 
1 PH3.1 

/ \ C o 

0 100 200 300 

PH3.6 

/ T ^ N i 

400 500 600 

^ M n 

700 8C 

A pHO.l 

Cu 

0 900 1000 

Effluent (ml) 

Fig. 2. The mutual separation of Al(III) and Gr(III) 
on a 50% AcAc-CHCl3-Kel-F column, and Go(II), 
Gu(II), Mg(II), Mn(II), Ni(II), and Pb(II) on a 1.5 M 
TTA-MIBK-Kel-F column from a mixed solution. 

Metal 

Al(III) 
Cr(III) 
Mg(II) 
Pb(II) 
Mn(II) 
Co(II) 
Ni(II) 
Cu(II) 

Acidity 

IM HCl 

Liquid-liquid extraction"' 

% E 

0 
coned HCl 0 
pH 5.0 
pH 5.0 
pH 4.5 
pH 4.0 
pH 4.0 
pH 1.0 

50 
74 
94 
94 

100 
8 

°0 •Ê'back 

Found 
90 
85 
50 
13 
18 
13 
8 

90 

Calcd 
100 
100 
50 
26 
6 
6 
0 

92 

Extraction 
Acidity chromatographyb> 

o 
,0 

IM HCl 
concd HCl 
pH 4.1 
pH 4.1 
pH 3.6 
pH 3.1 
pH 3.1 
pH 0.1 

58 
55 
62 
96 
98 
94 
99 
7 

a) Al(III) and Cr(III) (each 0.5mg)-50% AcAc-CHCl3, Mg(II), Pb(II), 
Mn(II), Co(II), Ni(II), and Cu(II) (each 10ppm)-0.2M TTA-MIBK 
systems, b) AI(III) and Cr(III) (each 0.5mg)-50% AcAc-CHCL,, 
Mg(II), Pb(II), Mn(II), Co(II), Ni(II), and Cu(II) (each 0.5 mg)-l .5 M 
TTA-MIBK systems. 

the column of the 1.5 M T T A - M I B K system, the 
eluting solution with every p H lower by 0.88 than that 
predicted from the batch extraction with the 0.2 M 
T T A - M I B K system was adopted, because the shift of 
the p H of the extraction curves to the lower p H region 
was assumed to be 0.87 when the concentration of T T A 
was changed from 0.2 M to 1.5 M. An optimum mutual 
separation of Al(II I ) and Gr(I I I ) in the 5 0 % AcAc-
GHGlg system and of Go(II) , Gu(I I ) , Mg( I I ) , M n ( I I ) , 
Ni ( I I ) , and Pb( I I ) in the 1.5 M T T A - M I B K system 
was established by using the eluting solutions given in 
Fig. 2. T h e recovery of the metals was about 70—100 
%. The deposit of some chelate in the column due to 
the loss of the stationary solvent phase was observed 
during the course of loading; this phenomenon may 
cause the lower recovery. The values of the distribu­
tion ratios of the metals obtained by the batch extrac­
tion and the extraction chromatography are summarized 
in Table 1. The main discrepancy between the two 
values may be caused by the differences in the contact 
times of the two phases and/or by the time-lag in the 
complex formation in the extraction and the back ex­
traction, as has previously been pointed out by the pre­
sent authors.3 - 6) 

T h e authors wish to thank Dr. Ikuko Akaza of 
Kanazawa Women's College for her helpful advice 
and discussion. 
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Synopsis. Nitrosyl in [RuGl(bpy)2NO]2+ reacts 
with Hacac, giving the N-boünd hydroxyiminoacetylacetonato 
ligand(hia, GH3COG(NO)COCH3-) under mild conditions. 
The reaction product, [Ru(hia)(bpy)2(H20)]X (X=C10 4 , 
PF6), was characterized on the basis of its IR spectra, in­
cluding those of the 15iV-complex. 

Although the reactivities of coordinated nitrosyl in 
transition metal complexes have been widely studied, 
little work has been reported on the formation of N - C 
bonding via nitrosyl complexes.1-4) These reactions are, 
however, thought to be useful for the nitrosation of 
some organic compounds.5) We wish now to report 
on the complex, [Ru(h ia ) (bpy) 2 (H 2 0) ]X ( X = C 1 0 4 , 
PF6) , which was formed by the reaction of [RuGl-
(bpy) 2 NO] 2 + with Hacac. T h e hia ligand in this com­
plex functions as an unidentate ligand coordinating 
through the nitrogen atom, as is shown in Fig. 1. 

COMe 

VPT "COMe 

Fig. 1. N-bound hia ligand. 

E x p e r i m e n t a l 

Materials. The nitrosyl complex, [RuCl(bpy)2NO]-
(C104)2, was prepared by the procedure described by Meyer 
et al., but [RuGl2(bpy)2]Gl was used as a starting material 
instead of [RuGl2(bpy)2]. [RuCl2(bpy)2]Cl was prepared by 
a new method using a "ruthenium blue" solution which was 
formed by the reaction of Ru(III) chloride with formic acid.7) 

Formation of Aquabis(2,2'-bipyridine)hydroxyiminoacetylacetonato-
ruthenium(II), lRu(C5H6NO3)(C10H8NJ2(H2O)]X (X=ClOi, 
PFJ. The nitrosyl complex(200 mg, 0.295 mmol) was 
dissolved in a mixed solution of EtOH-H2O(20 ml-10 ml), 
and then Hacac(l ml) was added. After 10—15 days, a 
dark brown precipitate was collected, washed with water, 
and air-dried. The crude product(200 mg) was dissolved in 
water(300 ml). The resultant solution was charged on the 
top of a column containing SP sephadex C25 in the Na 
form (diameter, 12 mm; column height, 150 mm). When an 
aqueous solution of NH4OAc(0.06 M) was then poured into 
the column at the rate of ca. 1—2 ml/min, a brown band ap­
peared. Brown crystals were isolated as C104 or PF6 salt 
from the eluate of the band. A few further bands can be 
observed by the addition of an eluent containing KN0 3 . 
The characterization of the products obtained from these 
bands is now under investigation. The present complex was 
filtered off, washed with water, and dried in vacuo over silica 
gel. Yield: about 30 mg. Found: N, 10.83; C, 45.76; 

H, 3.39; G104, 14.70; HaO, 2.38%. Galcd for C25H24N508-
ClRu: N, 10.62; G, 45.53; H, 3.64; G104, 15.10; HaO, 
2.73%. Found: N, 10.23; G, 42.83; H, 3.13; PF6, 21.01%. 
Galcd for C25H24N504PF6Ru: N, 9.94; G, 42.59; H, 3.41; 
PF6, 20.58%. The complex was soluble in common organic 
solvents. The crude product was diamagnetic. This sug­
gests that the reaction product is a Ru(II) complex. 

R e s u l t s a n d D i s c u s s i o n 

T h e complex formed by the reaction of [RuGl(bpy)2 

NO] 2+ with Hacac gave the analytical data corres­
ponding to the formula of [Ru(h i a ) (bpy) 2 ] (X-H 2 0) . 
T h e complex containing the bidentate hia, [Ru(acac)2-
(hia)] , has been found in the reaction of [RuGl(acac)2-
N O ] with Hacac.3) T h e I R spectra of the present 
complex, however, indicate the formula of [Ru(hia)-
(bpy) 2 (H a O)]X containing the unidentada hia. By a 
comparison between the spectra of the 14JV-complex and 
the 15iV-complex in the 700—4000 c m - 1 region, the 
isotopic effects were found two bands at 1350 and 806 
cm - 1 . In contrast, the 15N substitution effects for [Ru-
(acac)2(hia)] have been found in three bands—at about 
1400, 1160, and 800 cm-1.3) This finding can be ex­
plained by assuming the presence of different types of 
hia ligand in the two complexes. T h e bands in the 
present complex and its related complexes in which 
the 15N substitution effects were observed are listed in 
Table 1. 

Recently Mayer et al. reported that the nitrosyl in 
[RuGl(bpy) 2 NO] 2 + reacts with aromatic amines to give 
N-bound /»-nitrosoarene complexes.2) They identified 
those products on the basis of the I R spectra. Armor 

TABLE 1. DATA OF 15N SUBSTITUTION SHIFTS FOR THE 

hia COMPLEXES AND RELEVANT COMPLEXES 

Tentative assignments 
Complex y ~ N 

v(N=C) v(N-O) 

[Ru(hia) (bpy) 2 (H20)] C104 1342(1327) 
[Ru(hia)(bpy)2(HaO)]PF6 1350(1340) 806(793) 

[Ru(hia)(acac)2] (1387)* 1162(1148) 807(796) 
782 (782) 

(771) 
[Ru(N(0)C6H4RCH3)-
(bPy)2Cl]PF6a) 

R = H 1286(1261) 875(860) 
R = C H 3 1284(1276) 875(860) 

[Ru(NH3)5{(NO)CH2G 1365(^1355) 
(CH3)2OH}]B(C6H5)4b) 

* New band. The bands based on 15iV complexes are 
shown in parentheses, a) Ref. 2. b) Ref. 4. 
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et al. also obtained an alkylnitrosoruthenium(II) com­
plex by the radiolysis of [Ru(NH 3 ) 5 NO] 3 + in «-butyl 
alcohol.4) The isotopic shifts observed for the present 
complex are in almost the same regions and in almost 
the same magnitude as those of the complexes in Refs. 
2 and 4, indicating the presence of the unidentate hia. 
The bands at 1350 and 806 c m - 1 in the present complex 
can be assigned tentatively to the stretching and the 
rocking vibrations of the N - O and N - G respectively 
of the unidentate hia, according to the assignments in 
Ref. 2. The band characteristic of uncoordinated 
carbonyl in the hia ligand was found in 1660 c m - 1 . 
As is shown in Table 1, the band due to the N - O 
stretching vibration of the unidentate hia was found 
in a higher region than that of the chelating hia. In 
addition, the stretching vibration band due to the 
oxime-type G=N bonding in chelating hia has also been 
found in a lower region than that expected.8) No ex­
planation for why the stretching bivrations of both 
N=G and N - O become lower in [Ru(acac)2(hia)] can 
be offered at the present time. 

Bottomley et al. proposed that coordinated NO+ with 
v(NO}> 1886 c m - 1 behaves as an electrophile.9) Accord­
ing to their criterion, [RuCl(acac)2NO](v(NO) ; 1884 
cm - 1 ) in Ref. 3 exists on the borderline between com­
plexes reactive and unreactive toward nucleophiles. 
O n the other hand, [RuCl(bpy) 2 NO](C10 4 ) 2 (KNO); 
1927 cm - 1 ) has been known to be very reactive.2) I t 
was found in the present work that [RuCl(bpy)2NO]2+ 
reacts with Hacac to give a Ru( I I ) complex containing 
the unidentate hia, while [RuGl(acac)2NO] gives a 
R u ( I I I ) complex containing the bidentate hia under 
the same conditions.3) The formation of the two types 
of hia seems to be connected with the difference in the 

reactivities of coordinated nitrosyl between [RuGl(bpy)2 

NO](G10 4 ) 2 and [RuGl(acac) aNO]. 

T h e authors wish to express their thanks to Professor 
Thomas J . Meyer, the University of North Carolina, 
for his kind consent for us to investigate the nitrosyl 
complex prepared by himself. The present work was 
partially supported by a Grant-in-Aid for Scientific 
Research from the Ministry of Education. 

References 

1) J. H. Swinehart, Coord. Chem. Rev., 2, 385 (1967). 
2) T. J. Meyer, W. F. Little, and W. L. Bowdon, J. 

Am. Chem. Soc, 96, 5605 (1974); ibid., 98, 444 (1976). 
3) M. Mukaida, T. Nomura, and T. Ishimori, Bull. Chem. 

Soc, Jpn., 48, 1443 (1975). [Ru(acac)2(hia)] can also be 
obtained by the reaction of [Ru(acac)2Cl(H20)] with Hhia. 
The identity was checked by means of the elemental analyses, 
magnetic moments, and IR and UV spectra. Cf. M. Mukaida 
Y. Nakamura, and T. Nomura, Abstr. No. 3112, 34th Natioanl 
Meeting of the Chemical Society of Japan, Tokyo, April 
1976. 

4) J. N. Armor, R. Furman, and M. Z. Hoffman, J. Am. 
Chem. Soc, 97, 1737 (1975). 

5) J . A. McGleverty, G. W. Ninnes, and I. Wolochowicz, 
J. Chem. Soc, Chem. Commun., 1976, 1061. 

6) T. J. Meyer and J. B. Godwin, Inorg. Chem., 10, 471 
(1971). 

7) M. Mukaida, M. Hatano, E. Kondo, T. Nomura, and 
T. Ishimori, Abstr. No. 2M18, 32nd National Meeting of 
the Chemical Society of Japan, Tokyo, April 1975. 

8) I. Masuda, M. Tamaki, and K. Shinra, Bull. Chem. 
Soc jpn., 42, 157 (1969). 

9) F. Bottomley, W. V. F. Brooks, S. G. Clarkson, and 
S. Tong, J. Chem. Soc, Chem. Commun., 1973, 919. 



November, 1977] N O T E S 3055 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (11), 3055 3056 (1977) 

JH and 13C NMR of 2,2-Bipyridine Adducts with Butyltin(IV) Trichloride 
and Tin(IV) Tetrachloride, and Tetrabromide 

Gen-etsu MATSUBAYASHI and J u n IYODA* 

Department of Applied Chemistry, Faculty of Engineering, Osaka 
University, Yamadakami, Suita, Osaka 565 

* Government Industrial Research Institute, Midorigaoka, Ikeda, Osaka 566 
(Received June 13, 1977) 

Synopsis. XH and 13C NMR spectra of 2,2'-bipy-
ridine adducts of butyltin(IV) trichloride and tin(IV) tetra­
chloride and -bromide have been measured in iV,iV-dimethyl-
acetamide. On the basis of the chemical shifts of the 13C 
nucleus and spin-spin coupling constants of the 117/119Sn with 
the ligand 1H and 13C nuclei the configuration of the adducts 
and the nitrogen-tin coordination bond are discussed. 

Spin-spin coupling constants between the ligand atoms 
and the metal nucleus of complexes give important in­
formations about the metal-ligand bond. T o date, how­
ever, there have been only a few reports1-3) on the coupl­
ing constants between 117/119Sn nuclei and ligand protons 
measured in tin (IV) halide adducts of organic ligands, 
and tin couplings with ligand 13G nuclei of the adducts 
have never been measured. Recently we have observed 
the couplings between the tin nuclei and the protons 
attached to the carbons adjacent to the coordinating 
nitrogen atoms in the 2,2'-bipyridine (bpy) adduct of 
butyltin trichloride.2) This paper reports 1H and 13C 
N M R data of bpy adducts of butyltin trichloride and 
tin tetrachloride and tetrabromide in JV,iV-dimethyl-
acetamide. 

As described previously,2) the bpy adduct of BuSnCl3 

is monomeric and a non-electrolyte in acetonitrile. 
Essentially the same situation is expected in N,N-di-
methylacetamide, because the adduct in this solvent 
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Figure. The 13G NMR spectrum of BuSnCl3-bpy in 
iV,JV-dimethylacetamide at 32 °C. 

shows quite similar XH N M R spectral behavior to the 
observations in acetonitrile solution both in the absence 
and in the presence of excess bpy. The figure indi­
cates the 13G N M R spectrum of the bpy adduct of 
BuSnCl3 in JV,JV-dimethylacetamide. Signal assign­
ment is facilitated by the 13G N M R measurement 
with selective {1H}-13C decoupling of each bpy proton 
signal. This assignment is consistent with that of 
plat inum (I I ) -bpy complexes.4 '5) T h e occurrence of the 
doubly separated 0(2,2 ' ) and G(5,5') signals is in agree­
ment with the previously suggested configuration A, 
where the butyl group lies on the N - S n - N plane of the 
hexa-coordinated complex.2) 

If 3 3« V 

6 y*c 6' 
CI 

(A) 

In the spectra of the hexa-coordinated b p y - S n X 4 

( X = C 1 or Br) adducts the signals were also unchanged 
by the addition of excess bpy, indicating no significant 
exchange between the complexed and free ligands on 
the N M R time scale in this solvent. 

T h e 13G signal assignment of the adducts, as well 
as their XH N M R data , is summarized in the table. 

T h e 0(2,2 ' ) and 0(6,6 ' ) signals of free bpy move 
upfield and the others move downfield in the complexes. 
Although the same behavior concerning the direction 
of signal shift upon complexation was also detected in 
the p la t inum(II) -bpy complexes,4»5) the large upfield 
shift of C(2,2') and 0(6,6 ' ) signals is noticeable in the 
present tin halide adducts (see Table) . This is rather 
analogous to the signal shift in the protonation of pyri­
dine (0(2,6) , + 7 . 8 p p m ; 0(3 ,5) , - 5 . 0 p p m ; 0 (4 ) , 
- 1 2 . 4 p p m ) . 6 ) 

As is apparent from the figure, each 13G signal has 
satellites due to the spin-spin coupling with the tin 
nuclei, while the ligand proton coupling with the tin 
atom is detected only at the H(6,6') signal.2) In the 
p la t inum(I I ) -bpy complexes all bpy 13C signals also give 
satellites due to the coupling with the 195Pt nucleus.4,5) 
However, a marked difference in the relative magnitudes 
of the coupling constants in these complexes can be 
noticed; the C(4,4 ' ) -plat inum coupling is extremely 
small ( « 6 Hz) compared with the plat inum couplings 
of the other ring carbons (26—32 Hz) , while the 0 ( 4 , 4 ' ) -
tin coupling is rather larger than the 0(3,3 ') and 
C(5,5') couplings. This larger 0(4,4 ' ) coupling observ­
ed in the tin halide adducts may be indicative of a 
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TABLE. 1H AND 13G NMR CHEMICAL SHIFTS (ppm) AND COUPLING CONSTANTS (117/U9Sn-1H AND 117/119Sn-13G) 

(Hz) a > FOR 2,2'-BIPYRIDINE ADDUCTS OF T i n ( I V ) H A L I D E S IN iV,iV-DIMETHYLACET AMIDE 

1H Resonancesb> 13G Resonances") 

H3,3 ' H4>4' H5>5' H6>6' G2>2' G3>3' C4>4' G5>5' C6(6' 

bpy 8.48 7.94 7.44 8.72 156.2 121.0 137.5 124.5 149.8 
SnCl4.bpy 9.35 8.84 8.38 9.66 142.1 125.3 145.0 129.7 145.0 

(34) (36) (15) (22) (18) (22) 
SnBr4.bpy 9.39 8.87 8.46 9.81 141.1 125.4 144.1 129.5 145.3 

(38) ( e ) (16) (25) (18) (23) 
BuSnCla.bpyd> 9.13 8.63 8.18 9.84 9.21 142.8 144.1 124.5 143.6 128.4 128.9 145.5 

(38) (11) (15) ( e ) (20) (22) (24) ( e ) (22) 

a) Shown in parentheses, b) Measured at 24 °G. c) Measured at 32 °G. d) For *H NMR data in Ref. (2). 
e) Gould not be obtained since the signals were obscured by other signals. 

significant jr-interaction of bpy with the tin atom. This 
is in contrast with the fact that in trimethylphenyltin 
having a covalent aryl-t in bond the coupling between 
the tin and para-carbon nuclei is small;7) here the 
phenyl-metal ^-interaction may be small, as deduced 
in phenylplatinum derivatives.8) 

18—22 47 .4_36 .6 

2 2 ^ _ N > SnCl4 10.y \ -SnMe3
7> 

15 \J6 / \ = / 

T h e t in-H(6,6 ' ) or -carbon coupling constants of the 
SnBr4 adduct are larger than those of the SnCl4 adduct, 
indicating stronger Lewis acidity of SnBr4. This is 
consistent with the result that stability constants of 
the (CH 3 ) 2 SnX 2 -bpv complexes increase in the order 
of X = C K B r < I . 9 > 

Directly bonded 1 3 C- 1 H coupling constants of bpy 
obtained from the measurements without proton de­
coupling are larger in the adduct compared with those 
of the free ligand as follows. 

V ^ C J H ) (Hz) 

C3,3' -H C4(4 '-H C5 i 5 ' -H C6>6 '-H 

Free bpy 170 163 163 178 
BuSnCl3-bpy 172 171 174 188 

This is explainable as due to an increase of s-character 
in the C - H bond upon the adduct formation. T h e 
same behavior was reported in the directly bonded 
1 3 G- 1 H couplings on protonation of nicotinamide.10) 

E x p e r i m e n t a l 

Materials. The preparation of BuSnCl3-bpy was 
described previously.2) SnX4>bpy (X=G1 and Br) were pre­

pared as white needles by mixing SnX4 with an equimolar 
amount of bpy in acetonitrile. SnCl4-bpy. Mp>300°C. 
Found: C, 29.07; H, 2.00; N, 7.00%. Calcd for G10H8N2-
Gl4Sn: C, 28.82; H, 1.93; N, 6.72%. SnBr4.bpy. Mp 
>300 °C. Found: G, 20.34; H, 1.34; N, 4.88%. Calcd for 
C10H8N2Br4Sn: C, 20.20; H, 1.36; N, 4.71%. 

NMR Measurements. The XH NMR spectra were me­
asured at 24 °C as described elsewhere.1) The 13C NMR 
spectra were obtained at 25.15 MHz using the pulse Fourier 
transform technique with a JEOL PS 100 spectrometer, an 
FT-100 FT unit, a DP-1 pulse programmer, and an EC-100 
computer. 13C chemical chifts in ppm were measured rela­
tive to TMS as an internal standard at 32 °C. 

We wish to express our hearty thanks to Professor 
Toshio Tanaka for his continuous encouragement 
through this study. 
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Synopsis. A concept of resonance energy per n elect­
ron appears unsuitable for representing the aromatic stabiliza­
tion of a conjugated compound. If the resonance energy 
is divided by the number of n bonds constituting n rings 
in the conjugated system, though, a reasonable index is ob­
tained for the same purpose. 

In 1971, Hess and Schaad1) interpreted Dewar's 
theory of aromaticity2) by means of the H M O theory. 
They denned the aromatic resonance energy of a con­
jugated compound as the difference between the H M O 
n energy and the n energy of a "localized structure" 
obtained in an additive manner using the empirical 
% bond energies. Here, a "localized structure" signi­
fies an olefinic reference structure which is hypothetical-
ly free from aromaticity. They further showed that 
if the resonance energy is divided by the number of 
n electrons in the compound, a quanti ty is obtained 
which correlates well with the experimental stability.1) 
This was termed "resonance energy per n electron 
(REPE)" . In previous papers,3) we succeeded in for­
mulating a characteristic polynomial for a "localized 
structure" of a conjugated compound, and analytical­
ly reproduced the resonance energies of Hess and 
Schaad without any parametrization. Of course, our 
resonance energies are Dewar-type.1 - 3) In this note, 
we wish to point out that the definition of R E P E 
should be modified in line with our exact resonance 
energies. 

(I) (II) (III) (IV) 

First, one should remember that Hess and Schaad 
defined R E P E in order to overcome the wide variation 
in the size of conjugated systems usually compared.1) 
This means that the R E P E was presented as a better 
way of comparing resonance energies of various com­
pounds. However, one finds that when the concept 
of R E P E is extended to ionic conjugated systems, a 
serious ambiguity arises. For example, the resonance 
energies of the cyclobutadiene dianion(I) , benzene(II) , 
and the cyclooctatetraene dicat ion(III) must be divided 
by the same number of n electrons, i.e., six, to obtain 
their R E P E values. This procedure is obviously in con­
tradiction to the original intention of Hess and Schaad.1) 
As has been suggested above, they intended to reflect 
the size of a conjugated system in the resonance energy 
by defining R E P E . Therefore, the divisor should be 
changed if the size of a conjugated system is changed. 
Logically it should not depend upon the ionicity of a 
conjugated system. 

According to the same definition of R E P E , the re­
sonance energies of benzene(II) and butalene(IV) must 
also be divided by the same number of n electrons, i.e., 
six, in order to obtain their R E P E values. Although 
butalene has one more n bond than benzene, the sizes 
of their conjugated systems have been tacitly considered 
to be identical.1) We might say that the number of 
n electrons does not always reflect the size of a conjugated 
system, even if it is a neutral compound. Such an 
aspect of R E P E is found among many sets of conjugated 
compounds. 

We verified previously that aromaticity arises exclu­
sively from a set of n rings in a conjugated system.3) 
I t is obvious that even if side chains and the like are 
conjugated with the main part of a cyclic conjugated 
system, they are absolutely olefinic. We might say 
that these side chains are neither stabilized or desta­
bilized by the overall resonance energy. The role of 
the side chains is to somewhat modify the resonance 
energy of a n ring system [i.e., a set of n rings in the 
conjugated system). The resonance energy obtained 
should, therefore, be attr ibuted exclusively to the n 
rings or their constituents {i.e., n bonds constituting these 
n rings). This fact is also inconsistent with the pre­
vious definition of R E P E . 

In order to avoid such REPE-based difficulties, we 
propose a new quanti ty which supposedly represents 
the actual stability of a conjugated system. I t is 
defined as the Dewar-type resonance energy, divided 
by the number of n bonds which form a n ring system 
of a conjugated compound, and is termed "resonance 
energy per n bond" or R E P B for short. As is indicated 
in this definition, the n bonds involved here are limited 
to those constituting cyclic components of Sachs graphs 
{i.e., subgraphs of a molecular graph originally intro­
duced by Sachs4)). 

I t is noteworthy to see that, as an index of the size 
of a 7T ring system, the number of n bonds in it is prefera­
ble to the number of n electrons. I t is nothing other 
than all the n bonds in the n ring system which must 
be sustained by the overall resonance energy. In this 
sense, the REPB reflects the size of a or ring system. 
The resonance energy has thus been assigned to indi­
vidual n bonds forming a n ring system. Such a 
consideration appears to support our definition of REPB. 

Table 1 contains 18 examples of conjugated com­
pounds, shown with their values for R E P E and REPB. 
When a conjugated system is neutral and monocyclic, 
R E P E exactly agrees with REPB. However, when a 
conjugated system is ionic or polycyclic, the two quanti­
ties generally disagree. The deviation of R E P E from 
R E P B is never small for most conjugated compounds. 
One can see by using R E P B that substituents such as 
a vinyl group do not stabilize a cyclobutadiene ring so 
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TABLE 1. 

Compound 

Cyclobutadiene 
Tetravinylcyclobutadiene 
Cyclobutadiene dianion 
Cyclopentadienyl anion 
Benzene 
Styrene 
Cycloheptatrienyl cation 
Cyclooctatetraene dication 
Butalene 
Pentalene 
Calicene 
Fulvalene 
Azulene 
j-Indacene 
Naphthalene 
Anthracene 
Pyrene 
Coronene 

N O T E S 

R E P E AND R E P B VALUES IN UNITS OF ß FOR 

Resonance energy8-) 

- 1 . 2 2 6 
- 0 . 7 0 3 

0.305 
0.317 
0.273 
0.249 
0.225 
0.186 

- 0 . 6 0 4 
- 0 . 2 1 5 

0.433 
- 0 . 2 9 9 

0.151 
0.055 
0.389 
0.475 
0.598 
0.947 

REPExlO 3 

- 3 0 6 . 6 
- 5 8 . 6 

50.8 
52.8 
45.4 
31.2 
37.6 
30.9 

- 1 0 0 . 7 
- 2 6 . 9 

54.2 
- 2 9 . 9 

15.1 
4.6 

38.9 
33.9 
37.4 
39.5 

18 CONJUGATED SYSTEMS 

REPBxlO3 lOOx 

- 3 0 6 . 6 
- 1 7 5 . 7 

76.1 
63.3 
45.4 
41.5 
32.2 
23.2 

- 8 6 . 3 
- 2 3 . 9 

54.2 
- 2 9 . 9 

13.7 
3.9 

35.3 
29.7 
31.5 
31.6 
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(REPE-REPB) 
REPB 

oTo~ 
- 6 6 . 6 
- 5 0 . 0 
- 1 6 . 7 

0.0 
- 2 4 . 8 

16.7 
33.3 
16.7 
12.5 
0.0 
0.0 

10.0 
16.7 
10.0 
14.3 
18.8 
25.0 

a) Ref. 3. 

dramatically. This is in marked contrast to the pre­
diction based on the R E P E values.5) 

So far, such a discrepancy has not been noticed, 
partly because the degree of aromaticity cannot be 
measured quantitatively, and partly because scarcely 
no resonance energies have been estimated for ionic 
species.6) Furthermore, the resonance energies pub­
lished for neutral species are all empirical ones, in the 
sense that they are based on empirical n bond ener­
gies.1'2) Now the situation has been totally changed. 
We have shown that Dewar-type resonance energies 
can be exactly calculated for any conjugated systems, 
including ions, as long as the H M O theory is used.3) 
Accordingly, a measure of the aromatic stabilization 
should also be refined in harmony with the exactness 
of these resonance energies. This is exactly why R E P E 
must be replaced by REPB. If a more detailed dis­
cussion of aromaticity is made in the future, it should 
be based on the values for REPB. The same defini­
tion of REPB can be applied to any Dewar-type re­
sonance energies.1-3) 
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Synopsis. The acid-catalyzed reaction of cyclo­
heptanone and cyclooctanone with formaldehyde gave 
predominantly 2,4-dioxaspiro[5.6]dodecan-7-one and 2,4-
dioxaspiro[5.7] tridecan-7-one respectively. 

In the previous paper,1) we reported the reactions 
of cyclopentanone, cyclohexanone, and the alkyl-sub-
stituted cycloalkanones with formaldehyde in the pre­
sence of acid catalysts. T h e reactions produced hydro-
xymethyl derivatives, spiromono- and bis(l,3-dioxanes). 
The distribution of these products was markedly af­
fected by both the skeletal structure and the substituent 
of the cycloalkanones. In this paper, we wish to re­
port on the reactions of cycloheptanone ( l a ) and cyclo­
octanone ( l b ) , together with the ring-size effect of 
cycloalkanones on the acid-catalyzed reaction. 

The reaction of l a or l b with formaldehyde was 
carried out in a mixture of acetic acid and acetic an­
hydride in the presence of phosphoric acid at 60 °G. 
After the distillation of the resulting mixture, the pro­
ducts were isolated by preparative GLPG and were 
characterized on the basis of their chemical behavior 
and by spectroscopic methods. 

The reaction of l a gave 2-acetoxymethylcyclohep-
tanone (2a) and 2,4-dioxaspiro[5.6]dodecan-7-one (4a) 
in 21.4 and 43 .8% yields respectively on the basis of 
the l a used. Similarly, the reaction of l b gave 2-
acetoxymethylcyclooctanone (2b), 2,2-diacetoxymethyl-
cyclooctanone (3b), and 2,4-dioxaspiro[5.7]tridecan-7-
one (4b) in 8.7, 13.5, and 36 .5% yields respectively. 

A® S,® H A 
/—\ (GH20)x ^/_<* _ O A c 
> _ / Ac20, H+' ( C H X - / \ H (GH2)W-

la w = 2 
l b » = 3 

(GH2)ra-
2a n = 2 
2b « = 3 

-<?° -OAc 

( C H X - / ^ -

~^°,-o 

3b ra=3 
OAc ( C H ^ - Z ^ - O 

4a n = 2 
4b ra = 3 

Scheme 1. 

The P M R spectra of 4a and 4b showed a methylene-
dioxy proton at ô 4.53 (a characteristic quartet in the 
AB-type) in both compounds, and their I R spectra 
showed an absorption due to a methylenedioxy group 
at 2775 c m - 1 in 4a and at 2745 c m - 1 in 4b respectively. 
From these results, the structure of 4a and 4 b was as­
signed to spiromono(l,3-dioxane) derivatives. T h e 
structure of 3b was confirmed by the fact that the iden­
tical diacetate was obtained by the acetolysis of 4 b in 
the presence of phosphoric acid. 

T h e acid-catalyzed reaction of l a and l b was com­
pared with that of cyclopentanone and cyclohexanone. 
The reactivity might decrease in the order of C 6 - > C 5 -
>C7->C8-cycloalkanones, judging from Ithe experi­
ments undertaken. T h e product distribution was quite 
sensitive to the ring-size of the cyclic ketones. T h e reac­
tion of C7- and C8-cycloalkanones afforded mainly spiro­
mono (1,3-dioxanes), but not bis(l,3-dioxanes), which 
were yielded largely in the reaction of cyclohexanone. 
These facts seem to be explained by the increased 
transannular repulsions arising from the formation of 
bis (1,3-dioxanes) in G7- and Cg-cycloalkanones. 

Exper imenta l 

All the boiling and melting points are uncorrected. The 
IR spectra were measured using a JASGO model IR-A spectro­
photometer. The PMR spectra were obtained on a JEOL 
MH-60 II spectrometer (60 MHz), using tetramethylsilane 
as the internal standard. The mass spectra were taken with 
a Hitachi Model RMU-6GG mass spectrometer at 70 eV. 

Materials. The cycloheptanone (la) and cyclooctanone 
(lb) were prepared by the reported method;2) la : bp 
65—67 °C/2 mmHg; l b : mp 32—33 °G. 

Reaction of Cycloheptanone (la) with Formaldehyde. To a 
stirred solution of paraformaldehyde (9.0 g, 0.3 mol), acetic 
anhydride (10.2 g, 0.1 mol), and 85% phosphoric acid (5.7 g, 
0.05 mol) in glacial acetic acid (30 ml), l a (11.2g, 0.1 mol) 
in glacial acetic acid (20 ml) was added over a 3-h period 
at 60 °G, after which the mixture was stirred at the same 
temperature for 7 h. The usual work-up gave 15.9 g of an 
oily product. The oil was then distilled under reduced pres­
sure to give an unreacted l a (4.2 g, 37.1% yield, based on the 
l a used) and a colorless liquid (9.5 g, bp 67—113 °C/2 mmHg; 
GLPG analysis showed 2a, 4a, and the self-condensates of 
formaldehyde with peak area ratios of 31, 56, and 13% re­
spectively). The latter distillate was separated by preparative 
GLPG (Apparatus: Yanaco G-80. Column, 30% Diethy-
lene Glycol Succinate Polyester on Ghamelite GK, 14mmx 
3 m. Temp, 170 °G. Carrier gas, H2 at 280 ml/min) to 
afford 2a (2.4 g, 21.4%) and 4a (4.9 g, 43.8%), each as a 
colorless liquid; 2'-acetoxymethyley'cloheptanone (2a): df 1.0682, 
n2

D
B 1.4640. PMR (GC14): Ö 1.12—2.19 (br, 8H), 1.96 (s, 

3H), 2.40 (m, 2H), 2.82 (m, 1H), and 3.98 (ABX,y A B =H 
Hz, J A X = / B X = 6 . 0 Hz, AvAB=19.5 Hz, 2H). IR (neat): 
1732 (vs), 1692 (vs), 1236 (vs), 1040 (s), and 1024 (s) cm-1. 
Found: G, 65.42; H, 8.73%. Calcd for G10H16O3: C, 
65.19; H, 8.75%. 2,4-Dioxaspiro\5.6~\dodecan-7-one (4a): Bp 
112—113 °G/2 mmHg, d? 1.1217, «S

D
5 1.4880. MS: m/e 184 

(M+). PMR (CG14): Ô 1.60 (br s, 6H), 1.94 (m, 2H), 2.36 
(m, 2H), 3.63 (AB-q, / = 1 2 H z , 4H), and 4.53 (AB-q, J= 
5.7 Hz, 2H). IR (neat): 2775 (w), 1684 (vs), 1160 (vs), 
1152 (vs), 1028 (s), 1004 (s), and 920 (s) cm-1. Found: C, 
65.37; H, 8.68%. Galcd for G10H16O3: C, 65.19; H, 
8.75%. 
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Reaction of Cyclooctanone (lb) with Formaldehyde. In a 
way similar to that in the reaction of l a , the reaction of l b 
(12.6 g, 0.1 mol) with paraformaldehyde (9.0 g, 0.3 mol) and 
acetic anhydride (10.2 g, 0.1 mol) gave 17.5 g of an oily 
product . T h e oil was distilled under reduced pressure to 
give an unreacted l b (5.2 g, 41.3%) and two colorless frac­
tions (A: 8.2 g, bp 59—132 °G/0.1 m m H g ; B : 1.8 g, bp 
132—134 °G/0.1 m m H g ) . T h e A fraction (GLPG analysis 
indicated 2b , 4b , and the self-condensates of formaldehyde 
with peak area ratios of 15, 73, and 12% respectively) was 
then separated by preparat ive GLPG to afford 2 b (1.1 g, 
8.7%) and 4 b (4.6 g, 36 .5%), each as a colorless l iquid; 
2-Acetoxymethylcyclooctanone (2b): df 1.0565, ri% 1.4689. 
P M R (GG14): 6 0.82—2.10 (br, 10H), 1.95 (s, 3H) , 2.23 
(m, 2H) , 2.87 (m, 1H), and 3.93 (ABX, / A B = H Hz, JAX= 

6.0 Hz, J B x = 8 . 7 H Z , AVAB= 15 Hz , 2 H ) . I R (neat) : 1732 
(vs), 1696 (vs), 1232 (vs), 1044 (s), and 1028 (s) cm- 1 . Found : 
C, 66.90; H , 9 .13%. Galcd for G n H 1 8 0 3 : G, 66.64; H , 
9 .15%. 2,4-Doixaspiro[5.7]tridecan-7-one(4b): bp 104—105 
°G/0.1 m m H g , df 1.1076, »» 1.4927. M S : m/e 198 (M+). 
P M R (CCLJ : Ô 1.48 (m, 8H) , 2.17 (m, 4H) , 3.72 (s, 4H) , and 
4.53 (AB-q, 7 = 6 . 0 Hz , 2 H ) . I R (nea t ) : 2745 (w), 1682 
(vs), 1170 (vs), 1154 (vs), 1134 (vs), 1064 (vs), 1040 (s), 1028 
(vs), 921 (s) cm- 1 . Found : G, 66.91 ; H , 9 .13%. Galcd for 
G n H 1 8 0 3 : C, 66.64; H, 9 .15%. 

O n the other hand, the B fraction crystallized directly on 
standing and was recrystallized from cyclohexane to yield 

2,2-diacetoxymethylcyclooctanone (3b) (1.7 g, 13.5%) as white 
crystals; m p 65—66 °G; P M R (CCLJ : ô 1.16—2.10 (br, 
10H), 1.98 (s, 6H) , 2.42 (m, 2H) , and 4.05 (AB-q, / = 12 Hz, 
4 H ) . I R (CCLJ: 1740 (vs), 1693 (s), 1233 (s). 1219 (s), 
1040 (s), and 1021 (s) cm- 1 . Found : C, 62.28; H , 8 .23%. 
Galcd for G 1 4 H 2 2 0 5 : C, 62.20; H, 8.20%. 

Acetolysis of Spiromono(1,3-dioxane) (4b). A solution of 
4 b (198 mg, 1 mmol) , acetic anhydride (204 mg, 2 mmol) , and 
8 5 % phosphoric acid (57 mg, 0.5 mmol) in glacial acetic 
acid (1 ml) was stirred at 60 °G for 10 h. After a subsequent 
work-up, 190 mg of an oily mixture were obtained. T h e 
P M R analysis revealed that the reaction mixture consisted 
of an acetolysis product (12%) and unreacted 4 b (88%) , 
which were isolated by preparat ive G L P G to give 22 mg 
(11 .1% yield, based on the 4 b used) of the acetolysis product 
and 158 mg (79.8%) of 4 b . T h e I R spectrum of the aceto­
lysis product was completely identical with that of 3 b obtained 
from l b . 
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Synopsis. The photochemical reaction of diaryl 
disulfides with 2,6-disubstituted phenols was investigated. 
The reaction with highly hindered phenols proceeded appre­
ciably upon irradiation with a high-pressure mercury lamp, 
giving rise to 4-arylthio-2,6-disubstituted phenols. The re­
action was initiated by the homolytic scission of the disulfides. 

A previous report1) concerning hindered phenols has 
demonstrated the synthesis of 4-arylthio-2,6-disubstituted 
phenols in basic media using diaryl disulfides as sul-
fenylating agents. We wish to report here another 
simple method of preparing the same sulfides by a 
photochemical sulfenylation of hindered phenols. T h e 
reaction proceeds smoothly and mildly upon the simple 
irradiation of a solution of diaryl disulfides and hindered 
phenols in an inert solvent with an ultraviolet lamp. 

_ / R 

ArSSAr + / V o H —1> 
= \ R ' 

1 2 

_ / R 
ArS-<f V o H + ArSH (1) 

= \ R ' 
3 4 

Thus, a solution of diphenyl disulfide (1, A r = C 6 H 5 ) 
and 2,6-di-*-butylphenol (2, R = R ' = * - C 4 H 9 ) in cyclo-
hexane was irradiated with a high-pressure mercury 
lamp through a Pyrex filter at room temperature for 
20 h. 2,6-Di-£-butyl-4-(phenylthio) phenol (3, A r = C 6 -
H5 , R = R ' = J - C 4 H 9 ) was obtained in a 6 5 % yield based 
on the phenol 2 consumed (GLG). Table 1 summarizes 
the results of the application of this method to several 
disulfides and substituted phenols. 

In this reaction, solvents with no hydrogen active 
towards abstraction, such as cyclohexane and benzene, 

TABLE 1. ARYLTHIOPHENOLS FROM DISULFIDES 

AND PHENOLS 

Disulfide (1) 

Ar 

C6H5 

C6H5 

G6H5 

/>-GH3G6H4 

/>-CH3OC6H4 

/>-ClC6H4 

G6H5 

C6H5 

C6H5 

Phenol (2) 

R~~" 

*-Bu 
*-Bu 
t-Bu 
t-Bu 
t-Bu 
t-Bu 
*-Bu 
z-Pr 
Me 

R' 

*-Bu 
*-Bu 
*-Bu 
*-Bu 
*-Bu 
*-Bu 
Me 
i-Pr 
Me 

Solvent 

c-C6H12 

C6H6 

CC14 

c-C6H12 

c-C6H12 

C6H6 

c-C6HI2 

c-G6H12 

c-C6H12 

Yield of 
(Arylthi 

(3)_ 

29 
25 
24 
28 
10 
23 
13 
24 
0 

o) phenol 
(%) 

(61) 
(54) 
(65) 
(61) 
(69) 
(39) 
(36) 
(48) 
( 0 ) 

Irradiated for 24 h. The 
phenols. The yields based 
are shown in parentheses. 

yields are based on the 
on the phenols consumed 

are suitable. Carbon tetrachloride, well-known chain-
transfer reagents,2) showed itself a good solvent, perhaps 
by reason of the formation of arenesulfenyl chloride, 
which subsequently acted as a sulfenylating agent.3 '4) 
T h e yields of 3 were significantly influenced by the sub-
stituents (R and R ' ) . A less hindered phenol, 2,6-
dimethylphenol, did not afford the corresponding aryl-
thiolated phenol and was recovered quantitatively. T h e 
reaction of 2,6-di-^-butylphenol with aqueous hexacy-
anoferrate(III) in the presence of diphenyl disulfide or 
thiophenol leads to the exclusive formation of a dipheno-
quinone derivative, 5,5) yielded from the dimeriza-
tion of the phenoxyl radical, without forming the ex­
pected 3. The radical reaction of 1 and 2 initiated 
with a,a'-azodiisobutyronitrile also failed. 

t-Bu 

0 

t-Bu 

[Ox] 
(2) 

Unlike the photochemical reaction of disulfide with 
the aryl radical generated from aryl halide,6) the present 
reaction proceeds via the aryl thiyl radical formed by 
the homolytic scission of aryl disulfide. This radical 
species, then, attacks the phenol, 2, followed by the 
abstraction of hydrogen by another thiyl radical to give 
an intermediate dienone; it subsequently rearranges to 
(arylthio) phenol, 3. 

t -Bu 

OH 

t -Bu 

ArS 
- H - AX 

t -Bu 

0 

t-Bu 

(3) 

A r S 

.t-Bu 

-Ö-°H 

^ t - B u 

The ultraviolet spectrum of 2,6-di-Z-butylphenol shows 
no notable absorption in the Pyrex-filtered region ( > 300 
nm) , and diphenyl disulfide is known to have an n-n* 
transition at 320 nm (e = 783)7) in the skirt of the strong 
Ti-Tt* transition (243 nm) . Two or three times as much 
disulfide was consumed under irradiation as was ex­
pected in the stoichiometry shown by Eq. 1. Con­
sequently, arenethiols, 4, were formed in greater amounts 
than (arylthio) phenols, 3. One of the by-products 
formed in this reaction was bis[4-(2-phenylthio)phenyl] 
disulfide (6), which was isolated in an 1 8 % yield when 
equimolar amounts of diphenyl disulfide and 2,6-di-t-
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butylphenol were irradiated in cyclohexane for 50 h. 
This disulfide, 6, is considered to be formed via 2-(phe­
nyl thio)benzenethiol, a rearranged dimer of the phenyl-
thiyl radical.8) 

/SC6H5 

C6H5S/ 6 

Exper imenta l 

Preparation of 4-Arylthio-2,6-dialkylphenol (3). The fol­
lowing procedure is representative of the preparation of 3. 
Diphenyl disulfide (1, Ar=C6H5 , 371 mg) and 2,6-di-*-butyl-
phenol (2, R=R'=£-C 4H 9 , 175 mg) were dissolved in cyclo­
hexane (5 ml) and were then, after degassing, irradiated in 
a Pyrex ampoule with a high-pressure mercury lamp (450 W) 
for 20 h. The products were analyzed by GLC. Then, the 
solvent was removed from the reaction mixture under reduced 
pressure; subsequent column chromatography of the residue 
on silica gel (eluted by hexane) gave 2,6-di-f-butyl-4-(phenyl-
thio)phenol (3, Ar=C6H5 , R=R'=*-C4H9) in a 57% yield 
(58 mg) based on the phenol consumed. The conversion 
of 2 was 38%. 

All of the products, (arylthio) phenols (3), were identified 
by a comparison of the mp, GLC, and IR and NMR spectra 
with those of the authentic sample.1) 

Bis[4-(2-phenylthio) phenyl] Disulfide (6). When di­
phenyl disulfide (110 mg) and 2,6-di-f-butylphenol (105 mg) 

in cyclohexane (3 ml) were irradiated using the above pro­
cedure, bis[4-(2-phenylthio)phenyl] disulfide (20 mg, 18% 
based on the 1) was obtained after column chromatographic 
separation, along with 3 (Ar=C6H5, R=R'=*-C4H9 , 18 mg) 
and 4 (Ar=C6H5 , 8mg). Recrystallization with aqueous 
ethanol gave pale yellow crystals; mp 118.5—120 °G. MS 
m/e: 434(M+). IR (Nujol) 1582, 1440, 758, and 693 cm"1. 
UV (cyclohexane) max: 254 nm (e 8.2 X 104). Found: C, 
66.15; H, 4.38; S, 29.59%. Calcd for C24H18S4: C, 66.31; 
H, 4.18; S, 29.50%. 
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Synopsis. Irradiation of anthracene in the presence 
of acyl azide gives isocyanate and 9-acylaminoanthracene. 
The photolysis of aromatic hydrocarbon-acyl azide was 
followed by UV spectrophotometry and analyzed by the EDQ, 
(quotients of extinction differences) diagram method. 

Although direct photolysis of acyl azide has been 
extensively investigated,1) its sensitized decomposition 
is scarcely known. In relation to the photolysis of 
acyl azide-zinc porphyrin system,2) studies have been 
extended to the interaction of excited aromatic hydro­
carbons with the ground state of acyl azides. In this 
paper a report is given on the decomposition of benzoyl 
azides sensitized by anthracene affording isocyanates 
and 9-acylaminoanthracenes. This seems to be the 
first example of sensitized photo-Curtius rearrange­
ment;3) benzophenon-sensitization has been reported 
to involve the free radical chain reaction initiated by 
benzophenone triplet which affords no isocyanate.4) 

A solution of anthracene (1) and excess benzoyl azide 
(2a) was irradiated in dichloromethane under nitrogen 
with light of > 3 2 0 n m absorbed specifically by the 
hydrocarbon. The I R spectral change indicated the 
formation of phenyl isocyanate accompanied by the 
disappearance of 2a. T L C revealed the formation of 
a non-fluorescent product. The pale yellow crystals 
of mp 250—251 °G were separated by means of column 
chromatography. The I R bands at 3250 and 1648 
c m - 1 are assignable to the amide band. T h e struc­
ture of the product was unequivocally confirmed by 
identification with 9-benzoylaminoanthracene (3a). In 
a similar way, 9-(j&-chlorobenzoylamino)- (3b) and 9-
(/»-cyanobenzoylamino) anthracene (3c) were obtained. 
The formation of the corresponding isocyanates was 
confirmed by the presence of the characteristic I R 
band. The results are summarized in Tables 1 and 2. 

In order to extend the sensitization to the other aro-
matics, the photolysis of aromatic hydrocarbon-benzoyl 
azide was followed UV-spectrophotometrically and ana­
lyzed by the E D (extinction differences)- and E D Q 
(quotients of extinction differences)-diagram methods.5) 
As shown in Fig. 1-a, the family of absorption curves 
of l - 2 a system irradiated with light of wavelength 
>320 nm intersect at the early stage of photolysis, the 
absorption spectrum of the photoproduct being almost 
the same as that of 3a. Linearity was observed in the 

TABLE 1. 9-ACYLAMINOANTHRACENES (3) 

Acyl 

C.H, 
/>-ClC,H4 

/i-CNC.H, 

Mp (°C) Yield (» 

250—251 37 
266—268 30 
297—300 20 

Elementary analyses 

;',) Found Calcd 

C H N C H 

84.34 4.83 4.69 84.81 5.09 
75.82 4.18 4.34 76.02 4.25 
81.21 4.32 8.50 81.99 4.38 

N 

4.72 
4.23 
8.70 

TABLE 2. ULTRAVIOLET AND INFRARED SPECTRA OF 

9-ACYLAMINOANTHRACENES 

Acyl 

G6H5 

j*-ClC6H4 

/,-CNC6H4 

Amax nm (XlO-3)*) 

258 (117), 335 (3.04), 
350 (5.91), 367 (8.50), 
386 (7.74). 
258.5 (124), 335 (3.10), 
351 (5.94), 368 (8.05), 
387 (7.68). 
258.5 (103), 335 (3.01), 
351 (5.54), 368 (8.05), 
387 (7.68). 

» W cm-11» 

3250, 1648 

3250, 1648 

3250, 2225, 
1646 

a) In chloroform, b) In KBr. 

EDQ-diagram, but not in the ED-diagram. This 
implies that the photolysis contains two successive re­
actions: the formation and subsequent slower disap­
pearance of 3a. I t was confirmed that the irradiation 
of 3a in the presence of 2a causes the disappearance 
of 3a and that the rate of photolysis of the 3a -2a system 
is much slower than that of the l - 2 a system. The 

0.9 

0.8 

0.7 

0.6 

- * - . _ . _ . 
d) 

„_.-— 
-0 .7 « 

-0 .8 - ^ * - - — — 

_ AA37& 

ÛA359 

AA342 

"•"AA359 

_#_AA392 

ÛA359 

. AA366 

-0 .6 -0.7 AA359 

AA337 

AA36O 

• - • ^ . A A337 

AA345 

AA375 

Fig. 1. The electronic absorption spectra recorded at 
intervals for the UV irradiation of aromatic hydro­
carbon-acyl azide system ((a): anthracene-benzoyl 
azide in toluene, (b) : pyrene-benzoyl azide in 
toluene, (c) : anthracene-/>-toluenesulfonyl azide in 
methylcyclohexane) and the corresponding EDQ 
diagrams ((d)—(f)). 
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spectral change of 3a -2a shows a linear ED-diagram, 
in line with the linearity of EDQ-diagram for the pho­
tolysis of 1—2a. 

When a solution containing pyrene and 2a was ir­
radiated with light of wavelength >320 nm, the peaks 
due to the hydrocarbon decreased in intensity along 
with the increase of peaks at 338 n m (Fig. 1-b). The 
EDQ-diagram was linear in this case (Fig. 1-e). Al­
though the photoproducts are yet to be isolated because 
of the difficulty of product separation, the appearance 
of the absorption maxima at greater wavelengths sug­
gests that the photo-induced acylamination may take 
place on pyrene nucleus as in the case of 1. 

In the cases of 9,10-dimethyl- and 9,10-diphenyl-
anthracene, the absorption peaks decreased on U V 
irradiation. No new absorption maximum was ob­
served, while the linear EDQ-diagram was obtained. 

I t was found that anthracene is photolysed in the 
presence of j&-toluenesulfonyl azide (4). The spectral 
change during the course of irradiation, however, 
differs from that of the l - 2 a system (Fig. 1-c). A weak 
absorption maximum appeared at ca. 390 n m at an 
early stage of photolysis and disappeared completely on 
prolonged irradiation. T h e absorption may be due to 
9- Q&-tolylsulfonylamino) anthracene (5) having Ama3. at 
337.5, 354. 371, and 391.5 nm. In contrast to the 
l - 2 a system, linear EDQ,-diagram was no longer ob­
served in this case (Fig. 1-f), indicating the involvement 
of more than three elementary photoreactions. 9-
Sulfonylaminoanthracene (5) was found to be photolysed 
in the presence of acyl azide including 4, the EDQ,-
diagram for the photolysis being non-linear, which 
demonstrates the difference in photolytic behavior be­
tween 3a and 5. The photolysis rate of 5 was found 
to be ca. 15 times greater than that of 3a when benzoyl 
azide coexists. T h e difference in the mode of spectral 
change between l - 2 a and 1-4 systems reflects the dif­
ference in the photoreactivity of the products initially 
formed, i.e., 3 and possibly 5. As for the effect of 
acylamino group on the photoreactivity of anthracene 
nucleus toward acyl azide, it should be mentioned that 
9-acylaminoanthracenes are non-fluorescent whilst 9-
sulfonylamino derivative (5) gives the blue fluorescence. 
This implies that the introduction of the acylamino 
group to anthracene shortens the singlet lifetime so that 
the photoreactivity may be reduced, whereas the sul-
fonylamino group shows no remarkable influence on 
the fluorescence behavior and the photoreactivity of 
anthracene nucleus. 

The photoinduced acylamination on anthracene using 
acyl azide appears to closely resemble that of zinc 

octaethylporphin.2) A distinct difference between both 
reactions should be stressed: the photolysis of acyl 
azide-zinc porphyrin affords no isocyanate. This sug­
gests that the sensitization mechanism is quite different 
from each other. 

E x p e r i m e n t a l 

All melting points were not corrected. Ultraviolet and 
infrared spectra were recorded on a Hitachi type 323 spectro­
photometer and a Hitachi EPI-3G spectrophotometer, re­
spectively. 

Photolysis of Anthracene in the Presence of Benzoyl Azide. A 
solution of anthracene (180 mg) and benzoyl azide (1.42 g) 
in dichloromethane (20 ml) was irradiated under nitrogen 
gas with a 450 W high pressure mercury arc passed through a 
Corning 0-54 filter (>320 nm). The photolysis was followed 
by TLG and IR- and UV-spectrophotometry. The IR band 
assignable to phenyl isocyanate appeared in proportion to 
the disappearance of anthracene. After removal of the solvent, 
the residue was dissolved in dichloromethane and chromato-
graphed on a silica gel column with use of dichloromethane as 
an eluent. After eluting the fluorescent fraction of anthracene, 
a pale yellow fraction was collected and evaporated to dryness. 
The residue was recrystallized from acetonitrile to give 67.4 
mg yellow needles of 250—251 °G which was identified with 
9-benzoylaminoanthracene by the mixture melting point and 
IR spectra. The amount of recovered anthracene was esti­
mated to be 72.4 mg with the aid of UV spectroscopy. The 
yield of 9-benzoylaminoanthracene was therefore 37% based 
on consumed anthracene. 

In a similar way, 9-(/>-chlorobenzoylamino)- and 9-(p-
cyanobenzoylamino)anthracene were obtained, starting from 
/»-chlorobenzoyl azide and /?-cyanobenzoyl azide, respectively. 
The results are summarized in Tables 1 and 2. 

EDQjDiagram Examination of Photolysis.5) A three ml 
solution of anthracene (ca. 10 -5 M/l) and benzoyl azide (ca. 
10~2 M/l) in toluene was irradiated with light of wavelength 
>320nm, and the UV spectra were recorded at intervals. 
The final spectrum was essentially the same as that of 9-
benzoylaminoanthracene, the yield being estimated to be 
56% (Fig. 1-a). 

Similarly, the photolysis of the following combinations were 
determined by the EDQ-diagrams ; pyrene-benzoyl azide in 
toluene, anthracene-/>-toluenesulfonyl azide in methyl-cyclo-
hexane, 9,10-dimethylanthracene-benzoyl azide in toluene, 
and 9,10-diphenylanthracene-benzoyl azide in toluene. 
Typical examples are shown in Fig. 1. 
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Synopsis. A facile thiocyanation of 1-alkoxynaphtha-
lene using copper(II) thiocyanate afforded 4-thiocyanato 
compound. The reaction proceeded at a moderate tempera­
ture (80—90 °G) even for 1-alkoxynaphthalene with higher 
alkyl groups (G6, C8, and GI2). 

During the course of an investigation of the pesticidal 
activities of aryl ethers it became desirable to prepare 
thiocyanato compounds of 1-alkoxynaphthalene because 
of their effected insecticidal and fungicidal activities.1) 

As a means of introducing a thiocyanato group into 
the aromatic nucleus, thiocyanogen is useful as a re­
agent for such reactive substrates as amines and phe­
nols.2) Less reactive substrates, such as phenolic ethers, 
naphthalene derivatives, and anillides, which are un-
reactive towards thiocyanogen, give thiocyanates in 
high yields when treated with thiocyanogen chloride 
in acetic acid;3) however, 2-methoxynaphthalene reacts 
with not only thiocyanogen chloride3) but also thio­
cyanogen2,4) to give the 1-thiocyanato compound. As 
to the thiocyanation of 1-methoxynaphthalene, it has 
been thiocyanated at the 4-position in a 10.7% yield 
by a mixture of KSCN and iV-chlorourea in acetone.5) 
The 4-thiocyanato compounds of 1-ethoxy, 1-propoxy, 
1-butoxy, and 1-isopentyloxy naphthalene have also 
been synthesized in a liquid state in a similar manner.6) 
Other methods for the thiocyanation of aryl ethers in­
volve the reaction of aryl thallium (III) compounds with 
copper(II) and (I) thiocyanate7) or with KSGN under 
the irradiation of light.8) 

The present paper will deal with the preparation of 
l-alkoxy-4-thiocyanatonaphthalene by the copper (II) 
thiocyanate method9), which was previously applied to 
the thiocyanation of 1-naphthol.2) I t is considered that 
the copper(II) thiocyanate method shows promise of 
being effective for the thiocyanation of higher alkyl 
naphthyl ethers, since copper (I I) thiocyanate releases 
thiocyanogen merely by the dissociation of the cupric 
to cuprous salt (Eq. 1). Moreover, the procedure has 
the advantage over the others previously described of 
permitting a higher temperature for thiocyanation. 

2Cu(SGN)2 -» 2GuSCN + (SCN)2 (1) 

Thiocyanation with (SCN)2 was less reactive in higher 
alkyl (C6-C12) naphthyl ethers due to an electrophilic 
attack of SGN+. 

To a solution of 1-alkoxynaphthalene in acetic acid 
we added copper(II) thiocyanate, freshly prepared10) 
in advance; the mixture was then warmed while being 
stirred for 2.0 to 2.5 h. The reaction is accompanied by 
a color change from black to white2) (actually from 
black to a yellowish green or yellow color) due to the 
formation of copper (I) thiocyanate. 

ArH + 2Cu(SCN)2 -> ArSGN + 2GuSCN + HSCN (2) 

Usually the 4-thiocyanato compound of 1-alkoxynaph­
thalene was obtained in a good yield when the molar 
ratio of Gu(SGN) 2 to the 1-alkoxynaphthalene was 4 
to 1. The I R and N M R spectra11) revealed no iso­
meric naphthyl isothiocyanate or 2-thiocyanato com­
pound in the reaction product. When the molar ratio 
of Gu(SCN) 2 to 1-ethoxynaphthalene was 2 to 1, and 
when the reaction temperature was raised to the range 
from 115 to 118°C, no thiocyanate was produced, 
but a small amount of the disulfide of 4-ethoxynaph-
thalene was obtained. The experimental results are 
summerized in Table 1. 

Exper imenta l 

The method used in the preparation of 1-alkoxynaphthalene 
was a modification of the method of Yokoyama et al.12) The 
IR spectra were recorded on a Hitachi EPI G3 spectrophoto­
meter. The NMR spectra were taken on a Varian A-60 
or on a Japan Electron JNM-G-60 or 100 spectrometer in 
CDC13, using TMS as the internal standard. 

The following is a typical method for the thiocyanation. 
Thiocyanation of 1 -Methoxynaphthalene. Gopper(II) thio­

cyanate (100 mmol), which has been prepared according to 
the directions of Jenkins and Kochi,10) was suspended in a 
solution of 1-methoxyanphthalene (25 mmol) in glacial acetic 
acid (30 ml). The mixture was then warmed while being 
stirred until the solid of copper(II) thiocyanate turned brown­
ish yellow. After cooling, the solid, which was extracted with 
ether if necessary, was filtered off. The filtrate was cooled 
or poured into 300 ml of ice water, and the resulting solid 
was extracted with ether. The ether solution was washed 
with water, dried over anhydrous sodium sulfate, and concent­
rated under reduced pressure, thus giving a crystalline residue. 
In the course of a number of preparations, both low-melting 
(95—97 °G; yellow plates) and high-melting (102—102.5 °G; 
colorless plates) forms were obtained. (The reported value 
is 105—105.5 °C.5>) The former was converted to the high-
melting variety upon numerous recrystallizations from metha­
nol. The IR and NMR spectra of the yellow plates were 
exactly the same as those of the colorless ones. IR (CHCl3) 
2145 cm-1 (SGN). NMR (GDC13) (5=3.91 (3H, s, OCH3), 
6.72 (1H, d, y = 7 . 5 Hz, aromatic proton of the 2-position11)), 
7.74 (1H, d, 7 = 7 . 5 Hz), 7.4—7.7 (2H, m), 8.1—8.4 (2H, m, 
aromatic proton of the 5 and 8 positions11)) Found: G, 
67.13; H, 3.91; N, 6.55; S, 14.91%; M+, 215. Galcd for 
C12H9NOS: C, 66.95; H, 4.21; N, 6.51; S, 14.89%; M, 215. 

The characterization of other alkoxynaphthyl thiocyanates 
is as follows. R=C 2 H 5 , mp 73.5—75 °C). (recrystalliza-
tion solvent; ethanol. Lit,6) bp/7 Torr 105 °C). IR (GHC13) 
2140 cm-1. NMR (GDC13) 0=1.52 (3H, t, 7 = 7 Hz), 4.16 
(2H, q, 7 = 7 Hz), 6.64 (1H, d, 7 = 8 Hz), 7.69 (1H, d, J= 
8 Hz), 7.3—7.7 (2H, m), 8.1—8.3 (2H, m). Found: C, 
67.95; H, 4.68; N, 6.23; S, 13.92%: M+, 229. Calcd for 
G1 3HnNOS; C, 68.10; H, 4.84; N, 6.11; S, 13.98%; M, 229. 
R=n-G3H7 , mp 82.2—83.5 °C (isopropanol, lit,6) bp/4Torr 
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TABLE 1. THIOCYANATION OF 1-ALKOXYNAPHTHALENE 

R Alkoxynaphthalene : Gu(SGN)2 
(molar ratio) 

Temp 
(°G) 

Time 
( h ) 

Yield 
(%) 

GH3 

G2H5 

C2H5*> 
rc-C3H7 

n-C4H9 

f-C5Hu 

n-C6H13 

n-CaH 
n-C12 

17 

Hör 

1 4 
1 4 

1 2 
1 4 
1 4 
1 4 
1 4 

1 3 
1 4 
1 4 
1 4 

67—70 
64—69 
115—118 
70—76 
65—70 
72—76 
75—79 
70—76 
77—79 
90—92 
77 

2.5 
2.0 
5.0 
2.8 
2.5 
6.0 
0.8 
2.0 
2.5 
1.5 
2.4 

79.2 
80.8 
— 

67.8 
60.3 
50.8 
32.6 
35.9 
38.5 
19.1 
24.2 

a) The product is bis(l-ethoxynaphthyl) disulfide. 

109—110 °G). IR (GHG13) 2145 cm-1. NMR (CDG13) (5= 
1.08 (3H, t, 7 = 7 Hz), 1.90 (2H, sex, 7 = 7 Hz), 4.00 (2H, 
t, 7 = 7 Hz, OGH2), 6.65 (IH, d, 7 = 8 Hz), 7.72 (IH, d, 
7 = 8 Hz), 7.3—7.8 (2H, m) 8.1—8.5 (2H, m). Found: S, 
13.55%; M+, 243. Galcd for G14H13NOS: S, 13.18%; M, 
243. R=rc-C4H9, mp 50—51.5 °G (methanol, lit,6) bp/6 Torr 
127—130°G). IR(GHG13) 2140cm-1. NMR (CDC13) (5=1.01 
(3H, t, 7 = 7 Hz), 1.3—2.1 (4H, m), 4.07 (2H, t, 7 = 7 Hz), 
6.66 (IH, d, 7 = 8 Hz), 7.69 (IH, d, 7 = 8 Hz), 7.3—7.7 
(2H, m), 8.1—8.3 (2H, m). Found: G, 70.01; H, 5.87; N, 
5.44; S, 12.46%; M+, 257. Galcd for C15H15NOS: G, 
70.30; H, 5.90; N, 5.65; S, 12.42% ; M, 257. R=ùo-C 5 H n , mp 
40—41 °G (methanol, lit,6) bp/5 Torr 113—116 °C). IR (KBr) 
2140 cm-1. NMR (CDG13) (5= 1.01 (6H, d, 7 = 6 Hz, (CH3)2-
G), 1.5—2.0 (3H, m), 4.18 (2H, t, 7 = 6 Hz), 6.88 (IH, d, 
7 = 8 . 5 Hz), 7.91 (IH, d, 7=8 .5 Hz), 7.3—7.9 (2H, m), 
8.2—8.6 (2H, m). Found: C, 70.58; H, 6.49; N, 5.22; 
S, 11.80%; M+, 271. Calcd for C16H17NOS: G, 70.82; H, 
6.31; N, 5.16; S, 11.81%; M, 271. R=n-G6H13, mp 41 °G 
(methanol-water). IR (CHC13) 2140 cm-1. NMR (GDG13) 
0=0.91 (3H, deformed t), 1.40 (8H, m), 4.08 (2H, t, J= 
6 Hz), 6.70 (IH, d, 7 = 8 Hz), 7.75 (IH, d, 7 = 8 Hz), 7.2— 
7.9 (2H, m), 8.1—8.5 (2H, m). Found: G, 71.45; H, 6.65; 
N, 4.90%; M+, 285. Galcd for C17H19NOS: G, 71.54; H, 
6.71 ; N, 4.91% ; M, 285. R=«-C8H17, mp 44 °C (methanol). 
IR (KBr) 2140 cm"1. NMR (GDG13) 0=0.91 (3H, deformed 
t), 1.36 (12 H, m), 4.16 (2H, t, 7 = 6 Hz), 6.82 (IH, d, J= 
8 Hz), 7.87 (IH, d, 7 = 8 Hz), 7.5—8.0 (2H, m), 8.2—8.5 
(2H, m). Found: G, 72.31; H, 7.41; N, 4.52; S, 10.18%; 
M+, 313. Galcd for G19H23NOS: G, 72.80; H, 7.40; N, 
4.47; S, 10.22%; M, 313. R=rc-C12H25, mp 44.5—45 °G 
(acetone-methanol). IR (KBr) 2125 cm-1. NMR (GDG13) 
<5=0.88 (3H, deformed t), 1.1—2.3 (20H, m), 4.16 (2H, t, 
7 = 6 Hz), 6.81 (IH, d, 7 = 8 Hz), 7.86 (IH, d, 7 = 8 Hz), 
7.5—8.0 (2H, m), 8.2—8.5 (2H, m), Found: G, 74.90; 
H, 8.46 ; N, 3.65 ; S, 8.41 %, M+, 369. Calcd for C23H31NOS : 
C, 74.75; H, 8.45; N, 3.79; S, 8.68%; M, 369. 
Bis(l-ethoxynaphthyl) disulfide, mp 144.5—145 °C (ethyl 

acetate). IR (GHC13) No characteristic band of vSCN. 
NMR (GDG13) 0=1.47 (3H, t, 7 = 7 Hz), 4.07 (2H, q, J= 
7 Hz), 6.46 (IH, d, 7 = 8 Hz), 7.40 (IH, d, 7 = 8 Hz), 7.2— 
7.6 (2H, m), 8.1—8.4 (2H, m). Found: G, 70.94; H, 
5.57; S, 15.75% ; M+, 406. Galcd for C24H22OaS2: C, 70.90, 
H, 5.46; S, 15.77%; M, 406. 

The author is indebted to the Research Laboratories, 
Tanabe Pharmaceutical Co., Ltd., for the elemental 
analyses and the obtaining the mass and N M R spectra. 
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Synopsis. Pyrolysis of p-t-h\xty\- and />-trimethyl-
silylbenzaldehyde tosylhydrazone sodium salts gave indans via 
intramolecular G-H insertions of o-substituted phenylcarbenes 
through carbene-carbene rearrangements. Pyrolysis of o- and 
/»-alkoxybenzaldehyde tosylhydrazone sodium salts afforded 
2,3-dihydrobenzofurans. 

Alkylcarbenes react predominantly by insertion into 
ß- and y - C - H bonds to give olefins and cyclopropanes, 
respectively.1) In contrast to the number of studies 
on the intermolecular reactions of phenylcarbenes,2) 
seems to have been little reported on the intramolecular 
insertion reactions of phenylcarbenes3) which are ex­
pected to be convenient for the syntheses of cyclic com­
pounds. In this paper, we would like to report on the 
formation of indan and 2,3-dihydrobenzofuran by in­
sertion of phenylcarbenes. 

(/>-£-Butylphenyl)carbene was generated by the py­
rolysis of /j-jf-butylbenzaldehyde tosylhydrazone sodium 
salt (1) at 500 °C in vacuo, the volatile product being 
trapped in a dry ice acetone t rap. 1,1-Dimethylindan 
(2) was obtained in 2 3 % yield by separation of GLC. 
1,1-Dimethyl-l-silaindan (4)4) was also produced in 15 
% yield by the pyrolysis of/»-trimethylsilylbenzaldehyde 
tosylhydrazone sodium salt (3) under the above reac­
tion conditions. 

M=C; 1 

M=Si; 3 

MMe3 

ros= ~so2_^Q)-.Me ft 

00-02= Q - <T 
Me Me 

M=C; 2 

M=Si; 4 

Scheme 1. 

A reasonable mechanism probably involves intramolec­
ular insertion of (o-t-butyl- and o-trimethylsilyl-)phenyl­
carbenes into C—H bonds of ortho £-butyl and trimethyl-
silyl groups via carbene-carbene rearrangements5) of 
(/>-/-butyl- and />-trimethylsilyl-)phenylcarbenes, giving 
products (2) and (4) as shown in Scheme 1. This is 
the first example of the formation of indans from the 
intramolecular reactions through the carbene-carbene 
rearrangements of the ^-substituted phenylcarbenes. 
The yield is low, but it is a simple and handy method 
for the synthesis of o-substituted cyclic compounds from 
^-substituted phenylcarbenes since the corresponding 
/»-substituted benzaldehydes can be easily obtained. 

The intramolecular reaction of phenylcarbene con­
taining a hetero atom is important as means for the 

synthesis of a hetero cyclic compound. The pyrolysis 
of o- and p- anisaldehyde tosylhydrazone sodium salts, 
(5) and (6), under the above conditions gave 2,3-dihy­
drobenzofuran (7) in 30 and 7 % yields, respectively. 
The formation of (7) from (/>-methoxyphenyl)carbene 
might involve the carbene-carbene rearrangement to 
(o-methoxyphenyl) carbene. 

CH=NNTos 5 r a n H g 

OCH R 

5: R = H 
8: R = Me 

7: R = H 
9: R = Me 

CH=NNTOs 

Na+ 

6: R = H 
10: R = Me 

In the pyrolysis of o-ethoxybenzaldyhyde tosylhydrazone 
sodium salt (8), 2-methyl-2,3-dihydrobenzofuran (9) 
was obtained in 6 9 % yield via regiospecific intramolec­
ular C-H insertion, without any formation of benzopyran 
via intramolecular / Î -C-H insertion of (o-ethoxyphenyl)-
carbene. O n the other hand, the pyrolysis of p-ethoxy-
benzaldehyde tosylhydrazone sodium salt (10) gave p-
methylphenetole in 2 — 3 % yield in hydrogen abstrac­
tion of (/»-ethoxyphenyl)carbene. The major part is 
non-volatile substance which might be produced during 
the cource of carbene-carbene rearrangement. In con­
trast to the carbene-carbene rearrangements of (p-
alkylphenyl)carbenes, the reason for the unfavorable 
carbene-carbene rearrangements of (/>-alkoxyphenyl)-
carbenes remains unclarifed. 

Exper imenta l 

General. The IR and NMR data were recorded on 
Hitachi 215 and Hitachi R-24A spectrometers, respectively. 
Gas chromatographic analyses were made on an Ohkura 802 
gas Chromatograph with use of a 1.5 mX 5 mm stainless 
column packed with 15% SF-96 on Celite 545. All melting 
points are uncorrected. 

Pyrolysis Procedure. Pyrolysis was performed with a 
vertical tube oven (inside diameter, 3 cm; length, 33 cm). 
The pyrolysis apparatus consists of a Pyrex tube, diam. 1 cm, 
length 18 cm. The powdered tosylhydrazone sodium salts 
were dropped into the pyrolysis apparatus heated at 500 °G 
in vacuo, and the product was trapped in a dry ice acetone trap. 

Reagents. Tosylhydrazones were prepared in the con­
ventional way. />-£-Butylbenzaldehyde tosylhydrazone was 
prepared in 71% yield by dissolving />-£-butylbenzaldehyde (14 
g, 86 mmol) in MeOH, adding an equivalent of tosylhydrazine 
(16 g, 86 mmol) and refluxing for 30 min. Recrystallization 
from MeOH gave pure jW-butylbenzaldehyde tosylhydrazone ; 
mp 143.5—144.5 °C. Found: C, 65.68; H, 6.72; N, 8.78%. 
Galcd for G18H23N2S02: G, 65.43; H, 6.71; N, 8.48%. p-
Trimethylsilylbenzaldehyde tosylhydrazone; mp 155—156 °C. 
Found: C, 58.49; H, 5.96%. Calcd for G17H23N2S02Si: 
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G, 58.93; H , 6.40%. /»-Anisaldehyde tosylhydrazone; m p 
114—115 °C. Found : C, 59.42; H , 5.25; N, 9 . 5 1 % . 
Calcd for C 1 5 H 1 6 N 3 S0 3 : G, 59.19; H, 5.30; N, 9.20%. 
o-Anisaldehyde tosylhydrazone; m p 169.5—172 °C. Found : 
G, 59.07; H, 5.27; N, 9 .47%. Galcd for C1 5H1 6N2SCy. C, 
59.19; H, 5.30; N , 9.20%. />-Ethoxybenzaldehyde tosyl­
hydrazone; m p 157—158 °G. Found : C, 60.23; H , 5.66; 
N, 9.07%. Calcd for G 1 6 H 1 8 N 2 S0 3 : C, 60.36; H , 5.70; 
N , 8.80%. o-Ethoxybenzaldehyde tosylhydrazone; m p 142— 
144 °C. Found : G, 60.44; H , 5.70; N , 9 .15%. Calcd for 
C 1 6 H 1 8 N 2 S0 3 : C, 60.36; H , 5.70; N , 8.80%. Sodium sait 
(1) was obtained in 8 7 % yield by dissolving the^-f-butylbenzal-
dehyde tosylhydrazone (6.0 g, 18 mmol) in dry T H F and 
adding an equivalent of sodium hydride (0.88 g, 5 0 % in 
mineral oil) slowly with stirring. Petroleum ether was added, 
and the resulting precipitate filtered. T h e sodium salts, 
(3), (5), (8), and (10) were also prepared from the above 
tosylhydrazones and sodium hydride in T H F . 

Pyrolysis of Tosylhydrazone Sodium Salts. Tosylhydrazone 
sodium salt (1 , 1.61 mmol) was pyrolyzed by means of the 
pyrolysis apparatus at 500 °C, 5 m m H g . Dimethylindan 
(2)6> was obtained in 2 3 % yield by G L C analysis. T h e pyro­
lysis of (3, 0.99 mmol) afforded silaindan (4)4> in 15% yield 
under the above reaction conditions. 2,3-Dihydrobenzofuran 

(7)7> was formed by the pyrolysis of (5, 1.04 mmol) and (6, 
1.01 mmol) in 30 and 7% yields, respectively. T h e pyrolysis 
of (8, 1.18 mmol) gave 2-methyl-2,3-dihydrobenzofuran (9)7> 
in 6 9 % yield, while that of (10) gave /»-methylphenetole. 
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A Convenient Preparation of Arylthioynamines 
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Synopsis. (2,2,2-Trifluoroethylthio)benzenes prepared 
from sodium thiolates and 2,2,2-trifluoroethyl /»-toluene-
sulfonate reacted with 3 equiv of lithium dialkylamides 
in diethyl ether to give arylthioynamines in good yields. 
The present procedure gives good results with aliphatic 
sulfide. 

Ynamines have received current interest as a versatile 
tool in organic synthesis.1) Of particular interest are 
arylthioynamines! (arylthioethynyl) amines} which we 
call in short " thioynamines" since the arylthio groups 
can be utilized for further synthetic elaboration. How­
ever, little information has been available concerning 
the preparation and reactions of thioynamines.2 '3) In 
our previous paper, it has been shown that the equimolar 
reaction of (2,2,2-trifluoroethylthio)benzene with lithium 
diisopropylamide afforded the phenylthioynamine along 
with the difluorovinyl sulfide(l). This is in contrast 
to the exclusive formation of the difluorovinyl ether (2) 
with (2,2,2-trifluoroethoxy)benzene.4) 

PhX-CH=CF2 

1, X = S 
2, X = 0 

Herein we wish to report a convenient preparation 
of various thioynamines 5 by the reactions of trifiuoro-
ethyl sulfides 4 with 3 equiv of various lithium dialkyl­
amides. 

NaSR 
TsOCKLCK — -» RSGH9CF, 

LiNRa 
-> R S - G E C - N R ; 

5 

Sulfides 4 were obtained in 73—80% yields by the re­
actions of trifluoroethyl />-toluenesufonate(3)5) with the 
corresponding sodium thiolate. The reactions of sul­
fides 4 with 3 equiv of lithium dialkylamides generated 
in situ from butyllithium and dialkylamines in diethyl 
ether at —78 °C for 3 h afforded thioynamines 5 in 
good yields except for 5c (see Table) ; 5c was obtained 
in 12% yield due to the partial decomposition during 
distillation. All thioynamines 5 were identified by 
their *H N M R and I R data (see Experimental par t ) . 

The I R spectra show strong bands at 2120—2130 c m - 1 

due to the carbon-carbon triple bonds. 
These thioynamines are stable on storage free from 

moisture for several weeks; however, they are quite 
susceptible to hydration affording the corresponding 
arylthio- or alkylthioacetamides.6) 

The present procedure gives good results both with 
aromatic and aliphatic sulfides and is more advantageous 
than the reported one2) in the points of the easy availa­
bility of the starting materials and the simplicity of the 
procedures. The synthetic utility of the thioynamines 
is now under study.7) 

Exper imenta l 

All boiling points are uncorrected. NMR and IR spectra 
were recorded on a Varian EM390 spectrometer and a Hitachi 
215 spectrometer, respectively. 

Preparation of Trifluoroethyl Sulfides 4. The reaction was 
carried out in the dark. Thiol (36 mmol) was added to a 
stirred suspension of sodium hydride (36 mmol) in DMF 
(40 ml). After the mixture was stirred at room temperature 
for 30 min, tosylate 3 (30 mmol) was added to the thiolate 
solution over a 10-min period and the mixture was stirred for 
an additional 1 h at room temperature. The mixture was 
then poured into water, and the aqueous solution was ex­
tracted twice with ether. The combined ethereal extracts 
were washed with a 5% aqueous NaOH and brine, dried 
over magnesium sulfate, and evaporated to leave crude 4. 
Purification were effected by distillation under reduced pres­
sure. Yields and boiling points are as follows; phenyl 
sulfide, 73%, 82—84 °G/25 mmHg (lit,8) 62—63 °G/5.5 
mmHg); />-tolyl sulfide, 80%, 95—97 °G/20 mmHg (lit,9) 
87°C/12mmHg); ethyl sulfide, 75%. 88—91 °C (lit,10) 90 
°G). 

Preparation of Thioynamines 5; General Procedure. The 
reaction was carried out under nitrogen. A 2.0 M solution 
of butyllithium (22.5 ml) in hexane was added to a mixture 
of sulfide 4 (15 mmol) and dialkylamine (45 mmol) in diethyl 
ether (30 ml) cooled in a dry ice-acetone bath. The mixture 
was then stirred for 3 h, and allowed to stand at room tem­
perature. The mixture was poured into a 5% aqueous 
sodium hydrogencarbonate solution, and the aqueous mixture 

TABLE. PREPARATION OF THIOYNAMINES 5 

Thioynaminea> Yield (%) Bp (°G/mmHg) lit«) 

5a C 6 H 5 S - G E G - N ( C 2 H 5 ) 2 

5b CeH5S-C=C-N(i-C8H7)a 

5c CéH5S-CEC-N(CH2)5 

5d / > - H 3 C - C 6 H 4 S - C E C - N ( C 2 H 5 ) 2 

5e / > - H 3 C - C 8 H 4 S - C E C - N ( Z - C 3 H 7 ) 2 

5f G 2 H 5 S - G E C - N ( C 2 H 5 ) 2 

91 
70 
12d> 
78 
87 
83 

108—113/2 (110—115/0.01) 
154—156/5 
128—132/1 
124—127/0.04 (80—83/0.01) 
140—142/3 
110—112/20 (65—70/0.1) 

a) Hydrat ion occurred too readily to give reliable elemental analyses. T h e purities could be checked by IR and 
NMR spectra (Ref. 6) since the hydration product was the only contaminant, b) Yields refer to the isolated 
thioynamine after distillation, c) See Ref. 2. d) See the text. The XH NMR spectrum of crude 5c showed 
that it was practically pure. 
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was extracted twice with ether. The combined ethereal extracts 
were washed with brine, dried over potassium carbonate, 
and evaporated to leave crude 5. Purification was done by 
distillation under reduced pressure. Yields and boiling points 
are given in Table and vc^c in IR (liq film) and 1H NMR 
(CC14) data are as follows; 5a, 2130 cm-1, 0=1.0—1.3 (2t, 
6H), 2.8—3.2 (2q, 4H), 6.8—7.3 ppm (m, 5H); 5b, 2120 
cm-1, (5=1.2 (d, 12H), 3.1 (sep, 2H), 6.9—7.4 ppm (m, 5H); 
5c, 2125 cm-1, 0=1.3—1.8 (m, 6H), 2.8—3.3 (m, 4H), 
6.7—7.4 ppm (m, 5H), 5d, 2120 cm"1, 0=1,2 (t, 6H), 2.3 
(s, 3H), 3.0 (q, 4H), 7.0—7.3 ppm (m, 4H); 5e, 2120 cm-1, 
6=1.2 (d, 12H), 2.3 (s, 3H), 2.8 (sep, 2H), 6.8—7.2 ppm 
(m, 4H); 5f, 2125 cm-1, «5=1.2 (t, 6H), 1.3 (t, 3H), 2.4 (q, 
2H), 2.9 ppm (q, 4H), 
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Synopsis. The reaction of cyanomethyl dithiocar-
bamate and 5-cyanomethyl thiocarbamate with alkyl halides 
in aqueous medium selectively gave mono- and di-alkylated 
products. The treatment of the alkylated products with 
coned sulfuric acid gave a-mercaptoalkanoic acid esters. 

Organic synthesis using phase-transfer catalyst in 
aqueous medium is one of the attractive subjects for 
effecting the C-C bond formation.1) We previously 
reported the selective alkylation of cyanomethyl dithio-
carbamate l a to give mono- (2) and di-alkylated cyano­
methyl dithiocarbamates (4) and the subsequent ketone 
formation in aqueous medium.2) O n the other hand, 
it is well known that a-mercaptoalkanoic acids are 
useful as reducing and chelating agents in organic 
synthesis and medical fields.3) Recently, a,a-diphenyl-
mercaptoacetic acid was used effectively for the pre­
paration of some hindered olefins.4) a-Mercaptoalka­
noic acids and their derivatives, however, have not been 
so easily accessible. 

We wish to report here a convenient synthesis of 
a-mercaptoalkanoic acid esters 7 via stepwise alkylation 
and alcoholysis of cyanomethyl dithiocarbamate l a and 
S-cyanomethyl thiocarbamate l b in aqueous media. 

Selective alkylation of l a with alkyl halides in the 
presence of catalytic amount of tetrabutylammonium 
iodide (TBA) in 5 0 % aqueous sodium hydroxide has 
been previously reported.2) Stepwise alkylation of l b 
was similarly achieved to give mono- (3) and di-alky­
lated thiocarbamates (5) in high yields. Dialkylated 
cyclic product 5d was also obtained quantitatively by 
using 1,4-dibromobutane as an alkylating agent. 

Alkaline hydrolysis of 4 in refluxing ethanol gave the 
corresponding ketones 6 in good yields.2) O n the other 
hand, a-mercaptoalkanoic acid esters 7 were obtained 
in good yields by the reaction of 4 with excess coned 
sulfuric acid (10 equiv) in refluxing ethanol for 20 h. 
The hydrolysis of 4 using lesser amounts of sulfuric acid 
(5 equiv) gave mainly (dimethylcarbamoylthio) acetic 
acid esters 9 ( IR : ester C = 0 at 1725 and carbamoyl 
C = 0 at 1640 c m - 1 ) . Meanwhile, treatment of thio­
carbamates 3 and 5 with lesser amounts of coned 

TABLE 1. ALKYLATION OF l b AND HYDROLYSIS 

OF 3, 4, and 5 

3a 
3b 
5c 
5d 

R1 R2 Yield(%) 

CH 3 H 86 
CH3(GH2)4 H 95 
CH3 GH3(GH2)5 77 

(CH2)4 «100 

Yield(%) 

7b 
7c 
7d 

61 
66 (60) a> 
75 (69) a> 

a) Figures in parentheses are yields via dithiocar­
bamates 4. 

sulfuric acid (5 equiv) gave 7 in good yields. Thus, 
S-cyanomethyl thiocarbamate l b seems to be a better 
starting material than dithiocarbamate l a for the pre­
paration of a-mercaptoalkanoic acid esters 7. Facile 
cleavage of the S-G bond with ethanolic sulfuric acid 
would be performed simultaneously with the conversion 
of nitrile into ester. Thiols 7 ( IR : SH at 2550 cm-1) 
were further converted to the corresponding disulfides 
8 by air oxidation. The results are summarized in 
Scheme 1 and Table 1. The structures of all new 
compounds were confirmed by elemental analyses and 
spectral data. 

E x p e r i m e n t a l 

Dithiocarbamates la, 2, and 4. These compounds were 
prepared by the procedures described in our earlier paper.2) 

S-Cyanomethyl Diethylthiocarbamate lb. To 42 g (0.1 mol, 
1.16 equiv) of 38% aq sodium diethylthiocarbamate in 25 ml 
of dimethylformamide was added dropwise 6.5 g (86 mmol) 
of chloroacetonitrile at 0—5 °G. The solution was stirred 
for 3 h at 25 °G, diluted with 50 ml of water, and extracted 
with two 50 ml portions of ether. The ether solutions were 
washed successively with three 30 ml portions of water and 
50 ml of brine and dried over anhydrous sodium sulfate. 
Evaporation of the ether and distillation gave 14 g (95%) of 
l b ; bp 135—136 °C/2.5 mmHg; IR (neat) 2270 (G=N) and 
1650 cm-1 (C=0); NMR (CCLJ 0=1.20 (6H, t, 7 = 7 Hz, 
GH3), 3.40 (4H, q, 7 = 7 Hz, N-CH2), and 3.80 ppm (2H, 
s, S-GH2); Found: C, 48.62; H, 7.07; N, 16.43%. Calcd 
for C7H12N2OS: G, 48.83; H, 7.03; N, 16.27%. 

Alkylation of lb. 2-Diethylcarbamoylthioheptanenitrile 3b : 
To 0.86 g (5 mmol) of l b and 92 mg (0.25 mmol, 0.05 equiv) 
of TBA in 5 ml of 50% aq sodium hydroxide was added 0.62 
ml (5 mmol) of 1-bromopentane. The solution was vigorously 
stirred for 10 h, diluted with 20 ml of water, and extracted 
with two 20 ml portions of ether. The ether solutions were 
washed successively with three 20 ml portions of water and 
20 ml of brine and dried over anhydrous sodium sulfate. 
The crude product was purified by alumina column chro­
matography eluting with 4 : 1 hexane-chloroform to afford 
1.16 g (95%) of 3b; IR (neat) 2270 (C=N) and 1655 cm-1 

(G=0); NMR (CG14) (5=0.66—2.00 (11H, m), 1.17 (6H, 
t, 7 = 7 Hz, N-C-CH3) , 3.35 (4H, q, 7 = 7 Hz, N-CH2), and 
4.30 ppm (1H, t, 7 = 7 Hz, S-CH); Found: C, 59.36; H, 
9.44; N, 11.39%. Calcd for G12H22N2OS: G, 59.48; H, 
9.15; N, 11.56%. 

2-Diethylcarbamoylthiopropanenitrile 3a: As described above, 
0.86 g (5 mmol) of l b , 92 mg (0.25 mmol) of TBA, and 0.62 
ml (10 mmol, 2 equiv) of iodomethane were allowed to react 
for 8 h in 5 ml of 50% aq sodium hydroxide. After work-up, 
0.80 g (86%) of 3a was obtained; IR (neat) 2280 (G=N) and 
1660 cm-1 (C=0); NMR (CC14) «5=1.18 (6H, t, 7 = 7 Hz, 
N-G-GH3), 1.65 (3H, d, 7 = 7 . 5 Hz, S-C-GH3), 3.38 (4H, 
q, 7 = 7 Hz, N-CH2), and 4.33 ppm (1H, q, 7 = 7 . 5 Hz, S-
GH); Found: G, 51.67; H, 7.91; N, 15.09%. Calcd for 



3072 

X 

/ S C N R 2 RIX, TBA 
CM / > Vjri2< > 

\ G N atl NaOH 

la: X = S, R = Me 
b : X = 0 , R = Et 

NOTE S 

X 
M 

R \ /SGNR2 

R2X TBA, aq NaOH 

X 
II 

R \ /SGNR2 

> G \ 
R 2 / \ C N 

[Vol. 50, No. 11 

2 : X = S, R = Me 
3 : X = 0 , R = Et 

NaOH 2 > 

R 1 

_R2 

R 1 

R 2 

X 
I 

\c=o 

SH" 

C N 

4 : X = S, R = Me 
5 : X = 0 , R = Et 

H 2 S 0 4 in E tOH 

fX = S 10 equiv\ 
^X = 0 5 equiv/ 

5 equiv 
H 2 S 0 4 

(X = S) 

R 1 

R 2 X S H 

in EtOH 

o 
II 

,SCNMe 0 

G O O E t 

R 1 ™ ^ . 2 

R 2 / \ C O O E t 

R \ .S 

R 2 / \ C O O E t / 2 

Scheme 1. 

G 8 H 1 4 N 2 OS: G, 51.58; H , 7.58; N , 15.04%. 
2-Diethylcarbamoylthio-2-methyloctanenitrile Sc: As described 

above, 0.93 g (5 mmol) of 3a , 92 mg (0.25 mmol) of TBA, 
and 0.70 ml (5 mmol) of 1-bromohexane were allowed to 
react for 25 h in 5 ml of 5 0 % aq sodium hydroxide. After 
work-up, 1.04 g (77%) of 5c was obtained; I R (neat) 2270 
(G=N) and 1660 c m - 1 ( C = 0 ) ; N M R (GG14) «5=1.15 (6H, 
t, / = 7 Hz, N - C - C H g ) , 0.77—2.00 (13H, m) , 1.77 (3H, s, 
S - C - C H 3 ) , and 3.33 p p m (4H, q, J=l Hz , N - C H 2 ) ; F o u n d : 
C, 62 .21; H , 9.58; N, 10.34%. Galcd for C 1 4 H 2 6 N 2 OS: 
G, 62.19; H , 9.69; N , 10.36%. 

1-Diethylcarbamoylthiocyclopentanecarbonitrile 5d: As described 
above, 0.86 g (5 mmol) of l b , 92 mg (0.25 mmol) of TBA, 
and 0.60 ml (5 mmol) of 1,4-dibromobutane were allowed 
to react for 20 h in 5 ml of 5 0 % aq sodium hydroxide. After 
work-up, 1.12 g ( « 1 0 0 % ) of 5 d was obtained; I R (neat) 
2270 (G=N) and 1655cm- 1 ( C = 0 ) ; N M R (CC14) 5 = 1 . 2 0 
(6H, t, 7 = 7 Hz, N - C - C H 3 ) , 1.63—2.67 (8H, m) , and 3.35 
p p m (4H, q, 7 = 7 Hz, N - G H 2 ) ; Found : C, 58.27; H , 8.27; 
N , 12.25%. Calcd for C n H 1 8 N 2 O S : G, 58.39; H , 8.02; 
N , 12.38%. 

Hydrolysis of 3b, 4, and 5. Ethyl 2-Mercaptohepianoate 
7b : T o 486 mg (2 mmol) of 3 b in 5 ml of ethanol was 
added 1.2 ml (ca. 5 equiv) of coned sulfuric acid. T h e mix­
ture was refluxed for 20 h, cooled, diluted with 10 ml of water , 
and extracted with two 20 ml portions of ether. T h e com­
bined ether solutions were washed successively with three 20 
ml portions of water and 20 ml of brine and dried over anhy­
drous sodium sulfate. T h e solvent was evaporated to yield 
232 mg (61%) of 7 b ; I R (neat) 2550 (SH) and 1735 c m " 1 

( G = 0 ) . 7 b was confirmed as the corresponding disulfide 
8 b by allowing to stand for 2 days in contact with air ; I R 
(neat) 1735 c m - 1 ( C - O ) ; N M R (GC14) <5=0.67—2.00 (11H, 
m ) , 1.27 (3H, t, 7 = 7 Hz, O - C - C H 3 ) , 3.47 ( I H , t, 7 = 7 H z , 
S-GH) , and 4.22 p p m (2H, q, 7 = 7 Hz, 0 - C H 2 ) . An analy­
tical sample was prepared by silica gel column Chromato­
graphy eluting with 1 : 1 hexane-chloroform; Found : G, 

57.05; H , 9 .12%. Calcd for C 1 8 H 3 4 0 4 S 2 : C, 57.12; H , 
9 .06%. 

Ethyl 2-Mercapto-2-methyloctanoate 7c: As described above, 
540 mg (2 mmol) of 5c and 1.2 ml (ca. 5 equiv) of coned 
sulfuric acid were allowed to react for 30 h in 5 ml of refluxing 
ethanol. After work-up, 288 mg (66%) of 7c was obtained. 
7c was confirmed as the corresponding disulfide 8c by air 
oxidation; I R (neat) 1730 c m - 1 ( C = 0 ) ; N M R (CG14) <5= 
0.70—1.93 (13H, m) , 1.27 (3H, t, 7 = 7 Hz, O-C-GH3) , 
1.40 (3H, s, S - G - C H 3 ) , and 4.20 p p m (2H, q, 7 = 7 Hz, 
0 - C H 2 ) ; Found : C, 60.46; H , 9.92%. Calcd for C22H42-
0 4 S 2 : C, 60.80; H , 9 .74%. 

Ethyl 1-Mercaptocyclopentanecarboxylate 7d: As described above, 
452 mg (2 mmol) of 5 d and 1.2 ml (ca. 5 equiv) of coned 
sulfuric acid were allowed to react for 25 h in 5 ml of reflux­
ing ethanol. After work-up, 261 mg (75%) of 7d was ob­
tained. 7d was confirmed as the corresponding disulfide 8d 
by air oxidation; I R (neat) 1735 cm" 1 (C-O) ; N M R (CDG18) 
0 = 1 . 2 8 (3H, t, 7 = 7 Hz , 0 - G - C H 3 ) , 1.48—2.35 (8H, m) , 
and 4.22 p p m (2H, q, 7 = 7 Hz, 0 - G H 2 ) ; Found : C, 55.57; 
H , 7.90%. Calcd for C 1 6 H 2 6 0 4 S 2 : G, 55.48; H , 7.57%. 

T h e hydrolysis of di thiocarbamates 4 was carried out 
similarly to the hydrolysis of thiocarbamates 5 except using 
10 equiv of coned sulfuric acid. These products were iden­
tified by comparison of physical properties with those of 
disulfides 8 obtained from thiocarbamates 5. 
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Chemical Synthesis of Antigenic Determinants of Hen Egg-White 
Lysozyme. II. Tetradecapeptide Corresponding to Positions 1—14 

in the Primary Structure but with Ala6 and Met(O)12 * 
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Synopsis. For characterizing one of the antigenic 
determinants of hen egg-white lysozyme in delayed hyper­
sensitivity, the tetradecapaptide, H-Lys-Val-Phe-Gly-Arg-
Ala-Glu-Leu-Ala-Ala-Ala-Met(0)-Lys-Arg-OH, was syn­
thesized by the solid phase method using ultrasonic waves. 
This peptide corresponds to positions 1—14 of the amino 
acid sequence of hen egg-white lysozyme but with alanine 
and methionine S-oxide residues at positions 6 and 12, 
respectively. 

m 
CM 

The antigenic determinant on a macromolecule re­
cognized by immunocytes for circulating antibody is 
topographically distinct from that for cellular immunity 
or delayed hypersensitivity induced with glucagon1»2) 
as an immunogen. Recently, Miyagawa et al.3>^ in­
vestigated the structural relations between the antigenic 
determinants of hen egg-white lysozyme for circulating 
antibody and those for delayed hypersensitivity, induced 
by hen egg-white lysozyme as an immunogen. They 
found that the peptide [sequence5'6^ Lys1 to Hse12 and 
Trp 1 2 3 to Leu129 linked by a disulfide (Cys6 and Cys127)], 
named here peptide A, obtained by treatment of the 
peptide [sequence Lys1 to Asn27 and Trp 1 2 3 to Leu129 

linked by a single disulfide (Cys6 and Cys127)], named 
here peptide B, with cyanogen bromide, reacted both 
with circulating antibody to hen egg-white lysozyme 
and with cells sensitized with hen egg-white lysozyme 
in delayed hypersensitivity. However, when peptide A 
was reductively alkylated, the resulting N-terminal 
peptide [Lys1 to Hse12] showed no reactivity with circu­
lating antibody of hen egg-white lysozyme elicited to 
peptide B,7) but retained its ability to induce delayed 
hypersensitivity in cells sensitized with hen egg-white 
lysozyme. These results show that the specificity of 
the antigenic determinant elicited to peptide B for 
circulating antibody is distinct from that for delayed 
hypersensitivity, induced with hen egg-white lysozyme 
as an immunogen. 

For characterizing this determinant, we synthesized 
the N-terminal fragment of hen egg-white lysozyme, 
H-Lys -Va l -Phe -Gly -Arg -Ala -Glu -Leu-Ala -Ala -Ala -
M e t ( 0 ) - L y s - A r g - O H , by the solid phase méthode using 
ultrasonic waves.8) The sequence contained alanine and 
methionine £-oxide residues instead of cysteine and 
methionine residues at positions 6 and 12 of hen egg-
white lysozyme, respectively, because it seemed unlikely 
that a disulfide linkage between positions 6 and 127 
and the methionine residue at position 12 were essen­
tial for reactivity. The crude peptide cleaved from 
resin with hydrogen fluoride was purified on a column 

* All the amino acids used except glycine were of the 
L-configuration. The abbreviations used are those recom­
mended by IUPAC-IUB: J. Biol. Chem., 247, 977 (1972). 

$ 

Tube number 

Fig. 1. Chromatogram of the crude product on carboxy­
methylcellulose (ammonium cycle). The column was 
eluted with a linear gradient of 0.01 M to 0.33 M 
ammonium acetate, pH 7.0, at a flow rate of 25—30 ml 
per h. Fractions of 3 g were collected. 

of carboxymethylcellulose, as shown in Fig. 1. The 
tetradecapeptide thus synthesized inhibited migration 
of macrophages from a peritoreal exudate from guinea 
pigs immunized with hen egg-white lysozyme.9) 
Furthermore, this peptide was found to be immunogenic 
in guinea pigs.9) 

Exper imenta l 

Boc-Arg(NOa)-resin (2.00 g; 0.18 mmol of arginine per g 
of resin) prepared by the method of Kishida et a/.10) was used 
as starting material. The peptide was synthesized on the 
solid support using ultrasonic waves, as reported previously,8) 
except that a mixture of trifluoracetic acid and dichloro-
methane (v/v, 1/1) was used instead of IM HCl in acetic 
acid for removing the Boc group. The Boc amino acid deri­
vatives were coupled in the following order: Lys(Z), Met(O), 
Ala, Ala, Ala, Leu, Glu(OBzl), Ala, Arg(Tos), Gly, Phe, 
Val, and Lys (Boc). After introductions of the Boc deriva­
tives of Lys(Z), Met(O), and Arg(Tos), respectively, the resin 
was treated with acetic anhydride.11) Peptide resin (520 mg) 
was weighed with anisole (0.6 ml) in the Daiflon cylinder of 
the HF-reaction apparatus.12) HF (10ml) was distilled into the 
cylinder previously cooled to — 78 °G in a Dry-Ice-methanol 
bath. The sample was transfered from the bath at —78 °G 
to that at 0 °G and stirred for 60 min. Then the HF was 
evaporated off from the reaction mixture as fast as possible. 
The free peptide cleaved from the resin was extracted into 
0.1 M acetic acid by treatment with ultrasonic waves for 3 
min. The extract was passed through a column of IR-45 
(acetate cycle). The eluate was lyophilized; 100 mg (ca. 75 
% ) . This material (80 mg) was dissolved in 0.01 M am-
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monium acetate and charged on a column of carboxymethyl-
cellulose (ammonium cycle, 1 x 3 3 cm). T h e column was 
eluted with 700 ml of a linear gradient of 0.01 M to 0.33 M 
ammonium acetate at p H 7.0. T h e fractions shown by a 
bar in Fig. 1 were collected and lyophilized; yield 30 m g ; 
Rf (TLG) 0.34 in 1-butanol : acetic acid : pyridine : water 
(15 : 3 : 10 : 12, by volume); RfjB.Tg (paper electrophoresis) 
0.67 (0.2 M pyridinium acetate, 30 V/cm) . T h e amino acid 
ratio after hydrolysis in 6 M HCl for 24 h at 105 °C was Lys, 
1.99 (2): Arg, 2.01 (2): Glu, 1.02 (1): Gly, 1.00 (1): Ala, 
3.85 (4); Val , 0.92 (1) : Met , 0.82 (1) : Leu, 1.00 (1) : Phe, 
1.06 (1). 
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A Simple Method for the Synthesis of 5-Methyloxazolo-
[4,5-c]quinolin-4(5//)-ones 
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Synopsis. A general and simple method for the 
synthesis of oxazolo[4,5-c]quinoline-4(5//)-ones by heating 
3-amino-4-hydroxy-2-quinolone hydrochloride with aromatic 
acids in the presence of PPA has been described. The 
structures are based on spectral and analytical data. 

In recent years, a number of 1-methyl-2-quinolone 
derivatives have been synthesised since many of them 
have been reported to show antiseptic properties and 
also exhibit fungicidal activity.1) Also, 4-hydroxy-3-
nitro-2-quinolone derivatives have been reported2) to 
possess antihistaminic action. The work on 1-methyl-
2-quinolone also has received importance due to the 
isolation of l-methyl-4,7,8-trimethoxy-2-quinolone from 
the plant Spathelia sorbifolia L and its subsequent syn­
thesis.3) Further, the antibiotics nybomycin and deoxy-
nybomycin which have also been synthesised4) possess 
an oxazolo[4,5-c]quinoline-2-one structure. 

In view of this interesting data it was thought of 
interest to prepare 5-methyloxazolo[4,5-^]quinolin-4-
(5//)-ones (III) since the latter would also be related to 
the antibiotic novobiocin.5) We describe here a simple 
method to synthesise these compounds by heating 3-

Me 

(SrV , 
\/v^XN=N-< o 

OH 
I 

(a) R1 = R2 = H; R3 = Me 
(b) R1 = R3 = H ; R 2 = Me 
(c) R1 = Me ;R a = R8 = H 
(d) R1 = C1;R2 = R3 = H 
(e) R 1 = R 2 = H ; R3 = C1 

Me 

( O i l + H0 2 C-Ar 
\ > " \ y x N H 2 . H C l 

OH 
II 

Me 

6—±-< o 
Ri 

N \ 
n 

R, 

III 

R, 

TABLE 1. 5-METHYLOXAZOLO[4,5-C]QUINOLIN-4(5/0-ONES 

Com­
pound 

No. 
Formula Mp (°C) 

Found (%) 
(Calcd) (%) 

C H N 

Ilia 

Illb 

IIIc 

Hid 

Hie 

C H ^ N X ) , 

C J L J ^ O , 

C18H14N202 

235—236 

189—191 

205—206 

C-H11N.O.CI 196—198 

CH11N.O.CI 264—266 

74.6 5.0 9.7 
(74.5) (4.8) (9.6) 
74.5 5.0 9.8 

(74.5) (4.8) (9.6) 
74.4 4.5 9.9 

(74.5) (4.8) (9.6) 
65.6 3.7 9.4 

(65.8)(3.5) (9.1) 
65.7 3.4 9.3 

(65.8)(3.5) (9.1) 

amino-4-hydroxy-1 -methyl-2-quinolone hydrochloride 
(II) , prepared from 4-hydroxy-l-methyl-3-phenylazo-
2-quinolone6) (I), with aromatic acids in the presence of 
PPA at 170—180 °G for 4 h. The required new oxazole 
derivatives were obtained as crystalline solids from ethyl 
acetate in 40—50% yields. 

I t is evident that in the reaction first an amide is 
formed which then cyclizes to an oxazole derivative. 

Exper imenta l 

All the meltng points are uncorrected. IR spectra were 
recorded by means of a Perkin Elmer spectrometer, while 
NMR spectra were obtained by Varian NMR spectrometer 
at 60 MHz, using tetramethylsilane as an internal standard. 

Preparation of Ilia. A typical procedure is shown for 
I l ia . 3 - Amino-4-hydroxy- 1 -methyl- 2 -quinolone (550 mg) 
and /»-toluic acid (350 mg) were added to a mixture of 
phosphorus pentaoxide (5.5 g) and phosphoric acid (2.5 ml) 
preheated at 100 °C for 30 min. The heating was con­
tinued for 4 h at 170—180 °C. The mixture was cooled 
and decomposed with ice. The solid which separated was 
filtered, treated with aq sodium hydrogencarbonate solution 
and washed with water. It was crystallised from ethyl 
acetate in colourless needles, mp 235—236 °C (Ilia). 

The spectral data of a typical compound (Ilia) are as 
follows: Ä H n m (loge): 210 (4.74), 255 (4.59), 310 (4.64), 
and 340 (4.53); IR (KBr): 1700 (G=0), 1625, 1590, and 
1570 (heteroaromatic system) cm -1. The position of the 
carbonyl band rules out the alternate 4-quinolone structure; 
NMR (CDGlj): à 2.43 (3H, s, Ar-ÇH3), 3.8 (3H, s, N -
CH3), 7.0 and 8.3 (8H, m, aromatic protons). MS: mje 
290 (M+). 
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Oxidation of Biphenylene with Ammonium Cerium(IV) Nitrate. 
A Convenient Route to Biphenylene-2,3-dione 
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Synopsis. Biphenylene was directly oxidized with 
ammonium cerium(IV) nitrate to give biphenylene-2,3-dione 
in moderate yield, along with 2-nitrobiphenylene and 3-nitro-
biphenylen-2-ol. 

Biphenylene-2,3-dione (2)1) is considered to be a 
peripheral (4w+2):rc-annulenoquinone containing a fused 
four-membered ring. T h e physical properties of qui-
nones containing a fused four-membered ring were re­
cently examined from the viewpoint of aromaticity.2) 
We have payed attention to the synthesis and chemical 
properties of 2, because 6,4,7-ring compounds in which 
we are interested3) may be conveniently prepared by 
ring enlargement of 2.4> Thus , development of a con­
venient procedure to obtain 2 is necessary since the 
previous method is a tedious multi-step synthesis. The 
direct oxidation of polynuclear arènes to corresponding 
quinones is a convenient and valuable synthetic pro­
cedure. Various oxidizing agents were used in recent 
years, cerium(IV) salt being a strong and suitable 
reagent.5) We have examined the oxidation of biphe­
nylene (1) with cerium(IV) salt to give 2. 

Biphenylene (1) was treated with ammonium cerium-
(IV) nitrate at 0 °C and the resulting reaction mixture 
was separated by chromatography on silica gel to give 
three crystalline products. 

/\—y^\ (NH4)2Ce(N03)6 / X _ ^ \ ^ ° 
II I I II > II I I I 

(1) (2) 

+ 11 I I II 

(3) R = OH 
(4) R = H 

The first product (yellow needles, mp 137—138 °C) was 
identified as 2-nitrobiphenylene (4)6) by the following 
spectral da ta : IR(KBr) 1500 and 1320 cm"1 , N M R 
(CDC13) Ô 6.71 (d, 1H, y 3 ) 4 = 8 . 0 H z ) , 6.85 (m, 4H, 
aromatic protons), 7.38 (d, 1H, 7 i > 3 = 2 . 0 Hz) , and 7.81 
(dd, 1H). The second product (red-orange needles, mp 
142—143 °G) was identified as 3-nitrobiphenylen-2-ol 
(3) by its N M R spectrum in line with the result of 
Blatchly et al.7) The last product (red-orange needles, 
mp 213.5—214.5 °C) was identified to be biphenylene-
2,3-dione (2)1) by the following spectral da ta : IR(KBr) 
1655 and 1635 cm- 1 , NMR(CDC1 3) Ô 6.60 (s, 2H, 
H-1,4) and 7.78 (s, 4H, H-5,6,7,8). This was further 
confirmed by the fact that no depression was observed 
on admixture with an authentic sample.1) The pre­

paration of of 2 through the direct oxidation of 1 with 
cerium (IV) salt results in somewhat low yield but the 
tedius multi-step method1) is considerably simplified. 
Attempt to oxidize 2-methoxybiphenylene under simi­
lar conditions was unsuccesful, no crystalline product 
being obtained. 

Biphenylene (1), like benzene, was predicted to re­
sist free-radical attack, this being confirmed experi­
mentally.8) However, this is in disagreement with the 
result described here, since all the isolable products 
from the direct oxidation of 1 with ammonium cerium-
(IV) nitrate (a one-electron oxidant)9) seem to be 
formed by free-radical reaction although the pathway 
is unknown. 

Exper imenta l 

A Typical Procedure. To a solution of biphenylene (1) 
(3.18 g, 0.02 mol) in 300 ml of tetrahydrofuran was added 
aqueous ammonium cerium(IV) nitrate (46.8 g, 0.08 mol in 
100 ml of water) drop by drop at 0 °C on an ice-salt bath. 
The solution was then poured into water and the resulting 
mixture was extracted with dichloromethane. The extract 
was washed with water and dried over sodium sulfate. After 
evaporation, the residue was chromatographed on silica gel 
with dried dichloromethane to give succesively the recovered 
1 (0.6%), 2-nitrobiphenylene (4) (0.26 g, 6.7%), 3-nitro-
biphenylen-2-ol (3) (0.076 g, 1.8%), and biphenylene-2,3-
dione (2) (0.78 g, 21%). 
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On the Conductometric Determination of the Formation Constants 
of the Alkali Metal Complexes of "Crown" Polyethers 

Joseph JAGUR-GRODZINSKI* 

Weizman Institute of Science, Rehovot, Israel 
(Received March 3, 1977) 

Matsuura et al.1) recently published data on the forma­
tion constants of the alkali metal complexes of dibenzo-
18-crown-6 (DBG). Their results are, however, at 
variance with the values of the formation constants in 
D M F of the sodium and lithium thiocyanate complexes 
of DBC previously reported by Shchori et al.2) Both 
investigations were based on conductometric measure­
ments. The discrepancy certainly calls for comment. 
The experimental set-ups applied in the two investiga­
tions differ. Accordingly, a different mathematical 
treatment should be adopted to calculate the formation 
constants from the experimentally determined conduc­
tances. 

Shchori et al. performed experiments at a constant 
concentration of a salt, while changing the concentra­
tions of DBC. The opposite has been done by Matsuura 
et al. In the latter case, the calculation of formation 
constants was based on small differences in the values 

* Temporarily with Ciba-Geigy Ltd., GH-4002 Basel, 
Switzerland (On Sabbatical leave) 

of equivalent conductances due to their concentration 
dependence and to the differences in the degree of 
complexation1). 
This makes the method extremely sensitive to minor ex­
perimental errors. Moreover, the concentration depen­
dence of the equivalent conductance of the complex 
differs from that of the uncomplexed salt, since the 
respective A0 values differ.3) An appropriate mathema­
tical treatment should be applied taking this fact into 
account. Unfortunately, it has been neglected by 
Matsuura et al. 
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Formation Constants of Dibenzo-18-crown-6 Complexes with Alkali 
Metal Ions in Dimethyl Sulfoxide, iV,iV-Dimethyl Formamide, 

and Propylene Carbonate at 25 °C 
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In a previous paper1) we reported formation constants 
for 1 : 1 complexes of dibenzo-18-crown-6 (DBG) with 
Li+, Na+, K+, Rb+, and Gs+ measured in D M S O 
(dimethyl sulfoxide), D M F (JV,JV'-dimethyl formamide), 
and PC (propylene carbonate). The fraction (a) of 
the cation in the 1 : 1 complex M(DBC)+ is given by 

_ A1-A2 

a~~ A^-A*' 

where A1, A2, and A3 denote the corresponding phoreo-
grams (1, 2, and 3, Figs. 1—5).1) 

Since a is equal to 0 for complete dissociation, the 
phoreograms 1 and 2 should coincide at zero concentra­
tion. Actually in PC as well as in D M F the curves 
apparently converge. However, no such trend is found 
between the phoreograms 1 and 3. A well defined 
AQ

3 value will be obtained at extreme dilution, if ex­
trapolation is made. However, a straightforward extra­
polation is not good for a complexed salt in the presence 
of excess DBG, and we must be satisfied with the values 
of Kt (formation constant of a 1 : 1 complex) obtained 
in a concentration range in which an accurate conduc­
tance measurement can be carried out. 

According to the definition of K£ (Eq. 2 of the pre­

vious paper)1), the value of K{ is approximately equal 
to a/C when a is much smaller than unity, where a 
is the fraction of the cation in the 1 : 1 complex and G 
is the initial molar concentration of the alkali metal 
ion and DBC. 

This condition, however, is not easily satisfied be­
cause a has a value of the order of 0.1 or greater as is 
shown in phoreogram 3. 

The value of K{ for Na(DBG)+ at 1 . 4 4 x l O - 3 M of 
NaClO^) is about three times larger than that given by 
Shchori et al. at 1.0 X 10"3 M of NaSGN.2) At this stage 
no prediction can be made for the discrepancy between 
them, since it is likely that N a + and G10~4 dissociate 
completely in D M F , whereas Na+ and SCN~ associate 
slightly in D M F . Moreover the K{ values in Table 
l1) are practically constant within these concentration 
ranges. 
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Interactions of Calcium Ions with Carbohydrates: X-Ray Diffraction 
and NMR Spectroscopic Studies on the Potassium Salt 

and the Calcium Salt of D-Glucaric Acid 
Tooru TAGA, Yoshihiro KURODA, and Kenji OSAKI 
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(Received December 27, 1976) 

The crystal structure of potassium D-glucarate was determined by X-ray analysis. The conformation of 
the glucaric anion in the potassium salt differs from that of the dianion in the crystal of the calcium salt. The 
proton magnetic resonance spectra of the solutions of the potassium salt and the calcium salt show that the glucarate 
solution is an equilibrium mixture of the two conformers observed in the crystals. Studies on the induced shifts 
by adding europium nitrate to the acidic solution indicate that the europium ions are selectively bound to the 
potassium type conformer. Calcium sequestant by the glucaric acid in alkaline solutions should occur when 
calcium ions bind the calcium type conformers in a dianionic state. 

D-Glucaric acid is known to have high calcium 
sequestering effect in alkaline solutions. The calcium 
affinity of the glucaric acid was supposed to be due 
to the increased ionization of the hydrogen of the 
hydroxyl groups in the glucaric acid in aqueous alkaline 
solution, the calcium-glucaric acid complex in chelating 
form being expected in the solution.1) In relation to 
this subject, a report was given on the crystal structure 
of calcium D-glucarate tetrahydrate.2* In the crystal 
structure, a stable chelating structure of the glucaric 
dianions binding to the calcium ion was observed. 
However, the structural evidence for such a calcium 
binding or a calcium-sugar complex in the solution is 
still not known. We have therefore studied the crystal 
structure of potassium D-glucarate and the N M R 
spectra of several glucarate salt solutions. The relation­
ship between the structures of the crystals and the 
solutions was discussed. We were particularly interested 
in the structure of the metal ion-glucaric acid complex, 
which is elucidated by N M R spectroscopy using the 
shift reagent. 

Exper imenta l 

X-Ray Analysis of the Potassium T»-Glucarate. The single 
crystals of potassium D-glucarate, K+ G6H908~, were obtained 

by the evaporation method. Preliminary X-ray diffraction 
experiments showed that the crystals are monoclinic, space 
group P2], Z=2, Z>x= 1.807 g/cm3, with cell dimensions 
A = 8 . 5 5 , £ = 10.9, c=4.85 Â and £=90.0°. The intensity data 
of 675 independent reflections were collected from the equi-
inclination Weissenberg photographs taken by rotating the 
crystals about the b- and c-axes, using CuKtx. radiation. 
The intensities on the films were measured on a SYNTEX 
AD-1 densitometer controlled by a NOVA 1200 computer. 
Absorption correction for a cylindrical crystal was applied 
(juR=2.0). The structure was solved by the direct method 
using the program MULTAN,3> and refined by the block 
diagonal least-squares method. The hydrogens bonded to 
the carbons were located from the difference Fourier maps 
and included in the structure factor calculations. Successive 
cycles of the anisotropic least-squares refinement gave an 
R-value of 0.123. Scattering factors for all atoms were 
obtained from the International Table for X-Ray Crystal­
lography IV.4) The final structural parameters are given in 
Table 1. 

NMR Studies on the Solution. The 100 MHz proton 
magnetic resonance spectra of the solutions were measured 
on a VARIAN HA-100D spectrometer, using an internal lock 
signal of tetramethylsilane sealed in a capillary tube. The 
deuterium oxide solutions of 0.1 mol potassium glucarate 
and 0.1 mol calcium glucarate were prepared and adjusted 
to predominantly diprotonated (LH2), monoanionic (LH -) 

Atom 

K 
C ( l ) 
C(2) 
G (3) 
G (4) 
G (5) 
G (6) 
O ( l ) 
O ( l ' ) 
0 ( 2 ) 
0 ( 3 ) 
0 ( 4 ) 
0 ( 5 ) 
0 ( 6 ) 
0 ( 6 ' ) 

T A B L E 1. ATOMIC PARAMETERS AND THEIR STANDARD DEVIATIONS IN POTASSIUM D-GLUCARATE 

The values have been multiplied by 104, 

X 

2155 ( 6) 
1316(21) 
2051 (20) 
3008(21) 
3826 (20) 
2719(22) 
1890(21) 
1790(17) 
217(15) 

3002 (16) 
4266(15) 
4935(15) 
3549(16) 
2295(17) 

804(16) 

, Temperature factors are in 
T-i=exp(ß11h*+ßzJc*+ß33l*+2ßnhk+2ß1<ihl+2ß2;ikl). 

y 

0 
7284(17) 
6342(15) 
5435(16) 
4451 (16) 
3549(17) 
2705(17) 
8394(12) 
6840(12) 
6893(13) 
6088 (12) 
3735(13) 
2863 (12) 
1559(12) 
3216(12) 

z 

3430 (14) 
7661(47) 
9653 (42) 
7964(43) 
9672(44) 

11050(43) 
9018(47) 
7658 (36) 
6103 (32) 

11744(31) 
6584(31) 
8002 (32) 

13147(31) 
8826 (34) 
7491 (32) 

ßu 
67 
27 
26 
22 
17 
47 
23 
76 
45 
65 
29 
34 
66 
88 
40 

ß*2 

32 
15 
4 

11 
11 
20 
17 
13 
12 
27 
21 
25 
24 
10 
21 

ßz3 

577 
296 
206 
197 
211 
126 
284 
380 
291 
211 
273 
252 
156 
324 
256 

the form, 

~ß^ 
25 
6 
4 

11 
13 

- 1 
- 5 

- 1 7 
1 

- 7 
- 1 5 

16 
10 
2 

- 4 

& 3 

30 
- 4 1 
- 3 9 
- 2 

- 1 1 
- 1 4 
- 3 4 
- 1 7 
- 3 7 
- 3 5 

- 6 
- 1 0 
- 2 8 
- 1 9 
- 4 6 

/?23 

95 
20 
4 
3 

- 3 
- 1 

- 2 3 
17 
25 
11 
2 

- 1 1 
15 
0 
5 



3080 Tooru TAGA, Yoshihiro KURODA, and Kenji OSAKI [Vol. 50, No. 12 

and dianionic (L2_) states by adding an equimolar amount of 
KOH and DC1. The pH values corresponding to each state 
were approximately 1.5, 3.8, and 9.8 in the pH-meter readings 
for the potassium salts, and 0.7, 1.4, and 6.1 for the calcium 
salts, respectively. The concentration of calcium glucarate in 
the solution at pH 6.1 was extremely low, since the calcium 
salt was insoluble in neutral deuterium oxide. The induced 
shifts of protons H(2)—H(5) by europium ions were measured 
by adding europium nitrate to the 0.1 mol potassium salt 
solution at pH 1.5. The shift ratios of H(2)/H(4), H(3)/H(4) 
and H(5)/H(4) at null concentration of the europium ions 
were derived from the induced shifts observed in various ionic 
strengths of the solutions. The water in the commercial Eu-
(N03)36H20 was removed by drying the sample solved in the 
deuterium oxide. All the experiments were performed at room 
temperature (23 °G). 

Calculations of the Europium-Glucarate Complex Model. The 
shift ratios of ligand protons for an axially symmetric complex 
can be calculated by the following McConnell-Robertson 
equation : 

A*>M> = i : . (3cos 2 0- l ) / r 3 , 

where K is the constant related to the magnetic field, r is the 
distance between the europium ion and the proton, and 6 is 
the angle between the principal magnetic axis of the complex 
and the vector r.5) A number of europium-glucarate complex 
models were generated on a FACOM 230-75 high-speed com­
puter in the Data Processing Center, Kyoto University. The 
most reasonable model was selected by minimizing the sum of 
the square errors between the calculated and observed shift 
ratios.6-8) In consideration of several stereochemical situa­
tions of the present complex, the following assumptions were 
made, (i) The complex has a symmetric axis which coincides 
with the principal magnetic axis; (ii) the symmetric axis is 
coincident with one of the principal axes of the inertia tensor 
of the complex in the time average; (iii) the ligand has the 
rigid conformation observed in the crystals; (iv) there are no 
abnormally short contacts between the europium ion and the 
ligand oxygens, nor between the neighboring ligand atoms, 
and (v) each ligand has at least two oxygens bonded to the 
europium ion. The stoichiometric component of the euro­
pium-glucarate complex was not determined by the experi­
ments. However, the europium ion observed in the crystal 
structure determined hitherto9-12^ is usually bonded to seven 
to nine oxygens, a similar coordination number being expected 
for the europium ions in the solution. A certain number of 
water molecules can be inculuded in this coordination. For 
the stable complex formation, two or three oxygens of each 
ligand should be bonded to the europium ion (assumption v). 
Hence, the stoichiometric component of the present complex 
was limited in the three cases of 1: 1, 1:2, and 1: 3. Since the 
principal axis of the inertia tensor of the complex coincides 
with the symmetric axis (assumption ii) and all the ligand 
anions are limited in the D-isomer, two-fold and three-fold 
axes were assigned to the symmetric axes of the 1: 2 and 1: 3 
complexes, respectively. If such an axial symmetry of the 
complex is assumed and the internal freedom of the ligand is 
forbidden by fixing the atomic parameters of the ligand to 
those of the crystal structures (assumption iii), the structure 
of the complex can be determined by the three positional 
parameters of the ligand relative to the europium ion and by 
the three orientational parameters of the symmetric axis 
through the central europium ion. In the actual calculation; 
the positional parameters in the first place changed step by 
step. The atomic distance between the europium ion and 
ligand atoms was inspected at each position, from the criterion 
that an abnormally short distance less than 2.2 A is unallow­

able and that at least two oxygens have Eu-O proximity in 
the range 2.2—3.4 Â. After fixing the position of the ligand, 
the directions of the principal axes of the inertia tensor and 
the mean direction of the Eu-O bonds were calculated, one 
of them being selected as the direction of the magnetic axis of 
the complex. The symmetric axes of the 1: 2 and 1: 3 com­
plexes were determined according to the following procedure. 
The minimum of the sum of the square errors between the 
calculated and observed shift ratios was found by changing 
three Eulerian angles of the axis at suitable intervals. The 
second and third ligands corresponding to the 1: 2 and 1: 3 
complexes were generated by the symmetric operation around 
this axis, and the atomic contacts between the adjacent ligands 
were checked. The two cases of the ligand forms, TGG and 
GTT, observed in the crystal state were examined by iterative 
application of the procedure described above. The 1: 2 com­
plex composed of the TGG conformers gave the best fit 
between the calculated and observed shift ratios. 

Although the complex model derived here is based upon 
the assumption that the ligand has the fixed conformation 
observed in the crystals, the glucaric acid in the actual solu­
tion might have a flexibility and many different types of 
ligand conformers might interact with the europium ions. 
The observed shifts would result from an averaging of these 
various conformations. Thus, the complex models including 
further different conformers should be taken into account for 
the model calculations, and the shift ratios calculated as a 
mixture of these complex models. However, the large confor­
mational change of the ligand by the complex formation was 
unexpected, since the J values did not change much on 
adding the europium ions. The mixture model of the TGG 
and GTT conformers also seemed impossible since the GTT 
conformer complex models gave a very large discrepancy 
between the calculated and observed shift in any assignment 
of the ligand positions" and of the directions of the magnetic 
axis. The TGG conformer complex proposed here is, there­
fore, the most probable form in spite of the large flexibility of 
the ligand, and should be the main component in various 
complexes in the equilibrium solution. 

R e s u l t s and D i s c u s s i o n 

The Crystal Structure of Potassium D-Glucarate. 
Figure 1 shows a perspective view of the crystal structure 
of potassium glucarate. The crystal structure is stabilized 
by the attractive forces between the potassium ions and 
the oxygen atoms of the glucaric anions. The potassium 
ions are surrounded by four carboxyl oxygens and four 
hydroxyl oxygens in a distorted cubic-prism arrange­
ment, and one cation binds six ligand anions. The 
K - O distances range from 2.43 to 3.32 Â, the average 
value being 2.97 Â. This chelating structure differs 
from that of the calcium ion observed in the crystal of 
calcium glucarate tetrahydrate, in which the cations 
are surrounded by two carboxyl oxygens, three hy-
droxygens and three water molecules, and the central 
cation binds only two ligand dianions.2) The hydrogen 
bonds also stabilize the crystal structure of the potas­
sium salt. The hydrogen bond linkage - 0 ( 3 ) - 0 ( 2 ) -
0 ( 4 ) - 0 ( 5 ) - binds four hydroxyl groups of the adjacent 
glucaric anions. Another 0 ( l ' ) - 0 ( 6 ' ) hydrogen bond 
binds the carboxyl groups of the adjacent glucaric 
anions at the head and the tail along the molecular axis. 
Although the positions of the hydrogen in the O ( l ' ) -
0 ( 6 ' ) hydrogen bond are of interest in relation to the 
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Fig. 1. A perspective view of the crystal structure of 
potassium gluearate. The dotted lines show the hydro­
gen bonds. Their distances are given in Â unit. 

H(2) 
0(1') 

dissociation state of the protons of the carboxyl groups 
at G(l ) and G(6), they were not determined accurately 
because of the poor resolution of the difference Fourier 
maps. 

Figure 2 (a) shows a perspective view of the glucaric 
anion in the crystal of the potassium salt. The bond 
lengths and angles are given in Fig. 3. The carbon 
chain has a bent conformation. The structure differs 
from that of the calcium salt given in Fig. 2(b) . The 
torsional angles about the G-G bonds in each case are 
given in Table 2. In the case of the potassium salt, 
C( l ) and C(4) are located in trans positions with 
respective to the C(2)-C(3) bond. G(2) and C(5) are 
gauche for C(3)-C(4) , and G(3) and C(6) are gauche 
for G(4)-C(5) . Thus, the structure for the potassium 
salt can be represented in terms of " T G G form," while 
that for the calcium salt will be of " G T T form." In 
these structures, unfavorable parallel interaction between 
the C ( 2 ) - 0 ( 2 ) and C ( 4 ) - 0 ( 4 ) bonds,13-14) as would 
occur in a fully extended structure, is avoided, both 
structures being more stable than other possible 
structures. 

TABLE 2. TORSIONAL ANGLES <j> (°) IN D-GLUCARIC ACID 

Bond 

H(2)-C(2)-C(3)-H(3) 
H(3)-G(3)-C(4)-H(4) 
H(4)-C(4)-C(5)-H(5) 
0(1)-C(1)-C(2)-C(3) 
0(1')-C(1)-C(2)-C(3) 
C(l)-C(2)-C(3)-C(4) 
C(2)-C(3)-C(4)-C(5) 
C(3)-G(4)-C(5)-C(6) 
C(4)-C(5)-C(6)-0(6) 
C(4)-C(5)-C(6)-C»(6') 

Crystal 

K 
salt 

57.6 
- 1 6 8 . 2 

68.3 
- 1 1 0 . 5 

70.1 
179.3 
67.4 
68.7 

106.1 
- 7 1 . 5 

Ca 
salt 

- 6 7 . 6 
- 7 1 . 3 

167.8 
- 1 2 4 . 2 

56.1 
55.7 

162.4 
168.0 
67.3 

- 1 0 9 . 9 

Solution 

o<:^ 
^ 9 0 

62 
51 
54 

9 0 ^ 0 
^ 1 8 0 

122 
136 
133 

(a ) (b) 
Fig. 2. Conformations of the glucaric acid, (a) in the 

crystal of the potassium salt and (b) in the crystal of 
the calcium salt. 
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Fig. 3. Bond lengths (Â) and angles (°) of the glucaric 
acid in the crystal of the potassium glucarate. 

Solutions of the Potassium Salt and the Calcium Salt. 
The 100 M H z N M R spectra of the potassium salt and 
the calcium salt consist of twelve peaks in the most 
separated case and each peak can be assigned to four 
protons H (2), H (3), H (4), and H(5) in the glucaric 
acid (Fig. 4) . The assignments agree with those given 
for the sodium salt by Sawyer and Brannan.15) When 
the p H value of the solution decreases, the H(2) and 
H(5) peaks shift lowfield to a greater extent than the 
H(3) and H (4) peaks. There is no significant difference 
between the chemical shifts in the potassium salt and 
the calcium salt (Table 3). The coupling constants J 
for both salts are also similar, the J values for each pair 
of protons remaining almost the same even when the 
dissociation states of the glucaric acid change (Table 4) . 
The H - C - G - H torsional angles calculated from the 
average J values for each pair of protons by application 
of the modified Karplus equation16) of Lemieux and 
Lown17) are also given in Table 2. When the J values 
were calculated from the torsional angles observed in 
the two crystal structures, their arithmetic average 
values are given as 3.0, 5.9, and 6.2 Hz for J2t3, J3A, 
and J4t5, respectively. These values are close to the 
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80 Hz 

(a) (b) 
Fig. 4. The 100 MHz proton magnetic resonance spectra 

of D-glucaric acid, (a) For the saturated solution of 
the calcium salt at pH 6.1. (b) For the solution of 0.1 
mol potassium salt at pH 9.8. The chemical shifts 
(Hz) are measured from internal HDO in upheld. 

TABLE 3. CHEMICAL SHIFTS (HZ) OF D-GLUCARIC ACID 

UPFIELD FROM INTERNAL H D O 

Proton 

H(2) 
H(3) 
H(4) 
H(5) 

H(2) 
H(3) 
H(4) 
H(5) 

TABLE 4. 

Coupling 
constants 

Jz.z 
JZ.i 

Ji.h 

LH2 

23 
56 
75 
34 

26 
59 
77 
37 

L H -

Potassium salt 
43 
62 
78 
49 

Calcium salt 

PROTON COUPLING CONSTANTS (HZ) 

ACID FOR K, 

LH2 

3.0 
5.5 
4.8 

Ksalt 

L H -

3.0 
5.0 
4.8 

C a , AND E u SALTS 

Casal 

L 2 - LH2 ,LH-

2.8 3.0 
4.3 5.5 
4.5 5.0 

L 2 -

59 
66 
80 
61 

55 
61 
75 
57 

OF D-GLUCARIC 

t 

~L2-

2.5 
4.3 
4.5 

Eu salt 
LH2 

3.0 
5.5 
4.8 

corresponding observed values of 3.0, 5.5, and 5.0 Hz. 
T h e glucaric acid in the solution is thus supposed to be 
an equilibrium mixture of the T G G and G T T con-
formers found in the crystals, although other conformers 
may be more or less mixed. 

The Europium-Glucarate Complex in the Solution. 
When europium nitrate is added to an acidic solution 
of potassium glucarate, the H(2) , H(3) , and H(5) peaks 
shift highfield and the H(4) peak shifts lowfield (Fig. 5). 
The shift ratios, H(2) /H(4) , H(3) /H(4) , and H(5) /H(4) , 

induced by the europium ion are linear for the relative 
concentration of the europium ions [Eu]/[SJ, and the 
values of the shift ratios extrapolated to the null con­
centration of europium ions are —2.89, —1.56, and 

Fig. 5. Change of the 100 MHz proton magnetic reso­
nance spectra of D-glucaric acid by adding europium 
nitrate to the solution of 0.1 mol potassium salt at pH 
1.5. 
(a) Eu was not included, (b) [Eu] : [S] - 2 : 3. (c) [Eu] : 
[ S ] = 4 : 3 . 
The chemical shifts were measured in relative values 
to the internal acetone. The peaks noted by asterisks 
(#) indicate the side band by the sample spinning. 

0.0 

1.0 

•2.0 
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H ( 3 T ^ 

: > - ^ ^ 

H ( 2 T ^ 

i i 
—» Etta 

1/3 1A 3/3 V3 

Fig. 6. Shift ratios of the protons of the glucaric acid 
vs. ionic strength [Eu]/[S]. The shift of proton H(4) 
was chosen as the reference. 
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Fig. 7. Structure of Eu-glucaric acid complex. The 
assumed direction of the magnetic axis is indicated by 
the broken line through the center of the Eu ion. 

— 1.40, respectively (Fig. 6). The observed values were 
compared with the calculated shift ratios, and the best 
fit was obtained in the case of the 1: 2 complex com­
posed of the T G G conformers (see Experimental) . T h e 
calculated shift ratios were —2.90, —1.57, and —1.10 
for H(2) /H(4) , H(3) /H(4) , and H(5) /H(4) , respectively. 
Figure 7 shows a perspective view of the obtained 
complex model. The three oxygens of the glucaric acid 
bind to the europium ion. The E u - O distances are 
3.17 Â for E u - O ( l ' ) , 2.21 Â for E u - 0 ( 2 ) and 2.64 Â 
for E u - O (3). The europium-glucarate binding feature 
agrees with the calcium chelating form of gluconic acid 
found in lactobionic acid CaBr crystal, in which the 
gluconic acid moiety has the same T G G conforma­
tion.18) 

The Calcium Sequestering Effect by Glucaric Acid in 
Alkaline Solutions. Qui te a large amount of the 
calcium salt of glucaric acid is precipitated in alkaline 
solutions. This can be explained as follows. The ionic 
radius of the calcium ion (0.99 Â) is close to that of the 
europium ion (1.11 Â), and in spite of their different 
charges, both ions show a similar behavior in glucaric 
acid solutions. From this analogy between the calcium 
and europium ions, the calcium ion should form a 
complex with the T G G conformers of glucaric acid as 
well as the europium ion did, the complex being stable 
in the solution over a wide p H range. The assumption 
of the calcium-glucarate complex is also supported 
by the fact that the calcium salt of glucaric acid is more 
easily dissolved in a high concentrated solution of 
calcium chloride than pure water, since the increased 
solubility of glucaric acid may be due to the complex 
formation between calcium ions and glucaric acid. 
Although the T G G conformers form such a calcium 
complex, the G T T conformers in an equilibrium state 
weakly interact with the calcium ions, not forming the 
calcium complex in the acidic solution. However, the 
calcium affinity of the glucaric acid is increased in the 
alkaline solution since the hydrogens of the carboxyl 
groups and probably of the hydroxyl groups in the 
glucaric acid are ionized in the aqueous alkaline 
solution. In this state, the calcium ions will bind not 
only to the T G G conformers but also to the G T T 
conformers. Once the G T T conformers bind to the 
calcium ions, they will form insoluble calcium salt 
and will be precipitated. Since the equilibrium ratio 
between the T G G and G T T conformers in the solution 
is unchangeable during the course of precipitation, the 

G T T conformers lost by precipitation should be supplied 
by the conformational change of the T G G conformers 
to the G T T form. Precipitation of the calcium salt 
would proceed until the solution attains an equilibrium 
state of low limited concentration of the glucaric acid 
in the last stage. 

In conclusion, glucaric acid has two stable conforma­
tions found in the two salt crystals. The glucarate 
solutions are an equilibrium mixture of these two 
conformers. Their equilibrium ratio is not affected by 
the ionization states of glucaric acid or by the kind of 
cation in the solution. The T G G conformers form the 
1: 2 calcium complex in a wide p H range. The precipi­
tation of the calcium salt occurs when the G T T con­
formers in the dianionic state bind to the calcium ions. 

All the computations were performed on a F A C O M 
230-75 in the Data Processing Center, Kyoto University. 
The program system K P A X for the X-ray crystal­
lography was used for the structure analysis of potassium 
glucarate crystal. T h e F O R T R A N programs for the 
computations of complex models and of the chemical 
shifts were writ ten by one of the authors (T.T) . 
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A Phenomenological Description of Electron Paramagnetic Double-
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Theory of ENDOR Based on the Spin-Population 
Number Method 
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ENDOR enhancement is phenomenologically described, applying the method of Lloyde and Pake. Emphasis 
is placed on the effect of incomplete hf separation. It is shown that fractional ENDOR enhancement can approxi­
mately be expressed as the product of that which Freed has formulated when the effect is absent, and an modified 
Allendoerfer-Maki type correlation, T2e

2Aco2/(c+ T2e
2Ao>2), where c is a constant dependent on the microwave 

power. Also, a simplified method is proposed for calculating the fractional ENDOR enhancement for a multi­
level system consisting of several sets of equivalent protons, when Wn<^We, and it is proven that the week if power 
irradiated leads to an ENDOR enhancement proportional to the number of equivalent protons, in the absence 
of the effect of incomplete hf separation. 

The E N D O R measurements for an organic radical 
in solution give, in general, very simple spectra. The 
spacing among the E N D O R lines easily results in an 
accurate value of the hfs constant even for a proton 
having its hfs hidden within the ESR linewidth. O n 
the other hand, the intensity of E N D O R lines ( E N D O R 
enhancement) conspicuously varies with temperature 
(viscosity), concentration, microwave (mw) power and 
radiofrequency (rf) power. Thus , under the usual 
conditions of measurement, E N D O R enhancement does 
not directly reflect the number of equivalent protons 
which considerably helps in the assignment of the 
proton. Such a complicated behavior of E N D O R 
enhancement has stimulated some experimental and 
theoretical investigations for the purpose of extracting 
the relaxational characteristics of an observed proton. 
This paper covers the theoretical part of those inves­
tigations. 

I t has been established that the relaxation matrix 
theory developed by Freed and coworkers1-5) describes 
E N D O R phenomena quite satisfactorily.4-7) However, 
it is not easy to obtain an exact solution to the Freed 
equations for a simple system consisting of only a few 
sets of equivalent protons, even with the aid of a com­
puter. Therefore, a simplification based on a phenom-
enological theory is still of value in spite of its lack of 
rigor, as long as it can explain, to some extent, the 
experimental results for complex molecules. 

The Freed theory assumes that all the hfs are com­
pletely separated. However, one often encounters cases 
for which the hfs is of the order of the ESR linewidth 
(and for which E N D O R exhibits its full capability). 
In this situation, when one of the spin packets is saturat­
ed by mw irradiation, other packets are partially 
saturated because of the overlapping of the packets, 
which consequently reduces the E N D O R enhancement. 
This effect of incomplete hf separation, or the self-
E L D O R effect, was first treated by Allendoerfer and 
Maki,8) who have proposed the following formula, 

m a x2.5+r 2 e
2Aû> 2 ' K} 

where 7 m a x is the E N D O R enhancement in the absence 
of the effect, Aco is a hfs constant and T2e is the spin-spin 

relaxation time of an electron spin corresponding to the 
ESR linewidth. The applicability of the formula has 
been discussed by several authors.9-14) The beauty of 
the formula is its simplicity, although it has inevitable 
defects. A difficult point is that it does not contain 
any relaxation term, except for T2e, and therefore it is 
not clear under which conditions it is applicable. 
Indeed, it is known that the ratio of the E N D O R 
enhancement corresponding to each proton in a molecule 
also varies markedly with the measurement conditions 
mentioned above. 

The present work is a direct extention of the idea of 
Allendoerfer and Maki . Here, the method for the spin 
population number of Lloyd and Pake15) and Stephan16) 
is applied. Introducing a coefficient of incomplete hf 
separation, we can express the E N D O R enhancement in 
terms of this coefficient and various kinds of transition 
probabilities, and thus we wish to examine the role of 
the effect of incomplete hf separation. In addition, a 
simplified method is proposed for calculating the 
E N D O R enhancement for a multi-level system con­
sisting of several sets of equivalent protons, under the 
condition that Wn^We. 

Theory 

(a) Outline. We assume first-order formalism 
for the transition velocity of the spin population number 
in a stationary state, thus 

N = CN = 0. (2) 

N={iV;} is the spin population number of each spin 
level, in which case the total spin population number 
should be conserved, thus 

Çtf i = K (3) 

C is a conduction matrix composed of various kinds of 
transition probabilities. For the lattice-induced transi­
tion probabilities, we assume that 

and 
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where W-e) and Wln) are the transition probabilities 
satisfying A M S = ± 1 , and A M s = 0 , A M j ^ ^ l , respec­
tively. The latter equation is assumed because the 
nuclear Zeeman and hf interactions are too small to 
bear a net population difference among electron spin 
levels. Also, we assume a Lorentzian shape function for 
the transition probabilities induced by the mw and rf 
fields. When the mw field, 2H1cosœet, is applied, we 
have 

l 2 2 1+ T2e
 2((oe-a)e0)

2 

and when the rf field, 2H2cosœJ, is applied, 

(6) 

"• (7) 2 ' n " " a " 2 " " " i + r a n > n - c o n 0 ) 2 

It is well known that only weak E N D O R enhance­
ment is observed for a proton whose hfs is equal to or 
smaller than the ESR linewidth. In order to treat such 
cases, one must explicitly take into account the effect 
of incomplete hf separation. Now, mw excitation 
induces a transition between the observed spin levels 
at the ESR resonance, with probability, 

A, = \yfHfT» (8) 

At the same time, another transition is induced between 
the neighboring spin levels (Fig. 1), with probability, 

<oe0 we0 + A<D <oe 

Fig. 1. Schematic diagram of the effect of the incom­
plete hf separation. 

1 
P ' — _ v 2/727-' (9) 

Therefore, a coefficient of incomplete hf separation is 
introduced as follows: 

1 

a takes any value between 0 and 1 which correspond to 
complete hf separation (Aco=°o) and complete overlap 
(Aa>=0), respectively. Then, 

P.'=*P.> (H) 

The alternating field-induced transition probabilities 
have inherent reversibility in contrast to the lattice-
induced transition probabilities. Therefore, the role 
of the field-induced probabilities is thought to be that 

of making a partial short-circuit over the relaxation 
pathways, which decreases the difference in the spin 
population numbers among the spin levels, whereas 
that of the lattice-induced probabilities is to be that of 
keeping the Boltzmann distribution. Thus, the presence 
of P e ' causes the ELDOR-l ike effect to decrease the 
E N D O R enhancement. 

Equations 2 and 3 result in the difference in the spin 
population numbers, n, between the two spin levels at 
which ESR is observed. Then, using the mw energy 
absorbed per unit time, which is given by 

A = 2<ueZ"Äi» = nPJlœ» (12) 

the integral intensity of the ESR absorption line ( / ) , 
the peak intensity of the first derivative (7ESR)> the 
E N D O R enhancement (7ENDOR) and the fractional 
E N D O R enhancement (E) are defined as follows: 

/ = z " Ä i , 

I - ( d I \ 

-'ENDOR = • * E S R ( O N ) 

ß __ -'ENDOR 

- /ESR(OFF), 

(13) 

(14) 

(15) 

(16) 

where O N denotes rf irradiation and O F F the absence 
of rf power. As a whole, the present approach to 
E N D O R enhancement may be regarded as a simplified 
version17) of the relaxation matrix formulation developed 
by Freed. 

-1/2 -1/2 

-1/2 +1/2 

Fig. 2. Schematic diagram of the energy levels and the 
transition probabilities for a four-spin-level system. 

(b) Four-level System (]=1/2). We first treat 
the four-level system shown in Fig. 2 in order to illustrate 
the main feature of double resonance relaxation. In 
the following treatment, we neglect the effects of 
exchange processes. I t is convenient to represent 
transition probabilities in units of We, thus 

»x2 = b = 

Pe = w0 

b - w^ x2 

Pn = 1^ (17) 

TABLE 1. CONDUCTION MATRIX FOR A FOUR-LEVEL SYSTEM 

For ENDOR enhancement, either pn or pn' is set to 0. 
For ELDOR reduction, both pn and pn' are set to 0. 

.(l + b+b^+p.+pj (e+pe) 
(l+Pe) -(e+b + b^+Pt+Pn') 
(b+pn) bx2 

(b+pn) b^r 

-(l + b+bx2+pn+pe') (B+p/) 

file:///yfHfT�
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TABLE 2. COEFFICIENTS IN Eq. 19 

A0> E0: l+2b+(l + b)(bxl+bx2) + bxlbx2+(2+bxl+bx2)pn'; 
A,: \ + bx2;B0,F0: (l + b){2b+(l + b){bxl+bxJ+2bxlbxJ 
+ {l+2b+(\+b)(bxl+bx2) + bxlbX2}Pn'; Bxi 2b+(l + b)(bxl 

+ brt)+2bxlbK2+(l + bxl)pn'; C0: l + b+bxl+pn; C,: 1; 
D0: b(2+b) + (l + b)(bxl+bx2)+bxlbx2+(l + b+bx2)pn'; 
Dx: 2b+bxl+bx2+pn';E1: l+b+bx2+pn'; 
F,: b(2+b)+(l + b)(bxl+bx2) + bxlbx2+(l + b+bxl)pn'. 

Note that p^y^H^T^fiW^y^H^T^T^ at the 
ESR resonance. Then, using the conduction matrix 
listed in Table 1, we obtain the difference in the spin 
population numbers between the 1 and 2 spin levels 
in the form 

Apa + B F 
°(Cpn+D)pe+Epn + F B> 

(18) 

with 
A = A0+ Axp6', B = B0 + Bxp:,.-, F = F0 + £^e ' , (19) 

A0, AX, , F0, Ft being listed in Table 2. n0, the 
difference in the spin population numbers in the 
absence of alternating fields, is related by «0=(1 — e)iV/4 
and by 

M9 = Xo#o = -jyMo = —^jr- (*-f). (20) 

Complete hfSeparation (Pe'=0 orAm—°°). Using 
Eqs. 6 and 18, Eq. 13 can be expressed as a saturated 
Lorentzian, thus 

I = \l«H{ 
YMIT2, 

l+T2e^œe-coe0y + y^H^Tle(ON)T2e
} (2i; 

where !Tle(ON) is the effective longitudinal relaxation 
time of an electron spin under NMR excitation: 

2We A0pn + B0 
(22) 

Note that when Wn=Wxl=Wxi=0, r l e (ON) = l/2We. 
Then, 

/ — 3«/ 3 IT y*H\T2* ,„„. 
E S R ~ 16 I o ° { l + y e ^ r i e ( O N ) r 2 e } ' / 2 ' ^°> 

_ 9 V T 
32 Xo#o 

YWTJMTi. 
{l+ye'H^Tle(ON)T2e}^ r» (24) 

and 

E=l Ye2^àTleT2e 

2 l+y*HSTu(ON)T»' ( 25 ) 

where A7 ' l e =r i e (OFF) -7 T
l e (ON) and Eq. 23 is 

expanded to the first order in A Tle to give Eq. 24. If 
yem^TleT2e>l,then 

Pn 

where 

£__ = 4-

E = 1 ^ = ^ , 
" 2 Tle ~pn+DJC9' 

{ M i + M + ^ l i + ^ i l ? 

(26) 

2 (l+b)(\+b + bxl){2b+(l+b)(bxl + bx2) + 2bxlbx2y 
(27) 

Equation 26 also justifies the conventional interpretation 
that ENDOR measures the variation in the longitudinal 
electron spin relaxation time by NMR excitation. 
Substitution of Eq. 7 into Eq. 26 again gives a saturated 
Lorentzian for the NMR transition, thus 

yn*H2*TlnT2n 
~ -~l + T2n*(a>n-<on0)* + yn*H2*TlnT2n>

 { ' 

with the effective nuclear spin longitudinal relaxation 
time 

T = 1 C° l n 2W„ Dn 
(29) 

Note that if We=Wxl=Wx2=0, then ! T l n = l / 2 W n . 
Incomplete hf Separation. In this case, the ESR 

absorption line is neither expressed by a simple 
Lorentzian curve nor by superposition of such curves. 
Therefore, it is more convenient to define the fractional 
E N D O R enhancement by the following equation, using 
Eq. 12 at the ESR resonance: 

E= "(ON)-tt(OFF) 
n(OFF) 

(30) 

In addition, we restrict our discussion to the case of an 
electron-nuclear dipolar (END) mechanism and we 
neglect the cross relaxations to avoid complexity. Such 
an approximation may well be satisfied for protons in 
most of the organic radicals in solution except for 
some cases in which isotopic hf modulation may be 
effective.9'13) A straight forward calculation of Eq. 30 
gives 

E=(l-a)b(l + upe)pnpe[2(l+b + ape)[{2(l+b) 
+ (l+*)(2 + b)p9+2*p*}b + {l+2b 
+ (l + « ) ( l + % + a ^ J ] - i . (31) 

For further analysis, the reciprocal of the above equation 
is expanded to the first order in pe, thus 

J_ = 2̂  
E 

-l(l+b){2b(l+b) + pTl(l+2b)} 
[l-*)bpj>* 

+ (b{(l+b)(2 + b) + x(2 + b-b*)} 

+ Pn{(l + l>y + *(l+b-b*)})pe+*0(p<?)]. (32) 

Hence, we obtain a straight line in plotting E~x vs. j&e
-1, 

in the region where we can neglect the quadratic terms 
for pe which can be proven to be proportional to a. 
The reciprocal of the intercept in this plot is thus 
expressed as 

Ea,= (l~lx)bpJ2[{(l + b)(2 + b) + ̂ (2 + b-bi)}b 
+ {(l + b)* + oL(l + b-b*)}pn]-h (33) 

Also, the intercept divided the slope become propor­
tional to the product of T2e and Tle, the latter being 
expressed, in this case, as 

T l e = ( -2^r )K( l + *)(2 + *)+«(2 + A-*")} 
+ Pn{h+b)2 + *(l + b-b*)} 
[(l+b){2b(\ + b)+pn(l + 2b)}]-K (34) 

Substitution of Eq. 7 into Eq. 33 again gives a saturated 
Lorentzian for the NMR transition, with 

(i+by+*(2+b-b*) 
r1n = 

l 
2Wn (l+b)(2 + b) + oi(2 + b-b2) 

(35) 

Then, we obtain a straight line in plotting E~x vs. pn'1. 
Equation 31, as well as Eq. 33, is still of too complicat­

ed a form for practical use. One may generally consider 
that a proton with a small hfs (or large a) has a small 
END term (or small b) and vice versa, as deduced from 
the McConnell-Strathdee formula.18) If £<1, the 
linear part of Eq. 32 can be written as 
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E = _ (1-«)A bpn . (36) 

Hence, the effect of incomplete hf separation reduces 
the fractional E N D O R enhancement by the following 
factors, depending on pe : 

( i ) for small pe by !T2e
2Aû>2/(l + r2e

2A<y2) 
(ii) at the ESR maximum (pe = 1/2) by r2e

2A<y2/{(4/3) 
+ T2f?ba>*} 

(iii) at the ENDOR maximum (pe = 3/2) by r2e
2A<w2/ 

{(8/5)+r2e
2Ac«2> 

(iv) and at infinite pe by r2e
2A<»2/(2+ r2e

2Aû>2). 

O n the other hand, if a = 0 , Eq. 33 becomes 

Wn{J„ M^Jui M u - 1 ) =f(Ju, Mn)Wn™, (41) 

£ < » ) = — bp» 
2 b(l + b)(l + 2b) + pn(l + b)*' 

(37) 

which coincides with the Freed equation. Note that 
Eq. 37 also coincides with Eq. 27, except for a trival 
numerical factor, if pn is set to infinity. Therefore, an 
inspection of the above two equations allows us to 
express approximately the fractional E N D O R enhance­
ment as a formula including correlation of the modified 
Allendoerfer-Maki type and the Freed formula for 
b<\, thus 

E = ( l - a )A, E 

l + (l + a)/>e " 
(0). (38) 

From an experimental point of view, it is desirable to 
use the mw power at the ESR maximum for E N D O R 
signals with good SjN ratios. The maximum deviation 
of Eq. 38 from the linear par t of Eq. 32 under these 
conditions is 6%, for a = l and 6 = 1 . 

(c) Multi-level System—a Simplified Method. The 
ESR absorption line of an actual molecule is formed by 
the superposition of its component lines, designated by 
the various quantum numbers of the total nuclear spin 
angular momentum.19) Therefore, for quantitative 
discussions of the E N D O R relaxation, we must proceed 
to a multi-level system consisting of several sets of 
equivalent protons. Treatment of this system along 
same lines as the scheme in (Jb) may be possible, in 
principle, but is too complicated and deviates from the 
purpose of the present work. Instead, a simplified 
method for calculating the fractional E N D O R enhance­
ment for such a system is proposed with the following 
approximations and derivations. 

In this system, the spin state is represented by 

|y±> = l±i->niyu<'Wu>, 
Z u 

(39) 

where Jn and Mu are the quantum numbers of the 
total nuclear angular momentum for the u ' th set of 
equivalent protons and K denotes the different degen­
erate states with the same value of Ju. Now, we assume 
that !T2e is independent of Ju and Mu, so that the ESR 
absorption is expressed as a superposition of component 
lines with the same linewidth, corresponding to the 
transitions from \y—> to ly+> . On the other hand 
the nuclear spin transition probabilities are dependent 
on the nuclear spin quantum numbers, as follows:5) 

i / r 2 n ( y n , M u ~ y u , M u - i ) 

= W.[l + { W u , MJ + i-J *UJ, (40) 

and 

PniJu, Mn++Ju> M u - 1 ) =f(Jn, M u )P n w, (42) 

where Wn
w and P n

( u ) are the nuclear spin transition 
probabilities for a four-level system consisting of a 
single u ' th proton, and with 

fUu, Mu) = y u ( J u + l ) - MU (MU -1) , (43a) 

and 

/(/u, 0 or i-J =/^. 

^ ^ * 

(43b) 

Fig. 3. Schematic diagram of the energy levels and the 
transition probabilities for a system with Jm—l/2 and 
Jr=2. The cetral line of the each quintet of the ESR 
absorption is observed, and the rf power corresponding 
to the hfs of the r'th equivalent protons is irradiated. 
Left side diagram draws an equivalent two-spin-level 
system corresponding to the relaxation pathways with 
thick line. 

Next, we neglect the relaxation pathways passing 
more than twice through the Wn's, under the assumption 
that £<C1- For example, for the system with Jm=l/2 
and y r = 2 illustrated in Fig. 3, only the relaxation 
pathways with thick lines are considered. Then, all 
of the multi-level systems are reduced to a superposition 
of the maximum six-level systems. This can further be 
reduced to the two-level system illustrated in the right 
side of Fig. 3, using a summing method for the electric 
conduction. The energy of the ESR absorption for this 
system is easily obtained as 

A = n0ft(oeWPe 

2(W+P6) 
(44) 

so that the spin lattice relaxation becomes the rate-
determining step of the energy absorption, if Pe is set 
to infinity. Therefore, the fractional E N D O R enhance­
ment, corresponding to Eq. 37, is expressed as 

= ^ ( O N ) - ^ ( O F F ) / = JV\ 
w(OFF) ' r Wj' {V)) 

For actual application it is sufficient only to treat the 
central line of the ESR absorption. In this case, the 
summing method leads to the following resultant 
transition probability for an electron spin : 

w= i + S X J Du (fja+2)bu+(fJn+l)pn^ 
2fja(K + Pnm) 



3088 Hideo SHIKATA [Vol. 50, No. 12 

+ U ( / ^ - l ) ^ ( ^ + /'n(U')) 

+ 

.{2+ ( / , . . - 1)M*U . + {1 + ( / r . . - l ) * » . } ^ ^ 

M-(^U"">) 1 (46)* 
(2+//A»)*n'+(l+/^M^n(U') 

where u and u ' denote even and odd numbers equivalent 
protons, respectively, Z)u is the total degeneracy of the 
central absorption line of the u ' th set of equivalent 
protons, and DJu is the degeneracy of the state with 
the same value of Ju. These are given by 

Dj« { K / 2 ) + y u + i > ! ' ( 4 7 ) 

^u = SA,« = 
Ju 

« U 

K/2] 
(48) 

where nu is the number of u ' th equivalent protons. 
I t can also be proven that for a six-level system for 

which the hfs is incompletely separated, a calculation 
similar to Eq. 30 leads to the same form of the fractional 
E N D O R enhancement as Eq. 38. Therefore, it is 
considered that Eq. 38 is still valid for general multi­
level systems, as long as the above approximation of 
treating them as the superposition of maximum six-level 
systems is valid. Hence, we obtain the following limiting 
expressions for the fractional E N D O R enhancement of 
the u ' th proton, corresponding to Eq. 38. If pn is set 
to infinity, then 

2/JA E (u) _ ( 1 ~ a ) / , e v-, jDj^ 

1 + ( 1 + a)/,6 & Du (1 +/,A) (2+/,A) 
-/»(OFF) 

(49) 

for an even number of equivalent protons. Also, if pn 

approaches 0, then 

E™ = l + rT+fu S - ^ J^.^MOFF). (50) l + (l + a)/>e j u Du {2.+JjJ)uy 

For an odd number of equivalent protons, 

en«) _ ( 1 -E£"> = 1 + (1 + 

+ 

«)A> y A / ^ f f^ 
+ <*)£. # Ax- L (1+/ ,A)(2+/ ,A' 

fjw-l 
{1 + (/*, - 1 ) W { 2 + (/,.. - l)*u.} 

p<uo _ (1-«)A> 
•53 

D, 
l + (l+a)/ , e # £u< L ( 2 + / 7 A ) 2 

/ j u ' 

+ 
/ / . . - I />n<

u')/«;(OFF). 

£ u >(OFF) . 

(51) 

(52) 
{2+(/^-l)W2. 

Equations 49 and 51 and Eqs. 50 and 52 correspond 
approximately to the reciprocal of the intercept and 
that of the slope of the plot of E~x vs. pn~

x, respectively. 
The linearity of this plot is approximately assured, 
because, in general, if x^j-Jqi, 

y = J] 
pLx Hi PM** 

1 (53) 
T ftv+ri X K A M ) ^ + Ç ( M M 2 ) ' 

Application of Eqs. 47 and 48 to a four-level system 
leads, of cource, to the same result as Eq. 38 with 

* 5 J denotes the single summation over the u'th set of 

equivalent protons. 

Eq. 37. Because 5 V ' j u D j ^ D ^ — n ^ i the above equa­

tions can further be reduced to more simplified forms, 

if we can neglect the quadrat ic terms for bu, thus 

( l - « ) l e " A E,™ -

/reu) ^ 

l + (H-a)^ . 2 

(l-a)/>e nupn m 
l + (l+a)i>e 

(54) 

(55) 

** 

** 

Considering that from Eq. 36, pn
 (u) is independent of u 

under this condition, Eq. 55 indicates that the fractional 
E N D O R enhancement is proportional to the number 
of equivalent protons, if a = 0 and enough weak rf power 
is irradiated. This conclusion is the same as the result 
of the "average E N D O R " proposed by Freed et al.® 

Although E N D O R experiments have been reported 
in the literature for many radicals in solution since the 
first successful observation by Hyde and Maki,20> 
E N D O R detection for many radicals remains impossible 
or at least difficult, in spite of the ease of ESR observa­
tion. Perhaps, Heisenberg and chemical exchange may 
be the reason. However, Eqs. 49—52 may offer an 
additional reason. In these equations, all the END 
terms of atoms with nuclear spins make contributions 
to the denominator, w(OFF), whereas only that of the 
observed proton makes a contribution to the numerator. 
Therefore, if a radical contains atoms with nuclear spins 
on which the electron spin density is moderately localiz­
ed resulting in a large E N D term, one may observe 
only weak E N D O R enhancement. This may be a 
possible reason why E N D O R enhancement for hydro­
carbon radicals is, in general, more easily observed than 
that for nitroxide radicals. 

S u m m a r y 

A simple theory has been formulated to calculate the 
fractional E N D O R enhancement (E) in the presence 
of the effect of incomplete hf separation, using the 
conduction matrix composed of the lattice-induced 
transtition probabilities and the alternating field-induced 
transition probabilities, the latter being assumed to be a 
Lorentzian. The coefficient of incomplete hf separation, 
a, has been introduced and it is shown that a plot of 
E~x vs. Hj2 results in a straight line even in the presence 
of this effect, if ajfre<l, where pe is the mw-induced 
transition probability in units of We. Also, it is shown 
that the effect of incomplete hf separation reduces the 
fractional E N D O R enhancement formulated by Freed, 
by an Allendoerfer-Maki type factor. However, this 
factor should be modified to r2e

2Ao>2/{(4/3) + r2e
2Aco2} 

at the mw power corresponding to the ESR maximum. 

The theory has been extended to a multi-level system 
consisting of several sets of equivalent protons and it is 
shown that the plot of £ _ 1 vs. H2~

2 also results in a 
straight line and that the reciprocal of the slope in this 
plot is proportional to the number of equivalent protons, 
if a = 0 and £ < 1 . Thus, the effect of incomplete hf 
separation should be examined by the following 
procedure. The H2 dependence of the E N D O R enhance-

** In this case, u denotes odd and even numbers of equiv­
alent protons. 
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ment is measured at high temperatures of which £<C1 
is satisfied for all protons. E~x is plotted against H2~

2, 
and the reciprocal of the slope divided by the number 
of equivalent protons is compared with the proton 
species. 

The author wishes to express his gratitude to Professors 
K. Ishizu of Ehime University and K. Kuwata of 
Osaka University for fruitful discussions and encourage­
ment throughout the cource of this work. He also 
would like to express his appreciation to Professor Y. 
Deguchi of Kyoto University. 

Appendix 

TRIPLE Enhancement. Recently, Möbius and coworkers 
were the first to succeed in observing electron-nuclear triple 
resonance (TRIPLE) in solution.12) The most attractive results 
of their experiments are that TRIPLE enhancement has a 
better S/N ratio than does ENDOR enhancement and that 
TRIPLE enhancement is proportional to the number of equiv­
alent protons. 

It is worthwhile to interpret TRIPLE enhancement from 
the standpoint of the present theory. The fractional TRIPLE 
enhancement is defined by Eq. 30, where OFF means, in this 
case, that Pe is present but Pn and Pn' are absent, and ON 
means that Pe, Pn and P n ' are all present. Straightforward 
calculation gives the following expression for the fractional 
TRIPLE enhancement for a four-level system, where hf is 
incompletely separated and P n = P n ' , thus 

Et=(l-<x)PePn(l+*Pe)(b+Pn)[(l+l> + *Pe)[{Pn
2 

+ 2(l+b + ape)pQ+b(2 + b + 2oLpe)}pe 

+ (2 + *p6)pn*+2{l + 2b+(l + b)xpe}pn 

+ b{2+2b+(2 + b)*pe}]]-\ (Al) 

The above equation indicates that the effect of incomplete hf 
separation also reduces TRIPLE enhancement and that if 
a = 0 , TRIPLE enhancement has a S/N ratio eight times 
larger than does ENDOR enhancement, when Eq. Al is 
compared with Eq. 37 at their optimum conditions. Indeed, 
the TRIPLE enhancement for 2,6-di-t-butyl protons in the 
2,4,6-/n-f-butylphenoxyl radical12) appears to support the 
presence of this effect. 

For a multi-level system, we start with Eq. 45 as the basis 
of discussion. However, because Pn and P n ' are simultane­
ously excited, even the previous approximation to reduce a 
multi-level system to a superposition of the maximum six-level 
system is not valid. Instead, we consider the entire system in 
the extreme cases that P n = P n ' = 0 (OFF) and that Pn=Pa' 
= oo(ON), under the condition that b<^l. In the former case, 
all the relaxation pathways are cut off except for the original 
two-level system ( WB). In the latter case, all the Wn pathways 
are completely short-circuited by P n and P n ' , so that all the 
We pathways are gathered to form a net twe-level system. Thus, 

w(ON)=J}^-(2Jn+l), (A2) 

with io(OFF)=l. Hence, the fractional TRIPLE enhance­
ment is given by 

^ = 2 ^ . (A3) 

Such a simple formula appears to explain fairly well the experi­
mental results demonstrated by Möbius et al. For example, 
the ratio of the TRIPLE enhancement for 4,5,9,10-protons to 
that for 1,7-protons in the pyrene negative ion is obtained 
from Eq. A3 as 1.67, whereas the experimental ratio is 1.3 
and the ratio of the number of equivalent protons is 2. 
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The ratio of the ENDOR enhancement to the ESR intensity (E) of galvinoxyl in toluene was measured under 
various conditions of microwave power, rf power and temperature. The results are discussed in comparison with 
a phenomenological theory in part I. It is proven that the apparent longitudinal electron spin relaxation time 
for a f-butyl proton under NMR excitation is about twice as long as those for methylidyne and ring protons, which 
is explained by the effect of incomplete hf separation. Also, it is shown that the reciprocal of the slope of the plot 
of E~l vs. (rf power)-1 for methylidyne and ring protons is approximately proportional to the number of equivalent 
protons, whereas that for a /-butyl proton can be explained only if the effect of incomplete hf separation is taken 
into consideration. The value of b=WJWe for methylidyne and ring protons, simulated from the temperature 
dependence of E based on a previous theory, can be closely correlated to the spin distribution in galvinoxyl. 

A phenomenological theory has been described in 
part I . T h e purpose of the present paper is to report 
the results of an experimental examination of the 
applicability and the limits of the theory. 

Because the pulse technique1»2) is not widespread in 
the field of ESR spectroscopy, experimental information 
about the relaxational behavior of a radical can usually 
be extracted from an analysis of the ESR saturation 
curve, as well as from that of the linewidth.3) T h e same 
procedure should be applied to E N D O R , by measuring 
the microwave(mw)- and rf-power dependence of 
E N D O R enhancement. More abundant information is 
expected from E N D O R , because two parameters can 
be varied independently. Recently, Leniart et a/.4) have 
applied such a method to the study of some semi-
quinones. However, to the present authors ' knowledge, 
there has been no at tempt to compare this dependence 
for different proton species in a molecule over a wide 
temperature range. 

In the present study, the ratio of the E N D O R en­
hancement to the ESR intensity was measured for 
different protons, as functions of the mw and rf powers 
a t temperatures from —20 to —95 °C. The sample 
used in the experiments is the galvinoxyl radical which 
has one methylidyne proton, four r ing protons and 
thirty-six /-butyl protons. I t was selected because its 
E N D O R spectra is one of the most easily observable 
and because the purity of this very stable radical can 
be precisely determined from a measurement of the 
magnetic susceptibility, so that a solution of known 
concentration can be easily obtained. I t is one of 
materials for which the liquid phase E N D O R was first 
successfully observed.5) T h e results are discussed with 
reference to the theory in par t I, forcussing our attention 
on a comparison of the proton species. 

E x p e r i m e n t a l 

The ENDOR spectra were measured using a JEOL EDX-1 
ENDOR unit with a frequency modulation of 6.5 kHz, at­
tached to a JEOL ME-X ESR spectrometer with a field 
modulation of 80 Hz. The rf amplifier employed can provide 

maximum rf power of 1 kW. The mw power was calibrated 
using the ESR intensity of a powdered DPPH radical. The 
rf power was measured using a level meter connected to a 
tunk circuit which was calibrated by a 100-MHz oscilloscope, 
using a search coil. No attempt was made to determine the 
absolute value of either magnetic field. The intensity of the 
80-Hz field modulation was set to a value 3 db lower than 
that for optimum ENDOR enhancement, because overmodu-
lation reduces the relative enhancement for a f-butyl proton 
with respect the enhancement of other protons.6) 

A toluene solution of galvinoxyl in a quartz tube was 
degassed using the usual method. The purity of the compound 
synthesized in this laboratory in the past has been determined 
to be 85%. The viscosity of toluene was estimated using the 
empirical formula reported by Barlow etal.1) In most of cases, 
the ENDOR enhancement was observed at concentration a 
little more dilute than optimum. The ESR and ENDOR 
intensity were measured as the peak-to-peak heights of the 
first derivatives of lines. However, because the ENDOR 
enhancement for the f-butyl proton was not resolved com­
pletely at high temperatures, it was measured as the distance 
from the highest to the lowest peak of the doublet enhance­
ment. 

R e s u l t s a n d D i s c u s s i o n 

An example of an ESR spectrum and an E N D O R 
spectrum of galvinoxyl (Fig. 1) at —80 °C are shown 
in Fig. 2. For the latter measurement, the ESR field 
was adjusted to the highest peak of the low-field par t 
of the doublet of the methylidyne proton. The ESR 
spectrum completely splits the doublet of quintets of 
methylidyne and ring protons, but does not resolve any 

0.13 

N / 3.79 \y~ 

Fig. 1. Structure of galvinoxyl. The numbers indicate 
the hfs constant in MHz. 
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Fig. 2. ESR and ENDOR spectra of galvinoxyl in 
toluene at —80 °C. The arrow indicates the free 
proton frequency. 

f-butyl proton splitting. From the E N D O R spectrum, 
however, the hfs constants are found to be 15.60, 3.79, 
and 0.13 M H z at —80 °G, corresponding to meth-
ylidyne, ring and f-butyl protons, respectively. No 
marked dependence of the hfs constants on temperature 
was observed. In the following discussion, the proton 
species in galvinoxyl are denoted by the subscripts, m, 
r, and tb , respectively. 

In the present work, the E N D O R enhancement is 
always divided by the ESR intensity of the peak for 
which the E N D O R was observed. The quantity, which 
we tentatively call the E N D O R quotient, is taken to be 
proportional to the fractional E N D O R enhancement. 
This procedure will remove experimental errors which 
may result from, for example, a change in Q value of 
the cavity during the measurement of the mw-power, 
rf-power and the temperature dependence. Moreover, 
the E N D O R quotient is more favorable from the 
viewpoint of theoretical analysis. 

Regarding variation of concentration, the E N D O R 
enhancement is optimized at about 3 X 10 - 4 M , and is 
sharply decreased for o ther concentrations. O n the 
other hand, as the concentration decreases, the E N D O R 
quotient monotonically increases and appears to 
approach to a limiting value. More detailed results 
will be discussed in a subsequent paper, and it is merely 
noted that the ratio of the E N D O R enhancement for 
different protons at the concentration used here is almost 
the same as the limiting ratio. Thus , we temporarily 
neglect the Heisenberg exchange effect, as well as the 
chemical exchange effect, because the addition of 
another ambiguous parameter would not aid in under­
standing the essential features of the present system. 

(a) Dependence on mw Power. Figure 3 shows 
the dependence of the ESR intensity, the E N D O R 
enhancement and the E N D O R quotient on the mw 
power, measured for ring protons at —75 °C. The rf 
power employed is indicated by the arrowed in Fig. 5. 
This figure shows that for sufficiently weak mw powers, 
the ESR intensity is proportional to the square root of 
the mw power, the E N D O R enhancement to the 3/2 
power of the mw power, so that the E N D O R quotient 
is proportional simply to the mw power, as is predicted 
by Eqs. 23—25 in par t I . Also, interesting features are 

1 io io* io* 
Mw power (Arb.) 

Fig. 3. Dependence of ESR intensity 7ESR (A), ENDOR 
enhancement JEND0R ( # ) and ENDOR quotient 
•̂ ENDOR/̂ ESR ( • ) °f ring protons on mw power. The 
arrow indicates the mw power used for the measure­
ment in Figs. 5—8. The numbers on the lines indicate 
the order in the low mw-power region. 

2 3 4 

HÏ2 (Arb.) 

Fig. 4. Reciprocal of the ENDOR quotient as a func­
tion of the reciprocal of the mw power. The triangles 
are for /-butyl protons, circles for ring protons and 
square for a methylidyne proton. The arrow indicates 
the same mw power as in Fig. 3. 

found in Fig. 4, in which the reciprocal of the E N D O R 
quotient for different protons is plotted against the 
reciprocal of the mw power. As the mw power is 
increased over a moderately wide range, all the plots 
go down linearly, but they start to turn up as the mw 
power is further increased. This means that the E N D O R 
enhancement decreases more rapidly than does the 
ESR intensity with a further increase of the mw power. 
Such a tendency is most marked for <-butyl protons, 
and a more detailed examination reveals that the mw 
power corresponding to the point at which the plot 
deviates from a straight line for this proton is about 
one-half of those for methylidyne and ring protons. 

From the theory of par t I, the effect of incomplete hf 
separation is parametrized by a coefficient, a, defined 
by 
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1 
1 + T2*ka)* ' (1) 

where Aco is the hfs constant. Considering that the 
ESR resolves no splitting for /-butyl protons in contrast 
to the case for methylidyne and ring protons and that 
T2e ordinarily has a value of 10~6—10~7 s, the a for 
galvinoxyl will be 0 ^ a m and <x r <a t b^l - I t was 
shown in par t I that the plot of E~x vs. pe~

x forms a 
straight line in the weak mw-power region and that 
the deviation from linearity at higher mw powers is 
due to the quadrat ic terms for/>e, which are proportional 
to a (Eq. 32 in par t I ) . Thus , the theory explains well 
the experimental features mentioned above taking 
account of the difference in the a values. 

Furthermore, the effective longitudinal electron spin 
relaxation time, Tle, under rf-power excitation is given 
by Eq. 34 in par t I . Since £ < 1 a t temperatures normally 
used for E N D O R (as shown in (c)), this equation is 
reduced to 

T ~ 11~ — 

1 

2W6 

1 
VWÄ 

(<x = 0) 

( a = l ) . 

(2) 

O n the other hand, the slope divided by the intercept 
of the linear par t of the plot in Fig. 4 is interpreted as 
being proportional to TleT2e. T h e experimental ratio 
was 1: 1.0: 1.9 for methylidyne, ring and /-butyl protons, 
respectively. T h e good agreement between the experi­
mental and theoretical results suggests the validity of 
the treatment for the effect of incomplete hf separation 
given in par t I , although coherence effects8) may also 
be involved in the upward-turning tendency of the 
curve in the high mw-power region in Fig. 4. This is 
beyond of the limits of the theory in par t I . 

A similar situation for the mw-power saturation of 
E N D O R enhancement is also found for the 2,4,6-tri-/-
butylphenoxyl radical in mineral oil,6) where the values 
of the mw power for opt imum E N D O R enhancement 
decreases in the order, 2,6-di-/-butyl, 4-/-butyl and 3,5-
ring protons. Such a result suggests the importance 
of the effect of incomplete hf separation for the former 
two types of protons. 

(b) Dependence on rf Power. Dur ing the analysis 
of E N D O R enhancement as a function of rf power, the 
effect of hf enhancement must be kept in mind.9) I n 
addition to the external rf field, the nuclear spin is 
affected by another field, caused by the rf modulation 
of the hf coupling with the electron spin, so that if 
|Aco|/2<Ccop, the effective rf field is given by 

H, 
2<yr 

(3) 

where the plus and minus signs correspond to the highl­
and low-frequency E N D O R lines, respectively, and cop 

is the free proton frequency. However, since the rf 
power is usually monitored by a search coil having an 
co-dependent induced voltage V=—d^>jdtoco)n0H2, no 
correction was made for this effect in the present work. 

Figure 5 shows the rf-power dependence of the high-
frequency E N D O R lines measured for different protons 
at —80 °C, using the values of the mw power indicated 

1 2 3 4 

RF Power (Arb.) 

Fig. 5. ENDOR quotient as a function of rf power. 
The arrow indicates the rf power used for measurements 
of Figs. 3 and 4. 

o 

& 

g 
Q 

1 2 3 4 5 

(RF Power)-1 (Arb.) 

Fig. 6. Reciprocal of the ENDOR quotient as a fuction 
of the reciprocal of the rf power. The triangles are 
for f-butyl protons, circles for ring protons and squares 
for a methylidyne proton. 

by arrows in Figs. 3 and 4. Figure 6, which shows a 
reciprocal plot of Fig. 5, indicates that the data fall 
well along a straight line.10) Equation 28 in par t I 
predicts this linearity. Also, this equation indicates 
that the linewidth of the E N D O R enhancement increases 
as the rf power increases, which agrees with what is 
found experimentally. O n the other hand, it is found 
that this linewidth decreases with temperature. This 
is qualitatively explained using the same equation, 
considering that the T2n of a radical is mainly composed 
of We (see Eq. 9). 

(c) Dependence on Temperature. The E N D O R 
enhancement is known to vary with temperature in a 
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rather interesting fashion: it sharply increases to a 
maximum at a specific value of the ratio of the viscosity 
to the temperature, (f}IT)opt, independent of the kind 
of solvent.11) {f\IT)OX)t increases as the size of the 
molecule decreases12) and as the spin density on the 
carbon atom, to which an observed proton is bonded, 
decreases.11»12) All this appears to be due to the fact 
that the fractional E N D O R enhancement is maximum 
at the temperature for which b=WJWe has a certain 
value characteristic of the observed proton. Accordingly, 
from an analysis of the temperature dependence, it 
should be possible to obtain the ratio of the values of b 
for different protons in a molecule or even information 
about its spin distribution. However, because an actual 
molecule contains several sets of equivalent protons, it is 
preferable for a quantitative discussion to use a theory 
for a multi-level system rather than the simple theory 
for a four-level system. Such a theory was presented in 
part I and is seen to predict that the E N D O R enhance­
ment is proportional to the number of equivalent 
protons,13) if a weak rf power is irradiated with £<C1 
and the effect of incomplete hf separation can be 
neglected. This has sufficient value for use as an analy­
tical tool such that its applicability should be examined 
experimentally over the whole temperature range used 
in E N D O R measurements. 

For the above reasons, the E N D O R quotients for 
different protons in galvinoxyl were measured at 
temperatures from —20 to —95 °C, by varying the rf 
power at five points for each temperature. Such 
measurements and a comparison of the results with 
theory requires specification of both the mw and rf 
powers. I t was shown in (a) that the slope divided by the 
intercept for a methylidyne proton in the plot in Fig. 4 
is identical to that for r ing protons. This means the 
ratio of the E N D O R quotients for both protons at any 

T/°G 

( V ^ / C l O ^ P a s K - 1 ) 

Fig. 7. E*xp as a function of TJ/T. The vertical lines 
indicate the probable error, as determined by the least-
squares method. The solid lines are theoretical results. 
The triangles are for /-butyl protons, circles for ring 
protons and squares for a methylidyne proton. 

T/°C 

( ^ / ( l O ^ P a s K - 1 ) 

Fig. 8. E™p as a function of i]jT. The vertical lines 
indicate the probable error, as determined by the least-
squares method. The solid lines are theoretical results. 
The triangles are for tf-butyl protons, circles for ring 
protons and squares for methylidyne proton. 

mw power is identical to that at infinite mw power. 
T h e mw power employed in this experiment corresponds 
to the maximum ESR intensity. Also, the rf power can 
be specified if the reciprocals of the slope and the 
intercept are determined from a similar plot shown in 
Fig. 6, because they correspond to the E N D O R quotients 
at infinitesimal and infinite rf powers, Elxp and E°JP, 
respectively. E%*p and £ , " p thus determined are shown 
in Figs. 7 and 8 as a function of T)/ T. These are analyzed 
using the following procedure. 

Simulation. According to the theory of par t I 
for a multi-level system consisting of several sets of 
equivalent protons, the fractional E N D O R enhance­
ment at infinitesimal and infinite rf powers are approxi­
mately given by Eqs. 50 and 52 and by Eqs. 49 and 51 , 
respectively, with Eqs. 46—48 in par t I . T h e transition 
probabilities in these equations have been formulated 
by Freed and Fraenkel14) and by Freed.15) Accordingly, 
if we have information about the g tensor, hf tensor 
and the other molecular parameters of this radical, we 
can in principle calculate these values and thus the 
fractional E N D O R enhancement. Atherton and Day16) 
have performed such an estimation for a methylidyne 
proton in galvinoxyl. However, this involves consid­
erable ambiguities at the present stage. For instance, 
the rotational correlation time of a molecule, TR, is 
expressed by the extended Debye relationship as 

The hydrodynamic radius, r, and a constant, A:, are both 
dependent on the molecular structures of the radical 
and the solvent, and consequently, involve unavoidable 
ambiguities. 

For this reason, here, only the t]jT dependence of 
each transition probability is assigned under the follow­
ing assumptions in an a t tempt to examine how the 
fractional E N D O R enhancement varie with tempera­
ture, A moderately slow tumbling molecular motion is 
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assumed so that the following conditions are satisfied: 

«>e0% 2>l , û ) n 0
2 V < l . (5) 

For We, we neglect the contribution from the E N D 
interaction, as well as the spin rotational interaction, 
and thus it is assumed to be independent of the nuclear 
spin quantum numbers. Then, denoting the spectral 
density by j(co), the t\\T dependence of the transition 
probabilities can be written as 

T/°C 
- 9 0 

and 

so that 

We**2jGt(coe0)H0-
1 T 

^ ^ ^ ( O ) * » . * ! , 

iD
(u>(0) 

(6) 

(7) 

(8) u 4/G ,K0) B 

Also, the 7)/ T dependence of T2n is derived from 

_ > _ _ H , . ( 1 + ( V f t + | ) 4 . | . ( 9 ) 

We assume pe and T2e to have constant values of 1/2 
and 1.2 U.S, respectively, independent of the tempera­
ture. (The choice of the latter value is discussed below.) 

If we choose given values of bm, br, and bth at any 
temperature and apply these equations to Eqs. 50 and 
52 in par t I, the relative values of £",0 for each proton 
in galvinoxyl are readily evaluated for all temperatures. 
Thus , the values of bm, br, and bth are determined in 
such a way that the experimental and theoretical Topt 

for E,0 are in complete agreement, since the Topt for 
E,txp are known precisely for each proton. Then, 
using the values of b thus determined, the values of 
E,„ are calculated for each proton from Eqs. 49 and 51 
in par t I . The results are shown by solid lines in Figs. 7 
and 8. In Fig. 7, the values of E>0 are normalized to 
that of E%xp for a methylidyne proton at the opt imum 
temperature for this proton. 

Comparison of Experimental and Theoretical Results. 
Because the determination of the Ee

0
xp involves much 

smaller errors than that of the E™p, the Topt in Fig. 7 
are unambiguously obtained to be —70, —70, and 
—50 °G for the methylidyne, ring and *-butyl protons, 
respectively. O n the other hand, these temperatures 
are not clear in Fig. 8. However, repeated experiments 
indicate the Topt to be about —55 °G for the f-butyl 
protons and in the neighborhood of —80 85 °C for 
the methylidyne and ring protons. Thus , Elxp has 
a maximum at a value of yj/ T of about one-half of that 
for E*xp. In addition, E%xp decreases more rapidly 
than does E*xp for temperatures below the Tovt. T h e 
theoretical curves describe these features well. However, 
a t very low temperatures, the theoretical curves tend 
to be below the experimental points in both figures, as 
was more evidently confirmed from repeated experi­
ments. This is believed to arise from the bu<Cl assump­
tion which is invalid at these temperatures. In Eqs. 
49—52 in par t I, the relaxation pathways for the E N D 
terms of protons other than that observed contribute 
only to the denominator, so that the fractional E N D O R 
enhancement tends to be underestimated when £ u ^ l . 

Regarding the relative intensity, E%xp for the meth­
ylidyne proton in Fig. 7 is about four times smaller 
than that for the ring protons. This is more clearly 

2 4 6 

( ^ / ^ / ( l O - s P a s K - 1 ) 

Fig. 9. Ratio of E%** values for f-butyl protons (A) 
and ring protons (O) to E*xp f° r a methylidyne proton 
as a function of r\jT. The solid lines are theoretical 
results. 

indicated in Fig. 9, in which the ratios of the values of 
E,Q for the ring and £-butyl protons to that for the 
methylidyne proton are plotted against f]jT. I t is 
encouraging that the experimental and theoretical 
values of E,0 for the methylidyne and ring protons are 
approximately proportional to the number of equivalent 
protons even at temperatures for which the condition, 
Â U <1, is not necessarily valid. O n the other hand, in 
Fig. 8, the E%xp for a methylidyne proton agrees with 
that for ring protons (see also Fig. 6) , whereas the 
theoretical counterparts at opt imum temperatures, 
- 7 9 °C (£ m =0 .84 and * r = 0 . 2 9 ) , are 5.6 and 6.9% 
for methylidyne and r ing protons, respectively, with a 
ratio of 1.26. The quanti tat ive justification of these 
values is left until absolute measurements of fractional 
E N D O R enhancement are performed. However, it 
should be noted that the calculated values are much 
smaller than the value, 12 .5%, expected from the 
simple theory for a four-level system. 

I t is worthwhile to discuss the correlation of the values 
of b estimated from Fig. 7 with the spin distribution in 
galvinoxyl. T h e value of b obtained at - 7 0 °G {t\lT= 
2 . 0 5 x l O - 5 P a s K - 1 ) a r e 6 m = 0 . 3 2 and br=0.U with 
bmlbT=2.9. Luckhurst17) has studied in detail the 
structure and the spin distribution of galvinoxyl, and 
has found p m = — 0.0748 and p r =—0.0448 . I t is con­
sidered that Wn

w is proportional to the square of the 
spin density on the carbon atom to which the u ' th proton 
is bonded.11»18) Thus , the above ratio of b values should 
be 2.79. T h e good agreement between both values 
shows the close correlation between the spin density and 
the E N D O R relaxation. Also, the agreement seen 
at high temperatures between the E6JP values for the 
methylidyne and ring protons in Fig. 8 leads to a ratio 
in the neighborhood of 2, using Eq. 54 in par t I . 

Now the E N D O R quotient for ^-butyl protons will 
be considered. The experimental results show two 
peculiar features, (1) the high optimum temperature, 
as seen in both Figs. 7 and 8, in spite of the fact that a 
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proton with a smaller E N D term should have a lower 
optimum temperature, and (2) the much smaller ratio 
of is Sxp for this proton to that for the methylidyne proton 
than would be expected from the number of equivalent 
protons (see Fig. 9). 

Such a high opt imum temperature for this proton is 
also found for 2,4,6-tri-£-butylphenoxyl,6> 2,5-di-f-butyl-
^-benzosemiquinone11) and m,m,m'm'-tetra-tf-butylbi-
phenyl12) and appears to be characteristic of tf-butyl 
protons. Allendoerfer and Maki6) have suggested that 
this is at tr ibutable to the effect of incomplete hf separa­
tion. Considering only the secular terms for the same 
assumption under which Eq. 6 is based, T2e may 
decrease with temperature as follows : 

- ^ ~ -f/G.(0)#o2 ~ rR ~ - 3 _ , (10) 

so that this effect is more prominent at lower tempera­
tures and results in a higher opt imum temperature. 
However, simulation shows that this effect requires a 
T2e as short as 10 ns at —50 °C in order to produce such 
a high temperature with the result that the E N D O R 
enhancement becomes negligibly small. In addition, 
the apparent ESR linewidth for galvinoxyl was found 
to decrease with temperature down to —20 °G, is 
constant as a whole from —20 to —70 °G, and increases 
rapidly at lower temperatures. This implies that 
nonsecular and pseudosecular terms, as well as the 
contribution from the spin-rotational interaction, com­
pete with secular terms in Eq. 10 at high temperatures. 

I t is believed that the high opt imum temperature is 
attributable rather to the large average total nuclear-
spin quantum number of the £-butyl protons. Let us 
assume a crude four-level system for f-butyl protons 
whose relaxation pathways involve only the We and 
the</yu>M^n

(u), the average nulear-spin transition pro­
bability, which is given by 

Jn Du I 

Then the fractional E N D O R enhancement is optimized 
when 

y « A ~ l . (12) 

Therefore, the fractional E N D O R enhancement for a 
proton species with many equivalent protons has a high 
optimum temperature. 

The much smaller value of E%xp for £-butyl protons 
than for other protons evidently results from the effect 
of incomplete hf separation. However, the choice of the 
value of T2e involves ambiguities, because inhomo-
geneous broadening unfortunately prevents an estimate 
of T2e from the unsaturated ESR linewidth. The Tle 

of galvinoxyl in j-butylbenzene, determined by Huisjen 
and Hyde19) from saturation recovery, has a value in the 
range of 1—10 (is at — 30 °G. If the extreme narrowing 
condition is satisfied at this temperature, T2e may also 
be of the same order of magnitude. Here, T2e was taken 
as a constant with a value of 1.2 [is, from consideration 
of the behavior of the ESR linewidth mentioned above. 
Then, the optimization process for £-butyl protons gave 
£ t b =0 .13 at - 7 0 °G, whereas £ t b = l / 1 8 at - 5 5 °G 
or £ t b =0 .19 at —70 °G, from Eq. 12. I t is felt that these 
values of btb are rather large compared with those for 

other protons. A possible explanation may be the 
closeness of the location of £-butyl protons to oxygen 
atom which has large spin density, resulting in large 
E N D terms. The theoretical solid curves, calculated 
from Eqs. 49—52 in par t I, are close the experimental 
curves in Figs. 7 and 8. Also, Fig. 9 shows that the 
ratio of Elip for f-butyl protons to that for a methylidyne 
proton decreases monotonically with temperature, in 
contrast to the ratio for ring protons. Such a feature is 
again described by the theoretical solid lines. I t is to 
be noted that the dotted line, calculated from Eq. 50 
in par t I in which the first factor is omitted, has a value 
much smaller than 36, except at extremely high tem­
peratures. T h e above discussion should not be taken 
too seriously since the present lack of information about 
the internal motion of the f-butyl group prevents 
further considerations, such as of the isotopic hf modula­
tion. Nevertheless, it is felt that the essential features 
of the E N D O R quotient for f-butyl protons can be 
explained by the effect of incomplete hf separation and 
the large average multiplicity for this proton discussed 
above. 

In conclusion, it may be said that the theory in par t I 
describes fairly well the E N D O R relaxation of 
galvinoxyl. 

The authors wish to express their grati tude to Professor 
K. Kuwata of Osaka University for stimulating and 
helpful discussions throughout the course of this work. 
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Vibronic TC-TI* transition bands of pyrene, 4,5-dihydropyrene (DHP), and 4,5,9,10-tetrahydropyrene (THP) 
were assigned by means of dichroism analysis using stretched poly(vinyl alcohol) films. The absorption spectra 
of the samples in the non-stretched films were divided into two component spectra polarized along the long (x) 
and short (z) axes of the molecular plane. For pyrene, in addition to the four conventionally-assigned band systems 
(1Lb,

 1La , 1Bb, and 1Ba), some forbidden bands were found in the respective band regions. Most of the vibronic 
DHP and THP bands were also reasonably well assigned from comparisons with the calculated results for phenan-
threne and biphenyl, respectively. 

Three fundamental factors, the transition energy 
(wavelength), the transition moment (polarization), and 
the transition probability (intensity) must be considered 
in making assignments of electronic absorption spectra. 
Generally speaking, it is almost impossible to determine 
exactly all of these three factors for solution spectra, 
except in special cases where well-separated band 
systems are observed. Apparent bands observed in 
most cases are considered as consisting of more than 
two different kinds of transition bands. Accordingly, in 
order to precisely determine the three factors experi­
mentally, we must separate or resolve the overlapped 
bands from one another, using methods such as photo-
selection techniques,1) an external electric field,2«3) a 
single or mixed crystal4»5) and stretching of the polymer 
film.6"8) 

The stretching film method can be applied to various 
kinds of compounds and has the merit that the substrate 
of the film is transparent to the very short wavelengths 
of 220 n m for the po lyv iny l alcohol) [PVA] film, for 
example. If we choose planar molecules with proper 
symmetries, the n electronic spectra can be divided into 
components polarized parallel and perpendicular to a 
symmetry axis in the molecular plane. 

The experience of the dichroism investigation tells 
us that the orientation direction of the sample molecule 
in the stretched PVA film depends mainly on molecular 
geometry. And it is expected that the three compounds, 
pyrene, 4,5-dihydro- and 4,5,9,10-tetrahydropyrene, in 
the stretched PVA films have the same orientation state 
since their skeletal structures are similar to one another 
(see Fig. 1 ). 

•5A.30 / O A 
/'\ 

\/' 

" ^ 1 35.7° 

—i—>-

Fig. 1. Co-ordinates of the pyrene molecule. The 
orientation axis of the molecule in the streched PVA 
film is represented by O. A. which is determined by 
the orientation angle (54.3°) for the third band of 
pyrene [Fig. 2(a)]. 

The purpose of this paper is to make assignments of 
the Ti-Tz* electronic spectra of pyrene, 4,5-dihydro­
pyrene (abbreviation, DHP) and 4,5,9,10-tetrahydro­
pyrene (THP) . Pyrene shows well separated band 
systems and, therefore, its orientation direction is 
precisely determined by dichroism analysis with this 
orientation direction necessary in obtaining the divided 
spectra. O n the other hand, the absorption spectra of 
DHP and THP do not show any isolated bands. There­
fore, in order to divide these spectra into components, 
it is assumed here that the orientation direction deter­
mined for the pyrene molecule can be applied to the 
DHP and THP molecules. 

Exper imenta l 

Commercially-available pyrene (ultra pure reagent, zone 
refined; Tokyo Kasei Kogyo Co., Ltd.) was used. The guar­
anteed reagents, 4,5-dihydropyrene (abbreviation :DHP) and 
4,5,9,10-tetrahydropyrene (THP) were used with furtherpuri-
fication made at our request by the Tokyo Kasei Kogyo Co., 
Ltd. 

Poly (vinyl alcohol) [PVA] having a mean polymerization 
of 1400 was obtained commercially (Koso Chemical Co., 
Ltd.) and used without further purification for making the 
PVA films. 

Dichroism. Analysis. The dichroic spectra were determined 
with a Shimadzu QV-50 Spectrophotometer equipped with a 
Glan-Thompson type calcite polarizer. Both the sample and 
reference films were stretched at 70—80 °C. The stretching 
ratio, Rs, was limited to 6.0 throughout the experiments. 

The optical density ratio, Rd, is defined as D^/D^, where 
Dn and D± are optical densities measured with light polarized 
parallel and perpendicular to the stretched direction of the 
film, respectively. The RA values are plotted in the figures 
showing the dichroic spectra. 

From the dichroism analysis,9) the orientation angle of any 
absorption band is defined as the angle between the transition 
moment and the orientation direction of the molecule, and it 
is obtained using the experimental values of Rs and Rd. The 
orientation angles thus obtained are indicated at the maxima 
and minima of the i?d curves of the dichroic spectra. 

It is necessary to make a few remarks concerning the "orien­
tation direction," which is a direction peculiar to molecular 
geometry. It is empirically known that, upon stretching, a 
sample molecule in the PVA substrate is longitudinally in­
clined in the stretched direction. In this case, the longitudinal 
direction does not, in general, coincide with the geometrically-
defined long axis, say, the x-axis of the molecule (see Fig. 1). 

It is a natural consequence of the inclination of the molecule, 
as mentioned above, that the absorption band having the 
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greater Rd value (or smaller orientation angle) must be 
polarized principally along the long (x) axis. Accordingly, 
if a planar molecule has at least one C2-symmetry axis in the 
molecuar plane (xz-plane) and if one or more bands are found 
to be pure in the transition directions (x or z), we can divide 
the absorption spectrum (D) in the non-stretched PVA film 
into two component spectra (Dx, Dz) that are polarized par­
allel and perpendicular to the axis of symmetry.9) In the 
present case, the relative errors in the absorbance of the com­
ponent spectra were less than 10% and the oscillator strength 
of the relatively strong band was reproduced to within a 
relative error of 4—7%. 

Calculat ion 

The sample molecules, D H P and T H P , have n-
electron systems equivalent to those of phenanthrene 
and biphenyl, respectively. Therefore, for convenience, 
the latter were calculated instead of the former. 

The M O calculations were carried out using the 
Pariser-Parr-Pople method.10»11) The one-center repul­
sion integrals were evaluated in the Pariser-Parr 
approximation,10) in which the ionization potential and 
the electron affinity were taken, respectively, as 7P(G) = 
11.16 eV and £ a ( C ) = 0 . 0 3 e V for the carbon atom. 
The two-center repulsion integrals were evaluated using 
the Nishimoto-Mataga equation.12) All the singly-
excited configurations associated with the transitions 
between the occupied and vacant M O levels were 
included in the CI calculation. 

The co-ordinates of the molecular framework of 
pyrene were taken as shown in Fig. 1. All the bond 
lengths and bond angles were assumed to be 1.395 Â 
and 120°, respectively. The framework of the zr-electron 
system of DHP(4,5-dihydropyrene) was considered 
excluding the Nos. 4 and 5 carbon atoms in Fig. 1. 
Similarly, forTHP(4,5,9,10-tetrahydropyrene), the Nos. 
4, 5, 9, and 10 carbon atoms were excluded, and the 
C1 2-C1 5 bond length (inter-ring distance) was assumed 
to be 1.48 A. The x and z axes denote the long and 
short axes, respectively, in the molecular plane for the 
case of both the D 2 h (pyrene and T H P ) and G2v (DHP) 
point groups. 

R e s u l t s and A s s i g n m e n t 

Dichroic Spectra. Figures 2(a)—(c) show the 
dichroic spectra and Rd curves of pyrene, D H P and 
T H P , respectively. 

The dichroic spectra of pyrene in Fig. 2(a) exhibits 
four well-separated absorption bands. The shape of the 
Rd curve clearly shows that these four bands are 
distinguished by transition directions; that is, the Rd 

values for the first (350—380 nm) and third (250—280 
nm) bands are small, while those for the second (340 nm) 
and fourth (ca. 245 nm) are great. This indicates that 
the transition vectors of the former are in the same 
direction as the short axis of the molecule and the 
latter in that of the long axis. I t is concluded, therefore, 
that the directions of the electronic transition moments 
of pyrene are z-, x-, z-,and x- polarized, in order of 
decreasing wavelength. Since the symmetry of the 
pyrene molecule is D 2 h , the four corresponding excited 

103 cm-1 

Sp 45 40 3,5 3p 25 

I , , HA , L"i!_J 
200 250 300 350 400 

Fig. 2. Dichroic spectra and Rd curves for (a) pyrene, 
(b) DHP (4,5-dihydropyrene) and (c) THP (4,5,9,10-
tetrahydropyrene). i?s=6.0. The numerals at the 
maxima and minima of i?d curves indicate the orienta­
tion angle (in degree) of the polarizations at those 
wavelengths. 

states are assigned to B 2 u , B l u , B2 u and B l u , respectively. 
According to the Piatt notation, these are L b , L a , and 
B b and B a , respectively (see Fig. 3). In Figs. 2(b) and 
(c), no remarkable variations of the Rd curves similar 
to those in Fig. 1(a) are found. Only for a couple of 
bands, however, are the polarizations distinguishable by 
the relative Rd values; for example, for D H P (G2v) in 
Fig. 2(b) , the Rd value at 305 n m is the greatest and 
that at 228 nm (shoulder) the smallest in the region 
observed. This suggests that the 305-nm band and the 
shoulder consist mainly of bands with long- and short-
axis transitions, respectively. Indeed, the sum (87.1°) 
of the orientation angles of these bands becomes nearly 
90°. Thus , we can conclude that the 305-and 230-nm 
bands are polarized along the molecular long (x, B2) 
and short (z, Aj) axes, respectively. I t must be noted 
here that in the D H P spectra in Fig. 2(b) , the 305-nm 
band is not first but is second. The first band at 343 n m , 
which corresponds to the 1 L b of phenanthrene at the 
longest wavelength, could not be determined in the 
present work owing to experimental difficulties. 

For the THP(D 2 h ) spectra in Fig. 2(c), polarizations 
of at least two absorption bands were also observed; 
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400 350 300 
H 1 1-

103 cm-1 

Fig. 3. Divided spectra of pyrene. The fine line means 
the absorption spectrum (D) of pyrene in the non-
stretched PVA film. The conventional assignment is 
indicated by xLb, xLa,

 xBb and xBa. The solid line is 
the x-component spectrum (Dx) and the dotted line 
the z-component (Dz). Extra band systems are tem­
porarily marked with Ex to E4. 

main absorption at 300 n m being due to the long-axis 
transition (x, B l u) and that at 240 nm to the short-axis 
transition (z, B2 u). 

Divided Spectra. In order to make more precise 
assignments of the electronic bands, especially for D H P 
and T H P , the absorption curves in the non-stretched 
PVA films were divided into two component spectra 
(D x and Dz).9) To divide the spectra, it was necessary 
to determine a standard direction relative to the geom­
etry of the molecule. A standard direction, namely, 
in general, an orientation direction, can be determined 
for a symmetrical molecule provided that at least two 
electronic bands with polarizations orthogonal to each 
other can be observed separately. Fortunately, the 
pyrene molecule satisfies such a condition. 

I t has already been mentioned that the second and 
third bands of pyrene [Fig. 2(a)] are due to the electronic 
transitions along the x (long) and z (short) axes of the 
molecule, respectively, and that the sum of the orienta­
tion angles for the second (37.8°) and third (54.3°) 
bands becomes 92.1°. This value is somewhat greater 
than 90°. This fact indicates that the degree of mixing 
of the z-polarized absorption in the x band (second) is 
greater than that of the x-polarized absorption in the 
z band (third band) . Considering that the absolute 
deviation from 90° is small, let us assume here that the 
transition direction at 276 nm, for the third band, is ex­
actly in accord with the transition direction of the z axis 
of the pyrene molecule. Then, the orientation direction 
of the molecule relative to the coordinates is determined 
as shown in Fig. 1, that is, the orientation axis (O.A.) is 
35.7° with respect to the x axis. 

The skeletal structure of the other molecules are very 
similar to that of the pyrene molecule. I t was assumed, 
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Fig. 4. Divided spectra of (a) DHP (4,5-dihydropyrene) 
and (b) THP (4,5,9,10-tetrahydropyrene). The solid 
lines are the x-component spectra (Dx) and the dotted 
lines the z-components (DJ. Roman numerals are 
the transition numbers calculated for (a) phenanthrene 
and (b) biphenyl. 

therefore, that the other molecules have the same 
orientation direction as pyrene. Thus, by taking the 
standard angles of other sample molecules to be 35.7°, 
the component spectra are obtained from the spectra 
of the non-stretched sample film. 

The divided spectrum of pyrene is shown in Fig. 3, 
and those of D H P and T H P in Fig. 4. I t is seen that 
every band is more or less composed of overlapping of 
the x and z bands. For this reason, it is expected that 
some additional absorptions will be found from a 
comparison with the calculated results. These extra 
absorption bands may be explained in terms of vibronic 
interactions or intensity borrowing, neglecting the so-
called hot absorptions. 

Assignments for Pyrene Spectrum. The results of an 
M O calculation for pyrene, which is shown in Table 1, 
indicate four symmetry-allowed transitions below 46 X 
103 c m - 1 , which is the limit of the spectral region 
observed. These allowed transitions may correspond to 
the divided component bands shown in Fig. 3, as 
follows. 

The peak at 26.8 x 103 c m - 1 is considered to be the 
0-0 transition of the very weak first band system. Since 
the intensity at the peak is stronger for the z component 
than for the x component, the former is regarded as the 
first band. Therefore, the I transition calculated as 
B2u<—Ag for pyrene must be compared with the first 
band which is z-polarized. The other three allowed 
transitions, I I , V, and IX, correspond to the three 
strong band systems in Fig. 3, respectively. The I I 
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Transition 
No. 

I 
II 

III 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 
XII 

TABLE 1. 

Transition 

Calcd 
103 cm-1 

(nm) 

27.05(370) 
28.00(357) 
34.24(292) 
34.51(290) 
38.17(262) 
38.58(259) 
39.79(251) 
42.76(234) 
43.57(230) 
43.64(229) 
47.91(209) 
48.60(206) 

Electronic Spectra of Pyrene and Hydropyrenes 

CALCULATED AND EXPERIMENTAL RESULTS FOR PYRENE 

energy 

Obsd 
lO^m- 1 

(nm) 

26.8(373) 
29.4(340) 

36.4(275) 
[37.9] 

[41.0] 
41.2(243) 

Oscillator 

Calcd*>~~ 

0.005 
0.764 
forb. 
forb. 
0.954 
forb. 
forb. 
forb. 
1.468 
forb. 
0.004 
forb. 

strength/ 

Obsdb> 

0.0014 
0.326 

0.418 

0.750 

(D2h) 

Polarization 

Calcd 

z 
X 

z 
[ x b l u ] 

[Xb2u] 
X 

z 

Ol jsd 

z 
X 

z 
X 

z 
X 

3099 

Symmetry 

B2u 

B l u 

B3g 

B3g 

B2u 

Ag 

Bag 

\ 
B l u 

\ 
B 2 u 

Ag 

a) Calculated using the dipole-length method with off-diagonal (adjacent) terms included in the 
calculation of the oscillator strength. R. S. Mulliken, / . Chem. Phys., 7, 14 (1939). b) Determined 

us ing/= 4.32 X 10-9\eda, assuming that the molar extinction coefficient e at the band maximum in 

the non-stretched PVA film is equivalent to that of the corresponding band in an ethanol solution. 

transition (Blu<—Ag) corresponds to the second band 
system starting at 29.4 x 103 c m - 1 , which is x-polarized 
and reveals a progression of five vibrational bands 
reaching as far as 3 5 x l 0 3 c m - 1 . T h e V transition 
(B2u<—Ag) corresponds to the third band system which 
is z-polarized and has its 0-0 peak at 36.4 x 103 c m - 1 . 
Finally, the I X transition corresponds to the fourth 
band with x-polarization, which has its 0-0 peak at 41.2 
X 103 cm - 1 . The bands thus assigned are designated in 
the Piatt notation as *Lhi

 1 L a , x^h, and XJ$A, respectively, 
as shown in Fig. 3. 

For the oscillator strengths, a very good correlation is 
observed between the calculated and observed results; 
the calculated values are nearly twice as large as the 
corresponding observed values. 

According to the above correspondence between the 
band systems and the calculated transitions, the other 
four absorption bands remain as extra bands which are 
temporarily designated as Ex to E4 , as is shown in Fig. 3. 
In order to discuss the extra absorption bands, it will 
be necessary to determine some basis for making 
assignments. Fortunately, it was found that the calculat­
ed and experimental transition energies (in wavenum­
bers) correspond well to each other. T h a t is to say, 
when the calculated (abscissa) and experimental 
wavenumbers (ordinate) are plotted on a graph, a 
straight line is obtained as shown in Fig. 5, in which the 
wavenumbers at the 0-0 peaks are taken from the 
experimental values and the white circles represent the 
allowed transitions. The fact that almost all the white 
circles lie on a straight line shows that the semi-empirical 
calculations employed here lead to quite reliable results 
for making assignments. Accordingly, utilizing this 
linear relation as a basis, the extra absorption bands are 
assigned. 

First of all, from the point of view of the linearity 
between the calculated and experimental results, only 
the experimental value for ^^ is unexpected. If we 

Calculated energy, 103 cm - 1 

Fig. 5. Correlation between the observed (ordinate) and 
calculated wave numbers (abscissa) of pyrene. White 
circles represent the 0-0 peaks of band systems and the 
corresponding transitions calculated, where x and z 
mean the polarizations along the long and short axes 
of the molecule, respectively. 

take the linearity seriously, the peak at 29.4 X 103 c m - 1 

may not be a 0-0 but a 1-0 transition. In this case, if we 
regard the shoulder of the x component band at 27.8 X 
103 c m - 1 in Fig. 3 to be the 0-0 peak of ^ a , linearity 
for all the allowed transitions, including 1 L a , is nearly 
satisfied. 

Now, utilizing the linear relation, the extra bands are 
assigned as follows. According to Fig. 3, the Ej band, 
which is x-polarized and has fine structure, starts at 
about 26.8 X10 3 c m - 1 , but, strictly speaking, this is 
slightly lower than 26.8 X 103 c m - 1 . I t is clear from 
Table 1 that no excited state relevant to Ex exists. 
Therefore, the Ex band may be induced by intensity 
borrowing from the second ^La, x) band. The E2 band, 
which is z-polarized, has its first peak at 29.5 x l O - 3 

c m - 1 . In Table 1, no transition corresponding to 
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Transition 
No. 

I 
II 

III 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 

a), b) 

Tetsutaro YOSHINAGA, Hiroshi HIRATSUKA, 

TABLE 2. 

and Yoshie TANIZAKI 

COMPARISON OF CALCULATED RESULTS FOR PHENANTHRENE AND 

Transition 

Calcd 
lO^m- 1 

M 
29.00(345) 
32.96(303) 
37.40(267) 
39.85(251) 
39.87(251) 
41.81(239) 
45.25(221) 
46.94(213) 
47.80(209) 
48.85(205) 
49.56(202) 

See footnote in Table '. 

EXPERIMENTAL RESULTS FOR D H P ( C 2 v ) 

energy 

Obsd 
l O ^ m - 1 

(nm) 

[29.2] [343]c> 
33.1 (302) 

37.3 (268) 
38.2 (262) 

44.0 (227) 

45.7 (219) 

1. c) See Ref. 18. 

Oscillator 

Calcda> 

0.001 
0.372 
0.002 
0.526 
1.440 
3 .0x10-
0.348 
7 . 0 x 1 0 -
2 . 4 x 1 0 -
0.086 
0.464 

strength 

Obsdb> 

— 
0.149 

0.279 
0.396 

5 

0.167 
5 

4 

0.317 

Calcd 

z 
X 

X 

z 
X 

z 
z 
X 

z 
X 

X 

Obsd 

X 

z 
X 

z 

X 
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Symmetry 

A i 

Ba 

Ba 

A i 

B2 

A i 

A i 

B2 

Ax 

B2 

B2 

29.5 x 103 c m - 1 is found, because, according to the linear 
relation of Fig. 5, the calculated energy corresponding 
to the E2 band must be less than 30.0 X10 3 c m - 1 . 
Therfore, the E2 band may also be attr ibuted to an 
intensity-borrowing absorption from the 1Bb(z) band. 

The E 3 band of which the first peak occurs at 37.9 X 
103 c m - 1 is polarized in the x direction. According to 
the linear relation of Fig. 5, the calculated transition 
energy corresponding to 3 7 . 9 x l 0 3 c m - 1 is 3 9 . 8 x l O 3 

c m - 1 . If the E 3 band is electronically forbidden, E 3 

must vibronically be allowed. Then the calculated 
energy should be less than 39.8 x 103 c m - 1 , at least by 
one vibrational quan tum number . The only relevant 
transition in Table 1 is the V I transition, which has A g 

symmetry. Consequently, the vibration to be coupled 
with the A g electronically excited state must have a 
mode of b l u symmetry. The vibrational energy of b l u 

for the present case is estimated to be about 1 X 103 c m - 1 

from the linear relation of Fig. 5. 

Similarly, it is considered that the E4 band, which has 
its first peak at 41.0 X 103 cm - 1 , is a vibronically-induced 
transition of V I I I (Ag) resulting from the coupling of a 
b2 u-type vibration because of the z-polarized absorp­
tion. From the linear relation of Fig. 5, the coupled 
vibrational energy is estimated to be about 0 . 6 x l O 3 

c m - 1 . 

Assignment of DHP and THP Spectra. The D H P 
and T H P component spectra are shown in Figs. 4(a) 
and (b), respectively. In Fig. 4(a) , the first band, which 
is observed at 343 nm (29.15x 103 cm - 1 ) in an ethanol 
solution, is not shown here as explained above. There­
fore, the first peak at 33.1 X 103 cm" 1 is the 0-0 peak 
of the second band which is evidently x-polarized. 
Generally speaking, when both the x and z component 
spectra are complicated, the band shape can not be 
easily determined. For this reason, let us first examine 
only the prominent band peaks and compare them 
with the calculated results for phenanthrene. The 
prominent band peaks are found at 33.1 (x), 37.3 (z), 
38.2 (x), 44.0 (z), and 4 5 . 7 x l 0 3 c m " 1 (x). 

O n the other hand, the calculated results for phenan­
threne (C2v) are shown in Table 2 : The transitions 
with oscillator strengths stronger than 0.01 are the 
I I (B2), I V (Aj), V (B2), V I I (AJ and X (B2) transitions. 
These transitions and the above-mentioned band peaks 
are compared in Tab le 2. The calculated and experi­
mental polarizations are in complete agreement. 
Furthermore, the correspondence between the transition 
energies, as well as the intensities, is fairly good. 

In order to observe the correlation between the 
calculated and experimental transition energies for 
D H P , the wavenumbers were plotted in the same way 

TABLE 3. COMPARISON OF CALCULATED RESULTS FOR BIPHENYL AND EXPERIMENTAL RESULTS FOR THP 

Transition 
No. 

Transition energy 

Calcd 
103 cm-1 

(nm) 

Obsd 
103 cm-1 

(nm) 

Oscillator strength polarization 

Calcda> Obsdb> Calcd Obsd 
Symmetry 

I 
II 

I II 
IV 
V 

VI 
VII 

VIII 

34.63(289) 
35.09(285) 
36.40(275) 
46.50(215) 
47.82(209) 
48.85(205) 
48.87(205) 
49.66(201) 

32.6(307) 

33.9(295) 

45.3(221) 

[46] [217] 

3.1x10-* 
forb. 
0.847 
forb. 
forb. 
0.887 
forb. 
1.083 

4 .4x l0 - 4 

0.24 

0.53 

B2 u 

B3 g 

B i u 

B3 g 

A , 
Bo„ 

B* 

a), b) See footnote in Table 1. 
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Calculated energy, 103 cm - 1 

Fig. 6. Correlation between the observed (ordinate) and 
calculated wave numbers (abscissa) of (a) DHP (4,5-
dihydropyrene) and (b) THP (4,5,9,10-tetrahydro-
pyrene), where the calculated values are taken for (a) 
phenanthrene and (b) biphenyl. Roman numerals 
represent the transition numbers calculated. 

as in the case of pyrene. In this case, however, on the 
abscissa are plotted the calculated wavenumbers for 
phenanthrene instead of D H P . The result is illustrated 
in Fig. 6(a), in which the Roman numerals represent 
the calculated transition numbers. T h e linearity is not 
as good as that shown in Fig. 5 for pyrene. This may be 
interpreted as resulting from the fact that the calculation 
for phenanthrene is used instead of that of D H P itself, 
with the result that the effect of the methylene groups 
at the 4 and 5 positions of D H P was neglected (see 
Fig. 1). At any rate, let us use the straight line shown 
in Fig. 6(a) as a basis for discussing the D H P spectrum. 

According to Table 2, transition III (37.4 X 103 cm-1) 
is of weak intensity and x (B2) polarization. The linear 
relation in Fig. 6(a) indicates that the calculated value of 
37.4 X 1 0 3 c m - 1 corresponds to the experimental value 
of 36.3 X 103 c m - 1 on the x-component curve of Fig. 4(a) . 
For this reason, the peak may be attr ibuted to transition 
I I I . The z-polarized band in Fig. 4(a) , which extends 
from 3 2 x l 0 3 c m - 1 to about 3 6 x l 0 3 c m - 1 , could not 
be assigned, since no relevant transition is listed in 
Table 2. Other calculated transitions, transitions V I 
(41 .8x10 s cm-1 , Aj), VIII (46.9x 103 cm- 1 , B2), and 
I X (47.8 x 103 c m - 1 , A j , which are of very weak 
intensity, correspond respectively to the experimental 
wavenumbers of 40.2 X 103 cm" 1 (z), 44.8 X 103 cm" 1 (x) 
and 45.4 X 103 c m - 1 (z). They may appear as shoulders 
at the corresponding positions which are indicated 
respectively by the Roman numerals in parenthesis in 
Fig. 4(a), V I , V I I I , I X . 

Figure 4(b) illustrates the component spectra of T H P 
(D2 h) . Table 3 shows that the calculation for biphenyl 
(D2h) produces four allowed transitions. Transition I 
(z, B2u) is of very weak intensity and the other three 
transitions, transitions I I I (x, B l u ) , V I (z, B2u) and V I I I 
(x, B l u) are strong. Accordingly, the first three transi­
tions can easily be assigned as indicated in Fig. 4(b) by 
the Roman numerals. Again, a linearity similar to the 
case of D H P is found [Fig. 6(b)] . Using the linear 

relation in Fig. 6(b), the experimental wavenumber 
corresponding to the fourth allowed transition, transition 
V I I I (49.66 x 103 cm- 1 ) , becomes 45.7 x 103 cm- 1 . How­
ever, no prominent band peak appears although a very 
slight shoulder appears, as indicated by VIII in Fig. 
4(b) . 

Figure 4(b) shows that an additional z absorption, the 
first peak of which is at 33.9 X 103 c m - 1 , occurs together 
with the x band indicated by I I I . This z absorption 
can be interpreted in two ways. One possible inter­
pretation is that the band is vibronically induced by the 
coupling of transition I I (35.09 x 103 cm- 1 , B3g) with a 
b l u type vibration. In this case, the experimental band 
origin must be located at 3 3 . 7 x l 0 3 c m - 1 as estimated 
from the linear relation in Fig. 6(b) . T h e other inter­
pretation is to consider the additional z absorption as 
a progression of the first z band starting at 32.6 x l O 3 

c m - 1 , which is assigned to the very weak allowed 
transition I. 

D i s c u s s i o n 

The first four allowed TZ-TZ* transitions of pyrene have 
been established theoretically to have z-, x-, z-, and x-
polarizations.13-15) Experimental studies on the polari­
zation of pyrene have been carried out for the crystalline 
state16) using the photoselection method17) and the 
stretched polyethylene sheet technique.8) These experi­
mental results agree quite well with one another and 
also with the theoretical values. Thulstrup, Michl and 
Eggers8) have obtained a reduced spectrum of pyrene 
from a dichroic spectrum in a stretched polyethylene 
sheet. Their reduced spectrum for pyrene is very 
similar as a whole to the separated spectra shown in 
Fig. 3. However, the weak first band and some of the 
extra bands are not found in their reduced spectra. 

A few spectroscopic studies have been carried out on 
DHP1 8) and THP.1 9) O n the other hand, many descrip­
tions20-30) have been given for phenanthrene and 
biphenyl, which are iso-electronic with D H P and T H P , 
with respect to the 7r-electron systems, respectively. For 
instance, according to Zimmermann and Joop28) and 
other workers,30) the third and fourth transition bands 
of phenanthrene occur close together, but with different 
polarization directions. Regarding the polarization 
directions, however, most of the experimental studies 
reported were only qualitative and were not effective 
in analyzing overlapping bands, such as the third band 
of phenanthrene, without aid of theoretical calculations, 
while the component spectra presented here give 
quantitative information. 

The separated spectra of D H P shown in Fig. 4(a) are 
in agreement with the case of phenanthrene.7«8) But in 
Fig. 4(a) , the z-polarized absorption in the 32—36 
X103 c m - 1 region, which should be distinguishable 

from the third band (transition IV, z), could not be 
clearly assigned. Even in phenanthrene itself, this third 
(z-polarized) band shows anomalous width in the 
component spectra. Thulstrup et a/.8) have considered 
this band to be the result of vibronic coupling. 

For T H P , as is shown in Fig. 4(b), a very weak hidden 
band at 33.9 X 103 c m - 1 is revealed as a z-polarized band. 
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The presence of such an extraordinarily weak absorp­
tion in the case of biphenyl has been confirmed by 
Berlman et al.2Z) from an investigation of the fluorescence 
lifetimes of biphenyls. However, there are some 
ambiguities in the number of allowed transitions in the 
first band region of biphenyl.26> O n the other hand, the 
results of the present work for T H P show that there are 
an extremely weak (hidden) z band, a relatively strong 
x band and an additional intensity-borrowing or 
vibronically-induced z band in the first-band region, 
though T H P has a structured band shape and a con­
siderable red shift relative to biphenyl. T h e oscillator 
strength for the very weak first band of T H P was 
determined from the component spectra, even though 
the estimated value may contain a large error because 
of the extreme weakness of the intensity. 

There are few experimental studies on the oscillator 
strengths. Furthermore, in most cases, the conventional 
value has been determined from a band which is 
composed of overlapping bands of different polariza­
tions. In order to make a more precise comparison with 
theory, the experimental values should be determined 
using the component spectra. T h e experimental 
oscillator strengths in Tables 1—3 are determined from 
the component spectra. T h e values calculated using 
the dipole length method are about twice as large as the 
experimental results. In the calculations of the oscillator 
strengths, it should be noted that , when only diagonal 
matrix elements are considered, the oscillator strengths 
for the allowed L b bands become zero, while those 
including the off-diagonal elements give non-zero 
values in agreement with the experimental results. 
I t must be emphasized, therefore, that the off-diagonal 
elements of the transition density matr ix become very 
important in the calculation of the allowed L b band, 
especially when using the dipole-length method. 
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The Effect of Temperature on the Mass Spectra of 1-Alkenes. II 
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The mass spectra of 1-alkenes ranging from C5 to G10 were measured at temperatures of the ion source 120— 

250 °G. Fragmentation M+ • (M—28)+ and M+ > (M—29)+, where m2S and m29 denote the metastable peaks 
of the fragmentations, were studied. The behavior of the curve of the intensity ratios R,

28=m2S/F2S and R\9=m29/F29 

(F28 and F29 denote the intensities of the (M—28)+ ion and the (M—29)+ ions, respectively), versus temperature 
T of the ion source of the mass spectrometer is explained by the quasi-equilibrium theory (QET). 

Many theoretical studies have been carried out1"7) 
on the mechanism of fragmentation of ions produced 
by elecron impact from various organic compounds. 
These works can be divided roughly into two categories, 
one using Q E T and the other based on the molecular 
orbital calculation (MOT).2 '4) So far nothing definite 
has been given on a comparison of the two methods. 
I t seems difficult to interpret the mechanism of each 
fragmentation by either one of the methods. I t was 
shown2) that the intensities of some peak in the mass 
spectra of a few derivatives of aromatic compounds can 
be interpreted by M O T . Subsequently, Q E T was 
applied to explain some experimental results for a 
series of primary alcohols and of 1-alkenes,6) and found 
to give satisfactory results. Q E T was also successfully 
applied to the elucidation of the behavior of common 
ions, such as C5H5+,8) C6H5CO+,9> and C7H7+ 10> from 
various precursors. 

For 1-hexene, the slope of the curve R'.28 versus T 
becomes positive though it is expected to take a negative 
value according to Q E T , when a simple form is assumed 
for the internal energy distribution function, P(E), for 
M+. The behavior of the curve can be explained by 
using the measured photoelectron spectrum as P(E) 
instead of a simple function.6) 

We have obtained the curves R'29 versus T for C5—C1 0 

1-alkenes and a curve R'2a versus T for 1-pentene, and 
studied the behavior of these curves and the R'28 curves 
for C6—C1 0 1-alkenes. The slopes of a few curves for 
smaller compounds take a negative sign as expected 
with Q E T having a simple P(E) function. In contrast, 
the tangents of most of the curves for larger compounds 
are found to take a positive sign. The behavior of these 
curves can be elucidated on the same basis as in the 
case of R'28 for 1-hexene. 

Experimental 

A CEC 21-103C mass spectrometer was used to obtain the 
mass spectra. i2'28=m28/F28 and R'29=m29jF29 were measured 
in the temperature range 120—250 °C. The results for R'2S, 
including those for C6—C10, and for R'29 are given in Figs. 1 
and 2, respectively, the curves being given in Table 1. The 
result was investigated by QET. For the investigation, curve 
log k versus E, where k is the rate constant for the decomposi­
tion of M+ into F+, and E is the internal energy of M+, should 
be drawn in order to estimate the location,* of the "meta­
stable window" on the E axis. The corresponding curve for 
1-hexene is given in Fig. 11 in a previous report.6) In order 
to construct curve log k versus E, the ionization potential, / , 
of M+ and the appearance potential, A, of F+ were measured 

0.030 h 

0.020 h 

0$ 

0.010 h 

110 150 200 250 

T/°C 
Fig. 2. 

Figs. 1 and 2. The relation of intensity ratios of ions, R'2 

and R'29, versus the temperature, T, of the ion source. 
The numbers on the curves are those of the carbon 
atoms of the 1-alkenes. 

at the ion source temperature 250 °G using the EDD tech­
nique11) (Table 1). 
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Figs. 3—8. The photoelectron spectra of 1-alkenes. The meanings of the notations are given in the text. 

20 eV 

A JASGO PE-1 photoelectron spectrometer was used to 
obtain photoelectron spectra with Hel as a light source. The 
photoelectron spectra measured were used as P{E). The 
spectra for each compound are shown in Figs. 3—8. The 
conditions of measurement are the same as already described.6* 

The olefins used were API standard samples, the purity 
being greater than 99.7%. All the reagents were mass-
spectroscopically confirmed to be pure. 

R e s u l t s a n d D i s c u s s i o n 

The relation between the temperature of the ion 
source, T, and the intensities, [ M + ] , [m], and [F+], 
of the ions in the following fragmentation was inves­
tigated by Q E T . 

m 
M + • F + 

Though more sophisticated expressions are proposed for 
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TABLE 1. IONIZATION POTENTIAL, I, ACTIVATION ENERGIES, 

e28 AND e29? IN eV, AND THE SCHEMATIC CURVES OF THE 

BEHAVIOR OF R' versus T (Figs. 1 and 2) 
en=^4(M—n)+—/, where ^4(M—n) + is the appearance 
potential of the fragment ion (M—n)+. Errors in the 
measured / a n d A values are estimated to be ±0 .1 eV. 

R'OA R'o 
Number 

ofC 
atom 

5 
6 
7 
8 
9 

10 

a) 

9.66 
9.59 
9.54 
9.52 
— 
9.51 

-i 

Present 
result 

9.76 
9.54 
9.53 
9.54 
9.56 
9.52 

e28 

1.25 
0.11 
0.10 
0.06 
0.02 
0.03 

«29 

2.92 
1.18 
0.26 
0.21 
0.10 
0.08 

-X V 

a) F. H. Field and J. L. Franklin, "Electron Impact 
Phenomena and the Properties of Gaseous Ions," Aca­
demic Press Inc. (1957), p. 108. 

the rate constant and intensities of ions, the rate constant 
for the fragmentation was assumed to be given by 

k = v{l-e/E)n-1 

where the notations have their usual meanings.6) The 
intensities of the ions were assumed to be given by12) 

[M+] = [eP(E)dE + f"p(E) exp [-k(E)tJdE, (4) 
Jo Je 

[F+] = \/(E)[l - e x p {-k(E)tl}]dE, (5) 

[m] = j > ( £ ) [ e x p {-k{E)t2y - exp {-k(E)t3}]dE. (6) 

The mean time spent by a newly-formed ion in the 
ionization chamber is tv After being accelerated, the 
ions dissociated between the times t2 and t3 are observed 
as a metastable peak, and the M+ ions which do not 
dissociate until t± are observed as the parent ion, M+. 
The internal energy distribution function, P(E), was 
assumed to be 

P(E) = exp [-E/kT]E/(kT)\ (7) 

The values of / were estimated from the dimensions of 
the mass spectrometer and the conditions of measure­
ment. Substituting these values in Eqs. 4—7, graphs 
showing the relationship between -ß=[F+]/[M+], R* = 
[m]/[M+] and i ? '= [m] / [F+] versus T were obtained and 
compared with the experimental results. T h e graphs 
for R and R* obtained by calculation increased, and 
the graph for R' decreased with rise in temperature. 
Comparing the behavior of these curves with those 
obtained by experiments for M+, F + = ( M —28)+, R28, 
R*28 and R'28 versus T, it was found that while values 
of R2S and R*2S for 1-alkenes of C5—C1 0 increase with 
rise in temperature in line with the theoretical predic­
tion, those of R'2S for 1-alkenes for C6—C1 0 also increase, 
contrary to the prediction based on the assumption 
mentioned above. Taking R'2% for 1-hexene as an 
example, this anomaly was shown6) to be adequately 
explained if the photoelectron spectrum for the com­
pound was used as P(E)t instead of Eq. 7. 

In the present study, R29, R*29> and Ä'29for 1-alkenes 
of C5—C10 are measured in addition to R'28 for 1-

pentene, and their behavior, when the temperature of 
the ion source is increased, is compared with that 
expected by Q E T using Eq. 7 as P(E). As the result, 
the behavior of the curves for R' is found to be incon­
sistent with the expectation by Q E T with Eq. 7, except 
for R'28, R'29 for 1-pentene and R'29 for 1-hexene, while 
the behavior of R'29 and R*29 is found to be consistent 
with the prediction, i.e., both the ratios increase with 
rise in temperature. Namely, the schematic curves 
shown in the 6 and 7th columns of Table 1, (cf. Figs. 
1 and 2) increase with the temperature increase, except 
for R'28, R'29 for 1-pentene and R'2g for 1-hexene. 

The experimentally obtained ionization potential, / , 
appearance potentials, A and A', of (M—28)+ and 
(M—29)+ ions, respectively, and approximate positions 
of the metastable windows, * and *' , of the (M—28)+ 
and (M—29)+ ions, respectively, estimated by the same 
procedure as described,6) are shown by arrows in Figs. 
3—8. In calculating the location of * and *', v was 
assumed to be 107 for (M—28)+, the rearrangement ion, 
and 1013for (M —29)+, the ion considered to be produced 
by simple cleavage of a bond. 

P(E) 

^E 
Fig. 9. Relationship of P(E) and k (E) for unimolecular 

ion decompositions in the mass spectrometer; see text 
for definitions. 

Using the positions * and *', of the metastable 
windows, the behavior of curves of R, R*, and R' versus 
T can be explained as follows. For the sake of simplicity, 
the internal energy distribution function, P(E), is 
assumed to be given by Eq. 7 for the moment. Figure 
9 shows the relation between P(E) and the internal 
energy, E, and the position, m, of metastable window 
schematically. The positions of the origin and the 
onset of the curve in the lower diagram are located by 
the measured / and A, respectively. T h e dotted curve 
in the upper diagram shows the behavior of the P(E) 
curve schematically when the temperature T increases.14) 
The intensities of molecular ion, [M+], metastable ion, 
[m], and fragment ion, [F+], are assumed to be propor­
tional to the area under the P{E) curve (upper diagram) 
denoted by M+, m, and F+, respectively. As the tempera­
ture rises and the P(E) takes a flatter shape, shown by 
the dotted curve in Fig. 9, the areas for both M+ and 
m decrease and that for F+ increases and consequently 
i?=[F+] / [M+] increases and i2 '=[m] / [F+] decreases. 
As for R,* the calculated result based on Eqs. 4—7, and 
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shown in Fig. 9 of the previous report,6) suggests its 
increase with the temperature increase. 

First, R' curves obtained by experiments are compared 
with those predicted by the theory. In the following 
investigation, the photoelectron spectrum for each 
compound is assumed to represent the internal energy 
distribution function, P(E), for the compound instead 
of Eq. 7. In the case of 1-pentene given in Fig. 3, 
since the metastable windows * and * ' are both situated 
near the shoulder of the wider band of its photoelectron 
spectrum (cf. the P(E) curve in Fig. 9), the behavior 
of R'2S and i?'29, with the temperature increase is 
consistent with that expected from the simple conside­
ration mentioned above. T h e behavior of i?'29 in the 
case of 1-hexene (Fig. 1 and Table 1) can be explained 
in exactly the same manner from the location of *' 
given in Fig. 4. 

The values of * and *' for all other compounds 
studied including * for hexene6) are located on the 
higher energy side of the narrower band of the photo­
electron spectrum of each compound. This band is 
considered to originate from the n electron. When T 
increases and the band takes a flatter shape, the area 
corresponding to the metastable peak increases, while 
the fractional increase of the area for F+ is very small, 
resulting in the increase in i?'28 or in i?'29, in contrast 
to the theoretical expectation based on Eq. 7. 

The values of Ä=[F+] / [M+] and Ä* = [m]/[M+] show 
no "anomaly ," i.e., they both increase with temperature. 
This can easily be explained by the consideration for R'. 

As far as these phenomena are concerned, they can 
be qualitatively elucidated by Q E T with photoelectron 
spectra used as the internal energy distribution functions. 
Various investigations13-18) have been made of possible 
methods for the evaluation of the internal energy 
distribution functions resulting in ions from the impact 
of energetic electrons. Meisels et a/.19) postulate that the 
photoelectron spectrum of a compound gives a reason­
able representation of the actual function under certain 
conditions. Innor ta et al.20) report that it is too crude 
an approximation to use photoelectron spectra as a 
representation of the internal energy distribution func­
tion for some compounds in interpreting their mass 
spectra. T h e former idea receives support from the 
present investigation for a series of 1-alkenes ranging 
from C 6 to C10 . 

The diagrams of the measured appearance potentials 
of (M—28)+ and (M—29)+ ions versus the number of 
carbon atoms were found to be smooth curves which 
decrease at first and then approach gradually nearly 
constant values as the carbon number increases. The 
behavior of these curves deserves further investigation. 

I t is not clear whether the reactions producing 
(M—28)+ and (M—29)+ are competing reactions or 

reactions starting from different electronic states, into 
which the sample molecules are excited with certain 
probabilities. Judging from the present result, the effect 
of the reaction mechanism on the result is not so large 
that it influences the qualitative elucidation based on 
Q E T , aside from whether the reactions compete with 
each other or not. 

I n conclusion the "anomaly" in the mass spectra of 
1 -alkenes ranging from C 5 to C1 0 is explained qualitative­
ly by Q E T using photoelectron spectra of the com­
pounds as the internal energy distribution functions, 
P(E). 

T h e authors are indebted to Mr. Hiroshi Matsumoto 
and Mr. Tadashi Miyazaki for carrying out the photo­
electron spectrometry experiment. 
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Poly(2-vinylpyridine) partially quatemized with 1-dodecylbromide, a "polysoap," sodium dodecyl sulfate 
(SDS), and dodecylpyridinium bromide (DPBr) in their micellar solutions were investigated by the spin-probe 
technique. It was found that the alkyl side chains in polysoap micelles associate more rigidly than in low-molec­
ular surfactant micelles. This fact is attributed to the surface active groups covalently connected to long polymer 
chains in the polysoap molecule. By a recently developed method, the rotational correlation times of 2,2,6,6-
tetramethyl-4-benzoyloxypiperidin-l-oxyl radical in SDS and DPBr micelles were found to be 5.9 x lO - 1 0 and 
3.5 XlO -10 s/rad, respectively. From the values of the isotropic hyperfine splitting constants, it was estimated 
that the DPBr micelle solubilizes the probe molecule at a more inner site of the hydrophobic portion than does 
the SDS micelle. 

In the aqueous solutions of amphiphile substances, 
some intermolecular and/or intramolecular structures 
are formed by the "hydrophobic interaction." Surfactant 
molecules form the ordered aggregates known as 
micelles, so that their aqueous solutions manifest such 
properties as solubilization of hydrophobic compounds 
and hydrolysis of ester bonds. I n the case of amphiphile 
macromolecules, their hydrophobic portions tend to 
an intramolecular association which contributes to 
stabilize the conformation of the macromolecules. 

Strauss and coworkers1) have studied polysoap, which 
is defined as an amphiphile macromolecule with a 
surface active side chain. According to the results of 
the measurement of viscosity, solubilization of hydro­
phobic compounds, scattering of light, and surface 
tension, the polysoap molecules dissolve with a relatively 
compact structure and can solubilize more hydrophobic 
compounds than low-molecular surfactant molecules 
corresponding to the monomer units of the polysoap 
molecule can. These properties, which differ from 
those of ordinary polyelectrolytes, result from the 
formation of polysoap micelle, as in the case of low-
molecular surfactant micelles. 

Thus the hydrophobic interaction plays an important 
role in the properties of such aqueous amphiphile 
solutions. But details of the interaction have not yet 
been sufficiently clarified with respect to energy and 
structure. 

Recently, the spin-probe or spin-label technique 
developed by McGonnell and coworkers2) has become 
available for the study of various systems3) such as 
polymeric materials, aqueous micellar solutions, and 
natural or artificial membranes. In these studies one 
could obtain information about the microscopic environ­
ment of the stable radical molecules; the molecular 
motion and structure of the host materials can thus be 
uncovered. 

In this paper, the authors present some results 
obtained from the application of the spin-probe tech­
nique to aqueous polysoap solutions. Some results 
about the structure of the inner hydrophobic portion 
of polysoap micelles, by comparison with that of low-
molecular surfactant micelles are also given. T h e authors 
finally examine the manner in which the hydrophobic 
probe is solubilized in micelles. 

E x p e r i m e n t a l 

Polysoap (Fig. 1(a)) derived from poly(2-vinylpyridine) 
(PVP) was synthesized according to the method of Inoue.*> 
PVP was obtained by radical polymerization and its elemental 
analysis was as follows. Found: C, 80.01 ; H, 6.73; N, 13.22%. 
Calcd for (C7H7N)n: C, 79.97; H, 6.71; N, 13.32%. From 
viscosity measurements in 95% ethanol solution the molecular 
weight and the degree of polymerization of PVP were found 
to be 3.0 X 10B and 2.8 X 103, respectively. Polysoap was 
prepared by heating a DMF solution of PVP with excess 
(ca. 2 mol) 1-dodecylbromide in an ampoule at 100 ° G for 
41.5 h. The partially quatemized PVP was precipitated with 
ether and dried under vacuum. Then the product was dis­
solved into water and purified by dialysis using a cellophane 
tubing. The degree of quaternization was estimated to be 
32.2% from elemental analysis. 

4-CHa-ÇH-

ô 
J67.8 

Ä C H ^ . C H , 
UBr" 

-»32.2 

Fig. 1. (a) Polysoap, (b) BzONO. 

Sodium dodecyl sulfate (SDS) was supplied from Nakarai 
Chemicals Ltd., and dodecylpyridinium bromide (DPBr) was 
obtained by ion-exchange of guaranteed grade dodecylpyridi­
nium chloride. 

The hydrophobic nitroxide radical used as the spin probe, 
2,2,6,6-tetramethyl-4-benzoyloxypiperidin- 1 -oxyl(BzONO, 
Fig. 1(b)) was synthesized by Rozantzev's method.6) Its 
melting point was 105.6 °G (lit, 105 °G) and its elemental 
analysis was as follows. Found: G, 69.63; H, 8.13; N, 4.91%. 
Calcd for C16H2aN03: C, 69.53; H, 8.02; N, 5.07%; mol wt 
276.4. 

The concentration of the spin probe, BzONO, was 1.06 X 
10~4 mol/dm3 in all sample solutions. Besides these solutions, 
those saturated with BzONO were also prepared for com­
parison. 

ESR spectra were recorded on a JEOLCO model ME-3X 
spectrometer equipped with a variable temperature accessory. 
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R e s u l t s a n d D i s c u s s i o n 

ESR spectra of B z O N O in water are shown in Fig. 2. 
The three main lines of the spectra result from the 
contact hyperfine interaction between electron spin 
(£=1 /2 ) and 14N nuclear spin (1=1), corresponding to 
nitrogen nuclear spin quan tum numbers Af I = + l , 0, 
and — 1, respectively, toward the high field direction. 
One finds out that a less resolved hyperfine structure 
appears in each line, due to some protons in the B z O N O 
molecule. In Fig. 2(b) (full line), the magnified spectrum 
of the central line ( M i = 0 ) , the proton hyperfine 
structure is observed clearly. Thus , the previous 
analysis6) which neglected the proton hyperfine structure 
of nitroxide radicals cannot be applicable to our systems. 

Fig. 2. (a) ESR spectrum of 1.06 X 10"4 mol/dm3 BzONO 
in water at 30 °C. (b) The magnified spectrum of 
central line (Mj = 0) (full line) and the simulated 
spectrum (dashed line). 

Fig. 3. ESR spectra of 1.06 X 10~4 mol/dm3 BzONO in 
aqueous polysoap solutions at 30 °C and the simulated 
spectrum of BzONO in polysoap micelle. Polysoap 
concentration: (a) 1.02%, (b) 2.99%, (c) 3.94%. (d) 
The simulated spectrum in polysoap micelle. 

ESR spectra of the aqueous polysoap solutions are 
shown in Fig. 3. The resolved hyperfine structure in 
Fig. 2 disappears here, owing to a broadening of each 
proton hyperfine line. From the shape of the high field 
line (Mj= — 1), however, it is clear that two different 
components are superposed. The changes in line shape 
with increase in polysoap concentration indicate that 
the broad component is due to BzONO in the polysoap 
micellar environment and that the sharp one is due to 
BzONO in bulk water. T h e fact that the two different 
components of B z O N O from two media are simulta­
neously observed indicates that the exchange rate of 
B z O N O molecules between the two media is relatively 
low. In order to separate the broad component from 
the sharp one, the experimental spectra were simulated 
by two sets of three Lorentzian lines. As a sharp com­
ponent, a spectrum with T2~

1(MÎ) of 1.06 X 10 - 4 

mol/dm 3 B z O N O in water is used after wiping out the 
proton hyperfine structure. The dashed line in Fig. 3(c) 
is a simulated spectrum and Fig. 3(d) is the broad 
component used in the simulated spectrum. 

Fig. 4. ESR spectra of 1.06 X 10-* mol/dm3 BzONO in 
(a) 6.3% aqueous SDS solution and (b) 3.0% aqueous 
DPBr solution at 30 °G. 

Figures 4(a) and 4(b) show the spectra of BzONO in 
the SDS and DPBr solutions, respectively. In the 
low-molecular surfactant solutions, above C M C which 
is 0.22 w t % for SDS aqueous solution and 0.37 wt% 
for DPBr aqueous solution, the spectra are almost 
independent of surfactant concentration. All over the 
concentration range of these solutions, the authors 
cannot distinguish the two different components 
associated with two media, that is, the micelle and the 
bulk water. According to the previous studies7»8) of 
similar systems, the above finding does not imply that 
the exchange rate of the probe is too high to be resolved 
by ESR method, but implies that the g- and J-tensors 
of the probe radical are only slightly different between 
the two media, and that the probe is isotropically 
tumbling in the low-molecular surfactant micelle. By 
computer simulation employing the modified Bloch 
equations which take account of both the micelle-water 
exchange and the spin exchange in the micelle, the 
exchange rate of BzONO between SDS micelle and bulk 
water is estimated to be (2.5—5.0) X 104/s. This value 
supports the previous interpretation of spectra of 
probes in low-molecular surfactant micellar solutions. 

Comparing the line width of these spectra, one notices 
that the line width of spectra of BzONO is broader in 
the polysoap micellar environment than in either the 
low-molecular surfactant micellar environment or bulk 



December, 1977] Spin-Probe Study of Aqueous Soap and Polysoap Solutions 3109 

Fig. 5. ESR spectra at various temperatures of BzONO 
saturated at 30 °G in 4.45% aqueous polysoap solution. 
Temperature: (a) 30, (b) 40, (c) 50, (d) 60 °C. 

water. As the causes of the line width broadening in 
polysoap micelle, two assumptions are possible; one is 
the appearance of anisotropy of g- and ^4-tensors and 
the other is Heisenberg spin exchange interaction 
between probe radicals solubilized in polysoap micelle 
where the local concentration of radicals is extremely 
high. Here, if the latter occurs, the broadening must 
decrease with the increase in polysoap concentration 
at the constant radical concentration, and, on the other 
hand, it must be intensified with an increase in radical 
concentration or in temperature. But the present 
results are not consistent with these suppositions, as 
shown in Figs. 3 and 5. Therefore, it is quite reasonable 
that the broadening of the line width in the polysoap 
micelle results from anisotropy of g- and ^4-tensors, 
which depends on nitrogen spin quan tum number Mi 
and is remarkable especially in the high field line 
(Mx= — \). Thus, it is concluded that the probe 
molecule tumbles more slowly in polysoap micelle than 
in low-molecular surfactant micelles. From another 
point of view, the result may reflect the fact that the 
inner alkyl chains in polysoap micelle form more rigid 
structures than those in low-molecular surfactant 
micelles. 

Recently, in the measurement of N M R relaxation 
times of poly(4-vinylpyridine) partially quaternized with 
1-octylbromide in methanol, Ghesquire and cowork­
ers9) have found that the spin-lattice relaxation times 
Tx of 13G in the octyl group decrease with the increase 
in degree of quaternization. This result partly supports 
the present supposition about the structure of alkyl 
chains in polysoap micelle, since in a system with 
dipole-dipole interaction 7 \ is inversely proportional to 
mobility about the spin under consideration. The 
authors suppose that surface active groups connected 
covalently into long polymer chains are mainly respon­
sible for the mobility reduction of alkyl chains. 
Moreover, if the hydrophobic portion of amphiphile 
macromolecules used as synthetic enzymes has a rigid 
structure similar to that of the polysoap micelle, the 
rigidity may partly contribute to the rate of enzyme 
reactions such as hydrolysis of esters.10) 

For quantitative discussion, the authors determined 

the rotational correlation time TC of probe molecule, 
BzONO, in SDS and DPBr micelles, respectively, and 
roughly estimated it in the polysoap micelle. According 
to the Debye and BPP theory,11) the rotational correla­
tion time TC of a molecule in solution has the following 
relation to the environmental viscosity Y) : 

TC = A7ia\ßkT, (1) 

where a is the spherical radius of the molecule, k the 
Boltzmann constant, and T is the absolute temperature. 

The spectra are analyzed by Poggi and Johnson's 
method12) taking into account the unresolved proton 
hyperfine structure of ESR spectra of nitroxide radicals. 
The main assumptions required for the spectra analysis 
are as follows: 

( 1 ) Each spectra line consists of unresolved hyperfine 
splitting lines from 12 equivalent methyl protons of a 
B z O N O molecule. 

(2) Proton hyperfine lines have Lorentzian shape 
and an equal splitting constant. Their line widths are 
equal in the same Mi line. 

(3) The g- and -4-tensors of 14N are axially sym­
metric, that is, AX=AY and gx—gY. 

By a spectral simulation using these assumptions, each 
line width, Wa(Mi), of the proton hyperfine lines in the 
three lines is obtained. The dashed line in Fig. 2(b) is 
the simulated spectrum for the experimental spectrum 
(full line) of the central line (Afi=0) of B z O N O in 
water. The agreement between the two spectra is 
satisfactory except for the unsymmetry of the experi­
mental spectrum. These WH(Mi) are substituted into 
the following equation derived from Kivelson's theory :13) 

. _ ri-
1(»i) + r1-

1(+i)-2rr1(0) 
0.25b 

V 3 

= 0.25b ' (2) 

where Ax, AY, and Az are the three components of the 
^4-tensor. 

The obtained rotational correlation times for SDS 
and DPBr micelles are 5.9 X 10"10 and 3.5 X 10"10 s/rad, 
respectively. T h e values of the nitrogen hyperfine 
splitting constants aN in SDS and DPBr micelles are 16.7 
and 16.3 G, respectively. I t should be noted that the 
values of both r c and aN in SDS micelle are greater 
than those in DPBr micelle. From the previous study,14) 
the nitrogen hyperfine splitting constant aN is in a 
proportional relationship to the polarity of environment. 
By considering that the values of aN in water and 
dodecane are 17.1 and 15.4 G, respectively, and that 
TC is proportional to environmental viscosity TJ, the above 
findings are interpreted as follows. The SDS micelle 
solubilizes BzONO in the vicinity of the polar surface 
of micelle, whereas the DPBr micelle solubilizes in the 
internal hydrophobic portion where the BzONO 
molecule is more mobile. T h e order of r c of the present 
results also indicates that the state of the internal 
hydrophobic portion in the low-molecular surfactant 
micelles is not solid-like, but liquid-like, as was reported 
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in the previous papers.15 '16* 
The rotational correlation time rc of B z O N O in the 

polysoap micelle is roughly estimated to be 9.8 X 10 - 1 0 

s/rad by a similar procedure, except for employing 
T'2-1(Mi) evaluated by the peak-to-peak width of the 
above spectrum (Fig. 3(d)) instead of T2~

1(Mi) obtain­
ed by the spectra simulation taking account of the 
proton hyperfine structure. If TC in the low-molecular 
surfactant micelles are also estimated by the same 
rough estimation, the values in SDS and DPBr micelles 
are 4.3 X 10"10 and 2.1 X 10~10 s/rad, respectively. The 
result confirms quantitatively the preceding suggestion 
that B z O N O tumbles more slowly in the polysoap 
micelle than in the low-molecular surfactant micelles. 
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Molecular orbital analysis, which is an application of configuration analysis proposed by Baba et al., has been 
applied to the interpretation of the photoelectron spectra of substituted naphthalenes, with particular attention paid 
to the dependence of the spectra on the position of substitution and on the character of the substituents. The results 
of MO calculations based on the Pariser-Parr-Pople method have been analyzed in terms of the TT-MO'S of naphtha­
lene and the n-AO or n-MO's of a substituent. The results of the molecular orbital analysis for naphthalene deriva­
tives with an electron-donating group are compared with the results for those with an electron-accepting group. 

Since Turner first succeeded in measuring high 
resolution photoelectron (PE) spectra,1) the PE spectra 
of many compounds have been reported. The PE 
spectra give precise data on the vertical ionization 
potentials (7V) of atoms and molecules. Assuming 
Koopmans' theorem,2) one may also easily obtain 
information on the orbital energies. Recently Kimura 
et al. have found a sum rule—that the sum of the experi­
mental ionization energies may be reproduced by the 
sum of the calculated orbital energies of the localized 
orbitals.3) Heilbrunner et al. have calculated the n-
orbital energies of naphthalene by three different 
approximations and compared them with experimental 
data.4) Marschner and Goetz could reproduce the 
experimental values of the PE spectra of naphthalene 
by using modified Pariser-Parr-Pople (PPP) param­
eters.6) 

The PE spectra of substituted naphthalenes have been 
observed by several authors.6 - 8) The changes in the 
J C - M O energies of naphthalene caused by the introduc­
tion of a substituent depend on the position and pro­
perties of the substituent. Although the change in the 
energy and character of M O ' s due to the introduction 
of a substituent into the parent naphthalene is a very 
interesting problem for chemists, the origin of such a 
change in the ^ - M O character and energy has not been 
fully understood. From the experimental results on 
monosubstituted naphthalenes with an electron-donating 
group,6 - 8) it has been found that the individual bands 
are apparently shifted to a higher energy compared 
with those of naphthalene. In contrast to this, the PE 
spectra of monosubstituted naphthalenes with an 
electron-accepting group are apparently shifted to a 
lower energy compared with that of naphthalene. 

The method of configuration analysis proposed by 
Baba et al. has enabled us to give a quantitative inter­
pretation of the electronic absorption spectra of the 
derivatives of aromatic hydrocarbons in terms of locally 
excited and charge-transfer states.9) In the calculation 
process of configuration analysis, the matrix which 
transforms the set of M O ' s of a derivative into a set 
of reference MO's , that is, the M O ' s of a corresponding 
parent compound and a substituent, is obtained. This 
matrix gives us information on the correlation between 
the MO' s of a derivative and the M O ' s of a parent 
compound and a substituent. This procedure will be 

called "Molecular Orbital Analysis" (MOA) , by 
analogy with configuration analysis. The quantitative 
assignments of the MO' s of the derivatives to their 
reference MO' s can be made by the application of 
M O A . 

This paper will present the assignments of the M O ' s 
of monosubstituted naphthalenes in terms of the M O ' s 
of naphthalene and a substituent and will make a 
comparison between the electron-donating and electron-
accepting cases. In the present paper, naphthalene and 
its derivatives, i.e., 1- and 2-naphthols, 1- and 2-naph-
thylamines, 1- and 2-naphthonitriles, and 1- and 2-
naphthaldehydes, will be considered. T h e LCAO-SGF-
M O calculations of the P P P type have been performed, 
and the results subjected to the M O A . 

P r o c e d u r e a n d Calculat ion 

T h e semiempirical M O ' s of substituted compounds 
may be obtained by the PPP procedure. Although the 
quantitative correlation between the M O ' s of substituted 
compounds and those of the corresponding parent 
compounds is an interesting problem in such fields of 
chemistry as PE spectroscopy, such information cannot 
be obtained by means of the usual M O calculations. 
I t can, though, be derived in the course of the calculation 
of configuration analysis. This procedure will be 
outlined below. 

T h e M O ' s of a substituted compound, çVs, which 
are obtained by the usual procedure, can be written in 
a matrix form as 

where % represents the row vector of n or thonormal 
AO's , Xp> and where C is an nXn unitary matrix, the 
elements of which are A O coefficients of 0<'s. In the 
present study, systems composed of naphthalene and 
a substituent are employed as the reference systems; 
therefore, the reference M O ' s used are the LCAO-SCF-
M O ' s of naphthalene and the TT-AO or TT-MO'S of a 

substituent. T h e M O ' s of the reference system, 0° , are 
expressed in terms of the same basis set, %> a s w e ^ a s 

4>° = xc° (2) 
It follows, then, that 

? = 0°B, (3) 
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with 

B = (C°)tC, (4) 

where (C°)t is the Hermit ian conjugate of the C° 
matrix. The B matrix represents the correlation between 
0 and <p°. This matrix is used in the calculation of the 
configuration analysis. When the configuration analysis 
of a certain compound has been completed, the B 
matrix of the compound has also been obtained as a 
matter of course. 

Calculations have been made for the ^-electron 
systems of naphthalene, naphthols, naphthylamines, 
naphthonitriles, and naphthaldehydes by the semiem-
pirical LCAO-SCF-MO method. The parameters used 
in this study have been given elsewhere.10,11) 

Results 

Tables 1 and 2 give the calculated T T - M O energies, 
£i, and the Z/s for 0*° and <f>j in the first and third rows 
for individual compounds; the values of Z/s were 
obtained from the PE spectroscopy. The M O ' s of the 
compounds are numbered in the order of increasing 

TABLE 1. SCF MO ENERGIES (e), CORRECTED SCF 

M O ENERGIES ( e c o r r d ) , AND VERTICAL IONIZATION 

POTENTIALS (7 V ) IN e V F O R N A P H T H A L E N E 

Photoelectron band (upper) and 
orbital function (lower) 

V IV III II I 
05c 

E 
„corrd 

J a) 

- 1 4 . 5 6 
- 1 2 . 9 1 

12.36 

- 1 2 . 7 9 
- 1 1 . 1 4 

11.00 

- 1 1 . 8 6 
- 1 0 . 2 1 

10.10 

- 1 0 . 7 8 
- 9 . 1 3 

8.88 

- 9 . 7 9 
- 8 . 1 4 

8.15 

a) Ref. 14. 

energy. T h e corrected M O energies, £i c o r r d=£*4-l-65 
eV, are also included in the second row of Tables 1 and 
2. The correction factor of 1.65 eV is taken to give 
a general agreement between the experimental and 
theoretical data . 

T h e results of M O A are shown in Tables 3—10. 
The reference MO' s consist of §°, <ß2

0>'"> 0io°> which are 
the SGF-MO's of naphthalene, and 0x°'s, which repre­
sent the 7T-AO or the T T - M O of the substituents, X being 

TABLE 2. SCF MO ENERGIES(e), CORRECTED SCF MO ENERGIES (scorrd), AND VERTICAL 

IONIZATION POTENTIALS ( 7 V ) IN e V FOR N A P H T H O L S , NAPHTHYLAMINES, 

N A P H T H O N I T R I L E S , AND N A P H T H A L D E H Y D E S 

Compound 

1-Naphthol 
e 
„corrd 

2-Naphthol 
e 
„corrd 

I a> 
1 -Naphthylamine 

e 
„corrd 

J a,b) 

2-Naphthylamine 
s 
„corrd 

J a,b> 
1-Naphthonitrile 

e 
„corrd 

J a) 
2-Naphthonitrile 

e 
„corrd 

I a) 
1 -Naphthaldehydec> 

e 
„corrd c 

2-Naphthaldehydec> 
e 
„corrd 

VI 
h 

- 1 5 . 0 6 
- 1 3 . 4 1 

- 1 4 . 9 1 
- 1 3 . 2 8 

- 1 4 . 5 7 
- 1 2 . 9 2 

12.70 

- 1 4 . 4 4 
- 1 2 . 7 9 

12.50 

- 1 5 . 0 2 
- 1 3 . 3 7 

- 1 4 . 9 7 
- 1 3 . 3 2 

- 1 5 . 0 6 
- 1 3 . 4 1 

- 1 5 . 0 6 
- 1 3 . 4 1 

Photoelectron band (upper) 

V 
02 

- 1 3 . 7 2 
- 1 2 . 0 7 

- 1 3 . 8 9 
- 1 2 . 2 4 

- 1 2 . 9 5 
- 1 1 . 3 0 

11.40 

- 1 3 . 1 4 
- 1 1 . 4 9 

11.70 

- 1 3 . 6 5 
- 1 2 . 0 0 

- 1 3 . 8 7 
- 1 2 . 2 2 

- 1 3 . 7 6 
- 1 2 . 1 1 

- 1 3 . 9 7 
- 1 2 . 3 2 

IV 
03 

- 1 2 . 4 4 
- 1 0 . 7 9 

- 1 2 . 1 2 
- 1 0 . 4 7 

10.54 

- 1 2 . 1 5 
- 1 0 . 5 0 

10.49 

- 1 1 . 7 8 
- 1 0 . 1 3 

10.14 

- 1 2 . 8 5 
- 1 1 . 2 0 

- 1 2 . 5 8 
- 1 0 . 9 3 

11.18 

- 1 2 . 9 9 
- 1 1 . 3 4 

- 1 2 . 8 3 
- 1 1 . 1 8 

and orbital function (lower) 

III 
04 

- 1 1 . 2 9 
- 9 . 6 4 

9.57 

- 1 1 . 5 5 
- 9 . 9 0 

9.91 

- 1 0 . 8 2 
- 9 . 1 7 

9.26 

- 1 1 . 2 6 
- 9 . 6 1 

9.65 

- 1 1 . 8 2 
- 1 0 . 1 7 

10.31 

- 1 2 . 0 5 
- 1 0 . 4 0 

10.51 

- 1 2 . 0 8 
- 1 0 . 4 3 

- 1 2 . 2 2 
- 1 0 . 5 7 

II 
05 

- 1 0 . 6 6 
- 9 . 0 1 

8.89 

- 1 0 . 2 4 
- 8 . 6 1 

8.63 

- 1 0 . 6 2 
- 8 . 9 7 

8.66 

- 9 . 9 9 
- 8 . 3 4 

8.32 

- 1 1 . 0 4 
- 9 . 3 9 

9.35 

- 1 0 . 8 9 
- 9 . 2 4 

9.33 

- 1 1 . 1 1 
- 9 . 4 6 

- 1 1 . 0 9 
- 9 . 4 4 

I 
06 

- 9 . 2 6 
- 7 . 6 1 

7.78 

- 9 . 4 2 
- 7 . 7 7 

7.90 

- 8 . 9 9 
- 7 . 3 4 

7.46 

- 9 . 1 6 
- 7 . 5 1 

7.56 

- 9 . 9 4 
- 8 . 2 9 

8.61 

- 1 0 . 0 1 
- 8 . 3 6 

8.64 

- 1 0 . 1 1 
- 8 . 4 6 

- 1 0 . 1 6 
- 8 . 5 1 

a) Ref. 8. b) Ref. 7. c) The observed data are not available. 



December, 

Referen 
MO 

0i° 
02° 
03° 
0o° 
04° 
05° 
06° 
07° 
08° 
09° 
010° 

1977] 

ce Symmetry 
type 

Assignment 

b i u 

b, g 

b3g 

b i u 
au 

b2g 

b3g 
b i u 
au 

b3g 

.a) 

Band 
notatic 

Bft 

B4 

B3 

B0 

B2 

B, 

Molecular Orbital Analysis of Naphthalene Derivatives 

TABLE 3. ELEMENTS OF B MATRIX OF I-NAPHTHOL11) 

m 

0i 
0.7594 

-0 .1656 
-0 .2152 

0.5629 
0.0045 

-0 .1399 
-0 .0763 
-0 .0041 
-0 .0629 
-0 .0405 

0.0412 

0i° 

Photoelectron band (upper) and 
orbital function (lower) 

02 

0.6327 
0.4008 
0.2875 

-0 .5557 
- 0 . 0 0 4 4 

0.1760 
0.0901 
0.0009 
0.0685 
0.0444 

-0 .0430 

03 

0.1279 
-0 .8791 

0.3642 
-0 .2562 

0 0093 
0.0896 
0.0456 
0.0033 
0.0371 
0.0224 

-0 .0218 

02° 

III 
04 

-0 .0696 
0.1919 
0.8468 
0.3794 

-0 .0102 
-0 .2910 
-0 .0847 
-0 .0027 
-0 .0529 
- 0 . 0 3 7 8 

0.0338 

03°(B3) 

II 
05 

-0 .0030 
0.0131 
0.0092 
0.0053 
0.9997 
0.0077 
0.0026 

-0 .0119 
-0 .0021 
-0 .0026 
-0 .0013 

04°(B2) 

3113 

I 
06 

0.0391 
-0 .0436 
-0 .1428 
-0 .3261 

0.0108 
-0 .9249 

0.0870 
-0 .0011 

0.0634 
0.0365 

-0 .0364 

05°(Bi) 

a) See text for definition. 

T A B L E 4. ELEMENTS OF B MATRIX OF 2-NAPHTHOLa> 

Reference 
MO 

0i° 
02° 
03° 
0o° 
04° 
05° 
06° 
07° 
08° 
09° 
0io° 

Symmetry 
type 

b i u 

b2g 

K 
b i u 

au 

b2g 

b3g 

b i u 

au 
b 3 g 

Assignment^ 

Band 
notation 

B5 

B4 

B3 

B0 

B2 

Bx 

0i 
0.7100 

-0 .3215 
-0 .0921 

0.5774 
-0 .1719 
-0 .0862 

0.0506 
0.0677 
0.0317 
0.0655 

-0 .0345 

0i° 

Photoelectron band (upper) ; 

02 
0.6956 
0.4522 
0.1182 

-0 .4971 
0.1746 
0.0901 

-0 .0478 
-0 .0634 
-0 .0310 
-0 .0614 

0.0305 

orbital function (lower) 

IV 
03 

-0 .0865 
0.7850 

-0 .3946 
0.3703 

- 0 2450 
-0 .1188 

0.0390 
0 0594 
0.0269 
0.0539 

-0 .0261 

02°(B4) 

III 
04 

0.0516 
- 0 . 2 3 4 3 
-0 .8990 
-0 .2353 

0.2642 
0.0705 

-0 .0322 
-0 .0342 
-0 .0182 
-0 .0351 

0.0180 

03°(B3) 

and 

II 
05 

0.0310 
-0 .1125 
-0 .1089 
-0 .3025 
-0 .8640 

0.3567 
-0 .0406 
-0 .0627 
-0 .0204 
-0 .0526 

0.0239 

04°(B2) 

I 
06 

0.0286 
-0 .0885 
-0 .0399 
-0 .2826 
-0 .2506 
-0 .9152 
-0 .0514 
-0 .0570 
-0 .0272 
-0 .0478 

0.0232 

05°(Bi) 

a) See text for definition. 

T A B L E 5. ELEMENTS OF B MATRIX OF I -NAPHTHYLAMINE^ 

Reference 
MO 

0i° 
02° 
03° 
04° 
05° 
0N° 
06° 
07° 
08° 
09° 
010° 

Symmetry 
type 

b i u 
b2g 

b 3 g 
b i u 

au 

b2g 

b3g 

b i u 
au 

b 3 g 

Assignment") 

Band 
notation 

B5 

B4 

B3 

B2 

Bi 
BN 

VI 
0i 

0.9635 
-0 .0587 
-0 .1127 

0.0036 
-0 .0579 

0.2243 
-0 .0265 
-0 .0036 
-0 .0244 
-0 .0154 

0.0162 

0i°(B5) 

Photoelectron band (upper) ; 

V 
02 

-0 .1943 
-0 .8164 
-0 .3134 

0.0144 
-0 .1537 

0.4063 
-0 .0651 
-0 .0006 
-0 .0491 
-0 .0322 

0.0308 

02°(B4) 

orbital funct: 

IV 
03 

0.1498 
-0 .5332 

0.7309 
0.0023 
0.1361 

-0 .3639 
0.0613 
0.0038 
0.0507 
0.0304 

-0 .0295 

03°(B3) 

ion (lower) 

III 
04 

-0 .0920 
0.2038 
0.5684 

-0 .0111 
-0 .5270 

0.5777 
-0 .1235 
-0 .0056 
-0 .0782 
-0 .0552 

0.0482 

and 

II 
05 

- 0 0028 
-0 .0163 

0 0120 
0.9996 
0.0072 
0.0078 
0.0032 

-0 .0132 
- 0 . 0 0 3 4 
-0 .0030 
-0 .0012 

04°(B2) 

I 
06 

-0 .0526 
0.0615 
0.1757 

-0 .0131 
0.8220 
0.5051 

-0 .1332 
- 0 . 0 0 0 4 
-0 .0912 
-0 .0550 

0.0521 

06°(Bi) 

a) See text for definition. 
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Reference 
MO 

0i° 
02° 
03° 
04° 
^5° 

0N° 
^6° 

07° 
08° 
09° 
0io° 

Symmetry 
type 

b ^ 

b2g 

b3g 

biu 

au 

b2g 

b3g 

biu 

au 

b3B 

Assignment1' 

Tsuneo Fujii and Satoshi SUZUKI 

T A B L E 6. ELEMENTS OF B MATRIX OF 2-NAPHTHYLAMINE11) 

Band 
notation 

B5 

B4 

B3 
B2 

B i 

BN 

a) See text for definition. 

Reference 
MO 

0i° 
0CN1° 

02° 
03° 
04° 
05° 
06° 
^7° 

0CN2° 

08° 
09° 
010° 

Symmetry 
type 

b ^ 

b2g 

b 3 . 
b iu 

au 
b2g 

K 

biu 

au 

b 3 g 

Assignment11) 

VI 
0i 

0.9662 
-0 .1392 
-0 .0298 
-0 .0704 
-0 .0289 

0.1973 
0.0171 
0.0217 
0.0096 
0.0206 

-0 .0119 

0i°(B5) 

Photoelectron band (upper) and 

V 
02 

-0 .2309 
-0 .8360 
-0 .1314 
-0 .1866 
-0 .0818 

0.4251 
0.0419 
0.0517 
0.0263 
0.0505 

-0 .0256 

02°(B4) 

orbital function (lower) 

IV 
03 

0.0566 
-0 .0369 

0.8374 
0.2299 
0.1077 

- 0 . 2 9 8 8 
-0 .0282 
-0 .0476 
-0 .0215 
-0 .0414 

0.0195 

03°(B3) 

III 
04 

0.0813 
-0 .3349 
-0 .5127 

0.6159 
0.1627 

-0 .4464 
-0 .0543 
-0 .0645 
-0 .0345 
-0 .0634 

0.0319 

T A B L E 7. ELEMENTS OF B MATRIX OF I-NAPHTHONITRILE8^ 

Band 
notation 

S 
B C N 

B4 

B3 

B2 

B i 

a) See text for definition. 

Reference 
MO 

^ 0 
0CN1° 

02° 
03° 
04° 
05° 
06° 
h ° o 
0CN2° 

08° 
09° 
010° 

Assignm 

Symmetry 
type 

b i u 

b2B 

b3 g 

biu 

au 

b 2 g 

b3 B 

b i u 
au 

b3g 

enta> 

/ 

0i 
0.9398 
0.3005 

-0 .0955 
-0 .0825 

0.0042 
-0 .0544 
- 0 . 0 2 8 4 
-0 .0007 

0.0771 
- 0 . 0 2 0 4 
-0 .0133 

0.0129 

0i° 

Photoelectron band (upper) and 

02 

-0 .3218 
0.6938 

-0 .5174 
-0 .3316 
-0 .0110 
-0 .1573 
-0 .0637 
-0 .0008 

0.0655 
-0 .0489 
-0 .0304 

0.0301 

orbital function (lower) 

03 

0.0784 
-0 .3925 
-0 .8385 

0.3503 
-0 .0211 

0.1052 
0.0350 
0.0025 
0.0103 
0.0264 
0.0169 

-0 .0158 

02° 

III 
04 

-0 .0584 
0.4482 
0.1247 
0.8662 

-0 .0054 
-0 .1442 
-0 .0344 

0.0032 
- 0 . 0 8 0 8 
-0 .0267 
-0 .0171 

0.0170 

03°(B3) 

T A B L E 8 . E L E M E N T S O F B M A T R I X O F 2-NAPHTHONiTRiLEa> 

Band 
notation 

B^ 
B CN 

B4 

B3 

B2 

B i 

0i 
0.9466 
0.2733 

-0 .1330 
-0 .0399 
-0 .0541 
-0 .0323 

0.0139 
0.0206 
0.0688 
0.0098 
0.0194 

-0 .0095 

0i° 

Photoelectron band (upper) and 

02 

0.3081 
-0 .6684 

0.6217 
0.1293 
0.1840 
0.0881 

-0 .0376 
-0 .0515 
-0 .0787 
-0 .0224 
-0 .0474 

0.0235 

orbital functi 

IV 
08 

0.0745 
-0 .5208 
-0 .7447 

0.3370 
0.2051 
0.0901 

-0 .0282 
-0 .0369 

0.0334 
-0 .0151 
-0 .0338 

0.0166 

02°(B4) 

ion (lower) 

III 
04 

0.0255 
-0 .2766 
-0 .1697 
- 0 . 9 2 8 8 

0.1643 
0.0386 

-0 .0164 
-0 .0197 

0.0441 
-0 .0093 
-0 .0156 

0.0072 

03°(B3) 

II 
05 

0.0356 
-0 .1231 
-0 .1129 
-0 .6373 

0.6309 
-0 .3906 
-0 .0504 
-0 .0756 
-0 .0263 
-0 .0649 

0.0296 

II 
05 

-0 .0061 
0.0023 

-0 .0224 
0.0087 
0.9996 
0.0081 

-0 .0054 
-0 .0007 
-0 .0038 

0.0021 
-0 .0011 

0.0000 

04°(B2) 

II 
05 

0.0209 
-0 .3010 
-0 .0506 
-0 .0559 
-0 .9375 

0.1127 
-0 .0076 
-0 .0142 

0.1060 
-0 .0079 
-0 .0128 

0.0068 

04°(Ba) 

[Vol. 50, No. 

I 
06 

-0 .0437 
0.1330 
0.0705 
0.3479 
0.7456 
0.5191 
0.0869 
0.1019 
0.0459 
0.0857 

-0 .0406 

05°(Bi) 

I 

0« 
0.0082 

-0 .2431 
-0 .0115 
-0 .0182 

0.0088 
-0 .9595 

0.0062 
0.0063 
0.1401 
0.0035 
0.0030 

-0 .0019 

06°(Bi) 

I 
06 

-0 .0027 
0.1634 
0.0121 

-0 .0052 
0.0544 
0.9806 
0.0057 

-0 .0018 
-0 .0923 

0.0033 
0.0042 

-0 .0034 

05°(Bi) 

12 

a) See text for definition. 
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Reference 
MO 

Symmetry 
type 

T A B L E 9. 

Band 
notation 

ELEMENTS OF B MATRIX OF I-NAPHTHALDEHYDE*' 

Orbital function 

01 02 03 04 05 0e 

0CHO1 

02° 
03° 
04° 
05° 
0e° o 

0CHO2 

07° 
08° 
09° 
0io° 

3 g 

B6 

BCHO 

B4 

B3 

B2 

Bx 

-»3g 

3 g 

0.9585 
0.2605 

-0.0497 
-0.0610 
0.0163 

-0.0316 
-0.0021 
-0.0716 
-0.0036 
-0.0147 
-0.0102 
0.0088 

-0.2692 
0.8046 

-0.4182 
-0.2758 
0.0048 

-0.1371 
-0.0604 
0.0551 

-0.0052 
-0.0446 
-0.0298 
0.0274 

-0.0648 
0.3533 
0.8994 

-0.2368 
0.0039 

-0.0630 
-0.0176 
-0.0343 
-0.0010 
-0.0162 
-0.0098 
0.0100 

-0.0266 
0.3469 
0.0950 
0.9237 

-0.0169 
-0.0827 
-0.0190 
•0.0945 
0.0060 

•0.0114 
-0.0090 
0.0086 

0.0139 
0.0029 

-0.0002 
-0.0178 
-0.9996 
0.0018 

-0.0042 
0.0126 

-0.0003 
0.0084 

-0.0032 
0.0029 

0.0042 
-0.1758 
0.0046 

-0.0068 
-0.0001 
-0.9732 
-0.0129 
0.1475 
0.0023 

-0.0018 
-0.0061 
0.0020 

Assignment11) 

a) See text for definition. 

TABLE 10. 

Reference Symmetry Band 
MO type notation 

01° 0CHO? 02° 03° 

ELEMENTS OF B MATRIX OF 2-NAPHTHALDEHYDEa> 

Orbital function 

01 02 03 04 

04° 

05 

05° 

0« 

0CHO1 

02° 
03° 
04° 
05° 
0«° o 

0CHO2 

J 2g 

3 3 g 

B5 

BCi 

B4 

Bx 

2 g 

J 3g 

0.9577 
0.2479 

-0.1127 
-0.0402 
-0.0377 
-0.0297 
0.0082 
0.0641 
0.0159 
0.0067 
0.0144 

-0.0067 

-0.2786 
0.7426 

-0.5580 
-0.1211 
-0.1655 
-0.0833 
0.0314 
0.0697 
0.0462 
0.0182 
0.0415 

-0.0202 

-0.0525 
0.5254 
0.8128 
-0.1842 
-0.1344 
-0.0595 
0.0205 
-0.0570 
0.0250 
0.0101 
0.0233 
-0.0117 

0.0023 
-0.1980 
•0.0746 
-0.9727 

0.0812 
0.0015 
-0.0110 
0.0458 
-0.0110 
-0.0072 
-0.0076 
0.0033 

-0.0125 
0.2271 
0.0080 
0.0286 
0.9663 
-0.0402 
-0.0041 
-0.1099 
-0.0005 
0.0036 
0.0012 
-0.0019 

0.0055 
0.1115 
-0.0093 
-0.0237 
0.0065 
0.9900 
0.0053 
-0.0819 
-0.0087 
0.0030 
0.0010 
-0.0025 

Assignment115 
04 

a) See text for definition. 

O, N , CN, and C H O , corresponding to naphthols, 
naphthylamines, naphthonitriles, and naphthaldehydes 
respectively. T h e symmetry types shown in the tables 
are those for the naphthalene SCF-MO's , where the 
X- and Y-axes are chosen as the long and short axes 
of the naphthalene ring respectively. T h e band nota­
tions for the PE bands of naphthalene and the sub­
stituents, B1? B2,---, B x , are also given in the tables. I n 
columns of these tables, the elements of B matr ix defined 
by Eq. 4 are given. The square of the element represents 
the weight of the individual 0,°'s. When a reference 
M O , 0,-°, makes a contribution of more than 5 0 % to 
0;-, the <f>j is assigned to the 0,°; the band notation 
for the 0,° is given in the assignment column. 

Figures 1 and 2 show the energy diagrams for the 
occupied ^-orbitals of the compounds studied. When 
0t-° makes a contribution of more than 5 0 % to 0y, the 
level of the 0,° is connected to that of the 0y by . 
When the 0,° makes a contribution of between 30 to 
50% to the 0y, the level of the <f>° is connected to that 
of the $j by The M O energy levels of monosub-
stituted naphthalenes with an electron-donating group 
look as if they are shifted toward a higher energy 

-10 

u> 

-15 h 

h 06 

'v*LB^.< 
05 

ss*6,Bo ^ - A . 
•--... 0« 

\*3,B3 *L. 
03 

02 *2,B4 

*1 / / 02 

0, i ' " v L A 
_0I fl.Bs ,._. 

02 

0t 

1-OH N'OH 2-0H 1-NH2 N*NH2 2-NH2 

Fig. 1. Orbital energy diagram for the occupied ^-Orbit­
als of naphthalene (N), 1- and 2-naphthols(l-OH and 
2-OH), and 1- and 2-naphthylamine(l-NH2 and 
2-NH2). OH and NH2 : the TI-AO of the substituents; 

: SCF-MO energies of the compounds; : tt-AO 
of the substituents. A semibroken line( ) indicates 
that <j)° makes a contribution higher than 50% to <pj and 
a dotted line ( )a contribution ranging from 30% 
to 50%. Bl5 B2, •••, correspond to the band notation 
(see text). 
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0*,B5 0Î.B5 
0i s' ^ *i 0i S ^ ^ 0i 

1-CN N*CN 2-CN 1-CHO N*CH0 2-CHO 

Fig. 2. Orbital energy diagram for the occupied ^-Orbit­
als of naphthalene(N), 1- and 2-naphthonitriles(l-CN 
and 2-CN), and 1- and 2-naphthaldehydes( 1-CHO and 
2-CHO). CN and CHO: the occupied jr-MO of the 
substituents; : JC-MO of the substituents. Other 
symbols are the same as in Fig. 1. 

compared with those of naphthalene, although the case 
of naphthylamines is somewhat complicated. O n the 
other hand, the M O energy levels of naphthonitriles 
and naphthaldehydes are apparently shifted toward a 
lower energy. 

D i s c u s s i o n 

Usually the ionization potentials are evaluated from 
the SCF molecular wavefunction by the use of 
Koopmans ' theorem, 2> according to which the energy 
required to remove an electron from the zth orbital of a 
molecule, leaving the nuclei fixed and the orbital 
unaltered, is given by 

h = -H- (5) 

Tables 1 and 2 show that the e,co r rd 's for the compounds 
studied in the present paper are in good agreement 
with the observed 7v's. T h e £ j c o r r d of the unoccupied 
orbital 06° of naphthalene is equal to 0.25 eV. T h e 
reported value of the electron affinity is 0.16 eV12) or 
0.20 eV.13> Hence, ei

corrd is found to be a reasonable 
value for both the Iv and the electron affinity. Below, 
discussion will be limited to the occupied orbitals. 

Orbital Assignment. Let us now proceed to 
discuss the results of the M O A , beginning with naph-
thols. 

Tables 3 and 4 show that the <f>x, 03, 04, 05, and 06 

of naphthols are assigned to the <f>°, <fi2°, 03°, 04°, and 05° 
of naphthalene respectively. There is a relatively strong 
interaction among the 0^ , 0.2°, and 0O° of which the 02 of 
naphthols is composed. The most important reference 
M O ' s in the 02 of naphthols are the <f>i and <f>o

0. There 
is a splitting of the reference M O ' s . For example, the 
0!° splits into the <px and 02 of nearly equal weights, the 
0j lying on the lower-energy side, and the 0 2 on the 
higher-energy side, relative to $£. T h e 0 5 of 1-naphthol 
has almost the same property as the 04°. The 0O° makes 
an important contribution to the 0 l 5 02, 04, and 0 6 by 
weights of 31.7, 30.9, 14.4 and 10.6% in 1-naphthol 
and to the 01} 02, and 03 by weights of 33.3, 24.7, and 
13.7% in 2-naphthol, respectively. 

With reference to the results shown in Tables 5 and 
6, the 0 l 5 02, 03, and 06 of naphthylamines can reasonably 

be assigned to the 0^ , 02°, 03°, and 05° respectively. 
T h e 05° of 1-naphthylamine has almost the same property 
as the0 4° , the situation being the same as in 1-naphthol. 
There is a relatively strong interaction among the 
03°, 05°, and 0N° of which the 04 of 1-naphthylamine is 
composed. They make nearly equal contributions to 
the 04 . However, in the case of 2-naphthylamine, the 
interaction among the 02°, 03°, 04°, 05°> and 0N° is large, 
yielding the 0 4 and 05 . A splitting of the reference 
M O ' s is also found, as in the case of naphthols. For 
example, 04° splits into the 04 and 0 5 with nearly equal 
weights. T h e 04° is the most important reference M O 
in the 04 and 05 of 2-naphthylamine. The weight of 
the 04° to the 04 is larger than that of the 03°. The 04 

lies on the higher-energy side, and the 0 5 lies on the 
lower-energy side, relative to the 04°. The 0N° makes an 
important contribution to the 02, 03, 04, and 06 by 
weights of 16.5, 13.2, 32.2, and 25 .5% in 1-naphthyl­
amine, and to the 02, 04, 05, and 06 by weights of 18.1, 
19.9, 15.3, and 27.0% in 2-naphthylamine, respectively. 

I t may be seen in Tables 7 and 8 that the <f>x, 03, 04, 
05, and 0 6 of naphthonitriles can reasonably be assigned 
to the 0!°, 02°, 03°, 04°, and 05° respectively and that the 
0 5 of 1-naphthonitrile has the same property as the 
04°, just as in 1-naphthol and 1-naphthylamine. The 4>% 
of naphthonitriles is mainly composed of the 0CNI° and 
02°. The 0CNI° makes an important contribution to the 
02, 03, and 04 by weights of 48.1, 15.4, and 2 0 . 1 % in 
1-naphthonitrile and to the 02 and 0 3 by weights of 
44.7 and 2 7 . 1 % in 2-naphthonitrile respectively. T h e 
splitting of the reference MO' s is also found, as in the 
case of electron-donating. 

Tables 9 and 10 show that the 01? 02, 03, 04, 05, and 
06 of naphthaldehydes are assigned to the ^1°, 0CHOI°, 02

O> 
03°, 04°, and 05°, respectively, irrespective of the substitu­
tion at the 1- or 2-position. The 0CHOI° mixes mainly 
with the 02°. I t is also found that the reference M O ' s 
split into several M O ' s of naphthaldehydes. The 05 

of 1-naphthaldehyde also has the same property as the 
04°. T h e 0CHOI° makes an important contribution to the 
0 3 and 04 by weights of 12.5 and 12.0% respectively in 
1-naphthaldehyde and to the 0 3 by a weight of 27.6% 
in 2-naphthaldehyde. 

As may be seen from Tables 3, 5, 7, and 9, the weight 
of the 04° in the 0 5 is always 99.9% in the case of the 
naphthalene derivatives with a substitution at the 1-
position. T h e 04° of naphthalene is little affected by 
the substitution at the 1-position. This situation can 
be well interpreted in terms of the property of the 
orbital. Since the 04° orbital of naphthalene has a node 
at the 1-position, its energy is little changed by the 0O°, 
0N°, 0CN°'S, and 0CHO°'S in the cases of 1-naphthol,8) I-
naphthylamine,8) 1-naphthonitrile,8) and 1-naphthal­
dehyde. 

Assignment of the Photoelectron Spectra. T h e results 
of the orbital assignment will now be related to the PE 
spectra. The PE spectra of naphthalene have five bands 
in the region from 8 to 13 eV.4>6'7'14) Table 1 shows that 
Bands I, I I , I I I , IV, and V are assigned to the ionization 
corresponding to taking an electron away from the 
05°, 04°, 03°, 02°, and 0!° respectively. The PE bands 
corresponding to these ionization processes are con-
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veniently indicated by the B1} B2, B3, B4, and B5 notations 
respectively. T h e B0 , BN, BCN, and BCHO notations in­
dicate taking an electron away from the 0O°, 0N°> 0CNI°) 
and 0CHOI° respectively (see Tables 3—10). 

The PE spectra of naphthalene derivatives have been 
reported by several authors.6 - 8) 1-Naphthoic has three 
bands, I, II, and III, in the region from 7 to 10 eV, 
while 2-naphthol has four bands, I, II, III, and IV, 
in the region from 7 to 11 eV. From Table 3, Bands 
I, I I , and III of 1-naphthol are assigned to the B l 5 B2 , 
and B3 of naphthalene, while from Table 4 Bands I, 
II, III, and IV of 2-naphthol are assigned to the B l s B2, 
B3, and B4 of naphthalene respectively. 

In the cases of 1- and 2-naphthylamines, there are six 
bands in the region from 7 to 13 eV.7,8) Bands I, II, 
IV, V, and V I of 1-naphthylamine are assigned to the 
B l 3 B2, B3, B4 , and B5, while Bands I, IV, V, and V I of 
2-naphthylamine are assigned to the B l 5 B3 , B4, and B5 

respectively. Band III of 1-naphthylamine is composed 
of the BN, B l 5 and B3. Bands II and III of 2-naphthyl­
amine are composed of the B1 and B2 and of the B2 and 
B3 respectively. 

The PE bands of naphthonitriles have been reported 
by the same authors.8) Bands I, II, and III for 1-
naphthonitrile and Bands I, II, III, and I V for 2-
naphthonitrile have been found. It may be seen from 
Tables 7 and 8 that they are assigned to the B^ B2, and 
B3 for 1-naphthonitrile and to the B1 , B2, B3, and B4 for 
2-naphthonitrile. 

Effects of the Electron-donating and Electron-accepting 
Properties on the Photoelectron Spectra. I t is well 
known that the amino and hydroxyl groups have an 
electron-donating property, while the formyl and cyano 
groups have an electron-accepting property. In this 
subsection we will discuss the effect of these properties 
of the substituent on the PE spectra. 

The PE spectra of naphthylamine, on the whole, are 
similar in appearance to the PE spectra of the corre­
sponding naphthols. However, in passing from 
naphthols to naphthylamines, the individual bands 
undergo considerable changes in location. 

The weight of the most important reference orbitals 
in naphthylamines is considerably smaller than that 
of the corresponding orbitals in naphthols. This suggests 
that amino substitution has a greater influence on the 
PE bands of naphthalene than does hydroxyl substitu­
tion. Since the calculated orbital energy is — 9.7 eV 
for an amino group and — 11.7eV for a hydroxyl 
group, the higher the energy of the orbital of the 
substituent, the greater the mixing among the reference 
orbitals in the case of electron-donating substitution. 

There may also be a similarity of the PE spectra 
between naphthonitriles and naphthaldehydes, as in 
the case between naphthols and naphthylamines. 

I t may be seen from Tables 7—10 that the weight 
of the most important reference orbitals in the individual 
orbitals of naphthaldehydes and the mixing among the 
local TT-MO'S of naphthalene and the orbital of the 
formyl group in naphthaldehydes are smaller than 
those in naphthonitriles. This suggests that the cyano 

substitution has a greater influence on the lower-energy 
PE bands of naphthalene than does the formyl substitu­
tion. The cyano and formyl groups have one occupied 
M O and one unoccupied M O . T h e calculated T T - M O 
energies for the cyano group are £ciu = —13.2209 eV 
and £C N 2=— 0.1855 eV, while those for the formyl 
group are £ C H O I = —13.7252 eV and eCH02 = —0.7651 
eV. T h e energy difference between the unoccupied 
orbital of the formyl group and the occupied TT-MO'S of 
naphthalene is smaller than that between the unoccupied 
orbital of the cyano group and the occupied J T - M O ' S of 
naphthalene. Therefore, the smaller the energy 
difference between the unoccupied orbital of the 
substituent and the occupied TT-MO'S of naphthalene, 
the smaller the mixing among the reference orbitals, 
this is in contrast with the electron-donating case. 

T h e individual electronic absorption bands of naph­
thalene derivatives shift to the red relative to the 
corresponding bands of naphthalene whether the 
substituents are electron-donating or electron-accepting. 
T h e behavior of the individual electronic absorption 
bands of naphthalene derivatives can now be satisfactori­
ly interpreted by the method of configuration anal­
ysis.10'11-15) O n the other hand, the PE spectra of 
naphthonitriles and naphthaldehydes shift to the lower 
energy of the corresponding bands of naphthalene. The 
PE spectra of naphthols and naphthylamines seem to 
shift to the higher energy relative to the corresponding 
bands of naphthalene. No simple explanation of the 
relationships observed in the PE spectra of naphthalene 
derivatives can be offered at the present time. 
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The nuclear magnetic multiple-resonance method developed by Forsén and Hoffman for the study of exchange 
rates has been applied to the two different types of OH protons of the 1,3-dihydroxyacetone dimer in dimethyl-t/6 

sulfoxide, i.e., OH (a) and CH2OH (ß). Here, "decay" and "recovery" curves were obtained using the so-called 
"INDOR" method, instead of a rapid repetitive scan method. Since the INDOR method continuously monitors a 
peak height, decay and recovery curves as fast as 1 s can be drawn by storing them in a computer after a single scan. 
The concentration dependence was examined as a two-site exchange system by neglecting the small amount of water 
(y) contained in the dimethyl sulfoxide solvent. Both the lifetime, r, and the longitudinal relaxation time, Tx, ob­
tained from this assumption correlate well with the concentration variation of the 1,3-dihydroxyacetone dimer. 
The difference in the types of OH protons on the concentration dependence is clearly seen for the latter parameter, 
Tv From the triple-resonance experiments including y, it was found that the ß proton is more "labile" than the a. 

One of the most powerful uses of nuclear magnetic 
resonance spectroscopy in physical chemistry is its 
application to rate processes, such as chemical exchange 
reactions, restricted internal rotations and ring inver­
sions. Two types of experimental and analysis methods 
have been developed so far for studies using a continuous 
wave (cw) N M R spectrometer, one is the line-shape 
analysis method originated by Gutowsky, McCall , and 
Slichter1 '2) and further extended and widely applied 
by many investigators3) and the other is the double- or 
multiple-resonance method presented by Forsén and 
Hoffman,4-5) which will hereafter be referred to as the 
F H method. This latter method is somewhat specific, 
since it can be applied for relatively slow-rate processes 
and in a narrower range than the former, i.e., in the 
0.01—1 s - 1 range of a first-order rate constant. There­
fore, examples of investigations using the F H method 
have been relatively few up to now.6) These limitations 
arise for theoretical and technical reasons, i.e., the 
lifetime of an exchanging nucleus must be comparable 
with its spin-lattice relaxation time, Tlf and the "decay" 
of the signal intensity upon sudden irradiation to 
another signal must be accurately followed. This latter 
gives the upper limit of the rate process which can be 
followed. Forsén and Hoffman have employed the rapid 
repetitive scan method in a state of no spin and mis-
adjustment of the field homogeneity which prevents 
signal distortion due to wiggling and maintains slow 
passage conditions. Anet and Bourn have devised their 
equipment to continuously receive the intensity of a 
sharp signal with the sample spining and with the help 
of a field-frequency lock system.7) This method can 
handle somewhat more rapid processes and closer 
signals of exchanging nucleus than the rapid repetitive 
scan method. 

In the present work, an at tempt was made to deal 
with relatively fast rate processes for the F H method, 
i.e., processes with lifetimes less than about one second. 
This fills the gap between the fast limit of the F H method 
and the slow limit of the line-shape analysis method 
and extends the rate constant range over which the F H 
method can be applied. For this purpose, continuous 
observation of the signal height, a method similar to 

that of Anet and Bourn was adopted although the 
necessary decay curves were obtained differently. The 
so-called " I N D O R " technique, first described and 
applied by Baker,8) was employed in this work. In 
order to follow and record fast changes in the signal 
height, C A T (time-averaging computer) was used. For 
a preliminary examination, a dimethyl sulfoxide 
solution of a 1,3-dihydroxyacetone dimer was chosen 
as an example and it was examined to what extent this 
I N D O R technique could follow a fast rate process 
within the framework of the F H method. 

Exper imenta l 

Materials. The highest purity 1,3-dihydroxyacetone dimer 
(hereafter abbreviated as DAD) was obtained from the Tokyo 
Kasei Kogyo Co., Ltd, and dimethyl-^ sulfoxide (DMSO-rf6) 
was obtained from the Stohler Isotope Chemicals (SIC) Co., 
Ltd. These were used without further purification including 
in the deoxygenation and drying procedures, since from the 
preliminary experiment the magnitude of the lifetimes, T, and 
spin-lattice relaxation times, Tlt of the OH protons of DAD 
were appropriately suited to this purpose. The balancing of 
the magnitudes of these two parameters is a very important 
point of the FH method.4'5) 

NMR Measurements. All measurements were performed at 
26 °C with a Varian HA-100 D spectrometer operating in the 
frequency sweep mode at 100 MHz and with a 20-dB RF-field 
attenuation. Tetramethylsilane was used as an internal lock 
signal. The leakage from the transmitter coil to the receiver 
coil was minimized as much as possible with probe tuning 
paddles to avoid receiver overload when perturbing H% and 
H3 fields were switched on. The "INDOR" experiments 
were performed using a Hewlett-Packard Model 4204 A 
oscillator as an additional oscillator for observing the Hx field. 
Attention was paid to the amplitude of the Hx field so as not 
to reduce the observing signal height by saturation. For 
triple-resonance experiments, a Wavetek Model 111 oscillator 
was employed. The perturbing field strengths of H% and Ha 

used were determined to sufficiently saturate the signals but 
not to cause receiver overload. A Varian C-1024 time-averag­
ing computer (CAT) operating in the internal trigger mode 
was used to follow and to store the fast changes in the signal 
intensity and then to read out the data on the recorder of the 
HA-100 D spectrometer. The sweep time of the C-1024 was 
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arbitrarily set in the range from 2.5 to 10 s depending on the 
duration of the decay and recovery curves. A pen response 
time of 5 Hz was used for filtering. 

R e s u l t s and D i s c u s s i o n 

1,3-Dihydroxyacetone (I) is known to be present as a 
dimer having a 1,4-dioxane structure (II) in the cry-

a 
HO 

H0H2C ;4^^-:0 

f CH 2 0H 

1CH20H 
2C=*0 
3CH2OH 

stalline state. This form is maintained as the main 
species in a dimethyl sulfoxide solution, a t least for a 
few hours after dissolution.9) Figure 1 shows a typical 
proton magnetic resonance spectrum of DAD in a 
DMSO-rfe solution (2.0 M) together with assignments 
using the notation and numbering shown in I I . T h e 
weak signal at about 3.65 ppm is due to water protons 
and is also designated as y. As is seen in Fig. 1, since the 

5.0 4.0 
ppm (Ô) 

Fig. 1. The proton magnetic resonance spectrum of DAD 
observed in 2.0 M solution in DMSCW6, together with 
the assignments and INDOR spectra for a and ß reso­
nances, (a) INDOR spectrum for <x(ß), (b) INDOR 
spectrum for /3(a). 

two types of O H protons, a and ß, are well separated 
from each other and also from the other signals, DAD 
can be irradiated safely by the strong rf fields inherent 
to the F H method. The concentration dependence of 
the features of the a and ß signals is shown in Fig. 2, 
in which the a and ß signals for 2.0, 1.0, 0.5, and 0.25 M 
solutions are presented. When the concentration was 
lowered, both the a and ß signals became sharp. This 
was particularly clear for the ß signals. This sharpening 
implies a slowdown in the exchange rate, although an 
increase in the spin-spin relaxation time, T2, may also 
contribute to this sharpening. Accordingly, the sharpen­
ing of the a and ß signals cannot be explained simply. 
I t was difficult to monitor the y signal for 2.0 M by the 
I N D O R technique due to its weakness. When the 
solutions were diluted from 2.0 M, the y signal shifted 
to higher field with concomitant narrowing of the line 

0.25M 

gig , l g l ö ^ 

ppm (Ô) 
Fig. 2. The a and ß resonances of DAD, showing the 

effect of concentration. 
(a) 2.0 M, (b) 1.0 M, (c) 0.5 M, and (d) 0.25 M in 
DMSO-</6. 

width and at 0.25 M it overlapped the low-field signal 
of the C2>4Ha doublet. For these reasons, the exchange 
reactions of the a and ß protons were first investigated 
using the I N D O R technique over the 2—0.25 M range 
neglecting the presence of the y proton. T h e elimination 
of the y proton from the exchange pathway in the 
experiment gives an apparent lifetime, T, and a spin-
lattice relaxation time, T1} which may be useful as 
relative parameters to observe trends. Subsequently, a 
three-site exchange system, which includes y as an 
exchangeable site, was investigated for 1.0 and 0.5 M 
and compared with the results of the two-site exchange 
approximation. 

Two-site Exchange System between a and ß Protons. 
Figures 1 (a) and (b) show examples of I N D O R spectra 
in cases where the a and ß signals were monitored and 
the ß and a signals were perturbed, respectively. Only 
one negative I N D O R signal is obtainable in each case, 
since the spin transferred by chemical exchange from the 
saturating site simply reduces the monitoring signal 
intensity. Here, an abbreviation for the formal descrip­
tion of the multiple resonance experiment, is used with 
the nucleus under study outside the parenthesis and the 
nucleus being irradiated inside the parenthesis, e.g., tx.(ß) 
for case (a) and /?(a) for case (b). If a recorder pen is 
set at the frequency of the bottom position of the 
I N D O R spectrum and then if the irradiation field is 
switched on, the decay curve of the monitoring signal 
can be obtained by sweeping the GAT at a constant 
speed. Similarly, a recovery curve can be obtained 
when the radiation is switched off after the transient 
decay reaches a steady state. Figures 3 and 4 show the 
decay and recovery curves obtained at 2.0 and 0.25 M 
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Fig. 3. The decay and recovery of the magnetization of 
DAD, 2.0 M in DMSO-</6 solution for (a) a{ß) and 
(b) ß(a) arrangements. "ON" and "OFF" indicate 
the start and the removal of the irradiation, respec­
tively. 

Fig. 4. As for legend to Fig. 3, except that 0.25 M in 
DMSO-</6 solution was used. 

for both cn{ß) and /9(a) experimental arrangements. In 
analyzing the decay curves, the following three points 
were taken into account: 

(a) There is a time lag until complete saturation 
after the irradiation power is switched on. 

(b) A time lag due to pen response may be present. 
For example, in this experiment, a response frequency 
of 5 Hz was used, which causes a time lag of at most 
0.2 s for the decay curve as a whole. 

(c) "Shock noise" appears when the irradiation rf 

power is switched on or off, as Figs. 3 and 4 show. This 
noise also causes a lag in the recovery curve. 
These three points introduce errors in the analysis of 
the decay curves. However, in practice, the scale of the 
decay curves is less than 10 cm, so that the time lag due 
to (b) may be less than 0.1 s. This time lag may have 
some effect in the case of the decay of a 2.0 M solution, 
but may not be as large for the case of the slow decay of 
a 0.25 M solution. The time lag due to (a) is inevitable, 
in principle, but due to (c), the decay curves were 
analyzed after the decay had passed through its initial 
value, i.e., Ma° or Mß°. This delay may compensate 
the time lags due to (a) and (b) to approximately the 
same extent. Figure 5 shows the logarithmic plots 
(ln[Mi(t)~ Mi(oo)] versus t) of the magnetization decay 
for 2.0, 1.0, 0.5 and 0.25 M solutions. T h e slopes of the 
lines give T i a = 0 . 1 4 , 0.21, 0.38, and 0.55 s and T ^ = 
0.15, 0.31, 0.47, and 0.62 s from 2.0 to 0.25 M, respec­
tively. From these r1} r, and Tx for each concentration 
can be calculated using Eqs. 2 and 10 of Ref. 4 and are 
plotted in Figs. 6(a) and (b), respectively. T h e results 
of two series of experimental trials are shown. In 

0.0 0.5 1.0 

t (s) t (s) 

Fig. 5. Logarithmic plots (base e) of the decay of mag­
netization for (a) a(ß) and (b) /3(a) arrangements at 
various concentrations. The experimental points are 
taken from a smooth curve drawn through the decay 
curve "by-eye". 
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0.5 

0 

(b) 
• 
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CONCENTRATION (M) CONCENTRATION (M) 

Fig. 6. The effect of concentration on (a) rt and (b) 
(i=a,jff). 0 : Experiment 1, #•* Experiment 2. 

Tn 
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Experiment 1, sample solutions of 1.0, 0.5, and 0.25 M 
were prepared by successive dilution from a 2.0 M 
solution, whereas in Experiment 2, each sample solution 
was prepared by weighing the corresponding amount 
of DAD individually. These two series were made to see 
the extent of scatter of x and 7 \ by the sampling method. 
However, as shown in Figs. 6(a) and (b), both Experi­
ments 1 and 2 give similar trends. This indicates that 
T and 7 \ are not appreciably influenced by a small 
difference in the water content arising from the difference 
in sampling methods. 

As shown in Fig. 6(a), when the concentration is 
lowered, both T« and rß increase steeply. This trend 
clearly shows the slowing down of the exchange rate 
between the a and ß protons which was implied by 
sharpening of the signals upon dilution, as seen in Fig. 2. 
The steep increase in T indicates that the exchange 
reaction may be controlled by the collision probability 
which depends on the concentration. O n the other 
hand, with regard to 7 \ , Tla, and Tlß show different 
tendencies with Txa increasing monotonically and Txß 

reaching a maximum at about 1.0 M. This difference 
may be caused by the difference in the magnetic 
environments of the a and ß protons, namely, the ß 
proton has neighboring methylene protons while the a 
proton does not. 

For both Experiments 1 and 2, rß was slightly larger 
than ra. This is reasonable since Mß° is 1.1—1.2 times 
larger than Ma°. Another important point for checking 

0 0 ^ Ï0 2.0 3JC) 4 J 0 

Us) 

Fig. 7. Logarithmic plots (base e) of the recovery of 
magnetization for (a) a and (b) ß nuclei at various 
concentrations. The full curves represent the theoreti­
cally predicted recoveries. The experimental points 
are taken from a smooth curve drawn through the 
recovery curve and are shown by the following symbols 
for each concentration: O» 2-° M J #> 1.0 M ; • , 0.5 
M; X, 0.25 M. 

T A B L E 1. CALCULATED PARAMETERS USED TO DRAW THE 

RECOVERY CURVES IN F i g . 7 

Concen­
tration 

2 . 0 M 

1.0M 

0 . 5 M 

0 .25M 

type of 
proton 

a 

ß 
a 

ß 
a 

ß 
oc 

ß 

Cx(mm) 

21.8 
21.9 

18.9 
18.4 

24.7 
23.4 

34.7 
30.7 

C72(mm) 

- 1 1 9 . 8 
- 1 2 0 . 3 

- 1 2 4 . 4 
- 1 2 0 . 9 

- 1 2 0 . 2 
- 1 1 3 . 9 

- 1 1 5 . 7 
- 1 0 2 . 2 

the reliability of r and 7 \ is to observe the degree of 
fitness between the recovery curve calculated using 
these parameters and the experimental recovery points. 
Since the recovery process is slower than the decay 
process and also is free from apprehension for receiver 
overload, a more precise curve than the decay curve is 
obtainable. Figure 7 shows the calculated recovery 
curves and the experimental points, with ln[Mi°— 
Mi(t)] plotted versus t. T h e necessary parameters for 
drawing the theoretically-determined full curves were 
calculated from Eqs. 15, 19, and 20 of Ref. 4 and are 
shown in Table 1. T h e scales of Cx and C2 are adjusted 
to the present experimental size in terms of M?. All 
the theoretically-predicted curves are nearly straight on 
the whole and, since Xx is much larger than A2, the 
exponential par t of kx decays quickly to zero. In order 
to obtain the best fit, the experimental points were read 
off by delaying the null-point time by about 0.1—0.2 s 
from the actual moment that the irradiating field was 
removed. This type of time lag has also been reported 
by Forsén and Hoffman.4) The resulting fit between 
the theoretically-predicted curves and the experimental 
points is satisfactory for all cases. These results show 
clearly that the two-site exchange approximation is 
justifiable for determining the relative tendencies and 
that the I N D O R technique used here can follow the 
fast rate processes which is impossible by the rapid 
repetitive-scan method used up to now. 

Three-site Exchange System for a, ß, and y Protons. 
In the case of a three-site exchange system, including y 
which originates from the water protons, exactly the 
same procedures as those for the two-site exchange 
system can be utilized, except that a triple resonance is 
considered. The triple resonance is rather difficult to 
carry out, since it causes more beating than does double 
resonance. However, fortunately, this was not such a 
serious problem in the present experiments. Figure 8 
shows, in level-diagram form, the concentration depend­
ence of the steady-state ratios necessary for calculating 
Tj and Ay. Ratios for a 0.25-M solution are included 
for reference, although the measurement of the y signal 
a t this concentration is somewhat questionable because 
of overlapping with other signals. T h e parameter Aij 
is the probability per unit time for a nucleus a t site i 
to be transferred to site j and is generally related to the 
life t ime Ti by 

1/T, = 2 V (i) 
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1.0, 

0.8h 

0.6h-

*i 0M 

0.2 

<X(ß)-
{_ afy)-

ctfß.Y)-

/ 

ß(0Ü—' ' 

ß(Y)—,. 
ß f y x O — - . : — ~ 

Y«« 
Y(ß) 

Y(a.ß) 

— 

0 0 1.0 0 5 0 . 2 5 1.0 0.5 tt25 1.0 0.5 0.25 
CONCENTRATION (M) 

Fig. 8. The schematic illustration of the intensity ratios 
MJMf and TH/ Tn for various experimental arrange­
ments. Experiment 1 series of samples were used. 
Double resonance experiments (cc(ß) etc.) give ratios 
MJM-0 and triple resonance experiments (a.(ß,y) etc.) 
give ratios rn/Tn. 

TABLE 2. TIME CONSTANTS OBTAINED FROM THE DECAY 

CURVES TREATED AS THREE-SITE EXCHANGE SYSTEMS 

Concen­
tration 

Type of 
proton 

i 

Tii(s) Tu (s) Ti(s) 
*i(s) 
from 
Eq. 1 

( 
1.0M \ 

I 
I 

0.5 M \ 

I 

a 
ß 
r 
a 

ß 
r 

0.13 
0.11 
0.14 

0.17 
0.14 
0.26 

0.85 
0.91 
0.58 

1.05 
1.32 
0.84 

0.16 
0.12 
0.18 

0.20 
0.16 
0.39 

0.18 
0.16 
0.21 

0.23 
0.18 
0.41 

Table 2 shows the time constants which were obtained 
from an analysis of the triple-resonance decay curves. 
In the triple-resonance experiment, when the y site 
was included as the irradiation site, the transient decay 
rate increased above that of the double-resonance case. 
This effect results in a smaller value of xx than that 
of the corresponding two-site exchange approximation. 
However, it is interesting to note that it only affects 
the magnitude of T leaving that of Tx almost unchanged. 

TABLE 3. CALCULATED Ay IN S-1 FOR 1.0 M (LEFT) AND 

0.5 M (RIGHT) SOLUTIONS 

a 
ß 
r 

X 

1.9, 1.1 
1.8, 0.9 

J 

ß 
2.5, 1.2 

3.0, 1.6 

r 
3.0, 3.0 
4.6, 4.3 

Table 3 shows the values of ?^ calculated from Eqs. 7 
and 8 of Ref. 5, using the necessary values given in 
Table 2 and Fig. 8. The following ratios were also 
utilized: Ma°: Mß°: My°=\ : 1.1: 1.4 for 1.0-M and 
1: 1.2:3.0 for 0.5 M-solutions. These were obtained 
by integrating the corresponding band of the single-
resonance spectrum. Before using the values of Ay to 
at tempt to obtain significant information, the reliability 

TABLE 4. THE RATIO OF THE MAGNETIZATION WHICH 

FLOWS IN A SITE TO THAT WHICH EFFUSES 

FROM THE SITE PER UNIT TIME 

Type of 
proton 

Concentration 

1.0 M 0.5 M 

0.8 
0 9 
1.2 

1.0 
0.9 
1.1 

of these values must be checked. Since Aij depends on 
the difference between two asymptotic intensity ratios 
of similar magnitude, they may include large errors.5> 
O n e way of checking the reliability of AIJ is to test the 
agreement between the T$ calculated from X^ using 
Eq. 1 and those calculated from the decay curves. In 
the last column of Table 2, the values of the X\ calculated 
from Ay are given. As can be seen from this table, the 
agreement is satisfactory for all cases. The another 
important check is to test whether or not these AIJ 
satisfy the balance equations of Ref. 5, namely, the 
magnetization which flows into a site must be equal 
to that which effuse from the site per unit time. This 
is shown in Table 4 as the ratio of the lormer to the 
latter for each site. All the calculated ratios are nearly 
equal to unity, so that the balance equations can be 
said to be well satisfied. Based on these checks, it 
can be said that the probability of proton transfer is 
in the following order of magnitude: /?—>y>a—>y>}>—• 
/?>a—>/?>/?—>a>/—»a. This order indicates tha t : 

(a) T h e probability of proton transfer is larger in 
the direction of the ß and a protons to the y proton than 
is the direct exchange between a and ß protons. This 
implies that proton exchange between a and ß sites is 
accelerated by the presence of water protons. 

(b) T h e ß proton is more " labi le" than is the a 
proton. This is consistent with the well-known fact that 
pr imary alcohols are more acidic than tertiary alcohols 
and that the extent of esterification of the former is 
larger than that of the latter etc.,10) although for DAD, 
the ß nucleus is the hydrogen of the hydroxyl of a 
hemiacetal, which can be thought of as a fairly labile 
hydrogen. 

Presently, the I N D O R technique is a very popular 
method for analyzing spin-coupled spectra, with an 
appropriate at tachment often being installed in com­
mercially-available GW N M R spectrometers. This 
work was undertaken with the intention of applying this 
technique to the investigation of rate processes. I t was 
shown that with the aid of CAT, the I N D O R technique 
is more suitable and easier to use for following fast 
changes in magnetization than is the rapid repetitive-
scan method. This will enable relatively fast rate 
processes to be investigated using the elegant multiple-
resonance method presented by Forsén and Hoffman 
for the study of rate processes together with relaxation 
processes. 
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Pentamethylnitrosobenzene synthesized readily from pentamethylbenzene was studied for utilization in a spin-
trapping technique. In a benzene solution it forms a dimer with a dissociation constant of 105-26exp (—50/RT) in 
units of kj/mol. It traps the /-butyl radical with the trapping rate constant of 1.4 X 108 mol - 1 dm3 s_1 at 299 K. It 
is thus an efficient spin-trapping agent, even though only a fraction of it is reactive with the short-lived free radicals 
because the equilibrium lies more on the side of the dimeric form. Electron spin resonance parameters were deter­
mined for the spin-adduct radicals derived from alkyl, alkoxyl, and phenyl radicals with this trapping agent. These 
free radicals were found to attach exclusively to the nitrogen atom of the nitroso compound. 

Aliphatic and aromatic nitroso compounds have been 
widely used as spin-trapping agents for the spin-trapping 
technique, whereby short-lived free radicals in a reaction 
system attach to the trapping agents to form stable nitrox-
ide (or anilino-type) radicals and are indirectly identi­
fied by means of conventional electron spin resonance 
(ESR) measurements.1 '2) Although available rate con­
stant is very scanty for reactions between a trapping 
agent and a short-lived free radical,3 - 5) nitrosobenzene 
appears more reactive compared with its alkyl-substi-
tuted derivatives. A drawback of this t rapping agent is 
that its spin-adduct radicals generally show complex 
hyperfine structures in ESR spectra because of the ring 
protons, which renders difficult the identification of the 
trapped radicals.6) O n the other hand, 2,4,6-tri-/-
butylnitrosobenzene (BNB) yield well-resolved hyperfine 
structures of its adduct radicals, but is much less reactive 
with short-lived free radicals.7) Pentamethylnitroso­
benzene (PMNB) is expcted to give a simpler hyperfine 
structure and to be moderately reactive, as is nitroso-
durene,8) thus being a useful spin-trapping agent. 

However, P M N B has not been studied as yet. This 
particular nitroso compound has one advantage as a 
spin-trapping agent in that it can be synthesized very 
readily from commercially-available pentamethyl­
benzene.9 '10) The present report will present several 
aspects of P M N B as a spin-trapping agent. 

Results and Discussion 

ESR Spectra of Spin-adduct Radicals. A typical 
ESR spectrum of spin-adduct radicals is shown in Fig. 
1A. When a methyl radical generated in a benzene 
solution of methyl iodide and tributylstannane is trapped 
with PMNB, an adduct radical of the nitroxide type is 
formed and can be identified from the hyperfine splittings 
due to one nitrogen nucleus and three protons at the 
/5-position with respect to the oxygen atom of the 
nitroxyl group (see the observed hyperfine splitting 
constants given in Table 1 ). Figure 1 also shows methyl-
radical adducts from nitrosobenzene and BNB, for 
comparison. The adduct from P M N B shows broader 

TABLE 1. HYPERFINE SPLITTING CONSTANTS AND ^-VALUES AT 299 K FOR SEVERAL NITROXIDE-TYPE SPIN 

ADDUCT RADICALS FORMED FROM PENTAMETHYLNITROSOBENZENE AS A SPIN-TRAPPING AGENT IN 

BENZENE SOLUTIONS. PREVIOUS RESULTS FOR TRI-f-BUTYLNITROSOBENZENE 

ARE ALSO SHOWN FOR COMPARISON 

Trapped radical 

^CH-
• dH2dH2CiH3 
• CH2CH2GH2CH3 

•CH(CH3)2 

• CH(CH3)CH2CH3 

• C(CH3)3 

c-CßHj! 
• CH(CH3)C6H5 

•C6H5 

• CH(CH3)OC2H5 

•C(CH3)0 
• C(CN)(CH3)2 

Radical source 

CH3I+(w-C4H9)3SnH 
n-C3H,Cl+7-
(n-C4H9)3SnH+Av 
CHCl(CH 3 ) 2+ r 

CHCl(CH3)C2H5+ r 

;-C4H9NO+Av 
c-C6H1 2+ r 

CH3CHGlC6H5+ r 

[ C 6 H 5 C ( 0 ) 0 : ] 2 + ^ 

( C 2 H 5 ) 2 0 + r 

(CH3CO)2+Av 
[(GH8)2C(GN)N:]a+Av 

PMNB, 

g-Value 

2.0058 
2.0058 
2.0060 
2.0059 
2.0058 
2.0060 
2.0058 
2.0060 

2.0057 

2.0058 
2.0058 
2.0063 

Present 

Spl 
CO 

% 

1.38 
1.42 
1.37 
1.39 
1.37 
1.36 
1.40 
1.39 

1.00 

1.40 
1.32 
1.30 

results 

itting 
nst 

ö/i-H 

ÎT2l 
1.12 
1.13 
0.97 
0.78 
— 
0.76 
0.85 

J0.28d> 
\0.09d> 

0.46 
— 
— 

BNB, by Terabe et a/.a> 
, -,~~ \ 

Splittin 

g-Value 

2.0060 
2.0060 
2.0061 
2.0060c) 
2.0061e) 

1 '"— 

aN 

1.303 
1.339 
1.344 
1.329 
1.333 

Anilino-type 
Anilino-type 
Anilino-

2.0057 

— 
— 

•type 

0.988 

Anilino-type 

g 
) 

aß-n 

1.233 
1.783 
1.797 
2.219 
2.225 

0.286d> 
0.261d> 
0.092d> 

a) Réf. 11. b) Other small coupling constants are omitted, c) Anilino-type adduct is also generated, 
d) Splitting constants due to ring protons. 
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Fig. 1. ESR spectra of the spin adduct radicals gener­
ated by trapping methyl radical with (A) PMNB, (B) 
BNB, or (C) nitrosobenzene in benzene solution. The 
methyl radical was generated by the photolysis of 
tributylstannane in the presence of methyliodide. 

hyperfine lines than do the adducts from nitrosobenzene 
and BNB, but it gives a much simpler hyperfine structure 
facilitating the identification of the trapped radical. 

Table 1 summarizes the observed ESR parameters at 
299 K for a number of adduct radicals generated from 
short-lived free radicals with P M N B in benzene. The 
short-lived free radicals were in turn generated by the 
photolysis or y-radiolysis of appropriate radical sources. 
The observed ESR parameters are similar to those 
reported for nitrosodurene.8) The hyperfine splitting 
due to the nitrogen atom lies in the range 1.42—1.30 
m T , except for the phenyl radical adduct. Hyperfine 
splitting due to the /?-proton(s) of the alkyl-radical 
adducts tends to decrease with the number of hydrogen 
(or with an increasing number of carbon) atoms attached 
to the /5-carbon atom (the a-carbon in the trapped alkyl 
radicals). This trend is similar to that for nitrosobenzene 
and nitrosodurene,8> being opposite to that for BNB11) 
as shown in Table 1. 

All the short-lived free radicals examined were found 
to attach to the nitrogen atom rather than to the oxygen 
atom of the nitroso compound, thereby giving nitroxide 
radicals. No formation of anilino-type adduct radicals 
was observed. 

Monomer-Dimer Equilibrium. As in the case of 
aliphatic nitroso compounds12) and nitrosodurene,8) 
PMNB is present in solution mostly as a dimer, which 
is inactive in trapping short-lived free radicals. PMNB 
shows a weak optical absorption band with a maximum 
at 790 nm and an intense band with a maximum at 
324 nm. The former band is due to the rm* transition 
of the monomeric form, and the latter to the dimeric 
form. Changing the temperature causes complementary 
change in the intensity of both the bands, higher 
temperature favoring the monomeric form. According 

3.2 3.3 3.4 
kK/T 

Fig. 2. Dependence of the dimer-monomer equilibrium 
constant for PMNB in benzene on reciprocal tempera­
ture. 

to the well-known relationship, c /OZ)=l /2£+l /#e 2OZ>, 
where OD represents the optical density at 790 nm and 
c represents the total concentration of P M N B based on 
its dimeric form, the dissociation constant K was 
determined at several temperatures, as shown in Fig. 2. 
The extinction coefficient s was also determined to be 
83.3 m o l - 1 dm 3 cm - 1 , almost independent of tempera­
ture. 

The temperature dependence of the equilibrium 
constant is expressed by the equation, X=10 5 - 2 6exp-
(AH/RT), where the heat of dissociation is —50 kj/mol. 
This means that only 12% of the 10 mmol dm" 3 P M N B 
in a benzene solution is in monomeric form and is 
effective in the t rapping reaction at 300 K. This 
behavior is very similar to that of nitrosodurene.8) 

Rate Constant for the Spin-trapping Reaction. In a 
separate investigation, the rate constant for the spin-
trapping reaction of 2-methyl-2-nitrosopropane with the 
/-butyl radical, being 3.3 X 106 mol" 1 d m 3 s"1 at 299 K 
in benzene solution, was investigated.7) Based on this 
figure, the rate constant for P M N B was determined by 
studying the competition between P M N B and 2-
methyl-2-nitrosopropane in trapping the /-butyl radical 
generated by the photolysis of the latter. Figure 3 
shows the linear increase in the concentration of the 

300 
Time/ s 

600 

Fig. 3. Yield of the/-butyl radical adducts formed from 
(A) PMNB and (B) 2-methyl-2-nitrosopropane in ben­
zene at 299 K as a function of photolysis time. The 
/-butyl radical was generated by the photolysis of the 
latter spin trapping agent 0.0276 mol dm - 3 in benzene 
solution, where the former trapping agent (0.0012 mol-
dm -3) was coexisting. 
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/ -bu ty l a d d u c t s w i t h b o t h t h e t r a p p i n g a g e n t s coex is t ing 
i n t h e b e n z e n e so lu t ion d u r i n g t h e ea r ly p e r i o d of 
pho to lys i s . F r o m t h e obse rved slopes a n d t h e c o n c e n t r a ­
t i o n of t h e t r a p p i n g a g e n t s p r e s e n t , t h e r a t e c o n s t a n t 
for P M N B w a s d e t e r m i n e d to b e 1.4 x 108 m o l " 1 d m 3 s _ 1 , 
b a s e d o n t h e c o n c e n t r a t i o n of P M N B in m o n o m e r i c 
fo rm , i n t h e r e a c t i o n w i t h t h e / -bu ty l r a d i c a l a t 299 K . 

A l t h o u g h v e r y l i t t le h a s b e e n r e p o r t e d o n sp in -
t r a p p i n g r a t e c o n s t a n t s , t h e d a t a so far a v a i l a b l e 
i n d i c a t e t h a t t r a p p i n g r eac t ions p r o c e e d w i t h r a t e 
c o n s t a n t s of 1 0 5 — 1 0 8 m o l - 1 d m 3 s _ 1 , d e p e n d i n g o n t h e 
s p i n - t r a p p i n g a g e n t used a n d t h e r a d i c a l t r a p p e d . 3 - 5 ) 
P M N B a p p e a r s to b e a c o m p a r a t i v e l y r eac t i ve sp in-
t r a p p i n g a g e n t . I t w a s also found t o b e a m o r e efficient 
t r a p p i n g a g e n t t h a n B N B , e v e n w h e n t h e m o n o m e r -
d i m e r e q u i l i b r i u m of P M N B is t a k e n i n t o a c c o u n t . 

E x p e r i m e n t a l 

Synthesis. According to McKil lop et a/.,ö> pentamethyl-
benzene is converted to C 6 (CH 3 ) 5 Tl (OCOCF 3 ) 2 , with the 
yield of this organothal l ium compound being ca. 6 0 % . I t was 
then converted into P M N B upon t reatment with nitrosyl 
chloride with a yield of almost 100% by applying the method 
reported by Taylor and Danforth for the general synthesis of 
aromatic nitroso compounds.10) T h e P M N B thus obtained was 
purified by recrystallization from an acetone solution three 
times. Its observed melting point of 427 K was unchanged by 
further purification. This value is in agreement with the 
previously-reported melting point of 425—428 K.13> Elemen­
tary analysis gave the following results. Found : C, 74.51; H , 
8.56; N , 7 .8%. Calcd for C n H 1 5 N O : C, 74.52; H , 8.54; N , 
7 .9%. 

P M N B was synthesized much more easily than nitrosodu-
rene. This is an advantage of P M N B as a spin-trapping 
agent over nitrosodurene, al though P M N B shows similar 
behavior in spin-trapping reactions and gives similar features 
of the hyperfine structures of the adduct radicals as does 
nitrosodurene. 

Photolysis and Radiolysis. T h e short-lived free radicals 
t rapped were generated by photolysis or radiolysis at room 
temperature from appropriate radical sources present in a 
benzene solution of 10 mmol d m - 3 P M N B sealed in a quar tz 
ESR tube after degassing by the freeze-pump-thaw technique. 
The solvent and the radical sources were of the highest purity 
commercially available and were used as received. T h e 
photolysis was carried out with light from an ultra-high 
pressure H g l amp using a wavelength selected by a set of 

filters, so that only the radical sources were excited. The 
radio ysis was carried out with 60Co y-rays to a dose of approxi­
mately 0.1 M r a d . 

ESR Measurements. Spin-adduct radicals were observed 
using a conventional X-band ESR spectrometer ( JEOL,Model 
2X) at 299 K. Their £-value was determined with reference 
to that of polycrystalline D P P H , 2.0036.14) The hyperfine 
splittings were corrected with reference to that of Fremy's 
salt in aqueous solution, 1.300 mT.15> 

Optical-absorption Measurements. T h e optical absorption 
of P M N B in benzene was recorded with a recording spectro­
photometer (Hitachi , Model EPS-3T) . T h e sample solutions 
in a quar tz cell having an optical pa th length of 1.0 cm were 
examined without degassing. Tempera ture was controlled in 
a water ba th using a Dewar vessel with quartz windows. 

T h i s w o r k w a s s u p p o r t e d b y t h e Sc ience F u n d of t h e 
J a p a n e s e M i n i s t r y of E d u c a t i o n ( N o . 0 .85010, 1975) . 
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The organic conductor, (TTF) (SCN)0 57, is a quasi-one-dimensional non-stoichiometric compound, which crys­
tallizes in a tetragonal system having a P42/mnm space group. The lattice constants are a = 11.154 (3) and c=3.607 
(2) Â. TTF molecules form segregate eclipsed stacks with thiocyanate ions occupying the channels between the 
stacks. The intermolecular distance between adjacent TTF molecules is 3.607 Â. The room-temperature electri­
cal conductivity is 85—310 (Q cm)"1. A series of resistance jumps are observed in the temperature-dependent resistiv­
ity curves. 

Considerable work has recently been focussed on 
attempting to understand the unusual physical properties 
of the quasi-one-dimensional salts of organic radicals. 
Unlike a crystal of (TTF) (TCNQ,) composed of 
segregated stacks of T T F and T C N Q , crystals of (TTF) 
(X) ( X = I , Br, CI) contain only T T F columns. The 
large room-temperature conductivities of (TTF)(X) 
(200—500 (Qcm)- 1 ) , comparable to that of (TTF) -
( T C N Q ) , are attributed to the characteristic columnar 
structures.1-4) 

In this paper, the crystal structure and the elctrical 
conductivity of 1,4,5,8-tetrathiafulvalene thiocyanate, 
(TTF)(SCN)0 > 5 7 , are reported. 

E x p e r i m e n t a l 

Tetrathiafulvalene was synthesized according to the publish­
ed procedure.s) After recrystallization twice from a cyclo-
hexane-hexane solution, TTF was converted to tetrafluoro-
borate (TTF)3(BF4)2. Tetrathiafulvalene thiocyanate crystals 
having the approximate composition, (TTF)n(SCN)6 (or 
(TTF)(SCN)0-545),

6> were easily prepared from (TTF)3(BF4)3 

and tetrabutylammonium thiocyanate7) via methathesis in hot 
acetonitrile. 

Oscillation and Weissenberg photographs show the crystals 
to be tetragonal. The systematic absence of hOl with h-\-l= 
2n+ 1 and of 0À0 with k=2n-\-1 indicate that the space group 
is P42/mnm, P42nm or P4n2. The unit-cell dimensions, as 
determined by means of a diffractometer using Mo Kv. radia­
tion, are a= 11.154(3) and £=3.607(2) Â. The density 
measured using the notation method was 1.756^0.015 g cm~3 

and the corresponding composition of the complex was calcu­
lated to be (TTF) (SCN)o.57±o.o3- No additional weak satellite-
type reflections1'2) indicating the existence of two distorted 
sublattice cations and anions were observed (see note added 
in proof). The intensity data were collected with a Rigaku 
automated four-circle diffractometer. Owing to the small size 

of the specimen, only 120 independent reflections of 461 
accessible reflections (205^55°) were recorded sufficiently accu­
rately ( | F | > 3 < T ) . 

Structure D e t e r m i n a t i o n and 
D i s c u s s i o n 

The trial structure was easily deduced from the 
Patterson syntheses and refined by the block-diagonal 
least-squares method. In view of the planar structure 
of T T F , the space group was assumed to be P42 /mnm 
which was confirmed by the reasonable convergence of 
the structure at a later stage of refinement. Fourier 
calculations based on the atomic parameters of T T F 
showed a columnar distribution of the electron densities 
at (0,1/2,*) (0<z<\) and that the magnitude of the 
electron density is almost constant along the crystal-
lographic c axis, indicating one-dimensional disorder 
of the atomic positions of the S, C, and N atoms. There­
fore, the scattering factors of the S, C, and N atoms 
were evaluated by assuming a one-dimensionally random 
distribution and a common isotropic thermal parameter. 
The R value was reduced smoothly to 0.045. The final 
atomic parameters are given in Table 1. 

The structure viewed along the c axis is shown in Fig. 
1. T T F has D 2 h (mmm) symmetry and is stacked in an 
eclipsed column. Similar eclipsed stacks have been 
found in the crystals of TTF-ha logen systems. The c 
axis is perpendicular to the molecular plane. The 
interplanar distance of 3.607 Â is comparable to those in 
(TTF) (Br)0 .7 1_0 .7 6 (3.57 A*>) and (TTF)(I ) 0 . 7 1 (3.55 
Â2)) crystals, but is much larger than the interplanar 
distances of T C N Q in the "ring-external bond type" 
columns of the high-conductive T C N Q salts (3.17—3.26 
Â8)). Considering the large intermolecular distances, 
the "metal l ic" conductivities1'3»4) are undoubtedly due 

TABLE 1. THE FINAL ATOMIC PARAMETERS (x 104) 

The standard deviations are in parenthesis. The temperature factors are of the form 
exp[-27r2(A2LV*2+*2^22£*2+'2^*2+2AA:LV^ 

y U, U9 u9 u, u, u9 
S 3054(2) 
C(l) 4580(15) 
G (2) 2558(10) 
H 1669(102) 
(SCN)b} 0 

4902(3) 
4580 
3423(10) 
3452(105) 
5000 

0 
0 
0 
0 

(0-1.0) 

433(12) 
347 (95) 
555(65) 
6.9a> 
3.5 

598(17) 
347 
739(75) 

625(14) 
707(112) 
831(89) 

2(8) 
24(20) 

-47(22) 

0 
0 
0 

0 
0 
0 

a) Isotropic temperature factor (Â2). b) The atomic position of the SCN anion is disordered along the c axis. 
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Fig. 1. The (001) projection of the (TTF) (SCN)0.57. 

to the intermolecular overlap of the atomic orbitals of 
the sulfur atoms. As observed in the TTF-halogen 
crystals, the T T F columns form tunnels. Like (TTF) -
(SCN)0#57, (TTF)(C1)0>92 has a tetragonal structure 
and the tunnels are occupied by the disordered chlorine 
anions.2) (see note added in proof). However in (TTF) -
(Br)0-71__0 76 and (TTF)(I ) 0 - 7 1 , there are separate cation 
and anion sublattices.1»2) This incommensurability 
produces additional "satellite-type" reflections1'2) due 
to the periodically-modulated superstructure. As 
originally pointed out by Johnson and Watson,2) the 
general features of the crystal structure of these salts 
can be summarized as follows: 

(1) If the radius of the cation is small enough to 
enter the tunnel formed by the T T F columns ( r ^ l . 8 Â 
(the CI ionic radius)), the crystal is tetragonal. Owing to 
loose packing, the atomic positions of the anions tend 
to be disordered in the tunnels. 

(2) If r ^ 1.96 Â (the Br ionic radius), the anions 
cannot enter the tunnel without distortion of the " T T F 

sublattice" so that a modulated superlattice is formed. 
Due to compact packing, the atoms are regularly 
arranged. 

Consequently, it may be said that the repulsive force 
between anions and cations plays an important role in 
the appearance of the modulated superlattices of the 
TTF-ha logen systems. 

The tunnel structure of (TTF)(SCN)0 < 5 7 appears to 
indicate the non-stoichiometric nature of the crystal. 
Considering that monoclinic (TTF) (Br) x can exist 
over the range of compositions, 0.71^*^20.76, the 
number of anions stacked in a tunnel does not appear 
to be necessarily constant. Therefore, the composition 
obtained by Wudl et al, ( T T F ) n ( S C N ) 6 , may be 
regarded as approximate. Since the distance between 
the adjacent atoms (ions) must be larger than the 
sum of the two van der Waals (ionic) radii, the value 
of* for the (TTF)(X) J t r system must be smaller than 
R(2r, where 7?(«=3.60 Â) is the intermolecular distance 
between neighboring T T F molecules and r is the ionic 
radius of the anion. The calculated maximum values 
(with observed values in parenthesis) are 0.83 (0.71), 
0.92 (0.71—0.76), 1.0 (0.92), and 0.59 (0.583) (see note 
added in proof) for the iodide, bromide, chloride and 
thiocyanate, respectively. In this connection, it may 
be worthwhile to point out that 1: 1 bromide (*=1.0) is 
stacked quite differently.1) 

The bond lengths and angles are given in Table 2. 
Considering the fairly large standard deviations, the 
values for (TTF)(SCN)0 > 5 7 appear to be in good agree­
ment with those for other T T F salts. 

Electr ical Conduct iv i ty 

The room-temperature conductivities of (TTF) (I)0 71 

and (TTF) (Br) 
o.7i—o.76 a r e continuous in the range 

from 200—500 (Q cm)- 1 . ^W For the iodide, a transi­
tion occurs between 200 and 230 K, which is similar 
to that which occurs near 180 K for the bromide. 
Unlike (TTF)(Br) 0 i 7 1 _ 0 i 7 6 , (TTF)(I ) 0 . 7 1 displays a 
hysteresis in its conductivity curve upon temperature 
cycling. Although these systems are considered to 
undergo metal-insulator transitions at about 200 K, no 

TABLE 2. DIMENSIONS OF TTF MOLECULE 

a(A) 
b 
c 
d 

<) 
ß 
r 
Ô 

e 
£ 

(TTF)(SCN)0.57 

295 K 

1.324(24) 
1.739(17) 
1.730(12) 
1.317(15) 

123.1(1.1) 
113.8(1.6) 
95.6(0.7) 

117.5(0.9) 
1.02(12) 

106(7) 

TTFa> 
295 K 

1.349(3) 
1.757(2) 
1.726(2) 
1.314(3) 

122.8(1) 
114.5(2) 
94.4(1) 

118.3(1) 

(TT 

295 K 

1.372(4) 
1.745(3) 
1.739(3) 
1.326(4) 

122.6(2) 
114.7(3) 
95.0(1) 

117.4(1) 

a 5^ 
d | 

F)(TCNQ.)b> 

45 K 

1.370(4) 
1.743 (2) 
1.733(2) 
1.349(2) 

122.4(2) 
115.1(1) 
95.0(1) 

117.4(2) 

\ b / ^ X j 

(TTF)7(I)5
C> 

295K 

1.350 
1.732 
1.721 
1.336 

122.9 
114.3 
95.7 

117.2 

(TTF)(C1)0>92*> 
295 K 

1.329 
1.734 
1.723 
1.315 

123.0 
113.9 
95.5 

117.4 

a) Ref. 9. b) Ref. 10. c) Réf. 2. 
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direct evidence has been obtained from the temperature 
dependence of the conductivities. 

The conductivity measurements of ( T T F ) ( S C N ) 0 i „ 
were performed along the crystallographic c axis (needle 
axis of the crystal) using the standard four-probe method 
with a 25 [xm diameter gold wire bonded to the crystal 
by duPont 4817 conductivity paint and/or colloidal 
graphite (aquadag). The crystals became less conduc­
tive after they had been stored for a long time in contact 
with air. In addition, they are very fragile and are 
frequently broken by a rapid change in temperature, 
especially when the temperature change passes through 
ca. 0 °G. Thus, measurements of the temperature-
dependent conductivities (300—120 K) were performed 
for only a few specimens. The room-temperature 
conductivities for the five samples are 85, 100, 200, and 
310 (Q c m ) - 1 , respectively which agree with the value 
(250 (Q cm)-1) of Wudl . The discrepancies between 
the conductivities for the various specimens is not as 
large as those reported for many one-dimensionat 
conductors.11) Figure 2 shows the d.c. resistivity of 
(TTF)(SCN)0 .5 7 (Ä(Qcm) = l /o) . For most of the 
specimens, the resistivity does not decrease with tem­
perature. Curve H a is a typical result and is similar to 

those for (TTF)(Br)0>71- -0.76 and (TIT) (!)„.„;».«> the 

conductivities decrease slightly with temperature in 
the high-temperature region ( T > 2 3 0 K) and decrease 
sharply with temperature in the low-temperature region 
( T < 2 0 0 K ) . However, for one specimen (cr(R.T.) = 100 
( Q c m ) _ 1 ) , a minimum point, indicative of the possible 
existence of a metal-insulator transition, is observed in 
temperature-dependent resistivity curve la . This 
result appears to be consistent with the conductivities 
reported by wudl who showed that (TTF)(SCN)0 > 5 7 

becomes more conductive over certain low-temperature 
regions (cr(R.T.)=250 (Q c m ) - 1 and <r(200K)=310 
(IÎ cm)-1).6) Considering that the disorder and defects 
in a crystal have great influence on the electrical 
conductivity and frequently smear out the metal-
insulator transition,12) the difference between the 
curves can be attr ibuted to a difference in the quality of 
the samples. 

As the temperature was changed, a series of resistance 
jumps were observed. Similar jumps observed for (TTF) -
(I)o.7i have been at tr ibuted to separate occurrences of 
the transition in different portions or domains of the 
crystal. A similar explanation appears to be probable, 
since a microscopic examination revealed that a (TTF) -
(SCN) 0 5 7 crystal is composed of many blocks. At first, 
it appeared that a resistance jump accompanied a break 
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T A B L E 3. COMPARISON OF THE CRYSTAL STRUCTURE DETERMINATIONS 

(TTF) (SCN) * 
X 

0 . 5 7 ± 0 . 0 3 
0 .545( = 6 / l l ) 

0 .583 ( = 7/12) 

System 

tetragonal 
tetragonal 
tetragonal (or 

pseudotetragonal) 

Space 
group 

P4 2 /mnm 

P4n2ft> 

a (Â) c 

11.154 3.607 
11.205 3.633 

vTx.l... {If-

[Vol. 50. No. 12 

Zögern-*) 

Obsd Calcd 

1 .756±0 .015 — 
— 1.700 

— 1.76 

a) This space group13) is probably incorrect and the correct one is P4n2. b) T h e C-centered lattice is used 
to facilitate comparisons with the (TTF) 7 ( I ) 5 structure. 3.61 and 6.15 Â are the lattice constants of the 
T T F and the SCN sublattices, respectively. 

in t h e blocks, b e c a u s e t h e crys ta ls a r e v e r y fragi le . 
A c c o r d i n g to th is con j ec tu re , m a n y blocks c a n b e 
cons ide r ed to b e b r o k e n d u r i n g t h e coo l ing process a n d 
t h e n t h e e lec t r ic c o n d u c t i o n p a t h s w o u l d b e c o m e v e r y 
l i m i t e d . H o w e v e r , i n fact, u p o n h e a t i n g to r o o m 
t e m p e r a t u r e af ter coo l ing to a b o u t 130 K , t h e resist ivi t ies 
a g a i n dec rease . I n a d d i t i o n , t h e o b s e r v a t i o n of t h e 
s tepwise dec rease in resist ivi ty ( c u r v e l a (for 2 7 0 — 3 0 0 
K ) a p p e a r s t o b e incons i s t en t w i t h t h e a b o v e e x p l a n a ­
t ion b a s e d o n t h e breaks i n t h e blocks. P r o b a b l y , t h e 
resis t ivi ty j u m p s a r e assoc ia ted w i t h c rys ta l b locks 
pass ing t h r o u g h t h e t r a n s i t i o n b e t w e e n a h i g h - c o n d u c ­
t ive s t a t e a n d a l o w - c o n d u c t i v e s t a t e separa te ly . 2 ) T h e 
series of t r ans i t ions a p p e a r s to i n d i c a t e t h a t t h e p h a s e 
t r a n s i t i o n is affected b y t h e s h a p e a n d size of e a c h block. 

Note Added in Proof. After the completion of this paper , 
investigations of the electronic and structural properties of 
(TTF) (SCN) ̂  and (TTF)(SeCN) a ! were reported by Wudl 
et ö/.l3> and Somoano et al.U) As shown in Tab le 3, the crys-
tallographic da t a given in their papers do not agree with those 
reported here. I t is therefore, appropriate to briefly mention 
the reason for these discrepancies. 

(1) Repeated elemental analysis bv Wudl et al. results in 
the formula, ( T T F ) U ( S C N ) , (i.e., (TTF) (SCN) 0 5 4 5 ) , whereas 
the formula of Somoano et al. is (TTF) 1 2 (SCN) 7 {i.e., ( T T F ) -
(SCN)0>583), which was determined on the basis of the ratio of 
the T T F sublattice spacing to the SCN sublattice spacing. 
Although, in the present work, the samples were prepared 
according to the method of Wudl , the formula, (TTF) -
(SCN)o 57±O.O3J obtained on the basis of the measured density 
(1.756±0.015) agrees ra ther well with tha t of Somoano et al. 
T h e crystal structure of (TTF) (SCN) X was refined for several 
x-values. For 0.50<je<^0.70, the final structures as well as the 
temperature factor for SCN, are essentially identical to each 
other. For * = 0 . 6 0 , the lowest i?-value, 0.045, and the corre­
sponding final atomic parameters listed in Tab le 1 were 
obtained. 

(2) T h e lattice constants of the T T F sublattice of Somoano 
et al. agree well with those presented here, whereas the value^ 
of Wudl et al. appear to differ from the other two, by more 
than the experimental error. 

(3) For the crystals used here, the atomic positions of the 
S, C, and N atoms are one-dimensionally disordered along the 
c direction and no indication of the existence of the two 
sublattices of the T T F and SCN compound were obtained 
from X-ray diffraction. However, the X-ray examination of 
Somoano et al. revealed the existence of the two spacings, 
3.61 Â for T T F and 6.15 Â for SCN, i.e., in their crystals, the 
translational symmetry of the SCN arrangement is different 
from tha t for T T F . Considering tha t the crystals of Somoano 
et al. were grown by the diffusion method from (CH 3 ) 1N(SCN) 
and (TTF) 3 (BF 4 ) , , this disagreement appears to be due to the 

difference in the sample preparat ion procedures. Some details 
of the crystal structure of ( T T F ) u ( S C N ) a were reported by 
Wudl et al. T h e arrangement of T T F is very similar to that 
determined here, whereas their conclusion of the regular 
arrangement of SCN is inconsistent with their c-axis lattice 
constant, because this constant should be larger than the SCN 
spacing (c/0.545). 

In conclusion, the crystals used here appear to be 
identical with those of Somoano et al. except for the orderliness 
of SCN. T h e degree of disorder may change according to 
differences in the procedure of preparat ion of the crystals. 
Such disorder has been observed for crystals of JV-methyl-
phenazinium-TCNQ. 1 5 ' 1 8 ) I t is not clear how the crystals of 
Wudl et al. differ from those of Somoano et al. and those used 
in the present experiments. 
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Conformational Study of Glutathione by NMR 
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Proton N M R spectra of glutathione have been analyzed over the whole p H region. T h e spectra of the 
glutamic acid residue are of the A B C D X type at p H s below 2.5, of the AA'BB'X types in the p H region 2.5—9, 
and of the ABCC'X type at pHs higher than 9. For the cysteine par t , spectra of the ABC type have been observed at 
pHs higher than 8, which change to spectra of the A2B type at pHs lower than 7. O n the basis of these results the 
conformation of the glutathione molecule in solution has been discussed in detai l . 

T h e N M R t e c h n i q u e h a s b e e n successfully used in t h e 
c o n f o r m a t i o n a l s t u d y of v a r i o u s a m i n o ac ids . 1 - 9 * A 
s imi lar s t u d y of m o r e c o m p l e x molecu les l ike po ly ­
pep t ides is u sua l ly c o m p l i c a t e d b y p o o r l y resolved 
spec t ra a n d a l a r g e n u m b e r of c o u p l e d p r o t o n s . 

A f u n d a m e n t a l a n d man i fo ld in te res t in t h e r ecogn i ­
t ion of t h e c h e m i c a l , phys ica l , a n d b io log ica l p r o p e r t i e s 
of pep t ides h a s occas ioned o u r a t t e m p t s to es tab l i sh t h e 
s t r u c t u r e of g l u t a t h i o n e in so lu t ion b y m e a n s of 
NMR. 1 0 ~ 1 4 > K n o w l e d g e of t h e c o n f o r m a t i o n of g l u t a ­
t h i o n e shou ld h e l p us in b e t t e r u n d e r s t a n d i n g s o m e 
m e t a l - g l u t a t h i o n e i n t e r a c t i o n , w h i c h is t h e fu r the r a i m 
of o u r s t udy . 

E x p e r i m e n t a l 

Materials. T h e glutathione was purchased from Wako 
Pure Chemical Industries, and the D 2 0 , from E. Merck. T h e 
pHs of the solutions were controlled by adding a concentrated 
DC1 or N a O H solution in D 2 0 , and measured with a Toa 
Dempa pH-meter , model HM-5A. T h e concentration of 
glutathione in the solutions was 0.1 M. T h e chemical shifts 
are reported in Hz relative to internal te t ramethylammonium 
(TMA) . The N M R spectra were recorded with a J N M 
PS-100 spectrometer operating at 100 M H z . 

25 Hz 

Analysis of Spectra. Glutamic Acid Residue Spectra : Five 
protons of the glutamic-acid par t give spectra of the A B C D X 
type at p H lower than 2 (Fig. 1), of the AA'BB'X type in 
the p H range of 2.51—8.05 (Fig. 2), and of the A B C C ' X type 
at p H higher than 9 (Fig. 3). Here A B C D X , AA'BB'X, 
or A B C C ' X refers to the ß, ß', y, y', a protons (Fig. 4) . 
In the p H region of 2.5—8.05 the AA'BB' pat tern for the ß 
and y protons was confirmed by the decoupling of the a 
proton. An analysis of the spectra observed at a certain p H 
was carefully carried out with a set of input d a t a which had 
been obtained in the analysis of spectra observed at a slightly 
different p H . I t has been found that , in order to reproduce 
a calculated spectrum which is in good agreement with the 

25 Hz 

Fig. 2. Experimental and calculated spectra of y and 
protons of the glutamic acid residue at p H 4.5. 

jhbJb 

25 Hz 

Fig. 1. Experimental and calculated spectra of y and ß 
protons of the glutamic acid residue at p H 0.7. 

Fig. 3. Experimental and calculated spectra of y and 
protons of the glutamic acid residue in 2 M N a O H . 
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NH; H 
a1 
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H - C - C - Ç - C - N - Ç - C - N - Ç - C O O H 

HOOC H H (A)H-C-H(B) H 
p $ ' 

5H 
Fig. 4. Glutathione molecule and notation of the protons. 
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HtAK A H(B) H(A) 
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HN^-AZ-^CO O C ^ y ^ K O H O ^ A y ^ N H 
SH SH SH 

a b c 
Fig. 6. Three rotational isomers of cysteine. 

T A B L E 1. N M R PARAMETERS OF THE 

GLUTAMIC ACID RESIDUE 

p H Ay« Avr 
J'—Jßr— J—Jßr' 
Jß'r' Jß'r 

2 M N a O H 
12.8 
9 .58 
9.1 
8.05 
7.75 
4 . 5 

.95 

.51 

.02 

.2 

.7 

9 .75 
9 .8 
3 .8 
1.6 
0 
0 
0 
0 
0 

2 . 7 
5.2 
5 .4 

55 
65 
9 

10.5 
10.5 
9 .2 

.5 

.5 

.4 

.5 

.3 

.95 

.55 

.45 

6 M D C 1 6.2 5.1 

7 
7 
7 
7.6 

55 
6 
45 

9 
15 
05 
1 
2 
15 
3 
35 
35 

7.4 

/ ßa 

6.56 
6.6 
6.4 
6.4 
6.34 
6.30 
6.34 

3 

39 
55 
52 
55 

6.54 

AU the N M R parameters are given in Hz . 
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Fig. 5. p H dependence of the protons of glutamic acid 
residue relative to T M A . 

observed one, the chemical shifts and spin-coupling constants 
have to be correct w i t h i n ± 0 . 2 Hz . Jgem was assumed to be 
— 15.0 Hz, and J„r=Jarr=0, which was confirmed by the 
decoupling of the ß protons. All the N M R parameters 
for the glutamic acid residue over the whole p H region 
are given in Table 1 and Fig. 5. 

Cysteine and Glycine Residues. T h e N M R spectra of the 
cysteine residue are of the ABC type. Below p H = 8 , however, 

Hz 

- 6 0 

P". 
NaOH 

Fig. 7. p H dependence of the glycine protons (a) and 
C proton of cysteine (b) relative to T M A . 

T A B L E 2. N M R PARAMETERS OF THE CYSTEINE RESIDUE 

p H Avn-n JAB JA JB AvA 

2 M N a O H 
12.95 
12.8 
12.4 
10.9 
9 .5 
9 .1 

105.4 
103.3 
105.0 
105.1 
105.9 
116.6 
123.7 
123.9 

- 1 3 . 2 
- 1 3 . 0 
- 1 3 . 1 
- 1 3 . 0 
- 1 3 . 1 
- 1 3 . 5 
- 1 3 . 8 
- 1 4 . 1 

7.88 
8.1 
7.9 
8.1 
8.05 
7.96 
7 .8 
7 .6 

12 
85 
00 
9 
85 
9 
9 

11.0 

5.0 

1.5 
1.2 
0 .7 
8.2 
9 .0 

All the N M R parameters are given in Hz. 

the spectra are very poorly resolved and have to be analysed 
as the A2B type. In this p H region, y A C = y B C = 6 . 3 Hz. Using 
the notation " A B C " given in Fig. 6, the N M R parameters are 
given in Tab le 2, where the chemical shift of the A proton is 
taken to be in a higher field than that of the B proton. The 
p H dependence of the chemical shifts of the C proton of the 
cysteine and C H 2 protons of the glycine are shown in Fig. 7. 
T h e C H 2 protons of the glycine give a singlet line due to the 
exchange by deuter ium of the N H proton of the neighboring 
peptide ni t rogen,** and there is a small difference in the 
chemical shifts of the two protons. T o confirm the p H depend­
ence of the chemical shifts, the microscopic ionization constant 
(Fig. 8) were calculated using a method described by 
Rabenstein10) (Table 3). 

Rotational Isomerism. In order to discuss the conformation 
of the entire glutathione molecule, the populations of the 
rotamers for cysteine and glutamic acid residues were calcu­
lated separately.*** 

** In the case of the H a O solution, above p H 7.5 the CH 2 

protons of glycine also give a singlet as a result of the averaging 
of conformations due to the fast exchange of peptide protons. 
*** T h e populat ion of rotational isomers was obtained by 
following the procedure originally used by Pachler.1) The 
scope and limitations of this method, especially in the case of 
simple amino acids, have been discussed previously.2) 
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3 
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LCOOH 
Fig. 8. Microscopic ionization scheme for carboxyl 

groups of the glutathione. 

T A B L E 3. MICROSCOPIC IONIZATION CONSTANTS FOR THE 

DISSOCIATION OF THE CARBONYL GROUP 

This work Ref. 10 

p*l 

P*2 

P*21 

P*12 

2.05±0.1 
3.14±0.05 
2.33±0.05 
3.42±0.1 

2.09±0.05 
3.12±0.05 
2.33±0.01 
3.36±0.1 

Rotamersfor Glutamic Acid Residue. In this par t of gluta­
thione, nine rotamers have to be considered (Fig. 9). From 
the experimental da t a , Jar = Q. Thus , it is not possible to find 
the relative conformations of the a and y protons from the J 
value. We will calculate the populations of the I , I I , and I I I 
rotamers (Fig. 10a) and, independently, the populations of 1, 
2, and 3 rotamers (Fig. 10b). 

H,N £00- Hi y U 

H / A 
HP" Hp 

1-3 

1-2 

car H*. H* fli 

\ JH H* }U 
Hp1

 HP 

HP' HP 

II-1 

H * 

n-2 
H* H2N' 

XXT Hot Ht 

" A 
HP' Hp Hp' Hp 

Hp' Hp 

H i 

I I - 3 

Hjf 

HiN 

m-1 
\ 

H * C Hi" H/l 

/ \ 
Hp- Hp 

car H* co Jfo 

Hp' HP 

H* NH4C0^ JU 

I I I - 3 / C \ / * \ 
DOC A H if' 

HP" % 

Fig. 9. Nine rotational isomers of the glutamic acid 
residue. 

b) 
1 

H<* 

HIWV-THP' 

a) 

$P U 

CHo 

^LHP' 

Hrf' 

HP HP' 

CH 

HP 

Ha 

Hot 

HP' 

I II III 
Fig. 10. T h e part ial rotamers of glutamic acid : 

a) for ß and y carbons 
b) for a and ß carbons. 

X and Y are the carboxyl and amino groups, respec­
tively. 

Rotamers I, II, and III. W e will approximate this unit in 
the glutamic residue as a substituted ethane. For the estima­
tion of an average vicinal coupling constant, it may be possible 
to use the Abraham and Pachler empirical equation;16) 

y a v = 1 7 . 9 6 - 0 . 7 9 6 ^ ^ (1) 

where E{ is the Huggins electronegativity of atoms at tached 
to the ethyl carbons. From this equation, y a v = 7.1. Equa­
tion 1, however, is only a general expression for the relation 
between the electronegativity and Jylc, and it seems more 
reasonable to use the experimental d a t a for the estimation of 
7 a v - At p H 0.7, all four y values are almost equal to each 
other within the limits of experimental error, and / a v = 7 . 4 1 . 
Because there are two different sets of J values, we rewrite : 

Jßr=Jß'r>=J' a n d Jßr'=Jß'r=J> a n d > l f N=J+J' a n d 

L—J—J', we obtain another expression for the J&y; 

J a v = l / 3 (3 /2 t f+ l /2L) 

= 1 /3 (27+7 ' ) (10 

= 1/3CA+27.) 

and 7 a v = 7 . 4 3 H z if (3 /2 JV+l /2L)=22 .3 . For further dis­
cussion, 7av—7.4 Hz will be used. T h e vicinal coupling 
constants, Jßr, Jßjl> Jß,r, and Jßrrr for this system (Fig. 10a) 
are given by the following equations : 

Jßr = PiJt + PnJs
G + PmJs

G 

Jßr' = PiJt + PuJs
G + PmJs

G 

Jßr' = PiJs
T + PnJt + PiuJe

G' 
(2) 

Jß'r = PiJs
T + PnJs

G' + PmJt, 
where plt pn, and pin are the populations of the I , I I , and 
I I I rotamers and Jg

T, Jg
G, and Jg°' are as defined in Fig. 

10a. From the Eq. 2 one can see directly tha t , for any 
values of pl} pn, and pIU, Jßr=Jßtrt. This results is in 
agreement with the results of the analysis. Also from these 
results, JßTr=Jßrrr; hence, /> n=/> i n . T h e fact tha t the popu­
lations of both rotamers of the gauche form are equal to each 
other agrees with the results obtained for simple 1,2-disub-
stituted ethanes.17 '18) This appears to justify our assumption 
tha t the - C H 2 - C H 2 - unit in glutamic acid can be considered 
as a substituted e thane. 

Equat ion 2 may be simplified to this form : 
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J' = Jßr = Jfi'r' = PiJt + 2PnJgG 

J = Jßr = Jß-r = Pi JS + PnU8
a' + JÙ 

To estimate populations, it is necessary to have the values 

of yg
T, jgf° and y / - c / g

T >y g
G >y g ° ' 17>). 

TABLE 4. POPULATIONS OF THE I, II, AND III ROTAMERS 

OF THE GLUTAMIC ACID RESIDUE 

PH 

2 M NaOH 
12.8 
9.58 
9.1 
8.05 
7.75 
4.5 
2.95 
2.51 
2.02 
1.2 
0.7 

6 M D C 1 

Pi 

0.60 
0.59 
0.48 
0.42 
0.40 
0.40 
0.40 
0.39 
0.39 
0.36 
0.34 
0.34 
0.34 

hi 

0.20 
0.20 
0.26 
0.29 
0.30 
0.30 
0.30 
0.30 
0.30 
0.32 
0.33 
0.33 
0.33 

A/>„ 
0.01 
0.01 
0 
0 
0.01 
0 
0.01 
0.01 
0.01 
0.01 
0 
0 
0 

3/2N+IJ2L 

21.60 
21.77 
22.11 
22.56 
22.78 
22.53 
22.58 
22.86 
22.58 
22.64 
22.25 
22.20 
22.32 

From Table 4 it can be seen that, with an increase in pH, 
the J' value also increases. According to Equations 2', this 
result implies that there is an increase in the population of 
a trans isomers (p{). Thus, if the Jg

T values is sufficiently 
higher than that of Jg

G and JgP' the values (3/2iV+ l/2L) = 
(J'-\-2J) should steadily increase with an increase in pv In 
the present case, these values are almost constant at all pH 
values, equal to 22.2±0.6 Hz. The deviation may be attrib­
uted to the experimental error. However, the deviation of 
this range may be caused by a small cahnge in the nature of 
the medium, such as the dielectric field in the solution, or the 
dissociation of functional groups of the glutathione. Jgr

T, Jgf
G, 

or Jg
a should be constant throughout the pH rang examined. 

Therefore, it seems reasonable to put one Jg value into Eq. 
2'. By combining Eqs. 2' and 3: 

Pi + Ipn = 1 (3) 

the following expressions can be obtained : 

from J': Pl = (J'-J8)KJt- Jg)> 

Pn= W(Jt-J')/U-Js), 

f r o m / ' : Pl = ( / t + Js-2J)/(Jt- Je), 

Pii=U-Js)/U-Jg)' 
In order to determine Jt and Jg in addition to J&v, it is 
necessary to assume the JJJg ratio, for which we will take a 
common value of S^1'2'9'21» (JJJB

 = 5-G f o r P u r e ethane19)) 
for all oc-amino acids. The result is that Jt— 16.03 Hz and 
yg=3.08 Hz. From Eqs. 4 and 4' we can determine two sets 
ofpI and/>n values, using the J' or J"spin-coupling constant. 
The very good agreement between the two sets of/»! and pn 

populations confirms that, at least for a qualitative discussion, 
the present assumptions are sufficiently correct. The average 
values, pi and pn, and the deviation of pn from the values 
obtained using Figs. 4 and 4' are given in Table 4.t Jaß 

changes only slightly from about 6.3 Hz in the pH range 
2.9—8.05 to about 6.6 Hz for pH values lower than 0.7 and 
higher than 11. Using the Jt and Jg values estimated for 
simple amino acids,1'2'9) it is easy to find that, in the region of 

t The p values are the average values of the populations 
obtained from Eqs. 4 and 4'. 

pH 2.9—8.05, all three rotamers, 1, 2, and 3 (Fig. 10b), have 
the same population. In other pH regions there is some 
excess of the 2 and 3 rotamers over the 1 rotamer, the popula­
tions being 0.36, 0.36, and 0.28. The 2 and 3 rotamers cannot 
be distinguished from one another because the observed spec­
trum is of the A3X type. (We can determine only the average 
value of Jaß). 

Cysteine Residue. Using Jg=2.6 Hz, y t=13.6Hz, and 
,/av=6.3 Hz, the populations of the three a, b, and c rota­
mers (Fig. 6) can be obtained (Table 5). However, it is not 
possible to distinguish the A and B protons in this experiment. 
Furthermore it is not certain which rotamer, b or c, is more 
stable. In the pH region where poorly resolved spectra are 
observed, JAC=JBC—6.3 HZ and a=b=c= 1/3. 

Discussion 

Glutamic Acid Residue. The 1-1, 2, and 3 rotamers 
appear to be stable with respect to the interaction of 
the two terminal functional groups of this residue with 
the peptide linkage between glutamic and cysteine 
parts. In gauche isomers (II, III), the II-1 rotamer 
appears to be the least stable because of the electrostatic 
interaction of the carboxyl and ammonium group with 
the peptide backbone, especially with the carbonyl 
group. For a similar reason, the III-2 isomer seems 
to be less stable. At p H < 2 , the total population of the 
gauche form is large in comparison to the trans one (I), 
and this interaction with the peptide-bond group 
induces an observable difference in the populations of 
the 1, and 2, and 3 rotamers. It is also likely that there 
exists some difference in population of the 11-2 and 
II-3 rotamers, and so on, but the fast interconversion 
between the two isomers of the gauche form (II and III) 
(e.g., II-2—III-2) makes it impossible to distinguish 
them.tt 

The dissociation of the GOOH group to G O O - which 
occurs between pH 0.7—2.95 makes this interaction 
stronger because of the excessive negative charge on the 
carboxyl group, and some increase in the population 
of the trans (I) form has been observed. In the pH range 
of 8—11, where the dissociation of the NH3+ group 
occurs, an additional negative charge on the glutamic 
terminal causes an other increase in the population of 
the trans (I) isomer, for the same reason. The rotamers 
stable at pH values higher than 11 are 1-1,2, and 3, and 
the gauche forms, II-2 and III-3. The least stable 
should b e l l - l and I I I - l . 

At pHs below 2.5 and pHs higher than 9, the unequal 
populations of the 1, 2, and 3 rotamers distinguish the 
chemical shifts of ß and ß', while at pHs below 2.5 the 
chemical shifts for y and y' protons can be differentiated. 
The interaction of the carboxyl and the ammonium 
groups with the y and y protons is more effective in the 
gauche form of the unit considered, and at high pHs 
probably a smaller population of this form causes AY r , 
to equal 0. To explain this, more accurate populations 
of the particular rotamers, II-1—III-3, have to be 
known. 

Cysteine. Below pH 8, a = b=c=lj3. When the 

tt In this case, a more complex intercoversion between the 
1, 2, 3 and I, II, III rotamers should be considered. 
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TABLE 5. POPULATIONS OF THE CYSTEINE 

RESIDUE ROTAMERS 

a 

0.29 
0.29 
0.30 
0.29 
0.30 
0.30 
0.31 
0.32 

b{or c) 

0.48 
0.50 
0.48 
0.50 
0.49 
0.49 
0.48 
0.46 

c (or b) 

0.23 
0.21 
0.22 
0.21 
0.21 
0.21 
0.21 
0.22 

< 8 a = b^c=0.33 

SH group dissociates to S~, the spectra are better 
resolved (ABC type) and a more detailed population of 
the three rotamers (a, b, and c) can be found (Table 5, 
Fig. 6). The smallest change of the population is 
observed for the a rotamer, where the population is 
decreased from 0.33 to about 0.29. This result means 
that the most stable rotamer after the dissociation of the 
SH group is the one in which the position of S is trans 
to the cysteine peptide nitrogen or the carbonyl peptide 
group. 

From all these considerations it seems that a peptide 
linkage between glutamic acid and cysteine, and the 
interaction of the carbonyl group in the peptide linkage 
with the changes in the functional groups of the glutamic 
residue are important for the conformational equilibrium 
in solution. Thus, the most stable conformer after the 
complete dissociation of the peptide molecule is the one 
in which the GOO~ and N H 2 groups of the glutamic 
acid residue are far from the peptide backbone of the 
glutathione. 

We wish to thank Dr. Yoji Arata, Dr. Hidehiro 
Ishizuka and Dr. Akira Yamasaki for their helpful 
discussion and help during the analysis of the N M R 

spectra. 
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Nuclear Quadrupole Resonances of AlBr3»SbBr3, AlI3«Sbl3, and 
AlBr3-BiBr3 

Tsutomu OKUDA, Koji YAMADA, Hideta ISHIHARA, and Hisao NEGITA 

Department of Chemistry, Faculty of Science, Hiroshima University, Hiroshima 730 
(Received May 30, 1977) 

The quadrupole coupling constants (e2Q_q/h) and the principal axes of electric field gradient (efg) at 81Br, l a 7I , 
27A1,121Sb, and 209Bi in AlBr3.SbBr3, AlI3.SbI3, and AlBr3.BiBr3 were determined by means of NQR or NMR, in 
order to clarify the structures and chemical bonds of these compounds. The NQR spectra of AlBr3 • SbBr3 and 
All3-Sbl3 resemble each other and these two compounds consist of V-shaped SbX2+ and distorted tetrahedral A1X4~ 
ions (X=Br and I). However, there are weak bonds between the Sb atom in SbX2+ and the halogens in A1X4

_ ion. 
The V-shaped SbX2+ has the bond angle 97.3° for the bromide and 99.0° for the iodide. The orientation of the 
efg axes at the 121Sb atom suggests that the antimony atom has a lone pair of electrons in the opposite direction to 
the bisector of the two Sb-X bonds. On the other hand, only one terminal bromine atom bonded to the Bi atom 
was found for AlBr, • BiBr,. 

The formation of the 1: 1 adducts between trihalides 
of the metals of group I I I and V such as AlX 3 -SbX 3 or 
G a X 3 - S b X 3 (X = C1, Br, or I) has been reported in the 
literature.1-3) According to the electron diffraction 
study, AlBr3-SbBr3 has an ethane-like structure (Br 3Sb-
AlBr3) in the gaseous state.4) In the solid state, however, 
no crystal structure for these compounds has been 
reported so far. Recently, Chemouni and Potier 
studied vibrational spectra of the G a X 3 - S b X 3 ( X = C 1 , 
Br, or I) compounds in the solid state and concluded 
that the bridging structure ( X 2 S b - X - G a X 3 ) is more 
probable than the ethane-like structure (X3Sb-GaX3) .6) 

In the present investigation we discuss the structure 
and chemical bonds for the adducts AlBr3-SbBr3, 
Al l 3 -Sbl 3 , and AlBr3-BiBr3, on the basis of the quad­
rupole coupling constants and the orientation of the 
principal axes of the electric field gradient (efg). A 
par t of this work has already been reported elsewhere.6) 

Exper imenta l 

Adducts AlBr3. SbBr3, A1I3 • Sbl3, and AlBr3 • BiBr3 were pre­
pared from the stoichiometric mixture of the relevant halides 
in a sealed tube and crystallized slowly from the melt. The 
single crystals of these compounds were grown by the 
Bridgman-Stockbarger method. The NQR spectrometer was 
a super-regenerative type, and signals were observed on an 
oscilloscope. The Zeeman effect on the NQR was examined 
by means of the zero-splitting cone method.7) The quadru­
pole coupling constants of 27A1 were determined by use of a 
broad line NMR spectrometer operated at 13.000 MHz. Using 
single crystals of these compounds, the shift of the central line 
(-1/2<-»• + 1/2) due to the second order quadrupole effect were 
observed and analyzed by the Volkoff method.8'9) 

TABLE 1. NQR PARAMETERS OF AlBr3 • SbBr3, A1I3 • Sbl3, AND AlBr3. BiBr3 (296 K) 

Compound Vj/MHz j>2/MHz Vg/MHz vJMHz V 
a) 7)b> e2Qq/hlMHz 

AlBr3 • SbBr3 

i21Sb 
81Br(l) 

Br(2) 
Br(3) 
Br(4) 
Br(5) 
Br(6) 

97.406 
76.637 
79.088 
81.930 
82.689 
143.63 
149.99 

113.30 0.817 
0.543 
0.477 
0.307 
0.141 
0.024 
0.011 

0.821 415.9 
146.6 
152.5 
161.3 
164.8 
287.2 
300.0 

All, • Sbl, 

121Sb 
127I(1) 

1(2) 
1(3) 
1(4) 
1(5) 
1(6) 

75.681 
118.18 
118.86 
123.04 
123.19 
186.88 
207.39 

94.832 
200.48 
232.68 
201.73 
214.40 
373.79 
414.40 

0.742 
0.371 
0.129 
0.428 
0.347 
0.014 
0.029 

0.736 
0.382 
0.130 
0.426 
0.347 
0.00 
0.027 

343. 
686. 
778. 
694. 
731. 

1246 
1382 

AlBr, • BiBr, 

2o»Bi 
81Br(l) 

Br(2) 
Br(3) 
Br (4) 
Br(5) 
Br(6) 

36.941 
75.691 
76.760 
81.003 
83.937 
95.316 

148.30 

46.126 72.422 97.364 0.271 
0.204 
0.868 
0.526 
0.426 
0.539 
0.027 

587.2 
150.3 
137.2 
155.0 
163.0 
182.0 
296.6 

a) These values were determined by Zeeman effect experiments. 
b) These values were determined by the use of frequency ratios, vjv2. 
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R e s u l t s and D i s c u s s i o n 

Tables 1 and 2 show the quadrupole coupling con­
stants {e2Qjjfh) and the asymmetry parameter (73) of the 
efg tensors observed for 81Br, 121Sb, 1 2 7I , 209Bi, and 27A1. 
These parameters were determined by N Q R or N M R 
experiments using single crystals. The N Q R lines of 
79Br and 123Sb were also observed at the frequencies 
expected from the quadrupole moment ratios, d ( 7 9 Br) / 
£(8 1Br) = 1.1971 and &(1 2 3Sb)/£(1 2 1Sb) = 1.2748. 

TABLE 2. QUADRUPOLE COUPLING CONSTANTS FOR 27A1 

Compound 

AlBr3 • SbBr3 

A1I3 • Sbl3 

AlBr3 • BiBr3 

Al2Br6
a> 

KAl2Br7
b> 

e*Qq/h/MHz 

7 .2±0 .1 
5 .7±0 .1 
4 . 0 ± 0 . 1 

13.5635 

10.4±0.1 
8 .7±0 .1 

*) 
0.56±0.03 
0 .55±0.03 
0 .32±0.03 

0.7476 

0.19±0.03 
0.09±0.02 

Temp/K 

295 
285 
295 

298.2 

284 

a) Ref. 19. b) Réf. 9. 

AlBr3-SbBr3. I t is apparent from Table 1 that 
the bromine atoms are divided into two groups. T h e 
first group contains Br ( l ) , Br(2), Br(3), and Br(4), and 
the second group Br(5) and Br(6). Bromine atoms in 
the first group have large TJ values and their e2Qqjh 
values are approximately the same as those of AlBr4~ in 
MAlBr4 ( M = L i , Na, or Cs).9> These four Br atoms 
can be assigned to AlBr4~ ions in the present compound, 
although most of them have strong interactions with 
neighboring atoms. Bromine atoms in the second 
group have very small Y) values and slightly higher 
quadrupole coupling constants than those due to the 
bromines in SbBr3.

10> O n the basis of these parameters, 
Br(5) and Br(6) are considered to form bonds with an 
antimony atom and they have no interactions with 
other neighboring atoms, thus differing from the Br 
atoms in the SbBr3 crystal. Figure 1 shows the zero-
splitting patterns which are considered to arise from the 
Sb and Br atoms in one SbBr2 unit. In practice, how­
ever, a pair of zero-splitting patterns was observed for 
each resonance line; these patterns were symmetrical 
with respect to the b-axis because of the monoclinic 
system. I t is reasonable to assume that the efg z-axis of 
the Br(5) or Br(6) atom lies along its Br-Sb bond 
because of the small vj. The bond angle zlBrSbBr 
determined in this way is 97.3°, which is nearly equal to 
that of the SbBr3 crystal. In the case of 121Sb (7=5/2) , 
the locus of the zero-splitting for vx is formed around 

TABLE 3. NQR PARAMETERS OF SbBr3, 

Compound 
81Br 

SbBr3 121Sb 

127J 

Sbl3 121gk 

81Br 
BiBr3 209Bi 

V % «J 

6.8—8.0 
8.3 

56.5 
0 

7.7—42.4 
82.8 

Qq/h/MHz 

273.6a> 
319.9 

895.8 
169.4 

223.5a> 
266.6 

Sbl3, AND BiBr3 

Temp/K Ref. 

292.5 10 
304 20 

77 20 
77 20 

298 18 
289 18 

360 

0/degree 

Fig. 1. Zero-splitting loci for the 81Br(5), 81Br(6), 121Sb-
(±l/2<->±3/2), and m S b ( ± 3 / 2 ^ ± 5 / 2 ) lines in the 
AlBr3 • SbBr3 crystal at room tempreature. In practice 
a pair of zero-splitting patterns was observed for each 
resonance line symmetrically with respect to the b-axis 
because of the monoclinic system. 0 : efg axis. 

the y-axis of the efg tensor and that of v2 is formed 
around the z-axis when r\ is greater than 41.2%.11,12> 
Therefore, it is apparent from Fig. 1 that the z-axis of 
this antimony atom is almost perpendicular to the 
Br-Sb-Br plane and the y-axis is parallel to the bisector 
of the two Sb-Br bonds. Table 4 shows the angles 
between their efg axes determined by the Zeeman effect 
of N Q R . Furthermore, the large values of y\ and 
e2Qqjh of the antimony atom also support the existence 
of the V-shaped SbBr2 unit. Figure 2 shows the orienta­
tion of the efg axes of this antimony atom as compared 
with that of the bridging Br atom existing in Al2Br6

13) 
or KAl2Br7.9> This figure shows that the x-axis and 
y-axis of these two bridging atoms are reversed, although 
their bond angles are nearly equal to each other. T h e 
efg axes for the bridging Br atom have been explained 
by assuming that the Br atom forms sp3 hybridized 
orbitals with two lone pair orbitals.11'15* O n the other 
hand, in order to explain the reversed orientation of the 
x- and y-axes at the Sb atom, sp2 hybridized orbitals 

TABLE 4. THE ANGLES BETWEEN EFG PRINCIPAL AXES 

FOR THE SbX2+ iONa> (1) SbBr2+ (2) Sbl2+ 

(1) SbBr2+ 

Sb y-axis 
Br(5) z-axis 
Br (6) z-axis 

(2) Sbl2+ 

Sb y-axis 
1(5) z-axis 
1(6) z-axis 

Sb z-axis 

90.0° 
90.0° 
90.0° 

Sb z-axis 

90.0° 
90.1° 
89.9° 

Sb y-axis 

48.6° 
48.8° 

Sb y-axis 

56.4° 
42.7° 

Br(5) z-axis 

97.3° 

1(5) z-axis 

99.0° 

a) Experimental error was estimated to be ±0-2°. 

Sb<?) 

a) Averaged values of three resonance lines. 

Fig. 2. efg axes with respect to the bridging plane, (a) 
Bridging Br atom in the Al2Br6 crystal and (b) antimony 
in the SbBr2+ ion. 
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with C2 v symmetry are adopted by assuming no hy­
bridization of the d orbitals. The orthonormal orbitals 
at the Sb atom are expressed as follows : 

0i = 4>v 
02 = a & - ( l - a 2 ) V 2 0 y , 
03 = (2)-V2{(l-aS)0B + a^y-^}, 
0* = (^-^{(l-a^^+a^+^J, 

with a = cot 2y, 

where <f>s, </>x, <py, and <pz are the 5s, 5p x , 5p y , and 5p z 

orbitals of the ant imony atom and 2y is the bond 
angle ^ B r S b B r . The zlBrSbBr angle was determined 
to be 97.3° by measuring the 81Br Zeeman effect. T h e 
lone pair orbital 02 contains two electrons and has a 
large portion of s orbital ; the electrons can be regarded 
as an inert pair of the Sb atom. The sigma-bonding 
orbitals 0 3 and 04 are used to form bonds with two Br 
atoms. The populations of these orbitals are roughly 
estimated to be 0.55 from the ionic character of the 
Sb-Br bond, which was determined by the N Q R 
parameters of 81Br by assuming 15% s-electron character 
for the bonding orbital of the Br atom. Then, the 
populations of the orbitals 01? 02, and 03 ( = 0 4 ) are 

Hl.O 

Fig. 3. Dependence of the efg at the Sb site on the 
populat ion of the <j>1 orbital . If the population is 
smaller than 0.23, the observed orientation of the efg 
axes is consistent with this calculation. 

assumed to be Nz, 2, and 0.55, respectively. Using the 
Townes-Dailey theory, the efg at the Sb site can be 
expressed as a function of Nz, where x-, y-, and z-axes 
are chosen as shown in Fig. 2. At JVZ=0.11, the observed 
asymmetry parameter and the orientation of the efg 
tensor could be explained satisfactorily. This electronic 
configuration is consistent with that expected from the 
SbBr2+ ion, because the outer electron configuration 
of the Sb + ion is 5s25p2. Further calculation is obstracted 
because of the lack of accurate information on the 
crystal structure and the quadrupole coupling constant 
for a 5p electron of antimony. 

Figure 4 shows the zero-splitting patterns of the 
Br( l )—Br(4) . T h e angles between their z-axes are 
distributed from 103.9 to 118.1°. This fact suggests 
the existence of a distorted tetrahedral AlBr4

_ ion, 
although their efg z-axes somewhat deviate from the 
Br-Al bond axes because of the large TJ value. Figure 5 

'd
eg

re
e 

© 

"1 Br (2) \ 
\ * 

1 

f Br (4) 
1 * 

b-axisi 
• / 

Br(l) 

Br (3) 
• 

180 270 90 

0/degree 

Fig. 4. Zero-splitting loci for the 81Br(l)—Br(4) lines in 
the AlBr3 • SbBr3 crystal. In practice a pair of zero-
splitting patterns was observed for each resonance line 
symmetrically with respect to the b-axis. 0 : efg axis. 

X! 
VI 

-30k 

0 90 Ï80 

Rotation angle/degree 

Fig. 5. The second order quadrupole effect in 27A1 
NMR for the AlBr3.SbBr3 crystal. 

shows the 27A1 N M R rotation pattern of the central 
line ( —1/2 «-• + 1/2), and in this case the rotation axis 
was arbitrarily chosen. Because of the monoclinic 
system, two central lines corresponding to different 
orientations of their efg tensors were observed. The 
e^Qjqjh and i\ thus obtained also support the distortion 
of the AlBr4~ ion from the regular tetrahedron, but the 
e2Qqlh value is smaller than that of tetrahedrally 
bonded a luminum in the Al2Br6

14> or KAl2Br7
9) crystal. 

From these findings it seems reasonable to propose 
that the AlBr3-SbBr3 crystal consists of the SbBr2+ and 
AlBr4~ ions and these ions are linked together by weak 
bonds between the Sb atom in SbBr2+ and the Br atom 
in AlBr4~. T h e lower population for the <f>x orbital than 
0 3 or 04 may suggest the existence of a weak bond 
between the Sb atom and the Br atom of the AlBr4~ 
ion. According to X-ray crystal analysis, similar 
structures are reported for A1C13-IC13,

16> SbCl5-ICl3,16> 
and AlCl3-TeCl4.17> These crystals consist of ion pairs, 
A1C14-IC12+, SbCl6-ICl2+, and AlCl4-TeCl3+, in which 
cations and anions are linked by weak bonds through 
the CI atoms of the anions. 

All3-Sbl3. In the case of 127I and 12iSb (both 
7 = 5 / 2 ) , a pair of N Q R lines, n ( ±1/2++±3/2) and 
v2(±3/2<->- ± 5 / 2 ) , were observed. Zero-splitting patterns 
were observed for the six v1 transitions of the 127I nuclei 
and for the vx and v2 transitions of the 121Sb nuclei. 
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Br 
Î 
Br Br 

0/degree 

Fig. 6. Zero-splitting loci for the 127I(5), 127I(6), 121Sb-
(±1/2—±3/2), and * 2 1Sb(±3/2^±5/2) lines in the 
AH3-SbI3 crystal at room temperature. In practice a 
pair of zero-splitting patterns was observed for each 
resonance line symmetrically with respect to the b-axis 
because of the monoclinic system. 0 : efg axis. 

Therefore, the assignment of the pair vx and v2 can be 
determined on the basis of the asymmetry parameter 
from the zero-splitting pattern. For the 127I and 121Sb 
nuclei the two values of the asymmetry parameter were 
independently calculated from the results of the Zeeman 
effect and from the frequency ratio of the pair, as 
shown in Table 1. T h e N Q R parameters of this com­
pounds are similar to that of the AlBr3-SbBr3 crystal, 
i.e., this compound is expected to consist of the ion pair 
of Sbl2+ and A1I4~. Figure 6 shows the zero-splitting 
patterns of 1 2 1 S b ( ± l / 2 ^ ± 3 / 2 ) , 1 2 1 Sb(±3 /2**±5 /2 ) , 
1 2 7 I ( 5 ) ( ± l / 2 ~ ± 3 / 2 ) , and 1 2 7 I ( 6 ) ( ± l / 2 ~ ± 3 / 2 ) , which 
arise from one Sb l 2 unit. From the orientations of the 
efg tensors, the V-shaped Sb l 2 unit has the geometry 
shown in Table 4. The z-axis of the Sb atom is almost 
perpendicular to the I - S b - I plane, whereas the y-axis 
deviates about 7 degrees from the bisector of the two 
Sb- I bonds to the z-axis of the 1(6) atom within the 
ISbl plane. This may be due to the fact that the two 
Sb- I bonds somewhat differ from each other, as is 
obvious from the e^Qq/h of the 1(5) and 1(6) atoms. 

AlBr3-BiBr3. The N Q R spectra for this com­
pound are different from those of the former compounds 
in the following points. (1) T h e asymmetry parameter 
of the 209Bi atom is relatively small. (2) Only the Br(6) 
atom can be regarded as a terminal atom bonded to the 
Bi atom. (3) T h e Br(5) a tom yields a somewhat smaller 

0/degree 

Fig. 7. Zero-splitting loci for the 81Br(5), 81Br(6), and 
209Bi (±5/2—±7/2) lines in the AlBr3.BiBr3 crystal. 
0 : efg axis. 

a- î ̂ K y^ 
Fig. 8. Proposed structure for the BiBr2+ ion. The 

arrows indicate efg z-axes. 

e2Q,qjh value compared with that of BiBr3,
18> so that 

it must form a bridging bond of the type Bi-Br-Bi 
because of its large 7). 

Figure 7 shows the zero-splitting patterns of the 209Bi 
( ± 7 / 2 - ± 9 / 2 ) , 8 1 B r ( 5 ) , a n d 8 1 B r ( 6 ) resonance lines. Each 
resonance line yields only one zero-splitting pat tern. 
This fact suggests that the crystal belongs to a triclinic 
system. As is obvious from this figure, the z-axes of the 
three atoms are nearly parallel, within 9 degrees. O n 
the basis of these findings, it is supposed that the BiBr2+ 
ions form a chain-like structure such as is shown in 
Fig. 8. 
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The polarized absorption sepctra of xanthene and xanthone were measured in stretched poly(vinyl alcohol) 
films, and the polarization direction of each electronic transition was determined. It was confirmed that xanthone 
has the short molecular-axis polarized bands (1A1<—1A1) at 343, 260, and 226 nm, and the long molecular-axis polar­
ized ones (1B2<—XAX) at 290, 266, and 242 nm. The electronic transitions of xanthone are discussed in connection 
with those of xanthene by use of the configuration analysis. For the 266 and 260 nm bands, the contributions of the 
intramolecular charge transfer character from the xanthene skeleton to the carbonyl group are considerable. 

Derivatives of xanthone have been found as plant 
pigments and have received considerable attention 
because of their anomalous emission behavior. From 
lifetime and polarization measurements, it has been 
indicated that the configuration of the lowest triplet 
state of xanthone is 3(n, n*) type in a nonpolar solvent 
(3-methylpentane) but z(n, n*) in a polar solvent.1) The 
electronic absorption spectra of xanthone and its 
derivatives have been studied by several investigators,1-3) 
but their assignments of the individual bands are 
different. For instance, Pownall and Huber1) measured 
absorption and polarized phosphorescence spectra of 
xanthone, and they found five electronic bands a t 
364, 335, 282, 256, and 234 nm. The five bands were 
assigned to ^ ( n , jr*)<- lA1 , 1 ^ « - ^ , ^ ^ A ^ 1A1-
(CT)<—iAj, and 1A1<—XA± transitions in order of increas­
ing energy. From the measurements of absorption and 
fluorescence spectra and PPP calculations, Mizutani 
et al.2) have also discussed the electronic structure of 
xanthone and its hydroxy and methoxy derivatives, and 
reported that there are a few discrepancies between 
their results and the above-mentioned ones.1) 

In this paper, measurements of polarized absorption 
spectra using stretched poly(vinyl alcohol) films and 
PPP calculations for xanthene and xanthone have been 
performed, and the electronic spectrum of xanthone is 
analyzed in connection with that of xanthene by use 
of the method of configuration analysis developed by 
Baba et a/.*> 

E x p e r i m e n t a l 

Materials. Commercially available (Tokyo Kasei Co., 
Ltd.) xanthene and xanthone were purified by repeated recrys-
tallizations from ethanol. The melting point of xanthene was 
99—100.2 °C (lit,9) 99 °C) and that of xanthone 173.6 °C 
(lit,9) 174 °C). 

Measurements and Notations Used. The polarized absorption 
spectra were measured with a Shimadzu QV-50 spectrophoto­
meter.6-7) 

The notations used in the figures of the polarized absorption 
spectra are as follows : Rs is a ratio of stretching,5) D,, and D± 

are absorbances for the light polarized parallel to and perpen­
dicular to the stretched direction of the film, respectively, and 
RA is the ratio of the optical densities (Z2d = D^fDjJ. 

In the case of planar molecules belonging to the point group 
C2v, D2, D2h etc., we can obtain a reduced polarization spectrum 

using the above-mentioned Rs and Rd values, i.e., the absorp­
tion spectrum in a non-stretched polymer film can be reduced 
into two component spectra which are polarized parallel (DJ 
to and perpendicular (Dy) to the principal symmetry axis (z). 

Calculat ions 

In the M O calculations, a modified PPP method 
developed by Nishimoto and Förster8) was employed. 
The valence state ionization potentials (/p(r)) and 
electron affinities {E^r)) used are as follows: 7p(C) = 
11.42, £ a ( C ) = 0 . 5 8 , / p ( - 0 - ) = 32.9, £ a ( - 0 - ) = 13.37, 
/ p ( = 0 ) = 2 3 . 7 , and £ a ( = 0 ) = 2 . 4 7 eV. The resonance 
integrals (ßrs) were adjusted at every iteration of the 
SCF calculations by the equations8) 

ßcc = -0.51/>cc - 1.84, 

ßco= -0 .56> C O -2 .20 . 

Here, prs is a ?î-bond order between the atoms r and s. 
In the CI calculations, all the one-electron excited 
configurations among the upper five occupied and lower 
five unoccupied SCF orbitals were taken into account. 

I t is very interesting for chemists to know the origin 
of the elctronic transitions more quantitatively. The 
configuration analysis developed by Baba and his 
coworkers4) may be one of the most useful methods for 
this purpose. According to their method, -any state 
function V can be developed in terms of reference 
wavefunctions (V°) appropriately chosen, 

¥ = V°M, 

where M is a transformation matrix and the square of 
the matrix element (Mji) of M represents the degree of 
contribution of a reference wavefunction W° to the 
resultant wavefunction Wj under consideration. 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows the polarized absorption spectrum of 
xanthene in the stretched poly (vinyl alcohol) film. The 
absorption spectrum (D// or D± curve) of this compound 
consists of three apparent bands at 294, 252, and «*215 
nm. The Rd values for the 252 nm band are large 
compared with those of the 294 nm band. This indicates 
that the relatively intense 252 nm band is polarized 
along the long molecular-axis (y-axis) and 294 nm 
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Fig. 1. The polarized absorption spectrum of xanthene 
in the stretched poly (vinyl alcohol) film. 
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Fig. 2. The reduced polarized absorption spectrum of 
xanthene. D: The absorption spectrum in the non-
stretched poly (vinyl alcohol) film. Dy and Dz: The 
reduced polarization spectrum. 

band along the short-axis (z). The behavior of the Rd 

curve suggests the presence of additional weak bands 
at 285 and 226 nm, that is, the Rd values are steeply 
increased with decreasing wavelength around 285 nm 
and a distinct minimum is found at 226 nm. To deter­
mine in more detail the locations of these hidden bands, 
we obtained the reduced polarization spectrum, which 
is shown in Fig. 2. From this figure, it is clearly seen 
that the z-axis polarized bands are at 294 and 226 nm 
and the y-axis polarized ones are at 285, 252, and 
around 215 nm. 

The above experimental results are compared with 
calculated ones in Table 1. From this table, it is clear 
that the observed 294 and 226 nm bands can be assigned 

T A B L E 1. C O M P A R I S O N O F T H E O B S E R V E D A N D C A L C U L A T E D 

T R A N S I T I O N E N E R G I E S , I N T E N S I T I E S , A N D 

P O L A R I Z A T I O N S F O R X A N T H E N E 

Transition energy 
Sym- (nm) 

metry 

I A, 
II B2 

III B„ 
IV A1 

V B2 

VI B„ 
VII A1 

Calcd Obsda> 

287 294 
287 285 
254 252 
222 226 

£} ~™ 
206 

Intensity 

' 
Calcd (f) Obsd(e)b> 

0.016 1900 
0.008 
0.500 8000 
0.001 ca. 6000 

s »™ 
0.323 

Polarization 

' 
Calcd 

z 

y 
y 
z 

1} 
Z 

" 
Obsd 

z 

y 
y 
z 

y 

— 

a) In poly(vinyl alcohol) film, b) In ethanol. 

300 320 340 360 

1/nm 

Fig. 3. The polarized absorption spectrum of xanthone 
in the stretched poly (vinyl alcohol) film. 

to 1A1<—1A1 transitions and the observed 285 and 252 
nm bands to 1B2<^-1A1. 

Figure 3 shows the polarized absorption spectrum of 
xanthone. The spectrum of this compound is very 
complex, i.e., four apparent peaks are found at 343, 
290, 266, and 242 nm besides a shoulder around 235 
nm. The Rd curve shows clear maxima at 290 and 242 
nm and a shoulder at 266 nm, indicating that the 290, 
266, and 242 nm bands are polarized along the long 
molecular-axis (y). O n the other hand, the 343 nm 
band is polarized along the short molecular-axis (z), 
because the Rd values for this band are the smallest 
in the observed wavelength region. The ^ d values 
decrease steeply on both sides of the intense 242 nm 
band and a clear minimum is found around 254 nm. 
This indicates that weak bands polarized along the 
short molecular-axis are hidden at about 254 and 220 
nm. 

Figure 4 shows the reduced polarization spectrum of 
xanthone. From this figure the location of each band 
including above-mentioned hidden bands can be clearly 
seen. Tha t is, the long molecular-axis polarized bands 
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Fig. 4. The reduced polarized absorption spectrum of 
xanthone. Notations used: cf. Fig. 2. 

are found at 290, 266, and 242 n m , and the short 
molecular-axis polarized ones at 343, 260, and 226 nm. 
From the above experimental results, the z-axis polarized 
343 and 260 nm bands can be assigned to the 1A1<—1A1 

transitions, and the y-axis polarized 290, 266, and 242 
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Fig. 5. Results of the configuration analysis of xanthene. 
The radius of the circle is proportional to the magnitude 
of Mj-, i.e. the area of the circle represents the degree 
of the contribution of Wï to W y 
D : Observed relative intensity, 
f : Calculated oscillator strength. 
Wl and Wji See text. 
WiT: Wavefunction for the charge transfer state from 
oxygen to the two benzene rings. 

TABLE 2. COMPARISON OF THE OBSERVED AND CALCULATED 

TRANSITION ENERGIES, INTENSITIES, AND 

POLARIZATIONS FOR XANTHONE 

Sym­

metry 

I Ax 

I I Ba 

I I I B2 

I V Ax 

V B2 

V I Ax 

V I I B2 

Transition energy T x 

(nm) Intensity 
r 

Calcd 

316 

293 

266 

243 

241 

230 

228 

Obsda> 

343 

290 

266 

260 

242 

226 

— 

" 
C a l c d ( / ) Obsd(e)b> 

0.114 

0 .003 

0.162 

0 .146 

1.363 

0 .135 

0 .027 

7200 

4200 

13000 

42800 

Polarization 

— ^ 
Calcd Obsd 

z z 

y y 

y y 
z z 

y y 
z z 
y _ 

a) In poly(vinyl alcohol) film, b) In ethanol. 

nm bands to 1B2<—xAlt as shown in Table 2. This 
assignment is not always consistent with the previously 
reported assignments.1) For instance, the relatively 
intense 266 and 242 nm bands were earlier assigned to 
1A1<—!AX transitions.1) 

Configuration Analysis. State wavefunctions of a 
molecule can be developed in terms of wavefunctions 
of an appropriately chosen reference molecule. In the 
case of xanthene, we have chosen the structure of the 
reference molecule as 

H2 

i ii ii i 

X//o\\X 
The results of the configuration analysis are shown in 
Fig. 5. From this figure, it is clear that the state wave-

Obsd 

-i-
280«, 300 320 340nm 

'. Calcd \ 

•X10 
1A,1B2

NlAI
1B2 'B2 'A, 

(gyiXgy)(giv)(giii) (gii) (3) 

Fig. 6. Results of the configuration analysis of xanthone. 
See the explanation of Fig. 5, where W\T stands for 
wavefunction for the charge transfer state from 
xanthene skeleton to the carbonyl group. 
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functions ¥u ¥u, ¥m, and ¥ïy are approximately 
represented by the state functions ¥f, ¥ft, 3P?n, and 
¥w of the reference molecule, respectively. Tha t is, 
it may be considered that the first two transitions 
(¥i<-¥0 and ¥n<—¥0) arise from the interaction between 
the 1 L b states of the two benzene rings and the next 
two transitions (¥IU<—¥0 and ¥1Y<^-¥0) from the two 
1ha states. 

As for xanthone, the excited state wavefunctions were 
developed in terms of the wavefunctions of xanthene 
(reference molecule) as shown in Fig. 6. The transitions 
I(?Pi), ll(¥n), and V(îPv) of xanthone are approximate­
ly represented by the transitions I(¥°), II(¥°i), and 
I l l ( î rni) , respectively. Transition IIl(¥IU) is con­
sidered to be due to the interaction of ¥°n, ÎTVI, and 
ÎTCTS) and transition IV(îTiv) due to the interaction of 
¥°v and ¥°T*, where ¥lT' S represent the charge transfer 
configuration from the xanthene skeleton to the carbonyl 
group. Transitions I I I and IV of xanthone observed at 
266 and 260 nm may be considered to be charge 
transfer bands. As for this molecule, charge transfer 

configurations from the C = 0 group to the xanthene 
skeleton can also be considered, but the contributions 
of these configurations are negligibly small. 
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Kinetic Studies on Double Relaxation of Surfactant Solutions 
Using a Capillary Wave Method 

Minoru SASAKI, Tatsuya YASUNAGA, Shigemi SATAKE, and Minoru ASHIDA 

Departnent of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
(Received May 4, 1977) 

The frequency dependence of the damping coefficient of a capillary wave was measured in decylamine hydro­
chloride solutions. The observed relaxations were well expressed by the double-relaxation equations. From 
the concentration dependence of the relaxation parameters obtained, the relaxations at low and high frequencies 
were attributed to the adsorption-desorption and ion-pair formation reactions on the surface, respectively. Further­
more, the adsorption rate constants are related to the hydrophobic and hydrophilic properties of the surfactants. 

Very recently, adsorption-desorption phenomena on 
the surface of sodium dodecyl sulfate (SDS), dodecyl-
amine hydrochloride (DAG), and octylamine hydro­
chloride (OAG) solutions have been investigated 
theoretically and experimentally by means of the 
capillary wave method.1 '2) Similar studies on a homol­
ogous series of alkylamine hydrochloride solutions would 
give valuable information about the relationship be­
tween the dynamic behavior and the structure of the 
surfactant molecules. 

T h e purpose of this paper is to study the adsorption-
desorption phenomena by measuring the frequency 
dependence of the damping coefficient of the capillary 
wave on the surface of decylamine hydrochloride 
(DeAC) solutions as an extension of previous studies. 

Theoret ica l 

Let us consider the following scheme, which is a 
combination of adsorption-desorption and ion-pair 
formation reactions on the surface of a surfactant 
solution:1) 

c kd D* 

'fr >A^*~^Ab> 
SA 

where 

S, A, and SA are the surfactant ion, counter ion, and ion-
pair on the surface, subscripts s, sub, and b refer to the 
surface, subsurface and bulk phase, Kj and kd are the 
adsorption and desorption rate constants defined in a 
previous paper,1) k2 and A;_2 are the association and 
dissociation rate constants, Ds and DA are the diffusion 
coefficients for S and A, respectively, and K is the 
equilibrium constant. 

The following rate and diffusion equations are given 
for the two processes:1) 
For the diffusion processes ( j < — ^SUb)> 

^ = D ( d2gj , ^ \ 
d* '\ dx- dy2 J 

('i = 's.b> cA,b and Dl = DSt DA), (1) 

and for the (Langmuir-type) adsorption-desorption and 
ion-pair formation processes (0>jy>— dsuh), 

^ - = ^lt(i-01-e^tmh-kie1 

— k201cAtSnb + k_282 (2) 
and 

, . = *2$ l C A,sub """ k_202, 

at 
where x and y are the rectangular coordinates normal 
and tangent to the surface at rest, cs,SUb, cA>sub, cStb, and 
cA,b are the molar concentrations of Ssuh, Asub, Sh, and 
Ab, t is the time, dsuh is the thickness of the subsurface 
layer, and Qx and 62 are the fractions of sites occupied by 
S and SA, respectively. The changes in the concentra­
tions are given by: 

Cj = Cj + Acj exp {i(a)'t-\-Kx)y 

( C j ~ r i > CS,sub> c A,sub) ( 3 ) 

and 
0k = K + A0k exp {{(w't+Kx)} (k= 1, 2), 

where 
o)f — \nf, K = 2k, 

with co' and K being the angular frequency and wave-
number of the perturbed variables, fand k the frequency 
and wavenumber, respectively, and with the bar 
denoting the equilibrium state. The solution of Eq. 1 
gives:1 '3,4) 

Â i = Ei exp fay) 

(E{ = Eai EA and «i = rcs, nA), (4) 
where 

*i = ( f f 2 + l r ) 1 / 2 = ßa + ia/ßi* 
Ei is a constant and ny are the parameters related to 
the thickness of the bulk phase concerned with the 
diffusion process. O n the other hand, the laws of 
conservation of mass give two independent relations for 
the concentration changes of the surfactant and counter 
ions -y> 

F(A0x + A02) + \ ES exp (nsy)dy 
J - 0 0 

= F(A01 + A0a) + ^ ^ = 0 (5) 
«s 

and 

FA02 + EA exp (nAy)dy 
J - 0 0 

= FA02 + - ^ ^ - = 0, 
«A 

where 
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F = io3rm a x , 
and r m a x is the maximum value of the surface excess. 
A combination of Eqs. 2—5 gives: 

»V{1 + A;M(1 -Sx-ëaJFftaO-Aox 

+»VF{A1(,(i -d1-e2)ßS2+k2e1ßA2}ae2 

= - [ A a . ^ a . B u b + î l - ô i - O a ) ^ ! 

+ kâ + k2cA>sah\k61-[kllf6{cs 
,sub 

+ (1 -Ö1-Bt)Fßsa + Fk1ß1ßA1-lc_JMa (6) 
and 

iw'(I+^6^^)118., 
= MA,subAö1-(*2F6Ai + A:-2)Aöi8. 

For relatively concentrated surfactant solutions near the 
CMC, these equations are simplified in the cases of 
c0 (the initial concentration) > 10~3 mol d m - 3 , £ 2 < 5 x 
104 mol- 1 dm 3 s-1, and K<\0* m o h 1 d m 3 (with D^ 
1 0 - 6 c m 2 s - 1 , Z)A<*»10-Bcm2s-1, and cStSah,^cA>suh^cQy) 
to 

ico'àOi = —an—a12 

and (7) 
ÜÜ'A03 = — a21 — a22, 

where 
flll = " a , 0CO ~t" ^d "f" k2C0,

 ö 12 = = "-a,ff^0 " - 2 3 

Uni ~~ *^2 05 ?2 "*" —2* 

Solving Eq. 7, one obtains the following equation for the 
relaxation times, T:5) 

'—}<—44-1te3H'l (8) 

This equation is easily simplified by the conditions 
tfn>ö22

 a n d fl22>an
 t o t n e following forms :5) 

For ö n > ö 2 2 ( r f^Tf i 1 ) , 
TF l = a n = ks,tBc0 + kA + k2c0 

and 
k2co\k&,eco k_2) 

(9a) 

T., — dna — a12a21 = k_2 + 
""a, 9C0 ~t" *d ~t" "2^0 

and for a 2 2 >fl u ( r f i ^Tf 1 ) , 

T f i = flu _ fife = Äa>fl(l +Kc0)c0 + kA 
«22 

and (9b) 
7 I I — «22 — ft-2' 

The apparent relaxation strengths, à', for two-step 
reactions on the surface are given by the following 
equations on the basis of two-dimensional relaxation 
theory1) and of the theory for ultrasonic absorption5) 
at constant activity: 

yRT \ Ci Cl Cl ) 
and 

yRT \ ct c{ Ci J 
where 

/ W Y v i 1 flia/^-Tf1) \ 

\ * Z i " U^/Cflu-Tf,1) 1 / ' 

y is the surface tension, Ay is the standard surface 
tension change defined in a previous paper,1) R is the 
universal gas constant, T is the temperature, v is the 
stoichiometric coefficient, and subscripts 1 and 2 denote 

the adsorption-desorption and ion-pair formation pro­
cesses, respectively. The conditions a11>fl22 and a 2 2 > ß n 

then lead to:1»5) for ß n > ö 2 2 : 

ä-'=^(/67+f-xi(w/3c°-2T 
and (10a) 

,, = (rAri+Ar2)
2 f i - 2 r - r 2 

r * r I rmax02 
• + 

l 
i ItlLlö? 

+ J - x i o 2 ( i + y2)7v1/3Co-2/3] 

where 
/ W Y 

\ X Z 

and for fl22><2n, 

(Ay1+XAy2)2 

\ _ / ! - f l i 2 K i \ 

) - \ o i J' 

*l' y Ä T F + 
Z2 

+ y X 102(1 + AT^iVVa^-a/s] 

and 

J max ö 2 * " yfiT \ r m . A 

V X Z I \ -a9Ja,, 1 / 

(10b) 

o-2/3)_1
5 

where 

E x p e r i m e n t a l 

The apparatus employed was the same as that reported in 
a previous paper.2) 

Decylamine (Schuchardt, purity; 90%) was distilled twice 
and the purity of the distillate was confirmed to be 99.8% 
using gas chromatography. Decylamine was neutralized by 
hydrochloric acid in a butanol solution and was then recrystal-
lized four times from the butanol solution and finally washed 
with petroleum ether. The value of the CMC was determined 
to be 62.5 mM* using the electric conductivity method at 
25 °C. 

The measurements of the damping coefficient of the capil­
lary wave were carried out from 40 to 700 Hz on the surface 
of concentrated DeAC solutions below the CMC at 25 i 
0.4 °C. 

R e s u l t s and D i s c u s s i o n 

T h e frequency dependence of the damping coefficient, 
a, is shown in Fig. 1. As seen from this figure, the 
experimental values of cuff are greater than the theoret­
ical results of ajf, where ad refers to the damping 
coefficient resulting only from diffusion between the 
surface and the bulk phase.1-3-4) This difference cannot 
be expressed by a single relaxation equation as was 
done in a previous paper.2) In order to interpret the 
experimental results, let us consider multiple-step 
reactions on the surface. The equation for the damping 
coefficient derived in previously2) is generalized to the 
mutiple relaxations, as follows: 

3pcS(oc « d \ _ f , <o'Ttdt' n n 

2nyk\f / / - è i l + o / V {n) 

* Throughout this paper, 1 M = l mol dm - 3 . 
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5̂ 
a 

/ , H z 

Fig. 1. The plots of oc/f vs./ in the De AC solutions. The 
theoretical curves of ajf are shown; : 50 mM, 

: 40 mM, : 25 mM. 0 : 50 mM, Q; 40 
mM, # : 2 5 m M . 

/ , H z 

Fig. 2. The relaxation absorption spectra in the DeAC 
solutions. The solid lines show the theoretical curves 
calculated by right hand side of Eq. 11 with the relaxa­
tion parameters listed in Table 1. The arrows show 
the relaxation frequency/ r= (4JIT)_1 . 
Q: 50 mM, Q : 40 mM, %: 25 mM. 

TABLE 1. RELAXATION PARAMETERS IN DeAC 

AND OAC SOLUTIONS AT 25 °G 

DeAC 

OAC 

'o 
(mM) 

25.0 
40.0 
50.0 
60.0 

34.6 
46.1 
57.7 
76.9 

115.3 

Tf1 

(10s s-1) 

5 .6±0 .4 
7 .5±1 .1 

10.5±0.6 
11 .1±1.8 

4 . 1 ± 0 . 5 
3 .6±0 .5 
4 . 7 ± 0 . 7 
6 . 1 ± 0 . 8 
8 .2±0 .5 

Tf1 

(10* s-1) 

1.5±0.2 
1.5±0.2 
1.5±0.5 
1.6+0.5 

— 
— 

0 .9±0 .2 
1.1±0.3 
1.3±0.4 

8\ 
(io-2) 

2 . 0 ± 0 . 5 
4 . 9 ± 0 . 5 
4 . 8 ± 1 . 0 
2 . 5 ± 0 . 3 

1.3±0.5 
2 . 5 ± 0 . 3 
3 .9±0 .7 
5 .2±0 .7 
7 . 7 ± 0 . 8 

^ 2 

(io-2) 
1.9±0.5 
3 .7±0 .5 
2 . 7 ± 0 . 5 
1.0±0.3 

— 
— 

2 . 6 ± 0 . 7 
2 . 9 ± 0 . 7 
2 . 9 ± 0 . 8 

where p is the density, c is the propagation velocity, and 
N is the number of reaction steps. The frequency 
dependence of the left hand side of Eq. 11 is shown in 
Fig. 2. T h e experimental results can be satisfactorily 
represented by the right hand side of Eq. 11 in the case 
of N— 2 ; thus, the existance of double relaxations was 
confirmed. T h e relaxation parameters obtained are 
listed in Table 1, where subscripts 1 and 2 refer to the 
relaxations a t lower and higher frequencies, respec­
tively. 

i 
© 

Ï3 
•a a 
I 

^ > 

i 
•S" 
CO 

1Ü 

5 

2 

1 

0.5 

n? 

JL 

— 1 

^k* 
-M-K. 

^ I i 

1 

i 1 1 r-

*°u 
'Ctipri' 

1 L J 1 

A 

j 
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-j 

20 50 100 500 IK 2K 200 

/ , H z 

Fig. 3. The relaxation absorption spectra in the purified 
OAC solutions. 
Q: 115mM, Q : 76.9 mM, %: 46.1 mM. 

These facts lead to a new problem: why was only a 
single relaxation observed for the SDS, DAG, and OAC 
solutions reported in Ref. 2. Before this problem could 
be clarified, the experimental results for the O A C 
solutions stimulated a reexamination of the purified 
O A C solutions, since the O A C contained a minute 
amount of DeAC (content; 2 .3%). T h e OAC was 
prepared by neutralizing octylamine (the purity of which 
was verified to be 99 .9% using gas chromatography) 
with hydrochloric acid. The experimental results for 
the purified O A C solutions are shown in Fig. 3. As 
seen from this figure, double relaxations are observed 
and the relaxation parameters obtained are listed in 
Table 1 together with those for the DeAC solutions. 
The concentration dependence of the relaxation param­
eters is the same as that for the DeAC solutions. This 
suggests that the relaxation phenomena in both solutions 
are caused by perturbation of the same process. In a 
series of studies on relaxation phenomena on the 
surface of surfactant solutions,2) double relaxations 
were observed in the DeAC and O A C solutions but 
were not observed in the SDS and DAC solutions. The 
concentration dependence of rï1 for the former solutions 
differs from that of the reciprocal relaxation time for 
the latter solutions. Moreover, the TÏ1 for the DeAC 
solution is larger than that for the O A C solution. Since 
the SDS and DAC hydrocarbon chain lengths are 
longer than those for DeAC and OAC, the above-
mentioned facts suggest that the relaxations at the 
higher frequency in the SDS and DAC solutions may 
be located outside the measured frequency range. 
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TABLE 2. KINETIC PARAMETERS IN VARIOUS SURFACTANT SOLUTIONS AT 25 °C 

SDSa> 
DACa> 
DeAC 

OAC 

purity 
(%) 
99.5 
99.7 
99.8 
97.7a> 
99.9 

CMC 
(mM) 

8.3 
15.8 
62.5 

175 
180 

( W M ^ s - 1 ) 

11±5 
6 ± 3 

1.3±0.4 
1.0±0.3 

0.32±0.09 

K 
(105S-!) 

4 ± 2 
3 ± 1 

0 .5±0 .2 
0 . 6 ± 0 . 2 
0 .2±0 .05 

(102 s-1) 

9 ± 1 
8 ± 2 
3 ± 1 
— 

2 . 5 ± 0 . 5 

(10* M- 1 s-1) 

— 
— 

6 ± 1 
— 

7 ± 1 

k-2 
(10* s-1) 

— 
— 

1.5±0.3 
— 

1.1±0.2 

K 
(M-1) 

— 
— 
4 

— 
5 

a) Ref. 2. 

The new experimental results described above 
prompted a modification of the adsorption-desorption 
mechanism model proposed in a previous paper.1) T h e 
concentration dependence of r,-1 listed in Table 1 is 
similar to that for the relaxation times reported pre­
viously. 2> This fact suggests that the relaxation at lower 
frequency may be due to the adsorption-desorption 
process of the surfactants. O n the other hand, the T 2

- 1 

values were independent of the surfactant concentration 
as seen from Table 1. Various reactions on the surface 
are considered, e.g., an ion-pair formation reaction, a 
monomer-dimer reaction, and a conformational change 
reaction. Of these, the ion-pair formation reactions 
between halide and dodecylpyridinium ions and 
between the various anions and polysoap on the surface 
have been studied under static conditions by Parreira6) 
and Plaisance and Ter-Minassian-Saraga,7) respectively. 
Thus, the model of the adsorption-desorption mechanism 
presented in a previous paper1) was modified in the 
manner expressed by the scheme given in the theoretical 
section. Since the rf1 values are an order of magnitude 
smaller than the rï1 values, i.e., a 2 2 >f l n (see Eq. 9b), 
the equations for the relaxation times and the apparent 
relaxation strengths are given by Eq. 9b (TI=TX and 
T „ = T 2 ) and by the following equation, respectively: 

TABLE 3. THERMODYNAMIC PARAMETERS IN VARIOUS 

SURFACTANT SOLUTIONS AT 25 °C 

SDSa> 
DACa> 
DeAC 
OAC 

AG 
(-RT) 

6.1 6.8b> 
5.9 6.3b> 
5.1 4.6b> 
4.4 4.5b> 

(101 } dyn 

10 
8 
2 
2 

A r 
cm mol-1)0* 

6e) 
yc) 
7c) 
7 C ) 

a) Ref. 2. b) These values were calculated using the 
Szyszkowski equation, c) These values were estimated 
"S ing ( r w ater- rCMc)/^ma X - d ) 1 d y n = 10~ 5 N . 

ôv = $r'AMY,'ù, (12) 

where 

/ l ( y ,o = ( 1 +^j ' -^ .+/v+_^_ 

+ Axio
2(i+*V)^1/!V2/3} \ 

\ J max^i J m a x ö 2 * I 

under the assumption that Ayx in Eqs. 10a and 10b is 
approximately equal to Ay2, since the counter ion may 
associate in the immediate proximity of the surface. 

The K values in Eq. 12 were determined so as to give 
straight lines for the plots of <5'lt2 vs. flt2 (y, C\). As is 
shown in Fig. 4, the experimental values fall on the 
theoretical straight lines in the cases of K—A and 5 for 
the DeAC and OAG solutions, respectively. With the 
K values obtained, the equations for the relaxation 
times were applied to the experimental results listed 
in Table 1. As seen from Figs. 5 and 6, the experimental 
values fall on the straight lines. The linearities of these 
plots confirm the validity of the scheme. The values of 
Ay, k&te kà) and £_2 were obtained from the slopes and 
intercepts in Figs. 4, 5, and 6, respectively and are 
listed in Tables 2 and 3. The k2 values listed in Table 2 These relations indicate that the adsorption rate 

5 10 

AAvsù, io-4 

Fig. 4. The plots of <5'lt2 vs. / l t 2 (7,^) in the DeAC 
(open circles) and OAC (closed circles) solutions. The 
values of/i,2 (y,Ci) were calculated using A"=4 and 5 in 
the DeAC and OAC solutions, respectively. 

were calculated using the values of K and A;_2. The 
values of the adsorption rate constant, ka,V and the 
adsorption energy, AG,2) were calculated and are also 
listed in Tables 2 and 3. The K and k2 values listed 
in Table 2 satisfy the conditions for the simplification 
of Eq. 6. In the present work, other plausible processes, 
a monomer-dimer reaction and a conformational change 
reaction on the surface, were also examined, but no 
results were obtained. 

Among the kinetic parameters concerned with the 
adsorption-desorption process listed in Table 2, kK$ and 
k& are inversely proportional to the C M C , as seen in 
Fig. 7 but k& is independent of the C M C . Since the 
logarithm of the C M C bears a linear relation to the 
hydrophile-liophile balance (HLB) value,8»9) k&te and 
ka can be related to the HLB values as follows: 

and 
log**,» = (0.30±0.06)i /Lß + (0 .5±0.6) 

log*a = (0.25±0.05)HLB + (1 .8±0.6) . 
(14) 
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(l + Kc0)c0, mM 

Fig. 5. The plots of r r 1 vs. {1+Kc0)c0 in the DeAC 
(open circles) and OAC (closed circles) solutions. 

à 2h 

c0, mM 

Fig. 6. The plots of T^1 VS. C0 in the DeAC (open circles) 
and OAC (closed circles) solutions. 

50 100 

CMC, mM 

Fig. 7. The plots of ka fl (open circles) and k& (closed 
circles) vs. CMC. 

constants are influenced considerably by the instability 
of the surfactants in the bulk phase. In the alkylamine 
hydrochloride solutions, moreover, ka also involves the 
number o f - C H 2 - groups, n, as follows: 

l n * a = ( 0 . 7 ± 0 . 1 ) « + (4±1). (15) 

This equation indicates that the activation adsorption 
energy per - C H 2 - group is 0.4 kcal at 25 °C. O n the 
other hand, the AG values are in good agreement with 
the theoretical results calculated using the Szyszkowski 
equation, as can be seen from Table 3. The Ay values 
are also in orderly agreement with those estimated using 

(ywater-ycMc)/rmax.2) 
As seen in Table 2, the kinetic parameters involving 

the ion-pair formation process are appreciably independ­
ent of the hydrocarbon chain length. This suggests 
that the interaction between the surfactant and counter 
ions may be governed by that between a hydrophilic 
group and Cl~ ions. Since the interaction energy 
between Na+ and the anionic surfactant is smaller than 
that between Gl~ and the cationic surfactant,10) how­
ever, SDS will scarcely associate on the surface and the 
relaxation concerned with the ion-pair formation 
should not be observed even outside the measured 
frequency range. 

The remarkable difference between the relaxations 
observed for the O A C solutions in the present work and 
those of previous work2) implies that the relaxation 
phenomena on the surface of surfactant solutions are 
sensitive to impurities in the surfactants. In a sub­
sequent paper, the experimental results for the effect 
of additives on the relaxation of DeAC solutions, which 
are homologous to the O A C solutions, will be reported. 

Finally, it can now be asserted that the capillary 
wave method is a powerful tool for analyzing reactions 
a t the gas-liquid interface. 

References 

1) M. Sasaki, T. Yasunaga, and N. Tatsumoto, Bull. Chem. 
Soc,Jpn., 50, 852 (1977). 

2) M. Sasaki, T. Yasunaga, and N. Tatsumoto, Bull. Chem. 
Soc. jpn., 50, 858 (1977). 

3) M. van den Tempel and R. P. van de Riet, J. Chem. 
Phys., 42, 2769 (1965). 

4) R. S. Hansen and J. A. Mann, J. Appl. Phys., 35, 152 
(1964). 

5) L. G. Jackopin and E. Yeager, Technical Report 35, 
ONR Contract Nonr 1439 (04) Project NR 384-305, Western 
Reserve University (1969). 

6) H. C. Parreira, J. Colloid Interface Sei., 29, 235 (1969). 
7) M. Plaisance and L. Ter-Minassian-Saraga, J. Colloid 

Interface Sei., 56, 33 (1976). 
8) I. J. Lin, J. P. Friend, and Y. Zimmels, J. Colloid Interface 

Sei., 45, 378 (1973). 
9) I. Nishi, T. Imai, and M. Kasai, "Handbook of Surfac­

tants," Sangyo Tosyo Co., Tokyo (1960), p. 316. 
10) J. T. Davies and E. K. Rideal, "Interfacial Phenomena," 

Academic Press, New York and London (1961), p. 86. 



December, 1977] BULLETIN OP THE CHEMICAL SOCIETY OP JAPAN, VOL. 50 (12), 3149—3152 (1977) 3149 

Crystal and Molecular Structure of a-Form of 2,4,6-Trimethyl-
1,3,5-trithiane* 
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The crystal structure of a-form of 2,4,6-trimethyl-l,3,5-trithiane (a-TTA) has been determined by the X-ray 
method. The crystal data are a=9.768, b= 12.306, c=8.521 Â, and ß= 116.33 °. The space group is Cc with four 
molecules in a unit cell. The structure was deduced from interpretation of the 3D-Patterson series, and refined 
by 3D-Fourier and least-squares method to the final R factor of 0.040 for 1371 reflections. The molecule has a 
six-membered ring where three sulfur atoms and three carbon atoms are linked alternatively, forming a chair-
form. Two methyl groups are in the equatorial positions and one methyl group in the axial. The mean values 
of the bond distances are 1.818 Â for S-C and 1.519 Â for C-Ceq. The distance is 1.541 Â for C-Cax. The mean 
values of the bond angles are 101.89° for C-S-G, 107.60° for S-C-Ceq, 113.25° for S-C-Cax, and 112.92° for 
S-C-S. 

Studies on organic synthesis show that T T A has two 
isomers. One isomer is called the a-form (mp 102 °C), 
where two methyl groups are in the equatorial positions 
and a third one is axial. The other is called the ß-
form (mp 126 °C), where all the methyl groups are 
equatorial. 

The crystal structure of the /?-form has been reported 
by Valle et a/.1) and Hirokawa et al.,2) but not that of the 
a-form. We have determined the crystal and molecular 
structure of the a-form from the viewpoint of molecular 
geometry or the packing of molecules in the crystal. 
The results are given below. 

E x p e r i m e n t a l 

Colorless prisms elongated along the a-axis were obtained 
by slow evaporation of a-TTA from acetone solution. The 
crystals are built upon a monoclinic unit cell. 

Crystal Data. The cell dimensions were determined by the 
least-squares method using various sets of high angle reflections 

TABLE 1. CRYSTAL DATA 

The experimental errors, given in parentheses, 
refer to the last figures. 

Molecular formula 
Formula weight 
Mp 
Crystal system 
a 
b 
c 

ß 
Systematic absences 

Space group 
V 
Z 
Dm 

A, 
H (Mo Ka) 
Crystal dimension 
X (Mo Koc) 

C6H12S3 

180.4 
102 °C 
Monoclinic 
9.768 (4) Â 
12.306 (7) 
8.521 (4) 
116.33(3)° 
hkl, h+k=2n 
hOl, l=2n 
Cc 
918.0(3) Â3 

4 
1.299 g cm-3 

1.305 
7.31 cm-1 

0.5mmçSxO. 
0.7107 Â 

* A preliminary report was presented at the 30th National 
Meeting of the Chemical Society of Japan, Osaka, April 1974. 

on a diffractometer. Systematic absence, h-{~k odd in hkl and 
/ odd in hOl, restricted the possible space group to either Cc or 
C2/c. Consideration on the number of molecules in the unit 
cell and the symmetric feature of the molecule favored the 
former. This was supported by the statistical test of intensity-
distribution, and confirmed by the packing of the molecules. 
The crystal data are given in Table 1. 

Intensity Data. A prismatic crystal was ground to a cylinder 
of 0.5 mm in diameter and 0.8 mm in length. It was mounted 
on a four-circle diffractometer (Rigaku AFC-III) with Mo Kcc 
from a graphite monochrometer, and intensities were collected 
for the independent 1403 reflections within 29<60°, using the 
co-26 scan technique with a scanning speed of 4° min - 1 in 20. 
Thirty-two reflections whose |F| 's were less than 2<i(|F|) were 
designated unobserved, where <r(|F|) is the standard deviation 
of |F | due to counting statistics. After corrections for back­
ground and Lorentz-polarization factor, the intensities were 
reduced to structure amplitudes. No corrections were made 
for absorption or extinction. 

Structure De terminat ion 

The location of three sulfur atoms in the general 
positions was derived from synthesized 3D-Patterson 
series. The first 3D-Fourier series were synthesized, 
using phases determined by the atomic coordinates 
of the three sulfur atoms. The synthesized electron-
density maps showed extra peaks in addition to the 
peaks due to the three sulfur atoms. Some of these 
extra peaks were considered to be significant as the 
constituent-atoms of the molecule. These were added 
to the successive Fourier-works. After three cycles of 
the procedure, the location of all the carbon atoms was 
determined. The possibility of centrosymmetric arrange­
ment was discarded because of the mode of the packing 
of the molecules in the unit cell. 

The structure was refined by syntheses of 3D-Fourier 
and 3D-difference series, where structure factors were 
calculated with isotropic B values for all the atoms. 
Location of the hydrogen atoms was roughly obtained 
from the 3D-difference maps. They were refined after 
the heavier atoms were fixed, assuming the tetrahedral 
angle for each carbon atom and a bond length of 1.09 
Â for each C - H bond. Further refinements were made 
with a block-diagonal least-squares program on a 
computer GDC-6600 in Century Research Center Co., 
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TABLE 2. ATOMIC COORDINATES ( X 104) AND ANISOTROPIC 

The estimated standard deviations given in parentheses, ref 
factor is of the form exp[-2n2(h2a*2U11+k2b*2U2î 

S(l) 
S(2) 
S(3) 
C(4) 
C(5) 
G(6) 
C(7) 
C(8) 
C(9) 

X 

42(2) 
189(2) 

-859(2) 
1127(6) 
302(6) 

72(6) 
1282(8) 

-300(9) 
1673(8) 

y 

1881(1) 
3584(1) 
1304(1) 
2985(4) 
2461(4) 
858(4) 

3873(5) 
2870(5) 

373(5) 

z 
-30(2) 
2601(2) 
2850(2) 
1373(6) 
4029(6) 
1529(7) 
232(9) 

5295(9) 
2607(9) 

u11 
129(1) 
208(2) 
140(2) 
116(6) 
148(7) 
162(8) 
209(11) 
283(14) 
201(11) 

TABLE 3. ATOMIC COORDINATES ( X 103) OF 

THE HYDROGEN ATOMS 

The average refined values for the isotropic 
temperature factor are 2.5 Â2. 

H(10) 
H( l l ) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(18) 
H(19) 
H(20) 
H(21) 

X 

224 
147 

- 6 3 
140 
33 

233 
- 1 5 1 

25 
22 

158 
212 
238 

y 

270 
221 
24 

353 
443 
434 
272 
225 
364 

- 2 2 
10 

105 

z 
226 
474 

72 
- 8 7 
- 1 8 

100 
478 
638 
585 
349 
171 
338 

Bonding atom 

G(4) 
C(5) 
C(6) 
G(7) 
C(7) 
C(7) 
C(8) 
C(8) 
C(8) 
C(9) 
C(9) 
C(9) 

Tokyo, using anisotropic thermal parameters for the 
non-hydrogen atoms with B values of the hydrogen 
atoms fixed at isotropic values. After six cycles of 
this procedure convergence was attained with 7?=0.040. 
The final parameters with standard deviations resulting 
from the procedure are given in Tables 2 and 3 . * * * 

Discussion 

Molecular Geometry and Conformation. The struc­
tural and conformational features are shown in Fig. 1, 
together with atomic numbering and thermal vibration 
ellipsoids3) scaled to 5 0 % probability, excluding the 
hydrogen atoms. Intramolecular interatomic distances 
and angles involving the non-hydrogen atoms are given 
in Table 4, being also shown in Fig. 2(a) and (b). T h e 
standard deviations of these measurements are 0.001 Â 
for distances and 0.01—0.05° for angles. S-C lengths 
are in the range 1.810—1.824 Â with a mean of 1.818 À, 
showing a slight alternative shortening along the sides 
of the six-membered ring. These values together with 
the bond angles of the sulfur atoms (101.89° as a mean) 
are comparable to those for organic compounds which 
have ring-membered sulfur atoms.1,2-4_7> 

*** The complete F0-Fc data are deposited as Document 
No. 7722 at the Office of the Editor of the Bulletin of the 
Chemical Society of Japan. 

[ERMAL PARAMETERS ( X 1 0 4 ) OF THE NON-HYDROGEN ATOMS 

to the last decimal position. The anisotropic temperature 
l2c*2U33+2hka*b*Ul2+2hla*c*Ulz+2klb*c*U23)]. 

u22 
65(1) 
48(1) 
63(1) 
56(3) 
69(3) 
48(3) 
73(4) 
93(5) 
70(4) 

t/33 

120(1) 
211(2) 
189(2) 
156(8) 
135(7) 
182(9) 
246(12) 
231(13) 
234(15) 

u12 
-6 (1 ) 

0(1) 
-18(1) 
- 8 ( 4 ) 
-6 (4 ) 

-15(4) 
-14(6) 
-13(7) 

35(6) 

ul3 
52(1) 

129(2) 
94(2) 
65(6) 
73(6) 
91(7) 

146(10) 
190(12) 
116(11) 

un 
-9 (1) 
-9 (1 ) 
-6 (1 ) 

2(4) 
-5 (4) 

-18(4) 
31(6) 

-27(7) 
22(7) 

A significant difference can be seen between the 
lengths of G-C e q (from a ring-membered carbon to a 
methyl carbon in the equatorial position) and G-G a x 

(axial) ; a mean of 1.519 A is given to C-C e q and 1.541 
À to G-G a x . This might correspond to the difference 
in the bond angles for the ring-membered carbon 
atoms; a mean of 107.60° for S-G-G e q and a mean of 
113.25° for S - C - C a x . A similar difference can be seen 
in the distance from a sulfur atom to a ring-membered 
carbon atom which is in a diagonal position of the ring; 
a mean of 3.431 Â for S - C whose carbon atom is 
linked with the equatorial methyl group, and 3.466 Â 
for S--C where the carbon atom is linked with the axial 
methyl group. The conformation of a methyl group 
may affect the molecular dimensions of a ring-membered 
carbon atom linked with it. 

TABLE 4. INTRAMOLECULAR INTERATOMIC DISTANCES 

(/) AND ANGLES (<F)) INVOLVING THE 

NON-HYDROGEN ATOMS 

Estimated standard deviations are given in parentheses. 

S(l)-C(4) 
S(2)-C(4) 
S(2)-C(5) 
S(3)-C(5) 
S(3)-C(6) 
S(l)-C(6) 
S-C (mean) 
C(4)-C(7) 
C(5)-C(8) 
C-Ceq(mean) 
C(6)-C(9) 

S( l ) -S(2) 
S(2)-S(3) 
S(3)...S(1) 
S---S(mean) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(4) 
C---C(mean) 
S ( l ) -C(5) 
S(3)..-C(4) 
S---C(mean) 
S(2)-C(6) 

Ijk 

1.810(1) 
1.824(1) 
1.812(1) 
1.821(1) 
1.817(1) 
1.821(1) 
1.818 
1.514(1) 
1.524(1) 
1.519 
1.541 

3.026(0) 
3.027(0) 
3.035(0) 
3.029 
2.791(1) 
2.837(1) 
2.838(1) 
2.822 
3.428(1) 
3.433(1) 
3.431 
3.466(1) 

C(6)-S(l)-C(4) 
C(4)-S(2)-C(5) 
C(5)-S(3)-C(6) 
C-S-C(mean) 
S(l)-C(4)-S(2) 
S(2)-C(5)-S(3) 
S(3)-C(6)-S(l) 
S-C-S(mean) 
S(l)-C(4)-C(7) 
S(2)-C(4)-C(7) 
S(2)-C(5)-C(8) 
S(3)-C(5)-C(8) 
S-C-Ceq(mean) 
S(3)-C(6)-C(9) 
S(l)-C(6)-C(9) 
S-C-Cax (mean) 
S ( l ) - S ( 2 ) - S ( 3 ) 
S ( 2 ) - S ( 3 ) - S ( l ) 
S ( 3 ) - S ( l ) - S ( 2 ) 
S---S---S(mean) 
C(4)...C(5).-C(6) 
C(6)...C(4)...C(5) 
C(5)...C(6)...G(4) 
C---C--C(mean) 

0° 
102.81(3) 
100.31(3) 
102.54(3) 
101.89 
112.77(3) 
112.90(3) 
113.09(3) 
112.92 
108.27(5) 
107.12(5) 
107.16(5) 
107.86(5) 
107.60 
113.76(5) 
112.73(5) 
113.25 
60.20(1) 
59.88(1) 
59.93(1) 
60.00 
60.52(2) 
60.53(2) 
58.93(2) 
60.00 
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S (3) 

Fig. 1. The thermal vibration ellipsoids of non-hydro­
gen atoms drawn by ORTEP.3> 

TABLE 5. TORSION ANGLES (Ç5) 

Torsion angle A(i)-A(j)-A(k)-A(l) is viewed down 
A(j)-A(k) with a clockwise rotation of A(t') to 

A(Z) taken to be positive. 

Ring torsion angles 
C(6)-S(l)-C(4)-S(2) 
C(5)-S(2)-C(4)-S(l) 
C(4)-S(2)-C(5)-S(3) 
C(6)-S(3)-C(5)-S(2) 
C(5)-S(3)-C(6)-S(l) 
C(4)-S(l)-C(6)-S(3) 

Mean (absolute value) 

Exocyclic torsion angles 
C(6)-S(l)-C(4)-C(7) 
C(5)-S(2)-C(4)-C(7) 
G(4)-S(2)-C(5)-C(8) 
C(6)-S(3)-C(5)-C(8) 

Mean (absolute value) 
C(5)-S(3)-C(6)-C(9) 
G(4)-S(l)-C(6)-G(9) 

Mean (absolute value) 

# ° 
- 6 5 . 4 

67.0 
- 6 7 . 0 

65.6 
- 6 2 . 2 

62.4 
64.9 

176.3 
- 1 7 4 . 0 

174.4 
- 1 7 6 . 2 

175.2 
68.2 

- 6 8 . 5 
68.3 

The triangle formed by these three sulfur atoms is 
regular, the averaged length being 3.029 (±0.006) Â 
and the averaged apex angle 60.00 (±0 .12)° . Another 
triangle formed by three ring-membered carbon atoms 
is also regular, with length 2.822 (±0 .031) Â and 
angle 60.00 ( ± 1.07)°. These triangles are approximately 
parallel to each other, showing that the ring has a 
chair-form. Shifts of three sulfur atoms from the plane 
containing three ring-membered carbon atoms are 
- 0 . 6 3 5 Â for S ( l ) , - 0 . 7 1 2 A for S(2), and - 0 . 6 3 7 A 
for S(3), where signs indicate whether or not the atoms 
are on the same side of the plane. 

A torsion angle of these two triangles is calculated to 
be 60.4° (from S(l ) to C(6)) , which is given as a dihedral 

Fig. 3. The molecular packing viewed down b, showing 
all intermolecular distances (the non-hydrogen atoms) 
of less than 4.50 Â. 

S(l) SO) 

C(6) 

1.817 

S(3) 

Fig. 2. Intramolecular interatomic distances (a) and angles (b). 
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angle around the line connecting the centers of the 
triangles. 

Shifts of the three methyl carbon atoms from the 
plane formed by the three ring-membered carbon atoms 
are - 0 . 2 8 3 Â for C(7), - 0 . 3 8 9 Â for C(8), and +1 .531 
Â for C(9), showing that C(7) and C(8) are equatorial 
and G (9) is axial. 

Torsion angles in the molecule are given in Table 5, 
where an angle for A(i)-A(j)-A(k)-A(l) is viewed down 
A(j)-A(k) with a clockwise rotation of A(i) to A(/) to be 
positive. The conformation of the chair-form is clearly 
seen from the alternative change of sign assigned to 
each torsion angle. The averaged value of the endocyclic 
torsion angles is 64.9° in absolute value. 

The conformation of each methyl group is also clear; 
a mean of 175.2° for G"-C e q and a mean of 68.3° for 
C " G a x rotation. 

Molecular Packing. The molecular packing in the 
unit cell together with intermolecular interatomic 
distances less than 4.50 Â are shown in Fig. 3. The 

shortest contact of 3.70 Â is seen between G(4) and S(l) 
operated by the n-glide plane. No significant contact 
other than this can be seen. The molecules are held 
together in the crystal by the weak van der Waals 
contacts, corresponding to a low melting point. 
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Solid-State Anodic Oxidation of Aluminum with 
Organic-Conductor Counterelectrode 
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(Received May 18, 1977) 

Solid-state anodic oxidation of aluminum contacted to a pellet of various organic conductors based on 7,7,8,8-
tetracyanoquinodimethane was observed. A typical passivation curve was observed in the current-voltage charac­
teristics for the anodic polarization of the metal. Along with impedance measurements on the electrode system, 
it was proved that the passivation is due partly to a thermal transformation in the organic conductor and partly 
to a solid-state anodization of aluminum, the latter being conditioned by the former through the formation of an 
electrolyte layer in situ. The current efficiency of anodization was estimated by a linear voltage sweep method 
to be as high as 2%, depending on the ambient moisture. The high efficiency explains the prominent self-healing 
action of a new type of solid electrolytic capacitor in which manganese dioxide is replaced by an organic-conductor 
counterelectrode. 

The solid electrolytic capacitor was developed in 
1956,1) but little experimental information on the 
anodic oxidation of valve metals with a solid electrolyte 
has been given since then. Smith2) studied the electrical 
properties of a tantalum electrode pressed on a surface 
of manganese dioxide, M n 0 2 , and claimed that the 
tantalum oxide is anodically formed at the expense of 
the local oxygen content of M n O a . There is, however, 
another theory according to which the counterelectrode 
functions in the capacitor self healing; a thermally 
induced transition of the oxide to insulating lower 
oxides.3) Smith did not exclude the thermal reduction of 
M n 0 2 but rather credited it with the appearance of a 
high electric field appropriate to the ionic conduction.2) 

Recently a new type of a luminum solid electrolytic 
capacitor, in which M n O a is replaced by organic 
conductor, O C , was developed.4) Highly conductive 
organic salts based on 7,7,8,8-tetracyanoquinodi-
methane, TCNQ,,5) were adopted, because of their 
prominent effect on the capacitor self healing. T h e 
capacitor was featured by stable high frequency charac­
teristics6) and a very low leakage current density. In 
this paper we wish to report on the electrical properties 
of an Al/OC electrode system, showing that the solid 
state anodic oxidation proceeds at an efficiency of up 
to 2 % , considerably higher than that with M n 0 2 . T h e 
current-voltage and impedance characteristics of the 
electrode system, are presented with a discussion on the 
mechanism of anodic oxidation. 

E x p e r i m e n t a l 

Materials. Typical molecular compounds of TGNQ, 
including non-ionic change transfer complexes and less con­
ductive ion-radical salts with metallic cations were examined. 
We report herewith on highly conductive salts which might 
have significance in capacitor application. The effects of 
resistivity, thermal stability and stoichiometry on the solid 
state reaction were studied for the compounds, quinolinium-
(TCNQ)2, Q(TCNQJ2 , JV"-methylquinolinium(TCNOJ2 2, 
(NMQ)(TCNQ)2 2, JV-propylquinolinium(TCNQ.)a, (NPQJ-
(TCNOJ2, JV-methylacridinium(TCNQJ2, (NMA)(TCNQJ2, 
and JV-methylphenazinium(TCNOJ, (NMP)(TCNQ). (NMQ) 
(TCNOJ2#8 and (NMP)(TCNQ) were a metastable, highly 
conductive modification, 7> the former sample being used to 
examine the contribution of the thermal transformation of the 

solid counterelectrode. Results on the salts with metallic 
cations will be referred to as regards the discussion of the 
reaction mechanism. 

Electrode System. The TCNQ compounds were com­
pressed under a pressure of ca. 2000 kg/cm2 into a pellet of 
13 mm in diameter and ca. 0.8 mm in thickness. A 99.999% 
hard aluminum bar, 0.5 mm diam., was used as an electrode 
metal. This was degreased with 10% NaOH and rinsed with 
deionized water and acetone. The bar was truncated imme­
diately before measurement and the fresh surface was pressed 
on the OG pellet. It was extremely difficult to obtain a 
reproducible contact between Al and OC. The dominant 
factors for the reproducibility were the nature of the surfaces 
of both solids, contact pressure and the water content of the 
pellet. Figure 1 shows a test jig for the Al/OG electrode system, 
with which a pressure as high as 100 kg/cm2 could be applied 
to the contact without any deformation of the bar. Since the 
glossy surface of the OC pellet did not give a reproducible 
result, it was rubbed with emery paper and lapped with cotton 
gauze. 

GUIDE 

INSULATOR 

LEADS 

WEIGH 

.TEFLON SHEATH 

•AUMINUM ELECTRODE 

TCNQ SALT PELLET 

-PELLET HOLDER 

PLATINUM 

Fig. 1. Sketch of a constant-pressure, point-contact elec­
trode system. 

Apparatus. The current-voltage characteristics were mea­
sured by the constant-rate-of-voltage-increase (CRVI) method 
first adopted by Dignam8> for the anodic oxidation of Al in a 
liquid electrolyte. Since a very low rate of voltage increase 
with a very low noise level is required to meet the supposed 
low efficiency of the solid state reaction,2) we constructed a 
Miller integrator with operational amplifiers and a 500 fxF 
slug tantalum electrolytic capacitor. Measurements with step­
wise application of constant voltage were found to be inap­
propriate for the OC system, for it was not possible to distin­
guish between the anodic and the cathodic reactions especially 
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when the thermal transformation of OC took part in the 
reaction. The impedance of the Al/OC system was measured 
as a function of the applied voltage with a Yokogawa BV-Z 
13A universal bridge at a frequency of 1 kHz. Measurements 
of the equivalent series capacitance, Cs, and resistance, R&, 
were made after the current had reached a steady state for 
each applied voltage. 

Results 

Current-Voltage Characteristics. The I-V charac­
teristics measured by the C R V I method for three Al /OC 
systems, shown in Fig. 2, are typical data for a humidity 
of 50% R H and a voltage rise rate of 1/24 V/s. 
For the anodic polarization (e.g. when Al was anodically 
polarized), all the electrode systems exhibited a well-
known passivation curve with a current peak, Vp, 
between 2.5 and 4.7 V, the current following as low as 
10 - 5 A for higher voltages. The curves are very smooth 
with no discontinuity below ca. 15V, at which the 
current suddenly diverges resulting in decomposition in 
O C at the contact point. For the cathodic polarization, 
there are more than one current peaks, the current 
making an oscillatory growth. T h e first peak appears, 
in all cases, at a lower voltage than the anodic peak. 
The anodic and cathodic peak voltages and powers 
( Wp = Vplv) along with the specific resistivity of compac­
tions9) for the OC's examined are summarized in Table 

4 6 

VOLTAGE (V) 

Fig. 2. Current-voltage characteristics at 1/24 V/s and 
50% R H of an Al electrode system for anodic (solid 
lines) and cathodic (dotted lines) polarizations. 1. Q-
(TCNOJ2, 2. (NPQJ(TCNQJ2) 3. (NMA)(TCNOJ2, 
4. Mn0 2 . 

TABLE 1. 

Compound 

Q(TCNOJ2 

(NMQJ(TCNOJ 
(NPQJfTCNQJa 
(NMA)(TCNQJ2 

(NMP)(TCNQJ 
MnOa 

PEAK VOLTAGE Vy AND POWER W$ 

OF PASSIVATION CURVES 

(V) 

2.5 
Ï.2 3 . 3 

3.0—3.2 
3.1—3.3 

4.7 
3.8—4.0 

(mW) 

32.5 
64.4 
74.5 
89.1 
91.2 

568 

Vp 
(V) 
2.0 
2.5 
2.3 
2.6 
4.2 
— 

Wp p 
(mW) (Qcm) 

23.6 0.6 
20.0 1.0 
12.7 3.6 
33.3 1.3 
52.5 7.8 
— 5 

1. The superlinear curve in the anodic direction results 
from a contact resistance at voltages lower than 1 V and 
the Joule heat above 1 V. In the underlinear and 
decreasing regions, the change in the electrode resistance 
is irreversible; the resistance is not restored by the 
application of cathodic voltage. In the cathodic direc­
tion, however, an reversible increase in the electrode 
resistance takes place from ca. 0.1 V, for the resistance 
is restored by the anodic polarization, provided that the 
cathodic electrification does not exceed the voltage of 
the first peak. The difference in the 7- V characteristics 
between the anodic and cathodic directions strongly 
suggests that the passivations are due to electrochemical 
reactions. 

The results for an A l /MnO a systems are also shown in 
Fig. 2. M n O a was obtained by thermal decomposition 
of a 50% M n ( N O s ) 2 solution in the form of a block 
which was cut and lapped into nearly the same shape 
as that of the O C pellet. T h e M n O a system exhibited 
essentially the same anodic curves as the O C system, 
though there were a number of discontinuous falls in 
current at F > F p , indicating thermal transformation 
in M n O a . T h e cathodic current, however, increased 
to infinity (over 200 mA) at ca. 2.5 V. 

Thermal Transformation in OC. We measured the 
/- V characteristics using T a and noble metals, Pt and 
Au. All the electrodes exhibited a large passivation 
peak similar to those shown in Fig. 2. However, in the 
case of the noble metal, there was no difference in the 
I-V curves between the anodic and cathodic polariza­
tions. This indicates that, although the anodic passiva­
tion in the Al /OC system is peculiar to the valve metal 
and is of electrochemical nature , it was initiated by 
some kind of thermal transformation in O C . Figure 3 
shows the current and temperature-voltage charac­
teristics of a chromel-almel, Al /OC system, where the 
current was passed through the thermocouple, 0.5 mm 
in diameter (Omega Engineering, Inc.) , which was 
pressed on the O C pellet with a Pt bar. The figure 
illustrates not only the existence of the passivation peak 
for the non-valve metal system but also the correspon­
dence of the current to the electrode temperature. A 
current peak appeared at 2.5 and 4.7 V for Q,(TCNQ,)2 

160 

2 4 6 8 
VOLTAGE (V) 

Fig. 3. Current (solid lines)- and temperature (dotted 
lines)- voltage characteristics at 1/24 V/s and 50% 
RH of chromel-almel/organic systems. 
1. Q_(TCNQJ2, 2. (NPQJ(TCNQJ2. 
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and (NPQ,)(TCNQ,)2 , respectively, and the correspond­
ing temperature peak appeared at 95.7 and 126.4 °C 
for the former and the latter, respectively. T h e peak 
temperatures are considerably lower than the decom­
position temperatures of these compounds.5-10) However, 
the resistivity of the highly conductive T C N Q , salts 
frequently increases irreversibly at these temperatures.11) 
This seems to be due to the dissociation of the neutral 
T C N Q f r o m the salts.12) The difference in the position 
of the current peak or the electric power of the peak 
(Table 1) between compounds is understandable on 
the basis of the thermal stability against the dissociation 
of the compounds. 
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Fig. 4. Current-volt age characteristics at 1/24 V/s of a 

Pt/(NMQ.)(TCNQ)2i2 system, —anodic, ...cathodic. 
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Fig. 5. Effect of humidity on the current-voltage 
characteristics of A1/Q(TCNQJ2 (a) andAl/(NMA)-
(TCNQ)2 (b) systems. 1: 20%RH, 2: 98%RH. 

Figure 4 shows the I-V curves of a P t / ( N M Q J -
(TCNQJ 2 > 2 system forming a single exception in the 
non-valve metal system. This system displayed drastic 
decay and spikes in the current starting from ca. 8.5 V 
in addition to the above mentioned passivation at 5.3 V . 
The metastable modification of ( N M Q J ( T C N Q J 2 . 2 

undergoes a monotropic phase transition and the 
resistivity increases by a factor of 80.13) T h e drastic 
decay (Fig. 4) is undoubtedly due to the phase transition 
in the bulk of the O C . T h a t the I-V curves of 
Al / (NMQ,)(TCNQ,) a . 2 showed no discontinuity implies 
that the thermal transformation does not dominate at 
higher voltage (VyV$). 

Effect of Ambient Moisture. The I-V charac­
teristics measured at various relative humidities are 
shown in Fig. 5. The I-V curves in the higher voltage 
region are severely altered by the ambient moisture. 
At a relative humidity of 9 8 % R H , the current declines 
to about an order of magnitude lower than those at 
5 0 % R H . In dry air, on the contrary, it increases to 
infinity with Q ( T C N Q J 2 or shows lots of jumps with 
( N M A ) ( T C N Q J 2 at higher anodic voltages. T h e 
discontinuous falls for the ( N M A ) ( T C N Q J 2 system are 
strikingly similar to those for the M n 0 2 system (Fig. 2), 
indicating that a thermal transformation proceeds 
locally in the O C . In the case of Q , ( T C N Q ) 2 , however, 
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Fig. 6. Equivalent series capacitance and resistance of 
an Al/Q(TCNQr)2 system. 1 : Anodic polarization in 
the room air (about 70 %RH), 2: anodic polarization 
in dry oxygen, 3 : cathodic polarization in the room air. 
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the I-V curve and the appearance of the Al contact 
indicate carbonization in the O C . This seems to be 
due to the low thermal stability of Q, (TCNQJ 2 . In any 
case, the results confirm that the anodic passivation 
should be ascribed to two mechanisms, each being 
replaced by the other a t a voltage of ca. 2Fp in the 
presence of water. The cathodic I-V curves and the 
curves obtained using the non-valve metal electrodes 
are not largely altered by the relative humidity. 

Impedance Characteristics. Figure 6 shows Cs and 
Rs at 1 kHz of the A1/Q,(TCNQ,)2 system measured 
under three typical conditions. For the anodic polariza­
tion in humid air (about 7 0 % R H ) , Cs decreases 
and Rs increases markedly with increasing voltage. 
The inverse of Cs shows a linear dependence on the 
voltage at voltages in excess of ca. 6 V, the voltage 
roughly corresponding to that at which the G R V I curve 
reaches a steady state (Fig. 2). This strongly indicates 
the formation of the anodic oxide on Al. The very 
high electrode resistance, Rs, may also be evidence for 
the anodization, since the thermal transformation alone 
cannot yield such a high resistance as suggested by 
curve 2. Curves marked 2 give the result of measure­
ments in dry oxygen. They have almost the same 
features as those of the non-valve metal systems, so that 
the measured impedance is thought to be that of the 
transformed O C alone. I t should be noted that the Rs 

measured at higher R H decreased again at higher 
voltages; in the case of ( N M Q ) ( T C N Q ) 2 . 2 , for example, 
Rs decreased to the same value as the initial Rs. The 
decrease can be explained by the formation of a very 
high resistance connected in parallel with the anodic 
capacitor. T h e cathodic reaction causes an increase in 
Cs with a slight increase in Rs, indicating that the 
cathodic passivation is not dominated by the thermal 
transformation of O C either. 

D i s c u s s i o n 

Anodic Oxidation. The experimental results on the 
electrical properties of the Al /OC electrode system as a 
whole confirm the solid-state anodic oxidation of Al, 
though no direct evidence for the material transport 
or the existence of Al 2 O s was found. One possible 
objection may be that there might be an electrochemical 
reaction of the T C N Q , salts followed by a dispropor-
tionation reaction with water or vice versa at high 
electric fields. However, if such reaction could take 
place, the strict relation CaV= constant (Fig. 6) would 
be too accidental, since the electrification period was not 
made constant for each applied voltage. Assuming the 
electrode area as 2 x l 0 ~ 3 c m 2 , we obtain CSV=0A4 
fj.F-V/cm2, which is to be compared with C>V=6A5 
fxF-V/cm2 for the ideal anodization in a boric acid-
borate solution.14) Coincidence between experiment and 
theory is considered to be good in view of various 
factors through which the capacitance is lowered; 
namely, 1 ) reduction of the contact area arising from the 
roughness of the surface, 2) a series capacitance due to 
the thermally transformed O C , and 3) a low efficiency 
of the solid-state reaction. 

T h e C R V I method, which was originally introduced 

for the analysis of the anodic oxidation in the liquid 
electrolyte,8) is useful and powerful for the solid state 
reaction. The anodic and the cathodic reactions are 
discriminated and different reactions depending upon 
the voltage are manifested. Let us calculate the 
current efficiency of the anodic oxidation using the 
C R V I results.15) When the ionic current Ix flows 
through the oxide of thickness x, the equation for an 
oxide growth rate dx/dt is given by Faraday's law, 

dx/dt = QIi (1) 

where ß is 5.55 A s - 1 m A _ 1 cm2 for Al 2O s . Then the 
potential across the oxide Vox increases as follows, 

dVJdt = Evdx/dt (2) 

where Ev is the Maxwell field strength which depends 
on the rate of voltage increase v. If we assume 

dVJdt = dVJdt = v (3) 

where Va is the applied voltage and define the ionic 
current efficiency "Q with respect to the total current / 
through the electrode system as 

h = ¥, (4) 
then we obtain from Eqs. 1 through 4, 

V = u/QEvI. (5) 

Since Eq. 3 holds for V^Vp or for Ix=constant, t] 
can be calculated using the experimental data on / in 
Fig. 2. The results for a relative humidity of 5 0 % R H 
are shown in Table 2, where Ev was obtained by Dunn15) 

TABLE 2. CURRENT EFFICIENCY OF ANODIC 

OXIDATION, 7} ( % ) , AT 5 0 % R H 

Compound fj (Voltage, V) 

Q.(TCNQJ2 0.053 (6) 
(NMQ)(TCNQ)2 .2 1.68(13) 
(NPQ)(TCNQ)2 0.62 (13) 
(NMA)(TCNQJa 0.10(13) 
(NMP)(TCNQJ 0.21 (16) 

as £ „ = 8 x 106 V/cm for u= 1/24 V/s. The efficiency was 
found to be 0.05 to 1.7%, considerably higher than the 
published data on the T a / M n 0 2 system (0.01 to 
0.001 %).2) At higher relative humidities, the efficiency 
was higher; 2 . 1 % for Q,(TCNQ,) 2 and 1.5% for (NMA)-
(TCNQ,) 2 at 9 8 % R H . The efficiency for the M n O a 

system cannot be obtained, since the discontinuous falls 
in the I-V curves do not allow us to assume Eq. 3. An 
apparent efficiency was calculated to be 0 .93% at 14 V, 
which is thought to be an overestimate by about two 
orders of magnitude over a true value if we take the 
amount of the discrete jumps in current into account. 

Reaction Mechanism. The anodic oxidation neces­

sitates both an ionically conducting layer which prevents 
the short circuiting of the electrode system and ionogens 
which may serve as an oxygen source of A1203 . The 
T C N Q salts are known as an electronic conductor. The 
idea of Gu tmann et al.16) that M g ( T C N Q J 2 behaves as a 
solid electrolyte has been vitiated by Friedel17) and 
Weidenthaler and Pelinka.18) We postulate that the 
initial passivation at relatively low voltages (Vp) 
produces an ionically conducting layer between Al and 
O C . Since the transformed layer has a higher resistivity, 
the applied voltage may be absorbed by this thin layer, 



December, 1977] Solid State Anodization with TCNQ Ion-Radical Salts 3157 

resulting in a high electric field effective to the ionic 
conduction. The T C N Q salts we examined meet the 
requirement for the anodizing electrolyte postulated by 
Smith.2) The transformed O C was dissolved in aceto-
nitrile and the composition was determined spectro-
scopically.7) I t was shown that the layer contains an 
excess of neutral T C N Q molecules over a stoichiometric 
composition; e.g., T C N Q / c a t i o n = 2 . 1 1 for the trans­
formed N P Q salt. The resulting nonstoichiometric 
compound is very advantageous for anodic oxidation. 
First, the disordered structure may give a good chance 
for the ionic conduction as in the case of inorganic 
materials.19»20) Second, the OG layer with excess T C N Q 
molecules may behave as a p-type conductor,21) to 
facilitate rectification of a junction A1/A1203/0G.22) 

I t was assumed in the above discussion that the 
existence of neutral T C N Q is essential for anodization. 
For the sake of comparison simple salts with metallic 
cations, such as Li, Na, K, Mg, Ca, Ba, M n ( I I ) , Fe( I I ) , 
Ni (I I ) , and Cu(I) were examined. However, they were 
not anodizing electrolytes for the valve metals. T h e 
only metallic salt which exhibits both a passivation 
curve in the C R V I experiment and a remarkable 
decrease in Cs in the impedance measurement is 
C u ( T C N Q ) 2 . An X-ray photoemission study23) and I R 
study have shown that C u ( T C N Q ) 2 is not a simple salt 
but is composed of C u ( I ) ( T C N Q ) and T C N Q 0 as a 
formulation of Cu+ ( T C N Q - ) (TCNQ 0 ) or (Cu+)2-
(TCNQ-) 2(TCNQ°) 2 , 5) providing another support for 
our model. The anodizing ability of the simple salt 
(NMP) ( T C N Q ) is not counterevidence either. A recent 
examination has revealed a partial charge transfer 
between N M P and TCNQ, 2 4 ) suggesting the existence 
of T C N Q 0 . This may explain the striking difference 
in the anodizing ability between (NMP) ( T C N Q ) and 
alkali-TCNQ's, the charge transfer being complete in 
the latter.24) T h e results and those with ( N M Q ) -
(TCNQ) 2 # 2 suggest that nonstoichiometric salts having 
higher contents of TCNQ 2 5 ) may be a more efficient 
anodizing electrolyte. 

Since the T C N Q salts we examined have no oxygen 
in their composition, water should be the oxygen source. 
I t is not unreasonable because water is, with a few ex­
ceptions,26) the oxygen source in most of the anodic 
oxidation in liquid electrolyte. The findings of Weiden­
thaler and Pelinka18) that the presence of water is 
essential for the electromotive force to be observed in a 
cell, metal/TCNQ-salt solution/Pt, should also be 
considered. Smith's claim that water is a catalyst in the 
anodic oxidation of the T a / M n O a system cannot be 
accepted. The major electrochemical reactions are the 
dissociation of water and/or the oxidation of Al, and the 
efficiency may vary with the catalytic activity of T C N Q 0 

in the electron transfer processes. In fact, the formation 
of an ion pair Al- - -TCNQwith the aid of water has been 
known27) and a slowly decreasing electromotive force 
was generated in a cell Al /OC/Pt with Al negative. 

Conclus ion 

The experimental results as a whole support the 
anodic oxidation of Al with the O C functioning as a 
solid electrolyte in situ. The material criteria for the 

anodizing electrolyte are that the existence of neutral 
T C N Q molecules in the salt is essential and the disorder­
ed structure is favored. T h e high efficiency of anodiza­
tion explains the prominent self-healing action of a new 
type of solid electrolytic capacitor in which M n O a is 
replaced by an O C counterelectrode.4) 

The authors wish to express their sincere gratitude to 
Dr. Katsue Hasegawa for his continuous encouragement. 
They are also indebted to Shirow Asakawa and Dr. 
Shigeo Kondo for various valuable discussions on the 
electrochemical properties of the T C N Q salts and water. 
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Kinetic Studies of Spin-trapping Reactions. I. The Trapping of the 
/-Butyl Radical Generated by the Photodissociation of 2-Methyl-

2-nitrosopropane by Several Spin-trapping Agents 
Takahisa DOBA, Tsuneki ICHIKAWA, and Hiroshi YOSHIDA 

Faculty of Engineering, Hokkaido University, Kita-ku, Sapporo 060 
(Received May 20, 1977) 

The photochemical reaction of 2-methyl-2-nitrosopropane (a spin-trapping agent) in benzene was studied 
at 299 K by monitoring the optical absorption intensity of the spin-trapping agent and the ESR signal intensity 
of the spin-adduct radical (di-/-butyl nitroxide). The observed kinetic feature was interpreted in terms of three 
elementary processes ; the photodissociation of the spin-trapping agent giving a /-butyl radical, the spin trapping 
of the /-butyl radical by the trapping agent giving the spin adduct radical, and the reaction of the spin-adduct 
radical with the /-butyl radical giving diamagnetic products. The rate constant of the last process was found to 
be 10 times as large as that of the spin-trapping process, which was determined to be 3.3 X 106 mol -1 dm3 s_1 based 
on the reported rate constant for the scavenging of the /-butyl radical by tributylstannane. The relative spin-trap­
ping rate constants toward the /-butyl radical were also determined to be 0.07, 1.0, 41, 63, and much higher than 
50 for 2,4,6-tri-/-butylnitrosobenzene, 2-methyl-2-nitrosopropane, pentamethylnitrosobenzene, nitrosodurene 
and nitrosobenzene, respectively. C-phenyl-iV-/-butylnitrone was found to be much less reactive by a factor of 
less than 0.003. 

The reaction of several nitroso compounds with short­
lived free radicals giving stable nitroxide radicals (or 
anilino-type radicals) provides an indirect but conve­
nient technique for detecting the short-lived free radicals 
by the conventional electron spin resonance (ESR) 
method.1-2) This spin-trapping technique has been 
widely used in recent years to study radical inter­
mediates in photochemical, radiation chemical, and 
even thermal reaction systems.3-5) 2-Methyl-2-nitroso-
propane, like nitrosobenzene derivatives, has been used 
very often as a spin-trapping agent because it gives an 
ESR spectrum of spin-adduct radicals (products of 
spin-trapping reactions) with a better-resolved hyperfine 
structure, facilitating the identification of the trapped 
radicals. However, one drawback of this spin-trapping 
agent is that it decomposes readily to give a /-butyl 
radical when irradiated by light.2,6) 

Naturally the observed yield of the spin-adduct 
radicals depends not only on the concentration of the 
trapped radicals in the reaction systems, but also on the 
rate constant of the spin-trapping process. T h e stability 
of the spin-adduct radicals is another factor determining 
the observed yield if they are unstable either in decom­
posing by themselves or in reacting with other radical 
entities. No quantitative information can, therefore, 
be drawn from spin-trapping experiments without 
knowing the kinetic features involved. However, there 
have been only a limited number of reports on the 
kinetic study of spin-trapping reaction systems. Although 
the figures available for the spin-trapping rate constant 
of the nitroso compounds have been very scanty,7-8) 
it appears that the spin trapping is a comparatively slow 
process, and that it cannot always be the main reaction 
pathway of the short-lived free radicals. T h e accumula­
tion of rate data on the spin-trapping is, therefore, 
desirable in order to extend the utility of this technique 
and to correlate more firmly the spin-adduct radicals 
with the actual reaction intermediates. 

In the present study, the photochemical processes of 
2-methyl-2-nitrosopropane in benzene were investigated 
mechanistically and kinetically. This photochemical 

reaction system was then used to determine the reaction 
rate constants of several spin trapping agents toward the 
/-butyl radical. 

E x p e r i m e n t a l 

Benzene and tributylstannane of analytical grade were used 
as received, without further purification. The benzene solvent 
was degassed by the freeze-pump-thaw technique, mixed with 
a spin-trapping agent (or agents) through a break seal under 
a vacuum of about 10 -5 Torr in the dark, and sealed in a glass 
tube with a quartz-tip portion for ESR measurements at one 
end and a quartz optical-absorption cell at the other. The 
concentration of spin-trapping agents were usually from 0.01 
to 0.1 mol dm - 3 . 

The trapping agents used were 2-methyl-2-nitrosopropane 
(BNO), nitrosobenzene, nitrosodurene, pentamethylnitroso-
benzene, 2,4,6-tri-/-butylnitrosobenzene, and C-phenyl-iV-/-
butylnitrone (JV-Z-butyl-a-toluenimine i^-oxide). The BNO 
and nitrosobenzene were commercially purchased from the 
Aldrich Ghem. Co., Inc., and Nakarai Chem., Ltd., and were 
used without further purification. The pentamethylnitroso-
benzene was synthesized9-11) and recrystallized from an ace­
tone solution. The nitrosodurene, tri-/-butylnitrosobenzene, 
and C-phenyl-JV-/-butylnitrone were kindly supplied by R. 
Konaka of Shionogi Pharm. Co., Ltd., M. Tabata of Hokkaido 
University, and K. Kuwata of Osaka University. 

The solution was photolyzed with light from a Xe lamp 
through a band-pass filter (transmission maximum at 690 nm). 
The concentration of the spin-adduct radicals was monitored 
by means of an X-band ESR spectrometer ( JEOL, JES-ME-
2X), and that of BNO, by measuring its absorption at 680 nm 
by means of a recording spectrophotometer (Hitachi, EPS-3T). 
The photolysis and measurements were carried out 299 K. 

R e s u l t s a n d D i s c u s s i o n 

Optical Absorption and Photodecomposition of BNO. 
T h e BNO solution in benzene shows, immediately after 
its preparat ion, an intense optical-absorption band with 
a maximum at 295 nm and a weak absorption band 
with a maximum at 680 nm, as is shown in Fig. 1. The 
latter band is at tr ibuted to the n*<—n transition of 
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(f-Bu)NO /-Bu. + NO 
k2 

X 

200 300 400 500 600 
Wavelength/nm 

700 800 

Fig. 1. The optical absorption spectra of BNO at 299 K 
(solid curves) immediately after dissolving it in benzene, 
(dashed curves) after 90 minutes when the monomer-
dimer equilibrium was reached, and (dotted curves) 
after the photolysis for 200 minutes. 

monomeric BNO, which is red-shifted by 15 nm com­
pared with the band observed in the polar solvent of 
acetone.12) T h e former band was found to decrease 
gradually in its intensity concomitantly with the 
increase in the band of monomeric BNO in the dark, 
as is shown in Fig. 1. Therefore, it is at tr ibutable to 
dimeric BNO. The monomer-dimer equilibrium was 
reached very slowly (in an hour) and was found to be 
shifted almost completely over to the monomer. Photoir­
radiation at the dimer band enhanced the dissociation 
of the dimer into the monomer. 

Fig. 2. The ESR spectra observed after the photolysis 
of BNO at 299 K. The upper spectrum was recorded 
from the benzene solution of BNO and is due to the 
di-f-butyl nitroxide formed by the spin trapping of 
/-butyl radical by BNO, and the bottom spectrum 
recorded from the benzene solution containing BNO 
and 2,4,6-tri-f-butylnitrosobenzene is due to both the 
di-f-butyl nitroxide and JV-f-butoxy-2,4,6-tri-f-butylani-
lino radical formed from these two spin trapping agents. 

On irradiating the solution at the monomer band, the 
BNO disappeared gradually, while an ESR spectrum 
with the hyperfine splitting due to a nitrogen nucleus 
(1.57 mT) developed, as is shown in Fig. 2. The ESR 
spectrum is attributed to the di-J-butyl nitroxide radical, 
the spin-adduct radical of the J-butyl radical resulting 
from the photodissociation of the spin-trapping agent 
itself,1-2) 

*-Bu- + (J-Bu)NO —-+ (*-Bu)2NO- (2) 

No other ESR spectrum was observed. No optical 
absorption other than that of the BNO was recorded 
down to 260 nm, either. The spin-adduct radical was 
found stable in the dark at room temperature. 

300 400 
TIME/min 

Fig. 3. The change in ( # ) the concentration of the spin 
trapping agent, BNO and (O) that of the spin adduct 
radical, di-f-butyl nitroxide, during the photolysis of 
BNO (2.7 x 10-2 mol dm-3) in benzene at 299 K. The 
arbitrary units, a and r are given in the text. 

The change in the concentrations of the BNO and 
the spin adduct radical were followed by means of 
optical absorption and ESR measurements during the 
photolysis. The results are shown in Fig. 3. The spin-
adduct radical initially increased in its intensity, reached 
a maximum, and then decreased gradually. By examin­
ing the effect of the initial B N O concentration, no 
indication was observed of the involvement of a second-
order process with respect to the short-lived inter­
mediates, such as a combination between the ^-butyl 
radicals. T h e decay of the spin-adduct radical is, 
therefore, attr ibuted to its reaction with the ^-butyl 
radical, giving a diamagnetic product (or products) as: 

(f-Bu)2NO. + *-Bu- > (*-Bu)aNO(f-Bu). (3) 

T h e reaction between di-^-butyl nitroxide and the t-
butyl radical was inferred to occur in the gas-phase 
reaction in pyrolyzing BNO.13) The photodecomposition 
of the spin-adduct radical is not expected to occur, 
because the photolysis was carried out with light of 
selected wavelengths. T h e adduct radicals do not 
combine with themselves,14) and so such a combination 
reaction cannot be a reason for their decay either. 

Kinetic Features of the Photochemical Reaction of BNO. 
Based on the three elementary processes, Reactions 1 
to 3, the photochemical reaction of the BNO can be 
totally described by the following rate equations: 

• f f i l = - 70 - *2[T][R] (4) 

^dT = H ~ * 2 [ T ] [ R ] ~ *a[A][R] (5) 

^ 1 = *2[T][R] - Aa[A][R] (6) 
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where T , R, and A stand for the spin trapping-agent 
(BNO), the £-butyl radical, and the spin adduct radical 
(di-*-butyl nitroxide) respectively. In principle, the 
ratio of the rate constants, kjk2, can readily be deter­
mined as k3lk2=[T]/[A] a t the time when [A] reaches 
the maximum. The assumption of the steady-state for 
[R] leads to : 

(7) 
d[A] = (*,/*,) [ A ] - [ T ] 
d[T] (*3/*2)[A] + 2 [ T r 

which tests the validity of the presumed reaction 
mechanism by using the observed changes of [A] and 
[T] and the determined value of kjk2. 

However, it is a difficult task to determine precisely 
enough the absolute values of [A] by means of the ESR 
method. Therefore, the values were determined 
only relatively in the present experiment. Using the 
instrumental constants of a and b, [A] and [T] are 
expressed as [A]=a<x and [ T ] = £ r respectively, a and 
r being the recorded intensity of the ESR spectra of the 
spin-adduct radical and that of the optical-absorption 
spectra of the spin-trapping agent. Then, at the max­
imum a, this relationship: 

(r/a) = (k3/k2)(a/b) (8) 

is obtained. T h e results shown in Fig. 3 gave the value 
of 0.0123 for (k3lk2) (ajb). Equation 7 is transformed as : 

da _ J^ (£3/£2)(a/l>)a —T 
dr ~ a ' (k3jk2)(alb)aL + 2r' (9) 

100 

0 

-100 

-

-

o / 
XM 

1 

X <s 

1 1 
-0.2 0.2 -0.1 0 0.1 

(00123rt-T)/(00123o<+27) 
Fig. 4. The relationship between the ratio of the changing 

rate of the concentration of the spin trapping agent to 
that of the concentration of the spin adduct radical, 
da/dr, and the concentrations of the spin trapping agent 
and the spin adduct radical, (O.0123a-r)/(0.0123a+ 
2T), during the photolysis of (O) 2.7 X 10~2 mol dm-3 

or ( 9 ) 1.2 XlO"2 mol dm-3 of BNO in benzene. 
The slope gives the value of 820 for b/a and, in turn, 
the value of 10 for k3/k2. See also the text. 

T h e results in Fig. 3 are replotted in Fig. 4, where the 
expected linear relationship is observed between da /d r 
and ( 0 . 0 1 2 3 a - r ) / ( 0 . 0 1 2 3 a + 2 r ) , and the slope gives 
the value of 820 for b/a. I t turns out that ksjk2= 10. T h e 
observed linear relationship gives a support to the 
presumed reaction mechanism comprised of Reactions 1, 
2, and 3. Using the reported extinction coefficient of 
the monomer band12) and the determined value of bja, 
the concentration of the spin-adduct radical is found 
to have reached its maximum value of 1 . 8 x l 0 " 3 m o l 

dm 3 when the B N O concentration decreased to 
1.9 X 10-2 mol dm" 3 from its initial value of 2.7 x 10~2 

mol d m - 3 (cf. Fig. 3). 
Equation 7 shows that d[A] /d[T] (or da/dr) is 

independent of the initial concentration of the spin-
trapping agent. As a matter of fact, the data obtained 
for the initial B N O concentration half as much fall on 
the same straight line in Fig. 4. This result gives evidence 
that the second-order reaction with respect to the *-butyl 
radical concentration is effectively absent. 

Although the available data on the rate constant of 
radical scavengers against the ^-butyl radical has been 
very little, tributylstannane has been reported to react 
with the ^-butyl radical at the constant of 7.4 X 105 m o l - 1 

dm 3 s-1 in cyclohexane at 298 K.15> If the radical 
scavenger is present in the solution, the radical-scaveng­
ing reaction : 

t-Bw + (/-Bu)3SnH >- /-BuH + (f-Bu)3Sn. (10) 

competes with Reaction 2 in the early period of the 
photolysis when Reaction 3 is effectively absent. An 
example of the observed scavenger effect is shown in 
Fig. 5. The linear increase of [A] is reduced in the 
presence of the radical scavenger. T h e reduction of the 
spin-adduct formation depends on the concentration 
of the radical scavenger, [S], as is shown in Fig. 6, and 
agrees with the normal competition kinetics: 

1 2 3 A 
TIME/min 

Fig. 5. The yield of the spin adduct radical in the 
benzene solution at 299 K as a function of the photo­
lysis time, (O) in the presence of only 0.19 mol dm"3 

BNO and ( # ) in the presence of 0.19 mol dm"3 BNO 
and 0.56 mol dm - 3 tributylstannane. 

1 2 3 A 
[SÎ/IT] 

Fig. 6. The dependence of the rate of the spin adduct 
formation on the concentration of radical scavenger, 
tributylstannane, during the photolysis of BNO in 
benzene at 299 K. 
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AtAlo = 1 , M S ] 
d[A]s

 + *2[T] [U] 

On the basis of the reported A10,
15) k2 is determined to be 

3 . 3 x l 0 6 m o l - 1 d m 3 s - 1 . 
Spin-trapping Rate Constants of Several Spin-trapping 

Agents. When BNO and another spin trapping 
agent (RNO) are present in the solution, and when the 
former is selectively photolyzed to generate the £-butyl 
radical, the spin-trapping rate constant of the latter 
can be determined relative to that of the former by the 
conventional treatment of competition reactions. As 
has been shown in the preceeding section, only the 
reaction : 

t-Bu- + RNO RN(f-Bu)0. or RNO(Z-Bu) (12) 

competes with Reaction 2 against the £-butyl radical in 
the initial period of the photolysis. The rate constant, 
k12, can readily be determined from this relationship : 

d[A'] = * l t [ T ] 
d[A] *2[T] 

[13) 

and the observed intensities of ESR spectra due to two 
kinds of spin-adduct radicals in the short photolysis time 
when they are increasing linearly. T ' stands for the 
second spin trapping-agent, from which the spin-adduct 
radical, A' , is generated. 

Figure 2B shows the ESR signal observed from the 
solution of BNO and 2,4,6-tri-J-butylnitrosobenzene. 
The £-butyl radical is added to the oxygen atom of tri-t-
butylnitrosobenzene to form an anilino-type spin-adduct 
radical,16) whose ESR spectrum is distinguished from 
that of the spin-adduct radical from BNO. Even when 
the nitroxide-type spin-adduct radical was generated 
from either the nitrosobenzene, nitrosodurene, or 

1 2 3 A 5 6 
TIME/min 

Fig. 7. The yields of the /-butyl radical adducts com­
petitively formed (O) from 2.3 X ÎO"2 mol dm"3 BNO 
and ( 0 ) from 1.0xl0_ 2mol dm - 3 nitrosodurene 
during the photolysis of BNO in the benzene solution 
at 299 K. 

pentamethylnitrosobenzene coexisting with BNO in the 
solution, the ESR spectra of the two kinds of nitroxide 
radicals could readily be distinguished and their 
intensities determined relative to each other. In the 
presence of BNO and nitrosodurene in the solution, for 
instance, the concentration of the spin-adduct radicals 
increased linearly, as is shown in Fig. 7. T h e relative 
spin-trapping efficiency, k12!k%, was determined to be 63 
from the observed slopes of the linear increases and the 
concentrations of the two spin-trapping agents dissolved 
in the solution. This shows that the spin-trapping rate 
constant of nitrosodurene is 2.0 X 10s m o l - 1 dm 3 s_ 1 

toward the /-butyl radical. T h e spin-trapping rate 
constants were determined in the same manner for 
pentamethylnitrosobenzene,11) tri-/-butylnitrosobenzene, 

TABLE 1. THE RATE CONSTANTS OF THE TRAPPING /-BUTYL RADICAL AND THE DIMERIZATION EQUILIBRIUM 

CONSTANTS OF SEVERAL SPIN-TRAPPING AGENTS AT 2 9 9 K IN BENZENE 

2-Methyl-2-nitroso-
propane 

Nitrosobenzene 

Nitrosodurene 

Pentamethylnitroso­
benzene 

2,4,6-Tri-f-butyl-
nitrosobenzene 

Phenyl-JV-/-butyl-
nitrone 

+ N O 

< ^ 0 ) > - N 0 

/ Ö V N O 

/ \ 

- < ^ > - N O 

/ \ 

X 
+ \ 2 / " N O 

X 
CH=NC(CH3)3 

A i 
IS* 

Relative 
rate constant 

k12/k2 

1.0 

> 5 0 

63 

41 

0.07 

<0 .003 

Rate 
constant** 

(mol -1 dm3 s_1) 

3.3x10« 

> 2 . 0 x l 0 8 

2 .0x10 s 

1.4x10 s 

2.3X106 

< 1 . 0 x l 0 * 

Equilibrium 
constant, K 
(mol dm -3) 

1.92b) 

— 

1.6x10-* 

3.6x10-* 

— 

Monomer 
fraction0' 

0.99 

1.0 

0.086 

0.13 

1.0 

1.0 

a) The absolute values were determined with an experimental uncertainty of ± 1 0 % . b) From Ref. 21, 
the value determined at 299.5 K. c) The monomer fraction for 0.01 mol dm-3 of the total concentration 
based on the monomeric form. 
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and nitrosodurene, as is shown in Table 1. Nitroso-
benzene was found to be too reactive toward the /-butyl 
radical for the rate constant to be determined precisely. 
The rate constants in Table 1 may include an experi­
mental uncertainty, at the most, of 10% caused mainly 
in measuring the ESR intensities and in weighing the 
small amounts of spin-trapping agents. 

T h e only data available to be compared with these 
results are those for B N O : the spin-trapping rate 
constant is 1.1 X 106 m o l - 1 dm 3 s - 1 at 317 K toward the 
/-butoxycarbonyl radical7* and 1.3 X 108 m o l - 1 d m 3 s _ 1 

at 228 K toward the methoxyl radical.8) T h e reactivity 
of BNO depends very much on the free radicals trapped, 
and the rate constant toward the /-butyl radical reason­
ably falls in between. T h e rate constant depends also 
very much on the spin-trapping agents used. Although 
tri-/-butylnitrosobenzene is exceptionally unreactive 
toward the /-butyl radical (it gives an anilino-type spin-
adduct radical) because of the steric hindrance due 
to the ring substitution with bulky /-butyl groups, 
aromatic nitroso compounds are generally more reactive 
than BNO, the nitrosoalkane examined. 

C-phenyl-iV-/-butylnitrone, one of the most commonly 
used spin-trapping agents, was also examined in the 
same way. However, its concentration 30 times as high 
as the BNO concentration gave no detectable ESR 
spectrum of the spin-adduct radical from it in the 
competition reaction experiment. Thus, C-phenyl-i\f-/-
butylnitrone was found to be less reactive than BNO 
by a factor of less than 0.003 toward the /-butyl radical. 
I t turns out that the spin-trapping rate constant is as 
small as 1 X 104 m o l - 1 dm 3 s _ 1 or less. This is much 
smaller than the spin-trapping rate constants previously 
reported for C-phenyl-JV-/-butylnitrone : 4 x l 0 5 m o l _ 1 

dm 3 s_ 1 toward the benzyloxyl radical at room 
temperature,17) 5.5 X 106 m o l - 1 dm 3 s_ 1 toward the t-
butoxyl radical at 298 K,18) and 1.2 X 107 mol" 1 dm 3 s"1 

toward the phenyl radical at 298 K.19> This trapping 
agent seems to be exceptionally unreactive toward the 
/-butyl radical. 

Monomer-Dimer Equilibrium of Spin-trapping Agents. 
Nitroso compounds are often present in solutions in the 
dimeric form, which is inactive in trapping free radicals. 
Therefore, the dissociation constant, K ( = [monomer]2 / 
[dimer]), of the spin-trapping agent used is an important 
parameter in the quantitative application of the spin-
trapping technique. 

Nitrosodurene showed optical absorption bands at 
800 and 320 nm, the former being due to the monomer, 
and the latter, to the dimer. According to the well-
known relationship between the total concentration of 
nitrosodurene, c, and the optical density of the monomer 
band : 

the dissociation constant was determined to be 7.5 X 10 - 5 

mol d m - 3 at 298 K in benzene. I t turns out that only 
8% of the nitrosodurene is present in the monomeric 
form at the total concentration usually occurring in the 
spin-trapping experiments, 10 mmol d m - 3 . The tem­
perature dependence of K was also studied in the 293— 
313 K range, as is shown in Fig. 8, which gives the 

61 1 

Ü2 r ^ \ 

T ^ \ . 

6L 1 1 1 1 
3.2 3.3 3.4 

kK/T 
Fig. 8. The dependence of the monomer-dimer equilib­

rium constant of nitrosodurene in benzene on the 
reciprocal temperature. 

Arrhenius expression of 7T=106-80exp(—61/i?T) in 
kj/mol unit. The molar extinction coefficient, e, was 
found to be 91 mol"1 dm 3 cm - 1 , almost unchanged in 
the temperature range examined. 

For pentamethylnitrosobenzene, K was determined in 
the same way to be 105-26exp( — 50/Z2T), as has been 
reported previously.11) Stowell reported the monomer-
dimer equilibria for BNO at 288 and 298 K,20) which were 
confirmed by the present observation that Kis 1.31 at 
290 K. Nitrosobenzene and tri-/-butylnitrosobenzene are 
already known to be totally monomeric in solutions.21-22) 
C-phenyl-iV-/-butylnitrone does not form the dimer at 
all, either. 

The spin-trapping rate constants, £12, shown in the 
preceeding section were determined on the basis of the 
monomer concentration calculated by using the dissocia­
tion constants obtained here. The dissociation constants 
used in the calculation and the monomer fractions for 
the total concentration of 10~2 mol d m - 3 are also shown 
in Table 1. 

In a practical sense, the efficiency of spin-trapping 
agents may be given by the product of the spin-trapping 
rate constant and the monomer fraction. Even though 
nitrosodurene and pentamethylnitrosobenzene are most­
ly in the dimeric form in benzene, they are more 
efficient in trapping the /-butyl radical than are BNO 
and tri-/-butylnitrosobenzene. Nitrosobenzene is an 
extremely efficient spin-trapping agent, though it gives 
a complicated hyperfine structure of the ESR spectrum 
of the spin-adduct radical. 

S u m m a r y and Conclus ion 

T h e most significant results in the present investiga­
tion may be summarized as follows: (1) The /-butyl 
radical reacts with its spin-adduct radical formed from 
BNO more readily than with BNO itself, so that the 
yield of the spin-adduct radical cannot go above a 
certain level. (2) T h e spin-trapping rate constant 
depends very much on the nitroso compounds used as 
the spin-trapping agents; it varies from 2.3X 105 to 
2.0 X 107 or more toward the /-butyl radical in benzene 
at 299 K. Aromatic nitroso compounds are generally 
more efficient in trapping the /-butyl radical than the 
nitrosoalkane. C-phenyl-iV-/-butylnitrone is less efficient 
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in trapping the /-butyl radical than the nitroso com­
pounds. (3) In some cases, the monomer-dimer equilib­
rium shifts well over to the dimer and reduces the 
practical effectiveness of the spin-trapping agents. 
Furthermore, the equilibrium was found to be reached 
extremely slowly (in about an hour) after mixing the 
spin-trapping agents with a benzene solvent. 

These results are believed to give a clue to developing 
a quantitative utilization of the spin-trapping technique 
in the study of free radical reaction intermediates. 

The authors wish to express their thanks to Professor 
Keiji Kuwata of Osaka University, Dr. Ryusei Konaka 
of Shionogi Pharm. Co., Ltd., and Dr. Masayoshi 
Taba ta of Hokkaido University for kindly supplying 
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Ministry of Education (No. 085010, 1975). 
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NMR Study of Spontaneous Degradation of Penicillin G in 
Aqueous Solution 
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The spontaneous degradation of penicillin G in aqueous solution has been studied using NMR and thin layer 
chromatography. Correlation NMR spectroscopy was used to follow products which appear at the early stage of 
degradation. It has been found that in 0.3 M phosphate buffer (pH 7.0, 30 °C) a successive first order degradation 

penicillin G • penicilloic acid • secondary product 
is dominant with kinetic constants of ̂  = 0.7 X 10~2 h"1 and Ä2=6 X 10~2 h - 1 . 

I t is well known that penicillin G is labile in aqueous 
solution, and degraded to give a number of products. 
Several pathways of degradations have already been 
proposed.1) However, until now kinetic studies of the 
degradation of penicillin G2~4> have been based on the 
observation of a decreasing time-course of undegraded 
penicillin G, and information from a number of degrada­
tion products has never been used quantitatively; only 
an overall rate of degradation of penicillin G was 
reported, which actually consists of several consecutive 
steps. 

In the present work, in order to clarify the elementary 
process of degradation of penicillin G, a degradation 
product such as penicilloic acid has been followed 
quantitatively using N M R spectroscopy. Correlation 
N M R spectroscopy5) was employed to follow products 
which appear at the early stage of degradation. 

Exper imenta l 

Penicillin G potassium salt for injection (Takeda Chemical 
Industries, Lot No. 0021) and penicillinase (Calbiochem., Lot 
No. 400960) were used without further purification. All other 
reagents are of analytical grade. The concentration of peni­
cillin G is 10 mg/ml which is approximately equal to that used 
for intramuscular injection. Penicillin G was dissolved in 0.3 
M deuterated phosphate buffer (pH 7.0). The sample tem­
perature was maintained at 30 °C throughout the experiments. 

NMR measurements were performed using a JEOL PS-100 
spectrometer. Chemical shift values reported are from external 
TMS (10% (v/v) in CC14). The concentrations of penicillin G 
and its degradation products were determined by comparing 
the peak height of each signal with that of TMS sealed in a 
coaxial tube. Correlation NMR technique was employed to 
follow degradation products which give small signals near the 
strong HDO peak.5> 

Degradation of penicillin G was also monitored by thin layer 
chromatography (TLC), the procedure of Vandamme and 
Voets1) being followed with a slight modification. TLC plates 
are Merck 60F254 (5 x 20 cm with a thickness of 250 JA). 5—6 
[xl of penicillin G solution (4 mg/ml, 10 mg/ml) was applied 
and developed at 21 °C using an 85% aqueous solution of 
acetone. The solvent was allowed to rise to a height of 17 cm. 
Each TLC plate was sprayed consecutively with 2 M NaOH, 
1% starch gel and iodine azide reagent. The R{ values of 
degradation products were standardized by that of penicillin 
G. 

R e s u l t s and D i s c u s s i o n 

First, a decreasing time-course of degradation of 
penicillin G was followed using N M R spectroscopy. 
Figure 1 shows a time change in the N M R peak intensity 
of a-methyl, - C H 2 - and 3-H of penicillin G dissolved 
in 0.3 M phosphate buffer (pH 7.0). This result indicates 
that the overall degradation process of penicillin G is 
of a pseudo-first order reaction with a half life of 85 h. 
From this result the kinetic constant of overall degrada­
tion process, koveralh can be estimated at 0.8 X 10~2 h" 1 

at 30 °C in the phosphate buffer solution. A kinetic 
constant of l . é x l O ^ h - 1 has been reported at 35 °G, 
p H 7.0 using U V spectroscopy and other methods.2,3) 
The phosphate buffer solution used in the present 
experiment is known to accelerate the degradation of 
penicillin G.4) In view of this, the kinetic constant 
obtained using N M R is consistent with the previously 
known value. 

However, the result of T L C indicates that the process 
of spontaneous degradation of penicillin G is actually 
not so simple as described above. The J?f values of 
degradation products at several different stages are 

100 

50 

Ö 
V 
Ö 

10 r 

0 20 40 60 80 

Time (h) 

Fig. 1. Semilog plots of intensity of a-CH3 %, -CH 2-
A and 3-H • of penicillin G vs. time at 30 °C in the 
phosphate buffer solution (pH 7.0). Initial value of 
a-CH3 intensity of penicillin G is arbitrarily taken to 
100. 
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TABLE 1. Rt VALUES ( X 100) OF DEGRADATION PRODUCTS 
OF PENICILLIN G AT SEVERAL DIFFERENT STAGES 

IN T H E PHOSPHATE BUFFER SOLUTION 

Penicillin G was used as a standard. 

Time(h) 0 2.5 

56 56 

Rf values 
XlOO 

16 

7 

56 

31 

17 

17 

56 

32 

17 

30 

56 

37 

27 

15 

70 

56 
49 
40 

31 

15 

118 

56 

43 

33 

17 

240 

56 

40 

32 

14 

Product 

Penicillin G 

Secondary 
product 
Penicilloic 
acid 

summarized in Table 1. Only one species of degradation 
products can be observed at 2.5 h after penicillin G is 
dissolved. After 7 h, the second species becomes observ­
able, and more than three species can be observed after 
17 h. This result indicates that from the observation of 
the decreasing time-course of penicillin G, only an 
overall degradation rate of penicillin G can be obtained. 
Therefore, in order to study the actual complicated 
process of degradation of penicillin G, the formation 
process of the degradation products was followed 
quantitatively. 

In order to identify the initial product of spontaneous 
degradation using N M R , the chemical shift values of 
the initial product were compared with those of penicil-
linase-degraded products.6) This result clearly indicates 
that the initial product is penicilloic acid. 

_ J 

J 

^J 

to 

2 5 hrs 

Chemical shift (ppm) 

Fig. 2. Correlation NMR spectra of methyl region of 
penicillin G and penicilloic acid at early stages of 
degradation. Number of accumulations: 128. Two 
large peaks at »5=1.54 and 1.62 ppm result from 
penicillin G and a small peak at ö=1.27 ppm results 
from penicilloic acid. The signal due to the secondary 
product (6= 1.07 ppm) is marked by an arrow. 

In order to follow the formation of penicilloic acid at 
the early stage, 32—128 accumulations were performed 
in the correlation mode. Each accumulation was 
completed within 10 min. Figure 2 gives N M R spectra 
of the methyl region of penicillin G and penicilloic acid 
at the early stage of degradation. The a-methyl peak 
of penicilloic acid appears at <9= 1.27 ppm. Although 
N M R is less sensitive than T L C , a signal due to the 
secondary product (<5=1.07 ppm) can be clearly seen 
in Fig. 2, where the signal is marked by an arrow. This 
signal becomes much stronger at a later stage of degrada­
tion. An aqueous solution containing only penicilloic 
acid also gives a product which is identical with this 
secondary product. This result demonstrates that the 
secondary product is produced from penicillin G through 
penicilloic acid, i.e. the process of formation of penicilloic 
acid and the secondary product is a successive degrada­
tion reaction. When p H is not regulated, penicilloic 
acid is known to undergo degradation forming penilloic 
acid by decarboxylation.1) In the present experiment, 
the secondary product is presumably penilloic acid, 
judging from the formation of bubbles in the solution 
during the course of incubation. No at tempt has been 
made to identify this product. The order of appearance 
of the degradation products observed by the correlation 
N M R method is consistent with that observed by T L C ; 
as shown in Table 1, penicilloic acid with an Rt value 
of 0.15 appears first, followed by the secondary product 
which gives an R{ value of 0.3. Products whose Z?f values 
are 0.4 and 0.49 cannot be assigned to any distinct 
N M R peaks due to a low concentration of these products. 

®-
9 ?H H 

COOH H 
P E N I C I L L I N G 

? VH H 
HL* ©^»r^^Q 

HOOC7 N M - , 

k f,''C00H 

PENICILLOIC ACID 

k2 .. SECONDARY 
PRODUCT 

Fig. 3. A degradation process of penicillin G. 

A computer simulation of the process of formation of 
penicilloic acid and the secondary product was perform­
ed by assuming that the reaction is successive first order 
reaction. The result is illustrated in Fig. 3. For the 
simulation, the yields for these products observed within 
17 h after the addition of penicillin G were used ; no 
other products exist during this period judging from 
the T L C result. The computer simulation gives kinetic 
constants of ^ = 0 . 7 X 10~2 h" 1 and * 2 = 6 x 10"2 h"1 . 
Figure 4 illustrates observed and calculated formation 
processes for penicilloic acid and the secondary product. 
In the case of penicilloic acid the calculated curve is in 
good agreement with the observed yield over the entire 
range of the reaction. O n the other hand, the observed 
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0 20 40 60 80 

Time (h) 

Fig. 4. Plots of intensity of the methyl group of penicil-
loic acid 0 and the secondary product O vs- t i m e a t 

30 °C in the phosphate buffer solution. Solid lines 
indicate the calculated values. Initial value of <x-CH3 

intensity of penicillin G is arbitrarily taken to 100. 

value for the secondary product does not agree well 
with the calculated value at a later stage of the reaction. 
This suggests that the secondary product is labile and 

further degraded. 
A kinetic constant of the first step, kx obtained here 

is in good agreement with &overal l which is obtained 
from the decreasing time-course of penicillin G. From 
this result it was found that the successive first order 
reaction given in Fig. 3 is dominant in 0.3 M phosphate 
buffer solution (pH 7.0) at 30 °G with kinetic constants 
of ^ ^ O J x l O ^ h " 1 , k2=6xl0-*h~l. 

The authors gratefully acknowledge a support from 
the Ministry of Health and Welfare (Special Research 
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The neutron-diffraction results for deuterated single crystals have shown definitely that the phase transition is 
ascribable to the ordering of the hydrogen atoms. The ordered arrangement below the transition temperature ( Tt = 
234 K) agrees well with the NMR results. No doubling of the unit cell or loss of the center of symmetry can be de­
tected. In the disordered phase above Tt, four deuterons of two non-equivalent water molecules are distributed into 
seven sites. The occupancy factors of the individual sites have been refined by least-squares methods under different 
constraints. Bernai and Fowler's ice rule is obeyed in the H-bonded water layers, and the water molecules of crys­
tallization scarcely dissociate at all. The crystal structure has been redetermined by the X-ray diffraction method 
at 209 and 223 K, using an SnCV 2H 2 0 single crystal. No distinct change in the structure of non-hydrogen atoms 
has been disclosed on passing through the transition point (7^ = 218 K). However, in the close vicinity of Tt, the a 
and c lattice parameters and the three H-bonded 0- - -0 distances steeply change in association with the ordering of 
the hydrogen atoms. 

Crystals of SnCl 2 -2H 2 0 exhibit a phase transition 
accompanied by a characteristic dielectric anomaly at 
218 K (at 234 K for its deuterated analogue).1) Succes­
sive studies of proton (PMR) and deuteron (DMR) 
magnetic resonance,2 '3) X-ray diffraction,4) and R a m a n 
scattering5) have shown that the phase transition should 
be ascribed to the ordering of hydrogen atoms in H -
bonded water layers without another distinct change 
in the crystal structure. Furthermore, the critical 
phenomena of the phase transition have been studied 
by other approaches, such as specific heat,6 '7) and 
dielectric measurements.8) O n the other hand, the 
theory of the phase transition9) and the explanation of 
the dielectric behavior10) have been developed in 
cooperation with these experiments. 

This study was performed to elucidate more directly 
the hydrogen arrangement in the H-bonded network 
below and above the phase-transition temperature, Tt. 
Some of the neutron-diffraction (ND) results have been 
given previously.11) Additionally, the crystal structures 
at 209 and 223 K as well as the lattice parameters in 
the 93—293 K range were determined by X-rays in 
order to make sure whether or not the hydrogen-
ordering is associated with structural changes in other 
atoms. 

Neutron-diffract ion E x p e r i m e n t s 

Samples. Deuterated single crystals, SnCl 2 -2D 2 0 , 
were used for the present N D study, because X-ray 
photographs taken at both 293 and 93 K had shown no 
change in the crystal structure on deuteration. Single 
crystals were grown from a deuterated hydrochloric 
acid solution saturated with anhydrous t in(II) chloride. 
A large single crystal was cut into three cylindrical 
pieces, weighing 0.8957, 0.9282, and 1.2361 g. T h e 
smallest one has dimensions of 5.5, 6.0, and 7.5 m m 
along the a, c, and b axes respectively, and it was 
mainly used. Another crystal, weighing 12.3 g, was 
also used a t the initial stage of the experiment. These 
four crystals are labeled SI , S2, S3, and S4 in increasing 
order of weight. Since this compound is sensitive to 

moisture, many sorts of organic adhesives, and metals, 
each single-crystal sample was wrapped with Teflon 
tape and then placed in an aluminium capsule. 

Intensity Data Collection. All the N D measure­
ments were carried out with the K U R - 1 reactor of the 
Research Reactor Institute, Kyoto University. The 
intensity data of Bragg reflections were collected on a 
Rigaku neutron four-circle diffractometer at 297 and 
88 K. T h e neutron flux had a density of 7 X 104 n cm"2-
s _ 1 at the specimen and a wavelength of 0.994 Â. The 
reflections were measured within sin 0/A of 0.72 Â - 1 . 
The 20-o) step-scan technique was used with the step 
size of A20=O.1°. The scan range for each reflection 
was adjusted so as to include at least five background 
points on both sides of the peak. The counting time 
was controlled by monitoring the intensity of an incident 
neutron beam. A graphical method was used for 
integrating the observed intensity and for correcting 
the background. No correction for absorption was made 
because of the small linear absorption coefficient (j« = 
0.255 c m - 1 ) . The standard intensity was monitored 
every 25 reflections. There was no significant change 
in the intensity of the standard reflection throughout 
the data collection. 

At room temperature (297 K) the M0 and Okl intensity 
data were collected with the biggest crystal, S4, while 
Okl, hOl, and hkh were measured with the smallest, S I . 
For the measurement at 88 K, a ten-liter Dewar vessel 
containing liquid nitrogen was attached on the ̂  table 
of the four-circle diffractometer to cool the specimen 
down to 88 K by a conduction method. Because this 
arrangement limited the tilting angle of the x-circle to 
the range of - 2 0 ° < Z < 2 0 ° , three crystals, S I , S2, and 
S3, were mounted with b , a, and c axes respectively 
along the 0-axis of the goniostat. 

Some forbidden reflections for the P2j/c space group, 
as determined by X-rays, were carefully checked, but 
their intensities did not exceed more than one half of 
the background level. Thus , no evidence was found to 
suggest that the low-temperature phase is either antifer-
roelectric or ferroelectric. 
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Fig. 1. The extinction effect observed in the ND experi­
ment of SnCl2-2D20. The reduced intensity of a 
bigger crystal S3 is plotted against that of a smaller 
crystal SI, both on logarithm scale. Deviation from 
the line with a slope of unity reflects the extinction 
effect. 

Extinction Correction. In the early stage of least-
squares refinements, it became apparent tha t the 
intensities were affected by severe extinction and that 
the data required adequate corrections. Two kinds 
of isotropic corrections were at tempted, for simplicity 
neglecting the dependence of the extinction on the 
Bragg angles. One was an exponential type with a 
single parameter, such as I0=Icexp(—kIc). This type 
of correction was unsuccessful, probably because the 
I0/Ic ratio was less than 0.7, as was suggested by 
Hamilton.12) The other was based on the reduced 
intensity, < / > , which was a quotient of the observed 
intensity divided by the crystal weight. T h e reduced 
intensity of a bigger crystal, <CI]^> was plotted against 
that of a smaller crystal, < 7 S ^ J both on the logarithm 
scale. T h e difference in these reduced intensities, 
A < 7 > ( = < 7 s > — < 7 b » , was evaluated from the 
smoothed curve shown in Fig. 1. Thus , the intensity 
data were corrected by extrapolating the < / > to an 
infinitesimally small weight, using either of the following 
two equations: 

</corr> = </„> + 

<'s> + 

Wh 

wh-ws 

w^-w* 

-A</> 

A</> 

where Wh and Ws are the weights of a bigger and a 
smaller crystal, respectively. This type of correction was 
effective in avoiding negative temperature factors and 
in lowering the i?-value by more than 2 % . However, 
this correction seemed to be not enough for the biggest 
crystal, S4; therefore its intensity data were excluded 
from the final least-squares refinement. 

X-Ray-diffract ion E x p e r i m e n t s 

A single crystal of SnCl 2 -2H 2 0 , with dimensions of 
0 .08x0 .1 X 0.32 m m 3 and sealed in a Lindemann-glass 
capilary, was used throughout the X-ray work. This 
crystal was mounted on a Rigaku four-circle diffracto-

meter, with its c-axis along the 0-axis of the goniostat. 
T h e crystal was cooled by blowing a stream of cold 
nitrogen, using an X-ray low-temperature device 
manufactured by the Rigaku Denki Co. The reflection 
intensities at 209 and 223 K, and monoclinic cell 
dimensions (space group ; P21/c) from 93 to 293 K were 
measured with an Mo Ken. radiation monochromatized by 
pyrolytic graphite. The temperatures were controlled 
within ± 0 . 5 K during each measurement of the lattice 
parameters, and within ± 1 . 0 K throughout each collec­
tion of the intensity data. The cell dimensions at a 
given temperature were refined by a least-squares 
method using 21 reflections with 20 between 40 and 65°. 
They are summarized in Table 1. All the intensity data 
were collected by means of the 2Ö-Ö> scan technique. No 
correction was made for absorption (>u=54.9 cm - 1 ) . 

T A B L E 1. LATTICE PARAMETERS AT VARIOUS TEMPERATURES 

T/K 

93 
125 
153 
173 
195 
209 
223 
233 
243 
253 
268 
293 

a/A 

9.140(3) 
9.153(2) 
9.167(3) 
9.178(2) 
9.200(3) 
9.213(2) 
9.244(3) 
9.262(3) 
9.272(3) 
9.283(3) 
9.299(4) 
9.320(8) 

b/A 

7.150(2) 
7.156(2) 
7.165(2) 
7.172(2) 
7.184(2) 
7.189(2) 
7.202(2) 
7.212(2) 
7.217(2) 
7.227(2) 
7.237(3) 
7.255(4) 

c/A 

8.914(4) 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 

958(3) 
961(3) 
970(3) 
975(3) 
969(3) 
963(3) 
953(4) 
949(3) 
955(4) 
961(4) 
970(7) 

ßl° 
114.32(3) 
114.35(2) 
114.33(2) 
114.36(2) 
114.44(2) 
114.50(2) 
114.64(2) 
114.73(3) 
114.79(2) 
114.82(3) 
114.89(3) 
114.91(5) 

V/A3 

532.5(3) 
534.5(2) 
536.2(3) 
537.9(3) 
540.0(3) 
540.6(3) 
542.6(3) 
543.2(4) 
543.6(3) 
545 3(4) 
547.1(4) 
550.1(8) 

Space group; P2i/c (throught the 
Z = 4 , F.W. 225.63 g mol-1, pobaA=2 
2.724 g c m 3 , fi(Mo Ka) -54.85 cm 
in parentheses. 

temperature range), 
.710,19> Scaled(293 K) = 
_1. E.s.d.'s are given 

Structure A n a l y s e s a n d Ref inements 

Structure at 88 K by Neutron Diffraction. The 
approximate positions of deuterons were easily determin­
ed from the Fourier projections of nuclear-scattering 
density along the a and c axes; the signs were based on 
the heavy-atom coordinates from a previous X-ray 
study.4) No evidence was found for any disordering of 
the deuteron positions. The extinction correction 
described above was made prior to the refinement. In 
order to check whether or not the deuterium substitution 
was complete, the neutron-scattering length of deuteron 
was refined, as well as the positional and isotropic 
thermal parameters for all the atoms and a scale factor, 
in the full-matrix least-squares refinement. The obtained 
scattering length was bD= (0.605±0.018) X 10~12 cm, 
indicating that the unsubstituted hydrogen was negligib­
ly small. T h e scattering lengths used were bSn=0.610, 
£ci=0.961, £o=0.577, and £D=0.612 in units of 10~12 

cm from Neutron Diffraction Commission, 1969.13) 

The refinement was performed by a block-diagonal 
least-squares method with 814 reflections, in which 
positional and anisotropic thermal parameters for all 
the atoms, an overall temperature factor, and a scale 
factor (a total of 65 parameters) were varied until the 
maximum shift in any parameter was less than one-
fourth of its e.s.d. T h e quanti ty minimized in this 
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T A B L E 2. OBSERVED AND CALCULATED STRUCTURE AMPLITUDES(1 OF) FOR S n C l 2 - 2 D 2 0 

AT 88 K BY NEUTRON DIFFRACTION* >b) 

H TO re H ro re a ro re H ro re H ro re H ro re H ro re u ro re 
K- 0 L- 0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

59 
4 
70 
30 
81 
11 
38 
13 
47 
47 
17 

81 
-1 
72 
-26 
-81 
-9 
37 
-10 
-45 
47 
18 

X- 1 L- 0 
1 
2 
3 
4 
S 
6 
7 
8 
9 
10 
11 

13 
30 
28 
24 
•3 
15 
49 
22 
18 
2 
55 

-11 
29 
-25 
-18 
2 

-11 
47 
23 
-8 
1 

-56 

r- 2 L- o 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

29 
60 
88 
17 
35 
87 
14 
57 
45 
24 
69 
0 

-21 
-66 
-102 
17 
37 

-105 
-11 
60 
-43 
22 
68 
-1 

X- 3 L- 0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

16 
49 
4 
7 
10 
40 
18 
7 
16 
8 
23 

-15 
-55 
0 
-9 
-9 
37 
-15 
-5 
16 
-8 
23 

X- 4 L- 0 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
.10 

X- 5 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

K- 6 
0 
1 
2 
3 
4 
5 ; 
6 
7 
8 
9 

X- 7 
1 
2 
3 
4 
5 
6 
7 
8 

K- 8 
0 

120 
14 
28 
79 
15 
36 
19 
42 
18 
50 
41 

150 
11 
-28 
82 
14 
-35 
16 
40 
-17 
-50 
41 

L- 0 
20 
35 
5 
6 
6 
11 
30 
0 
0 
37 

-17 
35 
-3 
-6 
7 
-8 
29 
1 
-1 
34 

L- 0 
57 
8 
60 
9 
7 

121 -
24 
45 
50 
9 

61 
7 

-59 
10 
7 

117 
-22 
46 
-48 
5 

1> o 
20 
48 • 
9 
36 
27 
45 
7 
8 

-20 
-50 
-9 
-34 
-26 
41 
7 
8 

L- 0 
52 49 

1 
2 
3 
4 
5-
6 
7 

50 
49 
68 
29 
6 
31 
51 

-54 
-54 
69 
29 
-7 
33 
49 

X- 9 I> 0 
1 
2 
3 
4 
5 

42 
0 
19 
12 
17 

-45 
0 

-19 
-10 
17 

»10 t- 0 
0 
1 
2 

48 
9 
35 

48 
8 

-37 

K- 1 t- 1 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
0 
3 
4 
5 
6 
7 
8 
9 
10 
11 

40 
5 
38 
13 
8 
12 
23 
36 
35 
31 
10 
10 
24 
21 
42 
86 
19 
41 
31 
11 

41 
-2 
-38 
-12 
-7 
-10 
20 
33 
34 
30 
-7 
10 
25 
-20 
40 
79 
-18 
-40 
33 
-10 

K- 2 L- 1 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

X- 3 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 

K- 4 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 

18 
29 
19 
12 
3 
36 
25 
5 
24 
35 
21 
14 
44 
33 
15 
0 
15 
17 
11 
0 
0 
5 

t L-
11 
22 
11 
9 
37 
36 
27 
6 
25 
12 
16 
45 
21 
0 
64 
48 
48 
16 
19 
53 

-18 
-29 
-19 
-12 
-3 
19 
24 
5 

-19 
-33 
-18 
14 
42 
32 
16 
2 

-14 
-19 
-13 
0 
5 
6 

1 
-12 
-23 
9 

-10 
-36 
-32 
-23 
2 
22 
9 
14 
44 
19 
0 
61 
44 
-51 
-18 
20 
-55 

L- 1 
4 
14 
38 
42 
23 
5 
7 
16 
9 • 

26 
20 
9 • 

19 • 

-4 
13 
36 
44 
23 
5 
4 

-15 
-10 
22 
13 
-12 
-21 

2 
3 
4 
5 
6 
7 
8 

23 
15 
0 
24 
24 
8 
13 

-21 
-13 
-1 
25 
26 
-7 
-13 

K- 5 L- 1 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

32 
0 
17 
22 
52 
50 
19 
10 
35 
41 
12 
56 
63 
22 
6 
25 
46 
88 
8 
22 

-32 
-2 
18 
19 
51 
46 
17 
9 

-34 
-41 
-8 
-57 
-84 
-19 
-5 
-24 
44 
93 
9 

-23 

x- 6 L- i 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

12 
20 
18 
10 
28 
8 
21 
29 
20 
24 
14 
53 
17 
0 
0 
11 
11 
0 
14 

-13 
-20 
-28 
10 
26 
7 

-17 
-23 
-16 
-21 
15 
52 
19 
-2 
0 

-12 
-11 
-2 
11 

X- 7 L- 1 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
O 
1 
2 
3 
4 
5 
6 
7 
8 

X- 8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 

K- 9 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 

K-10 
-2 
-1 
0 

25 
44 
36 
23 
15 
33 
19 
10 
23 
12 
6 
63 
61 
33 
6 
15 
59 

-27 
-44 
-35 
-22 
13 
31 
17 
7 
21 
10 
-5 
56 
58 
-32 
-9 
15 
-60 

L- 1 
35 
32 
35 
17 
38 
8 
21 
33 
7 
20 
34 
25 
38 
17 

37 
31 
35 
-17 
-42 
-11 
-24 
-35 
-8 
19 
31 
25 
36 
17 

L- 1 
4 
28 
11 
26 
13 • 
41 
6 
27 
4 
11 • 

L- : 
6 
13 
20 • 

3 
-29 
-11 
-27 
-12 
42 
6 

-24 
4 

-12 

1 
6 
14 
•18 

1 3 -2 

X- 0 L- 2 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 

7 
8 
9 
10 

X- ; 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

16 
0 
97 
8 
70 
85 
18 
35 
126 
120 
36 
5 
26 
65 
121 
17 
41 
29 
45 
56 
7 
49 
13 

14 
0 

-93 
3 
65 
-80 
-16 
32 

-132 
-128 
-28 
3 
21 
72 
123 
13 
-42 
24 
-47 
-57 
-7 
-53 
-18 

1 L- 2 
0 
38 
18 
55 
0 
15 
26 
11 
34 
16 
17 
59 
40 
47 
56 
23 
14 
18 
12 

6 
41 
22 
58 
7 
-9 
29 
-7 
-30 
-18 
7 

-57 
-40 
-45 
-53 
20 
13 
18 
16 

K- 2 L- 2 
-1 
0 
1 
6 
7 
8 
9 
10 

30 
84 
15 
0 
22 
6 
54 
19 

27 
-98 
7 
0 

-17 
-1 
53 
23 

K- 3 L- 2 
-1 
0 
1 

X- A 
-1 
0 
1 

X« 5 
-2 
-1 
0 
1 

X- 6 
-2 
-1 
0 
1 

K- 7 
-2 
-1 
0 
1 

K- 8 
-2 
-1 
0 
1 

K- 9 
-2 
-1 
0 
1 

K-10 
-1 
0 

21 
48 
33 

23 
47 
38 

t L- 2 
5 
26 
5 

-2 
-26 
0 

L- 2. 
25 
5 
34 
5 

-23 
-2 
-32 
-5 

L- 2 
53 
38 
36 
67 

51 
39 
-35 
74 

L- 2 
59 
12 
35 
38 

L-
30 
14 
62 
52 

L-
11 
35 
5 
14 

L- : 
38 
26 • 

61 
12 
31 
38 

2 
31 
-14 
-63 
-54 

2 
12 
35 
2 
15 

2 
40 • 
-24 

X- 1 L- 3 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

X-
-1 
0 
1 
5 
6 
7 
8 
9 

x- : -i 
0 
1 

X- ' 
-1 
0 
1 

34 
24 
16 
0 
9 
64 
27 
56 
45 
60 
9 
29 
97. 
76 
60 
11 
32 
65 
53 
43 

35 
27 
-16 
2 
4 

-60 
-26 
52 
46 
-63 
-8 
26 
-90 
-70 
56 
12 
-31 
62 
51 
-47 

2 L- 3 
32 
30 
4 
22 
0 
0 
10 
16 

-32 
-27 
-6 
23 
4 
0 
-8 
-17 

3 1> 3 
33 
63 
28 

33 
-60 
26 

4 L- 3 
6 
10 
14 

X- 5 L-
-2 
-1 
0 
1 

50 
32 
58 
16 

5 
7 

-15 

3 
51 
30 
-59 
-13 

K- 6 L- 3 
-2 
-1 
0 
1 

16 
31 
16 
15 

-18 
-31 
-17 
13 

K- 7 L- 3 
-2 
-1 
0 
1 

56 
35 
62 
11 

61 
34 
-60 
11 

X- 8 L- 3 
-2 
-1 
0 
1 

X- 9 
-2 
-1 
0 
1 

K- 0 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

X- 1 
1̂2 
-11 
-10 
-9 
-8 

5 
40 
29 
32 

6 
-37 
-25 
-32 

i L- 3 
6 
6 
43 
11 

4 
4 

-42 
12 

L- 4 
67 
6 
10 
39 
6 
59 
98 
28 
8 
10 
95 
50 
21 
21 
99 
57 
23 
74 
0 
21 • 
7 
25 • 

-68-
4 
8 

-38 
-2 
54 
90 
21 
0 
4 

-90 
-49 
17 
18 
90 
53 
22 
71 
-1 
-24 
9 

-30 

L- 4 
28 • 
6 
0 
59 
19 

-30 
-9 
0 
55 
19 

-7 
-6 
-5 
-4 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

36 
57 
21 
75 
35 
6 
25 
40 
13 
7 
44 
50 
16 
9 
48 

X- Z L-
-1 
0 
1 
5 
6 
7 
8 
9 

15 
50 
19 
6 
10 
55 
11 
45 

36 
56 
21 
70 
38 
0 
26 
41 
-7 
6 

-39 
-46 
17 
9 
49 

> 4 
-13 
-42 
-17 
-4 
6 

-50 
-11 
46 

K- 3 L- 4 
-1 
0 
1 

X- . 
-2 
-1 
0 
1 

X- : 
-2 
-l 
0 
i 

30 
35 
5 

-33 
31 
1 

4 L- 4 
38 
6 
29 
10 

-38 
-6 
26 
-7 

5 L- 4 
18 
29 
0 
14 

-13 
26 
3 
13 

X» 6 L- 4 
-2 
-1 
0 
1 

27 
32 
14 
18 

-27 
-31 
-27 
20 

X- 7 L- 4 
-2 
-1 
0 
1 

21 
29 
43 
10 

-20 
-28 
39 
9 

X- 8 L- 4 
-2 
-1 
0 
1 

X- 9 
-2 
-1 
0 
1 

X- 1 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 

X- 2 
-1 
0 
1 
3 
4 
5 
6 
7 
8 

X- 3 

4 
22 
25 
30 

2 
21 
21 
-32 

i t- 4 
34 
32 
36 
33 

-36 
29 
35 
33 

L- 5 
31 
17 
91 
6 
48 
47 
6 

102 -
6 
67 
43 
6 
94 
16 
62 
12 
7 
81 
18 
40 
0 

-33 
16 
88 
-3 
-46 
44 
0 

100 
-1 
60 
-40 
-3 
99 
14 
-56 
12 
-4 
-78 
-19 
41 
0 

L- 5 
7 

23 • 
23 • 
13 
23 
23 
29 
23 
5 

-5 
-20 
-23 
11 
21 
21 
27 
23 
6 

L- 5 

-2 
-1 
0 
1 

X-
-2 
-1 
0 
1 

47 
35 
57 
9 

-46 
-34 
56 
-10 

4 1> 5 
21 
34 
33 
7 

21 
34 
32 
-7 

X- 5 L- 5 
-2 
-1 
0 
1 

X-
-2 
-1 
0 
1 

X-
-2 
-1 
•o 

1 

X-
-2 
-1 
0 
1 

47 
17 
87 
13 

-46 
-9 
91 
14 

6 L- 5 
22 
8 
19 
16 

-19 
-5 
-18 
-16 

7 L- 5 
28 
18 
54 
10 

-28 
-19 
51 
-12 

8 L- 5 
34 
31 
13 
43 

X- 9 L-
-2 
-1 
0 

57 
37 
46 

31 
30 
14 
-46 

5 
-57 
-37 
42 

K- 0 L- 6 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 

7 
9 
75 
60 
53 
35 
60 
24 
57 
77 
68 
56 
15 
41 
12 
43 
62 
7 
14 
89 

-4 
-3 
-76 
-56 
-51 
-31 
57 
27 
54 
75 
-65 
-49 
14 
-39 
-20 
42 
59 
4 
14 
102 

X- 1 L- 6 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 

X- 2 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 

X- 3 
-2 
-1 
0 
1 

40 
66 
57 
8 
35 
5 
12 
5 
53 
9 
7 
8 
44 
6 
11 
21 
0 
63 
67 
•41 

-37 
-65 
-54 
0 

-33 
1 
13 
-2 
46 
5 
-6 
5 

-45 
-2 
8 

-19 
0 

-59 
-67 
-40 

L- 6 
17 
22 
31 
11 
109 
23 
34 
75 • 
0 
17 

12 
-20 
29 
-7 
-97 
23 
34 • 
-69 • 

5 • 

20 

L- 6 
10 • 
20 • 
32 
7 

-10 
-18 
31 
9 

X- 4 L- 6 
-2 
-1 
0 
1 

56 -51 
19 -17 
52 47 
16 -16 

X- 5 L- 6 
-2 
-1 
0 
1 

14 -14 
10 -8 
53 -51 
16 -19 

X- 6 L- 6 
-2 
-1 
0 
1 

X-
-2 
-1 
0 
1 

X-
-2 
-1 
0 
1 

7 -4 
47 -46 
6 6 
6 -4 

7 L- 6 
6 6 
11 -10 
21 19 
7 9 

8 L- 6 
31 -29 
0 2 
56 54 
6 -6 

X- 1 L- 7 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 

X- 2 
-1 
0 
1 
2 
3 
4 
5 
6 

X- 3 
-1 
0 
1 

X- 4 
-1 
0 
1 

X- 5 
-1 
0 
1 

X- 6 
-1 
0 
1 

X- 7 
-1 
0 
1 

X- 8 
-1 
0 

X- 0 
-12 
-11 
-10 
-9 
-8 

40 42 
17 18 
42 -44 
49 51 
84 80 
27 -26 
16 -16 
42 39 
39 -37 
80 -74 
8 3 
16 16. 
14 -14 
30 28 
52 49 
8 2 
11 -13 
12 -13 
22 -24 

! L- 7 
4 1 
16 -14 
11 -10 
11 -11 
15 -14 
0 -1 
9 9 
12 14 

i L- 7 
24 24 
38 -34 
12 -11 

L- 7 
30 32 
35 34 
29 33 

L- 7 
9 6 
17 -17 
25 28 

L- 7 
18 -17 
44 -42 
8 -9 

L- 7 
24 25 
19 -17 
0 2 

L- 7 
51 49 
39 37 

L- 8 
43 45 
35 37 
84 -88 
23 -25 
33 -33 

-7 127 -130 
-6 
-5 
-4 
-3 
-2 

36 -37 
58 53 
34 34 
4 3 
54 52 

-1 
0 
1 
2 
3 
4 
5 

62 59 
80 -82 
43 -42 
47 50 
84 -82 
62 -64 
36 44 

X- 1 L- 8 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 

10 14 
33 -37 
18 -21 
0 0 
39 -35 
27 17 
11 16 
14 18 
73 73 
37 39 
45 47 
35 36 
14 -12 
30 31 
21 21 
18 20 
45 49 
10 -11 

X- 2 L- .8 
-1 
0 
1 
2 
3 
4 
5 

43 38 
45 -46 
16 15 
42 37 
8 -11 
26 -28 
59 57 

X- 3 L- 8 
-1 
0 
1 

X- 4 
-1 
0 
1 

x- 5 
-1 
0 
1 

X- 6 
-1 
0 
1 

X- 7 
-1 
0 

X- 1 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 

X- 2 
-2 
-1 
0 
1 
2 
3 
4 

X- 3 
-1 
0 
1 

X- 4 
-1 
0 
1 

X- 5 
-1 
0 

54 -58 
9 -11 
32 -36 

. L- 8 
42 43 
70 -70 
18 -20 

; L- 8 
22 24 
11 -11 
26 29 

L- 8 
36 36 
49 -49 
5 2 

L- 8 
48 -46 
12 -10 

L- 9 
21 -25 
20 22 
6 1 
0 3 
44 45 
38 38 
11 11 
3 0 
24 -23 
29 -29 
26 -24 
33 -35 
0 0 
40 42 
7 7 
6 -5 

L- 9 
8 -8 
5 -1 
2 4 
3 2 
6 -8 
5 -6 
6 -5 

L- 9 
35 32 
0 1 
0 -1 

L- 9 
5 5 
32 32 
18 25 

L- 9 
34 -33 
48 -46 

1 3 -7 

X- 6 L- 9 
-1 
0 

18 -19 
11 -12 

X- 0 W O 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 

X-
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 

18 20 
61 67 
7 5 

104 -104 
21 -19 
6 -4 

117 -116 
19 19 
99 102 
0 5 
52 49 
85 90 
41 42 
0 2 

1 L-10 
24 -26 
8 -7 
17 -18 
52 -52 
10 -11 
39 -40 
18 -21 
30 29 
0 1 
30 31 
15 16 
18 -20 
8 9 
10 -11 

X- 2 L-10 
-2 
-1 
0 
1 
2 

43 -41 
76 -75 
31 34 
17 -15 
69 -84 

X- 3 L-10 
-1 
0 
1 

X- 4 
-1 
0 
1 

X- 5 
-1 
0 

X- 1 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 

X- 2 
-2 
-1 
0 

X- 3 
-1 
0 

X- 0 
-8 
-7 
-6 
-5 
-4 
-3 
-2 

X- 1 
-8 
-7 
-6 
-5 
-4 
-3 
-2 

9 -8 
17 16 
27 -35 

i L-10 
10 7 
59 53 
20 23 

i L-10 
12 15 
0 0 

L-ll 
0 -1 
15 -17 
24 -28 
32 33 
46 45 
6 -5 
42 30 
56 55 
32 -35 
53 -54 
17 17 
12 -14 

L-ll 
15 -13 
6 -5 
2 -2 

L-ll 
6 -5 
71 76 

L-12 
14 15 
62 -63 
66 -70 
61 -64 
48 -46 
70 -69 
25 -21 

L-12 
14 -11 
5 10 
34 -33 
12 -10 
6 8 
10 -12 
30 35 

a ) ^ND(000)=24.683 c m - 1 2 cel l - 1 , b) Extinction corrections have been applied. 
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TABLE 3. FINAL POSITIONAL PARAMETERS (104XJ) AND THERMAL PARAMETERS (102BU/A2) 

IN THE LOW-TEMPERATURE PHASE OF S n C l 2 « 2 D 2 0 

Estimated standard deviations are given in parentheses. The anisotropic thermal 
factors are of the form: r=exp[- l /4(A 2a* 25 n -^ \-2klb*c*B„)]. 

Sn 
Cl(l) 
CI (2) 
O(l) 
0(2) 
D(l) 
D(2) 
D(3) 
D(4) 
D(5) 
D(6) 
D(7) 

X 

3773 (3) 
2830 (2) 
3071 (2) 
1096(4) 

-683(4) 

1014(4) 

502 (4) 
-117(5) 

-1550(5) 

y 

2565(4) 
4899(3) 
5008 (3) 
1685(5) 
2058 (5) 

331(5) 

2004(6) 
2509 (7) 

2907 (7) 

z 
5335 (3) 
6836 (2) 
3043 (2) 
4156(4) 
5931(4) 

4056(4) 

4847(4) 
7022(5) 

5399 (5) 

£n 
16(8) 
73(6) 
50(5) 
54(9) 
56(9) 

120(11) 

131(11) 
198(14) 

106(11) 

B22 

54(9) 
62(6) 
59(6) 
78(10) 
62(9) 

81(10) 

147(12) 
199(15) 

154(13) 

£33 

36(7) 
53(5) 
58(5) 
41(8) 
59(9) 

149(11) 

141(11) 
134(11) 

218(13) 

Bl-2 

3(9) 
2(7) 

-2(6) 
-27(11) 

0(12) 

-9(12) 

-26(14) 
8(15) 

63(15) 

By, 

23(6) 
39(5) 
34(5) 
26(8) 
35(8) 

82(9) 

95(10) 
67(11) 

8(11) 

^23 

13(9) 
-6(6) 
12(6) 
8(11) 

-7(10) 

-21(12) 

-10(13) 
-39(14) 

2(15) 

refinement was I>w{\F0\ — \FC\)2, with a unit weight for 
all reflections. The final Ä [ = 2 | | i ? 0 | - | F C | | / S | F 0 | ] was 
0.081 for all reflections and 0.078 for non-zero reflec­
tions. T h e final Fc and Foi with the extinction correc­
tions, are given in Table 2. The final positional and 
thermal parameters are listed in Table 3, where the 
anisotropic temperature factors are shown in Â2 for 
comparison with the isotropic ones at 297 K. 

Structure at 297 K by ND. T h e difference 
Fourier projections of the nuclear-scattering density 
along the a and c axes and [101] direction were calculat­

ed using the heavy-atom positions from the X-ray 
study.4) The maps revealed that the four deuterons 
scatter in seven sites of the asymmetric unit, providing 
direct evidence for the disordering of deuteron positions 
in the high-temperature phase. Moreover, the heights 
of the deuteron peaks were considerably different from 
one another. Accordingly, the occupancy factors of the 
individual deuteron sites should be adjusted as well as 
the positional and thermal parameters in the least-
squares refinement. 

A full-matrix least-squares refinement based on 311 

TABLE 4. OBSERVED AND CALCULATED STRUCTURE AMPLITUDES(102.F) FOR SnCl2 '2D20 

AT 2 9 7 K BY NEUTRON DIFFRACTIONa'b> 

H K L TO PC H K t Kl FC H K L FO FC H K L F0 FC 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
0 
1 
2 
3 
4 
S 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 

71 -64 
223 -169 
531 -532 
410 -375 
800 806 
98 -101 
136 -132 
201 -195 
152 -161 
102 -91 
67 48 
307 -270 
154 -151 
811 -944 
54 -113 

235 -230 
132 -155 
165 234 
107 -132 
229 -229 
0 17 

157 178 
0 7 

461 458 
202 181 
630 -624 
437 438 
482 436 
55 91 

365 -305 
116 157 
58 71 
105 71 
271 268 
951 1263 
78 51 

190 -201 
99 82 
242 254 
224 211 
338 321 
136 139 
416 -401 

0 41 
228 188 
28 -67 
193 -184 
337 -331 
205 -220 
505 485 
161 -169 
70 -92 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

5 
5 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 

0 10 
0 10 
0 10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
-12 
-11 
-10 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

8 
9 
10 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
0 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
0 
1 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
2 
2 

82 -124 
170 -152 
0 -21 

295 314 
213 -185 
388 -360 
70 -37 

109 -141 
120 -128 
81 39 

175 -177 
220 -186 
0 3 

213 248 
179 169 
438 -426 
283 303 
281 283 
62 73 
159 -169 
0 43 

223 256 
105 -99 
260 -267 
125 -160 
172 185 
86 61 

247 270 
168 149 
152 128 
0 9 

143 -127 
60 36 

134 113 
196 225 
0 -70 

141 -129 
621 803 
0 -21 

658 681 
357 -324 
781 -802 
156 -142 
139 140 
172 -184 
290 -281 
155 179 
0 * -19 

217 -252 
100 143 
145 147 
315 -369 

-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
-13 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
6 
9 

-13 
-12 
-11 
-10 
-9 
-8 
-7 
-6 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
6 
6 
6 
6 
6 
6 
6 
6 

157 
570 
438 
0 

328 

171 
605 

-447 
-48 
319 

963-1141 
978-1207 
366 
49 
183 
714 

-327 
-26 
158 
746 

1044 1257 
246 
167 
441 
185 
162 
170 
56 
56 
0 
0 

260 
0 
73 
177 
0 

397 
773 
261 
149 
157 
734 

252 
-146 
414 

-180 
-232 
179 
-56 
32 
73 
97 

-280 
-28 
12 

-175 
-6 
416 
779 
255 
141 
143 

-796 
457 -463 
96 
0 

664 
419 
95 
374 
61 
132 
0 

120 
0 
0 
0 

376 
293 
391 
237 
295 

89 
29 
601 
369 
138 
362 

-121 
-174 
12 

-141 
-53 
-6 
-8 

-371 
-307 
-383 
-289 
294 

-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 

-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 

-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
-9 
-8 
-7 
-6 
-5 
-4 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
8 
8 
6 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
12 
12 
12 
12 
12 
12 

60. 81 
362 366 
526 526 
537 -517 
379 -347 
50 41 
370 -350 
92 -80 
402 334 
420 387 
124 130 
117 164 
411 414 
180 185 
129 170 
331 -323 
0 5 
97 -94 

666 -638 
134 -142 
312 341 
183 243 
0 92 

409 404 
414 363 
580 -528 
281 -247 
168 170 
564 -517 
260 -266 
187 200 
0 -12 

185 190 
47 -40 
565 -522 
80 -126 
133 -152 
763 -713 
57 53 

409 412 
0 -41 

305 294 
502 452 
168 156' 
0 -2 
0 22 

203 215 
66 96 
148 -179 
209 -229 
215 -246 
234 -254 

-3 
-2 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 10 
2 
2 
2 
2 
2 
2 
2 
2 
2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

2 10 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 
6 

1 
2 
3 
4 
5 
6 
7 
6 
9 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 
2 
3 

12 
12 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 
-4 
-4 
-4 
-4 
-4 
-4 
-4 
-4 
-4 
-S 
-5 
-5 
-5 
-5 
-5 
-5 
-5 
-5 
-6 
-6 
-6 

394 -367 
112 -121 
266 -251 
179 204 
146 152 
220 -232 
292 -308 
147 127 
108 111 
107 94 
78 -108 
52 -59 
351 323 
725 822 
388 -396 
123 121 
154 190 
368 351 
311 -328 
205 240 
0 -31 

123 130 
191 -173 
125 -171 
519 -534 
73 41 
153 -145 
190 -217 
324 -339 
40 -70 
148 -150 
405 -439 
85 106 

299 340 
35 82 

246 -247 
66 81 
125 141 
52 50 
0 34 

758 -779 
152 206 
455 -484 
226 -242 
447 -460 
215 239 
270 -286 
147 -161 
107 -144 
92 -64 
79 -77 
0 -22 

6 4 
6 5 
6 6 
6 7 
6 8 
7 1 
7 2 
7 3 
7 4 
7 5 
7 6 
7 7 
8 1 
8 2 
8 3 
8 4 
8 5 
8 6 
8 7 
9 1 
9 2 
9 3 
9 4 
9 5 
10 1 
10 2 
10 3 
10 4 
8 1 
9 1 
7 1 
8 1 
7 1 
8 1 
6 1 
7 1 
5 1 
6 1 
4 1 
5 1 
3 1 
4 1 
1 1 
2 1 
3 1 

-2 1 
-1 1 
1 1 
2 1 

-2 1 
-1 1 

-6 
-6 
-6 
-6 
-6 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-8 
-8 
-8 
-8 
-8 
-8 
-8 
-9 
-9 
-9 
-9 
-9 
-10 
-10 
-10 
-10 
0 
0 
1 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
7 
8 
-8 
8 
8 
9 
9 

118 102 
0 101 
0 -8 

127 -142 
0 23 

173 -184 
0 -25 

306 -284 
120 95 
175 -186 
0 -50 
88 -126 

300 328 
330 321 
168 -142 
142 161 
87 133 
71 110 
0 57 
0 -12 
67 -78 

141 -148 
157 139 
68 55 
50 -76 
370 390 
0 20 
79 64 
75 31 

113 -119 
475 427 
87 -152 
268 277 
163 136 
0 5 

159 -201 
367 -342 
351 -305 
48 -42 

510 -479 
81 -74 
71 29 

232 223 
350 335 
0 -11 
36 75 
-0 42 
127 102 
55 26 

193 -194 
126 -158 

a) FND(000) = 24.683 cm -12 cell-1, b) Extinction corrections have been applied. 
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independent reflections (obtained by use of the SI 
sample) was initiated with the heavy-atom positions 
from the X-ray study4* and the deuteron positions 
postulated just above. In the early stage of the refine­
ment, the occupancy factors of the deuteron positions 
were fixed at values of 1/3, 2/3, 1/3, 2/3, 1/3, 2/3, and 
1.0 for D ( l ) , D(2) , - - , D(7) in the same order, according 
to the suggestion from the D M R study.2,3) After the 
stage of i ?=0 .121 , several kinds of full-matrix least-
squares refinements were carried out under appro­
priate constraints, because of the occupancy factors 
strongly correlate with the temperature factors; these 
were labeled A, B, C, D, and E as follows. 

Refinement A: All the occupancy and temperature 
factors for the deuteron positions were refined at the 
same time with no constraint. 

Refinement B: T h e sum of the occupancy factors of 
the two deuteron positions in each H-bond was fixed 
at unity. 

Refinement C: T h e occupancy and temperature 
factors of deuteron were refined alternately every four 
cycles. This procedure yielded the lowest R0 (R for 
non-zero reflections), the minimum standard deviation 
of observation, and the uniform temperature factors. 

Refinement D: T h e occupancy and temperature 
factors were varied in alternate cycles. All the occupancy 
factors were adjusted after every cycle of their refinement 

TABLE 5. FINAL POSITIONAL PARAMETERS (104XJ), THERMAL 

PARAMETERS (10 2 I? /A 2 ) , AND SITE OCCUPANCY FACTORS 

(W) IN THE HIGH-TEMPERATURE PHASE AT 2 9 7 K 

Estimated standard deviations are given in parentheses. 
The isotropic temperature factors are of the 

form: r=exp(-£sin20/A2). 

Sn 
Cl(l) 
Cl(2) 
O(l) 
0(2) 
D(l) 
D(2) 
D(3) 
D(4) 
D(5) 
D(6) 
D(7) 

W 

1.0 
1.0 
1.0 
1.0 
1.0 
0.38(3) 
0.66(4) 
0.34(3) 
0.70(3) 
0.21(3) 
0.79(4) 
0.93(4) 

X 

3756(7) 
2870(5) 
3076(6) 
1129(17) 

-665(12) 
-913(46) 

1084(32) 
-136(26) 

544(15) 
-250(44) 

477(12) 
-1494(18) 

y 
2591(14) 
4906(11) 
4986(15) 
1764(13) 
2042(14) 

887(33) 
349(21) 

2342(41) 
2024(20) 
2409(51) 
2246(17) 
2882(25) 

z 

5353(7) 
6887(5) 
3051(5) 
4134(12) 
5978(10) 
5959(35) 
4062(22) 
5344(24) 
4819(14) 
6893(38) 
2982(12) 
5457(16) 

B 

224(12) 
277(9) 
267(8) 
263(16) 
228(15) 
301(46) 
345(27) 
264(36) 
325(21) 
195(47) 
298(20) 
496(27) 

TABLE 6. OCCUPANCY(WJ) AND ISOTROPIC TEMPERATURE FACTORS (2?J/Â2) IN SnCl2«2D20 

AT 297 K, OBTAINED BY VARIOUS LEAST-SQUARES REFINEMENTS8^ 

Refinement 

Conditions of 
least-squares 
refinement 

wx 
W2 

w, 
w, 
wh 
w, 
w7 
Bt 

B2 

B3 

B, 
B5 

B6 

B, 

wt+w2 
Wz+Wi 

wb+w6 

A 

No constraint 

0.38(6) 
0.64(6) 
0.32(6) 
0.65(6) 
0.12(4) 
0.81(6) 
1.01(8) 

2.7(9) 
3.3(5) 
2.8(8) 
2.9(4) 
0.5(12) 
2.7(3) 
5.1(5) 

1.02(9) 
0.97(9) 
0.93(9) 

Wl+W3+Wb+W7 1.83(12) 

w2+Wi+w6 
Total of W) 
Ä0-value 
,STZ>ofobs.b> 
NVC> 
Overall B 

a) E.s.d.'s in 

2.10(10) 
3.93(16) 
0.108 
2.25 
56 
not refined 

B 

Sum of deueron 
occupancies on 
each H-bond is 
constrained 
unity 

0.29 [ = 1 . 0 -
0.71(5) 

0.25 [ = 1 . 0 -
0.75(5) 

0.18 [ = 1 . 0 -
0.82(4) 
1.0 

1-7(4) 
3.8(4) 
1.7(4) 
3.5(3) 
1.5(5) 
3.2(3) 
5.3(3) 

FTo 
1.0 
1.0 
1.72(8) 
2.28(9) 
4.0 
0.097 
1.54 
52 

to 

T^T 

-WA 

W6] 

not refined 

i parentheses are in units of the last 

c 
Refinements of 
occupancy and 
thermal factor 
for each deu­
teron position 
alternate every 
four cycles 

0.38(3) 
0.66(4) 
0.34(3) 
0.70(3) 
0.21(3) 
0.79(4) 
0.93(4) 

~~ 3.0(5) 
3.5(3) 
2.6(4) 
3.3(2) 
2.0(5) 
3.0(2) 
5.0(3) 

1.04(5) 
1.04(5) 
1.00(5) 
1.86(7) 
2.15(6) 
4.01(9) 
0.096 
1.51 
50 
refined 

significant digit. 

D 
Adjusted in 
ry cycle, as i 

eve-
sach 

oxygen atoms has 
a total of two 
deuterons (B and 
W are refined 
alternately) 

0.44(4) 
0.60(3) 
0.36(3) 
0.65(3) 
0.22(3) 
0.75(4) 
0.98(5) 

4.6(6) 
2.9(3) 
3.0(4) 
3.0(2) 
2.3(5) 
2.9(2) 
5.3(3) 

T7oT(5)~ 
1.01(5) 
0.97(5) 
2.0 
2.0 
4.0 
0.096 
1.52 
50 
refined 

E 

Constrained as 
each H-bond has 
one deuteron and 
each oxygen has 
two deuterons 

(B+D) 

0.57 [ = W 4 + W 6 - 1 . 0 ] 
0.43 [=2.0-Wt-Wz] 
0.27 [ = 1 . 0 - j y 4 ] 

0.73(5) 

0 . 1 6 [ = 1 . 0 - W 6 ] 
0.84(5) 
1.0 

6.0(6) 
1.5(3) 
2.1(4) 
3.4(4) 
1.3(6) 
3.3(3) 
5.3(3) 
_ 

1.0 
1.0 
2.0 
2.0 
4.0 
0.099 
1.58 
51 
not refined 

b) Standard deviation of observation as 

defined by JS/w(Fo—Fc)
2/(N0—NV) (NO: Number of observations). c) NV: Number of variable parameters. 
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TABLE 7. POSITIONAL PARAMETERS (104XJ) AND THERMAL 

PARAMETERS (LO^IJ /Â 2 ) AT VARIOUS TEMPERATURES1) 

Temp 
(Method) 

Sn x 

y 
z 

Bn 
B22 

B33 

^ 1 2 

^ 1 3 

# 2 3 

Gl(l) x 

y 
z 
Bxx 

Bn 
B33 

B12 

B13 

B23 

Cl(2) x 

y 
z 

* n 
B22 
Bz-i 

B12 
B13 

B23 

O(l) x 
y 
z 

S u 
B22 

B33 

B12 

B13 

B2, 
0(2) x 

y 
z 

Bu 
B22 

B33 

B12 

B13 
B23 

88 K 
(N.D.) 

3773(3) 
2565(4) 
5335(3) 

16(8) 
54(9) 
36(7) 

3(9) 
23(6) 
13(9) 

2830(2) 
4899(3) 
6836(2) 

73(6) 
62(6) 
53(5) 
2(7) 

39(5) 
-6 (6 ) 

3071(2) 
5008(3) 
3043(2) 

50(5) 
59(6) 
58(5) 

- 2 ( 6 ) 
34(5) 
12(6) 

1096(4) 
1685(5) 
4156(4) 

54(9) 
78(10) 
41(8) 

-27(11) 
26(8) 

8(11) 

-683(4) 
2058(5) 
5931(4) 

56(9) 
62(9) 
59(9) 
0(12) 
35(8) 

-7(10) 

209 K 
(X-Ray) 

3763(1) 
2568(1) 
5347(1) 

182(2) 
124(2) 
168(2) 

9(2) 
77(2) 
6(2) 

2841(3) 
4899(3) 
6857(3) 
270(8) 
158(7) 
215(7) 
-3 (6 ) 
124(6) 

-33(6) 

3067(2) 
4999(3) 
3053(3) 
226(7) 
148(6) 
170(7) 
- 4 ( 6 ) 
86(6) 
33(5) 

1091(7) 
1713(8) 
4148(9) 
212(22) 
135(20) 
165(21) 

-21(17) 
86(17) 

-14(16) 

-678(7) 
2053(8) 
5956(10) 
207(22) 
143(21) 
246(24) 

16(18) 
95(19) 
3(18) 

223 K 
(X-Ray) 

3754(1) 
2575(1) 
5347(1) 

198(1) 
151(1) 
181(1) 

10(1) 
69(1) 
10(1) 

2849(2) 
4907(2) 
6859(2) 
291(6) 
191(5) 
230(5) 
-3 (4 ) 
121(5) 

-29(4) 

3063(2) 
4996(2) 
3045(2) 
237(5) 
188(5) 
200(5) 
- 4 ( 4 ) 
81(4) 
35(4) 

1091(5) 
1741(4) 
4139(6) 
219(15) 
176(15) 
177(14) 

-22(12) 
73(12) 

-2(12) 

-671(5) 
2065(5) 
5960(7) 
229(16) 
173(15) 
249(16) 

24(13) 
87(14) 

-1(13) 

293 K 
(X-Ray) 

3744(1) 
2599(1) 
5359(1) 
232(2) 
204(2) 
218(2) 

15(1) 
79(1) 
14(1) 

2864(2) 
4915(3) 
6874(2) 

359(8) 
272(7) 
278(7) 
-7 (6 ) 
148(6) 

-41(6) 

3062(2) 
4992(3) 
3051(2) 
277(6) 
256(6) 
242(6) 
-5 (5 ) 
88(5) 
50(5) 

1095(6) 
1757(7) 
4129(6) 
242(19) 
234(19) 
217(18) 

-39(16) 
78(15) 

-9(15) 

-674(6) 
2067(8) 
5984(7) 
278(21) 
250(21) 
300(22) 

37(17) 
92(18) 
2(18) 

a) Estimated standard deviations are given in parenthe­
ses. The anisotropic thermal factors are given by the 
same expression as in Table 3. 

in such a way that an oxygen atom always has a total 
of two nearest deuterons to constitute a water molecule. 

Refinement E: T h e strong constraint of so-called ice 
rules was imposed on the refinement. Since each oxygen 
has a total of two nearest deuterons, and since each 
H-bond involves one deuteron, only two occupancy 
factors, such as D(4)'s and D(6) 's , need to be refined. 
This refinement converged only slightly, and it was far 

from satisfactory (see Table 6). 
No positional parameters of any of the atoms differed 

by more than their associated e.s.d.'s among these 
refinements. Therefore, only the final Fc, the FQ after 
the extinction correction, and the final positional 
parameters in the C refinement are presented in Tables 
4 and 5. The occupancy factor, W-v and the isotropic 
temperature factor, B-p for the j - t h deuteron position 
are compared in Table 6. The extinction correction 
described above was made before any refinement, and 
the weighting scheme used throughout the refinement 
was 

w = IJI„ i f / 0 > 4 / m l n , 

a» = Co + /m l n) /5/m l n , if h < 4/mln, 

where IQ and Ie were the integrated intensities before 
and after the extinction correction respectively, and 
where 7 m i n was the averaged background intensity. 
The quanti ty minimized in all least-squares refinements 
w a s Z ^ l F J - l F j ) 2 . 

Structure at 209 and223 K by X-Ray Diffraction. The 
procedure used was almost the same as in the previous 
study.4) T h e structure was refined by a block-diagonal 
least-squares method, with 1582 and 1589 independent 
reflections at 209 and 223 K respectively. For com­
parison, the structure at 293 K was refined again 
including anomalous dispersion corrections for Sn and 
CI. In these calculations, the atomic scattering factors 
for Sn2+ , C I - , and O - and anomalous dispersion correc­
tions, / ' and / " for Sn and CI were taken from the 
International Tables for X-Ray Crystallography, Vol. 
j y 14) Thg v a l u e s 0 f R a n c j R Q a t each temperature are 
[given as T/K, R, RQ]: 209, 0.053, 0.047; 223, 0.045, 
0.038; and 293, 0.045, 0.043. The final positional and 
thermal parameters at 209, 223, and 293 K are sum­
marized in Table 7, together with those at 88 K obtained 
from the neutron study. A list of the observed and 
calculated structure factors at 209 and 223 K has been 
deposited with the Chemical Society of J a p a n (Document 
No. 7723). 

Computation. All the computations in this study 
were made on the NEAC 2200/700 at the Computer 
Center, Osaka University, using local modifications of 
the RSFLS, RSSFR-5, HBLS-V, and RSDA-4 in the 
U N I CS program system15) and the stereoscopic drawing 
program ORTEP.16> 

R e s u l t s and D i s c u s s i o n 

Crystal Structure Except for Hydrogens. The crystal 
contains two kinds of water molecules. The first, 
H 2 0 ( 1 ) , is coordinated to a tin atom to form a trigonal 
pyramidal dichloroaquatin(II) comples, SnCl 2-OH 2 , 
whereas the second, H 2 0 ( 2 ) , does not. These two are 
H-bonded to each other to construct a puckered water-
layer, which extends along the (100) plane. Tin and 
CI atoms form double layers parallel to (100), also. 
Between these Cl/Sn double layers, the water layer 
intervenes (Fig. 2). 

The Sn-Cl(2) bond length is significantly longer (by 
0.06 Â) than S n - C l ( l ) . This is consistent with the facts 
that Cl(2) is close to two Sn atoms of different pyramids 
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Fig. 2. View of the whole cell in SnCl2 .2D20 determined by ND at 
axis is vertical and the b axis is horizontal on the page. 

K. The c 

at distances of 3.22 and 3.33 Â, while Cl( l ) has two Sn 
neighbors with much longer separations of 3.41 and 
3.65 Â. Such a difference in the nature of the chemical 
bonds should reflect on the quadrupole resonance 
(NQR) frequences of the 35C1 nuclei. Recently Trontelj 
and Pirnat have detected two N Q R frequencies of 8.656 
and 8.511 M H z at 300 K.17> The former can be assigned 
to Cl ( l ) , and the latter, to CI(2), because Cl( l ) is less 
ionic than CI(2) in view of the interatomic distances. 
Further details with regard to the arrangement of non-
hydrogen atoms have already been described in a 
previous paper.4) 

Hydrogen-ordered Structure at 88 K. The positions 
and site-occupancy factors of hydrogen atoms are of 
much interest, because they play a dominant role in the 
phase transition. The unit cell of the hydrogen-ordered 
structure is shown in Fig. 2 ; it was determined by 
neutron diffraction at 88 K. It was confirmed from 
these results that the configuration of D 2 0 ( 1 ) is Type 

H, while that of D 2 0 ( 2 ) is Type E, according to the 
classification of Chidambaram et a/.18) In the former, 
one of the lone pairs of oxygen O ( 1 ) is directed toward 
a tin atom, and the other, toward an H-bond-donor 
oxygen 0 ( 2 ) . O n the other hand, two lone pairs of 
oxygen 0 ( 2 ) are directed toward two H-bond-donor 
oxygens, O ( l ) and 0 ( l m ) . Thus, the three deuterons, 
D(2) and D(4) of the coordinated water molecule and 
D(5) of the non-coordinated one, form three normal 
O - D - O hydrogen bonds. T h e remaining one, D(7) , 
of D 2 0 ( 2 ) does not participate in any H-bond, but is 
directed toward one CI a tom rather than two; the 
separations of D ( 7 ) - C l ( l i v ) and D ( 7 ) - C l ( 2 i v ) are 
2.43 and 2.78 Â respectively at 88 K. These ordered, 
non-centric hydrogen positions are consistent with our 
P M R and D M R results.2'3) 

Mognaschi et al. have revealed, from their dielectric 
measurement, tha t a weak but significant, antiferro-
electric interaction develops between the H-bonded 

Fig. 3. Stereoscopic drawings of the ordered-arrangement of deuterons with thermal 
ellipsoids at 50% probability. 

Fig. 4. Stereoscopic view of the disordered-arrangement of deuterons at 297 K. 
Each occupancy factor given in Table 5 is represented by a size of sphere. 
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water layers, in addition to the ferroelectric interaction 
within the layer, as the temperature approaches Tt very 
closely.8^ They explained the anomalous behavior of 
the dielectric constant and of the spin-lattice relaxation 
rate of protons near Tt in terms of a "critical slowing 
down" of the electric polarization, as in many ferro­
electric and antiferroelectric substances. However, as 
has been described earlier, our examinations by both 
X-ray and neutron-diffraction methods showed that no 
superstructure reflection indicating the doubling of 
[100] or any lowering of the crystal symmetry appears 
in the low-temperature phase. 

Hydrogen-disordered Structure at 297 K. This com­
pound undergoes the phase transition at 218 K (the 
deuterated analogue does at 234 K ) , above which the 
reorientation rates of both water molecules are high 
enough to affect the N M R spectra. T h e deuteron 
arrangements in the H-bonded layer at 88 and 297 K 
are compared in Figs. 3 and 4. 

In the high-temperature phase, two deuterons of 
D 2 0 ( 1 ) are distributed among three sites, D(2) , D(4) , 
and D(6) . In contrast with this, only one deuteron of 
D 2 0 ( 2 ) is dispersed among the D ( l ) , D(3) , and D(5) 
sites, while the other remains at the fixed position of 
D(7). This striking feature, together with the D M R 
results,3) suggests that D 2 0 ( 1 ) and D 2 0 ( 2 ) reorient 
about S n - O ( l ) and 0 ( 2 ) - D ( 7 ) bonds respectively, with 
a nearly three-fold symmetry. If this is the case, the 
deuteron occupancy factors, W-v would be 2/3 for D(2), 
D(4) , D(6) , and 1/3 for D ( l ) , D(3) , D(5) . T h e N D 
results of the various least-squares refinements given in 
Table 6 are in fair agreement with the above picture, a t 
least in regard to WXi W2, Wz, WA, and W7. 

I t is noteworthy, however, that the occupancy 
factors, Wh and W6, deviate from the expected values 
by more than three times their e.s.d.'s in all the refine­
ments. This indicates that the H-bond involving D(5) 
and D(6) is closely associated with the phase transition, 
as was suggested in a previous paper.11) Salinas and 
Nagle have calculated, using statistical mechanics, the 
site occupancy of D(5) as a function of the temperature 
and have pointed out that its value should be less than 
1/3 at high temperatures (lim f^5=0.119) .9> At room 

temperature, the theoretical value of W5 is 0.34, which 
is larger by 0.1 than the experimental one (0.21 in the C 
refinement). However, in view of the approximation 
of the theory and the uncertainty in the experimental 
occupancy factor, the agreement between these values 
seems satisfactory. In summary, it may be said that 
the N D results support the mechanism of the phase 
transition proposed by Salinas and Nagle. 

T h e results of the least-squares refinements show that 
each oxygen atom has a total of approximately two 
deuteron neighbors and that the sum of the two occu­
pancy factors on each H-bond amounts to unity. I t 
can, therefore, be concluded that Bernai and Fowler's 
ice rules are obeyed in this two-dimensional H-bonded 
network; hence, scarcely no partial dossociation 
water molecules occurs.11) 

The bond angle of D 2 0 ( 1 ) in the low-temperature 
phase is typical of a water molecule of crystallization, in 
spite of a considerably narrow acceptor-angle, 0(2)---

TABLE 8. BOND DISTANCES (//Â) AND ANGLES (0/°) 

DETERMINED BY NEUTRON DIFFRACTION 

(a) Water molecules 
0(1)-D(2) 
0(1)-D(4) 
0(1)-D(6) 
0(2)-D(l) 
0(2)-D(3) 
0(2)-D(5) 
0(2)-D(7) 
Sn-0(1)-D(2) 
Sn-0(1)-D(4) 
Sn-0(1)-D(6) 
D(2)-0(l)-D(4) 
D(2)-0(l)-D(6) 
D(4)-0(l)-D(6) 
D(l)-0(2)-D(3) 
D(l)-0(2)-D(5) 
D(l)-0(2)-D(7) 
D(3)-0(2)-D(5) 
D(3)-0(2)-D(7) 
D(5)-Q(2)-D(7) 

(b) Aquacomplex SnCl2 

Sn-Gl(l) 
Sn-Gl(2) 
Sn-O(l) 
Cl(l)-Sn-Cl(2) 
Gl(l)-Sn-0(1) 
Cl(2)-Sn-0(1) 

(c) Hydrogen bonds 
0(1).. .0(21) (=«/„) 
0(1). . .0(2) (=du) 
0(l ) - . .0(2 i l ) (=</„) 
0(2)---0(l).--0(21) 
0 ( 2 ) - 0 ( l ) - 0 ( 2 " ) 
0 ( 2 1 ) - 0 ( l ) - 0 ( 2 i l ) 
0 ( l ) . . . 0 ( 2 ) - 0 ( l i ) 
0 ( l ) - 0 ( 2 ) - 0 ( l u l ) 
0 ( l 1 ) - 0 ( 2 ) - 0 ( l 1 1 1 ) 
D(1)...0(1) 
D ( 2 ) - 0 ( 2 ) 
D(3)...0(l1) 
D(4)..-0(2 i) 
D(5)-0(1 1 U ) 
D ( 6 ) - 0 ( 2 U ) 

88 K 

0.973(5) 
1.004(6) 

0.952(5) 
0.955(5) 
109.8(3) 
113.5(3) 

104.0(5) 

106.4(5) 

•OH3 

2.510(4) 
2.565(4) 
2.318(4) 
86.9(1) 
83.7(1) 
87.4(1) 

2.702(5) 
2.718(6) 
2.808(4) 
90.2(2) 

109.6(2) 
105.9(1) 
89.8(2) 

113.5(2) 
111.2(2) 

1.737(5) 

1.730(6) 
1.857(5) 

(d) Some interatomic distances 
D(7).--Cl(llv) 
D(7)..-Cl(2lv) 
0(2)---Cl(l lv) 
0(2)---Cl(2iv) 
Sn-..C1(2V) 
Sn...Cl(lu) 
Sn...Cl(2lu) 
C1(1)-..C1(2V) 

2.427(5) 
2.777(5) 
3.271(4) 
3.420(5) 
3.162(4) 
3.377(4) 
3.310(4) 
3.712(3) 

297 K 

1.036(18) 
1.005(22) 
1.011(13) 
0.860(26) 
0.929(32) 
0.790(35) 
0.925(19) 
106.5(17) 
114.2(9) 
117.0(13) 
102.7(22) 
107.5(14) 
107.8(16) 
115.0(35) 
110.1(36) 
119.7(27) 
113.7(39) 
94.6(22) 

102.6(33) 

2.530(11) 
2.559(12) 
2.323(16) 
87.8(4) 
84.0(4) 
86.4(4) 

2.781(14) 
2.805(20) 
2.751(13) 
88.2(5) 

109.4(6) 
105.1(4) 
91.8(5) 

112.1(6) 
111.5(4) 
1.928(24) 
1.763(19) 
1.949(34) 
1.816(20) 
1.972(33) 
1.741(13) 

2.543(16) 
2.844(20) 
3.364(18) 
3.487(15) 
3.198(11) 
3.384(10) 
3.336(11) 
3.761(8) 

Symmetry code 
none x, y, 

l —x, -y, 
ii x, \j2-y, 

z iii 
\ — z iv 

- 1 / 2 + « v 1-

x, \j2-y, 112+z 
-x, \—y, \ — z 
-x, \-y, 1-z 

file:///j2-y
file:///j2-y
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0 ( l ) - 0 ( 2 i i ) (90.2°). O n the other hand, some 
H - O - H angles in the high-temperature phase deviate 
from the tetrahedral angle or the typical value of 105°, 
but these deviations are of no significance, because of 
the large number of refined parameters relative to the 
number of the intensity data. Some interatomic distances 
and angles based on the neutron data at 88 and 297 K 
are compared in Table 8. 

Change in the Crystal Structure with the Temperature. 
In order to make clear whether or not the ordering of 
the hydrogen atoms is accompanied by any displace­
ment of other atoms, especially in the vicinity of the 
transition point, Tt, the crystal structure was analyzed 
by means of X-ray diffraction at 209 and 223 K, a 
little below and above Tt. 

The structures obtained at both temperatures were 
almost the same as those previously determined by X -
rays at 293 K and by neutron diffraction at 88 K 
(Table 7), except, of course, for the hydrogen atoms. 
Only a slight, but, significant change was found in the 
H-bonded net work. The O - O distances of the three 
non-equivalent H-bonds vary with the temperature in 

3.20h 

T/K 

Fig. 5. Plot of three H-bonded 0 - - -0 distances and an 
Sn---0 distance against temperature. The results at 
88 K come from ND, and the others from X-ray dif­
fraction. 

complicated ways (Fig. 5). In Fig. 5 the H-bonds are 
designated as d12, d34, and </56, according to the number­
ing of the deuterons (or protons) involved ; the tempera­
ture dependence of an Sn---Gl separation between 
adjacent layers is also included for comparison. I t is 
noteworthy again that the H-bond d56 differs from the 
other two in their features; the former distance decreases 
with an increase in the temperature, whereas those of 
the other two increase normally. As the temperature 
approaches Tt from below, these H-bond distances 
change drastically; one of them contracts and the 
others elongate, and then just above Tt all three 
become nearly equal. As a result, the volume change 
of the unit cell occurring at Tt is quite small, and the 
single crystal does not shatter nor become opaque on 
passing through the phase transition. 

Thermal Expansion. The high-resolution heat-
capacity measurements by Matsuo et al. showed that 
the phase transition is of a quasi-first-order type.7) No 
hysteresis was detected on the curve of any lattice 
parameter or of the unit-cell volume near Tt, within 
± 0 . 5 K. T h e anomaly of the linear and volume 
expansion-coefficients extends over a much wider 
temperature range than that of the heat capacity. I n 
particular, the volume expansion-coefficient swings in a 
complicated manner around the phase transition. 
Figure 6 shows the results deduced by numeric point-by-
point differentiation from the lattice parameters at 
various temperatures. T h e remarkable elongation of 
the a-axis about Tt corresponds to an abrupt expansion 
of the separation between adjacent double layers of CI 
and Sn atoms. T h e anomalous expansion-coefficient 
along the c-axis reflects the change in the du+d56 with 
the temperature. O n the other hand, the elongation 
of dx% is partly canceled by the contraction of d56, result­
ing in a monotonie elongation along the b direction. A 
steep variation near Tt was also found in the monoclinic 
ß angle. 

T h e line profiles of all (A00) reflections checked by 
X-rays are often broadened in both 2d-co and co scans 
in the low-temperature phase; their half-widths are 
more than twice the corresponding ones in the high-
temperature phase. They can, however, be sharpened 
by annealing for 24 h 20 K below 7V 
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The Crystal and Molecular Structure of Dichloro [N, iV-dimethyl-
a-methyl-o-(butylphenylphosphino)benzylamine] palladium(II) 

Akio TAKENAKA, Yoshio SASADA, Keiji YAMAMOTO, and Jiro TSUJI 

Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152 
(Received June 30, 1977) 

The crystal structure of dichloro[iV,iV-dimethyl-a-methyl-o-(butylphenylphosphino)benzylamine]palladium-
(II) has been determined from MoKa diffraction data. The space group is P2i with Z = 2 , a=9.255(2), b= 14.372 
(3), c= 8.584(1) Â, and ß= 105.99(1)°. The final R became 0.034 by least-squares refinement. The Pd atom has a 
square planar coordination of N, P, and two CI atoms, which is considerably distorted by the intramolecular atomic 
repulsions. The Pd-N distance, 2.134(4) Â, which is longer than those found so far, is accompanied by a short dis­
tance 2.285(1) Â of trans Pd-Cl. A plot of Pd-Cl distance versus trans Pd-N distance in several Pd complexes, in 
which the nitrogen atom is not 7r-acceptor, shows a linear relationship with the correlation factor of —0.28(4). 

N, TV-Dimethyl - a - methyl - o - (butylphenylphosphino) -
benzylamine, (C 6 H 5 )P(C 4 H 9 )C 6 H 4 CH(CH 3 )N(CH 3 ) 2 , 
prepared from (S)-a-methylbenzylamine, is a diastereo-
meric bidentate ligand. T h e rhodium complexes with 
the optically resolved ligand catalyze hydrogénation 
of certain olefins; the preferred configuration of the 
products depends primarily upon the chirality of the 
ligand.1) To determine the absolute configuration of the 
ligand, the title Pd complex was synthesized and its 
crystal structure was analyzed by the X-ray diffraction 
method. 

E x p e r i m e n t a l 

Pd(C6H5GN)2Cl2 (156 mg, 0.4 mmol) and C6H6P(C4H9)G6-
H4CH(CH3)N(CH3)2 (124 mg, 0.4 mmol), a pure epimer,were 
dissolved in 15 ml of dry benzene. After 2 h stirring in N2 

atmosphere, deep yellow precipitates, 150 mg, were collected 
by filtration and recrystallized from a hexane-CH2Cl2 (1:2) 
solution. Calcd for C20H28Gl2NPPd : G, 48.95; H, 5.75; 
N, 2.85%. Found: C, 48.41; H, 5.86; N, 2.84%; rap 196— 
197 °C (dec); [a]2D° -202° (in CH2C12). 

TABLE 1. CRYSTAL DATA 

Pd[C6H5P(C4H9)C6H4CH(CH3)N(CH3)2]Cl2 

F.W. 490.7 
Monoclinic, P2j (systematic absence QkO k=2n-\-\) 
A=9.255(2) Â Z = 2 
^=14.372(3) £>m= 1.48 g cm-3 (by flotation) 
c=8.584(1) £>,= !.485 gem-» 
0=105.99(1)° pi (MoÄx) = 12.4cm-1 

A crystal, 0.15x0.3x0.5 mm in size, was used for data 
collection on a Rigaku computer-controlled four-circle dif-
fractometer, using graphite-monochromated MoXix radiation 
(A=0.71069 Â). The cell parameters were obtained by least-
squares calculation with 22 high-angle reflexions. The crystal 
data are summarized in Table 1. Intensities were measured in 
co-26 scan mode with scan width of 1.5° (in 20) plus ax-a2 

divergence at scan speed 4° (in 20) min -1 , using a large receiv­
ing slit 5.5 X 5.5 mm. By this scan technique, intensity profile 
of each reflexion showed a single peak, although the specimen 
gave twinned spots on Weissenberg photographs owing to a 
crack within it. Five reference reflexions, monitored after every 
50 reflexions, indicated no significant intensity variations 
throughout the experiment. Out of 2616 independent reflex­
ions in the range 2<[20<;55O, 88 weak reflexions which gave 
the counts under background were considered as zero-reflex­

ions. The data were corrected for Lorentz and polarization 
factors but not for absorption effects. Bijvoet pairs of reflexions 
were collected on Weissenberg photographs using CuKx 
radiation. 

Structure D e t e r m i n a t i o n 

The structure was solved by the heavy-atom method 
and its atomic parameters were refined by block-
diagonal least-squares technique. All the hydrogen 
atoms, found on a difference map , were included. T h e 
quanti ty minimized was I>w(\F0\ — |FC | )2 , with w=\j 
(<yp

2-\-qF0
2), where ap is due to counting statistics and 

q is 1.02 X 10~5 derived from the variation of the moni­
tored reflexions.2) T h e zero-reflexions were included in 
least-squares calculation by assuming F0=FUm and w= 
^C^iim)» where FUm is 3.198, an observational threshold 
value, but those for which \Fc\<CFlim were omitted. 
T h e final R value was 0.034; the maximum shift of 
coordinates in the last cycle was 0.1 OCT for Pd, Gl, and 
P, 0.15(7 for N , 0.44<7 for G, and la for H atoms. T h e 
absolute configuration was determined from a com­
parison of intensities of 22 Bijvoet pairs. Atomic param­
eters are listed in Table 2.3) A stereoscopic view of the 
molecule is shown in Fig. 1, and bond distances and 
angles in Fig. 2. Atomic scattering factors used were 
taken from International Tables for X-Ray Crystal­
lography.4) 

R e s u l t s and D i s c u s s i o n 

As shown in Fig. 1, the Pd atom has a considerably 
distorted square planar coordination of the N, P, and 
two CI atoms. T h e chlorine atoms are eis as required 
by the geometry of the bidentate chelating ligand. T h e 
absolute configuration of C(7) is sinister (S) and that 
of P is rectus (R). T h e methyl group C(9) and the 
butyl group are located above the coordination plane, 
while the methyl group C(8) lies below it. If the 
rhodium complexes1) take the same structure, such an 
arrangement might furnish the structural basis for the 
mechanism of the asymmetric hydrogénation. When 
the prochiral substrate approaches R h above or below 
the coordination plane to form a jr-complex, the steric 
constraint could determine the preferable enantiotropic 
face of the substrate. 

The two Pd-Cl bond distances differ significantly to 
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TABLE 2. FRACTIONAL COORDINATES ( x 105 except for H and X 104 for H) 

AND THERMAL PARAMETERS (x 106 except for H) 

The anisotropic temperature factor has the form: exp[—(ß11h
2+ß22k

2-\-ß33l
2-\-ß12hk-\-ß13hl-\-ß23kl)']. 

Standard deviations are given in parentheses. 

y ß* 
Pd 
Cl( l) 
Gl (2) 
P 
N 
C(l) 
C(2) 
C(3) 
C(4) 
G(5) 
C(6) 
G(7) 
G(8) 
C(9) 
C(10) 
C(l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
G (20) 

99449(4) 
124579(13) 
102713(14) 
75005(12) 
96901(39) 
69109(49) 
63386(44) 
48952(48) 
39903(51) 
45535(53) 
59599(57) 
84047(57) 
85044(67) 
95094(67) 

110990(63) 
69819(53) 
80743(65) 
76495(76) 
61718(86) 
50856(70) 
54883(62) 
67935(49) 
69954(60) 
65642(64) 
76730(83) 

25000(5) 
30288(12) 
27693(10) 
23074(10) 
21581(29) 
19602(35) 
23003(35) 
26622(39) 
27006(37) 
23563(50) 
20084(39) 
15235(40) 
5845(44) 

30608(49) 
16860(56) 
12867(34) 
7578(39) 
222(44) 

-1653(44) 
3288(47) 

10662(41) 
32689(35) 
42268(37) 
50198(41) 
51316(53) 

16950(3) 
20426(15) 
43939(12) 
15126(12) 

-7859(41) 
-18214(49) 
-5771(44) 
-9506(50) 

-25415(58) 
-37679(51) 
-34239(52) 
-15367(52) 
-7573(69) 

-16651(55) 
-9063(69) 
24871(51) 
35680(63) 
43787(70) 
41526(75) 
30864(68) 
22585(62) 
24650(50) 
17770(63) 
27250(74) 
43495(82) 

801(3) 
759(16) 

1181(17) 
758(14) 
871(52) 
973(67) 
866(55) 
908(59) 
908(64) 

1610(77) 
1477(84) 
1429(84) 
1935(109) 
2104(107) 
1338(94) 
1234(75) 
1808(98) 
2944(142) 
3944(179) 
2515(128) 
1532(90) 
881(65) 

1440(85) 
1753(104) 
3116(163) 

520(2) 
861(11) 
849(14) 
356(9) 
625(34) 
437(30) 
401(37) 
447(41) 
470(44) 
508(40) 
546(34) 
666(40) 
585(41) 
973(49) 

1304(64) 
319(28) 
408(34) 
458(38) 
420(37) 
634(41) 
541(38) 
412(30) 
386(32) 
413(35) 
804(56) 

702(3) 
1260(20) 
593(14) 
598(13) 
984(57) 
747(65) 
685(54) 

1105(64) 
1547(79) 
940(63) 
754(68) 
694(69) 

1740(107) 
843(76) 

1673(105) 
834(68) 

1450(94) 
1866(114) 
1848(117) 
1855(111) 
1293(88) 
882(67) 

1522(92) 
2520(128) 
2594(148) 

112(8) 
-139(22) 

-87(22) 
29(18) 

-13(62) 
-135(75) 
-157(73) 

-60(79) 
-248(77) 
-631(107) 
-321(88) 

48(94) 
353(112) 

-1146(120) 
416(127) 

-79(75) 
311(94) 
513(122) 

-518(133) 
-1180(130) 
-241(95) 
-16(73) 
-42(85) 
302(100) 
247(154) 

231(5) 
303(29) 
141(25) 
185(22) 
744(90) 
81(107) 
52(89) 

251(100) 
-622(113) 
-677(109) 
-107(122) 

544(123) 
379(170) 

1254(150) 
1056(165) 
470(116) 
645(154) 

1915(208) 
2902(245) 
1847(196) 
596(142) 
547(108) 

1228(146) 
1529(187) 
1096(249) 

-192(8) 
-149(25) 
-449(21) 

-87(18) 
-385(65) 
-295(74) 

72(72) 
222(86) 
442(90) 
148(98) 

-304(81) 
-639(86) 
-688(110) 
-109(104) 

-1365(139) 
-271(72) 

251(92) 
347(113) 

-82(108) 
-377(118) 

172(94) 
-159(75) 
-100(90) 
-120(117) 

-1619(158) 

/Âa 

H(3) 
H(4) 
H(5) 
H(6) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17A) 
H(17B) 
H(18A) 
H(18B) 
H(19A) 

X 

4470(44) 
3051(45) 
4012(44) 
6417(46) 
9085(43) 
8448(55) 
5900(56) 
3988(54) 
4818(44) 
5665(44) 
7219(41) 
8002(41) 
6372(44) 
6489(52) 

y 
2924(29) 
2971(30) 
2368(42) 
1795(33) 
905(29) 

-297(36) 
-583(41) 

296(41) 
1459(31) 
3145(31) 
3240(30) 
4238(28) 
4271(31) 
5548(38) 

z 
-122(49) 

-2747(47) 
-4809(48) 
-4171(51) 

3766(48) 
5155(60) 
4608(62) 
2902(58) 
1632(47) 
2379(46) 
3372(44) 
1895(45) 
615(49) 

2144(57) 

Bjk* 
1.4(1.0) 
1.1(1.0) 
3.1(1.2) 
1.6(1.1) 
0.8(1.0) 
3.2(1.3) 
4.3(1.5) 
3.8(1.4) 
1.1(1.0) 
0.7(0.9) 
0.4(0.9) 
0.0(0.8) 
1.0(1.0) 
3.3(1.3) 

H(19B) 
H(7) 
H(20A) 
H(20B) 
H(20C) 
H(8A) 
H(8B) 
H(8G) 
H(9A) 
H(9B) 
H(9C) 
H(10A) 
H(10B) 
H(10C) 

X 

5454(48) 
8519(56) 
7444(52) 
7541(53) 
8672(61) 
9372(56) 
7798(48) 
8415(48) 

10421(67) 
8396(52) 
9362(52) 

11934(48) 
11058(63) 
11276(55) 

y 
4946(34) 
1423(40) 
4644(36) 
5628(39) 
5015(42) 

264(41) 
232(34) 
659(33) 

3474(50) 
3537(36) 
2903(33) 
2094(33) 
1636(44) 
1140(37) 

z 
2691(53) 

-2382(64) 
5131(58) 
4653(59) 
4346(66) 

-762(61) 
-1099(52) 

199(51) 
-1050(75) 
-1768(55) 
-2883(54) 
-454(53) 

-2028(67) 
-191(60) 

5/Â2 

1.9(1.1) 
4.0(1.4) 
3.1(1.3) 
3.9(1.4) 
5.1(1.6) 
4.7(1.5) 
2.4(1.2) 
1.9(1.1) 
6.6(1.8) 
2.7(1.2) 
2.6(1.2) 
2.6(1.2) 
5.2(1.6) 
3.7(1.4) 

C(15) H(74JH(ZOA) 

H(16) 
H(17A) 

Cl( l ) 

H(9C) 

Fig. 1. Stereoscopic drawing of the molecule of dichloro[iV,iV-dimethyl-a-methyl-o-
(butylphenylphosphino)benzylamine]palladium(II). The non-hydrogen atoms are 
represented by their thermal ellipsoids with 50% probability, while the hydrogen 
atoms are represented by arbitrary spheres. 
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Fig. 2. Bond distances (//A) and bond angles (0/°), with their e.s.d.'s in parentheses. Starred values 
are corrected for riding motion. Standard deviations of C-H bonds are 0.06 Â, and bond angles 
involving hydrogen atom are nearly tetrahedral or trigonal angle. 

terms of electrostatic interaction, as proposed for C l -
P t - C system by Manojlovic-Muir and Muir.11) The 
present P d - N bond is lengthened by the geometrical 
constraints mentioned later. The " b e n d " deformation 
of the metal d* orbital by electrostatic repulsion from 
the cr orbital of P d - N bond would be small, so that the 
trans Cl(2) could approach the metal. The value of the 
correlation factor may be reasonable, since the repul­
sions from the deformed d* is mitigated at a long 
distance of Pd-Cl (2) . 

T h e geometrical constaint is indicated by the devia­
tions of atoms from the mean plane through the four 
coordinating atoms, Pd - 0 . 1 7 2 , P 0.044, Gl(l) 0.056, 
Cl(2) - 0 . 0 5 0 , and N - 0 . 4 2 3 Â. The deviation of P is 
due to repulsions from C(7) and C(8), and that of 
Gl(l) is caused by G(10); the close contacts are given 
in Fig. 4. At the same time these repulsions make the 
N - P d - C l ( l ) and N - P d - P angles expand, so that P -
P d - C l ( l ) deviates from a line. In addition the bond 
angles involving G(8), C(8) -G(7) -N and C ( 8 ) - C ( 7 ) -
C ( l ) , expand owing to the close contact between P 
and C(8). The 6-membered chelate ring is also con­
strained to enlarge the angles, P - P d - N , P d - N - C ( 7 ) , N -
C(7 ) -G( l ) , C ( 7 ) - G ( l ) - C ( 2 ) , and P d - P - C ( 2 ) , from 
their normal values. The torsion angles about the 
G(17)-G(18) and C(18)-C( 19) bonds are 186.8(4) and 
70.8(6)°, respectively. The three P-G bond distances 
are 1.817—1.820 Â. The C - N bond distance is 1.494 Â 
in average. T h e bond lengths are apparently shortened. 

each other. The greater length of Pd -C l ( l ) (trans to 
Pd-P) than Pd-Cl(2) (trans to Pd-N) is consistent with 
the observation that the Pd-Gl bond length decreases 
as the electronegativity of the trans atom increases.5) 
The Pd-Cl ( l ) distance, 2.386(1) À, is in the range 
expected for a Pd-Cl bond trans to P d - P . On the other 
hand, the Pd-Gl(2) distance, 2.285(1) Â, is shorter and 
the P d - N distance, 2.134(4) Â, is longer than those 
found so far in G l -Pd-N systems. Figure 3 shows a plot 
of Pd-Gl distance versus trans P d - N distance for several 
Pd complexes, in which the nitrogen a tom is not a 
7r-acceptor. Except for Pd(NH 2 CH 2 CH 2 NH 2 )Cl 2 , a 
linear relationship is observed, the correlation factor 
is —0.28(4). This observation could be explained in 

Pd-N 

2.34H 

2.32J 

2.30J 

2 - 2 8 1 N — ^ P d - c i 
1.96 ' 1.98 ' 2.00 ' 2.02 ' 2.04 ' 2.06 ' 2.08 ' 2.i0 ' 2.12 ' 2.14 ' 

Fig. 3. A plot of Pd-Gl distance versus trans Pd-N 
distance, a: PdCl2(£-methyl-L-cysteine)H20 Ref. 6, 
b: idem,c. PdCl2(D,L-methionine) Ref. 7, d: PdCl2(meso-
2,3-diaminobutane) Ref. 8, e: idem, f: PdCl2(ethylene-
diamine) Ref. 9, g: PdCl2(tetrahydrogen-ethylenedi-
aminetetraacetate)5HaO Ref. 10, h: present work. 
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Cf?3) 

2.89(4) 
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NO)/ ' 

Fig. 4. Close contacts (in Â) around the palladium atom. 

Fig. 5. Stereoscopic diagram showing the molecular packing. 

a t the periphery of the molecule by the large thermal of palladium complexes were looked up in the Gam-
motions. 

As shown in Fig. 5, the complex molecules are packed 
by van der Waals interactions. A survey of the inter-
molecular distances indicates no abnormal contacts. 

T h e authors thank Prof. T . Shimanouchi for permitt­
ing the use of the T O O L - I R system, by which the data 

bridge Crystallographic Files. 
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Photooligomerizable crystals of dimethyl m-phenylenediacrylate are orthorhombic, Prmrêj, with a=26.419(8), 
6=3.960(1), c=5.935(2) Â, and Z = 2 . The structure was solved by the direct method and refined by the block-di­
agonal least-squares calculation to the R value of 0.042 for 617 observed reflections. The molecule is nearly planar 
and V-shaped with a mirror symmetry. A parallel plane-to-plane stack is found along the short b-axis. The mo­
lecules in the stack overlap completely, in contrast with the half-molecule overlap in the photopolymerizable crystals 
of this kind. The length of the b-axis is just the shortest intermolecular distance between reactive double bonds, 
indicating that the double bonds related by the b-translation would react to form a cyclobutane ring with a mirror 
symmetry. 

Many diolefinic compounds undergo the four-center 
type photopolymerization in the crystalline state.1) In 
the serial studies on the photopolymerizable crystals,2) 
we have shown that all the photopolymerizable diolefins 
with />-phenylene moiety change, under the strict 
control of monomer crystal lattice, into crystalline 
polymers containing cyclobutane rings with the center 
of symmetry. 

In contrast, dimethyl m-phenylenediacrylate (m-
PDAMe) has been found to give amorphous oligomer 
having more than two kinds of cyclobutane rings with 
respect to steric configuration, by prolonged irradiation. 
At the lower reaction temperature, the dimer with a 
regular conformation of cyclobutane ring is formed in 
better yield.3) From such results, a two-step reaction 
mechanism, i.e., topochemical dimer formation in a 
regular crystal lattice and subsequent random cycloaddi­
tion in a disordered crystal lattice, was proposed 
previously.3) T h e present crystal structure analysis has 
been undertaken in order to clarify the mechanism of 
such characteristic oligomer formation. 

E x p e r i m e n t a l 

m-PDAMe was synthesized according to the method de­
scribed in the previous paper.4) Plate-shaped crystals were 
grown from a methanol solution by slow evaporation. The 
specimen used was a fragment ofa plate, 0.15 x 0.15 X 0.10 mm 
in size. The space group was determined from photographs. 
The precise lattice constants and intensity data were obtained 
from measurements on a Rigaku computer-controlled four-
circle diffractometer, with graphite-monochromatized Cu Ka. 
radiation. All reflections within the range of 20<^15O° were 
collected by use of 20-eo scan mode with the scanning rate of 
4° min -1 . Stationary background counts were accumulated 
for 10 s before and after each scan. Out of 681 reflections, 
617 were greater than 3a(\F0\) and were used for structure 
determination. No correction was made for absorption. 
Crystallographic data of m-PDAMe are: C1 4HU04 , M. W. 
246.3. Orthorhombic, ¥mr&Xs a=26.419(8), 4=3.960(1), 
c=5.935(2) Â, U= 620.9 Â3. Z = 2 , Dx= 1.318, Dm= 1.320 g 
cm-3. /((Cu JCa)^9.30 cm-1. 

D e t e r m i n a t i o n and Ref inement 
o f the Structure 

The space group and Z indicated that the molecule 
has a mirror symmetry. The structure was solved by 
the direct method with MULTAN. 5 ) All the non-
hydrogen atoms were clearly located in the E map 
computed with the best set of phases. The parameters 
were refined by the block-diagonal least-squares method 
using <u=0.5 for | F o | ^ 1 . 0 , 1.0 for | F J > 1 . 0 . Isotropic 
hydrogen atoms were first located geometrically and 
then refined. T h e final R value was 0.042.* Atomic 
scattering factors were taken from International Tables 
for X-Ray Crystallography (1962). Final atomic 
coordinates and thermal parameters are given in 
Table 1. 

R e s u l t s and D i s c u s s i o n 

Bond Lengths and Angles. The molecular structure 
and the numbering system used are shown in Fig. 1. 
T h e structure is compared with those of related com­
pounds6 - 1 0) in Table 2, where abbreviations of the 
compounds are also given. 

Close resemblance is found among the molecular 
dimensions of m-PDAMe, />-phenylenediacrylic acid 
Q&-PDA) derivatives and the corresponding half of 

* A list of structure factors is deposited as Document No. 
7725 at the Office of the Editor of the Bulletin of the Chemical 
Society of Japan, 1-5, Kanda-Surugadai, Chiyoda-ku, Tokyo 
101. 

Fig. 1. Bond lengths (Â) and angles (°). The estimated 
standard deviations are in parentheses. 
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T A B L E 1. ATOMIC PARAMETERS 

(a) Fractional atomic coordinates (X 104) for non-hydrogen atoms. 

C(l') 
G(l) 
G(2) 
C(3) 
C(4) 

* 

0(0) 
0(0) 

456(1) 
460(1) 
950(1) 

y 

4733(11) 
1446(14) 
2293(8) 
3937(8) 
4812(9) 

z 
5694(8) 
9801(9) 
8791(6) 
6687(6) 
5691(6) 

G(5) 
C(6) 
O(l) 
0(2) 
C(7) 

X 

1034(1) 
1557(1) 
1547(1) 
1933(1) 
2036(2) 

y 

6243(9) 
6958(9) 
8239(7) 
6437(8) 
9125(11) 

z 
3736(6) 
2944(6) 

865(5) 
3968(6) 
-98(8) 30(1) 4812(9) 5691(b) (J(7) 2036(2) 9125(11) 

Thermal parameters for non-hydrogen atoms ( x 103). T h e anisotropic thermal parameters 

are described by Gxp(—ß11h
2—ß22k2—ß33l

2—ß12hk—ß13hl—ß23kl). 
(b) 

G(l') 
G(l) 
C(2) 
C(3) 
C(4) 
G(5) 
G(6) 
O(l) 
0(2) 
C(7) 

1.33(6) 
1.66(8) 
1.67(5) 
1.26(4) 
1.11(4) 
1.08(4) 
1.19(4) 
1.13(3) 
1.09(3) 
1.53(6) 

47(3) 
70(4) 
55(2) 
47(2) 
63(2) 
69(2) 
67(2) 

112(2) 
147(3) 
113(4) 

21.0(13) 
25.1(15) 
24.5(10) 
22.2(9) 
28.5(11) 
25.8(10) 
30.6(11) 
29.6(8) 
42.2(10) 
40.9(15) 

- 0 . 0 ( 0 ) 
- 0 . 0 ( 0 ) 

1.0(6) 
0.3(5) 
1.4(6) 
0.7(6) 
0.4(6) 

- 0 . 9 ( 5 ) 
- 0 . 6 ( 6 ) 
-2 .5 (9 ) 

-0 .0 (0 ) 
-0 .0 (0 ) 
- 2 . 2 ( 4 ) 
- 0 . 2 ( 4 ) 
-1 .4 (4 ) 
-0 .9 (4 ) 

0.6(4) 
1.5(3) 

-1 .9 (3 ) 
4.8(5) 

5(4) 
17(5) 
6(3) 
0(3) 
1(3) 
1(3) 

-0 (3 ) 
20(3) 
34(4) 
27(5) 

(c) Fractional atomic coordinates ( x 103) and isotropic thermal parameters for hydrogen atoms. 
T h e bond lengths to the at tached carbons are also given. 

B (Â2) C - H (Â) 

H(cr) 
H(C1) 
H(C2) 
H(C4) 
H(C5) 
H(C7)1 
H(C7)2 
H(C7)3 

0(0) 
0(0) 

80(1) 
124(1) 
77(1) 

198(2) 
227(1) 
219(1) 

622(13) 
-22(16) 
173(8) 
431(10) 
670(10) 

1038(12) 
709(9) 

1114(11) 

442(10) 
1118(11) 
951(5) 
654(7) 
271(7) 

-149(8) 
-15(7) 

113(7) 

3.2(13) 
4.5(15) 
1.3(7) 
4.1(10) 
3.6(10) 
6.8(13) 
2.8(8) 
5.4(12) 

0.96(6) 
1.05(6) 
1.03(3) 
0.93(4) 
0.95(4) 
0.98(5) 
1.02(4) 
1.16(4) 

T A B L E 2. BOND LENGTHS (Â) AND ANGLES (°) OF m-PDAMe AND RELATED COMPOUNDS 

/>-PDAMea> />-PDAEtb> />-PDAPhc> HNCMed> CVCCMee> m-PDAMef> 

cr-C3 
C2-C3 
C3-C4 
G4-G5 
C5-C6 
C6-02 
G6-01 
01-C7 
Cr-C3-C2 
C2-C3-G4 
Cr-C3-C4 
C3-C4-C5 
G4-C5-C6 
C5-C6-01 
C5-C6-02 
01-C6-02 
G6-01-C7 
e^ 
0 2

h ) 

Ö3 i } 

Ref. 

1.385(4) 
1.391(4) 
1.463(4) 
1.330(4) 
1.476(4) 
1.194(4) 
1.335(4) 
1.443(4) 

117.9(3) 
118.8(2) 
123.3(3) 
127.2(3) 
119.3(3) 
110.8(2) 
126.0(3) 
123.2(3) 
115.0(2) 

2.2 
7.2 
1.0 
6 

1.388(3) 
1.388(3) 
1.466(3) 
1.316(3) 
1.479(3) 
1.197(3) 
1.332(3) 
1.461(3) 

118.0(2) 
118.7(2) 
123.3(2) 
127.2(2) 
120.4(2) 
110.9(2) 
125.2(2) 
123.9(2) 
115.5(2) 

6.0 
10.9 
5.0 
7 

1.399(9) 
1.387(9) 
1.468(9) 
1.325(3) 
1.468(9) 
1.182(8) 
1.368(8) 
1.412(8) 

117.4(6) 
119.7(6) 
122.9(6) 
125.9(6) 
119.6(6) 
108.8(5) 
127.3(6) 
123.9(6) 
117.6(5) 

- 1 5 . 9 
10.8 
65.0 

8 

1.386(3) 
1.398(3) 
1.468(3) 
1.308(4) 
1.471(3) 
1.188(3) 
1.341(3) 
1.442(4) 

117.6(2) 
119.6(2) 
122.8(2) 
126.4(2) 
121.6(2) 
111.0(2) 
126.4(2) 
122.6(2) 
116.4(2) 

1.4 
1.5 
0.9 
9 

1.397(8) 
1.419(9) 
1.478(8) 
1.306(9) 
1.476(9) 
1.207(8) 
1.329(8) 
1.443(9) 

118.0(5) 
119.1(5) 
122.9(5) 
127.5(6) 
120.0(6) 
110.9(5) 
125.7(6) 
123.4(6) 
116.6(5) 

5.1 
3.3 
2.0 

10 

1.387(6) 
1.408(5) 
1.464(5) 
1.310(5) 
1.486(5) 
1.183(5) 
1.334(5) 
1.456(6) 

118.3(4) 
118.4(3) 
123.3(3) 
127.6(3) 
121.4(3) 
110.3(3) 
125.8(4) 
123.9(4) 
115.9(3) 

3.4 
3.5 
1.3 

This work 

a) /»-Phenylenediacrylic acid dimethyl ester. b) />-Phenylenediacrylic acid diethyl ester. 
c) /»-Phenylenediacrylic acid diphenyl ester, d) Methyl 4-hydroxy-3-nitrocinnamate. e) 4-(/?-
Carboxyvinyl)-a-cyanocinnamic acid dimethyl ester, f) w-Phenylenediacrylic acid dimethyl 
ester, g) The internal rotation (°) around the bond C(3) -C(4) . h) T h e internal rotation 
around C(5) -C(6) . i) T h e rotation around C ( 6 ) - 0 ( l ) . 
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TABLE 3. DEVIATIONS (Â, x 103) OF ATOMS FROM 

SOME LEAST-SQUARES PLANES 

The equation of the plane is expressed in the form of 
AX+BY+CZ+D=0, where X, Y, and Z are in Â 
referred to orthogonal axes, a, b, and c*. 

A 
B 
G 
D 

C(l') 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 

O(l) 
0(2) 
C(7) 

P(I)a> 

0 
-884 
-468 
3238 

-0 
9 

-7 
2 

P(II) 

40 
-900 
-433 
3077 

-74b> 
4 2b) 

2 
-2 
-2 
2 

7 9b) 

-36b> 

P(III) 

52 
-921 
-386 
2991 

65b> 
2 

-5 
2 
2 

-33b> 

P(IV)a> 

0 
-888 
-460 
3252 

8 
43 
21 
16 

-19 
11 

-25 
92 

-121 

P(V)a> 

0 
-890 
-456 
3215 

6 
52 
27 
17 

-21 
4 

-34 
78 

-127 
26 

a) For these planes, the equivalent atoms which 
are related by the mirror symmetry have also 
been included in the plane evaluation, b) The 
atoms are not included in the plane evaluation. 

C V C C M e : all the bond lengths and angles other than 
the double bond lengths of six esters in Table 2 are 
nearly identical within 3a. 

Planarity and Conformation. The equations of 
mean planes and the displacements of atoms from each 
plane are given in Table 3. T h e benzene ring, ethylene 
and carbonyl groups are planar. Referring to the 
benzene ring, the ethylenic plane rotates by 3.4° (0j in 
Table 2) about C(3)-C(4) , and the carbonyl by 3.5° 
(02) about C(5)-C(6) in the same direction. The 
methyl group rotates by only 1.5° (03) about 0 ( 1 ) - C ( 7 ) . 
Thus , the molecule as a whole is nearly planar within 
the deviation of 0.127 Â from the mean p lane ; the 
maximum deviation is found at 0 ( 2 ) . 

The carbonyl oxygen atom with lone pair electrons is 
situated a t the same side as the ethylenic double bond 
with respect to the intervening single bond C(5)-C(6) , 
so that the lone pair electrons extend parallel to the 
double bond. This is also the case of photopolymerizable 
diolefins,7) and suggests that the electronic interaction 
between lone pair and n electrons (especially of ethylenic 
double bond) is operative for taking the present confor­
mation in preference to the alternative one where the 
carbonyl group is at the opposite side. 

According to the discussion in the previous paper,7) 
the internal rotation (02) around C(5)-C(6) should be 
near 10° in this type of conjugated system. However, 
02 of m-PDAMe is considerably small compared with 
those of the photopolymerizable diolefins. Such small 
02 is also found in C V C C M e and H N C M e (Table 2). 
This may be due to intermolecular repulsion, since 
molecules in these three crystals are piled up along the 
short crystal axis as will be described below. 

Crystal Structure and Reaction Mechanism. T h e 
crystal structure viewed along the b-axis is shown in 
Fig. 2. The molecules are piled up along the shortest 

Fig. 2. A stereoview of the crystal structure viewed 
along the b-axis. 

Fig. 3. A stereoview of the overlapping of molecules to 
react, viewed along the normal of the mean plane of 
the molecule. 

crystal axis (b-axis) to form a parallel plane-to-plane 
stack. As seen from Fig. 3, the adjacent molecules in 
the stack overlap completely to each other. The same 
type of stack is also found in CVCCMe, another photo-
oligomerizable crystal having the shortest crystal axis 
of 3.956 Â.10) This stack is quite different from that in 
the photopolymerizable crystals where molecules are 
piled up along about 7 Â axis, displaced by half a 
molecule in the direction of the molecular long axis,7) 
and also from the layer-type packing of the photostable 
modification of 2,5-distyrylpyrazine where molecules in 
the adjacent layers do not overlap at all.11) 

The length of the b-axis is just the shortest inter­
molecular distance between reactive double bonds, 
which is very close to those found in the photopoly­
merizable crystals (3.94 Â on the average). The second 
shortest distance, longer than 5 Â, is found between 
the molecules in different stacks (related by the two-fold 
screw axis) (Table 4). 

The most plausible explanation for the reaction 
behavior,3) on the basis of the crystal structure, is as 
follows. At the initial stage of photoirradiation, the 
molecules related by the b-translation react topo-
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TABLE 4. INTERMOLECULAR DISTANCE (Â) 

BETWEEN DOUBLE BONDS 

chemically to form the dimer having a cyclobutane ring 
with a mirror symmetry. T h e cyclobutane ring forma­
tion in one wing of the molecular pair makes large the 
distance between the double bonds in the other wing. 
The dimerization of this type probably destroys the 
regular arrangement of surrounding monomers. T h e 
subsequent reaction between the dimer and its neighbor 
in the disordered crystal lattice results in amorphous 
oligomer having more than two kinds of cyclobutane 
rings. The rate of the reaction should be smaller than 

that of the initial dimerization with topochemical 
assistance. Such reaction in the disordered lattice will 
be more favorable at higher temperature. Thus, the 
reaction mechanism proposed previously3) is supported 
by the present structural study. 

The authors are grateful to Dr. Masaki Hasegawa 
and Dr. Fusae Nakanishi of the Research Institute for 
Polymers and Textiles for their valuable suggestion and 
encouragement. The authors also thank Messrs. 
Katsuhiko Ueno and Kazuaki Hara ta for their assistance 
through this work. 
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8.354 

2 

2 
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1/2 + 2 
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Infrared and Mossbauer Spectra of Synthetic Garnets 
A3Fe2Si30i2 (A: Mn, Cd, Ca) 
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Department of Chemistry, Faculty of Science, The University of Kochi, Asakura, Kochi 780 
* The Institute of Scientific and Industrial Research, Osaka University, Yamadakami, Suita, Osaka 565 

(Received July 4, 1977) 

The garnet Mn3Fe2Si3012 with a 0 = 11.821 Â was synthesized at high pressure and temperature. Infrared and 
Mossbauer spectra of the synthetic garnets A3Fe2Si3012 (A : Mn, Cd, Ca) suggest that the distortion of Si04 tetra-
hedra in these garnets increases and that of Fe0 6 octahedra decreases with increase in the radius of eight fold coor­
dinated cation. 

The garnets, general formula A 3 B 2 C 3 0 1 2 , contain 
metal ions in eight, six and four coordinated sites, 
affording a fruitful field for investigation of the influence 
of ionic substitution and excellent models for crystal 
chemical studies. 

Infrared absorption spectra of garnet group minerals 
A3B2Si301 2 were studied by Wickersheim and Tarte . 1 - 4) 
They found that the major absorption bands for 800 
to 1100 c m - 1 arise from the site group splitting of vz 

due to the distortion of the isolated S i 0 4 tetrahedron. 
Moor and White5) explained the distortion of tetrahedra 
in the crystal lattice of natural garnet series by using 
group theory. 

Recently considerable attention has been paid to the 
chemical application of the Mossbauer effect. T h e two 
parameters, the chemical shift and the electric quad-
rupole splitting obtained from Mossbauer spectra, vary 
not only with oxidation state and electronic configura­
tion and coordination number of iron atoms in crystal 
structure, but also with marked changes in geometry 
of the ligand environment. 

We have measured infrared and Mossbauer spectra 
for synthetic garnet series A 3Fe 2Si 30 1 2 (A: Mn , Cd, Ca) . 
T h e effects of the substitution of ions in the eight 
coordinated site on the geometry of S i 0 4 tetrahedra 
and F e 0 6 octahedra are discussed. 

E x p e r i m e n t a l 

For the synthesis of A3Fe2Si3012 (A: Mn, Cd, Ca), starting 
materials were prepared by mixing oxides, nitrates or carbon­
ates of the cations with colloidal silica in stoichiometric pro­
portions. They were then dried and heated at 750 °C in 
most cases for at least four hours. The temperature was varied 
somewhat with material since it had to be high enough to 
decompose the starting material without causing any volatili­
zation. After the heating, the starting materials were ground 
and mixed. 

Piston-cylinder type and cubic type apparatus were used 
for high temperature and pressure experiments. The starting 
materials were packed into a platinum capsule and com­
pressed. After treatment at 10—60 kbar and 1000—1200 °C 
for one hour, the samples were rapidly cooled to room tem­
perature and the pressure was released. The product was 
identified by X-ray powder diffraction and optical microscopy. 

The Mossbauer spectra were measured at room temperature 
using radiation from 57Co in Pd, with a 400 channel multi­
channel analyzer. Velocity scale was calibrated with iron foil 
as a standard absorber. Infrared spectra were obtained using 
a Hitachi Model 225 Spectrophotometer and the Nujol mull 
technique. 

R e s u l t s 

Single phases of garnets Ca 3Fe 2Si 30 1 2 and Cd3Fe2-
S i 3 0 1 2 were synthesized at 15 kbar and 1000 °C. They 
have a cubic structure with aQ= 12.06 and 12.01 Â, 
respectively. Geller and Miller6) attempted to synthe­
size the solid solution of Mn3(Al1_Jl.Fej;)2Si3Ol2 in air 
and succeeded in synthesizing garnets containing up to 
20 per cent of Fe3 + . High pressure was necessary to 
synthesize the single phase of garnet Mn 3 Fe 2 Si 3 0 1 2 which 
is the last member in the above solid solution series. 
The products synthesized below 35 kbar at 1000 °C 
consist of mixtures of two or more phases such as 
(Mn, F e ) 2 0 3 , spinel phases and SiO a (quartz or coesite). 
Even under high pressure conditions of 40 kbar, traces 
of these phases were found when the temperature was 
above 1100 °G. The single phase garnet Mn 3Fe 2Si 30 1 2 

was synthesized under the conditions of 1000 °C and 
60 kbar. No evidence was found for the other phases 
mentioned above by means of X-ray data. The garnet 
Mn 3 Fe 2 Si 3 0 1 2 obtained has a cubic structure with aQ= 
11.821 A. X-Ray diffraction data are given in Table 1. 

TABLE 1. X - R A Y POWDER DATA OF 

Mn3Fe2Si3Q12 

h k l^ û^sd {obsd 

4 0 0 2.96 45 
4 2 0 2.65 100 
3 3 2 2.52 25 
4 2 2 2.416 65 
5 1 0 2.320 15 
5 2 1 2.160 10 
6 1 1 1.918 25 
6 2 0 1.870 5 
4 4 4 1.707 10 
6 4 0 1.640 25 
7 2 1 1.608 5 
6 4 2 1.580 60 
8 0 0 1.478 15 

a) Indexed on the basis of an= 11.821 Â. 

The relation between lattice constants and the ionic 
radii of eight fold coordinated cations in the synthetic 
garnets are shown in Fig. 1 on the basis of Shannon and 
Prewitt's effective radii.7) T h e same relationship for 
the pyralspite series A3Al2Si301 2 was also found.8) 
Parallelism was found in both garnet series. 

T h e infrared spectra for the synthetic garnets are 
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Fig. 1. Lattice constants a0 vs. ionic radii of divalent 
dodecahedrally coordinated cations. 
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Fig. 2. Infrared spectra of synthetic garnets (a)—(c) : 
A3Fe2Si3012 (A: Ca, Cd, Mn). 

TABLE 2. INFRARED DATA FOR SYNTHETIC GARNETS 

Ca3Fe2Si3012 

Cd3Fe2Si3012 

Mn3Fe2Si3012 

1 

949 

v/cm 

2 

889 
889 
913 

- i 

3 4 

833 814 
835 810 
848 822 

qualitatively similar in the region 800—1000 c m - 1 . 
There are three strong and sharp bands (2, 3, 4 in curve 
c) with almost equal intensity (Fig. 2). The band 
frequencies decrease almost linearly with increase of a0. 
They are assigned to the v3 vibration of S i 0 4 . Splitting 
of vs vibration into three bands due to the distortion of 
S i 0 4 tetrahedron in the garnet structure is in line 
with the results of site group and factor group analyses.5) 
The origin of band 1 is not clear but it may result from 
a combination of internal and/or external mode.10) The 
magnitude of band splitting of v3, Band 2 — (Band 3 — 
Band 4)/2, is known to be correlated with the distortion 
of S i 0 4 tetrahedron.11) From the band splitting of 

-3 -2 -r 

Fig. 3. Mössbauer spectra of synthetic garnets. 

0 1 2 3 
(mrn/s) 

Ca3Fe2Si3012 

Cd3Fe2Si3012 

Mn3Fe2Si3012 

0.585 
0.573 
0.344 

TABLE 3. PARAMETERS OF THE MÖSSBAUER SPECTRA 

OF 57Fe NUCLEI FOR SYNTHETIC GARNETS 

Q,.S. mm/s I.S. mm/s 

0.414 
0.384 
0.385 

v3, the distortion of S i 0 4 tetrahedron seems to increase 
with decrease in the radius of eight fold coordinated 
cation. 

Figure 3 shows the Mössbauer spectra of synthetic 
garnets a t room temperature. All the spectra are 
resolved symmetric doublets. T h e garnets are para­
magnetic at room temperature and there is no hyperfine 
magnetic splitting. T h e doublet lines arise from the 
quadrupole interaction of the 57Fe nuclei with the 
inhomogeneous electric field in the crystal. Table 3 
shows the Mössbauer parameters for all the garnets 
synthesized. T h e values of the isomer shifts for all the 
garnets lie in the range characteristic of the trivalent 
high spin state of iron ion. T h e parameters indicate 
little contribution of covalent forces to the ionic chemical 
bond of iron with oxygen in the octahedral coordina­
tion. The quadrupole splitting due to the electric field 
gradient decrease with decrease in the radius of eight 
fold coordinated cation. This shows that the trivalent 
high spin state of iron ions in the garnet Mn 3 Fe 2 Si 3 0 1 2 

is in the most symmetrical octahedral environment. 

D i s c u s s i o n 

Mn 3Fe 2Si30 1 2 with a cubic garnet structure was 
synthesized under high temperature and high pressure 
conditions. T h e reason for the synthetic conditions 
under high pressure for Mn 3 Fe 2 Si 3 0 1 2 being influenced 
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by temperature thought to be due to the instability of 
M n 2 + ions in a high pressure vessel at elevated tem­
perature. The parameter values of Mössbauer spectra 
for iron ions are typical for the trivalent high spin state 
of iron ions in an octahedral site. I t is concluded 
that all manganese ions are divalent in the dodeca-
hedral site and all iron ions are trivalent in the 
octahedral site. Although Mason reported the natura l 
occurrence of a garnet with a probable composition of 
Mg3Fe2Si301 2 > this compound could not be prepared 
under the experimental conditions employed in this 
study. From the similarity of both curves in Fig. 1, 
the lattice constant of Mg3Fe2Si3012 is predicted to be 
11.656 Â, which is a little higher than 11.515 Â reported 
by Mason.9) Some of the Si4 + ions are presumed to 
be substituted for Fe3+ ions in the octahedral site of 
natural garnet Mg 3 Fe 2 Si 3 0 1 2 . 

Usually, but not always, increase in the regularity 
of S i 0 4 tetrahedron should allow the sp3 hybrid orbitals 
on oxygen to be in a position for a more favorable 
overlap with those of Si, suggesting a decrease in the 
S i -O bond length. Novak showed by comparison of the 
refined structures of eight natural garnets that the S i - O 
bond length actually increases, as S i 0 4 tetrahedron in 
pyralspite garnet series A3Al2Si301 2 (A: Ca, M n , Fe, 
Mg) becomes more regular.12) From the infrared 
spectra of synthetic garnets A 3Fe 2Si 30 1 2 , it seems that 
the regularity of S i 0 4 tetrahedron also increases as the 
S i -O bond length increases due to a simple stretching 
of the Fe 2 Si 3 0 1 2 framework in response to the increase 
of radius of eight fold coordinated cation. 

In pyralspite A3Al2Si301 2 , the octahedral edge 
shared with triangular dodecahedron A 0 8 is longer 

than the octahedron's unshared edge in A 2 + ion's radius 
longer than 1.01 Â by weakening repulsive forces 
between A 2 + and Al3 + (0.53 Â) cations. In the garnets 
A 3Fe 2Si 30 1 2 with Fe 3 + (0.645 Â) cations in octahedral 
site, the effect appears when the radius of A 2 + ion is 
smaller than 1.01 Â. When the radius of the ion is 
near that of M n 2 + ion, shared and unshared octahedral 
edge lengths are statistically identical. Mn 3Fe 2Si 30 1 2 

garnet is thus considered to have an almost regular 
octahedron in line with the result of Mössbauer spectra. 

The authors express their thanks to Drs. Nobukazu 
Kinomura , and Shoichi Kume , Osaka University. The 
study was partly defrayed by a Scientific Grant from the 
Ministry of Education. 
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A Selectivity Study on Liquid Anion Exchange Membranes* 
Nobuo YOSHIDA** and Nobuhiko ISHIBASHI 
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The selectivity of liquid anion exchange membranes consisting of a Perchlorate, thiocyanate, or iodide salt of 
Crystal Violet dissolved in nitrobenzene was studied by measuring membrane potentials. In bi-ionic systems the 
selectivity coefficient was observed to vary with the concentrations of aqueous solutions and of the ion exchanger in 
the membrane. This was attributed mainly to the ionic composition at the membrane-solution interface differing 
from that in the bulk solution. However, when the concentration of the aqueous solutions was sufficiently high in 
comparison with that of the ion exchanger, a selectivity coefficient intrinsic to a pair of counter ions was obtained. 
This selectivity coefficient was also applicable to mixed electrolyte systems and was shown to be consistent with the 
Conti-Eisenman theory on the relation between the selectivity coefficient and ionic parameters. 

The potentials measured with liquid membrane 
electrodes in solutions containing a number of species of 
univalent ions to which the electrode responds, have 
been found to obey the following empirical equation :1,2) 

E = const - - ^ l n (a^^K^). (1) 

Here a-x and <2j are activities of the pr imary ion i and 
any other ion j . Kf$ is the Potentiometrie selectivity 
coefficient of ion j over the pr imary ion. The selectivity 
coefficient calculated by means of Eq. 1, however, has 
generally been observed to vary with solution concen­
tration, composition, and ion exchanger concentration 
in the membrane. Such variations of the selectivity 
coefficient have been considered to be due to the 
changes of the ion-exchange selectivity coefficient with 
solution concentration2 '3) and of the physical properties 
of the membrane with ion exchanger concentration.4) 

In the present work, the selectivity of liquid anion 
exchange membranes consisting of a Perchlorate, 
thiocyanate, or iodide salt of Crystal Violet dissolved 
in nitrobenzene was studied. The variation of the 
selectivity coefficient is explained in terms of the change 
of ionic composition at the membrane-solution interface 
and a selectivity coefficient intrinsic to a pair of counter 
ions is introduced. This selectivity coefficient is compar­
ed with that expected from a theory of a liquid ion 
exchange membrane. 

E x p e r i m e n t a l 

Reagents and Liquid Membranes. All reagents used in this 
study were of analytical reagent grade. A Crystal Violet salt of 
anion X (GV-X, where X = G104-, SCN~, or I-) was prepared 
by dissolving Crystal Violet (obtained as a chloride salt from 
Kishida Kagaku Co.) in hot water and precipitation with 
aqueous NaX at the same temperature. The precipitate was 
washed with demineralized water and dried in vacuum. 
Liquid membranes were prepared by dissolving a known 
amount of the Crystal Violet salt in nitrobenzene. 

Measurement of Membrane Potentials. Membrane potentials 
were measured by means of the cell 

SCE/KCl-agar bridge/Solution(')/Liquid membrane/ 
Solution(")/KCl-agar bridge/SCE. (2) 

* A preliminary report has been published : N. Yoshida and 
N. Ishibashi, Chem. Lett., 1974, 493. 
** Present address: Department of Chemistry, Faculty of 

Science, Kyushu University, Fukuoka 812. 

Here the symbols (') and (") are used to designate the solutions 
on both sides of the membrane. In cells with solutions con­
taining Perchlorate ion, NH4Cl-agar bridges were used in place 
of KCl-agar bridges. The experimental cell used was a 
U-shaped glass tube with 12 cm3 of the membrane phase at 
the bottom and 10 cm3 of each aqueous solution above. The 
aqueous and the membrane phases were not stirred unless 
differently indicated. In most experiments, the concentra­
tion ranges of the aqueous solutions and of the ion exchanger 
(the Crystal Violet salt) in the membrane were chosen so as 
not to cause the elution of the ion exchanger into the adjacent 
aqueous solutions. All membrane potentials were measured 
with a Takeda Riken Electrometer TR 8651 at room tempera­
ture (23±3 °C), after the cells had been constructed. 

Determination of Composition Changes in Aqueous Solutions. 
Cells of the type: 0.1 Mt Nal O/CV-I in nitrobenzene/0.1 M 
NaX (*) (where X = N 0 3

_ or C104
_) were used to examine 

composition changes in aqueous solutions which may be caused 
by ion exchange during the measurement of membrane poten­
tials. About 30 min after the construction of the cell, the 
concentration of iodide ion in solution (") was determined by 
using an iodide ion-selective electrode (Toa Denpa Kogyo Co., 
Model 1-125). 

Determination of Distribution Coefficients. A nitrobenzene 
solution of a Fuchsine Basic salt of anion X (X=C104~, SCN-» 
or I~) was prepared by extraction from a mixture of Fuchsine 
Basic (obtained as a chloride salt from Kishida Kagaku Co.) 
and NaX in water. The concentration of the Fuchsine Basic 
salt in the nitrobenzene solution was of the order of 10~4 M. 
Ten cm3 of the solution was vigorously agitated with 10 cm3 of 
water. The system was maintained overnight in a thermo-
stated water bath (25.0 ±0.1 °C). After complete separation 
of the phases the salt concentration in the aqueous phase was 
determined by measuring the absorbance at 542 nm. Next, 
the distribution coefficient of the salt was calculated. 

R e s u l t s a n d D i s c u s s i o n 

In order to evaluate the ratios of the activity coeffi­
cients (concentration basis) of thiocyanate and Per­
chlorate ions,j>(SCN-)/_j>(C104

-), at high concentrations 
(necessary in the following calculation of the selectivity 
coefficient), concentration potentials were first measured 
for aqueous NaSCN and NaC10 4 solutions. Figure 1 
shows the observed potentials as a function of the ion 
exchanger concentration. In this figure the concentra­
tion potentials which are independent of the exchanger 
concentration (horizontal parts of the curves) may be 

t Throughout this paper 1 M = I mol dm - 3 . 
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10 1(T 10-4 10"3 

Ion exchanger concn/5 M 

Fig. 1. Concentration potential, Eu, vs. concentration 
of ion exchanger. Systems: O , 0.01 M NaSCN (')-
0.1 M NaSCN ("); Q , 0.01 M NaC104 (')-O.l M 
NaC104 f ) ; # , 0 . 1 M NaSCN (')-l M NaSCN ("); 
• ,0 .1 M NaC104 (')-l M NaCi0 4 (")• Membrane 
solvent: nitrobenzene. Ion exchangers: Q, #> CV-
SCN; D , M, CV-C104. 

considered to be ideal; the decrement of the potentials 
at the low exchanger concentrations is presumably due 
to the incomplete exclusion of the co-ion (sodium ion) 
from the membrane. By application of the Nernst 
equation to the former potentials, the values of 
logO>(SCN-)MC10 4 - )} in 0 .1- and 1-M solutions were 
estimated to be 0.02 and 0.09, respectively, where the 
ratio J ( S C N _ ) / J ( C 1 0 4 - ) was assumed to be unity below 
10 - 2 M. These results were used for the calculation of 
the selectivity coefficient in the bi-ionic system N a S C N -
NaC10 4 presented below.5) 

In the case of two univalent counter ions (anions) X 
and Y, the membrane potential, EM, in cell (2) may be 
expressed by 

E„ = RT 4 / +^x p o X / 

F a^ + K$$a'Y 
(3) 

Here the sign of the potential refers to solution ("). For 
cells in which solution (') contains only ion X and 
solution (") only ion Y, Eq. 3 reduces to 

E„ = In (4) 

Figure 2 shows the selectivity coefficient iC p o t(SCN-, 
C10 4 - ) for the bi-ionic system N a S C N - N a C 1 0 4 in which 
the membrane (GV-SGN in nitrobenzene) is interposed 
between solutions of NaSCN (') and of N a C 1 0 4 (") of 
the same concentration. T h e selectivity coefficient 
was calculated from the measured potential by the 
use of Eq. 4. (Such a selectivity coefficient is an 
" appa ren t " one described below). I t is observed that 
the selectivity coefficient varies with the concentrations 
of the ion exchanger in the membrane and of the 
aqueous solutions. However, with membranes having 
a given concentration of the exchanger, the selectivity 
coefficient approaches a limiting value (indicated by 
the dashed line in the figure) with the increasing 
concentration of the aqueous solutions. With solutions 
having a given concentration of the electrolytes, the 

10"4 10~3 10~2 10"1 1 
Aq soin concn/M 

Fig. 2. Variation of the selectivity coefficient with con­
centrations of aqueous solution and of ion exchanger in 
the bi-ionic system NaSCN-NaC104. Membrane sol­
vent: nitrobenzene. Concentrations of ion exchanger 
(CV-SCN): O, 5 x l O - 6 M ; • , 5 x l O " 4 M ; # , 5x 
10- 3M; n > 5 x l O - 2 M . 

selectivity coefficient also tends toward the same 
limiting value as the exchanger concentration decreases. 
As in the case of the concentration potentials described 
above, the deviation of the parenthesized value from 
the limiting one is at tr ibuted to the incomplete exclusion 
of the co-ion (sodium ion) from the membrane. Similar 
results were obtained with the bi-ionic systems N a l -
NaC10 4 and N a l - N a S C N by the use of nitrobenzene 
solutions of C V - I as the liquid membranes.6) 

The variation of the selectivity coefficient may be 
understood from the following argument. In the bi-ionic 
cell used here, before the aqueous solutions and the liquid 
membrane are in contact with each other, solution (') 
and the membrane contain the same counter ion X, 
whereas solution (") contains a different counter ion Y. 
When the cell is assembled, an exchange of the counter 
ions occurs between solution (") and the membrane. 
Therefore, the ionic composition at the membrane-
solution (") interface is generally different from that 
in the bulk of solution (") since a diffusion layer (through 
which the transport of ions can occur by diffusion only) 
exists adjacent to the interface. (In experiments of 
short durat ion, such a change of ionic composition would 
be negligible at the membrane-solution (') interface). 

Such a cell is not a true bi-ionic cell and, taking 
account of the composition change at the interface, we 
must express the membrane potential of the cell as 

Eii=RTla<±maL + ir_r)> (5) 

where the asterisks refer to the interface inside solution 
(") and $ is the electric potential. As shown in Appendix, 
since the mobilities of the counter ions used (C10 4

_ , 
SCN~, and I - ) are nearly equal in the aqueous solu­
tion,7) the second term in Eq. 5 becomes negligible and 
c*+c$*&c"^c^ (c: concentration). We then obtain 
(assuming, for simplicity, activities to be equal to 
concentrations) 

Eu ^ l n ^ + ( l - ^ Y t ) - ^ J , (6) 
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from which an "appa ren t " selectivity coefficient, 
-Kx?Y(aPP)> (obtained from the straightforward applica­
tion of Eq. 4 to the cell) is given by 

a'(C104-)/M 

tf£?(app) ~ K& + (1 -Ki$)- (7) 

The higher the exchanger concentration compared with 
the solution concentration, the larger will be the value 
of c$/cx. Hence Ä ^ ( a p p ) becomes correspondingly 
smaller when K%%>\ and larger when Ä £ T < 1 . This 
indeed the case for the bi-ionic system N a S C N -
NaC10 4 presented above, where J ^ ^ S C N " , G104") 
(which is considered to be the limiting value of the 
selectivity coefficient in this system as described below) 
is 1.5 on logarithmic scale. 

However, in cases where the solution concentration is 
sufficiently high in comparison with the exchanger 
concentration, the influence of the composition change 
at the interface will be negligibly small. The above-
mentioned limiting value of the selectivity coefficient 
(limiting selectivity coefficient) corresponds to such 
situations of the cell and is considered to be a parameter 
correctly describing the properties of the membrane.8) 

TABLE 1. CHANGES IN COMPOSITION OF AQUEOUS 

SOLUTIONS IN THE CELL 

0.1 M Nal O/CV-I in nitrobenzene/0.1 M NaX ("). 

Conen of CV-I 
M X 

5x10-* 
5x10-* 
5 x l 0 - 2 

5x10-* 
5 x l 0 - 8 

5 x l 0 - 2 

N 0 3 -
N O r 
N 0 3 -
cio4-
cio4-
cio4-

c"{l~) 
M 

4 . 7 x l 0 - 5 

2 . 6 x l 0 - 4 

8.5x10-* 
1.1 X 10-* 
2 .9x10-* 
2 . 0 x l 0 - 8 

log K*>\1-, X) 

Apparent Corrected 

- 1 . 3 
- 1 . 2 
- 0 . 9 5 

1.97 
1.96 
1.86 

- 1 . 3 
- 1 . 2 
- 0 . 9 8 

1.97 
1.96 
1.86 

The variation of the selectivity coefficient may also 
be attributed partly to the contamination of the bulk 
solution itself caused by the counter-ion exchange 
mentioned above. Table 1 shows the composition 
changes in bulk solutions observed with some bi-ionic 
cells, together with the apparent selectivity coefficients 
obtained as before from the measured potentials. In 
this table c"(I -) represents the molarity of iodide ions 
(in solution (")) which were exchanged for nitrate or 
Perchlorate ions (initially present in solution (")) during 
the potential measurement. The selectivity coefficients 
corrected for the composition change in solution (") 
(i.e., calculated by use of Eq. 3 with a ' ( N O 3 - ) = 0 or 
Û ' ( C 1 O 4 ~ ) = 0 ) are presented in the last column. As 
can be seen from the table, however, this correction is 
small and the selectivity coefficient still shows the 
variation with the ion exchanger concentration. 
(Incidentally, the limiting selectivity coefficients i£ p o t ( I - , 
N 0 3 " ) and JP>ot(I-, C104~) were found to be - 1 . 3 and 
1.97, respectively, on logarithmic scale). The variation 
of the selectivity coefficient is thus ascribed mainly to 
the change of ionic composition at the membrane-
solution interface. 

The limiting selectivity coefficient is also applied to 
cells in which the two solutions each contain only one 

300 

I 
ft! 200 

lOOh 

Hioo 

-100 

fl'(SCN-)/M 

Fig. 3. Membrane potential vs. anion activity. Systems: 
0> • > NaSCN with molarity variable (')-O.l M 
NaC104 ("); D , M, NaC104 with molarity variable 
(')-O.l M NaSCN ("). Membrane solvent: nitroben­
zene. Ion exchangers: Q, • , 5x 10-* M CV-SCN; 
0 , • , 5x 10-* M CV-C104. 

a'(I-)/M 

Fig. 4. Membrane potential vs. activity of iodide ion. 
Systems: 0> %> Nal with molarity variable (')-O.l M 
NaC104 ("); \J> M, Nal with molarity variable (')-O.l 
M NaSCN ("). Membrane solvent: nitrobenzene. Ion 
exchangers: 0> • , 5x 10~* M CV-I ; # , 5 x 10-* M 
CV-C104; • , 5x 10-* M CV-SCN. 

of two species of counter ions but at different 
concentrations, as long as the composition change at 
the interface is expected to be small. Figures 3 and 4 



3192 Nobuo YosHiDA and Nobuhiko ISHIBASHI [Vol. 50, No. 12 

show membrane potentials measured with such cells, 
where 0 0 4

_ , SCN~, and I~ are paired against each 
other. The observed potentials are indicated by points; 
the dashed lines represent the values calculated from 
Eq. 4 with the values of the limiting selectivity coefficient 
obtained in the corresponding bi-ionic systems (see 
Table 2). (The solid curves merely connect the experi­
mental points). T h e experimental points can be seen 
to agree with the calculated lines in cells of the type : 
N a X with molarity variable ( ' ) / 5 x l O - 4 M G V - X in 
nitrobenzene/0.1 M NaY (") where X = S C N ~ , Y = 
C 1 0 4 - ; X = I - , Y = C 1 0 4 - ; or X = I ~ , Y ^ S C N " . 
Figures 3 and 4 also illustrate the effect on the membrane 
potential of varying the counter ion species initially 
present in the membrane. When in the above cells 
GV-Y is used, instead of C V - X , as the ion exchanger, 
the measured potentials become lower than the calculat­
ed, which is due to the composition change at the 
membrane-solution (') interface. In the cell: NaC10 4 

with molarity variable ( ' ) / 5 x l O - 4 M C V - C 1 0 4 in 
nitrobenzene/0.1 M NaSCN ("), although solution (') 
and the membrane contain the same counter ion, 
Perchlorate ion, the experimental points lie slightly 
above the corresponding calculated line (dashed). This 
is probably because the concentration of NaSCN in 
solution (") (0.1 M) is not high enough to eliminate 
completely the effect of the composition change at the 
membrane-solution (") interface. 

> 

Fig. 5. Comparison of experimental and calculated 
potentials in the mixed electrolyte system NaX (')/ 
10-4 M CV-X in nitrobenzene/NaX+NaY (") where 
4 = 10-2 M, c£=variable, and 4 = 2 x l 0 ~ 3 M. 0 : 

X = S C N - , Y=C10 4 - ; # : X = I - , Y=SCN-. 

The limiting selectivity coefficient is further applicable 
to mixed electrolyte systems. Typical data for such 
systems are shown in Fig. 5. Circles represent the 
experimentally observed potentials for mixed solutions 
containing a pair of counter ions, either S C N _ - C 1 0 4

_ or 
I - - S C N - . T h e curves were drawn according to Eq. 3 
with the values of the limiting selectivity coefficient 
obtained in the corresponding bi-ionic systems. The 

agreement between the experimental and calculated 
potentials is seen to be excellent. 

As judged from the association constants of ion pairs 
in nitrobenzene,9 - 1 1) the degree of ion association in the 
membrane used here is small and virtually negligible 
at the low exchanger concentrations. For the case of a 
liquid ion exchange membrane with negligible associa­
tion, Conti and Eisenman12) have shown theoretically 
that the selectivity coefficient between counter ions X 
and Y is given by 

«x*x 
A X . Y - , 

U-rK-i 
(8) 

where üx and ïïY are the mobilities of ions X and Y in 
the membrane, and kx and kY are the single-ion distribu­
tion coefficients between the membrane solvent and 
water. T h e selectivity coefficient is therefore expected 
to be nearly independent of solution concentration, 
composition, and exchanger concentration, which is 
consistent with the experimental observations described 
above. 

TABLE 2. COMPARISON OF LIMITING SELECTIVITY 

COEFFICIENTS WITH CALCULATED VALUES 

X 

I -
SCN-
I -

Y 

cio4-
cio4-
SCN-

logtfJS 

Limiting Calcd 

1.97 1.94 
1.5 1.39 
0.47 0.546 

For a direct comparison of the limiting selectivity 
coefficient with that expected from Eq. 8, the parameters 
controlling the selectivity were evaluated. The distribu­
tion coefficients of Perchlorate, thiocyanate, and iodide 
salts of Fuchsine Basic between nitrobenzene and water 
were found to be 68.1, 13.1, and 7.40, respectively. 
Here the distribution coefficient is given as the ratio of 
the salt concentration in the organic phase to that in 
the aqueous phase. The value of kYjkx was calculated 
from the square of the ratio of these distribution coeffi­
cients. The corresponding value of öY/öx was obtained 
from the ratio of the limiting ionic conductances.11»13) 
T h e selectivity coefficients calculated by Eq. 8 from 
these values are compared with limiting selectivity 
coefficients14) in Table 2. T h e limiting selectivity 
coefficients can be seen to be in good agreement with 
the calculated values. 

Appendix 

The ionic fluxes in the diffusion layer (at the solution side 
of the membrane-solution interface) may be expressed by the 
following Nernst-Planck equations: 

JY= -u^-^-iRTlnCy-F®, 

(A-l) 

(A-2) 

Jm = -u^cv&^-(RTln cN a+F0), (A-3) 
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where Jx, JY, and yNa are the fluxes of counter ions (univalent 
anions) X and Y and sodium ion (co-ion) ; ux, uY, and «Na, 
and cx, cY, and cNtt are the corresponding mobilities and 
concentrations (ux, uY, and «Na are assumed to be constants) ; 
^ is the electric potential; and x is the space coordinate per­
pendicular to the membrane-solution interface. The condi­
tions of electroneutrality and absence of electric current lead to 

cx + cY = <rNa, (A-4) 

JX + JY = A a = 0, (A-5) 

where it has been assumed that the membrane is impermeable 
to sodium ion. Inserting Eqs. A-l—A-3 into Eq. A-5 and 
eliminating d^/dv, we have 

d{c^(uxcx + uYcY)} = 0 ,A_6j 

For the case where ux=uY, Eq. A-6 becomes with the help 
ofEq. A-4 

d%a _ d(cx + gY) _ o / A 7\ 
d* dx K ' 

Inserting this result into Eq. A-3 and taking into account Eq. 
A-5, we obtain 

Tu = °- (A'8) 

Thus the total counter-ion concentration and the electric 
potential are constant throughout the diffusion layer. 
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The polarized reflection spectra of the crystals of the picric acid complexes with 1-methylnicotinamide, tryptam­
ine, DL-tryptophan and serotonin have been measured from 15000 to 40000 cm"1 and the molar extinction 
coefficient of these crystals has been obtained by the Kramers-Kronig transformation. Furthermore, the theoretical 
calculation of the electronic states of these complexes has been made and compared with the experimental results. 
This analysis shows that the appearance of the new band in the region of 20000 cm"1 is the origin of the reddish color 
of the crystals of tryptamine picrate, DL-tryptophan picrate, and serotonin picrate; the new band can be assigned 
to the charge-transfer band from the picrate anion to the indole nucleus. 

Indole derivatives are widely distributed through 
biological systems and form donor-acceptor complexes 
with a variety of aromatic acceptors. Szent-Gyorgyi 
and Isenberg1) reported the formation of colors on 
mixing electron donors such as indole with certain 
electron acceptors and further showed that the new 
band, not present in either component alone, can be 
assigned to the charge-transfer band. 

The charge-transfer interactions were shown to play 
an important part in such biological processes as the 
binding of nicotinamide2 - 3) and flavin coenzymes4) to 
t ryptophan residues of enzymes, the interactions of 
indoles with nucleotides and with nucleic acid,5) and 
the binding of serotonin and hallucinogenic tryptamines 
to synaptic receptor sites.6) 

T h e simplest of the substituted nicotinamides, 1-
methylnicotinamide, forms donor-acceptor complexes 
with iodide ions.7) Freeman and Bugg8) determined the 
crystal structure of the iodide of 1-methylnicotinamide 
and compared the interactions and structural features 
in this iodide salt with the crystal structures of the 
chloride and picrate salts of 1-methylnicotinamide, 
where charge-transfer forces are expected to be of little 
or no importance. 

Tryptamine picrate is obtained as a reddish orange 
salt; DL-tryptophan picrate is prepared as a reddish 
brown crystal; and serotonin crystallized as a dark red 
picric salt. Since these amino acids are colorless and 
the picrate ion is pale yellow, the red color of the 
picrate salts is unexpected and suggests the formation 
of a donor-acceptor complex. Thewalt and Buug9) 
determined the crystal structure of serotonin picrate 
monohydrate in order to examine the solid state interac­
tions between serotonin and the picrate ion. Gart land, 
Freeman, and Bugg10) described the crystal structures 
of the picrate complexes of tryptamine and DL-trypto­
phan in order to obtain information about the structural 
factors involved in the indole interactions with aromatic 
acceptors. 

The complexes of picric acid with amines revealed 
that a proton is transferred from picric acid to amine 
and the interaction between the picrate ion and the 
amine molecule is capable of producing a charge-transfer 
absorption band. Matsunaga1 1) reported that the 
picrate anion is as strong as picric acid as an electron 
acceptor and the indole derivatives are the electron 
donors and the color of the tryptophan picrate complex 

aries from the charge-transfer interaction between the 
nucleus and the picrate anion. 

T h e author undertook the spectroscopic examination 
of the crystals of the picrate complexes with 1 -methyl-
nicotinamide, tryptamine, DL-tryptophan, and 
serotonin molecules by measuring the microscopic 
polarized reflection spectra. Furthermore, we studied 
theoretically the electronic states of these complexes 
and showed that the new band in the region of 20000 
c m - 1 is the charge-transfer band from the picrate anion 
to the indole nucleus. 

Exper imenta l and Theoret ica l 

Single crystals of the picrate complex with 1-methylnicotin­
amide, tryptamine, DL-tryptophan, and serotonin were crys­
tallized by the slow evaporation of the solution of the salt. 

Reflection spectra at the normal incidence have been meas­
ured over a range of 15000—40000 cm - 1 with a reflection 
spectrophotometer made in our laboratory and the absorption 
spectra have been obtained by the Kramers-Kronig transfor­
mation. 

The electronic states of the molecules are calculated by the 
Pariser-Parr-Pople12) SCF method in order to obtain the 
molecular orbitals and the orbital energies. 

The two-center coulomb integrals ypq are estimated by 
Nishimoto-Mataga's method.13) The one-center core coulomb 
integrals ocp and the two-center core resonance integrals ßm 

are approximated in the following equations : 

«P = -iv - (»p-Ovpp - IXrp r , 

where the constant K is taken to be 0.39. The overlap integrals 
Sm are calculated between the nearest neighbor atoms by 
using the Slater type AO's and neglected in other cases. Then, 
the overlap integrals >!>CN between the 2pn AO's of the carbon 
atom on the benzene ring and the nitrogen atom on the nitro 
group are estimated by the equation 

*->CN = *ScN C O S V, 

where 0 is the dihedral angle between the two 2p7i AO's Xc 
and %N. The overlap integrals £&, are determined by using 
the 2p7r AO's Xc a n c l XN o n t n e same plane. The values of 
the first ionization potentials IP are Itaken from Pilcher and 
Skinner's14) table and the one-center coulomb integrals yPP 

are given by the relation ypp=Ip—A. These parameters 
(7p, yPP) a n d %) are given in Table 1. 

The intermolecular overlap integrals are written as follows: 
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TABLE 1. T H E VALUES OF THE IONIZATION POTENTIALS 

(7p in eV), THE ONE-CENTER INTERGRALS (ypp in 

e V ) , AND THE CORE CHARGE (rtp) USED 

IN THE S C F CALCULATION 

Atom 

Carbon 

Nitrogen 

Oxygen 

tit2t3z 
| t ^ t ^ z 
I t^tgz2 

r sx2y2z 
t i ' t . t iz" 

1 t iVt jZ» 

' p 

- 1 1 . 2 2 
- 1 4 . 5 1 
- 1 2 . 2 6 
- 1 7 . 7 6 
- 1 4 . 9 7 
- 1 4 . 9 7 

rvv 
10.60 
13.31 
13.31 
13.89 
14.89 
14.89 

" P 

1 
1 
2 
1 
2 
1 

Bonding type 

-CH=CH-
-N=CH-
-NH- , - N 0 2 

- N 0 2 

- O H 

-o-

^«,i* = j#( l )*r t ( l )dT 

= 2-J ^fi.i,^\>j,<i\X% I Zq) p.q 

where 0 a is the i-th molecular orbital on the molecule a and 
<ßl t h e j - t h molecular orbital on the molecule b . i% ^s the 
2p7r A O of the p-th a tom on the molecule a and %* the 2pji 
A O of the q-th a tom on the molecule b . Then , the intermo-
lecular overlap integrals involve the integrals between two 2p7r 
AO's Xp and %% a t orientations determined by the crystal 
structure. T h e line joining the atoms p and q defines the z 
axis and the y axis may be chosen to be perpendicular to one 
orbital, defining 

A = Tl'JCp, 

D = m'XQ, 

B = 7i-#p = 0, 

E = m*yv 

C = 71 «Zp, 

F = m*z„ 

when n and m are uni t vectors in the direction of the 2p7i 
orbitals located on the centers p and q, respectively. Then , 
the atomic overlap integrals may be expressed as 

(tflzS) = AD(2pB5|2p*$) + CF(2pap|2pc$). 

T h e calculation of the excitation energy of the charge-
transfer complex is carried out by the composite molecule 
method. T h a t is, the matr ix elements between the ground 
configuration <j>0, the locally excited configuration <£>a<-ay, and 
the charge-transfer configuration $a<_by are given in the zero-
differential overlap approximation as follows. 

(*a«^| tf |*aw) =Eo + <W ~ «a« ~ (ftflWM 

(3W#l$a^by) = E0 + eb, - ea< - ( f l # | f l # ) + P 

( « W l ' Ï W a t ) = 2 ( # « | « # ) - (ttföltttl) 

(*a**il#l*b^bl) = 2 ( f l # | # # ) 
(*ai.bil^l*a^) = -(<f>itt\Hfb) 

(*a<^l# l$a<^) = K 
(*a<^|H|$bfc.bi) = -K'SH>bk 

= 0 

Here P is the term which takes into account the polarization 
effect and K' is a constant. e&i is the orbital energy of the 
i-th M O on the molecule a and ebJ the orbital energy of the 

j - t h M O on the molecule b . 
In the calculation of the picrate complexes, P is taken to 

be 0.8 eV and K' given as — 15.0 eV. All of the above-men­
tioned computations were carried out on a F A C O M 230-75 
computer at the Nagoya University computat ion center. 

R e s u l t s a n d D i s c u s s i o n 

1-Methylnicotinamide Picrate. T h e picrate salt of 
1 - m e t h y l n i c o t i n a m i d e w a s crys ta l l ized as ye l low p r i s m s 
b y slowly coo l ing a h o t , s a t u r a t e d a q u e o u s so lu t ion 
c o n t a i n i n g a p p r o x i m a t e l y e q u i m o l a r q u a n t i t i e s of 1-
m e t h y l n i c o t i n a m i d e c h l o r i d e a n d of p i c r i c ac id . 8 ) T h e 
p r o j e c t i o n o n t o t h e a b p l a n e of t h e p i c r a t e sa l t is s h o w n 
in F i g . 1. T h e a m i n o g r o u p of 1 - m e t h y l n i c o t i n a m i d e is 
h y d r o g e n b o n d e d t o t h e o x y g e n a t o m of t h e C - O - b o n d 
in t h e p i c r a t e a n i o n . T h e p i c r a t e a n d 1 -methy ln ico t in ­
a m i d e moie t i e s d o n o t o v e r l a p a n d t h e r e a r e n o u n u s u a l ­
ly sho r t i n t e r m o l e c u l a r c o n t a c t s excep t for t h e h y d r o g e n -
b o n d e d i n t e r a c t i o n s . T h e r e f o r e , t h e cha rge - t r ans f e r 
i n t e r a c t i o n s a r e p r o b a b l y of l i t t le i m p o r t a n c e i n t h e 
crystals of 1 - m e t h y l n i c o t i n a m i d e p i c r a t e . 

Fig. 1. Projection onto the a b p lane of the crystal of 
1-methylnicotinamide picrate. 

IS ' 30 ' S" 

Wave number/10 3 cm" 1 

Fig. 2. T h e polarized absorption spectra of the crystal 
of 1-methylnicotinamide picrate obtained by the K - K 
transformation of the reflection spectra. 

T h e a b s o r p t i o n s p e c t r a t r a n s f o r m e d f rom t h e ref lect ion 
s p e c t r a of t h e c rys ta l of th i s sal t a r e d e p i c t e d i n F i g . 2 . 
T h e 2 3 4 0 0 ( L E j a n d 2 8 8 0 0 ( L E 2 ) c m " 1 b a n d s c a n b e 
ass igned t o t h e loca l e x c i t a t i o n b a n d of t h e p i c r a t e 
a n i o n . T h e L E j b a n d is obse rved in t h e b axis s p e c t r u m 
a n d t h e L E 2 b a n d in t h e a axis . T h e r e f o r e , t h e L E X 

b a n d is a l l owed for t h e l i gh t p o l a r i z e d p e r p e n d i c u l a r 
t o t h e G - O " b o n d of t h e p i c r a t e a n i o n a n d t h e L E 2 

b a n d is a c t i ve for t h e l igh t p o l a r i z e d p a r a l l e l to t h e 
G - O - b o n d . 

Tryptamine Picrate. T r y p t a m i n e p i c r a t e w a s 

o b t a i n e d as a r e d d i s h o r a n g e c rys ta l u p o n m i x i n g 
a q u e o u s so lu t ions of t r y p t a m i n e a n d p i c r i c a c i d . T h e 
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0.52 ev 

'N—0 

Tryptamine Picrate D,L-Tryptophan Picrate Serotonin Picrate 

Fig. 3. Stacking patterns in the crystals of tryptamine 
picrate, DL-tryptophan picrate-methanol and sero­
tonin picrate monohydrorate. 

Fig. 4. Projection onto the ac plane of the crystal of 
tryptamine picrate. 

m 
V o u 
a 
_2 
t> 
.3 

Wave number/103 cm - 1 

Fig. 5. The polarized absorption spectra of the crystal 
of tryptamine picrate obtained by the K-K transfor­
mation of the reflection spectra. 

crystal packing scheme for the tryptamine picrate is 
described in Fig. 3 and the projection onto the ac plane 
in Fig. 4.10> 

T h e absorption spectra transformed from the reflec­
tion spectra of the crystal of this complex are shown in 
Fig. 5. T h e LEj band is observed at 22500 c m - 1 in the 
both the a and c axes spectra and the LE 2 band at 
28200 c m - 1 mainly in the b axis spectra, as predicted 
from the directions of the transition moments of the 
LEX and LE 2 bands. Furthermore, the new, quite 
diffuse band appears as a long extension on the side 
of the longer wave length of the LEj band in the a axis 
spectrum. Because of this overlap, the position of the 
maximum of the new band cannot be known, and so 
the shaded region may be thought to be a new absorp­
tion band which has its peak at 19200 c m - 1 . 

1.77 1.78 1.83 

6.00 
O O' 

9.78 
•O 0 

9.7 8 
O O 

9.73 

Tryptamine D,L-Tryptophan Serotonin Picrate anion 

Fig. 6. The orbital energy diagram of the donor and 
acceptor molecules in the picrate salt system. 

In the theoretical calculation, the overlap integral 
between the H O M O of the indole ring in the tryptamine 
cation and the L U M O of the picrate anion is 0.0084; 
the orbital energy diagram of the donor and acceptor 
molecules is shown in Fig. 6. The calculated excitation 
energy (ECi) and the wavefunction (¥CT) of the lowest 
excited state are shown as follows. 

ECT = 20250 cm"1, 
WCT = 0.9769<3>(#°->#) - 0 . 1 2 3 1 * ( # - ^ î ) 

+ 0 . 1 0 1 9 * ( ^ 0 ^ ^ ) + 0 .0929$(#->#) 

+ 0.0755$0. 

The stabilization energy (AE) and the wave function 
(W0) of the ground state are written in the following 
equations : 

A £ = 0.019 eV, 

W0 = 0.9966*0 - 0.07214>(#°->#), 

where <f>\ is the *-th molecular orbital of the tryptamine 
molecule and ${ the j - t h molecular orbital of the 
picrate anion. 

Therefore, the new band at 19200 c m - 1 can be 
assigned to the chrage-transfer band from the picrate 
anion to the indole nucleus. 

DL- Tryptophan Picrate-Methanol. Reddish brown 
crystals of the DL-tryptophan picrate-methanol complex 
were obtained by slowly evaporating a methanol 
solution that contained an equimolar mixture of DL-
tryptophan and picric acid. The crystal packing scheme 
for the DL-tryptophan picrtate-methanol is depicted in 
Fig. 3 and the projection onto the be plane in Fig. 7.10) 

T h e absorption spectra transformed from the reflec­
tion spectra of the crystal of this complex are shown in 
Fig. 8. The LEj band is observed at 23400 cm- 1 in the 

Fig. 7. Projection onto the be plane of the crystal of 
DL-tryptophan picrate-methanol. 
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30 ' 25 

Wave number/103 cm - 1 

Fig. 8. The polarized absorption spectra of the crystal 
of DL-tryptophan picrate obtained by the K-K trans­
formation of the reflection spectra. 

c axis spectrum and the LE 2 band at 30600 c m - 1 in the 
b axis spectrum, as predicted from the directions of the 
transition moments of the L.E1 and LE 2 bands. Further­
more, the new diffuse band appears as a long extension 
on the side of the longer wavelength of the LE1 band in 
the c, b , and a' axes spectra. T h e maximum of the new 
band cannot be located but the shaded region may be 
thought to be a new band which has its peak at 19600 
cm - 1 . 

In the theoretical calculation, the overlap integral 
between the H O M O of the indole ring in the t ryptophan 
cation and the L U M O of the picrate anion is 0.0077 and 
the relation of the orbital energies of the donor and 
acceptor molecules is shown in Fig. 6. T h e calculated 
excitation energy (ECT) and the wavefunction (?PCT) of 
the lowest excited state are expressed as follows: 

ECT = 19020 cm"1, 

r C T = 0.9918$(#°-^S) + 0 . 0 5 0 2 * ( # ^ 5 ) 

+ 0.0443<a>(#->#) + 0.06793>0. 

The stabilization energy (AE) and the wavefunction (¥0) 
of the ground state are written in the next equations : 

A £ = 0.024 eV, 

W0 = 0.9959$0 - 0.06923>(#°-^î) 

+ 0 .0444$($-^«) , 

where <p\ is the i-th. molecular orbital of the tryptophan 
molecule and <j){ the j - th molecular orbital of the picrate 
anion. 

Accordingly, the new band at 19600 c m - 1 can be 
assigned to the charge-transfer band from the picrate 
anion to the indole nucleus. 

Serotonin Picrate Monohydrate. Serotonin picrate 
monohydrate was crystallized as dark red prisms by 
slowly evaporating a saturated aqueous solution conta­
ining approximately equimolar quantities of serotonin 
creatinine sulphate and picric acid. The crystal packing 
for the serotonin picrate monohydrate is shown in 
Fig. 3 and the projection onto the be plane in Fig. 9.9) 

The absorption spectra transformed from the reflec­
tion spectra of the crystal of this complex are shown in 
Fig. 10. T h e LEj band is not observed in the b and c 
axes spectra but the LE 2 band is observed at 27200 

Fig. 9. Projection onto the be plane of the crystal of 
serotonin picrate monohydrate. 

30 IT 

Wave number/103 cm - 1 

Fig. 10. The polarized absorption spectra of the crystal 
of serotonin picrate monohydrate. 

c m - 1 in the c axis spectrum, as expected from the 
direction of the transition moments of the LEX and LE 2 

bands. Furthermore, the new band appears a t 21000 
c m - 1 in the b axis spectrum and the observed transition 
moment is directed along the intermolecular vector 
between the hydroxyindole and picrate molecules. 

In the theoretical calculation, the overlap integral 
between the H O M O of the hydroxyindole ring in the 
serotonin cation and the L U M O of the picrate anion is 
0.0059 ; the diagram of the orbital energies of the donor 
and acceptor molecules is shown in Fig. 6. The calculat­
ed excitation energy (-ECT) and the wavefunction (WCi) 
of the lowest excited state are written as follows. 

ECT = 20770 cm"1, 

WCT = 0.96783>(^°->#) - 0.17353>(^->#) 

+ 0 .0640$(#°->#) - 0 .0623$($ 0 -^ ! 1 ) 

+ O.12893>(0?->#) + 0.0533cJ)0. 

T h e stabilization energy (AjC) and the wavefunction 
(3%) of the ground state are given in the following 
equations : 

A £ = 0.013 eV, 

r 0 = 0.9978$0 - 0.0491*(#°-»^2), 

where <j>[ is the i-th. molecular orbital of the serotonin 
molecule and <}>{ the j - th molecular orbital of the picrate 
anion. 

Therefore, the new band at 21000 c m - 1 can be 
assigned to the charge-transfer band from the picrate 
anion to the hydroxyindole nucleus. 



3198 Masashi TANAKA [Vol. 50, No. 12 

References 

1) A. Szent-Gyorgyi and I. Isenberg, Proc. Natl. Acad. Sei., 
46, 1334 (1960). 

2) S. G. Alivisatos, F. Ungar, A. Jibril, and G. A. 
Mourkides, Biochim. Biophys. Acta, 51, 361 (1961). 

3) G. Cilento and P. Tedeschi, J. Biol. Chem., 236, 907 
(1961). 

4) J. E. Wilson, Biochemistry, 5, 1351 (1966). 
5) T. Montenay-Garestier and G. Helene, Biochemistry, 10, 

300 (1971). 
6) A. Szent-Gyorgyi, "Introduction to a Submolecular 

Biology," Academic Press, New York (1960), p. 107. 
7) E. M. Kosower, "The Enzymes," Vol III , Acedamic 

Press, New York (1960), p. 171. 
8) G. R. Freeman and C. E. Bugg, Acta Crystallogr., Sect B, 

30,431 (1974). 
9) U. Thewalt and C. E. Bugg, Acta Crystallogr., Sect. B, 

28, 82 (1972). 
10) G. L. Gartland, G. R. Freeman, and G. E. Bugg, Acta 

Crystallogr., Sect. B, 30, 1841 (1974). 
11) Y. Matsunaga, Bull. Chem. Soc. Jpn., 46, 998 (1973). 
12) R. Pariser and R. G. Parr, J. Chem. Phys., 21, 466, 767 

(1953); J . A. Pople, Trans. Faraday Soc, 49, 1375 (1953). 
13) K. Nishimoto and N. Mataga, Z. Phys. Chem. (NF)., 

12, 335 (1957). 
14) G. Pilcher and H. A. Skinner, J. Inorg. Nucl. Chem., 24, 

937 (1962). 



December, 1977] BULLETIN OF THE CHEIMCAL SOCIETY OF JAPAN, VOL. 50 (12), 3199—3201 (1977) 3199 

Studies of Electrode Processes of Oxovanadium(IV). IV. Catalytic 
Reduction of Acetylacetone Coupled with Cathodic Reduction 

of Bis(acetylacetonato)oxovanadium (IV) 
Mitsutaka KITAMURA, Kazuo SASAKI,* and Hideo IMAI 

Faculty of Integrated Arts and Sciences, Hiroshima University, Hiroshima 730 
^Faculty of Engineering, Hiroshima University, Hiroshima 730 

(Received February 24, 1977) 

Acetylacetone was catalytically reduced in the course of the electrolytic reduction of bis(acetylacetonato)-
oxovanadium(IV) at a mercury cathode. In acetonitrile solutions the catalytic reduction proceeded at —2.1 V 
vs. Ag/0.01 mol dm - 3 AgC104 electrode and the reduction products were hydrogen and acetylacetonate anion, 
while by the direct electrolysis of acetylacetone at —2.5 V a product with vicinal hydroxyl groups was formed. 
A steady-state current was observed in the controlled potential electrolysis. A reaction mechanism involving 
the regeneration of trivalent vanadium by the coupled chemical reaction of divalent vanadium with acetylacetone 
is proposed. 

The electrochemical or photochemical behavior of 
oxovanadium(IV) complexes has been reported in 
previous papers.1-3) Although in acetonitrile solution 
containing a large excess of acetylacetone (Hacac) a 
well-defined Polarographie cathodic wave of bis-
(acetylacetonato)oxovanadium(IV), [VO(acac) 2 ] , was 
developed in a single step with two-electron transfer, 
only trivalent vanadium was detected in the solution 
subjected to controlled potential electrolysis at —2.1 V 
vs. Ag/0.01 M AgC10 4 electrode ( M = m o l dm~3) . The 
processes involved therein were postulated as follows: 

(1) One-electron transfer to break a V - O bond; 

[VO(acac)2] + e~ + Hacac • 

[V(acac)3] + OH". (1) 

(2) Further one-electron transfer to form divalent 
vanadium ; 

[V(acac)3] + e- • [V(acac)3]-. (2) 

Reaction 1 proceeded at a more negative potential 
( £ j / 2 = - 1.93 V) than Reaction 2 ( £ 1 / a = —1.78 V) 
owing to the strong V - O bond and ligand rearrange­
ment. Reactions 1 and 2 may be followed by the reaction 
of O H - with Hacac or of [V(acac) 3 ] _ with [VO(acac) 2 ] , 
thus forming acac~ or [V(acac)3] . But, the concentration 
of acac~ was found to increase even after the vanadyl 
species was depleted completely in the solution, suggest­
ing another route in the reaction sequence. 

The evidence for catalytic regeneration of trivalent 
vanadium by a coupled chemical reaction of divalent 
vanadium with Hacac is presented in this paper, and the 
reaction mechanism is discussed. 

E x p e r i m e n t a l 

An ordinary polarograph and a potentiostat were used, 
and the UV and visible absorption spectroscopy and vapor 
phase chromatography were employed for subsidiary purposes. 

For the controlled potential electrolysis a three-compart­
ment cell separated by sintered glass diaphragms was used. 
A mercury pool cathode was stirred by a magnetic bar, and 
the solution was agitated by bubbling purified nitrogen 
through it. For measurements of steady-state current, vigor­
ous agitation was essential in order to obtain reproducible 
data. The reference electrode was Ag/0.01 M AgC104 elec­
trode. 

Solutions were prepared by using purified acetonitrile, 
which contained a trace of water. The supporting electrolyte 
was tetraethylammonium Perchlorate (TEAP). The prepared 
solution was deaerated carefully by bubbling purified nitrogen 
through it. Experiments were carried out at room tem­
perature. 

R e s u l t s a n d D i s c u s s i o n 

Reduction Mechanism of Acetylacetone. Acetylacetone 
in an acetonitrile solution containing 0.1 M T E A P 
developed an irreversible Polarographie cathodic wave 
at about —2.3 2.4 V, the reduction potential being 
largely shifted with the concentration of Hacac. After 
the reduction of Hacac by the controlled potential 
electrolysis at —2.5 V, the polarogram showed an 
anodic wave at —0.45 V corresponding to the anodic 
process of acac~~. The absorption spectra before and 
after the electrolysis are shown in Fig. 1. T h e wave­
lengths of the absorption maximum, 273 nm for Hacac 
and 293 n m for acac~~, coincide well with Neal and 
Murray 's data.4) The difference between our results 
and Neal and Murray 's data can be attr ibuted to the 
difference in reaction mechanisms, as will be described 
later. Neal and Mur ray used a thin layer cell for the 
electrolysis of Hacac in acetonitrile, and confirmed 
acac~ (I) to be the main reduction product. In addition 
to a c a c - , in our case where an ordinary electrolysis 
cell was used, the existence of vicinal hydroxyl groups 
was confirmed in the reduction products by means of 
the periodate titration. I t is highly likely that the 

o-
CH3-C=CH-CO-CH3 

(I) 

OH 

CH3- G -CH 2-CO-CH 3 

GH3-G-GH a-GO-GH3 

OH 

(II) 

product is 4,5-dihydroxy-4,5-dimethyl-2,7-octanedione 
( I I ) . This estimate is supported by the formation of 
pinacol as a dimeric product of the reduction of 1,3-
diphenyl-l ,3-propanedione in D M S O as reported by 
Buch ta and Evans.5) Vapor phase chromatography 
indicated that an ether extract from the electrolyzed 
solution contained two dominant species which appeared 
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by Neal and Murray,3) who concluded that the reaction 
proceeded as follows: 

220 240 260 280 300 320 340 

Wavelength, nm 

Fig. 1. Absorption spectra of 0.22 mM Hacac in aceto-
nitrile solution before and after controlled potential 
electrolysis at —2.5 V. 

0.1 0.2 0.3 0.4 0.5 
Faraday (mol Hacac) - 1 

Fig. 2. Relative change in concentrations of Hacac and 
acac - in the course of controlled potential electrolysis 
of Hacac at —2.5 V. Solution: 1 mM Hacac in 
acetonitrile solution containing 0.1 M TEAP. 

at far later stages compared with the retention time of 
pinacol derived from acetone. Unfortunately, the direct 
confirmation of these compounds was unsuccessful, 
owing to their extreme instability and rapid decomposi­
tion during the isolation procedure. 

T h e relative concentration changes in both Hacac 
and a c a c - during the course of the controlled potential 
electrolysis were monitored by using an ordinary 
polarograph. T h e result is shown in Fig. 2, where the 
ordinate and abscissa are expressed in terms of the 
concentration ratio in % and electricity consumed in 
Faraday mol - 1 , respectively. As is seen in Fig. 2, the 
descending line intersects the abscissa at about 0.5 
Faraday mol - 1 . This indicates that the number of 
electrons transferred per molecule (n) is equal to 0.5. 
T h e increase of the concentration of a c a c - was no 
longer observed after 0.5 Faraday m o l - 1 was consumed. 
Since the increment of a c a c - is exactly one half of the 
decrement of Hacac, it is concluded that one mol of 
a c a c - is produced from two mol of Hacac . Taking the 
product with vicinal hydroxyl groups into consideration, 
the reaction scheme can be expressed as follows: 

4 enol-Hacac + 2e~ • Dimer + 2acac~. (3) 

In reaction 3 a proton abstraction by an acetylacetone 
anion radical from an acetylacetone molecule is assumed 
to be involved. 

This reaction mechanism is consistent with the 
observed facts, but inconsistent with the result obtained 

Hacac + e" Hacac1 —H2 + acac . (4) 

According to the reaction mechanism of Eq. 4, the 
stoichiometric molar ratio of Hacac and a c a c - is 1 :1 . 
T h e difference between Reactions 3 and 4 is clearly 
shown when we compare the ratio of absorbance of 
Hacac and a c a c - in Fig. 1 of this report and Fig. 1 
of Ref. 4. T h e difference in the reaction mechanisms 
seems to be attr ibuted to the experimental techniques 
employed. In the thin layer cell used by Neal and 
Murray , most of the depolarizer undergoes the electrode 
reaction without any complication such as proton 
abstraction or dimer formation, and the reaction 
intermediate seems to decompose directly to hydrogen 
and a c a c - . 

Bis(acetylacetonato)oxovanadium(IV) dissolved in the 
acetonitrile solution containing an amount of Hacac 20 
times excess in molar ratio was reduced at a dropping 
mercury electrode with the half-wave potential of 
—2.00 V ; the reduction product was divalent vanadium, 
as shown in Eqs. 1 and 2. In polarograms observed 
in situ in solutions subjected to the controlled potential 
electrolysis at —2.1 V the same anodic wave was 
observed at —0.45 V as in the case of the direct electro­
lytic reduction of Hacac. But in this case no dimeric 
product with vicinal hydroxyl groups could be detected. 
The relative concentration changes of Hacac and a c a c -

during the course of the controlled potential electrolysis 
are shown in Fig. 3. The concentration change of 
oxovanadium(IV) ions in Fig. 3 was separately measured 
spectrophotometrically at the wavelength of 700 nm 
by using 3 m M bis(acetylacetonato)oxovanadium(IV) 
solution. As shown in Fig. 3, oxovanadium(IV) ions 
are quickly depleted with a coulombic efficiency of 
about 1 faraday mol - 1 . The concentration of a c a c -

increased steadily even after the oxovanadium(IV) ions 
were depleted completely. The increment of a c a c - at 
each quanti ty of electricity consumed was exactly equal 
to the decrement of Hacac, as shown in Fig. 3, so that 
the stoichiometric molar ratio of a c a c - and Hacac was 
1 : 1 . The extrapolation of the descending line gives an 

faraday (mol VOa+) - 1 

100rc--t--? 

o 

0.1 0.2 0.3 0.4 0.5 0.6 
Faraday (mol Hacac) - 1 

Fig. 3. Relative change in concentrations of V0 2 + , 
Hacac and acac - in the course of controlled potential 
electrolysis of V02+ at - 2 . 1 V. Solution : 1 mM [VO-
(acac)2] and 20 mM Hacac in acetonitrile solution 
containing 0.1 M TEAP. (Refer to the text in relation 
to the concentration change of V02 + .) 

file:///acac~
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intercept at about 1 F mol - 1 . This result indicates 
that the value of n is unity. I t is noteworthy that this 
result coincides well with Neal and Murray 's result. In 
view of these findings the following reaction mechanism 
is deduced : 

[V(acac)3]~ + Hacac 

HacacT • — 

[V(acac)3] + Hacac' , (5) 

Ha + acac". (6) 

Reaction 2 is coupled with Reaction 5, so tha t Hacac 
is catalytically reduced by a regenerative cycle of 
vanadium(II ) . This mechanism is also supported by 
the fact that the limiting current of oxovanadium(IV) 
ion shows the characteristics of kinetic current, as shown 
previously in Ref. 2. The formation of a dimeric product 
by Reaction 3 does not seem to be involved in this case. 

Steady-state Current in Controlled Potential Electrolysis. 
When a solution containing a known quanti ty of 
oxovanadium(IV) ion and 20 times excess of Hacac 
was electrolyzed at —2.1 V, the electrolytic current 
decreased gradually and attained a steady-state value 
in a few minutes. The plot of the steady-state current, 
isti versus the concentration of oxovanadium(IV), Cy) 

is shown in Fig. 4, where ist is linearly proportional to 
Cy up to the concentration of 0.6 m M . As described in 
the previous paper,2) the color of the electrolyzed 
solution turned to greenish yellow and finally to dark 
green. The dark green color indicates the existence of 
divalent vanadium in the solution bulk, but it promptly 

'0 0.2 0.4 0.6 0.8 1.0 

Concentration of oxovanadium(IV) ion, mM 

Fig. 4. Dependence of steady-state current on concen­
tration of oxovanadium(IV) ion. 

fades to yellow on being left to stand in a nitrogen 
atmosphere. T h e yellow solution was cathodically 
reduced to form divalent vanadium at —1.78 V. 
Therefore, it is concluded that the oxidation of divalent 
vanadium by Hacac proceeds fairly rapidly, and thus 
the concentration of trivalent vanadium in the bulk 
solution is kept practically constant. Under this condi­
tion, the electrolytic current flowing through the cell 
can be expressed by the following equation : 

*Bt = nFADCy/ô, (7) 

where A is the surface area of the mercury cathode, the 
concentration of trivalent vanadium in the bulk solution 
is practically equal to Cy, ô is the thickness of the 
diffusion layer, Cyjà the concentration gradient of 
trivalent vanadium in the diffusion layer, and the 
other symbols have their usual meanings. I t is note­
worthy that in the ordinary case Cy is time deptendent, 
but in this special case Cy can be treated as a constant. 

By introducing numerical data in Eq. 7 (istfCy= 
3.5 x l O 3 a m p mo l - 1 cm3 , n = l , ,4=12 .6 cm2, and D= 
6 X 10~6 cm2 s_ 1), we obtain the value of ô to be about 
3 X 1 0 - 3 cm. This value seems to be reasonable in view 
of the controlled potential electrolysis with vigorous 
stirring of the solution. 

At the final stage of the controlled potential elec­
trolysis at —2.1 V the steady-state current decreased, 
and the electrolyzed solution gave no more cathodic 
wave. This indicates that the regenerative cycle of 
trivalent vanadium by the coupled chemical reaction 
ceases owing to the depletion of Hacac . 
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A Spectrophotometry Study of Phosphomolybdenum Blue Formed by 
the Reaction of Phosphate with a Mixture of Molybdenum (V) 

(Mo2(>42+) and Molybdenum (VI) and Application to 
the Spectrophotometric Determination of 

Small Amounts of Phosphates 
Kousaburo OHASHI, Kumiko YASU, Choutaro SUZUKI, and Katsumi YAMAMOTO 

Department of Chemistry, Faculty of Science, Ibaraki University, Mito 310 
(Received March 3, 1977) 

The spectrophotometric determination of trace amounts of phosphates, based on the color development of 
phosphomolybdenum blue formed by the reaction of phosphate with a mixture of molybdenum(V) (Mo204

2+) 
and molybdenum (VI), is described. The rates of formation of phosphomolybdenum blue were measured at 
25 °G in a perchloric acid medium. The maximum constant color development was obtained in the perchloric-
acid range from 0.20 to 0.41 M under given conditions by warming the solution for 10 min at 80 °C. The method 
obeys Beer's law in the phosphate-concentration range from 0.08 to 1.16 (i.g/ml. The molar absorptivity at 840 nm 
was calculated to be 2.4X 104 1 mol - 1 cm -1 . The rate is inverse fifth-order with respect to the perchloric-acid 
concentration in the range from 0.20 to 0.41 M and is first-order with respect to the molybdenum(V) concentra­
tion. The formation rates increase with the phosphate and molybdenum(VI) concentrations, although the rate 
dependence on the concentrations of these reactants is complicated. The ratio of P: Mo(V) for phosphomoly­
bdenum blue was determined to be 1: 1 using the molar-ratio method. 

Analytical methods for the determination of phos­
phates are usually based on the formation of molybdo-
phosphoric acid from the reaction between molybdenum-
(VI) and the phosphate in an acidic solution,1* and the 
subsequent reduction to phosphomolybdenum blue.2 - 5) 
Extensive investigations of the analytical methods and 
their numerous modifications have been carried out. 

Lucena-Conde and Prat6> developed a spectrophoto­
metric determination method for phosphates based on 
the blue color development of phosphomolybdenum 
blue formed by the reaction of the phosphate with a 
mixture of molybdenum (VI) and molybdenum (V). 
They examined the effect of the ratio M o (VI) : Mo(V) 
on the color development. 

Hosokawa and Ohshima7 ) have modified the method 
established by Lucena-Code and Prat and applied it 
to the determination of phosphate in sea water. They 
also examined the effect of hydrogen-ion concentration 
on the color development. 

The present authors found that the rate of formation 
of phosphomolybdenum blue formed by the reaction of 
phosphate with a mixture of molybdenum(VI) and 
molybdenum (V) is notably dependent on the perchloric-
acid concentration. Therefore, the phosphomolybdenum 
blue formation and the spectrophotometric determina­
tion of phosphate, based on the color development of 
phosphomolybdenum blue, were investigated in 
perchloric-acid media. The effects of various ions on 
the color development are described. The composition 
of molybdenum blue was also studied using the molar-
ratio method. 

E x p e r i m e n t a l 

Materials. A 1.00xl0 _ 1M molybdenum(VI) solution 
was prepared by dissolving 24.196 g of sodium molybdate 
dihydrate into 1 litre of redistilled water. Working solutions 
were prepared by dilution with redistilled water to the desired 
concentrations. A molybdenum(V) (Moa04

2+) Perchlorate 
solution was prepared using a method similar to that reported 

in Ref. 8. The concentration of this molybdenum(V) solu­
tion was determined spectrophotometrically at 384 nm (e= 
103).°> The hydrogen-ion concentration of the molybdenum-
(V) solution was determined using a cation-exchange resin of 
hydrogen form. Thus, the hydrogen-ion concentration was 
established at 2.0 M. The stock solution of molybdenum(V) 
Perchlorate was stored in a refrigerator. A 1.00 x lO - 2 M 
phosphate solution was prepared by dissolving known quan­
tities of sodium dihydrogenphosphate dihydrate or disodium 
hydrogenphosphate dodecahydrate into redistilled water. All 
the other chemicals were of analytical grade. 

Apparatus. All the absorption spectra and absorbance 
at the given wavelengths were measured using a Hitachi EPS-3 
type automatic recording spectrophotometer. The measure­
ments of absorbances at a fixed wavelength were made on a 
Hitachi 101 manual spectrophotometer. Cells having a light 
path length of 1 cm were used in all cases. A Yamato BS-44 
type water bath was used for warming the solution. 

General Procedure for the Spectrophotometric Determination of Phos­
phate Content. In each experiment, 5 ml of 1.60 X 10~2 M 
molybdenum(VI), 2 ml of 2.20 X 10~2 M molybdenum (V), 
and a given quantity of a phosphate at 4.00 X 10-4 M were 
pipetted into a 25-ml measuring flask. 3 ml of 1.0 M perchlo­
ric acid was added to adjust the final hydrogen-ion concentra­
tion to 0.28 M. The final volume was brought to 25 ml by 
the addition of redistilled water. The solution was warmed 
for at least 10 min at 80 °G in a thermostatically-controlled 
water bath. A portion of the solution was then transferred 
into a cell. The measurements of absorbances were made at 
840 nm. 

Measurements of the Formation Rate of Phosphomolybdenum Blue. 
The solutions of molybdenum(VI), molybdenum(V), and 
sodium dihydrogen phosphate were maintained at 25 °C. In 
each experiment, portions of these solutions were pipetted into 
a 25-ml measuring flask, the molybdenum(V) Perchlorate 
solution was added last to the solution containing molybde­
num (VI) and phosphate, and the time was measured from 
its addition. A portion of the solution was transferred into a 
cell, which was placed in a thermostatically-controlled cell 
compartment. The kinetic measurements were carried out 
by recording the change in absorbance at 840 nm as a function 
of the time. The plots of the absorbance at 840 nm vs. time 
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were linear for at least 15% of the entire reaction. Therefore, 
the zeroth-order rate constants of the formation of phospho­
molybdenum blue were determined from the initial slope of 
the absorbance vs. time plots. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra of Phosphomolybdenum Blue Formed by 
the Reaction of Molybdenum (V) with Molybdenum ( VI). 
The absorption spectra of a product formed by the 
reaction of a given concentration of phosphate with a 
mixture of 1 .76x lO~ 3 M molybdenum(V) and 3.20X 
10 - 3 M molybdenum(VI) in 0.28 M perchloric acid are 
shown in Fig. 1, The absorption spectra coincide with 
that of phosphomolybdenum blue formed by the 
reduction of molybdenum (VI) by hydrazinium sulfate 
in the presence of a phosphate. 

Fig 

Wavelength/nm 

1. The absorption spectra of phosphomolybdenum 
blue formed from the reaction of 1.76 X 10~3 M molyb­
d e n u m ^ ) with 3.20X10-3 M molybdenum(VI) in 
the presence of phosphate at 0.28 M perchloric acid. 
(A): [NaH2PO4] = 1.45xl0-5M, (B): [NaH aPOJ = 
2 .90x l0 - 5 M. 

Effects of the Reaction Time and Temperature on the Color 
Development. T h e effects of the reaction time at 
25 and 80 °C on the color development were examined 
with 1.76X10-3 M Mo(V) , 3 .20X10- 3 M M o ( V I ) , 
2 . 9 0 x l O - 5 M N a H 2 P 0 4 , and 0.28 M HC10 4 . The 
results are shown in Fig. 2. The rate at 25 °C is very 
small, but the formation rate at 80 °C is relatively 
large. It requires at least 3 min for the color development 
to proceed completely at 80 °C. The color is quite 
stable even after standing for 6 h at 80 °C. 

Effect of Perchloric-acid Concentration on the Color Develop­
ment and the Formation Rate of Phosphomolybdenum Blue. 
The effect of the perchloric-acid concentration on the 
color development was studied with 2.90 x l O - 5 M 
phosphate, 1 . 7 6 x l O - 3 M Mo(V) , and 3.20 x l O " 3 M 
Mo(VI) . The absorbances were measured after warming 
the solution for 10 min at 80 °C. The results are shown 
in Fig. 3. The maximum constant absorbance was 
obtained in the range for perchloric-acid concentration 
from 0.20 to 0.41 M. Above 0.43 M perchloric acid, 
the absorbances decrease with increasing perchloric-acid 
concentration. Below 0.20 M perchloric acid, the 
reaction of molybdenum (V) with molybdenum(VI) 

10 40 100 20 30 

Time/min 

Fig. 2. The Effect of the heating time on the color 
development. [Mo(VI)] = 3.20x 10~3 M, [Mo(V)] = 
1.76X 10-3 M, [NaH2PO4] = 2.90x 10~5 M, [HC104] = 
0.28 M. (A) : 20 °C, (B) : 80 °C. 

[HCIOJ/M 

Fig. 3. The effect of the concentration of perchloric 
acid on the color development. 
[Mo(VI)] = 3 .20xlO- 3M, [Mo(V)]= 1.76x 10~3 M, 
[NaH2PO4]=2.90x 10~5 M, 10 min, 80 °C. 

gives a blue precipitation. 
T h e effect of the perchloric-acid concentration on the 

rate of formation of phosphomolybdenum blue was 
examined in the range from 0.20 to 0.55 M for 1.01 X 
l u - 3 M Mo(V) , 1.60 X l u - 3 M M o ( V I ) , and 5.80 x lO"5 

M N a H 2 P 0 4 (Fig. 4). The result that the slope of the 
logarithm of the rate vs. p H plot is —5 indicates that 
the rate of the formation is inversely fifth order with 
respect to the perchloric-acid concentration in the 
range from 0.20 to 0.40 M . 

Effects of Molybdenum(VI) and Molybdenum(V) Con­
centrations on the Color Development and the Formation Rate 
of Phosphomolybdenum Blue. The effect of moly­
bdenum (VI) concentration on the formation of phos­
phomolybdenum blue was examined under given 
conditions. The results are shown in Fig. 5. Constant 
max imum color development was obtained in the range 
for molybdenum(VI) from 2.30 X 10~3 to 6.40 X 10~3 M 
with 1.76x10-3 M Mo(V) , 2 . 9 0 x l O - 5 M phosphate, 
and 0.28 M HC10 4 . In the case of 1.00 XlO" 3 M 
Mo(V) , any concentration of molybdenum(VI) greater 
than 1.50 X l O - 3 M results in constant maximum color 
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[HGIOJ/M 

Fig. 4. The relation between the formation rate of 
phosphomolybdenum blue and the concentration of 
perchloric acid. 
[Mo(VI)] = 1.60xlO-3 M, [Mo(V)]=1.01xl0- 3 M, 
[NaH2POJ = 5.80xlO-5 M, 7=0.70 M (NaC104), 
25 °C. 

u0 1 2 3 4 
[Mo(VI)]/10-3M 

Fig. 5. The effect of the concentrations of molybdenum-
(VI) on the color development. 
[NaH a POJ=2.90x 10~5 M, [HClO4] = 0.28 M. 
(A): [Mo(V)] = 1.00xlO-3M, (B): [Mo(V)]=1.76x 
10-3 M. 

development. These results indicate that the color 
development is significantly affected by the M o (VI) : 
Mo(V) ratio. 

The effect of the molybdenum (VI) concentration on 
the formation rate of phosphomolybdenum blue was 
examined for 0.36 M HC10 4 , 6 . 7 6 x l O - 4 M Mo(V) , 
and 4.36 x l O - 5 M N a H 2 P 0 4 . The results are shown 
in Fig. 6. At low concentrations of molybdenum(VI) , 
the formation rate is greatly affected by the molyb­
denum (VI) concentration, but at high concentrations 
the effect is small. 

T h e effect of molybdenum (V) concentration on the 
formation of phosphomolybdenum blue was also 
examined. T h e rate has a first-order dependence on 
the molybdenum(V) concentration in the range from 
2.00 x l 0 ~ 4 to 1 . 7 6 x l 0 - 3 M f o r 2 . 4 0 x l 0 - 3 M M o ( V I ) , 
5.80 x 10-5 M N a H 2 P 0 4 , and 0.28 M HC10 4 . 

[Mo(VI)]/10-3 M 

Fig. 6. The relation between the formation rate of phos­
phomolybdenum blue and the concentration of molyb­
denum (VI). 
[Mo(V)] = 6.76x 10-* M, [NaH2P04]=4.36x 10~5 M, 
[HClO4] = 0.36 M, 7=0.70 M (NaC104), 25 °C. 

Determination of Phosphate Concentration. The calib­
ration curve was obtained by the general procedure for 
the determination of phosphate concentrations. The 
phosphomolybdenum blue color system obeys Beer's 
law in the phosphate range from 0.08 to 1.16 (Xg/ml. 
Based on the phosphate concentration, the molar 
absorptivity at 840 nm can be calculated to be 2.4 x 104 

1 m o l - 1 c m - 1 . The sensitivity is very high. Standard 
solutions prepared from N a 2 H P 0 4 and N a H 2 P 0 4 give 
the same result. 

Precision and Accuracy. T h e accuracy of the 
results is represented in Table 1. An estimate of the 

TABLE 1. ACCURACY OF THE RESULTS 

Measured 
absorbancea> 

Amount of phosphate 
in 25 ml (y.g) 

(840 nm) 

0.780 

0.610 

0.453 

0.309 

0.150 

Taken 

21.7 

15.9 

12.6 

8.0 
4.4 

Found 

21.3 

16.4 

12.4 

8.3 
4.3 

Error (%) 

-1.84 

+ 3.14 

-1.59 

+ 3.75 

-2.27 

a) [Mo(VI)] = 3 .20xlO- 3 M, [Mo(V)] = 
1.76xlO-3M, [HClO4] = 0.28M. 

TABLE 2. PRECISION OF THE RESULTS 

0.8 [Jig/ml phosphate 0.4 (i.g/ml 
Measured absorbance (840 nm)"! phosphate 

0.696 

0.710 

0.693 

0.701 

0.717 

0.720 

Av. 0.706 

Std. dev. 0.011 

0.345 

0.342 

0.361 

0.357 

0.359 

0.363 

0.355 

0.0029 

a) [Mo(VI)] = 3 .30xlO" 3 M, [Mo(V)] = 
1.76xlO-3M, [HGlO4] = 0.28M. 
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precision was obtained for the results of replicate 
samples at two different phosphate concentrations. 
These results are listed in Table 2. 

Effect of Various Ions. T h e effect of many 
different ions was examined by the proposed procedure 
for the determination of 0.8 [ig/ml of phosphate. T h e 
metal ions, such as Mg2+, Al3+, Ca2+, Cr3+, Mn2+, Fe3+, 
Co2+, Ni2+, Zn2+, Cd2+, Hg2+, Pb2+, U0 2

2 + , and S iO ?
2 -

in moderate amounts (4 (Xg/ml) do not interfere with 
this determination. 

Determination of the P: Mo(V) Molar Ratio in Phos­
phomolybdenum Blue. There are a few investigations 
of the formation mechanism and composition of phos­
phomolybdenum blue. Arnold and Wacker,10) Baman 
et al.,11) and Hahn and Schmidt12) have investigated the 
composition of phosphomolybdenum blue formed by 
the reduction of 12-molybdophosphoric acid by reducing 
agents. Assuming that phosphomolybdenum blue 
contains the same number of molybdenum atoms as the 
unreduced 12-molybdophosphoric acid, they proposed 
that the Mo(VI) : Mo(V) ratios in phosphomolybdenum 
blue are 2 : 1 or 5 : 1, depending on the type of reducing 
agents and reduction time. 

Recently, Meiklejohn et al.13) isolated (Bu4N)4PMov-
Mo V I

n O 4 0 , which was prepared by the interaction of 
P M o n 0 3 9

7 - and Bu 4N[MoOCl 4 ] in acetonitrile or 
propylenecarbonate, where Bu4N represents the tetra-

1 2 3 4 5 
[Mo204

2+]/[NaH2P04] 

Fig. 7. The determination of molar ratio of P: Mo(V) 
in phosphomolybdenum blue. 
[Mo(VI)]=2.40x 10-3M, [NaH 2P0 4]=4.36x 10~5M, 
[HClO4] = 0.28M, 

butyl ammonium ion. 
In this work, the P : Mo(V) molar ratio in phos­

phomolybdenum blue, which was formed by the reaction 
of molybdenum (V) with molybdenum (VI) , was deter­
mined by means of the molar-ratio method, under the 
condition of the presence of amounts of molybdenum (V) 
small with respect to that of molybdenum (VI) . The 
results are shown in Fig. 7. Since the formation rate of 
phosphomolybdenum blue is markedly small for these 
experimental conditions, it requires at least 300 min 
at 80 °C for the color to completely develop. T h e 
results shown in Fig. 7 illustrate that the P : Mo(V) 
molar ratio (as a monomer) is 1: 1 for 0.28 M HC10 4 . 
T h e same result was obtained with 0.36 M HC10 4 . A 
determination of the P : Mo(VI) molar ratio based on 
the molar-ratio method was unsuccessful. 

The formation mechanism of phosphomolybdenum 
blue determined from this work has not yet been 
ascertained. The present authors are planning a detailed 
kinetic treatment of the formation of phosphomoly­
bdenum blue. 
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o,o'-Dihydroxyazo Compounds 
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A simple and sensitive spectrophotometric method for determination of copper (II) is described. It is based on 
the reaction of copper(II) with Hydroxynaphthol Blue in the weakly alkaline medium and the decomposition of the 
unconsumed reagent which shows an intense absorption at the wavelength, 555 nm, of the maximum absorbance of 
the copper(II) complex. Beer's law is obeyed over the range 0.13—1.27 ppm copper with the molar absorption coef­
ficient of e555 = 3.01 X 104 dm3 mol"1 cm"1 (Sandell's sensitivity 2.11 X 10"3 (xg/cm2). A fairly large number of com­
mon ions except for nickel (II) do not interfere. 

Several o,o '-dihydroxyazo reagents have been em­
ployed in spectrophotometric determination of metal 
ions,1) but in some cases the use of the azo reagent as a 
spectrophotometric reagent is prevented by similarity 
in absorption spectrum of the metal complex and the 
reagent itself. In addition, the color reaction is poor in 
selectivity. For improving the sensitivity and selectivity 
of the reaction, extraction of the complex anion formed 
between a sulfonated azo-dye and a metal ion as an 
ion-pair with a quaternary ammonium cation has been 
investigated2) and applied to the spectrophotometric 
determination of aluminium,3) magnesium,4) and rare 
earth elements.5) 

In the present paper, a new method for spectrophoto­
metric determination of copper(II) with o,o'-dihydroxy-
azo compounds is described, in which the excess reagent 
and some of the colored chelates formed by interfering 
metal ions are decomposed by the use of the manganese-
(II)-catalysed discoloration reaction.6 '7) T h e reaction 
is also utilized in the catalymetric microdetermination of 
manganese (I I) by Yamane and Fukasawa.8) 

E x p e r i m e n t a l 

Reagents. Commercially available l-(2-hydroxy-4-sulfo-
l-naphthylazo)-2-naphthol-3,6-disulfonic acid, trisodium salt 
(Hydroxynaphthol Blue, abbreviated as HNB), l-(l-hydroxy-
2-naphthylazo)-6-nitro-2-naphthol-4-sulfonic acid, sodium salt 
(Eriochrome Black T), l-(2-hydroxy-l-naphthylazo)-2-naph-
thol-4-sulfonic acid, sodium salt (Calcon) and l-(2-hydroxy-
5-methylphenylazo)-2-naphthol-4-sulfonic acid (Calmagite) 
were obtained from Dojindo Laboratories Ltd. and used 
without further purification. The purity of the reagents was 
checked by the method described below. The solution was 
daily prepared by dissolving the reagent in water and 
concentration was corrected. 

A 0.01 mol dm - 3 standard solution of copper(II) was pre­
pared from its sulfate and standardized by the method of the 
conventional chelatometric titration. 

A mixture of 3 (w/w)% hydrogen peroxide and 0.2 mmol« 
dm - 3 manganese(II) was freshly prepared before use by 
mixing the appropriate amounts of 30 (w/w)% hydrogen 
peroxide and 0.01 mol dm - 3 manganese(II) chloride solutions 
and diluting with water. 

Sörensen's buffer solution (pH 8.0—11.0), Kolthoff's buffer 
solution (pH 6.0—7.4) and deionized water were used. 

All the chemicals except for the azo reagents used were of 
analytical grade. 

Apparatus. A Hitachi two-wavelength and double-beam 
spectrophotometer 356 and a Shimadzu spectrophotometer, 
Model QV-50, with 10-mm glass cells were used for spectro­
photometric measurements. A Hitachi-Horiba glass electrode 
pH-meter, Model F-5, was used for pH measurements. 

The Purity of Azo Reagents. The purity of the reagent 
was evaluated by applying the familiar mole-ratio method to 
the copper(II)-dye system, where excess reagent is decom­
posed in the similar manner as described below. After 
correcting the reagent concentration, a continuous variation 
method was applied to the calcium(II)- or magnesium(II)-
dye system to check the estimated value of the purity. It 
was found that the molar ratio of the dye to the metal ion is 
1:1, in accordance with the results reported by several 
authors.9>10> The purity was found to be ca. 40% for HNB, 
46.5% for Eriochrome Black T, 64% for Calmagite and 45% 
for Calcon, and the concentration of the reagent was therefore 
corrected in a suitable manner. 

Procedure. In a 50-cm3 volumetric flask are taken an 
appropriate volume up to 20 cm3 of the solution containing 
less than 63.6 [xg of copper(II), 5 cm3 of 0.4 mmol dm - 3 HNB 
solution and 20 cm3 of the buffer solution (pH 10). The 
solution is mixed well. After addition of 2 cm3 of a 3% 
hydrogen peroxide-0.2 mmol dm - 3 manganese(II) solution, 
the mixture is diluted with water to the volume and allowed 
to stand for 15 min. The absorbance of the solution is meas­
ured at 555 nm against water. 

The similar procedure is available for preparing the calibra­
tion graph with other dyes. 

R e s u l t s and D i s c u s s i o n 

Absorption Spectra. The absorption spectra of 
H N B and its copper (I I) complex are shown in Fig. 1. 
O n adding hydrogen peroxide and manganese(II) after 
the full development of color of copper(I I ) -HNB 
complex, the H N B present in excess is rapidly decom­
posed by the catalytic effect of manganese(II) , whereas 
the red-purple copper (I I ) - H N B complex, the absorption 
maximum being 555 nm, remains stable. The addition 
of hydrogen peroxide alone is not effective for the 
discoloration of the H N B solution. After standing the 
solution for 15 min, only approx. 5 % decrease in 
absorbance is observed. Of the azo-dyes used, the 
decomposition rate of HNB is most rapid and the 
absorbance of the resulting solution at the wavelength 
of the maximum absorption of the copper(II) complex 
is the lowest. 
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0.60 

0.40 h 

0.20 h 

480 

Wavelength, nm 

Fig. 1. Absorption spectra of copper-(II)HNB complex 
and HNB at pH 9.1 in the presence ( •) and absence 
( ) of 0.12% hydrogen peroxide and 4 [zmol dm - 3 

manganese (II). 
1 : HNB 20 fxmol dm"3. 2 : Cu(II) 10 \imo\ dm-3, HNB 
20(xmol dm-3. 3 : Cu(H)-HNB complex measured 
against the reagent blank solution. 4: Cu(II) 10 fjmaol« 
dm - 3 , HNB 20 (xmol dm - 3 , after decomposition of 
excess reagent by H 2 0 2 and Mn(II). 5: The reagent 
blank solution corresponding to 4. The measurements 
were carried out after standing for 15 min. 

Effect ofpH. The extent of the decomposition of 
azo reagents is dependent on the p H of solution as 
shown in Fig. 2. In the p H range from 9.3 to 10.5, the 
reagents are almost completely decomposed after 
standing the solution longer than 10 min. The absorb-
ance of the copper(II) complexes is constant in the p H 
range where the decomposition is almost complete. 

< 

0.60 

0.40 

0.20 

o o o 1 

PH 

Fig. 2. Effect of pH on the absorbance of the copper(II) 
complexes and the reagent blank solutions after stand­
ing for 15 min in the presence of 0.12% hydrogen 
peroxide and 16 (zmol dm~3 manganese (II). 
1 : HNB 40 (xmol dm-3, Cu(II) 20 fxmol dm-3, 555 nm. 
2: The reagent blank solution corresponding to 1. 
3: Calcon 44.5 fxmol dm~3, Cu(II) 20 [xmol dm"3, 545 
nm. 4: The reagent blank solution corresponding to 3. 
5: Eriochrome Black T 46.5 {zmol dm"3, Gu(II) 20 
(xmol dm - 3 , 540 nm. 6 : The reagent blank solution 
corresponding to 5. 7 : Calmagite 64.5 (j.mol dm - 3 , Cu-
(II) 12{miol dm-3, 530 nm. 8: The reagent blank 
solution corresponding to 7. The absorbance of the 
complexes was measured against the reagent blank 
solution. 

Effect of Reagent Concentration. I t was found that 
a small excess of the reagent more than the stoichio-
metrically necessary amount was sufficient to develop 
fully the color of the copper(II) complex with each dye 
except for Eriochrome Black T as shown in Fig. 3. The 
absorbance of the copper(II ) -Eriochrome Black T 
complex was observed to increase notably with increasing 
concentration of the reagent more than the equivalent 
amount to copper ( I I ) . The composition of the complex 
formed between copper(II) and the azo-dye is estimated 
to be 1:1 molar ratio for each copper(II)-dye system 
except for the Eriochrome Black T complex. 

0.40 h 

O 0.20h 

1 2 3 

Mole ratio, [Reagent]/[Cu(II)] 

Fig. 3. Effect of the reagent concentration on the ab­
sorbance of copper (II) complex measured against 
water after standing for 15 min. Hydrogen peroxide 
0.12%, manganese(II) 16 (xmol dm - 3 . 
1 : HNB, Cu(II) 12 jxmol dm-3, 555 nm, pH 9.1. 
2: Calcon, Cu(II) 10 jzmol dm-3, 545 nm, pH 10. 
3: Calmagite, Cu(II) 12 jxmol dm-3, 530 nm, pH 9.9. 
4: Eriochrome Black T, Cu(II) 20 {xmol dm-3, 540 nm, 
pH 9.9. 

Stability of Copper(II) Complex. T h e copper ( I I ) -
HNB complex after decomposing the excess reagent is 
sufficiently stable for practical use and the absorbance 
of the complex is constant at least for one hour as shown 
in Table 1. The addition of the hydrogen peroxide-
manganese (II) solution more than 4 cm3 is undesirable 
because the optical measurements are prevented by the 
occurrence of bubble which is adsorbed onto the wall 
of cell. T h e copper(II) complex with Calcon, Calmagite 
or Eriochrome Black T is somewhat unstable as compar­
ed with that of the H N B complex and the absorbance 
of the complexes at 12 (j.mol d m - 3 copper(II) level 
decreases by 3—7% between 15 and 60 min. 

TABLE 1. STABILITY OF THE C O P P E R ( I I ) - H N B COMPLEX 

Cu(II) 
taken 

[xg/50 cm3 

19.0 \ 

38.1 

Amount of 
{1 .5%H 2 0 2 -

0.2 mmol 
dm-3 MnCLJ 

added cm3 

( 1.0 
2.0 

I 4.0 
r 1 .0 

2.0 

k 4.0 

Absorbance at 555 nm vs. 
water after 

" 15 

0.174 
0.174 
0.176 
0.349 
0.346 
0.350 

30 

0.173 
0.173 
0.176 
0.349 
0.347 
0.350 

45 

0.173 
0.173 
0.175 
0.349 
0.347 
0.350 

60 min 

0.172 
0.172 
0.175 
0.349 
0.347 
0.350 

HNB concentration 40 \imol dm-3, pH 9.2. 

file:///imol
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Calibration Curve and Sensitivity. T h e copper ( I I ) -
H N B system conforms to Beer's law in the range of 0.13 
to 1.27 ppm copper with the molar absorption coefficient 
of 3.01 X 104 dm 3 mol" 1 cm" 1 at 555 nm. The molar 
absorption coefficient of copper(II)-Calcon and 
-Calmagite system is 2.59 x 104 a t 545 nm and 2.04 x 10* 
at 530 nm, respectively. T h e copper(II)-Eriochrome 
Black T system does not obey the Beer's law. The 
sensitivity of the H N B method is higher than those of 
cuprizone method (molar absorption coefficient 1.6 X 
104),1) zincon method (2.2 X104),11) JV-[2-(2-pyridyl-
methyleneamino)ethyl] -N- (2-aminoethyl)dithiocarbamic 
acid method (1.75 X 104),12> Calcichrome method ( 8 x 
103),13> Xylenol Orange method (1.25 x 104)14> and 
Sarcosine Cresol Red method (2.09 x 104),15> but lower 
than those of tetraphenylporphine-trisulfate method 
(4.8 X 105),16) Chromazurol S-zephiramine method (4.76 
X 104)17> and 2-bromo-4,5-dihydroxyazobenzene-4'-sul-

fonate-hexadecyltrimethylammonium chloride method 
(4.8 xl04).18> 

Effect of Foreign Ions. From the viewpoint of 
sensitivity and simplicity in the procedure, it seems 
that the HNB is most preferable among the four reagents 
examined in the present work. Therefore, the effect 
of diverse ions on the determination of copper(II) 
according to the above-mentioned H N B procedure was 
examined, as tabulated in Table 2. The cations were 
added as nitrates, chlorides or sulfates and anions as 
sodium, potassium or ammonium salts. The major 

TABLE 2. EFFECT OF VARIOUS IONS 

TABLE 3. THE ANALYTICAL RESULTS OF 

COPPER(II) IN A SYNTHETIC SAMPLE** 

Ion added Amount G o P P e r ( n ) 
(X) ^g f o u n d Error 

% 

Tolerance 
limit 

X : Cu(II) 

Al(III) 

Ba(II) 
Bi(III) 
Ca(II) 
Cd(II) 
Cr(III) 

Co(II) 

Fe(III) 

Mg(II) 
Mn(II) 
Mo (VI) 
Ni(II) 
Pb(II) 
Sr(II) 
Th(IV) 

V(V) 

Zn(II) 
Br-
ci-
F -
P O 4

3 -

{ 32 
I 64 
3200 

160 
3200 
960 
160 

f 32 
1 128 
f 160 
1 128 
3200 

64 
960 

32 
320 

1600 
1600 

J 64 
1 320 

640 
3200 
3200 

320 
3200 

38.5 
32.3a> 
31.7 
32.2 
32.1 
32.6b> 
32.4 
62.0 
32.3C> 
26.8 
32.7a> 
31.9 
32.4 
31.8 
54.5 
32.4 
32.4 
33.0 
38.1 
32.8d> 
32.9 
31.8 
32.0 
31.1 
32.3 

+20 .3 
+ 1.0 
- 0 . 9 
+ 0.6 
+ 0.3 
+ 1.9 
+ 1.3 

+ 93.8 
+ 0.9 

- 1 6 . 3 
+ 2 . 2 
- 0 . 3 
+ 1.3 
- 0 . 6 

+ 70.3 
+ 1.3 
+ 1.3 
+ 3.1 

+ 19.1 
+ 2.5 
+ 2 . 8 
- 0 . 6 

0 
- 2 . 8 
+ 0.9 

interfere 
2 

100 
5 

100 
30 
5 

interfere 
4 

interfere 
4 

100 
2 

30 
interfere 

10 
50 
50 

interfere 
10 
20 

100 
100 
10 

100 

Copper(II) taken: 32.0 (xg. Each results are the 
mean of three separate analyses. a) With 1.2 mg 
of NH4F. b) With 80 fxmol dm-3 of HNB. c) With 
3 cm3 of 3% H2Oa in ammoniacal buffer solution, 
d) With 3 cm3 of 3% H 2 0 2 , measured after 40 min. 

Copper(II) Copper(II) 
taken foundb) 

Hg/50 cm3 [xg/50 cm3 

Relative Number 
Error standard of 

% deviation determi-
% nations 

16.0 

32.0 

48.0 

15.9C> 
16.4 
31.6e) 
32.1 
47.2e) 
47.1 

- 0 . 6 
+ 2.5 
- 1 . 2 
+ 0.3 
- 1 . 7 
- 1 . 9 

2.5 
3.2 
1.5 
2.0 
1.5 
1.0 

4 
4 
4 
4 
4 
4 

a) Amount of foreign ions: Al(III) 16, Cd(II) 
1.6, Cr(III) 3.5, Fe(III) 9.6, Pb(II) 2.2, Mn 
(II) 1.6, Zn(II) 20.8 ng in 50 cm3. b) With 
624 {Jig NH4F. c) Without foreign ions. 

interference arises from nickel(II) which reacts with 
H N B and produces an intense coloration. Magnesium-
(II ) , z inc(II) , cadmium(II) and thorium(IV) form the 
similarly colored complexes, but these complexes, being 
unstable under the given conditions, decompose on the 
addition of hydrogen peroxide and manganese(II) . 
Aluminium(III ) at the 2-fold excess amount and iron-
(II I ) at the 4-fold excess amount over copper(II) are 
easily masked by adding a 20-fold excess amount of 
fluoride. T h e four-fold excess amount of cobalt(II) 
over copper(II) is masked by previously oxidizing it to 
cobalt(III) with hydrogen peroxide in ammoniacal 
buffer solution. In Table 3 are given the analytical 
results of copper(II) in the synthetic sample. Almost 
satisfactory results were obtained. 
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All four possible isomers of the bis(ethylenediamine)sarcosinatocobalt(III) ion, [Go(sar) (en)2]2+, were separated 
chromatographically on the column of an SP-Sephadex cation exchanger, and their absorption, circular dichroism, 
and 13C NMR spectra were measured. The more stable pair of isomers were identified as A-[Co(S-sa,r) (en)2]2+ and 
^-[CoGR-sar) (en)2]

2+, while the less stable pair were J-[Co(Ä-sar) (en)2]
2+ and A-[Co(S-sar) (en)2]

2+. The A-[Co-
(S-sar) (en)2]2+ isomer in an aqueous solution showed mutarotation which can be ascribed to a change in configura­
tion (epimerization) about the sarcosinato nitrogen atom. In equiribrium at 25 °C, the mixture consisted of 84.8% 
of the A (S) isomer and 15.2% of the A(R) isomer. From this result, the free-energy difference between the isomers 
was estimated to be 4.26 kj mol -1. The presence of the less stable isomers, which were not found by Buckingham et 
al., was also confirmed by the 13C NMR measurements. 

The bis(ethylenediamine)sarcosinatocobalt(III) ion 
possesses four possible isomers arising from two asym­
metric centers, one at the cobalt and the other at the 
sarcosinato nitrogen atom. Figure 1 shows two of the 
isomers, A (S) and A (R), which are different from each 
other only with respect to their configurations about 
the nitrogen atom. The A (R) configuration appears to 
be less stable than A(S) due to nonbonded repulsive 
interactions between the hydrogen atoms on the methyl 
group and those on the adjacent ethylenediamine 
chelate ring. 

H N \ I \ L \ 
^ c - c c V ^ 

(a) (b) 

Fig. 1. Structures of A-[Co(S-sar)(en)2]
2+ (a) andzl-[Co-

(/?-sar)(en)2]
2+ (b) viewed along the pseudo-C3 axis. 

Some of hydrogen atoms attached to carbon and nitro­
gen atoms are omitted. 

The first at tempt to separate the four isomers was 
made by Meisenheimer et al.,1) who claimed to have 
obtained one isomer having high positive rotatory power 
in the pure state and two having lower rotatory powers 
of positive and negative signs, at least in an impure state. 
However, their results have not been reproduced by 
other investigators.2) 

In a previous paper,3) the present authors briefly 
reported that the four isomers were present as a mixture 
in an aqueous solution and that their less stable enan-
tiomers were completely resolved into optical isomers 
by a chromatographic technique using an SP-Sephadex 
column. 

The present study was undertaken to obtain all four 
isomers of the complex in optically pure form, and to 
characterize them from measurements of the absorption, 
circular dichroism (CD), and 13C N M R spectra, the 

mutarotat ion rate, and the isomer distribution. The 
results will be discussed from the structural point of 
view with reference to the available data on X-ray 
structural analysis6) and conformational analysis.9) 

Exper imenta l 

Synthesis of the Racemic Complex. Bis (ethylenediamine) -
sarcosinatocobalt(III) iodide was prepared from trans-\GoC\2-
(en)2]Gl and sarcosine according to the procedure described 
by Liu and Douglas.4) The iodide obtained was recrystallized 
twice from slightly alcoholic water and was dried under 
reduced pressure. Found: G, 16.14; H, 4.26; N, 13.44%. 
Calcd for [Co(CH3NHGH2GOO) (G2H8N2)2]I2: C, 16.55; H, 
4.18; N, 13.52%. 

Resolution. The method of Buckingham et al.5) for the 
resolution of [Go(sar) (en)2]I2 was used with slight modifica­
tion. A very slight excess of silver (+)-bromocamphorsulfo-
nate,î Ag (+)-BCS, suspended in water was added to a solution 
of the complex at about 40 °G. After stirring of the mixture 
for 30 min, the precipitated silver iodide was filtered off and 
washed with water. The filtrate and washings were combined 
and evaporated to dryness on a water bath. The resulting 
(+)-bromocamphorsulfonate, [Go(sar) (en)2]{(+)-BCS}2, was 
recrystallized from aqueous ethanol. The crystals showed a 
negative CD peak in the vicinity of 518 nm and the filtrate 
showed a positive CD peak in the same region. After repeated 
fractional recrystallizations, the least soluble fraction gave a 
Ae518/ei95 value of —0.014 and the most soluble fraction a 
value of +0.015. The isomers of the complex showing CD 
signs of{—}518 and {+}-518 will hereafter be represented by 
M and P, respectively (see Table 1). 

Chromatographic Separation. An aqueous solution contain­
ing about 0.2 g of the (+)-bromocamphorsulfonate of the 
M-complex was poured onto a small column of SP-Sephadex 
(volume of 5 cm3) to collect the complex ions. The SP-
Sephadex carrying the complex was transferred to the top of 
another SP-Sephadex column (2.7 diamx 137 cm). Chroma­
tographic elution with 0.12 M (=mol dm -3) sodium ( + ) -
tartratoantimonate(III), Na2[Sb2((+)-C4H206)2], (pH 3.5) 
gave two bands, denoted by M-I and M-II in order of 
effluence (Fig. 2). Similar experiments were also made on 
the P-complex, which gave two bands, P-I and P-II, and, 

t In the present paper, (+)-bromocamphorsulfonate de­
notes ( -f ) -3-bromocamphor-8-sulfonate. 
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TABLE 1. ASSIGNMENTS AND ABBREVIATIONS OF THE ISOMERS 

Isomer Assignment CD signa> Abbrev. Relative 
stability 

P-I yl(+)589[Go(5-sar)(en)2]2+ 
P-II 4(H0„.[Co(Ä-sar)(en)1l«+ 
M-I J(-)M,[Co(Ä-sar)(en)2]a+ 
M-II J(-)589[Co(5-sar)(en)2]2+ 

{+} 518 

{ + }S18 
\ ~ / 6 1 8 

"C - }öl8 

A (S) 
A(R) 
MR) 
A(S) 

less stable 
stable 

less stable 
stable 

a)The {+)-2 and {_—Ji symbols represent the CD sign at À nm." 

on the racemic complex, which gave three bands, A, B, and 
C (Fig. 2). The notations, M-I, M-II, P-I, and P-II, will 
hereafter also be used to designate the isomer contained in 
each band. 

Conversion to the Chloride. The combined eluate of the M-I 
bands from several elutions was diluted twenty times with 
water, acidified by a small amount of HCl (pH«*3), to 
prevent isomerization.tt The complex in the diluted eluate 
from the M-I band was again collected on a separate SP-
Sephadex column. After washing the column with 0.005 M 
HCl to remove sodium ions, if any, the M-I isomer sorbed was 
eluted with 0.5 M HCl. The eluate containing the chloride 
of the M-I isomer was evaporated almost to dryness under 
reduced pressure. Ethanol, and subsequently ether, were 
added to precipitate the chloride. The chloride of the M-I 
isomer obtained was dried under reduced pressure. The 
chlorides of the M-II, P-I, and P-II isomers were also obtained 
from the eluates of the corresponding bands by means of 
similar procedures. M-I (P-I). Found: C, 20.47 (20.51); 
H, 6.55 (6.33); N, 16.57 (16.57)%. Calcd for [Co(CH3-
NHCH2COO)(C2H8N2)2]Cl2.2H2O.HCl: C, 20.47; H, 6.63; 
N, 17.06%. M-II (P-II). Found: C, 22.24 (22.40); H, 6.33 
(5.88); N, 18.15 (18.38)%. Calcd for [Co(CH3NHCH2COO) 
(C2H8N2)2]C12.2H20: C, 22.47; H, 5.93; N, 18.72%. 

Physical Measurements. Absorption spectra were recorded 
on a Shimadzu UV 200S spectrophotometer equipped with a 
1-cm quartz cell at room temperature. The sample solutions 
contained complex ions at approximately 4 x 10~3 M in 0.5 M 
HCl. CD curves were measured for a ca. 10-3 M solution of 
each isomer in 0.5 M HCl with a JASCO J-20 CD recorder 
using a 1-cm cell. The 13C NMR spectra were obtained with 
a JEOL JNM FX-60 spectrometer at a probe temperature of 
35 °C. Dioxane in D 2 0 in a coaxial inner tube was used as 
an external reference for all samples. The concentrations of the 
samples were approximately 0.1 M. Usually, 40000—50000 
pulses were accumulated to produce a very clear spectrum. 

Equilibration. About 0.02 g of each isomer was dissolved 
in 10 cm3 of each solution listed in the first column of Table 4. 
The slightly alkaline or neutral solution (with added NaOH, 
if necessary) was allowed to stand at 25 °C for three days and 
then acidified with 0.5 M HCl. The complex was collected 
from the solution on a small amount of SP-Sephadex. The 
collected equilibrium mixture of the complex was subjected to 
chromatographic separation on an SP-Sephadex column 
(1.5 diamx87 cm) using 0.12 M Na2[Sb2((+)-C4H2Oe)2] as 
the eluent. The isomer ratio was obtained from the ratio of 
the areas of the bands in the elution curve. 

Mutarotation. The rate of CD change was measured for 
a 0.1 M acetate buffer solution (pH 5.66) of each isomer (3.0 
X 10-3 M) at 30.0 °C. The change in the CD intensity was 
observed at 465 nm, the wavelength at which the CD spectra 
showed a marked difference between the I and II isomers. 
The reaction was followed for at least three half-lives. 

tt Although the elutions were carried out at room tempera­
ture (15—20 °C), the eluates were stored in a refrigerator 
(«*5 °C) to inhibit isomerization. 

R e s u l t s and D i s c u s s i o n 

Chromatographic Behavior and Identification. Figure 2 
shows the results of chromatographic elutions of the M-, 
P-, and racemic complexes with 0.12 M sodium ( + )" 
ta r t ra toant imonate( I I I ) . The ratios of the areas under 
the peaks are approximately 1: 4.5 for (a) and (b), and 
1 : 1 : 9 for (c) in Fig. 2. Comparisons of the band 
positions identified the A, B, and C bands of the racemic 
complex as the M-I , P-I, and combined P-II and M-I I 
bands, respectively. For the C band, the CD sign at 
518 nm was positive at the head of the band and negative 
at the tail, in agreement with the observation that the 
P-II isomer was eluted slightly faster than M- I I . 

T h e CD spectrum of the M - I I isomer (Fig. 4) closely 
resembles that of ( — )589[Co(sar)(en)2]2+ obtained by 
Buckingham et al.h) O n the basis of an X-ray analysis of 
( - )589[ G o ( sar ) (en) 2 ] I 2 -2H 2 0, 6 ) the M- I I isomer is 
identified as z K C o ^ - s a r K e n ) ^ (Fig. 1(a)). The P-II 
isomer can be identified as yl-[Co(/?-sar)(en)2]2+ from 
its enantiomeric relationship to the M-I I isomer. 
Taking account of the isomerization behavior, which 
is described below, the M-I and P-I isomers are identified 
as the less stable isomers, Zl-[Co(i?-sar)(en)2]2+ (Fig. 

•to.16 

1200 
F/ml 

Fig. 2. Elution curves for {—}6i8[Co(sar)(en)2]2+ (a), 
{+>5i8[Co(sar) (en)2]2+ (b), and iw-[Co(sar) (en)2]2+(c). 



December, 1977] Isomers of [Co(sar)(en)2]2+ Ion 3211 

1(b)) and A-[Co{S-sar)(en)i]
2+i respectively. T h e 

assignments are summarized in Table 1. 
T h e P-I isomer showed no measurable CD change 

either in 0.12 M N a 2 [ S b 2 ( ( + ) - C 4 H 2 0 6 ) 2 ] or in acidified 
water at room temperature over one week. This 
indicates that epimerization (configuration change) at 
the nitrogen center of the sarcosinato ligand is very slow 
in acidic solutions. The ( + )-bromocamphorsulfonate 
of M-complex was dissolved in acidified water ( p H ^ ) , 
and was subjected to chromatographic separation, as 
described in the experimental section. The elution curve 
showed a very small peak corresponding to M-I and a 
large peak corresponding to M- I I , with the area ratio 
being 1: 23. This suggests that the recrystallized ( + ) -
bromocamphorsulfonate of the M-complex consists 
almost solely of the M - I I isomer. O n the other hand, 
in a neutral or alkaline solution, epimerization at the 
nitrogen center occurred to give an equilibrium mixture 
of M-I and M- I I (Fig. 2(a)) . 

The fact that the less stable isomers, M-I and P-I, are 
eluted faster than the more stable M- I I and P-I I 
(Fig. 2) can be taken as an indication of the former 
being favored in the interaction with the eluting agent, 
sodium (+) - ta r t ra toan t imonate ( I I I ) . T h e stereoselec-

+2.0 

+ 1.0 

-1.0 

-2.0H 

600 500 

A/nm 

400 300 

\J 

100 

50 

15 20 25 30 35 

j>/103 cm"1 

Fig. 3. Absorption spectrum (- • - ) of P-I and circular 
dichroism spectra of P-I ( •) and M-I ( ) in 
0.5 M HCl solutions. 

tivity is ascribed to the structural feature of the less 
stable isomers that each has a set of three N - H hydrogens 
directed nearly parallel to the pseudo-C3 axis of the 
complex (Fig. 1). Fur ther discussion in this connection 
can be found below. 

Absorption (AB) and Circular Dichroism (CD) Spectra. 
Figures 3 and 4 show the AB and CD spectra of the four 
isomers, and Table 2 summarizes the numerical data for 
the M-I and M- I I isomers. For the less stable isomer, 
M-I , both the first and second absorption bands appear­
ed at slightly lower wave numbers than for the more 
stable isomer, M- I I , indicating a slightly weaker ligand 
field in the M-I isomer. T h e CD spectra of M-I and 
P-I (Fig. 3) were mirror images of each other, confirming 
the enantiomeric relationship deduced from their 
chromatographic behavior. A similar relationship was 
observed between M- I I and P-II (Fig. 4). The CD 
spectra of M-I and M - I I are similar in that they have a 
main CD band of negative sign in the 1Tlg-<—lA^ (Oh) 
region, but are different from each other in other 
respects, as depicted in Figs. 3 and 4. 

I n Fig. 5, the halved sum of CD curves for P-I and 
P-I I , showing the contribution of the ^-configuration 
about the cobalt center, is compared with the CD curve 
for ^(+)54e[Co(gly)(en)2]I2;4> the latter has a configura-

+ 2.0F 

+i.oh 

-1.0H 

Fig. 4. Absorption spectrum (- • -) of P-II and circular 
dichroism spectra of P-II ( ) and M-II ( ) in 
0.5 M HCl solutions. 

T A B L E 2. 

Complex 

ABSORPTION (AB) and CIRCULAR DICHROISM (CD) SPECTRAL DATA 

AB peak C D peak 

^ /10 3 cm- x e p / lOäcm- 1 Ae 

^{->5i8[Co(Ä-sar) (en)2]Cl2. 2HaO • HCl 
(M-I) 

^{->5i8[Go(5-sar) (en)2]Cl2 • 2H 2 0 
(M-II) 

1st band 

2nd band 

1st band 
2nd band 

20.3 

28.4 

20.4 
28.6 

114 

115 

103 
111 

19. 
21, 
27. 
29. 

19. 
28. 
30.8 

- 2 . 1 0 
+0 .38 
- 0 . 2 9 
- 0 . 3 1 

- 1 . 5 9 
+ 0.13 
- 0 . 0 4 
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-CH2-(sar) -CH2-(en) -CH3(sar) 

-COO(sar) 

î>/103 cm-1 

Fig. 5. Configurational and vicinal CD curves of [Co-
tsar) (en) 2]

2+: l /2x{(P-I) + (P-II)> ( - 0 - ) and 1/2 X 
{(M-I) — (M-II)} (•••#•••), respectively, compared 
with the CD spectra of .4-[Co(gly)(en)2]

2+ ( ) and 
( - ) « - [Co(i2-sar)(NH3)4]

2+ (- . - ) . 

tion similar to that of the P-isomers, but has no asym­
metric center a t the aminoacidato nitrogen. Figure 5 
also shows the halved difference of the CD spectra for 
M-I and M - I I , showing iü-vicinal contribution of the 
asymmetric nitrogen. This difference was compared 
with the CD spectrum for ( — )4 3 6[Co(i?-sar)(NH3)4]-
(NOs)2,8) which makes only a vicinal contribution of the 
sarcosinato nitrogen to the CD spectrum. T h e similarity 
of the halved-sum and -difference spectra to those of the 
reference complexes can be taken as additional evidence 
for our assignment of the absolute configurations of 
the isomers; the small difference in the position of the 
main peak between the halved-sum CD spectrum and 
the reference spectrum may result from some conforma­
tional effect of the ethylenediamine rings. 

In an X-ray study of the /J- [Co(£-sar)(en) 2 ] I 2 -2H 20 
crystal, the conformation of the ethylenediamine rings 
was found to be <5A.6> O n the other hand, Buckingham 
and his coworkers9) have shown in their strain-energy 

5/ppm 
Fig. 6. 13C NMR spectra of [Co(sar)(en)2]

2+ in 0.5 M 
HCl solutions using dioxane as an external standard: 
P-II, (a); P-I, (b); racemic complex, (c). 

calculations that the ÔX and Xk conformations would 
have the same minimum energy for the A (S) ion and that 
the XX conformation is most stable for the A (R) ion. Thus, 
it is very probable that the A (S) and A (R) ions have 
different ring conformations and, therefore, that the 
halved-sum spectrum of these ions shows a conforma­
tional effect in addition to the Zl-configurational effect. 

Carbon-13 NMR Spectra. Figure 6 shows the 13C 
N M R spectra ^H "noise" decoupled) of P-II , P-I, 
and the racemic mixture, which was equilibrated in an 
aqueous solution. All measurements were made in 
0.5 M hydrochloric acid solutions to prevent isomeriza-
tion. A comparison of the spectra shows that the 
racemic mixture contains I I isomers as the major 
component and I isomers as the minor component. 

T h e [Co(sar)(en)2]2 + ion has seven carbon atoms: 

TABLE 3. CARBON-13 NMR SPECTRAL DATA 

Compound 

[Co(sar)(en)2]
2+ 

P-II 

P-I 

Racemic 

[Co(gly)(en)J*+ 

-CH3(sar) 

+27 .3 

+ 28.9 

+28 .7 +27 .2 

Chemical shifts 

-CH2-(en) 

+23.2(l)b> 
+22.3(1) 
+21.4(1) 
+20.4(1) 

+ 22.6(l)b> 
+21.7(3) 
+ 22.5°) +23 .2 
+21 .7 + 2 2 . 3 

+ 21.4 
+ 20.4 

+22 .9 
+ 21.8 
+21 .6 
+21 .0 

ô*> 

-CH 2 - (sar) 

+ 9.14 

+ 9 . 4 0 

+ 9.33c> +9 .06 

+20.5e> 

-COO (sar) 

- 1 1 6 . 4 

- 1 1 6 . 0 

—d> - 1 1 6 . 4 

-118.4f> 

a) Shifts in ppm from dioxane : positive values, upfield ; negative values, downfield. b) Figures in parentheses 
are relative intensities, c) Shoulders, d) Peak not detected, e) Glycinato methylene carbon, f) Glycinato 
carboxyl carbon. 
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four methylene carbon atoms in the two ethylenedi-
amine ligands, and single methyl, methylene, and 
carboxyl carbon atoms in the sarcosinato ligand. Corre­
spondingly, the spectrum for P-I I shows seven resonance 
peaks of nearly equal intensity except for the lowest-field 
peak of low intensity (Fig. 6(a)) . The latter was assigned 
to the carboxyl carbon, which is known to relax slowly 
and to show a weak resonance peak.10) Further informa­
tion was obtained by allowing the 13C nuclei to couple 
with protons. T h e resonance peak at the highest field 
split into a quartet and was readily assigned to the 
methyl carbon atom of the sarcosinato ligand. The 
signal of the methylene carbon atom in the sarcosinato 
ligand was distinguished from those of the methylene 
carbon atoms in the ethylenediamine ligands, because 
each of the triplet signals of the latter carbon atoms 
was broadened due to long-range coupling with the 
protons of the adjacent methylene and amino groups. 
However, the resonances of the ethylenediamine carbon 
atoms were difficult to assign to the individual atoms. 
The chemical shift data and assignments are summarized 
in Table 3. The table also gives the data for rac-[Co(gly)-
(en)2]Cl2 measured under the same conditions. 

All the resonance peaks for the carbon atoms in the 
sarcosinato ligand appeared at a higher field for P-I than 
P-II . Since the chemical shift difference was the greatest 
between the methyl carbon signals of the two isomers, the 
high-field shifts observed for P-I can be ascribed to a dis­
tortion of the chelate ring brought about by an increase 
in the nonbonded repulsive interactions of the methyl 
group with an adjacent ethylenediamine ring. Such a 
distortion was also inferred from the low wave-number 
shift of the absorption spectrum of P-I relative to that of 
P-II . Concerning the resonance pattern of the four car­
bon atoms in ethylenediamine ligands, a marked differ­
ence was observed between P-I and P-I I . Whereas P-II 
gave four nearly equally spaced peaks (Fig. 6(a)) , P-I 
resulted in a pat tern in which three of the four carbon 
atoms were apparently equivalent (Fig. 6(b)) . T h e 
reasons for the incidental degeneracy in this nonsym-
metric complex are not immediately evident. T h e 
ethylenediamine carbon atoms of the corresponding 
glycinato complex gave four distinct resonance peaks 
similar to those of P-II , although slight chemical-shift 
differences were observed among them. Therefore, non-
bonded repulsive interactions of methyl group are 
responsible for the incidental degeneracy of the ethylene-
diamine carbon signals of P-I. 

Mutarotation Rate (Rate of Epimerization at the Nitrogen 
Center). Figure 7 shows a typical set of C D spectra 
(480—380 nm) obtained at intervals after the P-I isomer 
had been dissolved in the acetate buffer solution at 
28 °C. The spectra gave an isosbestic point at 403 nm 
and showed the greatest intensity change at 465 nm. 
From these observations, it is inferred that the CD 
change resulted from only one reaction which is epimeri­
zation at the nitrogen center yielding the P-II isomer. 

The CD change measurements were carried out 
starting from the P-I and P-II isomers. In each kinetic 
run, the plot of l n | (Ae)t — (Ae)«, | vs. t ime gave a straight 
line for at least three half-lives, where (Ae)t and (Ae)m 

represent the CD intensities at time t and at infinite 

_ I . ! 1 I I I . I . L_ 
500 450 400 

A/nm 

Fig. 7. Change of the CD spectrum with time for the 
P-I isomer in a 0.1 M acetate buffer at 28 °C. The 
curves 1—8 show the spectra measured at 5, 30, 60, 90, 
130, 170, 215, and >1400 minutes, respectively. 

time, respectively, at 465 nm. The slope gave the 
pseudo first-order rate constant, A;obsd. The runs using 
P-I and P-II as the starting isomers in a 0.1 M acetate 
buffer solution (pH 5.66) at 30.0 °C gave A;obsd values 
of 3.32 X 10-4 and 3.37 X 10"4 s"1, respectively. They 
are in good agreement with each other. 

For reversible isomerization (epimerization) : 

P-IIU(Ä)) <=± P-I U P ) ) 

the forward and reverse rate constants, k{, and kr, are 
related to the observed rate constant, kohsd, and to the 
equilibrium constant, K, as follows: 

*obsd = ftf + ftr 

K = kt/kt. 

T h e K values was found to be Q. 177 in chromatographic 
experiments on the equilibrium mixture (Table 4). This 
leads to k{ and kr values of 0.50 x 10~4 and 2.85 X 10~4 

s_1, respectively. The rate of epimerization is known to 
be proportional to the hydroxide ion concentration,8) 
and the second-order rate constants, #, kt, and k2, can be 
obtained from the corresponding first-order rate con­
stants, £obsd, kt, and kr, in terms of the equations : 

* = W C O H - ] , h = *f/[OH-], and k2 = £ r /[OH-]. 

T h e resulting values are 7.32 X 104, 1.1 X 104, and 6.2 X 
104 M _ 1 s_1, respectively. O n the other hand, Halpern 
et Ö/.8> obtained a corresponding rate constant, k= 
1 . 9 x l 0 4 M _ 1 s - 1 , for the racemization of [Co(sar)-
( N H 3 ) 4 ] ( N 0 3 ) 2 dissolved in a 0.1 M acetate buffer at 
30.0 °C. This gives A 1 = A 2 = 1 . 0 x 104 M " 1 s"1, which 
can be compared with the kx value for [Co(sar)(en)2]2 + 

of the present study. T h e several times greater value 
of k2 for [Co(sar)(en)2]2 + suggests that some steric 
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TABLE 4. EQUILIBRIUM ISOMER DISTRIBUTIONS FOR [Co(sar)(en)2]+
2 IN VARIOUS SOLUTIONS AT 25.0 °C 

Solution 

Ü~Ö 

0.1 MNaCH3COOb> 

0 . 3 M N a C H 3 C O O 

0.1 M N a 2 S 0 4 

0.1 MNa 2 (+)-C 4 H 4 O e 

0 .3MNa 2 (+ ) -C 4 H 4 O 6 

Isomera) 

MÄ 
M-II 
P-II 

P-II 

M-II 
P-II 

racemic 

M-II 
P-II 

M-II 
P-II 

M-II 
P-II 

Isomer proportion(%) 

I II 

Ï5Â 
15.1 
15.1 

15.1 

15.3 
15.7 

7.90+7.61 

18.1 
17.7 

16.3 
16.3 

17.0 
17.8 

84.6 
84.9 
84.9 

84.9 

84.7 
84.3 
84.5 

81.9 
82.3 

83.7 
83.7 

83.0 
82.2 

Isomer ratio 
I/II 

0.182 
0.177 
0.178 

0.177 

0.181 
0.187 
0.184 

0.221 
0.215 

0.195 
0.195 

0.205 
0.217 

a) Starting substance for equilibration, b) Kinetic run in an acetate buffer at 30.0 °C (see text). 

repulsion exists in the A(S) isomer to result in the 
acceleration of the A(S) to A(R) epimerization. 

Equilibrium Isomer Distribution. T h e complex was 
equilibrated in various solutions at 25 °G and chromato-
graphically analyzed for the isomer distribution. T h e 
results are given in Table 4. No indication was observed 
of the formation of other isomers and decomposition 
products in the column-chromatographic procedure. 

The runs starting from M-I and from M-I I in water 
gave essentially the same I to I I ratios within the 
experimental error ( « * ± 3 % ) , consistent with the 
mutarotat ion experiments. Therefore, other runs were 
performed with either of the stable isomers (M-II and 
P-II) as the starting substance. At equilibrium in an 
aqueous solution, the I to I I ratio was 15.2: 84.8 on the 
average, which gave the equilibrium constant, K—0.177, 
and the free energy difference, z lG=4 .2 6 k j mo l - 1 , 
between the I and I I isomers. This AG value is close to 
the strain energy difference of 0.9 kcal m o l - 1 ( — 3.8 k j 
mol - 1 ) calculated by Buckingham and his coworkers,9) 
who gave minimized strain energies of 3.8 kcal m o l - 1 

for the ÔX-S and XX-S isomers of the A -complex and 4.7 
kcal m o l - 1 for the XX-R isomer of the zl-complex.ttt 

T h e addition of oxo anions effected an increase in the 
proportion of I isomer. Whereas, in 0.3 M C H 3 C O O N a , 
this effect was not clearly observable due to the experi­
mental error, a marked effect was found in 0.1 M 
N a 2 S 0 4 . Sodium ( + )-tartrate also showed the effect 
of increasing the proportion of I isomer, although the 
abundance of I isomer in 0.1 M N a 2 ( ( + ) - C 4 H 4 0 6 ) was 
not as high as that in 0.1 M N a 2 S 0 4 (Table 4). I t is 
to be noted that , in 0.3 M N a 2 ( ( + ) - C 4 H 4 0 6 ) , the 
M-and P-isomers showed different I / I I ratios (Table 4), 
which is suggestive of stereoselective interactions of the 
isomers with the ( + )-tartrate ion. 

Such stereoselectivity was confirmed by the following 
chromatographic experiment. A slightly acidic (with 

ttt However, they assumed that the actual AG value proba­
bly exceeds «»2 kcal mol -1, since their careful ion-exchange 
chromatographic studies failed to show any isomeric separa­
tion. 

HCl) aqueous solution of the P-I and M-I isomers 
mixed in equal amounts was allowed to flow through 
an SP-Sephadex column (1.5 dia. X 90 cm) and the 
complex sorbed by the column was eluted with 0.24 M 
N a H ( ( + ) - C 4 H 4 O e ) (pH 3.4). Although the elution 
curve showed only one band, CD measurements revealed 
partial resolution of the enantiomers with an elution 
order P-I (A(S)) and M-I {A(R)). This order can be 
compared with the A-A order of [Co(en)3]3 + when 
eluted with a sodium (+ ) - t a r t r a t e solution11) and also 
when eluted with a sodium hydrogen-(+)- tar t ra te 
solution,12) although the stereoselectivity was much 
higher in the [Co(en)3]3 + cases. 

T h e behavior of the I isomer is understandable from 
the structural point of view. Both P-I and M-I isomers 
have a set of three N - H bonds (one sarcosinato and two 
ethylenediamine N - H bonds) aligned approximately 
parallel to the pseudo-C3 axis of the complex, if the 
ethylenediamine ligands assume the lei conformation 
(Fig. 1). In the P-II and M - I I isomers, on the other 
hand, the N - C H 3 bond of the sarcosinato ligand is 
nearly parallel to the pseudo-C3 axis. Therefore, I 
isomers will more favorably interact with sulfate, ( + )-
tartrate, and hydrogen-( + )-tartrate ions than will I I 
isomers and, thus, the proportion of I isomers in the 
equilibrated mixture will increase. The greatest effect 
shown by sulfate ions (Table 4) can be taken as suggest­
ing that sulfate ions have the greatest tendency to form 
ion pairs with I isomers. This is consistent with the fact 
that the formation constant for the [Co(en) 3 ] 3 + -S0 4

2 _ 

ion pair is approximately twice as large as that for the 
ion pair with the ( + )-tartrate.13) 

T h e stereoselectivity of the ( + )-tartrate ion for the 
P-I and M-I isomers can be explained in a manner 
similar to that for the case of stereoselective ion-pair 
formation between the ( + )-tartrate ion and the [Co-
(en)3]3 + isomers.14) The lower stereoselectivity for the 
[Co(sar)(en)2]2 + isomers appears to result mainly from 
the lower charge of this complex than for [Co(en)3]3 + . 
For [Co(gly)(en)2]2 + , (+ ) - t a r t r a t e ions showed little 
stereoselectivity. 

T h e stereoselectivity shown by (+)- ta r t ra toant i -
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monate(III ) ions is very different from that of ( + )-
tartrate ions. As illustrated in Fig. 2(c), ( + )-tartrato-
ant imonate(III) ions show a high stereoselectivity for 
[Co(sar)(en)2]2 + ; however, this selectivity is the reverse 
o f tha t shown by ( + )-tartrate ions. This is in contrast 
to the case of [Co(en)3]3 + , for which ( + )-tartratoanti-
monate(II I ) ions show a stereoselectivity of the same 
preference as that shown by ( + )-tartrate ions. The 
formation of the [Co(sar) (en) 2 ] 2 +-[Sb 2 ( (+)-C 4 H 2 O e ) 2 ] 2 -
ion pair may occur through a mechanism different 
from that in the ion-pair formation involving 
( + ) - tartrate or hydrogen-(+)- ta r t ra te ions, since the 
tartrato hydroxyl groups in the ( + )-tartratoantimonate-
(III) ion are bound to ant imon(I I I ) ions15) and not 
readily available for ion pairing. 
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Seven new cobal t ( I I I ) complexes containing iV-methylbis(2-aminoethyl)amine (4-methyldiethylenetriamine, 
abbreviated as dema) were prepared and their structures were determined by electronic, circular dichroism, and 
P M R spectroscopy. For the mixed [Co(dien) (dema) ] 3 + complex (d i en= diethylenetriamine), three geometric iso­
mers, s-fac, u-fac, and mer were isolated. T h e [Co(dema) 2 ] 3 + complex formed only s-fac isomer. A conformational 
analysis was carried out to compare the stability of these geometric isomers. 

R e c e n t l y t h r e e g e o m e t r i c i somers of [ C o ( d i e n ) 2 ] 3 + 

(d ien = d i e t h y l e n e t r i a m i n e ) w e r e i so la ted , a n d t h e u-fac 
a n d t h e mer i somers w e r e reso lved i n t o o p t i c a l a n t i ­
podes . 1 ' 2 ) T h e f o r m a t i o n r a t i o i n a n e q u i l i b r i u m 
m i x t u r e of t h e b r o m i d e s (25 °C),1) s-fac: u-fac: mer= 
7: 3 0 : 63 i n d i c a t e s t h a t t h e mer a r r a n g e m e n t is p r e f e r r e d 
o v e r t h e fac o n e . T h e a b s o l u t e con f igu ra t i on of t h e 
( + ) ^-u-fac i s o m e r ass igned o n t h e basis of t h e c i r c u l a r 
d i c h r o i s m s p e c t r u m a g r e e d w i t h t h a t d e t e r m i n e d b y 
X - r a y work . 3 ) F o r t h e mer i somer , h o w e v e r , t h e r e l a t i o n ­
s h i p b e t w e e n t h e c i r c u l a r d i c h r o i s m s p e c t r u m a n d t h e 
a b s o l u t e c o n f i g u r a t i o n is n o t c l ea r ye t . 

T h e s a m e i s o m e r i s m is e x p e c t e d for t h e c o m p l e x 
ions , [ C o ( d i e n ) ( d e m a ) ] 3 + ( d e m a = iV-me thy lb i s (2 -amino-
e thy l ) a m i n e , 4 - m e t h y l d i e t h y l e n e t r i a m i n e ) a n d [ C o -
( d e m a ) 2 ] 3 + . M o l e c u l a r m o d e l s tudies i n d i c a t e t h a t t h e 
mer a n d t h e u-fac i somers of these c o m p l e x e s i nvo lve 
c o n s i d e r a b l e s te r ic i n t e r a c t i o n s b e t w e e n t h e m e t h y l 
g r o u p a n d its s u r r o u n d i n g s . A c c o r d i n g l y , t h e d i s t r i b u ­
t ion of i somers in these c o m p l e x e s wi l l differ f rom t h a t i n 
[ C o ( d i e n ) 2 ] 3 + . I t wil l a lso b e i n t e r e s t i n g to see h o w 
s u c h s te r ic i n t e r a c t i o n s a r e ref lected o n t h e a b s o r p t i o n 
a n d c i r c u l a r d i c h r o i s m s p e c t r a . 

E x p e r i m e n t a l 

Ligands. iV-Methylbis(2-aminoethyl) amine (dema) and 
its hydrochloride (dema '3HC1) were prepared by the method 
of Nakaj ima et a/.4> Diethylenetriamine(dien) was obtained 
from Tokyo Kasei Co. , and used without further purification. 

[Co(NOJ3(dema)] and [CoCl2(H20)(dema)]Cl > 0.5H2O. 
[Co(N0 2 ) 3 (dema) ] was prepared from C o ( N 0 3 ) 2 - 6 H 2 0 , 
N a N 0 2 , and d e m a by a method similar to tha t for [Co(N0 2 ) 3 -
(dien)],5 ) and recrystallized from water containing a small 
amount of N a N 0 2 and a few drops of acetic acid . Orange 
needle crystals were filtered off, washed with water and air 
dried, 6 0 % yield. Found : C, 18.93; H , 4.64; N , 2 6 . 7 1 % . 
Galcd for C o C 6 H 1 B N 6 0 6 = [ C o ( N O a ) a ( d e m a ) ] : C, 19.12; H , 
4.81 ; N , 26 .75%. 

[Go(N0 2 ) 3 (dema)] (6 .8 g, 22 mmol) was gently heated with 
70 cm3 of coned HCl until the evolution of nitrogen dioxide 
ceased. Fine blue crystals which formed on standing the 
resulting solution overnight at room temperature were filtered 
oft and washed with acetone, 7 5 % yield. Found : C, 19.22; 
H , 6.13; N , 13.08; H 2 0 , 8.92%. Calcd for CoC 5 H 1 8 N 3 O 0 5-
C l 3 = [ C o C l a ( H a O ) ( d e m a ) ] C 1 . 0 . 5 H 2 O : C, 19.39; H , 5.86; N, 
13.58; H 2 0 , 8.74%. 

s-fac-[Co(dien)(dema)]Cl3'H20(Isomer A). T o a solution 
of C o C l 2 . 6 H 2 O ( 0 . 6 g , 2.5 mmol) in 10 cm3 of water were 
added a solution of dema (0.4 g, 3.5 mmol) and dien (0.35 g, 

3.5 mmol) in 10 cm3 of water, and active charcoal (0.3 g). 
T h e mixture was aerated for 6 h at room temperature , and 
filtered to remove the charcoal. T h e resulting orange filtrate 
was diluted with about 1 dm 3 of water and passed through an 
SP-Sephadex column ( 0 2 . 5 x 4 cm). A small portion of the 
SP-Sephadex charged with the product was poured on the top 
of the adsorbent layer of an SP-Sephadex column (02.7 X 120 
cm) and the adsorbed complexes were eluted with a 0.2 M 
aqueous solution of N a 2 S 0 4 . Three separate bands were 
obtained. T h e first band was j-föc-[Co(dien)2]3 + , but the 
second and the thi rd bands were mixtures of u-fac-[Co-
(dien)2]3+ and s-fac-[Co(dien) (dema)] 3 + , and mer-[Co(dien)2]

3+ 

and s-fac-[Co(dema.)2]
3+, respectively. The effluent of the 

second band was diluted with water and reloaded on an SP-
Sephadex column, and the adsorbed band was eluted with 
a 0.15 M sodium ( + ) 5 8 9- tar t ratoant imonate(HI) solution. 
Three separate bands, I I A , I I B , and I I C which eluted in this or­
der were ( + )589-M-/ac-[Co(dien)2]3+, (-)689-w-/tfc-[Co(dien)2]3+, 
and s-fac-[Co(dien) (dema)] 3 + , respectively. T h e third band 
was rechromatographed by a method similar to tha t for the 
second band . T h e column gave three separate bands, H I A , 
I I I B , and I I I C in the order of elution, which were ( + )589-
m<?r-[Co(dien)2]3+, ( — )589-;wr-[Co(dien)2]3+ , and s-fac-[Co-
(dema)2]3+, respectively. T h e formation rat io, s-fac-[Co-
(dien)2]3+: w-/ac-[Co(dien)2]3+: mer-[Co(dien)2]3+: s-fac-[Co-
(dien)(dema)]3+: jT /àc-[Co(dema)2]3 + was about 1: 4 : 15: 6: 5. 
T h e effluent containing s-fac-[Go(dien) (dema.)]3+ was diluted 
with water and poured again on an SP-Sephadex column 
( 0 1 . 5 x 3 cm), the column was washed with a large amount 
of 10 - 2 M H C l , and then the adsorbed complex was eluted 
with 1.0 M H C l . Orange crystals were obtained by evapo­
rat ing the effluent to almost dryness in a vacuum desiccator 
over N a O H and P 2 O s . Found : C, 26.41 ; H , 7.40; N , 20 .98%. 
Calcd for CoC 9H 3 0N 6OCl 3=j- / f lc-[Co(dien)(dema)]Cl 3 .H 2O: 
C, 26.78; H , 7.49; N , 20 .82%. 

u-fac-[Co(dien) (dema)]3+(Isomer B). An aqueous solution 
(50 cm3) of d i en .3 H Cl (0 .6 3 g , 3 mmol) neutralized with Na-
H C 0 3 (0.75 g, 9 mmol) was added to a solution of [CoCl2-
(H 2 O)(dema)]C1.0 .5H 2 O(0.9 g, 3 mmol) in 50 cm3 of water. 
T h e solution was heated a t 50 °C for 40 h, and then diluted 
with 1 dm 3 of water . T h e solution was poured on an SP-
Sephadex column (02.5 x 4 cm), and the adsorbed product 
was chromatographed by a method similar to tha t for s-fac-
[Co(dien) (dema)] 3 + with a 0.2 M aqueous aolution of N a 2 S 0 4 . 
T h e column gave orange, red-violet, and violet bands in the 
order of elution. T h e effluent of the first orange band was 
diluted with water and reloaded on an SP-Sephadex column, 
and the adsorbed band was eluted with a 0.2 M sodium 
( + )5 8 9-tartrate solution. T h e column showed three yellow-
orange bands. T h e first, the second, and the third bands in 
the order of elution were w-^àc-[Co(dien)(dema)]3+, s-fac-[Co-
( dien) (dema) ] 3 + , and u-fac-[Co(dien)2]

3+, respectively. The 
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effluent of «T/àc-[Co(dien)(dema)]3 + was diluted with water 
and poured again on an SP-Sephadex column ( 0 1 . 5 x 3 cm), 
and the adsorbed complex was eluted with a 1.0 M N a C l solu­
tion. T h e complex was isolated as hexacyanocobaltate(III) 
salt by adding a K 3 [Co(CN) 6 ] solution to the effluent. Found : 
C, 33.26; H , 6.28; N , 30.74%. Calcd for C o 2 C 1 5 H 3 4 N 1 2 0 3 = 

M- / f lc-[Co(dien)(dema)][Co(CN)6] .3H20: C, 32.85; H , 6.25; 
N , 30.64%. T h e complex hexacyanocobal tate(III) was 
converted into chloride by use of the anion exchanger, Dowex 
1 X 8 in the chloride form. T h e complex chloride did not 
crystallize on the addition of common organic solvents to a 
concentrate of the chloride solution. Thus , the orange residue 
obtained by evaporation in a vacuum desiccator was used 
for measurement. 

The complex was resolved by SP-Sephadex column chro­
matography with a 0.15 M sodium ( + )5 8 9- tartratoantimonate-
(III) solution as the eluent. T h e optically active chloride salt 
was isolated as an orange residue by a method similar to tha t 
for the racemic complex chloride. 

mer-[Co(dien)(dema)]3+(Isomer C). T o a suspension of 
mer-[CoCl3(dien)]6> (2.2 g, 8.2 mmol) in 10 cm3 of N,N-
dimethylformamide (DMF) was added dema (1.0 g, 8.5 
mmol) , and the mixture was stirred for 1 h at 50 °C. T h e 
resulting orange solution was diluted to 1 dm 3 with water , and 
poured on SP-Sephadex. T h e product adsorbed on SP-
Sephadex was similarly chromatographed. By elution with 
0.15 M sodium ( + )6 89-tartratoantimonate ( I I I ) , the column 
gave two pairs of enantiomers, the fast-(very small amount) 
and the slow-moving bands being ( + )589- and ( —) 

5 8 9 " " ^ " 

[Co(dien) 2 ] 3 + and ( — )4 9 0- and ( + )490-mer-[Co(dien)(dema)]3+ , 
respectively. T h e optically active mer-[Co (dien) (dema)] 3 + was 
isolated as hexacyanocobal tate(HI) salt by a method similar 
to that for u-fac-[Co(dien) (dema)]3+, and the isolated salt was 
converted into bromide with the anion exchanger, Dowex 1X 
8 in the bromide form. T h e solution of the complex bromide 
was evaporated to dryness in a vacuum desiccator to give 
orange crystals. Found : C, 19.30; H , 5.74; N , 14.82%. Calcd 
for CoC9H3 3N6Br302 > 6 = (+)4 9 0-mer-[Co(dien)(dema)]Br3 .2 .5-
H 2 0 : C, 19.17; H , 5.90; N , 14.89%. T h e racemic complex 
was isolated as Perchlorate salt by the following method; the 
effluents containing ( — )4 9 0- and ( + )4 9 0- isomers were com­
bined, diluted with water , and poured on SP-Sephadex. T h e 
adsorbed complex was eluted with a 1.5 M N a C 1 0 4 solution 
and the effluent was concentrated in a vacuum desiccator over 
P 2 O s to give orange crystals. Found : C, 17.74; H , 5 .21; N , 
13.70%. Calcd for CoC 9 H 3 2 N 6 0 1 4 Cl 3 =mer- [Co(dien)(de­
ma) ] ( C 1 0 4 ) 3 - 2 H 2 0 : C, 17.62; H , 5.26; N , 13.69%. 

s-£ac-[Co(dema)2Y
+. Method 1: A solution of dema-

3HC1(5.0 g, 22 mmol) in water (20 cm3) was neutralized with 
an aqueous solution (10 cm3) of N a O H (2.4 g, 60 mmol) or 
Na 2 C0 3 (3 .2 g, 30 mmol ) . T h e solution was added to a solu­
tion of C o C l 2 . 6 H 2 0 (2.38 g, 10 mmol) in water (30 cm3) , and 
then mixed with active charcoal (0.5 g) . T h e mixture was 
aerated for 12—120 h at room temperature . 

Method 2: T o a solution of C o C l 2 . 6 H 2 0 (0.24 g, 1 mmol) 
in 50 cm3 of water were added a solution of N a 3 P 0 4 - 1 2 H 2 0 
(1.9 g, 5 mmol) and d e m a - 3 H C l (0.46 g, 2 mmol) in water 
(10 cm3) , and active charcoal (0.2 g) . T h e cobalt ions were 
oxidized by bubbling a stream of air through the solution at 
room temperature for 22 h. T h e addition of phosphate is 
known to change the distribution of isomers in the complex 
formation of [Co(dien)2]3+.7> 

Method 3: T o a dimethyl sulfoxide (DMSO) solution (20 
cm3) containing Co(NO 3 ) 2 -6H 2 O(0.29 g, 1 mmol) and dema« 
3HC1(0.23 g, 1 mmol) were added a solution of dema(0.29 g, 
2.5 mmol) in D M S O (10 cm3) , and active charcoal (0.2 g) . 
T h e oxidation of cobalt ions was carried out under the same 

conditions as tha t for Method 2. 
Method 4: A solution of d e m a - 3 H C l (0.91 g, 4 mmol) in 

10 cm3 of water was neutralized with N a 2 C 0 3 (0.64 g, 6 
mmol) . T o this solution were added a solution of [ C o ( H 2 0 ) -
(NH3)5](ClO4)3(0.46 g, 1 mmol) in water (20 cm3) , and active 
charcoal (0.2 g) . T h e mixture was heated a t 70—80 °C for 
2h. 

Method 5: T o a solution of [ C o ( H 2 0 ) (NH3)5] (ClO4)3(0.92 
g, 2 mmol) in 20 cm 3 of D M S O was added a D M S O solution 
(10 cm3) of dema (0.8 g, 7 mmol ) . T h e solution was heated 
at 85 °C for 15 min. 

Method 6: T o a solution of dema«3HCl (0.68 g, 3 mmol) 
and sodium methoxide (0.41 g, 7.5 mmol) in methanol (12 
cm3) was added a solution of fran.r-[CoCl2(py)4]Cl»6H208> 
(0.59 g, 1 mmol) in methanol (8 cm 3 ) . T h e reaction took 
place immediately to give orange precipitate. 

Method 8: This method was the same as Method 7 except 
tha t pyridine was used as the solvent instead of methanol . 

Method 9: T o an ice-cold, stirred solution of K 3 [Co(C0 3 ) 3 ] 9 ) 
(2.1 mmol) in water (5 cm3) was added dropwise a solution 
of d e m a - 3 H C l (1.0 g, 4.4 mmol) in water (5 cm 3) . T h e 
mixture was heated a t 70—80 °C for 6 h until the color of 
the solution became red. T h e solution was mixted with 
acetic acid (50%, 15 cm3) and heated further 2 h . 

Method 10: T o a solution of dema (2 g, 17 mmol) in 10 
cm 3 of D M F was added [CoCl 2 (H 2 O)(dema)]C1.0 .5H 2 O (0.8 
g, 2.7 mmol ) . T h e mixture was heated at 50 °C for 2 h. 

Method 11: This method was the same as Method 1 except 
that the aeration was carried out at 80 °C for 7 h. 

T h e reaction mixtures were filtered to remove the charcoal 
if necessary, diluted with water , and then the p H of the 
solutions were adjusted to 4—6 with HCl . A small amount 
of each solution was applied to SP-Sephadex column (02.7 
X 120 cm) chromatography. T h e eluents used were 0.2 M 

sodium sulfate, 0.2 M sodium ( + )5 8 9-tartrate, or 0.15 M 
sodium ( + ) 5 8 9 - tar t ra toant imonate(III) solutions. All the 
preparat ive methods except for Method 11 gave only one 
isomer, j I /àc-[Co(dema) 2 ] 3 + . No indication for the formation 
of other isomers was found. T h e complex was isolated as 
Perchlorate salt by a method similar to that for mer-[Co (dien)-
(dema) ] (C10 4 ) 3 . 2H 2 0 . Found : C, 20.04; H , 5.00; N , 14.12%. 
Calcd for CoC 1 0H 3 1N 6O 1 2 5 Cl 3 =*->; - [Co(dema) 2 ] (ClO 4 ) 3 . 0 .5 
H 2 0 : C, 20.00; H , 5.20; N , 13.99%. T h e solution obtained 
from Method 11 was chromatographed in a manner similar to 
those for Method 1—10. By elution with a 0.2 M N a 2 S 0 4 

solution, the column gave four yellow-orange bands. T h e 
first small band was 5-^àe-[Co(dien)(dema)]3+ which may be 
a demethylated product of s-fac-[Co(dema.)2Y

+, and the second 
main band was s-fac-[Co(dema.)2]

3+. Complexes obtained 
from the third and the fourth bands gave analytical results 
which do not correspond to the dien or dema complexes, and 
were not characterized. 

Measurements. Absorption and diffuse reflectance spectra 
were recorded on a Hitachi 323 spectrophotometer, and 
circular dichroism spectra on a J A S C O model J-20 spectro-
polarimeter. P M R spectra were recorded on a J E O L P M X -
60 spectrometer at 60 M H z in DMSO-</6 with T M S as the 
internal reference. 

R e s u l t s a n d D i s c u s s i o n 

Preparation and Characterization of the Isomers. (i) 

[Co(N02)3(dema)]} [CoCl2(H20)(dema)Y, and [CoCl3-

(dema)y. T h e [ C o ( N 0 2 ) 3 ( d i e n ) ] c o m p l e x h a s b e e n 
d e t e r m i n e d to b e mer con f igu ra t i on b y X - r a y analysis.1 0) 
By h e a t i n g this c o m p l e x w i t h c o n e d h y d r o c h l o r i c a c i d , 
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brown crystals of [CoCl3(dien)] are obtained.7) I t gives 
only mer isomer of [Go (dien) (dema) ] 3 + by reacting with 
dema in D M F . O n the other hand, the reaction of 
[Co(N0 2 ) 3 (dema)] with coned hydrochloric acid yields 
blue crystals of [CoCl 2 (H 2 O)(dema)]Cl-0 .5H 2 O, which 
turn green [CoCl3(dema)] by heating at 110 °C for 1 h 
in vacuo. These chlorodema complexes give only s-fac-
[Co(dema) 2 ] 3 + by the reaction with dema. These results 
and the diffuse reflectance spectra of the tri-chloro 
complexes {vide post) indicate that the dien and the 
dema ligands in the present nitro and chloro complexes 
have mer and fac configurations, respectively. Two 
geometric isomers are possible for / a t - [ C o C l 2 ( H 2 0 ) -
(dema)]+. However, the structure of the present blue 
complex could not be assigned by P M R and absorption 
spectroscopy. 

(a) s-fac (b) u-fac (c) mer 

Fig. 1. Three geometric isomers of [Go(dien) (dema)]3+. 

(ii) [Co(dien) (dema)~\3+'• As Fig. 1 shows, the s-fac 
isomer is achiral, while both the u-fac and the mer 
isomers are chiral and exist each in a pair of enantiomers. 
T h e mer isomer is expected to be optically stable only 
in acidic solution as has been observed for mer-[Go-
(dien)2]3+.1»2) T h e isomer A can be assigned to the s-fac 
isomer, since it is not resolved, while the other two 
isomers (the isomers B and C) are completely resolved. 
T h e resolved isomer C loses rapidly its optical activity 
in alkaline solution, but the isomer B is optically stable 
under the same condition. Thus the isomers B and C 
are assigned to the u-fac and the mer isomers, respectively. 
As described in Experimental part , only the s-fac isomer 
of [Go(dien)(dema)]3 + was isolated from the product 
obtained by the reaction in the presence of active 
charcoal, although the product contained three isomers 
of [Co (dien) 2] 3 + and s-fac- [Co (dema) 2] 3+ . Strain energy 
minimization calculation reveals that the u-fac and the 
mer isomers are less stable than the s-fac isomer by 22.1 
and 6.1 k j -mo l - 1 , respectively (vide post). 

T h e u-fac isomer was obtained by the reaction of 
/ac- [CoCl 2 (H 2 O)(dema)]Cl-0 .5H 2 O with dien in water 
without the addition of active charcoal. T h e mer 
isomer was prepared similarly from m^r-[CoCl3(dien)] 
and dema in D M F , as stated previously. The triamine 
ligands in the starting complexes seem to retain the 
arrangement in these substitution reactions. 

(Hi) [Co(dema)2Y
+: All the preparative methods 

give a single geometric isomer as evidenced by column 
chromatography. The P M R spectrum of [Co (dema) 2 ] -
(ClO 4 ) 3 -0 .5H 2O in DMSO-</6 exhibits only one kind of 
the N H 2 group, (<5 = 5.1 ppm) . In the s-fac isomer, the 
N H 2 groups should be equivalent, while the other two 

isomers have two nonequivalent sets of N H 2 groups 
(Fig. 1 ). Thus, the complex can be assigned to the s-fac 
isomer. Conformational analysis also indicates that the 
s-fac isomer is the most stable (videpost). 

Very recently, Searle and Larsen11* reported the P M R 
data for the u-fac isomer, but did not describe the 
preparative method. 

Absorption and Circular Dichroism Spectra. Figure 2 
and Table 1 compare the absorption spectra of the s-fac 
isomers of [Co(dema)2]3 + , [Co (dien) (dema) ]3+, and 
[Co(dien)2]3 + . All of the absorption bands shift to 
longer wavelengths as the number of the dema ligand 
increases. A similar shift is observed for a series of 
complexes of the type [Co(en);ï(JV-meen)3_;i:]

3+ (x— 
0—3, iV-meen = iV-methylethylenediamine).12) The 
differences in the absorption maxima of the first absorp­
tion bands amount to 480 c m - 1 between [Co(dien)2]3 + 

and [Co (dien) (dema) ] 3 + and 490 c m - 1 between [Co-
(dien)(dema)] 3 + and [Co(dema) 2] 3 + . Therefore, it is 
concluded that dema is located at a lower position than 
dien in the spectrochemical series. Both s-fac-[CO-

TABLE 1. ABSORPTION AND CD SPECTRAL DATA 

Complex 

s-fac- [Co (dien) a ]
+ 

( + )589-"-/̂ -[Go(dien))a]3+ 

( + )589-^-[Co(dien)2]3+ 

j-/ac-[Co(dien) (dema)]3+ 

(+)s89-"-/ac-[Co(dien) 
(dema)]3+ 

( — )49o-^
r-[Go(dien) 

(dema)]3+ 

*->c-[Co(dema)2]
3+ 

ww>r-[Co(N02)3(dien)] 

/ac-[Co(N02)3(dema)] 

Absorption 

j'/cm-1 

21760 

29900 

47200 

21370 

29500 

46200 

21460 

29200 

44400 

21280 

29600 

45500 

20750 

29100 

44500 

20790 

28700 

43300 

20790 

29400 

44600 

23300 

29700 

39700 

22600 

29500 

39200 

«—> 

log e 

1.84 

1.80 

4.35 

1.99 

1.97 

4.35 

2.17 

2.05 

4.32 

1.90 

1.86 

4.32 

2.06 

1.99 

4.32 

2.17 

2.13 

4.25 

1.90 

1.89 

4.25 

2.56 

3.80 

4.41 

2.54 

3.83 

4.39 

( 

j'/cm-1 

19900 

22500 

29900 

44400 

50700 

19500 

21900 

27800 

30700 

45500 

19840 

22270 

27200 

38600 

43500 

48500 

19120 

21410 

29000 

43000 

49000 

GD 

~^~Ae 

+0.98 
-0.84 
+0.37 
-9.0 
+ 7.4 
+0.096 
-0.18 
-0.014 
+0.057 
+0.26 

+ 1.02 
-0.023 
+0.30 
+ 1.0 
-6.7 
+6.6 
+0.083 
-0.19 
+0.080 
+ 0.36 

-0.86 
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A/nm 
600 500 400 300 

30 40 50 
v/W3 cm-1 

Fig. 2. Absorption spectra of the s-fac isomers of [Co-
(dema)2]

3+ ( ), [Co(dien) (dema)]3+ ( ), and 
[Co(dien)2]3+ ( ) in water. 

600 500 400 

20 30 

?/103 cm-1 

Fig. 3. Absorption and CD spectra of ( + )689-u-fac-[Co-
(dien)(dema)]3+ in water ( •) and CD spectrum in 
0.2 M Na2S04 ( ). Absorption and CD spectra of 
( + )58{,-u-fac-[Co(dien)2Y+ in water ( ). 

+0.10 

+ 0.05K 

i>/103 cm 

Fig. 4. Absorption and CD spectra of ( — )iW-mer-[Co-
(dien)(dema)]3+ in 10"2 M HCl ( •) and CD spec­
trum in 0.2 M Na2S04-10-2 M HCl ( ). Absorp­
tion and CD spectra of ( + )5S9-mer-[Co(dien)2]

3+ in 10-2 

M HCl ( ). 

A/nm 

600 500 400 300^ 200 

20 30 40 

V/103 cm-1 

Fig. 5. Absorption spectra of WMT-[Co(N02)3(dien)] ( 
and/a£-[Co(N02)3(dema)]( ) in water. 

) 

(dien) (dema)] 3 + and s-fac-[Co(dema)2Y+ exhibit shoul­
ders at a longer wavelength side of the charge transfer 
bands. These shoulders may correspond to the charge 
transfer transitions from the tertiary nitrogen atom of 

the dema ligand to the central cobalt ion. T h e absorp­
tion bands of the u-fac and the mer isomers of [Co(dien)-
(dema)] 3 + are also at a longer wavelength side than 
those of the corresponding isomers of [Co(dien)2]3 + 
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(Figs. 3 and 4, and Table 1). T h e first absorption 
bands of the isomers of [Co (dien) (dema) ] 3 + shift to 
longer wavelengths in the order of s-fac, mer, and u-fac 
isomers, the same order being observed in the isomers of 
[ C o Ç d i e n ) ^ . 1 ) 

Figure 5 shows the absorption spectra of mer-[Co-
(N0 2 ) 3 (d ien)] and [Co(N0 2 ) 3 (dema)] which was assign­
ed to t h e / a c configuration as stated previously. T h e 
former has a pair of nitrite ions in the trans positions. 
I t is known that the so-called nitro specific band 
(«*30000 cm- 1) of a franj-dinitrocobalt(III) complex is 
located a t a longer wavelength than that of the corre­
sponding eis complex. However, the present nitro 
complexes give their nitro specific bands at nearly the 
same position. 

800 
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Fig. 6. Diffuse reflectance spectra of mer-[CoCl3(dien)] 
(• ),/ac-[CoGl3(dema)]( ), and/ac-[CoCl2(H20)-
(dema)]Cl-0.5H2O ( ). Short vertical lines show 
the calculated band positions. 

Figure 6 compares the diffuse reflectance spectra of 
[CoCl3(dien)] and [CoCl3(dema)], which have been 
assigned previously to the mer and the fac configurations, 
respectively. These tri-chloro complexes are hardly 
soluble in common organic solvents and aquate rapidly 
in water. From Yamatera 's theory,13) the first absorp­
tion band of w^-[CoCl3(dien)] is expected to split into 
three components, and their positions can also be 
predicted. Since the first absorption maximum (21.5 X 
10 3 cm- 1 ) of m<?r-[Co(dien)2]

3+ is a t nearly the same 
position as that of [Co(en)3]3+ (21.4 x 103 cm- 1 ) , the 
values of parameters, <5(N) and <5(C1) for mer-\CoC\z-
(dien)] may be approximated to those obtained from 
[Co(en)3]3+ and fra^-[CoCl2(en)2]

+14> (21.6, 16.2 X 103 

c m - 1 ) . The predicted positions of the three components 
of fn«r-[CoCl8(dien)] are 18.85, 16.3, and 13.75 X 103 

cm"1 . O n the other hand, no splitting is expected for 
the first absorption band of/ac-[GoGl3(dema)] . The 
first absorption band of *-/ac-[Co(dema)2]3+ (20.8 X 103 

cm x) is at nearly the same position as that of [Co-
(NH3)6]3+ (21.0x 103 cm- 1 ) . Thus, the first absorption 
band o f / a o [ C o C l 3 ( d e m a ) ] is similarly predicted at 
ca. 1 5 . 9 x l 0 3 c m - 1 with reference to the maximum 
positions of *ra7w-[CoCl2(NH3)4]+15) (21.0 and 15.9 x 103 

cm- 1 ) . The predicted values for both the tri-chloro 
complexes satisfy the observed spectra as marked on the 
curves in Fig. 6. These results will support the previous 
assignment for the structures of w«r-[CoGl3(dien)] and 

/ac-[CoCl 3 (dema)] . The first absorption band of/oc-
[CoCl 2 (H 2O)(dema)]Cl-0 .5H 2O is at a shorter wave­
length (610 nm) than that of/ac-[CoCl3(dema)] (630 
nm) in accordance with the order of the spectrochemical 
series of H 2 0 and Gl-, indicating that the water molecule 
coordinates to the cobalt ion. 

In Fig. 3 the absorption and CD spectra of (+)589-w-
Jfo-[Co (dien) (dema) ]3+ are shown. I t exhibits a CD 
spectrum similar to that of ^-(+)589-M-/^-[Co(dien)2]3+3) 
over the entire region. The effect of sulfate ions on the 
CD spectrum of (+)589-W-/ac-[Co(dien)(dema)]3+ is 
also similar to that of the corresponding bis-dien 
complex. Thus, the absolute configuration of ( + ) 5 8 9 -
w-/flc-[Co (dien) (dema) ]3+ can be assingned to A. 

As Fig. 1 shows, m*r-[Co (dien) (dema) ]3+ has an equal 
number of A and A ring-pairs, and of ô and X conformers. 
Hence, the chiral contributions from the configurational 
and the conformational effects may be canceled out as 
in the case of m*r-[Co(dien)2]3+. The chirality in the 
w<?r-[Co(dien)(dema)]3+ isomer should come from the 
stereochemical relationship between the N - H bond of 
the secondary nitrogen atom in the dien ligand and the 
N - C H 3 bond in the dema ligand. The CD spectrum 
o f (—)49o-^r-[Co(dien)(dema)]3+ is shown in Fig. 4. 
T h e pattern and magnitude of the C D spectrum of this 
isomer, and the changes in the CD band area on the 
addition of sulfate are all similar to those of ( + ) 5 8 9 -
»wT-[Co(dien)2]3+. Therefore, it can be concluded 
that these two isomers have the same absolute 
configuration. However, the relationship between the 
CD sign and the absolute configuration for complexes 
of this type still remains unknown. 

T h e active mer- [Co (dien) (dema) ]3+ isomer is optically 
stable over one year in acidic water {ca. p H 2) a t room 
temperature {ca. 25 °C), but racemizes immediately on 
raising the p H to 12 by adding a N a O H solution. 

Conformational Analysis. The strain energies of 
the isomers of [Co(dien)(dema)]3 + and [Co(dema)2]3+ 
were calculated by the previously reported method,16) 
the force field in which includes the contributions from 
bond stretching, nonbonded interactions, angle bending, 
and tortional potentials. The initial molecular structures 
of the isomers were the same as those of the final results 
obtained previously for the corresponding [Co(dien)2]3 + 

isomers,16) except that the N-C(H 8 ) bond of 1.5 À was 
taken for the dema ligand instead of the N - H (secondary 
amine) bond of dien. When the dema ligand coordinates 
to the Co(I I I ) ion, the Co-N(CH 3 ) (tertiary amine) 
distance lengthens (1.99—2.02 A) compared with the 
Co-N(H) (secondary amine) distance (1.94—1.97 Â), 
and the ZlCoNC (of the methyl group) angle becomes 
much larger (117—120°) than the normal tetrahedral 
angle. Similar results are also obtained for the 
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TABLE 2. FINAL ENERGY TERMS FOR THE ISOMERS 

OF [Co(dien)(dema)]3+AND [Co(dema)2]
3+ 

Isomer Bond Nonbond Angle Torsion Total 

[Co(dien)(dema)]3+ 
s-fac 6.42 34.10 16.28 31.17 89.58 kj• mol-1 

u-fac^ 8.74 41.29 20.22 41.39 111.64 
mer 7.62 35.64 25.77 26.63 95.65 

[Co(dema)2]
3+ 

s-fac 11.16 47.08 23.91 31.37 113.53 
u-fac*) 14.06 51.86 36.90 32.55 134.38 
mer 11.97 53.09 27.71 30.79 123.56 

a) This isomer corresponds to the u-fac-1 isomer in the 
preceding paper.16) The u-fac-2 isomer has the more 
strained structure. 

JV-methylethylenediamine17) and sarcosinato18> complexes 
of Co (111). Table 2 shows the minimized energy terms 
of all the isomers of [Co(dien)(dema)]3 + and [Co-
(dema)2]3+- In contrast to the case of [Co(dien)2]3 + , of 
which the energies of the isomers are calculated to be 
mer<s-fac<,u-fac,x^ both the dema complexes have the 
lowest and the highest energies in the s-fac and the u-fac 
isomers, respectively. As stated in Experimental part , 
the reaction of CoCl 2 -6H 2 0 with a mixture of dien 
and dema (1 :1) in the presence of active charcoal 
produced only the s-fac isomers of [Co (dien) (dema) ] 3 + 

and [Co(dema)2]3 + , together with the three isomers of 
the bis-dien complex. T h e other isomers of [Co(dien)-
(dema)] 3 + were not detected in SP-Sephadex column 
chromatography, although the energy difference be­
tween the s-fac and the mer isomers was calculated to be 
6.1 k j -mol - 1 . The u-fac and the mer isomers of [Co-
(dien)(dema)]3 + were prepared from jfac-[CoCl2(H20)-
(dema)]+ and /7W-[CoClj,(dien)], respectively in the 
absence of active charcoal. All the preparative methods 
for [Co(dema)2]3 + gave always only the s-fac isomer. 
If the calculated energy differences among the isomers 
of this complex were correct, the formation of other 
isomers than the s-fac would almost be zero. Thus , the 

experimental results agree with those obtained by the 
energy minimization calculation; each complex of 
[Co(dien) (dema)] 3 + and [Co(dema) 2 ] 3 f is the most 
stable in the s-fac isomer. 
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The crystal structure of the title compound has been determined by a three-dimensional X-ray structure analy­
sis, using 4563 counter intensity data. The crystals are monoclinic, with 0=22.97(2), b= 15.89(1), c= 10.00(1) Â, 
ß = 100.1 ( 1 ) °, space group P2 x, and Z = 4. The structure was solved by the Patterson and Fourier technique and was 
refined by the block-diagonal least-squares method to Ä=0.061. The unit cell contains two crystallographically 
independent complex cations, the structure of which are very similar to each other. The complex cation is dimeric; 
there are two Cu atoms, and each of the two cyclo-L-histidyl-L-histidylato ligands bridges two metal atoms. Except 
for the aqua ligand, the main body of the complex has an approximate twofold axis which passes through the two 
metal atoms and relates the ligands to each other. The two Gu atoms have different coordination geometries. One 
Cu atom has a flattened tetrahedral coordination by 4N atoms, whereas the other is surrounded by 2N and 3 0 atoms 
and is intermediate between the square pyramid and the trigonal bipyramid. 

There has been considerable interest in the structures 
of the metal chelates of amino acid anhydride as simple 
model compounds for the biomolecules.1) Although 
some infrared and visible spectral studies have been 
made of these complexes,2) the stereochemical details 
of the complexes have not yet been elucidated. Since 
no X-ray structure has been reported as yet, we wish 
to report here the preparation and X-ray structure of 
the title compound. A preliminary communication on 
the structure of the complex has already been 
published.3) 

E x p e r i m e n t a l 

Preparation of the Complex. HISH2[HISH2=cyclo(L-
histidyl-L-histidyl)] was prepared following the procedure of 
Abderhalden et a/.4) A suspension of equimolar amounts of 
HISH2(0.585g, 2 mmol) and copper(II) Perchlorate hexahy-
drate (0.741 g, 2 mmol) in hot methanol was stirred until both 
substances had been completely dissolved. Lithium hydroxide 
monohydrate (0.084 g, 2 mmol) was then added, and the 
resultant solution was allowed to stand for one day at room 
temperature. The blue crystals were separated out. The 
square prisms were obtained upon recrystallization from a 
hot aqueous solution. Yield, 0.393 g (41.2%). 

Found: G, 30.26; H, 3.63; N, 17.68%. Calcd for [HaO 
Cu2(C12H13N602)2](C104)2.3.5H20: G, 30.23; H, 3.70; N, 
17.63%. 

X-Rqy Data Collection. The specimen employed for data 
collection had dimensions of 0.22 X 0.25 X 0.28mm. Prelimina­
ry X-ray photographic studies, using oscillation, Weissenberg, 
and precession techniques, revealed the approximate unit-cell 
dimensions, the Laue symmetry of 2fm, and the systematic 
absences of OkO for k—2n-\-l. These extinctions indicate that 
the space group is P21} since the compound is optically active. 

Crystal Data: Cu2(C12H13N602)2(G104)2(H20)4 5, a=22.97 
(2), 3=15.89(1), c=10.00(l)Â, ß = 100.1(1)°, f/=3596.3Â3, 
Z = 4 , Dx=1.76, £>m=1.74gcm-3 , space group P2 l5 A(Mo-
#a) = 0.7107Â, ß(MoKa.) = 78.0 cm"1. 

The cell dimensions were determined by the least-squares 
treatment using 48 0 values measured accurately on a Philips 
PW1100 diffractometer. Intensity data with 3°^20^5O° 
were collected at room temperature by the use of graphite-
monochromated M.oKcc radiation. The co-20 scan technique 
was employed. The scan range was (0.9+0.3 tan0)°, and the 

scan speed, 2°/min; the background was counted for 15 s at 
each end of the scan. The three standard reflections, 080, 
900, and 004, measured every 150 min, showed no appreciable 
decay. A total of 4563 intensities with 7top — 2^/Tt0p^>/back 
were classified as observed, where / t op is the intensity (count/ 
s) measured at the top of the peak and 7back is the mean 
background intensity (count/s), obtained from the preliminary 
background measurements for 5 s on each side of the peak. 
The Lorentz-poralization corrections were made, and relative 
structure factors were derived.5) No absorption correction 
was applied. 

Structure Determination and Refinement. The four copper 
stoms were located from a three-dimensional Patterson map, 
and the positions of the remaining non-hydrogen atoms were 
determined by successive Fourier syntheses. The structure 
was initially refined by the isotropic block-diagonal least-
squares method. In the course of refinement, it was found 
that the 150 atoms of Perchlorate ions and all the water 
molecules of crystallization were somewhat disordered. There­
fore, isotropic temperature factors were assigned to them 
throughout the refinement. Six cycles of the anisotropic least-
squares refinement resulted in convergence at R=0.061. No 
parameter was observed to shift by ^>0.1 a. The function 
minimized was ^w(F0— |FC|)2, with w=l/a(F0)

2 being used. 
The scattering factors for the neutral Cu, Gl, O, N, and G 
atoms were taken from Ref. 6. No attempt was made to 
locate the hydrogen atoms. The absolute crystal structure 
was determined on the basis of the known configuration of the 
cyclo-L-histidyl-L-histidilato ligand. The final atomic coordi­
nates which give the absolute crystal structure are presented 
in Table 1, along with their temperature factors. The observed 
and calculated structure factors have been deposited at the 
Chemical Society of Japan (Document No. 7721). All the 
calculations were performed on a FAGOM 270-30 computer 
at Osaka City University. The programs used included a 
local version of the UNICS.7) 

R e s u l t s a n d D i s c u s s i o n 

The structural formula of cyclo-L-histidyl-L-histidyl 
(HISH 2) is shown in Fig. 1. The middle 2,5-piperadine-
dione moiety (DKPH 2 ) takes a planar structure. Since 
the C(5) and C(7) atoms have an S absolute configura­
tion, both the G (4) and C(9) atoms lie on one side of 
the ring plane of the D K P H 2 . The H I S H 2 molecule 
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T A B L E 1. FRACTIONAL POSITIONAL PARAMETERS ( X 104) AND ANISOTROPIC TEMPERATURE 

FACTORS ( X 1 0 4 ) , WITH CS.D. 'S IN PARENTHESES 

T h e temperature factors are of the form: exp[— (h2B11-\-k
2B22-\-l

2BS3-\-hkBl2-\-hlBl3-\-klB2.i)]. 

Atom * y z Blt 5 2 2 B3Z Bl2 B13 B2 

Cu(A) 
Gu(B) 
Cu'(A) 
Cu'(B) 
Gl 
Gl' 
Cl" 
Cl'" 
G(l) 
G(2) 
C(3) 
G(4) 
G(5) 
C(6) 
G(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C'(l) 
C'(2) 
C'(3) 
C'(4) 
C'(5) 
C'(6) 
C'(7) 
C'(8) 
C'(9) 
C'(10) 
C'(ll) 
G'(12) 
C"(l) 
C"(2) 
C"(3) 
C"(4) 
G"(5) 
C"(6) 
C"(7) 
C"(8) 
C"(9) 
C"(10) 
G"(ll) 
G"(12) 
C'"(l) 
C'"(2) 
C'"(3) 
C"'(4) 
C'"(5) 
C"'(6) 
C"'(7) 
C'"(8) 
C"'(9) 
c"'(io) 
G'"(ll) 
C'"(12) 
N(l) 
N(2) 
N(3) 
N(4) 
N(5) 
N(6) 
N'(l) 
N'(2) 

3870(1) 
3752(1) 
8482(1) 
9240(1) 
8070(2) 

611(2) 
7168(2) 
4266(3) 
3376(7) 
2414(7) 
2651(6) 
2380(6) 
2285(6) 
2853(6) 
2432(6) 
1827(6) 
2550(6) 
3114(6) 
3155(7) 
4047(8) 
4351(7) 
5326(7) 
5096(6) 
5382(7) 
5366(6) 
4735(6) 
5033(6) 
5679(5) 
4922(6) 
4320(6) 
4187(8) 
3374(7) 
8496(7) 
7655(7) 
7669(6) 
7231(5) 
7417(5) 
8058(5) 
8371(5) 
7718(5) 
8675(6) 
9359(6) 
9773(7) 

10207(6) 
8431(7) 
9249(7) 
9249(6) 
9675(6) 

10089(6) 
9727(5) 

10225(6) 
10646(6) 
9867(6) 
9462(6) 
9304(8) 
8793(7) 
3266(5) 
2859(6) 
1795(5) 
2922(5) 
3647(5) 
3769(7) 
4472(5) 
4862(6) 

6565(1) 
4382(1) 
4020(1) 
5000(1) 
9384(3) 
6600(3) 
6660(4) 
8217(7) 
6160(12) 
6320(11) 
6515(9) 
6750(10) 
5983(9) 
5520(10) 
4197(10) 
4624(10) 
4031(10) 
3534(10) 
2835(11) 
3155(12) 
6810(11) 
6707(11) 
6657(10) 
6501(11) 
5543(11) 
5207(9) 
4148(10) 
4400(10) 
4358(12) 
4024(12) 
3731(15) 
3794(12) 
2430(10) 
2286(10) 
3023(9) 
3743(9) 
4447(10) 
4737(8) 
4309(10) 
4149(9) 
3435(9) 
3506(9) 
2993(11) 
4006(11) 
5581(11) 
5585(11) 
4865(10) 
4161(10) 
4178(8) 
4342(10) 
5643(9) 
5465(10) 
6454(10) 
6748(9) 
7550(11) 
6685(10) 
6408(8) 
6093(10) 
5462(8) 
4719(7) 
3734(8) 
2606(10) 
6692(9) 
6793(9) 

6382(2) 
5687(2) 

11101(2) 
8651(2) 
8932(4) 
6797(4) 
5639(6) 
9916(9) 
8802(15) 
8279(15) 
7176(14) 
5747(14) 
4843(14) 
4925(13) 
5663(14) 
5344(14) 
7263(13) 
7685(15) 
8481(15) 
7980(17) 
3910(17) 
4442(15) 
5593(16) 
7058(16) 
7404(17) 
6964(13) 
5488(13) 
6007(15) 
3915(14) 
3232(14) 
1902(21) 
2863(15) 
9613(14) 
8251(15) 
8942(13) 
8747(15) 
7850(13) 
8367(13) 
6282(13) 
5645(12) 
6387(15) 
6810(13) 
6391(15) 
7775(14) 

12620(18) 
14199(14) 
13473(12) 
13593(14) 
12510(13) 
11117(13) 
10771(14) 
12164(15) 
11019(14) 
9757(13) 
9444(16) 
7865(15) 
7532(11) 
9312(12) 
5119(12) 
5350(11) 
7358(12) 
8672(14) 
5175(13) 
3393(14) 

10(0) 
8(0) 

11(0) 
9(0) 

16(1) 
16(1) 
20(1) 
35(2) 
20(4) 
20(4) 

9(3) 
9(3) 

10(3) 
17(4) 
7(3) 

11(3) 
15(3) 
12(3) 
17(4) 
19(4) 
16(4) 
18(4) 
14(3) 
18(4) 
11(3) 
14(3) 
9(3) 
4(3) 

13(3) 
15(3) 
22(5) 
19(4) 
20(4) 
16(4) 
13(3) 
5(3) 
9(3) 
9(3) 
8(3) 

10(3) 
13(3) 
13(3) 
20(4) 
15(3) 
19(4) 
17(4) 
16(3) 
19(4) 
14(3) 
7(3) 
9(3) 

13(3) 
14(3) 
11(3) 
23(4) 
17(4) 
11(3) 
21(4) 
16(3) 
8(2) 

13(3) 
28(4) 
11(3) 
24(4) 

31(1) 
29(1) 
25(1) 
21(1) 
39(2) 
40(2) 
55(3) 

176(8) 
53(10) 
46(10) 
16(6) 
33(8) 
27(7) 
29(7) 
39(9) 
42(9) 
33(7) 
32(8) 
36(9) 
38(9) 
37(9) 
45(9) 
21(7) 
33(8) 
32(8) 
27(8) 
37(8) 
34(7) 
48(9) 
54(9) 
83(15) 
56(11) 
27(7) 
27(8) 
25(7) 
24(7) 
28(7) 
12(6) 
27(7) 
24(7) 
21(7) 
21(7) 
42(9) 
34(7) 
30(8) 
38(8) 
41(8) 
27(8) 
14(7) 
32(7) 
26(7) 
33(8) 
31(8) 
29(8) 
41(9) 
23(7) 
28(6) 
58(8) 
22(6) 
25(6) 
37(7) 
48(8) 
35(7) 
43(8) 

88(2) 
71(2) 
58(2) 
55(2) 
95(5) 
83(4) 

215(8) 
323(14) 

70(19) 
66(18) 

108(19) 
70(16) 
90(19) 
37(15) 
79(16) 
60(16) 
67(16) 
84(18) 
95(20) 

128(23) 
146(24) 
99(20) 

139(22) 
114(21) 
140(24) 
57(16) 
77(17) 

119(20) 
81(17) 
69(17) 

182(31) 
77(19) 
57(16) 
97(19) 
57(16) 

113(19) 
61(15) 
68(16) 
81(17) 
54(14) 

106(20) 
56(15) 
62(17) 
82(17) 

150(25) 
62(17) 
30(14) 
67(16) 
68(16) 
66(15) 
75(18) 
89(20) 
61(16) 
63(16) 
88(20) 

111(21) 
79(14) 
71(16) 
80(16) 
70(14) 
73(14) 

110(19) 
124(17) 
129(19) 

-1 (1 ) 
0(1) 

-8(n 
-2 (1 ) 
-7 (3 ) 

7(2) 
9(3) 

64(7) 
-16(11) 

11(10) 
0(8) 
9(8) 

-1 (8 ) 
-2 (9 ) 
-2 (8 ) 

-16(8) 
26(9) 

-6 (8 ) 
-7 (9 ) 
-2(10) 

-12(9) 
-15(10) 

2(9) 
-14(10) 

1(9) 
6(8) 

-2 (8 ) 
6(8) 
1(10) 
0(10) 

10(14) 
-6(11) 
-5 (9 ) 

-12(8) 
-17(8) 

6(7) 
-2 (8 ) 

4(6) 
-4 (7 ) 

-11(7) 
10(8) 
2(7) 

10(10) 
20(9) 

-1(10) 
-21(9) 
-24(9) 
-1 (8 ) 
-2 (7 ) 

8(8) 
-7 (8 ) 

-11(9) 
1(8) 

-7 (8 ) 
-5(10) 
-3 (9 ) 

2(6) 
4(9) 

-4 (7 ) 
-1 (6 ) 

17(7) 
4(10) 

-7 (7 ) 
-13(9) 

14(1) 
6(1) 

12(1) 
0(1) 
7(3) 

15(3) 
23(5) 
33(9) 
11(14) 
14(13) 
10(11) 

-6(11) 
13(12) 

-22(12) 
2(10) 

-16(11) 
3(12) 

10(12) 
-12(14) 

0(16) 
31(15) 
28(14) 
35(14) 

-4(14) 
21(14) 

-3(12) 
21(H) 

5(11) 
21(12) 
15(12) 

-9(19) 
5(14) 

27(13) 
22(14) 
16(11) 
15(12) 
3(10) 

-6(10) 
5(11) 

12(10) 
-1(13) 
31(11) 
9(13) 

31(12) 
50(17) 

14(3) 
14(11) 

-2(12) 
-6(11) 

11(10) 
-22(11) 

14(13) 
-19(12) 

4(11) 
19(15) 
22(14) 

7(10) 
24(12) 

-8(11) 
7(9) 

-2(10) 
15(14) 
36(11) 
45(14) 

-1 (2) 
3(2) 

-24(2) 
-6 (2 ) 
-1 (6 ) 

10(6) 
81(9) 

-192(19) 
4(23) 

10(20) 
1(20) 

-10(19) 
30(20) 

-5(17) 
18(19) 
2(19) 

42(20) 
6(20) 

19(22) 
-5(24) 

7(24) 
19(23) 

-24(22) 
-17(23) 
-43(23) 

3(18) 
-11(20) 
-16(22) 

22(23) 
-54(23) 
-99(36) 
-13(23) 
-13(18) 
-24(20) 
-21(17) 

10(19) 
3(18) 
4(15) 

-11(19) 
-25(16) 
-24(19) 

5(17) 
-23(21) 
-11(21) 
-18(24) 

-1(20) 
-12(18) 

2(18) 
11(16) 

-20(19) 
12(19) 

-21(20) 
-23(19) 
-3(18) 

13(23) 
8(21) 

-39(5) 
17(20) 
8(15) 

-9(14) 
12(16) 
18(21) 
2(19) 

-10(20) 
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TABLE 1. (Continued) 

Atom 

"rrô 
N'(4) 
N'(5) 
N'(6) 
N"(l) 
N"(2) 
N"(3) 
N"(4) 
N"(5) 
N"(6) 
N'"(l) 
N'"(2) 
N'"(3) 
N"'(4) 
N'"(5) 
N'"(6) 
O(l) 
0(2) 
0(3W) 
0(4) 
0(5) 
0(6) 
0(7) 
O'(l) 
0'(2) 
0'(3W) 
0'(4) 
0'(5) 
0'(6) 
0'(7) 
0"(1) 
0"(2) 
0"(4) 
0"(5) 
0"(6) 
0"(7) 
0"'(1) 
0"'(2) 
0"'(4) 
0"'(5) 
0"'(6) 
0"'(7) 
0(8W) 
0(9W) 
O(10W) 
O(l lW) 
0(12W) 
0(13W) 
0(14W) 

X 

5794(5) 
4602(5) 
3824(5) 
3569(6) 
8215(5) 
8192(6) 
7322(5) 
8450(5) 
9626(5) 

10302(6) 
8726(5) 
8745(6) 

10547(5) 
9819(4) 
9138(5) 
8871(6) 
3305(4) 
1393(4) 
3648(6) 
8610(6) 
7723(6) 
8157(5) 
7757(6) 
4339(4) 
6079(4) 
7801(6) 

50(5) 
617(5) 
760(7) 

1069(6) 
8140(4) 
7594(4) 
7509(10) 
6850(9) 
7608(9) 
6829(9) 
9302(4) 

11047(4) 
4603(11) 
4531(8) 
3699(9) 
4170(11) 
7716(6) 
6513(7) 
1097(7) 
4809(9) 
8512(10) 
6503(11) 
3205(12) 

y 
5050(9) 
4562(8) 
4084(9) 
3562(12) 
3126(7) 
1926(8) 
4204(7) 
4694(7) 
4125(8) 
3331(9) 
4876(8) 
6027(9) 
4807(9) 
4961(8) 
6210(7) 
7498(8) 
5922(6) 
4197(6) 
7796(8) 
9534(11) 
8798(10) 
9046(8) 

10145(9) 
5607(7) 
3996(8) 
3656(9) 
7001(9) 
6176(10) 
6087(12) 
7251(9) 
4994(6) 
3985(8) 
7303(16) 
6226(14) 
6160(15) 
7129(14) 
3814(6) 
5962(7) 
8952(18) 
7730(13) 
8424(14) 
7748(18) 
6624(10) 
6015(12) 
2574(11) 
1477(14) 
7715(17) 
654(18) 
321(19) 

z 
6800(13) 
6146(11) 
3799(12) 
1729(14) 
9787(11) 
8740(12) 
6438(10) 
7650(10) 
7665(11) 
7053(13) 

12484(12) 
13688(13) 
12866(12) 
10333(10) 
8783(12) 
8236(13) 
4679(9) 
5330(11) 
6152(13) 
9785(13) 
9560(12) 
7662(11) 
8701(14) 
7461(10) 
5612(12) 

12086(12) 
6710(14) 
5550(13) 
7990(14) 
6943(15) 
9603(8) 
4431(9) 
6481(22) 
6495(19) 
5229(20) 
4719(19) 
10731(9) 

12514(10) 
10363(24) 
9019(18) 
8981(20) 
11077(25) 
9775(14) 
9585(16) 
5121(16) 
9188(19) 

11708(23) 
8160(24) 
7490(26) 

Bn 
10(3) 
9(2) 

10(3) 
14(3) 
9(2) 

23(4) 
14(3) 
8(2) 

14(3) 
18(3) 
9(3) 

27(4) 
8(2) 

10(2) 
9(3) 

22(3) 
11(2) 
7(2) 

28(4) 
30(4) 
32(4) 
25(3) 
35(4) 
13(2) 
6(2) 

31(4) 
21(3) 
19(3) 
51(5) 
21(3) 
10(2) 
17(2) 

a) 
a) 
a) 
a) 

12(2) 
13(2) 

a) 
a) 
a) 
a) 
a) 
a) 
a) 
a) 
a) 
a) 
a) 

B» 
37(7) 
39(7) 
47(7) 

104(13) 
24(6) 
26(6) 
21(6) 
22(5) 
29(6) 
36(7) 
33(6) 
28(7) 
49(8) 
25(5) 
18(5) 
23(6) 
34(5) 
26(6) 
36(6) 

109(12) 
92(11) 
42(6) 
44(7) 
31(5) 
52(7) 
80(9) 
61(8) 
86(10) 

100(12) 
68(9) 
23(4) 
65(7) 

24(5) 
52(7) 

ß33 

138(18) 
67(13) 
86(15) 

117(19) 
61(13) 
79(16) 
57(12) 
53(13) 
65(13) 
96(17) 
98(15) 
99(17) 
81(15) 
40(11) 

100(16) 
111(18) 
77(12) 

180(16) 
168(18) 
136(18) 
115(16) 
126(15) 
197(21) 
105(14) 
206(19) 
109(15) 
230(23) 
161(19) 
137(20) 
233(23) 

60(10) 
65(11) 

73(11) 
89(13) 

B12 

17(8) 
2(7) 
1(8) 

-7(11) 
-9 (6 ) 
-1 (8 ) 

1(6) 
-9 (5 ) 

3(7) 
4(7) 

-7 (7) 
-14(8) 

-8 (7 ) 
-3 (7 ) 
-5 (6 ) 

1(7) 
-12(5) 
-3 (5 ) 

8(8) 
-43(11) 
-32(10) 

11(8) 
21(9) 

5(6) 
0(7) 

-55(9) 
3(8) 

28(9) 
2(3) 
1(9) 
4(5) 

-13(7) 

-9 (5 ) 
-23(6) 

* 1 3 

-20(11) 
5(9) 

-2(10) 
-2(13) 
-2 (9 ) 
21(12) 
9(9) 
5(9) 

25(9) 
11(12) 
20(10) 
30(13) 

-11(9) 
4(8) 
6(10) 
8(12) 

31(8) 
5(9) 

34(13) 
— 36(13) 

20(13) 
22(11) 
32(14) 
20(9) 
6(10) 

69(12) 
49(14) 
17(12) 

-41(17) 
17(14) 
6(7) 
3(8) 

9(8) 
-14(9) 

ß23 

-65(20) 
9(16) 

-15(19) 
-97(26) 
-21(14) 
-35(16) 
-30(14) 
-20(13) 
-12(15) 

4(18) 
-29(17) 
-26(18) 

52(17) 
-1(15) 

-15(15) 
15(17) 
12(13) 
2(15) 
2(18) 

44(24) 
43(22) 

-8(17) 
-24(21) 

3(14) 
-66(20) 
-73(19) 
-11(23) 
-92(22) 

104(26) 
66(24) 

5(13) 
-48(16) 

-13(12) 
-6(16) 

Atom 

0"(4) 
0"'(4) 
0(8W) 
0(12W) 

5(A2) 

1330(68) 
1530(81) 
702(35) 

1420(73) 

Atom 

0"(5) 
0"'(5) 
0(9W) 
0(13W) 

£(A2) 

1154(59) 
1064(53) 
905(46) 

1510(78) 

Atom 

0"(6) 
0"'(6) 
O(10W) 
0(14W) 

*(A») 
1200(61) 
1152(58) 
843(42) 

1668(89) 

Atom 

0"(7) 
0"'(7) 
O(l lW) 

5(Â2) 

1116(56) 
1585(84) 
1182(59) 

a) Isotropic temperature factors (x 102) with e.s.d.'s in parentheses. 

has four donor a toms: two N atoms of the respective 
imidazole groups (Im) and two O atoms in the DKPH2 . 
In the cyclo-L-histidyl-L-histidylato ligand (HISH - ) of 
the present complex, one of the N H groups in the 
D K P H 2 is deprotonated ; the resulting "anionic" N 
atom also coordinates to the Gu atom. 

There are two crystallographically independent 
complex cations in the unit cell; a stereoscopic view of 
them is given in Fig. 2, where the atom numbering 

CH C^NH CH 

HN ,C Ok-CH CH—CHo-r NH 
\ / \ / 2 \ / 
HC=N X N H — C N=CH 

Fig. 1. The schematic drawing of cyclo (L-histidy 1-L-
histidyl) 
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Fig. 2. Stereoscopic view of aquabis(cyclo-L-histidyl-L-histidylato)dicopper(II) 
Perchlorate hydrate, looking down along the c axis. 

TABLE 2. BOND DISTANCES (d/A), WITH e.s.d.'s IN PARENTHESES 

Cu(A)-N(l) 
Cu(A)-0(l) 
Cu(A)-0(3W) 
Cu(B)-N(4) 
Cu(B)-N(5) 
C(l)-N(l) 
C(l)-N(2) 
C(2)-C(3) 
C(2)-N(2) 
C(3)-C(4) 
C(3)-N(l) 
C(4)-C(5) 
C(5)-C(6) 
C(5)-N(3) 
C(6)-N(4) 
C(6)-0(l) 
C(7)-C(8) 
C(7)-G(9) 
C(7)-N(4) 
C(8)-N(3) 
C(8)-0(2) 
C(9)-G(10) 
C(10)-C(ll) 
G(10)-N(5) 
C(ll)-N(6) 
C(12)-N(5) 
C(12)-N(6) 
Cl-0(4) 
Cl-0(5) 
Cl-0(6) 
Cl-0(7) 

1.97(1) 
2.21(1) 
2.02(1) 
1.95(1) 
2.01(1) 
1.31(2) 
1.38(2) 
1.35(2) 
1.37(2) 
1.50(2) 
1.41(2) 
1.51(2) 
1.49(2) 
1.46(2) 
1.34(2) 
1.28(2) 
1.53(2) 
1.60(2) 
1.48(2) 
1.35(2) 
1.20(2) 
1.51(2) 
1.36(2) 
1.36(2) 
1.44(2) 
1.37(2) 
1.34(2) 
1.40(1) 
1.44(2) 
1.43(1) 
1.41(1) 

Cu(A)-N'(l) 
Cu(A)-0'( l) 

Cu(B)-N'(4) 
Cu(B)-N'(5) 
C'(l)-N'(l) 
C'(l)-N'(2) 
C'(2)-C'(3) 
C'(2)-N'(2) 
C'(3)-C'(4) 
C'(3)-N'(l) 
C'(4)-C'(5) 

c'(5)-c'(6) 
C'(5)-N'(3) 
C ,(6)-N ,(4) 
C'(6)-0 ,( l) 
C'(7)-C'(8) 
C'(7)-C'(9) 
C'(7)-N'(4) 
C'(8)-N'(3) 
C'(8)-0'(2) 
C'(9)-C'(10) 
C'(10)-C'(ll) 
C'(10)-N'(5) 
C( i i ) -N ' (6) 
C'(12)-N'(5) 
C'(12)-N'(6) 
Cl'-0'(4) 
Cl'-0'(5) 
Cl'-0'(6) 
Cl'-0'(7) 

2.00(1) 
2.06(1) 

1.95(1) 
1.98(1) 
1.26(2) 
1.36(2) 
1.35(2) 
1.37(2) 
1.52(2) 
1.42(2) 
1.56(3) 
1.54(2) 
1.47(2) 
1.31(2) 
1.28(2) 
1.54(2) 
1.58(2) 
1.44(2) 
1.30(2) 
1.24(2) 
1.53(2) 
1.39(3) 
1.36(2) 
1.43(2) 
1.35(2) 
1.34(2) 
1.43(1) 
1.42(1) 
1.44(2) 
1.47(2) 

Cu'(A)-N"(l) 
Cu'(A)-0"(l) 
Cu'(A)-0'(3W) 
Cu'(B)-N"(4) 
Cu'(B)-N"(5) 
C"(l)-N"(l) 
C"(l)-N"(2) 
C"(2)-C"(3) 
C"(2)-N"(2) 
C"(3)-C"(4) 
C"(3)-N"(l) 
C"(4)-C"(5) 

c"(5)-c"(6) 
C"(5)-N"(3) 
G"(6)-N/,(4) 
G ' ^ ^ - O ' ^ l ) 
C"(7)-C"(8) 
C"{1)-C"{9) 
G"(7)-N"(4) 
C"(8)-N"(3) 
C , ,(8)-0 / ,(2) 
C"{9)-C"(\0) 
G"(10)-C"(ll) 
C"(10)-N"(5) 
C'^IU-N'^Ô) 
C , ,(12)-N , /(5) 
C"(12)-N"(6) 
Cl"-0"(4) 

cr-CHS) 
Cl"-0"(6) 
Cl"-0"(7) 

1.96(1) 
2.20(1) 
2.07(1) 
1.97(1) 
2.00(1) 
1.31(2) 
1.30(2) 
1.36(2) 
1.37(2) 
1.51(2) 
1.40(2) 
1.54(2) 
1.54(2) 
1.44(2) 
1.25(2) 
1.29(2) 
1.54(2) 
1.55(2) 
1.48(2) 
1.31(2) 
1.23(2) 
1.56(2) 
1.37(2) 
1.38(2) 
1.39(2) 
1.33(2) 
1.33(2) 
1.46(2) 
1.40(2) 
1.40(2) 
1.33(2) 

C u ' ^ - N ' ^ l ) 
Gu'(A)-0 , / /(l) 

Cu'(B)-N , , /(4) 
Cu'(B)-N'"(5) 
C"'( l)-N'"(l) 
C"'(l)-N'"(2) 
C , , /(2)-G'"(3) 
C'"(2)-N'"(2) 
C , , ,(3)-C'"(4) 
C"'{?>)-N"'{\) 
G / / /(4)-C"'(5) 
C / / ,(5)-C / / /(6) 
G"'(5)-N" /(3) 
C /"(6)-N"'(4) 
C / / /(6)-0 / / /( l) 
C , / /(7)-C"'(8) 
C / / /(7)-G' / /(9) 
C" ,(7)-N ,"(4) 
G'"(2)-W'(S) 
C'"(8)-0 / / /(2) 
C"'(9)-C'"(10) 

c'OOKr'oi) 
C" /(10)-N / / '(5) 
a"{\\)-N"'{io) 
C'"(12)-N / / /(5) 
C"'(12)-N ,"(6) 
Cl '"-0 '"(4) 
Cl" ' -0 '"(5) 
CV'-O'"^) 

cv-o'^o) 

1.95(1) 
2.01(1) 

1.96(1) 
1.95(1) 
1.33(2) 
1.38(2) 
1.36(2) 
1.38(2) 
1.48(2) 
1.42(2) 
1.56(2) 
1.52(2) 
1.45(2) 
1.30(2) 
1.29(2) 
1.58(2) 
1.57(2) 
1.45(2) 
1.30(2) 
1.22(2) 
1.51(2) 
1.35(2) 
1.41(2) 
1.43(2) 
1.34(2) 
1.35(2) 
1.43(3) 
1.40(2) 
1.50(2) 
1.43(3) 

scheme is also given. Both of the complex cations 
can be represented by the same formula, [Cu(HISH) 2 -
Gu(H 20)] 2+. The four HISH~ ligands in the two 
complex cations are crystallographically independent of 
each other. T h e atom-numbering scheme for the H I S H -

is shown in Fig. 2; the same numbering was used for 
these four ligands, but primes are utilized in order to 
distinguish between these ligands. T h e bond lengths 
and angles are listed in Tables 2 and 3 respectively. 

The two complexes have a close resemblance in 
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T A B L E 3. BOND ANGLES (ÇV°) 

N(l)-Cu(A)-0(l) 
N(l)-Cu(A)-0(3W) 
N(l)-Cu(A)-0 ' ( l ) 
N ' ( l ) -Cu(A)-0( l ) 
N ,(l)-Gu(A)-0(3W) 
N'( l ) -Cu(A)-0 ' ( l ) 
0(l)-Gu(A)-0(3W) 
0( l ) -Cu(A)-Q'( l ) 
0(3W)-Cu(A)-0 ' ( l ) 
N(l)-Cu(A)-N'(l) 
N(4)-Cu(B)-N(5) 
N(4)-Cu(B)-N'(4) 
N(4)-Cu(B)-N'(5) 
N(5)-Cu(B)-N'(4) 
N(5)-Cu(B)-N'(5) 
N'(4)-Cu(B)-N'(5) 
G(l)-N(l)-C(3) 
C"(l)-N"(l)-C"(3) 
Cu(A)-N(l)-C(l) 
Cu'(A)-N"(l)-C"(l) 
Cu(A)-N(l)-G(3) 
Cu'(A)-N"(l)-C"(3) 
N(l)-C(l)-N(2) 
N"(l)-C"(l)-N"(2) 
C(l)-N(2)-C(2) 
C"(l)-N"(2)-C"(2) 
C(3)-C(2)-N(2) 
C"(3)-C"(2)-N"(2) 
C(2)-C(3)-N(l) 
C"(2)-C"(3)-N"(l) 
C(2)-C(3)-C(4) 
C"(2)-G , ,(3)-C"(4) 
C(4)-G(3)-N(l) 
C"(4)-C"(3)-N"(l) 
C(3)-G(4)-C(5) 
C , ,(3)-C / ,(4)-C' ,(5) 
C(4)-C(5)-C(6) 
C"(4)-C"(5)-C"(16) 
C(4)-C(5)-N(3) 
C"(4)-C"(5)-N"(3) 
C(6)-C(5)-N(3) 
C"(6)-C"(5)-N"(3) 
C(5)-C(6)-N(4) 
C"(5)-C"(6)-N"(4) 
C(5)-G(6)-0(l) 
C"(5)-C"(6)-0"(l) 
N(4)-C(6)-0(l) 
N"(4)-C"(6)-0"( l ) 
C(6)-0(l)-Cu(A) 
C"(6)-0"(l)-Cu'(A) 
C(5)-N(3)-G(8) 
C"(5)-N"(3)-C"(8) 
C(6)-N(4)-G(7) 
C"(6)-N"(4)-C"(7) 
C(6)-N(4)-Cu(B) 
C"(6)-N"(4)-Cu'(B) 
G(7)-N(4)-Gu(B) 
C"(7)-N"(4)-Cu'(B) 
C(8)-C(7)-C(9) 
C"(8)-C"(7)-C"(9) 
C(8)-G(7)-N(4) 

90.7(4) 
90.0(5) 
87.5(5) 
87.5(4) 
91.2(6) 
92.1(5) 

104.9(4) 
104.2(4) 
150.8(4) 
178.1(5) 
91.6(5) 

155.4(5) 
98.2(5) 
98.0(5) 

135.3(6) 
90.7(5) 

107.3(13) 
103.5(11) 
124.6(10) 
126.8(9) 
128.1(9) 
129.4(10) 
110.5(13) 
113.0(13) 
106.2(13) 
109.2(13) 
108.9(14) 
103.8(12) 
107.2(12) 
110.4(12) 
132.5(13) 
129.1(12) 
120.2(13) 
119.8(12) 
111.2(12) 
112.2(12) 
109.4(11) 
111.5(10) 
112.3(12) 
111.4(12) 
114.1(12) 
112.4(11) 
122.7(13) 
122.3(11) 
118.5(13) 
112.9(12) 
118.6(13) 
124.8(11) 
118.1(8) 
113.9(8) 
124.6(12) 
127.4(11) 
123.1(11) 
124.7(11) 
111.9(9) 
112.8(8) 
124.6(9) 
121.6(8) 
105.8(11) 
106.0(11) 
114.0(12) 

N"( l ) -Cu ' (A)-0"( l ) 
N"(l)-Cu'(A)-0'(3W) 
N"( l ) -Cu ' (A)-0" ' ( l ) 
N'"(i)-Cu /(A)-0"(1) 
N'"(l)-Cu'(A)-0'(3W) 
N / / / ( l ) -Cu'(A)-0" ' ( l ) 
0"(l)-Cu'(A)-0 '(3W) 
0"( l ) -Cu / (A)-0 / , , ( l ) 
0 ' (3W)-Cu'(A)-0" ' ( l ) 
N"(l)-Cu'(A)-N'"(l) 
N"<4)-Cu'(B)-N"(5) 
N"(4)-Cu'(B)-N'"(4) 
N"(4)-Cu'(B)-N"'(5) 
N"(5)-Cu'(B)-N"'(4) 
N"(5)-Cu'(B)-N'"(5) 
N , , /(4)-Cu /(B)-N / / /(5) 
C'(l)-r!T(l)-C'(3) 
C /"(l)-N / / /(l)-C / / ,(3) 
Cu(A)-N'(l)-C'(l) 
Cu'(A)-N'"(l)-C'"(l) 
Cu(A)-N'(l)-C'(3) 
Cu'(A)-N'"(l)-C'"(3) 
N'(l)-C'(l)-N'(2) 
N'"(l)-C'"(l)-N'"(2) 
G /(l)-N /(2)-C'(2) 
C'"(l)-N" /(2)-C , / ,(2) 
C'(3)-C'(2)-N'(2) 
C"'(3)-C'"(2)-N"'(2) 
C'(2)-C'(3)-N'(l) 
C'"(2)-C"'(3)-N ,"(l) 
C'(2)-C ,(3)-C /(4) 
C'"(2)-C"'(3)-C" /(4) 
C'(4)-C(3)-N'(l) 
C'"(4)-C'"(3)-N'"(l) 
C'(3)-C'(4)-C'(5) 
G /"(3)-G ,"(4)-C'"(5) 
C'(4)-C'(5)-C'(6) 
C'"(4)-C'"(5)-C"'(6) 
C'(4)-C'(5)-N'(3) 
C'"(4)-C / / /(5)-N / / /(3) 
C'(6)-C /(5)-N'(3) 
C / , /(6)-C ,"(5)-N / / '(3) 
G/(5)-C'(6)-N'(4) 
C'"(5)-C'"(6)-N'"(4) 
C'(5)-C'(6)-0'(l) 
C" '(5)-C'"(6)-0" '( l) 
N'(4)-C'(6)-0'( l) 
N'"(4)-C'"(6)-0 '"( l ) 
C'(6)-0 ,(l)-Cu(A) 
C'"(6)-0'"(l)-Cu'(A) 
C'(5)-N'(3)-C'(8) 
G' , ,(5)-N , , ,(3)-C" ,(8) 
C ,(6)-N ,(4)-C ,(7) 
C , , /(6)-N , , ,(4)-C , , /(7) 
C'(6)-N'(4)-Cu(B) 
C / / /(6)-N / / ,(4)-Cu'(B) 
C'(7)-N'(4)-Cu(B) 
C"'(7)-N'"(4)-Cu'(B) 
C'(8)-C'(7)-C'(9) 
C , / ,(8)-G , , ,(7)-C /"(9) 
C'(8)-C'(7)-N'(4) 

91.2(4) 
86.8(5) 
87.2(4) 
90.9(4) 
90.3(5) 
94.6(4) 

108.1(4) 
102.9(4) 
148.5(5) 
176.8(5) 
91.5(5) 

148.8(5) 
99.6(5) 
96.2(5) 

142.2(5) 
92.6(5) 

109.6(14) 
109.0(12) 
124.5(11) 
124.8(10) 
125.9(10) 
126.2(10) 
108.9(13) 
107.8(13) 
108.6(14) 
108.6(13) 
107.0(14) 
108.1(12) 
105.7(12) 
106.5(13) 
131.7(14) 
131.1(12) 
122.3(14) 
122.4(13) 
110.5(13) 
113.9(12) 
109.4(12) 
109.7(11) 
112.6(14) 
110.2(11) 
111.4(13) 
111.5(11) 
123.6(13) 
124.3(12) 
114.7(12) 
115.3(12) 
121.7(13) 
120.4(11) 
120.4(9) 
121.5(9) 
126.5(12) 
127.5(11) 
122.6(12) 
123.3(10) 
112.0(10) 
112.7(8) 
124.5(9) 
122.9(9) 
105.0(12) 
105.4(11) 
115.2(12) 
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TABLE 3. (Continued) 

C"(8)-C"(7)-N"(4) 
C(9)-C(7)-N(4) 
C"(9)-C"(7)-N"(4) 
G(7)-G(8)-N(3) 
C"(7)-C"(8)-N"(3) 
C(7)-C(8)-0(2) 
C"(7)-C"(8)-0"(2) 
N(3)-C(8)-0(2) 
N"(3)-C"(8)-0"(2) 
C(7)-C(9)-C(10) 
C / ,(7)-C"(9)-C / ,(10) 
C(9)-C(10)-C(ll) 
C"(9)-C"(10)-C"(ll) 
C(9)-C(10)-N(5) 
C"(9)-C"(10)-N"(5) 
C(ll)-C(10)-N(5) 
C"(ll)-C"(10)-N"(5) 
C(10)-C(ll)-N(6) 
C"(10)-C"(ll)-N"(6) 
C(10)-N(5)-C(12) 
C"(10)-N"(5)-C"(12) 
C(10)-N(5)-Cu(B) 
C"(10)-N"(5)-Cu'(B) 
C(12)-N(5)-Cu(B) 
C"(12)-N"(5)-Cu'(B) 
N(5)-C(12)-N(6) 
N"(5)-C"(12)-N"(6) 
C(ll)-N(6)-C(12) 
C"(ll)-N"(6)-C"(12) 
0(4)-Gl-0(5) 
0"(4)-Cl"-0"(5) 
0(4)-Cl-0(6) 
0"(4)-Cl"-0"(6) 
0(4)-Cl-0(7) 
0"<4)-Cl"-0"(7) 
0(5)-Cl-0(6) 
0"(5)-Cl"-0"(6) 
0(5)-Gl-0(7) 
0"(5)-Cl"-0"(7) 
0(6)-Gl-0(7) 
0"(6)-Cl"-0"(7) 

113.8(11) 
107.6(10) 
109.0(10) 
119.6(13) 
117.8(11) 
118.3(14) 
119.0(12) 
122.2(13) 
123.2(12) 
110.7(12) 
112.1(11) 
123.9(14) 
126.4(13) 
125.0(14) 
122.7(12) 
111.1(13) 
110.9(12) 
104.5(14) 
102.7(13) 
107.1(13) 
106.3(12) 
124.3(9) 
128.0(9) 
123.5(11) 
125.6(10) 
109.2(15) 
109.0(12) 
108.2(14) 
111.0(13) 
110.1(8) 
106.0(13) 
111.1(8) 
103.0(13) 
109.2(9) 
101.4(13) 
108.6(8) 
112.3(14) 
108.8(9) 
113.3(13) 
109.0(8) 
118.7(13) 

C'"(8)-G , , ,(7)-N ,"(4) 
C'(9)-C'(7)-N'(4) 
C"'(9)-C'"(7)-N" ,(4) 
C ,(7)-C'(8)-N'(3) 
C'"(7)-C'"(8)-N'"(3) 
C'(7)-C'(8)-0'(2) 
C'"(7)-C'"(8)-0'"(2) 
N'(3)-C'(8)-0'(2) 
N'"(3)-C/"(8)-0"'(2) 
C'(7)-C'(9)-C'(10) 
C'"(7)-C'"(9)-C'"(10) 
C'(9)-C'(10)-C'(ll) 
C"'(9)-C"'(10)-C'"(ll) 
G'(9)-C'(10)-N ,(5) 
C , / /(9)-G /"(10)-N / / /(5) 
C'(ll)-C'(10)-N'(5) 
C'"(ll)-C / / /(10)-N / / /(5) 
C'(10)-C'(ll)-N'(6) 
C"'(10)-C"'(ll)-N'"(6) 
C'(10)-N'(5)-C'(12) 
C'"(10)-N'"(5)-C'"(12) 
C/(10)-N'(5)-Gu(B) 
G / / /(10)-N , , ,(5)-Cu'(B) 
C'(12)-N'(5)-Cu(B) 
C'"(12)-N'"(5)-Cu'(B) 
N'(5)-C'(12)-N'(6) 
N /"(5)-C / / /(12)-N"'(6) 
C'(ll)-N'(6)-C'(12) 
C'"(ll)-N'"(6)-C , / /(12) 
0 '(4)-Cl '-0 '(5) 
0" ' (4)-Cl /"-0 , , , (5) 
0 ' (4)-Gr-0 ' (6) 
0 , , ,(4)-Cl / , /-0 / , ,(6) 
0 '(4)-Cl '-0 '(7) 
0" ' (4)-Cl" ' -0 '"(7) 
0 '(5)-Cl '-0 '(6) 
0 ,"(5)-Gl" ' -0" ,(6) 
0 '(5)-Cl '-0 '(7) 
0 ,"(5)-Gl / / /-0" ' (7) 
0 '(6)-Cl '-0 '(7) 
0 / / / (6)-Cl" , -0 ,"(7) 

113 4(12) 
110.7(11) 
109.5(11) 
119.7(13) 
118.9(12) 
118.9(13) 
117.0(14) 
121.4(12) 
124.1(13) 
110.3(12) 
112.7(11) 
125.0(15) 
126.2(13) 
123.2(13) 
124.5(13) 
111.3(14) 
109.0(12) 
103.0(17) 
105.2(14) 
106.4(13) 
108.2(12) 
120.0(9) 
126.3(9) 
124.2(11) 
125.1(10) 
110.6(14) 
108.5(12) 
108.6(15) 
109.2(13) 
107.8(8) 
112.3(14) 
112.6(10) 
112.3(14) 
108.4(8) 
108.9(15) 
115.1(10) 
98.5(12) 

107.9(9) 
112.3(15) 
104.8(9) 
112.3(13) 

structure, but the values of a number of bond angles in 
one complex are somewhat different from those of the 
corresponding ones in the other. Furthermore, some 
of the corresponding bonds show a slight but, in view 
of a statistical significant test, significant differences in 
length. However, the "significant differences" may be 
ascribed to the underestimation of standard deviation. 
O n the other hand, the bond angle will vary with the 
packing. Therefore, the two complex cations should be 
considered to be chemically identical. Since the differ­
ence between the equivalent structural parameters 
including the equivalent bond angles is small, we will 
use the mean values of the respective parameters in the 
following description, unless we state otherwise, and 
make use of one of the two complex cations for illustra­
tion. 

Figures 3(a) and (b) show the elevation perpendicular 
to a plane through Cu(A), Cu(B), N ( l ) , and N ' ( l ) , and 
the projection along the Cu(A)---Cu(B) axis, respective­

ly. The complex cation is dimeric, with two Gu atoms 
of different coordination modes. In case the ligating 
water molecule [ 0 ( 3 W ) ] is excluded from the complex, 
the remaining par t has a pseudo twofold axis which 
passes through the two Gu atoms. T h e structural 
parameters related by this axis are almost identical 
except for the C u ( A ) - 0 ( l ) and C u ( A ) - 0 ' ( l ) bond 
lengths. T h e average bond lengths are shown in Fig. 4. 

The Cu(B) atom has a flattened tetrahedral coordina­
tion by the N(5) a tom of the Im group and the anionic 
N(4) atom of the D K P H ~ moiety of one ligand, and 
the chemically equivalent N'(5) and N'(4) atoms of 
the other [ G u - N = 1 . 9 7 Â] . The average value of the 
chelate bite angles at the Cu(B) is 91.7°. The dihedral 
angle between the N(4) , Cu(B), and N(5) plane and 
the N' (4) , Cu(B), N'(5) plane is 50.0°, which is com­
parable to the value (53.6°) in bis(iV-£-butylsalicylidene-
aminato)copper(II) .8) The tetrahedral coordination of 
bivalent copper is rather unusual. T h e dimerization 
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and strong affinity of Cu(II ) for N atoms may be 
responsible for such a coordination in the present 
complex. 

The coordination geometry of Cu(A) atom seems to 
be intermediate between the square pyramid and the 
trigonal bipyramid (Fig. 3). From the square-pyramidal 
viewpoint, the apical position is occupied by the O ( l ) 
atom, whereas the basal plane is defined by the 0 ( 3 W ) 
(oxygen of ligating water molecule), N ( l ) , O ' ( l ) , and 
N ' ( l ) atoms. The disposition of the four basal atoms is 
not planar, the maximum deviation of the atom from the 
plane being 0.38 Â. T h e C u - O ( l ) apical bond is longer 
than the four basal bonds ( C u - 0 ( l ) a p e x = 2 . 2 1 , 
C u - O b a s e = 2 . 0 4 , G u - N b a s e = 1 . 9 7 A). The N ( l ) -
Cu(A) -N ' ( l ) angle is close to 180°, which is suggestive 
of the trigonal-bipyramidal coordination. In the 
trigonal bipyramidal approximation, the N( l ) and N ' ( l ) 
atoms occupy the axial positions. The Cu(A) atom is 
displaced 0.13 Â toward N ' ( l ) from the equatorial 

0.(2) 

:{8) N ( 3 ) 
1.32 

.46 

cW<7) 
C ( 5 ) ^ 5 4 
/ C72TC<4> 

\ /1 .50 
1.52 / , J ö f c ( 3 ) 

1.37 / 
C ( l l ) — C ( 1 0 ) 

N ( 4 ^ — C ( 6 ) N ( 2 ) J 

/ '3î.29\l.36l g f" 
' \ . » H H C 

«<« LssJ^ihr'*?™ 
C ( 1 2 ) 

(b) 
Fig. 3. Projection of aquabis(cyclo-L-histidyl-L-histidyl-

ato)dicopper(II). 
(a) On the plane through Cu(A), Cu(B), N(l), and 
N'( l) , (b) along the Cu(A)-..Cu(B) axis. 

0 ( 1 ) Ç U ) N ( 1 ) 

o- ( l ) 

.0(3W) 

CU(A) 

N ' ( 4 ) N ' U ) 

Fig. 4. The average bond lengths of aquabis(cyclo-L-
histidyl-L-histidylato)dicopper(II). 

TABLE 4. DEVIATIONS OF THE ATOMS FROM LEAST-SQUARES PLANES (d/A) 

AND THE DIHEDRAL ANGLES BETWEEN THEM 

(B) plane through C(9), C(10), N(4), N(5), and Gu(B) (Plane B) 
G(7) - 0 . 6 5 C(9) 0.08 C(10) 
N(5) 0.09 Gu(B) - 0 . 0 1 
(B') plane through C'(9), C'(10),N'(4), N'(5), and Gu(B) (Paine B') 

- 0 . 1 3 

C'(7) - 0 . 6 6 C'(9) 0.08 
N'(5) 0.02 Gu(B) 0.04 
(B") plane through C"(9), C"(10), N"(4), N"(5), 

C'(10) - 0 . 0 8 

and Cu'(B) (Plane B") 
C"(10) - 0 . 0 5 

- 0 . 0 7 
'(4), N'"(5), and Cu'(B) (Plane B'") 

C"(7) 0.74 C"(9) 
N"(5) 0.05 Gu'(B) 
(B'") plane through C'"(9), C"'(10), N" 
C',,(7) 0.66 C^'i^ - 0 . 0 4 
N'"(5) - 0 . 0 4 Gu'(B) 0.00 
(C) plane through G(5), C(6), G(7), G(8), N(3), and N(4) (Plane G) 

0.01 

c'oo) 0.06 

G(4) - 1 . 2 2 
G(8) 0.10 
O(l) 0.09 
(C) plane through C'(5), 
G'(4) 1.12 
C'(8) - 0 . 0 7 
O'(l) 0.04 

C(5) - 0 . 0 3 G(6) 0.05 
C(9) - 1 . 5 0 N(3) - 0 . 0 5 
0(2) 0.31 Cu(B) - 0 . 2 3 

C'(6), C'(7), C'(8), N'(3), and N'(4) (Plane C ) 
G'(5) - 0 . 0 5 C'(6) 0.02 
G'(9) 1.59 N'(3) - 0 . 0 8 
0'(2) - 0 . 1 7 Cu(B) 0.31 

N(4) 

N'(4) 

N"(4) 

N'"(4) 

C(7) 
N(4) 

C'(7) 
N'(4) 

- 0 . 0 3 

- 0 . 0 6 

0.06 

0.02 

- 0 . 0 6 
- 0 . 0 1 

0.15 
- 0 . 0 6 
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TABLE 4. (Continued) 

(5), C"(6), C 
G"(5) 
C"(9) 
0"(2) 

(5), C'"(6), C 
C'"(5) 
C'"(9) 
0"'(2) 

(7), C"(8), N"(3), and N"(4) (Plane C") 
0.08 
1.49 

- 0 . 1 8 
'(7), C'"(8), N' 

0.03 
1.48 

- 0 . 1 1 

C"(6) 
N"(3) 
Cu'(B) 

'(3), and N' 
C'"(6) 
N"'(3) 
Gu'(B) 

(G") plane through C' 
C"(4) 1.35 
C"(8) - 0 . 0 4 
0"(1) - 0 . 0 4 
(C'") plane through C' 
C"'(4) 1.32 
C"'(8) - 0 . 0 3 
0"'(1) 0.09 
(Da) plane through G(l), C(2), G(3), N(l) , and N(2) (Plane Da) 
G(l) 0.00 C(2) 0.00 G(3) 
N(l) 0.00 N(2) 0.00 Cu(A) 
(Db) plane through C(10), G(l l ) , G(12), N(5), and N(6) (Plane Db) 
G(9) 0.07 C(10) 0.01 C(l l) 
N(5) 0.00 N(6) 0.01 Cu(B) 
(Da') plane through C'(l), C'(2), C'(3), N'(l) , and N'(2) (Plane Da') 
C'(l) 0.02 C'(2) 0.00 G'(3) 
N'(l) - 0 . 0 2 N'(2) - 0 . 0 1 Cu(A) 

- 0 . 0 4 
0.01 

- 0 . 0 5 
(4) (Plane C' 

0.02 
- 0 . 0 3 

0.04 

0.00 
-0 .04 

- 0 . 0 1 
- 0 . 7 1 

0.02 
- 0 . 1 5 

(Db') plane througA C'(10), C'( l l ) , C'(12), N'(5), and N'(6) (Plane Db') 
C'(9) 0.10 
N'(5) 0.01 
(Da") plane through C' 
G"(l) 0.00 
N"(l) 0.01 

C'(10) - 0 . 0 2 C'(ll) 0.02 
N'(6) - 0 . 0 2 Gu(B) - 0 . 1 5 

'(1), C"(2), C"(3), N"( l ) , and N"(2) (Plane Da") 
C"(2) 0.01 C"(3) - 0 . 0 2 
N"(2) - 0 . 0 1 Gu'(A) - 0 . 1 2 

(Db") plane through G"(10), C"(l l ) , C"(12), N"(5), and N"(6) (Plane Db") 
C"(9) 0.02 G"(10) 0.00 C"(l l) 0.01 
N"(5) - 0 . 0 1 N"(6) - 0 . 0 1 Cu'(B) - 0 . 1 2 
(Da'") plane through C'"(l) , G"'(2), C"'(3), N '"( l ) , and N'"(2) (Plane Da"') 
C'"(l) 0.00 C'"(2) 0.00 C'"(3) 0.00 
N'"(l) 0.00 N'"(2) 0.00 Cu'(A) 0.03 
(Db'") plane through C " (10), C '" ( l l ) , C'"(12), N'"(5), and N'"(6) (Plane Db' 
C'"(9) - 0 . 1 2 G'"(10) 0.01 C'"(l l) 
N'"(5) - 0 . 0 1 N'"(6) - 0 . 0 1 Gu'(B) 
Dihedral angles between the planes (çJ/°) : 
B and B' 54.9 B" and B'" 49.7 
D b a n d D b ' 75.6 Da" and Da'" 8.3 
Equations of planes : 
(B) 0.131JT+0.790F+0.599Z- 9.868=0 (Da) 
(B') 0.131JT-0.954F+0.269Z+ 4.098=0 (Db) 
(B") 0.204^+0.607 F - 0 . 7 6 8 Z - 2.373=0 (Da') 
(B'") 0 .847^+0 .127F-0 .516Z-13 .310=0 (Db') 
(C) - 0 . 0 2 4 Z - 0 . 2 6 7 F - 0 . 9 6 3 Z + 7.206=0 (Da") 
(C) - 0 . 0 3 2 ^ + 0 . 5 9 6 F - 0 . 8 0 2 Z + 0.892=0 (Db") 
(C") -0.112AT-0.942F+0.315Z+ 2.557=0 (Da'") 
(C'") - 0 .739Z+0 .522F+0 .426Z+ 6.810=0 (Db'") 

0.00 
0.15 

C' 
N' 

C' 
N' 

(7) 
'(4) 

'(7) 
'(4) 

G(4) 

C(12) 

C'(4) 

G'(12) 

C"(4) 

C"(12) 

C'"(4) 

G'"(12) 

Da and Da' 
Db" and Db'" 

0 .041^+0 .953F+0.300Z-12 . 
0 .052^+0 .582F+0 .811Z- 9, 
0 .037Z+0.993F+0.109Z-11 , 
0 .111^-0 .929F+0 .354Z+ 3. 
0 . 5 1 3 ^ + 0 . 4 4 3 F - 0 . 7 3 6 Z - 3, 
0 .162X+0 .594F-0 .788Z- 1. 
0.614AT+0.468F-0.636Z- 6. 
0.835.Y+ 0.068 F - 0 .547Z-12. 

0.08 
- 0 . 0 8 

0.06 
-0 .05 

-0 .08 

0.00 

-0 .06 

0.00 

0.13 

0.01 

- 0 . 0 1 

0.01 

11.2 
52.7 

190=0 
708=0 
494=0 
794=0 
889=0 
312=0 
769=0 
185=0 

where X, Y, and Z are coordinates in Â units relative to the a, b, and c* axes respectively. 

plane defined by the O ( l ) , O ' ( l ) , and 0 ( 3 W ) atoms. 
One of the equatorial bonds is longer than the other 
two, and the O - G u - O angles in the equatorial plane 
are 103.6, 106.5, and 149.7°. The Cu(B) atom is 
distant from O ( l ) and O ' ( l ) by 2.81(1) and 2.80(1) À 
respectively, and the interatomic distance, Gu(A)- -
Gu(B), is 3.570(3) Â. 

All the HISH~ ligands assume a similar, asymmetric 
conformation; the G(4) - Im and C(9 ) - Im fragments are 
rotated respectively about the G(4)-C(5) and C(7)-C(9) 
bonds in such a way that the donor atoms in the I m 
groups are favorably located for coordination to the 
Gu(A) and Cu(B) atoms. The average bond lengths in 
the H I S H - ligand are also shown in Fig. 4. Each I m 

group is planar within 0.02 À, and the bond lengths and 
angles are in agreement with the corresponding ones in 
the bis(histidino)-nickel(II) and -cobalt(II).9) The 
leastsquares planes of various parts of the complex and 
the dihedral angles between them are listed in Table 4. 
The D K P H ~ ring is nearly planar, and the torsional 
angles in the ring ( IUPAC-IUB conventions)10) are 
presented in Table 5. In the two G = 0 bonds, the one 
whose O atom participates in the coordination is longer 
than the other. In the pep tide-bondings, N ( 4 ) - C ( 6 ) -
O ( l ) and N ( 3 ) - C ( 8 ) - 0 ( 2 ) , a short N - C bond length 
indicated the delocalization of JI electrons over this 
bonding. 

The D K P H 2 can be regarded as a kind of secondary 
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TABLE 5. TORSIONAL ANGLES (deg.) IN DKPH" a ) 
TABLE 6. DATA OF THE HYDROGEN BONDS 

Angle Angle 

0[C(5), N(3)] 
0[C(6), G(5)] 
a»[N(4), C(6)] 
0[C(5), N'(3)] 
<*[C'(6), C'(5)] 
a>[N'(4), C(6)] 
0[C"(5), N"(3)] 
0[C"(6), C"(5)] 
a>[N"(4), C"(6)] 
0[C"(5), N'"(3)] 
0[C'"(6), C'"(5)] 
a>[N'"(4), C'"(6)] 
Z[C(4), C(5)] 
Z[C'(4), C'(5)] 
Z[C"(4), C"(5)] 
Z [C"(4) , C'"(5)] 

- 4 . 2 
- 6 . 5 

5.4 
- 1 . 1 

0.2 
- 5 . 4 

5.4 
- 5 . 2 
- 5 . 0 

2.9 
0.7 

- 9 . 2 
73.1 
74.1 
74.4 
76.5 

0[C(7), N(4)] 
0[C(8), C(7)] 
<»[N(3), C(8)] 
0[C'(7), N'(4)] 
0[C'(8), G'(7)] 
a»[N'(3), G'(8)] 
0[C"(7), N"(4)] 
0[C"(8), C"(7)] 
a>[N"(3), C"(8)] 
0[C'"(7), N'"(4)] 
0[C'"(8), C'"(7)] 

« r m c"(8)] 
Z[C(9), C(7)] 
X[C'(9), G'(7)] 
Z[C"(9), C"(7)] 
Z[C'"(9), C'"(7)] 

5.1 
- 1 4 . 9 

14.9 
11.0 

- 1 1 . 9 
7.3 

14.1 
- 1 3 . 2 

4.0 
12.8 

- 9 . 0 
1.5 

- 6 3 . 1 
- 6 2 . 9 
- 6 5 . 8 
- 6 1 . 0 

a) The conventions of the IUPAC-IVB Commission 
are followed.b) 

R \ yR 
C - N 

M - O / \ H 

b) See also Ref. 10. 

R \ 
G-

Q? 

/ R R'x / R 
-N C - N 

\ M M'-O*' \ M 

II III 

amide group which is capable of ligating in three ways :n> 
I is most usual, whereas I I and I I I are uncommon and 
deprotonation is necessary prior to complex formation. 
The coordination mode of the "amide g roup" in the 
present D K P H - group can be classified as I I I . In 
/i-formamide-bis [pentaamminecobalt ( I I I ) ] pentachlor-
ide monohydrate, which is known as the sole example 
of I I I , the M ' - O bond is nearly coplanar with the plane 
of the amide group, the M ' - O - C bond angle being 
126°.12> However, in the present complex the G u ( A ) -

A-H-B A-B 

N(3) 
N(6) 
N'(3) 
N"(3) 
N'"(6) 
O(10W) 
0"'(6) 
0(8W) 
0(8W) 
0(12W) 
0(12W) 
0'(3) 
N(3) 
N'"(3) 
0(3) 
N'(2) 
0(13W) 
N(2) 
N"'(2) 
O(l lW) 
0(13W) 
N"(2) 

0'(5) 
O(l lW) 
0"(5) 
0'(2) 
0(6) 
0(2) 
0(3) 
0"(1) 
0(9W) 
0(8W) 
0(5) 
0"(2) 
0" '(2) 
0(2) 
0'(2) 
O(l lW) 
O(l) 
0(7) 
O(10W) 
0"'(5) 
N(2) 
0 / / /(2) 

3.03 
2.96 
3.12 
2.85 
2.96 
2.67 
2.98 
2.78 
2.90 
2.98 
3.08 
2.53 
2.97 
3.02 
2.74 
2.86 
2.98 
3.03 
2.73 
2.92 
2.78 
2.78 

Positions*) of 

A~~*~B 

a) Numerals refer to the following equivalent posi­
tions: 1 (x,y,z), 2 (x,y, — 1 + *), 3 {-\+x,y, — 1 + *), 
4 ( 1 - * , _ i / 2 + j , , l - * ) , 5 ( l - * , - 1 / 2 + ^ , 2-z), 6 
(2-x, -ll2+y,2-z). 

O ' ( l ) bond is not coplanar with the [N'(4), C'(6), 
O ' ( l ) ] "amide p lane ," but makes an angle of 59.3° 
with this plane. Similarly, the C u ( A ) - 0 ( l ) bond 
intersects the [N(4), G(6), O ( l ) ] "amide plane" in an 
angles of 61.7°. 

Fig. 5. Stereoview of crystal structure of aquabis(cyclo-L-histidyl-L-histidylato)dicopper(II) 
Perchlorate hydrate along the c axis. 
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Both of the 6-membered chelate rings, B[N(4), Cu(B), 
N(5), G(10), G(9), G(7)] and B'[N'(4) , Cu(B), N ' (5) , 
C'(10), C'(9), C'(7)] , which are related mutually by 
the pseudo twofold axis, assume an envelope form; the 
five atoms in each chelate ring are planar within 0.13 Â, 
whereas G(7) in B and G'(7) in B' deviate by 0.65 and 
0.66 Â from the respective least-squares planes defined 
by the five atoms. The 7-membered ring A[Cu(A) , 
O ( l ) , G(6), G(5), C(3), G(4), N ( l ) ] and the A ' related 
with A by the pseudo twofold axis have a boat form. 
Although the 7-membered ring has been thought 
generally to be unstable compared with 5- and 
6- membered ones, and although, moreover, the ligating 
ability of the oxygen in an amide group toward metal 
is not strong, the formation of the 7-membered ring in 
the present complex presumably results from the dimeri-
zation and migration of the negative charge to the O 
atom from the adjacent "an ion ic" N atom. 

Figure 5 shows the stereoview of the crystal structure 
along the c axis. The data concerning hydrogen bonds 
are presented in Table 6. The Perchlorate anions and 
uncoordinated water molecules participate in the 
O - H - O , N - H - O , and O - H - N hydrogen bonds. 
The N(3) atom in the complex which involves unprimed 
Cu atoms has short contacts of N(3)—0' (5) (3.03 À) 
and N(3)— 0'"(2)(2.97 A) . These contacts suggest that 
the H atom linked to N(3) takes part in the bifurcated 
hydrogen bonding. 
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The angle between the g,, axis and the copper-copper axis in most parallel planar dimers of the quadridentate 
salicylaldehyde Schiff base complexes of copper(II) in toluene or xylene has been reconfirmed to be not «B>35°, but 
«»17°, by a computer simulation of the dimer ESR spectra at both the K and X-bands. In order to remedy the 
shortcomings of the so-called point-dipole approximation generally used in the simulation, a derealization model, 
in which the derealization of each unpaired electron on the copper atom and its surrounding four ligand atoms is ex­
plicitly taken into consideration, has been discussed in some detail. The derealization effect has been proven to be 
highly significant in estimating dimeric structures reliably. An application of this model to the structural estimation 
of several dimers in solutions has also been made. 

A number of mono-nuclear planar copper(II) 
complexes have been found to exist as dimers in crys­
tals1-4) and in solutions.5-11) T h e structures of dimers 
in solutions have been estimated by the computer 
simulation of the dimer ESR spectra.6 _ 1 1 '1 3 _ 1 6 ) We have 
previously reported that many quadridentate salicylal­
dehyde Schiff base complexes of copper(II) (hereafter 
abbreviated as Gu(nX-SalB), Fig. 1) in toluene form 
dimers with almost coaxial g and fine-structure tensors,12) 
together with the fact that the dimeric structures of 
Gu(SalB) in solution are markedly different from those 
ofCu(3N02-SalB).1 3> 

Cu(nX-SalB) 
Fig- 1« Quadridentate salicylaldehyde Schiff base com­

plexes of copper(II). 
Abbreviations: Me=-CH 3 , en=-CH 2 CH 2 - , p n = - C H -
(CH3)CH3-, ibn=-C(CH3)2CH2- , MeO=-OCH 3 , tn 
=—CH2CH2CH2—. 

Recently, Cookson et al. have reported that the angle, 
£, between the g„ axis and the copper-copper axis in 
the dimers of Cu(nX-SalB) ( n X = H or 3 M e O and B = 
pn or tn) in frozen xylene is estimated to be 35° by the 
computer simulation of the X-band ESR spectra, 
suggesting that these dimers are similar in structure to 
that of Gu(Salen) in crystals.2-14) This value, however, 
is very different from the value (15°) we ourselves 
previously estimated for similar systems.12) More 
reliable information on the mutual orientation of these 
axes can often be obtained by investigating simultaneous­
ly the dimer ESR spectra at different microwave 
frequencies. In this study, therefore, the dimeric 
structures for Gu(3Me-Salpn) in toluene, Cu(Salpn) in 
xylene, and Gu(3N02-Sal ibn) in nitroethane were 
examined by the computer simulation of the K-band 
ESR spectra as well as the X-band ones. 

In most studies so far reported on the computer 
simulation of dimer ESR spectra, the magnetic dipole 
interaction has been calculated using the so-called point-
dipole approximation.6 '15 '16) Actually, however, each 

unpaired electron in a dimer is delocalized on the 
copper a tom and its surrounding ligand atoms. It has 
been suggested tha t there is a tendency for the Gu-Gu 
distance, r, and the £ value in the dimer to be over- and 
under-estimated respectively by the use of the point-
dipole approximation.17»18) A notable example of the 
dereal iza t ion effect has recently been presented for the 
dimer of bis(dialkyldithiocarbamato)copper(II) (Gu-
(dtc)2) by Van Rens and De Boer.19) By calculating 
the fine-structure tensor of the dimer from the results 
of extended Hückel molecular orbital calculations, they 
have indicated that the dereal iza t ion reduces the 
dipolar interaction by a factor of two, and that one 
of the principal axes of the fine-structure tensor bisects 
the angle between the g„ and C u - C u axes. 

Although the metal-ligand bondings of Cu(dtc)2 are 
strongly covalent,20) the question still comes to our 
minds whether or not the dereal iza t ion effect can be 
neglected in many other cases. In order to obtain 
detailed information on errors inherent in the point-
dipole approximation, a dereal izat ion model was 
discussed and checked by applying the model to two 
dimeric systems of known structures in the title com­
plexes. Using the results, an at tempt was made to 
reestimate the structures of several dimers in solution 
more reliably. 

Experimental 

All the quadridentate salicylaldehyde Schiff base complexes 
of copper(II) used here had been prepared and purified in 
previous works.12'13) The Cu(Salen) • GHG13 was prepared by 
the recrystallization of Cu(Salen) from chloroform.21) The 
sample of Cu(Salen) diluted in the nickel complex was pre­
pared by the recrystallization of a 5: 1 mixture of Ni(Salen) 
and Cu(Salen) from nitrobenzene, and the Ni(Salen) was 
prepared by the same method. All the solvents used were 
purified by the usual methods.22) 

The ESR spectra at 77 K were recorded on Hitachi 771 
X-band and MES-4001 K-band ESR spectrometers and ana­
lyzed by computer simulation. All the calculations in the 
simulation were carried out at the Computer Center of Tohoku 
University on a NEAC 2200 computer, using fundamentally 
the same program as in previous works,7'13) except that the 
derealization of each unpaired electron was taken into consid­
eration, as will be described later. The co-ordinate system 
for the present dimers is shown in Fig. 2. 
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X 

Fig. 2. Co-ordinate system for the dimers. 

R e s u l t s a n d D i s c u s s i o n 

Combined Use of K and X-Band ESR Spectral Simulations. 
The observed ESR spectra of Cu(3Me-Salpn) in toluene 
at X and K-bands and of Cu(Salpn) in xylene at 
K-band are shown in Figs. 3,4, and 5 respectively, togeth­
er with the calculated spectra. T h e A M = 2 transition 
probability is inversely proportional to the square of 
microwave frequency,15) so that, unfortunately, we have 

I . 1 • 1 1 . . 1 1 r 

2.0 3.0 4.0 

H/kG 

Fig. 3. X-Band ESR spectra of Cu(3Me-Salpn) : ( ), 
observed in toluene at 77K; ( ), computer simulated 
with the parameters, £„=2.19, £,.=2.045, 1 ,̂1 = 0.0100 
cm-1, \A±\ =0.0015cm-1, r=4 .04Â, £=15°, and A # = 
25 G (Gaussian linewidth). 

m 

m m V / 

I I 1 1 1 
7.0 7.5 8.0 8.5 9.0 

H/kG 

Fig. 4. K-Band ESR spectra of Cu(3M-Salpn) : ( ), 
observed in toluene at 77 K; ( ), computer simulat­
ed with the parameters, £„=2.19, £±=2.045, \Af/\ = 
0.0100 cm-1, \A±\ = 0.0015 cm"1, r=4.04 Â, £=15°, 
and A/ /=30 G. m represents absorption line due to 
monomers. 

(xlO) 

Fig. 5. K-Band ESR spectra of Cu(Salpn): a (solid 
lines), observed in xylene at 77 K; b and c, computer 
simulated with the parameters, (b) £ / /=2.19,£±=2.045, 
1^,1=0.0100 cm-1, 1^1=0.0015 cm-1, r=4.05 Â, £ = 
15°, A / / = 2 5 Gauss, and (c) ^„=2.18, £±=2.03, \2A„\ 
= 0.0225 cm-1, \2A±\ =0.0010 cm"1, r=3.95 Â, £=35°, 
AH=30 G m represents absorption line due to 
monomers. 

not observed any well-defined AM=2 spectra at K-band 
with our spectrometer because of the low signal-to-noise 
ratios. T h e observed X-band and K-band dimer 
ESR spectra of Gu(3Me-Salpn) in toluene were almost 
the same as those of Gu(Salpn) in xylene, so their 
dimeric structures are similar. In this section, only the 
magnetic and structural parameters estimated by the 
computer simulation of the dimer ESR spectra using 
the point-dipole approximation will be discussed. 

T h e parameters of (b) and (c) in Fig. 5, which have 
been estimated from the X-band spectra by us and by 
Cookson et al. respectively for the dimer of Cu(Salpn) , 
are considerably different, especially in £. O n the 
basis of the fact that both the At and Ah values and the 
g2 value are almost equal to the monomer 's A,/j2 and gn 
values respectively in many quadridentate Schiff base 
complexes, we have previously concluded that the gn 
and C u - C u axes in these complexes almost coincide; 
namely, the £ value is close to 0°,6 , 1 2 , 1 3 ) where the 
parameters of Ah Ah, and g2 are as defined in Fig. 3. 
Two calculated A M = 1 spectra (b and c) of Gu(Salpn) 
a t K-band, which we obtained with their respective 
sets of parameters, are shown in Fig. 5, together with 
the observed one. I t should be noted that no complicated 
progression of the hyperfine structure in the 7.5—8 kG 
range (1 G = 10~4 T ) can be seen in the observed K-band 
spectra of either Cu(3Me-Salpn) in toluene or of Cu-
(Salpn) in xylene, bu t such a progression can be seen in 
the calculated spectrum of c. T h e appearance of such 
a hyperfine structure, therefore, was found to be charac­
teristic of non-coaxial g and fine-structure tensors. In 
addition, the calculated spectrum of c as a whole is 
shifted to a little higher magnetic field than the observed 
one. As one can see in Fig. 5, a much better fit between 
the calculated and observed spectva at K-band is 
obtained with the parameters of (b) than with those of 
(c). We may conclude, therefore, that the £ value of 
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—t* 7 ' 8 ^ 9 -

Fig. 6. K-Band ESR spectra of Cu(3NOa-Salibn) : ( ), 
observed in nitroethane at 77 K; ( ), computer 
simulated with the parameters, ^ = 2 . 2 0 , £x=2.045, 
1 ,̂1 =0.0100 cm"1, \AJ =0.0010 cm"1, r=3 .8 Â, £ = 
35°, AH=30 G. m represents absorption line due to 
monomers. 

35° is too large for the present dimer, as far as the point-
dipole approximation is concerned. 

O n the other hand, the dimer of Cu(3N0 2 -Sal ibn) 
in nitroethane is a typical dimer with a larger £ value. 
T h e observed and calculated K-band spectra of this 
dimer are shown in Fig. 6, in which the parameters 
used in the calculation were the same as those previously 
chosen for the X-band spectrum (£=35°).1 3) Although 
the hyperfine structures due to the monomer were also 
simultaneously observed in the 7—8 k G range, every 
peak in the range can be well assigned by comparison 
with the simulated spectrum. Accordingly, we are led 
to the conclusion that the dimeric structure of Cu(3NO a -
Salibn) in nitroethane is remarkably different from those 
of many other quadridentate salicylaldehyde SchifF base 
complexes in toluene. 

Errors Inherent in the Point-dipole Approximation. In 
order to obtain information on errors inherent in the 
point-dipole approximation, we first simulated the 
ESR spectra for the dimers of a known structure. T h e 
observed X-band spectrum of Cu(Salen) • GHC13 in the 

i i i i i i 

2000 H/Gauss 4000 
Fig. 7. X-Band powder ESR spectra of Cu(Salen)« 

CHC13: ( ), observed at 77 K; ( ), computer 
simulated with the parameters, #„=2.19, £x=2.04, 
1^/1=0.0100 cm-1, \A±\ = 0.0010 cm"1, r=3.65 Â, £ = 
34°, and A/ /=60 G. 

powder state at 77 K is shown in Fig. 7. This spectrum 
is obviously due to typical A M = 1 transitions in copper-
(II) pairs, although no hyperfine structure was observed 
in it. According to Baker et al.,21) the molecules of 
Gu(Salen) in Gu(Salen) • GHG13 crystals exist as dimers 
with r = 3 . 3 7 Â and £ = 3 4 ° . T h e best calculated 
spectrum, which is also shown in Fig. 7, was obtained 
with the parameters listed there, in which the g and A 
values were taken from the monomer spectrum of 
Gu(Salen) in chloroform and in which the £ value 
mentioned above was adopted. T h e difference of 0.28 A 
between the true and estimated r values is probably 
responsible for the point-dipole approximation used.17»18> 

1 r 

H/Gauss 2000 

1 , I 1 1 I I I 1 L 

2000 3000 H/Gauss 4000 

Fig. 8. X-Band powder ESR spectra of Cu(Salen) in 
Ni(Salen) crystals: ( ), observed at 77 K; ( ), 
computer simulated with the parameters, g//—2A9i gx 

= 2.04, \A„| =0.0100 cm-1, \A±\ =0.0010 cm"1, r=3.8 
Â, £=15°, and A / / = 2 5 G. 

T h e powder X-band ESR spectra of Gu(Salen) doped 
in a high concentration in Ni(Salen) crystals are shown 
in Fig. 8. According to Shkol'nikova et a/.,23) the Ni-
(Salen) molecules in crystals are also present as dimers 
with r = 3 . 2 2 Â and £ = 1 5 ° . This £ value is much closer 
to those estimated for the dimers of Cu(Salpn) and Cu-
(3Me-Salpn) in frozen solutions than those for Cu(Salen) 
in crystals of Gu(Salen) itself (£=40°) and Gu(Salen)-
CHGlg. In the A M = 1 spectrum shown in Fig. 8, it 
is noteworthy that the hyperfine splittings at both edges 
are equal («*100 G) , being the same as one half of the 
monomer's \An\ value. This fact indicates that the 
principal axes of the g and fine-structure tensors are 
almost coincident and, therefore, that the dimeric 
structure of Cu(Salen) in Ni(Salen) crystals is similar 
to that of the host nickel complex. The best fit for the 
A M = 1 spectrum at both sides and for the A M = 2 
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spectrum was obtained with the same g and A values as 
in Fig. 7 and with r = 3 . 8 0 Â and £ = 15°. T h e difference 
of 0.58 Â between the true and estimated r values for 
the dimer of Cu (Salen) in Ni (Salen) crystals is larger 
than that in Gu(Salen)-CHCl 3 crystals. This fact 
suggests that the error in r inherent in the point-dipole 
approximation depends upon both r and £. Such might 
also be the case with the error in £. 

In order to check these errors more systematically, 
we calculated the fine-structure splittings in the A M = 1 
spectra, assuming that, in each of the monomeric halves 
in the dimers, the fractions of the unpaired electron on 
the copper a tom and on each of its four coordinating 
ligand atoms are given by a2 and (1—a2)/4 respectively, 
where a2 is a covalency parameter which has its usual 
meaning in the metal-ligand bondings.24»25) As may 
be seen in Fig. 2, the x ' and y ' axes are parallel to the 
x and y axes respectively, and the Cu2 a tom is located 
on the xz plane. I t is obvious from a symmetry conside­
ration of the dimer that the maximum principal value 
axis of the fine-structure tensor is on the xz plane. We 
calculated the fine-structure splitting D, setting the 
static magnetic field on the xz plane and changing 0 
from 0 to 90° at intervals of 1 °. T h e maximum principal 
value, Z)H, and the direction, 0 m a x , of the D tensor were 
determined graphically from the plots of D against 0.26) 

Fig. 9. Dependence of DH on £ and r : ( ), oc2= 
0.65; ( ), a2=0.75. 
a and a', r=3.2 Â, b and b ' , r=3 .3 Â; c andc ' , r=3 .4 
Â; d and d', r=3 .5 A; e and e', r=3.6 Â; f and F , r= 
3.7 Â; g and g', r=3.8 Â. DH was calculated for gu= 
2.19, g±=2.045, and microwave frequency=9.23 GHz. 
0> Cu(Salen) in Ni(Salen) crystals; Q , Cu(Salen) in 
Cu(Salen)-CHCl3 crystals; # , Cu(3Me-Salpn) in 
toluene. 

Figure 9 shows the dependence of Z>H on £ and r 
for a 2 = 0 . 6 5 and 0.75. This figure clearly indicates that 
DH increases with £ and a2, and tha t the increment of 
Z)H vs. a2 decreases with an increase of r. These results 
are in agreement with the intuitively acceptable fact 
that the point-dipole approximation becomes a better 
one as a2 or r increases. This figure also explains why 
the error in r inherent in the point-dipole approximation 
is smaller for the dimer of Cu (Salen) in Cu (Salen)-
CHC13 crystals than for the one in Ni (Salen) crystals. 

T h e open and half-darkened circles shown in Fig. 9 
are for the dimers of Cu (Salen) in Ni (Salen) and Cu-
(Salen) • CHC13 , to which the Z>H values estimated and 
the £ values taken from the crystal data were assigned, 
respectively. A closer inspection of these circles with 
regard to r indicates that the above-mentioned dimers 
can have their actual r value when <x2=M).65 and 0.75 
respectively are assumed for them. Both of the a2 values 
are smaller than 0.82,27> which was calculated from 
the monomer 's E S R parameters by the usual method.25) 
These small inconsistencies in a2, however, do not seem 
significant because all the procedures involved are 
originally rough. W e would like to emphasize here 
that , in order to get more fruitful results from the dimer 
E S R spectra, an explicit consideration of the derea l iza ­
tion effect in the simulation is necessary. 

Fig. 10. Dependence of 0max on £ for g„=2.19 and gx= 
2.045. 
a, r=3 .8 Â and a 2=0.75; b, r=3.2 A and a a=0.75; a', 
r=3 .8 A and <x2=0.65; b ' , r=3.2 A and a2=0.65. 

Figure 10 shows the dependence of 0 m a x on £, r, and 
a2. Apparently, the value of A £ = £ — 0 m a x increases 
with £ and decreases with increases in a2 and r. When 
each unpaired electron is completely localized on the 
copper nucleus, 0 m a x is equal to £. For a dimer with a 
considerable derea l iza t ion of the unpaired electron, 
therefore, the £ value estimated by the use of the point-
dipole approximation should approach the 0 m a x value 
rather than the actual £ one. As has been described 
above, the £ (—0max) values for the dimers of Cu(Salpn) 
in xylene and of Cu(3Me-Salpn) in toluene have been 
estimated to be 15° using the point-dipole approxima­
tion. These results suggest that their dimeric structures 
are similar to that of Cu (Salen) in Ni (Salen) crystals, 
in which the DH value has been satisfactorily explained 
on the assumption of a 2 = 0 . 6 5 . By applying the case 
of 0 m a x = 1 5 ° and a 2 = 0 . 6 5 to Fig. 10, we can estimate 
£ = 1 7 ° for these dimers in solution. Furthermore, by 
re-plotting their estimated DK values a t £ = 1 7 ° as 
darkened circles in Fig. 9, we can estimate their r values 
more reliably as «»3.55 Â. In the same way, r=«»3.50 
Â and £=«*38.5° have been estimated for the dimer of 
Cu(3N0 2 -Sal ibn) in nitroethane. T h e result of £ = 1 7 ° 
thus re-estimated for the dimers of Cu(Salpn) in xylene 
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and of Cu(3Me-Salpn) in toluene supports our previous 
conclusion that these dimers are remarkably different 
in structure from that of Cu(Salen) in crystals. 

The authors are grateful to Professor Masamoto 
Iwaizumi for his encouragement throughout this work. 
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Tris[(S)-l,3-butanediamine]cobalt(III) Complex 
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Four stereoisomers, mer-A, mer-A, fac-A, and fac-A, of the tris [ (S) -1,3-butanediamine] cobalt (III) complex were 
obtained, and their absorption and circular dichroism spectra were recorded in water in the absence or presence of 
sulfate ions. The shift of absorption bands and the variation of circular dichroism spectra caused by the addition of 
sulfate ions seem to be correlated with the conformational instability of six-membered (S)- 1,3-butanediamine chelate 
rings in the complexes. 

Experimental observations1-4) indicate that the most 
stable conformation of the (S)(or (R))- 1,3-butanedi­
amine (S (or R)-bn) chelate ring is the chair form with 
an equatorially disposed methyl group. However, a 
six-membered chelate ring is known to be conforma-
tionally flexible and to interchange easily its conforma­
tion between two forms, the chair and the skew depend­
ing on environment. T h e S (or i?)-bn chelate ring in the 
<5(or X) -skew conformation also has the methyl group in 
equatorial orientation (see Fig. 2) . In a previous 
paper,5) we have suggested that the variation of circular 
dichroism spectra of some cobal t ( I I I ) complexes 
containing (i?,Ä)-2,4-pentanediamine (Äß-ptn) in 
various solvents is closely related with such conforma­
tional instability of the six-membered RR-ptn chelate 
ring. T h e most stable conformation of the RR-ptn 
chelate ring is the A-skew form in which the two methyl 
groups are equatorially disposed. In order to compare 
the effects of a methyl group on the conformational 
instability of six-membered chelate rings, this paper 
reports the preparation of four stereoisomers of the 
[Go(5 ,-bn)3]3+ complex and their absorption and circular 
dichroism spectra in the absence or presence of sulfate 
ions. The circular dichroism spectrum of [Co(NH3)4-
(S-bn)]3-1- is also recorded. 

E x p e r i m e n t a l 

Ligand. 1,3-Butanediamine (bn) was prepared by the 
method of Strack et c/.6> and resolved by the method of Balieu 
et a/.7) The (+)689-isomer is known to have the S-configura-
tion,7) and its dihydrochloride salt (S-bn^HCl) was used to 
prepare cobalt(III) complexes. 

[Co(NH3)é(S-bn)](ClOJ3. This complex was prepared 
from [Co(H20)(NH8)B](C104)3 and S-bn^HCl by a method 

similar to that for the corresponding (Ä,Ä)-2,4-pentanedi-
amine (RR-ptn) complex.5) 

trsins-[CoCl2(S-bn)2]Cl. An aqueous solution (50 cm3) 
of S-bn^HCl (4.8 g, 30 mmol) was neutralized with Na 2 C0 3 

(3.1 g, 30 mmol). To this solution was added a solution of 
Na3[Co(NOa)6] (6.1 g, 15 mmol) in water (40 cm3), and the 
mixture was heated at 70 °G for 3 h. The resulting yellow 
solution was mixed with coned HCl (50 cm3), and heated at 
70 °C for 2 h with occasional stirring to give a reddish violet 
solution. Green crystals which formed by concentrating the 
solution to a small volume in a rotary evaporator were filtered 
off and washed with ethanol. Yield: ca. 30%. 

Tris(S-bn)cobalt(III) Complex. A suspension of S-bn • 
2HG1 (0.4 g, 2.5 mmol) and sodium methoxide (0.22 g, 4 
mmol) in methanol (3 cm3) was added to a solution of trans-
[CoCl2(lS

,-bn)2]Cl (0.69 g, 2 mmol) in DMSO (30 cm3). The 
mixture was stirred for a day at room temperature, then 
diluted with 1 dm3 of water and passed through an SP-
Sephadex column (ci 2 .7x5 cm). A small portion of the 
Sephadex charged with the product was loaded on the top of 
adsorbent layer of an SP-Sephadex column (ci 2.7 X 120 cm), 
and the adsorbed complexes were developed with a 0.2 M 
aqueous solution of sodium (+)589-tartratoantimonate(III). 
The column gave three separate bands, I, II, and III in the 
order of elution, which were,mer-A, fac-A, and a mixture of 
mer-A and fac-A isomers, respectively. The effluent of the 
band III was diluted with water and loaded again on an 
SP-Sephadex column, and the adsorbed band was eluted with 
a 0.2 M sodium sulfate solutions Two isomers, ^^-^(I I IA) 
and mer-A (HIB) were eluted separately from the column in 
this order. The formation ratio, mer-A(I) : fac-A (II): fac-A-
(IIIA) : mer-A(IIIB) was 2: 1:1: 2. Each effluent was reload­
ed on SP-Sephadex and the isomers were isolated by the 
following methods. 

(—)u6-m^-à.-[Co(S-bn)3]Cl3-3H20 and (—;470-fac-A-[Co-
(Sbn)3]Cl3 • 2H20. The complex adsorbed on SP-Sephadex 
was eluted with 1.0 M HCl. The effluent was evaporated to 

TABLE 1. ANALYTICAL DATA OF THE NEW COMPLEXES 

Complex 
G/% H/% N/% 

Found 

21.90 
29.48 
22.12 
29.16 
22.87 
30.66 
21.66 
31.02 
9.25 

Calcd 

21.91 
29.79 
21.91 
29.25 
22.53 
30.94 
21.91 
30.94 
9.35 

Found 

5.90 
8.52 
5.61 
8,47 
5.82 
8.47 
5.86 
8.78 
4.67 

Calcd 

6.13 
8.75 
6.13 
8.79 
5.99 
8.66 
6.13 
8.66 
4.71 

Found 

12.69 
17.39 
12.72 
17.33 
13.23 
18.06 
12.82 
18.27 
16.51 

Calcd 

12.78 
17.37 
12.78 
17.05 
13.14 
18.04 
12.78 
18.04 
16.36 

mer-A-[Co(S-bn)3] (G104), • 2H 2 0 
m«--zl-[Co(5-bn)3]Cl3 • 3H 20 
fac-A-[Co(S-bn)3] (C104)3 • 2H 2 0 
fac-A-[Co(S-bn)3]Cla • 3. 5H 2 0 
fac-A-[Co(S-bn)s] (C104)3 • H aO 
fac-A-[Co(S-bn)s]Cl3 • 2H 2 0 
mer-A-iCotf-bn)^ (C104)3 • 2HaO 
mer-A-[Co(S-bn)3]c\3 • 2H 2 0 
[Co(NH3)4(5-bn)](C104)3 
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almost dryness in a vacuum desiccator over P 2 O B and NaOH. 
Orange crystals which formed by the addition of ethanol were 
filtered off and washed with ethanol. 

(+)5i(s-mer-A-[Co(S-bn)3\Cl3• 2H20. This complex was 
obtained in a similar way to that for the mer-A or the fac-A 
isomer except that methanol was used for crystallization 
instead of ethanol. 

(+)uo-foc-k-[.Co(S-bn)3\Cl3-3.5H20. This complex did 
not crystallize on the addition of common organic solvents to 
a concentrate of the effluent. Thus the orange residue ob­
tained by evaporating the effluent in a vacuum desiccator was 
used for measurements. 

mer-A-,fac-A-, and mer-A-[Co(S-bn)3](ClOJ3.2HzO and&c-
A-[Co(S-bn)8] (CIOJ3 • H20. The adsorbed complex was 
eluted with a 1.5 M sodium perchlorate solution and the 
effluent was concentrated to a small volume in a rotary evapo­
rator. Orange crystals which formed on cooling the concen­
trate were filtered off and washed with ethanol. 

Other complexes, mer- and fac-[Co(meso-ptn)3]
3+ were pre­

pared and resolved by the method reported previously.8) 
Table 1 shows the results of chemical analysis. 
Measurements. Absorption and circular dichroism spectra 

were recorded on a Hitachi 323 spectrophotometer, and a 
JASCO model J-20 spectropolarimeter, respectively. PMR 
spectra were recorded on a JEOL C-60H spectrometer in 
DaO-DCl with DSS (sodium 2,2-dimethyl-2-silapentane-5-sul-
fonate) as the internal reference. 

Results and Discussion 

1. Tetraammine (S-bn) cobalt (III) Complex. As Fig. 1 
shows, [Co(NH 3) 4(S-bn)](C10 4) 3 in water exhibits 
extremely weak CD in the region of the d-d absorption 
bands. Hawkins and Lawrance2) reported that [Go-
( N H 3 ) 4 ( S - b n ) ] ( N 0 3 ) 3 - H 2 0 shows no measurable CD 

A/nm 

600 500 400 300 

?/103 cm-1 

Fig. 1. Absorption and CD spectra of [Co(NH3)4(,S
,-bn)]-

(C104)3 in water ( •) and CD spectrum in 0.2 M 
Na2S04 ( ). 

in this region. In general, a tetraammine complex 
containing an optically active diamine chelate exhibits 
CD much stronger than that of the »S-bn complex in the 
region of the first absorption band, and the sign of a 
main CD band depends on the conformational chirality 
of a diamine chelate ring. For example, [Co(NH3)4-
(J?-pn)]3+ (i?-pn=i?-propylenediamine) gives a positive 
C D band ( A e = + 0 . 3 3 ) at 461 nm, and the #-pn 
chelate ring is assigned to the A-gauche conformation.9) 
T h e main CD band of [Co(NH3)4(ÄR-ptn)]3+ is rather 
weak ( A e = + 0 . 1 0 , 490 nm) , and the ÄR-ptn chelate 
ring is suggested to be in equilibrium between the A-skew 
and the chair conformations.5) Accordingly, the weak 
CD of the S-hn complex in water may indicate that the 
S-hn chelate ring exists predominantly in the achiral 
chair conformation with the equatorial methyl group 
as suggested by Hawkins and Lawrance.2* Energy 
minimization calculation on a hypothetical complex, 
[ C o d ^ S - b n ) ] " shows that the predominant conformer 
of the S-hn chelate ring is the same chair form.10) 

i 

M 

A 

A \y 
\ 

(5-skew 

N 
' I 
chair 

Fig. 2. Possible conformations of six-membered S-hn 
chelate. 

T h e CD spectrum of [Co(NH8)4(.S ,-bn)]8+ in water 
changes remarkably on the addition of N a 2 S 0 4 , as 
shown in Fig. 1. T h e sign of the main CD band in the 
region of the first absorption band is reversed, and the 
spectral pat tern is almost mirror image of that of 
[Co(NH 3 ) 4 (£#-ptn)] 3+ in which the RR-ptn chelate 
ring will be in equilibrium between the A-skew and the 
chair conformations as stated previously. Thus, it is 
suggested that the <5-skew conformation of the .S-bn 
chelate ring is stabilized by the addition of N a 2 S 0 4 . 
Both the chair and the 5-skew conformations have the 
equatorially disposed methyl group, as shown in Fig. 2. 
However, the strength of the CD bands is still very weak 
in the presence of N a 2 S 0 4 . T h e S-hn chelate ring will 
also exist predominantly in the chair conformation in 
this solution. 

2. Tris(S-bn)cobalt(III) Complexes. a) Characteri­
zation of the Isomers: T h e tris(»S-bn)cobalt(III) complex 
exists in four stereoisomers, mer-A, mer-A, fac-A, and 
fac-A (Fig. 3) . As Fig. 4 shows, the P M R spectra of the 
isomers, I I and I I I A show only one kind of doublet 
signal due to the methyl protons, while those of the 
isomers, I and H I B give signals indicating the presence 
of nonequivalent methyl groups. From symmetry 
argument (fac(C3), merÇCj)), therefore, the isomers, I, 
I I , I I IA , and H I B can be assigned to mer, fac, fac, and 
mer configurations, respectively. 

Figures 5—8 show the CD spectra of all the isomers in 
water and in 0,2 M N a a S 0 4 solutions. In the region of 
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600 500 

(d) fac-à (c) mer-â 

Fig. 3. Schematic structure of tris(5'-bn)cobalt(III) ions 
in the chair3 conformer. 

(a) (b) (c) (d) 

1.8 1.4 1.8 1.4 1.8 1.4 1.8 1.4 
<5/ppm 

Fig. 4. PMR spectra of the isomers, (a) I(mer-A), (b) 
ll{fac-A), (c) I I IAO>,d) , and (d) IIIB(mer-A). 

the first absorption band, the main CD bands of the 
isomers, I (mer) and I I (fac) in water have negative sign, 
while those of the isomers, lllA(fac) and IIIB(mer) 
positive sign. Thus , the former two and the latter two 
are suggested to have the A and A configurations, 
respectively. In the charge transfer region, the isomers, 
l(mer) and ll(fac) exhibit three CD bands with positive, 
negative, and positive signs from longer to shorter 
wavelengths. This pat tern coincides with that of 
Zl-[Co(tn)3]3+ ( tn=tr imethylenediamine) , whose 
absolute configuration has been determined by X-ray 
work11) (Fig. 9). T h e other isomers, lllA(fac) and 
IIIB(mer) show the same CD pat tern in this region, but 
the signs are reversed. These results lead to the conclu­
sion that the isomers, I , I I , I I IA , and H I B are mer-A, 

fac-A,fac-A, and mer-A configurations, respectively. T h e 
effect of sulfate ions on the CD spectra will be described 
later. 

b) Absorption Spectra: Table 2 shows that the 
maxima of the first absorption bands of the four isomers 
are in the range of 489.5 (20430) to 491 n m (20370 

f/KFcm-1 

Fig. 5. Absorption and CD spectra of 111A: fac-A-\Oo-
(S-bn^KClCOa-HaO; 3.06xlO"3M in visible region 
and 1.88 X 10-* M in UV region in water ( ), and 
3.06 X 10-3 M in 0.2 M Na2S04 ( ). 

Fig. 6. Absorption and CD spectra of II : fac-A-[Co(S-
bn)3](C104)3 .2H20; 4.02X 10~3 M in visible region 
and 1.90 X 10~4 M in UV region in water ( •), and 
4.02 X 10-3 M in 0.2 M Na2S04 ( ). 

c m - 1 ) . For a complex of six-membered 1,3-diamine, 
maximum position of the first absorption band seems to 
depend on the conformation of the diamine; a diamine 
complex in the skew conformation gives the first absorp-
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f/lO3 cm-1 

Fig. 7. Absorption and CD spectra of HIB: mer-A-[Go-
(S-bn)3](C104)3.2H20; 3.08x 10"3 M in visible region 
and 1.23 X 10~4 M in UV region in water ( ), and 
3.08 x 10-3 M in 0.2 M Na2S04 ( ). 

-0.4h 

Fig. 8. Absorption and CD spectra of I : mer-A-[Co(S-
bn)3](C104)3 .2H20; 2 .82xlO- 3 M in visible region 
and 1.13 X 10~4 M in UV region in water (—-.—), and 
2.82 x 10-3 M in 0.2 M Na2S04 ( ). 

tion band at a shorter wavelength than that in the chair 
conformation. For example, A-[Co(RR-ptn)3]

3+ of 
which the most stable conformation is the A-skew form 
exhibits the first absorption band at 482 n m (20750 

+ 0.2h 

+0.1 h 

-0.1H 

-0.2h 

-0.3h 

vJlO3 cm-1 

Fig. 9. Absorption and CD spectra of yt-[Co(tn)3]-
(C104)3; 5.68 X 10-3 M in visible region and 2.27X 10"4 

M in UV region in water ( •), and 5.68 X 10~3 M 
in 0.2 M Na2S04 ( ). 

c m - 1 ) , while those of fac-[Co(meso-ptn)3\
3+ and [Co-

( tn) 3 ] 3 + in which the chelate ligands take predominantly 
the chair conformation are a t 491(20370) and 490 nm 
(20410 c m - 1 ) , respectively. Therefore, it is suggested 
that the S-bn chelate rings in all the [Co^ -bn^ ] 3 4 -
isomers are intrinsically the most stable in the chair 
conformation. 

T h e first absorption band of the fac-A isomer (489.5 
nm, 20430 cm-1) is a little a t a shorter wavelength than 
that of the fac-A isomer (490.5 nm, 20390 cm" 1) . I t is 
observed that for a pair of diastereomers, the d-d 
absorption bands of the one involving more steric 
interactions lie a t longer wavelengths than those of the 
other.12) In contrast to such observations, molecular 
models show that the structure of the fac-A isomer 
(489.5 nm) seems to be a little more crowded than that 
of the fac-A isomer (490.5 nm) , because the three 
methyl groups of the former in the chair conformation 
are disposed so as to concentrate around the G3 axis 
of the complex ion (Fig. 3). T h e observed difference 
in the peak positions between the two fac isomers may 
be related with conformational instability of the chelate 
rings in solution. As stated previously, the <5-skew 
conformation of a S-bn chelate ring also has the equato-
rially disposed methyl group. When the S-bn chelate 
ring forms the (5-skew conformation, the fac-A isomer 
results in the lel3(A(ôôô)) structure, while the fac-A 
isomer the ob3(A(ôôô)) one. Since the obz conformer 
has been calculated by conformational analysis to have 
a substantially higher energy,13) the chelate rings in 
only the fac-A isomer could interchange between the 
chair and the <5-skew conformations, and the complex 
would be in equilibrium between these two conformers. 
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TABLE 2. ABSORPTION AND CD SPECTRAL DATA 

Complex 

m«--J-[Co(5-bn)3] (C104), • 2H 2 0 

mer-A-lCoiS-br^^Cli • 3H 2 0 

fac-A-[Co(S-\m)a-\ (G104), • 2H 2 0 

>>J-[C3o(5-bn)3]Cl, • 3. 5HaO 

>->[Co(S-bn) 3 ] (C104)3 • 2HzO 

>->[Co(5-bn) 3 ]Cl 3 .2H 2 0 

ro<?r->[Co(S-bn)3] (C104)3 • 2HaO 

m^-yt-[Co(.S-bn)3]Cl3.2H20 

[Co(NH3)4(5-bn)](C104)3 

Absorption 
log « ( v J c m - 1 ) 

1.92(20370) 

1.92(28400) 
4.41(42900) 

1.92(20370) 

1.92(28400) 
4.42(42900) 

1.93(20390) 
1.93(28400) 
4.45(43000) 

1.93(20390) 
1.93(28400) 
4.46(43000) 

1.93(20430) 

1.94(28400) 
4.43(43100) 

1.93(20430) 

1.92(28400) 
4.41(43100) 

1.92(20430) 
1.91(28410) 
4.45(43100) 

1.92(20430) 
1.91 (28410) 
4.45(43100) 

1.83(20860) 

1.78(29200) 

CD 
Ae 

- 0 . 4 4 6 
+ 0.012 
+0.011 
+ 10 
- 9 . 3 
+ 8.3 
- 0 . 4 1 1 
+0.014 
+0.014 
+ 10 
- 8 . 9 
+ 8.7 
- 0 . 4 6 1 
+ 0.040 
+ 12 
- 7 . 6 
+ 6 . 1 
- 0 . 3 7 4 
+0.021 
+ 12 
- 7 . 4 
+ 6.4 
+0.266 
- 0 . 1 0 5 
- 0 . 0 3 7 
- 1 2 
+ 1.6 
- 4 . 1 
+0.216 
- 0 . 2 2 0 
- 0 . 0 4 0 
- 1 2 
+ 1.8 
- 3 . 9 
+0.394 
- 0 . 0 1 3 
- 1 1 
+ 5 . 0 
- 5 . 5 
+0.361 
- 0 . 0 1 1 
- 1 1 
+ 4 . 2 
- 5 . 9 
-0 .0007] 
+0.0056 
-0 .0024 

(r/cm-1) 

(19530)' 
(23310) 
(26670). 
(39500)1 
(44100) 
(48800), 
(21530)1 
(23260) 
(26300) 
(39500)1 
(44600) 
(49800) 
(19900)] 
(28600) 
(39700) 1 
(44800) 
(50000) 
(19840)] 
(28500) 
(39700)] 
(44800) 
(50000) 
(19080)] 
(21510) 
(28300). 
(40200) 
(45200) 
(49300) 
(19050)] 
(21280) 
(28600) 
(40200)1 
(45200) 
(49300)> 
(19380) ' 
(27800) t 

(39800)> 
(44600) 
(49500) 
(19340)] 
(28200), 
(40000)] 
(44600) 
(49500) 
(18520)' 
(22520) 
(28400). 

Concentration 
C/M 

2.82X10-3 

1.13x10-" 

4.18X10-3 

1.67x10-* 

4.02X10-3 

1.90x10-* 

3.51X10-3 

1.82x10-* 

3.06X10-3 

1.88x10-* 

4.18X10-3 

1.68x10-* 

3.08X10-3 

1.23x10-* 

4.45X10-3 

1.71x10 

1.76X10-2 

4.35(48300) not detected 

The formation of the skew conformer causes shift in the 
first absorption band to a shorter wavelength as stated 
previously. The fact that the first absorption band of the 
more crowded fac-A isomer is a t a shorter wavelength 
than that of the less crowded fac-A isomer may be 
accounted for by such a conformational equilibrium of 
the «S-bn chelate ring. 

In the presence of N a 2 S 0 4 (0.5 M ) , the first absorption 
band of the fac-A isomer shifts a little, but more than 

1 n m to a shorter wavelength. T h e fac-A isomer also 
shows such a band shift toward a shorter wavelength 
under the same condition, but the magnitude of shift 
is very small (less than 0.5 nm) . In the presence of 
sulfate ions, the lel3(A(ôôô)) conformer may be stabilized 
by ion-pair formation between the complex cation and 
the sulfate ion, and the first absorption band shifts 
further to a shorter wavelength owing to the increasing 
amount of the <5-skew conformer. For a tris-diamine 
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Î 
0 

I 

Fig. 10. A proposed structure of the ion-pair between 
/ar-J(chair^(oÄ))-[Co(5-bn),]»+ and S04

2". 

complex, the lelz conformer is known to have the most 
effective structure in forming an ion-pair through 
hydrogen bonding between the amino protons and the 
sulfate ion.5> The [Go(tn)3]3+ complex of which the 
conformational behavior is expected to resemble that of 
the. fac-A isomer also shows a similar shift (ca. 1 nm) in 
the first absorption band on the addition of sulfate ions. 
The fac-A isomer could not form the lelz(A(XXX)) con-
former without difficulty, because the A-skew conforma­
tion has the axial methyl group. However, the first 
absorption band of this isomer also shifts a little to a 
shorter wavelength in the presence of sulfate ions. 
If it is assumed that such a shift is caused by the forma­
tion of a certain conformer involving the <5-skew form 
stabilized by an ion-pair with the sulfate ion, the most 
probable conformer will be of fac-A(cha.ir2à(ob)) form 
as shown in Fig. 10. This conformer has a set of three 
N-H bonds provided by two S-bn chelate ligands, one 
being in the chair and the other in the <5-skew conforma­
tion. These N-H bonds are parallel to an axis as shown 
in Fig. 10, and the complex may form an ion-pair in a 
similar way with the oxoanions such as sulfate ion 
through hydrogen bonding. The increase in the amount 
of the fac-A(ch.3.ir%à(ob)) conformer in the presence of 
sulfate ions may cause shift similarly to a shorter wave­
length in the first absorption band of the fac-A isomer. 

The first absorption bands of the mer-A (491 nm, 20370 
cm -1) and the mer-A (489.5 nm, 20430 cm -1) isomers are 
at nearly the same wavelengths as those of the corre­
sponding fac isomers, respectively (Table 2). If all of 
the S-bn chelate rings adopt the chair conformation, 
these mer isomers will be more crowded and strained than 
the fac isomers, since the two chelate rings in each mer 
isomer approach very close to each other. For [Co(meso-
ptn)3]3+ in which the meso-ptn chelate rings are expected 
to be very stable in the chair conformation, the first 
absorption band of the more crowded mer isomer is at 
longer wavelengths by 2 nm than that of the less crowded 
fac isomer.8) The fact that both A- and yf-isomers of the 
mer-[Co(S-bn)3~\3+ complex exhibit the first absorption 
bands at nearly the same wavelengths as those of the 

fac isomers may indicate that one of the two close S-bn 
chelate ligands in each mer isomer prefers to take the 
<5-ßkew conformation to reduce interactions between 

the ligands. The chair2<5 conformer will give the 
first absorption band at a shorter wavelength than that 
expected for the chair3 conformer. The difference 
in the absorption maxima of the two mer isomers may 
be interpreted by the difference in the structures of the 
isomers. In the mer-A isomer, two methyl groups on the 
two close S-bn chelate rings are disposed away from 
each other (exo form), while those in the mer-A isomer 
come near to each other (endo form) (Fig. 3). The 
endo-mer-A isomer should be more crowded, and gives 
the first absorption band (491 nm) at a longer wave­
length compared with that of the other exo- mer-A isomer 
(489.5 nm). Furthermore, the latter isomer can also 
form the lel3(A(ôôô)) conformer, the first absorption 
band of which will be at a shorter wavelength than 
those of the other conformers involving the chair 
conformation. 

On the addition of sulfate ions, the first absorption 
bands of both the mer-A and -A isomers shift to a shorter 
wavelength, the latter (ca. 1 nm) showing larger shift 
than the former (ca. 0.5 nm). These band shifts may be 
caused by a mechanism similar to that described for the 
fac isomers. The mer-A isomer can form the lelz(A(ààô)) 
conformer suitable for ion-pair formation with the sulfate 
ion. On the other hand, the mer-A isomer in the 
A(chair2d(ob)) conformation can provide a set of three 
N-H bonds in a similar manner to that of the fac-A 
isomer in the same conformation. These conformers 
will be stabilized by ion-pair formation with sulfate 
ions, and give the first absorption bands at shorter 
wavelengths than those in the absence of sulfate ions. 

c) Circular Dichroism Spectra. The CD patterns 
of all the isomers of [Co(Ä'-bn)a]

8+ in water satisfy the 
known relationship between the absolute configuration 
and the CD sign, if our assignments were correct. 
However, the additive law for the configurational and 
the vicinal effects does not hold for the present diastereo-
meric isomers. For example, the CD spectra of the 
fac-A and -A isomers are not mirror image of each 
other, although the CD spectrum of [Go(NH3)4(JS'-bn)]3+ 
shows that the vicinal effect of the S-bn chelate ligand 
is negligible. This result also indicates that the complexes 
are in equilibrium among some conformers and that the 
conformational equilibrium of one complex is different 
from those of the other complexes. In a previous 
paper,6) we have reported that the CD spectra of confor­
ma tionally flexible complexes such as /4-[Co(Äß-ptn)3]3+ 

or A(OT y()-[Co(tn)3]3+ are remarkably affected by the 
vicinal effect of chelate rings in a certain conformation 
stabilized by ion-pair formation between a complex 
ion and its counter ion. rYhefac-A-\Co(S-bn)zY

+ isomer 
seems to be the case. In the region of the first absorption 
band, the CD spectrum of the complex chloride in water 
shows a clear dependence on the concentration, as 
shown in Fig. 11. The complex Perchlorate exhibits 
no such dependence in the concentration range of 
3.25 X 10~2 to 3.15 X 10~4 M. In the presence of sulfate 
ions, the negative CD component at a shorter wave­
length is considerably enhanced (Fig. 5). Such features 
quite resemble those observed for yl-[Co(tn)3]3+, indicat­
ing that the CD variation is brought about by the vicinal 
effect of the <5-skew conformer of the S-bn chelate ring 
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Fig. 11. Dependence of CD of /«c-il-[Co(S-bn)JCl,. 
2HaO on its concentration in water: 4.21 XlO - 4 M 
( ) ,4 .18x lO- 3 M( ) , a n d 4 . 1 7 x l O - a M ( - — ) . 

stabilized by ion-pair formation. T h e vicinal effect 
of the <5-skew conformation is known to exhibit negative 
CD in this region. Therefore, it can be concluded that 
the fac-A isomer is conformational^ flexible and is in 
equilibrium between the chair3 and the lel3(A(ôôô)) 
conformers. This conclusion coincides with that 
obtained from the study of absorption spectra. 

In contrast to the fac-A isomer, the other three 
complex chlorides show little dependence on the 
concentration, the CD patterns in the region of the first 
absorption band remaining unchanged; fac-A = — 0.37 
(3 .54X10- 4 M) 0.30 ( 3 . 6 6 x l O - 2 M ) : m^r-^=0.38 
(3.13 x 10-* M)—0.34 ( 3 . 1 2 x l O - 2 M ) : mer-A = - 0 . 4 2 
( 4 . 0 0 x l O - * M ) 0.39 ( 2 . 7 2 x l 0 - 2 M ) . Since the 
ability of these isomers to form ion-pairs with chloride 
ions will not differ greatly from that of the fac-A isomer, 
the result indicates tha t these isomers are not stabilized 
in particular conformers by ion-pair formation with 
chloride ions. T h e isomers may be less conformationally 
flexible than the fac-A isomer as claimed in the previous 
discussion. In the presence of sulfate ions, however, 
these three isomers change the C D patterns remarkably 
(Figs. 6—8). Of these CD changes, that of the mer-A 
isomer is similar to the CD change of the fac-A isomer. 
Each of these A isomers in the presence of sulfate ions 
gives a strong negative CD band at the expense of the 
positive CD band. As stated previously, the mer-A 
isomer could also form the lel3(A(ôôô)) conformer. T h e 
oxoanions such as sulfate ion may induce the conforma­
tional change of rather crowded, rigid chelate rings by 
forming strong hydrogen bonds with the amino protons 
of the complex. Thus, the mer-A isomer in the presence 
of sulfate ions may be stabilized in the lel3(A(ôôô)) 
conformer. 

O n the other hand, both mer- and fac-isomers of the 
A configuration in the presence of sulfate ions diminish 
considerably the strength of the main CD bands, but 
show no marked increase in the C D bands with the 

reversed sign as observed in the yl-isomers (Figs. 6 and 
8). According to the previous discussion, the decrease 
in the negative CD strength indicates the formation of 
chelate rings with the A-skew conformation. However, 
this indication seems to be unlikely, since the ^-skew 
conformer has the axial methyl group. A similar CD 
variation is seen in the spectra of mer- andfac-A(or A)-
[Co(m<tf0-ptn)3]3+ on the addition of sulfate ions, as 
shown in Figs. 12 and 13. T h e conformation of the meso-

A/nm 

600 500 

î?/103 cm-1 

Fig. 12. Absorption and CD spectra of mer-A-[Co(meso-
ptn)3](C104)3 .2H20; 2.89xlO" 3M in visible region 
and 1.16X 10~4 M in UV region in water ( •), and 
2.89X10-3 M in 0.2 M Na2S04 ( ). 

?/103 cm-1 

Fig. 13. Absorption and CD spectra offac-A-[Co(meso-
ptn)3](C104)3 .2H20; 3.11 XlO"3 M in visible region 
and 3.46 X 10 -4 M in UV region in water ( ), and 
3.11 x 10-3 M in 0.2 M Na aS0 4 ( ). 
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ptn chelate ring is expected to be very stable in the 
chair form. T h e CD patterns of these S-bn and meso-ptn 
complexes in the presence of sulfate ions somewhat 
differ from those of the A isomers of S-bn and tn com­
plexes in the same condition. I n the latter two A 
isomers, the enhancement of one C D component seems 
to be accompanied with the diminution of the other C D 
component, and the total strength of the two C D 
components does not seem to change greatly. O n the 
other hand, the former S-bn and m^ro-ptn complexes 
diminish the total CD strength. Such a difference in the 
CD variations can not be explained at present, bu t may 
also be related with the conformational instability of 
chelate rings in the complexes. T h e complexes, mer-Ai 

fac-A-\Qo{S-bn)^+, mer-A-, a.ndfac-A-\Co(meso-ptn)^\z+ 

which diminish the total CD strength in the presence 
of sulfate ions will have more crowded, rigid structures 
compared with those of fac-A-[Co(S-bn)3]

3+ and A-
[Co(tn)3]3 + . For these crowded complexes, the CD 
variation of the more crowded mer-A-[Co (meso-ptn) 3'\

3+ is 
smaller than that of the corresponding less crowded 

fac-A isomer. A similar relation is seen between the 
mer-A and the fac-A isomers. T h e crowded, rigid A(ob3) -
[Co(RR-ptn)3\

s+ complex shows little variation in the 
CD spectra in various solvents.5) These observations 
strongly suggest that the CD variations observed for 
both A-[Co(S-bn)3]

z+ and [Co(m*ro-ptn)3]3+ are also 

closely related to the conformational instability of the 
six-membered chelate rings. 
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The reactions of N-picolinoyl-£',S'-tetramethylenesulnlimine and iV-trimethylammoniopicolinamidate with 
dichlorobis(benzonitrile)palladium(II) and dipotassium tetrachloroplatinate(II) afforded chelate complexes of for­
mula MCl2[Ylide]. The structures of the complexes were examined by IR and NMR spectroscopy, and determined 
as mononuclear complexes with ligands coordinated through two nitrogen atoms. A reverse relationship between 
piCa values of the ylides and C=0 stretching band frequency shifts on complex formation was found, and the nature 
of the coordination via ylidic nitrogen was discussed in terms of a- and ^-character of the ligands in the chelate com­
plexes and several related bis-ylide complexes. 

Carboxylic acid amides are anbidentate ligands and 
have potential coordination sites of nitrogen and 
carbonyl oxygen atoms. In most cases, they form 
complexes with a variety of Lewis acids via carbonyl 
oxygen in neutral media.1) In alkaline media, however, 
amides liberate the hydrogen and form neutral com­
plexes through anionic nitrogen atoms.2) In the case of 
picolinamides, both cationic and neutral chelate 
complexes with transition metals were prepared and 
characterized;3) the former has coordination through 
nitrogen and oxygen atoms, while the latter has coordi­
nation through two nitrogen atoms (1 and 2). 

In this paper we describe a novel type of Pd( I I ) and 
Pt(II) complexes of sulfilimine (S-N ylide) and amin-
imide (N-N ylide) with picolinoyl group on ylidic 
nitrogen (3 and 8). These ylides have a close similarity 
to picolinamide anions in that they are bidentate via 
nitrogen atom in pyridine ring and anionic nitrogen 
with charge delocalized over adjacent carbonyl group. 
In contrast to amide anions, they are stable enough 
to be prepared and isolated by known procedures, and 
this would make it possible to elucidate directly the 
change in electronic state of the ligands upon complex 
formation. In addition, while each of the ylides has an 
anionic center, it has ammonium or sulfonium moiety 
adjacent to the ylidic nitrogen, and hence is a neutral 
molecule as a whole. T h e effect of the positively charged 
group on complex formation would be an interesting 
problem to examine. 

An increasing number of reports have been published 
on metal-ylide complexes.4) M a n y of them describe 
reactions of metal carbonyl with ylides,5) and direct 
formation of metal-carbon bonds by reactions of metal 
salts with stable6) and unstable7) phosphorus and sulfur 
ylides. Several papers also describe the formation of 
metal complexes of sulfilimines and aminimides,8) bu t 
chelate complexes of these ylides have not been reported 
so far except or/Äo-metallated JV-(l-pyridinio)benz-
amidate complexes of transition metals.9) 

R e s u l t s a n d D i s c u s s i o n 

Preparation of Complexes. T h e complex formation 
of the ylides 3 and 8 occurred smoothly with dichlorobis-
(benzonitrile)palladium(II) in ethanol and with dipotas­
sium tetrachloroplatinate(II) in water at room tem­

perature. In all cases, the complexes were isolated as 
yellow or orange-yellow precipitates. T h e Pd(I I ) 
complexes were also prepared by reactions with disodium 
tetrachloropalladate(II) in ethanol or with dichloro(l ,5-
cyclooctadiene)palladium(II) in acetone, giving the 
same products as described above. T h e elemental 
analyses revealed that the complexes have equimolar 
compositions of MC1 2 ( M = P d or Pt) and ylides (Table 
1), suggesting chelate structures for these complexes. 
N-Benzoyl- and JV-acetylsulfilimines and aminimides 
formed complexes with two ylide molecules per metal 
a tom (bis-ylide complexes). T h e thermal stability of 
the bis-ylide complexes is somewhat lower than that of 
the chelate complexes. 

I n the case of bidentate ligands, 3 and 8, the reactions 
were carried out at the mole ratio of metal salt to ligand 
of 1: 1 and 1: 2, but no differences in the yield and 
spectroscopic properties of the products were observed. 
This indicates that the coordinating nitrogen atoms in 
the chelate complexes are not replaced by another 
ligand molecules, suggesting that the chelate formation 
is favored not only entropically but also energetically, 
resulting in the formation of stronger coordination bonds 
than those of bis-ylide complexes. 

Structure of Complexes. T h e sulfilimines and 
aminimides used as ligands have an ambidentate 
character with resonance structures such as shown in 
3 a — c and 8 a — b . T h e difference between a sulfilimine 
and an aminimide is that the former has djt-pTt interac­
tion between sulfur and ylide nitrogen, making the S-N 
bond length shorter than ordinary single bond length,10) 
while the latter does not have such interaction; the 
single bond character of N - N linkage and shortening of 
N - C (carbonyl) bond have been proved by X-ray 
analysis.11) These ylides form stable sulfonium and 
ammonium salts by treatment with aqueous HCl in 
acetone except for 3 and 8, whose H C l salts were not 
isolated. T h e I R spectral data of these ylides and salts 
are collected in Table 2. I t is evident that the ylides 
have large contribution from the enolate form structures 
such as 3c and 8 b , as manifested by low carbonyl 
stretching frequencies similar to those of carboxylate 
ions. T h e C=Ö bands shift as much as 105—160 c m - 1 

to higher frequencies, while the C=N stretching bands 
shift down from 1290—1350 to 1220—1274 c m - 1 in 
going from ylides to their salts,12) indicating that 
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TABLE 1. MELTING POINTS AND ELEMENTAL ANALYSES OF COMPLEXES 

Complex 
Found % Calcd % 

14 
15 
16a 
16b 
16c 
17 

18 

19 

20 

21 

22 
24 
25 

IViJJ^ VJ, 

216—217(d) 
185—188(d) 
168—170(d) 
181—182(d) 
168—169(d) 
198—200(d) 

219—220(d) 

196—197(d) 

210—211(d) 

207—208(d) 

262—263 
193—195 
208—210 

G 

30.66 
25.10 
44.76 
46.91 
40.91 
30.69 

30.03 

23.27 

44.25 

27.70 

44.16 
53.82 
49.35 

H 

3.16 
2.62 
4.57 
4.34 
3.58 
4.85 

3.68 

2.88 

5.13 

6.57 

4.71 
4.28 
4.44 

N 

7.12 
5.85 
5.15 
4.52 
5.04 
6.54 

11.45 

8.70 

10.22 

14.18 

19.94 
2.13 
2.31 

C 

31.15 
25.32 
44.64 
46.49 
40.00 
30.81 

30.32 

24.28 

45.00 

29.32 

44.19 
53.84 
49.29 

H 

3.14 
2.56 
4.44 
4.89 
3.67 
4.75 

3.68 

2.95 

5.30 

5.92 

4.65 
4.37 
4.49 

N 

7.27 
5.91 
4.73 
4.52 
4.24 
5.99 

11.78 

9.44 

10.50 

13.68 

19.33 
2.17 
2.40 

PdCl2[(CH2)4S=NCOC5H4N] 
PtCl2[(CH2)4S=NCOC6H4N] 
PdCl2[(CH2)4S=NCOC6H5]2 

PdCl2[(CH2)4S=NCOC6H4CH3-A|2 

PdCl2[(CH2)4S=NCOC6H4Cl-/>]2 

PdCl2[(CH2)4S=NCOCH3]a 

PdCl2[(CH3)3N-NCOC6H4N] 

PtCl2[(CH3)3N-NCOC6H4N] 

PdCl2[(CH3)3N-NCOC6H6]2 

PdCl2[(CH3)3N-NCOCH3]2 

Pd[(CH3)2NNCOC5H4N]2 

PdCl2 [(CH2)4S=NCOC6H6]PPh3 

PdCl2[(CH2)4S=NCOCH3]PPh3 

TABLE 2. IR DATA OF SULFILIMINES, AMINIMIDES, AND THEIR SALTS (cm-1) 

Compound C=0 st. Aromatic 
ring st. C-Nst. S-N st. Aromatic 

C-H def. 

(CH2)4S=NCOC5H4N 
(CH2)4S=NCOC6H6 

(CH2)4S-NHCOC6H6 Cl-
(CH2)4S=NCOC6H4CH3-/> 

(CH2)4S-NHCOC6H4CH3-/> Cl" 
(CH2)4S=NCOC6H4Cl-/> 

(CH2)4S-NHCOC6H4Cl-/> Cl-
(CH2)4S=NCOCH3 

(CH2)4S-NHCOCH3 Br-

(CH3)3N-NCOC5H4N 

(CH3)3N-NCOC6H5 

(CH3)3N-NHCOC6H5Cl-

(CH3)3N-NCOCH3 

(CH3)3N-NHCOCH3 Cl-
(CH3) 2N-NHCOC6H4N 

3 
4a 

5a 
4b 

5b 
4c 

5c 
6 

7 

8 

9 

10 

11 

12 
13 

1547 
1527 

1674 
1540 

1645 
1536 

1683 
1540 

1700 

1560 

1560 

1692 

1575 

1695 
1675 

1587 
1590 

1595 
1590 

1609 
1587 

1594 

— 

1605 

1600 

1598 

— 

1587 

1330 
1335 

1246 
1335 

1260 
1336 

1253 
1290 

1220 

1350 

1334 

1272 

1335 

1274 
1306 

785 
780 

800 

795 

788 

— 

— 

— 

— 

— 

— 

750 
780, 720 

784, 690 
843 

840 
846 

846 

— 

750 

726 

705 

— 

740 

protonation occurred at ylidic nitrogen to form salts 
such as 5 and 10. 

As shown in Table 3, the G = 0 bands of the ylides 
shift to higher frequencies on complex formation, 
and this seems to indicate that coordination to 
metal occurs through ylidic nitrogen. In view of the 
Pd -C l stretching bands of Pd( I I ) complexes, there seems 
to be two groups of complexes; one includes 16a—c, 
24, and 25 which have only one P d - C l absorption band 
at 323—345 c m - 1 , and another one includes 14, 17, 18, 
20, and 21 which have two P d - C l bands at 327—331 
and 346—368 c m - 1 . T h e former is considered to 
have frmy-configuration and the latter has cis-
configuration around the Pd atom. 

In the case of picolinoyl ylides 3 and 8, the absorption 
bands due to in-plane deformation of pyridine ring3f> 
appear at 615 and 623 c m - 1 respectively, and these 

bands shift to higher frequencies (655—665 cm - 1 ) on 
complex formation. Furthermore, the lack of I R bands 
characteristic of the bridging M - C l - M stretching mode 
that would be expected below 300 c m - 1 rules out 
binuclear structures.13) These and analogous considera­
tions on the Pt ( I I ) complexes, 15 and 19, lead to the 
conclusion tha t the structures of 14, 15, 18, and 19 are 
best represented by A and B in Fig. 1. In the N M R 
spectrum of 18, protons of the pyridine ring, as well 
as protons of methyl groups, show down field shift in 
comparison with the free ligand 8, and this also implies 
the chelate ring formation through two nitrogen atoms. 

One of the structurally related Pd(I I ) complexes of 
picolinamides is shown in Fig. 1 (C).3f) In this case, 
the amide groups coordinate to metal via anionic 
nitrogens, forming a 1: 2 metal-amide complex. T h e 
C = 0 band of the complex C appears at 1625 c m - 1 which 
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TABLE 3. IR DATA OF COMPLEXES (cm-1)1) 

Complexe C=0 st. Aromatic 
ring st. C-Nst. Aromatic Pyridineb) 

C-H def. def. M-Cl A A% P*a 

14°) 
15c> 
16a 
16b 
16c 
17 
18d> 
19d> 
20 
21 
22 
24 
25 
0 
g) 

1665 
1665 
1625 
1595 
1595 
1594 
1655 
1656 
1610 
1600 

1626, 1598e) 
1605 
1604 
1625 
1630 

1605 
1605 
1578 
1606 

— 
1600 
1610 
1596 
— 

1574 
1585 

1580 

1316 
1310 
1282 
1320 
1310 
1316 
1326 

1340 
1327 
1345 
1322 
1298 
— 
— 

762 
752 
776, 
835 
843 
— 
762 
757 
755, 
— 
762 
724, 
— 

750, 

712 

696 

687 

695 

655 
665 
— 
— 
— 
— 
656 
656 
— 
— 
— 
— 
— 

— 

346, 
342, 
323, 
325 
328 
368, 
356, 
308, 
362, 
361, 
— 
340 
345 

330 

329 
327 
300 

328 
328 
302 
327 
331 

29 
29 
49 
50 
88 
106 
37 
36 
82 
95 

69 
96 
35 
50 

118 
118 
100 
55 
59 
54 
95 
96 
50 
25 

78 
64 
101 
122 

80 
80 
67 
52 
40 
34 
72 
73 
38 
21 

53 
38 
74 
71 

(2.62) 
(2.62) 
2.62 
2.72 

3.45 
4.42 
4.42 
4.40 
5.48 

2.62 
3.45 
7.75 
8.10 

a) Ax and A2 are C=0 frequency differences between salts and complexes, and between complexes and ylides, 
respectively. A% is AJiA^A-^XlOQ. b) Pyridine in plane deformation band.3f) In free ligands this 
bands appear near 615 cm-1, c) Values of A were calculated using r c = 0 =1694cm- 1 for the salt of 3. 
d) Values of A were calculated using vc=0= 1692 cm-1 for the salt of 8. e) Two absorption bands of almost 
equal intensities were observed, f) PdCl2[(C6H6)3P=CHCOC6H6]2, Ref. 6a. g) PdCl2[(CH3)2S=CHC-
OC6H6]2, Ref. 6c. 

K O À C / N H R 

I II 
M < - 0 

S=N-C-/CT> 

Oi o 

i 
M—N> R 

V o 
3a 

S=N-C-< o >-R 
\ / II \ / 

I S - N - C - / Ö ) 

3b 

I 
S - N = C - < 0 

6- N -
3c 

S-NH-C-< O > R 

Cl" Ô 

5 

R = H(a) , CH3(b), Gl(c) 

/ \ 
S = N - C - C H 3 

ii 
O 

6 

( C H 3 ) 3 N - N - C - < 0 
Ô 

( C H 3 ) 3 N - N - C - < : 0 
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is the same frequency as the G = 0 band of 16a. Con­
sidering tha t the basicity of the anionic ligand and hence 
the strength of meta l -hgand bonding is thought to be 
much higher in the former complex than the latter, 
it is obvious that the metal- l igand bond strength can 
not be estimated by the observed C = 0 band shift. In 
fact, including a hydrazide complex D (vide infra), the 
order of basicity (pKa of the corresponding amide 
hydrogens) of the anionic nitrogens is expected to be 
C > D > B > A } while the C = 0 frequency is in the order 
C < D < B < A . 

T h e degree of higher shift of G = 0 band on complex 

CH-

TV 
CI— Pd— N, 

CI 

9^ 
o "-r-""0 

Cl / ^ C H , 
CH3 

B 

CH, 

C H 3 - \ 

*CH. 

9̂  + i 
•N Pd—N 
I 4 SN—CH. 

^ 
L 

C D 
Fig. 1. Structures of chelate complexes. 
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formation is quite different between the aminimides and 
the sulfilimines, and among the ylides with different 
substituents on the carbonyl group. In order to visualize 
these structural effects, the C = 0 frequency differences 
between the salts and the complexes (zlj), and those 
between the complexes and the ylides (A2) are summeriz-
ed in Table 3, together with the percentages of A % = 
^ 2 / ( ^ 1 + ^ 2 ) ( ^ 1 + ^ 2 equal to the frequency differences 
between the ylides and the salts). Since the at tempted 
preparations of the salts of the picolonoyl ylides, 3 and 
8, were unsuccessful, the values of Ax and A% of 14 ,15 , 
18, and 19 were calculated using hypothetical values 
of 1694 and 1692 c m - 1 for the salts of 3 and 8, respec­
tively. These values were calculated on assumption that 
the values of A^A^ of the i^-picolinoyl compounds 
are equal to those of JV-benzoyl compounds. Table 3 
also includes the values for the P - C and S-C ylides 
calculated from the reported data and the püTa values 
of the salts of the ylides. T h e value of A % is considered 
to be a measure of degree of c-bonding between dsp2 

hybridized orbital of the metal ion and sp2 orbital of the 
ylidic nitrogen. 

There is a tendency that the sulfilimine complexes 
have somewhat higher values of A % than the aminimide 
complexes with the same substituents on the carbonyl 
carbon. This may indicate that the latter has smaller 
c-bond character than the former. In the case of 
carboxylate complexes such as metal complexes of 
amino acids, the stretching frequency of the coordinated 
carboxyl group becomes higher as the metal-oxygen 
bond becomes stronger.14) Therefore, it may be consider­
ed that the coordination in the sulfilimine complexes is 
stronger than that in the aminimide analogs. However, 
the conclusion is somewhat dubious, because the 
observed basicity of the sulfilimines is lower than the 
aminimides, and hence the latter is expected to have 
stronger electrostatic interactions with metal ions. 

An alternative explanation for these results is that 
the metal-ylide coordination is appreciably of ionic 
character with jr-electron delocalized over N - G - O 
atoms (E). 

l > 0 (E) 

Chelate complexes cannot have a coordination like E. 
A similar complex of an anionic ligand, acetamido-
pentaamminecobal t ( I I I ) Perchlorate [Co(NHCOCH 3 ) -
(NH 3 ) 5 ] (C10 4 ) 2 , has been reported by Schneider et a/.2b> 
T h e complex has C = 0 stretching band at 1560 c m - 1 , 
and X-ray analysis revealed that C = 0 bond length is 
longer than ordinary double bonds, indicating electron 
derea l iza t ion over N - C - O atoms. 

I t should be noted that the chelate complexes have 
larger c-bond character than the bis-ylide complexes 
as seen in Table 3, and that the complexes of N-acetyl 
ylides have remarkably larger ionic character; the G = 0 
bands appear closer to those of free ylides rather than 
salts. 

One of the distinguishable characteristics of ylide 
ligands is that they have a positively charged group 
adjacent to the coordination site. In order to evaluate 

the effect of the charged group, a complex of 2' , 
2'-dimethylpicolinohydrazide (13) was prepared by the 
reaction with disodium tetrachloropalladate(II) in an 
alkaline medium. T h e proposed structure of the complex 
(22) is shown in Fig. 1 (D), and the comparison of G=0 
bands of B and D (Table 3) suggests that the latter 
has a little larger ionic character. I t is interesting that 
by complex formation the N M R bands of methyl and 
pyridine-6-GH protons of 2',2'-dimethylpicolinohy-
drazide show down field shift by 0.25 and 1.36 ppm, 
respectively. T h e magnitude of the shift of pyridine-6-
GH protons is larger than that expected from the 
electronic deshielding by coordination of pyridine N 
atom, and this was ascribed to the van der Waal's 
interaction with methyl groups of another ligand in the 
complex. 

Ligand Exchange Reactions. T h e complexes prepared 
in the present study have relatively low solubilities in 
water and ordinary organic solvents, making it difficult 
to study the reactions in solution. However, it was found 
that the N M R spectra of bis-ylide complexes 16 in 
DMSO-</6 were essentially the same with those of free 
ligands, suggesting that the ligands in these complexes 
were readily replaced by the solvent molecules. O n the 
contrary, the spectra of the chelate complexes 18 and 
22 observed under the same condition were unchanged 
for more than one week. 

T h e heterogeneous reaction of the complexes with 
equimolar triphenylphosphine were carried out in 
refluxing acetonitrile. T h e bis-sulfilimine Pd(II) 
complexes 16a and 17 afforded monosubstituted 
complexes PdCl2(Ylide) PPh 3 in 76 and 60% yields, 
respectively, while the chelate complexes did not give 
monsubstituted complexes, but mixtures of PdCl2-
(PPh3)2 and unreacted complexes were obtained 
together with small amounts of unidentified products. 

Exper imenta l 

Melting points are uncorrected. IR spectra were taken on 
JASCO IRA-2 and DS-403G spectrometer, and NMR spectra 
were recorded on a Hitachi R-20A spectrometer (60 MHz) 
using TMS as an internal standard. Elemental analyses were 
performed on a Perkin Elmer 240 analyzer. 

Preparation of Sulfilimines, Aminimides, and Their Salts. 
N-Picolinqyl-S,S-tetramethylenesulfilimine (3) : To a solution of 
4.59 ml (0.052 mol) of tetrahydrothiophen in 30 ml of metha­
nol was added dropwise 5.62 ml (0.050 mol) of /-butyl hypo­
chlorite at —50 45 °G. To the resulting mixture a solution 
of 6.10 g (0.050 mol) of picolinamide and 1.20 g (0.054 mol) 
of sodium in 40 ml of methanol was added dropwise keeping 
the temperature between —55 and —45 °C.15> After 3 h reac­
tion, the mixture was allowed to warm up to room tempera­
ture, evaporated by a rotary evaporator under vacuum, and 
the residue was extracted by 60 ml of dichloromethane. By 
evaporation of dichloromethane, crude 3 was obtained in 90% 
yield. Pure 3 was obtained by recrystallization from a mix­
ture of benzene and petroleum ether. Mp 78—80 °C. Found: 
C, 57.29; H, 5.97; N, 13.44%. Calcd for C10H12N2OS: C, 
57.66; H, 5.82; N, 13.45%. NMR (CDC13) (5=1.7—2.8 (4H, 
m, G-CH2-C), 3.38 (4H, br. t, J = 8 H z , CH2S), 7.15—7.50 
(1H, m, Py-4-CH), 7.75 (1H, t, y = 8 Hz, Py-5-CH), 8.12 (1H, 
d, J = 8 Hz, Py-3-CH), 8.77 (1H, d, / = 5 Hz, Py-6-CH). 

N-Benzqyl- and ^-(^-Substituted Benzoyl)-S,S-tetramethylenesul-
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filimines (4a—c) : These sulfilimines were prepared and 
purified by similar methods to that described above. Analyti­
cal and NMR data are shown: 4a, mp 116—117 °C. Found: 
C, 64.03; H, 6.71; N, 6.71%. Calcd for CnH1 3NOS: C, 
63.73; H, 6.33; N, 6.76%. NMR (CDC13) 0= 1.7—2.7 (4H, 
m, C-CH2-C), 3.25 (4H, br. t, 7 = 8 Hz, CH2S), 7.37 (3H, t: 

7 = 3 Hz, m- and />-CH), 7.9—8.2 (2H, m, o-CH). 4b, mp 
99—100 °C. Found: C, 65.61; H, 6.92; N, 6.40%. Calcd 
for C12H15NOS: C, 65.11 ; H, 6.85; N, 6.33%. NMR (CDC13) 
(5= 1.7—2.5 (4H, m, C-CH2-C), 2.35 (3H, s, CH3), 3.25 (4H, 
br. t, 7 = 8 Hz, CH3S), 7.12 (2H, d, 7 = 8 Hz, m-CH), 7.93 
(2H, d, J = 8 Hz, o-CH). 4c, mp 106—108 °C. Found: C, 
54.46; H, 5.14; N, 6.04%. Calcd for CuH12NOSCl: C, 54.65; 
H, 5.01; N, 5.80%. NMR (CDC13) 0=1.7—2.6 (4H, m, 
C-CH2-C), 3.25 (4H, br. t, 7 = 7 Hz, CH2S), 7.28 (2H, d, 
7 = 8 Hz, m-CH), 7.97 (2H, d, 7 = 8 Hz, o-CH). 

l-(Benzoylamino and p-Substituted Benzqylamino)thiolanium 
Chlorides (5a—c) : These sulfonium chlorides were prepared 
by the method reported previously.16) 

~N-Acetyl-S,S-tetramethylenesulfilimine (6) and 1-Acetylaminothiola-
nium Bromide (7) : These compounds were also reported in a 
literature.17) 

N- Trimethylammoniopicolinamidate ( Trimethylamine-picolinimide) 
(8) : A modified method of McKillip and Slagel18) was em­
ployed for the syntheses of aminimides 8, 9, and 11. Thus, a 
mixture of 10.43 g (0.0516 mol) of 1,1,1-trimethylhydrazinium 
iodide, 7.08 g (0.0516 mol) of methyl picolinate, and 6.02 g 
(0.0536 mol) of potassium f-butoxide in 60 ml off-butyl alcohol 
was heated with stirring at 60—65 °C for 4.5 h. The precipi­
tate was separated by filtration and the filtrate was evaporated 
to dryness under vacuum. The residue was recrystallized from 
ethyl acetate, and a hygroscopic solid was obtained which was 
identified as 8 by IR and NMR. Yield 70%, mp 148—149 °C. 
NMR (CDC13) 0=3.56 (9H, s, CH3), 7.1—7.5 (1H, m, Py-
4-CH), 7.75 (1H, t, 7 = 7 Hz, Py-5-CH), 8.11 (1H, d, 7 = 8 
Hz, Py-3-CH), 8.66 (1H, d, 7 = 5 Hz, Py-6-CH). 

iV-Trimethylammoniobenzamidate (9), mp 167—168 °C, 
(lit,19) 168—169 °C), and iV-trimethylammonioacetamidate 
(11), mp 124—126 °C (lit,20) 122.5—123 °C), were prepared 
in similar manners and converted to hydrochloric acid salts. 
9; Found: C, 67.49; H, 7.93; N, 15.22%. Calcd for C10H14-
N 2 0 : C, 67.37; H, 7.93; N, 15.72%. NMR (CDC13) 0=3.42 
(9H, s, CH3), 7.2—7.5 (3H, m, m- and/>-CH), 7.8—8.1 (2H, 
m, o-CH). 10; mp 178—179 °C. Found: C, 56.32; H, 7.15; 
N, 13.11%. Calcd for C10H15N2OC1: C, 55.93; H, 7.06; N, 
13.05%. NMR (DMSO-</6) ö=3.80 (9H, s, CH3), 7.4—7.7 
(3H, m, m- andp-CH), 7.8—8.1 (2H, m, o-CH). Ylide 11 was 
very hygroscopic and could not analyzed. NMR (CDC13) 
(5= 1.79 (3H, s, C-CH3), 3.36 (9H, s, N-CH3). 12, mp 198— 
199 °C. Found: C, 39.17; H, 8.54; N, 18.18%. Calcd for 
C6H13N2OCl: C, 39.49; H, 8.60; N, 18.34%. NMR (DMSO-
d6) (5=2.02 (3H, s, C-CH3), 3.63 (9H, s, N-CH3). 

2',2'-Dimethylpicolinohydrazide (13) : This compound was 
prepared by the reaction of 1,1-dimethylhydrazine with pico-
linic acid in the presence of dicyclohexylcarbodiimide in 
dichloromethane.21) Picolinic acid (4.9 g, 0.04 mol) was added 
to a solution of 8.2 g (0.04 mol) of dicyclohexylcarbodiimide 
and 2.4 g (0.04 mol) of 1,1-dimethylhydrazine in 160 ml of 
dichloromethane, and the solution was stirred at room tem­
perature for 2 h. The precipitate was removed by filtration, 
and the filtrate was extracted by three portions of 50 ml of 
3 M HCl. After the extract was neutralized by sodium car­
bonate, the product was extracted by chloroform and dried 
over anhydrous sodium sulfate. The evaporation of chloro­
form gave crude 13 in 78% yield. After several recrystalliza-
tion from benzene-hexane or cyclohexane, pure 13 was 
obtained, mp 67—68 °C. Found: C, 57.79; H, 6.75; N, 

24.92%. Calcd for C 8 H n N 3 0 : C, 58.15; H, 6.72; N, 25.44%. 
NMR (CDC13) 5=2.72 (6H, s, CH3), 7.25—7.50 (1H, m, 
Py-4-CH), 7.80 (1H, t, 7 = 7 Hz, Py-5-CH), 8.18 (1H, d, J= 
7 Hz, Py-3-CH), 8.45 (1H, d, 7 = 4 Hz, Py-6-CH), 8.65 (1H, 
br. s, NH). 

Preparation of Complexes. Dichloro (N-picolinoyl-S,S-tetra-
methylenesulfilimine)palladium(II) (14): To a solution of 0.763 
g (3.66 mmol) of 3 in 60 ml of benzene 1.26 g (3.29 mmol) of 
dichlorobis(benzonitrile)palladium(II) was added. After 
overnight reaction with stirring, an orange-yellow precipitate 
was separated and dried in vacuo. Crude 14 (93% yield) was 
purified by recrystallization from DMSO. Alternative pro­
cedures for the preparation of 14 are the reaction of 3 with 
disodium tetrachloropalladate(II) in ethanol or with dichloro-
(1,5-cyclooctadiene) palladium(II) in acetone. In both cases 
the products were obtained as precipitates and identified as 14. 

Dichloro (N-picolinoyl - S, S- tetramethylenesulfilimine) platinum (II) 
(15) : A solution of 0.514 g (2.47 mmol) of 3 in 5 ml of water 
was added dropwise to a solution of 0.257 g (0.618 mmol) of 
dipotassium tetrachloroplatinate(II) in 5 ml of water. After 
3 h reaction at room temperature, an orangered precipitate 
was separated, washed with water, and dried in vacuo; yield 
66% ; 

Dichlorobis (N-benzoyl-S,S-tetramethylenesulfilimine) palladium (II) 
(16a) : A solution of 0.447 g (2.15 mmol) of 4a in 5 ml 
of ethanol was added dropwise at room temperature to a 
solution of 0.376 g (1.08 mmol) of disodium tetrachloropal-
ladate (II) in 25 ml of ethanol. The orange precipitate formed 
was filtered, washed with ethanol-water, and dried in vacuo; 
yield 95%. /»-Methyl- and /»-chlorobenzoylsulfilimine com­
plexes of palladium(II) were prepared by similar methods. 
The NMR spectra of 15a—c in DMSO-rf6 were essentially 
the same with those of 4a—c respectively, indicating that the 
ylide ligands were replaced by the solvent. The complex 17 
was prepared in tha same way. 

Dichloro (N-trimethylammoniopicolinamidate)palladium (II) (18) : 
A solution of 0.555 g (3.09 mmol) of 8 in 5 ml of ethanol 

was added at room temperature to a solution of 0.598 g (1.56 
mmol) of dichlorobis(benzonitrile)palladium(II) in 30 ml of 
ethanol. A brownish precipitate formed immediately. After 
1 h reaction, the precipitate was separated, washed with 
ethanol, and dried in vacuo; yield 74%. NMR (DMSO-</6) 
(5=3.68 (9H, s, CH3), 7.4—8.4 (3H, m, Py-3,4,5-CH), 8.90 
(1H, d, 7 = 6 Hz, Py-6-CH). No significant change was 
observed in the spectrum of 18 in DMSO-i6 after 1 week, 
indicating that the aminimide ligand was not displaced by 
the solvent. The reactions of 8 with disodium tetrachloro-
palladate(II) methanol and with dichloro(1,5-cyclooctadiene)-
palladium(II) in acetone also gave 18 in almost quantitative 
yields. 

Dichloro (N-trimethylammoniopicolinamidate)platinum (II) (19) : 
A solution of 0.289 g (1.61 mmol) of 8 in 5 ml of water was 
added at room temperature to a solution of dipotassium 
tetrachloroplatinate(II) (0.666 g, 1.60 mmol) in 10 ml of 
water. After 6 h reaction, the precipitate was separated, 
washed with water, and dried in vacuo; yield 49%. 

Dichlorobis CN-trimethylammoniobenzamidate)palladium (II) (20) 
and Dichlorobis (N-trimethylammonioacetamidate)palladium (II) 
(21) : These complexes were prepared by the reactions of 
disodium tetrachloropalladate(II) with two equivalents of 
the aminimides 9 and 11 in ethanol. Yields were 95 and 
73%, respectively. 

Bis ( 2', 2'-dimethyl-l'-picolinoyl-V-hydra zino) palladium (II) 
(22) : A solution of 0.712 g (4.31 mmol) of 13 and 0.172 g 
(4.31 mmol) of sodium hydroxide in 8 ml of ethanol was added 
dropwise to a solution of disodium tetrachloropalladate(II) 
(0.635 g, 2.16 mmol) in 30 ml of ethanol. After 2 h reaction 
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at room temperature, the precipitate was separated by filtra­
tion, the filtrate was concentrated, and the solution was 
poured into 200 ml of water. After standing in a refrigerator 
overnight, the yellow crystal was filtered and dried in vacuo. 
Yield 83%. NMR (CDG13) 0=2.97 (6H, s, CH3), 7.40— 
7.65 (1H, m, Py-4-CH), 8.02 (2H, d, 7 = 4 Hz, Py-3- and 
-5-CH), 9.84 (1H, d, J =5 Hz, Py-6-CH). 

Reactions of Pd (II) Complexes with Triphenylphosphine. A 
mixture of 0.228 g (0.591 mmol) of 14 and equimolar amount 
of triphenylphosphine in 15 ml of acetonitrile was refluxed for 
4 h. The precipitate was separated by filtration and it was 
found to be a mixture of 14 and dichlorobis(triphenylphos-
phine)palladium(II) (23). The reaction of 18 with triphenyl­
phosphine was also carried out in a similar way, and 23 was 
isolated in 40% yield. In the case of bis-sulfilimine complexes, 
16a and 17, monosubstituted complexes, PdCl2[(CH2)4S=NC-
OC6H5](PPh3) (24) andPdCl2[(CH2)4S=NCOCH3](PPh3)(25) 
were obtained as orange precipitates by cooling the reaction 
mixtures in 76 and 60% yields, respectively. 

pKa Measurement of Aminosulfonium and Aminoammonium Chlo­
rides. pK& values of the salts 5 and 7 were reported in a 
previous paper,16) and those of 10 and 12 were measure by a 
similar method. 

References 

1) a) M. Nonoyama and K. Nonoyama, Kagaku No Ryoiki, 
31, 136 (1977); b) J. M. Giorio and B. P. Susz, Helv. Chim. 
Acta, 54, 2251 (1971); c) M. E. Stone, B. E. Robertson, and 
E. Stanley, J. Chem. Soc, A, 1971, 3632. 

2) a) R . J . Balahura and R. B.Jordan, J. Am. Chem. Soc, 92, 
1533 (1970); b) M. L. Schneider, G. Ferguson, and R. J . 
Balahura, Can. J. Chem., 51, 2180 (1973). 

3) a) K. Yamasaki and M. Sekizaki, Bull. Chem. Soc. Jpn., 
38, 2206 (1965); b) M. Sekizaki and K. Yamasaki, Nippon 
Kagaku Zasshi, 87, 1053 (1966); c) M. Sekizaki, M. Tanase, 
and K. Yamasaki, Bull. Chem. Soc. Jpn., 42, 399 (1969) ; d) Y. 
Nawata, H. Iwasaki, and Y. Saito, ibid, 40, 515 (1967); e) H. 
Ojima, Nippon Kagaku Zasshi, 88, 333 (1967) ; f) M. Nonoyama 
and K. Yamasaki, Inorg. Chim. Acta, 3, 585 (1969); g) M. 
Nonoyama and K. Yamasaki, Nippon Kagaku Zasshi, 92, 719 
(1971). 

4) H. Schmidbaur, Ace. Chem. Res., 8, 62 (1975). 
5) a) W. C. Kaska, D. K. Mitchell, R. F. Reichelderfer, 

and W. D. Korte, J. Am. Chem. Soc, 96, 2847 (1974); b) E. 
Lindner, J. Organomet. Chem., 94, 229 (1975). 

6) a) P. A. Arnup and M. G. Baird, Inorg. Nucl. Chem. 

Lett., 5, 65 (1969); b) H. Koezuka, G. Matsubayashi, and 
T. Tanaka, Inorg. Chem., 13, 443 (1974); c) P. Bravo, G. 
Fronza, and C. Ticozzi, J. Organomet. Chem., 74, 143 (1974); 
d) E. T. Weleski, Jr., J . L. Silver, M. D. Jansson, and J. L. 
Burmeister, ibid., 102, 365 (1975); e) H. Nishiyama, K. 
Itoh, and Y. Ishii, ibid., 87, 129 (1975). 

7) a) Y. Yamamoto and H. Schmidbaur, J. Organomet. 
Chem., 96, 133 (1975) ; b) Y. Yamamoto and H. Schmidbaur, 
ibid., 97, 479 (1975) ; c) P. Bravo, G. Fronza, and C. Ticozzi, 
ibid., 118, C78 (1976). 

8) a) G. Matsubayashi, M. Toriuchi, and T. Tanaka, 
Chem. Lett., 1973, 985; b) M. Toriuchi, G. Matsubayashi, 
H. Koezuka, and T. Tanaka, Inorg. Chim. Acta, 17, 253 (1976). 

9) S. A. Dias, A. W. Downs, and W. R. McWhinnie, J. 
Chem. Soc, Dalton Trans., 1975, 162. 

10) a) A. Kaiman, Acta Crystallogr., 22, 501 (1967); b) A. 
Kaiman, K. Sasvari, and A. Kucsman, J. Chem. Soc, D, 1971, 
1447. 
11) A. F. Cameron, N. J . Hair, and D. G. Morris, J. Chem. 

Soc, Perkin Trans. 2, 1972, 1071. 
12) Dias et aV> assigned the absorption band of iV-(l-pyri-

dino)benzamidate at 1335 cm - 1 to N-N stretching vibration, 
but the present authors consider that the strong absorption 
bands at 1290—1350 cm - 1 are more likely of G-N stretching, 
because the bands shift to lower frequencies on salt formation 
(amide III band), and because similar strong bands are also 
observed in carbonyl stabilized sulfilimines. 

13) R. J . H. Clark and C. S. Williams, Inorg. Chem., 4, 350 
(1965). 

14) A. E. Martell Ed, "Coordination Chemistry," Vol. 1, 
Van Nostrand Reinhold Co., New York (1971), Chap. 3. 

15) D. Swern, I. Ikeda, and G. F. Whitfield, Tetrahedron 
Lett., 1972, 2635. 

16) H. Kise, Y. Sugiyama, and M. Seno, J. Chem. Soc, 
Perkin Trans. 2, 1976, 1869. 

17) H. Kise, G. F. Whitfield, and D. Swern, J. Org. Chem., 
37, 1121 (1972). 

18) W. J. McKillip and R. C. Slagel, Can. J. Chem., 45, 
2619 (1967). 

19) R. L. Hinman and M. C. Flores, / . Org. Chem., 24, 660 
(1959). 
20) R. Appel, H. Heinen, and R. Schoelhorn, Chem. Ber., 

99,3118(1966). 
21) R. F. Smith, A. C. Bates, A. J . Battisti, P. G. Byrnes, 

C. T. Mroz, T. J. Smearing, and F. X. Albrecht, J. Org. 
Chem., 32, 851 (1968). 



December. 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (12), 3251—3254 (1977) 3251 

The Consitution of NaP03-Ge02 Melts 
Makoto WATANABE, Masao ITO, Shoji SATO, and Tamotsu YAMADA 

Department of Industrial Chemistry, Chubu Institute of Technology, Matsumoto-cho, Kasugai-shi, Aichi 487 
(Received June 13, 1977) 

The glassy and crystalline thermal products were prepared by heating a mixture of sodium phosphate glass and 
germanium dioxide with P/Ge ratios of 1.0—300 at 1000 °C for 3 h in a platinum crucible, and by then rapidly 
quenching the resulting melt. The thermal products with P/Ge ratios larger than 50 were glassy. The products 
with P/Ge ratios smaller than 30 were a mixture of glassy and crystalline substances, and the quantity of the glassy 
substance in the mixture increased with an increase in the P/Ge ratio. The crystalline substance was insoluble in 
water. From the results of the distribution and the average chain length of the condensed phosphates present in the 
glassy thermal products, it was concluded that the glass has P-O-Ge linkages and that the most reasonable chemical 

structure of the glass is Ge-(-0-P-)-4 . The colorimetric determination of the phosphorus and germanium con­
tained in the crystalline thermal product showed that the P/Ge ratio of the crystalline substance is 1.3. The value 
of the P/Ge ratio corresponds to that of Ge3(P04)4. 

Studies of the reaction of phosphate glass with the 
oxides or oxoacid salts of some elements other than 
phosphorus at moderately high temperatures have been 
carried out by several research workers. T h e systems 
studied were arsenate-phosphates,1) silicate-phos­
phates,2) vanadate-phosphates,3) and borate-phos­
phates.4»5) I t was found, as a result, that the thermal 
products of these systems have P -O-As , P - O - S i , 
P - O - V , and P - O - B linkages respectively. The authors 
also studied the constitution of thermal products in the 
systems of antimonate-phosphates,6 - 8) molybdate-phos-
phates,9) tungstate-Phosphates,9) a luminate-phos-
phates,10) and chromate-phosphates.11) I t was concluded 
that they have P - O - S b , P - O - M o , P - O - W , P - O - A l , 
and P - O - C r linkages respectively. In the present work, 
the glassy and crystalline thermal products in the 
system of N a P 0 3 - G e 0 2 were investigated to obtain 
some information concerning the reactivity of N a P 0 3 

glass with germanium dioxide at a moderately high 
temperature and the structures of the thermal products. 

E x p e r i m e n t a l 

Preparation of the Thermal Products. A mixture of sodium 
phosphate glass (Graham's salt) and germanium dioxide with 
P/Ge ratios from 1.0 to 300 was heated in a platinum crucible 
at 1000 °C for 3 h. The resulting melts were quenched 
rapidly by placing the crucible in ice water. Sodium phos­
phate glass was made by heating sodium dihydrogenortho-
phosphate in a platinum crucible at 1000 °C for 3 h and by 
then quenching the melt by the same method described above. 

The Solubility of the Products. About two grams of the 
thermal products were stirred in about 100 ml of water for 
30 min at room temperature. The water-insoluble parts were 
then filtered off, dried, and weighed. 

Paper Chromatography. The compositions of the phosphate 
species contained in the water-soluble part of the thermal 
product were determined by using one-dimensional paper 
chromatography. Acidic and basic developing solvents were 
used to separate chain phosphates (ortho-, pyro-, tri-, and 
high-polyphosphates) and small-ring phosphates {cyclo-tri- and 
cjw/o-tetraphosphates) respectively.12) About 5 [xl of the mother 
liquor obtained by the measurement of the solubility of the 
thermal product was spotted onto a Toyo No. 51A filter paper 
(2 by 50 cm). The development was achieved at 5 °C for 
about 50 h. Then the filter paper was heated at 75 °C for 
more than 30 min in an air bath and a perchloric acid-

molybdate solution was sprayed on. After drying, the paper 
was exposed to ultraviolet rays until blue spots appeared. 
The identification of each spots on the chromatograms was 
done by referring the spots to those of known phosphates. 
When the acidic developing solvent was used, the germanate 
ions contained in the water-soluble part of the thermal product 
were separated from the phosphate ions. 

Colorimetric Measurement of Phosphates. Phosphates contain­
ed in the paper chromatograms were extracted with 0.1 M 
aqueous ammonia and determined colorimetrically by the 
method described in a previous paper.6) 

The Determination of the Phosphorus and Germanium Present in 
the Water-insoluble Thermal Product. About 0.5 g of the 
water-insoluble part of the thermal product was mixed with 
about 1.0 g of sodium carbonate, and the mixture was heated 
at 1000 °G for 1 h in a platinum crucible. The resulting 
melt was cooled rapidly in a desiccator and dissolved in 50 ml 
of water. About 5 \i\ of the sample solution was placed on a 
Toyo No. 51A filter paper (2 by 50 cm) and developed at 
room temperature for 2 days by using the acidic solvent 
described above. The paper was dried and sprayed a per­
chloric acid-molybdate solution. Then the paper was dried 
again and exposed to ultraviolet rays until blue spots appeared. 
The blue spots of phosphate and germanate were cut at the 
demarcation line and soaked in 10 ml of 0.1 M aqueous am­
monia for 1 h. The determination of the phosphorus present 
in the extracting solution was made by the same method as 
that of a previous paper.8) The germanium present in the 
extracting solution was determined colorimetrically (phenyl-
fluorone method). 

X-Ray Diffractometry. The samples were ground with 
an agate mortar until they could pass through a 150-mesh 
screen. Their X-ray diffraction diagrams were recorded on 
a Toshiba X-ray diffractometer, ADG-102, by means of a 
powder method. 

Infrared Spectral Measurement. The IR spectra of the 
thermal products were measured with a JASCO infrared 
spectrophotometer, model IR-G, by using a KBr tablet 
method. 

The Average Chain Length of Phosphates. The average chain 
length of phosphates present in the glassy thermal products 
was measured by the pH-titration method.13»14) The effect of 
a germanate ion on the titration was nagligibly small. 

R e s u l t s a n d D i s c u s s i o n 

Solubility and X-Ray Diffraction Diagrams of the Thermal 
Products. Table 1 shows the amount (%) of the 
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T A B L E 1. AMOUNT OF WATER-SOLUBLE PARTS OF THE 

PRODUCTS AND IDENTIFICATION OF THE CRYSTALLINE 

PRODUCTS BY X - R A Y DIFFRACTOMETRY 

P/Ge X-Ray diffraction Water-soluble 
parts (%) 

1.0 
2.0—30 
50—300 

GeOa, Ge3(P04)4 

Ge3(P04)4 

Glassy 

69 
83—99 

100 

water-soluble par t of the thermal product and the 
results of the identification of crystalline thermal 
products by means of their X-ray diffraction patterns. 
The amount of the water-soluble par t increased with an 
increase in the P/Ge ratio. T h e thermal products with 
P/Ge ratios larger than 50 were completely dissolved 
in water. T h e thermal products with P/Ge ratios from 
1.0 to 30 contained crystalline substances. By referring 
the X-ray diffraction diagrams of the thermal products 
to those of A S T M cards, it was found that the thermal 
product with the P/Ge ratio of 1.0 contains germanium 
dioxide and an unknown crystalline substance, while 
those with the P/Ge ratios from 2.0 to 30 contain only 
an unknown crystalline substance. T h e intensity of the 
diffraction peaks of the products decreased with an 
increase in the P/Ge ratio, and the thermal products 
with P/Ge ratios of 20 and 30 showed only one or two 
weak peeks. T h e unknown crystalline substance was 
insoluble in water. According to the quantitative 
analysis of the phosphorus and germanium contained 
in the unknown crystalline substance, the P/Ge ratio 
of the crystal was 1.3. This value corresponds to the 
P/Ge ratio of germanium orthophosphate, Ge 3 (P0 4 ) 4 . 
This crystalline substance can be made by the method 
to be described below. T h e p H of an aqueous solution 
of sodium dihydrogenorthophosphate (30%) was adjust­
ed to 5—7 with aqueous ammonia or aqueous sodium 
hydroxide, and then, under vigorous stirring, about 5 g 
of germanium tetrachloride was added to about 50 ml 
of the orthophosphate solution. The resulting precipitate 
was filtered off and heated at 1000 °C for 3 h in a 
plat inum crucible. This substance gave the same X-ray 
diffraction diagram and P/Ge ratio as those of the 
unknown crystalline thermal product. Therefore, the 
crystalline substance may be germanium orthophos­
phate , Ge 3 (P0 4 ) 4 . The X-ray diffraction pat tern of the 
crystalline substance is shown in Fig. 1. 
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T A B L E 2. DISTRIBUTION OF PHOSPHATES OF WATER-

S O L U B L E PARTS IN THE PRODUCTS 

P/Ge Ortho Pyro Tri ^ * " g £ High, 

1.0 
2.0 
3.0 
5.0 
7.0 

10 
15 
20 
30 
50 
80 

100 
150 
200 
300 

42.3 
44.1 
19.3 
3.1 
1.4 
0.4 
0.9 
0.3 
0.4 
0.6 

45.1 
45.8 
61.3 
47.2 
30.4 
17.8 
11.8 
9.1 
6.6 
3.7 
2.1 
0.8 
0.8 
0.4 
0.1 

9.4 
7.1 

10.9 
3.6 
6.8 
5.0 
3.4 
2.6 
2.0 
1.4 
1.1 
0.9 
0.8 
0.4 
0.1 

2.4 
2.2 
2.8 
3.3 
3.3 
3.1 
3.4 
3.6 
3.6 
3.9 
4.2 
4.5 

1.1 
2.1 
2.5 
2.4 
2.3 
2.6 
2.9 
2.4 
3.3 
2.7 
2.9 

3.2 
3.0 
8.4 

43.7 
58.1 
71.9 
78.1 
82.3 
85.6 
88.3 
90.3 
92.3 
91.2 
92.3 
92.4 

Fig. 1. 

20 Cu Ka 

X - R a y diffraction d iag ram of G e 3 ( P 0 4 ) 4 . 

Distribution of Phosphates. The results of the 
colorimetric determination of the phosphates (P%) 
contained in the water-soluble thermal products with 
P/Ge ratios from 1.0 to 300 are listed in Table 2. The 
orthophosphate content decreases with an increase in 
the P/Ge ratio. T h e pyro- and triphosphate contents 
show the largest value a t the P/Ge ratio of 3.0 and 
decrease with an increase in the P/Ge ratio from 3.0 to 
300. cyclo-Tri- and çyc/o-tetraphosphates were usually 
not contained in the thermal products with P/Ge ratios 
of 1.0—3.0 and 1.0—5.0 respectively; if they were 
present, the contents of those phosphates amounted to a 
small percentage. The quanti ty of long-chain phosphates 
increased with an increase in the P/Ge ratio. T h e spot 
of germanate ion also appeared on the chromatograms 
of the sample solutions of P/Ge ratios from 1.0 to 300. 
The Rf value of a germanate ion was 0.50. Accordingly, 
the reaction of germanium dioxide with sodium phos­
phate glass at 1000 °C produces germanium orthophos­
phate and a glassy substance. In the glassy product, 
it could be concluded that germanium dioxide is a 
network-former and makes a P - O - G e linkage. The 
P - O - G e linkage may be readily hydrolyzed in a water 
solution to form phosphate and germanate ions, because 
the chain length of the phosphates contained in glassy 
products increases with an increase in the P/Ge ratio. 

Average Chain Length of Phosphates and the Chemical 
Structure of Glassy Products. As is shown in Fig. 2, 
the average chain length of the polyphosphates of glassy 
products increased with an increase in the P/Ge ratio. 
The result is in good accordance with that of distribution 
of phosphates. Therefore, it can be said that the result 
also supports the presence of a P - O - G e linkage in 
glassy products and the rapid hydrolysis of the P - O - G e 
linkage in a water solution. According to the method 
described in previous papers«,2'6-11) the chemical struc­
ture of the glassy thermal products can be discussed 
by examining the relation between the average chain 
length of polyphosphates contained in the glassy 
products and the P/Ge ratio. T h e average chain length, 
n, of the polyphosphates in the glass of the N a P 0 3 - G e 0 2 
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TABLE 3. AVERAGE CHAIN LENGTH OF POLYPHOSPHATES 

OF THE THERMAL PRODUCTS WITH P/Ge 

RATIOS LARGER THAN 5 0 

100 150 200 250 300 

*(P/Ge) 

Fig. 2. Variation of average chain length of polyphos­
phates in the glassy thermal products with P/Ge ratios 
larger than 50. 

system is given by the following equation: 

(«+2)/w - (x+y-z+fx)Jx, (1) 

where x,y, and z stand for, respectively, the number of 
phosphorus atoms, the P - O - G e linkages, and the 
G e - O - linkages per a tom of germanium and where / 
is the factor shortning the chain length of the polyphos 
phates, given with respect to an atom of phosphorus. 
The f value of sodium phosphate glass was given by 
the following equation : 

( « + 2 ) / « = ( l + / ) / l . (2) 

Since the average chain length of sodium phosphate 
glass was 77 under the experimental conditions employ­
ed, t h e / v a l u e is 0.026. These four chemical structures 
with P - O - G e and G e - 0 ~ linkages may be considered: 
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Structure B 

- P -
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-O-Ge-O" 

6 

Structure D 

For each chemical structure, one can calculate the 
average chain length of polyphosphates present in the 
glass of this system by using Eq. 1. T h e measured and 
calculated average chain lengths of polyphosphates 
contained in the glassy products are listed in Table 3. 
The most reasonable chemical structure of the glassy 
product is Structure A, because the measured n value 
agrees well with the calculated one throughout the 
P/Ge range of 50—300. 

Infrared Spectral Measurement. The infrared spectra 
of the starting materials and the thermal products are 
shown in Fig. 3. The infrared spectra of the thermal 
products with P/Ge ratios larger than 20 are not shown 

(P/Ge) 

50 
80 
100 
150 
200 
300 

Found 

17 
31 
36 
43 
46 
53 

n calcd by Eq. 

A 

19 
26 
30 
38 
43 
51 

1 (/=0.026) 
Structure 

B C D 

) (£?) (rJ) (j=j) 
30 
39 
43 
51 
56 
61 

77 — 
77 2000 
77 333 
77 158 
77 125 
77 103 

a 

H 

Ge3 (P04)4 

1500 1300 1100 900 

Wave number (cm-1) 

Fig. 3. IR spectra of GeOa, NaP0 3 , Ge3(P04)4, and the 
products with P/Ge ratios of 1.0—15. 

because the spectra are the same as that of sodium 
phosphate glass. As the P/Ge ratio becomes larger, 
the infrared spectrum of the thermal product gradually 
becomes similar to that of sodium phosphate glass. 
T h e infrared spectra of the thermal products with P/Ge 



3254 Makoto WATANABE, Masao ITO, Shoji SATO, and Tamotsu YAMADA [Vol. 50, No. 12 

ratios of 1.0—5.0 show absorptions (1110, 1070, and 
680 cm - 1 ) at tr ibutable to germanium orthophosphate 
(water-insoluble par t of thermal products) ; the absorp­
tions are ambiguous because, as is shown in Table 1, 
the quanti ty of the water-insoluble par t of the thermal 
products with P/Ge ratios of 1.0—5.0 is small. According 
to Corbridge and Lowe,15) the absorption of sodium 
phosphate glass at 1270 c m - 1 is due to P = 0 stretching. 
This absorption of thermal products gradually shifts 
to a lower wave number as the P/Ge ratio changes to a 
smaller value. I t could be considered that the shift is 
caused by the decrease in the P = 0 bond strength. This 
could be explained as the P = 0 bond in sodium phosphate 
glass being transferred to the P m O - G e bond by the 
coordination of a germanium atom. Therefore, it could 
be concluded that the glassy product has a four-way 
branching as follows : 

i 
- X -

i 

o 
- X - O - P - O - X -

I I I o 
I 

- X -
I 

where X stands for phosphorus or germanium. This 
phenomenon was also observed in the infrared spectra 
of the thermal products of the N a P 0 3 - A l 2 0 3 system.10) 
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The Disproportionation Constants of Mercury (I) in Dilute Solutions 
Isao SANEMASA and Tsutomu HIRATA 

Department of Chemistry, Faculty of Science, Kumamoto University, Kurokami-machi, Kumamoto 860 
(Received July 5, 1977) 

The disproportionation constants for the Hg2
2+<==±Hg(aq) + Hg2+ reaction have been measured in dilute mer­

cury (I) Perchlorate solutions over the temperature range from 15 to 30 °C. The technique was based on a simple 
kinetic method which made use of a characteristic property of the elemental mercury in aqueous solutions. The 
disproportionation constant at 25 °C and #=0 .1 was found to be 1.1 ±0.1 X 10-8 M, and the associated thermody­
namic parameters were A#=13.2±0.2 kcal/mol and A5"=8.0±0.8 e.u. The reliability of the method was dis­
cussed with relation to the reported values in the literature. 

I t is widely accepted that mercury(I) ions in aqueous 
solutions exist in the dimeric form and are in equilibrium 
with dissolved mercury atoms and mercury(II) ions, 
and that the equilibrium is rapidly established:1 '2) 

Hg2*
+ «=± Hg(aq) + Hg*+. (1) 

The equilibrium constant, Kd, can be expressed by 
^d = [Hg2+ iy2-[Hg(aq)]/0 /[Hg22+]/1 , where the brackets 
indicate molarities and where t h e / v a l u e s are activty 
coefficients for the corresponding species. I t has been 
common practice to assume t h a t y o = l and that f2=f\, 
an approximation which is reasonable at low ionic 
strengths. Therefore, the equilibrium constant can be 
expressed more conveniently by 

KA = [Hg3+][Hg(aq)]/[Hg2*+]. (2) 

Kinetic and thermodynamic studies of the reactions 
concerned with mercury(I) require accurate knowledge 
of the disproportionation constant.2-7) Potentiometrie 
studies of [Hg2 +]/[Hg2

2+] ratios have been reported 
in the literature by many investigators.8-11) However, 
there have been few studies of the equilibrium constant 
involving the [Hg(aq)] term, Kd. The first and the 
only at tempt to determine the Kd was made by Moser 
and Voigt.12) They made use of the extraction of free 
mercury into non-polar solvents to measure the extent 
of the disproportionation of mercury(I) and estimated 
Kd by using the solubilities of Hg° in an aqueous 
solution and organic solvents. T h e technique they used 
was, however, troublesome, and their data were limited 
to those at 25 °C. 

This paper will describe a simple technique that might 
allow an estimation of the disproportionation constant 
of mercury(I) in dilute aqueous solutions. I t makes 
use of the fact that elemental mercury in the aqueous 
phase is readily carried by an air-stream into the 
gaseous phase: 

Hg(aq) - L Hg(gas), (3) 

where k is the rate constant associated with the Hg° 
phase-transfer. When a nitrogen gas is made to flow 
through a solution containing Hg 2

2 + , the dispropotiona-
tion of mercury (I) may occur according to Reaction 1. 
Considering Process 3 to be a rate-controlling step, the 
rate of the disproportionation of mercury(I) can be 
expressed by: 

-d[Hg ?
2 +] /d* = *Xd[Hg2

2+]/[Hg2+]. (4) 

The initial concentration of Hg 2 + in equilibrium with 
Hg2

2+ is sufficiently low, and [Hg2+] = [Hg 2 +] 0 + 

[Hg 2
2 +] 0 - [Hg 2

2 +] = [Hg 2
2 +] 0 - [Hg 2

2 +] . Then, Eq. 4 
becomes, on integration 

[Hg2
2+]0log[Hg2

2+] - [Hg2
2+]/2.303 = -ÄJQ//2.303 

+ [Hg2
2+]0 log [Hg2

2+]0 - [Hg2
2+]0/2.303, (5) 

where the subscript 0 denotes the initial concentration. 
The rate constant, k, can be determined by a separate 
experiment. Nitrogen gas is passed through a solution 
containing a known concentration of elemental mercury, 
which can be prepared by saturating mercury vapor in 
an aqueous solution.13) Then , Reaction 3 proceeds; its 
rate can be expressed by 

-d[Hg(aq)]/d* = Ä[Hg(aq)], (6) 

which becomes, on integration 

log [Hg(aq)] - log [Hg(aq)]0 = -kt/2.303. (7) 

Eqs. 5 and 7 enable us to determine kKd and k respec­
tively, from which we can determine Kd. 

E x p e r i m e n t a l 

Reagents. Doubly distilled water was used throughout 
this work. All the chemicals were of an analytical reagent 
grade. The metallic mercury was purified in the usual 
manner.13) The sodium Perchlorate solutions to maitain a 
constant ionic strength were obtained by mixing sodium 
carbonate solutions and perchloric acid. The preparation 
and standardization of mercury (I) Perchlorate solutions were 
all done in the way described in a previous paper.3) Saturated 
solutions of elemental mercury of a constant ionic strength 
adjusted with NaC104 were prepared using a mercury-vapor 
solubility apparatus as has been described in a previous 
paper,13) with a modification of its gas-inlet-type adaptor. 
A fritted disk was employed in place of the inlet glass tube in 
order to attain equilibrium within a shorter time. As a 
result of this modification, a time of 10 min was found to be 
sufficient to attain the solubility equilibrium. 

Apparatus and Procedure. Two separate measurements 
were made: atomic absorption spectrophotometric measure­
ments of elemental mercury, which lead to k values (Procedure 
A), and spectrophotometric measurements of mercury (I), 
which lead to kKä values {Procedure B). Several Pyrex 
Erlenmeyer flasks of a 100-ml capacity and of the same size 
and form were used as reaction vessels in both Procedures A 
and B. The reaction vessel was connected at the ground-
glass joint to a gas-washing-type adaptor. The adaptor was 
equipped with a fine tip of a glass tube ca. 1 mm i.d., and the 
front was positioned centrally 1 cm above the bottom of the 
reaction vessel. The reaction vessel containing the sample 
solution was immersed in a constant bath thermostated to 
within 0.05 °G. 
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Procedure A : A 40-ml portion of a saturated mercury solu­
tion was introduced into the reaction vessel. Then, nitrogen 
gas was immediately dispersed at a constant flow rate through 
the solution by means of the fine tip. The resulting mercury 
vapor was carried with the nitrogen stream through a 10-cm-
path-length absorption cell with quartz windows, where it 
was detected by a Hitachi Model 508 atomic absorption 
spectrophotometer. In order to catch water droplets, an 
empty trap immersed in an ice-cooled bath was inserted 
between the reaction vessel and the cell. The absorption 
peaks of mercury were recorded on a Hitachi Model 108 
recorder with a chart speed of 40 mm/min. 

Procedure B: A 500-ml mercury (I) perchlorate solution 
was prepared by diluting a 10~3 M mercury (I) stock solution 
with 0.05 M HG104 and by adding a suitable volume of a 
1 M NaC104 solution. This solution was then divided into 
40-ml portions in separate reaction vessels which had been 
stoppered until used. Nitrogen gas was then passed through 
the solution under the same conditions as in Procedure A. After 
a fixed time, the reaction vassel was placed by another one. 
The solutions were measured by means of a Hitachi Model 
181 spectrophotometer at 236.5 nm, and the concentrations 
of Hga

2+ were determined based on a calibration curve.14) 

R e s u l t s 

Some typical results of atomic absorption monitoring 
of the elemental mercury carried with nitrogen gas at a 
constant flow rate are shown in Fig. 1. T h e ordinate 
is an arbitrary unit represented by the height on the 
recorder chart . The total peak area from zero to 
infinity time corresponds to the initial amount of 
mercury present in the solution, and is related to 
[Hg(aq)] 0 , which can be predicted from the solubility 
study.13) Then, we can estimate [Hg(aq)] a t any time, 
t, by subtracting the peak area from zero to time t from 
the total peak area. As a matter of convenience, the 
summation of all the individual peak heights read 
every 1 m m on the abscissa is employed instead of the 
peak area. The plots of log[Hg(aq)j vs. t were found 
to be linear for at least 3 half-lives, as predicted from 

Time, min 

Fig. 1. Typical result of monitoring Hg° by atomic ab­
sorption spectrophotometry. The ordinate is an 
arbitrary unit represented by the recorder chart height. 
[Hg(aq)]0; 1.75X 10~7 M, temp; 15 °C, M; 0.1, N2 flow 
rate; 2.0 1/min. 

-6 .5 

-7 .0 

^ - 7 . 5 
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Time, min 

Fig. 2. Plot of Figure 1 according to Eq. 7. 

Time, min 

Fig. 3. Plot according to Eq. 5. 
M, temp; 15 °G, /i; 0.1, N2 flow rate; 2.0 1/min. 

[Hg2
2+]0; 0.76Xl0-5 

Eq. 7 in the range of the nitrogen flow rate from 1.5 
to 2.5 1/min. A typical result is shown in Fig. 2. From 
the slope of the straight line, k was obtained. According 
to Eq. 5, the concentrations of Hg 2

2 + were plotted 
against time /. T h e results are shown in Fig. 3. From 
the slope of the straight line, we can estimate the kKd 

value. 
T h e conditions under which some typical runs were 

made and their results are given in Table 1. The 
disproportionation constants of mercury(I) over the 
temperature range of 15 to 35 °G were determined 
under such conditions that ft=0.1, nitrogen flow r a t e = 
2.01/min, [ H g 2

2 + ] 0 = 0 . 7 6 x l O - 5 M , and [Hg(aq ) ] 0 = 
saturated at each temperature under study. The results 
are listed in Table 2. T h e thermodynamic parameters 
associated with Kd are calculated from Table 2 by the 
least-squares method, AH= 13.2±0-2 kcal/mol and AS= 
8 .0±0 .8 e.u. 

D i s c u s s i o n 

T h e method described here to determine the dispro­
portionation constant of mercury(I) is essentially the 
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TABLE 1. THE EFFECTS OF THE IONIC STRENGTH, THE NITROGEN FLOW RATE, AND THE INITIAL 

CONCENTRATIONS OF H g 2
+ AND H g ( a q ) ON THE ESTIMATIONS OF k, kKA, AND Kd 

k, min - 1 kKä, 10- 9Mmin - l KA, 10-9 M 

Ionic strength (p) 

0.05 
0.1 

N2 flow rate (1/min) 
2.5 
2.0 
1.5 

[Hg2
2+]„, 10-8 M 

1.52 
0.76 
0.38 

[Hg(aq)]0, 10- 'M 
3.2 
1.6 
1.1 

(N2 flow rate; 2.0 1/min, temp; 15 °C, [Hg2
2+]0; 0.76x 10-6M, [Hg(aq)]0; 

1.75xlO-7M) 
1.6±0.1 8 .4±0 .8 5 .2±0 .2 
1.7±0.1 8 .2±0 .5 4 . 8 ± 0 . 1 

(fi; 0.1, temp; 15 °C, [Hg2
2+]; 0.76x 10-6 M , [Hg(aq)]0; 1.75x 10"7 M) 

1.8±0.1 9 . 2 ± 0 . 4 5 .1±0 .1 
1.7±0.1 8 .2±0 .5 4 . 8 ± 0 . 1 
1.5±0.1 8 .4±0 .2 5 .6±0 .2 
(N2 flow rate; 2.0 1/min, fi; 0.1, temp; 25 °C) 

21±1 
23±2 
22±1 

(N2 flow rate; 2.01/min, fi; 0.1, temp; 25 °G) 
2 .2±0 .1 
2 .2±0 .1 
2 . 1 ± 0 . 1 

TABLE 2. 

Temp, 
°C 

DISPROPORTIONATION CONSTANTS DETERMINED 

AT VARIOUS TEMPERATURESA) 

k, min - 1 M-d,10-9M K«, 10-» M 

15 
20 
25 
30 
35 

1.7±0.1 
2.0±0.1 
2.2±0.1 
2.3±0.1 
2.5±0.1 

8.2±0.5 
16±1 
23±2 
36±1 
55±1 

4.8±0.1 
7.9±0.1 
H ± l 
16±1 
22±1 

a) N2 flow rate; 2.0 1/min, /i; 0.1, [Hg2
2+]0; 0.76x 10-6 

M, [Hg(aq)]0; saturated at each temperature. 

same as those used in the kinetic studies of oxidation 
reactions of mercury(I) with inorganic oxidants.5) 
According to Sykes and his co-workers,6»15) for two-
equivalent oxidants with relatively low oxidation 
potentials, the general rate law is expressed satisfactorily 
by 

-d[Hg2
2+]/d* = MTd[Hg2

2+][Oxidant]/[Hg2+]. (8) 

The mechanism has been explained as involving the 
following paths : 

Hg2
2+ <^=± Hg(aq) + Hg2+, fast 

Hg(aq) + Oxidant (2e~) —U Hg2+ 

I t is usually difficult to determine kx independently 
because of the limited solubility of elemental mercury 
in an aqueous solution. Therefore, the rate constant 
of the rate-controlling step, kx, has been estimated by 
combining the observed rate constant and the Kd 

value.5) In the present study, Hg(aq) , which is in 
equilibrium with Hg2+ and Hg 2

2 + , was removed from 
the aqueous phase by the use of an inert gas instead 
of oxidants. In such a treatment, the reaction system 
is very much simplified, and, moreover, the rate constant 
in the rate-controlling step can be determined independ­
ently by the use of a highly sensitive atomic-absorption 
technique. The rate of Hg° transfer from the aqueous 
to the gaseous phase was taken to be the rate-controlling 
step because the disproportionation equilibrium is 

rapidly established. In such a heterogeneous system, 
the rate constant, k, must be a function of the surface 
area of the gaseous phase in contact with a solution, 
which depends on many factors, such as the shape of 
the nitrogen-inducing tube and the reaction vessel, 
the flow rate of the nitrogen gas, and the size of the 
sample solutions. However, the k required for the 
present purpose is not an inherent value, but a relative 
value sensitive only to the solution temperature. I t is 
absolutely essential to carry out independent deter­
minations of A; under the same conditions as the deter­
minations of kKd. Under the present experimental 
conditions, N 2 flow rates in the range from 1.5 to 2.5 1/ 
min were suitable for the determinations of k. Devia­
tions from linear plots according to Eq. 7 were observed 
both at lower and higher flow rates than this range. 
These deviations are probably because a lower flow 
rate may result in an insufficient stirring of the aqueous 
phase, while a higher flow rate may result in the distur­
bance of a regular stream of the gaseous phase along 
the path from the reaction vessel and in the measuring 
cell. T h e variations in the initial concentrations of 
Hg2

2+, 1.52 X lO- 5 to 0 . 3 8 x l O " 5 M , and Hg(aq) , 
3.2 X 10- ' to 1.1 X 10-7 M, have little effect on kKd and 
k respectively, as may be seen from Table 1. This 
appears to support the rate laws expressed by Eqs. 4 
and 6. 

T h e present method is very similar to that by Moser 
and Voigt,12) though different experimental approaches 
are employed, that is, a kinetic and a static method 
respectively. The latter requires accurate solubility 
data of elemental mercury in water and organic solvents, 
while the present kinetic method does not require the 
absolute values of [Hg2

2+] and [Hg(aq)] , since they 
have no effects on the slopes of the rate plots obtained 
by means of Eqs. 5 and 7. T h e Kd value at 25 °G 
determined in the present study is about two times 
larger than that reported by Moser and Voigt, 5.5 X 10_fl 

M . T h e discrepancy, however, seems to be small when 
we consider the different experimental approaches 
employed in the two studies. 
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The thermodynamic principles underlying the Hg(0)/ 
Hg( I ) /Hg( I I ) equilibria are quite well understood. T h e 
equilibrium constant, A"==[Hg2+]/[Hg2

2+], can be 
calculated from the formal potentials of the Hg( I ) -
Hg(0) and Hg(I I ) -Hg(I ) couples reported in the 
literature, ranging from 0.006 to 0.012.7'12'16> T h e 
product of K and the mercury solubility, 3.2 X 10 - 7 M,13) 
comes to be from 1.9 X l 0 - 9 to 3 . 8 x l O - 9 M . T h e 
Potentiometrie method may give a reliable K value 
in the presence of liquid mercury. However, it appears 
extremely doubtful that the product of K and the 
mercury solubility should be taken as Kd. The solubility 
of mercury cited in the literature might be unsuitable 
for predicting [Hg(aq)] under relatively high mercury(I) 
concentrations and in the presence of liquid mercury 
because of the formation of the colloidal mercury.17) If 
the colloidal mercury could take par t in the dispropor-
tionation equilibrium, Reaction 1 should be shifted to 
the left, leading to a lower apparent Kd. In the studies 
of reactions concerned with dilute mercury (I) ions in 
which mercury atoms are present in equilibrium with 
Hg 2

2 + and Hg 2 + and are not in excess, the Kd value 
should be adopted as the equilibrium constant. 

Schwarzenbach and Anderegg have reported that, 
for the Hg( l )4-Hg 2 +^Hg 2

2 + reaction, AH°= - 0 . 8 2 0 
kcal/mol, A S ° = 6 . 0 e.u., and A G ° = - 2 . 6 2 kcal/mol.10) 
In the present study, AH°= 13.2 kcal/mol, AS°=8 .0 e.u., 
and AG°=10 .8 kcal/mol were obtained for the H g 2

2 + ^ 
H g ( a q ) + H g 2 + reaction. When these two reactions are 
compared, it follows that AG°=8 .19 kcal/mol for the 
H g C l ^ H g f c q ) equilibrium. A termodynamic da tum 
for this equilibrium has been published: A G ° = 9 . 4 
kcal/mol.18) T h e discrepancy between these two values 
may be partly due to the experimental errors. 

In his spectrophotometric study Higginson suggested 
a homolytic dissociation, H g 2

2 + ^ 2 Hg+, in dilute 
mercury (I) solutions and reported a value of A:diss = 
[Hg+]2/[Hg2

2+] within the limits of 10-8 and 10"6 M.14) 
However, such a dissociation constant was not taken 
into consideration in the present work for the following 
reasons, as suggested by other investigators: (1) a 
deviation from Beer's law in dilute mercury(I) solutions 
was not observed by another investigator;19) (2) a Kdiss 

value as large as 10~7 M is shown by the extraction 
technique to be highly unlikely12) and (3) the evidence 

for a contribution from [Hg^+J1/2 instead of [Hg2
2+] 

has not been observed in kinetic studies of the reactions 
in which mercury(I) ions are concerned.6) 

T h e authors wish to express their thanks to Professor 
Hideo Nagai and Dr. Toshio Deguchi of Kumamoto 
University for their encouragement and discussions. 
They also wish to thank Dr. Kenzo Kitayama of the 
Tokyo Institute of Technology for his helpful discus­
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Synthesis and Properties of Cobalt(II), Nickel(II), and Copper (II) 
Complexes with Acetaldehyde Oxime and Benzaldehyde Oxime 

Hideaki TANAKA, Hiro KUMA, and Shoichiro YAMADA 

Institute of Chemistry, College of General Education, Osaka University, Toyonaka, Osaka 560 
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Cobalt(II), nickel(II), and copper(II) complexes with acetaldehyde oxime and benzaldehyde oxime have 
been prepared and characterized by vibrational and electronic spectroscopy, magnetism, and other methods. The 
cobalt(II) and nickel(II) complexes isolated are of the general formulae: (A) MX2(oxime)4 (X=C1, Br, I, N0 3 , NCS 
and GH3COO); (B) M(NCS)2(oxime)2; (G) MS0 4 (oxime) 3 -3H 2 0. They are all six-coordinate, and the com­
plexes (B) are probably multinuclear. Copper(II) forms complexes of the formulae : (A) CuX2 (oxime) 4 (X=CI, Br), 
(B) CuX2(oxime)2 (X=CI , Br, NCS) ; (C) CuSÖ4(oxime)4 H 2 0 . Possible structures for these copper(II) complexes 
are also discussed. Acetaldehyde oxime and benzaldehyde oxime are unidentates in all these complexes, being 
coordinated through their nitrogen atom. 

Some complexes of cobalt, nickel, and copper with 
acetaldehyde oxime and benzaldehyde oxime were 
prepared fifty years ago.1) However, little work has been 
done on the more detailed examination of their stereo­
chemistries based upon physicochemical measure­
ments.2 '3) Such studies are thought to be highly desirable 
in order to elucidate the nature of interaction between 
the oximes and transition metal ions. 

In the present work cobalt ( I I ) , nickel (I I ) , and 
copper(II) complexes with acetaldehyde oxime and 
benzaldehyde oxime, including previously reported ones, 
have been synthesized and their stereochemistries have 
been examined on the basis of vibrational and electronic 
spectra, magnetism, conductivities, and powder X-ray 
diffraction patterns. Acetaldehyde oxime and benzal­
dehyde oxime are abbreviated in the present paper as 
acox and bzox, respectively. 

Exper imenta l 

Materials. Acetaldehyde oxime and benzaldehyde oxime 
were obtained commercially and used as received. 

Analytical data of the metal complexes prepared in the 
present work are given in Tables 1 and 2. 

Dichloro- and Dibromotetrakis( acetaldehyde oxime) nickel (II), 
NiX2(acox)é (X=Cl, Br) were prepared as reported 
previously.1' 

Diiodotetrakis(acetaldehyde oxime) nickel(II) Hydrate, Nil2-
(acox)i-H20. A suspension of NiI2-6H20 (0.01 mol) in 
chloroform (50 ml) was heated under stirring at 40 °C for 15 
min and acetaldehyde oxime (0.04 mol) was added to the 
suspension. The mixture was heated at 40 °C for 1 h and 
filtered. The filtrate was concentrated to 10 ml with a rotary 
evaporator at 40 °C and allowed to stand in a refrigerator 
overnight. A crystalline precipitate was collected by filtration 
and recrystallized from chloroform to yield olive-green, pris­
matic crystals. 

TABLE 1. ANALYTICAL DATA OF NICKEL(II) AND COBALT(II) COMPLEXES WITH 

ACETALDEHYDE OXIME AND BENZALDEHYDE OXIME 

Compound 

NiCl2(acox)4 

NiBr2(acox)4 

Nil2(acox)4-H20 
Ni(N03)2(acox)4.H20 
Ni(CH3COO)2(acox)4 

NiS04(acox)3.3H20 
Ni(NCS)2(acox)4 

Ni(NCS)2(acox)2 

NiCl2(bzox)4 

NiBra(bzox)4 

NiI2(bzox)4.HaO 
Ni(NCS)2(bzox)2 

CoCl2(acox)4 

CoBra(acox)4 

CoS04(acox)3.3H20 
Co(NCS)2(acox)2 

CoCl2(bzox)4 

CoBr2(bzox)4 

Co(NCS)2(bzox)2 

Found, c 

' C 

26.09 
20.72 
16.95 
21.77 
34.62 
18.43 
29.14 
24.90 
54.76 
47.83 
41.26 
45.90 
25.87 
21.04 
19.01 
24.30 
54.62 
47.81 
45.62 

^ 
H 

5.60 
4.65 
3.82 
4.95 
6.25 
5.16 
4.97 
3.60 
4.68 
4.16 
3.65 
3.53 
5.72 
4.59 
5.13 
3.63 
4.66 
4.01 
3.54 

Vo 

N 

15.33 
12.37 
9.94 

19.14 
13.32 
10.74 
20.57 
19.58 
9.13 
7.95 
6.78 

13.42 
15.23 
12.40 
11.06 
19.19 
9.22 
8.02 

13.24 

Calcd, ° 

/ C 

26.26 
21.13 
16.95 
21.99 
34.90 
18.67 
29.21 
24.59 
54.30 
47.83 
41.26 
46.07 
26.24 
21.12 
18.66 
24.57 
54.73 
47.81 
46.04 

^ 
H 

5.51 
4.43 
3.91 
5.07 
6.34 
5.48 
4.90 
3.44 
4.60 
4.01 
3.71 
3.38 
5.51 
4.43 
5.48 
3.44 
4.59 
4.01 
3.38 

/o 
v 

N 

15.31 
12.32 
9.89 

19.23 
13.57 
10.89 
20.44 
19.12 
13.43 
7.97 
6.87 

13.43 
15.30 
12.31 
10.88 
19.11 
9.12 
7.97 

13.42 

M 

3^22 
3.18 
3.14 
3.16 
3.13 
3.17 
3.02 
3.23 
3.17 
3.08 
3.07 
3.17 
4.86 
4.93 
5.15 
4.85 
5.11 
5.04 
4.90 

fi: BM at room temperature. 
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TABLE 2. ANALYTICAL DATA OF COPPER(II) COMPLEXES WITH ACETALDEHYDE 

OXIME AND BENZALDEHYDE OXIME 

Compound 

CuCl2(acox)4 

CuBr2(acox)4 

CuCl2(acox)2 

CuBr2(acox)2 

CuS04(acox)4 .H20 
CuCl2(bzox)2 

CuBr2(bzox)2 

Found, c 

C 

25.71 
20.62 
19.18 
13.69 
23.62 
44.32 
36.11 

H 

5.48 
4.44 
4.14 
3.06 
5.13 
3.88 
3.03 

Vo 

N 

15.04 
12.18 
10.98 
8.03 

13.82 
7.43 
6.06 

Calcd, °, 

C 

25.92 
21.03 
19.02 
14.07 
23.21 
44.63 
36.11 

H 

5.44 
4.39 
4.00 
2.95 
5.36 
3.75 
3.03 

'o 

N 

15.11 
12.19 
11.09 
8.20 

13.54 
7.44 
6.02 

M 

1.80 
1.88 
1.88 
1.82 
1.92 
1.99 
1.87 

fi: BM at room temperature. 

Dinitratotetrakis( acetaldehyde oxime) nickel (II) Hydrate, Ni-
(N03)2(acex)i-H20, was prepared from Ni(NO3)2.6H2O(0.01 
mol) and acetaldehyde oxime (0.04 mol) in a manner analo­
gous to the diiodo-complex. 

Ni(NCS)2(acox)^ and Ni(NCS)2(acox)2. A suspension of 
Ni(NCS)2 (0.01 mol) in ethanol (50 ml) was heated at 60 °C 
under stirring for 2 h, until the solution turned green, and 
filtered. To the filtrate was added acetaldehyde oxime (0.04 
mol) and stirred for 1 h at room temperature. On evaporating 
the solution spontaneously, blue crystals of Ni(NCS)2(acox)4 

appeared in the solution. They were collected by filtration 
and washed with ethanol. The filtrate was heated for 2 h at 
room temperature. A crystalline powder of Ni (NCS) 2 (acox) 2 

formed in the solution was filtered, washed with ethanol, and 
dried in a desiccator over silica gel. 

NiS04(acox)3'3H20 was prepared as blue microcrystals from 
NiS0 4 -7H 20 (0.01 mol) and acetaldehyde oxime (0.04 mol) 
in a manner analogous to the dinitrato-complex. 

Dichloro- and Dibromotetrakis(benzaldehyde oxime) nickel(II), 
NiX2(bzox)i (X—Cl, Br), were prepared by the literature 
method.1) 

Diiodotetrakis (benzaldehyde oxime) nickel(II) Hydrate, Nil2-
(bzox)i-H20, was prepared as olive-green crystals in a manner 
similar to the corresponding acetaldehyde oxime complex. 

Dihalogenotetrakis(acetaldehyde oxime)- and Dihalogenotetrakis-
(benzaldehyde oxime)cobalt(II), CoX2(acox)i and CoX2(bzox)é 

(X=Cl, Br), were prepared as reported previously.1) 
Co(NCS) 2 (acox) 2. To a suspension of Go (NCS) 2 • 4HaO 

(0.01 mol) in chloroform (50 ml) was added acetaldehyde 
oxime (0.04 mol) at 60 °C, and the mixture was refluxed 
for 2 h. A pink crystalline precipitate was filtered and washed 
with chloroform several times. 

Co(NCS)2(bzox)2 was prepared as red-brown crystals in a 
manner analogous to the corresponding complex with benz­
aldehyde oxime. 

CoSOi(acox)3'3H20 was prepared as wine-red crystals from 
CoS0 4 .7H 2 0 (0.01 mol) and acetaldehyde oxime (0.04 mol) 
in a manner analogous to the corresponding nickel(II) 
complex. 

CuCl2(acox)2. To a solution of CuCl2 .2H20 (0.015 mol) 
in ethanol (50 ml) was added acetaldehyde oxime (0.02 mol), 
and the solution was stirred at room temperature for 3 h. 
Light-blue flaky crystals of CuCl2(acox)2 formed in the solu­
tion were filtered and washed with ether. The filtrate was used 
for preparing CuCl2(acox)4. The crystals thus obtained are 
highly hygroscopic. When left in a desiccator over silica gel 
for a long time, the blue form of CuCl2(acox)2 transformed 
into a green substance of the same composition. 

Dichlorotetrakisfacetaldehyde oxime)copper(II), CuCl2(acox)^. 
Acetaldehyde oxime (0.05 mol) was added to the filtrate 
obtained in the preparation of CuCl2(acox)2. Stirring the 

solution at room temperature for 15 min yielded blue pris­
matic crystals. They are hygroscopic and are readily decom­
posed even in the solid state. When kept in a desiccator 
over silica gel, they gradually lose acetaldehyde oxime, turning 
green. The composition of the green final product was close 
to CuCl2(acox)2. 

CuBr2(acox)i and CuBr2(acox)2 were prepared as blue and 
yellow-green crystals, respectively, by methods similar to the 
corresponding dichloro-complexes. They are hygroscopic. 
When left in a desiccator, CuBr2(acox)4 loses acetaldehyde 
oxime to yield CuBr2(acox)2. 

CuCl2(bzox)2 was prepared as yellow-green crystals by the 
literature method.1) Purification was carried out by recrys-
tallization from chloroform or acetone. 

CuBr2(bzox)2 was prepared as brown crystals from GuBr2 

and benzaldehyde oxime in a manner analogous to the corre­
sponding dichloro-complex. 

CuSOi(acox)i-H20. To a suspension of CuS04»5H20 
(0.01 mol) in chloroform was added acetaldehyde oxime (0.06 
mol), and the mixture was stirred at room temperature for a 
few hours. The precipitate was recrystallized from chloro­
form to yield a blue crystalline powder. 

Measurements. Electronic absorption spectra of the 
complexes in solution and in Nujol were recorded on a 
Shimadzu MPS-50L spectrophotometer. Infrared spectra were 
measured as Nujol mulls on a Hitachi EPI-S2 infrared spec­
trophotometer and a Hitachi 215 infrared spectrophotometer. 

Magnetic measurements at room temperature were carried 
out by the Gouy method using GoHg(SCN)4 as a calibrant. 

Powder X-ray diffraction patterns were obtained with a 
Toshiba DX-103 X-ray diffractometer equipped with a 
Geiger-Müller counter, using Co Kcc radiation and an iron 
filter. 

Conductivity measurements were carried out using a cali­
brated Toa-Electronics CG 201 PL conductivity cell and a 
Toa-Electronics Model GM-1DB conductivity bridge. 

R e s u l t s and D i s c u s s i o n 

Nickel(II) Complexes. The following types of 
nickel (I I) complexes were isolated, L being acox or 
bzox: (1) NiX 2 L 4 ( X = C 1 , Br, I, N 0 3 , C H 3 C O O ) ; (2) 
Ni(NCS) 2 L 2 ; (3) N i S 0 4 ( a c o x ) 3 - 3 H 2 0 . All these 
nickel (II) complexes are paramagnetic with magnetic 
moments of 3.0—3.2 BM (Table 1). The dichloro- and 
dibromo-nickel(II) complexes were reported previously 
by Hieber and Leutert.1) 

All the dihalogeno-complexes are non-electrolytes in 
nitrobenzene, indicating that the halide ions are bound 
to the nickel(II) ion. According to a previous X-ray 
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study,3) NiCl2(acox)4 in the crystalline state has a six-
coordinate fomj-dichloro-structure. The acetaldehyde 
oxime molecules are coordinated to the nickel(II) ion 
through their nitrogen atom, and the O H group is 
hydrogen-bonded to CI. I t is presumed that NiX2-
(acox)4 ( X = B r , I) and NiX2(bzox)4 ( X = C 1 , Br, I) 
also have a six-coordinate fomy-dihalogeno-structure, 
since their electronic absorption spectra are similar to 
that of /ra«.y-NiCl2(acox)4. They all show a significantly 
large tetragonal splitting in the d-d bands. This trans-
structure is retained in chloroform, since the spectra 
of the chloroform solutions are essentially the same as 
the solid state spectra. O n the contrary, they undergo 
decomposition in water, methanol, and ethanol. For 
instance, the spectra of the ethanolic solutions differ 
appreciably from the spectra of the chloroform solutions 
as well as from the solid state spectra. 

2.0 

1,0 

0 

. 
3 

A 
2/ / 
* 1 
U 

j _ ^ _ ^ ^ ^ 

/ 
* / 

1 --''A 
•-> / 7/ 
jyy i / 

y* * /1 

. 1 10 20 

Wave number (103 cm -1) 

Fig. 1. Electronic absorption spectra of £ra;w-dihalogeno-
tetrakis(acetaldehyde oxime)nickel (II), trans-NiX2-
(acox)4, in chloroform: 1, X = C 1 ; 2, X = B r ; 3, X = I . 

As representative examples, the spectra of the acetal­
dehyde oxime complexes are shown in Fig. 1. I t is 
predicted theoretically that regularly octahedral nickel-
(II) complexes show three spin-allowed d-d bands, each 
of which is split into two components as the symmetry 
of the complexes changes from O h to D 4 h . If the 
splitting is considerably large, the components are likely 

TABLE 3. SPLIT COMPONENTS OF d-d BANDS AND CRYSTAL 

FIELD PARAMETERS IN 103 cm"1 OF trans-NiX^ 

L=acox 
(=bzox) 

X=C1 X = B r X = I 

*( 3 E g ^ 3 B l g ) 

,(3B2g«-3Blg) 

K3A2g<-3Blg) 

<3EgV-3B l g) 

Dq*y 

Dqz 

Dt 

Ds 

8.7 
( 8.5 
10.6 

(10.4 
14.2 

(13.6 
16.3 

(16.2 
1.06 

( 1.04 
0.62 

( 0.62 
0.24 

( 0.24 
0.30 

( 0.48 

8.2 
8.2 

10.6 
10.5 
13.5 
13.5 
16.2 
15.9 
1.06 
1.04 
0.57 
0.59 
0.27 
0.26 
0.51 
0.46 

7.3 
7.5 ) 

10.4 
10.4 ) 
12.2 
13.4 ) 
15.7 
16.1 ) 
1.04 
1.05) 
0.42 
0.46) 
0.35 
0.33) 
0.66 
0.55) 

to be well resolved in the observed spectrum. The band 
splitting in the spectra of the present dihalogeno-
complexes is large enough to enable us to resolve the 
three main d-d bands into their components with 
reasonable accuracy. T h e maxima of the components 
obtained are shown in Table 3. From these data and 
using expressions derived on the basis of the crystal field 
approximation,4) the tetragonal splitting parameters 
were estimated. The results are shown in Table 3. For 
/ran.y-NiCl2(acox)4 a similar analysis was made previous­
ly using solid state spectrum.2) The results roughly 
agree with the present ones. Comparison of the present 
results with previous studies43) on NiX 2(py) 4 , py being 
pyridine, gives the following order as to the in-plane 
crystal field parameter : b z o x < a c o x < p y . I t is thus 
found that bzox and acox are close to, though slightly 
lower than, py in the spectrochemical series. 

I n Ni(NO a) 2(acox) 4 the nitrate ions are not free bu t 
coordinated to the nickel(II) ion, since infared bands due 
to the nitrate ions occur at 1290, and 1495 cm - 1 .5) 
T h e complex is paramagnetic and its electronic spec­
t rum is typical of the six-coordinate nickel(II) complex 
(Table 4). The broad d-d bands at about 10 and 17 X 103 

c m - 1 have a shoulder at higher frequencies in the former 
band and at lower frequencies in the latter, indicating 

TABLE 4. MAXIMA OF MAIN d-d ABSORPTION BANDS OF NICKEL(II) COMPLEXES 

WITH ACETALDEHYDE OXIME AND BENZALDEHYDE OXIME 

Compound 

Ni(CH3COO)2(acox)4 

Ni(N03)2(acox)4-H20 

NiS04(acox)3.3H02 

Ni(NCS)2(acox)4 

Ni(NCS)2(acox)2 

Ni(NCS)2(bzox)2 

Medium 

Nujol 
CHC13 

Nujol 
CHCI3 
Nujol 
Nujol 
CHCI3 
Nujol 
Nujol 

"i(log e) 

9.9 
9.8(0.62) 
9.3 
9.3(0.59) 
8.3, 10.7 
9.9 

10.1(1.08) 
8.6, 11.2sh 
8.5, 10.9sh 

v2(log e) 

16.7 
16.6(0.76) 
17.0 
16.6(0.85) 
16.7 
16.9 
16.6(1.15) 
16.6 
16.2 

"s(log e) 

27.1 
26.3(1.20) 
26.9 
26.9(1.17) 
26.7 
26.9 
26.7(1.74) 
27.1 
27.1 

vi 3T2g<—3A2g; v2
 3Tlg<—3A2g; vz

 3Tlg(P)<—3A2g or components thereof, sh: shoulder. 
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an apparent band splitting, in agreement with the model 
of the six-coordinate £raw.y-dinitrato-complex. 

The complex Ni(CH 3 COO) 2 (acox) 4 exhibits C O 
stretching vibrations at 1580 and 1340 cm - 1 , showing 
that the acetate ions are not free but coordinated to the 
nickel(II) ion as unidentate ligands.5) The complex 
is paramagnetic and shows an electronic absorption 
spectrum typical of the six-coordinate nickel (I I) 
complex. 

In N iS0 4 ( acox ) 3 -3H 2 0 , the v1 stretching vibration 
due to the sulfate group appears at 993 c m - 1 and v3 

is split into three bands a t 1040, 1085, and 1200 cm"1 . 
Based on the criteria proposed previously,5) these results 
indicate that the sulfate group in this complex is coor­
dinated as a bidentate ligand to the nickel (I I) ion. Its 
electronic spectrum is typical of the six-coordinate 
nickel(II) complex (Table 4). I t is, therefore, most 
likely that the nickel(II) ion forms a six-coordinate 
complex with three acetaldehyde oxime molecules, a 
bidentate sulfate ion and a water molecule coordinated. 
A multinuclear structure, however, may not be 
eliminated. 

Ni (NCS) 2 (acox) 4 is paramagnetic with a moment of 
about 3 BM, indicative of a six-coordinate structure 
for this complex. Its Nujol spectrum is similar to the 
spectrum of its chloroform solution, showing that the 
configuration in the solid state is retained in the chloro­
form solution. T h e spectra are typical of the six-
coordinate nickel(II) complex, and resemble that of 
frmy-Ni(NCS)2(NH3)4,

6) although slightly displaced 
towards lower frequencies. I t is highly probable that 
Ni(NCS)2(acox)4 has a similar structure to that of trans-
Ni(NCS) 2 (NH 3 ) 4 with the thiocyanate ions coordinated 
through their nitrogen atom to the nickel(II) ion. Any 
appreciable splitting was not observed in the d-d bands 
for Ni(NCS) 2 (NH 3 ) 4 and Ni(NCS)2(acox)4 , possibly 
because the N-coordinating thiocyanate stands com­
paratively close to acox and N H 3 in the spectrochemical 
series. 

T h e complex Ni(NCS)2(acox)4 undergoes decomposi­
tion gradually. Infrared bands due to unidentate N-
coordinating thiocyanate ions appear at 2090 and 820 
c m - 1 , bu t in addition to them another band, probably 
originating from the decomposition product, appears at 
2020 cm- 1 . 

T h e complexes Ni(NCS)2L2 , L being acox and bzox, 
are paramagnetic (Table 1) and show electronic 

absorption spectra typical of the six-coordinate nickel (II) 
complex (Table 4). They show infrared v(C-N) and 
v(C-S) vibrations at 2115 and 780 c m - 1 for L = a c o x 
and at 2130 and 785 c m - 1 for L = b z o x . The values lie 
in the range expected for the bridging NCS group.7) I t 
is highly probable that Ni(NCS)2L2 are multinuclear 
with six-coordinate nickel(II) ions and bridging NCS 
ions, having a similar structure to that of Ni (NCS) 2-

(py)2-8) 

All the nickel(II) complexes show hydrogen bonded 
O H stretching vibrations at about 3150—3200 cm-1 , 
except for Ni (NCS) 2 (acox) 2 and Ni (NCS) 2 (bzox) 2, 
which show a sharp band at a much higher frequency, 
indicative of the presence of the non-hydrogen-bonded 
N O H group (Table 6). 

Cobalt (II) Complexes. The following types of 
cobalt (II) complexes were isolated, L being acox and 
bzox: (1) CoX2L4 ( X = C 1 , Br) ; (2) Co(NCS)2L2 ; (3) 
CoS0 4 (acox) 3 «3H 2 0 . The dichloro- and dibromo-
complexes were prepared previously.1) 

T h e complexes CoX2(acox)4 and CoX2(bzox)4 are 
paramagnet ic with magnetic moments of 4.9—5.2 BM, 
which are in the range expected for six-coordinate 
cobalt(II) complexes. Their electronic absorption 
spectra (Table 5) are also typical of the six-coordinate 
cobalt (I I) complexes. Conductivity measurements show 
that they are non-electrolytes in nitrobenzene. I t is 
most likely that in these cobalt(II) complexes the six-
coordination of the cobalt (II) ion is achieved by two 
halide ions and four oximes, which are unidentate 
ligands coordinating through the nitrogen atom. In 
agreement with this, their O H stretching vibrations 
appear at frequencies close to those of the dihalogeno-
nickel(II) complexes, which have been concluded to 
have a fomy-configuration. T h e powder X-ray diffrac­
tion patterns of the dichloro-cobalt(II) complexes are 
similar to those of the dibromo-cobalt(II) complexes. 
When dissolved in chloroform, the dichloro-cobalt(II) 
complexes retain the structure existing in the solid 
state, while the dibromo-cobalt(II) complexes tend to 
undergo decomposition gradually. Both the dichloro-
and the dibromo-complexes are decomposed in 
methanol, ethanol, and water. 

In CoS0 4 ( acox ) 3 -3H 2 0 , the vx stretching vibration 
due to the sulfate group appears at 940 c m - 1 and v3 is 
split into three bands at 1030, 1080, and 1190 cm- 1 . As 
discussed in the preceding section of the present paper, 

TABLE 5. MAXIMA OF MAIN d-d ABSORPTION BANDS OF COBALT(II) COMPLEXES WITH 

ACETALDEHYDE OXIME AND BENZALDEHYDE OXIME 

Compound Medium "i(k>g e) v2(log e) v3(log s) 

CoCl2(acox)4 

CoBr2(acox)4 

GoGl2(bzox)4 

CoBr2(bzox)4 

CoS04(acox)3 •3H20 
Co(NCS)2(acox)2 

Co(NCS)2(bzox)2 

»i 4 T 2 l / f-*Tla; v2 *A 

Nujol 
CHC13 

Nujol 
Nujol 
CHC13 

Nujol 
Nujol 
Nujol 
Nujol 

2e< — J-larî ^3 T l a r 

8.4 
8.3(0.33) 
8.4 
8.3 
8.3(0.52) 
8.2 
8.8 
9.6 
8.8 

(P)«_4T o r cor 

15.3sh 
15.4sh 
15.1sh 
15.2 sh 
15.2 sh 
15.1 sh 
16.3sh 
15.8 sh 
15.5 sh 

nponents thereof. 

18.4, 19.5 
18.1(0.91), ] 
17.8, 18.9 
18.3, 19.1 
18.1(1.37), ] 
17.8, 18.9 
19.5, 20.9sh 
18.9 
19.1 

sh: shoulder. 

19.3(0.96) 

19.0(1.38) 
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TABLE 6. MAIN INFRARED BANDS OF NICKEL(II) AND 

COBALT(II) COMPLEXES WITH ACETALDEHYDE 

OXIME AND BEZALDEHYDE OXIME 

TABLE 7. MAXIMA OF MAIN d-d ABSORPTION BANDS AND OF 

SOME INFRARED BANDS OF C O P P E R ( I I ) COMPLEXES WITH 

ACETALDEHYDE OXIME AND bENZALDEHYDE OXIME 

Compound 

NiCl2(acox)4 

NiBr2(acox)4 

Ni(NCS)2(acox)4 

Ni(NCS)2(acox)2 

Ni(N03)2(acox)2 

NiS04(acox)3.3H20 
NiCl2(bzox)4 

NiBr2(bzox)4 

NiI2(bzox)4.H20 
Ni(NCS)2(bzox)2 

CoCl2(acox)4 

CoBr2(acox)4 

CoCl2(bzox)4 

CoBr2(bzox)4 

Co(NCS)2(acox)2 

Co(NCS)2(bzox)2 

CoS04(acox)3.3H20 

x(OH) 

3210 
3215 
3210 
3450 
3210 
3250 
3200 
3235 
3203 
3415 
3215 
3210 
3205 
3205 
3450 
3425 
3270 

v(NO) 

939, 
939, 
938 
940 
940, 
935, 
940, 
938, 
936, 
940 
945, 
935, 
938, 
938, 
940 
942 
945 

953 
953 

960 
950 
967 
962 
955 

950 
950 
950 
957 

these results indicate that the sulfate group in this 
complex is coordinated as a bidentate ligand to the 
cobalt(II) ion. Its electronic spectrum (Table 5) is 
typical of the six-coordinate cobalt(II) complex, and its 
magnetic moment (5.15 BM) lies in the range expected 
for the six-coordinate cobalt(II) complex. T h e powder 
X-ray diffraction pattern is very similar to tha t of the 
corresponding nickel (I I) complex, indicating that these 
cobalt(II) and nickel(II) complexes have a similar 
structure. 

The complexes Co(NCS)2L2 , L being acox and bzox, 
are paramagnetic with magnetic moments of 4.86 and 
4.93 BM, which are in the range expected for the 
octahedral cobalt(II) complexes. Their electronic 
absorption spectra are also typical of the six-coordinate 
cobalt(II) complexes. They show infrared v(C-N) and 
v(C-S) vibrations at 2100 and 785 c m - 1 for L = a c o x 
and at 2110 and 780 c m - 1 for L = b z o x . In the same 
way as in Ni(NCS)2(bzox)2 , the infrared data indicate 
that the NCS groups function as bridging ligands. I t 
is thus most likely that the complexes Co(NCS)2L2 have 
a similar multinuclear structure to that of Ni(NCS) 2L 2 . 
The powder X-ray diffraction patterns of Co(NCS) 2L 2 

are almost identical with those of Ni(NCS)2L2 . Exactly 
like the corresponding nickel(II) compounds, they 
exhibit a sharp O H band at 3450 and 3425 c m - 1 typical 
for the N O H group, which is not involved in hydrogen 
bonding. 

The other cobalt(II) complexes show O H stretching 
vibrations at about 3150—3200 cm"1 . 

Copper (II) Complexes. T h e copper (I I) complexes 
obtained are of the following three types, X being CI 
and Br: (1) CuX2(acox)4 ; (2) CuX2(acox)2 and CuX 2 -
(bzox)2; (3) CuS0 4 ( acox ) 4 «H 2 0 . T h e complexes 
CuCl2(acox)2 and CuCl2(bzox)2 were prepared pre­
viously. x> 

Since CuCl2(acox)4 shows a powder X-ray diffraction 
pattern similar to that of ^a«^-NiCl2(acox)4, it also has 

d-d band, Infrared bands, cm-1 

V J U I I l j J U U I l U 

CuCl2(acox)2 

CuBr2(acox)2 

CuCl2(bzox)2 

CuBr2(bzox)2 

CuCl2(acox)4 

CuBr2(acox)4 

CuCl2(py)2* 
CuBr2(py)2* 

* Multinuclear. 

103 cm-1 

14.8 
14.8 
14.3 
14.2 
16.5 
16.6 
14.5 
14.6 

The data are 
9 and 10 in the text. 

v(M-X) 

296, 235 
243, 208 
295, 224 
235, 210 
285 
238 
294, 235 
255, 202 

v(M-L) 

272 
259 
267 
261 
272 
271 
268 
269 

taken from references 

a six-ccordinate /ra/z.f-dichloro-structure, in which the 
molecules of acox are bound to the copper(II) ion 
through the nitrogen atom. The electronic absorption 
spectrum of CuBr2(acox)4 is very similar to that of 
CuCl2(acox)4 . Their d-d band maxima lie a t almost 
equal frequencies (Table 7). I t is, therefore, very likely 
that CuBr2(acox)4 has a structure similar to that of 
CuCl2(acox)4 , namely a six-coordinate frmy-dihalogeno-
structure. 

In view of the results on the corresponding cobalt(II) 
and nickel (II) complexes, it may be reasonable to 
assume that acox and bzox are coordinated through 
their nitrogen atom in the complexes of the types 
CuX 2 (acox) 2 and CuX2(bzox)2 . In agreement with 
this, they show OH-stretching vibrations at about 
3150—3200 cm - 1 , which lie close to those of MX 2 (acox) 4 

and MX 2 (bzox) 4 . Since acox and bzox lie close to 
pyridine in the spectrochemical series, it may be per­
tinent to remember previous studies on the copper(II) 
pyridine complexes of a similar composition. Billing and 
Underhill9) examined correlation between electronic 
spectra and stereochemistries of complexes of the type 
CuX 2 L 2 , L being pyridine and its derivatives. They 
obtained two types of the complexes. T h e complexes 
of one type have a multinuclear structure, in which the 
copper(II) ion is in a six-coordinate, tetragonally 
distorted pseudo-octahedral environment, showing a 
broad d-d band with a maximum at 14—15 X 103 c m - 1 . 
T h e d-d band maxima vary considerably, depending 
upon the extent of the tetragonal distortion. The 
complexes of the other type have a binuclear structure 
with square-pyramidal coordination about the copper-
(II) ion with bridging apical chloride ions and basal 
pyridine or substituted pyridine molecules. The spectra 
of the latter complexes have a d-d band at 16—19 X 103 

c m - 1 with a shoulder at 13.5 X 103 c m - 1 . T h e uninuclear 
square-pyramidal copper(II) complex would show the 
corresponding d-d band at a higher frequency. 

The complexes CuX 2(acox) 2 and CuX2(bzox)2 obtain­
ed in the present work show a broad d-d band at about 
14.2—14.8 X l 0 3 c m - 1 (Table 7). According to the 
criteria derived previously,9) these copper (I I) complexes 
probably have a multinuclear structure similar to that 
of CuX 2 (py) 2 ; CuCl2(py)2 and CuBr2(py)2 show a d-d 
band at about 14.5 and 14.6 X 103 c m - 1 , respectively. 
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Their infrared v(M-X) and v(M-L) bands also seem 
to correspond well to those of multinuclear CuCl2(py)2 

and CuBr2(py)2 (Table 7).9.10) 
When left in a desiccator for a long period, the blue 

form of CuCl2(acox)2 transformed into the green form 
of the same composition. T h e green form shows almost 
the same infrared spectrum as that of the blue form of 
CuCl2(acox)2 in the range from 200 to 3500 c m - 1 . T h e 
electronic spectrum of the green substance is similar 
to that of the blue form, although the green form shows 
a d-d band at a slightly lower frequency than the blue 
form (Table 7). From the spectral criteria proposed 
previously,9) both the two modifications probably have 
a similar multinuclear structure. The slight difference 
in the band maximum between the two may arise from 
the different extent of the tetragonal distortion. 

In C u S 0 4 ( a c o x ) 4 - H 2 0 , the v3 stretching vibration 
due to the sulfate group is split into two bands at 1035 
and 1195 c m - 1 , indicating that the sulfate group in this 
complex is coordinated as a unidentate ligand to the 
copper(II) ion.5) The copper(II) ion probably takes 
five-coordination with four molecules of acetaldehyde 
oxime and a unidentate sulfate group. 

Its electronic absorption spectrum has a broad d-d 
band with a maximum at 16.5 X10 3 c m - 1 , being in 
accordance with the five-coordinate structure.11) A 
six-coordinate model with a water molecule as an 
additional ligand may not be eliminated. 

The authors are grateful to Professor Masayoshi 
Obashi for powder X-ray diffraction patterns. 
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A Relationship between the Circular Dichroism and the Configuration 
of Asymmetric Nitrogen in /rans(N,Ethylene) -chloro-

L-aminocarboxylato-^2-ethyleneplatinum(II) 
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The circular dichroism (CD) peaks of trans(N, ethylene) [PtCl(L-am)(C2H4)] (L-am, L-amino carboxylate) in 
acetonitrile (AN) at 33000 and 37000 cm"1 are characteristic of those complexes with asymmetric nitrogen. The CD 
sign depends on the substituents on the asymmetric nitrogen, and the additivity law holds for methyl and benzyl de­
rivatives of L-prolinato, L-hydroxyprolinato, and L-valinato complexes. The quadrant rule is applicable to the con­
tribution of the substituents on the nitrogen. On the preparation of the benzyl-L-valinato complex from Zeise's salt 
in a weakly acid medium the nitrogen exhibits a marked stereoselectivity to give R configuration. 

Optical rotatory dispersion (ORD) and circular 
dichroism (CD) of asymmetric nitrogen on iV-alkyl-L-
amino carboxylate ligand have been mostly studied with 
cobalt(III) complexes. The absolute configuration of 
asymmetric nitrogen of (-f)5 8 9-[Co(sar)(en)2]2 + (sar, 
sarcosinate; en, ethylenediamine) was determined by 
X-ray diffraction to be A.1* This complex gives a plus 
CD peak in 20000 to 25000 c m - 1 region (first d-d 
transition band region), which was assigned to the 
asymmetric nitrogen.2 ,3) Crystal structure4* and C D 
spectra of copper(II) complexes containing asymmetric 
nitrogen5»6) were studied but their relationship has not 
been discussed. 

We have extended CD studies of square planar 
plat inum(II) complexes containing amino carboxylates 
and 7j2-olefins,7) and synthesized various complexes of 
the type trans(N, ethylene) [PtCl(L-am)(C2H4)]3 where 
L-am stands for amino carboxylates having asymmetric 
nitrogens. This paper deals with the syntheses and the 
relationship between CD spectra and absolute configura­
tions of the coordinated asymmetric nitrogens. 

Exper imenta l 

Materials. Ligands: L-Allohydroxyproline (2S, 4S) (L-
ahyp) was prepared from L-hydroxyproline (L-hyp) by the 
known method.8'9* iV-Methyl- and JV-benzyl derivatives of 
L-proline (L-pro), L-hydroxyproline, L-valine (L-val), L-phenyl-
alanine (L-phe), and L-alanine (L-ala) were synthesized by 
known methods.10'11* Guaranteed grade L-proline, L-hydro­
xyproline, L-valine, L-phenylalanine, and L-alanine were used 
without further purification. (The abbreviations in pa­
rentheses indicate their deprotonated forms.) 

Complexes. trans(N,Ethylene)-isomers of various [PtCl-
(L-am)(C2H4)] and m(JV,ethyleneJ[PtCl(L-pro)(C2H4)] were 
prepared by the reported methods.7»12) New trans(N,ethylene) 
complexes containing L-hyp, L-ahyp, JV-me-L-hyp, and N-
bz-L-val were identified by elemental analysis of carbon, 
hydrogen, and nitrogen, and ultraviolet (UV) absorption 
spectra. 

Measurements. The UV absorption and CD spectra 
were recorded in acetonitrile (AN) at room temperature with 
a Hitachi 323 and a JASCO J-40 Spectrophotometer, re­
spectively. 

R e s u l t s and D i s c u s s i o n 

CD Pattern. The U V absorption pat tern of all 
the trans (N, ethylene) complexes is similar to one 

another and exemplified in Fig. 1A by trans(N, ethylene)-
[PtCl(L-pro)(C2H4)] . T h e CD spectra of trans(N, 
ethylene) complexes containing L-pro, L-hyp, and L-

Fig. 1. Ultraviolet absorption and circular dichroism 
(CD) spectra of *ra?u(JV,ethylene)[PtCl(L-am)(C2H4)] 
in acetonitrile at room temperature. (L-am=L-amino 
carboxylate). 
A : UV absorption of L-prolinato complex. 
B: CD of—L-pro, — L-hyp, and—L-ahyp complex. 
C : CD of — JV-me-L-pro, — JV-me-L-hyp, and — N-

bz-L-pro complex. 
D: CD of— L-ala, — L-phe, and — L-val complex. 
E : CD of N-bz-L-val complex. 
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ahyp have large plus components with Ae 0.7 to 1.0 in 
the 33000 cm"1 region. (Fig. IB). In the same region, 
similar complexes containing substituted L-prolinate, i.e 
iV-me-L-pro, JV-me-L-hyp, and JV-bz-L-pro, have large 
minus CD peaks with Ae's - 1 to - 2. (Fig. 1C). All these 
complexes have a fixed configuration of the coordinated 
asymmetric nitrogen. On the other hand, complexes 
without asymmetric nitrogen, i.e. L-ala, L-val, and L-
phe complexes fail to show large CD peaks in this 
region. (Fig. ID). Hence the characteristics of CD peaks 
in 33000 cm"1 region must depend on the configuration 
around coordinated asymmetric nitrogen. 

These complexes have other absorption peaks in the 
regions ca. 25000, 37000, and 45000 cm-1, and CD 
peaks are observable in these regions. However, the 
CD peaks corresponding to the first and the last absorp­
tion peak are irregular, and do not seem to be directly 
related to the coordinated asymmetric nitrogen. The 
CD peaks in the 37000 cm"1 region of the complexes 
with asymmetric nitrogens are large, and have the same 
sign as those in the 33000 cm-1 region. Hence we 
consider that these peaks are also related to the asym­
metric nitrogen {vide infra). 

logs 

solution stereospecifically in R form, to give [Co(Ä(N)-
iV-me-L-ala)(NH3)4]2+.13) 

The common preference of R configuration around 
coordinated nitrogen in these complexes may be 
understood by a molecular model study; ^-configuration 
around coordinated nitrogen gives JV-substituents in 
eis position to the substituents on the asymmetric a-
carbon in S configuration, to result in large steric 
hindrance between the substitutents on ^-nitrogen and 
S-carbon. Thus the R(N)S(C) configuration should be 
prefered regardless of the other moieties of the complex. 

Fig. 2. UV absorption and CD spectra of w(JV, ethylene) -
[PtCl(L-pro)(C2H4)] in acetonitrile. 

The cis(N, ethylene) complex gives an absorption 
peak at ca. 38000 cm"1 and three shoulders at 28000, 
35000, and 42000 cm-1. CD peaks are observed in these 
regions corresponding to the absorption peak and 
shoulders. (Fig. 2). The absorption pattern is similar 
to that of the trans isomer. The CD peaks, however, 
are not very large and the signs are not equal to those of 
the trans(N, ethylene) complexes. Hence no further 
discussion will be made with the eis complex. 

Stereoselectivity. The nitrogen of JV-benzyl-L-
valinate can coordinate to a metal ion in either R or S 
configuration, and its complex trans(N, ethylene) [PtCl-
(iV-bz-L-val)(C2H4)] can exist as a pair of diastereo-
isomers, S(N)S(C) and R(N)S(C). Its CD spectrum 
is very similar both in location and intensity to that 
of the JV-bz-L-pro complex, which can be only in 
R{N)S(C) configuration. It appears as if the R(N)S(C) 
diastereoisomer was obtained almost exclusively, when 
iV-benzyl-L-valinate underwent substitution reaction 
with Zeise's salt in a very wealky acid aqueous solution 
of pH 5—6.7> Saburi and Yoshikawa found that N-
methyl-L-alaninate coordinates to cobalt (III) in a basic 

-20 \ 

Fig. 3. Difference in CD between two complexes of the 
type *ra>w(JV,ethylene)[PtCl(L-am)(C2H4)] in AN. 
A: <5Ae, —between JV-bz-L-pro and L-pro, and ~ bet­
ween i\T-bz-L-val and L-val. 
B: <5Ae, — between #-me-L-pro and L-pro, and — be­
tween iV-me-L-hyp and L-hyp. 

Additivity of CD. Figure IB and 1C indicate 
that the curves in 33000 and 37000 cm-1 regions show 
CD^ of reverse signs. In Fig. 3A the differences of 
CD's between the iV-benzyl-L-prolinato and L-prolinato, 
and between iV-benzyl-L-valinato and L-valinato com­
plexes are plotted against the wave number. Both <5Ae 
curves are very similar to each other. In Fig. 3B similar 
plots of <5Ae's between iV-methyl-L-hydroxyprolinato 
and L-hydroxyprolinato, and between i\^-methyl-L-
prolinato and L-prolinato complexes are shown. Again 
both curves are similar to each other. These curves 
should reflect the contribution of N-benzyl and 
iV-methyl group upon the asymmetric nitrogen, the <5Ae 
being —1.9 and —1.5, respectively. Hence additivity 
law should hold between the contribution of ^-sub­
stituent and the L-prolinato moiety. The contribution 
of the former should be independent of the amino 
carboxylate framework. 

Application of Quadrant Rule. Scott and Wrixon 
found an empirical rule between the absolute configura­
tion of asymmetrically coordinated prochiral 7]2-olefins 
and the CD sign of their platinum(II) complexes in 
25000 cm-1 region, and interpreted the results on the 
basis of quadrant rule.14) We have applied this rule to 
the interpretation of the CD spectra coming from 
asymmetric nitrogen. A projection oftrans(N, ethylene)-
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Fig. 4. Projection of the square planar complexes. 
A: iV-substituted-L-am moiety, the Pt-N bond is per­
pendicular to the paper and N is beneath Pt. 
B: trans-2-butene moiety, the C-C axis is across the 
square plane of the Pt(II) complex behind the paper, 
and Pt-olefin bond is perpendicular to the paper. 

[PtCl(iV-alkyl-L-pro) (C aH4)] is shown in Fig. 4A. T h e 
square plane of the complex is represented by the 
horizontal line, and the P t - N bond is perpendicular to 
the paper plane. The asymmetric nitrogen is beneath 
the plat inum(II) and shown by a large dotted circle. 
When the quadrant rule is to be applied on the basis 
of this projection, the contribution of the minus quadran t 
at below left side behind the paper should depend on 
the size of the moiety, shown by a triangle on Fig. 4A. 
The larger the size of this substituent (benzyl, methyl, or 
hydrogen), the greater the contribution of the minus 
component. The substitution of benzyl or methyl for 
the hydrogen on the asymmetric nitrogen gives a large 
minus contribution. The apparently reverse CD sign 
in these regions in Fig. IB and 1C and the additivity 
law are thus accounted for. 

The U V absorption of all the present complexes 
shows peaks with log s ca. 3 from 31000 to 45000 cm" 1 

region. Denning, Hartley, and Venanzi assigned the 
absorption bands of Zeise's salt in these regions to that 
d-7i* (ethylene) transition.15) We have observed CD 
peaks at ca. 35000 and 39500 cm" 1 with Ac's —1.3 and 
+ 3 . 3 , respectively, for the tetraphenylphosphonium salt 
of [PtCls(a£3S-*r<ww-2-butene)]- in AN.16) The absorp­
tion peak at 35000 c m - 1 must correspond to the same 

transition to which the main CD of Fig. 3 owes.17) In 
Fig. 4B a similar projection of this Zeise-type complex is 
shown, the C - C moiety being placed across the square 
plane of p la t inum(II ) behind the paper surface. Appli­
cation of the quadran t rule discloses that the contribution 
of the same minus regions behind the paper predom­
inates for the Zeisé- type complex, as it does to the 
present complexes with asymmetric nitrogens. I t is 
thus suggested that the d-n* (ethylene) transition is 
perturbed by the asymmetric nitrogen trans to the 
ethylene, so that a remarkable CD appears in this 
region. 
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Sydnones. Synthesis and Photochromic Behavior of 3-(3-Pyridyl)sydnone 
Derivatives and a 4-Alkenyl-3-phenylsydnone 

Shinichi INOUE, Nobuyoshi A S A I , * Gorou YASUDA, and Takuya HORI 

Department of Applied Chemistry, Aichi Institute of Technology, Yagusa-cho, Toyoda-shi, Aichi 470-03 
(Received January 18, 1977) 

Six new"sydnones [3-(3-pyridyl)-4-(/>-chlorophenyl)sydnone (1), 3-(3-pyridyl)-4-(/>-tolyl) sydnone (2), 3-(3-
pyridyl)-4-(/>-nitrophenyl)sydnone (3), 3-(3-pyridyl)-4-(/»-aminophenyl) sydnone (4), 3-(3-pyridyl)-4-(/>-acetamido-
phenyl)sydnone (5), and 3-phenyl-4-(a-phenylstyryl)sydnone (6)] were synthesized and examined for photochromic 
behavior. Sydnone 2 exhibited photochromism in the solid state upon UV irradiation (230—580 nm). 

Photochromic 3-(3-pyridyl)sydnone was synthesized for 
the first t ime by Tien and Hunsberger. Later, several 
investigators prepared 3- (3-pyridyl) sydnone deriva­
tives1'2) and examined the effect of substituents on 
pyridylsydnone photochromism. However, none of the 
prepared sydnones exhibited photochromic behavior. 
Recently, several photochromic 4-alkenyl-3-phenyl-
sydnones were synthesized by several groups3 - 7) and 
investigated for photochromic properties. Here, the 
synthesis of new sydnones and their photochromic 
behavior is reported. 

When />-chlorophenyl- (3-pyridylamino) acetonitrile 
(7) and j&-tolyl-(3-pyridylamino) acetonitrile (8), which 
were easily obtained from the reaction of 3-amino-
pyridine with ^-substituted benzaldehydes and potassium 
cyanide, were hydrolyzed with hydrochloric acid, 
N- (3-pyridyl) -p-chlorophenylglycine hydrochloride (9) 
and N~ (3-pyridyl) -/»-tolylglycine hydrochloride (10) 
were obtained. Compounds 9 and 10 easily reacted 
with sodium nitrite to afford iV-nitroso-iV- (3-pyridyl) -p-
chlorophenylglycine (11) and JV-nitroso-iV- (3-pyridyl) -
j&-tolylglycine (12), which were then cyclized with acetic 
anhydride to give 1 and 2 in 50—70% yields. 

X \ / N H C H 

^ N / CN 

(7 and 8) 

X \ / N - C -

^ N ' N ± 

R HCl X \ / N H C H - ^ ^ - R 

^ N ' COOH-HCl 

(9 and 10) 

HNO* 

R - R Ac,o A / N — C H -

^ N ' N=OGOOH 

(11 and 12) o /No 
(1 and 2) 

(1), (7), ( 9 ) , a n d ( l l ) : R = Gl; 
(2), (8), (10), a n d ( 1 2 ) : R = CH3 

In order to obtain 4-(j&-nitrophenyl) derivative 3, the 
nitration of 3-(3-pyridyl)-4-phenylsydnone was examin­
ed. T h e nitration was accomplished in the following 
manner. Treatment of 3-(3-pyridyl)-4-phenylsydnone 
with fuming nitric acid at — 5 °C afforded 3 in a 
moderate yield (52%). Compound 3 was readily 
reduced with iron powder in acetic acid at 90 °C to give 
4-(/>-aminophenyl)derivative 4 in a 4 5 % yield. 4 
underwent acetylation to give 4-(^-acetamidophenyl)-
derivative 5 in an excellent yield (82%). 

* Present address: Institute of Chemistry, The University 
of Tsukuba, Niihari-gun, Ibaraki 300-31. 

X \ / N - C - / \ HNO, X X / N - C - / \ - N O 
I II JTJ_ I \ = / • I II ' _*. I \ = / w Vo N ± , 

^N/ V o 
(3) 

Fe aq. AcOH 

N / N-G-^~yNH 2 

^N/ V o 
A 

(4) 

Ac.O 

X \ / N - G -

^ O 

NHCXXH3 

I II N ± 

(5) 
The reaction of 3-phenylsydnone with butylmagne-

sium bromide in T H F at 2 °C gave the corresponding 
Grignard compound, which then reacted with deoxy-
benzoin to give 4-(1-hydroxy-1,2-diphenylethyl)-3-phen­
ylsydnone (13) in a 54% yield. 3-Phenylsydnone 
derivative 13 was dehydrated by means of phosphoryl 
chloride and acetic anhydride to give 3-phenyl-4-
(a-phenylstyryl)sydnone 6, in an 8 8 % yield. 

y v N - c - H 
xo^o 

X \ / N - C - M g B r 

N ± 

o /xo 

^ 4 
y \ / N — C - G = C _H,O 

x/ N± I 

(6) 

^H 

0CHaCO^> 

OH 

X X / N — C — C-CH2çi 

" N± | I 
O V No/vvo 

(13) 

The structures of the new sydnones (1—6) were 
assigned on the basis of their IR , N M R , mass, and UV 
spectra, and elemental analysis. 

In the solid state, each of the new sydnones was 
exposed to ultraviolet radiation (230—580 nm). Sydnone 
2 exhibited photochromism, with no other sydnones, 
however, exhibiting this behavior. 

Sydnone 2 is a pale yellow compound, stable in air 
a t room temperature if stored in the dark. 2 turned blue 
upon irradiation with ultraviolet light for a period of 
3 to 5 min. This photochromic change was reversible; 
2 returned to its original state after storage in the dark 
for several days. A more rapid recovery of 2 can be 
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induced by heating at 80 °C for 30 min. After repeated 
exposures to ultraviolet radiation, 2 showed a delay in 
returning to its original state. The photochromic 
change was restricted to the crystalline state at room 
temperature; no such phenomenon was observed in 
solution. 

An infrared spectrum of 2 was obtained and compared 
with that taken after a 5 min irradiation with ultraviolet 
light. The two spectra were essentially identical. T h e 
similarity between the infrared spectra of 2 before and 
after ultraviolet irradiation is an indication that there 
is no structural alternation associated with the photo­
chromic change. 

A conclusion drawn from these observations gives 
support to the proposition of Greco and O'Reilly4) that 
the mesoionic ring may be a necessary, but not a 
sufficient, structural feature for photochromism. At 
present, the effect of molecular modification on the 
photochromism of compound 2 is being examined in 
order to elucidate the photochromic mechanism. 

Finally, it should be noted that the new sydnones are 
comparatively stable even at high temperature. 

E x p e r i m e n t a l 

The IR spectra were recorded with a Hitachi Model 215 
spectrophotometer and the UV spectra with a Hitachi Model 
EPS-3T spectrophotometer. The NMR spectra were obtained 
on a JEOL JNM-C-60H spectrometer, with tetramethylsilane 
as the internal reference. The mass spectra were determined 
on a Hitachi RMU-6E spectrometer. The melting points are 
uncorrected. 

Materials. />-Chlorophenyl- and />-tolyl(3-pyridyl)aceto-
nitriles (7 and 8) were prepared by the reaction of 3-amino-
pyridine with /»-substituted benzaldehydes and potassium cya­
nide. 7, mp 152—153 °G. Found: C, 64.12; H, 4.10; N, 
17.21%. Calcd for G13H10N3G1: C, 64.07; H, 4.14; N, 17.24 
%. 8, mp 145.5—146.5 °C. Found: G, 75.30; H, 5.81; N, 
18.77%. Calcd for C14H13N3: C, 75.31; H, 5.87; N, 18.82%. 

3-(3-Pyridyl)-4-phenylsydnone was prepared using the 
method of Ohta and Masaki.1) 

3-Phenylsydnone was also prepared by cyclization of N-
nitroso-N-phenylglycine using the usual procedure.8) 

Hydrolysis of p-Substituted Phenyl (3-pyridylamino)acetonitrile. 
Preparation of N- (3-Pyridyl) -p-chlorophenylglycine Hydrochloride (9) 
and N-(3-Pyridyl)-p-tolylglycine Hydrochloride (10) : A mixture 
of 7 (2.0 g, 8 mmol) and concentrated HCl (18 ml) was stirred 
for 2 h under reflux. After cooling for 3 h at 0 °C, the resulting 
ammonium chloride was filtered, the solvent was distilled and 
the residue was heated with concentrated HCl for 15 min. 
After washing with concentrated HCl and recrystallization 
from concentrated HCl, pure 9 (2.1 g, 85%) was obtained. 

The same procedure starting with acetonitrile (8) gave 
product 10 in a yield of 88%. 

Glycine Hydrochloride (9), mp 223—227 °C. Found: C, 
52.17; H, 4.01; N, 9.40%. Calcd for C13H12N2OaCl2: C, 
52.19; H, 4.05; N, 9.37%. 

Glycine Hydrochloride (10), mp 224—228 °C. Found: C, 
60.34; H, 5.40; N, 9.99%. Calcd for C14H16N2OaCl : C, 
60.32; H, 5.43; N, 10.05%. 

Nitrosation of Glycine Hydrochloride. Preparation of N-Nitroso-
N-(3-pyridyl)-p-chlorophenylglycine (11) and N-Nitroso-N-(3-pyri-
dyl)-p-tolylglycine (12) : To a suspension of 9 (4.4 g, 15 mmol) 
in water (45 ml) was added a 20% aqueous sodium hydroxide 
solution until compound 9 was completely dissolved. Sodium 

nitrite (1.2 g, 17 mmol) was added and concentrated HCl was 
then added at 0 °C until the solution showed acidity (pH 2) 
and then the reaction mixture was stirred for 30 min. After 
standing overnight at —2 °C, the deposited crystals were col­
lected by filtration. Upon washing with cold water, pure 11 
(3.4 g, 79%) was obtained. 

Application of the same procedure to glycine hydrochloride 
(10) led to product 12 in a yield of 89%. 

Nitrosoglycine (11), mp 140—141 °C (dec). Found: C, 
53.51; H, 3.45; N, 14.42%. Calcd for C13H10N3O3Cl: C, 
53.53; H,3.46; N, 14.41%. 

Nitrosoglycine (12), mp 145.5—146.5 °C (dec). Found: C, 
61.96; H, 4.82; N, 15.45%. Calcd for C14H13N303: C, 61.99; 
H, 4.83 ; N , 15.49%. 

3-(3-Pyridyl)-4-(p-chlorophenyl)sydnone (1). A mixture 
of 11 (1.0 g, 3 mmol) and acetic anhydride (20 ml) was stirred 
for 2 h at room temperature. After heating for 5 min at 50 
°C, the solvent was removed under reduced pressure in a 
nitrogen atmosphere. To the residual oil was added 50% 
ethanol and the mixture was then allowed to stand for a few 
minutes. The resulting crystals were filtered off and the 
residue was washed with ethanol and recrystallized from 
ethanol to give 0.6 g (64%) of sydnone 1 as pale yellow nee­
dles; mp 141—142 °C. IR (KBr) : 1752 (G=0) and 1735 cm"1 

(G=0); NMR (GDG1,): Ô 9.10—7.60 (4H, m, py) and 7.37 (4H, 
m, G6H4); UV (MeOH) max: 254 (e 12400) and 340 nm 
(10500); MS m/e (%): 273 (M+, 57), 215 (100), and 78 (58). 
Found: C, 57.25; H, 2.78; N, 15.13%. Calcd for C13H8N3-
OaCl: C, 57.05; H, 2.95; N, 15.35%. 

3-(3-Pyridyl)-4-(p-tolyl)sydnone (2). A mixture of 12 
(1.0 g, 4 mmol) and acetic anhydride (10 ml) was stirred for 
3 h at room temperature. After heating for 5 min at 70 °C, 
the mixture was worked up using the same method as described 
above to give 0.52 g (56%) of sydnone 2 as pale yellow needles; 
mp 142—143 °C. IR (KBr): 1745 cm-1 (C=0); NMR 
(GDGIj): Ô 9.05—7.50 (4H, m, py), 7.22 (4H, m, C6H4), 
and 2.64 (3H, s, CH3); UV (MeOH) max: 251 (e 7950) and 
341 nm (6170); MS m/e (%): 253 (M+, 60), 195 (100), and 
78 (26). Found: C, 66.34; H, 4.17; N, 16.59%. Calcd for 
C 1 4 H n N 3 0 2 : C, 66.39; H, 4.37; N, 16.59%. 

3-(3-Pyridyl)-4-(p-nitrophenyl)sydnone (3). To fuming 
nitric acid (10 ml) was slowly added 3-(3-pyridyl)-4-phenyl-
sydnone (2.0 g, 8 mmol) at —5 °C which was then stirred for 
20 min. The reaction mixture was poured into ice water. 
The resulting crystals were filtered off and washed several 
times with cold water and then crystallized from 60% ethanol 
to give 1.2 g (52%) of synone 3 as yellow needles; mp 162— 
163 °C. IR (KBr): 1770 (G=0), 1750 (G=0), 1520 (NOa), 
1353 (N02), and 856 cm"1; NMR (DMSCw/6): ô 9.10—7.84 
(8H, m, py and C6H4); UV (MeOH) max: 262 (e 7080) and 
362 nm (17000); MS m/e (%): 284 (M+, 63), 226 (100), 180 
(38), and 78 (66). Found: C, 55.03; H, 2.67; N, 19.71%. 
Calcd for C13H8N404: C, 54.93; H, 2.83; N, 19.71%. 

3-(3-Pyridyl)-4-(p-aminophenyl)sydnone (4). To a suspen­
sion of 3 (3.5 g, 12 mmol) in hot water were added iron powder 
(8 g) and acetic acid (10 ml) and then the mixture was stirred 
for 20 min at 95 °C. After cooling, the reaction mixture was 
neutralized with NaHC0 3 . The precipitate was filtered and 
washed several times with cold water. After drying, the residue 
was extracted with THF (100 ml) three times, and then the 
solvent was concentrated under reduced pressure in a nitrogen 
atmosphere. Petroleum ether (40 ml) was added and the 
mixture was coold. The resulting crystals were collected by 
filtration and then washed with petroleum ether. Recrystal­
lization from absolute ethanol afforded 1.4 g (45%) of pure 4 
as pale yellow needles; mp 194.5—196 °C. IR (KBr): 3425 
(NH2), 3342 (NH2), and 1735 cm"1 (C=0); NMR (py-rf5): <5 



3270 Shinichi INOUE, Nobuyoshi ASAI, Gorou YASUDA, and Takuya HORI [Vol. 50, No. 12 

9.02—7.40 (4H, m, py), 7.36—6.65 (4H, m, C6H4), and 5.35 
(2H, s, NH2); UV (MeOH) max: 266 (e 13200) and 378 nm 
(6760); MS m\e (%): 254 (M+, 27) and 196 (100). Found: 
C, 61.28; H, 3.80; N, 21.96%. Calcd for C13H10N4O2: G, 
61.41; H, 3.96; N, 22.04%. 

3-(3-Pyridyl)-4-(p-acetamidophenyl)sydnone (5). A mixture 
of 4 (0.20 g, 0.78 mmol), acetic anhydride (1.5 ml), and acetic 
acid (5 ml) was stirred for 20 min at 80 °G. The solvent was 
removed under reduced pressure in a nitrogen atmosphere. 
To the residual oil ethanol (2 ml) was added. The resulting 
crystals were collected by filtration. Recrystallization from 
50% ethanol afforded 0.19 g (82%) of pure 5 as yellow 
needles; mp 242—244 °G. IR (KBr): 3300 (NH), 1720 
(C=0), and 1678 cm-i (CH3C=0); NMR (DMSO-</6): «5 9.00 
—7.80 (4H, m, py), 7.75—7.15 (4H, m, GeH4), 3.56 (1H, s, 
NHG=0), and 3.15 (3H, s, CH3C=0); UV (MeOH) max: 
269 (e 8710) and 351 nm (6760). Found: C, 60.82; H, 4.01 ; 
N, 18.88%. Calcd for C15H12N403: C, 60.80; H, 4.09; N, 
18.91%. 

Grignard Reaction. Preparation of 4-( 1-Hydroxy-1,2-diphenyleth-
yl) -3-phenylsydnone (13) : To butylmagnesium bromide (30 ml, 
50 mmol)8) was added a solution of 3-phenylsydnone (3.2 g, 
20 mmol) in THF (80 ml) at 2—3 °C which was then stirred 
for 1 h. To this was added a solution of deoxybenzoin (10.0 
g, 50 mmol) in THF (10 ml) at 5 °C and this mixture was then 
stirred for 2 h and poured into dilute acetic acid. The reaction 
mixture was extracted with benzene (100 ml) three times. 
The extract, after washing with water (50 ml) three times and 
drying over anhydrous magnesium sulfate, was concentrated 
in a nitrogen atmosphere. The residue was purified by 
washing with benzene-hexane (1:1) to give 13 (3.8 g, 54%). 

Sydnone (13); mp 130—131 °G. Found: C, 73.65; H, 5.12; 
N, 7.84%. Calcd for C22H18N203: C, 73.72; H, 5.07; N, 
7.81%. 

Dehydration of 4-( 1-Hydroxy-1,2-diphenylethyl)-3-phenylsydnone. 
Preparation of 3-Pheny 1-4-(cc-phenylstyryl) sydnone (6) : To a solu­
tion of 13 (0.5 g, 0.14 mmol) in pyridine (10 ml) was added 
phosphoryl chloride (2 ml) at —5 °C. After standing for 12h 
at room temperature, the mixture was heated for 2 h and then 
poured into ice water. The resulting crystals were collected 
by filtration. Recrystallization from 50% ethanol afforded 
0.22 g (47%) of pure 6 as pale yellow needles; mp 172—174 
°C. IR (KBr): 1735 (C=0) and 818 cm-1 (C=CHR); NMR 
(CDC13): Ô 7.56—7.12 (15H, m, C6H6) and 6.32 (1H, s, 
CHR); UV (MeOH) max: 231 (e 11220) and 351 nm (8320); 
MS m/e (%) : 330 (M+, 18) and 272 (100). Found: C, 77.60; 
H, 4.76; N, 8.20%. Calcd for C22H16N202: C, 77.63; H, 
4.74; N, 8.23%. 
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Reactions of phenyl isothiocyanate with cyclic and acyclic dibutylstannyl dialkoxides derived from several alco­
hols, such as 1,2- and 1,3-diols and methanol, afforded quantitatively phenyliminocarbonate derivatives 
with the elimination of dibutylstannyl sulfide. Cyclic organostannyl sulfides, such as 2,2-dibutyl-l,3,2-oxathia-
stannolane and -dithiastannolane, reacted with phenyl or alkyl isothiocyanate to give 2-imino-oxathiolane (10) and 
-dithiolane (14), respectively. At higher reaction temperatures, rearrengment and decomposition of products 10 
and 14 occurred. 

The usual method for the preparat ion of imino-
carbonates utilizes isocyanide dichloride, RN=CC12 , as 
a reactant.1) T h e major disadvantage of this method 
is that only a limited number of the reagent is available 
because of their toxicities. T h e present study is aimed 
at an application of organostannyl derivatives to the 
iminocarbonylation of alkanol and diols, mercapto-
alkanols, and dithiols with various isothiocyanates 
(Reaction 1). 

r - X s 
(R) SnBua + Z=C=S -

L - Y ' 

i - X x 
(R) C=Z + Bu2SnS (1) 

X, Y = 0 , S; Z = NR 

Reactions anologously to ^Reaction 1 using bis-
(tributylstannyl) derivatives of H X ( R ) Y H have already 
been reported previously which dealt with the thiocar-
bonylation (X, Y = N M e or O ; Z = S ) , iminocarbonyla­
tion (X, Y = N M e or O ; Z=NPh) , 2 > and preparat ion of 
orthocarbonates.3* However, this method appeares to 
be more suit for a new type of iminocarbonylation 
of diols, mercaptoalkanols and dithiols, because the 
corresponding dibutylstannyl compounds can be easily 
prepared from commercially available dibutylstannyl 
chloride or oxide, and are less toxic than tributylstannyl 
compounds. 

R e s u l t s and D i s c u s s i o n 

The appropriate dibutylstannyl compounds were 
readily prepared and these starting materials were 
allowed to react with isothiocyanates is in a nitrogen 
atmosphere to afford cyclic iminocarbonylated products 
(X, Y = 0 or S in Reaction 1). 

The reaction of some 2,2-dibutyl-1,3,2-dioxastan-
nolanes ( la—c) with phenyl isothiocyanate for 2 h in 
1,2-dichloroethane at 55 °C afforded the corresponding 
2-phenylimino-l,3-dioxolanes (3a—c) and dibutylstann­
yl sulfide (4)4> in quanti tat ive yields (Reaction 2). 
However, a tetra-substituted derivative, dioxastannolane 
I d in Table 1, did not react with phenyl isothiocyanate 
under the same coditions, i.e., more severe reaction 
conditions were required to complete the reaction, as is 
seen in Table 1. This fact suggests a large steric effect 
in the reactions with organostannyl compounds. 

R 2 - C - 0 s 
I SnBu2 + RNCS 

R 3 -C -0 ' 
I 
R4 

la~d 

R. 

R2-C-0. R 2 _ < f " °V N R 

s 
SnBu2 

R| 
I 

k R2 -Ç-C\ 

- t f 1 C 4 ) >
H . . | V H I " < , } 

R4 

3a~d 

T h e intermediate (2) was not detected, even by I R 
and N M R measurements of the reaction mixture. 
However, it appears probable that the reaction proceeds 
via the addition of phenyl isothiocyanate to the tin-
oxygen bond, followed by the elimination of a stable 
organostannyl sulfide (4), anologously to the case of the 
reactions of the compounds 5 and 8 mentioned below. 

A six-membered ring compound, 2,2-dibutyl-1,3,2-
dioxastannin ( l e ) , was also allowed to react with phenyl 
isothiocyanate for 2 h at 55 °G to give 2-phenylimino-
1,3-dioxane (3e) in a 6 0 % yield (Reaction 3). O n 
the other hand, the reaction of the seven-membered ring 
compound, 2,2-dibutyl-1,3,2-dioxoastannepane ( I f ) , 
with phenyl isothiocyanate to form 3f was unsuccessful, 
because of the instability of the product (3f). T h e 
instability is probably due to transfer polymerization of 

TABLE 1. REACTIONS OF 2-DIBUTYLSTANNA-1,3-DIOXOLANES (1) WITH PHENYL ISOTHIOCYANATE 

No. 

l a 

l b 
l c 

Id 

a] 

R i 

H 

H 
H 

Me 

1 

Ra 

H 

Me 
Me 

Me 

Melting point/°G. 

R3 

H 

H 
H 

Me 

R* 

H 

H 
Me 

Me 

Conditions 

Temp/°C 

55 

55 
55 

85 

Time/h 

2 

2 
5 

40 

Iminocarbonate 

Bp/°C/mmHg 

148—150/1.5 
(72.0—72.5) a> 
131—132/1.0 
120—122/0.4 
120—125 
(79—81)a> 

Yield/% 

98 (3a) 

95 (3a) 
95 (3c) 

95 (3d) 

•Present address: Department of Industrial Chemistry, Faculty of Engineering, Shizuoka University, Hamamatsu 432. 
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3f to give polyurethane: the C = 0 stretching band 
characteristic of urethane was observed at 1680 c m - 1 

in the I R spectrum of the reaction mixture. 

-CK 
(CH2)n

 XSnBu2 + PhNCS 
I CK 

l e : n = 3 
lf:n = 4 

-O 
(CH2)n

 NC=NPh + BuaSnS 

3e :« = 3 
3 f : n = 4 

(3) 

An acyclic organostannyl compound, 5, was also 
submitted to the reaction with phenyl isothiocyanate in 
dichloroethane at 55 °C, affording only the 1: 1 adduct 
(6) reported by Davies and Harrison.5) However, 
under more severe conditions such as 70 °C for 16 h in 
1,2-dichloroethane, the adduct (6) was converted to 
phenyl isocyanide dimethoxide (7) in a 9 6 % yield 
(Reaction 4). 

Bu2Sn(OMe)2 

5 

+ PhNCS 

- B u 8 S n S 

/ BuoSn 
S-C(=NPh)-OMe 

^OMe 

PhN=C(OMe)2 7 (4) 

isothiocyanate, MeNCS, was also 
l a , and 2-methylimino-l,3-

An aliphatic 
allowed to react with l a , and 
dioxolane was obtained in a moderate yield (70%). 

In general, addition reactions of heterocumulenes to 
the tin-oxygen bond occur easily,5) while heterocumu­
lenes scarcely react with the tin-sulfur bond. Here , 
the reaction of an isothiocyanate with equimolar 2,2-
dibutyl-l ,2,3-oxathiastannolane (8), which was readily 
prepared from mercaptoethanol and dibutyltin oxide or 
chloride, was examined. For example, an equimolar 
mixture of phenyl isothiocyanate and 8 was heated for 
2 h in dry 1,2-dichloroethane at 55 °C to afford 
2-phenylimino-l,3-oxathiolane ( 1 0 ; R = P h ) and dibutyl-
stannyl sulfide (Reaction 5). Alkyl isothiocyanates 
were also used in the reaction, the results of which are 
shown in Tables 2 and 3. T h e product (10) from the 
alkyl isothiocyanates were thermally unstable, and some 
parts decomposed to give alkyl isocyanates and thiirane.6) 

Because of such thermal instability of the products, the 
reactions were carried out at relatively low temperatures 
such as 40 °G, even though alkyl isocyanates were less 
reactive than phenyl isothiocyanate. 

CH2-ON 

I > 
CHz-s' 

6 

SnBu2 

RNCO 

RNCS 

C 2 H 4 S <• 

(5) 

C=0 

TABLE 2. REACTIONS OF 2-DIBUTYLSTANNA-1,3-OXATHIOLANE 

(8) WITH ISOTHIOCYANATES ( R N C S ) IN DICHLOROMETHANE 

Conditions Product yield % 

Me 
Et 
Pr 
Bu 

*-Pr 
9>c/0-C6Hn 

*-Bu 
Ph 

Temp/°C 

40 
40 
40 
40 
40 
40 
80a> 
55a> 

Time/d 

3 
4 
5 
5 
5 
5 
4 
2(h) 

10 

59 
64 
79 
70 
39 
36 
0 

95 

RNCO 

2 
4 
6 

trace 
26 
34 

0 
0 

Others 

b,e 
b,e 
b,e 
b,e 
b,c,e 
b,e 
d 
b 

a) In 1,2-dichloroethane. b) Dibutylstannyl sulfide was 
obtained in a quantitative yield, c) Accompanied by 
unreacted 8 (11%). d) The unreacted 8 was recovered 
in a quantitative yield, e) Ethylene sulfide and iso-
cyanate were detected. 

From the results in Table 2, the apparent order of the 
reactivities is as follows: PhNCS>MeNCS,EtNCS,Pr -
NCS ,BuNCS>i -P rNCS,^ /o -G 6 H 1 1 >Me 3 GNGS. This 
order suggests that the reactivity of an isothiocyanate 
in the insertion across the tin-oxygen bond of 8 is 
affected by both the electronic nature and the bulkiness 
of the isothiocyanate substituent. 

I t is reasonable to assume that the reaction course 
forming 10 is an addition-elimination process (8—>9—» 
10) : the formation of the intermediate (9) is strongly 
suggested on the basis of the fact that the C=N stretching 
band ascribable to 9 is observed at 1500—1530 c m - 1 in 

TABLE 3. PROPERTIES OF 2-ALKYLIMINO-1,3-OXATHIOLANES (10) FORMED IN REACTION 5 

R i n l O 

Me 

Et 

Pr 

Bu 

f-Pr 

o C , H u 

Bp 
°C/mmHg 

117—118/20 

68—70/0.6 

66.5—75.5 

84—85/0.5 

63—64/0.4 

98—99/0.3 

IR/cm-1 

"C=N VC-

1668 1070, 

1680 1047, 

1680 1060, 

1676 1065, 

1673 1100, 

1668 1067, 

0 

1037 

1037 

1047 

1038 

1033 

1026 

^CH.O 

4.27 

4.25 

4.25 

4.25 

4.24 

4.16 

NMR/ppm 

^CH,S
b> 

3.35 

3.35 

3.35 

3.34 

3.42 

3.28 

"others 

2.90 

3.00, 1.13 

2.98, 2.5, 
0.92 
3.00, 0.92 
2.1—2.7 

2.95, 1.10 

2.7, 
1.7—2.0 

Found 
(Calcd) 

C°/T~H% 
41.07°) 5.96 

(40.94) (6.09) 

45.55 7.09 
(45.79) (6.91) 
49.87 7.97 

(49.62) (7.64) 
53.09 8.54 

(52.79) (8.23) 

49.87 7.64 
(49.62) (7.64) 
61.87 8.52 

(61.80) (8.54) 

a) In carbon tetrachloride, b) Triplet, J = 6.8 Hz. c) N% 11.96 ( 11.96). 
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the I R spectrum of the reaction mixture in the initial 
stage of the reaction at 40 °C. At elevated reaction 
temperatures (80 °C), 10 was partially rearranged to 
N-substituted thiazolidin-2-one (11). No such rear­
rangement was observed in the reaction of 8 with phenyl 
isothiocyanate.7^ 

Finally, 2,2-dibutyl-l,3,2-dithiostannolane was allow­
ed to react with sulfur-containing heterocumulene for 
several days at 40—80 °C to give a dithio-carbonate 
derivative (14) and dibutylstannyl sulfide. T h e results 
are tabulated in Table 4. Although no intermediate 
adduct (13) was detected, the reaction course may be 
depicted analogously to reaction scheme (5). 

CH2-SS 

CH2-S' 

12 

SnBu2 + S=C=Z 3=£ 

Z=NR,or S 

'CH2-S. Z 
I X 

C H 2 - S N ; s 
SnBu2J 

-Bu2SnS 

CH2-SV 

CH2-S 

13 
14 (6) 

Z=NMe 
CH2-SS 

I /OS 
CHz-NMe 

15 

TABLE 4. EQUIMOLAR REACTIONS OF 2-DIBUTYLSTANNA-

1,3-DITHIOLANE WITH HETEROCUMULENES 

IN DICHLOROMETHANE 

Hetrocumulene 
used 

Conditions 

Temp/ Time/ 
°C d 

Product yield/%a> 

14 Bu0SnS 

MeNCS 
MeNCS 
PhNGS 

csa 

40 
80 
80c> 
40 

5 
4 
5 
9 

76(X-NMe) 
64b> 
65(X-NPh) 
39(X=S) 

91 
86 
90 
35 

a) A trace amount of ethylene sulfide was detected by 
NMR measurements, b) Yield (%) of JV-methylthiazol-
idin-2-thione. c) In 1,2-dichloroethane. 

At elevated temperatures, l-methylthiazolidine-2-
thione (15) was obtained. Thus it is suggested that 
thermal rearrangement of 14 to 15 occured, as has 
been reported by Ueno et a/.6) 

Organostannyl sulfides are known to be stable in 
ordinary reactions.8) However, it is interesting to note 
that dibutylstannyl sulfide (12) is moderately reactive 
in reaction with methyl isothiocyanate. From a com­
parison of the result in Table 2 with that in Table 3, 
it is seen that methyl isothiocyanate is less reactive in 
reaction with 8 than is phenyl isothiocyanate, although 
the former is more reactive in reaction with 12 than is 
the latter. Moreover, carbon disulfide reacts with 12 to 
afford ethylene trithiocarbonate, but did not react with 
8, even in a mixture of 8 and carbon disulfide that was 
heated for nine days at 40 °G. These results cannot 
be explained by the usual rate order observed in reaction 
of simple organostannyl compounds, i.e., S n - N > S n - 0 > 
Sn-S.8,9> Therefore, the difference in the degree of 
association between l a — d or 8 (dimer) and 12 (mono­
mer) and in the co-ordinating power of heterocumulene 
molecules to tin atom in these organostannyl compounds 
may affect their reactivities. A detailed discussion of the 
reaction rate and mechanism will be published 
elsewhere.11) 

Exper imenta l 

All melting and boiling points are uncorrected. The IR 
spectra were obtained on a Nippon-Binko DS-403G and IR-S 
spectrometers. The NMR spectra were recorded on a Japan 
Electron Optics Model C-60HL spectrometer with TMS as 
the internal standard. A Japan Electron Optics Model JMS-
OISG mass spectrometer and a Yanagimoto Model GCG-220 
gas Chromatograph (Silicone DC-200, 25%) were also used. 
Analyses were performed in the laboratories of Professor 
Sasaki and of the Toa-gosei Co. All reactions and measure­
ments were carried out using dry solvents. 

All isothiocyanates (RNCS) were prepared using a reported 
method;12) bp 117—119 (R=Me) , 132—135 (Et), 153—154 
(Pr), 170—175 (Bu), 137—142 (z'-Pr), 120 (cyclo-C^,) °C and 
131—133 °C/10 mmHg (MegC). All solvents were dried over 
P 2 0 5 and distilled before use. Mercaptoethanol and ethane-
1,2-dithiol were obtained commercially and distilled in nitro­
gen; bp 55—58 °C/15 mmHg and 70—73 °C/50 mmHg, re­
spectively. The dioxastannolanes (la—£) were prepared from 
diol,Bu2SnCl2 and Na2C03 , or from diol and Bu2SnO,13> and 
stored in a dessicator containing blue silica gel. 

Preparation of 2,2-Dibutyl-l,3,2-oxathiastannolane (8). (A) 
Mercaptoethanol (15.6 g, 200 mmol), dibutyltin dichloride 
(60.4 g, 200 mmol), and sodium carbonate (60 g) were heated 
under reflux in toluene (150 cm3) in an atmosphere of nitrogen 
for 10 h in a flask equipped with a Dean-Stark water-sepa-
rater, a condensor, and a stirrer. The hot reaction mixture was 
filtered, and evaporated to recover the toluene used. The 
residue was distilled in a vacuum to give crude 8 in a 90% 
yield (52.8 g). Redistillation afforded white solid 8; bp 173 
—176 °C/0.4 mmHg; mp 92—93.5 °G (Ref.10«14) 89—90 °C). 
The IR and NMR spectra coincided well with those previ­
ously reported.1 '14> 

(B) Mercaptoethanol (15.6 g, 200 mmol) and Bu2SnO (48 
g, 200 mmol) were allowed to react under reflux in toluene 
and were treated as mentioned above, to afford 8 in a 92% 
(54 g) yield. 

Preparation of 2,2-Dibutyl-l,3,2-dithiastannolane (12). A 
mixture of ethane-1,2-dithiol (18.2 g, 200 mmol), Bu2SnCl2 

(60.4g, 200 mmol), and Na 2 C0 3 (65 g) was heated for 10 h in 
refluxing toluene (200 cm -1) in an atmosphere of nitrogen, 
and treated as mentioned above to give 12 in a 77% yield; 
bp 127—129 °C/0.1 mmHg; mp 57—58 °C (Ref.15) 59—60 
°C); NMR (CC14) Ô 2.93 (s, 4H, CH2S) and 0.7—1.7 ppm 
(br., 18H, SnBu); IR (CC14) 1285, 1245, 925, and 845 cm-1. 
The dithiastannolanes 12 was also prepared in a 86% yield 
(53 g) from Bu2SnO instead of Bu2SnCl2 and Na2C03 . 

The Reaction of 2,2-Dibutyl-l,2,3-dioxastannolane (la) with 
PhNCS. To a solution of l a (5.8 g, 20 mmol) in dry 
1,2-dichloroethane (40 cm3) in a flask equipped with a con­
denser and a drying tube, PhNGS (2.8 g, 21 mmol) was added 
and the mixture was heated with stirring for 2 h at 55 °C. 
Then, the solvent was evaporated, and the residue was dis­
tilled in a vacuum to give 2-phenylimino-l,3-dioxolane (3a) 
in a 98% yield (3.2 g, 19.6 mmol); bp 148—150 °C/15mmHg; 
mp (recrystallized from toluene) 72—72.5 °C (Ref.1«) 74—75 
°C); NMR Ô 4.43 (s, 4H, GH20) and 6.8—7.3 ppm (m, 5H, 
Ph); IR (CHC13) 1721 (VC=N) and 1056 cm-1. The spectral 
data were the same as those of an authentic sample. The pot 
residue showed the same IR spectrum that of the authentic 
Bu2SnS (vSnSSn at 360 cm"1); yield 91% (4.9 g). 

The Reaction of 2,2-Dibutyl-4-methyl-l,3)2-dioxastannolane (lb) 
with PhNCS. The stannolane l b was allowed to react 
with PhNCS for 2 h at 55 °C, and was treated as mentioned 
above; yield 95%; bp 131—132 °C/1 mmHg; NMR (CC14) 
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«5 1.23 (d, J = 5 . 1 Hz, 3H, CH3), 3.5—4.8 (ABCX3. pattern, 
3H,CHaCH), and 6.8—7.3 ppm (m, 5H, Ph); IR (CHC13) 
1708 (yc=v) and 1040 (vc_0) cm"1; Found C, 67.55; H, 6.37; 
N, 7.88%. Calcd for C10HUON: C, 67.78; H, 6.29; N, 7.90%. 

Dibutylstannyl sulfide was obtained as a pot residue in a 
95% yield. 

The Reaction of 2,2-Dibutyl-4,5-dimethyl-l,3,2-dioxastannolane 
(lc) with PhNCS. This compound (lc) was allowed to 
react with PhNCS for 5 h in 1,2-dichloroethane at 55 °C and 
was treated as described above to give 3c (95% yield; bp 120 
—122 °C/0.4 mmHg). The IR and NMR spectra coincided 
well with those of an authentic sample.16) 

Reaction of Dimethoxydibtitylstannane (5) with PhNCS. To 
a solution of 5 (5.9 g, 20 mmol) in 1,2-dichloroethane, PhNCS 
(2.7 g, 20 mmol) was added dropwise and the reaction mixture 
showed <5CHl_0 at 3.93 and 3.51 ppm in the NMR spectrum 
and yc=N band at 1630 cm - 1 in the IR spectrum, which are 
the same as those reported for the 1: 1 adduct (6).5> This 
adduct (6) was heated for 16 h at 70 °C, and distilled to give 
phenyl isocyanide dimethoxide 7 in a 96% yield; bp 60—62 
°C/0.3 mmHg; NMR (CDC13) Ô 3.17 (s, 6H, CH3) and 6.7— 
7.3 ppm (m, 5H, Ph) ; IR (CHC13) 1677 (vCssN) cm"1. Those 
spectral data coincided well with those of a commercial sample. 

The Reaction of 2,2-Dibutyl-l,3,2-dioxastannoxane (le) with 
PhNCS. Compound l e was allowed to react with PhNCS 
in 1,2-dichloroethane as in the case of la . The reaction 
mixture was fractionally distilled to afford 2-phenylimino-
1,3-dioxacyclohexane 3e in a 60% yield; bp 136—139 °C/0.2 
mmHg; NMR (CDC13) Ô 4.25 (t, 7 = 5 . 5 Hz, 4H, CHaO), 
» 1 . 9 (m, 2H, CCH2C), and 6.8—7.3 ppm (m, 5H, Ph); IR 
(CHC1,) 1690 and 1100 cm"1. Found: C, 67.48; H, 5.98; 
N, 7.75%. Calcd for C1 0HnO2N: C, 67.78; H, 6.26; N, 
7.90%. 

The Reaction of 2,2-Dibutyl-l,3,2-dioxastannaepane (If) with 
PhNCS. Compound If was allowed to react with an 
equimolar amount of PhNCS for 20 h in 1,2-dichloroethane 
at 70 °C, to give a mixture which showed the characteristic 
vc=N band ascribable to 2-phenylimino-l,3-dioxepane (3f) at 
1690 cm -1 , but distillation gave a resinous product having an 
IR band at 1680 cm"1. 

The Reaction of la with MeNCS. This compound (la) 
was allowed to react with MeNCS for 16 h in dry 1,2-dichlo­
roethane at 70 °C, to give 2-methylimino-l,3-dioxolane in a 
70% yield; bp 98—100 °C/25 mmHg, NMR (CDC13) ô 2.99 
(s, 3H, CH3) and 4.38 ppm (s, 4H, CH2); IR (CHC13) 1740 
cm-1. Found: C, 47.83; H, 7.12; N, 13.59%. Calcd for 
C4H4OaN; C, 47.52; H, 6.98; N, 13.86%. 

Reaction of 2,2-Dibutyl-l,3,2-oxathiostannolane (8) with PhNCS. 
An equimolar mixture of 8 and PhNCS was heated for 2 h 

in dry 1,2-dichloroethane at 55 °C. The reaction mixture 
was concentrated in vacuum and cooled to precipitate crude 
crystal of 2-phenylimino-l,3-oxathiolane (10, R = P h ) in a 
95% yield; mp (recrystallized from a toluene-hexane (1:1) 
mixture) 65.0—65.5 °C; NMR (CDC13) ô 3.35 (t, 7 = 6 . 3 Hz, 
2H, CH2S), 4.66 (t, 7 = 6 . 3 Hz, 2H, CH 2 0) , and 6.8—7.3 
ppm (m, 5H, Ph); IR (CHC13) 1658 (vc=N) 1113, and 1038 
(Vo) cm-1. Found: C, 60.10; H, 5.11; N, 7.80%. Calcd 
for C9H9ONS: C, 60.31; H, 5.06; N, 7.81%. The parent 
solution contained Bu2SnS (97% yield). 

Reaction of 8 with Some Alky I Isothiocyanates. A typical 
example is as follows: the oxathiostannolane 8 and MeNCS 
(each 25 mmol) were heated for three days at 40 °C in dry 
dichloromethane in a flask equipped with a condensor and a 
drying tube. During the course of the reaction, the mixture 
showed the vc=N band of the 1: 1 adduct at 1610 cm - 1 in the 
IR spectrum. After the reaction, the solvent and the low 
boiling by-product were recovered in a cold trap by distilla­

tion at atmospheric pressure, and the residue was distilled in 
a vacuum, to afford 2-methylimino-l,3-oxathiolane (10;R= 
Me) in a 59% yield; bp 117—118 °C/20 mmHg. The identi­
fication of 10 was performed using IR and NMR spectrosco­
pies and elemental analysis. It was confirmed by VPC and 
NMR measurements that the trapped mixture comprised the 
solvent, thiirane (3%), MeNCO (2%), and MeNCS (1%). 

Bu2SnS was obtained as a residue in an almost quantitative 
yield. 

The results of the reactions of 8 with other alkyl isothio­
cyanates are summerized in Tables 2 and 3. 

Picrate Formation of 10. Compound 10 (R=Me and 
Et) was added to a solution of picric acid in EtOH at room 
temperature, and cooled at 0 °C to precipitate the picrate 
crystals. The picrate of 10 (R=Me) : mp (EtOH) 143—144 
°C; IR (KBr) 1628, 1609, 1551, 1367, and 1268 cm1-; Found: 
C, 34.69; H, 2.91; N, 16.18%. Calcd for C10H10O8S: C, 
34.57; H, 3.14; N, 16.26%. The picrate of 10 (R=Et) : mp 
(EtOH) 80—82 °C; IR (KBr) 1660, 1615 (br.), 1368, and 
1275 cm-1; Found: C, 36.34; H, 3.64; N, 15.15%. Calcd 
for C nH 1 20 8N 4S: C, 36.67; H, 3.36; N, 15.15%. 

The Rearrangement of 10 to 11 (R=Me). Compound 10 
prepared in situ from 8 and MeNCS (25 mmol each) was 
heated under reflux for four days in 1,2-dichloroethane, and 
the reaction mixture was distilled to afford 11 (R=Me) in a 
46% yield; bp 73—75 °C/0.2 mmHg (Ref.6) 84—86 °C/0.2 
mmHg); IR (CHC13) 1689cm"1 (Ref.6> 1685cm-1). Under 
the same reaction conditions, 10 (R=Ph) was not rearranged 
and recovered by distillation in an almost quantitative yield. 

The Reactions of 2,2-Dibutyl-l,3,2-dithiostannolane (12) with 
MeNCS and PhNCS. This compound (12) was allowed 
to react with an equimolar amount of MeNCS for five days 
in dry dichloromethane under reflux, and was distilled to give 
2-methylimino-l,3-dithiolane (14; Z=NMe) in a 76% yield; 
bp 64—68 °C/0.3 mmHg (Ref.6> 79—81 °C/0.45 mmHg); the 
IR and NMR spectra coincided well with those prepared by 
a published method.16) The trapped distillate contained only 
a trace amount of thiirane. 

The reaction of 8 with MeNCS was carried out for one day 
in refluxing 1,2-dichloroethane, and the reaction mixture 
showed the characteristic C=N stretching band of 14 (Z= 
NMe) at 1614 cm - 1 . The reaction was further continued for 
three days at 80 °C. Then, the solvent was evaporated, and 
the residual solid was recrystallized from CC14 to give 1-meth-
ylthiazolidine-2-thione (15) in a 64% yield; mp 68—69 °C 
(Ref.6) 68—69 °C); NMR (CC14) ô 2.37 (t, 7 = 7 . 3 Hz, 2H, 
CH2N) and 4.08 (t, 7 = 7 . 3 Hz, 2H, CH2S); IR (CC14) 1308 
cm - 1 . These spectral data are the same as those prepared by 
a published method.16) 

The Reaction of the Dithiostannolane (12) with CSV An 
equimolar mixture of 12 and CS2 was allowed to react for 
nine days in 1,2-dichloroethane at 40 °C, and the reaction 
mixture was submitted to column chromatography on silica 
gel (Wakogel C-100; CC14-CHC13) to give ethylene trithio-
carbonate 14 (Z = S, 39% yield), dibutylstannyl sulfide (35%), 
and the unreacted 12 (65%). The IR (v fca 1080 cm"1) and 
NMR (<5CHl 3.92 ppm) spectra coincided well with those of 
a commercial sample. 
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Synthesis and Hydrolysis of 4-Acetoxymethylbenzimidazoles. Effects 
of Freezing an Internal Rotation on Intramolecular 

Catalysis by a Benzimidazolyl Group 
Masanori U T A K A , Masahisa TAKATSU,* and Akira TAKEDA 
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As models for acetyl-a-chymotrypsin, 4-acetoxymethylbenzimidazole (2), its 5-methyl derivative 3 and 2,5-di-
methyl derivative 4 were synthesized from o-toluidine in moderate yields. Their hydrolytic reactivities were deter­
mined in water at 50 °C in comparison with their open-chain analog, 4-(acetoxyethyl)imidazole(l). The rate con­
stant (kj) for intramolecular general base catalysis by the imidazolyl group of 2 was 1.6 times larger than kx for 1. A 
corrected relative rate of 4.1 is obtained by correcting the basicity difference and the polar substituent effect. The 
value of 4.1 is an expected magnitude of the effect of freezing an internal rotation as reported for 4,5-(l-acetoxy-
methyltetramethylene)imidazole. The 5-methyl group of 3 enhances the kx value 1.4 times as large as that for 2. 
The enhancement can be attributed to restriction of the second internal rotation. The hydrolytic reactivity of 4 is 
discussed. 

In a previous paper1) we reported that intramolecular 
general base catalysis in the hydrolysis of acetate 5 by 
its imidazolyl group is 2.6 times more effective than the 
catalysis in acetate 1. I t was concluded that this 
enhancement of 2.6 can be rationalized from the entropy 
effect of freezing an internal rotation. This suggests 
that, even if the three remaining internal rotations in 
the acetoxymethyl group were frozen in 5, the total 
enhancement would be a factor of about 50 at the 
highest, and that there remains a factor of about 500 
to attain the deacylation rate constant of acetyl-a-
chymotrypsin. This deficiency might possibly be 
provided by the presence of a carboxylate group which 
affords the so-called "charger-relay" system2) in the 
enzyme, but such a large factor using a model system3) 
has never been realized. Thus it is important to estimate 
the rate enhancement caused by freezing an internal 
rotation. In order to examine further the enhancement 
caused by the freezing, we have synthesized three new 
models 2—4 and compared their hydrolytic reactivities 
with the reactivity of 1 or 5. 

Acetate 2 is an unsaturated analog of acetate 5 . 
The former has a planar skeleton of benzene which is 
more rigid than that of cyclohexene in the latter. 
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* Present address: Nissei Kagaku Kogyo Co., Ltd., Fuku-
machi, Nishiyodogawa-ku, Osaka 555. 

Moreover, 2 has a slightly shorter distance between the 
carbonyl carbon and the imidazolyl nitrogen than 5. 
I t seems interesting to show the effect of these factors 
on the reactivity. T h e 5-methyl derivative 3 was 
designed to investigate the rate enhancement caused 
by restricting the second internal rotation by the methyl 
group. The dimethyl derivative 4 was prepared as a 
modification of 3. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis. Acetate 2 was obtained by reduction 
and subsequent acetylation of methyl 4-benzimidazole-
carboxylate prepared from o-toluidine according to the 
method of Williams and Salvadori.4) 

T h e 5-methyl derivative 3 was prepared as outlined 
in Scheme 1. Reduction of 2-amino-6-methylbenzoic 
acid with li thium aluminum hydride gave 8 in 7 3 % 
yield, which, after acetylation, was nitrated with 70% 
nitric acid in acetic anhydride to give a 2 : 1 to 3 : 1 
mixture of 10 and 11 in 7 9 % yield. The isomer 10 
crystallized with ease from the oily layer in the aqueous 
reaction mixture. Another isomer 11 was isolated by 
column chromatography. From their N M R spectra 
showing an A X pattern in the aromatic region with an 
intensity of two protons, 1,2,3,4-tetrasubstitution was 
evident for their benzene rings. Although it was not 
possible to distinguish 10 from 11 using their N M R and 
I R spectra, the former was distinguishable from the 
latter since only 10 could provide the benzimidazole 
derivative 14. 

Reduction of 12 with Urushibara nickel A5) gave the 
expected diamino derivative 13 in 9 9 % yield. T o 
prevent coloration of 13, the reaction mixture was 
worked up in a nitrogen atmosphere and the product 
was used immediately for formation of the benzimidazole 
ring. Use of tin and coned hydrochloric acid reduced 
not only the nitro group but also the hydroxyl group in 
74% yield. T h e product was confirmed by the formation 
of 4,5-dimethylbenzimidazole.6) Reduction with t in(II) 
chloride and hydrochloric acid7) gave 13 in a yield of 
less than 10%. 

The benzimidazole derivative 14 was prepared 
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Scheme 1. 

conveniently by heating 13 with 8 0 % formic acid8> in 
an about 40% yield. Although acetylation of 14 was 
accompanied by unavoidable JV-acetylation, model 3 
was obtained in a good yield after selective hydrolysis 
of the iV-acetyl group. 

Reduction of 10 with Urushibara nickel A also gave 
the corresponding amine quantitatively. By refluxing 
16 in xylene9) and cooling for deposition, model 4 was 
obtained in 8 7 % yield. Its N M R spectrum showed no 
signal near ô 8.0 for the hydrogen attached to the C-2 
carbon, but indicated the presence of the 2-methyl 
group by a singlet at Ô 2.55. 

Kinetics. In Table 1 are given kx (min - 1 ) for 
intramolecular catalysis of the acetate hydrolysis by 
an imidazolyl or a benzimidazolyl group and k0n 
( M - 1 min - 1 ) for bimolecular hydroxide ion attack for 
1—5. These rate constants were derived from the 
observed pseudo-first-order rate constant kohsd using the 
equation 

ôbsd = a*i + * O H [ O H - ] , 

where a is the mole fraction of the neutral imidazole. To 
calculate the concentration of O H - , the ionization 
constant of water was taken as 10"13-2617 at 50 °C.10> 
The plots of log £o b s d vs. p H for acetates 2 and 3 are 
given in Fig. 1. T h e curves in Fig. 1 were drawn using 
the above equation and the rate constants and pKa 

TABLE 1. HYDROLYTIC RATE CONSTANTS OF ACETATES 1—5 

AND PÜFA VALUES OF THEIR BENZIMIDAZOLYL OR 

IMIDAZOLYL GROUPS IN WATERA) 

lb> St» 

*OHX10- 2 

(M-i min-i) 

Rel rate 

^ X 10* (min-1) 

Rel rate 

Corrected rel kx 

For basicityd> 

For polaritye) 

6.50 

0.63 

1 

1.00 
1 

1 

1 

4.57 

2.0 

3.2 

0) 
1.6 
1.6 
(1) 

13 
(1) 
4.1 

4.85 

1.95 

(0.97) 
3.1 

(1.9) 

(1.4) 

5.62 

1.8 

(0.90) 
2.9 

(1.8) 

(0.58) 

6.90 

0.54 

0.86 

2.6 
2.6 

1.7 

a) At 50±0.1 °C, 0.1 M KCl. kt and Jfc0H, ± 5 % ; pK&, 
±0 .02 . b) Taken from Ref. 1. c) For comparison the 
piCa value for benzimidazole was determined to be 5.16 
under the same conditions, d) Corrected for ApK& using 
the Brönsted exponent /?=0.47. e) Corrected for polar 
effects using the relative rate for k0H. 

Fig. 1. Plots of log kobsd vs. pH for the hydrolyses of 2 
(O) and 3 ( # ) in water at 50 °C5 0.1 M KCl. The 
points are experimental and the lines theoretical using 
the equation £0bsd=a*i+£oHlPH-] and the constants 
listed in Table 1. 

values given in Table 1. For comparison the rate 
constants for 1 and 5 taken from the previous paper1) 
are included in Table 1 and the relative rates corrected 
for the basicity and the polar substituent effect are also 
given. 

pKa Values. As seen from Table 1 the pKa value 
(4.57) for 2 is 0.59 p # a units smaller than that] (5.16) 
for benzimidazole. This magnitude of a base-weakening 
effect of an acetoxymethyl group attached to the C-4 
position coincides with that for the saturated analog 5 
(pÄ"a 6.90) and 4,5-tetramethyleneimidazole (pA"a 

7.50).!> This suggests that the acetoxymethyl group 
exerts its effect on the imidazolyl nitrogen through space 
or sterically. T h e pKa value for 3 is 0.28 pKa units 
larger than that for 2 and this increment is comparable 
to 0.33 pKa units reported for 5-methylbenzimidazole 
(pKa 5.81) and benzimidazole (pKa 5.48) in water at 
25 °C . n ) We find an additivity of the substituent effect 
on the pKa value (5.62) for 4 as shown by the fact that 
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the increment (1.05) for the two methyl groups in 4 is 
equal to the sum of the increments (0.33 and 0.71) 
for the 5- and 2-methyl11) groups, no anomaly being 
found in the pKa values for 2, 3 , and 4. 

Effects of Freezing an Internal Rotation. Acetate 2 
can be characterized by the rigidity of its structure. 
I t has one internal rotation frozen between the imidazol­
yl nitrogen and the carbonyl carbon in comparison 
with acetate 1. As reported the hydrolysis of 1 is catalyz­
ed by its intramolecular imidazolyl group as general 
base.1) T h e catalytic activity is enhanced in the acetate 
5 by a factor of 2.6 mainly because of the rigidity in 
structure. Thus we can except acetate 2 to show a 
similar enhancement in the catalysis. 

The catalytic rate constant kt for 2 was found to be 
1.6 times as large as that for 1 (Table 1). This rate 
factor of 1.6 must be corrected for the basicity and 
polarity differences between 1 and 2. Since 2 is less 
basic than 1 by 1.93 pKa units, the general base catalysis 
in 2 is expected to decrease by a factor of 8.07 when we 
use the Brönsted exponent ß=0A7 for the general 
base-catalyzed hydrolysis of ethyl dichloroacetate.1 '12* 
T h e correction gives a rate factor of 13 for 2. A correc­
tion factor of 3.2 for the polarity difference was adopted 
from the relative rate for the hydroxide-ion hydrolysis. 
Although the polar substituent constants (a*) for the 
two alkoxyl groups in 1 and 2 have not been estimated, 
the observed rate factor of 3.2 seems reasonable as 
judged from the polar effect of ethyl and benzyl 
groups.13) 

Thus we obtain a rate factor of 4.1 for freezing an 
internal rotation in 2. The value is about twice as large 
as the factor of 1.7 for 5. However, the doubled factor 
is what had been expected previously.1) In the imidazol­
yl group-catalyzed hydrolysis of 1 or 2, two transition 
states, which are mirror images of each other and 
identical energetically, may take place during the 
imidazolyl residue rotation about the methylene-
imidazolyl residue bond. But for 5, since the acetoxy-
methyl group is expected to take a preferred pseudo-
equatorial position, only one transition state can be 
realized. 

We can thus concluded that the rigid structure of 
benzene in 2 gives rise to almost the same rate factor 
by freezing an internal rotation as the flexible structure 
of cyclohexene in 5, and that the difference in the 
spatial alignments of the imidazolyl nitrogen and the 
carbonyl carbon between 2 and 5 is not critical for the 
intramolecular catalysis. These two conclusions are 
consistent with the looseness of the transition state in 
general base catalysis.1) 

Restriction of the Second Internal Rotation. T h e rate 
enhancement in kx by the 4-methyl group seems to be 
properly estimated using the concept of rotamer popula­
tion. 

Figure 2 shows the Newman projection for 2 and 3, 
in which the horizontal line represents the benzimidazole 
plane. T h e projection formula indicates the existence 
of four rotamers a, b , c, and d with the acetoxyl group 
in a, b , c, and d regions, respectively. Rotamers a and 
b are considered to be active catalytically; rotamer e i s 
thought to be inactive owing to the crowded and less 

c N ( > A R d 

b 
2 R = H 
3 R = C H 3 

Fig. 2. The projection formula for 2 and 3. The hori­
zontal line represents the benzimidazole plane. 

favorable alignment of the acetoxyl group and rotamer 
d to be inactive because of the incorrect orientation 
of the acetoxyl group. Since the rotation about the 
carbon-carbon bond is expected to be essentially free 
for 2, the four rotamer populations can be taken to be 
roughly equal to each other if the active region is 
accepted as shown in Fig. 2. Then the fraction of the 
active rotamer population is 2/4. If rotamer c is 
negligible owing to the steric repulsion between the 
nitrogen and the oxygen, the fraction will be 2/3. 

O n the other hand, rotamer d must be absent for 
the 4-methyl derivative 3, whereas the remaining three 
rotamers are similar to the corresponding ones for 2. 
Then the fraction of the active rotamer population is 
2/3 or 2/2 for 3. Thus we obtain a relative rate of 
1.33—1.5 for the expected enhancement in kx. Actually, 
the value of 1.4 was obtained for 3 after the correction 
for basicity (Table 1 ). 

Effects of the 2-Methyl Group. Acetate 4 shows 
deceleration of the hydrolyses. A larger deceleration 
factor of 2.4 (=1.4/0.58) is obtained for kx in comparison 
with the small factor of 1.1 for £ 0 H, but the deceleration 
is not so large when compared with the deceleration 
factor of 92 reported for the intramolecular nucleophilic 
catalysis by 2-methylbenzimidazole of the hydrolysis 
of />-nitrophenyl acetate.14) 

E x p e r i m e n t a l 

All melting points are uncorrected. Elemental analyses were 
carried out by Mr. E. Amano of our laboratory. 1H NMR 
spectra were recorded at 60 MHz on a Hitachi Model R-24 
spectrometer. Tetramethylsilane was used as internal standard 
unless otherwise noted. 

Materials. Potassium chloride and benzimidazole of 
reagent grade were used after recrystallization. Hydrochloric 
acid, sodium hydroxide, and standard buffer solutions were 
obtained from Nakarai Chemicals (Kyoto). Deionized water 
was used in all kinetic runs. 

4-Hydroxymethylbenzimidazole (6). Reduction of methyl 
4-benzimidazolecarboxylate with lithium aluminum hydride 
in THF, prepared according to the method of Williams and 
Salvadori4) from o-toluidine, gave crude yellow crystals of 6 
in 74% yield. The crude crystals were recrystallized from 
hot water after treating with carbon, giving colorless needles: 
mp 140—144 °C; IR (KBr) 3400—2200 (OH and NH), 1620 
(benzimidazole ring), and 1005 cm"1 (G-O); NMR (DMSO-
d6) ô (solvent peak as internal standard, ô 2.50) 8.22 (s, l, 
N-CH=N), 7.7—7.1 (m, 3, benzene ring), 6.5 (s, NH and 
OH), and 4.92 ppm (s, 2, CH 2 -0 ) . 
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N-Acetyl-4-acetoxymethylbenzimidazole (7). In acetic anhy­
dride 6 was heated at 70 °C for 1 h with stirring. The excess 
anhydride was distilled under reduced pressure, leaving white 
crystals of 7. Recrystallization from carbon tetrachloride 
gave pure crystals in 95% yield: mp 96.0—97.5 °C; IR (KBr) 
1730, 1725 (ester and amide C=0), 1600 (benzimidazole 
ring), and 1235 cm-1 (C-O); NMR (CDC13) <5 8.33 (s, 1, 
N-CH=N), 8.2—7.2 (m, 3, benzene ring), 5.53 (s, 2, CH 2 -0) , 
2.71 (s, 3, N-COCH3), and 2.10 ppm (s, 3, 0-COCH 3) . 

4-Acetoxymethylbenzimidazole (2). In dil hydrochloric 
acid 7 was dissolved at 50 °C with stirring over a 50-min 
period. The solution was filtered and neutralized with aq po­
tassium hydrogen carbonate. The neutral solution was extracted 
with chloroform, and the solvent was evaporated after drying 
over magnesium sulfate to leave white crystals of 2 in 94% 
yield. Recrystalliztion from chloroform gave a pure sample: 
mp 169.5—170.5 °C; IR (KBr) 3200—2200 (NH), 1723 (C= 
O), 1620—1605 (benzimidazole ring), 1242 (C-O), and 754, 
715 cm-1 (1,2,3-trisubstituted benzene); NMR (CDC13) ô 8.06 
(s, 1, N-CH=N), 7.9—7.1 (m, 3, benzene ring), 7.1 (s, 1, 
NH), 5.45 (s, 2, CH 2 -0) , and 2.08 ppm (s, 3, COCH3). 
Found: C, 63.47; H, 5.50; N, 14.78%. Calcd for C10H10-
N 2 0 2 : C, 63.15; 5.30; N, 14.73%. 

2-Amino~6-methylbenzyl Alcohol (8). 2-Amino-6-methyl-
benzoic acid15> prepared from o-toluidine was reduced with 
lithium aluminum hydride in ether at room temperature. 
The excess hydride was decomposed with water and the 
resulting mixture was filtered. The white solid was washed 
with ether repeatedly. The filtrate and washings were com­
bined, the solvent being removed to leave white crystals of 8 
in 73% yield. Recrystallization from carbon tetrachloride 
gave white needless: IR (KBr) 3400—2400 (NH2 and OH), 
1600 (NH,), 1000 (C-O), and 785, 745 cm"1 (1,2,3-trisub­
stituted benzene). 

2-Acetylamino-6-methylbenzyl Acetate (9). In excess acetic 
anhydride 8 was heated at 70 °C for 2 h with stirring. The 
excess anhydride was removed under reduced pressure to leave 
9 in a quantitative yield. Recrystallization from carbon tetra­
chloride gave colorless needles: mp 118—118.5 °C; IR (KBr) 
3250 (NH), 1735 (ester C-O), 1650 (amide C-O), and 790, 
750 cm-1 (1,2,3-trisubstituted benzene); NMR (CDC13) Ô 9.05 
(s, 1, NH), 7.8—6.8 (m, 3, benzene ring), 5.12 (s, 2, CH a -0 ) , 
2.41 (s, 3, CH3), 2.19 (s, 3, N-COCH3), and 2.05 ppm (s, 3, 
0-COCH 3) . Found: C, 64.87; H, 6.59%. Calcd for C12H16-
N 0 3 : C, 65.14; H, 6.83%. 

2-Acetylamino-3-nitro-6-methylbenzyl Acetate (10). To a 
solution of 5.0 g (21.6 mmol) of 9 in 25 ml of acetic anhydride 
was added 4 ml of 70% nitric acid dropwise with stirring at 
19—20 °C. After the addition was completed, the mixture 
was stirred for 1 h at the same temperature. The mixture 
was poured into 300 ml of cold water with stirring. Colorless 
needles separated were collected and recrystallized from etha-
nol to give pure 10 in 38% yield: mp 147—148 °C; IR (KBr) 
3250 (NH), 1740 (ester C-O), 1655 (amide C-O), and 1510, 
1355 cm-1 (N0 2 ) ; NMR (CDC13) ô 8.9 (s, 1, NH), 7.81 (d, 
1, J = 9 Hz, H4), 7.19 (d, 1, 7 = 9 Hz, H5), 5.15 (s, 2, CH 2 -
O), 2.50 (s, 3, CH3), 2.19 (s, 3, N-COCH3), and 2.08 ppm 
(s, 3, 0-COCH3) . Found: C, 53.86; H, 5.07%. Calcd for 
C12H14N205: C, 54.13; H, 5.30%. 

From the mother liquor a mixture of 10 and 11 was recov­
ered, giving a 79% yield for the nitration. The isomer 11 
was separated by column chromatography using silica gel 
(Wakogel C-200) and dichloromethane, and recrystallized 
from carbon tetrachloride: mp 227—230 °C; IR (KBr) 3350 
(NH), 1712 (ester C=0), 1688 (amide C-O), and 1520, 1350 
cm-1 (N02) ; NMR (CDC13) ô 9.5 (s, 1, NH), 8.03 (d, 1, 
7 = 9 Hz, H4), 7.78 (d, 1, 7 = 9 Hz, H3), 5.20 (s, 2, CH 2 -0) , 

2.58 (s, 3, CH3), 2.25 (s, 3, N-COCH3), and 2.12 ppm (s, 
3, 0-COCH 3) . 

2-Amino-3-nitro-6-methylbenzyl Alcohol (12). In aq metha­
nol 10 was dissolved and hydrolyzed for 3 h at 60 °C after 
addition of aq sodium hydroxide. The solution was neutral­
ized with hydrochloric acid and extracted four times with 
chloroform. After drying over magnesium sulfate, the solvent 
was removed to give orange crystals of 12 in 99% yield. 
Recrystallization from ethanol gave a pure sample: mp 135 
—136 °C; IR (KBr) 3460, 3350 (NH2 and OH), 1636 (NH2), 
1498, 1321 (N02), and 816 cm-1 (1,2,3,4-tetrasubstituted 
benzene); NMR (CDC13) ô 7.89 (d, 1, 7 = 9 Hz, H4), 6.48 
(d, 1, 7 = 9 Hz, H5), 4.76 (s, NH2 and OH), 4.70 (s, 2, CH2-
O), and 2.35 ppm (s, 3, CH3). Found: C, 52.45; H, 5.41%. 
Calcd for C8H10N2O3: C, 52.74; H, 5.53%. 

2,3-Diamino-6-methylbenzyl Alcohol (13). One hundred 
mg of 12 was dissolved in 5 ml of ethanol and reduced with 
hydrogen (1 atm) using about 20 mg of Urushibara nickel 
A.5> Absorption of hydrogen ceased after the theoretical 
volume of hydrogen was taken up. The yellow solution was 
gradually decolorized as the hydrogen was absorbed. To 
dissolve a white precipitate 10 ml of hot ethanol was added 
and the reaction mixture was filtered with a glass filter with 
suction. Removal of ethanol gave 88 mg (99%) of white 
needles of 13. The reaction mixture was worked up in a 
nitrogen atmosphere and 13 thus prepared was used immedi­
ately for the next step: mp 181—182 °C; IR (KBr) 3450— 
2400 (NH2 and OH), 1660—1550 (NH2), and 802 cm-1 

(1,2,3,4-tetrasubstituted benzene); NMR (DMSO-</6) ô 6.44 
(d, 1, 7 = 8 Hz, H4 or H5), 6.24 (d, 1, 7 = 8 Hz, H5 or H4), 
4.46 (s, 2, CH 2 -0) , and 2.16 ppm (s, 3, CH3). 

4-Hydroxymethyl-5-methylbenzimidazole (14). In 15 ml of 
80% formic acid was dissolved 428 mg of freshly prepared 
13, and the solution was heated at 100 °C for 1 h with stirring. 
The resulting red solution was neutralized with coned aq 
sodium hydroxide to separate a red oil on the bottom. The 
decolorized supernatant solution was decanted and concen­
trated under reduced pressure to precipitate white needles. 
The needles were collected, washed with cold water, and 
dried, giving 171 mg (37%) of 14: mp 205—205.5 °C; IR 
(KBr) 3300—2200 (NH and OH), 1590 (benzimidazole ring), 
and 811 cm-1 (1,2,3,4-tetrasubstituted benzene); NMR 
(CDCI3) ô 8.00 (N-CH-N), 7.42 (d, 1, 7 = 8 Hz, H7(4 )), 7.03 
(d, 1, 7 = 8 Hz, H4(7) , 4.97 (s, 2, CH 2 -0 ) , and 2.45 ppm 
(s, 3, CH3). 

N-Acetyl-4-acetoxymethyl-5-methylbenzimidazole (15). 
Acetylation of 14 in the same way as for 6 gave crude 15, 
which was recrystallized from carbon tetrachloride to give 
white needles in 80% yield: mp 156—157 °C; IR (KBr) 1725 
(ester and amide G=0), 1595 (benzimidazole ring), and 817 
cm-1 (1,2,3,4-tetrasubstituted benzene); NMR (CDC13) ô 8.32 
(s, 1, N-CH-N), 8.06 (d, 1, 7 = 9 Hz, H7), 7.24 (d, 1, J= 
9 Hz, H6), 5.59 (s, 2, CH 2 -0) , 2.71 (s, 3, N-COCH3), 2.48 
(s, 3, CH3), and 2.07 ppm (s, 3, 0-COCH 3 ) . 

4-Acetoxymethyl-5-methylbenzimidazole (3). Partial hydro­
lysis of 15 in the same way as for 7 gave white crystals of 3 
in 83% yield after recrystallization from chloroform. The 
analytical and kinetic sample was purified further by sublima­
tion in vacuo: mp 229—229.5 °C; IR (KBr) 3200—2400 (NH) 
1720 (C-O), 1625, 1595 (benzimidazole ring), 1240 (C-O), 
and 820 cm-1 (1,2,3,4-tetrasubstituted benzene); NMR (CD3-
OD) Ô 8.02 (s, 1, N-CH-N), 7.46 (d, 1, 7 = 9 Hz, H7 ( 4 )), 7.05 
(d, 1, 7 = 9 Hz, H6(5)), 5.42 (s, 2, CH 2 -0) , 4.74 (s, NH), 2.44 
(s, 3, CH3), and 2.02 ppm (s, 3, COCH3). Found: C, 64.88; 
H, 5.98; N, 13.78%. Calcd for C n H 1 2 N 2 0 2 : C, 64.69; H, 
5.92; N, 13.72%. 

2-Acetylamino-3-amino-6-methylbenzyl Acetate (16). Using 
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the Urushibara nickel catalyst 10 was reduced with hydrogen 
in the same way as for 12. White crystals of 16 were obtained 
in 100% yield: mp 149—151 °C; IR (KBr) 3390, 3230 (NH2 

and NH), 1732 (ester C=0), and 1650 cm"1 (amide C=0); 
NMR (CDG1,) Ô 8.8 (s, 1, NH), 6.90 (d, 1, 7 = 8 Hz), 6.60 
(d, 1, / = 8 Hz), 5.07 (s, 2, CH 2 -0 ) , 2.30 (s, 3, CH3), 2.20 
(s, 3, N-COCHg), and 2.01 ppm (s, 3, 0-COCH 3) . 

4-Acetoxymethyl-2,5-dirnethylbenzimidazole (4). A mixture 
of 2 ml of dry xylene and 50 mg of 16 was heated at 135 °C 
for 5 h with stirring. The reaction mixture was cooled to 
precipitate colorless needles, which were collected and washed 
with ether to give 40 mg (87%) of 4. This was purified by 
recrystallization from carbon tetrachloride-chloroform and 
subsequent sublimation in vacuo: mp 220—221 °C; IR (KBr) 
3500—2300 (NH), 1725 (G=0), 1625, 1595 (benzimidazole 
ring), 1235 (C-O), and 820 cm-1 (1,2,3,4-tetrasubstituted 
benzene); NMR (CD3OD) Ô 7.37 (d, 1, 7 = 9 Hz, H7(4)), 
7.02 (d, 1, 7 = 9 Hz, H6(6)), 5.42 (s, 2, CH 2 -0) , 4.8 (s, NH), 
2.55 (s, 3, CH3), 2.44 (s, 3, GH,), and 2.04 ppm (s, 3, COCH3). 
Found : C, 65.94; H, 6.67 ; N, 13.12%. Galcd for C12HU N2-
0 4 : C, 66.04; H, 6.47; N, 12.84%. 

Reduction of 12 with Tin and Hydrochloric Acid. To a 
mixture of 102 mg of 12 and 400 mg of tin was added 2.5 ml 
of coned hydrochloric acid, and the mixture was heated at 
70 °C for 30 min. Then it was made basic (pH 11) by 
addition of 5 ml of 5 M sodium hydroxide and heated at 
100 ° G for a while. Extraction with chloroform gave 56 mg 
of white needles in 74% yield, which was identified as 3,4-
o-xylenediamine: IR (KBr) 3400—3150 (NH2), 1625 cm"1 

(NH2); NMR (CD3OD) ô 6.45 (t, 2, CH=CH), 4.63 (s, 4, 
NH2), 2.14 (s, 3, CH3), and 2.03 ppm (s, 3, CH3). 

Kinetics. All kinetic measurements for hydrolysis were 
made at 50 ±0.1 °C (0.1 M KCl) in water by the titration of 
liberated acid with the titration assembly.1) The initial 
concentration of acetate 2 was 0.0025 and 0.005 M. However, 
only 0.0025 M was used for 3 and 4 owing to their solbilities. 
Hydrolysis of the acetates were followed to 3 (at pH 6.5) —50 
% (at pH 9.0) completion for 2, to 2.4 (at pH 7.0)-47% 
(at pH 9.0) for 3, and to 6.9 (at pH 6.5)—15% (at pH 9.0) 
for 4. Deposition of 3 from the kinetic solution after 1 h or 
so from the start of kinetic run allowed only 2—3% comple­
tion for 3 at pH 6.5—7.0, although 3 could be dissolved 
initially in the acidic solution. All runs followed first-order 
kinetics. Values of kQbsd were reproduced within±5%. 

pK.& Determinations. Values of pK& were determined 
according to the method of Albert and Serjeant16* using the 
apparatus for kinetics under the same conditions as for kinetics. 
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Photochemistry of Heterocyclic Compounds. VII.1) Photochemical Reaction 
of 2,5-Diphenyl-l,3,4-oxadiazole with Benzo[fr]thiophenes 
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Irradiation of 2,5-diphenyloxadiazole 1 with benzothiophene 6a gives 3-benzoylbenzothiophene 7, its benzoyl­
hydrazone 8, and/or the oxadiazepine 9; the yields depended on the nature of solvents. With benzophenone as a 
sensitizer, the photochemical reaction of 1 with 6a forms the [2 + 2] cycloadduct 12. It is found that 9 is photo-
chemically dissociated to 1 and 6a. In the case of 2-methylbenzothiophene 6b, 3-benzoyl-2-methylbenzothiophene 
benzoylhydrazone 18 is formed, and with benzophenone as a sensitizer the [2+2] cycloadduct 19 is obtained. In the 
absence or presence of benzophenone, however, irradiation of 1 with 3-methylbenzothiophene 6c gives the [2 + 2] 
cycloadduct 20. The photochemical reaction of 1 with 6a or 6b in the presence of iodine gives the corresponding 
3-benzoylbenzothiophene, 7 or 21, and benzoylhydrazone, 8 or 18, respectively. In the case of 6c, however, the 
[2+2] cycloadduct 23 is formed, together with 2-benzoyl-3-methylbenzothiophene 22. Mechanistic considerations 
of these reactions are also described. 

Although [ 2 + 2 ] photocycloadditions of olefins to 
other olefins2) and to ketones3) are well characterized, 
only a few examples of similar photocycloadditions to 
the carbon-nitrogen double bonds appeared in the 
literature.4-8) Previously, we reported some novel 
photoproducts from the photochemical reactions of 2,5-
diphenyl-l,3,4-oxadiazole (1) with furan4) and indene5) 
in the absence or presence of iodine as depicted in 
Scheme 1. The [ 2 + 2 ] cycloadduct 2 is formed via 
the interation between a triplet excited state of 1 and 
furan, and the formation of the benzoylhydrazone 3 is 
attr ibutable to the reaction of 1 with cyclobutadiene 
oxide (probably its iodine complex) produced from the 
photochemical interaction between furan and iodine. 
O n the other hand, the reaction to afford the oxa­
diazepine 4 starts with a singlet excited state of indene, 
and the [ 2 + 2 ] cycloadduct 5 is produced via the 
photochemical reaction of 1 with cr-complex between 
indene and iodine. 

PhaCO or rift O^Ph 

JUL- U hv 

Ph 
J2 >NNHC0Ph 

PLh 

1 + Ou hv 

o i P h 

^-Octe 
HPh 

Ph 

Scheme 1. 

It has been reported that upon irradiation with 
olefins9) and acetylenes10) benzo[6]thiophene gave the 
cycloadducts. Thus we were interested in the photo­
chemical reaction of 1 with benzo[£]thiophene. We 

* To whom correspondences should be addressed. 

now report here on the photochemical reactions of 1 
with benzo[£]thiophene and its methyl derivatives under 
various conditions. 

R e s u l t s a n d D i s c u s s i o n 

Photochemical Reaction in the Absence of Iodine. 
Irradiation of a solution of the oxadiazole 1 and benzo­
y l thiophene (6a) in benzene below 15 °G afforded 
3-benzoylbenzo[£]thiophene(7), its benzoylhydrazone 8, 
and the 1: 1 cycloadduct 9. The results in various 
solvents are shown in Table 1 ; the yields of the products 
depended on the nature of solvent. Structural elucida­
tion of 7 and 8 was accomplished on the basis of their 
spectral data as well as of identification with authentic 
samples prepared by the routes depicted in Scheme 2. 

N-N 
PhVph ^ ~ S 

1 6a 

Ph Ph 
NNHCOPh 

Ph 

OgC>Ph 

PhC0NHNH2 

H30+ 

Scheme 2. 

From the following evidence, the 1: 1 adduct 9 was 
assigned to be 2,5-diphenyl-5a,10a-dihydro[l]benzo-
thieno[3,2-/][l ,3,4]oxadiazepine whose ring system is 
the same as that of 4. The I R spectrum and chemical 
behavior of 9 are similar to those of the oxadiazepine 4. 
T h e 1: 1 adduct 9 is thermally labile and on being 
heated readily isomerized to the benzoylhydrazone 8 
in benzene. Reduct ion of 9 with sodium borohydride 
afforded the dihydro compound whose s tructure was 
assigned to be 2,5-diphenyl-4,5,5a,10a-tetrahydro[l]-
benzothieno[3,2-/][l ,3,4]oxadiazepine (10), but not the 
2,3,5a, 10a-tetrahydro compound 10'. The N M R 
spectrum of 10 exhibits methine proton signals at ô 4.67 
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(H a , t, 7 = 8 Hz) , 6.23 (H b , d, J=8 Hz) and 6.32 (H c , 
d, y = 8 H z ) , besides aromatic and N H proton signals. 
In the N M R spectrum of 10-dj which was prepared by 
reduction of 9 with sodium borohydride-d^, the doublet 
at ô 6.32 does not appear , and two doubles (J=S Hz) 
are displayed at <5 4.67 and 6.25. O n treatment with 
hydrochloric acid in methanol at room temperature, 10 
was converted into l-benzoyl-2-[a-(3-benzo[6]thienyl)-
benzyl] hydrazine (11), which was identical with an 
authentic sample (Scheme 3). 

P L!? - ocö—-co; Ph 

Ph Hc(D) 

NaBH, or 

NaBD4 
— ; i 

Hb 

10 

0 ^ 

8 

Ph 

Ph Ws^O-fPh 

10' 

10 
HCl in 
MeOH -c t r -

p,h 
CHNHNHCOPh 

i)PCI3 
ii) PhCONHNH2 •Oof 

CH0H 

S 

11 

Scheme 3. 

Previously,5) we have reported that the oxadiazepine 
4 is the cù-fused adduct , and that three methine 
hydrogens in the dihydro compound of 4 are situated eis 
each other. Although the N M R spectrum of 9 could 
not be measured owing to its insolubility in solvents 
and to its lability, it was deduced that 9 would be also 
the m-fused adduc t on the basis of stereochemistry of 
10. In analogy with the dihydro compound of 4, we 

assumed that the moiety - N - N = C ( p , in the seven-

membered cyclic r ing of 10 is coplanar. An inspection 
of the Dreiding models of 10 indicates that the dihedral 
angles, 0 a b between H a and H b , and 0 a c between H a 

and H c , are ca. 25° respectively, when the hydrogens 
H a , H b , and H c are situated eis each other. T h e 
observed y a b and Jac values are 8 H z which is com­
patible with the calculated value (6.7 Hz) when 0 is 
250.11) 

TABLE 1. PHOTOCHEMICAL REACTION OF 1 WITH 

6a IN VARIOUS SOLVENTS 

Solvent Irradiation 
time, h 

Products, % 

8 

Hexane 
Dioxane 
Benzene 
Diethyl ether 
Tetrahydrofuran 
Acetonitrile 
Acetonitrile 

1 
1 
1 
1 
1 
1 

10 

trace 
6 
5 
2 
4 
1 
2 

— 
— 

trace 

3 
5 

69 
21 
24 
47 
21 

— 

Irradiation of 1 with 6a in benzene for 10 h did not 
give the oxadiazepine 9, but instead a new 1: 1 adduct 
12 was obtained in 8% yield, together with small 

quanti t ies of 7 and 8 and with recovery of 1 and 6a. 
Photolysis of the oxadiazepine 9 in benzene or aceto­
nitrile afforded the oxadiazole 1, benzothiophene 6a, 
benzoylbenzothiophene 7, and 1: 1 adduct 12 (Scheme 
4). Thus , it can be concluded that the oxadiazepine 9 
is photochemically dissociated to the starting materials 
1 and 6a, along with a part ial isomerization to 8. O n 
treatment with ethanolic potassium hydroxide, the 1: 1 
adduct 12 isomerized to 8. O n the basis of the above 
fact and spectral da ta , 12 was assigned to be the trans 
[2 + 2] cycloadduct, 4,4a,9b,9c-tetrahydro-2,9c-diphen-
y l [ l ] benzo th i eno [3 ' , 2 ' : 3,4]azetidino[2,l-£] [1,3,4] ox­
adiazole. 

In the benzophenone photosensitized reaction of 1 
with 6a, the [ 2 + 2 ] cycloadduct 12 was formed as the 
sole product . Both electronic absorption spectra of 1 
and 6a show absorptions around 310 nm, while that 
of benzo[£]furan displays no appreciable absorption 
above 290 n m . When a solution of 1 and benzo[£]-
furan in benzene was irradiated with a high-pressure 
mercury lamp or with monochromatic light (313 nm) , 
the trans [ 2 + 2 ] cycloadduct 13 was obtained. Thus, 
it may concluded that the reaction for the formation of 
12 starts with a triplet excited state of 1. 
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7 + 8 + cd*r 
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1 2 KOH in EtOH g 
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in C6H6(4h) 

in MeCN(lOh) 
48 

53 

6a 

45 

21 

8 

3% 

6% 

Oo OqÖYh 

13 

Scheme 4. 

I n a previous paper5) we suggested that the reaction 
producing the oxadiazepine 4 starts with a singlet state 
of indene, and the subsequent interaction with 1 forms 
the betaine intermediate A which gives 4. The plausible 

N—N 

\/\y+ 

pathway for the formation of 9 is outlined in Scheme 5. 
By the absorption of light 6a is excited to the polar 
species B proposed in the photochemical reaction of 
6a.10> This is followed by interaction with 1 to give the 
betaine intermediate C like A, and subsequent ring 
opening of C with concurrent r ing closure affords 9. 
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The following result suggests a significant contribu­
tion of B to the formation of 9. Benzo[6]thiophene 1,1-
dioxide (14) cannot form an excited species such as B. 
The 1,1-dioxide 14 failed to add 1, but instead underwent 
a cinnamic acid type dimerization to give a mixture 
of two isomeric dimers 15 and 16. 

Although the photochemical reaction of 1 with 6a in 
acetonitrile did not give the oxadiazepine 9 (Table 1), 
irradiation in ethyl ether containing acetonitrile (5 mol 
to 6a) afforded the oxadiazepine 9 in 3 8 % yield; 
this fact indicates that acetonitrile does not act as an 
inhibitor for the formation of 9. Thus it may be viewed 
that the primary photoadduct 9 is readily dissociated 
to the starting materials in a polar solvent such as 
acetonitrile. 
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Scheme 6. 

Next, we investigated the photochemical reaction 
between 1 and methylbenzo[£]thiophenes. Without or 
with benzophenone as the sensitize, irradiation of 1 with 
2-methylbenzo[^]thiophene (6b) afforded 3-benzoyl-
2-methylbenzo[£]thiophene benzoylhydrazone (18) or 
[ 2 + 2 ] cycloadduct 19, respectively. The benzoyl­
hydrazone 18 might be interpreted as arising via the 
oxadiazepine 17, bu t no 17 was detected in the reaction 
mixture. O n the other hand, the photochemical reaction 
of 1 with 3-methylbenzo[£]thiophene (6c) did not give 
the corresponding oxadiazepine nor benzoylhydrazone, 
but instead the [ 2 + 2 ] cycloadduct 20 was formed in 
13% yield; this fact means that the polarized species of 
6c such as B does not contribute to the reaction, because 

of the electron-donating 3-methyl group. With benzo­
phenone as the sesitizer, the [ 2 + 2 ] cycloadduct 20 was 
obtained in 3 3 % yield. Upon irradiation, however, 
2,3-dimethylbenzo[6]thiophene (6d) did not react with 
1 (Scheme 6). Structures of the photoproducts, 18—20, 
were established by the spectral data . The stereo­
chemistry of 19 and 20 will be described later. 

I t is reasonable to conclude that the reactions produc­
ing the [ 2 + 2 ] cycloadducts 19 and 20, as well as the 
[ 2 + 2 ] cycloadduct 12, start with a triplet excited state 
o f l . 

Photochemical Reaction in the Presence of Iodine. 
Irradiat ion of 1 with 6a or 6b in the presence of iodine 
(20 mol % to 1) in benzene afforded the corresponding 
3-benzoylbenzothiophene 7 (16%) or 21 (1%) , and 
benzoylhydrazone 8 (50%) or 18 (15%), respectively. 
These results appear to be similar to that of the reaction 
with furan in the presence of iodine (Scheme 1). In the 
reaction of 1 with 6c under similar conditions, however, 
a new [ 2 + 2 ] cycloadduct 23 was obtained, together 
with 2-benzoyl-3-methylbenzo[£]thiophene (22) 
(Scheme 7). The benzoyl compounds 21 and 22 were 
identical with the respective authentic samples prepared 
from the Friedel-Crafts benzoylation of 6b and 6c. 

O n the basis of the following spectral data, 23 was 
assigned to be 4,4a,9a,9b-tetrahydro-2,9b-diphenyl-4a-
methyl[ l ]benzothieno[2 ' ,3 ' : 3,4]azetidino[2,l-£] [1,3,4]-
oxadiazole, whose structure corresponds to the reversed 
adduct of 20. The I R spectrum of 23 is very similar 
to that of 20. T h e chemical shift of methine proton in 
23 is comparable to that (ô 6.45) of the methine adjacent 
to the nitrogen a tom in the [ 2 + 2 ] cycloadduct 5, but 
not compatible with that in 20. The methyl proton 
signal in 23 appears at a higher field than that in 19, 
but at a lower field than that in 20. The stereochemistry 
of 23 will be also described later. 
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It is known that 6a undergoes electrophilic substitu­
tion with bromine to yield 3-bromobenzo[£]thio-
phene.12) Thus , we investigated the possibility of the 
formation of 8 from the photochemical reaction of 1 
with 3-iodobenzo[6]thiophene (24). As shown in 
Scheme 8, irradiation of 1 with 24 in benzene gave 
2-benzoyl-3-phenylbenzo[£]thiophene (25), its benzoyl­
hydrazone 26, 2-phenylbenzo[£]thiophene (27), and 
3-benzoyl-2-phenylbenzo[6]thiophene (28); no 7 and 8 
were formed. The benzoylhydrazone 26 may be 
interpreted as arising via interaction between 1 and 
3-phenylbenzo[6]thiophene which formed from the pho-
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tochemical reaction of 24 with the solvent (benzene). It 
has been reported that the t reatment of 3-phenyl-
benzothiophene with iodine does not give the 2-isomer 
27,13> but with hydrogen fluoride 3-phenyl derivative 
isomerizes to 27.14> The formation of 27 seems to be 
at t r ibutable to the isomerization of 3-phenyl derivative 
with hydrogen iodide generated in situ. 

2A 25 26 

ÛPU * OX NHCOPh 

27 

S-^Ph 

28 

Ph 

o^ÖPh- hv'u . 1 -f 6a + 7 + 8 

trace 
Scheme 8. 

21% 54% 

As mentioned above, the oxadiazepine 9 is photo-
chemically dissociated to the starting materials. How­
ever, we found that iodine inhibited the photochemical 
dissociation of 9. Irradiat ion of 9 in the presence of 
iodine afforded 3-benzoylbenzothiophene 7 and its 
benzoylhydrazone 8, together with traces of 1 and 6a 
(Scheme 8). I t is noteworthy that the yields of 7 and 8 
are almost equal to those in the direct irradiation of 1 
with 6a in the presence of iodine. In addit ion, upon 
irradiation of 9 in the presence of 2,5-di(p-tolyl)-l,3,4-
oxadiazole 7 and 8 were formed in 18 and 5 0 % yields 
respectively, but no 3-(/>-toluoyl)benzothiophene and its 
/»-toluoylhydrazone were formed. Thus , the formation 
of 8 in the direct i rradiat ion of 1 with 6a in the presence 
of iodine may be interpreted as arising via isomerization 
of the pr imary adduct 9 with iodine. 15> 

The photochemical reaction of 1 with 6c in the 
presence of iodine is comparable to that of 1 with indene 
producing the [ 2 + 2 ] cycloadduct 5. Although mecha­
nistic considerations are still speculative, a potential 
pa thway for the formation of 23 is outlined in Scheme 9, 
which is similar to that previously proposed for the 
formation of 5.5> The photochemical reaction of 6c with 
iodine yields the complex E via D . Subsequent interac­
tion between E and 1 forms the intermediate F , which 
undergoes r ing closure with loss of iodine to produce the 
[ 2 + 2 ] cycloadduct 23. 

Stereochemistry of [2+2] Cycloadducts 19, 20, and 23. 
I t is difficult to learn the stereochemistry of [2 + 2] 
cycloadducts 19, 20, and 23 from inspection of their 
N M R spectra. We have inadvertently found that the 
reduction of [ 2 + 2 ] cycloadducts with sodium boro­

hydride can be used to distinguish between the cis-
and trans-adducts. 

Reduction of the trans [ 2 + 2 ] cycloadduct 2 with 
sodium borohydride in boiling methanol gave the 
corresponding dihydro compound, 2-(2,3-dihydro-3-
furyl)-2,5-diphenyl-2,3-dihydro-l,3,4-oxadiazole (29). 

Similarly, trans [ 2 + 2 ] cycloadducts, 12 and 13, 
afforded the corresponding dihydro compounds, 30 and 
31, respectively. However, the eis [ 2 + 2 ] cycloadduct 5 
remarkably resisted toward reduction under similar 
conditions; 5 was recovered quantitatively. 

NaBH4 

in boiling MeOH Ph 

29 

1 2 NaBH, N-NH 
in boiling MeOH Ph cH— "N^ "l 

1 3 NaBH4 N-NH 
in boiling MeOH P\V~ 

5 , 1 9 , 20 and 2 3 - NaBH, 
in boiling MeOH 

Scheme 10. 

no reaction 

The above facts indicate that trans [ 2 + 2 ] cycload­
ducts, 2 ,12 , and 13, are susceptible to reductive cleavage 
with sodium borohydride owing to their ring strain, and 
that this method can be used to diagnose the stereo­
chemistry of [ 2 + 2 ] cycloadducts, 19, 20, and 23. The 
cycloadducts, 19, 20, and 23, as well as 5, did not 
undergo reductive cleavage with sodium borohydride 
(Scheme 10). Thus , 19, 20, and 23 may be assigned to 
the corresponding m-adducts respectively. 

E x p e r i m e n t a l 

All melting and boiling points are uncorrected. The IR 
spectra were measured in KBr disks, and NMR spectra were 
determined at 60 MHz with a Hitachi R-20 NMR spectrom­
eter with TMS as an internal reference. The mass spectra 
were obtained on a Hitachi RMS-4 mass spectrometer, using 
a direct inlet and an ionization energy of 70 eV. Unless 
otherwise stated, irradiations were performed with Pyrex-
filtered light from a 300-W high-pressure mercury lamp (Taika 
HLV-B) below 15 °C in a nitrogen atmosphere. Irradiation 
with monochromatic light (313 nm) was performed with a 
100-W high-pressure mercury lamp (Riko UVL-100P) utiliz­
ing the potassium biphthalate aqueous solution16) as a filter. 

Photochemical Reaction of 2,5-Diphenyl-l,3,4-oxadiazole (1) with 
Benzo\h\thiophene (6a). A solution of 1.11 g (5x l0 - 3 

mol) of 1 and 2.01 g (1.5 X 10~2 mol) of 6a17> in 250 ml of 
benzene was irradiated for 1 h. The solvent from the 

6c -ÖP^-OQf— Cde 

D 

-N-N 
*X il I Prf^O^Ph 

F 

- 23 

* s + or 
Scheme 9. 



December, 1977] Photochemistry of Heterocycles. V I I 3285 

mixture was removed in vacuo to afford a residue, which was 
tri turated with 30 ml of diethyl ether giving pale yellow 
needles. Filtration gave 0.43 g (24%) of oxadiazepine 9, 
mp 172—173 °G, which was subjected to microanalysis without 
further purification. I R 1607, 1560 c m - 1 ( v c = N ) ; mass 
spectrum m/e 356 (M+), 253 ( M + - P h C N ) , 251 ( M + - P h C O ) , 
236 ( M + - P h C O N H ) , 223, 222, 221, 189, 121, 105, 77. 
Found: C, 73.88; H , 4 .43; N , 7.70%. Calcd for C2 2H1 6N2-
O S : C, 74.14; H , 4 .53; N , 7.86%. 

T h e ether filtrate was evaporated in vacuo, and the residue 
was chromatographed on alumina using hexane and benzene 
as eluents. From the hexane elution 1.76 g (88%) of 6a , 
and from the hexane-benzene (1 :1 ) elution 60 mg (5%) of 
3-benzoylbenzo[è]thiophene (7) and traces of the benzoyl-
hydrazone 8 were obtained respectively. T h e benzene 
elution gave 0.48 g (43%) of 1. 

7 : yellow oil; I R (neat) 1645 c m - 1 (vc=0). This compound 
was identical with an authentic sample prepared by the reac­
tion described below. 

8 : colorless needles, m p 172—173 °G; I R 3340 (vNH), 
1640 cm- 1 ( v o o ) ; N M R (CDC13) Ô 7—8 (15H, m, aromatic 
protons), 9.05 (1H, br, N H ) ; mass spectrum m/e 356 (M+), 

251 ( M + - P h C O ) , 236 ( M + - P h C O N H ) , 233 ( P h O ^ N N H -
COPh) , 222, 221, 181, 121 ( [PhCO-NH 2 ]+) , 105, 77. Found: 
C, 74.18; H , 4.36; N , 7 .73%. Calcd for C 2 2 H 1 6 N 2 OS: C, 
74.14; H , 4.53; N , 7.86%. This compound was identical 
with an authentic sample prepared from 7 and benzoyl-
hydrazine. 

Similar photochemical reactions were carried out in various 
solvents, and the results are given in Tab le 1. 

3-Benzqylbenzo[b]thiophene (7). A solution of 2.0 g of 
benzonitrile in 20 ml of diethyl ether was added to a solution 
of 3-benzo[£]thienylmagnesium bromide which was prepared 
in situ from 3-bromobenzo[é]thiophene12> (3.3 g) and metallic 
magnesium (0.55 g) in 20 ml of diethyl ether, a t 0 °C. T h e 
reaction mixture was stirred a t room temperature for 1 h , and 
then refluxed for 30 min. After the mixture was stirred with 
1 ml of coned hydrochloric acid, the ether layer was evaporated 
in vacuo, and the residue was chromatographed on a lumina 
using benzene as an eluent to give 0.4 g (11%) of 7. 

Isomerization of Oxadiazepine 9. A suspension of 0.3 g 
of 9 in 30 ml of benzene was refluxed for 3 h. T h e solvent 
from the mixture was removed in vacuo, and the residue was 
triturated with small amounts of diethyl ether to give 0.29 g 
(97%) of benzoylhydrazone 8. 

Reduction of Oxadiazepine 9 with Sodium Borohydride. A 
suspension of 0.2 g of 9 in 40 ml of methanol was stirred 
with 0.1 g of sodium borohydride at room tempera ture for 
1 h. T h e reaction mixture was poured into 100 ml of water , 
giving 0.2 g (ca. 100%) of crystals. Recrystallization from 
methanol afforded the dihydro compound 10, m p 187— 
188 °C, as colorless needles. I R 3320 (i>NH), 1650 cm" 1 

(vCsaN); N M R (CDC13) Ô 4.67 (1H, t, >CH, 7 = 8 Hz) , 6.23, 
6.32 (each 1H, d, >CH, J = 8 Hz) , 6.5—7.8 (14H, m, aromatic 
protons), 8.0 (1H, br , N H ) ; mass spectrum m/e 358 (M+), 
356 ( M + - H 2 ) , 224 ( [PhCH=NNHCOPh]+) , 223, 147 ( 2 2 4 -
Ph), 134, 121 ( [PhCONH 2 ]+) , 105, 91, 89, 77. Found: 
C, 73.75; H , 4.86; N , 7.80%. Calcd for C 2 2 H 1 8 N 2 OS: C, 
73.77; H , 5.06; N , 7.82%. 

Similarly, reduction of 9 with sodium borohydride-rf4 in 
methanol -^ , and recrystallization of the product from me­
thanol afforded the dihydro compound 10-fl?x, m p 184— 
185 °C, as colorless needles. N M R (GDG1S) ô 4.67, 6.25 
(each 1H, d, >CH, y = 8 H z ) , 6.5—7.8 (14H, m , aromatic 
protons), 8.1 (1H, br , N H ) ; mass spectrum m/e 359 (M+), 
358, 357 ( M + - H 2 ) , 356, 225 ( [PhCD=NNHCOPh]+) , 224, 
148 ( 2 2 5 + - P h ) , 134, 121, 105, 92, 90. 

l-Benzqyl-2-[a-(3-benzo[h]thienyl)benzyl]hydrazine (11). 
i) A solution of 1.35 g of 10 in 20 ml of methanol was stirred 
with 2 ml of coned hydrochloric acid at room tempera ture for 
10 h. T h e reaction mixture was evaporated in vacuo, and the 
residue was tr i turated with 20 ml of diethyl ether, giving 
0.95 g (70%) of crystals. Recrystallization from methanol 
afforded the hydrazine 11 , m p 165—166 °C, as colorless 
prisms. I R 3300, 3240 (vNH), 1650 c m - 1 (vCss0); N M R 
(CDCI3) à 4.74, 8.0 (each 1H, br , N H ) , 5.75 (1H, s, >CH) , 
7.0—8.0 (15H, m, aromat ic protons); mass spectrum m/e 
358 (M+), 237 ( M + - P h C O N H 2 ) , 208 ( [ P h C H = N - N = C H -
Ph]+), 189, 178, 134, 121, 105, 91 , 89, 77. Found : C, 73.60; 
H , 4.87; N , 7.87%. Calcd for C 2 2 H 1 8 N 2 OS: C, 73.77; H , 
5.06; N , 7.82%. 

A similar t rea tment of the dihydro compound 1 0 - ^ afforded 
the hydrazine U-d1} m p 164—166 °C, in 8 0 % yield. N M R 
(CDG1,) ô 4.74, 8.0 (each 1H, br, N H ) , 7.0—8.0 (15H, m, 
aromatic protons) ; mass spectrum m/e 359 (M+), 237, 236, 
225, 224, 209, 190, 180, 178, 148, 134, 122, 105, 92, 77. 

ii) A solution of 0.14 g of 3-benzoylbenzothiophene 7 in 
20 ml of methanol was stirred with 50 mg of sodium boro­
hydride a t room tempera ture for 30 min. T h e reaction 
mixture was poured into 50 ml of water , and the aqueous 
solution was acidified with hydrochloric acid, and then ex­
tracted with chloroform. T h e extract was concentrated in 
vacuo, and the residue was chromatographed on silica gel 
using chloroform as an eluent to give 90 mg (64%) of 3-benzo-
[è]thienylphenylmethanol as pale yellow oil. I R (neat) 
3300—3400 c m - 1 (v 0 H ) ; N M R (CC14) ô 3.75 (1H, br, O H ) , 
5.62 (1H, s, >CH) , 6.9—7.8 (10H, m, aromatic protons); 
mass spectrum m/e 240 (M+), 233 ( M + - O H ) , 221, 163 
( M + - P h ) , 161, 135, 105, 77. 

After 70 mg of the alcohol was heated with 2 ml of phos­
phorus trichloride under reflux for 1 h, excess phosphorus 
trichloride from the mixture was removed in vacuo. T h e 
residue was treated with 0.1 g of benzoylhydrazine to give 
crystals, which on recrystallization from methanol gave 10 mg 
of the hydrazine 11 , m p 165—166 °C. 

Irradiation of Oxadiazepine 9. A suspension of 1.0 g 
of 9 in 250 ml of benzene was i r radia ted for 4 h. T h e solvent 
from the mixture was removed in vacuo, and the residue was 
chromatographed on a lumina . From the hexane elution 
0.17 g (45%) of benzothiophene 6a , and from the h e x a n e -
benzene ( 1 : 1) 50 mg (7%) of benzoylbenzothiophene 7 were 
obtained respectively. Finally, 30 mg (3%) of the [ 2 + 2 ] 
cycloadduct 12 and 0.3 g (48%) of oxadiazole 1 were separated 
from the benzene elution. 

12: colorless prisms, m p 187—188 °G. I R 1645 c m - 1 

(v c = N ) ; N M R (CDCI3) ô 4.85, 6.97 (each 1H2 d, >CH, J= 
2.5 Hz) , 7.1—8.0 (14H, m, aromatic protons); mass spectrum 
m/e 356 (M+), 253 ( M + - P h C N ) , 251 ( M + - P h C O ) , 237 
( M + - P h C N O ) , 210, 164, 134, 121, 105, 77. Found : C, 
74.05; H , 4.31 ; N , 7 . 7 1 % . Calcd for C 2 2 H 1 6 N 2 OS: C, 74.14; 
H , 4 . 5 3 ; N , 7.86%. 

A similar i r radiat ion of 9 was performed in acetonitrile for 
10 h , and the yields of products are given in Scheme 4. 

Isomerization of the [2+ 2] Cycloadduct 12. A solution of 
0.2 g of 12 in 30 ml of ethanol was stirred with 0.1 g of potas­
sium hydroxide a t 60—70 °C for 1 h. T h e reaction mixture 
was poured into 50 ml of water , and neutralized with 10% 
hydrochloric acid to give crystals. Recrystallization from 
methanol afforded 20 mg (10%) of the benzoylhydrazone 8. 

Photochemical Reaction of Oxadiazole 1 with Benzothiophene 6a 
in the Presence of Benzophenone. A solution of 1.11 g (5 X 
IO-3 mol) of 1, 2.01 g (1.5 x l u - 2 mol) of 6a , and 0.45 g (2.5 X 
10 - 3 mol) of benzophenone in 250 ml of benzene was irradiated 
for 10 h, T h e solvent from the mixture was removed in 
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vacuo, and the residue was chromatographed on silica gel using 
benzene and then chloroform as eluents. T h e first elution 
gave 1.25 g of a mixture of 6a and benzophenone. From the 
second and third elutions, 0.25 g (14%) of the [ 2 + 2 ] cyclo-
adduct 12, and 0.65 g (59%) of 1 were isolated respectively. 

Photochemical Reaction of Oxadiazole 1 with Benzo[h]furan. 
i) A solution of 1.11 g (5 X 10~3 mol) of 1 and 1.77 g ( 1.5 X 
10 - 2 mol) of benzofuran18) in 250 ml of benzene was i r radiated 
for 10 h. T h e solvent from the mixture was removed in vacuo, 
and the residue was chromatographed on a lumina using 
benzene as an eluent, giving 0 .93g (53%) of benzofuran, 
0.22 g (13%) of the [2 + 2] cycloadduct 13, and 0.85 g (77%) 
of 1. 

13 : colorless prisms, m p 216—218 °C. I R 1670 cm" 1 

(v c = N ) ; N M R (GDClg) Ô 4.68 (1H, m, >CH), 7.03 (1H, d, 
>CH, J= 1.0 Hz) , 6.8—7.9 (14H, m, aromatic protons) ; 
mass spectrum m/e 340 (M+), 312 ( M + - C O ) , 311, 237 ( M + -
P h C N O ) , 207 ( 3 1 2 + - P h C O ) , 194, 178, 118, 105, 77. 
Found : C, 77.63; H , 4.67; N , 8 .26%. Calcd for C22H16-
N 2 0 : C, 77.63; H , 4.74; N , 8 .23%. 

A similar photochemical reaction in diethyl ether for 10 h 
afforded 0.15 g (9%) of 13, together with recovery of 1 (47%) 
and benzofuran (56%) . 

ii) A solution of 1.11 g of 1 and 1.77 g of benzofuran in 
600 ml of benzene was i r radiated with monochromatic light 
(313 nm) for 30 h. A similar t rea tment afforded 50 mg (3 % ) 
of 13, together with 0.82 g (74%) of 1 and 1.2 g (68%) of 
benzofuran. 

Irradiation of Benzo[b]thiophene 1,1-Dioxide (14) in the Presence 
of Oxadiazole 1. A solution of 1.9 g (1.1 X 10~2 mol) of 
1419> and 1.11 g ( 5 x IO-3 mol) of 1 in 250 ml of diethyl ether 
was i r radiated for 10 h. Filtration gave 0.74 g (39%) of 
crystals. Recrystallization from chloroform gave colorless 
needles, mp^>300 °C, which were a mixture of the head to 
tail d imer 1520> and head to head dimer 1620> by inspection 
of the I R spectrum. 

T h e filtrate was evaporated in vacuo to afford 1.92 g of a 
mixture of 1 and the dimers. 

Photochemical Reaction of Oxadiazole 1 with 2-Methylbenzo[b]-
thiophene (6b). i) Without Benzophenone : A solution of 
1.11 g ( 5 x IO-3 mol) of 1 and 2.22 g (1.5 X 10~2 mol) of 6b21) 
in 250 ml of diethyl ether was i r radia ted for 10 h. T h e 
solvent from the mixture was removed in vacuo, and the residue 
was chromatographed on a lumina using benzene and then 
chloroform. From the benzene elution, 0.97 g (44%) of 6 b , 
and 0.61 g (55%) of 1 were recovered. T h e benzene-chloro­
form elution afforded 0.29 g (16%) of 3-benzoyl-2-methyl-
benzo[£]thiophene benzoylhydrazone (18), m p 125—126 °C, 
as colorless prisms. I R 3240 0>NH), 1675 c m - 1 (v c_0) , N M R 
(CDCI3) Ô 2.40 (3H, s, GH, ) , 7.0—8.2 (14H, m, aromat ic 
protons), 9.0 (1H, br , N H ) ; mass spectrum m/e 370 (M+), 
265 ( M + - P h C O ) , 250 ( M + - P h C O N H ) , 249, 235 ( M + -

P h C O N H N H ) , 234, 223 ( P h C = N N H C O P h ) , 221, 147, 105, 
77. Found : C, 74.47; H , 5.01 ; N , 7 .33%. Galcd for C23H18-
N 2 O S : C, 74.58; H , 4.90; N , 7 .56%. 

ii) With Benzophenone: A solution of 1.11 g of 1, 2.22 g 
of 6 b , and 0.275 g (1.5 x 10 - 3 mol) of benzophenone in 250 ml 
of benzene was i r radiated for 10 h. T h e solvent from the 
mixture was removed in vacuo, and the residue was chromato­
graphed on a lumina. From the benzene elution, 1.40 g of a 
mixture of 6 b and benzophenone, and 0.1 g (5%) of the 
[ 2 + 2 ] cycloadduct 19 were isolated, and the chloroform 
elution gave 0.67 g (60%) of 1. 

19: colorless prisms, m p 204—205 °C. I R 1645 c m - 1 

(x>c=N) ; N M R (CDCI3) ô 2.04 (3H, s, CH 3 ) , 4.64 (1H, s, >CH) , 
7.0—8.0 (14H, m, aromatic protons); mass spectrum m/e 370 
(M+), 267 ( M + - P h C N ) , 265 ( M + - P h C O ) , 237 ( 2 6 5 + - N 3 ) , 

235, 223, 221, 148, 105, 77. Found : C, 74.52; H , 4.75; N, 
7 .71%. Calcd for C 2 3 H 1 8 N 2 OS: C, 74.58; H , 4.90; N , 7.56%. 

Photochemical Reaction of Oxadiazole 1 with 3-Methylbenzo[b]-
thiophene (6c). i) Without Benzophenone: A solution of 
2.22 g (10-2 mol) of 1 and 4.44 g ( 3 x 10~2 mol) of 6c22> in 
250 ml of diethyl ether was irradiated for 10 h. T h e reaction 
mixture was concentrated in vacuo, and the residue was chro­
matographed on a lumina using benzene and benzene-chloro­
form as eluents. From the benzene elution, 2.7 g (61%) of 6c 
and 65 mg (2%) of the [ 2 + 2 ] cycloadduct 20 were isolated, 
and the benzene-chloroform elution gave 0.68 g (31%) of 1. 

20 : colorless prisms, m p 267—268 °C. I R 1645 cm" 1 

(? 0 = N ) ; N M R (CDCI3) ô 1.07 (3H, s, CH 3 ) , 6.87 (1H, s, >CH), 
7.0—8.1 (14H, m, aromatic protons); mass spectrum m/e 370 
(M+), 267 ( M + - P h C N ) , 265 ( M + - P h C O ) , 237 ( 2 6 5 + - N 2 ) , 
224, 221, 147, 105, 77. Found: C, 74.43; H , 4.87; N , 7.57%. 
Calcd for C 2 3 H 1 8 N 2 OS: C, 74.58; H , 4.90; N , 7.56%. 

A similar photochemical reaction in benzene affords the 
[ 2 + 2 ] cycloadduct 20 in 1 3 % yield. 

ii) With Benzophenone: A solution of 1.11 g (5X 10 - 3 mol) 
of 1, 2.22 g (1.5 X 10-2 mol) of 6c, and 0.28 g (1.5 x 10~3 mol) 
of benzophenone in 250 ml of benzene was irradiated for 10 h. 
A similar work-up afforded 1.17 g of a mixture of 6c and 
benzophenone, 0.61 g (33%) of 20, and 0.52 g (47%) of 1. 

Photochemical Reaction in the Presence of Iodine. i) Reaction 
with Benzothiophene 6a: A solution of 2.0 g ( 9 x 10 - 3 mol) of 
oxadiazole 1, 4.0 ( 3 x 10~2 mol) of 6a , and 0.46 g (1.8 x 10"3 

mol) of iodine in 500 ml of benzene was irradiated for 20 h. 
T h e solvent from the mixture was removed in vacuo, and 
chromatographic separation of the residue on alumina using 
benzene and then chloroform as eluents afforded 2.9 g (73%) 
of 6a, 0.35 g (16%) of 3-benzoylbenzothiophene 7, 0.21 g 
(11%) of 1 (from the benzene elution), and 1.59 g (50%) of 
the benzoylhydrazone 8 (from the benzene-chloroform 
elution). 

ii) Reaction with 2-Methylbenzothiophene 6b: A solution of 
1.11 g ( 5 x IO-3 mol) of 1, 2.22 g (1.5 x 10~2 mol) of 6 b , and 
0.25 g (10~3 mol) of iodine in 250 ml of benzene was irradiated 
for 10 h. A similar work-up afforded 15 mg (1%) of 3-
benzoyl-2-methylbenzo[6]thiophene (21) and 0.28 g (15%) 
of the benzoylhydrazone 18, together with recovery of 0.6 g 
(54%) of 1 and 1.05 g (47%) of 6b . 

T h e compound 2 1 , m p 73—74 °C, was identical with an 
authentic sample prepared from the Friedel-Crafts benzoyla-
tion of 6 b . 

Hi) Reaction with 3-Methylbenzothiophene 6c: A solution 
of 1.11 g of 1, 2.22 g of 6c , and 0.25 g of iodine in 250 ml of 
benzene i rradiated for 10 h. A similar work-up afforded 
75 mg (6%) of 2-benzoyl-3-methylbenzo[£]thiophene (22) 
and 0.15 g (8%) of the [ 2 + 2 ] cycloadduct 23 , together with 
recovery of 0.98 g (44%) of 6c and 0.21 g (19%) of 1. The 
compound 22, m p 67—68 °C, was identical with an authentic 
sample prepared from the Friedel-Crafts benzoylation of 6c. 

2 3 : colorless prisms, m p 152—153 °C ; I R 1640 c m - 1 

("C=N); N M R (CDC13) Ö 1.83 (3H, s, CH 3 ) , 6.37 (1H, s, 

7>CH), 6.9—8.1 (14H, m, aromatic protons); mass spectrum 
m/e 370 (M+), 267 ( M + - P h C N ) , 265 ( M + - P h C O ) , 237 
( 2 6 5 + - N 2 ) , 224, 223, 222, 165, 149, 148, 105, 77. Found 
C, 74.23; H , 4.56; N , 7.36%. Calcd for C 2 3 H 1 8 N 2 OS: C : 
74.58; H , 4.90; N , 7.56%. 

Photochemical Reaction of Oxadiazole 1 with 3-Iodobenzo\b\-
thiophene (24). A solution of 1.11 g (5 X 10~3 mol) of 1 
and 0.73 g (2.8 X 10~3 mol) of 2423> in 250 ml of benzene was 
irradiated for 10 h. T h e solvent from the mixture was re­
moved in vacuo, and the residue was chromatographed on 
a lumina using hexane, benzene, and then chloroform as 
eluents. From the hexane elution, 0.15 g (21%) of 24 and 
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40 mg (7%) of 2-phenylbenzo[i] thiophene (27) were obtained. 
From the benzene elution, 65 mg (7%) of 2-benzoyl-3-phenyl-
benzo[6]thiophene (25) and 0.59 g (53%) of 1 were isolated, 
and finally the chloroform elution gave 15 mg (1%) of 3-
benzoyl-2-phenylbenzo[£]thiophene benzoylhydrazone (28) 
and 0.22 g (18%) of 2-benzoyl-3-phenylbenzo[è]thiophene 
benzoylhydrazone (26). 

25 : colorless prisms, m p 105—106 °C; I R 1630 c m - 1 

(v0 =o); m a s s spectrum mje 314 (M+), 286 ( M + - G O ) , 237 
( M + - P h ) , 209 ( M + - P h C O ) , 165 ( M + - P h C O S ) , 105, 77. 
Found : C, 80.20 ; H , 4 .50%. Calcd for C2 1H1 4OS : C, 80.24 ; 
H , 4 .49%. This compound was identical with an authentic 
sample prepared from the Friedel-Crafts benzoylation of 3-
phenylbenzo[£]thiophene.14> 

26: colorless prisms, m p 177—178 °C; I R 3160 (vNH), 
1660cm- 1 (vCzs0); N M R (CDC13) Ô 7.0—8.2 (19H, m, 
aromatic protons), 8.5 (1H, br, N H ) ; mass spectrum mje 432 
(M+), 327 ( M + - P h C O ) , 311 ( M + - P h C O N H 2 ) , 297 ( M + -

P h C O N H N H ) , 223 ( P h C ^ N N H C O P h ) , 105, 77. Found : C, 
77.62; H , 4.63; N , 6.42%. Calcd for C 2 8 H 2 ü N 2 OS: C, 
77.76; H , 4.66; N , 6 .48%. Hydrolysis of 26 with hydro­
chloric acid in boiling ethanol for 1 h afforded 25 in 2 8 % 
yield. 

27: colorless needles, m p 177—178 °C (lit,14) m p 174— 
175 °C) ; I R 1600, 1480, 1440, 1420 c m - 1 ; mass spectrum mje 
178 ( M + - S ) , 176, 165 ( M + - C H S ) , 134, 92, 77. 

28 : colorless needles, m p 183—184 °G; I R 3360 (vNH), 
1690 c m - 1 (vc=0); mass spectrum mje 432 (M+), 327 (M+— 
PhCO) , 311 ( M + - P h C O N H 2 ) , 297 ( M + - P h C O N H N H ) , 
223, 105, 77. Found : C, 77.29; H , 4.59; N , 6.49%. Calcd 
for C 2 8 H 2 0 N 2 OS: C, 77.76; H , 4 .66; N , 6 .48%. 

Irradiation of Oxadiazepine 9 in the Presence of Iodine. i) A 
suspension of 0.5 g (1 .4x 10 - 3 mol) of 9 in 250 ml of benzene 
was irradiated with 0.107 g (30 mol % to 9) for 3 h. T h e 
solvent from the mixture was removed in vacuo, and chromato­
graphic separation afforded traces of 6a , 70 mg (21%) of 7 
(from the benzene elution), traces of 1 and 0.27 g (54%) of 8 
(from the chloroform elution). 

iï) A suspension of 0.5 g of 9 in 250 ml of benzene i r radiated 
in the presence of 0.107 g of iodine and 0.7 g (2.8 X 10~3 mol) 
of 2,5-di(/>-tolyl)-l,3,4-oxadiazole for 3 h. A similar work-up 
afforded 60 mg (18%) of 7 and 0.25 g (50%) of 8, together 
with recovery of 0.62 g (89%) of ditolyloxadiazole. 

Reduction of the [ 2 + 2 ] Cycloadducts with Sodium Borohydride. 
A solution of 0.2 g of the [2 + 2] cycloadduct 2 in 20 ml of 
methanol was refluxed with 0.1 g of sodium borohydride for 
3 h. T h e solvent from the mixture was removed in vacuo, and 
30 ml of water was added to the residue to give crystals, 
which on recrystallization from methanol afforded 30 mg 
(15%) of the dihydro compound 29, m p 142—143 °C, as 
colorless prisms. I R 3240 (vNH), 1620 c m " 1 (v c = N ) ; N M R 

(CDC13) Ô 2.9—3.9 (3H, m, C H 2 and N H ) , 4.8, 6.7 (each 1H, 
m, =GH), 5.1 (1H, m , >CH), 6.9—7.9 (10H m, aromatic 
protons) ; mass spectrum mje 292 (M+), 290, 263 ( M + - C H O ) , 
261, 187 ( M + - P h C O ) , 185, 170, 159, 157, 145, 128, 115, 
105, 77. Found : C, 74.11; H , 5.48; N , 9.30%. Calcd for 
C 1 8 H 1 6 N 2 0 2 : C, 73.95; H , 5.52; N , 9 .58%. 

Similar reductions of the [2 + 2] cycloadducts 12 and 13 
with sodium borohydride in boiling methanol for 1 h afforded 
the corresponding dihydro compounds 30 and 31 in 28 and 
4 0 % yields respectively. 

30 : colorless prisms, m p 152—153 °C ; I R 3260 (vNH), 
1620 c m - 1 (v c = N ) ; N M R (CDC13) ô 3.20 (1H, dd, H C H , 
7 - 6 , 12 Hz) , 3.6 (1H, br, N H ) , 3.70 (1H, dd , H C H , J=7, 
12 Hz) , 4.18 (1H, dd , >CH, J=6, 7 Hz) , 7.0—8.0 (14H, m, 
aromatic protons); mass spectrum m/e 358 (M+), 356, 253 

( M + - P h C O ) , 212, 211, 210, 165, 121, 105, 77. Found : C, 
73.76; H , 5.04; N , 7 .93%. Calcd for C 2 2 H 1 8 N 2 OS: C, 
73.73; H , 5.06; N , 7.82%. 

31: colorless prisms, m p 182—183 °C ; I R 3220 (vNH)> 
1660 c m - 1 (vc=0); N M R (CDC13) ô 3.25 (1H, dd, H C H , 
y = 4 , 12 Hz , when exchanged with D 2 0 , this signal changed 
to a doublet with / = 1 2 H z ) , 3.74 (1H, dd , H C H , J=6, 
12 Hz) , 4.10 (1H, d, >CH, J = 6 Hz) , 4.6 (1H, m, N H ) , 6.7— 
7.9 (14H, m, aromatic protons); mass spectrum m/e 342 (M+), 
340, 237 ( M + - P h C O ) , 222, 220, 207, 194, 165, 105, 77. 
Found : C, 77.13; H , 5.17; N , 8.16%. Calcd for C 2 2 H 1 8 N 2 0 2 : 
C, 77.17; H , 5.30; N , 8.18%. 

T h e [ 2 + 2 ] cycloadducts, 5, 19, 20, and 23, were inert with 
similar reduction. 
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The title carbenoids (7 and 8) prepared by the action of butyllithium on dihalocyclopropanes are smoothly 
methylated with methyl iodide. The product ratio of m-methylated product (3)/fra/w-methylated one (4) (or 
tfrtdb-methylated product (5)/^o-methylated one (6) is found to depend on the aging period of the carbenoids; 
thermodynamic equilibration gives almost 3 or 5. This procedure has been extended to general alkylation by 
utilizing HMPA co-solvent. The resulting a-alkylated cyclopropyl halides are converted into allylic acetates 
or cyclopropyl acetates upon acetolysis and also into alkylidenecyclopropanes upon base treatment. The 
protonolysis of 8 gives trans- or ̂ xo-bromocyclopropanes stereoselectively. 

Halogen-metal exchange of g<em-dihalo compounds 
with alkyllithium occurs easily to give li thium car­
benoids which are generally nucleophilic enough to 
react with various electrophiles at low temperatures.1) 
The title carbenoids derived from olefin-dihalocarbene 
adducts are thermally labile and decompose above 
— 50 °C.2> This instability has restricted their synthetic 
use only to such intramolecular process leading to aliène 
and/or bicyclobutane formation.3) As lithiation of gem-
dihalocyclopropanes proceeds rapidly even at sufficiently 
low temperature (e.g. — 110°C) and the resulting 
carbenoids are stable for several hours to exist as such 
at —95 °C,4> we have studied to utilize the reactive 
intermediates for synthetic purpose and found these 
species can actually add to carbonyl compounds, 
affording cyclopropyl ketones, cyclobutanones or 1,1-
cyclopropanedicarboxylates.5) This article describes 
alkylation of the carbenoids and several transformations 
of the resulting a-alkylcyclopropyl halides.6) 

Alkylation of oi-Halocycloprophyllithiums. The car­
benoids generated by lithiation of ^w-dibromocyclo-
propanes (1 or 2) at —95 °C with butylli thium were 
converted into a-alkylcyclopropyl bromides in good 
yields upon treatment with excess alkyl halides. Meth-
ylation was scrutinized first in the hope that the present 
reaction would provide a short-cut methodology to 
construct a methyl substituted cyclopropane moiety 
commonly found among various natural products.7) T h e 
results are summarized in Table 1. Addition of methyl 
iodide after 10 minutes ' aging of the carbenoids (condi­
tions A) resulted in the exclusive or a t least predominant 
formation of m-methylated products 3 or ^nt/o-methylat-

TABLE 1. YIELD (%) OF THE PRODUCTS IN THE METHYLA-

TION OF 1,1-DIBROMOCYCLOPROPANES AND THE 

PRODUCT RATIOS (3: 4 OR 5: 6) 

Dibromo-
cyclo-

propane 

l a 
l b 
l c 
2a 
2b 

3 a + 4 a 
3 b + 4 b 
3 c + 4 c 
5 a + 6 a 
5 b + 6 b 

A 

70(100: 0) 
66(88: 12) 
89(100: 0) 
60(100: 0) 
55(100:0) 

Condi tionsa> 
,̂  
B 

92(75: 25) 
80(77: 23) 
73(63: 37) 
67(81: 19) 
59(89: 11) 

C 

90(38: 62) 
72(78: 22) 
92(77:23) 
86(80: 20) 
99(78: 22) 

a) Details given in the Experimental part. Scheme 1. 

ed ones 5 . This might be ascribed to the thermo-
dynamically preferred configuration of the carbenoid. 
When methyl iodide is present at the stage of lithium-
halogen exchange, the resulting carbenoid should be 
methylated spontaneously before the configurational 
isomerization of the carbenoid (conditions B). The 
experiments showed a little increase of tam.y-methylated 
isomers 4 or &*o-methylated ones 6. Furthermore, 
the use of hexamethylphosphoric triamide (HMPA) co-
solvent is expected to prompt the alkylation (conditions 
C). These conditions may reflect to some extent the 
susceptibility of each geminal bromine atom to the 
lithium-bromine exchange. The products were obtained 
in better yields with almost the same isomer ratio as 
conditions B, in general, with the exception of the 
reaction of l a , which yielded the otherwise less favored 
1somer 4 a now predominantly. 

These observations can be understood by the Scheme 
1. Less hindered bromine atom is preferentially lithiated 
to give a carbenoid 7 which isomerizes to thermodynam-
ically more stable isomer 8.8) Subsequent methylation 
of 8 and 7 proceeds with retention of configuration to 
yield 3 (or 5) and 4 (or 6) respectively. The exclusive 
formation of 3 or 5 under the conditions A may be 
attr ibuted to complete isomerization of 7 to 8. The 
exclusive formation of 3c from l c is particularly attrib­
utable to the ethereal substituent.9) 

In contrast, however, methylation of l,l-dichloro-2-
phenylcyclopropane ( Id) afforded 3f and 4f with 12: 88 
ratio under the conditions A, possibly due to slow 
configurational isomerization of the intermediary car-

RV / X n-BuU 

1 or 2 

R.1 , L i 

8 

It 

R3 

3 or 5 

4 or 6 
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Br 
R w 

a, R = P h , X = B r 
b, R=n-C6H13, X = B r 
c, R=PhCH2OCH2 , X = B r 
d, R = P h , X=C1 

Rv /R' R 

Br 

a, R = H 
b, R = M e 

M; X. 
a, R = P h , R ' = M e , X = B r 
b , R=n-C6H13, R ' = M e , X = B r 
c, R=PhCH2OGH2 , R ' = M e , X = B r 
d, R = P h , R '=CH 2 =CHCH 2 , X = B r 
e, R = P h , R ' = E t , X = B r 
f, R = P h , R ' = M e , X=C1 
g, R = P h , R ' = H , X = B r 
h, R=«-C6H13, R ' = H , X = B r 
i, R=PhCH2OCH2 , R ' = H , X = B r 
j , R = P h , R ' = H , X=C1 

Br 

Br R' 

a, R = H , R ' = M e 
b, R = M e , R ' = M e 
c, R = H , R := Crl2=CHCH2 
d, R = H , R'=Me2C=CHCH2 

e, R = H , R ' = H 
f, R = M e , R ' = H 

benoids.10) 
Alkylation with ethyl iodide or allyl bromide required 

modification of the reaction conditions. Both halides 
turned out to react sluggishly. The use of H M P A co-
solvent was found indispensable in order to eliminate 
the possible decomposition of carbenoids during the 
long reaction time. Another complicating side reaction 
was elimination of hydrogen halide from alkyl halides 
having ^-hydrogen. This was, however, successfully 
suppressed by the addition of copper(I) salt such as 
copper(I) iodide or phenylacetylide.11) Thus, l a was 
converted to 3d and 4 d (89: 11, 5 9 % yield) and to 
3e and 4e (94: 6, 54% yield) respectively in the presence 
of Cu(I) . Noteworthy is the alkylation of 7,7-dibro-
monorcarane with allyl bromide or 3-methyl-2-butenyl 
bromide; m/o-alkylated product 5c (87%) or 5d (77%) 
was obtained exclusively. I t should be noted that the 
coupling of 3-methyl-2-butenyl bromide with the 
carbenoid occurred a t the a-position and no trace of 
£N2' product was detected. 

Stereoselective Reduction of gem-Dihalocyclopropanes. 
Protonolysis of the carbenoids, prepared as above, is 
expected to give monohalocyclopropanes12) with high 
degree of stereoselectivity. Thus, production of the 
carbenoids according to the conditions A and the 

TABLE 2. STEREOSELECTIVE REDUCTION OF 

1,1 -DIHALOCYCLOPROPANES 

Dihalocyclo-
propane 

l a 

l b 
l c 
Id 
2a 
2b 

Products 
(yield, %)»> 

3g(87) 

3h+4h(75) 
3i(83) 
3j+4j(82) 
5e(90) 
5f+6f(74) 

Product 
(3: 4 or 

100: 

81: 
100: 
26: 

100: 
92: 

ratiob> 
5:6) 

0 

19 
0 

74 
0 
8 

a) Isolated yield after short-path distillation, b) The 
isomer ratio was calculated by GLC or NMR assay. 

successive workup with ethanol a t low temperature 
afforded monohalocyclopropanes (Table 2), the stereo­
selectivity being comparable with the above alkylation. 

Acetolysis of VL-Alkylcyclopropyl Bromides. The well-
known conversion of monohalocyclopropanes into allyl 
cations obeys the orbital symmetry rule.13) Therefore, 
a-alkylcyclopropyl halides obtained selectively should be 
utilized for selective olefin synthesis. We have attempted 
the acetolysis of 3 and 5 by heating in acetic acid in the 
presence of silver acetate and a catalytic amount of silver 
tetrafluoroborate. The bromocyclopropane 3a gave 
2-methyl-3-phenyl-2-propen-l-yl acetate (9a) in 74% 
yield and no regioisomer 10a. In contrast 3b produced 
two isomeric acetates 9b (32%) and 10b (43%), while 
3c gave 9c (30%) and 10c (28%). The trisubstituted 
ethylenes 9a—c were found to have E configuration 
and this was attr ibuted to the energetically favorable 
W-form of cations 11. 

Me Me Me 

OAc OAc 

3 11 9 10 
a, R = P h b , R=n-C6H1 3 c, R=PhCH 2OCH 2 

T h e <?nfifo-alkylated bromonorcaranes 5 unexpectedly 
underwent acetolysis and the products were proved to 
be 7-acetoxy-7-alkylnorcaranes 12. The exo configura­
tion of 7-acetoxyl group is based on the assumed 6*N1 
type reaction involving 13, which is stabilized by 7-alkyl 
group and do not rearrange into the strained cyclo-
heptenyl cation 14, and also based on the approach 
control. Similar stabilization has been recorded by 
Ledlie et alM) 

R' 

Br 
y*-

OAc 

13 12 

a, R = H , R ' = M e 6 3 % 
b , R = M e , R ' = M e 53% 
c, R = H , R ' = C H 2 = C H C H 2 47% 
d, R = H , R '=Me 2 C = CHCH2 48% 

Alkylidenecyclopropane Synthesis. The 1-alkyl-1-
bromocyclopropanes 3a—c, 5a and 5c were easily 
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transformed into alkylidenecyclopropanes 15a—c and 
16a, b in good yields by means of potassium /-butoxide 
in dimethyl sulfoxide. The rather mild reaction condi­
tions prevent the subsequent thermal isomerization of 
the products. Consequently the alkylation of carbenoids 
7 and 8 followed by dehydrobromination provides a 
variety of alkylidenecyclopropanes15) which are otherwise 
difficultly accessible. 

15 16 

a, R = P h 87% a, R = H 48% 
b, R=n-C6H13 62% b , R = C H 2 = C H 66% 
c, R=PhCH 2OCH 2 68% 

Stereochemistry of 3, 4, 5 and 6. The configurational 
assignment of monoalkylated products was based on 
P M R spectra (see the Experimental) . Methyl sub­
stituent eis to phenyl group on cyclopropane ring (e.g. 
3a, ô 1.43) appeared at higher field than its trans isomer 
(4a, ô 1.93).16) This applies to other isomers 3d, 4 d ; 
3f, 4f. The bridge head protons of 5a eis to halogen 
atom and trans to alkyl group on cyclopropane ring 
appeared at lower field than that of its isomer 6a. T h e 
latter criterion is principally based on the deshielding 
effect17) of the trans alkyl group and of the vicinal 
bromine atom as well. This assignment is also ascertain­
ed by the reactivity of each isomer under solvolytic 
conditions. Thus, 7-ie#o-bromo isomer 5a was solvolyzed 
into 12a, while the isomer 6a was susceptible to ring 
opening. 

E x p e r i m e n t a l 

All the temperatures are uncorrected. The IR spectra 
were obtained on a Shimadzu spectrometer 27-G, MS on a 
Hitachi RMU-6L, and PMR on JEOL JNM-PMX 60, 
Varian EM-360, or Varian HA-100D spectrometers. Butyl-
lithium was purchased from Aldrich Co., Ltd. Commercial 
copper (I) iodide was purified according to the literature.18) 
Copper(I) phenylacetylide was prepared by the Castro's 
method19) and vacuum dried before use. Tetrahydrofuran 
(THF) was dried on lithium aluminum hydride and freshly 
distilled before use. HMPA was dried on calcium hydride 
and distilled. The cold bath of —95 °C was prepared by 
mixing liquid nitrogen and toluene (freezing point of toluene). 
All the reactions were carried out under a nitrogen atmosphere. 

gem-Dihalocyclopropanes. Dibromocarbene adducts were 
prepared by the reaction of bromoform and £-BuOK 
with the corresponding olefins. l,l-Dichloro-2-phenylcyclo-
propane was obtained by the phase transfer method (CHC13/ 
NaOH, hexadecyltrimethylammonium bromide). A typical 
procedure is given for the synthesis of lc . 

1,1-Dibromo- 2- (benzyloxymethyl) cyclopropane (lc). 
A suspension of /-BuOK (60 g, 0.45 mol, containing 26% of 
f-BuOH) in dry hexane (100 ml) was cooled to 0 °C and mixed 
with benzyl allyl ether (43 g, 0.36 mol). A solution of CHBr3 

(91 g, 0.36 mol) in hexane (50 ml) was added at such a rate 
as to maintain the temp, below 10 °C (ca. 2 h). After the 
addition was complete, stirring was continued for 14 h at 
room temp. The reaction mixture was then treated with 

water (100 ml) and extracted with four 200 ml portions of 
hexane. The combined organic layer was washed with 
three 100 ml portions of brine, dried (Na2S04) and con­
centrated. The oily residue was fractionated through a 
15 cm Vigreux column under reduced pressure. The product 
l c was collected at 120—129 °C/0.28 mmHg (18 g, 20% 
yield). Analytically pure sample was obtained by prepara­
tive TLC (silica gel, hexane-ether 10: 1, R{ 0.6—0.7). IR 
(neat): 3090, 3060, 3030, 2850, 1495, 1455, 1366, 1108, 730, 
691, 676 cm-1; MS: m/e (%), 322 (M++4, 0.08), 320 (M++2, 
0.16), 318 (M+, 0.08), 91 (100); PMR (CC14): ô 1.1—2.1 
(m, 3H), 3.50 (d, J = 6 Hz, 2H, OCH2C), 4.46 (s, 2H, PhCH2), 
7.1—7.5 (m, 5H, Ph). Found: C, 41.5; H, 3.7%. Calcd 
for CuH1 2Br20: C, 41.3; H, 3.8%. 

l-Bromo-l-methyl-2-phenylcyclopropanes (3a and 4a). The 
procedure exemplifies the preparation and alkylation of 
a-halocyclopropyllithiums. 

Conditions A. A magnetically stirred solution contain­
ing 1.4 g (5.0 mmol) of l a in 10 ml of THF was cooled to 
— 95 °C and maintained approximately at this temp, during 
the addition (5 min) of a solution of n-BuLi in hexane (4.3 ml 
of 1.17 M solution, 5.0 mmol). The reaction mixture was 
stirred at —95 °C for 10 min, treated with Mel (1.0 ml, ca. 3 
eq) over 5 min, allowed to warm to room temp, in 2 h and 
quenched with water. Workup and distillation at 70—80 °C/ 
4 mmHg of the oily residue gave 0.74 g (70% yield) of r-1-
bromo-l-methyl-/-2-phenylcyclopropane (3a): bp 70—71 °C/ 
4 mmHg; IR (neat): 1608, 1583, 1500, 1451, 1387, 1157, 
1090, 770, 735, 700, 605 cm-1; MS: m/e (%), 212 (M++2, 2), 
210 (M+, 2), 131 (100), 117 (8), 91 (42); PMR (CC14):<5 1.17 
(t, 7 = 7 Hz, 1H), 1.43 (s, 3H, Me), 1.55 (dd, 7 = 7 , 10 Hz, 
1H), 2.74 (dd, 7 = 7 , 10 Hz, 1H, PhCH), 6.8—7.5 (m, 5H, 
Ph). Found: C, 56.9; H, 5.4%. Calcd for C10HnBr: C, 
56.9; H, 5.3%. 

Conditions B. A magnetically stirred solution contain­
ing 0.28 g (1.0 mmol) of l a and 0.5 ml of Mel in 5 ml of THF 
was cooled to —95 °C and maintained approximately at this 
temp, during the addition of n-BuLi (1.1 mmol, 1.00 M in 
hexane) over a 5 min period. Stirring was continued at 
— 95 °C for 30 min and the temp, was raised gradually to 
room temp, in 2 h. After aqueous workup short-path distil­
lation at 72—82 °C/4 mmHg gave an isomeric mixture of 1-
bromo-l-methyl-2-phenylcyclopropanes (see Table 1). Each 
isomer was separated by preparative GLC on a 1 m stainless 
steel column packed with 20% Silicone HV grease coated 
Celite 545 (column temp 150 °C; carrier gas, He; 1.0 kg/cm2; 
Rt 20 min for trans isomer and 21 min for eis one). 

r-l-Bromo-l-methyl-c-2-phenylcyclopropane (4a) : bp 58—61 
°C/3 mmHg; IR (neat): 1605, 1582, 1499, 1450, 1260, 
1167, 760, 730, 695 cm-1; MS: m/e (%), 212 (M++2, 2), 210 
(M+, 2), 131 (100), 117 (21), 91 (41); PMR (CC14): ô 1.25 
(dd, 7 = 7 , 10 Hz, 1H), 1.50 (t, 7 = 7 Hz, 1H), 1.93 (s, 3H, 
Me), 1.96 (dd, 7 = 7 , 10 Hz, 1H, PhCH), 7.0—7.4 (m, 5H, 
Ph). Found: C, 56.7; H, 5.3%. Calcd for C10HuBr: C, 
56.9; H, 5.3%. 

Conditions C. A magnetically stirred solution contain­
ing 0.28 g (1.0 mmol) of la , 1 ml of HMPA, and 0.5 ml of 
Mel in THF (10 ml) was cooled to - 9 5 °C. The same 
operation as the conditions B, followed by short-path distil­
lation at 70—80 °C/4 mmHg, gave a mixture of 3a and 4a 
(Table 1). 

r-l-Bromo-l-methyl-t-2-hexylcyclopropane (3b): bp 50—51 
°C/3 mmHg; IR (neat): 3080, 1470, 1380, 1154, 1032, 729 
cm"1; MS: m/e (%), 220 (M+ 2, 0,9), 218 (M+, 0.9), 139 (3), 
97 (25), 83 (58), 69 (61), 55 (100), 41 (100); PMR (CC14): 
Ö 0.2—0.5 (m, 1H), 0.7—1.7 (m, 15H), 1.70 (s, 3H, Me). 
Found: C, 54.6; H, 8.9%. Calcd for C10H19Br: C, 54.8; H, 
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8.7%. 
r-l-Bromo-l-methyl-c-2-hexylcyclopropane (4b) : bp 5 5 — 

65 °C (bath temp)/3 m m H g ; I R (neat ) : 3060, 1440, 1369, 
1165, 1020 c m - 1 ; M S : m/e (%) , 220 ( M + + 2 , 0.9), 218 (M+, 
0.9), 139 (3), 97 (28), 83 (63), 69 (65), 55 (98), 41 (100); 
P M R (CC14): Ô 0.6—0.8 (m, 2H) , 0.8—1.7 (m, 14H), 1.73 (s, 
3H, Me) . Found: C, 55.0; H , 8.7%. Calcd for C1 0H1 9Br: 
C, 54.8; H , 8.7%. 

r- / - Bromo -1- methyl-t - 2- (benzyloxymethyl) cyclopropane (3c) : 
bp 87—93 °C (bath temp)/0.1 m m H g ; I R (neat) : 3080, 3050, 
1605, 1585, 1496, 1451, 1375, 1165, 1145, 1095, 1025, 733, 
695 cm- 1 ; M S : mje (%) , 256 ( M + + 2 , 0.07), 254 (M+, 0.07), 
145 (7), 105 (5), 91 (100), 77 (5) ; P M R (CC14) : ô 0.58 (t, J = 
6 Hz, 1H), 1.0—1.5 (m, 2H) , 1.72 (s, 3H, Me) , 3.1—3.7 (m, 
2H, OCH 2 ) , 4.43 (s, 2H, PhCH 2 ) , 7.1—7.5 (m, 5H , Ph) . 
Found: C, 56.4; H , 5 .9%. Calcd for C 1 2 H 1 5 BrO: C, 56.5; 
H , 5 . 9 % . 

r- 1-Bromo- 1-methyl-c- 2- ( benzyloxymethyl) cyclopropane (4c) : bp 
95—105 °C (bath temp)/0.06 m m H g ; I R (neat) : 3030, 1494, 
1451, 1370, 1168, 1090, 1026, 739, 700 cm" 1 ; M S : mle (%) , 
256 ( M + + 2 , 0.1), 254 (M+, 0.1), 91 (100); P M R (CC14): 
(30.8—1.4 (m, 3H) , 1.77 (s, 3H, Me) , 3.2—3.8 (m, 2H , O C H 2 ) , 
4.49 (s, 2H , P h C H 2 ) , 7.1—7.6 (m, 5H , Ph) . Found : C, 
56.4; H , 6 .0%. Calcd for C 1 2 H 1 5 BrO: C, 56.5; H , 5 .9%. 

r-1-Chloro-l-methyl-t-2-phenylcyclopropane (3f) : bp 40— 
50 °C (bath temp")/3 m m H g , I R (nea t ) : 3040, 1604, 1500, 
1450, 1382, 1165, 1090, 779, 703 c m - 1 ; M S : mle (%) , 168 
( M + + 2 , 1), 166 (M+, 3), 131 (100), 115(19), 103 (5), 91 (38); 
P M R (CCLJ: ô 1.0—1.7 (m, 2 H ) , 1.30 (s, 3H, Me) , 2.65 (dd, 
J=l, 10 Hz , 1H, P h C H ) , 7.1—7.4 (m, 5 H , Ph) . Found : 
C, 71.8; H , 6 .6%. Calcd for C 1 0 H n C l : C, 72.1 ; H , 6 .7%. 

r-1-Chloro-1-methyl-c-2-phenylcyclopropane (4f): bp 55— 
65 °C (bath temp)/20 m m H g ; I R (neat) : 3040, 1600, 1500, 
1450, 1170, 880, 764, 730, 700 c m - 1 ; M S : mle (%) , 168 ( M + + 
2, 1.4), 166 (M+, 4.5), 131 (100), 115 (20), 103 (6), 91 (38); 
P M R (GG14): ô 1.1—1.6 (m, 2H) , 1.77 (s, 3H, Me) , 2.12 
( d d , J = 7 , 10 Hz, 1H, P h C H ) , 7.1—7.3 (m, 5H , Ph) . Found : 
C, 72.0; H , 6 .7%. Calcd for C 1 0 H n C l : C, 72 .1 ; H , 6.7%. 

exo-7-Bromo-7-methylnorcarane (5a) : bp 70—90 °G (bath 
temp)/22 m m H g ; I R (nea t ) : 3040, 1470, 1450, 1440, 1382, 
1171, 1075, 832, 799, 750 c m - 1 ; M S : m/e (%,), 190 ( M + + 2 , 
3), 188 (M+, 3), 146 (10), 109 (91), 67 (100); P M R (CC14): 
ô 1.70 (s, 3H, Me) , 1.0—2.3 (m, ÎOH). Found : C, 50.8; 
H , 6.7%,. Calcd for C8H1 3Br; C, 50 .8 ; H , 6.9%,-

endo-7-Bromo-7-methylnorcarane (6a) : b p 50—55 °C (bath 
temp)/2 m m H g ; I R (nea t ) : 3000, 1463, 1445, 1382, 1247, 
1175, 1105, 867, 810 c m - 1 ; M S : mje (%) , 190 ( M + + 2 , 4) , 
188 (M+, 4) , 146 (13), 109 (93), 67 (100); P M R (CC14): 
ô 1.76 (s, 3H, Me) , 0.8—1.0 (m, 2H) , 1.1—2.5 (m, 8H) . 
Found: C, 51.0; H , 7 . 1 % . Calcd for C8H1 3Br: C, 50.8; 
H , 6 .9%. 

Gx.o-7-Bromo-l,7-dimethylnorcarane (5b) : bp 42 °C/1 m m H g ; 
I R (neat ) : 1447, 1375, 1229, 1069 c m - 1 ; M S : m/e (%) , 204 
( M + + 2 , 3), 202 (M+, 3), 187 (5), 146 (5), 123 (100), 81 (89), 
67 (54); P M R (CC14): ô 0.8—2.3 (m, 9H) , 1.40 (s, 3H, Me) , 
1.76 (s, 3H, Me) . Found : C, 53 .1 ; H , 7 . 3 % . Calcd for 
C 9 H 1 5 B r : C , 53.2; H , 7.4%. 

endo-7-Bromo-l,7-dimethylnorcarane (6b): bp 65—70 °G 
(bath temp)/16 m m H g ; I R (nea t ) : 1440, 1250, 1095, 787 
cm- 1 ; M S : mje (%) , 204 ( M + + 2 , 3), 202 (M+, 3), 187 (4), 
146 (5), 123 (79), 81 (85), 67 (100); P M R (CC14): ô 0.5—0.7 
(m, 1H), 1.15 (s, 3H, Me) , 1.1—2.1 (m, 8H) , 1.83 (s, 3H, Me) . 
Found: C, 53.3; H , 7 .5%. Calcd for C9H1 5Br: C, 53.2; H , 
7.4%. 

l-Allyl-l-bromo-2-phenylcyclopropanes. A solution of 
n-BuLi in hexane (1.7 ml of 1.17 M solution, 2.0 mmol) was 
added to a cooled ( — 95 °C) solution of l a (0.55 g, 2.0 mmol) 

in T H F (10 ml) over a 5 min period. After 30 min copper (I) 
iodide (0.19 g, 1.0 mmol) was added and 30 min thereafter 
allyl bromide (0.26 g, 2.0 mmol) diluted with H M P A (1 ml) 
was added. Stirring for 4 h and subsequent workup gave a 
mixture of 3d and 4d (0.28 g, 5 9 % yield, bp 85—95 °C/4 
m m H g ) . Each isomer was separated by preparat ive G L C 
(Silicone H V grease, similar condition as described in condi­
tions B). 

1-Allyl-r-l-bromo-t-2-phenylcyclopropane (3d): bp 90—95 °C/ 
4 m m H g ; I R (nea t ) : 1644, 1606, 1500, 1452, 1429, 1238, 1202, 
1150, 918, 772, 738, 700 c m - 1 ; M S : m/e (%) , 238 ( M + + 2 , 1), 
236 (M+, 1), 157 (48), 129 (52), 115 (95), 91 (100); P M R 
(CC14): <5 1.2—2.4 (m, 4H) , 2.81 (dd, 7 = 7 , 10 H z , 1H, 
P h C H ) , 4.7—5.9 (m, 3H) , 7.1—7.3 (m, 5H, Ph) . Found : 
C, 60.5; H , 5 .4%. Calcd for C1 2H1 3Br: C, 60.8; H , 5 .5%. 

1-Allyl-Y-l-bromo-c-2-phenylcyclopropane (4d) : bp 84—94 °C 
(bath temp)/4 m m H g ; I R ' (neat) : 1640, 1603, 1582, 1499, 
1450, 1430, 1266, 1150, 1043, 998, 920, 764, 732, 698 c m - 1 ; 
M S : mje (%) , 238 ( M + + 2 , 1), 236 (M+, 1), 157 (55), 129 (55), 
115 (100), 91 (95); P M R (CC14): ô 1.2—1.6 (m, 2H) , 2.01 
(dd, 7 = 7 , 10 Hz , 1H, P h C H ) , 2.2—3.0 (m, 2H) , 4.9—6.3 
(m, 3H) , 6.8—7.3 (m, 5H , Ph) . Found: C, 60.7; H , 5 .5%. 
Calcd for C1 2H1 3Br: C, 60.8; H , 5 .5%. 

1-Bromo- 1-ethyI- 2-phenylcyclopropanes (3e and 4e). A 
magnetically stirred suspension of copper(I) phenylacetylide 
(0.17 g, 1.0 mmol) in T H F (5 ml) containing l a (0.28 g, 
1.0 mmol) was cooled to — 95 °C and the whole was maintained 
approximately at this temperature during the addition of n-
BuLi in hexane (0.8 ml of 1.25 M solution, 1.0 mmol) over 
5 min. Five min after the addition ethyl iodide (0.10 ml, 
ca. 1.2 mmol) and 15 min thereafter H M P A (1 ml) were 
added. T h e mixture was mainta ined at —95 °C for succes­
sive 5 h and warmed gradual ly to room temp (14 h ) . Work­
up and short-path distillation of the crude product at 60— 
80 °C/3 m m H g gave an isomeric mixture of 3e and 4e (0.12 g, 
5 4 % yield). Each isomer was separated by prepara t ive G L C 
(Silicone H V grease, see conditions B). 

r- 1-Bromo- 1-ethyl-t-2-phenylcyclopropane (3e): Rt 23 min ; 
bp 72—74°C/4 m m H g ; I R (nea t ) : 1603, 1580, 1497, 1454, 
1140, 804, 770, 733, 6 9 9 c m " 1 ; M S : mje (%) , 226 ( M + + 2 , 
0.8), 224 (M+, 0.8), 145 (100), 130 (14), 117 (31). 91 (32); 
P M R (CC14) : ô 0.7—1.7 (m, 7H), 2.78 (dd, 7 = 7 , 10 Hz , 1H, 
P h C H ) , 7.0—7.3 (m, 5H , Ph) . Found : C, 58.6; H , 5.7%. 
Calcd for C u H 1 3 B r : C, 58.7; H , 5 .8%. 

r- 1-Bromo- 1-ethyl-c-2-phenylcyclopropane (4e): Rt 25 min ; 
bp 99—103 °C (bath temp)/4 m m H g ; I R (nea t ) : 1602, 1580, 
1496, 1450, 1370, 1157, 1025, 824, 752, 730, 694 c m - 1 ; M S : 
mje (%) , 226 ( M + + 2 , 0.7), 224 (M+, 0.7), 145 (100), 130 (14), 
117 (50), 91 (42); P M R (CC14) : ô 1.0—2.1 (m, 8H) , 7.0— 
7.3 (m, 5 H , Ph) . Found : C, 58.6; H , 5 .9%. Calcd for 
C n H 1 3 B r : C, 58.7; H , 5 . 8 % . 

endo-7-Allyl-7-bromonorcarane (5c). A suspension of 
copper(I) iodide (0.48 g, 2.5 mmol) in T H F (15 ml) contain­
ing 2a (1.3 g, 5.0 mmol) was cooled to —95 °C and a solution 
of n-BuLi in hexane (2.7 ml of 2.0 M solution, 5.5 mmol) was 
added to this suspension dur ing the period of 5 min. After 
10 min allyl bromide (1.0 ml) was added and stirring was 
continued for 4 h. T h e mixture was gradual ly warmed up to 
room temp in 2 h and quenched with water. Workup and 
extraction with ether followed by distillation at 80—90 °C/ 
2 m m H g gave 5c (0.94 g, 8 7 % yield). Preparat ive GLG 
(Silicone H V grease, 120 °C, 1.0 kg/cm2 , Rt 15 min) gave the 
analytically pure sample. Bp 77—80 °C/2 m m H g ; I R (neat) : 
3090, 3010, 1643, 1470, 1452, 1426, 1224, 1168, 1115, 1049, 
980, 910, 835 c m - 1 ; M S m/e: (%) , 216 ( M + + 2 , 2), 214 (M+, 
2) , 172 (2), 135 (77), 93 (78), 79 (66), 67 (100); P M R (CC14): 
<5 0.9—2.2 (m, 10H), 2.57 (dt, 7 = 6 . 2 , 1 Hz , 2H , CH 2= 
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C H C H 2 ) , 4.9—6.3 (m, 3H) . Found : C, 55.8; H , 7.2%. 
Calcd for G10H15Br: C, 55.8; H , 7.0%. 

exo-7-Bromo-7-(3-methyl-2-butenyl)norcarane (5d). A 
magnetically stirred solution containing 2a (0.51 g, 2.0 mmol) 
in T H F (10 ml) was cooled to — 95 °C and mainta ined at 
this temp during the dropwise addition of a solution of n-BuLi 
(1.0 ml of 2.1 M hexane solution, 2.2 mmol) over a 5 min 
period. T h e reaction mixture was stirred at —95 °C for 
10 min and 3-methyl-2-butenyl bromide (0.35 g, 2.4 mmol) 
diluted with H M P A (1 ml) was added at —95 °C over 5 min. 
T h e reaction mixture was allowed to warm to — 78 °C in 2 h 
and quenched with ethanol (1 ml) . Workup and prepara­
tive T L C (silica gel, hexane, Rf 0.7) gave pure 5d (0.37 g, 77% 
yield). Bp 100—103 °C/4 m m H g ; I R (nea t ) : 3030, 1670, 
1470, 1445, 1370, 1170, 1115, 1095, 1045, 805 c m - 1 ; M S : m/e 
(%) , 244 ( M + + 2 , 0.9), 242 (M+, 0.9), 227 (0.5), 199 (12), 
186 (24), 163 (54), 107 (99), 41 (100); P M R (CC14): ô 0.9— 
2.3 (m, 16H), 2.47 (d, 7 = 6 Hz, 2H) , 5.0—5.5 (m, 1H). 
Found: C, 59 .1 ; H , 8.0%o. Calcd for C1 2H1 9Br: C, 59.3; 
H , 7.9%. 

trans-l-Bromo-2-phenylcyclopropane (3g).12&"> According 
to the procedure of conditions A the carbenoids were generated 
and quenched with ethanol (2 ml) instead of M e l , and the 
reaction mixture was warmed up to room temp. Workup 
and distillation at 109—113°C/19 m m H g gave 8 7 % yield 
of 3g. I R (neat) : 3030, 1600, 1498, 1229, 758, 700, 620 c m - 1 ; 
M S : m/e (%) , 198 ( M + + 2 , 0.5), 196 (M+, 0.5), 195 (0.5), 
117 (100), 115 (47), 91 (23); P M R : (CC14) ô 1.2—1.6 (m, 2H) , 
2.1—2.5 (m, I H ) , 2.7—3.1 (m, I H ) , 6.7—7.5 (m, 5 H , Ph) . 

trans- l-Bromo-2-hexylcyclopropane (3h)12s) with Concomitant 
4h (19%) : Bp 77—80 °G/19 m m H g ; I R (neat) : 3060, 1470, 
1375, 1236, 1034, 920 cm- 1 ; M S : m/e (%) , 206 ( M + + 2 , 0.3), 
204 (M+, 0.3), 162 (2), 148 (4), 83 (49), 69 (100), 55 (88); 
P M R (CCLJ: ô 0.6—1.8 (m, 16H), 2.4—2.7 (m, I H , CHBr) . 

trans- 2- (Benzyloxymethyl)-l-bromocyclopropane (3i) : Bp 90— 
98 °C (bath temp)/0.07 m m H g ; I R (nea t ) : 3040, 1600, 1493, 
1450, 1090, 740, 700 c m - 1 ; M S : m/e (%) , 242 ( M + + 2 , 0.9), 
240 (M+, 0.9), 210 (0.8), 161 (1.5), 131 (11), 91 (100); P M R 
(CC14) : ô 0.8—1.8 (m, 3H), 2.5—2.9 (m, I H , CHBr) , 3.1—3.6 
(m, 2 H , O C H 2 ) , 4.42 (s, 2H, P h C H 2 ) , 7.1—7.4 (m, 5H, Ph) . 
Found : C, 55 .1 ; H , 5 . 3 % . Calcd for C u H 1 3 B r O : C, 54.8; 
H , 5 .4%. 

trans- l-Chloro-2-phenylcyclopropane (3j) :20> bp 90—100 °C 
(bath temp)/19 m m H g ; I R (nea t ) : 3040, 1605, 1499, 1450, 
1253, 940, 888, 760, 700, 680 c m - 1 ; M S : m/e (%) , 154 ( M + + 
2, 3), 152 (M+, 8), 117 (100), 115 (43), 91 (18); P M R (CC14): 
ô 1.2—1.6 (m, 2H) , 2.1—2.5 (m, I H ) , 2.9—3.3 (m, I H , 
CHC1), 6.9—7.5 (m, 5H, Ph) . 

eis-l-Chloro-2-phenylcychpropane (4j) :20> Bp 89—95 °C (bath 
temp)/19 m m H g ; I R (nea t ) : 3030, 1600, 1495, 1450, 1278, 
1078, 917, 812, 767, 730, 700, 658, 591 c m - 1 ; M S : m/e ( % ) , 
154 ( M + + 2 , 3), 152 (M+, 8), 117 (100), 115 (46), 91 (9); 
P M R (CC14): ô 1.0—1.6 (m, 2H) , 2.0—2.5 (m, I H ) , 3.1—3.4 
(m, I H , CHC1), 7.0—7.5 (m, 5H , Ph) . 

exo-7-Bromonorcarane (5e) :12a> Bp 63—68 °C (bath temp) / 
18 m m H g ; I R (nea t ) : 3010 1448 1330 1215 1006 760 685 
c m - 1 ; M S : m/e (%) 176 ( M + + 2 , 7) 174 (M+, 7) 132 (16) 
95 (100), 67 (54); P M R ( C C I J : ô 0.7—2.3 (m, lOH), 2.50 
( t , y = 3 . 5 H z , CHBr) . 

exo-7-Bromo-l-methylnorcarane (5f) :21> Bp 55—59 °C (bath 
temp) / l m m H g ; I R (nea t ) : 1450, 1375, 1231, 700 c m - 1 ; M S : 
m/e (%) , 190 ( M + + 2 , 0.4), 188 (M+, 0.4), 173 (0.8), 109 
(100), 93 (12), 81 (24), 67 (96), 55 (36) ; P M R (CC14) : <5 0.8— 
2.2 (m, 9H) , 1.25 (s, 3H, M e ) , 2.70 (d, 7 = 4 H z , CHBr) . 
(Found: C, 51 .1 ; H , 7 .1%). 

(E) -ß-Methylcinnamyl Acetate (9a). A suspension of 
silver acetate (87 mg, 0.52 mmol) and silver tetrafluoroborate 

(15 mg, 0.07 mmol) in a solution of 3a (0.11 g, 0.52 mmol) 
and acetic acid (1.0 ml) was stirred a t 75 °C for 22 h. Work­
up , followed by preparat ive T L C (silica gel, benzene, Rf 0.6), 
gave 9a (74 mg, 7 4 % yield). Bp 70—77 °C (bath temp)/ 
3 m m H g ; I R (nea t ) : 3080, 3050, 1740, 1660, 1600, 1580, 
1493, 1445, 1370, 1230, 1120, 745, 700 c m - 1 ; M S : m/e (%) , 
190 (M+, 21), 148 (37), 130 (74), 115 (59), 77 (13), 43 (100); 
P M R (CCLJ: ô 1.87 (s, 3H, Me) , 2.04 (s, 3H, OAc), 4.57 
(s, 2H , C H 2 0 ) , 6.47 (s, I H , P h C H ) , 7.1—7.4 (m, 5H, Ph)-
Found : C, 75.6; H , 7.5%,. Calcd for C 1 2 H 1 4 0 2 : C, 75.8; 
H , 7 .4%. 

Solvolysis of 3b. A mixture of 9b and 10b was obtained 
and each isomer was separated by preparative GLC (Silicone 
H V grease, 130 °C, 1.0 kg/cm2). 

(E)-2-Methyl-2-nonen-l-yl Acetate (9b) : Rt 10 min; bp 64— 
72 °C (bath temp)/3 m m H g ; I R (nea t ) : 1736, 1464, 1370, 
1225, 1015 c m - 1 ; M S : m/e (%) , 198 (M+, 0.3), 156 (6), 138 
(14), 95 (23), 68 (41), 43 (100),; P M R (CC14): ô 0.7—1.5 
(m, 13H), 1.63 (s, 3H, M e ) , 1.98 (s, 3H, OAc) , 4.37 (s, 2H) , 
5.42 (t, 7 = 7 Hz , 1H). Found : C, 72.8; H , 11.4%. Calcd 
for C 1 2 H 2 2 0 2 : C , 72.7; H , 11.2%. 

2-Methyl-l-nonen-3-yl acetate (10b) : Rt 8 min ; bp 53—64 °C 
(bath temp)/1.5 m m H g ; I R (nea t ) : 3080, 1730, 1650, 1235, 
1020, 900 c m - 1 ; M S : m/e (%) , 156 ( M + - 4 2 , 8), 138 (8), 
113 (8), 95 (16), 82 (15), 68 (25), 43 (100); P M R (CC14): 
ô 0.7—2.3 (m, 13H), 1.68 (s, 3H, Me) , 1.95 (s, 3H, OAc) , 
4.7—5.2 (m, 3 H ) ; F o u n d : C, 72.4; H , 11 .1%. Calcd for 
C 1 2 H 2 2 0 2 : C , 72.7; H , 11.2%. 

Solvolysis of 3c. A mixture of 4-benzyloxy-2-methyl-2-
buten-1-yl acetate (9c) and 1 -benzyloxy-3-methyl-3-buten-2-
yl acetate (10c) was obtained and separated by preparative 
T L C (silica gel, hexane-ether 5 : 1 ) . 

9 c : Rt 0.3—0.4; bp 87—93 °C (bath temp)/ l m m H g ; 
I R (nea t ) : 3050, 3020, 1730, 1490, 1450, 1360, 1220, 1065, 
1020, 737, 700 c m - 1 ; M S : m/e (%) , 174 ( M + - 6 0 , 3), 159 (3), 
105 (11), 91 (100), 43 (72); P M R (CC14): <3 1.63 (s, 3H, Me) , 
2.00 (s, 3H, OAc) , 4.00 (d, J = 6 . 5 H z , 2H) , 4.41 (s, 4 H ) , 
5.4—5.9 (m, 1H), 7.0—7.5 (m, 5H) . Found: C, 72.0; H , 
7.7%. Calcd for C 1 4 H 1 8 0 3 : C, 71.8; H , 7 .7%. The geo­
metry of double bond is assumed to be (E) on the analogy 
of the solvolysis of 3a to 9a . 

10c: R{ 0.4—0.5; b p 85—95 °C (bath temp)/ l m m H g ; 
I R (nea t ) : 3030, 1732, 1650, 1494, 1450, 1362, 1230, 1095. 
1025, 905, 740, 700 c m - 1 ; M S : m/e (%) , 234 (M+, 0.01), 174 
(2), 91 (78), 65 (43), 43 (100); P M R (CC14): ô 1.73 (s, 3H, 
Me) , 2.00 (s, 3H, OAc) , 3.45 (d, 7 = 6 Hz, 2H) , 4.45 (s, 2 H ; , 
4.8—5.1 (m, 2H) , 5.31 (t, 7 = 6 Hz, 1H), 7.0—7.5 (m, 5H, 
Ph) . F o u n d : C, 72.0; H , 8.0%. Calcd for C 1 4 H 1 8 0 3 : C, 
71.8; H , 7 .7%. 

Hydrolysis of 9b. One drop of sodium methoxide in 
methanol (1 M) was added to a solution of 9 b (7.5 mg, 0.04 
mmol) in CH2C12 (1 ml) . After stirring at room temp for 
1 h the reaction mixture was worked up . Preparative T L C 
(silica gel, hexane-ether (2: 1. Rt 0.4—0.5) afforded (%)-2-
methyl-2-nonen-l-ol (5.4 mg, quanti tat ive yield). Bp 9 3 — 
100 °C (bath temp)/20 m m H g ; I R (neat ) : 3360, 1640, 1480, 
1380, 1265, 1010 c m - 1 ; M S : m/e (%) , 156 (M+, 6), 138 (4), 
109 (4), 95 (9), 83 (12), 71 (46), 55 (27), 40 (100); P M R 
(CCLJ: <5 0.6—2.2 (m, 14H), 1.63 (s, 3H, Me) , 3.88 (s, 2H, 
C H 2 0 ) , 5.2—5.5 (m, 1H). T h e methyl signal of this alcohol 
is strictly different from tha t of (Z) isomer (ô 1.71).22) 

Hydrolysis of 9a. This reaction afforded (E)-ß-methyl-
cinnamyl alcohol in 65%, yield. Bp 88—95 °C (bath temp)/ 
3 m m H g ; I R (nea t ) : 3300, 3070, 3050, 3020, 1664, 1600, 
1575, 1493, 1443, 1074, 1008, 739, 695 c m - 1 ; M S : m/e (%) , 
148 (M+, 51), 133 (28), 115 (49), 105 (46), 91 (100); P M R 
(CCLJ : ô 1.84 (br s, 4H , M e and O H ) , 4.08 (br s, 2H , C H a O ) , 
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6.4—6.6 (m, 1H), 7.0—7.5 (m, 5H, Ph). The product was 
identical in all respects with the authentic sample prepared 
from lithium aluminum hydride reduction of (ii)-/?-methyl-
cinnamaldehyde.23> 

exo-7-Acetoxy-7-methylnorcarane (12a). A solution of 5a 
(0.15 g, 0.80 mmol) in acetic acid (1 ml) was added to a 
suspension of silver acetate (0.13 g, 0.80 mmol) and silver 
tetrafluoroborate (16 mg, 0.08 mmol) in acetic acid (2 ml). 
After stirring for 2 h at 75 °C the reaction mixture was neu­
tralized by the addition of saturated sodium hydrogencarbo-
nate aq solution and extracted with ether. The organic layer 
was dried over sodium sulfate and evaporated in vacuo. The 
crude product was purified by preparative TLC (silica gel, 
hexane-ether 4: 1, R{ 0.5). 12a was obtained in 63% yield 
(85 mg). Bp 62—72 °C (bath temp)/4 mmHg; IR (neat): 
3050, 1745, 1450, 1370, 1240, 1189, 1113, 1020, 893 cm-1; 
MS: m/e (%), 126 (M+-42, 13), 111 (15), 44 (85), 43 (100); 
PMR (CC14): Ô 0.9—2.2 (m, 10H), 1.38 (s, 3H, Me), 1.85 (s, 
3H, OAc). Found : C, 71.2 ; H, 9.9%. Calcd for C10H16O2 : 
C, 71.4; H, 9.6%. 

exo-7-Acetoxy-7-allylnorcarane (12c) : Bp 72—82 °C (bath 
temp)/3 mmHg; IR (neat): 3070, 3000, 1735,1637, 1449, 
1361, 1220, 1175, 910, 790 cm-1; MS: m/e (%), 194 (M+, 
0.2), 153 (14), 111 (17), 67 (23), 43 (100), 41 (41); PMR 
(CC14): ô 0.6—2.4 (m, ÎOH), 1.85 (s, 3H, Me), 2.57 (d, J = 
6 Hz, 2H), 4.9—6.2 (m, 3H). Found: C, 73.9; H, 9.4%. 
Calcd for C12H1802: C, 74.2; H, 9.3%. 

exo-7-Acetoxy-7-(3-methyl-2-butenyl)norcarane (12d) : Bp 66— 
76 °C (bathtemp)/2 mmHg; IR (neat): 3000, 1735, 1460, 
1445, 1360, 1230, 1063, 1048 cm-1; MS: m/e (%), 222 (M+, 
0.1), 180 (10), 162 (21), 147 (62), 43 (100); PMR (GC14): 
ô 0.5—2.3 (m, 12H), 0.83 (s, 6H, Me2C), 1.98 (s, 3H, 
OAc), 4.67 (t, J = 7 H z , 1H). Found: C, 75.7; H 10.1%. 
Calcd for C14H2202: C, 75.6; H, 10.0%. 

exo-7-Acetoxy-l,7-dimethylnorcarane (12b): Bp 61—69 °C 
(bath temp)/4 mmHg; IR (neat): 1740, 1445, 1369, 1250, 
1232, 1190, 1120, 1020, 790 cm-1; MS: m/e (%), 182 (M+, 
0.2), 167 (0.3), 140 (12), 125 (26), 95 (10), 43 (100); PMR 
(CC14): ô 0.5—0.8 (m, 1H), 0.9—2.2 (m, 8H), 1.07 (s, 3H, 
Me), 1.38 (s, 3H, Me), 1.90 (s, 3H, OAc). Found: C, 72.2; 
H, 10.1%. Calcd for C n H 1 8 0 2 : C, 72.5; H, 10.0%. 

Acetolysis of a Mixture of 5a and 6a. A mixture of 5a 
and 6a (36:64) (0.19 g, 1.0 mmol) dissolved in acetic acid 
(1 ml) was treated with silver salts as above affording an 
inseparable mixture of 12a and 2-methyl-2-cyclohepten-l-yl 
acetate (93 mg, 12a/ring opened isomer 59: 41) in 55% yield. 
The ratio was estimated by its PMR (ô 1.37 (s, Me), 1.85 (s, 
OAc) for 12a; ô 1.98 (s, AOc), 5.2—5.8 (m, CHOAc and 
olefinic proton) for its isomer). 

2-Phenyl-l-methylenecyclopropane (15a).%^ A solution of 
3a (50 mg, 0.24 mmol) in dimethyl sulfoxide (0.5 ml) was 
added to a solution of /-BuOK (42 mg, containing 26% of t-
BuOH, 0.30 mmol) in DMSO (3 ml) at room temp. After 
stirring for 1 h the reaction mixture was quenched with water 
and extracted with pentane. The yield was estimated by GLC 
(Silicone SE-30, indane as an internal standard). The pure 
sample was obtained by short-path distillation (50—58 °C/ 
10 mmHg). IR (neat): 3080, 1745, 1603, 1496, 1452, 1198, 
1118, 1014, 890, 743, 695 cm-1; MS: m/e (%), 130 (M+, 70), 
129 (100), 128 (60), 115 (66); PMR (CC14): ô 1.0—1.9 (m, 
2H), 2.4—2.8 (m, 1H), 5.5—5.8 (m, 2H), 7.0—7.5 (m, 5H, 
Ph). 

2-Hexyl-l-methylenecyclopropane (15b) :24> Bp 53—63 °C 
(bath temp)/20 mmHg; IR (neat): 3060, 3040, 1740, 1460, 
1016, 885cm-1; MS: m/e (%), 138 (M+, 3), 123 (16), 109 
(18), 95 (37), 81 (100), 67 (88), 55 (80), 41 (70); PMR (CC14): 
ô 0.6—2.0 (m, 16H), 5.2—5.6 (m, 2H). 

2-(Benzyloxymethyl)-l-methylenecyclopropane (15c): Bp 65— 
75 °C (bath temp)/3 mmHg; IR (neat): 3060, 3040, 1735, 
1600, 1580, 1492, 1450, 1350, 1080, 1021, 885, 735, 700 cm-1; 
MS: m/e (%), 174 (M+, 0.05), 129 (4), 107 (6), 91 (100), 
65 (10); PMR (CC14): â 0.7—2.0 (m, 3H), 3.0—3.6 (m, 2H), 
4.45 (s, 2H), 5.3—5.6 (m, 2H), 7.1—7.5 (m, 5H). Found: 
C, 82.6; H, 8.3%. Calcd for C 1 2 H u O: C, 82.7; H, 8.1%. 

7-Methylenenorcarane (16a) :15f> Bp 65—75 °C (bath temp)/ 
130 mmHg; IR (neat): 3060, 2970, 2700, 1749, 1452, 1351, 
1331, 1140, 882, 848, 710 cm-1; MS: m/e (%), 108 (M+, 15), 
107 (25), 93 (77), 91 (83), 79 (100), 55 (56); PMR (CC14): 
ô 0.8—2.1 (m, ÎOH), 5.2—5.4 (m, 2H). 

7-Allylidenenorcarane (16b): Bp 66—70 °C (bath temp)/ 
4 mmHg; IR (neat): 3100, 2680, 1790, 1612. 1450 990 
890 cm-1; MS: m/e (%), 134 (M+, 14), 119 (34), 105 (48), 
91 (100), 80 (45), 79 (51), 77 (46), 67 (24); PMR (CC14): 
ô 1.1—2.5 (m, ÎOH), 4.8—5.5 (m, 2H), 6.0—6.9 (m, 2H). 
Exact mass : m/e 134.112 (M+). Calcd for C10H14: m/e 
134.110. 
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The tautomeric constants Kt of several 4-pyridinethiones were determined by measurement of pK^ values. 
For 2-substituted 5-methoxy-4-pyridinethiones, the Kt values are correlated to the substituent constants a, by the 
equation log iC t=4.00+3.99am -7.33o0 . 

Two tautomers, enethiol and thione forms, are 
possible for the tautomerism of 4-pyridinethiones. Ross1) 
found by means of U V spectra that 4-pyridinethione 
exists predominantly in the thione form in ethanolic 
solution. Jones and Katritzky,2) and Albert and Barlin3) 
concluded by measurement of pKa values that the 
thione form predominates in aqueous solution by factors 
of ca. 104 by comparative studies of 4-pyridinethione and 
both alkylated compounds. I t was shown by means 
of IR,4> NMR,5) and UV6> that polyhalogenated 
4-pyridinethiones exist mostly in the enethiol form. 

In the previous paper, we reported the substituent 
effects of 2-substituted 5-methoxy-4-pyridones in aqueous 
solution on tautomerism.7) We hereby report the 
tautomerism of 2-substituted-5-methoxy-4-pyridine-
thiones by a similar treatment to that of 2-substituted 
5-methoxy-4-pyridones. 

R e s u l t s a n d D i s c u s s i o n 

Dissociation Constants. The dissociation constants 
of 4-pyridinethiones (I) , iV-methyl-4-pyridinethiones 
(II) , and 4-methylthiopyridines ( I I I ) were determined 
spectrophotometrically in water at 25 °G. The results 
are summarized in Table 1, where pK± represents the 
first dissociation constants for 4-pyridinethiones (I) , 
P^NCH, and P^SCH, corresponding to the dissociation 
constants for iV-methyl-4-pyridinethiones (II) and 
4-methylthiopyridines ( I I I ) , respectively. 

S SH 

TABLE 1. DISSOCIATION CONSTANTS 

C H , C \ 

^ N / \ R 
i 

H 

(la) 

S 

CH„Ov 

^ N / \ R 

CH3 

(II) 

C H 3 O N / \ 

(lb) 

SCH3 

C H 3 O N A 
II I 

(III) 

Since activity coefficients were not introduced into the 
calculation, the dissociation constants do not represent 
thermodynamic terms, giving only a relative measure 
of base strength. 

The pKa values of 4-pyridinethiones (I) and 
iV-methyl-4-pyridinethiones (II) are smaller than those of 
4-pyridones and iV-methyl-4-pyridones, since electro-

* Present address: Wakunaga Pharmaceutical Co., Ltd., 
Koda-machi, Takata-gun, Hiroshima 729-64. 

Substituent 

GH3 

H 
CH2OH 
CH2OCH3 

GHO 

P * i 

1.90 
1.69 
1.64 

P^NCH 3 

1.82 

1.53 
1.44 

P^SCH 3 

6.50 

5.38 

3.86 

negativity of sulfur a tom is smaller than that of oxygen 
atom. The pKa values of I, I I , and I I I decrease by 
electron-withdrawing groups at tached to 2-position 
similarly to those of 4-pyridones. 

Tautomeric Ratio. The tautomeric constants Kt 

which represent the ratio of NH-form (la) to SH-form 
( lb) , are given by the following equation:8) (Table 2). 

\ogKt = P-KSCH, - P^NCH, (1) 

T A B L E 2. 

CH3 

CH2OH 

TAUTOMERIC CONSTANTS 

logtft 

4-Pyridinethiones 4-Pyridones 

4.7 3.7 
3.9 2.8 

T h e Kt values for 4-pyridinethiones are affected by the 
substituents in the 2-position, decreasing by electron-
withdrawing groups. I t is concluded that the thione 
forms predominate in aqueous solution by factors of ca. 
105 for 5-methoxy-2-methyl-4-pyridinethione and ca. 104 

for 5-methoxy-2-hydroxymethyl-4-pyridinethione. 

250 350 300 
A(nm) 

Fig. 1. The UV spectra of the neutral species of 5-meth-
oxy-2-hydroxymethyl-4-pyridinethione series 

5-methoxy-2-hydroxymethyl-4-pyridinethione ; 
5-methoxy-2-hydroxymethyl-1 -methyl-4-pyridine-

thione ; 5-methoxy-2-hydroxymethyl-4-methylthio-
pyridine. 
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UV Spectra. The U V spectra of the neutral 
species of 5-methoxy-4-pyridinethiones (I) having the 
methyl and hydroxymethyl group in the 2-position are 
similar to those of their -/V-methyl derivatives ( I I ) , but 
differ a great deal from those of their ^"-methyl deriva­
tives (III). Figure 1 shows the U V spectra of the neutral 
species of 5-methoxy-2-hydroxymethyl-4-pyridinethione 
series, the thione form being seen to exist predominantly. 

Substituent Effects. Clark and Perrin9) obtained 
the substituent constants a0 for ortho-substituted 
pyridines from their dissociation constants. We also 
obtained the substituent constants a0 and am for the 
hydroxymethyl group.7> When the pKa values of 2-
substituted 5-methoxy-4-pyridinethiones (I) , pKlt are 
plotted against the substituent constants Gm,1Q,1V) a 
straight line is obtained, giving the following equation 
by the least-square methods: 

pAj = 1.68 - 3.16crro (r = 0.998). (2) 

For the proton gain of 2-substituted 5-methoxy-
l-methyl-4-pyridinethiones"(II) and the proton loss of 
2-substituted 5-methoxy-4-methylthiopyridines (III), 
Eqs. 3 and 4, respectively, are obtained. 

P*NCH. = 1.54 - 3.99aro (r = 0.992), (3) 

P^SCH, = 5.54 - 7.33a0 (r = 0.999). (4) 

When Eqs. 3 and 4 are substituted into Eq. 1, we have 

\ogKt = 4.00 + 3 . 9 9 a r o - 7.33a0. (5) 

We have obtained a similar equation for 2-substituted 
5-methoxy-4-pyridones :7) 

logJTt = 2.98 + 2.93aOT - 6 . 1 8 o 0 . (6) 

T h e p-value 2.93 for the substituent constants cm 

indicates the decrease of the hydroxy form by electron-
withdrawing groups in the 2-position. I n contrast, the 
p-value —6.18 for the substituent constants c0 shows 
that the ratio of the hydroxy form increases electron-
withdrawing group in the 2-position. I t is possible to 
explain the tautomerism of 2-substituted 5-methoxy-
4-pyridinethiones in a similar manner to that above. In 
Eq. 5, the p-value 3.99 for om indicates the decrease of 
the enethiol form ( lb) by the electron-withdrawing 
group in the 2-position. In contrast, the p-value — 7.33 
for G0 shows that the ratio of ( lb) increases with electron-
withdrawing group in the 2-position. The substituent 
effects on the tautomerism of 2-substituted 5-methoxy-
4-pyridinethiones are similar to those of 2-substituted 
5- methoxy-4-pyridones. 

I t is concluded that the thione forms for 4-pyridine-
thione-4-mercaptopyridine tautomerism predominate by 
factors ofca. 10 the keto forms for 4-pyridone-4-hydroxy-
pyridine tautomerism. 

E x p e r i m e n t a l 

All the melting points were measured on a Yanagimoto 
micromelting point apparatus and are uncorrected. The 
IR spectra were taken on a JASGO IRA-1 spectrophotometer, 
and the NMR spectra on a Hitachi-Perkin-Elmer R-24 
spectrometer (60 MHz) with tetramethylsilane as an internal 
reference. 

The pK& values of 4-pyridinethiones (I), JV-methyl-4-
pyridinethiones (II), and 4-(methylthio)pyridines (III) were 

measured spectrophotometrically in water at 25 °C by the 
method of Albert and Serjeant.12) The absorption spectra 
were taken on a Hitachi EPS-3T spectrophotometer, while 
the pH values were measured with a Hitachi-Horiba F-7 
pH meter. 

Materials. 4-Pyridinethiones (I) and JV-methyl-4-
pyridinethiones (II) were obtained by the reaction of 4-
pyranthiones with ammonia and methylamine. All 4-
pyranthiones were prepared by the reaction of the correspond­
ing 4-pyrones with phosphorus pentasulfide in dry benzene. 

3-Methoxy-4-pyranthione: Yield, 36%; mp 110—114 °C 
(from carbon tetrachloride); IR (KBr) 1604cm-1; NMR 
(CDClg) Ô: 7.45 (d, IH, y=4 .7 Hz), 7.45 (s, 1H), 7.26 (d, 
IH, 7=4 .7 Hz), 3.83 (s, 3H). Found: C, 50.49; H, 4.26%. 
Calcd for G6H602S: G, 50.71 ; H, 4.26%. 

5-Methoxy-2-methyl-4-pyranthione: Yield, 40%; mp 98.5— 
100 °C (from carbon tetrachloride); IR (KBr) 1615 cm-1; 
NMR (CDCI3) Ô: 7 A3 (s, IH), 7.22 (s, IH), 3.82 (s, 3H), 
2.24 (s, 3H). Found : C, 53.55 ; H, 5.06%. Calcd for C7H8-
0 2 S : C, 53.82; H, 5.17%. 

5-Methoxy-2-acetoxymethyl-4-pyranthione: Yield, 54%; mp 
152.5—153.5 °C (from benzene); IR (KBr) 1750, 1630cm-1; 
NMR (CDCI3) ô: 7.45 (s, 1H), 7.32 (s, 1H), 4.88 (s, 2H), 3.85 
(s, 3H), 2.15 (s, 3H). Found: C, 50.40; H, 4.60%. Calcd 
for C9H10O4S: C, 50.47; H, 4.67%. 

5-Methoxy-2-methoxymethyl-4-pyranthione: Yield, 37%; mp 
56—56.5 °C (from benzene-petroleum ether) ; IR (KBr) 
1635 cm-1; NMR (CDC13) Ô: 7 A3 (s, IH), 7.36 (s, IH), 4.24 
(s, 2H), 3.86 (s, 3H), 3.46 (s, 3H). Found: C, 51.48; H, 
5.33%. Calcd for C8H10O3S: C, 51.59; H, 5.42%. 

3-Methoxy-4-pyridinethione: Yield, 44%; mp 149—152 °C 
(from methanol); IR (KBr) 3160, 2800, 1602 cm-1; NMR 
(CF3COOH) ô: 8.3—7.7 (m, 3H), 4.20 (s, 3H). Found: C, 
50.80; H, 5.02; N, 9.94%. Calcd for C6H7NOS: C, 51.06; 
H, 5.02; N, 9.93%. 

5-Methoxy-2-methyl-4-pyridinethione: Yield, 66%; mp 156— 
158 °C (from ethyl acetate); IR (KBr) 3245, 2800, 1615 cm-1; 
NMR (CF3COOH) ô: 7.9—7.5 (m, 2H), 4.15 (s, 3H), 2.69 
(s, 3H). Found: C, 54.04; H, 5.78; N, 8.90%. Calcd for 
C7H9NOS: C, 54.19; H, 5.81; N, 9.03%. 

5-Methoxy-l,2-dimethyl-4-pyridinethione: Yield, 60%; mp 
200—202 °C (dec) (from methanol); IR (KBr) 3450, 
3370, 1615 cm-1; NMR (CF3COOH) Ô: 7.92 (s, IH), 7.64 
(s, IH), 4.17 (s, 3H), 4.12 (s, 3H), 2.69 (s, 3H). Found: C, 
56.66; H, 6.53; N, 8.25%. Calcd for C8HnNOS: C, 56.79; 
H, 6.55; N, 8.28%. 

5-Methoxy-2-hydroxymethyl-4-pyridinethione was obtained by 
the reaction of 5-methoxy-2-acetoxymethyl-4-pyranthione with 
ammonia: Yield, 4 1 % ; mp 154—156 °C (from methanol); 
IR (KBr) 3210, 1600, 1585 cm-1; NMR (CF3COOH) Ô: 8.2— 
7.6 (m, 2H), 5.13 (s, 2H), 4.18 (s, 3H). Found: C, 48.78; 
H, 5.35; N, 8.08%. Calcd for C7H9N02S: C, 49.08; H, 
5.30; N, 8.19%. 

5-Methoxy-2-hydroxymethyl-l-methyl-4-pyridinethione was ob­
tained by the reaction of 5-methoxy-2-acetoxymethyl-4-pyran-
thione with methylamine: Yield, 65%; mp 199.5—201.5 °C 
(from methanol); IR (KBr) 3300, 1615 cm-1; NMR (CF3-
COOH) Ô: 7.99 (br, s, 2H), 5.14 (s, 2H), 4.27 (s, 3H), 4.16 
(s, 3H). Found: C, 51.29; H, 6.07; N, 7.58%. Calcd for 
C 8 H n N0 2 S: C, 51.85; H, 5.98; N, 7.57%. 

5- Methoxy - 2- methoxymethyl- 1- methyl- 4-pyridinethione : Yield, 
70%; mp 166—168 °C (dec) (from methanol); IR (KBr) 
1615 cm-1; NMR (CF3COOH) «5: 8.00 (s, IH), 7.86 (s, IH), 
4.78 (s, 2H), 4.26 (s, 3H), 4.16 (s, 3H), 3.65 (s, 3H). Found: 
C, 54.08; H, 6.58; N, 7.01%. Calcd for C9H13NOoS: C, 
54.26; H, 6.58; N, 7.03%. 

5-Methoxy-2-methyl-4-(methylthio)pyridine was obtained by the 
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methylation of 5-methoxy-2-methyl-4-pyridinethione with 
methyl iodide: Yield, 54%; mp 58—59 °C (from petroleum 
ether); IR (KBr) 1575 cm"1; NMR (CG14) Ô: 7.75 (s, 1H), 
6.66 (s, 1H), 3.85 (s, 3H), 2.37 (s, 3H), 2.31 (s, 3H). Found: 
C, 56.79; H, 6.62; N, 8.30%. Calcd for C 8 H n NOS: C, 
56.79; H, 6.55; N, 8.28%. 

5-Methoxy-2-hydroxymethyl-4-methylthiopyridine was obtained 
by the methylation of 5-methoxy-2-hydroxymethyl-4-pyridine-
thione with methyl iodide: Yield, 5 3 % ; mp 108 °C (from 
carbon tetrachloride); IR (KBr) 3200, 1580cm-1; NMR 
(CDClg) Ô: 7.97 (s, 1H), 7.02 (s, 1H), 4.69 (s, 2H), 3.95 (s, 
3H), 2.43 (s, 3H), 4.3—3.3 (br, 1H). Found: C, 51.44; 
H, 5.95; N, 7.67%. Calcd for C8HnNO aS: C, 51.85; H, 
5.98; N, 7.57%. 

5-Methoxy-2-formyl-4-(methylthio)pyridine was obtained by 
manganese dioxide oxidation of 5-methoxy-2-hydroxymethyl-
4-methylthiopyridine: Yield, 62%; mp 116—117 °C (from 
petroleum ether); IR (KBr) 1720, 1550 cm"1; NMR (CDC1,) 
Ô: 9.96 (s, 1H), 8.19 (s, 1H), 7.73 (s, 1H), 4.06 (s, 3H), 2.51 
(s, 3H). Found: C, 52.35; H, 5.03; N, 7.55%. Calcd for 
C8H9NOaS: C, 52.46; H, 4.95; N, 7.65%. 
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A New Synthesis of Flavones by the Reaction of 2-PhenyI-
2/y-l-benzopyrans with Potassium Permanganate 
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(Received April 11, 1977) 

The oxidation often 2-phenyl-2//-l-benzopyrans with potassium permanganate in acetone has been found to 
give the corresponding flavones in 8—73% yields. The reaction mechanism is discussed on the basis of the sub­
stituent effect and the oxidations of related compounds. 

Flavones can be synthesized from 2'-hydroxy dia l -
cones1) or from flavanones2) or they can be synthesized 
from o-benzoyloxyacetophenones by the Baker-
Venkataraman rearrangement followed by cyclization3) 
or from o-hydroxyacetophenones and aromatic acids by 
the Allan-Robinson condensation.4) We have inves­
tigated the possibility of transforming 2-phenyl-2//-l-
benzopyrans into flavones; this could be accomplished 
by the oxidation of the former with potassium per­
manganate . The procedure is very simple and can be 
utilized as an easy preparat ion method for flavones when 
2-phenyl-2//-l-benzopyrans are readily available. 

T h e 2-phenyl-2/7-l-benzopyrans (Ha—IIj ) were 
prepared from the corresponding 2'-hydroxychalcones 
(la—-Ij) by sodium borohydride reduction, followed by 
treatment wi th aqueous acetic acid. The structures of 
the new 2-phenyl-2//-1 -benzopyrans were confirmed by 
examining their N M R spectra and by elemental 
analyses. 

When the 2-phenyl-2#-l -benzopyrans (IIa—IIj) 
were oxidized with potassium permanganate in a molar 
ratio of 1:4 in acetone, flavones ( I l i a — I IIj) were 
obtained in 8—73% yields; they were identified by 
comparing their melting points with those reported and 
by examining their N M R spectra. When the reaction 
was carried out with potassium permanganate as an 
oxidizing reagent in a molar ratio less than 1: 4 (Table 1, 
entries 5 and 12) or more than 1: 4 (entries 9 and 24), it 
gave a rather poor yield because of the presence of some 
unchanged I I or of tarry products. T h e change in the 
reaction time did not alter the yield significantly 
(entries 6, 7, and 8). However, 2-phenyl-2//-l-benzo-
pyran (IIa) and 7-methoxy-2-phenyl-2i/-l-benzopyran 
( l ib) had longer reaction times, 16 h (entry 2) and 12 h 
(entry 4), respectively, and the yields after 4 h were 
much lower (entries 1 and 3). It is thus considered 
that the 4'-methoxyl group and two methoxyl groups in 
the ring A may accelerate the reaction rate. The yield 
of 2',3',4',7-tetramethoxyflavone (Hie) is extremely low 
(entry 16). This may indicate that the 2'-methoxyl 
group has a steric hindrance towards potassium per­
manganate which attacks the hydrogen at C(2)-position. 
There were many unidentified products in this case. 
When the reaction was conducted in pyridine in place 
of acetone, the yields and the reaction times were not 
affected (entries 14 and 21). The reaction in acetic acid, 
on the other hand, gave the lowest figure (entry 22). 
The change of the oxidizing reagent from potassium 

* Present address: Wakunaga Pharmaceutical Co., Ltd., 
1624, Shimokotatsu, Koda-gun, Hiroshima 729-64. 

permanganate to chromium trioxide-pyridine complex5) 
caused a decrease in the yield of I I I (entry 11). 

In order to explain the above observations, we 
assumed three probable reaction mechanisms. The 
reaction may proceed through a cyclic intermediate 
(V) which is known to be involved in the reaction of 
olefins -with potassium permanganate to give a-diols or 
a-ketols6) (pathway a) . T h e reaction could be of an 
ionic nature and proceed via flavylium cation (VI) 
(pathway b) . O r the reaction may proceed via radical 
intermediate (VII) (pathway c). 

Pathway a is not attractive since it fails to explain the 
facts that the reaction rate was enhanced by the 
4'-methoxyl group and that the steric hindrance was 
exercised by the 2'-methoxyl group which is located 
far from the ethylenic double bond in He . Pathway a is 
completely excluded for the case when 7-methoxy-2-(/>-
methoxyphenyl)-4i/- l-benzopyran (IV) was readily 
oxidized to give H i d in a yield comparable to that 
obtained in the oxidation of l i d . Isomerization of l i d 
to I V is not likely to occur in the reaction conditions, 
as l i d was stable in 0 .75% potassium hydroxide-moist 
ace tone-^ even after 24 h, as observed by N M R 
spectra. The fact that the reaction time of IV (2.5 h) 
was shorter than that of l i d (4 h) also argues against 
the pathway IV-*IId-VV (R = C H 3 0 - , Ar= /> -CH 3 0-
C 6 H 4 - ) -+I I Id . 

Pathway b seemed to be consistent with all our 
observations. The electron-donating group, such as the 
methoxyl group in the rings A and B, would make the 
hydrogen at C (2) -position easier to be removed by an 
oxidant, and the methoxyl group at C(2')-position would 
hinder the approach of the oxidant by steric reasons. 
The fact that the oxidation of IV also yielded H i d may 
indicate that 4', 7-dimethoxyflavylium ion (VI ; R = 
CH3O- , Ar==£-CH 3 0-C 6 H 4 - ) could be an intermediate. 
However, when we examined the oxidation of VI ( R = 
C H 3 0 - , A r = p - C H 3 0 - C 6 H 4 - ) under similar conditions, 
it gave a complex mixture of products in which H i d 
was not found. This suggests that pathway b should 
also be eliminated. 

Pathway c will account for the substituent effects due 
to the methoxyl groups in rings A and B, and for the 
identical results of the oxidations of 2-phenyl-2//-1-
benzopyrans (II) and 2-phenyl-4/7-l-benzopyran. 
When the reaction was carried out in the presence of 
2,6-di-/-butylphenol (entry 15) in the hope of trapping 
the radical intermediate (VI I ) , whose presence has been 
successfully demonstrated in the reaction of 2'-hydroxy-
chalcone with lead tetraacetate using 3,5-dimethoxy-
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TABLE 1. THE REACTIONS OF 2-PHENYL-2//-1-BENZOPYRANS(II) AND 

7-METHOXY-2- (/>-METHOXYPHENYL) AH-1 -BENZOPYRAN (I V) 
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Entry 

i 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
23 

24 

25 

26 

27 

Substrate 

ÏWV 

H a 

I I b 

I I b 

Ile10) 

I l e 
I l e 

I l e 

I l e 

I l e 

I l e 

IId10> 

I l d 

I l d 

I l d b) 

I l e 

I l f 
Hg8) 

I l h 

IIi13> 

I l i 

I l i 

Hj 8 ) 

Hj 
IV 1 « 

I V 

I V 

Oxidant 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4
a > 

C r 0 3 p y 2 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

K M n 0 4 

Gr0 3 py 2 

Reaction conditions 

Molar ratio 

î 
1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 : 

1 : 

1 : 

1 : 

1 : 

1 : 

1 : 

1 : 

1 : 

1 : 

: 4 

: 4 

: 4 

: 4 

: 3 

: 4 
: 4 

: 4 

: 4 . 5 

: 4 
: 8 

3 

4 

4 
6 

4 

4 

4 
4 

4 

4 

4 

4 

5 

3 

4 

8 

Time(h) 

4 

16 

4 

12 
4 

4 

5 

8 

5 

4 

24 

4 

4 

4 

2 

2 

2 
4 

4 

4 

4 

4 

4 

2.5 

2.5 

2.5 

24 

\ 
Solvnt 

acetone 

acetone 
acetone 

acetone 

acetone 

acetone 
acetone 

acetone 

acetone 

acetone 

CJ.H2CJ12 

acetone 

acetone 

pyridine 

acetone 

acetone 

acetone 

acetone 

acetone 

acetone 

pyridine 

C H 3 C O O H 

acetone 

acetone 

acetone 

acetone 

C _ J . H . 2 C J 1 2 

Flavone (yield, %) 

I l i a 1 « 

I l i a 
I l l b 1 « 

I l l b 

IIIc"> 

I I I c 

I I I c 

I I I c 

I I I c 

I I I c 

I I I c 

IIId18> 

I l l d 

H i d 

H i d 

H i e 
IHflS) 
IHgl9) 

IIIh20> 

IIIiai> 

U l i 

U l i 

IHj 2 1 ) 

H l j 
H i d 

H i d 

H i d 

(27) 
(44) 

(31) 

(50) 

(53) 

(59) 

(60) 

(60) 

(29) 
(55) 

(34) 

(48) 

(72) 

(73) 

(34) 

( 8 ) 
(58) 

(42) 
(39) 

(64) 

(51) 

( 5 ) 
(68) 

(49) 

(74) 

(33) 

(14) 

a) The reaction was carried out under nitrogen atmosphere, b) The reaction was carried out in the presence of 
2,6-di-f-butylphenol (2 mmol). 

O-MnJ 

TT vi ni 0 

a R 1 = R 2 = R 3 = R 4 = R 5 = R 6 = H 
b R 1 = R 3 = R 4 = R 6 = R 6 = H , R 2 =OCH 3 

c R 1 = R 2 = R 3 = R 4 = R 5 = H , R 6 =OCH 3 

d R 1 = R 3 = R 4 = R 5 = H , R 2 = R 6 = O C H 3 

e R 1 = R 3 = H , R 2 = R 4 = R 5 = R 6 = O C H 3 

f R 3 = R 4 = R 5 = R 6 = H , R 1 = R 2 = O C H 3 

g R 3 = R 4 = R B = : H , R 1 = R 2 = R 6 = O C H 3 

h R 1 = R 4 = R 5 = R 6 = H , R 2—R 3=OCH 3 

i R 1 =R 4 =R 5 —H, R 2 = R 3 = R 6 = O G H 3 

j R 1 = R 4 = H , R 2 = R 3 = R 5 = R 6 = O G H 3 

Scheme 1. 

phenol,7* it caused a decrease in the yield but no adduct 
was obtained. The reaction, carried out under nitrogen 
atmosphere, gave a flavone in a similar yield as well as 
in the same reaction t ime (entry 10). 

^ 
\ 

igr> - hêCr 
IV VII vni 

Scheme 2. The possible reaction pathways of the oxida­
tions of 2-phenyl-2i/-l-benzopyrans and 2-phenyl-4i/-
1-benzopyran. 

Nevertheless, it is likely that the oxidation of I I and 
I V m a y proceed through the hydrogen abstraction at 
the C(2)-position in the case of I I and at the O p ­
position in the case of I V giving the identical radical 
(VII ) , and that the a t tack of the permanganate ion to 
V I I at the C(4)-position gave V I I I and the elimination 
of reduced manganese species in V I I I would give I I I . 
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T h e oxidations of the 2-phenyl-2//-l-benzopyrans are 
also interesting in connection with their biogenetic 
transformations into 3-flavanols,8»9) 4-flavanols,10,11) 3,4-
flavandiols,9»10) and 3,4-epoxyflavans.9) 

E x p e r i m e n t a l 

All 1H NMR spectra were recorded with a Hitachi R 24 
NMR spectrometer with TMS as an internal standard, while 
the IR spectrum was recorded with a JASCO IRA-1 grating 
spectrometer. Melting points were determined on a Yanagi-
moto micro hot-stage and were uncorrected. 

Preparations of 2-Phenyl-2H-l-benzopyrans (lib, lie, Hf, and 
Ilh). A mixture of 2'-hydroxychalcone (6 mmol), 
sodium borohydride (12 mmol), and ethanol (100 ml) was 
stirred for 3 h at room temperature. After the removal of the 
ethanol, the resulting solid was treated with 10% aqueous 
acetic acid (100 ml) and then extracted with benzene. The 
benzene solution was separated and evaporated under reduced 
pressure. The resulting liquid was purified on a silica gel 
column (Wakogel C 100, 100 g) by eluting with benzene and 
by recrystallization or by distillation. 

7-Methoxy-2-phenyl-2H-l-benzopyran (lib): Bp0>02 180 °G 
(bath temp), 35% yield, NMR (CC14) 0=3.66 (3H^ s, OCH3), 
5.57 (IH, dd, 7=9 .6 , 3.6 Hz, H ( 3 )) , 5.83 (IH, dd, 7=3 .6 , 
1.6 Hz, H ( 2 )), 6.3—6.6 (3H, m), 6.85 (IH, m, H ( 5 )), and 
7.1—7.6 (5H, m, Ph). Found: C, 80.37; H, 5.81%. Calcd 
for C16H1402: C, 80.64; H, 5.92%. 

7-Methoxy-2-( 2,3,4-trimethoxyphenyl)-2H- 1-benzopyran (He) : 
Bp0 .02200°C (bath temp), 41% yield, NMR (CC14) 0= 
3.65 (3H, s, OCH3), 3.75 (3H, s, OCH3), 3.75 (3H, s, OCH3), 
3.92 (3H, s, OCH3), 5.48 (IH, dd, 7=9 .0 , 3.3 Hz, H ( 3 )), 6.10 
(IH, dd, 7 = 3 . 3 , 1.7 Hz, H ( 2 )), 6.22—6.5 (3H, m), 6.40 (IH, 
d, 7 = 10.0 Hz, H t t /}), 6.78 (IH, m, H ( 5 )), and 7.02 (IH, d, 
7 = 10.0 Hz, H(6/}). Found: C, 69.35; H, 6.17%. Calcd for 
C19H20O5:C, 69.50; H, 6.14%. 

6,7-Dimethoxy-2-phenyl-2H-l-benzopyran (Ilf) : Mp 79—80 °C 
(light petroleum), 67% yield, NMR (CC14) 0=3.62 (6H, s, 
2xOCH 3 ) , 5.47 (IH, dd, 7=10.0 , 3.5 Hz, H ( 3 )), 5.67 (IH, 
dd, 7 = 3 . 5 , 1.8 Hz, H ( 2 )), 6.30, (IH, dd, 7=10.0, 1.8 Hz, 
HC4)), 6.21 (IH, s, H ( 8 )), 6.37 (IH, s, H ( 5 )), and 7.20 (5H, m, 
Ph). Found: C, 75.95; H, 6.09%. Calcd for C17H1603: 
C, 76.10; H, 6.01%. 

7,8-Dimethoxy-2-phenyl-2U.-l-benzopyran (Ilh) : Mp 60—61 °C 
(MeOH), 53% yield, NMR (CC14) (5=3.63 (3H, s, OCH3), 
3.77 (3H, s, OCH3), 5.64 (IH, dd, 7=9 .7 , 3.5 Hz, H (3 )), 5.81 
(IH, dd, 7 ^ 3 . 5 , 1.8 Hz, H ( 2 )), 6.28 (IH, d, H ( 6 )), and 6.56 
(IH, d, H (5)) (AB system, 7 A B = 8 . 0 H Z ) , 6.40 (IH, H ( 4 ) , 
coincided with a part of the AB system), and 7.2—7.5 (5H, 
m, Ph). Found: C, 75.93; H, 6.01%. Calcd for C17H1603: 
C, 76.10; H, 6.01%. 

4'' ,7-Dimethoxyflavylium Perchlorate (VI). Through a 
mixture of /»-methoxyacetophenone (2.0 g), 2-hydroxy-4-
methoxybenzaldehyde (2.5 g), and 85% formic acid (30 ml) 
was passed dry hydrogen chloride for 2.5 h at room tempera­
ture. 20% perchloric acid (27 ml) was added to the cooled 
reaction mixture, which was then left overnight. The pre­
cipitates were collected by filtration, giving a dark red powder, 
mp 265 °C (lit,14) mp 270 °C) (3.05 g, 61%). 

7-Methoxy-2-(p-methoxyphenyl)-4H- 1-benzopyran (IV). 
4',7-Dimethoxyflavylium Perchlorate (1.83 g) in ethanol (50 
ml) was reduced with sodium borohydride (51 mg) at 0 °C 
for 1 h. After the removal of the ethanol, the resulting solid 
was washed with ether. The ether was evaporated and the 
resulting substance was recrystallized to give colorless prisms, 
mp 137—139 °C (EtOH) (0.46 g, 35%). 

Oxidation of 2-Phenyl-2H-l-benzopyrans (Ha—IIj) with Potas­
sium Permanganate. A mixture of a 2-phenyl-2//- 1-benzo­
pyran (1 mmol), potassium permanganate (3—5 mmol), and 
a solvent (50 ml) was stirred at room temperature until all 
of II was consumed (the period of time is shown in the Table). 
The solvent was evaporated, and the resulting mixture was 
treated with 5% aqueous sodium hydrogen sulfite (20 ml) 
and acidified with coned sulfuric acid. The precipitates were 
collected and purified on a silica gel column by eluting with 
chloroform and by recrystallization to give II. In the case 
of He, the reaction mixture was filtered and the manganese 
dioxide was washed with chloroform. The combined filtrate 
was then evaporated, and the product was purified on TLC 
and by recrystallization. I l ia , mp 97 °C (MeOH) (lit,15) mp 
97 °C); H lb , mp 107—108 °C (MeOH) (lit,16) mp 110— 
111°C); IIIc, mp 155—156 °C (MeOH) (lit,17) mp 157— 
158 °C); Hid, mp 146—147 °C (MeOH) (lit,18) mp 143— 
144 °C); Hie. mp 164—165 °C (MeOH), IR (CHC13) 
1635 cm-1 (C=0), NMR (CDC13) <5=3.87 (6H, s, 2xOCH 3 ) , 
3.88 (3H, s, OCH3), 3.90 (3H, s, OCH3), 6.78 (IH, d, 
7=8 .1 Hz, H(B/>), 6.90 (IH, s, H ( 3 )), 6.85—7.05 (2H, m, 
H(6) and H ( 8 )), 7.49 (IH, d, 7=8 .1 Hz, H ( eo), and 8.09 
(IH, m, H(6)) [Found: C, 66.43; H, 5.36%. Calcd for 
Ci9H1 806 : C, 66.66; H, 5.30%.]; Ulf, mp 189—190 °C 
(MeOH) (lit,18) mp 189 °G); IHg, mp 181—182 °C (MeOH) 
(lit,19) mp 184—185 °C); I l lh , mp 147—148 °C (MeOH) 
(lit,20> mp 151 °C); Uli , mp 192—194 °C (MeOH) (lit,21) 
mp 189—190 °C); IIIj, mp 203—204 °C (MeOH) (lit,21) 
mp 200 °C). 

Oxidation of 7-Methoxy-2-(p-methoxyphenyl)-4H-l-benzopyran 
(IV) with Potassium Permanganate. The reaction was 
carried out in a manner similar to the above, giving Hid, 
mp 146—147 °C. 

Oxidation of 2-(p-Methoxyphenyl)-2H- 1-benzopyran (He) with 
Chromium Trioxide-Pyridine Complex. A mixture of l ie 
(1 mmol), chromium trioxide-pyridine complex5) (8 mmol), 
and dichloromethane (30 ml) was stirred at room tempera­
ture under nitrogen atmosphere for 24 h. 5% aqueous 
sodium hydrogen sulfite (20 ml) and coned sulfuric acid (1 ml) 
were added to the reaction mixture, which was extracted with 
chloroform. The organic layer was separated, dried, and 
evaporated to dryness. The resulting solid was purified in 
a manner similar to the above, giving IIIc, mp 155—156 °C. 

Oxidation of 7-Methoxy-2-(p-methoxyphenyl)-4Yi- 1-benzopyran 
(IV) with Chromium Trioxide-Pyridine Complex. IV was 
oxidized with the reagent to give 11 Id, mp 146—147 °C. 
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The reaction of SjS-diphenyl- and £,S-dimethyl-iV-imidoylsulnmides (1 and 2) with carbon disulfide was 
studied. 1 yielded nitrile, isothiocyanate, diphenyl sulfide, and sulfur, whereas 2 gave iV-thiocarbonyl-S^-dime-
thylsulfimide together with isothiocyanate. Kinetic studies indicate that the reaction proceeds via a [2+2] cyclo­
addition mechnism, as is shown by the small effects of the solvents and the substitutent on the rate. 

A number of recent works1) on sulfimides have shown 
their importance in organic synthesis. Some interesting 
reactions of iV-imidoyl-2) and N-thiocarbonylsulfimides3) 
have also been reported. 

In continuation of our previous studies to explore the 
physical and chemical properties of P- and S-ylides and 
imides,3) we have found an interesting reaction of the 
SjiS-diphenyl- and /S^-dimethyl-iV-imidoylsulfimides 1 
and 2 with carbon disulfide. 

Results and Discussion 

Preparation. The iV-imidoylsulfimides, l a — c and 
2 a — f (Table 1), were prepared by the reaction of 
benzimidoyl chlorides with free ^^-diphenylsulfimide 
Ph2S=NH or iV-haloamidines with dimethyl sulfide, 

Ph3S=N-C 
.NR1 

Me9S=N-C ' 
\ R 2 

^NR1 

\ R 2 

modifying the reported methods.23) T h e iV-[(methy-
thio)carbonimidoyl]sulfimides, I d and e were prepared 
by the reaction of the iV-thiocarbamoylsulfimides, 3d 
and e with methyl iodide, followed by treatment with 
a base. 

RlNCS ß Mel 
Ph2S=NH - • Ph2S=NC • 

^NHR1 

3d, e 
ffi /SMe /SMe 

Ph2S-N=C I e • Ph2S=N-C 
^NHR1 ^NR1 

4d, e Id, e 

d i R ^ P h e : R 1 = Me 

The physical properties of 1 and 2 are collected in 
Table 1. 

The Reaction of 1 and 2 with Carbon Disulfide. The 
l b , 2b , and c sulfimides were shown to be stable up to 
150 °C.2a> On the other hand , the 1 and 2 sulfimides 
showed high reactivities with carbon disulfide even at 
room temperature. The products in the reaction of 
S^-diphenylsulfimides l a — e with carbon disulfide were 
confirmed to be isothiocyanates, nitriles, diphenyl 
sulfide, and sulfur by comparing their I R and GLC with 
those of authentic samples. 

Ph,S=N-C 
^NR1 

\ R 2 
+ CS2 , 

Ph2S + RXNCS + R2CN + (1/8)S8 

TABLE 2. PRODUCTS OF THE REACTION OF 

1 OR 2 WITH CARBON DISULFIDE 

Condition*' 
(Time, day) Products (%) 

l a 
l b 
lc 
Id 
l e 
2a 
2b 
2c 
2d 
2e 
2f 

1 
1 
1 
2 
1 
2 
2 
2 
2 
2 
2 

R!NCS(92), R2CN(90), Ph2S(96), S8 

R1NCS(90), RaGN(93), Ph2S(95), S8 

R1NGS(94), R2GN(92), Ph2S(96), S8 

R1NCS(87), R2CN(81), Ph2S(96), S8 

R1NCS(80), R2CN(82), Ph2S(97), S8 

5a(93), RXNCS 
5a (96), R*NCS 
5a(91), R!NCS 
5d(94), RXNCS 
5e(91),RxNGS 
5f (93), R!NCS 

a) 1 or 2 (1 mmol) with carbon disulfide(10 mmol) in 
chloroform (20 ml) at room temperature. 

TABLE 1. PREPARATION AND PHYSICAL PROPERTIES OF 1 AND 2 

l a 
l b 
l c 
Id 
l e 
2a 
2b 
2c 
2d 
2e 
2f 

R1 

p-To\ 
Ph 
Ph 
Ph 
Me 

p-To\ 
Ph 

/>-ClC6H4 

Ph 
Ph 
Ph 

R2 

Ph 
Ph 

p-Tol 
SMe 
SMe 

Ph 
Ph 
Ph 

p-To\ 
/>-cic6 
m-Tol 

Yield(%) 

76 
59 
73 
89 
93 
43 
41 
36 
48 

H4 31 
47 

Mp(°G) 

140—141 
142—143b> 
150—151 
119—120 
82—83 
180—182 
167—169°) 
185— 187d> 
155—156 
162—164 
169—171 

NMR (5 in CDCl3)
a> 

2.113(CH3C6H4) 

2.25(GH3C6H4) 
2.64(SMe) 
2.61 (SMe), 2.96(NMe) 
2.17(CH3C6H4), 2.73(Me2S) 
2.70(Me2S) 
2.71(Me2S) 
2.16(CH3C6H4), 2.65(Me2S) 
2.67(Me2S) 
2.20(CH3C6H4), 2.69(Me2S) 

Found(Calcd) (%) 
C H N 

79.38(79.15) 5.73(5.62) 7.02(7.10) 
78.76(78.91) 5.09(5.30) 7.44(7.36) 
79.03(79.15) 5.44(5.62) 7.36(7.10) 
68.23(68.54) 5.30(5.18) 7.75(7.99) 
62.09(62.46) 5.37(5.59) 9.88(9.71) 
71.24(71.07) 6.52(6.71) 10.11(10.36) 
70.05(70.28) 6.41(6.29) 10.80(10.93) 
61.83(61.95) 5.03(5.20) 9.76(9.63) 
70.91(71.07) 6.53(6.71) 10.15(10.36) 
61.77(61.95) 5.06(5.20) 9.52(9.63) 
71.20(71.07) 6.53(6.71) 10.15(10.36) 

a) The phenyl-ring protons appeared at 6.5—8 as multiplets, b) Lit,2a> mp 141—143 °C. c) Lit,2a> mp 167—169 °C. 
d) Lit,2a> mp 180—182 °G. 
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TABLE 3. PHYSICAL PROPERTIES OF 5 

3303 

5 

5a 
5d 
5e 
5f 

R2 

Ph 
p-Tol 
/>-ClC6H4 

m-Tol 

a) The phenyl-

Mp(°C) 

106—107 
107—108 
156—158 
95—96 

M+ 

197 
211 
231 
211 

ring protons appeared at 

NMR(3 in CDCl3)
a> 

2.89(Me2S) 
2.36(CH3G6H4), 2.93(Me2S) 
2.82(Me2S) 
2.34(CH3C6H4), 2.83(MeaS) 

ö 7—8 as multiplets. 

Found (Calcd)(%) 
C H N 

54.53(54.78) 5.69(5.62) 6.93(7.10) 
56.67(56.83) 6.32(6.20) 6.53(6.62) 
46.71(46.64) 4.51(4.35) 6.17(6.04) 
56.58(56.83) 6.12(6.20) 6.48(6.62) 

£,.S-Dimethylsulnmides 2a—f also reacted easily with 
carbon disulfide a t room temperature yielding the 
iV-thiocarbonyl-.S,£-dimethylsulfimides together with the 
isothiocyanates. 

^NR1 

Me2S=N-C + CS2 
\ R 2 

2 

Me2S=N-C + RXNCS 
\ R 2 

The structure of 5 was confirmed on the basis of their 
N M R , MS, and elemental analyses. These results are 
shown in Tables 2 and 3. 

In a previous paper3) we have shown that the thermal 
decomposition of JV-thiocarbonyl-££-diphenylsulfimides 
6, proceeds via 

Ph,S=N-C Ph,S-N=C 
\ R 2 

Ph2S + 

u 

s 
R2C=XN 

\ R 2 

R2CN + (1/8)S8 

the nucleophilic attack of thiocarbonyl sulfur at the 
nitrogen atom, yielding thiazirine and diphenyl sulfide. 
O n the other hand, 5 were stable under heating at 50 °C 
for a long time. We believe 6 to be the initial products 
of the reaction of 1 with carbon disulfide. The marked 

TABLE 4. SECOND-ORDER RATE CONSTANTS (£2) 

FOR THE REACTION OF 1 OR 

2 WITH CARBON DISULFIDE 

Temp(°C) Solvent * ,Xl0 5 Ea AS 
1/mol s Cal/mol e.u. 

l a 

2a 

2b 

2c 

2d 

2e 

2f 

50 
50 
45 
50 
55 
45 
50 
55 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

CDC13 

PhCN 
GDCI3 
CDCI3 
GDCI3 
PhN0 2 

PhN0 2 

PhNOa 

CH2C12 

PhCN 
CDCI3 
PhN0 2 

CDCI3 
PhNOa 

CDCI3 
PhNOa 

CDCI3 
PhNOa 

CDCI3 
PhNOa 

4.52 
44.5 
2.36 ï 
3.48 I 15.0 - 3 2 . 9 
4 .81 J 

37.3 \ 
55.8 [ 12.2 - 3 6 . 2 
75.1 J 
9.03 
34.2 
2.18 

36.3 
1.21 

23.2 
2.73 

40.3 
1.34 

22.2 
2.47 
38.7 

TABLE 5. HAMMETT'S CONSTANTS FOR THE REACTION OF 

2 WITH CARBON DISULFIDE AT 5 0 ° C 

Solvent 

pRi, R 2 = P h 
PR2, R ! = P h 

CDCI3 

- 1 . 1 5 
- 0 . 8 6 

PhN0 2 

- 0 . 9 4 
- 0 . 8 0 

difference in thermal stability between 5 and 6 may be 
at tr ibuted to the electron-attracting power of the 
groups on the sulfide sulfur. The phenyl groups of 6 
may facilitate the nucleophilic attack of the thiocarbonyl 
sulfur on the nitrogen in the transition state. 

The iV-imidoylsulfimides 1 and 2 reacted easily with 
carbon disulfide under mild conditions. Meanwhile, 
the action of hydrogen sulfide on amidines represents a 
useful route to thioamides.4) I n an old article,5) it was 
reported that iV,iV'-diphenylbenzamidine reacts with 
carbon disulfide under drastic conditions (130—140 °C) 
to yield thiobenzanilide and phenyl isothiocyanate. We 
have performed kinetic experiments in order to find a 
reasonable mechanism for the reaction of 1 and 2 with 
carbon disulfide. The reaction gave good second-order 
rate constants (k2), which were first-order with 1 or 2 
and carbon disulfide respectively, when the reaction 
was followed by N M R spectroscopy. T h e results are 
listed in Tables 4 and 5, which indicate small effects 
of solvents and substituents on rate and negative 
entropies for the reaction. These observations indicate 
that the mechanism for the formation of 1,3-thiazetidine-
2-thione via a rate-determining electrophilic attack on 
iminonitrogen, followed by ring closure (Routes a ' and 
b) , can be ruled out. The reaction of 1 or 2 with carbon 
disulfide seems to be a typical [ 2 + 2 ] cycloaddition 
reaction.6) The mechanism we suggest is shown is 
Scheme 1, which involves the initial formation of 1,3-

R9S=N-C 

R2S-N=C 

R2S=N-C + R*NCS 
\ R 2 

5, 6 

Scheme 1. 
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thiazetidine-2-thione via cycloaddition (Route a ) , follow­
ed by a rapid ring cleavage to yield 5 or 6 and iso-
thiocyanate. 

E x p e r i m e n t a l 

Preparation of la—c. Free SjS-diphenylsulfimide was 
prepared according to the literature.7) The general procedure 
for the preparation of la—c is as follows: to a solution of 
SjS-diphenylsulnmide (2.01 g, 0.01 mol) in 50 ml of dry 
benzene we added a solution of imidoyl chloride (5 mmol) in 
10 ml of dry benzene in one portion. After 30 min the 
liquid layer was condensed in vacuo to give a crystalline mass, 
which afforded needles, la—c, from chloroform-hexane. The 
results are shown in Table 1. 

Preparation of Id and le. iV-Thiocarbamoyl-5',5'-di-
phenylsulfimides, 3d, and e were prepared according to the 
literature.3'8) To a solution of 3d (0.01 mol) in chloroform 
we added methyl iodide (0.02 mol) in one portion. The 
resulting solution was kept standing at room temperature for 
12 h. Then the solution was dried in vacuo to give a crystalline 
mass. We then added a solution of sodium ethoxide in 
ethanol [from sodium (0.015 mol) and ethanol (30 ml)] to the 
mass, portion by portion, under vigorous stirring. The 
mixture was stirred for 5 min and then poured into 100 ml 
of ice water. The product was extracted with chloroform, 
and crystallized from chloroform-hexane. 

l e was prepared similarly; the results are shown in Table 1. 
Preparation of 2a—f. 2 were prepared according to 

the literature.9) The yields (based on amidines used) and 
physical properties are shown in Table 1. 

The Reaction of la—e with Carbon Disulfide. A solution 
of la—e (1 mmol) and carbon disulfide (10 mmol) in 20 ml 
of chloroform was kept standing for a day at room tempera­
ture. After the reaction, the mixture was dried in vacuo and 
separated into petroleum ether-soluble and insoluble parts. 
The former part was analyzed by GLC (silicone grease on 
celite) and found to be a mixture of diphenyl sulfide, iso-
thiocyanate, and nitrile. The petroleum ether-insoluble part 

was sulfur. The results are shown in Table 2. 
The Reaction of 2a—f with Carbon Disulfide. A solution 

of 2a—f (1 mmol) and carbon disulfide (10 mmol) in 20 ml 
of chloroform was kept standing at room temperature for 2 
days. After drying the solvent in vacuo, the residue was 
separated into petroleum ether-soluble and insoluble parts. 
The former part was isothiocyanate, which was confirmed by 
comparing their IR and GLC with those of the known sample. 
The latter part was Ar-thiocarbonyl-£,lS

,-dimethylsulfimide, 5. 
The results are collected in Tables 2 and 3. 

Kinetic Studies. A solution of 1 or 2 (0.05—0.3 mol/1) 
and carbon disulfide (0.4—0.8 mol/1) in chloroform-rf (or 
other solvents) was sealed in an NMR sample tube; the rate 
was followed at suitable time intervals by analyzing the NMR 
signals of the methyl groups of l a or 2 and the products. 
The results are shown in Tables 4 and 5. 
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Synthesis of benzyl a- and ß-kasugaminides (benzyl 2,4-diamino-2,3,4,6-tetradeoxy-a- and ß-v-arabino-hexo-
pyranosides) was carried out by the simultaneous substitution at 2,4-positions of 2,4-di-O-mesyl-abequosides (3,6-
dideoxy-2,4-di-0-mesyl-a- and ß-D-ry/o-hexopyranosides) with sodium azide followed by hydrogénation. The sub­
stitution in JV, JV-dimethylformamide at higher temperature gave the elimination products (4-azido-2,3-unsaturated 
derivatives) and the subsequently rearranged products (3,4-unsaturated 2-azido derivatives), but, that in hexameth-
ylphosphoric triamide at lower temperature gave the desired compounds in fairly good yields. 

In connection with synthetic studies on kasuga-
mycin2 '3) a few reports on the synthesis of racemic4,5) 
and optically active6) methyl a-kasugaminide (methyl 
2,4-diamino-2,3,4,6-tetradeoxy-a-D-arafo'«o-hexopyrano-
side) have been published. T h e necessity of the resolu­
tion of a racemate is a shortcoming in the former 
synthesis, whereas the stepwise conversion in the latter 
takes longer steps, and consequently gives a lower 
overall yield. 

In order to study the relationship between the 
configuration of aminosugar moiety in kasugamycin and 
the biological activity, we intended to develope a better 
pathway for synthesis of optically active kasugaminide 
and its diastereomers. In this paper, a facile synthesis 
of benzyl a- and /^kasugaminides via the simultaneous 
5'N2-substitution at 2,4-positions of the corresponding 
abequosides (benzyl 3,6-dideoxy-a- and ß-D-xylo-hexo-
pyranosides) is descrided. As methyl a-abequoside7-9> 
is known to be synthesized by the simultaneous deoxy-
genation of 3,6-positions of methyl 3,4-anhydro-6-0-/>-
tolylsulfonyl-a-D-galactopyranoside obtainable from D-
glucose, the pathway offered here is advantageous. 

R e s u l t s and D i s c u s s i o n 

According to the method of Siewert and Westphal,7) 
benzyl a- and ^-abequosides were newly prepared. 
Benzoylation of benzyl 4,6-O-benzylidene-a-10) and ß-D-
glucopyranosides11) in the usual manner gave the 2,3-
di-O-benzoates ( la and Iß) in good yields, respectively. 
Partial hydrolysis of the 4,6-O-benzylidene group in l a 
and Iß proceeded quantitatively in 70% acetic acid a t 
90—95 °G to give 2a and 2ß, respectively. Mesylation 
of 2a and 2ß in the usual manner gave the corresponding 
4,6-di-O-mesylates (3a and 3ß) in good yields, respec­
tively. Benzyl 2,3-di-0-benzoyl-4,6-di-0-/>-tolylsulfonyl-
/?-D-glucopyranoside (4) was also prepared from Iß in a 
similar manner. 

Examination of the conversion of 3ß in dichloro-
methane or chloroform into the corresponding epoxide 
{Iß) by treatment with sodium methoxide in methanol 
indicated that 3ß was once changed into an intermediate 
(5) within 6 h and then gradually converted into 7ß. 

In fact, 5 deposited from the reaction mixture, when 
the amount of solvents (especially methanol) was not 
enough. This conversion proceeded slower than that 
of the corresponding methyl glucoside,7) and the use 

Ph" 
/°~l / / - ° \ 

\<CBz V o B n 

olNL-f 
OBz 

(l) 

.-OR 
J-Q0Bn 

K?H ) RO^t-Y 
OH 

(5) R=S02CH3 

(6) R=S02C6H4CH3-

CH3 

ROJ-O 

l<^V0Bn 
1 
OR 

(9) R = H 

(11) R = S02CH3 

rOR 

}~\ <0Bz >0Bn 
RON-Y 

OBz 
(2) R=H 

(3) R=S02CH3 

rOMs 

/"A fO VOBn 

NL/ 
OH 

(7) 

P 

r-OR 
RO J — ooBn 

Ö 
I 

OR 
(10) R=H 

(12) R = S02CH3 

|< 
TsO 

< 

rOTs 
/"-OOBn 

C?Bz) 
MZ/ 

OBz 
(4) 

OTs 
/ - O O B n 

(? ) ^-Y 
OH 

(8) 

of a little excess (1.3—1.4 mol) sodium methoxide gave 
a better result. Thus , 7a and 7ß were obtained in 64 
and 7 5 % yields, respectively. In a similar way, tosylated 
intermediate (6) and tosylated epoxide (8) were obtain­
ed from 4. I t was characteristic that N M R spectra of 
these epoxides showed a coupling between O H and H 2 

and a AB-quartet of H 3 and H 4 . Reduction of 7a, Iß, 
and 8 in tetrahydrofuran (THF) with 3 mol of lithium 
aluminium hydride (LAH) gave sirupy benzyl abequo­
sides (9a and 9/3), respectively. When 1.5 mol of L A H 
were used in one instance, crystalline benzyl 3-deoxy-/?-
D-.yjy/0-hexopyranoside (10) was separated on a silica 
gel column in 2 2 % yield, indicating that the epoxide 
ring was more reducible than the 6-O-sulfonate group. 
Excepting the last step in the synthesis of 9a and 9/?, 
the purification of the product in each reaction was not 
always necessary, and both a- and ß-abequosides could 
be actually obtained in ca. 20% overall yield from 
D-glucose. Mesylation of 9a or 9ß and 10 gave the corre­
sponding 2,4-di-O-mesylates (11a or 11/?) and 2,4,6-tri-
O-mesylate (12) in good yields, respectively. 
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The simultaneous substitution at 2,4-positions of 
mesylates mentioned above with sodium azide was 
unexpectedly accompanied with the formation of 
unsaturated products. Reaction of 11/3 in JV, JV-dimethyl-
formamide (DMF) with 3 mol of sodium azide at 120 °C 
overnight was incomplete, and two spots other than a 
small amount of the starting material were detected on 
T L C . Separation of the products on a silica gel column 
gave one monoazide (14/9) in pure state, but the N M R 
spectrum of another fraction indicated the presence of 
unsaturated compounds. Reaction of 12 under the 
same condition gave also the corresponding 4,6-diazide 
(15) in a low yield. Even after the reaction of 11/? was 
continued at 160—165 °C6) until 14/? disappeared, the 
mixture of products could not be separated by repeating 
column chromatography. Therefore, the separation was 
tried after hydrogénation of the products with L A H 
in T H F followed by N-acetylation. Thus , benzyl N,N'-
diacetyl-/?-kasugaminide (16/?) and benzyl 4-acetamido-
2,3,4,6-tetradeoxy-/^D-^Aro-hex-2-enopyranoside (17) 
could be isolated in 12 and 19% yields, respectively. 
When the hydrogénation was carried out in the presence 
of Raney nickel, the corresponding saturated amino 
derivatives could be separated by column chromato­
graphy into three sirupy products (19, 20, and 18) in 
8, 19, and 4 2 % yields, respectively. These compounds 
were characteriszed after quantitative conversion into 
N-acetyl derivatives (21, 22, and 16/?). The first-order 
analysis of the N M R spectrum of 16/? (cf. Experimental) 
completely proved the allocated structure, and Jx 2 

values of 21 C / l i 8 e =2 .4 , A 2 a = 8 . 0 ) and 22 C / l i t = 8 . 2 ) 
supported them. I t will be noteworthy that 19 is a 
glycoside of the enantiomer of natural L-tolypos-

amine.12»13) 
T h e results mentioned above suggest that the second 

substitution at C-2 of the initial product (14/5) gives 2,4-
diazide (13/5), but the substitution is followed by the 
elimination of axial C2-azido group to give benzyl 4-
azido-2,3,4,6-tetradeoxy-/?-D-£r^Aro-hex-2-enopyranoside 
(23), which subsequently rearranges to the corresponding 
2-azido-3-enopyranoside (24). Recently, several papers 
have been published on the thermal rearrangement of 
2,3-unsaturated 4-azido- and 4-thiocyanatoglycopyrano-
sides to 3,4-unsaturated sugars having nitrogen function 
at C-2.14"16) These conversions were explained as a 
[3,3]-sigmatropic rearrangement of cyclic allylic systems 
in which the asymmetry at the initial allylic centre is 
transmitted to the new centre by the suprafacial migra­
tion.14) Although the formation of a small amount of 
unsaturated product in the substitution of equatorial 
C4-sulfonyloxy group attached to 3-deoxy-hexopyrano-
side-ring with sodium azide in D M F has been report­
ed,10) the question whether the formation of 23 is 
initiated from the equatorial C2-sulfonyloxy group of 
14/5 or from axial C2-azido group of 13/5 was remained 
ambiguous. 

TABLE 1. SUBSTITUTION OF 11a AND 11/3 WITH 

SODIUM AZIDE IN HMPA 

11a 
11a 
11/? 
11/3 
11/9 

Conditions 

Temp Time 
(°C) (h) 

80 20 
120 42 
80 20 

100 5 
120 18 

U 

86 
— 
81 
78 
— 

Products ( 

13 

— 
69 
— 
— 
55 

%) 

Unsaturated 
products 

— 
12a> 
— 
— 
31a> 

a) Yields were estimated from the weight of crude 
products and the intensity ratio of olefinic proton 
and others in N M R spectra. 

In order to prevent the formation of unsaturated 
compounds, the same substitution of 11a and 11/5 was 
examined at a lower temperature, using hexamethyl-
phosphoric triamide (HMPA) as a solvent. As shown in 
Table 1, the reaction at 80 °C gave exclusively monosub-
stituted 14 in good yields. T h e continuation of the 
reaction at 120 °G until 14 disappeared also resulted 
in the formation of unsaturated compounds, but the 
yields of the desired diazides (13) were improved. 
Actually, 16a and 16/5 were obtained from the crude 
products in 60 and 4 6 % yields, respectively, by sub­
sequent hydrogénation and iV-acetylation. T h e structure 
of 16a and 16/5 was further confirmed by respective 
hydrogénation into known JV,JV'-diacetyl-kasugamine 
(25).1?) I t has been reported that the substitution of 
methyl 4,6-0-isopropylidene-3-0-methyl-2-0-methyl-
sulfonyl-/5-D-gluco- and D-mannopyranoside with potas­
sium benzoate in D M F proceeded smoothly, whereas 
that of a-anomers did not occur.18) Slower but steady 
substitution of the a-anomer in this experiment will be 
attr ibuted to the absence of substituent at C-3 and to the 
flexibility of 11a. 
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E x p e r i m e n t a l 

All melting points are uncorrected. T h e solutions were 
evaporated under diminished pressure at a ba th temperature 
not exceeding 45 °C. Specific rotations were measured in a 
0.5-dm tube, with a Carl Zeiss LEP-Al Polarimeter. T h e I R 
spectra were recorded with a Hi tachi Model EPI-G2 spectro­
meter. T h e N M R spectra were taken with a JEOL-4H-100 
M H z spectrometer using tetramethylsilane as an internal 
s tandard, in deuteriochloroform unless otherwise stated. 
Chemical shifts and coupling constants were recorded in ô 
and Hz units, and I R frequencies in c m - 1 . 

Benzyl 2,3-Di-0-benzoyl-4,6-0-benzylidene-a.- and ß-D-gluco-
pyranosides (la and Iß). Benzyl 4,6-0-benzylidene-/S-D-
glucopyranoside11) was benzoylated with benzoyl chloride in 
benzene. A usual work up and recrystallization of the product 
from ethanol gave pure 1/9 in 90 .5% yield. M p 167—168.5 
°C; [a]2

D
2 - 1 9 . 9 ° (c 0.5, CHC13) . I R : 1728 (ester), 1600 

and 1490 (Ph) ; N M R : 7.90 and 7.60—7.00 (Ph; m) , 5.73 
(H 3 : t, 73,4=9.2) , 5.52 (H 2 : q, 7 2 , 3 = 8 . 8 ) , 5.51 ( C H : s), 4.79 
( H i : d, 7 J 2=7.4) , 4.87 and 4.62 (CH 2 : ABq, 7 A B = 12.5), 4.41 
(H 6 e : q, 7«e,6a=10.0), 3.93 (H 4 : t, 74.5=8.8) , 3.87 (H 6 a : 
t, 7 5 , ea=9.8) , 3.72 (H 5 : m, 7 5 .6e=5.0) . Found : C, 72.02; 
H , 5.34%. Calcd for C 3 4 H 3 0 O 8 : C, 72.07; H , 5.34%. 

Similarly, benzoylation of benzyl 4,6-O-benzylidene-a-D-
glucopyranoside10) gave l a in 9 3 % yield. M p 134—136 °C; 
[a]2

D
2 +123 .2 ° (c 0.35, CHC13). I R : 1700 (ester), 1600 (Ph) ; 

N M R : 7.95 and 7.50—7.10 (Ph ; m) , 6.10 (H 3 : t, 7 2 3 = 7 3 4 = 
9.3), 5.51 ( C H : s), 5.28 ( H i : broad s), 5.23 (H 2 : q, Jx 2 = 3 . 3 ) , 
4.72 and 4.53 (CH 2 : ABq, 7 A B = 1 3 . 0 ) , 4.33—3.75 (H4 , H 5 , 
H 6 , and H 6 / : m) . Found : C, 72.34; H , 5.77%. Calcd for 
C 3 4 H 3 0 O 8 : C , 72.07; H , 5.34%. 

Benzyl 2,3-Di-O-benzoyl-u.- and ß-v-glucopyranosides (2a and 
2ß). A suspension of 2ß (30 g) in 70% acetic ac id-
ethanol-acetone (300 ml, 150 ml, and 90 ml) was heated for 
2 h at 90—95 °C until 2/9 disappeared on T L C , and then eva­
porated to give a sirup which was crystallized from benzene. 
Yield, 2 4 g ( 9 4 % ) ; mp 157—158 °C ; [aß2 + 6 5 . 1 ° (c 1.2, 
CHC13) ; I R : 3460 ( O H ) , 1725 and 1710 (ester), 1603 and 
1495 (Ph). Found: C, 67.93; H , 5.56%. Calcd for C2 7H2 6-
0 8 : C, 67.77; H , 5 .48%. 

In a similar manner , 4,6-O-benzylidene group of la was 
hydrolyzed to give la quantitatively. M p 125—126 °C ; 
[a]^2 + 1 7 5 . 2 ° (c 0.5, CHC13). I R : 3500 and 3380 ( O H ) , 
1730 and 1705 (ester), 1600 and 1490 (Ph). Found : C, 
67.53; H , 5.57%. Calcd for C 2 7 H 2 6 O s : C, 67.77; H , 5 .48%. 

Benzyl 2,3-Di-0-benzoyl-4,6-di-0-methylsulfonyl-cc- and /3-D-
glucopyranosides (3a and 3ß). Mesylation of 2ß with 
methanesulfonyl chloride in the usual manner , and crystal­
lization of the product from chloroform-ethanol ( 1: 1 ) gave 
pure 3ß in 9 0 % yield. M p 165—166 °C ; [a]2

D
2 + 4 3 . 7 ° 

(c 1.0, M e O H ) . I R : 1710 and 1733 (ester), 1595 and 1490 
(Ph), 1345 and 1175 (sulfate); N M R : 8.02—7.08 (Ph: m) , 
5.70 (H 3 : t, 72.3=73.4=9-0) , 5.46 (H 2 : q ) , 4.98 (H 4 : t, 7 4 ( 5 = 
9.0), 4.83 and 4.69 (CH 2 : ABq, 7 A B = 1 2 . 0 ) , 4.70 (H x : d, 
7 1 > 2 =8.1) , 4.63 (H 6 : q, 7 5 ( «=2 .0 ) , 4.44 (H e , : q, 7 5 . 6 ' = 4 . 7 , 
7 6 6 /=10 .8) , 3.93 (H 5 : m) , 2.86 and 3.08 ( O S 0 2 C H 3 ) . Found : 
C," 55.10; H , 4.84; S, 9.72%. Calcd for C 2 9H 3 0O 1 2S 2 : C, 
54.88; H , 4.76; S, 10.10%. 

Similarly, 2a was mesylated to give the 4,6-di-O-mesylate 
in 9 3 % yield. M p 182—183 °C, [a]£ + 1 3 7 ° (c 0.6, CHC13). 
I R : 1720 (ester), 1595 and 1490 (Ph), 1350 and 1180 (sulfate); 
N M R : 7.93 and 7.58—7.12 (Ph: m) , 6.08 (H 3 : t, 7 2 3 = 
7 M = 1 0 . 0 ) , 5.32 ( H i : d, 7 i . 2 = 3 . 8 ) , 5.15 (H 2 : q ) , 4.98 (H 4 : 
t, 74 5=9-5) , 4.71 and 4.58 (CH 2 : ABq, 7 A B = H - 5 ) , 4.50— 
4.10 (H5 , H 6 , and H6/ : m) , 3.05 and 2.86 ( O S 0 2 C H 3 ) . Found : 

C, 54.62; H , 4.68; S, 10.00%. Calcd for C 2 9H 3 0O 1 2S 2 : C, 
54.88; H , 4.76; S, 10.10%. 

Benzyl 2,3-Di-0-benzoyl-4,6-O-p-tolylsulfonyl-ß-B-glucopyrano-
side (4). Reaction of 2/3 and jfr-toluenesulfonyl chloride 
in pyridine in the usual manner gave 4 in 6 7 % yield. M p 
125—126 °C; [a]^2 + 1 3 . 9 ° (c 1.0, CHC13). Found : C, 62.55; 
H , 4 .81 ; S, 8.02%. Calcd for C n H 3 S 0 1 2 S 2 : C, 62.58; H , 
4.87; S, 8.15%. 

Benzyl 3,4-Anhydro-6-0-methylsulfonyl-a.- and ß-D-gluco-
pyranosides (7a and 7ß). T o a solution of 3ß (14.8 g, 
124 mmol) in chloroform (150 ml) was added a methanol 
solution (100 ml) of sodium methoxide (0.56 g, 1.2 equivalent 
of sodium) and then kept in a refrigerator overnight. T h e 
reaction mixture was diluted with chloroform (100 ml) , and 
then washed three times with water. T h e chloroform layer 
was dried and evaporated to give a sirup which was crystal­
lized from benzene-petroleum ether. Yield 5.8 g (75%) ; 
m p 77—78 ° C ; [a]2,2 - 1 0 8 . 3 ° (c 1.0, CHC13). I R : 3400 
( O H ) , 1490 (Ph), 1350 and 1190 (sulfate), 930 (epoxide); 
N M R : 7.30 (Ph: s), 4.80 and 4.53 ( C H 2 : ABq, 7 A B = 1 1 . 5 ) , 
4.42—4.30 (H6 and H 6 / : m) , 4.22 ( H i : d, 7 i . 2 = 7.0), 4.19 
(H 5 : t, 7 5 . 6 = 7 5 / = 5 . 7 ) , 3.68 (H 2 : q, 7 2 .OH = 3 ' .8) , 3.21 and 

3.12 (H 3 and H 4 : each d, 7 3 , 4 = 3 . 8 ) , 2.99 ( O S 0 2 C H 3 ) , 2.66 
( O H : d ) . Found : C, 5 1 . 3 8 ; ' H , 5.42; S, 9 . 4 1 % . Calcd for 
C 1 4 H 1 8 0 7 S : C, 50.90; H , 5.49; S, 9 . 7 1 % . 

When the amount of solvents or the reaction t ime in the 
above reaction was not enough, the intermediate, benzyl 4,6-
di-0-methylsulfonyl-/?-D-glucopyranoside (5) deposited from 
the reaction mixture or from the chloroform layer during the 
washing with water. I t was characterized as follows; mp 
101—103 °C; [a] g - 4 1 . 8 ° (c 0.86, M e O H ) ; I R : 3400 ( O H ) , 
1490 (Ph), 1350 and 1190 (sulfate). Found : C, 42.12; H , 
5.39; S, 14.74%. Calcd for C 1 5H 2 2O 1 0S 2 : C, 42.24; H , 5.20; 
S, 15.04%. 

Similarly, 3a was converted into la in 6 4 % yield. M p 
73—74 °C (from ethanol-hexane) ; [a]S + 4 2 . 4 ° (c 0.5, 
CHC13), I R : 3350 ( O H ) , 1495 (Ph), 1350 and 1190 (sulfate); 
N M R : 7.40 (Ph, s), 4.94 ( H ^ d, Jx 2 = 4 . 8 ) , 4.84 and 4.60 
(CH 2 : ABq, 7 A B = 1 1 . 5 ) , 4.45—4.30 (H6 and H 6 ' : m ) , 3.85 
(H 2 : q, 7 2 . O H = 1 0 - 5 ) , 3.30 and 3.24 (H 3 and H 4 : ABq, 7 3 4 = 

2.6), 3.07 ( O S 0 2 C H 3 ) , 2.50 ( O H : d ) . Found : C, 50.62; 
H , 5.56; S, 9 .53%. Calcd for C 1 4 H 1 8 0 7 S : C, 50.90; H , 
5.49; S, 9 . 7 1 % . 

Benzyl 3,4-Anhydro-6-0-p-tolylsulfonyl-ß-T>-glucopyranoside (8) 
and Benzyl 4,6-Di-O-p-tolylsulfonyl-ß-v-glucopyranoside (6). 
Epoxidation of 4 in the same manner as above, and separa­
tion of the product on a silica gel column gave 8 (sirup) and 
6 (mp 110—112 °C) in 48 .4% and 2 5 % yields, respectively. 

8 : [a]2
D

2 - 9 3 . 4 ° (c 0.9, CHC13); N M R : 7.85—7.15 (Ph: 
m) , 4.71 and 4.45 (CH 2 : ABq, 7 A B = 1 4 . 0 ) , 4.25—4.02 (H5 , 
H 6 , and H 6 ' : m) , 3.61 (H 2 : broad d) , 3.13 and 3.02 (H 3 and 
H 4 : ABq, 7 A B = 4 . 4 ) , 2.88 ( O H : broad s), 2.37 (CH 3 : s). 
Found : C, 59.26; H , 5.59; S, 7.76%. Calcd for C2 0H22O7S: 
C, 59.10; H , 5.46; S, 7 .89%. 

6: [a]2
D

2 - 3 7 . 7 ° (c 1.0, M e O H ) . Found : C, 57.21; 
H , 5.35; S, 10 .51%. Calcd for C 2 8 H 3 0 O 1 0 S 2 : C, 56.93; H , 
5.12; S, 10.86%. 

Benzyl 3,6-Dideoxy-oc- and ß-v-xy\o-hexopyranosides (9a and 
9ß). T o a suspension of l i thium aluminium hydride 
(LAH, 2.4 g, 63 mmol) in tetrahydrofuran ( T H F , 100 ml) was 
added dropwise a solution of 7/9 (8 g, 18 mmol) in T H F (70 ml) 
with stirring. T h e reaction mixture was refluxed for 5 h, 
and a mixed solution of water and ethyl acetate was added to 
decompose excess L A H . After bubbling carbon dioxide into 
the reaction mixture, it was filtered, and the filtered mass 
was washed with methanol-water ( 1 : 1). T h e filtrate and 
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washings were evaporated, and the residue was dissolved in 
water. Sodium periodate (2 g, 7.5 mmol) was added to the 
aqueous solution and kept in a refrigerator overnight. After 
addition of hydrogen peroxide (30%, 3 ml) , the mixture was 
reduced with excess sodium thiosulfate, evaporated, and an 
aqueous solution of the residue was extracted with chloroform. 
Evaporation of the extracts gave a sirup (3.8 g) which was 
fractionated on a silica gel column (ethanol: benzene= 1: 9) 
to give pure 9ß (3.0 g, 52%) as a sirup, [oc]2D

2 - 1 0 7 ° (c 0.5, 
CHC13). Found : G, 65.81 ; H , 7.72%. Calcd for C 1 3 H 1 8 0 4 : 
C, 6 5 . 5 3 ; H , 7 .61%. 

The same compound was also obtained from 8 in 48 .5% 
yield. I n a similar manner mentioned above, 9a was obtained 
from la in 5 3 % yield as a sirup, [a] S + 1 1 9 ° (c 0.8, CHC13). 
Found : C, 64.98; H , 7.38%. Calcd for C 1 3 H 1 8 0 4 : C, 65.53; 
H , 7 .61%. 

I n case of 1.5 mol of L A H were used for hydrogénation 
of 7/3, fractionation of the product gave benzyl 3-deoxy-/?-D-
*y/o-hexopyranoside (10) in 22% yield. M p 95—95.5 °C; 
[<x]£ - 5 0 . 9 ° (c 1.1, M e O H ) . Found : C, 61.17; H , 7.08%. 
Calcd for C 1 3 H ] 8 0 5 : C, 61.40; H , 7.14%. 

Benzyl 3,6-Dideoxy-2,4-di-0-methylsulfonyl-a.- and /3-D-xylo-
hexopyranosides (11a and llß). Mesylation of 9ß in the 
usual manner , and crystallization of the product from ethanol 
gave 11/3 in 77% yield. M p 104—105 °C ; [a]?, - 6 4 ° (c 1.0, 
CHC13). I R : 1360 and 1170 (sulfate); N M R : 7.32 (Ph, s), 
4.92 and 4.58 (CH 2 : ABq, J A B = 1 2 . 0 ) , 4.23 (H 4 : m) , 4.68— 
4.50 (Hi and H 2 : m) , 3.80 (H 5 : octet, / 4 5 = 1 . 5 ) , 2.91 and 
3.08 ( 2 x O S 0 2 C H 3 ) , 2.71 (H 3 e : m, J g e m = 1 2 . 7 ) , 2.04 (H 3 a : 
m) , 1.35 (CH 3 : d, JCUt B = 6 . 3 ) . Found : C, 45 .91; H , 5.68; 
S, 16.28%. Calcd for ' C 1 5 H 2 2 0 8 S 2 : C, 45.67; H , 5.62; S, 
16.26%. 

Similarly, 9a was mesylated to give 11a quantitatively. 
M p 92—93 °C (from ethanol-hexane) ; [a]2

D
2 + 9 5 . 2 ° (c 0.6, 

CHC13); I R : 1340 and 1175 (sulfate). Found : C, 45.86; 
H , 5.69; S, 16 .31%. Calcd for C 1 5 H 2 2 0 8 S 2 : C, 45.67; H , 
5.62; S, 16.26%. 

Benzyl 3-Deoxy-2,3,6-tri-O-methylsulfonyl-ß-O-xylo-hexopyrano-
side (12). Mesylation of 10 in pyridine with methane-
sulfonyl chloride gave the tri-O-mesylate in 76% yield. M p 
123—126 °C; [oc]£ - 5 9 . 6 ° (c 1.0, CHC1 3) ; I R : 1350 and 
1180 (sulfate); N M R : 7.32 (Ph: s), 4.97 (H 4 : m) , 4.90 and 
4.65 (CH 2 : ABq, J A B = 1 2 . 0 ) , 4.67—4.56 (Hx and H 2 : m) , 
4.40—4.25 (H6 and H 6 ' : m) , 4.00 (H 5 : sex, / 4 , 5 = 1.0, 7 C H 3 , 5 = 

7.9), 3.11, 3.04 and 2.93 ( 3 x O S 0 2 C H 3 ) , 2.81 (H 3 e : sex, 
J g e m = 1 4 . 3 , y2>3e , y 3 e > 4 =3 .5 ) , 2.04 (H 3 a : m , y 2 , 3 a = 9 . 0 , J 3 a > 4 = 
4.0). Found : C, 39 .61: H , 4 .91 ; S, 19.63%. Calcd for 
C 1 6 H 2 4 O n S 3 : C, 39.33; H , 4.95; S, 19.69%. 

Benzyl 4-Azido-3,4,6-trideoxy-2-0-methylsulfonyl-a.- and ß-D-
nbo-hexopyranosides (14a and 14ß). i) Reaction in N,N-
dimethylformamide (DMF) . A suspension of 11/3 (600 mg, 
1.52 mmol) and sodium azide (500 mg, 7.69 mmol) in D M F 
(10 ml) was stirred at 120 °C overnight, filtered, and the 
filtrate was evaporated to give a sirup (450 mg) which showed 
two spots other than 11/?. T h e sirup was fractionated on a 
silica gel column (benzene: e t h a n o l = 1 0 : 1). T h e first frac­
tion (140 mg, 31.9%) was a mixture of 11/8 and other products, 
and the second fraction was 14/3. Yield, 50 mg (9 .6%) ; 
[a]2

D
2 - 4 4 . 4 ° (c 0.4, CHC13); m p 76—78 °C (from ethanol) . 

I R : 2120 (N3), 1365 and 1180 (sulfate); N M R : 7.30 (Ph; s), 
4.84 and 4.55 (CH 2 : ABq, 7 A B = 1 1 . 5 ) , 4.46 ( H ^ d, Jx 2 = 
7.0), 4.33 (H 2 : dt , / 2 > 3 a = 8 . 0 , / 2 > 3 e = 5 . 2 ) , 3.27 (H 5 : dq, / 4 > 5 = 
9.6), 3.14 (H 4 : sex, / 4 > 3 a = 9 . 6 , 7 4 , 3 e = 4 . 5 ) , 2.87 ( O S 0 2 C H 3 ) , 
2.58 (H 3 e : dt , / g e m = 1 2 . 0 ) , 1.76 (H 3 a : b road q) , 1.31 (CH 3 : 
d, y 5 c H 3 = 7 , 0 ) . Found : C, 49.50; H , 5 .61; N , 12.46; S, 
9 . 2 1 % . Calcd for C 1 4 H 1 9 N 3 0 5 S : C , 4 9 . 2 5 ; H , 5 . 6 l ; N , 12.31; 

S, 9.39%. ii) Reaction in hexamethylphosphoric triamide 
(HMPA) . A suspension of 11/3 (1.2 g) and sodium azide 
(1 g) in H M P A (5 ml) was stirred at 80 °C for 20 h, and then 
poured into water (30 ml) . T h e resulting solution was ex­
tracted with ether. T h e ether solution was washed with 
water, dried, and then evaporated to give a hard sirup (14/3) 
which was crystallized from ethanol-hexane. Yield, 0.84 g 
(81%). T h e physical constants of this product were identical 
with those mentioned above. 

T h e reaction of 11a with sodium azide in the same manner 
gave sirupy 14a in 8 6 % yield. [a]2

D
2 + 114.2 ° (c 0.76, CHC13) ; 

I R : 2100 (N3), 1360 and 1180 (sulfate); N M R : 7.38 (Ph, s), 
5.00 ( H i : d, Jx 2 - 3 . 4 ) , 4.76 and 4.62 (CH 2 : ABq, JAB= 
12.0), 4.80—4.60 (H 2 : m) , 3.68 (H 5 : dq, 7 4 , 5 = 1 0 . 0 , / 5 ( C „ 3 = 
6.3), 3.14 (H 4 : sextet, / 3 a > 4 = 1 0 . 0 , 7 3 e , 4 = 5 . 3 ) , 2.95 ( O S 0 2 -
CH 3 ) , 2.35 (H 3 e : y 2 , 3 e = 5 . 6 , Jgem= 11.6), 2.18 (H 3 a : q, y 2 > 3 a = 
11.0), 1.22 (CH 3 : d ) . Found : C, 49.45; H , 5.51; N , 12.18; 
S, 9 .45%. Calcd for C 1 4 H 1 9 N 3 O s S: C, 49.25; H , 5.61; N , 
12.31; S, 9 .39%. 

Benzyl 4,6-Diazido-3,4,6-trideoxy-2-0-methylsulfonyl-ß-D-nho~ 
hexopyranoside (15). A suspension of 12 (980 mg, 2 mmol) 
and sodium azide (780 mg, 12 mmol) in D M F (13 ml) was 
stirred at 120 °C overnight, filtered, and the filtrate was evap­
orated. A usual extraction gave a sirup which showed two 
spots other than 12 on T L C . Separation of the sirup on a 
silica gel column (benzene: e t h a n o l = 1 0 : 1) gave two main 
fractions of which the first fraction (230 mg, 35%) showed 
no absorption of a sulfonyloxy group, but the second fraction 
(110 mg, 14.3%) showed the mesyl signal in the N M R 
spectrum. T h e former was rechromatographed, but it could 
not be purified. T h e lat ter fraction crystallized on standing, 
and recrystallized from benzene-petroleum ether. M p 78— 
80 °C ; [a]2

D
2 - 2 5 . 2 ° (c 0.6, CHC1 3) ; I R : 2100 (N3), 1365 and 

1180 (sulfate); N M R : 7.30 (Ph, s), 4.88 and 4.58 (CH 2 : 
ABq, A B = 1 1 . 5 ) , 4.51 (H,: d, J l i 2 = 7 . 0 ) , 4.37 (H 2 : dt , 
/ 2 3 e = 5 . 3 ) , 3.41 (H4 , H 5 , H 6 , and H 6 , : broad s), 2.90 (OSO a -
CH 3 ) , 2.67 (H 3 e : dt , / 3 e , 4 = 4 . 2 ) , 1.81 (H 3 a : broad q, J g e m = 
y 3 a .4=y 3 a ,2=H.O) . Found : C, 44.26; H , 4.65; N , 22.33; 
S, 7.99%. Calcd for C 1 4 H 1 8 N 6 O s S: C, 43.97; H , 4.74; 
N , 21.98; S, 8.39%. 

Benzyl 2,4-Diacetamido-2,3,4,6-tetradeoxy-ß-T>-ara.hino-hexo-
pyranoside (16ß) and Benzyl 4-Acetamido-2,3,4,6-tetradeoxy-ß-T>-
erythxo-hex- 2-enopyranoside (17). A suspension of 11/3 
(800 mg, 2 mmol) and sodium azide (700 mg, 10.8 mmol) in 
D M F (15 ml) and water (1.5 ml) was stirred at 120 °C for one 
day, and then at 160—165 °C until the initial product 14/3 
disappeared (8 h) . Trea tment of the reaction mixture in the 
usual way and purified on a silica gel column gave a sirup 
(450 mg) . A suspension of this sirup (350 mg) and L A H 
(380 mg, 10 mmol) in T H F was refluxed on a oil-bath for 3 h, 
and a small amount of water containing ethyl acetate was 
added to decompose excess L A H , and then filtered. After 
neutralization of the filtrate, it was evaporated. T h e residue 
was dried, and then acetylated in the usual manner to give 
a sirup which contained two main components. T h e two 
products were isolated in pure state by column chromato­
graphy repeated twice. Thus , the first fraction 16/? and the 
second 17 were obtained in 50 mg (12%) and 80 mg (19.4%) 
yields, respectively. 

16/8: M p 146—147.5 °C; [a]2,2 - 4 5 . 2 ° (c 1.0, CHC13); 
I R : 3270 ( N H ) ; 1650 and 1550 (amide) ; N M R : 7.29 (Ph: s), 
4.80 and 4.55 (CH 2 : ABq, JAB= 12.0), 4.54 ( H i : d, Jx 2 = 2 . 5 ) , 
4.14 (H 2 : broad s), 3.83 (H 4 : m) , 3.43 (H 5 : dq, Jt'5=8.2), 
2.18 (H 3 e : dt , y 3 e . 4 = y 3 e , 2 = 4 . 7 , / g e m = 1 3 . 5 ) , 1.93 and 1.96 
( 2 x N A c ) , 1.53 (H 3 a : octet, / 3 a > 4 = 1 0 . 0 , 7 3 a , 2 = 4 . 0 ) , 1.29 
(CH 3 : d, y C H 3 5=7 .0 ) . Found : C, 64.03; H , 7.62; N , 8 .73%. 
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Calcd for C 1 7 H 2 4 N 2 0 4 : C, 63.73; H , 7.55; N , 8.74%. 
17: M p 162—164 °C; [a]£ - 2 4 9 ° (c 0.2, CHC13); I R : 

3270 (NH) , 1640 and 1550 (amide) ; N M R : 7.30 (Ph, s), ca. 
5.7 (olefinic H , m) , 4.83 and 4.57 (CH 2 : ABq, A B = 1 2 . 0 ) , 

4.63 ( H i : d, Jx a = 4 . 5 ) , 4.5—4.2 (H4 and H 5 : m) , 1.91 (NAc), 
1.33 (CH 3 : d,' y C H s 5=7 .0 ) . Found : C, 69.23; H , 7.29; 
N , 5.52%. Calcd for C 1 5 H 1 9 N 0 3 : C, 68.94; H , 7.33; N , 
5.36%. 

Preparation of Benzyl ß-Kasugaminide (18), Benzyl 4-Amino-
2,3,4,6-tetradeoxy-ß-D-erythro-hexopyranoside (19), Benzyl 2-
Amino-2,3,4,6-tetradeoxy-ß-D-erythro-hexopyranoside (20), and 
Their Conversion into the Corresponding N-Acetates (16ß, 21, and 22). 

In the same manner mentioned above, the reaction of 11/? 
(7.5 g) with sodium azide was carried out, and the crude 
product was hydrogenated in the presence of Raney nickel 
at 50 °C for 5 h under 50 a tm hydrogen gas to give a sirup 
which showed three spots on T L C . T h e sirup on a silica gel 
(80 g Wakogel C-200) column was eluted with benzene-
ethanol [in turn 7: 1 (500 ml) , 5 : 1 (500 ml) , and 1:1 (300 ml)] 
to give 20 (0.8 g, 19.0%), 19 (0.34 g, 8.1%), and 18 (1.82 g, 
41.9%) as a sirup, respectively. Each sirup was acetylated 
with acetic anhydride and pyridine. T h e reaction mixture 
was directly evaporated to dryness, and the product was puri­
fied by column chromatography if necessary. Each acetate 
obtained in almost quanti tat ive yield was characterized with 
N M R spectrum, respectively. 

Compound 20 was not characterized. 
22: m p 161.5—162 °C; [a] g - 9 0 . 4 ° (c 0.6, CHC13); 

I R : 3280 (NH) , 1635 and 1550 (amide) ; N M R : 7.35 (Ph, 
s), 4.88 and 4.58 (CH 2 : ABq, JAB= 12.0), 4.36 ( H ^ d, Jx 2 = 
8.2), 3 . 8 2 - 3 . 4 0 (H2 and H 5 : m) , 2 . 3 - 1 . 3 (H 3 a , H 3 e , H 4 a , 
and H 4 e : m) , 1.90 (NAc), 1.26 (CH 3 : d, JCH3 5 = 6.5). Found : 
C, 68.72; H , 8.30; N , 5.60%. Calcd for' C 1 5 H 2 1 N 0 3 : C, 
68.41 ; H , 8.04; N , 5.32%. 

19: [a] g - 7 0 . 8 ° (c 1.1, CHC13). Found : C, 69.95; H , 
8.88; N , 6.32%- Calcd for C 1 3 H 2 0 NO 2 : C, 70.55; H , 8.65; 
N , 6 .33%. 

2 1 : mp 165—167° (admixture with 22 showed m p of 
137—146 °C) ; [a]2

D
2 - 8 9 . 8 ° (c 0.5, CHC13); I R : 3270 ( N H ) , 

1635 and 1545 (amide) ; N M R : 7.35 (Ph, s), 4.90 and 4.58 
(CH 2 : ABq, 7 A B = 1 2 . 0 ) , 4.51 ( H i : q, 7 1 > 2 e = 2 . 4 , 7 1 > 2 a = 8 . 0 ) , 
3.70 (H 4 : dt , y 4 , 5 = y 3 a . 4 = 1 0 . 0 , / 3 e , 4 = 4 . 4 ) , 3.36 (H 5 : dq, 
y5 .CH3=6-0), 1-98 (NAc), 2.22—1.38 (H2 a , H 2 e , H 3 a , and H 3 e : 
m) , 1.28 (CH 3 ) . Found : C, 68.82; H , 8.20; N , 5 .37%. 
Calcd for C 1 5 H 2 1 N 0 3 : C, 68.41; H , 8.04; N , 5 .32%. 

18: [ a ß - 9 2 . 4 ° (c 0.4, CHC13). Found : C, 65.76; H , 
8.95 ; N , 11.58%. Calcd for C 1 3H 2 0N 2O 2 : C, 66.07 ; H , 8.53 ; 
N , 11.86%. 

Physical properties of N,N'-diacetate of 18 were identical 
with 16/3. 

Benzyl 2,4-Diacetamido-2,3,4,6-tetradeoxy-cc-D-arah'mo-hexo-
pyranoside (16a). A suspension of 11a (2.4 g, 6.08 mmol) 
and sodium azide (2 g, 28.8 mmol) in H M P A (10 ml) was 
stirred at 120 °C for 42 h until the initial product (14a) 
disappeared on T L C , and the subsequent hydrogénation with 
LAH and iV-acetylation of the product were carried out as 
mentioned before to give a sirup which showed three spots 
on T L C . T h e main spot was separated by a silica gel column 
chromatography to give crystals which were recrystallized 
from ethanol-hexane. Yield, 1.17 g ( 6 0 % ) ; m p 95—98 °C ; 
[oc]2D

2 + 7 7 . 9 ° (c 0.6, CHC13). I R : 3260 (NH) , 1645 and 

1545 (amide) ; N M R ( D 2 0 exchanged): 7.32 (Ph, s), 4.68 
( H i : broad s, Jx 2 = < 1 . 5 ) , 4.66 and 4.52 (CH 2 : ABq, J A B = 
11.5), 4.18 (H 2 : broad t ) , 3.95 (H 4 : q, / 4 , 3 a = 8 . 0 , / 4 , 5 = 1 0 . 0 ) , 
3.64 (H 5 : dq, J5 C H 3 = 6 . 0 ) , 1.98 and 1.95 ( 2 x N A c ) , 2.05— 
1.72 (H3 e and H 3 a : m) , 1.20 (CH 3 : d ) . Found : C, 63.25; 
H , 7.31; N , 8.29%. Calcd for C 1 7 H 2 4 N 2 0 4 : C, 63.73; H , 
7.55; N , 8.74%. 

N,N'-Diacetylkasugamine (25). A solution of 16/3 (0.84 
g, 2.62 mmol) in me thano l -50% acetic acid ( 1 : 1, 10 ml) was 
hydrogenolyzed in the presence of pal ladium-charcoal ( 5 % , 
0.5 g) , filtered, and then the filtrate was evaporated to give 
a sirup which was crystallized from ethanol-hexane. Yield, 
0.46 g (76%) ; mp 124—126 °C; [a] g + 6 5 ° (c 0.8, H 2 0 ) , 
[lit,17) m p 123—125 °C; [a] g + 6 7 ° (c 1.0, H 2 0 ) ] . Found: 
C, 52.52; H , 8.02; N , 11.95%. Calcd for C 1 0 H 1 8 N 2 O 4 : C, 
52.16; H , 7.88; N , 12.17%. 

T h e same compound was also obtained from 16a by hydro-
genolysis in 8 0 % yield. 

T h e a u t h o r s a r e i n d e b t e d to t h e m e m b e r s of t h e 
L a b o r a t o r y of O r g a n i c Ana lys i s for mic roana ly s i s a n d 
to M r . H . M a t s u m o t o for N M R m e a s u r e m e n t s . 
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Layered Compounds. XLIV.1) Transannular TU-K Interactions in 
Tetracyanoethylene Complexes of [m.ii]Paracyclophadiynes 

and the Related Cyclic Acetylenes 
Takahiro KANEDA and Soichi MISUMI 

The Institute of Scientific and Industrial Research, Osaka University, Suita, Osaka 565 
(Received April 21, 1977) 

The electronic spectra of TCNE complexes of acyclic and cyclic diacetylenes and cyclic tetraacetylenes were 
measured. They show a maximum in the narrow region 423—431 nm regardless of ring strain in the donor mole­
cules and proximity of two diacetylene groups. Crystalline two-to-one TCNE complexes of [wi.njparacy-
clophadiynes were prepared, the formation of one-to-one TCNE complexes in solution being established by means of 
the Benesi-Hildebrand plots using various molar ratios of the two components. The electronic spectra of some 1: 1 
[m.«]paracyclophadiyne-TCNE complexes were measured. The spectra suggest that the complexes are equilib­
rium mixtures consisting of three isomeric complexes, i.e., a diacetylene-site complex and two pseudo-conformers 
of benzene-site complex. The longer wavelength band of [m.njparacyclophadiyne complexes shows a marked red-
shift as compared with the other bands. This is interpreted in terms of transannular n-n interaction between the di­
acetylene group and the benzene ring fixed closely with each other by shortening of methylene bridges. The con­
tribution of the three isomeric complexes on the red-shift is discussed. 

In previous papers of this series2'3) reports were given 
on the syntheses and spectra of [njparacyclophadiynes 
or [m.wjparacyclophadiynes lmn where m and n are the 
numbers of bridging methylenes inserted between a 
benzene ring and a diacetylene group. Thermal and 
photochemical cycloadditions4) and 1 3 G-NMR spectra5) 
of lmn and related cyclic diacetylenes were also inves­
tigated. T h e unusual reactions and spectral properties 
have been interpreted in terms of proximity interactions 
between the diacetylene group and the aromatic ring 
placed close to each other in a molecule. 

Tetracyanoethylene ( T C N E ) complexes have often 
been used in studies on the relative ?r-base strength of 
various methyl-substituted benzenes6) and transannular 
Ti-Ti interactions in donor molecules, e.g., [wz.n]paracyclo-
phanes,7) [2.2]metacyclophanes,8) multilayered [2.2]-
paracyclophanes,9) and multilayered [2.2]paracyclo-
heterophanes.10) T h e 7r-basicity of the donor molecules 
increases with an increase in the number of substituted 
methyl groups and/or stacking benzene rings and an 
increase in the face-to-face overlapping between aroma­
tic nuclei. In contrast to the cyclophanes having 
symmetric donor-sites, unsymmetric cyclophanes con­
taining non-equivalent donor sites such as 4-acetyl- and 
4-methoxy-[2.2]paracyclophanes7b) can be expected to 
form two isomeric one-to-one complexes with T C N E , 
i.e., pseudo-configurational isomers. An important 
factor for determining which isomeric complex is more 
predominant or exclusive is the magnitude of ionization 
potentials of the constituent donor moieties. The 
relative orientation between an acceptor and a donor, 
or pseudo-conformation, is the second factor to affect 
transition energy of charge transfer (GT) complexes. 
T w o pseudo-conformers were assumed for one-to-one 
/»-substituted benzene -TCNE complexes and were 
investigated experimentally and theoretically.11) 

Since dialkyldiacetylenes have also been proved to 
form C T complexes with T C N E in the present study, 
paracyclophadiynes lmn can be regarded as unsymmetric 
donor molecules having two possible donor sites. In 
the present work the transannular TZ-TZ interactions in 
lmn and cyclic tetraacetylenes 2n, where a suffix n is the 

(CH2)m (CH2)n (CHOn (CH2)n ( J 
V x?—*»v J >>— = _ _ _ . — / v—(CH2)n— ' 

1 m n 2 n .« 3 n t R u 
t-Bu t-Bu 

(CH2)3-CHCH (CH2)3-=-="(CH2)3 H 0 - Ç - = - = -Ç-0H 

^ (A r \ (CH3)2(r ?(CH3)2 

V V M (cil!V-J^2)3 

(CH2)3-CHCH (CH2)3-=-=-(CH2)3 ^-<Ç==J-y 

4 5 6 
t Bu t Bu 

H 0 - Ç - = - = -Ç-0H 

t-Bu t-Bu 

7 
number of bridging methylenes, are discussed consider­
ing geometrical effect with the aid of their T C N E 
complexes. 

R e s u l t s a n d D i s c u s s i o n 

Charge Transfer Complexes of Alkadiyne and Alkynes with 
TCNE. The ^-donat ion of triple bonds have been 
observed in some examples,12) e.g., in the formation of 
hydrogen bond with hydroxylic protons13) and of 
molecular complex with hydrogen chloride,14) but not 
in T C N E complex. Thus we first examined alkadiyne-
and a lkyne -TCNE complexes in connection with the 
study of paracyc lophadiyne-TCNE complexes. 

T h e equilibrium constants of 5-decyne- and 5,7-
dodecad iyne-TCNE complexes were determined at 25°C 
in dichloromethane with the Benesi-Hildebrand equa­
tion15) 

log/0 / / KB [D] ^ e { ] 

where (A), /, [D] , e, and K are molar concentration of 
T C N E , light pa th length, mole fraction of the alkyne, 
apparent molar extinction coefficient, and the equilib­
r ium constant, respectively. Plots of (A)//(log/0/7) 
against 1/[D] give straight lines for both complexes, 
demonstrating that a 1: 1 complex is formed between 
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TABLE 1. ABSORPTION MAXIMA AND EQUILIBRIUM 

CONSTANTS OF A L K Y N E - T C N E COMPLEXES 

(CH2C12, 25 °C) 

Alkyne A (nm) K(e) 

5,7-Dodecadiyne 
5-Decyne 
3-Octyne 

424 
370 
367 

7.0(1100) 
3.9( 500) 

the alkyne and T O N E in the solution. The observed 
values of Xmn and K given in Table 1 indicate 5,7-
dodecadiyne to be a much stronger ?r-base to T C N E 
than 5-decyne. 

Electronic Spectra of Cyclic Di- and Tetraacetylene-TCNE 
Complexes. The electronic spectra of 2n- and 3n-
T C N E complexes exhibit absorption bands with a 
maximum in the narrow region 423—431 n m as well 
as the one-to-one 5,7-dodecadiyne-TGNE complex, 
suggesting that each spectrum is associated with the 
transition of one-to-one complex. 

The T C N E complexes of two cyclic diacetylenes, 
strained 3 9 and 31 0 , show the absorption maxima at the 
same position. This suggests a slight strain effect on the 
CT-transition of d iacety lene-TCNE complexes. The 
cyclic tetraacetylene 2 3 in which a pair of diacetylene 
groups are closely fixed shows an abnormal spectrum20b> 
due to transannular electronic interaction as compared 
with the other homologs 2n. Thus , the 2 3 - T C N E 
complex is also expected to exhibit t ransannular n-n 
electronic interaction differing from the other 2 M -TCNE 
complexes. However, it reveals a spectrum similar to 
those of the others, indicating that the proximity of the 
two diacetylene groups is not important for CT-transi­
tion energy of cyclic te t raacetylene-TCNE complexes. 

Composition and Geometry of Paracyclophadiyne-TCNE 
Complexes. Crystalline T C N E complexes of both 
134 and 144 were isolated and confirmed to consist of 
two moles of donors and one mole of T C N E . Hara ta 
et al. reported the crystal structure of the latter complex, 
where a T C N E molecule is sandwiched between the 
two benzene rings of two 14 4 molecules but not com-
plexed with diacetylene group-site (Fig. I).16) 

Fig. 1. Crystal structure of two-to-one [4.4]paracyclo-
phadiyne-TCNE complex.16) 

In solution, on the other hand, [m.njparacyclo-
phadiynes lmn are found to form one-to-one T C N E 
complex by the following experiments. When molar 
ratios of 133 and 144 vs. T C N E in dichloromethane are 
changed in the ranges 16—1/19 and 12—1/13, respec­
tively, the position of absorption maximum and the 
shape of absorption curve remain unchanged for both 

420 480 
X(nm) 

Fig. 2. Electronic spectra of TCNE complexes (CH2C12, 
room temp): curve 1, 5,7-dodecadiyne; 2, a 1:6:6 
mixture of TCNE, 4, and 5,7-dodecadiyne; 3, 4; 4, 6. 
* Xm^ in nm. 

the complex solution. 
Two possible pseudo-configurational isomers are 

expected for the one-to-one complex of lmn) viz., a 
diacetylene-site complex 10mM and a benzene-site 
complex for which two conformational isomers 11WM 

and 12OTM are theoretically anticipated for p-xylene-
T C N E complex. l lc.17> 

In studying the electronic spectra of 1OTW-TCNE 
complexes, it is advantageous to examine those of T C N E 
complexes of jf»-di(4-pentynyl)benzene 4 and [5.5]-
paracyclophadiyne derivative 6 bearing bulky groups 
at the propargyl positions. T h e spectra are shown in 
Fig. 2. A mixture of T C N E and 1-alkyne or 1,1,6,6-
tetra-*-butyl-2,4-hexadiyne-l,6-diol 7 having similar 
bulky groups at the propargyl positions exhibits no band 
in the visible region. Complexing with T C N E is 
considered to be difficult owing to steric hindrance of 
the bulky groups in the latter case. Thus the observed 
CT-bands of 4 - and 6 - T C N E complexes should be 
attributed to the benzene-site complex, but not to the 
diacetylene-site one. T h e shorter- and longer-wave­
length bands of these complexes are assigned to 
"perpendicular" and "paral lel" complexes, respectively, 
according to the assignment (8 and 9) l lc> for j^-xylene-

Me~\X/~~Me 

8 

T C N E complex. As seen in Fig. 2, a mixture of T C N E , 
4, and 5,7-dodecadiyne of a 1 : 6 : 6 ratio shows a 
spectrum which is characterized as a superposition of 
the spectra due to the two independent complexes. I t is 
quite reasonable that there are three isomeric complexes 
10;mw—12OTM in the equilibrium mixture of l m M - T C N E 
complex (Scheme 1). 
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1mn*TCNE 
(CH2)m (CH2)n 

T C N E 

10mn 

(CH2)m (CH2)n (CH2)m 

11mn 12mn 
Scheme 1. 

Electronic Spectra of Paracyclophadiyne-TCNE Complexes. 
T h e absorption curves and their apparent maxima of 
lmn- and 5 - T C N E complexes are given in Fig. 3 and 
Table 2. All the complexes show a maximum in the 
narrow region 425—431 nm, 1 3 3 -TCNE complex 

420 X(nm) 
540 

Fig. 3. Electronic spectra of [m.njparacyclophadiyne— 
TCNE complexes (GH2C12, room temp): curve 1, 5; 
A I24 J "3j I55 j 4 , 1 4 4 ; 5 , 1 3 4 ; 6, 1 3 3 . 

TABLE 2. CT-BAND POSITIONS OF CYCLOPHANE- AND 

/KXYLENE-TCNE COMPLEXES (CH 2 C1 2 . ROOM TEMP) 

Donor 

I33 

134 

124 

I44 

155 

5 
p-xyleneh) 

/>-xylenec) 

[3.3] paracyclophaned) 

[3.4] paracyclophaned) 

^•max 0 

427 (425) 
431 (415) 
430 (402) 
429 (410) 
426 (410) 
425 (415) 
426 (408) 
415 
486 
470 

nm)a> 

555 (555) 
(510) 
(470) 
(480) 
(480) 
(480) 
(490) 

460 
599 
538 

a) Values in parentheses denote curve-resolved maxi­
mum, b) Ref. l ie (CHC13). c) Ref. 6. d) Ref. 7a. 

exhibiting an additional, strong maximum at 555 nm. 
T h e other curves are unsymmetric, suggesting an 
additional band submerged in longer wavelength region. 
We have resolved the curves into two components on 
the assumption that they consist approximately of two 
CT-bands, since the shorter wavelength band (Amax p-
xylene 415 nm;6) [m.n]paracyclophane 416—430nm)7a> 
of the two maxima of /»-xylene derivative-TGNE 
complexes and the absorption band (421—431 nm) of 
d iace ty lene-TCNE complex appear at nearly the same 
position. T h e results of curve analyses are given in 
Table 2. The 1 2 4 - , 14 4- , and 1 5 5 -TCNE complexes 
exhibit a longer wavelength band at 470 or 480 nm in 
addition to a shorter wavelength band. From the fact 
that the absorption curves of these complexes are very 
similar to curve 2 in Fig. 2, one may reason as follows : 
the shorter wavelength band is possibly attributed both 
to the diacetylene-site complex 10mM and the benzene-
site "perpendicular" complex llmni and the longer 
wavelength band to the "paral le l" complex 12OTM. It is 
also shown that in the cases of the three l m M - T C N E 
complexes, there is no appreciable transannular 71-71 
interaction between the two chromophores in the donor 
molecules. 

Fig. 4. Crystal structure of [3.3]paracyclophadiyne.18> 

T h e longer wavelength band of 133-TVCNE complex 
appears wi th a red-shift of 75 nm as compared to those 
of complexes of 144 and 155. T h e crystal structure of 13 3 

shows a remarkable distortion of the diacetylene group 
and a slight bending of the benzene ring from their 
normal arrangements as seen in Fig. 4.18) Since the 
positions of CT-absorption maxima are little affected 
by such distortions of benzene ring7a ,b) and of diacetylene 
group as described for 3 9 and 3 1 0 , the marked red-shift 
of 1 3 3 -TCNE complex should be interpreted in terms 
of considerable transannular rc-electron donation from 
the non-complexed diacetylene group to the complexed 
benzene ring in the parallel complex 1233. O n the 
other hand, the shorter wavelength band can be assigned 
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to the complex 1033 and 11 3 3 , provided that both 
complexes are in an equil ibrium as shown in Scheme 1. 
Since the maximum of this band appears at nearly the 
same position as the corresponding maxima of the other 
complexes 10OTM and Hmn having different number of 
bridged methylene, it is suggested that the transannular 
71-71 interaction does not make a very important contribu­
tion to the CT-tansitions of both complexes 1033 and 11 3 3 . 

13 14 

TCNE TCNE TCNE 

15 16 17 
Fig. 5. Transannular n-n interaction in cyclic donor-

TCNE complexes; thick and dotted arrows in the 
donor molecules indicate effective and unobserved 
interactions, respectively. 

The complex of 134 shows an intermediate spectral 
feature between those of its homologs 13 3 and lm = M > 3 . 
The argument described for 13 3 seems to be also appli­
cable to this complex. 

Geometrical Effect of TCNE Complexes on Transannular 
n-n Interaction. A different ^-donat ing character of 
the diacetylene group was observed between two pseudo-
conformer 11 3 3 and 1233 (or 13 and 14 in Fig. 5). The 
difference can be qualitatively accounted for according 
to the discussion for the spectra of two isomeric com­
plexes of jfr-disubstituted benzenes. l la>c) The molecular 
orbitals that take part in allowed CT-transitions are 
depicted as 18 for 13 and as 19 for 14. In 19, the large 
7E-electron density at C4, C7, C n , and C14 causes facile 
overlapping between the three chromophores as expect­
ed from the crystal structure in Fig. 4, making the 
charge dereal iza t ion favorable. In the alternative 
pseudo-conformer 18, the TI-TZ interaction is not favorable 
because of the existence of a nodal plane passing through 
G4, C7, C n , and G14 (Fig. 6) . Two bands of T C N E 
complexes of [3.4]paracyclophadiyne 134 and [3.3]para-
cyclophane7a) are similarly explained in terms of two 
pseudo-conformers. 

I t is noteworthy that there is no appreciable transan­
nular dereal iza t ion in the diacetylene-site complexes, 

18 19 
Fig. 6. Orbital sets of [3.3]paracyclophadiyne-TCNE 

complex. 

15 and 16, and the benzene-site perpendicular complex 
13 in contrast to marked dereal iza t ion in the parallel 
complex 14. Unusual thermal cycloaddition reactions of 
[m.w]paracyclophadiynes with T C N E were observed to 
proceed via the complex 10mw and not via the more 

E x p e r i m e n t a l 

Materials. Five [m.n]paracyclophadiynes lmn, cyclic 
tetraacetylenes 2„ (n—9 and 10), cyclic diacetylenes 3„, di-
ethynyl compound 4, and paracyclophatetrayne 5 were 
prepared previously.2) The diacetylene derivatives having 
bulky group at propargyl positions 6 and 7,19> cyclic tetra­
acetylenes 2n (n=3 and 4),20> 5,7-dodecadiyne,21> 5-decyne, 
and 3-octyne22) were synthesized respectively according to the 
corresponding methods. 

Tetracyanoethylene was recrystallized from chlorobenzene 
and sublimed twice at 125 °G/1 mmHg. TCNE was dissolved 
without coloration in dichloromethane (E. Merck Co. spectro-
grade) used as a solvent. 

Electronic Spectra and Determination of Equilibrium Constants. 
All the spectra were measured on a Hitachi EPS-3T auto-
recording spectrophotometer using a 10 mm cell at room 
temperature within a few minutes after preparation of the 
solution. 

Dichloromethane solutions of lmn- and 5-TCNE complexes 
were prepared by a method similar to that for [m.n]para-
cyclophane-TCNE complexes.7a) The observed maximum 
absorbances were 0.57—0.72 for lTOW-complexes and 0.36 
for 5-complex. From the solutions of 133- and l44-complexes 
the donors were recovered by chromatography on alumina 
using hexane-ether (2: 1) as an eluent. 

The spectra of 2n- and 3n-TCNE complexes were measured 
as follows: concentration of donor, 0.005—0.022 M; con­
centration of TCNE, 0.022—0.032 M; molar concentration 
ratio, 0.3—0.9. The observed maximum absorbances were 
in the range 0.20—0.42. 

The Benesi-Hildebrand method19) was used to determine 
the molar extinction coefficients and equilibrium constants 
for 5,7-dodecadiyne- and 5-decyne-TCNE complexes in di­
chloromethane at 25 °C. In these determinations the mole 
fraction of the donors was varied from 0.018 to 0.044, while 
the concentration of TCNE was held between 0.007 and 
0.011 M. A straight line was obtained through the four 
measured points for each complex. The values of K and e in 
Table 1 were calculated by the least-squares method. 

Preparation of Crystalline Paracyclophadiyne- TCNE Complexes. 
The two-to-one complexes of [3.4]- and [4.4]-paracyclo-
phadiynes over TCNE were prepared as follows. 

A mixture of 0.1 g of 134 and 0.03 g of TCNE was dissolved 
in 0.5 ml of ethyl acetate, and then 3 ml of pentane was 
added. The solution was cooled to —20 °C to yield dark-red 
rhombic plates, which were collected and dried. 134-TCNE 
2: 1 complex, mp 96—102 °C. Found: C, 83.84; H, 6.37; 
N, 9.69%. Calcd for C40H36N4: C, 83.88; H, 6.34; N, 9.78%. 

A solution of 144 (0.1 g) and TCNE (0.02 g) in 0.5 ml of 
ethyl acetate was cooled to —20 °C to give red crystals. The 
crystals were dissolved in a minimum amount of ethyl acetate, 
and the solution was allowed to stand overnight at room tem­
perature. During this period the solvent was nearly com­
pletely evaporated to give reddish-orange rhombic plates, 
which were collected, washed quickly with petroleum ether 
containing a small amount of ethyl acetate, and dried. 144-
TCNE 2: 1 complex, mp 117—128 °C. Found: C, 83.88; 
H, 6.71 ; N, 9.42%. Calcd for C42H40N4: C, 83.96; H, 6.71 ; 
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N, 9.33%. 
The infrared spectra of these crystalline complexes were 

illustrated as a superposition of those due to the two com­
ponents. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education. 
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The Structure and Reactions of Imidoyl Triphenylphosphonium Methylides 
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Twenty-five imidoyl triphenylphosphonium methylides III were prepared from triphenylphosphonium 
methylide and imidoyl chlorides or imidates in moderate yields. The configration of these ylides was assigned on 
the basis of NMR spectroscopic studies. iV-Tosyl substituted ylides showed no reactivity toward aldehydes, whereas 
iV-aryl substituted ylides could be converted easily into a,/S-unsaturated ketimines in good yields. The reaction of 
III with carbon disulfide was also studied. 

In recent years a number of phosphonium ylides 
stabihzed by adjacent groups, such as carbonyl, thio-
carbonyl, sulfonyl, and cyano, have been isolated, and 
their physical and chemical properties have been 
documented.1) 

AX I : X = 0 
Ph3P=CHC I I : X = S 

\R2 I I I : X = NR! 

In the course of our studies of P- and ^-ylides and 
imides,2'3) we have found a useful method for the 
preparation of imidoyl-stabilized phosphonium ylides, 
I I I . Here we will report on the structure and reactions 
of I I I . 

R e s u l t s a n d D i s c u s s i o n 

Preparation of Imidoyl Triphenylphosphonium Methylides 
III. Some imidoyl-substituted ylides I I I have been 
reported.4-6) The addition of phenylethynylphospho-

nium salt to aniline gives Hip. 4 ) The thioimidate-type 
ylide 11 Ik is prepared by the alkylation of thiocarbamoyl 
triphenylphosphonium methylide with methyl iodide, 
followed by treatment with a base.5) (This route seems 
to be a good method for the preparat ion of alkylthio-
carbonimidoyl ylides). The addition of phosphinimine 
with dimethyl acetylenedicarboxylate gives a-imidoyl 
ylide IV.6) 

MeO,C 2 ^ C02Me 

Ph3P NR1 

IV 

These reported methods seems to have a limited 
application for the preparation of I I I with various 
substituents. We found that imidates, thioimidates, and 
imidoyl chlorides were good reagents for the preparation 
of imidoyl triphenylphosphonium methylides. The 
results are shown in Table 1. 

TABLE 1. THE PREPARATION OF III 

III 

I l ia 
I l lb 
IIIc 
nid 
Hie 
Ulf 
IHg 
I l lh 
Uli 
IIIj 
Illk 

m i 
Him 
Hin 
IIIo 
IIIp 
I l lq 
I l l r 
Ills 
Hi t 
IIIu 
IIIv 
IIIw 

R1 

~~Ts" 
Ts 
Ts 
Ts 

Ts 
Ts 
Ts 
Ts 
Ts 
Bs 
Ph 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

/»-Toi 
/>-Anis 
/>-NOaC6H4 

2,4,6-Me3C6HaS02 

EtS02 

2,4-(N02)aG6H3 

V 

R2 

H 
SMe 
SEt 
SPr-f 

OMe 
OEt 
OPr-f 
Ph 
NMe2 

Me 
SMe 
SEt 
SPr-e 
OMe 
OEt 
Ph 
/>-N02C6H4 

Ph 
Ph 
/>-N02CC6H4 

H 
H 
H 

X 

OEt 
SMe 
SEt 
SPr-f 
SMe 
SMe 
SMe 
CI 
SMe 
Gl 
SMe 
SEt 
SPr-î 
Gl 
Gl 
Cl 
Gl 
Gl 
Gl 
Cl 
OEt 
OEt 
OEt 

III 

Yield(%r 
87 
82 
78 
62 
74 
64 
68 
72 
73 
51 
67 

63 
58 
63 
53 
71 
74 
77 
74 
68 
58 
63 
74 

Mp(°C) 

193—194 
272—273 
235—238 
185—186 

210—211 
205—206 
180—182 
176—178 
227—230 
125—127 

1645> 

156—157 
147—150 
180—182 
149—151 
222—2234> 
230—232 
184—186 
176—177 
244—246 
180—181 
167—169 
202—203 

Recryst 
solvente 

B-P 
AcOH 
C-P 
C-P 
C-P 
C-P 
C-P 
C-P 
C-P 
G-P 
C-P 
C-P 
C-P 
E-P 
E-P 
C-P 
C 
C-P 
C-P 
C 
B-P 
B-P 
B 

Found(Calcd)(%) 

C H N 

70.65(70.88) 5.17(5.29) 3.11(3.06) 
66.89(66.78) 5.32(5.20) 2.70(2.78) 
67.11(67.29) 5.56(5.45) 2.85(2.71) 
67.56(67.77) 5.79(5.69) 2.75(2.63) 

68.87(68.98) 5.24(5.38) 2.93(2.87) 
69.58(69.44) 5.57(5.63) 2.64(2.79) 
69.93(69.88) 5.75(5.86) 2.58(2.72) 
74.12(74.28) 5.03(5.29) 2.42(2.62) 
69.49(69.58) 5.96(5.84) 5.44(5.60) 
70.97(70.88) 5.37(5.29) 3.16(3.06) 
76.02(76.21) 5.51(5.68) 3.28(3.29) 
76.38(76.51) 5.89(5.96) 3.03(3.19) 
76.94(76.79) 6.10(6.22) 3.21(3.09) 
70.08(70.20) 5.83(5.91) 3.39(3.42) 
79.30(79.41) 6.04(6.19) 3.25(3.31) 
84.27(84.37) 5.60(5.75) 3.19(3.07) 
76.91(76.79) 5.23(5.03) 5.55(5.60) 
84.66(84.41) 6.14(6.01) 2.82(2.98) 
81.74(81.63) 5.72(5.81) 2.78(2.88) 
70.20(70.45) 4.57(4.43) 7.75(7.70) 
71.56(71.73) 5.61(5.81) 2.73(2.88) 
66.71(66.82) 5.44(5.61) 3.46(3.54) 
66.75(66.52) 4.53(4.29) 8.82(8.95) 

a) B: benzene, C: chloroform, E:ethyl acetate, P: petroleum ether. 
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,R2 

2Ph3P=CH2 + R*N=C 

V 
X 

^NR1
 @ e 

Ph3P=CHC + Ph3PMe X 
\ R 2 

III 

The structure of the products were confirmed by the 
N M R , IR , and elemental analyses. 

Although the reaction of V ( R 1 = P h , R 2 = H , X = O E t ; 
R ! = P h , R 2 = M e , X = G 1 ; R ^ M e , R 2 = P h , X = C 1 ) 
with phosphonium methylide proceeded vigorously, the 
isolation of the corresponding ylides I I I ( R 1 = P h , R 2 = 
H ; R ! = P h , R 2 = M e ; R ! = M e , R 2 = P h ) failed, yielding 
only a brown oil. This result suggests that strong elec­
tron-withdrawing groups, such as tosyl, /»-nitrophenyl 
for the R 1 and/or R 2 of I I I , stabilize ylides I I I . 

TABLE 2. IR AND pK& DATA FOR III 

III 

I l i a 
I l lb 
Hlf 
I l lh 
I l lk 
Hin 
Hip 
II Ir 
Ills 
IIIu 

v c=N
a>cm-1 

1520 
1450 
1490 

1490 
1470 

1510 
1510 
1520 

P*ab) 

4.42 
3.60 
3.86 
4.35 

10.7 
10.9 

>12 
>12 
>12 

4.45 

Structure of HI Ylides. Evidence for the resonance 
interaction of the ylide carbanion with the imino group 
can be obtained by an examination of the infrared 
spectra of the imidoyl ylides, I I I . The C=N stretching 
frequencies of I I I occurred at around 1500 c m - 1 (Table 
2). Considering the frequencies of the model com­
pounds7) [ketimines (—1650 cm- 1 ) , imidates ( — 1650 
c m - 1 ) , and thioimidates (—1610 c m - 1 ) ] , the shifts of 
100—150 c m - 1 for I I I may be at tr ibuted to the increased 

single-bond character and to the dereal izat ion of the 
carbanion electrons through the imino groups {i.e., 
such betain forms as I I I ^ and I I I 2 ) . 

Ha 

PhaP 

R2 

./ 
• \© 

NR1 

Ha NR1 

\ / 
®/—\ 

Ph3P R2 

III, I II , 

The structure of the ylide was confirmed on the basis 
of N M R spectroscopic studies.10) The results obtained 
are collected in Tables 3 and 4. 

The N M R spectra of ester-stabilized ylides, I and 
I I (R2— O-Alkyl), have been shown to be mixtures of 
E and Z isomers;8) however, the carbonyl-stabilized 
ylides, I and I I ( R 2 = A l k y l or Aryl), are only Z isomers.9) 

T h e aldimino-type ylides, I l i a , u, v, and w existed as 
mixtures of E and Z isomers in benzene, nitrobenzene, 
and chloroform, and the E\Z ratios increased in accord­
ance with the solvent polarity (benzene-nitrobenzene). 
The hydrogen-bonding interaction between chloroform 
and a negative oxygen or sulfur atom2 '8) is not as 
important a factor for I l i a , u, v, and w (Table 3) as 
for I I ( R 2 = H ) . This result reveals that the strong 
electron-withdrawing effect of the R 1 substituent would 
stabilize both betain forms, \WE and I I I* . 

As is shown in Table 4, two kinds of methyl signals 
due to ethyl or isopropyl groups of alkoxycarbonimidoyl 
or alkylthiocarbonimidoyl ylides I I I ( R 2 = 0 - A l k y l or 
£-Alkyl) appeared at à 0.5—0.8 and 1.2-—1.4 respec­
tively. The stereochemistry of these methyl groups was 
assigned on the assumptions that protons of the R2 

group, neighbouring eis to the phosphorus, are shielded 
by the phenyl groups and that they appear at a higher 
field than that of the trans isomer.2) The I I Ic , d, e, f, 
and g ylides were also considered to be mixtures of E 
and Z isomers. The iV-phenyl-substituted ylides, IUI, 
m and 11 In, o were only Z and/or E isomers respectively 
(Table 4) . 

The coupling constants, JFCK&, for the alkoxycar­
bonimidoyl, alkylthiocarbonimidoyl, and formimidoyl 
ylides I I I ( R 2 = 0 - A l k y l , S-Alkyl, and H) show that the 
constants for the Z isomers are larger than those for the 

TABLE 3. NMR DATA FOR ALDIMINO YLIDES, III 

Ha Hb Ha ©NR1 

PhaP 
9/—\© © / — \ 

NR1 

III , 
Ph3P Hb 

I I I , 

III 

I l i a 

IIIu 

IIIv 

IIIw 

II (R= 

Structure 
(%) 

{z 

{Ez 

if 
G 

= H)e> \E 

CDG13 

50 
50 
47 
53 
51 
49 
28 
72 
81 
19 

Solvent 

PhH 

18 
82 
16 
84 
_Jo 

_ » 
— b > 

—*) 
10 
90 

PhN0 2 

35 
65 
39 
61 
31 
69 
10 
90 
47 
53 

Ha(<5) 

4.72 
3.96 
4.51 
3.75 
4.64 
3.90 
5.00 
4.32 
5.94 
5.17 

NMR S 

Hb(<5) 

a) 
8.36 

a) 
8.32 

a) 
8.18 

a) 
8.34 
8.69 
9.34 

lignais in 

i /HaHb 

14 
7 

14 
7 

13 
7 

13 
6 

15 
8 

CDG13 

JVCHB. 

20 
25 
21 
25 
20 
25 
20 
24 
26 
30 

JvCCHb 

39 
— 
39 
— 
39 
— 
— 
16 
45 

a) Signals appeared in the phenyl-proton region. 
c) Taken from Ref. 2. 

b) The low solubility of IIIv, w inhibited precise studies. 
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TABLE 4. NMR SPECTROSCOPIC STUDIES OF III IN CDC13 [d ppm (J Hz)] 

III Conf(%) Ha(JPCHa) Othersb) 

IIIc 

Hid 

Hie 

Ulf 

I l lg 

I l lh 
Uli 
IIIj 
Hlk 
III1 
Ulm 
Hin 
IIIo 
IIIp 
I l lq 
I l l r 
Ills 
n i t 

J£(46) 
lZ(54) 
p(69) 
lZ(31) 
{£(96) 
lZ( 4) 
f£(93) 
lZ( 7) 
f£(93) 
\Z( 7) 
Z 

z 
z 
z 
z 
E 
E 

z 
z 
z 
z 
z 

4.83(18) 
3.85(24) 
4.76(20) 
3.83(24) 
3.97(20) 
a) 
3.89(20) 
a) 
3.90(19) 
a) 
4.02(28) 
a) 
3.85(26) 
3.05(24) 
3.13(24) 
a) 
2.46(20) 
a) 
a) 
3.21(23) 
3.27(27) 
a) 
3.92(24) 

0.75(t, 7 = 7 , GHaGH3), 2.44 (s, CH3C6H4), 2.86 (q, GHaGH,) 
1.39(t, 7 = 7 , CH2CH3), 2.38 (s, CH3C6H4), 2.98 (q, CH2CH3) 
0.81 (d, 7 = 7 , CHMe2), 2.36(s, CH3C6H4) 
1.36(d, 7 = 7 , CHMe2), 2.28(s, CH3C6H4) 
2.39(s, CH3C6H4), 3.35(s, OMe) 
2.29(s, CH3C6H4), 3.88(s, OMe) 
0.52(t, 7 = 7 , CH2CH3), 2.36(s, GH3C6H4), 3.85(q, CH2CH3) 
1.23(t, 7 = 7 , CH2CH3), 2.29(s, CH3C6H4) 
0.63(d, 7 = 6 , CHMe2), 2.38(s, CH3C6H4), 4.99(hept, CHMe2) 
1.01 (d, 7 = 6 , GHMe2), 2.26(s, CH3C6H4) 
2.34(8, CH3C6H4) 
2.40(s, CH3C6H4), 3.41 (s, NMe2) 
2 .39(d ,7= l , Me) 
2.35(s, SMe). 
1.26(t, 7 = 8 , CH2CH3), 2.90(q, CH2CH3) 
1.26(d,7=7, CHMe2) 
3.53(s, OMe) 
0.69(t, 7 = 7 , CH2CH3), 4.05(q, CH2CH3) 

2.19(s, CH3C6H4) 
3.60(s, OMe) 

a) Not observed, b) Phenyl-ring protons appeared at 6.5—8.0. 

TABLE 5. THE REACTION OF III WITH CARBON 

DISULFIDE IN CHLOROFORM 

III 

Hie 
I l lh 
Hlk 
m i 
IIIp 
I l l r 
I l ln 

Temp Time (day) 

r.t 
r.t 
r.t. 
40 °C 
40 °C 
r.t. 
r.t. 

7 
7 
1 
1 
1 
1 
1 

Product(%) 

— 
— 
I lb (82) PhNCS 
IIc(85) PhNCS 
Ha(66) PhNCS 
IIa(71)i&-TolNCS 
VIII(76) 

E isomers (24—25 and 18—20 Hz respectively). This 
result suggests that the structures of the ketimino-type 
ylides, I l l h , i, j , p , q, r, s, and t may be considered to be 
Z isomers on the basis of their coupling constants 7pcHa 
(23—28 H z ) . 

The Reaction of HI with Carbon Disulfide. The 
electrophilic attack of carbon disulfide on phosphonium 
methylides1) occurred at the ylide carbanions. The 
ylides I I I ( R 1 = A r y l ) can react easily with carbon 
disulfide, as is shown in Table 5. T h e reaction of the 
alkylthiocarbonimidoyl ylides, H l k and 1 with carbon 
disulfide gave the thiocarbonyl ylides, l i b and c ( R 2 = 
SMe and SEt) , and phenyl isothiocyanate in good 
yields. The products were identified by comparing 
their N M R and mps with those of authentic samples.2) 

Ph,P=CHC 
\ R 2 

II 

I I a : R 2 = Ph 
I I b : R 2 = SMe 
I I c : R 2 = SEt 
l i d : R2 = OMe 

The ketimino ylides, I I I p and r also showed a high 
reactivity toward carbon disulfide. The N M R spectro­
scopic study of this reaction seems to be interesting. To 

a solution of I l l r in chloroform-*/ we added a large 
excess amount of carbon disulfide in one portion, 
yielding a red solution within a minute. T h e N M R 
spectrum of this reaction mixture showed two new, 
nearly equivalent methyl signals of jb-tolyl groups at 
à 2.11 and 2.33, whose original signals appeared at 2.19. 
O n standing at 40 °C for 2 days or heating at 70 °C for 
12 h the higher-field signal disappeared almost entirely. 
The reaction products were triphenylphosphonium 
thiobenzoylmethylide, I Ia , and p-to\y\ isothiocyanate. 
T o find the initial reaction products, controlled experi­
ment was undertaken. I l l r (1 mmol) was dissolved in 
3 ml of carbon disulfide. Three minutes later, to the 
resulting red mixture we added methyl iodide (0.66 
mmol) in one portion and stirred the mixture well. 
Then all the liquid was removed in vacuo, and the 
benzene-soluble par t was separated. Concentration and 
crystallization from chloroform-hexane yielded triphen­
ylphosphonium [(methylthio) thiocarbonyl] {N-p - tolyl -
benzimidoyl)methylide V I b ( R ^ - T o l , R 2 = P h ) in a 
19% yield. The structure of V I b was confirmed on the 
basis of N M R , M S , and a methylation reaction, yielding 
V l l b (R1=/»-Tol, R 2 = P h ) . A similar t reatment of I I I p 
with carbon disulfide yielded V i a ( R 1 = R 2 = P h ) in a 
2 3 % yield. 

O n the other hand, the reaction of H i n with carbon 
disulfide proceeded slowly to give not IId,2> but V I I I , 
as an isolable product in a 76% yield (based on the 
methyl groups). T h e structure of V I I I was confirmed 
on the basis of N M R (SMe and O M e groups), MS , and 
methylation with methyl iodide to yield I X . 

T h e marked difference in the reactivity of these 
ylides I I I with carbon disulfide may be attr ibuted to the 
pKa values of the conjugate acids of the ylide carbanions. 
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TABLE 6. THE REACTION OF III WITH ALDEHYDES(X) 

[Vol. 50, No. 12 

III X 
R3CHO 

XI 

Ri R2 R3 
Yield(%) Mp(°C) MH NMR(5 in CDCl3)

a> 
Found(Calcd) (%) 

C H N 

I Ilk PhCHO Ph SMe Ph 91 

MeCHO Ph SMe Me 85 

IUI PhCHO Ph SEt Ph 90 

Hin PhCHO Ph OMe Ph 92 

MeCHO Ph OMe Me 82 

IIIp PhCHO Ph Ph Ph 94 

Illr £2o6 H 4~ P'T<A P h P-GlG^i 96 

PhCHO />-Tol Ph Ph 91 

MeCHO /»-Toi Ph Me 87 

90—91 235 2.51 (s, SMe) 

oil 191 1.70(dd,y=6 and 1, MeCH=), 2.32(s,SMe) 

50—51 267 1.37(t, 7 = 7 , CH3), 3.08(q, CH2) 

68—69 237 3.89(s, OMe) 

oil 175 1.73 and 1.91 ( d , / = 6 , 3:1, MeCH=), 

3.80 and 3.83 (s, 3: 1, OMe) 

108—109 283 

118—120 331 2.21 and 2.38 (s, 2: 5, CH3) 

94—95 297 2.20 and 2.38 (s, 1: 3, CH3) 

oil 235 1.74 and 1.83 (d ,y=6 , 3: 1, MeCH=), 

2.15 and 2.31 (s, 1: 3, CH3C6H4) 

75.63 6.28 5.42 
(75.85) (6.42) (5.53) 
69.21 6.73 7.48 

(69.07) (6.85) (7.32) 
76.49 6.23 

(76.36) (6.41) 
80.74 6.28 

5.16 
(5.28) 
6.02 

(80.98) (6.37) (5.90) 
75.16 7.55 7.68 

(75.40) (7.48) (7.99) 

89.17 
(89.01) 
79.51 

6.18 4.98 
(6.05) (4.94) 
5.64 4.37 

(79.63) (5.47) (4.22) 
88.67 6.23 4.39 

(88.85) (6.44) (4.71) 
86.84 7.13 5.84 

(86.77) (7.28) (5.95) 

a) Protons due to the phenyl and vinyl groups appeared at 6.5—8.0 as multiplets. 

The reactivity decreases with the decrease in pKa 

values (Tables 2 and 5). Considering the results obtain­
ed, we assumed equilibria between I I I , A, and B, 
followed by the kinetically controlled decomposition of 
A and B, depending on the nature of the substituents, 
R 1 and R 2 (Scheme 1). T h e A formed from I l l k , 1, p , 
and r and carbon disulfide gave I I and isothiocyanate, 
while the B from I I I p , r gave V i a and b in the presence 
of methyl iodide. O n the other hand, H i n reacted 
slowly with carbon disulfide to give the product, V I I I , 
from B via the intermolecular nucleophilic attack of the 
thiolate anion on the methyl group of 11 In . The 
thiocarbonyl ylides, V I and V I I I , can be easily identified 
because of their high reactivity with methyl iodide to 
yield two .S-methylation products, V I I and I X , as was 
observed for the I I ylides.2) 

The Reaction of HI with Aldehydes, X. T h e Wittig 
reaction of I I I with the aldehydes, X , gave oc,/?-unsatu-

R1 

,NCS,© 

rated ketimines, X I , in fairly good yields (Table 6). The 
products were confirmed by M S , N M R , and acid 
hydrolysis. X I ( R 1 = R 2 = R 3 = P h ) and X I ( R ^ - T o l , 
R 2 = R 3 — ph) g a v e chalcone on hydrolysis with IM-HCl 
in 3 0 % aqueous ethanol. Although the N M R spectra 
of X I (Table 6) showed the presence of stereo isomers, 
no effort was made to effect their isolation at this stage. 

/NR1 

^NR1 

Ph3P=CHC + CS2 

Ph,P-CH=C 

Ph3P=CHC + R3CHO • 
\ R 2 

III X 

^NR1 

R3CH=CHC + Ph3PO 
\ R 2 

XI 

a,/?-Unsaturated aldimines can be easily prepared by 
the condensation of unsaturated aldehydes and amines.11) 
O n the contrary, <x,/?-unsaturated ketones can react 

Ph3P=CHC + R*NCS 
\ R 2 \ R 2 

\ R 2 

III 

A 

csa© 

Ph,P-CH-C 

II 

.NR1 
Mel 

Ph,P=C 
,CS2Me Mel 

\ R 2 

R»=OMe 
R ^ P h 

/CS aMe 
Ph3P=C N P h 

X)Me 
VIII 

VC?™1 

VI 
\ R 2 

© y ^SMe 
Ph3P-C I© 

\ C , N R * 

v u NRa 

a t R ^ R ^ P h 
b : R ^ - T o l , R2 = Ph 

Mel 
Ph,P-C 

IX 

.SMe 
/ \SMe 

C 
/NPh 
X)Me 

I© 

Scheme 1. 



December, 1977] The Structure and Reactions of Imidoyl Triphenylphosphonium Methylides 3319 

with amines to give not imines, but /?-amino ketones.12) 
The Wittig reaction of I I I seems to be a useful method 
for the preparation of a,/?-unsaturated ketimines, X I . 

iV-Tosyl-substituted ylides I l l b and h showed no 
reactivity toward aldehydes even when heated at 80 °C 
for 10 h in benzene or chloroform. 

E x p e r i m e n t a l 

Preparation of Imidoyl Chlorides, Imidates, and Thioimidates. 
The formimidates, Va, u, v, and w were prepared by the 
condensation of ethyl orthoformate and amide or amine 
according to the literature.13»14) The new compound, Vu, had 
a mp of 84—85 °C (ethanol) ; M+, 255. 

The other imidoyl chlorides and imidates were prepared 
by the known methods shown in the literature.15) New com­
pounds were checked by MS. Vd : mp 62—63 °C (ethanol) ; 
M+, 363. Vf: mp 84—85 °C (ethanol); M+, 273. Vg: mp 
76 °C (ethanol); M+, 287. Vi: mp 60—62 °C (ethanol); 
M+, 272. VI: bp 110—113 °C/3mmHg; M+, 225. Vm: 
bp 136—138 °C/3 mmHg; M+, 253. 

Preparation of III. A suspension of triphenylmethyl-
phosphonium bromide (5.0 g, 14 mmol) and sodium amide 
(1.5 g) in 50 ml of dry benzene was stirred for 12 h in a 
stoppered flask at room temperature. After the separation 
of the precipitate, the ammonia was removed in vacuo to give 
a yellow solution of triphenylphosphonium methylide. To 
the solution we added imidoyl chloride (6 mmol) in 10 ml 
of benzene in one portion. The mixture was then allowed to 
stand for 1 h at room temperature and subsequently treated 
with charcoal (phosphonium chloride also separated) and 
condensed in vacuo to give a crystalline mass. Crystallization 
from appropriate solvents yielded III . The results are 
shown in Table 1. 

Determination of pKa of Ylides, III. The pK& values 
were measured in 20% aqueous ethanol according to the 
literature.16) The results are given in Table 2. 

The Reaction of III with Carbon Disulfide. To a solution 
of IHk, 1, p, and r (1 mmol) in 20 ml of chloroform we added 
1 ml of carbon disulfide in one portion. The resulting solution 
was heated at 40 °C or at room temperature for 1—2 day, 
and condensed in vacuo, thus separating the petroleum ether-
soluble and -insoluble parts. The latter part gave triphenyl­
phosphonium thiocarbonylmethylides, Ha, b, and c, whose 
physical properties have been previously reported by the 
present authors.2) 

IIIp (1 mmol) was dissolved in 3 ml of carbon disulfide. 
Three minutes later methyl iodide (0.66 mmol) was added to 
the resulting red mixture. Then all the liquid was removed 
in vacuo, and a benzene-soluble product was separated. 
Crystallization from chloroform-hexane yielded Via (R1= 
R 2 =Ph) : mp 235—237 °C; NMR (CDC13) <5=2.64 (3H, s, 
SMe), 6.8—£.0 (25H, m, Harom). Found: C, 74.51; H, 
5.42 ; N, 2.44% ; M+, 545. Calcd for C34H28NPS2: C, 74.83; 
H, 5.17; N, 2.57%; M, 545. The methylation of Via with 
methyl iodide in chloroform yielded Vi la (R1—R2—Ph) in a 
quantitative yield. V i l a : mp 162—164 °C; NMR (CDC13) 
0=1.87 and 2.00 (3H, s, 1:2, SMe), 2.69 and 2.82 (3H, s, 
1: 2, SMe), and 6.9—8.2 (25H, m, Harom). In the similar 
treatment of Hl r with carbon disulfide, VIb ( R ^ ^ - T o l , 
R2=ph) was obtained in a 19% yield. VIb: mp 228— 
229 °C; NMR (CDC13) 0=2.38 (3H, s, CH3C6H4), 2.58 (3H, 
s, SMe), and 6.8—8.0 (24H, m, Harom). Found: C, 75.28; 
H, 5.24; N, 2.39%; M+, 559. Calcd for C35H30NPS2: C, 
75.10; H, 5.40; N, 2.50%; M, 559. Vl lb ( R ^ - T o l , R 2 = 

Ph): mp 193—194 °C; NMR (CDC13) 0=1.90 and 2.02 
(3H, s, 1:2, SMe), 2.27 and 2.61 (3H,s , 1:2, CH3C6H4), 
2.71 and 2.84 (3H, s, 1:2, SMe), and 6.8—8.0 (24H, m, 
Harom). 

The reaction of H in with carbon disulfide was run similarly 
to give VIII in a 75% yield. VI I I : mp 242—245 °C (ethyl 
acetate-hexane); NMR (CDC13) <5=2.62 (3H, s, SMe), 
3.63 (3H, s, OMe), and 6.7—8.0 (20H, m, Harom). Found: 
C, 69.72; H, 5.33; N, 2.94%; M+, 497. Calcd for C29H26-
NOPS2: C, 70.00; H, 5.27; N, 2.81%; M, 497. IX: oil; 
NMR (CDGI3) 0=1.82 (3H, s, SMe), 2.73 (3H, s, SMe), 
3.56 (3H, s, OMe), and 6.7—8.0 (20H, m, Harom). 

The Reaction of III with Aldehydes X. To a solution of 
III (1 mmol) in 10 ml of chloroform we added an equimolar 
amount of aldehyde, X. After 5 min the solution was con­
densed in vacuo, and the petroleum ether-soluble part (XI) 
and -insoluble part (phosphine oxide) were separated. By 
crystallization from ethanol XI substances were obtained in 
good yields (Table 6). 

Hydrolysis of XI (B?-=IP=R*=Ph) and XI (R^p-Tol, 
R2=R3=Ph), A s o lu t ion of XI (1 mmol) in 15 ml of 
1M-HC1 30% aqueous ethanol was kept standing at room 
temperature for 12 h. The solution was quenched in 30 ml 
of water, yielding precipitates which, on crystallization from 
ethanol, gave chalcone in 70—80% yields. 
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The Components of Petasites japonicus Maxim. IV.1) 
The Structure of Petasitin 
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Petasitin, a component isolated from a wild variety of Petasites japonicus Maxim., has been shown to be 3a-
[(Z)-2-methyl-2-butenoyloxy]-ll-hydroxyeremophila-6,9-dien-8-one, and has been synthesized from the known 
isopetasin by photosensitized oxygenation. 

In an earlier communication,2) we reported the 
structural proof of petasitin (1) isolated from the wild 
plant ofPetasites japonicus Maxim. ("Fuki" in Japanese) . 
We wish now to describe its isolation and structural 
determination, and also the synthesis of 1 from a known 
isopetasin (15).3> 

A methanol extract of the dried flower stalks of the 
plant was chromatographed repeatedly on alumina and 
silica gel, and from the polar part a component named 
petasitin (1) was obtained. 

1 13 

1 : H 

2 : H 

3: H 
4 : Ac 

& * 2 
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Me- r_ r -C0 
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Ac 
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Scheme 1. 
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Petasitin (1), C 2 0H 2 8O 4 (bp 167.0—170 ° C / 2 x 10~4 

m m H g , [a]D —26.2°), is a colorless, highly viscous oil. 
Its I R and U V spectra show the presence of ^ - u n s a t u ­
rated carbonyl systems— a ketone (1665 c m - 1 and Amax 

235 nm (e, 14200)) and an ester (1710 and 1235 cm" 1) . 
The spectral data also indicated that the fourth oxygen 
atom seemed to be a tertiary alcohol (3460 cm - 1 ) 
attached to the carbon atom bearing two methyls (<5 
1.50, s, 6H) . The existence of a (Z)-2-methyl-2-
butenoate moiety as the ester group in petasitin, 1, was 
inferred from the N M R signals, by analogy with those 
of the constituents3-5) isolated from the same plant. 
In fact, the alkaline hydrolysis of 1 afforded (Z)-2-
methyl-2-butenoic acid (angelic acid), accompanied by 
a small amount of the isomerization product, that is, 
the corresponding (E) -isomer (tiglic acid) and a diol, 
named petasitol (2), C 1 5 H 2 2 0 3 (mp 110.0—113.0 °C). 
In the U V spectrum of 2, the intensity of the maximum 
at 244 n m (e, 12700) suggests the presence of a cross-
conjugated dienone system, and the I R spectrum 
exhibits bands at 3340 (hydroxyl), 1655 (a,/?-unsaturated 
ketone), and 1610 c m - 1 (double bond) . In the N M R 
spectrum, petasitol, 2, showed the signals due to four 
methyls, two vinyl protons (<5 6.12, t, y = 1 . 0 H z , 1H 
and 6.92, s, 1H), and a proton (Ô 3.70, m, Wl/2= 14 Hz) 

* Present address : Department of Chemistry, Wakayama 
University, Masagocho, Wakayama 640. 

attached to a carbon atom carrying a newly appeared 
hydroxyl group. The acetylation of 2 with acetic 
anhydride-pyridine at room temperature gave a 
monoacetate (3) (mp 80.0—82.0 °C), which showed I R 
bands at 3420 (hydroxyl), 1735, 1240 (acetate), 1660 
and 1610 c m - 1 (oc,/?-unsaturated ketone), while acetyla­
tion with acetic anhydride-sodium acetate under reflux 
gave a mixture of monoacetate, 3, and diacetate (4). 
The hydrogénation of 2 with 10% palladium charcoal in 
ethanol, followed by treatment with a catalytic amount 
of sodium methoxide in methanol, gave a dehydroxy-
tetrahydro compound (5), C 1 5 H 2 6 0 2 (mp 103.0—103.5 
°C), which was found to be identical with the known 
tetrahydroisopetasol (5)3> (mp 103.0—104.0 °C), by a 
mixed-melting-point determination and a comparison 
of the spectral data. Thus, the one hydroxyl group 
lost by hydrogenolysis can be placed at an allylic 
position. This hydroxyl group in petasitol monoacetate, 
3, was readily dehydrated with phosphoryl chloride-
pyridine to afford an anhydro derivative (6), whose 
spectra showed the N M R signals due to an endo-
methylene group bearing a methyl (ô 5.11, d with allylic 
splittings, 7 = 7 . 0 Hz, 2 H and 1.97, d, 7 = 1 . 0 Hz, 3H) 
and I R bands (3080, 920 cm-1) attributable to the 
ßtfo-methylene group. Tetrahydroisopetasol, 5, was also 
obtained from the anhydro derivative, 6, by hydrogéna­
tion with 10% palladium charcoal in ethanol, followed 
by stabilization in a basic medium. Thus, the 1 structure 
was assumed for petasitin on the basis of the above 
results. 
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Scheme 2. 

Furthermore, the location of a tertiary hydroxyl 
group was also confirmed by the following chemical 
reaction sequence— that is, by the conversion from 
petasitol monoacetate, 3, to the known isopetasol 
acetate (10). T h e hydrogénation of 3 with Adams' 
catalyst in ethyl ether afforded a tetrahydroacetate (7), 
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C 1 7 H 2 8 0 4 (mp 92.0—95.0 °C), without the loss of a 
hydroxyl group. Compound 7 was dehydrated with 
phosphoryl chloride-pyridine to give a mixture of 
olefinic isomers (8), which were isomerized to an cc,ß-
unsaturated ketone (9) by column chromatography over 
alumina. The dehydrogenation of 9 with D D Q afforded 
isopetasol acetate (10), C 1 7 H 2 4 0 3 (mp 82.0—85.0 °C), 
which was identified by a mixed-melting-point determi­
nation and by a comparison of the spectra. 

The steric course of the hydrogénation for the cross-
conjugated dienone system in isopetasol (11) has already 
been clarified by the stereochemical correlation between 
isopetasol, 11, and fukinone (12).3) Therefore, the 
hydrogénation of petasitol, 2, and the monoacetate, 3 , 
with another type of dienone system also proceeds 
predominantly to furnish two steroidal A/B cis-fused 
compounds, 5 and 7. The above results clearly indicate 
that the stereochemical course of the hydrogénation of 
the a,/?-a',/?'-unsaturated dienone system in a neutral 
medium must be influenced by the presence of the C-7 
substituent; this must be compared with the earlier 
generalization, based on the hydrogénation of J 4 - 3 -
keto steroid-type compounds,6) that the product 
compositions with eis- and trans-fused A/B rings were 
approximately equal. 

^ 6 
(13) 

H 

(12) 

In a previous paper,2) we reported that tetrahydro-
isopetasol, 5 (mp 103.0—103.5 °C), derived from 
petasitol, 2, showed a negative R D Cotton effect on the 
basis of the close resemblance to the R D curves of 
dihydro- (13) and desisopropylidene fukinone (14).3) 
O n the other hand, the pure tetrahydroisopetasol, 5, 
has always been obtained as crystals after the crude 
hydrogénation product (5a) of isopetasol, 11, has been 

/Unm) 

Fig. 1. CD curves of tetrahydroisopetasol: 5a (an oily 
compd before isomerization ; a dotted line) and 5 (a 
cryst compd after isomerization; a full line). 

subjected to isomerization with sodium methoxide-
methanol or potassium hydroxide-methanol, that is, 
immediately after the hydrogénation product, 5a, a 
viscous oil, showed a strong negative extreme, [0]292 

- 1 9 2 0 , in the C D curve (Fig. 1). After all, the 
crystalline tetrahydroisopetasol, 5 (mp 103.0—104.0 °C), 
converted from isopetasol, 11, has been found to show 
a weak positive Cotton effect, [0]28O + 4 6 0 , by the 
reinvestigation of a part of the CD study of the eremo-
philan-8-one derivatives7) (Fig. 1). 

The final evidence for the stereochemistry of petasitin, 
1, was provided by the conversion of the known iso-
petasin (15) to 1 by means of photosensitized oxygena­
tion in a manner similar to that in the case of the 
synthesis of petasitolone (16).8) 

Exper imenta l 

All the melting and boiling points are uncorrected. The 
IR, UV, ORD-GD, and mass spectra were taken with Jasco 
DS-402G, Cary Model 14, Jasco Model ORD-5, and Hitachi 
RMU-6 spectrophotometers respectively. The NMR spectra 
were recorded with JEOL C-60 and Hitachi R-20B (60 
MHz) spectrophotometers, and the chemical shifts are re­
ported in <5-values, with TMS as the internal reference. The 
optical rotations were measured with a Perkin-Elmer 141 
Polarimeter. The TLG were run on Kieselgel G (Merck). 
The analytical and preparative GLG were performed with a 
Shimadzu GC-1C apparatus on a stainless steel column ( 0 = 
3 mm). The microanalyses were carried out in the micro-
analytical section of the Shionogi Research Laboratory, 
Shionogi and Co., Ltd. 

Isolation of Petasitin (1). Dried flower stalks (34 kg) 
of P. japonicus Maxim, collected at Mt. Ioh in Ishikawa 
Prefecture, were extracted with methanol at room tempera­
ture. The extract was evaporated in vacuo, and the residue 
was dissolved in benzene. The benzene solution was washed 
with a saturated sodium hydrogencarbonate solution, dried 
over anhydrous sodium sulfate, and evaporated in vacuo to 
afford a dark green oil (2.4 kg). This oil was once chromato-
graphed on alumina, and then repeatedly on silica gel. Sub­
sequent elution with benzene-ethyl acetate (50: 1), gave 
petasitin (1) as a viscous oil (6.7 g) and almost a single spot 
on TLC (R{, 0.2; benzene-ethyl acetate, 10: 1). This oil 
was purified by vacuum distillation and GLG for an analytical 
sample; bp 167.0—170.0 °G/2x 10~4 mmHg; GLC: SF-96, 
2 m, 60 ml/min H2 ; column temperature, 240 °C; retention 
time, 16 min; [a]2D

2 - 2 6 . 2 ° {c, 1.0, MeOH); MS: mje 332 
M+; IR (film): 3460, 1710, 1665, 1632, 1617, 1235cm-1; 
UV: A ^ 1 235 nm (e, 14200); NMR (CDC13): 6.93 (s, 6-H), 
6.15 (t, 7 = 1 . 0 Hz, 9-H), 6.13 (q, 7 = 7 . 0 Hz, 3-H in an 
ester part), 4.95 (m, W l / 2 =14Hz, 3-H), 2.05 (d, 7 = 7 . 0 
Hz, 3-Me in an ester part), 1.90 (s, 2-Me in an ester part), 
1.50 (s, 12- and 13-Me), 1.25 (s, 15-Me), 1.16 (d, 7 = 7 . 0 
Hz, 14-Me). 

Found: C, 72.63; H, 8.56%. Galcd for C20H28O4: C, 
72.26; H, 8.56%. 

Alkaline Hydrolysis of Petasitin (1). A solution of 
petasitin, 1 (1.26 g), in 5% ethanolic potassium hydroxide 
(20 ml) was allowed to stand at room temperature for 2 days. 
After the removal of the solvent, the aqueous solution of the 
residue was extracted with ether. The extract was washed 
with water and dried over anhydrous sodium sulfate. The 
evaporation of the solvent gave petasitol (2) (760 mg) as a 
semisolid, which was then crystallized from ethyl acetate-
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light petroleum as colorless prisms; mp 110.0—113.0°C, [a]g 
- 1 . 2 ° (c, 1.1, CHC13); [a]g - 5 . 5 ° (c, 1.0, MeOH); MS: 
m/e 250 M+; IR (KBr) : 3340, 1655, 1610 cm-1; UV: A**» 
244 nm (e, 12700); NMR (GDG18): 6.92 (s, 6-H), 6.12 (t, 
7 = 1 . 0 Hz, 9-H), 3.70 (m, W l / 2 =14Hz, 3-H), 1.50 (s, 12-
and 13-Me), 1.18—1.30 (partly superimposed two methyls). 

Found: C, 67.01; H, 8.97%. Galcd for C15H2203 • H 2 0 : 
G, 67.13; H, 9.09%. 

The 2,4-dinitrophenylhydrazone was prepared as usual and 
crystallized from ethanol as red needles; mp 230.0—232.0 °C 
(dec). 

Found: C, 58.71 ; H, 6.10; N, 13.24%. Galcd for C21H26-
OaN4: C, 58.59; H, 6.06; N, 13.02%. 

The above alkaline solution was acidified with 3 M sulfuric 
acid and extracted with ether. The ethereal extract was 
washed with water and dried. The solvent was removed to 
give a crude acidic part (310 mg); IR (film): 3500—2400 
(broad), 1685, 1655 cm -1 . The above residue was trans­
formed to the /»-phenylphenacyl ester in the usual manner, 
using /»-phenylphenacyl bromide. The product (550 mg) was 
chromatographed with light petroleum-benzene (10: 1) on 
silica gel (10 g) to give /»-phenylphenacyl (Z)-2-methyl-2-
butenoate (220 mg), which was crystallized from methanol as 
colorless prisms; mp 88.0—89.5 °G. 

Found: C, 77.54; H, 6.20%. Calcd for C19H1803: C, 
77.53; H, 6.16%. 

The subsequent elution on the above chromatography gave 
/»-phenylphenacyl (£)-2-methyl-2-butenoate (30 mg), which 
was crystallized from methanol as colorless prisms (mp 
104.5—106.5 °C). The two esters were identified by a mixed-
melting-point determination with authentic samples. 

Acetylation of Petasitol (2). a) A solution of petasitol, 
2 (510 mg), in pyridine (2 ml) and acetic anhydride (2 ml) 
was left at room temperature for 20 h. The reaction mixture 
was then worked up in the usual manner to afford a crude 
monoacetate (3) as a solid, which was subsequently crystal­
lized from acetone-light petroleum as prisms; mp 80.0— 
82.0 °C, [oc]g - 1 7 . 9 ° (c, 1.0, CHCI3), [a]g - 1 2 . 9 ° (c, 1.0, 
MeOH); MS: m/e 292 M+; IR (KBr): 3420, 1735, 1660, 
1616, 1240 cm-1; UV: Ag» 242 nm (e, 14700); NMR 
(GDCI3): 6.88 (s, 6-H), 6.10 (t, 7 = 1 . 0 Hz, 9-H), 4.90 (m, 
W l / 2 =14Hz, 3-H), 2.06 (s, AcO), 1.48 (s, 12- and 13-Me), 
1.20 (s, 15-Me), 1.10 (d, 7 = 7 . 0 Hz, 14-Me). 

Found: G, 65.79; H, 8.45%. Calcd for C17H2104• H 2 0 : 
C, 65.78; H, 8.44%. 

b) A mixture of petasitol, 2 (44 mg), acetic anhydride 
(1.5 ml), and sodium acetate (70 mg) was refluxed for 8 h. 
Working-up as usual gave a crude product (63 mg), which 
was subsequently chromatographed on silica gel (5 g) ; elution 
with benzene-ethyl acetate (30: 1) then afforded diacetate 
(4) as a viscous oil (18 mg); MS: m/e 334 M+, m/e 274 M+ 
- 6 0 , m/e 214 M+ - 1 2 0 , m/e 59 base peak; IR (film) : 1735— 
1725, 1660, 1240 cm-1. 

Further elution with the same solvent gave monoacetate, 3 
(20 mg), which was crystallized as has been described above 
and identified with the above monoacetate by a mixed-
melting-point determination. 

Hydrogénation of Petasitol (2). Petasitol, 2 (95 mg), was 
hydrogenated with 10% palladium charcoal (40 mg) in 
ethanol (3 ml). After the hydrogen-uptake (2 mol, 1 h) had 
ceased, the filtrate was evaporated in vacuo to furnish an oil 
(93 mg). The residue was chromatographed on silica gel 
(10 g), after which elution with benzene-ethyl acetate (15: 1) 
gave a viscous oil (74 mg) as a single spot on TLG (Rt, 0.56; 
benzene-ethyl acetate, 5:1). 

The above oil (60 mg) was refluxed with a catalytic amount 

of sodium under a nitrogen atmosphere in methanol for 2.5 h. 
After working-up as usual, the crystalline product (5) (63 
mg) was crystallized from light petroleum as leaflets; mp 
103.0—103.5 °C, [a]2D

2 +39.2 ° (c, 2.56, MeOH). 
Found: C, 75.50; H, 11.05%. Calcd for C15H2602: C, 

75.58; H, 11.00%. 
The 2,4-dinitrophenylhydrazone was prepared in the usual 

manner and then crystallized from ethanol as yellow needles; 
mp 165.5—167.0 °C. 

Found: C, 60.18; H, 7.14; N, 13.48%. Calcd for C21H30-
0 5N 4 : C, 60.27; H, 7.23; N, 13.39%. 

The semicarbazone was prepared in the usual manner and 
crystallized from methanol as needles; mp 188.0—189.5 °C. 

Found: C, 65.06; H, 10.00; N, 13.95%. Calcd for C16H29-
02N3 : C, 65.05; H, 9.90; N, 14.23%. 

The above substance and its derivatives were found by a 
mixed-melting-point determination and a comparison of the 
spectra, to be identical in all respects with those3> of tetra-
hydroisopetasol (5) obtained from isopetasin (12). 

Dehydration of Monoacetate (3). Monoacetate, 3 (550 
mg), in pyridine (10 ml) was treated with phosphoryl chloride 
(10 ml) at room temperature for 44 h. The reaction mixture 
was then poured onto ice and extracted with ether. The 
extract was washed successively with a saturated sodium 
hydrogencarbonate solution and water. The dried solvent 
was removed to give a crude product (330 mg), which was 
then chromatographed on silica gel (30 g). Elution with 
benzene-ethyl acetate (50: 1 ) afforded the anhydro derivative 
(6) (145 mg) as an oil; MS: m/e 21A M+, m/e 84 base peak; 
IR (film): 3080, 3040, 1737, 1664, 1637, 1242, 920cm-1; 
UV: Ä H 240 nm (e, 12500), e, 9800/220 nm; NMR (CDC13) : 
6.82 (s, 6-H), 6.04 (t, 7 = 1.0 Hz, 9-H), 5.11 (d, 7 = 7.0 Hz, 
12-C=CH2), 4.87 (m, Wl/2=14 Hz, 3-H), 2.06 (s, AcO), 
1.97 (d, 7 = 1.0 Hz, 13-Me), 1.22 (s, 15-Me), 1.10 (d, 7 = 
7.0 Hz, 14-Me). 

Hydrogénation of Anhydromonoacetate (6). Anhydroace-
tate, 6 (122 mg), in ethanol (3 ml) was hydrogenated with 
10% palladium charcoal (23 mg). Hydrogen-uptake ceased 
after 10 h. The filtrate was evaporated in vacuo to leave an 
oil (137 mg). The residue (103 mg) was refluxed in methanol 
(4 ml) with sodium metal (28 mg) under a nitrogen atmos­
phere for 3 h. Working-up as usual gave a product (94 mg) 
which was chromatographed on silica gel (6 g) with benzene-
ethyl acetate (5:1) and then crystallized from aqueous ethanol 
as leaflets (mp 101.0—103.0 °C). This was found to be iden­
tical with tetrahydroisopetasol (5) by a mixed-melting-point 
determination and a comparison of the IR spectra. 

Isomerization of Tetrahydroisopetasol (5) with a Base. Iso-
petasol, 11 (3.03 g), in ethanol (45 ml) was hydrogenated with 
10% palladium charcoal (600 mg) at room temperature for 
6 h. The subsequent working-up as usual gave a viscous oil, 
which was then chromatographed on silica gel (64 g). Elu­
tion with benzene-ethyl acetate (20: 1) gave tetrahydroiso­
petasol (5a) (3.01 g) as a colorless oil; [a]** -19.1° (c, 1.26, 
MeOH); IR (film): 3380, 1695, 1380, 1360, 1020cm-1; ORD 
(*, 0.1025, MeOH): [£]391 0, [0]325 - 6 0 0 , [0]3O7 -1160 
(trough), [£]289 0, [ç>]265 +1330; CD (c, 0.1025, MeOH): 
Fig. 1; NMR (CDC13): 3.58 (m, jy i / 2 =18Hz , 3-H), 1.08 
(s, 15-Me), 0.98 and 0.88 (each d, 7 = 7 . 0 Hz, 12- and 13-
Me), 0.82 (d, 7 = 6 . 5 Hz, 14-Me). 

The above product (3.01 g) was dissolved in methanol (10 
ml) and refluxed with 0.2 M potassium hydroxide-methanol 
(40 ml) under a nitrogen atmosphere for 5 h. The sub­
sequent working-up as noted above gave a partially crys­
tallized product, which was crystallized from ethyl acetate to 
afford tetrahydroisopetasol (5)3> as leaflets; mp 103.0—104.0 
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°C, [<x]2D
s +34.3° (c, 1.01, MeOH); IR (CC14): 3610, 3450, 

1720, 1390, 1375, 1035cm-1; ORD (c, 0.0937, MeOH): 
[£|375 +200, [0]325 +330, [ç>]288 +710, [^]275 +530, [0]258 

+ 380, [0]225 +1040; CD (c, 0.0937, MeOH): Fig. 1; NMR 
(CDC13): 3.53 (m, W l / 2 =18Hz, 3-H), 1.01 and 0.83 (each 
d, 7 = 7 . 0 Hz, 12- and 13-Me), 0.93 (s, 15-Me), 0.91 (d, 7 = 
6.0 Hz, 14-Me). 

Hydrogénation of Monoacetate (3). Monoacetate, 3 
(1.03 g), was dissolved in ether (30 ml) and hydrogenated 
with Adams' catalyst (111 mg). Hydrogen-uptake (2.2 mol) 
ceased after 30 min. Working-up as usual gave a crude 
product, which was chromatographed on silica gel (22 g) 
with benzene-ethyl acetate (10: 1) to afford the tetrahydro 
compound (7) (687 mg) (mp 92.0—95.0 °C) as needles (from 
light petroleum); IR (KBr): 3490, 1710, 1263cm-1; IR 
(CG14): 3500, 1735, 1700, 1240 cm-1; NMR (CDC13): 4.81 
(m, 3-H), 4.28 (br s, OH), 2.05 (s, AcO), 1.23 (s, 12- and 
13-Me), 1.18 (s, 15-Me), 0.95 (d, 7 = 7 . 0 Hz, 14-Me). 

Found: G, 68.89; H, 9.57%. Calcd for C17H2804: C, 
68.89; H, 9.52%. 

Dehydration of Tetrahydromonoacetate (7). The above 
productj 7 (565 mg), was treated with pyridine (8 ml) and 
phosphoryl chloride (6.5 ml) at room temperature for 20 h. 
Working-up as usual gave a mixture of a dehydration product 
(8) (438 mg); IR (film): 1735, 1717 (sh), 1687 (sh), 1645, 
1633, 1245 cm-1. 

The above product, 8 (430 mg), was chromatographed on 
alumina (10 g); subsequent elution with light petroleum-
ethyl acetate (50: 1) gave a sole product (9) (360 mg); IR 
(film): 1735, 1682, 1630, 1240cm-1; UV: A^H 251 nm (e, 
5160); NMR (GDC13): 4.80 (m, 3-H), 2.05 (s, AcO), 1.98 
and 1.81 (each s, 12- and 13-Me), 1.04 (s, 15-Me), 0.90 (d, 
7=7 .0 Hz, 14-Me). 

The 2,4-dinitrophenylhydrazone was prepared as usual and 
crystallized from ethanol (mp 168 °G) as deep red needles. 

Found: N, 12.54%. Calcd for C23H30O6N4: N, 12.22%. 
Dehydrogenation of Unsaturated Monoacetate (9). Into a 

stirred solution of the acetate, 9 (320 mg), and DDQ, (2,3-
dichloro-5,6-dicyano-/>-benzoquinone) (292 mg) in dry di-
oxane (4 ml) anhydrous hydrogen chloride was bubbled at 
room temperature over a 30-s period. After further stirring 
for 40 min, crystals were separated, after which the stirring 
was continued for 8 h. After subsequent filtration and con­
centration, the residue was diluted with ether, washed suc­
cessively with a 1% aqueous sodium hydroxide solution and 
water, and dried over anhydrous sodium sulfate. The re­
moval of the solvent gave a product (290 mg) which was 
later chromatographed on silica gel (8 g). Elution with ben­
zene gave a fraction (i?f, 0.35; benzene-ethyl acetate, 10: 1) 
which was subsequently crystallized from aqueous methanol 
to afford a pure acetate (10) as prisms; mp 82.0—85.0 °C; 
IR (Nujol): 1735, 1662, 1630, 1245 cm-1; IR (CCLJ: 1740, 
1666, 1631, 1244 cm-1; UV: A ^ 1 242 nm (e, 7550), 278 (sh) 
nm (e, 2900). This was found to be identical with the iso-
petasol acetate (10) converted from isopetasol (11) by a 
mixed-melting-point determination and a comparison of the 
IR spectra. 

Acetylation of Isopetasol (11).3) Isopetasol, 11 (106 mg), 
was acetylated with pyridine (1 ml) and acetic anhydride 
(0.5 ml). A subsequent working-up in the usual manner 
afforded the acetate (10) (98 mg), which was subsequently 
crystallized from aqueous methanol as prisms; mp 86.0— 
87.0 °C, [<x]2D

5 +80° {c, 0.97, CHC13); IR (KBr): 1735, 1660, 
1630, 1245cm-1; IR (CC14): 1740, 1660, 1630, 1245cm-1; 
UV: AEKM 243 nm (e, 8400), 278 (sh) nm (e, 3100); NMR 
(CC14): 5.65 (d, 7 = 1.0 Hz, 9-H), 4.76 (sex, 7=12.0 , 10.0, 
and 5.0 Hz, I^ l / 2 =16Hz, 3-H), 2.04 (s, 12-Me), 2.01 (s, 
AcO), 1.83 (s, 13-Me), 1.04 (s, 15-Me), 0.95 (d, 7 = 6 . 0 Hz, 
14-Me). 

Found: C, 73.70; H, 8.79%. Calcd for C1 7H,403 : C, 
73.88; H, 8.75%. 

Preparation of Petasitin (1). A stirred solution of iso-
petasin (15)3> (1.0 g) and Rose Bengal (5 mg) in absolute 
methanol was irradiated with a circular fluorescent lamp (30 
watt) for 36 h under the bubbling of air. The reaction mix­
ture was then stirred with a solution of sodium sulfite (2.5 g) 
in water (15 ml) for 3 h. After the removal of the solvent, 
the residue was extracted with ether. The subsequent work­
ing-up in the usual manner gave a crude product, which was 
chromatographed over silica gel (20 g). Elution with ben­
zene afforded petasitin (1) (430 mg), which was found to be 
identical with the natural specimen by a comparison of the 
spectral data (IR and NMR) and by GLC analysis under 
the conditions described above. The other products were not 
investigated further. 
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Phenyl radicals derived from benzoyl peroxide (BPO) showed nucleophilic behavior, rho=+0.18 (meta-
series) for the hydrogen abstraction reaction from substituted toluenes at 80 °C, and a kinetic deuterium isotope 
effect, A;H/A:D=3.73^0.2, was found for toluene. Comparison of these results with those for the phenyl radicals from 
phenylazotriphenylmethane (PAT) leads to the suggestion that the phenyldiazenyl radicals derived from PAT 
abstract hydrogen from toluene to yield benzene, which should amount to about 50% of the total benzene formed. 

Phenyl radicals have been reported to be electrophilic 
in hydrogen abstraction reactions based on the results 
of investigations using phenylazotriphenylmethane 
(PAT) as the source of the phenyl radicals.1»2) The 
phenyl radicals derived from PAT behave, however, 
differently from those generated from benzoyl peroxide 
(BPO), as revealed by the fact that the yields of benzene 
in the thermolysis of PAT in toluene at 60—70 °C, 
50—58% per mole PAT,3»4) are markedly larger than 
that of BPO, 32% per mole phenyl radicals,4) in contrast 
to the very similar yields of methylbiphenyls in both 
cases, 2 5 % for PAT and 2 3 % for BPO.4) Appreciable 
amounts of phenyl radicals from BPO are transformed 
into esters and quarterphenyls, which are not accounted 
for in the above measurements. This does not, however, 
affect the conclusion that the "pheny l" radicals from 
PAT produce much more benzene in toluene than do 
those from BPO. 

In the thermolysis of PAT, the triphenylmethyl-
nitrogen bond dissociates at first to give triphenylmethyl 
and phenyldiazenyl radicals in a cage.5) Although the 
reaction of phenyldiazenyl radicals out of the "cage" 
is not clear as yet, the hydrogen abstraction reaction of 
the radicals from toluenes would lead to phenyldiazene, 
which is known to produce benzene in good yields upon 
thermal decomposition.6) P A T could thus receive the 
cooperation of phenyldiazenyl radicals in the formation 
of benzene. When the reactions of phenyldiazenyl 
radicals proceed, the polarity of the "phenyl" radical 
deduced from the experiments on PAT should be 
different from that obtained from reactions using BPO, 
because in the latter studies the precursors of phenyl 
radicals, benzoyloxy radicals, are converted into benzoic 
acid upon hydrogen abstraction and can be separated 
completely from benzene. The intrinsic behavior of the 
phenyl radicals in the hydrogen abstraction reaction 
can only be determined using BPO as the radical source. 

Results and Discussion 

T h e polar nature of phenyl radicals was determined 
by the reactivities of substituted toluenes toward phenyl 
radicals. For the measurement of the reactivities 
of toluenes, competitive reactions of BPO (4.13 mmol) 
were carried out at 80 °C between each 100 mmol of a 
substituted toluene and carbon tetrachloride in a 
nitrogen atmosphere. Relative rate constants, ku(kcu 

of Reactions 1 and 2, 

A r C H 3 + Ph. 
*H 

PhH + ArCH2 . , (1) 
*01 

CC14 + Ph- • PhCl + C13C, (2) 

were calculated from the yields of benzene and chloro-
benzene with proper corrections, as described below. 
Duplicate runs afforded the rate ratios listed in Table 1 
and the Hammet t plot shown in Fig. 1. 

TABLE 1. RATES OF HYDROGEN ABSTRACTION FROM TOLUENES 

RELATIVE TO CHLORINE ABSTRACTION FROM CARBON 

TETRACHLORIDE AT 8 0 ° G 

XCgtfjGH^ 
X = kH/k CI 

XC6H4CH3 
X = %/*c 

m-(CH3)2 

H 
m-Cl 
m-CN 
w-N02 

0.214±0.046 
0.210±0.055 
0.288± 0.055 
0.220±0.042 
0.332±0.075 

p-CH30 
p-CH3 

p-Cl 
p-CN 
/>-N02 

0.389±0.09 
0.270±0.035 
0.277±0.054 
0.265±0.051 
0.646±0.11 

Ulog{kH/kc l) 
+1.0 

p-CH30 
O 

-I I 1-
-0.3 

p-N02 

O 

m-N02 
„ u JLn c m-Cl O 

*•&* r o o 
fZC O P"CN 

m - icH 3yH m"CN 

-i 1 1- H 1 h 
0.5 0.8 <f 

Fig. 1. Hammett plot of rates of hydrogen abstraction 
by phenyl radicals from toluenes relative to rates of 
chlorine abstraction from carbon tetrachloride. 

The polar character of the phenyl radicals obtained 
from the results of meta-substituted toluenes was slightly 
nucleophilic, r h o = + 0 . 1 8 , in contrast to the results of 
earlier reports, —0.1,1) — 0.4,2> and — 0.5.7) The reac­
tivities of para-substituted toluenes are larger than the 
values expected from the rates of the meta-series. 
Definite extra resonances are operative in the transition 
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state of the hydrogen abstraction reaction and they are 
especially effective in the cases of jfr-nitro- and /»-methoxy-
toluenes. The effect of the extra resonances play an 
important role in the manifestation of B. 

[X<0>CH3-Ph]: - [XO^-HPh]*B~[X,0^2HÊh£ 

In the calculation of the rate ratios, the following were 
taken into consideration. Phenyl radicals from BPO can 
also take up hydrogen from the aromatic ring of a 
substrate molecule during the course of homolytic 
phenylation. Because the homolytic phenylation by 
BPO proceeds by means of the disproportionation reac­
tion via substituted phenylcyclohexadienyl radicals,8) 
and an appreciable amount of dihydrobiaryls are 
formed, phenyl radicals can abstract hydrogen from the 
cyclohexadienyl radicals and from dihydrobiaryls. 

CH3 

Ph. ^ CH3C6D5 — P S ^ l 3 J 

2 P £ ^ d A * - PhC6D4CH3 * PhC6D6CH3 ( < ) 

Phc/S kND 

D > ® d ° r P h C 6 D 6 C H 3 • P h > *• 
* Ph-D • PhC6D^CH3 ( 5 ) 

CD3C6H5 • Ph- - ^ Ph-D • C6H5CD2- ( 6 ) 

C £ 3 kNH 
P H > ® ° r P h C 6 H 6 C D 3 • p h > * • 

Ph-H • PhC6H i iCD3 ( 7 ) 

The extent of Reactions 5 and 7 can be estimated by 
examining benzene and deuteriobenzene formed from 
experiments using toluene-nuclear-rf5 and toluene-a-^ as 
the substrate, together with rate ratios (A;total benzene/ 
kci) for the toluene-carbon tetrachloride and toluene-a-
t/3-carbon tetrachloride systems.9) 

From the reaction using toluene-rf5 (</5-fraction 90.3 
% ) , the ratio C 6H 6 : G 6 H 5 D = 9 3 . 8 : 6.2 was obtained 
for the benzene formed. For the benzene formed from 
toluene-a-4» (^-fraction 90.0%), the ratio C 6 H 6 : C6H5D 
= 54.5: 45.5 was found. The kinetic deuterium isotope 
effect for Reactions 7 and 5 (&NH/£ND) was calculated to 
be 2.97, and the hydrogen abstraction reaction at the 
nuclear positions (£NH) contributes ca. 10% of the total 
formation of benzene. 

It is tentatively assumed, that the participation of 
nuclear hydrogen in the formation of benzene in the 
system containing substituted toluenes is proportional 
to the rates of phenylation of the substituted toluenes, 
and that the rates of phenylation can be estimated using 
partial rate factors for phenylation.10) The rates of 
phenylation of substituted toluenes (Rx) relative to that 
of toluene were calculated to be as follows: 

Rx: p-MeO 1.13 /»-Me 1.01 m-Me 1.01 
p-Cl 1.19 m-Cl 1.03 p-CN 1.96 
m-CN 2.04 p-N02 2.02 m-NOz 2.13 

Measurements on benzene using GLPG for competitive 
reactions were corrected by substracting from them the 
amounts of benzene formed from the nuclear hydrogen 
by phenyl radicals : 

(benzene)corr = (benzene) t o t a l-(l -Cor r ) 

Corrtoluene = 0.10. 

Similarly, the corrections for X-substituted toluenes are 

Corrx_toluen6 = Äx-Corrtoluene = 0.10-ÄX. 

The values in Table 1 have been corrected in this 
manner. 

The effect of the methoxyl substituent of methoxy-
toluene in the formation of benzene was checked using 
the isotope tracer technique with />-deuteriomethoxy-
toluene as the substrate. For the benzene formed, a 
molar ratio G 6H 6 : C 6H 5D of 92.3: 7.7 was found. T h e 
corrected value is listed in the table. T h e benzene from 
the methoxyl group amounts to about 3 3 % of the total 
benzene formed. 

The difference in the polar nature of the phenyl 
radical found here (+0 .18) from that of Trosman and 
Bagdasar'yan7) (—0.5) arises from different experi­
mental conditions. The determination of benzene 
separately from one by-product, chloroform, is one of 
the key points in the present study. T h e column used 
by Bridger and Russell1) was found to be unsuccessful 
in this laboratory. A 2-m column of O D P N (20% on 
C-22 AW), in combination with a 1-m column of 
Apiezon Grease L (25% on C-22 AW) was used at 
80 °C with helium as the carrier gas. Much more 
chloroform was formed than benzene, when toluenes 
with electron-donating groups were used as the substrate. 
The rate ratios kK/kCi found for nitrotoluene by Trosman 
and Bagdasar'yan7) 0.80 for para- and 0.475 for meta-
compounds, gave 0.64 and 0.36 after the correction 
described above, which are in good accord with the 
present values of 0.646 and 0.332. Their values of the 
rate ratios for toluene and xylenes are by far larger than 
the present values. 

The slightly nucleophilic nature of the phenyl radical 
for the hydrogen abstraction reaction in the present 
findings is in very good agreement with the results 
reported by I to et al. for homolytic phenylation ( r h o = 
+0.05),1 0) and with the results reported by Migita 
et al. for bromine abstraction from substituted benzyl 
bromides ( r h o = + 0 . 1 5 for meta-series).11) Thus, a 
parallel relationship in the polar nature of phenyl 
radicals was established between the addition reaction 
to benzene nuclei and the abstraction reaction from 
benzylic compounds. 

The kinetic deuterium isotope effect was found to be 
3 .73±0.2 . This is a little smaller than the value, 4.5 ± 
0.5, found by Bridger and Russell.1) 

The nucleophilic nature of phenyl radicals from BPO 
for the hydrogen abstraction reaction contrary to the 
electrophilic radicals from PAT, suggests the co­
existence of phenyldiazenyl radicals together with 
phenyl radicals in the thermolysis of PAT. In measuring 
the electrophilicity of phenyldiazenyl radicals, amino 
radicals should be taken as a reference. For example 
dimethylamino radicals are reported to be electrophilic 
for hydrogen abstraction from toluenes: r h o = —1.08 
(sigma plus) and * H / Ä D = 4 . 0 at 130 °C.12> Diphenyl-
methyleneamino radicals were also found to be electro­
philic (rho=ca. —2.5).13) Phenyldiazenyl radicals are, 
therefore, probably electrophilic in the abstraction of 
hydrogen from toluenes. Based on these assumptions, 
the results of Bridger and Russell1) and Pryor et al.2) 

appear to be explainable. 
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Another electrophilic property of particular radicals, 
X - , derived from P A T were also found for hydrogen 
abstraction from solvent molecule toluenes giving 
benzyl radicals during the thermolysis of PAT. The 
relative rates of formation of benzyl and substituted 
benzyl radicals, A;ArcH,#PhCH,-, were measured by 
determining the amount of l-aryl-2,2,2-triphenylethane, 
which was isolated by column chromatography in a 
6 6 % yield per mole of benzene as determined by G L P C . 
Because a fairly large amount of triphenylmethyl 
radicals were present in solution during the P A T 
thermolysis, it appears plausible to assume that the 
radical-scavenging step is effective, so that hydrogen 
abstraction is rate determining in the reaction, 

ArCH, ArCH 
Ph„C-

9' ArCH,CPh, (8) 

A mixture of aryltriphenylethanes from a competitive 
reaction mixture was obtained by column chromato­
graphy and analyzed using N M R or the 14C-tracer 
technique. The rate ratios, kATcH,-lkPhCHt., are listed 
in Table 2. A Hammet t plot is shown in Fig. 2. The 
polar nature of particular free radicals, X«, derived 
from P A T in the formation of benzyl radicals at 50 °C 
was electrophilic ( r h o = — 0.49 (sigma plus)). The 
results are in good accord with those of Pryor et al. for 
the hydrogen abstraction reaction.2) 

TABLE 2. RELATIVE RATE OF FORMATION OF SUBSTITUTED 

BENZYL RADICALS, # A r C H l . /Â; p h C H l . , BY P A T AT 50 ° C 

Substrate 
Chemical shift of 

GH2 in ArCH2CPh3 
in pyridine (<5) 

*ArCH,7 

/»-Methoxytoluenea) 

/»-Xylene 
Toluene 
/>-Chlorotoluene 
m-Chlorotoluene 
/>-Nitrotoluene 

4.05 
4.05 
4.05 
4.10 
3.98 
4.10 

3.52 
1.46b> 
1.00 
0.67 
0.79 
0.65 

a) Measured by the 14C-tracer technique, 
per methyl group. 

b) Corrected 

°g«kArCH2/kPhCH2.) 

Fig. 2. Hammett plot (against sigma plus) of formation 
of substituted benzyl radicals from toluenes through 
hydrogen abstraction by particular radicals derived 
from PAT. 

Assuming the phenyldiazenyl radical as the inter­
mediate, the reaction scheme for thermolysis of PAT 
in toluene at 60 °G can be formulated as follows : 

Ph-N=N-CPh, 
[Ph3C 

lPh-N=N-

*H'" (toluene) 

Ph-N=NH 

[Na 

[Ph. *other 

biaryls 1 

benzene 1 

products 2 

•chloro- \ 
benzene 5/ 

PhH, N2 

Scheme 1. 

The reactions of phenyl radicals {karyh kH, and A;other) 
should be referred to the results of BPO, i.e., the rate 
ratios with respect to each other are £ « . 1 : 1 : 2 at 80 °C, 
and k^2 is rate-determining. Because the benzene yield 
per mole of P A T is about twice that of BPO (Table 4), 
the rate, £Nz, is about four times as large as the rate of 
hydrogen abstraction of phenyldiazenyl radicals, A;H'# 

(toluene). This gives A;N2
=40 'kn', using a toluene 

concentration of 10 M . When carbon tetrachloride is 
present as a co-solvent, kC\ should also be taken into 
consideration and was about five times as large as kH, 
because the kK/kci found was 0.210. 

TABLE 3. CALCULATED RATE RATIOS, Abenzene/^Cl FOR 

THERMOLYSIS OF P A T IN TOLUENE-

CARBON TETRACHLORIDE 

Substrate L benzene/""CI lh 
/>-Methoxytoluene 
/»-Xylene 
Toluene 
/»-Chlorotoluene 
/>-Cyanotoluene 
/»-Nitrotoluene 

2.80 
1.36 
1.00 
0.75 
0.68 
0.68 

Based on this scheme, setting k^2, kCi, and &other 

constant, the rho value for kK to + 0 . 1 8 , the rho for 
kn to — 2.5,13> and k a r y i proportional to Rx, as describ­
ed previously, we can estimate the rate ratios, £ b e n z e n e / 
kCh as shown in Table 3. These results are in very 
good agreement with the results shown in Table 2 and 
also with the results of Bridger and Russell1) and of 
Pryor et al.2) The data for PAT may thus be interpreted 
in terms of phenyldiazenyl and phenyl radicals. 

Exper imenta l 

Gas Chromatographic Determination of Benzene and Chlorobenzene. 
Benzene and chlorobenzene were measured with apparatus 
of the KGL-2A (HITACHI) and JGC-1100 (JEOL) types 
using a 2-m column of ODPN (20% on C-22 AW) con­
nected to a 1-m column of Apiezon Grease L (25% on C-22 
AW), with the He carrier gas flowing at a rate of 90 ml/min 
at 80 °C. For the determination of chlorobenzene, only a 
2-m column of ODPN was used with He at a flow rate of 
150 ml/min at 80 °C. Their internal standard was selected 
from toluene, /»-xylene, and o-xylene according to the reaction 
mixture. 
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T A B L E 4. 

Radical 
source mmol 

Toluene 
mmol 

T e m p 
(°C) 

Benzoic acid 
mmol (%) 

Benzene 
mmol 

(%/Ph- ) 

Methylbiphenyls 
mmol 

(%/Ph- ) 

PAT 
PAT 
PAT 
BPO 

4.017 
2.04 
4.017 
4.13 

760 
200 
760 
200 

50 
60 
70 
80 1.85(43) 

1.515(37.7) 

2 . 3 3 (58.0) 
2 . 1 3 (33.2) 

0 .514 (24.9)a> 

1.46 (22.6)b> 

a) o-:m-:/>- = 5 9 . 6 : 2 5 . 6 : 14.8. b) o-: ro-:/>- = 4 6 . 5 : 1 8 . 5 : 34 .7 . 

Yields of Benzene and Methylbiphenyls. T h e benzene and 
methylbiphenyls yields from the thermolysis of P A T and B P O 
in toluene were determined by G L P C (Table 4) . 

Competitive Reactions in the Substituted Toluene-Carbon Tetra­
chloride System. Benzoyl peroxide (4.13 mmol) was dis­
solved in a mixture of 100 mmol each of carbon tetrachloride 
and substituted toluene in a nitrogen atmosphere a n d heated 
f o r 4 2 h a t 8 0 ± 1 . 0 ° C . 

The reaction mixture was distilled with steam after a certain 
amount of mesitylene h a d been added to the mixture to assure 
the separation of chlorobenzene from high-boiling products. 
When nitrotoluenes were subjected to competitive reactions, 
the distillate was treated with a stannous chloride-concd. 
hydrochloric acid mixture to remove the nitro-compound. 
T h e purified distillates were subjected to G L P C determina­
tions of benzene and chlorobenzene. 

GC-MS Spectrometry. Mass spectrometric measure­
ments were made on an appara tus of the LKB-9000 ( S H I M A -
DZU) type for a) the deuterated benzene formed, b) toluene-
(x-d3, c) toluene-dg, and d) /»-deuteriomethoxy toluene. 

a) T h e determination of the deuteriobenzene formed from 
the substrates, deuteriotoluene and deuteriomethoxytoluene, 
was made at 14 eV using a 3-m column of Apiezon Grease 
L on Chromosorb W (AW) a t 42 °C. T h e H e flow ra te was 
60 ml/min. 

b) Toluene-a-ûk was prepared by reduction of benzylidyne 
trichloride with a zinc dust-acetic acid-*/ solution according 
to the method of Renaud and Leitch.14) T h e fraction of 
toluene-a-c?3 was found to be 90 .0% at 12 eV. 

c) Toluene-rf6 from Merk, Sharp and Dohme, Canada , 
Ltd. , was used for the studies. T h e sample contained a 
90 .3% fraction of toluene-</6 measured at 12 eV. Toluene-</6 

was present in a 2 . 3 % fraction. 
d) />-Methoxy-rf3-toluene was prepared from p-cresol and 

dimethyl-dg sulfate. I ts boiling point was 80.5 °C at 37 
Torr. The fraction of trideuteriomethoxytoluene was deter­
mined at 12 eV to be 9 8 . 1 % . 

Evaluation of Kinetic Deuterium Isotope Effects on Hydrogen 
Abstraction from the Methyl Group of Toluene, the Fraction of 
Hydrogen Abstraction from the Nuclear Position of Toluene, and 
the Fraction of Hydrogen Abstraction from the Methoxyl Group of 
p-Methoxytoluene. Kinetic deuter ium isotope effect, (kH/ 
kD), the relative ra te of abstraction from the nuclear position, 
(^NH/^H) ((nuclear-H)/(toluene)), and the relative ra te of 
abstraction from the methoxyl group of /»-methoxytoluene, 
(^O-CH.AH)J were evaluated using the following equations: 

kH 

(CH3) + A;NH(n-H) = 2 . 9 1 , : i i ) 

£ H (CH 3 )+£ N H(n-H) = 9 3 . 8 
* D (CD 3 )+* N D (n -D) 6.2 

for benzene from toluene-rf5, 

£H(CH3) + /rNH(n-H) = 54 .5 
*D(CD3) 4 5 . 5 

for benzene from to luene-^ , 

(9) 

(10) 

*D(CD3) + * N H ( n - H ) + l „ ( C H 3 ) 

for the rat io of the ra te ratios, kMueJkcl and kmnene_JkGl, 

M C H 3 ) + W n - H ) + * 0 _ C H , ( Q - C H 3 ) _ 9 2 . 3 
* 0 - C D . ( O - C D 3 ) 7 .7 ' 

for benzene from methoxy-</3-toluene, and 

kH (CH3) + £NH (n-H) + k0_ CH, (Q-CH 3 ) 
ÄH(CH3) + ÄN H(n-H)+A;0_C H , (O-CH3)+/;0_C D , (O-CD3) 

(12) 

= 1.35, 

(13) 

for the ratio of the rate ratios, ÄmeUM«ytoiuene/*oi and 
^methoxy-d.-tolueneM'Cls 

here (CH, ) , (CD,) , (n-H), (n-D), ( 0 - C H 3 ) , and ( 0 - C D 3 ) 
denote the concentrations for the C H 3 and C D 3 groups of 
toluene or methoxytoluene, the nuclear-hydrogen and nuclear 
deuter ium atoms of toluene or methoxytoluene, and the 
methoxyl group and deuteriomethoxyl groups of methoxy­
toluene, respectively. kx represents the ra te constants for 
hydrogen abstraction from the corresponding groups. T h e 
nuclear hydrogen concentrations were expressed by the yields 
of the biaryls formed during the thermolysis of BPO (4 mmol) 
in 200 mmol of toluene, i.e., 1.43 mmol (n-H) in 200 mmol of 
toluene. 

We obtain from Eqs. 9, 10, and 11, the following results: 

W * D = 3 . 7 3 ± 0 . 2 , AN H /*H = 1 7 - 6 -

Using the same £NH for Eqs. 12 and 13, as for Eqs. 9—11, we 
obtain 

W * O - C H , = 2 . 0 7 ± 0 . 0 2 . 

T h e part icipation of the nuclear hydrogen of toluene in the 
hydrogen abstraction reaction was found from (£NH//;H) 
( (n-H) / (CH 3 ) ) to be 0.125, i.e., about 10% of the benzene 
was formed from nuclear hydrogen. T h e part icipation of 
the methoxyl group of methoxytoluene in the benzene forma­
tion is about 3 3 % . 

uC-Tracer Experiments. Triphenylmethanol-a-1 4C was 
preparedfrom benzoate-carbonyl-1 4C by the Grignard reaction 
and its specific activity was measured. 1 4C-PAT was derived 
from triphenylmethanol-1 4C and used for thermolysis without 
dilution. 

1 4C-PAT (13.5 mmol) was heated to 50 °C in nitrogen in a 
mixture of toluene and /»-methoxytoluene (a) 1: 1, b) 2 : 1, 
total 3.0 mmol) and treated according to the s tandard dilution 
method. 

a) T h e reaction mixture was divided into two equal parts 
and to each of them was added 1.00 g of unlabelled PhCH 2 -
CPh 3 or C H 3 O C 6 H 4 C H 2 C P h 3 . 

b) T h e reaction mixture was divided into two parts in a 
2 : 1 volume rat io, and to each was added 1.00 g of unlabelled 
PhCH 2 CPh 3 or C H 3 O C 6 H 4 C H 2 C P h 3 . T h e results were as 
follows : 
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Radioactivity (dpm/mg) 

Isolated 
Starting , • kAtGHt./ 

P h 3 C O H CH 3 OC 6 H 4 - p . p i T p p . ^phCH,-
CH 2 CPh 3

 P h ü H 2 C P h 3 

~ä~j 4Ö8Ö 559.5 191.8 3.48 
b ) 4080 313.3 357.8 3.56 

av. 3.52 

The radioactivity was measured using a scintillation counter 
of the Beckman LS-200 type. The NMR spectra were re­
corded on Varian A-60 instrument, with TMS as the internal 
standard. 

For the radio assay, we are grateful to Dr. N. 
Morikawa of the University of Tokyo. 
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Phenan thro [4,5-èaf|furan was synthesized from l,2,3,8,9,9a-hexahydrophenanthro[4,5-tarf]furan-3-ol by 
dehydrogenation with palladium-charcoal. Some chemical reactivities and spectral properties of phenan thro [4,5-
bcd~\ï\xrz.n were investigated and compared with those of phenantherene and dibenzofuran. The results suggest that 
phenan thro [4,5-icrf]furan has the chemical properties of both phenanthrene and dibenzofuran, and does not have 
a large strain in the fused-ring system. Also, the reactivities of l,2,3,8,9,9a-hexahydrophenanthro[4,5-£af]furan-3-
one were explored. 

Compounds such as Formula 1 have bridged atoms 
(C, N, S, O) which link the 4 and 5-positions in phenan­
threne. The synthetic methods of these compounds 
except for X = 0 were early reported in the literature. 

l a : X = C 
l b : X = N 
l c : X = S 
l d : X = 0(3) 

For example, phenanthro[4,5-taüf]thiophene ( l e ; X = 
S)1) was prepared by heating phenanthrene with 
hydrogen sulfide at 630 °C in the presence of an a lumina-
chromia-magnesia catalyst. Also, phenanthro[4,5-taäT|-
pyrrole ( l b ; X = N ) 2 ) was similarly obtained from 
4-phenanthrylamine. O n the other hand, when X was a 
carbon atom 4//-cyclopenta[rf^]phenanthrene ( l a ; X = 
C)3> was synthesized by the intramolecular cyclization 
of 3-(1-acenaphthenyl)propionic acid, followed by the 
reduction of the carbonyl group and then dehydrogena­
tion. In the case of X = 0 , Compound 3 is termed 
phenanthro[4,5-taö?]furan and is a fundamental skeleton 
of morphine. Though the syntheses of 2 ( R 1 = R 2 = H ; 
R 1 = O C H 3 , R 2 = H ; R 1 = H , R 2 = O C H , ) 4 - 6 > have 
already reported by us. the fundamental skeleton (3) 
has not yet been synthesized. I t is said that the ring 
system of 3 has an inherent strain because of ether 
linkage between the 4 and 5-positions in phenanthrene. 
Therefore, we attempted to prepare phenanthro[4,5-
6a/]furan (3) and discussed the strain in the phenanthro-
[4,5-ôa/]furan ring by comparing the chemical reac­
tivities and physical properties of 3 with those of phenan­
threne, dibenzofuran, and other related compounds. 

R e s u l t s a n d D i s c u s s i o n 

The synthesis of phenanthro[4,5-tafiT]furan (3) was 
attempted in three ways; the routes are shown in 
Scheme 1. For the synthesis of 3 l,2,3,8,9,9a-hexahydro-
phenanthro[4,5-£a/]furan-3-one (5)4> was employed as 
an important intermediate. When 5 was reduced with 
lithium aluminum hydride, only one product, 1,2,3,8,-
9,9a-hexahydrophenanthro[4,5-foüQfuran-3-ol (6), was 

obtained. Although the formation of diastereoisomers 
is possible by the attack of lithium aluminum hydride on 
the carbonyl group from both sides, it seems that only 
one-sided attack from the less hindered face occurred 
preferentially because of steric requirements. A similar 
asymmetric synthesis has been reported7) in the reduction 
of 1-bromocodeine to codeine with lithium aluminum 
hydride. I t appears that the structure of the alcohol is 
as is shown in Formula 6 judging from the molecular 
model and the N M R spectrum. The methine proton on 
a carbon atom at the 3-position of 6 has absorptions 
(multiplet) at ô 4.85—5.06, and the coupling pattern 
is similar to that of the methine proton on a carbon atom 
at the 3-position of 16 (vide infra). This suggests that 
the configurations of the two methine protons of 6 and 
16 are the same. 

By the dehydrogenation of 6 with palladium-charcoal 
in jb-cymene, the desired phenanthro[4,5-fofl?]furan (3) 
was obtained in a 30% yield, along with l,2,3,3a,8,9,-
9a,9b-octahydrophenanthro[4,5-foû?]furan (7; 14% 
yield). The structure of 3 was confirmed by the 
elemental analysis and by its spectral properties (see 
Experimental) . When 6 was heated with palladium-
charcoal without a solvent at 270 °C, three kinds of 
products were obtained; phenanthro[4,5-foûf]furan (3 ; 
9%) , phenanthrene (8; 9%) , and 4-phenanthrol (9; 
22%) . As the separation of 3 and 8 was fairly difficult, 
the ratio was determined by gas chromatography. This 
suggests that the ether bridge is easy to cleave at a high 
temperature. The reaction of 6 with JV-bromosuc-
cinimide gave a mixture of two products after the 
elimination of hydrogen bromide with potassium 
hydroxide. T h e N M R spectrum of the mixture showed 
that it consisted of phenanthro[4,5-^û?]furan (3 ; 13% 
yield) and 8,9-dihydrophenanthro[4,5-taü?]furan (10; 
13% yield). Therefore, in all three methods the yield 
of the aromatization of 6 was the best when it was 
carried out in p-cymene. 

Dendy et al.8) a t tempted to cyclize 11 to a phenanthro-
[4,5-taûT]furan derivative (12) by means of a Friedel-
Crafts reaction. However, the yields was very low, 
and so they abandoned the subsequent synthesis of 
morphenol (2; R ^ R ^ H ) . In the case of naphtho[ l ,8-
fojfuran derivatives (4), the cyclization occurred easily 
to give 5 in good yields.4) The structure of 5 and 12 
are similar to each other; therefore, the ring strains of 
the two compounds seem almost the same, if present 
at all. In the Friedel-Crafts reaction (11—>12) an sp2 
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hybrid orbital of a carbon atom in the benzene ring 
must be changed to an sp3 hybrid orbital in an inter­
mediate, as is shown in Formula 13. The consideration 
of a molecular model suggests that the conformation 
of the intermediate 13 must be cup-shaped and have a 
strain. On the other hand, in the case of 4 the cycliza-
tion occurs without a large deformation of the 4 molecule 
because the side chain of propionic acid is situated at a 
very favorable position for the cyclization reaction. 
From these consideration, it seems that the low yield 
of 12 is due to the strain in the intermediate, 13, rather 
than to that in the product, 12. If the carbon-carbon 
double bond in the furan ring of 11 is hydrogenated, 
the cyclization would become easy, for the side chain 
of acetic acid could closely approach the benzene ring. 

Some chemical reactivities on 5 are shown in Scheme 
2. Compound 6 dissolved in ethanol was converted to 
two products (15 and 16) by the action of sulfuric acid. 
The two products are diastereoisomers to each other, 
and the yields are 47 and 3 8 % respectively. The 
structures of 15 and 16 were confirmed by comparing 
the N M R spectra with that of 6. The catalytic hydrog­
énation of 5 with palladium-charcoal gave 1,2,3,3a,-
8,9,9a,9b-octahydrophenanthro[4,5-taû?]furan-3-ol (17) 
in an 8 1 % yield. The infrared spectrum of 17 shows an 
absorption due to a monomeric hydroxyl group a t 
3580 c m - 1 . This suggests that a hydroxyl group is 
present in the cup-shaped molecule and that the 
juncture is all eis, as is shown in Formula 17. By the 
Wolff-Kishner reduction of 5, l,2,3,8,9,9a-hexahydro-

phenanthro[4,5-6câT|furan (18) was obtained in a 50% 
yield. Compound 18 was hydrogenated with pal ladium-
charcoal to give l,2,3,3a,8,9,9a-octahydrophenanthro-
[4,5-bcd]furan (7) in an 84% yield. The structure of 7 
must be a cis-cis juncture , as is shown in Formula 7, 
because 18 is easy to approach from the less-hindered 
face to the catalyst and the N M R spectrum of 7 is 
similar to that of 17. 

Some chemical reactivities of phenanthro[4,5-ta</]-
furan (3) were investigated and compared with those of 
phenanthrene and dibenzofuran. The results are shown 
in Scheme 3. The catalytic hydrogénation of 3 with 
palladium-charcoal gave 8,9-dihydrophenanthro[4,5-
£«/]furan (10) in a 74% yield. Under the same condi­
tions, phenanthrene was not reduced, but it was hydrog­
enated to 9,10-dihydrophenanthrene under more drastic 
conditions (copper chromium oxide, 150—200 atm, 
180 °C).9> By the bromination of 3 with bromine, 
8-bromophenanthro[4,5-tafiT]furan (20) was obtained in 
a 6 7 % yield. Also, phenanthrene was brominated to 
9-bromophenanthrene.12) However, the bromination 
of dibenzofuran gave 2-bromodibenzofuran.13) These 
findings suggest that the 8,9-double bond of 3 has a 
considerable olefinic character and is more reactive 
than that in phenanthrene. When Compound 3 was 
heated with sodium and ethanol, 3,3a,8,9,9a,9b-
hexahydrophenanthro[4,5-foû?]furan (19) was obtained 
in a 32% yield. Under these conditions dibenzofuran 
was reduced to 1,2,3,4-tetrahydrodibenzofuran,10) but 
phenanthrene was not converted to 9,10-dihydro-

0 . t . .OH 

^ 

80% 17 
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NH2NH2 
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phenanthrene without the employment of sodium and 
1-pentanol.11) By the Friedel-Crafts reaction of 3 and 
benzoyl chloride with anhydrous a luminum chloride 
l-benzoylphenanthro[4,5-W]furan (21) was obtained 
in an 84% yield. Under similar conditions, dibenzo-
furan also reacted with benzoyl chloride to give 
2-benzoyldibenzofuran.16) When 3 was treated with 
lithium aluminum hydride in dry ether, 4-phenanthrol 
(9) was obtained in a n 8 0 % yield. As the ether bridge 
in a five-membered ring is difficult to cleave with lithium 
aluminum hydride, the facile cleavage of the ether 
bridge may due to an inherent strain in the fused-ring 
system of 3. In fact, dibenzofuran is not reduced under 
these conditions. 

From these experimental results, it appears that 
phenanthro[4,5-taâ?]furan has the character of both 
phenanthrene and dibenzofuran and is more reactive 
because of the ether bridge in the fused-ring system of 3. 

<6> 
32% 19 

, 0 . 

, 0 , 

Na-EtOH 

, 0 , 

Br, LiAlH4 

Br 

67% 20 

C6H5C0C1 
AlCb 

74% 10 

yOH 

80% 9 

The ultraviolet spectrum of phenanthro[4,5-£«/]furan 
(3) is shown, along with that of pyrene1) in Fig. 1. The 
shapes of the spectra of 3 and pyrene are very similar 
to each other, but the region of absorption for 3 is 
shifted to a shorter wavelength than that of pyrene. 
I t is thus apparent that a non-bonding pair of electrons 
on the oxygen atom functions as part of the overall 
chromophoric TT-system in phenanthro[4,5-tad]furan. 
Also, the ultraviolet spectra of phenanthro[4,5-£a/]furan 
( Id ; X = 0 ) , phenanthro[4,5-taûT]thiophene ( l e ; X = 
S),1) and phenanthro[4,5-kû?]pyrrole ( l b ; X=N)2-1 5> 
are shown in Fig. 2. The shapes of the three spectra are 
similar to one another, and in all the regions of absorp­
tions shift to longer wavelengths as X changes from a 
oxygen atom to a sulfur or a nitrogen atom. This shows 
that interaction between the non-bonding pair of 
electrons on the oxygen atom and the jr-electrons on the 
phenanthrene ring is weak in phenanthro[4,5-£cd]furan. 
In the case of X = N , the interaction is strong, while 
it is medium when X is a sulfur a tom with rf-orbitals. 
Moreover, the spectrum of pyrene is superimposable 
on that of phenanthro^S-^a/ j thiophene. 1 ) The ultra­
violet spectra of 8,9-dihydrophenanthro[4,5-taûT]furan 
and dibenzofuran are shown in Fig. 3. The shapes of 
the spectra of the corresponding pair of compounds are 

similar to each other. These spectral properties suggest 
that phenanthro[4,5-tad]furan does not have a large 
strain in the fused-ring system. 

280 320 360 

X (nm) 

Fig. 1. Ultraviolet spectra for 3 (solid line) and pyrene 
(dotted line) in ethanol. 
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Fig. 2. Ultraviolet spectra for 3 (solid line), l b ( X = 
N; dotted line), and l c ( X = S ; broken line) in 
ethanol. 
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Fig. 3. Ultraviolet spectra for 10 (solid line) and diben­
zofuran (dotted line) in ethanol. 

Exper imenta l 

All the melting points are uncorrected. The column chro­
matography was performed on silica gel (WAKOGEL C-200). 
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Unless otherwise stated, anhydrous sodium sulfate was em­
ployed as the drying agent. T h e infrared absorption spectra 
were determined with a J A S C O Model DS 402 G infrared 
spectrophotometer. T h e ultraviolet absorption spectra were 
determined with a Shimadzu Model UV-200 spectrophoto­
meter. T h e nuclear magnetic resonance spectra were deter­
mined at 100 M H z with a J E O L Model 4H-100 N M R spectro­
meter, using te t rame thy lsilane as the internal s tandard. 

1, 2,3,8,9,9a-Hexahydrophenanthro [4,5-bcd]furan-3-ol (6). 
A mixture of 5 (2.0 g) , l i thium a luminum hydride (0.3 g), and 
dry ether (40 ml) was refluxed for 4 h. After the reaction, the 
excess l i thium a luminum hydride was decomposed with ethyl 
acetate. T h e mixture was poured into ice water , acidified 
with 6 M hydrochloric acid, and extracted with ether. T h e 
ethereal layer was washed with water , dried, and then eva­
porated to give 2.0 g (99%) of 6 as crystals. Recrystalliza-
tion from benzene gave colorless needles; m p 122—123 °C. 
I R (KBr) : *>max 746, 758, 775, 948, 996, 1023, 1052, 1075, 
1240, 1350, 1635, 3300 cm- 1 . N M R (CDC13): Ô 1.02—1.43 
(m, 2H , - C H 2 - ) , 1.70—2.60 (m, 4 H , - C H 2 - + - C H 2 - ) , 2.46 
(s, 1H, O H ) , 2.70—2.96 (m, 3 H , - C H 2 - + = C H - ) , 4.85—5.06 
(m, 1H, = C H O - ) , 6.90—7.23 (m, 3H, A r - H ) . U V (EtOH) : 
<*max (e) 210 s h (19500), 216 (21000), 257 (12700), 288 n m 
(900). 

Found : C, 78.23; H , 6 . 7 1 % . Calcd for C 1 4 H 1 4 0 2 : C, 
78.48; H , 6.59%. 

Phenanthro[4,5-hcd]furan (3) and 1,2,3,3a,8,9,9a,9b-Octa-
hydrophenanthro[4,5-hcd]furan (7). A mixture of 6 (3.6 g), 
8% pal ladium-charcoal (1.0 g), and />-cymene (30 ml) was 
heated at 195 °C for 6 h under a nitrogen atmosphere. T h e 
initially produced water was removed a t the first stage of the 
reaction. After the removal of the catalyst by filtration, the 
/»-cymene was removed under reduced pressure to give an oil. 
T h e oil was chromatographed over silica gel and eluted with 
benzene( l ) -hexane(9) . From the first fraction we obtained 
810 mg (30%) of 3 as crystals. Recrystallization from 
methanol gave colorless plates; m p 90—91 °C. I R (KBr) : 
vm a x 709, 754, 816, 825, 993, 1030, 1218, 1240, 1312, 1355, 
1420, 1440, 1500, 1590, 3080 cm" 1 . N M R (CDC13) : Ô 
7.53—7.77 (m, 6H, A r - H ) , 7.92 (s, 2H , A r - H ) . U V (EtOH) : 
2 m a x (e) 236 (56700), 253 (26300), 260 s h (31000), 263 (34200), 
288 s h (8100), 299 (12500), 313 n m (14500). 

Found : C, 87.25; H , 4 .27%. Calcd for C ^ O : C, 87.48; 
H , 4 .20%. 

By further elution with benzene( l ) -hexane( l ) , 380 mg 
(14%) of 7 were obtained as crystals. Recrystallization from 
methanol gave colorless needles ; m p 79.5—80.5 °C. I R (KBr) : 
Vax 743, 763, 855, 876, 915, 967, 1005, 1080, 1210, 1230, 
1243, 1455, 1610, 1630, 2880, 2960, 3080 cm- 1 . N M R 
(CDCLj): ô 0.95—1.20 (m, 3H, - C H 2 - + - C H 2 - ) , 1.35—1.70 
(m, 2H , - C H 2 - ) , 1.78—2.00 (m, 3H, - G H 2 - + - C H 2 - ) , 
2.05—2.39 (m, 1H, = C H - ) , 2.64 (d,d, 7 = 6 and 10 Hz , 2 H , 
- C H 2 - ) , 3.35 (t, 7 = 6 Hz , 1H, A r - C H = ) , 4.91 (t, 7 = 8 Hz, 
1H, = C H O - ) , 6.56 (d, 7 = 8 Hz, 1H, A r - H ) , 6.62 (d, 7 = 8 Hz, 
1H, A r - H ) , 7.00 (t, 7 = 8 Hz , 1H, A r - H ) . U V ( E t O H ) : 
Amax (e) 208 (29200), 232 s h (4000), 275—285 n m (1600). 

Found : C, 83.82; H , 8.06%. Calcd for C 1 4 H 1 6 0 : C, 83.96; 
H , 8 .05%. 

Dehydrogenation of 6 without a Solvent. A mixture of 6 
(1.0 g) and 8 % pal ladium-charcoal (0.1 g) was heated at 
275 °C for 1 h under a nitrogen atmosphere. After the reac­
tion, benzene was added to the mixture and the catalyst was 
removed by filtration. T h e benzene was evaporated to give 
an oil. T h e oil was chromatographed over silica gel and 
eluted with benzene( l ) -hexane(9) . T h e first fraction gave 
160 mg of crystals. I t was composed of phenanthro[4,5-ta</]-
furan (3) and phenanthrene (8), and the 3/8 rat io was found 

to be 1 by gas chromatography. By the fractional recrystal­
lization of the mixture from ethanol, a few of individual com­
ponents were obtained in a pure state. However, the separa­
tion of 3 and 8 was generally difficult. 

By further elution with benzene, 220 mg (22%) of 4-phenan-
throl (9) were obtained as crystals. Recrystallization from 
benzene-hexane gave colorless needles; m p 112—113°C. 
(lit,14) m p 113 °G). I R (KBr) : vm&x 716, 743, 800, 830, 
1004, 1225, 1290, 1313, 1345, 1420, 1445, 1580, 3085, 3555 
cm- 1 . N M R (GDG18): ô 5.57 (s, 1H, O H ) , 6.81 (d,d, 7 = 2 
and 8 Hz , 1H, A r - H ) , 7.17—7.90 (m, 6H, A r - H ) , 7.65 (s, 
2H , A r - H ) . U V (EtOH) : Amax (e) 213 (25000), 226 (23700), 
244 (49500), 249 s h (44100), 275 (20900), 295 s h (9000), 302sh 

(7700), 323 (2000), 338 (3300), 355 n m (4100). 
Found : C, 86.32; H , 5.20%. Calcd for C 1 4 H 1 0 O: C, 

86.57; H , 5 .19%. 
Reaction of 6 with N-Bromosuccinimide. A mixture of 6 

(0.5 g) , iV-bromosuccinimide (1.0 g), and carbon tetrachloride 
(10 ml) was refluxed for 1 h. After the removal of the in­
soluble materials by filtration, the carbon tetrachloride was 
evaporated. T o the residue potassium hydroxide (3.0 g) and 
ethanol (20 ml) was added, after which the mixture was 
refluxed for 3 h. T h e mixture was then poured into ice 
water, acidified with 6 M hydrochloric acid, and extracted 
with ether. T h e ethereal layer was washed with water, 
dried, and then evaporated. T h e resulting oil was chromato­
graphed over silica gel and eluted with benzene ( l ) -hexane (9). 
T h e first fraction gave 120 mg (26%) of an oil which partially 
solidified. I t consisted of phenanthro[4,5-krf]furan (3) and 
8,9-dihydrophenanthro[4,5-k</]furan (10), and the 3/10 ratio 
was found to be 1 by a study of the N M R spectrum. The 
partially solidified oil was washed with methanol, and the 
resulting solid was recrystallized from methanol to give 10 mg 
(2%) of 3 as colorless plates; m p 90—91 °C. 

3-Ethoxy-l,2,3,8,9,9a-hexahydro[4,5-bcd]furan (15 and 16). 
Sulfuric acid (3.0 g) was added, drop by drop, to 6 (1.5 g) in 
ethanol (15 ml) under cooling with ice water , after which the 
mixture was stirred for 3 h a t 0 °C. T h e mixture was then 
poured into ice water and extracted with ether. T h e ethereal 
layer was washed with water, dried, and then evaporated to 
give an oil. T h e oil was chromatographed over silica gel and 
eluted with benzene. T h e first fraction gave 800 mg (47%) 
of 15 as a colorless oil. I R (neat) ; vmax 753, 770, 780, 935, 
995, 1015, 1070, 1090, 1120, 1150, 1205, 1235, 1340, 1360, 
1405, 1435, 1450, 1465, 1635, 2890, 2960, 3005 cm- 1 . N M R 
(CDCI3): ô 1.07—1.63 (m, 2H , - C H 2 - ) , 1.22 (t, 7 = 7 Hz, 
3H, - C H 3 ) , 1.78—2.37 (m, 4H , - C H 2 - + - C H 2 - ) , 2.56—3.00 
(m, 3H, - C H 2 - + = C H - ) , 3.60—3.90 (m, 2H , - O C H 2 - ) , 
4.51—4.59 (m, 1H, - O C H = ) , 6.90—7.29 (m, 3H, A r - H ) . 
U V ( E t O H ) : Amax (e) 216 (23000), 256 (13100), 287 nm 
(1100). 

Found : C, 79.10; H , 7.37%. Calcd for C 1 6 H 1 8 0 2 : C, 
79.31; H , 7.49%. 

From the second fraction, 650 mg (38%) of 16 were obtained 
as crystals. Recrystallization from ethanol gave colorless 
needles; m p 85—86 °C. I R (KBr) : vm&K 750, 760, 773, 
1092, 1120, 1245, 1350, 1400, 1465, 2890, 2970, 3005 cm- 1 . 
N M R (CDCI3): ô 1.06—1.48 (m, 2H, - C H 2 - ) , 3.31 (t, 7 = 
8 Hz, 3H, - C H 3 ) , 1.55—2.55 (m, 4H, - C H 2 - + - C H 2 - ) , 
2.67—3.07 (m, 3H, - C H 2 - + = C H - ) , 3.63—4.14 (m, 2H, 
- O C H 2 - ) , 4.59—4.77 (m, 1H, - O C H = ) , 6.90—7.28 (m, 3H, 
A r - H ) . U V ( E t O H ) : Amax (e) 216 (21800), 257 (14200), 
287 n m (1000). 

Found: C, 79.06; H , 7.56%. Calcd for C 1 6 H 1 8 0 2 : C, 
79.31; H , 7.49%. 

l,2,3,3a,8,9,9a,9b-Octahydrophenanthro[4,5-bcd]furan-3-ol(17). 
A mixture of 5 (1.0 g) , 8 % pal ladium-charcoal (0.3 g) , and 
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ethanol (50 ml) was shaken for 10 h a t room temperature 
under a hydrogen atmosphere. After the removal of the 
catalyst by filtration, the ethanol was evaporated under 
reduced pressure. T h e resulting oil was chromatographed 
over silica gel and eluted with benzene (8)-ether (2) to give 
0.81 g (80%) of 17 as crystals. T h e crystals were dissolved 
in hexane and recrystallized after the removal of the insoluble 
materials to give colorless needles; m p 74.5—76 °C. I R 
(KBr) : »>max 534, 640, 765, 800, 838, 930, 956, 970, 1005, 
1054, 1213, 1236, 1293, 1300, 1345, 1460, 1610, 1630, 2880, 
2970, 3580 cm- 1 . N M R (CDC13) : Ô 1.20—1.51 (m, 2 H , 
- C H 2 - ) , 1.63—2.03 (m, 2H, - C H 3 - ) , 1.79 (s, 1H, O H ) , 2.66 
(t, 7 = 7 Hz, 2H , - C H 2 - ) , 3.45 (t, 7 = 7 Hz, 1H, A r - C H = ) , 
3.99—4.10 (m, 1H, - O C H = ) , 4.86 (d,d, 7 = 6 and 8 Hz , 1H, 
- O C H = ) , 6.58 (d, 7 = 8 Hz, 1H, A r - H ) , 6.64 (d, 7 = 8 Hz, 
1H, A r - H ) , 7.01 (t, 7 = 8 Hz, 1H, A r - H ) . U V ( E t O H ) : 
Amax (e) 208 (28500), 276—286 n m (1600). 

Found: C, 77.79; H , 7 .45%. Calcd for C 1 4 H 1 6 0 2 : G, 
77.75; H , 7.46%. 

1,2,3,8,9,9a-Hexahydrophenanthro [4,5-bcd]furan (18). 
A mixture of 5 (2.0 g) , hydrazine hydrate ( 8 0 % ; 15 g) , 
potassium hydroxide (28 g), and triethylene glycol (80 ml) 
was heated for 2 h at 140 °G and for 3.5 h at 190 °C. During 
the reaction, the distilled liquid was removed. After the 
reaction, the mixture was poured into ice water, acidified with 
6 M hydrochloric acid, and extracted with ether. T h e 
ethereal layer was washed with water, dried, and then eva­
porated. T h e resulting oil was chromatographed over silica 
gel and eluted with benzene( l ) -hexane( l ) to give 0.93 g 
(50%) of 18 as crystals. Recrystallization from methanol 
gave colorless plates; m p 46—47 °C. I R (KBr) : vmax 758, 
777, 822, 956, 1012, 1110, 1188, 1210, 1222, 1240, 1335, 
1450, 1465, 1500, 1630, 1675, 2870, 2960, 3080 cm- 1 . N M R 
(CDC13): Ô 0.80—1.45 (m, 2H , - C H 2 - ) , 1.70—2.34 (m, 4H , 
- C H 2 - + - C H 2 - ) , 2.40—3.15 (m, 5H , - C H 2 - + - C H 2 -
+ = C H - ) , 6.85—7.20 (m, 3H, A r - H ) . U V (EtOH): Amax (e) 
217 (22900), 257 (12100), 288 n m (1000). 

Found: C, 84.65; H , 7 .15%. Calcd for C 1 4 H 1 4 0 : C, 
84.81; H , 7.12%. 

1,2,3,3a, 8,9,9a,9b-Octahydrophenanthro[4,5-bcd]furan (7). 
A mixture of 18 (0.4 g) , 8 % pal ladium-charcoal (0.3 g) , and 
ethanol (20 ml) was shaken for 6 h a t room temperature under 
a hydrogen atmosphere. After the removal of the catalyst by 
filtration, the ethanol was evaporated under reduced pressure. 
T h e resulting crystals were chromatographed over silica gel 
and eluted with benzene(6)-hexane(4) to give 0.34 g (84%) 
of 7 as crystals. Recrystallization from methanol gave 
colorless needles; m p 79.5—80.5 °C. 

8,9-Dihydrophenanthro[4,5-bcd]furan (10). A mixture 
of 3 (0.35 g), 8 % pal ladium-charcoal (0.3 g), and ethanol 
(30 ml) was shaken for 15 h a t room tempera ture under a 
hydrogen atmosphere. After the removal of the catalyst by 
filtration, the ethanol was evaporated under reduced pressure. 
The resulting oil was chromatographed over silica gel and 
eluted with benzene( l ) -hexane(9) to give 0.26 g (74%) of 10 
as crystals. Recrystallization from methanol gave colorless 
leaflets; m p 41—42 °G. I R (KBr) : vm&x 773, 982, 1015, 
1194, 1238, 1435, 1450, 1595, 1630, 1660, 3065, 3090 cm- 1 . 
N M R (CDCI3): ô 3.28 (s, 4H , - C H 2 - + - C H 2 - ) , 7.02—7.31 
(m, 6H, A r - H ) . U V ( E t O H ) : Amax (e) 214 (49400), 227 
(26300), 255 s h (8000), 264 (12000), 285 (11200), 294 sh (8600), 
2 9 7 s h n m ( 8 0 0 0 ) . 

Found: C, 86.38; H , 5 .18%. Calcd for C 1 4 H 1 0 O: C, 
86.57; H , 5.19%. 

4-Phenanthrol (9). A mixture of 3 (0.1 g), l i thium 
aluminum hydride (0.1 g), and dry ether (20 ml) was refluxed 
for 25 h. The excess l i thium a luminum hydride was then 

decomposed with ethyl acetate, and the mixture was poured 
into ice water and acidified with 6 M hydrochloric acid. T h e 
mixture was subsequently extracted with ether. T h e ethereal 
layer was washed with water , dried, and then evaporated to 
give an oil. T h e oil was chromatographed over silica gel and 
eluted with benzene( l ) -hexane(9) . T h e first fraction gave 
50 mg (50%) of the starting material (3). From the second 
fraction we obtained 40 mg (80%) of 9 as colorless leaflets. 
T h e I R spectrum of the product was in according with tha t 
of 4-phenanthrol (9) obtained by the dehydrogenation of 6 
without a solvent. 

8-Bromophenanthro[4,5-bcd]furan (20). T o 3 (0.2 g) in 
carbon tetrachloride (10 ml) we added 1.2 mol of bromine in 
carbon tetrachloride (10 ml) , after which the mixture was 
stirred for 2 h a t room temperature . I t was then heated a t 
70 °C for 30 min to eliminate the hydrogen bromide. After 
the evaporation of carbon tetrachloride, the resulting crystals 
were chromatographed over silica gel and eluted with benzene-
( l ) -hexane(9) to give 0.21 g (67%) of 20 as crystals. Recry­
stallization from ethanol gave colorless needles; m p 144— 
145 °C. I R (KBr) : vmax 712, 770, 830, 866, 1036, 1188, 
1235, 1300, 1345, 1420, 1465, 1505, 1590 cm- 1 . N M R 
(CDCI3): ô 7.53—7.88 (m, 6H , A r - H ) , 8.16 (s, 1H, A r - H ) . 
U V ( E t O H ) : Amax (e) 222 (28100), 237 (45600), 258 (29600), 
265 (34500), 308 (13100), 319 (13300), 337 (1900), 353 n m 
(200). 

Found : C, 61.76; H , 2 . 7 3 % . Calcd for C 1 4H 7OBr: C, 
62.02; H , 2 .60%. 

3,3a,8,9,9a, 9b-Hexahydrophenanthro\4,5-bcd]furan (19). 
Compound 3 (0.3 g) was dissolved in ethanol (20 ml) , and 
the solution was heated under reflux. T o the solution sodium 
(4.0 g) was added in l imited amounts . When precipitates 
of sodium ethoxide were produced, addit ional ethanol (20 ml) 
was introduced into the solution and residual sodium was 
added. After the sodium had disappeared ( 1.5 h ) , the mixture 
was poured into ice water , acidified with 6 M hydrochloric 
acid, and extracted with ether. T h e ethereal layer was 
washed with water , dried, and then evaporated. T h e result­
ing oil was chromatographed over silica gel and eluted with 
benzene( l ) -hexane( l ) to give 0.1 g (32%) of 19 as a colorless 
oil. I R (nea t ) : *>max 740, 770, 810, 864, 880, 926, 1023, 
1042, 1220, 1235, 1244, 1465, 1615, 1635, 2890, 2960, 3060 
cm- 1 . N M R (CDC13) : ô 1.38—1.69 (m, 1H, - C H 2 - ) , 1.80— 
2.12 (m, 2H , - C H 2 - ) , 2.17—2.31 (m, 1H, - C H 2 - ) , 2.39—2.65 
(m, 2H, - C H 2 - ) , 2.71—2.96 (m, 1H, = C H - ) , 3.56 (t, J= 
8 Hz, 1H, A r - C H = ) , 4.96—5.17 (m, 1H, - O C H = ) , 5.65 (s, 
2H , C H = C H ) , 6.57 (d, 7 = 8 Hz, 1H, A r - H ) , 6.61 (d, J= 
8 Hz, 1H, A r - H ) , 6.98 (t, 7 = 8 Hz, 1H, A r - H ) . U V 
( E t O H ) : Amax (e) 207 (26800), 275—284 n m (1900). 

Found : C, 84.56; H , 6 .98%. Calcd for C 1 4 H 1 4 0 : C, 
84 .81; H , 7.12%. 

l-Benzoylphenanthro[4,5-bcd]furan (21). T o a solution 
of 3 (100 mg) and benzoyl chloride (110 mg) dissolved in 
carbon disulfide (5 ml) we added anhydrous a luminum 
chloride (100 mg) . T h e mixture was then stirred for 6 h 
a t room temperature , decomposed with dilute hydrochloric 
acid, and extracted with ether. T h e ethereal layer was washed 
with water , dried, and then evaporated. T h e resulting oil 
was chromatographed over silica gel and eluted with benzene-
(8)-hexane(2) . T h e first fraction gave 130 mg (84%) of 21 
as crystals. Recrystallization from methanol gave colorless 
needles; m p 126—127 °C. I R (KBr) : 660, 702, 733, 756, 
792, 960, 1028, 1215, 1232, 1270, 1325, 1400, 1505, 1590, 
1650 cm- 1 . N M R (CDC13) : «5 7.38—7.89 (m, 9H , A r - H ) , 
7.99 (d, 7 = 9 Hz, 1H, A r - H ) , 8.06 (d, 7 = 8 Hz, 1H, A r - H ) , 
8.41 (d, 7 = 9 Hz, 1H, A r - H ) . U V ( E t O H ) : Amax (e) 207 
(36200), 238 (52500), 255 (40300), 278 s h (19500), 329 (19500). 
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Found: C, 84.89; H, 4.14%. Calcd for C ^ H ^ C v C, 
85.12; H, 4.08%. 

The author wishes to thank Mr. Yoshiaki Takahashi 
for the elemental analyses and Mr. Takao Oono for the 
nuclear magnetic resonance analyses. 
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1,3-Dipolar Cycloadditions to Bicyclic Olefins. II. The Effects of Non-
aromatic Polar Solvents on the exojendo Product Ratios 

in 1,3-Dipolar Cycloadditions to Norbornadienes12) 
Hisaji TANIGUCHI, Yoshihiro YOSHIDA, and Eiji IMOTO 

Department of Applied Chemistry, College of Engineering, University of Osaka Prefecture, 
Mozu-Umemachiy Sakai, Osaka 591 

(Received May 10, 1977) 

The exojendo product ratios for three types of 1,3-dipolar cycloadditions of phenylglyoxylonitrile oxide (1) 
to 2,3-bis(methoxycarbonyl)norbornadiene(2a), norbornadiene, and 2,3-dicyanonorbornadiene decrease with 
increasing Er value of the non-aromatic polar solvent used. The exojendo ratio in the reaction of 1 with 2a is larger 
than unity, but the value of hH%0 — kH*nd0 is nevertheless positive. This phenomenon is attributed to the relatively 
large positive value of àSZX0 — Ls?ndo> t h a t is, kG*x0 — AGe

#„do<0 at ordinary temperatures. On the basis of these 
results, the conditions, under which the exojendo ratio in the reaction of 1 with 2a is smaller than unity, were de­
termined. The results can be reasonably explained by the assumption that the dipole moment of the endo-form in 
the transition state is greater than that of the exo-form. 

In a previous paper, it was reported that various 
1,3-dipolar cycloadditions to norbornadienes gave exo-
adducts together with small amounts of endo-adducts.2) 
Now, the exojendo product ratios for the Diels-Alder 
reactions of cyclopentadiene with dienophiles, such as 
methyl acrylate, methyl methacrylate, and methyl 
trans-crotonate, decrease with increasing Q value of the 
solvent used.3) This fact suggests that the stereoselec­
tivity of the 1,3-dipolar cycloadditions to norbornadienes 
may also depend on the solvent, because the 1,3-dipolar 
cycloadditions are mechanisms analogous to Diels-Alder 
reactions. Therefore, the effects of the solvents on the 
stereoselectivity of the cyloadditions of phenylglyoxylo­
nitrile oxide (1) to 2,3-bis(methoxycarbonyl)norbor-
nadiene (2a), norbornadiene (2b), and 2,3-dicyanonor­
bornadiene (2c), which have been shown to be kinetical-
ly controlled,2) were studied and it was found that the 
exojendo product ratios decrease with increasing ET 

value4) of the non-aromatic polar solvent. In addition, 
it was found that these ratios depend on the reaction 
temperature. 

Ph-£-C=N-0 
R 

2(a,b,c) 

i C-C-Ph XR 
OJl A 

endo 
4(a ,b ,c ) 

a: R = G02GH3, b: R = H, c: R = CN 

E x p e r i m e n t a l 

Solvents. THF was dried over NaOH for one week and 
distilled over LiAlH4 ; bp 66 °C. Ethyl acetate was dried over 
CaCl2 for a few days and distilled; 77 °C. Chloroform was 
shaken together with coned sufuric acid, washed with distilled 

water, dried over CaCl2, and distilled; bp 61 °G. Dichloro-
methane was dried over CaCl2 and distilled; bp 40 °C. Ace­
tone was dried over MgS0 4 and distilled; 56.5 °G. 2-Pro-
panol was dried over CaO and distilled; bp 82.5 °C. Ethanol 
was refluxed over CaO for 12 h and distilled; bp 78.5 °C. 
Methanol was prepared by distilling commercial methanol 
over CaO; bp 64.5 °C. 

Materials. Dipol arophiles, 2a6) and 2c,2) were prepared 
by methods descrived in the literature. Norbornadiene was 
purchased and distilled before use. a-Chloro-a-hydroxyimino-
acetophenone (9), which is a precursor of 1, was prepared by a 
method described in the literature.6) All of the cycloadducts 
(3a, 3b, 3c, 4a, 4b, and 4c) produced by the cycloadditions of 
1 to 2a, 2b, and 2c have been characterized in previous work.2) 

General Procedure for 1,3-Dipolar Cycloadditions. a) The 
reaction of 1 with 2a: A mixture of 9 (460 mg, 2.50 mmol) 
and 2a (520 mg, 2.50 mmol) was dissolved in an appropriate 
solvent (40 cm3). Then, the solution was maintained at a 
given temperature (Which was controlled to within ±0.1 °G). 
A solution of triethylamine (330 mg, 3.26 mmol) in the same 
solvent (10 cm3) as that used above was added dropwise over 
1 h. After additional stirring for 1 h, the triethylammonium 
chloride obtained was removed by filtration. The filtrate was 
evaporated under reduced pressure to give a mixture of the 
exo- and endo-adducts. This mixture was submitted to a 
measurement of the exojendo product ratio by the NMR 
technique (vide infra). (When the ammonium salt was soluble 
in the solvent, the solvent was evaporated and then the 
cycloadducts were extracted with benzene.) 

b) The reactions of 1 with 2b and 2c: Two molar equi­
valents of 2b or 2c with respect to 1 were taken. In the case 
of the reaction of 1 with 2b, a small amount of bisadducts was 
produced in addition to a mixture of the exo- and endo-mono-
adducts. The monoadducts were separated from the bisad­
ducts using column chromatography on silica gel. 

Measurement of the exo/endo Product Ratios. Quantitative 
analysis of the exojendo product ratios was carried out using 
NMR spectra (recorded on a Hitachi NMR R-24A spectrom­
eter at 60 MHz.) The ratios were determined by measuring 
the area ratios of the signals of the endo- and exo-protons 
attached on each 2-carbon atom of the exo- and endo-adducts. 
These signals were well separated and, moreover, no other 
signals appeared in the vicinity of these signals.2) 

In order to minimize the error in the measurement of the 
area integrals, concentrated solutions containing the exo- and 
endo- adduets (in 40% GDC13 solutions) were prepared. The 
ratio values are subject to an uncertainty of ±0.02. 
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Results and Discussion 

The Linear Relationship between the exo/endo Product 
Ratios and the ET Value of the Solvent. The exojendo 
product ratios in all three systems were dependent on 
the kind of the solvent, in the manner shown in Fig. 1. 
This figure indicates the following. 

4.00h 

3.00h 

2.00h 

1.00 

£'Tit/kcal mol - 1 

Fig. 1. The linear relationship between the exojendo pro­
duct ratios (at 0 °G) and £Tlo value of the solvent. 
A : Reaction of 1 with 2a, B : reaction of 1 with 2b, G : 
reaction of 1 with 2c, 1; THF, 2; EtOAc, 3; CHC13, 
4; CH2C12, 5; acetone 6; 2-propanol, 7; EtOH, 8; 
MeOH. 

a) All the exojendo product ratios are greater than 
unity. 

b) T h e exojendo ratios in each system decrease 
linearly with increasing ET value4) of the solvent. 

c) The exojendo ratios for the three systems are in 
decreasing order, 2b , 2a, and 2c. 

The Effect of Temperature on the exo/endo Product Ratio. 
A linear relationship between 1 / T and the exojendo ratio 
was observed for the reactions of 1 with 2a and 2b 
carried out in acetone, chloroform, or THF (Fig. 2). 

From the results shown in Fig. 2, the differences in 
activation parameters were calculated (Table 1 ). Table 
1 shows the following. 

a) In the reaction of 1 with 2a, 

Af l£ , -A/%*,>0 (1) 
and 

3.0 3.5 

kK/r 
Fig. 2. The linear relationship between \jT and the 

exojendo product ratio. 
I : Reaction of 1 with 2b in acetone, II : reaction of 1 
with 2a in THF, I I I : reaction of 1 with 2a in CHC13, 
IV : reaction of 1 with 2a in acetone. 

&Se%o-aSetao>0, 

and in the reaction of 1 with 2b, 
(2) 

and 
A S e ï o - A ^ o > 0 . 

(3) 

(4) 

If judged only from expression (1) without respect to 
expression (2), the exojendo ratio should be smaller than 
unity. Actually, however, the ratio is greater than unity 
as shown in Fig. 1. This phenonmenon implies that 
the entropy term of the reaction greatly contributes to 
the difference in the free energies of activation, that 
is, the value of AG?X0 — AG?nd0 is negative at ordinary 
temperatures (Table 1 ). 

Expressions of (3) and (4) explain the fact that the 
exojendo ratio is greater than unity. 

b) T h e value of AG£0—AGtndo for the reaction of 
1 with 2a decreases with increasing ET value of the 
solvent. 

Conditions Which Give an exo/endo Product Ratio Smaller 
than Unity. T h e results shown in Fig. 1 suggest 
that the yield of the endo-adduct of the reaction of 1 
with 2a should surpass that of the exo-adduct, if a 
solvent having a larger ET value than 58.6 is used as the 

2a 
2a 
2a 
2b 

*) AA//#= 

TABLE 1. 

Solvent 

GH3GOGH3 
CHCI3 
THF 
CH3COCH3 

= A//£o-A/ï£do 

DIFFERENCES IN ACTIVATION PARAMETERS IN THE REACTION 

OF 1 WITH 2a AND 2b*> (1 cal=4.184 J) 

AAS* 

E-Y.. 

kcal mol - 1 

42.2 
39.1 
37.4 
42.2 

AAtf* 
cal mol - 1 

+ 856 
+ 703 
+ 603 
- 4 3 9 

= 4% 0 -AS* n d 0 , AAG*=AG*I0--AG**» 

AAS* 
cal K-1 mol-1 

+ 4.88 
+4 .63 
+4 .34 
+ 1.26 

AAG* 
cal mol -1 

(at 25 °C) 

- 5 9 9 
- 6 7 7 
- 6 9 1 
- 8 1 5 
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TABLE 2. THE exojendo PRODUCT RATIO IN THE 

REACTION OF 1 WITH 2aa> 

Medium 

MeOH 
MeOH-H 2 0 (7:3)b> 
MeOH-HaO (5;5)b> 
water 

hexane 

Solubility 
of 2a 

sol 

sol 

sol 

insol 

insol 

£ T l . 
kcal m o l - 1 

55.5 
— 
— 
63.1 
30.9 

exo 

endo 

1.31 
1.04 
0.725 
1.84 
1.88 

a) Temp. : 0 °C, volume of medium : 40 cm3, 1: 2.50 
mmol, 2a: 2.50 mmol, b) Volume ratio. 

reaction solvent. Such a solvent was prepared with the 
addition of water {ETiQ value, 63.1) to mathanol (£"T3O 
value, 55.5), since water does not dissolve 2a.7) In a 
medium consisting of methanol and water ( 1 : 1 , volume 
ratio), the yield of the ^ o - a d d u c t in the reaction 
surpassed that of the &xo-adduct (Table 2). 

A Tentative Explanation for the Above Results. The 
explanation of Berson et al. for the exojendo product ratio 
in the Diels-Alder reaction of cyclopentadiene with 
methyl acrylate3) was adopted here. 

The permanent dipole moments of the exo- and endo-
forms in the transition states, 5 and 6, were assumed to 
be given approximately by the vectorial sum of the 
dipole moments of the two components, 7 and 8. The 
values of the dipole moments of 8a, 8b , and 8c can be 
estimated using the bond angles and the bond moments 
shown in the figure {vide infra). The bond angles and 
the bond moments for the transition states were assumed 
to be equel to those for the cycloadducts produced. T h e 
bond angles for the cycloadducts were determined from 

Csp3 

110 

120 

Csp5 -V R 

// = 0.68D 
H-C sp , /< = 0.63D 
C-C02CH3 / U = ca. 1.9 D 
CSP,-CN ,« = 3.57 D 

8a: R = COaCH3 (^ = 4.2 D) 
8b:R = H (/i=0.3D) 
8 c : R = CN (JI = 6.6 D) 

their molecular models and the values of the bond 
moments were extracted from the literature.8-10) The 
arrows shown for 5—8 are directed from the positive 
toward the negative end of each structure or component. 
The dihedral angles between the dipoles of the two 
components, 7 and 8, were assumed to be 170° for the 
exo-îorm. in the transition state and 55° for the endo-ïorm. 
using molecular models of the cycloadducts. The above 
estimate indicates that the resultant dipole moment of 
6 is greater than that of 5. 

When the ET value of the solvent becomes larger or 
the solute more polar, the free energy of solvation 
becomes smaller.3-11) As described above, the dipole 
moment of the endo-form in the transition state is 
greater than that of the exo-form. Therefore, the change 
from a small ET value for the solvent to a large value 
results in a larger decrease in the free energy of solvation 
for the endo-ïovm. in the transition state as compared 
with that for the exo-îorm. Thus, as the ET value of the 
solvent becomes larger, the rate of formation of the 
endo-adduct increases more greatly as compared with 
that of the ßw-adduct. This explanation is reasonable 
on the basis of the present results. 

References 

1) Presented at the 34th National Meeting of the Chemi­
cal Society of Japan, Hiratsuka, Japan, April 1976, Abstract, 
II. p. 615. 

2) Preceding paper: H. Taniguchi, T. Ikeda, Y. Yoshida, 
and E. Imoto, Chan. Lett., 1976, 1139; Bull. Chem. Soc. Jpn., 
50, 2694 (1977). 

3) J. A. Berson, Z. Hamlet, and W. A. Mueller, J. Am. 
Chem. Soc, 84, 297 (1962). 

4) K. Dimroth, C. Reichardt, T. Siepman, and F. 
Bohlmann, Justus Liebigs Ann. Chem., 661, 1 (1963). 

5) O. Diels and K. Alder, Justus Liebigs Ann. Chem., 490, 
236 (1931). 

6) Y. Otsuji, Y. Tsujii, A. Yoshida, and E. Imoto, Bull. 
Chem. Soc. Jpn., 44, 223 (1971). 

7) When this reaction was carried out in water, the exo/ 
endo ratio was 1.84. This value resembles the value (1.88) of 
the exojendo ratio for the reaction carried out in hexane which 
does not dissolve 2a. 

8) E. M. Kosower, J. Am. Chem. Soc, 80, 3253 (1958). 
9) A. J. Petro, J. Am. Chem. Soc, 80, 4230 (1958). 

10) R. L. Kelly, R. Rollefson, and B. S. Schurin, J. Chem. 
Phys., 19, 1595 (1951). 

11) a) C. K. Ingold, "Structure and Mechanism in Organic 
Chemistry," 2nd ed, Cornell University Press, Ithaca, New 
York (1969), p. 457; b) R. F. Hudson, J. Chem. Soc, B, 1966, 
761 ; c) M. R. J. Dack, J. Chem. Educ, 51, 231 (1974). 



3338 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (12), 3338—3343 (1977) [Vol. 50, No. 12 

Substituent Effects in the Diels-Alder Reaction of Substituted 
Benzynes with Hexamethylcyclohexa-2,4-dienone 

Akira OKU and Akira MATSUI 
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(Received June 6, 1977) 

The Diels-Alder reaction of unsymmetrically substituted benzynes that had been generated from 3-Me-, 
4-Me-, 5-Me-, 6-Me-, 3,4-Me2-, 3-N02-, 4-N02-, 5-N02-, and 3-Cl-benzenediazonium-2-carboxylates, with hexa-
methylcyclohexa-2,4-dienone gave a mixture of 5- or 6-substituted-l,2,3,4,10,10-hexamethyl-l,4-dihydro-l,4-
ethanonaphthalene-9-one (Type 7) and its 8- or 7-substituted isomer (Type 8). The 7/8 isomer ratios varied 
from 1.0 to 2.0 depending substantially on the size and the position of substituents of the benzynes and also on 
the temperature and the solvent. The ratios were the same when two positionally isomeric acids, i.e., 3- and 
6-, or 4- and 5-substituted acids, were used as the precursors. Thus, the identity of the benzynes generated from 
these paired isomeric precursors was proved, ruling out the possibility of an inherent memory effect of the pre­
cursors. The factor that controls the isomer ratios is discussed in terms of the steric repulsive interaction between 
the substituents of benzynes and the gem-dimethyl groups of the dienone. 

In view of the chemical interest in benzyne chemistry, 
the structure of benzyne does not seem to have been 
fully elucidated, particularly with regard to that in the 
transition state of chemical reactions. Triple-bond ( l a ) , 
biradical ( l b ) , and ion-pair ( lc ) structures have most 
often been proposed and discussed in numerous reac­
tions.1) Among them, the Diels-Alder-type reactions 
of benzyne with conjugated dienes, for example, have 
been considered to proceed mainly by means of the 
l a structure with symmetrical bonding, though there 
is some possibility of l b and lc.2) 

In our previous study of the synthesis of polymethyl-
naphthalenes, the reaction of hexamethylcyclohexa-2,4-
dienone with unsymmetrically substituted benzynes that 
were generated from the corresponding benzenediazo-
nium-2-carboxylates has been shown to give two 
isomeric adducts (Type 7 and Type 8) in an unequal 
ratio.3) Therefore, in the present study, our first interest 
was focussed on the characterization of the factors 
controlling the stereoselectivity in the formation of these 
adducts. We presumed, first of all, that when two 
different benzenediazonium-2-carboxylates, 2 and 4, 
are used as the precursors of an identical benzyne, then 
the structure of the benzyne adducts may inherit the 
memory of the ionic structure of the diazonium carbox-
ylates in certain reactions in which a substantial polar 
reactant interaction exists either prior to the benzyne 
generation or in the transition state, regardless of the 
substituent effect of the benzynes. Hexamethylcyclo-
hexa-2,4-dienone (6),4) for instance, seems to be a 
suitable dipolar diene for examining this memory effect. 
O n the other hand, if this memory effect does not 
operate, then the reaction will be controlled by the 
benzyne structure, l a (or l b ) or l c , only when there 
is a polar effect of the benzyne substituents. In this 
case, the isomer ratio, 7/8, obtained from the reaction 
of 2 with 6 (Eq. 1) should be the same as that of 4 with 6 
(Eq. 2), and the substituent effect that determines the 
7/8 isomer ratio, will be either a steric effect, an inductive 
effect, or a dipole-dipole interaction between reactants. 

In the present study, the reactions of hexamethyl-
cyclohexa-2,4-dienone (6) with several unsymmetrically 
substituted benzynes that are generated from the 
corresponding arenediazonium-2-carboxylates (2 and 4, 

where X and Y are H, CH3 , Cl, or/and N 0 2 ) are carried 
out under controlled conditions, and a qualitative 
diagnosis of the substituent effects in the transition state 
is deduced from the isomer ratios of the adducts. 

X 

Y x / \ / N 2
+ 

IOI V^coo-
2a—2f 

X 

Ys 

o 
,-N2 

CO, 

X 
I 

o .coo 
^N, 

X 

O 
co„ 

XN„ 

4a—4f 

2 + 6 

4 + 6 

O 
7a—7f 8a—8f 
a : X = Me Y = H 
b : X = H Y = Me 
c : X = N 0 2 Y = H 
d : X = H Y = NO, 
e : X = Cl Y = H 
f : X = Me Y = Me 

R e s u l t s a n d D i s c u s s i o n 

Substituted benzenediazonium-2-carboxylates, as the 
aryne precursors, were prepared in the form of hydro­
chlorides from the corresponding anthranilic acids. They 
can be handled safely in the dried-powder state, except 
for the nitro derivatives, which are detonated by heat 
or impact. Most anthranilic acids were synthesized, 
after testing several procedures, via the corresponding 
isatines,5) except in the case of nitroanthranilic acids, 
which were synthesized from the corresponding nitro-
phthalamic acids. 

The reactions of unsymmetrically substituted benzene-
diazonium-2-carboxylate hydrochlorides (2 and 4) with 
hexamethylcyclohexa-2,4-dienone (6) were carried out 
under controlled conditions—constant rate of rising 
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TABLE 1. STRUCTURES AND NMR CHEMICAL SHIFTS OF THE BENZYNE-ADDUCTS 

X 

7a—7f 8a—8f 

Compd 

a 
b 
c 
d 
e 

f 

Substituents 

X 

Me 
H 
N 0 2 

H 
Gl 

Me 

Y 

H 
Me 

H 
N 0 2 

H 

Me 

syn-Me 

0.54 
0.48 
0.68 
0.52 
0.67 

0.56 

7 

anti-Me 

1.02 
1.03 
1.04 
1.10 
1.03 

1.00 

Chemical shifts of Me-groups 

Ar-Me 

2.47 
2.29 

2.21 
2.37 

syn-Me 

0.61 
0.48 
0.57 
0.53 
0.57 

0.62 

(*) 

8 

anti-M.e 

0.99 
1.03 
1.08 
1.10 
1.06 

0.97 

Ar-Me 

2.52 
2.31 

2.23 
2.41 

temperatures and a constant concentration of reagents. 
The product analysis of these reactions, mainly by means 
of N M R , proved that the products were mixtures of two 
structurally isomeric adducts, 7 and 8. Their N M R 
assignments were performed as follows (see Table 1). 

The Assignment of Adduct Structures and the Determination 
of Isomer Ratios. The N M R spectrum of the adduct 
obtained from the reaction of 2a with 6 was identical 
with that obtained from the reaction of 4a with 6, 
and it has been clarified that the adduct consisted of two 
structural isomers, 7a and 8a.6»7> These isomers could 
not be separated, but their spectral assignment was 
achieved by a means analogous to that employed in the 
assignment of 7f and 8f, which was carried out with 
the aid of a lanthanoid shift reagent, Eu(fod)3.3) The 
7a/8a isomer ratio was determined mainly by the 
comparison of the N M R integration of the geminate 
methyl groups that are at the 9-position of the 1,4-
dihydro-l,4-ethanonaphthalene ring and oriented syn to 
the benzene ring, since the difference in chemical shifts 
between the ^«-methyls of 7a and 8a (A<5=0.07 ppm) 
is large enough to discriminate the two isomers. T h e 
ratios obtained from 2a and 4a are 1.73 and 1.75 
respectively. 

The same mixtures of isomeric adducts, 7 b and 8b , 
were obtained from both benzyne precursors, 2 b and 4 b . 
The VPG separation of these two isomers was unsuccess­
ful, and the N M R chemical shifts of the syn-gem-methyl 
groups were almost identical and undiscriminative. 
Fortunately, however, the chemical shifts of aryl methyl 
groups were slightly different between 7b and 8 b (A<5= 
0.02 ppm), and this difference could be enlarged clearly 
enough to distinguish the two isomers by the aid of the 
lanthanoid shift reagent, Eu(fod)3 (0.30 mol equivalent). 
The isomer ratios obtained from 2b and 4 b are 1.01 
and 1.00 respectively. The assignment of N M R spectra 
to these isomers is based on the assumption that the 
aryl methyl group situated farther from the carbonyl 
group shows a lower field absorption than the one 
situated closer to the carbonyl group, which is analogous 
to the finding in the cases of 7a and 8a. 

The reaction of 3-nitrobenzenediazonium-2-carbox-
ylate hydrochloride (4c) with 6 gave a mixture of 7c 

and 8c. T h e N M R spectra of this mixture showed a 
clear difference in the chemical shift of the syn methyl 
group between the two isomers, 7c and 8c (A<5 = 0.11 
ppm) . The assignment of the chemical shifts to each 
isomer is based upon the assumption that the syn methyl 
group with the closer nitro substituent (isomer 8c) will 
suffer a more shielding effect than that in the other 
isomer, 7c. The ratio, thus determined by N M R , is 
1.44 (by V P C , the ratio is 1.50). T h e same adducts 
were not obtained from the reaction of 2c8) because the 
diazotization of the corresponding 3-nitroanthranilic 
acid by isopentyl nitrite in the presence of hydrochloric 
acid caused an unusual nucleophilic substitution of 
the nitro group9) by the chloride anion to produce 
6-chlorobenzenediazonium-2-carboxylate (2e). 

The assignment of the N M R spectra of the isomers, 
7d and 8d, which were obtained as mixtures from both 
precursors, 2d and 4d, was carried out by the aid of the 
lanthanoid-shift reagent. T h e reagent facilitated the 
separation of the chemical shifts of the aromatic protons 
situated beta to the nitro substituent, i.e., /?7-H in 7d 
and /?8-H in 8d. Here, the principal assumption is that 
/?8-H, that locates in closer proximity to the carbonyl 
group, is shifted to a lower field than ß7-H because of 
the complexation of the shift reagent with the carbonyl 
group.10) The isomer ratio, 7d/8d, determined there­
from, are 0.99 in the reaction of 2d and 1.00 in that 
of 4d. T h e ratios determined by a V P C analysis are 
1.07 in both reactions. These two isomers, 7d and 8d, 
were separated by recrystallization from methanol ; 7d, 
with a less crowded structure, has a higher mp (158.5— 
159.5 °C) than that of 8d (126—128 °C). 

The two isomeric adducts, 7e and 8e, that were 
obtained from 2e, can be separated; the isomer with a 
higher mp (107—108 °G) was assigned to 7e, while 
the one with a lower mp (93—94 °C) to 8e, on the basis 
of the m p as well as of the N M R chemical shift of the 
syn-gem-methyl groups. The isomer ratio (7e/8e) 
determined from the N M R integrations of syn-methyls 
(A<5=0.10 ppm) is 1.09, while it is 1.11 when determined 
by V P C . 

In the adducts mentioned above, it is anticipated 
that the isomer with an intramolecularly more crowded 
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TABLE 2. 

Substit 

0-

H 
CI 
CH3 

MELTING 

uents 

m-

N 0 2 

H 
CH3 

POINTS OF SOME BENZYNE-ADDUCTS ( ° C ) 

Adducts 

Type 7 

158.5—159.5 
107—108 
154—156.5 

Type 8 

126—128 
93—94 

127—130 

TABLE 4. ISOMER RATIOS 7a/8a IN VARIOUS SOLVENTS 

structure will have a lower mp than the one with a less 
crowded structure. In fact, some isomers which were 
separated and structurally assigned support this hypo­
thesis (see Table 2). This finding must be useful for the 
structure assignment of isomeric benzyne-adducts by a 
comparison of their melting points. 

TABLE 3. SUBSTITUENT EFFECTS ON THE ISOMER 

RATIOS 7/8a) 

Run 

1 
2 
3 
4 
5 
6 

Benzynes 
, «-

o-X 

CH3 

N 0 2 

CI 
H 
H 
CH3 

* 
m-Y 

H 
H 
H 
CH3 

N 0 2 

CH3 

Diazonium carboxylates 
, 

2 

1.73(2.03) 

1.09(1.11) 
1.01 
0.99(1.07) 

' • , 

4 

1.75(2.11) 
1.44(1.50) 

1.00 
1.00(1.07) 
1.71 

a) The numbers in parentheses are the ratios determined 
by VPC. 

The Interrelation between Substituent Effects and the 
Structure of Arynes. The isomer ratios (7/8) in the 
addition products are listed in Table 3. There it is 
evident that the isomer ratios are the same in both 
adducts obtained from the precursors of Type 2 and 
Type 4, though the dispositions of their ion-pairs are 
inverse to each other. Thus, the identity of the arynes 
generated from both precursors is established, ruling out 
any possibility of intervening ionic memory effect 
inheritable from the starting-diazonium salts. The 
reason for the predominant formation of the isomer of 
Type 7 over 8 will be presented below. 

In the general reaction procedure, 1,2-dichloroethane 
was employed as the solvent. This solvent, however, is 
non-polar and shows a poor dissolving power to benzene-
diazonium-2-carboxylate hydrochlorides. In this solvent 
the polar interaction, if any, between dienone 6 and 
aryne precursors (2 and 4) in or prior to the transition 
state will be exerted less than that in polar solvents. 
Therefore, the effect of the increasing solubility of 2 and 
4 in such polar solvents as acetonitrile, JV-methyl-
formamide, and dienone itself, in which all reactants 
are soluble, was examined. T h e results are shown in 
Table 4. No appreciable difference was observed in the 
7a/8a isomer ratio between the starting compounds 2 
and 4, although, in polar solvents, the ratios are inclined 
to increase somewhat more than those in less polar 
solvents. Thus again, the memory effect was not 
observed even in these polar solvents. T h e increased 
isomer ratio observed in polar solvents seems to be ascrib-
able mainly to the lower temperature of the decomposi­
tion of the aryne precursors in these solvents. 

Solvent 

Diazonium 
carboxylates 

2a 4a 

CH2C1CH2C1 
CH2ClCH2Cla> 
CH3CN 
CH3NHCHO 
Dienone 6a) 

1.73 
1.69 
1.88 
2.05 
1.90 

1.75 

1.89 
2.08 
1.97 

a) The diazonium salts, 2a' and 4a' were used without 
PO. 

TABLE 5. ISOMER RATIOS 7a/8a AT VARIOUS TEMPERATURES*5 

Temp 
(°C) 

Diazonium 
carboxylates 

2a 4a 

80 
70 
60 
50 
40 

1.72 
1.71 

1.77 
1.76 

1.70 
1.72 
1.70 
1.79 
1.80 

a) Butene-1-oxide was used instead of PO. 

T h e effect of the reaction temperature on the isomer 
ratios was also examined, especially in an attempt to 
know whether it is different between the two starting 
compounds (2 and 4) . It has been calculated that the 
ion-pair structure, l c , has a higher free energy than that 
of l a or lb , 2 ) hence, a temperature effect will be anti­
cipated if any function of l c is involved in or prior to the 
transition state. The results in Table 5, however, give a 
negative evidence to this hypothesis, because no appre­
ciable difference is observable in the isomer ratios 
obtained from the two aryne precursors, 2 and 4. The 
slightly enhanced formation of the 7a isomer over 8a 
at lower temperatures, as shown in this table, seems 
to indicate that the energy of activation for the formation 
of 7 is slightly lower than that for 8. This difference, 
AEa=Ea(8a.) — £ a ( 7 a ) , was determined by the 
Arrhenius plotting of the isomer ratios in Table 5. Thus, 
we found that AEa-0.26±0.04 kcal/mol, and A(7a)l 
i4(8a) = 1.18±0.07. 

Although the possibility of the participation of the 
memory effect was thus completely ruled out, the 
substituent effects that determine the isomer ratios in 
the benzyne adducts still remain unclarified. Table 3 
clearly indicates that the steric interaction between the 
gem-dimethyl groups of 6 and the substituent, X , in the 
transition state seems to be the sole factor controlling 
the isomer ratios. Thus , the ratios decrease as the 
Van-der-Waals radius of the X substituent diminishes, 
and accordingly, the effect of the ^-substituent, Y, is 
negligible.11) In the case of 3-methylbenzyne, that gave 
the largest isomer ratio (1.7—1.8) among those examin­
ed, the difference in kinetic parameters between the 
two sterically different transition states, i.e., AEa=0.26 
kcal/mol, and especially the ratio of the frequency factors 
A(7a) jA (8a) = 1.18, indicates that the steric course 
leading to the adduct of Type 7 is slightly, but apparent­
ly, favored over that of Type 8. A framework diagnosis 



December, 1977] Substituent Effects in the Reaction of Benzynes with Hexamethylcyclohexa-2,4-dienone 3341 

of possible transition states {e.g., A and B) also supports 
this. These framework are constructed on the supposi­
tion that benzyne approaches vertically to the 2- and 
5-positions of the planar dienone, keeping the two 
bonding distances equal. Then, when Type B is con­
cerned, the overlapping of Var-der-Waals radii between 
gem-dimethyl and aryne methyl groups becomes sub­
stantial in the range of bonding distances shorter than 
2.8 Â, about twice the bond length in the adduct . 

(The interaction between the aryne methyl and 
5- methyl of the dienone in Type B is also substantial, 
but is cancelled out by the similar interaction in Type 
A between aryne methyl and 2-methyl of the dienone 
when A/B is considered). 

Other substituent effects that seem to be involved in 
determining the isomer ratio a re : a) the dipole-dipole 
interaction between the carbonyl group of the 6 dienone 
and the X substituent, or/and b) the inductive effect of 
X . In the case of nitrobenzynes, if the former effect 
operates between the nitro group and the carbonyl 
group, then the product, 8c (or 8d ) , should be the 
predominant product in R u n 2 (or R u n 5) in Table 3. 
However, the ratios are 7 c / 8 c = 1 . 4 4 and 7 d / 8 d = 1 . 0 0 ; 
thus, the possibility of a is ruled out. As for the latter 
effect, b, if it contributes to the polar structure of arynes, 
then the adduct of Type 8 should favorably be formed in 
Runs 1, 4, and 6, and Type 7, in Runs 2, 3, and 5. 

methyl group of 6 that is located at the 5-position of a 
cyclic 1,3-diene is almost as large as that of X with 
the substituent at the 1- or 4-position. 

Experimental 

General. The NMR spectra were measured in CG14 

solutions, and the chemical shifts are given in (5-units. The 
VPG analyses were performed on a Chromatograph equipped 
with a FID. Below, the experimental description will be 
divided into three sections: 1) methylbenzynes, 2) nitroben­
zynes, and 3) chlorobenzyne. The combustion analysis was per­
formed by the Elemental Analysis Laboratory of the Institute 
for Chemical Research of Kyoto University. The analyses 
of isomeric mixtures of benzyne-adducts agreed well (within 
an error of 0.30%) with the corresponding calculated values 
for the methylbenzyne- and nitrobenzyne adducts, and fairly 
well (within an error of 0.80%) for the chlorobenzyne adduct. 

1. Preparation and Reaction of Methylbenzynes. 1-a) 
6-Methylbenzenediazonium-2-carboxylate Hydrochloride (2a) : This 
compound, 2a, was prepared from 3-methylanthranilic acid 
(ll)5) by a procedure analogous to that previously reported.13) 
Yield, 97% ; mp 112.5—113.5 °C (dec) ; IR v(NsN) 2230 cm"1 

(Nujol). 
1-a') Free 6-Methylbenzenediazonium-2-carboxylate (2a') : 

Compound 2a' was prepared by a procedure analogous to 
that employed above (see 1-a), except that HCl was not added 
to the initial ethanolic solution. Yield, 43% ; mp 98—99 °C; 
IR v(NsN) 2230 cm-1. 

1-b) 1,2,3,4,6,10,10-Heptamethyl-1,4-dihydro- 1,4-ethanonaph-
thalene-9-one (7a) and Its 1,2,3,4,7,10,10-Heptamethyl Isomer (8a) 
by the Reaction of 2a with 2,3,4,5,6,6-Hexamethylcyclohexa-2,4-dien-
1-one (6) : The experimental conditions of seven runs are 
tabulated below. The first three runs were carried out in 
order to examine the solvent effects, and the last four runs, 
to examine the temperature effects. For the isomer ratios, see 
Tables 3,4, and 5. The experimental procedure for Run 1 
is described below as the standard procedure, which will be 
refered to in the procedures following. 

Alternatively, recent studies of aryne reactions12) have 
led us to suspect that the inductive effect of the X 
substituent (or/and Y) operates in the transition state 
of a two-stage addition reaction, so that a zwitter-ion, 
9 or 10, can be stabilized. According to this hypothesis, 
the adduct of Type 7 should be obtained predominantly 
from methyl-substituted benzynes, and Type 8, from 
nitro- or chloro-benzynes. However, this was not the 
case. Therefore, the inductive effect is not likely to be 
involved, and, even when be involved, its magnitude is 
too small to overcome the steric effects. 

Recently, Newman and Kannan reported that, in the 
reaction of 2-substituted furans with the aryne precursors 
analogous to Types 2a and 4a, where the steric interac­
tion was expected to be more substantial than in our 
system, the isomer ratios found were smaller than 1.8.19) 

Comparing our results with those, it should be noticed 
that the interaction of the X substituent with the gem-

Run 

i 
2 
3 
4 
5 
6 
7 

Base 

PO 
PO 
PO 
EB 
EB 
EB 
EB 

Solvent 

CH2C1CH2G1 
CHgCN 
CH3NHCHO 
CH2C1CH2C1 
CH2C1CH2C1 
CH2C1CH2C1 
CH2C1CH2C1 

Temp 
(°C) 
60 
60 
60 
40 
50 
70 
80 

Time 
(min) 

70 
70 
70 

480 
180 
60 
60 

Yield 
(%) 
95 
26 
17 

100 
100 
100 
100 

EB: 1,2-epoxybutane. 

Run 1. Into a suspension of 2a (0.50 g, 2.5 mmol) in 1,2-
dichloroethane (6.3 ml), 6 (0.45 g, 2.5 mmol) and propylene 
oxide (0.8 ml, abbreviated as PO) were added. The mixture 
was then immediately heated under the standard conditions; 
i.e., the temperature was raised at the rate of 2.5 °C/min from 
25 to 60 °C. After additional stirring at 60 °C for 70 min, the 
dark brown solution was cooled. (These conditions were 
employed in the other runs that were carried out with the 
purpose of obtaining the adduct-isomer ratios.) After a 
vacuum evaporation, the residue was redissolved in Et 20, 
and the solution was washed four times with 5 ml of 5% aq 
NaOH and again four times with water, and then dried 
(MgS04). The subsequent evaporation of the solvent gave a 
mixture of 7a and 8a; 0.64 g (95%). These isomers could 
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not be separated satisfactorily by column chromatography 
(GHG1„ silica gel). N M R 7a: gem-Me 0.54 and 1.02 (3H 
each; Me's syn and anti to the benzene ring respectively), 
A r - M e 2.47 (3H), allylic M e 1.65—1.75 (6H), bridge-head 
M e 1.55 and 1.78 (3H each), A r - H 6.7—7.1 (3H) ppm. 
8a: gem-Me 0.61 and 0.99 (3H each; Me 's syn and anti to 
the benzene ring respectively), A r - M e 2.52 (3H), allylic M e 
1.65—1.75 (6H), bridge-head M e 1.55 and 1.78 (3H each), 
A r - H 6.7—7.1 (3H) p p m ; P+(m/e) 268. T h e isomer rat io, 
7a/8a, determined by a comparison of the NMR-integrat ion, 
was 1.73. A V P C analysis (PEG-succinate, 2 m at 175 °C), 
though not achieving a satisfactory isomer separation, also 
gave the isomer ratio of 2.03. 

Runs 4—7. Instead of P O , 1,2-epoxybutane (0.44 ml ; 
abbreviated as EB) was added to a mixture of 2a and 6 in 
1,2-dichloroethane; the mixture was immediately heated at 
80-, 70-, 50-, or 4 0 ± 0 . 2 °C for the periods listed in the table. 
For the work-up, see the details in R u n 1. Yield ( 7 a + 8 a ) , 
ca. 100% in all runs. For the isomer ratios, see Table 5. 

1-c) 7a and 8a by the Reaction of 2a' with 6: Two runs were 
performed in order to examine the effect of free diazonium 
carboxylate, 2a ' , on the isomer ra t io : R u n 1, without P O in 
CH2C1CH2G1; yield, 3 7 % ; R u n 2, without P O , but in an 
excess amount of 6; yield, 5 4 % . T h e other reaction condi­
tions were the same as in 1-b. For the isomer ratios, see 
Table 4. 

1-d) 3-Methylbenzenediazonium-2-carboxylate Hydrochloride (4a). 
From 6-Mcthylanthranilic Acid (12) : For the preparative 
procedure, see 1-a. Yield, 8 4 % ; m p 110.5—111 °C (dec) ; 
I R v(N=N) 2210 c m - 1 (Nujol). 

1-e) 3-Methylbenzenediazonium-2-carboxylate (4a') : See the 
procedure 1-a'. Yield 4 % ; m p 68—70 °C (dec) ; I R r(N=N) 
2250 cm- 1 . 

1-f) 7a and 8a by the Reaction of 4a with 6: For the procedure, 
see 1-b. T h e reaction conditions and the results of eight runs 
are tabulated below. T h e first three runs were carried out 
in order to examine the solvent effects, and the last five runs, 
to examine the temperature effects. For the isomer ratios, 
see Tables 3, 4 , and 5. 

D T, c , T e m p Time Yield 
R u n Base Solvent ^ {m{n) ( % ) 

Ï P Ö CH2C1CH2C1 6Ö 70 83 

2 P O CH 3 GN 60 70 13 
3 P O G H 3 N H C H O 60 70 13 
4 EB CH2C1CH2C1 40 560 100 
5 EB GH2G1GH2C1 50 180 98 
6 EB CH2G1GH2C1 60 70 100 
7 EB CH2G1CH2G1 70 60 98 
8 EB CH2C1CH2C1 80 60 100 

1-g) 7a and 8a by the Reaction of 4a' with 6: Refer to the 
1-c procedure. See also Tab le 4. Yield ( 7 a + 8 a ) , 3 6 % . 

1-h) 5- and 4-Methylbenzenediazonium-2-carboxylate Hydrochlori­
de (2b and 4b) : Diazonium salts, 2b and 4 b , were prepared 
from the corresponding anthranilic acids by the same method 
as in 1-a. Yields, 8 9 % (2b) and 8 4 % (4b). 

1-i) 1,2,3,4,6,10,10-Heptamethyl- 1,4-dihydro- 1,4-ethanonaphtha-
len-9-one (7b) and Its 1,2,3,4,7,10,10-Heptamethyl Isomer (8b) : 
See the 1-b procedure, R u n 1. T h e same mixture of the 
7 b + 8 b adducts were obtained from either precursor 2b or 
4b . Yields, 75—77%. T h e isomers could not be separated. 
P+(m/0 268; N M R 7 b : gem-Me 0.48 and 1.03 (3H each, 
Me's syn and anti to the benzene ring respectively), A r - M e 
2.29 (3H), allylic M e 1.65—1.76 (6H), bridgehead M e 1.56 
(6H), A r - H 6.85—7.1 (3H) ppm. 8 b : all the chemical shifts, 

except tha t of A r - M e at 2.31, are the same as those of 7b. 
T h e 7b/8b isomer ratios determined by the N M R integration 
(see the text) were 1.01 and 1.00 from 2 b and 4 b respectively. 

2. Preparation and Reactions of Nitrobenzynes. The pro­
cedure reported in old literature1 4 - 1 6) on the preparat ion of 
nitroanthranil ic acids was insufficient to reproduce the same 
results reported therein. T h e present authors employed the 
following modified procedure, tha t gave the acids in better 
yields than those previously reported. 

2-a) 6-Nitroanthranilic Acid (14) from 6-Nitrophthalamic Acid 
(13) : Acid 13 (5.69 g, 27.1 mmol)15) was slowly added to a 
N a O C l solution which h a d been prepared by mixing 17.6 g 
of a commercial grade NaOCl-solution containing 10% active 
CI, 2.0 g of N a O H , and 10 ml water at 0 °C. T h e mixture 
was warmed at 82 °G for 30 min (gas evolution was observed), 
cooled, and acidified with HCl . "After removing the solids 
tha t precipitated at p H 4, the filtrate was evaporated. The 
residue was extracted with E t a O to give 14. The extraction 
residue was redissolved in dil N a O H , and the solution was 
acidified." T h e above procedure in quotation marks " — " 
was repeated three times. Yield, 1.68 g (34%) ; m p 185.5— 
189.5 °C.17> 

2-b) 3-Nitrobenzenediazonium-2-carboxylate Hydrochloride (4c) 
from 14: See the 1-a procedure. 4 c : yellow-orange powder; 
yield, 6 9 % ; m p 110.5—111 °C (dec); I R v(N=N) 2190 cm- 1 

(Nujol). Avoid unnecessary impact by hammering or heat ing; 
otherwise, it de tonates / 

2-c) 1,2,3,4,10,10-Hexamethyl- 5-nitro-1,4-dihydro-1,4-ethano-
naphthalen-9-one (7c) and Its 8-Nitro Isomer (8c) : See the 
1-b procedure. A mixture of 7c and 8c was obtained. They 
were purified through a silica gel column (benzene), but could 
not be separated. N M R 7c: gem-Me 0.68 and 1.04 (3H 
each, Me's syn and anti to the benzene ring respectively), A r - H 
6.91—7.38 (3H), bridge-head M e 1.59 and 1.62 (3H each), 
allylic M e 1.71—1.84 (6H) ppm. 8c: gem-Me 0.57 and 1.08 
(3H each, Me's syn and anti to the benzene ring respectively), 
A r - H 6.91—7.38 (3H), bridge-head M e 1.54 and 1.64 (3H 
each), allylic M e 1.71—1.84 (6H) ppm. 7c/8c isomer ratio 
= 1.44 ( N M R ) , 1.50 (VPC) . V+(mje) 299; I R v(G=0) 1730 
and ( N 0 2 ) 1355 cm" 1 (for both isomers in CC14); yield, 1.69 
g (44%) after column chromatography. 

2-d) 4-Nitro- and 5-Nitroanthranilic Acid (17 and 18) : A 
mixture of 4- and 5-nitrophthalamic acid (15 and 16)14> was 
treated with the N a O C l solution by the same method as in 
2-a. Cooling the reaction mixture separated needle-like pre­
cipitates. They were dissolved in water and acidified with 
HCl to p H 3—4, and the separated solid was washed with 
water, dried, and extracted with xylene by means of a Soxhlet 
appara tus for two days. T h e insoluble residue was recrystal-
lized from aq E t O H ( E t O H / H 2 O = 1 . 0 v/v) to give glistening 
yellow-green needles of 18 ( 4 8 % ) : m p 275—283 °C (dec). 
T h e xylene solution was then evaporated to give 17 (32%) 
contaminated by 18. 

2-e) 5-Nitrobenzenediazonium-2-carboxylate Hydrochloride (2d) : 
See the 2-b procedure. Commercially available acid 17 was 
used. Here also caution should be taken when handling the 
dried powder of 2 d : yield, 9 0 % ; m p 128—130 °C (dec); I R 
i>(N=N) 2230 cm- 1 . 

2-f) 1,2,3,4,10,10-Hexamethyl- 6-nitro- 1,4-dihydro- 1,4-ethano-
naphthalen-9-one (7d) and Its 7-Nitro Isomer (8d) : See the 
1-b procedure. Yield ( 7 d + 8 d ) , 6 1 % after recrystallization 
from M e O H . T h e two isomers were separated mannually 
by the aid of a magnifying glass and recrystallized independ­
ently. 7d : m p 158.5—159.5 °C ; N M R gern Me 0.52 and 
1.10 (3H each, Me's syn and anti to the benzene ring respec­
tively), A r - H 7.90—8.12 (2H, a to N 0 2 ) 7.29 (H, ß to N 0 2 ) , 
other Me's 1.64—1.80 (12H) p p m ; I R »>(C=0, N 0 2 ) 1730 
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and 1355 cm" 1 (CCLJ; F+(m/e) 299. 8d : m p 126—128 °C; 
N M R ^ffl-Me 0.53 and 1.10 (3H each, Me's syn and anti to 
the benzene ring respectively), A r - H 7.90—8.12 (2H, a to 
N 0 2 ) , 7.26 (H, ß to N 0 2 ) , other Me's 1.64—1.80 (12H) p p m ; 
the I R and V+(mje) were the same as those of 7d. For the 
isomer ratio, see Table 3. 

2-g) 4-Nitrobenzenediazonium-2-carboxylate Hydrochloride (4d) : 
See 1-b. Caution should be taken when handling 4d. Yield, 
6 7 % ; mp 119.5—120 °C (dec); I R v(N=N) 2210 cm-^Nujo l ) . 

2-h) 7d and 8d by the Reaction of 4d with 6: See 1-b, R u n 1. 
Yield ( 7 d + 8 d ) , 6 9 % . For the isomer ratio, see Table 3. 

3. Preparation and Reaction of 3-Chlorobenzyne. 
3-a) 6-Chlorobenzenediazonium-2-carboxylate Hydrochloride (2e) 

from 3-Chloroanthranilic Acid (19) : Acid 19 was prepared from 
o-chloroaniline.18»5) For the preparat ion of the diazonium salt 
2e, see 1-a, R u n 1. Yield, 9 2 % ; m p 146—148 °C; I R *>(N=N) 
2230 cm- 1 . 

3-b) 1,2,3,4,10,10-Hexamethyl-5-chloro- 1,4-dihydro- 1,4-ethano-
naphthalen-9-one (7e) and Its 8-Chloro Isomer (8e) : A mixture 
of 7e and 8e was obtained by the method described in 1-b. 
T h e two isomers were separated by column chromatography 
(silica gel; cyclohexane for 7c and benzene for 8e) . T h e 
separated isomers were recrystallized independently from 
M e O H (the rate of crystallization of 8e was slower than 
that of 7e) . Yield ( 7 e + 8 e ) , 89%, ; isomer rat io, see Table 3. 
7e: mp 107—108 °C; N M R gem-Me 0.67 and 1.03 (3H each, 
Me's syn and anti to the benzene ring respectively), A r - H 
7.00—7.15 (3H), allylic M e 1.7—1.9 (6H), bridge-head M e 
1.59 and 1.98 (3H each) p p m ; P+(m/e) 289; I R v(G=0) 
1725 cm- 1 (CC14). 8e : m p 93—94 °C; N M R gem-Me 0.57 
and 1.06 (3H each, Me's syn and anti to the benzene ring 
respectively), A r - H 7.0—7.15 (3H), allylic M e 1.77 (6H), 
bridge-head Me 1.59 and 1.91 (3H each) p p m ; the P+(m/e) 
and I R were the same as those of 7e. 

References 

1) For example: H . Heaney, Chem. Rev., 62, 81 (1962); 
M . Stiles, R. G. Miller, and U . Burckhardt , J. Am. Chem. Soc, 

85, 1792 (1963); R. G. Miller and M . Stiles, ibid., 85 , 1798 
(1963); R. Hoffman, A. I m a m u r a , and W. J . Hehre , ibid., 
90, 1499 (1968); O . L. C h a p m a n , C.-C. Chang , J . Kolc, 
N . R. Rosenquist, and H . Tomioka, ibid., 97, 6586 (1975). 

2) For example : N. Inamoto , Yuki Gosei Kagaku Kyokai Shi, 
19, 809 (1961); I. Tabushi and H . Y a m a d a , ibid., 28, 667 
(1970); I. Tabushi , "Carbene , Ylide, Nitrene, and Benzyne," 
ed by T . Goto, Hirokawa Publishing Co., Tokyo (1976), p . 
341. 

3) A. O k u and Y. Yuzen, J. Org. Chem., 40, 3850 (1975). 
4) H . Har t , P. M . Collins, and A. J . Waring, J. Am. Chem. 

Soc, 88, 1005 (1966). 
5) B. R. Baker, R. E. Schaub, J . P. Joseph, F . J . McEvory, 

and J . H . Williams, J. Org. Chem., 17, 149 (1952). 
6) A. Oku, T . Kak ihana , and H . Har t , J. Am. Chem. Soc, 

89, 4554 (1967). 
7) A. Matsui , B. S. Thesis, Kyoto Institute of Tech., 1975. 
8) L. Fr iedman and F . M . Logullo, J. Org. Chem., 34, 

3089 (1969). 
9) Unpublished results. A similar nucleophilic substitu­

tion has been reported for the diazotization of o-nitroaniline 
under more drastic conditions; see Z . J . Allan and J . Podstate, 
Collect. Czech. Chem. Commun., 31 (8), 3418 (1966). 

10) M . Kainosho and K. Ajisaka, Yuki Gosei Kagaku Kyokai 
Shi, 31 , 126 (1973). 

11) A. Bondi, J. Phys. Chem., 68, 441 (1964); P-T. Leucy 
and D. Y. Curt in , J. Am. Chem. Soc, 97, 6790 (1975). 

12) E. R. Biehl, J. Org. Chem., 34, 3595 (1965). 
13) H. H a r t and A. Oku, J. Org. Chem., 37, 4269 (1972). 
14) E. C h a p m a n and H . Stephan, J. Chem. Soc, 127, 1795 

(1925). 
15) M . T . Bogert and L. Boroschek, J. Am. Chem. Soc, 23 , 

740 (1901). 
16) R. K a h n , Ber., 35 , 3866 (1902). 
17) H . Seidel, Ber., 34, 4352 (1901). 
18) A. E. Senear, H . Sargent, J . F . Mead , and J . B. Koepfli, 

J. Am. Chem. Soc, 68, 2695 (1946). 
19) M . S. Newman and R. K a n n a n , J. Org. Chem., 41 , 

3356 (1976). 



3344 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (12), 3344 3348 (1977) [Vol. 50, No. 12 

Solid-Phase Syntheses of Glii2oAla2oPhe and Ala2oGlii2oPhe by the 
Step-by-step Coupling of Dipeptide and Tetrapeptide1) 

Sho TAKAHASHI 

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611 
(Received June 13, 1977) 

Glu2oAla20Phe, (I), and Ala20Glu20Phe, (TI), were synthesized by the step-by-step coupling of iVa-*-butoxy-
carbonyl (BOC-) derivatives of Ala-Ala and (y-benzyl-Glu)4 to phenylalanyl-1% crosslinked polystyrene resin 
using dicyclohexylcarbodiimide. The products were cleaved from the resin with hydrogen bromide in acetic 
acid and purified by gel filtration, followed by DEAE-cellulose chromatography, with yields of approximately 
10% for both of the hentetracontapeptides. The optical purities of the glutamic acid and alanine incorporated 
in the peptides, I and II , were estimated as 1 and 5% respectively from the analysis of the diastereomeric mixture 
of dipeptides derived from the reaction between the total acid hydrolyzate of I or II with the iV-hydroxysucin-
imidyl ester of BOC-L-Leu. 

The problem that an a-helix, one of the most impor­
tant ordered secondary structure of a polypeptide chain, 
is uncoiled from one side, either the N- or the C-ter-
minal, has not yet been studied experimentally. The 
available works on the problem have been limited to a 
few theoretical treatments.2,3) The study of the effects 
exerted by the secondary structures of neighboring 
moieties in a polypeptide chain on a local a-helix has 
importance, especially in comprehending the stability 
of proteins, in which secondary structures are sequenced. 

Block copolypeptides will serve as a good model to 
study the effects of a local conformation of a polypeptide 
chain on other parts of the chain. Previously we at tempt­
ed to synthesize and to study the stability of the local 
a-helical conformation in two kinds of block copoly­
peptides, Glu20Ala20 and Ala20Glu20, in solution. T h e 
number of residues in a block, 20, was chosen as a 
compromise between the need for a stable a-helix and 
ease of syntheses. However, as has already been 
reported,3) the at tempted solid-phase peptide synthesis 
of these block copolypeptides by a step-by-step coupling 
of /-butoxycarbonyl-(BOC-)glutamic acid or -alanine 
was shown to be impractical due to the poor yield of the 
desired peptides. Furthermore, the difficulties in the 
solid-phase peptide synthesis of glutamyl peptides 
(including y-peptides) have been well documented.4 - 7) 
O n the other hand, the coupling reactions of oligopep­
tides on a solid support have found their successful 
applications in syntheses of sequential peptides,8 '9) 
physiologically active peptides,10-16) and some miscel­
laneous peptides.17-19) We also tried a condensation of 
oligopeptides on a solid support as an alternative route 
to synthesizing Glu20Ala20 and Ala20Glu20 and obtained 
a satisfactory result, as will be described in this paper. 

R e s u l t s and D i s c u s s i o n 

The synthesis of oligoglutamyl peptides by conven­
tional solid-phase peptide synthesis has caused much 
trouble, as was initially documented by Bonora et al.4) 
The yield of the desired peptide was drastically decreased 
with an increase in the number of residues, n, on their 
attempted synthesis of (Glu)M, and the synthesis failed 
when n reached 5, where the desired peptide could not 
be isolated at all. As has also been reported previously,3) 
we also attempted solid-phase syntheses of (Glu)M and 

(Ala)„ by the step-by-step coupling of BOC-glutamic 
acid or -alanine. For both (Glu)M and (Ala)M, it was 
observed that the elongation of a peptide chain proceed­
ed smoothly with each cycle of the solid-phase synthesis 
if n was below about 5 ; then it became gradually 
sluggish and apparently stopped when n reached around 
10. The failure of the syntheses might be ascribed to 
something other than the cleavage process of peptides 
from peptide-resin, because the yield of peptides was 
based on the incorporation of amino acids (glutamic 
acid or alanine), which was evaluated on the basis of the 
amino-acid analyses of hydrolyzates of peptide-resin. 
Some of the reasons for the failure of the synthesis by 
Bonora et al.4) might be attr ibuted to undesired side 
reactions of a glutamyl side chain which occurred 
during a cleavage reaction of peptides from peptide-
resin, as has been reported by Sano and Kawanishi5) 
and Feinberg and Merrifield,6) but there seem to be 
other reasons inherent in the method itself in the case 
of solid-phase peptide syntheses of homologous peptides 
with enough residues to form a regular secondary 
structure.3) 

Although we are not yet aware of the exact reasons 
for the difficulties encountered in the solid-phase peptide 
synthetic approaches to some of the homologous peptides, 
one way devoid of difficulties would be a modification 
of the solid-phase method to incorporate a coupling 
reaction using oligopeptides instead of amino acids. 
The advantages would be as follows: (1) an improve­
ment in the yield of the final product because of the 
smaller number of steps, (2) discrete distribution of the 
residues, which promises an easy purification of the 
reaction products, and (3) the possibility that the 
reactivity of a growing peptide chain on a solid matrix 
is critically dependent on the chain length due to 
interaction between the reactive center of a chain and a 
supporting matrix, especially if a stable secondary 
structure is present in that chain. Interactions of that 
kind seem likely for solid-phase syntheses of homologous 
peptides because a unique secondary structure is to be 
expected. The use of oligopeptides instead of amino 
acids as the unit in the syntheses may surpass the critical 
chain length. 

Syntheses. Taking these points into account, we 
attempted solid-phase syntheses of Glu20Ala20Phe, (I), 
and Ala20Glu20Phe, ( I I ) , using oligopeptides as the 
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T A B L E 1. A CYCLE OF SOLID-PHASE PEPTIDE SYNTHESIS FOR THE ADDITION OF ONE OLIGOPEPTIDE^ 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 

(8) 

(9) 
(10) 

Function 

wash 
deprotection 
wash 
neutralization 
wash 
washb> 
washb> 

peptided) 

coupling 
wash 

Solvent or reagent 

CH2C12 

CF3C02H-GH2C12 (1:1) 
CH2C12 

triethylamine (20 mmol) in CH2C12 

CH2C12 

CH2C12-DMFC> (1:1) 
DMF 
BOC-(r-Bzl-Glu)4 in CH2C12 or 
BOC-Ala2 in 30% DMF in CH2C12 

DCC in CH2Cl2
e> 

CH2C12 

Time 
(min) 

2 
30 

2 
5 
2 
2 
2 

2 

240 
2 

Number of 
applications 

3 
1 
4 
2 
2 
1 
1 

1 

1 
3 

a) The amount was for 5 g of resin containing 0.825 mmol of a reactive amino group. Volume of 
solvent, 60 ml. b) In the case of glutamyl peptide, these procedures were omitted and Step (5) was 
repeated, c) A^N-dimethylformamide. d) 3.3 mmol of oligopeptide in 25 ml of the solvent, e) 3.3 
mmol of DCC in 5 ml of the solvent. 

condensing unit. First, phenylalanine was anchored to 
resin as an internal marker. 1 % cross-linked polystyrene 
resin was used, for its porosity is higher than that of the 
usual 2 % cross-linked resin. BOC-(y-benzyl-Glu) 4 , 
( I I I ) , and BOC-(Ala) 2 , ( IV), were used as units for the 
syntheses of a Glu 2 0 - and an (Ala) 20-block respectively. 
We attempted to use BOG-Ala 4 as a condensing unit, 
but the poor solubility of the tetrapeptide in most 
solvents made the attempt impractical. 

All the peptides used for solid-phase synthesis were 
synthesized by the method of Anderson et al.20) The 
reaction of the BOC-alanine iV-hydroxysuccinimidyl-
(-OSu) ester with alanine gave IV. The optical purity 
of the purified I V which was used in the solid-phase 
syntheses was shown, by an analysis to be described in a 
later section, to be 9 7 % in the L-configuration. The 
y-benzyl(y-Bzl-) ester of B O C - G l u - O S u , (V), was 
reacted with y-Bzl-glutamate to give BOC-(y-Bzl-Glu)2 , 
(VI) , a half of which was then converted into its N-
hydroxysuccinimidyl ester, (VII ) , and the other half 
to (y-Bzl-Glu)2, (VI I I ) . A reaction between V I I and 
V I I I gave the desired tetrapeptide, I I I , and the peptide 
was purified via its salt with dicyclohexylamine (DGHA). 
The optical purity of I that was used in the following 
solid-phase synthesis was greater than 9 9 % in the 
L-configuration. 

Solid-phase peptide syntheses were carried out using 
a cycle summarized in Table 1. After each cycle had 
finished, an aliquot of peptide resin was hydrolyzed 
with acid and analyzed for its amino-acid composition. 
The results are shown in Fig. 1, where a tendency for 
the yield of peptide-chain elongation to decrease was 
observed when the number of residues reached about 10. 
Even under the assumption that the yield of a reaction 
needed to extend one oligopeptide unit is uniformly a, 
irrespective of the length of the peptide chain, there 
are two extreme possibilities. (1) At the one extreme, a 
is considered simply as the possibility of a reaction 
occurring at a reactive center, and the unreacted peptide 
fraction (1-a) remains reactive and will react with the 
same probability in the next reaction cycle (for instance, 
an incomplete removal of the BOC group, etc.). The 
total amount of alanine and glutamic acid incorporated 

16 24 32 40 

Repeated number of the cycle 

Fig. 1. The amount of amino acids incorporated with 
the progress of solid-phase peptide syntheses of: (a) 
Ala20Glu20Phe, and (b) Glu20Ala20Phe. The ordinate 
is the total amount of glutamic acid and alanine per 
mol of phenylalanine, and the abscissa is the repeated 
number of cycles of solid-phase synthesis. Circles re­
present the observed values and dotted curves for the 
calculation based on the dead-end products assumption. 
a(see text) was chosen as 0.97 for (a) and 0.95 for (b). 

in the products will be linearly proportional to a. (2) 
At the other extreme, the peptide fraction, a, is consider­
ed living and reactive, and the fraction, (1-a), is a dead­
end product which is no more reactive. In this case, if 
we start from 1 mol of phenylalanyl resin, the amount 
of such a dead-end product, Glu4l-Ala2y, will be given 
by a '+^l-a) moles, and the amounts of alanine and 
glutamic acid incorporated after m times coupling of 

I V and n times coupling of I I I are given by 2 ^ a' and 
n 

4£J a* moles respectively (after 10 times coupling of 

IV, followed by 5 times coupling of I I I , the number is 
10 5 

2 J ] a ; + 4 a 1 0 S a f ) . The actual amounts of glutamic 
acid and alanine found in the acid-hydrolyzates of 
peptide resin with the progress of the number of coupling 
reactions (Fig. 1) deviate from a line, thus showing the 
(1) assumption to be unlikely. For a comparison, 
theoretical curves were calculated under the (2) assump­
tion and for various values of a. a = 0 . 9 7 and 0.95 for the 
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a 
o 
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4, 1.2 
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o 
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Effluent, ml 

Fig. 2. Sephadex G-50 gel nitration of the product of 
solid-phase synthesis of Glu20Ala20Phe. The ordinate is 
absorption at 570 nm after the ninhydrin reaction of 
alkaline hydrolyzates of 0.01 ml aliquots from chroma­
tographic fractions. The inserted bar shows the posi­
tion of fractions which gave the amino acid composition 
was Glu: Ala: Phe= > 1 9 : > 1 9 : 1. 

syntheses of AlawGluMPhe and GluwAlaMPhe respectively 
gave the best fit with the experimentally observed 
values, as shown in Fig. 1. Although the efficiency of a 
real peptide coupling reaction might depend on the 
length of the peptide chain, the comparison of the 
experimentally obtained plot and the theoretical ones 
for the extreme cases suggests that the experiments 
support, rather, the dead-end product assumption. 

The peptides were cleaved from the resin by a conven­
tional method, using hydrogen bromide in a mixture 
of acetic acid and trifluoroacetic acid. The products, 
( IX) and (X), obtained from the syntheses of I and II 
respectively were treated with aq. sodium hydrogen-
carbonate, and a fraction soluble in hydrogencarbonate 
solution was chromatographed on Sephadex G-50 
(Figure 2 shows the results for I X ) . A fast eluting 
component appeared for both I X and X ; it is considered 
to consist of peptide aggregates which are composed of 
alanine-rich peptides, as shown by their amino-acid 
analyses. All the chromatographic fractions were 
analyzed for their amino-acid compositions: the frac-

a L0 

o 
r~~ „ 
m 0.8 
öS 

<u 
a o.6 
PS 

J3 
u O 

J 0.4 

< 
0.2 

1 1 ! 

. 

i 1 

A 

I 

1 
/ ! 

\ 
/ 

1 1 _j , 

-1 

J 

•j 

40 120 160 

Effluent, ml 

Fig. 3. DEAE-cellulose chromatography of Glu20Ala20-
Phe. Aliquot of 0.025 ml from each fraction was 
alkaline hydrolyzed and absorbance at 570 nm was 
recorded after the ninhydrin reaction. The inserted 
bar has the same meaning as used in Fig. 2. 

tions containing Glu: Ala: p h e = > 1 9 : > 1 9 : 1 were 
collected, desalted on a column Sephadex G-10, and 
lyophilized. The lyophilized material was chroma­
tographed on DEAE-cellulose, and the fractions which 
gave the amino acid composition of: Glu: Ala: P h e = 
> 1 9 : > 1 9 : 1 were considered to be the final product, 
I or II (Fig. 3). These final products were analyzed 
by means of 2,4-dinitrophenylation for their free amino 
groups. The yield of 92—94% 2,4-dinitrophenylalanine 
or -glutamic acid suggested that only small amounts of 
pyroglutamate and/or other N-blocked products were 
present. The final yields of I and II were 9 and 11 % 
respectively. 

Degree of Racemization in the Products. The 
chromatographically purified products, I and II, were 
analyzed for their degrees of racemization caused by the 
peptide-coupling reactions. The racemization detection 
method by Manning21) was modified and used. The 
peptide hydrolyzates, which were obtained by the 
treatment of the peptides with 6 M hydrochloric acid at 
110 °C for 24 h, were reacted with BOG-L-Leu-OSu in 
the presence of sodium hydrogencarbonate. The 
products, after an acid treatment to remove the BOC 
group, were analyzed with an amino-acid analyzer. 
The authentic samples of D,L-glutamic acid and D,L-
alanine were reacted with BOC-L-Leu-OSu under the 
same conditions and the ninhydrin colour value for each 
dipeptide separated on an amino-acid analyzer was used 
as the reference standard. T h e overall (because they 
included the difference in the reactivities of L- or D-
amino acids towrd BOC-L-Leu-OSu) average ratio of 
ninhydrin colour values obtained from several experi­
ments were: (L-Leu-D-Ala)/(L-Leu-L-Ala)=0.74, (L-
Leu-D-Glu)/(L-Leu-L-Glu)=0.60, starting from a race-
mic mixture. T h e authentic samples of each dipeptide 
were also synthesized and used to identify the peaks in 
the chroma tograms. These analyses showed the amounts 
of D-glutamic acid and D-alanine present in the hydroly-
zate of the peptide I to be less than 1 and 5 % respec­
tively. The peptide II gave the same values. 

The starting materials, III and IV, for the solid-phase 
syntheses were also tested for their degrees of racemiza­
tion by the same method. T h e content of D-glutamic 
acid in I I I was shown to be less than 1%, and that of 
D-alanine in IV, to be 3 % . Unfortunately, the original 
L-alanine used in the syntheses was found to contain 
3 % D-alanine. A comparison of the O R D curves of 
the hydrolyzate of I V and another sample of pure 
L-alanine confirmed the result ([a]2 3 0 were 1750° and 
1860° ( 1 % , 1 M HCl) for the hydrolyzate o f l V and pure 
L-alanine respectively). Recrystallization seemed not 
to be able to separate a diastereomeric mixture, and 
the origin of a half of the D-alanine found in I and II 
was explained from the purity of the starting material. 
Therefore, the racemization accompanied by one step 
of the peptide-coupling reaction was about 0 .3% or 
lower for the coupling of BOC-(Ala) 2 or BOC-(y-
Bzl-Glu)4 respectively. 

Exper imenta l 

The melting points were determined on a micro hot plate 
and are uncorrected. The elementary analyses were carried 
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out in the elementary analysis section in the Insti tute for 
Chemical Research, Kyoto University. T h e amino-acid anal­
yses were carried out with a J E O L liquid chromatographic 
system under the conditions of Spackman et al.22) A J A S C O 
J-20 spectropolarimeter was used to measure the optical 
rotations. T h e BOC-hydrazide, trifluoroacetic acid, dicyclo-
hexylcarbodiimide (DCG), and H O S u were purchased from 
the Protein Research Foundat ion, Osaka, J a p a n . The poly­
styrene beads (SX-1) were products of BioRad, Calif , U.S.A. 
T h e amino acids and other reagents were purchased from 
Nakara i Chemical Co., Kyoto, J a p a n . Reagent-grade dichloro-
methane was stored over sodium hydrogènearbonate, dried 
over molecular sieves (Type 4A, Linde), and distilled before 
use. T h e N, iV-dimethylformamide was passed through a 
freshly packed column of silica gel G, dried over a molecular 
sieve (Type 4A, Linde) , and distilled in vacuo. The trifluoro­
acetic acid was used after distillation over P 2 0 5 . T h e triethyl­
amine was treated with 2,4-dinitrofluorobenzene and distilled 
over sodium. 

~Na-t-Butoxycarbonyl-i.-alanyl-l.-alanine, (IV). The dipep-
tide was synthesized from 143 g of BOC-Ala-OSu, 2 0 ) 53.5 g 
of alanine, and 50.5 g of N a H C 0 3 in a mixture of 900 ml of 
tetrahydrofuran and 600 ml of water , according to the general 
method of Anderson et A/.20) Yield, 123 g (95%) ; m p 128— 
129 °C in a sealed tube (lit m p 85.5—87 °C,23> 132—133 °C24>). 
T h e compound could not be distinguished in melting point or 
infrared spectrum from the specimen obtained by the cou­
pling of BOC-alanine with methyl alanin ate employing iso-
butoxycarbonyl chloride, followed by saponification.24) I V 
was hydrolyzed in 6 M H C l at 110 °C for 24 h, and the hydro-
lyzate was submitted to measurements of the optical rotation 
and the racemization-detection reaction. 

~Na-t-Butoxycarbonyl-y-benzyl-'L-glutamic Acid, N-Hydroxysuccin-
imidyl Ester (V). 90 g of BOG-(y-Bzl-Glu) 25> was allowed 
to react with 19.9 g of H O S u and 39.2 g of D C C at - 8 °C 
in a mixture of 600 ml of ethyl acetate and 100 ml of tetra­
hydrofuran. Yield of V after recrystallization from 2-pro-
panol, 68.3 g (91%) ; m p 106 °C (lit m p 100—101 °C26>). 

~Na-t-Butoxycarbonyl-y-benzyl-L-glutamyl-y-benzyl-L-glutamic Acid 
(VI), and Its Dicyclohexylammonium Salt (Via). 71.7 g of 
V, 59 g of y-benzyl-L-glutamate, and 34.6 ml of triethyl­
amine were stirred in 600 ml of iV,iV-dimethylformamide at 
room temperature for 10 h. Oily V I , obtained by the evapo­
ration of the solvent in vacuo, was treated with 30 g of D C H A 
to give V i a , which was then recrystallized from ethyl acetate-
cyclohexane. T h e V i a h a d a m p of 108—109 °C. Found: 
C, 66.65; H , 8.27; N , 5 .72%. Calcd for C 4 1 H S 9 0 9 N 3 ( V i a ) : 
C, 66.73; H , 8.06; N , 5.69%. VI has been known as oil.26) 

N-Hydroxysuccinimidyl Ester of VI( VII). 100 g of V i a was 
suspended in 400 ml of ethyl acetate and washed with 2 0 % 
citric acid to convert the V i a into V I . T h e V I was reacted 
with 18.7 g of H O S u and 33.4 g of D C C at - 8 °C for 10 h , 
and then at 5 °C for 25 h . The product , V I I , was recrystal­
lized from 2-propanol. Yield, 81 g (91%) ; m p 112—114 °C. 
Found: G, 60.88; H , 6.18; N , 6 .42%. Calcd for C a , H 8 , 0 1 1 N , : 
C, 60.63 ; H , 6.01; N , 6 .43%. 

y-Benzyl-'L-glutamyl-y-benzyl-L-glutamic Acid(VIII). A 5.1-
g portion of V i a was dissolved in 20 ml of dichloromethane 
and washed with 2 0 % citric acid. T h e organic phase was 
washed with H 2 0 , dried over drierite, and then added to 10 
ml of trifluoroacetic acid. T h e mixture was kept at room 
temperature for 1 h and then evaporated in vacuo. T h e residue 
was treated with 3 % aq N a H C 0 3 to crystallize the dipeptide 
acid V I I I , which was subsequently recrystallized from ethanol. 
Yield, 2.1 g (65%) ; m p 124—125 °C. Found: C, 62.99; H , 
6.22; N , 5.92%. Calcd for C 2 4 H 2 8 0 7 N 2 : C, 63.14; H , 6.18; 
N , 6.14%. The washing procedure with citric acid could be 

eliminated without any trouble. In that case, the amount of 
dichloromethane was reduced to 10 ml. 

N"-t-Butoxycarbonyl- (y-benzyl-i^-glutamyl-) 3-y-benzyl-'L-glutamic-
Acid, (III), and Its Dicyclohexylammonium Salt(IIIa). 52 g 
of V I I I , 74 g of V I I , 22.8 g of t r iethylamine, and 500 ml of 
iV,iV-dimethylformamide were mixed and stirred at room 
temperature for 24 h. T h e residues which were obtained 
after the evaporation of the solvent in vacuo were dissolved in 
ethyl acetate and washed thoroughly with 3 % aq N a H C 0 3 . 
In the washing procedure, the sodium salt of tetrapeptide 
acid, I I I , was not transferred to the aqueous phase, but 
remained in the organic phase. T h e organic layer was washed 
with 5 % citric acid and then with water , and dried over Na3-
S 0 4 . A 20.4-g portion of D C H A was added to convert the 
I I I into I l i a , which was recrystallized several times from ethyl 
acetate. Yield, 105 g ( 7 9 % ) ; m p 129—130 °C. Found : 
66.06; H , 7.24; N , 5 .90%. Calcd for C 6 5 H 8 5 0 1 5 N 5 : C, 66.36; 
H , 7.28; N , 5 .95%. 

Solid-phase Peptide Synthesis. Polystyrene beads (BioBeads 
SX-1) which h a d been crosslinked wi th 1% divinylbenzene 
were chloromethylated2 7) to a substitution level of 0.18 mmol 
Cl/g resin. T h e chloromethylated resin was reacted with 
BOC-phenylalanine to give the starting resin, BOC-Phe-resin. 
Acid hydrolysis, followed by amino-acid analysis, showed that 
0.165 mmol of phenylalanine was incorporated per g of resin. 
15 cycles of solid-phase peptide synthesis (the cycle is summa­
rized in Tab le 1) were manual ly performed with a home­
made shaker, s tart ing with 5 g of BOC-Phe-resin for each 
block copolypeptide. After Step (11) in Table 1, an aliquot 
of peptide resin was removed, acid-hydrolyzed and analyzed 
for its amino-acid composition. Hydrolyses of the resin-bound 
peptides were carried out in a mixture of propionic acid and 
coned H C l (1 :1 ) or, for alanine-rich pep tide-resin, in 9 5 % 
trifluoroacetic acid, both in a sealed and evacuated tube at 
1 1 0 ° C f o r 2 4 h . 

Cleavage of Peptide from Peptide-resin and Gel Chromatography of 
Peptides. A 20-ml portions of 2 0 % HBr in acetic acid was 
added to 3 g of peptide-resin suspended in 10 ml of trifluoro­
acetic acid. T h e mixture was kept at room temperature for 
1 h and then filtered to separate the resin. T h e resin was 
washed with a 1: 1 mixture of acetic acid and trifluoroacetic 
acid, and the combined filtrate was evaporated in vacuo. T h e 
residue was thoroughly washed with ether and dissolved in 
aq hydrogencarbonate solution. T h e peptides precipitated 
by acidification with HCl were redissolved in a small amount 
of aq N a H C 0 3 , and chromatographed on Sephadex G-50 
(medium, 2 . 8 x 1 3 0 cm) . Elution was achieved with 0.1 M 
N a C l - 0 . 0 5 M N a H C O 3 - 0 . 0 0 5 M N a 2 C 0 3 , and each fraction 
was analyzed for its peptide content by ninhydrin analysis 
after alkaline hydrolysis28) or by U V absorption at 230—240 
nm. An aliquot from each peptide-containing fraction was 
acid-hydrolyzed and analyzed for its amino-acid composition. 
Fractions containing a peptide whose amino acid composition 
was G l u : Ala : P h e = ^>19: ^>19: 1 were pooled and lyophil-
ized. T h e lyophilized material was then dissolved in 2 ml of 
H 2 0 and placed on a column ( 1 . 5 x 1 3 0 cm) of Sephadex 
G-10. Elution was achieved with H a O , and the peptide-
containing fractions were combined and lyophilized. 

Glu20Ala20Phe, (I). T h e yield of the material obtained 
after a gel filtration was 280 mg from 3 g of peptide-resin 
(14%) . A 40-mg portion of the lyophilized sample was 
chromatographed on a DEAE-cellulose (Wha tman DE-32) 
column (1.3 X 17 cm) . The linear gradient of the concentra­
tion from 0 M to I M (in a 0.05M Na-phosphate buffer at 
p H 6.67) was applied for elution (total 200 ml) . Each fraction 
was analyzed by ninhydrin analysis after alkaline hydroly­
sis,28) and the peptide-containing fractions were analyzed for 



3348 Sho TAKAHASHI [Vol. 50, No. 12 

their amino-acid compositions after total hydrolysis. Peptide-
containing fractions, for which the amino-acid composition 
after total hydrolysis was given as G l u : Ala : P h e = ^>19: 
^>19: 1, were pooled, desalted by Sephadex G-10, and lyo-
philized. Yield, 26 mg (the total yield was calculated as 306 
mg (9%) starting from 5 g of BOC-Phe-resin) . 

Ala20Glu20Phe, (II). T h e gel-filtrated material was 
chromatographed on DEAE-cellulose and analyzed in a way 
similar to tha t described for I . 

N-Terminal Analysis. Aliquots from I and I I were 2,4-
dinitrophenylated, hydrolyzed in 6 M H C l at 110 °C for 18 h, 
and analyzed for the yield of 2,4-dinitrophenyl(DNP-)alanine 
or DNP-glutamic acid. After the necessary correction for 
the loss of DNP-amino acids during the acid hydrolysis, the 
yields of DNP-glutamic acid from I and DNP-alanine from 
I I were found to be 9 2 % and 9 4 % respectively. No other 
D N P spots were detected on a T L C plate . 

Detection of Racemization. T h e peptides in question (2 
to 5 mg) were hydrolyzed in 2 ml of 6 M H C l at 110 °C for 
24 h. T h e hydrolyzates, which were completely free from 
acid by drying over K O H in vacuo, were dissolved in a mixture 
of 1 ml of H a O and N a H C 0 3 (5 equivalents for amino acids). 
5 equivalents of BOC-L-Leu-OSu in 0.5 ml of acetonitrile 
were added to the mixture, and the reaction was carried out 
at room temperature for 1 h under shaking. T h e reaction 
mixture was then washed with ethyl acetate several times 
and evaporated to dryness. T h e residue was treated with a 
mixture of 1 ml of acetic acid and 1 ml of trifluoroacetic acid 
at room temperature 1 h , and then evaporated to afford a 
mixture of dipeptides, excess leucine, and some unreacted 
amino acids. T h e mixture was dissolved in a 0.2M sodium 
citrate buffer at p H 2.2 and placed in a 50-cm column of an 
amino-acid analyzer operated at 55 °C. A 0.2M sodium 
citrate buffer which h a d been adjusted to p H 3.10 by adding 
coned HCl to the regular p H 3.35 sodium citrate (0.2M) 
buffer29) was used to separate L-Leu-D-Glu (425 min) , L-Leu-
L-Glu (488 min) , and leucine (545 min) , while the regular p H 
4.25 buffer (0.2M sodium citrate)29) was used to separete 
L-Leu-D-Ala (130 min) and L-Leu-L-Ala (157 min) . T h e 
retention times are shown in parentheses. For the reference 
s tandard, authentic D,L-amino acids were treated under the 
same conditions. T h e product , the diastereomeric dipeptide 
mixture, was analyzed with an amino-acid analyzer to give 
the s tandard ratio of the ninhydrin colour values. T h e posi­
tions of the peptides were determined by the analysis of 
authentic peptides which h a d been synthesized from BOC-L-
L e u - O S u and D- or L-amino acids. BOC-L-Leu-D-Ala (mp 
166—168 °C from methanol . Found : G, 55.57; H , 8.67; N , 
9 .19%. Calcd for C 1 4 H 2 6 0 5 N 2 : C, 55.61 ; H , 8.67; N , 9.27%.) 
and BOC-L-Leu-L-Ala-DCHA (crystallized from ethyl ace­
ta te , m p 159—162 °C ; the crystals turn unclear at 105—110 
°C, presumably because of a loss of solvent for crystallization. 
Found : C, 63 .71; H , 10.22; N , 7 .78%. Calcd for C2 6H4 9-
0 5 N 3 . 1 / 2 C H 3 C 0 2 C 2 H 5 : C, 63.72; H , 10.12; N , 7.96%) were 
obtained as crystals, but the corresponding glutamyl peptides 
were oils. 
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In order to investigate the reaction involving C-20 cation in dammarane derivatives, following reactions were 
examined: a) (205)- and (20Ä)-dammaran-20-ols (13 and 14) with acids, b) dammar-20(22)-en-23-one (15) with 
hydrochloric acid, c) 20,21- and 20,22-epoxydammaranes (16 and 17) with boron trifluoride etherate, and d) 
hexanor- and pentanordammaran-20-ols (18 and 19) with phosphoryl chloride and with boron trifluoride etherate, 
etc., and 20£-tosyloxyhexanordammarane (46) with silica gel. Either formation of a double bond in the framework 
or in the side chain (in the cases of 13, 14, 18, 19, and 46), deconjugation of the double bond (in the case of 15), or 
formation of a carbonyl group in the side chain (in the cases of 16 and 17) was observed. However, D-
homoannulation reaction was not observed in all cases. 

The biogenetic pathway of triterpenes proposed by 
Ruzicka et al.1) strongly suggests an intermediacy of a 
tetracyclic cation (1) with a dammarane-type skeleton 
as a primary cyclization product from squalene. The 
cation (1) is also suggested to be transformed into 
various triterpenes depending on characteristic enzyme 
action in vivo. For example, a C ( 1 6 )-C ( 1 7 ; bond migration 
to G-20 causes a formation of a baccharane skeleton (2) 
with the cation at G-20, which will be further derived 
into baccharis oxide (3) or shionone (4). 

In the field of steroid chemistry, a number of inves­
tigations on backbone rearrangement and D-homoan-
nulation reactions have been reported.2) Among them, 
D-homoannulation of 20-tosylates has been shown to 
depend on the configuration at G-20 and also on the 
solvolytic conditions. For example, 3/?-acetoxy-17a-
hydroxy-5a-pregnan-20/?-yl tosylate (5), on treatment 
with potassium acetate in aqueous acetone or with 
sodium iodide in acetone, gave 3/9-acetoxy-17a-methyl-
D-homo-5a-androstan-17a-one (6) as a principal 
product. While the epimeric 20a-tosylate (7) yielded 
3/2-acetoxy-17aa-methyl-D-homo- 5a - androstan - 17 - one 
(8).3) A solvolysis of 5a-pregnan-20/?-yl tosylate (9) gave 
17a-methyl-D-homo-5a-androstan-17a/?-yl tosylate (10) 
in a high yield.4) The formolysis of 3/?-acetoxy-5a-
pregnan-20a-yl tosylate (11), however, proceeds predom­
inantly without enlargement of the D-ring to afford 
17/?-methyl-18-nor-5a, 17a-pregn-13-en-3/?-yl acetate 
(12) as a main product.20) 

Since Mills determined the structures of triterpenes 
of dammarane-type isolated from " D a m m a r Resin,"5) 

AcO 

AcO 

R R' 
5 OAc OH 
9 H H 

R R' 
6 OAc 0 

10 H 0-OTs,a-H 

R 
7 OH 

11 H 

AcO 

GH. 

12 

a variety of investigations on the reactions of dammarane 
derivatives have so far been carried out.6»7) In order to 
examine the reaction of dammarane derivatives having 
a cationic center at G-20, following reactions have now 
been investigated : a) (205*)- and (20i?)-dammaran-20-ols 
(13 and 14) with acids, b) dammar-20(22)-en-23-one 
(15) with hydrochloric acid, c) 20,21- and 20,22-
epoxydammaranes (16 and 17) with boron trifluoride 
etherate, and d) hexanor- and pentanordammaran-20-
ols (18 and 19) with phosphoryl chloride. 

a) Reaction of (20S)- and (20K)-Dammaran-20-ols 
(13 and 14) with Acids. Although (20S)-dammaran-
20-ol (13)8> was easily prepared by Huang-Minion 
reduction of (205 ,)-20-hydroxydammaran-3-one (20)5b) 
derived from dipterocarpol (21),5 '6 a - d) the epimeric 
(20Z?)-alcohol (14) was synthesized from 13 via hexanor-
dammaran-20-one (22) or nordammaran-20-one (23).9) 

(20.S)-Dammaran-20-ol (13) was treated with phos­
phoryl chloride in pyridine to afford an olefin mixture, 
which was subjected to separation by silver nitrate-
impregnated silica gel T L C to give a mixture (ca. 1:1) 
of (20Ä)- and (205*)-dammar-13(17)-enes (24a and 24b; 
yield 3%) , a mixture of (£ ) - and (Z)-dammar-20(22)-
enes (25a and 25b; y. 65%) , and dammar-20-ene (26; 
y. 2 5 % ) . The structure of the former (24) was discussed 
below and those of the latter two (25 and 26) were 
determined by spectral data {cf. Experimental) and by 
their transformation into 22 and 23, respectively. The 
olefin mixture, without separation, was subjected to 
ozonolysis and the resulting mixture was separated by 
chromatography to afford hexanordammaran-20-one 
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20 R = 0 

21 R = 0 ; w i t h z l 2 4 

34 R = ß-OAc, oc-H 

18 R = OH 
0 

42 R = G(CH 2 ) 2 GH(GH 3 ) 2 

43 R = CI 

46 R = OTs 

a : ( E ) - i s o m e r 

t>: ( Z ) - i s o m e r 

0 

15 R = CCH2CH(CH3)2 

25 R = (CH 2 ) 2 CH(CH 3 ) 2 

37 R = CN 

38 R = C02CH3 

17 

16 

22 R = 0 

48 R = CH2 

19 

23 R = 0 

26 R = CH2 

a : (20R) 
b : ( 20S) 

24 R = H 0 

29b 

44 

35 R = ß-OAc, a-H 

27 13a-H 

28 13ß-H 

29a R = (CH 2 ) 3 CH(CH 3 ) 2 

47 R = CH, 

CHO 

36 a: (20R) 

TD: ( 2 0 S ) 

45 R = CH2GH3 

49 R = GH(CH 3 ) 2 

(22; 40%)8 '10) and nordammaran-20-one (23; 22%) , 
together with 13ai/-octanordammaran-17-one11) (27; 
0.4%) and octanordammaran-17-one11) (28; 1.7%). I t 
was therefore suggested that dammar-17 (20)-enes (29a 
and/or 29b) had also been present in a very small 
amount in the above olefin mixture.7) 

The structure of nordammaran-20-one (23) was 

confirmed by its conversion into dammaran-20-ols (13 
and 14). Nordammaran-20-one (23) was treated with 
methylmagnesium iodide in ether to give a mixture 
of the epimeric alcohols (13 and 14) in a ratio of 1: 2, 
while the Grignard reaction of hexanordammaran-20-
one (22) with l-bromo-4-methylpentane in tetrahydro-
furan gave the same mixture in a ratio of 11: 8. 
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The stereochemistry of the addition reaction of 
Grignard reagents to 20-keto steroids has been inves­
tigated. For example,12) the addition of methylmagne-
sium bromide to 3/?-acetoxy-21-nor-5a-cholestan-20-one 
(30) gave exclusively the corresponding (20R) -alcohol 
(31). O n the contrary, the (20S)-epimeric alcohol (32) 
was obtained by addition of 4-methylpentylmagnesium 
bromide to 3/?-acetoxy-5a-pregnan-20-one (33). T h e 
selectivity in these reactions seems to be at tr ibutable 
to the presence of the 13/?-methyl group in the steroid 
skeleton. T h e lower selectivity to form the (2QS)- or 
(20/?)-alcohol in the case of the dammarane derivatives, 
compared with the reaction of 20-keto steroids, could 
be explained by the absence of the 13/5-methyl group 
in the dammarane skeleton.9) 

OH 

H H 
30 31 

AcO'/sv^K> A C O < A N ^ K ^ 
H H 

32 33 

Mills showed that dammaranediol-II monoacetate 
(34) gave a mixture of isoeuphenyl acetate (35a) and 
isotirucallenyl acetate (35b) on treatment with 1 M 
sulfuric acid.5b> Tanaka et ß/.6e'13) reported acid treat­
ments of (206 ,)-dammaran-20-ol (13), (206*)-dammar-
24-en-20-ol, and of the corresponding 12-hydroxylated 
compounds to examine the epimerization at C-20. 

Dehydration reaction of the epimeric (206* )- and 
(20#)-dammaran-20-ols (13 and 14) catalyzed by 
various acids has now been investigated under various 
conditions, i) Treatment of (20.S)-dammaran-20-ol (13) 
in benzene with boron trifluoride etherate gave a 
hydrocarbon as a main product. This hydrocarbon was 
shown to be a mixture (ca. 1: 1) of (20R)- and (20S)-
dammar-13(17)-enes (24a and 24b) by the following 
evidence. A mixture of euphol (36a) and tirucallol 
(36b), extracted from Euphorbia kansui Liou.,14) was 
acetylated, hydrogenated, and then treated with 
hydrochloric acid in acetic acid according to the 
procedures described by Arigoni et ö/.,15) to yield a 
mixture of isoeuphenyl acetate (35a) and isotirucallenyl 
acetate (35b).15) This mixture (35a and 35b) was 
subjected successively to alkaline hydrolysis, Jones 
oxidation, and Huang-Minion reduction to afford a 
mixture of (20R)- and (206 ,)-dammar-13(17)-enes (24a 
and 24b), which was found to be identical with the 
hydrocarbon obtained by boron trifluoride etherate 
treatment of 13. The ratio (ca. 1:1) of 24a and 24b in 
the olefin mixture (24) was estimated from peak heights 
of the G-21 methyl signals (24a, Ô 0.94; 24b, Ô 0.90)16> 
and by gas chromatographic analysis. When (20R)-

dammaran-20-ol (14) was treated with boron trifluoride 
etherate in benzene, the same mixture (24a and 24b; 
ca. 1: 1) was formed. 

(20S)-Dammaran-20-ol (13) was then treated with the 
following conditions: ii) boron trifluoride etherate in 
dichloromethane at room temperature, iii) boron 
trifluoride etherate in acetic acid, iv) stannic chloride 
in benzene, v) picric acid in nitromethane,17) vi) 1 M 
sulfuric acid in acetic acid under reflux according to 
Mills' procedure,50) and vii) formic acid in acetone 
under reflux. Trea tment of (20i?)-dammaran-20-ol (14) 
with i) boron trifluoride etherate in benzene, ii) boron 
trifluoride etherate in dichloromethane, or with iii) 
trifluoroacetic acid, was also examined. In each case, . 
the same reaction products (24a and 24b) were obtained. 
When protic acids were used, the formation of 25 and 
26 was also observed. However, Lewis acid treatment 
afforded 24 as major products. 

Removal of the hydroxyl group at C-20 of 13 or 14 
by an acid catalyst may produce a cation at C-20. As 
this type of cation has rather a long life time, the 
hydrogen atom at C-17a can undergo 1,2-shift from 
both the back and the front sides of the cation, resulting 
in the formation of the epimeric mixtures at the C-20 
carbon atom. A C-13/? hydrogen atom is then removed 
to provide an unsaturated double bond C ( 1 3 )-C ( 1 7 ) , the 
position of which is considered to be the most stable 
one in the dammarane skeleton. 

b) Synthesis of Dammar-20(22)-en-23-one (15) and 
Reaction with Hydrochloric Acid. I t was unsuccessful 
to build up the side chain of 15 directly by the Wittig 
reaction of hexanordammaran-20-one (22) with dimeth­
yl 4-methyl-2-oxopentylphosphonate;18) an anion 
derived from the phosphonate was unreactive with the 
ketone (22) in dimethyl sulfoxide or in dimethoxyethane 
under reflux. Hexanordammaran-20-one (22), however, 
reacted with diethyl cyanomethylphosphonate in di­
methoxyethane using sodium hydride as a base. T h e 
reaction proceeded quantitatively to yield pentanordam-
mar-20(22)-ene-22-carbonitrile (37). Recrystallization 
from petroleum ether-ether furnished a major isomer, 
mp 179—180 °C, which was shown to be an (E) -isomer 
(37a) from the proton NMR 1 9 ) (cf. Experimental) and 
the 1 3 C-NMR spectral data (Table 1 ). An examination 
of the mother liquor showed also the presence of the 
(Z)-isomer (37b). 

T h e structure of the a,/?-unsaturated carbonitrile (37) 
was also supported by its conversion into the cc,ß-
unsaturated ester (38). The (E) -isomer of the carbo­
nitrile (37a) was treated with potassium hydroxide in 
boiling ethylene glycol followed by methylation with 
diazomethane to give a mixture of methyl (E)- and 
(Z)-tetranordammar-20(22)-en-23-oates (38a and 38b), 
which was separated by T L C into each isomer. 

The residual C-4 unit was then introduced to the 
te t ranordammarane skeleton (37a). Treatment of 37a 
with isobutylmagnesium bromide gave an imine, which 
was hydrolyzed in situ with aqueous ammonium 
chloride.20) The resulting products, consisting of (E)-
and (Z)-dammar-20(22)-en-23-ones (15a and 15b), 
were separated into each isomer by preparative T L C . 
Assignment of the geometry of the double bonds in 15a 
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and 15b was easily accomplished by N M R measure­
ment.21»22) The methyl group attached to an olefinic 
carbon atom at G-20 of the less polar (on TLC) isomer 
resonates at ô 1.79 (d, y = 1 . 5 Hz) and that of the more 
polar one at ô 2.05 (d, J=l Hz) . T h e methyl group 
resonating in the lower field can be assigned as that of 
the (E) -isomer (15a). 

T h e conformation of each enone (15a and 15b) was 
also inferred by the solvent effect on the chemical shifts 
of the proton N M R spectrum.213»23) In benzene-<sf6, the 
chemical shift of the C ( 2 1 ) -Me of the (£)-isomer (15a) 
was observed in the lower field (<5CDCI,—<3C.D„=— 0.14), 
although the olefinic proton resonated in the higher 
field (<5CDCI,—<5c,D.= +0 .03 ) . As for the (Z)-isomer 
(15b), both of the signals suffered appreciable upfield 
shifts (<3CDCI,—<5C.D.= + 0 . 1 5 for the methyl and + 0 . 1 2 
for the olefinic proton signals). These spectral data 
suggest the conformation depicted as in 15a-1 and 15b-1 
(not as in 15a-2 and 15b-2) for 15a and 15b, respective­
ly, in the solution. 

m/e 341 

15a-l 15b-l 

15a-2 15b-2 

Treatment of the (Zi)-isomer (15a) with />-toluenesul-
fonic acid in ether gave a mixture of the (E)- and (Z)-
isomers (15a and 15b). T h e (Z)-isomer (15b) also 
afforded the same mixture on the same treatment. 
Similar results were obtained upon treatment with boron 
trifluoride etherate. 

T h e (E)-isomer (15a) was refluxed with coned 
hydrochloric acid in ethanol. Two products were 
obtained in about equal amounts. T h e I R spectrum 
of the less polar product (on TLG) shows bands at 1700 
and 1600 c m - 1 and that of the more polar one at 1705 
c m - 1 . Mass spectra of both compounds closely resemble 
each other. These observations suggest the similarity 
of the whole structure of both compounds having a 
deconjugated double bond. Since N M R spectra show 
no olefinic proton, the presence of a tetrasubstituted 
double bond is suggestive. A carbonyl function at C-23 
is indicated by fragment peaks at m/e 369 and mle 57 
and also at m/e 341 and m/e 85. The location of the 
tetrasubstituted double bond is also suggested by the 
mass spectrum (cf. 39). The structure of the two 
products are therefore considered to be (20^) - and 
(20£2) -dammar-13(17)-en-23-ones (39). 

-CH3 -H 
m/e 311 * m/e 3 2 6 

-CH3 

m/e 284 

m/e 299 

m/e 85 

m/e 57 

m/e 369 

m/e 191 

39 

m/e 234 

Protonation at C ( 2 3 ) - 0 function of 15a provokes of a 
generation of a cationic center at G-20. Successive 
1,2-shift of a hydride from the C-17a to the G-20 carbon 
atom and deprotonation of G ( 1 3 ^ -H , or a mechanism 
involving 1,3-shift, would give rise to a tetrasubstituted 
double bond between G-13 and C-17. Direct protona­
tion at the double bond of 15a could also illustrate the 
formation of the cationic center at G-20. 

c) Synthesis of 20,21- and 20,22-Epoxydammaranes (16 
and 17) and Reaction with Boron Trifluoride Etherate. 
Epoxidation of dammar-20-ene (26) with w-chloroper-
benzoic acid in dichloromethane gave an epoxide (16). 
A signal due to two protons of the epoxide ring terminus 
appeared at ô 2.59 (br. s, WJ2 2 Hz) . As this epoxide 
was thought to be a mixture of (20S)- and (20Ä)-
configurations, it was reduced with lithium aluminium 
hydride in ether. (20.S)-Dammaran-20-ol (13) and 
(20/?)-dammaran-20-ol (14) were obtained in a ratio 
of 2 : 3. No formation of other alcohols was detected. 
Consequently, the epoxide mixture was suggested to 
consist of the (20S)- and (20i?)-20,21-epoxydammaranes 
(16) in a ratio of ca. 2 : 3. Further separation was not 
at tempted. 

Treatment of this mixture of epoxide (16) with boron 
trifluoride etherate in benzene at room temperature for 
10 min gave an aldehyde (40). Its I R (2680 and 1720 
cm- 1) and N M R [ô 9.55 and 9.68 (each ca. 0.5H, d, 
y = 3 Hz)] spectra suggested the presence of an aldehyde 
group attached to a secondary carbon atom. And the 
N M R spectrum also indicated the presence of a pair 
of C-20 isomeric aldehydes. 

Epoxidation of the mixture of dammar-20(22)-enes 
(25a and 25b) gave an epoxide mixture (17). An 
H P L G examination of 17 suggested the presence of 
four possible stereoisomers, one of which was the major. 
The mixture of the epoxides (17) including four stereo­
isomers was treated with boron trifluoride etherate in 
benzene at room temperature for 20 min. Three 
products were obtained after usual work-up. The 
least polar product (on TLG) showed bands at 2660 and 
1720 c m - 1 in its I R spectrum. Its mass spectrum 
showed peaks at m/e 428 (M+), 399 ( M - G H O ) , 357 
( M — C 5 H n ) , and 301 ( M - G 8 H 1 5 0 ) . These observa­
tions suggest the presence of a tertiary aldehyde function 
and lead to the structure of (20f1)-26,27-dinor-20,24-di-
methyldammaran-21-al [(20£j)-41] for this product. 
T h e spectral data of the second product [(20f2)-41] were 
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very similar to those of the first one. This fact indicates 
that these two products are epimers at C-20 each other. 
However, the configuration of each compound has been 
left undetermined. T h e most polar product showed a 
band at 1710 c m - 1 and peaks at mje 428 (M+), 357 
( M - C 5 H n ) , and 329 ( M - G 6 H n O ) . This product can 
be formulated as (20f)-dammaran-22-one (42) by 
these spectral data and mechanistic consideration. 

An attack of boron trifluoride etherate to the oxygen 
atom of the epoxide and subsequent ring opening by 
the G ( 2 0 )-O bond cleavage may generate the cationic 
center at C-20. In the former (16) case, a hydride at 
G-21 migrates to the C-20 carbon atom to afford the 
aldehyde (40). The configuration at C-20 must be 
determined by the original configuration of the epoxide : 
i.e., the hydride which migrates is considered to be 
introduced from the back side of the oxygen atom of the 
epoxide. In the latter (17) case, there are two possible 
migrating group, i.e., a hydrogen atom and an isopentyl 
group on the C-22 carbon atom. When the hydrogen 
atom migrates to C-20, it may result in formation of the 
ketone (42), while the aldehyde (41) may be obtained 
when the isopentyl group undergoes a 1,2-shift to C-20. 
Neither hydride shift from C-17a to C-20 nor C ( 1 7 ) -
C ( 1 3 o r 16) bond migration was observed. A factor of 
stabilization for the formation of a carbonyl group seems 
to be larger than that for an en-ol structure. Recently, 
similar results using cholestane derivatives have been 
reported by Ikekawa et al.24> and others.25»26) All the 
isomers of the 20(22)-epoxides were synthesized in­
dependently and their chemical reactions were discussed. 

d) Reaction of Hexanor- and Pentanordammarane 
Derivatives. Hexanordammaran-20-one (22) was 
reduced with sodium borohydride in ethanol to yield 
a mixture of alcohols (18) which could not be separated. 
This secondary alcohol (18) was dehydrated with phos-
phoryl chloride in pyridine to afford a mixture, which 
showed two spots on T L C of silica gel. The more polar 
product (on TLC) was shown to be a mixture of (205')-
and (20/?)-20-chlorohexanordammarane (43) {cf. Ex­
perimental) . T h e less polar part (hydrocarbon) showed 
one major peak along with two minor ones on G L C 
analysis. A signal due to an olefinic proton was ob­
served around ô 5.0 ppm (diffused). In order to 
determine the exact position of the double bond, a 
solution of this hydrocarbon mixture in carbon tetra­
chloride was treated with ruthenium tetraoxide in the 
same solvent at room temperature. O n separation by 
preparative T L C , octanordammaran-17-one (28) was 
obtained, which was identical with an authentic sam­
ple.115 A solution of the hydrocarbon mixture in dry 
tetrahydrofuran was subjected to hydroboration-oxida-
tion to yield hexanordammaran-20-ol (18). T h e forma­
tion of hexadammar-17(20)-enes (44) and of 43 from 
18 was therefore shown. 

Treatment of hexanordammaran-20-ol (18) with 
/>-toluenesulfonyl chloride in pyridine gave a tosylate 
(46). The tosylate (46) was passed through a column 
of silica gel to give a single product (45), mp 104—106 
°C, after recrystallization from methanol-chloroform. 
The elemental analysis and mass spectrum showed a 
molecular formula, C24H40, for this compound. The 

N M R spectrum showed the presence of an ethyl group 
and the absence of olefinic proton. In view of the 
above facts the most reasonable structure of this olefin 
is hexanordammar-13(17)-ene (45). 

Hexanordammaran-20-one (22) was methylated with 
methylmagnesium iodide in ether to give a tertiary 
alcohol (19). T h e alcohol (19) was dehydrated with 
phosphoryl chloride in pyridine to afford two hydro­
carbons, which were separated by preparative T L C on 
silver nitrate-impregnated silica gel. T h e less polar 
product could be formulated as pentanordammar-
17(20)-ene (47) from its N M R spectrum showing the 
presence of an isopropylidene group. T h e N M R 
spectrum of the more polar product indicated the 
presence of an isopropenyl group; this led to the structure 
of pentanordammar-20-ene (48) for this hydrocarbon. 

Treatment of the alcohol (19) with boron trifluoride 
etherate in benzene at room temperature for 1 h fur­
nished two products. T h e more polar product (on 
TLC) was identical with 48. The N M R spectrum of 
the less polar product showed the presence of an iso-
propyl group and the absence of olefinic proton; the 
structure of pentanordammar-13(17)-ene (49) was 
suggested for this product. 

These characteristic dehydration reactions are mainly 
dependent on both of the acids and the solvents used. 
When a base such as pyridine is present in the reaction 
system, a proton adjacent to a hydroxyl group is easy 
to be abstracted. I t is known that dammarane-type 
triterpenes having a normal side chain produce 20(22)-
and 20-enes as major products5) (vide supra). However, 
when the side chain is small, a base such as pyridine 
can abstract the hydrogen atom at C-17a to afford a 
17(20)-ene. This is the remarkable difference between 
the two. In the case of boron trifluoride etherate, a 
hydride shift and a subsequent deprotonation can occur 
to yield the more stable 13(17)-ene, as the life time of the 
cationic center is longer. 

Although all the reactions were attempted for aiming 
at the chemically induced rearrangements of the C-20 
cation of the dammarane-type into baccharane-type 
skeleton, neither tertiary cation nor secondary cation 
at C-20 underwent such rearrangement. 

13C-NMR Spectra. Recently, O. Tanaka and 
his co-workers reported the assignments of carbon 
signals of dammarane-type triterpenes and discussed 
the chemical shift difference between (205*)- and (20/?)-
dammarane-12,20-diol derivatives.27,28) Remarkable 
differences were observed owing to a hydrogen bonding 
between C c l 2 ) - O H and C ( 2 0 ) -OH groups. 

We examined the 1 3 C-NMR spectra of some dam­
marane derivatives without C ( 3 )-oxygen function. The 
assignment of carbon signals of dipterocarpol (21) by 
O. Tanaka et al.28) made it possible to assign the 
C(24) and C (25) carbon atoms of dihydrodipterocarpol 
(20; (206 ,)-20-hydroxydammaran-3-one). T h e accu­
racy of the assignment was confirmed by the hexanor 
derivative (22). Signals due to C ( 1 )—C ( 6 ) , CC28), 
and C (29) of (20S)- and (20JR)-dammaran-20-ols (13 
and 14) were easily assigned by considering the addi-
tivity and the effects of substituents and also from 
comparison of the spectra from compound to compound. 
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T A B L E 1. 1 3 C-NMR CHEMICAL SHIFTS, <5C, OF SOME DERIVATIVES OF DAMMARANE-TYPE IN C D C l ^ 

G-1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

212) 

39^9 
34.0 

217.6 
47.3 
55.3 
19.6 
34.5 
40.3 
50.0 
36.8 
22.0 
25.4 
42.3 
50.2 
31.2 
27.5 
49.7 
16.0a> 
15.2a> 
75.1 
24.8 
40.6 
22.6 

124.8 
131.2 
25.7 
17.7 
26.7 
21.0 
16.3 

20 

39.9b> 
34.0 

217.8 
47.3 
55.4 
19.7 
34.6 
40.3 
50.1 
36.8 
22.1 
25.6 
42.4 
50.3 
31.2 
27.6 
49.7 
16.0a> 
15.2a> 
75.2 
24.8 
41.2 
21.5 
39.8b> 
28.0 
22.7 
22.7 
26.7 
21.0 
16.4 

13 
20(5) 

40.6°) 
18.7 
42.2e> 
33.4 
57.0 
18.7 
35.3 
40.6 
50.8 
37.5 
21.5 
25.6 
42.2 
50.4 
31.2 
27.6 
49.8 
16.2a> 
15.6a> 
75.3 
24.8 
41.1 
21.5 
39.8 
28.0 
22.7 
22.7 
33.4 
21.5 
16.5 

14 
20(A) 

4076=) 
18.6 
42. lc> 
33.4 
57.0 
18.6 
35.3 
40.6 
50.7 
37.4 
21.4 
25.3 
42.1 
50.1 
31.0 
27.6 
49.6 
16.2a> 
15.6a> 
75.5 
23.9 
42.4 
21.1 
39.7 
28.0 
22.7 
22.7 
33.4 
21.5 
16.4 

S-Ä3> 

0 
+ 0.1 
+ 0.1 

0 
0 

+ 0.1 
0 
0 

+ 0.1 
+ 0.1 
+ 0 . 1 
+ 0 . 3 
+ 0 . 1 
+ 0 . 3 
+ 0.2 

0 
+ 0.2 

0 

0 
- 0 . 2 
+ 0 . 9 
- 1 . 3 
+ 0.4 
+ 0.1 

0 
0 
0 
0 
0 

+ 0.1 

22 

40.7e) 
18.6 
42.1c> 
33.4 
57.0 
18.6 
35.5 
40.7 
50.8 
37.5 
21.1 
25.7d> 
45.2 
50.1 
31.5 
25.9d> 
54.3 
15.9a> 
15.6a> 

211.9 
29.9 
— 
— 
— 
— 
— 
— 
33.4 
21.5 
16.2 

37a 

40.8°) 
18.6 
42.2e) 
33.4 
57.0 
18.6 
35.4 
40.8 
50.9 
37.6 
21.1 
24.9 
45.8 
49.9 
31.6 
27.9 
49.9 
15.9a> 
15.7a> 

168.3 
18.3 
94.5 

117.5 
— 
— 
— 
— 
33.4 
21.6 
16.3 

a,b,c,d) Assignments may be reversed in each vertical column. 1) F T measurement conditions were 
as follows : spectral width, 4000 Hz ; acquisition time, 1.0 s; number of data points, 8192; pulse 
width, 3 [LS. 2) Ref. 28. 3) Difference of the chemical shift values (<5C) between (205')-dammaran-

s tandard (ô value) and coupling constants in Hz . 13G N M R 
spectra were recorded on a J E O L J N M FX-60 F T N M R 
spectrometer a t 15.04 M H z in CDC13 with T M S as an internal 
reference (<5C O) in 8-mm spinning tube. Gas chromatography 
(GLC) was carried out using Shimadzu 4A-PF or CG-2C 
equipped with a hydrogen flame ionization detector. Liquid 
Chromatograph Model A L C / G P C 202/401 (Waters Assoc.) 
was used for high performance liquid chromatography 
( H P L C ) ; Co lumn: (x-PORASIL 1/8 (inch) X 1 (foot); Solvent 
system: 1 or 10% ether -hexane ; Flow r a t e : 1.0 or 1.2 ml/ 
min ; Pressure: ca. 500 psi ; with an R I or U V detector at 
room tempera ture . Th in layer chromatography (TLC) was 
carried out on Kieselgel PF2 5 4 (E. Merck) or Wako Alumina 
B-10F (Wako) in 0.25 or 0.5 m m thickness. Wakogel C-200 
(Wako) was used for column chromatography. 

(20S)-Dammaran-20-ol (13). A mixture of (20S)-20-
hydroxydammaran-3-one5 b> (20; 8 g), potassium hydroxide 
( 4 g ) , hydrazine hydrate (ca. 100%; 3.5 g) , and diethylene 
glycol (60 ml) was refluxed for 1.5 h. After removal of excess 
hydrazine and water , the reaction mixture was heated under 
reflux for 4 h . I t was poured into water and extracted with 
chloroform five t imes. The extracts were combined, washed 
with water and br ine, dried over magnesium sulfate, and 
evaporated to give a residue. T h e residue was crystallized 
from methanol to furnish (20S)-dammaran-20-ol (13; 5.5 g) as 

20-ol (13) and (20Ä)-dammaran-2-ol (14). 

T h e u n s a t u r a t e d c a r b o n i t r i l e (37a) w a s d e d u c e d to b e 
p u r e (vide supra), s h o w i n g 26 p e a k s . 

T h e c h e m i c a l shift d i f ference b e t w e e n t h e (20S)-
a n d (20.fi) - i somers w a s v e r y s m a l l e x c e p t for G ( 2 1 ) 

a n d G ( 2 2 } c a r b o n a t o m s as d e s c r i b e d b y O . T a n a k a 
etal.2*) ( T a b l e 1) . 

E x p e r i m e n t a l 

General Procedures. All melting points were measured 
on a Mel- temp capillary melting point appara tus (Laboratory 
Devices) and uncorrected. Opt ical rotations were determined 
in chloroform solutions on a J A S C O Polarimeter DIP-SL. 
Ultraviolet absorption (UV) spectra and infrared (IR) spectra 
were measured on a Hi tachi EPS-2 and a Hitachi EPI-G2 
spectrometer, respectively. Mass (MS) spectra were run on 
a Hitachi RMU-6-Tokuga ta mass spectrometer and high 
resolution mass spectra on a Hitachi R M H - 2 mass spectro­
meter operat ing at 70 eV with a direct inlet system. T h e 
relative intensity was expressed in % in the parentheses. 
Proton nuclear magnetic resonance ( N M R ) spectra were 
taken in deuteriochloroform (CDC13) using a Hitachi R-20B 
(60 M H z ) , a J E O L J N M PS-100 (100 M H z ) , or a J E O L 
J N M FX-60 spectrometer. Chemical shifts were expressed 
in p p m downfield from tetramethylsilane (TMS) as an internal 

20.fi
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white crystals; m p 86—87 °C (lit,8) 85 °C) ; [ a ] D + 3 6 ° (c 1.4) 
(lit,8) + 3 4 . 6 ° ) ; I R (KBr) 3570 and 3450 c m - 1 ; N M R Ô 0.81 
—0.97 ( 7 x M e ) and 1.14 (3H, s, C ( 2 0 ) - M e ) ; M S m/e 415 
( M - 1 5 ; 2), 412 ( M - 1 8 ; 5 ) , 397 (6), 345 (21), 327 (6), 302 
(30), 287 (15), 231 (17), and 191 (100); Found : C, 83.39; H , 
12.49%. Calcd for C 3 U H 5 4 0 : C, 83.65; H , 12.64%. 

Dehydration of ( 20$) -Dammaran- 20-ol (13). Phosphoryl 
chloride (2 ml) was added portion wise to a solution of (205)-
dammaran-20-ol (13; 574 mg) in pyridine (20 ml) at 0 °G. 
After standing overnight at room temperature , the reaction 
mixture was poured into ice—water and extracted with petro­
leum ether five times. T h e combined extracts were washed 
with 2 M hydrochloric acid, water , and with brine, dried over 
magnesium sulfate, evaporated, and passed through a short 
column of silica gel to give a residue (511 m g ; y. 9 3 % ) ; I R 
(film) 1630 and 885 c m - 1 ; N M R Ô 1.52 ( M e - C = C H - ) , 4.68 
(H 8C=C-) , and 5.10 ( M e - C = C H - ) . 

T h e residue was chromatographed on a column of silica 
gel (60 g) impregnated with silver ni trate (10 g) and eluted 
with petroleum ether (each 50 ml) . Frs. 3—6 afforded a 
mixture (ca. 1:1) of (20R)- and (205)-dammar-13(17)-enes 
(24a and 24b; 17 mg, y. 3 % ; spectral d a t a are registered 
later), frs. 8—20 a mixture of ( £ ) - and (Z)-dammar-20(22)-
enes (25a and 25b; 357 mg, y. 6 5 % , after crystallization from 
pentane) , and frs. 26—61 gave dammar-20-ene (26; 135 mg, 
y. 2 5 % ) . Mixture of (E)- and (Z)-dammar-20(22)-enes (25) : 
amorphous solid, I R (film) 1650 and 860 cm" 1 ; N M R ô 1.53 
(3H, br. s, M e - C = C H - ) and 5.10 (1H, t, J=ca. 6 H z ; M e -
C = C H ) ; MS m/e 412 (M+; 17), 397 (5), 380 (4), 328 (21), 
313 (8), 299 (8), 286 (21), 273 (12), 259 (25), 231 (46), and 
191 (100); M W Found : 412.4216. Calcd for C 3 0H 5 2 : 412.4066. 
This mixture was inferred to consist of t he (E)- and (Z ) -
isomers20) by silver ni trate-impregnated silica gel T L C exami­
nation. However separation into each isomer was unsuccess­
ful. Dammar-20-ene (26) : an oil, I R (film) 3060, 1635, and 
885 c m - 1 ; N M R ô 0.84—1.00 ( 7 x M e ) and 4.70 (2H, br. s, 
Wl/2 3 H z ; H 2 C = C - ) ; M S m/e 412 (M+; 14), 397 (6), 380 (2), 
342 (8), 327 (4), 300 (6), 299 (6), 286 (9), 259 (7), 239 (6), 
231 (42), and 191 (100). 

Nordammaran-20-one (23) and Hexanordammaran-20-one (22). 
The reaction mixture, obtained by dehydrat ion of (205)-
dammaran-20-ol (13; 11.5 g) was dissolved in dichlorometh-
ane (300 ml) and a slow stream of ozone was bubbled through 
the solution kept at —78 °G for 2.5 h. After s tanding at 
room temperature for 1 h , acetic acid (200 ml) and zinc dust 
(5 g) were added under cooling. The solution was allowed 
to stand overnight at room tempera ture , concentrated to half 
volume, poured into water , and was extracted with ether. 
Usual work-up furnished a residue (ca. 10 g) , which was 
chromatographed on a column of silica gel (950 g) and eluted 
with the following solvent system: frs. 1—29, petroleum ether; 
frs. 30—35, petroleum ether-benzene (20: 1); frs. 36—69, 
(15: 1); frs. 70—107, (5 : 1). From frs. 41—68 n o r d a m m a r a n -
20-one (23; 2.4 g, y. 22%) was eluted and from frs. 72—94 
hexanordammaran-20-one (22; 3.7 g, y. 4 0 % , after crystalli­
zation from methanol) was obtained. 13<x//-Octanordam-
maran-17-one11) (27; 32 mg, y. 0.4%) and oc tanordammaran-
17-one") (28; 155 mg, y. 1.7%) were eluted from frs. 95—100 
and frs. 101—107, respectively. Nor dammaran-20-one (23) : 
gum, [<x]D + 6 5 ° (c 0.81); I R (film) 1700 c m - 1 ; N M R ô 0.81 
—1.00 ( 7 x M e ) ; M S m/e 414 (M+; 8), 399 (6), 329 (3), 301 
(42), and 191 (100); M W Found : 414.3739. Calcd for C29-
H 5 0 O : 414.3858. Hexanordammaran-20-one (22): m p 130—131 
°C (lit,8) 110—130 °C; lit,10) 121—132 °C) ; [a ] D + 6 0 ° (c 1.3) 
(lit,8) + 6 1 . 7 ° ; lit.10) + 6 0 ° ) ; I R (KBr) 1705 and 1165cm- 1 : 
N M R Ô 0.82, 0.87, 0.87, 0.90, and 1.00 (each 3H, s, /-Me) 
and 2.16 (3H, s, - C O M e ) ; MS m/e 344 (M+; 7), 329 (9), 

305 (60), 231 (4), 219 (9), 205 (13), and 191 (100); Found : 
C, 83.66; H , 11.90%. Calcd for C 2 1 H 4 0 O: C, 83.65; H , 
11.70%. 

Grignard Reaction of Nordammaran-20-one (23) with Methyl 
Iodide. An ethereal solution of methyl magnesium iodide 
was prepared from magnesium (300 mg) and methyl iodide 
(1.5 g) in dry ether under a nitrogen atmosphere. To this 
solution was added at room temperature a solution of nordam-
maran-20-one (20; 466 mg) in ether (8 ml) . T h e mixture was 
stirred at reflux tempera ture for 1 h and then at room tem­
perature for 2 h. After decomposition by addition of saturated 
ammonium chloride solution, the reaction product was ex­
tracted with ether. T h e organic solution was washed with 
water, 5 % sodium hydrogencarbonate solution and then with 
brine and dried over magnesium sulfate. The solvent was 
removed to give a residue, which was chromatographed over 
silica gel. O n elution with petroleum ether-benzene (5 : 1), 
(205)-dammaran-20-ol (13; 106 mg) and (20Ä)-dammaran-
20-ol (14; 233 mg) were obtained. 

Grignard Reaction of Hexanordammaran-20-one (22) with 4-
Methylpentyl Bromide. T o the Grignard reagent prepared 
from 4-methylpentyl bromide (bp 146—149 °C ; 1.5 g) and 
magnesium in dry tetrahydrofuran was added hexanordam-
maran-20-one (22; 340 mg) in tetrahydrofuran. T h e whole 
was heated under reflux for 30 min and stirred 3 h at room 
temperature . The same t reatment as mentioned above afford­
ed (205)-dammaran-20-ol (13; 108 mg) and (20Ä)-dammaran-
20-ol (14; 80 mg) , together with the start ing material (22; 13 
mg) and an unidentified olfin mixture (114mg) . (20$)-
Dammaran-20-ol (13): m p 86—87 °C. Other physical and 
spectral d a t a are given above. (20K) -Dammaran-20-ol (14) : 
Amorphous solid, [a] D + 3 2 ° (c 2 .0) ; I R (KBr) 3600 and 
3460 (br) c m - 1 ; N M R ô 0.80—0.96 ( 7 x M e ) and 1.11 (3H, 
s, C ( 2 0 ) - M e ) ; M S m/e 412 (M—18) and 191 (base peak) ; High 
resolution M S m/e 412.3978. Calcd for C30H52 ( M - H 2 0 ) : 
412.4066. 

Acid-catalyzed Dehydration of (20S) -Dammaran-20-ol (13). 
i) With Boron Trifluoride Etherate in Benzene: T o a solution 
of (205)-dammaran-20-ol (13; 10 mg) in anhydrous benzene 
(0.5 ml) , boron trifluoride etherate (1 ml) was added at room 
temperature with stirring. After 15 min, 10% sodium hydro­
gencarbonate solution was added to the reaction mixture, 
which was extracted with benzene. T h e benzene extract was 
washed with 10% sodium carbonate solution, water , and then 
with brine and evaporated after drying over magnesium 
sulfate. T h e residue was subjected to separation by prepara­
tive T L C ( S i 0 2 - A g N 0 3 ; developed with petroleum ether) to 
give a mixture (10.3 m g ; R{ ca. 0.7) of (20i?)- and (205)-
dammar-13(17)-enes (24a and 24b) as a ma in product . (20-
R ) - and (20S)-Dammar-13( 17)-enes (24a and 24b): an oil; 
I R (film) 1460, 1380, and 1360 c m - 1 ; N M R Ô 0.80—0.88 
( 6 x M e ) , 0.90 (ca. 1.5H, d, y = 7 H z ; C ( 2 0 ) - M e of 24b)1«), 
0.94 (ca. 1.5H, d, 7 = 7 H z ; C ( 2 0 ) - M e of 24a j1 6) , and 1.08 
(3H, s, / -Me), neither olefinic proton nor olefinic methyl 
signal was observed; M S m/e 412 (M+), 397, 327, 299, 220, 
205, and 191 (base peak ) ; and G L C examinat ion showed 
tha t the mixture consisted of 24a (Rt 4.8 min) and 24b (Rt 

5.2 min) in a rat io of ca. 1: 1 [column: SE 30 ( 0 . 7 % ) , 1.5 
m ; column tempera tu re : 250 °G; carrier gas flow ra te : N 2 , 
27 ml /min] . 

ii) With Boron Trifluoride Etherate in Dichloromethane: A 
solution of 13 (19 mg) in dichloromethane (3 m l ; purified 
by passing through a column of A1203) was treated with 
boron trifluoride etherate (1 ml) at room tempera ture for 15 
min with agitation. Usual t reatment gave the same mixture 
(24a and 24b; 11 mg) , whose I R and N M R spectra were 
identical with those of the specimen above obtained. 
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Hi) With Boron Trifluoride Etherate in Acetic Acid: A solu­
tion of 13 (9.5 mg) in acetic acid (2 ml) was treated with 
boron trifiuoride etherate (0.7 ml) at room temperature for 
15 min with stirring. T h e same reaction products (24a and 
24b) were obtained quantitatively after usual t reatment . 

iv) With Stannic Chloride in Benzene: T o a solution of 13 
(10.8 mg) in anhydrous benzene (1 ml) was added anhydrous 
stannic chloride (ca. 0.3 ml) with stirring at room temperature 
for 20 min. After the same t rea tment , the same reaction 
mixture (24a and 24b; 9.7 mg) was obtained. 

v) With Picric Acid in Nitromethane: T o a solution of 
13 (11 mg) in ni t romethane (1 m l ; dried over calcium 
chloride) containing 5 drops of dichloromethane, was added 
a solution of picric acid (12.8 mg) in ni t romethane (1ml ) 
with stirring at room tempera ture for 8 days. Usual t rea tment 
gave a residue, which was chromatographed over silica gel. 
Fractions eluted with petroleum ether were combined and 
subjected to separation by preparat ive T L C ( S i 0 2 - A g N 0 3 ; 
developed with petroleum ether) . As amain product the 
same hydrocarbon mixture (24a and 24b; 5.1 mg) was 
obtained. T h e formation of dammar-20-ene (26) and dam-
mar-20(22)-ene (25) was also shown by T L C . 

vi) With Sulfuric Acid in Acetic Acid. A solution of 
13 (13.1 mg) in glacial acetic acid (2 ml) containing sulfuric 
acid ( I M ; 0.2 ml) was heated under reflux for 2 h . After 
cooling, the reaction mixture was poured into ice-water and 
extracted with petroleum ether. T h e organic layer was 
worked up in a usual manner to yield the same reaction 
product (24a and 24b). T h e formation of 25 and 26 was 
also observed. 

vii) With Formic Acid in Acetone. A solution of 13 
(6.1 mg) in acetone (3 ml) containing formic acid (99%, 0.5 
ml) was heated under reflux for 17 h. T h e reaction mixture 
was treated as usual to give a residue, which was subjected 
to separation by preparat ive T L C (S iO a -AgNO a ) . A mixture 
of (20Ä)- and (20.S)-dammar-13(17)-enes (24a and 24b; 1.2 
mg), dammar-20(22)-ene (25; 2.1 mg) , and dammar-20-ene 
(26; 0.3 mg) were isolated. 

Acid-catalized Dehydration of ( 20K)-Dammaran-20-ol (14). 
(20i?)-Dammaran-20-ol (14) was treated with acids at room 
temperature under conditions described below and the reac­
tion mixture was worked up as in the case of 13. In each case, 
a mixture of (20Ä)- and (20£)-dammar-13(17)-enes (24a and 
24b) was obtained as a main produc t : i) A solution of 14 
(15.7 mg) in anhydrous benzene (0.5 ml) with boron triflu­
oride etherate (1 ml) for 15 min ; ii) A solution of 14 (12.2 
mg) in dichloromethane (2 ml) with boron trifluoride etherate 
(1 ml) for 15 min ; iii) 14 (7.7 mg) with trifluoroacetic acid 
(1 ml) for 20 min. 

Mixture of (20R)- and (20S)-Dammar-13( 17)-enes (24a and 
24b). A mixture of isoeuphenyl acetate (35a and iso-
tirucallenyl acetate (35b) was prepared from a mixture of 
euphol (36a) and tirucallol (36b) according to the known 
procedures. 15> Alkaline hydrolysis, Jones oxidation, and suc­
cessive Huang-Minion reduction of this mixture (35a and 
35b; 36 mg) by the usual manne r gave a mixture (ca. 1: 1) of 
(20Ä)- and (20S)-dammar-13(17)-enes (24a and 24b; 5.5 mg) , 
which was identical ( IR , M S , and TLC) with a specimen 
(vide supra) obtained by acid-catalyzed rearrangement of (20-
S)- and (20JR)-dammaran-20-ols (13 and 14). T h e N M R 
spectra of these specimens (derived from 35, 13, and 14) were 
virtually identical in respect to numbers of signals and their 
ô-values except their relative intensities. 

Pentanordammar-20(22)-ene-22-carbonitrile (37). Sodium 
hydride ( 5 0 % ; 297 mg) and dry dimethoxyethane (ca. 10 ml) 
were placed in a flask and diethyl cyanomethylphosphonate 
(624 mg) was added with stirring at room temperature under 

a nitrogen atmosphere. After 30 min hexanordammaran-20-
one (22; 493 mg) in dry dimethoxyethane (ca. 5 ml) was added 
to the solution of the anion and stirring was continued for 
18 h. T h e reaction mixture was poured into water and 
extracted with ether five times. T h e organic layer was washed 
with 2 M hydrochloric acid, water , and brine. After drying 
over magnesium sulfate, the solvent was removed to give a 
residue, which was crystallized from petroleum ether-ether to 
yield a white crystalline product (164 mg) of (is)-pentanor-
dammar-20(22)-ene-22-carbonitrile (37a). T h e mother liquor 
was subjected to separation by column chromatography on 
silica gel (100 g ; elution with benzene) and by preparative 
T L C to furnish the addit ional (-E)-isomer (37a; 315 mg, 
recrystallized from petroleum ether; total 479 mg, y. 91%) 
and (Z)-isomer (37b). (E)-Pentanordammar-20(22)-ene-22-car-
bonitrile (37a): m p 179—180 °C; I R (KBr) 2200, 1615, and 
815 c m - 1 ; N M R Ô 1.99 (3H, d, 7 - 1 H z ; Me-C=CHCN) and 
5.09 (1H, br. s, Wlh 3 H z ; Me-Ç=CHCN) 1 9>; M S m/e 367 
(M+; 68), 352 (45), 231 (37), 191 (100), and 137 (92); Found: 
C, 84.77; H , 11.04; N , 3 .79%. Calcd for C2 6H4 1N: C, 84.95; 
H , 11.24; N , 3 .81%. (Z)-Pentanordammar-20(22)ene-22-carbo-
nitrile (37b): amorphous solid; N M R ô 1.82 (3H, d, 7 = 1 
Hz, M e - Ç = C H C N ) and 5.09 (1H, br. s, W1/2 3 H z ; M e -
Ç=CHCN).1 9) 

Methyl (E)- and (Z)-Tetranordammar-20(22)-en-23-oates (38a 
and 38b). (£)-Pentanordammar-20(22)-ene-22-carboni-
trile (37a; 315 mg) and potassium hydroxide (2 g) in ethylene 
glycol (80 ml) were refluxed under a nitrogen atmosphere for 
6.5 h. T h e reaction mixture was poured into ice-water and 
extracted with chloroform four times. After usual work-up, a 
residue, without purification, was dissolved in ether and treated 
with diazomethane at 0 °C for 4 h. Usual work-up gave a 
residue, which was chromatographed on a column of silica gel 
(100 g) . Solvent system (petroleum ether-benzene, 10: 1— 
10:2) was used for elution (each 50 ml) . Frs. 21—30 gave 
an (E)- and (Z)-mixture (195 mg) and frs. 31—40 afforded 
the (is)-isomer (16 mg) . T h e mixture was further separated 
by preparat ive T L C into each isomer. The (is)-isomer was 
combined with the crops (16 mg) above obtained, and recrys­
tallized from methanol to give methyl (E)-tetranordammar-
20(22)-en-23-oate (38a; 41 mg) , m p 87.5—88 °C; I R (film) 
1720, 1635, and 8 6 0 c m - 1 ; N M R ô 2.10 (3H, d, 7 = 1 H z ; 
M e - C = C H - ) , 3.68 (3H, s, - C O O M e ) , and 5.67 (1H, br. s, 
Wl/2 3 H ; M e - C = C H - ) ; M S m/e 400 (M+; 7), 385 (4), 369 
(3), 231 (32), and 191 (100); Found : C, 80.75; H , 11.35%. 
Calcd for C 2 7 H 4 4 0 2 : C, 80.94; H , 11.07%. The (Z)-isomer 
fraction was crystallized from methanol to afford 41 mg of 
methyl (Z)-tetranordammar-20(22)-en-23-oate (38b); m p 174— 
174.5 °C ; I R (KBr) 1720, 1630, and 855 c m - 1 ; N M R ô 1.82 
(3H, d, 7 = 1 H z ; M e - C = C H - ) , 3.66 (3H, s, - C O O M e ) , and 
5.69 (1H, q-like, 7 = 1 H z ; M e - C = C H - ) ; MS m/e 400 (M+; 
36), 385 (9), 369 (5), 368 (7), 231 (48), and 191 (100); Found: 
C, 81.00; H , 11.36%. Calcd for C 2 7 H 4 4 0 2 : C, 80.94; H , 
11.07%. 

(E)- and (Z)-Dammar-20( 22)-en-23-ones (15a and 15b). 
Magnesium powder (150 mg) and dry ether (ca. 1 ml) were 
placed in a flask under nitrogen atmosphere. Isobutyl bromide 
(809 mg) was added with stirring carefully so tha t the reaction 
proceeded smoothly a t room temperature . After 1 h, ether 
was distilled off and anhydrous benzene (ca. 10 ml) was 
poured into the Grignard reagent. The (£ ,)-a,/3-unsaturated 
carbonitrile (37a; 24 mg) in anhydrous benzene (ca. 1 ml) 
was added portionwise to the Grignard solution and stirred 
at room tempera ture for 45 min. T h e solution was refluxed 
for 6 h and allowed to stand at room temperature overnight. 
The reaction mixture was poured into a mixture of ice and 
saturated aqueous ammonium chloride solution, and extracted 
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with ether three times. T h e organic layer was washed with 
water and brine, dried over magnesium sulfate, and evapo­
rated to dryness. T h e residue was separated by preparat ive 
T L C to give (Z)-dammar-20(22)-en-23-one (15b; 4 mg, y. 
14%) and (£)-dammar-20(22)-en-23-one (15a; 11 mg, y. 
4 0 % ) , respectively. (Z)-Dammar-20(22)-en-23-one (15b): an 
oil, I R (film) 1685, 1610, and 980 c m - 1 ; N M R Ô 1.79 (3H, 
d, J = 1 . 5 H z ; M e - C = C H - ) , 2.22 (2H, d, 7 = 2 Hz, - C O -
C H 2 - C H ) , and 6.03 (1H, q-like, 7 = 1.5 H z ; M e - C = C H -
G O - ) ; M S m/e 426 (M+; 95), 411 (5), 369 (9), 314 (6), 300 
(11), 299 (11), 205 (51), 191 (63), 153 (51), and 95 (100); 
M W Found: 426.3808. Calcd for C 3 0 H 5 0 O: 426.2858. (E)-
Dammar-20(22)-en-23-one (15a) : an oil, I R (film) 1680 and 
1605 c m - 1 ; N M R Ô 2 .05 (3H, d, 7 = 1 H z ; M e - C = C H - ) , 
2.23 (2H, d, 7 = 1.5 H z ; - C O - C H 2 - C H - ) , and 6.02 (1H, 
br. s, Wlh 3 H z ; M e - Ç = C H - C O ) ; M S m/e 426 (M+; 15), 
411 (2), 369 (13), 341 (3), 326 (2), 274 (2), 259 (3), 191 (55), 
153 (88), and 95 (100); MW Found : 426.3806. Calcd for 
C 3 0 H 5 0 O: 426.3858. 

Acid Treatment of (E)-Dammar-20(22)-en-23-one (15a). 
T o a solution of (£)-dammar-20(22)-en-23-one (15a; 23 mg) 
in ethanol (5 ml) was added 8 M hydrochloric acid (0.5 ml) 
and the whole was refluxed for 18 h. The reaction mixture 
was poured into ice-water and extracted with ether three 
times. Usual work-up gave a residue, which was separated 
by preparative T L C to afford (20^j)-dammar-13(17)-en-
23-one [(20£x)-39; 7 mg] and (20£2)-dammar-13(17)-en-
23-one [(20£2)-39; 7 mg] as major products. (20Ç1)-Dam-
mar-13(17)-en-23-one [(20ÇJ-39]: an oil, I R (film) 1700 and 
1600 cm- 1 ; N M R ô 0.92 (3H, d, 7 = 7 Hz) and 3.06 (1H, m ) ; 
MS m/e 426 (M+; 11), 411 (3), 341 (8), 326 (34), 311 (6), 
299 (10), 297 (11), 284 (31), 245 (7), 234 (26), 221 (42), 191 
(100), 121 (85), 85 (57), and 57 (63). ( 20 ̂ )-Dammar-13 ( 17)-
en-23-one [(20ÇJ-39]: an oil, I R (film) 1705cm- 1 ; N M R ô 
0.96 (3H, d, 7 = 7 Hz) and 3.03 (1H, m ) ; M S m/e 426 (M+; 
9), 411 (2), 341 (9), 326 (26), 311 (5), 299 (6), 297 (8), 284 
(21), 245 (6), 234 (28), 221 (42), 191 (100), 121 (82), 85 (64), 
and 57 (76). 

20,21-Epoxydammarane (16). T o a solution of d a m m a r -
20-ene (26; 163 mg) in d ichloromathane (10 ml) , m-chloro-
perbenzoic acid (214 mg) in dichloromethane (10 ml) was 
added at 0 °C and the reaction mixture was stirred for 1 h. 
After 10% aqueous sodium sulfite (3 ml) was added, the 
mixture was extracted with ether and the organic layer was 
washed with 10% aqueous sodium carbonate and brine, and 
dried over magnesium sulfate. T h e solvent was removed to 
afford an epoxide (178 mg) . This epoxide is extraordinary 
labile and easily decomposed dur ing storage. 20,21-Epoxy-
dammarane (16) : an oil, I R (film) 1080, 1040, and 855 cm" 1 ; 
N M R ô 0.82—0.97 ( 7 x M e ) and 2.59 (2H, br. s, Wl/2 2 H z ; 
C ( 2 1 ) - H ) ; MS m/e 428 (M+; 20), 413 (5), 410 (12), 395 (5), 
380 (7), 343 (6), 300 (27), 205 (31), 192 (62), and 191 (100); 
M W Found: 428.3969. Calcd for C 3 0 H 5 2 O: 428.4015. 

Reduction of 20,21-Epoxydammarane (16) with Lithium Alumi­
nium Hydride. 20 ,21-Epoxydammarane (16; 3.1 mg) was 
reduced with l i thium aluminium hydride in ether under 
reflux for 1.5 h and left at room temperature overnight. 
Usual work-up and preparat ive T L C furnished (20/?)-dam-
maran-20-ol (14; 1.8 mg) and (20S)-dammaran-20-ol (13; 
1.2 mg) . 

Dammaran-21-al (40). A solution of 20,21 -epoxydam-
marane (16; 25 mg) in dry benzene (5 ml) was treated with 
boron trifluoride etherate (1 drop) at room tempera ture for 
10 min. After addit ion of 10% aqueous sodium hydrogen-
carbonate, usual work-up furnished dammaran-21-a l (40) as 
an oil. This aldehyde was also labile. Dammaran-21-al (40) : 
I R (film) 2680 and 1720 c m - 1 ; N M R ô 0.82—0.94 ( 7 x M e ) , 

9.55 and 9.68 (each ca. 0.5H, d, 7 = 3 H z ) ; M S m/e 428 (M+; 
2) , 413 (3), 300 (32), 285 (6), 205 (15), and 191 (100); MW 
Found : 428.4000. Calcd for C 3 0 H 5 2 0 : 428.4015. 

20,22-Epoxydammarane (17). T o a solution of d a m m a r -
20(22)-ene (25; 74 mg) in dichloromethane (15 ml) , m-chlo-
roperbenzoic acid (81 mg) in dichloromethane (10 ml) was 
added at 0 °C. After stirring for 30 min at 0 °C, 10% 
aqueous sodium sulfite (10 ml) was added. Extraction with 
dichloromethane and usual work-up gave an epoxide (75 
mg) . 20,22-Epoxydammarane (17): an oil. I R (film) 980, 880, 
and 790cm- 1 ; N M R Ô 1.19 (C ( 2 0 ) -Me) and ca. 2.6 (m, C ( 2 2 ) -
H ) ; M S m/e 428 (M+; 25), 413 (3), 410 (3), 399 (3), 395 (2), 
385 (1), 357 (3), 325 (5), 311 (5), 300 (25), 299 (27), 285 
(12), 231 (10), 205 (31), and 191 (100); MW Found : 428.4046. 
Calcd for C 3 0 H 5 2 O: 428.4016. An examinat ion by H P L C 
revealed tha t this epoxide consisted of four isomers, one (tR 

11.8 min) of which was the major product ( H P L C : \x-
P O R A S I L , 1% e ther -hexane , l .Oml /min ; tR 9.0, 10.8, 11.8, 
and 13.7 min) . 

Treatment of 20, 22-Epoxydammarane (17) with Boron Trifluo­
ride Etherate. 20,22 Epoxydammarane (17; 73 mg) in dry 
benzen (7 ml) was treated with boron trifluoride etherate (0.5 
ml) at room temperature for 20 min. T h e solution was poured 
into water and extracted with ether. After usual work-up a 
residue (65 mg) was obtained, which was separated by pre­
parat ive T L C to afford (20^1)-26,27-dinor-20,24-dimethyl-
dammarane-21-a l [(20£x)-41; 6 mg] , (20£2)-26,27-dinor-20,-
24-dimethyldammaran-21-al [(20£2)-41; 3 mg] , and (20£)-
dammaran-22-one (42; 25 mg) , together with a small quanti ty 
of hydrocarbons. ( 20 £1)-26,27-Dinor-20,24-dimethyldammaran-
21-al [(20ÇJ-41]: an oil, I R (film) 2660 and 1720cm" 1 ; 
N M R ô 9.41 (1H, s, - C H O ) ; M S m/e 428 (M+; 3), 413 (3), 
399 (5), 385 (2), 357 (2), 329 (2), 301 (20), 300 (22), 285 (10), 
205 (22), 192 (51), and 191 (100); MW Found : 428.3951. 
Calcd for C 3 0 H 5 2 O: 428.4014. (20£j-26,27-Dinor-20,24-
dimethyldammaran-21-al [(20ÇJ-4Ï] : an oil, I R (film) 2660 and 
1720 c m - 1 ; N M R ô 9.41 (1H, s, - C H O ) ; M S m/e 428 (M+). 
(20£)-Dammaran-22-one (42): an oil, I R (film) 1710 c m - 1 ; 
N M R Ô 0.82—0.95 ( 7 x M e ) , 1.07 (3H, d, 7 = 7 Hz) , and 
2.41 (3H, m ) ; M S m/e 428 (M+; 2) , 413 (3), 357 (1), 329 
(2), 300 (46), 285 (16), 205 (53), 192 (100), and 191 (76); 
MW Found : 428.3942. Calcd for C 3 0 H 5 2 O: 428.4015. 

Hexanordammaran-20-ol (18). Hexanordammaran-20-one 
(22; 230 mg) in ethanol was treated with sodium borohydride 
(107 mg) and allowed to s tand at room tempera ture for 4 h . 
T h e excess of the reagent was decomposed by addit ion of 
acetic acid, and the reaction mixture was extracted with 
ether. After usual work-up, the residue was crystallized from 
ethanol to furnish a mixture of hexanordammaran-20-ols (18; 207 
mg), m p 116—118.5 °C; I R (film) 3350 (br) c m - 1 ; N M R 
ô 0.81—0.98 ( 5 x M e ) , 1.11 and 1.21 (each ca. 1.5H, s; C ( 2 0 )-
Me) , and 3.70 (1H, m, C ( 2 0 ) - H ) ; M S m/e 346 (M+; 8), 331 
(5), 328 (4), 313 (6), 301 (35), 191 (88), and 109 (100); 
Found: C, 83.29; H , 12.02%. Calcd for C 2 4 H 4 2 0 : C, 83.17; 
H , 12.22%. This mixture was inferred to consist of the (205)-
and (20/2)-isomers from the N M R da t a . However, separation 
into each isomer was unsuccessful. 

Dehydration of Hexanordammaran-20-ol (18) with Phosphoryl 
Chloride. T o a solution of hexanordammaran-20-ol (18; 
36 mg) in pyridine (3 ml) , phosphoryl chloride (0.3 ml) was 
added portionwise at 0 °C. After stirring for 4 h , the solution 
was poured into ice-water and extracted with ether three 
times. Usual work-up and separation by preparat ive 
T L C gave crude hydrocarbon (44; 17 mg) and a chloride 
mixture (43; 10 mg) . Mixture of (20S)- and (20K)-20-Chlo-
rohexanordammaranes (43) : m p 114—115 °C (crystallized from 
C H 2 C l 2 - M e O H ) , I R (KBr) 645 c m - 1 ; N M R ô 1.48 (3H, d, 
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J=7 H z ; C( 2 0 ) -Me) and 3.46 and 4.17 (each ca. 0.5H, q-like, 
7 = 7 H z ; G C 2 0 ) - H ) ; MW Found : 364.3002 and 366.2898 (in 
a rat io of ca. 3 : 1 ) . Calcd for C2 4H4 1C1: 364.2895 and 
366.2866. Crude Hydrocarbon (44): an oil, I R (film) 1635, 
840, 820, and 810 c m - 1 ; N M R Ô ca. 5.0 (1H) ; M S m/e 328 
(M+; 28), 313 (13), 299 (8), 205 (44), 192 (77), and 191 (100). 
This crude hydrocarbon showed one major peak (Rt 4.1 min) 
accompanied by two minor peaks in G L C analysis (SE-30, 
0 . 7 % ; 200 °C ; N 2 flow ra t e : 55 ml/min) . Crude 44, without 
further separation, was subjected to the following reactions. 

Oxidation of the Crude Hydrocarbon (44) with Ruthenium Tetra-
oxide. A solution of the crude hydrocarbon (44; 16 mg) 
in carbon tetrachloride was added to a solution of ruthenium 
tetraoxide (10 mg) in carbon tetrachloride with stirring and 
the stirring was continued for 2 h at room temperature . 
After addition of isopropyl alcohol (0.5 ml) , ru thenium dioxide 
was filtered off and the filtrate was evaporated. T h e residue 
was separated by preparat ive T L C to afford octanordam-
maran-17-one11) (28; 3.4 mg) as a major product. 

Hydroboration of the Crude Hydrocarbon (44). A solution 
of the crude hydrocarbon (44; 7 mg) in dry tetrahydrofuran 
(2 ml) was treated with diborane in tetrahydrofuran at 0 °C 
for 40 min and then at room tempera ture for 30 min. After 
10% aqueous sodium hydroxide solution (6 ml) and 3 0 % 
hydrogen peroxide (3 ml) were added, the solution was allow­
ed to s tand at 60 °C for 1 h. Usual t rea tment gave hexanor-
dammaran-20-ol (18) {vide supra). 

Tosylation of Hexanordammaran-20-ol (18). A solution of 
hexanordammaran-20-ol (18; 422 mg) and /»-toluenesulfonyl 
chloride (540 mg) in pyridine (10 ml) was stored in a refrig­
erator for 20 days. T h e solution was poured into ice-water 
and extracted with ether. Usual work-up furnished a residue, 
which was crystallized from pentane to give a tosylate (46) 
as an oil, I R (film) 1190, 1180, 900, 810, and 655 c m - 1 ; N M R 
Ô 2.42 and 2.47 (total 3H, each s, - O S 0 2 - C 6 H 4 M e ) , ca. 4.26 
(1H, dq , J= 12 and 6 H z ; M e - C H - O T s ) , and 7.28 and 7.72; 
7.34 and 7.86 (total 4 H , each ABq, J = 8 H z ; - O S 0 2 - C 6 -
H 4 Me) . 

Treatment of the Tosylate (46) with Silica Gel. T h e tosylate 
(46) prepared from hexanordammaran-20-ol (18; 84 mg) and 
/»-toluenesulfonyl chloride (96 mg) in pyridine was passed 
through a column of silica gel (10 g), Elution with petroleum 
ether-benzene (10:1) and crystallization from methanol-chlo-
roform gave hexanordammar-13 ( 17)-ene (45; 40 mg,) as a sole 
product ; m p 104—106 °C, I R (KBr) 1630 c m - 1 ; N M R ô 
0.93 (3H, t , / = 7 H z ; C ( 2 1 ) -H) and 1.08 (3H, s, C ( 1 4 a ) - M e ) ; 
M S m/e 328 (M+; 51), 313 (16), 299 (12), 273 (5), 260 (7), 
205 (54), 192 (79), and 191 (100); Found : C, 87.66; H , 
12.19%. Calcd for C2 4H4 0 : C, 87.73; H , 12.27%. 

Pentanordammaran-20-ol (19). T o a solution of methyl-
magnesium iodide prepared from magnesium powder (94 mg) 
and methyl iodide (400 mg) in dry ether, hexanordammaran-
20-one (22; 88 mg) was added at room temperature with 
stirring. After refluxing for 2 h, the reaction mixture was 
poured into a mixture of ice and saturated aqueous ammo­
nium chloride, and extracted with ether three times. Washing 
with water and brine, drying over magnesium sulfate, and 
evaporation gave a residue (73 mg) of pentanordammaran-20-ol 
(19), m p 138—138.5 °C (crystallized from M e O H ) , I R (KBr) 
3450 c m - 1 ; N M R ô 0.83, 0.86, 0.86, 0.91, and 0.99 (each 3H, 
s, /-Me) and 1.19 (6H, s, M e 2 C - O H ) ; M S m/e 360 (M+; 
trace), 345 (1), 342 (6), 327 (4), 302 (11), 287 (5), 191 (100), 
and 95 (93); Found: C, 81.08; H , 12.80%. Calcd for 
C 2 5 H 4 4 0 .1 /2 H 2 0 : C, 81.23; H , 12.27%. 

Dehydration of Pentanor dammar an-20-ol (19) with Phosphoryl 
Chloride. T o a solution of pentanordammaran-20-ol (19; 
19 mg) in pyridine, phosphoryl chloride (27 drops) was added 

at 0 °C. After stirring at room temperature for 4 h, the solu­
tion was poured into ice—water and extracted with ether three 
times. Usual t reatment and separation by preparative T L C 
( S i 0 2 - A g N 0 3 ) furnished pentanordammar-17(20)-ene (47; 
l l m g ) and pentanordammar-20-ene (48; 8 mg) . Pentanor-
dammar-17(20)-ene (47): amorphous solid, I R (KBr) 1630 
c m - 1 ; N M R ô 0.83, 0.88 (each 6H , s, / -Me), 1.00 (3H, s, 
/ -Me), and 1.58 (6H, br. s, M e 2 C = C - ) ; MS m/e 342 (M+; 17), 
327 (3), 299 (11), 273 (8), 192 (31), 191 (37), 121 (83), and 
95 (100) ; MW Found : 342.3285. Calcd for C2 5H4 2 : 342.3284. 
Pentanor dammar-20-ene (48) : amorphous solid, I R (KBr) 3060, 
1635, and 885 c m - 1 ; N M R à 0 .81, 0.89, 0.99 (each 3H, s, 
/ -Me), 0.86 (6H, s, / -Me), 1.67 (3H, d, J=\ H z ; Me-C= 
CH 2 ) , and 4.65 (2H, d, 7 = 1 H z ; M e - C = C H 2 ) ; MS m/e 342 
(M+; 7), 327 (4), 299 (3), 231 (31), 191 (100), and 95 (65); 
MW Found: 342.3285. Calcd for C2 5H4 2 : 342.3284. 

Treatment oj'Pentanordammaran-20-ol (19) with Boron Trifluoride 
Etherate. A solution of pentanordammaran-20-ol (19: 
22 mg) in benzene (3 ml) was treated with boron trifluoride 
etherate (0.6 ml) at room temperature for 1 h. To the 
solution was added 10% aqueous sodium hydrogencarbonate 
solution and the reaction mixture was extracted with ether 
three times. After usual t reatment and separation by pre­
parat ive T L C ( S i 0 2 - A g N 0 3 ) , pentanordammar-13(17)-ene 
(49; 9 mg) and pentanordammar-20-ene (48; l l m g ) were 
obtained. P entanordammar-13 ( 17)-ene (49) : amorphous solid, 
I R (KBr) 1630 c m - 1 ; N M R Ô 0.81 (6H, s, /-Me), 0.86, 0.87 
(each 3H, s, / -Me), 0.93, 0.98 (each 3H, d, 7 = 7 H z ; 
M e 2 C H - Ç = Ç - ) , and 1.09 (3H, s, C ( 1 4 a ) - M e ) ; MS m/e 341 
(M+; 32), 327 (5), 299 (23), 205 (41), 191 (67), 121 (89), 
and 95 (100); MW Found : 342.3432. Calcd for C2 5H4 2 : 
342.3284. 

T h e a u t h o r s w i sh to t h a n k Professor G . Our i s son , 
U n i v e r s i t é L o u i s P a s t e u r , S t r a s b o u r g , for a gene rous 
gift of d i p t e r o c a r p o l , a n d Professor Y . H i r a t a a n d D r . 
D . U e m u r a , N a g o y a U n i v e r s i t y , for a k i n d s u p p l y of 
ex t r ac t s f rom Euphorbia kansui L i o u . T h e a u t h o r s 
a r e also g ra te fu l to D r . N . N a k a m u r a , t h e U n i v e r s i t y of 
T o k y o , for 1 3 C - N M R m e a s u r e m e n t . 
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The Mechanism of NAD(P)H Reduction Reactions 
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The mechanism of reduction reactions by 1,4-dihydronicotinamides is investigated from the theoretical point 
of view of the electron configuration and orbital interactions for many systems. The following conclusions are 
drawn: (1) The reactions are situated near the one-electron-transfer region in the mechanistic spectra dependent 
on the donor-acceptor property of the reactants; (2) the hydride-equivalent transfers involved, whether concerted 
or not, proceed more or less in accordance with the nature of the sequential electron-proton-electron shift rather 
than via direct hydride-ion transfer; (3) the paradoxical frontier orbital interaction between the o-LUMO of C4-H of 
1,4-dihydronicotinamides and the LUMO of substrates is significantly involved in the transfer of the protonic 
entity. Pseudoexcitation is classified into Type I, where the normal HOMO-LUMO interaction remains important 
in addition to the LUMO-LUMO and HOMO-HOMO interactions, and Type II, where the HOMO-LUMO 
interaction contributes little. The NAD(P)H reduction reactions are predicted to belong to Type II. 

The roles of nicotinamide-adenine dinucleotide 
(NAD+) and its phosphoric acid derivative (NADP+), 
and their reduced form (NAD(P)H) in enzymic oxida­
tion-reduction reactions have been interesting subjects 
not only in biochemistry, but also in organic chemistry.1) 
These coenzymes catalyze similar reactions. Here 
they can be considered together. The enzymic reactions 
involve the transfer of a hydride equivalent between 
the pyridine nucleus in the coenzymes and substrates, 
generally formulated as in Eq. 1. The reduction 
reaction is regarded as a special case of further simplified 
process in which a hydride equivalent is transferred 
from an allylic position of one molecule to an unsatu­
rated atom of another molecule (Eq. 2). 

Theoretically of interest are the fact that no bonds 
form between the usually very reactive n bonds of 
1,4-dihydronicotinamide groups and unsaturated sub­
strates, and the nature of the hydride-equivalent shift. 
In this paper we shall present a qualitative molecular 
orbital argument to disclose underlying factors which 
differentiate the hydride-equivalent shift from the ene 
reaction (Eq. 3). The mechanism of NAD(P)H 
reduction reactions is inferred from the theoretical results. 

$T • I 
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CH * I —» (? + "î <2) 

il y \ — y 

Theoret ica l 

The reaction we are interested in is a bimolecular 
reaction between electron-donating unsaturated com­

pounds with a reactive a bond at the allylic position and 
electron-accepting unsaturated compounds. The weak 
interaction between the a bond (M) and the n bond 
(D) in the donor allows us to suppos'e our reaction to be 
a termolecular interaction of M, D, and the acceptor n 
bond (A).2-3) 

Let the ground-state wavefunction, W, be a linear 
combination of the electron configurations, $ K s, con­
structed by using the molecular orbitals of each system, 
i.e., 

¥ = J}CK<PK. (4) 
K 

T h e electron density, p ( l ) , is then given by 

P(l) = E CfrKtK{l) + 2 2 CKCL9K,L{\), (5) 
K K>L 

PA-.A-O) = n\<3?2
Kdv2 ••• ùonàax ••• dcr„, 

?K, i ( l ) = A^Ka>Ldv2 ••• d^doi ••• do„. 

Electron dereal iza t ion, responsible for the formation 
of covalent bonds, comes from the H O M O - L U M O 
interaction or from the mixing of the electron-trans­
ferred configuration, D+A~, into the initial configura­
tion, DA.4) The frontier orbital interaction contributes 
both to stabilizing the system and to accumulating 
electrons in the intermolecular region where bonds 
occur.5) I t may be a good approximation in our quali­
tative arguments to take into consideration the reorgan­
ization of the electronic structure due to electron 
transfer or promotion from H O M O to L U M O . 

A further selection of configurations is possible from 
the point of view of intermolecular electron density. 
The density fraction, PK,K, is approximated as the sum 
of the squares of the occupied orbitals in <î>K- This 
term has little to do with the intermolecular electron 
density. Some p^.i's contain a product of two orbitals 
which belong to different molecules. These terms 
contribute significantly to the intermolecular density. 
Such a pair of configurations, K and L, should be 
obtained from each other by shifting an electron from 
one molecule to another. Figure 1 displays the con­
figuration pairs (see Appendix). 

Suppose that the donor-acceptor property of D and 
A is less significant. The ground-state wavefunction 
can then be approximated as a linear combination of 
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Fig. 1. Electron configuration pairs responsible for inter-
molecular electron density. 

M D A and M D + A - (Eq. 6), 

V — CMDA*MDA + CMD^-^MD^-) (CMDA>CMD+A-)- (6) 

The intermolecular density is due to the orbital overlap 
between d and a*, i.e., the first term in PMDA,MD+A 
(Eq. A7). For this donor-acceptor relation, bond 
formation neither between M and D nor between M 
and A is expected, while an attractive interaction gives 
rise to the association of D and A. The geometrical 
structure favoring the d-a* interaction was previously 
shown to be a three-centered interaction such as l .6 - 8) 
No reactions of interest are likely to occur. 

V — ^MDA^MDA + CMD+A-*MD+A~ + Q+DA-^VDA-

+ CM-D+A*M-D+A + QD*A*MD*A + CMDA**MDA*> (7) 

V^MD A — ^'MD+A_^>^'M+D A" — Q T D + A — C"MD*A — ^MDA*) • 

The coefficients, CMDA and CMD+A-, are larger than 
any others. Of pr imary concern are the configurations 
which contribute to the intermolecular density by 
means of the interactions with M D A or M D + A - (Eqs. 
A7—A13). 

The most important interaction remains the one 
between M D A and M D + A - or between d and a*. A 
favorable geometry must resemble 1, although the 
additional interactions singled out above may modify it. 
Most interesting is the interaction between M D + A - and 
M+DA - , since the weights of both configurations 
increase to a greater extent as the energy levels lower 
with an increase in the electron-acceptability of A. This 
interaction delocalizes the electrons from M to D 
through the m-d overlap (Eq. A10). T h e removal of the 
bonding electrons from m results in a weakening of the 
a bond. T h e concurrent bond-lengthening lowers the 
m* level, increasing the ability of M to accept electrons 

m * d J 

-e-e-
m d 

m* d» a » n * 

o t 
•e-e-

-e-e-
' -e-e 
m d a 

M D V M+DA" 

Scheme 1. 

(Scheme 1). The M - D + A configuration is then allowed 
to mix effectively. The interaction of M - D + A with 
M D + A - , involving the m*-a* overlap (Eq. A l l ) , leads 
to the structural change from 1 to a transient six-
membered-ring state, 2. As a result, the key orbital 
interaction occurs among d, a*, and m*. Ene reactions 
(Eq. 3) take place in this donor-acceptor region.3) 

© 

Second, let the power of A increase. The energy 
level of M D + A - then lowers and approaches that of 
M D A so closely that both configurations contribute 
comparably to the ground-state wavefunction. The 
comparable contribution of M D + A - accompanies an 
appreciable mixing-in of K's which have a large matrix 
element with MD+A - .9) The M+DA - , M - D + A , 
MD*A, and M D A * configurations are here taken into 
consideration. The mixing-in of ditransferred con­
figurations, M + D + A - - , M D + + A - - , and M - D + + A - , 
may be negligible because of the large energetical 
separation from M D A and M D + A - . T h e ground-
state wavefunction is then approximated to be 

Finally, let us discuss the nature of the interaction 
with the more powerful A. The weights of M D + A -

and M + D A - increase further while the weight of M D A 
decreases. Consequently, the M - D + A configuration 
contributes to a greater extent. The ground-state 
wavefunction is then approximated as 

¥ - CMD+A-*MD+A- + CM+DA-3>M+DA- + CM-D+A$M-D+A, (8) 

(OtD-^A-^^M+DA- — CM~D+A) . 

T h e main configuration is M D + A - . The significant 
interactions are those with MD+A - , i.e., the MD+A - -
M - D + A and M D + A - - M + D A - interactions. T h e 
m*-a* orbital overlap involved in the M D + A - -
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M _ D+A interaction (Eq. A l l ) is responsible for the 
hydride-equivalent transfer, while the d-m orbital 
overlap involved in the MD+A _ -M+DA _ interaction 
(Eq. A10) contributes to rc-bond formation between D 
and M. It should be noted that the PMDA,MD+A~ t e r m 
predominantly responsible for D-A bonding disappears, 
since CMDA —0. T h e extreme stabilization of M D + A -

disfavors the bond formation between D and A, although 
D and A are presumably bound through the Coulombic 
attraction. This difference from the preceding cases 
characterizes the reactions of powerful A's. T h e key 
orbital interaction is illustrated in 3. The reactions for 
this donor-acceptor region take place via an almost 
one-electron transfer prior to the transfer of H as a 
protonic entity, with no cy-bond formation between the 
n bonds of the reactants. 

Coulombic 
attraction 

cf 
OS 

% • • • " 

m" 

I t was proposed that the chemical processes signifi­
cantly involving the H O M O - H O M O (D+A--DA*) 
and/or L U M O - L U M O (D+A~-D*A) interactions(s) 
even on the ground-state potential energy surface be 
termed "pseudoexcitation."9) Attention was not paid 
to whether or not the H O M O - L U M O interaction 
remains important in addition to the H O M O - H O M O 
and L U M O - L U M O interactions. The pseudoexcita­
tion is here proposed to be classified into Types I and I I . 
Type I involves the H O M O - L U M O interaction 
significantly, while Type I I does not (Fig. 2). T h e 
hydride-equivalent shift belongs to Type I I (see 3), 
while the ene reaction belongs to Type I (see 2). 

I 

î \ 
Type I Type II 

Fig. 2. Pseudoexcitation. 

D i s c u s s i o n 

From the preceding theoretical arguments on the 
prototype reaction, it can be suggested that the reduc­
tion of unsaturated bonds by 1,4-dihydronicotinamides 
occurs more or less in accordance with the nature of 
the sequential electron-proton-electron shift. The 
hydride-equivalent shift is likely to occur in a concerted 
manner if the reaction is favored by the donor-acceptor 

property and other properties. In the transition state, 
hydrogen migrates as a protonic entity from the cationic 
dihydronicotinamides to the anionic substrates (4 and 
5), but not as a hydride anion, as was proposed by 
Westheimer et al.10) 

•*-x 

bii 
a1 

©Y 

Coulombic 
attraction 

When substrates are not such powerful acceptors as 
to induce the Type I I pseudoexcitation, the reactions 
fall in the Type I pseudoexcitation region. At least 
one bond forms between the n bonds of dihydronicotin­
amides and substrates. In fact, acrylonitrile reacts with 
1,4-dihydropyridines to give the ene reaction product 
(Eq. 9),u> while alkylidene- and arylmethylene-malono-
nitriles are reduced.12) Another example of the bond 
formation between the n bonds is the 2 + 2 cycloaddition 
reaction with dimethyl acetylenedicarboxylate (Eq. 
10).13> 

H R1 

\ / 

II II 
i 

R2 

H H 

i 
R1 

+ CH,=CHCN 

R1 

A CHCN 
V N / X C H 3 

R2 

(9) 

+ CH302CC=GCOaCH3 

H H 

CH„0,Cv X ^R2 
l 3 w 2 u \ . 

CH,O aC / _ - \ N / 
i 

Ri 

(10) 

The hydride-equivalent shift may be intercepted or 
retarded by a radical ion-pair intermediate when more 
powerful acceptors are employed, or when reaction 
conditions—for example, the temperature and solvent, 
favor the formation and existence of the intermediate. 
Ohno and Kito14> employed the ESR spectroscopic 
technique to demonstrate the nature of the sequential 
electron-proton-electron shift in the reduction of 
thiobenzophenone by 1,4-dihydronicotinamide. The 
ESR signal of the thiobenzophenone anion radical was 
detected at a low temperature (77K); the signal faded 
on warming to room temperature, giving rise to a new 
signal ascribable to the thiyl radical (Eq. 11). The 
competition between the reduction and the radical 
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» [ ( . ' ) +• Ph2CH5 (11) 

reaction observed by Dittmer and Fouty15) is understood 
in terms of two mechanisms near the one-electron 
transfer region. At least one kinetically important 
intermediate suggested recently16 '17) is likely to be an 
ion-radical-pair complex. 

Catalysts may affect the reaction course and the 
efficiency through changing the donor-acceptor prop­
erty. For example, Lewis acids enhance the electron 
acceptability of carbonyl compounds by coordination to 
the carbonyl oxygen. Metal cations were found to 
assist the reduction of carbonyl compounds.18-20) This 
may be explained in terms of the TZ* orbital of the 
carbonyl function being energetically lowered by the 
positive charge of metal cations.21) A similar positive-
charge effect may also be responsible for the enhanced 
reactivity of carbonyl groups with an intramolecular 
hydrogen bond.10»20,22) The phenolic proton involved 
provides the carbonyl oxygen with the electrostatic field. 
In contrast, 1-benzyl-1,4-dihydropyridines were found 
to be activated by an anionic group in the ortho position 
of the 1-benzyl substituent.23) The negative charge may 
elevate the rc-HOMO of the dihydropyridines. 

Metal cations can catalyze the reduction reaction in 
another way, in which the cations are involved in 
cyclic interaction with dihydronicotinamides and sub­
strates (6). In the cyclic interaction the lone-pair orbital 
on the nitrogen and the C=C bond of dihydronicotin­
amides are electron-donors, while the C 4 - H bond, the 
unsaturated bond of substrates, and metal cations are 
acceptors. T h e orbital-phase requirements for stabiliza­
tion2'3) are satisfied if the metal cation provides the 
cyclic interaction with a low-lying vacant p- or d-
orbital. The catalytic reduction should be carefully 
investigated with this possibility in mind.24) 

Other possible effects of catalysts should also be noted. 
Some reactions, favored by the donor-acceptor property 
under uncatalyzed conditions, may be retarded or 
inhibited if the opt imum D-A relation is destroyed by 
added metal cations which coordinate onto 1,4-dihydro-
nicotinamides or substrates.25) 

© 
""OS 

„9 @Y 
os^tid-OM^ © ©-

The theoretical results suggest that the mechanistic 
features of the reactions of dihydronicotinamides with 
unsaturated molecules change from one to another. The 
reduction mechanism can be predicted to be situated 
near the one-electron transfer region (Type I I pseudo-
excitation). Consequently, photochemical and catalytic 
reactions are expected to be of synthetic utility. A 
useful acceptor of hydride equivalents, 2,3-dichloro-5,6-
dicyano-/>-benzoquinone,26) is now available to us. The 
reagents which are more electron-donating than 1,4-
dihydronicotinamides and which are similar in structure 
are promissing candidates as effective donors of hydride 
equivalents. 

The authors wish to express their thanks to Professor 
Kenichi, Fukui of Kyoto University for his helpful 
discussion, and to Professor Atsuyoshi Ohno of Kyoto 
University for his stimulating discussion and for the 
personal communication of his results prior to publica­
tion. The present work was partially supported by a 
Grant-in-Aid from the Ministry of Education (No. 
139012). 

Appendix 

The configuration functions in Fig. 1 and the electron-
density fractions are as follows. The letters, m, d, and a, 
are used to denote the HOMO's of M, D, and A. The 
asterisk stand for the LUMO of each system. 

*MDA = ^\m(l)m(2)d(3)d(4)a(5)ä(6)\ 

* 
1 

K|«(l)ffl(2)«*(3)rf(4)a(5)«(6)| MD+A" = TTToT 
+ |i»(l)m(2)</(3)ä*(4)a(5)5(6)|} 

1 

(M) 

(A2) 

$M+DA"
 = -r^m{laHl)mi2)d{3)d{4H5)ä{6)l 

+ |«(l)«*(2)rf(3)5(4)«(5)ä(6)|} (A3) 

*M-D+A = V'gVël^1 w(1)a(2)m*(3)rf(4)a(5)g(6) ' 
+ |»i(l)m(2)rf(3)«*(4)a(5)ä(6)|} (A4) 

= ^=7g r{|«(l)«i(2)rf*(3)rf(4)a(5)ä(6)| 

+ |m(l)OT(2)rf(3)rf*(4)fl(5)ä(6)|} (A5) 

* * 
1 K|«(l)«(2)rf(3)rf(4)«*(5)ï(6)| MDA ~ V 2V6Ï 

+ |m(l)»i(2)</(3)d(4)a(5)fl*(6)|} (A6) 

PMDA,MD*A- = V T [ ^ * + ( 2 w 2 + ^ 2 + 2 « 2 ) w 

- ma*Smä. - mdsma* - aa*sd&] + (A7) 

PMDA,M+DA- = V~2{.ma*+(m* + 2dz + 2a*)smll* 

- da*smd - mdsda* - aa*smJ + (A8) 

PMDA,M-D*A = V I [ ^ + ( 2 ' « 2 + ( /
2 + 2fl2)Vd 

- ™*asi& - dasm*„ - wm%md] + ( A9) 

PMD+A-,M+DA- = -[md + (m* + d* + 2az + a**)sm<1 

- 2/na*yda* - 2da*smll* - masdll - dasmJ + (A 10) 

PMD+A-,M-D+A = m*a*+(2m2 + d2 + 2a2)sm*&* 

— mm*sma*—aa*sm\ + m*dsdSL* + da*sm*d (A l l ) 
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PMD*A-,MD*A = </*a*+(2m2 + </2 + 2 < z 2 ) w 

- mrf*yma* - ma*sm<1*+dd*sdB* - oa*jd*a ( A12 ) 

PMD*A-,MDA* = -[da+(2m* + d* + a* + a**)sdli 

— mdsmSi — masmii—2aa*slia*] (A 13) 

References 

1) For example see T . C. Bruice and S. J . Benkovic, 
"Bioorganic Mechan ism," Benjamin, Vol. 2, New York, 
N . Y. (1966), Chap . 9. 

2) K. Fukui and S. Inagaki , J. Am. Chem. Soc, 97, 4445 
(1975). 

3) S. Inagaki , H . Fujimoto, and K . Fukui , J. Am. Chem. 
Soc, 98, 4693 (1976). 

4) K. Fukui, Fortschr. Chem. Forsch., 15, 1 (1970). 
5) a) H . Fujimoto, S. Yamabe , and K . Fukui , Bull. Chem. 

Soc. Jpn., 44, 2936 (1971); b) K. Fukui , 23rd Intern . Con­
gress of Pure and Applied Chemistry, Butterworths, Vol. 1, 
London (1971), pp . 65—89. 

6) a) S. Inagaki , S. Yamabe , H . Fujimoto, and K. Fukui, 
Bull. Chem. Soc Jpn., 45 , 3510 (1972); b) S. Inagaki and 
K. Fukui, J. Am. Chem. Soc, 97, 7480 (1975). 

7) D. M . Hayes and R. Hoffmann, J. Phys. Chem., 76, 656 
(1972); S. Inagaki and K. Fukui , Bull. Chem. Soc. Jpn., 46, 
2240 (1973). 

8) R . Sustman, A. Ansmann, and F. Vahrenholt , J. Am. 
Chem. Soc, 94, 8099 (1972). 

9) S. Inagaki , H . Fujimoto, and K. Fukui , J. Am. Chem. 
Soc, 97, 6108 (1975). 

10) R. H . Abeles, R. F. Hu t ton , a n d F. H . Westheimer, 
J. Am. Chem. Soc, 79, 712 (1957). 

11) R. A. Sulzbach and A. F. M . Iqba l , Angew. Chem., 83 , 
758 (1971). 

12) K. Wallenfels, W. Ertel, and K. Friedrich, Justus 
Liebigs Ann. Chem., 1973, 1663. 

13) R. M . Acheson, N . D . Wright , a n d P. A. Tasker, J. 
Chem. Soc, Perkin Trans. 1, 1972, 2918. 

14) A. O h n o and N . Ki to , Chem. Lett., 1972, 369. 
15) D . C. Dit tmer and R. A. Fouty, J. Am. Chem. Soc, 86, 

91(1964). 

16) J- J« Steffens and D. M . Ch ipman , J. Am. Chem. Soc, 
93 , 6694 (1971). 

17) a) D. J . Creighton, J . Hajdu, G. Mooser, and D. S. 
Sigman, J. Am. Chem. Soc, 95, 6855 (1973); b) J . Hajdu 
and D. S. Sigman, ibid., 98, 6060 (1976). 

18) a) D. J . Creighton and D. S. Sigman, J. Am. Chem. 
Soc, 93, 6314 (1971) ; b) D . J . Creighton, J . Hajdu, and D. S. 
Sigman, ibid., 98 , 4619 (1976). 

19) Y. Ohnishi, M . K a g a m i , and A. Ohno , J. Am. Chem. 
Soc, 97, 4766 (1975); Tetrahedron Lett., 1975, 2437. 

20) S. Shinkai and T . C. Bruice, J. Am. Chem. Soc, 94, 
8258 (1972); Biochemistry, 12, 1750 (1973). 

21) For example, the ?r-LUMO of acrolein was shown by 
a S C F M O calculation to be appreciably lowered through 
the protonation on a lone pa i r of the carbonyl oxygen [K. 
Fukui and H . Fujimoto, Nippon Kagakuseni Koen-shu, 29, 27 
(1972)]. See also the following papers about the electro­
static-field effects on the electronic structures of molecules: 
(a) H . Fujimoto and R. Hoffmann, J. Phys. Chem., 78, 1874 
(1974); (b) A. I m a m u r a and T . Hi rano , J. Am. Chem. Soc, 
97 ,4192 (1975). 

22) U . K. Pandi t and F . R , M a s Cabre , Chem. Commun., 
1971, 552. 
23) J . Hajdu and D. S. Sigman, J. Am. Chem. Soc, 97, 

3524 (1975). 
24) A. Ohno , T . K i m u r a , H . Yamamoto , S. G. Kim, 

S. Oka , and Y. Ohnishi, Bull. Chem. Soc Jpn., 50, 1535 (1977). 
Magnesium percholate, which accelerates the dihydronicotin-
amide reduction of methyl benzoylformate, appreciably 
affects the U V absorption spectra of dihydronicotinamides, 
but not those of the substrate. This result suggests the possi­
bility tha t the metal cation does not always activate carbonyl 
compounds. 

25) a) D. C. Dit tmer , A. Lombardo , F. H . Batzold, and 
C. S. Greene, J. Org. Chem., 4 1 , 2976 (1976); b) A. Ohno , 
private communicat ion: magnesium percholate retards the 
reduction of phenyl /-butyl thioketone in contrast to that of 
methyl benzoylformate.24> 

26) H . O . House, "Modern Synthetic React ions ," 2nd ed, 
Benjamin, Menlo Park, California (1972), pp . 37—44. 



December, 1977] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (12), 3365—3371 (1977) 3365 

A Macrocyclic Enzyme Model System. Deacylation of p-Nitrophenyl 
Carboxylates as Effected by a [20]Paracyclophane 

Bearing an Imidazole Groupt 
Yukito MURAKAMI,* Yasuhiro AOYAMA, Masaaki KIDA, and Akio NAKANO 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812 

(Received Ju ly 5, 1977) 

T h e kinetic effect of a [20Jparacyclophane bearing an imidazole moiety (1) on the deacylation of various 
jfr-nitrophenyl carboxylates was investigated in 10.9% (v/v) e thanol-1 .0%(v/v) dioxane-water of {JL 0.10 (KCl) 
at 40 .0±0 .1 °C. The facile reaction of 1 with a hydrophobic ester resulted in the accumulation of the iVIm-acyl 
derivative of 1 along the progress of reaction, and the ra te of regeneration of 1 (turnover) was negligibly small 
under present experimental conditions compared to the corresponding acylation rate . T h e overall feature for 
deacylation reactions of/»-nitrophenyl carboxylates bearing a hydrophobic acyl moiety in the presence of 1 is con­
sistent with the reaction scheme which involves the reactions of the monomeric and aggregated forms of 1 with 
substrate esters. The second-order ra te constants for reactions of the monomeric species of 1 with relatively hydro­
phobic esters exceed considerably the corresponding second-order ra te constants for imidazole-catalyzed reactions, 
suggesting the significant hydrophobic interaction between 1 and each hydrophobic ester. T h e binding constants 
(K) for complex formation of a micelle (aggregation number , N) with significantly hydrophobic substrates are 
greater than 105 M - 1 . T h e second-order ra te constants (kmK/N) for reactions of the imidazole group of 1 with the 
long-chain carboxylates in micellar phase are the largest ever achieved for reactions of synthetic 4-substituted 
imidazoles with /»-nitrophenyl esters. 

O u r r ecen t s tudies h a v e c h a r a c t e r i z e d t h e ca t a ly t i c 
funct ions of [ 2 0 ] p a r a c y c l o p h a n e s b e a r i n g a n o x i m e 
nuc l eoph i l e in es ter hydro lyses . 1 - 5 ) T h e nove l a n d 
h igh ly efficient cata lys is p l a y e d b y those m a c r o c y c l e s 
h a v e b e e n a t t r i b u t e d to t he i r m a r k e d h y d r o p h o b i c 
effect, w h i c h gives o u t t h e p r o x i m i t y effect t h r o u g h 
fo rma t ion of a s u b s t r a t e - p a r a c y c l o p h a n e c o m p l e x , a n d 
nuc leophi l i c -e lec t ros ta t i c b i func t iona l c h a r a c t e r a c t e d 
o n t h e i n c o r p o r a t e d s u b s t r a t e . I n this s t udy , w e h a v e 
p r e p a r e d a n i m i d a z o l e d e r i v a t i v e of [ 2 0 ] p a r a c y c l o p h a n e 
(1) a n d inves t iga ted its es terase- l ike ac t iv i ty . S ince 
t h e p re sen t p a r a c y c l o p h a n e is ca t a ly t i ca l ly a c t i v e in its 
n e u t r a l fo rm, t h e a g g r e g a t i o n b e h a v i o r in a m i x e d 
a q u e o u s - o r g a n i c solvent sys tem a n d its k ine t i c conse­
q u e n c e s in d e a c y l a t i o n of v a r i o u s jfr-nitrophenyl c a r b o x ­
ylates h a v e b e e n clarif ied. 

r—(CH2Ï9—^ 

CH 2 -CH 2 - i= l 

E x p e r i m e n t a l 

Vibrational spectra were measured with a J A S G O DS-403G 
grating spectrophotometer. 1 H N M R spectra were obtained 
with either a Var ian A-60 or a Bruker WH-90 F T spectrometer 
and tetramethylsilane (TMS) was used as an internal reference. 
Fluorescence spectra were recorded on a Shimadzu spectro-
fluorophotometer RF-500. High speed liquid chromato­
graphy for preparative purpose was performed on a Hitachi 
635 liquid Chromatograph with Hitachi gel 3019. Gel filtra­
tion was carried out on a column packed with Sephadex L H -
20. Methanol was used as eluant and components eluted 

t Contribution No. 440 from this Depar tment . 
* T o whom correspondence should be addressed. 

were detected by U V absorption at either 254 or 265 nm for 
both chromatographic techniques. 

N- (Imidazol-4-ylethyl) -10(11) -oxo[20]paracyclophane- 22-carbox-
amide (1). A mixture of 10( 11 )-oxo[20]paracyclophane-
22-carboxylic acid6> (70 mg) and thionyl chloride (3 ml) was 
stirred at room tempera ture for 2 h. Excess thionyl chloride 
was removed in vacuo from the reaction mixture, into which 
a small amount of dry tetrahydrofuran was added subsequent­
ly with stirring. T h e mixture was evaporated in vacuo to give 
the acid chloride. A tetrahydrofuran solution (15 ml) of the 
acid chloride was added at room temperature in a period 
of 1 h to a mixture of histamine dihydrochloride (300 mg) and 
sodium hydroxide (500 mg) in water (20 ml) with vigorous 
stirring, and stirring was continued for another 6.5 h. Then , 
the mixture was poured into water (50 ml) and extracted 
with ether (50 m i x 6). T h e ether extract was washed with 
50 ml of water , dried over sodium sulfate and evaporated. 
T h e crude product was extracted with methanol , and then 
purified by means of repeated preparat ive liquid chromato­
graphy and gel filtration chromatography to afford 1 as an 
oil; yield 2 5 % . I R (nea t ) : 1718 (ketone C = 0 str.), 1640 
(amide C = 0 str.), and 1530 c m - 1 ( N H bend, and C - N str.). 
N M R (CD3OD, T M S ) : ô 7.71 and 6.98 (both s, H 's on 
imidazole ring), 7.18 (s, meta and p a r a H's relative to the 
amide substituent on benzene ring), 7.13 (s, H ortho to the 
amide on benzene ring), 3.62 (t 7 = 7 Hz, C H 2 C H 2 N H C O 
or C H 2 C H 2 N H C O ) , 3.1—2.1 (complex m, C H 2 C O , benzyl 
protons, and C H 2 C H 2 N H C O or C H 2 C H 2 N H G O ) , and 1.8— 
1.2 (m, methylene protons). Found : C, 75.02; H , 9.64; 
N , 7 .87%. Calcd for C 3 2 H 4 8 N 3 0 2 : C, 75.69; H , 9.73; N , 
8.27%. 

p-Nitrophenyl Carboxylates. /»-Nitrophenyl acetate (2), 
hexanoate (3), decanoate (4), dodecanoate (5), hexadecanoate 
(6), phenylacetate (12), and a-naphthoate (13) were prepared 
by condensation of commercially available carboxylic acids or 
acid chlorides with /»-nitrophenol. T h e esters were identified 
by elemental analyses and spectral measurements before use. 

(a) p-Nitrophenyl Cyclohexanecarboxylate (7) : A mixture 
of cyclohexanecarbonyl chloride (6.5 g) and /»-nitrophenol 
(5.0 g) , magnesium ribbon (45 mg) , and a small amount of 
iodine in dry benzene (20 ml) was refluxed for 4 h. After 
cooling down to room temperature , the organic layer was 
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separated, washed successively with cold water , saturated 
aqueous sodium bicarbonate , and cold water , and dried over 
sodium sulfate. T h e organic layer was then evaporated 
in vacuo and the residue was distilled; bp 174 °C/0.7 m m H g , 
yield 6.8 g (62%) . N M R (CDC13 , T M S ) : «5 8.21 and 7.21 
(ABq / = 9 Hz , aromat ic H's) , and 2.85—1.00 (m, H ' s on 
cyclohexane ring). Found : C, 62.75; H , 6.16; N , 5.40%. 
Calcd for C ^ H ^ N O , : C, 62.64; H , 6.06; N , 5 . 6 1 % . 

(b) p-Nitrophenyl Cyclohexylacetate (8) : T h e ester was 
prepared in a similar manner from cyclohexylacetyl chloride; 
yield 5 7 % . N M R (CDC13 , T M S ) : «5 8.23 and 7.23 (ABq 
7 = 9 Hz, aromatic H's) , 2.46 (distorted d 7 = 7 Hz , C H 2 C O ) , 
and 1.70, 1.29, and 1.15 (m, H's on cvclohexane ring). Found : 
C, 63.77; H , 6 .51; N , 5.34%. Calcd for C 1 4 H 1 7 N 0 4 : G, 
63.86; H , 6.50; N , 5 .32%. 

(c) p-Nitrophenyl cn-Cyclohexylpropionate (9) : T h e Reformat-
sky reaction of cyclohexanone (4.0 g) with methyl a-bromo-
propionate (6.0 g) , which has been carried out under s tandard 
conditions,7) gave l-(l-methoxycarbonylethyl)cyclohexan-l-ol (14; 
R X = C H 3 , R 2 = H , n = 6 ) ; bp 78—81 °C/2 m m H g , yield 5 2 % . 
N M R (GDC13, T M S ) : «5 3.68 (s, O C H 3 ) , 2.50 (q 7 = 7 Hz , 
methine proton) , 2.17—1.24 (broad s centered at 1.47, H's 
on cyclohexane ring and O H ) , and 1.17 (d J= 7 Hz , C H C H 3 ) . 
T h e hydroxy ester was then dehydrated to give the unsaturated 
ester. T h e hydroxy ester (20 g) was added to a cold solution 
of thionyl chloride (30 ml) in benzene (50 ml) containing 
pyridine (15 ml) at 0 °C. T h e mixture was allowed to stand 
at room temperature for a half hour and poured into ice water 
(200 ml) . T h e organic layer was separated, washed with 
water , dried over sodium sulfate, and evaporated in vacuo, and 
then the residue was distilled to afford methyl a-( 1-cyclohexenyl) 
propionate (15; R ^ C H a , R 2 = H , #1=6); bp 56.5 °C/1 m m H g , 
yield 8 0 % . N M R (CDC13 , T M S ) : «5 5.52 (broad s, CH=C) , 
3.62 (s, O C H 3 ) , 3.01 (distorted q 7 = 7 Hz, methine proton) , 
1.95 and 1.56 (m, H's on cyclohexane ring), and 1.22 (d J=l 
Hz, C H G H 3 ) . Methyl a-(1-cyclohexenyl) propionate (14.6 g) 
in ethyl acetate (100 ml) was hydrogenated in an autoclave 
at 28 °C with 10% pal ladium carbon (2.0 g) as catalyst, 
initial hydrogen pressure being adjusted at 50 kg/cm2 . The 
catalyst was removed by filtration through celite 545 (Wako 
Pure Chemicals, Ltd . ) . T h e solvent was removed in vacuo 
and the residue was distilled to afford methyl u-cyclohexylpro-
pionate (17; R ^ C H j , R 2 = H , n=6) ; bp 93—96 °G/15 m m H g , 
yield 6 9 % . N M R (CDC13 , T M S ) : «5 3.65 (s, O C H 3 ) , 2.22 
(distorted q J=l Hz , methine proton) , 1.65 and 1.11 (m, 
H's on cyclohexane ring), and 1.12 (d 7 = 7 Hz , C H C H 3 ) . 
The methyl ester (10.0 g) was saponified with sodium hydro­
xide (15.0 g) in 50%(v/v) aqueous methanol (40 ml) to give 
a-cyclohexylpropionic acid, and recrystallized from ethyl acetate, 
m p 60.5—62.5 °C, yield 9 5 % . Found : C, 69.14; H , 10.32%. 
Calcd for C 9 H 1 6 0 2 : C, 69.19; H , 10.29%. T h e acid was 
treated with thionyl chloride to give the acid chloride (bp 
84—86 °C/9 m m H g , yield 7 0 % ) , which was converted to 
the corresponding /»-nitrophenyl ester (9) in a manne r as 
described above; bp 130 °C/0.05 m m H g , yield 5 7 % . N M R 
(CDC13 , T M S ) : Ô 8.25 and 7.25 (ABq 7 = 9 Hz , aromat ic 
H's) , 2.48 (distorted q 7 = 7 Hz, C H C H 3 ) , 1.70 (m, H 's on 
cyclohexane r ing) , and 1.26 (d J= 7 Hz , C H C H 3 ) . Found : 
C, 65.13; H , 6.96; N , 4 .96%. Calcd for C 1 5 H 1 9 N 0 4 : C, 
64.96; H , 6.90; N , 5 .05%. 

(d) p-Nttrophenyl 3,5-Dimethylcyclohexylacetate (10): T h e 
ester was obtained by a preparat ive procedure similar to tha t 
described for 9. T h e Reformatsky reaction of ethyl bromo-
acetate with 3,5-dimethylcyclohexanone obtained by oxida­
tion of 3,5-dimethylcyclohexanol with sodium dichromate 
afforded the corresponding hydroxy ester (14; RX = H , R 2 = 
CH 3 , w = 6 ) ; bp 92—95 °C/0.5 m m H g yield 3 2 % . N M R 

(CC14 , T M S ) : S 4.12 (q 7 = 7 Hz , C H 2 C H 3 ) , 3.29 (s, O H ) , 
2.45 and 2.33 (both s, C H 2 C O ) , 1.76 and 1.59 (m, H's on 
cyclohexane ring), 1.27 (t 7 = 7 Hz, CH 2 CH 3 ) , and 0.86 
(distorted d 7 = 6 . 5 Hz , CH 3 ' s on cyclohexane ring). Found: 
C, 67.22; H , 10.27%. Calcd for C 1 2 H 2 0 O 3 : C, 67.24; H , 
10.37%. T h e hydroxy ester was dehydrated to give 3,5-di-
methyl-1-ethoxycarbonylmethyl-1-cyclohexene (15; R ^ H , R 2 = C H 3 , 
n = 6) and ethyl 3,5-dimethylcyclohexylideneacetate (16; RX = H , 
R 2 = C H 3 , » = 6 ) in a rat io of 1.6: 1 as judged by the N M R 
spectrum; bp 92—94 °C/4.5 m m H g , total yield 8 7 % . N M R 
(CCI,, T M S ) : Ô 5.47 (s, C = C H - C O for 16), 5.27 (broad s, 
CH=C for 15), 4.06 (q 7 = 7 Hz, C H 2 C H ) 3 , 2.80 (s, C H 2 C O 
for 15), 2.12 and 1.72 (m, H's on cyclohexane ring), 1.24 (t 
7 = 7 Hz , C H 2 C H 3 ) , and 0.96 (distorted d 7 = 6 Hz, CH3 ' s on 
cyclohexane ring). The mixture of unsaturated esters was 
hydrogenated in ethanol over either 10% pal ladium carbon 
or 5 % rhodium carbon for 10 h at 80—100°C and at the 
initial hydrogen pressure of 100 kg/cm2 to give ethyl 3,5-
dimethylcyclohexylacetate (17; R ! = H , R 2 = C H 3 , n = 6 ) , yield 
8 5 % . N M R (CC14, T M S ) : ô 4.07 (q 7 = 7 Hz, CH 2 CH 3 ) , 
2.30 and 2.05 (both s, C H 2 C O ) , 1.77 and 1.58 (m, H's on 
cyclohexane ring), 1.25 (t 7 = 7 Hz, C H 2 C H 3 ) , and 0.89 
(double d J=2 and 7 Hz, CH 3 ' s on cyclohexane ring). The 
ester was saponified and treated with thionyl chloride. The 
resulting acid chloride underwent reaction with /»-nitrophenol 
to afford the /»-nitrophenyl ester (10) ; bp 140 °C/0.2 m m H g , 
yield (from 17) 4 2 % . N M R (CC14, T M S ) : ô 8.21 and 7.21 
(ABq 7 = 9 Hz, aromatic H 's ) , 2.34 with additional peaks 
at 2.43 and 2.55 (each s, C H 2 C O ) , 1.97 and 1.63 (m, H's on 
cyclohexane ring), and 0.90 (d 7 = 6 Hz, CH 3 ' s on cyclohexane 
ring). Found : C, 65.89; H , 7.31; N , 4 . 7 5 % . Calcd for 
C 1 6 H 2 1 N 0 4 : C, 65.95; H , 7.28; N , 4 .80%. 

(e) p-Nitrophenyl Cyclodecylacetate (11) : T h e ester was 
prepared from cyclodecanone8) in a manne r similar to those, 
described for 8, 9, and 10. N M R (CC14, TMS) : ô 8.20 and 
7.20 (ABq 7 = 9 Hz, aromatic H's) , 2.38 (distorted s, C H 2 C O ) , 
and 1.54 (s, H 's on cyclodecane r ing). Found : C, 67.43; 
H , 7.85; N , 4 .42%. Calcd for C 1 S H 2 5 N 0 4 : C, 67.67; H , 
7.90; N , 4 . 3 8 % . T h e intermediates obtained in this synthesis 
were identified as follows. 1-Ethoxycarbonylmethylcyclodecan-l-ol 
(14; R i = R 2 = H , n = 1 0 ) ; bp 125 oC,/0.35 m m H g , yield 3 8 % . 
N M R (CC14, T M S ) : ô 4.18 (q 7 = 7 Hz, CH 2 CH 3 ) , 3.15 
(broad s, O H ) , 2.37 (s, C H 2 C O ) , 1.58 (m, H's on cyclodecane 
ring), and 1.33 (t 7 = 7 Hz, CH 2 CH S ) . 1-Ethoxycarbonylmethyl-
1-cyclodecene (15; R* = R 2 = H , « = 1 0 ) and ethyl cyclodecylidene-
acétate (16; K1= R 2 = H , « = 1 0 ) in a ra t io of 3 : 1; bp 102— 
110 °C/7.5 m m H g , total yield 8 7 % . N M R (CC14, T M S ) : 
«5 5.60 (broad s, C = C H - C O for 16), 5.26 (t 7 = 8 Hz, CH=C 
for 15), 4.06 (q 7 = 7 Hz, C H 2 C H 3 ) , 2.87 (s, C H 2 C O for 15), 
2.5—2.0 (m, H 2 C - C = C ) , 1.40 (m, H's on cyclodecane ring), 
a n d 1.23 (t 7 = 7 Hz, C H 2 C H 3 ) . Found : C, 73.48; H , 
11.54%. Calcd for C 1 4 H 2 4 0 2 : C, 74.27; H , 11.60%. Ethyl 
cyclodecylacetate (17; R * = R 2 = H , n = 1 0 ) . N M R (CC14, 
T M S ) : «5 4.07 (q 7 = 7 Hz, C H 2 C H 3 ) , 2.12 (broad s, C H 2 C O ) , 
1.51 (s, H 's on cyclodecane r ing), and 1.23 (t J=l Hz , 
GH0CH3). 

Kinetic Measurements. Rates of/»-nitrophenol liberation 
from /»-nitrophenyl esters were measured at 400 nm with a 
Union Giken high sensitive spectrophotometer SM-401 under 
instrumental conditions; response 2 s and sensitivity 0.02 
OD/full scale. Each run was initiated by adding a dioxane 
solution (30 (xl) of/»-nitrophenyl ester ( 7 . 0 x l O " 5 M ) to a 
reaction medium (3.0 ml) which was pre-equilibrated at 
4 0 . 0 ± 0 . 1 °C in a thermostatted cell set in the spectrophotom­
eter. T h e reaction medium was prepared by mixing a 
buffer solution (2.7 ml, buffer concentration 0.01 M) and 
ethanol (0.3 ml) containing an appropriate amount of 1. The 
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ionic strength of kinetic solutions was maintained at 0.10 with 
KCl. 

pH Measurements. pH Measurements were carried out 
with a Beckman expandomatic SS-2 pH meter equipped with 
a Metrohm EA-125 combined electrode after calibration with 
a combination of appropriate aqueous standard buffers. 

R-C-0-@-N02 

2 R=CH3-
3 R=CH3(CH2U-
l* R=CH3(CH2)e-
5 R=CH3(CH2)io-
6 R=CH3(CH2)i4-

7 R = 0 

8 R = O C H 2 -

9 R=0-CH(CH3)-
H3(X 

10 R= 0 - C H 2 -
H3(X 

11 R=(CH2)9 CHCH2-

12 R = ® - C H 2 -

R2< 
I t l,0H 
J^JXH-C02R 

R2' R1 

R2r~i R2r-i 
— (CH2)n-2 C-CH-C02R + (CH2)n-i Ç=Ç-C02R 

„ . J — * * R2J JR. 
15 16 

R2< 

R2 

(CH2)n-i HC-CH-C02R 

J _ J R1 

17 

R2-

- — * — * (CH2)n-i HÇ-ÇH-C02-^-N02 

R 2 J 
-CH-C02 

R e s u l t s and D i s c u s s i o n 

The kinetic effect of a [20]paracyclophane bearing 
an imidazole moiety (1) on the deacylation of various 
/»-nitrophenyl carboxylates was investigated in 10.9%-
(v/v)ethanol-1.0%(v/v)dioxane-water of [x 0.10 (KCl) 
at 40 .0+0.1 °C. Since it is now well known that p-
nitrophenyl carboxylates bearing a long alkyl chain 
tend to aggregate above the critical concentrations9-10) 

(e.g., 2.0 X 10~ 6 M for decanoate in 1.0% (v/v) aqueous 
dioxane at 40 °C),10> the initial substrate concentrations 
were adjusted at 7 . 0 x l O _ 7 M for most kinetic runs. 
Although the present paracyclophane is not so much 
soluble in the above kinetic solvent system, the 5.0 X 10~6 

M solution was confirmed to be completely homogene­
ous in the p H 7—10 range. /»-Nitrophenyl esters of the 
present study may be classified into four categories in 
reference to the extent of rate acceleration brought 
about by 1 ( 5 . 0 x l O " 6 M ) at p H 8.33 (see Table 1): 

T A B L E 1. PSEUDO-FIRST-ORDER RATE CONSTANTS FOR 

DEACYLATION OF /»-NITROPHENYL CARBOXYLATES 

IN T H E ABSENCE ( £ h y d ) AND PRESENCE 

(Ao t a d) OF 1*> 

Substrate 
ester 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

J ^ x l O V s - 1 

7.8 
3.2 
2.0 
1.4 
0.73 
1.5 
2.1 
0.18b> 
2.0 
1.0 

17.3 
1.0 

AobsdXlO 4 /*- 1 

8.2 
20 

480 
590 
680 

8.3 
9.7 
3.7 

69 
170 
24 

7.9 

^obsd/^hyd 

1.0 
6.2 

240 
420 
930 

5.5 
4.6 

20 
35 

170 
1.4 
7.9 

a) At 40.0±0.1 °C, pH8.33 (6 .3x lO- 3 M KH2P04— 
3.7x 10-3 M Na2B407) ; and (x 0.10 (KCl) in 10.9%(v/v) 
ethanol-1.0%(v/v) dioxane-water; initial substrate con­
centration, 7 . 0 x l 0 - 7 M unless otherwise stated; initial 
concentration of 1, 5 .0x l0 - 6 M. b) Initial substrate 
concentration, 1.0 X 10~5 M. 

those having a long alkyl chain (4, 5, and 6), more than 
240-fold acceleration; those having a cyclodecyl moiety 
or a cyclohexyl moiety with an additional methyl 
substituent or substituents (9, 10, and 11), 20—170-fold 
acceleration; those having a less hydrophobic acyl 
portion (3, 7, 8, a n d l 3 ), 4—8-fold acceleration; acetate 
(2) and phenylacetate (12), the catalytic effect was 
fairly detected. Thus, the hydrophobic interaction of 1 
with an acyl portion of each substrate ester seems to be 
responsible for the catalytic efficiency. This is evidenced 
by the effect of ethanol content on the catalytic activity 
of 1. As the ethanol content is raised the hydrophobic 
interaction between 1 and the substrate would be 
progressively reduced, and consequently the catalytic 
efficiency of 1 would be lowered. This is what is observed 
in the deacylation of decanoate ( 7 . 0 x l 0 _ 7 M ) as 
effected by 5 . 0 x l O ~ 6 M of 1: apparent second-order 
rate constants; 970 in 10%(v/v), 123 in 15%(v/v), 20 
in 20%(v/v) , and H M ^ s ' 1 in 30%(v/v) aqueous 
ethanol. Similar effects have been noted elsewhere.1'10) 

The kinetic pÄ"a value for the deacylation of decanoate 
( 1 . 0 x l O - 6 M ) as effected by 1 (5.0 x 10-6 M) was 
estimated graphically as 6.8 from the pH-rate profile 
(Fig. 1 ), which is referred to the acid dissociation of the 
catalytically active group, imidazole. The facile reac­
tion of 1 with a hydrophobic ester resulted in the 
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Fig. 1. pH-Rate profile for the deacylation of 4 in the 
presence of 1 (5.0 x 10~6 M) at 40.0±0.1 °C and \i 0.10 
(KCl) in 10.9% (v/v) ethanoï-1.0%(v/v) dioxane-
water; initial concentration of 4, 1.0x10-« M. Both 
^obsd and khyd are in s~ 

accumulation of the iVIm-acyl derivative of 1 along the 
progress of reaction. The rate of regeneration of 1 
(turnover) upon deacylation of the JVIm-acyl derivative 
was negligibly small under present experimental 
conditions compared to the corresponding acylation 
rate. With excess substrate ester, the amount of p-
nitrophenol liberated in the course of reaction increased 
until it reached a maximal accumulation which exactly 
corresponds to the amount of 1 used. 

Aggregation Behavior. The pseudo-first-order rate 
constants at p H 8.33 for deacylation of active esters are 
graphically shown in Figs. 2, 3, and 4 as a function of 
the initial concentration of 1. In all cases the overall 

[1] x 106/M 

Fig. 2. Correlations of £obsd with the initial concentra­
tion of 1 for the deacylation of 4 ( • ) , 5 (A), and 6 (O) 
at 40.0±0.1 °C, pH 8.33, and y. 0.10 (KCl) in 10.9%-
(v/v) ethanol-1.0%(v/v) dioxane-water; initial sub­
strate concentration, 7.0 X 10-7 M. 

[1]X106/M 

Fig. 3. Correlations of A;obsd with the initial concentra­
tion of 1 for the deacylation of 10 (A) and 11 (O) at 
40.0±0.1 °C, pH 8.33, and [x 0.10 (KG) in 10.9%-
(v/v) ethanol-1.0%(v/v) dioxane-water; initial sub­
strate concentration, 7.0 X 10-7 M. 

[1] X 10e/M 

Fig. 4. Correlations of kobsd with the initial concentra­
tion of 1 for the deacylation of 3 (Q), 9 ( • ) , and 13 
(A) at 40.0±0.1 °C, pH 8.33, and [i 0.10 (KCl) in 
10.9% (v/v) ethanol-1.0%(v/v) dioxane-water; initial 
substrate concentration, 7.0 x 10~7 M. 

feature is similar to those observed for micelle-catalyzed 
reactions.11) T h e linear portion in a rate-concentration 
correlation below the break point may correspond to 
the reaction of the monomeric species of 1, and a sharp 
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2 3 

[18a] x 106/M 

Fig. 5. Saturation-type kinetics for the deacylation of 
6 in the presence of 18a at 40.0±0.1 °C, pH 11.23, 
and fzO.10 (KCl) in 10.9% (v/v) ethanol-1.0%(v/v) 
dioxane-water; initial substrate concentration, 7.0 X 
10-7 M. 

increase in rate above the break point may be due to 
aggregation or micellization of 1. In marked contrast to 
[20]paracyclophane oximes which are believed to be 
monomeric under similar conditions,1 '2 '4) such a kinetic 
behavior is rather surprising. Since the previous 
studies with paracyclophane oximes as catalysts in the 
deacylation reaction were carried out under conditions 
where the substrate esters were mostly in aggregated 
forms, we have re-examined the effect of 10-hydroxy-l 1-
hydroxyimino [20]paracyclophane (18a) on the deacyla­
tion of/>-nitrophenyl hexadecanoate at p H 11.23 under 
the same kinetic conditions as employed here; solvent 
system, temperature, and the initial substrate concen­
tration (7.0 x l O - 7 M) as shown in Fig. 5. The rate 
constant (A;obsd) is smoothly correlated with the initial 
concentration of 18a without any break point in con­
trast to the 1-catalyzed reaction shown in Fig. 2. 
Furthermore, the plot of l /(£o b s d— khyd) vs. l / [18a] 
yielded a straight line in a manner as observed previous­
ly l,2,4) j t m a y k e concluded, therefore, that there 
is no abrupt change in physical state of 18a in the 
concentration range investigated and its critical micelle 
concentration (CMC), if any, would be greater than 
5 . 0 x l O - 6 M . The difference in C M C between the 
imidazole and oxime derivatives of [20]paracyclophane 
may arise at least in part from charge difference between 
the two catalysts: the anionic hydroxyimino group 
placed in the catalytically active cyclophane raises C M C 
significantly relative to the imidazole group in neutral 
form (1). I t is generally true that the CMC's of ionic 
surfactants are larger than those of nonionic ones, 
both types having similar apolar structures. Comparison 
of the CMC's of surfactants having a dodecyl or dodeca-
noyl moiety12) reveals this point : dodecylammonium 
chloride (cationic), 1 . 5 x l O - 2 M in water at 25 °C; 
dodecyltrimethylammonium bromide (cationic), 1.5 X 
10 - 2 M in water at 25 °C; sodium dodecanoate 

L L_(CH2)9-J 
18a X=NOH,Y=OH,Z=H 
18b X=0,Y=H,Z=CH2N

+(CH3)3cr 

(anionic), 2 . 4 x l 0 - 2 M in water at 25 °C; polyoxy-
ethylene(6) dodecanol (nonionic), 8 . 7 x l 0 - 5 M in 
water at 25 °C; N,JV-dimethyldodecylamine oxide 
(nonionic), 2.1 X 10- 3 M in water at 27 °C; dodecyldi-
methylphosphine oxide (nonionic), 5 . 7 x l O ~ 4 M in 
water at 30 °C; sucrose dodecanoate (nonionic), 1.9 x 
10-4 M in water at 20 °C. Steroid micelles which bear 
a better resemblance to our paracyclophanes from the 
structural viewpoint are subject to a charge effect 
even to a pronounced extent: cholic acid derivatives 
(anionic), lO"3—10-2 M in water at 25 °C;13-1G> and 
cholesterol (nonionic), 2 — 4 x l O ~ 8 M in water at 
25 °C.17> 

(l/[18b])xl0 
Fig. 6. Analysis of fluorescence spectral data for the 

interaction of 18b with ANS (5.0 X 10"5 M) in a buffer 
solution of pH 8 at 20 °C by means of Eq. 1 ; It, in 
arbitrary scale. 

T h e proposed charge effect on the CMC's of para­
cyclophanes is further exemplified by the micellization 
behavior of the cationic [20]paracyclophane bearing a 
quaternary ammonium group (18b) as investigated by 
the fluorescence dye technique with 1-anilinonaph-
thalene-8-sulfonate (ANS) as a p robe : concentration of 
ANS, 5 . 0 x l 0 ~ 5 M ; excitation wavelength, 384 n m ; 
fluorescence intensity, measured at 468 nm. The 
relative fluorescence intensity of ANS in a p H 8 buffer 
at 20 °C increased as the concentration of 18b was 
raised in a concentration range of 2.95 X lO -5—1.18 X 
1 0 _ 3 M . The reciprocal fluorescence intensity ( l / / f ) is 
plotted in Fig. 6 as a function of reciprocal concentration 
of 18b on the basis of the Benesi-Hildebrand type 
relationship18) (Eq. 1) derived under the assumption that 
only the 1:1 interaction between 18b and ANS takes 
place: 7f,i observed fluorescence intensity; Ia, fluores­
cence intensity of ANS bound to the monomeric form of 
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TABLE 2. KINETIC PARAMETERS FOR DEACYLATION OF /HNITROPHENYL CARBOXYLATES 

AS CATALYZED BY 1 AND IMIDAZOLEA) 

Substrate 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

( M - i s - 1 ) 

10 
210 
310 
420 

2.3 
22 

110 

7.5 

(M^s- 1 ) 

0.79 
0.57 
0.44 
0.21 
0.004 
0.44 
0.13 
0.014 
0.093 
0.075 
1.6 
0.033 

*# I m
b > 

18(13) 
480 (270) 

1500(390) 
11000 (530) 

160 
240 

1500 

230 

CMCC> 
(M) 

3.1x10-« 
2 . 4 x l 0 - 6 

2 . 3 x l 0 - 6 

1.8x l0- 6 

3.3x10-« 
3.0x10-« 
3.0x10-« 

3.3x10-« 

(s-i) 

«*0.02 
^ 0 . 0 2 
^ 0 . 0 2 

0.001 
0.005 

K/N 
(M-i) 

l x l O 5 

1.3xl0 8 

1.5x10 s 

5 x l 0 5 

2 x l 0 5 

kmK/N 
(M^s- 1 ) 

70 
2000 
2600 
3000 

30 
500 

1000 

40 

*3(app)d) 

(M^s- 1) 

0.8 
33 

970 
1200 
1400 

14 
15 
7.0 

130 
340 

14 
14 

a) At 40.0:1=0.1 °C, pH 8.33 (6.3x 10-3 M KH2P04-3.7x 10-3 M Na2B407), and y. 0.10 (KCl) in 10.9%(v/v) ethanol-
1.0%(v/v) dioxane-water; initial substrate concentration, 7.0X 10_ 7M. b) Values in parentheses, kIm for acetate (2) 
was taken as the reference value, c) Critical micelle concentration of 1. d) k2(a.pp) = (kohsd—^hyd)/[l]> [l] = 5.0x 10"« 
M. 

18b; K, binding constant for complex formation 
between the monomeric form of 18b and ANS. 

1 1 

[ANS] 1 
+ 

1 
/aj?[18b] :i) 

The break point, which corresponds to the C M C of 18b, 
is observed at 1 . 8 x l O _ 4 M as shown in Fig. 6. This 
C M C value is 50—100 times as large as the substrate-
dependent CMC's of 1 (Figs. 2, 3, and 4, and Table 2). 
T h e binding constant ( .£=1.1 X 104 M - 1 ) is 190 and 7 
times as large as those for /?-cyclodextrin and a water-
soluble heterocyclophane, respectively.19) 

The overall feature of deacylation reactions of p-
nitrophenyl carboxylates in the presence of 1 is consistent 
with reaction pathways shown in Scheme 1. 

S + micelle < 

11 
S + monomer products 

S-micelle complex 

Am 

Ahyd + £a[l]cMC 

products 

Scheme 1. 

T h e kinetic parameters can be determined by Eq. 2:11* 
khyà, rate constant for spontaneous hydrolysis; k2, 
second-order rate constant for reaction of an ester with 
the monomeric form of 1 ; km, first-order rate constant 
for reaction of an ester in micellar phase ; A;obsd, observed 
pseudo-first-order rate constant; K, association constant 
for formation of the ester-micelle complex ; N, aggrega­
tion number of the micelle; [1], total concentration of 
1; [1]CMC, C M C of 1 which is dependent on the nature 
of a particular substrate used. T h e kinetic data for 
reactions of 4, 5, 6, 10, and 11 were analyzed by the 
aid of Eq. 2. Because of the limited solubilities of the 
reactants as well as relatively higher kinetic CMC's 

*obsd — (^hyd + ^[IjCMc) *m — (*hyd + ^[IjCMc) 

N 
X I f 

*( [ ! ] - [1 ]CMC) 
(2) 

of 1, the critical evaluation of km and K/N values were 
not performed for reactions of 3, 9, and 13 and the 
apparent second-order rate constants per mole of 1 
forming micelles (kmK/N) were obtained from the rate 
profiles shown in Fig. 4 by the aid of Eq. 2. For esters 
2, 7, 8, and 12 which showed the least affinity with 1, 
the apparent second-order rate constants defined by 
£2(app) = (A;obsd—&hyd)/[l] were evaluated for the 
purpose of comparison of reactivity with other esters. 
All the kinetic parameters are summarized in Table 2 
along with the second-order rate constants for reactions 
of the esters with imidazole as a reference. 

Catalytic Efficiency. All the esters except acetate 
(2) are subject to profound catalysis by 1. The second-
order rate constants (k2) for reactions of the monomeric 
species of 1 with relatively hydrophobic esters exceed 
considerably the corresponding second-order rate con­
stants for imidazole-catalyzed reactions (kIm), suggesting 
the significant hydrophobic interaction between 1 and 
each hydrophobic ester. The k2/kim value may be 
referred to a measure of the extent of hydrophobic 
interaction. Care should be exercised for the long-chain 
esters. The hydrophobic coiling of the alkyl chain, 
which results in masking of the ester carbonyl against 
an attacking nucleophile,10) seems to be responsible for 
the decrease in klm in going from decanoate through 
hexadecanoate. The geometry of the hydrophobic 
interaction between each of these esters and the mono­
meric species of 1 is not known at present. If the intra­
molecular coiling were retained in the transition state 
of acyl transfer from the ester to 1, the kjklm values 
would provide a meaningful comparison of relative 
catalytic efficiency. However, the esters most plausibly 
undergo decoiling or elongation before the transition 
state is reached.1 - 5) T h e klxn value for acetate which 
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is free from the coiling effect may be cited as the plausible 
reference for the evaluation of catalytic efficiency of the 
monomeric form of 1 as shown in parentheses in Table 2. 
As expected from the viewpoint of hydrophobic affinity, 
the k2/kim value increases as the alkyl chain of ester is 
lengthened ( 3 < 4 < 5 < 6 ) . This value also increases 
in the order 9 < 1 0 < 1 1 . This fact may allow to draw 
the following conclusion; the extent of hydrophobic 
interaction between the monomeric species of 1 and an 
ester having an aliphatic ring moiety in its acyl portion 
may be primarily governed by the surface area20) or 
more simply by the number of carbon atoms in the acyl 
portion of the ester concerned. T h e aromatic ester, 
a-naphthoate (13), seems less hydrophobic relative to 
10 and 11 in the light of k2/kïm values even though all 
three esters have comparable number of carbon atoms. 

The binding constants for micellar complex formation 
with 4—6, 10, and 11 are greater than 105 M" 1 . It 
may be a surprise to see the decrease in KjN in going 
from 10 to 11 since 11 is expected to be more hydro­
phobic than 10 judging from the k2(kïm values for the 
two esters. This would be cited as an example of 
substrate selectivity for the binding process. However, 
we are not certain whether or not the micelle of 1 has 
the same aggregation number (N) for different sub­
strates. It is reasonable to assume that N is relatively 
small for hydrophobic macrocycles in a manner as 
observed for cholic acid derivatives (N=5—22).16> 
Under such circumstances, the aggregation number as 
well as C M C may be significantly dependent on the 
nature of a particular substrate employed. 

The product of micellar reaction rate and binding 
constants (kmK) is referred to the second-order rate 
constant for reaction of a substrate and a micelle, and 
consequently the kmKjN value corresponds to the 
second-order rate constant for the same reaction as 
evaluated per mole of 1 forming micelles. There is 
indeed a wide variation in kmKfN as can be seen in 
Table 2, and the long-chain carboxylates (4—6) show 
the highest values in the 2000—3000 M - 1 s-1 range. 
These values are the largest ever achieved for reactions 
of synthetic 4-substituted imidazoles with j&-nitrophenyl 
esters,21) and may be comparable to or greater than the 
second-order rate constant for the acylation of chymo-
trypsin with/»-nitrophenyl acetate (410 M _ 1 s_ 1 at 25 °C 
and p H 7.75).22) The profound catalytic activity of 1 is 
due primarily to its large binding ability toward the 
substrates (/C^>105 M _ 1 ) , since the micellar rate con­
stant (£ m =0.02 s -1) is less than one hundredth of the 
corresponding rate constant for acylation of the enzyme 
with the bound acetate (£m = 3.15 s-1 at 25 °C). 

The authors are grateful to Professor Taku Matsuo 
and Mr. Satoru Mihara of our Department for measure­
ments of the fluorescence spectra. This work was 
supported in part by a Scientific Research Grant (No. 
147076) from the Ministry of Education. 
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Chemical Studies on Tuberactinomycin. XII.1) Syntheses and 
Antimicrobial Activities of [Ala3, Ala4]-, [Ala3]-, 

and [Ala4]-Tuberactinomycin O2) 
Tadashi TESHIMA, Shinya NOMOTO, Tateaki WAKAMIYA, and Tetsuo SHIBA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received July 8, 1977) 

Total syntheses of [Ala3, Ala4]-, [Ala3]-, and [Ala4]-tuberactinomycin O corresponding to deoxy analogs 
of natural antibiotic tuberactinomycin O were achieved for the purpose of elucidation of relationship between 
chemical structure and biological activity. Cyclization of the pentapeptide intermediates at two different posi­
tions was investigated. Minimum inhibitory concentrations of the synthetic analogs against Mycobacterium or 
Corynebacterium indicated that both hydroxy groups of two serine residues of tuberactinomycins are not required 
for antibacterial activity, nor participated to drug-resistancy of bacilli. These analogs were found to have the 
same conformations in solution as those of natural antibiotic from the results of NMR, ORD, and CD measure­
ments. 

Chemical structures of tuberactinomycins (Turn),3) 
antituberculous peptides isolated from Streptomyces 
gnseoverticillatus var. tuber adieus,*) were determined by 
X-ray analysis as well as chemical degradations in our 
previous investigations (Fig. I).5) Exhaustive study on 
proton magnetic resonance of tuberactinomycin family 
added one successful example to conformational analysis 
of cyclic peptides.6) Total synthesis of one congener, 
Turn O, in our recent work contributed to unambiguous 
establishment of the structures of Turn.7) 

Tum A 
B 
N 
0 

R1 R2 

OH OH 
H OH 

OH H 
H H 

I o „ o 
r^^NH 

• N ' ^NH 
H 

Fig. 1. Chemical structure of tuberactinomycins. 

For the purpose of thorough elucidation of the 
structure-antibacterial activity relation of this antibiotic, 
we planned to exchange each amino acid residue in 
tuberactinomycins with others by full utilization of 
either semi-synthesis, total synthesis or chemical modifi­
cation. In the first experiment, the branched part , i.e., 
y-Hy-/?-Lys3) in Turn N was replaced by many different 
acyl groups semi-synthetically.1,8) From results of this 
study, it was concluded that the branched part is not 
necessarily required for the antibacterial activity but 
has an auxiliary role for enhancement of the activity.1) 

Therefore, in the present investigation, replacement 
of amino acid residues inside the cyclic moiety of Turn 
was so designed as to clarify the more significant site 
than branched part for the biological activity. Since 
two hydroxy groups of serine residues are common to 
all the Turn congeners, it seems to be important to see 
the effect of elimination of these functional groups from 
the molecule on antibacterial activity. Thus, we 
carried out the total syntheses of three deoxy analogs, 
i.e., [Ala3, Ala4]-, [Ala3]-, and [Ala4]-Tum O. 

In our synthetic strategy, prior to completion of the 

required amino acid sequence, the cyclic peptide moiety 
was first synthesized, and then /?-Lys was introduced to 
the branched position as in the semi-synthesis of Turn 
Os> from tuberactinamine (Tua) N.3> In this synthetic 
plan, possible difficulties arising from extremely labile 
character of /?-ureidodehydroalanine (Uda) residue 
must be overcome by some device. /?,/?-Diethoxyalanine 
(Dea) was chosen as a latent form of Uda,3) so that Uda 
structure could be recovered at any synthetic step. A 
durability of Dea3) residue during the entire course of 
this peptide synthesis was assured by preliminary 
experiments using model compounds. 

In order to minimize a racemization at the G-terminal 
residue in the peptide cyclization reaction, Dea (route A) 
or A2pr3) (route B) was chosen as the C-terminal amino 
acid of the open chain pentapeptide, since Dea is to be 
converted to achiral U d a residue in the final synthetic 
step and a-amino group of A2pr is not participated in 
the peptide linkage in the cyclic moiety but is able to be 
protected by Boc3) group of urethane form. 

In the preparations of [Ala3, Ala4]-Turn O, we 
compared both routes each other for relative advantages. 
However, the results showed no difference between 
them in respect of yield for the cyclization reaction. 
Therefore, route A was adopted for the syntheses of 
[Ala3]- and [Ala4]-Tum O. 

Synthesis of [Ala?, Ala*]-Tum 0. The Protected 
Cyclic Pentapeptide: Route A: H-Dea-OEt 9 ) and H -
A 2 pr(Z)-OH 1 0 ) were prepared according to the litera­
tures. Capreomycidine (Cpd) was obtained from 
hydrolyzate of the natural T u m N. Whole synthetic 
scheme via route A was shown in Fig. 2. a-Amino 
group of Cpd was blocked by Nps3) protecting group, 
since selective deprotection from Boc group is required 
prior to the cyclization. N p s - C p d ( N 0 2 ) - O H (6) was 
coupled with a debenzyloxycarbonylated tetrapeptide, 
which was obtained by hydrogenolysis of 4, to give a 
pentapeptide (7a). Saponification of 7a followed by 
active esterification by means of DCC-HONSu 3 ) method 
to afford the pentapeptide active ester (9a). After 
removal of Nps group from 9a by means of hydrogen 
chloride in T H F , it was then cyclized under high-
dilution conditions in pyridine to 10a in 3 5 % yield. 
Molecular weight of 10a was measured to be 743 
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NO: 

Cp'd A 2 p r A l a A l a 

Boc 

Z H 2 / P d 

- J ^ O N S u H -

H-4-0H Boc-
5 

Nps-+-OH Boc-
6 

Nps-

Nps 

Nps 

z 

DCC-HOBt 
i 

Bo 7=JZ 

H 2 / P d 

-ONSu H -

Dea 

H - j - O I -OH H-j—OEt 

DCC-HONSu 

•OEt 
l a 

2a 

7a 

Boc-
8a 

Boc 

-OEt 

-OEt 

•OEt 

-OEt 

-OEt 

-OEt 

NaOH 

4-OH 
DCC-HONSu 

-ONSu 
9a 

1) HC1-THF, 2) h i g h d i l u t i o n 

Boc-f —J \— 7 
10a 

Fig. 2. Synthetic scheme for protected cyclic peptide 
(10a) via route A. 

(Calcd for G 2 4 H 4 6 O n N 1 0 -3 /2H 2 O: 714) by means of 
vapor pressure osmometry, indicating formation of a 
cyclic monomer. 

Route B : Synthetic scheme via route B was depicted 
in Fig. 3. The Nps group of the protected dipeptide (12) 
was selectively cleaved by hydrogen chloride in T H F , 
and then coupled with the protected tripeptide (14) by 
DCC-HOBt 3 ) method to give the pentapeptide (15). 
This peptide (15) was converted into the 1-succinimidyl 
ester (17) after saponification. The active ester (17) 
was treated with hydrogen chloride in T H F to remove 

A l a Dea 

NO 2 

C p d 

H 2 / P d 

Nps - [ -ONSu H-

Nps-

Nps-

Nps-

Nps-

Nps-

L 

l a 

13 

-OEt 

-OEt Nps-

A 2 p r 

oc-kc B o c - f — OMe 
11 

-OH Boc 

DCC-HOBt) 

-OEt Nps-

-OMe 

r̂ -c 

14 

Boc—f— OMe 
NaOH HC1-THF 12 

I 

- £ - 0 M e 
-OH H-

DCC-HOBt 

15 

16 

17 

1) HC1-THF, 2) h i g h d i l u t i o n 

Boc-

Boc ̂ -p-OMe 
NaOH 

I 

B o c - j ^ - O H 

DCC-HONSu 
I 

Boc ~JL 

Boc-

ONSu 

37 
10a 

Fig. 3. Synthetic scheme for protected cyclic peptide 
(10a) via route B. 

the Nps group selectively, and then cyclized in pyridine 
under high-dilution condition in 3 8 % yield. The 
cyclic peptide (10a) thus obtained was identical with 
the product via route A in thin-layer chromatography, 
high-pressure liquid chromatography, and N M R 
spectrum. 

A Conversion to [Ala3, Ala*]-Tum O: A conversion of 
Dea residue in 10a to U d a residue, being a key step 
throughout this synthesis, was carried out as follows. 
The deprotected product obtained by hydrogenolysis of 
10a was heated in acetone-1 M hydrochloric acid (1 :1 ) 
under reflux for 8—10 min, and then excess of urea was 
added. By this procedure, the cyclic U d a peptide (18a) 
was obtained in a good yield, whose structure was 
confirmed by N M R (olefinic proton: Ô 8.0(s) in D 2 0 ) 
and U V spectra (Amax: 268 nm (neutral or acidic 
medium), 286 (basic medium)) . At the final step of the 
synthesis, introduction of Boc-ß-Lys(Boc)-ONSu to the 
amino group of 18a followed by deprotection gave the 
expected product, [Ala3, Ala4]-Turn O (19a) in a 
satisfactory yield (Fig. 4). 

Synthesis of [Ala3]- and [Ala*]-Turn O. [Ala3]-
and [Ala4]-Turn O were synthesized according to the 
route A for [Ala3, Ala4]-Tum O. Cyclization reaction 

c - A 2 p r * A l a + A l a - | 1) H g / P d ^ H - A 2 p i - » A l a + A l a - i 

t N02 I] S2
+NC0NH2 L c p d - U d a J ' 

•— C ü d ^ - D e a ^ -Cpd*-Dea« 

10a 

1 ) B o c - ß - L y s ( B o c ) - O N S u 

2) H+ 

-Cpd«-Uda< 

18a 

_^ ß - L y s - A 2 p r - » A l a - » A l a 2pr-»AJ.a-*Aia—I 

* - C p d « - U d a < - l 

3HC1 

• C p d f - U d a -

19a 

Fig. 4. Conversion of 10a to 19a. 

N02 

Cpd ' 

t-Bu 

Se1!- (b) 

A2pr t-Bu Dea 

Nps-

Nps-

Nps-

Nps-

Nps-

BoH^ 
12 „ ' NaOH 

Ala (c) I 

-J-0H H-|-
DCC-HONSu 

H2/Pd
 l b' l c 

-ONSu H-

H2/Pd
 2 b ' 2 c 

Boc-
20 

L 

-0H H-

7b,7c 

8b,8c 

I 9b,9c 

1) HC1-THF, 2) high dilution 

OEt 

-OEt 
1 

-OEt 

-OEt 

-OEt 

-OEt 

IcEla 

NaOH 

— H 0 H 

•DCC-HONSu 

-ONSu 

Boc- ? 1- y 
lOb . lOc 

Fig. 5. Synthetic scheme for 19b and 19c. b : -Ala3-
Ser4-, c:-Ser3-Ala4-. 
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TABLE 1. CHEMICAL SHIFTS OF 18a, 18b, AND 18C IN D 2 0 

A2pr 

Ser3 

Ala3 

Ser4 

Ala4 

Uda 
Cpd 

a-CH 
jff-CH2 

a-CH 
£-CH2 

a-CH 

ß-cn3 
a-CH 
0-CH2 

a-CH 
ß-CH3 

ß-CU 
a-CH 
ß-CH 
r-CH2 

d-CH2 

18a 

4.4 (1H) 
3.3 (1H) 
4.1 (1H) 

4.60 (lH,q) 
1.40(3H,d) 

4.23 (lH,q) 
1.40(3H,d) 
8.00 (lH.s) 
4.95 (lH,d) 
4.4 (lH,m) 
1.8 (lH,m) 
2.1 (lH,m) 
3.3 (2H,m) 

18b 

4.3 (1H) 
3.3 (1H) 
4.1 (1H) 

4.70(lH,q)a> 
1.50(3H,d) 
4.3 (1H) 
3.92(lH,dd) 
4.10(lH,dd) 

8.04 (lH,s) 
4.95 (lH,d) 
4.4 (lH,m) 
1.8 (lH,m) 
2.1 (lH,m) 
3.3 (2H,m) 

18c 

4.4 (1H) 
3.30(lH,dd) 
4.15(lH,dd) 
4.82 (lH,t) 
3.92 (2H,d) 

4.32 (lH,q) 
1.45(3H,d) 
8.03 (lH,s) 
5.01 (lH,d) 
4.4 (lH,m) 
1.8 (lH,m) 
2.1 (lH,m) 
3.3 (2H,m) 

T u a N 

4.40 (lH,q) 
3.30(1H) 
4.12(lH,q) 
4.84 (lH,t) 
3.95 (2H,d) 

4.32 (lH,q) 
3.90(lH,dd) 
4.20(lH,dd) 

8.04 (lH,s) 
5.01 (lH,d) 
4.45 (lH,m) 
1.8 (lH,m) 
2.1 (lH,m) 
3.32 (2H,m) 

Abbreviations; s: singlet, d: doublet, dd: double doublet, t: triplet, q: quartet, a) Chemical shift in D 2 0+TFA. 

was carried out between the carboxyl group of Dea and 
the amino group of Cpd. T h e synthetic scheme for 
these analogs is shown in Fig. 5. 

Tripeptides (2b, c) were prepared by stepwise 
elongation method from their C-terminal residue using 
the t-Bu group for protection of hydroxyl group of Ser. 
Dipeptide (20) was coupled with either of deprotected 
tripeptides obtained from 2b and 2c by D C C - H O B t 
method to give a pentapeptide (7b) or (7c). These 
ethyl esters (7b, c) were converted to their 1-suc-
cinimidyl esters (9b, c) via free carboxylic acids respec­
tively. Each active ester was treated with hydrogen 
chloride in T H F to remove Nps group selectively and 
then cyclized in pyridine under high dilution method 
to give 10b in 3 2 % or 10c in 3 1 % yield. Molecular 
weights of these peptides (10b, c) measured by means of 
vapour pressure osmometry (844 and 811 respectively, 
calcd for C 3 1 H 5 4 N 1 0 O ] 2 -H 2 O: 777) indicated that a 
cyclic monomer was formed in both cases. Removal of 
all protecting groups and conversion of Dea to Uda 
residue in cyclic peptides (10b, c) were performed. 
Resulting Uda peptides (18b, c) were coupled with 
Boc-/?-Lys(Boc)-ONSu and the products were deblocked 
to give desired compounds, [Ala3]- and [Ala4]-Turn O 
(19b, c) (Fig. 6). 

t-Bu 

Ala-»Ser 

Boc-A2pr-> / - B u o r -

Ser->Ala 

t 
D H 2 / P d Ala^ -Se r 
jsüi * H-A2pr-* or 
l ) n Ser -^Ala 3)H2NCONH2 

NO, 

Cpd <—Dea 
10b,TOc 

1) Boc-ß-Lys(Boc)-ONSu 

t. Cpd < - U d a 

18b,18c 

•2HC1 

2) H< 

Ala-» Ser 
g-Lys-A 2pr-> or 

L Ser-»Ala 

Cpd <~ Uda 
19b,19c 

d •3HC1 

Fig. 6. Synthetic scheme for 19b and 19c (continued), 
b : -Ala3-Ser4-, c: -Ser3-Ala4-. 

Conformational Analyses. Conformational analyses 
of the compounds synthesized in this investigation were 
carried out by means of N M R , O R D , and CD studies. 
Each signal in N M R spectra of [Ala3, Ala4]-, [Ala3]-, 
and [Ala4]-Tua Nn> (18a—c) could be assigned by 

TABLE 2. CHEMICAL SHIFTS OF 18a, 18b, AND 18C IN 

LOW-FIELD REGION IN H 2 0 AT p H 2 .5 (AT 4 0 °C) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

18a 

9 .17(d) 
9 .13(d ) 
8 . 6 8 ( s ) 
8 .63(d) 

7 . 6 9 ( t ) 
8 .00(d) 
7 .69(d) 
7 . 4 3 ( s ) 
7 . 2 8 ( s ) 
6 . 4 4 ( s ) 
6 . 3 0 ( s ) 

18b 

9 .28(d) 
9 .25(d ) 
8 . 8 2 ( s ) 
8 .78(d) 

8 . 0 9 ( t ) 
8 .03(d) 
7 .74(d) 
7 . 4 5 ( s ) 
7 . 2 5 ( s ) 
6 . 4 6 ( s ) 
6 . 3 1 ( s ) 

18c 

9 .27(d) 
9 .24(d ) 
8 .81 ( s ) 
8 .72(d) 

8 . 2 2 ( t ) 
8 .03(d) 
7 .86(d) 
7 . 4 1 ( s ) 
7 . 3 7 ( s ) 
6 . 3 9 ( s ) 
6 . 2 9 ( s ) 

T u a N 

9 .33(d) 
9 .24(d) 
8.83( s ) 
8 .67(d) 

8 . 1 5 ( t ) 
8 .00(d) 
7 .72(d) 
7 .37 ( s ) 
7.31 ( s ) 
6 . 3 4 ( s ) 
6 . 24 ( s ) 

Abbreviations; s: singlet, d: doublet, t: triplet. 

(5) 
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Fig. 7. 
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CAla?Ala*]-Tua N 

L „...Q—O""O—«(7) 

CAla3]-Tua N [Ala*]-Tua N 

0 = 0 — 0 — 0 - 0 0 ( 9 ) 1 

Tua N 

^^>(2) 

20 30405060 2 0 3 0 4 0 5 0 6 0 20 30405060 20 3040 50 60 

Temperature{#C) 

Fig. 8. Temperature dependence of chemical shifts in 
low-field region of NMR of 18a, 18b, and 18c, as 
measured in H 2 0 at pH 2.5. o—o: olefinic proton, 
•—• : oc-amide proton of Cpd, o—o : other NH protons. 

decoupling method and comparison with natural 
ones6) as shown in Table 1, 2, and Fig. 7. These assign­
ments are very consistent with those for natural Turns, 
and rather abnormal differences in chemical shifts of 
a -CH or a-NH in Ser3 and Ser4 residues of natural 
sample were reconfirmed by this study. 

Temperature dependence of chemical shifts as 
depicted in the Fig. 8 suggested that amide proton of 
Cpd may be participated to an intramolecular hydrogen 
bond as in natural tuberactinomycins.6) Slower rate in 
deuterium exchange of the amide proton of Cpd 
compared to other protons, supported the existence of 
an intramolecular hydrogen bond mentioned above, too. 
Furthermore, for comparison between the synthetic and 
the natural peptides in terms of the conformation of 
whole molecules, O R D and CD curves were measured. 
Cyclic peptide moieties, i.e. 18a—c which were syn­
thesized in this study, showed principally the same 
patterns as that of T u a N. Similarly, O R D and CD 
curves of Turn O analogs resemble those of natural 
Turns as shown in Fig. 9. Therefore, it could be conclud-

300 350 200 
Wavelength (nm) 

Fig. 9. ORD and CD curves of Tua N and O analogs. 
: ORD, : CD. 

ed that all cyclic peptides prepared here have the same 
conformations as the natural one including the intra­
molecular hydrogen bond. 

Antimicrobial Activities. Minimum inhibitory con­
centrations of [Ala3, Ala4]-, [Ala3]-, and [Ala4]-Tum O 
(19a—c) were listed in Table 3. Spectral patterns in 
their antibacterial activities of all these analogs were 
very similar to those of T u m N. I t should be noted that 
[Ala4]-Turn O (19c) manifested even stronger activities 
than those of natural T u m N against some of test 
organisms, i.e., Bacillus subtilis, Salmonella paratyphi, and 
Salmonella enteritidis, whereas [Ala3, Ala4]-Turn O (19a) 
was slightly weaker than natural antibiotics. Although 

TABLE 3. MINIMUM INHIBITORY CONCENTRATIONS11* OF 19a, 19b, AND 19C 

Test Organismsb> 

Corynebacterium diphtheriae P.W. 8 
Bacillus subtilis A T C C 6633 

Escherichia coli N I H J 
Escherichia coli B 

Salmonella typhosa H 901 

Salmonella paratyphi PA 41-N-22 

Salmonella enteritidis Gaertner 
Shigella sonnei E33 

Klebsiella pneumoniae A T C C 10031 

Proteus vulgaris O X 19 

Mycobacterium A T C C 607 

19a 

12.5 

50 

100 

100 

100 

> 1 0 0 

> 1 0 0 
> 1 0 0 

100 

> 1 0 0 

12.5 

19b 

6 .3 

25 

50 
100 

100 

> 1 0 0 

> 1 0 0 
> 1 0 0 

100 

100 
6 .3 

19c 

6 .3 

12.5 

12.5 

50 

25 

25 

25 

100 

25 

50 

6 .3 

T u m O 

6 .3 

25 

12.5 
50 

25 

> 1 0 0 

100 
50 

25 

50 

6 .3 

T u m N 

6 .3 

25 

1 2 5 

50 

25 

> 1 0 0 

100 

50 

25 

50 

6 .3 

a) [xg/ml. b) 19a, 19b, and 19c were inactive to the following organisms : Staphylococcus aureus ATCC 
6538P, Staphylococcus epidermidis sp-al-1, Streptococcus pyogenes N.Y. 5, Sarcina lutea ATCC 9341, Micrococcus 
flavus ATCC 10240, Shigella flexineri type 3a, Serratia marcescens, Pseudomonas aeruginosa IAM 1095. 
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T A B L E 4. MINIMUM INHIBITORY CONCENTRATIONS^ OF 19a, 19b, AND 19C AGAINST HUMAN TUBERCULE BACILLI 

ï ï te 19b Ï!te T u m N 

H u m a n tubercule bacillus 12.5 < 1 2 . 5 < 1 2 . 5 < 1 2 . 5 
H u m a n tubercule bacillus (100 (zg-resistant to T u m B) > 1 0 0 > 1 0 0 100 100 
BCG (lOOfj ig-resis tant toTumN) > 1 0 0 > 1 0 0 > 1 0 0 > 1 0 0 

a) {ig/ml. 

these s y n t h e t i c a n a l o g s w e r e also q u i t e ac t i ve a g a i n s t 
sensi t ive species of h u m a n t u b e r c u l e bac i l lu s , t h e y 
s h o w e d n o s ignif icant ac t i v i t y to T u m - r e s i s t a n t species 
of h u m a n t u b e r c u l e bac i l lus a n d B C G . ( T a b l e 4 ) . 

Relationship between Structure and Activities. F r o m 

al l resul ts of c o m p a r i s o n s in b io log ica l ac t iv i t ies of t h e 
syn the t i c p e p t i d e s , it cou ld b e e m p h a s i z e d conc lus ive ly 
t h a t b o t h h y d r o x y l g r o u p s a t Se r 3 a n d Ser 4 res idues a r e 
n o t necessar i ly r e q u i r e d for a n t i b a c t e r i a l ac t iv i ty of 
T u r n s , a l t h o u g h t h e p r e s e n c e of these h y d r o x y l g r o u p s 
s e e m e d to s t r e n g t h e n t h e ac t iv i t ies , especia l ly t h e 
h y d r o x y l g r o u p of Se r 3 p l a y i n g m o r e i m p o r t a n t ro le 
t h a n t h a t of Ser 4 . H o w e v e r , i t is a p p a r e n t t h a t these 
h y d r o x y l g r o u p s m a y n o t b e c o n c e r n e d w i t h t h e d r u g 
res i s tancy of h u m a n t u b e r c u l e bac i l l i . 

E x p e r i m e n t a l 

All melting points are uncorrected. N M R spectra were 
obtained with a Var ian XL-100-15 spectrometer using sodium 
dimethylsilapentanesulfonate as an internal s tandard. O R D 
and C D spectra were obtained with a J A S C O Model O R D / 
UV-5 in water. T h e specific rotations were obtained with a 
Perkin-Elmer 141 Polarimeter. Molecular weights were 
obtained with a K n a u e r vapor pressure osmometer using 
methanol as a solvent. U V spectra were recorded on a 
Hitachi 124 Spectrophotometer. T L C was carried out by 
the ascending method on silica gel G using a developing 
solvent chloroform-methanol (7: 1). 

Z-Ala-Dea-OEt (la). T o a solution of Z - A l a - O H 
(14.6 g, 65.2 mmol) and H - D e a - O E t 9 ) (13.4 g, 65.2 mmol) in 
ethyl acetate (40 ml) , a solution of HONSu3> (9.01 g, 78.2 
mmol) in dioxane (30 ml) and then D C C (14.8 g, 71.7 mmol) 
were added under stirring in an ice bath . Stirring was con­
tinued at 0 °C for 2 h, thereafter at room temperature over­
night. After the addition of acetic acid (500 mg, 8.30 mmol) , 
NjiV-dicyclohexylurea was filtered off and filtrate was con­
centrated in vacuo. A solution of the residue in ethyl acetate 
was washed with saturated aqueous sodium hydrogencarbo-
nate and water. Organic layer was dried over anhydrous 
sodium sulfate and concentrated in vacuo to yield an oily 
product , yield 24.9 g (92.9%). 

For characterization a portion of l a was converted into the 
crystalline hydrazide. Thus , to a solution of l a (1.40 g, 
3.41 mmol) in D M F (20 ml) , hydrazine hydra te (3.42 g, 
68.3 mmol) was added. T h e mixture was allowed to stand 
for two days at room temperature and then concentrated 
in vacuo. T h e residue was tr i turated with water , and a crystal­
line product was filtered off, yield 0.920 g (68.1%). I t was 
recrystallized from e thanol-e ther-hexane , m p 208—209 °C 
(dec), [a]2

D
9 - 1 . 2 °C (c 1.0, DMF).12> Found : C, 54 .21; 

H , 7.17; N , 14.19%. Calcd for C 1 8 H 2 8 N 4 0 6 : C, 54.53; H , 
7.12; N , 14.13%. 

Z-Ala-Ala-Dea-OEt (2a). In to a solution of l a 
(11.5 g, 28.0 mmol) and acetic acid (3.36 g, 56.0 mmol) in 
ethanol (200 ml) , hydrogen was bubbled in the presence of 
pal ladium black. After debenzyloxycarbonylation h a d been 

completed, catalyst was filtered off and the filtrate was con­
centrated in vacuo. T o a solution of the residue in ethyl 
acetate, triethylamine (3.30 g, 30.0 mmol) and Z - A l a - O N S u 
(8.96, 28.0 mmol) were added with stirring at 0 °C. T h e 
mixture was stirred at 0 °C for 1 h , thereafter at room tempera­
ture overnight. T h e reaction mixture was concentrated 
in vacuo and the residue was dissolved in chloroform. T h e 
organic solution was washed with saturated aqueous sodium 
hydrogencarbonate and water, and then dried over anhydrous 
sodium sulfate. A crystalline residue obtained after con­
centration in vacuo was recrystallized from chloroform-ethyl 
acetate, yield 11.7 g (86.8%), m p 186—188 °C. [a]2

D
8 - 5 . 6 ° 

(c 0.9, D M F ) . Found : C, 57.32; H , 7.37; N , 8.94%. Calcd 
for C 2 3 H 3 5 N 3 0 8 : C, 57.37; H , 7.33; N , 8 .73%. 

Boc-A2pr(Z)-ONSu (3). T o a suspension of H -
A2pr(Z)-OH1 0> (2.38 g, 10.0 mmol) in water (20 ml), tri­
ethylamine (2 .1ml , 15 mmol) and t-butyl 4,6-dimethyl-
pyrimidyl-2-thiolcarbonate (2.64 g, 11.0mmol)13> in dioxane 
(6 ml) were added. T h e reaction mixture was stirred for 
20 h. After addition of saturated aqueous sodium hydrogen-
carbonate , the solution was washed with ethyl acetate. T h e 
aqueous layer was acidified with citric acid and the product 
was transferred to ethyl acetate. T h e organic layer was 
washed with water , and then dried over anhydrous sodium 
sulfate, and then concentrated in vacuo to give an oily residue. 
T o its solution in T H F (30 ml) , H O N S u (1.15 g, 10.0 mmol) 
and D C C (2.06 g, 10.0 mmol) were added with stirring at 
0 °C. T h e mixture was stirred a t 0 °C for 2 h, and then at 
room temperature overnight. T h e iVjiV'-dicyclohexylurea 
formed was filtered off and the filtrate was concentrated in 
vacuo. Oily residue was t r i turated with hexane, and the 
crystalline product thus obtained (3.71 g, 85.2%) was recrye 
stallized from dioxane—hexane, yield 2.77 g (63.6%), m p 90— 
92 °C, [a]2

D
9 - 3 0 . 7 ° (c 1.9, D M F ) . Found : C, 54.78; H, 

5.80; N , 9 .68%. Calcd for C 2 0 H 2 5 N 3 O 8 : C, 55.17; H , 5.79; 
N , 9 . 6 5 % . 

Boc-A2pr(Z)-Ala-Ala-Dea-OEt (4). Hydrogenolysis 
of 2a (7.00 g, 14.5 mmol) was carried out with addition of 
acetic acid (1.75 g, 29.1 mmol) in ethanol-dioxane (250 
ml) as in the preparat ion of 2a from l a . To a solution 
of the residual oil of C H 3 C O O H . H - A l a - D e a - O E t and 3 
(6.33 g, 14.5 mmol) in ethyl acetate (200 ml) JV-methyl-
morpholine (2.94 g, 29.1 mmol) was added with stirring at 
0 °C. T h e mixture was stirred at 0 °C for 2 h and then at 
room temperature overnight. T h e residue obtained after 
concentration in vacuo was dissolved in chloroform, and washed 
with 10% aqueous citric acid, saturated aqueous sodium 
hydrogencarbonate, and brine. T h e organic layer was 
dried over anhydrous sodium sulfate and concentrated in 
vacuo. T h e crystalline residue was recrystallized from chloro­
form-ethyl acetate-ether, yield 16.9 g (87.2%), m p 187— 
191 °C, [oc]2D

9 - 9 . 2 ° (c 2 .1 , D M F ) . Found : C, 55.60; H , 
7.41 ; N , 10.55%. Calcd for C 3 1 H 4 9 N 5 O u : C, 55.76; H , 7.40; 
N , 10.49%. 

H-Cpd(N02)-OH (5). T o a mixture of fuming nitric 
acid (rf= 1.52) (1.5 ml) and 5 0 % fuming sulfuric acid (1.2 ml) , 
H - C p d - O H - H C l 1 4 ) (740 mg, 3.55 mmol) was added portion-
wise over 30 min with stirring at —20 °C, and then concentated 
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sulfuric acid (1 ml) was added. T h e mixture was stirred 
under the same conditions for 45 min, thereafter poured onto 
ice. O n neutralization of the solution with sodium hydrogen-
carbonate, a crystalline product was separated out, yield 
540 mg (70.0%). I t was recrystallized from water , yield 
535 mg (69.3%), m p 250 °C (dec), [a]2

D
9 + 2 8 . 0 ° (c 1.0, 6 M 

HCl) . Found: C, 32.82; H , 5.25; N , 32.22%. Calcd for 
C e H ^ C v C, 33.18; H , 5 .11; N , 32 .25%. 

Nps-Cpd(NOJ-OH (6). T o a solution of 5 (2.00 g, 
9.21 mmol) in 1 M aqueous sodium hydroxide (10.1 ml) and 
dioxane (40 ml), Nps-Cl (1.92 g, 1.01 mmol) and 1 M aqueous 
sodium hydroxide (10.1 ml) were added over 15 min simulta­
neously. The solution was diluted with water , and acidified 
with citric acid. A yellow crystalline product separated out 
was filtered off. A small amount of the product was recovered 
from the filtrate by extraction with ethyl acetate. Both crops 
were combined and recrystallized from acetone-hexane, 
yield 2.55 g (74.7%), m p 180—181 °C (dec), [a]2

D
9 + 3 1 . 3 ° 

(c2.0, D M F ) . Found : C, 38.91 ; H , 3.94; N , 22.56; S, 8.56%. 
Calcd for C 1 2 H 1 4 N 6 0 6 S : C, 38.92; H , 3.81 ; N , 22.69; S, 8.66%. 

Boc-A2pr(Nps-Cpd(N02))-Ala-Ala-Dea-OEt (7a). 
To a solution of 4 (700 mg, 1.05 mmol) in D M F (10 ml) , 
hydrogen was bubbled in the presence of pal ladium black. 
After completion of hydrogenolysis, the catalyst was filtered 
off. T o the filtrate, 6 (383 mg, 1.05 mmol) , H O B t (180 mg, 
1.33 mmol) and then D C C (236 mg, 1.14 mmol) were added 
with stirring at 0 °C. T h e stirring was continued at 0 °C 
for 2 h and then at room temperature overnight. After 
addition of acetic acid (20 mg, 0.33 mmol) , -/V,JV'-dicyclo-
hexylurea was filtered off. T h e filtrate was concentrated 
in vacuo, and a solution of the residue in ethyl acetate was 
washed with 10% aqueous citric acid, saturated aqueous 
sodium hydrogencarbonate and brine. T h e organic layer 
was dried over anhydrous sodium sulfate and concentrated 
in vacuo. T h e yellow solid obtained was reprecipitated from 
dioxane-ether, yield 760 mg (90.0%), m p 152—165 °C (dec), 
[a]2

D
7 + 4 0 . 5 ° (c 2.2, D M F ) . Found : C, 47.80; H , 6.40; N , 

16.80; S, 3 .45%. Calcd for C ^ ^ O ^ S - l / 2 C 4 H 8 O a : C, 
47.78; H , 6.39; N , 16.57; S, 3 .45%. 

Boc-A2pr(Nps-Cpd(N02))-Ala-Ala-Dea-OH (8a). 
T o a suspension of 7a (1.73 g, 1.95 mmol) in ethanol (2 ml) , 
2 M aqueous sodium hydroxide (1.47 ml, 2.94 mmol) was 
added with stirring a t room temperature and the stirring was 
continued for 1 h. After the solution was diluted with water 
(15 ml) , it was washed with ethyl acetate, acidified with citric 
acid, and then extracted with ethyl acetate. T h e organic 
layer was washed with water , and dried over anhydrous 
sodium sulfate. T h e residue obtained after concentration 
in vacuo was reprecipitated with dioxane-ether , yield 1.46 g 
(87.0%), m p 154—166° (dec), [a]2

D
7 + 3 9 . 4 ° (c 1.9, D M F ) . 

Found: C, 45.24; H , 5.86; N , 17.66; S, 3 .88%. Calcd for 
CssHsxNuO^S .HaO: C, 45.25; H , 6.10; N , 17.59; S, 3.66%. 

Boc-A2pr(NpS-Cpd(N02) ) -Ala-Ala-Dea-ONSu (9a). 
T o a solution of 8a (960 mg, 1.12 mmol) and H O N S u (150 mg, 
1.34 mmol) in dioxane (20 ml) , D C C (280 mg, 1.34 mmol) 
was added with stirring at 0 °C. T h e mixture was stirred at 
0 °C for 2 h and then at room temperature for 6 h. After 
addition of acetic acid (20 mg, 0.33 mmol) , iV,iV-dicyclo-
hexylurea was filtered off. T h e filtrate was concentrated 
in vacuo, and the residue was reprecipitated from dioxane-e ther , 
yield 920 mg (86.0%), mp 159—160 °C (dec), [«]£ + 3 9 . 5 ° 
(c2.0, D M F ) . Found : C, 45.63; H , 5.69; N , 17.39; S, 3 .26%. 
Calcd for C 3 7 H 5 4 N 1 2 0 1 6 S . H 2 0 : C, 45.67; H , 5.80; N , 17.27; 
S, 3.30%. 

Cyclo[Boc-A2pr-Ala-Ala-Dea-Cpd(NOJ] (10a) via Route A. 
To a solution of 9a (880 mg, 0.921 mmol) in T H F (10 ml) , 
0.28 M hydrogen chloride in T H F (9.86 ml, 2.76 mmol) was 

added dropwise over 15 min, and the stirring was continued 
for 30 min. Anhydrous ether was added to the mixture to 
obtain a precipitate of the free amino active ester, yield 730 
mg (94.8%). I t was immediately cyclized without purifica­
tion. Thus , a solution of the product in D M F (100 ml) was 
added slowly into pyridine (800 ml) by use of high-dilution 
appara tus over 72 h a t 55 °C with stirring. After stirring 
was continued for addit ional 24 h , the reaction mixture was 
concentrated in vacuo, and the residue was purified by silica 
gel chromatography. From the eluate with chloroform-
methanol , a white solid was obtained [i?f 0.70 on T L C , 
ninhydrin negative] , yield 212 mg (33.5%). For elemental 
analysis, the product thus obtained was reprecipitated from 
ethyl acetate, m p > 2 5 0 °C, [a]£ - 2 6 . 0 ° (c 0.94, D M F ) . 
Found : C, 45 .81 ; H , 6.75; N , 19.52%, mol wt, 743. Calcd 
for C 2 7 H 4 6 N 1 0 O u - 3 / 2 H 2 O : C, 45.43; H , 6.92; N , 19 .63%, 
mol wt, 714. 

Boc-A2pr(Z)-OMe (11). T o a solution of Boc-A2pr-
( Z ) - O H , which was prepared from H - A 2 p r ( Z ) - O H (13.77 
g, 57.9 mmol) according to the method described for 3 , in 
ethyl acetate (100 ml) , an ethereal solution of diazomethane 
was added, unti l yellow color remained. After excess diazo­
methane was decomposed with acetic acid, the mixture was 
concentrated in vacuo. T h e tri turation of the oily residue 
with hexane in an ice-salt bath gave crystalline product , 
yield 18.47 g (90.5%). For elemental analysis, it was recrys­
tallized from hexane. m p 50—52 °C [<x]JJ - 8 . 8 ° (c 1.0, 
D M F ) . Found : C, 58.02; H , 6.92; N , 7.90%. Calcd for 
C 1 7 H 2 4 N 2 0 6 : C, 57.94; H , 6.87; N , 7 .95%. 

Boc-A2pr(Nps-Cpd(N02))-OMe (12). Compound 11 
(4.75 g, 13.5 mmol) was hydrogenolyzed over pal ladium black 
in D M F (30 ml) . T o the filtrate from the catalyst, 6 (5.00 g, 
13.5 mmol) , H O B t (2.03 g, 15.0 mmol) , and then D C C (3.10 
g, 15.0 mmol) were added with stirring at 0 °C. T h e stir­
ring was continued at 0 °C for 2 h and then at room tem­
pera ture overnight. T h e reaction mixture was concentrated 
in vacuo, and the residue was dissolved in ethyl acetate. Insol­
uble material was filtered off and the filtrate was washed 
with 10% aqueous citric acid, saturated aqueous sodium 
hydrogencarbonate and brine. T h e organic layer was dried 
over anhydrous sodium sulfate and concentrated in vacuo. 
T h e yellow solid was recrystallized from acetone-hexane, 
yield, 6.33 g (82.2%), m p 155—160 °C, [oft8 + 8 9 . 8 ° (c 1.0, 
D M F ) . Found : C, 42 .71 ; H , 5.37; N , 18.73; S, 5.47%. 
Calcd for C 2 1 H 3 0 N 8 O 9 S - H 2 O : C, 42.85; H , 5.48; N , 19.04; 
S, 5 .45%. 

Nps-Ala-Ala—Dea-OEt (13). As in the preparat ion of 
2a , 13 was synthesized from Z - A l a - D e a - O E t (1.00 g, 2.44 
mmol) and N p s - A l a - O N S u (828 mg, 2.44 mmol) . T h e yellow 
oily product was tr i turated with hexane to yield crystalline 
product (962 mg, 78 .7%), which was recrystallized from ethyl 
aceta te-hexane, yield 768 mg (62.7%). m p 128—131 °C, 
[a]2

D
9 - 2 9 . 3 ° (c 1.0, D M F ) . Found : C, 50.33; H , 6.49; N, 

11.08; S, 6.34%. Calcd for C 2 1 H 3 2 N 4 0 8 S : C, 50.39; H , 6.44; 
N , 11.19; S, 6 . 4 1 % . 

Nps-Ala-Ala-Dea-OH (14). T o a suspension of 13 
(750 mg, 1.50 mmol) in ethanol (5 ml) , 1 M aqueous sodium 
hydroxide was added for saponification. T h e subsequent 
procedure was practically the same as tha t for 8a. Tr i tura­
tion of the residual product with hexane gave a yellow solid, 
yield 699 mg , (98.7%). For elemental analysis, the solid 
was reprecipitated from ethyl aceta te-hexane, mp 148—149 
°C (dec), [a]2

D
8 - 3 2 . 0 ° (c 1.0, D M F ) . Found : C, 47.93; H , 

5.99; N , 11.51; S, 6 .60%. Calcd for C 1 9 H 2 8 N 4 0 8 S : C, 48.29; 
H , 5.97; N , 11.86; S, 6 .79%. 

Boc-A2pr(Nps~Ala~Ala~Dea~Cpd(N02))-OMe (15). T o 
a suspension of 12 (500 mg, 0.876 mmol) in methanol (10 
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ml), 0.2 M hydrogen chloride in T H F (4.5 ml, 0.90 mmol) 
was added with stirring at room temperature . After 45 min, 
additional 0.2 M hydrogen chloride in T H F (1.0 ml, 0.20 
mmol) was added, and the solution was stirred for additional 
15 min. Addition of ether and hexane to the reaction mix­
ture gave a white precipitate, yield 339 mg (85.3%). T o a 
solution of this solid, 14 (353 mg, 0.747 mmol) and H O B t 
(111 mg, 0.822 mmol) in chloroform (25 ml) , triethylamine 
(76 mg, 0.747 mmol) and D C C (170 mg, 0.822 mmol) were 
added with stirring at 0 °C. Afterwards, the reaction mix­
ture was treated as in the preparat ion of 7a. T h e solid 
obtained (565 mg, 74.0%) was reprecipitated from d ioxane-
ether, yield 382 mg (50.0%). m p 203—204 °C (dec), [a]g 
- 3 3 . 5 ° (c 1.0, D M F ) . Found: C, 47.02; H , 6.23; N , 16.77; 
S, 3.92%. Calcd for C 3 4 H 5 3 N n 0 1 4 S • l / 2 C 4 H 8 0 2 : C, 47.20; 
H , 6.27; N , 16.82; S, 3.50%. 

Boc-A2pr(Nps-Ala-Ala-Dea-Cpd(N02) )-OH (16). T h e 
methyl ester 15 (900 mg, 1.03 mmol) was saponified with 1 M 
aqueous sodium hydroxide (1.13 ml, 1.13 mmol) in ethanol 
(9 ml) at room temperature for 2 h according to the usual 
procedure like in the preparat ion of 8a. Yield 810 mg (93.9 
% ) . For elemental analysis, it was recrystallized from diox-
ane-ether , m p 173—174 °C (dec), [a] g - 3 2 . 4 ° (c 1.0, D M F ) . 
Found : C, 46.37; H , 6.34; N , 16.72; S, 3.77%. Calcd for 
C s s H ^ N n O ^ S . l ^ Q H g C v C, 46.60; H , 6.15; N , 17.08; S, 
3.56%. 

Boc-A2pr(Nps-Ala-Ala-Dea-Cpd(N02) )-ONSu (17). 
T h e acid 16 (1.00 g, 1.17 mmol) was converted to 17 with 
H O N S u (150 mg, 1.28 mmol) and D C C (260 mg, 1.28 mmol) 
in T H F (50 ml) as in the synthesis of 9a , A yellow solid was 
obtained, yield 960 mg (86.3%). For elemental analysis, this 
solid was reprecipitated from dioxane-hexane, m p 162—163 
°C (dec), [oc] g - 3 1 . 7 ° (c 1.0, D M F ) . Found : C, 46.90; H , 
6.04; N , 16.81; S, 3.44%. Calcd for C 3 7 H 5 4 N 1 2 0 1 6 S. 1/2-
C 4 H 8 0 2 : C, 46.89; H , 5.85; N , 16.82; S, 3 .21%. 

Cyclo[Boc-A2pr-Ala-Ala-Dea-Cpd(N02)] (10a) via Route B. 
T o a solution of 17 (960 mg, 1.01 mmol) in T H F (100 ml) , 
0.194 M hydrogen chloride in T H F (11.4 ml, 2.21 mmol) was 
added with stirring at room temperature . After 1 h, the 
solution was concentrated in vacuo and tri turation of the 
residue with anhydrous ether gave a solid, yield 810 mg 
(95.7%). T h e product thus obtained, was immediately cy-
clized without purification. T h e cyclization procedure was 
the same as that for 10a via route A except for the use of the 
reaction conditions at 60 °C for 55 h. Purification by silica 
gel chromatography gave a white solid [Rf 0.70 on T L C 
ninhydrin negative] , yield 251 mg (36.1%). For elemental 
analysis, the product thus obtained was reprecipitated from 
ethyl acetate, m p > 2 5 0 °C, [a]2

D
9 - 3 1 . 2 ° (c 0.94, D M F ) . 

Found : C, 45.49; H , 6.70; N , 19.67%. Calcd for C2 7H4 6N1 0-
O n - 3 / 2 H 2 0 : C, 45.43; H , 6.92; N , 19.63%. 

[Ala3, Ala^-Tua N-2HCI (18a). T o a solution of 10a, 
obtained either by route A or B (300 mg, 0.427 mmol) and 
acetic acid (0.2 ml) in a mixture of ethanol (50 ml) and 
water (15 ml) , hydrogen was bubbled in the presence of palla­
d ium black for removal of the nitro group. T h e filtrate from 
catalyst was concentrated in vacuo, a solution of the residue 
in acetone-1 M hydrochloric acid ( 1 : 1) (10 ml) was heated 
under reflux for 8 min. After cooling, the solution was 
allowed to s tand with addition of urea (600 mg, 10.0 mmol) 
at room temperature overnight. T h e mixture was concen­
trated in vacuo, t r i turation of the residue with ethanol-ether 
gave a precipitate (207 mg, 81 .3%) . This precipitate was 
recrystallized from water -methanol , yield 126 mg (49.5%). 
m p > 2 5 0 °C [a]2

D
8 - 2 3 . 8 ° {c 1.0, H 2 0 ) . Amax; 268 n m ( H 2 0 , 

e 25 700), 267 n m (0.1 M H C l , e 25 400), 301 n m (1 M 
N a O H , e 18 400). Found : C, 38.03; H , 5.97; N , 25.86; 

CI, 11.68%. Calcd for C 1 9 H 3 3 N n 0 6 C l 2 - H 2 0 : C, 38.00; H , 
5.87; N , 25.66; CI, 11.81%. 

[Ala3, Ala^-Tum 0-3HCI (19a). T o a suspension of 
18a (50 mg, 0.0858 mmol) in D M F (3 ml) , Boc-/S-Lys(Boc)-
ONSu8-15) (46 mg, 0.103 mmol) and triethylamine (10.4 mg, 
0.103 mmol) were added with stirring at room temperature, 
and stirring was continued overnight. The solution was 
concentrated in vacuo. Tr i turat ion of the residue with T H F 
gave a gelatinous solid, which was collected by centrifugation. 
T h e precipitate thus obtained was dissolved in water and 
washed with ethyl acetate. T h e aqueous layer was concen­
trated in vacuo. For deprotection, the residue was dissolved 
in 6 M hydrochloric acid (1 ml) and allowed to stand for 
30 min. Addition of ethanol and ether to the mixture gave 
a white precipitate (58 mg, 9 1 % ) , which was recrystallized 
from water -methanol , yield 40 mg (62.4%), m p 250 °C (dec), 
[a]2

D
2 - 2 5 . 4 ° (c 0.52, H 2 0 ) , Amax; 268 n m ( H 2 0 , e 23 400), 

267 n m (0.1 M HCl , e 22 500), 295 n m (1 M N a O H , e 16 
700). Found : C, 39.26; H , 6.29; N , 23.62; Cl, 13.72%. 
Calcd for C 2 3 H 4 6 N 1 3 0 7 C 1 3 . H 2 0 : C, 39.24; H , 6.32; N , 
23.80; Cl, 13.90%. 

Z-Ser(t-Bu)-Dea-OEt (lb). Coupling of Z-Ser(f-Bu)-
O H (13.2 g, 44.7 mmol) and H - D e a - O E t (9.17 g, 44.7 mmol) 
in a manner similar to that for l a gave an oily product l b , 
yield 20.8 g (96.5%). 

For characterization a portion of l b was converted into 
the crystalline hydrazide as in the case of l a , m p 136—144 
°C, [a]£ + 1 0 . 3 ° (c 1.0, DMF).12) Found: C, 56.31; H , 
7.93; N , 12.00%. Calcd for C 2 2 H 3 6 N 4 0 7 : C, 56.39; H , 7.74; 
N , 11.96%. 

Z-Ala-Ser(t-Bu)-Dea-OEt (2b). Hydrogenolysis of l b 
(10.0 g, 20.7 mmol) in D M F (40 ml) , and coupling of its 
product with Z - A l a - O H (4.26 g, 20.7 mmol) by the succin-
imidyl ester method was performed in a similar manner to 
that for preparat ion of 2a. Acetic acid (242 mg, 4.20 mmol) 
and iV-(2-aminoethyl)-piperazine (1.00 g, 7.75 mmol) were 
used to destroy unreacted D C C and the succinimidyl ester 
respectively. Yield 8.90 g (77.4%). For elemental analysis, 
the product thus obtained was recrystallized from ethyl 
aceta te-hexane, m p 104—109 °C, [a]}? + 8 . 2 2 ° (c2.13, D M F ) . 
Found : C, 58.16; H , 7.81 ; N , 7 .55%. Calcd for C 2 7 H 4 3 N 3 0 9 : 
C, 58.57; H , 7.83; N , 7.59%. 

Z-Ser(t-Bu) -Ala-Dea-OEt (2c). Z-Ser( f -Bu)-OH ( 10.0 
g, 33.9 mmol) was coupled with C H 3 C O O H • H - A l a - D e a -
O E t prepared from l c (13.9 g, 33.9 mmol) by the succin­
imidyl ester method using iV-methylmorpholine (6.85 g, 67.7 
mmol) . Yield 13.5 g (72.0%). For elemental analysis, the 
product thus obtained was recrystallized from ethyl aceta te-
hexane, m p 131—145 °C, [a] g + 5 . 5 5 ° (c2.11, D M F ) . Found: 
C, 58.78; H , 7.95; N , 7.80%. Calcd for C 2 7 H 4 3 N 3 0 9 : C, 
58.57; H , 7.83; N , 7.59%. 

Boc-A2pr(Nps-Cpd(N02))-OH (20). Saponification of 
12 (3.00 g, 5.26 mmol) in a similar manner to that for 8a 
gave a yellow solid, yield 2.49 g (85.0%). For elemental 
analysis, it was converted to a dicyclohexylammonium salt, 
and recrystallized from methanol-e ther , m p 213—214°C 
(dec), [a]2

D
3 + 6 3 . 8 ° (c 1.0, D M F ) . Found : C, 51.57; H , 

6.96; N , 16.79; S, 4 .40%. Calcd for C 3 2 H 5 1 N 9 0 9 S . l /2CH3-
O H : C, 51.77; H , 7.09; N , 16.72; S, 4 .25%. 

Boc-A2pr(Nps-Cpd(NOJ)-Ala-Ser(t-Bu)-Dea-OEt (7b). 
Coupling of 20 (3.00 g, 5.39 mmol) and the debenzyloxy-
carbonylation product of 2 b (2.98 g, 5.39 mmol) in a similar 
manner as in the preparat ion of 7a gave a yellow solid, yield 
4.67 g (90.5%), m p 154—164°, [a]£ +48 .6° (c 1.9, D M F ) . 
Found : C, 48.46; H , 6.58; N , 15.95; S, 3 .28%. Calcd for 
C s Ä j j N n O i g S : C, 48.89; H , 6.63; N , 16.08; S, 3.35%. 

Boc-A2pr(Nps-Cpd(N02) )Ser(t-Bu)-Ala-Dea-OEt (7c). 



December, 1977] Syntheses of [Ala3, Ala4]- , [Ala3]-, and [Ala4]-Tuberactinomycin O 3379 

Similarly, 20 (3.00 g, 5.39 mmol) was coupled with the 
deprotected product of 2c (2.98 g, 5.39 mmol) to give a 
yellow solid, yield 4.63 g (89.7%), m p 143—153°, [a]£ + 5 1 . 6 ° 
(c 1.9, D M F ) . Found : C ,48 .14 ; H , 6 . 5 4 ; N , 15.81; S, 3 .43%. 
Calcd for C 3 9 H 6 3 N U 0 1 5 S . H 2 0 : C, 47.99; H , 6 .71; N , 15.79; 
S, 3.29%. 

Boc-A2pr(Nps-Cpd(N02))-Ala-Ser(t-Bu)-Dea-OH (8b). 
Saponification of 7b (3.17 g, 3.31 mmol) gave a yellow solid 
in a similar manner as in the preparat ion of 8a, yield 2.72 g 
(88.3%), mp 143 °C (dec), [a]£ + 5 3 . 6 ° (c 1.6, D M F ) . Found: 
C, 46.74; H , 6.37; N , 16.17; S, 3.22%. Calcd for C 3 7 H 5 9 N n -
0 1 5 S . H 2 0 : C, 46.88; H , 6.49; N , 16.25; S, 3 .38%. 

Boc-A2pr(Nps-Cpd(N02))-Ser(t-Bu)-Ala-Dea-OH (8c). 
Similarly, saponification of 7c (4.62 g, 4.82 mmol) gave a 
yellow solid, yield 3.98 g (88.8%), m p 140—141 °C (dec), 
[a] g +49 .2° (c 2.0, D M F ) . Found : C, 46.70; H , 6.40; N , 
16.18; S, 3 .33%. Calcd for C 3 7 H 5 9 N n 0 1 5 S • H 2 0 : C, 46.88; 
H , 6.49; N , 16.25; S, 3 .38%. 

Boc-A2pr-(Nps-Cpd(N02))-AlaSer(t-Bu)-Dea-ONSu (9b). 
T h e free acid 8b (2.98 g, 3.20 mmol) was converted to 
1-succinimidyl ester as in the preparat ion of 9a, yield 3.13 g 
(95.1%), m p 141—150 °C (dec), [a];9 + 4 2 . 6 ° (c 1.1, D M F ) . 
Found: C, 46.84; H , 6 .01; N , 15.90; S, 2 .92%. Calcd for 
C 4 1 H 6 2 N 1 2 0 1 7 S - H 2 0 : C, 47.12; H , 6.17; N , 16.08; S ,3 .07%. 

Boc-A2pr-(Nps-Cpd(N02) )-Ser(t-Bu)-Ala-Dea-0NSu (9c). 
Compound 8c (4.30 g, 4.62 mmol) was changed to 1-suc­
cinimidyl ester as in the preparat ion of 9a ; yield 4.55 g (95.8 
% ) , m p 145—155 °C (dec), [af t + 4 9 . 5 ° {c 1.8, D M F ) . 
Found: C, 47.21; H , 6.10; N , 16.18; S, 3 .02%. Calcd for 
C 4 1 H 6 2 N 1 2 0 1 7 S . H 2 0 : C, 47.12; H , 6.17; N , 16.08; S, 3 .07%. 

Cyclo[Boc-A2pr-Ala-Ser(t-Bu)-Dea-Cpd(N02)] (10b). 
Cleavage of the Nps group of 9b (1.50 g, 1.46 mmol) and the 
subsequent cyclization were carried out like in the preparat ion 
of 10a, yield 335 mg (30.2%), m p > 2 5 0 °C, [af t - 1 8 . 2 ° (c 
1.2, D M F ) . Found : C, 48 .21 ; H , 7 .11; N , 18.01% mol wt, 
844. Calcd for C3 1H5 4N1 0O1 2• H 2 0 : C, 47.93; H , 7.27; N , 
18.03%, mol wt, 777. 

Cyclo[Boc-A2pr-Ser(t-Bu)-Ala-Dea~Cpd(N02) ] (10c). 
The cyclic peptide, 10c was synthesized from 9c (4.40 g, 4.28 
mmol) as in the preparat ion of 10b, yield 985 mg (30.3%), 
m p > 2 5 0 °C, [af t - 2 9 . 4 ° (c 1.1, D M F ) . Found : C, 48.13; 
H , 7.15; N , 18.17%, mol wt, 811. Calcd for C3 1H5 4N1 0O1 3 • 
H 2 0 : C, 47.93; H , 7.27; N , 18.03%, M . W. , 777. 

[Ala3]— Tua N-2HCI (18b). Deprotection of 10b (370 
mg, 0.488 mmol) and conversion of Dea to U d a residue were 
carried out as in the preparat ion of 18a, yield 238 mg (81.5%), 
mp > 2 5 0 ° C , [af t - 1 6 . 6 ° (c 0.56, H 2 0 ) . Amax; 268 n m 
( H 2 0 , e 20 600), 268 n m (0.1 M HCl , e 22 100), 290 n m (1 M 
N a O H , e 14 800). Found: C, 37.95; H , 5.64; N , 25.43; CI, 
11.62%. Calcd for C ^ H ^ n O ^ . 1 /2H 2 0 : C, 37.57; H , 
5.64; N , 25.37; CI, 11.67%. 

[Ala*]—Tua N-2HCI (18c). This crystalline compound 
was prepared from 10c (300 mg, 0.395 mmol) was preapred 
in a manner similar to that for 18a, yield 198 mg (83.5%), 
m p > 2 5 0 °C, [oft +35 .0° (c 0.59, H 2 0 ) . Amax; 268 n m ( H 2 0 , 
e 23 300), 268 n m (0.1 M HCl , e 24 700), 290 n m ( I M 
N a O H , e 17 600). Found: C, 38.07; H , 5.62; N , 25.37; Cl, 
11.78%. Calcd for C 1 9 H 3 3 N U 0 7 C 1 2 : C, 38.13; H , 5.56; N , 
25.75; Cl, 11.85%. 

[Ala3]— Turn 0-3HCI (19b). Boc-/5-Lys(Boc)-ONSu 
(267 mg, 0.602 mmol) was coupled with the free amino group 
of 18b (240 mg, 0.401 mmol) followed by deprotection as in 
the preparat ion of 19a to give colorless crystals, yield 250 
mg, mp > 2 5 0 °C, [oft - 3 6 . 1 ° (c 0.52, H 2 0 ) . Amax'; 268 n m 
( H 2 0 , e 23 800), 268 n m (0.1 M HCl , e 24 100), 290 n m (1 
M N a O H , e 16 400). Found : C, 39.12; H , 6.36; N , 22.92; 

Cl, 13.47%. Calcd for C 2 5 H 4 6 N 1 3 0 8 C1 3 . l / 2C 2 H 5 OH- 1 /2H 2 0: 
C, 39.27; H , 6.34; N , 22.90; Cl, 13.38%. 

[Ala*]—Tum 0-3HCI (19c). Similarly, coupling of Boc-
ß-Lys(Boc)-ONSu (130 mg, 0.293 mmol) with 18c (117 mg, 
0.196 mmol) and then deprotection gave colorless crystals, 
yield 124 mg (83.2%), m p 255 °C (dec), [af t - 1 6 . 4 ° (c 0.53, 
H 2 0 ) . Amax; 268 n m ( H 2 0 , e 20 300), 268 n m (0.1 M HCl , 
e 21 600), 290 n m (1 M N a O H , e 15 200). Found: C, 39.73; 
H , 6.39; N , 22.77; Cl, 13 .31%. Calcd for C 2 5 H 4 6 N 1 3 0 8 C1 3 -
C 2 H 5 O H : C, 40.08; H , 6.48; N , 22.50; Cl, 13.15%. 

A u t h o r s a r e d e e p l y i n d e b t e d to t h e r e sea rch l a b o r a ­
tor ies , T o y o J o z o C o . , L t d . for s u p p l y i n g t u b e r a c t i n o -
m y c i n s a n d m e a s u r e m e n t s of a n t i b a c t e r i a l ac t iv i t ies , 
a n d also t o D r . M a s a y a s u Y a m a z a k i , N a t i o n a l S a n a t o ­
r i u m , T o n e y a m a H o s p i t a l for m e a s u r e m e n t s of b io log ica l 
ac t iv i t ies a g a i n s t h u m a n t u b e r c u l e bac i l l i . W e also 
wish to t h a n k to D r . K e n j i O k a w a a n d his coworke r s to 
g ive a facil i ty for t h e v a p o r p r e s s u r e o s m o m e t e r . T h i s 
w o r k w a s p a r t i a l l y s u p p o r t e d b y a G r a n t - i n - A i d for 
Scientif ic R e s e a r c h f rom M i n i s t r y of E d u c a t i o n . 
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Backbone Rearrangement of 3jö,4ß-Epoxyfriedelane. A Formation 
of Germanicol and Solvent Effects1) 

Motoo TORI , Takahiko TSUYUKI, and Takeyoshi TAKAHASHI 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received July 12, 1977) 

In the reaction of 3/5,4/S-epoxyfriedelane with boron trifluoride etherate in benzene, a backbone rear-
ragement proceeds up to D/E rings, giving germanicol as the main product, together with D : B-friedo-olean-
5(10)-en-3/5-ol, D: B-friedo-olean-5-en-3/?-ol, and /5-amyrin. The reaction product ratio of this reaction in 
various solvents was examined by HPLC. 

It has been reported that a treatment of 3a,4a-
epoxyfriedelane with t in(IV) chloride23) or with boron 
trifluoride etherate2b) gives D : B-friedo-olean-5(10)-en-
3a-ol,2> olean-12-en-3a-ol,2b> 18aH-olean-12-en-3a-ol,2b> 
olean-13(18)-en-3a-ol,2b> and 18aH-A-neo-oleana-3(5), 
12-diene.2b) In connection with the synthesis of dendro-
panoxide (1), we previously investigated the boron 
trifluoride etherate-catalyzed backbone rearrangement 
of 3/?,4/?-epoxyfriedelane (2) in ether, and reported the 
formation of dendropanoxide (1), 4oc-fluorofriedelan-
3/?-ol (3), D:B-friedo-olean-5(10)-en-3 jö-ol (4), D : B -
friedo-olean-5-en-3/?-ol (5), and /?-amyrin (6), together 
with an unidentified alcohol in a minute quantity.3) I t 
has been also reported that the rearrangement reaction 
of 3/?,4/?-epoxyshionane with boron trifluoride etherate 
remarkably depends on the nature of solvents used.4) 
The present paper describes the isolation and charac­
terization of germanicol (7) in the reaction of 3ß,4ß-
epoxyfriedelane (2) with boron trifluoride etherate in 
benzene and reports solvent effects on the reaction. 

Treatment of 3/?,4/?-epoxyfriedelane (2) in benzene 
with boron trifluoride etherate at room temperature 
for 10 min gave a mixture of products, which proved by 
high performance liquid chromatography (HPLC) to 
consist of the unidentified alcohol3) (45%), besides the 
known rearranged products:3) D : B-friedo-olean-5(10)-
en-3ß-ol (4; 15%), D : B-friedo-olean-5-en-3ß-ol (5 ; 15 
% ) , and/?-amyrin (6; 25%) . This mixture was subjected 
to separation by column chromatography on silica gel 
and then by preparative H P L C to give the alcohol as 
crude crystals, which was recrystallized from chloro-
form-methanol. The alcohol was inferred to be ger­
manicol (7)5) by the following evidence. T h e alcohol 
showed mp 177—178.5 °C5) and a molecular ion peak 
at mje 426 together with prominent peaks at mje 204, 
189, and 177 typical of J18-oleanenes.6> The I R and 
N M R spectra indicated the presence of a secondary 
hydroxyl group, a trisubstituted double bond, and of 
eight tertiary methyl groups {cf. Experimental) . In the 
N M R spectrum, the signal due to the olefinic proton 
resonating at ô 4.85 is characteristic of germanicol and 
its derivatives [rf/-germanicol5b) (<5 4.85, s), the acetate7) 
(<$ 4.88, d, 7 = 2 Hz) , and the butyrate8> (Ô 4.88, s)] and 
is different from those of taraxerol9) (8; 5.54, 1H, dd, 
7 = 8 and 4 Hz, C ( 1 5 , -H) , ß-amyrin3* (6; ô 5.20, 1H, t, 
7 = 4 Hz, C ( 1 2 ) -H) , 18aH-ß-amyrin10> (9; ô 5.15, 1H, 
m, C ( 1 2 ) -H) , D:B-friedo-olean-5-en-3ß-ol3) (5; ô 5.63, 
1H, dd, 7 = 4 and 1.8 Hz, C { 6 ) -H) , walsurenol11) (10; 
ô 5.62, 1H, m, C ( 1 1 ) -H) , or multiflorenol (11) deriva­
tives12) (Ô 5.24—5.55, m, C ( 7 ) -H) . T h e structure (7) 

of this alcohol was confirmed by the following conversion. 
The alcohol (7) in anhydrous benzene was treated with 
potassium and methyl iodide.13) Recrystallization of the 
product from acetone-benzene gave miliacin (12), 
which was found to be identical with an authentic 
specimen isolated from Panicum miliaceum L.14> 

Solvent effects on the formation of products in the 
reaction were then investigated. T h e small scale 
reaction using 3/?,4/?-epoxyfriedelane (1—3 mg) and 
boron trifluoride etherate in various solvents was 
carried out, and the products were examined by H P L C . 
The results are summarized in Table 1. 

The attack of boron trifluoride etherate to the oxygen 
atom of the epoxide (2) gives rise to a cationic center 
at C-4 (or its equivalent species). A sequence of 1,2-
shifts of methyl group(s) and hydride(s) would then be 
followed to give cations in various rearrangement stages, 
which after deprotonation afford the rearranged 
alcohols (4, 5, 6, and 7). When the reaction was carried 
out in a solvent (such as D M E , T H F , or ether) apt to 
coordinate with a cation, the reaction was interrupted 
in early stages to give D : B-friedo-oleanene derivatives3) 
(1, 4, and 5) together with the fluorohydrin3) (3) and 
friedelin3) (13). The rearrangement in solvents with 
low nucleophilicity (such as toluene, benzene, and 

4 5(10)-ene 
5 5-ene 

6 180-H 7 R=H 
9 18a-H 12 R=CH3 
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TABLE 1. RELATIVE AMOUNT RATIOS OF THE PRODUCTS IN THE REACTION OF 2 

WITH BORON TRIFLUORIDE ETHERATEA> 

Solvents 

Toluene 
Toluene 
Benzene 
CH2CI2 
CH2C12 

Hexane 
Hexane 
Cyclohexane 
CH3CN 
GH3CN 
Ether 
Ether 
DME 
DME 
THF 
THF 

Temp 
(°C) 
r.t.c> 
- 5 
r.t. 
r.t. 
- 5 
r.t. 
- 5 
r.t. 
r.t. 
- 5 
r.t. 
- 5 
r.t. 
- 5 
r.t. 
- 5 

Time 
(min) 

ÏÔ 
10 
10 
20 
20 
20 
20 
20 
20 
20 
20 
60 
20 
20 
70 
70 

2 

Ö 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

10 
75 

12 

5 
5 
5 
0 
0 
5 
5 

15 
20 
15 
5 
5 
0 
0 
5 
0 

3 

Ö 
0 
0 
0 
0 
0 
0 
0 
0 
0 

60 
40 
25 
25 
35 
10 

1 

_ 
0 
0 
0 
0 
0 

25 
0 
0 
0 

15 
15 
15 
10 
0 
0 

5 
(5-ene) 

~ 10 
10 
15 
20 
30 
15 
20 
10 
15 
15 
5 
5 

15 
15 
10 
5 

4 
5(10)-ene 

15 
10 
15 
10 
5 

10 
15 
40 
45 
50 
15 
35 
45 
50 
40 
10 

6b> 
(12-ene) 

25 
30 
25 
30 
25 
30 
15 
15 
10 
10 

trace 
trace 
trace 
trace 

0 
0 

7b> 

(18-ene) 

45 
45 
40 
40 
40 
40 
20 
20 
10 
10 

trace 
trace 
trace 
trace 

0 
0 

a) Relative yields were determined by HPLC. Measurements were carried out at room temperature using a 
Liquid Chromatograph Model ALC/GPC 202/401 (Waters Assoc.) with an RI detector; column: [x-PORASIL 
1/8 (inch) X 1 (foot); solvent system: 10% ether-hexane; flow rate: 0.8 ml/min; pressure: ca. 450 psi. Even if 
HPLC analyses were carried out under these conditions, the retention times were variable. Mean values of 
their retention times were 5.1, 5.7, 6.9, 13.2, 14.5, 19.3, 21.2, and 21.8 min for 1, 2, 12, 3, 5, 4, 7, and 6, 
respectively, b) Errors are relatively large owing to the proximity of both retention times, c) Room 
temperature (r.t.) refers to a temperature range between 20 and 28 °C. 

dichloromethane etc.) proceeded up to D/E rings to 
give germanicol (7; main product) and /?-amyrin (6), 
besides 4 and 5, as the cationic center survives longer 
in these solvents. Germanicol (7) could be derived 
from a cation (14; or its equivalent species);15) olean-
13(18)-en-3/?-ol (15) which might be also derived from 
14 was not detectable in the reaction mixture. These 
results (Table 1) shown above are parallel to those 
observed for the solvent effects on the reaction of 3ß,4ß-
epoxyshionane.4) 

Driving force to provoke backbone rearrangement in 
the rigid polycyclic ring is considered to be a release16) 
of intercyclic tension due to 1,3-diaxial interactions 
among the alkyl substituents (especially between the 
side chain and the 13a-methyl group in shionane series) 
and due to m-fused D/E rings (in friedelane series). 
Thus, the acid-catalyzed backbone rearrangement of 
friedelane derivatives proceeds from ring A towards ring 
E, and constitutes a reversal of the biogenesis17) of 
friedelin (13) from /?-amyrin-type intermediate.15) In 
the rearrangement of 3/?,4/?-epoxyshionane the forma­
tion of D : C-friedo-bacchar-7-en-3/S-ol and D : C-friedo-
bacchar-8-en-3/?-ol was observed,4) while the corre­
sponding 7- and 8-enes were undetected in the product 
mixture from 2. This is considered to be a structure 
difference between the two skeletons of friedelane and 
shionane. The acid-catalyzed backbone rearrangements 
hitherto reported for derivatives of friedelane,2>3>18) 
alnusane (glutinane),19) multiflorane,20) and of 
taraxane21) are limited to proceed up to C/D rings. 
Germanicol is the first example of product in which 
the backbone rearrangement of friedelane-oleanane-type 
effected up to E-ring. 

Exper imenta l 

General procedures and preparation of 3/5,4/J-epoxyfried-
elane (2) were the same as described in a previous paper.3) 

Isolation and Characterization of Germanicol (7). A solution 
of 3/3,4/3-epoxyfriedelane3) (2; 175 mg) in anhydrous benzene 
(150 ml) was treated with boron trifluoride etherate (1 ml) 
at room temperature for 10 min and usual work-up gave a 
residue (ca. 170mg). The residue was shown by HPLC ex­
amination to consist of germanicol5) (7; 45%), D:B-friedo-
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olean-5(10)-en-3jS-ol3'19) (4; 15%), D : B-friedo-olean-5-en-3/?-
ol3'19> (5; 15%), and /3-amyrin3) (6; 2 5 % ) . This residue was 
dissolved in benzene, passed through a column of silica gel 
(30 g), and eluted with the same solvent (each fraction 50 
ml). Fractions 6—14, containing ß-amyrin (6) and germanicol 
(7), were combined (ca. 133 mg) and subjected to preparat ive 
H P L C separation to afford about 30 mg of germanicol (7). 
The isolation yield of germanicol (7) was very poor, because 
the separation of 6 and 7 by H P L C was carried out with much 
difficulity owing to the proximity of their retention times (21.2 
and 21.8 min for 7 and 6, respectively). Recrystallization 
from chloroform-methanol gave pure germanicol (7; 10 mg) , 
mp 177—178.5 °C, (lit, 176—177°C,5t t) 173—175 °C,5b> 179 
°C,5C> 176.5—177 °C,Gd> 180°C,5e> and synthetic ^ -ge rman­
icol, 220—223 °C,5f>) ; I R (KBr) 3450, 1630, and 840 cm- 1 ; 
N M R (CDG13) ô 0.74, 0.78, 0.89, 0.98, 1.02, 1.09 (each 3H, s, 
f-Me), 0.94 (6H, s, 2 x f - M e ) , 3.20 (1H, dd, Jifi3a=lO and 
J2a3a=5Hz, C ( 8 B ) -H) , and 4.85 (1H, d, / = 1.5 Hz, G ( 1 9 ) -
H ) ; MS m/e (%) 426 (M+; 50), 411 (31), 204 (100), 189 
(83), and 177 (83). 

Methylation of Germanicol (7). Potassium (100 mg) was 
added to a solution of germanicol (7; 5.7 mg) in anhydeous 
benzene (10 ml) and the mixture was refluxed for 2 h under 
a nitrogen atmosphere. A solution of methyl iodide (2 ml) 
in benzene (10 ml) was added and heating was continued for 
4 h under reflux. After addition of methanol (2 ml) and 
benzene (10 ml), the organic solution was washed with water, 
2 M hydrochloric acid, and then with brine, dried over magne­
sium sulfate, and evaporated to afford a residue (7 mg) . T h e 
residue was crystallized from acetone-benzene to give miliacin 
(8; 2.7 mg) , m p 280—281.5 °C, (lit, 283 °C14)); I R (KBr) 
1635, 1180, 1110, 860, and 850 c m - 1 ; N M R (CDC13) «5 0.76 
(6H, s, 2 x f-Me), 0.89, 1.02, 1.08 (each 3H, s, / -Me), 0.95 
(9H, s, 3 x f-Me), 3.35 (3H, s, - O M e ) , and 4.85 (1H, d, J= 
1.5 Hz, C ( 1 9 ) - H ) ; M S m/e (%) 440 ( M + ; 44), 425 (23), 393 
(5), 204 (100), 189 (75), and 177 (63). Identification of this 
compound with an authentic sample (mp 282.5—283 °C) of 
miliacin14) was effected on mixed mp (280—283 °C), T L C , 
I R , N M R , and on mass spectra. 

Reaction of 3ß,4ß-Epoxyfriedelane (2) with Boron Trifluoride 
Etherate in Various Solvents. Examination of the Products by HPLC. 
3/?,4/?-Epoxyfriedelane (2; 1—3 mg) dissolved in a solvent 
(2—10 ml) was treated with boron trifluoride etherate (2 
drops) at — 5 °C or at room temperature . After usual treat­
ment, the reaction mixture was extracted with ether to give 
a residue on evaporation of the solvent. T h e residue was 
subjected to examination by H P L C . The results are listed in 
Table 1. Authentic samples (1 , 3—6, and 12) used for an 
identification of the products are the compounds obtained in 
the previous work.3> 
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The isomerically pure eis and trans l-methyl-4-£-butyl-l-silacyclohexane were subjected to the free radical 
chlorination with carbon tetrachloride in the presence of a catalytic amount of benzoyl peroxide under UV irradia­
tion at 0 °C, affording the corresponding chlorosilanes with retention of configuration. With less reactive poly-
halocarbons, however, less stereospecific products were obtained. A mechanism that inversion of silyl radicals 
competes with chlorine abstraction is proposed. Relative rates of each reaction were analyzed with a steady-
state assumption. 

During the course of the study on the Group IVB 
free radicals,2) we have found that the silyl radical 
produced from an optically active hydrosilane undergoes 
chlorine-abstraction reaction mostly with retention of 
configuration.3) The chiral silyl radical exists in a 
pyramidal form with considerable configurational 
stability, and retains the asymmetry prior to the abstrac­
tion of chloride from carbon tetrachloride. 

Me 

H-Si-Ph 
• R CC14 

Me 

Cl-Si-Ph 

1-Np 

Me 

• Si-Ph 

1-Np 1-Np 

This observation has been amply supported by both 
other chemical4 - 6) and ESR studies.7-12) The inversion 
process must be slow, relative to the abstraction process, 
for retention of configuration to be observed. 

\ * i 

\ 
ecu 

*a 

a 
/ 

\ 
^..-SiCl + »CC^ 

*i « AalCCU 

The reactivity of each enantiomeric radical generated 
from optically active compounds is energetically 
identical, because both steric and electronic environ­
ments around the radical center are equal in each 
enantiomeric radical. O n the contrary, when a cyclic 
radical such as a silacyclohexyl radical is produced, it 
should exist as an equilibrium mixture of conformers 
and then reacts through energetically different path­
ways. Introduction of a ^-butyl group on the ring 
prevents the ring inversion, then two steric courses of 
the reaction, i.e. axial and equatorial approaches to the 
radical become distinguishable if inversion around the 
radical center on silicon is slow enough for product-
forming chlorine abstraction. 

In this paper stereochemical course of the chlorine 
abstraction from polychloroalkanes by silyl radicals, 

* For part XIV, see Ref. 1. 

which were generated from conformationally stable 
hydrosilanes, is discussed. 

R e s u l t s and D i s c u s s i o n 

The reaction of eis- or trans-4-t-butyl-\ -methyl-1-
silacyclohexane** ( la, lb)13,14) with carbon tetrachloride 
in the presence of dibenzoyl peroxide under U V irradia­
tion at 0 °C proceeded stoichiometrically to give the 
corresponding chlorosilanes. Interestingly as observed 
in the chlorination of the optically active hydrosilane, 
the configuration of the hydrosilanes was retained in 
resulting 4-i-butyl-1 -methyl-1 -chloro-1 -silacyclohexane 

J^JAWVJÜL ^ 

(a ) 

SiMe 

lib lb 

(b) 

SiMe 

IIa 

K4-J 
1 - ° M p p m ) U - ü '•» ô (ppm) 

Fig. 1. NMR spectra of the reaction mixture of (a) the 
chlorination of (lb) with CC14 and (b) the chlorination 
of (la) with CG14. 

(II) as evidenced by N M R spectra. Figure 1 (a) shows 
the N M R spectra of the reaction mixture derived from 
the /ra«.y-hydrosilane ( lb) . Thus, two methyl signals 
corresponding to trans- and w-chlorosilane ( I Ib and 
Ha) appeared at ô 0.38 (singlet) and 0.42 (singlet), 
respectively, in a ratio of 94/6 in addition to the methyl 
signal of the unreacted fomy-hydrosilane (lb) at ô 0.07 
(doublet). This means that the reaction proceeds with 
94% retention of configuration. The eis-hydrosilane (la) 
gave a similar result but slightly less stereospecifically 

** Throughout the paper, eis and trans are defined with 
respect to 4-J-butyl and 1-methyl groups. Suffix a is added 
to the eis compounds and b to the trans. 
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(87%), as seen in Fig. 1(b). Namely, the silyl radical 
obtained from (la) or (lb) exists in pyramidal form 
and retains mostly its configuration prior to the abstrac­
tion of chlorine from carbon tetrachloride as in the 
case of the chiral silyl radical obtained from optically 
active hydrosilane3,6) and acylsilane.4) 

*P3 
Me 

Sk 

( la) 

Me 
i 

-Si v £ r r c • y£=3 
CI 

Me 

(Ha) 87 7. (üb) 13'/. 

less favored product is ascribable either to a twist-boat 
conformation in the transition state17) or, more likely, to 
a torsional effect at the product-forming process.18) In 
any event, the intermediate cyclohexyl radicals are in a 
planar form or in a rapidly-equilibrated state. 

Similar reactions of (I) were carried out with penta-
chloroethane (GHG12-GC13), 1,1,1,2-tetrachloroethane 
(CH2C1-CC13) and chloroform (HCC13). The resulting 
chlorosilane (II) systematically lost its configurational 
purity in the following order of solvent (reactants), 
CC14<CHC12CC13<CH2C1CC13<HCC13 . In the case 

vP3 

Me 
i 

CI 
i 

*pd^ • vP^"»' 
( lb) (Ha) 6% (üb) 94 7. 

These results are in striking contrast to those observed 
for cyclohexyl radical.15) Thus, eis- and tom.y-4-/-butyl-
cyclohexane carbonyl peroxides, decomposed in carbon 
tetrachloride or bromotrichloromethane at 30 °C, give 
rise to the same products irrespective of the configuration 
of the starting materials.16) 

737. (X=C1) 

697. (X = Br) 

27 7.(X=Cl) 

317. (X=Br) 

Similar results were reported in the decomposition of 
l-(eis or /raw5-4-^-butylcyclohexyl)-l-methylethyl hypo­
chlorite.17) 

o CCI/, 
CMeo0Cl 

2 80'C.UV 

CI 

y£^T a 

or 67 7. 33 7. 

These facts requires the formation of a common 
intermediate from both starting substances. This is 
likely to be the 4-^-butylcyclohexyl radical which 
evidently reacts with a halogen donor from the two 
sides. The reason why the intermediate 4-/-butyl-
cyclohexyl radical gives rise to the thermodynamically 

l - B u 

( a ) 

Nv-v-J 

1.0 
6 (ppm) 6 (ppm) 

Fig. 2. NMR spectra of the reaction mixture of (a) the 
chlorination of (lb) with CHC12CG13 and (b) the chlo-
rination of (la) with CHC12CC13. 

o.o ô (ppm) S (ppm) 

Fig. 3. NMR spectra of the reaction mixture of (a) the 
chlorination of (lb) with CH2C1CC13 and (b) chlorina­
tion of (la) with CH2C1CC13. 

TABLE 1. REACTION OF (I) WITH POLYHALOALKANES IN THE PRESENCE OF BENZOYL PEROXIDE AT 0°C 

Starting material 

»Je 

J^j'-» 
(la) 

V 
* / ^ J ^ M e 

(lb) 

Reactant 

G1-CC13 

CHC12-CC13 

CH2C1-CC13 

H-CC13 

GI-CGI3 
CHC12-CC13 

CH2C1-CC13 

H-CC13 

Reaction 
time (h) 

3 
4 
4 
4.5 

3 
4 
6 
4 

Conversion 
(%) 

41 
45 
23 
28 

55 
55 
24 
54 

m(Ila) 

87 
75 
57 
39 

6 
12 
18 
25 

Product(II) 

transÇlïb) 

13 
25 
43 
61 

94 
88 
82 
75 
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LJl _4<̂ J 
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Tt i r 
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Fig. 4. NMR spectra of the reaction mixture of (a) the 
chlorination of (lb) with ZCHC13 and (b) the chlorina-
tion of (la) with CHC13. 

1.50 

slope = 1. 43 

slope = 1. 37 

0.50 1.00 

log (il) 

Fig. 5. Correlation between the logarithum of the rela­
tive reactivities of both eis- (£)) and trans- (Q) silacyclo-
hexyl radicals (vertical), and logarithum of the relative 
reactivities of triethylsiyl radicals (horizontal) in chlo­
rine abstraction. 

starting from the m-hydrosilane ( la) , intensities of the 
methyl signal of the w-chlorosilane (Ha) decrease 
gradually from in carbon tetrachloride to in chloroform. 
A similar trend can be seen for the case of trans-hydro-
silane ( lb) . These trends can be seen well qualitatively 
in Figs. 2—5. Quanti tat ive determination of ratios of 
two isomeric chlorosilanes was performed by integrating 
the expanded N M R spectra. Generally, it is not easy 
to get precise integration for two near-by peaks on N M R , 
although fairly good reproducibility was observed in this 
particular case (Table 1 ). Therefore, care must be taken 
for detailed discussion, but the present da ta are still 

pertinent to an approximate kinetic analysis as shown 
in the next section. 

T h e rate of abstraction of a chlorine atom from carbon 
tetrachloride is fast compared to the rate of inversion of 
silyl radicals.6* O n the contrary, the rate of abstraction 
of a chlorine atom from chloroform may be comparative 
to the rate of inversion of the same silyl radicals. There 
fore, net stereochemistry depends on both relative rates 
of chlorine abstraction and conformational stabilities of 
silacyclohexyl radicals as shown in the following scheme. 

Me 
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•Si, H 

(la) X -Me 
Si« 
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.s; 
* / ^ / ' s M e * t rans y / ^ / 'NMe 

(trans-) ( l b ) 

A 
( lb ) 

Me 

From this scheme using the relevant rate constants 
shown above, the cisjtrans product ratio (eft) can be 
expressed by the formula 

where [eis-] and [trans•] are the concentrations of eis 
and trans radicals, respectively. The cisjtrans product 
ratio from eis hydrosilane ( la) , (c/t)cis, can be derived 
as follows by assuming the steady-state concentration 
of the trans radical. 

d[trans -]/dt = ki[cis-'] — k_i[trans''\ 

- ktrang[trans.][RC\] = 0 , 

[eis.]/[trans-] = (*_,/*,) + (AtraBf/*i)[RCl], 

W)* = {koJhra^iUk,) + (W*.)[RCI]. 

Similarly one can obtain the trans/cis product ratio from 
trans hydrosilane ( lb) , {tjc)trans, by assuming the 
steady-state of the eis radical derived from trans-hydro-
silane ( lb) . 

{tic) trans = (ktnjk^kjk^) + (ktraJk-ù [ R C 1 ] . (4) 

Combination of Eqs. 3 and 4 yields 

(2) 

(3) 

TABLE 2. RELATIVE RATE CONSTANTS1^ 

Reactant concn 
(mol/1) 

K Jk-i keis'ki Ab> 

Cl-ccia 
CHC12-CC13 

CH2C1-CC13 

H-CCI3 

10.6 
8.31 
9.45 
12.4 

2.2 
2.1 
2.4 
2.4 

1.3(27) 
0.63(13) 
0.23(4.8) 
0.048(1.0) 
/»*=0.46c> 

0.59(33) 
0.30(17) 
0.096(5.3) 
0.018(1.0) 

11.4 
6.18 
3.07 
1.00 

p*=0.29c> 

a) For definition of the symbols, see text, b) Relative reactivities of polyhaloalkanes in the chlorine 
abstraction by the triethylsilyl radical, see text, c) Reaction constants in the Taft equation. 
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•K — \ktrans'krts) Veilk-i) — . , , » 

Then values of K=(ktranslkcis)(k-Jk-{)t {ktransjk^ 
and (kcijk{) can be calculated from the respective 
product ratios. These are listed in Table 2. Since it is 
reasonable to assume that the rate constants of inversion 
process are invariant regardless of the nature of the 
solvents used in this study, {ktranslk_{) and (kcis/k{) 
indicate the relative reactivities of both trans and eis 
radicals toward polyhalomethanes, respectively. These 
relative reactivities are also listed in parenthases in 
Table 2. Values of eis radicals agree with those of trans 
radicals within a possible experimental error. 

Nagai and co-workers19) reported that the reaction 
of the triethylsilyl radical with polychloroalkanes, X -
CC13, where X stands CH 3 , H, CH2C1, CHC12 , CC13, 
and CI, proceeded stoichiometrically to give X-CC1 2 H, 
and that the relative reactivities increase in this order. 
For particular polyhaloalkanes such as HCC13 , CH 2 -
C1CC13, CHC12CC13, and CC14, they reported values of 
relative reactivity (£X_CCI,/£HCCI,) of chlorine abstrac­
tion toward the triethylsilyl radical at 80 °C to be 1.00, 
3.07, 6.18 and 11.4, respectively. These relative reac­
tivities derived from competitive experiments were 
treated by the Taft equation20) with p* values ranged 
from 0.26 to 0.29.19> 

The logarithms of relative reactivities toward silacyclo­
hexyl radicals obtained in this study can be correlated 
strikingly well (correlation coefficient=0.999) with 
those toward triethylsilyl radicals as shown in Fig. 5. 
Higher selectivities of silacyclohexyl radicals than 
triethylsilyl radicals can be attr ibuted to the tempera­
ture difference in the extent of 80 °C between two 
experiments which is reflected in a larger p* value of 
the Taft equation of 0.46 in the present study. 

The K [K=(ktranslkcis)(k-Jk_{)] values are almost 
constant irrespective of the solvents, as can be seen in 
Table 2. Since k-x and k_^ are unimolecular rate 
constants and must be invariant in a series of similar 
solvents, k-Jk^ should be constant in the present case. 
Nagai et al. have also demonstrated that the reactivity 
of silyl radicals toward chlorine abstraction is rather 
insensitive to the structure of the radicals at the fixed 
condition.19) Therefore, it seems to be reasonable to get 
constant K values. 

As a conclusion, the remarkable configurational 
stability of silyl radicals is again demonstrated not only 
qualitatively but also semi-quantitatively. 

Exper imenta l 

Materials. The required samples of eis and trans-A-t-
butyl-1 -methyl- 1-silacyclohexane (la and lb), and eis- and 
trans-A-t-huty\-\ -methyl- 1-chloro-l-silacyclohexane (Ha and 
lib) were prepared as described in the previous paper.13'14) 
Pentachloroethane (CHC12-CC13), 1,1,1,2-tetrachloroethane 
(CH2C1-CC13) and dibenzoyl peroxide were commercially 
available materials of the reagent grade. 

Reaction of eis- or trans-4-t-Butyl- 1-methyl- 1-silacyclohexane (la 
or lb) with Polyhaloalkanes in the Presence of Dibenzoyl Peroxide 
(BPO). Appropriate solutions (ca. 5%) of (la) or (lb) 
in polyhaloalkanes (CG14, CHC12CC13, CH2C1CG13, and 
CHC13) were prepared in NMR tubes. These were bubbled 
and filled with dry nitrogen and sealed with stoppers. These 
tubes were irradiated with a high-pressure mercury arc lamp 
(450 W, with a Pyrex filter) in an ice bath. 

The color of the reaction mixtures changed to pale yellow. 
From the NMR spectra and GLC, the reaction mixture 
contained only 4-/-butyl-1-methyl-1-chloro-l-silacyclohexane 
(II) as a single product and the unchanged (I) as silicon-
containing materials. The product and unchanged silane 
were identified by the way of NMR spectra and retention 
times of GLC by comparing with those of authentic samples. 

The ratio of (II) and unchanged (I), and the conforma­
tional isomer ratio of each material were determined by 
means of NMR integration of Si-Me signals. 
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Hetera-p-carbophanes. IX. Effect of the Chain-Length of Alkoxyl Groups 
on the Barrier to Internal Rotation of Dialkoxybenzene Rings 

in DialkoxydioxodioxaJXlparacyclophanes1) 
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Dioxodioxa[n]paracyclophanes which carry two methoxyl, ethoxyl, or propoxyl groups at the aromatic rings 
were prepared by condensation of a,to-diols with corresponding 2,5-dialkoxy-l,4-phenylenediacetyl dichlorides 
under high dilution conditions. Dynamic 1H NMR spectra of these compounds show that barriers to internal 
rotation of the dialkoxybenzene rings are affected by the chain-length of the alkoxyl groups; the longer the chain 
length, the higher the barrier. 

It has been well documented that the steric hindrance 
of the alkyl group toward reactivities of organic com­
pounds increases as the chain-length of the alkyl group 
increases. A typical example is the reactivity of carbonyl 
groups in alkyl methyl ketones (1) toward sodium 
hydrogen sulfite:2) the reactivity decreases as the chain-
length increases. Likewise, the chain-length of alkyl 
groups is known to play some role in the internal rotation 
of molecules. The rates of racemization of 2'-alkoxy-6-
nitrobiphenyl-2-carboxylic acids (2) are affected by the 
chain-length of the alkyl group and the half-lives of 2 
are 1: 5 : 9 at ca. 18 °C for methyl, ethyl, and propyl 
compounds, respectively.3) An apparently reverse 

R 
c=o 

CH a / 

R = GH3, CH3CH2, 
or CH3CH2CH2 

Rv 

N 0 2 

HOgC R 

(2) 
R = GH3, CH2GH2, 

or CH3CH2CH2 

.COOCH, 
G=C 

CH3(X \COOCH 3 

(3) 
R = CH 3 orCH 3 CH 2 

phenomenon is observed in the internal rotation about 
the C s / ) .-R bond of dimethyl 1-methoxyalkylidene-
malonates (3) : the barrier lowers when R changes from 
methyl to ethyl.4) This anomaly is, however, attr ibuted 
to the steric effect which stabilizes the ground state to a 
greater extent than the transition state for rotation. 

In any event, the change in barriers for internal 
rotation discussed above is 1 kcal/mol at the most. This 
small increase may be interpreted as such that the alkyl 
group takes a conformation, in which the steric effect 
is given by a first atom or group of the chain and the 
rest is located far from the site of direct interaction. 
Evidence for this consideration is found in ultraviolet 
spectral data which show that 2-alkylbiphenyls, where 
the alkyl is a straight chain, give absorption at almost 
the same wavelength.5) This restriction of conformation, 
of course, causes the decrease in entropy in the transition 
state. Indeed, Hall and Harris found that the difference 
in the free energies of activation for rotation of com­
pounds 2 is attr ibutable to the difference in entropies of 
activation.6) 

We have briefly reported in a recent paper7) that the 
barrier to internal rotation of cyclophanes is greatly 
influenced by the chain length of the alkoxyl groups 
which are attached to the benzene ring. The phenom­
enon was attributed to the fact that the steric hindrance 
is given not only by an atom or a group which is 
directly attached to the benzene ring in question but 
by the group as a whole. The group itself must pass a 
space provided by the ansa chain and the benzene ring 
for racemization of the compounds. Then a large 
difference in barriers is expected on elongating the 
chain length in contrast to the cases cited above. Our 
data presented before7) give only the smallest limit 
Q> 1.0 kcal/mol) of difference and more work is needed 
to find the change in energies by lengthening the 
alkoxyl chain. 

In this paper, we wish to describe the syntheses of 
dialkoxydioxodioxa[n]paracyclophanes, of which the 
alkoxyl groups are either methoxyl, ethoxyl, or propoxyl, 
and finding a large change in barriers due to the change 
in the alkoxyl group, as obtained by the XH D N M R 
method. 

E x p e r i m e n t a l 

The syntheses of dialkoxydioxodioxa[«]paracyclophanes (4n, 
5„, and 6n) were accomplished by condensation of oc,co-diols 
with 2,5-dialkoxy-l,4-phenylenediacetyl dichlorides under 
high dilution conditions as reported previously.8) 

RO 

GlGOGHo-

OR 

-CH2COCl + HO(CH2)n_6OH 

-(CH2) 

Hf 

4: R = CH3 

5: R = CH2CH3 

6: R = CH2CH2CH3 

The diols were of commercial origin except for 1,11-un-
decanediol which was prepared by lengthening the chain 
of 1,9-nonanediol. 1,9-Nonanediol was treated with hydrogen 
bromide followed by sodium cyanide in dimethyl sulfoxide to 
give undecanedinitrile which was hydrolyzed and esterified to 
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give the corresponding diester. Li thium aluminium hydride 
reduction of the ester gave 1,11-undecanediol, m p 57—60 °C 
(lit,9) m p 62.0—62.5 °C). I R (KBr) 3300 cm" 1 (v0H). Over­
all yield was ca. 5 0 % . 

2,5-Dialkoxy-l,4-phenylenediacetyl dichlorides were 
known compounds7) except for the 2,5-dipropoxy compound 
of which synthesis is described below. 

1,4-Dipropoxybenzene. T o a solution of hydroquinone 
(11 g, 0.1 mol) and sodium hydroxide (8.8 g, 0.22 mol) in 
200 ml of water was added 43 g of propyl tosylate, which was 
prepared from 1-propanol and /»-toluenesulfonyl chloride,10) 
in small portions. T h e mixture was heated under reflux for 
20 h with stirring. T h e reaction mixture was extracted with 
ether and the extract was washed with 6 M hydrochloric acid 
and then with cold water . After drying over magnesium 
sulfate, the extract was evaporated to give a pale yellow 
residue. Recrystallization from CH2C12-CC14 gave 7.0 g 
(36%) of the desired material , m p 48.0—49.5 °C. I R (KBr) 
vc_0 1220, 1025 cm- 1 . N M R (CDC13) 0 = 6 . 8 2 (s, 4 H ) , 
3.85 (t, J = 6 . 5 Hz , 4 H ) , 1.75 (sestet, J=ca. 6.5 Hz , 4 H ) , 
1.02 (t, J=ca. 6.5 Hz , 6H) . 

a},ai-Dichloro-2,5-dipropoxy-l,4-xylene. A mixture of 1,4-
dipropoxybenzene (7.0 g, 0.035 mol) , 3 7 % formalin (6.6 g) , 
concentrated hydrochloric acid (40 ml) , and glacial acetic 
acid (35 ml) was warmed at 50—60 °G for 1.5 h with stirring 
and introducing dry hydrogen chloride. T h e resulting solid 
was collected by filtration and was washed with water. Recry­
stallization from CH2C12-CC14 gave 8.0 g (78%) of the pure 
material , m p 79.5—81.0 °C. I R (KBr) vc_0 1230, 1030 or 
1050 cm- 1 . N M R (CDC13) 0 = 6 . 9 2 (s, 2H) , 4.63 (s, 4 H ) , 
3.96 (t, 7 = 6 . 5 Hz , 4 H ) , 1.84 (sestet, J=ca. 6.5 Hz , 4H) , 
1.08 (t, J=ca. 6.5 Hz , 6H) . 

u},vï-Dicyano-2,5-dipropoxy-l,4-xylene, m p 107.0—108.0 °C 
(recrystallized from ether-hexane) , was prepared from the 
above dichloride by t reatment with sodium cyanide7) in ca. 
90% yield. I R (KBr) vC3fi 2250, vc_0 1240 and 1030 cm" 1 . 
N M R (CDCI3) 0 = 6 . 9 2 (s, 2 H ) , 3.95 (t, 7 = 6 . 5 Hz , 4 H ) , 3.70 
(s, 4H) , 1.84 (sestet, J=ca. 6.5 Hz , 4 H ) , 1.06 (t. J=ca. 6.5 Hz , 
6H) . Found: C, 70.76; H , 7.52; N , 10.45%. Calcd for 
C 1 6H 2 0N 2O 2 : C, 70.56; H , 7.40; N , 10.29%. 

2,5-Dipropoxy-li4-phenylenediacetic Acid. A mixture of 
the dicyanide (6.5 g, 0.24 mol), ethylene glycol monomethyl 
ether (50 ml) , and sodium hydroxide (5.0 g) in 20 ml of water 
was refluxed until a homogeneous solution resulted. T h e 
reaction mixture was then diluted with 50 ml of cold water, 
cooled, and poured with stirring into 50 ml of concentrated 
hydrochloric acid to yield 5.0 g (67%) of a crude product . 
After purification, the product melted at 200.0—203.0 °C 
with decomposition. I R (KBr) vc=0 1710, vC-o 1240 and 
1030 cm- 1 . 

2,5-Dipropoxy-l,4-phenylenediacetyl dichloride was obtained by 
a reaction of thionyl chloride with the diacid in dry ether. 
T h e yield was 7 0 % . M p 106.0—107.0 °C (recrystallized 
from ether) . I R (KBr) v c = 0 1810, vc_0 1230 and 1000 cm" 1 . 
N M R (CDCI3) 0 = 6 . 7 2 (s, 2H) , 4.10 (s, 4H) , 3.89 (t, 7 = 6 . 5 
Hz , 4H) , 1.79 (sestet, J=ca. 6.5 Hz , 4 H ) , 1.13 (t, J=ca. 
6.5 Hz , 6H) . 

Syntheses of Dialkoxydioxodioxa\n\paracyclophanes (4n, 5n, 
and 6a). T h e method of syntheses of the paracyclophanes 
was essentially the same as reported previously.8) T h e prod­
ucts were purified by column chromatography on silica gel. 
Either hexane-benzene or hexane-ether was used for both 
chromatography and recrystallization. Melting points, 
analytical da t a , and solvents of recrystallyzation are sum­
marized in Table 1. 

Measurement of Spectra. T h e infrared spectra were re­
corded on a Hi tachi EPI -G2 spectrometer as KBr discs or 
neat liquid. T h e *-H N M R spectra were measured on a 
Hitachi R-20B spectrometer with a variable temperature 
accessory, operating at 60 M H z . T h e chemical shifts at 
lower temperatures than 34 °C were recorded with the use 
of T M S as an internal s tandard , whereas those at higher 
temperatures were recorded relative to internal C12CHCHC12 

and converted to the usual <5 scale. T h e temperature reading 
was calibrated by measuring the chemical shift difference 
between methyl and hydroxyl protons of methanol at the 
lower temperatures, whereas the chemical shift difference 
between methylene and hydroxyl protons of ethylene glycol 
was used for the higher temperatures. T h e mass spectra were 
observed on a Hitachi R M U - 6 L spectrometer. 

T A B L E 1. DIALKOXYDIOXODIOXA[«] PARACYCLOPHANES 

Compound 

415 

416 

4 ]7 

5l6 

5l7 

5 i . 

617 

6x8 

Molecular 
formula 

C2xH30O6 

C22H3206 

C 2 3 H 3 4 0 6 

C"2iH 3 6 0 6 

C25H38O6 

C26H40O6 

C27H4206 

C^H^Og 

Mp(°C) 

61.5—62.5 

63.0—64.0 

74.5—75.0 

oil 

50.0—51.0 

oil 

oil 

oil 

Analytical 

C(%) 

66.56 
66.64 
67.26 
67.32 
67.92 
67.96 
68.31 
68.55 
68.80 
69.10 
69.91 
69.61 
69.82 
70.09 
70.86 
70.56 

dataa) 

H(%) 

8.08 
7.99 
8.50 
8.22 
8.33 
8.43 
8.82 
8.63 
8.81 
8.81 
9.25 
8.99 
9.39 
9.15 
9.60 
9.30 

Mol 
wta> 
(M+) 

378 
378.5 
392 
392.5 
406 
406.5 
420 
420.5 
434 
434.6 
448 
448.3 
462 
462.3 
476 
476.3 

Solvent of 
recrystallization 

hexane 

hexane 

hexane-ether 

hexane-ether 

Yield 
(%) 

17 

20 

a) T h e upper numerical values are those found experimentally and the lower are the calculated. 
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R e s u l t s and D i s c u s s i o n 

For the convenience of discussion, compounds are 
denoted by bold face numbers with suffixes. The suffix 
corresponds to the length of the ansa chain. 

Due to wide variety of coalescence temperatures and 
solubility, it was not possible to obtain spectra at 
appropriate temperatures with the use of a single 
solvent. Although this could cause, in principle, change 
in barriers, the barrier to rotation is known to be affected 
by solvent to a small extent expect special cases such as 
hydrogen bond formation.11) Thus we discuss the 
barrier neglecting the solvent effect. Large differences 
shown below will allow such an approximation. 

Heavy overlap of the signals handicapped the total 
line shape analysis and data so obtained are not expected 
to be highly reliable. Therefore we limited the inves­
tigation to obtaining the free energies. The discussion 
given below does have drawbacks due to comparison of 
free energies at different temperatures, yet it is valid 
because the difference in free energies are large enough 
to make the contribution of the entropy factor minor. 

DNMR Spectra and Rotational Barriers. 1H N M R 
spectral data of dialkoxydioxodioxa[n]paracyclophanes 
(4M, 5M, and 6„) at 34 °C are summarized in Table 2. 
Geminal benzylic protons of 415, 416, 516 , 517, 617, and 618 

give AB type signals which suggest that the internal 
rotation of the dialkoxybenzene ring is slow on the 
N M R time scale. In contrast, those which carry longer 
ansa chains in the series of 4 and 5 give singlets for 

benzylic protons to indicate that the internal rotation 
in these compounds is fast. Thus the temperatures of 
measurement were varied to see possible coalescence 
phenomena. By observing coalescence temperature 
(Tc), difference (A(5AB) in chemical shifts of the AB 
protons, and the coupling constant (JAB), the barrier 
to rotation should be obtained by applying the following 
equation.12) 

AGt = 4.57r c{9.97 + log10 ( W S S E P K T S ) } . 

The line shape of the AB quartets due to benzylic 
protons of 415, 516, and 617 does not show any essential 
change on raising the temperature up to 190 °C. The 
barriers to rotation in these compounds are estimated 
to be over 23 kcal/mol. In contrast, the AB quartets 
due to benzylic protons of 416, 517 , and 618 coalesce on 
raising the temperature, as is illustrated in Fig. 1. 
taking 51 7 as an example. 

T h e sharp singlet due to benzylic protons of 417 

broadened considerably on lowering the temperature 
and finally split into an AB quartet, although the 
downfield par t of the quartet was masked by the 
signals due to CH2 ' s alpha to ether oxygens and by that 
of methoxyl groups. The coalescence temperature of 
the benzylic methylene signals of 417 in CS2-CDC13 

(v/v 3 :1 ) was —52 °C. Likewise the coalescence 
temperature of signals due to benzylic protons in 51 8 

was found to be — 69 °C. 
The AB signals due to benzylic protons of 417 and 5 ] 8 

were still dull at the lowest temperature attainable with 
the instrument. Thus exact values of A<5AB for both com-

TABLE 2. SPECTRAL DATA OF DiALKOXYDioxoDioxA[rt]pARACYCLOPHANES 

Com­
pound 

4x5 

4l6 

417 

5x6 

5l7 

5l8 

617 

Ar-H 

6.69 

6.69 

6.62 

6.68 

6.69 

6.58 

6.67 

OCH3 
or 
OCH2 
or 
OCH2 

3.79 

3.78 

3.72 

3.97 

3.96 

3.87 

3.87 

CH3 

or 
CH2 

1.41 

1.39 

1.33 

1.8 

CH3 

1.07 

XH NMR (<5) 

COOCH2 

4.03 

4.09 

4.00 

4.04 

4.05 

3.97 

4.09 

CH2COa> 

3.48 
/ 7 = 1 5 . 0 \ 
\A<5=41.2/ 
3.48 

U<?=39.9/ 
3.42 
(singlet) 
3.48 
/ 7=14.8\ 
\A<?=41.7J 
3.49 
/ 7 = 1 4 . 9 \ 
Uö=39.0J 
3.42 
(singlet) 
3.49 

ß-CH2
b> 

1.50 

1.50 

1.52 

1.8-

1.9-

1.8-

1.9-

Other 
CH2's 

1.1 Ie) 

1.15c> 

1.18e) 

-1.0d> 

-0.9d> 

-0.9d> 

-1.0d> 

\ 

Solvent 

CDCJa 

CC14 

cs2 

CC14 

GC14 

cs2 

CCL 

State 

KBr 

KBr 

KBr 

neat 

KBr 

neat 

neat 

[R(cm-

»\:=o 

1730 

1725 

1730 

1735 

J1720 
(1740 

1735 

1735 

*) 

Vc-o 

1220 

1055 

1220 

1055 

1225 
1050 
1210 

1050 

1220 
1060 

1215 
1055 
1215 

/ 7 = 1 5 . 0 \ 
U<5=39.7J 

618 6.66 3.85 1.7 1.04 4.05 3.48 
/ 7 = 1 5 . 1 \ 
W=39.9J 

1070 

1.8—0.9d> CGI., neat 1735 1210 

1070 

a) These signals are of AB type unless otherwise stated. Center of the chemical shuts, coupling constant, and 
difference in chemical shifts of two protons (in Hz) are shown. b) Relative to ether oxygen of the ester, 
c) Broad singlets. d) The signals are not resolved enough for identification. 
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COOCH, OC&CH* 

" ..-''' CH2CO 

ca.150°C 

1 0 9 ' C ( 7 C ) 

ca. 70 "C 

ca. 34°C 

5.0 4.0 3.0 (PPm) 

Fig. 1. DNMR Spectra of 517 in HCB. 

pounds and that of JAB for 51 8 could not be obtained. 
Then A<5AB and JAB of 617 in CS 2 at 34 °C must be 
diverted to 417 and 5 1 8 : this operation should not cause 
serious errors in barriers since the structures of these 
compounds are alike. The results are summarized in 
Tables 3 and 4. Data7) of dialkoxydioxodiazaf/z]-
paracyclophanes (7 and 8) and dimethyldioxodioxa[n]-
paracyclophanes (9) are also included for comparison. 

(CH2): -(CH.). 

H" •H 

HN NH 

o=c °* £=o 

7: R = CH3 9 
8 : R = CH2CH3 

TABLE 3. 1H NMR DATA OF GEMINAL BENZYL PROTONS 

OF SUBSTITUTED HETERA-/>-CARBOPHANES a > 

Com­
pound 

415 

4lfi 

417 

Si. 

5l7 
518 

6x7 
6X8 

7,. 
7x8 

8x8 
91S 

9X6 

A<5AB(Hz) 

41.3 
40.9 
(40.0) 
42.9 
39.2 

(40.0) 
39.7 
37.8 
36.8 

(39.8) 
(39.8) 
16.7 
12.1 

7AB(HZ) 

14.6 
14.3 
15.0 
14.5 
14.8 

(15.0) 
14.7 
15.1 
14.4 

(14.4) 
(14.4) 
13.6 
14.3 

rc(°c) 

>190 
164 

- 5 2 
>190 

109 
- 6 9 

>190 
102 

>174 
< - 5 0 

- 3 0 
189 

- 5 0 

Solvente 

HCB 
HCB 
GS2-GDGl3(v/v3: 1) 
HCB 
HCB 

cs2 
HCB 
HCB 
CHC12CHC12 

CDCI3 

CDCI3 

HCB 
CS2-CDCl3(v/v3: 1) 

a) The values 
the text and 
butadiene. 

in parentheses are assumed ones. See 
Ref. 7. b) HCB=hexachloro-l,3-

TABLE 4. FREE ENERGIES OF ACTIVATION FOR ROTATION 

OF SUBSTITUTED BENZENE RINGS AT COALES­

CENCE TEMPERATURES (kcal/mol) 

Substituents at the 
aromatic ring 

Ansa-chain J16 
length \18 

Substituents at the 
aromatic ring 

Diaza 

C H , 0 
(7) 

>22 .2 
< 1 0 . 9 

Dioxa 

C H , 0 
(4) 

series 

CH 3CH 20 
(8) 

11.9 

series 

CH3CHoO 
(5) " 

CH3CH2CH2O 
(6) 

Ansa-chain 
length 

rl5 
16 
17 

ll8 

>23 .1 
21.7 
10.7 

> 2 3 . 0 
18.9 
9.8 

>23 .1 
18.5 

Substituents at the 
aromatic ring 

Ansa-chain |15 
length 116 

Dioxa series 

CH3 (9) 

23.3 
11.0 

Effect of Rigidity of the Ansa Chain on the Rotational 
Barriers. I t is well known that formal single bonds 
( C - N and C-O) of amides and ester groups often have 
considerable double bond character due to derea l iza­
tion of the lone pair electrons as is visualized by the 
canonical forms: 

\ 

10 
& 

•NI 
\ 

\ / 

\ 

10 
* 

c—01 

12« 
0 

\ 

\ 101 
e 

y c = o i 
y \ 

Contribution of these canonical forms with a double 
bond between C and N or between C and O raises the 
barrier to rotation about the bond in question by 
lowering the ground state and/or raising the transition 
state for rotation. Since contribution of the dipolar 
structure of amides is larger than that of esters, the 
barriers to internal rotation of amides13) are usually 
higher than those of esters.14) In other words, a chain 
containing amide groups is considered to be more rigid 
than that containing ester groups. The cyclophanes 
dealt with here and elsewhere7) consitute a series to be 
compared from the stand point of the rigidity of the 
chain. 

Inspection of Table 4 reveals that an amide with two 
ethoxyl groups (818) has a higher barrier to rotation of 
the diethoxybenzene ring than an ester having the same 
groups (518) by 2.1 kcal/mol. Since the coalescence 
temperature of 818 is higher, than that of 518 , the dif­
ference in enthalpies of activation may be still larger. 
Similar comparison is made between 716 and 416 to show 
that the amide gives a higher barrier by at least 0.5 
kcal/mol. Thus if we compare the barriers to rotation of 
the dialkoxybenzene ring in diamides with that in 
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diesters with the same ansa-chain length, the barriers 
are always higher in amides. This must be a reflection 
of the fact that the higher mobility makes it easier for 
the ansa chain to take a suitable conformation to rota­
tion of the substituted benzene ring. 

Effect of the Chain Lengths of Alkoxyl Groups on Rotational 
Barriers. A recent report from this laboratory has 
revealed that 416 with two methoxyl groups at the 
aromatic ring possesses a higher barrier to rotation of 
the aromatic ring than 916 with two methyl groups by 
10.7 kcal/mol.15) This result was attr ibuted to the 
steric hindrance of the methoxyl group, given not only 
by the oxygen atom but by the group as a whole: the 
methoxyl group must be bulkier than the methyl if the 
whole group is considered. The phenomenon makes a 
sharp contrast to the fact that the methoxyl group is 
generally considered to be of less effective bulkiness 
than the methyl as is shown by a typical example of 
barriers to rotation of 2'-substituted 5'-methyl-6-
nitrobiphenyl-2-carboxylic acids.16) 

By finding an example of a methoxyl group giving its 
steric hindrance as a whole, comparison of the steric 
effect given by a series of straight chain alkyl groups 
becomes of interest. This is a reason why various 
dialkoxydioxodioxa[n]paracyclophanes were prepared 
to examine the barriers. Comparison of the data in 
Table 4 indicates that changing the alkoxyl group from 
methoxyl to ethoxyl causes the increase in the barrier to 
rotation by 8.2 kcal/mol in the series of 17-membered 
ansa chain. Similarly the barrier increases by at least 
4.2 kcal/mol on going from ethoxyl to propoxyl in the 
same series. T h e same change in the series of 18-
membered ansa chain causes the increase of 8.7 kcal/mol. 
T h e dramatic change in rotational barriers reflects a 
fact that the whole substituent must pass through a 
space, probably as a folded form, provided by the 
ansa-chain and the benzene ring. In sharp contrast to 
the fact that the chain-lengthening of the alkyl group 
usually affects the barriers to rotation to a small extent 
(1 kcal/mol or less), the steric effect presented here 
increases by 8—9 kcal/mol by lengthening the chain 
by but one carbon. This finding is a support for an 
assumption that the steric effect is often given by the 
first atom or group in the chain and gives a measure for 
the bulkiness of the alkoxyl group as a whole. 

Effect of the Ansa-Chain Length on the Rotational Barriers. 
T h e difference (AAG*) in free energies of activation for 
rotation of the aromatic rings in 915 and 916 with two 
methyl groups has been reported to be 12.3 kcal/mol.8) 

AAG # between 416 and 417 of the dimethoxy series and 
that between 517 and 51 8 of the diethoxy series are 10.0 
and 9.1 kcal/mol, respectively. 

Although it is not possible to compare the whole 
series to investigate the effect of lengthening the ansa-
chain on barriers to rotation, the effect of lengthening 
the ansa-chain by one on the barriers should become 
small, in principle, if the ansa-chain length is long 
enough. The present series represents a part of such 
tendency. Namely AAG # decreases as follows: AAG* 
(915 and 9 1 6 )>AAG* (616 and 6 1 7 )>AAG* (7 1 7 and7 l s ) . 
Extending the chain of the alkoxyl group should 
provide a method of study on the effect of the ansa-
chain length on the rotational barriers. 
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Electrophilic Sulfides(II) as a Novel Catalyst. V.la~d) Structure, 
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H a r u o M A T S U Y A M A , * H i r o s h i M I N A T O , a n d M i c h i o K O B A Y A S H I 

Department of Chemistry, Faculty of Science, Tokyo Metropolitan University, Fukazawa, Setagaya, Tokyo 158 

(Received Ju ly 23 , 1977) 

13C chemical shifts and 1 3 C - H spin coupling constants (179.7 Hz) of the ylide carbons of two dialkylsulfonium 
phenacylides show tha t the ylide carbons are basically sp2. Large upheld shifts (—9.5 11.8 ppm) of carbonyl 
carbon signals (<5C 181.7 and 179.2) of the ylides from those of the corresponding salts (<5C 191.2 and 191.0) suggest 
significant contribution of a betaine structure. T h e 1 3 C-NMR spectrum of methylisopropylsulfonium phenacylide 
showed two non-equivalent methyl signals (<5C 17.9 and 18.4) for the isopropyl group. Steric y-effects on ylide 
carbon chemical shifts were observed with several alkylsulfonium bis(methoxycarbonyl)methylides and trialkyl-
sulfonium salts. 

T h e su l fon ium yl ides c o n t a i n i n g such e l ec t ron -
w i t h d r a w i n g subs t i t uen t s as c a r b o n y l g r o u p s o n t h e i r 
nega t ive ly c h a r g e d c a r b o n a t o m s a r e d e s c r i b e d b y t h e 
c a n o n i c a l s t r u c t u r e a—c. 3 ) T h e c a r b o n y l s t r e t c h i n g 

\ ^ O \ e y/0 
C - C <—• & C-C 

— S' \ —S/ \ 
e 

— s/ 

\ /Oe 

c=c 
\ 

b a n d of d i m e t h y l s u l f o n i u m p h e n a c y l i d e ( l a ) is o b s e r v e d 
a t 1520 c m - 1 , a n d this suggests t h a t t h e c o n t r i b u t i o n 
of c is i m p o r t a n t . I n s t r u c t u r e c , l o n e - p a i r e lec t rons o n 
t h e y l ide c a r b o n a r e c o n s i d e r a b l y de loca l ized . 4 ) I n fact , 
l a r e a c t e d as a z w i t t e r i on a n d g a v e O-a lky la t ion 
p roduc t s . 5 ) 

R e c e n t l y , w e s t u d i e d t h e r e a c t i o n s of s t ab le su l fon ium 
ylides c o n t a i n i n g e l e c t r o n - w i t h d r a w i n g subs t i t uen t s o n 

t h e i r y l i de c a r b o n a t o m s ( C O P h , C O M e , C O O M e , 
C N , etc.), a n d l a r g e differences w e r e obse rved i n t h e 
n u c l e o p h i l i c r e a c t i v i t y of y l ide c a r b a n i o n s c o n t a i n i n g 
different e l e c t r o n - w i t h d r a w i n g subs t i t uen t s . 

C a r b o n - 1 3 c h e m i c a l shifts p r o v i d e s o m e i n f o r m a t i o n 
o n t h e e l ec t ron ic s t a t e of c a r b o n a t o m s in molecules . 6 ) 
S o m e 1 3 C - N M R s tud ies of p h o s p h o r u s yl ides h a v e b e e n 
r epor t ed , 7 ) b u t few 1 3 C - N M R studies h a v e b e e n r e p o r t e d 
o n su l fon ium yl ides . 

W e m e a s u r e d t h e 1 3 C - N M R s p e c t r a of a series of 
su l fon ium yl ides c o n t a i n i n g e l e c t r o n - w i t h d r a w i n g s u b ­
s t i t uen t s . T h e resul ts a r e d e s c r i b e d i n th is p a p e r a n d 
t h e n u c l e o p h i l i c i t y of t hese yl ides is d iscussed. 

R e s u l t s a n d D i s c u s s i o n 

sp2-Carbanîon and Betaine Structure. As is s h o w n 

T A B L E 1. CARBON-13 N M R CHEMICAL SHIFTS OF DIMETHYLSULFONIUM 

PHENACYLIDE ( l a ) AND RELATED COMPOUNDS** 

Compound 

e 
C H 

or C H , 
G = 0 CH,-S© 1 2 and 3 6, 7, and 8 Solvent 

2 3 53 .2 182.3 2 8 . 7 140.9 126 .2 ; 127.8 129.3 

l a (CH ) S - C H - C O i / n \ [ ^ H 179.7] [JCH 142.6] 
l a iun8;a2> L,±I L U \Uy* 5 6 6 m i 2 8 . 4 140.9 125 .8 ; 127.4 128.7 

l b 

l c 

I d 

6 S 
(CH3)2CH\® e 

S - C H - C O 
C H / 

2 3 

<2> 

60.6 
5 1 . 8 

L/CH 179.7] 

181.7 31 .8 

182.3 24 .2 
L/CH 142.6] 

143.8 

140.9 

CDCL 

CD 3 CN 
DMSO-<L 

53 .4 179.2 2 3 . 9 141.2 
L/CH 175.8] Urn 140.7] 

129.0 ; 130.5 131.8 

126.4; 127.8 129.2 46 .1 17 .9 ; 18.4 CDC13 

L/CH 144.5] [y C H 128.9] 
126.0 ; 127.4 128.7 46 .6 16 .5 ; 17.7 DMSO-</6 

L/CH 160.2] 

» öycoi<° 
© e / \ / 

(CH 3 ) 2 S-C 6 7 Xs-Xg> 

65.1 189.5 2 7 . 4 142.2 127.4 ; 127.7 128.8 140.5 124.2 ; 125.1 CDC13 

(CH9)3Lc(ml/o\) 88 .2 190.9 2 6 . 9 141.9 127.4; 128.6 129.7 
\ \ / / 2 

l a ' ( C H 3 ) 2 S - C H , - C O Y O 

Br© 
6 5 

(CH3)2CHX @ % 
l b ' S - C H 2 - C O - < 0 

C H 3 /
 B r e 

52 .6 191.2 2 4 . 4 134.8 128.4 ; 128.8 133.8 
L/CH 146.5] [y C H 146.5] [ J C H 158.2] 

CDC13 

DMSO-rf6 

4 8 . 8 191.0 19.7 134.7 128.8 133.9 45 .2 1 7 . 1 ; 17.5 DMSO-</6 

L/CH 144.5] [y C H 146.5] [ J C H 162.1] [Jcu 125] 
b) 191.9 19.7 135.8 129.0; 129.3 133.5 46 .2 1 6 . 8 ; 17.5 D a O 

L/CH 146.5] L/CH 164.1] [y C H 146.5] [ J C H 123.1] 
a ) ^CJ P P m from T M S (accurate to ± 0 . 1 3 p p m ) ; JCH, Hz . b) Signal is not observable because of rapid H-D 
exchange in D 2 0 . 
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in Table 1, the 1 3 C - H coupling constant of the ylide 
carbon atom of dimethylsulfonium phenacylide ( l a ) as 
179.7 Hz, and this shows that this carbon uses an sp2 

orbital in bonding with the hydrogen.8) The coupling 
constant observed in l a ' (146.5 Hz) is that expected 
for sp3-hybridized carbon bound to a sulfonium sulfur 
atom.9) X-Ray studies of various ylides have shown 
that ylide carbons are basically trigonal planar and 
therefore sp2 hybridized.10) 

Large upfield shifts (—9.5 11.8 ppm) were observ­
ed when the carbonyl carbon signals (<5c 181.7 and 
179.2 in DMSO-<f6) of the ylides were compared with 
those of the corresponding salts (<5C 191.2 and 191.0 in 
DMSO-t/6) . This suggests an important contribution of 
betaine structure c, since similar upfield shifts were 
observed when ketones were compared with a,/?-
unsaturated ketones.11) 

O 
ii c— 

0 e 
i 

C — 

T h e chemical shifts of the ylide carbon of phenacylide 
( l a ) , which contains only one electron-withdrawing 
substituent, is dependent on kinds of solvent (<5C 53.2 
in GDGlg and 60.6 in DMSO-de). This suggests that 
the electrons are localized on its ylide carbon atom and 
that large nucleophilicity is expected.12) The chemical 
shifts of ylides l c and I d containing two electron-
withdrawing substituents (PhS and COPh) are found 
at fields lower than those of ylides l a and l b . Smaller 
nucleophilicity is expected for l c and I d . 

Nucleophilicity of Disubstituted Sulfonium Ylides. 
Nucleophilicity of these disubstituted sulfonium ylides 

was compared by determining the rates of transylida-
t ion l b , l d ) and olefin formation10) in the presence of 
dimethoxy disulfide. The results are shown in Table 2. 
Clearly, the presence of acetyl groups decreases the 
reactivity toward both transylidation and olefin for­
mation. 

Carbon-13 chemical shifts of acetyl and methoxy-
carbonyl ylides are listed in Table 3. These chemical 
shifts are not solvent dependent. When Tables 2 and 
3 are compared, it is clear that these order of reactivity 
of sulfonium ylides are parallel with the order of the 
chemical shifts of ylide carbon atoms. 

Asymmetric Environment about Sulfur of Ylides. The 
tetrahedral nature of sulfur in disubstituted sulfonium 
ylides has been shown on the basis of 1 H - N M R 
spectra.13) The appearance of the methylene group of 
the benzyl and ethyl substituents, respectively, as AB 

TABLE 2. TRANSYLIDATION111 »ld> AND OLEFIN FORMATION10) 

OF SULFONIUM YLIDES IN THE PRESENCE OF DIMETHOXY 

DISULFIDE IN GDClg AT 35 °C 
© 

S-C + (MeOS)a 
Me/ \Y 

fPh(Me)S-CXY • 

MeO-S-S-OMe 

Ylide 

MeJ-C(COOMe) 2 + PhSMe XYG=GXY + 2PhSMe 

Ylide 

X 

Transyli-
dationa) 

half life, 
T I / 2 (min) 

Olefin formation1^ 
First-order 

rate constant 
calculated from 
-d[Ylide]/df= 

k [Ylide] 
10« x * ^ - 1 ) 

2f 
3b 
4b 

COOMe 
GOMe 
GOMe 

COOMe 
COOMe 
COMe 

7 
400 
700c> 

0.8 
no reaction 
no reaction 

a) Mixture consists of ylide (0.5 mmol), Me2S (0.6— 
0.8 mmol), and (MeOS)2 (0.2—0.3 mmol), except in 
the case of 4b. b) Mixture consists of ylide (0.85 
mol/1) and (MeOS)2 (1.36 mol/1). c) Mixture consists 
of ylide 4b (0.5 mmol), Me2S (6.5 mmol), and 
(MeOS)2 (0.3 mmol). 

patterns in their ^ - N M R spectra requires an asym­
metric environment about sulfur. 

We examined the 1 H - N M R spectrum of methyl-
isopropylsulfonium penacylide ( l b ) , since asymmetric 
environment of isopropylsulfonium ylides has not been 
reported in the literature. Two methyl signals were 
observed at <5H 1.32 (d, / = 6 . 6 Hz) and 1.36 (d, , / = 6 . 6 
Hz) . The 1 3 C-NMR spectrum of l b also showed two 
methyl signals at <5C 17.9 and 18.4, and that of 2d 
showed two methyl signals at <5C 18.4 and 18.8 for the 
isopropyl group. 

y-Effect Observed in Sulfonium Compounds. In the 
system of sulfonium bis(methoxycarbonyl)methylides 
(2a—2b), effects of a bulky substituent on 13C chemical 
shifts were investigated. The results are listed in Table 
4. Clearly, the presence of a bulky substituent on the 
sulfur atom causes an upfield shift of the ylide carbon 
signal. This shift is not due to a simple inductive effect 
but due to steric compression through space (y-effect) .14) 
I t can be assumed that the inductive effect of the 
diethyl group of diethyl sulfonium ylide 2g is similar to 
that of the pentamethylene group of pentamethylene-
sulfonium ylide 2h. However, the chemical shift of the 
ylide carbon of 2g was smaller than that of 2h by — 7.0 

TABLE 3. CARBON-13 NMR CHEMICAL SHIFTS OF DISUBSTITUTED SULFONIUM YLIDES1) 

2a 

3a 

4a 

Compound 

(CH3)2S-C(COOCH3)2 

e e / C O O C H 3 
(CH3)2S-C 

xCOCH3 

(CH3)2S-C(COCH5)a
b> 

C e 

58.6 
58.4 

73.5 
73.4 

87.6 

c=o 
ester keto 

166.6 
165.6 

166.4 191.8 
166.0 189.9 

190.3 

CH3-S© 

27.6 
27.1 

26.6 
26.0 

26.7 

OCH3 

50.7 
49.7 

50.2 
49.9 

CH3 

29.8 
29.7 

30.1 

Solvent 

CDC13 
DMSO-4, 

CDC13 
DMSO-4, 

CDC13 

a ) ^CJ PP m froni TMS (accurate to ±0.13). b) 4a is insoluble in DMSO-(/6. 
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simple sulfonium salts possessing bulky substituents such 
as isopropyl and £-butyl groups. Such upfield shifts 
are found even in the sulfonium salts containing the 
electron-withdrawing phenacyl group ( l a ' and l b ' ) , 
C H 2 C O P h . 

As shown in Tables 4 and 5, large upfield shifts were 
observed for the ylide and methyl carbon signals when 
an isopropyl group was the substituent (2d, 5b, l b ' , 
and 5e). 

Exper imenta l 

Materials. The dimethylsulfonium ylides (la,4) ld,ls> 
3a,16) and 4a16)) were prepared by the methods described in 
the literature. The phenylmethylsulfonium ylides (2f, 3b, 
and 4b) were synthesized by copper-catalyzed decomposition 
of diazo compounds in large excess sulfides.17) l c was obtained 
by reaction between l a and methyl benzenesulfenate in 
chloroform at room temperature (75% yield, mp 136—137 °C 
(lit,18) 136 °C)).19) Sulfonium bis(methoxycarbonyl)methyl-
ides (2a—c, 2g, and 2h) were prepared by catalytic decomposi­
tion of methyl diazomalonate in excess sulfide in the presence 
of dialkoxy disulfide at room temperature.la) 2d and 2e were 
obtained by transylidation between 2f and methyl isopropyl 
sulfide (or methyl benzyl sulfide) in chloroform in the presence 
of dimethoxy dusilfide at room température.16) 2d : mp 76— 
77 °C; IR (KBr), 1640 and 1700 cm-1 (vco); iH-NMR 
(CDC13), 0=1.33 (d, J = 7 . 2 Hz), 1.45 (d, 7 = 7 . 2 Hz) (6H, 

(CH3)2C), 2.86 (3H, s, CH3-S), 3.78 (6H, s, COOCH3) and 
3.90—4.35 (IH, m, CH). Found: C, 49.43; H, 7.34%. 
Calcd for C9H1 604S: C, 49.08; H, 7.32%. Methylisopropyl-
sulfonium phenacylide (lb) was prepared by deprotonation 
of salt (lb') with 10% aqueous sodium hydroxide, l b : mp 
108—109 °C; IR (KBr), 1520 cm"1 (vco); ^ - N M R (CDC13), 
(5=1.32 (d, 7 = 6 . 6 Hz), 1.36 (d, 7 = 6 . 6 Hz) (6H, (CH3)2C), 

2.85 (3H, s, CH3-S), 3.8—4.3 (2H, m, CH and CH) and 
7.25—7.86 (5H, m, C6H5); iH-NMR (DMSCw/6), 0=1.25 
(d, 7 = 6 . 6 Hz), 1.30 (d, 7 = 6 . 6 Hz) (6H, (CH3)2C), 2.71 

(3H, s, CH3-S), 3.20—3.60 (IH, m, CH), 4.30 (IH, s, CH) 
and 7.25—7.80 (5H, m, C6H5). Found: C, 68.90; H, 7.77%. 
Calcd for C12H16OS: C, 69.21; H, 7.74%. The sulfonium 

T A B L E 5. 1 3C CHEMICAL SHIFTS OF METHYL CARBONS OF SOME SULFONIUM sALTsa) 

H3C • R2 X 

R 1 

Compound 

5a 
5b 
5c 
5d 
5e 
5f 

5a 
l a ' 
l b ' 

R1 

CH3 

CH3 

CH3 

CH3CH2 

(CH3)2CH 
CH3CH2 

CH3 

CH3 

(CH3)2CH 

R2 

CH3 

(CH3)2CH 
(CH3)3C 
CH3GHj2 
(CH3)2CH 
(CH3)3C 

CH3 

C6H5COCH2 

C6H5COCH2 

H3C-S© 

27.7 
22.0 
24.4 
21.3 
15.6 
17.0 

26.1 
24.4 
19.7 

A<5b) 

0 
- 5 . 7 
- 3 . 2 
- 6 . 4 

- 1 2 . 1 
- 1 0 . 6 

0 
- 1 . 7 
- 6 . 4 

ctt 

47.1 
43.1 
35.6 
44.2 
32.1 
43.5 

52.6 
48.8 
45.2 

C, 

16.9 
24.4 

8.4 
17.1; 18.9 
9.5 (ethyl) 

24.8 (/-butyl) 

(phenacyl) 
(phenacyl) 

X 

I 
I 
I 
I 
I 
BF4 

I 
Br 
Br 

17.1; 17.5 (isopropyl) 

Solvent 

D 2 0 
D 2 0 
D 2 0 
D 2 0 
D 2 0 
D 2 0 

DMSO-4, 
DMSO-4, 
DMSO-</6 

TABLE 4. 1 3C CHEMICAL SHIFTS OF YLIDE CARBONS 

OF SOME SULFONIUM YLIDESa ) 

0, .s© 
/ | \ 0 

H3C I C(C00CH3)2 

R 

Compound R C e 

2a CH3 58.6 
2b CH3CH2

C) 55.7 
2c CH3CH2CHiCH2

d) 56.2 
2d (CH3)2CHe) 53.5 
2e C6H5CH2

f) 57.4 
2f C6H6*> 59.1 

A<5b> 

0 
- 2 . 9 
- 2 . 4 
- 5 . 1 
- 1 . 2 
+ 0.5 

H3C-S© 

27.7 
25.9 
26.7 
24.4 
24.7 
27.1 

A<5b> 

0 
- 1 . 7 
- 1 . 0 
- 3 . 3 
- 3 . 0 
- 0 . 5 

a) dc, ppm from TMS in CDC13 (accurate to ±0.13 
ppm). b) (ôl-ô™>). c) CH2 (a) 36.8, CH3 (ß) 9.53, 
C=0 167.1. and OCH3 50.7. d) CH2 (a) 42.6, CH2 

{ß) 26.2, CH2 (y) 21.6, CH3 (Ô) 13.7, C=0 167.2, and 
OCH3 51.0. e) CH (a) 46.0, CH3 (ß) 18.4 and 18.8, 
C=0 167.4, and OCH3 50.9. f) CH2 (a) 48.2, aro-
matic-C 129.3 and 130.3, C=0 167.1, and OCH3 51.0. 
g) Aromatic-C 129.3, 130.5 and 132.3, C=0 166.4, and 
OCH3 50.7. 

ppm. 

(CH3CH2) J - C (COOCH3) 2 

<5C52.0 

2g 

/CH2-CH2X@ e 
CH2 S-C(COOCH3)2 

^CHa-CH/ 

ö0 59.0 

2h 

In the system of sulfonium phenacylides, l a and l b , a 
similar y-effect was observed, which was shown in 
Table 1. 

Table 5 shows the upfield shifts observed for some 

a) <5C, ppm from TMS as external standard in D 2 0 (accurate to ±0.08 ppm). b) (<5c'-R'—Ö^H,h). 
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salts ( l a ' and lb ' ) were prepared by reaction between sulfides 
and phenacyl bromide in benzene at room temperature, l b ' : 
mp 110—111 °C; IR (KBr), 1670cm-1 (v00); *H-NMR 
(DMSO-rf,), ô= 1.55 (6H, d, 7 = 6 . 6 Hz, (CHjJ.C), 2.99 (3H, 

s, CH3-S), 4.09 (2H, s, CHa) and 7.50—8.20 (5H, m, C6H5). 
The dialkylmethylsulfonium salts (5a—e) were obtained by 
direct reaction of the alkyl sulfides and methyl iodide. 5e; 
*H-NMR (D20), 0=1.57 (d, J = 6 . 6 Hz), 1.61 (d, J = 6 . 6 Hz) 

(12H, (CH,)aG), 2.82 (3H, s, CH3-S) and 3.90 (2H, m, GH). 
5f was prepared by ethylation of methyl f-butyl sulfide with 
(C2H6)30©BF4e). 

Measurement. The ylides were dissolved in CDC13, 
GD3CN and DMSO-4, (usually 100—150 rag/cm3) contain­
ing 1—5% tetramethylsilane as reference. The sulfonium 
salts also were dissolved in DaO (usually 100—150mg/cm3). 
Solutions were examined in 10-mm tubes using JEOL-FX-60 
NMR spectrometer in the Fourier transform mode. Several 
hundred to several thousand transients were accumulated 
typically with acquisition times of 1.0 to 5 s, with 3.0 s being 
normal for coupling constant measurements. Line positions 
were determined automatically by computer software. The 
results are listed in Tables 1, 3, 4, and 5. 

Transylidation and Olefin Formation. Transylidation and 
olefin formation of sulfonium ylides (2f, 3b, and 4b) in the 
presence of dimethoxy disulfide in CDC13 at 35 °C are des­
cribed in the literature.113'c) The results are listed in Table 2. 
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Photo-induced Electricity Generated by Thin-layer Photogalvanic 
Cells Containing Thionine and Iron (II) Salt 
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The photogalvanic effects of thionine and Fe(II) salt systems were studied by use of thin-layer photocells. 
Three systems of the cell components, i.e., Sn02/thionine-Fe(II) aq/Pt, Sn02/thionine-Fe(II)-gelatinized reagent/ 
Pt, and Sn02/polymeric thionine membrane-Fe(II)/Pt, were compared. The photopotential AE and the photo-
current I were the largest in the third system. It was concluded that the excellent ability of the polymeric thionine 
system to generate the photo-induced electricity is due to the strong electrostatic repulsion between Fe3+ and the 
semi-species bound to the cationic polymers, since the repulsion diminished the short-circuit in a solution or the 
bulk-backward reaction with Fe3+. The electron-recycling in a solution took place not only through the trans­
portation of Fe3+ to the cathode, but also through the electron-exchange reaction between Fe2+ and Fe3+ via hydrogen 
bonds. 

The mechanism of the photogalvanic effect in the 
photoredox reaction between thionine (thn) and Fe (II) 
has been studied by many investigators, especially in 
liquid-phase.1-6) Few reports, however, describe 
photogalvanic cells composed of gel or membrane 
systems, although they are important from the view­
point of application. We have prepared several types of 
photocell: (1) a double-Pt photocell containing t h n -
Fe(II) aq, (2) an S n 0 2 - P t photocell of the same size as 
(1), and (3) a thin-layer type photocell containing t h n -
Fe(II) aq, thn-Fe(II)-gel (with a semi-permeable 
membrane), or polymeric t hn -Fe ( I I ) . T h e following 
three points w e r e examined : 

(a) the electron-recycling mechanism in solution, 
(b) the role of the SnOa-electrode, and 
(c) the factors which influence the photopotential 

AE and the photocurrent / . 

Exper imenta l 

Reagents. Thionine (Tokyo Kasei Co., Ltd., reagent 
grade, Gl salt) was recrystallized from 50% aqueous ethanol 
solution before use. Its purity was confirmed by thin-layer 
chromatography after being eluted with a mixture of 2-
propanol (5%) and chloroform. Analytical grade commercial 
reagents of acids, bases, and iron(II) sulfate containing 0.005% 
iron(III) were used without further purification. Soluble 
starch (Wakö Pure Chemical Co., Ltd., reagent grade for 
medical use) and poly(vinyl alcohol) (degree of polymeriza­
tion = about 500) of commercial grade were purified by pre­
cipitating their hot aqueous solutions from excess methanol. 
Hydroquinone used as the reductant in the photoredox reac­
tion was recrystallized twice. The formulas of the dyes and 

^xox HJXÄX *oio*> 

-(cHCHr); 

OH 
PVA 

the polymers are given below. Thionine and its reduced 
species (Sthn=semi-thn, Lthn=leuco-thn) at pH 1—47>8> are 
as follows. 

Preparation of Polymers. The ternary copolymer com­
posed of hydroquinone, formaldehyde and piperazine residues 
was prepared by the Mannich-polyaddition-condensation-
polymerization.9) The thn-polymers were prepared by the 
reaction of poly(epichlorohydrin) (degree of polymerization= 
170, commercial reagent) with thn under the presence of 
triethylamine (HCl-remover). First, the prescribed amounts 
of the polymer and trimethylamine were reacted in an auto­
clave at 120 °C. The solvent, 50% aqueous JV,iV-dimethyl-
formamide (DMF), was removed from the resulting solution. 
Solids were then dissolved in absolute methanol and repre-
cipitated with diethyl ether to yield copoly(epichlorohydrin-
glycidyltrimethylammonium chloride) (Q.E). Next, QJE 
and thn were reacted in absolute DMF at 60 °C in the dark. 
The solvent of the resulting solution was evaporated, and the 
product was washed with water until the nitrate showed no 
color of thn. The thn-polymers (BÇŒthns) thus obtained 
was to some extent cross-linked by thn nuclei, which are 
slightly soluble in methanol. When the reaction of Q E and 
thn is carried out in the molar ratio, [thn]/[-CH2Cl of QE] 
^>10, the resulting BQEthn is entirely soluble in water, since 
the cross-linking by thn nuclei can be avoided.10) The ex­
perimental conditions and results are summarized in Table 1. 
The structures of the polymers are given below. 

Apparatus. The over-all photobleaching rate constant 
k and the degree of photobleaching A % (=([Sthn] + [Lthn]) 
X 100/[thn]0) were measured with a stopped-flow rapid-
scanning spectrophotometer (Union Giken Co., Ltd., RA-1300) 
modified into a cross-illumination system,11) with a 100 W 

OH 

H2N NCH2-4-

PH2Q(deprotonated state) 

- ^ - Ç H C H 2 0 - ^ - Ç H C H 2 0 - ^ 

CH2C! CH2N(CH3)3Cie 

QE 

^.(supposed structure,somewhat 
crosslinked, Mw l̂OOOO ) 

CH2 CH2N(CH3),Cr CH2 

HN-thnnuclei N—thnnuclei 

CH2 

4-CHCH20-4— 

BQETh (supposed structure) 
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TABLE 1. PREPARATION AND CHARACTERISTICS OF POLYMERS 

[Vol. 50, No. 12 

Polymer 

PH2Q, 

QE(1) 

QE(2) 

BQETh(l) 

BQETh(2) 

Starting material g 
(mol) 

H2Q.11.0 (0.1) CH 2 0 6.0 (0.2), 
Pip-2HG1 14.5 (0.1) 

PEP 9.3 (0.1) TMA 30 (0.5) 

PEP 9.3 (0.1) TMA 30 (0.5) 

QE(1) 0.5 Th 5.0 (abt. 0.02) 

QE(2) 0.5 Th 7.5 (abt. 0.03) 

Solvent 
(ml) 

50% aqueous 
methanol (100) 
50% aqueous 
DMF (60) 
50% aqueous 
DMF (60) 
absolute DMF 
(50) 
absolute DMF 
(50) 

Time 
(h) 

12 

48 

60 

48 

48 

Y 
(%) 

98 

95 

95 

94 

97 

G% 
N% 

5.143 

14.816 

12.462 

4.763 

4.703 

Products 

CI 
(%) 

24.2 

33.68 

32.77 

18.91 

18.10 

Note 

2HC1 salt 

* = 2 1 % 

*=26% 

* = 1 9 % J ' = 7 9 % , 
z=2% 
*=23%,j>=74%, 
* = 3 % 

Pip-2HC1; piperazine• 2HC1, TMA; trimethylamine. z% was estimated from the correlation of C%/N% 
with Cl%. 

tungsten illumination light source and a 50 W measureing 
light source. The intensity of the latter was weakened to 
0.03% of the former by use of neutral filters. It was con­
firmed that the illumination with the latter has little influence 
on the photoredox reaction. The photopotential LE and 
the photocurrent /o f the thn-reductant systems were measured 
with the photocells illustrated in Figs. 1 (a)—(f), in which 
the Sn0 2 electrode prepared by the usual chemical-vapor-
depositing method (about 100 Q/cm, transparent Nesa glass) 
was used, with a vibrating reed electrometer (Takeda Riken 
Co., Ltd., Model TR-84 BS). 

Measurements. The prescribed amounts of thn and 
reductant solutions were bubbled with pure N2 for 1 h before 
use, which was completely deoxygenated with use of the 
alkaline pyrogallol aq, sodium dithionite aq. and chromium-
(II) Perchlorate aq-zinc amalgam towers. The two reactant 
solutions were then taken into the syringes of the cross-illumina­
tion apparatus separately under N2 and were rapidly mixed 
into a 2 mm-flow cell (dead time=450 fxs). The rapid 
spectral changes with time due to the photobleaching of thn 
were measured, k was determined from the initial section 
of time-decay curve according to the pseudo-first order plots, 
and A from the final absorption intensity at a certain photo-
equilibrium state. The values of AE and / were obtained 
by use of the photocells under pure N2 atmosphere in a dry-
box, their stationary values being recorded. Unless other­
wise stated, the illumination light intensity was adjusted to 
10 mW/cm2 (^>350nm). The specific viscosity represented 
by T)sp w a s measured with an Ubbelohde viscometer at 
25.0±0.04°C. 

R e s u l t s and D i s c u s s i o n 

Electron-recycling Mechanism. The photocells, one 
composed of double-Pt electrodes (a), and another of 
SnO a -P t electrodes (b) are shown in Figs. 1(a) and (b), 
respectively. The two photocells have similar size and 
surface area of electrodes (2.0 cm2) and also the same 
distance, 3.5 cm between the two electrodes. In the 
case of (b), visible light was cast onto both or one of the 
cell chambers, the light intensity being 10 mW/cm 2 on 
the surface of each electrode. The thin-layer photocells 
composed of a thn-Fe(I I ) aqueous solution, a gelatiniz­
ed thn-Fe(I I ) aqueous system and a membrane-gel 
system are shown in Figs. 1(c)—(f). T h e surface area 
of SnO a and Pt electrodes is 3.0 cm2 and the distance 
between the electrodes 2 mm. T h e visible light of the 

same intensity as in (a) and (b) was cast through the 
transparent S n 0 2 electrode. 

The electron-recycling mechanism proposed for the 
photogalvanic cells composed of thn-Fe(II ) is as 
follows.1-6) 

Membrane 
(FeOD+Fed)) 

<*> Cf) (c) (d) 

Fig. 1. Photogalvanic cells. 
(a); d (distance between two electrodes) =3.5 cm, A 
(surface area of an electrode) =2.0 cm2, (b); rf=3.5 
cm, .4=2.0 cm2, (c)—(f); a?=2.0 mm adjusted by a 
spacer, 4 = 3.0 cm2. Visible light (>350 nm, 10 mW/ 
cm2) was used, if no captions are given. Visible light 
can be illuminated onto both the cell-chambers of the 
photocell (b). 
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Anode (e~) 
, thn . . F e ( I I ) -

^ « ^ " ^ ^ F e ( I I I ) ^ •Sthn 
(e-) 

hv 
(1) 

Cathode 

Only a few investigations have been carried out on the 
electron-recycling mechanism inside the cell despite its 
importance. I t is doubtful that Fe(I I I ) formed in an 
illuminated chamber is transported to the cathode via 
infinite pathway in a molecular scale due to diffusion, 
since the cathodic active species of Fe( I I I ) would 
disappear by the possible bulk-backward reaction with 
Sthn or Lthn in the course of transportation. Therefore, 
another sufficiently fast mechanism should exist in order 
to cause the electron-recycling in solution. 

0.1 0.2 0.3 

"Osp 

Fig. 2. Effect of added SS on AE and / of thn-Fe(II) 
systems. [thn]0=7.17x 10"5 mol/1, [Fe(II)SO4]0= 10"2 

mol/1, [Fe(III)]0=5.0x 10~7 mol/1, pH2.0-HCl, under 
N2, without stirring. 
( 0 » # ) ; Photocell (a), (A ,A) 5 photocell (b). The 
arrows indicate AE and / without SS and with the most 
appropriate stirring of the solution, in photocell (a). 
7]sp indicates the specific viscosity of SS-added solution. 

The effect of added SS (soluble starch) on AE and 
I in the thn-Fe(II) aq system is shown in Fig. 2, in which 
the abscissa indicate the specific viscosity of the solution 
(T)SP). Both AE and / measured without stirring of the 
solution remain almost unchanged with the increase 
of specific viscosity, which should decrease the transpor­
tation of Fe(I I I ) from the illuminated cell-chamber to 
the cathode. They show the almost constant values of 
150 m V and 1.5 pi A, respectively, under the given 
conditions, whereas the effect of added PVA (polyvinyl 
alcohol)) (Fig. 3) shows a bell-shaped curve. With 
increase in PVA concentration, AE and / become 
constant. The anomalous behavior in the PVA system 
cannot be understood from only the consideration that 
the electron-recycling in solution proceeds through the 
Fe (III) transportation. 

I t is well-kown that there is a very rapid electron-
exchange reaction of 10~9—lfJ-12 s between Fe(I I ) and 
Fe(II I ) via hydrogen bonds in an aqueous solution;12) 

0.002 0.2 0.4 0.6 
100, 

95 

0.8. 

90 

f*" 0 <r[—8^ 

1.8 

t.6 

1.4 ^ 
I 

1.2 -* 

[PVA]0 (wt%) 

Fig. 3. Effect of added PVA on A, k, AE and / of thn-
Fe(II) systems. The conditions are the same as in 
Fig. 2. 

H 
(H20)5FenOH2 + + OFe* i n(H20)5*+ 

H H 

H 
• ( H 2 0 ) 6 F e n O - H - O F e * m ( H 2 0 ) 5 

H H 

• (H 20) 6FemOH 2 + + H3OFe*n(H20)53+ 

| +HaO | +H.O (2) 

Fe i n(H20)6
3 + + OH" Fe*n(H20)6

2 + + H 3 0 \ 

If this mechanism is valid, the reason for the increase of 
AE and / despite the fact that the values of k and A are 
constant when PVA was added in a small amount can 
be explained, since PVA forms the intramacromolecular 
hydrogen bonds which would enhance the electron-
exchange reaction between Fe(II ) and Fe( I I I ) more 
easily : 

•—CHCH^-CHCH^-CHCH,-^ -CHCH,-CHCH,-7 CHCH^-CHCH,-?-

/ 7 7 7 / 7 7 / 7 7 
0rH ,0 A , \ /Q.-H ,0 / 0 A ,A /0,-H 

>e(II)V Y Y ' FetfI)Y \'' Y V ' iFeflll)! 
1n a l i g h t chamber 

Fe(II) 

in a dark chamber 

Fe(II) 

•electron flow 

CHCHg-jCHCHg-CHCHgy—--CHCH2-CHCH2y—--CHCH2-CHCH2y-

iFeflhY V Y ' Fe(l'l) H'' Y Y ' Y ' Fe(II) 

CHCH2-CHCH2̂ CHCH2-,- -CHCH2-pHCH2y -CHCH2-pHCHzy-

)e(II)Y' H'' Y ' Fe(II)Y Y ' Y V %Fe(II) 
Electron was captured 

through a cathode (3) 



3400 Kiyotaka SHIGEHARA, Masatoshi NISHIMURA, and Eishun TSUCHIDA [Vol. 50, No. 12 

The value of AE and / given in Figs. 2 and 3 were 
obtained without stirring the solution. Values obtained 
under appropriate stirring are indicated by arrows at 
each axis in photocell (a), without addition of SS or 
PVA. T h e very small difference between these values 
and those indicated by circles suggests that stirring of 
the solution has no remarkable influence on AE and / . 
In other words, the transportation of Fe( I I I ) from the 
illuminated cell-chamber to the cathode is not the main 
pathway for the electron-recycling in solution. Thus , 
the electron-recycling mechanism of the thn-Fe( I I ) 
photoredox systems in the aqueous media was considered 
to be as follows. 

Anode 

(c-) 
- tfan . ç Fe(II)«—Fe(II) . 

^ Sthn ^ * Fe(III)--—-Fe(III) ' 

hv 

(e-) 

Cathode 

Electron-exchange via hydrogen 
bonds and/or ion-transport (4) 

T h e side hydroxyl groups of SS are less effective than 
those of PVA, probably because they cannot form the 
polymeric hydrogen bonds intramacromolecularily due 
to their rigid chain-backbone. 

Characteristics of Sn02 Electrode. The circles and 
triangles in Figs. 2 and 3 are the values measured with 
photocells (a) and (b), respectively, where both cell 
chambers of photocell (b) were illuminated. The values 
of AE and / obtained by use of photocell (b) without 
stirring are much smaller than those obtained by use 
of photocell (a). T h e direction of electron-flow is Pt(L) 
- •P t (D) in photocell (a), and Pt(L)->SnO a(L) in 
photocell (b), where L and D indicate illuminated and 
dark, respectively. If we consider that SnO a is an n-type 
semiconductor, the direction of electron-flow is irregular 
in the latter case. S n 0 2 seems to select Fe( I I I ) as the 
electrode-active species, although Sthn also exists 

(Table 2). Three illumination methods were examined 
for photocell (b), i.e., visible light cast onto the Pt-
camber, onto the Sn0 2 -chamber and onto both the 
chambers. As for I and the direction of electron-flow, 
the systems of P t (L)-Pt (D) and P t (L) -Sn0 2 (D) gave 
almost the same result. T h e / values was very small 
for the S n 0 2 ( L ) - P t ( D ) in which the direction of 
electron-flow SnO a (L)->Pt(D) . T h e / v a l u e s of S n 0 2 -
Pt(L) system with stirring was the largest, the direction 
being Pt(L)—>Sn02(L). From the consideration that 
(1) the effect of stirring is remarkable, (2) the value of 
/ is the largest when the solution is stirred, and (3) the 
direction is P t (L) -»Sn0 2 (L) in the Sn0 2 (L) -P t (L) 
system in contrast to the n-type characteristics of SnÖ2 , 
there might be some other electrode-reaction differing 
from the mechanism generally proposed for the case of 
P t (L) -P t (D) systems as given by Eq. 1 or 4. 

Clark and Eckert reported that the direction of 
electron-flow is Sn02(L)->Pt(L).1 4> This cannot 
explain the results we obtained by use of a thin-layer 
photocell (Figs. 1(c)—(f)). The distance between the 
SnO a and Pt electrodes is 0.1 m m in Clark and Eckert's 
cell, but in ours 2.0 mm. The effect of U V light, which 
might cause distortion of the energy band of SnO a as 
illustrated in Fig. 4(a) , is summarized in Table 3. The 
results indicate that the additional UV-illumination 
brought about the anodic polarization of SnO a to 
decrease the electron-flow, Pt(L)—>Sn02(L). Hence it is 
considered that the SnO a illuminated by visible light 

(a) (b) 
Fig. 4. Polarized state of semiconductors. 

(a) : Anodic polarization, (b) : ohmic contact, (c) : 
cathodic polarization. 

TABLE 2. CORRELATION OF PHOTOCELLS (a) AND (b) 

Photocell Electrode IUumd-
electrode (mV) 

/ 
G*A) 

Stirring Direction of e~ 

(a) 

(b) 

Pt(L)-Pt(D) 

Pt-SnCX 

Pt(L) 
Pt(L) 

Pt 
SnOa 

Pt and SnOa 

Pt and SnOz 

120 
100 

190 
35 
80 
40 

1.6 
1.52 

1.50 

0.53 
2-75 

1.0 

o 
X 

X 

X 

o 
X 

Pt(L)->Pt(D) 
Pt(L)->Pt(D) 

Pt(L)->Sn02(D) 
SnOa(L)-+Pt(D) 
Pt(L)->SnOa(L) 
Pt(L)-»SnOa(L) 

[thn]0=4.3x 10-5 mol/1, [Fe(II)SO4]0=4.3x 10-3mol/l, [Fe(III)]0=2.15x 10~7 mol/1, pH 2.0-HC1 aq, under N2. 

TABLE 3. EFFECT OF UV-LIGHT ON AE AND / IN THE PHOTOCELL (c) 

Light source (mW/cm2) 

Vis (0.267) 
Vis(0.267)+UV(0.01) 
UV(0.01) 

UV(0.01) 

AE(mV) 

30 
20 

1.5 

10 

/((xA) 

0.78 
0.70 
0.02 

— 

Direction of e-

Pt(L)->Sn02(L) 
Pt(L)->SnOa(L) 
Pt(L)->SnOa(L) 

SnOa(L)->Pt(L) 

Remark 

a ) 
a ) 
a ) 

b ) 

a) [ thn] 0 =1.0xl0- 4 mol/1, [Fe(II)SO4]0=5.0x 10~2 mol/1, [Fe(III)]0=2.5x 10-« mol/1, pH 2.0-
HC1 aq, under N2. b) pH 9.0-NaOH aq. 
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> 
< 

-0.4 

1.0 5.0 2.0 3.0 4.0 
Illumination time (min) 

Fig. 5. On-off behavior of &E and / in photocell (c). 
[thn]0=1.0x 10-* mol/1, [Fe(II)SO4]0=5.0x 10-2 mol/1, [Fe(III)]0=2.5x 10-« 
mol/1, pH 2.0-HC1 aq, under N2. (+ ) values indicate the electron-flow Pt(L)—> 
SnOa(L). 

has a distorted energy-band similar to the cathodic 
polarization. In order to let the electrons flow from 
Pt(L) to S n 0 2 ( L ) , S n 0 2 , should have the ohmic 
contact or cathodic polarized state. T h e former is less 
probable, since the work-function of Pt is larger than 
that of SnO a . There remains possible adsorption of some 
substances which bring about the cathodic polarization. 
Figure 5 shows the on-ofF behavior of AE and / i n a 
thin-layer photocell. The electron-flow was SnO a (L) 
—>Pt(L), indicating that the discharged electrons from 
Sthn were captured by S n O a in the initial stage. T h e 
negative values in Fig. 5 represent the electron-flow of 
Sn02(L)—>Pt(L). The direction of electron-flow then 
reversed rapidly, i.e., Pt(L)—>Sn02(L), AE and / 
reaching certain stationary values. By cutting off the 
illumination, AE and / increased temporarily toward 
(+)-s ide, showing the electron-flow to be Pt(L)-» 
SnO a (L) , and then diminished rapidly. I n this on-off 
behavior, the following should be noted: 

1) the magnitude of temporary negative generation 
toward (—)-side of AE and / at on-illumination was 
larger than that of temporary positive generation toward 
(+)-s ide (Fig. 5) at off-illumination, 

2) the temporary negative generation at on-illumina­
tion was scarecely observed after the second series of 
on-off recycles, 

3) the temporary positive generation at off-illumina­

tion did not change with the repeated on-off recycles, 
4) thn was strongly chemisorbed on the surface of 

SnO a , which was almost constant at any off-illuminated 
state. T h e absorbed thn could be washed off with 
methanol, but not with water, 

5) S n 0 2 is activated only by UV-light (below 340 
nm) to yield the anodic polarization, and is cathodic 
polarized state with the illumination of visible light, 
and 

6) the S n 0 2 - P t thin-layer photocell containing an 
aqueous solution of thn alone generated no dye-sensitized 
electricity under the illumination of visible light. 

From the results, the reaction mechanism of the 
thn-Fe(II) system in these thin-layer photocells compos­
ed of SnO a and Pt is supposed to be as follows. 
Firstly, a trivalent cation radical of Sthn at p H 1—47>8> 
encounters the surface of S n 0 2 , a real n-type semicon­
ductor at this stage, and discharges. This may cause 
temporary negative generation at the on-illumination. 
T h e resulting monovalent cation of thn has smaller 
solubility than Sthn in water, and it will be adsorbed 
onto the S n 0 2 electrode, which may cause the pseudo-
cathodic polarization of SnO a . However, further 
adsorption of thn, Sthn, and Lthn dissolved in the 
aqueous layer may occur on the surface of S n 0 2 covered 
already with the dye (stuff). Thus we cannot determine 
which of the species thn, Sthn or Lthn covers the SnO a 

thn (monovalent cation) + Fe(II) hv 

(a) 

SnO, 

(b) 

Sthn 

Sthn discharged 

and adsorbed 

> Sthn (trivalent cation radical) 

+ Fe (III) 

dyei 
dye| 
dyei 
dye} 
dyej 
dyei 

Probably reduced dyes, Sthn or Lthn 

Sn02 Pseudo-cathodic Tunneling of e 

p o l a r i z a t i o n 

Fig. 6. Schematic representation of the role of Sn02 . 
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TABLE 4. CORRELATION OF THIN-LAYER PHOTOGALVANIC CELLS 

Ref. [thn]0 
(mol/1) 

[Fe(II)]0 
(mol/1) 

[Fe(III)]0 
(mol/1) 

Vis-illumn 
(mW/cm2) (mm) 

AE 
(mV) 

/ 
(fxA/cm) 

Direction 
ofe-

13) 

This 
work 

10-3-10-s 
1 0 ^ - 1 0 - 5 

10-5 

10-* 

io-2 

io-2 

5.0X10-2 

5.0X10-2 

i o - 3 - io-5 

10^—IO-5 

2.5x10-« 
2 . 5 x l 0 - 6 

18.5 
100 

10 
10 

0.1 
0.1 

2.0 
2.0 

50—100 
— 
80 
80 

— 
10—20 

0.07 
0.4 

Sn02(L)->Pt(L) 

Pt(L)->Sn02(L) 

a) Distance between two electrodes. 

electrode. When the solution was illuminated, the circuit 
closed and adsorption of dye (stuff) occurred, the species 
covering the S n 0 2 electrode, formed by the photoredox 
reaction, was Sthn or Lthn rather than thn. Hence 
the direction of electron-flow was reversed as shown in 
Fig. 6(c). If this mechanism is valid, the experimental 
results 1)—4) and the effect of UV-light are under­
standable. The temporary negative generation of AE 
and / at the on-illumination in particular would be 
due to the initial stage of dye adsorption, which occurs 
only in the first on-off cycle, since the surface of SnO a is 
already covered with the dye (stuff) after the second 
cycle. T h e positive generation at off illumination was 
thus caused by the process of desorption of the dye 
(stuff) covering excessively the surface of SnO a . 

id6 10"5 10"4 IO"3 0 1 2 3 4 5 
[Fe(III)]0 (mol/1) [thnJoX 10* (mol/1) 

Fig. 7. Effect of [Fe(III)]0 and [thn]0 on AE and / of 
thn-Fe(II) systems. [thn]0=5.0x 10~4 mol/1 in (a), 
[Fe(OO)SOJ0=5.0 x lO- 2 mol/1, pH/1, pH 2.0-HC1 
aq, under N2. ( + ) values indicate the electron-flow 
Pt(L)->Sn02 (L). 

Figure 7 illustrates the effect of [Fe( I I I ) ] 0 or [ thn] 0 

(subscript 0 indicates the initial concentration) on AE 
and / of the thn-Fe(II) aqueous systems studied by use 
of the thin-layer photocell (c). The dependence of AE 
and / on [ thn] 0 is represented by a bell-shaped curve, 
the A values decreasing with [ thn]0 . Under the condi­
tions employed, [ t h n ] 0 = 5 . 0 x 10~4 mol/1, [ F e ( I I ) ] 0 = 
5.0 XlO- 2 mol/1, the A value was almost 100%. The 
excess thn would decrease / due to the excessive adsorp­
tion of dye (stuff) onto SnO a , and also decrease AE 
according to Nernst's equation:* 

* Nernst's equation is not correct in order to make 
quantitative discussions, since the equation does not take the 
formation of local cells into account. However, the equation 
is understandable for the qualitative discussions. 

AE = E0 + 0.0592 log{( [Sthn]/[thn] [H+])A 

X ([Fe(III)]/[Fe(II)])c>, (5) 

were A and G indicate the anodic and cathodic reac­
tions, respectively. O n addition of Fe(III) , AE and / 
also showed the behavior represented by bell-shaped 
curves. At a low [Fe(I I I ) ] 0 , the values increased due to 
the increased electron-exchange reaction and/or contri­
bution of the ( )c term in Eq. 6. The decrease in the 
values at high [Fe( I I I ) ] 0 was brought about by the 
increased short-circuit in solution or the increased bulk-
backward reaction, which decreases the concentration 
of anode-active Sthn, and by the decrease of the dye-
adsorption onto SnO a . T h e direction of electron-flow 
reversed when the initial concentration of Fe (III) 
exceeded IO - 2 mol/1. No quantitative discussions could 
be made due to the formation of thn-precipitates. 

The experimental results of Clark and Eckert13) and 
the present work are compared in Table 4. There is a 
large difference between the two / values if the direction 
of electron-flow is not taken into consideration. Since 
Clark and Eckert gave no details of the experimental 
procedure, it is difficult to find the reason for the 
difference. However, from the fact tha t (A) their / 
values are extraordinarily large for the thn-Fe(II ) 
photogalvanic cells, and (B) we also observe a short-
photocurrent of about 5 uA/cm2 (or more) with the 
direction of Sn02(L)—>Pt(L) (under the conditions given 
in Table 4), the large / values they presented are 
considered to be short-photocurrent, or values obtained 
when the solution was pre-illuminated and the circuit 
then closed and / was measured. Especially, the 
phenomenon of (B) can be easily presumed from the 
on-off behavior shown in Fig. 5, in which the temporary 
negative generation, i.e., the electron-flow Sn02(L)—• 
Pt(L) , was observed at the on-illumination. 

Thin-layer Photocells Composed of Gelatinized Thn-Fe(II) 
Systems. Since it was found that the electron-
recycling in the thn-Fe(II) system mainly proceeds by 
the possible electron-exchange reaction between Fe(II) 

TABLE 5. CORRELATION OF SEVERAL PHOTOGALVANIC CELLS 

Systems of photocell 

( c ) SnOa/soln/Pt 
( d ) Sn02/SS-gel/Pt 
( e ) Sn02/SS-gel/membrane/Pt 
( e ) Sn02/SS-gel/membraneX 2/Pt* 
( f ) Sn02/membrane/SS gel/Pt 

AE (mV) 

70 
20 
29 
32 
6 

7(j*A) 

1.82 
0.75 
0.30 
0.53 
0.23 

[ thn] 0 =5.0xl0- 4 mol/1, [Fe(II)SO4]0 both in gel and 
membrane=5.0X IO"2 mol/1, [Fe(III)]0 both in gel and 
membrane=2.5x IO"6 mol/1, *: [Fe(III)]0 in membrane 
= 1.0 x 10 -5 mol/1. pH 2.0-HC1, under N2. The direc­
tion of electron-flow was Pt(L)—>Sn02(L) in all cases. 
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and Fe( I I I ) , the thin-layer photocells can be converted 
into some gel systems. Figures 1 (c)—(f ) illustrate the 
application of the thin-layer photocells. T h e results 
are summarized in Table 5. The semipermeable 
cellophane membrane having thickness 0.7—0.8 m m 
and porosity 24 Â was used for a diaphragm through 
which Fe (II) or Fe ( I I I ) permeates but not thn. In 
practice, thn permeated in a very small amount after 
5 h. The most important facts are, (i) AE and / are 
very small in the Sn0 2 /we t m e m b r a n e - [ F e ( I I ) + F e -
( I I I ) ] / g e l - [ t h n + F e ( I I ) + F e ( I I I ) ] / P t system, and (ii) in 
some extent larger AE and / were observed in the 
Sn0 2 / ge l - [ t hn+Fe (II) + F e (III)] /wet rnembrane-[Fe-
( I I ) + F e ( I I I ) ] / P t system, in which the direction of 
electron-flow was Pt(L)—>>Sn02(L). In the former 
system, there was no dye around SnO a , since SnO a was 
attached to the membrane containing no dye. Hence 
SnO a is regarded as the real n-type semiconductor, 
which has an affinity for Sthn rather than for Fe ( I I I ) . 
However, there existed only Fe(I I I ) or Fe(II) around 
the S n 0 2 electrode. Thus the former system is very 
disadvantageous as seen from the characteristics of 
S n 0 2 . In the latter system, SnO a can be converted 
into the pseudo-cathodic polarized state due to the 
adsorption of the dye (stuff), and consequently the 
cathodic reaction or the donation of electrons to Fe ( I I I ) 
is favorable on the SnO a electrode. However, it is very 
difficult to consider that Sthn, which cannot permeate 
to the Pt electrode through the cellophane membrane, 
discharges throughout the membrane. We consider 
the electron-recycling mechanism in the Sn0 2 /mem-
brane/gel/Pt system to be as follows. 

SnO, (e-) 

Pseudo-cathodic 
polarized by the 
adsorption of dyes. 

, Fe(II) . thn , , Fe(II)-

^ Fe(III) A sthn J ^ Fe(III) • 

•Fe(II) . 

-Fe(III) J 

hv Electron-exchange 

The reaction in a gel The reaction in a 
wet membrane 

— (c-) — Pt (6) 

As the use of membrane brought about the increase 
of internal resistivity to yield small AE and / values, a 
single-gel system was examined. Figure 8 illustrates 
the effect of [Fe( I I I ) ] 0 or [ thn] 0 on AE and / observed 
by use of the thin-layer photocell (d) as in the SS 
(50 wt%)-gel systems. Although, the whole values 
were smaller than those in Fig. 7, similar bell-shaped 
curves were obtained. I t is important that the depen­
dency of [Fe( I I I ) ] 0 is more clearly recognized in Fig. 8 
than in Fig. 7, i.e., the direction of electron-flow reversed 
at high [Fe( I I I ) ] 0 as S n O a ( L ) ^ P t ( L ) . 

Figure 9 shows the effect of [Fe( I I I ) ] 0 on AE and / 
in the PVA (50 wt%)-gel systems. T h e values of AE 
and / showed similarly a maximum point of 82 m V at 
[ F e ( I I I ) ] 0 = 1 0 - 4 m o l / l and of 0.85 uA at [ F e ( I I I ) ] 0 = 
3.0 X 10 - 5 mol/1, respectively, which were large enough 

< 

-0.5 

0 1 2 3 0 

[Fe(III)]0xl05 [thn]oxl0* 
(mol/1) (mol/1) 

Fig. 8. Effect of [Fe(III)]0 and [thn]0 on AE and / of 
SS(thn-Fe(II))-gel systems. In SS 50 wt% gel, other 
conditions are the same as in Fig. 7. 

icr* v 5 10"' I0"b I0'A I0'3 10' 
[Fe(III)]0 (mol/1) 

Fig. 9. Effect of [Fe(III)]0 on AE and I of PVA(thn-
Fe(II))-gel systems. In PVA 50 wt% gel, other condi­
tions are the same as in Fig. 7. 

as compared with the corresponding aqueous systems 
due to the excellent electron-recycling or electron-
exchange reaction attributed to the role of the intra-
macromolecular hydrogen bonds. 

Hydroquinone ( H 2 Q ) is a good reductant in the 
photoredox reaction with thn. The electrode active 
species are Sthn (anode) and benzoquinone (BQJ or 
semi-quinone radical (cathode) in this system. Vigorous 
stirring of the solution is necessary in order to keep the 
constant AE and / when the double-Pt type photocell 
as shown in Fig. 1(a) is used. This suggests that the 
electron-recycling in solution probably proceeds only by 
the transportation of the cathode active species. Figure 
10 illustrates the effect of [BQJ0 on AE and / in 
the SnOg/thn-PHaQ-gel/Pt system. T h e spontaneous 
decrease in AE and / indicates that there is no electron-
exchange reaction between PH 2 Q, and B Q , while AE 
and / increase with [ B Q ] 0 in the SnOa/ thn-PHgQ-SS-
gel/Pt system, when a small amount of BQ, is added 
(Fig. 11). T h e side hydroxyl groups of SS act the 
bridging reagent between H 2 Q a n d B Q o r semi-quinone 
residues to increase AE and / . P H 2 Q is very easily 
oxidized by molecular oxygen, and the P V A - P H 2 Q 
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TABLE 6. CORRELATION OF THIN-LAYER PHOTOGALVANIC CELLS UNDER THE MOST APPROPRIATE CONDITIONS 

Photocell [thn]0(mol/l) [Reductant]0(mol/1) [Additive]o(mol/l) AE (mV) / ((JLA) PH 

( c ) 

( c ) 

( d ) , SS 

( d ) , SS 

( d ) , PVA 

( d ) , PVA 

( d ) , PH 2Q 

( d ) , SS 

( d ) , SS 

( e ) , SS 

( f ) 

1.0x10-* 

5.0x10"* 

l .OxlO-* 

5.0X10-4 

5.0x10-* 

5.0x10-* 

5.0X10-2 

1.0X10-* 

1.0x10-* 

5.0x10-* 

5.0x10-* 

Fe(II), 5.0X10-2 

Fe(II), 5.0X10-2 

Fe(II), 5.0X10-2 

Fe(II), 5.0x10-2 

Fe(II), 5.0x10-2 

Fe(II), 5.0X10-2 

PH 2Q, 50 wt% gel 

PH aQ5 5 . 0 x l 0 - 2 

PH2Q., 5.0x10-2 

Fe(II), 5.0x10-2 

Fe(II), 5.0X10-2 

Fe(III), 2.5x10-« 80 1.20 2.0 

Fe(III), l .OxlO- 6 70 .L82 2.0 

Fe(III), 2.5x10-« 40, 0.50 2.0 

Fe(III), l .OxlO- 5 20 0/75 2.0 

Fe(III), 1.0x10-* 82 0.45 2.0 

Fe(III), 3 . 0 x l 0 - 6 45, 0.85 2.0 

None 22 0.48 4.0 

BQ, 1.0x10-* 17 0.03 4.0 

BQ., l .OxlO- 3 15 (L05 4.0 

Fe(III), 2 .5xl0- 8 a > 32 0.53 2.0 
Fe(III), 1 .0xl0- 5 b) 

Fe(III), 2.5x10-« 6 0.23 2.0 

a) in SS-gel. b) In membrane with double thickness, direction of electron-flow Pt(L)—>Sn02 (L). 

10"3 10-2 

[BQJ0(mol/l) 

Fig. 10. Effect of [BQ,]0 on A£ and I of PH 2 Q(thn)-gel 
systems. [ thn ] 0 =5 .0 X 10"2 mol/1, PH 2 Q, 50 wt%-gel, 
p H 4.0-HC1 aq under N2 . ( + ) values indicate the 
electron-flow P t (L) ->Sn0 2 (L) . 

! 

10 10 -2 10"3 

[ B Q ] 0 (mol/1) 

Fig. 11. Effect of [BQ.]0 on AE and / of SS(thn-PH 2 QJ-
gel systems, [ thn]0 = 1.0 X 10"* mol/1, [PH2QJ0=5.0 X 
10-2 mol/1, SS 50 wt%-gel, pH 4.0-HC1 aq, under N2. 
( + ) values indicate the electron-flow Pt(L)—>SnOa(L). 

system could not be examined. 
The AE and I values under the most appropriate 

conditions in all the systems are summarized in Table 6. 
The ability to generate the photo-induced electricity 
in the PVA system is remarkable. I t is noteworthy tha t 
the values and the direction of electron-flow in these 
thin-layer photocells composed of SnO a and Pt are very 
sensitive toward the experimental conditions, i.e., the 
ration of [ thn] 0 / [Reductant] 0 , or their absolute con­
centration, etc., being balanced at the very critical and 
delicate situation. 

Thin-layer Photocells Composed of Polymeric Thn-Membrane. 
A remarkable polymer effect in the photogalvanic 

property of the cationic thn-polymer-Fe(II) systems 
has been reported.12) Large AE and / values were 
obtained due to the prohibition of the short-circuit in 
solution or the bulk-backward reaction between Sthn 
and Fe ( I I I ) . The cationic thn-polymer in a gel or 
membrane state would generate much larger AE and 7. 

i 

Thickness of thn-polymer membranes (mm) 

Fig. 12. Relationship between the thickness of BÇŒthn-
film and àE, I in thin-layer photocell. ( 0 > # ) '> B Q. E " 
thn 23%, ( A , A ) ; BQEthn 19%. [Fe(II)SO4]0=5.0x 
lo-2 mol/1, [Fe(III)]0=2.5x 10-« mol/1, pH 2.0-HC1 
aq, under N2. 
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BQEthn of the prescribed structure carrying cationic 
charges has been prepared, in which it is somewhat 
crosslinked with thn nuclei and is insoluble in water 
and soluble in methanol or iV,JV-dimethylformamide, 
and can thus be cast to a film from a methanol solution. 
Figure 12 illustrates AE and / of the BQEthn-Fe( I I ) 
systems cast between SnO a and Pt electrodes and 
swolled by the Fe(II) aqueous solution. Thus, the 
distance between two electrodes changes with the 
thickness of the film. The values AE and / show maxima 
at about 0.02 m m thickness of the film, and the direction 
of electron-flow is also Pt(L)—>-Sn02(L). The decrease 
in the values with thicker films is probably due to the 
potential barrier formed by excess BQEthn . Hence 
the BQEthn of x (degree of incorporation of thn nuclie, 
see Experimental) = 2 3 % shows larger values than that 
of # = 1 9 % , since the former requires a smaller amount 
of polymer than the latter, when the active thn concen­
tration is kept constant. T h e BQEthn of # = 2 3 % shows 
absorpbance of about 0.3 at the 0.02 m m thickness, the 
influence of light-scattering being corrected in the 
measurement. T h e AE and / values of the thn-Fe(II) 
aqueous system possessing the same absorbance are also 
indicated by arrows in Fig. 12. The polymer systems 
shows much larger values than those of the monomeric 
solution system. 

By utilizing the electron-exchange reaction and 

several polymer systems, the photogalvanic cells con­
sisting of aqueous solutions could be converted into 
solid-phase cells without any remarkable decrease of the 
photo-induced electricity. 
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The Hydrocracking of a Heavy Anthracene Oil over Molten 
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The hydrocracking of a heavy anthracene oil over molten salt catalysts (zinc chloride or a binary mixture 
of zinc chloride and another metal chloride) at 400 °C for 3 h in a batch autoclave system was carried out, and 
the products were mainly identified by means of GG-MS. The effects of the hydrogen pressure (60 or 100 kg/cm2), 
the quantity of the catalyst, and the addition of metal chloride (potassium chloride or copper(I) chloride) to zinc 
chloride on the product distribution were examined and discussed. Based on the detailed product analysis, it was 
found that ttzta-condensed polycyclic aromatic compounds were hydrocracked more efficiently than />m'-condensed 
polycyclic aromatic compounds. The CuCl/ZnCl2 molten salt displayed an excellent catalytic activity for the 
hydrocracking of the heavy anthracene oil. 

The ring structures of the constituent units of bitumi­
nous coals are highly aromatic, and the average-sized 
configuration is considered to be three or four rings.2»3) 
In order to obtain a high yield of gasoline from coal, it is 
necessary to hydrocrack the constituent units to benzene 
and its derivatives. From this point of view, the hydro­
cracking of model compounds, which are supposed to be 
constituent units of coal, has been investigated.3-12) 
Zielke et alß had shown molten zinc chloride to be a 
superior catalyst for the hydrocracking of pyrene and 
coal extracts when used in high concentrations. Inci­
dentally, intensive investigations have been under way 
in our laboratory on the catalytic action of molten salts 
in several organic reactions.13) As a par t of this study, 
this paper will describe the hydrocracking of a heavy 
anthracene oil, which thus seems to be a kind of model 
substance. In addition, the change in the hydrocracking 
activity of zinc chloride by the addition of another 
metal chloride will be shown in this investigation. 

Exper imenta l 

The NMR spectra were recorded by means of a JEOL 
JNM-PS-100 spectrometer, using tetramethylsilane as the 
internal standard. The GLC analyses were performed on a 
Shimadzu GC-3AH for gaseous products and on a GG-4BPTF 
for liquid and solid products. The GC-MS spectra were 
taken with a Hitachi RMU-6MG spectrometer at 20 eV 
connected with a Hitachi M 5201 apparatus using a 3 m X 
3 mm column of 5% Silicone OV-1 on Uniport KS. The 
zinc chloride and potassium chloride were obtained from 
Wako Pure Chemical Industries, Ltd. The copper (I) chloride 
was obtained from Nakarai Chemicals, Ltd. 

Characterization of Feed. A heavy anthracene oil 
(obtained from Osaka Gas Co., Ltd. ; Specific gravity (50/4 °C) 
1.142; moisture 0.5%; distillation test (dehydrated sample) 
0—360 °C: 28.0%) was separated into three fractions and a 

TABLE 1. CHARACTERIZATION OF FEED 

Frac- Distillation Elemental analysis (wt%) 
tion conditions -~- , 
No. (°C/mmHg) M.W. C H N S Oa> 

"1 -130/10 147 92.18 6.57 0.59 — 0.66 
II 120—170/5 182 92.29 5.68 0.92 0.19 0.92 
III 120—190/10-3 203 92.21 4.86 1.07 0.25 1.61 
IV the residue 242 92.07 4.88 1.45 0.31 1.29 

residue by means of vacuum distillation. The characteriza­
tion of these fractions is shown in Tables 1 and 2. Small 
amounts of heteroaromatics (indole, quinoline, carbazole, 
benzocarbazoles, and dibenzothiophene) were found in the 
feed and were identified using GC-MS. The type-analyses 
undertaken according to the Speight method14* (Table 3) gave 
results in good agreement with the results based on the in­
formation obtained from GC-MS. 

General Procedure. All the experiments were carried 
out in a stainless steel (Sus 32) autoclave with a capacity 
of 500 ml, shaken in a horizontal direction (70 strokes/min). 
A stainless steel vessel containing feed (about 20 g) and the 
catalyst were placed in the autoclave. The air in the auto­
clave was replaced by hydrogen, and then the system was 
filled with hydrogen to the determined pressure. The rate 
of the temperature rise was controlled to about 3 °C/min to 
400 °C. The temperature was then held at the desired level 
for 3 h. After the system had been cooled to room tempera­
ture, gases were admitted into a gas holder and analyzed by 
GLC (60—80 mesh Silica gel column 3 m X 3 m m ) . Solid 
samples from the reaction products were dissolved in a proper 
solvent and analyzed by GLC (4.5 m x 3 mm column packed 
with 20% SE-30 on Uniport B 60—80 mesh). The liquid 
products were also analyzed by GLC. The mixture of coke 
and catalyst obtained after the extraction of the products 
was washed with water and refluxed in hydrochloric acid to 
remove the catalyst. The hydrogen sulfide evolved was 
trapped by the use of an iodine solution, and its quantity was 
determined by titrating the resulting solution with a sodium 

TABLE 2. MAIN COMPONENTS IN FEED IDENTIFIED 

BY MEANS OF G C - M S 

Frac­
tion Main component (wt%) 
No. 

I éè ®§> ©§JR ©-#*' @§® <§C® ©^r R ' 
30 14 14 9 9 a ) 7 4 

i i ®§@ §b S ^ ^ > @^R®^R'ioa9J®-@rR' 
35^ 16 7 7 6a) 6 6 4 

in «fr £ * e f ° «f3rf,'|33iR @§@ 
29 23 12 7 6a) 

I V Benzopyrenes @£® R=Me-Et 

a) Difference a) Containing phenanthrene-type compounds. 
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TABLE 3. TYPE ANALYSIS BY THE SPEIGHT METHOD TABLE 5. REACTION CONDITIONS AND RESULTS 

Fraction 
No. 

I 
II 
III 
IV 

Cs/Csa 

1.2 
1.1 
1.1 
1.2 

Csa/Cp 

0.17 
0.10 
0.07 
0.06 

Cp/Ca 

0.79 
0.70 
0.61 
0.61 

Ra 

2.0 
2.9 
3.9 
4.5 

thiosulfate solution. 
Analysis of Products. The products were mainly identi­

fied by using GC-MS; in order to characterize the activities 
of the molten salt catalysts, they were conveniently classified 
into fourteen groups as follows; 1, Cx—C4 gases; 2, C5—C7 

alkanes; 3, cycloalkanes ; 4, monocyclic aromatics; 5, indans 
and tetralins; 6, bicyclic aromatics; 7, partially hydrogenated 
compounds of tricyclic aromatics, fluorenes and benzindans; 
8, tricyclic aromatics; 9, partially hydrogenated compounds 
of pyrenes and fluoranthenes ; 10, pyrenes and fluoranthenes ; 
11, hydrochrysenes and its isomers; 12, chrysenes; 13, benzo-
pyrenes and their hydrogenated compounds; and 14, coke. 
Some representative constituents are shown in Table 4. 

TABLE 4. REPRESENTATIVE PRODUCTS IDENTIFIED 

BY MEANS OF GG-MS 

Representative product 

1 CHz, C 2 H 6 C3H8 n - and i -C«Hio C/,Hg C3H6 

2 n -and i -C5H]2 2,3-dimethylbutane 3-methylpentane 

3 o crM e crE t aPr crMe2 O C M e CrEt ö M e 2 

4 © @rMe tgrEt @rPr @rBu t§rMe2 |_Me @-Me3 

6 m ( »Me @$Et @^Bu @§)Me2 @-@ & 

7&) @c® @§o @§o I8D9) o&® ©§aMe @o§we 
8a) m® ©m™* m@M*2 ®§®Et @§r® 
9 <sQa rQsi rGH /pO^Me 

a) Phenanthrene-type compounds were not listed in this 
table. 

R e s u l t s and D i s c u s s i o n 

Fractions I I — I V are especially supposed to be better 
model substances for the hydrocracking of coals. T h e 
results of hydrocracking are shown in Table 5, along 
with the reaction conditions used. Table 6 describes 
the composition of the gaseous products ( 1 : Cj—C4 

gases). 
In the hydrocracking of Fraction I I (Runs 1 and 2), 

the difference in the catalytic activity between zinc 
chloride and the binary mixture of zinc chloride and 

Run No. 
Feed (F 

Catalyst 

raction No.) 

Cat. ratio') 
Initial hydrogen 

pressure (kg/cms) 

Products 
(wt%) 

. 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

^ 14 

1 
II 

ZnCla 

1.0 

100 

16.4 
3.6 

14.6 
14.6 
13.3 
8.6 

12.9 
10.7 
1.6 
3.1 
0.4 

— 
0.2 

2 
II 

ZnCL,/ 
CuCI*'> 

1.0 

100 

21.9 
5.6 

16.8 
23.3 
14.5 
4.4 
4.1 

•1.7 
0.6 
2.2 
0.2 

— 
4.7 

3 
III 

— 
— 
100 

5.9 
tr 

0.1 
0.3 
0.6 
1.1 
7.1 
8.7 

21.9 
38.0 
9.5 
6.8 

tr 

4 
III 

ZnCI, 

1.0 

60 

23.7 
1.0 
4.8 

10.3 
5.6 
5.0 
5.6 
5.5 
1.9 

18.7 
2.3 
3.0 

12.6 

5 
III 

ZnClj 

1.0 

100 

17.4 
1.2 
7.0 
6.6 
6.6 
3.6 
8.1 
9.5 
6.1 

25.6 
4.9 
2.1 

1.3 

6 
III 

ZnCl„/ 
KCl") 

1.0 

100 

9.7 
0.5 
2.7 
3.2 
4.2 
4.1 

11.5 
11.4 
7.6 

34.4 
7.3 
3.1 

0.3 

7 
IV 

ZnCl, 

1.8 

100 

49.4 
0.9 
5.4 

10.9 
6.5 
6.0 
3.9 
5.0 
0.7 
8.1 
0.4 
0.8 
1.7 
0.3 

8 
IV 

ZnCI, 

0.7 

100 

22.9 
0.9 
5.3 
5.5 
7.9 
5.3 
5.3 
4.8 
2.9 

13.8 
4.8 
8.3 

11.4 
0.9 

a) ZnCl2: CuCl=60: 40 (mol%); ZnCl2+CuCl/Feed= 1.0. b) ZnCl2: KC1=60: 40 
(mol%); ZnCl2/Feed=1.0. c) Catalyst/Feed (mol/mol) average molecular weights 
were used. 

TABLE 6. COMPOSITION OF GASES IN 1 (wt%) 

GH4 

C2H6 

C2H4 

C3H8 

G3H6 

?-C4H10 

rc-C4H10 

C4H8 

1 

8.5 
18.6 

— 
23.1 

— 
37.1 
7.8 
4.9 

2 

9.7 
14.1 

— 
23.2 

— 
39.3 
9.3 
4.4 

3 

25.7 
68.4 

— 
5.9 
— 
tr 
tr 

— 

Run No. 

4 

15.2 
18.9 
2.0 

24.8 
2.9 

22.4 
7.3 
6.5 

5 

8.4 
31.1 

— 
26.6 

— 
21.9 
4.1 
7.9 

6 

20.0 
48.1 

— 
16.4 

— 
2.9 

12.6 
tr 

7 

20.0 
30.7 

— 
22.5 

— 
12.5 
9.2 
5.1 

8 

15.7 
31.4 

— 
22.9 

— 
8.2 

16.1 
5.7 

copper (I) chloride was examined. The yield of benzene 
and its derivatives (4) in R u n 1 (14.6%) is lower than 
that in R u n 2 (23.3%), and the combined yield of 
higher aromatics (7—11) in R u n 2 (8.8%) is lower than 
that in R u n 1 (28.7%). This result suggests that the 
catalytic activity of ZnCl 2 /CuCl molten salt is superior 
to that of ZnCl2 . Since aromatic-type bonds are not 
expected to be thermally cleaved at 400 °C, the single 
G-C bonds of hydroaromatics are considered to be 
ruptured in the course of this hydrocracking. There­
fore, it is necessary that aromatic rings be hydrogenated 
before they receive catalytic cracking by acidic molten 
salts. From this standpoint, the capabilities of both 
hydrogénation and cracking are demanded for the 
hydrocracking catalyst. O n the basis of the product 
distribution, it is possible to estimate which acts predom­
inantly in this hydrocracking. For example, the ratio 
of 5/6 is supposed to be a measure of the hydrogenating 
activity of the catalyst. The higher ratio of 5/6 in R u n 2 
than in R u n 1 would demonstrate the improvement of 
its hydrogenating activity upon the addition of copper (I) 
chloride to zinc chloride. On the other hand, the ratio 
of isobutane to butane in the gaseous products was 
found to be not so changed by the addition of copper (I) 
chloride to zinc chloride. As the ratio of isobutane to 
butane is supposed to be a measure of the cracking 
activity of acidic molten salts, this finding shows that the 
intrinsic cracking activity of zinc chloride according to 
its Lewis acidity is not so much changed by this addition 
of copper(I) chloride. Kenney et al.15) demonstrated 
that the catalytic activity of zinc chloride was lowered by 



3408 Yohji NAKATSUJI, Shigeyuki FUJIOKA, Masakatsu NOMURA, and Shöichi KIKKAWA [Vol. 50, No. 12 

the addition of metal chlorides, such as KCl , NaCl , 
and AgCl, in the hydrogen chloride elimination of 
isopropyl chloride; the principal exception was copper(I) 
chloride. In addition to the results similar to their 
findings, an improvement in the hydrogenating activity 
was found in this investigation. This synergenic effect 
of the addition of copper(I) chloride to zinc chloride 
was also found in the hydrocracking of anthracene,16) 
phenanthrene, pyrene, fluoranthene, and chrysene.17* 

In the hydrocracking of Fraction I I I (Runs 3—6), the 
change in the cracking activity of zinc chloride caused 
by the addition of potassium chloride and the effect of 
the initial hydrogen pressure on the hydrocracking 
were examined. By comparing the result of R u n 5 with 
that of R u n 6, the binary mixture of ZnCl 2 and KCl was 
found not to display any appreciable catalytic activity. 
In the hydrocracking of hydroaromatics in this tempera­
ture range, two different reactions can occur.6) The first 
of them is thermal cracking under a hydrogen atmos­
phere, which proceeds by means of a free radical 
mechanism; the other is catalytic cracking, which 
proceeds by means of a carbonium ion mechanism. 
When the hydrocracking proceeds by means of the 
latter mechanism, the ratio of iso to normal isomers is 
higher than that in a thermodynamic equilibrium. From 
this standpoint, the low yield of branched alkanes found 
in the case of Run 6 describes the lowering of the 
cracking activity of zinc chloride by the addition of 
potassium chloride. As the catalytic action of ZnCl2 is 
attr ibuted to its own molecular character, the formation 
of ionic complexes (such as K2ZnCl4) lowers the intrinsic 
cracking activity of molten zinc chloride. This is 
consistent with the result of Kenney et al.16) In the 
absence of an acidic metal chloride (Run 3), small 
amounts of gases (most of them are methane and ethane) 
are obtained, and so the hydrogénation of aromatics 
is considered to govern this reaction. The effect of 
the hydrogen pressure is also shown in Runs 4 and 5. 
At higher hydrogen pressures, the formation of coke 
is found to be suppressed to a significant extent. This 
result indicates that the formation of coke may proceed 
via intermolecular dehydrogenation, and that hydrogen 
may act to capture active intermediates, such as species 
leading to coke with lesser amounts of hydrogen. T h e 
reason for the lowering of cracked products at higher 
hydrogen pressures may also be attributed to this 
stabilization. 

T h e quanti ty of the catalyst is one of the most impor­
tant factors dominating this hydrocracking (Runs 7 and 
8). For example, the change in the conversion according 
to the quanti ty of the catalyst is remarkable in the 
yields of gaseous products. From this finding, thé 
lowering in the cracking activity upon the addition of 
potassium chloride to zinc chloride mentioned above is 
attributable to the decrease in the amounts of effective 

parts of the catalyst. 
In all the runs, cata-condensed polycyclic aromatics 

(anthracenes, phenanthrenes and chrysenes) were hydro-
cracked more efficiently than jfrm-condensed polycyclic 
aromatics (pyrenes). Therefore, benzopyrenes were 
hydrocracked to pyrenes, which were relatively resistant 
to the hydrocracking in the molten salt catalyst. Also, 
the reactivity of fluoranthenes was found to be fairly 
high. 

In the hydrocracking of Fraction I V with a higher S 
content, the behavior of S was examined. Most of the 
S was found in the form of zinc sulfide. Attention was 
not given to the behavior of N and O, but the contents 
of hetero atoms in the products were found to be lower 
than in the feed. 
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Synopsis. NMR measurements were carried out on 
blends of natural rubber (NR) and polyterpene (PT). The 
blends of NR and PT are perfectly mixed. The motion of 
NR chains play a dominant role in the glass transition of 
the blends. The mobility of NR segments in the blends are 
constrained by the presence of PT. 

Rubbery mixtures of an elastomer and resin are tack, 
and the tackiness increases with increase in the concentra­
tion of resin. Hock1) found by electron microscopy that 
the increase of tackiness is due to the development of a 
second phase, which probably consists of low molecular 
weight rubber dissolved in the resin. O n the other hand, 
Fukuzawa2) suggested that the compatibility of 
elastomer-resin is the most important factor in under­
standing the increase of tackiness. These different 
explanations imply that detailed information on the 
internal structure of the blend materials is necessary to 
understand the increase of tack. 

The application of N M R method to the study of 
polymer blends is known to offer advantageous informa­
tion on the microstructure of the blend materials.3 '4) 

In the present study, the segmental mobility for the 
blends of natural rubber and polyterpene was inves­
tigated by the N M R method in order to further elucidate 
the mixing state of the blends. 

E x p e r i m e n t a l 

Samples. Unvulcanized natural rubber (Hevea rub­
ber) and polyterpene which is a random copolymer of 
a-pinene and jS-pinene (Sekisui Chemical Industry Co., Ltd.) 
were used. The number average molecular weight and 
softening point of polyterpene were 1200 and 100 °C, 
respectively. X-Ray diffraction patterns indicated that these 
materials are completely amorphous. The glass transition 
temperature of natural rubber and polyterpene was deter­
mined by DSC to be ca. —65 and 70 °C, respectively. 

Films containing natural rubber and polyterpene were cast 
from carbon disulfide solution on glass at room temperature. 
The ratio of natural rubber to polyterpene is given on a 
weight basis. The films were dried in a vacuum at room 
temperature for a week. 

Measurements. A pulsed NMR spectrometer similar to 
the one described by Clark5) was used. The resonance 
frequency for protons was 30 MHz. Samples were packed 
in a glass tube in a vacuum. 

Line width was obtained with a JNM W-40 type (res­
onance frequency for protons was 40 MHz) broad line NMR 
spectrometer. 

R e s u l t s a n d D i s c u s s i o n 

The temperature dependence of spin-lattice relaxation 
times (7 \ ) for natural rubber (NR) , polyterpene (PT) , 
and their blends is shown in Fig. 1. 7 \ for N R and the 
four blends shows one 7 \ minimum, indicating the 
presence of a second minimum below the temperature 
accessible in this study. In NR, the high temperature 
minimum undoubtedly corresponds to the glass transi­
tion, while the low temperature process involves methyl 
group reorientation.6) 7 \ for P T shows one small 
minimum at around 150 °G, indicating the presence of 
two minima below and above the temperature acces­
sible in this study. The low temperature process might 
be due to the methyl group reorientation as judged from 

-120 -80 -40 200 

Temperature (°C) 

Fig. 1. Temperature dependence of Tx for NR(A)5 

P T O , NR-PT=90 : 10(A), NR-PT=70 : 30(H), 
NR-PT=50 :50 (O) , and NR-PT=30:70(# ) . 

-120 -80 -40 0 40 80 120 

Temperature (°C) 

Fig. 2. Temperature dependence of NMR line width 
of polyterpene. 
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the very low 7 \ minimum temperature and the chemical 
structure of polyterpene. The line widths for P T 
obtained from the derivatives of the broad line N M R 
absorption lines are plotted against temperature in 
Fig. 2. Two distinct transitions take place. At the first 
step the narrowing of line width starts at about 20 °C. 
After the first narrowing the curve enters into the 
second step of abrupt decrease at ca. 70 °G, followed by 
leveling off. The high temperature transition is 
consistent with the glass transition temperature of PT . 
A small decrease of line width at ca. 20 °G indicates a 
small scale segmental motion of PT . From a comparison 
of the line width data with the 7 \ data (Fig. 1), it is 
postulated for the relaxation mechanisms of P T that 
the high temperature decrease of 7 \ is due to the onset 
of micro-Brownian motions and the small 7 \ minimum 
at around 150 °C corresponds to the local mode motions. 
On the basis of the characterization of 7 \ minima for 
N R and PT, it is postulated for the relaxation mecha­
nisms of the blends that the low temperature minimum 
is due to the reorientation of the methyl group and the 
high temperature process corresponds to the glass 
transition. As seen in Fig. 1, all the samples show only 
one Tx value in the whole range of temperature. The 
fact that blends of natural rubber and polyterpene show 

10 0-2 <M 0-6 

Weight fraction NR 

Fig. 3. Natural rubber weight fraction dependence of 
maximum relaxation rate at the glass transition. 

only one glass transition and 7 \ value over the whole 
range of composition and temperature demonstrates 
the excellent compatibility of N R and PT. 

Figure 3 shows the relation between the maximum 
relaxation rate ( l / 7 \ ) m a x °f t n e blends at the glass 
transition and the weight fraction of NR. A linear 
dependence is found. This indicates that the motion of 
the natural rubber chain plays a dominant role in the 
mechanisms of glass transition of the blends. 

T h e 7\- temperature curve is gradually broadened 
at the glass transition and the minimum temperature 
shifts to the higher temperature side with the increase 
of P T content (Fig. 1). The broadening of the Tt 

minimum indicates that the distribution of correlation 
times related to the degree of the restriction imposed 
on the segments is broadened by addition of the P T 
resin. With the increase of P T content, the inter-
molecular interaction between N R and P T chains 
increases and the segmental motion of N R in the blends 
is constrained and the temperature of the Tx minimum 
shifts to the higher temperature side. 

In conclusion, blends of natural rubber and poly­
terpene are perfectly mixed over the whole range of 
composition. The motion of the natural rubber chain 
plays a dominant role in the mechanisms of glass 
transition of the blends and the segmental mobility of 
natural rubber chains in the blends are greatly con­
strained by the presence of polyterpene. 

T h e authors wish to express their thanks to Professor 
M. Takeda for his continuing interest and encourage­
ment during the course of this investigation. 

References 

1) G. W. Hock, J. Polym. Sei., Part C, 3, 139 (1963). 
2) K. Fukuzawa, Preprints of 9th Symposium on Adhesion 

and Adhesives, Tokyo, Japan (1971). 
3) D. D. Davis and W. P. Slichter, Macromolecules, 6, 728 

(1973). 
4) T. K. Kwei, T. Nishi, and R. F. Roberts, Macromole­

cules, 7, 667 (1974). 
5) W. G. Clark, Rev. Sei. Instrum., 35, 316 (1964). 
6) W. P. Slichter and D. D. Davis, J. Appl. Phys., 35, 

3103 (1964). 



December, 1977] N O T E S 3411 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (12), 3411 3412 (1977) 

Annihilation of the Catalytic Activity in Butène Isomerization of 
Porous Vycor Glass by Washing with EDTA Aqueous Solution 

Shoji HIRAI,* Akira MORIKAWA, Yoshio ISHINAGA, Kiyoshi OTSUKA, and Yuji WADA 

Department of Chemical Engineering, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 152 
* Atomic Energy Research Laboratory, Musashi Institute of Technology, 971 Ozenji, Tama-ku, Kawasaki 215 

(Received June 13, 1977) 

Synopsis. The catalytic activity of porous Vycor 
glass in the isomerization of butènes was eliminated by wash­
ing the glass with EDTA aqueous solution, though the con­
tents of Al and Zr in the glass remained unchanged. Des­
truction by decationation of active sites of silica-alumina 
character has been suggested. 

Porous Vycor glass is one of the most favourable 
materials for examining molecules bound to the surface 
by means of spectroscopy. The mechanism of the photo-
isomerization of butènes was investigated by sensitiza­
tion of molecules adsorbed on the glass or of the Vycor 
glass itself.1-3) However, the glass shows an appreciable 
thermal catalytic activity in the isomerization,1 '4) 
occasionally making the experimental results vague. 

The minor components of the Vycor glass (96% 
SiOa) are mainly alumina, boria, and zirconia. Alumin­
ium forms acid surface sites of a silica-alumina charac­
ter, with which butène molecules interact to isomerize.5) 
Silica-zirconia is also a solid acid.6> Thus, removal of 
aluminium or zirconium from the glass might cause 
annihilation of the thermal catalytic activity of the glass 
for isomerization. I t has been reported that a luminium 
in zeolites is successfully removed by E D T A treatment.7) 
We have applied this technique to porous Vycor glass 
and suppressed the activity. This paper deals with 
the results with respect to the change in the isomeriza­
tion activity and the contents of aluminium and zirco­
nium. 

Exper imenta l 

A porous Vycor glass plate 30 X 8 X 0.9 mm was calcined at 
750 °C in the air for 3 h, washed with 0.01 M neutral aqueous 
solution of EDTA for an appropriate duration, washed twice 
with distilled water for 15 min each and dried for 2 h at 
400 °C in the air. The glass plate was then placed in a 
coaxial tubular, quartz-made reactor, calcined at 500 °G for 
2 h in a stream of oxygen gas with a pressure of 20 kPa, and 
degassed for 2 h under a pressure of 7 X 10~3 Pa at the same 
temperature. At 60 °C a reacting gas, m-2-butene, of pres­
sure 20 kPa was introduced into the reactor, the reaction then 
proceeding in a closed gas-circulation apparatus with a volume 
of 190 ml. The products were analyzed by gas chromato­
graphy at appropriate intervals. Elements other than Si, 
B, and O contained in the glass plate were analyzed by means 
of neutron activation analysis with the GAMA system at 
Atomic Energy Research Laboratory, Musashi Institute of 
Technology. 

R e s u l t s and D i s c u s s i o n s 

The elements present in appreciable amounts were 
Al, Zr, As, Ti , V, Mn, Fe, Na, and M g among a large 

T A B L E 1. m-2-BuTENE ISOMERIZATION ACTIVITY AND 

CONTENTS OF ALUMINIUM AND ZIRCONIUM 

Duration of EDTA 
washing (h) 

0.5 

Amount of Al (ppm) 
Amount of Zr (ppm) 
Catalytic activity 
(mol s - 1 g-cat"1) 

2670 

962 

5.1X10-9 

3070 

960 

trace 

2940 

978 

none 

2550 

938 

a) 

3050 

852 

none 

a) Transparency was measured. 

number of elements detected. The amounts of alumin­
ium and zirconium were considerably greater than 
those of the others. 

The amounts of both aluminium and zirconium in 
the glass with various durations of E D T A washing are 
summarized in Table 1. The unwashed glass is denoted 
by zero durat ion. No effect of E D T A washing was 
detected on the contents of the two elements. O n the 
other hand, the catalytic activity was drastically 
eliminated by only 30 min washing. For the unwashed 
glass the activities at 60 °C for the isomerization of 
«>-2-butene to 1-butène and //Ym.y-2-butene are 3.3 x 10 - 9 

and 1.8X 10~9 m o i s - 1 g-cat - 1 , respectively, the corre­
sponding apparent activation energies for the isomeriza­
tion being ca. 71 and 8 3 k J m o l - 1 , which may be 
reasonable values for isomerization on the acid sites of a 
silica-alumina character. For the washed glass, however, 
even at 80 °C, no activity could be measured. 

The results lead us to the following conclusions. (1) 
Aluminium and zirconium atoms on the surface of the 
glass, contributing to formation of acid sites, can be 
removed by EDTA, resulting in annihilation of the 
catalytic activity for the butène isomerization. (2) Most 
of the aluminium and zirconium atoms probably entrapp­
ed in the silica network of the bulk of glass are resistant 
to the E D T A washing and inert for the reaction. (3) 
Such entrapped aluminium or zirconium atoms are 
immobile under heating at 500 °G for 4 h during the 
course of pretreatment. If mobile, they may diffuse 
from the bulk to the surface of the glass, forming acid 
sites during the course of pretreatment. 

The transparency of the washed glass hardly decreas­
ed. Only 0.02 increase of absorbance to the light of 
wavelength 700—400 nm and 0.02—0.15 to 400—250 
nm were observed for the 2 h washed glass. 

Thus E D T A washing can be utilized for preparing 
catalytically inert supports of catalysts. 

The present work was partially supported by the 
Visiting Researchers Program of Tokyo Institute of 
Technology and Atomic Energy Research Laboratory, 
Musashi Institute of Technology. 
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Synopsis. Iron(III), chromium (III), and cobalt(III) 
chelates with 1,4,7-triazacyclononane-7V, iV',iV"- triacetate, 
1,4,7-triazacyclodecane-iV,iV,iV "-triacetate, and 2-(amino-
methyl) -2-methyl-1,3-propanediamine-JV, N', iV'-triacetate 
were synthesized and characterized by means of the electronic 
absorption spectra in an aqueous solution. As they are non-
charged chelates with a C3 symmetry, their spectra resemble 
those of facial tris (glyeinato) complexes. 

One of the present authors reported earlier that 
1,4,7-triazacyclononane formed extremely stable com­
plexes with some hexa-coordinating metal ions,1) and 
that the stability constants of divalent metal chelates 
with its triacetate derivative could be measured polaro-
graphically.2) This complexane-type ligand includes 
three nitrogen and three oxygen atoms as donors; 
therefore, a trivalent metal ion can form a non-charged 
chelate which has a C3 symmetry. This paper is con­
cerned with the preparation of iron(III), chromium(III), 
and cobalt(III) chelates with similar tripodal ligands, 
1,4,7-triazacyclononane-A^'jiV^-triacetate (tnta), 1,4,7-
triazacyclodecane-A^N', ^"-tr iacetate (tdta), and 2-
(aminomethyl) -2-methyl-1,3-propanediamine-A7, N',N"-
triacetate (apta). 

CH 2C0 2 - CH 2 C0 2 -

N-(CH2)2 N-(CH2)2 

(GH2)2 N-CH ?G02-
XN-(CH2)2 

CH 2C0 2 -
tnta 

(CH2)3 N-CH2CCy 
NN-(GH2)2 

CH 2 C0 2 -
tdta 

CH 2-NH-CH 2C0 2-

CH3-C-CH2-NH-CH2C02-
XCH2-NH-CH2G02-

apta 

Experimental 

Preparation of Ligands. Each ligand was synthesized 
by the carboxymethylation of the corresponding triamine, 
1,4,7-triazacyclononane,1'3'4^ 1,4,7-triazacyclodecane,3'4) or 2-
(aminomethyl)-2-methyl-1,3-propanediamine,5'6) which had 
all been prepared according to the methods in the literature. 
The procedures of all these carboxymethylations were like 
those to be described below. Triamine trihydrochloride (40 
mmol) and excess chloroacetic acid (140 mmol) were dis­
solved in water (100 cm3). The mixture was heated to 
45 °C, while the pH of the solution was maintained at 10 
by adding lithium hydroxide intermittently. After consum­
ing 400 mmol of alkali, the alkaline solution was refluxed for 
several hours. Then the pH of the solution was adjusted to 
about 2 with hydrochloric acid, and the mixture was evap­
orated almost to dryness. After having been washed through­
ly with methanol, the residue was twice recrystallized from 
aqueous ethanol. Yields: H3tnta, 55%; H3tdta, 35%; H3-

apta-HCl, 30%. 
Preparation of Chelates. Iron (III) Chelates: A solution 

of Fe(N0 3) 3 .9H 20 (3.0 mmol in 5 cm3 of water) was added 
to a warm solution of the ligand (3.3 mmol in 5 cm3 of water). 
In the case of [Fem(tnta)], bright yellow needles were depos­
ited almost quantitatively in a few minutes. The crystals 
were washed with water and ethanol. They were pure 
enough without further purification. Yield, 85%. [Fe111-
(tdta)] and [Feni(apta)] were also obtained in a similar 
way, but the gentle evaporation of the mixture was needed 
to form the crystals. These were purified by recrystallization 
from aqueous ethanol. Yields, 30—50%. 

Chromium Chelates: (A) Metallic chromium powder (10 
mmol), water (10 cm3), and ligroin (40 cm3) were placed in 
a conical flask (100 cm3), into which concentrated HCl 
(3 cm3) was then slowly poured without stirring. After the 
bubbling reaction had then settled, the flask was put into a 
warm water bath (50 °C) for 15 min. A ligand solution 
(5 mmol in 25 cm3 of water) was degassed by boiling and 
added to the earlier bluish mixture. The excess acid was 
neutralized with solid NaHC0 3 , and the ligroin was pipetted 
out. Then 30% H2Oa (2 cm3) was added to the bluish solu­
tion, which was heated several minutes. After the chromium 
hydroxide thus formed was filtered off, the filtrate was ice-
cooled for several hours. Deep red crystals were slowly 
isolated in the case of [Cr in(tnta)J, but the tdta or apta 
chelate was obtained by evaporating the filtrate. The solid 
product was washed and recrystallized with aqueous ethanol. 
Yields, 30—50%. 

(B) [Crm(NH3)6]Cl3 (3.0 mmol) and the ligand (3.3 
mmol) were dissolved in water (30 cm3), after which solu­
tion was refluxed for 8 h with stirring (if it did not turn 
wine red, a few drops of 5% NaOH were added and refluxing 
was continued). The little chromium hydroxide thus formed 
was filtered off while hot; then the filtrate was ice-cooled. 
Deep red crystals of [Gr in(tnta)] were gradually formed, 
but the concentration of the solution was needed in the case 
of the tdta or the apta chelates. They were purified in a 
manner similar to the above. Yields, 30—50%. 

Cobalt(III) Chelates: (A) GoCl2.6H20 (3.0 mmol) and 
H3tnta (3.3 mmol) were dissolved in hot water (15 cm3), and 
30% H 2 0 2 (2 cm3) was added to the solution, which was 
then warmed for several minutes before being ice-cooled. 
Wine-red crystals of [GonI(tnta)] were slowly deposited. By 
the evaporation of the filtrate, more chelate could be re­
covered. The crude complexes were recrystallized from hot 
water by adding ethanol and concentrating the solution. 
The product was washed thoroughly with aqueous ethanol. 
Yield, 70%. [Com(tdta)] and [Com(apta)] could also be 
prepared by the above procedure except for the addition of 
a little active charcoal, which had to be removed after the 
reaction. As these chelates were much more soluble in water 
than the tnta chelate, the filtrate was evaporated to solidify 
the complexes. They were recrystallized from aqueous 
ethanol. Yields, 30—50%. 

(B) Cobalt chelates were prepared from the hexaammine-
cobalt(III) complex in the way that described in (B) for 
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TABLE 1. ELEMENTAL ANALYSES AND ABSORPTION SPECTRAL DATA 

Substance 

H3tnta 
(C12H21N306) 
H3tdta 
(C13H23N306) 
H3apta-HCl 
(CnH£2N306Cl) 
[Cr(tnta)] 
(GrCl2H]8N3Oc) 
[Cr(tdta)] 
(GrC13H20N3O6) 
[Grfapta)] 
(CrCnH18N306) 

>c[Cr(gly)3] 
(CrC6H12Na06) 
[Go(tnta)] 
(CoC12H18N306) 
[Go(tdta)] 
(CoC13H20N3O6) 
[Co(apta)] 
(GoCuH18N,O i) 

>[Go(gly) a] 
(CoC6H12N3Oc) 
[Fe(tnta)] 
(FeC12H18N3Oe) 
[Fe(tdta)] 
(FeG13H20N3O6) 
[Fe(apta)] 
(FeCuH18N3Q6) 

G 

47.22 
(47.52) 
48.79 

(49.20) 
40.16 

(40.31) 
40.30 

(40.91) 
43.25 

(42.63) 
38.07 

(38.83) 
26.05 
(26.29) 
39.70 

(40.12) 
41.59 

(41.83) 
37.79 

(38.05) 
25.51 

(25.64) 
40.36 

(40.47) 
41.76 
(42.18) 
38.32 
(38.39) 

Elemental analyses 
Found, % 

H 

6 ^ 9 6 " 
(6.98) 
7.23 

(7.31) 
6.83 

(6.77) 
5.10 

(5.15) 
5.40 

(5.50) 
5.38 

(5.33) 
4.58 
(4.41) 
5.01 

(5.05) 
5.41 

(5.40) 
5.20 

(5.23) 
4.12 

(4.30) 
5.08 

(5.09) 
5.08 
(5.45) 
5.25 
(5-27) 

(Galcd, %) 

N 

13.88 
(13.85) 
13.05 

(13.24) 
12.94 

(12.82) 
11.77 

(11.93) 
11.34 

(12.49) 
12.18 

(12.35) 
15.04 

(15.33) 
11.64 

(11.70) 
11.15 

(11.26) 
11.84 

(12.10) 
14.98 

(14.95) 
11.84 

(11.80) 
11.72 

(11.35) 
12.32 

(12.21) 

CI or M 

10.71 
(10.82) 
14.62 

(14.76) 
14.05 

(14.19) 
15.19 

(15.28) 
18.60 

(18.70) 
16.89 

(16.40) 
15.66 

(15.79) 
17.10 

(16.97) 
21.18 

(21.20) 
15.73 

(15.68) 
15.01 

(15.09) 
16.34 

(16.23) 

Absorption bands 

19.5 
(2.39) 
19.4 
(2.33) 
20.1 
(2.24) 
19.4 
(2.23) 
19.6 
(2.54) 
19.0 
(2.46) 
19.6 
(2.44) 
19.2 
(2.24) 

20.0 
(0.5) 
20.2 
(0.5) 
21.0 
(shoulder) 

y/103 cm-1 

(log e) 
• _ 

25.7 
(2.18) 
26.0 
(2.12) 
26.4 
(2.04) 

26.0 
(2.02) 
27.1 
(2.34) 
26.3 
(2.31) 
27.0 
(2.24) 
26.6 
(2.17) 

43.5 
(4.26) 
42.4 
(4.35) 
46.0 
(4.34) 
45.6 
(4.30) 
38.8 
(4.0) 
38.6 
(4.2) 
38.5 
(3.9) 

chromium chelates, however, these reactions were relatively 
slow compared with that of the corresponding chromium 
complexes. Yields, 30—50%. 

Facial Glycinato (gly) Complexes: [Cr i n(gly)3].3H20 and 
[Go i n(gly)3] 'H20 were prepared and purified according to 
the methods of Ley and Winkler7> and Israily.8) They were 
converted into anhydrous complexes by heating in vacuo at 
130 °G. 

Measurements. The electronic absorption spectra of 
metal chelates were measured on a Hitachi Model 124 re­
cording spectrophotometer using a 10-mm cell. Sample cell 
of 50 mm or 100 mm was also used to measure the visible 
spectra of [Gr in(gly)3], [Go111 (gly)3], and the iron(III) 
chelates, which were sparingly soluble in water. The ab­
sorption spectra of two glycinato complexes were measured 
anew under the same conditions, although they had already 
been reported.8) 

acetate, and only this ligand was obtained as a mono-
hydrochloride. Syntheses of similar triacetate derivatives 
of 1,4,8-triazacycloundecane and 1,5,9-triazacyclodode-
cane were also at tempted, but they failed to isolate any 
pure solids. 

As expected, all the absorption spectra of the chro-
mium(I I I ) and cobalt(III) chelates with these tripodal 
ligands resemble those of the facial tris (glycinato) 
complexes. I t is of interest that each apta chelate has 
the first absorption band of the highest energy. 

The data of the elemental analysis and the absorption 
spectra are summarized in Table 1. 

The present work was partially supported by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education. 

R e s u l t s a n d D i s c u s s i o n 

All these N 3 0 3 - type ligands could expel ammonia 
molecules from hexaamminechromium(III) or -cobalt-
( I I I ) complexes. T h e replacement of ammonia with 
glycine also occurred in the chromium complex, but it 
was very difficult in the cobalt complex. Although the 
apta forms six-membered chelate rings upon coordina­
tion, it has great chelate effects. This ligand presumably 
has a very suitable structure for the octahedral coordina­
tion. Metal chelates of tnta seem to be the most stable 
and to have the smallest solubility in water. All these 
solid chelates were decomposed above 300 °C, leaving 
metal oxide. A tripodal ligand, apta, which contains 
three -NH-groups, did not react further with chloro-
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Synopsis. From the distribution ratio of manganese-
(II) between carbon tetrachloride containing various amounts 
of /S-diketone (HA) and trioctylphosphine oxide (TOPO), 
and an aqueous 1 mol dm - 3 Perchlorate solution at 25 °C, 
the formation constants for the aqueous chelates and the 
TOPO adducts of the MnA2, and the partition constants for 
the MnA2 chelates were determined. The constants were then 
compared with those of other divalent metal ions. 

Measurements have previously been made of the 
solvent extraction equilibria of four divalent metal ions 
with several /9-diketones in carbon tetrachloride and also 
of the adduct formation equilibria of the extracted 
chelates with trioctylphosphine oxide (TOPO). 1 - 4 * T h e 
present paper will report the results with manganese(II) 
under identical conditions and will compare the equi­
librium constants thus obtained with those for the other 
divalent metal ions. 

Exper imenta l and Stat is t ical 

The experiments were performed at 25^0.3 °C in a manner 
similar to those used previously.1-4) The initial organic phase 
was carbon tetrachloride containing various amounts of a 
certain /?-diketone and TOPO, and the initial aqueous phase 
was a 1 mol dm - 3 sodium Perchlorate solution containing an 
acetate buffer (less than 0.01 mol dm -3) or no buffer (when 
the jß-diketone buffered) and 2 x 10~G to 2 x 10~4 mol dm-3 

of manganese(II). The two phases in a stoppered glass 
tube were placed on a rotating framework, agitated at 20 
r.p.m., and then centrifuged. The metal content in each 
phase was determined by an atomic absorption method. The 
hydrogen-ion concentration was determined by potentiometry 
in stoichiometric units. 

The distribution ratio was denned as 

D = [Mn(II)]org, to ta l[Mn(II)] 
total > (1) 

where the subscript "org" and the lack of any subscript 
denoted those species in the organic and aqueous phases 
respectively. The /S-diketones were denoted by HA and 
TOPO by L. The equilibrium constants employed were 

#a=[H + ] [A- ] [HA]- i , (2) 
#d = [HA]org[HA]"S (3) 
ßn = [MnAn2-»][Mn^]-i[A-]-«, (4) 
Kdm = [MnA2]org[MnA2]-S (5) 
Kex = [MnA2]org[H+]Wn*+]-i[HA]org-3 (6) 

= (KJCi-iyKnJ» (7) 
ßniortf = [MnA2Ln]org[MnA2]org-i[L]org-». (8) 

The distribution ratio in the absence and in the presence 
of L can generally be written as 

D0 = [MnA2]org([Mn2+] + [MnA+] + [MnA2])-i 
= [MnA2]org[Mn^]-i(l +I] /5n[A-]»)-S (9) 

D = ([MnA2]org+[MnA2L]org+[MnA2L2]org) 
X ( [ M n ^ + EMnA+J + tMnAa])"1 

= A > ( 1 + S / W ) [ L W ) . (10) 

The stability constants, ßn, were determined from the data 
obtained when the [L]org was zero or a certain constant 
value as a function of [A - ] . The adduct formation constants 
were determined from the data obtained at a certain con­
stant value of [A-] as a function of [L]org. The data were 
treated by a graphic method previously reported.1-4) For 
the determination of the ßx and ß2 of hexafluoroacetylace-
tonates, tributyl phosphate was used as the synergist instead 
of TOPO because TOPO was too effective to achieve suitable 
conditions. 

R e s u l t s and D i s c u s s i o n 

The distribution ratio was measured at various p H 
values in the absence and in the presence of Chromate 
ions. I t was found that the distribution ratio reached a 
constant value in the absence of Chromate if the —log 
[H+] value was lower than 9 and if the agitation interval 
was shorter than 3 h. This D value was lower than 
that obtained in the presence of Chromate. Thus, the 
D obtained after an agitation for less than 3 h at 
—log [H+] values lower than 9 was concluded to show 
the distribution equilibrium of manganese(II) and no 
extraction of manganese(I I I ) . 

The extraction curve with benzoylacetone was nearly 
a straight line with a slope of 2 when the distribution 
ratio was lower than 102; thus, only Kex could be 
determined form these data. The curve with hexafluoro-
acetylacetone deviated only slightly from a straight line 
with a slope of 2 up to its maximum concentration, 0.1 
mol d m - 3 ; thus, only Kex and ßx could be determined. 
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• • 
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log [A -] 
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Fig. 1. Representative extraction curves. Org. phase: 
CG14 containing O acetylacetone+5x 10~3 mol dm - 3 

of TOPO, 0 benzoylacetone, • trifluoroacetylacetone, 
• benzoyltrifiuoroacetone, or A hexafluoroacetylace-
tone+ 1 X 10~3 mol dm - 3 of tributylphosphate, Aq. 
phase: 1 mol dm-3 NaC104. 
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TABLE 1. SUMMARY OF EQUILIBRIUM CONSTANTS 

Aq. phase: 1 mol dm-3 NaC104. Org. phase: CC14. Adduct-forming ligand: trioctylphosphine 
oxide (TOPO). The data of Mn(II) : present work. The other data: Refs. 1—4. 

Extractant 

Acetylacetone 
l o g i C a - - 8 . 9 9 
log# d = 0.40 

Benzoylacetone 
l o g t f a = - 8 . 5 5 
\ogKd= 2.73 

Trifluoroacetylacetone 

l og t f a =-6 .90 
log Kà= - 0 . 1 9 

Benzoyltrifluoroacetone 
l o g t f a = - 6 . 0 1 
log/Cd= 2.47 

Metal ion 

Mn(ID 
Co (II) 
Ni (II) 
Cu (II) 
Zn (II) 
Mn(II) 
Co (II) 
Ni (II) 
Zn (II) 
Mn(II) 
Co (II) 
Ni (II) 
Cu (II) 
Zn (II) 
Mn(II) 
Co (II) 
Ni (II) 
Zn (II) 

Hexafluoroacetylacetone Mn(II) 
log7i : a =-4 .34 
l o g t f d = - 1 . 7 4 

Co (II) 
Ni (II) 
Cu (II) 
Zn (II) 

logtfex 

- 1 1 . 8 
— 
— 

- 3 . 7 3 
- 1 1 . 4 0 

- 8 . 4 
- 1 3 . 0 5 
- 1 2 . 8 4 
- 1 1 . 3 6 
- 1 0 . 2 8 
- 8 . 3 4 

ca. - 9 
- 1 . 2 6 
- 8 . 7 6 

- 1 2 . 6 2 
- 9 . 6 6 
- 9 . 5 2 
- 9 . 0 2 
- 5 . 0 
- 3 . 9 0 
- 4 . 0 
- 0 . 6 1 
- 5 . 2 

log A 
4.09 
— 
— 

7.81 
4.58 
— 

4.55 
4.41 
4.15 
0.94 
3.50 
3.74 
4.80 
2.72 
0.80 
3.40 
3.60 
3.23 
1.04 
1.56 
1.78 
2.25 
1.0 

log ß. 

6.98 
— 
— 

14.22 
7.76 
— 

8.14 
9.86 
7.70 
2.96 
5.60 
6.68 
9.14 
4.48 
2.63 
5.24 
6.68 
5.49 
— 

2.32 
3.26 
3.20 
— 

log*,™ 

- 1 . 2 3 
- 0 . 9 4 

- 2 . 0 to - 2 . 5 
0.83 

- 0 . 3 8 
(>3)a> 

1.37 
- 0 . 1 4 

3.50 
- 1 . 4 4 
- 2 . 1 4 

- 3 . 0 to - 3 . 5 
1.40 

- 1 . 4 4 
1.71 
2.06 
0.76 
2.45 

0>- i ) a ) 

- 1 . 0 2 
- 2 . 1 

1.39 
( > - l ) a ) 

log ßi (org) 

2.96 
1.46 

ca. 2 
1.28 
3.07 
3.81 
3.40 
3.50 
3.76 
5.43 
5.36 

ca. 5 
2.96 
6.70 
6.1 
6.15 
5.19 
6.71 
_J»> 

5.19 
5.8 
5.63 
7.0 

log ßz (org) 

4^96 ~ 
nil 
nil 
nil 

4.66 
5.40 
nil 
nil 
nil 

9.16 
7.76 

ca. 8 
nil 
nil 

10.4 
9.34 
8.98 
nil 

_*> 
10.58 
10.5 
9.36 

11.6 

a) Since these values could not be determined, only the lower limit is assumed, 
determined by the present experimental procedures; see text. 

b) Too high to be 

Figure 1 shows examples of representative extraction 
curves. 

The extraction with these /9-diketones was enhanced 
very much by T O P O . The adduct formation constants 
of the benzyltrifluoroacetonate were somewhat inac­
curate, and those of the hexafluoroacetylacetonate could 
not be determined within the limits of experimental 
error. However, since the constants for the adducts 
with TBP determined instead of those with T O P O (log 
/9 1 ( o r g ) =4.9 and log ß2(org)=9A) were rather similar to 
the corresponding zinc(II) TBP adducts (log/?1(org) = 5 . 5 
and log ß2 ( o rg ) = 8.5),2> the values for the T O P O adducts 
of the manganese (II) hexafluoroacetylacetonate should 
be similar to those of the zinc(II) chelates. 

T h e constants obtained are given in Table 1, together 
with the values previously obtained in our laboratory.1 - 4) 

From these data, it can be concluded that (i) the 
Irving-Williams natural order is well established among 
these /9-diketonates, (ii) the Kdm values (showing the 
inverse of the aquophilic tendency when the molar 
volumes are similar3)) of the manganese(II) chelates are 
much higher than those of the nickel(II) chelates and 
lower than those of the copper(II) chelates; they are 
approximately in the same order as the values of cobalt-
(II) and zinc(II) chelates, and (iii) the synergic enhance­
ment with T O P O is similar to that of the zinc(II) 
chelates or greatest among the metal chelates in Table 1. 

As is seen from the present results, these manganese(II) 
extractions, except for that with benzoylacetone, were 
poor for various practical purposes when the solvent was 
carbon tetrachloride. However, since the synergic 
enhancement was very great, the addition of a synergist 
such as T O P O and TBP or the use of oxygen-containing 

solvents such as 4-methyl-2-pentanone (MIBK), the 
extraction of this metal ion should become effective. 

There have been reports on the extraction with these 
^-diketonates of manganese(II) that the extraction was 
partial with acetylacetone in benzene,5) but that it was 
better when using butanol6) or by the addition of 
hydrogen peroxide,7) and that the extraction with 
benzoylacetone in benzene was more than 90% at p H 
values higher than 9.5) Not much has been reported on 
the stability constants of manganese(II) /?-diketonates 
which can be compared directly with the present 
results,9) except that the log ß1 for the acetylacetonate in 
a 0.1 mol d m - 3 medium was 4.01.9) 
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Alcohols in the Presence of Metal Ions 

Hiroyuki FUKUDA, Takeshi ENDO, and Makoto OKAWARA 

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, Nagatsuda, Midori-ku, Yokohama 227 
(Received February 7, 1977) 

Synopsis. 4-Acetyl- and 4-benzoyl-2-phenyl-1,3,4-
oxadiazoline-5-thiones reacted with alcohols in the presence 
of metal ions to give the corresponding esters in good yields. 

I t is known that metal ions promote some reactions, 
such as the hydrolysis of a-amino acid esters1'2) and 
8-acyloxy-quinolines,3'4) the aminolysis of thiol esters,5) 
and the alcoholysis of 8-acyloxyquinolines6) and S-{2-
pyridyl) thio carboxylates.7) 

o-

Ph-C 

i / C H 3 

/ # N - N / C x N H R 

^Y - A x̂-
H 

[I] 
X = 0 , Y = O o r S 
X = S, Y = O o r S 

We have reported that 4-acetyl-2-phenyl-l,3,4-oxa-
(thia)diazoline-5-ones(thiones) are 102—107 times more 
reactive than jö-nitrophenyl acetate in the aminolysis by 
cyclohexylamine, unusually rapid aminolysis being due 
to the intramolecular base catalyzed reactions as 
illustrated in I.8) However, the acetyl derivatives scarce­
ly react with alcohols even under refluxing for several 
hours. This paper describes the reactions of 4-acyl-2-
phenyl-l,3,4-oxadiazoline-5-thiones(IIIa, b) with alco­
hols in the presence of various metal ions, and with 
phenylmagnesium bromide. 

2-Phenyl-l,3,4-oxadiazoline-5-thione(II), its 4-acetyl 
compound(II Ia) (yield 7 8 % , mp 115—116 °G), and 4-
benzoyl-2-phenyl-l,3,4-oxadiazoline-5-thione(IIIb) 
(yield 9 2 % , mp 134.5—136 °C) were prepared by the 
method reported.8) 

„ N - N H 
Ph-C-NHNH 2 

ii 
O 

RCOCl 

1) CS2, KOH 
Ph-C 

2) HCl \ 0 - G - S 

[II] 

^ N - N - C O R 
Ph-C I 

x O - C = S 

[Ilia] : R = CH3 [Il lb] : R = Ph 

When 4-acyl-2-phenyl-1,3,4-oxadiazoline-5-thiones-
(III) is coordinated with metal ions as shown in IV, it 
might be subjected to nucleophilic attack on carbonyl 
carbon atom, as the consequence of activation of 
carbonyl group by such coordination. This reaction 
would also be remarkably accelerated if the final 
product (V) is mercaptide which is an excellent leaving 
group because of its high stability. 

At first, the reactions of 2-phenyl-l,3,4-oxadiazoline-
5-thione(II) with various metal ions were examined. 
Ag+, Cu2+, Hg2+, and Pb2+ formed mercaptides (V) with 
I I , but metal ions, such as Sn4+ , Mg 2 + , Zn 2 + , and Go2 + 

III 
M«+ 

R 
i 

, N - N / G ^ 0 
Ph-C 

[IV] 

R'OH , N - N 
RCOOR' + Ph-C M 

x O - C - S , ' -
In 

[V] 
gave no mercaptides in methanol or acetonitrile at room 
temperature. T h e results are given in Table 1. T h e 
mercaptides obtained were confirmed by I R spectra 
and elemental analyses. 

TABLE 1. MERCAPTIDE FORMATION OF II 

WITH METAL IONS 

Metal ions 

n 
Yield (%) 

II + Mn + 

Ag+ 

1 
99 

- ( 

Cu2+ Hg2+ 

2 2 
98 91 

„ N - N \ 
Ph-C || M 

p b 2 + 

2 
95 

[V] 

T h e reactions of I I I with alcohols in the presence of 
metal ions, which form mercaptides with I I , were 
carried out at room temperature for 15 h. A white 
(mercury(II) salt) precipitate and a dark grey (silver 
salt) one were formed in a few minutes. In the case of 
copper(II) chloride, the reaction mixture was hetero­
geneous during the course of reaction because of the 

TABLE 2. REACTIONS OF III WITH ALCOHOLS IN THE 

PRESENCE OF METAL IONSa) 

Com­
pound R' Solvent Metal salt Yields of 

ester (%)b> 

I l i a 
// 
// 
// 
// 
// 
// 
// 
// 

I l l b 
// 

PhCH2 

// 
// 
// 
// 
// 
// 
// 

C6H13 

PhCH2 

G 6 H i 3 

CH3CN 
// 

Acetone 
CH3CN 

// 
// 
// 
// 
// 
// 
// 

none 
CuCl2 

// 
AgN03 

HgCl2 

AgC104 

HgCl2
c> 

Pb(NOa)2 

AgN03 

CuCl2 

// 

0 
100 
92 
65 
54 
41 
36 
0 

70 
40 
55 

a) Equimoiar reaction; reagents 4 mmol; solvent 30 
ml; room temp, 15 h. b) Determined by NMR 
spectrum, c) Half molar of HgCl2 used. 

file:///0-G-S
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TABLE 3. REACTIONS OF I l ia WITH BENZYL ALCOHOL 

IN THE PRESENCE OF METAL IONSa ) 

Solvent 

THF 
CH2G12 

CH3CN 
Acetone 
CH3CN 

Metal salt 

Bu2SnCl2 

SnCl4 

Mg(C104)2 

ZnCl2 

CoGl2 

Yields of ester (%)b> 

75 
70 
57 
14 
6 

a) Equimolar reaction ; reagents 4 mmol ; solvent 30 
ml; room temp, 15 h. b) Determined by NMR 
spectrum. 

low solubility of copper(II) chloride. As shown in 
Table 2, all the metal ions, except Pb 2 + , capable of 
mercaptide formation, are effective for the acceleration 
of these reactions, copper(II) chloride being the most 
remarkable. Lead nitrate did not promote the reaction 
since it is insoluble in acetonitrile. T h e precipitates were 
confirmed to be mercaptides consisting of 1: 1 molar 
ratio of I I and metal ions by elemental analyses and I R 
spectra. I t was observed that the reactions of I l i a 
with benzyl alcohol in the presence of metal ions, such 
as Sn4+ , Mg 2 + , Zn2 + , and Co2 + which can not form 
mercaptides with I I proceed homogeneously. T h e 
results given in Table 3 indicate that t in(IV) salt is 
very effective for activation of I l i a . Thus, in the 
deacylation of I I I with alcohols, the coordination effect 
of some metal ions on acyl function might be much more 
important than the increasing stability of the leaving 
group. If the coordination (IV) assumed above is 
strong, the shift of C = 0 and C=S absorption bands of 
I l i a would be observed in I R spectra. However, no 
shift of the absorption bands was noted even in the 
solution of I l i a and Bu2SnCl2 or Mg(C10 4 ) 2 . T h e 
results indicate that even the weak interaction which 
can not be observed in I R spectra is also effective for 
promotion of these reactions. 

We have investigated the reactions of I I I with 
phenylmagnesium bromide. I l l was allowed to react 
with equimolar amount of phenylmagnesium bromide 

III 
P h M g B r 

R 
i 

Ph-G | i P h 

[VI] 

RCOPh + [II] 

in T H F at ca. — 20 °C for 4 h followed by hydrolysis 
to give the desired ketones. Thus , acetophenone and 
benzophenone were obtained from I l i a and 11 l b in 
76 and 7 8 % yields, respectively. This is compatible 
with the above results. 

Experimental 

Mercaptides Formation of II with Metal Ions. A mixture 
of II (0.72 g, 4 mmol) and 4 mmol of metal ions in aceto­
nitrile (30 ml) was stirred for 4 h at room temperature. The 
mercaptides obtained were nitrated and washed with dry 
acetonitrile three times, and dried at reduced pressure. The 
composition of mercaptides (Table 1) was determined by 
elemental analysis. 

Reactions of III with Alcohols in the Presence of Metal Ions. 
Typical Procedure: A mixture of 0.88 g (4 mmol) of I l ia , 
0.43 g (4 mmol) of benzyl alcohol, and 0.59 g (4 mmol) of 
copper(II) chloride in acetonitrile was stirred for 15 h at 
room temperature. The reaction mixture was poured into 
water, and the solution was extracted with ether. The 
extract was dried over anhydrous magnesium sulfate. After 
the solvent had been removed in a vacuum, the residue was 
distilled to afford 0.69 g of benzyl acetate quantitatively. 

Reactions of III with Phenylmagnesium Bromide. Typical 
Procedure: To a solution of I l i a (1.76 g, 8 mmol) in dry 
THF (20 ml) was added a solution of phenylmagnesium 
bromide ( 1.45 g, 8 mmol) in dry THF (20 ml) over 30 mia 
at —20 °C. After the mixture had been stirred at —20 °C for 
4 h then at 25 °G for the same period, the reaction mixture 
was poured into water. The solution was extracted with 
ether, and the extract was dried over anhydrous magnesium 
sulfate. After removal of the solvent, the residue was distilled 
in a vacuum to afford 0.73 g (76%) of acetophenone. 

References 

1) H. Kroll, J. Am. Chem. Soc, 74, 2036 (1952). 
2) M. L. Bender and B. W. Turnquest, J. Am. Chem. Soc, 

79, 1889 (1957). 
3) E. J. Corey and R. L. Dawson, J. Am. Chem. Soc, 84, 

4899 (1962). 
4) R. H. Barca and H. Freiser, J. Am. Chem. Soc, 88, 

3744 (1966). 
5) B. Boopsingh and D. N. Sctchell, J. Chem. Soc, Perkin 

Trans. 2, 1972, 1288. 
6) T. Sakan and Y. Mori, Chem. Lett., 1972, 793. 
7) H. Gerlach and A. Thalman, Helv. Chim. Acta, 57, 2661 

(1974). 
8) H. Fukuda, T. Endo, and M. Okawara, Chem. Lett., 

1973, 1181 ; Nippon Kagaku Kaishi, 1976, 315. 



December, 1977] N O T E S 3419 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 50 (12 ) , 3 4 1 9 3 4 2 0 (1977) 

Effect of a Polymer Ligand on Oxidation of Thiophenol Catalyzed 
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Synopsis. The oxidation mechanism of thiophenol 
catalyzed by cobaloximes was deduced by spectroscopic meas­
urement of the oxidation rate at various concentrations of 
the reactants, the reaction being a Michaelis-Menten type 
reaction. Addition of polymer ligands such as poly(4-vinyl-
pyridine) and 4-vinylpyridine-styrene copolymer, stabilizing 
the intermediate similar to a Michaelis complex, resulted in an 
increase in the oxidation rate under low substrate concentra­
tion. 

Studies have been reported on the catalytic action of 
polymer metal complexes,1) but few detailed inves­
tigations have been carried out because of the complicat­
ed structure of the complexes and intermediates. 
Polymer ligands or substrates coordinate with cobalox­
imes, only in an axial position, making it easy to analyze 
the reaction mechanism since the structures of the 
complex coordinated with a polymer ligand or a 
substrate are confined. 

The oxidation reaction of thiophenol catalyzed by 
cobaloximes is mild and enables us to apply spectro­
scopic analysis. This report deals with the reaction 
mechanism as deduced from kinetic studies, discussion 
being given on the effect of the polymer ligand on the 
catalytic action of cobaloximes. 

E x p e r i m e n t a l 

Materials. Commercial CoCl2 .6H20, Co(CH3COO)2. 
4H 20, dimethylglyoxime (dmgH2), pyridine (Py), thiophenol, 
and NaOH were used without further purification. Poly-
(4-vinylpyridine) (PVP) and 4-vinylpyridine-styrene copoly­
mer (PPS) (styrene unit content 17%) were obtained by 
radical polymerization initiated by azobisisobutyronitrile 
purified by reprecipitation with ethyl acetate. The number-
average molecular weights of PVP and PPS determined by 
the vapor pressure osmometry were 12800 and 18700, re­
spectively. Methanol was distilled before use. 

Preparation of Cobaloximes. CoCl(dmgH)2(Py) was pre­
pared by the conventional method.2) GoGl(dmgH)2(OH2) 
was obtained through the reaction of 4.2 mmol NaOH in 
ethanol and aeration, and recrystallized from ethanol. Found : 
C, 28.0; N, 16.1 ; H, 4.8%. Calcd for C8H14N404CoH3OCl : 
G, 28.0 ; N , 16.3; H, 4.7%. 

Analysis of Oxidation Reaction. Air oxidation of thio­
phenol in alkaline methanol solution (containing 3 x 10-4 M 
NaOH) in the presence of cobaloximes gave diphenyl disulfide 
(DPS). An increase of absorbance at 310 nm, at which the 
difference of absorbance between the reactant and product 
(DPS) was large enough to detect a small change of the con­
centration of the product, gave the oxidation rate in a steady 
state under the addition of excess substrate using CoCl-
(dmgH)2(Py) as a catalyst. The rate was represented by the 
concentration of phenylthio radical produced per second. 
The formation of the Co(II) complex under an atmosphere 
of nitrogen accompanied by thiophenol oxidation and that of 

the air oxidation of the Co(II) complex were studied from a 
visible absorption spectral change. The relationsip between 
the oxidation rate and the added polymer ligand concent­
ration was derived in a similar way using CoCl(dmgH)2-
(OH2) as a catalyst and Py, PVP, and PPS as an axial 
ligand respectively. The concentration of the polymer ligand 
is indicated in 4VP unit mole per liter. 

R e s u l t s a n d D i s c u s s i o n 

Reaction Mechanism of Thiophenol Oxidation. T h e 
following mechanisms were postulated for the thiol oxi­
dation catalyzed by metals.3) 

Mn + + thiophenol" • M ^ - 1 ^ + thiophenol* 

M<»-D+ • Mw+ 2thiophenol* • Pr (1) 

T h e oxidation rate determined by the measurement of 
oxygen uptake with Warburg 's manometer was in 
agreement with that determined by spectroscopic measu­
rement. This indicates that thiophenol was converted 
quantitatively into DPS in the present oxidation system. 

The oxidation rate V is proportional to the catalyst 
concentration. T h e oxidation rate is proportional to the 
substrate concentration in the low substrate concentra­
tion range, approaching a certain value with increase 
in concentration (Fig. 1). This can be explained by 
assuming the existence of the intermediate complex 
consisting of a catalyst and a substrate. T h e linear 
relationship between the reciprocal of the oxidation 
rate, l/V, and that of the substrate concentration, 1/ 
[S], suggests the following reaction mechanism, where 
( C o ) = C o ( d m g H ) 2 X Y . 

(Co111) + C6H5-S- <^± (Co111) C6H5-S- - ^ 

(Co") + C6H5-S*, (Co11) - ^ (Co111), 

2C6H5-S* • C6H5-S-S-C6H6 (2) 

T h e change in visible spectra with time after the 
addition of the substrate to the solution containing 
CoCl(dmgH)2(Py) indicates the formation of the Co(II) 
complex with absorption maximum at 390 nm, rea­
ching equilibrium after ca. 30 min. Reaction under 
nitrogen atmosphere is regarded to turn the Co(I I I ) 
complex entirely into the Go(II) complex, causing an 
increase in the absorption at 390 nm about 1.5 times 
the equilibrium value in the air. The formation rate of 
Co(II) complex under nitrogen atmosphere at initial 
stage is proportional to the complex concentration. T h e 
decreasing rate in air of excess Co(II) complex formed 
by the thiophenol oxidation under a nitrogen atmosphere 
is also proportional to the complex concentration. These 
results strongly support the reaction mechanism describ-
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l/[C6H5-S-](xlO-3l/mol) 

5 10 15 
>-s] < KlcPmol/j ) 

[C6H6-S-Jxl03mol/1) 

Fig. 1. Relationship between oxi­
dation rate ( V) and concentration 
of substrate ([C6H5-S-]). 
[Go] = 3.16x 10-5 mol/1, [NaOH] 
= 3x 10 4 mol/1, solvent: metha­
nol, at 22 °G. 

[L] ( x 103 mol/1) 

Fig. 2. Relationship between oxida­
tion rate (V) and concentration of 
ligand ([L]). 
[Co] = 3.16 x 10-5 mol/1, [NaOH] 
= 3 X 10-4 mol/1, solvent : metha­
nol, at 15 °C, [C6H5-S-] = 3.25x 
10-3 mol/1 for O , A , D , and 3.25 
X 10-2 mol/1 for # , A , • , L = P y : 
• , B , P V P : A , A , and PPS: Q> 

[L] (xlO 3 mol/1) 

Fig. 3. Values of k2 and k3. 
[Co] = 3.16xl0~5"mol/1, [C„H5-
S-] = 3.25xl0-2 mol/1, [NaOH] 
= 3x 10~4 mol/1, solvent: metha­
nol, at 15 °C, L = Py: # or PVP: 

o-

ed in Eq. 2. Equation 2 leads to the following equation 
for the oxidation rate at steady state. 

l / F = [ ^ + Z?/[C6H5-S-]]/[Co] 

A = (k2+k3)/k2k3, B = (*_! + *»)/*!**, 

F=d[C6H5-S*]/d* (3) 

This equation represents the linear relationship 
between l/V and 1/[C6H5-S_] as shown in Fig. 1. 
T h e rate constants k2 and k3 can be determined by 
spectroscopic measurements of the Go(II) complex 
formation under nitrogen atmosphere and of the 
decrease of the Co(II) complex in air, respectively. 

Effect of Polymer Ligand. Variations in the 
thiophenol oxidation rate with the ligand concentra­
tion, using CoGl(dmgH) 2 (OH 2 ) as a catalyst and Py, 
PVP, and PPS as an axial ligand are shown in Fig. 2. 

The oxidation rate-ligand concentration curves ob­
tained in lower thiophenol concentration have a 
maximum. T h e formation constant K of CoCl(dmgH) 2 -
(OH2) with PPS is about 1 x 105 in JV,JV"-dimethyl-
formamide.4) If we consider the formation constant in 
methanol to be almost the same as that in N,N-dimethy\-
formamide, almost all the complexes have a ligand at 
the ligand concentration of the maximum point. T h e 
coordination of the axial ligand makes the complex 
more active as a oxidation catalyst. 

The oxidation of thiophenol by C o - 0 2 complexes 
scarcely occurs in this system since one axial position 
of the catalyst,5) where 0 2 should coordinate, is occupied 
by a ligand such as Py or PVP. 

In higher substrate concentration, for which the 
second term of Eq. 3 is negligible, only the value of A, 
i.e., {k2-\-ks)/k2ks, determines the oxidation rate V. 
Figure 3 shows that the k2 value of the Py system is 
larger than that of the polymer system, though k3 value 
has almost the same value in both systems. This causes 
the Py system to have a larger oxidation rate than that 
of polymer systems. In the polymer system the k2 value 

decreases with increase in ligand concentration. This 
can be explained in terms of steric hindrance by the 
polymer chain which prevents elimination of the 
substrates activated by the complex in polymer domain. 
The decrease in k2 value with increase in the ligand 
concentration is in line with the decrease in the oxidation 
rate of the polymer system shown in Fig. 2. 

Under conditions of the lower substrate concentration, 
where the second term in Eq. 3 is not negligible, the 
oxidation rate F i s affected by the value of B. T h e faster 
oxidation rate in the polymer system under the lower 
substrate concentration indicates that B has a smaller 
value in the polymer systems than in the Py system. 
This is because the polymer domain stabilizes the 
reaction intermediate complex, and prevents the 
substrate from elimination, thus making A;_j value 
decrease. 

I t is concluded that the addition of polymer ligands 
can raise the oxidation activity of the catalyst at a 
lower substrate concentration region. 
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Synopsis. The reaction of selenoxides with various 
thione compounds such as carbon disulfide, thioamides and 
thioureas was found to give selenides. The reaction me­
chanism was discussed. 

I t is widely known that sulfoxides are deoxygenated 
by various powerful reducing reagents.1) Carbon 
disulfide, a weak reducing reagent, can never deoxy-
genate dialkyl and diaryl sulfoxides. Selenoxides are 
more basic and reactive as compared with analogous 
sulfur compounds due to the more polar nature of the 
Se=0 bonding than the S = 0 bonding. Thus, diphenyl 
selenoxide is more basic and readily reducible by 
phosphines than the most basic sulfoxide, DMSO.2-3) 

However, few reports have been given so far on the 
chemical behavior of selenoxides toward weak reducing 
reagents. We report here the results of the reactions 
of diphenyl and dibenzyl selenoxides with various thione 
reagents. 

R e s u l t s a n d D i s c u s s i o n 

Diphenyl and dibenzyl selenoxides (I) reacted at 
room temperature with equimolar amounts of thio­
amides such as 1-phenyl- and l-methylpyrrolidine-2-

thiones ( I l -Ph, -Me) and iV,iV-dimethylthioacetamide 
to give the selenides and the corresponding amides 
with extrusion of elemental sulfur (Table 1). The 
results indicate that, in marked contrast to sulfoxides, 
the oxides undergo a facile deoxygenation even with 
agents having weak reducing ability. 

R2Se=0 + 

(I) 

C=S 

R' 

(II) 

0&-* 
R' 

- s x R2Se + -\ G=0 

i 
R' 

(IF) 

In a different way, selenoxides were readily reduced 
with carbon disulfide to give the corresponding selenides 
and chloroform-insoluble colorless precipitates without 
deposit of elemental sulfur. The results are summarized 
in Table 2. T h e reaction of dibenzyl selenoxide with 
small amounts of carbon disulfide or phosphorous 
pentasulfide in chloroform produced dibenzyl selenide 

TABLE 1. REDUCTION OF DIPHENYL AND DIBENZYL SELENOXIDES (I) WITH THIONE 

REAGENTS (II and III) IN CHC13 AT ROOM TEMPERATURE 

(I) 
Thione 
reagent 

Mole 
ratioa) 

Reaction 
time Product (isolated%) 

Ph2Se=0 
Ph2Se=0 
Ph2Se=0 
Tol2Se=0 
(PhCH2)2Se=0 
(PhCH2)2Se=0 
(PhCH2)2Se=0 
(PhCH2)2Se=0 
(PhCH2)2Se=0 

Il-Ph 
II-Me 
III 
III 
Il-Ph 
Il-Ph 
MeC(S)NMe2 

III 
(Me2N)2CS 

1 
1 
1 
1 
1 
0.1 
1 
1 
1 

2 h 
2 h 

10 h 
10 h 
5 min 
5 min 
3 h 
4 h 
2 h 

Ph2Se(89), ir-Ph(83), Sx
b> 

Ph2Se(73), H'-Me(73), S,b) 
Ph2Se(75), III'(O), 111(78) 
Tol2Se(89), III'(12), 111(48) 
(PhCH2)2Se(92), IF-Ph(82), II-Ph(3), 
(PhCH2)2Se(14), IF-Ph(75)c> 
(PhCH2)2Se(93), MeC(0)NMe(93) 
(PhCH2)2Se(85), III'(21), 111(63) 
(PhCH2)2Se(87), (Me2N)2CO(21), 
(Me2N)2CS(37) 

S.r
b> 

a) [ I I or I I I ] / [ I ] . b) Yields not determined, c) Based on the amount of the thione (I l -Ph) used. 

T A B L E 2. REACTION OF DIPHENYL AND DIBENZYL SELENOXIDES (I) WITH 
CARBON DISULFIDE IN C H C l g AT ROOM TEMPERATURE 

(I) 
Ph2Se=0 
Ph2Se=0 
Tol,Se=0 
(PhCH2)2Se=0 
(PhCH2)2Se=0 
(PhCH2)2Se=0 
(PhCH2)2Se=0 

Mole ratioa) 

10 
b) 
b) 
3 
0.1 
le> 
0.05e> 

Reaction time 

10 h 
10 min 
5 min 

12 h 
24 h 

5 min 
3 h 

Product (isolated %) 

Ph2Se(47), oil(12),°) Ph2SeO(16) 
Ph2Se(77), oil(21)c> 
Tol2Se(74), oilc> 
(PhCH2)aSe(74), P(23)d> 
(PhCH2)2Se(65), P(17)d> 
(PhCH2)2Se(96), P(0)d> 
(PhCH2)a(72), P(19)d> 

a) [GS2]/[I]. b) CS2 used as a solvent, c) Structure not identified, d) P denotes precipitate, e) The 
reaction with P2S5. 
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TABLE 3. THE REACTION OF THE PRECIPITATE (P) WITH THIONE REAGENTS IN CHCl, AT ROOM TEMPERATURE 

Thione 

Il-Ph 
III 
(Me2N)s c-=s 

Mole ratioa) 

1 
1 
1 

Reaction 
time 

10 min 
10 min 
10 min 

(PhCH2)2Se 

86 
72 
70 

Products, isolated 

I I ' or I IF 

46 
0 
0 

/o 

II or III 

53 
52b> 

26b> 

a) [Thione] / [Pj . b) Unidentified substances obtained. 

and substantial amounts of precipitate, P (dec 115—117 
°C). The elemental analysis of the precipitate gave no 
constant value, within analytical accuracy, with samples 
taken from different runs, but mostly agreed with a 
structure carrying five oxygen atoms per one dibenzyl 
selenide skeleton. This was further supported by the 
mass spectrum exhibiting the molecular peak at mje 
341 arising probably from (PhCH 2 ) 2 Se0 5 ( 33% of base). 
The detailed structure is still not clear, but it involves 
(PhCH 2 ) 2 Se0 5 as the most important species. 

(PhCH2)2Se=0 
CS, or 

PS* 
-> (PhCH2)2Se + (PhCH2)2Se05 

(P) 

The results given in Table 1 indicate that the reaction 
of dibenzyl selenoxide with an equimolar amount of 
thiourea, l,3-dimethylimidazolidine-2-thione (III), gave 
only about 2 0 % yield of the corresponding urea deriva­
tive (III') together with the selenide, accompanied by 
considerable recovery of the starting thione compound 
( I I I ) . The same is true for tetramethylthiourea. The 
fact that considerable amounts of the thione compounds 
were recovered unchanged implies that two reactions 

(PhCH2)2Se=0 + Me-NX NN-Me - ^ 

(PhCH2)2Se + Me-NX XN-Me + Me-N N-Me 
oco/ ^ u 

0 3 /O II II 

o s 
(IIF) 21% (III) 63% 

take place competitively: one producing dibenzyl 
selenide and the carbonyl compound, and the other 
catalytically affording the same selenide and, probably, 
the precipitate, which then reacts rapidly with the 
remaining thiourea to give the selenide. The fact, 
when the precipitate (P) itself was allowed to react with 
thioureas, dibenzyl selenide and a structure-unidentified 
product were obtained without being accompanied by 
the formation of the corresponding carbonyl compounds. 
The results are given in Table 3. 

(PhCH2)2Se05 + HI 

(P) 

r.t., 

10 min. 

(PhCH2)2Se + unidentified product 

I t thus appears that, with thioamides having a labile 
thiocarbonyl group, Path a in Scheme 1 shown below 
is preferable for reduction and Path b, if operative, 
would be only minor, since the thioamides are almost 
completely consumed during the course of reaction. O n 

( a ) R2Se=0 + R£C=S 

(T) 

- s * 
R2Se CR^ - • R2Se + R£C=0 

\ S / I (whenT = II) 

( b ) R 2 S e = 0 
+T 

(when T=CS, 
or III) 

R2Se + R2SeO f i 

+ T 
R3Se + unidentified meterials 

(when T=III) 

Scheme 1. 

the other hand, with carbon disulfide bearing stable 
O S groups, the reaction proceeds mainly via Path b 
where no release of elemental sulfur is observed. The 
behavior of thioureas is intermediate between that of 
thioamides and carbon disulfide. 

Exper imenta l 

Reaction of Diphenyl and Dibenzyl Selenoxides with Thione Com­
pounds. A typical experimental procedure is as follows: 
l-Phenylpyrrolidine-2-thione (177 mg, 1 mmol) was added at 
room temperature to a CHC1 3 (20 ml) solution of dibenzyl 
selenoxide (277 mg, 1 mmol) . T h e reaction was followed by 
T L C . After the reaction was complete, evaporation of the 
solvent followed by preparat ive thin-layer chromatography 
of the residue gave dibenzyl selenide, 1-phenylpyrrolidone 
and the recovered thione in 92, 82 and 3 % yields, respectively. 

Some Physical Properties of the Precipitate (PJ. M p : 
115—117 ° C ; I R (KBr) : 1100 (strong) c m - 1 ; N M R (rfe-
D M S O ) : (5=7.27 (s, 10H), 4.22 (q, 4H) ppm from external 
T M S ; Elemental analysis: Found : (1) C, 49.16; H , 4.58. 
(2) G, 48.70; H , 4.66. (3) G, 49.83; H , 4 . 7 3 % . Galcd for 
C 1 4 H 1 4 0 5 Se : G, 49.27 ; H , 4.13. M S : 342 (M+), 262. Calcd 
M : 342 assuming S e = 8 0 . 

Reaction of Dibenzyl Selenoxide with Carbon Disulfide. Di­
benzyl selenoxide was added at room temperature to 20 ml 
of a CHG13 solution containing CS 2 (238 mg, 3 mmol) . After 
12 h , a colorless precipitate was filtered off. T h e filtrate was 
concentrated. Preparat ive T L G of the residue gave dibenzyl 
selenide in 74% yield. 
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Synopsis. 2,2'-Anhydro- l-(4',6'-0-benzylidene-3'-
0-methylsulfonyl-/?-D-mannopyranosyl)urasil, prepared 
smoothly from /?-D-glucopyranosyluracil in three steps, was 
converted into the corresponding unsaturated nucleoside in a 
good yield by the action of sodium iodide. The unsaturated 
nucleoside was then debenzylidenated with acid to afford the 
title compound. 

Our recent attention has focussed on the synthesis of 
unsaturated sugars1) and nucleosides.2) In our previous 
publications,2) a new synthetic route of the 2 ' ,3 ' -
unsaturation of thymine pyranoside via 2,2'-anhydro-
nucleoside has been described, its reaction mechanism 
has also been discussed. We wish now to report an 
application of this reaction to the uracil nucleoside 
series, which can be considered as potent intermediates 
for the synthesis of such antibiotics3) as blasticidin S and 
amicetin. 

/ft-D-Glucopyranosyluracil (I)4) was converted into the 
benzylidene derivative (II) in a 6 8 % yield by treatment 
with benzaldehyde in the presence of zinc chloride. The 
subsequent sulfonylation of I I with methanesulfonyl 
chloride in pyridine proceeded smoothly to afford a new 
crystalline product, the 2',3'-di-0-mesyl derivative ( I I I ) 
(89%). Anhydronucleoside (IV) was prepared in an 
89% yield by the treatment of I I I with an equivalent 
amount of sodium benzoate in i\f,iV-dimethylformamide 
(DMF) at an elevated temperature. 

The refluxing of IV with a 20-fold excess of sodium 
iodide and zinc dust in D M F for 2 h gave the unsaturat­
ed nucleoside (V) in a 3 3 % yield. The treatment of IV 
with a 20-fold excess of sodium iodide in D M F for 1 h 
under reflux gave V in a 37% yield, along with about 
a 40% recovery of the starting material. When the 
reaction time of this reaction was prolonged until 4 h, 
the unsaturated nucleoside (V) was obtained in a 6 7 % 

II R=H 
III R=Ms 

T 
K<^ 

yield. Thus, the unsaturation was performed successful­
ly in the uracil nucleoside series using the anhydronucleo­
side as a substrate. T h e structure of V could be easily 
confirmed by N M R . The vinylic protons at ô 6.50 and 
5.70 with the characteristic coupling constant of y 3 ' , 3 ' = 
10 Hz appeared in the spectrum. 

After several screenings, D M F was found to be the 
most suitable solvent for the elimination reaction. 

Compound (V) was treated with 8 0 % aqueous acetic 
acid for 15 min under reflux to give a new crystalline 
product, V I , in a 5 0 % yield. The overall yield of V I 
from I was 18%. 

Exper imenta l 

All the melting points are uncorrected. The NMR data 
were recorded at 100 MHz with a JEOL PS-100 instrument. 

l-(4',6f-0-Benzylidene-ß-v>-glucopyranosyl)uracil (II). A 
suspension of 4 g of/S-D-glucopyranosyluracil (I) and 13 g 
of freshly melted zinc chloride in 70 ml of benzaldehyde was 
shaken for 30 h. The resulting clear solution was stirred into 
ether (500 ml). The precipitate thus formed was filtered and 
then recrystallized from methanol to afford 3.6 g (68%) of the 
benzylidene nucleside (II) as colorless needles; mp 278— 
281 °C (dec);5) [a]D

22 - 8 ° {c 1.0 in DMF). Found: 
G, 55.91; H, 5.07; N, 7.56%. Galcd for C17H18N207: G, 
56.35; H, 5.07; N, 7.73%. 

1- (4', 6'- O - Benzylidene -2'', 3'- di-O- methylsulfonyl -ß-v>- gluco-
pyranosyl)uracil (III). Into a cooled (0 °C) suspension 
of the benzylidene nucleoside (II) (11 g) in pyridine (450 ml), 
we stirred drop by drop methanesulfonyl chloride (8.5 ml). 
The reaction mixture was kept for 15 h at room temperature. 
The subsequent addition of the reaction mixture, which had 
been concentrated to a small volume, into ice water (2 1) 
with vigorous stirring gave a colored precipitate. The sub­
sequent crystallization of the precipitate from acetone-
ethanol afforded 14 g (89%) of I I I ; mp 189—192 °C (dec); 
[a]D

22 - 1 2 ° (c 1.0 in DMF); UV (EtOH) Amax 255 
nm (loge 3.74); NMR [(CD3)2SO] (5=7.80 (1H, d, / 5 ( 6 = 
8.8 Hz, H-6), 7.38 (5H, C6H5), 6.20 (1H, broad d, Jv,v = 
7.5 Hz, H - r ) , 5.68 (1H, d, / 6 ( 6 =8 .8 Hz, H-5), 5.66 (1H, 
s, PhCH), 5.15—5.40 (2H, m, H-2' and -3'), 3.30 (4H, m, 
H-4', -5', -6', and -6"), 3.16 (3H, s, CH3S02), and 3.10 (3H, 
s, CH3S02). Found: C, 44.01; H, 4.25; N, 5.41%. Calcd 
for C19H22N2OuS2: C, 44.26; H, 4.07; N, 5.33%. 

2,2'-Anhydro-l-(4,,6'-0-benzylidene-3'-0-methylsulfonyl-ß-n-
mannopyranosyl) urasil (IV). A mixture of the methane-
sulfonylated nucleoside (III) (13.5 g, 26 mmol) and sodium 
benzoate (4.6 g, 32 mmol) in DMF (500 ml) was heated at 
120—130 °C with stirring for 1.5 h. The reaction mixture 
was then vigorous stirred into ice water (4 1) to give a crys­
talline product. Recrystallization from acetone afforded 
9.8 g (89%) of the anhydronucleoside (IV); mp 215—216 °C 
(dec); [a]D

22 -130° (c 0.5 in DMF); UV (EtOH) Amax 

225 and 245 nm (loge 3.90 and 3.89); NMR [(CD3)aSO] 
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«5=7.95 (1H, d, y 5 6 = 8 H z , H-6), 7.40 (5H, C6H5), 6.13 
(1H, Jv,v = 3Hz, H-l ') , 5.90 (1H, d, / 5 > 6 = 8 Hz, H-5), 
5.77 (1H, s, PhCH), 5.55 (IH, q, /2,,3, = 5 Hz, / 3 , , 4 ,= 10 
Hz, H-3'), 5.35 (IH, q, y r t 2 , = 3 Hz, 'y 2 , i 8 ,=5 Hz, H-2'), 
3.8—4.3 (4H, m, H-4', -5', -6', and -6"), 3.22 (3H, s, CH3-
S02) . Found; G, 50.87; H, 4.26; N, 6.60%. Galcd for 
G18H18N208S: C, 51.18; H, 4.27; N, 6.64%. 

General Procedure for the Unsaturation of the Anhydronucleoside 
(IV). A mixture of IV (210 mg, 0.5 mmol) and sodium 
iodide (1.5 g, 10 mmol) in the appropriate solvent (DMF, 
hexamethylphosphotriamide, or l,3-dimethyl-2-imidazolidin-
one,6> 20 ml) was refluxed for an appropriate time with 
stirring. The addition of water (30 ml) to the reaction 
mixture while it was hot gave the crystalline starting material 
(IV), which was identified by IR. To the filtrate we then 
added ethyl acetate (50 ml), and the organic layer was washed 
with thiosulfate and water, dried over Na2S04 , and evaporated. 
The crystals thus obtained were recrystallized from acetone to 
afford 1- {4' ,6'-0-benzylidene-2', 3'-dideoxy-ß-r>-ery thro-hex-2'-
enopyranosyl)uracil (V); mp 228—230 °C (dec); [a]D

22 

+ 32° (c 0.75 in DMF); UV (EtOH) Am8x 257 nm (loge 
3.75); NMR [(CD3)2SO] «5=7.45 (IH, d, / 5 ( 6 = 8 Hz, H-6), 
7.40 (5H, C6H5), 6.52 (IH, d, Jv 2, = 3 Hz, H-l ') , 6.50 (IH, 
d, /2- ( 3 ,= 10Hz, H-3'), 5.70 (IH, d, /2 ,> 3 ,= 10Hz, H-2'), 
5.70 (IH, s, PhCH), 5.65 (IH, d, Jh 6 = 8 Hz, H-5), 3.7—4.5 
(4H, m, H-4', -5', -6', and -6"). Found: C, 61.24; H, 4.84; 
N, 8.25%. Galcd for C 1 7H 1 6N 20 5 - l /4H 20: C, 61.29; H, 
4.96; N, 8.41%. 

I-(2'>3'-Dideoxy-ß-r>-erythro-hex-2'-enopyranosyl)uracil (VI). 
A mixture of V (140 mg) in 80% aqueous acetic acid (10 ml) 
was refluxed for 15 min; then, after cooling, the clear solution 
was evaporated to a syrup. Preparative TLC (silica gel, 

10 v/v% EtOH-benzene) of the syrup afforded a pure product 
(VI) (50 mg, 50%); mp 161—163°; [a]D

22 +84° (c 0.33 in 
EtOH); NMR [(CD3)2SO] 0=7.34 (IH, d, Jà 6 = 9 Hz, H-6), 
6.28 (IH, q, y r ( 2 , = y r > 3 , = 2 . 0 H z , H-l ') , 6.15 (IH, dt, 
y2, (3,= 10Hz, y i , ( 3 ,=J3 ,> 4 ,=2.0Hz, H-3'), 5.64 (IH, dt, 
y2,,3,= 10Hz, 7 x ^ = 7 ^ = 2.0 Hz, H-2'), 5.62 (IH, d, 
7 5 6 = 9 Hz, H-5), 4.04 (IH, m, H-4'), and 3.2—3.8 (3H, m, 
H-5', -6', and -6"). Found: C, 50.35; H, 5.05; N, 11.79%. 
Calcd for C10H12N2O5: C, 50.0; H, 5.04; N, 11.66%. 

The authors wish to thank Professor Sakurai, Tohoku 
University, for providing the 1,3-dimethyl-2-imid-
azolidinone. 
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Synopsis. The intramolecularly hydrogen-bonded 
cation, the (diacetylmethyl) tropylium ion (3), has been synthe­
sized. The deprotonation of 3 does not afford 8,8-diacetyl-
heptafulvene, but does give the intramolecularly cyclized 
cycloheptatriene derivative, which can be transformed to 
the peripheral ten-7r-electron cation, 5; 5 is characterized by 
means of 13G NMR spectroscopy. 

The deprotonation of substituted tropylium ions is 
known as the facile method to generate 8-substituted 
heptafulvenes.1) Especially, the tropylium ion with an 
electron-withdrawing group at the a-carbon of the 
substituent can be regarded as a potential precursor for 
the stable 8-substituted heptafulvene. Here we wish to 
report on the synthesis of the (diacetylmethyl) tropylium 
ion (3), the "formal" precursor of 8,8-diacetylhepta-
fulvene, and its transformation to the new ten-jr-electron 
cation, the 3-acetyl-2-methylfurotropylium ion (5). 

The whole reaction sequence is shown in Scheme 1. 
The reaction of the trityl cation with the 3-substituted 
cycloheptatriene, 2, successfully afforded the 3 cation 
in a good yield, whereas the reaction with the 7-sub-
stituted cycloheptatriene, 1, was found only to regenerate 
the unsubstituted tropylium ion in an 81 .3% yield. 
The Perchlorate of the 3 cation consists of brownish 
yellow crystals, stable in air. The I R and N M R spectral 
data indicated that the diacetylmethyl group of 1 is in 
the keto form, whereas those of 2 and 3 are in the 
intramolecularly hydrogen-bonded enol form. The 
spectrophotometric titration carried out in 2 3 % E t O H 
indicated the pKa value for the 3 cation to be 0.72. 

As is suggested by the considerable acidity of 3, a 
facile deprotonation occurred when 3 was treated with 
triethylamine in dichloromethane. However, contrary 
to what was expected, the product (a pale orange oil) 
was not 8,8-diacetylheptafulvene, but the cyclohepta­
triene derivative, 4, that was possibly formed by the 
intramolecular nucleophilic attack of the enolate anion 

AA M eAAM e 

_> 
Py 

Ph3C* 

Me Me Me 

„• %J >Me 6^/te)r-Me *<!=/ >-Me 
i 4 oio n o 

Et3N 
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Me 
6 

Scheme 1. 

HO 

Me 

Me 

Me 
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on the positively charged seven-membered ring.2) The 
cyclization product, 4, is somewhat unstable at room 
temperature and can be quantitatively reconverted to the 
3 cation when treated with proton acids. O n the other 
hand, the hydride abstraction of 4 with the trityl cation 
gave the Perchlorate of the 5 cation as an air-stable, 
greenish-blue powder. 

The structure of 5 was confirmed by the chemical 
transformations (5—>6—>7) shown in Scheme 1. T h e 
hydrogenated product, 7, exhibited the U V spectrum 
characteristic of the substituted furans.3) In the N M R 
spectrum of 5, the one-proton multiplet resonating in the 
lowest field is assigned to H-4, taking into account the 
diamagnetic anisotropy effect of the acetyl-carbonyl 
group; therefore, the averaged conformation of the acetyl 
group appears to be almost coplanar to the molecular 
plane. T h e UV-visible spectrum of 5 exhibits the 
longest wavelength absorption at 634 nm (log e, 2.46). 
A comparison of the UV-visible spectrum of 5 with 
tha t of l-acetyl-2-methylazulene4) suggests the resem­
blance of the electronic state of 5, with its furan oxygen 
donating two unshared 2p electrons to the conjugated 
^-system, to that of the corresponding azulene deriva­
tive. Thus , there seems to be some contribution of the 
structure, 5a, to the resonance hybrid of 5. 

TABLE 1. 

Carbon 

1 3C N M R DATA FOR 4 AND 5 IN GD 3 CN 

5(ppm from TMS) C n a r g e d e n s i t y 

4 5 5 

2 
3 
3a 
4 
5 
6 
7 
8 
8a 
9 

10 
11 

178.7s 
116.3s 
138.9s 
127.2d 
132.7d 
123.6d 
116.7d 
111.Od 
84.7d 
17.2q 

194.0 s 
31. lq 

176.9s 
122.6s 
149.8s 
145.9d 
147.2d 
151.Od 
145.4d 
136.9d 
165.2s 
17.6q 
194.3s 
31.9q 

+ 0.2982 
-0.0834 
+ 0.1029 
+ 0.1358 
+ 0.1120 
+ 0.1307 
+ 0.1162 
+ 0.1244 
+ 0.1357 

+ 0.4431 

The 13C N M R spectral data for 5 are shown in Table 
1, together with those for the neutral compound, 4. The 
signal assignment for 5 was made on the basis of the 
peak multiplicity observed in the off-resonance spectrum 
and on that of the charge density obtained by the 
simple H M O calculation using the following parameters : 
Ä Ö = 2 . 0 , kà=<s/2'; Aö=2.0, £ö=0.6 . Each carbon in the 
seven-membered ring as well as the C-3 in the fused 
furan ring are shown to be definitely shifted to a lower 
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field upon transformation from 4 to 5, corresponding 
to the introduction of the positive charge. Furthermore, 
it is indicated that the general trend in the Tt-electron 
distribution of 5 also resembles that of benzofuran,5) 
by a comparison of the 13C chemical shifts observed and 
reported for these compounds. 

E x p e r i m e n t a l 

(Diacetylmethyl)tropylium Perchlorate (3 ClO^). The 
reaction of tropylium fluoroborate (7.12 g, 40.0 mmol) with 
acetylacetone (4.00 g, 40.0 mmol) in dry pyridine (80 ml) 
afforded 7-(diacetylmethyl)cycloheptatriene (l)t (7.30 g, 
96.0%) as a white powder after a usual work-up; mp 122.1— 
123.1 °C (from benzene); IR (KBr) 1720cm-1 (C=0); 
NMR (CDC13) «5=2.13 (s, 6, CH3), 2.83 (dt, I, H7), 3.91 (d, 
1, CHAc2), 5.10 (dd, 2, H1-6), 6.20 (m, 2, H3 '5), and 6.65 ppm 
(t, 2, H3-4). The cycloheptatriene, 1 (2.18 g, 11.5 mmol), 
was sealed in an ampoule under a vacuum and heated at 
155 °C for 2.5 h. Purification by preparative TLG (ben­
zene-ether (97: 3)/SiOa) and successive vacuum distillation 
gave 3-(diacetylmethyl)cycloheptatriene (2) (1.12 g, 51.4%) 
as white crystals; bp 89.5 °C/ 0.3 Torr; IR (KBr) 1600 cm-1 

(C=C".-HO); NMR (CCLJ 5=2.00 (s, 6, CH3), 2.33 (t, 2, 
CH2), 5.38 (dt, 2, H1 '6), 5.97 (d, 1, H2), 6.13 (dd, 1, H5), 
6.45 (d, 1, H4), and 16.50 ppm (s, 1, OH). A mixture of 
trityl Perchlorate (4.38 g, 12.8 mmol) and 2 (2.42 g, 12.7 
mmol) in dry acetonitrile (10 ml) was stirred at room temp 
for 20 min and at 60 °G for 15 min. The addition of ethyl 
acetate (50 ml) and ether (20 ml) afforded 3 C104~t (3.14 g, 
85.6%); mp 137.1—139.2 °C (dec); UV A^N-10*HC1<1:1> 
222 nm (log e, 4.42), 263 (3.86), 302 (3.68), and 425 (3.68); 
IR (KBr) 3200—2800 ( 0 - H - 0 = C ) , 1598 (C-0---HO), 
and 1080 cm-1 (C104~); NMR (CF3COOH) 0=2.23 (s, 6, 
GH3) and 9.28 ppm (s, 6, C7H6+). The pÄ"a value was 
determined by the spectrophotometric method described 
previously.6) 

3-Acetyl-2-methylfurotropylium Perchlorate (5 ClO^). 
The reaction of triethylamine (0.399 g, 3.95 mmol) with 3 
G104- (1.00 g, 3.47 mmol) in dichloromethane (80 ml) for 
30 min at room temp and a subsequent work-up yielded 4 
(0.705 g, 107%) ; UV A«£N 229 nm (log e, 4.22), 286 sh (3.76), 
and 320 (3.80); IR (neat) 1655 cm-1 (conj. C=0); 100 MHz 
NMR (GDC13; the numbering is the same as in 5) 5=2.33 
(s, 3, CH3), 2.41 (s, 3, COCH3), 4.85 (m, 1, >CH-), 5.15 
(dd, 1, H8), 6.00 (ddd, 1, H7), 6.23 (ddt, 1, H6), 6.39 (dm, 
1, H4), and 6.58 ppm (ddm, 1, H5). The reaction of trityl 
Perchlorate (1.43 g, 4.18 mmol) with 4 (0.720 g, 3.81 mmol) 
in dry acetonitrile (3 ml) for 35 min at room temp gave, 

t Satisfactory analytical results were obtained. 

after the addition of ethyl acetate and ether, 5 C104-t (0.907 
g, 82.9%) as a greenish blue powder; mp 140.0—141.1 °C 
(dec); UV Ä N 218 nm (loge, 4.39), 260 (4.43), 363 (3.85), 
590 sh (2.17), and 634 (2.46); IR (KBr) 1660 (conj. G=0) 
and 1090 cm"1 (C104"); NMR (CF3COOH) 5=3.00 (s, 
3, CH3), 3.30 (s, 3, COGH3), 9.15 (m, 4, H5-8), and 10.20 
ppm (m, 1, H4). 

Reduction of 5. A solution of 5 C104- (0.848 g, 2.96 
mmol) in acetonitrile (50 ml) was added, dropwise, to a 
stirred suspension of sodium borohydride (0.179 g, 4.73 
mmol) in acetonitrile (15 ml). After 1 h at room temp, the 
orange solution was worked up to give a crude product (0.668 
g), from which 6 (0.274 g, 48.7%) was isolated by means of 
preparative TLG (benzene-ether (4: 1)/Si02); IR (neat) 
3360 cm-1 (OH); NMR (CCLJ 5=1.37 (br d, 3, CH3), 2.00 
(br s, 1, OH), 2.23 (sx3, 3, >G-CH3), 3.05 (t, 2, GH2), 4.73 
(qx3, 1, >CH-), and 5.0—6.8 ppm (m, 4, =CH-). Then, 6 
(0.151 g, 0.794 mmol) was hydrogenated over palladium-
carbon in benzene-ether (3: 1), yielding 7 (0.0671 g, 43.6%) 
as a colorless oil after purification by preparative TLC (ben-
zene/Si02); UV A™« 217 nm (log e, 3.82); IR (neat) 3350 
cm-1 (OH); NMR (CCLJ 5=1.25 (d, 3, CH3), 1.61 (br s, 
6, -(CH a) a-) , 2.07 (s, 4, >C-CH3 + O H ) , 2.44 (br m, 4, 
)C-CH2-) , and 4.58 ppm (q, 1, >CH-); MS m/e 194 (M+). 
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Synops i s . Bis (frvz?w-1-h ex enyl) methyl borane, prepared 
by the reaction of bis(fr<mM-hexenyl)chloroborane with 
methyllithium, was treated with 2 molar equivalents of methyl-
copper(I) at —78 °G to give (5-E',7-Ë')-5,7-dodecadiene quant i ­
tatively. The result indicates the presence of trans-l-hexenyl-
copper(I) intermediate. 

I t w a s r e p o r t e d t h a t d i a l k e n y l c h l o r o b o r a n e s (1) r e a c t 
w i t h 3 m o l a r e q u i v a l e n t s of m e t h y l c o p p e r ( I ) to g ive 
(EtE)- 1,3-dienes (2) i n a h i g h yield.1) 

R \ / R ' 
C=C R x / R ' 

BH,C1 H/ \ 3MeCu C=C 
R - C s C - R ' > BC1 > H ' \ / H 

H N / C=C 
C=C R r / \ R 

R / N R ' 2 

T h e t r a n s f o r m a t i o n f rom 1 to 2 a p p e a r s to i nvo lve 
t h e fol lowing s e q u e n c e of r eac t i ons ( S c h e m e 1), p r o c e e d ­
i n g t h r o u g h a n a l k e n y l c o p p e r ( I ) i n t e r m e d i a t e . 2 ) A c t u a l ­
ly, t h e r eac t i on of ( 1 - b u t y l - l - h e x e n y l ) d i m e t h y l b o r a n e (3) 
w i t h a n e q u i v a l e n t a m o u n t of m e t h y l c o p p e r ( I ) g a v e 

R . , R ' 
C=C 

H / \ 
BC1 + M e C u 

H v / 
C=C 

R / \ R ' 
1 

Rv ,R ' 
C=C 

H ' \ 

R \ / R ' c=c 
H ' \ 

BMe + CuCl (1) 
H v / 

C=C 
R / \ R ' 

R \ / R ' 
C=C Cu© 

BMe + MeCu 
H x / 

C=C 
R / \ R ' 

H x / 
C=C 

R / \ R ' 

BMe 2 

R . / R ' R v / R ' c=c + c=c 
H ' \ C u H ' \ B M e 2 

(2) 

R x / R ' 
C=C 

R 
+ M e C u 

xc=c 
,R ' Cu© 

e 
H / ^BMe, 

Rs , R ' 
C=C + Me3B 

H ' ^Cu 

Rv , R ' 
C=C 

H / \ C u 

R v / R ' 
1/2 C=C 

H ' \ / H 
C=C 

R ' / ^ R 

+ Cu 

(3) 

(4) 

Scheme 1. Proposed mechanism. 

( 5 £ , 7 £ ) - 6 , 7 - d i b u t y l - 5 , 7 - d o d e c a d i e n e (4) i n ca. 1 0 0 % 
yield. 2) T h e re su l t s t rong ly s u p p o r t s t h e process s h o w n 
b y E q . 3 . H o w e v e r , n o ver i f ica t ion of E q . 2 w a s o b ­
ta ined . 2 ) W e wish to r e p o r t a n e x p e r i m e n t a l e v i d e n c e , 
e s t ab l i sh ing t h e p r o p o s e d m e c h a n i s m in S c h e m e 1. 

n-Bux /«-Bu 
C=C 

H / \ B M e 2 

3 

+ M e C u 
-78°C 

> 

tt-Bux /«-Bu 
C=C 

H / \ / H 
C=C 

n-Bu/ Xn-Bu 

R e s u l t s a n d D i s c u s s i o n 

Bis(£ra«.y- l -hexenyl) rnethylborane (5) was p r e p a r e d b y 
t h e r e a c t i o n of b is(£ra«.y- l - r iexenyl)chloroborane w i t h a n 
e q u i v a l e n t a m o u n t of m e t h y l l i t h i u m a t —78 °G. A n 
e t h e r so lu t ion of 5 w a s s lowly a d d e d to a n e t h e r s u s p e n ­
s ion of 2 m o l a r e q u i v a l e n t s of m e t h y l c o p p e r ( I ) a t 
— 78 °G. T h e co lor i m m e d i a t e l y c h a n g e d f rom ye l low 
to b l ack . G L P G ana lys i s r e v e a l e d t h e a p p r o x i m a t e l y 
q u a n t i t a t i v e f o r m a t i o n of (5£ ' , 7£ ' ) -5 ,7 -dodecad iene (6 ) . 

n-Bux / H 
C=C 

H ' \ 
BC1 + MeLi 

H x / 
C=C 

n-Bu/ \ H 

n-Buv , H 
C=C 

-78 "C H / \ 
> BMe 

H v / 
C=C 

n - B u ' \ H 

n-Bu , H 

5 + 2 M e C u 
- 7 8 °C c=c 

c=c 
H / Ni-Bu 

T h e resu l t i n d i c a t e s t h a t process (2) is i nvo lved in t h e 
t r a n s f o r m a t i o n f rom 1 to 2 . S ince a n a l k e n y l c o p p e r ( I ) 
is far m o r e u n s t a b l e t h a n m e t h y l c o p p e r ( I ) , i t d i m e r i z e s 
even a t l ow t e m p e r a t u r e ( p r o b a b l y > — 3 0 °C) ( E q . 4 ) . 
C o n s e q u e n t l y , t h e e q u i l i b r i u m in E q s . 2 a n d 3 lies to 
t h e r i g h t , t w o m o l a r e q u i v a l e n t s of m e t h y l c o p p e r ( I ) 
b e i n g necessa ry for 5 to c o m p l e t e t h e r e a c t i o n . 

Process (1) w a s con f i rmed b y G L P G e x a m i n a t i o n of 
t h e b o r a n e p r o d u c t ; t h e d i r e c t G L P C ana lys i s (SE-30) 
of t h e r e a c t i o n p r o d u c t f rom bis(£ra /w-l -hexenyl) -
c h l o r o b o r a n e w i t h a n e q u i v a l e n t a m o u n t of m e t h y l -
c o p p e r ( I ) a t — 7 8 ° C r e v e a l e d t h e q u a n t i t a t i v e f o r m a ­
t ion of 5 . 

As r e g a r d s t h e c o p p e r ( I ) b o r a t e s i n S c h e m e 1, d i r ec t 
t r a n s m e t a l a t i o n f rom t h e a l k e n y l b o r a n e s to t h e a lkeny l -
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copper(I) without passing through the copper(I) 
borates can be proposed as an alternative mechanism. 
So far we have no unambiguous evidence for such copper 
species. Gopper(I) tetraarylborates were prepared by 
cation exchange reaction.4) Recently copper(I) tetra-
alkylborates have been used for organic synthesis.5) By 
analogy to these results, it is reasonable to assume the 
presence of copper(I) dialkenyldimethylborate and 
copper(I) alkenyltrimethylborate. The present results 
provide an evidence for the formation of alkenylcopper-
(I) species, confirming the mechanism in Scheme 1. 

The lithium borates (7) prepared from bis(trans-l-
hexenyl)chloroborane and 2 molar equivalents of 
methyllithium react with 2 molar equivalents of methyl-
copper (I) to give 6 in 8 2 % yield.1) 

n-Bux / H n-Bu\ / H 
C=C C=C Li© 

H ' \ -78 °C H ' \ e 2MeCu 
BC1 + 2 MeLi -> BMe2 • 6 

c=c c=c 
n-Bu' XH n-Bu' NH 

7 

The result can be explained according to Scheme 1 
by an equilibrium between the li thium borate (7) and 
the copper(I) borate (8).6) 

ra-Bux / H 

H / C = C \ o C U @ 

7 + MeCu • BMe2 + MeLi 
H x / 

C=C 
n-Bu' X H 

8 

E x p e r i m e n t a l 

All temperatures were uncorrected. The NMR spectra 
were obtained on a Jeol JNM-MH-60 spectrometer, TMS 
being chosen as an internal standard. GLPC analyses were 
carried out on a Yanagimoto GCG 550T using a 2 m column 
packed with SE-30 10 wt% on Celite 545 AW. 

Materials. The reagent grade solvent and copper (I) 
iodide were purified by standard techniques. Commercial 
1-hexene was used. BHaGl: OEta

7> and methyllithium8) were 
prepared according to the known procedures. The titration 
of methyllithium was performed according to the method of 
Watson and Eastham.9> 

Preparation of 5. To an ether solution of bis(trans-l-
hexenyl) chloroborane, prepared from the reaction of 1-hexyne 
with BH2C1: OEt2,

7) was added an equivalent amount of 
methyllithium ether solution at — 78 °C. The temperature 
was regulated to reach room temperature in 1—2 h. Bis-
(fran^-l-hexenyl)methylborane was then distilled under 
reduced pressure; 80—90% yield; bp 65—70 °C/0.5 mmHg 
NMR(«5 in CC14, J=Hz) 6.73 (d—t, 2H, Jd=16, y t = 6 ) , 
6.16 (d, 2H, / d = 1 6 ) 2.44—1.80 (m, 4H), 1.80—1.20 (m, 
8H), 0.90 (t, 6H, / t = 6), 0.70 (s, 3H). 

Reaction of 5 with Methyl Copper (I). The reaction was 
carried out as described previously.2) The reaction mixture 
was analyzed by GLPC with an appropriate internal standard 
(dodecane). The structure of 6 was assigned by comparison 
with an authentic sample.X) Methanol should be produced 
according to Scheme 1. The peak corresponding to methanol 
was observed, but its precise yield could not be determined 
under the present analytical conditions. 

Reaction of the Lithium Borate (7). To an ether solution 
of bis(fra?u-l-hexenyl) chloroborane was added 2 molar 
equivalents of methyllithium ether solution at — 78 °C. The 
temperature was regulated to reach 0 °C in 1—2 h. In this 
case, lithium borate (7) was not isolated but directly reacted 
with methylcopper(I) as described above. The product was 
analyzed by GLPC with dodecane as an internal standard. 
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Synopsis. Upon the irradiation of a benzene solution 
of 2,3-dichloro-l,4-naphthoquinone, 1, and furan derivatives, 
2, 2-chloro-3-(2-furyl)-1,4-naphthoquinones, 3, were obtained, 
accompanyed by a liberation of hydrogen chloride. The 
formation of a CT-complex between 1 and 2 was essential for 
the progress of the reaction. The 1H-GIDNP signals which 
were observed during irradiation suggest an intervention of a 
radical pair in the reaction. 

Many workers have reported synthetic methods of a 
variety of quinones, applying the addition reaction of 
radicals to quinones,1) the reaction of organometallic 
reagents with quinones,1) and the photochemical reac­
tion of quinones with aldehydes.2) Here we wish to 
report on a new photochemical synthetic route to 2-furyl 
derivatives of 1,4-naphthoquinones. 

R e s u l t s a n d D i s c u s s i o n 

As a typical example the photochemical reaction of 
2,3-dichloro-1,4-naphthoquinone, 1, with the 2a furan 
will be illustrated. The irradiation of a benzene solution 
of 1 and 2a by a high-pressure H g arc lamp gave a 
photo-substitution product, 3a, as red needles in a yield 
of 8 2 % , accompanied by the liberation of hydrogen 
chloride. The hydrogen chloride liberated in the 
reaction was estimated by titration with a standardized 
aqueous sodium hydroxide solution; the amount of it 
reached 84% of that of 3a. The structure of 3a was 
compatible with its spectral data and was further 
confirmed by its chemical reactions (Scheme 1).3~5) 

When the photochemical reaction was examined by 

a) Br2, CHC13, r.t., 1 h b) Zn-AcaO, reflux, 0.5 h 
c) H2(Pd/C), ethanol, r.t., 0.5 h d) Ac20-Pyridine, 
r.t., 4 h e) NaCH (C02C2H6)2, ethanol, r.t., 0.5 h. 

Scheme 1. 

means of the 1 H - C I D N P technique, strongly polarized 
signals were observed during the course of the reaction 
(Fig. 1). The polarized signals, 1, 2, and 3, were all 
assignable to furyl-ring protons of 3a. This suggests 
that the photo-substitution product, 3a, is produced via 
a radical pair. 

When 2a was added to a benzene solution of 1 (Amax : 
439 nm) , a new absorption band ( i m a x

: 465 nm) 
(shoulder) appeared which was ascribable to the CT-
complex between 1 and 2a.6>7) When the GT-band was 
irradiated by the light of a selected wavelengthth (Amax : 
488 nm, A1/2=20 nm) , the product, 3a, was exclusively 
produced, the yield being improved to 9 2 % . This 
result indicates an important contribution of the CT-
complex in the initial stage of the reaction (Scheme 2). 

R = a : H , b : GH3, c: CH2OCH3, d: CH2OC2H5, e: 
CH2OC3H7, f : CH20-phytyl g: CH2O-tetra-0-acetyl-
jtf-D-glycopyranosyl, h : CH2OCOCH3, i : CH2OGO-
CH2N-phthaloyl. 

Scheme 2. 

Such furan derivatives as 2a—i, which formed GT-
complexes with 1, behaved similarly in the photo­
chemical reaction and gave photo-products, 3a—i, in 
fairly good yields (cf. Experimental). Thus, the present 
reaction provides a good method of synthesizing 
2-chloro-3-(2-furyl)-1,4-naphthoquinones. During the 
course of all the reactions, the ring- and a-protons of 
furyl ring due to the corresponding photo-substitution 
products, 3a—i, showed polarized 1 H - C I D N P signals 
(Figs. 1—3). In contrast, such furan derivatives as 
2 j—n, which gave no indication of GT-complex forma­
tion with 1, did not undergo a similar photo-substitution 
reaction. The importance of the formation of the CT-
complex was further supported by the results of the 
photochemical reactions of other 1,4-naphthoquinones 
with 2a. Tha t is, 2,3-dibromo-l,4-naphthoquinone 
gave a photo-substitution product, 10, in the reaction 
with 2a, but 2-chloro- and 2-bromo-1,4-naphthoquinone 
gave another types of products.8) 

/ O x / R R = j : CHO 
|| || k :CH(SCH 2 ) 2 

1 : C0 2 H 
2j—n m : COaCH3 

H : Benzofuran 
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B) During irra. 
Û-CH3 

B) During irra. 

WjMW I k » 

A) Before irra \ 

*tfm |»4>m«#m^i<>*h»n»Hn 

2 6 
ppm 

Fig. 1. ^ - N M R spectra obs­
erved in the photochemical 
reaction of 1 with 2a (Sol­
vent: CC14). A) Before ir­
radiation, B) during irradi­
ation. Signal 1, 2, and 3 
are polarized signals. 

Fig. 2. 1H-NMR spectra observed in 
the photochemical reaction of 1 with 
2b (Solvent: CC14). A) before irra­
diation, B) during irradiation. Sig­
nals 1, 2, and 3 are polarized signals. 

Fig. 3. XH-NMR spectra observed in the 
photochemical reaction of 1 with 2h 
(Solvent: CC14). A) Before irradiation, 
B) during irradiation. Signals 1, 2, 
and 3 are polarized signals. 

E x p e r i m e n t a l 

General Procedure. A benzene solution of 2,3-dichloro-
1,4-naphthoquinone, 1 (1.5 X 10 -3 M), and an excess amount 
of a furan derivative, 2 (ca. 4.5 X 10-2 M), was irradiated by 
means of a high-pressure Hg arc lamp (300 W) at room tem­
perature. After the complete consumption of 1, the photo-
substitution product, 3, was isolated using chromatography 
on silica gel. 

Identification of the Products. 2-Chloro-3-(2-furyl)-l,4-
naphthoquinone (3a); red needles, mp 137—138°C; yield, 82 
%. Found: C, 64.95; H, 2.88; Gl, 13.69%. Calcd for C14H7-
O3CI: C, 65.00; H, 2.73; CI, 13.71%. Mass m/e=260, 258 
(M+). IR(KBr) 1680, 1665 cm-1. NMR(CDC13) Ô 6.60 
(1H, d of d, 7 = 4 and 2Hz), 7.40 (1H, d, 7 = 4 Hz), 7.72 
(1H, d, 7 = 2 Hz), 7.6—7.8 (2H, m), 8.0—8.2 (2H, m). UV 
Amax (CHCI3) : 443 nm (e: 5.5xl03) , 321 (sh) (5.6xl03), 
272 (2.2X 104). 2-Chloro-3-(5-methyl-2-furyl)-l,4-naphthoquinone 
(3b); red crystals, mp 123 °C; yield, 65%. Mass m/*=272 
(M+). 2-Chloro- 3-( 5-tnethoxymethyl- 2-fury I) -1,4 -naphthoquinone 
(3c); red crystals; mp 107—108 °C; yield, 49%. Mass 
m/*=304, 302 (M+). 2-Chloro-3-(5-ethoxymethyl-2-furyl)-l,4-
naphthoquinone (3d); red crystals; mp 68 °C; yield, 38%. 
Mass m/<?=318, 316 (M+). 2-Chloro-3-(5-propoxymethyl-2-furyl)-
1,4-naphthoquinone (3e) ; red crystals; mp 51.5—53.0 °C; yield, 
51%. Mass m/e=322,330 (M+). 2-Chloro-3- ( 5-phytyloxymethyl-
2-furyl)-1,4-naphthoquinone (3f); yellow oil; yield 7%. IR 
(KBr) 1680 cm"1. NMR(CDC13) Ô 0.8—2.2 (36 H, m), 4.10 
(2H, d, 7 = 8 Hz), 4.54 (2H, s), 5.36 (1H, t, 7 = 8 Hz), 
6.56 (1H, d, 7 = 4 Hz), 7.42 (1H, d, 7 = 4 Hz), 7.7—7.9 
(2H, m), 8.0—8.2 (2H, m). 2-Chloro-3-[5-(tetra-0-acetyl-ß-
T>-glucopyranosyloxymethyl)-2-furyl]-l,4-naph-thoquinone (3g); red 
crystals; mp 160 °C (dec); yield, 22%. IR(KBr) 1755, 
1735, 1720, 1675 cm-1. NMR(CDC13) ô 2.00 (3H, s), 2.04 
(6H, s), 2.12 (3H, s), 4.1—5.3 (9H, m), 6.64 (1H, d, 7 = 4 
Hz), 7.48 (1H, d, 7 = 4 Hz), 7.7—7.9 (2H, m), 8.1—8.3 (2H, 
m). 2-Chloro-3-(5-acetoxymethyl-2-furyl)-l,4-naphthoquinone (3h); 

red crystals; mp 96—97 °C; yield, 47%. Mass m/e=322,330 
(M+). 2-Chloro-3- [5- (N-phthaloylglycyloxymethyl) -2-furyï\-l,4-
naphthoqiunone (3i); red crystals; mp 140—142 °C; yield, 
25%. IR(KBr) 1770, 1750, 1720, 1670 cm-1. NMR(CDC13) 
ô 4.48 (2H, s), 5.26 (2H, s), 6.66 (1H, d, 7 = 4 Hz), 7.38 
(1H, d, 7 = 4 Hz), 7.6—8.0 (6H, m), 8.0—8.2 (2H, m). 
2-Bromo-3-(2-furyl)-l,4-naphthoquinone (10); red crystals; mp 
146—147 °C; yield, 40%. Mass wz/«=304,302(M+). 
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Synopsis. The reaction between ethyl propiolate 
and copper(I) methyltrialkylborates was found to give the 
corresponding addition products which are converted by 
hydrolysis into the a,/?-unsaturated acid esters in relatively 
good yields. The oc,/?-unsaturated esters thus obtained are 
selectively ^-isomers. 

Previously, we have reported that copper(I) methyl­
trialkylborates readily available by the reaction between 
lithium methyltrialkylborates and copper (I) halides 
undergo addition reactions to acrylonitrile, ethyl 
acrylate, and l-acyl-2-vinylcyclopropanes.1) These 
borates also react with alkyl halides such as benzylic,2) 
allylic and propargylic halides,3) and aroyl halides.4) 
In the present paper, we wish to report the stereospecific 
synthesis of (£")-a,jÖ-unsaturated carboxylic esters via 
the reaction of copper(I) methyltrialkylborates with 
ethyl propiolate. 

No reaction occurs between ethyl propiolate and 
lithium methyltrialkylborates at room temperature. 
However, when copper (I) methyltrialkylborates prepar­
ed from lithium methyltrialkylborates and copper(I) 
halides are used, the reaction proceeds smoothly 
to give oc,/?-unsaturated esters together with ethyl 
2-butenoate (Eqs. 1 and 2). 

C u X 

R3B + MeLi • [R3BMe]Li • [R3BMe]Cu (1) 

[R3BMe]Cu + HCEC-C02Et • 

RCH=CHC02Et + CH3CH=CHC02Et (2) 
When copper(I) methyltripropylborate obtained from 

copper (I) bromide and lithium methyltripropylborate 
was treated with ethyl propiolate at 0 °C in tetrahydro-
furan under nitrogen atmosphere, ethyl (E) -2-butenoate, 
ethyl (Zi)-2-hexenoate, and ethyl (Z)-2-hexenoate were 
formed in 32, 37, and 2 % yields, respectively. Ethyl 
2-butenoate, an undesirable by-product, is considered 
to be formed by the addition of methyl group of the 
methyltripropylborate as an alkylating group. It was 
found that yields and product ratios of the jE'-isomer 
depend markedly on the copper(I) halides and solvents 
employed. T h e reaction using copper (I) iodide as a 
halide and 1,2-dimethoxyethane (DME) as a solvent 
was effective for the prevention of formation of a by­
product. Under such reaction conditions, the desired 
(E)-u.,ß-unsaturated acid esters were obtained in good 
yields from representative organoboranes. The results 
are summarized in Table 1. T h e new reaction is 
applicable to representative primary trialkylboranes 
such as propyl, butyl, isobutyl, and hexylboranes. 
Although the reaction mechanism is still unknown, the 
formation of (E)-<x.,ß-unsaturated acid esters as main 

TABLE 1. (E)-x, /?-UNSATURATED ACID ESTERS FROM 

COPPER ( I ) METHYLTRIALKYLBORATES 

A N D ETHYL PROPIOLATE*0 

Organo-
borane 
R3B, R = 

Propyl 

Butyl 
Isobutyl 
Hexyl 

CuX 
X = 

Br 
I 
Br 
CI 
I 
I 
I 
I 

Sol­
vent 

THF 
THF 
DME 
DME 
DME 
DME 
DME 
DME 

Reac­
tion 
time 
(h) 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
1.0 

Yield of products (%)b> 

MeCH= 
CHCOaEt 

32 
36 
18 
19 
5 

— 
— 
— 

RCH= 
CHCOaEt 
(Ratio of 
^-isomer, 

%) 
39(95) 
36 (97) 
44(98) 
32 (94) 
63 (>99) 
61 (>99) 
53 (99) 
42(98) 

* Author to whom all correspondence should be addressed. 

a) All the reactions were carried out by using 20% 
excess borate complexes. b) Based on ethyl pro­
piolate used. Analyzed by VPC. 

products seems to suggest that the reaction proceeds 
through the cw-addition process.5) 

T h e preparation of a,/?-unsaturated esters from ethyl 
propiolate and dialkylboranes was reported by Negishi 
et al.6) The present reaction, however, provides a more 
general synthetic method for (is)-a,/?-unsaturated acid 
esters from organoboranes. 

E x p e r i m e n t a l 

Materials. Commercial copper(I) halides and ethyl 
propiolate were used. The solvents were purified by distilla­
tion before use. Trialkylboranes were prepared by the usual 
procedure.7) 

The IR and NMR spectra were taken on a Hitachi-Perkin-
Elmer Model 125 spectrophotometer and a Hitachi R-22 
spectrometer at 90 MHz using tetramethylsilane as an internal 
standard. 

General Procedure. The following procedure for the 
preparation of ethyl (£')-2-hexenoate is representative. A 
dry 100 mi-flask equipped with a septum inlet and a magnetic 
stirring bar was flushed with dry nitrogen. The flask was 
charged with copper(I) iodide (4.68 g, 24 mmol) and dry 
DME (40 ml). Lithium methyltripropylborate2) (24 mmol, 
prepared from equimolar amount of tripropylborane in THF 
and methyllithium in ether) was added to the solution at 0 °C 
with stirring. After 5 min, ethyl propiolate (1.9 ml, 20 mmol) 
was added and the reaction mixture was stirred at 0 °C for 
30 min. The residual organoborane was then oxidized with 
3 M-aqueous sodium hydroxide (8 ml) and 30% hydrogen 
peroxide (8 ml) at room temperature for 2 h. The products 
were extracted with ether and analyzed by VPC. Analysis 
indicated the presence of 12.6 mmol (63%) of ethyl (E)-2-
hexenoate and 1.0 mmol (5%) of ethyl (£')-2-butenoate. 
Analytically pure materials were obtained by preparative 
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VPC. (15% SE-30 on Uniport B, 1.2 m) with Varian auto-
prep Model-2800. 

Identification of the Products. Ethyl (E)-2-Hexenoate: 
n% 1.4371. Found: C, 67.48; H, 9.78%. Calcd for C8H1 402 : 
C, 67.57; H, 9.93%. Mass: mfe=l42 (M+). IR (GG14); 
1720, 1650, 985 cm-1. NMR (GG14); r, 9.02 (3H, t, 7 = 
7.0 Hz), 8.71 (3H, t, 7 = 7 . 0 Hz), 8.47 (2H, m), 7.80 (2H, q), 
5.84 (2H, q), 4.20 (IH, d, 7v i n y l=16.0 Hz), 3.08 (IH, dt, 
7 = 7 . 0 and 7.0 Hz). 

Ethyl (E)-2-Heptenoate: n™ 1.4393 (lit,8) n» 1.4355). 
Found: C, 69.36; H, 10.38%. Calcd for C9H1 602: C, 69.19; 
H, 10.32%. Mass; mje=l56 (M+). IR (CC14); 1720, 1650, 
985 cm-1. NMR (CC14); T, 9.06 (3H, t, 7 = 7 . 0 Hz), 8.75 
(3H, t, 7 = 7 . 0 Hz), 8.57 (4H, m), 7.78 (2H, q), 5.87 (2H, q), 
4.23 (IH, d, 7 v i n y l =16.0Hz) , 3.10 (IH, dt, 7 = 7 . 0 and 
7.0 Hz). 

Ethyl (E)-5-Methyl-2-hexenoate: n% 1.4362. Found: C, 
69.07; H, 10.29%. Calcd for C9H1 602 : C, 69.19; H, 10.32%. 
Mass; m/<?=156 (M+). IR (CC14); 1725, 1655, 990 cm-1. 
NMR (CC14); T, 9.03 (6H, d, 7 = 6 . 5 Hz), 8.82 (3H, t, 7 = 
7.0 Hz), 8.21 (IH, m), 7.93 (2H, t, 7 = 7 . 0 Hz), 5.86 (2H, q), 
4.25 (IH, d, 7 v i n y l =16.0Hz) , 3.16 (IH, dt, 7 = 7 . 0 and 
7.0 Hz). 

Ethyl (EJ-2-Nonenoate: n2
D
8 1.4417. Found: C, 71.50; H, 

11.07%. Calcd for CnH2 0O2 : C, 71.69; H, 10.94%. Mass; 
m/e=184 (M+). IR (CC14); 1725, 1655, 985 cm-1. NMR 
(CC14); r, 9.09 (3H, t, 7 = 6 . 0 Hz), 8.72 (3H, t, 7=6 .0 Hz), 
8.64 (8H, s), 7.79 (2H, q), 5.86 (2H, q), 4.43 (IH, d, 7v t nyi= 
16.0 Hz), 3.10 (IH, dt, 7 = 6 . 5 and 6.5 Hz). 
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